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Preface 

The oral papers and poster papers presented at the First Biomass Conference of the Americas in 
Burlington, Vermont, August 30September 2, 1993, and available when publication of this book began, 
are reproduced herein. It should be emphasized that almost all of these papers were published as received, 
whether they were in camera-ready form or not. The technical content of each paper and the opinions 
expressed are attributed entirely to the authors. In a few cases, grammatical changes were made, and 
abstract pages were retyped to improve readability. 

The First Biomass Conference of the Americas was designed to provide a national and international forum 
to support the development of a viable biomass industry. Although papers on research activities and 
technologies under development that address industry problems comprised part of this conference, an effort 
was made to focus on scale-up and demonstration projects, technology transfer to end users, and 
commercial applications of biomass and wastes. The conference was divided into these major subject 
areas: 

Resource Base 
Bower Production 
Transportation Fuels 
Chemicals and Products 
Environmental Issues 
Commercializing Biomass Projects 
Biomass Energy System Studies 
Biomass in Latin America - Overview 

The papers in this book are grouped in the same subject areas. 

We believe this conference is the first of its kind and that it fills a real need to document and disseminate 
information on important developments in biomass. It is our intent to continue this program biannually 
in coordination with the biannual conference presented by the Commission of the European Communities 
on biomass developments in Europe, and to expand the program by including an exposition of vendors 
who market biomass equipment and services to the industry. The Second Biomass Conference of the 
Americas has been scheduled for 1995. 

We would like to express our sincere appreciation to all the authors, who made an extra effort to produce 
quality papers under a rather stringent time schedule, to the Session Chairs who also doubled as members 
of the Program Committee and assisted in the selection of papers, to the Executive Committee who kept 
us headed in the proper direction, and to the sponsors of the conference-the U.S. Departments of 
Agriculture and Energy; the U.S. Environmental Protection Agency; Energy, Mines and Resources Canada; 
and the National Renewable Energy Laboratory, under whose auspices the conference was presented. The 
cooperation of these organizations was a key ingredient essential to the planning, organization, and 
presentation of this conference. , 

Donald L. Klass 
Entech International, Inc. 
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AN OVERVIEW OF THE CURRENT STATUS OF BlODlESEL 

Thomas B. Reed 
Dept. of Chemical Engineering, Colorado School of Mines 

Golden. CO 80401 

Abstract 

Vegetable oils (and animal fats) have been used as lighting fuels since Egyptian times, 
but recent testing shows that they are not suitable for diesel engines, causing poor spray 
and coking. Transesterification of the oils with methanol cleaves the oillfat molecule 
into 3 parts and removes the glycerine, yielding a viscosity and other properties 
comparable to that of diesel. The resulting esters have been given the generic name 
" biodiesel" . 

Biodiesel can be made from vegetable oils and animal fats by transesterification with 
methanol or ethanol using Acid or base catalysts. Only minor variations in characteristics 
such as Cetane number and pour point occur with various feedstocks. The heat of 
combustion of biodiesel is 95% of that for conventional diesel (on a volume basis). The 
viscosity is no more than double that of No. 2 diesel. Biodiesel has a Cetane number of 
50-80 (compared to typically 42 for diesel). The Cetane number is important in 
determining emissions. 

Biodiesel fuel requires no engine modification for use in conventional diesel engines. 



The engine characteristics have been widely tested in engines and fleets in the US., 
Brazil and in Europe. Reduced emissions (except NOX) are reported for both Mends 
and neat. 

Vegetable oils cost typically $2-$4/gal, and so require a subsidy to compete 
economically with diesel today. It is expected that this cost can be reduced with 
improved species and improved yields. The cost of biodiesel can also be reduced by 
using waste vegetable cooking oils which typically contain 4-8 % free fatty acids that 
must be removed. Processing costs are estimated to be $0.50 above the feedstock 
cost, so that $2/gal vegetable oils would give biodiesel at $2.50/gal biodiesel. Biodiesel 
is certainly the best candidate for an altemate diesel fuel. 

Introduction 

Vegetable Oils and Animal Fats as Fuels and Fuel Feedstocks 

We have all benefned from the advantages of petroleum in this century. However, the 
U.S. oil supplies are largely depleted and fossil fuels have a number of environmental 
problems, so it is not too soon to start thinking about cleaner, renewable replacements 
for diesel fuel. 

In the evolution of life on our planet, an altemate chemistry for oil-like materials 
developed. Triglycerides, formed from glycerol (glycerine) with either saturated fatty 
acids (primarily in the animal kingdom) or with unsaturated fatty acids (primarily in the 
vegetable kingdom), are easily biodegradable and digestible, while having the same 
properties of high energy storage and lubricity of some of the petroleum hydrocarbons. 
Before the age of petroleum, triglycerides such as olive oil and whale oil were the 
primary source of liquid fuels for Mankind. Their chemistry is easily altered to form 
related compounds such as shortening, cosmetics, soap and now diesel fuel. However, 
they have a high viscosity, and so are not suited for diesel type fuels. 

In the early 1980's the U.S. Dept. of Agriculture became concerned about possible 
interruptions of diesel fuel supplies for their tractors. There was an interest in the use of 
vegetable oils such as corn oil, cottonseed oil, rapeseed oil, etc. and a great deal of 
research was reported in three workshops, [WS-1; WS-2; WS-31 containing over 100 
papers from all over the world on all aspects of properties, production and use of fuels 
from vegetable oil. Unfortunately, in 1983 the cost of oil plummeted and all interest in 
alternative fuels disappeared. 

It was reported in those meetings that vegetable oils could be burned in preheated 
engines for moderate periods, but that their high viscosities (20 times that of diesel) lead 
to coking of the injectors and rings. However, it was also reported that the methyl or 
ethyl esters of these oils made an excellent diesel fuel, with lower emissions and higher 



Cetane than conventional diesel. A number of other alternative renewable diesel 
substitutes such as micro emulsions, fermentation butanol or cracked soybean oil have 
been studied, [Bagby, 1989; Dykstra, 1983; Pucher, 1986; Niehaus, 19851 but at present 
the vegetable oil esters have attracted the most interest as likely diesel fuel 
replacements or additives due to the ready availability of new and waste fats and oils, 
the ease of conversion to the esters, and the simplicity of use in existing diesel 
engines. Shay has recently written an extensive review on all aspects of biodiesel 
[Shay, 1 9931. 

The Chemistry Of Biodiesel 

The chemistry of the triglycerides is one of the oldest used by Civilization. Soap was 
made from potash and oil in early Mesopotamia 4,000 years ago I [Singer, 19541. They 
are used for making of soaps, cosmetics and fuels from oils and fats[Pryde, 1981; 
Swern, 19811. The fat and oil conversion industries are some of our largest. The 
Department of Agriculture maintains the Northern Agricultural Energy Center in Peoria, 
Ill to work primarily in the area of oils and fats. 

The chemistry of Biodiesel is in many ways much simpler than that of petroleum . It 
< 

involves reactions between methanol or ethanol with triglycerides to produce the ester 
fuels and glycerol (a trihydric alcohol) as shown in Fig. 1. Biodiesel is made 
commercially by a process called "transesterification", first developed in the 1940's to 
make cosmetics~[USP, 1 9451. The transesterification reaction between methanol and a 
triglyceride to give biodiesel as represented in the equation 

Molecular Wt: ~900 

GI(FA)3 + 3 MeOH -----> 3 MeFA + GI (OH)3 

(where Me01 
fatty acid) is 
Fig. 1 (a) and 

-I is methanol, GI(OH)3 is glycerol, GI(FA)3 is any triglyceride and FA is a 
very simple. The ingredients for this reaction are shown schematically in 
the transesterification reaction is shown in Fig. l (b). 

The reaction goes essentially to completion in less than an hour. The reaction is 
catalyzed by either acid or base. However, commercially it is almost always catalyzed 
by NaOH or KOH dissolved in a 50% excess of methanol [Hassett. 1988; Caringal, 
1989; Freedman, 1986; Schwab, 19871. It is necessary to remove all water from the 
reactants before mixing. It is also possible that the reaction can be catalyzed by 
transition metal catalysts [Brueggerman, 1 99 11 or immobilized lipases [Luck. 1 9891. 

The reaction proceeds rapidly, even at room temperature (1 hr) or at slightly elevated 
temperatures. It results in production of small amounts of soap produced by the 
reaction of the lye with fatty acids [Hassett, 1988; Peterson, 19911. When the reaction 



is complete, the glycerol and soap settle to the bottom of the reaction vessel. 

While biodiesel is currently being made primarily from vegetable oils, it can also be 
made from waste oils or tallows (white or yellow grease). These contain up to 10% free 
fatty acids (FFAs) which a160 read with the catalyst. In this case it is necessary to 
remove the excess FFAs during or before the reaction [Reed, 1 9911. 

The fatty acid radicals in animal fats are generally saturated, tong chain molecules with 
typically 16 or 18 carbon atoms. In vegetable oils the fatty acids may have 1-3 double 
bonds. The effects on the fuel properties of these minor variations in the fatty acids are 
minimal. This cleavage of the oillfat reduces the molecular weight from about 900 to 
about 300 and the viscosity from 20 to 3 or 4, making it acceptable for diesel injectors. 

Biodiesel in principle can also be made from free fatty acids according to 

FFA + MeOH --> MeFFA + H20 

This reaction is catalyzed by acid at elevated pressure [Swem, 19811. 

Biodiesel Nomenclature 

In order to avoid confusion, it is necessary to examine the various meanings bf 
"Biodiesel" and various alternate names that have been used. The word "Biodiesel" 
today, in over 90% of its uses, means the methyl or ethyl esters produced from 
vegetable oils or animal fats by the process of transesterification. However, the name 
"Biodiesel" has also been used for fermentation butanol meant to be burned in diesel 
engines [Pucher, 19861. Bagby has evaluated a number of other fuel options for diesel 
engines including alcohols, dilution of diesel with virgin vegetable oils, pyrolysis and 
microemulsification [Bagby, 19891. These alternatives could also be called a form of 
biodiesel. Thus we have the following possible confusion: 

"BIODIESEL" = Methyl or Ethyl esters of vegetable oils; fermentation butanol; 
possibly m~cm emulsions; diesel-vegetable oil mixtures, pydysis pmducts 

There have also been a number of other names applied to the ester fuels in the last 
decade by the early pioneers in the field. Technically the esters are called 
"transesterified vegetable oils (or animal fats)", but this is certainly unwieldy and leads to 
abbreviations. In the early 1980s the term MESO (methyl esters of soybean oil) was 
wined by the VW corporation [Pischinger, 19821. Other specific names such as RME 
have been used for rapeseed methyl esters. In our early work we used the term "M- 
diesel" (for methanolated waste vegetable oil diesel) [Reed, 1992). The Novamont Co. 
uses the term Diesel-Bi [Novarnont, 19931. 

The properties of ester fuels from these various sources are very similar, so that it is 



desirable to have a generic name. Recently the term "biodiesel" (for biomass based 
diesel) has been widely used and it will be used in this paper as the generic name to 
mean the methyl or ethyl esters of vegetable oils, animal fats or waste cooking oils 
unless othewise specified. 

Feedstocks for Biodiesel 

The U. S. is the largeit producer of vegetable oils in the world, accounting for 35% of 
world production, about 3 billion gallons/year. Typical yields, for instance of sunflower 
seed are 60 gallacre.- The price ratio per Btu of diesel to sunflower oil was 1 14 in 1979; 
this ratio declined to 1: 1.8 in 1985 and is lower (but changing) today [Peterson, 19851. 
As petroleum becomes more costly (in dollars, in environmental cost and in political 
cost) we are approaching an era when we may economically grow vegetable oils for 
their fuel value. 

A trip to the supermarket will show that there are dozens of commercially produced 
cooking oils, fats and shortenings, from soybean oil, the most common, to "Turkish raisin 
oil". While their producers may claim major differences in flavor, their chemistry is 
remarkably similar, consisting in small variations in the proportions of C16 and C18 oils. 
and saturated, single- or poly- unsaturated fatty acids. 

A list of the primary vegetable oils considered for biodiesel and their U. S. and world 
production is shown in Table 1. Unfortunately, each crop has different properties, 
different in different geographical areas, so that it is difficult to make precise statements 
about yields. High yields are claimed for various oilseed crops. Details are contained in 
the workshops [WS-1, 1 981 ; WS-2, 1982 and WS-3, 19831. 

Shay lists the annual yield .of various domestic and foreign oil crops shown in Table 2 
[Shay, 19931. Biodiesel is a particularly attractive fuel in some foreign countries that 
have no oil of their own but produce oil crops. 

Production of Biodiesel 

Triglycerides are converted to methyl or ethyl esters by the process known as 
"transesterification", now widely used in the manufacture of cosmetics [USP, 1 9451. The 
reaction is very simple, sometimes called "bucket chemistry". It involves 



+ Cleanup of the oil, removal of water, (French fries etc. for waste oil) 

+ Mixing the oil with alkali catalyst (0.5%) dissolved in methanol (15% excess) 

4 Settling and drawing off the glycerine - soap from the bottom 

+ Washing minute amounts of soap from the ester with water or acid 

Table I - U. S. and World production of Vegetable Oils, 1979180 (in thousands of 
metric tons) [Pryde, 19831 

Crop - - 
Soybean 

Cottonseed 

Peanut 

Sunflower 
Rapeseed 

Sesame seed 

Safflowerseed 

Olive 

Corn 
Coconut 

Palm Kernel 

U.S. - - World 
10,269 14,341 

625 3,215 

170 3,162 

1,185 5,521 
- 3,465' 

- 638 

Palm - 4,552 

Babassu - 150 

Several research groups and companies have made sufficient quantities of the esters 
for testing as fuels. [Pischinger, 1982; Hassett, 1988; Caringal, 1989;; Novamont, 1993; 
Biodiesel, 1 992; Biodiesel, 1 9931. 

In the U. S.,  batch pilot plants (under 1,000 gallbatch) were build at the U. of North 
Dakota [Hassett, 1986, 19881, at the University of Idaho, [Caringal, 19891, at the 
Colorado School of Mines using waste cooking oil, [Reed, 19911, at the lnterchem Co. in 
Kansas City, [Interchem, 19921, and by the Gratech division of Stratco in Kansas City 
[Gratech , 1 9921. 

Biodiesel production is more advanced in Europe because of the high diesel tax 
(forgiven for biodiesel) In Europe. A 60,000 metric tonlyear plant has been built by 
Novamont in Livorno, Italy. A new 100,000 tonlyr plant is being increased to 160,000 
tonslyr [INFO, 19921. In Italy, Sisas is converting an existing chemical unit to make 28 
million gallyr [Sisas, 19921. In Hungary Lurgi is installing a 16.3 million gal/yr plant 
[Lurgi, 19921. Waste cooking oils have been tested in Europe [Mittlebach, 19881. A 



recent review [Shay, 19931 examines the various aspects of transesterification. 

Table 2. Oil Yields for Several Oilseed Crops in Gallacre-yr [Shay 19931 

Plant 
Annuals 
Sunflower 

Groundnut 

Soybean 

Rapeseed 

Perrenials 

African Oil Palm 
Cownut Palm 
Babassu Palm 

Chinese Tallow Tree 

Physic Nut 

Reported Potential 

Properties of Biodiesel as an Alternate Diesel Fuel or Diesel Fuel Component 

In 1980, L. J. Bruwer et al [Bruwer, 19801 found that the vegetable oil viscosity could be 
reduced to a viscosity comparable with that of diesel fuel by reacting methanol or 
ethanol with triglycerides to produce a fatty acid ester and glycerol. The densities, 
viscosities and heating values of some pure esters are compared to diesel in Table 2 
[Pischinger, 19821. The fuel properties of diesel, soybean oil and the methyl ester of 
soybean oil are shown in Table 3 [Pischinger, 19831. 

The material compatibility of a number of polymers and metals were compared to diesel. 
Ten common polymers were tested: eight were unaffected or acceptable; N ttrile rubber 
and polyurethane foams were deteriorated unacceptably. No degradation of aluminum, 
brass, steel or phosphatized fuel tank was observed [Pischinger, 1 9821. 

Heat of Combustion: 

The heat of combustion of biodiesel is about 97% (by volume, as sold) or 95% by weight 
of conventional diesel. A number of measurements have been made and methods of 
estimating are available [Krisnangkura, 19911. Because they bum more efficiently, they 
have essentially the same fuel value as diesel [Klopfenstein, 19831. 



Table 3. Properties Of Some Pure Ester Fuels [Pischinger, 19821. 

Material Specific Viscosity Higher Heat- 
Gravity Centipoise ing Value 

No. 2 Diesel Fuel 0.845 3.80 45.31 
Palm Oil 
methyl ester 0.882 9.1 3 39.58 
ethyl ester 0.870 6.98 38.75 

Sunflower Oil 
methyl ester 0.892 7.93 39.17 
ethyl ester 0.873 5.75 38.93 

Table 4. Properties of a Typical Diesel Fuel, Soybean oil and the Methyl Ester of 
Soybean Oil [Piscinger, 19831 

FUEL DIESEL 

PROPERTY 
Flash Point a 
(ASTM D93) 

Densiv a 
Viscosity (38oC) 1 -6-6 
Cetane No. 45 
(ASTM D613) 

Cloud Point 9-1 9 
(ASTM D97) 

Net Heating Value 35.3 
(a) Not specified in test diesel 

SOYBEAN 
OIL 

METHYL ESTER 
SOYBEAN OIL 

Engine and Fleet Testing of BioDiesel 

Standards: 

While biodiesel has properties that are similar to diesel, there has been no final setting 
of standards for biodiesel at this point. The American Society for Testing Materials 
(ASTM) is currently working on establishing standards. Meanwhile, the American Oil 
Chemists' Society has recommended suggested standards for vegetable oil and ester 
fuels [Pryde, 19821. Extensive Reet tests and now commercial production in Austria has 
led to the use of a pre-standard about which the Austrian Institute of Agricultural 
Engineering says: " For engine manufacturers, the pre-standard is the basis for the 
operational go-ahead for RME. For the RME producer is a standard which must be 



obeyed and for the user it is to be the basis for trouble free operation [Austria, 19911. 

Cetane: 

The Cetane number of biodiesel fuels is very important, but is one important area in 
which there is no consensus. Just as the octane number is a measure of the degree to 
which spark engines will not pre ignite during compression, the Cetane number is a 
measure of the ease with which a fuel ignites when injected into a compression ignition 
engine. Low octane and low Cetane numbers lead to knock and higher emissions. Low 
octane and high Cetane number is correlated with straight chain hydrocarbons. The 
ester fuels are primarily straight chain hydrocarbons, so may be expected to have high 
Cetane numbers. 

The average Cetane number of conventional diesel fuels in 1980 was about 55, but 
increased severity of refining gasoline has yielded more high end aromatics which are 
put into diesel and have lowered the average to about 40. Recent measurements show 
that there is a strong correlation between Cetane number and emissions in the range 
40-50 [Sienicki, 1 990; Ullman, 1 9911. Ester fuels are reported to reduce combustion 
knock [Chan, 19821. Unfortunately, the measurement of Cetane is much more difficult 
than that of octane and can give ambiguous results, and a number of improvements 
have been recently suggested [Gulder, 19891 

Early measurements of biodiesel Cetane numbers showed values in the range 40-60, as 
shown in Table 3 for instance. Later workers have measured much higher values in the 
range 50-70 for the lower degrees of saturation and 70 to 100 for saturated esters 
[Klopfenstein, 1985; Bagby, 1989; Bagby, 1990; Freedman, 1990(1); Freedman, 
1990(2)]. Bagby says "evidence is presented that shows the current cetane number 
scale is not always suitable for these fatty materials [Bagby, 19901. 

Testing: 

The Volkswagen company of Brazil performed engine and vehicle tests in light and 
heavy trucks on the methyl esters of soybean oil, biodiesel . They found few wear prob- 
lems in 130,000 km. (However, it required more frequent oil changes, due to ester fuel 
buildup in the crankcase.) The power, torque and volumetric brake specific fuel 
consumption of biodiesel in an unmodified indirect injection diesel engine reflected the 
net volumetric heating values. Smoke and CO decreased with the ester fuels 
[Pischinger, 19831. 

More recently, there has been increased interest in biodiesel in Europe with extensive 
testing on fleets and buses. A pilot test has been initiated by the Austrian Institute of 
Agricultural Engineering using rapeseed oil methyl ester [Austria, 1991 ; Interest, 19921. 
About 500,000 liters of fuel were produced. In 3210 hours of engine testing, there was 
no excess wear compared to diesel fuel. Fleet tests on 33 tractors made by 12 different 
manufacturers showed no unusual wear or operational problems. The fuel could be 
used to -1 O°C without additives or other treatment. Emissions were generally improved, 
though NOX increased slightly. 



Tests have been camed out by the Novarnont Co. in Europe using esters from soybean, 
rapeseed and sunflower oils in buses in Austria, Italy, Switzerland, France and Spain . 
They report that biodiesel is similar to diesel in power, fuel mileage and engine wear and 
can run in unmodified vehicles. In addition biodiesel substantially reduces emissions of 
CO, hydrocarbons and particulates (but not NOX) while eliminating SO2 [Pollution, 
1 9921. 

In the U.S. tests are under way on fleets using both neat and blended biodiesel fuel 
from lnterchern Gorp. and Novamont [Ayres, 1992; Interest, 1992; Biodiesel, 1992; 
Biodiesel, 19931. Currently all diesel vehicles (over 100) operating at Lambert Airfield in 
St. Louis are running on a 30% blend. A number of trucks at the University of Missouri 
are running on neat fuel and in St. Louis 46 Bi-State buses are operating on blend fuel 
[Ayres, 1 9921. 

Waste cooking oils are an attractive source for making biodiesel. We began testing the 
possibility of making biodiesel from waste cooking fats in 1989. We manufactured 
approximately 400 gallons of biodiesel in 1990 or testing. We are currently investigating 
other catalysts. 

A batch of 100 gallons of biodiesel from waste vegetable oil was tested in a diesel bus 
by the Denver Regional Transportation District, (RTD). The power curves for 
conventional diesel, diesel containing 30% biodiesel and 100% biodiesel were measured 
in a 6 cylinder Detroit diesel engine in an RTD bus on a chassis dynamometer and 
showed no significant differences from conventional diesel. The bus was then operated 
to consume the remaining fuel. No difference in performance was observed except for 
the a dramatic reduction of visible smoke on acceleration with biodiesel and a faint odor 
of cooking in the exhaust. 

The exhaust smoke opacity was also tested. on 0%, 30% and 100% Biodiesel. The 
smoke opacity was reduced to 60% by the 30% biodiesel blend and to 26% of the diesel 
value by pure biodiesel. 

Blends vs Neat: 

Surprisingly, with all the activity and testing, there seems to be no consensus on 
whether biodiesel should be used "neat" or as a 10-20 or 30% blend. It is the author's 
opinion that the fuel will be more cost effective as a blend because 

+ Current diesel engines cannot take advantage of Cetane numbers over 50 so raise 
Cetane from 40 to 45 or 50 with blends 

+ Problems or pour point and engine oil dilution are minimized by blends 

+ Problems not yet recognized (if any) will be minimized with blends 

+ Material compatibility (for instance with paint) will be reduced 



Environmental Concerns: 

A Major driving force for the use of biodiesel is its potential to burn with less emissions 
than the conventional diesel engine. There seems to be universal agreement in the 
above studies and others that particulate, CO, hydrocarbons, SO2 and C02 are all 
reduced by biodiesel either in blends or neat. However, there is concern that NOX 
seems to be increased. A recent study shows that NOX is increased because ignition 
delay is shorter for biodiesel (increased Cetane). It was shown that NOX can also be 
reduced by retarding timing and changing injector size [BDA, April 1993, Scholl, 19931. 

Economics Of Biomass From Waste Vegetable Oil 

The principal barrier to the use of biodiesel is the cost of $2-$3lgal for the vegetable oils. 
This cost can be justified in Europe where heavily taxed diesel fuel sells for $3-$4/gal. It 
is possible that the cost problem will be reduced in the US.  in the future by improved 
yields of oils, by use of set aside land, by subsidies or by increasing diesel costs or 
environmental restrictions. In the U.S. teh Clean Air Act mandating cleaner fuels puts 
diodiesel in competition with other alternates, but removes it from competition with 
conventional low cost diesel. 

It is important to consider both direct and indirect costs in evaluating alternate fuels. In 
the U.S. ethanol from grain is used as a fuel with about $0.70 /gal subsidy (in the form of 
reduced road taxes. Thus the indirect cost to U.S. society to stimulate farm production is 
considered to justify an increased direct cost [Shay, 19931. 

The cost of converting vegetable oils to biodiesel is approximately $0.50/gal (including 
glycerol credits). If new vegetable oil costs $2.001gal1 biodiesel from new oil will cost 
about $2.50/gal. This is not directly competitive with fossil diesel selling for $0.75- 
$I.OO/gal. However it is estimated that while conventional diesel costs typica!ly 
$0.15/mile for buses; compressed natural gas costs $0.35/mi; methanol fueled engines 
cost $0.85/mi and biodiesel blends would cost $0.30/mi with no modifications on the 
vehicle. These additional costs are justified by the decrease of pollution. 

Waste fats (yellow grease) typically sell for $0.60-$1.001gal and therefore are potentially 
a cheaper feedstock for biodiesel. We estimate that waste vegetable oil can be 
converted to biodiesel for $0.60/gal. If it is purchased for $0.90 gal, the fuel will cost 
$1.50fgal, $1 less than from new oil. Since buses typically achieve 5 milgal, this would 
contribute $0.30/mi cost for neat biodiesel and $O.lO/mile for 30% biodiesel blends 
[Reed, 19911. 



Current Activities 

Biodiesel has become a "hot'' topic in the last few years as we search for cleanei 
renewable fuels. While the author has tried, it is impossible in this paper to keep up with 
all the latest tests, meetings, and research, and much of this will be covered in this 
meeting. Recent papers will be found in SAE meetings, the ASAE meetings, biomass 
meetings (such as this) and in a number of newsletters on alternate fuel developments. 
An excellent source of latest developments is the "Biodiesel Alert" newsletter, published 
monthly in Washinton [BDA, Date]. 

The International Energy Agency met in Pisa May 14-1 5 with 50 attendees from around 
the world. They reported that there was powerful political support for biodiesel, both for 
environmental and for farm support reasons because of clean air legislation; the 
necessity for stabilizing farm crops; the feasibility of biodiesel, already well demonstrated 
in many fleet tests; current production already underway; cost less important because of 
legislation for clean fuels. Problems noted were occasional fuel line corrosion; cold 
starts; oil dilution; need of standards; better byproduct use; need of more international 
coordination [Stevens, 19931. A process for making "supercetane" by hydrotreating 
vegetable oils attracted some interest. 

Research Priorities 

While this paper contains many positive results on the use of esters as alternate diesel 
fuels, it leaves many questions partly or completely unanswered. This author has 
chosen a few suggested areas for further research (from a list of 30) [Peterson, 19851: 

+ Use biotechnology to develop new plant cultivars especially tailored for high oil 
production and best fuel quality 

+ Completely describe the specifications (standards) for a diesel fuel extender; 
particularly, chemical characterization 

+ Develop improved lubricating oils for use with vegetable oil use 

+ Find a solution to the problem of high cloud point of the ester fuels 

4 Develop new methods for washing biodiesel during production 

+ Study alternate uses for vegetable oil production by-products including use of the 
meal as feed, fertilizer and use of the glycerol 

+ Encourage those individuals who make decisions on where research funding should 
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ABSTRACT 

A process for the production of the ethyl ester of winter rape [EEWR] for use as a biodlesel fuel 
has been studied. The essential part of the process is the transesterification of rape oil with ethanol, in the 
presence of a catalyst, to yield the ethyl ester of rape oil as a product and glycerin as a by-product. 
Experiments have been performed to determine the optimum conditions for the preparation of EEWR. The 
process variables were: 1) temperature, 2) catalyst, 3) rate of agitation, 4) water content of the alcohol 
used, and 5) the amount of excess alcohol used. The optimum conditions were: 1) room temperature, 2) 
0.5% sodium methoxide or 1% potassium hydroxide catalyst by weight of rapeseed oil, 3) extremely 
vigorous agitation with some splashing during the initial phase of the reaction and agitation was not 
necessary after the reaction mixture became homogeneous, 4) absolute ethanol was nexxssary for high 
conversion, and 5) 50% excess ethanol with NaOCH3 or 100% excess with KOH gave a mixirnm 
conversion. Viscosity, cloud point and pour point of the EEWR were measured. A preliminary break-even 
cost for the commercial production of EEWR was found to be $0.55 /liter [$2.08N. S. gallon]. 



INTRODUCTION 

Background 

Vegetable oils have attracted attention as a potential renewable resource for the production of an 
alternative for petroleum-based diesel &el. Various products derived fiom vegetable oils have been 
proposed as an alternative fuel for diesel engines, including neat vegetable oil, mixtures of vegetable oil 
with petroleum diesel fbel, and alcohol esters of vegetable oils. Alcohol esters of vegetable oils appear to 
be the most promising alternative. Vegetable oils are triglycerides [glycerin esters] of fatty acids; alcohol 
esters of ktty acids have been prepared by the transesterification of the glycerides, wherein linear, 
monohydroxy alcohols react with vegetable oils in the presence of a catalyst to produce alcohol esters of 
vegetable oils [AEVO] and glycerin as a by-product (Fig. 1). AEVO when used as an alternative diesel 
he1 has been identified as a "biodiesel". 

Detailed literature reviews concerning the production and use of AEVO have been given by 
Peterson et al. (1 99 1) and Barn (1 99 1). Previous publications reported the use of methyl, ethyl, and butyl 
alcohols for the transesterification of rape oil, sunflower oil, cottonseed oil, peanut oil, soybean oil, and 
palm oil to produce methyl, ethyl, and butyl esters. The transesterifications were enhanced by the use of 
potassium hydroxide, sodium hydroxide, sodium methoxide, or sodium ethoxide as a catalyst. Important 
reaction parameters for the transesterifications are: 1) ratio of alcohol to vegetable oil, 2) temperature, 3) 
rate of agitation, and 4) amount of water present in reaction mixture. 

AEVO has a viscosity approximately twice that of mesel fuel. Viscosity is of prime concern 
because of its effects on spray patterns and deposit formation. AEVO performs similarly to diesel in both 
short- and long-term engine tests (Fig. 2) while the raw vegetable oil develops severe injector fouling after 
200 hours of operation. 

Alcohol esters of fatty acids have surprisingly good emission characteristics; the emissions of 
methyl esters of winter rape [MEW] gave significantly lower total particulates and lower polynuclear 
iromatic hydrocarbons than #2 diesel fuel. However, combustion of MEWR gave higher levels of NOx 
and aldehyde emissions than did #2 diesel fuel. Additional tests of emissions fiom biodiesel fhels are 
needed to enhance their commercidization. 

The use of neat vegetable oil, mixtures of vegetable oil and other components, and alcohol esters of 
vegetable oils [AEVO] has been under study at the University of Idaho since 197.9. Peterson et al. (1991) 
have given a complete description of the process for the production of the methyl ester of winter rape 
[MEWR]. M E W  has been manufactured irr a 756-liter [200 - U.S. gallons] batch pilot plant scale (Fig. 
3) using potassium hydroxide as a catalyst. The MEWR biodiesel product has been used as a replacement 
for diesel fuel in laboratory studies and in tractors using the ester under actual field conditions. A 20 KW 
(27 hp) Satoh tractor has been powered with 100% MEWR biodiesel since the spring of 1987. The tractor 
has been performing satishctorily to date. A prelmmary economic analysis of the commercial production 
of MEWR showed a break-even cost of $0.49hter [$I. 85RT.S. gallon). Costs are in 1991 U.S. dollars. 

Research at the University of Idaho has been focused on alcohol esters of vegetable oils because 
vegetable oils are a renewable energy resource. Earlier work has concentrated on methyl esters. The next 
logcaI step is the use of ethanol rather than methanol and consequently produce the ethyl ester of vegetable 
oils. Ethanol can be produced fiom agricultural renewable resources, thereby attaining total independence 
fiom petroleum-based aicohols. Consequently, a process for the production of the ethyl ester of winter rape 
[EEWRl for use as a biodiesel fuel has been studied. The process system which has been studied is similar 

I 



to the process for production of MEWR as shown in Figs. 1 and 3 except ethanol was used instead of 
methanol and catalysts other than KOH as well as KOH were tested. 

Objective 

Optimum conditions for the transesterification of rape oil to produce EEWR were determined 
which ylelded a maximum conversion of rape oil to the ethyl ester. The variables were: 1) Temperature of 
reaction; 2) Catalyst; 3) Rate of agitation of reaction mixture; 4) Water content of alcohol (ethanol); and 
5) Amount of excess alcohol. 

METHODS 

Materials 

The rapeseed oil used for the experiments was extracted from Bridger rapeseed; Bridger is a winter 
variety of rape. This oil has a hgh level of erucic acid (53.2%). Extraction of the oil from the rapeseed 
(Fig. 3) was done by the Department of Agricultural Engineering at the University of Idaho (Peterson et al. 
1983). A Cecoco oil expeller press with an extraction efficiency of approximately 80% was an integral 
part of their process. The automated and instrumented system was equipped with a seed preheater-auger, 
seed bin, meal auger, and oil pump. Reagent grade absolute ethanol was used. Potassium hydroxide 
pellets with an assay of 85% were purchased from EM Science Company; Fisher Scientific Company 
provided the purified, dry sodium methoxide powder; sodium ethoxide was provided by Aldrich Chemical 
Company; and potassium methoxide was a product from Aldrich Chemical Company. 

Fractional Factorial Experimental Design 

A fractional, factorial experimental design was used to determine the optimum values of 
temperature, degree of agitation, type of catalyst, and water content of ethanol used. A 24-1 fractional, 
factorial design was chosen for this purpose. Using a 24-1 design, four variables were studied at two levels 
by performing eight experiments (Z4-l = 8). The fractional, factorial design contains three quantitative 
variables - temperature, agitation, and water content of ethanol - and one qualitative variable - catalyst. 
The response is degree of conversion of rape oil to ethyl ester. The design matrix (Table 1) shows the two 
levels of the variables and the response. Table 1 shows the recorded data with the levels coded so that a 
minus one (-1) represents the low level and a plus one (+I) represents the high level. The catalyst chosen 
for the lower level was sochum ethoxide and potassium hydroxide was chosen for the higher level. 

The levels which were chosen for the various variables in this study were based on previous 
experiments and practical considerations. The low level of temperature was chosen as room temperature 
and the high level was chosen slightly higher below the boiling point of 190 proof ethanol. The lower level 
of ethanol chosen was 190 proof (five wt percent water); the hgher level was 200 proof (zero wt percent 
water). The lower level of agitation was a gentle agitation and the higher level of agitation was an 
extremely vigorous agitation with some splashing. 



Table I. Design Matrix for the Experimental Design 

Parameters 

1 - Agitation 
2 - Temperature 
3 - Catalyst 
4 - Ethanol 

Expt No. Parameters 
1 2 3 4  

Levels ' 

High (+ 1) Low (- 1) 
75 C 30 C 
KOH NaOC2Hs 
200 proof 190 proof 

% Conversion 

Experimental Setup and Procedure 

Three operations were studed in the experimental work which was performed. These are shown in 
Figure 3; they are: 1) transesterification, 2) phase separation, and 3) washing. Figure 1 shows the 
tranesterification; in this study ethanol, in presence of a catalyst, instead of methanol was used and ethyl 
ester was produced. After the reaction was complete, the reaction products separated into two layers; the 
ester product formed the upper layer and the by-product glycerin formed the lower layer. The residual 
catalyst and meacted excess alcohol were distributed h e e n  the two phases. After separation of the 
phases, the catalyst and alcohol were washed fkom the ester with water. 

Transesterification 

The transesterification experiments were performed in conical flasks using 250 g of rapeseed oil. 
Catalysts were 2.5 g (1% by weight of the oil) of potassium hydroxide or 1.25 g (0.5% by weight of oil) of 
sodium ethoxide. The catalyst was first dissolved in 72 g of ethanol which represented a 100% excess of 
the stoichiometric amount required for the transesterification. It was necessary to heat the ethanol slightly 
with stirring to completely dissolve the catalyst. The ethanol and &ssolved catalyst were then added to the 
oiI and stirring was begun. Samples of approximately 3-4 rnl of the reaction mixture were pipetted out at 1, 
30, 60, and 120 minutes respectively. The reaction was arrested in the samples by adding one or two 
drops of water. The samples were analyzed to determine the degree of completion of the reaction. 

Additional experiments were conducted to study the effects of temperature and sodium methoxide 
and potassium methoxide catalysts on ester yields. Experiments were also performed to determine ester 
yields using the stoichiometric amount and amounts of alcohol equal to 50%, 75%, and 100% excess. 



Phase separation 

After 120 minutes of reaction time, the reaction was stopped and the reaction mixture was allowed 
to stand overnight while phase separations occurred. The ester phase was then decanted fiom the 
equilibrium mixture. 

Washing 

Excess alcohol and residual catalyst were washed frmn the ester with water. The ester phase was 
placed in a glass column 1.26 cm in diameter and 100 cm in length. Water was sprayed into the top of the 
column at a low velocity. The excess alcohol and catalyst were removed by the water as it percolated 
through the column. During the washing, some of the ester formed an emulsion with the water; a time of 
24-48 hours wasrequired for the water phase containing alcohol, catalyst, and emulsified ester to settle and 
the ester phase to become clear. 

Analyses 

The analyses have been described by Barn (1991). High Performance Liquid Chromatography 
(HPLC) was used to determine the composition of the reaction mixture and the ester conversion. The 
composition of the ester was determined by Gas Chromatography (GC). Viscosity measurements of the 
ester were made by following ASTM standards (ASTM D445 or rP 71). The ester was analyzed for cloud 
and pour points by following ASTM Standards D2 500-8 1 and 097, respectively. 

RESULTS AND DISCUSSION 

Statistical Analysis of Experimental Design 

The results obtained fiom the eight experiments performed according to the M o d  factorial 
design (Table 1) were analyzed using Statistical Analysies System (SAS). The results of this analysis were 
used to develop an equation which shows the relationships between degrees of conversion, rate of 
agitation, temperature, water content of ethanol, and catalyst. 

C O W  = 71.75 - 3.75(A) + 4 . 3 2 5 0  + 21.05(ALC) + 9.95(T)(C) *. 6.37(T)(ALC) (1) 

where A = rate of agitation; T = temperature; ALC = water content of alcohol; C = catalyst; and CONV = 
percentage conversion of oil to ester. 

In this equation, the values of A are either -1 (low agitation) or +1 @I& agitation); values of T are 
either -1 (30C) or +1 (75C); values of ALC are either -1 (190 proof) or +1 (200 proof); values of C are 
either -1 (NaOC2H5) or +1 @COW. For example, with high agitation, with temperature = 75C, using 
NaOC2Hj as catalyst, and 190 proof ethanol, 

CONV =71.75 - 3.75(+1) + 4.325(+1) + 21.05(-1) + 9.95 [(+I)(-I)] - 6.375[(+1)(-I)] 
= 47.7% 

Inspection of Equation (1) shows that water content of alcohol is the most important independent factor 
affecting degree of conversion and that increasing water content ( l o w e ~ g  proof) decreases degree of 
conversion. Further inspection shows that the interaction between temperature and catalyst and the 



interaction between temperature and water constant of alcohol are sigtuficant. 

A matrix was designed which contained sodrum rnethoxide and potassium methoxide in place of 
potassium hydroxide and sodium ethoxide as shown in Table 1. The conversions obtained were 
approximately the same for all catalysts except potassium methoxide. The conversion obtained with 
potassium methoxide was sigmficantly lower. 

Phase separation was also treated as the dependent variable as a function of agitation, temperature, 
catalyst and water content of dcohol. The type of catalyst used was an important variable affecting the 
separation of the ester phase from the glycerin phase. Temperature, alcohol, and the interaction between 
temperature and alcohol also had significant effects on phase separation. 

Optimum Conditions for Ethyl Ester Preparation 

Transesterifice tion 

Temperature had no detectable effect on the ultimate conversion to ester. However, hlgher temperatures 
decrease the time required to reach maximum conversion. It is believed the cost of energy for heating 
would exceed the value of time saved by using higher temperatures. Therefore, room temperature is 
considered to be the optimum temperature for conversion. 

A high degree of conversion could be obtained only if the oil and alcohol phases have been blended into 
one homogeneous phase. This requires extremely vigorous agitation with some splashing at the start of the 
reaction. When the reaction mixture is homogeneous, the conversion and time to reach maximm 
conversion are independent of agitation. 

The presence of water in the reaction mixture markedly reduces the conversion of oil to ester (see 
Equation 1). 200 proof ethanol must be used in order to obtain a high degree of conversion. The 
e x p e d n t s  in which different amounts of excess alcohol were used in the reaction mixture showed that an 
amount in 50% excess of the stoichiometric ratio gave a high conversion when sodium methoxide was the 
catalyst. Potassium hydroxide catalyst required 100% excess alcohol to achieve similar conversion and 
phase separation from the glycerin. 

Although SAS indicated s d u m  ethoxide, sodium methoxide, and potassium hydroxide all gave good 
conversions during transesterification, sodium methoxide was chosen as the most promising catalyst due to 
phase separation considerations described below. Experiments were performed in whch the concentration 
of sodium methoxide varied from 0.3% to 0.5% by weight of rapeseed oil used. Conversion was maxihum 
for 0.5 % concentration of catalyst. 

Phase Separation 

The type of catalyst used during the transesterification has an important effect on the subsequent phase 
separation. Phase separation was erratic and dependent upon the amount of excess alcohol present in the 
case of potassium hydroxide. No phase separation occurred when potassium methoxide was used. When 
sodium metboxide or sodium ethoxide was used, separation was good; however, sodium methoxide was 
judged to give the better result. 

The impact of variables other than catalyst and excess alcohol on phase separation was considered 
minor relative to their impact on transesterification. 



Washing 

Dunng the washing of the ester phase w e  must be taken to add water slowly in a fine spray. 
Agitation of the ester with the flow of water caused a loss of as much as 18% of the ester due to the 
formation of an emulsion. 

The importance of waslung is the removal of residual catalyst from the ester. The effluent wash water 
was monitored for sodium content and washing continued until the sodium content of the effluent was the 
same as the sodium content of the entering wash water. Complete removal of catalyst &om the ester was 
assured by determining the amount of sodium in the glycerin phase and the total sodium removal from the 
ester phase. The sum of these accounted for all of the sodium entering the reaction as a constituent of the 
catalyst. 

Physical Properties of EEWR 

The measured viscosity of the ethyl ester was 7.0 centistokes at 25C. The viscosity of the rapeseed 
methyl ester is 6 cs at 40C and 2.39 cs at 100C; the viscosity of #2 diesel is 3.2 cs at 40C and 1.26 cs at 
100C. The cloud and pour points of the ethyl ester was found to be -7C and - 16C, respectively. 

Preliminary Economic Evaluation Between Methyl and Ethyl Esters 

The economic viability of the rapeseed ethyl esters was compared to that of methyl esters. Thrs was 
done by comparing the breakeven cost of methyl ester with that of ethyl ester. Breakeven costs were found 
by determining the sales value of product which would be required to operate a manufszduring fhcility at 
zero profit. At zero profit the total of all annual costs equals the sales value. In the comparison made in 
this study, annual costs were separated into raw material costs and all other costs which were identified as 
processing costs. Figure 4 shows the breakeven cost for four different situations. These are 1) methyl ester 
using KOH as catalyst and methyl alcohol, 2) ethyl ester using KOH as catalyst and denatured 200 proof- 
ethanoI, 3) ethyl ester using sodium methoxide as catalyst and denahued 200 proof ethanol, and 4) ethyl 
ester using sodium methoxide as catalyst and 200 proof absolute alcohol. It can be noted that oil is the 
major cost in all cases. Raw material costs were based on a rapeseed oil cost of $0.44/kg [$0.20/lb]. The 
breakeven cost for methyl ester is S1.85N.S. gallon and the maximum cost for ethyl ester is S2.39N.S. 
gallon. 

CONCLUSIONS 

Rapeseed oil ethyl ester can be made successfully undcr the following conditions for transesterification: 
1) Room temperature; 2) 0.5% sodium methoxide catalyst based on weight of rapeseed oil and 50% 
excess of the stoichiomehic amount of required 200 proof alcohol; or 3) 1.0% potassium hydroxide 
catalyst and 100% excess of the stoiciometric amount of 200 proof alcohol; 4) Extremely vigorous 
agitation with a little splashing until the reaction mixture becomes homogeneous. 

Since the ester has an extremely high tendency to form an emulsion on contact with water, care must be 
taken to maintain low levels of agitation during washing. 

The economic viability can be sigdicantly improved if lower valued oil f d o c k s  can be obtained. 
Waste animal fats from meat processing 'facilities, waste fiymg oils from French fied potatoes and other 
food fiymg operations, and low-grade residue oils from food grade oil crushing and refhung plants could be 



substituted for the rapeseed oil used in this study. The ethanol must be moisture free, but can be denatured 
with small amounts of gasoline. 
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Abstract 

The status of a project to convert rice hulls to the equivalent of No. 2 diesel fuel will be presented. 
Other byproducts include naptha and waxes. The project participants are Arizona State University (ASU) 
and Rentech, Inc. of Denver, CO. Arizona State University has developed technology for converting 
numerous biomass materials to fuels and chemical products. Rentech, Inc. is a leader in converting natural 
gas from landfill and remote natural gas sites to diesel he1 and other products. The project thus is aimed at 
coupling the ASU gasification (pyrolysis) technology (biomass to synthesis gas) with Rentech liquefaction 
technology (synthesis gas to diesel fuel). Rice hulls have been selected as the feedstock due to low value, 
commercial interest and global availability. The diesel product is attractive due to local rnaketing and 
environmental (no sulfur) features. Diesel yields in the 40-50 gallons per ton of feedstock (dry, ash free 
basis) are anticipated. 

The Statement of Work for the project consists of feedstock source evaluation, pyrolysis 
experiments, liquefaction experiments, techrucal evaluation and economic evaluation. Results and 
conclusions to date will be presented. 

Introduction 

Rice is grown in more than 100 countries and on every continent except Antartica. In the world 
economy, rice is an extremely important food, second only to wheat in total world production. World 
production of rice is ca. 330 million tons per year with over 90% of the production occuring in Asia 
(Wadsworth, 1992). The United States produces only about 2% of the world's supply. In the U.S., 
Arkansas is the leading producing state with 40.6% of the national total in 1988. Following Arkansas in 
order of pmduction are California (1 8.5%), Lousiana (15.1%), Texas (14.6%), Mississippi (8.6%), and 
Missouri (2.6%). The proximate composition of rice varies with rice variety, growing location, cultural 
practices and weather. Ranges of analyses for rough rice and its various milling fractions are shown in 
Table 1. The purpose of rice milling is to Rmove the hulls and bran from harvested, dried rough rice. 
After removal of the hulls, the rice is called brown rice. After removal of the bran, the rice is referred to as 
white milled rice. In many aRas of the world, primitive rice processing techniques produce bran mixed 
with the hulls (Wadsworth, 1992). 



Table 1. Composition of Rice Materials (Wt. %, Dry Basis) 
(Wadsworth, 1992) 

l&Qsuum Rouah Hulls Bran Brown 

Protein (Nx5.95) 6.7-8.3 2.3-3.2 13.2-1 7.3 8.3-9.6 
Crude fat 2.1 -2.7 0.4-0.7 1 7.0-22.9 2.1 -3.3 
Crude fiber 8.4-1 2.1 40.1 -53.4 9.5-1 3.2 0.7-1 -2 
Crude ash 3.4-6.0 1 5.3-24.4 9.2- 1 1.5 1.2-1.8 
Starch 62.1 1.8 16.1 77.2 
Dietary fiber 19.1 77.3 27.6-33.3 4.5 

The major processed rice uses are fermentation products (breweries in the United States use ca. 
20% of the U.S. production in the manufacture of beer), quick-cooking rice, breakfast cereals and infant 
foods. Byproducts or wastes can be grouped as bran, oil and/or hulls. The bran has an increasing market 
due to a reported cholesterol lowering effect. Rice oils (extracted from the bran) have a variety of uses. 
Rice hulls have been utilized to a limited extent as a source of energy in the rice industry but have mainly 
been underutilized and considered a waste disposal problem. Current environmental constraints on 
incineration processes precludes this utilization option in many locations. Utilization concepts suggested in 
addition to energy have included cement, architectural board, silicate structural materials, sodium silicate, 
furfural, alpha cellulose and animal feed. Developing countries (whele most of the rice is grown and 
consumed) are under increasing pressure to utilize renewable resources such as rice hulls to supply their 
energy needs. The hulls comprise about 20% of the composition of rough rice (dry basis) (Wadsworth, 
1992; Rutger, 1981). 

The purpose of the research described in this paper is to investigate an advanced concept for 
converting rice hulls into diesel fuel and other potential byproducts (naptha, waxes) using thennochemical 
conversions technology. An indirect liquefaction system concept is utilized, i.e., gasification of the hulls to 
synthesis gas followed by liquefaction of the synthesis gas to diesel fuel and other potential products. The 
project involves the participation of two entities: Arizona State University (ASU) and Rentech, Inc. ASU 
has developed advanced technology for converting numerous biomass and other materials to fuels and 
chemical products (Kuester, 1984,1985, 1989, 1991; Assawaweroonhakam and Kuester, 1993; Prasad 
and Kuester, 1988; Kuester et. al., 1984; Davis, Kuester and Bagby, 1984). Rentech is a leader in 
converting natural gas from landfills and Emote natural gas sites to diesel fuel and other products (Chemical 
Engineering, 1990). The project is aimed at coupling the ASU gasification technology (biomass to 
synthesis gas) with Rentech liquefaction technology (synthesis gas to products). The project is in its initial 
stages. Topics to be discussed will be as follows: 

feedstock 
conversion technology 
economic and market factors 
risk assessment 
environmental considerations 
results to date 



Feedstock 

Rice hull sources from mills in California and Texas will be investigated in the project. In most 
cases, the hulls are either landfilled with resulting costs (negative value) or sold as an animal food 
supplement/extender. The rice industry has considerable interest in developing alternative, higher value 
uses for the hulls. Mill availability for hulls (single location) is generally on the order of 400 tonslday (year 
around basis). This scale is conside~d feasible without the necessity to haul hulls from multiple mills with 
corresponding transportation costs. No additional processing of the hulls are anticipated prior to feeding a 
conversion system, i.e., the hulls form the milling operation are of suitable size, form and density. A high 
silicon content is present which would exit a conversion system in the form of ash. An ultimate analysis 
(weight %, dry basis) has been reported as follows: carbon = 40.96, hydrogen = 4.30, oxygen = 35.86, 
nitrogen = 0.40, sulfur = 0.02, chlorine = 0.12 and residue (ash) = 18.34 (Domalski, Jobe and Milne, 
1987). 

'I'he proposed technology should be adaptable to a wide variety of biomass (and other) feedstocks. 
Thus rice hulls should be considered to be a commercially viable case study example. Economy of scale 
could be achieved by feeding multiple feedstocks into the system. 

Conversion Technology 

A schematic of the proposed integrated conversion system is shown in Figure 1. As indicated, the two 
major sections are: (1) gasification, and (2) liquefaction. 

The gasification (pyrolysis) system (ASU) consists of two circulating solid fluidized beds. A 
photograph of the system (coupled to liquefaction reactors) is shown in Figure 2. One bed functions is as a 
pyrolyzer to thermally decompose the hulls to a synthesis gas containing primarily hydrogen, carbon 
monoxide, ethylene, methane and carbon dioxide. The second bed operates as a combustor to heat a solid 
which is continuously transferred between the two vessels and thus servesas the heat source for the 
pyrolyzer. Start up fuel can be natural gas or propane with replacement by recycled pyrolysis gas and/or 
liquefaction reactor off gas after start up. Other major equipment items in the gasification system are a 
cyclone separator (to remove particulates), a scrubber (to remove any condensible liquids), and a screw 
solids feeder system. A compressor is utilized to feed the liquefaction system with synthesis gas. General 
condition are as follows: 

Pyrolysis Temperature: 865 C (1 500 F) 
Pyrolysis Pressure: Atmospheric 
Residence Time: 1-2 Seconds 
Fluidized Solids: Inert (e.g. sand, alumina) or Catalysts 
Fluidizing Gas: Steam, Pyrolysis Gas andlor Recycled Liquefaction Off Gas 

The liquefaction system (Rentech) consists of a slurry phase bubble column reactor containing a 
proprietary iron based catalyst developed by Rentech suspended in a molten wax phase. The major 
reactions that occur involve the conversion of hydrogen and carbon monoxide to diesel fuel, naphtha, wax, 
alcohols and water with the ~ l e a s e  of a considerable heat of reaction (Fischer-Tropsch chemistry (Haggin, 
J. 1990). Auxiliary equipment items for the liquefaction system include a condenser and product collection 
system. General conditions are as follows: 



Reactor Temperature: 260 C (500 F) 
Reactor Pressure: 150 psig 
Residence Time: 30 seconds 
Slurry Medium: Paraffin Wax 

A circulating solid fluidized bed gasification (pyrolysis) system was selected for the following reasons: 
(1) efficient heat transfer (and thus low residence time or equipment volume), (2) minimal temperature 
gradients (and thus minimal undesirable side reactions), (3) no synthesis gas separation steps (say from 
combustion products) and (4) opportunity to utilize gasification catalysts. The iron based slurry phase 
liquefaction system was selected for the following reasons: (1) inexpensive catalyst, (2) exceptional 
temperature control in the presence of the considerable heat of reaction, (3) mild operating conditions and 
(4) marketable products. ASU has developed the gasification (pyrolysis) technology over the past 15 years 
pmss ing  over 100 different feedstocks. Rentech has developed the iron based slurry reactor over a 9 year 
period for synthesis gas generated from natural gas sources. A detailed engineering design study exists for 
the ASU system (Ultrasystems, 1985). Rentech is currently involved in a project at Pueblo, Colorado to 

. convert landfill gas to diesel fuel utilizing the iron based slurry phase reactor system (Chemical Engineering, 
1990). 

Economic and Market Factors 

The economics of any conversion process are strongly dependent upon (a) the cost of the feedstock; @) 
the price received for the products and (c) the costs associated with capital, labor and maintenance of the 
plant. The biomass feedstocks under consideration in this proposal are generally of low or negative value 
which helps the economic viability immensely. The products from the Rentech synthesis reactor can be 
marketed as crude oil or can be fractionated on site into naphtha, diesel fuel and waxes. The naphtha 
fraction can be marketed as low aromatic solvent, and the diesel fraction can be sold at a premium price due 
to its clean-burning characteristics. The wax from the synthesis is primarily paraffin wax, but it contains a 
high molecular weight fraction of microcrystalline wax which demands a high price because of its purity 
and hardness. Currently, the only source for this Fischer-Tropsch wax is the SASOL plant in South Africa. 
Alternatively, the wax fraction can be hydrocracked easily into the diesel boiling range. The markets fw all 
of these products are very large compared to the production potential from contemplated biomass sources. 

Risk Assessment 

The only similar commercial scale project that exists in the world is the SASOL plant in South Africa 
(Haggin, 1990). At SASOL, coal is gasified to a synthesis gas followed by liquefaction to fuel products 
using an iron based catalyst. As judged by its long term operation and expansion, SASOL is considered a 
successful project. In general, biomass sources are much easier to process than coal (e.g., more volatiles, 
greater H/C ratio, less sulfur). Circulating solid fluidized beds have been in operation for over 40 years for 
petmleum applications (catalytic cracking). ASU is undoubtedly the dominant laboratory in extending this 
technology to over 100 biomass feedstocks. Thus, in summary, the technology risks are considered viable. 
External economic factors (see previous section) will probably be the determining factor. 



Environmental Considerations 

For an integrated system, the potential streams to be assessed from an environmental viewpoint are as 
follows: (1) combustor exhaust, (2) pyrolysis scrubber effluent, (3) pyrolysis ash, and (4) spent catalyst. 
With clean fuel (pyrolysis gas and/or liquefaction reactor off gas), the combustor exhaust should be 
acceptable. The pyrolysis scrubber effluent will be analyzed and treated as appropriate with the objective of 
recovery of any organics and recycle of water. Pyrolysis ash and spent liquefaction catalyst will be 
assessed for potential secondary market potential or landfill. 

The primary potential environmental impact resulting from implementing the proposed technology is the 
production and use of a cleaner burning diesel fuel. The Environmental Protection Agency (EPA) and the 
National Academy of Sciences WAS) both have proposed new standards for diesel fuel. A comparison of 
the characteristics of Rentech diesel and commercial fuel to the proposed standards alle set forth below: 

Proposed Standards 
Fuel Parameter NAS EPA Rentech Commerclal 

Diesel Diesel 
Cetane No. > 48 --- 62 46 
Wt % Sulfur < 0.25 < 0.05 0 0.35 
90% Dist. Temp., F < 600 --- 514 617 
Vol.% Aromatics < 20 < 20 < 4  32 

As can be seen, the diesel to be produced from the proposed technology easily meets all EPA and NAS 
proposed changes to diesel fuel. The wastes resulting from the proposed project requiring disposal are ash 
(primarily silica) from the biomass and spent catalyst (essentially iron oxide). Both of these materials can 
be disposed of in a landfill. 

Results to Date 

The project Statement of Work calls for initial gasification (pyrolysis) experiments to be performed by 
ASU followed by liquefaction experiments to be performed by Rentech with an overlapping period for 
iterations. The ASU work has commenced. The Rentech work initiates in August 1993. Thus only 
progress on the ASU gasification system will be reported in this paper. 

The objective of the 10" ASU circulating solid fluidized bed gasification (pyrolysis) system is to 
maximize gas phase yields with respect to carbon monoxide and hydrogen with a hydrogen to carbon mole 
ratio between 0.7-1.5. Potential factors are temperature, fluidized solid type and stearn/feed ratio and the 
effect of recycle streams from the liquefaction reactor. The initial ASU work utilized rice hulls obtained 
from American Rice (Freeport, Texas). Alumina was used as the fluidized solid media. Rice hull feed rates 
were held at 5.4 lb/hr. Steam rates ranged form 75-140 lbshr. The hydrogen to carbon monoxide mole 
ratio over the temperature range from 1325-1587 F is shown in Figure 3. As indicated, the ratio increases 
with increase in temperature over the range of temperatures studied. The sum the of the two components 
was essentially constant at about 70 mole % over the temperature range with the balance of the major 
components consisting of methane, ethylene and carbon dioxide. Prior experience with the system 
indicated that the use of dolomite as the fluidized solid would effectively increase the hydrogedcarbon 
monoxide mole ratio. Thus this material was added as a mixture with alumina (54% alumina, 46% dolomite 
by volume). The results for data points at similar temperatures were as follows: 



vdro~nICarbon Monoxide Mole Ratio 
alumlna liQhmk 
0.64 (1465 F) 2.73 (1 463 F) 
0.57 (1 485 F) 3.1 1 (1480 F) 

n u s  a substantial increase in the hydrogen carbon monoxide ratio was achieved with the use of dolomite. 
The sum of the two components however decreased about 5% with the use of dolomite. 

Current work in progress for the pyrolysis tasks consist of optimizing operating conditions to maximize 
the sum of hydrogen + carbon monoxide subject to the desired constraints on the ratio of hydrogen to 
carbon monoxide. In addition, ash, scrubber and feedstock analysis will be performed for the purpose of 
calculating mass and energy balances for the optimal conditions. 

Summary and Conclusions 

Thermochemical conversion technology offers the opportunity to convert agricultural residues with low 
or negative value into marketable products within environmentally acceptable constraints. The work in 
progress that is reported in this paper addresses one of the largest underutilized biomass waste sources in 
the world. Success in the project will offer a significant opportunity for rice processors in the U.S. and 
foreign markets to utilize this Rsource to economic and environmental advantage. 
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Abstract 

The application of nonaqueous enzyme slurries for the production of fatty ester fuels ii-om 
coal-derived alcohols and triglyceride oils was investigated. Nonaqueous enzyme systems can 
greatly facilitate many organic reactions, especially those that result in formation of esters 
and arnides. The production of biomass ester fuels from triglyceride oils involves 
transesterification of the triglyceride with an alcohol. Phenolic tars from coal gasification 
wastes were fi-actionated and heated to convert them to an alcohol form, and the 
intermediate alcohols were converted to the fatty ester in a nonaqueous lipase system. 
Lipases in a variety of organic solvents were intensively investigated for acylation of coal 
derivatives containing alcohol functional groups. The two-step process transformed the black 
poorly soluble phenolics to clean paraffin-soluble esters. Diesel testing demonstrated that the 
product esters could be substituted for diesel fuels. 



Introduction 

Phenolic materials are produced in large amounts during coal conversion processing to coke, 
liquids, or synthesis gas. Coal gasification produces a crude phenollcresol stream from 
extraction of the condensate water. At the Great Plains Gasification Plant operated by 
Dakota Gasification Company, the Phenosolvan extraction process recovers about 97 million 
pounds per year of the crude phenolics (Sinor 1987). This material is currently burned at the 
plant because distillation to pure phenol and cresol products has been uneconomical. Thus 
an alternative use for this by-product stream is desired. Other phenolic mixtures could be 
extracted from tar oil streams, if products could be marketed. A solution to the problem of 
how to utilize the crude phenolic streams in an economical and environmentally acceptable 
manner will also help solve the energy import problem in the Americas. 

The production of diesel fuels from vegetable oils by conversion of the triglyceride to a less 
viscous ester has been extensively investigated. Most of the focus has been on methyl and 
ethyl esters, because of the ease of preparation and the low cost of methanol. Coal-derived 
alcohols may represent another inexpensive alcohol source for forming the ester diesel fuel. 
Alcohols can be produced from coal-derived syn gas via the Fischer-Tropsch reaction or from 
coal liquefaction and gasification by-products via reactions transformation of the phenolic 
groups to alcohols. A previous report (Olson and others 1993) discussed the preparation of 
ester fuels from the high molecular weight coal liquefaction products, but coal liquefaction 
is currently not commercially practical. 

In order to develop an economical process for production of alternative ester fuels, a study of 
lipase-catalyzed reactions of triglycerides was carried out in nonaqueous solvents. The goal 
of this work was to exploit the advantage that enzymes nonaqueous solvents can offer by 
driving the equilibrium toward the ester products. This paper will discuss the conversion of 
phenolic materials from two coal gasification by-product streams to a diesel fuel by using 
enzyme-catalyzed esterification reactions. 

Experimental 

The composition of the crude Great Plains (GP) phenols was determined to be as follows: 
phenol, 45.4%; o-cresol, 9.6%; m- and pcresol, 23.2%; and other alkylphenols 22%. 
Elemental Analysis (mf): C, 77.8%; H, 7.2%; N, 0.40%; and S, 0.10%. 

Hydroxyethylation of Great Plains Crude Phenols 

DABCO Method 

A solution of 1 g of diazabicyclooctane (DABCO) in 60 mL of tetrahydro-furan (THF) placed 
in a beaker and 5.0 g of Great Plains crude phenol fraction was added. After stirring 15 min, 
1.4 g of ethylene oxide was passed into this solution, and the clear solution was quickly 
transferred into a 300-mL stainless steel Parr reactor. The reaction was carried out at 15Q°C 
for 3 hr with constant stirring. After cooling the reactor, the solution in the reactor was 



transferred to a separatory funnel, leaving a small amount of solid residue (coal) in the 
bottom of the reactor. The solution in the separatory funnel was mixed with 400 mL of 
toluene and washed with 3 x 150 mL of 1.5 N HC1 solution. Solvents were then removed by 
rotary evaporation to give the hydroxyethylated product. GC and IR analyses showed that 
all phenols have been hydroxyethylated. 

NaOH Method 

This method was similar to the above method, except that the base was sodium hydroxide 
instead of DABCO. Sodium hydroxide (0.1 g) was dissolved in 1 mL of water, and to this 
5.0 g of Great Plains phenols was added and mixed very well for an hour, until a thick paste 
was obtained (exothermic reaction). After the addition of 60 mL of THF, the solution was 
stirred for another 30 min, and then 1.4 g of ethylene oxide was passed into it. The whole 
solution was quickly transferred to a Parr reactor. The reaction was run at 150°C for 3 hr 
with constant stirring. After cooling,, the solution was transferred to a flask and rotary- 
evaporated to remove THF. Toluene was added to give a precipitate, which was removed by 
centrifuging the mixture. The toluene was removed *om solution to give 4.8 g of 
hydroxyethylated phenol derivatives. This product was analyzed by GC and IR to ensure 
complete reaction. 

Acylation of Hydroxyethylated Phenolics 

Hydroxyethylated GP phenols were acylated with tributyrin by two methods. Similar 
methods were used for the vegetable oil triglycerides and other alcohol substrates. 

Reaction on Celite-/mmobilized Lipolase Column Bioreactor 

Hydroxyethylated GP phenols (0.30 g) were added with 0.900 g of tributyrin to 70 rnL of 
toluene in the reservoir. This solution was circulated through a glass column containing the 
immobilized Novo lipolase enzyme on celite support (coupled with N-2-aminoethyl-3- 
aminopropyltrimethoxysilane) at 65OC for 20 hours. 

Reaction Catalyzed by Lipase in Slurry 

Hydroxyethylated GP phenols (0.30 g) were reacted with 0.900 g of tributyrin in a slurry 
containing 100 m g  of Amano PS lipase in 15 mL of solvent a t  65°C. The reaction was 
allowed to proceed for about 20 hr. At that point, this mixture was centrifuged to separate 
the enzyme, and the reaction mixture was analyzed by GC, GC/MS, and GCIIR. 

Results and Discussion 

The concept that was developed for producing ester fuels from coal-derived phenolic materials 
consisted of the following two steps: 

1. Conversion of coal tar phenolics to a substrate with high activity for subsequent 
enzymatic processing. 



2. Lipase-catalyzed conversion to an ester fuel. 

These are discussed separately below. 

Step 1. Conversion of Coal-Derived Phenolics to Alcohol Intermediates 

Lipase enzymes catalyze the transesterification of alcohols with triglycerides to give an alkyl 
fatty ester plus glycerol. However, phenols are not good substrates for the enzymes, since the 
aromatic hydroxyls are much less reactive (nucleophilic) than the alkyl hydroxyls. 
Preliminary reactions of phenols with triglycerides were carried out with porcine pancreatic, 
yeast, and mold lipases. These experiments resulted in no formation of ester products. Other 
work has shown that lipase will catalyze the reaction of phenol with a highly activated acyl 
donor (Nicolosi and others 1992), but this method is not appropriate for fuel production which 
requires a very inexpensive acyl donor. 

It was therefore essential that the phenolics be converted to primary alcohol groups to give 
a substrate more appropriate for the lipase-catalyzed reaction with the triglyceride. Several 
reactions that generate alcohols were investigated. The most effective of these were reactions 
of the phenolic hydroxyl groups with epoxides, such as ethylene oxide (Olson and others 
1993). Phenol is converted to 2-phenoxyethanol, and the other alkyl-substituted phenols from 
the gasification by-product streams give the various 2-(alky1phenoxy)ethanol isomers. These 
primary alcohol intermediates are soluble in paraffinic solvents that give the highest rates 
in subsequent enzyme reactions. 

The crude phenolic mixtures obtained from the gasification streams are black and 
odoriferous, because of the presence of nitrogen heterocyclics and organosulfur impurities. 
Processing of two phenolic by-products with somewhat different compositions is described in 
this paper. The GP crude phenol sample was obtained by diisopropyl ether extraction of the 
condensate water from gasification. The second sample was a tar oil that had been produced 
by the slagging fmed-bed gasser at the Grand Forks Energy Technology Center (GFETC) 10 
years earlier and stored in a freezer. Reanalysis showed that this sample consisted of about 
33% phenolics, with hydrocarbons (mainly 2- and 3-ring aromatics) and heterocyclics making 
up the balance. 

The phenolics present in the GP phenol sample consist mainly of phenol and the cresols with 
much smaller amounts of C, and higher alkyl phenolics. The phenolic fraction extracted from 
the tar-oil condensate from the GFETC slagging gasifier contains less phenol and more 
cresols and higher-alkyl phenolics, as well as guaiacols and catechols. The different 
compositions resulted from the method of collection of the condensation products produced 
during gasification. 

A set of reactions was conducted to determine the optimum solvent, catalyst, and reaction 
conditions for hydroxyethylation of crude phenolic mixtures from coal processing streams. 
Either sodium hydroxide or diazabicyclooctane (DABCO) was a good catalyst for the reaction 
of the low-severity materials (Olson and others 1993), but the DABCO was more difficult to 
remove; thus, sodium hydroxide in catalytic amounts was used for this series of tests. 
Reaction products as well as starting materials were analyzed by GC and GC/MS. 

Previous work with the low-severity coal liquefaction products showed that THF was the best 
solvent for the reaction, since the low-severity product was highly soluble in that solvent 



(Olson and others 1993). A yield comparison with acetone, methanol, and methyl t-butyl 
ether was needed for this phase of the project involving the phenolic by-product stream. The 
hydroxyethylation reaction of crude GP phenols (11.0 g, 0.10 mole based on average formula 
weight = 110) with ethylene oxide (0.11 mole) in THF' (55 rnL) with sodium hydroxide (0.55 g) 
catalyst at 15PC for 3 hr in a pressure reactor gave a product containing very little of the 
unreacted phenolics. A similar reaction in methanol gave 100% conversion of the GP 
phenolics to the hydroxyethylated intermediates. A 100% conversion was also obtained for 
the reaction in methyl t-butyl ether. Products were normally worked up by stripping the 
solvent and adding toluene to dissolve the product. The aqueous base layer was separated, 
the toluene layer was dried over sodium sulfate, and the toluene was vacuum-stripped on a 
rotary evaporator. The products were dark colored and nearly odorless, indicating that 
indoles or other colored impurities were probably also converted to hydroxyethyl derivatives 
along with the phenolics. 

The reaction that was carried out in acetone gave a high conversion to hydroxyethylated 
products, but also formed additional components that contaminated the product. These 
compounds were condensation products of the acetone. Thus, acetone is not recommended for 
a solvent for hydroqethylation. 

The hydroxyethylation reaction of Great Plains (GP) phenols was also conducted without 
solvent. This reaction at 150°C gave complete conversion to hydroxyethylated products. 
Since this method avoids the solvent stripping step, it could obviously represent a savings in 
processing costs. However, it was more difficult to introduce the ethylene oxide in this 
reaction, since the reaction self-heated during the introduction. Thus, the phenols were 
cooled to facilitate the ethylene oxide uptake and prevent loss of ethylene oxide. 

Temperatures of 150°C were normally sufficient for carrying out the reaction with low- 
severity liquefaction materials. A reaction at  87°C was run to determine if the reaction could 
be carried out a t  atmospheric pressure rather than in a pressure autoclave. But under these 
conditions, only 30% of the phenolics were converted to the hydroxyethylated derivatives. 

Phenolics were extracted from the GFETC gasifier tar oils with sodium hydroxide to give a 
33% yield of phenols. This fraction was reacted with ethylene oxide in THF a t  150°C for 2- 
and 3-hr time periods. Reactions carried out with DABCO and NaOH were successful in 
giving essential complete conversion to the hydroxyethylated products. 

Several attempts were made to convert the phenolics present in a tar oil to the hydroxyethyl 
derivatives by reaction with ethylene oxide without prior extraction of the phenolics from the 
tar oil or, in effect, to carry out the reaction in a solvent composed of THF and the tar 
hydrocarbons. Both basic catalysts (NaOH and DABCO) gave incomplete conversions to the 
hydroxyethyl derivatives. 

Step 2. Nonaqueous Enzyme-Catalyzed Conversions of Alcohol Intermediates 

Previous work demonstrated that 2-phenoxyethanol and related model compounds were 
excellent substrates for lipase-catalyzed reactions (Olson and others 1993). Enzyme-slurry 
methods and other immobilized enzyme systems were investigated. These tests established 
the selectivity of various lipases and the solvents which could be utilized for these substrates 
(Olson and others 1993). The results from the previous experiments with oxygenated coal- 



liquefaction products showed that paraffm-soluble oils can be produced by lipase-catalyzed 
reactions of hydroxyethylated liquefaction products; however, the high molecular weight 
fractions were not acylated effectively, and colloidal material inhibited the lipases. 

The hydroxyethylated low molecular weight phenolic products from coal gasification should 
behave more like the model compounds, and lipase acylation should proceed efficiently. 
Initially, enzyme catalysis studies with the hydroxyethylated GP phenols were performed 
with tributyrin as the acyl donor. The butanoate ester products resulting from 
transesterification with this substrate were readily determined by GC and GUMS, and thus 
conversion of each component as well as the total conversion were accurately measured. Any 
deactivation of the enzymes could be determined easily with this assay. 

'Immobilized lipases were prepared by covalent attachment of the lipase to a celite pellet 
support (Manville R-635) by activating the support with y-aminopropyl-triethoxysilane and 
linking the aminoalkyl group on the treated support to the enzyme by reaction with 
glutaraldehyde. Although fairly good activity was exhibited by the resulting preparation, 
the activity dropped in successive tests. Since it has a lower tendency to self-condense or 
polymerize than the monoalkylsilane, 3-aminopropyldimethylethoxysilane was reacted with 
the celite and used for coupling to the enzyme. A third silylation reagent was N-2- 
aminoethyl-3-aminopropyltrimethoxysilane. This reagent provided a longer chain for linking 
to the glutaraldehyde. 

Transesterification and esterification reactions with the celite-supported enzymes were 
carried out mainly in a bioreactor system where reactants dissolved in an appropriate solvent 
were pumped through a column bed of the pellets containing the immobilized enzymes. In 
the tests with model compounds, the most active of the celite-immobilized lipases was Novo 
lipolase that was coupled with N-2-aminoethyl-3-arninopropyltrimethoxysilane. In the 
reaction with the immobilized lipase bioreactor column, it was found that the alcohols present 
in the hydroxyethylated Great Plains phenol product, namely 2-phenoxyethanol, o-, m-, and 
p-methylphenoxyethanols, and dimethyl-substituted phenoxyethanol were converted into their 
corresponding butyrate esters in high yields. It was difficult to operate the bioreactor column 
pumping system with hexane without solvent loss, and thus toluene was used for the solvent. 
Some loss of activity occurred in this system as a result of breakdown or loss of enzyme from 
the support. Tiny particulates were noted in the column effluent after extensive use. 

Although reactions with immobilized enzymes in the bioreactor gave high conversions in a 
number of nonpolar solvents, including chlorinated solvents, the highest rates of conversion 
were obtained with a celite powder-adsorbed pseudomonas lipase preparation (Amano PS30) 
in a slurry form in hydrocarbon solvents. The ease of carrying out the reactions with the 
immobilized enzyme by the slurry method (Kirchner and others 1985) and the ease of 
separation of the reaction products fkom the enzyme are big advantages for this type of 
enzyme system. The lipases perform very efficiently, owing to their dispersion over the high 
surface area of the solid support. 

Further investigations of the transesterification of the hydroxyethylated Great Plains phenols 
and other model substrates were therefore carried out utilizing the slurry method with the 
Amano PS30 enzyme. The reactions were carried out by the Klibanov slurry method 
(Kirchner and others 1985) in several solvents at either 55" or 65°C. Various tests were 
conducted to determine whether the various components of the mixture reacted at  equivalent 



rates, which solvents gave highest yields of esters, and which molar ratio of reactants was 
appropriate for the reaction. 

The esterification of the hydroxyethyl derivatives of the Great Plains phenol sample with 
tributyrin resulted in high yields of butyrate esters using the Amano PS30 lipase 
preparation. The results of the reactions are given in Table 1. Yields for the other 
alkylphenols, which are minor components, were also very high. These data demonstrate 
that the transesterification with tributyrin proceeds better in the nonpolar solvents than in - 

the polar solvent (acetone). 

The product distributions from the reactions carried out by the slurry method using Ammo 
PS lipase were similar to that found in the reaction conducted in the presence of immobilized 
Novo lipolase. Because the sluny reaction could be carried out readily in hexane as well as 
toluene solution, a faster reaction rate was expected. Thus, the slurry method with the 
Amano lipase is preferable to the immobilized lipase column for the preparation of 
phenoxyethyl esters. 

In order to achieve high conversions with tributyrin, it was necessary to use an excess of the 
triglyceride. Good results were obtained with a molar ratio of phenol to triglyceride of 1.3:1, 
which corresponds to an equivalent ratio of 1.3:3, since the triglyceride can theoretically give 
3 acyl groups. The test (#I) with a larger amount of triglyceride (0.7:l) gave higher yields, 
but the increase is probably not worth the cost of the excess triglyceride. When the 
triglyceride concentration was reduced to the molar ratio 2:1, the yield dropped 

Table 1 

Yields of Esters from Hydroxyethylated Great Plain Crude Phenols with Tributyrin 
Catalyzed by Amano PS30 in Different Organic Solvents 

Molar Ratio Time Temp. % Yield of Products 
Test Solvent PE t o  TG (hr) (OC) A B C 

1 Hexane 0.7:1 17 55 87 83 89 

2 11 1.3:1 18 55 85 73 84 

3 11 2: 1 20 55 62 25 53 

4 Toluene 0.7: 1 18 55 86 87 89 

5 n 1.3:1 20 55 75 57 73 

6 11 2: 1 20 55 66 27 64 

7 Acetone 0.7: 1 20 65 67 49 68 
-- 

PE = Phenoxyethanol. 
TG = Triglyceride. 
A = 2-Phenoxyethyl butanoate. 
B = 2-(2-Methy1phenoxy)ethyl butanoate. 
C = Sum of 243- and 4-methy1phenoxy)ethyl butyrate. 



considerably. In experiments with the larger amounts of triglyceride, the reactions of 
hydroxyethylated phenol, 0-cresol, m- and p-cresol (the latter two are measured together) 
occur to about the same extent, whereas considerably less ester is produced from the 
hydroxyethyl derivative of o-cresol a t  low triglyceride concentrations and in the polar solvent. 

The lipase-catalyzed reaction of phenoqethanol with tributyrin was also investigated in the 
absence of solvent. In this study, the Amano PS enzyme was slurried in the mixture of 2- 
phenoxyethanol and tributyrin for 24 hr at 55°C. The yield of ester in this solvent-free 
reaction was 80%. 

The reaction of hydroxyethylated GP phenols with tributyrin was also investigated for 
catalysis by porcine pancreatic lipase in hexane at 55°C (20 hr). The molar ratio of 
hydroxyethylated GP phenols to tributyrin was 1.3:l. The yield of the esters from the 
tributyrin reaction catalyzed by porcine pancreatic lipase in hexane were as follows: 2- 
phenoxyethyl butanoate, 18%; 2-(2-methy1phenoxy)ethyl butanoate, 9%; 243- and 4- 
methy1phenoxy)ethyl butanoate, 12%. Not only were the conversions very low for this 
system, but a large difference in the rates of reaction of the various phenols is evident. 

Since the yields with tributyrin were very high using the Arnano PS30 lipase in the slurry 
method, the reactions of fatty acid triglycerides were then tested with this enzyme in a slurry 
in hexane a t  55°C. Data are presented in Table 2 for the reactions of the model alcohol 
substrate 2-phenoxyethanol. The vegetable oil triglycerides gave high yields of the ester 
product without having to use the large excess of triglyceride. Molar ratios of 1.6:l and 2:l 
worked well, demonstrating the efficiency of the process for vegetable oil substrates. 

The reaction of hydroxylated GP phenols with the triglycerides gave equally good results in 
tests using the Arnano PS30 enzyme in hexane. These results are presented in Table 3. 
Solvent effects differed somewhat from those observed with tributyrin as the acyl donor. The 
triglycerides-, tripalmitin and canola oil-gave about 90% to 95% conversions to the esters 
in hexane. Reuse of the enzyme resulted in a slight decrease in the conversion. There was 
some tendency of the enzymes to adsorb polar, colored components from the phenolic 

Table 2 

Yields for Amano PS30-Catalyzed Reaction of 2-Phenoxyethanol 
with Trigtycerides in Hexane at 55°C 

- 

Products 
Molar ratio of Time (% yield) 

Test PE to TG Triglycerides Enzyme (mg) (hr) A B 

1 1.6:1 Tripalmitin 100 22 90 

2 2: 1 - Canola oil 50 20 87 

A = 2-Phenoxyethyl palmitate. 
B = 2-Phenoxyethyl oleate (major product). 



materials, which may have resulted in deactivation. Washing or use of the preparations with 
highly polar organic solvents removed the colored material, but some loss of enzyme activity 
occurred, perhaps via desorption of some of the lipase into the solvent. 

Surprisingly, the lipasecatalyzed reaction with the fatty triglycerides in toluene gave a poor 
conversion to the ester. A repetition of the reaction in toluene gave the same low yield of 
ester. In the case of the short-chain triglyceride, tributyrin, in the reactions discussed above, 
the toluene gave about the same conversion. A possible explanation is that the toluene 
inhibits the reaction by complexing with the same site as part of the long chain of the 
triglyceride, whereas the short-chain tributyrin is not affected by the toluene complexing. 
As in the case of reactions with tributyrin, acetone as the solvent resulted in poor 
conversions. 

The hydroxyethylated phenol and cresols reacted to about the same extent in the fatty 
triglyceride reactions. Thus there does not appear to be a significant steric effect on the 
specificity with respect to the alcohol substrate in the reaction. 

A surprising result was observed in the reactions of the methyl ester. The methyl ester gave 
a poor conversion to the phenoxyethyl esters, whereas the triglycerides gave a high yield of 
the phenoxyethyl ester. Fortunately, the low reactivity of the methyl ester is of no 
consequence to any commercial process, since there is no point in making a methyl ester as 
an intermediate. 

Table 3 

Yields from Amano PS-Catalyzed Reactions of Hydroxyethylated 
Great Plains Phenols with Various Esters 

Time Temp. Products (% yield) 
Test Esters/Acids Solvent (hr) (OC) A B C D 

1 Tripalmitin Hexane 22 55 91 88 

2 Methyl canolate 20 I! 48 46 I1 

3 Canola oil I1 22 11 89 91 

4" II  n II 22 I 1  86 80 

5 n n 11 24 n 93 95 

6 I1 11 Toluene 24 I? 39 26 

7 11 It Acetone 70 65 60 73 

* = Used recovered enzyme. 
A = Phenoxyethyl palmitate. 
B = o-, m-, p-Methylphenoxyethyl palmitate. 
C = Phenoxyethyl oleate. 
D = o-, m-, p-Methylphenoxyethyl oleate. 

Note: The molar ratio of hydroxyethylated GP phenols to  triglyceride was 1.6: 1. 



Reactions of Tar-Oil Phenolics 

The reaction of ethylene oxide with the extracted GFETC tar oil phenolics was performed 
with NaOH catalyst and with DABCO catalyst to give high yields of hydroxyethylated 
products, and each product was then reacted with tributyrin in a hexane slurry of Amano 
PS30 lipase at' 55°C for 22 hr. The molar ratio of hydroxyethylated phenols to tributyrin was 
about 2:1.7. The yields for the hydroxyethylated phenol and cresols in the sample prepared 
using NaOH catalyst are shown in Table 4. Although the other alkylphenol derivatives were 
also esterzed, the exact yields of ester products were not calculated, since we do not yet 
know the identity of all the isomeric hydroxyalkylated alkylphenols and their corresponding 
esters. 

Table 4 

Yields of Esters from Amano PS30 Lipase-Catalyzed Reaction 
of Hydroxyethylated GFETC Phenolics with Tributyrin 

Product 

% Yield 

NaOH Method DABCO Method 

2-Phenoxyethyl butanoate 87 89 

2-(2-Methy1phenoxy)ethyl butanoate 76 66 

243- and 4-Methy1phenoxy)ethyl butanoate 88 85 

The hydroxyethylated phenol samples prepared by reaction of the GFETC tar-oil phenols with 
ethylene oxide using the DABCO catalyst were also esterified in high yields. This 
hydroxyethylated sample differed from the one prepared using NaOH because it contained 
some unreacted phenols along with the hydroxyethylated derivatives, since a lower 
conversion to the hydroxyethylated product was obtained by the DABCO method. Yield data 
for the Arnano PS30 lipase-catalyzed reaction with tributyrin in hexane are also presented 
in Table 4. The yields from this reaction were very similar to  those obtained above from the 
derivatives prepared using the NaOH method for hydroxyethylation. Thus the reaction does 
not appear to be inhibited by the presence of unconverted phenolics in the sample. 

Ester fuel prepared by acylation of hydroxyethylated GP phenols with canola oil exhibited 
a viscosity of 32.8 cP. This is substantially higher than that of sunflower methyl ester or #2 
diesel oil. A 1:l mixture of the ester product with #2 diesel oil gave acceptable viscosity (12.2 
cP). Diesel tests with the mixture showed ignition delays (1.97 ms) that were slightly longer 
than the #2 diesel (1.84 ms), but pressure curves were virtually identical. Details of the 
diesel testing will be presented elsewhere. 



Conclusions 

The hydroxyethylation solvent studies demonstrated that quantitative conversions can be 
obtained in polar solvents, such as THF, MTBE, or methanol, but acetone gave self- 
condensation by-products. The reaction of crude phenolics was carried out with no solvent, 
but with more difficulty. The presence of excess amounts of hydrocarbons inhibited the 
hy droxyethylation reaction. Thus the tar-oil phenolics must be extracted from the 
hydrocarbons with base prior to the hydroxyethylation reaction. The GP phenol by-product 
stream contains only trace amounts of hydrocarbons, so they were used directly. 

Comparison of enzyme reactions of the hydroxyethylated derivatives in the immobilized 
lipase bioreactor column and in the slurry method showed that the slurry method is 
preferable for converting the gasification by-products to the fatty esters. The bacterial 
Ammo PS30 lipase immobilized by adsorption an celite powder was very effective with model 
aryloxyethanol substrates and all of the hydroxyethylated derivatives of low molecular 
weight coal-derived phenolic mixtures. Vegetable oil triglycerides gave high conversions 
(90% to 95%) to the phenoxyethyl esters. 

The technical feasibility of an enzymatic process for preparing ester fuels from crude phenolic 
by-products of coal gasification has been demonstrated. This type of ester was successfully 
tested in a diesel engine as a 1:l mixture with #2 diesel oil. The cost of production is 
expected to be highly dependent on the replacement cost of the enzymes, since some 
deactivation occurs during the transesterification reaction. 
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Abstract 

This study investigates the energetic and economic feasibility associated with the conversion of beef tallow 
to a substitute diesel fuel. Three separate starting points within the tallow production and processing were 
considered: (1) transesterification, (2) rendering plant operations and (3) animal growth life cycle. 

Energy-profit ratios and economic feasibilities (cost per gallon) were determined for the conversion of 
tallow subject to the transesterification process alone, the rendering plant operation and transesterification 
of the tallow, and the growth and maintenance of the beef animal from conception through rendering and 
transesterification. Energy-profit ratios were, respectively, 3.07, 1.36 and 0.49. 

Three separate sensitivity analyses were performed to determine the effect of feedstock cost, by-product 
(glycerol) credit and electrical and natural gas rates on the cost per gallon transesterified. Cost of 
production data was determined for both a 3 and 30 million gallon per year continuous-flow 
transesterification unit with capital equipment costs of $1.00 and $0.50 per gallon, respectively. 

Feedstock cost had the greatest impact on the cost per gallon followed by by-product credit and utility 
rates. Transesterification production costs ranged from $0.92 per gallon to $1.67 per gallon depending 
upon feedstock cost, by-product credit, utility rates and unit size. Production costs averaged $0.174 per 
gallon higher when tallow processing at the rendering plant was considered. 

An assessment of the quantity of tallow generated both nationally and within the beef processing industry 
was performed. The seven largest beef cattle slaughtering states generate nearly three and one-half billion 
pounds of rendered tallow each year. 



Introduction 

In recent years, there has been an increased interest in alternate transportation fbels due to energetic, 
economic, and environmental impacts related to the continued use of petroleum as a fuel source. 

Biodiesel, a diesel he1 substitute derived from vegetable oils and animal fats, has been demonstrated in 
unmodified diesel engines. Comparisons between biodiesel and fossil-based diesel have shown biodiesel 
to be effective in reducing exhaust emissions of carbon monoxide, hydtocarbons, particulates and sulfur 
(Ayes 1992). 

Production of an agriculturally-derived substitute diesel fuel has the potential to partially ease our 
dependence on fossil-based fuel sources, lessen the debt load associated with imported petroleum, and 
alleviate some of the environmental concerns affiliated with petroleum combustion. 

The current tallow market appears to favor biodiesel commercialization for two reasons. First, dietary 
preferences of the nation are changing toward leaner diets and unsaturated fats which will place a 
downward trend on, the price of tallow. Secondly, the properties that make tallow less attractive for 
fat-conscious consumers (i.e. degree of saturation) are not of great concern when used as a he1 source. 

Objectives 

The primary objective of this study was to assess the energetic and economic feasibility of producing a 
diesel he1 substitute fiom beef tallow. Specific objectives were to: 

(1) Determine the quantity of edible and inedible tallow generated on a national basis and the 
quantity generated fiom beef processors/meat packing plants 

(2) Determine the energetics associated with production and processing of biodiesel fiom beef 
tallow 

(3) Determine the economic feasibility of producing and processing beef tallow into biodiesel. 

Rationale and Justification 

Diesel fuel accounts for over 20% of the transportation energy used in this country and has experienced 
the second .largest growth rate among fuel types since 1982 (Davis and Moms 1992). Imports of 
petroleum, which result in a $50 billion per year negative petroleum trade balance, have risen at an annual 
rate of 5.2% in the same time period (Davis and Moms 1992). Since 1982, domestic oil production has 
decreased at an average annual rate of 2%. The energy-profit ratio, defined as the ratio of energy 
recovered and provided to society to that required to explore, produce and transport U.S. petroleum, has 
decreased fiom 50 in the 1950's to between 5 and 1 today and is projected to be equal to or less than 1 
by 2005 (Gever et al. 1986). 



In addition, an increasing concern surrounds air pollution resulting from fossil-fbel combustion. In 
October 1993, the Environmental Protection Agency will enact legislation requiring on-highway diesel to 
have a s u l h  content of no more than 0.05%, a maximum of 35% aromatics, and a cetane of at least 40 
(National Petroleum News 1991). These and more stringent regulations that may follow will encourage 
the diesel fuel industry to consider alternative fuels. 

Resource Assessment 

The majority of tallow (edible & inedible) in this country is currently generated by the meat packing, 
poultry and ediblehnedible rendering industries. Animal fats are currently most often used as a 
supplement for animal feed (62.4% market share), followed by use in fatty acids (22.4%), soap (10.4%), 
lubricants (3.4%) and other uses (1.4%) (Bisplinghoff 1992). 

National statistics gathered by four private and government organizations show an average generation of 
1.205 and 5.089 billion pounds of edible and inedible tallow, respectively, in 1990 (American Meat 
Institute 1992; Bisplinghoff 1992; U. S. Department of Agriculture 1992; U.S. Department of Commerce 
1991). A survey of Midwestern beef processors revealed that the percentage of tallow generated by 
weight per head of cattle slaughtered varied from 5.4 to 8.0% for inedible tallow to 5.0 to 8.7% for edible 
tallow (Nelson 1992). The seven largest cattle slaughtering states produce over 50% of the nation's edible 
and inedible beef tallow (USDA 1990). 

Major beef processors in Southwest Kansas generate an average of over 3 million pounds of edible and 
inedible tallow per day, which, if transesterified, could produce nearly 400,000 gallons of biodiesel. The 
beef processing industry in Kansas has the tallow resource to displace over 25% of the state's distillate 
he1 consumption requirements. 

Energetic Feasibility 

The feasibility of producing biodiesel from tallow involves, in part, comparing the quantity of energy 
required to transform tallow into a diesel fuel substitute to that contained in the fuel. For tallow-based 
biodiesel to be feasible from an energetics standpoint, a net energy gain must be realized with the 
transformation process; i.e., the process must consume less energy than is actually contained in the he1 
itself Energetic feasibility is an important component leading to economic feasibility. 

Energetic analysis is used to determine the amount of energy (thermal basis) needed to produce one gallon 
of methyl tallowate. In this study, energetics are presented in the form of an energy-profit ratio (EPR); 
i.e., the amount of thermal energy contained in the fuel divided by the amount of thermal energy required 
to transform tallow to a fuel source. An EPR greater than one indicates a favorable energy conversion 
while an EPR less than one indicates an energetic liability. The thermal energy contained in one gallon 
of methyl tallowate is based on a value of 126,684 Btu (Sims 1985). 

Determination of the energy-profit ratio associated with converting tallow to a substitute diesel he1 is a 
function of the point at which the energetic feasibility analysis begins. Table 1 lists the three starting 
points considered in both the energetic and economic analysis and feedstock condition at the start of each 
analysis. Energy-profit ratios are presented for each of the three starting points. 



TABLE 1 

Energetic and Economic Feasibility Analysis Starting Points Associated with the 
Tallow Production and Transformation Process 

Starting Point of Analysis Feedstock Considered 

Case #1 Transesterification Process Rendered Tallow 

Case #2 Rendering Plant Operations Animal Fat 

Case #3 Animal Growth Life Cycle Fossil-fuel inputs for livestock 
feed and transportation 

The first energetic analysis (case #1) is concerned with only the transesterification process. It assumes 
that the rendered tallow is available as a by-product of beef production. The second energetic analysis 
(case #2) is concerned with the amount of energy required to process tallow at the rendering plant and 
transesterify the tallow. The third energetic analysis (case #3) deals with the growth and maintenance of 
the beef animal fiorn conception through rendering and transesterification. 

The amount of energy needed to transform tallow to a fuel source involves accounting for direct and 
embodied energy inputs within each of the energetic analyses. Direct energy inputs are the electrical and 
thermal energies (natural gas, diesel, etc.) required to operate the transesterification unit, process the tallow 
at the rendering plant and produce, process, harvest and transport the feed ration components and beef 
cattle. Embodied energy inputs are those energies required to manufacture, distribute and/or process 
machinery and equipment such as the transesterification unit, tractors, combines, and irrigation systems 
as well as the esterification process reaction chemicals, fertilizers, pesticides and seeds. 

Table 2 presents values and references of direct and embodied energies of the materials, chemicals and 
fuels used in each of the three cases considered in the energetic feasibility analysis.. 

Case #I : Tallow Transesterification Energetics 

Calculation of the energy-profit ratio as it relates to the transesterification of beef tallow into a methyl 
ester is based on the continuous-flow process developed by GraTech, Inc.. (1993). Direct energy 
requirements per gallon of transesterified tallow are 1,114 Btu electrical (thermal basis) and 25,45 1 Btu 
thermal based on electrical and thermal requirements of 0.1 173 kW and 16 pounds of 150 psig saturated 
steam per gallon, respectively. Calculations incorporated a power plant efficiency of 35% and a boiler 
efficiency of 75%. A significant portion of the thermal energy is used to recover the methanol, which is 
supplied in excess in order to drive the esterification to completion. 

Embodied energies for the methanol and sodium hydroxide were calculated as 13,850 Btu and 773 Btu 
per gallon of tallow tl-dnsesterified, respectively. In addition, embodied energy for production of the 
transesterification unit was calculated per gallon of methyl tallowate and was determined to be negligible 
for both the 3 million and 30 million gallon per year units. 

The energy-profit ratio associated with the transesterification of beef tallow to methyl tallowate was 
determined to be 3.07. 



TABLE 2 

Direct and Embodied Energies for Materials, Chemicals and Fuels 

Material/Chemical/fuel Energv Content Reference 

Materials: 

Aluminum 
Brass 
Cast 1 ron 
PVC 
Rubber 
Steel 

Nitrogen 
Phosphate 
Potassium 
Pesticides 
Sodium Hydroxide 
Methanol 

Fuels: 

Diesel (direct) 
Diesel (embodied) 
Lubricating Oil (embodied) 
Methyl Tallowate 

21 8E+06 Btulton (6) (9) 
98E+O6 Btulton a (3) 
28E+06 Btulton (3) I (9) 
75E+O6 Btulton (4) 9 (9) 
58E+06 Btulton (4) 9 (9) 
22E+O6 Btulton (2) 

32,973 Btu/lb (4) 
6,887 Btullb (4) 
5,510 Btu/lb (4) 

specific by pesticide (4) 
10,305 Btuflb (3) 
18,466 Btullb (3) 

1 28,000 Btulgal (1) 
32,730 Btutgal (7) 
22,700 Btulgal (5) 

126,684 Btulgal (8) 

References: (1) Adler 1986; (2) AlSl 1993; (3) Boustead and Hancock 1979; 
(4) Fluck 1992; (5) Fluck 1993; (6) OTA 1992; (7) Pimentel 1980; 
(8) Sims 1985; (9) SPI 1992 

Case #2: Rendering Plant Energetics 

Rendering plant energetics quantify the electricity and natural gas used to render the tallow. Processing 
operations involve crushing and/or grinding, cooking, pressing, and centrifuging the tallow before it is 
acceptable for transesterification purposes. 

A major Midwestern meat packer (Cargill 1993) provided electricity and natural gas cost data Electrical 
costs were $0.054 per gallon of tallow and natural gas costs were $0.12 per gallon based on energy prices 
of $0.06 per kW-h and $2.80 per MCF. Thus, the thermal energy equivalent required per gallon of tallow 
processed is 5 1,633 Btu using a power plant efficiency of 35%. Embodied energies for process equipment 
were not considered in this analysis. 

The energy-profit ratio is equal to 1.36 when considering the electrical and thermal energies in this process 
as well as the energy required in the transesterification process. 



Case #3: Animal Growth l i fe  Cycle Energetics 

Energetics associated with the growth and maintenance of the beef animal fiom conception through 
transesterification involves accounting for the energy required to produce, process and transport feed ration 
components and the energy required to transport the animal fiom the pasture, to the feedlot and rendering 
plant. Energy data presented in this study are only applicable to the state of Kansas. Typical feed ration 
components and quantities consumed by cattle and their associated breeding stock in Kansas throughout 
their lifetimes are 1.24 tons of irrigated corn, 0.57 tons of dryland grain sorghum, 0.04 tons of soybean 
meal, 0.67 tons of irrigated alfalfa and 1.59 tons of sorghum silage (Kuhl 1992). Crop production energy 
data for corn, alfalfa and silage were derived for the western one-third of the state while energies 
calculated for soybean and grain sorghum production were state averages. 

Production of each feed ration component requires the use of machinezy, fuel, lubricants, inigation, + fertilizers, pesticides, seeds, and transportation. Drying of feed ration components is generally not 
performed in Kansas and was therefore not considered in this analysis. 

Both direct and embodied energies were determined, where appropriate, for each of these crop production 
inputs. For all feed ration components, the energy expended per ton of feed ration produced was 
determined by dividing the energy use per acre (Btdacre) by'the crop yield @ushels/acre). 

The total amount of energy required to raise and maintain the beef animal from conception through 
slaughter is the sum of the energies required to produce, harvest, process and transport the quantity of each 
feed ration component consumed, the energy for feedlot maintenance and the energy to transport the 
animal to the feedlot and beef processor. 

Because tallow is just one of several marketable products produced fiom the beef animal, only a portion 
of the energy needed to grow the beef animal was assigned to the tallow. Proportions were calculated on 
the basis of the mass of marketable product. That is, about 63% of live animal mass is marketed (Kuhl 
1993), and approximately 12.7% of live animal mass is marketed as tallow (Cargill 1993). Thus, 20.3% 
of the total marketed mass is tallow, so the same percentage of the animal production energy was assigned 
to the tallow. It should be noted that a considerably lower energy charge would have been assigned to 
the tallow had the proportioning been based on dollars of market value. 

Machinery 

A simplified method of estimating the embodied energy in farm machinery was developed, based on the 
hypotheses that the energy needed to manufacture the machine and its repairs should have a strong 
correlation to the direct energy consumed by the machine. Clark and Johnson (1975) estimated 
manufacturing and repair energy based on monetary cost and a BTU/$ multiplier. The resulting ratio of 
indirect energyldirect energy was about 0.46. 

An aIternative approach, that of amortizing the mass of tractors, combines, and tillage tools over their 
useful lives, produced a ratio of 0.28. For this study, it was estimated the amount of energy needed to 
manufacture a machine and its repair to be equal to 0.35 times the direct energy consumed by the 
machine. Calculation of the indirect to direct energy ratio applied to irrigated corn production machinery 
data supplied by Bowers (1992) produced a value of 0.36. 



The quantity of fbel (diesel) and lubricants used for tillage, planting and.-harvesting each feed ration 
component was derived fiom cost production data ($lacre) for selected Kansas crops (Langemeier 1991). 
Diesel fuel consumption (gallomlacre) was determined by dividing the cost per acre by the average cost 
of on-fann diesel. 

Direct and embodied energies of diesel fuel and embodied energy of lubricants expended per acre 
(Btulacre) were calculated as the gallons of each consumed per acre multiplied by the direct or embodied 
energy content. Total fuel and lubricant energy expended per acre is the sum of the direct energy of diesel 
fbel and embodied energies of diesel fbel and lubricants. 

Direct energy required per acre for irrigating crops (water-horsepower-hourlacre) is a function of the total 
dynamic head, the amount of water applied and the type of fuel (natural gas, diesel, electricity and LP-gas) 
employed to power the irrigation system (Rogers and Black 1992). Corn and alfalfa were the only feed 
components that required irrigation. Direct energy expended by each fbel type is the product of water- 
horsepower-hom/acre and the thermal value of each particular fbel. The percentage of acres irrigated 
by a particular fbel type was then multiplied by its direct energy value and totaled to obtain a weighted 
direct energy value per acre (Btdacre). 

In addition, energy embodied in engines and motors, pumps, gear heads, piping and tires of irrigation 
systems was determined. Material composition of each system component was determined and multiplied 
by the appropriate embodied energy for that material. The total amount of energy embodied in each 
irrigation system was calculated as the energy embodied in all system components divided by the expected 
lifetime of the system and the number of acres irrigated by that system. 

Fertilizers and Pesticides 

Direct energy consumed in the application of fertilizers was included in the data for hels  and lubricants. 
~ n e r g y  to apply pesticides was determined fiom the average fie1 consumed per acre and the number of 
applications per acre. A national average of 0.13 gallons per acre was used for fuel consumption of 
pesticide application vehicles (Fluck 1992). 

Energy embodied in fertilizers (nitrogen, phosphate and potassium) and pesticides per acre (Btdacre) was 
determined by multiplying the quantity (lbs) of fertilizer and pesticide applied per acre by the embodied 
energy per pound of each type. Energy embodied in pesticides includes energy for manufacturing, 
formulation, packaging, distribution, and transport (Fluck 1992). The amount of fertilizer and pesticide 
applied per acre was calculated as the product of the percentage of acres covered by each fertilizer and 
pesticide type and the application rate (lbslacre) (Kansas Cooperative Extension Service 1991 and 1992). 

Seeds 

The amount of energy required to produce, process and transport crop seed was determined fiom 
methodology provided by Heichel (1980) and is the product of the pounds of seed planted per acre, the 
cost per pound, and the national energy intensity (Btu/GNP$). Seeding rates and cost per pound for each 
type of seed were provided by KSU Cooperative Extension Service (Fjell 1993). The energy intensity 
used in these calculations was 15,635 Btu per 1989 GNP$ (Fluck 1992). 



Transpotfa tion 

Direct and embodied energy consumed per ton of feed ration and head of cattle transported was calculated 
as the product of the direct or embodied energy value of diesel fuel, the mileage that each feed commodity 
or head was transported and a transportation energy coefficient defined as the gallons of fuel consumed 
per ton-mile, both loaded and unloaded (Monthly Agri-Stats Report 1993). ~ i l e a ~ e s  for each type of 
transport were obtained fiom commodity brokers (Irsik-Doll 1993) and state government agencies (Kansas 
State Board "of Agriculture 1 992). 

Energy inputs to feed -ition production.transport and animaI transport totaled 144,950 Btu per gallon of 
tallow produced. 

Feedlot Energy 

Energy in the form of natural gas, electricity, and liquid fuels is needed to maintain the beef animal at the 
feedlot. The energy required per head was obtained fiom data provided by Sweeten (1985) and Lipper 
(1 976). These energies were 1.0 1 MCF, 77.2 kW-h, and 1.70 and 0.83 gallons of diesel fuel and gasoline, 
respectively, per head totaling 2 1,149 Btu per gallon of tallow produced. 

Total energy input to the animal growth life cycle for feed ration production, feedlot maintenance and 
animal transport was 166,099 Btu per gallon of tallow produced. The energy-profit ratio associated with 
the energetics of the animal growth life cycle, the rendering plant operations and the transesterification 
process is 0.49. 

Table 3 presents direct and embodied energies and the energy-profit ratio associated with the animal 
growth life cycle, rendering plant operations, and tallow transesterification allocated on the basis of energy 
input per gallon esterified (Btu/gallon). 

Economic Feasibility 

This portion of the study involved performing three separate analyses to determine the cost of production 
($/gallon) associated with producing tallow and processing it into methyl tallowate. Each of these' 
analyses had the same starting point as those defined in the energetic feasibility analysis. 

Case #I : Tallow Transesterification Economics 

Economic feasibility analyses for 3 million and 30 million gallon per year transesterification units were 
conducted. Both analyses are based on the continuous-flow transesterification process advanced by 
GraTech, Inc. (1993). Capital equipment costs are $1.00 and $0.50 per gallon for the 3 million and 30 
million gallon per year units, respectively. 

Methodology is based on the ANL Biomass Cost Estimation Guide (Jaycor 1987). Capital costs for both 
units include the transesterification unit as well as glycerol recovery equipment. Operating costs include 
materials and supplies, labor and fringe, overhead, utilities and fuels, repair and maintenance, and 
insurance. Table 4 presents a total cost analysis for a 30 million gallon per year esterification unit with 
"base" costs of $0.13 per pound for the tallow feedstock, $0.28 per pound by-product credit for glycerol, 
and electrical and natural gas rates of $0.075/kW-h and $3.00/MCF, respectively. 



TABLE 3 

Direct and Embodied Energies and Energy-Profit Ratios for the 
3 Energetic Feasibility Analysis Cases 

Case Btulgallon EPR 

I Tallow Transesterification 
Direct Energy 

natural gas 
electricity 

Embodied Energy 
sodium hydroxide 
methanol 
process unit 

Total Energy Requirements for 
Tallow Transesterification 

2 Rendering Plant Operations 
Direct Energy 

natural gas 
electricity 

Embodied Energy 
Total Energy Requirements for 
Rendering Plant Operations 

Animal Growth Life Cycle 

Direct and Embodied Energy 
Inputs for: 

Feed Ration Production and 
Transport 
Feed tot Maintenance 
Animal Transport 
Total Energy Requirements for 
Animal Growth Life Cycle 

Sensitivity analyses were performed to determine the effect of varying feedstock price, by-product credit 
for glycerol, and electrical and natural gas utility rates. Two scenarios are presented in each analysis: one 
for "low" utility rates of $0.06/kW-h and $2.75/MCF and the other for "high" utility rates of $0.078/kW-h 
and $3.50/MCF. Tables 5 and 6 present the findings of these sensitivity analyses for both sized units. 



TABLE 4 

Total Cost Analysis and Operating Costs Associated with Methyl Tallowate 
Production ( Continuous-Flow Process, 30 million gallons per year ) 

TOTAL COST ANALYSIS 

A. Total Capital Costs 

B. Real Annual Cost of Capital .217 Fixed charge rate for 15-yr 
book life nonregulated firm (30% equity, 10% debt) and no 
tax preferences (from ANL Biomass Cost Estimation Guide) 

C. Total Annual Operating Cost 

D. Sales and Administration [ 10% of B and C ] 

E. Working Capital [ 111 2 of (B+C+D) ] 

F. Annualized Cost of Working Capital [ 12.5% of E ] 

G. Total Annual Cost 

H. By-product Credits 
22,500,000 pounds of crude glycerol @ $0.28 per pound 
6,750,000 pounds of FFAlfat mix @$0.08 per pound 

I. Total Net Annual Cost 

J. Total Transesterification Cost per  allo on* 

OPERATING COSTS 

Materials & Supplies: 
2,250,000 pounds of NaOH @ $0.30 per pound 
3,371,140 gallons of methanol @ $0.55 per gallon 
2.32E+08 pounds of tallow @ $0.13 per pound 

Labor :Operator @ $15.00/hour, 8000 hours per year 

Overhead & Fringe Benefits : (50% of Direct Labor) 

Utilities & Fuels : 
$0.075 per kW-h electricity 3,520,000 kW-Nyear 
$3.00 per MCF natural gas 763,530 MCFIyear 
$0.50 per 1000 gallons washing water 26,400,000 gallyear 
$0.30 per 1000 gallons cooling water I. 15E+08 gallyear 

Maintenance : (2% of Capital Costs) 

Insurance : (1 % of Capital Costs) 

Total Annual Operating Costs for Transesterification 



TABLE 5 

Methyl Tallowate Economic Cost Analysis ( $ per gallon ) 
( 3 million gallons per year, continuous-flow process ) 

-- 

Low Utility Rate 
Feedstock Cost 

High Utility Rate 
Feedstock Cost 

By-product $0.10 $0.13 $0.15 $0.10 $0.13 $0.15 
Credit 
$0.20 $1.21 $1.47 $1.64 $1.24 $1.49 $1.67 

TABLE 6 

Methyl Tallowate Economic Cost Analysis ( $ per gallon ) 
( 30 million gallons per year, continuous-flow process ) 

Low Utility Rate High Utility Rate 
Feedstock Cost feedstock Cost 

Bv-Product $0.10 $0.13 $0.15 $0.10 $0.13 $0.15 
Credit 
$0.20 $1.02 $1.27 $1.44 $1.04 $1.3Q $1.47 

$0.28 $0.96 $1.21 $1.38 $0.98 $1.24 $1.41 
$0.33 $0.92 $1.18 $1.35 $0.94 $1.20 $1.37 

The cost per gallon of methyl tallowate produced varies from a low of $0.92 per gallon for the 30 million 
gallon per year unit to a high of $1.67 per gallon for the smaller unit depending upon feedstock cost, 
glycerol by-product credit and utility rate. 

Feedstock cost had the greatest impact on production costs. Production costs rose an average of nearly 
$0.26 per gallon when feedstock price increased fiom $0.10 to $0.13 per pound and the cost per gallon 
increased an average of $0.43 per gallon when feedstock cost rose from $0.10 to $0.15 per pound. 

An average difference of slightly less than $0.10 per gallon in production costs occurred when the glycerol 
by-product credit varied fiom $0.20 to $0.33 per pound within a set feedstock cost and a low or high 
utility rate scenario. 

Utility rates within the range specified did not have a pronounced effect on production cost. For a given 
feedstock cost and by-product credit, the difference in production costs between the low and high utility 
rates averaged slightly greater than $0.02 per gallon. 



Case #2: Rendering Plant Economics 

The cost of processing tallow at the rendering plant is a function of the amount and cost of electricity and 
natural gas consumed in converting animal fat to a liquefied state (rendered tallow). Cost of labor, capital, 
etc., were not included in these calculations. Data supplied by a major Midwestern meat packer (Cargill 
1993) revealed that the cost per gallon of tallow processed was $0.054 per gallon for electricity and $0.12 
per gallon for natural gas at utility rates of $0.06/kW-h and $2.80/MCF, respectively, totaling $0.174 per 
gallon. 

An analysis was performed to determine the effect of differing electrical and natural gas rates on the cost 
of processing tallow at a beef processing facility. Processing costs ranged from a low of $0.1674 per 
gallon at an electrical rate of $0.055 per kW-h and a natural gas rate of $2.75 per MCF to a high of 
$0.24 17 per gallon at electrical and natural gas rates of $0.090 per kW-h and $3.75 per MCF, respectively. 

The total processing cost per gallon using the above electrical and natural gas data and "base" case data 
for the transesterification process is $1.594 for a 3 million gallon per year unit and $1.394 per gallon for 
a 30 million gallon per year processing unit. 

Case #3: Animal Growth Life Cycle Economics 

The cost of raising and maintaining beef cattle varies throughout the nation and has significant variance 
within a particufar state. For these reasons, the cost of producing beef cattle for tallow was not considered 
in the economic analysis. 

Table 7 presents energy-profit ratio and production cost data for each of the three tallow production and 
processing areas. Cost of production data for the transesterification plant uses the "base" case scenario 
of feedstock cost of $0.13 per pound, a glycerol by-product credit of $0.28 per pound, and utilitylfbel 
costs of $0.075/kW-h and $3.00 per MCF. Cost of production for rendering plant operations applies to 
the rendering process only. 

TABLE 7 

Energetic (Energy-Profit Ratio) and Economic Cost Data ($/gallon) 
Associated with the Production and Processing of Beef Tallow into a 

Substitute Diesel Fuel 

Energ y-Profit Cost of 
Case Starting Point of Analysis Ratio Production 

1 Transesterification Process 

(a) 3 million gal/yr 3.07 $1.42 

(b) 30 million gal/yr 3.07 $1.22 

2 Rendering Plant Operations 1.36 $0.174 

3 Animal Growth Life Cycle 0.49 ----- 



Conclusions 

This study involved performing an energetic and economic feasibility analysis associated with the 
production and processing of beef tallow to a diesel fbel substitute and an assessment of the U.S. tallow 
resource base. 

The energy-profit ratio was 3.07 when considering only the transesterification process; 1.36 when 
rendering plant operations and transesterification were considered; and 0.49 when the growth and 
maintenance of the beef animal from conception to slaughter through transesterification was considered. 
Tallow as a source of liquid fbel should be regarded as an inevitable by-product of meat production. The 
energetics of tallow ester production preclude its intentional production for energy purposes. 

The economic feasibility associated with producing methyl tallowate was analyzed for both a 3 and 30 
million gallon per year continuous-flow transesterification unit. Within each analysis, the sensitivity of 
feedstock price, by-product credit and electric and natural gas utility rates on the cost of production was 
investigated. Transesterification costs ranged from $0.92 to $1.67 per gallon of methyl tallowate produced 
depending upon conditions, and production costs averaged $0.174 per gallon higher when rendering plant 
operations were included. 

The United States tallow resource base averages approximately 6 billion pounds per year with the beef 
processing industry contributing nearly 3.5 billion pounds of edible and inedible tallow. 
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A b s t r a c t  

Tall oil is a co-product of the manufacture of kraft 
softwood pulp. The principal constifuents of tall oil are 
unsaturated Cl8 fatty acids, resin acids and unsaponifiables 
such as diterpenic alcohols/aldehydes. Tall oil has been shown 
to be an economical feedstock for the manufacture of cetane 
enhancer for diesel fuels, using the proprietary CANMET (Canada 
Centre for Mineral and Energy Technology) technology. 

Under a joint R&D project between Arbokem Inc./BC 
Chemicals Ltd. and CANMET, pilot plant tests were conducted 
recently at the CANMET Energy Research Laboratories in Ottawa. 
The results showed that tall oil could be hydroprocessed 
efficiently to yield a valuable fuel blending agent. When this 
product was mixed with conventional diesel fuel, the cetane 
number of the diesel fuel increased linearly with the addition 
of the product. 

Chemical analysis including gas chromatography- 
mass spectrometry has confirmed high conversion of tall oil 
components into straight-chain alkanes. A small amount of 
cyclic hydrocarbons and sulphur components were present in the 
tall oil-based diesel enhancer. Preliminary results indicate 
that this type of cetane enhancer would provide additional 
technical benefits. The low aromatics content of the tall 
oil-based cetane enhancer would significantly reduce aromatics 
in the final diesel fuel blend. Diesel engines operating on 
such fuel blends would have a lower propensity to form 
particulates and NOx. 



Introduction 

Tall O i l  

"Tall" is Swedish for "pine". In the kraft pulping 
process, fatty acid glycerides and resin acids in the resinous 
pulp wood are saponified and dissolved in the pulping liquor. 
By evaporating the spent pulping liquor, these sodium salts 
together with other neutral unsaponifiable components are 
concentrated and skimmed from the liquor. This mixture is 
called tall oil soap. Crude tall oil (CTO) is produced when the 
soap is acidified with sulphuric acid. The crude tall oil can 
be further separated into depitched tall oil (DpTO) and pitch 
by vacuum distillation. The principal constituents of DpTO are 
unsaturated C18 fatty acids, resin acids and unsaponifiables 
such as diterpenic hydrocarbons, and diterpenic alcohols/ 
aldehydes. Chemical structures of common acids are shown in 
Figure 1. 

Cetane Enhancer for Diesel Fuels 

Cetane number is a measure of the ignition quality of 
diesel fuel and influences combustion (ASTM D-613 and ASTM 
D-976). Normal hexadecane (cetane), n-Cl6A34, has a cetane 
number of 100 by definition. For Canadian diesel fuel, the 
minimum cetane number is 40, as specified by the Canadian 
General Standards Board (CAN/CGSB-3.6-M90). Nitrate-based 
additives such as 2-ethylhexyl nitrate are routinely used by 
petroleum refiners to increase the cetane number of 
off-specification diesel fuel to at least 40. 

However, it is projected that in order to reduce NOx 
emissions and particulate formation from diesel fuel 
combustion, it will be necessary to raise the fuel cetane 
number and remove a significant portion of the aromatic 
hydrocarbons in the fuel. This approach will entail major 
capital expenditures by Canadian petroleum refiners to increase 
their middle distillate refining capacity (Skubnik et al., 
1990; Luva et al., 1991). 

Tall Oil-Based Cetane Enhancer 

A patented technology was developed by the 
Saskatchewan Research Council under the sponsorship of CANMET 
to convert biomass-derived based oils, including tree oils and 
vegetable oils, into liquid paraffinic hydrocarbons by 
catalytic hydroprocessing (Craig and Soveran, 1991). In this 
process, biomass oil is contacted with gaseous hydrogen at 
elevated temperatures and pressures in the presence of 
conventional petroleum hydroprocessing catalyst. Tall oil has 
been found to be a practical feedstock for this technology. 



Arbokem Inc*, of Vancouver, Canada, has been awarded 
the exclusive worldwide rights to this technology from the 
Canadian Federal Government (Wong, 1991 and 1993). 

Study of Tall Oil-based "Greent' Cetane Enhancer 

Under a joint R&D project between Arbokem Inc., BC 
Chemicals Ltd. and CANMET, a pilot plant trial was recently 
performed at CANMET to produce a "green" cetane enhancer from 
DpTO. Chemical analysis including gas chromatography-mass 
spectrometry (GC-MS) was used to characterize the hydro- 
processed products and to monitor catalyst activity. 

Experimental 

Gas Chromatography-Mass Spectrometry 

Two Hewlett-Packard 5890-11 gas chromatographs (GC) 
equipped respectively with a HP 5971 mass selective detector 
(MSD) and a flame ionization detector (FID) were used. The 
samples were analyzed on a DB-1 capillary column (30 m x 0.25 
mm). The GC conditions are given in Table 1. The DpTO feed 
samples were methylated with diazomethane. Then the ester 
derivatives were analyzed with GC. The hydroprocessed products 
were analyzed directly without derivatization. The specific 
chemical components were identified by their mass spectra and 
also by matching the characteristic GC retention times of 

peaks against those of reference standards. The 
components were quantified using an internal standard method, 

Table 1 - GC Operating Conditions 

Condition Analysis of Analysis of 
feed DpTO product 

Injector temp.,OC 320 
Detector/interface 

temp. , OC 360/320 
Oven program 
Initial temp.,OC 160 
Program rate,oC/min 7 
Final tempOyoC 340 

Internal standard Methyl ester of Tetradecane 
heptadecanoic 
acid 



Elemental analysis was performed on DpTO feed and 
hydroprocessed products using a Dohrmann nitrogen analyzer 
(ASTM D-4629) and a Tracor Atlas sulphur analyzer Model 
856/825R-D (ASTM D-4045). The carbon and hydrogen contents were 
obtained using a Perkin-Elmer 2400 analyzer. The oxygen content 
was measured either with a Perkin-Elmer 240C instrument for the 
DpTO feed or by neutron activation analysis at IRT 
Corporation's LINAC facility in San Diego, California, for the 
hydroprocessed products. 

Cetane engine testing (ASTM D 613-83) was conducted by 
the Institute for Engineering in the Canadian Environment, 
National Research Council Canada in Ottawa, Canada. 

Results and Discussion 

Elemental Analysis 

As shown in Table 2, test results indicate that 99.7% 
of the oxygen initially present in DpTO was removed by 
catalytic hydroprocessing. Sulphur was completely eliminated 
with less than 10 ppm left in the hydroprocessed product. This 
level of sulphur would easily meet the most stringent fuel 
specification requiring less than 500 ppm S content in 
California diesel fuel (from October 1, 1993). 

Table 2 - Elemental hnalYsis of DpTO and Hydroprocessed Product 

Concentration, wt % 

Hydroprocessed 
Element Feed DpTO product 

GC-MS Characterization of Feed DpTO and 
Hydroprocessed Product 

The feed DpTO is a viscous dark-brown liquid. Its 
composition in fatty acids and resin acids was obtained by 
GC-MS characterization (See Table 3). The total acid content 
of DpTO was about 85 wt Z.  



In catalytic hydroprocessing, DpTO was converted to a 
clear gold-coloured oil with a characteristic diesel fuel 
odour . 

Figures 2 and 3 show typical gas chromatograms of 
feedstock and product samples respectively. Normal alkanes were 
evidently the predominant components in the product sample. The 
two post intense peaks were identified to be normal 
heptadecane, n-Cl7H36, and normal octadecane, n-Cl8H38. 
Other normal C6 to C24 alkanes were also detected, but 
their concentration level was at least one order of magnitude 
lower than either n-Cl7H36 or n-Cl8H38. As shown in 
Table 4, n-Cl7H36 and n-ClgA38 accounted for about 72% 
of all alkanes present. GC-MS analysis also indicated that none 
of the acids in the DpTO feedstock was present in the product. 

Table 3 - Concentrations of Acids in Feed  Tall Oil 

Compound Conc. , wt X Compound Conc., wt % 

Fatty Acids 

Palmitic (16:O) 2.3 
Heptadecanoic (17:0,br.) 2.0 
Linoleic (9,12-18:2) 16.5 
Oleic/Vaccenic (18:l) 12.5 
Stearic (18:O) 0.7 
Octadecatrienoic (18:3) 6.4 
Other 18:2 acids 10.7 
Nonadecenoic (19:l) 0.6 
Behenic (22:O) 1.0 
Lignoceric (24:O) 0.4 

Resin Acids 

Pimaric 2.5 
Sandaracopimaric 0.6 
Isopimaric 4.2 
Palustric/Levopimaric 3.7 
Dehydrodehydroabietic 0.4 
Dehydroabietic acid 9.7 
Abietic acid 12.4 
Neoabietic 1.4 
Other resin acids 1.2 

Total Fatty Acids 53.1 Total Resin Acids 32.1 



Table 4 - Typical Normal Alkane Composition 
in Hydroprocessed DpTO 

Compound Mass %* 

Total 100.0 

* Mass % of total normal alkanes. 

As shown in Figure 4, the chromatogram of a commercial 
diesel fuel sample is much more complex than that of 
hydroprocessed DpTO. The distribution of normal alkanes is 
different; the concentrations of n-Cl7H36 and n-C18H38 
are lower in commercial diesel fuel. Moreover, the number of 
peaks assigned to compounds other than normal alkanes and their 
intensities are significantly higher. There are typically more 
aromatics and cyclic hydrocarbons in commecial diesel fuel. 

Quantification of components other than normal alkanes 
in hydroprocessed DpTO was also performed. The resolved peaks 
were identified by comparing their mass spectra with those of 
known chemicals in the computer-based reference library. In 
some cases, reference standards of pure compounds were 
available for confirmation of peak assignment. 



Table 5 gives the abundance of branched and cyclic 
alkanes relative to normal heptadecane,the most abundant 
component in hydroprocessed DpTO. Table 6 compares the 
relative abundances of typical aromatic compounds which are 
detected in both hydroprocessed DpTo and commercial diesel 
fuel samples. There are at least 14 times more of these 
aromatics in commercial diesel fuel than in hydroprocessed 
DpTO. It is important to note that additional aromatic 
compounds are present in commercial diesel fuel, but not in 
hydroprocessed DpTO. It is expected that the low aromatics 
content of the cetane product (viz., hydroprocessed DpTO) 
would significantly improve the final diesel fuel blend, in 
terms of reduced emissions of NOx and particulates. 

Table 5 - Typical Contents of Other Alkanes 
in Hydroprocessed Sample 

Component Relative Abundance* 

Branched Alkanes: 

Branched heptane 0.01 
Branched octane 0.01 
Branched pentadecane 0.01 
Branched hexadecane 0.07 
Branched heptadecane 0.10 
Branched octadecane 0.06 
Branched nonadecane 0.03 

Cyclic alkanes: 

Methylcydlopentane 0.01 
Methylcyclohexane 0.01 
Ethylcyclopentane <0.01 
Dimethylcyclohexane 0.01 
Methylethylcyclopentane (0.01 
Ethylcyclohexane 0.01 
Trimethylcyclopentane (0.01 

* Peak area ratio to normal heptadecane. 



Table 6 - Aromatics Detected in Both Hydroprocessed 
DpTO and Commercial Diesel Fuel Samples 

Relative Abundance* 

Hydroprocessed Commercial 
DpTO Diesel Fuel 

Methylbenzene 0.01 
Ethylbenzene <0.01 
Xylene 0.02 
Methylethylbenzene <0.01 
Trimethylbenzene <0.01 
Methylisopropylbenzene 0.01 
Propylbenzene <0.01 
Ethylisopropylbenzene 0.01 
2,3-Dihydromethyl-1K-indene 0.01 
2,3-Dihydrodimethyl-1H-indene 0.01 
Tetrahydromethylnaphthalene (0.01 
Methylnaphthalene 0.01 
Tetrahydrotrimethylnaphthalene/ 0.02 

Dihydrotrimethyl indene-1-one 
Methyl anthracene/phenanthrene 0.01 
Dimethyl anthracene/phenanthrene <0.01 

Total (0.17 

* Peak area ratio to normal heptadecane. 

Ignition Qual i ty  of the Tall Oil-Based Cetane Enhancer 
- 

The ignition quality of the hydroprocessed DpTO was 
assessed by the cetane method (ASTM D-613) using a 
single-cylinder engine of continuously variable compression 
ratio. The cetane number of the diesel fuel additive was found 
to be 56. This value is significantly above that of the 
current specification diesel fuel. As shown in Figure 5, the 
relationship between the increase in cetane number of 
conventional diesel fuel and the amount of cetane enhancer 
added is essentially linear. It is expected that blending 25% 
of our hydroprocessed DpTO with 75% of poor-quality diesel 
fuel stock would raise the cetane number above'40. 



Conclusions 

This chemical composition study has confirmed that 
tall oil could be converted efficiently to a cetane enhancer 
by catalytic hydroprocessing at pilot-plant scale. The 
predominant components of the resulting products are normal 
heptadecane and normal octadecane. These two compounds account 
for 72% of total normal alkanes. The cetane number rating of 
the product is above 55. 

Our product characterization indicated that this 
diesel fuel enhancer would have cleaner emissions than 
conventional diesel fuel. There were very little sulphur and 
nitrogen compounds present in the tall oil-based cetane 
enhancer. The contents of cyclic hydrocarbons and aromatics 
were found to be much lower than those in conventional diesel 
fuels. Thus, use of tall oil-based cetane enhancer in 
admixture with conventional diesel fuel would substantially 
lower emissions of NOx and particulates. 
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Abstract 

Biodiesel (esters derived from vegetable oils and animal fats) has a promising future in the United States. 
Recent environmental and energy legislation has opened the market for this clean burning, non-toxic, 
biodegradable fuel. However, thls same legislation controls access to that market, requiring extensive 
testing and demonstrations to verify "equal to or better than" performance and emission reductions 
compared to "clean lesel." To an extent unknown in the past, legal requirements, as well as technical 
specifications, are a determining factor in setting fuel standards. 

Although Biodiesel has technical hurdles to be overcome in satisfying existing and upcoming alternative 
and clean fuel regulations, it appears that these impediments are relatively minor. The National SoyDiesel 
Development Board (NSDB) is funding the engine and fuel testing necessary to achieve U.S. 
Environmental Protection Agency (EPA) recognition as a cleaner-burning fuel. 

In addition, the NSDB is also working closely with other feedstock producers, engine manufacturers and 
governmental agencies on development of fuel standards for Biodiesel. Further, the American Biofuels 
Association (ABA) is working with the Clinton Administration and Congress to gain incentives for 
Biodiesel similar to those already available for other biofuels. Through this cooperative effort, Biodiesel 
is expected to become a viable motor fuel component in the U.S. within the next few years. 



Background 

Biodiesel is a clean-burning, renewable, non-toxic, biodegradable and environmentally friendly 
transportation fuel that can be used neat or in blends with petroleum-derived diesel. For the purposes of 
this paper "Biodiesel" refers to methyl or ethyl esters made from vegetable oils and animal fats as well 
as used vegetable oils and fat's. While neat oils and fats, emulsions of these materials, or blends with 
lighter materials (alcohols for example) could logically be called "biodiesel," they will not be discussed 
in this paper. 

In the United States, commercialization of Biodiesel is supported by oilseed and other potential Biod~esel 
feedstock producers and processors. The U.S. Department of Agriculture (USDA) and the U.S. 
Department of Energy (DOE) have taken a great interest in Biodiesel kvelopment, as have land grant 
colleges and universities, original equipment manufacturers (OEMs) and desel fleet operators. 

Interest in Biodiesel has increased because advanced agricultural practices and changing dietary habits in 
the United States and around the world have reduced the price received for Biodiesel feedstocks. Poultry 
and fish are being substituted for red meat. The beef market has declined, .and the beef sold has a lower 
fat content than five years ago. Increased hetary use of lighter, more unsaturated vegetable oils is leadng 
to lower demand for saturated oils and fats in human and animal feeds. This increases the availability of 
a range of animal fats and vegetable oils for conversion into Biodiesel. Thrs wide variety of potential 
feedstocks including used vegetable oils (yellow grease), means that some type of Biodiesel could be 
produced in every region of the country. 

In addition, international agreements affecting agriculture, such as the General Agreement on Tariffs and 
Trade (GATT) or the North American Free Trade Agreement (NAFTA), and the European pursuit of 
Biodiesel (generally made from rapeseed) have also stimulated interest in Biodiesel in the United States. 

Finally, stricter EPA emissions requirements for heavy-duty engines, both on- and off-road, including 
urban buses have generated interest in Bioaesel. Its performance similarities to conventional fossil 
fuel-based diesel have moved Biodiesel into strong consideration as one clean-burning alternative fuel that 
will be required in fleets and other applications well into the next century. 

In March 1992, a group of soybean farmers formed the National Soy Fuels Advisory Committee (NSFAC) 
to explore ways of commercializing "SoyDiesel," one of many types of Biodiesel. NSFAC hired a study 
team to conduct a detailed SoyDiesel Market Development Analysis which was completed in September 
1992. This study convinced the NSFAC of the considerable market potential for using soy oil as a 
Bidesel feedstock. The potential transportation fuels market is huge in comparison to other agricultural 
product markets, the study concluded. 

The NSFAC concluded that commercialization of SoyDiesel would greatly benefit both the soybean 
industry and American agriculture. However, bringing th~s  concept to fruition would require a major 
effort of research, demonstration, fleet testing, and promotion. Consequently, the NSFAC voted to 
dissolve itself and form the National SoyDiesel Development Board (NSDB), a not-for-profit corporation 
established in October 1992. 

Two of the main priorities of the NSDB are development of fuel standards for Biodesel, and 
determination of engine performance and emissions for thls standard methyl ester in various blends with 
diesel fuel. 



The. standard being developed is intended to cover other feedstocks in addition to soybean and rape seed 
oils. (The k l l  range of feedstocks to be covered is still being determined.) Given the wide range of 
interests participating in the process of setting th~s  standard as well as testing methods, this is a substantial 
undertaking. In particular, EPA's enforcement of the Clean A x  Act Amendments of 1990, has increased 
support for alternative fuels and stricter emissions requirements, and set the tone for these procedures to 
a degree unknown just a decade ago. 

Supporting Organizational Structure for Biodiesel 

The NSDB and the ABA are two principal organizational structures supporting the advancement of 
Biodiesel in the United States. The NSDB is managed by an executive director based in Jefferson City, 
MO, with a staff of four. The NSDB is directed by an Executive Committee headed by farmers. The 
Board of Directors is made up of 12 farmer members from participating states. 

The NSDB receives the great bulk of its funding from "check-off' dollars administered by the United 
Soybean Board (USB) and the Qualified State Soybean Boards (QSSB). The QSSB funds go directly to 
the NSDB, while the USB funds go to the American Soybean Association (ASA) that manages the 
contract with NSDB for the USB. In FY93, about $2 million in soybean check-off funds were made 
available to the NSDB. In all NSDB activities, it is the "farmer leaders" who make the major decisions, 
includmg the allocation of funds. 

The ABA is managed by its president and is headquartered in Washington D.C. with a staff of five. It 
is directed by a board of directors who are members of the association. ABA performs contract work for 
the NSDB in areas not pertaining to public policy such as research, project management, cost sharing for 
research and testing, and publishing the Biodiesel Alert. Public policy matters are funded by M A  
membership dollars. 

The intent of both the NSDB and the ABA is to advance Biodiesel in a manner benefiting farmers, rural 
America and the environment. ?'his integrated and inclusive approach has led to the formation of the ad 
hoc Biodtesel Coordinating Council (BCC) which has well over 100 participants. Another ad hoc group, 
the American Biodiesel Coalition (ABC), is in its formative stage and will provide public policy support 
for the industry. As an example, the Fats and Proteins Research Foundation is both a member of the ABA 
and a participant in the BCC, and is contributing funds and methyl tallowate to the engine testing program. 
In the future, the NSDB will be expanded into a structure to include other Biodesel feedstock producers. 

Potential U.S. Biodiesel Production Capability 

The United States consumes over 25 billion gallons of diesel fuel for transportation annually. The current 
U.S. production of all vegetable oils and animal fats is nearly 23 billion pounds per year. At a conversion 
rate of seven an a half pounds of oiVfat per gallon of Biodiesel, the current U.S. production of oils and 
animal fats is only sufficient to manufacture some 3.1 billion gallons of Biodiesel, about 12 percent of 
the transportation dt esel market. 

/ 

These figures are somewhat misleading, both because most of this oil already has a food or feed market 
and because it does not represent the full U.S. production potential. As much as a billion pounds of soy 
oil is in excess, capable of producing about 133 million gallons of Biodiesel. In addition, there are about 
2 billion pounds of yellow grease (used cooking oils and animal fats) produced annually. This feedstock 
could produce some 266 million gallons of Biodiesel. Using land idled by U.S. cornmocllty programs 
(about 50 million acres) would permit additional production of about 3 billion gallons per year of 
Biodiesel and not interrupt any current use of oils. Furthermore, aggregate crop yields in the U.S. are 



increasing at the rate of 1 to 2 percent per year, so cropland availability is not a major constraint. Given 
these factors, it is reasonable to estimate that 3.4 billion gallons of Biodiesel could be produced annually, 
almost 14% of the transportation diesel market, early in the next century. 

Given the above conditions, economics will largely determine the size of the Biodlesel market. Biodiesel, 
at about $1.90 per gallon, has limited commercial use today. Despite Ihs, the NSDB has identified 
potential niche darkets for Biodiesel. Should sought-after incentives become available, these markets 
will expand considerably. 

Initial Markets Identified for Biodiesel 

Many mass transit systems operate in areas not meeting the air quality criteria of EPA. In these 
nonattainrnent areas, mass transit operators must substantially reduce emissions of sulfur, unburned 
hydrocarbons and particulates. At the same time, the control of nitrogen oxide (NOx) emissions is 
essential. Research underway in the U.S. indicates that blends of Biodiesel can reduce all of these 
emissions in existing urban bus fleets without significant equipment modifications. 

Workers involved with underground and indoor operation of diesel equipment will enjoy improved air 
quality if Biodiesel is used. The U.S. Department of Labor, Occupational Safety and Health 
Administration (OSHA) allows only very low levels of toxic particulate emissions of diesel fuel. 
Biocbesel, either neat or in blends, can sharply reduce these particulate emissions. Marine operations on 
lakes and inland waterways using this non-toxic and biodegradable fuel in its neat form is another 
significant market for Biodiesel. 

\ 

The petroleum refining industry (particularly small, older refineries and those in California) not only faces 
stnct requirements to reduce the amount of sulfur and aromatics in diesel, but also faces high capital costs 
to do so. Some of these costs may be avoided by blending Biodesel with dlesel in the refinery or at 
downstream terminals. Blending with Bidesel,  ultra-low in sulfur and aromatics, should enable refiners 
to reduce the level of sulfur and aromatics in their dlesel fuel stream. 

In addtion, federal legislation enacted in 1992 wilI require cities with populations in excess of 100,000 
to begin converting their vehicles to operate on "alternative fuels," including Biodiesel. 

National SoyDiesel Development Board Actions 

To ensure success marketing SoyDiesel and Biodiesel, the NSDB is currently: 

1. Establishing a fuel standard and testing methods for SoyDiesel so that producers and purchasers 
will have a uniform, high-quality product for all testing and commercial applications. This will 
be done in cooperation with other Biodiesel interests who have already initiated the 
standards-setting process before the American Society of Agricultural Engineers (ASAE), the 
American Society for Testing & Materials (ASTM), and the National Conference on Weights & 
Measures (NCWM); 

2. Registering the fuel with EPA, permitting its commercial sale; 

3. Working to have EPA certify that Biodiesel is "substantially similar" to. diesel fuel so that the fuel 
can be legally sold for on-highway use once "sub-sim" diesel regulations are promulgated. (If 
such a determination for Biodesel is not possible, it will be necessary to seek a waiver under the 
provisions of Section 2 1 1(f) of the Clean Air Act); and 



4. Conducting the needed research, testing and demonstrations to meet the data needs identified in 
actions 1, 2 and 3, and to encourage the expanded use of Biodesel. 

To date, an interim standard for methyl ester of vegetable oil has been developed. The fuel has been 
registered with the EPA, and a petition to EPA to have Biodiesel declared "substantially similar" to diesel 
fuel is pendng. In addition, NSDB has called upon the Federal Trade Commission (FTC) to require that 
Biodiesel be included on any pump-posting regulations for alternative fuels and diesel. These regulations 
are currently being developed by the Agency pursuant to the Energy Policy Act of 1992. 

The NSDB has taken an inclusive approach to developing Biodiesel and uses the term "Biodiesel" 
synonymously with SoyDiesel. The cooperative nature of this activity is evidenced by the fact that the 
Biodiesel specification being developed is generic in nature, and is broad enough to include esters of rape, 
sunflower, safflower, other vegetable oils, and fats. As more data is developed, it may be necessary to 
develop two standards: one for less saturated and another for more saturated oils and fats. With BCC 
participants representing all the different animal and vegetable oil feedstocks, there is wide support for 
Bidesel development. 

NSDB is fun&ng emissions testing of SoyDiesel blends in several mass transit bus engines at 
EPA-certified laboratories using the EPA-approved Federal Test Procedures (FTP). NSDB has also 
initiated near-term demonstration projects. The principal studies to date involve 10 - 40 vol% blends of 
Biodiesel with conventional diesel fuel. In St. Louis, MO, nearly 100 vans and support vehicles at the 
St. Louis m r t  are operating on these blends. Similar projects are underway in Kansas City, MO; San 
Francisco, CA; Gardena, CA; Hartford, CT; and Cincinnati, OH. In Houston, TX, Biodiesel and liquefied 
natural gas (LNG) are being considered for use in mass transit LNGIPING buses. In addition, NovaMont 
(a subsidiary of European agribusiness giants Central Soya and Gruppo-Femzzi) has conducted mass 
transit bus tests at Sioux Falls, SD using 100% neat Biodiesel. 

The principal bus engine manufacturers, Detroit Diesel Corporation (DDC), Cummins, and Navistar, are 
cooperating with NSDB in testing their engines. In blends of Biodiesel of up to 30 vol%, no instances 
of fuel system degradation have been identified. It appears that possible material compatibility issues for 
higher blends can be readily resolved. It is anticipated that these OEMs will provide limited warranties 
with Biodiesel when durability and other tests are completed. 

In cooperation with the U.S. Bureau of Mnes, the NSDB is also investigating engines operated in 
underground mines, as well as inside buildings such as warehouses. Testing of mining engines from two 
major manufacturers (Caterpillar and MWM) has been initiated using neat SoyDiesel. 

The NSDB has funded marine operations as well. The Sunrider Expedition is an around-the-world 
environmental expedition using an ocean-going, inflatable boat powered by a 180-horsepower Mercury 
MerCruiser engine using SoyDiesel as its primary fuel. The impact of SoyDiesel on the durability of this 
engine will be documented for later analysis. 

Engine Testing and Biodiesel Blend Levels 

At the time this paper was submitted to NREL (June 1993), engine testing world-wide has led to the 
tentative conclusion that the preferred generic blend may be 20% methyl esters in low-sulfur dsesel. In 
most completed tests, significant reductions in total unburned hydrocarbons (THC) occur at thls level 
without any significant increase in NOx. With minor timing adjustments, it should be possible to maintain 
THC reductions with no increase in NOx. 



As more information and experience are gained, it is likely that five parameters will determine the 
optimum Biodiesel blend level: 1) cost (the lower the blend level, the lower the cost of the final fuel); 
2) THC emissions (the higher the Bio&esel blend level, the greater the THC reductions); 3) NOx 
emissions (generally, it is easier to reduce NOx at lower ester blend levels); 4) biodegradability and non- 
toxicity (the hlgher the blend level, the greater the value of these fuel characteristics); and 5) alternative 
and renewable fuels (the higher the blend level, the greater the value of these fuel characteristics). 

NSDB Public Policy Initiatives 

NSDB continues to provide information and data to officials of bus and truck fleets, marine and mining 
operations as they look at various alternative fuels under the Alternative Fuels Motor Vehicles Act of 
1988, the Clean Air Act Amendments of 1990, and the Energy Policy Act of 1992. This legislation 
requires the gradual adoption of alternative-fueled vehcles in fleets operating in large metropolitan areas 
or in areas not meeting the EPA minimum standard for clean air. 

Liquefied natural gas (LNG)/compressed natural gas (CNG), methanol, and ethanol fuels have been under 
consideration and tested for over a decade. Biodiesel, a late-comer, has been inadequately funded until 
recently. However, NSDB and other supporters believe that Biodiesel will penetrate thls market because 
it can be more cost-effectively integrated into existing fleet operations and infrastructures. By optimizing 
existing engines for Biodtesel, NSDB believes that these vehicles can comply with federal law while 
saving metropolitan areas the costs of developing new infrastructures and buying new vehicleslengines. 

NSDB Long-Term Goals for Biodiesel Development 

The next five years will be crucial for the development and expanded use of Biodiesel in the United 
States. The NSDB's objectives for Biodiesel include developing higher oil-yielding soybean and 
alternative feedstocks (tallow, yellow grease, and other oilseeds such as rape, peanut, cotton, sunflower, 
safflower and Chlnese tallow tree) and engineering different blends of oils to reduce the cost to the end- 
user. There will also be a focus on specific uses that justify higher prices. Conversion technology will 
also be examined to determine the least-cost way of producing quality fuels. Finally, the development 
of new uses for glycerine, meal, and other coproducts is inherent in cost reduction. 

To make this possible, NSDB is taking advantage of public policy initiatives provided by the 
Administration and Congress for alternative and cleaner-burning fuels since 1988. These energy and 
environmental policy initiatives form the nucleus for the expanded use of Biodiesel in key markets. 

The Energy Policy Act of 1992 (P.L. 102-486) 

Introduction 

This important legislation was enacted during the latter stages of the 102nd Congress and marks years of 
developing a coherent U.S. energy policy. Titles III and IV of the Act set forth motor fuel requirements 
and incentives for public and private fleets for the phased-in use of alternative fuels, as well as overall 
national goals for the replacement of conventional petroleum-derived fuels in the early years of the next 
century. The provisions affecting Biohesel are summarized or excerpted below. 



"Alternative Fuels" 

The fuels defined to meet the requirements of the Act include methanol, denatured ethanol and other 
alcohols, separately or in mixtures of 85 vol% or more (or other percentage but not less than 70 vol% as 
determined by DOE rule) with gasoline or other fuels; CNG, LPG, hydrogen, "coal-derived liquid fuels," 
fuels "other than alcohols," derived fiom "biological materials," electricity, or any other fuel determined 
to be "substantially not petroleum" and yielding "substantial energy security benefits and substantial 
environmental benefits. " 

In a Senate colloquy prior to passage of the Act, Biodiesel was specifically included withln the definition 
of fuels "other than alcohols," derived from "biological materials" and thus falls within this specific legal 
definition of alternative fuels. 

"Covered Person "I" Covered Fleet" 

The Act addresses "persons" that own, operate, lease or control at least 50 vehicles in the U.S. and a 
20-vehicle fleet (centrally fueled or capable of being centrally fueled) primarily operated in a Consolidated 
Metropolitan Statistical Area (CMSA) with a 1980 population of 250,000 or more. In general, the 
phase-in of the alternative fuel requirements will be imposed initially on the federal government, then state 
and local governments, fleets operated by fuel producers, and finally, private fleets, if found to be 
necessary to achieve replacement fuel goals. 

A covered fleet is a group of 20 or more light duty vehicles capable of being centrally-fueled and 
primarily used in a CMSA with a population of 250,000 or more, and owned, operated, leased or 
controlled by a governmental entity, or by an other person who controls 50 or more such vehicles. 
Exempted are vehicles rented to the general public, motor vehicles held for sale, test vehicles, law 
enforcement vehicles, emergency motor vehicles, military vehicles (that are exempt for "national security" 
reasons), nonroad vehicles (including farm and construction equipment), and vehicles "garaged at personal 
residences at night. " 

"Replacement Fuel" 

Replacement fuel is defined as that portion of any motor fuel that is methanol, denatured ethanol, or other 
alcohols, GNG, LPG, hydrogen, "coal-derived liquid fuels," fuels "other than alcohols," derived from 
"biological materials," electricity (including solar), ethers, or any other fuel determined by DOE to be 
"substantially not petroleum" and yieldng "substantial energy security benefits and substantial 
environmental benefits. " 

The national goal under the Act is to eventually replace 30% of the nation's use of petroleum-derived 
fuels with alternative fuels. To accomplish this goal, a series of requirements are imposed on various fleet 
operators, beginning with the federal government. 

Minimum Federal Fleet Purchase Requirement 

The federal government shall acquire "light duty alternative fueled vehicles" accordng to the following 
schedule for: 

FY 1993: 5,000 vehicles 
FY 1994: 7,500 vehicles 
FY 1 995 : 1 0,000 vehicles 



FY 1996: 25% of total vehicle purchases 
FY 1997: 33% of total vehicle purchases 
FY 1998: 50% of total vehicle purchases 
FY 1999 and thereafter: 75 % of total vehicle purchases. 

In an April 21, 1993, Executive Order (No. 12844), President Bill Clinton increased by 50% the number 
of vehicles the federal government will acquire under this program. 

Alternative Fuel Bus Program 

The Act provides for the expanded use of a number of alternative fuels, including Bio&esel, in urban and 
school buses operated in mid-size and larger cities according to the following general parameters: 

Urban Buses: The U.S. Department of Transportation (DOT) and DOE shall initiate cooperative 
ventures with local governments with populations of 100,000 or more to demonstrate the feasibility of 
commercializing the use of alternative fuels in urban buses. DOE can include the private sector if it 
provides at least 20% of project cost. Federal assistance is in addition to other programs. Evaluation of 
project criteria include its beneficial environmental impacts. 

School Buses: DOT may provide financial assistance to local units of government (in urban areas 
with populations of 100,000 or more) to cover the incremental costs of operating and purchasing school 
buses and refueling infrastructure for alternative fuels, including vehcle conversions. 

Replacement Fuel Program 

DOE and DOT, in conjunction with other federal agencies, will determine the feasibility of domestically 
purchasing replacement fuels, on an energy-equivalent basis, to replace a minimum of 10% by 2000 and 
30% by 2010 of petroleum-detived fuels used in motor vehicles. The goal of h s  program is to reduce 
oil imports, improve the economy, and reduce greenhouse gas emissions. Such a program is to be 
established by October 1, 1993. 

Except for federal and state fleets, covered persons defined above shall acquire the following percentages 
of AFVs for their fleets according to the following schedule: 

Model years 1999 - 2001: 20% AFVs 
Model year 2002: 30% AFVs 
Model year 2003: 40% AFVs 
Model year 2004: 50% AFVs 
Model year 2005: 60% AFVs 
Model year 2006 and thereafter: 70% AFVs 

DOE may, by regulation, substitute a lower percentage requirement than that set forth above or initiate 
the program later than 1998. 

"Automotive Fuel Rating" 

"The octane rating of an automotive spark-ignition engine fuel, the cetane rating of diesel fuel (if adapted 
by rule), or another form of rating determined by the FTC, after consultation with ASTM, "to be more 
appropriate" would be required for all transportation fuels. As indicated, the FTC has initiated rulemalung 
in thls regard and expects to have a final rule for such commercial fuel posting by July 24, 1993. 



Clean Air Act Amendments of I990 

Diesel Fuel Requirements 

Section 21 1(i) of the Act sets a 0.05 wt% maximum limit on the sulfur content and a minimum cetane 
rating of 40 for diesel fuel that is offered for sale or introduced into commerce. EPA may also establish 
an "equivalent alternative" aromatic level to the cetane specification, typically a maximum content of 
35 ~01%. These limits apply to diesel fuel used in motor vehicles, regardless of on- or off-highway status. 
(Other distillate fuels, such as home heating oil not intended for use in motor fuels, must be dyed to 
segregate them from motor vehicle diesel fuel). This requirement takes effect on October 1, 1993. 

This requirement will bring about significant changes in refinery operations and diesel fuel quality in the 
years ahead. Biodiesel, with its low sulfur and high cetane rating, represents an attractive option for many 
refiners who seek to control sulfur at a lower cost per gallon than may be achieved through expensive 
refinery retrofits. Tius, coupled with alternative fuel requirements, increases the market attractiveness of 
Biodiesel. 

Urban Bus Emissions Standards 

March 24, 1993, EPA issued stricter standards for emissions of particulate matter (PM) and other 
emissions for urban buses that are phased-in beginning for 1994 - 95 engines . These engines must meet 
a 0.07 gr./bhp-hr. standard for PM that becomes stricter in 1996. At present, the PM standard for urban 
buses is 0.10 gr./bhp-hr. Also beginning in 1996, the California Air Resources Board (CARB) tightens 
the NOx emissions standard to 4.0 gr./bhp-hr., a level that will become the federal requirement beginning 
in 1998. (See Table 1 .) 

Table 1 

* Optional 2.5 gr./bhp-hr. standard for credit trading. 



Heavy-Duty Diesel Engine Retrofit Standards 

Effective in 1995 for 1993 and earlier engines, EPA has imposed new emissions requirements for rebuilt 
heavy duty diesel engines. These regulations were published on April 2 1, 1993. Compliance with these 
standards will be governed through the use of one of two options: 

Option 1: Each vehcle must meet a particulate standard of 0.05 - 0.10 gr./bhp-hr. at the time its 
engine is rebuilt with no increase in HC, CO, or NOx. Ths  would be accomplished through the 
use of exhaust aftertreatment technology if the cost of such equipment did not exceed $5,000 
(1991 dollars). If not possible, the operator would be required to use retrofit equipment that 
achieved a 25% reduction in particulates for a cost of no more than $2,000. 

Option 2: A fleet operator may establish an annual emissions requirement for the fleet "set up 
in a manner [that yields] an emission reduction equivalent to that expected from Option 1." 

Biodiesel is expected to provide a significant, low-cost option to urban bus fleet operators to meet these 
new emissions requirements for bus retrofits under Option 2. 

Off-Road Heavy-Duty Diesel Standards 

On May 17, 1993, EPA published proposed regulations to limit emissions for new, off-road heavy-duty 
engines, a previously unregulated source of emissions. The new standards will apply primarily to farm 
equipment, forklifts, road construction vehicles, and earth-moving equipment rated at 50 horsepower or 
above. The regulation would limit NOx emissions to 9.2 grams per kilowatt hour (gr./kWh), or 6.9 
gr./bhp-hr. (See Table 2). 

This rulemaking represents the first time that the Agency regulated emissions of engines and equipment 
used off-road. Other engines to be regulated in the next few years will include locomotives and marine 
vessels. Biodiesel is expected to provide significant benefits to owners and operators of such equipment 
in meeting these requirements. EPA expects to hold hearings on these proposals in the coming months. 

Table 2 
Proposed EPA Off-Road Diesel Emissions Standards 

(NOx -- gr-Ibhp-hr.) . 
Engine 

175 - 750 hp 

100- 175 hp 

50 - 100 hp 

~750 hp 

Fuel: 0.2 - 0.5 wt% sulfur 

1 996 

6.9 

1997 

6.9 

6.9 

1998 

6.9 

6.9 

6.9 

A 

2000+ 

6.9 

6 -9 

6.9 

6.9 



Biodiesel and EPA "Substantially Similar" Requirements 

Under the Clean Air Act Amendments of 1990, EPA is required to define all motor fuels, not just 
gasoline, as to whether they are "substantially similar" ("sub sim") to those certified by EPA for use in 
particular engines. In the case of Biodiesel, this would apply to their use in compression-ignition engines 
of different sizes and configurations. This rulemaking is part of an "extensive" overall agency reevaluation 
of "sub sim" requirements and Section 21 1(f) fuel waiver requirements. EPA is talung a more 
conservative line on the definition of "sub sim," a move placing Biodiesel and other non-conventional 
fuels under much greater scrutiny. Rather than considering other less known fuels that perform as well 
as conventional, certification &esel fuel from an emissions standpoint, EPA is now likely to find that 
unless fuel(s) are presently in widespread use and/or extensive data about their characteristics are available, 
it will not define those not chemically similar to diesel as "sub sim." 

Because diesel fuels sold in the United States historically did not contain oxygenates (such as esters), EPA 
reasons that an oxygenated diesel fuel would not qualify as "sub sim" without an infusion of supporting 
data, hence the need for extensive emissions testing. 

In addition, EPA will likely consider any increase in emissions, however slight and even if emissions do 
not exceed the standard for that certification engine, as reason not to consider the fuel "sub sirn." In 
addition, EPA will evaluate each emission category separately. Thus, even if Biodiesel significantly 
reduces emissions of HC, CO, particulates, and visible smoke while only slightly increasing NOx 
emissions, EPA may not accept such a fuel as "sub sim" on the grounds that it increases NOx emissions. 

EPA's concern is driven by a December 1991 National Academy of Sciences report on the causes of the 
tropospheric ozone problem, the environmental commitment of the Clinton Administration, and state 
concerns about NOx which now equals HC as the EPA's chief emissions target. Fuels showing higher 
NOx emissions will not be certified for sale by EPA unless they are to be used in a specific engine 
certified by either the CARB or EPA. 

If EPA severely limits the oxygen content of "sub sim" diesel fuel or if it is not possible to demonstrate 
substantial THC reductions with only a "de minimus" NOx increase, the NSDB and the Biodiesel industry 
will have several options it can pursue: 

1. Certify heavy-duty engine retrofits (e.g., urban buses and trucks) on Biodresel blends. 

2. Pursue a formal fuel waiver application under Section 21 1(f) of the Clean Air Act. 

3. Consider use of diesel fuel additives (e.g., cerium) that improve the efficiency of traps in reducing 
particulates and NOx. Because this approach would involve a metallic addtive in the fuel, this 
approach would still require the filing of a fuel waiver petition. 

4. Certify specific modified engines with adjusted timing and larger fuel injector ports operated on 
a specific Biodiesel blend. Any changed engine configuration, called "tampering" by the Agency, 
must be recertified to ensure that emissions standards are not exceeded. 

NSDB and ABA will have an opportunity to submit written comments for the record on the rulemalung. 
As of May 1993, EPA had only published an Advance Notice of Proposed Rulemaking for whch 
comments have been received. The Agency will publish a formal Notice of Proposed Rulemaking this 
summer, providing an additional opportunity for input. 



Clean Alternative Fuel Requirements (Fleets) 

The provisions of the Clean Air Act include requirements for public and private fleet vehicles, new urban 
buses, and new vehicles for use in California. These requirements are intended to establish alternative 
fuels as a major clean-air strategy initially in the most serious ozone nonattainment areas, with the 
likelihood that they will be adopted by many states whose air quality problems are less severe. Several 
of the provisions apply to areas based upon population, regardless of air quality problems. 

Commercial and Federal Government Fleet Provisions 

Starting in 1998, a minimum of 30% of new vehicles purchased for use in areas defined as in "extreme, 
severe, or serious" ozone nonattainment (with a population of 250,000 or more) and in certain CO 
nonattainment areas must be capable of operating on cleaner-burning fuels and meet a stricter exhaust ' 
emissions standard required under the new "California Pilot Program." 

In 1999,50% of such new vehicles must meet thts requirement, and in 2000 and beyond, 70% are subject 
to this requirement. "Clean alternative fuels" that meet the standard include alcohols (85 vol% or more), 
reformulated gasoline, diesel, CNG/LNG, LPG, hydrogen, or other fuel "or power source" (such as 
Biodiesel) that will allow the vehicle to meet the emissions standard applicable to that vehicle. DOE, the 
regulating Agency, has not yet determined what Biodiesel blend level constitutes a "clean alternative fuel." 

Clean Fuel Vehicle Fleet Program Rulemaking 

Sections 246 and 247 of the Act require EPA to develop and implement a program for states to convert 
fleets to clean fuel-powered vehlcles used in serious, extreme, or severe ozone or CO nonattainment areas 
with populations of 250,000 or more. EPA has identified 21 areas that are covered under this program. 

EPA has begun to promulgate regulations, including definitions and general provisions, credit program 
regulations, exemptions from transportation control measures (TCMs), emissions standards, and vehicle 
conversion rules. EPA must review the revised State Implementation Plan (SIP) submissions by the 
affected states to ensure compliance with the regulations, as well as state requests to "opt in" to the 
program. States must revise their SIPS to include this program, if required, no later than May 1994. 

FueUFuel Additive Registration Ruiemaking 

EPA is completing a final rulemaking on including health effects and other emissions data as part of an 
expanded fuel and firel additive registration requirement. Ths  new regulation was to take effect no later 
than June 1, 1993 and apply to all fuels and fuel additives introduced into commerce, including Biodiesel. 
Under the proposed regulations, any fuel or fuel additive registered prior to June 1, 1993 will be 
"grandfathered" for a three-year period before any additional required test data must be submitted to EPA 
by the marketer of such fuels or fuel additives. EPA was prompted to act after the 1989 settlement of 
an Oregon citizens lawsuit challenging the agency's failure to adopt fuel and fuel additive testing 
requirements under the Clean Air Act Amendments of 1977. 

The rulemaking is intended to ascertain the public health and welfare impacts of over 2,200 fuels and 
4,100 fuel additives in the market, as well as many others that are likely to be registered in the future. 
One major issue to be resolved is whether "broad and comprehensive health effects testing" would be 
required for each fuel or fuel additive classification or whether testing should be limited only to their 
emissions effects. 



Specifically, Section 21 1(b)(2) provides that EPA "may also require" the manufacturer "to conduct tests 
to determine potential health effects" (including carcinogenicity, teratogenicity, and mutagenicity) of fuels 
and fuel additives and to require other "reasonable and necessary" information to identify emissions and 
their effect(s) on the emission control system performance of vehicles or vehicle engines and the public 
health or welfare. 

Biodiesel has been registered under these provisions, but has not been subjected to rigorous testing as 
envisioned by this pending rulemaking. However, based on available data and European experience, 
Biodiesel is comparatively benign and exposure to Biodiesel is not likely to cause any adverse 
environmental or human health effects. 

American Society for Testing & Materials (ASTM) Specifications 

ASTM is a scientific and technical organization formed for "the development of standards on 
characteristics and performance of materials, products, systems, and services; and the promotion of related 
knowledge." As such, ASTM sets voluntary consensus standards through 140 main technical committees 
and hundreds of subcommittees including representatives of producers, users, and other participants. Most 
states have adopted ASTM Standards for "Petroleum Products, Lubricants, and Fossil Fuels" either totally, 
in part, or have used them as guidance for legislation and regulation. 

Specifications and Test Methods for Diesel Fuel 

Subcommittee E of the ASTM Committee D-2 on Petroleum Products and Lubricants has responsibility 
for ASTM D 975, the "Standard Specification for Diesel Fuel Oils." The specification covers three grades 
of conventional diesel fuel oils suitable for various uses. These fuels are classified into three grades: No. 
1-D, NO. 2-D, and NO. 4-D. 

Overall, the specification describing the properties of "commercial fuel oils" takes into account the 
variations between refineries and crude oil properties, includng the fact that they may have boiling ranges 
of 150 - 400°C (300 - 775°F). Other properties that can differ widely include volatility, ignition quality, 
cetane rating, and viscosity. 

Development of Specifications for Biodiesel 

While ASTM has not developed a specification for diesel replacement fuels such as Biodiesel, in 1993 
it began to develop a commercial motor fuel specification. The table below compares the properties of 
standard No. 2 diesel fuel and Biodiesel (SoyDiesel). In June 1993, both ASTM and ASAE established 
technical study cornmittees to finalize a uniform specification for Biodiesel that can incorporate other 
compositions, such as rape methyl ester and methyl tallowate. These standards will undergo extensive 
industry revisions and will likely be finalized in mid-1994. (See Table 3.) 



Table 3 
Comparative Properties of Diesel and SoyDiesel Fuels 

Fuel Property 

Total Acid Number 
(mg KOH/S) 

Color I D l500  1 0.5 1 3.5 I 

Water & Sediments, 
max. (~01%) I D 2709 

Ash, max. (wt%) I D 482 1 0.001 

ASTM Test 
Method 

D 644 

~0.005 1 -  0.01 1 0.05 

Relative Density I D l296  1 0.883 
( S  15°C) 

Distillation Temp. (OC) 
l ni tial Point 

50% 
90% 
95% 

Endpoint 
Recovery 
Residue 

Soy Diesel 

0.45 

Diesel 
(No. 2) 

0 

Carbon Residue, 
max. (wt%) 

Sulfur (w%) 1 D 1552 1 <0.01 1 q0.21 1 0.50 

ASTM 
D 975 

D l 8 9  1 0.19 1 0.08 1 0.35 

Cetane Number 

Phase Changes (OC) 
Flash Point 
Cloud Point 

Viscosity 0 37.8"C, 
min. 

* Standard for cetane rating required under EPA regulations (eff. Oct. 1, 1993). 

Conclusions 

D 61 3-86 

D 93 
D 2500 

D 445 

NSDB has concluded that BBiodiesel has a most promising future in the United States. The environmental 
and energy legislation recently enacted will require cleaner fuels and, in many instances, alternatives to 

40 (min)* 

52 (min) 

1.9 

- 

51.8 

118 
-3 

4.70 

- -- 

51 .O 

64 
-21 

3.25 



replace petroleum-derived fuels. By requiring that a certain percentages of fleet vehlcles be alternative 
fuel vehicles, the U.S. Congress has provided a non-monetary incentive for Biodiesel and other alternative 
fuels. 

In addition, the Congress is considering legislation to provide Biodiesel with incentives similar to those 
for biomass-based alcohol fuels: Unless some economic incentive of th~s  nature is established, it is likely 
that Biodiesel will only become a viable product in limited niche markets. However, for valid public 
policy reasons -- environmental, agricultural, and economic -- supporters of Biodiesel believe that such 
incentives will be adopted in 1993 or 1994. These incentives will be necessary to allow the industry to 
further develop to meet expected demand, as well as to meet the challenge of reducing the cost of 
producing Biodiesel, thus making the he1 more competitive in the commercial marketplace. 

Although Biodiesel has technical hurdles it must overcome, it appears that these impediments are relatively 
minor. From an emissions standpoint, achieving EPA recognition as a cleaner-burning fuel will involve 
additional costs and time as engine testing continues. Such consideration will occur as commercial fuel 
standards are developed and regulations are finalized. 

The NSDB and ABA have made significant investments in the future of Biobesel, a priority they share 
with a range of other interested groups seeking new uses for surplus or low-value agricultural 
commodities. Through this cooperative effort, Biod~esel is expected to become a viable motor fuel 
component in the U.S. within the next few years. 

The driving force behind the Biodiesel industry is the recognition that the soil, water, sun and wind 
(coupled with the greatest agricultural practices and production in the world) are to the United States as 
oil and gas are to the Middle East. With advanced technology and farming practices, the U.S. will, in a 
few generations, greatly enhance in its ability to produce transportation fuels and chemical feedstocks, 
whereas the Middle East and other oil-producing parts of the world will have depleted much of their 
natural resources. It would seem in the best interest of the global economy and the environment to 
coordinate these forces in a way that respects the needs of future generations in all parts of the world. 
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Abstract 

Biodiesel is among many biofuels being considered in the United States for alternative 
fueled vehicles. The use of this fuel can reduce U.S. dependence on imported oil and help 
improve air quality by reducing gaseous and particulate emissions. Researchers at the 
Department of Agricultural Engineering at the University of Idaho have pioneered 
rapeseed oil as a diesel fuel substitute. Although UI. has conducted many laboratory and 
tractor tests using raw rapeseed oil and rape methyl ester (RME), these fuels have not 
been proven viable for on-road applications. A biodiesel demonstration project has been 
launched to show the use of biodiesel in on-road vehicles. Two diesel powered pickups are 
being tested on 20 percent biodiesel and 80 percent diesel. One is a Dodge 314-ton pickup 
powered by a Cummins 5.9 liter turbocharged and intercooled engine. This engine is 
direct injected and is being run on 20 percent RME and 80 percent diesel. The other 
pickup is a Ford, powered by a Navistar 7.3 liter, naturally aspirated engine. This engine 
has a precombustion chamber and is being operated on 20 percent raw rapeseed oil and 80 
percent diesel. The engines themselves are unmodified, but modifications have been made 
to the vehicles for the convenience of the test. In order to give maximum vehicle range, 
fuel mixing is done on-board. Two tanks are provided, one for the diesel and one for the 
biodiesel. Electric fuel pumps supply fuel to a combining chamber for correct 
proportioning. The biodiesel fuel tanks are heated with a heat exchanger which utilizes 
engine coolant circulation. 



Introduction 

During the past decade the United States has become increasingly dependent upon using 
imported petroleum oil to meet its energy demand. The total petroleum consumption in 
the U.S. in 1990 was approximately 6.2 billion barrels and the total amount imported was 
2.9 billion barrels. Approximately 47 percent of the oil used in the U.S. is imported. 
Transportation energy use accounted for approximately 27 percent of the total energy 
consumption--about two thirds of all petroleum use. 

Much interest has been generated in the use of alternative fuels for transportation. The 
Clean Air Act Amendment of 1990 mandates phase-in adoption of clean fuels that are not 
harmful to the environment. The Energy Policy Act of 1992 also mandates fleet operators 
to begin purchasing alternative fueled vehicles as a percentage of all new vehicles 
purchased starting in model year 1996. Increased EPA exhaust emissions requirements 
for diesel engines have also created much interest in the use of biodiesel. Such legislation 
and federal policies will significantly increase the attractiveness of the use and expedite 
the commercialization of biofuels, including ethanol and vegetable oils. Increased use of 
these fuels can reduce U.S. dependence on imported oil and help improve air quality by . 

reducing harmful gaseous and particulate emissions. 

Scientists agree that a reduction of gaseous and particulate emissions can be achieved by 
using alternative fuels like vegetable oil and alcohol-based fuels. Such fuels are part of 
the natural cycle (i.e. assimilation of CO, by plants for growth and development), and could 
lead to a zero net gain of oxides of carbon emissions. 

Vegetable oil contains negligible levels of sulfur dioxide responsible for acid rain. 
Vegetable oils are also more environmentally friendly in the case of a spill. The fuel is 
biodegradable and will quickly break down, thus preventing long-term damage to soil or 
water. 

Vegetable oil as an alternative to diesel fuel has been under study a t  the University of 
Idaho since 1979. Researchers at the UI have pioneered the use of rapeseed oil as a diesel 
fuel substitute. Through this and other research it has been demonstrated that raw 
rapeseed oil is best used for fuel in precombustion chamber type diesel engines. Most 
diesel engines in use in the United States are of the direct injection type. For these 
engines, it has been found that the rapeseed oil should be t r an~es t e r~ed  before being used 
as diesel fuel. Methyl ester of rape seed (RME) can be substituted for diesel fuel in 
unmodified diesel engines without significant reduction in engine performance. 

Literature Review 

A considerable amount of work has gone into the transesterification process of rapeseed oil 
at the University of Idaho. Nye and Southwell (1983) were the only workers to report a 
successful process on the transesterification of rapeseed oil at  room temperature. Bam, 
1991; Feldman, 1991; Jo, 1984, Madsen, 1985; Melville, 1987; Mosgrove, 1987; Perkins, 
1991 have optimized the transesterification process. Based on their bench scale results, 



workers at the UI Agricultural Engineering Department developed a small pilot plant 
system for rapeseed methyl ester production (Peterson et al. (1991). 

The University of Missouri has fbeled a Dodge diesel pickup with soydiesel. They have 
added a fuel tank to the bed of the pickup and use a fuel transfer pump to transfer fuel 
from the biodiesel tank to the existing diesel tank (Schumacher, 1992). Goering, 1992; 
Griffith, 1988; Jarret, 1987 developed a fumigation system which injects ethanol through 
the airstream using the primary he1 system. 

Pischinger et al. (1982a) reports on tests with the Passat diesel indirect injection engine 
which was run 8,640 miles on a 30-70 soybean oil-diesel mixture and then 10,800 miles on 
100 percent peanut oil. They found the combustion chambers to be relatively clean but 
reported the following problems: 

I. High viscosities render some modifications to the fuel system necessary. 
2. With peanut oil they found deposits on intake valve stems. 
3. Cold starting was harder. 
4. The smell of exhaust gases was unbearable. 

Objectives 

1. Test a blend of 20 percent RME, 80 percent diesel (D2) and a blend of 20 percent 
raw rapeseed oil 80 percent D2 fuel in a 30,000 mile per year on-road vehicle test. 

2. Design an on-board fuel mixing and heating system to maximize the travel range 
for each pickup and to provide for low temperature operating. 

3. F'rom dynamometer testing, determine the percent difference in horsepower, 
opacity, economy, and exhaust temperature of the biofuels compared to that of D2. 

4. Conduct pending ASAE fuel standard tests for 20-80 RME, 20-80 neat rapeseed oil, 
number two diesel (DZ), and 100% RME. 

Methodology 

Pickups 

Research in the past has concentrated on the use of stationary engines under controlled 
conditions and loading. A more visible project was needed to produce results which would 
simulate day to day service. Two diesel-powered pickups are being tested on 20 percent 
biodiesel and 80 percent diesel. The goal is to operate each vehicle approximately 30,000 
miles per year and to reach 100,000 miles in approximately three years. One pickup is a 
Dodge 314-ton powered by a Cummins 5.9 liter turbocharged and intercooled engine. This 
engine is direct injected and will run on 20 percent methyl ester of rapeseed oil and 80 
percent diesel. Daily use of the Dodge pickup will be shared by the UI and Idaho 
Department of Water Resources, Energy Division, Agricultural Pump Testing Program. 



The other pickup is a Ford, powered by a Navistar 7.3 liter, naturally aspirated engine. 
This engine has a precombustion chamber and has been selected for a test on 20 percent 
raw rapeseed oil and 80 percent diesel. Both engines are unmodified, but modifications 
have been made to the vehicles for the convenience of the test. 

Both pickups had a break-in period and were dynamometer tested before the biodiesel fuel 
mixing system was incorporated. Now that the vehicles are operating on biodiesel, they 
are dynamometer tested every 10,000 miles at  Western States Cat in Spokane, 
Washington. Each time the dynamometer tests are conducted the vehicle will be tested 
with the following fuels: once with the 80/20 mix and again with 100 percent diesel. The 
Dodge will also be dynamometer tested on 100 percent RME. The injectors will be 
removed &om the engines d t e r  each set of dynamometer tests to check for carbon deposits. 
Cylinder compression will also be checked. 

Two privately owned vehicles with identical engines will be used as control vehicles. 
These two vehicles will run on 100 percent diesel fuel and will be compared with the 
biodiesel fueled vehicles. Oil samples and analyses are performed a t  the owners discretion. 

McGregor Company, a supplier of fertilizers and agricultural chemicals in Colfax, 
Washington, and Pepsi Cola Bottling Co. of Lewiston, Idaho, have each agreed to supply 
one of the control vehicles. 

Dynamometer Testing 

Dynamometer tests are performed every 10,000 miles on the biodiesel pickups and 15,000 
miles for the control vehicles, at the convenience of the cooperator. Western States Cat in 
Spokane, Washington has a Superflow 601 dynamometer which is computer controlled and 
stores the data onto a diskette. A predetermined set of engine rpm's is programmed into 
the computer to obtain repetitive data. The Ford pickup will be dynamometer tested from 
1400 to 3400 rpm in increments of 200. Engine rpm's for the Dodge are 1600 to 2650 rprn 
with 150 rprn increments. The computer will record vehicle power, vehicle speed, fuel 
economy, engine rprn, op&ity, torqup, engine oil pressure, fuel pressure, fuel temperature, 
exhaust temperature, inlet air temperature, and coolant temperature. The Dodge will also 
have intake manifold pressure and engine blowby measured. 

The University of Idaho Department of Agricultural Engineering owns an opacity meter 
and it has been adapted the to Western States dynamometer (opacity is the density of the 
smoke emitted fkom the exhaust stack and recorded as a percent). A snap idle test is 
performed after each dynamometer test. With the smoke sensing meter located just above 
the vehicle's smoke stack the driver rapidly accelerates the engine three times, with the 
transmission in neutral. The driver then repeats the snap idle test three times while the 
meter measures the maximum opacity. The average of the three maximum readings is the 
percent opacity for the snap idle test. 

Each pickup will have a log book to keep daily and long-term records. Each data entry 
will include the following: date, ending mileage of trip, ending hour meter reading of trip, 
oil added, fuel added, driver, and destination. Also, a maintenance record book will be 
kept for each vehicle, which will include the oil samples, dyno test data sheets, and any 
other scheduled or unscheduled maintenance. 



Oil Samples 

Oil samples w31 be taken at  each oil change which is 3,000 miles for the biodiesel pickups 
and at  the convenience of the owners of the control vehicles. The oil samples will be 
analyzed a t  a commercial oil analysis laboratory for wear metals, and physical test8 will be 
performed, including antifkeeze, fuel dilution, water, and viscosity. An infrared analysis 
for soot, sulfur, nitration, and oxidation will be conducted. 

Development 

While the engines of the test vehicles are unmodified, the vehicles themselves have been 
modified for convenience of running the test. For example, it is known that esters will 
deteriorate rubber components over a period of time, so the fuel lines were replaced with 
viton hose. Some modifications were made on the fuel storage and delivery system to 
provide the on-board mixing of the fuels and for the convenience of the tests and the 
operator. A 56-gallon fuel tank for the biodiesel has been placed in each pickup bed. The 
vehicles as outfitted can travel over 4,000 miles between each fill up of biodiesel using the 
20-80 blend. Electric fuel pumps supply fuel to a combining chamber for correct 
proportioning. 

Mixing System 

The first generation fuel mixing system consisted of a timing circuit which operated the 
two fuel pumps simultaneously. The biodiesel was pumped through a precalibrated 
precision needle valve to obtain the desired 20-80 mixture. When the fuel reached a preset 
level in the combining chamber, a reed-relay float switch would close, activating the 
timing circuit. The time was adjusted to fill the one quart combining chamber. This did 
not provide a consistent 20-80 blend over the initial 15,000 mile period. 

/ 

A second generation circuit was recently installed on the Ford pickup which incorporates a 
new larger combining chamber and uses the timing circuit as a backup. Three floats are 
used to control the mixing ratio. The principle of mixing is based on a known volume 
between the floats. The first float starts the diesel pump and fills the combining chamber 
with diesel fuel until the second float switch is closed which turns the diesel pump off and 
the biodiesel pump on. As the biodiesel fills the chamber an adjustable float is activated 
which turns the pump off. This recent has logged only 2,000 miles on the Ford and is now 
being installed on the Dodge. 

Heating Biodiesel 

Since vegetable oil congeals slightly below freezing, at low temperatures it is necessary to 
provide the biodiesel fuel tank with a heating mechanism while parked or being operated. 
The biodiesel fuel tanks are heated with the use of a heat exchanger which uses engine 
coolant circulation. A 12-volt coolant pump circulates engine coolant through the heat 
exchanger. A temperature regulator maintains the tank temperature at 60 degrees 
fahrenheit. A 115-volt to 12-volt convertor operates the pump when the pickup is not 
being driven. The fuel lines, tanks, and hoses are well insulated. An hour meter, low 



coolant indicator, and a temperature readout for the biodiesel fuel tank were also added. 
An operators daily log sheet was put in the cab of the pickup for recording of pertinent 
data and observations. 

Results To Date 

Dodge 

As of May 26,1993 the Dodge pickup has accumulated 19,300 total miles with 17,663 
miles on the blend. The fuel mileage for the fmt 1,637 miles was 20.6 miles per gallon 
(mpg) which was with 100 percent diesel (100D2). The average he1 mileage on the blend 
is 20.1 mpg. It has consumed 731 gallons of diesel and 129 gallons RME. 

The engine oil is sampled at each oil change interval, which is every 3,000 miles. The 
check vehicle for this test also changes oil every 3,000 miles and both use Delo 15-40 
engine oil. Wear data for both pickups are at acceptable levels without any significant 
differences between the two sampling reports. 

Dynamometer Testing 

As of May 25, 1993, two dynamometer tests have been completed. The snap idle test was 
not implemented until the second dyno test. An abbreviated summary is presented in 
Table 1. 

Table 1. Dodge Dynamometer Test Results. 

The injectors and compression were tested at 1638 and 10586 miles. Injector valve opening 
pressures (VOP) varied as much as 100 pounds per square inch (psi) and there was no 
differences noted between the cylinder compression tests. 

896 

Max Hp 
@ 2350 rpm 

Economy mpg @ 
Max Hp 

Snap Idle Test 
% Opacity 

% Opacity 
@ 2500 rpm 

1470 Miles 

RME 

132 

6.11 

NR 

.2 

10470 Miles 

RME 

142 

6.30 

4.8 

.3 

Blend 

137 

6.26 

NR 

.7 

Diesel 

140 

6.37 

NR 

.8 

. Blend 
149 

6.45 

8.87 

.7 

I 

Diesel 

156 

6.44 

12.1 

1.1 



Ford 

The Ford has accumulated 16,400 total miles with 14,730 miles on the blend. The he1 
milage for the first 1,670 miles was 17.8 mpg using 100D2. The average mileage for the 
blend is 18.2 mpg. It has consumed 654 gallons of diesel and 154 gallons of raw rapeseed 
oil for an average fuel consumption of 18.2 mpg on the 
blend. 

Oil Sampling 

The engine oil is sampled a t  each oil change interval which is every 3,000 miles. The 
check vehicle for this test changes oil every 2,000 miles and both use Delo 15-40 engine oil. 
Iron for the check pickup has been high since the beginning of the test while all other 
elements are a t  acceptable levels. Wear data for the biodiesel pickup are a t  acceptable 
levels without any significant differences between sample reports. 

Dynamometer Testhg * 

As of May 25, 1993, two dynamometer test have been completed. The snap idle test was 
not implemented until the second dyno test. An abbreviated summary is presented in 
Table 2. 

Table 2. Ford Dynamometer Test Results. 

1262 Miles 
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I 
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@ 3000 rprn 

Diesel 
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% Opacity ( 10.2 1 13.1 1 10.2 1 13.1 
@ 2800 rpm 

117 

Snap Idle Test 
% Opacity 

The injectors and compression were tested at 1666 and 10517 miles. Injector valve opening 
pressures varied as much as 50 psi and there was no differences noted between the 
cylinder compression tests. 

Blend 

6.35 

The check vehicle has been dynamometer tested twice. At 38,671 miles a horsepower 
rating of 124 at 3,000 rpm and 11.7 percent opacity for the snap idle test was recorded. 
The compression was comparable to the biodiesel and the injector VOP was 200 psi lower. 

Diesel 

121 

NR 

Heating 

6.52 

The biodiesel heating system was tested under non-driving conditions with the ambient - temperature in the teens. Figure 1 is the test results for the Dodge pickup. The engine 
block heater was acting as the heating source for the engine coolant. 

I 
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NR 
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1 

6.38 6.38 
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Fuel Properties 

Table 3 lists the properties for the fuels used in these tests. Additional data will be 
collected in accordance with the pending M A E  Standards for Reporting Properties of 
Alternative Fuels. 

Table 3. Fuel Analysis To Date. 



The on-road vehicle tests are progressing on schedule. No mqjor maintenence or operating 
problems have been encountered. One objective of the study was to develop an on-board 
mixing system to increase the travel distance and a heating system for the biodiesel fuel. 
Continuous improvements to teh mixing system have been made. A second generation 
mixing system should provide a more accurate mixing ratio. The heating system 
performed well during the cold winter months, keeping the biodiesel at 60 degrees 
fahrenheit. 

At the 10,000 mile dynarnomter test the Dodge pickup had a 36 percent decrease in opacity 
and 4.5 percent less horsepower at the 20-80 blend compared to 100 percent diesel. With 
100 percent RME there was a decrease in opacity of 63 percent and 9 percent in 
horsepower compared to that of 100 percent diesel. 

Also at 10,000 miles the Ford developed 22 percent less opacity and 3 percent less 
horsepower with the 20-80 blend compared with 100 percent diesel. 

The vehicles are now at 20,000 miles and the next set of dynamometer tests and engine 
inspections will be completed in the near future. 
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Abstract 

Biodiesel produces fewer pollutants than petroleum diesel, and is virtually free of sulfur. These properties 
make biodiesel an attractive candidate to facilitate compliance with the Clean Air Act Amendments of 
1990 (CAAA). This fuel is ordinarily considered to be derived from oilseeds, but an essentially identical 
biodiesel can be made from microalgae. This technology is complementary to ongoing efforts to grow 
lignocellulosic biomass in areas with good soil and water resources, because microalgae are projected to 
be grown in those areas where lignocellulosics or oilseed crops will not grow well (desert southwestern 
United States and other areas with poor soils). Another area where microalgae are complementary to 
other energy crops is in quad potential and market readiness. The potential contribution of oilseeds and 
waste fats to the energy supply is much less than 1 quadBTU/yr (1 ~ * / y r ) .  However. oilseed biodiesel 

- can be made available quickly, thus helping to solve local air pollution problems over the short term and 
establishing an early market niche for biodiesel. Microalgal biodiesel would come on line later after 
further technology development to fulfill the multi-quad demand for diesel. 

Biodiesel Definition 

The esters derived from oils and fats from renewable biological sources are defined as biodiesel (Clements 
1992). Typically, oils from microalgae, animal fats, and oilseed crops are chemically very similar, if not 
identical. 



Market Analysis 

The total energy demand in the United States was approximately 81 quadBtu/yr in 1991 (1 
quadB tu= 1 EJ/yr) (Energy Information Administration 1992). Of that total 3.7 quadBtu/yr was diesel fuel 
used in the transportation sector. Biodiesel has particular advantages when used in that sector because 
of environmental concerns with petroleum diesel. Biodiesel is a cleaner fuel than petroleum diesel. It is 
virtually free of sulfur, thereby eliminating the production of sulfur oxides during combustion. Emissions 
of hydrocarbons, carbon monoxide, and particulates during combustion are also significantly reduced, in 
comparison to emissions from petroleum diesel (Raymer and Van Dyne 1992a). Biodieset is also non-toxic 
and biodegradable (Van Dyne and Raymer 1992b). It is miscible with petroleum diesel and can be used 
in conventional diesel engines. These properties make biodiesel useful in facilitating compliance with the 
CAAA of 1990. Biodiesel provides similar energy content and power output as petroleum-based diesel 
fuel while reducing emissions. Biodiesel's low pollutant emissions can be extremely useful in 
Environmental Protection Agency (EPA) non-attainment areas, which are typically central cities with acute 
local air pollution problems. Buses and other fleet vehicles running on biodiesel have the potential to 
make a major impact in these m e e t s .  

The CAAA pmvides significant opportunity for the replacement of conventional diesel fuel with biodiesel. 
In 1993, clean diesel fuel regulations take effect, requiring the sulfur content of diesel used in highway 
transport trucks to be limited to 0.05%, for a reduction of 90%. Tiis requirement will affect roughly 80% 
of the distillate fuel consumed in the transportation sector (EIA 1993). Assuming that the percentage of 
diesel fuel affected remains constant (i.e., 80%), the reformulation is 24.1 billion gallons (91.0 billion 
liters) in 1995, 26.5 billion gallons (100 billion liters) in 2000, 29.1 billion gallons (1 10 billion liters) in 
2005 and 31.3 billion gallons (118 billion liters) in 2010 (HA 1993). 

Although these regulations currently apply only to on-highway motor fuels, the refinery industry expects 
that they will be extended to all distillate fuels in the near future (Cambridge Energy Research Associates 
1992). If these standards were extended to all distillate fuels, the potential market for biodiesel would 
roughly double to upwards of 60 billion gallons per year (7.8 quadBtu/yr). Inasmuch as the total 
vegetable oil and tallow supply in the United States (Commodity Research Bureau 1992, United States 
Department of Agriculture 1992) is currently equivalent to less than 3 billion gallons of biodiesel fuel 
(0.35 quadBtu/yr), the vegetable oil and tallow supply is insufficient for the fuel market (Fig. 1). The 
current supply is needed for food and other uses. Assuming the current supply could be increased by 50% 
and that amount (1.5 billion gallons = 0.17 quadBtu/yr) could be devoted to fuel use, then only 2% of the 
market demand could be supplied by biodiesel from oilseeds. Even that number is not certain as there 
will be other energy crops competing for land and water resources, such as lignocellulosics for he1 ethanol 
production (Lynd et al. 1991). A recent estimate for a thirteen state region in the southeastern United 
States indicate that 0.64 billion gallons (.07 quadBTu/yr) of biodiesel could be produced (Raymer and Van 
Dyne 1992b). On a global basis the total production of plant and tropical oils, animal fats and marine oils 
is only about 20 billion gallons (2.6 quadBtu/yr), or about a third of the demand for diesel fuel in the 
United States. The global supply is for the most part unavailable for use as biodiesel, as it supplies food 
and other markets. Although the small amount of biodiesel from oilseeds and tallow provides an 
opportunity to satisfy early market demand, the biofuels industry must have another way to meet the need 
for these large amounts of diesel fuel. Microalgae provide the opportunity to satisfy much of that need 
without competing with other technologies and sectors for scarce resources. Biodiesel is ordinarily 
considered to be derived from oilseeds and animal fats, but a chemically identical biodiesel can be made 
from microalgae. Microalgal biodiesel would come on line later to fulfill larger market demands from 
the diesel market, and enhance the long-term potential of biodiesel as a renewable energy source. 



Biodiesel from rnicroalgae 

Microalgae are microscopic aquatic plants with the potential to produce large quantities of lipids (fats and 
oils). Microalgae are of interest because of their high growth rates and tolerance to varying environmental 
conditions, and because the oils (lipids) they produce can be extracted and converted to substitute 
petrol~urn fuels, such as biodiesel. 

Microalgae can be grown in arid and semi-arid regions with poor soil quality where woody or herbaceous 
crops cannot be grown. Saline water from aquifers or the ocean can be used for growing microalgae. 
Such water has few competing uses and cannot be used for agriculture, forestry, or as potable water. This 
technology is complementary to ongoing efforts to grow lignocellulosic biomass in areas with good soil 
and water resources, because microalgae are projected to be grown in those areas where lignocellulosics 
or oilseed crops will not grow well (desert southwestern United States and other areas with poor soils). 
Also, the yield of biomass per acre from microalgae is threefold to fivefold greater than the yield from 
typical crop plant acreage (Neenan et al. 1986). 

Projected global climate change provides another important rationale for this technology. Climate change, 
which has been linked to the accumulation of excess carbon dioxide in the atmosphere, has the potential 
of producing economic and geopolitical changes with profound impacts on our economy and the energy 
industry. Burning fossil fuels, primarily in power plants, is the main contributor to excess carbon dioxide. 
Inasmuch as the primary nutrient for microalgal growth is carbon dioxide, operation of microalgal biomass 
farms has emerged as a promising candidate in the search for alternative approaches to capture and dispose 
of carbon dioxide (Chelf et al. 1993). The microalgae essentially recycle the carbon dioxide from the 
power plant's stack gases into biodiesel. Although this carbon dioxide is eventually released when the 
fuel is burned, the process effectively doubles the amount of energy generated for a given quantity of 
carbon dioxide. Studies show that land and saline water are available in areas such as New Mexico and 
Arizona to support extensive microalgae facilities. The carbon dioxide emissions from all the power plants 
in these two states could be trapped by microalgae farms covering about 0.25% of the total land area. If 
this technology is expanded to other states, or projected future capacity is brought on line in Arizona and 
New Mexico, the farms could supply at least 2 quadBtu/yr (2.1 EJ) of energy, and offset an significant 
amount of carbon dioxide production. 

Studies have shown that economic fuel production will require the microalgae to be grown in intensive 
culture in large outdoor ponds. The system design consists of 6-in (0.15m)-deep, raceway-shaped ponds 
with a paddlewheel for circulating the water (Weissman and Tillett 1992). Carbon dioxide (perhaps in 
the form of power plant stack gases) and other nutrients are injected into the culture to optimize algal 
growth and oil production. Lipid accumulation is generally triggered by environmental stress, such as 
depletion of a key nutrient. Current research is directed at a better understanding of ways to trigger lipid 
accumulation. 

Overview of Research 

Description of the Biodiesel from Aquatic Species Project at the National Renewable Energy 
Laboratory (NREL) 

NREL is managing a project to produce biodiesel fuel from microalgae for the United States Department 
of Energy (DOE). The primary goal of the Biodiesel/Aquatic Species Project is to develop the technology 



for growing microalgae as a renewable biomass feedstock for the production of a diesel fuel substitute 
(biodiesel), thereby reducing the need for imported petroleum. 

Production 

The NREL culture collection contains microalgal strains that produce large amounts of lipids and grow 
rapidly, but not necessarily in the same growth phase or in a controllable manner. Genetic techniques are 
being used to help reach technical and economic goals of the project, including predictable growth 
performance and controllable lipid yield. 

Extraction and Conversion 

Methods need to be applied to economically extract lipids from microalgae and convert of lipids to 
biodiesel. Untreated lipids have oxygen contents and viscosities that are too high to be used in standard 
engines. The primary goal of the conversion element is to develop methods to economically convert a 
high proportion of the microalgal lipids to biodiesel fuels, and to improve the overall economics by 
converting the balance of the biomass to other products. 

Engineering Design 

The technology to produce economic liquid fuels from microalgae requires the growth of microalgae on 
a large scale. Systems to maintain optimal levels of nutrients, carbon dioxide, salinity, and temperature 
must be developed and tested. The goal of the engineering design element is to develop large-scale 
outdoor facilities that allow the production goals to be met, and to reduce costs of such a system to those 
targeted by the project's economic analysis. Future work in this area will hopefully allow the evaluation 
of various mass-culture and harvesting systems in an effort to increase outdoor algal productivities and 
decrease the cost of operating such a facility. 

Analysis 

Economic and resource analyses provide input to project management to set research directions and 
priorities. The goal of the analysis element is to support the technology development by determining cost 
goals, economic sensitivities, resource assessments, and environmental impacts as new data are developed. 
To accomplish this, researchers will conduct ongoing economic analyses. Resource and environmental 
assessments will be conducted to identify potential constraints, identify and address data gaps, and provide 
project guidance. 

Project Accomplishments 

Progress has been made in several areas that an'important to the Biodiesel from Aquatic Species Project. 
Initial research in the project involved a large effort to collect algal species from natural habitats, followed 
by an extensive screening process to determine which of the collected strains were able to tolerate the 
expected mass culture conditions and to produce large quantities of lipids (Barclay et al. 1987). This 
effort led to the establishment of an extensive microalgal culture collection that provides NREL 
investigators with a large gene pool for additional study and manipulation. 

Another area of research in the project was the operation of an Outdoor Test Facility in Roswell, New 



Mexico to carry out an engineering design assessment (Weissman and Tillett 1989). Two 0.1 hectare 
ponds were operated successfully, providing substantial information regarding microalgal growth rates in 
mass culture, carbon dioxide utilization, and pond design parameters (Weissman and Tillett 1992). During 
this period, research was also conducted into various means of lipid extraction and conversion to biodiesel 
(Nagle et al. 1988, Nagle and Lemke 1990). 

Recent research efforts have concentrated on applying genetic methods to microalgae (Brown et al. 1990). 
DNA from microalgae with potential for fuel production has been analyzed chemically (Jarvis et J. 1992), 
and short-term expression of a foreign genes such as firefly luciferase was achieved (Jarvis and Brown 
1991). Progress has also been made with respect to the development of new protocols for introducing 
foreign genes into microalgae (Dunahay 1993). In the area of microalgal lipid biochemistry and molecular 
biology, an important enzyme in lipid metabolism, acetyl-CoA carboxylase was purified (Roessler 1990). 
This purified enzyme aided efforts to clone and sequence this key gene in lipid metabolism (Roessler and 
ONrogge 1993). 
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BlODlESEL SUPPLY AND DEMAND 

supply Demand 

Figure 1. Vegetable oil, tallow, and microalgal biodiesel potential supplies compared to energy market 
sizes. Note that U. S. vegetable oil and tallow and global bio-oil supplies (vegetable, tallow and marine 
oils) are not sufficient to supply even the U. S. biodiesel market. Two estimates for microalgae are given; 
low estimate based on project target and high estimate based on C 4  - sources in southern U. S. (Feinberg 
and Karpuk 1990). Resource data are from Cambridge Energy Associates ( 1992), Comrnodi ty Research 
Bureau. (1992). Energy Information Administration (1993), Raymer and Van Dyne (1992b), United States 
Department of Agriculture. (1992). Dashed lines represent projections. Also see text. 
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Abstract 

Biodiesel can be processed from oilseeds or animal fats, and used in 
unmodified diesel engines. This type of fuel has been produced commercially in 
Europe for over three years. European research and testing indicate that used as a 
diesel fuel substitute, biodiesel can replace diesel fuel without causing harmful effects 
to an unmodified engine and reduce harmful emissions simultaneously. In addition, 
some European biodiesel plants operate at the community level and effectively supply 
both fuel and protein needs to area producers. 

The objective of this study was to examine multiple feedstocks that could be 
utilized by a community sized biodiesel plant and indicate which feedstocks are 
superior economically. The model plant used in this study is a 500,000 gallon 
processing facility that is operated as a cooperative. The model plant is assumed to 
be installed in an existing grain handling facility or feed mill. Animal fats would be 
purchased from outside sources and oilseeds would be provided by area producers. 
Producers would retain ownership of the oilseeds and pay a processing fee to the 
cooperative. Oilseeds would be extruded before being separated into meal and crude 
oil. The crude oil would be esterified into tjiodiesel using continuous flow esterification 
technology. 

The results of this study conclude that under specific conditions, biodiesel can 
be processed economically at the community level. The results of different simulations 
demonstrate that without farm program benefits to minor oilseeds, soybeans are the 
most economic feedstock to use in a community based operation. Realistic price 
information suggests that biodiesel (from soybeans) could be produced for $1.26 per 
gallon. If producers participate in government programs and are capable of growing 
minor oilseeds, canola may represent a better feedstock than soybeans. This 
conclusion is dependent on localized factors. In addition, achieving the lowest costs of 
production depends on the value assigned to co-product credits such as oilseed meal. 
Community based biodiesel plants will be successful for producers that are diversified 
in both crop and livestock operations and can utilize oilseed meals. More specifically, 
the more producers pay for high protein meal for their livestock and poultry, the lower 
the residual price of biodiesel. 



A combination of factors has pushed energy from biomass into the forefront of policy and 
industry discussions. Large harvests of traditional crops, low farm prices, dependence of foreign 
energy sources and environmental problems have increased interest in renewable energy sources. 
Austrian communities have been successful at producing biodiesell economically at the community 
level for the last three years. The qualities of this fuel, environmentally as well as technically, have 
pushed this fuel close to the find stages of commercialization in the United States. 

Description of Biodiesel 

The idea of chemically altering vegetable oils was noted even before World War 11. Walton 
wrote in 1938, "....to get the utmost value from vegetable oils as fuels it is academically necessary 
to split off the glycerides and to run on the residual fatty acid" because "...the glycerides are likely 
to cause an excess of carbon in comparison (Quick, 1989)." Although not studied extensively until 
later, animals fats are also able to be chemically converted into esters (biodiesel). The chemical 
process used to transform vegetable oils, animal fats, and waste grease into a usable energy form is 
called trans-esterification. During this process, large, branched, triglyceride molecules of bio-oils 
and fats are transformed into smaller, straight-chain molecules. These straight-chain molecules are 
very similar to diesel (Quick, 1989). The chemical transformation is documented as follows: 

Triglyceride + Alcohol cataiy st >Ester + Glycerol + Alcohol 

Source: Quick, 1989 

Model Plant for This Study 

The baseline model plant for this study will closely parallel the Austrian system in form of 
ownership of the facility and the utilization of the products. The biodiesel facility will be operated 
as a cooperative. U.S. producers will bring in their oilseeds (soybeans, canola, or sunflower) to 
the facility. Ownershp will be retained by the producer at all times and the cooperative will charge 
a processing fee that will cover real annual capital costs and operating costs. The resulting 
products-biodiesel, meal, and glycerol will remain in the ownership of the producer. Both the 
biodiesel and meal will be taken back by the producer and the producer will be given a processing 
credit for the glycerol. The glycerol will be sold on the commodity market as saponification (88%) 
crude or soap lye (80%) crude. Animal fats, if required, will be purchased from local or regional 
slaughter facilities. Extrusion and expelling equipment used in this study will be manufactured by 
Triple "F" Feeds (Des Moines, IA) and the continuous flow esterification unit has been designed 
by Stratco (Leawood, KS).2 

The biodiesel facility will be installed in an existing grain handling facility or feed mill. 
Therefore excessive capital costs should be eliminated. Presently many grain handling facilities 
and feed mills are experiencing excess capacity. By utilizing scales, elevator legs, and storage bins, 
capital costs for a biodiesel facility will be minimized. Plant equipment costs will be the primary 
source of capital cost. In addition, it is possible for some of the administrative roles and plant 
labor to be filled by existing personnel. 

The biodiesel unit will be computerized as much as possible in order to minimize labor 
costs. If the facility was to run 24 hours per day, three shifts of people would be required. 
However, with computerized sensors less labor will be required as proven by the Austrian system. 

I 

Biodiesel is a diesel fuel substitute from vegetable oils andlor animal fats. * Mention of these private firms does not indicate sole endorsement by the University of Missouri 



In the extreme case that the plant is underutilized, excess pressing capability will be used to crush 
soybeans into meal and oil. The crude soybean oil can be sold on the open market and soybean 
meal can be sold to other livestock producers in the area. 

The following additional assumptions were made for a 500,000 biodiesel processing 
facility operating as a cooperative: 

the plant would be situated into an existing feed mill or grain elevator 
extrusion/pressing equipment to crush 493,000 gallons worth of soybeans 
utility hookups are available and on-site 
oil removal is as follows: 

soybeans - 50% of total oil content (10%) 
canola or sunflowers - 68% of total oil content (27%) 

plant presses operate 300 dayslyear; 24 hours per day 
plant esterification equipment operates 330 dayslyear; 24 hours per day 
estimated yields of oilseeds (soybeans and canola - 35 bulacre; sunflowers - 1500 
lbslacre) 
producers would retain ownership of the seed 
facility can process animal fats into biodiesel (valued @ 12$ per pound) 
excess pressing capacity can be used to produce meal and oil for the 
commodity markets 
supply 70% of the producer's fuel needs and serve approximately 550 producers 
soybeans valued at $5.60 per bu., canola @ $4.25/bu. and sunflowers @ 1 lgllb. 
soybean meal (44% protein) is valued at $220 per ton 
canola meal (38% protein) is valued at $190 per ton 
sunflower meal (28% protein) is valued at $140 per ton 
crude glycerin valued at 30$ per pound 
electricity purchased at $0.07 per kilowatt hour 

Scenarios Utilizing 100% of a Specific Feedstock 

A comparison of the different feedstocks is detailed in Table 1. At first glance soybeans 
appear to be the logical feedstock choice. Given the same set of operating conditions and the 
specific amount of pressinglextrusion equipment provided in the baseline simulation, soybeans do 
result in the least cost per gallon for biodiesel. However, much of the higher costs for the 
remaining feedstocks result from the underutilization of oilseed extrusionlpressing equipment. 
Table 1 displays the percent utilization of the pressinglextrusion equipment for each feedstock. For 
example, if animal fats are the sole feedstock then none of the pressing equipment is used and 
capital costs as a percent of total costs increases to 35%. Scenario I, which uses soybeans as the 
main feedstock, fully utilizes all of the equipment in this simulation and capital costs are only 8% 
of the total costs. Both canola and sunflowers rate in-between the previous two feedstocks. 

Due to the underutilization of the pressing/extrusion equipment when canola, sunflower, or 
animal fats are used as the only feedstock, examining the feedstocks against each other does not 
provide for a valid comparison. Therefore, a comparison should be made according to how much 
of the pressing equipment is actually utilized. If only 38% of the pressing equipment is allocated to 
the costs of production when canola or sunflowers are used, the cost per gallon of biodiesel 
decreases. Also, the cost per gallon of biodiesel from animal fats decreases if none of the 
pressinglextrusion capital costs are allocated to the total costs of production. Listed below are the 
costs per gallon for each of the feedstocks if the appropriate amount of pressinglextrusion capital 
costs are allocated. 



Soybeans 
Canola 
Sunflower 
Animal Fats 

Based on this analysis soybeans would be the logical feedstock to use in a community based 
operation, given no federal support for other feedstocks. 

Table 1 
Economic Comparison of Multiple Feedstocks 

Scenario Scenario I1 Scenario Scenario 
I 111 IV 

1 

Changing Cells: 
Percent Beans I 97% 0% 0% 0% 

Comparison of the Effect of Meal Values on Biodiesel Cost per Gallon 

Percent Tallow 
Percent Canola 
Percent Sunflower 

On a per pound basis, canola is the least cost feedstock to use in a biodiesel operation in 
this simulation. However soybeans achieve a lower cost of production per gallon of biodiesel. 
Therefore another variable is affecting the economics of this operation. The value of meal co- 
products is very important in determining the economics of a community based biodiesel plant. 
Soybean meal is a high protein, low fiber meal. On the other hand sunflower meal is valued lower 
then soybean meal due to its higher fiber content and lower protein levels. Table 2 demonstrates 
the importance of the value of oilseed meals in determining the economics of community based 
biodiesel plants. 

0% 0% 0% 100% 
3% 100% 0% 0% 
0% 0% 100% 0% 

The shaded areas represent the values used in the previous simulations. Therefore, once 
again the pressing/equipment for both canola and sunflowers is underutilized. If this problem is 
overlooked, the importance of the meal in the economics of biodiesel can still be viewed. A $5 per 
ton increase in the value of soybean meal will decrease the cost of one gallon of biodiesel by 16$ 
per gallon. However, a $5 per ton increase in value for sunflower meal will only net a 5$ per 
gallon decrease in the cost of biodiesel. An increase in value by $5 per ton for the last feedstock, 
canola, will also result in a decrease in the costs of production of each gallon of biodiesel by 51. 

Cells Result : 
Biodiesel Costper-gallon 
Capital Costs-a~-?4~-of-Total Cost 
Percent-Press-Capacity-Used 

$1.26 $1.58 $2.48 $1.83 
8% 19% 17% 35% 

100% 38% 38% 0% 



Table 2 
Price Sensitivity of Oilseed Meal Values 

Soybean Cost per Canola Meal Cost per Sunflower I I Cost per 
Meal ($/ton) Gallon ($/ton) Gallon Meal ($/ton) Gallon 

Relationship between Soybean Prices and Soybean Meal Prices 

According to the information presented, soybeans represent the best feedstock to produce 
biodiesel given no policy scenarios. Soybean meal was valued at $220 per ton in the baseline 
simulation. In fact, producers paid an average of $256 per ton for 44% soybean meal in 1991 ('92 
Soya Bluebook). Therefore, a community sized biodiesel plant may be capable of producing 
biodiesel for less than $1.26 with soybeans as the major feedstock. In addition, meal normally 
marketed would not have the additional energy content that would be found in the soybean meal 
produced by a biodiesel operation. The meal from the biodiesel plant contains approximately a 
10% residual oil content for soybeans (13% for sunflowers or canola). Because the average 
soybean price received by farmers in 199 1 was actually $5.70 per bushel and producers paid $256 
per ton on average for 44% soybean meal, a logical question to ask concerns the economics of 
biodiesel production given conditions from the past. Assuming that the price of diesel fuel at the 
farm level is $0.85 per gallon, a community sized biodiesel plant could have produced fuel for a 
cost lower than #2 diesel fuel in 8 of the 1 1 years considered (1 98 1 - 199 1). This conclusion is 
based on the average prices paid for 44% soybean meal and the average prices received by farmers 
for soybeans (data taken from the 1992 Soya Bluebook). These data do not include a value for the 
residual oil in the meal, which may be worth $20 to $35 per ton. 

Opportunities for Other Feedstocks 

Double-Cropping Opportunities 

Some areas of the United States have climates that allow planting of a second crop during 
the same year due to the length of the growing season. The southern portion of the U.S. fits into 
this category. Because the first crop has already been grown, the second crop will not have a land 
charge associated with its production budget. Therefore, producers will only need to cover 
variable costs of production in order to break-even. Using this rationale creates a feedstock that is 
actually less expensive for the production of biodiesel. However, producers would not process a 
feedstock into biodiesel if it were more valuable to sell in the commodity market. If producers 

% 



cover only variable production costs then any of the oilseed feedstocks could be processed into 
biodiesel for less than $1.26 per gallon. 

Policy Opportunities 

Farm program incentives also exist that could effectively lower the feedstock cost of a 
community based biodiesel operation. The Minor Oilseeds Clause was written in the 1990 Farm 
Bill and provided the opportunity for producers to 0-92 program crop acres, plant a minor oilseed 
on program crop acres and retain 92% of their deficiency payment. If the assumption is made that 
the minor oilseed and the program crop are economically competitive without the deficiency 
payment, then the deficiency payment per acre becomes a subsidy per gallon of biodiesel. If an 
average canola yield was 35 bushelslacre, then a deficiency payment of $21 per acre would be 
required to break even with soybeans given the same extrusion and expelling equipment as in the 
baseline simulation. If only 38% of the extrusion/pressing equipment capital costs were allocated 
to the costs of production, then a deficiency payment of only $13 per acre would be required to 
break-even with soybeans. Any future legislation that affects feedstock cost will dramatically 
impact the cost of producing biodiesel in a community sized plant. 

Location Opportunities 

In addition to the previous observations, location, in combination with changing oilseeds 
prices and meal prices, could create an opportunity for feedstocks besides soybeans. If only 
esterification equipment was installed in a 500,000 gallon plant, tallow that could be purchased at 
1 l$/pound would break even with soybeans given the prices in the baseline simulation. 
Community based biodiesel operations that were located extremely close to slaughtering facilities 
may be able to purchase animal fats and process them into biodiesel for the same costs as an 
oilseed. 

Conclusions 

The results of this study conclude that under specific conditions, biodiesel can be processed 
economically at the community level. The results of different simulations demonstrate that without 
farm program benefits to minor oilseeds, soybeans are the most economic feedstock to use in a 
community based operation. Realistic price information suggests that biodiesel (from soybeans) 
could be produced for $1.26 per gallon. If producers participate in government programs and are 
capable of growing minor oilseeds, canola may represent a better feedstock than soybeans. This 
conclusion is dependent on localized factors. In addition, achieving the lowest costs of production 
depend largely on the value assigned to co-product credits such as oilseed meal. Community 
based biodiesel plants will be successful for producers that are diversified in both crop and 
livestock operations and can utilize oilseed meals. More specifically, the more producers pay for 
high protein meal for their livestock and poultry, the lower the residual price of biodiesel. 

Selected References: 

Quick, G.R. 1989. "Oilseeds as Energy Crops" in Oil Crops of the World. McGraw-Hill 
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Abstract 

For more than a decade, Idaho researchers have been evaluating the potential of 
vegetable oil based fuels as a diesel substitute. The investigations began by using 
unmodified vegetable oils in diesel engines, then progressed to the use of modified 
vegetable oil through the transesterification process. The fuel production process was 
identified, developed, optimized, evaluated and improved. The oilseeds used for the 
process are from several cultivars of rapeseed developed by Idaho workers and grown 
locally. 

At first, the main focus of fuel evaluation was on rapeseed methyl ester (-1, for 
which off-road engine tests have been done, including: a) short term tests on a 
stationary tractor engine; b) fuel performance tests on small stationary engines; c) 
endurance engine tests (1000 hours duration); d) durability testing of engines; e) 
combustion modeling of the fuel (KNA) using the Cray supercomputer a t  Los Alarnos 
National Laboratory; and f) fuel utilization in tractors used in normal farm 
operations. The engine tests indicate that RME is a suitable substitute for diesel fuel. 

In recent months, the process of transforming rapeseed oil into a suitable fuel has 
been upgraded and modified. A simpler and shorter transesterification process has 
been developed and identified. The process uses ethanol as the other main ingredient. 
The washing phase has also been redesigned. Ethanol is a "better" alcohol compared 
to methanol because the former is derived from agricultural products, is a renewable 
fuel, and is relatively harmless to the environment. 



Scientists a t  the University of Idaho have been involved with the use of vegetable oil 
as diesel fuel since 1979. The current project entitled "Rapeseed as an Agricultural 
Fuel" involves: 

Agricultural Engineering: Process Scale-up and Engine Evaluation of Rapeseed 
Oil Based Fuels 

Agricultural Economics: Economic Considerations of Vegetable Oil as a Fuel 

Biochemistry: Genetic Modification of Fatty Acid Composition for 
Vegetable Oil Based Biodiesel Fuel 

Chemical Engineering: Production of Alcohol Esters of Vegetable Oils 

Plant Science: Increasing the Genetic Potential of New and 
Improved C ul tivars 

Objectives 

1. Develop higher yielding rapeseed cultivars with fatty acid composition 
suitable for diesel fuel and co-products. 

2. Develop more efficient and environmentally acceptable processes for 
converting rapeseed oil to diesel fuel and associated co-products. 

3. Develop more efficient methods and technology for storing, handling and 
utilizing diesel fuel from rapeseed. 

4. Assess economic costs and potential benefits associated with producing and 
using rapeseed oil as a fuel extender. 

Recent Progress 

Plant Science 

The following cultivars have been developed a t  the University of Idaho resulting from 
past rapeseed breeding efforts: Cascade,Tri-Cascade, Bridger, Tri-Bridger, Humus, 
Aspen, Rebel (Auld et al., 1987a; Auld et al., 1987b; Auld et al., 1991b; Auld et al., 
1991~). 

Two winter B.na~us selections have been identified which have high seed yield, high 
percentage of oil content and very high levels of erucic acid. These selections are 



being increased in isolation for large scale commercial adaptation trials this coming 
season. 

In addition, there are further 32 F, Canola quality selections and 28 F, industrial 
rapeseed selections which are presently under evaluation in replicated yield trials. 
Each of these populations have been selected for yield, oil content and fatty acid 
composition. 

A collection (125 genotypes) of germplasm for different world growing areas was sown 
at  three locations on summer fallow and recrop land to determine the feasibility of 
recrop. The most advanced lines (F,J bulk populations were planted in Northern 
Idaho and seed was also sent for evaluation in Kansas and Missouri. F, hybrid seed 
from two 4 x 4 half diallels (involving both spring and winter genotypes) were 
produced by hand pollination as an initial test of heterosis in rapeseed. F, seed from 
120 spring x spring Brassica naDus crosses were planted in the greenhouse to provide 
F, seed for early generation cross prediction methods. 

Biochemistry 

A Sta~hvlococcus aureus protein A:acyl carrier protein I gene driven by the CaMV35S 
promoter was transferred and expressed in transgenic tobacco. An elevated level of 
oleic acid and elevated total fatty acid content(in some plants) was found compared 
to plants transformed with the vector alone. The high oleic acid phenotype (5-20 fold 
in excess of the control) may now be conferred to oilseed rape. 

In related research, an antisense construct against the neomycin phosphotransferase 
gene (nptII) was evaluated and found to be useful as a negative selectable marker for 
gene targeting in plants. Gene targeting will allow us to specifically modify the 
composition of rapeseed oil without diminishing agronomic performance. The use of 
the protein A:acyl carrier protein I gene with the anti-sense RNA technology 
developed a t  Idaho should provide a means to greatly enhance biodiesel production 
in rapeseed. 

Chemical Engineering 

Previous work (Caringal, 1989) has shown that rapeseed oil plus excess methanol in 
the presence of alkali metal catalysts react to form methyl esters plus glycerin (and 
unreacted methanol + catalyst). The products of this reaction separate into an ester 
phase and a glycerin phase with catalyst and unreacted methanol distributed between 
the two phases. The methyl ester has been washed with water to remove unreacted 
methanol and catalyst; the wash water has been disposed of as waste. It had been 
shown with small scale experiments that the glycerin can be purified by vacuum 
distillation. 

The results of this work has shown that the esterlglycerin phase separation, alcohol- 
catalyst phase distribution, and manufacturing cost are significantly affected by: 



a) Type of alcohol, moisture content, and denaturing impurities. 
b) The excess alcohol ratio and type of catalyst. 
C) Eighty percent of the cost of producing methyl ester is presently determined 

by the cost of the vegetable oil. 

Agricultural Engineering 

Two diesel powered pickups were started on an on-road test. One is a 5.9 Liter, turbo- 
charged, direct injected engine operated on 20% RME-80% D2 and the second is a 7.3 
liter N.A. engine, precombustion engine operated on 20% raw rapeseed oil-80% D2. 
The fuel systems were modified to provide on-board fuel mixing. Heaters were 
installed in the vegetable oil tanks for cold weather operation. A new small-scale 
expression plant has also been constructed. 

Agricultural Economics 

While to the present vegetable oil fuels have tended to be more expensive than 
traditional petroleum based fuels, there may be situations or conditions in which this 
relationship does not hold. Two of these conditions may be when petroleum based 
fuels become unavailable or in short supply and when petroleum fuels cause excessive 
air pollution or are in some other way more harmful to the environment than the 
biologically based fuels. The quality and use of the meal will aho  have an important 
bearing on oil prices. 

Recent Publications 

Listed below are selected publications by University of Idaho researchers that relate 
to the use of rapeseed oil in agricultural applications: 

Auld, D.L., K.A. Mahler, D.A. Erickson and P.L. Raymer. 1991. Registration of 
Humus rapeseed. C r o ~  Sci. 31: 

Auld, D.L., K.A. Mahler, D.A. Erickson and P.L. Raymer. 1991. Registration of 
Aspen rapeseed. Crow Sci. 31: 

Auld, D.L., K.A. Mahler, D.A. Erickson, P.L. Raymer and J.L. Butler. 1991. 
Registration of "Rebel" rapeseed. C r o ~  Sci. 31:493-494. 

Barn, N.B. 1991. Process Development of Rapeseed Oil Ethyl Ester as a Diesel Fuel 
Substitute. An Unpublished M.S. Thesis, University of Idaho, Moscow, Idaho 
83843. 

Feldman, M. 1991. Optimization of a Direct Injection Diesel Engine for Operation on 
Winter Rape Methyl Ester. an unpublished M.S. Thesis, University of Idaho, 
Moscow, Idaho. 
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Abstract 

During the past decade the U.S. has become increasingly dependent upon imported 
oil to meet our energy demands. Nearly 50 percent of our U.S. consumption of 
petroleum is imported. Research has shown that agricultural crops can be used to 
reduce this dependence. Vegetable oil as an alternative fuel has been under study 
at  the University of Idaho since 1979. Since then the Idaho research team has 
pioneered the use of rapeseed oil as a diesel fuel substitute. Idaho's interdisciplinary 
team includes plant breeding, plant modification, process development and scale-up, 
engine testing, and economics. Researchers in Montana have studied s f l o w e r  oil as 
a potential diesel fuel replacement since 1983. This project, aimed for use of safflower 
oil in railroad engines, involves genetics, agronomics, economics and contract engine 
testing. 



Rapeseed Oil as Diesel Fuel in Idaho 

The oil crisis of 1979 touched off a multidisciplinary program at the University of 
Idaho to develop a homegrown diesel fuel from the oil of winter rapeseed. It was 
designed to reduce dependence on foreign oil and to provide an  alternative crop for 
Idaho farmers. Oilseeds, especially winter rapeseed, are excellent alternate crops for 
the climate and topography of the Palouse of Eastern Washington and Northern 
Idaho. The basic crop is wheat, with some peas and lentils. Winter rapeseed has good 
genetic potential modified, and its seasons are compatible with other commercial 
crops. Idaho had 4,000 acres under cultivation at  the time. 

Rape is an ancient fuel and industrial oil source. It is from the brassica family, 
yellow-blooming, a cousin of turnips, cabbage and cauliflower. Until petroleum 
displaced it, rapeseed oil was a major lamp fuel in northern Europe. Canada grows 
more than 4 million acres for industrial or edible oil. In Europe, rape crops are 
rotated with cereals, as forage, feed and green manure. American agronomists have 
studied it in rotation with soybeans and wheat. The high-protein residue from oil 
extraction is similar to soybean meal as livestock feed, though most varieties are less 
well regarded than soybean meal. 

In 1986, University of Idaho personnel organized the U.S. Winter Rapeseed Variety 
Trial under USDA and DOE sponsorship. Six cultivars of winter rapeseed and canola 
were planted a t  10 test sites across the nation. By 1990 the trial had enrolled 17 sites 
spanning nearly 20 degrees of latitude, from Kalispell, Mont., to College Station, 
Texas. 

The results indicated that in most regions of the U.S., rapeseed or canola could yield 
more than 900 liters of oil per hectare (2.4 bbl/acre), if varieties were optimized for 
local conditions. Five major commercial production zones were identified. 

Current members of the Rapeseed Oil as a Fuel project are Dr. Charles Peterson, 
Agricultural Engineer; Dr. Jack Brown, Department of PSES; Dr. Russell Withers, 
Department of Agricultural Economics; Dr. Dan Guerra, Department of Bacteriology 
and Biochemistry; and Dr. Dave Drown, Department of Chemical Engineering. A 
number of technical support staff and graduate students are also working on the 
project . 
It has been found that rapeseed oil should be transesterified before being used as a 
fuel (called Biodiesel). Transesterification is the reaction of a methyl or ethyl alcohol 
with the vegetable oil in the presence of a catalyst such as potassium hydroxide to 
reduce the viscosity of the oil. Biodiesel can be used as a fuel in unmodified diesel 
engines without a significant reduction in performance or power. The Idaho biodiesel 
manufacturing process is simple and reliable, and can be performed efficiently by 
local or regional cooperatives. 

Biodiesel has been found to reduce particulate and some gaseous emissions from the 
exhaust of diesel engines. Particulate emissions (smoke) are reduced by as much as 
65 percent. Vegetable oil fuels contain very little sulfur and thus emissions of sulfur 
dioxide are nearly eliminated. Vegetable oils are also more environmentally friendly 
in the case of a spill. The fuel is biodegradable and will quickly break down to non- 
toxic compounds, thus preventing long-term damage to soil or water. 



Biodiesel vs. No. 2 Diesel 

Properties 
Cetane rating 
Flash point PC) 
Cloud point PC) 
Pour point PC) 
Viscosity (cs) @ 40°C 

@ 100°C 
Sulfur (pct, wt) 
Density (kgL 
Gross combustion heat (kJkg) 

Biodiesel 
54.4 
87.0+ 
- 2.2 
- 9.4 

6.0 
2.39 

< 0.005 
0.874 

35,387 

Diesel 
47.8 

L 80 
-12.2 
-28.9) 

3.2 
1.26 
0.29 
0.852 

38,537 

Bv Phoenix Chemical Lab. Inc.. Chicago. 111. 

The results of 1000 hour engine tests were dramatic: durability of the biodiesel-fueled 
engines was equal to or slightly better with straight diesel. 

a Power -- The diesel-fueled engine had the most power a t  first, and the totally 
ester-fueled engine the least. By 500 hours, however, the diesel-fueled unit had 
faded behind the biodiesel, and by 1,000 hours, both biodiesel and half-and-half 
fuel were producing more power than petroleum diesel. 

a Wear -- Fewer wear particles of iron, aluminum, chromium and lead were 
found in the lube oil of biodiesel-fueled engines, possibly because of different 
combustion-chamber pressures. 

Lube oil -- Viscosity decreased slightly with ester fuel, and increased with 
diesel, but both stayed within standard limits. 

a Injector coking -- No significant difference related to fuel. Biodiesel injectors 
showed a bit less wear and discoloration. 

Engine deposits -- The diesel-fueled engine had more deposits on valve seats 
and heavier black deposit in combustion chamber. Piston rings were equally 
free in all engines; oil rings on the diesel-fueled engine had more deposit. 

a Fuel production -- There no significant problems in producing the 5,496 liters 
(1,452 gals.) of biodiesel used in the tests. 

Safllower Oil as a Diesel Fuel in Montana 

Montana's safflower project began in 1983 under the state's Renewable Energy and 
Conservation Program, funded by a coal-severance tax aimed at replacing fossil fuels. 

Safflower, a member of the thistle family (along with sunflower), is botanically known 
as Carthamus tinctorius. It is a native Asian and African crop; the flowers were made 
into a red dye, carthamin, until chemical dyes came in, and the oil was used there in 
paint, ink, cosmetics, cooking and medicine. Brought to the U.S. from India a t  the 
beginning of this century, it was introduced as a crop after World War II in Nebraska, 
California, Montana, Texas and the Dakotas. Montana grows about 40,000 acres for 
the food-oil market. In rotation with wheat or barley, about 1 million acres could be 



planted annually in the state, yielding about 900,000 barrels of oil with the energy 
equivalent of 800,000 barrels of diesel fuel. 

Agronomists report that safflower is highly desirable for rotation with the state's 
biggest crop, dryland wheat, to break disease and pest cycles. Also, i t  can improve 
soil. Deeper rooted than wheat or barley, i t  can tap out-of-reach nutrients and 
moisture, even to the point of reversing water-related saline-seep damage on fallowed 
land. And, i t  can be planted, cultivated and harvested with conventional wheat- 
farming equipment. Safflower meal, the protein-rich seed residue left after the oil is 
extracted, has become the state's main sheep-feed supplement. 

Safflower's two principal fatty acids, oleic and linoleic, are both classed as 
unsaturated. One of safflower's fatty acids, oleic acid, has a single carbon-bonding 
link or is monounsaturated. Linoleic acid, has a double link or polyunsaturated. 

There are two rnqjor safflower strains, differing in the color of their blooms and in 
their oil composition. One, distinguished by red-and-white flowers and a predominance 
of oleic acid, is not commercially grown in Montana, but is used in the breeding 
program. The second strain, which blooms yellow-orange, is the basic Montana crop. 
Standard versions yield a high level of linoleic acid. Montana's breeding program has 
intensified that trait to produce the highest proportion of linoleic acid known; other 
varieties reverse the pattern and yield an exceptionally high proportion of oleic acid. 

More stable chemically than most other cooking oils, high-oleic safflower oil can be 
used a t  higher temperatures and has longer shelf life -- important traits to fast-food 
processors. 

That stability also is significant in industrial uses. In engines, high-oleic sdflower oil 
has performed almost as well as diesel fuel in preliminary tests. It  didn't leave the 
crippling carbon or polymer deposits typical of other vegetable oils, which foul 
combustion chambers or gum up piston rings and injectors. And i t  caused less of the 
lubricant thickening that has halted many alternative-fuel trials. 

The other safflower product, high-linoleic oil, seems to the Department of Natural 
Resources Conservation (DNRC) researchers to have better prospects as a feedstock 
in the $12 billion oleochemical market than in fuel. There, i t  could compete with 
petrochemical feedstocks as a clear, hard-drying base for paints, floor finishes, 
industrial coatings and other compounds. Montana's 10-year-old breeding program 
for safflower oils to replace petroleum products is moving forward, tightly focused on 
industrial special ties including pollution-reducing locomotive-fuel additives. 

This project was originally aimed broadly at the railroad market. There are 20,000 
diesel locomotives, burning more than 3 billion gallons of oil a year, according to the 
U.S. Department of Energy. These 12- and 16cylinder, medium-speed, heavy-duty 
engines have large fuel lines and they use more than 3 gallons of fuel per minute. 
Similar engines are harnessed to stationary loads such as electrical generators and 
oil-well pumps. But locomotives won't be filling up with straight s d o w e r  oil soon, 
if ever, the Montana Department of Natural Resources and Conservation now 
realizes. The price is still too high, and there is skepticism about quality and supply, 
based on the railroads' own nervous research into substitute or extender fuels during 
the supply crisis of the 1970's. 

Even so, the DNRC believes its new, genetically reformulated oils still have a 
potential major role in locomotive tanks as pollution-reducing fuel additives. It is 



pursuing that market niche with a showdown series of certification tests, backed by 
private and public sponsors. Railroads are under increasing pressure in problem 
airsheds to clean up their exhausts. State regulators are clamping down on existing 
fleets, and the U.S. Environmental Protection Agency is drafting limits for new 
engines. Adding a relatively small proportion of s f l o w e r  oil to diesel fuel may 
reduce smoke and other particulate emissions. The safllower additive reduces acid 
rain, greenhouse gases and water pollution because it  is virtually free of sulfur, 
totally lacks fossil CO,, and is biodegradable. 

Cost-reduction efforts involve further breeding for specific oil components and 
improved coproducts, better agronomic practices, and simplified refining technology. 
Byproduct enhancement is believed to offer the quickest results, through higher prices 
based on improved nutrients and palatability. Cattle-food revenue is credited against 
seed-processing costs. 

The laboratory chosen for the fuel evaluation is the Southwest Research Institute 
(SWRI) in San Antonio, Texas. If safflower additives are found to be effective and 
economic in laboratory engines, a Montana railroad will be asked to allow 
operating trials in a helper engine under severe field conditions. 

A second round of experiments will explore harvesting and extraction. Harvester 
methods will be sought to reduce seed damage. Faster, more complete oil 
extraction will be attempted, possibly with the "supercritical" gas solvents now 
used for degreasing potato chips. Solvents that aren't approved for food oils are 
also under consideration. The economic and cultural study will begin with a 
general survey, followed by a detailed assessment of technical and economic 
problems and opportunities. 

Supersafnower Uses 

High-linoleic safnow er oils: 
Industrial coatings 
Floor finishes 
Alkyd resins 
Non-yellowing, high-quality 

- - 

drying paints 
Natural biodegradable oil 
replacing petroleum-base 
chemicals 
Health food 

Highdeic safnower oils: 
Spray food coatings 
Liquid medium for flavors, 
seasonings, nutrients 
Blend with olive oil 
Infant-food base 
Snack-food frying oil 
Health food 
Base for hydrogenated shortenings 
(margarine, etc.) 
Suntan oils, creams, lotions 
Lubricant in high-friction uses 

Montana clearly is taking a long view of its energy-crop opportunities and their 
integration into the present economy. Safflower development is beneficial on many 
levels. Growers can improve the productivity of semi-arid land and reduce their 
vulnerability to a grain monoculture, consumers get a new source of chemical 
building blocks and nutrients, and the nation gains a measure of oil independence. 
The safflower program, begun as a fuel venture, is trending more and more toward 
oleochemicals. 



Expectations 

The technical questions related to using rapeseed methyl ester in diesel engines 
are basically answered. In many respects, it's a better fuel. One concern is low- 
temperature operation, and even conventional diesel has that problem. 

When the Idaho project was in the talk stage the objective was to provide an  
alternative fuel; but, after observing the world's first commercial 
transesterification fuel projects in Austria, the possibilities seem broader. In 
Austria, petroleum products are heavily taxed. Diesel fuel cost more than $3 per 
gallon, while biodiesel was tax-free. One of the two operators, rather than selling 
the product as a substitute fuel, markets it  a t  a premium. A large co-op producing 
3 million gallons a year, it has seen the price of its technical-grade glycerol drop 
by more than half since biodiesel production began. 

At present yields 10 percent of U.S. cropland could furnish all of the diesel fuel 
used on American farms, if planted to winter rapeseed. Unfortunately, biodiesel 
still costs an estimated $1.35 per gallon to produce. This is more than highway- 
taxed diesel, and much more than the untaxed diesel sold to farmers. It rules out 
frontal competition in a market shaped by conventional energy economics. Even 
so a niche exists for biodiesel as a specialty fuel, either as an additive or straight 
fuel, to reduce air pollution in problem urban airsheds and other environmentally 
sensitive areas. 

Petroleum's price advantage in the liquid-fuel marketplace may be reconsidered 
someday, as support rises for "real cost" energy policies. In that view, a "true" fuel 
price would reflect related expenses that are not paid by the customer, such as tax 
subsidies to oil producers and researchers, military defense of petroleum sources, 
emission controls, and damage to human health and the environment. Even if 
biodiesel doesn't take off as it  should, it remains a realistic new domestic backup 
fuel, which was their aim. And down the line, a new set of raw-rnaterial costs is on 
the way as yields are increased by 30 percent to 50 percent through breeding and 
genetic modification. 
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Abstract 

Waste fats have a high energy potential. They also contain impurities. For example, fats used for deep- 
frying contain high contents of solids, water, and chlorides. The process described in this paper removes 
the impurities by simple processing such as screening, washing, separating ;. drying, and filtering. The final 
quality of processed fat allows its use as a fuel oil substitute, and also as a raw material for chemical 
production. 



Introduction 

In several branches of industry, especially in the food industry, fats of biological orign 
result as wastes which are to dispose. At a rough guess there are about O,5 to 1,O Mio. t/a in 
Gemany. E.g. 

fats which were used for deepfiying, cooking or baking 
fatty wastes like tank slunies 
retumed fatty foods 
fats from fat traps of sewage treatment 
technical oils of biological orign like lubricating, hydraulic or drill oils. 

At present the following disposal possibilities are practiced 
use in animal feeding 
chemical processing 
deposition 
refuse incineration. 

A useful alternative exists in the environmentally fkiendly use of the energetical potential of 
these waste fats. That's possible by combustion either in steam generation plants or in 
engines. Because of the several contents of impurities depending on orign of the waste fats 
they previous have to process. 

Objective 

It was aimed to develop a treatment procedure as simple as possible to process waste fats to 
a quality which allows following combustion. As a typical waste fat a fat which was used 
for deep-frying was chosen. 

Such fats are of a very different quality and contain essentially the following impurities 
solids of different size up to a content of 10% 
water up to 20% 
chlorides in form of table salt up to 0,3%. 

To produce a fwl oil substitute it is necesssry to remove the impurities and to guarantee teh 
following parameters 

solids: size (20 pm, content <0,05% 
water content <0,2% 
chloride content 50,001 5%. 

Processing Technique 

On the basis of laboratory experiments and equipment tests a pilot plant with a capacity of 
250 kg/h was planned and relised. The technological scheme characterise the developed 
processing technique. 



waste fat 
which was used for deep-frying 

1 melting/coarse cleaning 1 

I adjust a defined water content I 
I mixing I 

.. . 

I after-cleaning I 

I fine-cleaning I 
fuek oil substitute 

The pilot plant is operated since January 1993. The process is well suited to reach the 
named quality parameters. The produced fuel oil substitute was burned in a steam 
generation plant without any problems. The measured emission values were lower than 
these of the combustion of pure he1 oil. 

View 

Further works will deal with the following problems 
optimisation of processing of fats which were used for deep-frying into a fuel oil 
substitute 
development, testing and optimisation of processing of other waste fats into a fuel oil 
substitute 
development, testing and optimisation of processing various waste fats into a fat which 
can directly be burned in engines 
development, testing and optirnisation of processing various waste fats into a fat which 
can be burned in engines after ester interchange. 

Summary 

It is reported on a process which allows the production of a fuel oil substitute £iom a waste 
fat which was used for deep-frying. 
The investigations were supported by the federal ministry of food agriculture and forest. 
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Abstract 

The effect of temperature on the liquefaction of cellulose was investigated in a range 2000 to 
350°C in aqueous medium with 5% pt/A1203 catalyst, at 35 bars of hydrogen as reducing gas and 
a reaction time of 2 hours. Experiments were conducted in a 1 liter batch rocker autoclave reactor. 
The conversion increased from 46.5% at 200°C to 92.46% at 3504C. the oil yield inaeased from 
18% at 2000 to 33% at 35WC. At the high temperature, 350°C. the water soluble fraction and 
char formation decreased due to the conversion of the above to various gases. Moreover, ether 
solubles in water soluble ftactions also decreased while the production of water increased Born 
8% at 2W'C to 29% at 350°C. It suggests the possibility of removal of oxidants from the feed- 
stocks as water. Initial dehydration reactions were obviously responsible for the high yield of wa- 
ter. Water yield increased gradually with the increase in temperature which was probably due to 
the dehydration of the intermediary products and the concurrent removal of oxygen atom as water 
instead of as CO or C02. At high temperatures, more C02 gas was formed due to the water gas 
shift reaction. The formation of C& is favored over the formation of CO. At high temperatures 
more hydmzrbon gases were formed Solvent extraction of the oils showed that the maximum 
percentage of carboxylic acids and phenolic compounds formed in comparison with cYbonyl and 
neutral compounds when t e m p e m  increased. 



1. Introduction 

Biomass, is a fuel with a high hydrogen to carbon ratio, but also with a very high oxygen 
conteat that lowers significantly its heating value. Pure cellulose (C6HI0o5), for example, has a 
H/C atomic ratio of about 1.7, but also an oxygen content of about 50wt%. Direct liquefaction of 
biomass to produce upgraded quality liquid fuels can, therefore, be accomplished by the removal 
of oxygen by the addition of hydrogen can serve as the deoxygenating agent ( H20 formation ), 
or it can enter the complex scheme of biomass depolymerisation reactions ( hydro~olys i  ). The 
hydrogen carbon atomic ratio of the final products can also be increased by hydrogen addition ( 
fuel upgrading ). The mechanism of cellulose conversion to liquid hydmcarbons under catalysed 

hydrogenolysis conditions remains for research. Higher reaction temperature increased the oil 

yield at the expense of intermediate Asphaltenes ( i.e. the fiaction of the solid by-product which is 
soluble in Toluene ). The present work is par& of an extensive experimental program aimed at 
investigating the feasibility, both technical and economic, of producing liquid hydrocarbon fuels 
by direct catalytic hydrogenolysis of a wide variety of celluIosic feedstocks slurried in aqueous 
media. 

The aqueous hydrogenolysis employed in the present study is a process whereby a biomass 
slurry is heated under hydrogen pressure in the presence of hydrogenation catalyst (5%pt/A12@). 
Temperatures below the critical point of water ( 375OC ) were utilized In this process, the thex- 
mal vdue of the feedstocks is increased by depolymerising the biomass and driving off the oxy- 
gen in the form of water. An oversimplified stoichiometry of the reaction can be written as 

The process has the potential of being highly selective, thus producing a less viscous, less oxy- 
genated oil, with little by product char. 

The operating temperature which ranges from 250 - 4O0C and above, depending on the 
type of feed is known to influence not only the viscosity and oxygen content of the product oil, 
but - also affects the conversion and product yields ( 1, 2, 3.4, 5, 6 ). For example, the product 
oil obtained from municipal refuse at 250°C is a soft bitumen like solid of high viscosity at room 
temperature, whereas the oil formed at 38OoC is a free flowing liquid of lower viscosity. Also, 
while the lowest temperature at which liquid products can be obtained from wood is ca. 32S°C, 
manure requires more vigorous conditions before good conversions are obtained. 

2. Results and Discussion 

2.1 Experimental. 

lWs experimental work 99.58, pure cellulose was used as the model biomass compound 
because of its high purity and well defined composition and structure. Distilled water was chosen 
as the slurry medium so that the separation and the analysis of the organic products could be sim- 
plified. Weiss and co-workers (71 have predicted that hydrogen in the presence of water is the p- 
f e d  reducing agent for the conversion of cellulose to liquid hydrocarbons. Moreover, in any 



commercial process it would not be feasible to dry the feedstock completely, and thus, water 
would always be present in the reaction. Water can also serve to swell the biomass structure, and 
allow better catalyst penetration into the feed material. Hydrogenation catalyst ( S%ptlA1203 ) 
was chosen in order to compare the effectiveness on different temperatures under biomass lique- 
faction as well as to increase the H/C atomic ratio in oil. The catalfic hydrogenolysis reaction 
was carried out in a 1-Liter rocker autoclave with a working pressure rating of 350 bar at 380°C. 
The unit was equipped with a jacked-heater sliding around the body of the autoclave and con- 
nected to the control console. A digital temperature controllerlindicator was used to control ( and 
monitor ) the temperame inside the vessel, by directly adjusting the power input to the heater. 

At the beginning of each experimental run, 50g of cellulose and 400g of distilled water were 
measured into a glass bottles, along with 1.0g of catalyst. Then transfered a11 of these amount 
into the autoclave, and the volume of the free space above the liquid level was determined. After 
closing the mouth, the reactor was pressurized with high purity hydrogen to different atrno- 
spheres, and then heated to the desired temperature ( in about I-30h ). This temperature was 
maintained for 2 hours. The conditions inside the reactor were monitored and recorded periodi- 
cally during the process, uitilizing the digital temperature controller and the digital pressure indi- 
cator. At the end of reaction time, the heating of the autoclave was stopped and cool down at over 
night until ambient temperature was reached. The final temperature and pressure of the reactor 
were noted and its gaseous contents were measured in gas-storage system and were then allowed 
to bleed into a previously evacuated sampling cylinders. The cylinders were kept for chro- 
matografic and IR analysis of the gases. The total amount of these gases was calculated from 
P-V-T relationships using the known head volume of the autoclave above the liquid level, the 
final cold temperature and the pressure, and the gas composition as determined by the GC and IR 
analysis. 

The depressurized autoclave was then disassembled and all its contents were carefully 
removed, weighed, and measured. There were two pats, one is liquid, other is solid. The liquid 
part was decanted and rotaevaporated(int0 two parts).The solid part was water soluble fraction 
and the liquid part was aqueous. Now the first solid part was dissolved with acetone and refluxed 
for an hour, then filtered by vacuum. the residue were char and catalyst. and the remaining liquid 
part were huther rotaevaporated for separation of oil and acetone. Then this oil was further sepa- 
rated into various fractions by solvent extraction with heptane and toluene. Then these fiaction 
were analysed by elemental analyser. The water soluble fraction were separated by ether, and then 
ether soluble fraction were further fractionated by solvent extraction ( by Na2C@, NaHS04 ,  and 
NaOH ). Each fraction were analysed and confirmed by IR. 

2 2  The effect of temperature 

One of the main objectives of this research is to establish the minimum temperature that 
gives a satisfactory conversion of the feed in order to avoid high partial pressures of steam and 
thereby reduce the operating pressure and capital cost. Below 200°C the reaction appeared too 
slow to be of practical value. Temperatures ranging from 2OO0C - 350°C were investigated. 



Four runs 1 to 4 were carried out to examine the effect of temperature on the liquefaction of 
cellulose using 5% pt/A1203 as a Catalyst. Table 2.2.1 lists their input data and parameters. The 
amounts of feed, suspension medium, reducing gas ( hydrogen) and Catalyst were all kept con- 
stant. Only temperatures are variant from 2000 to 350°C. 

nble  no. 2*2.1 Reaction Inputs, Parameters and Product distribution 

7 

Run 

Feed type ( Solkafloc ) 
Feed (g) 
Catalyst 
Catalyst (g) 
Suspension medium-water (g) 
Reducing gas 
Reducing gas (g) 

TOTAL INPUT (g) 

Temperature ( OC ) 
Initial Pressure (atm.) 
Heating up time (hr.) 
Reaction time (hr.) 
Max. Reaction Press (atm.) 
Final Reaction Press (atm.) 

TOTAL OUTPUT (g) 

% Recovery from Autoclave 

Product Distribution 

Gas Recovered (g) 
Water-soluble fraction (g) 
Oi1 (g) 
Char + Catalyst (g) 
Water-recovered (g) 
Water-Produced (g) 
% Gas Produced 
% Water-soluble fraction 
% Oil 
% Char 
% Water-Produced 

% TOTAL RECEIVED 

%CONVERSION 

1 

Cellulose 
50.0 

%5 WA1203 
1.0 
400.0 
H2 
1.6 

452.6 

200 
35 
1 .O 
2.0 
90 
28 

451.5 

99.75 

1.4 
17.6 
9.0 
19.5 
404.0 
4.0 

34.2 
18.0 
37.0 
8.0 

97.2 

46.5 

2 

Cellulose 
50.0 

%5 WA1203 
1 .o 
400.0 
H2 
1.6 

452.6 

250 
35 
1.3 
2.0 
100 
25 

45 1.5 

99.75 

8.0 
10.5 
12.5 
15.0 
405 -5 
5.5 
12.8 
21.0 
25 .O 
28.0 
11 .O 

97.8 

52.36 

3 

Cellulose 
50.0 

%5 PtIA1f13 
1 .o 
400.0 
H2 
1.6 

452.6 

300 
35 
1.5 
2.0 
150 
26 

45 1.5 

99.75 

10.0 
7.4 
15.0 
9.5 
409.5 
9.5 
16.8 
14.8 
30.0 
17.0 
19.0 

97.6 

74.07 

4 

Cellulose 
50.0 

%5 WA1203 
1 .o 
400.0 

H2 
1.6 

1 

452.6 

350 
35 
2.2 
2.0 
250 
22 

45 1.5 

99.75 

10.5 
7.0 
16.5 
3.0 
414.5 
14.5 
17.8 
14.0 
33.0 
4.0 
29.0 

1 

97.8 

'92.46 



23.1 Product distribution 

Product distribution are shown in mble 2.2.1. The use of the 5%WAIzO3 Catalyst had 

resulted in an increase in conversion at the higher temperatures. Conversion increased from 
46.5% at 200°C to 92.46% at 35OoC. Roduct distribution are depicted graphically in Figure 
2.2.1. 

Oil yield increased considerably from 18.0% at 2W°C to 33.0% at 350°C whilst at 250aC, 
the amount of gas produced was 12.88 which increased to 17.8%. Therefore, run 1 and 4 have 
shown significant improvement with respect to oil yield and convedion of feed materials. In prin- 
ciple, a viable liquefaction should be chmcterised by a high yield of oil, a low yield of gas and a 
high conversion. 

Initial dehydration reactions were obviously responsible for the high yield of water. Water 
yield increased gradually with increase of temperature i.e.,8% at 200°C to 29.0% at 350°C which 
was probably due to the dehydration of intermediary products with subsequent transformation to 
the oil and the concurrent removal of oxygen atoms as H20 instead of CO and C02. 

100 G a s  Produced 
D W S F  

O i l  
80 C h a r  

0 W ater-Produced 
Cl Conversion 

P 60 
a, 
Q) 
L 

5 
dP 40 

20 

n u 
200 250 300 350 

Temperature (OC) 

Fig. 2.2.1 Product distribution at various temperaturn 

The two possible reactions may occur. + 

a) reduced by Catalyst i.e.,catalyst replaced oxygen atom by Hz, that oxygen combined with 
HZ from the atmosphere to from fi0. 



b) Atter breaking of cellulose structure, the 0 ~ g r o u ~  can 

H,O (steam) + C -> H, + CO 
t 

added with Hz to from H20 also. 

The remaining carbon reacts with H2 atmosphere and forms hydrocarbons. 

ThbIe no. 2.22 Product Gas Recovery 

Moreover, at higher temperature, 350°C. more C02 gas is formed due to water gas shift 
reaction. 

t 

The formation of C02 is more favourable than the formation of GO because of one carboa 
atom replaced two oxygen atoms. 

At lower temperature, 200°C and 250% the hydrogen consumption and the amount of pro- 
duced water were low, indicating low hydrogenation activity. Cellulose convenion into oils and 
gases were also low. The amount of water solubles was high. These results can be attributed to 
the strong hydrolytic action on cellulose at low temperature 2W°C and 250°C. Hydrolysis, thexe- 
for. was generally favoured over pyrolysis and hydrogenation at 25OoC. 

At 3WC, the conversion of Cellulose to oil, mount of produced water, consumption of 
L 

hydrogen were found to increase. 

As the temperature reached at 35@C, cellulose conversion to gases and oils inmased, 
while its conversion to water-soluble compounds decreased. These water-soluble compounds 

Initial 
prrss 
H2 (g) 

Gaseous Product 

B Conv Run 

Vol. at 

STI' (1) 

7.5 
5.3 
7.8 
8.0 

Temp. 

( OC) 

1 
2 
3 
4 

200 
250 
300 
350 

Mol. 

wt 

4.2 
34.2 
29.0 
29.4 

46.5 
52.36 
74.07 
92.46 

Net wt 

(8) 

-0.2 
6.4 
8.4 
8.9 

Wt. 

(g) 

1.4 
8.0 
10.0 
10.5 

1.6 
1.6 
1.6 
1.6 

%Prod 

- 
12.8 
16.8 
17.8 



formed at low temperahues were. thus, being converted to gases ( CO and C02 ) and oil in the 
presence of hydrogen at this high temperatwe. 

Hydrogenation became more imponant as shown in table 2.2.9 ( Product gas distribution ) 
from the increased hydrogen consumption and the amount of water produced when tern- 
were raised. 

Moreover. when temperature raised, the formation of char also decreased which may due to 
the conversion of Char into different gases. 

2.23 Properties of the Product oil 

The analytical data in Table 2.2.3 show that the W C  atomic ratio of the oil reached 1.16 at 

2WC. At 3WC it dropped to 1.14 with an accompanied drop in the oxygen percent from 27.8% 
at 2 W C  to 19.7% at 300°C. This was in agreement with the increase in water yield as shown in 

Fig. 2.2.1. 

'I'he decrease in W C  atomic ntio and oxygen content of the produced oils at 350°C with 

concurrent increase in water, CO & C02 yields provided evidence that pyrolysis mechanism is 
operating at higher temperature. 

'hb1e no. 2.23 Elcmenal analysis 

* estimated by difference ND = Not detected 

I 

223 The Composition of the Product oil 

The analytical data of the composition of the Product oil in table 2.2.4 show that the yield of 
the light volatile$ increased with increasing the temperatures while the yield of Asphaltens 
abruptly increased at 300'C. 38.28, which may due to the formation of more Poly Condensation 
of aromatic compounds. 

Rm InW 
- 9 :  
(atm.1 

Temp.. 

200 

250 

W 

' I" 
(35 

Feed Anlllyse 
SaVtafkc ~cdlukse) 

3 

4 

c 

41.5 

415 

415 

41.5 

35 

U 

HC 
Abanc 
m o  

OE kanc 
rabo 

Char Analysis 

6.1 

41 

41 

6.1 

C d m k  
vabe 
(KerYg) 

Product or1 aalysm 

% % % % % % % % % % ' % % % % %  

60.0 

70.6 

633 

85.6 

o g m c  

NO 

ND 

M) 

ND 

H N  

h B  

M) 

ND 

M) 

7.524 

7.630 

7.840 

8.532 

H N  

63 

5.1 

5.7 

5.6 

52.4 

524 

524 

524 

I 
1.16 

1.15 
I- 

L14 

l.U 

- 
- 
- 
- 

031 

0 2  

0020 

0.14 

33.1 

21.4 
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88 

O * M C  I 
I 

H 

62 

6.8 

6.9 

7.4 

0.6 

2 9  

0.8 

ND 
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65.6 

70.4 

72.1 

78.0 

N 

- 
- 
- 
- 
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n8 
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19.7 

14.6 

0.4 

ND 

13 
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At 3S0°C, the yield of aqhattenes daxased significantly from 38.2% (3000C) to 123% 
(350°0, probably due to the hydrogenation of the asphaltenes to rains, which, in tum, wen 
hy-d to produce lighter mattrialn. 

?he oil obtained at 350°C was the best in tenns of oil quality; it contains about 56.0% light 
voiatiles, low quantities of lsphaltcll~s and resins and a higher calorific value 8532 W g .  

TEMPERATURE (TI 
883 COMlERSlON a LIGHT V M T L E S  a WAXES 

a ASPHKTENES a RESINS 

Flg. 2.22 The effect of tempexahrre on oil composition 

2.2.4 Carbon and Oxygen distribution in oil 

Element analysis of the waxes, Asphaltenes and resins are shown in Wle 2.2.4. From these 
d3ta the distribution of oxygen in the oil was obtained as shown in table 235 and deptcted 
graphically in Fig. 2.2.3. The percentage of oxygen in the light volatile -on was estimaQed by 
Merence. 



TEMPERATURE ("C) 4 

LIGHT VOUlLES a W N E S  a ASPlUlTENES RESHS I? 

At 2mC. most of the oxygen in oil was present in the resinous fractions (6 1.33%). 

At 300°C. both light volatiles and asphaltenes contained large qwmhties of oxygen, 29.74% 
and 37.03% respectively. 

At 350°C, about 85.23% of oxygen in the oil were in the light volatile -on 

lEis was probably due to both hydmaacldng and Catalytic a?chPg of the havier fraction 
of the oil to prodwe smaller oxygenated species which, in turn, were dehydrated to account for 
the high yield of water at 3500C. 

Tale no. 22.6 shows the distribution of carbon in the oil as a -on of tempenrmre. 'Ibe 
data arc depictizd graphcally in Fig. 22.4. 

At ZWC, about 70.17% carbon in the oil was present in the resinous fraction and atxmt 
16.6% in the light volatile h m o a  

~ u t ~ ~ f h ~ t c m p a ~ m r e i n o a r c c d t o 3 5 ~ C t h a e w a s a g r r d u n l ~ o f ~ n t o ~  
ligbm -on (55.06%) while asphaltems and resins decreased to 17.63% and 1207% of car- 

bon, mp-vtiy. 

From the above dafa, it is concluded that both deoxygenation and crack@ mactions of tbe 
cellulose derived pmducts followed a simillar pattern with oxygen showing a greatex mobility. 



'IBbte no. 22.6 Carbon distribution in oil 

* Estimated by difference 

--- 
TEMPERATURE (TI 

m LlCHt MUTllES a WAXES ASPHKENES a RESINS 

9 

1 

2 

3 

4 

Flg. 2 2 4  Product-oil carbon content versus temperature 

2.2.5 Water-soluble fraction 

Temp. 

( O C) 

200 

250 

300 

350 

The composition of the water-soluble fraction of these runs i.e.,from 1 to 4 are shown in 
table 2.2.7. The datas are shown graphically in fig. 2.2.5. 

% ~ & b o n  in oil Baction ( Wwt oil ) 
J 

Toluene insoluble 

(Resins) 

70.17 

62.52 

30.06 

12.07 

Toluene soluble 

(asphaltenes) 

12.04 

15.23 

38.88 

17.63 

Heptane soluble * 
(Light volatiles) 

16.6 

2053 

70.5 8 

55.06 

Heptane soluble 

@oiI)(waxes) 

1.19 

1.72 

1.64 

15.24 



'Igble no. 22.7 Water soluble W o n  

* 95 Wwt water-soluble ** % wt/wt feed 

Run 

From the data, it is seen that when tempemhue increases the percentage of water-soluble 
ftaaons decreases as well as ether solubles in water-soluble ftactions also decreases which is 
reversed to the production of water; which means the possibility of the removal of oxygen 

from the feed stock as H2 0. 

Moreover, the percentage of ether insolubles followed suit the percentage of total organic 
Liquids produced at the various ternperaturrs which indica!e that the ether insolubles were vital 

intermediates in the formation of the oil. 

Temperature pc) 
Wotm (Xganic liquids a Etha soluble a Ether inrdubk 

Initial 

Prcss 

(am.) 

Fig. 2.25 Effect of temperature on water-soluble fraction 

941 

Temp. 

( '0 

96 W' 

soluble 

fractions 

Water soluble 

96 Ethg+* 

insoluble 
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22.6 Solvent extraction of ether-soluble fraction 

Solvent extrachion were done by using various solvents which is shown in table 2.2.8. The 
data are depicted graphically in fig. 2.2.6. 

From these data, it is seen that the maximum percentage of carboxylic acids and phenolic 
compounds are formed in comparison with Carbonyl and neutral compounds when temperature 
gradually increased fiom 2 W C  to 350°C which indicate that the gradual transformation of the 
water-soluble into lighter compounds of the oil and at higher temperature less reduction occured. 

The fitactions were confirmed by ?he I R spectroscopy and the I R Spectrum of the car- 

boxylic acids (Fig. 2.2.7(a)) consisted of the following absorption bands : 

(i) a broad band at Ca 2500 to 3600 cm-' due to the 0-H stretching vibrations ( bound e.g; 
forming part of a hydrogen bridge ); 

(ii) a strong absorption at CL 1600 to 1800 cm-' suggesting a C = 0 stretching vibration; 

(iii) a broad band at Ca 1160 to 1400 em-' due to the C-0 stretching. 

nble no. 2.23 Ether soluble-fraction 

A = Carboxylic acids 
B = Heavy carboxylic acids 
C = Carbonyl compounds 
D = Phenolic compounds 
E = Neutral hydrocarbons 

A11 percentages are Wwt water soluble-fractions 



Temperature (.c) 
Ccrboxylic acid fl Hemy Carboxytic ack a Cwbonyt compwnd~ 

a Phyenolic compounds Neutral hybocabom 

Fig. 22.6 Effcct of temperam on the ether-soluble composition 

The I R Spectrum of the NaHS04 e x m a  ( Fig. 2.2.7(b) ) showed a small broad absorption 
band at Ca 1700 to f 740 suggesting the presence of a carbony1 functionai group (C=O). 

Phenolic compoud were chYanerised by the following absorption baucts in 2.2.7 

(~1). 

(i) a broad band at Ca 3100-3600 cm-' due to the 0-H stretching vibration; 

(ii) a strong absorption band at Ca 2850 to 2980 cm-' suggesting the C-H stmchiog vibrations 
of saturated hydmarboos; 

(iii) an absorption at Ca 1600 cm-' aaributable to the GC stretching unrstmnt#l hydrocar- 
bons; 

(iv) two week absorption bands at about 780 em-' and Ca. 800 cm-' typical of aromatic hydro- 
carbons. 

The absence of the 0-H and functional groups confirmed the pmare of neutral com- 
pounds However, these compounds also included aromatic compounds as evident itom tb 
strong absorption band I Ca. 740 a-'. 





22.7 Product Gas Composition 

The I R Spectrum and GLC chromatograms of the product gas of runs 1 to 4 are shown in 
Appendix fig. 1 A to 4A. 

These I R spectra were in general identical and showed the following absorption bonds : 

(i) The band between 3600 em-' and 3750 cm-', a strong band at Ca. 2300 cm-' and a series 

of absorptions between 600 cm-' and 720 cm-' which are all characteristic of C02 absorp- 
tions; 

(ii) a double absorption of medium intensity between 2100 em-' and 2200 cm-' typical of CO; 

(iii) Characteristic C-H stretching vibrations of gaseous hydrocrabom at Ca. 2950 to 3000 cm-' 

and 1200 cm-' to 1400 cm-' ; 

(iv) an absorption at Ca. 1300 cm-' chmcteristic of the presence of acetone. 

From the table no. 2.2.9 it is seen that at 2WC, the CO production is 50.1036% and 
250°C, the CO is 57.09% which implies that during the reaction CO produced by breaking the 
bond of cellulose. On the other hand. at 300°C and 350°C. the production of CO are 51 3699% 
and 48.1435% respectively which is lower than before and indicate that most of the CO takes part 
in water gas shift reaction at higher temperatures and produces C02 and H2. 

The yield of C02 followed suit the production of water which indicated the instability of C- 
0 bonds at higher temperatures with the liberation of oxygen atoms as both C02 and H20. 

Another important point is obvious when considering the yield of CO and C02 together; the 
yield of C02 + CO increased from 51.76% at 2W°C to 80.59% at 250DC, followed by a gradual 

' 

decline at 65.5945 at 35OoC. This decrease was probably due to the consumption of CO in reac- 
tions l edng  toward the synthesis of liquid hydrocarbons or methanation. 

Hence, yields of hydrocarbon gases increased with increasing temperature. 



3. Conclusion 

The following points can be concluded fiom the above study : 

1) Oil yields increased significantly with temperature increased; moreover, oils were cracked 
to a considerable degree to afford lighter materials at the higher temperature. 

2) In the temperature range from 300 - 350°C, yield and conversion donot change v i a -  
bly, but significanty changes in the oxygen content do occur. Operating temperatures 
between 30°C and 350°C lead to the best compromise between product quality and 

hydrogen consumptioa 

3) The use of water as suspension medium may have its attractiveness in cheapness and ease 
of product oil separation but the disadvantage would be the high capital cost involved in 

high pressure equipment that would be required to withstand the higher pressure that would 
inevitably develop at the reaction temperature. 

4) The gaseous product obtained at 350°C can provide a valuable he1 in lieu of natural gas 
after CO and C02 scrubbing. 
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Abstract 

Samples of Italian sorghum bagasse were dried and ground and then pyrolyzed in the Waterloo 
Fast Pyrolysis bench scale reactor unit. Results were typical of agricultural grasses of this kind, and 
resembled those obtained from similar tests of sugar cane bagasse. A maximum liquid yield (dry feed 
basis) of 68% by weight of dry feed was achieved, with a corresponding char yield (ash included) of 16%. 
The high ash content of the bagasse (9.2%) gave a char with a very high ash content (=SO%), with calcium 
as the most abundant cation. Yields of hydroxyacetaldehyde were comparable to those obtained from 
softwoods. Deionized bagasse gave significant yields of anhydrosugars on pyrolysis. Sorghum bagasse 
appears to be a suitable feedsmck, either fof pyrolysis to yield an alternative fuel oil, or after pretreatment 
and pyrolysis, to yield a solution of fermentable sugars. 



Introduction 

The Waterloo Fast Pyrolysis Process (WFPP) is an atmospheric pressure fluidized bed pyrolysis 
process developed at the University of Waterloo from 1979 to 1985. The principal objective of this 
development was to obtain maximum liquid yields from biomass or other organic feedstocks, and to 
translate these results into an economical process for the production of an alternative liquid fuel. In 1983, 
it was also found in our laboratory that the fast pyrolysis liquids, particularly those prepared from wood 
feeds, contained surprisingly large concentrations of some unique chemicals, principally 
hydroxyacetaldehyde, acetic acid and hydroxy propanone (acetol). Details of the process and the 
composition of the liquid can be found in a series of publications from the Waterloo pyrolysis group, for 
example (Scott and Piskorz 1982; Scott and Piskon. 1984; Scott et a1 1985; Scott and Piskorz 1985; 
Radlein et a1 1987; Liden et a1 1988; Bermti et al 1988; Piskon et al 1989; Radlein et al 1991; Scott et 
al 1991). 

From 1985, a number of variations of the WFPP have been developed in our laboratory also. It 
was found that if the biomass was suitably pretreated, the decomposition mechanism was changed in a 
major way, and the liquid product had a completely different composition. This mode of operation of the 
WFPP results primarily in the depolymerization of cellulose, hemicellulose and lignin, yielding monomeric 
products in the pyrolytic liquids, principally anhydrosugars derived from the natural carbohydrate 
polymers. Further details of this version of the WFPP can be found in several publications e.g. (Piskorz 
et al 1989; Piskorz et a1 1988; Radlein et a1 1991; Scott and Piskon 1989 patent). This pyrolytic 
processing of pretreated biomass offers an alternate route to biochemical processes for the conversion of 
cellulose or hemicellulose to fermentable sugars. In addition, the anhydrosugars produced have many 
potential applications as raw materials in organic synthesis. 

The objective of the present investigation was to determine the behaviour and yields of products 
from the fast pyrolysis of sweet sorghum bagasse, an agricultural waste biomass material which is the 
residue remaining after extraction of the sugar containing juices. The high content of fermentable sugars 
in sweet sorghum makes it an attractive raw material for fuel ethanol production. Sweet sorghum is 
suitable as a crop in many EC countries, and is cheaper than sugar beets as a source of sugars. It has the 
potential to become a significant supplier of biomass-derived energy in Southern Europe in future years, 
primarily for the production of fermentable sugars. If this development occurs on a large commercial 
scale then very considerable quantities of the residual bagasse will become available and require disposal, 
or utilization as another energy source. 

Experimental 

Materials 

The sorghum bagasse used in this work had its origin in Italy. It was harvested in the autumn and 
frozen until processed (sweet sorghum is subject to rapid spoiling in storage). Processing consisted of 
extraction of the sugars by pressing and hot waer  washing, after which the residue (bagasse) was air-dried. 
Two different samples, obtained a year apart, were used in this work. The first sample was found to 
contain over 17% ash and was judged to be non-representative, although a number of tests were camed 
out with it as feedstock. A new sample obtained one year later (Sample 2). with an ash content of 9.2% 
dry basis was the one used for most of the work reported here. 



The sweet sorghum bagasse (Sample 2) was dried and then ground to a particle size lessthan 
O . S m  (smallest dimension). Moisture content was determined by drying W e  samples at lWC, which 
gave an avenge moisture content of 10.05%. Ash content was determined by slow heating in air to 
65U'C. The average of three samples was 9.2% by weight of dry bagasse (mf basis). 

Because of the high ash content, its effect on pyrolysis behaviour appeared to be worth further 
investigation. Therefore, the ash was analyzed for elements known to catalytically affect the course of 
fast pyrolysis reactions. Results are given below. 

Substance % by wei~ht 
Calcium (Ca) 12.81 
Magnesium (Mg) 1.8 
Potassium (K) 1.65 
Sodium (Na) 0.22 
Silica (SiOz) 6.72 
Phosphate (PO,) 5.1 

The high calcium and phosphate contents are noteworthy and are similar to the ash from sugar 
cane bagasse. 

Apparatus and Procedures - 

All tests were done in the Waterloo Fast Pyrolysis Process bench scale fluidized bed unit (10-100 
grams/hour capacity). A schematic of this unit is shown in Figure 1. Nitrogen was metered from a 
cylinder and divided into two streams, one to the reactor as fluidizing gas and the other to the feeder to 
entrain the bagasse. The fluidizing gas was preheated in the furnace before entering the bottom of the 
reactor. From the feeder the gas stream with entrained bagasse entered the reactor through a central tube 
which dipped under the surface of the fluidized bed of sand. A thermocouple was located beside this 
central tube to measure the bed temperature. The fluidized bed material for most runs was highly 
spherical Ottawa sand. 

In the WFPP system, residence time of gases and vapours is short, and is somewhat arbitrarily 
defined as the h e  reactor volume (empty reactor volume minus the volume of sand) divided by the gas 
flow rate expressed at reactor conditions. In the majority of runs a residence time of about 0.5 seconds 
was used as a standard, but runs were done at both shorter and longer times as well. 

Product gases and char left the reactor to a cyclone where most of the char was separated and 
collected in a charpot under the cyclone. The reactor assembly, cyclone, and charpot were all contained 
within an electrically heated furnace, so that the entire unit was essentially isothermal. From the cyclone 
the gases entered two ice-water-cooled condensers in series. Condensed tar was collected in vials under 
the condensers. After the condensers, the gas entered a filter packed with cotton wool which effectively 
trapped any remaining aerosols. Following the filter, the gas was metered and then collected in a large 
gas bag for GC analysis. 

Reactor assembly, condensers, vials, filter and feeder, plus bagasse were weighed separately before 
and after each run. After weighing, the vials and filter were washed out with dry methanol, the solution 
was f i l t e~d ,  weighed and the water content determined by Karl-Fisher analysis. The methanol was then 
evaporated under vacuum and the water content of the remaining tar determined. A sample of this tar was 
diluted with two parts of distilled water and the pyrolytic lignin, defined as the water-insoluble precipitate, 
was separated out fmm the sample by centrifuging. The aqueous solution was then analyzed by HPLC. 

Runs were from 20 to 55 minutes. Feed rate, gas flow rate and reactor temperature were kept 
constant during each run. Reactor temperatures used ranged from 4400C to 560"C, feed rates from 28.2 



to 48.6 grams/hr, and residence times from 0.22 to 0.98 seconds. Feed rate variation within the range used 
was found to have negligible effect on the yields obtained. 

Several runs were done using deionized bagasse. Two acid levels were used, a standard amount, 
and because of the high amount of acid soluble ash, double this amount. With standard treatment the ash 
conknt was reduced to 4.6% by weight (dry basis). The higher acid usage reduced the ash content to 
4.0%. 

Results 

Effect of Temperature 

Four runs were carried out with untreated sorghum bagasse at temperatures of 475°C. 510°C. 
525°C and 560°C. The results are summarized in Table 1. and are also shown graphically for organic 
liquids, char and gas yields in Figure 2. The optimum temperature for maximum yields of organic liquids 
can be seen to lie in the vicinity of 510"C, which is comparable to that found for similar biomass 
feedstocks. The char yield decreased with increasing temperatun, while the gas yield increased, again the 
expected behaviour. The char collected in the charpot from the runs at 5 1 VC and 560°C was analyzed 
for carbon. hydrogen and nitrogen and the results are shown in Table 2. In agreement with results from 
other biomass feeds, the oxygen content of chars decreases with increasing temperature, corresponding to 
a h a d y  increase in CO production as temperature increases. 

The four runs with the untreated bagasse reported in Table 1 are a repeat of the four runs carried 
out previously in July 1991 using Sample 1. The total liquid yields (product water included) are reported 
on an maf basis for both sets of results in Table 3. This is done both to adjust for the difference in ash 
content, and also because in the runs with Sample 1 some problems were encountered with our K-F 
analysis equipment. On this basis, there is good agreement between the two sets of results, done on 
different samples by different workers. 

A comparison of Run 233 at 5 10°C with runs using other agricultural waste as feedstocks and with 
a hardwood and a softwood is shown in Table 4. On the maf basis, the organic liquid yield of 58.8% for 
sweet sorghum bagasse compares favourably to the 61.4% organic liquid yield from Jamaican sugar cane 
bagasse reported in one of our earlier papers (Scott et al, 1985). 

Similarly, the yields of organic liquids fiom seed hull materials such as wheat chaff and sunflower 
seed hulls appears to be significantly lower. The two bagasse materials appear to be intermediate in 
organic liquid yields - better than seed hulls but not' as high as clean wood. 

Material balances in general were 92% to 95%, which represents a slightly higher e m r  than usual 
for tests done with the bench scale unit. The principal sources of loss are in the water analysis, although 
the water contents of both the liquid and gas fractions are included, and in the loss of volatile components. 
Because of the evaporation procedure used, any normally liquid products with boiling points below about 
80°C would probably not be accounted for. it may be the case that there is a greater than usual yield of 
such components from this bagasse because of the high hemicellulose content. Also, it should be realized 
that ail results in Table 1, and generally in this report, are experirnenial values except where otherwise 
noted. Of the values given, the least accurate is probably the "pyrolytic lignin" because it depends on an 
arbitrary solubility determination. 



Table 1 : Effect of Temperature. Bench scale pyrolysis of sweet sorghum bagasse, 
moisture content 10.05%, ash content 9.Ph (dry bask), 0.5 seconds. Yields on wt % maf 
basis. \ 

\ 

* 

Run #205 

475°C 

MASS BALANCE 

Run #233 

5 1 0°C 
i 

Run #209 

525°C 

Gas 

Water 

Organics 

Char 

Total 

Run #207 

560°C 

11.02 

16.0 

50.1 1 

1 8.23 

95.36 

GASES 

1 1.65 

10.6 

58.79 

13.35 

94.39 

CO 

C 0 2  

CH4 

C,H, 

C,H, 

, w e  

Total 

12.00 

11.4 

57.95 

12.72 

94.07 

2.96 

7.59 

1.20 

0.18 

0.02 

0.07 

1 1.02 

18.28 

13.7 

50.80 

9.89 

92.67 

LIQUID 

3.04 

7.82 

0.44 

0.18 

0.02 

0.15 

1 0.22 

HA 

LG 

GI yoxal 

HCHOIHCOOH 

AcOH 
I 

Acetol 

Cellobiosan 

EG/Diacetyl 

Lignin 

i Total 

4.63 

6.57 

0.36 

0.21 

0.07 

0.1 6 

1 2.00 

5.1 6 

1.71 

0.51 

2.65 

2.27 

1.47 

0.36 

0.00 

14.9 

29.03 

7.73 

8.90 

0.71 

0.49 

0.12 

0.33 

1 8.28 

7.18 

1.59 

0.36 

3.60 

2.51 

0.00 

0.00 

0.00 

18.0 

33.91 

6.98 

1.71 

1.22 

1.68 

2.50 

0.86 

0.50 

0.00 

14.0 

29.45 

5.69 

1.44 

0.91 

1.95 

2.16 

0.00 

0.00 

0.00 

14.4 

26.55 



Table 2 : Elementary analysis of char. Effect of temperature, O d  seconds. 

Table 3 : Llquld ylelds (Including water) compared for Sample 1 and Sample 2, 0.5 
seconds. 

run # 

233 

207 

'Average between run # 1 14 and 1 18 

Temp 
ec, 

.. 

N 

Liquid yields on wt % maf basis 

Temp ("C) 

475 

510 

525 

560 

0 (by difference) ash 

Sample 2 

64.7 

68.6 

68.0 

62.9 

16.94 

13.34 

510 

560 

Sample 1 

67.7' 

68.8 

68.7 

64.0 

C 

43.72 

50.62 

H 

36.08 

34.34 

2.31 

1.13 

0.95 

0.57 



Table 4 : Comparison between pyrolysis yields from sweet sorghum bagasse and varlous 
biomass matetlals, 0.5 seconds. 

Feedstock 

Moisture, Wh 

Ash, wt % mf basis 

Run # 

Temp., OC 

Yields wt % maf basis 

Sunflower 
Hulls 

11.1 

4.0 

PP122 

500 

Wheat 
Chaff 

6.9 

22.5 

PP131 

515 

Sorghum 
Bagasse 

10.1 

9.2 

233 

510 

Gas 

Char 

Water 

Organic Liquid 

Total 

Sugar 
Cane 
Bagasse 

5.5 

3.9 

8-2 

500 

Poplar 
Wood 

4.6 

0.46 

59 

504 

Spruce 
Wood 

7.0 

0.50 

43 

500 

11.7 

13.4 

10.6 

58.8 

94.5 

19.5 

23.2 

9.8 

46.3 

98.8 

11.6 

18.8 

7.3 

61.4 

99.1 

11.0 

11.8 

10.7 

66.2 

99.7 

15.9 

17.6 

15.7 

51 .O 

100.2 

7.8 

12.2 

11.6 

66.5 

98.1 



Table 5 : Effect of residence t h e  at 525OC. Yields In wt % maf basis. 

258 

0.98 

15.90 

14.1 

47.40 

18.67 

96.07 

6.48 

8.09 

0.64 

0.33 

0.15 

0.21 

15.90 

4.92 

1.55 

0.79 

1.72 

2.77 

1.58 

0.00 

0.80 

16.1 

30.23 

256 

0.78 

15.03 

10.8 

53.07 

17.28 

96.18 

5.33 

8.62 

0.61 

0.34 

0.11 

0.02 

15.03 

7.35 

2.1 9 

1.74 

2.47 

3.44 

2.02 

0.38 

0.93 

18.0 

38.52 

Run # 

Res. time (s) 

209 

0.50 

257 - 

0.22 

12.00 

11.4 

57.95 

12.72 

94.07 

4.63 

6.57 ------ 
0.36 

0.21 

0.07 

0.16 

12.00 

6.98 

1.71 

1.22 

' 1.68 

2.50 

0.86 

0.50 

0.00 

14.0 

29.45 

255 

0.30 

MASS BALANCE 

12.36 

14.4 

55.1 1 

12.98 

94.85 

4.30 

7.38 

0.31 

0.22 

0.02 

0.13 

12.36 

6.54 

1.53 

1.05 

1.85 

2.04 

0.60 

0.36 

0.61 

15.1 

12.89 

12.6 

59.54 

13.28 

98.31 

4.44 

7.44 

0.48 

0.23 

0.10 

0.20 

12.89 

7.99 

1.81 

1.14 

2.06 

2.58 

1.55 

0.48 

0.78 

12.0 

216 

0.38 

11.76 

12.45 

62.25 

8.92 

95.38 

Gas 

Water 

Organics 

Char 

Total 

30.39 

259 

0.44 

9.24 

7.59 

61.43 

10.38 

88.64 

2.95 3.77 

5.75 7.08 

0.32 0.49 

0.13 0.24 

Total 

C,Ht3 

C3H6 

Total 

29.05 34.28 29.68 

0.07 

0.02 

9.24 

0.13 

0.05 

11.76 

6.96 

1 .OO 

0.64 

0.51 

1.90 

0.00 

0.57 

0.00 

22.7 

LIQUID 

HA 

LG 

Glyoxal 

HCHO/HCOOH 

AcOH 

Acetol 

Cellobiosan 

EGIDiacetyl 

Lignin 

6.25 

0.93 

0.55 

0.49 

1.68 

1.04 

0.52 

0.49 

17.1 



Effect of Residence Time 

In all, six runs were carried out covering a range of apparent gas residence times from 0.22 to 0.98 
seconds, all at the same temperature of 525°C. These results are summarized in Table 5,  and the gas, char 
and organic liquid yields are also presented graphically in figure 3. As residence time increases from 0.22 
seconds there is a slow decrease in organic liquid yield with a corresponding increase in gas and char 
yields. There is an indication that the maximum yield of organic liquids is reached in the reactor around 
0.30 seconds, presumably because at shorter times heat and mass transfer limitations are influencing the 
results to a greater extent The higher liquid yields at the short residence times appears to be due Largely 
to an increase in the pyrolytic lignin content. This is supported by the fact that the liquid produced 
appeared to be more viscous and stickier at the short times. 

Yields of some individual water soluble components of the pyrolytic liquid are given also in Table 
5.  and are shown in Figures 4 and 5. In general, the yield of lower molecular weight compounds appears 
to increase up to residence times of about 0.78, and then begin to decrease. Hydroxyacetaldehyde, as the 
compound present in the largest percentage in the water extract, is particularly interesting, as it shows a 
definite maximum yield in the region between 0.44 and 0.78 seconds, although the range of variation is 
only about 15% to 20% over the entire range of times used. It appears, therefore, that operation at the 
"standard" WFPP residence time of 0.5 seconds gives a slightly lower organic liquid yield by about 2% 
of the dry feed weight (although about the same total liquid yield) as operation at short residence times, 
but the liquid pmduct may be of better quality both as a fuel and as a chemicals feedstock. Obviously. 
somewhat longer residence times allow more flexibility in reactor design and operation for almost all 
reactor types, as well as the potential for energy savings in the process. Also, extensive results from our 
laboratory with wood and cellulose suggest that the decrease in organic liquid yield observed in this work 
above 0.7 seconds is less at lower temperatures. For example, at 5WC very little change in organic liquid 
yield is seen over the entire range'of 0.2 to 1.0 seconds. 

The HPLC print-out of a typical run (Run 259, Table 4) is shown in Figure 6. The larger-than- 
usual amount of cyclic oxygenates such as furans, cyclic ethers, etc., is clearly evident Some of this type 
of compounds are quite volatile, and only a few of them have so far been identified in our work. The 
lignin of sorghum appears to be unusual also in that only two major fragments appear to result from its 
thermal decomposition; 4-vinyl phenol and Cvinyl guaiacol. 

Test with Deionized Sorghum Bagasse 

Three runs were carried out at three different temperatures with sorghum bagasse which had been 
deionized with a "standard" acid treatment, and one run at the intermediate temperature was done with a 
sample deionized with twice this amount of acid. The results are summarized in Table 6. Deionization , 

led to a small increase in organic liquid yields, primarily at the expense of gas production. Over the range 
used, temperature had very little influence on the yield of organic liquid, but char decreased and gas yield 
increased as temperature increased. However, the major change resulting from deionization is in the 
organic liquid composition. The yield of levoglucosan increased from about 1.5% to 8% maf basis and 
the yield of hydroxyacetaldehyde decreased to about 2%. The ~evoglucosan yield increased to 9.3% and 
the hydroxyacetaldehyde yield fell to 1.6% for the run with the more severe acid treatment (from 8.1 % 
and 2.7% resp. for the "standard" case). These results show that the removal of alkaline cations from the 
sorghum bagasse can change the mechanism of thermal decomposition in essentially the same way as has 
been observed for wood and other lignocellulosic materials. 

In one run at 47S°C, (Run 232) an additive (0.1% of dry feed) was added to the sorghum which 
had been deionized with twice the standard amount of acid. The results of this run can be compared to 
thc two other runs done at 475°C in Table 6. The addition of this material caused the yield of 



levoglucosan to increase by almost 50% to 13.2% maf basis. The total yield of organic liquid also 
increased to 63.6% from 61.4%. 

Also, for the liquid product of Run 232, a sample was hydrolysed and analyxd for xylose (it is 
not yet possible to do a direct HPLC determination on anhydroxylose). A yield of 5.89% was obtained, 
which arises horn depolymerization of the hemicellulose. Similar amount of anhydroxylose would also 
be present in the liquids obtained in the other tests done using deionized bagasse. Total sugars for which 
we analyzed were present in the liquid product from Run 232 to the extent of about 260 grms per litre 
(glucose equivalent). 



Table 6 : Bench scale pyrolysis of debnlzed sorghum bagasse, 0.5 seconds. Ylelds in wt 
% maf bssls 

HA = Hydroxyacetaldehyde; LG = Levoglucosan; HCHO = Formaldehyde; AcOH = Acetic Acid; HCOOH = Formic Acid; EG = 
Ethyleneglywl 

\ 

Run I 

Moisture content (% wet k i s )  

Ash content (% dry basis) 

Additive 

Temperalwe 

221 

2.9 

4.6 

No 

Mac 
YlELDS,MASS BALANCE 

218 

2.9 

4.6 

No 

47SC 

Gas 

Water 

Organics 

Char 

Total 

219 

2.9 

4.6 

No 

51O.C 

3.98 

10.7 

63.59 
, 

14.53 

9280 

0.00 

3.75 

0.23 

~.ocl 

0.00 

0.00 

3.98 

6.35 

12.4 

61.79 

16.25 

96.79 

9.60 

13.4 

6201 

8.20 

93.30 

3.74 

5.27 

0.39 

0.15 

0.1 1 

0.03 

9.69 

227 

2.8 

4 .O 

No 

47S°C 

1.19 

13.20 

- 
0 .OO 

1.10 

0.00 

1.43 

0.00 

11.2 

7.35 

15.8 

61.88 

13.08 

98.1 1 

7.13 

13.2 

6 1.38 

15.68 

97.39 

0.63 

6.18 

0.26 

0.00 

0.00 

0.00 

7.12 --- 

232 

0.0 

4.0 

0.1 % 

47SaC 

1.91 

5.07 

0.28 

0.00 

0.03 

0.06 

7.35 

1.59 

9.3 1 

- 1 

0.00 

1.69 

1.93 

2.04 

0.00 

12.6 

GAS 

CO 

coa 

CH4 

CA, 

C A  

C,H, 

Total 

LIQUID 

1.20 

4.87 

0.23 

0.05 

0.00 

0.00 

6.35 

2.73 

8.1 2 

- 1 

0.00 

1.66 

1.80 

1.42 

0.00 

9 .O 

HA 

LG 

Gl yoxal 

HCHOIHCOOH 

AcOH 

Acetol 

Cellobiosan 

EGIDiacetyl 

Lignin 

1.77 

7.72 

- 1 

0.00 

1.13 

0.00 

1.00 

0.00 

11.8 

1.42 

8.01 

- 1 

0.00 

1.1 1 

0.00 

1 -08 

0.00 

9.3 

Anhydroxytose 

Total 
--- -- - - 

NO 

30.16 

ND 

25.73 

ND 

21.92 

5.89 

34.01 

ND 

24.50 



Summary 

The results obtained in this work show that the sweet sorghum bagasse sample supplied could be 
successfully used in a fluidized bed reactor to produce an alternative liquid fuel. At near optimal 
conditions of 510°C and 0.5 seconds residence time, a 66% yield of liquid would be produced from a feed 
containing 10.1 % moisture and 9.25 ash (8 1.1% yield on a dry, ash-free feed basis). This liquid would 
contain 27.5% water. By using a dry feed, this water content could be reduced to about 15%. with a 
corresponding loss in total liquid yield. The use of deionized bagasse gave substantial conversions 
estimated to be about 60% or more of the cellulose content to levoglucosan and other anhydrosugars, as 
well as producing some anhydrosugars from the hemicellulose fraction. Temperature was not critical in 
the range of 440°C to 5 100C when using deionized bagasse. 

In the ~ g i o n  of 0.3 to 0.7 seconds at 525°C. the residence time did not appear to be a critical 
factor, although slightly higher yields of organic liquids could be obtained at the shorter residence times. 
Total liquid yield was leu affected. The liquid quality appears to be near an optimum at the usual 
operating conditions for the Waterloo Fast Pyrolysis Process, that is, at about 500°C and 0.5 to 0.6 seconds 
apparent residence time. 

There appears to be no reason why sweet sorghum bagasse, of the kind used in this work, cannot 
be used a feedstock for the preparation of an alternative liquid fuel. A reasonably dry bagasse with less 
than 10% moisture would be desirable. As a source of chemicals, the hydmxyacetaldehyde yield is 
comparable to that obtained from softwoods, but not as high as yields h r n  hardwoods. If additional 
amounts of fermentable sugars were desired, about 15% to 2096 of the dry weight of the bagasse could 
be converted to such sugars by pyrolysis of a suitably pretreated feed. 

Acknowledgments 

The authors would like to extend their thanks to Aston University, Energy Research Group, for 
the funding which made this work possible. We also wish to express our appreciation to Dr. Desrnond 
Radlein and to Piotr Majeaki for assistance and advice with the experimental measurements. 



References 

Bermti, F., A.G. Liden and D.S. Scott, 1988 "Measuring and Modelling Residence Time 
Distribution of Low Density Solids in a Fluidized Bed Reactor of Sand Particles" Chem. Eng. Sci. 
43 739-748. 
-9 

Liden, A.G., F. Bermti and D.S. Scott, 1988 "A Kinetic Model for the Production of Liquids from 
the Flash Pyrolysis of Biomass" Chem. Eng. Comm. 65, 207-221. 

Rskotz, J., D. Radlein, D.S. Scott and S. Czernik, 1988 "Liquid Products from the Fast Pyrolysis 
of Woud and Cellulose" Research in Thermochemical Biomass Conversion, A.V. Bridgewater and 
J.L. Kuestkr (eds.) Elsevier Appl. Sci. (London), 557-572. 

Piskorz, J., D.S. Scon and D. Radlein, 1989 "The Composition of Oils Obtained by the Fast 
Pyrolysis of Different Woods" ACS Syrnp. Series No. 376, E.J. Soltes and T.A. Milne (eds) 167- 
178, American Chemical Society (Washington) 

Piskorz, J., D. RadIein, D.S. Scott and S. Czemik, 1989 "Pretreatment of Wood and Cellulose for 
Production of Sugars by Fast Pyrolysis" J. Anal. Appl. Pyrolysis, 16, 127-142. 

Radlein, D., J. Piskon. and D.S. Scott, 1987 "Lignin-Derived Oils from the Fast Pyrolysis of 
Poplar Wood" J. Anal. App. Pyrolysis l2, 51-59. 

Radlein, D., J. Piskorz and D.S. Scott, 1991 "Fast Pyrolysis of Natural Polysaccharides as a 
Potential Industrial Process" J. Anal. Applied Pyrolysis 19, 4 1-64. 

Scott, D.S. and J. Piskorz, 1982 "The Flash Pyrolysis of Aspen-Poplar Wood" Can. J. Chem. Eng., 
60; 666-674. 

Scott, D.S. and J. Piskorz, 1982 "Low Rate Entrainment Feeder for Fine Solids" Ind. Eng. Chem. 
Fundam., 2 1; 3 19-322. 

Scott, D.S. and J. Piskorz, 1984 "Continuous Rash Pyrolysis of Wood for Production of Liquid 
Fuels" Can. J. Chem. Eng., 62; 404-4 12. 

Scott, D.S. and J. Piskorz, "Production of Liquids from Biomass by Continuous Rash Pyrolysis" 
BioEnergy 84, H. Egneus and A. Ellegards (eds.), Vol. 3, 15-23, Elsevier Publ. (London). 

Scott, D.S., J. Piskorz and D. Radlein, 1985 "Liquid Products from the Continuous Hash Pyrolysis 
of Biomass" Ind. Eng. Chem. Proc. Des. Devel., 24; 581-588. 

Scott, D.S. and J. Piskorz, L989 "Process for the Production of Fermentable Sugars from Biomass" 
US Patent 4,880,473, November 14. 

Scott, D.S, J. Piskorz and D. Radlcin, 1991 "Pyrolysis of Agricultural and Forest Wastes" ACS 
Sym. Series No.406. Chap. 24, "Emerging Materials and Chemicals from Biomass" R. Powell and 
T.P. Schultz (eds.), Amer. Chem. Soc., Washington, DC. 











MSW AND BIOMASS TO LIQUID FUELS BY PACKAGED LIQUEFACTION PLANTS 

H. S. JOYNER (SPEAKER) 
Waste Resources Recovery, Inc . 

220 W. Douglas, Suite 20 
Wichita, Kansas 67202 

B. M. Vaughan 
Waste Technology Transfer, Inc . 

1430 E. Fort Lowell Rd., Suite 200 
Tucson, Arizona 85719 

D.H. White and D. Wolf I 

Department of Chemical Engineering 
University of Arizona 

Tucson, Arizona 8572 1 

Abstract 

An extruder-feeder biomass liquefaction process under DOE-sponsorship was developed at the University 
of Arizona in the 1980's to produce liquid fuels as an alternative energy source. Since 1988, the work 
has been redirected toward organic solid wastes, particularly MSW, but with the production of by- 
products to enhance the economics. 

The technology is being transferred to the private sector, with emphasis on major reductions of wastes 
to landfills. Modular liquefaction plants can reduce wastes to landfills by 70 to 80 percent, compared 
to about 20 percent by recycling and some local composting alone. The process lends itself for small to 
medium-sized packaged plants that can be expanded from the basic 200 ton per day unit to 400 tons per 
day, and then later on to 800 tons per day. Some economic advantages can be achieved by (a) integration 
with a mini-MRF (materials recovery unit), and @) modest amount of composting. Current research 
involves (a) the use of a light fraction of these oxygenated liquefaction products as a diesel fuel additive 
and (b) the formulation of a heavy fraction with recycled rubber and plastics for pavement asphalts. The 
overall economics appear attractive. 



Introduction 

The extruder-feeder liquefaction process for converting biomass to oils and "value -addedw byproducts 
was developed in an orderly manner over the past 20 years. It started with the basic laboratory work in 
the early 1970's at the U.S. Bureau of Mines. It was part of the R & D thrust for obtaining liquid fuels 
by alternative energy processes when the price of petroleum crude oils was rapidly increased from about 
three dollars per barrel to nearly thirty dollars per barrel by OPEC actions. 

The first pilot plant was constructed at Albany, Oregon, followed by a more advanced pilot plant at the 
University of Arizona. Both pilot plants were specifically oriented toward oils for liquid fuels only, with 
no funding for developing additional value-added products. The latter work on additional products has 
been carried out only over the past four years, following the termination of the DOE-sponsored 
developments. 

This third generation of biomass liquefaction process development was transferred to the private sector 
in early 1992, partially through the help of a subsidiary of the University of Arizona Foundation. It was 
licensed to a corporation in Wichita for U.S .A. operations in late 1992. 

Technology Development 

1. Laboratory Research 

The initial basic research work was conducted by the U.S. Bureau of Mines in Pittsburgh, later named 
the Pittsburgh Energy Research Center (Appell 1971). Extensive exploratory laboratory work was 
conducted for producing oils from wood, cellulose and urban refuse. The Bureau of Mines learned much 
in its early work on the possible chemical reactions and reported in 1971 as follows: 

"Cellulose, starch, and other carbohydrates can undergo a large number of reactions on 
treatment at elevated temperatures and pressures with carbon monoxide, water, and 
sodium carbonate or other alkaline salts: Since almost every carbon atom in a 
carbohydrate is bonded to an hydroxyl group (-OH), some dehydration will take place. 
Hydrolysis of the polysaccharide to glucose will also occur; glucose and the smaller units 
formed from it are soluble in water. Hydrolysis of the fats in the refuse to long-chain 
palmitic and stearic acids will also occur. Probably the most important overall reaction 
converting cellulose to oil is the splitting out of oxygen to form molecules with high 
hydrogen-to-carbon ratios. Cellulose and other carbohydrates lose water and carbon 
dioxide just on being heated." 

In its second phase, this work was extended to include wood and bovine manure as substrates (Appell 
1975). The effects of water addition, catalyst concentration, reaction time, reaction temperature, and 
carbon monoxide pressure were studied in batch autoclave experiments. Several alkaline salts were tested 
for catalytic activity, and the effect of a carrier oil was also determined. Sodium carbonate was found 
to be the best catalyst, and the presence of liquid water at reaction conditions was also found to be 
essential. Apart from its possible generation of hydrogen by water-gas shift, water may be needed to 
activate the sodium carbonate and may serve to dissolve polyhydroxyl compounds formed by the reaction. 



2. Initial Pilot Plant 

The laboratory work by the Bureau of Mines created interest in constructing a pilot plant. In 1973, 
Dravo Corporation performed a technical and economic feasibility study for the conversion of manure 
or waste wood to oil, based on the earlier Bureau of Mines experimental results. The study also included 
the conceptual design of a 3 ton-perday pilot plant for waste wood liquefaction using three processing 
alternatives. 

Rust Engineering Company provided the detailed engineering design for the pilot plant in 1974. The pilot 
plant was subsequently constructed by Bechtel Corporation at the Metallurgical Research Center of the 
Bureau of Mines in Albany, Oregon. In 1975, Bechtel prepared a series of detailed recommendations 
for the pilot plant under construction, including a consideration of alternative feedstocks (e.g., municipal 
solid waste, agricultural wastes) in addition to wood wastes for processing at the facility. In late 1976, 
ERDA (now DOE) awarded a contract to Bechtel National, Inc., to monitor completion of construction 
and initially operate the facility. Based on a competitive procurement, DOE awarded a contract in 1978 
to Wheelabrator Cleanfuel Corporation for the continued operation of the Albany facility. 

The pilot plant at Albany, Oregon was designed to evaluate biomass liquefaction process schemes 
developed in the laboratory Perry and Thigpen 1981). The plant was later modified to test a second 
scheme; both schemes were based upon the same general reaction mechanisms. 

In the first scheme, referred to as the PERC process, dry wood flour was slurried in recycled wood- 
derived oil. The slurry, together with aqueous sodium carbonate-and CO and H, was pumped through 
a preheater-reactor system at about 3000 psi and 630 to 680 F. Upon pressure letdown and cooling, 
unreacted wood and catalyst solution were to be removed from the reactor discharge by centrifugation. 
The second scheme ('known as the LBL process) employed digestion of the wood in water at elevated 
temperature to disintegrate to wood without grinding. Also, water was to be used as the carrier media 
in the preheater reactor system instead of oil, permitting a true once-through operation. The wood 
slurrying and digestion step proved inoperable and was replaced with an acid digestion step followed by 
a "refining" step. 

From the start, the pilot plant was plagued with numerous mechanical problems. Until mid-1979, it was 
not possible to operate the preheater-reactor section as intended, but it was possible to carry out short 
runs, in many cases by-passing the reactor. These problems during operation by Bechtel led Rust 
Engineering to propose in its proposal of June 1978 that the scraped surface electrical heated preheater 
be replaced with a gas-fired tubular heater. This unit was funded and installed in late 1989. 

Rust Engineering did prove the ability of the system to run for an extended time. Material balance data 
and the production of some 35 barrels of wood oil were obtained prior to shutting down the unit in 
March, 1981. 

One such long run (No. 12) was reported in detail as follows: 

Wood totaling 21,970 pounds (dry basis) was fed for 572 hours at an average rate of 38.4 pounds per 
hour, resulting in an oil production of 11, 027 pounds (water and solids free basis) at an average 
concentration of 95%. Wood oil at over 99.9 percent concentration was produced for over 300 hours, 
with no build-up of solids in the system. 



Table 1. Extended Liquefaction Run at Albany Pilot Plant. 

Wood Feed Time 
Wood Oil Concentration 
Viscosity of Crude Product 
Specific Gravity of Crude Product 
Solids 
Gross Heating Value 
Analysis (Dry Basis), Wt. %: 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Sulfur 

Yield: 

572 hoqrs 
99.9 + % 
135 cpat  210 F 
1.1 1 
1.8% 
14,840 Btullb 

78.9% 
8.5% 

12.3% 
0.5% 
0.06% 

53.3 ibs of wood-derived oil per 100 lbs of dry wood 

3. Extruder-Feeder Development for Continuous Process 

The development of the extruder-feeder at the University of Arizona solved a major problem existing at 
the Albany pilot plant (White and Wolf 1991). The problem was two-fold. First, wood flour feedstock 
was forced into the pressure system intermittently - through air locks. Second, a slurry of fiesh wood 
flour feedstock with recycle oil could not exceed 12 wt% without plugging the check valves on the piston 
pumps; any higher concentration plugged the system and stopped operations. The extruder-feeder not 
only provided a continuous feeding system into the pressure system but also could pump a 60 wt% of 
wood flour in recycle oil. This development of the extruder-feeder in the 1978-1980 period led to a 
second generation of the biomass liquefaction process. The advanced process was designed and 
constructed at the University of Arizona during the period 198 1-1984. 

The major advantage of the extruder-feeder is its excellent operability on a continuous basis for 
generating sufficient pressure for pumping a viscous slurry of solids into a pressure system. A second 
advantage is that it reduces the recycle oil stream some 8-fold over the use of piston pumps. A 12 112 
wt% slurry in a piston pump system requires 800 pounds of recycle oil for every 100 pounds of fresh 
feedstock. A 50 wt % slurry in an extruder-feeder pumping system requires only 100 pounds of recycle 
oil per 100 pounds of fresh feedstock. 

It was visualized that the extruder-feeder would operate in a biomass liquefaction process with a heavy 
high-viscosity recycle oil. The pedormance of the extruder-feeder depends upon high viscosity of slurries 
to produce drag flow, the frictional balances upon the barrel and the screw, outlet pressure, screw design 
and screw rpm. The screw design can have a large effect upon the output rate. Much rheological data 
and extruder-feeder operating date were collected during the development of the extruder-feeder (1978- 
1981) at the University of Arizona, which formed the basis for designing an advanced extruder-feeder 
biomass 1 iquefaction process. 



4. Extruder-Feeder Liquefaction Pilot Plant 

A Second Generation Biomass Process (called the extruder- feeder process) was designed, constructed 
and given its shakedown operations during the period 1982-1985, as shown in Figure 1. Some 60 
experimental runs were conducted from August 1985 through August 1988. 

Early on, it was proved that the extruder-feeder process could (a) provide excellent operability and (b) 
produce a high Btu product under a variety of conditions. 

These experimental runs were purposely planned to cover several extremes of operating conditions, 
namely, pressure, with and without reactant carbon monoxide, and with and without sodium carbonate 
catalyst. 

Table 2. Continuous Biomass Liquefaction Experimental Conditions 

Wood Oil Feedstock Na,CO, . Feed Residence 
Run Wood Vacuum H,O, Catalyst, Rate Time, 
No. Flour Bottoms wt. % pp hr. Temp. O C  Press. psi Iblhr Minutes 

Table 3. Elemental Analysis of Crude Wood Oil Obtained by Liquefaction 

Crude Distillate Analysis, 
Crude Wt. % 

Run Distillate L 

No. Wt. % C H 0 N 

The crude distillate was obtained by vacuum distillation of the reactor effluent at 2-3 m l H g  absolute 
pressure and temperatures starting at about 300 F and going up to 550 F. The distillate has a reasonably 
low viscosity at 30 C and a heat of combustion of about 16,000 BTUIlb. The aromatic content as 
determined by nuclear magnetic resonance is about 40 percent. Most important, the oxygen content has 
been reduced during liquefaction fiom about 42 wt.% in the white birch feedstock to about 6-7 wt. %, 
such that hydrotreating to a transportation fuel could be facilitated. Even though the extruder-feeder has 
demonstrated the ability to feed 60 wt % wood flourlsawdust feedstocks, these initial experimental runs 



were made with feedstocks ranging from 35 to 42 wt % white birch wood flour. 

The early experiment produced good quality crude wood oil with high heating values of about 16,000 
BTUllb. and reasonably low viscosities, slightly higher than petroleum Fuel Oil No. 2. Later runs 
studied more subtle quality properties by measuring residual oxygen content, aromatic content and the 
atomic hydrogen to carbon ratios. These qualities are summarized along with reactor conditions 
producing the oils in Table 4. 

Table 4. Quality of Wood Oils with Albany Vacuum Bottoms Carrier 
Run Oxygen Aromatic Atomic Temp. Press Residence Catalyst 
N o. Content Carbon H/C Ratio O C  psi Time (min) Na,CO, 

wt. % Wt. % Wt. % 

a 

It should be noted that the above experimental runs were made using vacuum bottoms from the Albany 
pilot plant as the "viscous recycle carrier" for fresh wood flour feedstock. 

-I 

Further runs were made using recycle materials produced at the University of Arizona as shown in 
Table 5.  

Table 5. Certain Quality Criteria for Later Crude Wood Oil Distillates 

Oxygen H/C Heating Reactor Conditions 
Content, Atomic Value, 
Wt. % Ratio Btu/l b Residence CO Feed 

Run No. Date Temp, O C  Time Low 

M I  7/14/87 7.77 1.30 16,f 50 380 36 LOW 
M2 7/17/87 6.74 1.27 16,250 420 48 LOW 
M3 7/23/87 6.47 1.30 l6 , t  60 340 40 LOW 
N1 8120187 9.46 1.03 1 5,700 330 36 LOW 
N2 8/21/87 8.49 1.32 15,250 340 45  MED 

Vacuum distillates from the runs in table 5 were analyzed, as shown in Table 6. 



Table 6. Elemental Analyses of Crude Wood Oil Distillates 
Run No. Date of Run Wt. % C Wt. % H Wt. % 0 Wt. % N 

In summary, the some 60 experimental runs in the continuous extruder-feeder liquefaction pilot plant 
proved the operability and the feasibility of the process. Paralleling this work, 16 fundamental studies 
were made covering the extruder-feeder, concentrated slurry rheology, liquefaction, real-time computer 
control and wood oil product qualities; these were reported as M.S. theses in chemical engineering. 

5. MSW Liquefaction in Semi-Continuous Autoclave 

Paralleling the extruder-feeder liquefaction development sponsored by the U.S. DOE, laboratory work 
in autoclaves upon MSW liquefaction was conducted during the period March, 1984 - December 1985 
(White 1985). The research was sponsored by Argonne National Laboratory and conducted at the 
University of Arizona. A semi-continuous autoclave was utilized, consisting of a modified autoclave and 
a real-time digital microprocessor control system so that it could be operated in a semi-continuous mode. 
This involved controlling inlet gases and outlet gases continuously during the MSW liquefaction in the 
autoclave. 

The various components of MSW were studied in order to obtain meaningful data, not confused by the 
different thermokinetics of more that one distinct MSW component. Feedstocks included wood flour, 
cardboard, newsprint and rice (starch), as well as the important model compounds a-cellulose and lignin. 
It was found that these MSW components could be converted to liquid oils and a high-heating value 
residual solid at temperatures of 325 C to 400 C and pressures of 1,000 psi. This research program 
proved the feasibility of converting MSW to liquid fuel products and solid fuel by-products of high 
heating values. 

Third Generation Liquefaction Process 

The extruder-feeder biomass liquefaction process developed at the University of Arizona was recognized 
nationally and internationally as a Second Generation direct liquefaction process. It was devoted strictly 
toward producing a sulfur-free liquid oil, to meet the goals of the U.S. DOE during the 1980's. 

During the period 1989 - 1992, the process was redirected toward MSW and other solid organic wastes, 
and was redesigned to provide a mix of "value-addedw products. A family of nine product lines has been 
developed as discussed later on. This Third Generation process was transferred to the private sector in 
early 1992, partially through the help of a subsidiary of the University of Arizona Foundation. It was 
licensed to a corporation in Wichita founded by a consortium late in 1992 for exclusive operations in the 
U.S.A. 



The plant design for this third generation liquefaction process has incorporated features to expedite 
construction, assure good plant operability, enhance economics and be environmentally friendly as 
summarized below. A typical process flow diagram is shown as Figure 2. 

1. Flexibility in Mix of Products 

As shown later on, some nine major product lines can be produced. In some cases, a 
given line of products can market several grades; for example, four grades of densified 
waste wood fuels are shown. The process has sufficient flexibility so that a proper mix 
of products can be selected to best fit a specific geographical plant location. 

2. Dud Process Lines for Environment Enhancement 

One liquefaction line handles all mixed MSW delivered from both residential and 
commercial sources and the second liquefaction line handles all diverted MSW that has 
essentially no possibility of being contaminated by batteries, insecticides, toxic solvents 
and other toxic metals. The process design then provides for all of the possible toxic 
residuals from the first line going into a product destined for coal-fired power plants, 
which have facilities for handling them. 

3. Packaged Units for the Plant 

There are several sections in the commercial plant design that lend themselves for 
mounting in a skid-mounted structure for shipment from a fabrication site to a plant site. 
This has the advantage of pre-testing at the fabrication site. This type of construction 
has been pioneered, for example, in field boilers and off-shore drilling, leading to cost 
and time savings. 

4. Modular Plants 

Since at least two process lines are desirable for reasons stated earlier, it appears practical 
to utilize modular construction to determine plant sizes. The minimum plant size with 
two process lines appears to be about 200 tons per day of organic feedstock, dry basis. 
Other modular designs are for 400 T/D and 800 T/D plants. This design permits some 
locations to start out with either 200 or 400 T/D plants, and expand later on without 
losing very much through economy of scale. 

5.  Densified Wood Fuels with Clean Ash 

The binder for the densified wood fuel products line would come from the "clean line" 
of liquefaction where its feedstock comes form diverted and partially sorted materials, 
not from mixed MSW. This provides very high assurance that none of the toxic metals 
and chemicals normally associated with MSW are in these densified wood fuels. 

6. Solid Fuel with Dirty Ash 

The potentially toxic ash from mixed MSW feedstocks ends up in either (a) a solid fuel 
(sulfur-fiee but with mixed MSW ash) or (b) asphalt additive formulations. These 
products have good sale values to power plants, cement plants, pavement and road 
contractors andlor possibly roofing companies. 



7. Process Fuels 

Liquefaction generates only small quantities of gaseous fuels, compared with pyrolysis 
or incineration. These fuels are utilized internally in the plant. 

8. Water Reuse 

The process generates its own source of water for use in boilers, cooling towers, 
cornposting and greenhouses. Since this condensed water contains essentially no 
dissolved salts, its recovery by reverse osmosis is being evaluated. 

Product Mix 

The extruder-feeder liquefaction process has several unique features, which provide considerable 
flexibility in selecting the plant products. For example, a plant located near large sources of waste wood 
(lumber mills, wood products manufacturing) would select a different product mix then a plant near a 
landfill utilizing MSW only. Each facility should select its product mix prior to a Detailed Plant Design, 
dthough it may choose to incorporate additional flexibility into its design for future changes in its product 
mix. 

The inherent flexibility of the process has led to the development of nine product lines. Further, many 
of these product lines could provide several product grades to meet specific market demands, just as a 
fertilizer plant usually markets several grades within its product line. However small plants and most 
medium sized plants would produce only a portion of these products, based largely upon the economics 
of scale and the complexities of marketing. 
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These nine product lines are summarized as follows: 

Heating Oil* 
Specifications : 

Carbon, Wt.% 81.0 min. 
Hydrogen, Wt. 96 6-9 
Oxygen, Wt. % 10.0 max. 
Nitrogen, Wt . % 0.2 
Sulfur, Wt. % 0.06 
Kinematic Viscosity, 25 C 200 
Spec, Gravity, 25 C 1.0-1.1 
Water, Wt.% 0-5" 
Ash, wt. % 0.006 
Heat of Combustion, BTU/Ib 16,000 min.** 

*Sulfur-fiee, with specifications and burning characteristics similar to Heating Oil No. 2. 
**Elemental analysis is on a water-fkee, ash-free basis and this amount of water is added for 
improved atomization and fluidity. 

2. Oxygenated Additive for Diesel Fuel 

Theoretical calculations indicate that a light -ion of this oxygenated wood oil would 
enhance diesel fuel combustion, but this work is still in the development stage. 



3. Densified Wood Fuels 

A heavy fraction of this wood oil (residuum) is utilized as the binder for densifying 
sawdust and waste paper products. 

S~ecificatiom 
Four grades of densified wood fuels: 
Size of Pellets: 1.0 in. Dia. x 1.0 to 1.5 in long up to 2.0 in. Dia. x 2.0 to 3.0 in. long. 
Density of Pellets: 50 to 60 lb/ff 
Water Content -0- 
Heating Values, BTUIlb: 
Percentage Binder BTUllb' 
20 10,720 
30 11,380 
40 12,040 
50 12,700 

*Calculated values for these four grades of products, based on 9,400 BTUllb sawdust 
(moisture and dirt-free) and 16,000 Btunb heavy wood oil fraction. 

4. Asphalt Additive for Viscosity Improvement 

A proprietary formulation, using heavy fractions of wood oil and other materials, can be 
utilized in five to 20 percent quantities in conventional road asphalt to lower cracking 
temperatures in cold climates and raise rutting temperatures in hot climates. 

5. Briquetted Charcoal 

Liquefaction derived briquetted charcoal is formulated by conventional techniques to meet 
existing standards of retail products. 

6. Activated Carbon 

Both powdered and granular grades are under development currently. 

7. Compost Formulations 

A unique formulation with slow-release nutrients for use by gardeners, landscapers and 
road-side seeding is recommended as one product. Other formulations can be provided 
for any specific plant location. 

8. High-Value Greenhouse Products 

Flowers and ornamental plants for local markets are specified. 



9. Solid Power Plant Fuel 

This product is designed for the economical disposal of all of the ash contained in the 
wood, paper and other organics of mixed MSW materials. The liquefaction plant is 
designed so that such ash materials can be concentrated into a small amount of the total 
plant output. 

If desired, this solid fuel can be designed to match the ash and volatile content of the 
specific coal fuel being utilized. It can be provided either in a powdered form or brittle 
lump solids that can be easily pulverized. Further, this solid fuel has the advantage of 
being essentially sulfur-free and having a heating value considerably higher than most 
bituminous coals. It has the disadvantage of containing any toxic metals normally found 
in MSW. However, coal-fired power plants already have pollution control facilities to 
handle the toxic metals occurring naturally in bituminous coals. 

Integration with MRF's 

It is obvious that wherever this extruder-feeder process is applied to MSW that it makes sense to integrate 
it with a Materials Recovery Facility (MRF). This can be done with MRF's either handling mixed MSW 
or curbside collections of recyclable materials. It lends itself to the so-called two-bag collection system 
of MSW from residential sources. This integration is best provided by incorporation in the initial design, 
but also can be done with existing MRF's. 

Probably the most important point to make is that this integration allows the MRF to "stand on its own 
feet economically," because any uneconomic recycling of paper, cardboard and plastics need not be done, 
but rather utilized as feedstock for the liquefaction plant. Further, the process has sufficient flexibility 
that when and if it is more economic to recycle a given waste component of the MSW, it can easily be 
diverted for such by tbe MRF. 

Economics 

Various economic scenarios indicate that the extruder-feeder liquefaction process has the most favorable 
economics of any known approach to reducing wastes to landfills in a major manner, say 30 to 70 percent 
reduction. Equally important, essentially all organics to a given landfill can be utilized, so that the life 
of the landfill can be extended some five-fold. 

The economics are especially favorable for geographical areas requiring heating oils, where a 16,000 
Btullb blending stock from liquefaction can be utilized. Also, for areas having waste hardwoods (lumber 
mills, cabinets and furniture manufacturing wastes) a limited amount of briquetted charcoal can be 
produced. The use of a heavy fraction of the 16,000 Btullb crude wood oil as a binder for densified 
wood fuels offers a line of products with higher Btu values than those on the market currently. 



The ultimate development of the extruder-feeder biomass liquefaction is the result of the efforts of many 
groups, evolving into a practical process. The whole-hearted support of the U.S . DOE over the 1 1 -year 
period 1978- 1988 is especially appreciated. The Argome Laboratory support on MSW, the earlier work 
by the U.S. Bureau of Mines, Bechtel Corporation and Rust Engineering operations at Albany, together 
with the recent engineering work by Waste Technology Transfer, Inc., and Waste Resources Recovery 
1nc.--all have contributed to the success of this process. 
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Abstract 

Technology has been developed outside our group for the direct liquefaction of dry raw sewage sludge. 
However, the product is a fairly viscous, unpleasant-smelling liquid which contains up to 8% nitrogen 
and 2.5% sulphur, precluding its use as a fuel. Polar groups associated with these elements and oxygen 
also cause emulsification with pyrolytic water. We have identified that most nitrogen and sulphur-free 
oil derives fiom the lipid fraction and that nitrogen and sulphur-containing oil derives fiom the protein. 

Toluene extraction of a raw sewage sludge gives 18 wt% of lipid, and rejects 99% and 84% of the 
nitrogen and sulphur respectively. The extract contains 14-16% oxygen. The lipid contains 65% 
carboxylic acids, 7% glycerides and 28% unsaponifiables. 

Catalytic pyrolysis of the lipid over activated alumina at 450°C at a weight hourly space velocity less 
than 0.6 yields a light hydrocarbon liquid which contains 25% of the original carbon in the sludge. 
There is a fairly uniform distribution of compounds across the C6 to C20 range with a preference for 
unbranched compounds. The catalytic pyrolysis results in deoxygenation of carboxylic acids, esters and 
possibly some intermediate ketones. 



Introduction 

One of the major differences between fossil fuels and biomass is the presence of significant amounts 
of oxygen in the latter. There have been two basic approaches to the conversion of biomass to liquids. 
The first is to make hydrocarbon liquids. The second is to make oxygenated liquids and develop special 
uses for them. The removal of oxygen can be accomplished, at least theoretically, either using external 
reducing agents or by the elimination of oxygenated molecules such as water, carbon monoxide and 
carbon dioxide. For economic reasons the latter is preferred. 

Perhaps the easiest oxygenated functionality to remove is the alcoholic OH group. Unfortunately it is 
most easily removed as water and this mechanism lowers the hydrogen/carbon ratio in the product. For 
example, a typical carbohydrate has a formula of C,(H,O),, or close to it, and therefore if all the oxygen 
is removed as water the product is carbon, or char. If the oxygen is removed as carbon monoxide the 
hydrogenlcarbon ratio in the product may not diminish significantly but the liquid yield fiom a typical 
biomass would be very low. The best vehicle molecule for the elimination of oxygen is carbon dioxide, 
but mechanistic considerations may preclude this. 

After the alcoholic OH group, terminal oxygenated hnctionalities such as carboxyl groups, appear to 
be most easily removable. The removal of other carbonyl groups within chains should be more 
difficult. Oxygen atoms in cyclic systems, particularly aromatic ones, would offer the greatest challenge 
for removal. 

This paper describes the production of hydrocarbons by the catalytic pyrolysis of sewage sludge lipid 
as well as constituknt compounds such as triglyceridks (esters) and carboxylic acids. Triglycerides are 
atso of interest because they are the components of vegetable oils. Many wastes produced in the food 
industry are high in triglycerides. Carboxylic acids are also potential substrates occurring, for example, 
in tall oil, a product of krafi pulping. 

Our interest in sewage sludge lipid arose because of technology which had been developed for the 
liquefaction of whole dried raw sewage sludge (Bayer and Kutubuddin 1982; Bayer and Kutubuddin 
1984; Campbell et al. 1987). The product fiom such liquefactions, which are performed in a continuous 
horizontal screw-fed reactor (Campbell et al. 1987) at temperatures of about 350-450°C, is a foul- 
smelling black liquid which contains significant amounts of nitrogen and sulphur as well as oxygen. It 
also contains considerable quantities of emulsified water which is stabilised by the polar groups 
containing the above three elements. 

We identified (Boocock et al. 1988) that the nitrogen and sulphur came from the protein fraction in the 
sludge whereas the lipid fraction would most easily yield nitrogen and sulphur-free liquids. We also 
concluded that whereas long chain carboxylic acids for the most part survived the pyrolysis, 
triglycerides did not. 

Based on these above observations, we decided to investigate first the pyrolysis of triglycerides. A 
number of research workers (Crossly et al. 1962; Kitamura 197 1 ; Higman et al. 1973; Rao 1978; Anjos 
et al. 1981) have already studied the pyrolysis of triglycerides under different experimental conditions 
and all of them have reported the formation of carboxylic acids as one of the main components of the 
liquid products. Our experimental conditions differed from those of the earlier workers and therefore 
the results we present here are significantly different. Accordingly, triolein and trilaurin representatives 
of the unsaturated and saturated triglycerides along with their respective mixtures in the form of canola 



oil and coconut oil were used as model compounds for these studies. Lauric acid was also chosen as 
model compound for the pyrolysis of fatty acids. 

Experimental 

Experimental procedures have been described elsewhere (Boocock et al. 1992; Boocock et al. 1992; 
Konar et al. 1993), but a schematic diagram of the pyrolysis apparatus is shown in Figure 1. 

Results and Discussion 

Solvent Extraction of Lipid from Raw Sewage Sludge 

Extraction of raw Atlanta dry sludge with boiling toluene yielded a maximum of 18 wt% lipid in 2h. 
The moisture contents of the original dried sludge and the extracted sludge, as determined by the Karl- 
Fisher titration method, were 2% and 1.5% respectively. The moisture content of the toluene extracted 
lipid was 5%. 

Table 1 shows the percentage distribution of each element in the extracted lipid, the extracted sludge 
and the original sludge. Table 2 shows the mass balances for the extracted sample. Mass (Table 2) and 

Table 1 
Elemental Analysesa (wt%) of Toluene Extractives, Extracted Sludges and Original 

Sludges 

Component 

Toluene 
Extractives 

Extracted 
Sludge 

Original 
Sludge 

Values reported here are averaged values of percentages from three samples 

elemental analyses (Table 1) were made in order to determine the degree of nitrogen and sulphur 
separation after solvent extraction. As can be seen from Table 2, the amount of nitrogen and sulphur 



Table 2 
Mass Balancesa for Toluene Extraction 

Components C H 0 N S Ash Total 
(9 ) (9) (9) (9) (9) (9) (9) 

Toluene 
Extractives f 2-27 1.81 2.41 0.86 0.14 0.10 16.79 

Extracted 
Sludge 30.72 4.22 20.67 5.79 0.62 18.63 80.65 

Total 42.99 6.03 23.08 5.85 0.76 18.73 97.44 

Original 
Sludge 39.52 5.98 26.12 6.02 0.7 0 20.50 98.84 

"Values reported here based on 1 OOg sample. 

in the lipid was very low compared to the original dried sludge. Extraction of lipid fiom sludge resulted 
in 99% rejection of nitrogen and 84% rejection of sulphur. It is also evident fiom these results that the 
lipid contained 14- 16% oxygen. 

Infrared spectrum of the lipid showed a strong peak at 1715 cm'l which was attributed to a carboxylic 
carbonyl group. Another carbonyl peak at 1738 cm-' indicated the presence of an ester functional group. 
The OH region of the infrared spectrum was not useful because the sample contained 5% moisture. 

Proton-decoupled I3C n.m.r. spectrum of the lipid showed various sharp signals associated with straight 
chain hydrocarbons (1 4-32 ppm). Broad signals at 179.7 and 172.9 ppm were assigned to carboxylic 
acid and ester carbonyls, respectively. The broadening is probably due to the slightly different magnetic 
environments of the carbonyl groups in the different components. A signal at approximately 60 ppm 
was attributed to the glycerol carbons in the triglyceride esters. The unsaturated carbon atoms in the 
ester chains were clearly observed around 130 pprn. 

Compositions of the Sewage Sludge Lipid 

The lipid consisted of 65% fiee fatty acids, 28% unsaponifiables and 7% glycerides. Gas 
chromatograph$ showed that unsaponifiables were mostly hydrocarbons ranging fiom C9 to C16. n- 
Nonane and n-pentadecane appeared to be the major components present making up 5.3 and 5.7% of 
the mixture, respectively. Only 26% of the total composition was accounted for. Palmitic and stearic 
acids constituted 45 and 41% respectively of the free fatty acids (measured as methyl esters). Oleic and 
linoleic acids were present in significant quantity. The glyceride fatty acids fraction contained also 
palmitic, stearic, oleic and linoleic acids. The percentage of unsaturated fatty acids was greater in the 
glyceride fatty acids fraction than in the total fiee fatty acids. Based on the recovered lipid, the contents 
of palmitic, stearic and oleic acids as free acids were 29%, 26% and 3% respectively. These findings 
are consistent with those of Higgins and co-workers (1982), with the exception of the value for oleic 
acid which is lower. 



Pyrolysis of Triolein, Canola Oil, Trilaurin and Coconut Oil 

Pyrolysis of triolein over glass beads at 450°C did not cause any dramatic change and hence heating 
alone had little or no effect on the triolein. It was therefore assumed that the mineral matter in the 
sewage sludge catalysed the decomposition of the triglycerides. These results were expected in light of 
the relatively long durations (4 to 5h) encountered in previous batch triglyceride pyrolyses (Kitamura 
1971; Higman et al. 1973). We concluded that a catalyst was necessary and ultimately found that 
activated alumina was very effective. 

Pyrolysis of triglycerides over alumina at weight-hourly space velocity (WHSV) of 0.46 yielded mobile 
liquids, gases and smaIl amounts of semi-solids (0.02-0.03%). The liquid yields were in the range 64-71 
wt%. 

The carbon and hydrogen elemental analyses for all the liquid pyrolysis products showed that only 0.6 
to 2% of the masses were not accounted for by carbon and hydrogen. The oxygen content (by 
difference) was therefore very low. 

Infrared spectra of the liquid pyrolysis products from all four substrates showed only weak carbonyl 
absorptions at 1 7 1 8- 1720 cm-' which were assigned to carboxylic acids. This suggested that the glycerol 
moieties had cleaved and decarboxylated. C-H stretching peaks at 2910 and 2850 cm" were also 
observed. The peaks at 907 and 965 cm-I were identified as the CH out of plane bending which may 
be due to typical alkene (RHC=CH,) and trans-alkene (RHC=CHR) products. Proton-decoupled 13C 
n.m.r. spectra of the above liquid pyrolysis products showed various sharp signals associated with 
straight chain hydrocarbons (14-32 ppm) as well as signals associated with the olefinic double bonds 
including two signals at 114 and 139 ppm which were attributed to terminal double bonds. There were 
no carbonyl signals in the C=O regions of these spectra. This indicated that all the glycerides were 
converted to a mixture of hydrocarbons by liquefaction. A typical I3C n.rn.r. spectrum of the liquid 
pyrolysis products of triolein is shown in Figure 2. 

Gas chromatography showed, in particular, the cracking of the hydrocarbon chains with a preference 
for C6 and C7 products in triolein and canola oil pyrolysis and C9 and C11 products in trilaurin and 
coconut oil pyrolysis, but otherwise a uniform distribution across the C6 to C 16 mass range. Multiple 
peaks near the retention times of standard hydrocarbon peaks also revealed the presence of double bond 
isomers in the pyrolysis products. 

Based on these above observations, it became clear that the degree of unsaturation of the ester chains 
did not dramatically affect the liquid products of decomposition during liquefaction at 450°C over 
alumina at atmospheric pressure. Under these experimental conditions, the liquid products were always 
hydrocarbon mixtures of alkanes and alkenes whereas previous researchers (Crossley et al. 1962; 
Kitamura 1971; Higman et al. 1973; Rao 1978; Anjos 1981) had found sufficient carbonyl compounds 
in the pyrolysis products. 

Gas chromatography of the gaseous products from all four substrates showed the presence of carbon 
monoxide, carbon dioxide, methane, ethane, ethene, and C3 to C5 compounds. Carbon dioxide was 
found to be the major component in the gaseous mixture in case of triolein and canola oil pyrolysis. 



Liquid Pyrolysis Yield 

If a gamma hydrogen transfer is the only mechanism (Boocock et al. 1988) operating during 
liquefaction of triglycerides over alumina, the oil yield should correspond to 74.5, 79, 65, and 72% of 
the total triglyceride mass for triolein, canola oil, trilaurin, and coconut oil respectively. The actual 
liquid pyrolysis yields obtained were slightly lower than the theoretical yields. 

Degree of Unsaturatian of Liquid Pyrolysis Products 

Hydrogenation showed that there were 14.3, 17.1, 10.1, and 13.4 carbon atoms per double bond, 
respectively in the liquid products of triolein, canola oil, trilaurin, and coconut oil pyrolyses. If the 
gamma hydrogen transfer mechanism (Boocock et al. 1988) predominates in the pyrolysis of 
triglycerides over alumina, the values of the carbon to double bond ratios should be 8 and 10, 
respectively for the liquid products of triolein and trilaurin pyrolyses. It is obvious that the trilaurin 
pyrolysis product had the expected number of carbon atoms per double bond and that the product fiom 
triolein pyrolysis contained a higher number of carbon atoms per double bond than expected. 

Pyrolysis of Sewage Sludge Lipid 

Pyrolysis of sewage sludge lipid over activated alumina yielded low-viscosity liquids, small amounts 
of solids (only at higher weight-hourly space velocity (WHSV)), non-condensable gases, pyrolytic water, 
and a carbonaceous residue remaining on the catalyst (coke). The percentage yield of the pyrolysis 
products at different WHSV are shown in Table 3. A typical elemental composition (Run # 2, see Table 
3 for conditions) of the pyrolysed liquid products was as follows: C, 86.6%; H, 13.5%; N, 0.08% and 
S, 0.22%. Since the total of the analysed elements is 100.4%, the liquid products contained little, if any, 
oxygen. 

Table 3 
Experimental Conditions and Pyrolysis Product Compositions of Sewage 

Sludge Lipid 

Run# WHSV Orig . Gas Gas Liqd. Liqd. Solid C* 
mass 0-1 (9) (9) (%) (9) (9) 

(9) 

Carbon absorbed on catalyst. 
- Not determined. 
t Trace 



Each i.r. spectrum of the liquid pyrolysis products (at different WHSV) showed only a very weak 
carbonyl peak at 1720 cm'l which was assigned to carboxylic acids. The peaks at 907 and 965 cm" 
were identified as the CH out of plane bending which may be due to general alkene and trans-alkene 
products respectively. 

Since the i.r. spectra of all the liquid pyrolysis products were almost identical, it was decided to run 
only one proton-decoupled "C n.m.r. spectrum of the liquid products (from Run # 2). Sharp signals 
were found from 14.6 to 33.2 ppm for straight chain alkyl carbons. No carbonyl signal was observed 
in the C=O region of the spectrum. Peaks (1 24-132 ppm) associated with the olefinic double bonds were 
also evident as well as peaks assigned to trace amounts of residual toluene. 

A typical gas chromatogram of the liquid pyrolysis products is depicted in Figure 3. Run # 2 (0.46 
WHSV) and 4 (0.91 WHSV) were subjected to gas analysis by gas chromatography and the results are 
shown in Table 4. 

Table 4 
Gas Analysis of the Gaseous Pyrolysis Products of Sewage Sludge Lipid (Run # 2 

and 4 Only) 

Run # Carbon Carbon Methane C2 C3 C4 C5 
msv) monoxide dioxide 

- Not detectable 

Elemental balarices (C, H, and 0) were made for the pyrolysis products from Run # 2 and 4 and are 
shown in Table 5. 

Characteristics of the Pyrolysis Products 

In general, the colour of the liquid pyrolysis products ranged from light yellow to black. The products 
often had gasoline-type odour. The average density of the liquid products obtained at 0.24, 0.46, 0.77, 
0.91, and 1.60 WHSV were 0.81, 0.81, 0.83, 0.85, and 0.84 respectively. These values are similar to 
those of liquid hydrocarbons. 



Table 5 
Elemental Balances for Carbon (C), Hydrogen (H) and Oxygen (0)  of Run # 2 and 4 

Comp. 

Run # 2 (0.46 WHSV) Run # 4 (0.91 WHSV) 

C H 0 Total C H 0 Total 
(9) (9) (9) (9) (9) (9) . (9) (9) 

Liquid 

Water 

Gas 

Char 

Total 

Lipid 

Output 

Sewage SIudge Lipid Pyrolysis Yield 

As can be seen from Table 3, the highest liquid yield of 67 wt% was obtained at 0.46 WHSV. It is 
obvious from the results that as the WHSV was increased the percentage yield of low-viscosity material 
was decreased. It is also evident from Table 3 that if throughput is to be maximized then a WHSV up 
to 0.9 can be used without dramatically lowering the liquid yield. The exact trend beyond the 0.91 
WHSV is not known except that at a WHSV of 1.60 the liquid yield is very low. 
The percentage yield of coke were in the range of 6.2 to 8.0. Gas yields ranged from 12.2 to 15.7 wt% 
of the total pyrolysis yield. 

Evaluation of Infrared and 13C n.m.r. Spectra 

The very weak carbonyl peak (1720 cm-') associated with the pyrolysis products confirms complete 
decarboxylation of the free fatty acids as well as cleavage of the glycerol moieties and removal of the 
ester carbonyl groups in the triglycerides. Decarboxylation of the carboxylic acids was indeed very 
surprising because this reaction is notoriously difficult; in the direct sludge liquefaction process long 
chain carboxylic acids survive the pyrolysis resulting in high-viscosity oils (Boocock et al. 1988). 
The size of the carboxylic carbonyl peak increased slightly as the WHSV was increased. In other 
words, at a lower WHSV, the lipid has more time to react with the catalyst and resulted in more 
conversion. 



The absence of carbonyl signals in the I3C n.m.r. spectrum of the liquid pyrolysis products confirms the 
observation deduced fiom the infrared spectra. 

Gas Chroma tograms 

Gas chromatography of the liquid products (Figure 3) showed a fairly uniform hydrocarbon chain length 
distribution across the C6 to C20 mass range. Multiple peaks near the retention times of standard 
hydrocarbon peaks also revealed the presence of double bond isomers as well as some branched chain 
compounds in the pyrolysis products. The peak at 1.62 min is due in part to residual'toluene in the lipid 
extract. 

Gas chromatographic analyses of the non-condensable gases (Run # 2 and 4) (Table 4) showed the 
presence of carbon monoxide, carbon dioxide, methane, ethane, ethene, and C3 to C5 compounds, the 
latter escaping the liquid collection system because of their high vapour pressure. The non-detection of 
methane in Run # 4 is not explainable at this time. It also showed that as the WHSV was increased, the 
percentage of hydrocarbons from C2 to C4 was also increased. At lower WHSV, carbon dioxide 
appeared to be the predominant component in the pyrolysed gaseous mixture. The gas phase contained 
approximately 11% of the total carbon present in the sewage sludge lipids (see Table 5). 

Elemental Analyses and Elemental Balances 

Elemental analyses of the liquid pyrolysis products were made in order to determine the degree of 
nitrogen and sulphur rejected after the pyrolysis and to allow calculation of elemental balances. It can 
be seen from elemental compositions of original dried sludge, extracted lipid (see Table 1) and the lipid 
pyrolysis products (see earlier text) that the amount of nitrogen and sulphur in the liquid products was 
very low compared to the original dried sludge and extracted lipid. We have already shown (see Table 
2) that boiling extraction of the sludge resulted in 99% rejection of nitrogen and 84% rejection of 
sulphur. A fbrther rejection of 84% of both nitrogen and sulphur was accomplished by the pyrolysis of 
the extracted lipid. 

Elemental balances were made for two runs. It is obvious fiom Table 5, that carbon and hydrogen 
balances were very close to 1 b0% in both cases. The oxygen balances were very poor. The total amount 
of pyrolytic water produced in the liquefaction process is not exactly known as some water vapour is 
undoubtedly carried to the brine displacement vessel. Balancing the missing oxygen with water would 
not seriously upset the hydrogen balance. 

Uses of the Products 

Production of light liquid hydrocarbons with virtually no nitrogen and sulphur content appears to be 
unique to this process. This product is storable, transportable and potentially saleable. The liquid 
products contained hydrocarbons ranging fiom C6 to C20 mass range and, therefore, the potential end- 
use of this liquid include diesel fuel, heating fuel, and chemical feedstocks. The sulphur content 
currently is less than the US allowable content (Owen and Coley 1990) of 0.5% for diesel fuel although 
the EPA has proposed 0.05%. Only in California is the limit currently set at 0.05%. However, this value 
is likely to be set in all cities in US by 1993. The European standard is currently 0.3%, but some 
countries have already moved to a level of 0.2%. 



Pyrolysis of Lauric Acid 

Lauric acid was pyrolysed,under the same experimental conditions as sewage sludge lipid. Pyrolysis 
yielded liquid hydrocarbons, non-condenseable gases, semi-solids (0-37 wt%) and water. Results showed 
that at lower WHSV(0.46 to 1.5 l), the higher liquid yields of 60 to 50 wt% were achieved. Only 8.7 
wt% liquid was obtained at 4.4 WHSV. Results also indicated that at a lower WHSV the 
decarboxylation reaction appeared to occur more completely, presumably because of longer contact time 
between substrate and catalysis. The infrared spectra confirmed the absence of any carbonyl functional 
groups in the pyrolysed liquid products. 13C n.m.r. supported these as well as showing the presence of 
thermodynamically unfavourable terminal double bonds. These were probably formed by the gamma 
hydrogen transfer mechanism (Boocock et al. 1988) which is a very common phenomenon in esters and 
ketones. 

Gas chromatograms of the liquid products showed a range of C6 to C14 hydrocarbons. Gas 
chromatograms of the gaseous pyrolysed products showed the main components of the products are 
carbon monoxide and carbon dioxide. Pyrolysis of lauric acid over activated alumina at 450°C and 
atmospheric pressure will be reported elsewhere. 

Pyrolysis of Butanoic and Valeric Acid 

Preliminary results showed shorter chain carboxylic acids like butanoic and valeric acids appeared to 
form large amounts of ketone rather than hydrocarbons. Butanoic acid yielded a liquid product 
containing 90 wt% 4-heptanone whereas valeric acid produced a liquid containing 76 wt% 5-nonanone 
at 0.46 WHSV. Results in detail will be reported in later publication. 

Conclusion 

Liquid hydrocarbons (mostly alkanes) were produced from pyrolyses of sewage sludge lipid as well as 
triglycerides over activated alumina. Liquid products contained no carbonyl compounds. Even the 
carboxylic acids of the separated lipid fraction were completely decarboxylated to hydrocarbons. This 
was not the case in the direct liquefaction process where long chain carboxylic acids did survive the 
pyrolysis resuIting in high-viscosity oils. 

Future Work 

We are currently studying the physical and fuel properties of the liquid products. In addition we are 
investigating the lifetime of the catalyst, and if necessary, methods for regeneration. The pathways for 
deoxygenation which may include intermediate ketones are also being studied. 
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Abstract 

The Liquefaction Group of the IEA Biomass Agreement has carried out a thorough techno-economic 
assessment of the NREL process to convert biomass to an aromatic gasoline product. h this process, 
biomass is flash pyrolysed in a vortex reactor to maximize the formation of oil vapors. After removing 
char, the oil vapors are immediately sent to a catalytic cracking reactor with ZSM-5 zeolite catalyst to 
form a mixture of aromatic gasoline and gaseous olefins. Gasoline is recovered and the by-product 
olefins axe converted to form more aromatic gasoline. The primary product is gasoline with a very high 
blending octane which is expected to command a premium price. 

The technoeconomics of this process were determined for a present case based on technology considered 
to be commercially available as well as a potential or future case in which a successful research and 
development programme of process improvement is assumed. Capital cost estimates and product cost 
estimates are presented for both cases with sensitivity analyses on the major variables. The potential 
improvement in the potential or future case compared to the present case justifies continued research and 
development on the process technology. 



Introduction 

The process to convert biomass to a high-octane, aromatic gasoline is being studied at the National 
Renewable Energy Laboratory (NREL) (1,2 ). The Thermal Liquefaction Activity of the IEA Bioenergy 
Agreement chose this process for detailed technoeconomic assessment and their preliminary findings 
were published in 1992 (3). This paper reviews the key process parameters and reports on sensitivity 
analyses that have since been completed. 

As in previous techno-economic assessments carried out by this IEA group (4), the processes were 
analysed as a present and a potential case. The present case reflects experimentally demonstrated yields 
and uses processing techniques considered commercially demonstrated. The potential or future case 
assumes an optimistic outcome from a continued research and development program. This paper 
summarises the process descriptions, capital and production costs, and explores variations in the major 
process and operating parameters. The detailed report on the results of this effort will be published by the 
IEA Bioenergy Agreement Task VII Thermal Liquefaction Group through the Technical Research Centre 
of Finland. 

Process Description 

Summary of Present Case 

The biomass feedstock, wood, is first dried to 7% moisture content in a rotary dryer and then flash 
pyrolysed in an ablative vortex reactor. A high yield of oxygenated organic vapors and relatively small 
yields of char, gas, and steam are formed. The char is removed in a hot cyclone. The gases and vapors 
enter a zeolite catalytic cracking unit where the oxygenated organic vapors are converted to a mixture of 
hydrocarbons including aromatics and olefins, carbon oxides, and water. The gaseous olefm are reacted 
catalytically with benzene in a second reactor to give more gasoline. Residual olefins and butanes are 
recovered in an absorption column. 

The product of this present case is an aromatic light crude oil that is suitable for sending to a centray 
located petroleum refinery where it would be distilled to recover the aromatic gasoline. The residual 
heavier fraction of the crude oil would be hydro-cracked to also convert it to an aromatic gasoline. Figure 
1 shows the detailed flow sheet that was used in the technoeconomic evaluation of the present case. 

Summary of Potential Case 

The potential case is very similar to the present case as compared in the block diagram in Figure 2. 
Notable differences are the use of less-expensive silo dryers rather than rotary dryers and a distillation 
column to separate the gasoline product from the middle distillate and lighter ends, both of which are 
recycled to extinction in the zeolite cracking unit. Only a small amount of heavy fuel oil is assumed to be 
produced. Slightly higher yields are assumed to be possible for the potential case because of an assumed 

. successful research and development program on the catalysts involved. Figure 3 shows the detailed flow 
sheet used to evaluate this potential case. 

Feedstock Drying 

The wood is assumed to be delivered as freshly produced chips at below 2 cm and at 50% moisture 
content. These are dried to 7% moisture in the present case and 1 % in the potential case using waste heat. 
A high level of drying is specified to reduce both the endothermic water evaporation in the pyrolyser, and 
a similarly high heat load in the incinerator, both of which require premium energy. 

For the present case, conventional rotary dryers are specified. For the potential case, the biomass chips 
can be effectively dried in a silo dryer similar to those used to dry grain, but operated at a slightly higher 
temperature. This is a new application for this agricultural technology; however, design data for the flow 
of drying air through beds of several different sizes of wood chips is available and will be included in the 
final report of this study. Calculations using this data indicate a good potential for operating a silo dryer 
to dry wood chips down to 1% moisture (wet basis), but not for smaller-sized material. However, because 
this drying method has not been evaluated at the elevated temperatures for obtaining the final dryness of 



interest, silo dryers are used only for the potential case. A discussion of the relative uncertainties of these 
drying techniques and of other unit operations is presented in a later section. 

Pyrolysis 

The dried feedstock is then immediately fed while still hot into a vortex pyrolysis reactor in which the 
feed is ablatively flash pyrolysed. This pyrolysis process is carefully controlled to minimise thermal 
cracking of the vapors to light gases and minimise char formation. The theory of the vortex reactor and 
its production of pyrolysis vapors are reported in the literature (5 ,6) .  Recycling the solids in the vortex 
reactor results in attrition of the char to a fine powder, which is separated and used as fuel for the 
pyrolysis fumace along with the waste gases. The walls of the vortex reactor are heated to 625 OC, which 
re@& in a temperature of about 500 OC in the exiting pmcess stream. 

The pyrolysis fumace is fuelled with the by-product heavy-oil distillation residue, char, and gases. For 
the potential case most of the ash is removed as slag from the bottom of the vortex furnace, however a bag 
house is included to capture residual fly ash. 

For the present case a more conservative approach is taken with the furnace operated below the slagging 
temperature of the ash. In this case, the flue gas is used as part of the hot gases sent to the dryer, so a bag 
house is included after the dryer to capture the fly ash and entrained feed fines. 

Boiler 

In line with the historical practice of ethylene production from naphtha by thermal cracking, the high- 
temperature flue gases from the pyrolysis fumace are used to sequentially supply the heat for the steam 
superheater, the incineration zone, the bailer, and the recuperator as shown in Figures 1 and 3 above. The 
preferred carrier gas for the pyrolysis process is supeheated steam. Although it may seem paradoxical to 
use steam as the carrier after drying the feed, recovery of the liquid hydrocarbon products from co- 
condensed water is relatively easy compared to recovering the gasoline vapors from a non-condensable 
camer gas. 

To avoid making a large amount of waste water, the condensed steam, organic contaminants, and by- 
product water are recycled to the boiler to raise steam to use as the carrier gas in pyrolysis. This boiler 
water recycling also concentrates the water-soluble organics (primarily unconverted phenolics) prior to 
incineration, following traditional petrochemical practice. The feasibility of boiling off the water from 
the condensates from zeolite cracking experiments has been demonstrated at laboratory scale at NREL, 
with the concentrated organics forming a dense fluid phase in the bottom of the flask. The concentrated 
organics and the water chemically formed in the process are blown down to the incineration zone of the 
furnace operating at temperatures above 815 "C (1500 O n .  The boiler tubes are specified as stainless 
steel to avoid corrosion problems from the phenolic compounds present in the aqueous condensates. 

Catalytic Cracking Reactor and Regenerator 

After the pyrolysis vapors, gases, and carrier steam pass through the hot char cyclones to remove the fine 
char, they enter the catalytic cracking reactor. This cracks any oligomeric pyrolysis vapors present and 
removes oxygen in the form of water and carbon oxides to produce the desired hydrocarbons. This 
reactor is envisioned as a riser cracker (recirculating entrained bed) with a 1 to 2 second contact time of 
the pyrolysis vapors with a zeolite catalyst, e.g., Mobil's HZSM-5 or preferably an improved zeolite 
catalyst now under development at NREL. Based on research at NREL, space velocities of 5 to 10 kg of 
organic feed per hour per kg of catalyst result in the highest production of hydrocarbons. The temperature 
of the cracking reactor is in the range of 500°C to 525°C. 

The reactions are mildly exothermic and result in a 20°C to 50°C temperature rise, depending primarily 
on the amount of carrier gas used, which acts as a heat sink. This is in contrast to a typical catalytic 
cracking unit, which must be continually heated with hot catalyst to provide the endothermic heat of 
reaction of cracking hydrocarbons. Although the cracking of biomass pyrolysis vapors should result in 
lower recirculation rates of catalyst than conventional fluid catalytic crackers, the rate of catalyst loss is 
based on data in the literature for fluidized catalytic cracking units. 

The catalyst regenerator is a fluidized bed in which the coke formed on the catalyst is burned off using air 
in an oxygen-starved environment. The regenerator temperature is regulated by raising steam as practised 
in orthodox petroleum cracking units. The carbon-monoxide rich flue gas from the catalyst regenerator is 



fed to the incinerator section of the furnace to ensure a long residence time for complete combustion, 
similar to the traditional carbon monoxide boiler. 

Secondary Catalytic Reactor 

After the process stream leaves the cracking reactor, it is cooled to condense most of the steam and the 
hydrocarbons heavier than benzene. The permanent gases, gaseous olefins, and the benzene vapor are 
compressed to about 685 Wa. The gases then enter the fixed-bed secondary catalytic reactor, where the 
olefins alkylate the benzene to form primarily cwnene as used as high-octane aviation gasoline in World 
War 11. This reaction is assumed to proceed to completion. This effectively removes benzene from the 
product slate. These reactions are exothermic in nature, but the relatively large amount of inert gases 
present in this adiabatic reactor serve to moderate the temperature rise within acceptable levels. 

Distillation (potential case only) 

The distillation column, present only in the potential case, separates the product from the by-products and 
functions as a crude oil distillation column. . The hot vapors from the secondary catalytic reactor supply 
the heat for distillation. In particular, the fraction containing benzene and lighter hydrocarbons (non- 
reactive butanes, pentanes and gas oil ) is recycled through the catalytic reactor to extinction. This olefin- 
containing stream is relatively rich in hydrogen and should reduce coke formation in the catalytic cracker 
and shift the equilibrium towards the desired heavy gasoline product. In a similar manner, the diesel 
fraction is also to be recycled through the catalytic cracker. A small amount of plycyclic aromatic oil is 
drawn off the bottom of the distillation tower which could be burned for fuel, hydrocracked to gasoline in 
a refinery, or sold as a No. 6 fuel oil. 

Absorber 

Because of the presence of non-condensable gases in the process stream, it is necessary to recover the 
volatile hydrocarbons. This can be done by absorption or by condensation at very low temperatures. The 
absorption technique was selected because it is considered more energy efficient. For both cases, the 
heavier hydrocarbon product is condensed at atmospheric pressure, cooled and pumped into the absorber. 
In the present case, there is no provision for distillation, and the product is a crude hydrocarbon oil 
mixture. rich in alkylated monocyclic aromatics, but very low in benzene. For the potential case, it may 
be advantageous to use a side stream from the distillation column as the absorber oil to control its 
properties. 

Product Upgrading 

In the present case it is assumed that the mixed hydrocarbon product is shipped to a nearby refinery to be 
distilled into a gasoline fraction and a gas oil fraction. After mild hydrogenation to react the minor 
amounts of di-olefins to olefm, the gasoline fraction is used as a high-octane, primarily aromatic gasoline 
blending component. The gas oil fraction is assumed to be mildly hydrocracked to form an additional 
quantity of aromatic gasoline. These refining operations are assumed to be a service operation for which 
a charge is made. 

In the potential case, the heavy gasoline fraction is assumed to be suitable for blending into gasoline with 
no further treatment as a low-vapor-pressure (less than 1 psi Reid Vapor Pressure) blending stock. This 
heavy gasoline fraction could be tailored through suitable recycle streams to have a namw boiling range, 
as will be required for reformulated gasolines of the futue. It will be primarily an aromatic blending 
stock, however, which would require very deep hydrogenation to convert to a paraffinic gasoline. This 
analysis does not consider such deep hydrogenation on the gasoline product. 

Mass and Energy Balances 

Mass Balances 

Two cases were considered for wood as the feedstock: a present case involving demonstrated 
hydrocarbon yields with existing catalysts; and a potential case in which the hydrocarbon yields were 
optimistically extrapolated within theoretical constraints. The potential case will need to develop better 
cracking catalysts than those evaluated thus far. Both cases assume very good reaction efficiencies in the 



olefin alkylation reactor, which will require a relatively low-risk catalyst development. In the secondary 
catalytic reactor, the benzene alkylation is assumed to proceed to completion, i.e., until a l l  the benzene is 
converted to cumene or ethyl benzene. 

The yields of hydrocarbons are dependent upon the hydrocarbon yields of the catalytic cracking unit 
because subsequent reactors merely react the hydrocarbons but do not produce more of them. The 
hydrocarbon yields used in the present case were 12.7 wt% gasoline and 7.9 wt% fuel oils based on the 
dry weight of wood. These yields are based on the performance of HZSM- 5 catalyst obtained from 
Mobil R&D in Run 119 at NREL with the slipstream reactor. The potential yields from dry wood are 
assumed to be 24.3 wt% gasoline and 0.4% fuel oil and are based on an extrapolation of experimental 
data. The potential yields represent about 85% of the stoichiometric upper limit, based on an elemental 
balance of the pyrolysis vapors being converted to aromatic gasoline, water, and carbon oxides. The mass 
balances are summarised in Table 1. 

Energy Balances 

Table 1 
Mass Balances 

The process is designed to bum by-product gases and char to supply process energy. An important 
feature of the process is the efficient use of heat in the pyrolysis furnace by cascading the boiler 
economiser above the boiler, the boiler above the superheater, and the superheater above the pyrolysis 
reactor as shown in Figures 1 and 3 above. A final flue gas temperature of 244OC was calculated for the 
potential case and 426OC for the present case. The higher flue gas temperature for the present case is due 
to the larger amounts of by-product fuels being burned than in the potential case. Because the present 
case has a significantly lower yield of hydrocarbon liquids than the potential case, overall it is not as 
energy efficient as the potential case. 

PROCESS INPUT wood, dry basis 

PYROLYSER OUTPUT hydrocarbon vapors 
char 
gas 
water of reaction 

CRACKER OUTPUT 832r 
olefins 
C6 - C10 vapors 
permanent gases 
fuel oil & naphtha 

PROCESS OUTPUT f ~ y " ! : ~  

In both cases, the biomass is dried using waste heat from the process, although taken from different 
sources. In the present case, this is a mixture of flue gases and warm air from the air-cooled heat 
exchanger. In the potential case, the waste heat used for drying is from the warm air from the air- cooled 
heat exchanger. It is important to note that no portion of the feed is diverted to a furnace to produce 
process energy. 

Steam is produced by cooling the catalyst regenerator, which appears to be in excess of the steam required 
by the process. This steam has a small but significant impact on the overall economics, particularly in the 
present case where the yields of coke on the catalyst are assumed to be higher, resulting in more heat 

Present Case 

1000 

620 
141 
120 
119 

1000 

66 
132 
48 
13 

249 
0 

508 

127 
79 

206 

Potentlal Case 
1000 

620 
141 
120 
119 

1000 

1 82 
36 
48 
13 

324 
L 

640 

243 
4 

247 



produced in regeneration. This economic benefit is valid only if the steam can be sold to a nearby user for 
which a credit is assumed. For the present case, 0.88 kg of steam are available per kg of dry feed, 
whereas for the potential case, there is only 0.26 kg. 

The energy balances were calculated using four-tern polynomial expressions for the heat capacities of 
each component in the various streams. Model compounds were assumed for the complex streams. i.e., 
acrylic acid for the oxygenated pyrolysis vapors and anthracene for the heavy hydrocarbon by-products. 
These compounds were chosen for their chemical similarities to the products. 

The thermal efficiency of a process is defined as the energy released by the products and by-product if 
they were burned, divided by the sum of the heat that would be released if the feedstock were burned plus 
any other energy input. Energy efficiencies are summarised in Table 2. The yield of hydrocarbons from 
the pyrolysis vapors limits the thermal efficiency. In the potential case there is a correspondingly smaller 
yield of steam in the regenerator due to less coke assumed to form on the catalyst. Consequently it is less 
important for the potential case to have a nearby steam consumer. Heat losses in both cases are mostly 
from the dryer and cooling water. 

Table 2 
Energy Efl lclencles 

Present Potential 
Efficiency with no steam recovery 
based on higher heating values 43% 53% 
based on lower heating values 44% 54% 

Eff lciency with steam recovery 
based on higher heating values 55% 57% 
based on lower heating values 57% 58% 

The above efficiencies will be reduced by 1 to 3 percentage points if electrical inputs are 
included, depending upon the assumed efficiency of converting thermal to electrical energy. 

The heat of combustion for wood is assumed to be 20.07 MJIkg and 18.76 MJ/kg for the higher 
and lower heating value, respectively. 

I 

Critical Features and Design Uncertainties 

Dryer 

The rotary dryers used for the present case were chosen to represent existing forest products technology 
for wood chip dryers. The dryers used in the potential case were silo dryers, for which there were no 
experimental data found for the high temperatures and desired low moisture content of the dried wood 
chips. There is experience of drying wood in a silo dryer at lower temperatures (65OC) to slightly higher 
final moisture contents (2 to 10%) than the 1% assumed for the potential case. 

The uncertainty associated with operating a silo dryer as envisioned in the potential case is controlling 
temperatures within the silo. It is widely postulated that the mechanism for spontaneous combustion 
within a wet pile of chips is the initial adiabatic heating caused by the heat released by the micro- 
organisms living in the pile. If this heat is not dissipated, it can reach temperatures at which exothermic, 
slow-pyrolysis reactions begin to be significant. This causes the temperature in the center of the pile to 
rise above the temperature at which micro-organisms can survive. If the heat is not removed from the 
center of the pile, the temperature will continue to rise, causing slow pyrolysis to occur at ever increasing 
rates. As long as there is forced convection within the silo, there should not be a noticeable heat build up 



or exotherm. However, if the gas flow to the silo were interrupted, the wood could overheat and form 
charcoal because of the exothermic, slow pyrolysis reactions. 

It is recommended that high-temperature silo drying experiments be carried out to better understand the 
dynamics and uncertainties of operating a silo dryer under these conditions. 

Vortex Pyrolysis Reactor 

The current developmental vortex reactor at NREL has been operated at a maximum throughput of about 
35 kg dry wood per hour, although more commonly it has been operated at 15 to 20 kg per hour. It was 
assumed in this study that the vortex reactor can be successfully scaled up to the 250 tonne per day scale 
used in this study. There is uncertainty this can be done successfully, although computer modelling of the 
vortex reactor at the 33 tonne per day scale for the Interchem plant in Kansas, now being constructed, has 
not yet indicated an upper limit on the size of the reactor. 

It should be acknowledged that several different fast pyrolysis approaches are now being developed; these 
approaches have different design features, but they can have fairly similar products depending upon the 
time and temperature history of the pyrolysis vapors. The success of the overall pmcess of converting 
biomass to aromatic gasolines depends on at least one of these different fast pyrolysis designs providing 
the organic vapors needed by the catalytic cracking reactor. It can be assumed with some confidence that 
at least one of the fast pyrolysis approaches will !R successful. 

Catalytic Cracking Reactor 

This reactor is envisioned in both the present and the potential processes as being very similar to the 
fluidized catalytic cracking reactors used by the petroleum industry to crack heavy hydrocarbons to create 
gasoline products. This appears to be a fairly straightforward application of this technology. The yields 
used for the present case are based on experimental data obtained from a small, fixed-bed reactor 
containing only 100 grams of catalyst, rather than from a fluidized bed. Therefore, there is some 
uncertainty as to the effects of scale-up. However, because the petroleum industry routinely screens 
cracking catalysts using a small, fixed-bed catalytic reactor (MATS test), there should be few surprises. 

Olefin Recovery Reactor 

This reaction is now being commercialised in the United States to lower the benzene content of gasolines. 
Experiments at NREL have confirmed that this reaction pmeeds quite rapidly. 

Absorption Column 

Separation of butenes and higher hydrocarbons from the fuel gases should be straightforward at the 
pressuxt and temperature suggested. 

Economic Analysis 

Capital Costs 

The economic analysis was performed for a feedrate of 1000 dry tomes of wood chips per day. In this 
preliminary economic analysis, the major equipment identified on the detailed flow sheet is 
approximately sized using fairly simple engineering techniques. The cost of each piece of equipment is 
then estimated using known relationships between the size of the equipment and its cost. The basis for 
most of the equipment costs is a reference book by Garrett on chemical engineering economic analyses 
(7) updated to early 1992 with the CEP plant cost index. This reference book includes costs of special 
features such as high pressure, high temperature and special materials of construction. 

The total installed cost of a plant is based on the equipment costs that are multiplied by factors to account 
for the direct costs of erection, piping, instrumentation, electrics, civils, structures and buildings, and 
insulation. The total of the equipment cost and the cost of each of the above items gives the direct plant 
cost (DPC), which is then multiplied by further factors to account for the indirect costs of design, 
engineering, construction. overheads, contractors' fee, contingency, and interest on capital during 



construction. The sum of all the direct and indirect costs is the total plant cost (TPC). This is used to 
derive amortisation and other capital and related charges. The methodology is shown in the summary 
tables of capital costs, Tables 3 and 4. 

There are several variationston this basic factorial approach to cost estimation. The simplest method uses 
single overall factors applied to the total equipment cost, known widely as Lang factors. More 
sophisticated techniques use different factors applied to each direct cost element for each individual plant 
item with allowances for scale of operation. This latter approach was adopted for this case study to 
provide the most accurate estimate of plant cost. The methodology was derived within the IEA group 
from a publication by the UK Institution of Chemical Engineers (8) and specially adapted to spread-sheet 
construction. Allowances were made for all direct and indirect costs including commissioning, interest 
during construction and contingency. A more detailed description of this cost estimation technique will 
appear in the final report to be published by the Technical Research Centre of Finland. 

The total installed cost of the present case using the above method was estimated to be $49.5 million 
(Table 3). The cost of'the potentid case was estimated to be $47.9 million (Table 3). The savings by 
using the potentially less expensive silo dryers were nearly compensated by the addition of the distillation 
tower in the potential case. The detailed cost breakdown of each major piece of equipment is outside the 
scope of this paper, but will appear in the final report. In both cases, the pyrolysis section of the plant is 
based on modules of 250 tonnes / day while the rest of the plant is assumed to follow normal scale effects. 

Table 3 
Capltal Cost Bulld-up 

Present Potential 
$ mlllion $ million 

Equipment cost 9.79 10.02 
Direct plant cost 27.34 25.87 
Installed plant cost 34.17 32.34 
Total plant cost, including commissioning, contingency 49.55 47.86 

and interest during construction 

Table 4 
Capltal Cost Analysls 

Present Potential 
$ mlllion @!Xi $ mlllion % 

Chip reception and storage 9.12 18.4 8.75 18.3 
Dry lng 2.65 5.4 4.85 10.1 
Pyrolysis 13.10 26.5 8.92 18.6 
Catalytic upgrading 24.68 49.7 16.89 35.3 
Distillation - - 8.45 17.7 - 
f OTAL 49.55 47.86 

Operating Costs 

The annual operating costs for the present and the potential cases are based on the performance and cost 
data summarised in Table 5. 



Table 5 
Economic and Financial Parameters for Production Cost Base Cases 

Feedstock wood 
Feedstock heating value, (HHV) 20.00 GJItonne d.a.f. 
Project life 
Scheduled operating hours per year 

~ O Y  
8000 

Availability on scheduled hours 100% 
Throughput 1000 tonneslday, d.a.f. basis 
Feedstock cost US$30/ d.a.f. tonne 
Utilities cost: electricity $0.04/kWh 

water $0.20/m3 
steam (credit value) $3.32/GJ ($3.50/MMBTU) 

Catalyst usage 0.7 kg 1 tonne product 
Catalyst cost $8.81 per kg 
Annual maintenance cost, fraction of total capital cost 0.05 
Annual overheads, fraction of total capital cost 0.03 
Number of shifts (for 8000 h/y operation) 4 
Manning level 10 1 shift + 2 su ervisors 
Average total cost of labor per man, including payroll overhead $5,000/y 
Capital and interest repayment calculated as amortisation 
Nominal cost of capital 10 % 
Inflation rate 5 %  

The usage of catalyst due to attrition was assumed to be similar to that of a fluidized catalytic cracker and 
the cost of the catalyst is based on an informal vendor quote which is relatively high for a cracking 
catalyst. 

For the present case, the product is projected to be a light crude oil. The value of this crude product is 
related to the projected cost to refine it to a gasoline product. It is projected that the crude gasoline would 
be distilled, with the naphtha fraction going overhead to a mild hydrogenation unit. The fuel oil fraction 
would undergo mild hydrotreating, a second distillation, with the higher boiling liquids from the second 
distillation going to a two-stage hydro-cracking step to convert the fuel oil to gasoline. Using techniques 
developed by Chevron for upgrading coal and oil shale crude oils, it is estimated that the marginal cost for 
a refinery to upgrade the biomass-derived crude oil is $35/tome of oil with capital mortised at an interest 
rate of 10% over 10 years. This low upgrading cost reflects the relative high projected quality of this 
crude oil because the difference between petroleum crude oil and gasoline is currently about $100/lonne 
on the Gulf Coast of the United States of America. 

The potential case produces a marketable gasoline product directly so a refining charge is not included. 

Results 

The total annual costs for the two cases are summarised in Table 6. 

The current (mid- 1992) tax-free, U.S. Gulf Coast, market value of premium gasoline is about $250 per 
tonne ($0.67/US gal using a specific gravity of 0.7). Depending upon the relative desirability of aromatic 
gasoline blending stocks to increase octane arid lower vapor pressure, the product from this process may 
have an even higher value. However, if the market for aromatic gasoline becomes depressed, the 
aromatic gasoline product could have a lower value. 

Sensitivity analysis 

NREL Present Case 

The sensitivity analyses for five major process parameters are shown below. The base case is indicated in 
the figures as well as the US market price for premium gasoline. The figures include the data for the 
potential case for comparison. 



Table 6 
Summary of Annual Costs 

Present Potential 
$ mlllion $ million 

Feedstock @ $30/dry tonne 10.0 10.0 
Catalyst @ 0.7 kg catltonne product, $8.81/kg catalyst 0.4 0.5 
Utilities 

Electricity @ $0.04/kWh 7.6 1 . I  
Cooling Water @ $0.20/m3 0.1 0.1 
Steam credit @ $3.32/GJ 

Labor @ $25,000 each of 42 employees 
(2.3) 

9 1 .o '0.7& 
1. 

Overheads and Maintenance @ 8% of capital cost 3.9 3.8 
Capital cost, @ 0.126 capital recovery factor (1 0%, 10 yrs) 6.2 6.0 
Refining Cost 2.4 - 
Total Annual Cost 23.5 21.8 

Annual production, tonnes liquid fuelslyear 68,700 82,300 
Cost of production, $/tonne gasoline 343 253 

Sensitivity to feed cost - Figure 4 
Feed cost is the largest cost item in the base case and has the greatest effect on product 
cost. A feed cost approaching zero is needed to produce gasoline competitively with 
conventional fuel. 

Sensitivity to plant size, feedrate dry tonnes/day - Figure 5 
1030 dry tonnes / day is currently viewed as the largest feasible size of plant. The 
advantage of economy of scale is reducing significantly at this size, so little economic 
advantage would result fmm larger plants. 

Sensitivity to plant life. - Figure 6 
There is low sensitivity to plant life. 10 years is an orthodox view of a typical plant life 
in the chemical and process industries and the rate of development of any such 
technology if implemented mitigates against a longer life. 

Sensitivity to capital cost - Figure 7 
Capital cost is of similar sensitivity as feedstock cost. There is much potential for cost 
reduction, particular in reducing the uncertainty and hence contingency. Replication and 
learning effects will also reduce capital cost. 

Sensitivity to hours per year operation - Figure 8 
This figure shows the importance of plant reliability in minimising product cost and that 
there is little advantage in trying to achieve better than the orthodox 91 % operational time 
of 8000 h/y. Similarly it is important to operate the plant at as high an availability as 
possible which will require careful planning of feed materials and supplies. 

NREL potential case 

The sensitivity analyses for the same five major process parameters are shown in Figures 4 to 8 alongside 
those for the present case. In every case the product cost sensitivities are analogous to those for the 
present case, except that gasoline can be produced at a cost that is comparable to the market value of the 
product. under the conservatively optimistic conditions of the potential case. The impact of technology 
development in improving gasoline yield, product quality and reducing cost is clear. These figures show 
that the opportunities for economic liquid fuel production are substantially dependent on continued efforts 
to advance the technology. 



Conctusions 

These economics suggest that further R&D of the biomass-to-gasoline process is justified by the 
economic potential shown here since the conservatively optimistic assumptions for the potential case 
show that gasoline could be produced at a cost comparable to gasoline derived from fossil fuel. In 
addition, the cost of biomass feed needs to be reduced to the currently projected values. 
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Abstract 

Ethanol can be produced from plentiful indigenous renewable resources including corn and other starch 
crops and lignocellulosic biomass, thereby reducing our strategic vulnerability to unstable oil supplies 
while significantly improving our balance-of-trade deficits, domestic employment, and farm economy. 
Use of ethanol as a direct blend, a component in ethyl tertiary hutyl ether, or a neat fuel improves our air 
quality. Ethanol production from lignocellulosic biomass also contributes significantly less carbon dioxide 
accumulation to the atmosphere than fossil fuels, reducing the possibility of global climate change. 
Currently, about 3.8 GL (1.0 billion gallons) of ethanol is derived from corn and other starch crops each 
year in the United States. Technology has also been developed for producing ethanol from lignocellulosic 
biomass that could be competitive now, particularly for low-cost feedstocks and other niche markets. 
Opportunities have also been defined to reduce the cost of ethanol production from lignocellulosic biomass 
to be competitive with gasoline within ten years without tax incentives. 



Introduction 

The United States transportation sector is faced with a number of mounting problems. First, about 97% 
of all transportation fuels is derived from petroleum. Furthermore, almost one-half cif the petroleum used 
in the United States is imported. Thus, the transportation sector is vulnerable to disruptions of the oil 
supply from unstable regions of the world, and imported oil accounts for a significant fraction of the U.S. 
balance of trade deficit. Production of transportation fuels from domestic resources in the United States 
would thus be of tremendous benefit in reducing strategic vulnerability, improving international trade, and 
creating domestic employment. 

In addition to these economic issues, substantial concerns are being raised about the impact of 
transportation fuels on air pollution. Thirty-nine major metropolitan areas in the United States exceed a r  
quality standards for carbon monoxide accumulation; use of transportation fuels is responsible for about 
two-thirds of the carbon monoxide formed in such cities. In addition, nine cities within the United States 
experience excessive levels of ozone; the transportation sector is responsible for about one-third of the 
release of ozone-forming compounds into the atmosphere. As a result of these prohlems, the 1990 Clean 
Air Act Amendments (CAAA) mandate that gasoline contain 2.7% oxygen in carbon monoxide 
nonattainment areas beginning in 1992. The CAAA also require that the nine worst ozone nonattainment 
cities must use 2% oxygen in gasoline year-round beginning in 1995. These acts require reductions in 
the use of benzene and aromatics in fuels and require the phase-in of clean fuel fleets within these cities. 

Another area of increasing concern is the potential for global climate change. Accumulation of carbon 
dioxide from the use of fossil fuels is projected to trap heat within the atmosphere, thereby resulting in  
climatic changes throughout the world. Carbon dioxide is projected to he the major greenhouse gas, 
accounting for approximately 50% of the potential for global climate change (Intergovernmental Panel on 
Climate Change 1990). Furthermore, the transportation sector is responsible for about 27% of the carhon 
dioxide released into the atmosphere in the United States. As a result, use of petroleum as a transportation 
fuel threatens to cause global climate change. 

Use of ethanol as a transportation fuel offers a number of significant potential benefits. First, ethanol can 
he produced from abundant indigenous resources such as corn and other starch crops and lignocellulosic 
biomass, thus reducing our strategic and economic vulnerability to imported oil, while increasing domestic 
employment. Fuel ethanol also can improve urban air quality. Finally, when ethanol is made from 
lignocellulosic biomass, little, if any, net accumulation of carbon dioxide results in the atmosphere (Lynd 
it a]. 1991). 

In this paper, the benefits of ethanol as a transportation fuel or fuel additive will be summarized. Then, 
technologies will be briefly described for production 6f ethanol from both corn and lignocellulosic 
biomass. Energy balances will be briefly summarized for both feedstocks, and the impact of ethanol 
production on carbon dioxide accumulation will be outli.ned. 

Ethanol as a Transportation Fuel 

Ethanol can he used in at least three forms as a transportation fuel: as direct blends, as blends of ethyl 
tertiary butyl ether (ETBE), or as a neat fuel (Wyman and Hinman 1990). Table 1 summarizes important 
characteristics of each as well as for methanol and gasoline. Currently, direct blends of 10% ethanol with 
gasoline are encouraged within the United States by provisions of both federal and state tax incentives. 



Table 1. Fuel Properties for Ethanol, Methanol, ETBE, MTBE, Isooctane, and Gasoline 

Unleaded 
Regular 

Ethanol Methanol ETBE MTBE lsooctane Gasoline Property 

Formula C,H,OH 

Molecular Weight 46.07 

Density, kg/m3 O 298 K 790 

Air/Fuel Stoichiometric Ratio 
Mole Basis 
Mass Basis 

Higher Heating Value, kJ/kg 
Lower Heating Value, kJ/L 

Research Octane Number (RON) 
Motor Octane Number (MON) 
(RON + MON)/2 

Blending RON 
Blending MON 
(BLENDING RON+MON)/2 

Atmospheric Boiling Pt., K 351.6 

Heat of Vaporization, kJ/kg 839 

Flash Pt., K 285 

Ignition Pt., K 697 

Reid Vapor Pressure, kPa 
Pure Component 
Blending 

Water Solubility, weight % 
fuel in water 
Water in fuel 

1 00 2 4.3 negligible 
100 0.6 1.4 negligible 

N A ~  338.2 325.4 N A ~  

N A ~  4 .o 3.2 N A ~  

negligible 
negligible 

N A ~  

N A ~  

Water Azeotrope, (atm b.p.), K 351.4 

Water in Azeotrope, wt O h  4.4 

aNot applicable 
bt oob blends 
'Assumed 12.7% blend 
Source: Pie1 1991 ; Ign. 1976; Exxon 1988; Bailey and Russell 1980; Pearson 1993. 



Blends of ethanol extend the gasoline supply by displacing gasoline usage. In addition, ethanol increases 
the octane of the gasoline to which it is added, displacing the need for aromatic compounds. Ethanol also 
provides oxygen for the blend to meet the CAAA requirement. 

Ethanol can be reacted with isohutylene to form ETBE. ETBE provides benefits similar to direct ethanol 
blends as a fuel extender, octane booster, and oxygenate. In addition, in contrast to direct blends of 
ethanol with gasoline, which increase the vapor pressure of the gasoline-ethanol mixture, the addition of 
ETBE to gasoline lowers the vapor pressure of the mixture. This is an important attribute in meeting the 
CAAA requirements as pressure mounts to reduce the vapor pressure of gasoline to minimize ozone 
formation in major cities. 

Ethanol also can be used as a neat fuel in several forms. For instance, in Brazil, mixtures of 95% ethanol 
and 5% gasoline, termed hydrous ethanol, are used as a fuel. Alternatively, a mixture of 85% ethanol and 
15% gasoline, called E85, can be employed. In a similar fashion, mixtures of 95% ethanol and 5% 
gasoline, termed E95, can be used as a neat fuel (Wyman and Hinman 1990). 

Use of ethanol as a pure fuel has a number of advantages. Because of its good fuel properties such as 
high octane and high heat of vaporization, engines can be modified to run more efficiently on ethanol than 
on gasoline, and ethanol can enjoy an approximately 20% improvement in efficiency relative to gasoline 
(Lynd et al. 1991). Ethanol also has a low volatility so less evaporates into the atmosphere to disrupt the 
natural ozone cycle. Furthermore, because ethanol has a low photochemical reactivity, it does not interfere 
as readily with the ozone cycle as do hydrocarbons such as gasoline. Ethanol also has a low toxicity, 
thereby reducing its environmental impact when used as a neat fuel. 

One disadvantage to ethanol use relates to its difficulty with cold starting caused by the low vapor pressure 
of ethanol. Development of suitable cold start devices or the addition of a more volatile fuel such as 
gasoline in E85 could compensate for this problem. Ethanol also contains about two-thirds the volumetric 
energy content of gasoline, thereby reducing the mileage that can be driven on a given fuel quantity. 
However, because the compression ratio of engines can be increased to achieve a higher efficiency with 
ethanol, the range can be extended to about 80% of that of gasoline. The primary need for widespread 
use of ethanol as a neat fuel is to lower its price to be competitive with gasoline. 

Ethanol Production from Corn 

About 15 GL (4 billion gallons) per year of ethanol is produced from sugar cane in Brazil. However, 
sugar prices are controlled at about $0.44/kg ($0.20/ib) in the United States, and as a result, the cost of 
sugar alone represents on the order of $0.70/L ($2.60/gal) produced. Thus ethanol production from sugar 
is too expensive to be practiced on a large scale in the United States. 

In  the United States, about 3.8 GL (1 billion gallons) per year of ethanol is produced from starch crops, 
primarily corn. Corn and other starch crops are composed of about 70% starch, with the remaining 
fraction being other fermentables, protein, oil, ash, and other compounds (Watson et al. 1987). The starch 
can be broken down to form glucose for fermentation to ethanol. Between 1981 and 1988, the price of 
corn varied significantly from low prices of around $56.80/dry tonne ($1.22/hushel) in 1986 to about 
$164.00/tonne ($3.50/bushel) in 1984 (Lewis and Grimes 1988). 



At current corn prices of about $1 16Idry tonne ($2.50/bushel), ethanol from corn currently sells for about 
$0.32 to $0.37/L ($1.20 to $1.40/gal) at the plant gate, which is higher than the competing price of 
gasoline. Therefore, tax incentives are currently used within the United States to encourage ethanol 
production from corn. The U.S. Department of Agriculture (USDA) has estimated that about 15 to 19 GL 
(4 to 5 billion gal) of ethanol could be produced annually from corn and other starch crops in the United 
States; further expansion would push corn prices higher and coproduct prices lower (USDA 1989). 

Two technologies are primarily used for ethanol production from corn. About one-third of the ethanol 
produced from corn and other starch crops is by dry-milling operations in which the corn kernel is milled 
to a smaller size and enzymes are added to break down the starch to form glucose (Figure 1). Yeast then 
ferments the glucose to form approximately equal weights of ethanol and carbon dioxide. After 
fermentation is completed, the broth containing ethanol is sent to a distillation column or other separation 
device to concentrate the ethanol for use as a fuel, while the solid residue left is dried to form an animal 
feed co-product containing 26% protein (known as distillers dried grains and soluhles [DDGSJ). 

The remaining two-thirds of the ethanol produced in the United States is by wet-milling operations (Figure 
2). In the wet-milling process, corn is first milled to separate the ma~or fractions for sale. For instance. 
crude corn oil is recovered in the milling operation for sale as food. m e  germ recovered is mixed with 
fiber and corn steep liquor to form an animal feed coproduct, containing 21% protein, called corn gluten 
feed. The gluten from corn is sold as an animal feed coproduct known as corn gluten meal that contains 
60% protein. The starch in wet milling is convened into a variety of products such as high fructose corn 
syrup and specialty starch products. The starch can also he broken down by the addition of enzymes to 
form glucose, which yeast ferments to form approximately equal weights of ethanol and carbon dioxide. 

The energy required for ethanol production from corn has been the subject of some controversy. 
Approximately 5.5 to 8.4 MJ (20,000 to 30,000 ~ t u ) '  are required to produce enough corn to produce one 
liter (one gallon)1 of ethanol. On the order of another 9.7 MJ (35,000 ~ t u )  ' of energy are required for 
each liter (gallon)' of ethanol produced for the conversion operation. In addition, 0.25 kilowatt-hours (one 
kilowatt how)' of electricity, which translates into about 2.5 MJ (10,000 ~ t u ) '  of thermal energy, must 
he used for every liter (gallon)' of ethanol produced. Overall, on the order of 20 MI (70,000 ~ t u ) '  must 
he employed for each liter (gallon)' of ethanol produced from corn. However, since coproducts are 
produced in addition to ethanol, some of that energy should be allocated to the coproducts themselves. 
Several approaches have been employed for such allocation including use of actual flow rates of 
coproducts versus ethanol streams, energy requirements for production of alternative sources of 
coproducts such as soybeans, and actual energy utilization in the process steps. The net effect of all of 
these methods is to provide an effective reduction in the energy required for ethanol itself to 11 to 14 
MJ per liter (40,000 to 50,000 Btu per gallon) of ethanol. 

Ethanol Production from Lignocellulosic Biomass 

Ethanol can also be produced from lignocellulosic biomass. Examples of lignocellulosic biomass include 
existing resources such as underutilized wood and logging residues, agricultural residues, municipal solid 
waste, and industrial waste. Future resources that could be used for ethanol production include short 
rotation woody and herbaceous energy crops that are grown exclusively for production of fuels such as 
ethanol. 

'values in parentheses are based on one gallon of ethanol a$ commonly used in U.S. industry. 



The potential resource for production of ethanol from lignocellulosic materials is vast. As shown rn 
Table I, about 480 megatonnes (530 million tons) of agricultural, forestry, and municipal waste could he 
collected and converted into 189 GL (50 billion gallons) of ethanol. Another 1,025 to 2,710 megatonnes 
(1,130 to 2,990 million tons) of biomass could be produced on cropland as energy crops to yield 428 to 
1,130 GL (1 13 to 299 billion gallons). Thus, between 617 and 1,320 GL (163 to 349 billion gallons) of 
ethanol could he derived from lignocellulosic biomass, while 530 GL (140 billion gallons) of ethanol 
would be enough to replace all gasoline used in the United States (Lynd et al. 1991). 

The outward appearance of the various forms of lignocellulosic biomass varies considerably; however, the 
compositions are quite similar (Figure 3). The bulk of the materid, typically on the order of 35% to 50%, 
is composed of cellulose, a polymer of glucose. About 20% to 35% is hernicellulose, a heterogenous 
polymer of various sugars. In the case of hardwoods, agricultural residues, and many herbaceous energy 
plants, the main constituent of hemicellulose is predominately xylose. Lignin, which is a phenylpropene 
polymer that cannot be converted into sugars, comprises about 15% to 25% of-the hiomass structure. The 
remaining material is made up of various components collectively known as extractives and ash. 

As shown in Figure 4, production of ethanol from lignocellulosic biomass typically relies on acids or 
enzymes to catalyze the breakdown of cellulose and hemicellulose to sugars that can be fermented to 
ethanol. Over the years, a number of processes have been studied for this conversion. 

Acid Hydrolysis 

Dilute acids break down the cellulose and hemicellulose polymers in lignocellulosic biomass into sugars. 
First, the biomass is milled to produce a fine enough particle size to facilitate diffusion of acid and heat 
transfer into its structure. Typically, about 1.5% sulfuric acid is then added to the biomass, and the 
mixture heated to break down the hemicellulose to form xylose and other sugars for fermentation to 
ethanol. This reaction can he carried out at moderate temperatures of from 140" to 160°C (280" to 
320°F). However, breakdown of the cellulose fraction requires that the acid mixture he heated to 
approximately 200" to 240°C (390" to 460°F) because of the crystalline structure (Wright 1983, 1988). 
Unfortunately, while these conditions will break down the cellulose fraction to form glucose, they also 
degrade the glucose and hernicellulosic sugars to form hydroxymethylfurfura1, furfural, other degradation 
products, and tars. As a result, sugar yields of only about 50% to 60% are possible. Because high yields 
of products from biomass are critical for achieving economic viability, coproducts formed by sugar 
degradation must be sold, but the market for such coproducts is not sufficient to he compatible with large- 
scale ethanol production (Gaines and Karpuk 1987). In addition, many of the tars and other compounds 
formed have little, if any, market value. As a result, while dilute acid technologies were applied during 
World War I1 within the United States and in a controlled market economy in the former Soviet Union 
(Wenzl 1970), they have been unable to compete in a free market economy to date. The Tennessee Valley 
Authority is working on the application of dilute acid hydrolysis to wastepaper processing to ethanol (Buss 
et al. 1992). 

If concentrated sulfuric acid or many halogen acids such as hydrofluoric and hydrochloric acid are added 
to biomass, the cellulose and hernicellulose break down to sugars at moderate temperatures. At such 
conditions, sugar degradation to by-products is minimized, and the high yields critical to economic 
viability can be realized (Goldstein .and Easter 1992; Goldstein et al. 1983). However, large quantities 
of sulfuric acid or relatively expensive halogen acids are required to carry out these reactions, and it is 
vital to recover these acids for reuse (Wright et al. 1985). Because many of these acids are relatively 
inexpensive, low-cost effective recovery operations are required for concentrated acid hydrolysis 



technologies to be commercially viable. Several groups are now working on concentrated acid processes 
that show particular promise for converting many waste materials into ethanol (Goldstein and Easter 1992). 

Enzymatic Hydrolysis 

Enzymes can also be used to catalyze the breakdown of the cellulose and hemicellulose into sugars for 
fermentation to ethanol. Enzymatically catalyzed processes have the potential to achieve high sugar 
yields since enzymes are very selective and do not catalyze degradation reactions. Furthermore, such 
reactions are carried out at mild conditions that cannot lead to sugar degradation. The primary need is 
to develop technology that is cost effective by achieving high rates, yields, and concentrations of ethanol 
production with low material costs. Enzymatic processes also have the advantage in that the catalyst 
employed, a protein, is naturally formed and biodegradable. 

As shown in Figure 5, the first step in conversion of lignocellulosic biomass into ethanol involves 
pretreatment of material to open up its structure to allow enzymes to penetrate the material and break 
down the cellulose into glucose. Biomass has developed a natural resistance to breakdown that allows 
grasses and trees to survive, and the pretreatment step is utilized to overcome this natural resistance to 
enzymatic attack. 

A number of processes have been studied for pretreatment of biomass including acid catalyzed steam 
explosion (Clarke and Mackie 1987), steam explosion (Brownell and Saddler 1984; Brownell et al. 1986). 
dilute acid (Schell et al. 1991 ; Knappert et al, 1980. 198 1). organosolv (Chum et al. 1985), and ammonia 
fiber explosion (Holtzapple et al. 1990; Dale and Moreira 1982). As an example of these technologies, 
about 112% sulfuric acid can be added to the biomass and the mixture heated from about 140" to about 
160°C (280" to 320°F) (Grohmann et al. 1985, 1986; Torget et al. 1990). After holding this mixture for 
5 to 20 minutes, the hemicellulose in the biomass breaks down to form xylose and other sugars that 
dissolve in water, leaving behind a solid residue consisting primarily of cellulose and lignin. As a result, 
the remaining solid biomass structure is porous, allowing enzymes to attack the cellulose and break it 
down to glucose. Studies of a number of substrates have consistently shown that the digestibility of the 
cellulose correlates directly with the amount of hemicellulose removed; when essentially all the 
hemicellu1ose is broken down to form xylose sugars, virtually all of the cellulose can he enzymatically 
hydrolyzed into glucose for fermentation into ethanol (Grohmann et al. 1986; Torget et al. 1988, 1990, 
1991). Dilute acid hydrolysis has been applied to a number of woody crops including aspen, black locust, 
various poplar hybrids, silver maple, sweet gum, and sycamore. In addition, several herbaceous crops 
have been pretreated by dilute acid including canary reed grass, flat pea, Sericea lespedeza, switchgrass, 
and weeping lovegrass, as well as the corn cobs, corn stover, and wheat straw in agricultural residues. 

Following pretreatment, the cellulose fraction is enzymatically hydrolyzed to glucose for fermentation into 
ethanol. The key requirement is to attain high yields of ethanol from the cellulose fraction. Over the 
years, several options have been studied for cellulose conversion. Of these, the so-called simultaneous 
saccharification and fermentation (SSF) process is favored for near-term applications because of its ability 
to achieve higher rates, yields, and concentrations of ethanol than possible with other techniques (Wright 
1988; Wright et al. 1988). In the SSF process, a mixture of enzyme activities known as cellulase is added 
to the cellulose material to catalyze the decomposition of the cellulose to glucose (Figure 6). The 
endoglucanase component shortens the cellulose chain while the exoglucanase activity breaks off two sugar 
units known as cellobiose from the chain end. P-Glucosidase then breaks the cellobiose molecules to form 
glucose. Yeasts are added to the same mixture to quickly ferment the glucose to ethanol as soon 
glucose is formed. Because glucose slows cellulase action, the rapid conversion of glucose into ethanol 



minimizes the inhibition of the enzyme. As a result, the SSF process enjoys higher rates, yields, and 
concentrations of ethanol formation than carrying out the hydrolysis and fermentation sequendally (Gauss 
et al. 1976; Takagi et al. 1977; Ghosh et d.. 1982). In addition, about half as much equipment is required 
for the SSF process as to hydrolyze the cellulose to glucose followed by fermentation of glucose to 
ethanol. Furthermore, the presence of ethanol in the fermentation broth reduces the probability of 
contamination by unwanted microorganisms because not many organisms can tolerate reasonably hgh 
ethanol concentrations, while many organisms would thrive In a dilute sugar stream. 

Over the years, a number of studies have been performed on the SSF of cellulose to ethanol (Spindler 
et al. 1988, 1989, 1990, 1991; Wyman et al. 1986; Lastick et al. 1990). This originated with the work 
by Takagi et al. in the 1970s (Gauss et d. 1976; Takagi et al. 1977). Initially, times on the order of two 
weeks were required to convert 70% or less of the cellulose into 2% ethanol concentrations (Lastick et al. 
1984), but currently 90% to 95% yields can be attained with 4% to 5% ethanol concentrations in only 3 
to 7 days through improvements in cellulase and fermentative organisms (Spindler et al. 1990, 1991). 

To perform the SSF process, cellulase is produced in separate fermenters using a small fraction of the 
pretreated solid substrate to feed the cellulase-producing organism and trigger the release s f  enzymes. 
Typically, a fungus such as Trichodenna reesei is employed for enzyme production although some bacteria 
will also produce cellulase. Fed-batch enzyme production in which the cellulose substrate is slowly added 
to the fermenter throughout the course of the enzyme production process has displayed the best 
performance (Watson et al. 1984). Simple batch production of enzyme, in which all of the cellulose is 
added to the fermenter initially, results in somewhat lower enzyme concentrations and productivities. 
Continuous operation for enzyme production has not been found to give satisfactory results to date (Hendy 
et al. 1984). 

Following enzyme production, it is possible to filter the ceIIulase broth and add only the liquid component 
containing the enzyme to the SSF process. Alternatively, the entire mixture containing cellulase enzyme, 
fungal cells, unused cellulose substrate, and lignin can be directly added to the SSF process. Since the 
cells contain some enzyme, better performance has been found by adding the entire mixture to the 
cellulose conversion step (Takagi et a]. 1971). Furthermore, cellulose that was not utilized during enzyme 
production is converted into ethanol in the SSF process, achieving higher yields of product. As a resuIt, 
up to a 20% gain in performance has been observed by adding whole cell broth to the SSF step (Schell 
et al. 1992). 

The liquid stream from the pretreatment step typically contains xylose and other five-carbon sugars, which 
have been historically difficult to ferment into ethanol. A number of options have been examined for 
xylose utilization including converting the xylose to furfural (Brennan et al. 1986; Kwarteng 1983; Wright 
1988); utilizing microaerophilic yeast for production of ethanol from xylose (Skoog and Hahn-Hagerdal 
1988; Prior et al. 1989; Jeffries 1990); application of bacteria and fungi for ethanol production (Carreira 
et al. 1983; Lacis and Lawford 1988, 1989; Lynd 1989; Slapack et al. 1987); use of xylose isomerase to 
convert xylose into a fermentable isomer called xylulose (Jeffries 1981 ; Chaing et al. 198 1 ; Tewari et al. 
1985; Lastick et al. 1990); and application of a genetically engineered bacteria for ethanol production 
(Ingram and Conway 1988; Ingram et al. 1987; Wood and Ingram 1992; Ohta et al. 1991; Burnhardt and 
Ingram 1992). Because of the limited market size for furfural, conversion of xylose to furfural will not 
support large-scale implementation of an ethanol-from-lignocellulosic biomass industry (Gaines and 
Karpuk 1987). However, many microaerophilic yeasts have been developed that show promise for 
conversion of xylose and other five-carbon sugars into ethanol. The main difficulty is the need to control 
low Qxygen levels in the hroth to achieve reasonable yields and productivities of ethanol (Grootjen et al. 



1990; Ligthelm et A. 1986). Alternatively, genetically engineered strains of Escherichia coh and 
Klehsiella oxytoca have been developed that achieve good ethanol yields. In these organisms, genes from 
the glucose-fermenting bacterium, Zymomonas mobilis, have been inserted into the new hosts to allow 
xylose conversion into ethanol. 

In  addition to conversion of the cellulose and hemicellulose into ethanol, it is necessary to derive value 
from the lignin fraction of the material. Eignin can be converted into a variety of chemicals such a5 

phenolic compounds and other materials (Busche 1985). Alternatively, the lignin can be reacted to form 
ethers for use as octane boosters (Johnson et al. 1990). Finally, lignin can be burned directly as a boiler 
fuel to provide all the heat and electricity to drive the overall conversion process (Wright 1988; Hinman 
et al. 1992). In addition, for most forms of lignocellulosic biomass, the amount of lignin is more than 
enough to generate all the heat and electricity required, and excess electricity is left for sale to gain 
additional revenues for the overall process. 

Progress on technology for converting lignocellulosic biomass into ethanol has been substantial. In 1980, 
it was projected that ethanol would have to be sold for about $0.95/L ($3.60/gallon) to cover the cost$ for 
ethanol production plus realize a reasonable return on investment for enzyme-based technology (Wright 
1988 a, b). However, through improvements in cellulase, proper selection of the microorganisms used 
for fermentation of glucose into ethanol, use of the SSF process instead of sequential processing, and 
improved technology for xylose conversion, the projected selling price of ethanol has dropped to about 
$0.34/L ($1.27/gd) (Chem Systems 1990). In addition, a number of opportunities for technology 
improvement have been identified that would allow one to realize a price of $O.l8/L ($0.67/gal) of ethanol 
produced, a price competitive with gasoline produced from oil at $26/barrel. These include improvements 
in pretreatment technology to reduce the power required while improving the yields of xylose and 
digestible cellulose from the pretreatment step. In addition, improvements in xylose conversion to increase 
rates, yields, and concentrations of ethanol would improve the economics of the process. Developments 
to reduce fermentation times, improve ethanol concentrations, and improve cellulase activity would reduce 
the cost of cellulose conversion. Eliminating the need for inoculum preparation for both glucose and 
xylose fermentation would also be beneficial. Furthermore, improving the rate of biomass growth and 
increasing the carbohydrate content in the feedstock would improve the overall process economics. If 
these advances are realized, it would be possible for ethanol from lignocellulosic biomass to be 
competitive with gasoline by about the year 2000, based on price predictions by the U.S. Department of 
Energy (DOE). 

Although the goal of the DOE Ethanol from Biomass Program is to reduce the cost of ethanol to be 
competitive with gasoline without tax incentives, near-term commercial opportunities are now emerging 
to apply the technology. The current projected selling price of $0.34/L ($1.27/gal) is in the range to be 
competitive with ethanol derived from corn. Furthermore, the price is based on a feedstock cost of 
$16/dry tonne ($42/ton) for a grass roots plant. The feedstocks cost alone translates into a cost of $0.12/1 
($0.46/gal) of ethanol produced. Thus, $0.22/L ($0.81/gal) of the projected selling price is for other costs 
such as operating costs, energy costs, and capital recovery charges. If an inexpensive feedstock such as 
a low-value waste stream were used, the price of ethanol would he reduced substantially and would allow 
potential commercial production in the near term. Furthermore, other niche markets such as the use of 
an existing plant or the recovery of higher value coproducts from lignin could also afford immediate 
opportunities to make ethanol at competitive prices. 



Figure 7 summarizes the energy flows for ethanol production from lignorellulosic biomass with the energy 
terms denoted as the fraction of the lower heating value of ethanol (Lynd et al. 1991). Because lignin can 
be burned to provide all the heat and electricity for the process with excess electricity left to export for 
sale, no fossil fuel energy inputs are required for the conversion process. If R is defined as the ratio of 
energy outputs to energy inputs, the following expression results 

The terms are defined in Figure 7 and the factor of 3 accounts for the approximate displacement of 
thermal sources for the production of an equivalent amount of electricity to that exported. Based on the 
values given, R for lignocellulosic biomass conversion to ethanol is about 5. Thus, five times a! much 
energy is produced by the process than required in fossil fuel inputs. 

Only fossil fuel inputs shown in Figure 7 contribute to carbon dioxide buildup and the potential for global 
climate change. The carbon dioxide released during conversion of cellulose into ethanol, the combustion 
of lignin to power the conversion process, and the comhustion of ethanol is recycled to grow new biomass 
to replace that harvested for ethanol production (Lynd et al. 1991). An indication of the contribution of 
fuel options to carbon dioxide buildup can be expressed in terms of the net carbon produced per unit 
energy N: 

in which f is the fraction of all energy inputs provided hy fossil sources and Cf is the amount of carbon 
dioxide released per unit energy for fossil fuel inputs. If all external energy sources are fossil derived, 
f = 1, and for a value of Cf taken as 80 mg of C02/kJ (representative of gasoline), N is 16 mg of CO,/kJ 
for R equal to five. If renewable fuels were used for all energy inputs, then f = 0 and N = 0. In 
summary, ethanol production from lignocellulosic biomass would contribute on the order of one-fifth or 
less the carbon dioxide in the best case (Lynd et al. 199 1). 

Conclusions 

Ethanol provides a promising transportation he1 that can either be blended directly with gasoline, reacted 
with isobutylene to form ETBE, or used as a neat fuel. In each application, ethanol reduces air pollution. 
When lignocellulosic biomass is employed as the feedstock, ethanol use contributes little, if any, net 
carbon dioxide to the atmosphere, reducing the potential for global climate change. Furthermore, ethanol 
can be produced from domestic resources in sufficient quantity to substantially displace petroleum usage, 
thereby improving our domestic energy security, reducing the balance of trade deficit, and creating 
domestic employment. Currently about 3.8 GL (1 billion gallons) a year of ethanol is produced from corn. 
About one-third that amount results from dry milling of corn while the other two-thirds is from the wet- 
milling process. Alternatively, ethanol can he produced by emerging processes from lignocellulosic 
biomass. Technologies have been developed for each of the major steps for processing lignocellulosic 
biomass into ethanol, and the projected selling price of ethanol from lignocellulosic materials could be 
competitive in the near term. This is particularly true if ethanol production is applied for low-value waste 
streams or other niche applications. Furthermore, the goal is to reduce the selling price of ethanol from 



lignocellulosic biomass so that it can be competitive with ga~oline, without special tax considerations. hy 
the year 2000. 
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Abstract 

Samples of newsprint, office, cardboard and magazine paper, paper towels, pulp waste and sludge were 
evaluated for their cellulose contents and rates of cellulose conversion to glucose. Several pretreatments 
were evaluated to increase the rate of conversion of newsprint cellulose to glucose. The influence of 
printers' inks on enzyme hydrolysis and fermentation were determined for printed newsprint and magazine 
paper and corresponding unprinted controls. Two streams of mixed paper were formed to determine the 
need for separation of paper prior to processing. 

A modified, two-stage process was evaluated for hydrolyses of paper samples. The process consisted of 
sample hydrolysis with one-half of total enzymes for 24 hr, separation of sugars by filtration and hydrolysis 
of the residue with fresh enzymes for an additional 24 hr. In this way, at the same enzyme loading, the 
rates of cellulose conversion were increased by 18 to 5996, depending on sample. 

The maximum cellulose conversion rates were: 62.4% for newsprint, 65.4% for cardboard, 65.7% for office 
paper, 54.5% for magazine paper and 55.0% for paper towel. Bleached pulp waste was hydrolysed to the 
level of 62.7%, and the rates of conversion of pulp sludge cellulose were 32.4 to 74.6%, depending on 
paper waste used for reprocessing by pulp mills. 

The degrees of saccharification determined for the mixed paper samples were comparable or slightly lower 
than those calculated based on the best conversion rates for each of the constituents and their contents in 
mixed sample. 

Based on the findings of this study, it become apparent that ethanol plants would be able to process all 
types of paper and pulp wastes blends, at varying ratios, without the need for separation of waste streams. 
Also, there was no need for other pretreatments than particle size reduction by grinding, prior to enzyme 
hydrolysis. Printers' inks had no adverse affect on enzyme hydrolysis or yeast fermentation. 



The most ldcely sources of feedstock for ethanol are magazine and mixed paper and wastes generated in 
pulp mills and collected as sludge. 

Introduction 

The recycling of waste paper has been largely undertaken by pulp and paper mills but recent surveys 
(Sosulski and Grier, 1992) have demonstrated that substantial quantities of paper cannot be economically 
collected for reprocessing into paper products. Because partially refined cellulose is the base for most 
paper products, the hydrolysis of cellulose to fermentable sugars and their conversion to ethanol has been 
suggested as an alternative process where recycling is not feasible. 

The degree of polymerization (DP) of cellulose varies depending on the source. The average DP of native 
wood is relatively high, approximately 10,000 (Chum et al, 1985), and therefore, wood requires a 
substantial pretreatment to enhance cellulose availability to cellulase enzymes. Chemical pulps generally 
contain cellulose with DP values reduced to 1,500 while delignified wood would have a DP of 3,000- 
4,000. 

Pulping processes may provide increased accessibility of cellulase enzymes to the P-1,4. glucosidic bonds 
by altering the relationship of lignin to cellulose, through the prolonged, mechanical pulping process, or 
through solubilization and extraction of lignin during the alkaline, kraft process. Hemicellulose is also 
solubilized and extracted during chemical pulping, but should remain intact in mechanical pulp. The 
amount of hemicellulose in paper products would also affect the rate of cellulose conversion. Also, the 
paper-making process and especially the presence of binders, fillers, pigments, etc., that could account for 
up to 30% of some paper products (Sanborn et al, 1964), may effect cellulose accessibility to enzymes and 
thus reduce the rate of hydrolysis. 

The waste streams from pulp and paper processing should contain mainly small fibres that filtered through 
the screens during the paper-malung process, but may also be contaminated by process chemicals. And 
the method of pulping, type of wood and recycled paper products would also influence the accessibility 
of cellulose to cellulase enzymes. 

The availability of waste paper for conversion to ethanol would greatly depend on the geographic location, 
population, availability of organized paper collection and proximity of pulp mills which recycle paper. 
Ethanol plants which convert waste paper to ethanol would have to process a variety of types of paper, 
depending on their price and available supply. Also, ethanol plants located near pulp and paper mills 
would be able to utilize some of the waste streams from pulp and paper production. 

The objective of this study was to determine the composition and cellulose conversion rates for available 
types of pulp and paper wastes. The requirements for chemical pretreatment for paper products, prior to 
enzyme hydrolysis, and the influence of ink on enzyme hydrolysis and yeast fermentation to alcohol were 
evaluated. Finally, mixed paper samples were hydrolysed with cellulase enzymes, and the rates of 
cellulose conversion to glucose were compared to the sum of the rates for individual constituents in the 
mixed paper samples. 



Material and Methods 

Substrate 

Newsprint and glossy magazine paper were obtained from the Western Producer and the Sask Report, 
respectively; both companies being located Saskatoon, SK. Cardboard paper was from boxes used by 
chemical suppliers, while white office paper and paper towels were from supplies available at the 
Saskdtchewan Research Council. Unbleached paper towels were included in the study even though this 
type of paper is currently landfilled. 

All paper samples were passed through a document shredder and ground on a Wiley Mill prior to chemical 
analyses and sacc harification studies. 

Bleached waste pulp was obtained from the Weyerhaeuser Canada plant in Prince Albert, SK. 

Samples of pulp sludge were received from the following companies: Stone Consolidated, Bathurst, NB., 
Paperboard Industries Co., Burnaby, BC., Domtar Packaging, Mississauga, ON., and Atlantic Packaging 
Products, Whitby, ON. 

Assays 

The fibre content and composition were determined by detergent fractionation, as neutral detergent fibre 
(NDF) md  acid detergent fibre (ADF) (Goering and Van Soest, 1970). Lignin was determined as Klason 
lignin on the ADF residue followed by correction for acid insoluble ash (Effland, 1977). Hemicellulose 
content was calculated as the difference between NDF and ADF, and cellulose content was the difference 
between ADF andilignin, determined as Klason lignin on the ADF residue. 

Total reducing sugars were determined colorirnetrically using dinitrosalicylic acid reagent (Hope and Dean, 
1974).. Glucose was dete-ed colorirnetrically by the Glucose Reagent assay (Reagents Applications, 
Inc. San Diego, CA). 

Ethanol concentrations, %w/v, were determined using the alcohol dehydrogenase (ADH) assay No 331 
(Sigma Chemical Co., St. Louis, MO). 

Pretreatments 

Samples of newsprint, 10% wlv, in 0.1 M phosphate buffer, pH 4.8, were pulped for 2 min using a 
Polytron homogenizer (Brinkmann Instruments Co., Inc., Mississauga ON), at setting 3. Other 
pretreatments of newsprint included: pin-milling on a laboratory pin mill (Alpine American Co., Natick, 
MA); boiling of samples for 1 hr in an aqueous alkali or acid solution, ratio of sample to 0.1 N NaOH or 
HCI being 1:3, followed by washing with water; pretreatment of sample in 5% hydrogen peroxide at room 
temperature for 5 hr, followed by washing. 

Samples of pulp sludge were washed with water, prior to enzyme hydrolysis, to remove any chemical 
residues. 



The influence of surfactants, Triton X-100 and Tween 80 (Sigma Chemical Co., St Louis, MO), on the rate 
of cellulose hydrolysis was investigated using newsprint as cellulosic feedstock. The surfactants, 100 
pV100 ml, were added to 10% wlv newsprint in 0.1 M phosphate buffer, pH 4.8, prior to enzyme addition. 

Enzyme Hydrof yses 

Cellulase Tap Conc. (Ammo International Enzyme Co., Japan) and Novozym 188 (Novo Nordisk 
Bioindustrials, Inc., Denmark) cellobiase were added to 10% wlv suspensions of ground paper or pulp 
sludge to obtain constant enzyme concentrations of 8.7 filter paper units (FPU)/g cellulose and 2.5 
cellobiase units (CBU)/l FPU. Enzyme hydrolyses were conducted at 50°C with stirring at 100 rpm for 
24 hr, followed by separation of hydrolysates from residues by filtration and resuspension of residues in 
buffer. A second portion of cellulase, 8.7 FPUIg cellulose, and suitable volumes of cellobiase were added 
to all samples. Hydrolyses of residues were carried out for another 24 hr at 50°C. 

For comparison with the two-step hydrolysis process, all paper samples at concentration of 10% wlv were 
hydrolysed for 48 hr at 50°C, with cellulase concentration being 17.4 FPUIg cellulose and 2.5 CBU11 FPU. 

Triton X-100 or Tween 80 was added to all samples. 

The effect of pretreatments on the rates of cellulose conversion in newsprint was evaluated after short 
hydrolyses for 24 hr. 

After completion of hydrolyses, samples were filtered, residues were washed and combined liquids were 
analyzed for reducing sugars (RS) and glucose contents. The rates of cellulose conversion to glucose were 
calculated from total glucose liberated from cellulose and cellulose contents in the samples. 

Fermentations 

Hydrolysed samples of printed newsprint and magazine paper, and their corresponding controls, were 
supplemented with minerals and yeast food to obtain concentrations of 1 % ammonium phosphate dibasic, 
0.1% magnesium sulphate and 1% yeast extract in each sample. The fermentation medium was prepared 
according to the recommendations of Tngledew and Thomas (private communication). Fermentations were 
carried out at 30°C for 24 hr. 

Results and Discussion 

Substrate Composition 

Newsprint paper was the lowest in cellulose contentAamong all waste paper sources (Table 1). Cardboard 
and magazine paper were comparable in cellulose content but more lignin-like material, that was not 
soluble in 72% sulphuric acid, was determined in magazine paper. Any of the components used in coating 
of bleached pulp during the paper production process, i.e. pigments or whiteners, dispersants, antifoam or 
flow modifiers (Sanborn et al, 1964), could affect the determination of lignin. The binders and adhesives, 
most of them being of starch or protein origin, would not interfere with. lignin determination. 

Paper towels contained more cellulose than cardboard and magazine paper but not as much as in office 
paper (Table 1). Bleached pulp, with its' cellulose content of about 9296, was almost pure cellulose. 



Table 1. Substrate Composition, % db 

Samples of pulp sludge differed considerably in their composition, depending on the source of the 
feedstock used for recycling (Table 1). The highest cellulose was in sludge from recycling of mixed paper. 

Sample 

Paper 
Newsprint 
Cardboard 
Magazine 
Towel 
Office 

Pulp Waste 
Bleached 

Pulp Sludqe 
Newsprint 
Cardboard 
Corrugated 
Mixed 

Pretreatments 

Newsprint paper, being a product of mechanical grinding of wood was not expected to be very reactive 
or easily hydrolysed into glucose. Therefore, several pretreatments prior to enzyme hydrolysis were 
evaluated. Pulping of newsprint by homogenization or grinding on a Wiley mill were both comparable 
in the rate of cellulose conversion to glucose (Table 2). Pin-milling, which reduces the particle size of 
material to < 400 mesh, increased glucose yield and cellulose conversion as compared to grinding. 
However, the combined cost of grinding and pin-milling might be too high to be justified by the moderate 
increase in rate of cellulose conversion. 

Hemicellulose 

18.5 
14.1 
10.4 
11.7 
10.4 

6.5 

7.0 
9.9 
9.6 
9.0 

Alkali and acid pretreatments failed to increase cellulose conversion to glucose and the same was true for 
delignification by peroxide treatment (Table 2). It appears that hemicellulose modification by alkali and 
acid and lignin removal by peroxide were not sufficient to enhance the rate of hydrolysis. .Or, as reported 
by Rivers and Emert (1988), the type of pretreatment and mode of lignin extraction or modification might 
be more responsible for reactivity of the treated product than presence of hemicellulose and lignin. These 
authors found that chemical pretreatments, in fact, decreased cellulose conversions in waste paper. 

Surfactants, often used by scientists during enzyme recoveries from plant materials, were evaluated in 
hydrolysis of pin-milled newsprint. It was anticipated that reduced surface tension might, in fact, increase 
the desorption of cellulase enzymes from the substrate and adsorption onto new sights, thus enhancing the 
rate of hydrolysis. Triton X-100 was found to be the more effective than Tween 80 (Table 2). 

Cellulose 

59.6 
69.0 
69.3 
73.5 
80.3 

91.8 

58.7 
67.4 
69.4 
72.5 

Lignin 

18.8 
11.3 
14.4 
10.0 
0.9 

0.2 

16.2 
13.4 
13.2 
6.1 



Table 2. The Influence of Newsprint Pretreatments 
on the Rate of Cellulose Conversion 

Enzyme Hydrolyses 

Pretreatment 

Pulping 
Grinding 
Pin-milling 
Alkali 
Acid 
Peroxide 
Surfactants: 

Triton X-100 
Tween 80 

Based on preliminary experiments in our laboratory it became apparent that a high degree of hydrolysis 
of newsprint to glucose required low substrate concentration, prolonged hydrolysis time and high enzyme 
loading. High concentrations of enzymes can increase conversion rates through the reduction of end- 
product inhibition. However, enzymes were reported to account for 60% of the total cost of the process 
(Wilke et al, 1981) and, therefore, their use should be minimized. Low concentrations of substrate would 
increase the capital cost of equipment and would yield low concentrations of sugars for fermentation and 
ethanol for distillation. Nystrom and Allen (1976) reported that the greatest economic benefits will be 
achieved when concentrated cellulosic substrates are hydrolysed for a prolonged time. Therefore, it was 
decided to conduct hydrolyses at 10% w/v paper concentration. 

The extended time of newsprint hydrolysis increased cellulose conversion rate only slightly, from 53% to 
59% after 48 and 72 hr, respectively, (Table 3), but would decrease the processing capacity of the 
theoretical plant. Therefore, further study was focused on maximizing the conversion rates with a 
simultaneous decrease in time of hydrolysis. 

RS 
g/L 

26.8 
26.6 
28.6 
25.7 
26.3 
24.9 

30.9 
31.3 

Two-Stage Hydrolyses 

A modified, two stage process for hydrolyses of paper samples was evaluated. The process consisted of 
sample hydrolysis with one-half of total enzymes for 24 hr, separation of sugars by filtration and hydrolysis 
of the residue with fresh enzymes for an additional 24 hr. The commercial process was envisioned to 
include recovery of enzymes from hydrolysates by ultrafiltration, enzyme reuse in hydrolysis of residues, 
and concentration of sugars for fermentation by reverse osmosis (Fig. 1). 

Glucose 
!J/L 

20.1 
19.8 
22.4 
18.7 
19.1 
17.5 

24.1 
23.8 

Higher conversion rates of cellulose to glucose were obtained during the two-stage hydrolyses as compared 
to a single hydrolyses carried out with the same concentration of enzymes for the same time (Table 3). 
The increase in the cellulose conversion rate ranged from a low of 18% for newsprint to a high of 59% 
for paper towels. On the average, the rate of cellulose conversion was increased by 38% in the two-stage 
process. as compared to single hydrolysis. 

% Cellulose 
conversion 
to glucose 

31.9 
31.5 
36.6 
29.8 
30.3 
27.8 

38.3 
37.9 



Table 3. Enzyme Hydrolyses of Waste Paper, Pulp Waste and Sludge During 
Single- and Two-Stage Hydrolyses 

The conversion rates for cellulose in waste paper were in the range of 54.5-65.7% (Table 3). The degree 
of delignification and cellulose contents in samples (Table 1) appeared to have only a minor influence on 
rate of cellulose hydrolysis (Table 3). Comparable rates were obtained for high-in-lignin newsprint or 
cardboard papers, and for lignin-free office paper and bleached pulp. The lower rate of cellulose 
hydrolysis for magazine paper might be caused by adsorption of enzymes on clays, other fillers and binders 
added to magazine paper during the production process. It is also possible that binders and fillers created 
a physical barrier between cellulase and cellulose fibre, thus affecting conversion rate. 

r. 

The conversion rates for sludge, from reprocessing of particular paper, were considerably lower than 
conversion rates for that paper. For example, newsprint sludge cellulose was converted to glucose at the 
rate of 32.4%, while newsprint paper cellulose hydrolysed under the same conditions was converted at the 
rate of 62.4% (Table 3). Therefore, sludge from reprocessing paper waste will have a much lower value 
as feedstock for ethanol than waste paper. 

The results of the evaluation of individual paper' and pulp wastes provided information on their rates of 
cellulose conversion and added to understanding of requirements of the individual wastes for pretreatment. 
Most of the paper samples would require only grinding and the degree of size reduction would have a 
direct influence on degree of saccharification. Similar conclusions were drawn by Wilke and Yang 
(1975), Spano (1978) and Walpot (1986) who reported that the best conversion rates were obtained after 
ball milling, pot milling and hammer milling, respectively. Walpot (1986) found that hammer milling of 
newsprint was low in cost and easy to handle. Wilke and Yang (1975) concluded that a fairly coarse level 
of milling would be used in a large scale processing plant, and a somewhat lesser degree of cellulose 
convers.ion than obtained by ball milling would have to be accepted. 

Sample 

Paper 
Newsprint 
Cardboard 
Office 
Magazine 
Towel 

Pulp waste 
Bleached pulp 

Pulp sludge 
Newsprint 
Cardboard 
Corrugated 
Mixed 

Single-stage 

RS 
g/L 

41.3 
43.7 
50.1 
36.5 
40.0 

65.3 

24.3 
34.5 
38.1 
55.8 

Two-stage 

RS 
g/L 

47.8 
61 -0 
71.4 
48.2 
61 -4 

80.4 

31.6 

Glucose 
!J/L 

33.6 
32.6 
41 .I 
29.5 
29.4 

' 49.9 

18.3 
25.4 
29.7 
44.7 

Cellulose 
conversion 

% 

52.9 
44.5 
47.9 
40.0 
34.4 

49.0 

25. I 
32.8 
38.1 
54.4 

Glucose 
g/L 

40.2 
48.1 
56.5 
40.2 
47.0 

63.8 

22.1 

Cellulose 
conversion 

Yo 

62.4 
65.4 
65.7 
54.5 
55.0 

62.7 

32.4 
48.7 
55.4 
74.6 

53.2 
52.9 
76.0 

35.9 
41.5 
59.8 



The conversion rates for 10% wlv newsprint paper reported in the literature were: 24.5% and 72.9% 
cellulose, for hammer milled and ball milled samples, respectively, during hydrolysis with 3.4 FPUlml 
medium (Wike and Yang, 1975). The 57% and 66% conversion rates were obtained for samples 
hydrolysed with 10 and 16 FPUIg newsprint, respectively (Spano, 1978). Office paper, 7.5 % wlv, was 
reported to be saccharified at 47% efficiency when enzyme concentration was 10 FPUIg paper (Andren 
et al, 1975). Our results, from the two-stage hydrolyses were comparable if not better, 62.4% cellulose 
conversion for newsprint and 65.7% for office paper (Table 3). 

Commercial ethanol plants would operate, however, on mixed paper that is not purchased by pulp mills 
for recycling or separated from the municipal solid waste. Apparently magazine paper cannot be recycled 
due to a high content of non-pulp constituents. Mixed paper is also the cheapest source of waste paper 
(Sosulsh and Gner, 1992). 

Mixed Paper 

Two streams of mixed paper were formed, one composed of newsprint (NP) and cardboard (CB) papers 
in which office paper (OP) constituted 30 to 50%, replacing newsprint in 5% increments; the second stream 
was composed of NP and CB in which magazine paper (MP) was used instead of OP. 

The degrees of saccharification determined for mixed paper samples in which office paper ranged from 
30 to 50% were comparable or slightly lower than those based on the best conversion rates for each of the 
constituents and their contents in the mixed sample (Table 4). However, when glossy magazine paper was 
blended with newsprint and cardboard paper at 30 to 50% of the mixture, the magazine paper reduced 
saccharification of the blend by a few percentage points, as compared to theoretical values. Magazine 
paper contains binders and fillers which might adsorb some of the cellulase enzyme, thus making it 
unavailable to attack cellulose fibres. 

Table 4. Enzyme Hydrolyses of Mixed Paper Composed of Newsprint (NP), 
Office Paper (OP) or Magazine Paper (MP), and Cardboard (CB) 

! 

Sample composition 
% 

NP : OP : CB 
55: 30: 15 
50: 35: 15 
45:40: 15 
40 : 45 : 1!5 
35: 50: 15 

NP : MP : CB 
55:30:15 
50: 35: 15 
45:40: 15 
40: 45: 15 
35: 50: 15 

Cellulose conversion to glucose, 
% 

RS 
g/L 

53.2 
54.2 
58.0 
59.1 
62.0 

46.4 
46.9 
47.1 
47.3 
46.2 

Theoretical 

61.9 
61.5 
63.3 
63.5 
65.0 

57.5 
57.1 
55.2 
56.2 
56.2 

Glucose 
S/L 

41 -8 
42.9 
45.7 
46.3 
48.1 

36.7 
34.9 
37.0 
37.4 
36.9 

Experimental 

60.6 
61.4 
64.5 
64.7 
66.4 

53.7 
52.1 
52.9 
52.9 
51.7 



Influence of Printers' Ink on Enzyme Hydrolysis and Fermentation 

Waste paper, collected for recycling or separated from the municipal solid waste, will contain high 
proportions of newsprint, magazine paper and other printed materials. Although black printers' ink, is 
composed mainly of mineral oil or a mixture of mineral and vegetable oils and carbon black, coloured inks 
may also contain heavy metals in their dyes. To evaluate the influence of printers' inks, enzyme 
hydrolyses and fermentations were performed on printed newsprint and magazine papers and their 
corresponding unprinted controls. 

Enzyme hydrolyses of printed newsprint paper and control indicated no negative effect of black ink on the 
yield of RS or glucose (Table 5). The RS contents of hydrolysates were, in fact, higher in printed 
newsprint than in controls. However, the glucose yields were comparable and, therefore, the calculated 
conversion rates of cellulose to glucose were comparable as ,well. 

Table 5. The Influence of Printers' Ink on Enzyme Hydrolyses and Fermentations 
2 

Printed magazine paper yielded slightly more RS and glucose than the unprinted control (Table 5). The 
conversion rates of cellulose to glucose, after 48 hr of enzyme hydrolysis, were in the range 45.6-48.8%, 
with slightly better conversions for printed paper than for the control. Therefore, it appeared that coloured 
inks did not effect enzyme activities. 

Yeast fermentations were carried out on enzyme hydrolysates of the printed newsprint and magazine paper 
(Table 5).  Comparable ethanol yields and efficiencies of conversion of glucose to ethanol were obtained 
for both printed and control paper, suggesting no adverse effect of printers' ink. 

Ethanol 
% w/v 

1.57 
1.60 

1.45 
1.36 

Sample 

Newsprint - printed 
- control 

Magazine - printed 
- control 

Ethanol Yield from Waste Paper and Substrate Cost per Litre of Ethanol 

The yields of ethanol for various paper feedstocks, presented in Table 6, were calculated from the cellulose 
contents and the rates for cellulose conversion to glucose, determined experimentally, and the estimated 
90% conversion of glucose to ethanol. The lowest ethanol yields were determined for newsprint and 
magazine paper, both being 185 L/tonne. Cardboard paper yielded 221 Utonne, while even higher ethanol 
yields were possible from office paper. 

RS 
g/L 

48.6 
40.2 

56.1 
53.7 

Glucose 
S/L 

34.1 
33.9 

37.3 
34.9 

% Cellulose 
conversion to 

glucose 

54.5 
54.2 

48.8 
45.6 



Table 6. Ethanol Yield (Lftonne) and Cost of Substrate ($*/I) 

* price in Canadian $ 

L- 

The cost of paper feedstock per litre of ethanol was between $0.05 and $0.23 (Table 6). Magazine paper 
and cardboard, priced at $10 and $15/tonne, respectively, (Sosulsh and Grier, 2992) were the least 
expensive, while office paper, at $60ltonne, was the most expensive feedstock for ethanol production. In 
fact, the cost of office paper per litre of ethanol was very close to that for wheat grain ($0.28). But the 
saccharification of wheat starch is carried out with amylases that are only a fraction of cost of cellulases. 

The price for waste paper fluctuates, depending on the balance between capacities of mills reprocessing 
paper and volumes of paper waste collected for recycling. In the last few years the pulp and paper 
industry lagged behind in their recycling capacities and the prices for the waste paper were low. However, 
as more mills acquired deinking capacities, the demand and price for newsprint increased. The recent 
technology developed for conversion of cardboard paper into white paper would decrease the availability 
of this paper for ethanol production in the long tern. Then ethanol plants would have to relay on 
magazine and mixed paper as feedstock for ethanol. 

Sample 

Paper 
Newsprint 
Cardboard 
Magazine 
Off i se 

Pulp waste 
Bleached pulp 

Pulp sludge 
Newsprint 
Card board 
Corrugated 
Mixed 

Other sources likely to be processed into ethanol are wastes directly generated in pulp and paper mills. 
One could assume that, as there are charges for landfilling, these wastes should be available to ethanol 
plants at no cost. 

Bleached waste pulp will yield 293 Lttonne of ethanol (Table 6), but pulp is generated in mills in relatively 
low volumes. The sludge from reprocessing paper, depending on the grade of recycled product, will yield 
102-275 L/tonne. The yield of ethanol from sludge, however, would be lower than that from paper used 
for reprocessing, for example only 102 Lltonne of newsprint sludge as compared to 185 Lltonne of 
newsprint. One possible reason for the decline in ethanol yield might be an increase in the recalcitrant 
cellulose as a response to repeated reprocessing. 

Ethanol yield 

1 85 
221 
1 85 
260 

293 

1 02 
165 
191 
275 

Substrate cost 

0.1 1 
0.07 
0.05 
0.23 

- 



Conclusions 

Based on the findings of this study, it was apparent that ethanol plants can process all types of paper and 
pulp wastes in blends, of varying content of constituents, without the need for separation of waste streams. 
Also, particle size reduction by grinding was the only pretreatment needed prior to enzyme hydrolysis. 
Printers' inks had no adverse effect on enzyme hydrolysis or yeast fermentation. 

The most economical sources of feedstock for ethanol production were magazine and mixed paper and 
wastes generated in pulp mills and collected as sludge. 

\ 

Acknowledgments 

Financial assistance for this project was provided by Efficiency and Alternative Energy Technology 
Branch, Energy, Mines and Resources Canada. 

References 

Andren, R.K., M. H. Mandels and J.E. Medeiros. 1975. Production of sugars from waste cellulose by 
enzymatic hydrolysis. I. Primary evaluation of substrates. Applied Polymer Symp. No. 28., 205. 

Chum, H.L., L.J. Douglas, D.A. Feinberg and H.R. Schroeder. 1985. Evaluation of pretreatments of 
biomass for enzymatic hydrolysis of cellulose. Technical Report SERI/TR-23 1-21 83. 

Effland, M.J. 1977. Modified procedure to determine acid-insoluble lignin in wood and pulp. Tappi 60, 
143. 

Goering, H.K. and P.J. Van Soest. 1970. Forage Fibre Analyses Apparatus, Reagents, Procedures and Some 
Applications. Agricultural Handbook No. 379. Agric. Res. Sen.  USDA. 

Hope, G.C. and A.C.R. Dean. 1974. Pullanase synthesis in Klebsiella (Aerobacter) aeronenes strains 
growing on continuous culture. Bioch. 3. 144, 403. 

Ny strorn, J .M. and A.L. Allen. 1976. Pilot scale investigations and economics of cellulase production. 
Biotechnol. Bioeng. Symp. No. 6, 55. 

Kvers, D.B. and G. H. Emert. 1988. Factors effecting the enzymatic hydrolysis of municipal-solid-waste 
components. Biotechnol. Bioeng. 3 1, 278. i 

Sanborn, B., H. Chao and M.G. Homer. 1964. Pulp and Paper Technology. New York: Van Nostrand 
Reinhold Co. 



Sosulski, K. and D. Grier. 1992. Availability of newsprint, other paper and pulp waste in Saskatchewan 
for ethanol production. SRC Technical Report R- 1430- IE-92. 

Spano, L.A. 1978. Enzymatic hydrolysis of ce1~ulosic wastes to fermentable sugars and the production of 
alcohol. J. Coating Technol. 50, 71. 

Walpot, J.I. 1986. Enzymatic hydrolysis of waste paper. Conservation & Recycling. 9, 127. 

Wilke, C.R., R.D. Yang, A.F. Sciarnanna and R.P. Freitas. 1981. Raw materials evaluation and process 
development studies for conversion of biomass to sugars and ethanol. Biotechnol. Bioeng. 23, 163. 
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In the corn dry-milling process, ethanol is produced fiom the starch-based carbohydrate fraction of the 
corn kernel. The remaining carbohydrate fiber--which includes cellulose, hernicellulose, and unconverted 
starch, along with protein, fats, and oils--is recovered, dned, and sold as an animal feed supplement 
known as distillers dried grains and solubles (DDGS). Since the value of any animal feed supplement 
is directly based on its protein content, it is possible to remove the fiber fraction without diminishing the 
value of this co-product. 

A Cooperative Research and Development Agreement between the National Renewable Energy Laboratory 
and the New Energy Company of Indiana has been investigating process alternatives for incorporating the 
conversion of corn fiber to'ethanol into an existing dry-milling production facility. In corn, about 13% 
of the potential ethanol fiom the carbohydrate fraction originates from cellulose, hemicellulose, and sugars 
that are generally not converted to ethanol in the traditional dry milling process. Also, there may be 
significant amounts of starch-based components that are unconverted in the m-milling process. Process 
additions based on simultaneous saccharification and fermentation and hemicel~ulose conversion 
technologies can significantly improve the yield and economics of ethanol production fiom corn by 
converting these carbohydrate-based components that typically become a zero-value constituent of DDGS 
in dry-milling processes. 



Introduction 

The production of ethanol from the starch fraction of corn kernels for use as an alternative transportation 
fbel or as a gasoline additivelextender is a well-established industry in North America and many other 
parts of the world. Researth and development of processes to produce ethanol fiom lignocelluIosic 
feedstocks has been conducted extensively for over 20 years. Numerous advances over the past several 
years have decreased the expected cost of ethanol production from Iignocellulosic substrates from about 
$0.95/liter ($3.60lgallon) in 1980 to an estimated $0.32/liter ($1.22lgallon) today (Hinman et al. 1992). 
The significant use of ethanol as a transportation fuel can decrease the dependence upon foreign oil 
imports, improve energy security, and reduce the balance-of-payments deficit (Lynd et al. 199 1). Recent 
political upheavals in the Middle East and greater environmental awareness (e-g. the 1990 Clean Air Act 
Amendments) have rekindled interest in domestic, renewable, and cleaner sources of energy for 
transportation fuels, such as ethanol. In fact, as shown in Figure 1, the use of ethanol as an oxygenate 
fbel additive in the United States is expected to rise steadily over the next decade (GRC Economics 1990). 
This higher demand may increase the pressure for producing fbel ethanol from substrates other than the 
traditional source in the United States and Canada, which is the starch component of corn kernels. 
Lignocellulosic materials such as wood, grasses, and municipal solid waste are some of these alternative 
feedstocks. Another large source of potential ethanol is the fiber fraction of corn kernels, which contains 
significant levels of cellulose and hemiceIlulose. This fiber currently becomes a low-value component 
of the protein-rich co-product of corn dry-milling processes, known as distillers dried grains and solubles 
(DDGS). 

A Cooperative Research and Development Agreement (CRADA) between the New Energy Company of 
Indiana and the National Renewable Energy Laboratory (NREL) was initiated in May 1991. The basic 
purpose of this agreement is to explore the possible application of NREL's expertise in the production of 
ethanol from cellulosic/hemicellulosic materials to New Energy's corn dry-milling process for the 
production of ethanol. The CRADA agreement calls for a cooperative multi-phase effort to explore all 
aspects and implications of the possible process alternatives to incolporate corn fiber-to-ethanol conversion 
technology into New Energy's existing dry-milling facility. Extensive work in areas such as process 
engineering and economic analysis, laboratoly-scale investigation of various process alternatives, and pilot 
plant scale-up trials is being performed jointly by New Energy and NREL researchers. The ultimate goal 
of the CRADA is to develop, demonstrate, and commercialize technology for producing ethanol fiom corn 
fiber to increase the yield of ethanol from corn in a dry milling process in an economic manner. 

Discussion 

The Composition of Corn 

The composition of corn, as it relates to ethanol production, is shown in Figure 2 (Blanchard 1992). The 
components that can potentially be converted to ethanol are the carbohydrate-based constituents: starch, 
cellulose, hemicellulose, and sugars. Clearly, the great majority of the carbohydrate-based fraction is 
starch, which is generally considered to be substrate of interest in the production of ethanol fiom corn. 
In Table 1, the amount of ethanol that can theoretically be produced from each of the carbohydrate 
constituents is presented. Although most of the potential ethanol results ftom conversion of the starch . 

fi-action, over 13% of the potential ethanol contained in the carbohydrate fraction of corn is not addressed 
in the conventional processes for producing ethanol from corn. 



Table 1 : Potential Ethanol Production from the Carbohydrate Constituents of Corn 
Basis: 100 kg corn (dry basis) 

i 

The Corn Dry-Milling Process 

A generic process flow diagram and material balance of the corn dry-milling process is shown in Figure 
3. The ethanol produced in this process is starch based. The cellulose, hemicellulose, lignin, and ash 
is generally referred to as "fiber" and passes through, the process unconverted, ending up in the DDGS 
co-product, which is sold as a high-protein content animal feed supplement. 

As the value of DDGS and other animal feed supplements is based primarily on nutritional content and 
hence, protein content (Lewis and Grimes 1986), it should be possible to convert the cellulose and 
hemicellulose portion to ethanol without substantially reducing the value of the co-product. This concept 
is shown graphically in Figure 4, where the co-product value increases linearly as the protein content 

' 

increases. Therefore, the cost of producing additional ethanol from the fiber portion of corn should only 
be related to the capital and operating costs of the necessary process addition, as no additional substrate 
is needed and the value of the standard co-products does not diminish significantly as the fiber is removed 
(which increases the relative protein concentration). The value of corn itself (on a protein basis) is 
somewhat higher than the standard feed supplements due to its use as a human food source. The total 
volume of the new co-product is somewhat lower as fiber is removed, but the increase in protein content 
in this new co-product should result in a revenue-neutral effect & related to co-product value. In fx t ,  
the smaller volume of co-product as a result of the corn fiber conversion may lower shipping costs, thus 
imparting some economic advantage to this new co-product. However, a market for this new grade of 
animal feed supplement will have to be identified. This would presumably come fiom current DDGS 
consumers, but feeding trials would first have to be conducted to determine the true value of such a feed 
supplement to the dairy and livestock industry. 

Process Alternatives for Production of Ethanol from Corn Fiber in Dry-Milling Processes 

In the corn dry-milling process, most of the starch originally present has been converted to ethanol. The 
enzymes typically used for the conversion of the starch-based carbohydrate fraction to glucose (alpha- 
amylase and glucoamylase) have limited activity on the cellulose and hemicellulose fraction of corn. 
Thus, a means of hydrolyzing these carbohydrates to their monomeric sugar constituents is needed to . 

allow the fermentation of these sugars to produce additional ethanol. A wide variety of chemical and 
enzymatic process have been developed to perform these conversions. Previous economic analysis of 
process alternatives for the production of ethanol fiom lignocellulosic biomass favor dilute acid processes 
for the hydrolysis of the hemicellulose component and enzymatic processes for the hydrolysis of the 



cellulose component (Hinman et al. 1992). 

The use of optimized technologies for the conversion of either the cellulose- or hemicellulose-based 
fraction of corn fiber can improve the efficiency of the possible process alternatives. Simultaneous 
saccha13fication and fermentation (SSF) of cellulose substrates, where the enzymatic hydrolysis of 
cellulose to glucose and the fermentation of glucose to ethanol occur in the same reactor, can improve 
the lunetics and economics of ethanol production from cellulose (Philippidis et al. 1992). The 
accumulation of sugars, which has a strong inhibitory effect on the components of the cellulase enzyme 
complex, is greatly reduced in an SSF process, as the sugars are directly fermented to ethanol as they are 
released by the enzymes. Also, the risk of contamination is lowered by the limited glucose concentration, 
and capital costs are decreased by employing two conversion steps in the same vessel. 

Likewise, optimized strategies for the conversion of hemicellulose to ethanol can improve the efficiency 
of such processes. Acid-based hydrolysis processes for the liberation of sugars fkom hemicellulose in both 
woody and herbaceous feedstocks have been developed (Torget et al. 1991). Theoretically, the enzymatic 
digestion of hemicellulose by hemicellulase enzymes is possible, although economically viable processes 
have not been developed. The subsequent fermentation of xylose to ethanol by a variety of 
microorganisms, including genetically engineered strains, has been the subject of extensive study in recent 
years (McMillan 1993). The pace of development in this field is rapid, so that economically viable large- 
scale processes involving native substrates should be available in the near future. Like many other 
herbaceous feedstocks, corn fiber hemicellulose contains a significant fraction of arabinan, in addition to 
xylan. Although the fermentation of arabinose to ethanol is not as well understood as xylose fermentation, 
recent work in this area has shown encouraging results (McMillan and Boynton 1993). ' 

Economic Considerations for Production of Ethanol from Corn Fiber 

In most processes for the production of fuels or chemicals fkom a dedicated energy crop, the production 
cost of the feedstock represents a significant fraction of the ultimate value of the fuel or chemical 
produced. In Figure 5, it can be seen that the cost of corn amounts to nearly half of the total cost for the 
production of ethanol in the corn dry-milling process. By applying technology to convert the cellulose 
andlor hemicellulose fraction of corn to ethanol, the overall yield of ethanol from a unit amount of corn 
can be increased, lowering the percentage of the total production cost that must be spent simply to 
purchase the feedstock. 

The production of ethanol fiom corn fiber is an ideal process addition to traditional corn dry-milling 
facilities since much of the materials, equipment, and infrastructure in an existing dry-milling facility can 
be used. The primary substrate for this conversion, corn fiber, has been previously purchased as corn for 
the dry-milling process. In terns of equipment and infrastructure, the front-end corn handling and milling 
equipment is already in place from the existing dry-milling facility. In many dry-milling facilities, there 
is excess distillation capacity in place. Thus, it may be possible to recover the additional ethanol 
produced fiom corn fiber conversion without additional equipment requirements for ethanol recovery. In 
plants where excess distillation capacity does not exist, emerging ethanol dehydration technologies, such 
as molecular sieve dehydration and pervaporation, may soon compare favorably to the traditional 
azeotropic distillation methods for ethanol dehydration (Hohmann and Rendleman 1993). Not only would 
such technologies reduce energy requirements for ethanol rdcovery, but they would allow the azeotropic 
distillation columns to be modified to serve as stripperhectifier columns, increasing the distillation 
capacity of an existing dry-milling facility. 



The dry-milling process for the production of ethanol fkom the starch fraction of corn kernels is a well- 
understood industrial process. As the demand for fuel ethanol increases over the coming decades, 
technologies for improving the yield of ethanol fiom corn will become more important. The fiber portion 
of corn kernels contains about 13% of the total carbohydrates found in corn kemels. In current dry- 
milling processes, these carbohydrates are not converted to ethanol, but become a zero-value component 
of the animal feed supplement co-product fiom the dry-milling process known as DDGS. Since the value 
of this co-product is based upon its protein content, the carbohydrate contained in DDGS can, in theory, 
be removed without diminishing the value of the co-product. This fiber, rich in cellulose and 
hemicellulose, can be used as a substrate for the production of additional ethanol via biochemical 
conversion processes. 

A number of extensively studied conversion techndlogies can be used for the production of ethanol fiom 
corn fiber. These include the production of cellulase enzymes, simultaneous saccharification and 
fermentation, dilute acid pretreatment, and five-carbon sugar fermentation. 

The conversion of corn fiber to ethanol is in many ways an ideal process addition to existing corn dry- 
milling facilities. Much of the existing infrastructure of the dry-milling plant can be used, so capital and 
operating costs related to the process addition are minimized. The substrate, corn fiber, has already been 
purchased for the primary dry-milling operation. Excess distillation capacity or improvements in ethanol 
recovery technology can mitigate the impact of higher ethanol production levels on downstream recovery 
operations and costs. Finally, the production of ethanol fiom corn fiber represents an opportunity to 
merge new processing technologies involving the conversion of lignocellulosic substrates to ethanol into 
an existing, well-established process. This helps to minimize the risks associated with the scale-up of new 
technologies in a grass-roots facility and provides valuable large-scale process performance data that can 
be used to effectively design future biomass-to-ethanol production facilities. 
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Abstract 

Xylose is an abundant sugar in hardwoods and agricultural residues. Its use is essential for any economi- 
cal conversion of lignocellulose to ethanol. Only a few yeasts ferment xylose effectively. Our results 
show that the best strains are Candida shehatae ATCC 2984 and Pichia stipitis CBS 6054. Wild type 
strains of C. shehatae ATCC 22984 will produce 56 g/L of ethanol from xylose within 48 h in a fed batch 
fermentation. We have obtained improved mutants of P. stipitis by selecting for growth on L-xylose and 
L-arabinose. Mutant strains produce up to 55% more ethanol than the parent and exhibit higher specific 
fermentation rates. We have also developed an effective transformation system that enables the introduc- 
tion and expression of heterologous DNA on integrating and autonomous vectors. The transformation 
system for P. sripitis is based on its URA3 gene as a selectable marker and an autonomous replication 
sequence (ARS) which we isolated from the parent. We are using integrating and ARS vectors to 
metabolically engineer P. stipitis by altering the regulation and expression of key enzymes. As model 
systems we are examining the expression of alcohol dehydrogenase (ADH) and pyruvate decadmxylase 
(PDC) that are present in limiting amounts or induced only under non-growth conditions. 

Introduction 

Xylose is a five carbon sugar abundant in the hemicellulose of angiosperms (Pettersen 1984, Krull and 
Inglett 1980). Because it is relatively easily recovered, and because it is present in waste streams such as 
spent sulfite liquors, microbes that would convert it to useful products have long been sought 
(Karczewska 1959, Pearl 1968, SestAkovB 1979). In fact, the utilization of xylose is essential to any 
process for producing ethanol from lignocellulosic biomass (Hinman et a1 1989, Lynd et a1 1991). Until 
1980, about half of all yeasts were known to assimilate xylose, but none were known to ferment it 
(Barnett 1976, Kreuger-van Rij 1984). In 1981, several laboratories reported the abilities of yeasts to 
convert xylose to ethanol (Schneider et af. 1981, Jeffries 1981, Gong et al. 1981, Slininger et al. 19821, 
and the subsequent development of this field was rapid. 



A thorough understanding of xylose metabolism is essential to improve its fermentation. Even though the 
structures of glucose and xylose are similar, their metabolic paths differ greatly. Glucose is 
phosphorylated immediately upon transport and readily enters the glycolytic pathway. In bacteria, xylose 
is first isomerized to the ketopenhdose, D-xylulose, then phosphorylated to form D-xylulose-5-phosphate 
which enters the non-oxidative pentosephosphate pathway. In eukaryotes, xylose is first reduced to 
xylitol then re-oxidized to D-xylulose. The first step is commonly carried out by NADPH; the second is 
carried out by NADH. After several subsequent rearrangements, it enters the glycolytic pathway at the 
level of fructose-6-phosphate. 

The objectives of our research have been to better understand the physiology, metabolism, and metabolic 
regulation of yeasts capable of fermenting xylose in order to improve the efficiency of that process. One 
key banier to improved xylose fermentations is the requirement of yeasts for oxygen. In some yeasts, 
oxygen is required for assimilation because of the different redox cofactors involved in the initial steps. 
A few yeasts are known to bypass this imbalance either by possessing a second NADH-coupled xylose 
reductase (as in the case of Pachysolen tannophilus) (Smiley and Bolen 1982, Ditzelrniiller et al 1985, 
Verduyn et al. 1985), or by having a xylose reductase that will accommodate either NADH or NADPH as 
in the case of Pichia stipitis (Verduyn et al. 1985). 

In the past, researchers have attempted to surmount the cofactor bamer by expressing bacterial xylose 
isomerase in S. cerevisiae. This enzyme does not require NAD(P) or NAD(P)H and converts xylose 
directly to xylulose. Despite several serious attempts, this approach has not proven fruitful because 
bacterial xylose isomerase is not active when produced in yeast (Sarthy et al. 1987, Amore et al. 1989, 
Chan et al. 1989). More recently, research has focused on expressing P. stipitis xylose reductase (Amore 
et al. 199 1) and xylitol dehydrogenase (Ktitter et al. 1990) in S. cerevisiae. This approach has been 
somewhat more successful in that the enzymes are expressed in an active state. When S. cerevisiae 
expresses xylose reductase alone it produces xylitol quantitatively from xylose, but when xylitol 
dehydrogenase is also expressed, a mixture of xyIitol and ethanol is formed (KLitter and Ciriacy 1993). 
Xylose metabolism by transformed S. cerevisiae is, however, still limited. Apparently other enzymes in 
the pentose phosphate pathway are not present at sufficient levels for rapid metabolism, and xylitol is 
produced because the supply of NADPH is excessive. 

Selection of improved xylose fermenting yeasts is hampered by the fact that oxygen represses ethanol 
production. Indicator plate assays require both cell growth (an aerobic process) ahd ethanol production (a 
process that occurs only under oxygen limitation). While the transition from aerobiosis to oxygen 
limitation occurs naturally during cell growth in liquid media, growth on plates remains largely aerobic as 
long as they are exposed freely to air. A few plate screening methods have been published for ethanol 
production (Jacobs et al. 1983, Conway et al. 1987, Banerjee 1992), but these do not generally 
accommodate the large numbers necessary for effective screening of mutants. Selection for an inability to 
assimilate ethanol has led to higher yields with P. tunnophilus (Lee et aI. 1986). 

Positive enrichment and rational selection systems are needed for effective strain development. Our 
approach to obtaining improved xylose fermenting yeasts has been to systematically identify those best 
capable of xylose fermentation, to mutate and select them through rational procedures and to develop a 
transformation system that will enable the introduction and expression of, heterologous enzymes or that 
will enable the alteration of regulatory mechanisms. 

In this paper, we describe the development of enrichment and selection procedures based on the rapid 
assimilation of unusual carbohydrates such as the non-naturally occurring sugar, L-xylose, and the 
poorly-utilized sugar, L-arabinose (Jeffries and Livingston 1992). L-Xylose does not induce xylose 
reductase, but it is a substrate for this enzyme (Karassevitch 1976) so if constitutive mutants arise, the 
cells will grow. By carrying out selections in the presence of respiration inhibiton, we have obtained 
mutants showing moderately higher volumetric production rates and substantially higher specific 
fermentation rates. Our biochemical studies of mutants and wild-type cells under aerobic and anaerobic 
conditions have led us to target alcohol dehydrogenase for altered expression. To this end, we have 
developed a transformation system for the xylose fermenting yeast Pichia stipitis based on the selectable 
marker, URA3. 



Materials and Methods 

Organisms 

Parental strains were obtained from the American Type Culture Collection, Rockville, MD (C. shehatae 
ATCC 22984, C. shehatae ATCC 34887), from J.P. van der Walt, Council for Scientific and Industrial 
Research (CSIR), Pretoria, South Africa (C. shehatae CSIR Y-492, C. shehatae CSIR Y-57D/1, C. 
shehatae CSIR Y-l17A/1), and mrn the Centraalbureau voor Schirnmelcultures, Baarn, Netherlands (P. 
stipitis CBS 7126, P. stipitis CBS 5773, P. stipitis CBS 5774, and P. stipitis CBS 6054). Stock slants 
were stored under mineral oil at 3 to 5°C or washed cells were suspended in 15% sterile glycerol and 
stored at -90°C. P. stipitis nJ26 bra.3-) was a spontaneous mutant derived from P. stipitis CBS 6054 by 
selection on YB agar containing 1 mg/ml5-fluoro-orotic acid and 200 W m l  of uridine according to the 
method of Boeke et al. (1984).E. coli LE392 (Pi hsdR514 (rk; mk+), supE44, sup-8, ZucYl or A 

(ladZY)6, galK2, g a m 2 ,  metB1, trpR55.h-) and E. coli DHI (F, recAl, endAl, gyA96, thi-1, 
hsdR17(~-, mk+), sypE44, relAl, k) were used as bacterial hosts for plasmids. 

Media. 

Yeast cultures were maintained on Difco yeast base (1.67 &) with urea (1.14 g/L), Bacto peptone (3.28 
g/L)  and xylose (20 g/L). Agar (1 8 g/l) was used to make solid slants and plates. Yeast base (YB) was 
sterilized by filtration; all other components were sterilized by autoclaving. Standard fermentation assays 
were carried out at 2S°C in 50 rnl of YB-uredpeptone in a 125 mf Erlenmeyer flask shaken at 125 rpm. 
Various concentrations of xylose were used as noted in the text 

Mutagenesis. 

Cells were streaked on agar plates of YB-urea/peptone with 2% xylose, and incubated at 30°C for 24 h. 
Cells were suspended in 13 to 16 ml of sterile, 0.1 M MgS04 to a final optical density (OD) of 0.5 (525 
nm) (1.0 OD = 6 x lo8 cells/ml = 0.26 mg cells/ml). Twelve ml of this suspension was dispensed in a 
sterile Petri dish and irradiated by a ultraviolet lamp (254 nm, Mineralight UVGL-25) at a distance of 25 
cm. A 12 minute exposure resulted in a 90% kill. In order to avoid photoreversion, all irradiation, initial 
enrichment and selection steps were camed out in the absence of white light. 

Enrichment and SeIective Plating. 

Mutagenized cells were either plated directly onto selective agar or enriched in selective broth, then 
plated. Selective media consisted of YB with (NlQhS04 (5.0 g/L) as a sole nitrogen source. Selective 
carbon sources consisted of 5% L-xylose, L-arabinose or xylitol. For enrichment, 0.1 to 1.0 ml of an 
irradiated cell suspension was inoculated into 10 ml of YB-N& broth in a 50 ml Erlenmeyer along with 
the carbon source of interest. Enrichments were agitated at 150 rpm for 2 to 10 days. Samples were 
periodically withdrawn and cells were plated onto selective medium with either the same or a different 
carbon source. 

Respiratory inhibitors (antimycin A, salicylhydroxamic acid (SHAM), sodium azide) were sometimes 
incorporated into selective media. Antimycin A was taken up in 95 % ethanol and dispersed in molten 
sterile water agar at a frnal concentration of 1.0 mg/ml. SHAM and sodium azide were dissolved in water 
and added to water agar at final concentrations of 4.6 rn-1 and 10 mM (0.62 mg/ml), respectively. The 
agar with inhibitor was used to pour plates (25 mVPetri dish). Agar plugs (1.0 cm dia.) were cut from the 
plates after solidification and added to selective liquid medium or plates. 

For selective plating about 104 to lo5 colony forming units of irradiated or enriched cells were spread 
evenly on the surface of the agar plate and allowed to dry. Agar disks of one two or three respiratory 
inhibiton were placed on the surface and the plates were incubated at 5' to 30° C for up to three weeks. 
Slow growth continued for several months if plates were stored at 5OC in sealed plastic bags. Plates were 



periodically examined under a dissecting microscope (30 to 60X), and microcolonies were selected on the 
basis of colony size or morphology. At the higher magnification, individual, non-growing cells could be 
distinguished on the surface of the agar. Isolated colonies wete picked and streaked onto test plates of the 
same medium to check for purity and stability. Stable isolates were screened for ethanol production in the 
microtube assay. 

Microtube Screening Assay 

Cells from a fresh isolate were streaked onto YM-urea/peptone with 2% xylose and grown for 24 h at 
30°C. Cells were suspended in 2.0 ml of sterile distilled water to a final OD (525 nm) of 0.5. Sterile YB- 
ureajpeptone medium with 12% xylose was aseptically distributed to a series of sterile 1.5 ml microfuge 
tubes (0.9 ml/tube) the top of which had been perforated by a needle. Each tube was inoculated with 0.1 
ml of a cell suspension. A total of 9 tubes were inoculated with each strain. The microtube cultures were 
placed in a covered test tube rack, inclined at a 45" angle, and shaken at 200 rpm. Triplicate tubes of each 
strain were removed after 24,48 and 72 h. Tubes were centrifuged, and ethanol and sugar concentrations 
were assayed by GC and HPLC as previously described (Jeffries 1982). 

DNA 

Plasmid TN131 bearing P. stipitis XYLl (xylose ~ductase,  Mi) (Takuma et al. 1991) was obtained as a 
gift from T. Seki (Faculty of Engineering, Osaka University). YEp352 which bears S. cerevisiae URA3 
and YEp351 which carries LEU2 (Hill et al. 1986) were obtained from ATCC, Rockville, MD. Plasmid 
Bluescript KSII+ was obtained from Stratagene, La Jolla, Calif. and used as a vector for plasmid 
construction work. Plasmid UT701, which cames the Saccharomyces cerevisiae URA3 gene on a 1 kb 
BglII fragment (Rose et al. 1984) was the source of the S. cerevisiae URA3. It was obtained from D. 
Cullen (Forest froducts Lab, Madison, WI). 

The URA3 gene from Pichia stipitis was cloned by cross hybridization with Saccharomyces cerevisiae 
URA3. P .  stipitis CBS 6054 total DNA (approximately 5 pg) was digested with XhoI and BamHI and 
cross-hybridized with the 1 kb BglII fragment of S. cerevisiae URA3 fkom pUT701. DNA fragments at 
the size of 4.5 kb were extracted fmm a preparatory gel and ligated into the XhoI and BamHI sites of 
pBluescript KSII+ to obtain pVY 1 (figure 1). Subsequent subcloning is described in the text. 

To isolate a P. stipitis ARS, we partially digested P. stipitis CBS 6054 genomic DNA with Sau3AI such 
that the average size of the inserts were 4.5 kb. This DNA was ligated into the BamHI site of pVY2. P. 
stipitis TJ26 was used as the recipient for the transformation by electroporaion. After recovery and 
outgrowth, transformants were washed off the plates with water, inoculated into 500 ml of YNBG, and 
grown overnight. Total DNA was extracted from the culture and used to transform E. coli DH5a After 
incubation, 27 transformants were picked and minipreps were done. Restriction analysis revealed two 
banding patterns when restricted with EcoRI and XbaI. A 12 Kb plasmid was named pJMl (ARSI), 
while a smaller 9.4 Kb. plasmid named pJM2 (ARS2). Plasmid JM2 was chosen for further studies 
because it appeared to have a higher copy number and was more stable. Further restriction digests were 
done to determine unique sites and to verify the structures. 

DNA Methods 

Restriction enzymes were obtained form Promega (Madison, WT) or New England Biolabs (Beverly, 
MA), and digestions were performed as recommended by the suppliers. Restriction fragments were 
purified using low melting agarose gel electrophoresis (Sea Plaque GTG; FMC Bioproducts, Jnc., 
Rockland, Maine). DNA was extracted from the molten gel using phenol extraction. Standard 
procedures were used for DNA manipulations (Sambrook et al. 1989). Total DNA and RNA was 
extracted from P. stipitis according to a modification of the plasmid rescue procedure of Hoffman and 
Winston (1987). In order to prepare the DNA for electroporation, our modification employed three 
phenol, chloroform, isoarnyl alcohol (25249) extractions against buffer containing 0.1 M NaCl, 50 rnM 
Tris-HC1 (pH 7.3, 10 m M  EDTA, and 5% SDS . Following this extraction procedure, the DNA was 
precipitated with ethanol and suspended in 50 pl of double distilled H20. P. stipitis DNA was isolated by 



the "gentle extraction method" (Specht et al. 1982). Plasmid DNAs from E. coli were isolated using the 
Magic miniprep kit obtained from Promega Inc., Madison, WI. 

ted probe (Pro- 
mega manual) for Northern 
analysis. Behybridization and 
hybridization were performed 
according to Ausubel et al 

lmmunoblot Analysis of 
Restrictocin 

Culture samples were cen- 
trifuged, and the pellet was 
washed with double distilled 

Figure 1. pVY 1 bearing P. sfipitis URA3 on a 4.5 kb insert H 2 0 .  The pellet was sus- 
pended in 100 p1 of double 

distilled H 2 0  with 100 pl  SGB (0.125M-Tris, 296, w/v, SDS, lo%, v/v, glycerol, 5%. v/v, P 
mercaptoethanol). Samples were placed in a boiling water bath for 10 minutes and then centrifuged, after 
which the supernatant was analyzed by SDS-PAGE. Western blotting was done using a semi-dry 
electrophoretic m f e r  unit (Gelman). Amido black staining was used to detect total protein on the blot. 
Restrictocin was detected using anti-restrictocin antibody (Pmmega) and alkaline phosphatase-conjugated 
goat anti-rabbit secondary antibody, followed by incubation with BCIP/NBT substrate (Ausubel et al. 
1987). 

Construction of the Restrictocin Expression Cassette 

PCR primers that are complementary to the 5' end (XR1) and 3' end (XR2) of the cloned XYLl promoter 
fragment (Takuma et al. 1991) were designed. The following is the sequence of XRI: 5'nCGAGC- 
TCGGATCCACAGACACT3'. XR2 has the following sequence: S'GGTCGCCAIAGATCITmAGT- 
ATAG TTGTATAGT. XR1 includes a Sac1 recognition sequence immediately upstream of the promoter 
sequence. XR2 includes the promoter sequence followed by a BglTI recognition sequence. XR2 ends 
with a region complementary to the 5' end of the restrictocin cDNA. 

PCR was also used to amplify the restrictocin gene fragment. Primers RESl (5' primer) and RES2 (3' 
primer) were designed complementary to the beginning and end of the restrictocin cDNA. The RESl 
sequence is as follows: S'ACTACAAGATCTATGGCGACClGGACATGCATC3'. The following is the 
sequence of RES2: S'CCATCTAG A G ACGTC AGATCTCT AATGAGAACACAGTCT3'. RES 1 
consists of a region complementary to the 3' end of the promoter sequence, followed by a BglII restriction4 
site and the restrictocin cDNA sequence. RES2 consists of the restrictocin cDNA sequence, followed by 
a BglII site, an AatII site, and a XbaI site. 

A third PCR reaction was performed using primers XRI and RES2. The products from both of the 
previous PCR reactions were used as templates. This generated a composite fragment with the xylose 
reductase promoter and the restrictocin gene linked together by a BglII site. This final PCR fragment was 



cut with Sac1 and Xbal restriction enzymes and ligated into pVY3 at the complementary sites, generating 
pKDl (Figure 2) 

gill 100 

Xbal 1.00 

Aatll 2.35 

Xbal 2.35 

Figure 2. Maps of vectors used for testing functionality of XR promoter 

A glucoamylase (GAM) terminator was ligated into pKDl immediately downstream from the restrictocin 
gene. The GAM terminator from Aspergillus awamori (on plasmid pGPTpyGl) was kindly supplied to 
our lab by R. Berka of Genecor. A terminator fragment was generated by cutting pGFTpyffi1 with BglII 
and AatII restriction enzymes. pKDl was cut with BglII and AatII restriction enzymes (a process which 
removed the restrictocin gene) and ligated together with the terminator fragment, generating pKD2 
(Figure 2). The restrictocin BglII fragment was reinserted into the plasmid, generating pKD3 (Figure 2). 
M13 subcloning and dideoxy sequencing of DNA (U.S. Biochemical Corp. manual) were used to verify 
that no mutations were introduced into the restrictocin gene during PCR amplification. 

Construction of ARS-Based Plasrnlds Containing the Expression Cassette 

The BgIII site in pJM6 was destroyed by digesting the plasmid with BglII restriction enzyme, and the 
recessed ends were filled in by using the Klenow fragment of E. coli DNA polymerase. The blunt ends 
were ligated together, and the resulting plasmid was then digested with BamHI and EcoRI restriction 
enzymes. pKD3 was cut with BamHI and EcoRI restriction enzymes, generating a fragment containing 
the xylose reductase promoter, the restrictocin gene and the glucoarnylase terminator. This fragment was 
isolated and ligated into pKD7 at the BamHI and EcoRI sites, generating pKD8. 

An expression cassette with a mutant (non-cytotoxic) restrictocin gene, H136L, was also constructed. 
(Yang and Kenealy 1992) The mutant restrictocin fragment was isolated from plasmid RY15 by 
digestion with BamHI restriction enzymes. KD8 was cut with BgIII restriction enzyme, which removed 
the wild-type restrictocin gem. Ligation of the mutant restrictocin fragment with the KD8 vector yielded 
plasmid KD9. 



Results and Discussion 

Com parison of Pichia stipifis and Candide shehatae Strains 

Different strains of C. shehatae and P. stipitis ferment x ylose at different rates. When five strains of C. 
shehatae and four strains of P. stipitis were compared under the same conditions, C. shehatae ATCC 
22984 and P.  stipitis CBS 6054 showed the highest rates of ethanol production (Figure 3). In both 
instances, the best strains produced h o s t  4.5% ethanol from 12% xylose within 96 h. In fed-batch 
fermentations, C. shehatae ATCC 22984 will produce up to 56 g/L ethanol from xyIose within 48 h at a 
yield of 0.38 g ethanoVg xylose consumed (Jeffries and Alexander 1990). While these results are better 
than what can be obtained with other xylose-fermenting yeasts, they still are not sufficient for commercial 
ethanol production from hemicellulose hydrolysates. 

451 I Mutagenesis and Strain Selection 

Several different approaches were attempted to 
obtain improved xylose fermenting mutants from 

h 

d 30 
both P.  stipitis CBS 6054 and C. shehatae ATCC 

m 
w 

22984. Previous studies with Pachysolen 
- tannophilus had shown that improved fermentative 
0 
c 

mutants could be obtained by screening for rapid 
o growth on YB-NQ agar with xylitol as a sole carbon 

15 o ATCC 22984 
source (Jeffries 1983). Preliminary studies with C. 

ATCC34887 shehatae and P.  stipitis showed that when either of 
CSIR Y-492 these organisms were streaked on plates of YB- 
CSIR Y-57~11 xylitoI agar, colony morphologies showed transitions 

0 between petite and grande. The shift was associated 

45  
with a change in respiratory activity as determined 
by the tetrazolium agar overlay technique. UnIike 
the petitelgrande transition in S .  cerevisiae, however, 
with these xylose fermenting yeasts, the shift was 

h reversible, it occurred at high frequency, and the 
i 30 respiratory response could be segregated from the 
w petirelgrande transition (Jeffries 1985). Neither P. 
- 
o stipitis nor C .  shehatae will use nitrate as a sole 
C 
o nitrogen source but some slight growth will occur on 
5 t s  YB-NOJ plates. When we obtained strains showing w improved growth on nitrate, ethanol production was 

greatly diminished (unpublished results). Bioc- 
hemical studies of xylose reductase (XR) and xylitol 
dehydrogenase (XD) levels in C. shehatae grown on 

o several different carbon and nitrogen sources showed 
0 24 48 72 96 that urea, peptone and most other organic nitrogen 

Time (h) 
sources induce these enzymes. The lowest titers 
were obtained with cells grown on NH4C1. We 
therefore sought carbon sources that would not Figure 3m Ethanol Production strains of induce D-xylose metabolizing enzymes but which 

Co shehatae (A) and Ps (B) growing would be assimilated through the pentose phosphate 
On YB-ureaJpeptone with 12% xylose at pathway. The three principal carbon sources of 
25°C- cultures were shaken at 150 rpm; interest are L-xylose, L-arabinose and xylitol. 
initial cell density was 0.45 g/L. 

L-Xylose does not occur widely in nature and is not 
recognized as an inducer of xylose metabolism by C. shehatae or P .  stipitis. It is, however metabolized 
through the same pathway as D-xylose. Both D- and L-xylose are reduced to xylitol by aldose (xylose) 
reductase. Xylitol, being symmetrical, is neithes D nor L, so all subsequent steps in the pathway do not 
distinguish between the metabolism of these two sugars. P. stipitis andC. shehatae will assimilate L 
arabinose, but they do so only slowly and they do not ferment this sugar to a significant extent. Selection 



from rapid growth, on this sugar will, however lead to strains that ferment D-xylose more rapidly. By 
screening large numbers of mutants capable of improved growth on L-xylose, L-arabinose and xylitol, we 
were able to obtain a series of strains showing improved xylose fermenting capacity. Enrichment and 
growth on L-xylose and L-arabinose was most effective. 

As shown in Figure 4, when we screened 65 
mutant strains of C. shehatae which had been 
selected for rapid growth under the conditions 
described, about half were capable of fermenting 
xylose more rapidly than the parent strain. The 
best of these strains showed as much as a 55% 
improvement over the parent ATCC 22984 in 
initial screening assays. 

8 Likewise, mutagenesis and strain selection of P. 
stipitis CBS 6054 showed a similar improvement 

100 (Figure 5). but with this organism, only about 
23% of the strains showed a statistically- 
significant improvement over the parent. It was 

80 still necessary to screen fairly large numbers of 
0 20 40 60 80 strains in liquid medium, probably because the 

high frequency petitelgrade transition described 
Rank of C. shehatae strains above. 

Figure 4. Relative fermentative capacities of one must exercise caution in using rapid growth 
C. shehatae strains selected for improved as a positive selection system for improved 
growth on poorly-metabolized pentose sug- fermentation. Improved cell growth often means 
ars. The vertical bars show one standard that the strain has improved respiratory capacity. 
deviation. The horizontal bar indicates This will generay l ead to~~were t l~ano l  yields- 
ethanol production i)y C. shehatae ATCC When we carried out selections in the presence of 
22984. respiratory inhibitors, the frequency of improved 

fermentative strains is somewhat greater. 

160 Not all of these strains proved to be stable upon 
subculture or scale-up, but a few have retained 
their improved fermentative characteristics for up 

140 to five years of storage on agar slants. As an 
example, Figure 6 illustrates the relative cell 

E 120 
growth, xylose consumption and ethanol yields of 

2 two mutant strains derived from P. stipitis CBS 
a 
a 

6054. Although the volumetric ethanol 
too production rates are only marginally better with 

$ the mutants, the specific ethanol production rates 
(g ethanwg cells h) range from 1.2 to 2.7 fold 

80 higher than the parent, depending on the strain 
and the phase of the fermentation. 

60 Developing the P. stlpitis Transformation 
o 20 40 60 80 100 System. 

Rank of Pichia stipitis strains 
Other studies in our laboratory have focused on 
identifying key enzymes that are expressed under 

Figure 5. Relative ferl'llen~tlve ~apacltks of fermentative conditions, Only two enzymes have 
P. stipitis strains selected for improved been shown to be induced as P. stioitis and C. 
growth on poorly-metabolized Pentose sug- shehatae cells shift from respirative to 
ars. The vertical bars show one standard fermentative metabolism (du Preez et a1 1989). 
deviation. The horizontal bar indicates One is pyruvate decarboxylase (Skoog and Hahn- 
ethanol production by P. stmis CBS 6054. Hagerdal 1990), and the other is alcohol 



dehydrogenase (Alexander et al. 1988). These findings have suggested that if we could obtain strains 
with these enzymes induced in response to xylose rather than oxygen limitation, we might obtain higher 
rates of ethanol production. We have, therefore, developed a transformation system to introduce 
exogenous DNA. The P. stipitis URA3 gene on a 1447 bp fragment inserted into phagemid BluescriptTM 
I1 KS+ yields 8600 transfomants/pg DNA with the auxotrophic mutant P. stipitis TJ26. The maximal 
number of tramformants is obtained using 7.5 KV/cm and 0.2 pg DNA. The transfomants are stable and 
Southern analysis shows that they occur through homologous recombination. Gene replacement occurs 
with high frequency. Plasmids carrying a P. stipitis ARS transformed P .  stipitis at a frequency of 
2.0~ 103 per pg of plasmid DNA and conferred and ability of the vector to replicate autonomously. 

We employed restrictocin as an indicator gene to determine 
whether the XR promoter could regulate its expression. 
Because restrictocin kills cells when expressed at low levels 
transformants bearing restrictocin should not be obtained if 
the XR promoter is leaky or unregulated. Plasmid KD3 
bearing the restrictocin gene was used to transform P. 
stipitis TJ26. More than 100 isolates were obtained and 
screened for growth on both xylose and glucose. Plasmid 
KD8 bearing the restrictocin gene on an ARS-based 
plasmid was also used to transform P. stipitis TJ26, and 
over 40 isolates were screened for growth on glucose and 
xylose. All pKD3 and pKD8 transforrnants tested were 
able to grow equally well on glucose and xylose. Genomic 
DNA from twelve of the KD3 isolates was extracted and 
analyzed by PCR, testing for the incorporation of the 
restrictocin gene by using RESl and RES2 as primers. No 
transforrnants with the integrated restrictocin gene were 
found, suggesting that all of the transformants obtained had 
resulted from gene replacement. In separate studies without 
restrictocin, approximately 25% of the transfomants 
obtained showed integration of the pBluescriptTM vector 
into the P. stipitis genome. Since none of the cells 
transformed with vectors bearing the restrictocin gene 
integrated the vector, this is evidence that the XR promoter 
as cloned may be leaky, resulting in constitutive expression, 
with restrictocin being produced on both glucose and 
x ylose. 

3 

To test whether the frequency of gene replacement could be 
lowered by using a gene coding for a non-cytotoxic form of 
restrictocin, pKD9 was used to transform TJ26. Genomic 
DNA from 20 isolates was extracted and analyzed by PCR 
using RESl and RES2 as primers. PCR using XR1 and 

o 2 4  4 8  7 2  RES2 as primers was also performed. One of the 20 
TIME (HR) transformants was confirmed as containing the restrictocin 

gene immediateIy preceded by the xylose reductase 
Figure 6. Relative ethanol produc- promoter. Protein and RNA from this single pKD9 
tion by Pi&ia stipitis CBS 6054 and transformant was used for immunoblot and Northern blot 
two derived mutants. analysis. Samples for protein analysis were taken from 

cells grown in a 2 rnl YBX, incubated at 30°C with shaking. 
Samples (0.5 ml) were taken when growth was visible and treated as described in Materials and Methods 
section. Protein samples were also taken from cells pre-grown in 25 ml YNBG and then induced with 
xylose. One ml of glucose grown cells were removed from a 2 ml culture when growth was apparent, and 
the sample was centrifuged. The pellet was washed with xylose medium and then suspended in 25 ml 
YB-xylose. The cells were incubated at 30°C in a 250 ml baffled flask shaken at 200 rpm; 1 ml samples 
of these xylose-induced cells were taken for protein analysis when growth was visible and also on the day 
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after growth was first apparent. One ml samples of these cells were also taken for RNA extraction and 
Northern blot analysis. No restrictocin protein production was detected in immunoblot analysis, and no 
restrictocin mRNA was detected in Northern blot analysis. 

Conclusion 

Significant variability in ethanol productivity is observed in wild-type strains of P.  stipitis and C .  
shehatae. These strains also exhibit genetic instability that greatly complicates both mutant selection and 
strain maintenance. In order to improve ethanol production through contemporary molecular genetic 
techniques, if has been necessary to develop a robust auxotrophic transformation system. Preliminary 
studies suggest that the restrictocin gene carried on vectors along with the URA3 selectable marker is 
expressed. Current studies are focused on obtaining more stable ARS-based vectors and on expressing 
genes that may enhance fermentative activity . 
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Abstract 

The saccharification of liquefied starch is typically done in a batch mode, taking 30-72 hours 
and requiring large quantities of enzyme (since each dose of enzyme is used only once). The process 
can be improved considerably by using a membrane reactor in which the reaction vessel is connected in 
a semi-closed loop configilration to a membrane module of the appropriate chemical nature and physical 
configuration. The continuous rne~nbrane reactor (CMR) concept was first evaluated with adead-end 
cell, and later scaled-up to a cross-flow recycle configuration using hollow fibers or spiral wound 
modules. The CMR results in  a dramatic reduction in reaction time to 5- 10 hours, and reduces overall 
enzyme usage by 50-70 % . In addition, the dextrose stream is crystal clear with little or no suspended 
particles, protein or fat, thus potentially reducing downstream costs. TheCMR has been scaled up toa 
pilot-scale system of 1500 liters with a nie~nbrane capacity of 30-65 m', which ispresen tly undergoing 
on-site trials at a large ethanol plant. The economics of this operation appear to be quite attractive. 



Introduction 

There are five major steps in the conversion of corn to ethanol by wet milling: 
Production of starch from corn 
Liquefaction of corn starch by a-amylase 
Saccharification of liquefied starch to dextrose by glucoamylase 
Fermentation of dextrose to ethanol 
Separation and purification of ethanol from the fermentation broth by distillation 

Our project focused on the third step. The most common method of starch hydrolysis uses 
"free" glucoamylase in a batch reactor. The major problems with this method are: 

Batch processes are inherently less efficient than continuous processes; the batch 
saccharification takes 32-72 hours, 

Batch processes require large volumes (high capital costs), 
Batch-to-batch variation in the product, and 
Poor enzyme utilization: the enzyme is used only once per batch or volume of 

liquefied starch. 

One way to increase the efficiency of the saccharification step is to increase the concentration 
of the enzylne ("overdosing" with glucoamylase), but it is expensive, due to the cost of the 
enzyme. Furthermore, it can lead to a lower DE of the glucose syrup, due to the reversion 
reaction. What is needed is a method of recovering and re-using the enzyme, while simult- 
aneously removing the glucose as it is formed. This will allow higher enzylne concentrations to 
be used, thus reducing the saccharification time, without sacrificing glucose yields. 

We have investigated and perfected a  neth hod of improving the productivity of enzyme 
hydrolysis using " membrane reactors" . These relatively novel reactors combine the advantages 
of immobilization with the advantages of usino soluble/free enzymes. As developed in our P 
laboratories at the University of Illinois, it lnvolves the use of synthetic semipermeable 
membranes of the appropriate chemical nature and physical configuration to take advantage of 
the size difference between the enzyine and the product. The enzyme, in its free form, is 
physically trapped on one side of the membrane so as to allow free interaction with substrate, 
while permitting the simultaneous separation of the product from the biocatalyst. At steady 
state, the flow rates of feed and product and, provided the enzyme activity is maintained, the 
co~nposition of the product stream will remain unchanged. 

The concept of the Continuous Membrane Reactor (CMR) is shown in Figure I .  The main 
reaction vessel is charged with enzyme and the operating conditions (e.g., pH, temperature) 
adjusted for optimum reaction rates. Feed (liquefied corn starch) is continuously pumped in to 
the reactor at the optimum concentration. The starch reacts with the enzyme and is hydrolyzed 
to a mixture of glucose and higher molecular weight sugars. The entire reaction mixture is 
pumped continuously past the synthetic membrane chosen to retain the enzyme, but to allow 
the smaller glucose molecules to pass through into the "permeate" stream. The enzyme, and 
any unhydrolyzed starch, is returned to the reaction vessel for further reaction. This results in 
the following benefits: 



An inherently more efficient continuous process, 
Recovery and re-use of the enzyme continuously, which can significantly improve 

enzyme utilization, 
Lower process time, since much larger quantities of enzyme can be used, thus 

increasing reaction rates, or 
Lower investment in saccharification tanks, and 
Lower overall saccharification costs. 

To bring the "Continuous Membrane Reactor" (CMR) concept to commercial reality, the 
project went through several stages of research and development, as shown in Table 1. This 
paper will briefly describe the various stages. 

I 

Table 1 .  Scale-up of the Seccharificatio~l Process: From Research to Reality 

Meln brarle Reaction Glucose 
Area (in') Voluine Production 
and Design (Liters) (kg/hour) 

1986-87 : 
Evaluating the concept 0.0005 
Dead-end cell Flat sheet 

1987-89 : 
Enzyme kinetics 
Recycle reactor 

0.035 0.5 0.03 
Hollow fibers 

1991 : 
Membrane performance 0.2 5 
Bench-top reactor Spirals & Tubular 

1992 : 
Pilot-scale reactor 8 

[At Univ. Illinois Lab.] Spirals 

1993 : 
Pilot-scale reactor 35 

[On-site at ethanol plant] Spiral s 

199? : 
Commercial plant 



Bench-Scale Dead-End Membrane Reactor 

The CMR concept was initially evaluated using a bench-top dead-end stirred cell (DESC) type 
reactor, shown schematically in Figure 2 (see Cheryan 1986 for descriptions of various types 
of membrane reactors). A Swinnex-25 stirred cell (Millipore Corp, Bedford, MA) with an eff- 
ective reaction volume of 15 ml and 25 mm diameter flat-sheet membranes was used as the 
stirred reactor. Several membranes were screened for glucose rejection, enzyme inactivation 
and fouling properties. We selected the Y M-5 flat-sheet membrane (Amicon Corp. ,Lexington, 
MA), which is made from regenerated cellulose and has a nominal molecular weight cut-off of 
5000, as having the best properties. 

The substrate was extruded cassava starch. With a residence time of 2.5 hours, the optimum 
enzyme concentration was 1.2 Novo a~nyloglucosidase (AG) units per gram starch solids. This 
resulted in low glucose rejections by the Amicon YM-5 membrane and essentially pure glucose 
in the reactor permeate solids. Starch conversion to glucose was 97 % at 55 "C. Productivity of 
the membrane reactor (glucose produced per unit  enzyme) was 10- 1 1 times better than a batch 
reactor over a 24-hour operating period. 

These results (Darnoko et a1 1989) were encouraging enough for us to proceed with the more 
efficient recycle-type membrane reactor to further optimize the CMR. 

Bench-scale Recycle Membrane Reactor 

Although the DESC reactor was useful for conducting preliminary feasibility studies 
economically without a large amount of materials, it was plagued by concentration polarization 
and fouling problen~s that limited its utility for the project. On the other hand, the membrane 
"recycle" reactor has been successfully used for protein-hydrolysis. In thjs case, the reaction 
and the separation are conducted i n  separate units that are coupled in  a semi-closed loop 
configuration, as shown in Figure 1 .  These studies were conducted in 1987-89 (see Table 1) to 
obtain a better understanding of the kinetics of the saccharification reaction in such a reactor, 
and to inodel the continuous membrane reactor to enable us to scale-up the syste~ii easier. 
Detailed results of these studies are available in several publications from our laboratory (Sims 
and Cheryan 1992a,b,c,d). A brief summary is given below. 

The concentration of the enzyme and the residence time have the greatest effect on product 
colnposition (i.e., DE of the dextrose stream). These two parameters are not mutually 
exclusive, however. For example, - a conventional batch sacchari fication reactor uses about 
0.035% (v/v) glucoamylase with 200 AMG units (i.e., about 0.83 ml of enzyme solution per 
kg starch solids). This results in a 95 DE glucose syrup in about 72 hours. Increasing the 
glucoamylase concentration to 2 mllkg starch reduces the residence time to about 32 hours, but 
lowers the dextrose stream purity to about 93% glucose. In the CMR, we add about 0.5 % 
(v/v) enzyme (14 ml/kg starch solids), which lowers the residence tinie to 4-5 hours, but 
maintains a dextrose purity of 95% + because the glucose is reinoved from the systenl as it  
forms, and does not remain long enough in the reaction zone to forin reversion products. 



The high enzyme concentration allows us to reach steady-state operation within 60 minutes of 
start-up of the CMR. A mathematical model based on Michaelis-Menten lanetics and a mass 
balance of the reactor could successfully predict the performance of the reactor in terms of 
fractional conversions of starch to glucose. The capacity of the CMR (measured in terms of 
amount of glucose per unit weight of enzyme per hour) could be at least 20 titnes greater than 
the batch reactor. 

Pilot-scale Recycle Membrane Reactor 

The bench-top CMR utilized hollow fiber membrane modules. However, due to the relatively 
high cost of these modules, it was imperative that alternate, cheaper membrane modules be 
selected for the pilot-scale (and commercial-scale) CMR. Membranes from several companies 
were evaluated (Table 2). They were in three different module configurations -- spiral, hollow 
fiber and tubular -- and of several different membrane chemistries: polyethersulfone, 
polyvin ylidene fluoride, regenerated cellulose, cellulose acetate and a co~nposite membrane. 

Initial tests were conducted on the water pertneability of the membranes. Table 3 summarizes 
the water permeability of each membrane, expressed as liters per square meter per hour per 
atmosphere pressure (LMHA). Water flux is used as an indicator of the maximum practical 
flux one can obtain with a particular membrane. It is also used as an index of cleaning 
efficiency. 

Also shown in  Table 3 is the per~neabjlity of each membrane to a model glucose product 
stream from the reactor. Corn refiners typically use about 28-33% starch concentrations in the 
feed to the saccharification tanks, which should result in about 30% wiw glucose in the 
product stream. (The model glucose solution was made up by dissolving pure glucoseidextrose 
[30 lb] in deionized water [70 lb]; i t  represents the maxirnu~n flux that we could obtain in an 
ideal CMR). This glucose f lux  was ~ ~ s e d  as the benchtnark for comparing all inembranes. Flux 
and rejection tests were also conducted with selected membranes using reaction mixtures made 
from 30 % liquefied starch and 6 g/L (0.5 % vlv) glucoamylase. Enzy~nes fro111 four different 
manufacturers were studied (see later). 

Two types of information are required to optimize the membrane system: 
(1) Flux as a function of time of operation (i.e., fouling data): this is obtained by 

recirculating the feedhetentate and permeate in a closed loop under constant operating 
conditions. The only variable is time of operation, so that any drop in the f lux  is due to 
membrane-feed interactions. 

(2) Flux as a function of operating variables such as (transmembrane) pressure, velocity 
(or recirculation flow rate of retentate), te~nperature and concentration. For the initial set of 
experiments, the temperature was kept fixed at 55 'C, which is within the range of temper- 
atures recommended for conventional saccharification in a batch process. 

Our extensive studies revealed that water flux and glucose flux could be correlated quite well, 
as seen in Table 3. However, the reaction mixture flux versus either water f lux or glucose flux 
was not very good. Polarization effects were quite severe, leading to quite low fluxes of 5-10 
LMH at 25-50 psig transtnembrane pressure. The Hoechst ~nembranes exhibited the best 



TABLE 2. Menibranes evaluated for use in the CMR 

Company Module Membrane Material* Nominal Molecular 
configuration Weight Cut-Off 

A/G Technology Hollow 
fiber 

Amicon Spiral 
Desalination Systems Spiral 

Spiral 
Hoechst-Celanese Spiral 

Koch Spiral 

Tubular 
Oslnonics Spiral 
UOP,Fluid Systems Spiral 

SlOYlO 
GM3840CJL 
FW3840CYQ 
20-H 
30-H 
S2-HFK 13 1-40 
S2-HFK13 1-80 
HFM 180 
41 6T-HN02 
3838N2 

PES 

RC 
TLC 
PES 
PES 
PES 
PES 
PES 
PVDF 
PES 
PES 

* PES =polyethersulfone; RC =regenerated cellulose; PVDF =polyvinylidene fluoride; 
TLC = thin-layer composite 
** This membrane has also been rated at 18,000- 100,000 MWCO, depending on conditions. 

TABLE 3. Perforniance data for the nienibranes at 55OC 

Membrane Water 
permeability 
(LMHA) 

Glucose 
permeability 
(LMHA) 

A/G UFP5 10.5 5.5 

A~nicon S10Y 10 35.0 13.2 

Desal GM3840 19.4 11.5 

Desal FW3840 55.0 36.0 

Hoechst PES 20-H 68.2 

Hoechst PES 30-H 76.4 

K O C ~  S2-HFK 13 1-43 182.3 

Koch S2-HFK 13 1-80 161.7 

Koch(T) HFM-180 294.0 

UOP 3832N2 78.2 

- 

LMHA = liters per square meter per hour per atm.pressure 



overall performance in terms of flux and high rejection of the enzyme. The Hoechst 20H, 
UOP, Koch HFK-13 1, Desal FW3840 and Osmonics membranes were also evaluated in the 
larger pilot plant on-site at the ethanol plant. 

Simultaneously with the membrane performance studies, we were conducting enzyme studies 
with enzymes from Genencor (Spezy me A300), International Biosynthetics (Amigase ET) , 
Novo (AMG-200) and Solvay (Diazyme L200). There were no rnajor differences between the 
enzymes when used as recommended by the manufacturers, i.e., in a batch reactor at low 
concentrations (0.035 % vlv) for long periods of time (60-72 hours). However, under high 
enzyme concentrations (0.5% vlv) for short times (5 hours) in a membrane reactor, there were 
differences observed. I n  general, the AmigaseIIBS enzyme had slightly lower activities at 
temperatures of 35-60°C while the Solvay and Novo enzymes had the highest activity. 
Temperature had a dramatic effect on enzyme stability. At the recommended temperature of 
60°C, the enzymes lost 50% of their activity within 1 day, 95% in 4 days and had almost no 
activity after 7 days. In  contrast, at 55"C, the enzyme retained 45% of its initial activity, while 
at 35°C and 45"C, the enzymes retained almost 100% of their activity after 7 days. This is 
important since our CMR will be operated with the same batch of enzyme continuously for 
several days, processing 20-40 volumes of liquefied starch instead of the one-volume-per-dose- 
enzyme with the conventional process. Thus it is important that the enzyme retain as much of 
its activity for the maximum amount of time. 

Table 4 is a summary of pilot-plant results done in our laboratory at the University of Illinois 
in the 1991-92 period shown i n  Table 1. Option 1 of the CMR is typical of the data we obtain 
under the specified conditions. Option 2 operates at a lower temperature, which should 
improve the productivity of the process, although there have been fears expressed by some 
corn refiners at the possibility of contamination at lower temperatures. However, this appears 
to be a site-specific problem. 

On-site testing of CMR 

A larger pilot plant was designed and fabricated for the on-site* testing. It consisted of a 500- 
gallon jacketed and agitated reaction vessel and four 2-element membrane housings (total 
capacity of 8 membrane modules of about 4-6 m2 each). It  was designed so that rne~nbranes 
from four different manufacturers could be studied simultaneously, since each housing had its 
own individual perlneate flow meter. As of this writing, the CMR continues to operate 
successfully on site at a large ethanol plant, obtaining the target dextrose purity of 92%/95DE. 
It appears that the concentration of the enzyme can be reduced to less than that shown in Table 
410ption 1 without sacrificing product composition. Work is continuing on designing an 
operating strategy to minimize the membrane area needed, and to compensate for the fouling 
of the membrane during long-term, nonstop, operation. 



Table 4. SUMMARY OF RESULTS 

Process Parameter Conventional CMR 
Process Option 1 Option 2' 

Liquefied Starch Concentration(% w/w) 

Enzyme concentration (mllkg ~ t a r c h ) ~  
Residence time (hours) 
Substrate conversion (%) 

Temperature (" C) 
Product composition (% dry basis): 

Glucose (DP- 1) 
Ma1 tose (DP-2) 
Others (DP-3 +) 

Volumes processed per dose enzyme 
Capacity (g.glucoselml enzyme/hr) 
Relative size of reaction vessels 

Talculated values, based on bench- top and pilot-scale work 

Density of enzyme = 1.2 g/ml 
Minimum values; higher values could be obtained by further optimization 

The economics will be based on: 
The initial capital cost of the membrane system hardware (i.e., the pumps, controls, 

housings,etc., and the first set of membranes). This can largely be offset by the reduction in 
the number of saccharification vessels that are now needed for the present process. 

Balancing the operating costs -- the savings in enzyme costs versus the membrane 
replacernen t cost. 
In addition, a much cleaner dextrose stream, containing no particulates or protein, is obtained 
from the CMR. This should prove to be beneficial in the subsequent fermentation and 
downstream processing of the ethanol fermentation broth. 

In summary, the CMR has excellent potential to substantially improve the saccharification 
process and reduce costs of corn refining. 
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Abstract 
/ 

The production of fuel grade alcohol by fermentation from sugars obtained by the acid 
hydrolysis of cellulose has been hindered by costly methods of cleansing the acid in the sugar 
stream. An economical and environmentally acceptable acid-sugar separation process based on 
ion exclusion chromatography has been developed and analyzed. This process recovers the acid 
for reuse in hydrolysis without producing landfill waste allowing a concentrated acid hydrolysis 
process to be commercially feasible. 



Introduction 

Background 

The use of concentrated sulfuric acid to hydrolyze waste cellulose into sugars for fermentation 
to fuel grade alcohol has not been aggressively pursued in the past because the acid could not be recovered 
and was discarded to a landfill after neutralization as gypsum.[l] During the last several years the 
Tennessee Valley Authority (TVA) and Mississippi State (MSU) renewed research previously carried out 
at the USDA Peoria Laboratory on converting agricultural waste to fermentable sugars (glucose, xylose) 
by using an acid hydrolysis process. This work developed a concentrated sulfuric acid process which 
could convert cellulose to sugars with efficiencies in excess of 90% without degradation product 
formation. This high yield was achieved by using a low reactor temperature, low capital investment, 
concentrated sulfuric acid hydrolysis process. The reduces down the crystallinity of the cellulose as well 
as serves as a catalyst for the hydrolysis reaction. However, an economic analysis showed that without 
an effective acid recovery system this process could not be commercialized.[2] 

Thereafter the University of Southern Mssissippi (USM) began work sponsored by TVA which 
developed and acid recovery system based on ion exclusion chromatography.[3] Initial bench scale 
research followed by recent batch feed pilot scale operations have shown that the ion exclusion 
chromatography acid recovery technique is both technically sound and economically feasible.[4] 
Currently, the pilot plant is being optimized and design is underway for continuous feed operation. 

Ion Exclusion Chromatography 

As previously discussed, an economical and environmentally acceptable processing technique must 
be employed to separate the hydrolyzate stream originating from cellulose hydrolysis into two components, 
a sulfuric acid stream for reuse in hydrolysis and a sugar stream for fermentation. The proposed method 
to be used thls separation is ion exclusion chromatography (IEC). 

The IEC separation process is based on the exclusion of anionic sulfuric acid species from the 
pores of lightly crosslinked, sulfonated poly(styrene-divinylbenzene) resin particles, while the non-ionic 
sugar molecules are able to penetrate a significant fraction of the available resin pore volume. Since the 
sugar molecules enter a greater pore volume relative to the excluded acid species, the sugar experiences 
a larger chromatographic retention time and is thus separated from the sulfuric acid.[5] Laboratory studxes, 
starting in 1987, have shown the promise of using IEC.[6] TVA support of the USM research enabled 
construction of a bench scale process which experimentally showed that IEC sugar-acid separation was 
cost effective and environmentally acceptable. 

Using the bench scale work as a basis for design, the IEC technique was enlarged to a mini-plant 
size in 1992. The fully automated mini-plant computer controlled process is now being operated at USM, 
The mini-plant employs a 4 inch diameter by 10 foot long resin packed column whlch is operated in a 
hydrolyzate batch feed mode and has an operating capacity of fifty lblday of hydrolyzate. This 

i 

hydrolyzate usually contains 15% acid and 8% sugar. 



Theory of Ion Exclusion Chromatography 

Ion Exclusion Chromatography (IEC) is a unit operation based on ion exchange resin used to 
separate ionic from non-ionic species.[7] It differs from ion exchange in that there is no net exchange of 
cations so that in an IEC process there is no need to regenerate the resin. 

The action of an E C  process can be explained by the Donnan equilibrium principle.[8] As 
depicted by Figure 1,the ionic species is excluded from the resin micropore structure due to a high 
chemical potential. Since the non-ionic species has no chemical potential within the resin micropore 
structure, it penetrates the micropore volume as well as the macropore volume. Consequently, if a mixture 
of an ionic species and a non-ionic species is passed through a column of resin, the ionic species will be 
restricted to the macropore volume while the non-ionic species enters both the macropore and micropore 
volumes. The ionic species is therefore eluted first followed by the non-ionic species. 

The performance of an IEC process is controlled by the resin properties. As demonstrated in 
Figure 2, the resin can be described as having three distinct volumes:[7] 1) macropore, also known as the 
void or interstitial volume, V,, whch is the fluid volume not occupied by the resin beads; 2) micropore, 
also known as the occluded volume, V,, whch is the fluid volume inside the beads; and 3) the solid 
polymer resin network volume, V,. It is sometimes convenient to refer to these volumes as volume 
fractions where a denotes the volume fraction of the macropore volume, P denotes the micropore volume 
fraction, and y denotes the polymer volume fraction. In this case a + + y = 1. The pmtionjng 
characteristics of a particular resin are directly related to the relative ratios of these volumes which are 
determined by the bead size and crosslinked density of the resin. 

The separation characteristics of a particular resin for a given solute species is quantified by the 
distribution coefficient, &. The value &, also known as the partitioning coefficient, determines the 
average time in which a species elutes from a packed resin bed. All species will flow through all of the 
macropore volume while only the more non-ionic species penetrate the micropore volume. The fraction 
of the micropore volume penetrated by a species is proportional to the ratio of the concentration of that 
species in the micropore volume the concentration in the macropore volume. This ratio, CJC,, is defined 
to be the distribution coefficient, K, = CJC,. The total fluid volume experienced by a species is given 
by V, = V, + &V,. Thus if the volumetric flow, Q, through a column and a species distribution 
coefficient are known, the average elution time of that species can be predcted, O = VJQ. 

Apparatus 

Bench Scale System 

The bench scale studies were conducted on a system consisting of three columns connected in 
series (see Figure 3). The glass columns measured 1200 mm in length and 50 mm in inner &meter. The 
resin was packed in the columns using a slurry paclung technique.191 The resin used was Amberlite IR 
118 H' provided by Rohm and Haas, which a sulfonated polystyrene resin crosslinked with 4.5% 
divinylbenzene with a 25 - 50 mesh size. The system pump was a Scientific System Model 300 LC 
positive displacement pump. A model CM-117 conductivity meter was to detect acid eluent and a JASCO 
Model DP-370 polarimeter was used to detected the sugar eluent. These detectors were accessed by an 
XT computer through an RS232 interface. 



It is a characteristic of resins to shrink with increasing acid concentration. As a mixture of acid 
and sugar is passed through a column, the resin polymer network shrinks decreasing micropore volume. 
This shrinkage produces a void at the top of the column which contributes to dispersion. It is therefore 
necessary to adjust the bed volume as the resin shrinks and expands with changing acid concentration. 
Thls was accomplished by employing a floating feed distribution plate. This floating plate distributes the 
fluid across resin bed while moving up and down the column with resin expansion or contraction. 

Miniplant Scale Up 

The purpose of the miniplant was to scale up the bench system and simulate a commercial 
application. The miniplant was designed to process 50lb\day of hydrolyzate. Figure 4 depicts the design 
of the miniplant. The column was 10 feet in length and 4 inches in diameter and was constructed of 
schedule 80 PVC pipe. The holchng tanks were 60 gal polypropylene drums. The pump was a positive 
displacement gear pump model PD 925UCV manufactured by Tuthill h m p  Co. The detectors were the 
same as used in the bench scale system are used. The detectors, pump, automatic valves, flow meter and 
pressure detectors were monitored and controlled by a Camile process control system purchased from Dow 
Chemical Company. 

Three major design features were tested for their effectiveness in improving the miniplant 
performance. Severely shrinking the resin in acid prior to packing it in the column was tested as a 
technique to avoid formation of voids. Fluid redistribution plates were installed to avoid the effects of 
channeling Finally, counter gravity flow was employed to avoid the deleterious effects of both channeling 
and dispersion due to void formation. 

Results and Discussion 

Results of Bench Scale Studies 

The separation characteristics of an IEC process was monitored by the use of chromatograms 
which plot dimensionless species concentration (Y) versus dimensionless time (z). DimensionIess 
concentration is defined to be Y = CJC, and Qmensionless time is defined to be r = Qt/[(a + P)pSL] 
where 

C, = species concentration in the eluent, 

C, = species concentration in the feed, 

Q = volumetric flow rate, 

t = time elapsed form start of feed, 

a = macropore volume fraction, 

p = micropore volume fraction, 

p = column volume correction for redistribution and feed plate volumes, 



S = column cross sectional area, 

L = column length. 

Species dmensionless concentration during elution can be determined by use of the detector after 
calibration or by requiring each chromatogram area to equal the area of injection since species mass in 
conserved within the column. Enhanced IEC performance is identified by large injection feed quantities 
narrow species elution distributions with large peak heights, and minimized overlap or gap between the 
species. The overlap or gap between elution species can be quantified by the quantity AT. If AT is less 
than 0 then the two peaks overlap and separation of species is incomplete. if AT is greater than 0 then 
there is a gap of time (or fluid volume) between elution which is unnecessary. Process performance was 
determined by the peak heights (Y,,) and the degree of separation (AT). Peak heights approaching 1 and 
cross contamination approaching 0 are indications of enhanced ICE performance. 

The bench scale stu&es focused on increasing species separation and maximizing the peak heights. 
The separation profiles depicted in the chromatograms are dependent upon the operating conbtions as well 
as the resin characteristics. The two operating condtions having the most dramatic effect on species 
separation profiles were the feed acid concentration and the feed volume (volume of fluid injected). 

As shown in Figure 5, as the feed acid concentration increases, the elution profiles are shrfted to 
the right slightly and species separation decreases. At lower acid concentrations, the Yacid-,, is higher 
while the peak widths are riarrower. This indicates that the ion exclusion efficiency decreases with 
increasing acid concentration. 

Figure 6 shows the effect of the feed volume on the separation profiles. As the feed volume 
increases, Y,,,,, increases. However, the peak width increases also and the sugar peak remains 
Gaussian regardless of the feed volume. The Y,,,,, also increases with increasing feed volume, but at 
a faster rate. The acid peak also broadens causing a decreases in species separation. Thus increasing the 
feed volume increases the throughput but at the expense of decreased species separation. 

I 

Results of the Miniplant Studies 

New techniques for preventing the formation of voids due to resin shrinkage were necessary 
because the floating redistribution plate employed in the bench scale system was unreliable. It was 
reasoned that since the hyydrolyzate feed acid concentration wold never exceed 20% the resin could be 
packed in the column with 20% acid and therefore would not shrink further when exposed to hydrolyzate 
feed. The resin would attempt to swell when exposed to water but a change in resin volume would be 
prevented by the walls of the column. Thus no void would be formed during operation. Figure 7 shows 
the effect of pachng the resin in 20% acid, 7% acid and in pure water (0% acid). These chromatograms 
show that there was no significant improvement in the column performance when the resin was packed 
into the column in a shrunken state. 

,As shown in Figure 8 the miniplant performance suffers ftom the effects of channeling as well 
as dispersion. Th~s  was evidenced by the early appearance of the species chromatograms, especially in 
the case of the acid. It was believed that channeling was due in large part to fluid preferentially flowing 
along the walls rather through the resin bed. To correct this problem a redistribution plate was designed 
to redirect the fluid flow to the center of the resin bed and away form the column walls. Four to these 
plates were evenly placed in the column. As shown in Figure 9 the chromatograms of both acid and sugar 
species are improved by the addition of redistribution plates. 

Counter gravity flow, a simple alteration in the operation, was effective in avoiding the effects of 
both lspersion and channeling. When the hydrolyzate enters the column at the bottom rather than the 
top, the acid whrch eventually reaches the top column is now diluted and shrinkage of the resin is less 
severe creating less void. Also, separation of the species has occurred so that the acid is mostly eluded 
before the sugar reaches the top of the column. Thls allows the resin to swell so that the sugar sees 



virtually no void. Furthermore when counter gravity flow is employed, the action of gravity against the 
direction of flow forces the fluid into regions of the resin bed which may not otherwise effectively due 
to cha~eling.  As shown in Figure 10 both the acid and sugar chromatograms were improved by this 
technique. In fact, as shown in Figure 1 1  the miniplant sugar chromatogram is actually narrow than the 
bench scale sugar chromatogram. 

Continuous Feed Chromatography 

Even though these studies show IEC to be a promising process, they were conducted using the 
relatively inefficient batch feed mode of operation. A continuous feed system would be a more efficient 
design. Current work consist of re-configuring the miniplant into a continuous feed operation. 

A continuous feed chromatography process simulates the resin motion by periodically altering the 
fluid flow pattern to a set of resin packed columns. In this operational mode, all resin will be physically 
stationary but rearrangement of fluid flows will simulate resin motion countercurrent to the fluid flow 
direction. Initial experimentation at Advanced Separation Technologies (AST) of Lakeland, Florida using 
small columns indicate that continuous feed, when compared to batch feed IEC processing at the same 
feed rates, is expected to reduce resin requirements by 60% and lower water usage by 50%.[9] This 
would greatly enhance the commercial viability of the IEC process. 

Conclusion 

It has been shown by both the bench scale system and the miniplant batch feed operation that a 
IEC process can provide an economical and environmentally acceptable technique for separating acid from 
sugar. Conversion to a continuous feed IEC process is expected to significantly lower investment and 
reduce operational cost. The ability to economically separate sugar from acid enhances the feasibility of 
a concentrated acid hydrolysis process for conversion of waste cellulose to ethanol. 
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Abstract 

A small scale fuel grade alcohol plant was designed, constructed and operated a 
decade ago. This plant design incorporated several innovative processes and features 
that are still on the cutting edge for small scale alcohol production. The plant design 
could be scaled down or up to match the needs of food processing waste streams 
that contain sugars or starches as BOD. The novel features include automation 
requiring four hours of  labor per 24 hour day and a plug f low low temperature cooking 
system which solubilizes and liquifies the starch in one step. This plant consistently 
produced high yields of alcohol. Yields of 2.6 gallons of absolute alcohol were 
produced from a bushel of corn. Potato waste grain dust and cheese whey were also 
processed in this plant as well as barley. Production energy for a 190 proof gallon 
was approximately 32,000 BTU. This paper discusses the design, results, and 
applicability o f  this plant to  food processing industries. 



BACKGROUND 

Based on widespread pub1 i c  r e q u e s t s ,  the Department o f  Energy ( D O E )  
prepared and published a des ign  f o r  a small-scale e thanol  production 
p l a n t ( 2 )  s u i t a b l e  f o r  use by farmers o r  f a n  c o o p e r a t i v e s .  T h e  o b j e c t -  
i v e s  o f  t h e  p r o j e c t  were t o  provide p o t e n t i a l  a lcoho l  producers wi th  a 
r e f e r e n c e  des ign and t o  provide a complete ,  demonstrated des ign  of a 
smal I - s c a l e  fuel alcohol p l a n t .  DOE ass igned  the task t o  the Idaho 
National Engineering Laboratory ( INEL). This  paper d e s c r i b e s  t h e  Small- 
Scale Fuel Alcohol P l a n t  (SSFAP) des igned ,  b u i l t ,  and opera ted  f o r  the 
DOE by EG&G Idaho, Tnc., a t  the INEL. 

The SSFAP has the c a p a b i l i t y  f o r  feeds tock  p r e p a r a t i o n ,  cooking, 
1 i q u i f i c a t i o n ,  s a c c h a r i f i c a t i o n ,  f e r m e n t a t i o n ,  d i s t i l  l a t i o n ,  by-product 
dewater ing,  and process steam g e n e r a t i o n .  The i n c o r p o r a t i o n  of a  micro- 
p rocessor  ins t rumentat ion and c o n t r o l  system a l lows  t h e  p l a n t  t o  o p e r a t e  
24 hours per day with only 4 hours o f  o p e r a t o r  l a b o r .  T h e  SSFAP uses a 
cont inuous ,  low-temperature, pl ug-flow cooker which makes high y i e l d s  
p o s s i b l e .  Continuous cooking has n o t  p rev ious ly  been appl i e d  success- 
f u l l y  i n  smal l - sca le  ethanol p l a n t s .  Use o f  cont inuous  p rocesses  has 
made energy conserva t ion  p o s s i b l e .  Energy e f f i c i e n c y  has been s i g n i f i -  
c a n t l y  improved. The economics and o p e r a t i o n  o f  the SSFAP a r e  a l s o  
presented in t h i s  paper. The d e t a i l e d  design and o p e r a t i o n  o f  the 
SSFAP a r e  a v a i l a b l e  i n  the Design R e p o r t ( 2 ) .  

T h e  SSFAP i s  intended by COE t o  s e r v e  a s  a r e f e r e n c e  design f o r  
use  by p o t e n t i a l  e thanol  producers ,  such as farm c o o p e r a t i v e s ,  owners 
o f  l a rge  farms, and i n d u s t r i a l  producers  of o r g a n i c  waste  s t reams.  
Several  requirements were placed on the SSFAP des ign  t o  make i t  useful  
t o  t h i s  market: 

T h e  p l a n t  must be capab le  of con t inuous ly  producing 25 ga l lons  of  
anhydrous ethanol per hour. 

r P l a n t  products must be 190-proof e thano l  and w e t  s t i  1 l a g e  s u i t a b l e  
f o r  animal feed. 

e Required o p e r a t o r  time must be l i m i t e d  t o  4 hours per 24-hour 
p e r i o d ,  excluding a d m i n i s t r a t i v e  t a s k s .  

a E x i s t i n g  technology and off- the-she1 f equipment must be used 
wherever p r a c t i c a l .  

Corn must be the primary feedstock. 

0 P l a n t  l i f e  must be a minimum o f  10 years. 

In-  a d d i t i o n ,  energy conserva t ion  was a major des ign  c o n s i d e r a t i o n  o f  
t h e  SSFAP. The flow s c h m a t i c  i n  F igure  1 shows how hea t  i s  recovered 
and cascaded throughout t h e  process .  Ethanol dehydra t ion  was not  
included i n  the SSFAP. Conventional benzene a z e o t r o p i  c dehydrat ion 
was n o t  considered s u i t a b l e  f o r  on-farm alcohol  product ion f o r  s a f e t y  





reasons and molecular sieves were not, at t h a t  t ime, economical. 
Molecular sieve systems f o r  small-scale plants  have become avai lable .  
A dehydration s y s t t n  o f  choice can e a s i l y  be added t o  the SSFAP. A 
by-product drying system was n o t  included, though a by-product 
dewatering system was, because the drying systems evaluated were too 
expensive fo r  small-scale appl ication. 

PLANT OESCRIPTS ON 

A schematic layout of the SSFAP i s  shown i n  Figure 2. The e n t i r e  
plant  requires a to t a l  area o f  122 by 75 f ee t .  The equipment f o r  
feedstock processing through fermentation (and the beer we1 1 ) is 
contained in an area o f  40 by 40 foo t  square. T h e  d i s t i l l a t i o n  
equipment, located 25 feet from processing equipment f o r  safety,  
requires an  area of 20 by 40 feet. 

Operation of  the SSFAP consists o f  manual tasks, feedstock 
processing s t a r t -up ,  and automatic cont ro l .  The operator  must complete 
a s e r i e s  of da i ly  tasks t o  keep the  p lant  in operat ion.  Feedstock must 
be manually t ransferred to  g r a i n  s torage bin each day. Yeast  
preparation, enzyme, and acid tanks must be f i l l e d .  Valves m u s t  be 
repositioned each day to  t r a n s f e r  mash to  the  c o r r e c t  fermentation 
tank .  Beer from a completed fermentation must be transferred to  the 
beer we1 1 by manually i n i t i a t i n g  the t r a n s f e r  pump. T h e n  the emptied 
fernenter  must be cleaned and s t e r i l i z e d  p r io r  t o  feedstock processing 
s tar t -up .  

idhen the  plant is ready, t he  operator  commands the microprocessor 
t o  beg in  feedstock preparation. T h e  microprocessor cdntrol s t h i s  
portion o f  the plant (feedstock preparation through fermentation) as a 
batch process. A f l o w  o f  w a t ~ r . i n t o  the feed m i x  tank i s  i n i t i a t e d  by 
the microprocessor. This waxer i s  preheated by a h e a t  exchanger in t h e  
d i s t i l l a t i o n  system and one in the  mash cooking process. Corn is then 
fed from the s to rage  b i n  a t  a predetermined r a t e  t o  be cleaned and  
milled. The corn meal i s  then gravity-fed i n t o  the feed m i x  tank. 
Mixing o f  the corn meal and water in the mix tank i s  achieved by both 
a t o p - e n t r y  mechanical a g i  t a i o r  and spraying the i ncorning water ,  which 
enhances corn meal wetting. The  mash in the  feed mix t a n k  i s  maintained 
a t  140°F by automatic d i r e c t  steam in jec t ion .  Af ter  1.5 hours into the 
cook cycle, the incoming water to  the feed m i x  tank i s  preheated t o  
nearly 140°F, subs tant ia l ly  reducing steam requirements i n  t he  feed 
mix tank. A high-temperature alpha-amalyse is a l s o  automatical ly added 
to  the mix tank by the microprocessor. 

When the corn-to-water ratio reaches one bushel of corn per 20 
gallons of water, the mash i s  removed from the nix tank and pumped 
( 7 . 5  gpm) through a steam i n j e c t o r  t o  h e a t  i t  t o  200°F. The heated 
mash flows through two plug-flow reac tors  connected in  ser ie s  ahicn 
act as con t inuous  cookers. After the 1.5-hour retention t i m e ,  the 
s tarch has been both l i q u i i i e d  and converted t o  dext r ins .  The SSFAP 
i s  the  f i r s t  small-scale ethanol p lant  to  successfu l ly  use a continuous, 
plug-flow cooking process. The mash i s  then cooled by feed m i x  tank 
water and pumped t o  one of the three saccharification/fermentation 
tanks. A t  the end o f  the 12-hour cooking cycle, the  feedstock 
preparation and cooking process is shut  down by the microprocessor. 
The  feed m i x  tank ,  the plug-flow reac tors  and the mash cooler  heat 
exchanger are automatically flushed with clean water i n t o  the 





preselected saccharification/fermentation tank. 

Once the saccharification/ferrnentation (S/F) tank is partially filled, a 
recirculation loop is started. The mash is pumped from the S/F tank through a 
recirculation loop back into the tank through mixing nozzles. The nozzles provide 
agitation. The microprocessor monitors and controls pH and automatically adds 
glucoamylase. During saccharification, the mash is cooled t o  90°F in the 
recirculation loop heat exchanger. After only 2.5 hours, yeast is added. 
Fermentation requires 50 to  60 hours and results in  a beer containing 10 weight 
percent ethanol. When fermentation is complete, beer is pumped to  the beer well. 
The process, from feed preparation through fermentation, is completely controlled 
by the microprocessor and requires about 70 to  72  hours. Three batch 
fermentation tanks are used on an alternating basis, once every three days. In this 
way, beer is continuously available for distillation. 

The distillation system is independently controlled by the microprocessor. 
The operator must start the distillation system during plant start-up only, not every 
day. Once steady-state operation is obtained, control of distillation is switched to 
the microprocessor. Two distillation columns are used t o  minimize height 
requirements. Beer is fed into the first column, which is directly fired wi th steam 
to  provide the treat for distillation. Fuel oil drain-off taps have been provided at 
selected trays above the feed. The second column, connected in series wi th the 
first column, completes the rectification section of the distillation system. Heat 
recovery and cascading are used extensively in  the distillation system (see Figure 
I ) .  The 190-proof ethanol product is pumped to storage. Every 24 to  48 hours, 
the operator must remove recovered by-product from the dewatering screen. 

A microprocessor controls the plant operation. Automatic control allows 
operator labor to be kept down t o  4 hours per day. The microprocessor remotely 
monitors and disptays 60 plant parameters, including temperatures, pressures, tank 
levels, pH, flow rates, and the presence of electrical power to  various motors 
throughout the plant, and automatically controls 57  valves, pumps, and motors. 
Plant parameters are also routinely printed at desired time intervals. The operator 
can override the microprocessor to  operate the plant from a manual control panel, 
t o  initiate fermentation and modify control parameters during operation and to 
balance conditions in the distillation column. The plant is designed to  operate 
smoothly with minimal operator labor requirements. However, if any parameter 
should remain outside a predetermined range of safe values, the microprocessor 
will automatically shut down the plant. Normal operation parameters are given in 
Table 1. Additional details are available in  the Design Report(2). 

OPERATION AND RESULTS 

The design task for the SSFAP was initiated in March, 1980. Construction. 
began in August and was completed on November 5 ,  1980. Start-up and shake- 
down lasted through January 30, 1981. Modifications were completed and the 
operation test phase began in March, 198 1 . 

During the start-up and shake-down phase, major equipment items were 
tested and microprocessor control was fine tuned. The original 



TABLE 1: SSFAP Design Parameters f o r  Corn as Feedstock 

Feedstock Preparation 

Feedstock Feed Rate: 20 bu/hr  (12 h r l d a y )  
Water Feed Rate: 560 ga l /h r  (12 h r l d a y )  
Mix Tank Temperature: 140°F 
Mix Tank pH: 6.2 - 6.6 
A1 pha-Amylase Requirements: .07 1 b/bu (. 1252 wt /w t )  

Cooki ng 

Mash Feed Rate: 
Cooki ng Temperature: 
Cooker Retention Time: 

450 gal/hr 
200°F 
90 minutes 

Saccharif ication 

Glucoamylase Requirements: .57 ounces/bu (2,500 units/bu) 
Saccharification Temperature: 140°F 
Saccharification pH: 5.0 = 0.2 

Fermentation 

Yeast Zequi reflent: 2 lbs. conditioned y e a s t /  
1,000 g a l .  mash 

3.5 1 bs. unconditioned y e a s t /  
1,000 g a l .  mash 

Fermentation Temperature: 90" F 
Fermentation pH: 5.0 t 0.2 t o  4.0 k 0.2 
Fermentation T ime :  50 to 60 hours 
Final Beer Concentration: 10 weight  X 
Energy Requi remenf: 6,750 B t u / g a l  ( 190-proof )  
(Preparation through Ferrnenta tion) 

Distil lation 

Feed Rate: 
Distillate Rate: 

Distillate composition: 
Base Loss:  
S o l i d s  Rate: 
Energy Requirement: 

Additional Eneray Requirements 

Ster i l  ization, Heating, 
Losses, E t c .  

250 ga'I/hr 
25 gal anhydrous ethanol/hr 
26.4 gal 190-proof ethanol/hr 
190-proof (92.4 wt 5 )  
.072 wt 5 
142 l b / h r  
21,260 Btu/gal (190-proof) 

Total Energy Requirement (Design) : 31,201 Btu/gal (190-proof)  



size distr ibution o f  the mi l led  corn was too large, causing clogging in 
hea t  exchangers and s e t t l  ing problems. I n i t i a l  ly, a 5/64-inch screen 
with a throughput rate o f  180 pounds/horsepower/hour was used. The 
par t ic le  size distr ibution obtained with t h i s  screen was sat is factory 
for biochemical conversion. The original  screen was replaced by a 3/64. 
inch screen w i t h  a throughput ra te  of 100 pounds/horsepower/hour. The 
part icle s ize  di s t r i  bution obtained with t h i s  screen i s : 

125 on a 20 mesh screen 
46% on a 32 mesh screen 
23% on a 42 mesh screen 
11% on a 60 mesh screen 
8% regarded as f ines 

This modification solved the clogging and se t t l i ng  problems. Informa- 
t i o n  on additional equipment and design modification i s  avai lable(l,2). 

The objectives o f  the operation t e s t  phase were t o  optimize 
operator l abor  requirements, energy consumption, and alcohol yield. 
A qua1 i t y  control program was included to  monitor the biochemical 
processes.  A s  a resul t  of qua1 i i y  control and o n - s i t e  laboratory 
test ing,  optimum process conditions were determined quickly and many 
times were different  from information suppl ied by manufacturers. I n  
Table 2 ,  energy and l a b o r  requirements and pert inent parameters, as 
determined from p l a n t  operation are compared t o  design parameters. 
The  labor requirement o f  5.5 hours per day could be reduced by further 
automation. 

The  SSFAP was designed to use corn as the primary feedstock. 
Barley, corn dust, and potato w a s t e  have a l s o  been processed a t  the 
SSFAP. These add i  tional runs demonstrated the f7 e x i  bi 1 i t y  of the SSFAP 
design and a1 lowed identif ication of  equi p m e n t  and processing changes 
t h a t  would be required t o  cbtain maximum a7cohol y i e l d  from other  
feedstocks. The pararrieters and y i e l d s  o f  runs w i  t h  v a r i o u s  feedstocks  
are presented in Tab le  3 .  

Using corn a s  the feedstock, ethanol has routinely been produced 
a t  the SSFAP a t  a yield o f  2 .6  gallons/bushel w i t h  an energy require- 
ment of 30,000 t o  35,000 Btu/gallon (190-proof). The cooker retention 
time (90 minutes) was suff ic ient  t o  produce a n  average dextrose 
equivalent, a measure of starch l iqu i f ica t ion ,  o f  14.6.  This  high 
dextrose equivalent accounts for  the achievement o f  h i g h  ethanol y i e l d .  

Barley was a l s o  processed a t  the SSFAP. T h e  pa r t i c le  s i z e  d i s t r i -  
bu t ion  o f  barley produced by the hammernil1 was larger  than desired. 
The hard ,  protective husk o f  barley was responsible. As a resu l t ,  a 
thicker than opt imum mash was produced, and the barley processing ra te  
was 1 imi ted t o  12 bushels/hour. The dextrose equivalent a f t e r  cooking 
was 21.8, and the alcohol yield from barley was 2 . 2 3  - ~ a l  lons/bushel 
(48 lb . ) .  The barley processing rate-could be increased by using a 
more powerful m i l l i n g  system. 

Dried potato waste, an industrial  waste stream, was processed a t  
the SSFAP a t  a r a te  of  500 pounds/hour. The dextrose equivalent was 
28.6 t o  3 3 . 2 ,  due t o  previous cooking o i  the waste. Ethanol yields of 
4.4 gallons/100 pounds were obtained.  :liner feeding problems occurred 
w i t h  p o t a t o  waste d u e  t o  compaction i n  the grain storage b i n .  



TABLE 2: Operation vs .  Design Parameters 

Yield (Corn) 

Enerqy Requirements 

Operat ion 

2.6+ gal /bu 

Design 

2.5 g a l / b u  

Feedstock Preparation 

(including steri  1 ization, etc. ) 7,000-9,000 Btu/gal 9,941 Btu/gal 

through Fermentation 

Distil la t ion  21,000-27,000 Btu/gal 21,260 Btu/gal 

TOTAL (190-proof )  

Labor Requirement 5.5 h r /day  4 hr/day 

Base Loss .016 weight L -072 weight % 



Feedstock 

Yellow Corn 

Dried Potato Waste 

Corn Dust  

TABLE 3 :  Results w i t h  Various Feedstocks 

Enzyrne Dosage 

A1 pha-k~lylase  ( w t  X )  Gl ucoa~iiylase (oz. ) Actual Yield Theoret ica l  Y ie ld  



Corn dust, another industrial waste by-product, which is generated 
by the conveying of corn at elevator operations, has been processed a t  
the SSFAP. The corn dust feed rate was comparable to t h a t  of corn. The 
ethanol yield was 2.4 gallons/56 pounds. Compaction o f  the dus t  during 
storage in the grain bin caused minor feeding problems. 

Extensive operation of the SSFAP with multiple feedstocks has 
shown it to be a reliable and flexible plant. Operation parameters 
have been optimized and documented. 

ECONOMICS 

The SSFAP, as built at the I N E L ,  had  a total capital cost of 
$725,567. Major equipment, including a coal-fired boiler ($200,000), 
accounted for 4509,359, and the construction contract required 5216,208. 
Private contractors should be able to reduce these costs because they 
are no t  bound by government procurement regulations. Costs could also 
be reduced by locating used or surplus equipment. For many pieces of 
equipment used at the SSFAP, a higher bid proposal was chosen instead 
of the lowest bid because the higher bid could meet  the tight schedule 
requirements, 

Capita1 cost of an SSFAP plant wi th  alcohol dehydration is estimated 
to be between $500,000 and $600,000. A capital cost of $550,000 was 
used f o r  the economic assessnent. The assumptions used in t h e  model are 
given in Table 4. For a 15% return on investment ( R O I ) ,  the required 
ethanol price is $1.80/gal Ion. Even if the  capital c o s t  14as 9700,000, 
the ethanol price (15% ROI) would be S1.92/gallon (for a t o t a l  operating 
cost o f  4137,00O/year and other assumptions unchanged). The SSFAP, a 
small -scale p l a n t ,  produces a competi tively priced product. 

SUMMARY 

The SSFAP design has overcome the major drawbacks of small-scale 
ethanol production, which are high labor requirements, b a t c h  o p e r a t i o n ,  
inefficient energy use, and low yield. 8y incorporating a micro- 
processor into the plant design, mos t  p l a n t  operations have been 
automated and labor requirements have been reduced. In addi t i o n ,  
automation of plant operation makes good results possible even when 
extensive operator experience i s  lacking. A low-temperature, continuous 
plug flow cooker produces, in one s t e p ,  high solubilization and liquifi- 
cation o f  the starch moiety. As a result, high yields of ethanol are 
achieved. Previously, only high-temperature jet cooking, plus a 
separate step for 1 iquiiication could achieve yields over 2.5 gal lons/ 
bushel. The SSFAP i s  a continous process, even though batch fermentation 
is used. Continuous operation has made energy conservation possible. 
Energy efficiency has been improved and alcohol is produced with a 
highly positive energy balance. Furthermore, the SSFAP, a sinall-scale 
plant, produces cornpeti tively priced ethanol. 

The SSFAP project was aimed at satisfying the need expressed by 
farm cooperatives and owners of large farms for a proven small-scale 
.ethanol production design. However, the potential of the SSFAP design 
for converting industrial organic waste to ethanol has also been 
demonstrated and should not be overlooked. The SSFAP provides a 
flexible design. Several alcohol dehydration system are compatible 
wj th  it, including azeotropic distillation and molecular sieves. If 



TABLE 4: SSFAP Economic Basel i ne Condi tions 

Plan t  Desian P a r a m e t e r s  

Design Life 
Feedstock 
Capacity 
Y i e l d  
Annual Operation 
Annual Production 

Capi tal  C o s t s  (w/dehydration) 

Financing/Taxes 

Energy Tax C r e d i t  
Investnent Tax Cred i t  
S t a t e  Tax 
Federal Tax 
Debt Rat io 
Interest Rate  
Discount Rate  
Loan Period 
Depreciation Period 
Working Capital Debt Ratio 
Return on Investment 

Annual Credi t s / C o s t s  

Stillage 
Feedstock 
Uti 1 i t i e s  
t a b o r  

O p e r a t i  ng 
Other 

Insurance/Property Tax 
Suppl i es 
Admini s trative/Overhead 
Mi scell aneous 

TOTAL OPERATING EXPENSES 
(excluding feedstock)  

Workinq C a p i t a l  

Alcohol Inventory 
Accounts Receivable 
Accounts Payabl e 

Annual Escalation gates  

Energy 
General Inflation 

10 years 
Corn 
25 gallons per hour 
2.5 gallons per bushel 
300 days 
180,000 gal l ons anhydrous ETOH 

10% 
10% 
5% 

25% 
60% 
12% 
15% 
10 years  
10 years  
50% 
15% 

$ 47,000 (Cred i t )  
180,000 ($Z.SO/bushel) 
54,000 

10 days 
30 days 
30 days 

Mi scell aneous 

S t a r t - u p  C o s t  (1st year only)  420,000 
Assumed t o  be a Start-up Company 



the intended use for ethanol is the production of gasohol, direct 
extraction from 190-proof ethanol by gasoline is also possible. A 
direct extraction system has been described(4). A by-product recovery 
system can be added, including methane generation from thin stillage. 
Front-end equipment could e a s i l y  be added to make the SSFAP capable of 
processing a1 ternate, or mu1 tiple, feedstocks. A prel irninary design to 
make the SSFAP capable o f  processing wheat straw has been completed(3). 
A plant o f  the SSFAP design could also serve as an excellent research 
and development facility. The SSFAP is a sound and demonstrated small- 
scale ethanol production plant. 
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Abstract 

The cellulosic fraction of biomass can be converted to ethanol, a promising alternative renewable 
fuel, using the simultaneous saccharification and fermentation (SSF) process. The SSF integrates 
the enzymatic hydrolysis of cellulose to glucose with the fermentation of glucose to ethanol. 
Ethanol productivity and yield depend on the characteristics of the biomass, the quality of the 
cellulase enzyme complex, and the behavior of the fermentative organism. The effects of key 
engineering factors on SSF performance were studied using real biomass substrate and realistic 
process conditions. The experimental results indicate that corn steep liquor can replace expensive 
lab media for the SSF. Saccharomyces cerevisiae D,A outperforms other leading organisms in 
terms of both high ethanol productivity and minimal by-product formation. Using that organism, 
the SSF operational conditions (pH and temperature) were varied in order to optimize the 
synergism between the cellulase enzyme complex and the fermentative yeast. The SSF 
performance was optimal at 40°C and initial pH of 4.0-5.0. Higher temperatures resulted in a 
significant decrease in cell viability and productivity. 



Introduction 

The production of alternative renewable fuels from cellulosic biomass has recently received 
renewed interest in the United States, because biomass is abundant in the form of agricultural by- 
products, forestry residues, pulp and paper industry waste streams, and municipal solid waste (I). 
Ethanol produced from cellulosic biomass has excellent fuel properties for internal combustion 
engines and is expected to improve urban air pollution and lessen the dependence of the U.S. 
economy on foreign energy markets. 

Conversion of the cellulosic portion of hardwood biomass (typically about 55% w/w on a dry 
basis) to ethanol can be carried out efficiently and economically using the biochemical process 
of simultaneous saccharification and fermentation (SSF) (2). This process combines the 
enzymatic hydrolysis of cellulose to glucose with the fermentative conversion of glucose to 
ethanol in the same vessel. The hydrolytic step is catalyzed by the synergistic action of three 
types of activities exhibited by the enzyme cellulase: (a) endoglucanase, which attacks randomly 
cellulose chains to produce shorter-length polysaccharides: (b) exoglucanase, which attaches to 
the non-reducing ends of the shorter chains and removes cellobiose units; and (c) P-glucosidase, 
which hydrolyzes primarily cellobiose to glucose. 

The performance of SSF needs to be optimized in order to minimize the cost of the ethanol 
produced. Analysis of the SSF process indicates that ethanol productivity depends on the quality 
of the cellulosic biomass and the cellulase enzyme, the interaction between enzyme and substrate, 
and the interaction between enzyme and fermentative microorganism (3). Based on this analysis, 
the synergism between the enzymatic activity of cellulase and the fermentative activity of the 
microorganism is considered a key factor in the SSF process that needs to be manipulated to 
enhance its performance. Here, we present the results of an experimental study that explores the 
dependence of SSF performance on critical process factors. 

Materials and Methods 

Poplar hybrid wood Populus eugenii DN34 was milled through a 9-mesh screen (< 2 mm), 
pretreated at 16VC for 10 minutes with 0.73% w/v sulfuric acid, and washed with water (4). 
This pretreated material was employed as substrate in the studies at concentrations of 60 or 75 
g/L. The pretreatment aimed at hydrolyzing and thus removing the hemicellulose from the wood 
structure to render the substrate more accessible to enzymatic attack by cellulase. The SSF media 
used were either YP (normal strength: 5 g/L yeast exaact, 10 g/L peptone, or double strength) 
or corn steep liquor (5 or 10 g/L).  The studies were performed anaerobically in a 1.7-L stirred 
BioFlo I11 reactor vessel (New Brunswick Scientific, NJ) or in 250-mL flasks equipped with 
stoppers and carbon dioxide traps to maintain anaerobic conditions. In all cases agitation was 
maintained at 150 rpm. lnocula were grown in YP supplemented with 50 g/L glucose under 
aerobic conditions. A 10% v/v inoculum was always used for initiation of the SSF. 

During the assays, samples were periodically removed from the fermentation vessels, filtered 
through a 0.45 pm nylon filter, and analyzed by HPLC for the presence of cellobiose. glucose, 
ethanol, organic acids, and glycerol. The HPLC model 1090LC (Hewlett-Packard, PA) was 



equipped with an organic acids column (87H, Biorad, CA), which was routinely used for 
measurement of all compounds. Glucose and ethanol concentrations were confirmed using a YSI 
glucose analyzer (model 27, Yellow Springs, OH) and a gas chromatograph (model 5890, 
Hewlett-Packard, PA), respectively. 

Cellulolytic enzyme from a Trichoderma reesei strain with the commercial name Laminex was 
purchased from Genencor (CA). Its cellulase and P-glucosidase volumetric activities were found 
to be 84 IFPUImL and 91 IU/mL, respectively, when measured according to the IUPAC methods. 
The Laminex enzyme complex was employed at a concentration of 25 IFPU/g of cellulose. The 
fermentative microorganisms examined were Saccharomyces cerevisiae D,A, a glucose- 
fermenting strain developed at NREL from baker's yeast, and Brettanomyces custersii, a glucose- 
and cellobiose-fermenting yeast (5). 

Results and Discussion 

The performance of the industrial medium corn steep liquor (CSL) was compared with that of 
the rich lab YP medium (yeast extract and peptone) at two concentration levels. CSL was tested 
at 5 and 10 g/L, while YP was employed at normal and double strength. The results of SSF runs 
performed in duplicate with these media and 60 g / L  (dry basis) pretreated wood chips are shown 
in Figure 1. Clearly, CSL performance matched that of YP at each concentration level. It can 
therefore be concluded that the less expensive CSL can be used in the SSF process. The small 
decrease of about 7.4% in ethanol yield at the low concentrations of both media may indicate the 
depletion of some nutrients after 80 hours of fermentation. 

In an attempt to identify a promising ethanologenic yeast for the SSF process, the performances 
of two leading candidates, S. cerevisiae D,A and B.  custersii (5), were compared at 75 g/L of 
substrate and 25 IFPU/g cellulose of cellulase enzyme. S. cerevisiae is a glucose-fermenting 
yeast, whereas B. custersii can ferment both glucose and cellobiose. The experimental data show 
that S. cerevisiae reached 24% higher ethanol yield than B. custersii after 80 hours of SSF 
(Figure 2). Moreover, B. custersii synthesizes more by-products than S .  cerevisiae (data not 
shown), an indication that it is less efficient in converting the substrate carbon into ethanol. S. 
cerevisiae yielded 13.4 & of ethanol and produced 0.27 g/L of glycerol as the only other 
metabolite after 57 hours of SSF. In contrast, B. custersii synthesized 2 g/L of acetic acid and 
0.37 g/L of glycerol in addition to 11.5 g/L of ethanol. It has also been observed that S. 
cerevisiae produces almost half the amount of dry cell mass compared with B. custersii, when 
the two yeast strains were cultivated anaerobically at the same glucose concentrations (data not 
shown). All these observations support the selection of S .  cerevisiae D,A as the best of the two 
organisms for SSF of wood. 

Operational conditions of the SSF process are expected to have a profound impact on ethanol 
production, because they affect the activities of the cellulase enzyme and the fermentative 
organism, as well as their synergism. In that context, the sensitivity of SSF performance to the 
pH and temperature of the operation was investigated. Using a stirred tank reactor, SSF runs 
were performed at 60 g/L of biomass (dry basis) in normal strength YP medium of pH 5.0 at 35, 
38, and 40°C. The temperatures were controlled within O.l°C. By increasing the SSF 



temperature both the initial productivity and yield of ethanol, determined during the first 24 hours 
of SSF, were enhanced (Figure 3). At 40°C the initial productivity was 0.24 g/L/h, compared 
with 0.16 g/L/h at 38°C and 0.10 g/L/h at 35°C. Therefore, an increase of the SSF temperature 
by just 2"C, from 38°C to 4OUC, resulted in a 50% increase in ethanol productivity. Similarly, 
a two-fold increase- in produced ethanol was observed. However, at temperatures higher than 
40°C cell viability decreased significantly with a concomitant effect on ethanol synthesis (data 
not shown). 

In a separate study, the impact of SSF pH on ethanol production was investigated at 38°C. The 
results at initial pH values of 3.0, 4.0, 5.0, and 6.0 are presented in Figure 4. Best performance 
was observed at pH 4.0 and 5.0 with 8.70 and 8.32 g/L of produced ethanol, respectively, after 
84 hours of SSF. This pH range is known to be optimal for both biocatalysts, the enzyme and 
the organism. The ethanol yield was 46-48%. At the higher pH of 6.0 a decrease in yield was 
observed with the ethanol concentration being 7.74 g/L and some carbon being shunted to organic 
acid synthesis. On the other hand, at the low end of the examined range, pH 3.0, there was a 
dramatic decrease in ethanol yield to only 21% (2.30 a). Our analysis indicated that S. 
cerevisiae D,A was inhibited more severely than cellulase at that pH. As a result, a buildup of 
glucose and cellobiose, the major products of cellulose hydrolysis by cellulase, was observed. 

The presented experimental data shed light into the effect of the operational conditions on the 
performance of the SSF process. At the present time the employment of S. cerevisiae D,A under 
controlled pH conditions in the range 4.0-5.0 and at a temperature of 40°C leads to satisfactory 
conversion of lignocellulosic biomass to ethanol with minimal by-product formation in the 
presence of an industrial medium, such as corn steep liquor. Further studies are under way to 
enhance the thermotolerance of the organism closer to temperatures around 45"C, where cellulase 
is known to function optimally. 
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Abstract 

Among the three categories of available pretreatment techniques (i.e., physical, chemical, 
and biological pretreatment) that prepare biomass for the subsequent bioconversion to 
ethanol, chemical pretreatment has received the most attention. In chemical pretreatment, 
the mode of action can be either to swell the biomass matrix or to remove hemicellulose 
or lignin. It is important to convert both cellulose and hemicellulose fractions into ethanol. 
With a typical biomass composition (46.2 wt % cellulose, 24.0 wt % xylan, and 24.0 wt 
% lignin), the maximum theoretical yield is calculated to be 0.13 gal (0.51 L) ethanollkg 
dry biomass. For a plant producing 58.5 million gally (220 million Lly) ethanol with $42/ton 
($46ltonne) dry biomass, assuming the maximum theoretical yield, the break-even ethanol 
production processing cost is approximately $1 1 Ofdry ton ($1 30ldry tonne). Assuming no 
more than 30% of the processing cost should be allocated for pretreatment, the maximum 
pretreatment processing cost is in the neighborhood of $35/ton ($40/tonne) dry biomass. 
This constitutes an engineering constraint to the pretreatment process. 

In addition, five engineering challenges, including (1) environmental impact* waste 
stream requiring disposal is likely to be generated, (2) splitting of hemicellulose into two 
fractions by chemical delignification processes, with one coexisting with solubilized lignin 
and the other with cellulose, thereby creating down-stream fermentation difficulties, (3) 
generation of oligomeric xylose during pretreatment-difficulties may be encountered in 
fermenting oligomeric xylose, (4) fermentability suppressio~ubstances toxic to 
cellulolytic enzymes and/or ethanologenic microorganisms are likely to be generated 
during pretreatment, and (5) the requirement for low pretreatment processing costs, are 
described. An effective technique for softwood pretreatment is not currently available. 
Effective techniques for hardwoods, herbaceous biomass, and agricultural residues have 
been reported, but favorable process economics are yet to be demonstrated. A number 
of different pretreatment techniques are being studied by U.S. Department of Energy 
subcontractors to establish process economics. Future trends are perceived to follow two 
directions: (1 ) fractionation of major biomass constituents-for hemicellulose and cellulose 
to be converted into ethanol separately and lignin to be used as boiler fuel or source of 
other chemicalsand (2) clean delignification-for hemicellulose and cellulose, after the 
removal of lignin, to be converted into ethanol through cofermentation. The latter direction 
will depend on the successful commercialization of cofermentation microorganisms. 



Introduction 

The three major constituents (cellulose, hemicellulose, and lignin) of lignocellulosic 
biomass can be bioconverted into a multitude of chemicals (1,2). It is conceivable that, 
to make the best (most economical and environmentally friendly) use, we may need to 
consider converting them into different chemicals, or using them for different purposes. 
For the purpose of this brief overview, the focus is placed on the production of fuel 
ethanol. More specifically, the cellulose and hemicellulose fractions are to be 
bioconverted into ethanol, with the lignin used either as boiler fuel or otherwise. 

Physical, chemical, and biological pretreatment techniques have been reviewed in the 
literature (3-8). Among these techniques, chemical pretreatment has received the most 
attention (4). This may be a reflection of the fact that physical pretreatments are generally 
not very effective or costly and that biological pretreatments are still in their 
developmental infancy (6). As a result, chemical pretreatment, possibly in combination 
with other methods, is considered to hold the highest near-term potential. For this reason, 
this overview places its emphasis on chemical pretreatment. 

In addition to briefly providing the background of chemical pretreatment, this overview 
discusses a constraint and several challenges that chemical pretreatment techniques 
face. Furthermore, the current research and development status is described and the 
future trends predicted. 

Background of Chemical Pretreatment 

Although the molecular structure of native cellulose appears unsettled (3), it is understood 
that native hemicellulose and lignin do not form crystalline structures but are crosslinked 
to form an effective protection sheath around cellulose, which exists primarily in crystalline 
structure in its native form. As a result, cellulose is not readily accessible to enzymes for 
conversion and is the most recalcitrant of the three major constituents of lignocellulosic 
biomass. Pretreatment is therefore necessary to prepare the biomass for the cellulose to 
become accessible to enzymes. In chemical pretreatment; the mode of action can be 
either to swell the biomass matrix (3,7) or to remove hemicellulose (9,IO) or lignin (8 , l l ) .  
Generally, biomass pretreated by swelling, hemicellulose removal, or delignification, when 
subjected to enzymatic hydrolysis, exhibits a substantially higher rate and extent of 
saccharification. 

Discussion 

Engineering Constraints 

To maximize the yield of ethanol, both cellulose and hemicellulose (primarily xyian, 
especially in the case of hardwoods) must be converted into ethanol (1 2). Consider a 
model biomass (a hardwood) composed of 46.2 wt % cellulose, 24.0 wt % xylan, and 
24.0 wt % lignin (1 3), by straight reaction stoichiometry and assuming no side reactions, 
the maximum yield of ethanol per kg of dry biomass is 0.4 kg, or 0.13 gal (0.51 L). 

* 



Accordingly, a plant producing 58.5 million gally (220 million Lly) ethanol (13) must 
process 480,000 tonly (440,000 tonnety) dry biomass. Using the current average fuel 
grade, dry basis, ethanol price of $1.29/gal ($0.34/L) (1 4) and assuming the dry biomass 
feedstock cost to be $421ton ($46ltonne) (1 3), it follows that the break-even processing 
cost (including equipment depreciation and operating costs) is approximately $I 1 Olton 
($1 30ltonne) dry biomass. 

The above calculations assume ideal conversions in every step, i.e., pretreatment, 
fermentations (cellulose and xylan), and distillation all proceed at 100% efficiency. When 
practical conversions are factored in, and when other unit operations (feed handling, 
fermentations, ethanol recovery, etc.) are considered, it is believed that a factor of 
approximately 0.3 should be applied to account for pretreatment cost (although the 
magnitude of the factor may be arguable). Thus, the maximum processing cost allowable 
for the pretreatment process is probably in the neighborhood of $35/ton ($40ltonne) dry 
biomass. This cost may need to be adjusted upward or downward according to 
pretreatment effectiveness or other factors, but any pretreatment process significantly 
more costly would likely be unacceptable. 

Engineering Challenges 

A number of technoeconomic challenges, some common to all and others specific to 
certain chemical pretreatment techniques, are present and must be addressed. 

Environmental impact. The chemical applied in the pretreatment process, unless 
recovered and reused, will generate a waste stream that needs to be disposed of. The 
environmental impact, including factors such as waste disposal cost, must be thoroughly 
considered. In the case where the chemical is recovered and reused, the associated 
recovery cost could be prohibitively high. 

Separation of hemicellulose and cellulose. It has become clear that, to enhance process 
economics, both the cellulose and hemicellulose fractions should be converted into 
ethanol (1 2). However, except for a few recently developed, genetically engineered 
microorganisms (1 5,16) that have not yet been commercialized, most microorganisms will 
not ferment both xylose and glucose. The separation of hemicellulose and cellulose for 
separate fermentations may therefore be necessary in the near-term. Organosolv 
delignification pretreatment methods, which invariably solubilize some hemicellulose (1 1 ), 
and other pretreatment techniques that partially solubilize hemicellulose thus present a 
difficult challenge, because the pretreated solid residue would contain the remaining 
hemicellulose and most or all of the cellulose. Table 1, reconstructed from published data 
(1 7) and assuming negligible cellulose solu bilization, shows analyses of organosolv, alkali 
peroxide, and dilute-acid pretreatment methods. It is clear that, while the dilute-acid 
pretreatment resulted in complete removal of hemicellulose, the other two methods 
solubilized 50%-60% of it. In the case where hemicellulose is separated into two fractions, 
the down-stream fermentations are complicated by the fact that the solubilized 
hemicellulose is mixed with solubilized lignin (cf. Table 1 and fermentability of 
pretreatment products below) and the remaining hemicellulose coexists with cellulose. 



Table 1. Comparison of % dry mass removed from starting biomass* 

Pretreatment Method 

Component Organosolv Alkaline peroxide Dilute-acid 

Hemicellulose 57 49 96 

Lignin 25 24 21 
'Table derived from data in Ref. 17, assuming negligible cellulose solubilization. 

Oligomeric xylose. In a recent study of a two-temperature dilute-acid pretreatment using 
a percolation reactor, Torget and Hsu (1 8) obtained yields of xylose equivalents 
(monomeric and oligomeric xylose expressed in total number of xylose units) over 90% 
from the starting material, with approximately 40% produced as oligomers. In previous 
single-temperature dilute-acid pretreatment studies conducted in this laboratory using a 
batch reactor, oligomeric xylose was found to be approximately 10% of the total xylose 
equivalents (unpublished data). Small amounts of oligomers, although not quantified, were 
also found by Kim and Lee (19) when studying dilute-acid hydrolysis of hardwood 
hemiceilulose. Although fermenting xylobiose and xylotriose directly to ethanol has 
recently been reported (20), fermenting xylose at a degree of polymerization (DP) higher 
than 4 will be a challenge that should be addressed. Alternatively, the oligomeric xylose 
can be converted to lower DP xylose before fermentation, but that will translate to added 
processing cost. 

Fermentability of pretreatment products. Numerous published studies designed to 
produce ethanol from biomass measure the effectiveness of pretreatment by testing the 
enzymatic digestibility of washed pretreated biomass. In practice, however, it is the 
fermentability of the unwashed solid residue and the fermentability of the prehydrolyzate 
that are of interest. Thus, it is important to ensure the fermentability of the pretreatment 
products of prehydrolyzate and unwashed solid residue. It should be noted that xylose 
degradation products (furfural and others) have been documented to inhibit fermenting 
microorganisms (21). Products from the solubilization of lignin have been found to be 
inhibitory to cellulolytic enzymes (22) and toxic to fermentation bacteria (23). 

Cost. Processing cost will always be the ultimate test for feasibility. According to the 
above engineering constraint, projections based on the cost of chemicals, in some cases, 
can determine the prospect of a pretreatment technique. For example, Rao et al. (24) 
studied a pretreatment method in which bagasse was treated with 4% NaOH in 12% solid 
slurries. Using the average price of $31 5/ton ($350/tonne) for 50% caustic soda (1 4), the 
cost for NaOH for this pretreatment would amount to over $9O/dry ton ($1 001dry tonne) 
of biomass. Therefore, unless NaOH is largely recovered economically (which in itself is 
a challenge) and reused, the chemical cost alone would render this technique not 
feasible. As another example, Avgerinos and Wang (23) studied an alkali-ethanol 
delignification process in which every gram of cornstover was found to consume 0.1 g 
NaOH. This translates to a prohibitively high NaOH consumption cost (not considering 
other NaOH losses and recovery costs) of $32/dry ton ($35/dry tonne) biomass. 



Current Status 

There is ample evidence to show that the success of a pretreatment technique is 
biomass-type specific. Thus far, an effective pretreatment for softwoods remains 
unavailable (7,10,11). For hardwoods, herbaceous biomass, and agricultural residues, a 
number of pretreatment techniquesincluding dilute-acid (10,24), ammonia fiber 
explosion (AFEX) (26), alkaline peroxide (27), and organosolv (28)--are reported to be 
effective. The economic feasibility of these techniques, however, remains to be 
demonstrated, especially in light of the engineering challenges discussed. 

Six subcontractors have recently been selected by the U.S. Department of Energy 
through the National Renewable Energy Laboratory (NREL) to investigate different 
chemical pretreatment techniques. These include AFEX, alkali, alkaline peroxide, aqueous 
ammonia, nitric acid, oxalic acid, phosphoric acid, organosolv with oxalic acid, and 
organosolv with phosphoric acid. These studies are intended to establish performance 
data and evaluate economic feasibility. 

Future Trends 

It is clear that the ultimate goal of pretreatment is to prepare biomass to facilitate 
fermentations. By doing, so, any loss of carbohydrates in the pretreatment process must 
be minimized. Two future research directions appear to be likely: 

(i) Fractionation of major biomass constituents. One likely future research trend is to 
pretreat the biomass by a combination of two or more unit operations to fractionate the 
three major biomass constituents into relatively pure streams. The hemicellulose and 
cellulose fractions would then be fermented separately into ethanol, and lignin would be 
used as boiler fuel or the source for other chemicals. The pretreatment, of course, should 
meet the engineering constraint and overcome the applicable challenges. 

(ii) Clean delignification. Another likely future trend is that, if the commercialization of 
microorganisms that can coferment xylose and glucose is successful, research may be 
driven toward the direction where pretreatment only removes lignin, leaving cellulose and 
hemicellulose unseparated. Such a process would be similar to the selective 
delignification process reported by Avgerinos and Wang (23), except that the process 
economics still remain to be improved. 
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INTRODUCTION 

The use of methanol in gasoline has grown substantially the past 
decade in the form of methyl tertiary ethers. The most common 
ether is methyl tertiary butyl ether (MTBE). The direct blending 
of methanol with cosolvent alcohols (tertiary butyl alcohol -TBA) 
was commercially attempted for a number of years in the United 
States (U.S.) during the early 1980's. However, its use was 
limited due to the water susceptibility of methanol blends and 
was eventually phased out in the mid-1980's with the collapse of 
world crude prices. Prior to its use as a cosolvent for 
methanol blends, most commercial production of TBA was blended 
directly into gasoline all during the 1970's. 

Though MTBE was first commercialized in the U.S. in 1979, its use 
did not begin to expand significantly until the U.S. 
Environmental Protection Agency (EPA) accelerated the phase out 
of lead octane compounds from gasoline in the mid-1980's. At 
about the same time, the use of butanes as a source of 
isobutylene was initiated for manufacturing MTBE. This allowed 
the production of an ether product that was totally derived from 
non-petroleum hydrocarbons. The acceptance and growth of MTBE 
was further accelerated in the latter half of the 1980's by the 
increasing market requirements for higtier octane premium gasoline 
and by the reduction of butane blending in gasoline to meet EPA 
vapor pressure controls. 

The U.S. 1990 Clean Air Act requires that oxygen in the form of 
fuel oxygenates be added to gasoline starting 1992 in areas of 
the country that exceed national ambient air standards for carbon 
monoxide. Also, many of the other areas that exceed ozone 
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oxygenate use, it is estimated that the blendinq of oxygenates 
may displace up to 500,000 barrels per day of gasoline-derived 
from imported petroleum (Ref. 1). This amount is equal to about 
7% of the today's U.S. gasoline consumption. 
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MARKET VALUES FOR FUELS 

The 1992 U.S. industry market values for various raw energy 
sources, finished liquid fuel products, and gasoline blending 
components are shown in Table 1. By converting these market 
values to U.S. dollars ( $ )  per MM BTU (million British thermal 
units), a common comparison of energy market values can be made 
as shown in Figure 1. This chart also illustrates some of the 
current economic problems for the alternative fuel programs. 

In an alternative fuels program, the BTU value of the alternative 
fuel is competing against that of the finished fuel such as 
gasoline or diesel. The 1992 market values suggest that there is 
very little if any economic incentive for liquid petroleum gases 
(LPG) such as propane or butane to substitute for qasoline. The 
small difference in market values between LPGs anddgasoline 
leaves very little economic margin to cover the additional cost 
associated with modifying the vehicles for LPG use and also 
developing a fuel distribution system to supply LPG to the 
consumer's vehicles. 

Methanol has an even worse economic problem as an alternative 
fuel since its market value is already $3/MM BTUs higher than 
gasoline, and it must also overcome an estimated $ 2 / M M  BTU cost 
for vehicle modification and fuel distribution (Ref.2). 

As a possible clean alternative transportation fuel, compressed 
natural gas may appear to have the most promise with the BTU 
value of natural gas at approximately $2/million BTUs versus 
gasoline's $5/million BTUs. However, this margin still does not 
appear to be great enough to offset the higher added cost of 
vehicle modification and also developing a fuel distribution 
system which is estimated at $$/million BTUs (Ref.3). 

The marketplace today (and most likely in the future) provides 
the highest economic values for gasoline blending components such 
as ethanol and MTBE. Though they are usually derived from non- 
petroleum energy sources, they are not true alternative fuels but 
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additional performance and environmental benefits from properties 
such as higher octane and oxygen content. The marketplace also 
does not appear to discount these components for their slightly 
lower energy density. The value discount would be equal to 
approximately S ~ / M M  BTU for MTBE and $2/MM BTU for ethanol. 
However, these cost are eventually adsorbed by the consumer in 
the form of slightly lower fuel economy or mileage. A major cost 
advantage of replacement fuels over new alternative fuel programs 
is that replacement fuels do not require any modifications in the 
existing vehicle fleet or the development of a parallel product 
distribution system. Replacement fuels use the existing 
distribution system for gasoline and therefore are not burdened 
with hurdles such as the $2 to $4/million BTU required for the 



development of new alternative fuel markets. 

As for developing transportation fuels from non-petroleum energy 
sources, the differences between the energy market values in 
Figure 1 suggest that projects that produce replacement fuels 
should realize the highest economic value increase. Replacement 
fuel projects should also be the quickest to develop since the 
products already have wide market acceptance and are not 
dependent on the development of a separate distribution 
infrastructure to the consumer. In a sense, the market has 
already been developed and is waiting for the economical 
production of the replacement fuels. 

OXYGENATES FOR GASOLINE REPLACEMENT 

Fuel oxygenates for use in gasoline fall into two classes: 
aliphatic alcohols and aliphatic ethers. ~mportant properties 
for gasoline blending are octane, vapor pressure, water 
solubility and oxygen content. In the U.S., the allowable limit 
for oxygenates in gasoline is generally set by its oxygen 
contribution in gasoline. Under U.S. EPA's "Substantially 
Similar" definition for unleaded gasoline, aliphatic ethers 
and/or their mixtures are allowed to be blended up to a 2.7 
weight percent oxygen contribution in gasoline. Aliphatic 
alcohols containing up to eight carbons are allowed to contribute 
up to 3.7 weight percent oxygen in gasoline under various EPA 
waivers for blending alcohols in gasoline. However, these 
waivers usually limit methanol to 5 volume percent (2.5 wt.% 
oxygen) or less in the gasoline. 

Many of the gasoline blending properties for alcohols are shown 
in Table 2A. The blending properties for many of the ethers are 
shown in.Table 2B. Alcohols, particularly the low molecular 
weight alcohols, experience non-ideal blending in the hydrocarbon 
mixtures of gasoline. For example, the high water solubility of 
the lower molecular weight alcohols (propanol and lighter) 
increase the alcohol's susceptibility to extract out of the 
gasoline under wet storage conditions. This high affinity for 
water has limited their use for direct blending into gasoline. 
As an example in the U.S., ethanol is not generally blended into 
gasoline at the refinery, but is added to the gasoline just prior 
to being delivered to the gasoline station. 

Ethers on the other hand are not nearly as polar as alcohols and 
do not incur non-ideal blending effects in gasoline. As a 
result, gasoline blends with ethers are easily shipped, 
intermixed and distributed throughout the gasoline market place 
without any handling restrictions. Also, because the ether's 
oxygen content is no greater than half that of ethanol, the 
volume of ether blended for oxygen in gasoline can be double that 
of ethanol. 



OXYGENATE PRODUCTION 

The most common fuel ethers are tert?ary ethers which are easily 
made by combining aliphatic alcohols with a tertiary olefin such 
as isobutylene or isoamylene. Limited amounts of tertiary 
olefins are produced as by-products of high temperature thermal 
cracking processes such as olefin steam crackers or refinery 
fluid catalytic crackers. Isobutylene is also commercially made 
by dehydrogenating the corresponding tertiary paraffin: 
isobutane. Recently, process technology has been introduced to 
produce tertiary olefins by rearranging or isomerizing normal 
straight chain ole£ ins (Ref. 4) . 
Technically, methanol can be made from about any carbon source. 
However, it is most competitively made by steam reforming natural 
gas to synthesis gas (carbon monoxide and hydrogen) where it is 
then recombined into methanol. Methanol (wood alcohol) was 
originally made by pyrolizing wood in hot ovens. Biomass such as 
cellulose can be thermally pyrolized to synthesis gas via partial 
oxidation with oxygen (or air) or by indirectly heating wood 
particles in the presence of steam (Ref. 5-6). The synthesis gas 
can then be converted to methanol via conventional process means. 
These capital and operating cost are generally higher than that 
for natural gas but is still considerably lower than that for 
coal (Ref. 6) . For large scale plants (2000 plus tons per day), 
the difference in cost for biomass compared to natural gas is 
equivalent to about $1.5 to 3/MM BTU on the methanol product 
(Ref. 6) . 

A n  alternative to making all methanol is to convert some of the 
synthesis gas to higher alcohols via Fisher Tropsch reaction 
catalyst. A number of the various catalyst systems shift as much 
as 40% to 50% of the product carbon (or product energy) to the 
higher alcohols. Some of the catalyst also produce significant 
amounts of isobutanol which can be dehydrated to isobutylene for 
ether production (Ref.7-9). Because of less favorable 
thermodynamics, the production of higher alcohols will require 
more processing capacity and therefore cost slightly more on a 
carbon or BTU basis. However, these higher alcohols (or ether 
derivatives) have the added advantage of being able to deliver 
more non-petroleum carbon (and energy) into gasoline because of 
their lower oxygen content. Also, some of higher alcohols can be 
refinery blended into gasoline without converting to ethers as 
discussed in the following section. 

OXYGENATE VALUES 

All oxygenates with low water solubility characteristics should 
be able to be blended into gasoline at the refinery, and 
therefore would be expected to at least realize gasoline-octane 
value in the industry market place. Oxygenates with these 
characteristics are butanols and higher alcohols as well as the 
ethers. An additional premium over gasoline-octane value may be 



realized for their oxygen content if fuel oxygenate supplies 
should become tight in the future. Generally, the cost for 
adding octane to gasoline averages about $0.42 / octane-barrel or 
1 cents per octane-gallon. This means every octane number above 
that of gasoline's octane target specification would add 1 cents 
per gallon in additional value to the oxygenate. To a lesser 
degree, the value of the oxygenates are also effected by the 
blending vapor pressure of the oxygenate. Oxygenates with 
blending vapor pressures lower than that of gasoline allow the 
refiner to economically benefit by blending additional low cost 
butanes into the gasoline. 

MTBE is made by combining methanol with isobutylene. However, 
slightly higher alcohols such as ethanol or isopropanol can be 
substituted for methanol in the ether process. The corresponding 
ether would be ethyl tertiary butyl ether (ETBE) or isopropyl 
tertiary butyl ether (IPTBE) (Ref. 4). The value of the these 
higher alcohols as ether feedstocks is a function of the ether's 
gasoline blending value as well as the stoichiometric volume 
yields, and the alternative market value of methanol that would 
be displaced from the ether process. 

Assuming oxygenates are valued only at their gasoline-octane 
value, the values of the various alcohols are shown in Figure 2. 
The methanol, ethanol and isopropanol are shown as ether 
feedstocks while higher alcohols are shown at their gasoline 
blending values in gasoline. For comparison, the estimated cgst 
range of alcohols produced from biomass is include (Ref. 6). The 
federal government also provides an economics incentive (or 
subsidy) for alcohols from renewable sources used as 
transportation fuel. The incentive is structure as an income tax 
credit equal to 54 cents per gallon of alcohol used for fuel. 
Since it is applied on a, volume basis, the size of the credit on 
a BTU basis is dependent on the type of alcohol. For methanol, 
the credit is equal to about $9.5/MM BTU. While for pentanols 
(C5 Alcohols), the credit is only equal to $5.4/MM BTU. In anv 
case, the government subsidy has- the potential to significantly 
reduce the cost of biomass derived alcohols to below that from 
natural. gas. 

PETROLEUM REPLACEMENT 

Producing oxygenates derived from biomass for gasoline blending 
has the potential to replace significant amounts of imported 
petroleum for the U.S. The initial effects would be to displace 
imports of foreign produced methanol used in transportation 
fuels. In all cases it would be increasing' the use of renewable 
energy and reducing the net U S .  emissions of carbon dioxide 
(greenhouse) gases to the atmosphere. 

The potential for petroleum replacement is illustrated if Figure 
3A and Figure 3B.  Figure 3A shows the volume contribution of the 
various oxygenates as a function of oxygen contribution in 



gasoline. Ethers are currently limited to 2.7 wt. percent oxygen 
in gasoline and alcohols other than methanol are limited to 3.7 
wt. percent oxygen. Under these limits, ethers and the higher 
alcohols have the potential to replace from 15 to nearly 20% of 
the gasoline. If the oxygen limits are raised, the volume 
replacement potential increases to the range of 20 to 30% 
dependent on the type of oxygenate. The net volume would be 
actual higher due to both an increased utilization of butane 
blending with the low RVP oxygenates and the improved refinery 
gasoline yields associated with the oxygenates' octane 
contribution. 

Figure 3B shows the replacement potential in the form of energy. 
Since the ethers and higher alcohols have slightly lower energy 
content than gasoline, the energy replacement potential is 
slightly lower than the volume replacement. At the current 
oxygen limits, the potential is around 15% of the gasoline, but 
this can increase to the range of 20 to 30% if the allowable 
oxygen limits can be raised to 5 weight percent . 
A major benefit of most alternative and replacement fuels are 
their high octanes. In the long run, the high octanes allows 
automakers to design higher compression engines which are more 
energy efficient. As for the replacement fuels, the high octane 
allows the refiner to reduce his production cost from his other 
octanes sources such as the aromatic octane generated by gasoline 
reformer processing in the refinery. 

Figure 4 shows the expected octane contribution for various 
oxygenates as a function of their oxygen contribution in 
gasoline. At a given oxygen level, ethers provide at least twice 
as much octane than blending the alcohols in gasoline. This is 
due to a combination of the ethers' higher volume contribution 
and their generally higher octane. The high octane contribution 
from the ethers also have the potential to replace all the 
'swing' octane (and aromatic contribution) from incremental 
reformer severity in the refineries. This reforming octane is 
equal to about 3 to 4 octanes in the current gasoline pool. 

Further increases in octane contribution to gasoline can still 
have value if U.S. automakers take advantage of extra octa'ne by 
installing higher compression engines in their future vehicles. 
This is similar to the situation in Europe where the average 
g a s o l i n e  pool octane is about 91 (R+M)/2 which is about two 
numbers higher than that of the U.S. pool. Each increase in 
gasoline octane can translate into one to one and a half percent 
increase in fuel efficiency with the higher compression ratio 
engines. This type of fuel savings would support or justify the 
1 cents per octane-gallon cost of octane. 



CONCLUSION 

The highest value for fuel alcohols are in the use of making 
replacement transportation fuels. The economics of converting 
biomass to replacement fuel alcohols via the pyrolysis/synthesis 
gas route is nearly competitive today. However,the economics are 
more than competitive if the marketplace had full access to the 
currently available government subsidy for renewable based fuels. 
Replacement fuels from biomass have the potential to replace up 
to 15 8 of the U.S. gasoline derived from petroleum, and replace 
even more if the oxygen limits in gasoline can be eventually 
raised. The use of biomass based replacement fuels would also 
significantly reduce the U.S. emissions of carbon dioxide to 
greenhouse gases. 

ABBREVIATIONS 

BBL 
ETBE 
ETOH 
I BA 
I PA 
I PTBE 
MEOH 
MTBE 
MM BTU 
TAA 
TBA 

barrel 
Ethyl tertiary butyl ether 
Ethanol or ethyl alcohol 
Isobutyl alcohol 
Isopropyl alcohol 
Isopropyl tertiary butyl ether 
Methanol or methyl alcohol 
Methyl tertiary butyl ether 
Million of British Thermal Units 
Tertiary amyl alcohol ( C5 alcohol ) 
Tertiary butyl ether 
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TABLE 1 

1992 ENERGY COST IN THE INDUSTRY MARKETPLACE 

CELLULOSE NATURAL WEST TEXAS 
BIOMASS COAL GAS CRUDE 

UNITS $/dry ton $/MM BTU $MM BTU $/Barrel 

$1 MM BTU 2.33  1.4 1.86 3.4 1 

PROPANE BUTANE DIESEL GASOLINE METHANOL ETHANOL MTBE 

UNITS $/gal $/gal #/gal $/gal $/gal $/gal $/gal 

$/ MM BTU 5 .15  4.12 4.14 5.00 8.10 8.95 9.52 

REFERENCES: 6, 1 1 ,  1 2 ,  13 & 14 



TABLE 2A 
TYPICAL PROPERTIES OF FUEL ALCOHOLS 

MEOH ETOH - TPOH - TBA - IB A TAA - 
OCTANES: 
BLENDING (R&M)/2 108 (1) 

VAPOR PRESSURE: 
NEAT RVP (100F) 4 .6  

BLENDING RVP(2) 3 1 + ( I )  

BOILING PT. (F) I48 

DENSITY (LBIGAL) 6.63 

ENERGY DENSITY: 
MBTU/GAL (LHV) 56.8 

HEAT OF VAPOR.: 
MBTUIGAL @NBP 3.14 

OXYGEN DENSITY: 
VOL.% @2.7 OXYGEN 5.1 

SOLUBILITY IN WATER: 
(WT.%) I I I I 10.0 

I - INFINITE SOLUBILITY 
(1) TYPICAL FOR METHANOL WAIVERED BLENDS WITH COSOLVENTS 
(2) BRVP FOR CONCENTRATTONS GIVING 2.7% OXYGEN OR HIGHER IN GASOLINE 



TABLE 2B 
TYPICAL PROPERTIES OF FUEL ETHERS 

MTBE ETBE - DEPE TAME IPTBE TAEE 

OCTANES : 
BLENDING (R+M)/2 110 112 105 105 113 100 

VAPOR PRESSURE: 
NEAT RVP (100F) 7.8 4.0 4.9 2.5 2.5 1.2 

BLENDING RVP 8 4 5 2.5 2.5 1 

2 BOILING PT (F) 
hl 

131 161 155 187 188 214 
4 

DENSITY (LB/GAL) 6.19 6.20 6.1 6.4 1 6.3 0 6.39 

ENERGY DENSITY: 
MBTU/GAL LHV 93.5 96.9 100 100.6 NA NA 

HEAT OF VAPOR.: 
MBTU/GAL @NBP 0.86 0.83 0.9 0.90 NA NA 

OXYGEN CONTENT: 
(WT.%) 18.2 15.7 15.7 15.7 13.8 13.8 

REFERENCES: 4,15 NA - NOT AVAILABLE 













HOT-GAS CONDITIONING OF 
BIOMASS DERIVED SYNTHESIS GAS 

Mark A. Paisley and ~ o b e r t  D. Litt 
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505 King Avenue 

Columbus, Ohio 43201 

Abstract 

Battelle has tested selected catalysts to evaluate the potential for hot-gas conditioning of biomass 
gasifier product gas to modify the product gas to produce a gas suitable for methanol synthesis. The 
Battelle Process Research Unit (PRU) gasifier was utilized as a source of a stable supply of product 
gas that contained all of the trace constituents that might be present in a commercial scale gasification 
system. One goal of alternate fuel generation with renewable biomass fuels is the production of a 
liquid transportation fuel such as methanol. The hot-gas conditioning tests run were planned to 
evaluate commercial catalysts that would crack hydrocarbons and provide water gas shift activity to 
adjust the product gas composition for methanol synthesis. 

During the testing program, a novel, low cost catalyst, was identified that showed high levels of 
activity and stability. The composition of this catalyst is such that it has the potential to be a 
disposable catalyst and is free from hazardous materials. The initial tests with this catalyst showed 
high levels of water gas shift activity superior to, and hydrocarbon cracking activity nearly as high as, 
a commercial cracking catalyst tested. 



Introduction 

Biomass resources such as wood, energy plantation crops, agricultural and forestry residues, and 
municipal solid wastes offer a significant alternative to conventional fossil fuels. Additionally, 
biomass resources provide a means to reduce the net quantity of carbon dioxide (CQ) emitted to the 
atmosphere since C02 is used in the growth cycle of the biomass feedstocks. 

One of the promising technologies under development to utilize these biomass resources is 
gasification. In gasification, the biomass is converted into a mixture of gases that can later be used as 
a clean, gaseous fuel for heating, power generation, or as a feedstock for chemical synthesis. 
Chemical synthesis generally requires the use of a medium-Btu (non-nitrogen diluted) gas with 
minimal contaminants for optimum conversion to chemicals. Medium-Btu gas containing primarily 
CO and Hz can be generated using oxygen as the gasifying medium in a single-vessel gasification 
process, but the costs of pure oxygen are high. Alternatively, the gas can be generated by heating the 
biomass materials indirectly with a circulating heat carrier. The resulting gas is nitrogen free, as in 
the oxygen blown case, and can contain some level of hydrocarbons in addition to the CO and HZ. 

For medium-Btu gases to be used for chemical synthesis, the gas composition is modified to provide 
the proper ratio of the synthesis gas constituents hydrogen and carbon monoxide and to reduce 
hydrocarbon species that can reduce the effectiveness of conversion catalysts. One common chemical 
product from such synthesis reactions is methanol. Methanol shows considerable promise as an 
alternative transportation fuel. The production of methanol from medium-Btu gas is technically 
feasible using current processing methods, however, the cost is not competitive with conventional 
fuels. One major area in which cost reductions can be realized is in the preparation of the medium- 
Btu gas prior to methanol synthesis. Such preparation includes hydrocarbon (tar) destruction, 
methane reforming, and water-gas shift reactions. To achieve optimum overall process efficiencies, 
these reactions should take place as hot-gas conditioning operations integrated with the biomass 
gasifier. 

Battelle has conducted a testing program to evaluate the potential for hot-gas conditioning of the 
product gas produced from an indirectly heated gasification process. The Battelle High-Throughput 
gasification process utilizes a circulating stream of hot sand as an indirect heat transfer agent to 
perform the gasification reactions. The inherently high reactivity of biomass feedstocks allows such 
an indirect heating method to be readily adapted for gasification in a short residence time reactor 
system such as a circulating fluid bed. 

Process Background 

Development efforts on the Battelle High Throughput Gasification Process were initiated in 1977. 
Detailed process development activities were initiated in 1980 with the construction and start-up of a 
process research unit (PRU) at Battelle's West Jefferson Laboratory. These PRU investigations, 
conducted during the mid-1980s demonstrated the technical feasibility of the gasification process and 
provided the basis for a detailed process conceptual design to be generated. 



The PRU design was such that the inherently high reactivity of biomass feedstocks could be exploited. 
Conventional reactor systems, i.e., fixed bed and bubbling fluid bed gasification processes could not 
provide sufficient throughput of the biomass materials to take advantage of the biomass reactivity. 

The Battelle process employs a circulating fluid bed gasifier to provide sufficiently high throughputs 
of biomass material. Heat necessary for the gasification reactions is provided from a stream of 
circulating sand which passes between the gasifier and an associated combustion reactor. The process 
is shown schematically in Figure 1. A small amount of char is produced as a result of the 
gasification reactions (typically 20 percent of the feed material). This char provides the fuel for the 
combustor to reheat the circulating sand. The combustor like the gasifier is a circulating fluid bed 
reactor and also is capable of high throughputs. 

As a means to evaluate the potential for the hot gas conditioning of the medium Btu product gas, a 
small catalyst chamber was installed on the PRU. This chamber was designed to process 
approximately 10 percent of the output of the PRU reactor. The PRU gasifier was utilized as the 
source of a stable supply of product gas that contained all of the trace constituents that might be 
present in a commercial scale gasificatibn system. 

One goal of alternate fuel generation with renewable biomass fuels is the production of a liquid 
transportation fuel such as methanol. The hot-gas conditioning tests were planned to evaluate 
commercial catalysts that would crack hydrocarbons and provide water gas shift activity to adjust the 
composition of the product gas for methanol synthesis. 

A catalyst from ICI-Katalco was chosen as the primary commercial catalyst for testing, but during the 
program a novel, low cost catalyst, DN34, was identified that showed high levels of activity and 
stability. The composition of this catalyst is such that it has the potential to be a disposable catalyst 
and is free from hazardous materials. The initial tests with this catalyst showed high levels of water 
gas shift activity and hydrocarbon cracking activity nearly as high as the commercial cracking catalyst 
tested. 

Objectives of Hot Gas Conditioning Tests 

Product gas from biomass gasification contains condensible materials (tars) that are produced to a 
greater or lesser extent depending on the type of gasification reactor used and on the gasifier 
operating conditions. The tars are primarily polynuclear aromatic hydrocarbons that generally 
considered difficult to destroy by any process other that combustion. The tars are eliminated from the 
gas by the reaction with steam, 

(1) 

One objective of the experiments described in this paper was to identify a catalyst system that could 
effectively remove these tar materials from the product gas. Initially, the target catalyst materials, 
based on the work of others, was a catalyst based on nickel impregnation. Additionally, some work 
has been done in Europe evaluating the use of dolomite as a catalyst for the destruction of these tars. 



A second objective of the hot gas conditioning tests is to produce a gas having an appropriate H2 to 
CO ratio for methanol synthesis. A H2 to CO ration of 2 or more is accepted as appropriate for 
methanol synthesis. Unfortunately, the product gas leaving most biomass gasifiers has a H2 to CO 
ratio much less than 2 and in some cases less than 1. The ratio can be adjusted by the water gas 
shift reaction, 

This reaction, like the tar destruction reaction, requires the presence of a catalyst to enhance reaction 
rates. 

Conventional synthesis gas to methanol systems cool the tar containing product gas for tar removal 
then reheat the gas for water gas shift in a separate reactor. By integrating the tar cracking reactions 
and the water gas shift reactions at the gasifier exit, several unit operations can be eliminated from the 
methanol production process thereby significantly reducing costs. 

Experimental Operation 

Test Chamber Design 

A small fluidized bed test chamber, shown in Figure 2, was installed in the PRU system. The test 
chamber is 6 inches in diameter and utilizes a catalyst bed of 10 inches depth. A disengaging zone 10 
inches in diameter was provided directly above the bed region to minimize entrainment of the catalyst 
particles. 

A perforated plate distributor was used to distribute the product gas feed into the chamber. The plate 
design allowed for a sufficient pressure drop to provide good distribution of the product gas. A 
provision to add additional steam to the product gas was made so that higher water vapor to carbon , 

levels could be investigated. 

Electric heaters surround the chambers so that specific reaction temperatures could be controlled for 
the catalyst testing. The disengaging zone of the reactor was not heat traced so the gases could cool 
slightly before sampling. 

The target gaseous hourly space velocity (GHSV) for the tests was chosen as 2000 f?lft3-hr. At this 
space velocity, a catalyst should deactivate relatively quickly, if such a tendency existed. Gas inlet 
piping and flow measurement systems were installed based on this nominal design flow rate. 

Activities conducted during this program phase included operation of the PRU to generate a stable 
source of medium-Btu gas for hot-gas conditioning studies, installation and operation of a hot-gas 
conditioning chamber, and evaluation of the effect of pressurized operation of the system. During 
these studies, additional process data that will be valuable for process scale up was generated. This 
section discusses these experimental results. 



Feedstock Selection 

Two feedstocks were utilized during the experimental program as feedstocks. Both of the feedstocks 
chosen are candidate, high-growth species that can be used as energy plantation crops. Hybridpoplar 
represents a woody biomass energy crop. The poplar tested was supplied to Battelle as whole tree 
chips including branches, leaves, and heart wood. The second feedstock tested, switch grass, 
represented an herbaceous energy crop. Switch grass is grown primarily as a rotational crop and is 
used as cattle feed. The potential for switch grass as an energy crop lies in the potentially high yields 
of the material from currently idle farmland. 

During this phase of program development, tests were run in the PRU with both of these feedstocks 
and during all but the shakedown periods a portion of the product gas was passed through the hot-gas 
conditioning chamber to generate information on the performance of catalysts for this application. 
The following sections describe the data and results generated during this testing. 

Catalysts Evaluated 

Two catalysts were tested during the program. The first of these was a nickel based cracking catalyst 
from ICI, Katalco and was designated ICI-46-1 by the manufacturer. The catalyst is an extruded 
material made by co-precipitation then firing the resulting clay-like material after extrusion. This 
particular catalyst had given good results as a cracking catalyst in testing at both Pacific Northwest 
Laboratories and the National Renewable Energy Laboratory. Before testing, the catalyst was crushed 
and screened to provide a suitable material for fluidized bed testing. Chemical evaluations verified 
that no change in the metal loading of the catalyst was evident as a result of the crushing operation. 
A particle size range of 16x40 mesh was chosen for the ICI catalyst. 

A second proprietary catalyst, DN34, was used for the baseline tests and for a Iater factorial designed 
matrix of experiments in the catalyst test chamber. This material, like the ICI catalyst was crushed to 
16x40 mesh so it could be fluidized in the catalyst test chamber. DN34 contains much lower cost 
materials than more conventional catalysts such as the ICI catalyst which provides the potential for a 
much lower cost catalyst system. Although further testing is required with DN34 to verify the 
results, the initial tests have shown that the catalyst may be of sufficiently low cost and chemical 
character that it can serve as a disposable catalyst. 

The results of the tests with both of these catalyst materials follows. 

Results and Discussion 

Catalyst DN34 

The initial tests with the proprietary catalyst, DN34, were designed to develop a baseline performance 
level with this catalyst material. During these tests no additional steam was added to the product gas 
over that present at the gasifier exit. The product gas fed to the catalyst chamber was taken from the 
PRU outlet line ahead of the product scrubber where the gas has not been cooled and was fed through 
a heat traced line to maintain its temperature. This slip stream was small in relation to the total 



product stream so a stable flow of gas could be provided to the catdyst chamber regardless of slight 
changes in product gas production rates in the gasifier. 

To generate data on catalyst life the same catalyst'bed was used for all of the tests run with hybrid 
poplar. These tests represent over 50 hours of operation during which time the DN34 catalyst bed 
showed no apparent deactivation. The DN 34 catalyst requires no pre-reduction step, unlike 
commercial cracking and/or water gas shift catalysts. 

ICI 46-1 Catalyst 

The ICI-46-1 catalyst is a supported nickel oxide catalyst that has been promoted with potash to 
prevent the formation and accumulation of carbon during steam reforming reactions. This catalyst 
was chosen for testing based on previous promising results in testing at PNL and NREL. The catalyst 
was tested in a parallel catalyst chamber, of identical design to the chamber discussed above, to 
provide a direct one-to-one comparison of the ICI catalyst with the DN34 catalyst. Provision to feed 
hydrogen and steam to the catalyst chamber was provided so that the manufacturer's startup and 
conditioning procedure could be followed. The startup procedufe reduces the nickel oxide to nickel 
metal and removes sulfur from the surface of the catalyst. The catalyst is shipped in the sulfided state 
to protect the active metal from contamination. 

Tests with the ICI catalyst showed a significant reduction in activity from the initial test to later tests 
as evidenced by the methane concentration in the product gas. The methane concentration at the exit 
of the catalyst chamber rose from 0.53 percent to 6.64 percent in two sequential tests. Steam 
concentrations and catalyst bed temperatures were approximately the same for both of these tests. A 
somewhat higher space velocity was utilized during the first test (2666 vs 2530) which further 
confirms the loss in activity. Temperatures during the tests with ICI 46-1 were within the 
recommended operating temperature range suggested by the manufacturer, who lists temperatures up 
to 1832F (1000C) when used in combination with other catalysts as would be the case in a methanol 
system or 1562F (850C) when used alone. Steam concentrations in the product gas are likewise 
within the recommended range for this catalyst. The reduction in activity, therefore, is not caused by 
any external variables, but rather is a characteristic leveIling off of activity during the initial hours of 
operation of the catalyst. 

The ICI-46-1 catalyst is a highly specific cracking catalyst. As such, it exhibited very little water gas 
shift activity as shown by the CO concentrations at the exit of the catalyst.chamber. The increased 
hydrogen concentrations are a result of the steam cracking reaction: 

or expressed as the more generic cracking reaction shown previously in Equation 1. To provide the 
proper H2 to CO ratio using ICI 46-1 as a hot-gas conditioning catalyst will then require a separate 
catalyst chamber to accomplish the water gas shift. Such a second chamber will increase the capital 
and operating costs of commercial scale methanol production . 



Tar Measurements 

The tars produced in the gasification system are measured by collection in a Modified Method 5 train. 
The train consists of a pyrex cyclone followed by four pyrex impingers in series. The impingers are 
placed in an ice bath to condense the tars and any water present. A final impinger contains silica gel 
to remove any residual water vapor prior to the measurement of flow through a dry gas meter. 

To recover the tar samples, the cyclone and impingers are rinsed with toluene. The tar containing 
toluene is filtered to remove any sand or solid char particles and then dried to remove the toluene and 
any residual water from the sample. Weights are then recorded and related to the sample flow 
measured during the test. Tar samples were collected during each of the PRU tests at both the inlet 
and outlet of the catalyst chambers. 

Typical results of these sample collections is provided in Table 1. In most cases the tars produced 
from switch grass are less than 50 percent of those produced with the hybrid poplar. Switch grass 
has a somewhat lower volatile matter content than hybrid poplar or other woody biomass species. 
Some of the volatile carbon in switch grass, like that in some other herbaceous feed materials such as 
rice hulls, tends to be enclosed in a silica matrix. This "encapsulation" can restrict the availability of 
the carbon and can therefore lower overall tar generation rates. Tar production from hybrid poplar 
was 0.001 iblft? or approximately 1 percent of the dry weight of wood fed to the gasifier during these 
tests. The tar production rate from switch grass was approximately 0.0005 lb/ft3 or approximately 
0.5 percent of the dry feed rate. 

Table 1. Typical Tar Collection Results 

As shown, in each case, a significant reduction of the condensible material in the gas stream was 
evident as a result of passing through the catalyst chamber. In all cases, the tar concentration was 
reduced by an order of magnitude or more regardless of the catalyst used. 

Hybrid Poplar 

Switch Grass 

The ICI 46-1 catalyst is specifically designed to be effective in cracking hydrocarbons with boiling 
points op to 430F (220C). The tests run in the PRU verified this design criteria. The reduction in 
tar concentration from the product gas, however, was less than that evident with the DN34 catalyst as 

. shown in Table 1 above. Since the product gas from the Battelle gasification system produces a gas 
with a tar concentration lower than that of other biomass gasifiers and the tars are of a lower 
molecular weight (i.e. lower boiling point)3, the use of ICI 46-1 as a commercial scale hot- gas 
conditioning catalyst is unlikely. 

Product Gas Tar 
Content, 

lb/ft3 (x lo3) 

1.1 

0.55 

0.3 

0.58 

ON-34 Outlet 
lb/ft3 (x lo3) 

0.037 

0.09 

ICI-46- 1 Outlet 
lb/ft3 (x 1 03) 

0.01 

0.22 



Other commercial cracking catalysts might be potential candidates, but testing such as conducted 
during this program will be necessary to determine their effectiveness before commercial applications 
are planned. 

The DN34 catalyst, on the other hand, showed a high level of tar destruction during the tests run. 
C,+ hydrocarbons were essentially eliminated from the product gas during all tests. Methane 
cracking was initially high, reducing incoming levels by 213. The methane cracking activity tended to 
reduce with time to a point where only 12 percent of the incoming methane was consumed in the 
reactions. 

Water Gas Shift Reactivity 

The other reaction of interest for a hot-gas conditioning catalyst is the water gas shift reaction. 
During these tests, ICI 46-1 catalyst showed very little shift activity. As shown in Table 2, the H2 to 
CO ratio was increase from 0.64: 1 to slightly over 1: 1 while the DN 34 catalyst showed an exit ratio 
of 2.8: 1 with the same feed gas and reactor conditions. 

Table 2. Water Gas Shift Data DN-34 and ICI-46-1 

Water gas shift reactivity with DN 34 remained high throughout the tests with the catalyst. The 
results with the DN34 catalyst are shown in Table 3 below. Comparing these results with the water 
concentrations in the product gas, shown in Table 2, shows that the Ht to CO ratio can be adjusted 
based on the inlet steam concentration. At higher steam concentrations in the product gas, a higher 
H2 to CO ratio can be realized at the outlet of the catalyst chamber. Low steam concentration tests 
(25 to 35 percent) provide ratios of 1: 1 to 2: 1 while a high steam concentration (47 percent) 
provides a product gas with a ratio of as high as 12: 1. The relationship between inlet steam 
concentration and the final Hz to CO ratio is illustrated in Figure 3. , 

ICI-46-1 
Outlet H,/CO 

1.15 

1.31 

DN-34 Outlet 
H2/C0 

1.74 

2.80 

3.06 

12.25 

Inlet H2/C0 
Ratio 

0.70 

0.64 

0.73 

0.59 

0.55 

Steam 
Conc. -% 

25 

35 

40 

45 

65 



Table 3. Product Gas Analyes DN-34 Catalyst Tests Nitrogen Free 

DN 34 Performance over a Range of Conditions 

, 

The initial success with DN34 led to a decision to examine its performance through a factorially 
designed experimental matrix during the switch grass testing. This matrix was developed jointly by 
Battelle and NREL to examine high and low temperatures, high and low space velocities, and high 
and low steam levels. The baseline matrix used is shown below in Table 4. 

Table 4. Baseline Test Matrix 
DN34 Catalyst Testing 

, Hz 

, co2 
C2H4 

35% H20 
Feed Gas 

Outlet Gas Conc. - 
% 

43.12 

27.64 

-- 

0.23 

-- 

13.62 

15.39 

65% H20 
Feed Gas 

Outlet Gas Conc. - 
% 

55.49 

22.31 

0.39 

-- 

-- 

7.28 

14.53 
J 

Typical 
Inlet Gas 
Conc. -% 

26.1 

15.2 

5.2 

Steam 
Concentration 

-% 

58 

40 

58 
d 

40 

58 

40 

58 

40 

Chamber 

A 

B 

A 

B 

A 
\ 

B 

A 

B 

25% H,O 
Feed Gas 

Outlet Gas Conc. -% 

36.73 

25.42 

1.68 

0.54 

-- 

14.52 

21.10 

C,H6 

C2H2 

, CH4 

CO 

/ 

Temperature 
C" 

815 

650 

650 

815 

0.4 

0.6 

14.7 

37.8 

Space 
Velocity 

1500 

2500 

1500 

i 2500 

650 

815 

815 

650 

2500 

1500 

2500 

1500 



These target values were used as a guideline in establishing test conditions during the switch grass 
tests. In general, these target conditions were achieved with the exception of the high steam level 
which was increased to 60 to 65 percent during the tests. The results of the matrix experiments are 
found in Table 5 below. 

The results of the matrix experiments were as expected. Higher temperatures coupled with higher 
steam rates and lower space velocities resulted in higher conversion levels. The test run with high 
temperature (1500F), high steam content (64.9 percent), and low space velocity (1500) showed that 
over 80 percent of the available CO was shifted to H, and 40 percent of the methane in the product 
gas was destroyed. 

No degradation of the catalyst was evident during any of the tests even those run at the high 
temperature level. Commercial cracking catalysts tend to lose activity at temperatures above about 
1400F. Higher temperatures, higher steam content, and lower space velocities in general provide 
higher levels of activity while lower temperatures, steam levels , and higher space velocities tend to 
decrease reaction. 

These experiments. defined the boundaries for the DN34 catalyst. Subsequent testing will further 
verify its usefulness as a commercial catalyst. 

Table 5. Gas Chromatograph Results-Catalyst Testing 
Switch' Grass Feedstock 

Dry 
Gas 
% 

H2 

c02 

CzH4 

C2H6 

, C2H2 

N2 

CH4 

CO 

7-23 
1500 F 

25000 GHS 
v 

43.7% 
H 2 0  

Outlet 

38.69 

24.1 3 

1.34 

0.27 

-- 

19.28 

7.77 

8.52 

7-22 
1500 F 

1500 GHS 
v 

64.9% 
H2O 

Outlet 

46.67 

27.18 

0.33 

..- 

-- 

15.89 

6.1 2 

3.81 

7-23 
1200 F 

1500 GHS 
v 

65.5% 
'420 

Outlet 

16.73 

1 1.96 

3.64 

0.25 

0.39 
I 

32.13 

9.13 

25.77 

Test 
7-23 
l nlet 

16.74 

11.79 

3.90 

0.31 

0.41 

28.67 

9.77 

28.41 

Test 
7-22 
Inlet 

1 7.43 

10.75 

4.20 

0.24 

0.56 

24.47 

10.67 

31.68 

7-22 
1200 F 

2500 GHS 
v 

38.9% 
H 2 0  

Outlet 

24.09 

15.46 

3.43 

0.32 

-- 

24.52 

9.94 

22.24 



Table 5. Gas Chromatograph Results-Catalyst Testing 
Switch Grass Feedstock (Continued) 

Dry Gas 
% 

H2 

co2 
C2H4 

C2H6 

C2H2 

N2 

CH4 

CO 
II 

7-24 
1200 F 

1500 GHS 
v 

45.6% 

H2O 
Outlet 

33.01 

24.14 

2.07 

0.39 

-- 

I 24.05 

8.81 

7.53 

Test 
7-24 
InIet 

18.23 

1 1.74 

3.67 

0.21 

0.39 

28.22 

9.78 

27.75 

Dry 
Gas 
% 

w 2  

co2 
C2H4 

C2H6 

i 

Test 7-25 
Inlet 

18.40 

11.6 

3.68 

0.20 

0.38 

26.98 

10.14 

28.55 

7-24 
1500 F 

2500 GHS 
v 

61.5% 
H2O 

Outlet 

35.86 

24.84 

1.68 

0.2 

-- 

22.76 

8.20 

6.47 

C2H2 

N2 

CH4 

CO 

7-25 
1200 F 

2500 GHS 
v 

56.0 % 

H2O 
Outlet 

15.33 

13.37 

3.08 

0.11 

0.13 

36.45 

8.54 

22.99 

Test 
7-26 
Inlet 

16.77 

11.26 

3.66 

0.17 

0.45 

29.66 

9.85 

28.19 

7-26 
1500 F 

1500 GHS 
v 

45.5 % 

Outlet 
H2O 

34.74 

22.60 

1.52 

0.2 1 

-- 

20.98 

8.62 

11.34 

7-26 
1200 F 

2500 GHS 
v 

61.4% 
*20 

Outlet 

23.85 

17.32 

3,30 

0.17 

-- 

26.91 

9.41 

19.04 



A new catalyst, DN 34, has been identified that shows promise for cracking and water gas shift 
applications. DN 34 shows significant activity for steam reforming of the polynuclear aromatic tar 
compounds formed during biomass gasification. Water gas shift activity is high with DN 34 which 
will provide the opportunity to remove higher molecular weight tars and shift the gas in a single 
catalyst reactor. 

Its activity as a methane reformer is somewhat limited and may not provide adequate reduction of 
methane for methanol synthesis. Further reductions in methane may require either a modified form 
of DN 34 or the addition of second catalytic reactor. 

This catalyst is projected to be a low cost alternative to conventional catalyst systems which can 
reduce the cost of methanol production from biomass based systems. 
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ABSTRACT 

The proprietary MOP (Multiple Oxygenates Production) Process, covered by US Patent #5,070,016 which 
was granted in December 1991, offers an unique approach to the production of ethanol, methanol and 
their t-butyl ethers within the same operating facility. The MOP Process uses fully commercialized 
process operations to convert grain (or other biomass) and butanes to ethanol, methanol and their ether 
derivatives in a fully integrated complex, either as a standalone, grass roots project or integrated with an 
existing ethanol fermentation facility, petroleum refinery or petrochemical complex. 

Key to the MOP Process is the production of non hydrocarbon-derived methanol from carbon dioxide that 
is normally vented from the ethanol fermentation process plus by-product hydrogen from the butane 
dehydrogenation process (or other external source). In most cases, the methanol is produced entirely 
from the offgas streams rather than from natural gas, the preferred raw material for the production of 
most conventional methanol. 

The integrated MOP Process is highly flexible, especially in terms of its finished product slate, and offers 
significant cost advantages for the production of MtBE and EtBE from the basic grain and butane raw 
materials, compared to conventional ether production methods which typically rely on purchased alcohol 
raw materials. Overall cost advantages for the production of methanol from biomass-derived carbon 
dioxide and by-product hydrogen are 42-48 centslUSga1, or 14- 16 centstUSga1 of MtBE equivalent. 



BACKGROUND 

The passage of the Clean Air Act amendments in 1990 in the United States, the location of the world's 
largest gasoline market, has dramatically increased the need for oxygenates (ethanol, methanol, t-butyl 
ethers, isoamyl ethers, etc). Over the next decade, the vast majority of the 115 billion gallons per year 
(7,500,000 barrels per day) of gasoline used by US motorists will have to be reformulated gasoline, 
containing 12- 18 volume percent oxygenates. 

Currently, the bulk of the oxygenate market is being supplied by MtBE (methyl tertiary butyl ether) and 
ethanol, although TAME (tertiary amyl methyl ether) and their ethanol equivalents (EtBE and EtAE) are 
becoming increasingly important. Ethers are favored over ethanol by most refiners as they are totally 
compatible with gasoline, have high blending Octane values and low blending vapor pressures, as shown 
in Table 1, and provide significant dilution effect for benzene, aromatics, olefins and sulfur. By 
comparison, the alcohols have high blending vapor pressures and are not fungible with gasoline due to 
their infinite water solubility and related phase separation problems. 

Table 1 
Important Properties of AIcohoIs and Ethers 

Property MeOH EtOH MtBE EtBE TAME 

Lb/Gal 6.63 6.61 6.20 6.20 6.40 
W t  % Oxygen 49.90 34.70 18.20 15.70 15.70 
Lb OxygenIGal 3.31 2.29 1.13 0.97 1 .OO 
Water solubility in 

product, wt % 100 '1 00  1.4 0.6 0.6 
Blending RVP, PSI 60 18 8 4 3 
Blending Octane 115 113 107 112 110 
Sensitivity Index 
(RON-MON) 27 17 14 

Ethers are produced by the direct addition of the appropriate alcohol (methanol or ethanol) to a 
hydrocarbon stream containing isobutylene or isoamylene. Methanol is traditionally produced from 
natural gas by steam reforming and methanol synthesis whereas ethanol is normally produced by the 
fermentation of biomass (typically corn, grain, maize, sugar cane, etc). The isobutylene and isoarnylene 
can either be sourced from Fluid Catalytic Cracker (FCC) C, and C, streams or can be produced from 
butane and pentane streams by isomerization and dehydrogenation. 

Lowest cost ethers are produced internally by petroleum refiners using FCC or EthyleneiNaphtha Steam 
Cracker C, and C, olefins and purchased alcohols. However, as sufficient ethers cannot be produced 
from internal feedstocks to meet total oxygenate requirements, non-refinery, butane dehydrogenation- 
based ethers must be produced. These plants are high cost, in the order of several hundred million 
dollars each, and rely on purchased alcohol for the etherification of the produced isobutylene. A number 
of grassroots, butane dehydrogenation-based ether facilities have been constructed and are currently 
operating in North America. However, numerous other projects are on hold, or have been cancelled, 
reportedly because of their inability to obtain long term aIcoh01 supply contracts and/or project financing. 



MOP TECHNOLOGY 

Introduction 

The patented MOP Technology represents a novel approach to the integration of existing commercial 
processes for the production of ethanol, non hydrocarbon-derived methanol, EtBE and MtBE from 
renewable resources (corn, grain, wood or biomass) and mixed butanes. By fully utilizing the carbon 
dioxide produced in the ethanol fermentation unit and the hydrogen recovered from the isobutylene 
production unit (isobutane dehydrogenation), substantially all of the methanol required for conversion to 
MtBE can be produced, thereby substantially eliminating the need for natural gas as feedstock. By 
comparison, approximately 30,000 SCF (standard cubic feet) of natural gas are required to produce one 
ton of methanol (100 SCF per US gallon) using conventional technology. 

During 1992, a detailed engineering evaluation of the MOP TechnoIogy was undertaken as part of a 
comprehensive site assessment study of an integrated 12,500 BPSD (barrel per stream day) mixed ethers 
compl ex1250 megawatt natural gas-fired , combined cycle cogeneration facility proposed for Northern 
Ontario. The study was partially funded by the Northern Ontario Heritage Fund and was managed by 
Kilborn Inc., a Toronto-based engineering firm, with input from Sunthetic Energy Inc., owners of the 
MOP patent, John Brown E & C on the methanol, butane isomerization and butane dehydrogenation 
process units, and CMS Generation of Dearborn, Michigan on the cogeneration facilities. 

Technical Description 

While the process scheme permits considerable flexibility, the standard MOP configuration produces 
approximately 12,500 BPSD of ethers, or 6,500 BPSD of EtBE plus 6,150 BPSD of MtBE for the mixed 
ethers complex considered in the Northern Ontario.study, as shown in Figure 1. Feedstocks include 
44,000 bushelslday of corn and 12,060 BPSD of n-butane. All of the ethanol and methanol required for 
the production of the ethers is produced internally, 2,620 BPSD (110,000 USgaljday) of ethanol from 
the corn by conventional fermentation technology and 2,140 BPSD (90,000 Usgallday) of methanol from 
biomass-derived carbon dioxide and by-product hydrogen streams. In addition to the ether products, 400 
tonslday of high protein DDGS (Distillers Dried Grains with Solubles) are produced in the ethanol 
fermentation unit. 

Utilization of by-product carbon dioxide from the ethanol fermentation plant and by-product hydrogen 
from the isobutane dehydrogenation process as raw materials for the production of methanol, rather than 
natural gas and steam as is typical in a conventional methanol plant, is key to the proprietary MOP 
process and addresses global warming concerns. Rather than venting these by-product streams to the 
atmosphere, either directly (carbon dioxide) or indirectly after combustion (hydrogen plus associated light 
hydrocarbons), they are used directly in the production of methanol: 

In the standard MOP configuration, in excess of 400 tons/day of carbon dioxide are converted to 
methanol and the two by-product streams are sufficiently large to produce all of the methanol required 
for MtBE production. In the Northern Ontario study, over 60 percent of the methanol was considered 
to be non hydrocarbon-derived methanol as it was clearly produced from biomass-derived carbon dioxide, 
with the remainder of the methanol being considered conventional methanol as it was produced from 

II 

hydrocarbons contained in the by-product hydrogen stream. Recent optimization studies have confirmed 
that close to 100 percent of the methanol can be considered to be non hydrocarbon-derived methanol as 



surplus carbon dioxide is available from the fermentation unit and the hydrocarbons in the by-product 
hydrogen stream can be removed for other energy uses. 

Economic Competitiveness 

Although the initial capital investment of a MOP project is high, in the order of $200-300 million for a 
12,500 BPSD ether facility, the project economics are very attractive as the basic raw materials (butane, 
corn or grain) are readily available, two ethers (MtBE and EtBE) are produced and non-hydrocarbon- 
derived methanol is produced internally from by-product carbon dioxide and hydrogen streams. As 
shown in Table 2, the MOP process shows significant cost advantages for the production of MtBE and 
EtBE compared to conventional ether production methods which typically rely on purchased alcohols. 
At current natural gas prices, overall cost advantages for the MOP technology are 42.8-48.0CfUSgal of 
methanol, or 14.5-16.3C/USgal of MtBE, assuming zero value for the by-product carbon dioxide and fuel 
value for the by-product hydrogen. With future increased natural gas prices, the overall cost advantages 
are 52.1-60.4ClUSgal of methanol, or 17.7-20.5ClUSgal of MtBE. 

Table 2 
Methanol and MtBE Cost Advantages 

With MOP Technology 

Current Natural Future Increased 
Gas Price Natural Gas Price 

A.  Methanol Cost Advantage vs 
Purchased Methanol, CIUSgal 
- Base Technology 6.8 
- Blender Tax Credit 36.0 
- Total Advantage 42.8 

MtBE Equiv. Advantage, $/Usgal 14.5 17.7 

Methanol Cost Advantage vs 
Internally Produced Methanol, 
C/US gal 
- Base Technology 
- Blender Tax Credit 
- Total Advantage 

MtBE Equiv. Advantage, CIUSgal 16.3 20.5 

Basis (1) Current natural gas price $2.60/MCF. Future increased natural gas price 
$4. t 5/MCF. 

(2) Natural gas displacement, MOP methanol 90%. 
(3) Non hydrocarbon-derived methanol 60%. 
(4) Reference US Gulf Coast methanol price 45-50ClUSgal current, 62-66WUSgal 

future. 



The competitiveness of the MOP technology compared to conventional production methods for MtBE and 
EtBE are clearly shown in Table 3, a comparative breakeven analysis of an existing Houston MtBE plant 
(modified to permit blocked production of MtBE and EtBE from purchased methanol, ethanol and butane) 
and a US Gulf Coast MOP project processing isobutane. With an assumed breakeven capital recovery 
charge of 20 percent per year, the MOP project ether costs are 16clUSgal lower for MtBE and 8cIUSga.l 
lower for EtBE than for the conventional technology plant. 

Table 3 
Breakeven Analysis - MOP Technology 

Houston MtBE Plant US MOP Project 
MtBE EtBE MtBE Et BE 

Production, Mill USgalIyr 

Capital Cost, $ Million 200 250 

Production Cost, SIUSgal 
Butane/lsobutane 0.39 0.35 0.43 0.41 
Methanol/Ethanol 0.1 5 0.52 0.00 0.00 
Corn less DDGS 0.00 0.00 0.00 0.1 7 
Variable Costs 0.09 0.09 0.10 0.20 
Fixed Costs 0.08 0.08 0.10 0.1 2 

Total Cash Cost, SlUSgal 0.71 1.04 0.63 0.90 
Less Tax Credits 0.00 0.23 0.1 2 - 0.23 

Net Cash Cost, SlUSgal 0.71 0.81 0.51 0.67 
Capital Charges @ 20% 0.23 0.21 0.27 0.27 

Total Cost, $/Usgal 

Basis (1)  Blocked operation of MtBE and EtBE in Houston MtBE plant, simultaneous 
production in  US MOP plant. 

(2) EtBE assumed t o  be produced in Houston MtBE plant without incremental 
capital investment. 

Project Enhancement Opportunities 

As has already been discussed, grassroots MOP projects can produce competitively priced ethers that are 
substantially bwer  cost than for conventional technology plants. Even so, project financing of a $200- 
300 million facility is difficult to accomplish. Accordingly a number of avenues have been explored to 
reduce the capital cost and the production cost of the ethers, thereby making the MOP project more 
attractive to project participants, investors and financial institutions. 

Integration of a MOP project with existing operating facilities or support infrastructure potentially offers 
substantial opportunities in that existing process streams (C, or C5 olefins), offgas streams (carbon 
dioxide, hydrogen), excess process unit capacity, offsites or utility system capacity can be utilized, 
thereby reducing overall MOP project costs. Integration possibilities generally include: 



Location of the MOP project adjacent to an existing butane isornerization unit with excess 
capacity, so that isobutane rather than n-butane can be supplied to the project. Capital 
and operating costs are reduced due to deletion of the butane isomerization unit but raw 
material costs are slightly higher as a result of the purchase of higher cost isobutane. 

Location or the MOP project adjacent to a petroleum refinery with surplus hydrogen and 
available isobutylene or isoamylene. In this manner, the capacities of the butane 
isomerization and dehydrogenation process units can be reduced for a given ether 
capacity, with the surplus hydrogen being utilized with the by-product carbon dioxide 
from the ethanol fermentation unit to produce the non hydrocarbon-derived methanol. 

Location adjacent to an existing ethanol fermentation facility with excess capacity and 
surplus carbon dioxide. Capital and operating costs are reduced as capital investment in 
the ethanol facility is avoided (or reduced if the ethanol plant must be expanded) and 
operating costs are shared. 

Location adjacent to an existing natural gas-based methanol synthesis plant with surplus 
methanol capacity and excess hydrogen (25-30 percent excess hydrogen is normally 
produced in steamlmethane reforming synthesis units because of the high 
hydrogenlcarbon ratio in methane and steam). In this situation, it may be practical to 
construct only an ethanol plant, with the by-product carbon dioxide being introduced into 
the methanol plant synthesis gas system to be combined with the excess hydrogen to 
produce methanol in the converters. The produced alcohols could then be sold to a 
petroleum refiner or an existing etherification plant operator for the production of MtBE, 
EtBE, TAME or EtAE, rather than being used internally to produce the ethers. 

Location adjacent to an existing operating facility with underutilized support 
infrastructure that could be used to support operation of a MOP project, including steam 
generation facilities, cooling water system, raw material and product storage facilities, 
raw material receiving and product loadout facilities (road, rail, marine). Shared 
operating and maintenance stafing may also be a consideration. 

Integration of a MOP project with a natural gas-fired cogeneration facility offers considerable potential 
as the cogeneration facility can provide low grade waste steam, electricity and other support infrastructure 
to the MOP project and the MOP project serves as a qualified steam host for the cogeneration facility. 
Economics of the MOP project are improved as the cost of low grade steam from a cogeneration unit is 
considerably lower than the cost of steam generated in natural gas-fired boilers and the cost of common 
support infrastructure is shared. The cogeneration facility benefits in that no major cogeneration system 
will be approved in North America without a qualified steam host, and both fuel energy and CO, 
emissions attributable to electrical power generation would be reduced substantially relative to a 
conventional thermal power plant. 

Another approach that has been considered to enhance the attractiveness of the project for participants 
and investors would be to modify the process scheme and add production facilities to permit the 
production of other compatible products in addition to the primary ethers. Possible options include 
expansion of the ethanol and/or methanol facilities to permit the sale of ethanol andlor methanol in 
addition to the ether products, or expansion of the butane isomerization and dehydrogenation facilities 
to permit the production and sale of isobutylene andlor n-butenes as well as the ether products. With the 
addition of propane dehydrogenation and olefin disproportionation facilities, it would be possible to 



produce ethylene, propylene and butylenes in addition to the ethers, thereby creating a worldscale 
petrochemical complex. 

As an overall enhancement of the MOP technology and ethanol fermentation technology in general, 
Sunthetic Energy and Kilborn are exploring the potential of using advanced biomass conversion 
technologies with lowlzero value waste biomass as raw materials for the production of low cost ethanol, 
generally as shown in Figure 2. A number of relevant process technologies are being developed by 
university researchers, research and development organizations and process licensors in North America, 
Europe and Asia but none are considered to be fully commercialized to the stage where performance 
guarantees and constructionioperating cost guarantees, satisfactory to investors and financial institutions 
investing in such a project, can be provided by reputable process licensors and engineering/construction 
firms. In view of this, Sunthetic and Kilborn have initiated discussions with private investors and the 
Government of Ontario regarding the construction and operation of an ethanol technology demonstration 
centre to permit commercialization of advanced biomass conversion technologies. Successful achievement 
of this objective will enhance MOP technology or ethanol fermentation project economics as lower cost 
ethanol would be produced from waste biomass than from conventional corn or grain feedstocks. 

Technical Benefits 

As it is perceived that the huge, unprecedented demand for oxygenates (ethers in particular) with the full 
implementation of the Clean Air Act in 1995 will place a considerable strain on conventional ether 
producers and possibly result in alcohol and ether shortages, the MOP technology distinguishes itself in 
the following areas: 

It is self-contained in that it produces all of the intermediate products (ethanol, methanol, 
isobutane, isobutylene) required to manufacture both MtBE and EtBE. 

A large portion of the methanol is non-hydrocarbon-derived in that it is produced from 
biomass-sourced carbon dioxide and by-product hydrogen. 

It uses commercially proven process technologies to produce ethanol, methanol, 
isobutane/isobutylene and ethers from readily available raw materials. 

It substantially reduces carbon dioxide emissions compared to a conventional ethanol 
plant. 

It can be efficiently integrated with a cogeneration facility wherein the low grade, waste 
steam from the cogeneration unit can be used as a source of process energy within the 
MOP complex. The MOP facility would serve as a qualified steam host for the 
cogeneration facility, would reduce the fuel energy attributable to electrical power 
generation to less than 6,000 BTU/kWh and would reduce C02 emissions attributable to 
power generation to less than 700 1blMWh. 

Substantial opportunities exist for the integration of a MOP project with existing 
operating facilities or support infrastructure, to take advantage of available raw materials, 
offgas streams, excess process unit capacity or underutilized offsite or utility system 
capacity. 

Long term opportunities exist for the utilization of advanced biomass conversion 
technologies for the conversion of waste biomass (wood waste, waste paper, lawn and 



yard wastes, agricultural waste, MSW organic matter, etc.) to low cost ethanol and, 
therefore, low cost EtBE. 

Project financing Benefits 

It is expected that most of the new ether plants needed to meet the demands of the Clean Air Act in 1995 
and beyond will be project financed, given the many pressures on the balance sheets of petroleum 
refiners. The unique characteristics of the MOP technology successfully address the major risks 
perceived by investors in large, grassroots ether facilities that rely on conventional technology and 
purchased alcohols, or even those facilities that produce their own methanol exclusively from natural gas 
or their own ethanol from grain without utilization of by-product carbon dioxide: 

Intermediate aIcohoIs and isobutylene are produced within the MOP complex, such that 
their prices cannot be controlled by third party suppliers. 

The integrated process is highly flexible, especially in terms of finished product slate, and 
can easily take advantage of swings in market demand between MtBE, EtBE and even 
ethanol and methanol. In particular, cost competitive production of low volatility EtBE 
is expected to be increasingly valuable to refiners in the Southern US non-attainment 
areas, particularly California. 

The overall cost of production of MOP ethers is well below that of conventional 
technologies and the production of methanol from waste carbon dioxide and low value, 
by-product hydrogen largely insulates North American MOP projects from expected 
increases in the price of alcohols or natural gas (the feedstock for conventional methanol). 
Additionally, as the MOP ethers are low cost, North American projects can be cost 
competitive with conventional ether projects constructed offshore in politically unstable 
countries where natural gas prices are extremely low and politically established, not 
necessarily market driven. 

The alcohol portions of MOP ethers are non hydrocarbon-derived, or renewable, in that 
biomass-sourced carbon (from corn or grain) is utilized as the raw material for both the 
ethanol and methanol, thus qualifying them for existing Blender Tax credits (which have 
been proposed to be converted to Designated Producer Tax Credits by the Clinton 
administration). Furthermore, the renewable alcohols, or the alcohol portion of the 
ethers, will qualify for additional advantages over hydrocarbon-derived alcohols 
(particularly methanol) if BTU taxes or carbon taxes are imposed on fossil fuels. 

Performance guarantees and lump sum contract prices can be provided by reputable 
technology licensors and engineering contractors. 

MOP projects are environmentally friendly with the various process units being integrated 
for maximum thermal efficiency and to permit the capture and reuse of offgas carbon 
dioxide and hydrogen streams. 

MOP projects generate significant socio-economic benefits and powerful coalitions can 
be established to generate public support for such projects. 



The MOP Patent covers the full range of renewable feedstocks and the use of advanced 
biomass conversion technologies such as bioengineered yeast and bacteria for ethanol 
fermentation and their application to the fermentation of lowlzero-value waste biomass. 

CONCLUSIONS 

The information presented in this paper has shown that the proprietary MOP technology offers an 
innovative approach to the production of low cost ethers (MtBE, EtBE or TAME and EtAE) for use in 
reformulated gasoline in the USA to meet the Clean Air Act amendments of 1990. The MOP technology 
offers substantial technical benefits over conventional ether technologies which are typically based on 
purchased alcohols in that all intermediate products (ethanol, methanol and isobutylene) are produced 
within the facility; the majority of the methanol is produced from by-product carbon dioxide and 
hydrogen streams; it is an environmentally friendly technology in that carbon dioxide emissions are 
reduced significantly; and it can be efficiently integrated with a cogeneration facility, other process 
facilities or support infrastructure to reduce overall costs and improve project economics. Ultimately, 
advanced biomass conversion technologies for the production of ethanol from waste biomass could be 
integrated into the MOP technology to reduce ethanol and EtBE costs even further. 

Because of the technical and economic advantages offered by the MOP technology, the major risks 
associated with project financing of large ether facilities that rely on conventional technologies and 
purchased alcohols have been largely overcome. Raw material (cordgrain and butane) supply contracts 
can be negotiated; ether offiake agreements can be secured as the MOP ethers are significantly lower cost 
than conventional ethers and their cost is well insulated from third party agreements; performance 
guarantees can be provided by reputable process licensors as all of the process operations are fully 
commercialized; and lump sum engineering and construction contracts can be realized. 

In order to capitalize on these and other advantages, Sunthetic Energy, while holds the exclusive North 
American licensing rights to the MOP Patent, Kilborn Inc. and other participants are currently in the 
process of developing several MOP projects at targeted sites in Canada and the USA where the 
comparative advantages over conventional MtBE/EtBE plants would be most attractive to project 
participants and ether purchasers. Projects under development include grassroots MOP projects, MOP 
projects integrated with natural gas-fired cogeneration facilities and MOP projects integrated with 
operating facilities or support infrastructure. 
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Abstract 

Methanol, ethanol and several mid-range ethers are oxygen-containing 
compounds which are used today as motor gasoline blendstocks, and which will see a 
dramatic growth as the US Clean Air Act comes into full effect. Oxygenated 
compounds have high octane characteristics, and their use is mandated by the Law 
in about half of US gasoline after 1995 since they have been found to reduce tailpipe 
emissions when blended into gasoline. This paper describes the physical and 
chemical characteristics of the major compounds, and describes the advantages and 
disadvantages of each. Market projections are presented for the United States, and in 
a general way for the rest of the world. 



CURRENT AND FUTURE MARKET DEVELOPMENTS 
FUEL ALCOHOLS AND ETHERS 

Introduction 

The Clean Air Act Amendments of 1990 (1) establish ambitious goals for the 
reduction of automotive emissions of hydrocarbons and other polluting compounds. 
Under the Act, the Environmental Protection Agency has established standards for air 
quality, and has designated a number of regions in the country which do not meet 
these standards. Each State is required by the law to submit a 'State Implementation 
Plan" which must describe what the State plans to do to bring itself into compliance 
(2)0/an Liew, 1993). This process is underway, but is far from complete at this time. 

While the States have some freedom to choose their planned actions, the Law 
requires that oxygenated compounds be blended into gasoline as part of their Plan, in 
two specific circumstances: 

Carbon Monoxide Areas. Regions which are not in compliance with 
CO standards must use gasoline containing 2.7% oxygen by weight 
during the winter months. This came into effect in the past winter, and 
was generally complied with in full. These areas use about 20% of US 
gasoline. 

Ozone Areas. Areas classified as "extreme" and "severe" non- 
compliance with ozone standards must, after January 1, 1995, use 
"reformulated" gasoline, which amongst other requirements must contain 
2.0% oxygen by weight. These areas include the major populated areas 
in California, the East Coast and other metropolitan areas in the Midwest 
and Southwest. These requirements will be in effect year around. The 
use of reformulated gasoline in other areas may be part of the State 
Plan. These areas overlap the carbon monoxide areas. Taken together, 
it is likely that more than half of US gasoline will contain oxygen by 1995. 

The non-compliance areas are illustrated in Figure 1, which is based upon data 
supplied by the EPA. Several factors are worth noting in addition to the East and 
West Coast concentrations: 

*** Gasoline is produced in refineries concentrated in oil-producing States, 
which are in turn connected to ultimate markets by several major 
pipelines. This will inevitably mean that some pipe-lined gasoline will 
contain oxygenates even though not legally required by the consuming 
region. 



*** Large parts of the country are unaffected by the requirements. These 
regions are coincidentally those which have used ethanol in "gasohol", 
and which will no doubt continue to do so. 

U.S. NONCOMPLIANCE REGIONS 

Figure 1 

Oxygen's Effect on Emissions 

Simply put, if undesirable emissions from automobiles contain unburned 
hydrocarbons, and CO (which is a product of incomplete combustion), then extra 
oxygen in the fuel should be helpful by completing the burning process. This is in fact 
the case. Tests made by a consortium of automobile manufacturers and oil 
companies show that oxygen content does reduce both these components. Some 
results of these tests are shown in Figure 2, indicating that a 10% to 20% reduction is 
possible in the emissions from automobile exhausts, using oxygen contents similar to 
those called for in the legislation. 
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Figure 2 

These data describe real effects, but the actuai reductions achieved in practice 
depend in a complicated way on other factors, such as the age of the vehicle, cold- or 
hot- starts etc. In any event, the role of oxygenates in gasoline is part of the Law, and 
is not likely to be changed in the near future. 



Characteristics of Oxygenates 

Oxygen is introduced into gasoline by blending a separate compound which 
itself contains oxygen. Several practical considerations govern the selection of the 
additive: 

1. It must mix with the gasoline, and stay mixed under all conditions of 
operation and storage. In particular, it must not form a separate phase if 
water is present in the gasoline system. 

2. It must have about the same boiling point as other gasoline components, 
so that the resulting mixture will comply with the ASTM specification for 
boiling ranges. 

3. Its blending vapor pressure should not result in a gasoline which 
exceeds RVP standards for the area. 

4. Its blending octane should be as high as possible, and at least as high 
as premium gasoline. 

5. It must be available in large quantities at reasonable cost, and preferably 
be made in the USA. 

6. Its manufacture must not create as much pollution as its use avoids. 

7. Its toxicity mvst be as low as possible. 

These requirements limit consideration to two classes of compounds: the light 
alcohols (methanol and ethanol) and the mid-range (5+ carbon) alkyl ethers. The 
following paragraphs discuss the characteristics of these fuel components individually. 

Ethanol 

Figure 3 shows some of the basic characteristics of ethanol in the light of the 
requirements listed above. 

Ethanol is blended directly into gasoline at 10% concentration (gasohol) in the 
Midwest and to a lesser degree elsewhere. It has excellent octane characteristics, but 
its water solubility has kept it from being shipped in gasoline pipelines. It is usually 
"splash-blended'' at the Terminal. To meet the Clean Air Act oxygen requirements, 
ethanol must be blended at 5.7 to 7.8% by volume, which is well below the 10% 
gasohol level. 

For oxygenated gasoline in the CO areas, ethanol is entirely satisfactory. It was 
widely used this past winter for that purpose. Made from corn, it is, of course, a 
renewable source of fuel. 



Ethanol's widespread usage in gasoline is, however, limited by several 
problems: 

Its vapor pressure is quite high, and it cannot presently be used for summer 
gasoline in the southern States, particularly where reformulation is anticipated. Its use 
in marine applications is considered to be dangerous. 

Ethanol is granted a substantial Federal subsidy which brings its cost into the 
economic range in competition with other fuels. For gasoline blending, this amounts 
to a 54 cent reduction per gallon in the blending cost of ethanol, compared to its basic 
price of about $1.20 per gallon. Maintenance of this subsidy is critical to justify 
investment in new plants. Present ethanol capacity can meet some of the required 
oxygenate needs, but by no means all of them. 

E T H Y L  ALCOHOL 
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Figure 3 



Methanol 

The other light alcohol for fuel use is methanol, which is an even simpler and 
lighter compound than ethanol, and is nearly 50% oxygen by weight. Its use can be 
considered in three contexts: 

1. As a substantially pure fuel: 

It has high octane, and is especially suited for high-compression engines 
as in racing cars. 

It has good emission-reduction characteristics. 

For practical use it must be blended with about 15% gasoline to permit 
easier starting. 

It has severe problems in widespread use which include storage and 
distribution problems, lower range of operation, new requirements for 
lubrication, storage and seals. 

Methanol is soluble in water, and spills could cause widespread 
problems with toxicity. 

This use is a possibility but is still some years away. 

2. As an oxygenate additive in gasoline. 

Problems include the need for a cosolvent to dissolve methanol in 
gasoline at low concentration, and even more severe vapor pressure and 
distribution problems than ethanol. 

This use is not permitted by the EPA. 

3. As feedstock for the generation of ethers, and specifically MTBE as 
described below. 

This is a widespread and continuing use for methanol. 

Some general characteristics of methanol are shown in Figure 4 on the next 
page. 



Methanol was originally manufactured by the destructive distillation of wood 
(hence the term "wood alcohol"). Today it is manufactured to a minor degree from 
coal, but almost exclusively by the steam "reforming" of natural gas. This process is 
highly developed and is offered for license by a number of suppliers. It is most 
economical in very large plants located in regions of the world where natural gas is 
inexpensive. It is made both domestically and overseas. Reaction with isobutylene to 
make MTBE is a major use, but it is also used for other petrochemical purposes as 
well. 

Figure 4 
Alkyl Ethers 

M E  THY L ALCOHOL 

The light alkyl ethers are the second major class of gasoline oxygenate 
additives. They are made by reacting a light iso-olefin (such as isobutylene) with a 
light alcohol (ethanol or methanol). This is a fairly simple and straightforward process. 
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The resulting ethers have good oxygen contents, high octane values and they 
blend completely with gasoline, permitting their shipment in pipelines, etc. From the 
refiner's standpoint they are well accepted, and have been used successfully for some 
years. 

Three of them are in the running for reformulated gasoline: 



Methyl Tertiary Butyl Ether (MTBE) 

This is the most widely known and accepted oxygenate. It is manufactured 
from isobutylene and methanol. Generally there are four sources of isobutylene for 
this purpose: 

a. Refinery production from catalytic crackers. This method is simplest and 
least expensive, since the isobutylene is already produced in the 
refineries, and can be used as-is. Many plants of this type are in 
operation or under construction. They will not, however, have enough 
capacity to meet more than a fraction of the needed ether. 

b. Merchant production from isobutylene produced in the process of 
making propylene oxide. This is presently the largest single source, but 
its future growth is constrained by the size of the~propylene oxide 
market, not the gasoline market. 

c. Merchant production from isobutylene produced in ethylene crackers. 
This is also limited in growth potential. 

d. lsobutylene made by dehydrogenation of isobutane. This is the most 
expensive way to make MTBE, but it is the only route which can exploit 
the very large natural gas resources almost without limit in the total 
market. Several plants of this type are producing MTBE in the US and 
elsewhere. More are planned. 

As can be seen from Figure 5, MTBE has good octane, and relatively low vapor 
pressure. To meet the oxygenate requirement of the Law, 11% to 15% of MTBE is 
required to be blended. 
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Figure 5 
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Ethyl Tertiary Butyl Ether (ETBE) 
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This compound is very similar to MTBE, and is made in the same way except 
that ethanol is used rather than methanol. As can be seen from Figure 6, it has a 
lower vapor pressure, and a higher blending octane than MTBE. Its oxygen content is 
somewhat lower so that more of it is needed for oxygenation purposes. In these 
respects it has advantages over MTBE. As of now, it has not been widely used, since 
MTBE has been the market leader. As with any fuel using ethanol, its economics are 
dependent on continued subsidies. 

Its ethanol content does give it a renewable energy component. To some 
extent, its future market will depend on the degree to which ethanol is used directly as 
described above. 
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Figure 6 

Tertiary Amyl Methyl Ether (TAME) . 

This ether is manufactured by reacting iso-amylene with methanol to produce 
the molecule shown in Figure 7. It has the same overall formula as RBE, but has a 
lower vapor pressure (good) but a lower blending octane (less good). 

It is manufactured only in refineries, using the C, olefin stream produced as part 
of the catalytic cracker gasoline. Its adoption provides a doubly favorable effect. By 
removing isoamylene from the gasoline, the gasoline olefin content is reduced 
(probably to be required in 1995) and at the same time it adds oxygen needed for 
reformulation. 

Two other ethers (Tertiary Amyl Ethyl Ether, and Diisopropyl ether) are 
possibilities, but are likely to play only small roles in the market for the immediate 
future. 



Figure 7 
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Before the implementation of the Clean Air Act's oxygenated fuels program in 
the winter of 1992-3, demand for these fuels was driven strictly by economics and by 
the operational priorities of the'refining and marketing industries. 

Ethanol was blended into gasoline as gasohol at about 60,000 barrels per day, 
affecting something less than 10% of the total gasoline market. This fuel is common 
in the Midwest States and to a lesser degree elsewhere. Generally, the alcohol was 
simpiy added at the terminal to finished gasoline as an extender, and in most cases 
the additional octane was in effect given away. Ethanol for this purpose was made in 
existing plants from corn, generally in places close to the eventual usage point. 

Methanol was blended into gasoline only in a very minor way, mostly on an 
experimental or "demonstration" basis. The alcohol entered the fuel market primarily 
as one of the feedstocks for making MTBE. 

MTBE was blended into gasoline as an octane enhancer, at the rate of about 
45,000 to 55,000 B/D. Actual production of MTBE was much higher than this, since 
the ether was being stockpiled for the larger use anticipated for the winter oxygenated 
fuels program. 



Other oxygenates had little or no market penetration. 

Starting in September, 1992 increasing amounts of oxygenates were blended 
into gasoline for distribution as the CO program got undeway. 

For 1992 as a whole, MTBE usage amounted to 115,000 BID on a year around 
basis reflecting the movement of previously stored oxygenates into the system. Of this 

- - total, almost 20,000 B/D was imported (mostly from Canada and the Caribbean). 
Ethanol usage rose to 69,000 B/D on the same basis. Methanol usage rose to about 
39,000 B/D mostly as feedstock for MTBE. Minor amounts of ETBE were 

,. manufactured and tested commercially. Some TAME entered the fuel pool as refinery- 
based units came on stream. 

In 1995, the major phase of the Clean Air Act will come into effect, and markets 
for oxygenated fuels will increase dramatically. These trends are shown in Table 1 
below, and in Figure 8 on the next page. 

When implementation is complete (say in 1997), Ethanol usage wiil jump from 
69,000 to about 110,000 BID as new plants come on stream. MTBE and ETBE 
together will see total consumption of about 310,000 BID. The balance of demand will 
come from about 41,000 B/D of TAME and other ethers. Supply and Demand will be 
balanced by significant imports of MTBE from the sources described above and from 
large new plants in the Middle East. 

In summary, demand for oxygenated fuels will be driven by the needs of the 
Clean Air Act, and will be supplied by a combination of domestic and offshore plants 
producing all of the oxygenate types. A full implementation of the Act will require that 
each of these sources contribute, since no one af them can do the job by itself. 

Market Dynamics for Oxygenated Fuels 
BamIs/Calendar Day 

1992 
Methanol Methanol 

Supply From Ethanol as Fuel in MTBE MTBE JlTBE TAME Other 
Refineries: 11,050 32,500 5,000 

Merchant Plants: 69,000 600 21,590 63,500 
Imports: 6,460 19,000 
TOTAL: 69,000 600 39,100 115,000 SO00 

1997 
Methanol Methanol 

Supply From Ethanol as Fuel in MTBE MTBE EIgE TAME Other 
Ref incrits: 26,384 77,600 9,000 37,000 4,000 

Merchant Plants. 110,000 3,000 53,244 156,600 20,000 
Imports: 15,810 46,500 
TOTAL: 110,000 3,000 95,438 280,700 29,000 37,000 4,000 



Total Oxygenate Demand in the USA 
Ethers and Ethanol 

Figure 8 
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Abstract 

Ethanol has become an increasingly important he1 additive in the US over the past decade. 
Recent clean-air legislation has mandated the use of cleaner burning hels in specific 
regions and seasons across the US. The hdarnental role of fuel ethanol is changing fiom 
an octane enhancing gasoline substitute to one of a number of possible clean-air additives. 
In addtion to these changing market conditions the institutional structure surrounding the 
ethanol market has changed. Wlule there is a uniform national subsidy for ethanol use, 
each state has its own supplemental subsidy level which can vary fiom zero to $.40 per 
gallon. State subsidy levels have been declining. This paper uses data from 1984: 1 
through 1990 : 12 and explores the economic characteristics of the US ethanol market so 
that possible supply responses to new clean-air legislation can be addressed. Specific 
issues regarding whether we have individual state-level markets or a national market are 
discussed. The implications of tlus market structure are important for determining state 
and federal subsidies and their possible impact on budget deficits. 



Introduction 

Ethanol has become an increasingly important fuel additive in the U.S. over the past decade. 
Recent clean-air legislation has mandated the use of cleaner burning fuels in specific regions and seasons 
across the U.S. The fundamental role of fuel ethanol is changing fiom an octane enhancing gasoline 
substitute to one of a number of possible clean-air additives. In addition to these changing market 
conditions the institutional structure surroundmg the ethanol market has changed. While there is a uniform 
national subsidy for ethanol use, each state has its own supplemen~l subsidy level which can vary from 
zero to S.40 per gallon. State subsidy levels have been declining in response to tighter state budgets and 
lower ethanol costs. This paper explores the economic characteristics of the US ethanol market focusing 
on the supply and demand characteristics so that possible supply responses to new clean-air legislation can 
be addressed. Two-stage,least squares estimates fiom an ethanol supplydemand system are recovered and 
analyzed. Specific issues regarding whether we have indvidual state-level markets or a national market are 
also discussed. The implications of this market structure are important for determining state and federal 
subsidies and their possible impact on budget deficits. 

1 The Ethanol Economics Literature 

Ethanol's role in the U.S. as a renewable fuel alternative has been largely ignored by economists. 
While Rask, Rask, and Tiefenthaler [I9931 appears to be the first economic journal article on the subject, 
there are many unpublished policy manuscripts and technical reports by federal agencies on various issues 
relating to our ethanol sector. There is an extensive literature on Brazil's ethanol industry, the largest 
ethanol industry in the world. Rask [1991], Seroa da Motta and da Rocha Ferreira [1988], Geller [1985], 
and Barzelay and Pearson [1982], examine the cost-benefit of ethanol versus imported oil, but since the 
Brazilian market is so entirely government price controlled, market responses to exogenous economic 
conditions do not really exist. This is not the case in the United States. While there have been and continue 
to be significant government intervention in the form of subsidies and regulations, the producers are fiee to 
price and produce as they see fit, and the consumers (the fuel retailers) are fiee to use ethanol based upon 
its market characteristics. In light of new clean-air act regulations the role of ethanol as a fuel additive is 
changing. This paper begins to address the gap in the economics literature by providing a basic 
understanding of the relationships which characteristize the market for ethanol in the United States. 

2 A Description of the U.S. Ethanol Market 

The U.S. ethanol market is characterized by heavily centralized production in the Midwest. In 
1991 Illinois accounted for 50% of national production, with Iowa, Indiana, and Ohlo producing 24%, 6% 
and 6% respectively. Consumption has also been somewhat regional in the Midwest. In 199 1 the area 
bounded by North Dakota, Kansas, Tennessee, and Ohio accounted for 70% of ethanol use. The 
production concentration is largely a result of proximity to the main input to ethanol, corn stocks. These 
consumption patterns have largely been determined by state subsidies which vary across the country and 
tend to be larger in the Midwest. Ethanol sold anywhere is federally subsidized at $0.54 per gallon and 
state subsidies add about $0.10 more on average. 

State subsidies vary in amount and fonn and are concentrated in corn producing states. In Ohio, 
the state tax exemption is applied at the wholesale level directly to ethanol sales and is currently $0.15 per 
gallon of ethanol. Thus, the net cost of ethanol to a gas station would be $0.69 less th& the market price 
of ethanol. For example, if ethanol sold for $1.30 per gallon, the net cost to the gas station would be $0.61 



per gallon ($1.30 - $0.69 = $0.61). State subsidies, however, are gradually declining as state budgets come 
under increasing pressure and policy makers realize that local producers may not be capturing all of the 
state subsidy rents. In effect, one state may be subsidizing production in another state. This occurs 
because state subsidies vary widely, yet state producer prices are relatively uniform. This is because the 
subsidy is given to the retailer and not directly to the producer. It is unclear in this type of market who in 
the marketing chain retains most of the subsidy; local producers, surplus producers in other states, the 
transportation system, wholesalers, or retailers. Along with these pressures to eliminate state subsidies, 
ethanol prices have been dropping somewhat over the past decade. State policy makers also realize it takes 
less of a subsidy to encourage ethanol use when the price of ethanol is falling. 

2.1 Data Descripbon 

The data set used in th~s paper covers 1 1 states over the period 1984 through 1990 with monthly 
observations on all variables except population. The 11 states were chosen because each had a long 
enough time series of ethanol use to estimate a separate state model. Many other states have had sporadic 
ethanol markets but are excluded here because there are not enough observations to use in the statistical 
analysis. It consists of price data for ethanol and related markets, along with state subsidy levels, sales, 
and populations. The ethanol market data is taken fiom various industry periodicals and the state 
populations were obtained fiom the Statistical Abstract of the United States. Tables 1 and 2 contain the 
means, minimum, and maximum values for the variables used in the model estimation. Table 1 contains 
the mean value for each variable which differ across each of the 11 states. 

Table 1 : Mean Values for State-Varying Variables: 1984:l - 1990:12 
- - -- - 

Price of Ethanol State Subsidy Wholesale Gas Gasohol Sales Population 
State: Observations ($/Gal .) ($/gal .) Price ($/gal.) (1,000 gallmo.) (1,000's) 

Alabama: 82 1.25 0.1 8 0.64 21,223.29 4,062.46 

Illinois: 79 1.22 0.27 0.65 97,784.51 11,551.51 

Iowa: 82 1.23 0.1 3 0.65 33,820.27 2,848.72 

Minnesota: 75 1.27 0.22 0.68 16,472.23 4,269.05 

Ohio: 81 1.29 0.24 0.65 69,161.67 10,809.90 

Table 2 contains the means, minimum, and maximum values of the first three variables shown in 
Table 1 for all 11 states pooled together. It also contains the national mean values for the rest of the 
variables used in the statistical estimation which do not vary across each state. These values are important 
indicators of conditions in markets related to the ethanol market. Corn is the major input to production, 



gasoline and MTBE are the'primary consumption substitutes, and cornfeed, cornmeal, and distillers dried 
grains and solubles (DDGS) are the main byproducts of ethanol production. 

Table 2: Descriptive Statistics for the National Ethanol Model Variables: 1984:l - 1 9903 2 
[observations = 884 Mean Value Minimum Value Maximum Value 

Ethanol Price ($/gal.) 
State Subsidy ($/gal.) 

Gasoline Price ($/gal.) 

MTBE Price ($/gal.) 

Corn Price ($/bu.) 

Corn Gluten Feed Price ($/ton) 

Corn Gluten Meal Price ($/ton) 

DDGS Price ($/ton) 

The previous two tables illustrate that whle state subsidies vary dramatically across time and 
across states, the wholesale prices of ethanol are fairly uniform. Table 1 also illustrates the impact that the 
state subsidy level and the state population have on gasohol sales. States like Illinois and Ohlo have high 
average use levels given their populations, and thls can be partially attributed to their high state subsidy 
levels. Given relatively uniform prices for ethanol, its use appears to be driven by subsidy levels, 
population, and proximity to the corn-belt region where most of the ethanol is produced in the U.S. As you 
move further away from the corn-belt the costs of ethanol transport make it an uneconomic alternative. 

3 Economic Characteristics of the US Ethanol Market 

The economic characteiistics of the U.S. ethanol market make it an interesting case-study in public 
policy and a relatively complex industry to model. Here we present a supply and demand model whlch 
captures the important economic features of the ethanol market. From a producers' standpoint (supply), the 
important characteristics determining how much ethanol is produced are the price of ethanol, input costs, 
technology, and the market revenues generated from the byproducts of the dry and wet corn milling 
process. The bushel of corn that produces ethanol also produces corn gluten meal, corn gluten feed, and 
corn oil (wet milling process), or from the dry milling process distiller dried grains and solubles (DDGS). 
Each of these products have their own value in related markets. 

From the gas stations' standpoint (demand), the important characteristics determining how much 
ethanol is demanded to mix with gasoline are the price of ethanol, the price of gasoline, the subsidy levels, 
the price of MTBE, and the number of people in the market. Gasoline and MTBE are near perfect 
substitutes for ethanol in the stations' fuel supply. Therefore how much ethanol they demand is linked to 
the prices of these other products. 

3.1 The Determinants of Supply 

The supply function for ethanol production is a normal upward-sloping supply curve. If the price 
of ethanol increases we expect producers to produce more in response. We expect that because corn is the 



main input to the production of ethanol, if the price of corn increases, the producer will be willing to supply 
less at any given price. We also allow for technological change in our model. If technological change has 
been occurring in the industry, the ethanol producers have lowered unit costs and will be willing to supply 
more at any given price. The third interesting property of ethanol production is the characteristic that it has 
byproducts which themselves are valuable in tenns of revenues. The three byproducts mentioned above 
enter into the producers' decision-makmg in the following manner. If the prices of any of the three increase, 
the revenues generated from tlus multi-output production process increase. Depending upon the technical 
ability to substitute one output for another, or the own price impacts of increasing supply of any of the 
three, the producer may or may not choose to increase production of ethanol (along with the others) in 
response to an increase in the price of one of three. Here we model the determination of the prices of the 
three other outputs as exogenous to the determination of ethanol production. Since this is a partial 
equilibrium model of the ethanol market we cannot capture any possible feedback effects from increasing 
production in the four lmked markets (ethanol, cornmeal, cornfeed, DDGS). Therefore it is unclear what 
effect changes in the byproduct prices will have upon the supply of ethanol. Our guess is that if the price 
of corn gluten feed were to increase for example, the production of feed would increase and we would 
observe a concurrent increase in the supply of one of its production complements, ethanol. However these 
relationships are not filly modeled here. 

3.2 The Determinants of Demand 

The demand function for ethanol is what makes this industry unique. In the U.S ., the use of 
ethanol throughout the 1980's and early 1990's was purely as a substitute for gasoline. The 
decision-making process is one of pure price comparison. The independent retailers compare whether 
ethanol with the subsidies is cheaper than gasoline. If it is, they can substitute it for 10% of their &el, if it 
is not, they have no reason to demand it. Of course clean air legislation is changing this now and the 
implications of that are +scussed at the end of the paper. Because this dataset runs from 1984 through 
1991, a period when the clean air mandates were not in effect, the mandates are not being modeled here. 
So the slope of the demand curve for ethanol has three distinct sections. The first section is for prices of 
ethanol (net of subsidies) above the price of gasoline. In this case no ethanol will be demanded because 
gasoline is cheaper and there are no other rules mandating the use of ethanol. The second section, and the 
section most important to this paper, is where the net price of ethanol is roughly equivalent or below the 
price of gasoline. At this point retailers are indifferent between buying ethanol or buying gasoline for the 
final 10% of their fuel mixture. It is at this point that a market for ethanol exists. The slope of ethanol 
demand at this point is horizontal at the price of gasoline. Beyond h s  price level, when ethanol prices are 
lower than gasoline prices, retailers will exhibit a normal downward sloping demand curve and purchase 
more ethanol if they have the technical ability to mix it in a fixed 10% ratio with gasoline. 

Along with the slope of the demand curve there are four main factors which shift the demand curve 
up and down. MTBE is used as an octane enhancer in the fuel supply, and as an octane enhancer, ethanol 
is about equivalent in volume required. Therefore, when ethanol is used as an octane enhancer it can 
replace MTBE and visa versa. If the price of MTBE, an ethanol substitute increases, we expect the 
demand for ethanol to increase also as retailers shift from using MTBE to using ethanol as a &el additive. 
If state subsidy levels change, the demand for ethanol should shift right along with them. The higher the 
subsidy level, the lower the net cost of ethanol, so more ethanol is demanded. States with more people will 
demand more ethanol as an additive all else equal. So we expect higher population states to demand more 
ethanol. Lastly as the price of gasoline increases we expect to see more ethanol demanded. There may be 
competing effects of the price of gasoline on the demand for ethanol. First of all is the direct effect. As a 
retailer, if ethanol price is held constant and the wholesale price of gasoline increases, it becomes more 
economic to mix ethanol in the he1 supply. The second (negative) effect has to do with changes in gasoline 



demand. For example, if you are a retailer currently mixing 10% ethanol in your fuel supply and the price 
of gasoline increases, you may be selling less gasoline. Tlus being the case, you need less ethanol to mix in 
the fuel and your demand for ethanol may actually decrease. We believe this effect will be of second-order 
magmtude because the demand for gasoline is inelastic and thus price changes in the gasoline market are 
characterized by proportionately lower quantity responses. It should be noted that there was an 
upper-bound on ethanol demand because the major producers have largely refi~sed to use it during t h s  time 
period. Therefore ethanol demand is limited by the volume of gasoline sold by independent retailers. 

3.3 A Graphical Representation of the U.S. Ethanol Market 

Figure 1 illustrates the market for ethanol that we model here. We are using data fiom states 
which have bought and sold ethanol for a substantial amount of time so that the effective price must be at 
or below the opportunity cost of gasoline. Note that for ethanol prices above the price of gasoline no 
market exists (demand=O) and at and below the demand curve is horizontal and downward sloping, 
exhibiting the normal characteristics that we expect in a demand curve. The numbers used for Figure 1 are 
average prices and total quantity from September, 1991, the most recent date containing data for all 11 
states in the dataset. 

4 An Empirical Model ofthe US Ethanol Market 

. Given the supply and demand characteristics discussed and illustrated above, what are the actual 
parameters which characterize the ethanol market. To predict the possible effects of policy changes we 
must understand how changes in the market for.ethano1 will effect its price and quantity. Towards this end 
we build an empirical model of ethanol supply and demand in the U.S. fiom the data and variables 
discussed above. Prices and quantities transacted in the ethanol market are determined by the interaction of 
supply and demand. Therefore to be able to simulate possible responses to policy changes one must know 
the form for the supply and demand functions. Equations 1 and 2 represent the time dependent supply and 
demand functions for ethanol respectively. 

Where: 
Q=Gasohol Sales PE=Wholesale Price of Ethanol 
PC=Price of Corn PG=Wholesale Price of Gasoline 
PF=Price of Corn Gluten Feed Pmtbe=Price of MTBE 
PM=Price of Corn Gluten Meal SS=State Subsidy Level 
PD=Price of DDGS POP=State Population 
Tech=Time trend technology variable 

Before the model can be estimated the proper procedure and variable form must be chosen and it 
must be determined whether the ethanol industry is characterized by 1 1 separate state markets or can it be 
statistically modeled as a single national market. Because of the identification problem in econometrics, the 



two equations above must be estimated simultaneously. Essentially quantities and prices in the market are 
simultaneously determined by the interactions of supply and demand, so estimating the relationships alone 
would give biased results. Therefore the proper method is two-stage least squares estimation which 
corrects for the endogeneity of ethanol price on the right-hand-side of Equations 1 and 2. All other 
right-hand-side variables are assumed exogenous here. All the variables except the dummy variables, and 
the state subsidy level are log-transformed so that the parameter estimates are read directly as supply and 
demand elasticities. The state subsidy level is left in levels because it takes on the value of zero in the later 
years of the dataset. 

The second issue is whether we have 11 separate state markets or one national market for ethanol. 
Because we have observations on 1 i states across approximately 80 time periods the panel data estimation 
could take a few different forms. First, and most disaggregated, could be to estimate separate models for 
each state. This would imply both different slopes and different intercepts for each equation in each state. 
At the other extreme the most aggregated model would be to pool all the data together and estimate one set 
of parameters for the whole dataset for Equations 1 and 2. This would imply that there was one set of 
intercepts and one set of slopes which characterized the supply and demand for ethanol in the U.S. This 
complete pooling of the data was tested and rejected using an F-test. Finally there is the model whch is an 
intermediate between the latter and the former. +$ 

If you believe that the responses to changes in prices across states will be the same (identical slope 
parameters) yet there may be different intercepts for each states' demand and supply functions (because of 
differences in tastes, preferences, transportation costs, etc.) then a slightly different model is needed. Using 
F-tests, the statistical restrictions needed to go fiom a state market to a nationaI market with different state 
intercepts are accepted, so that we can pool the data into a national market but each state has its own 
intercept in each equation. This is accomplished through the use of individual state dummy variables in 
each equation. Because Illinois is the largest producer, its dummy variable is dropped from the estimation 
and the coefficient estimates on all the other state dummy variables are interpreted as supply and demand 
differences in relation to Illinois. For example, if the coefficient on the Florida dummy variable in the 
supply equation is negative, it means that all else the same, the quantity supplied in Florida is less than that 
supplied in Illinois. 

5 Simctural Supply and Demand Model Estimation Results 

The results from the statistical estimation almost exactly conform to the theoretical propositions 
discussed in section 2. Table 3 contains the diagnostic results pertaining to the goodness-of-fit of the 
estimation and other descriptive statistics. 

Table 3: Two-Stage Least Squares Ethanol Market Model Estimation Statistics 
Equation: R-Squared Adj. R-Squared F-Value Prob>F Observations 

I 

Supply Function 0.64 0.63 97.63 0.00 884.00 

Demand Function 0.65 0.64 106.82 0.00 884.00 

Judging fiom the regression diagnostics and the individual significance of each parameter estimate we have 
a well-specified model of the determinants of ethanol prices and levels of use. The model explains about 
two-hrds of the variation in ethanol supply and the probability values for the overall significance of the 
regression equations are quite close to zero. 



Tables 4 and 5 contain the parameter estimates from the two-stage least squares estimation of the 
ethanol supply and demand system. The parameter estimate, standard error, t-statistic and probability 
value are reported for each estimate. 

Table 4: Ethanol Supply Function Two-Stage Least Squares Parameter Estimates 
l~ariable Parameter Estimate Standard Error T-Statistic Probability Vaiue I 
Intercept 

Ethanol Price 

Corn Price 

Corn Feed Price 

Corn Meal Price 

DDGS Price 

Technology 

Alabama 

California 

Florida 

Iowa 

Kansas 

Michigan 

Minnesota 

Ohio 

Tennessee 

Washingtion 

5.1 The Slope of the Supply Curve 

The most important estimate from the supply fbnction is the parameter on the price of ethanol, 
1.37. It is positive as expected and significant above the 99% confidence level. This parameter is the 
estimate of the slope of the supply curve, and can be directly read as an elasticity. Because it is greater 
than one (implying an elastic supply curve) increases in the price of ethanol will be met with 
proportionately larger increases in the quantity supplied. It follows that any shift outward in the demand 
for ethanol will induce a larger percent increase in quantity supplied than it will an increase in price h o l h g  
other factors constant. 

5.2 The Factors Which Shift the Supply Curve 

The elasticity of corn prices to ethanol supply is about unitary (-1.002). This is evidence of the 
importance of corn costs in the production of ethanol. Ethanol producers appear to decrease (increase) 
their ethanol production directly proportional to any increases (decreases) in the price of corn. The 



estimate of the elasticity of supply in response to changes in the price of corn gluten feed (0.56) is positive 
as expected and significant at the 97% level. Ethanol producers do appear to respond to changes in the 
prices of the byproduct outputs, although much less than the previous factors. This could be a fhction of 
technical constraints or the relative importance of these peripheral markets to their overall revenues. The 
last important estimate is the proxy for technological change. While it is not an ideal measure of technical 
progress, it does appear to pickup some shfiing out of the supply curve over time. In this specification it 
essentially represents any lowering of unit costs not accounted for by the other variables in this model. 
While it may be technological progress there might be other omitted variables whch could also explain 
some of the movement. Either way it does show technical progress over the 7 year period. The other two 
byproduct prices are not sigruficantly different from zero at any reasonable level and again this may be due 
to the particular trade-offs of shifting production in and out of these four complementary outputs. Lastly 
all the state dummy variables take the expected negative sign and are all statistically significant at the 99% 
level. These can be interpreted as &rming what is apparent in the fifth column of Table 1. Controlling 
for all the other differences in characteristics among the states, all the states included in the estimation have 
lower ethanol supplies than Illinois. 

Table 5: Ethanol Demand Function TwoStage Least Squares Parameter Estimates 
Variable Parameter Estimate Standard Error T-Statistic Probability Value 

Intercept -39.39 10.78 -3.66 0.00 

l~thanol Price -3.1 8 0.66 -4.81 0 .OO I 
Gasoline Price 

MTBE Price 

State Subsidy Level 

Population 

Alabama 

California 

Florida 

Iowa 

Kansas 

Michigan 

Minnesota 

Ohio 

Tennessee 

Washingtion 

5.3 The Slope of the Demand Curve 

The price elasticity of ethanol demand is the most important demand estimate from the model. 
Because ethanol has an essentially perfect substitute (gasoline) we would expect to find an extremely high 
estimate for the price elasticity. If the price of ethanol increases, holding the price of gasoline constant we 



would expect retailers to severely curtail ethanol use in favor of gasoline. Thls in fact turns out to be true. 
For example, if the price of ethanol increases by 1%, there is an extremely large (over 3 times larger) 
decrease in the quantity demanded. 

5.4 The Factors Which Shift the Demand Curve 

The cross price elasticity between gasoline and ethanol is approximately unitary (1.09). As it turns 
out, the greater of the two competing effects discussed at the end of Section 2.2 is new the use of ethanol 
fiom retailers not currently mixing it in their he1 supply. Therefore higher gasoline prices lead to 
proportionately higher demands for ethanol on average. The demand for ethanol is price inelastic with 
respect to the price of MTBE (0.68). This may be a result of retailers deciding on one or the other but not 
shrfting very much between them when the prices change. The population variable takes the expected 
positive sign indicating that states with greater populations demand greater amounts of fuel all else being 
equal. The dummy variables representing any specific state characteristics whrch influence demand are all 
sipficant except Washington State and they range in values. We do not have a good explanation for what 
they may be capturing but there appear to be some taste and preference differences across different state 
retailers. ' 

The final important demand shifier in the equation is the state subsidy level. Remember its 
coefficient is not directly interpretable as an elasticity because it is entered in levels and not logs. When it 
is converted to an elasticity it shows an elasticity of ethanol supply to changes in the state subsidy levels of 
0.70. Ethanol retailers have an inelastic response towards changes in the level of the state subsidy. Ths 
may be an indication of where the subsidy rents are going, The previous discussion at the end of Section 1 
indicated that because of the various members along the marketing chain it is difficult to discern who is 
getting the subsidy rents. From this estimation it appears that the retailers demand for ethanol is not very 
responsive to changes in the subsidy levels so in fact they may not be the prime beneficiaries of the 
subsidies. While this is not a formal analysis of the recipient of subsidy rents, it may give an initial 
indication that the retailers are not major gainers fiom the state subsidies. This is an important preliminary 
finding that requires detailed further study for its policy implications. 

Conclusions 

6 Implications of the Resutts of the Model 

The main implications of the model estimation have to do with the supply and dernand elasticities, 
along with the relationships of ethanol quantities to some of the peripheral markets. The most important 
finding is that ethanol demand is extremely price elastic. While this should be no surprise given that it has 
such a close substitute (gasoline), the data do in fact bear this out. It shows that any policies or changes 
which shift the supply curve out (and hence lower price) such as new technology or lower input costs, will 
greatly increase the quantity of ethanol demanded relative to the decrease in price. It also implies that any 
shift of this type, along with the concurrent drop in price, will increase and not decrease the revenues to the 
industry. Unlike the inelastic demand facing many agricultural products, the demand for ethanol is quite 
elastic and innovation is extremely beneficial to the ethanol industry. 

Another implication of the results is the relative unimportance of the state subsidy level in changing 
ethanol demand. It appears that the demand curve is most responsive to changes in gasoline prices, and is 



about equally responsive to changes in either the price of MTBE or the state subsidy level. This subsidy 
elasticity is probably an indication that the retailers are not the main beneficiary of the subsidy rents. 

The major implication of the results for the production side of the market is the elastic price 
elasticity of supply. Ethanol producers do not appear to be very constrained in their production technology. 
If the price of ethanol increases they are able to more than proportionately increase their production. In the 
ranges of production levels that held throughout the 1980's and early 1990's there appear to be no 
significant increasing costs to expanding output. The supply curve is relatively flat over this period. While 
this ability may have held in the recent past, the new demand created by the clean air act may change the 
situation. If demand increases cause a sipficant expansion of capacity, we may see costs of production 
rising faster in response to the demand shifts than we have to date. The ethanol market, with all of its 
government regulations, appears to be behaving as economic theory would suggest. These initial findings 
highlight the importance of understanding the economic impacts of public policy interventions in the 
marketplace for ethanol. 
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Abstract 

The Brazilian ethanol fiom sugar cane program is the largest commercial liquid fuel from biomass system 
in operation today, w d ~  a production of 12 milllm m3 ethanoVyear. During its 15 years of existence many 
issues were considered, under varymg ecanomic and strategx conditions. 

An overview is presented of the program development, present s h a ~ m  and main treads. Main subjects are 
technology development and implementation, costs, envirmental benefits and constraints, and 
socialhstitutional issues. Is shown that the debate over the program has led to a sound knowl&e on key 
issues (energy and C02 balance, technology level and cost reductim, agricultural mechanization and job 
creation, land &hation, urban-air pollution etk ts ,  ethanol distribution, blading and use in dedicated 
enpes). 

With this basic howledge some trends for the near future are considered Igains in productivitylmversion 
efficiency and cast imphdcms; change to mbwnt cane harvesting and technolw development for cane 
trash conversion). 

Program Evolution and Overall Results 

At the t h e  of the first oil shock, Brazil imported (1973) 80% of its oil supply; oil share in tatai rmports 
was 11%, and grew to 57% ten years later. An energy policy aimed at energy canservation and oil 
substitution was established. Within this policy, the fuel ethanol program (1975) was designed to take 
advantage of some ficts: 



The experience in ethanol production and consumpt~rn in blends with gasoline, since 1920 (150 million 
liters in 1923). 

The availabilrty of large land areas, adequate climate, and labor. 

The existence of sugar industrial facilities to incorporate annexed distilleries wah relatively small 
investment. 

Low sugar prices in the international market. 

Production and use of ethanol were prornded by: 

The s ta temed oil company (Petrobras) would buy and distribute ethanol up to levels pre-estabXished 
every year. 

The ratio of ethanol/gasoline prices per liter at the pump was fixed at 59% in 1981; it is around 79% 
today, corresponding to the "technical equivalence" forthe engines in the market. 

Loans for investment in ethanol fhctories had low interest rates (a total loan value of US$2 billian, fiom 
1 980- 1 985, corresponding to 29% of the present installed capacity) . 

The economic incentives are nearly ncmexistent today for most of the production (Center-South region; 
83% of tatal production). 

The increase in domestic oil production and lower intematid oil prices led, in the years after 1975, to 
frequent adjustments in the energy policy in general and specifically in the ethanol program. 

Overall results in the period 1973-1 993 can be ;ummarized (Goldemberg 1992) as: 

Energy coosumptian increased from 90 x 10% (1973) to 184 x 1 0 % ~  (1990) (Goldemberg 1992); 
gasoline was 12% in 1973 but only 4% in 1987, as a result of the alcohol program. Fuel oil dropped from 
13% to 6% due to c o n s d m  and substitution. Ethanol accounted for 18% of the tatal fbel in the 
transportEltion sector in 1987, wxth a share of 4% of the total energy market. Sugar cane bagasse accounted 
for 8% (mostly used in the sugar industry). Dumest~c oil and natural gas production rose from 180,000 
(1976) to 617,OOO.bbVday from 1974 to 1989, reducing foreign oil dependence fiom 78% to 47%; but 
chesel oil c o n s w a n  rose (9% to 12% in 1987). 

The production of ethanol rose fiom 600 x 10h3/year (1 976) to 12.6 x 1 04n3/year in 1992. The installed 
industrial capacq is 16.3 x 1 06m3/year; sugar cane production lags the industrial capacw. Producticm is 
expected to reach this level by the middle of the 1990's. Total fleet in 1989 was 4.2 million neat ethanol 
cars and 5.0 million gasohol cars. The total savings in foreign currency, fkom gasoline substitution and 
exports, have been estimated at US$ 17.5 billion (Borges 1990). 

While oil and electricity produdion, mports and cbstributian are made by government owned companies, 
ethanol is privately produced but its price is coatrolled by the government. The ethanol shortage (1989190) 
was mainly due to the policy of depressing prices to hold inflation rates; the sales of ethanol. cars went 
down (fiom values above 90% in the precehg years). The tread in the lad two years indates that neat 
ethanol cars will account for 30-40% of total sales, and the balance would be using gasohol (22% ethanol 
in gasoline). Production should reach 16 x 1 0b3/year in 1996. 



Land Utilization and Job Creation 

Since its concept~on, and througb all its adjustments and changes, the he1 ethanol program has been 
extensively analyzed. The implications for land use job creation and qualrty, energy balances, the 
envirment, costs, regional development are far better known in Brazil than for most cunventional energy 
systems. 

Ethanol production is responsible for about 700 000. jobs; the index of seasonal work is relatively mall 
(for the agricultural sector). lovestment per job varies from US$ 12 000. to US$ 22 000. (Borges 1988), 
compared to the US$40 000. average for industrral projects in the Northeast regan (1972-80). 

Wages are higher than 80% of the employees in agriculture, 50% in the service sector and 40% in the 
industrial sector. Compulsory social programs use 1% of the net sugar cane price and 2% of the ethanol 
price for sugar cane workers. An important problem now is the strong trend towards mechanization led by 
lower manpower avaiiabihty in some areas and more efficient mechanical harvesting systems. Agricultural 
mechanization and industrial automation are leadmg to lower sugar cane (and ethanol) costs in Brazil; 
however, the change to less and highergaid jobs, through mechanhtim, has to become socially 
acceptable. 

Nearly 50% of the Brazilian territory is registered fbr economic utilmticm; sugar cane fbr ethanol occupies 
0.6% of this area (total sugar cane area is 4.2 x 1 06ha, 1991, only 7.5% of the harvested area fbr main 
crops). The largest concentration in sugar cane production (bath for sugar and ethanol) is in the State of S. 
Paulo (which also has the highest utilization of cultivable lauds, nearly 50%) (Macedo 1991). 

At this level, there is no competRion for land for f d ,  energy or export crops. It must be noted that the 
spreading use of crop rotation in sugar cane areas is becoming r e p s i b l e  fbr large-scale fbod production 
(peanuts, beans); so is the use of hydrolyzed bagasse and dry yeast (byproducts of ethanol production) for 
cattle, chicken and pork ked. 

Energy and Environment 

Ethanol corresponds to 50% of the Otto-cycle engine fbel in Brazil; total fleet is 10 million vehicles. 

Energy flows for sugar cane and ethanol production in Brazil are shown in Table 1. Average and "best" 
umdttions (cane productivrty, conversion efficiency and cogeneration facilities) for 60 mills in S. Paulo 
were considered. Ratios of energy in ethanoVfossi1 fuel spent in agncuhre and industry are 5.9 and 8.2, 
for the "average" and "best" cases. 

W& this small amount of external fossil energy used, the production and use of 1 1 of ethanol, replacing 
gasoline (neat ethanol engine) reduces emissions of .54 - .57kg C, as COz (90% reduction as compared to 
emissions from gasoline) (Goldemberg 1992). It can be shown (Macedo 1992) that in Brazil the sugar cane 
agroindustry is responsible for avoidmg 18% of total carbon dioxide emissions fiom fossil fuels. 

The trend towards mechanical harvesting, increasing diesel oil consumpt~on in agncuhre, will probably 
offset the significant gains in fbel savings in cane transportation and agricultural operations, since 1985. 



However the energy 'breeding" fhctor for the ethanol agoindustry must increase substantially in the near 
future with energy crmse&on at the mill, saving bagasse to be used as fuel outside (bagasse averages 
2.7OGJ/tm of cane, HHV) and wrth collection of a hction of cane residues (leaves and tops, burned in the 
fields today) (Macedo 1991). Residues average 2.90GJhoo of cane. The possibilrty of saving up to 45% of 
the bagasse (60kg dry mass/t cane) wah low cost, and of collecting sugar cane residues (implying in green 
cane harvesting, up to 150kg dry mass/t cane) is being seriously considered for the opportunity that will be 
open for biomass uthtion, for energy or feed stock (paper and pulp, fiber boards, cattle feed). 

Table 1 - Energy in Cane and Ethanol Production 
(MJh cane) (Macedo 1985) 

Averages Best values 
(MJ/t cane) (MJ/t cane) 

Sugar cane production (total) 
Agricultural operations 
Transportation 
Fertilizers 
Lime, herbicides etc. 
Seeds 
Equipment 
Labor 

Ethanol production (totat)= 7O.AO 40.59 
Electricity (bought) 12.54 0. 
Chemicals and lubricants 6.56 6.56 
Buildings 14.17 9.45 
Equipment 36.82 24.58 

External energy flowsb, 
agriculture + industry Input Output Input Output 

Agriculture 221.75 197.46 
Industry 70.1 0 40.59 
Ethanol 1707.1 1 1941 -02 
Bagasse surplus 175.14 328.55 

\ 

a Not including the energy in sugar cane or cogenerated electricity 
Mainly diesel and fuel oil 

Bagasse opportunQ cust is US$ 0.80lGJ at the sugar miH; if residue collection can be made at US$ 
1.50IGJ; a large amount of cheap cellulosic material would be available at the mill for many uses. 

Promising technologies include advanced cycles for electricity prodUdian and enymabc hydrolysis for 
further ethanol production. 

Local environmental issues raised by ethanol production and use include: the benefits fbr air quality in 
urban areas; the -01 of stillage utilization in the fields; and air pollution from cane burning. 



The first benefits to urban air qualdy were reported in S. Paulo; the use of gasohol and neat ethanol engmes 
lead, from 1978 to 1983 (Branco 1 985) to 80% reduction in lead. Main results for the employed techology 
(no electronic fbei injection or catalytic converters) are shown in Table 2. Since then modem technology 
has been i n c o r p o d  and the advantages of oxygenates in gasoline are well known. 

Table 2 - Otto Cycle Engine Emissions, Brazil (Goldemberg 9992) 

Emissions (g/krn) 
Vehicle 

CO HC , NOx Aldehyde 
Gasoline, before 1980 54. 4.7 1.2 .05 
Gasohol, 198611 989 22-11 5.2 2.0/1.6 1.9/1.6 .02 
Ethanol, 1986/1989 16.f12.8 1 -611.6 7.8fA.l -06 

Cane burning leads to problems like most agncuhral burning. Although no heahh problem (world wide) 
has been attributed to cane burning; the development of energy markets for cane residues, leading to 
efficient harvesting of green cane and residue collection, is seen as a possibilrty to eliminate field burning. 

Contamination of maff and ground'water with stiUage or cane-washing water has been considered. Cane 
washing water is treated in ciosed circuits in Brazil (90% of the mills in a sample of 60) or aeration 
lagoons, wrth no sigruficant problem in recent years. Stillage is used as a fkdlizer; many years of research 
can be summed up by saying that this use does not contribute to ground water cantarnination if application 
levels are cmtrolled (Guichet 1988). Stillage is valued essentially by the economy in potassium; 1 0 h 3  
stillageha m rat- crops substitutes for 125kg K,O/ha. 

Some regions Hnth near-surfkce ground water will not be able to use the same limits safely; also in some 
rwons the topography would not allow irrigation to be economic. Stillage recircuIaticm and methanization 
have been commercially used, in small scale. The Center-South region (83% of the ethanol produdion) has 
efficiently controlled stillage utilization. 

Production Costs Today 

Ethanol is used m Brazil either as an octane enhmcer/gasoline extender (up to 22%, anhydrous ethanol, 
99.6% m volume basis) or in neat ethanol engines (hydrated ethanol, 95.5%). Octane number (109 RON, 
90 MON) is hgh; heating values of 2 1.2MIh (LHV) and 23.4MJA (HHV) are lower than for gasolme. 

The use of tetraethyl lead to raise the gasoline MON in Brazil was entirely displaced by ethanol, wrth no 
engme mdfication (World Bank 1 984). 

Gains in existing engines indlcate an equivalence of 1.04 1 gasohe to 1 1 ethanol (in blends). At 22% in 
volume basis, ethanol is also an extender (nat only an octane enhancer); the value as octane enhancer 
depends on the local cost of refining a .  equivalent high-octane gasoline. A comprehensive evaluation was 
not made in Brazil; there is some indication that the equivalence is higher fian 1.04. 

For neat ethanol engines in Brazil, today, the equivalence is (Monaco 1982) 1.20 1 hydrated & a d 1  1 
gasoline. Estimates by EPA (EPA 1990) indicate that a 1.15 : 1 ratio may be achieved. 



Wah the equivalencies considered above, competitive wsts for ethanol would be US$ 0.18fl (anhydrous) or 
US$0.14/1 (hydrated), for oil prices of US$20 ./barrel. 

Many studies have analyzed ethanol produdions costs in Brazil; a World Bank report (World Bank 1984) 
amved at US$ 0.20A as an weighted average for &&rent regions, industry types, and ethanol 
specifcations. A review (Barges 1990) hscussed the many methodologies and has shown results from US$ 
0.17 to US$0.23fiiter. 

Actual cost data from Copenucar (1990) covering 40 sugar mills in S. Paulo for many years led to the 
results in Table 3. Corresponding sugar cane uxts are also presented in Table 4, for 1990. 

Table 3 - Ethanol Costsa, 1990 (Copersucar) 

Averaqeb Higher averageb 
Direct costs 

Labor .Om .007 
Maintenance .OM ,006 
Chemicals and energy -004 .005 
Other -004 ,004 
lnterest on working capital and 
commercial costs .022 .029 

Cane (Table 2) .127 .I34 
Fixed costs 
Capital (Table 3) 

6% .030 .032 
12% -051 -053 

Other -01 1 .013 
Total 

at 6% .208 .230 
at 12% .229 251 

a Anhydrous ethanol; 1989 US$; hydrated ethanol is 7 - 10% lower in cost. 50 mills in 
S. Paulo 
"Average" is the sample average; "higher average" is the average for the mills 
above the average, in costs 

Table 4 - Sugar Cane Costsa 

Item Cost, US$/t mne 
Variable costsb 5.78 
Fixed costs (incl. land) 2.32 
Social tax 0.28 
Capital remuneration (12Yoa.r.) 1.17 

Total ' 9.55 

a 75t canelha; analysis of 50 sugar industries, 1990, S. Paulo 
Total labor cost (incl. fixed) is US$ 1.72ft cane 



Adjustments (not included here) have been considered to correct for over-valued official exchange rate and 
artificially high land costs; they would lead to costs 20% lower. 

Ethanol costs have been substantially reduced since the beginning of the program; from 1979 to 1988 a 
cost reduction of 4% per year has been achieved; today the rate is 3.7% per year (Borges 1990). This is 
due mainly to large increases in agricultural and industrial productivity and conversion efficiencies; from 
1977 to 1985 agricultural yield increased 16% (t canelha) and industrial yield increased 23% (I ethanoVt 
cane). Combined results indtcate for Brazil the average of '2663.1 ethanoVha (1 977) and 3 8 1 7. Vha (1 985); 
4700. Vha (S. Paulo, 1989) and 6500. Vha (1992, Copersucar, S. Paulo). 

Technology and Cost Trends 

Technology appropriation has played an important role in production cost reduction for ethanol. It is 
interesting to analyze further the achievemeats to date in order to estimate the possibilities for the near 
future. The development of by-products fm the sugar cane industrialization is alw expected to be 
unpo&nt for cost reduction, in the near h r e .  

Technology evolution since 1975 

The nearly 400 distilleries in Brazil differ widely, both in size (from 2.000. to 36.000.t cadday) and in 
tedrnology level (leading to up to 20% di&rences in overall conversion efficiencies). Technology 
development and transfer in the last 15 years have been intense; three stages have been observed: 

1975 - 1980: technology demand for increased productiwty, due to the rapid growth in ethanol needs. 

1980 - : emphasis in canversion efficiency, sugar to ethanol, 

1983 - : managern& of the agroindustrial system (mkgmtm, modem production management tools). 

Productivrty growth in the industrial sector was needed initially m the milling system; fiom 1975 to 1980, a 
45% increase in equipment productivity, raising milling capacdy to 13.1 tons of cane per hour/m3 roller 
volume with 97% extraction was the overall result. Fermentation was much improved in the 1980's; 
development of microbiological control techniques, juice treatment and the continuous 3-vat fermentation 
system were important achievements, raising stoichiometric efficiencies to 92% in very large units (up to 
1.000 .m3 ethanoVday (Macedo 1 989). Productiwty (m3 ethanoVm3 &nnenter .day) increased more than 
300%. Didlatian is still a large energy consumer; evolution has been mostly on alcohol quality; today the 
main controlling paramete& (pH and electric conductivity) have been established so that no problem to 
engines (even with electronic he1 injection or catalytic converters) is expected. ' 

It has been estimated (CTC 1990) that the efficiencies of sugar conversion to ethanol in the best mills 
(today, 86%) are 1 1% higher than the average, allowing for further technology transfer among the mills. 

A large sugar cane breeding program was established in the 1970's (0.6 - 2.0 million seedlingslyear) by a 
group of producers; new varieties entered the market since 198 1. In 1990, more than 70% of the c u l t i d  
area in a sample of 1.7 d i m  ha had new varieties fiom this program. The basic sugar cane production 
environment has remained the same (six months/year harvest, 4 year cycle with no irrigation) but 



agronomic practices and equipment have been greatly developed (CTC 1990) leadmg to the use of better 
seeds, soil correction and ferti-irrigation Hllth stillage, beater fertilizer application technology and equipment 
for cubvation while preserving soil structure. Management programs have led to crop r&g, lower 
transport costs and the integrated planning for variety selection, planting, harvesting and transpodan 
systems (Borges 1990). Basic studies on sugar cane molecular genetics, and possible genetic engineering 
techniques to boost the conventional breeding programs have started in 1988. 

Overall results (CTC 1990) inmcate a 16% increase in tones of canelha frcm 1977 to 1985 (much larger 
values for the Center-South region) and 43% increase in 1 ethanovha, wbb some regions reaching 
7.000.Vha. 

Near future possibilities 

From data for a group of 50 mills (sugar cane area of 700.000.ha) it has been atunated that the application 
of existing (and commercially used in sugar mills) technology, bath in cane and ethanol production, would 
lead to 23.1 % cost reduction (CTC 1990). 

By product development is at the begmning. Some coproducts have become commercial in stiU small 
quantities: dry yeast and hydrolyzed bagasse for cattle feed, amylic alcohol's fiom fuse1 oil, a few other 
bagasse uses and cogmerated elechictty. Again, extmdmg the use of commercial a d a b l e  processes to the 
whole produaion system would have significant impact on costs. Examples are: 

Crop rotation: fill utilizatian leading to 1,7% lower ethanol costs. 

Energy cogeneration: at least, 6% cost reduction with conventional systems (Macedo 199 1). 

Trash utilization: the large amount of biomass which would be available with green cane harvesting 
could represent a substantial source for energy products (ethanol, e ledr ic~ ,  he1 substitutes) or feed 
stock . Availabihty depends cm technology development for harvesting and transportation of the 
biomass, at acceptable costs, to the sugar mill. 

Conclusions 

The original objectives of Brazil's fbel ethanol program were economic and social: reduce fuel imports and 
create jobs. 

Air pollution reduction in urban areas was a consequence, starting with tetraethyl-lead elimination from 
gasoline and expanding much further with the advantages of oxygenated fbel. The substantial contribution 
to reducing C02 emissions levels is anather important result, nut considered in the first program design. 

These objectives have been attained; additional results were the development and consolidatmn of a 
stronger agro-industrial system, able to generate and incorporate new technologies and management 
systems. 

Technology is likely to reduce costs beyond the present levels, even with increasingly higher wages and 
better qualrty jobs. W&h the necessary account for the peculiarities of the Brazilian socio-economic 
problems, solutions and resub of the program must be considered in the q l d o n  of any large-scale 
biomass to energy system. 
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Abstract 

Rapid Thennal Processing (RTP) is a generic technology which employs proprietary reactor 
configurations to convert car&naceous feedstocks to high yields of chemical and liquid fuel products. 
The essential feature is the ability to rapidly transfer heat with precise control of short contact times. 
The process consists of thermal or themocatalytic refining of biomass, and is somewhal analogous to 
the refining of petroleum materials. Nevertheless, the chemical and fuel produrn are Uaique and not 
similar to petmleum-derived products. Furthermore, RTP is not to be confbed with conventional 
pyrolysis, from which it differs fundamentally with respect to product yield and quality, and process 
conditions and chemistry. Short-term applications include the production of specialty chemicals, fuel 
oil substitutes and engine fuels for both diesel and turbine engine applications. Research in support of 
these applications is in progress and is briefly reviewed. The paper focuses primarily on the status of 
RTP hardware, including the operation of a 1.5 tomelday pilot plan& and a 25 tonnelday commercial 
plant. 



INTRODUCTION 

Ensyn Technologies Inc. has developed a proprietary method for achieving very rapid pyrolysis of 
carbonaceous feedstocks. This method, known as Rapid Thermal Processing (RTP), has been 
described in earlier papers (1,2). In this paper, we report on the commercialization of this technology 
in treating solid biomass feedstocks to produce liquid and char products. 

Ensyn has brought into operation the world's first large scale commercial apparatus for rapid pyrolysis 
of wood. A plant which handles 25 tomes of dried feedstock per day has been operating for the past 
seven months at a chemicals company in Wisconsin, U.S.A. That unit represents the eighth scale up 
of Ensyn's apparatus and is ten times larger than the previous commercial unit which Ensyn had 
provided to that same firm. The new plant is fully automated and the scale-up went very smoothly. 
Based on this experience, Ensyn is confident of further successful scale-up to at least 250 tomes per 
day. 

THE TECHNOLOGY 

As described elsewhere (3), Ensyn uses solid p;uticulae heat &em in a recirculating transported bed 
in order to achieve ultra-rapid thermal convexsion under controllled conditions of temperature and 
residence time. When solid biomass, dried to 10% moisture and comminuted to 6 mm or smaller, is. 
heated to temperatures between 400 and 700PC and is then cooled, all within a time of less than 750 
milliseconds, it yields a powable liquid representing approximately 75% by mass. It also yields a char 
product which Epresents appmximately 12%. These yields are typical of wood and can vary slightly 
when other feedstocks are used. The liquid p d u c t  is a fuel with heating values of just over half that 
of light fuel oil. The liquid also contains significant concentrations of commercially interesting 
chemicals (2). The char is being studied and seems to have potential for activation. 

Ensyn's liquid fuel can be substituted for No. 2 or No. 6 fuel oil in all normal applicarions and can be 
used to overfire a variety of fuels. Because of its relatively low pH (around 3.2), it requi~s  stainless 
steel, plastic or glass-hed storage tanks and fuel lines. Depending on nozzle size, conventional 
burners can be used. The fuel does not mix with petroleum-based products. Given the need for 
separate storage and feeding, only bulk users are targeted .in current market planning. 

The production costs for Ensyn's fuel are very sensitive to two factors, namely the cost of the 
feedstock (including preparation) and the size of the plant. The price which can be obtained for the 
fuel product depends on tbe price of competitive fuels and the possible existence of tax relief or 
subsidies related to the environmentally benign nature of a biomass-derived fuel. 

B10 FUEL MARKETS: GENERAL FEATURES 

Since Canada has low fuel prices and no incentives for clean fuels, successful commercialization there 
depends on large plants and the existence of free or negative cost (tipping fee) biomass. In other 
words, success in the Canadian fuel market depends entirely on the widespread need in Canada to 
dispose of large amounts of lignocellulosic or agricultural residues. Conversion to fuel oil and 
subsequent combustion in place of fossil fuel represents the least cost method for disposing of such 
residues in an environmentally desirable way. 

In Empe on the other hand, there are many incentives which result in high values for fuel or 
electricity derived from renewable and/or waste materials. Provided such incentives remain or 



increase, it will be possible to purchase purpose-grown biomass as feedstock and still produce a 
competitively priced fuel. In regions where uneconomic agriculrural subsidies are expected to be 
phased out (eg. parts of Italy). it may soon be attractive to raise energy crops. Ensyn expects to install 
a demonstration unit for this purpose in central Italy. For biomass-derived fuels to have a noticeable 
effect on &reenhouse gases, purpose-grown feedstocks are a necessity. 

The United States market and certain Asian markers are midway between the European and Canadian 
situation. Energy prices are low but environmental incentives exist and there are fairly large 
accumulations of suitable residues. Ensyn believes that the earliest opportunities for the supply of 
large-sized units will be in Nonh America and will deal with converting residues that are free of 
charge or come with a tipping fee. In the longer term, Europe, with its high energy prices and 
environmental incentives, will be the more attractive market. 

ELECTRICITY PRODUCTION 

Ensyn's liquid fuel can also be used for the production of electricity via the steam cycle, or directly in 
gas Wines or diesel generators. What remains to be studied is the long-term effect of using a 
biomass-derived fuel in the latter two devices. Long-term testing is required to determine whether the 
gas turbine blades become pitted as a result of any alkali metals which may be in the liquid fuel. As 
to diesels, tests have been done in medium speed and high speed engines and the results are very 
promising (4). In high-speed, small diesels, momcations are required with respect to the fuel 
injection system. In both types of diesels, it is necessary to have a pilot ignition system using 
conventional diesel fuel in small amounts in order to start the combustion process. It is expected that 
the diesel modifications and long-term testing will be completed during the next 1 - 3 years. A major 
Finnish diesel maker is now working to make whatever adaptations will be required so that turnkey 
plants can be built to convert biomass into electricity via Ensyn's process and diesel generation. 

The impo~tance of diesel-generated electricity, using Ensyn's fuel. can scarcely be over-exaggerated. 
The load-following characteristics of diesels are well known and a co-generation plant based on diesel 
engines is able to achieve a much higher ratio of electricity to heat than is the case for other CO- 
generation methods. The work of Elliott (3) indicates the importance of bringing capital costs and 
operating costs down if biomass is to play an important role in global power generation Ensyn 
calculates that the capital and operating costs of a full power plant, including materials handling. 
Ensyn unit, diesel generator and power delivery apparatus, would allow the genexation of elecaicity at 
a price under 5 cents U.S. per Kilowatt hour. Even without special incentives, biomass could be 
competitive with all fossil fuels in these circumstances. 

Ensyn is now wodcing with partners to improve its process, and in certain circumstances, to achieve 
further drastic reductions in production costs. 

Ensyn's bio-oil can be used to generate electricity via combustion and the steam cycle. It can overfire 
other fuels in existing thermal generating stations, substituting for these fuels while at the same time 
contributing m sulphur to the atmosphere. Given the moisture content of Ensyn's fuel, there is a 
tendency for NOx emissions to drop as well. 

The bio-oil can be burned, of course, in a dedicated thermal generating station. Since the biomass 
itself could be burned directly, the only reason for liquifying it would be to reduce transportation 
charges, simplify materials handling and reduce particulate emissions in certain circumstances. It is 
important that capital costs for a generating station burning liquid fuel tend to be considerably lower 



than equivalent stations for solid fuel. 

DETAILED ECONOMICS 

A) Wood and Agricultural Residues 

Estimates have been amved at with respect to large scale Ensyn plants which convert wood residues 
into liquid fuel. The economics have been based on such fuel replacing fossil fuels for combustion 
and they do not take into account any higher values such as would be obtained for diesel operation. 
They also do not take into consideration any values for chemicals or for a char product. 

Since these proposed plants are much larger than anythmg that has been built so far, their costing must 
be seen as a rough approximation More accurate estimates await detailed engineering drawings and 
proper costing procedures. 

The current estimates for capital costs, including dryer, comminution device, rapid pyrolysis plant, 
material handling equipment, etc., but excluding cost of land, is about $6 million U.S. for a plant that 
would hanle  400 green tonnes per day of wood residue. A larger plant, handling 600 p e n  tonnes 
per day, is estimated at about $7.7 million U.S. Annual output of liquid fuel would be 40 million and 
60 million litres respectively, corresponding to 840,000 GJ per year and 1,260,000 GJ per year. 

When all operating costs are taken inm account, and when the capital cost is considered to be 
amortized at 10% per year over the course of 20 years, a production cost for the bio-oil is arrived at. 
A zero cost for feedstock is assumed, given that wood residues axe a disposal problem. The 
production cost is calculated for energy at the plant gate, exclusive of transportation. 

Under these circumstances, the cost of the fuel product would be $2.70 U.S. per GJ from the smaller 
plant and $2.30 U.S. per GJ from the larger. If it is assumed that companies are now burning natural 
gas plus occasional amounts of oil, their current energy costs can be =asonably estimated at 
approximately $2.30 per GJ. This means that, in effect, there is no cost for disposal of wood residue 
using the larger plant. For the 400 green tomes per day plant, the exm cost for energy can be looked 
at as a disposal fee which comes to less than $2.50 U.S. per green tonne of residue. 

Again it must be stressed that these figures are only estimates and that they do not take into account 
any value apart from that of liquid fuel for combustion purposes. 

B) Solid Waste Converslon 

Smaller plants are quite economical for dealing with urban wood waste, other lignoceUdosic wastes 
such as box board, and even some plastic materials. These feedstocks carry a negative cost (ie. 
tipping fee) and usually do not require drying. Material preparation costs might be substantial, 
however. Our estimates, based only on combustion of the liquid fuel product, indicate that a 100 
tonne per day facility would be profitable with tipping fees in the neighburhood of $25 U.S. per 
tonne. Again, what is required is a market for the liquid fuel reasonably close to its site of production. 

C) Purpose-grown Biomass 

While disposal of residues can be an excellent business, a simcant impact on global warming can 



be realized only if the economics encourage purpose-grown biomass to be utilized as feedstock. Work 
at the Technical Research Centre in Finland (5) and at the Corporate R & D Centre of Neste Oy in 
that country (6) shows that the production of pyrolysis oils would be the most cost effective option 
when it comes to using liquid bio-fuel to minimize net carbon dioxide emissions (see Table 1). 
Mowing a cost of $40 U.S. per tonne of feedstock, Ensyn's liquid fuel would today be competitive 
with other available fuels for combustion purposes only when government incentives are applied. On 
the other hand, when Ensyn fuels can be used to operate large-scale diesel generators, the electricity 
produced will be priced very competitively even without government subsidies. 

For example, paying $40 U.S. per tonne of feedstock would pennit power production costs of just 
under 5 cents U.S. per.Kilowatt hour, using a 340 tonne per day Ensyn plant to produce 20 Megawatts 
of eIectricity. This assumes that 42% of the energy goes to thermal. A generating station of that size, 
including the Ensyn RTP unit, would cany a total capital cost under $1200 U.S. per installed Kilowatt. 
These costs meet easily the important targets indicated by Elliott (3) as necessary to permit biomass 
power to make a major contribution to the reduction of global carbon dioxide emissions. Compared 
with gasification, Ensyn's approach is cheaper, more flexible, more efficient and safer to operakg 
personnel. 

TABLE 1. COST OF AVOIDED CO, OF LIQUID BIOFUEL** 

t Rapeseed Methyl Ester 
* Finnish Marks 
" From Gust, S. 1992. Neste OY, Finland (6) 

D) Additional Revenues 

Cost of avoided 
CO, FIMtkg 

16 - 18 

2.7 - 3. 

1.4 - 1.6 

0.5 - 0.6 

Fuel 

ethanol 

RMEt 

methano I 

pyrolysis oil 

While electricity production, diesel or otherwise, will make Ensyn's RTP units economically attractive 
in a wide variety of circumstances, there are two other important revenues that can be derived from 
the conversion of biomass to liquid fuel. The first deals with the char product, representing about 
12% of the feedstock mass. This char could be used in normal charcoal markets for purposes of 
combustion (eg. briquets), depending on the proximity of such markets and depending on the degree to 
which such markets are truly competitive and not controUed directly or indirectly by a single producer. 
Promising charcoal briquet markets have been identified within Canada. More important, as noted 
earlier, activated charcoal canies a very high price. If it t u rn  out that Ensyn's char can be easily 
activated, as preliminary tests seem to indicate, the char product could actually cany a higher value 
than the oil itself, in which case the char would be shipped and an equivalent amount of the liquid 
product would be burned to provide heat in the Ensyn process. It will be remembered that the char is 
presently used for that purpose or for drying the feedstock. 

Overall Impact 
kg CO,/kg fuel 

-0.3 

-2.5 

-1.6 

-7.6 

Feedstock 

barley 

rapeseed 

wood chips 

wood chips 

Biofuel Cost 
FI M*/kg 

5. - 5.5 

7. - 7.5 

2.2 - 2.6 

0.9 - 1.1 



The other major additional value to be expected comes from chemical production. Indeed, the present 
25 tonne per day plant is utilized mainly for that purpose in a limited, highly specialized market. 
There is good reason to believe that the Ensyn liquid product can be easily fractionated in order to 
provide bulk chemicals of considerable value for the resins and adhesives market. 

Ensyn has already demonstrated that, working with certain li@, it can produce a highly phenolic 
product. In the case of normal wood residue feedstock, including 40 - 50% bark, Ensyn expects to 
have a significant concentration of phenolics in its liquid product. At the same time, the chemical, 
Hydroxyacetaldehyde (HA), is found in significant concentrations (5 - 7%) when wood is the 
feedstock and in higher concentrations with certain other feedstocks. This chemical is very difficult to 
synthesize and its market has therefore been very limited. Based on its structure and properties, 
however, there is good reason to believe that it could substitute into formulations that now call for 
formaldehyde which if resembles chemically. Since it is not volatile at normal temperatures, it would 
be much less hazardous than fomaldehyde in various uses. HA is also a very strong cross-linker and 
could possibly substitute for di-hydroxyacetone as a tanning agent. It is a relatively simple rnaaer to 
extract a 96% HA solution from the liquid product of Ensyn's process. 

It becomes appmnt that, within the Ensyn liquid, there could be combinations of phenolics with HA 
that could yield resins with qualities similar to the family of phenol-formaldehyde resins. These are 
familiar in adhesives and plastics. One could reasonably envision a particle board or plywood product 
which used adhesives made fiom the conversion of the lumber company's wood waste, with the 
remaining liquid used as a boiler fuel or to produce electricity. It should be noted that the fuel value 
of the liquid is not seriously diminished by the extraction of these substances. 

Given the likelihood of these additional revenue sources, Ensyn's approach in the market place has 
been to approach owners of large accumulations of woad residues with a proposal whereby these 
residues would be converted into liquid fuel. The fuel would be burned in place of fossil fuels until 
such time as the added values became established. At that point, the supplier of the residues would 
benefit financially from the added values, thereby turning their residues into an asset rather than a 
problem. Given that it takes about a year to build a plant, and given the work that is proceeding on 
a l l  Eronts, it is reasonable to assume that added values would appear relatively ealy on in the lifetime 
of the plant. 

SUMMARY 

Rapid Thermal Processing (RTP) consists of thermal (or thermocatalytic) refining of biomass and has 
now reached the stage of full commercialization with a 25 tonne per day unit. The economics depend 
upon the price of the feedstock (including preparation) and the scale of the plant. With z m  cost 
feedstock, as for wood residues, Ensyn's RTP technology already makes commercial sense at a size of 
200 tonnes per day or greater. Smaller size plants are profitable with tipping fees. For costly 
feedstocks, application of the technology will be profitable once the liquid fuel product can be used to 
generate electricity (via diesel engines or turbines) or once the chemicals and/or char achieve 
additional value in the market place. At that point, Ensyn's technology can reasonably be considered 
the main non-nuclear technology capable of a significant impact on global warming. 
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Abstract 

Developing chemicals and materials from biomass is reviewed from a historical perspective. The efforts 
carried out during the oil c&es of the 1970s seeded a firmer understanding of the renewable resource 
base. Although major industrial successes in chemicals from biomass are not yet implemented, there are 
several developments that are approaching the market place with new commercial products. Although 
the d r i ~ ~ e r  for the '70s was the cost of oil and its availability at refineries and for distribution to 
consumers, the driver for the efforts of the '90s is environmentalism. Similarities of the two 
developments are recalled and differences in philosophies highlighted. Biomass has several windows of 
opportunity to enter chemical and material markets as well as the energy market in the '90s. The future 
of organic raw materials is closely related to that of energy and these two together, in a well-designed 
strategy will boost renewable energy development, employment, and add strength to regional industrial 
development. In addition, they will provide agricultural producers with income security by providing 
new and stable markets for products. In all of these developments national and international government 
policies have a substantial role to play. Fiscal measures and social policies can help or hinder the 
development of new resources. Stable policies can favor investment decisions. For industry to invest 
in new technologies that are inherently a higher risk than conventional ones, it is essential to buy down 
the risk with continued development by industry and government working in concert. Nearly 20 years 
of developing specific areas has brought us closer to commercial implementation. However, the span of 
time from technology development to implementation in most of these activities is about 40-50 years 
because in many cases, radically new processes and products are being created. It is essential to maintain 
critical capabilities to sustain their development. Appropriate partnerships between industry, government, 
and academia can lead to intelligent use of natural renewable resources to continually increase regional 
and national economic development, and provide a clean and sustainable environment. 



The historical role of renewable resources 

More than 150 years ago, trees, crops, and vegetable matter provided the main source of raw materials 
for fuels and for manufacturing clothing, constmction materials, dyes, inks, and other products. These 
renewable raw materials were gradually superseded by coal as a source of energy, and chemicals because 
of its higher energy density. Coal dominated energy sources between 1910-1930. Solid carbonaceous 
fuels were then gradually replaced by the more convenient liquid hydrocarbons in the form of petroleum 
and its many derivatives. Oil discoveries started in the 1850s, and by 1920, oil contributed less than 10% 
to the world energy supply compared with nearly 70% of coal and 15% of wood. In the 1970s, coal and 
oil achieved the same levels (nearly 40% each) and were complemented by natural gas, while renewable 
resources such as wood declined to a contribution of about 5%. Although nuclear energy increased to as 
high a level as wood at the time, its increase has not been maintained. However, abundant natural gas 
supplies ensure that natural gas will continue to be considered as a source of energy and chemicals. 

Organic raw materials for chemicals (and hence materials) have been historically linked to energy sources. 
Their quantity and quality increased significantly as science and technology led to the petroleum refineries 
of today. We have learned to use small building blocks to tailor-make polymers and plastics from which 
we are designing composites, blends and other high performance materials. It was in the 1930s that 
researchers discovered that ethylene could be polymerized to a high-molecular-weight resin, low density 
polyethylene, initially with a high pressure and traces of oxygen and later in the presence of catalysts. 
In 1943, nearly one million pounds were produced at about $28Ab (all polyethylene figures in 1981 
dollars) with a raw materials efficiency of 75% and using over 8400 BTUAb. Economies of scale and an 
improved process (99% raw materials efficiency and about 5500 BTU/lb) found polyethylene in the 
$0.50/lb range in the 1950s with one billion pounds produced in plants of 500 million pounds each in 
capacity. In the 1980s polyethylene was in the $0.20/lb range (with about 2000 BTUnb energy usage) 
and 12 billion pounds were produced in 1992. 

Although petroleum-derived plastics and resins developed significantly between 1940 and 1990, and today 
represent 51 billion pounds of thermoplastics and thermosets that enter consumer products, we have not 
abandoned mankind's oldest materials-lignocellulosic resources. In fact, Chinese paper discoveries date 
back to 105AD. American paper machine developments started in 1809. Using lignocellulosic resources 
also increased steadily, because their products cost less and their relative insensitivity to oil costs. In fact, 
in 1991, 170 billion pounds of natural fibers were produced: 45% derived from pulpwood, 27% from 
forest and manufacturing residues, and 27% from recovered papers. Synthetic fibers produced in the same 
period came to 8.2 billion pounds. Pulp fibers provided commodity paper and paperboard products. 
Energy intensity in the pulp and paper industry decreased, and the mix of energy sources dramatically 
changed between the 1970s and today, with self-generated energy increasing and purchased energy 
decreasing. 

What will be the future source or sources of organic chemicals and materials? Will hydrocarbon raw 
materials continue to gain shares of materials markets with tailored, predictable, reproducible organic 
pol yrners/plastics/high performance materials to the exclusion of natural raw materials? Or will the 
renewable lignocellulosic materials, despite inherently lower performances than the hydrocarbon 
counterparts in many applications because of their chemical makeup, continue to cost less, improve their 
performance, and thus increase their market share? Or will the combination of these two types of 
materials continue to be used as necessary, dictated by the required performance of the end products? 

Decisions on resource use indeed fall into the domain of national security and interest. In addition, the 
forces that shape international trade and policies are heavily dependent on governments and the public. 
The '90s have brought public opinion directly into the decision-making process because of concerns over 
the environment and the realization of the global impact of mankind's activities on the planet. Indeed, 



progress in the chemistry of organic molecules that allowed the construction of endless products, has 
contributed to the unprecedented increases in standards of living, quality of Life, and material goods in 
developed countries. It has also led to the realization that mankind h e  not always been the best steward 
of its natural resources as evidenced by the real and perceived deterioration of our global environment. 

Many public and institutional perceptions on the environment are not founded on technical facts. The 
scientific community and governments have failed to properly educate the general public on the risks of 
our various choices that we make as a society .and as individuals, and the need for various tradeoffs in 
these decisions. In many cases we do not have all the facts to make intelligent decisions. Extracting raw 
materials or processing, manufacturing and consuming goods all generate wastes that we need to learn how 
to minimize, eliminate, use or convert into useful products such as chemicals, materials, fuels, or electric 
power. s 

Thus, we have arrived at a point at which we need to learn how to choose the appropriate materials on 
a life cycle basis. We need to be able to have a basis for new material choices, employ production 
methods to minimize wastes, and use intelligent manufacturing methods that minimize wastes. After 
consuming goods, we need to be able to recover raw materials for remanufacture or produce other 
chemicals or energy, all in a cost-effective way to ensure continued economic development. We need to 
perform all of these steps without harming our environment. 

What is the future of renewable resources 
for energy, chemicals, materials, and electric power? 

Raw materials futures are highly intertwined for energy, chemicals, materials, and electric power. We 
believe they will continue to do so, but that environmental factors will continue to select raw materials 
differently than they have done to date. External costs may, in fact, start to be applied to the fuel sources 
we select, on a more broad basis than currently. We may move away from regular global competition- 
substitution patterns because economies of scale have justified such moves into exploring local regional 
resources with the most appropriate technologies for manufacturing desired products, either for local 
consumption or for export. 

Philosophies and considerations from 1975-1990 

We can examine the trends in producing chemicals and new materials from the 1970s to 1990. A series 
of conferences were sponsored by the International Union of Pure and Applied Chemistry in 1975 that 
led to a major new initiative was called CHEMRAWN, the acronym for "Chemical Research Applied to 
World Needs." Problems were selected for which chemical science and technology could contribute 
significantly better solutions. CHEMRAWN also recognized that purely technological solutions had 
limitations because the scope of these solutions contained social, economic, and environmental factors. 
In 1978, the first conference addressed "Future Sources of Organic Raw Materials." Today, the chemical 
and allied industries provide a wide range of essential consumer and industrial products. Plastics, textiles, 
cleaning agents, solvents, agricultural chemicals, pharmaceuticals, and industrial chemicals are indeed the 
result of this multibillion dollar industry. These products are primarily based on petroleum as a primary 
resource. 

CHEMRAWN focused on potential future sources of organic raw materials such as wood and other plant 
materials, industrial and agricultural wastes, in addition to non-conventional fossil hydrocarbons. Wood 
and plant materials were considered especially suitable resources for developing countries. 



A quote from the statement of the problem for the 1978 CHEMRAWN declares: 

"Substantial depletion of petroleum resources, worldwide, is likely to occur within a few decades; 
limitations in timber and agriculture are already evident. Even if a breakthrough in the availability 
of energy were to occur, implementation would require comparable periods and a continued supply 
of organics must be ensured. The use of alternatives to petroleum will not be a simple matter. 
The research base of relevant knowledge is not adequate at all levels .... The necessary research 
will take decades ... The problem of organic resources is vast: it will impact broadly on the lives 
of all people, and its solution will require time. Forty years of intense activity were necessary to 
build the petrochemical industry. The process of becoming comparably sophisticated in using 

, other organic resources will require at least as much effort ... People must realize that a shortage 
of organic raw materials will produce a dramatic change in their styles of living. Not only articles 
of convenience and pleasure but also articles essential to life will become less available ..." 

At that time it appeared that the main force searching for alternative sources of raw materials was the 
increased cost of the resources and the diminishing world supplies that would be needed by the turn of 
the century. These fears did not materialize at the rate predicted. 

The environmental problems were already recognized at that time and were addressed in this forum. For 
instance, the German government program defined the following conditions (Behrens 1978): 

1. Polluting the environment must be greatly reduced; under no circumstance may new processes 
or new products raise the level of pollution; 

2. Working conditions for those in industry and the conditions for using the products must be 
improved; under no circumstances may they deteriorate; 

3. Energy is to be saved; under no circumstances may new processes or new products lead to 
greater energy consumption 

It is illustrative to look back at the economic and technological targets of the German program in 1978. 

Targets of the German Program on Securing Supplies of 
Raw Materials for the Chemical Industry (adapted) 

Scientific and technological advances have led to increases in agricultural yields, principally in the United 
States, of nearly a factor of eight in corn productivity over this period of time, and also slightly smaller 
increases for other commodities. Annual row crops achieved increased yields by using significant amounts 
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of pesticides and fertilizers, but crop management led to significant soil erosion and decreases in soil 
quality. Large increases in agricultural productivity were found throughout the world, although many 
developing countries still experience food shortages. Timber resources have been depleted in some areas, 
but the temperate regions both of the northern and southern hemispheres have been replanted and used 
for specific products such' as pulp, paper, cardboard, and related products. Overall, the production of 
petrochemicals, food, feed, and natural fibers increased significantly throughout this period. The increased 
industrial, agricultural, and forestry production also led to increased levels of emissions to air, water and 
1 and. 

Beyond 1990 

Today, the criteria for the developing new processes and products involve the traditional parameters: 

Economics 
Productivity 
Efficiency and functionality 

as well as: 

Environmental impact both before and after using a product (waste management). 

Industry's view includes globalized market economies that decrease the constraints of operating within the 
boundaries of one nation. Thus, for some governments, additional criteria must also be considered: 

Sustainability, stewardship, and managing national resources 
Economic growth 
Maintaining and improving living standards in developed countries while maintaining, preserving, 
and improving the environment for future generations 

Petroleum is and will continue to be a major driving force of the industrial society (Yergin, 1991). 
Natural gas and its liquids are important and their role will continue to increase in the near future in the 
industrial economy. However, there is a climate for change developing in industry. The driver for the 
changes is the growing concern about the environment. Industry is being asked to reevaluate its priorities 
and the following are examples of additional parameters that are now considered important: 

Minimizing emissions to air, land, and water in manufacturing products. 
Assessing the toxicity or hazards of intermediate or final products to decrease the risk of the 
operations on workers and neighborhoods. 
The effect of processes and products on the global environment, and the compatibility of products 
and processes with the environment. 
Disposing waste (industrimst-consumer) in an environmentally and ecologically sound manner. 
Product recycling and biodegradation strategies are needed by industry as they are required by 
consumers and municipalities. 
Conserving resources and efficiency using resources. 

6 Alternative resource development - are there resources that could lead to better products with less 
environmental, impact given sufficient research, development, demonstration, and 
commercialization? 

The cost of environmental compliance for all technologies and all resources has indeed increased as the 
knowledge of the impact of our activities on the global environment increases. 



"Environmentalism" will become a major business in the 1990s and beyond (Narayan, in Rowell, 1992). 
The "greening" of industry resulted in key international companies and industrial organizations meeting 
in Rotterdam to endorse a set of principles and a charter that will commit them to environmental 
protection into the 21st century. A business charter for sustainable development was adopted by more 
than 150 companies and 35 organizations. In support of this document, 16-principles developed by the 
Paris-based International Chamber of Commerce (ICC) were adopted. These principles are designed to 
place environmental management high on corporate agendas and to encourage policies and practices for 
carrying out operations in environmentally sound ways. ICC's American afZliate is the U.S. Council for 
International Business that expects that America's corporate awareness of sustainable development will 
emerge. Examples of principles in the charter are: 

Developing and operating facilities that undertake activities with energy efficiency, sustainable use 
of renewable resources, and waste generation in mind. 
Support for and performance of research on the impact of raw materials, products and processes, 
emissions and wastes, and ways to minimize this impact. 
Modifying manufacturing, marketing, or use of products and services to prevent serious or 
irreversible environmental damage; developing products and services that do not to harm the 
environment. 
Contributing to the transfer of environmentally sound technologies and management methods. 

The Earth Summit in 1992 also emphasized the need for developing partnerships that include many 
countries, industries, and governments for establishing stewardship over Earth's resources and 
environment. The Agenda 21 established 150 recommendations and a blueprint for the future that 114 
heads of state signed. Paramount was the concept that it is a global partnership that will lead to the 
sustainable development of the world. In 1993, the United States joined the Rio Accord and pledges to 
reach by the year 2000 the same level of green house gas emissions of 1990. 

Technology changes that promote renewables as a viable resource 

There are several. excellent recent reviews that address chemicals and materials from biomass looking at 
1990 and beyond. In 1993 David Morris and lrshad Ahmed from the Institute for Local Self Reliance 
produced the review: "The Carbohydrate Economy: Making Chemicals and Industrial Materials from Plant 
Matter," which presents the history, current products, and proposes routes for the future of renewable 
resources based on plant materials. 

A major multilaboratory effort sponsored by the U.S. Department of Energy (DOE) has also considered 
alternative feedstocks for the chemicals industries and developed simple technoeconomic methodologies 
for assessing the technical and economic attractiveness of routes of chemicals from biomass in a consistent 
way. This effort by A r g 0 ~ e  National Laboratory, Idaho National Engineering Laboratory, National 
Renewable Energy Laboratory (coordinator), Oak Ridge National Laboratory, and Pacific Northwest 
Laboratory, sponsored by the Ofice of Industrial Technologies, along with other programs sponsored by 
DOE at NREL and other laboratories in biological and chemical technologies research, biobased materials, 
adhesives from renewable resources, ethanol from biomass, thermochemical fuels, and biomass power, 
have provided the basis for the report: "Alternative Feedstocks Program - Technical and Economic 
Assessment of Thermal/Chemical and Bioprocessing Components" (in press). Examples of the areas it 
addressed are abstracted here. 

Also the Union of Concerned Scientists issued a report in 1993 on "Powering the Midwest-Renewable 
Electricity for the Economy and the Environment" through the efforts of Michael Brower, Michael Tennis, 
Eric Denzler, and Mark Kaplan. In this report, the resources of 12 midwestern states are assessed, 
specifically for electric power production, but the report analyzes the availability of the resources, their 



potential costs, and geographic distribution that is germane to chemicals and expanded materials 
production from biomass. 

\ 

These three references, the two monographs by Szmant, the proceedings of a recent American Chemical 
Society meeting (see Rowell et al., 1992), and the report by Leeper provide a wealth of information on 
the status of the field and on the various advances in technologies that followed the initial CHEMRAWN 
activities. The DOE National Laboratories report identifies windows of opportunity for introducing new 
technologies. Increased demand, processing plant obsolescence, and new teChnology development create 
such windows of opportunity to commercialize new products and processes in the chemical industry. If 
sufficiently developed, new technologies can move fiom the laboratory to the market place. These 
technologies need to be demonstrated at sufficient scale to reduce the risks for commercial introduction. 
The economic gain from exploiting a window of opportunity can only be realized if the research has been 
supported we11 in advance of the need for new technology. This was one of the needs called out by 
CHEMRAWN and others in the 1970s. The following are examples of how changing technologies and 
their continued development have lead to opportunities for commercial development today. 

Biodegradable polymers 

Currently, there exists a window of opportunity for developing and commercializing biodegradable 
polymers. Technologies to produce and use plylactic acid, a chemical used in biodegradable polymers 
can meet environmental and market needs. 

In the United States, almost half the current lactic acid market is supplied by a single U.S. company that 
manufactures lactic acid through a synthetic process. The remainder of the lactic acid used in the United 
States is imported from countries that produce lactic acid primarily by fermentation (HRA, Inc. 1991). 
In this case, lactic acid produced synthetically is more expensive than that produced by fermentation. As 
opportunities for increased use of biodegradable polymers emerge, the demand for lactic acid increases. 
Rather than increase production through the more expensive synthetic route, or importing Iactic acid, the 
lactic acid industry is building domestic plants that can produce lactic acid by fermenting agricultural 
waste. This positive economic alternative is possible because government-sponsored research was 
conducted in the past five years to enable industry to take advantage of a window of opportunity. 
Improvements in producing and separating a dilute organic acid stream have permitted this process to 
undergo commercial development (Datta 1989, 1992; Glassner and Datta 1990). 

The biomass refinery based on fast pyrolysis 

The pyrolysis of biomass has been practiced for thousands of years to prepare charcoal. Wood pyrolysis 
products became industrialized more than 200 years ago. Examples of chemicals produced from wood 
distillation were methanol, acetone, and acetic acid among others. In fact, the name for methanol 100 
years ago was wood alcohol. Cod tar phenolics along with wood-derived methanol were the source of 
the first phenolic resins prepared by ~Baekeland (the bakelites). 

Research and development in the field of biomass pyrolysis has, in recent years, developed an 
understanding both of the science and of the engineering necessary to begin controlling the composition 
of the fast pyrolysis products. Because biomass pyrolysis vapors are reactive oxygenated low molecular 
weight chemicals, it was necessary to learn to form them quickly through a suitable fast heat transfer 
mechanism, and also to remove them from the heated zone to avoid uncontrolled decomposition reactions. 
The fast pyrolysis process is also called flash pyrolysis. In this process, biomass is rapidly heated at 
atmospheric or near atmospheric pressures, although hydropyrolytic approaches could also be carried out 
under pressurized conditions, for instance, in an atmosphere of hydrogen. 



Controlling reaction conditions-high temperature, fast heating rate, and short residence time, allows the 
production of economic concentrations of products that are enabling the field to move toward technology 
transfer and commercialization worldwide. At low temperatures (<40O0C) and low heating rates, the wood 
decomposition is relatively slow and the main reaction product is char along with gases. As the 
temperature (450-650°C) and heating rate increase, the yields of liquidloil products increase and pass 
through a maximum; from that point on (650-120O0C), gas yields continue to increase at the expense of 
the oil phase. Staying in the range of 500-550°C and with in the seconds residence time, it is possible 
to obtain high yields of liquid products of 60-70% that are amenable to conversion into high 
concentrations of desirable products through a variety of post pyrolysis processes such as solvent 
fractionation, catalytic processes, and post thermal cracking. 

An alternative refinery would closely couple the vapor production with catalytic upgrading. These efforts 
are in the research and development scale. Not as much is known about these processes as compared to 
the production of oils and their fractionation mentioned above. The ability to produce selected olefins is 
a route that has not been optimized. Benzene, toluene, and xylenes production have been investigated in 
detail through engineering development. 

In these proceedings, Donna Johnson and her co-workers examine in detail the ablative fast pyrolysis and 
its potential and commercialization routes, and review the efforts in the United States and internationally. 
This paper should be consulted for additional information in this extremely promising area. 

Syn-gas chemicals 

Successful commercial acetic anhydride production has already been achieved from coal by Eastman 
Kodak (Agreda et al. 1992) through gasification and catalytic conversion. 

Biomass gasification is emerging from a 20-year development cycle and is contending as a serious 
producer of electric power and syn-gas derived chemicals, including hydrogen. In particular, acetic acid 
from syn gas produced from biomass would have the advantage of the higher level of carbon monoxide 
generated in biomass gasification compared to conventional routes from coal or natural gas. Engineering 
development needs to continue so that the risks of these new technologies are reduced sufficiently to 
justify industrial investment in commercial applications. 

The gasification of biomass by both thermal and biological routes is reviewed by Overend and Rivard in 
these proceedings. 

Biochemical processing of renewables 

New opportunities for large-scale bioprocessing will be driven by the need to competitively resolve issues 
related to the environment and energy. Some of these opportunities include feedstocks for degradable 
products (e.g ., biodegradable plastics), oxygenated transportation fuel additives, oxygenated chemicals, and 
"natural" or "green" products. Some large-scale bioprocesses have already demonstrated significant 
advantages over existing technology when technology advances have been successfully integrated. For 
example, bioleaching ores today accounts for about 25% of the copper produced in the United States and 
constitutes a $650 milliodyr business. Producing amino acids is now a $2 to $3 billionlyr industry that 
developed through improvements in microbial strains and the fermentation process. Corn wet milling also 
uses fermentation and enzymatic conversion for the producing ethanol, high fructose corn sy~up, and other 
chemicals in an industry that produces more than $6 billiodyr in revenue and uses 22.7 billion kg 
(50 billion pounds) or 12%-14% of the U.S. corn crop (Datta 1992). This latter industry represents an 
appropriate model for integrating commodity chemical or energy production with specialized or 
intermediate chemical production through bioprocessing. 



It is estimated that the bioprocessing industry has the potential to grow to become a $50 billionlyr industry 
by the year 2000 if sufficient investments are made in research and education (National Academy of 
Sciences 1992). Producing chemicals based on renewable resources represents an opportunity to realize 
this potential and enable U.S. industry to dominate in this area in the future with economically and 
environmentally sound products and technologies. 

Despite some successes, there are still significant economic, institutional, and technical barriers that 
prevent developing a multi-billion dollar chemicals industry based on renewable resources. These barriers 
include continuing low petroleum feedstock prices, high capital investments sunk in existing processes, 
and the need for more strategic alliances between agriprocessing and chemical industries. If these 
economic and institutional barriers are to be overcome, the products and technologies must be 
economically sound and environmentally responsible; and they must also be developed, integrated, and 
demonstrated at a sufficient scale so that risks to commercialization are minimized. Partnerships between 
industry, government, and academia are essential to capitalize on these developments and transform them 
into a viable economic force for a clean and sustainable environment. 

Technical advances and new applications to overcome barriers 

The barriers outlined above can be overcome by developing and applying recent technical advances. Most 
of the technical barriers are incremental rather than "fatal flaws." The fundamental objectives are to 
produce feedstock at acceptable costs in an environmentally acceptable way, to increase product yields and 
rates, and to develop ways to separate products efficiently and economically. Past attempts by industry 
to produce chemicals from renewable feedstocks have failed because it lacked adequate technology. 
Fortunately, there have been major advances in metabolic engineering, advanced fermentation, reactor 
development, catalysis, separations, and fractionation technologies that were not available as few as five 
years ago. These advances can overcome some major technical hurdles and are applicable to both 
bioprocessing and thermal/chemical methods for chemicals production. Examples in three areas are briefly 
described. 

Feedstock development 

Initially, many of the processes that are being developed, will become cost effective if they are matched 
to suitable waste resources. However, these resources are limited and their price, with increased demand, 
will increase as well. The smal1,size of the waste resource collected in a single location in most cases 
dictates using small processing plants, and therefore, economies of scale cannot be practiced. Brower and 
his co-workers have discussed these waste feedstock aspects very well in the context of electric power 
production, an industry in the United States that produces over 6500 MW of electricity. This discussion 
is actually quite applicable to the chemicals production, although, depending on the value of the chemical 
produced, the process could afford to pay a higher cost for the feedstock. 

The past decade has seen the development of "energy crops," such as varieties of switchgrass, napier grass, 
or hybrid poplars. Many of these feedstocks could be designed for producing specific chemicals. Their 
price will not be cheaper than that paid for the waste resource. However, this resource will be stable and 
available at the appropriate scale for the products in question. Another example of a dedicated feedstock 
will be the culture of specific Eucalyptus resources in Espirito Santo, Brazil, by the Aracruz companies, 
tailored for producing high quality chemical pulp. 



Themal/catalytic processes 

Fast pyrolysis of the technologies that is moving into commercidization. ThermaUchemical processes can 
provide specific chemicals that have higher chemical hnctionality and thus have the potential to become 
new monomer precursors for a variety of applications. For example, new separation technologies for the 
high yield production of levoglucosan from biomass pyrolysis have been developed. Levoglucosan, an 
anhydroglucose derivative, has traditionally been considered a high value specialty chemical. New 
techniques for its isolation from pyrolysis mixtures offer the possibility of this complex sugar being used 
as a feedstock for a variety of applications. 

New catalysis methodology is being developed for the converting biomass derived materials into useful 
products. This technology is being investigated for producing high value sugars from simple starting 
materials such as glucose, sorbitol, mannitol, etc., as well as for preparing useful chemicals from lignin. 

"Clean fractionation" technology for separating lignocellulosic material into its constituent components 
offers a unique, cost effective source of cellulose, xylose, and lignin as raw materials for chemical 
production. These developments may be necessary if the costs of conventional processes such as chemical 
kraft pulping continue to increase because of environmental costs of compliance. Improvements in 
chemical pulping processes that use catalysts such as anthraquinone, that may be used coupled with kraft 
pulping or to soda pulping, will continue. From an initial use as an adjunct to kraft pulping, it is very 
likely that if these catalysts are available at a low cost, anthraquinone-catalyzed soda pulping may gain 
importance in regions where environmental compliance costs are very high. 

Biotechnology 

Well developed methods for transferring DNA, the genetic material that controls biochemical pathways, 
can be exploited to create novel metabolic capabilities. However, some industrially interesting microbes 
are not well suited for genetic manipulation using the standard tools of recombinant technology. New 
methods have recently been developed for the introducing DNA into microbes, such as using electrical 
discharges or small projectiles coated with DNA. These approaches bypass the specificity which limits 
the use of recombinant DNA tools, and permit transferring DNA into a wider variety of organisms. 
Methods have also been developed that greatly facilitate the isolation and manipulation of the genes 
encoding individual enzymes (protein biocatalysts) that perform the stepwise conversions of metabolic 
pathways. In particular, the Polymerase Chain Reaction (PCR) method, pennits mass producing altered 
genes in which specific changes in the structure of the protein were encoded. Altering of proteins has 
been exploited to generate enzymes that perform novel reactions of industrial utility. 

New strategies have been developed that allow introducing DNA antagonistic to the host's DNA and 
thereby alter the activity of a metabolic pathway. This approach has been used, for example, to alter crops 
for controlling ripening and pigment production. Developments in fermentation and bioreactor 
technologies have been designed that enable immobilizating microorganisms and 100- to 1,000-fold 
intensification of microbial biomass, which also results in a concomitant increase in rates. 

Conclusion 

In conclusion, the future of natural renewable resources is bright because of the continued science and 
technology developments that have occurred in the past 20 years. Intelligently selecting target chemicals 
and processes, coupled with the best resources for their production, will indeed have a major impact in 
producing specific chemicals in various tirneframes. They will generate regional economic development 
because the resource base is dispersed. They will use clean technologies for producing perhaps similar 
products, perhaps new materials with built-in properties that are desired by consumers. The overall 



outcome will be economic development and a clean and sustainable environment. Many of technologies 
mentioned will have a role to play in the next 20 years and beyond. Biotechnology will continue its 
development from the current adolescent stage, in which high value products are the bulk of the market, 
into penetrating higher volume product markets as the engineering and development progresses and costs 
are reduced, to the stage that chemical, thermal, and catalytic technologies have been since the 1970s for 
conventional hydrocarbon resources, 
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Abstract 

The effect of run-time, temperature and catalyst regeneration on the upgrading of a bio-oil 
produced by the high pressure liquefaction of aspen poplar wood were studied in the presence and absence 
of steam. The bio-oil was processed with HZSM-5 catalyst in a 12.7 rnrn ID fixed bed micro-reactor at 
3.6 WHSV, 1 atm and a temperature range of 290-410 "C. The products, which included coke, residue, 
aqueous fraction, gas and organic distillate were strong functions of the reaction temperature and process 
time. The objective was to optimize the amount of organic distillate and yield of hydrocarbons, and to 
minimize coke formation. Without steam, the amount of the organic distillate was maximum 59 wt% at 
390 T and contained 65 wt% aromatic hydrocarbons. Alkylated benzenes within the gasoline boiling point 
range and a number of phenols were the major constituents. With steam, 3-18 wt% increase in organic 
distillate and 30-45 wt% reduction in coke were obtained Also, processing only the volatile portion of 
the bio-oil yielded an even higher hydrocarbon-rich organic distillate. The spent catalyst was easily 
regenerated and reused four times with little change in its performance. 

Upgrading studies were also carried out with silicalite, H-mordenite, H-Y and silica-alumina 
catalysts. The effect of temperature on the organic distillate and hydrocarbon yields were studied The 
hydrocarbon yields increased with temperature and were up to 22.1 wt% for silicalite, 27.5 wt% for H- 
mordenite, 21.0 wt% for H-Y, and 26.2 wt% for silica-alumina at 410 "C. The nature and distribution of 
hydrocarbons depended on the catalyst pore size, acidity and shape selectivity. 

To understand the reactions involved in upgrading the bio-oil, model compound studies were 
carried out. A reaction pathway based on these studies is presented. 



Introduction 

Environmental concerns and diminishing supplies of low cost non-renewable fuel and chemical 
sources have led to increasing interest in biomass-derived oils (i.e., bio-oils) as an alternative and 
renewable source. In addition biomass has negligible nitrogen, sulfur and metal contents and also is CO, 
neutral. 

The conversion of biomass to fuels and chemicals by the thermochemical means is essentially a 
two-step process. The first step is the conversion of biomass by pyrolysis (Scott and Piskorz, 1982) or 
high pressure liquefaction (KPL) (Eager et al., 1982). The bio-oil from pyrolysis has lower viscosity but 
higher oxygen content (40-50 wt%) than KPL oil (15-25 wt%). In an earlier study on a HPL oil it was 
found out that the bio-oil was highly viscous, chemically and physically unstable with time, that is, its 
physical and chemical composition changed with time, and contained about 40-45 wt% non-volatile matter. 
Similar characteristics, have been observed with bio-oils from cellulosic wastes (Molten et al., 1978), aspen 
poplar wood and lignin, cellulose (Eager et a]., 1982) and tall oil (Zinkel, 1977). Hence, their direct use 
as conventional fuel is limited. The second step therefore is the upgrading of the bio-oil which involves 
stabilizing the bio-oil, and subsequent reduction in the oxygen content and molecular weight. 

Two catalytic processing routes have been reported for the second step. One route involves 
processing with hydrotreating catalysts such as Co-Mo and Ni-Mo in the presence of hydrogen at high 
pressures. The other route uses HZSM-5 catalyst which is shape-selective and enhances the formation of 
C,-C,, hydrocarbons and coking is small. Operation is at atmospheric pressure and hydrogen is not 
required. The major problem in upgrading in addition to poor stability is rapid deactivation of the catalyst. 
The addition of hydrogen donor solvents such as tetraIin has been mentioned (Chen et al., 1988) to be 
useful in improving the bio-oil stability. Also, in an earlier work (Adjaye et a]., 1992) it was observed that 
addition of tetralin aided in improving the physical and chemical stability of a HPL oil. Significant 
reduction in coke formation has also been reported (Prasad et al., 1986) when canola oil was upgraded 
over HZSM-5 catalyst in the presence of steam. Hence, it was of interest to study the upgrading of a bio- 
oil over HZSM-5 catalyst with tetralin as a diluent and in the presence and absence of steam. In addition, 
the effect of catalyst regeneration was studied. The intent was to investigate the performance of WSM-5 
catalyst in terms of its re-use capability during bio-oil upgrading. Upgrading of only the volatile portion 
of the bio-oil was also investigated. 

So far in the literature, only hydrotreating and HZSM-5 catalysts have been used in bio-oil 
upgrading. No information is available on the use or performance of other catalysts. Hence it was of 
interest to investigate the upgrading of a bio-oil with catalysts other than HZSM-5 and the hydrotreating 
catalysts. Silicalite, H-mordenite, H-Y and silica-alumina were selected based on their pore size, acidity, 
and molecular sieving property. Also, it was intended to evaluate the performance of each catalyst in terms 
of their yields and selectivities for hydrocarbons, deoxygenation, conversion of the non-volatile portion 
of the bio-oil and coke formation relative to those of HZSM-5 catalyst. 

Since bio-oils are complex mixtures of various chemical groups such as volatile organic acids, 
alcohols, aldehydes, ethers, esters, ketones, furans, phenols, hydrocarbons and non-volatile components 
(Adjaye et al., 1992) their upgrading is complex and information on reaction pathways are scarce. Where 
reaction pathways have been reported (Chantal et al., 1985; Dao et al., 1988), most often, reactions of 
model compounds have been used as aids in understanding and identifying the reaction steps involved. 
In additioq, model compound reactions are vital for identifying particular class of reactants and products 
responsible for particular processes such as coke formation. Also, the literature (Chantal et al., 1985; Evans 
and Milne, 1988; Dao et al., 1988) indicates that reactions such as &oxygenation, cracking, and 
hydrocarbon formation which occur during bio-oil upgrading could be investigated and elucidated with 
model compound reactions. Hence, it was of interest to investigate the reactivity of the chemical groups 
and fractions composing the bio-oil and to derive reaction pathway(s) for the conversion of the bio-oil by 



using model compound reactions. 

Experimental 

Bio-oil Preparation 

The bio-oil was prepared by HPL of air-dried aspen poplar wood. 100 g of the wood powder was 
mixed with 10 g of sodium carbonate and 500 g of distilled water in an autoclave and pressurized to about 
5 MPa with carbon monoxide. The contents were heated and maintained at 360 "C for 2 h before being 
cooled. The produced gases were vented off. The liquid product consisted of organic and aqueous layers. 
The organic layer, i.e. the bio-oil was separated from the aqueous layer by decanting. The yield of the bio- 
oil was 30 g. The detailed procedure for preparation of the bio-oil and its characteristics have been 
reported in earlier works (Adjaye et al., 1992, Eager et a]., 1982). 

The oil consisted of 70.9 wt% carbon, 8.8 wt% hydrogen and 20.3 wt% oxygen by CHN analysis 
(by difference). No nitrogen was detected. Its water content was 1.5 wt% (of the bio-oil). 

The bio-oil volatiles were obtained by fractionation of the whole bio-oil at 200 "C and 172 Pa. 
A yield of 62.3 wt% was obtained. Details of the procedure for preparing and fractionation of the bio-oil 
have been reported in an earlier study (Adjaye et al., 1992). 

The most abundant compound in each chemical group was selected as model compound. The 
compounds selected were: propanoic acid, 4-methylcyclohexanol, 2-methylcyclopentanone, methyl ester 
of acetic acid, ethoxybenzene and 2-methoxy-qpropenyl) phenol. A synthetic volatile feed obtained by 
mixing the model compounds in the proportions in which their respective chemical groups occurred was 
also studied. This mixture consisted of 2.2 wt% propanoic acid, 1.0 wt% methyl ester of acetic acid, 6.9 
wt% 4-methylcyclohexanol, 14.6 wt% 2-methylcyclopentanone, 13.6 wt% ethoxybenzene, and 6 1.7 wt% 
eugenol. 

Catalyst Preparation and Characterization 

The HZSM-5 catalyst used was synthesized following the procedure described by Chen et al. 
(1973). The catalyst was first obtained in the sodium form and calcined at 550 "C to decompose the 
tetrapropyl-ammonium bromide which was used as the organic template. Later, it was converted to the 
protonated form by treating with a 2 L solution of 0.5 M HCl solution at 80 "C for 24 h. The yield of the 
catalyst was about 60 g. To confirm the identity of the catalyst, the aromatics product distribution at 371 
"C obtained from reacting methanol with the catalyst was determined. The results were similar to those 
obtained by Chang (1983). 

Silicalite, type Y zeolite, mordenite and silica-alumina catalysts were obtained from Union 
Carbide. Type Y and mordenite catalysts were obtained in the sodium form. They were later converted 
to the protonated form by ion-exchange with 2 L solution of 0.5 M Hcl solution. Silicalite catalyst is a 
molecular sieve of entirely silica composition and uniform pore diameter with no ion-exchange properties 
and no acid sites. It has a similar framework as ZSM-5. The X-ray diffraction analysis on these catalysts 
showed high crystallinity for the zeolite catalysts and non-crystallinity for silica-alumina. The diffraction 
patterns were similar to those reported by Argauer and Landolt (1972) and Szostak (1989). 

The detailed preparation and characteristics of the catalysts have been reported elsewhere (Adjaye, 
1993). 

Experimental Setup and Procedure 

The experiments were conducted in a continuous downflow mode using a fixed bed micro-reactor 
operating at 3.6 WHSV, 330-410 "C and 1 atm pressure. Details of the experimental set-up, reactor 



operation, product collection and analytical procedures are given elsewhere (Adjaye, 1993). 
Briefly, the reactor was first loaded with catalyst and brought to the reaction temperature in a 

stream of argon flowing at 2 Ifh. When the desired temperature was attained, the argon flow was stopped 
and the bio-oil was fed to the reactor by a micro-metering pump (Eldex, model A-60-S). At the end of 
each run the reaction products leaving the reactor were separated into liquid and gas products. The liquid 
product consisted of an aqueous and an organic phase. This was trap cooled by a condenser and then 
separated. The organic fraction was distilled under vacuum at 200 "C and 172 Pa using a Buchi GKR-56 
distillation unit. It was determined in an earlier study (Adjaye et al., 1992) that these conditions provided 
the highest yield of organic distillate. The vacuum distillation produced two fractions; a volatile and 
non-volatile fraction which were identified as the "organic distillate Eraction (ODF)" and "residue", 
respectively. The ODF was the desired product 

The gas product was collected over saturated brine solution After each run, the spent catalyst was 
removed from the reactor and washed with hexane. Similarly, the inside surface of the reactor was washed 
with hexane. The hexane-soluble portion was designated as "unconverted oil" (or tar). The washed catalyst 
was then dried at 100 "C for 1 h followed by heating in an air flow for about 1 h at 600 "C to regenerate 
it. The difference in weight before and after regeneration of the washed catalyst was termed "coke". 

In order to study the effect of the duration of a run on product yields and also to optimize the 
yield of ODF, upgrading was carried out at different run-times. Run-times of 15, 30, 45 and 60 min were 
used. Similarly, the effect of temperature on the product yields were studied. A temperature range 290-410 
"C was used. In order to study the performance of the catalyst, regeneration studies were canied out. In 
these runs the spent catalyst fust was regenerated in an air flow at 600 'C for 1 h, and then used for 
upgrading of the bio-oil at 370 "C. This process was repeated until the same catalyst was used four times. 
All these experiments were carried out in the presence and absence of steam. The steam was fed in a 1:1 
weight ratio with the bio-oil. 

The bio-oil volatiles were upgraded by first mixing with tetralin in a 211 weight ratio followed 
by HZSM-5 treatment. The temperature range used was 330-410 "C and run time of 30 rnin. 

Chemical Analysis 

The composition of the ODF was determined by gas chromatography (Carie GC 500) using a 50 
m long fused silica capillary column and a Flame ionization detector (FID). The identity of the peaks were 
determined by GC/MS analysis (FlannigadMAT 4500 GC-MS) and by using known pure compounds and 
calibration mixtures. For each analysis, the individual compounds identified were placed under similar 
chemical groups (Figure 1). The gaseous products were also analyzed (Carle GC 500) using a combination 
of packed and capillary columns. After normalization of the components, an average molecular weight was 
calculated for the gaseous product. Thc weight of the gas fraction was determined from the average 
molecular weight and the total volume of the gas evolved during the run. The identity of the peaks were 
determined using pure compounds and calibration mixtures. 

In this work no attempts were made to recover tetralin Erom the product, however the results are 
reported on tetralin free basis and the conversion of tetralin was taken into account. 

Results and Discussions 

The objective of these studies was to achieve high yields of ODF and to minimize coke formation 
by varying the process conditions and by using different catalysts. It was also intended to determine the 
yield and selectivity for hydrocarbons and to study the advantages of using steam. The overall mass 
balances from upgrading with HZSM-5 are presented in Table 1. A number of runs were repeated to check 



their reproducibility. The experimental error was within 3 %. 

Effect of run-time 

Since upgrading was carried out in the presence and absence of steam, the effect of run-time was 
studied in both cases. Without steam, the conversion of the bio-oil to ODF was a maximum of 58.3 wt% 
at 30 min before decreasing to 44.4 wt% after 60 min. With steam, the yield of ODF decreased 
progressively from 64.5 wt% at 15 rnin to 60.5 wt% after 60 min. The decrease in ODF as the process 
time was increased was due to the conversion of the bio-oil and ODF to coke and residue. These results 
indicate that the effect of process time was more significant without steam than with steam. 

The composition of the ODF consisted mostly of hydrocarbons, phenols, ethers, ketones and 
alcohols. The ODF was highly aromatic in nature. Alkylated benzenes such as toluene, ethylbenzene and 
xylenes were the main hydrocarbons. Very low concentrations of benzene were obtained which is 
especially desirable since emission standards require exceptionally low benzene in fbels. The analysis show 
that a significant fraction of the bio-oil was converted to hydrocarbons which can be used as addition to 
gasoline. The effect of run-time on the yield and selectivity for hydrocarbons was of special interest since 
the hydrocarbon content determined whether the ODF could be used directly as fuel or as chemicals. The 
results are presented in Table 2. The selectivities were calculated by equation 2 (Appendix). It can be seen 
that in the absence of steam a maximum of 43.3 wt% (30 min) of the bio-oil was converted to 
hydrocarbons and the selectivity was 0.86. It is interesting to note that with steam the yield and selectivity 
for hydrocarbons both decreased progressively with nm-time (42.2 wt% and 0.77 at 15 min to 37.8 wt% 
and 0.66 after 60). The results also show a high selectivity for aromatic hydrocarbons comparkd to 
alphatic hydrocarbons. The high aromatic selectivity resulted from the shape selectivity of the HZSM-5 
catalyst (Chen et al., 1989, Prasad et al., 1986). 

These results have indicated that when upgrading without steam a run-time of 30 min was 
sufficient to achieve maximum yield of ODF and hydrocarbons. On the other hand, with steam the process 
time should be kept as low as possible. Consequently, 30 rnin run-time was used for all subsequent runs. 

Effect of temperature 

Upgrading was carried out within the range 290-410 T. The mass balance at each temperature 
is presented in Table 1. It can be seen that in the absence of steam the yield of ODF increased from 43.1 
wt% at 290 "C to a maximum of 58.3 wt% at 390 "C before decreasing as the temperature was increased. 
In the presence of steam, the ODF yield increased from 45.6 wt% at 290 " to a maximum of 65 wt% at 
370 "C. The decrease was probably due to conversion to coke and gas. The yield and selectivities for 
hydrocarbons followed a similar trend as the ODF yields. These studies have indicated that the-optimum 
yield of ODF and highest yields and selectivities for hydrocarbons were obtained in the range 370-390 
T. 

Effect of Co-feeding Steam 

One major objective of this work was to study the effect of steam on upgrading. Hence, the 
product yields from upgrading in the presence of steam was determined and compared with the operation 
without steam. The results show that ODF yields were much higher, and the coke yields and hydrocarbon 
formation were reduced when upgrading was carried out in the presence of steam. This is because in the 
presence of steam, some of the intermediates do not react or crack as much as they would if steam was 
not present. Consequently, the ODF yields increased and coke formation decreased. Similar results have 
been observed in petroleum upgrading. Also, a similar observation was made by Prasad et al. (1986) 
during the upgrading of canola oil in the presence of steam over HZSMJ catalyst. Prasad et. al. (1986) 
and Ison and Gorte (1984) explained these observation on the basis of competitive adsorptionsf the steam 



Table 1. Overall product distribution (wt% of b i ~ i l )  from upgrading of b i ~ i l  over HZSM-5. 

Product 

Aqueous Fraction r 

Residue 

2~race  amounts 
3With steam 

Temperature, OC (run-time: 30 min) Run-time, min (370 'C) 

15 30 45 60 



Table 2. Yields (wt)d) and selectivities for hydrocarbons from upgrading over HZSM-5. 

Yields of Hydrocarbons 

I I I Run-Time, rnin (370 OC )  

I Aromatics I NS 
30.3 38.3 33.6 24.2 

Hydrocarbon I 

Cyclic aliphatics 

Non-cyclic 
aliphatics 

I 

( Total Yield I NS 
34.2 43.3 39.7 29.0 

60 15 

I Temperature, O C  (Run-time: 30 min) 

I I Selectivities for hydrocarbons 
Hydrocarbon 

30 

Aromatics 

45 

Cyclic aliphatics 

Non-cyclic 
aliphatics 

Overall selectivity 



molecules with bio-oil molecules. Steam molecules were believed to preferentially adsorb on the active 
Bronsted acid sites so that these sites no longer existed as H' instead as H,O', thus altering the strength 
of the active sites. Consequently, the rates of cracking, aromatization and polymerization reactions also 
changed. From these studies it appears that the presence of steam lower.ed the polymerization rates. 
Consequently, the coke formed was reduced and ODF yields increased. 

Effect of catalyst regeneration 

The effect of regeneration on upgrading was skdied in order determine the catalyst performance 
in terms of its re-use capability. In this study, the catalyst was regenerated four times. The results after 
the fourth regeneration-re-use cycle showed that in the absence of steam, the ODF yield decreased by 5.6 
W%, and the coke and residue increased by 1.6 wt% and 1.5 wt%, respectively. The hydrocarbon content 
of the ODF decreased from 42.1 to 35.0 wt% and the BET surface area changed from 329 to 319 m2/g. 
With steam, the ODF decreased by 3 wt%, coke and residue increased by 1.1 wt% and 1.6 wt, 
respectively. The yield and selectivity for hydrocarbons decreased by 4.2 wt% and 0.1 1, respectively. Also, 
the BET surface area changed from 329 to 321 m2/g. However, in both processes the interplanar spacing. 
"d" values, obtained from x-ray diffraction analysis did not change indicating that the crystallinity of the 
catalyst was maintained. 

The decrease in BET surface area is not understood but it may have resulted from changes in the 
available active surface area. Aiso, the changes in the yield of the various products and selectivity of 
hydrocarbons may have resulted in changes in the acid strength and distribution or the number of available 
acid sites remaining after regeneration. Topsoe (198 1) observed that the strength of acid sites decrease or 
some sites disappear when ZSM-5 catalysts are regenerated. Despite these changes it can concluded that 
the HZSM-5 was structurally stable under these conditions and that it could be regenerated and re-used 
with little change in its performance. 

Upgrading bio-oil volatiles 

The intent was to investigated the upgrading of the bio-oil without the presence of the high 
molecular weight components. Due to the limitations imposed by the pore size and structure of the HZSM- 
5 catalyst the high molecular weight components easily block the pores of the catalyst thereby reducing 
diffusing rates and subsequent reaction. In addition, these deposit on the surface of the catalyst. thus, 
blocking the active sites and polymerizing to coke or residue. Hence. in this study, the volatile portion of 
the bio-oil alone was upgraded with HZSM-5 catalyst. 

The effect of temperature was studied and the mass balances at these temperatures are presented 
in Table 3. It can be seen that the yield of ODF decreased with increase in temperature due to reaction 
to form coke, gas and residue. The residue formation may have resulted from polymerization reactions of 
molecules in the gas phase. The ODF was also rich in hydrocarbons, consisting of mainly aromatics and 
cyclic aliphatics. It also contained large amounts of alkylated benzenes which were within the gasoline 
boiling point range. 

As can be seen upgrading of the volatile portion alone resulted in between 44.3 to 51.3 wt% 
hydrocarbons compared 34.1 wt% to a maximum of 43.3 wt% hydrocarbons when the whole bio-oil was 
upgraded. Thus, upgrading the volatile portion alone resulted in increased hydrocarbon yields and 
selectivities. 



Table 3. Product distribution (-), yield and selectivities for hydrocarbons from upgrading 
of b i ~ i l  volatiles over MSM-5. 

Overall Product Distribution 

1 Product 

Aqueous fraction 

I Coke 1 2.0 6.4 9.7 

Gas 

Organic distillate 

Residue 

1 Unconverted bio-oil I --- 
--- I)-- 

Unaccounted I 0.8 0.9 0.7 

1 Total 1 100.0 100.0 1 00.0 
Y aelds and Selectivities for Hydrocarbons 

1 Aromatics 

Hydrocarbon 

I Yield 
I / 

.Tempe ratu re ,"C 

I Overall selectivity 1 0.93 1.13 1.13 

330 

Cyclic aliphatics 

Upgrading using various catalysts 

Selec. 0.80 1.03 1.05 

Yield 3.4 2.3 1.7 

Selec. 0.04 0.02 0.02 

Since upgrading of bio-oils have been carried out exclusiveIy with either hydrotreating catalysts 
or HZSM-5, it was intended to study the upgrading of the bio-oil using a variety of catalysts with different 
characteristics. In bio-oil upgrading, the major objectives have been centred around maximizing the yield 
of ODF, deoxygenation, minimizing coke formation or conversion of the non-volatile fraction (Baker and 
Elliot, 1987; Chantal et al., 1984, Sharma and Bakhshi, 1989, 1991). Since no information is available in 
the literature on the processing of bio-oils using these catalyst, it was essential to evaluate each catalyst 
using some of these objectives and also to compare their results with that of HZSM-5 catalyst. The results 
are presented in the following. 

The effect of temperature on the yield of ODF and the performance of each catalyst in upgrading 
the bio-oil was monitored and compared with thatbf HZ SM-5 catalyst. The overall mass balances and the 

370 41 0 

Total yield 47.7 52.6 52.7 



Table 4. Product distribution (wt% of bio-oil) from upgrading different catalysts. 

I Catalyst I Silicalite I H-mordenite 

Temperature, O C  1 330 1 370 1 410 1 330 ( 370 1410 I Product 

I Aqueous Fraction I T T I T  1.2 1.6 I Coke 1 2.5 5.4 12.2 1 5.9 9.5 13.2 

I Gas 1 0.8 1.9 2.8 1 1.1 2.2 4.3 

I Organic distillate: 1 53.9 62.9 62.4 1 55.1 63.5 59.6 

I Aliphatic Hyd. I '.' 
2.1 1.8 16.1 6.4 7.3 

I Aromatic Hyd. 1 8.1 14.5 19.9 1 10.7 14.7 20.1 

I Oxygenated cornp. 1 35.9 36.5 29.9 1 29.2 32.3 22.9 

I 'Unidentified 1 8.8 9.8 10.8 1 9.1 10.1 9.3 

I Residue 1 27.5 24.8 20.1 1 30.4 22.1 20.1 

( Unconverted oil 1 14.1 3.5 --- I 5.9 --- --- 
I Unaccounted 11 .2  1.5 1.5 11 .7  1.5 1.2 

I H-Y 

Total 
1 Obtained by drfference. 

100 100 100 '100 100 I00 



composition of the ODF at each temperature are presented in Table 3. ?he ODF yields were between 53- 
63 wt%, 46-57 wt%, 51-58 wt% and 40-67 wt% for silicalite, H-mordenite, H-Y and- silica-aludna, 
respectively. It can be seen that as the temperature was increased, the ODF yields for silicalite and silica- 
alumina increased progressively. On the other hand, optimum yields were obtained for H-mordenite and 
H-Y at 370 OC. The results indicate that the yield of ODF was highly dependent on the temperature and 
on the type of catalyst used. For instance, at 330 'C, the yield followed the order: H-mordenite> 
silicalite> H-Y> HZSM-5> silica-alumina and at 410 OC, the order changed to silica-alumina> silicalite> 
H-mordenite> HZSM-S> H-Y. 

The composition of the ODF consisted of aliphatic and aromatic hydrocarbons, and oxygenated 
compounds such as ketones, phenols, alcohols and furans. For all the catalysts, the hydrocarbon fraction 
increased with temperature probably from reactions of the oxygenated compounds. It was interesting to 
note that with the medium pore silicalite, the main hydrocarbon products were toluene, xylene and other 
alkylated benzenes. On the other hand, with the large pore zeolites, i.e. H-mordenite and H-Y, the main 
hydrocarbon products were polycyclic aromatic hydrocarbons such as indene based compounds in addition 
to alkylated benzenes. Only relatively small yields of aliphatic hydrocarbons were formed with these 
zeolite catalysts. With silica-alumina higher fractions of aliphatic (between 13.5 and 20.4 wt% of ODF) 
than aromatic hydrocarbons (between 5.7 and 18.7 wt% of ODF) were obtained at all temperatures. This 
is may be due to the relatively large and undefined pores composing the silica-alumina catalyst. The effect 
of temperature on the yield of hydrocarbons for each catalyst is shown in Figure la. The results show that 
temperature significantly affected the yield of hydrocarbons. 

Hydrocarbon Yields 

The total yield of hydrocarbons for each catalyst, including HZSM-5, is shown in Figure la. These 
yields in decreasing order are: HZSM-5> H-mordenite> H-Y> silicalite, silica-alumina. This shows 
HZSM-5 to be the best amongst the catalysts in the conversion of bio-oil to hydrocarbons. 

Selectivity for Hydrocarbons 

The selectivity for aliphatic hydrocarbons was highest for silica-alumina and followed the order: 
Silica-alumina> H-mordenite> HZSM-5, H-Y> Silicalite. On the other hand, the selectivity for aromatic 
hydrocarbons was highest for HZSM-5 and followed the order: HZSM-5> H-mordenite, silicalite, H-Y> 
silica-alumina. These results signify that where higher yields of aliphatic hydrocarbons are desired, silica- 
alumina catalysts should be chosen. On the other hand, HZSM-5 catalyst should be used when high 
aromatic hydrocarbons are desired. The overall hydrocarbon selectivity was of the order: HZSM-5> 
Silicalite, H-mordenite> H-Y> Silica-alumina. This shows that flZSM-5 has the best selectivity for 
hydrocarbons amongst the catalysts. 

Coke Formation 

Coke fonnation is one of the major problems of bio-oil processing since it results in the 
deactivation of catalyst. In most catalytic processes, coke formation is unavoidable. However, by proper 
selection of catalysts or process conditions, coke formation could be minimized (Chantal et al., 1984; 
Weisz et d., 1979). Therefore, it was essential to evaluate each catalyst in terms of minimizing the coke 
formation. These results are plotted in Figure 1b. It is seen that coke formation was higher with larger than 
the medium pore zeolites. Guisnet et al. (1986) used n-heptane cracking on H-Y and HZSM-5 to explain 
the differences in coke formation between medium and large pore zeolites. It was suggested that coke was 
initially formed in the supercages of large pore zeolites and channel intersections of medium pore zeolites. 
Due to steric hindrances near active sites, coke formation was usually slower on HZSM-5 than H-Y. This 
may explain the reason why coke formation was higher with large pore zeolites than medium pore zeolites. 



The overall performance in terms of minimizing the coke formation followed the order: silicalite> HZSM- 
5> H-mordenite> silica-alumina> H-Y. 

Deoxygenation 

Processing of bio-oils differ from processing of petroleum or coal liquids because of the 
importance of deoxygenation (Baker and Elliot, 1987). Bio-oils contain between 15 to 40 wt% oxygen 
content so that one aim of most upgrading work has been to reduce this fraction to much lower values. 
A plot showing the extent of deoxygenation at 370 and 410 OC is shown in Figure lc. Deoxygenation was 
maximum when using HZSM-5 and decreased in the order: silica-alumina> H-Y> silicalite, H- 
mordeni te. 

Conversion of Non-volatile Fraction 

As mentioned previously, one of the major objectives of most upgrading work is to completely 
convert the non-volatile fraction of the bio-oil to fractions that are relatively volatile. Hence, this was 
selected as one of the performance criteria. The conversion of non-volatiles was carried out by determining 
the quantity of the non-volatile fraction in the product stream. The lower this fraction the better the 
catalyst performance. The results are shown in Figure Id. It is interesting to note that the larger the pore 
size the lower the conversion of non-volatile fraction. For instance, at 370 "C the non-volatile residue for 
HZSM-5 (5.4 A") H-mordenite (6.4 A") and H-Y (8.4 A") were 21.5, 22.1 and 24.6, respectively. Also, 
acidic catalysts (such as, mSM-5. residue fractions of 17.9 to 22.3 wt96) provided higher conversions of 
the non-volatile than non-acidic catalyst (such as, silicalite; residue fractions of 20.1 to 27.5 wt%). Hence 
the catalyst acidity may have played a major role in the conversion of the bio-oil (Chen et al.,1989, Pines, 
1981). Amorphous silica-alumina provided the best conversion of the non-volatile fraction. The overall 
perfoqnance followed the order: Silica-alumina> HZSM-5> Silicalite, H-mordenite> H-Y. 

Effect of Catalyst Pore Size and Acidity 

Since catalysts of different pore sizes and acidity were used it was of interest to study its effect 
on the hydrocarbon formation. The effect of the pore size on the product distribution was studied by 
plotting the hydrocarbon yield with carbon number (Figure 2) for each catalyst. As can be seen, the 
hydrocarbon products from medium pore zeolites (i-e., HZSM-5 and silicalite) mainly fall within the 
gasoline boiling point range, (C, to C,& Hence, these catalyst can be used to provide gasoline range 
hydrocarbons. H-mordenite and H-Y (large pore zeolites) provided a high selectivity for hydrocarbons 
within the kerosene boiling range (q to C,,). The hydrocarbons from silica-alumina did not show any 
defined distribution. 

By comparing HZSM-5 and silicalite the role of catalyst acidity on the yields of hydrocarbons was 
studied. HZSM-5 possesses both Bronsted and Lewis acid sites (Chang, 1983; Szostak, 1989) whereas 
silicalite, which is a polymorph of ZSM-5 Wanigen et al, 1978), (i.e., similar pore size and similar 
structure), has no acid sites. Hence, the major difference between the two catalysts is the catalyst acidity. 
As can be seen HZSM-5 produced more than twice the amount of hydrocarbons than silicalite. It has been 
mentioned that the inclusion of acid sites in the matrix of zeolites do enhance reactions such as cracking 
and aromatization which are essential for hydrocarbon formation. Hence, the absence of acid sites on the 
silicalite catalyst may have resulted in the low hydrocarbon yields. 



Model Compound Studies and Reaction Pathways 

Since the composition of the bio-oil and its upgraded products were complex, model compound 
reactions were used to study the reaction paths leading to the formation of products during the HZSM-5 
conversion of the*bio-oil. The compounds from each of the chemical groups in the bio-oil were reacted 
with HZSM-5 catalyst under the bio-oil upgrading conditions. A summary of the results is provided here. 
The detailed results on these studies can be found elsewhere (Adjaye, 1993). 

These studies showed that each chemical group reacted over HZSM-5 catalyst to a different extent. 
Aqueous fractions, coke, gas, residue and ODF were the main products. Conversions were functions of 
the concentration and temperature. Almost complete conversions were observed with acids, esters, alcohols 
and ketones. Phenols and ethers reacted to much lower extents. 

The product distributions showed that deoxygenation was one of the primary reactions. Oxygen 
was removed either through dehydration or formation of carbon oxides. Dehydration was the main 
deoxygenation route. This was very significant with acids, esters, alcohols and ketones and very low with 
ethers and phenols. It was also observed that cracking occurred very extensively with all the compounds 
except phenols and ethers. The formation of coke and residue suggested polymerization andfor 
condensation type reactions. Coking occurred extensively with acid and esters. Residue formation was only 
observed with ethers and phenols. 

High levels of alkyl ated benzenes were observed indicating that aromatization and a1 k ylation of 
benzene were vital reactions involved in the formation of the final product. Extensive aromatization was 
shown by the alcohols and ketones. Although the acids and ester produced significantly low liquid 
products, these were also high in aromatic hydrocarbons. The ethers and phenols showed very limited 
aromatization. Various isomeric compounds such as xylenes, trimethylbenzenes, dimethylphenols and 
eugenol isomers where also observed. This indicated that isomerization was an important reaction route 
in the formation of the final product. 

Based on these studies, and studies on the upgrading of volatile portion of the bio-oil and synthetic 
volatile feeds a proposed reaction pathway is presented in Figure 3 for the conversion of the bio-oil using 
HZSM-5 catalyst, According to this scheme, the frrst step is the separation of the bio-oil into non-volatile 
and volatile phases as soon as reaction temperatures were encountered (steps 1 and 2). The non-volatiles 
reacted in Wee ways; cracking to form volatiles (step 3). polymerizing to residue (step4) and coke (step 
5). The volatile portion reacted through a number of processes. These included deoxygenation, secondary 
cracking, oligomerization, olefin formation, cyclizatio~, alkylation and isomerization to form ODF (step 
9). The deoxygenation produced the aqueous fraction (step 7) and the carbon oxides in the gas phase (step 
8). Secondary cracking produced the hydrocvbon gases in the gas phase (step 8). Also, polymerization 
and condensation reactions of some of the oxygenated aromatic compounds and hydrocarbons resulted in 
coke and residue formation (step 6 and 10). 

Summary and Conclusions 

1. The run-time significantly affected the yield of the ODF and coke. A 30 rnin run-time was found to 
be optimum for maximum yield of ODF and minimum coke formation. 
2. The yield of ODF also depended on the temperature. Temperature of 390 93 (without steam) and 370 
(with steam) were found to be optimum for upgrading the bio-oil. 
3. The ODF was highly aromatic in.nature. Alkylated benzenes within the gasoline boiling point range 
were the main compounds. 
Upgrading only the bio-oil volatiles resulted in higher hydrocarbon-rich ODE 
4. Processing with steam resulted in higher yields of ODF and reduced coke formation compared to the 
operation without steam. 



5. The HZSM-5 catalyst was easily regenerated and re-used with little change in its perfonnance. 
6. Different catalysts were used to produce ODF of various hydrocarbon concentrations. The catalyst 
acidity and pore size influenced the yield, nature and distribution of the hydrocarbon H-Y and H- 
mordenite provided hydrocarbons within the kerosene boiling point range which could be used as a jet 
fuel. Silicalite and HZSM-5 could provide hydrocarbons within the gasoline boiLing point range which 
could be used as motor fuel. 
7. HZSM-5 was the best catalyst where high yield and selectivity for hydrocarbons and high extents of 
deoxygenation were desired. For lower coke formation, silicalite was the best catalyst and for the 
conversion of the non-volatiles, silica-alumina was the best catalyst. 
8. The reactions of model compounds and mixtures of model compounds were used to explain the reaction 
pathways during the conversion of the bio-oil. The individual chemical groups composing the bio-oil 
reacted to different extents and through various reaction paths. The reaction paths could be categorised 
into essentially a sequence of three groups of reactions. These are 
a. Primary reactions, which include cracking and deoxygenation. 
b. Intermediate or secondary reactions. This includes secondary cracking, oligomerization, olefin formation, 
hydrogen transfer and cyclization. 
c. Terminal or terminating reactions. This include alkylation, isomerization, disproportionation and 
polymerization reactions. 

Appendix 

1. Yield = Product (wt%)/Bio-oil fed (wt%) 
2. Selectivity = H (wt%)/(100-H (wt%)-UC (wt%)-UA (wt%) 
3. % Deoxygenation = (Oxygen (wt%) in feed-Oxygen in ODF 

(wt%))/Oxygen in feed 
where H, UC and ODF represent the yields of hydrocarbons, unconverted bio-oil and organic distillate, 
respectively. U A is the fraction unaccounted for. 
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Abstract 

A novel, fibrous bed bioreactor is developed for multi-phase fermentation processes. 
The microbial cells are immobilized in a spiral-wound, fibrous matrix packed in the 
bioreactor. This innovative, structured packing design allows good contact between 
two different moving phases (e.g., gas-liquid or liquid-solid) and has many advantages 
over conventional immobilized cell bioreactors. Because the reactor bed is not 
completely filled with the solid matrix, the bioreactor can be operated for a long 
period without developing problems such as clogging and high pressure drop usually 
associated with conventional packed bed and membrane bioreactors. This novel 
bioreactor was studied for its use in several organic acid fermentations. Production 
of propionate, acetate, and lactate from whey permeate was studied. In all cases 
studied, use of the fibrous bioreactor resulted in superior reactor performance - 
indicated by a more than tenfold increase in productivity, reduction or elimination of 
the requirement for nutrient supplementation to whey permeate, and resistance to 
contamination - as compared to conventional batch fermentation processes. Also, the 
reactor maintained high productivity throughout long-term continuous operation. 
No contamination, degeneration, or clogging problems were experienced during a 10- 
month period of continuous operation. This new bioreactor is thus suitable for 
industrial uses to improve fermentation processes which currently use conventional 
bioreactors. 



Introduction 

Whey is a byproduct from the manufacture of cheese and casein. It contains about 
4.5% lactose, 0.8% protein, 1% salts, and 0.1-0.8% lactic acid. The biological oxggen 
demand (BOD) of whey is high, -40,000 mg/L, making its disposal a pollution 
problem. Currently, only about half of the 57 billion lbs of liquid whey produced 
zihnually in the United States is used in salable products (Yang, et al., 1992). The 
rest is surplus and must be treated as a pollutant if alternate uses are not found. 
Milk and cheese production in the United States and throughout the world are 
increasing, so that disposing of surplus cheese whey is one of the most critical 
problems facing the dairy industry. 

The utilization of whey or whey permeate a s  a fermentation feedstock has long been 
of industrial interest (Hobman, 1984). A wide range of products can be obtained from 
whey fermentations, including organic acids such as lactic, acetic, and propionic acids 
(Aeschlimam et al., 1990; Ahern et al., 1988; Yang et al., 1992). Presently, these 
organic acids are primarily produced via petrochemical routes (Playne, 1985; Ghose 
& Bhadra, 1985). Conventional fermentation methods generally cannot compete well 
with their petrochemical counterparts due to low production rates. 

Recently, various immobilized cell systems have been studied for their potential uses 
to improve fermentation productivity (Champagne et al., 1989; Demirci et al., 1993; 
Jain et al., 1991; Mehaia & Cheryan, 1986). Compared to conventional free cell 
systems, better fermentation results are obtained from immobilized cell systems, 
including improved reactor productivity, separation of cells from products, and 
operation at high dilution rates without cell washout. However, there are also 
problems associated with conventional immobilized cell bioreactors that have 
prevented their wide industrial applications. 

In general, cell immobilization is achieved either by cell entrapment within a 
confined volume through the use of a polymeric matrix or membrane, or by cell 
attachment via adsorption or covalent binding to a fured surface, such as in a biofilm 
reactor. In conventional cell entrapment systems, overgrowth of cell biomass often 
causes serious problems during long-term operation of the bioreactor. Diffusion 
Limitations and the accumulation of dead cells over time results in loss of cell viability 
and thus reactor productivity. Also, conventional cell entrapment systems are not 
suitable for fermentation processes which produce gases. In reactors with actively 
growing cells, maintaining bioreactor productivity may be rather diacult. For 
examples, packed-bed and membrane, including hollow fiber, bioreactors tend to get 
clogged by cell biomass quickly and fluidized-bed bioreactors are often subject to 
unstable bed expansion due to b i o f b  growth. Conventional packed-bed and 
membrane bioreactors also suffer from high pressure drop and gas entrapment 
inside the reactor bed, substantially reducing the reactor working volume 
substantially. Nutrient transport in these immobilized cell systems also may become 



a problem due to difhsion limitations. Furthermore, conventional packed-bed and 
membrane bioreactors tend to accumulate aged or dead cells and gradually lose their 
production capability over time. 

We have previously developed a novel, fibrous-bed, immobili~ed cell bioreactor to 
overcome the aforementioned problems and have successfully used this new 
bioreactor for several continuous fermentations (Lewis & Yang, 1992; Yang et aL, 
1992). In our bioreactor system, cells are immobilized in a spiral-wound, fibrous 
matrix. The fibrous matrix provides large surface areas for cell attachment and a 
large void space for cell entrapment. Mass transfer limitations within the fibrous 
matrix can be controlled by using a proper thickness of the matrix layer. Growth of 
cells to a high density (30-100 g/L) thus can occur within the fibrous matrix. Also, 
the built-in vertical gaps among the spiral-wound layers of the fibrous matrix allow 
excess cell biomass to fall off to the bottom of the reactor, gases such as CO, and air 
to flow upward freely and escape from the top of the reactor, and the liquid medium 
to be pumped through the reactor bed without substantial pressure drop. 
Furthermore, the binding (adsorption) of cells to fiber surfaces can be regulated by 
the surface properties of the fiber. For example, loosh, cell attachments to 
hydrophilic fiber surfaces (such as cotton) would provide renewable surfaces for new 
cells and prevent aging or degeneration problems. The fibrous matrix functions as 
filter media and helps to retain cells (but not permanently) in the bioreactor. There 
is continual growth of new cells and sloughing-off of aged cells in the reactor. 
Therefore, the bioreactor is able to operate continuously for long periods without 
observable loss in its productivity. These operating advantages cannot be easily 
realized using conventional immobilized cell systems. 

In this work, we investigate the use of the fibrous bed bioreactor for continuous 
production of lactic acid, propionic acid, and acetic acid fkom whey permeate. Lactic 
acid is an important specialty chemical with a current market of about 40 million lbs 
per year in the U.S. (Vickroy, 1985). It is currently used both as a food additive and 
as an industrial chemical. Presently, commercial interests in lactic acid fermentation 
are high because fermentation can produce the pure L(+)- or D(-)- lactic acid isomers 
or a mixture of the two, a feature important t o  the production of biodegradable lactic 
acid polymers. Acetic acid is an important raw material in the chemical industry, at 
an annual production level of - 3.2 billion ibs in the U.S. One new use for acetic acid 
is in roadway deicing, where calcium magnesium acetate (CMA), produced from 
acetic acid and Dolime, is used as a noncorrosive deicer to replace road salt. 
Currently, interest is high in producing acetic acid and CMA via fermentation. 
Propionic acid is an important mold inhibitor. Its calcium, sodium, and potassium 
salts are used widely as food and feed preservatives. Presently, propionic acid is 
produced predominantly by petrochemical routes. However, commercial interests in 
producing propionic acid from whey lactose are high, partially due to the consumer 
demand for natural food ingredients. 



In this paper, we report the performance of our fibrous bed bioreactor in carrying out 
three organic acid fermentations with whey permeate as the substrate. The results 
are also compared to those from conventional batch fermentations. Long-term 
reactor stability and potential for industrial applications of the bioreactor are also 
discussed. 

Materials and Methods 

Cultures and Media 

Homolactic acid bacteria, Streptococcus lactis (OSU stock culture P588) and 
Lactobacillus helveticus (ATCC 15009) were used in lactic acid production from whey 
lactose. Clostridium fonnicoaceticum (ATCC 27076) was used in acetic acid 
production from lactate. For propionic acid fermentation, Propionibacterium 
acidipropionici (ATCC 4875) was used. Stock cultures of these bacteria were 
maintained in synthetic media previously described (Tang et al., 1988; Hsu & Yang, 
1991). 

Whey permeate used in this study was obtained from a cheese plant in Ohio. Before 
use, refrigerated whey permeate was membrane-sterilized by using a 0.2-pm (pore 
size) filter. Unless otherwise noted, plain whey permeate without nutrient 
supplementation was used as the feed substrate to the bioreactor; 

Batch Fermentation 

Several batch fermentations were conducted with 20-111.1 serum tubes and 2-litre 
fermentors for comparison purposes and to screen for nutrient effects. When serum 
tubes were used, cell growth was followed by measuring the optical density of the 
tube using a spedrophotometer. When the fermentor was used, the headspace of 
the fermentor was pressurized with N, at 5 psig to maintain anaerobiosis in the 
fermentor. Following cell growth, 4-ml liquid samples were taken at various times. 
The cell concentration was determined by measuring the optical density. Liquid 
samples were then frozen and stored for future HPLC analysis. 

Bioreactor Construction 

The immobilized cell bioreactors used in this study were each made of a glass column 
(5 cm I.D. x 45 cm) fitted with a water jacket. The fibrous matrix used for cell 
immobilization was made from a piece of cotton towel (-5 mm thick) overlaid with a 
stainless steel mesh, spirally wound around the vertical axis with -5 mm gap 
between two adjacent layers, and packed in the glass column. The packed fibrous 
matrix the reactor had -90% void volume. The reactor working volume was about 
450 mL. 



Figure 1 shows a schematic diagram of the bioreactor system used in this study. The 
feed was pumped into the reactor by using a peristaltic pump (Masterflex with #13 
pump head, Cole-Parrner, Chicago, IL). A recirculation stream was also installed to 
provide mixing in the reactor. The bioreactor was maintained at a constant 
temperature by circulating constant-temperature water through the water jacket. A 
pH probe was also installed in the recirculation loop, and the reactor pH was 
controlled at a desired value by using a pH controller to automatically add base (6N 
NaOH) to the reactor. 

Reactor Start-up and Operation 

Each bioreactor was autoclaved for 45 minutes twice, then filled with synthetic 
medium and inoculated with 40 ml cells. The cells in the bioreactor were allowed to 
grow for 2-3 days. Then, the synthetic mediwn was continuously fed into the 
biioreactor at a slow flow rate of -150 mL/d for several days. The feed rate was 
gradually increased as the cell biomass in the bioreator was built up. It took about 10 
days for the new bioreactor packing to be saturated with cells and to reach steady- 
state. The feed was then changed to whey permeate and fermentation kinetics and 
reactor performance at various feeding rates were studied. Unless otherwise noted, 
all kinetic studies were conducted under well-mixed (CSTR) conditions, with a 
recirculation rate of -25 L/d. 

The bioreactor performance was monitored by checking the optical density (OD) and 
acids content of the effluent from the reactor outlet. The actual feed rate was 
routinely checked by measuring the actual volume of the liquid medium collected at 
the reactor outlet over a known period of time. Once the reactor had reached a 
(pseudo-)steady state, liquid samples were collected and stored for future HPLC 
assays. 

Immobilized Cell Concentration 

At the end of each reactor study, the cell density in the immobilized cell bioreactor 
was estimated by following procedures: fist, all the liquid in the bioreactor was 
drained, and its volume and OD were measured. This information was used to 
estimate the total suspended cells (cells in the free solution) present in the reactor. 
Then, the drained fibrous matrix was removed from the reactor and washed several 
times till almost all cells have been removed, as indicated by the washing water 
being almost clear. The total volume of the washing water and its OD was then 
measured and used to estimate the total amount of cells immobilized in the fibrous 
matrix. However, before washing the drained fibrous matrix, several small pieces of 
the fibrous material were taken for examination with scanning electron microscopy 
(SEM). 

, 



Assay Methods 

Cell concentration in solution was monitored by measuring the optical density at 660 
n m  (OD,, ,) using a spectrophotometer (Sequoia-Turner, Model 340). Lactose, 
pyruvic, succinic, lactic, propionic, and acetic acids in the sample solution were 
analyzed with high performance liquid chromatography (HPLC). Detailed 
procedures have been described elsewhere (Lewis & Yang, 1992). 

Scanning Electron Micrograph 

Samples of the fibrous material containing immobilized cells were immersed in 2.5% 
formaldehyde solution overnight, rinsed with distilled water completely, and then 
gradually dehydrated with 20% to 70% ethanol in the increment of 10% by holding 
them at each concentration for 30 minutes. The partially dehydrated samples were 
left in 70% ethanol for overnight, then dehydrated progressively with 80% to 100% 
ethanol. These samples were k t h e r  dried with liquid CO,. The completely dried 
samples were coated with gold/palladium before SEM photographs were taken using 
the JOEL Model 820 SEM. 

Results and Discussion 

Fermentation Kinetics 

Homolactic Acid Fermentation 

The fermentation kinetics with S. lactis at pH 6.0 and 37°C is shown in Figure 2. 
Plain sweet whey permeate was used as the feed substrate to the bioreactor, and the 
reactor was operated under well-mixed conditions at all retention times studied. 
Complete conversion of lactose to lactic acid occured at - 12 hours retention time. In 
contrast, batch fermentation took more than three days to ferment whey lactose 
(data not shown). The lactic acid yield from lactose was about 95% (wt/wt). 

Similar results were obtained from acid whey with L. helveticus at pH 5.5,42"C (data 
not shown). Complete lactose conversion to lactate occured at -6 hrs retention time 
with the continuous bioreactor, but it took more than 4 days in batch fermentation. 
Also, there was sigmficant accumulation of pyruvate in the batch fermentation. The 
lactate yield from this bacterium was - 90% (wt/wt). 

The lactic acid productivity from L. helveticus reactor was higher than 6 g/hr-L 
reactor volume, which compares favorably with most prior studies with 
supplemented whey permeate. 



Homoacetic Acid Fermentation 

C. fonnicoaceticm grown on lactate, but not lactose, produces acetate almost 
quantitatively. In the continuous bioreactor with lactate synthetic medium, it 
reached 4% acetate at less than 45 hrs retention time. In batch fermentation, it took 
more than 8 days to reach the same acetate level. The acetate yield from lactate was 
-96% (wt/wt). The results from the immobilized cell bioreactor are also superior to 
most prior homoacetic fermentation studies with C. themuaceticum, which normally 
takes several days to reach 2% acetate with only 80% yield from glucose. 

To produce acetate from whey lactose, both S. lactis and C. fonnicoaceticum were co- 
immobilized in the bioreactor. Figure 3 shows the fermentation kinetics with whey 
permeate. Apparently, plain whey permeate did not have sufficient nutrients to 
allow the fermentation to complete. Both fermentation rate and conversion, 
however, improved simcantly when yeast extract and trypticase were added to 
whey permeate (data not shown). 

Propionic Acid Fermentation 

Plain sweet whey permeate was used as the feed to the bioreactor. Figure 4 shows 
the concentration profiles of lactose, propionic acid, and acetic acid versus the reactor 
retention time for fermentation at pH 6.0 and 30°C. It is noted that significant 
amounts of succinic and pyruvic acids were also produced from lactose during 
propionic acid fermentation (data not shown). As also can be seen in this figure, 
lactose fermentation was fast at low retention time (<20 hrs) where propionic acid 
concentration was low (< 1%). At higher retention times, the fermentation slowed 
down due to propionic acid inhibition. However, more propionic acid could be 
produced fkom lactose fermented when cell growth was slower. 

The product yields, based on the initial lactose concentration present in the whey 
permeate, reached 46% for propionic and 15% for acetic acid at 52 hrs retention time. 
The propionic acid yield was about 85% of the theoretical yield (54.8%) horn glucose. 
This result is also much better than that can be obtained from batch fermentation, 
which usually takes more than one week to complete. 

Effect of Growth Nutrients 

As indicated from previous studies, whey permeate may not have sufficient nutrients 
to support cell metabolism and growth (Chiarini et al., 1992). The required retention 
time to reach a high conversion can be significantly shortened if whey permeate is 
supplemented with, for example, yeast extract to provide additional nutrients for cell 
growth. This could provide some economic benefits. The effect of nutrient 
supplementation was thus studied. 



When a synthetic medium was used, relatively high concentrations of yeast extract 
and trypticase were found to be essential to batch fermentation. Whey permeate 
supplemented with various amounts of yeast extract and trypticase was studied. As 
shown in Figure 5, without nutrients supplement, no cell growth was observed for 
propionibacteriurn for a period of 70 hours. Furthermore, cells generally grew faster 
with higher concentrations of yeast extract and trypticase in the whey medium. This 
suggests that addition of yeast extract &d trypticase will enhance cell growth and 
fermentation rate. 

For continuous fermentation with the immobilized cells, yeast extract (YE) and 
trypticase (Tryp) were added to whey perm&ate to see if they would have any 
beneficial effects on propionic acid fermentation. The reactor was operated at 35 hrs 
retention time, pH 6.5, and 30°C, but the feed was changed from plain whey 
permeate to that with different nutrient supplementation levels. The outlet product 
concentrations at steady state from feed with. three different nutrient levels are 
compared in Table 1. Apparently, both the fermentation rate and product yields 
increased slightly with increasing the nutrient level. At the highest nutrient level 
studied, propionic acid concentration reached 27 g/L, which was equivalent to 54% 
yield. This indicates that the fermentation economics can be improved sigdicantly 
if a cheap nutrient supplement can be used. 

Table 1. Effect of Supplemental Nutrients on Propionic Acid Fermentation. 

Nutrient Level (g/L) 0.D. Outlet Concentration (g/L) 
YE Tgw Propionate Acetate Succinat e 
0 0 8.9 ' 23.1 8.8 7.5 
5 10 10.8 24.1 9.7 6.8 
10 20 12.8 27.4 10.0 5.5 

However, the difference in fermentation rate between the lowest (no 
supplementation) and the highest nutrient level is not very significant. Also, the 
supplemental nutrients are not essential to propionic acid production. For 
continuous, immobilized cell bioreactors, reactor productivity is dependent on active 
cell density only, not cell growth. Therefore, a minimal level of growth nutrients 
should be used in the feed to lower the raw material costs and to minimize cell 
production, but still maintain cell activity. In principle, this also allows more 
substrate (carbon source) to be converted to their metabolic products (propionic and 
acetic acids) since less carbon source will be incorporated into cell biomass. 

Long-Term Reactor Stability 

Long-term reactor stability during continuous fermentation with plain whey 
permeate as the feed substrate was studied. The bioreactor was initially started up 



and fed with a rich, synthetic medium (2% lactose). The reactor was operated under 
well-mixed conditions (pH 6.5, 30°C), at a k e d  retention time of -29 hrs. Then, the 
reactor feed was switched to whey permeate. The effluent samples were taken twice 
per day for two weeks. As shown in Figure 6, after feed switch, propionic acid 
production increased initially, but then decreased gradually until a new steady-state 
value was settled. The cell density, as measured in OD (optical density), followed a 
similar trend, while the lactose concentration had an opposite response to the feed 
switch. This dynamics indicated that cell growth activity was reduced to  a much 
lower level (-20% of the high) when plain whey permeate was used for long term 
operation. The low growth activity was also reflected in the low (zero) pyruvate 
concentration. The reduced cell growth activity apparently had also reduced the 
fermentation rate, as indicated by the lower propionic acid production. However, the 
reduction in propionic acid production rate was only 25%, and after reaching the new 
steady state, the reactor seemed to be able to maintain its productivity with plain 
whey permeate. This indicates that plain whey permeate, without nutrient 
supplementation, would be acceptable as the feed substrate for propionic acid 
production using the immobilized cell bioreactor. The same conclusion also applies 
to homolactic acid fermentation. 

Also, in this study the propionic acid yield, based on lactose consumption, was -52%, 
which was slighly higher than the values (-47%) obtained from the kinetic study. 
This indicates that reduced cell growth may provide some advantage in substrate 
utilization. 

Over the 10-month continuous operation, no contamination, degeneration, or 
clogging problems occurred to the bioreactor. The bioreactor is resistant to 
contamination because of the high cell density and propionate being a growth 
inhibitor to mold. During continuous fermentation, the over-produced cell biomass 
fell to the reactor bottom, instead of staying in the packed bed, and thus preventing 
the occurance of reactor clogging. The accumulated cell biomass could be periodically 
removed fkom the reactor bottom, if necessary. This fibrous bed bioreactor is thus 
suitable for long-term continuous operation for industrial fermentations. 

Cell Immobilization 

The concentration of immobilized cells in the fibrous bed bioreactor was found to be 
very high, ranging from 30 g/L to 60 g/L for the fermentations studied. The 
variation came from different cultures and different growth conditions. The high 
reactor productivity from these bioreactors can thus be attributed to the high cell 
density in the reactor. Figure 7 shows one SEM photograph of immobilized cells of 
S. lactis. From the SEM photograph, it is seen that cells were immobilized in the 
fibrous material by both attachment through surface colonization and entrapment of 
large cell clumps within the fibrous matrix. This immobilization scheme, however, 
allows cells to  be swept from the matrix and thus achieving constant renewal of cell 



population within the bioreactor. This ensures the reactor to maintain long-term 
productivity, not to degenerate due to cell aging. 

Conclusion 

In general, plain whey permeate does not contain sufficient nutrients to 
support fast cell growth. Thus, without nutrient supplementation, it is not a good 
substrate for fermentation. Consequently, almost all previous whey fermentation 
studies supplemented whey or whey permeate with yeast extract, corn steep liquor, 
soy meal or molasses in order to get reasonably good results. Nutrient 
supplementation is particularly important for batch and continuous processes 
requiring fast cell growth. However, with the fibrous bed bioreactor, the 
immobilized cells were able to ferment whey lactose efficiently even in plain whey 
permeate. This is due to the high cell density maintained and the reduced cell 
growth activity required in the immobilized cell bioreactor. Thus, lio nutrient 
supplement is required, except for reactor start-up. 

It is noted that all these fermentations are subject to product inhibition. In 
the bioreactor experiments, the reactor was operated under well-mixed, or subjected 
to the worst inhibition, conditions. If the reactor was operated under optimal plug- 
flow conditions, the required retention time for complete fermentation would be 
significantly shorter. 

Both propionic acid and lactic acid can be produced efficiently from plain whey 
permeate by using the continuous immobilized cell bioreactor. The results obtained 
from these bioreactors are far superior to the conventional batch fermentor 
employing fiee cells. While plain whey permeate would be adequate for these 
fermentations, nutritional supplementation would be desirable during reactor start- 
up. The fermentation efficiency also could be further improved with nutrient 
supplements. However, a cheap nutrient supplement must be used to replace the 
expensive yeast extract and trypticase used in this study to lower the material costs. 
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Abstract 

Immobilized-cell fluidized-bed bioreactors (FBRs) can be used with a variety of fermentations to 
increase production of fuels, solvents, organic 'acids, and other fermentation products. Part of the 
increased rates and yields are due to the immobilization of the biocatalyst at high concentrations. 
This FBR system with immobilized Zymomonas mobilis increased ethanol productivity more than 
tenfold with 99% conversion and near stoichiometric yields. FBRs also offer several additional modes 
of operation for simultaneous fermentation and separation to further increase production by removing 
the inhibitory products directly from the continuous fermentation. The production of lactic acid by 
immobilized Lactobacillus was augmented with the addition and removal of solid adsorbent particles 
to the FBR. An, immiscible organic extractant also was used to extract butanol from the acetone- 
butanol fermentation by Clostridiurn acetobutylicum. Demonstrations with these FBR systems have 
already shown definite advantages by improved overall product yields (decreasing feed costs) and by 
increased rates (decreasing capital and operating costs). Further demonstration and scale-up 
continue. 

'Research sponsored by the Advanced Industrial Concepts Division --Biological and Chemical 
Technologies Research Program, U.S. Department of Energy, under contract DE-AC05-840R21400 
with Martin Marietta Energy ,Systems, Inc. 



Introduction 

More than 90% of the basic feedstocks utilized for the production of non-energy products by the U.S. 
chemical and petroleum refining industries originate from crude oil and natural gas. Much of this 
material is now imported from sources that are politically unstable and that will continue to dwindle 
until prices become prohibitive. It is desirable to identify and develop processes for alternative 
renewable feedstocks, especially those that are renewable and that are environmentally benign. These 
processes need to include feedstock pretreatment and preparation, the conversion into the useful 
chemical, and the separatibn and purification of the desired products. 

Many products can be made from renewables using conversions based on biological conversions. 
Bioconversions can use microorganisms or  enzymes as a biocatalyst. A controlled environment (or 
bioreactor) is necessary to have high volumetric productivity with maximum concentration and yield 
of the product. Continuous operation with good process control is also desirable. At least two 
subcomponents need to  be considered: the production of the bioreagent and the bioconversion 
reactor itself. Typical bioconversions occur in aqueous phase with soluble substrates and products. 
However, the substrate or product can be a solid, such as lignocellulose, or gas, such as oxygen. 
Similarly, the products can be solids, liquids, or gases. The reaction medium can be an aqueous 
solution, a moist gas, or  even an organic liquid in contact with the biocatalytic component. An 
efficient biocatalyst system must be available in a bioreactor configuration that optimizes interphase 
contact, mass transport, and conversion kinetics. 

Characteristics of an advanced bioreactor should include, if possible, high concentration of the 
biocatalyst, continuous operation, and excellent contact between the reacting components. Many 
bioreactor configurations have been proposed (such as batch, fed-batch, CSTR, and various forms 
of cell retention cell recycle). gthanol production has been used with many of the bioreactors. The 
literature (Godia et  al. 1987; Maiorella 1986) indicates that cell retention can provide substantial 
increases in the productivity. The conventional bioreactor system today is a large stirred tank 
operating in the batch mode usually with free microorganisms as the biocatalyst. Both the process 
itself and the downtime between batches can make the total operation take many hours or  even days. 
A historic advantage of batch operation is the limited impact of contamination to a single batch. 

Operation of bioconversion can be enhanced by utilizing continuous feed input and, thus, continuous 
product withdrawal as long as the feed rate is not high enough to completely wash the biocatalyst out 
of the system. This continuous stirred-tank reactor (CSTR) is also sometimes called a chemostat. 
A further enhancement is to remove the suspended biocatalyst from the reactor effluent and recycle 
it back to the reactor proper in order to significantly increase the biocatalyst concentration and, thus, 
increase the volumetric productivity of the system. This recycle can be achieved by centrifugation or, 
with greater success, by membrane filtration. Although there may be biological reasons that require 
batch operation (i.e., a sequence of required changes in the operating environment or a reaction that 
is intrinsically very slow), in most cases, the CSTR with cell recycle should be considered the 
minimum for an advanced bioreactor system. The developmental challenge for this type of reactor 
system is the design of large tanks in which there are good interphase contact and mixing, the 
establishment of optimum operating conditions and controls, and the assurance of long-term aseptic 
operation. Control of contamination is essential. In a CSTR, when a contaminant microbe enters 
the system i t  will compete for resources with the desired biocatalysts; under certain conditions, i t  will 
displace the desired microbe by competition. , 



An alternative to the conventional CSTR with cell recycle is the use of retained biocatalysts by 
immobilization onto integral parts of the reactor or by immobilization into or  onto solid particles that 
will be kept in the bioreactor even at high flow rates. Two primary approaches can be used: 
1) adsorption or attachment of the biocatalyst to external or internal surfaces of the solid phase; or 
2) encapsulatidn of the biocatalyst within the particulate matrix or  media. (Scott 1987) This can 
result in a very high concentration of the biocatalyst that does not wash out of the bioreactor. Here, 
the biocatalyst production step becomes a separate process for the production of large amounts of 
biomass or  enzymes. Although the retained-cell concept can be used in stirred tanks, it is even more 
effective when used in columnar bioreactors. Where long residence times are required, it is best to 
operate as a fixed bed with larger particulates that are stationary in the reactor. For more rapid 
reaction, smaller particulates containing the biocatalysts can be suspended or fluidized in the column, 
resulting in a fluidized-bed bioreactor (FBR). This latter type of reactor may well be  the best 
solution if it provides sufficient residence time for conversion. 

Membrane-type bioreactors can also be effective retained-cell systems. In this case, the biocatalyst 
is immobilized on one side of the membrane with contact with the substrate maintained across the 
membrane. Thus, the biocatalyst environment is isolated from the reaction environment. 

Many of the bioconversion steps (especially for the production of chemicals) are limited by conditions 
such as inhibitory product concentrations, deactivation of the biocatalys t, and dilute aqueous streams, 
for example. Several proposed processes seek to alleviate these types of limitations by combining 
several processing steps together. Two good examples of combined processes are simultaneous 
saccharification and fermentation (SSF) and simultaneous fermentation and separation (SFS). There 
are several proposed concepts for SF'S where the inhibitory product is removed from the ongoing 
bioconversion allowing higher conversions and rates. Some of these concepts are discussed in more 
detail below as a technology for the production of organic acids. Simultaneous saccharification and 
fermentation combines the enzymatic hydrolysis of cellulose with the bioconversion step. The enzyme 
cellulase is inhibited by its products, glucose and cellobiose. SSF improves the rates of cellulase 
action by converting the sugars by fermentation into a less inhibitory product. SSF has been 
investigated for ethanol production. (Grohmann 1985) 

Many commodity chemicals can be produced by fermentation. Research at ORNL has emphasized 
those systems that operate continuously with high volumetric productivity, which are most promising. 
Columnar bioreactors with retained biocatalysts have been particularly attractive, and three of these 
reactors are now described and compared with other systems. 

Ethanol Production in a Fluidized-Bed Bioreactor 

Immobilized Zyrnomonas rnobilis was used in FBRs for high productivity and conversion production 
of ethanol. (Davison and Scott 1988) The bacteria were immobilized within small uniform gel beads 
( - I-mm diam) at cell loadings of up to 50 g dry wt/L. conversion and productivity were measured 
under a variety of conditions, flow rates, and column sizes (up to 8 ft tall). Both laboratory media 
and industrial grade corn syrup and light steep water were used with identical results. (Davison and 
Scott 1986?) Volumetric productivities of 50 to 100 g ethanol L-I h-' have been achieved with 
residual glucose concentrations of ~ 0 . 1 % .  The biocatalyst beads have been shown to remain active 
for over 2 months. 

i 



This technoiogy has several advantages over conventional batch technology. Immobilization increases 
volumetric productivity by increasing cell density. The use of beads of near I-mm diam minimizes 
the effect of mass transfer resistances. Fluidization allows for good interphase mass transfer and the 
release of large volumes of coproduct CO,. The columnar operation allows multistage operation and 
localizes the high inhibitory product concentrations at the top of the reactor. This would allow a 
much smaller reactor with smaller capital costs to be used for the same alcohol output. 

Contamination is a serious problem in the long-term operation of many continuous bioreactors. 
Another advantage of this FBR was the operation without asepsis. Here, nonsterile operation was 
successful at pH 5 due to the high flow rate and mixing, which removed the contaminant microbe 
while retaining the desired Zymomonas within the immobilized gel bead. A major advantage is the 
improved ethanol yield per gram dextrose of 0.49 g/g, or >97% of the theoretical stoichiometric limit, 
due to 2. mobilis compared to a yield of 0.45 to 0.47 g/g for yeast. (Davison and Scott 1988) Under 
current economic conditions, the raw materials (i.e., dextrose from corn or other sources) represent 
the largest single part of the cost; therefore, even a small but consistent increase in the yield can 
result in appreciable savings over the expected FBR operating lifetime of months. 

Organic Acid Production and Removal 

Many commercial organic acids, such as acetic, citric, lactic, and succinic acids, can be produced by 
fermentation. (Wise 1983) All are produced in relatively dilute form due to their high level of 
inhibition of the microorganism. This inhibition is due to both the chemical itself and the lowered 
pH from acid production. Improvements in rate have been observed using various means of cell 
retention including cell recycle, membranes, and immobilization. (Vickroy 1986; Ghose and Bhadra 
1985) These can lead to additional problems with mass transfer, especially if oxygen is a required 
cosubstrate. Even with the increased rates, the final product concentration is comparable to batch 
reactions due to the inhibition. Conventionally, the fermentation broth is neutralized to control the 
pH. This yields the  product in its salt form, which requires additional processing to result in the 
desired acid. 

Several processes have been proposed to remove the inhibitory product from the ongoing 
fermentation. (Busche 1985) Precipitation of the organic acid salt can be done directly in the 
fermentation. However, the mode of retention must be considered to avoid separation problems with 
the precipitate. A major disadvantage of the precipitation method is the production of gypsum as 
a by-product. Extraction by solvents has been proposed, both direct removal of the acid and a 
reactive removal by forming an ester in the organic solvent phase. Configurations for extraction have 
included STRs and membrane reactors. Adsorption has been proposed in various forms to remove 
the acid from the broth. This has included direct addition into the batch STR (with problems of 
attrition and power); (Wang and Sobnosky 1985) passing a broth recycle stream through a side 
adsorbent bed; (Gaillot et al. 1990) and a direct addition and removal of the adsorbent to a fluidized 
bed of immobilized biocatalysts. (Davison and Thompson 1992) This last scheme is depicted in 
Figure 1. 

The biparticle fluidized-bed fermentor is being considered for lactic acid production. Here, a 
continuous fluidized bed of immobilized cells would convert the sugar to lactic acid. Simultaneously, 
a solid adsorbent for the organic acid would be continuously added and removed from the columnar 
reactor. This would accomplish a dual purpose: the removal and recovery of the product and the 



control of the pH in the fermentor. The essential feature of this new reactor concept is the selective 
removal of the adsorption particles from the FBR. This can be accomplished by exploiting a property 
of fluidized beds: they stratify on the basis of size or density. For example, if the adsorbent is very 
dense, it would migrate through the fluidized bed and be removed from the bottom of the column. 
Since the adsorbent itself may not have the desired physical properties, it can be immobilized as a 
dispersed phase within a gel bead. The size and/or density of this bead can then be controlled to give 
it hydrodynamic properties significantly different from those of the biocatalyst particles. For 
example, the adsorbent bead can be made much denser so  that it could be introduced at the top of 
the column and removed from the base of the FBR. This would result in a countercurrent flow of 
the adsorbent with respect to the upward moving liquid phase. 

Lactic acid is a commodity organic chemical. It is used in foods and pharmaceuticals, and there is 
an increasing interest in its use for the production of degradable polylactate polymers. This chemical 
can be produced either by fermentation or  by organic syntheses. An ongoing problem has been the 
control of the pH in the fermentation process and the recovery of the lactate from the dilute (<5%)  
product stream. The pH must be controlled for the fermentation to perform effectively, and, 
typically, this has been accomplished by the addition of alkali with the formation of the lactate salt. 
The presence of other salts increases the difficulty of obtaining a high-purity product. 

This biparticle FBR has been tested for simultaneous fermentation and separation of lactic acid. The 
bioreactor is a fluidized bed of immobilized Lactobacillus delbreuckii. Another solid phase of denser 
sorbent particles (a polyvinyl pyridine resin) was added to this fluidized bed. These sorbent particles 
fell through the bed, absorbed the product, and were removed. In test fermentations, the addition 
of the sorbent enhanced the fermentation and moderated the fall of the pH. The biparticle FBR 
utilizing immobilized microorganisms and adsorbent particles has been shown to enhance the 
production of lactic acid fourfold in this nonoptimized system. Continued work has emphasized the 
selection of adsorbent resins and their continuous regeneration. (Kaufrnan e t  al. 1994) 

Extractive Bioconversion of Butanol 

Butanol is a commodity chemical feedstock and solvent that, early in this century, was primarily made 
by industrial fermentation.' (Jones and Woods 1986) Butanol is the primary product of the 
fermentation of sugars by various bacteria, in particular Clostridium acetobulylicum. This is a complex 
fermentation, with first an acidogenic phase producing butyric and acetic acids and then a 
solventogenic phase producing butanol, acetone, and ethanol. Both the products and the lowered 
pH can be inhibitory to the continued fermentation. This has limited final butanol concentrations 
to a maximum of 15 gR. in batch culture. The removal of the inhibitory product from the ongoing 
fermentation has been suggested by many researchers as a method to alleviate the product inhibition 
and improve the process. (Roffler e t  al. 1991; Groot et  al. 1992) 

The key advantages,compared to those of distillation, suggested for extractive bioconversion are 
higher feed concentrations leading to less process wastes and reduced product recovery costs. . 

Possibilities for in situ product removal include pervaporation, (Fried1 e t  al. 1991) the use of hollow- 
fiber reactors, (Shukla e t  al. 1989) and the use of solid adsorbent, (Ennis e t  al. 1987), as well as the 
use of an immiscible extractive solvent. Key issues are the extractant toxicity and capacity as well as 
the actual contacting scheme devised and its operability. (Bruce and Daugulis 1991) Many solvents 



have been tested for the acetone-butanol fermentation. (Shukla et  al. 1989; Ishii et  al. 1985; Wayman 
and Parekh 1987) Oleyl alcohol has been commonly used based on its low toxicity, reasonable 
distribution coefficient, and selectivity for butanol. 

Most studies of extractive acetone-butanol fermentation have been performed in a batch reactor (Ishii 
et  al. 1985) with free cells. Wayman and Parekh (1987) performed a sequential batch extractive 
fermentation with cell recycle. A fed-batch fermentation with a concentrated glucose feed 
continuously extracted the butanol from a recycled side stream and achieved a high butanol 
productivity of 1 g L-I h-'. (Roffler et al. 1988) A CSTR recycled the cells with a membrane filter 
and provided a cell-free broth to an extraction cascade. (Eckert and Shurgerl 1987) The lack of 
direct contact of the cells with the organic allowed the use of a more toxic extractant. An 
immobilized-cell FBR with a cocurrent immiscible liquid extractant (Davison and Thompson 1993) 
demonstrated a significant 50 to 90% increase in butanol production rate and yield in a nonoptimized 
extractive FBR system compared to in the nonextractive FBR. The extractant oleyl alcohol removed 
most of the butanol from the aqueous phase during an active fermentation in a fluidized bed with 
immobilized C. acetobuf~licum for the acetone-butanol fermentation. Under continuous, steady-state 
operation, the butanol yield increased to 0.3 g/g with a productivity of 1.8 g L" h" when butanol was 
removed in this manner. 

A potential extractive fermentation scheme using this process is shown in Figure 2. Here, the 
regenerated extractant is first contacted with the, fermentor effluent to remove more of the residual 
butanol. It is then used to extract butanol directly in the fermentor and then regenerated to 
concentrate the product and close the recycle loop. Future research will emphasize use of improved 
strains, long-term operation, and determination of optimal conditions. 

- 

Condusions 

Immobilized-cell FBRs have been demonstrated to be a valuable class of advanced bioreactors. They 
provide continuous operation, high biocatalyst concentrations, and good interphase mass transfer, thus 
resulting in higher productivity and often improved produci yields. The improved yields may be due 
to the cell retention by immobilization, which allows less substrate to go to the production of more 
biocatalyst and thus more to the product itself. This has been shown in three separate configurations 
and microbial systems, two including in situ product removal. Further configurations can be 
envisioned, and further effort is still needed to scale and commercialize these proposed designs. 
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Abstract 

I 
Components of various forest and agricultural residue biomass - including 

the polyphenolic compounds - were converted into aqueous solution and/or 
suspension by extraction and digestion. Some biomass components reacted 
vigorously under alkaline catalysis with formaldehyde and initially showed ahigh 
degree of exothermic reaction; however, other components did not react as 
vigorously under these conditions, indicating that different biomass materials 
require different methods to obtain optimum reactivity for the copolymerization 
with phenol. Our primary goal is to develop adhesives capable of producing 
acceptable bond quality, as determined by the wood products industries* 
standards, under a reasonable range of gluing conditions. 

Copolymer resins of phenol, formaldehyde, and biomass components were 
synthesized and evaluated for gluability of bonding exterior grade structural 
panels. Copolymer resins having 40 to 60 percent by weight of their phenol 
replaced with chemicals derived frompeanuthulls, pecan shell flour, pecan pith, 
southern pine bark, and pine needle required shorter press times. These resins 
also tolerated a broader range of gluing conditions. In summary, it appears that 
the technology of the fast curing copolymer resins of biomass components as 
adhesives for wood products has been developed and is ready to be transferred to 
industrial practice. 



Introduction 

Ever since man became conscious of the finite resources of the planet 
earth, he has worried about his ability to survive in an ever-more crowed 
environment. The fundamental question underlying this concern is 
"sustainability," that is, can man supply, maintain, and prolong that which he 
has for an indefinite period of time. In view of the environmental strain caused 
by fossil fuel and chemical use and its inherent limited supply, efforts to 
develop renewable sources of raw materials for chemicals and energy must be 
reemphasized. The photosynthetic products of green planets - -  BIOMASS - -  in its 
various forms, represents one of the truly renewable resources upon which the 
planet earth can and must build in order to ensure a sustainable future. 

Georgia, along with other Southeastern states, has tremendous amounts of 
biomass resources in the form of forest and agricultural residues. In some cases 
these residues, currently under-utilized, have led to disposal problems for 
farmers and various industries. An effective utilization of this residue biomass 
as source of adhesive chemicals would not only help solve these problems, but 
also enable the forest products industry to secure a dependable and renewable 
source of raw materials fox adhesives and binders. 

Southern forests consist of southern pine and several other hardwoods, such 
as sweetgum, oak, yellow poplar, and hickories. Southern pine is the major 
commercial species used as a raw material for lumber, plywood, and reconstituted 
boards. The greatest demands for southern forest hardwoods are for use in 
pallets, firewood, flooring furniture, and tools. Much effort has been made to 
develop structural flakeboards using under-utilizedhardwoods growing on southern 
pine sites.(US Forest Service 1978). 

Phenolic resins are excellent adhesives for exterior grade structural 
plywood and other boards. However, resorcinol, isocyanate, and other additives 
have been used as catalysts to overcome the slow curing characteristics of 
phenolic resins. With the addition of a catalyst, the total binder cost is 
thereby increased, thus making the binder an even higher percentage of the total 
manufacture cost of structural flakeboards as compared to that of plywood. 

A family of fast curing phenolic copolymer resins containing extracts from 
peanut hull and other forest and agricultural residues was developed for bonding 
structural grade plywood and particleboard(Chen 1982). These copolymer resins 
provided satisfactory bonding quality with shorter press times than the 
commercial phenolic resin. The objective of this study was to investigate the' 
possibility of using the fast curing phenolic copolymer resins of biomass 
components for bonding structural grade flakeboards and composite panels of 
southern wood species. 



~xperimental Procedures 

Experiment No. 1. 1.27 cm (1/2 in) Flakeboards 

Haterials and Hethods 

Biomass Materials 

Peanut (Arachis hypogea) hulls, southern pine (Pinus taeda) foliage, and 
western hemlock (Tsuga heterophylla) foliage were used in the study. Upon 
receipt in the laboratory, all foliage was transferred into paper bags and dried 
in an oven maintained at 60°C for approximately 50 hours. The foliage was then 
ground with a hammer mill without screen. The ground foliage was then stored in 
a freezer until it was subjected to the extraction process. The hammer milled 
peanut hull was used as received with no further milling or screening in the 
laboratory. 

Preparation of Biomass Extracts 

The hammer milled biomass was extracted with a 10% sodium hydroxide 
solution at a liquid ratio of 8 to 1 for an overnight period of approximately 17 
hours at a temperature of 90°C. Vacuum filtration followed to remove any non- 
suspended solid residue. Following filtration, the same process was repeated for 
the residue with the addition of fresh sodium hydroxide solution; however, the 
liquid to solid ratio was now reduced to 6.4 to 1. All filtrates from two stage 
extraction were mixed together and evaporated to a nonvolatile content of about 
40%. The above process was repeated several times using new biomass residue, and 
the extracts were mixed together until a sufficient amount was prepared to 
conduct various resin synthesis. 

Resin synthesils 

All experimental resins, with 40% by weight of their phenol replaced with 
the biomass extracts, were synthesized by loading the extracts, phenol, and 
formaldehyde into a resin reaction kettle (equipped with a mechanical stirrer and 
condenser), followed by adding water to the reaction mixture as needed to 
maintain the target nonvolatile content of the resin at 45 percent (by weight). 
This was followed by a slow step-wise addition of 50% NaOH solution and moderate 
heating to affect an addition reaction between the phenolic compounds and 
formaldehyde while incurring aminimal of formaldehyde loss due to the Cannizzaro 
reaction. 

The reactant was then heated and polymerized to a final target viscosity 
of 250 centipoise, as measured at 25OC using a Brookfield viscometer. For 
simplification and convenience of calculation, the molecular weight for all 
extracts, including all chemicals dissolved, was assumed to be 94 - the same as 
that of phenol. Based on this assumption, the molar ratio of formaldehyde to 
phenolic materials in the reactant was 2.1 to 1.0. 

All resins were then stored in a freezer immediately after preparation. 
They were subsequently allowed to thaw overnight to room temperature before being 
used to bond the boards.Resin characteristics including viscosity, percent of 
alkali, percent of free formaldehyde, and percent of nonvolatile content were 



determined and are listed in Table 1. Variation in final viscosity was partly 
due to differences in the reactivities of extracts toward formaldehyde and also 
to the differences in cool down rates. A commercial phenolic resin, specifically 
tailored for flakeboards and having a solid content of 45%, was used as the 
control resin. Seven parts of the resorcinol resin, having a solid content of 
50%, was added to every 100 parts of the control resin as a catalyst prior to 
resin application in order to accelerate cure during board production. 

Table 1. Characteristics of Resins 

percent of Viscosity Alkali Non-volatile 
Resin phenol (cps at Content Content Gel time 
type replaced 25'C) (8)  ( % )  (min. ) 

Commercial 0 230 5.65 45.6 - 
P-F controls 

Copolymer 
resin of 40 

. peanut hull 
extracts 

Copolymer 
resin of 
southern pine 40 
foliage 
extracts 

Copolymer 
resin of 
southern pine 60 284 8.15 45.8 42.3 
foliage 
extracts 

Flakes 

White oak (Quercus alba), sweetgum (Liquidambar styraciflua), and southern 
pine (Pinus taeda) flakes were used to make the test flakeboards. The white oak 
and sweetgum flakes were commercially produced lathe flakes average 7.62 cm (3 
in) in length, 0.51 cm (0.020 in) in thickness and of random width. The southern 
pine flakes were prepared with a disk flaker in the laboratory to the dimensions 
of 2.54 cm (1 in) in length and 0.051 cm (0.020 in) in thickness. They were then 
hammer milled to an average width of 1.27 cm (0.5 in). None of the three 
furnishes were screened', and so they included a wide range of particle geometries 
and thicknesses. All flakes were dried to an average moisture content of 4.5% 
before being used to manufacture the test boards. 

Board Manufacture 

Test boards within a specific resin and species combination were randomly 
manufactured. Resins were sprayed onto the furnish in a laboratory rotating drum 
blender using a externally atomizing air spray nozzle at the rate of 5.53, based 
on the oven dried weight of the wood furnishes. The average time required to 
spray the quantity of wood furnish for a batch of four boards ranged from 8 to 



17 minutes, depending upon the resin type. No wax or other additives were used. 
The average moisture content of the mat was 10.65% for southern pine, 11.63% for 
white oak, and 10.87% for sweetgum. 

Wood flakes, sprayed with resin, were immediately and randomly hand felted 
into a 40.64 cq x 40.64 cm (16 in x 16 in) forming box with the proper weight to 
yield the desired thickness of 1.27 cm (1/2 in) and a target density of 0.689 
g/cm3 (43 pcf) for southern pine and sweetgum and 0.769 g/cm3 (48 pcf) for white 
oak flakeboards. No prepressing was applied and the formed mat, supported and 
covered by a 0.48 cm (3/16 in) aluminum caul, was transferred to the steam heated 
hot press. 

All boards were pressed to 1.27 cm (1/2 in) steel stops under a closing 
pressure of 42 kg/cm2 (600 psi). The total press time was 5, 6, or 7 minutes. 
Thus included approximately 45 seconds to 1 minute to reach the *tops; 3, 4, or 
5 minutes for maximum pressure step; and 40 seconds for the decompression cycle. 
The platen temperature was 177OC (350°F). Upon removal from the hot press, 
boards were immediately stored in an insulated, unheated oven for an overnight 
period of simulated hot stacking. Two duplicate boards were made for each 
specific hot press time and resin combination. 

Specimen Preparation and Testing 

Upon completion of the hot stacking period, each board was trimmed to the 
dimensions of 35.56 cm x 35.56 cm (14 in x 14 in) and then cut into four 7.62 cm 
(3 in) wide strips. After conditioning at a temperature of 20°c and 50% 
humidity, the ASTM D-1037 procedure was used for evaluation of mechanical 
properties and a modified APA P1 (OD-VPS) procedure was used for evaluation of 
accelerated aging. To test internal bond (IB) strength, five IBs per strip 
(loboard) were removed from the bending test specimens upon completion of the 
bending test. Thickness swell was determined by taking an average of three 
thickness measurements before and after the OD-VPS cycle, on each specimen. 
Linear expansion was then determinedwith the brass eyelet method (Heebink 1967). 

Results and Discussion 

The experiment was a randomized complete factorial with one replication. 
The corresponding statistical analysis of various was run accordingly. Figures 
1 through 3 show the dependence of internal bond values on the hot press time for 
three wood species. On each graph, the average values of the internal bond of 
the flakeboards are plotted as a function of hot press time with data shown 
separately for each one of the resins. The results of the bending test before 
and after accelerated aging are shown in Table 2. Table 3 presents the thickness 
swell, linear expansion, and water absorption after accelerated aging. 

From the Figures and Tables, it can be seen that the experimental copolymer 
resins having 40 percent of their phenol replaced by the extracts of peanut hulls 
and tree foliage exhibited better bonding qualities and required shorter hot 
press times than the resorcinol resin catalyzed phenol formaldehyde control 
resin. Specifically, these copolymer resins provided much higher internal bond 
values than the control resin particularly in bonding the two hardwood species. 
Of particular interest is the fact that the experimental copolymer resins 
containing peanut hull and tree foliage extracts reach more than 6.3 kg/cm2 
internal bond strength for southern pine flakeboards, 3.5 kg/cm2 for sweetgum 



Table 2. State Bending Properties of Flakeboards 

Static bending t e s t  

Before APA OD-VPS After APA OD-VPS 
Resin type Wood flake Press time accelerated aging accelerated aging 

species (min. ) MOR MOE MOR MOE 
( kg/cm2 ) (xlo3kg/cm2) ( kg/cm2 (xlo3kg/cm2) 

Commercial 5 142 34.0 46 8 . 8  
P - F  control 

white oak 6 181 36.1 72  19.3 

sweetgum 

5 

southern pine 6 

7 

Copolymer 
res in of 
peanut hul l  white oak 

extracts 

southern pine 6 



Table 2 ,  (Conttd) 

Static bending test 

Before APA OD-VPS After APA OD-VPS 
Resin type Wood flake Press time accelerated aging accelerated aging 

species (min. ) MOR MOE MOR MOE 

Copolymer 5 248 36.5 86 17.8 
resin of 
southern white oak 

pine foliage 7 270 40.9 125 25.0 
extracts 
with 40% 5 281 40.4 279 34.7 
phenol 

sweetgum 
replacement 

5 

southern pine 6 

7 



Table 3. Thickness Swell, Linear Expansion, and Water Absorption after APA OD-VPS Accelerated Aging Test 

Wood flake Press time Thickness swell Linear expansion Water absorption 
Resin species (min. ) ( 8  ) ( 8 )  ( 8 )  

Commercial 
P-F control 

white oak 

sweetgum 

southern pine 6 38.76 0.312 113.8 

--. 
h, 

7 35.72 0.290 105.5' 
m 
m Copolymer 5 67.62 0.509 130.2 

resin- of 
peanut hull white oak 

extracts 7 52.97 0.420 118.0 

southern pine 



Table 3 .  (Cont'd) 

Wood flake Press time Thickness swell Linear expansion Water absorption 
Resin species (min. ) 0) ( % )  ( % )  

Copolymer 5 64.38 0.438 141.8 
resin of 
southern white oak 

pine foliage 7 56.27 0.392 126 .7  
extracts 
with 40% 5 58.65 0.293 130.4 
phenol 

sweetgum 
replacement 

southern pine 



flakeboards, and 2.8 kg/cm2 for white oak flakeboards. This is achieved with a 
press time as short as 5 minutes, whereas a press time of 6 minutes or longer was 
needed for the resorcinol catalyzed commercial resin to obtain the same internal 
bond values. 

As Table 2 indicates, the experimental copolymer resins exhibited better 
bending properties than the commercial control resin, especiallywith the shorter 
press time of 5 minutes. However, the white oak flakeboards exhibited 
unacceptable strength retention after the OD-VPS cycle of accelerated aging test, 
regardless of the resin used. 

The results of the dimensional stability test (Table 3) show that the 
co~mercial resin provided a better quality of thickness swell, linear expansion, 
and water absorption for flakeboards with longer press times of 7 minutes, 
whereas the copolymer resins of biomass extracts providedbetter quality of these 
properties with the shorter press time of 5 minutes. However, the difference of 
these dimensional stability was not statistically significant. The oak 
flakeboards showed the largest dimensional change and the pine showed the l'east 
among the three species. 

Conclus ion 

The experimental copolymer resins with 40% by weight of their chemical 
phenol replaced by extracts of peanut hulls and tree foliage proved to be 
superior to the resorcinol catalyzed commercial phenol formaldehyde control resin 
using shorter press times in bonding flakeboards. The experimental copolymer 
resins provided higher internal bond values of more than 6.3 kg/cm2 for southern 
pine flakeboards, 3.5 kg/cm2 for sweetgum flakeboards, and 2.8 kg/cm2 for oak 
flakeboards. This was achieved with as little as 5 minutes for press time at a 
177OC press temperature. On the other hand, the resorcinol catalyzed commercial 
control resin required press times in excess of 6 minutes to achieve similar 
qualities. 

The retention of bending strength of the white oak flakeboards after OD-VPS 
accelerated aging test was unacceptable for all resins. The commercial control 
resin provided better dimensional stability with the longer press time of 7 
minutes. However, the experimental copolymer resins were better with the shorter 
press time of 5 minutes. 

Experiment No. 2. 0.635 cm (1/4 inch) Flakeboards and Composite Panels 

Materials and Methods 

Biomass Materials and Extraction 

Sodium hydroxide extracts of southern pine foliage and peanut hulls were 
evaluated in this experiment for bonding the thin 0.635 cm thick flakeboards. 
The resin synthesis and flakes were the same as used in Experiment No. 1, 
described in the previous paragraph. However, the phenol replacement ' of the 
copolymer resin containing southern pine foliage extracts was now increased to 
60 percent by weight. 



Board Manufacture 

Test boards within a specific resin and species combination were randomly 
manufactured. Resins were sprayed onto the furnish in a laboratory rotating drum 
blender with a externally atomizing air spray nozzle at the rate of 8%, based on 
the oven dried weight of the wood furnishes. The average time required to spray 
the quantity of wood furnish for a batch of four boards ranged from approximately 
8 to 18 minutes. No wax or other additives were used. The average mat moisture 
content for each species and resin is listed in Table 4 along with other test 
resuf ts . 

Wood furnishes, sprayed with resin, were immediately and randomly hand 
felted into a 50.8 cm x 60.96 cm (20 in x 24 in) forming box. A prescribed 
amount of furnish was used to yield a 0.635 cm (1/4 in) thick board having a 
desired densit of 0.769 g/cm3 (48 pcf) for oak; 0.689 g/cm3 (43 pcf) for gum; Y and 0.737 g/cm (46 pcf) for pine. No prepressing was applied and the formed 
mat, supported and covered by a 0.48 cm (3/16 in) aluminum caul, was transferred 
to the steam heated hot press. 

All boards were pressed to 0.635 cm (1/4 in) steel stops at a platen 
temperature of 177OC (350°F) for 75, 90, 105, and 120 seconds (push button close 
to push button open). The temperature, however, had to be reduced to 166OC 
(330°F) for the pine flakeboards due to a deficiency of steam pressure while they 
were being made, as indicated in Table 4. The time for the press to reach the 
stops ranged from approximately 10 to 40 seconds. Immediately upon removal from 
hot press, boards were stored in an insulated box for an overnight period of 
simulated hot stacking. 

One day after the flakeboards were made, the 120 second (press time) boards 
were trimmed and cut into two pieces of core and then laminated with 0.317 cm 
(1/8 in) southern pine veneers on the face and back to form a 1.27 cm (1/2 in) 
composite panel. The APA 6-cycle test was used to evaluate the properties and 
durability of the composite panels (APA 1982). All other boards were tested 
according to the ASTM D-1037 (ASTM 1992) procedure for evaluating internal bond 
(IB), modulus of rupture (MOR), and modulus of elasticity (MOE). 

Results and Discussion 

The test results of the flakeboards, along with their hot press times are 
listed in Table 4; the results of the composite panels are presented in Table 5. 
No statistical analysis was done. Neither the copolymer resin, containing pine 
foliage extracts, nor the commercial control resin passed the APA 6-cycle test 
in bonding oak flakeboards. The most significant and important result of this 
experiment was the fact that for a press time as short as 75 seconds, the 
copolymer resin of peanut hull passed the APA 6-cycle test in bonding the 0.635 
cm thick oak flakeboards The two experimental copolymer resins in bonding pine 
and gum flakeboards also passed the test with flakeboard press time of 75 
seconds, both when laminated into composite panels (testing both the plywood - 
type and flakeboard - type resins) and when tested as a core alone. In contrast, 
the commercial resorcinol catalyzed P-F control resin failed the tests in both 
cases. In fact, they delaminated immediately after release from the 90 second 
hot press. 



Table 4. Test Results of Flakeboards and Cores for Composite Panels 

Resin Wood Board Mat Hot press APA Internal board Bending test 
%'= flake m.c. Time " 

ma (g/cm ) (%) Temp. test Before After MOR MOE 
(.I (=> 2-hours boil 2-hours boil (kg/cm2) (~1000 @/cm2) 

(Wcm) (kg/a2) 

Commercial P-F control white oak 0.769 7.0 177 75 No property test was done. 

0.769 7.0 in 90 1.96 70.7 132 22.3 Failed 

0.769 7.0 in 105 Failed 4.90 n 80 17.9 

0.769 7.0 in 120 Used to make composite panel. 
- - -- - - - - - -- 

swce tgum 0.689 9.0 in 90 Passed 2.94 0.98 137 19.3 

0.689 9.0 177 105 No property test was done. 

0.689 9.0 177 120 Used to make composite panel. 

southern pine Delaminated after pressing. 

Delaminated after pressing. 

'Passed 

0.737 95 166 120 No property test was done. 

Copolymer resin of white oak 0.769 6 5  in 60 No property test was done. 
peanut hull extracts 

0.769 65 in 75 passed 4.08 2.18 

177 90 Passed 7.94 0.63 

177 120 Used to make composite panel. 

sweetgum 0.689 75 in 90 passed 4.29 3.56 173 24.4 

0.689 75 in 120 Used to make composite c an el. 

southern pine 0.737 9.0 166 75 Passed 9.84 0.98 344 35.2 

0.737 9.0 166 105 No property test was done. 



I 

Tabk 4. (Coat'd) 

Wood Board Mat APA Rcsin Hot press Internal board Bending test 
tYF'= flake densi!l mL Time acycle 

species (g/cm ) (96) Temp. test Beforc After MOR MOE 
(7 ( m a )  2-hours boil Zhours boil ( m 2  (~1000 kg/m2) 

(kg/cm) (kp/cm2) 

Copolymer resin of white oak 0.769 8.0 in 75 No property test was done. 
southern pine foliage 
extracts with WO phenol 0.769 8.0 in 90 Failed 4.55 70.7 
replacement 0.769 8.0 in 105 Failed 

0.769 8.0 in 120 Used to make composite panel 
- -- 

sweetgum 0.689 7.0 in 75 No property test was done. 

0.689 7.0 + 177 90 Passed 5.04 2.10 132 19.6 

0.689 7.0 in 120 Used to make composite panel. 

southern pine 0.737 9.0 166 75 

0.737 9 .O 166 90 

0.737 9.0 166 120 

Passed 5.60 

No property test was done. 

Passed 952 



Table 5 .  Result of composith panel test 

Number of 
Hot press Overall APA samples out 
time for 6-cycle of 12 that 

Wood lamination test failed APA 
Resin type species (min) result 6-cycle test 

White 2 Fail 12 
oak 3 Fail 7 

Commercial 
P - F  control Sweetgum 2 Fail 10 

3 Pass 2 
- - - 

Experimental White 2 Pass 2 
copolymer of oak 3 Pass 1 
peanut hull 
extracts Sweetgum 2 Pass 2 

3 Pass 0 

Experimental copolymer White 2 Pass 2 
of pine foliage oak 3 Pass 2 
extracts with 60% 
phenol replacement Sweetgum 2 Pass 1 

3 Pass 0 

The thickness of the boards, immediately after release from the hot press, 
is a good indicator of the degree of resin cure. This includes any spring back. 
There is less spring back if the resin is cured sufficiently. Figure 4 illustrate 
the dependence of board thickness (spring back thickness) on the press time 
immediately after release from the hot press. In the Figure 4, graphs are shown 
separately for each wood species and resin. 

Inbonding these flakeboards, as Figure 4 shows, the experimental copolymer 
resins containing biomass extracts cured much faster than the resorcinol 
catalyzed commercial control phenolic resin. The cure time needed to retain a 
0.635 cm thickness (0.25 in, the thickness of stops) can be estimated from Figure 
4. In so doing, the necessary cure time of the southern pine foliage copolymer 
resin is found to be approximately 90 seconds, and peanut hull copolymer resin 
to be approximately 104 seconds. This can be compared with the more than 120 
seconds of cure time is needed for the resorcinol catalyzed commercial control 
resin. 

Conclusion 

Copolymer resins with 40% by weight of their phenol replaced by chemicals 
derived from peanut hulls passed the APA 6-cycle test with a press time as short 
as 75 seconds in bonding 0.635 crn ( 1 / 4  in) oak flakeboards. However, both the 
resorcinol catalyzed commercial resin and the copolymer resin containing 60 
percent by weight of their phenol replaced with pine foliage extracts hailed the 
test at a longer press time gf 105 seconds. However, both experimental copolymer 
resins passed the APA 6-cycle test with press times as short as 75 seconds for 
bonding pine flakeboards. This can be compared to the commercial control resin 



which delaminated immediately after release from the hot press, even at the 
longer press time of 90 seconds. 

The press times required to retain the stop thickness in bonding 0.635 cm 
flakeboards were longer than 120 seconds for the resorcinol catalyzed commercial 
control resin. They were approximately 90 seconds for the southern pine foliage 
copolymer resin and approximately 104 seconds for the peanut hull copolymer' 
resin. 
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Abstract 

The efficient conversion of renewable materials into useful chemicals is an important component of a 
program to introduce biomass as a viable raw material for the chemical industry. We have been 
investigating lignin as a starting material for producing benzoquinones, compounds used in the dye 
industry and as bioactive materials. We are developing methods for the selective oxidation of the electron 
rich aromatic units that make up the lignin structure to prepare benzoquinones by investigating the reaction 
of compounds that model lignin's behavior. We find that oxygen in the presence of Co catalysts oxidizes 
several ~f these model compounds to the corresponding benzoyuinone in high (>80%) yield. The 
efficiency of the oxidation depends strong1.y on the structure of the lignin model, the catalyst. and the 
reaction conditions. Results of the study and a mechanistic rationale are presented. 



Introduction 

Developing renewable biomass as a raw material for the production of chemicals is an important 
component of the nation's energy policy to decrease dependence on fossil fuels. One of the most 
underused renewable carbon sources in the biosphere is lignin, the structural material in woody plants, 
which makes up as much as 30% of the carbon bound in organic matter (Fengel and Wegener 1984). 
However, lignin is used largely in low-value applications; one of its primary uses is as a fuel for chemical 
recovery operations in the pulp and paper industry. Effective use of lignin as a chemical feedstock 
requires selective transformations that can convert its wide range of substructural features into a single 
material in high yield. 

Lignin is a structurally heterogeneous biopolymer that has a network of oxygenated aromatic rings as a 
unifying feature. The electron-rich nature of these aromatic rings suggests-. that lignin should be 
susceptible to oxidation. The literature supports this contention, and lignin oxidation is the basis for low 
yield commercial production of vanillin and dimethylsulfoxide (Fengel and Wegener 1984). Bleaching 
of cellulose pulp to remove residual lignin is an example of a large scale lignin oxidation process (Fengel 
and Wegener 1984). However, each of these oxidations is nonselective. We are developing methods for 
the selective oxidation of the electron rich aromatic units that make up the lignin structure by investigating 
the oxidation of compounds that model lignin's behavior. 

The goal of this investigation is to develop a new synthesis of benzoquinones. Benzoquinones are widely 
used as intermediates for dye production and as selective oxidants, and are well known as key structural 
units in a variety of biologically active materials (Patai and Rapoport 1988). The heterogeneity of lignin 
often makes direct study of its reactivity difficult, especially when optimizing new methodology for its 
chemical transformation. Monitoring reaction progress, separating reaction components, and analyzing 
products becomes difficult, and can impede understanding a new process. Therefore, compounds that 
model substructural units present in lignin are frequently used to find the best conditions for a desired 
transformation. Developing a successful method for converting these models into benzoquinones should 
lead to useful techniques for converting lignin to similar compounds. 

Oxidative reactions for synthesizing benzoquinones are well known, and often use phenols as starting 
materials (Patai and Rapport 1988). Phenolic groups also comprise many of the substructural units of 
lignin. However, the great majority of the reported oxidations are performed on phenolics that have no 
substituent para to the hydroxyl group of the phenol. In contrast, every phenolic unit in lignin contains 
a substituent para to the hydroxyl group. This para substituent must be selectively cleaved to realize a 
successful benzoquinone synthesis from lignin (Figure I). I 

Figure 1 here 

Such selective oxidations of para-substituted phenolics are much less widely reported. A reagent useful 
on a laboratory scale for converting para-substituted phenolics to benzoquinones is the relatively stable 
free radical, Fremy's salt (1). However, Fremy's salt is expensive, difficult to prepare, and often exhibits 
unpredictable reactivity upon storage, features that render it less useful for large scale operations (Adler 
and Lundquist 196 1, Zimmer et al., 197 1). 

Structure A here 

Our investigation has attempted to develop reagents that mimic the action of Frerny's salt but are 
inexpensive or active at a catalytic level. Examination of the accepted mechanism of Fremy9s salt 



oxidation of para-substituted phenolics suggests alternative methods (equation 1). The first step in a 
Fremy's salt oxidation of a phenolic is thought to be removal of a phenolic hydrogen by a molecule of 
1 to form a phenoxy radical. The radical is then trapped by a second molecule of 1 to give key 
intermediate 2 which fragments to give the observed quinone (Zimmer et al. 1971 ). 

Equation 1 here 

An analogy to the reaction sequence of equation 1 is found in the chemistry of several organometallic 
complexes known to reversibly bind oxygen (Jones et al. 1978, Drago and Corden 1980, Niederhoffer et 
al. 1984). The best examples of such complexes are cobalt/Schiff base complexes, typified by the widely 
used Co(sa1en) (3, equation 2) (Van Dort and Geursen 1967, Vogt et al. 1969, Tomaja et al. 1970). The 
reactivity of the adducts formed between Co/Schiff base complexes and oxygen suggest that they could 
effectively serve to mimic the reactivity of Fremy's salt. 

First, Co(salen) and related complexes undergo a reversible reaction with oxygen to form an equilibrium 
mixture of Co-superoxo complex 4, and the dimeric peroxo complex 5 (equation 2). The relative 
proportion of 3, 4, and 5 in solution depends strongly on the nature of the starting Co complex and the 
solvent, but in certain instances, the superoxo form can be isolated and characterized. The exact location 
of the free electron on complex 4 has been debated, but the reactivity of 4 is often consistent with the 
existence of an oxygen based free radical, structurally analogous to Fremy's salt. 

Equation 2 here 

Second, these Co/02 adducts have been demonstrated in numerous reports as effective for synthesizing 
benzoquinones from phenolics unsubstituted in the position para to the hydroxyl group (equation 3, R = 
H) (Sheldon and Kochi 198'1). The mechanism proposed for Co catalyzed oxidation of these phenolics 
is thought to proceed through intermediate 6, structumlly analogous to the Fremy-'~ saltfphenol adduct 2. 
Fragmentation of 6, similar to the process depicted in equation 1, gives the benzoquinone. In contrast to 
Fremy's salt, Co/02 complexes are active at catalytic levels. 

Equation 3 here 

Despite these similarities in structure and reactivity, few examples are found in the literature for the use 
of Co/O, complexes for the oxidation of para-substituted phenolics (equation 3, R # H). These reports 
have been limited to phenolics substituted with simple alkyl groups, not representative of typical lignin 
structures (Nishinaga et al. 1974, Frostin-Rio et al. 1984, Nishinaga et al. 1986). In addition, the reported 
reactions with para-substituted phenolics often do not give benzoquinones as the primary products. 
Oxidation of para substituted phenolics with catalytic levels of Co/Schiff base complexes and oxygen 
normally gives quinols (7a) or hydroperoxides (7b) as products (Nishinaga et al. 1974). Oxidation with 
stoichiometric levels of Co/Schiff base complexes and oxygen gives isolable cobalt quinolato complexes 
(6) (Nishinaga et al. 1981). However, we felt that the expected greater ease of oxidation of typical lignin 
models (and hence, lignin) could impart unique reactivity with Co/O, adducts. We report that a number 
of para substituted phenolics that model lignin undergo successful conversion to benzoquinones upon 
oxidation with oxygen in the presence of CoISchiff base complexes. 

Results and Discussion 

Several CoISchiff base complexes have been investigated as oxidation catalysts for this study. These 
include Co(sden) (3), and the related Co catalysts, Co(salpr), 8, and Co(N-Me salpr), 9 . 



Structure B here 

The starting Co complexes can be broadly classified according to their coordination number, which has 
a great effect on the reactivity observed between their oxygen adducts and para-substituted phenolics. 
Co(salen) is typical of 4-coordinate complexes used in this study. These complexes bind oxygen poorly 
at room temperature in solution; the amount of superoxo complex (4, equation 2) present is normally low. 
In contrast, 5- coordinate complexes, such as Co(saipr), bind oxygen much more strongly. The presence 
of a donor ligand in the axial position of the complex greatly stabilizes the Co-0, bond (Basolo et al. 
1975, Chen et al. 1989). The 5-coordinate catalyst (pyridine)Co(salen) was also investigated. Added 
pyridine converts 4-coordinate 3 to a 5-coordinate species by serving as an axial ligand. 

The phenolic substrates chosen as lignin models reflect structural units expected to be present in high 
concentration in most lignin sources. In addition, models of both hardwood Iignins (possessing two 
methoxy groups ortho to the phenolic hydroxyl) and softwood lignins (possessing a single methoxy group 
ortho to the phenolic hydroxyl) were investigated. 

Oxidation of syringaldehyde (10) exemplifies typical conditions used for the oxidations (equation 4). 
Treatment of 10 with 0, (50 psi) in the presence of 10% Co(salen) catalyst in MeOH gives an 85% yield 
of the corresponding benzoquinone after 17h at room temperature. 

Equation 4 here 

Use of 10 mol% catalyst is necessary for the reaction to proceed at a reasonable rate. If the catalyst level 
is dropped to 1 mol%, the yield of quinone drops to 10% - 15%. The reaction also shows a strong 
temperature dependence. Higher temperatures are detrimental to the reaction; at 50°C, only a 30% yield 
of quinone is observed. Methanol is the optimum solvent for this reaction. in other solvents (DMF, 
CH,CI,, PhMe), little or no quinone forms. The oxidation of 10 is also sensitive to the nature of the Co 
catalyst used. Changing the 4-coordinate Co(salen) catalyst to a 5-coordinate catalyst, such as 9 or 
(pyridine)Co(salen), inhibits the oxidation; only starting material is recovered (>90% yield). 

interestingly, conditions suitable for oxidizing 10 are not effective with other substrates. Reaction of 
compounds 11, 12, and 13 under the same conditions gives only a low yield of benzoquinone (Figure 2). 
Note that these compounds are not inert to the reaction conditions. Compound 11 is converted to 
syringaldehyde in 60% yield by oxidation of the benzylic alcohol. The reactions of 12 and 13 are 
nonselective. Although starting material is consumed, a number of products are obtained from each 
reaction. Because the benzylic alcohol side chain in compound 11 represents substructures present in high 
concentration in lignin, developing conditions for its oxidation to benzoquinones is important. 

Figure 2 here 

A successful oxidation of 11 and related compounds results when the catalyst is changed. In direct 
contrast to the results from the oxidation of 10, compound 11 is converted to quinone in 89% yield under 
mild conditions upon oxidation in the presence of 5-coordinate catalysts (9 or (pyridine)Co(salen)) which 
are ineffective for the conversion of 10 to quinone. Oxidation of 11 also occurs in 90% yield in the 
presence of 5 mol% of 9. but if the catalyst level is dropped to 176, the yield of quinone drops 
significantly. 5-Coordinate catalysts are also useful for conversion of other para substituted phenolics to 
quinones. Compounds 14 and 15 are oxidized to quinones in 80% - 90% yield. 



Structure C here 

Converting 14 and 15 to the corresponding quinones indicates that steric interactions between substituents 
on the aromatic ring may be playing a role. However, we have not extensively studied this observation. 
Ingold has reported a strong steric effect in his investigation of the free radical oxidation of structurally 
similar tocopherol derivatives (Burton et al. 1985). 

The type of substitution on the aromatic ring of the substrate also affects the reaction. When the substrate 
is changed from a species bearing two methoxy groups (hardwood models, e. g., 10 or l l ) ,  to one bearing 
only a single methoxy group (softwood~models, e. g. vanillin, 16) little or no oxidation is observed using 
either 4- or 5-coordinate Co catalysts in MeOH. Only starting material is recovered in these reactions 
(>90% yield). The failure of these substrates to undergo oxidation is apparently not a function of the 
presence or absence of a substituent para to the hydroxyl group. Compounds 17 and 18. that have the 
position para to the hydroxyl group unsubstituted, also fail to undergo oxidation to quinone. This is an 
important observation with regard to lignin use. Lignin from both softwood and hardwood is constructed 
mostly from aromatic units bearing a single methoxy group. An effective lignin oxidation method must 
be able to oxidize both monomethoxy and dimethoxy phenolics. 

Structures D here 

Unreactive substrates can be induced to undergo oxidation if the electronics of the aromatic ring are 
changed. For example, if the effect of the strongly electron withdrawing carbonyl group is removed from 
16 or 18 by converting it to the acetal (19 or 20), oxidation to the quinone is observed in 25% and 65% 
yield respectively (Hibino and Weinreb 1977). Compound 21, which is substituted with a less electron 
withdrawing olefin in the position para to the hydroxy group undergoes efficient oxidation (>60%), but 
to give vanillin, 16, and the dimers 22 and 23 (equation 5). These results confirm those reported by Drago 
(Drago et al. 1986). 

Equation 5 here 

We propose the following mechanistic rationale for our observations. While we have not performed 
detailed mechanistic study on this reaction, our results are consistent with intermediates proposed in other 
investigations of the reaction (Figure 3) (Nishinaga and Tomita 1980, Zombeck et al. 198 1, Corden et al. 
1985). l4 

Figure 3 here 

The mechanism in Figure 3 is shown for the oxidation of syringyl alcohol I1 using a 5-coordinate Co 
catalyst, an example we consider to be a "normal" oxidation. The intermediates in Figure 3 demonstrate 
the close similarity between oxidations catalyzed by Co/Schiff base complexes and those promoted by 
Fremy's salt. The first step in the oxidation is the conversion of the Co complex to a superoxo Co/O, 
adduct, a generally accepted process in these oxidations. The superoxo form may be in equilibrium with 
the peroxo form (equation 2), but the superoxo form is generally thought to be the catalytically active 
species. The superoxo complex converts the phenol to a phenoxy radical 24, by abstraction of a phenolic 
hydrogen. Intermediate 24, in resonance with radical 25, is then trapped by a second molecule of the Co 
superoxo complex, generating intermediate 26. Complexes structurally analogous to 26 have been isolated 
and characterized when oxidation of phenols is carried out with stoichiometric levels of Co/02 complexes 
(Nishinaga et al. 1981). The effectiveness of the more stable 5-coordinate Co/02 complex as a catalyst 
for this reaction is consistent with this mechanism since two roles are given to it as initiator and radical 
trap. The transient nature of the Co/O, adduct from $-coordinate complexes such as 3, would make its 



function as a trap less likely. Complex 26 decomposes, perhaps via the six membered transition state 
shown, to generate quinone and a Co-hydroxy species, known from other work to be catalytically active 
(Nishinaga et al. 1979). 

Syringaldehyde is unique as a substrate in that it undergoes oxidation only when a 4-coordinate Co 
complex is used as a catalyst. More insight into the unusual oxidation of syringaldehyde is obtained upon 
investigation of its reactivity with Co/O, complexes as increasing amounts of pyridine are added to the 
reaction mixture. Pyridine binds strongly to 4-coordinate Co complexes and converts them to 5-coordinate 
species. In the absence of pyridine, oxidation of syringaldehyde proceeds in 85% yield. However, 
addition of as little as 10% pyridine (equimolar with respect to the amount of catalyst present) drops the 
quinone yield to 54%, the remainder being starting material. When an amount of pyridine equimolar with 
syringaldehyde is added, the oxidation is completely suppressed. We conclude from these observations 
that syringaldehyde must coordinate to the metal center prior to oxidation (Fujii et al. 1981). Only 4- 
coordinate catalysts can accommodate both the presence of a substrate and oxygen molecule 
simultaneously. Increasing the amount of pyridine in the reaction mixture gradually eliminates the 
availability of an open coordination site and ultimately stops the reaction. The effectiveness of the 
oxidation of syringaldehyde suggests that other factors may be promoting the reaction, especially in light 
of the known transient nature of Co/O, adducts when formed from 4-coordinate Co species. It is tempting 
to suggest that coordination of the syringaldehyde to the 4-coordinate metal center stabilizes the resulting 
Co/O, adduct in a manner similar to pyridine, however, we have no evidence to support that hypothesis. 

Coordination of syringaldehyde to the Co center prior to oxidation is also consistent with the results 
obtained from oxidation of syringaldehyde with a more electron rich 4-coordinate Co complex, Co(3- 
methoxy salen), 27. 

Structure E here 

The inductive effect of the electron donating methoxy groups renders the Co a poorer Lewis acid, and 
hence, syringaldehyde would be expected to coordinate to the Co center more poorly. In accordance with 
this hypothesis, syringaldehyde is oxidized to the benzoquinone in only 60% yield when 27. is used as the 
catai yst. 

Phenoxy radicals play a central role in this oxidation process. We feel that the failure of most 
monomethoxy substrates (e. g., 16) to undergo oxidation results from an inability of these phenols to be 
converted to phenoxy radicals by Co/O, complexes in MeOH. The reaction of similar substrates with 
certain Cu catalysts provides support for this hypothesis. Some Cu catalysts readily form phenoxy radicals 
fmm compounds similar to 16 (Capdevielle and Maumy 1983, Kushioka 1983, Kushioka 1984, Dershem 
et af. 1988). Although quinone may not be formed in subsequent reactions of these radicals, different 
products of radical reactions are observed, for example, the dirner 28 (equation 6), formed by coupling 
of two phenoxy radicals in the position ortho to the hydroxyl group (Omura 1991, Forsskhl 1984). We 
have examined the Cu catalyzed oxidation of vanillin by oxygen in MeOH and observe complete 
consumption of the starting materid to give an insoluble polymer. We do not observe formation either 
polymeric materials or compounds similar to 28 under Co catalyzed conditions, implying the absence of 
phenoxy radicals. 

Equation 6 here 

The relative reactivity of a substrate also affects the lifetime of the Co catalyst. Irreversible oxidation of 
the Co/Schiff base complex is a primary catalyst deactivation pathway (Busch 1988). We find that 



treatment of 4-coordinate Co complexes (3 or 27) with oxygen in MeOH in the absence of substrate results 
in a rapid reaction to give a new Co complex (Nishinaga et al. 1985). This complex has not been 
completely characterized, but elemental analysis reveals that its oxygen content has increased. More 
importantly, appropriate experiments show this complex to be catalytically inactive. Thus, if an unreactive 
substrate renders the primary oxidation pathway unavailable, the catalyst undergoes rapid deactivation by 
reaction with oxygen and MeOH. 

Catalyst deactivation by this mechanism could also account for the low yield of quinone observed from 
oxidation of syringyl alcohol 11, in the presence of Co(salen). Based on the reactivity of syringaldehyde 
with Co(sa1en) and oxygen (equation 4), we currently think that syringyl alcohol is first oxidized to 
syringaldehyde, and thus to quinone. Oxidation of syringyl alcohol gives a 60% yield of syringaldehyde 
and a 29% yield of quinone (Figure 2). This observation is consistent with a gradual deactivation of the 
catalyst assuming that a sequential alcohol-to-aldehyde process is in operation; by the time the alcohol 
oxidation is complete, insufficient catalyst activity remains for a high yield conversion to quinone. 
However, given the reactivity of syringyl alcohol with 5-coordinate catalysts, we cannot currently eliminate 
the alternate mechanistic possibility that parallel reaction paths are available, one leading to quinone 
directly from syringyl alcohol (Figure 3) ,  and one leading to syringaldehyde. 

I 

These hypotheses suggest a further experiment. If the failure of monornethoxy adducts to undergo 
oxidation is a result of their inability to form a phenoxy radical under certain reaction conditions, then it 
should be possible to favor the Co-catalyzed oxidation by adding a promoter that could form a small 
amount of phenoxy radical and allow the subsequent reaction with the Co complex to proceed at the 
expense of any catalyst deactivation pathways. To that end, we have investigated the reaction of two 
substrates with 5-coordinate Co catalysts in the presence of reagents known to promote formation of 
phenoxy radicals. The results of this experiment are shown in Figure 4. 

Figure 4 here 

Initial experiments were performed with a relatively reactive substrate, 11. In the presence of oxygen and 
1% Co catalyst, an amount known to be too low to promote effective reaction, oxidation of 11 to the 
quinone occurred in low yield. The remainder of the reaction mixture contained starting material. 
However, when 1% Frerny's salt was added, the yield of quinone rose to 29%. 

An even more dramatic change is observed with substrates unreactive in the presence of Co catalysts in 
MeOH, and appears to result from a combination of effects. Adding 1% CUCI, as a cocatalyst to a 
mixture of 29 and the 5-coordinate catalyst 9 in CH,Cl, affords the corresponding quinone in 60% yield, 
implying that increased levels of phenoxy radical could be important in the promotion of the oxidation. 
The choice of solvent also affects the oxidation; changing from MeOH to CH,CI2 in the absence of CuCI, 
increases the oxidation yield to 37%. We attribute this increase in yield to a slower catalyst deactivation 
in CH2C12 solvent, however, further investigation is necessary to define the interactions between these 
variables. 

At present, this promotion effect appears to be limited to benzylic alcohols. Attempted application to 
aldehydes (e. g., 10 and 16) results in recovery of starting material. 

Conclusions and Future Directions 

We believe we have discovered an interesting method for the conversion of certain para-substituted 
phenolics into henzoquinones under mild conditions, a method that could he promising for future 



conversions of lignin into useful chemicals. Moreover, we have developed conditions useful for the 
oxidation of both types of aromatic units (mono and dimethoxy) present in lignin samples. We have 
investigated the use of these complexes for the oxidation of certain lignin samples and are able to observe 
formation of about 5 - 10% benzoquinones from the reaction. However, the relatively short lifetime of 
the catalyst suggests that develop& more active Co complexes is necessary. Further investigation of 
different lignin substructures, including higher lignin oligomers, will be necessary to generalize the method 
for the most efficient conversion of lignin to useful chemicals. 
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Abstract 

Activated carbons are used in a wide range of applications, including the improvement of air and 
water quality, and are generally of interest for the resolution of environmental problems. Wood is a 
common feedstock for activated carbon production by reaction with phosphoric acid at 
temperatures in the range 350-450°C. The extended use of wood for the production of high added- 
value products could improve the use of this resource, and present solutions to the problems of the 
disposal of wood wastes. Little information exists in the public sector on the mechanisms of the 
synthesis process, the factors that influence the development of porosity and adsorptive properties, 
and how these relate to the structure of the starting material. As part of an on-going research 
program, the conversion of white oak to activated carbons by reaction with phosphoric acid has 
been investigated. It has established, for the first dme, a link between the origins of porosity and 
reaction mechanisms. It is concluded that porosity development is a consequence of the retention 
and dilation of cellular material which creates an extensive surface accessible to adsorbent 
molecules. The results may be relevant to understanding equivalent processes with other biomass 
and coal precursors that contain biopolymers or altered biopolymers. 



Introduction 

Activated carbons are employed over a broad range of applications, including the improvement of 
air and water quality, and are generally of interest for the resolution of environmental problems. 
High surface area activated carbons are produced commercially from a range of starting materials, 
either by thermal reaction (carbonization followed by partial gasification) or by reaction with an 
acid reagent (chemical activation). The most common example of the latter is the phosphoric acid 
activation of wood or other cellulosic materials. The extended use of wood for the production of 
such high added-value products could improve the use of this resource, and present solutions to 
the disposal of wood wastes from primary industries. 

Little information is available on the mechanisms of carbon synthesis, the factors that influence the 
development of porosity and adsorptive propenies, and how ihese relate to the precursor structure. 
Improved understanding can lead to the development of activated carbons with controlled 
properties, and to new uses. As part of an on-going research program, we have investigated the 
synthesis of activated carbons by the phosphoric acid activation of white oak (Quercus a h ) .  The 
results of these studies are presented in this paper. In continuing research, the scope is being 
extended to include yellow poplar (Liriodendrun tulipifera ), and fractions of these woods that have 
been obtained by a process of steam explosion followed by alkali extraction [I] ,  in order to 
develop a better comprehension of the role of precursor structure and composition. 

Experimental 

Materials and Synthesis 

Sections of white oak measuring approximately 22.0 x 42.0 x 1.5 mm in the radial, tangential, and 
axial directions were cut from a single block and oriented accurately to provide a flat area 
perpendicular to the vertical growth axis. The sections, each weighing about lg, were soaked in an 
aqueous solution (28.8% strength) of phosphoric acid for 1 hour at room temperature to allow the 
solution to fully penetrate the structure. The weight ratio of H3P04 to wood (as-received basis) 
was 1.45. The precursor-acid slurry was heated over a period of 2h to 170°C in a stainless steel 
reactor, under flowing nitrogen at atmospheric pressure, and held at this temperature for 30min. It 
was then heat-treated for 60 min at a final heat treatment temperature (HTT) between 200 to 650°C. 
Lower temperature experiments were conducted at 50, 100 and 150°C, when the slurry was heated 
directly to this temperature and held for 3 hours. The solid products were leached with distilled 
water to pH = 6 and vacuum dried at 11O0C before further characterization. For comparison, 
thermally-carbonized samples were prepared by following the same heat-treatment procedure, but 
without phosphoric acid addition. 

Characterization 

A number of analytical techniques were applied to follow structural, chemical and morphological 
changes. The leached and dried heat treated solids were routinely analyzed for H, C, 0, P, ash and 
moisture contents. Oxygen content was determined directly using a Perkin Elmer 240 Elemental 
Analyzer. 

Information on the carbon pore structure was derived from nitrogen adsorption isotherms obtained 
at 77K on a Coulter Omnisorb- lOOCX apparatus; Surface areas, were obtained from the 
adsorption isotherms using the BET equation. Mesopore surface areas were obtained using the a, 
method [2]; standard isotherm data were taken from Rodriguez-Reinoso et a1.[3]. 

Optical microscopy and scanning electron microscopy were used to study the morphology of the 



precursor and the product carbons. Specimens were prepared for optical microscopy by embedding 
the samples in epoxy resin, ensuring that the transverse plane was maintained in a horizontal 
position to allow the accurate measurement of the dimensions of cellular features. The samples 
were then polished according to standard procedures. Optical micrographs were obtained in cross 
polarized reflected light using a Leitz MPV2 Onhoplan microscope with a 50x air objective. The 
thickness of the cell walls was measured using a filar occular mounted on a Zeiss Universal 
microscope with a 40x air objective. Attention was focused on the thick-walled fiber cells. A 
minimum of 75 measurements were taken per sample, and the results were averaged. 

Results and Discussion 

Chemical Change 

Reaction with phosphoric acid promotes chemical change and structural alteration at lower 
temperatures than are realized by thermal treatment, as also found in earlier studies with coal 
precursors [4-61. These phenomena include the removal of oxygen, and hydrogen, the latter being 
associated with an increase in aromaticity and loss of aliphatic character [4]. Although the WC and 
O/C atomic ratios decrease with increasing H'IT for the two series of carbons, Figures 1 a and b, 
acid treatment clearly enhances the removal of oxygen and hydrogen at low temperatures. By 
plotting W C  versus O1C (an approach adopted by van Krevelen, 7), it is found that both sets of 
data fall on a straight line with a gradient of 2.0. Hence, the net effect of the reactions taking place 
corresponds to the elimination of water. Other studies of cellulose pyrolysis have shown that 
dehydration and elimination reactions take place, liberating water and other products such as furan 
derivatives. Moreover, the addition of acidic additives, including phosphoric acid, at 
concentrations around 5% can catalyze these reactions, causing significant increases in the yields of 
water and of char [8]. It has been proposed that phosphoric acid can initiate the cleavage of weak 
connecting bridges between structural units at sub-pyrolysis temperatures, followed by re- 
combination to form stronger linkages or larger structural units, and leading to the formation of a 
rigid crosslinked solid [4]. 

The process of crosslinking can account for the much higher yields of carbon that were obtained 
above HTT 300°C upon phosphoric acid activation, due to the bonding of otherwise volatile 
materials into the carbon product (see also 4, 8, 9). Upon thermal treatment, bond cleavage is 
initiated at higher temperatures, when the low molecular weight products that are first liberated may 
be removed by devolatilization before they can chemically integrated into the solid matrix. The 
lower yields obtained below 300°C for the acid treated carbons are attributed to the earlier onset of 
dehydration and related reactions which preface the formation of crosslinks. 

Cell Structure and Dimensions 

Distinct morphological differences are caused by thermal and acid treatments. Upon thermal 
treatment to 1 50°C, there is little apparent change in the appearance of the primary or secondary cell 
walls. At 250°C, some enlargement of the lumens is evident due to the loss or contraction of the 
secondary cell walls. By 350°C, most of the secondary wall has disappeared and the residual 
material cannot be distinguished from the primary wall and middle lamella. The appearance is 
similar at higher HIT. 

Changes become apparent in the'acid treated products at lower HTT. At 150°C, the sample has 
attained a uniform appearance, and many of the cell lumens have been filled, suggesting that there 
has been some redistribution of the biopolymers, possibly via their partial dissolution in the 
phosphoric acid solution, as suggested by other work [lo]. With increasing HTT, a few 
macropores are formed due to loss of cellular material, as in the thermal case. However, for the 
most part, the secondary cell walls are retained, together with the cell filling. 



The changes in secondary cell wall thickness are shown as a function of HTT in Fi y r e  2a for both 
series of carbons. Little change occurs upon thermal treatment until above about 200°C. Then, 
there is a continual reduction in cell wall thickness with increasing HTT. For the acid treated 
carbons at low H?T, there is significant cell wall contraction, corresponding to the initial weight 
loss. However, at HIT above 250°C, there is an unexpected development in that the secondary cell 
walls begin to swell and thicken, reaching a maximum thickness at about 450°C, and reducing the 
overall contraction to 15%. Above 450°C, there is funher net contraction which increases to 50% 
at 650°C: this is still much less than that produced upon thermal reaction to the same temperature. 

The development of surface area in the acid-treated carbons is shown as a function of H'I"I' in 
Figure 2b. Microporosity begins to develop at low HTT, increases sharply to a maximum, and 
decreases at higher HTT. The maximum micropore surface area is about 1800 mzg-1 and occurs 
around 350°C. The mesopore surface area follows the same general trend, but is much lower and 
attains a maximum at a higher temperature of about 450°C. In comparison, thermally treated 
samples show negligible porosity development. 

It can be seen by comparing Figures 2a and 2b that there is a direct correspondence between 
dimensional change and porosity. The maxima in cell wall expansion and surface area occur 
between 250 to 450°C. At higher HIT, secondary contraction is accompanied by a reduction in 
surface area. 

Synopsis 

In previous work, it was proposed that acid-promoted crosslinking helps to form a strongly 
bonded structure that is less susceptible to volume contraction upon heat treatment [4]. This more 
detailed study leads to the inescapable conclusion that the high porosity developed through 
phosphoric acid activation is a consequence of the retention of cellular material, and that the dilation 
of this material creates an extensive surface that is accessible to adsorbent molecules. A second 
contraction occurs above 450°C in parallel with a decrease in porosity. The structural 
rearrangement that takes place may imply that the crosslinks formed at lower temperature have 
reached their limit of thermal stability. Conversely, extensive contraction upon thermal treatment 
collapses the precursor structure: the accessible porosity is too low for practical utility, and must be 
increased by the removal of carbon through partial gasification, which will result in further yield 
loss. 
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Abstract 

The catalytic upgrading of lactic acid and methyl lactate is being investigated using various 
catalysts and support materials. With the commercialization of inexpensive starch fermentation 
technologies, U.S. production of lactic acid is currently undergoing a surge. Its dropping wst 
and increased availability offer a major opportunity to develop lactic acid as a renewable 
feedstock for chemicals production. It can be catalytically converted in to several important 
chemical intermediates currently derived from petroleum; these products include acrylic acid, 
propanoic acid, and 2,3-pentanedione, a high-value specialty chemical first observed from lactic 
acid and methyl lactate in our laboratory. The process can expand the potential of biomass as 
a substitute feedstock for petroleum and can benefit both the U.S. chemical process industry and 
U.S. agriculture via increased production of high-value, non-fwd products from crops and crop 
b yproducts. 

Reaction studies of lactic acid and its ester are conducted in fixed bed reactors at 250-380°C and 
0.1-0.5 MPa (1-5 atm) using salt catalysts on low surface area supports. Highest selectivities 
achieved are 42 % to acrylic acid and 55 % to 2,3-pentanedione from lactic acid over NaNO, 
catalyst on low surface area silica support. High surface area (microporous) or highly acidic 
supports promote fragmentation to acetaldehyde and thus- reduce yields of desirable products. 
The support acidity gives rise to lactic acid from neat methyl lactate feed but the lactic acid yield 
goes down after the nitrate salt is impregnated on the support. 

Both lactic acid and methyl lactate form 2,3-pentanedione. Methyl lactate reactions are more 
complex since it fonns all the products obtained from lactic acid as well as many corresponding 
esters of the acids obtained from lactic acid (mainly methyl acrylate, methyl propionate, methyl 
acetate). At high temperatures, methyl acetate and acetic acid yields become significant from 
methyl lactate whereas lactic acid gives significant amount of acetol at high temperatures. 



Introduction 

Lactic acid is a bifunctional, optidly active molecule traditionally used in limited quantities (40- 
50 MM lblyr) as a food additive and in textiles production. It is undergoing a surge in 
production in the U. S . via efficient starch-based fermentation processes, with potential 
applications in biodegradable polylactide polymers (1,2). Decreased cost associated with these 
new production technologies makes lactic acid and its derivatives potentially major biomass- 
based feedstocks in the near future. Methyl lactate, an ester formed in the production of lactic 
acid, has been studied extensively as a route to producing acrylates using various reactor packing 
materials (3,4,5,6). Higher yields of acrylates are reported for the ester fom of lactic acid than 
for the acid itself (7,8). This is perhaps because of the stabilization of the carboxylate group 
by the methyl group which prevents decarboxylation. This is similar to the results obtained in 
studies using phosphate esters of lactic acid (9). 

In this work, reactions of vapor phase lactic acid and methyl lactate over supported nitrate salts 
are reported. In addition to the known products (namely acrylic acid, acetaldehyde, and 
propanoic acid) of lactic acid conversion, we have discovered a new compound, 2,3- 
pentanedione, to have formed from lactic acid as well as from methyl lactate. 2,3-pentanedione 
is a high-value flavoring agent which is currently recovered from dairy waste or made in a 
multistep chemical synthesis. 

Experimental 

Catdytic reaction studies are conducted using two fixed-bed vertical downward-flow reactors 
specifically designed for lactic acid and its derivatives. One reactor is constructed of quartz 
tubing for low pressure work, and the second reactor is a quartz-lined 316 stainless steel high 
pressure (3 MPa (30 atm) and 600'C) unit. Both reactors have external heaters with controllers 
to facilitate temperature control (typically within f 2OC). In case of lactic acid studies, a lactic 
acid solution (10-60 wt%) in water is used as a feed whereas methyl lactate is fed neat to 
minimize hydrolysis to methanol and lactic acid. An inert carrier gas is added to the feed and 
the mixture is pumped to the top of the feed vaporizing section where it vaporizes and then flows 
to the section containing the catalyst bed held by a quartz fht. Reaction products exit the reactor 
through heated lines and are collected in cold traps; noncondensible gases are collected in gas 
bags at the system outlet. Products are collected for a specified period of time after steady state 
has reached. Analysis is conducted using gas chromatography supplemented by GCIMS and 'H 
NMR for product iden ti fication. 

Most catalyst supports used are available commercially (Alltech, S trem , Aldrich) . The activated 
cherry carbon support was prepared in our laboratories. The catalyst was prepared using wet 
impregnation followed by drying for 24 hrs. 

Results and Discussion 

The challenge in lactic acid research is to form desireQ products selectively and in high yields; 
fragmentation to gases and acetaldehyde competes with desirable pathways at all conditions. We 
have investigated different support materials with a goal of identifying an optimum support; one 



which minimizes the undesired reactions. As reported elsewhere, low surface acidity and low 
surface area are two important support characteristics necessary for achieving this goal 
(10,ll) We are also investigating several salts as potential catalytic materials to obtain 
the desired selectivity and yield from lactic acid and methyl lactate. 

Figure 1 shows the primary catalytic reaction pathways of lactic acid. Table 1 summarizes the 
results of the catalyst screening study conducted with a variety of carbon and silica supports 
having a wide range of surface areas. Almost all the supports give an acetaldehyde selectivity 
of higher than 50 % . Table 1 also shows that the selectivity towards the desired products, acrylic 
acid and 2,3-pentanedione, is the highest over low surface area supports whereas acetaldehyde 
yield increases with increasing surface area. Thus the table demonstrates the importance of 
using a low surface area catalyst support. The addition of a catalyst further reduces the 
selectivity towards acetaldehyde as seen in Figures 2a and 2b which depict the product 
selectivities obtained from lactic acid and methyl lactate, respectively, over NaNO, catalyst 
deposited on Spherosil XOC 005 silica support. Figure 2a demonstrates the potential of nitrate 
catalyst to selectively make acrylic acid at high temperatures and 2,3-pentanedione at low 
temperatures. The selectivity of acrylic acid increases with temperature whereas that of 2,3- 
pentanedione decreases with temperature. The product selectivities in the case of methyl lactate 
(Figure 2b) are not as good because of the large number of products formed in this reaction. 
Methyl lactate reacts to give all the products associated with lactic acid and also the 
corresponding esters of different acids (acrylic, propanoic, acetic). These are all lumped as 
"other" in Figure 2b. The yields of acetaldehyde and methanol are lumped together in Figure 
2b since our analytical tools do not distinguish them at present. Figure 3 shows the product 
yields obtained from lactic acid over Nm03 catalyst on silica support. The yield of 2,3- 
pentanedione goes through a maximum at 320°C whereas acrylic acid yield increases with 
increasing temperature. Another important observation from Figure 2 is that acetaldehyde yield 
remains below 10% over the entire temperature range. 

Conclusions 

Lactic acid and methyl lactate are converted to 2,3-pentanedione and acrylic acid over supported 
sodium nitrate salt at 0.1-0.5 MPa (1-5 atm) and 280-350°C. Formation of 2,3-pentanedione is 
favored at low temperatures (280-320°C) whereas acrylic acid is favored at high temperatures 
(350°C). The surface area of the support is an important parameter in selecting optimum support 
material. High surface area leads to undesirable cracking and high yields of acetaldehyde. 

Lactic acid shows significant potential for selectively making specialty chemicals which are 
currently derived from petroleum. Future work will focus on further optimizing reaction 
conditions to increase selectivities and yields of desired products. Methyl lactate reactions are 
more complex to analyze because of the large number of products formed. Further investigative 
studies with methyl lactate are required to optimize product yields and selectivities. 
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Table 1. Catalyst Support Screening Studies Made With Lactic Acid': Product Yields at 300°C 

' Selectivities given in parenthesis 

Surface Area (m2/g) ............................... 3 .............................................. 
Acrylic Acid 

........................................ w.......-.................-.--.* 

2,3-Pentanedione 

....................a ..................... " .................. " 
Acetaldehyde 

.............................................. ............................. 
Propanoic Acid 

.............................................................. .............. 
Acetol 

....................................................................................................... 
Other 

......................................... --..-----.-...-.....+.....r........ 
CO ........................................................ ..................... 
co2 ................................................................... -*....... 
Conversion % ............................................ " ............................... 

Carbon Supports .................................................................................................... ........ 
Activated Carbograph 

..................................................... .......................................................... 
1 ) 2 1 Cherry i Strem 

10 / 100 j 600 ! 1000 ........................... ............................ ; ............................ 4 
0.341 i 0.64 1 0.84 J 

(17.1) 1 (3.6) 1 (1.8) i (2.4) .. ~......~..w.........r.i.......-..m.......m.~..-;.....-...m..mr...r....-..:.mr*......-.-.~..~---.--~ 
0.07 1 .12 1 0.54 0.61 
(1.3) / (1.2) (1.5) j (1.7) ...... ............................ m..................... .. .; .......................... .......................... 
2.84 1 6.25 [ 25.15 1 17.37 

(50.5) 1 (66.6) (69.4) j (48.8) ..... .......-..-....... ..................................................................................... 
1.4 f 2.19 1 6.2 1 10.6 

(24.8) 1 (23.4) 1 (17.1) 1 (29.8) .................... ......................... .i........ ; ............................ i............... ........ 
0.0 0.0 0.32 1 0.0 

f 1 (0.9) f . a .................. ............................ r 
0.36 1 0.48 1 3.38 j 6.2 
(6.4) 1 (5.1) 1 (9.3) 1 (17.4) .................................................................................................................. 
3.72 j 18.6 145.86 127.43 . . . .  .......................... ...................................................... 
3.05 f 6.901 1 16.97 ............ j 20.65 .......................... ....... .......................... i ..; ..... " , 2 .............................. 
23.73 f 18.08 f 86.26 f 85.86 ......... .-.-.---.............. ............................ ....... " "..... ....... ; 4 . . - . - .  

Silica Supports ...... n............ .......................................................................................................... 

Glass / Spherosil XOC Silica 
Beads f................................................................"........-.....; f Gel 

: 005 1 030 j 400 1 3 m m  

< 1  1 14 31 f 400 1 3 0 0  ..................... ..... .....a. ............ .."..I ".. .......................... ..*..; *.......,...,.,".....; ,.,.," "".",.. 
0.75 0.27 1 1.04 1 0.33 0.76 
(21.7) i (4.9) j (6) j (5) i (3.4) 

.----*,,,. nn..~..;....-.,..,.......m......:...n.~.........m-~.:..~m..-.........~.n~.~.~~........,I...~..~.... 

0.85 0.22 0.84 1 0.26 1 0.41 
(24.6) (4) i (4.9) j (-4) 1 (1.8) . .... .. n.......... " .... ...m.....n.n......... J.......... .,............. ;..,...*. ,.*...,...,.....; ....*,........,,,.. 
1.01 4.56 1 13.36 1 61.12 120.18 

(29.2) j (82.9) j (77.4) i (93.8) f (89.6) ....... .......... .... ....... .............-....-.. i....-......-........--;...n.,n , ;..- .. ....... i ..............w........ 
0.85 1 0.45 j 1.71 1 1.03 1 0.89 
(24.6) 1 (8.2) j (9.9) 1 (1.6) j (4) ............... .... ......- ................ ; .......................... ; .. -... ;..u.......-.......-.....;.. ...,........I"-.... 
0.0 i 0.0 0.0 1 1.30 i 0.0 

1 (1.6) 1 ....................... ...................................................... ......... .. .......... ....... 2 ......................... 
0.0 0.0 0.31 i 1.39 j 0.27 

? 
[ (1.8) i (2.1) 1 (1.2) 

.mmm.....-.-m~-.m...~....n.....~n.r...-~....~--..1*.1......~~w~~-~~~4~~~~~~~~~~~~~~~~~~~~~~~~~4~~~~~~~~~~.~~........... 

0.44 1 3.46 f 15.74 174.57 118.79 ....... ........................ ........................................... 2.."........".."....,.....i.,,, ....,.........".... 
1.66 j 0.93 1 3.24 1 7.081 ......... j 1.15 .... ....*..... ....... ....... .... .................... "."...I "..i .. i........" ....a. :*a- "*..." i .................... 

10.05 1 18.91 1 37.61 1 88.23 1 32.34 ..... ....... .... ...... ............ .-" .." -..; .. - 
% Carbon Recovered 

-- 

86.35 1 107.8 1 68.02 1 63.25 98.08 94.75 1 88.43 1 91.69 1 93.63 
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Abstract f 

About 28 billion lbs of cheese whey are being wasted in the U.S. Because of the high 
biological oxygen demand (BOD) of whey, disposing of surplus whey is a pollution 
problem. An innovative, wide-scale solution to the whey disposal problem is to use 
whey as a zero- or low-cost feedstock for the production of an environmentally safe, 
noncorrosive, road deicer - calcium magnesium acetate (CMA). CMA can be used to 
replace some of the 10 to 14 million tons road salt used in the North America for 
deicing. A novel anaerobic fermentation process is developed to produce calcium 
magnesium acetate (CMA) from whey permeate. A co-culture consisting of 
homolactic (S. lactis) and homoacetic (C. formicoaceticum) bacteria was used to 
convert whey lactose to lactate and then to acetate in continuous, immobilized cell 
bioreactors. The acetate yield from lactose was -95% (wt/wt), and the final 
concentration of acetic acid was 4%. The acetic acid present in the fermentation 
broth can be recovered by solvent-extraction with a tertiary amine and reacted with 
dolomitic lime (Ca/MgO) to form a concentrated (>25%) CMA solution. About 25 
tons CMA can be produced from a plant processing 1 million lbs whey permeate (4.5% 
lactose) per day. The production costs are estimated at -$220/ton CMA, which is 
only about one third of the present market price for CMA deicer. Therefore, about 
0.8 million tonslyr CMA deicer can be produced from the currently unused whey. 
This will partially fulfill market demand for economically and environmentally sound 
chemicals for roadway deicing. This also will provide a viable solution to the whey 
disposal problem currently facing many dairies in the North America. 



CMA as a Deicer 

From 10 to 14 million tons of road salt (NaC1) are used annually in the United States 
and Canada. Salt is an extremely effective snow and ice control agent and is 
relatively inexpensive. However, a recent study in New York State showed that 
while a ton of road salt costs only ~$25, it causes more than $1400 in damage 
(Hudson, 1987). Salt is corrosive to concrete and metals used in the nation's 
infrastructure, including highways and bridges. Salt also is harmful to vegetation 
and poses environmental threat to groundwater quality in some regions. The 
Federal Highway Administration has long recognized this problem and recently has 
recommended CMA as an alternative road deicer. 

CMA is a mixture of calcium acetate and magnesium acetate. It is currently being 
manufactured by reacting glacial acetic acid with dolomitic lime (Ca/MgO) or 
limestone (Ca/MgCO,). CMA has a deicing ability comparable to salt, but is 
noncorrosive and harmless to vehicles, highway concrete, bridges and vegetation. It 
is biodegradable and does not have any major environmental concerns. However, at 
the present cost of $650/ton versus $30/ton for salt, CMA is too expensive for 
widespread use, even though some studies have shown that all of its material cost 
can be offset by savings in infrastructure replacement costs. Consequently, only 
small amounts of CMA are currently used in areas where corrosion control is 
necessary and in environmentally sensitive areas to protect ground water and 
vegetation from salt poisoning. CMA, however, will be more economically viable and 
may become a major road deicer if its price can be reduced to $400/ton or lower. A 
detailed comparison between salt and CMA for highway deicing can be found in a 
recent report from the Transportation &search Board of National &search Council 
(1991) and in the book Chemical Deicers and the Environment (D'Itri, 1992). 

CMA's high cost is mainly attributed to the acetic acid used to produce CMfL 
Currently, the acetic acid for industrial purposes is obtained principally from natural 
gas. The U.S. yearly production of acetic acid has been -3.3 billion pounds, at a 
market price of - $0.25/lb. 

CMA Production from Whey Lactose 

Fermentation 

Our fermentation process is based on a coculture consisting of homolactic and 
homoacetic bacteria. These two bacteria sequentially convert lactose to lactate and 
then to acetate, as follows: 

Lactose Homolactic Bact _ Lactic Acid Homoacetic Bact Acetic Acid 



Since both bacteria used in this anaerobic process are homofermentative, the process 
is energy efficient and acetate yield is high - -95% (wtlwt). Figure 1 shows a typical 
batch fermentation result from this cocultured fermentation. 

Process 

Based on this fermentation route, we have developed a novel fermentation process 
for CMA production from whey permeate (Yang et al., 1992). The feedstock, 
however, can be any waste streams from the dairy industry. Another major 
feedstream to this process is dolime (CaO/MgO), which is used to neutralize and 
react with the acid product to form CMA. The fermentation will be carried out in a 
continuous, immobilized cell bioreactor containing the two anaerobic bacteria. The 
advantages of using continuous immobilized cell bioreactors for fermentation include 
fast reaction rate, low cell biomass production and low nutrient requirement. The 
fermentation can be carried out in one bioreactor containing both bacteria 
(coculture) or divided into two stages - the fwst stage for homolactic fermentation 
and the second stage for homoacetic fermentation, to allow the two different bacteria 
to grow at two different optimal conditions. 

After fermentation, the whole fermentation broth containing acetate can be directly 
concentrated (e.g., by evaporation) and dried to make CMA. However, the 
concentration of acetic acid produced from the fermentation will be -4%, which is 
low and will require prohibitively high energy if it were to be concentrated or 
recovered by using conventional evaporation and distillation. For this reason and in 
order to yield a purer CMA product (free from other chemicals present in the 
fermentation broth), the acetic acid can be recovered and concentrated by using a 
novel two-step extraction process as shown in Figure 2. The first extraction step will 
use a packed column extractor to provide multiple contacts necessary to recover 99% 
of the acetic acid present in the fermentation broth. The acetic acid present in the 
extractant is then stripped by back-extraction with a small amount of an alkaline 
(dolime) solution. Simple mixing and settling tanks will be used for back-extraction 
and reaction to form CMA. In this step, a concentrated acetate (CMA) stream is 
obtained and the extractant is regenerated, simultaneously. Thus, there is no need 
to further concentrate the CMA solution before drymg. Also, there is no need for 
expensive distillation to regenerate the extractant. CMA, as a road deicer, need not 
to be as pure as glacial acetic acid used in the chemical industry. Since distillation is 
no longer needed for further purifying acetic acid or regenerating the extractant, 
recovery costs for CMA can be reduced significantly. The economics thus become 
favorable for the production of CMA from whey permeate by using this recovery 
method. 

Economics and Cost Analysis 

An early study conducted by Stanford Research Institute estimated that the Ch4A 
production costs from corn using C. thermoaceticum to ferment glucose to  acetate 



were $0.266/1b for the 100 ton/day plant and $0.188/lb for the 1000 ton/day plant 
(Marynowski et al., 1985). Depending on the plant size, the raw material costs 
associated with the feedstock used in the fermentations accounted for 30- 50% of the 
total production costs. Intuitively, any costs associated with the raw materials will 
be transferred to the product cost on a one-to-one basis. It is thus compelling to use 
waste materials to produce CMA. Also, the CMA production costs were found to be 
more sensitive to the operating costs than to the capital costs. Increasing the acetate 
concentration from fermentation is especially important for reducing the operating 
costs when energy-intensive evaporation and distillation are used in product recovery 
(Wiegel et al., 1991). 

Another recent study using either sewage sludge or woody biomass to produce CMA 
showed the production costs would be $234/ton if the residue biomass costs $50/ton, 
or $184/ton if the biomass is free (Wise & Augenstein, 1988). Anaerobic digestion 
with 6.5-day fermenation time to reach 3% acetate were assumed in this process 
evaluation. Also the product yield fkom fermentation was assumed to be 50%, and 
extraction with TOP0 was used for acetate recovery and reaction with lime (CaO) to 
make calcium acetate. The plant size in this analysis was 500 tons CMA per day. 
Another study conducted by Dynatech (1988) suggested that CMA could be produced 
fkom whey permeate by anaerobic digestion at a cost of $260/ton. However, many 
process assumptions used in these economic analyses have not been, and perhaps will 
never be, verified experimentally. 

Based on the cost relationships and financial analyses provided from these previous 
studies, the CMA production costs could be easily reduced to $180-300/ton by using 
zero-cost raw material such as whey permeate. Based on our laboratory results, cost 
analysis for CMA production from whey permeate was conducted for a plant 
processing 1.0 million lbs whey permeate per day. This is equivalent to a CMA 
production capacity of about 25 tonslday. The major equipment costs are associated 
with bioreactors, packed column extractors and drier. The CMA production cost was 
estimated at $220/ton. 

It is noted here that the potential savings in whey disposal costs are also sigmficant 
but were not considered in the analysis. At least $2500/day in the disposal costs 
could be saved for plants not having facilities to treat the produced whey permeate. 
This cost is merely attributed to the freight for shipping the waste product to other 
users or the treatment site. It would cost much more if BOD reduction or landfilling 
is required for disposal, which presently costs $2O/ton or higher. The economics for 
CMA production from whey permeate using the described process is thus very 
favorable to the plant studied. 

Commercial Potential 

About 1.2 lb CMA can be produced from every lb of lactose fermented. Therefore, 
potentially 0.78 million ton CMA can be produced from the currently unused whey in 



the U.S. This amount would meet the projected initial market demand. Another 
advantage of using the proposed lactate-fermenting bacteria for acetate production is 
that there are many waste streams containing high concentration of lactate (such as 
corn steep liquor) which also can be used to produce CMA. It is also noted here that 
homolactic bacteria can ferment glucose and many other carbohydrates to lactate. 
Thus, the same process also can be used for CMA production from other renewable 
resources, including other food processing wastes and corn-based feedstocks. This 
fermentation process thus will have wide-scale use. 
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Abstract 

Lactic acid promises to be an important chemical feedstock in the future for the production of 
biodegradable and biocompatible polymers. About half of the current U.S. consumption is 
imported to meet the escalating demand from both the food and chemical industries. The potential 
future market for polylactide products would further stress the domestic capacity of lactic acid 
production. Renewable resources such as lignocellulosic crops and wastes are abundant and could 
be utilized for the production of important fuels and chemicals. This would not only reduce our 
dependence on limited reserves of fossil fuels but also alleviate the environmental burden of 
waste accumulation and disposal. 

In this work, we have studied the conversion of pure substrates such as glucose, xylose, and 
cellulose, which form the primary components of lignocellulosic biomass, to lactic acid. 
Microorganisms of the Lactobacillus genus have been screened for achieving high product yields 
from both hexose and pentose sugars. The effects of initial substrate levels and other operating 
conditions during fermentation on the lactic acid yield have been examined. The fermentations 
of glucose and xylose have been optimized to obtain about 90% of theoretical yield using L.  
drlbrueckii and L. pentosus, respectively. An increase of initial xylose level from 20 to 50 g/L 
gives the same high yield of 90% of theoretical but different overall volumetric productivities of 
0.55 and 0.30 g/l-hour. Pure cellulose has been studied using simultaneous saccharification and 
fermentation (SSF) experiments with a cellulase enzyme for hydrolysis and L. delbrurckii for 
fermentation. A product yield of 75% of the theoretical limit has been obtained from cellulose 
using operating conditions that represent a compromise between the optima for the individual 
reaction steps of hydrolysis and fermentation. The peak product level is achieved after 5 days 
from cellulose at a loading of 60 g/L; lower substrate loadings reduce the time required for 
fermentation, but the average productivity remains the same at about 0.4 g/l-hour. These findings 
from pure substrates will be used as a basis for future screening experiments on actual 
lignocellulosic feedstocks such as woody and herbaceous crops, wastepaper, and corn stover, 
which will help identify promising feedstocks for production of lactic acid. 



Introduction 

Lactic acid is currently a specialty chemical with an annual consumption in the United States of 
about 22,000 metric tons. It is used primarily in the food industry as an acidulent, flavor 
enhancer, and preservative. In the chemical industry, lactic acid is used for deliming and metal 
etching, and its derivatives such as salts and esters have applications in the cosmetic and textile 
industries. However, the most important application of lactic acid may come in the future as a 
raw material in the production of polylactides for use as biodegradable and biocompatible 
polymers (Lipinsky and Sinclair, 1986). These polymers have potentially large markets in the 
commodity packaging and consumer goods industry, in the fabrication of prosthetic devices as 
biocompatible materials, and in the production of biodegradable matrices for controlled delivery 
of drugs and pesticides. The successful development of these polymers and their penetration into 
existing markets could easily propel lactic acid into the commodity chemical category by the turn 
of the century. The substitution of existing synthetic polymers by biodegradable ones would make 
a significant impact on alleviating waste disposal problems. 

Lactic acid consumed in the U.S. is a mixture of that produced fermentatively and synthetically 
(roughly 50% of each). Companies such as Ecochem, ADM and Cargill have announced plans 
to produce and market fermentatively produced lactic acid. Ecochem and ADM planned to 
commission their plants in 1992, but are apparently not producing the acid yet for commercial 
consumption. The synthetic route involves conversion of acetaldehyde first to lactonitrile and 
subsequent hydrolysis of the nitrile to lactic acid. The biological method involves fermentation 
of sugars, such as sucrose and lactose-using microorganisms, and has a number of advantages 
over the chemical method. Fermentation offers high theoretical product yields and control of the 
optical form of lactic acid produced by suitable choice of the microorganism and operating 
conditions. The latter may be an important future requirement since the properties of polylactides, 
such as strength and thermoplasticity, depend on the optical nature of the monomer. 

The fermentation method also enables the use of renewable resources which would reduce 
dependence of the global economy on limited reserves of fossil fuels, as well as promote a 
cleaner environment by reducing emissions of toxic compounds and accumulation of carbon 
dioxide. An examination of availability reveals that a wide variety of lignocellulosic feedstocks 
could supply the projected demand for lactic acid. Woody and herbaceous crops can be produced 
in the range of 350 to 2500 million metric tons (MMT) per year and about 20 to 140 MMT each 
of lignocellulosic wastes such as paper, corn residue and forestry residues are generated annually 
(Leeper et a]., 1991). These feedstocks have a high polysaccharide content (cellulose and 
hemicellulose) and cansbe converted to important fuels and chemicals by developing suitable new 
technologies for fermentation. This will not only substitute petroleum-derived feedstocks by 
renewable resources but also efficiently utilize waste products that are currently a disposal 
problem in landfills. In this article, we describe our exploratory studies on lactic acid production 
from components of lignocellulosic biomass, namely the polysaccharide cellulose and the sugars 
glucose and xylose which are formed by the breakdown of cellulose and hemicellulose 
respectively. Our studies examine the attainable product yields from these pure substrates to 
determine standards for future comparison and evaluation of lignocellulosic materials as potential 
feedstocks for production of lactic acid. 



Materials and Methods 

Bacterial Strains 

Lactobacillus delbrueckii B445 obtained from NRRL was used in the glucose and cellulose 
, 

experiments. The strains, Lactobacillus pentosus ATCC #8041, Lactococcus lactis subsp. lactis 
(Lactobacillus xylosus) ATCC #15577, and Lactobacillus brevis IF0 3960, were used in the 
studies of xylose fermentation. . 

Culture Media 

The media used for growth and fermentation had the following composition (Vickroy et al., 
1982): 30 g L  yeast extract; 50 g/L glucose (unless otherwise stated); 0.6 g/L MgSO,; 0.03 g/L 
each of MnSO, and FeSO,; 11.3 g/L succinic acid; 7.25 g/L NaOH and 1.0 g/L each of K,HPO, 
and KH,PO,, pH adjusted to 6.0. Glucose was substituted by cellulose and xylose at 
concentrations as needed in the studies of the respective carbon sources. Glucose, xylose, and 
cellulose (Sigmacell 50) were obtained from Sigma Chemicals. 

Experimental Methods 

The fermentations were carried out in 250 mL flasks with a working volume of about 200 mL 
of media. The flasks were fitted with water traps for maintaining anaerobic conditions and ports 
for sampling and addition of base. Our initial screening experiments showed that an exponentially 
growing inoculum was important for obtaining high yields. Fermentation cultures were inoculated 
at an optical density (550 nm) of 1.0 with cells in the exponential phase. The pH was adjusted 
to a value between 5.7 and 5.9 in all fermentations by manual addition of NH,OH at the time 
of sampling. The temperature was varied as described in the.results. The conversion of cellulose 
was carried out by simultaneous saccharification and fermentation (SSF) using the cellulase 
enzyme Laminex BG (Genencor International) for hydrolysis and fermentation of glucose with 
L. delbrueckii. The cellulase was added at 25 IFPU/g of initial cellulose unless otherwise stated. 
The yield figures of lactic acid were corrected for contribution by the complex media components 
by measuring lactic acid produced in culture media lacking the carbon source. The levels of lactic 
acid were also corrected for dilution from addition of base in pH control. 

Analytical Techniques 

Fermentation samples were analyzed for sugars and acids using an HPLC (Hewlett Packard Series 
II 1090) equipped with an 87H organic acid column from Biorad. 

Results and Discussion 

Cellulose and xylose were studied as separate components of lignocellulosic biomass, xylose 
being the primary product of the breakdown of hemicellulose. Since cellulose was converted by 
the SSF process, glucose fermentation was studied separately as an intermediate product to find 
conditions that may be compatible with those of enzymatic cellulose hydrolysis. Studies of 
enzymatic cellulose saccharification were also done separately, but the results have not been 



discussed in detail here for the sake of brevity. 

Glucose 

R he fermentation of glucose to lactic acid with L. delbrueckii has been well studied and 
documented in literature (Hanson and Tsao, 1972; Vickroy et al., 1982). Glucose is converted 
homofermentatively to two moles of lactic acid giving a yield of 1.0 g acid/g glucose. In our 
initial experiments, which were conducted without pH control, we observed a significant change 
in the pH of the culture due to acid production. Figure 1 shows the effect of temperature on 
glucose metabolism by L. delbrueckii at 50 g/L and an initial pH of 6.3. Only 60% of the 
substrate was converted (measured as % of initial substrate metabolized) in 48 hours at both 37°C 
and 42"C, due to the rapid drop in pH which reached a final value of 3.8 (same for both 
temperatures), although product yields based on converted glucose were about 90% of theoretical. 
Fermentations were then conducted at 37°C and steady pH. Figure 2 shows a dramatic difference 
in the lactic acid yields at pH 5.0 and 6.0; while all glucose was converted in less than 32 hours 
with a yield of about 85% (corrected for media) at pH 6.0, only 30% conversion was observed 
at pH 5.0. The uncorrected yield from glucose was about 92% which agrees with the findings by 
other researchers (Hanson and Tsao, 1972). 

Cellulose 

The cellulase activity of the enzyme Laminex is favored by a pH range of 4.5 to 5.0 and a high 
temperature of about 50°C (Genencor International, personal communication). Since the glucose 
fermentation gives high product yields at pH 6.0 and a temperature between 37°C and 42"C, the 
SSF experiments were carried out at a pH between 5.5 to 5.7 and 42°C as a compromise between 
the optima of enzyme and microorganism. Figure 3 shows the results of cellulose conversion at 
various initial substrate levels. At the reference level of 40 g/L cellulose (chosen arbitrarily), the 
final product yield of about 75% of theoretical was obtained after 4 days corresponding to a lactic 
acid concentration of 40 g/L (includes contributions from media and substrate carryover from the 
inoculum). Figure 3 shows that at varying initial substrate levels, the peak yield of 75% was the 
same between 10 and 60 g/L; the yield, including media contributions, was about 82% of 
theoretical. Although the time required for completion of fermentation increases in proportion to 
the initial substrate concentration, the volumetric productivity of lactic acid formation (gL-hour) 
is about 0.40 up to 60 g/L of cellulose. At higher concentrations shown by the plot of 100 g/L 
cellulose, even at a twofold higher enzyme loading of 50 FPU/g substrate, the final yield was 
only 68% after 10 days, corresponding to a lactic acid level of 84 g/L. The fermentation in this 
case may be inhibited by product accumulation. These analyses indicate that large-scale lactic 
acid production from cellulose can be designed for substrate loadings as high as 60 g/L without 
a loss in yield and productivity. 

Xylose 

There has been relatively little work done in the fermentation of pentose sugars by lactic acid 
bacteria. Our initial studies involved screening of microorganisms that were demonstrated in the 
literature to ferment pentoses to lactic acid (Fred et al., 192 1; Gold et al., 1992). These bacteria 
follow a heterofermentative pathway that produces a mole each of lactic and acetic acids from 



a mole of xylose (theoretical yield - 0.6 g lactic acid/g xylose) (Kandler, 1983). Of the three 
strains studied, L. pentosus, L. xylosus, and L.brevis, we found L. pentosus to give the highest 
yield of 90% of theoretical from 10 g/L of xylose, while both L. xylosus and L. brevis showed 
yields that were 65 % to 70% of theoretical. Furthermore, the product yield from L. pentosus 
was the same at both 30°C and 37°C allowing a broad temperature range for operation. We chose 
L. pentosus for further studies of xylose fermentation at 37°C and pH 6.0. The initial substrate 
level was varied from 20 to 75 g/L as shown in Figure 4. In all cases, lactic and acetic acids 
were produced at equimolar levels as expected (not shown). At xylose levels of 20 and 50 g/L, 
the final yield of lactic acid was about 90% of theoretical and the overall volumetric 
productivities were 0.55 and 0.30 g/l-hour respectively. However, at 75 g/L xylose, the final 
yield was only 75% of theoretical after 6 days due to incomplete conversion of the substrate. This 
may be due to inhibition of the microorganism by the high levels of both acetate and lactate 
formed during the fermentation. 

Conclusions 

High yields of lactic acid have been obtained from glucose and xylose using L. deibrueckii and 
L. pentosus, respectively. Yields of about 75% of theoretical have been achieved from 60 g/L of 
pure cellulose in SSF experiments. Further work is needed in the characterization of the 
microorganisms for product inhibition and metabolism of mixed sugks. The production of acetic 
acid along with lactic acid in the fermentation of xylose not only limits the yield of the desired 
product but also presents a problem in downstream separation of the product at high purity. Thus, 
strategies that reduce acetic acid levels merit closer examination. Nevertheless, our results 
indicate that there is considerable promise in the use of lignocellulosic biomass feedstocks for 
development of an environmentally clean process for production of lactic acid. 
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ABSTRACT 

Based on economic, environmental and other considerations the 
feasability of converting lignocellulosics to chemicals and other 
industrial products could be significantly enhanced if all major 
components, that is cellulosic fibers, hemicellulosic polymers 
and lignin could be efficiently utilized. Such a two stage 
process scheme under investigation by this group consists of a 
mild hydrolytic treatment fractionating hemicelluloses as high 
purity sugar solutions, followed by acid- or alkali- catalyzed 
low temperature organosolv delignification aiming at the 
production of a high quality cellulosic pulp and high reactivity 
lignin-derived oligomers. Results reported here concern the 
effects of selective hemicellulose fractionation (between 0% and 
90%) and variable delignification conditions (catalytic system, 
ethano1:water ratio) on the pulping stage, using wheat straw as 
raw material. Pulp yield, degree of delignification, mechanical 
properties of handsheets and lignin structure are compared to 
those of conventional pulping. Optimal pulp properties are 
obtained following saccharification of about 50% of 
hemicelluloses whereas a somewhat lower degree of fractionation 
is required to avoid significant condensation reactions in 
lignin. Although organosolvents rich in ethanol are mare 
selective towards delignification and cellulose degradation is 
then limited, their pulping ability decreases at low water 
c0ntent.i.e. less than 35% v/v. The combination of alkali and 
ethanol is vital for the production of pulps with low Kappa 
Numbers (40). 



INTRODUCTION 

Catalyzed organosolv pulping has generated increasing interest 
[1],[2], as it leads to the production of high yield, high 
quality (comparable to conventional) pulps with t.he additional 
advantages of low cost and elimination of pollution. 

In this study a stage of mild acid prehydrolysis is used prior 
to low temperature organosolv pulping aiming at the improvement 
of the delignification and pulping ability of the organosolv 
system. Both acid and alkaline catalysts are used in order to 
evaluate the pretreatment effect on the pulping stage. The effect 
of the ethanolzwater ratio in the organosolvent on the efficiency 
of the pulping system is also studied. 

MATgRIALS AND METHODS 

The raw material was milled and the fraction passing a 30-mesh 
screen was chemically analysed for cellulose, hemicellulose, 
lignin and ash content. The results are shown on Table 1. The 
lignocellulosic material was quantitatively saccharified 131.  
After filtration the filtrates w e r e  analysed for glucose 
(enzymically) [4] and reducing sugars 153, in order to estimate 
the cellulose and hemicellulose content, respectively. The Klason 
lignin was determined according to a procedure similar to the one 
used by Effland [6] and the ash according to ASTM D-1102-50T. The 
monomeric composition of pretreated wheat straw lignin was 
estimated by thioacidolysis 173. Syringyl, guaiacyl and p- 
hydroxyphenyl monomeric products were determined by gas 
chromatography. 

Wheat straw, after being reduced in size to ca. 0 - 5  cm by hammer 
milling, was prehydrolysed in a 1 L. lab digester, at 1 0 0 ~ ~  
reflux temperature catalysed by 1.43N H,SO,. The so1id:liquid 
ratio was 1:10 and the prehydrolysis time varied between 10-180 
min. The prehydrolyzed residue was filtered, washed and air- 
dried. 

The organosolv pulping of the prehydrolyzed straw was carried out 
in 1 L. lab digesters at the reflux temperature of the organic 
solvent. The organosolvents were mixtures of ethanol (extra pure, 
96%) with water at concentrations varying from 35% to 80% v/v. 
The pulping period was 1.5 hr. Both acidic (H,SO, 2N) and 
alkaline (NaOH 15% w/w on dry raw material) catalysts were used. 

The Kappa Number of the pulp was measured according to TAPPI T236 
0s-76. The delignified pulp was defiberated at low speed in a 
Waring Laboratory Blender to a Freeness Degree of 30 SR measured 
according to TAPPI T227-m58N. The handsheets were formed 
according to SCAN-C26:67 and pressed in a laboratory sheet press 
corresponding to SCAN-C26:76 .  The Tensile Strength of the paper 
was determined according to SCAN-P16:65 and the Tearing 
Resistance according to SCAN-Pll:73. 



RESULTS AND DISCUSSION 

The chemical composition of the prehydrolyzed straw as well as 
the solid residue prehydrolysis yield are shown on Table 1. The 
hemicellulosic polymers removal varied between 30-90%, as 
expected for the applied reaction times which were chosen 
according to a kinetic model developed [8] describing the mild 
acid hydrolysis of the easily hydrolysable straw hemicelluloses. 
The % cellulose content of the prehydrolysed straw remained 
practically unchanged for the first 40 rnin of the reaction, while 
a slight drop was noticed after 50 rnin reaching a drop of approx. 
8.5% for 180 min of prehydrolysis. The % lignin content of the 
prehydrolysed straw is gradually increasing after the first 40 
min of treatment, revealing the recondensation of the lignin 
degradation products in the acidic reaction solution. According 
to Table 2, where the monomeric composition of prehydrolyzed 
wheat straw lignin is shown, acid pretreatment of wheat straw 
during 40 and 180 min has a pronounced effect on the lignin 
structure. The thioacidolysis yields show that the condensation 
degree of lignin P180 and P40 samples is similar. On the 
contrary, 10 min prehydrolysis leads to lignin with the lowest 
condensation degree. 

Table 1. 
Chemical Copposition of un- and prehydrolysed wheat straw and 
prehydrolysis solid residue yield ( %  dry raw material basis) 

sample C . %  H.% L.% A * %  Yield% 

raw 40.2 29.5 21.8 8.5 
material 

PI0 40.2 16.1 19.3 5.2 86.2 

P20 40.2 15.2 19.1 6.8 84.1 

P30 40.1 8.2 18.9 7.0 80.2 

P40 40.1 7.1 18.3 6.0 76.7 

P50 39.4 6.0 18.5 6.4 75.6 

P60 39.1 5.8 19.4 5 . 4  73 .4  

P180 36.8 3.3 16.5 5.2 63.5 

C.:Cellulose, R.:Hemicelluloses, L.:~ignin, A.:Ash 
Pl0/20/30/40/50/60/180 : 10/20/30/40/50/60/180 prehydrolysis time (rnin) 

The solid residue of prehydrolysis, rich in cellulose, with 
loosened bonds between the lignocellulosic polymers was submitted 
to organosolv pulping. Prehydrolyzed straw for longerthan 40 rnin 
was excluded from the pulping process as it has proven unsuitable 
for further treatment because of the undesired recondensation of 
lignin that has taken place. 



Table 2 .  
Klason Lignin content (X.L. 8 ,pret. straw basis) and 
monomeric composition (by t h i ~ c i d o l y s i s ,  pmoles/g) of 

prehydrolyzed wheat straw 

sample K.L. % Guaiacyl Syringyl 

P I 0  22.1 632 622 

P40 23.0 417 433 

P180 25.3 389 401 

P10/40/180 : as in Table 1 

The pulp yield and characteristics (chemical composition, Kappa 
Number and Mechanical Properties) for the acid and alkali 
catalyzed organosolv pulping are shown on Table 3 and Table 4, 
respectively. The yield increases with the ethanol concentration 
in the organic solvent. Although the anhydrous ethanol is more 
selective towards delignification, its pulping ability decreases 
in the absence of watqr. At lower ethanol concentrations a higher 
carbohydrate degradation is to be noticed, leading to lower pulp 
yields and lower cellulose and hemicelluloses content of the 
pulps. For the acid catalyzed process an optimum ethanol 
concentration in the organosolvent is found at 70% w/v ,  which 
combined with 20 min of prehydrolysis leads to the production of 
pulp at high yield with a Kappa Number of 60. The beneficial 
influence of the prehydrolysis stage is therefore evident. The 
removal of the hemicellulosic polymers has facilitated the 
penetration of solvent and catalyst during the subsequent 
pulping. 

Regaxding the alkali catalyzed pulping, a significantly lower 
cellulose and hemicelluloses degradation and removal takes place 
in contrast to the acid catalyzed one. When the organosolvent is 
rich in ethanol the above degradation falls to even lower values, 
The critical role of water for adequate pulping is then 
pronounced. Pulp free of screen rejects is produced with a 
minimum concentration of water in the organosolvent of 35% by 
volume. The inability of ethanol alone to produce high yield and 
quality pulp can be partly overcome when wheat straw is 
prehydrolyzed. The advantageous combination of alkali and ethanol 
can then lead to 84.7% lignin removal, obtaining pulp with Kappa 
Number 41 with satisfactory mechanical strengths. 

The % hemicellulose content of the pulps after the two-stage 
treatment is decisive regarding the pulp tear resistance and 
tensile strength. The hemicellulosic polymers serve as a binding 
substance between the cellulosic fibers and contribute to 
intrinsic fiber strength [ 9 ] .  Pulps with very low pentosans 
content (P30-, P40-) have poor mechanical strengths. 



Table 3. 
Chemical Composition and Y i e l d  ( %  drry raw material),Kappa 

Number and Mechanical Strengths of acid catalysed Organosolv 
pulps 

P - 0 0 / 5 0 / 6 0 / 7 0 / ~  : 0/50%/60%/70%/100% w / v  ethanol 
C. ,  H., L., A., P10/20/30/40 : as in,Table 1, PO0 : non prehydrolyzed pulp 
Tear Ind. : Tear Index of pulp [mN+m / g ] ,  
Tens. Ind. : Tensile Index of pulp [h] 

sample C.% H.% L.% A*% Yield Kappa Tear Tens. 
% Number Ind. Ind. 

POO-00 34.9 12.6 17.3 7.2 80.9 97.5 1.12 3.1 

POO-50 32.5 10.1 8.0 5.2 56.1 68.0 1.86 4.53 

P10-50 35.1 7.3 7.7 5.2 63.2 64.0 2.36 4.62 

P20-50 39.1 ' 5.6 7.1 5.0 59.9 62.0 2.43 4.82 

P30-50 36.6 3.0 7.6 4.8 56.4 62.0 1.46 3.97 

P40-50 36.0 2.4  7.7 4.3 54.9 62.0 1.4 3.94 

POO-60 35.2 8.2 7.8 5.2 57.5 62.0 1-79 4 . 4 6  

P10-60 40.9 7.3 7.1 5.3 62.9 66.0 1.81 4.55 

P20-60 39.6 6.3 6.5 5 . 6  61.5 6 5 . 0  2-16 4 - 7 9  

P30-60 39.0 4.4 7.2 5.9 64.7 64.0 1.18 3.79 

P40-60 38.5 3-2 7.6 5.4 62.3' 65.0 1.15 3-93 

POO-70 36.1 11-8 7.5 5.4 59.8  66.0 1-84 4.37 

P10-70 41.1 7.6 6.5 5 .4  62.9 60.0 1.95 4.6 

P20-70 40.5 7.2 6.3 5.6 63.1 60.0 2.42 4.83  

P30-70 39.9 4.6 6.7 5.3 62.3 61.0 1.23 4 .05  

P40-70 37.3 2 - 9  6.5 5.3 58.4 60.0 1.2 4-1 

POO-P 32.0 15.9 7.8 6.0 67.5 67.0 1.6 4.28 
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Table 4. 
Chemical Composition and Yield ( %  dry raw material basis), 
Kappa Number and Mechanical Strengths of Alkali catalysed 

Organosolv pulps 

sample C. % H. % L. % A.% Yield Kappa Tear Tens. 
% Number Ind. Ind. 

POO-35 28.8 18.5 3.9 5.1 62.8 45.4 2.82 5.25 

P10-35 35.3 14-5 3-6 0.4 53.3 45.5 2.48 5.36 

P20-35 35.4 13.1 2.7 0.5 51.4 41.4 2.94 5 - 4 5  

P30-35 37.8 9-4 3.3 0.7 50.0 47.2 2.05 4.95 

P40-35 38.5 5-7 5.0 0.2 49.5 50.4 2.07 4.93 

POO-50 32.0 18.4 4-0 2.4 63.0 45.2 2.85 5.5 

PlO-50 34.7 15.7 3.0 0.1 53.3 42.8 3.12 5.75 

P20-50 33.4 11.9 2-7 0.5 48.9 414.1 3.15 5.68 

P30-50 36.0 8.5 3.5 0.3 50.1 49.2 2.95 5.35 

P40-50 37.4 7.1 4-2 0.2 48.8 46.2 2.05 5.03 

POO-65 32.6 19.5 3.9 2.4 61.7 51.3 2.38 5.2 

P10-65 35.0 15.8 2.4 0.4 54.1 40.5 2.56 5.34 

P20-65 33.3 10.8 2.7 0.7 47.6 40.7 3.15 5.64 

P30-65 36.9 9.4 4.0 0.8 51.7 53.0 2.41 5-25 

P40-65 34.5 7.4 6.6 0.4 4 6 1  58.7 2.02 4-95 

POO-80 32.9 20.2 6.5 3.9 66.8 56.6 f * 
P10-80 33.8 1 6 1  4.8 0.5 55.1 55.7 2.03 4-86 

P20-80 32.8 11.3 4.4  0-6 50.3 54.9  1.89 4.5 

P3O-80 36.9 10.1 4.7 0.4 51.9 66-2 * * 

P40-80 37.1 4.8 9.2 0.3 53.3 74.6 * * 
POO-P 33.5 23.1 7.8 3.8 73.1 56.5 * * 
P10-P 35.9 15.9 4.8 1.0 57.5 56.8 2.1 4.78 

P20-P 36.7 12.3 6.7 1.1 59.0 65.6 1.86 4-32 

P30-P 39.8 8.5 8.8 1.1 56.3 70.2 * * 

P40-P 38.0 5.1 10.2 0.4 55.8 82.3 * * 

POQ-00 34.0 23.0 7.9 2.3 68.0 57.6 2.07 4.62 

P00/10/20/30/40, C., H., L., A,,  Tear Ind., Tens. Ind. : as in Table 3 
P -00/35/50/65/80/P : 0/35%/50%/65%/80%/100% v/v ethanol 
* : formation of handsheets not possible 
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Abstract 

From the wiev point of environmental protection, the plastic 
wastes, especially from packing materials, represent a 
potential waste problem. Various approaches were examined to 
develop partially or completely biodegradable plastics. New 
type of partially biodegradable polyolefins was prepared by 
blending of polypropylene with lignin, which was recovered in 
the ALCELL process, an organosolv pulping process that uses 
ethanol-water as the delignifying agent. Films of blends with 
up to 10% w t  A L C E U  lignin, prepared in absence of commercial 
stabilizers, had acceptable mechanical strengths. The effect 
of lignin on biodegradability of the composite films was 
examined by comparison of behaviour of both pure and lignin 
containing films during treatment with fungus Phanerochaete 
chrysosporium. It was found that this fungus is able to 
growth and to produce lignolytic enzymes in the presence of 
the films containing lignin. Biodegradation of lignin in the 
composite film was confirmed by the releasing of lignin 
fragments into th$i? extracellular fluid. Because of 
measurement of mechanical properties offers a mean of direct 
estimation of polymer degradation, the degree of 
biodegradation of the films tested was followed by monitoring 
of elongation at break. The changes of break at elongation in 
the course of enzymatic treatment revealed that the lignin/PP 
composite films are potentially environmentally 
nonpersisting. The micrographs of the lignin containing films 
obtained by scanning electron microscopy show the significant 
changes of the film surface upon degradation with 
Phanerochaete chrysosporium in contrast to unchanged lignin 
free film. 



Introduction 

Developing materials with specific functional needs in 
indvtry is based usually on the combining of two or more 
structurally dissimilar polymers. The aim of the present work 
was to characterize mechanical properties and 
biodegradability of the composite films prepared by 
mechanical mixing of ALCELL lignin and polypropylene (PP). 

Experimental 

Use was made of ALCELL lignin obtained during ethanol based 
organosolv pulping of North American hardwoods in the 
industrial scale (1). The polymer blends were obtained by 
mixing of isotactic polypropylene powder (TATREN, Slovnaft, 
Bratislava) with powdered lignin samples in a roll mill for 1 
h and then granulated in a homogenizer (FORTUNA) at the 
temperature of 200 OC. The composite lignin/PP films 
(40-60 bm) were prepared from the granules by extrusion. 
Biodegradation of lignin/PP composite films was carried out 
with the white-rot fungus Phanerochaete chrysosporium ME-446 
(ATCC-34541), DSM,D. The fungus was cultivated in the 
presence of the films tested under the conditions described 
by Kirk et al. (2). Ligninase activity was determined 
according to Tien and Kirk (3). Extracellular protein was 
measured by the method of Lowry et ale (4). Absorption 
spectra were recorded on a W VIS Specord M 40 (Carl Zeiss 
Jena). Tensile strenghts were obtained with an Instron tester 
on specimens cut in accordance with CS standards procedure No 
640 604. 

Results and discussion 

As to good compatibility of =CELL lignin with PP the 
transparent homogeneous composite films with sufficient 
tensile strenghts could be obtained in the absence of 
commercial stabilizers (Table 1). 

Tab. 1. The Differences Spectra of Cultural Liquid in the 
Presence of Lignin/PP and PP Films and Elongation Data of 
them After Treatment with Phanerochaete chrysosporium. 



The results obtained indicate that ALCELL lignin, containing 
hindered phenolic hydroxyl group exhibits some antioxidant 
properties during processing of PP films similarly as was 
described for other tested lignin samples in our previous 
paper (5). The biodegradation of the composite films was 
studied by use of their treatment with Phanerochaete 
chrysosporium. Detail information about the fungal growth in 
the presence of lignin-free and lignin (4% w t )  containing 
films illustrated the Figure 1. The presence of both films in 
the medium only mildly inhibits the fungus growth (Fig. 1A). 
In contrast, the production of extracellular proteins (Fig. 
1B) is higher in the presence of films, particularly that 
containing lignin. The enzyme activities (Fig. 1C) in the 
medium containing the lignin/PP composite film show a certain 
similarity with the cultivation in the presence of lignin. 
However, they differ from these of medium alone and/or medium 
w i t h  lignin-free film. 
Phanerochaete chrysosporium was cultivated in the presence of 
films for 30 days. The release of lignin fragments into fluid 
was monitored by W spectroscopy. The difference spectra of 
the coresponding cultural liquids in the presence 
lignin-free and lignin-containing PP films were measured. The 
values of absorbance at 280 nm obtained from the difference 
spectra including both types of films are summarized in Table 
1 together with the elongation at break values ( E )  of the 
film samples. It seems the correlation between the release of 
lignin into medium and the changes of elongation data. On the 
other hand tensile strenght of lignin-free PP film was almost 
not changed during its fungal treatment. 
The changes of the film surface upon degradation with 
Phanerochaete chrysosporium were observed by scanning 
electron microscopy (JSM-U3). The differences between the 
surface of composite lignin/PP film before and after fungal 
treatment are evident on micrographs illustrated in Figure 
2A and 2B. In contrast, pure PP film was found to be 
biologically not degradable. 

Conclusions 

1. Lignin biopolymers have potential fox providing 
ultraviolet light absorption and creation of partiall 
biodegradability of polyolefins. 

2, The composite lignin/polyolefin films can find application 
in food packing materials and agriculture. 
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Abstract 

Although hemicellulose has been proposed as a fermentation 
feedstock for ethanol, butanediol, acetone and butanol production, 
little is known about making poly-R-hydroxyalkanoates (PHAs) from 
it. PHAs are a family of microbially-produced, D-hydroxycarboxylic 
acid polyesters which have thermoplastic properties and biodegrade 
completely to C02 and H20. Its commercialization is limited by 
high production cost which in part is due to substrate cost. 
Pseudomonas cepacia accumulated up to 60% of its dry weight biomass 
as PHA when grown on nitrogen-limited medium containing xylose as 
the sole carbon source. The culture performed well on xylanase- 
treated hemicellulose obtained from steam exploded trembling aspen 
(Tigney Technology Inc., Alberta) . The specific growth and 
specific PHA production rates of P. cepacia were lower when grown 
on xylose than on fructose. While the yield of PHA (g PHA per g 
substrate consumed) was also lower on xylose than on glucose, the 
culture has the potential to accumulate the same amount of PHA per 
cell on both substrates, 



Introduction 

Poly-R-hydroxyalkanoates (PHAs) are a family of biodegradable 
thermoplastics and elastomers accumulated in high concentration by 
many microbial species. Their physical properties vary according 
to their monomeric composition. The generalized PHA structure and 
three of the most common monomers are depicted in Figure 1. These 

R = CH3 (B-hydroxybutyrate or HB) 

I R = C5Hll (B-hydroxyoctanoate or HO) 
0 

Figure 1: chemical Structure of B-Hydroxyalkanoates 

materials have been shown to completely biodegrade to C 0 2  and H20 
(Jendrossek et al., 1993). The thermomechanica!, properties of PHAs 
are compared with those of polypropylene in Table 1. As of June 
1992, bulk polymers such as polypropylenes, polyethylenes and 
polystyrenes were selling for $US 620 to 750 per metric ton 
(Chemical Week, July 1, 1992, p. 50) . Using current technology, 
Imperial Chemical Industries (ICI) has predicted a price of $US 
4,400 per metric ton of PHA for a plant producing 10,000 metric ton 
per annum (Galvin, 1990) . The major costs in PHA production are 
the substrate, capital and separation costs. If PHAs are to be 
economically competitive, they must be produced on a larger scale 
than any other aerobic fermentation product and be synthesized from 
inexpensive raw materials. Substrate cost reduction may be 
achievable through the use of agricultural by-products. 

Table 1: properties of Various PHAs Compared to Polypropylene 

a King, 1982 
b Mitomo et al., 1988 
C Gagnon et al., 1992 



Lignocellulosic materials are abundant. It has been estimated that 
by the year 2000, there will be 1.23 x 106tons per year of 
hemicellulose in agricultural waste and 17.5 x l o 6  tons per year in 
forest residues in Canada alone. Xylose, arabinose, glucose and 
mannose are found in different proportions depending on the plant 
species. The technology f ~ r  the conversion of hemicellulose and 
cellulose to fermentable sugars exists and is constantly being 
improved. Current methods include the use of acids at a 
concentration of 41% at 35O~ for 1 h to give a yield of almost 100% 
fermentable sugars. However toxic by-products such as furfurals 
and furans are also formed. Although enzymatic hydrolysis is 
slower and more expensive than chemical methods, the production of 
toxic products can be significantly lower. A pretreatment step 
using chemical agents or physicalpulping followed by an enzymatic 
step has given high conversions to fermentable sugars (i.e. glucose 
and pentoses) of both agricultural wastes and forest residues. The 
sugars obtained by any of these processes are potentially suitable 
as fermentation substrates for the production of PHA. 

Although hemicellulose has been proposed as a fermentation 
feedstock for ethanol, butanediol, acetone and butanol p'roduction 
(Volesky and Szczesny, 1983), there have been few studies 
demonstrating PHA production from pentoses. While Bertrand et a ] .  
(1990) showed that Pseudomonas pseudoflava can accumulate up to 22% 
(wt/wt) of its biomass as poly-A-hydroxybutyrate (PHB) using xylose 
as sole carbon substrate, such yields are too low to be 
economically feasible. In this report we demonstrate that better 
yields can be achieved with Pseudomonas cepacia. 

Materials and Methods 

The composition of the mineral salts medium and the protocols for 
the analysis of biomass, PHB, protein and ammonium have been 
previously described by Ramsay et al. (1990). To measure reducing 
sugars, one mL 0.1 M citrate buffer and 3 mL DNS reagent (1.6% 
NaOH, 1% 3,5 dinitrosalicyclic acid and 30% NaK tartrate) were 
added to an appropriate dilution of the sample and heated in a 
boiling water bath for 10 min. After cooling, the absorbance was 
read at 600 nm and the concentration determined from a xylose 
standard curve. 

Results and   is cuss ion 

Choice of microorganism 

Pseudomonas cepacia was chosen as a promising candidate from a list 
of bacteria known to accumulate PHB and to grow on pentosic sugars. 
p he growth and PHB production of this culture on glucose and xylose 
were compared in nitrogen-limited, shake-flask experiments (Ramsay 
et a1 . , 1990) . Under these conditions with no pH control, P. 
cepacia grew to the same extent (2.6 g L-I of biomass) and produced 
similar amount of PHB (60% (wt/wt) of its biomass) on both 
substrates (Table 2). The next step was to determine whether in a 
fermenter with pH control, similar amounts of PHB could be 
obtained. 



Table 2: Shake-flask Culture of Pseudomonas cepac ia  Selected to 
Grow on Xylose. Culture was Grown on Mineral salts 
Medium containing 10 g L-' of Either Glucose or Xylose 
and 1.0 g L-' of (NH4)2S04 for 60 Hours. 

Batch Fermentation 

CARBON SUBSTRATE 

DEXTROSE 

XYLOSE 

As is typical with P. cepacia grown on glucose or fructose, no 
measurable PHB was produced until the ammonium source was exhausted 
(Figure 1). After 37 h of fermentation the PHB concentration 
achieved a maximum of 45% (wt/wt) of dry biomass. Although this 
was less PHB than in the shake-flask study, it is more than any 
previously published result for a culture grown on a pentose sugar. 
It is probable that if more xylose had have been supplied that the 
value would have been at least as high as that found in the shake- 
flask experiment. There is the potential to accumulate higher 
.amounts of PHB and this needs to be verified with further batch 
fermentations. 

Table 3 compares the kinetics and yield constants from batch 
fermentations of P. cepacia grown on fructose (Ramsay et al., 1989) 
and xylose (Figure 2). The specific growth and specific PHA 

BIOMASS 

(g L-9 

2.60 + 0.06 
2.59 + 0.03 

Table 3: Kinetic and Yield Constants ~erived from Batch Culture 
of Pseudomonas cepac ia  Grown on Fructose (taken from 
Ramsay et  a1 ,, 1989)  and Xylose (Calculated from Data 
in Figure 2). 

% PHB 

59.3 
a 

60.0 

production rates and the yield of g PHB produced per g substrate 
consumed were lower when grown on xylose than on fructose. These 
tendencies were noted previously for Pseudomonas pseudoflava 
(Bertrand et a1 . , 1990) * when growth and production kinetics as well 
as yield coefficients were compared for the production of PHB on 
glucose, xylose and arabinose. 

SUBSTRATE 

In general D-xylose metabolism proceeds via the pentose phosphate 
pathway. In bacteria, D-Xylose is isomerized to D-xylulose, a 

PROTEIN 

(g 

1.06 

1.04 

NH*' 

(mg L-l) 

0.4 

1.4 

% PHB pmax 

W1) 

qp, max 

(9 g-I h-l) 

0.23 

0.15 

YPHB/S 

0.075 

0.059 

FRUCTOSE 

XYLOSE 

0.174 

0.110 

5 4  

45 



common intermediate in the metabolism of five-carbon sugars. D- 
xylulose is then phosphorylated, isomerized and rearranged to form 
a metabolic pool of phosphorylated 3-, 4-, 5-, 6-, and 7-carbon 
sugars which can ultimately go to pyruvate with D-fructose-6- 
phosphate as an intermediate. An alternate route uses 
phosphoketolase to cleave D-xylulose-5-phosphate (or D-fructose-6- 
phosphate) to glyceraldehyde-3-phosphate (or D-erythrose-4- 
phosphate), acetyl phosphate and water. The acetyl phosphate can 
then be dephosphorylated to acetate. From either pyruvate or 
acetate, acetyl-CoA can be formed and so enter PHB synthesis. 
Theoretically about 4% less ATP should be produced from xylose than 
from glucose. The decreases in the kinetic and yield values are 
not explained by these calculations. It is possible that energy is 
wasted in another pathway. If this can be determined, then it may 
be possible to develop methods to prevent such loss and make the 
process more efficient. 

P. cepacia and hemicellulose 

Samples of the hemicellulosic fraction of steam exploded trembling 
aspen were supplied by Tigney Technology Inc., Edmonton, Alberta. 
While certain samples obtained under more severe conditions were 
found to have an inhibitory effect on the growth of P. cepacia, 
conditions for the steam explosion process could be optimized to 
give a good quality pulp and a hemicellulosic fraction which had no 
toxic or inhibitory effect on the growth of the culture. 

Table 4: Comparison of Acid and Enzyme Hydrolysis of 
Hemicellulose from Steam Exploded Trembling Aspen. 
Reducing Sugars were Analyzed by the DNS- Test. 

Treatment of the hemicellulosic fraction by acid and enzyme 
hydrolysis was compared. Based on the analysis of reducing sugar, 
the sample of untreated hemicellulosic fraction already contained 
a significant amount of available sugar (Table 4). Treatment for 
30 minutes with Novo SP 431 xylanase (containing endo and 
exoenzymes) at pH 4.4 and 50°c increased this value to close to 
that obtained with acid hydrolysis (Table 4). Acid hydrolysis was 
performed by adding a 1% (vol/vol) concentrated H2SO4 and 
autoclaving for 20 min. since enzyme hydrolysis yielded slmilar 
amounts of reducing sugars compared to acid hydrolysis and enzyme 
hydrolysis is known to result in fewer toxic by-products, the 
process chosen for future work was the enzymatic one. 

TREATMENT OF HEMICELLULOSE 

UNTREATED 

ACID HYDROLYSIS 

ENZYME HYDROLYSIS 

REDUCING SUGARS 
(4 L-9 

19.6 

31.6 

29.6 



P. cepacia grew as well on the enzyme hydrolysed hemicellulose as 
on xylose in shake-flask experiments. The next step is evaluate 
the kinetics of growth and PHB production in a fermenter using the 
enzyme hydrolysed hernicellulose. It is believed that biomass 
containing at least 60% (wt/wt) PHB could be produced by this 
process. 
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Abstract 

Ecologically safe lignin-derived polymers with adhesion and structure-forming properties were synthesized 
by chemical modification of water soluble lignins with heterocyclic polymeric or oligomeric reagents. 

The affinity of lignin products to inorganic particles is regulated by the variation of synthesis conditions 
(mass ratio of the reagents, pH, temperature, etc.) and the choice of modifier. High adhesive 
characteristics of the synthesized products, after application of their water solution on coal ash surfaces, 
prevent erosion and considerably improve the ecology in the neighborhood of thermal power stations. 

Formed ash-polymer coatings are composite materials with a three-dimensional polymer matrix that 
encapsulates the ash particles. Such coatings show high mechanical and water resistance, good water 
penetration, and wind stability (more than 30 m/s). 

The chemical transformations of lignins and lignin products under the action of UV radiation are caused 
by the peculiarities of their structure and chemical composition . The high photoresistance of lignin 
products is determined by both the formation of new covalent bonds between the lignin and modifier and 
of chelate complexes with metals in the ash. 



Lignosulphonates (LS) - sulphoderivatives of biopolymer lignin - 
are industrial waste formed as a result of sulphite 
delignification of wood. Their polymer nature and the presence 
of var i ous funct i onal ( hydroxy 1, sulpho, carbony 1) groups 
provide LS with adhesive properties C13, which may be 
surf i c i ent l y enhanced by chemi cal mod i f i cat i on. 

Actual direction of LS modification is their combination with 
synthetic heterochain polymers or olygomers. As a result various 
by structure and properties lignin products (LP) are formed. 
Such LP m y  be used, for example, asbinders of various mineral 
disperse media - light soils, sand, ash, etc. 

The aim of this study was to demonstrate the possibility of LP 
application as binders of heat power stations ash, which is 
environment pol lu tant ,  and to estimate LP atmsphere resistance. 

As a raw material industrial LS made from softwood using Na base 
was used. The f 01 lowing chemical mod if i cators were used: a) 
polymers containing nitrogen in the main and side chains 
(N-Pol); b) silicon-containing olygomers (Si-Olig); and c) 
ure i ne- formaldehyde olygomers ( UFO). 

Both LP and ash-polymer coatings ( APC) were exposed to a 
quartz-mercury vapour lamp ( PRK-7 type). For IR investigations 
LS were purified by [ 23. I R  spectra were obtained on "Specord 
IR" spectrophotorneter. Changes of relative optical density (ROD) 
were calculated by C 33. Absorbance band at 1415 cml, associated 
with aromatic ring skeletal vibrat.ions, served as the standard 
one. 

The degree of oxidation and condensation were found by O/C and 
C/H+O, accord i ngl y. 

Adhesive properties of LP were tested by ash gluing. Samples o f  
coatings were tested in "Feutron" cl imatic camera at 393-398 K. 
Mechanical properties of APC were determined with penetrometer, 
and wind erosion stability - aerodynamic tube. Medium grain sand 
was used as an abrasive. 

Results ami Diseuss;im 

As a result of specific interaction between LS and chemical 
mod i f i cators, new polymer compounds ( LP) having t h e  structures 
of semi- and interpenetrating polymer network are formed. 
Affinity of lignin products to inorganic particles is regulated 
by the choice of modificator and variations in modification 
conditions (reagents mass ratio, media pH, temperature, etc. ) . 



After ash spraying with LP aqueous solution smooth AFC are 
formed. Such coatings are composite materials having three 
dimensional ~olvmer matrix encapsulating ash particles. 
Depending from polymer or olygomer type, dosage ( 100-250 g/sq. m 
on dry substance) and solution concentration, APC have 
mechanical strength 0.05 - 1.5 Wa, 0.001-0.011 m thickness and 
rain water drainage 0.003-0.023 rnl/mm*s. 

Aerodynamic tube test shows that with LP dosage 100 g/sq.m ash 
blowing from APC surface is 0.12-0.35 kg/sq.mth, depending from 
mdificator. For initial LS this value is 0.50 kg/sq.mh. 
Increase of LP consumption up to 200-250 g/sq.m totally prevents 
wind erosion. 

The most prominent irreversible changes i n polymer composi te 
materials are taking place as a result atmospheric factors - UV 
irradiation and water - affection. 

Comparison of IR spectra of LS and LP, obtained by LS 
modification with N-Pol having primary and secondary amino 
groups, after 20,100 and 170 h of irradiation show the different 
directions of chemical transformations in their structure. With 
the elongation of irradiation time, intensity of the adsorbance 
band at 1700 cml ( valency vibrations of C-0 in beta-keto and 
carboxyl groups) in LS spectra increase (Table 1). 

Table 1 

Changes ab IR Relative Optical Dersity af Irradiated 
LS and LP (&Pol) 

Irradiation Wavenumber, cm-1 
time, h 

1700 1640 1600 1270 1220 1 1030 

* absence of absorbance band 
* not calculated 

Appearance of a new band at 1660 cml after 170 h of 
irradiation, increase of optical density in 250-350 nm interval 
and a new shoulder at 300-350 nrn in the UV spctra of irradiated 
LS may be associated with the formation of alpha-keto groups 
conjugated with aromatic ring, as well as with the format.ion of 
quinonoid and quinomethide structures. Increase of carbonyl 
group content with exposure is confirmed by the growth of 
oxidation degree from 0.73 ( ~nitial) t o  0.84 for  
irradiated (170 h) LS (Fig. 1). 



0.6 
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time, h 

Fig. 1. Influence of irradiation time on oxidation (1, 2) 
and condensation (3, 4) degree of LS and LP, 
accordingly 

\ 

Fragmentatiori of LS macromolecules as a result of UV irradiation 
is confirmed by the changes in GPC curve and the decrease of the 
degree of condensat i on. 

The If? spectrum of initial LP is different from the same of LS 
by the presence of adsorbance band at 1620 cml, associated with 
primary and secondary aminogroups of N-Pol. After 20 h exposure 
this band undergoes cleavage on two bands with distinct maxima 
at 1640 and 1600 cml. Besides of that, the intensity of the 
absorbance band at 1640 cml increases with exposure time. This 
process is accompanied with relative changes in intensity of 
bands at 1600 and 1510 cml, and characterized by the absence of 
a band at 1700 cml ( C=0 groups). At the same time the 
absorbances at 1270, 1220, 1150 and 1030 cm-1 after 100 h 
irradiation undergo insignificant changes (Table 1) and are 
accompanied by decreases of oxidation degree from 0.71 to 0.67 
and increases of condensat i on degree from 1.25 to 1.32 ( Fi g. 1). 

Visible changes in the spectra and chemical composition of LP 
(W-Pol) m y  be explained by covalent bond C=N formation C4. 
Evidently,  this type of bond forms photoinduced groups of LS and 
aminogroups of N-Pol. This is one of the reasons of high LP and 
APC photoresi stance. 

Testing in "Feutron" climatic camera revealed (Table 2 ) ,  that 
the exterior and hardness of polymer-ash composite layers have 

. never suffered even after 400 h of irradiation. High 
photoresistance of LP is determined not only by the format ion of 
new covalent bonds between LS arid mdif icator, but also due to 
the blocking of t.he main 'centers of photochemical 
transformations in lignins - OH groups - with polyvalent metal 
Ions of ash. As it was shown by W spectra and viscosity 
measurements, in weak acidic media Fe ions form with LS 
metal-polymer complexes due to metal ions bonding with OH and 
pvrocatequin groups of LS. Formation of such complexes may also 
work as an inhybitor of photooxydation reactions in APC formed 

, byLSonly. 



Table 2 

Resistance of LS and LP (KPol) coatings to W irradiation 

Exposition,, Mechanical 
h strength, W a  

Coating exterior 

0- 44 Smooth,. uncracked, dustless 
0. 44 No changes 
0. 44 No changes 
0. 37 Local col orat i ons , hai r cracks 

0. 45 Smooth, uncracked, dust less, 
water stable 

15 0. 46 No changes 
150 0. 46 No changes 
400 0. 46 No visible changes, hair cracks 

absent 

APC resistance to water affection was tested by wetting-drying 
cycles application with t h e  simultaneous. action of air-sand 
stream It was estimated that 5-7 wetting-drying cycles never 
provided distinct influence on APC resistance. Increase of blown 
ash mass never exceeded 0.07 kg/sq. m*h at 100 g/sq. rn dosage, and 
was practically absent at 200-250 g/sq. rn dosage. 

It should be noted that the bes t  coatings with the  smllest 
application dosages were obtained for LS modified with N-Pol and 
Si-Olig, while for UFO dosages should be higher (200-250 
g/sq. m) . 

As seen from the obtained results, LP may be succesfully used as 
binders of ash produced on heat power stat ions, thus preventing 
environment pollution. Ash-polymer coatings on LP base are 
characterized by high mechanical strength and atmosphere 
resistance. 
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COMMERCIALQATION OF LOW MOLECULAR WEIGHT GUAYULE RUBBER IN 
ENWRONMENTAUY FRIENDLY COATINGS 
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Box 10076, Hattiesburg, MS 39406-0076 

Abstract 

Guayule (Parthenium Argentaturn Gray), a shrub growing in the southwest United 
States and Mexico, is a promising domestic source of natural rubber. Low molecular weight 
guayule rubber (LMWGR) is one of four major coproducts obtained during the processing 
of the guayule shrub and this work describes our recent efforts directed to the derivation 
of value-added LMWGR derivatives; in particular chlorinated hydroxylated LMWGR and 
acrylated chlorinated LMWGR Both products are useful as raw materials for the 
formulation of low volatile organic compound (VOC ) coating formulations. 

Chlorinated hydroxylated LMWGR was synthesized via the chlorination of partially 
hydroxylated LMWGR whose structure was confirmed by 'H and 13c NMR spectroscopy, 
elemental analysis, and fourier transform infrared spectroscopy (FTIR). We have used 
chlorinated hydroxylated LMWGR as a reactive, primary alcohol in high solids polyurethane 
coatings formulations. The coating properties are generally quite good as the films are 
tough, of high gloss, and resistant to water, selected solvents, acids, and bases. 

Acrylated chlorinated low molecular weight rubber (ACLMWGR ) was synthesized 
via reacting chlorinated hydroxylated LMWGR and acryloyl chloride. ACLMWGR is a 
useful prepolyrner in 100% solids, UV cure coating formulations. The coatings cure readily 
when exposed to ultraviolet light giving films with excellent adhesion, good chemical 
resistance, ease of sanding, and water and solvent resistance. The cured finishes are hard, 
attractive, of high gloss, and possess excellent adhesion as well as superb water and solvent 
resistance. 



Guayule is considered the most promising domestic rubber plant with rubber quality 
equal to or superior to Hevea rubber (Malaysian rubber) (Whitworth, et a1 1991). The 
process for the extraction of high molecular weight guayule rubber (HMWGR) is well known 
and provides several coproduct fractions including: 

* low molecular weight guayule rubber (LMWGR), 
* organic soluble guayule resins (OSGR), 
* water soluble guayule resins (WSGR), 
* and bagasse (Thames, et a1 1991). 

To offset planting, cultivating, harvesting and extraction costs, commercialization of 
these co-products is required. We have focused on the use of guayule coproducts in specific 
applications including organic surface coatings and adhesives (Thames, et al 1993). To this 
end, LMWGR has been used as a raw material for the synthesis of a variety of economically 
attractive products including: chlorinated rubber, (Thames, et a1 1990) epoxidized rubber, 
(Thames, et a1 1993) rnaleinized rubber (Thames, et a1 1993) and chlorinated maleinized 
rubber (Thames, et a1 1992). OSGR has found use as an adhesion modifier for high 
performance strippable coatings (Thames, et a1 1991) and as antifouling additives in marine 
coatings (Thames, et a1 1992). 

In contrast to LMWGR, low molecular weight rubber from Hevea i s  obtained 
through mastication in an. effort to produce coating grade chlorinated rubber, since high 
molecular weight chlorinated rubber lacks adequate solubility. Coating grade chlorinated 
rubber prepared directly from LMWGR offers quality equal to chlorinated rubber from 
masticated Hevea or synthetic rubber (Thames, et a1 1990). 

Chlorinated rubber coatings are known to provide excellent chemical and water 
resistance, abrasion resistance and flame retardancy. As such it is used in harsh, corrosive 
environments with application as marine coatings, swimming pool coatings and traffic paints 
(Paul 1985). Chlorinated rubber is a non-convertible binder that possesses poor solvent 
resistance and its applications have generally been limited to solvent based coatings of high 
VOC. Due to regulatory demands, high VOC coatings are under attack and substitutes 
based on newer technologies including water borne, high solid and powder coatings are 
under development. 

The chemical modification of chlorinated rubber has been a topic of extensive 
studies in recent years, much of which has focused on graft copolymerization with 
functionalized acrylate or styrene monomers (Deb, et a1 1991). To our knowledge, none 
of the reported modifications of chlorinated rubber have achieved significant 
commercialization. 

Our investigation has focused on the synthesis of functionalized chlorinated rubber 
derivatives with emphasis on utilization in environmentally friendly, low VOC coatings. A 



novel method has been developed to synthesize chlorinated hydroxyrubber, a versatile 
convertible binder available for further modification. The spectroscopic characterization and 
thermal properties of chlorinated hydroxyrubber and acrylated chlorinated rubber are 
reported as well as the formulation and performance of chlorinated hydroxyrubber 
polyurethane coatings and ACLMWGR 100% solids UV curing coatings. 

Experimental 

* 
Materials 

Crude LMWGR was supplied through the USDA by Bridgestone/Firestone Inc. 
Trichloroacetic acid, sodium methoxide (95%) and anhydrous toluene were purchased from 
Aldrich Chemical Co. while reagent grade acetic acid was purchased from Baker chemical 
Co. Reagent grade methylene chloride, chloroform and methanol were obtained from 
Fisher Chemical. The sources of solvents and additives used in the coatings formulations 
are included in Tables 1-3. 



Table 1 

Formulations of Clear Two Component Polyurethane Coatings with - 
Chlorinated Hydroxy Low Molecular Weight Guayule Rubber (CHLMWGR) 

Materiafs Amount. g Suppliers 

CHLMWGR 39.8 USM 
Tone 301 9.7 Union Carbide 
Ektapro EEP 20.0 Eastman 
Xylene 25.0 Aldrich 
Metacure T-120 0.15 Air Products 
Byk 080 0.20 
Byk 325 0.20 

 BY^ 
 BY^ 

Desmodur N-100 

Properties 

Wet thickness 

Drying time: 
Set to touch 
Dust free 
Tack free 

Solid content by weight 
Pencil hardness 
Tensile strength Kpsi 
Elongation at break 
Impact (in-lb) direct 
and reverse 
Adhesion (ASTM D-3359) 

MEK (double rub) 

8 hour spot tests: 
Water 
Concentrated NH,OH 
10% NaOH 
20% H,SO, 

2 mils 

Miles 

ASTM# 

15 min 
30 min 
105 

D-3363 ' 

D-2370 
D-2370 
Gardener tester 

5 = no effect 4 = stain only 3 = blistering 2 = lifted film 1 = failure 

1347 



Table 2 

Materials 

ACLMWGR (Trial 1) 
ACLMWGR vrial 2) 
Photomer 4061 
Photomer 4094 
Photomer 4770 
Byk 065 
DisperByk 163 
Microwhite 50 
lrgacure 651 
Benzophenone 

Matte UV Curing ACLMWGR Based Wood Filler 

Trial 1 - Trial 2 

Amount, q Amount. q 

USM 
USM 
Henkel 
Henkel 
Henkel 
 BY^ 
 BY^ 
E.C.C. 
Ci ba-Geigy 
Dainippon 

Ground to Hegman 7.5 with a high speed mixer at 1500 rpm for 1 hr. 

Viscosity @ 25 O C ,  cps 
Wet film thickness 
Adhesion (ASTM D-3359) 
Pencil Hardness 
Tensile strength psi 
Elongation at break 
MEK double rub 
8 hour spot tests: 
Water 
Concentrated NH,OH 
10% NaOH 
20% H,SO, 

4020 
2 mils 
5B 
5H 
4,800 
7% 
500 + 

4460 
2 mils 
56 
5H 
4,300 
8% 
500+ 

5 = no effect 4 = stain only 3 = bilistering 2 = lifted film 1 = failure 



Table 3 

High Gloss UV Curing ACLMWGR Wood Finishes 

Trial 1 

Materials Amount. q Amount, g Suppliers 

ACLMWGR (Trial 1) 
ACLMWGR (Trial 2) 
Photomer 41 27 
Ptogomer 4061 
Photomer. 4094 
Photomer 41 49 
Photomer 4770 
Byk 065 
Byk 325. 
lrgacure 651 
Benzophenone 

USM . 
USM 
Henkel 
Henkel 
Henkel 
Henkel 
Henkel 
 BY^ 
Byk 
Ciba-Geigy 
Dainippon 

Properties ASTM# 

Viscocity @ 25 O C ,  cps 
Wet film thickness II 

Adhesion 
Pencil hardness 
Tensile strength psi 
Elongation at break 
60' gloss 
MEK (double rub) 

2350 
1 mil 
5B 
4H 
3,600 
6% 
81 
500 + 

2970 
1 mil 
5B D-3359 
4H 0-3363 
3,500 D-2370 
7% D-2370 
80 
500 + D-4752 

8 hour spot tests: 
Water 5 5 
Concentrated NH40H 4 4 
10% NaOH 4 4 
20% H,S04 5 5 

5 = no effect 4 = stains only 3 = blistering 2 = lifted film 1 = failure 



Purification of LMWGR 

Crude LMWGR was isolated from OSGR via extraction with acetone and purified 
by dissolving in methylene chloride followed by precipitation from 95% ethanol. 

Synfhesis of ~draxylated LMWGR I 

To a 500 d Erlenmeyer flask, a 350 rnL portion of 5% LMWGR in anhydrous 
toluene was added and mixed with 56.8 g of trichloroacetic acid. The solution was stirred 
at 0°C under nitrogen and then transferred to a 1000 mL Erlenmeyer flask containing 60.7 
g of sodium rnethoxide and 100 mL of methanol. The mixture was then stirred for 20 h and 
neutralized with 34.7 mL of acetic acid. The stirring was continued for another 15 min after 
which the flask contents were poured into 650 mL of methanol. The pH of the mixture was 
adjusted to 5-6 with a few drops of acetic acid. The polymer was precipitated, washed with 
methanol and then with 50% (v/v) methanol in water, and dried in a vacuum oven. The 
hydroxylated rubber was further purified by dissolving in 100 ml of methylene chloride and 
precipitating from 400 mL methanol. 

A 5% solution of hydroxylated LMWGR (280 mL) in CHCI, was added to a three 
neck flask equipped with a water condenser and gas inlet tube. The gas inlet tube was 
connected via Teflon tubes to a chlorine lecture bottle through a gas trap to prevent liquid 
backup into the lecture bottle. The condenser was connected to two traps of concentrated 
sodium hydroxide to capture any unreacted chlorine. The reaction flask was placed in an 
oil bath to maintain temperature control. Nitrogen was purged through the system for a 
minimum 15 minutes before chlorine gas addition. The solution was allowed to reflux with 
constant stirring via a magnetic stirrer. A slight excess of chlorine was bubbled through the 
solution and the liberated hydrogen chloride was neutralized via sodium hydroxide solutions. 
The product was precipitated with the addition of 600 mL of methanol. 

Equipment 

'H and 13c NMR were obtained on a Bruker 200 MHz nuclear magnetic resonance 
(NMR) spectrometer. The Fourier transfer infrared (FTIR) spectra were recorded on a 
Nicolet Systems FTIR spectrophotometer using films cast on salt (NaCl) plates. The 
differential scanning calorimetry (DSC) thermograms were taken with a Mettler TA4000 
DSC 30 system. The elemental analyses were performed by MHW laboratories, Phoenix, 
fu. 

Synthesis d ACLMWGR 

In a 500 mL three neck flask, equipped with a nitrogen inlet tube, a water condenser 
and a dropping funnel, 2.178 g of acryloyl chloride was added to a solution of 11.0 g of 
chlorinated hydroxyrubber and 150 mL of anhydrous toluene. The mixture was stirred at 

' 

70°C under N, flow. A solution of 2.450 g of triethylamine in 50 mL of anhydrous toluene 



was added dropwise over 1 h after which the reaction was continued for 2 h. The slight 
yellowish product, precipitated with 800 mL of methanol, was dried and further purified by 
dissolution in methylene chlbride followed by precipitation from methanol. 

Coatings 

Urethane coatings (Table 1) were formulated by dissolving additives, catalyst, polyol 
(Tonee 301) and CHLMWGR (with hydroxy content 2.7%) in solvent by shaking. The 
polyisocyanate (ca. 540% excess of hydroxyl equivalent) was added to the CHLMWGR and 
the mixture was thoroughly stirred. The coating thus prepared was applied to steel or 
aluminum substrates at a wet film thickness of 2 mils. Standard aluminum Q-panels were 
used for all tests with the exceptions that steel panels were used for impact tests and 
polyethylene panels for free film production. 

100% Solids ACLMWGR Wood Filler , 

Pigment, additives, photoinitiators, ACLMWGR and reactive diluents (Table 2) were 
dispersed for 1 h to Hegman 7.5 with a high speed disperser at 1500 rpm. The coatings 
were applied on sanded maple wood with a draw down bar at a wet film thickness of 2 mils. 
The coated samples were cured within a few seconds with a 200 W/inch UV curing unit 
(Conrad Hanovia, Inc). 

100% Solids ACLMWGR Wood Finish 

Photoinitiators, additives and ACLMWGR were dissolved in an acrylate mixture 
(Table 3). The coatings were applied 1 mil on the sanded filler coatings with a draw down 
bar and irradiated for a few seconds with the same UV curing unit used for the wood filler. 

Tests 

Maple wood panels (Hillyard) were used for all the tests except polyethylene panels 
for tensile strength and elongation measurements. All the tests were conducted by ASTM 
standard methods (Tables 1-3). Additionally, all tests were conducted after the coatings had 
cured for 7 days at room temperature. I 

Coating viscosities were determined by a Brookfield digital viscometer. 

Resufts and Discussion 

Synthesis 

Chlorinated hydroxyrubber was synthesized via the chlorination of partially 
hydroxylated rubber, while the latter was prepared via the ester saponification of the adduct 
of natural rubber and trichloroacetic acid (Scheme 1) (Kim, et al 1991). It is important to 



note that no interfering side reactions (e.g. cyclization of the rubber) were noted. The 
hydroxyl content can be controlled by varying the reaction time.. 

Partial hydroxylation was confirmed with 'H and I3C NMR spectroscopy (Figure 1) 
and is consistent with the partially hydroxylated natural rubber as reported by Kim and 
Pandya (Kim, et a1 1991). The 13c NMR assignments are listed in Table 4 while the 'H 
NMR is described in Figure 2. 

Table 4 

NMR Assignments of Partially Hydroxylated LMWGR 

Peaks appearing at 6 5.13,Z.M and 1.68 PPM correspond to vinyl, double bond methylene 
and double bond methyl protons respectively, while two absorptions corresponding to methyl 
(6 1.16 PPM) and methylene protons (6 1.42 PPM) are present. The fraction of 
hydroxylated isoprene units (F) can be determined from an integration of the areas 
representing the methyl (St16 ppl ) and double *bond methyl protons (S,, , ), i.e. 

The hydroxyl content (H) of hydroxyrubber can be calculated from F in the following 
manner: 

carbons 

a ppm 

Hydroxyl content (Wt%) H = 17 x F / (68 + 17 x F) / 

c 

23.4 

The hydroxyl contents, as a function of reaction times, are listed in Table 5. 

o 

32.2 

Table 5 

a, C 

41.9, 
42.4 

Hydroxyl Content (Wt96) of Hydroxylated L W G R  vs. Reaction Time 

C9 

135.2 

b 

72.7 

Y 

125.0 

Reaction time, hours 

Hydroxyl content (wt) 

6 

26.8 

d 

22.4 

e 

26.4 

23 

3.6% 

48 

5.2% 



Expected side reactions associated with chlorination of partially hydroxylized adducts 
(e.g. elimination) are not found to be significant under the experimental conditions. The 
product, a light yellow solid, forms clear, tough films and is soluble in a variety of solvents 
including aromatic and chlorinated solvents. Its chlorine content (C) was obtained from 
elemental analysis while the hydroql content (HC) was calculated by difference as shown 
below and are included in Table 6. 

HC = (I-C) x H 

Table 6 

Properties of Chlorinated Hydroxy LMWGR 

The FTIR spectra of the chlorinated hydroxyrubber of varying hydroxyl content are 
shown in Figure 3. The presence of hydroxyl and chlorine is supported by absorption of O- 
H (near 3600 cm-' ) and C-CI (738 cm" ) (Kim, et a1 199 1). The weak absorptions at 1648 
cm-' and 1730 cm-' confirm the presence of remaining vinyl groups and residual ester 
functionality, respectively. 

Reaction time, hours 

Hydroxyl content (wt) 

Chlorine content (wt) 1 
Tg, O C  

Solid state 13c NMR spectra of chlorinated hydroxyrubber, are shown in Figure 4. 
The broad peaks ranging from 20 to 80 ppm indicate structural complexity. Specifically, 
peaks at 18 pprn to 59 ppm are the contributions from methyl carbons (-CH,), methylene 
carbons (-CH,-) and the methyl carbons linked to a single chlorine (-CH,Cl). The broad 
peak at 66 ppm corresponds to the methylene carbon connected to a single chlorine 
(-CHCl-). The peak at 75 ppm consists of contributions from the tertiary carbon connected 
to a single chlorine (>CCl-, 74-77 ppm19 ) and from the tertiary carbon linked to the 
hydroxyl (>COH-, 73 p p d 4  ). It is clear that the relative intensity of the peak at 75 ppm 
depends on the hydroxyl content. 

Small amounts of maturation are indicated by a weak, broad peak around 130 to 
140 ppm in 13c NMR and the small peak at 1648 cm-' in FIIR. However, less unsaturation 
is evident in chlorinated hydroxyrubber of higher hydroxyl content. Therefore, spectroscopic 
characterizations confirm the chlorination and hydroxylation. The ultimate structure 
determination of chlorinated rubber is difficult, and its exact structure remains unknown. 
Regardless of its ultimate molecular structure, chlorinated hydroxyrubber shows excellent 

23 

1.8% 

48.3% 

81.9 

48 

2.7% 

47.1 % 

85.4 



film forming capability and promises to be a valuable raw material in a variety of film 
forming technologies. 

The synthetic route from masticated rubber to ACLMWGR is represented in Scheme 
2. The acrylate content (AC) of the ACLMWGR was calculated (7.1%) from the hydroxyl 
content of chlorinated hydroqnubber assuming a complete conversion: 

Via FTIR, the disappearance of the hydroxyl absorption (3400-3600 cm-' ) and the 
appearance of characteristic acrylate absorptions (1719, 1635, 1403 and 1198 cm-' ) noted 
in Figure 5 confirm complete acrylation. The NMR spectra for ACLMWGR (Figure 6) 
confirms acrylation, the 75 ppm absorption corresponds to the tertiary carbon connected to 
chlorine. Some of the absorptions resulting from derivation occur above 80 ppm in the 
spectrum of ACLMWGR The small absorption at 84 ppm could correspond to the tertiary 
carbon connected to acryloyl group. The broader absorption at 131 ppm represents the 
contributions of remaining vinyl linkages in the chlorinated rubber and double bonds in 
acrylate, while the weak absorption at 165 ppm characterizes the carbonyl groups. 

At temperatures above 150 OC, chlorinated hydroxyrubber undergoes an endothermal 
decomposition characterized by a very broad endothermal absorption and results in an 
overlapping of the melting point and decomposition temperatures. Generally, increasing the 
hydroxyl content of the chlorinated hydroxyrubber results in higher T ~ s ,  a likely 
consequence of stronger inter-chain hydrogen bonding interaction via the hydroxyl groups. 

The DSC thermogram of ACLMWGR is shown in Figure 7. It possesses a glass 
transition at 77.9 OC. The thermal behavior of ACLMWGR at temperature above 150 OC 
is complex. It includes the endothermal decomposition of C-Cl bond, melting point as well 
as exothermal chemical reaction of acrylates, indicted by a clear exothermal peak in the 
DSC thermogram. 

Coating Formulation 

Two component chlorinated hydroxyrubber polyurethane coatings (Table 1) were 
prepared from chlorinated hydroxyrubber, liquid polyol (Tone@ 301) and polyisocyanate 
(Desmoduf N-100). Liquid polyol and polyisocyanate were used as reactive diluents that 
increase the solids content of the coatings because they are not counted as VOC's. 
Chlorinated hydroxyrubber of 2.7-2.8% hydroxyl content, together with the polyol, was 
reacted with isocyanate in a hydroxyl/isocyanate ratio of 1.0/1.05-1.10. The coatings, thus 
formed, were cured at room temperature with an organotin catalyst. The formulations as 
well as coating performance are shown in Table 6. The cured coatings are insensitive to 
solvents known for their ability to dissolve chlorinated rubber (e.g., methylene chloride, 
xylene, and toluene). The crosslinking of chlorinated hydroxyrubber and hexamethylene 
diisocyanate (HDI) based polyisocyanate improves the solvent resistance of chlorinated 



rubber coatings. Furthermore, the use of a multifunctional alcohol as part of the 
formulation resulted in a significant increase in solvent resistance. Overall, the coatings 
properties are very good; they are tough, high in gloss and resistant to water, organic solvent 
and most chemicals. 

700% Solids W Curing Wood Filler and Wood Finish 

ACLMWGR can easily be formulated into UV cured coatings/adhesives as 
exemplified by its applications in wood fillers and dear finishes (Tables 2 and 3) The wood 
filler is formulated with extender pigments to reduce cost and enhance sanding properties. 
The hardness and flexibility of the coatings can be adjusted by altering the functionality of 
the reactive diluents. For instance, increased amounts of trifunctional diluents (e.g. 
Photomer 4094 and Photomer 4149 from Henkel) gives high crosslinking density, this leads 
to harder but less flexible films. The combination of photoinitiators, including Irgacure 65 1 
and benzophenone, was used to enhance curing efficiency. The extender pigmentea filler 
coatings have excellent adhesion, good mechanic properties and good sanding properties. 

The clear wood finish formulation is virtually the same as that of the wood filler with 
the exceptions that it contains no extender pigments and the amounts and type of the 
crosslinking monomers are different in order to optimize formulation viscosity as well as 
hardness and toughness of the finished coatings. The coatings are attractive, hard and of 
high gloss. 

Both wood filler and finish have excellent water resistance, good chemical resistance 
and superior solvent resistance. For example, more than 500 methyl ethyl ketbne (MEK) 
double rubs did not result in film cut-through of either sample. 

Summary 

Chlorinated hydroxyrubber was synthesized via the chlorination of partially 
hydroxylated rubber derived from guayule low molecular weight rubber. Additionally, its 
spectroscopic and thermal characterizations are reported. Chlorinated hydroxyrubber is a 
versatile convertible binder which has applications in a variety of novel coating formulations 
especially two component chlorinated hydroxyrubber polyurethane coatings exhibiting 
excellent chemical, water and solvent resistance. Additionally, acrylated chlorinated rubber 
has been synthesized, characterized, and used successfully as a prepolymer in 100% solids, 
W cuhng coatings of the wood filler and clear varnish types. The coatings are 
characterized by excellent physical and chemical properties and are extremely attractive. 
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Abstract 

Each year more than 170 million tomes (190 million tons) of yard waste, pallets, forest and agricultural 
residues are discarded that could become feedstocks for saleable products. The United States could 
potentially grow more than 450 million tonnes (500 million tons) per year of energy crops as dedicated 
feedstocks in an economically and environmentally sustainable way. About 85% of this lignocellulosic 
material can be converted into a biocrude oil and charcoal via fast pyrolysis. An engineering scale 
pyrolysis system has been designed and is being built according to the NREL ablative vortex fast pyrolysis 
concept in Kansas City. The system has been designed for a throughput of 32.7 dry tomes (36 dry tons) 
per day (TPD) of biomass. The 13 mm (112") particles enter the vortex reactor where the solid biomass 
is heated very quickly and is converted into oil vapors, gas, char, and water. The char particles are 
separated from the hot gas and vapor stream. Next, the vapors are condensed to form an oil that is 
removed for sale or for upgraded products. The residual non-condensible gases are then sent back to the 
furnace where they are burned to provide process heat. The 36 TPD unit is projected to cost $1.5 million 
to build. This scale is appropriate for waste feedstocks that are available with a tipping fee in selected 
locations in the United States. Larger scale units of 90 tonnes (100 tons) and 227 tonnes (250 tons) per 
day are being designed to gain economies of scale in larger operations. The environmental impacts of a 
properly designed fast pyrolysis system are minimal and continue to be monitored at dl these scales. Fast 
pyrolysis offers an excellent process for converting biomass into oils, char, and chemicals, much like a 
petroleum refinery does for crude oil. 



Fast Pyrolysis 

Fast pyrolysis is a process that converts biomass into a biocrude oil, with yields up to 70% by weight 
(wet). This material can be used without upgrading as a No. 6 fuel oil replacement or as a feedstock for 
producing chemicals and polymers. A second product is charcoal, with about a 15% yield that can be sold 
as a product or used as fuel for the process. The remaining 15% is a non-condensible, medium heating 
value (medium Btu) gas that is burned to provide process heat. 

\ 

Fundamental and applied research and engineering development over the past 13 years has demonstrated 
that continuous reactors can be used with very fast heating rates and short residence times to produce high 
yields of liquids from biomass. Several reactor types are being explored around the world to provide the 
operating conditions necessary to obtain optimum liquid yields. Examples of configurations are ablative 
vortex, cyclonic, entrained flow, and fluidized bed. Each reactor provides the necessary controlled 
conditions of rapid heat transfer to the biomass, coupled with short biomass particle residence times and 
rapid quench of the gases. The National Renewable Energy Laboratory (NREL) developed the ablative 
pyrolysis system that is based on the vortex reactor concept, and is transferring the technology to Energy 
Conversions, a subsidiary of Interchem Environmental, for commercialization. 

Ablative fast pyrolysis occurs in a vortex tube. Heat is transferred by contacting the biomass with the hot 
reactor wall with no oxygen present. The particles rapidly slide along the hot (approximately 500" - 
600°C [1100° - 1200°F]) reactor wall and the biomass particle outer surfaces are vaporized, while the 
unconverted internal material remains relatively cool. The product is a mixture of non-condensible gases, 
water vapor, and pyrolysis vapors composed of polymer fragments from the original biomass. The wall 
temperature is achieved by burning the non-condensible gases supplemented, if necessary, by nahrral gas 
or char in a furnace surrounding the reactor tube. The residence time of the gases in the reactor is about 
one second to minimize the time the pyrolysis vapors are exposed to the high temperatures. This prevents 
secondary reactions from occurring that seriously impact the quality of the produced oil. The particles 
are recycled until they are so small that they are re-entrained in the exiting pyrolysis vapors. After leaving 
the reactor, the char particles are separated from the hot gas and vapor stream. Next, the vapors are 
condensed to form a biocmde oil. The remaining non-condensible gases are sent to the furnace where 
they are burned to provide process heat. 

Interchem through Energy Conversions is scaling-up the ablative fast pyrolysis process, and expects to 
commercialize the pyrolysis of biomass into biocrude oil and charcod within one year. A first generation 
prototype plant (commercial scale - 32.7 dry tonnes [36 dry tons] per day) has been built and tested using 
an Interchem pyrolysis design (Johnson et al. 1993). A second generation of the vortex reactor of the 
same size is currently being completed and the system is being set up based on the NREL pyrolysis design 
and the experience gained during the operation of the first generation plant. 

Process Description for the Scale-up Reactor at Kansas City 

The fast pyrolysis demonstration facility contains several major subsystems. The overall process and 
equipment for the scale-up facility are outlined below. The overall layout of the unit is shown in Figure 1 
and a flow diagram of the process is shown in Figure 2. Only the reactor and furnace represent new 
technology; the remainder of the process is found in use in other industries and was partially tested in the 
first generation prototype. 



Wood Handling Sub-system - Dry wood (13 mm [1/2"]) is delivered by live bottom storage trucks and is 
transported within the plant by conveyors and bucket elevators. The wood will have been dried and sized 
at another location. 

Vortex Reactor Pyrolysis Sub-system - The wood enters the 1.2 tonne (1.5 tons) capacity hopper. The 
bottom of the hopper has a vibratory screen that delivers the wood to the feeder system. The wood is 
discharged into the eductor through a rotary valve that serves as a pressure seal. The eductor uses 
recycled pyrolysis gases from the pyrolysis system to pneumatically transport the wood particles to the 
vortex tube for reaction. 

The vortex reactor is enclosed in a furnace that is designed to bum the medium Btu reactor gas and natural 
gas. The natural gas is used for starting the system and as a supplemental fuel source during steady state 
operation, if required. The medium Btu gas enters the furnace after the condensible oil vapors have been 
removed in the condensing system. 

Separation Sub-system-It is composed of the following: 

Cyclone - The vapor rich gases leave the vortex reactor along with the char particles that are 
entrained in the gas stream. This mixture then enters a cyclone designed to remove 99.5% of the 
char from the gas stream. The char then enters the char handling system and the gases go to the 
condenser. 

Condenser - The gases from the pyrolysis unit enter the condenser at process temperature and are 
cooled to approximately 13-15°C (-55 OF) via a multiple stage condenser system. The vapors are 
condensed to liquid oil and returned to the sump. Approximately 11 liters (three gallons) of oil 
per minute are discharged to the storage tanks. 

Oil Handling - The oil is pumped to one of three 19,000 liters (5,000 gallon) storage tanks. These 
tanks are surrounded by a drainage system on a sloping floor and are covered by a roof. When 
the tankers are loaded, the truck will be backed into the diked area so that any potential spill is 
contained. 

Char Handling - The char is cooled and conveyed with a water jacketed screw conveyor from 
the cyclone into a covered storage silo. This is done in a nitrogen atmosphere to avoid char 
degradation. 

Fast Pyrolysis Product Markets 

The fast pyrolysis process that produces a pyrolytic oil or a biocrude appears to be one of the more 
promising techniques for producing fuels, electricity, and chemicals in the near and medium term for 
biomass and related wastes. For energy use, one of the advantages of biocrude oil is that it has about four 
times the volumetric energy density relative to the starting biomass feedstock, and is a storable liquid that 
can be transportable by dedicated pipeline or tanker to end users. The European Community RD&D 
program has several major projects underway for biocrude use as a fuel for boilers and gas turbines, as 
a refinery feedstoqk for manufacturing a petroleum extender, and as liquid fuel for diesel engines through 
direct hydrogenation (Bridgwater and Grassi 1992). The char co-product can be used as an on-site fuel 



or alternatively used as charcoal or converted to activated charcoal for pollution control applications. The 
potential pathways are shown in Figure 3. 

Char and Charcoal 

In the United States, the charcoal briquetting industry has grown from 450 kt (490,000 tons) in 1970 to 
620 kt (690,000 tons) [ 1 kt = 1,000 tonnes] in 1987 with a retail sales value of $434 million. As a result 
of the Clean Air Act Amendments of 1990, many of the existing charcoal production facilities are closing 
because of the difficulty of making the existing kiln processes meet the more stringent requirements. We 
expect the fast pyrolysis processes to meet the necessary requirements. It is forecast that producing char 
for both charcoal briquettes and activated charcoal using fast pyrolysis will increase significantly. The 
activated charcoal market is growing rapidly as secondary water treatment becomes commonplace and the 
present market of 350 kt (382,000 tons) is anticipated to grow at a rate of 4-5% y-' due to air and water 
treatment regulations being adopted worldwide. 

Biocrude Oil for Thermal Uses 

The oils produced by the process are oxygenated fuels that have an gross energy content of about 
25 MJ 1-' (90,000 - 95,000 Btu/gal) or one half that of No. 6 fuel oil on volumetric basis. The biocrude 
oil can be used as a replacement for No. 6 fuel oil. One of the primary advantages of wood pyrolysis fuel 
oil over No. 6 fuel oil is that it contains little sulfur. Under the regulations being implemented for the 
Clean Air Act, sulfur oxide (SO,) air emissions are being increasingly tightly regulated. Promising 
research in Finland is exploring the use of biocrude oil to fuel large stationary diesel engines for electricity 
production (Guste 1993). 

The boiler and turbine fuels market is the largest possible application and the lowest value use of the 
biocrude. The advantages of the higher energy density and the liquid form are such that it is possible to 
use it as a fuel in large central thermal facilities that have inherently high efficiencies, and its production 
can be decentralized and close to the source of biomass and residues. Also by storing the biocnrde and 
using it in a gas turbine, it can be used for peaking and intermediate load applications in the utility sector 
(Overend and Bain 1992). 

Transportation Fuels 

The other energy market for fast pyrolysis derived material is in the transportation sector. In the United 
States, extensive research is being carried out using fast pyrolysis vapors as a feedstock for a cracking 
process to produce an olefin stream that will be used in synthesizing mixed oxygenates used in gasoline 
(Overend, 1991; Rejai et al. 1991). The olefin stream is produced over a catalyst that will convert the 
pyrolysis vapors into a mixed olefin stream with a relatively low concentration of aromatics. This stream 
is then catalytically reacted with an alcohol such as methanol or ethanol to produce mixed ethers sirnilar 
in properties to methyl tertiary butyl ether (MTBE) and ethyl tertiary butyl ether (ETBE) that are produced 
commercially by combining isobutylene with the alcohols. MTBE is added to the gasoline pool to 
increase the octane value of the base gasoline and to increase the oxygen cbntent of the fuel to the levels 
required for non-attainment air quality zones under the air quality rules for 1993 (Diebold et al. 1992). 

Alternative strategies for transportation fuels are being followed in both Europe, where traditional N i N o  
and Co/Mo hydrotreating catalysts are being used (Laurent et al. 1992), and in Canada where 



hydrogenation of biocrudes is being investigated over zeolite catalysts using hydrogen donor solvents 
(Sharma and Bakhshi 1992). 

Chemicals, Adhesives and Polymers 

In addition to using the oil as a fuel, there are numerous chemicals that can be fractionated or produced 
from the biocrude oil. The chemicals examined to date include a phenol replacement in phenolic resins 
and other extractable materials such as hydroxyacetaldehyde, levoglucosan, calcium acetate and calcium 
formate. Other products from catalytic upgrading include butadiene, pentanes, benzene, toluene and 
xylene (BTX) (Elliott et al. 1991). An overview of the pathways for upgrading biocrude can be found 
in Figure 3. 

Interchem is a member of the Pyrolysis Materials Research Consortium (PMRC) as are Allied-Signal 
Corporation, Aristech Chemical Corporation, Plastic Engineering Company and MRI Ventures, Inc., the 
managing company (Chum and Power 1991). The consortium collaborates with the U.S. DOE Office of 
Waste Reduction in a cost shared program with NREL. This collabotative is developing applications for 
a phenolic-rich extract made from biocrude oil to replace petroleum derived phenol in phenol- 
formaldehyde thermoset resins (Chum et al. 1989, Chum and Black 1990). 

There are numerous products that result from fast pyrolysis in addition to phenolics. One can view the 
fast pyrolysis as the primary step in a biomass refinery that, like a petroleum refinery, would have a fuels 
output and a chemicals product stream as shown in Figure 3. Also, there is the possibility of specialty 
products such as flavor compounds for foodstuffs that are presently produced by Red Arrow using a fast 
pyrolysis process (Underwood and Graham 1991). 
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Producing chemicals from fast pyrolysis is also being developed through two other markets: road deicers 
and a polymer precursor (levoglucosan). These chemical products are being investigated in Canada and 
elsewhere (Oehr and Barrass 1992). The yield of levoglucosan can be controlled so that it can be obtained 
in high yield if the cellulosic component of the feedstock is pretreated to remove ionic contaminants. This 
changes the pyrolysis pathway from one that produces hydroxyacetaldehyde as the predominant celiulose 
derived product to levoglucosan in greater than 30% yield on cellulose (Longley et al. 1992). 

Carbon Blacks 

Commercial carbon blacks are in considerable demand worldwide as a rubber reinforcing agent. The 
largest single market for carbon blacks is the automobile industry (about 50% of the weight of a tire is 
carbon black). Carbon blacks are also used in industrial rubber products and specialty plastics, and in 
pigments for inks and toners for copy machines. Specifications for carbon blacks are very demanding and 
it will be difficult to penetrate this market. 

The world market in 1988 exceeded 4 Mt (4.5 million tons) [ 1 Mt = lo6 tonnes] of carbon blacks with 
the largest consumer being the United States (one-third). Japan is the second largest market, importing 
or producing 630,000 tonnes (700,000 tons). The market continues to grow at about 3% y-' as it has 
done for the last 25 years. Carbon blacks produced from pyrolysis oils are sulfur free and will find a use 
in this relatively valuable market where the prices of carbon blacks have been in the range of $450 - 
$700 per ton. 



Feedstocks 

Numerous feedstocks can be processed by fast pyrolysis into oils and chemicals. The major biomass 
categories are forestry and agricultural residues, yard waste, wood in construction and demolition debris, 
and feedstocks grown specifically for conversion to energy and chemicals. The estimated amount of each 
feedstock available for conversion is found in Table 1. Each category is discussed below along with a 
discussion of how the quantities were estimated. 

Table 1. Estimated Availability of Selected Feedstocks for Biomass Conversion 
in the United States 

Feedstock 

Forest Residues 
Agricultural Residues 
Yard Waste 
C & D Wood 

Tonnes Per Year Tons Per Year 
(Millions) (Millions) 

Subtotal 174 191 

Dedicated Feedstocks 

Total 401 44 1 

Each biomass category has different properties, costs and benefits as a feedstock for fast pyrolysis 
conversion processes. Some of the major issues are discussed as they specifically apply to pyrolysis. 
Many of the waste feedstocks can be free of charge or the operator can receive a tipping fee to dispose 
of the material. However, these are niche markets. As these waste feedstocks become a resource for 
several operations, a cost for the feedstocks is assigned. With dedicated feedstocks, a steady supply and 
quality is assured, but there will always be a higher cost involved with the feedstock. 

Also, using waste material as feedstocks in the near term demonstrates the technologies and paves the way 
for dedicated feedstock systems that will be needed for long-term market expansion and stability. 
Dedicated feedstock systems would include short rotation woody crops such as hybrid poplars, and 
herbaceous energy crops such as switchgrass, and other native American grasses (Chum et al. 1993). 

Forestry Residues 

According to the U.S. Department of Agriculture (1992), the United States currently has 195 million 
hectares (483 million acres) of commercial timberland. Every year, this acreage produces 254 Mt 
(280 million tons) of timber material. Of this amount, 140 Mt (155 million tons), approximately 60%, 
are softwood products and 72 Mt (80 million tons) are hardwood products. The remaining 41 Mt 
(45 million tons) are logging residues. 



Half of this residue is unrecoverable because it is damaged by insects, diseases or fire, or in the case of 
small branches and limbs trimmed during logging, is prohibitively expensive to transport. However, the 
remaining material, 20.5 Mt (22.5 million tons), can be recovered. 

Once the material leaves the forest, it is used to make primary products such as saw timber, veneers, a 
variety of particle or composite boards, and pulp, from which paper and paperboard products are made. 
Approximately 50% of all the input material does not appear in the final products. Much of this mill 
residue such as sawdust, trimmings, and black liquor is being burned each year to generate power for 
lumber and pulp mills. Smaller trees are also being converted into composite boards. 

However, not all of this waste processing material is used each year. Moms and Ahrned (1992) have 
estimated that 6.4 Mt (7 million tons) of sawdust is available each year along with 42.9 Mt (47.2 million 
tons) of other wood mill residues. These other residues include bark, wood chips, and wood shavings 
from sawmills. (Reliable statistics for these wastes and residues are difficult to find and the figures 
presented here are estimates that are likely to be under, rather than over estimates.) 

Agricultural Residues 

Morris and Ahrned (1992) summarized the annual availability of waste bioresources in the United States. 
A portion of their list includes available agricultural residues. They estimate that 50.5 Mt (55.6 million 
tons) of corn stalks, leaves, and sheaths from corn mills are available each year. Of this amount, 30% are 
returned to the field, 2530% is mixed with hay for silage and 5% is used on chicken farms for bedding. 
This leaves 17-18 Mt (19-20 million tons) per year that is discarded. 

The majority of wheat straw is burned in the field. Only 10-15% of the 31.2 million tons available each 
year is used as an absorbent and feed on farms and in compost. This leaves 24-25.5 Mt (26.5-28 million 
tons) available each year. 

Moms and Ahrned also estimate that there are 38 Mt (20 million tons) of husks from other grain mills 
discarded each year, and 2.9 Mt (3.2 million tons) of peanut and other hulls from nut processing plants 
discarded. If these residue streams are all available for feedstocks for fast pyrolysis, there will be 
62-65 Mt (68-71 million tons) of agricultural residues available each year. 

The estimates for the availability of agricultural residues vary widely according to the source, much as 
those for forestry residues and wastes do. For example a recent survey of the Midwest states carried out 
by the Union of Concerned Scientists indicates a potential in 10 states alone of 85 Mt (93 million tons) 
of deliverable residue. Of this it was estimated that 18 Mt (20 million tons) could be delivered to the 
plant gate- at 40 - 50 $/t over a collection radius of 56 km (35 miles). These agricultural residues were 
considered to be significantly more costly than those of the forest products residues in the same region 
(Brower et al. 1993). 

Municipal Solid Waste 

Wood waste currently entering landfills is primarily yard waste that includes tree and brush trimmings, 
grass and leaves from residential, institutional, and commercial sources. The U.S. Environmental 
Protection Agency (EPA) (1990) sampled the amount of yard waste to estimate the municipal solid waste 
composition. From .I960 to 1988 the percentage of yard waste to the total waste stream has decreased 
slightly, but in terms of per capita generation, there has been a slight increase. 



In 1990, 32 Mt (35 million tons) of yard waste were disposed of in the United States. This is 17.9% of 
the total municipal solid waste generated every year, By volume, the yard waste comprised 9.8% or 
46.7 million yards of the material sent to the landfills. In addition, 7.5 million tons of wood packaging 
material was discarded in 1990. 

Turning yard waste into compost removes the material from the waste stream and is gaining public 
acceptance. The EPA (1990) estimated that less than 2% of the yard waste generated in 1988 
(474,000 tons) was removed for composting. However, this amount is increasing each year as more states 
ban yard waste from landfills. 

In addition to the large quantities of waste created by the United States each day, there are increasing 
disposal problems. For example, in 1964 there were 1600 landfills in New York that accepted municipal 
solid waste; in 1989, there were only 203 (Piasecki et al. 1990). Based on the existing landfill capacity, 
all existing landfills in New York will be closed by 1995. Currently many counties and cities are shipping . 

their wastes out of the county or even the state for disposal. Tipping fees have increased dramatically, 
and in many areas have approached or exceeded $100 per ton for disposal. However, landfill capacity 
is not decreasing on an overall basis because the landfills that are closed are generally small and a large 
capacity exists at the remaining sites. Thus in some areas tipping fees are decreasing in response to 
competition for garbage. Waste disposal costs are extremely site specific, as are the county and municipal 
waste management strategies. 

Construction and Demolition Debris 

Construction and demolition (C&D) debris includes wood, brick, glass, metal, roofing and pallkts. The 
majority of landfills do not accept these materials. Landfills that are strictly for C&D material exist and 
were not tightly regulated in the pat.  However, these landfills are currently being regulated much more 
stringently and the cost of operating them has increased. The tipping fees to disposers have also increased, 
and these higher costs are passed on to the consumer through building and remodeling fees. 

Wood is 25% of the C&D waste stream according to the New York State Energy Research and 
Development Agency (NYSERDA) (1990). The Northeast Industrial Waste Exchange recently reported 
on C&D disposal in Onondaga County (Naef 1991) and the exchange estimates that the county disposed 
of approximately 91 kt (100,000 tons) of C&D waste in 1989. This number is conservative because it 
does not take into account material that was buried in backyards, dumped illegally or transported outside ' 
the county. They estimate that wood comprises 35%-40% of the C&D material. It appears that wood, 
much of which can be used as a feedstock for pyrolysis, ranges from 25%-40% of the C&D stream 
depending upon the area. 

Piasecki et al. (1990) estimated the breakdown regarding the amount of C&D waste generated in New 
York each year. These analyses can be generalized to the United States and are used as the basis for the 
calculations below. However, these numbers are estimates only and are not supported by measurements 
of actual C&D generation. 

Approximately 164 Mt (180 million tons) of municipal solid waste (MSW) is generated per year in the 
United States according to Franklin Associates, who studied this question for the Environmental Protection 
Agency (EPA) in 1990. Also, an average of 0.33 kg or 0.72 pounds per capita per day of C&D waste 
is generated nationwide. The United States, with a population of about 253 million, generates about 29 Mt 



(32 million tons) per year. Assuming wood is' 25% of the total, the amount of wood available is 7.3 Mt 
(8 million tons). 

A different method of estimation, based on a report on using waste wood for fuel for the Northeast 
Governors Coalition by Donovan (1990), assumes 3,600 tonnes (4,000 tons) per day of C&D waste wood 
for the New York metropolitan area (including Connecticut and New Jersey)-a population of about 
15 million people. This equates to 1.3 Mt (1.5 million tons) of C&D waste. If this is extrapolated to the 
United States population it would equal 22 Mt (25 million tons) of C&D each year, or 5.5 Mt (6.2 million 
tons) of wood available. 

Franklin Associates estimates that the C&D waste steam is about 24% of the total municipal solid waste 
stream. For 176 Mt (196 million tons) of municipal solid waste in the United States, the total C&D would 
be about 42 Mt (47 million tons). Again, assuming wood is 25% of the total, the amount of wood 
available is 10.5 Mt (12 million tons). 

These three estimates place the amount of C&D wood waste generated in the United States each year in 
the 5.5 - 10.5 Mt (6 - 12 million tons) category. 

Dedicated Feedstock Supply Systems 

Several overviews of dedicated feedstocks for energy conversion have been done by Chum et al. (1991, 
1993) and Turnbull (1993). Multiple species of short rotation woody crops and high yield herbaceous 
crops have been developed by the Departments of Energy and Agriculture. 

A recent study by the Offlce of Technology Assessment (OTA) estimates that energy crops could be 
grown on 40 Mha (100 million acres) in the United States. The Department of Energy estimates that 
between 14 - 80 Mha (35 - 200 million acres) of land could be made available for energy crop production. 
EPRI (Turnbull 1993) used a conservative estimate of 20 Mha (SO million acres). If a conservative 
production figure of 11.2 t ha-' y-' (5 tons/acre/year) is used, this yields 227 Mt (250 million tons) per 
year. As new cultivars are developed with higher productivity, this overall biomass potential is expected 
to increase. 

Based on the above figures, Turnbull estimates that energy crops could add $12 billion to the farm sector 
economy. The majority.of this income is expected to stay in the small to medium size farrns in rural 
areas. 

Economic Considerations (for 36 TPD Future Facilities Using Waste) 

Energy Conversions Inc., a division of Interchem, anticipates that future units will cost approximately 
$1.5 million as one time engineering fees that added about $200,000 in costs for the second generation 
unit, will not be associated with future models. The following economic analysis is based on a future 
36 TPD unit costing $1.5 million. 

Oil is produced at a rate of 870 liters (wet basis) per hour (230 gallons per hour) and sells for $0.1 Miter 
($0.40 per gallon). Char is produced at a rate of 0.21 tonnes per hour (0.23 tons per hour) and sells for 
$88/tonne ($80/ton). The incoming wood feedstock is a mix of 50% pallets at 10% moisture and 50% 
green waste at 50% moisture. Tipping fees of $1 Iltonne ($lO/ton) will provide an income from the wood 



(on an as received basis). The plant (including the feedstock preparation) will operate 24 hours per day 
for 330 days per year. The loan term is for 7 years at 12.5% interest in a 100% debt financing 
arrangement. 

Therefore, the annual income (in thousands of dollars) can be estimated as follows: 

Oi 1 
Char 
Total 

The annual expenses are listed below: 

Principal and Interest 323 
Wood (1 85) 
Labor 167 
Maintenance 45 
Electrical 129 
Natural Gas 150 
Overhead - 52 

Tot a1 68 1 

This gives a net income prior to taxes ahd production tax credits of $194k. An overall debt coverage of 
1.59 is obtained during the first year of operation. 

Analyses of the economics of 250 and 1000 TPD plants were made by Gregoire and Bain (1993). These 
analyses show the economy of scale that occurs with the larger units. Chum and Power (1991) analyzed 
the economics of producing phenolic compounds at the250 and 1000 TPD scale. This process is very 
economical even when only one product is obtained. The simple pay back period for installation of the 
250 TPD unit is about two years if the difference between the selling price of phenol and the unamortized 
production cost of the phenolic product is maintained at $0.2/lh for a nearly $13 million investment. 

Environmental Considerations 

The environmental impacts of properly designed fast pyrolysis processes are expected to be very small. 
A 36 TPD unit is expected to produce very low emissions. Low NO, burners are used in the furnace, and 
the process heat is provided by burning the off-gases. Only 1.25 tons per year each of carbon monoxide 
and nitrous oxide will be emitted. Particulates, and sulfur dioxide emissions are expected to be very low. 
The oil has a Reid Vapor Pressure of 0.4 psi, which minimizes the anticipated volatile organic carbon 
(VOC) emissions from the oil tanks and loading operations. 

All of the economic and environmental evaluations reported have been made for clean wood feedstock. 
However, when using C&D woods, care needs to be taken with CCA treated wood, painted wood (lead- 
based paints) and possibly contaminated pallets. Each of these feedstocks will require special studies with 
extensive monitoring of air emissions, product and ash composition before they can be used as feedstocks 
in commercial applications. 



One of the complicating issues for fast pyrolysis commercialization occurs when the developer applies for 
an operations permit. Because the technology is new, there are no standards or classifications nationwide 
for fast pyrolysis. State and local environmental permitting agencies have classified fast pyrolysis of clean 
waste wood anywhere from a manufacturing facility, a recycling facility or, in one case, as a municipal 
solid waste incinerator. Depending upon how a state or county chooses to work with new technology, 
permits have taken Interchem anywhere from two weeks to more than two years. The normal length of 
time is20ne to four months. 

Permitting for fast pyrolysis plants will continue to be site specific. There are many sites throughout the 
United States where the permitting process is done principally if the process has been carefully monitored 
at smaller scales. Other cities and towns require that the process be scaled up fust at another location and 
that monitoring of environmental data takes place prior to issuing permits. We expect to continue to 
encounter these increased concerns from the public and private sector alike for developing environmentally 
conscious manufacturing and processes. 

When dedicated feedstocks and biomass derived residues are used, the contribution of greenhouse gases 
to the environment is negligible (U.S. DOE 1993). This contrasts to the current fuel mix that emits over 
600 metric tons of COdGigawatt-hour. 

Future Role of Fast Pyrolysis 

We believe that there is a large potential for fast pyrolysis processing of biomass. A conservative estimate 
states that initially 2000 TPD of processing capacity can be brought on line per year. This could handle 
600 kt (660,000 tons) of feedstock per year. From Table 1 of available feedstocks in the United States, 
this is only 0.35% of the waste feedstocks available each year and 0.15% of the potentially available 
feedstocks. The potential exists for significantly penetrating these technologies throughout the United 
States and into other countries with substantial renewable resource potential. Widespread deployment of 
this technology will increase regional employment throughout the United States and also overseas. 

An initial market will develop in the waste feedstock arena, because at the 36 TPD current scale, tipping 
fees of $1 lltome ($lO/ton) are needed to economically produce fuel oil. As larger scale units (100, 250 
and 1,000 TPD) are developed, built and operated, the economy of scale will permit profitable economics 
at $44/tonne ($40/ton) feedstock costs at the largest scale (Gregoire and Bain 1993). The economics also 
improve tremendously as the oil is fractionated to produce higher value chemical products. 

Fast pyrolysis has been identified as one of the technologies for producing power from biomass. 
Currently, 6,500 megawatts of electricity is produced from biomass. DOE'S growth projections indicate 
that more than 22,000 megawatts of biomass electric capacity will be on line by 2010. The Electric Power 
Research Institute estimates, on the basis of resource availability, that the potential biomass power capacity 
could reach 50,000 megawatts by 2010. There is a substantial potential for low cost electric power 
production from biomass. The impacts of this increased power production on jobs and regional 
employment are described in a recent issue of Biologue (Meridian and Antares 1992, Wood and Whittier 
1992). 

Another area expected to have significant growth is the use of fast pyrolysis to convert the organic portion 
of municipal solid waste, not just the wood fraction, into gasoline additives. This technology is still in 
the research phase but looks very promising. Throughout the world there has been almost 20 years of 



research, development, and demonstration of fast pyrolysis processes using biomass throughout the world. 
As a result the technology is on the steep part of the learning curve, and has spawned several concepts 
that are ready for commercial development. High value fast pyrolysis products such as food flavors are 
already in the market place in the United States. In other countries, especially Brazil, producing charcoal 
by traditional slow pyrolysis methods is a large scale commercial activity. 

It is worth recalling that the Burton cracking process patent for refining crude oil was issued in 1913, 
almost 70 years after the first oil wells were placed in production. The need for kerosene for Lighting 
resulted in a large research and development effort in the 1890s and it is clear that technology 
commercialization and technology deployment is a multi-decade process in the energy and chemicals 
industries (Yergin 1990). This prognosis stands even though technologies are available for processes as 
fundamentally innovative as oil refining was then, and biomass refining is today. Developing biomass 
processes and a completely new philosophy of natural resource use has just begun, but we think there is 
a very bright future ahead when we consider the state of the global environment and the need for 
sustainable development. 
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1.0 Introduction - The Biofine Process 

Biofine, in conjunction with New York State Energy 

Research and Development (NYSERDA) has developed and 

patented a novel process technology for conversion of 

low grade cellulosic biomass waste to levulinic acid. 

Levulinic acid is a highly versatile chemical 

intermediate which can be converted directly into a range 

of high value and commodity chemicals. The present market 

price of levulinic acid is around $6/lb. This high price 

presently inhibits its use as a chemical intermediate. 

The projected levulinic acid production cost using the 

process depends on the scale of production and on the 

feedstock used but has been projected to be C24/lb in 

small scale plants and only C4/lb large scale when using 

feedstocks containing a high proportion of cellulose. 

The process can use a variety of feedstocks including 

problem wastes such as paper mill sludges, waste sewage 

sludge, wood fibre waste, brewery wastes, wastepaper 
l 

and agricultural wastes. 

Among the commercially interesting chemical derivatives 

of levulinic acid are: methyl tetrahydrofuran (MTHF) 

which has been successfully tested as a gasoline extender; 

diphenolic acid, an alternative to bisphenol A ,  used 

in epoxy resins; tetrahydrofuran, a major solvent chemical; 

1,4 butanediol, an important polymer chemical 

intermediate: succinic acid, a specialty chemical and 

delta amino levulinic acid (DALA), the active ingredient 

in a new family of herbicide and insecticide products. 

These derivatives of levulinic acid will be described 

l a t e r .  



The Biofine process also produces furfural and formic 

acid in high yield as co-products. Furfural is produced 

when using feedstocks with a significant hemicellulose 

(pentosan) content and is a commodity chemical with an 

established market of around 500 million lbs. per year 

and a price of C75/lb. 

Formic acid is a byproduct of levulinic acid 

production. Just under half a pound of formic acid is 

produced per pound of levulinic acid. Formic acid is 

a commodity chemical with a market price of around C50/lb. 

The technology has been demonstrated at large pilot 

scale at Solar Energy Research Institute, (now NREL), 

Golden, Colorado for the US Department of Energy and 

has been granted patents in the US and is in patent 

application in over twenty countries. (Ref. US Patent 

Nod4,897,497 to S. Fitzpatrick; assigned to Biofine Inc.). 

A small scale feedstock testing unit is now in 

operation at Dartmouth College, NH under contract to 

Biofine. This is a fully operational small scale replica 

of the S E R I  plant. 

A schematic diagram of the process is provided 

in this section. 

The Biofine Process has'several important advantages 

over conventional technology which make possible the 

low production costs mentioned above. These are as follows: 

High simultaneous yields of Products: Conventional 

technology produces levulinic acid, furfural and formic 

acid in separate processes. The Biofine reactor technology 

produces these chemicals with simultaneously high yields 





for each. Typical yields for these products using the 

Biofine process are 70% for levulinic acid, 85% for furfural 

and 70% for formic acid. High yields result in lower 

plant capital costs and lower quantities of waste from 

the process requiring disposal elsewhere. 

Hiqh reactor throuqhput rates: The residence time 

for reactants in the Biofine reactor system is short. 

A large production capacity can consequently be achieved 

from a small reactor volume. This results in a significant 

reduction in critical capital (and maintainance) costs 

compared with conventional processes. 

Enerqy self sufficiency: The Biofine process does 

not require significant use of fossil fuel when processing 

lignocellulosic feedstocks. The hydrophobic powdery tar 

and lignin residue remaining after the production of 

levulinic acid and furfural can be dewatered and burned 

to produce enough energy to maintain process operation. 

Also, the continuous nature of the process makes possible 

high thermal efficiency. 

Ease of operation: The continuous nature of the 

process operation reduces the high labour and maintenance 

costs normally associated with conventional batch operation. 

Versatility of feedstock: The process can operate 

on paper mill muds, logging wastes, agricultural residues, 

brewery wastes, waste sewage-sludge, waste paper, starchy 

wastes and sugar cane bagasse. This versatility allows 

the process to be used in a wide variety of applications 

and locations. Obviously, different feedstocks will 

lead to changes in the process and range of products. 

For example, if the process feedstock is a paper mill 

mud consisting primarily of cellulose, levulinic acid 

and formic acid are the only products. If it operates 



on feeds with a significant pentosan content such as 

agricultural residues, wood fibres or brewery waste, 

f u r f u r a l  is produced as a coproduct. Feedstocks with 

a lignin component will also produce lignin as a solid 

coproduct. 

Plant Modularity: The process technology is efficient 

enough to allow plants of up to 500 tons per day to be 

prefabricated modularly and transported on skids to the 

site of operation. This provides obvious advantages for 

construction in that it can be carried out at a fabrication 

shop remote from the operating site. 



1.1 The Biofine Reactor Technolow 

The Biofine process technology converts cellulose to levulinic acid 

in high yield. The basic chemistry is the high temperature acid 

hydrolysis of cellulose to glucose followed by acid hydrolysis of 

glucose to levulinic acid. The ~iofine process consists of a two 

stage continuous high temperature reactor. Cellulosic raw 

materials such as paper sludge, waste paper or wood are fed into 

the first stage in an acidified aqueous slurry. The feed is then 

heated in the first stage by injection of high pressure steam. The  

pressure in the first stage reactor is high enough level to ensure 

that the reactor contents are liquid. In the first stage reactor 

the combination of high temperature and acid cause the cellulose to 

be hydrolysed to a mixture of'glucose and other levulinic acid 

precursors. 

The first stage reactor is connected via a pressure control valve 

to a lower pressure second stage reactor. In this reactor the 

conditions are designed to allow completion of the acid hydrolysis 

of the glucose and other levulinic acid precursors produced in the 

first stage to levulinic acid. The levulinic acid is produced in 

an aqueous solution at a concentration of 2-5% which requires 

further purification by conventional means. 

Typical operating conditions for the first stage reactor are as 

follows : 

Feed cellulose concentration 

Acidity (sulphuric acid) 

Pressure 

Residence time 

Temperature 

Configuration 

10-20% 

3-5% 

600 psig 

10-20 seconds 

420-450°F 

Plug flow 



Typical conditions for the second stage reactor are as follows: 

Feed Concentration 7 4 5 %  (dissolved solids) 

Acidity 3-5% 

Pressure 200 psig 

Residence time 10-25 minutes 

Temperature 380-390°F 

Configuration Completely mixed 

Levulinic acid concentration 2-5% (in hydrolysate) 

The first stage reactor is a plug flow or tubular reactor 

constructed of either teflon lined stainless steel (316) alloy 20 

or zirconium. The second stage reactor is a completely mixed 

reactor constructed of teflon or siloxyrane (acid resistant 

polymer) coated stainless steel (316) . 

The pressure is controlled in the first stage by a variable orifice 

modulating flow control valve designed to allow potential blockages 

to pass to the second stage reactor. The liquid level in the 

second stage is controlled by a level switch and liquid outlet 

valve. The pressure is controlled in the second stage by means of 

a flash vapor control valve. 

The reactor system is fed by means of a high pressure stainless 

steel positive displacement pump capable of handling the slurry 

viscosities experienced. 

Process yields of levulinic acid experienced with this two stage 

continuous system range from 50% to 70% of theoretical. Previous 

patents for levulinic acid production from cellulose describe 

single-stage batch systems with yields reported in the range 30-50% 

of theoretical. 

By-products of the levulinic acid reaction are formic acid and 

condensed tars. Formic acid is a useful commodity chemical which 

could, if economics warrante'd, be purified and sold. The condensed 



tars are of high calorific value and hydrophobic allowing them to 

be dewatered and burnt. 

The Biofine reactor system also produces furfural in high yield 

(around 60% to 80% of theoretical) if there is hemicellulose in the 

feedstock. The furfural is separated in the vapor stream from the 

second stage reactor. The vapor condensate consists of an aqueous 

furfural solution. If economics warrant, furfural can be separated 

and purified by conventional technology. 

The basic simplified chemistry of the reaction is the acid 

hydrolysis of cellulose and hemicellulose under forcing conditions: 

Cellulose -, Sugars +Intermediates 4 Levulinic Acid and Formic Acid 
(incl. HMF) 

Tars 

Hemicellulose + Intermediate + Furfuraf 

4 

T a r s  



2.0 Backqround and Potential Applications 

A t  present, there is intense interest in recycling 

industrial and municipal waste into useful products. 

Primary reasons for this are th.e inadequacy and expense 

of landfills, the poor public acceptance of incineration 

as a means of disposal and the recognition that waste 

materials in many cases represent a resource which if 

managed properly could significantly reduce our dependence 

on fossil fuels, and other non-renewable feedstocks. 

Cellulose comprises the major component of wastes from 

municipalities, sewage treatment and manufacturing 

industries. 

The Biofine process has been developed to convert 

low grade wood or other cellulosic wastes to high value 

chemical products. The range of feedstocks useable in 

the process and the products which can be produced 

profitably are discussed below. 

2.1 Feedstocks 

1.Paper mill muds: Paper mill muds consist of short 

cellulose fibres washed out during paper stock processing 

operations at various stages of the papermaking process 

( e . 9 .  the Fourdrinier press). This commonly represents 

5-10% of the mill throughput. However, it can represent 

up to 30% of the mill throughput when the mill is using 

recycle waste paper stock. This is a result of the greater 

, proportion of short fibres produced when recycle paper 

stock is used and imposes an economic (and practical) 

limit on the extent of recycle paper used in pulping 

operations. 

Paper mill sludge is an ideal feedstock for the 



process and produces a yield of levulinic acid of around 

9001b/ton dry feed and formic acid at around 350 ib/ton. 

The profitable use of such waste muds would encourage 

more widespread use of recycle paper by paper mills. 

Paper mill muds are typically dssposed of by landfill 

at a cost of $30 per wet ton. 

2.Sewaqe sludqe: Waste sewage sludge from sewage 

treatment plants can contain over 50% cellulose. This 

is an ideal feedstock for the Biofine process since it 

is available as a pumpable sludge and it often contains 

a high percentage of cellulose. The primary product 

of the process when operating on this feedstock is levulinic 

a c i d  at a y i e l d  of around 500 lbs/ton dry sludge. Formic 

acid is also produced at around 200 ibs/ton. Typical 

disposal costs for sewage sludge in landfills or 

incinerators is around $30 per wet ton. 

3.Wood fibres and sawdust: Wood fibres and sawdust 

wastes from fibre board manufacturing, logging or sawmill 

operations provide a suitable feedstock for the process. 

With this feedstock significant furfural is produced 

simultaneously with the levulinic acid. Yields for the 

process are around 500 lb of levulinic acid, 3001b of 

furfural and 150 lb of formic acid per ton of dry feedstock. 

A further byproduct in this case is lignin which is produced 

as a finely divided brown powder. This can be burned 

to produce energy for the process. In most instances 

use of lignin as an energy source makes the process self 

sufficient in energy. Lignin itself also shows considerable 

promise as a source of high value chemicals and could 

in the future lead to additional revenues. 

4.Waste paper: Waste paper separated from municipal 

solid waste makes an ideal feedstock. The predominant 

product in this case is levulinic acid and expected yield 



is 900 lbs levulinic acid and 390 lb of formic acid per 

ton of cellulose (dry basis). Paper a n d  other cellulosic 

products comprise the major component of municipal waste 
\ 

and in recent years it has become normal practice in 

most areas to separate the cellulosic fraction from garbage 

for separate treatment such as cbmposting incineration 

or recycling to paper mills. A huge supply of municipal 

w a s t e  paper is available in most areas of the U . S .  

5.Agricultural Residues: Sugar c a n e  bagasse, straw, 

hay, brewers' g r a i n s ,  corn stover and other cellulosic 

agricultural residues are suitable feedstocks. With 

these feedstocks furfural is produced in parallel with 

levulinic acid and formic acid. As with other 

lignocellulose feedstocks a lignin residue is also produced 

which should allow the process to be energy self-sufficient. 

2.2 Levulinic acid derivatives 

Levulinic acid is the major product from the process. 

It has a worldwide market of around 2 million lbs/yr 

at a price of around $6 per lb. Levulinic acid is an 

extremely versatile chemical but its high price has 

inhibited its large scale use. The Biofine process can 

produce levulinic acid at a price range of C4 to C32 

per lb d e p e n d i n g  on scale of operation and feedstock. 

A t  this price level levulinic acid produced using 

this process would not only be expected to capture not 

only the existing levulinic acid market but also allow 

economic conversion to a wide range of useful chemicals 

and fuel extenders. Some of these are discussed below: 

1. Delta amino levulinic acid DALA: DALA is a 



naturally occuring non-protein amino acid which is now 

being developed as a highly potent pesticide against 

a wide range of weeds and light-sensitive insect pests. 

Most major crop plants such as wheat, oats, corn and 

barley have been shown to be unaffected by DALA. Because 

light triggers the pesticidal action, DALA has been called 

a "laser" pesticide. 

DALA is the focus of a very important direction 

of research into naturally occuring compounds with 

pesticidal properties activated by light. A major centre 

of this research is at the University of Illinois and 

is being conducted by Dr. Constantin Rebeiz. 

The present world market for herbicides has been 

estimated to be nearly $10 billion and for insecticides 

around $6.5 billion. By the year 2000 these markets 

are expected to double in dollar value. It is 

conservatively estimated that present formulations of 

DALA could capture up to 15% of this future total market 

or 400 million lbs/yr by the year 2000 due to the non-toxic 

biodegradable and highly specific nature of DALA. (Recent 

publications discussing herbicide and insecticide markets 

and the potential of DALA are included in the appendix). 

The pesticide technology based on DALA has been 

developed as a result of several years research at the 

University of Illinois by Dr. Constantin Rebeiz. Several 

recent publications on this work are included with this 

document. The development work is expected to result 

in approved commercial herbicide formulations by 1991. 

The expected market for these formulations will create 

a demand for DALA of at least 100 million lbs per year 

by the end of the century. One major obstacle to large 

scale use of these formulations is the price of DALA. 

Recent feasibility studies carried out by a chemical 



company supporting the development work resulted in a 

production cost projection of $lO/lb for DALA, based 

on currently available technology. At this price economic 

large scale DALA application to most crops is limited 

to approximately 0.25 lb/acre. However, present research 

shows that DALA must be applied at a level of around 

0.5 lb/acre for best results. Thus, the current price 

of DALA hinders cost-effective large scale application. 

Very recently DALA has been reported to increase 

crop yields by up to 25%. This work has been carried 

out by a group of Japanese researchers. This use for 

DALA would stimulate markets for DALA not only as a 

herbicide but also in fertiliser formulations! 

Based on an established chemical synthesis route 

from levulinic acid, Biofine anticipates a production 

cost for DALA of around $2.00/lb, using their process, 

This represents a considerable advantage over competing 

DALA production technology and should allow economic 

application of DALA at optimum levels. 

2.Methyl tetrahydrofuran (MTHF): An extremely 

promising very large volume use for levulinic acid is 

MTHF. MTHF has been shown to be an excellent substitute 

for gasoline for automotive use. It can be blended with 

gasoline at up to 70% by volume without adverse effect 

on engine performance. Pure MTHF has an octane value 

of 87, equivalent to that of -base gasoline. MTHF fulfils 

new EPA requirements for a higher level of oxygenates 

(compounds containing oxygen) in gasoline. Furthermore, 

MTHF lowers the Reid vapour pressure of gasoline blends. 

MTHF can also be used as a cosolvent for methanol in 

gasoline. In addition, MTHF has a higher specific gravity 

than gasoline and consequently, increases the rni'les per 

gallon obtained from the fuel. 



MTHF can be produced directly from levulinic acid 

by hydrogenation at large scale at a production cost 

of price of $0.04/lb. This price level would allow it 

to be used economically as a commercial gasoline substitute. 

MTHF is believed to be miscible with methano1,in + 

all proportions and could act as a cosolvent for methanol 

in mixtures with gasoline. This suggests at least two 

strategies for high octane alternative fuel blends: 

Either straight MTHF-methanol binary mixtures or ternary 

mixtures of MTHF, methanol and gasoline could be used 

to replace gasoline-only fuels. Blends of MTHF and methanol 

or other octane enhancer could be sold to gasoline blenders 

as octane enhancing mixtures. A further advantage for 

MTHF is its relatively high density of 7.2 lbs/U.S.gallon 

compared with gasoline at 6.2 lbs/u.S.gallon. This gives 

an energy content close to that of gasoline. 

Engine tests using blends of MTHF with gasoline 

have been carried out over the last four years at the 

Florida Institute of Technology (Melbourne, Florida). 

It is understood that these tests showed that: 

1. Blends of up to 50% MTHF in gasoline performed 

consistently better than commercial gasohol in terms 

of engine power output. 

2 .  There was no significant difference in the 

performance of MTHF blends of up to 40% compared with 

straight gasoline in terms of power output. 

3. At all blend percentages automobile engines ran 

smoothly without carburettor adjustment from that using 

gasoline. 
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A major two year truck and commercial vehicle fleet 

trial is under way in Atlanta Ga. being funded by Bell ~ 

South Enterprises Inc. and the state of Florida. This 

trial will determine such factors as the optimum MTHF 

blend in gasoline. 

The usage of gasoline in the US is around 100 billion 

gallons per year. If MTHF replaced as little as 1% (similar 

in volume to the ethanol usage in "Gasohol") this would 

create an annual demand for one billion gallons of MTHF 

equivalent to over 10 billion lbs. of levulinic acid. 

3.Diphenolic acid: Diphenolic acid is used as a 

component in protective and decorative finishes. It 

can also be used as a substitute for bisphenol A ,  the 

primary raw material for epoxy resin. 

Diphenolic acid is produced on reaction of levulinic 

acid with phenol. The levulinic acid price is the most 

important component of the price of diphenolic acid. 

With levulinic acid at say $1.50/lb, it is estimated 

that diphenolic acid could be produced for $2.00/lb. 

This compares favorably with the price of bisphenol A 

at around $3.00/lb. The market for Bisphenol A is estimated 

to be 250 rnill.lbs/yr. It is very likely that diphenolic 

acid at $2.00/lb. could not only capture 20% of this 

market but also recapture some of its old uses as coating 

material. These uses are predicted to be around 25 

mill.lbs./yr. It is therefore estimated that diphenolic 

acid at $2.00/lb. could achieve a market of 75 mill.lbs./yr. 

over the next five years. This would create an additional 

market of 35 million lb/yr for levulinic acid. 
- 

.4. Other derivatives: In addition to the products 

discussed above there are many other chemicals such 

as solvents, plasticizers, disinfectants and pharmaceuticals 



with established markets which could be produced 

economically from levulinic acid i f  the price of levulinic 

acid were lower. These chemical products are discussed 

in four publications provided in the appendix. 

In summary, if markets for the main products develop 

as indicated above the following volume markets for 

levulinic acid could be created: 

Product Use Expected levulinic acid 

Market (mm lbs/yr) 

-- 

Lev acid Existing market 2 

DALA Herbicide 100 to 400 

MTHF Gasoline 10000 to 100000 

Diphenolic Monomer 35  

acid 

Tetrahydro- 200 

f u r a n  

1,4 butanediol Monomers 200 

Other Specialty chem. 20 to 200 

Solvent 



3.0 Process Economics 

Process economics for production of levulinic acid 

using the Biofine process are presented below. Three 

production scales are analysed; a small and a medium 

scale plant (Tables 1 and 2) using 250 and 5000 dry tons 

of waste paper mud producing levulinic acid at a cost 

of $2.00 and $0.24 per lb. respectively, followed by 

a typical large scale plant (Table 3 )  processing 250,000 

dry tons of a mixed wastepaper feedstock producing'levulinic 

acid at a production cost of $0.04/lb (allowing economically 

feasible conversion to MTHF as a gasoline extender). 
* 

The large scale plant would produce 225 milliion lbs 

of levulinic acid which would be converted to 20 million 

gallons of MTHF for gasoline use. 

The process feedstock in the first two instances 

would be paper mill sludge and it is assumed that this 

is received at a nominal cost of $lO/ton. The plant 

would be set up at the site of a paper mill utilising 

steam and other utilities available on-site. Site waste 

treatment facilities would be utilised and solid wastes 

would be burned for their energy value (the hydrophobic 

waste tars from the process make excellent high energy 

value fuels). For the larger scale plant the feedstock 

might be a combination of paper mill mud, mixed wastepaper, 

waste sewage sludge or agricultural residues. 

The capital costs of the plants have been developed 

based on the recent feasibility study carried out by 

Badger Engineers (Cambridge MA) for a plant utilizing 

20,000 tons/annum wood. The capital cost of a plant 

using waste sludges or waste paper would be lower than 

one using wood due to three factors: firstly the relative 

ease of preparation and handling of the sludge or wastepaper 



Table I. Small Scale Process Economics 

Process Capacity: 250 tons wastepaper mud/yr (Dry) 

Plant Capital cost $2.0 million (excl. working capital) 

P r o d u c t i o n  rate levulinic acid 0.2 million lbs/yr 

On-stream factor 3600 hrs/yr (150 days) 

OPERATING COSTS 

Raw Materials 

Wastepaper mud 250 dry t o n s  @ $lO/ton 

D I B K  1200 lbs/yr @ C80/lb 

Sulphuric acid & rnisc. chemicals 

Subtotal 

Utilities 

Steam 

Heating fuel 

Power 

Water 

Labour 

Operations 

Maintenance 

generated on  site 

800 rnm BTU/yr @ 

$5/m BTU 

100 kw @ C5,0/kwh 

1 opr/shft @ $15/MH 

4% fixed capital 

Subtotal 

Subtotal 

Burden 

Supervision & 

Services 25% operating labour 90000 

G & A  40% oper. & maint. 80000 

Taxes & Insurance ( t a x  exempt R&D) 

Subtotal 170,000 

Net Operating Cost 383,000 

or $2.00 per Ib of levulinic acid 

Sales: 0.2 million ibs lev. a c i d  @ $2.00/lb $400,000 



Table 2. Medium Scale Process Economics 

Process Capacity: 5,000 tons wastepaper rnud/yr ( ~ r y )  

Plant Capital cost $8.0 million 

Production rates levulinic acid 4.5 million lbs/yr 

formic acid 1.8 million lbs/yr 

On-stream factor 8000 hrs/yr 

OPERATING COSTS 

~nits/Unit price S/yr 

Raw Materials 

Subtotal 

Wastepaper mud 5,000 dry tons/yr (free) - 
DIBK 24125 lbs/yr @ +73/lb 17611 

Sulphuric acid & 

misc. 12389 
30,000 

Utilities 

Steam 

Heating fuel 

Power 

Water 

Other 

Labour 

Operations 

Maintenance 

Burden 

generated on site - 
20000 mm B T U / ~ ~  @ 

$ 5 / m  BTU 100000 

350 kw @ C4.7/kwh 310000 

1000 

(inc. waste disp.) 142600 

Subtotal 300,000 

3 operators/shift @ 

$15/MH 360000 

3% fixed capital 240000 

Subtotal 600,000 

Supervision & 

Services 25% operating labour 90000 

G & A  40% oper. & maint. 240000 

.Taxes & Insurance 4% fixed capital 320000 

Subtotal 650,000 

Byproduct Revenue Formic Acid @ $0.30/lb (540,000) 

NET PRODUCTION COST 1,040,000 

Levulinic Acid Production Cost $0.24/lb 

Profit (pretax) L.A. Transfer price @ $0.50/lb 1,170,000 



Table 3 .  Large Scale Process Economics 

Process Capacity 250,000 dry tons/yr waste paper mud, 

and wastepaper. 

Plant capital cost $90' million (incl. working capital) 

Production rates levulinic acid 225,000,000 lbs/yr 

formic acid 89,000,000 lbs/yr 

OPERATING COSTS 

Raw materials 

Feedstock 250000 dry tons wastepaper 

DIBK 1.1 mill.lbs/yr @ C73/lb 803000 

Sulphuric acid & rnisc. chemicals 595200 

Subtotal 1,398,200 

Utilities 

Steam generated on site - 
Heating fuel 500 billion BTU/yr @ 

$4,7/mm BTU 2350000 

Power 6000 kw @ C4.7/kwh 2256000 

Water 50000 

Waste disposal incl.on site incin. 250000 

for steam Subtotal 4,906,000 

Labour 

Operation 15 operators/shift @ 

Maintenance 

Burden 

3% fixed capital 2700000 

Subtotal 4,500,000 

Supervision & 

services 25% operating labour 450000 

G & A  40% oper. & rnaint. 1800000 

Taxes & Insurance 4% f i ~ e d  capital 3600000 

Subtotal 5,850,000 

Byproduct formic acid @ $0.08/lb (7,100,000) 

TOTAL PRODUCTION COST 9,554,200 

Levulinic Acid Production Cost $0.042 / lb 



feed; secondly the absence of extraneous organics 

(extractives) and significant lignin in the feed and 

thirdly, the higher proportion of cellulose normally 

found in waste paper and wastepaper sludges. Furthermore, 

plants for processing sludges would be skid-mounted and 

modular further reducing capital costs. 

A small scale operation processing 250 tons per 

year represents a scale of operation on which the technology 

could be proven technically. Sale of 200,000 lbs per 

year of the product at $2.00 per pound would cover the 

cost of operation whilst demonstrating the technology. 

A t  a larger scale of 5000 tons per year, processing 

wastepaper mud gives an attractive return on investment 

with levulinic acid being sold at $0.50/lb to be converted 

into the high value derivatives described earlier. For 

small and medium scale operation, byproduct formic acid 

is sold into the existing market. 

Large scale operation where the levulinic acid product 

is converted to MTHF for gasoline use ($1.00 per gallon) 

also has extremely attractive economics. Formic acid 

in this case would be sold as a feedstock for formaldehyde 

or sold on the merchant market at a price of $0.08/lb, 

well be-low the current market price. 

Once the technology is proven on a small scale, 

intermediate scale plants would be built to produce 

levulinic acid for conversion into the various high and 

intermediate value chemicals described in the last section. 

A t  larger scale the economics become even more attractive. 

In addition, capital costs might be defrayed 

considerably by federal and state assistance to encourage 

a plant which solves a serious waste disposal problem 

whilst significantly reducing the 'country's dependence 

on imported oil for gasoline production. 
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Abstract 

Thirteen cropping systems using biomass crops in monoculture, double cropping, and intercropping were 
conducted with four rates of N for five years at two sites. Total above ground biomass was harvested 
and removed. Alfalfa and sweet sorghum removed the greatest amounts of K and had the lowest soil test 
K values after 5 years. Switchgrass removed the least K; about one-half as much as sweet sorghum. 
Reed canarygrass required the greatest rates of N and rnonocropped sweet sorghum the least (70 kg ha"). 
Sweet sorghum yielded up to 26 Mg ha-' and contained 11 Mg ha" of cellulosic fibers and 7 Mg ha-' of 
soluble sugars. Methods of fermenting sugars and fibers are discussed. 



Introduction 

Renewable sources of energy that contribute no net production of carbon dioxide are needed from both 
an atmospheric aspect and because fossil fuel supply is finite. Biomass from herbaceous crops has the 
potential to supply both solid and liquid fuels as renewable sources of energy. Another advantage of 
biomass crops is that the product can be diffuse and thereby reduce transportation costs. Use of 
herbaceous energy crops will broaden the crop base in farm communities and improve rural economic 
conditions and reduce overproduction of grain crops. 

This study was conducted in the North CentraI Region of the USA, which has highly productive soils and 
a suitable climate. The objective was to identify species and agronomic practices that result in high yield 
of biomass per unit of land area. 

Experimental Procedures 

The studies were conducted at Ames, a central Iowa location on prime row crop land with zero slope, 
and at Chariton, a southern Iowa location on marginal land with slopes of 5 9 % .  Thirteen cropping 
systems were used from 1988-1992. Four perennial crops were grown that do not require annual 
seeding: alfalfa (variety Arrow), reed canarygrass (Venture), which are two C, cool-season crops, 
switchgrass (Cave-in-Rock), and big bluestem (Sunny View), which are two C, warm-season grasses. 
Alfalfa and reed canarygrass also were grown as perennial crops in which 8-em wide tilled slots 76 cm 
apart were made for planting of sweet sorghum (M81E) or sorghum x sudangrass hybrid (FFR201) after 
the first cutting of alfalfa or reed canarygrass had been removed. The sorghums were harvested in late 
August and a final harvest of the forage crop regrowth was taken after frost. This perennial prairie 
system used a cool season crop for growth from early spring until late fall, which was supplemented with 
a C ,  warm-season sorghum for rapid growth during midsummer when the cool-season crop normally has 
limited growth. Sweet sorghum and the forage sorghum were planted each year on the same plots in 76- 
cm rows., The sorghums also were double cropped with fall seeded rye (Aroostook), which was harvested 
the following May before seeding the sorghum. Sweet sorghum also was grown in a three-year rotation 
consisting of corn (Pioneer 3377), soybeans (Pella or Hack), and sole sweet sorghum or sweet sorghum 
double cropped with rye seeded after soybean harvest. All systems except soybeans and sole alfalfa 
received four rates of nitrogen fertilizer (0, 70, 140, and 280 kg ha"). A single yearly harvest was made 
of all crops except for two or three cuttings per year for alfalfa and reed canarygrass. 

The experimental design at both locations was randomized complete block with nitrogen treatments as 
subplots with four replications. Main plots were 6 x 31 m and the subplot 6 x 7 m. Severe droughts 
occurred in 1988 and 1989. Rainfall in 1990 was much above average and slightly above average in 
1991 and 1992. 

Results and Discussion 

Two of the concerns associated with biomass production are the amount of n'utrient removed, since all 
the above ground vegetation is removed, and the soil may he bare and therefore susceptible to soil losses 
due to water erosion. Soil loss with sod-forming biomass crops is minimal, but like those grown for 
forage there is appreciable nutrient removed. For hiomass row crops soil losses can be large along with 
nutrient removal by the crop. Table 1 illustrates the nutrient and soil losses for the two contrasting sites. 
The initial K soil test at Ames was lower than that at Chariton so a greater maintenance level of K was 
applied each year. After 5 years the lowest levels of soil K were for alfalfa and continuous 



Table 1. Effects of six cropping systems on soil potassium 
after 5 years and annual soil loss at two sites 

Annual Reed Sole 3 Yr 
Initial K canary- Switch- sweet Sorghum rota- 

Site soil K added Alfalfa grass grass sorghum + rye tion" 

(g kg-') (kg ha-') ..................... soil test K after 5 years (g kg'') ------------------- 

Ames 125 167 147 184 222 144 148 173 

Chariton 147 139 125 158 148 128 140 136 

-------------------------- soil loss (Mg ha-' year -I)--------------  ----------- 

Ames 0.05 0.04 0.05 4.89 3.06 3.29 

Chariton 0.35 0.31 0.33 35.62 22.27 32.33 
*Corn-Soybean-Sweet sorghum 

monocrops of sweet sorghum. Alfalfa with dry matter yields of 9 mg ha-' containing I .  8 % K removed 
162 kg ha" per year. Sweet sorghum had about twice the dry matter yield but one-half the concentration 
of K and therefore removed the same amount of K. Reed canarygrass at 9 mg ha-' containing 1.1 % K 
removed 100 kg ha-'. Switchgrass at 12 mg ha-' with 0.7% K removed the least K, 84 kg ha-'. The final 
K soil test reflect the variable amounts of K removed by the crops. The maintenance level of K used at 
Ames maintained or increased soil K whereas the lower maintenance level used at Chariton failed to 
maintain soil K level for the large K usage crops. 

The lower part of Table 1 shows the estimated soil loss (Wischmier and Smith, 1978) for six of the 
cropping systems. At the Ames site with 0% slope soil losses were minimal, even for the row crop 
systems. At Chariton with slopes from 5-9% the loss was minimal for the perennial sod forming species, 
but large for the annual roy crop species. Planting of fall-seeded rye after harvest of sweet sorghum 
reduced soil loss 37%. Rye provided some protection during the fall, but the main beneficial effect was 
in the spring. Rye is a very cool-temperate crop and was headed and about 1 m tall by the time it was 
harvested on about May 15 and sorghum was planted in its sod. 

The response of these six cropping systems to rates of fertilizer N are presented in Table 2. Reed 
' 

canarygrass showed the greatest response to rates of N. There was a definite response to N rates greater 
than 140 kg ha-' of N. Sweet sorghum in continuous monoculture or in rotation with corn and soybeans 
showed little response to rates of N greater than 70 kg ha-'. When we have grown sweet sorghum 
following a crop of soybeans or red clover there has been little response to added N fertilizer. If sweet 
sorghum was double cropped with rye there was response to N rates greater than 140 kg ha-' . At the 
0 and 70 kg ha-' rates of N the total dry matter yield of sweet sorghum plus rye was less than the sole 
crop of sweet sorghum, because the use of N and soil moisture by rye severely reduced the yield of the 
sweet sorghum portion of the double crop. 



In rotation following soybean, the double crop (sorghum + rye) yielded greater than the sole sweet 
sorghum at 70 kg ha-' of N. At 140 kg ha-l this system produced 22 Mg ha-' biomass which indicated 
the N benefit of the rotation. 

Table 2. Influence of N fertilizer rate on dry matter yield and mean percentage N 
of tissue at  two sites for five years 

Sweet Sweet Sweet 
Nitrogen Reed Switch- sorghum sorghum Sweet sorghum 
fertilizer canary- grass mono- + We. sorghum + r y e i n  
kg ha" grass culture double rotation rotation * 

crop * 

Tissue N 1.5 0.8 0.9 1.2 0.9 1.2 
( % I  

'Total biomass of sorghum plus rye. 

The bottom line of Table 2 gives the percentage of N of the biomass as a mean across N rates. Reed 
canarygrass forage had about two times the percentage N of switchgrass. Sweet sorghum had about the 
same percentage N as did switchgrass but a greater biomass yidd.  Sweet sorghum double cropped with 
rye had 1.2% N in the combined forage. 

With adequate N the mean five year dry matter yield of monocultured sweet sorghum at Chariton was 
17.8 Mg ha-' which was 3% greater than the yield at Ames. In contrast, corn grain and total biomass 
yields were 77 and 44% greater at Ames with the deeper soils than at Chariton. Like grain sorghum, 
sweet sorghum is more tolerant to drought and low productive soils than is corn. Sweet sorghum 
germinates in cool soils about as well as does corn, hut it has very low spring vigor compared to corn. 
Plant height of sweet sorghum may be only 25% of that of corn by early July. As soil temperature 
warms and days begin to be hot, sorghum has growth rates of about 1.5 times that of corn during the last 
two weeks of July and the month of August. During the droughty and very hot growing season of 1988 
sorghum yields at Chariton were 19 Mg ha'' and total biomass of corn was 7.8 with a grain yield of 2.6 
Mg ha-'. 



Table 3. Influence of yield level of sweet sorghum on percentage of cell wall fibers, 
protein and total sugars of the forage 

Dry matter yield Cell wall fibers Protein Total Sugars 
(NDF) 

--- Mg ha-' --- ......................... Oi0 of the dry matter ----------------- --------- 

10 62 4.2 19.6 

15 57 5.5 22.1 

20 53 5.9 24.6 

25 48 5.9 27.1 

With forage crops there is variation in NDF (neutral detergent fibers), which is a measure of total cell 
wall fibers (cellulose, hemicellulose and lignin), associated with leafiness and stage of plant maturity. 
However, at the hay stage of harvest, grass species have NDF values of about 6046, which does not vary 
much between species, and legume species have values of approximately 45%. Table 3 shows that level 
of dry matter production per unit area of land of sweet sorghum had an appreciable influence on 
percentage cell wall fibers and on percentage of total sugars. The lower levels of yield were associated 
with drought and/or N fertility level as indicated by percentage of protein in Table 3. Cell wall fibers 
were inversely related to dry matter yield whereas total sugars were positively related. Therefore, if 
soluble sugars are the end product of sweet sorghum, high yields are beneficial, but if cellulosic fibers 
are the end product, reduced yields are partially compensated for by increased concentrations of fibers. 
The following regression equations describe the relationships: .. 

% NDF = 68.0 - 0.80 x dry matter (Mg ha") P > 0.01 
% Cellulose = 36.6 - 0.42 x dry matter (Mg ha") P > 0.05 
% Hemicellulose = 28.5 - 0.50 x dry matter (Mg ha-') P > 0.01 
% Total sugar = 14.6 + 0.51 x dry matter (Mg ha+') P > 0.01 
% Total NDF + sugar = 83.5 - 0.41 x dry matter (Mg ha-') P > 0.30 

Seven commercial cultivars of sweet sorghum from the Gulf Coast (Hills et al., 1990; Smith, et al. 1987) 
were grown in 1990 in a field following soybeans with 120 kg ha-' of fertilizer N.  The material was 
harvested late in the growing season, October 8. Sugar yields (Mg haA1) were: 8.4 (M81E), 7.4 (Wray), 
7.1 (Theis), 6.5 (Dale), 5.7 (Rio), 5.4 (Cowley), and 5.3 (Keller). Fresh weights varied from 103 Mg 
ha-' for M8lE to 80 for Cowley and dry weight from 26.3 for Theis to 21.6 for Dale. Calculated ethanol 
yields as 85% of theoretical varied from 4760 L ha" (500 gallonlacre) for M81E to 3020 L (320 gailon) 
for Kel l er . 

The maturity of Gulf Coast cultivars of sweet sorghum is delayed due to the long days in the Midwest 
and therefore, they grow to heights over 3.5 m. Wind and rain storms during late July and August may 
cause severe lodging. During the last three growing seasons we have sprayed plants on about July 20 
with 0.25 kg ha-' of ethephon. This treatment increases the diameter of the lower internodes, decrease 
plant height 0.5 m, decreases lodging, and slightly increases Brix values of stalk sap at harvest. Rates 
below 0.3 kg ha-' have not decreased total dry matter or sugar yields. Under commercial production 
conditions, some treatments such as ethephon would be essential since lodging makes harvest slow and 
difficult. 



During 1990 we applied a sugar ripener such as is used in Hawaii on sugar cane. A light rain occurred 
within an hour after application that apparently washed some of the chemical from the leaves below the 
whorl. This treatment applied when heads were 2 cm long increased Brix stalk sugar 25%. In 1991 the 
treatment severely damaged the lower leaves of the plant. This year we will use a high clearance sprayer 
with shields to protect leaves below the whorl. 

We use Dual (metolachlor) herbicide and treat the seed with Concept I1 (orebetrinil). Sweet sorghum is 
planted late May or early June and harvested between September 15-25. A frost kills the succulent leaves 
and a freeze causes rancidity of the stalk sap; presumably lactic acid is formed (de Mancilha et al., 
1984). Plants apparently carry a sizeable culture of lactic acid bacteria since within hours after harvest 
lactic acid can be found and within one day the pH decreases to 3.7. At this pH the silage becomes 
bacteriostatic if it had been ensiled under anaerobic conditions and stores at room temperature for one 
year with about 90% of the sugar intact. If the forage is ensiled with a yeast, the rate of ethanol 
development is slow and incomplete; probably due to lactate inhibition. If the forage is sprayed with the 
equivalent of 100 L ha-' of fertilizer grade sulfuric acid and inoculated with yeast under anaerobic 
conditions, ethanol fermentation is complete in 3-4 days. Since forage spoils rapidly and with a mass of 
80-100 Mg ha-', we have proposed that the crop he ensiled on the farm in plastic lined trench silos 
(Gibbons, et al. 1986). Another method is to use the long plastic bag and packer. A top loading packer 
is essential since with a bottom packer a large volume of liquid drains during packing. The silage after 
fermentation only contains 5 4 %  ethanol which makes distillation slow and inefficient from an energy 
aspect. The silage residue, however, has enough energy to drive the distillation. The fermented silage 
cold be moved across a hot plate to evaporate the ethanol and the dry residue used to heat the hot plate. 
Possibly a simple still could be used to produce a 4040% ethanol solution which would leave the farm. 

Foragefrom sorghum contains about 10 Mg ha-' of cellulosic material (Victor and Miller, 1990) which 
could be converted to ethanol by NREL's SSF process. A method of using both the sugar and cellulosic 
parts would be to replace the cutting cylinder of the forage harvester with a 3-roller press that mainly 
expresses water from the pith containing much of the sugar. Possibly 55% of the sugar in 30% of the 
water could be expressed as a solution for fermentation to 10% ethanol. The crushed stalks residue 
would dry in the field and be haled for SSF. The hales could be stored and would weigh only 25% as 
much as wet forage. 

Fermentation of sweet sorghum to lactic acid also is a possibility. Since ensiled sweet sorghum without 
acidification stores well the silage could he transported to a nearby facility that controlled pH of a batch 
process converting the sugar to lactate and possibly the SSF process could be added to produce large 
yields of lactate. Lactic acid is a useti11 feed stock for many processes including the developing use of 
lactic acid for biodegradable plastics. 

In summary, the culture and harvest of sweet sorghum appears to not have any serious problems. In the 
Midwest it is planted after soybeans have been planted and harvested before soybean harvest begins. 
Only a limited number of studies have been conducted on methods of using the sugar and cellulosic fibers 
of sweet sorghum. 
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Abstract 

A large and diverse inventory of secondary products arise from processing of 
agricultural commodities. Societal, economic and physical constraints will curtail traditional 
disposal methods and create a need for alternatives that conserve, recycle and capitalize 
upon these underutilized resources. Economic viability of some processes or primary 
products may depend to a great extent upon practical alternatives for disposing of secondary 
products. The broad nature of secondary products and the processes from which they 
emanate along with the complex transformations needed for remediati~n will require the 
efforts of multidisciplinary teams of scientists to identify creative solutions. 

Most secondary products have significant nutritional value and could be fed to 
animals as a means of disposal. However, detailed chemical and biological characterization 
is needed to determine nutrient concentrations and to ensure safety and efficacy. Feeding 
studies will be necessary to demonstrate palatability and to determine effects upon animal 
health and performance. New bioprocessing techniques will be needed to remediate the 
attributes of some secondary products into more appropriate forms or qualities. 

The potential for using wash water biosolids as animal food was investigated. Wash 
water biosolids from a broad cross section of food processing plants were found to be free 
from pollutants and other harmful entities. Nutrient composition varied considerably within 
and among different types of food processing plants (ie., milk vs poultry). However, within 
a particular plant, variation in mineral concentration of biosolids over several months was 
quite small. 

Wash water biosolids from a milk processing plant were found to be free of 
pollutants and to have nutritional value. Diets containing biosolids were palatable when fed 



to sheep, cows, turkeys or swine. Safety and efficacy studies with sheep and swine indicated 
that feeding up to 20% biosolids did not adversely affect growth, reproduction or survival. 

Introduction 

Processing of raw agricultural commodities into consumable products can result in 
a variety of secondary products (unused raw materials, fermentation residues, wash water 
biosolids, coproducts, microbial residues, intermediary compounds, etc.) (EPA, 1989; NRC, 
1983). It is difficult to get an accurate estimate of the quantity of secondary products that 
agricultural processing industries generate, but it would appear to be in the order of millions 
of tons annually on a dry basis. As suggested by Legg (1990), programmatic efforts and 
costs for protecting the environment increasingly will be the responsibility of producers and 
food processing industries. Therefore, the agricultural community has a pending mandate 
to take a proactive approach to control nutrient balances, minimize wastes and conserve 
resources. 

Underutilization of secondary products incurs an enormous economic and societal 
cost to food processing industries. A typical food processing plant that produces 500,000 to 
700,000 gallons of wash water(effluent) can generate 40,000 to 60,000 lbs of wash water 
biosolids (6-7% solids) daily (Belyea, unpub. data). The cost for removal and disposal of 
the solids, if land applied, may range from $0 to $500 per day ($0 to $20 per wet ton, 
depending upon the location and local regulations). However, costs of operating the 
treatment facility and charges for treating discharged water may be $1000 to $2000 per day. 

Some secondary products are recovered and reutilized, but large amounts are applied 
to land, put in landfills, dumped into bodies of water or sent to public treatment facilities. 
Many of these materials, with appropriate remediation, could be used as food for animals; 
this approach could greatly abate the costs and problems associated with disposal and could 
add value to processing. In addition, costs of feeding animals and costs of producing food 
could be reduced; dependence on primary food sources could be diminished. 

Feeding Secondary Products 

The concept of feeding secondary products as a means of disposal is not new. 
Originally, soybeans were processed as a source of oil; leftover residue (soybean meal) 
initially was land applied as a means of disposal. From characterization data and nutritional 
evaluations using animals, it was demonstrated that soybean meal had excellent nutritional 
value and could be fed to food producing animals as a protein source. Today, soybean meal 
(the secondary product) has higher value than oil (the primary product) per bushel of 
soybeans. Soybean hulls, another secondary product of soybean processing, are a valuable 
food for ruminants and also add value to soybean processing. Soybeans are processed 
efficiently; better than 98% of the raw material is accounted for in the primary and 
secondary products. 



There are many other examples of secondary products that now are reutilized as feed 
ingredients for animals as a means of disposal. The brewing industry generates about 10-12 
lbs of brewers grains (dry basis) per barrel of beer (Anonymous, 1977); about 2.4 million 
tons (dry basis) of brewers grains were produced in 1985 (Chandler, 1991). Brewers grains 
are excellent food for ruminants, because of high protein content. However, at one time, 
they were considered to be a waste product and were dumped on land, in landfills or in 
rivers. High protein content created a serious pollution problem. It was shown that brewers 
grains were a valuable protein feed source and that animals would perform adequately when 
fed diets containing brewers grains. Today, brewers grains are disposed of largely as animal 
food; the dairy industry is a major outlet. 

Whey is a secondary product of cheese processing; earlier, much of it was dumped 
into streams and rivers. High organic content makes it a potent source of pollution(Fang, 
1991); this means of disposal was the demise of many bodies of water. Eventually, laws 
were passed to prevent disposal of whey into streams and more positive uses were 
developed. Today it is dried and sold as milk replacer in animal feedstuffs and as a basal 
ingredient in human foods. Corn gluten feed and corn gluten meal (from the wet milling 
of corn), hominy (from processing of starch for human consumption), wheat middlings (from 
flour processing), rice bran (from the milling of rice), potato pommace and beet pulp are 
but a few more examples of a large group of secondary products that previously were 
dumped on land or put into landfills and now are used as animal food. Clearly, animals 
have been used as a means of secondary resource reutilization for a long time. Because 
of the size of the food animal industry, the potential for recycling secondary products as 
animal food is virtually limitless. 

The secondary products described up to this point are produced from common 
materials by traditional processes that are mostly physical in nature. From conventional 
wisdom as well as limited characterization data, both raw material and secondary product 
were considered safe to feed. Because there were fewer regulations when many of the these 
first generation products were developed into animal food, there was less concern for and 
awareness of safety and efficacy. Today, there is on the horizon another generation of 
secondary products that emanate from less well understood processes, many of which are 
biological in mature. Included are microbial residues from ethanol and other fermentation 
processes, biosolids from wash water treatment, amino acid residues, permeates, 
endproducts of starch modification processes, meals remaining from specialty oil crops, etc. 

Because regulations are stricter today and because some secondary products are from 
biotechnological processes, regulations for approval as food will be stricter and require 
considerable testing to demonstrate safety and efficacy. In addition to regulatory issues, 
there are several technical challenges that must be overcome. These include dewatering and 
drying, nutritional interactions when mixed with other feeds, processing to improve quality 
and potential adverse effects on'quality of animal products. There are inherent perception 
difficulties associated with utilization of certain secondary products; adverse perceptions may 
create as many impediments as unique nutritional and chemical properties. It will take the 



cooperative efforts of universities, industry and government to address these issues 
effectively. 

Biosolids Evaluation 

As an interdisciplinary team of scientists, our mission has been to evaluate one 
particular secondary product, wash water biosolids. Initially, the project was supported by 
state and federal funds; eventually several industries became involved. Before analytical or 
animal research was initiated, we accomplished two very important goals. First, we met with 
university, industry and government scientists to obtain a current understanding of secondary 
product utilization. This allowed us to identify potential cooperators and expertises. 
Secondly, we met with appropriate regulatory personnel to discuss our objectives and our 
general plan to be certain that appropriate studies were conducted and that pertinent data 
were collected. A number of very important suggestions were brought to our attention. 
These included: types and numbers of animals, length of studies, tissues to sample for 
analyses, inorganic and organic pollutants and pathogens to assay. From these discussions 
three objectives became apparent:characterization of biosolids, nutritional value and safety 
and efficacy. 

I .  Characterization of biosolids 

There were few data in the literature to describe the chemical, nutritional, pollutant 
and pathogen profile of food processing biosolids. There were characterization data from 
studies on municipal shdge, which is formed similarly to wash water biosolids. However, 
municipal sludges originated from a variety of waste streams and often contained heavy 
metals, organic pollutants and various pathogens; therefore, these data were of limited value. 
To create a database for food processing biosolids, we obtained biosolids samples from 16 
food processing plants (8 milk plants, 5 meat and poultry plants and 3 others). These 
samples were analyzed 'for minerals, inorganic and organic pollutants and pathogens. To 
determine variation in composition, samples of biosolids and influent were taken over 
different time periods from one milk processing plant. Additional details of the methods, 
can be found in Clevenger (1990). 

Mineral profiles of the biosolids are in Table 1. Certain minerals (AI, Ca, Fe, Mg, 
Mo and P) were found in high concentrations compared to those in common feeds. Some 
means were misleading because of extreme values. For example, Mo was very high in one 
sample of milk biosolids; disregarding it reduces the mean Mo concentration from 233 to 
4 ppm. Variation in mineral concentrations within type of processing plants was determined 
for dairy and poultry biosolids; although data are not shown, standard deviations for most 
minerals were 50 to 100 % of the means. 



TABLE 1. Minerals in biosolids (ppm)' 

Mineral Dairy Poultry Pork Protein Fish 

Al 458 1 63 741 0 3805 430 
Ca 90949 4399 301 00 50000 1 360 
Co 2 0 8 3 0 
Fe 1 220 684 1 5800 2635 53 I 
K 10569 17354 461 0 20400 20000 
Mg 6993 1823 I 3480 9825 826 
Mn I l l  40 244 375 13 
Mo 233 6 12 18 0 
Na 49070 261 17 8790 71 25 10700 
P 2831 3 7353 16100 40000 22000 
Sr 143 38 71 74 18 
No. samples 8 3 1 1 1 
'~levenger, 1990 

Variation in the mineral content of influent going to a treatment facility can be large. For 
one milk processing plant, samples of influent were taken over a 23 hour period; the 
standard deviations for Ca, Mg, Mn, Na and Sr exceeded the means, while for K and P the 
standard deviations were at least 50% of the means (Table 2). These changes presumably 
reflect different stages of cleaning cycles, raw product spills, water flushes, etc. Variation 
in mineral concentration of biosolids generated from treatment of the influent was much 
lower; standard deviations were 10% or less for means of all minerals except Sr. 

TABLE 2. Compositional variation influent vs biosolids' 

lnfluenf (rng/L) ~iosolids~ (ppm dry basis) 
- - p p p p p  

Ca 186 + 300 77800 k 1 1400 
Fe .58 2 .2 1200 _+ 200 
K 56 k 36 14400 + 1600 
Mg 53 + 87 10900 k 900 
Mn -44 + .8 268 & 20 
Na 1170 + 1800 1 1 700 +_ 1000 
P 75 -t 62 70700 + 6000 
S i 3.4 2 1.5 93 i 110 
Sr .38 k.7 159+ 19 
'~levenger, 1990 
2 Mean and standard deviation for 4 samples over 23 hr. 
3 ~ e a n  and standard deviation for 20 samples over 133 days. 



Biosolids provided a high degree of buffering against the potential'for extreme mineral 
concentrations. Variation in mineral content of biosolids from one year to another was 
small for one milk plant (Table 3). 

TABLE 3. Variation in minerals by year (ppm)' 

i 

Sr 1 59 141 
'~levenger, 1990. 
2 ~ e a n s  of 20 samples over 133 days. 
3 Means of 20 samples over 1 year. 

Inorganic pollutants in biosolids (Table 4) were low compared to animal tolerances and 
compared to levels found in common feeds. Some inorganics (such as Cr, Cu, Se and Zn) 
that are classified as pollutants are required in low concentrations for normal animal 
functioning. 

TABLE 4. Inorganic pollutants in biosolids (pprn)' 

Milk Poultry Soybean Pork Fish 



Variation in inorganic pollutants from year to year for the biosolids of one milk plant was 
minimal (Table 5). Consistency in composition of biosolids is essential for reliable diet 
formulation. 

TABLE 5. Variation in inorganic pollutants by year (ppm)' 

- - - 

As 0.5 c4 
Cd < 0.5 c 0.5 
Cr 8.1 8.8 
Cu 22 2 
Hg 0.2 --- 
Ni 7.8 7.3 
Pb 8 6 
Sb 8.6 7.6 
Se 0.5 <4  
Zn 122 108 
'~levenger, 1990 
2 ~ e a n s  of 20 samples over 133 days 
3 ~ e a n s  of 20 samples over 1 year 

Biosolids were analyzed for 144 organic pollutants, including pesticides, phenols and 
phlthalates. Most organics were below detection limits (data not shown); those detected 
were at very low levels and included mostly insecticides, phthalates(p1astic residues) and 
polynuclear aromatics. None of the organic pollutants were of significance (Clevenger, 
1990). 

2. Nutritional evaluation 

Nutrient composition of biosolids is summarized in Table 6. Compared to common 
feeds, biosolids contain large amounts of ash, which dilutes the energy concentration. 
However, protein content is relatively high and most of the protein is in amino acid form, 
which is important for efficient N utilization. Many of the minerals are in relatively high 
concentrations. When biosolids are added to practical diets, the concentration of these 
minerals will be reduced greatly. High concentrations of nutrients are not uncommon. 
Many feed ingredients, such as protein supplements, mineral and vitamin supplements and 
certain starch grains contain one or more nutrients in great enough concentration to cause 
health problems if added in excess. 



TABLE 6. Nutrients in biosolids (% dry basis)' I 

Item Concentration 

Protein 35 E A A ~  
Ash 35 Thr 1.5 
Fat 1.3 Val 1.6 
Fiber 34 Ile 1.2 
Ca 7.6 Leu 1.9 
P 6.3 Phe 1.2 
K 1.2 His .43 
Mg .9 LYS 1 .I5 
Na 1.3 Arg 1.5 

Met .55 
I T ~ P  .I8 

1 
TOTAL 1 1  -21 

Clevenger, 1990 
*~ssential amino acids 

Digestibility of the protein and energy in biosolids is 30-40%. This is low compared to most 
common feeds, which usually are 60-90% digestible (Belyea et al., 1991). The amino acid 
profile of biosolids protein is similar to that of soybean meal (Caton, -1991); digestibility of 
minerals (30-50%) is similar to common feeds. Biosolids have a moderate soil-like odor, 
which is minimal when mixed with other feeds. There were no palatability or intake 
problems when diets containing biosolids were fed to cows, sheep, pigs or turkeys. 

3. Safety and efficacy 

Two experiments (one with sheep and one with swine) were conducted to determine 
safety and efficacy of feeding biosolids. Three diets containing 0, 10 or 20% biosolids were 
fed for three years. Survival, health and performance of mothers and offspring were 
measured. There were few significant effects of feeding either 10 or 20% biosolids upon 
survival or performance of sows except that weight at weaning decreased as proportion of 
biosolids increased. This was due to lower energy content; apparently, the energy content 
of biosolids was lower than estimated when diets were formulated. Survival, growth and 
health of pigs was not compromised by feeding diets containing biosolids to sows(Tab1e 7). 
Sows fed the 20% biosolids diet had lower Zn in some tissues and in milk, which lead to 
lower Zn  in some tissues of the pigs. The biosolids diets contained similar and adequate 
concentrations of Zn; high levels of other minerals may have interacted with Zn, reducing 
its availability. Biosolids can be used in practical diets and animals will respond positively; 
some nutritional limitations have to be recognized. 



TABLE 7. Effects of biosolids on pig performance' 

Bornllitter 10.2 10.5 9.6 
Weaned/litter 8.4 8.3 8.2 
Wean weight. ka 7.4 7.4 7.2 
1 Based on 1582 pigs born 145 litters 5 parities, (Zinn et al., 1992). 
*contained 0, 10 or 20% biosolids. 

Biosolids contain relatively high levels of some minerals, such as Ca, P, Mg, Al, Fe and Zn 
(Table 3); fed as the only dietary ingredient, these minerals would exceed tolerances for 
swine. However, including biosolids in practical diets at realistic levels (5-10%) would result 
in mineral concentrations that are very acceptable (Table 8). 

TABLE 8. Biosolids minerals vs tolerance (ppm)' 

Swine Tolerance 
Diets containing 
5 to 10% biosolids 

Cd .5 .04 
Cr 1 000 .6 
Cu 250 2 
Hg 2 .02 
Ni 100 .6 
Pb 30 .6 
Se 2 .04 
Zn 1000 330 
Ca 10000 5800 
K 10000 330 
Mg 3000 820 
Na 40000 900 
P 1 5000 5300 
Al 200 33 
Ba 20 8 
Fe 3000 90 
Mn 400 13 
Mo 20 . I  
Sr 3000 12 
 inn et al., 1992 



Discussion 

Advances in biotechnological methodologies will continue at rapid rates. These 
achievements will impact food processing industries and result in new secondary products, 
many of which will be complex and difficult to evaluate. In conjunction with ongoing 
bioprocess development, various technical, behavioral, economic, informational and 
perception barriers must be addressed. Present or past remediation programs are not likely 
to provide safe, satisfactory, cost effective protection of future plant, animal and human 
health. At present, policymakers do not have adequate knowledge to determine which 
secondary products or processes should be of the greatest concern nor which technologies 
will be the most effective at achieving appropriate environmental impact. 

A survey of food processing industries indicated that economic contribution of secondary 
products decreased from highest value for use as human or animal food to lowest for land 
application (EPA, 1989). Food processors disposed of some food processing wastes as 
animal food; this means of disposal was considered essential. A majority (83%) indicated 
that additional research on new and more effective means of disposal was a very high 
priority; 48 % wanted new research to focus upon development of secondaly products into 
human foods, while a similar number (47%) wanted emphasis upon developing animal 
foods. Therefore, most food processing industries pragmatically view recycling and reusing 
secondary products as foods an important means for accounting for all resources and 
minimizing wastes. 

Understanding physical, chemical and biological properties of secondary products is 
paramount to ensuring innovative formulation, rational biotechnology application and 
effective development of new food and nonfood products. Plant scientists have the tools and 
expertise to modify the amount and types of components in some plants (Visser and 
Jacobsen, 1993). Biotechnological advances that manifest in primary products with new and 
unique characteristics may create secondary products that also have unique characteristics 
and that require detailed evaluation for approval as animal foods. We must evaluate 
molecular interactions to project innovative and effective practical uses of secondary 
products from emerging bioprocessing technologies. 

Economic aspects of secondary product utilization have not been given adequate 
attention. Many secondary products currently fed to animals were once considered to have 
no economic value (NRC, 1983). Changes in bioprocessing technology along with increasing 
costs of disposal, increasing environmental regulations and an increased array of secondary 
products have provided incentive for food processors to take a value added approach to 
secondary product utilization. The energy cost for food production and food processing is 
high (Pimentel, 1990) and ultimately could be a significant factor in bioremediation. 

Renewable resources and secondary products can be converted into safe, convenient, 
marketable materials. Through interdisciplinary research efforts on the development of 
effective processing technologies, we possibly can combine various products into value added 
consummables. 



REFERENCES 

Anonymous. 1977. "Animal Feeds and the Brewing Industry". Brewers Feed. Conf., St. 
Louis, MO p. 3-6. 

Belyea, R.L., J.E. Williams, M.E. Tumbleson, T.E. Clevenger, and J.R. Brown. 1990. 
"Evaluation of Dairy Wastewater Solids as a Feed Ingredient." J. Dairy Sci., 73: 1864- 187 1. 

Caton, J.S., J.E. Williams, T. May, R.L. Belyea, E.E. Beaver, and M.E. Tumbleson. 1991. 
"Evaluation of Dairy Food Processing Wash Water Solids as a Protein Source: 11. Microbial 
Protein Synthesis, Duodenal Nitrogen Flqw and Small Intestine Amino Acid Disappearance." 
J. Anim. Sci., 69:3416-3424. 

Chandler, P.T. 1991. Feeding Brewers Grains. In Alternative Feeds for Dairy and Beef 
Cattle. Nat. Invit. Sym~os.. St. Louis. MO. 

Clevenger, T.E. 1990. "Safety and Efficacy of Food Processing Sludges: Chemical 
Characterization." Res. J. Water Pollut. Control Fed., 62:820-827. 

EPA. 1989. "Significance of Food Processing By-products as Contributors to Animal Feeds. 
Phase I: Food Processing Survey." U. S. EPA. Contract No. 68-02-4763, EPAIHED #08. 
Office of Pesticide Programs, Washington DC. 

Fang, H.H.P. 1991. "Treatment of Wastewater from a Whey Processing Plant Using 
Activated Sludge and Anaerobic Processes." J. Dairy Sci. 74:2015-2019. 

Legg, B.J. 1990. "Farm & Food Waste: Utilisation Without Pollution." In Agricultural and 
Food Processinp. Waste, xi-xxi. St. Joseph, MI: American Society of Agricultural Engineers. 

NRC. 1983. "Industrial Food Processing Wastes." In Underutilized Resources as Animal 
Feedstuffs. washington DC: National Academy Press. 

Pimentel, D. 1990. "Environmental and Social Implications of Waste in U.S. Agriculture 
and Food Sectors." J. Agric. Ethics 35-20, 

Visser, R.G.F. and E. Jacobsen. 1993. Towards Modifying Plants for Altered Starch 
Content and Composition. Tibtech. 1153-68. 

Zinn, G.M., R.L. Belyea, J.E. Williams, M.E. Tumbleson, T.E. Clevenger, and J.R. Brown. 
1992. "Feeding Wash Water Solids to Sows During Gestation and Lactation: Sow 
Productivity, Pig Performance and Tissue Compositions." J. Anim. Sci., 70:3 1 12-3 124. 



FOOD, FUEL, AND FEED PRODUCTION WITH MICROALGAE 

JOHN R. BENEMANN 
JOSEPH C. WEISSMAN 

SEA - AG, INC. 
2030 S.E. OLD DIXIE HWY. # 2 

VERO BEACH, FLORIDA 32962 

Abstract 

Large-scale ( > 10 hectares) microalgae cultures are being used in several countries around 
the world for the production of human food supplements and specialty animal (mainly 
aquaculture) feeds. Microalgae cultures are also extensively used in wastewater treatment 
and being produced on a small scale for soil inoculants and diagnostic reagents. In addition, 
microalgae cultures are being investigated for their potential in fuel production and CO;! 
utilization, as a method for greenhouse gas mitigation. A pilot plant effort in New Mexico, 
under a U.S. Department of Energy / National Renewable Energy Laboratory subcontract, 
demonstrated the feasibility of cultivating a number of algal species in large outdoor ponds 
on brackish waters. Building on this experience, SeaAg, Inc. has developed a process for 
the mass culture of microalgae as a source of bivalve feeds. In this process, algae (diatoms) 
are cultured in large open ponds on seawater, and then fed to clams and oysters, which filter 
and convert the algal cells into high value protein. The SeaAg process is another applica- 
tion of a technology which promises to eventually result in large-scale commercial produc- 
tion of microalgae for a variety of useful products and processes. 



Introduction 

Microalgae production combines plant photosynthesis with characteristics of microbial 
fermentations: high growth rates and hydraulic production systems. Microalgae can be 
grown in the dark on sugars and other carbon substrates, and several processes have been 
developed, but not yet commercialized, for the production of vitamins, food supplements, 
and animal feeds using microalgae grown in fermenters. However, almost all current 
microalgae production systems use sunlight and carbon dioxide as energy and carbon 
sources, and these are the subject of this presentation. 

Microalgae production R&D was initiated forty years ago in the U.S., with human food 
production as a major goal (Burlew, 1953). Over the past four decades microalgae produc- 
tion has been investigated in many countries for this and many other applications: human 
and animal waste treatment, fuels production, heavy metal sequestration, atmosphere 
regeneration in space vehicles, fertilizers, xanthophlls (pigments useful in animal 
feeds), omega3 fatty acids, amino acids and vitamins, diagnostic reagents, surfactants, 
industrial polysaccharides and other specialty chemicals, and, of particular interest recently, 
C 0 2  utilization from power plants for the purpose of greenhouse gas mitigation (Bene- 
mann, 1992a). 

A major practical application of algal pond culture has been in the field of wastewater treat- 
ment. However, in such ponds algal species are not controlled and the biomass is seldom 
harvested. The first large-scale ( > 1 ton/month) commercial microalgae production, of the 
single cell green alga C s ,  was established in Japan during the early 1960s. Chlorella 
is sold as food supplements ("health foodst'), and most production is currently located in 
Taiwan. Production of the filamentous blue-green alga Spirulina, a traditional food in 
several countries, was initiated in Mexico about 1974, and is now also being produced in 
several other countries, including the U.S., where two large ( > 200 tons/year) production 
plants are operating in California and Hawaii. Spirulina is sold mainly as a food supple- 
ment, but is also used to extract a blue pigment, phycocyanin, used as a food coloring agent 
in Japan, and in specialty animal and aquaculture feeds. The third microalga produced 
commercially is the green alga Dunaliella, which grows in hypersaline environments and 
contains high amounts of beta-carotene, a pro-vitamin A, food coloring agent, and a 
reputed anticancer agent. 

Each of these three algae is being currently produced at several sites around the world with 
total production of about 1,000 tons (dry weight basis) each per year. Other, smaller scale, 
current commercial uses of microalgae are in bivalve aquaculture, soil inoculants, heavy 
metal removal from waste waters, and diagnostic products. And, as listed above, many 
other microalgae products and processes have been investigated over the years and some 
demonstrated at the pilot plant scale. 

In this review we present the current status of this technology and discuss some potential 
future developments. 



Microalgae Products and Processes 

Microalgae comprise a vast assemblage of distinct organisms characterized both by their 
microbial nature and their ability to produce oxygen through photosynthetic reactions. 
They are generally microscopic, consisting of single cells organisms or undifferentiated 
cellular filaments or colonies. They can grow suspended in water (planktonic forms) or 
attach to surfaces. Only planktonic forms can be readily produced in liquid cultures. The 
microalgae include thousands of species, including both procaryotes (blue-green algae or 
cyanobacteria) and eucaryotes (green algae, red algae, diatoms, etc.). Between, and even 
within, species there is great metabolic and physiological diversity. 

Microalgae provide a large potential source of useful products and processes which could 
be adapted to the needs of mankind. Significant technical problems remain to be solved 
before microalgae biotechnology can fully exploit the products and processes inherent in 
these photosynthetic microbes. However, the progress made over the past decades has 
firmly established microalgae as part of the repertoire of industrial microbiologists. More 
detailed information is contained in recent books, symposia, and reviews (Soeder, 1978; 
Shelef and Soeder, 1980; Becker, 1985; Barclay and McIntosh, 1986; Terry and Raymond, 
1985; Richmond, 1986a,b; Benemann et al., 1987; Borowitzka and Borowitzka, 1988; 
Lembi and Waaland, 1988; Cresswell et al., 1989; Vonshak, 1991; Tredici and Masserati, 
1992). 

A fundamental issue in microalgae production is the design of the "photobioreactor" in 
which the algae would be cultivated. Many designs have been proposed and tested over the 
years, from small laboratory culture devices to open ponds many hectares in size. The 
design of such systems is constrained by the need to provide light to the culture (e.g. large 
surface to volume ratios), to control the environmental conditions (pH, temperature, dis- 
solved oxygen, etc.), to supply nutrients (mainly C02, also N, P, Fe, etc.), and to control 
contamination (other algae, grazers, etc.). 

Perhaps the greatest constraint is economic: the value of the final product. Thus, the pro- 
duction of, for example, Haematococcus, containing 5% of astaxanthin (a pigment used in 
salmon feeding and valued at $3,00O/kg), could justify a highly controlled, totally enclosed, 
photobioreactor. By contrast, the production of microalgae for high protein animal feeds 
(valued at less than $1,00O/ton of algal biomass) may not be economically feasible even with 
simple, earthwork open ponds. 

The ability to cultivate desirable algal species is the paramount issue. It has not been pos- 
sible to cultivate Haematococcus outside highly controlled (expensive) bioreactors, while 
the production of animal feeds has been demonstrated using wastewaters in simple earth- 
work open ponds. However, in neither case has a commercial success been achieved. Lar- 
ge-scale commercial production is at present limited to the three algae species discussed in 
the previous section and to waste water treatment. These are discussed next, followed by a 
discussion of other possibilities, as represented by high value aquaculture feeds and low 
value fuels. 



Large-Scale Commercial Microalgae Production 

As mentioned above, starting in the early 1960's several production facilities were estab- 
lished in Japan for Chlorella production. Chlorella is marketed as a food supplements, 
mostly in pill form. The initial systems consisted of shallow circular ponds, but by the early 
1970s a paddle wheel mixed, raceway pond design, developed in the U.S. and Germany, 
was adopted. Major problems with the production of Chlorella are the ease of contamina- 
tion of the cultures (requiring large amounts of inoculum) and the high cost of harvesting 
with centrifuges. Some plants use "mixotrophic" growth, in which the algae were grown with 

L acetate (rather than C 0 2 )  as a source of C and also energy, reducing light requirements. 
Chlorella has also been produced in dark fermenters, followed by a brief exposure to light 
(to induce pigments). By the mid 1970's about 40 plants, most located in Taiwan (where the 
climate is better than in Japan), were operating with an annual production of almost 1,000 
tons. Since then there has been considerable consolidation, with less than ten plants pro- 
ducing about 500 tons of dry Chlorella annually. Major companies are Taiwan Chlorella 
Manufacturing, Tunghai Taiwan, Far East Microalgae, and China Chlorella. Production 
costs are high and wholesale prices about $20,00O/tos. 

Spirulina, a filamentous blue-green alga, requires high ( > 15 g/l) bicarbonate medium, but 
is easier to produce than Chlorella since it is resistant to contamination and can be easily 
harvested by screens. Table 1 lists current production facilities. Smaller units ( < 10 ton 
per year) are operating in India, Brazil, and Argentina and a new plant in Thailand is 
reportedly using farm wastes. In China seyeral plants are reported to be operating, produc- 
ing several hundred tons, but no specific information is available. 

Table 1. Spirulina Production Facilities 

Company Luca tion Area Production System 
ha tons/year Design 

ActuaVCavaci ty 

Earthrise Farms So.Calif 8 25 0/300 Raceway 

Cyanotech Hawaii 4 150/200 Raceway 

Siam Algae Thailand 4 100/150 Raceway 

Sosa Texcoco Mexico '33 3 001 1000 Deep Pond 

Blue Continent Taiwan lo? 100?/3 00 Raceway 

Nippon Spirulina Japan 1.5 30/? Raceway? 



Most production systems use the paddle wheel mixed, plastic lined, shallow ( < 30 cm) 
raceway pond design, which allows good control over conditions (such as CO;? supply). 
Individual growth ponds are up to about 0.5 ha in size, although larger sizes are feasible. IN 
these systems Soirulina is normally grown as a continuous culture (vs. batch cultivation for 
Chlorella). The media is almost completely recycled to conserve the expensive bicarbonate. 
By contrast, the plant in Mexico relies on the high bicarbonate waters available at this site 
and uses a deeper (appx. 1 m), unmixed, single pond (33 ha) for Spirulina production, with 
little or no CO;? addition. S~irulina harvesting typically involves fine mesh screens with 
backwash, followed by some type of vacuum filtration. The algal paste is spray dried. 

Three main products are obtained from S~irulina: health foods (powder and pills), animal 
(mainly aquaculture) feeds, and a food coloring agent (phycocyanin) used in Japan and 
produced by Dai N i p p o ~  Ink and Chemicals Co. (DCI). DCI owns the Earthrise Farms and 
Siam Algae production facilities indicated above. The amount of Spirulina used for phyco- 
cyanin extraction, aquaculture feeds, and other animal feeds are approximately about 100 
tons each. About 600 tons are being sold for health foods. Existing plant capacities are not 
fully used (see Table 1). Production costs for the U.S. systems are probably close to 
$10,00O/ton (dry weight powder), with sales prices of about $15,000/ton, wholesale. Pro- 
duction costs for the Mexican plant are probably less than half U.S. plant costs. Current 
Spirulina production could be significantly expanded from existing production systems. 

Dunaliella, a motile green alga that lacks a cell wall, is cultivated in high salt brines for the 
production of beta-carotene. Commercially produced Dunaliellq contains about 3 to 5% of 
dry weight natural beta-carotene, which is a mixture of cis and trans isomers. (Synthetic 
beta-carotene is only the trans isomer). The market for beta carotene is as a vitamin and 
antioxidant, with beta carotene consumption correlated with lower incidences of cancer and 
other diseases. The synthetic product costs about $SOO/kg, the natural algal product sells 
upwards of $1,00O/kg (on a beta-carotene content basis, with some prices quoted as much as 
twice this, wholesale). The product is sold either as a dried powder or encapsulated veget- 
able oil extract. Table 2 lists the major current production plants. 

Table 2. Dunaliella Production Facilities 

Company Location Area Production System 
ha tonslyear of Design 

Beta-Carotene 

Microbio Resources So. Calif 6 2? Raceway 

5 ' Nature Beta Carotene Israel 2? Raceway 

Western Biotech W. Australia < 50 2? Deep ponds 

Betatene Australia ?? 2? Natural Ponds 



The above production estimates are very approximate as no direct information is available. 
The first two plants use paddle wheel mixed, shallow, raceway ponds while the other two 
use deeper, unmixed ponds. Thus, as with S~irulina and Chlorella, no standard production 
system has developed in this field. Overall, it would appear that the raceway pond systems 
have operated more reliably and are more productive, but the relative economics of deep- 
unmixed vs. shallow-mixed ponds has not been established and are very site specific. 

Microalgae are also used for municipal and industrial wastewater treatment. In waste treat- 
ment ponds, known as "oxidation ponds", the microalgae provide the dissolved oxygen used 
by bacteria to break down and oxidize wastes, thereby liberating the CO2, phosphate, 
ammonia, and other nutrients used by the algae. In essence the organic matter in the influ- 
ent, that which does not settle and decompose in the sediments, is converted into algal 
biomass. Discharge of the pond effluents, containing the algal biomass, results in a sus- 
pended solids and BOD load in the receiving bodies of waters, creating potential problems 
(oxygen deficits, eutrophication), unless the effluents can be greatly diluted. If dilution is 
not available, the waste treatment pond effluents must be disposed of on land, the algae 
settled in terminal "settling ponds", or the most expensive option, the algae harvested and 
disposed of. It should be noted that there is no effort made to grow any particular species 
of algae in such ponds. Species control could greatly aid in algal harvesting by favoring 
filamentous or easily settleable algae (Benemann et al., 1980), but his needs much more 
research. 

Most oxidation ponds are relatively deep (typically about 1 - 2 m) and not mixed. However, 
a few municipal waste treatment ponds use mixed raceway pond designs. Examples of 
microalgae wastewater treatment ponds in Northern California are listed in Table 3. The 
mixed raceway ponds do not use paddle wheels, rather relying on recirculation (St. Helena) 
or Archimedes screws (Hollister). The algal pond systems that harvest the algae use chem- 
ical flocculants (lime, alumn, polyelectrolytes). These are, however, not typical examples, 
as few other oxidation pond systems use either the raceway ponds or harvest the algal biorn- 
ass. 

Table 3. Examples of Microalgae Waste Treatment Systems in 
Northern California 

Location Area System Algae Harvest/Disposal 
ha Design 

Napa 140 Deep Ponds Harvest Flocculants 

St. Helena 8 Raceway (2 ha) Terminal Settling ponds 

Sunnyvale 180 Deep Ponds Harvest Flocculants 

Hollister Raceway (5 ha) Land Disposal 



Microalgae Aquaculture Feeds 

There are a few other commercial microalgae products produced at a small scale. 
Examples are the cultivation of microalgae for soil and rice paddy inoculation (Phady, 1985) 
(although the effectiveness of such inocula remains to be demonstrated) and the growth of 
microalgae on isotopically enriched 1 3 ~ 0 ~  to produce diagnostic reagents. The only signi- 
ficant commercial microalgae production aside from those discussed above are in aquacul- 
ture feeds (Benemann, 1992b). Typically in aquaculture operations small batches of algae, 
mainly seawater diatoms and flagellates, are produced under highly controlled conditions in 
translucent cylinders, plastic bags, carboys, or tanks, generally under artificial illumination 
and/or in greenhouses. Production seldom exceeds 100 kg (dry weight basis) per year per 
facility. The algae produced are used for feeding bivalve (oyster, clam, mussel, etc.) larvae 
and "seed", or in the hatchery operations for shrimp and fish (where they are also used to 
produce zooplankton feeds). The algae are produced as needed, and the live culture used 
directly, without harvesting or storage. Several hundred commercial operations are being 
carried out worldwide, both commercial and as part of aquaculture research facilities. 

The largest operations in the U.S. are carried out by oyster and clam aquaculture compa- 
nies (Donaldson, 1991). Examples include Taylor United Co. and Coast Oyster Co., 
located in Washington State, and Aquaculture Research Corp., in Massachusets. These 
companies produce many tens of millions of small animals ("seed") for planting in more or 
less protected estuarine areas, where they then grow to maturity on natural phytoplankton. 
They produce the required algae using indoor and greenhouse deep (appx. 1 m) tanks, 
often with artificial lights, with total algal (dry mass) production of a few tons per year. 
Cost of production even at this scale are high, and have been estimated to be over $250/kg , 

for an optimized facility (Walsh, 1987). The high cost of this feed prevents the growing of 
bivalves to a size larger than a few mm using cultured algae. After reaching the maximum 
size allowed by the algal feed supply, the animals are placed in the natural environment, 
where predation, mortality, and contamination with human pathogens and other pollutants 
are significant problems. 

SeaAg, Inc., a company founded by the authors, is currently producing microalgae for 
bivalve aquaculture in outdoor, paddle wheel mixed, ponds, similar to those used for com- 
mercial microalgae production discussed above. The scale of the operation' is currently 
rather small, with total pond area of about 500 m2, and annual algal production under 2 
tons. This technology could be rather easily scaled-up and production costs would be 
expected to be lower than for other commercial algal production systems as the product 
would not be harvested or dried, normally the major cost factors in such operations. 
Rather, the algal culture is fed directly to bivalves (clams oysters, mussels, etc.) held in 
tanks. Experience over four years of operation has demonstrated that it is feasible to grow 
these animals to a commercial size on cultured algae, producing an animal with more meat 
and better flavor than wild harvests. Using this technology it would be possible to produce 
high value bivalves under completely controlled conditions in a cost-effective manner. 
Perhaps most important, such animals would be free from any potential contamination by 
human pathogens or other pollution, a major problem with natural harvests or even conven- 
tional aquaculture operations. 



Microalgae Fuel Production and C o t  Mitigation 

The possibility of low-cost production of microalgae has attracted the attention of 
researchers for the past four decades starting with the work described in Burlew (1953). . 
Oswald and Golueke (1960) first analyzed the possibility of growing microalgae on power 
plant flue gases (as a source of C02), and converting the biomass to methane gas, which 
could be used as a fuel to operate the power plant. This concept, of coupling algae produc- 
tion with power plant C02 utilization, and thus replacing fossil fuels, has received renewed 
attention with the concern about possible global warming due to C02 emissions. 

The energy crisis of the 1970's had already spurred research on microalgae production for 
fuels. The U.S. Department of Energy, in large part through the Aquatic Species Program 
of the National Renewable Energy Laboratory (formerly the Solar Energy Research Insti- 
tute), has sponsored almost $20 million in basic and applied microalgae production 
research, with the objective of developing low cost technology for microalgae fuel produc- 
tion (Neenan et al., 1986). The emphasis of this program is on the production of liquid 
fuels, specifically vegetable oils that can be rather readily converted to "biodiesel". 
Microalgae, under certain conditions (such as N limitation) produce copious amounts of 
oils. A pilot plant facility located in Roswell, New Mexico, demonstrated the feasibility of 
cultivating various species of microalgae on saline ground waters (Weissman and Tillett, 
1989, 1992). Another major thrust of this program is basic and applied genetics research. 
A smaller program was carried out in Europe a decade ago (Grani and Palz, 1982). An 
ambitious program on using microalgae for C02 mitigation was recently established in 
Japan. 

The goal of producing fuels with microalgae may seem to be even more improbable then 
producing food or feeds with these microbes, considering the relatively high present costs of 
producing microalgae, which are over one order of magnitude higher than those allowable 
for feed or fuel production. However, several factors could greatly reduce the cost of 
microalgae production: increases in scale of operation, from the approximately 10 ha scale 
for current facilities to about 1,000 ha for a fuel production system; the use of unlined 
earthwork ponds, vs. plastic lined ponds; the use of cheaper harvesting methods, such as 
bioflocculation (the spontaneous flocculation and settling of algal cells); development of 
low cost processing of the harvested biomass to fuels; and increasing the productivity of 
algal production, which currently average under 50 mt/ha-yr for commercial systems. 
Indeed, economic analysis carried out by the authors (Benemann et al. 1982; Weissman and 
Goebel, 1987) suggest that in principle low cost production systems are feasible. These 
economic analysis are summarized in Table 4 for a liquid fuels production process using 
power plant flue gas CO2. 

The cost estimate in Table 4 reflects numerous favorable assumptions about both the engi- 
neering and biological aspects of such a system. The individual growth ponds would be 
earthwork construction, paddle wheel mixed raceway designs, with a single central baffle 
and 10 ha in size, over ten times larger than any currently operated. The water source must 
both be freely available and contain sufficient alkalinity to allow for C02 storage. 



Table 4. Capital and Operating Costs for Microalgae Fuels 
(Based on a 1,000 Ha algae production facility) 

Productivity Assumed: 
(ash-free dry weight) % 

Average Daily: 
Annual: 

Capital Costs ($/ha): 
Ponds (earthworks, C 0 2  sumps, mixing) 
Harvesting (settling ponds, centrifuges) 
System-wide Costs (water, C 0 2  supply, etc.) 
Processing (oil extraction, digestion) 
Engineering, Contingencies (25% of above) 
Total Capital Costs ($/ha) 
Capital Costs $It-yr 
Barrels of Oil/ha-yr (@ 3.5 barJt) 
Capital Costs $/Barrel-yr 
Operating Costs ($/ha-yr): 
Power, nutrients, labor, overheads, etc. 
Credit for methane produced 
Net Operating Costs $/ha-yr 
Net Operating Costs $/barrel oil 
C 0 2  Mitigation Credits ($60/tC) 
Annualized Capital Costs (0.2 x Capital) 
Total Costs $/Barrel 
Land Area Required ha/MW: 

Current Maximum 
Projected Theoretical 
30 g,/m2-d 60 g/m2/d 
109 mtha-vr 219 mt/ha/yr 

Assumptions: 30% C02 average annual C 0 2  utilization 
0.88 kgC02/kwhr. 
Algae composition: 50% lipid, 25% carbohydrate, 25% protein. 
Algae heat of Combustion: 7.5 KcaVg (60% C in biomass). 
Avg. Annual Solar Insolation: 500 Langleys, 45% visible. 
Multiply pond area by 1.25 for roads, berms, piping, etc. 

Major design factors are the depth of the sumps (which determines C02 transfer effi- 
ciency), the pond mixing velocities (typically 20 - 30 cm/sec), the number of carbonation 
stations (a function of C02  storage, pH range, outgassing rates), and depth of the pond 
culture (typically 20 to 30 cm). These factors are interactive and must be optimized. 

Many aspects of this process require R&D. Bioflocculation, although a well known natural 
process which has been demonstrated in waste grown algae (Benemann et al., 1980), 
needs to be demonstrated. The extraction and processing of the vegetable oils from-the 
algal biomass was cost estimated based on soybean processing as no relevant data for algal 
ass is available. Conversion to biodiesel was not included in the cost estimates. The algal 
oils would be produced by limiting the algal cultures for nitrogen, which has been demon- 
strated at the laboratory scale but not yet in outdoor ponds. Also, the assumption is made 



that desirable algal species can be cultivated in open ponds. Most important, in Table 4 two 
different productivities were assumed, 109 and 219 metric tons/ha/yr, corresponding to 
about 5 and 10% solar energy conversion efficiencies, for favorable sites in the U.S. The 
lower productivity is based on what is believed to be achievable with present experience. 

The higher productivity, essentially the theoretical limit, will require the development of 
greatly improved algal strains that, among other attributes, have a lower pigment content, 
allowing better light utilization in dense cultures (Benemann, 1990). If close to theoretical 
productivities are indeed achievable, and the other technical assumptions on which this cost 
estimates are based are verified, then such a process could utilize flue gas C02 and produce 
fuels at about $40/barrel of oil, if a C02 mitigation credit of about $60/ton C were provided. 
This is within the range of CO;! credits discussed for greenhouse gas mitigation (Lashoff 
and Tirpak, 1989) and projected future oil prices. 

A major constraint on such systems, besides the R&D issues, is the availability of sufficient 
land and water near the power plant. Each megawatt of power plant capacity would require 
between 6 and 12 ha. Thus several thousand hectares would be required for a large con- 
ventional power plant. Also, only about 30% of the C02 emissions from the power plant 
could be captured, as the system would be sized to utilize most of the C 0 2  produced during 
peak summer daytime algal productivity and C 0 2  utilization, wasting night and much of the 
winter C02 outputs. However, even a 30% CO;! capture would greatly reduce the potential 
for adverse effects of C02 released from such a power plant (Benemann, 1992). And the 
land area required is a small fraction, less than one tenth, that required for other biomass 
systems (e.g. tree farms). And such systems would provide over 3,000 barrels of liquid 
transportation fuels per year per megawatt of power. 

A precedent for microalgae derived fuels exists: small deposits of oil were recovered earlier 
this century in Australia from the shores of several lakes. The oil derived from hydrocar- 
bons produced by the microalga Botryococcus which washed ashore, leaving hydrocarbons 
as oily remains on the beaches (Wake and Hillen, 1980). Perhaps it would be possible to 
mimic such a process under more controlled conditions. 

The strongest support for the contention that it is possible to produce microalgae in large- 
scale outdoor systems with low cost processes comes from recent experience with commer- 
cial and pilot plants. At Earthrise Farms, Inc. in Southern California, a paddle wheel mixed 
earthen pond, several hectares in size, has been successfully operated for Spirulina produc- 
tion. At the New Mexico Pilot Plant, a comparison between plastic lined and unlined ponds 
revealed no significant difference. Also at this site, several species of diatoms and green 
algae could be maintained for several months as unialgal cultures at relatively high produc- 
tivities using brackish waters (Weissman and Tillett, 1990). 

In conclusion, although much R&D is still needed, no insurmountable problems are 
apparent and no "breakthroughs" are required for the development of low cost microalgae 
production systems. Thus, microalgae may become an affordable process for C02 removal 
from flue gases and fuel production in the future, even though, due to resource limitations 
(low cost land and water near power plants), they are not likely to provide major solutions 
to such problems. 



The Future of Microalgae Biotechnology 

Microalgae culture has clearly advanced from a laboratory curiosity to a commercial reality. 
However, at present, production scales are relatively small, production costs high, and only 
the initial steps in the development of a microalgae industry have been taken. Microalgae 
cultures can have widespread applications in the production of specialty chemicals and food 
and feeds, environmental protection, aquaculture, and medicine. Even bulk animal feeds 
and fuels could be commercially produced from microalgae as by-products from wastewater 
treatment in the near-term, and could be considered in connection with C02 mitigation 
efforts where the requirements for such systems (cheap land and water near a fossil fuel 
burning power plant) are met. However, before these opportunities can be realized, the 
technology of microalgae cultivation must be advanced. 

Algae harvesting is likely to remain an active area of research. However, harvesting can 
no longer be considered the limiting factor in microalgae production. Although, a univer- 
sal harvesting method is not likely to be developed, there are a sufficient number of alterna- 
tive harvesting technologies now available to meet most technical and economic require- 
ments. Experience has demonstrated that for most (if not all) algae species it is possible to 
develop an appropriate, and economic, harvesting system. For example, most rnicroalgae, 
whether fresh or saltwater species, can be induced to flocculate and sediment ("biofloccula- 
tion") under appropriate conditions. Also, novel flocculation chemicals are now available 
which promise greatly reduced costs. 

The problem of microalgae species control is a central one in the development of microal- 
gae biotechnology. For many of the products and applications of microalgae the key issue 
is not the economics of production but the ability to grow the desired organisms in outdoor 
mass cultures. The problem of algal species control can be easily formulated: can an algal 
species be inoculated into an outdoor pond and maintained as essentially unialgal cultures 
over many generations (several months)? The cases of Spirulina and Dunaliella are not 
representative as they require extreme chemical environments for their selective cultivation 
(high bicarbonate and salinity, respectively), which are expensive to create and limited in 
their selectivity to these particular algae. However, several green algae and diatoms have 
been successfully cultivated in commercial scale systems, or large pilot plants, including at 
the pilot plant in New Mexico (Weissman and Tillett, 1990) and at the SeaAg, Inc. facility, 
described earlier. Often algae appear spontaneously in the production systems, which act as 
a large-scale enrichment culture. Examples are the cultivation of Phaeodactylum in seaw- 
ater culture systems (Goldman and Ryther, 1976) and Micractinium in high rate waste 
water treatment pilot ponds in the U.S. (Benemann et al., 1980). Species control is likely 
to remain a central focus of future research. 

Perhaps no question has generated more controversy in the past than the achievable pro- 
ductivities of algal cultures (Osborne and Geider, 1987). The perception that microalgae 
cultures can exhibit extraordinary productivities is, to some extent, mistaken. The basic 
photosynthetic processes are similar in higher plants and algae, and, thus, theoretical limits 
of productivity are also similar. Indeed, the most productive higher plants, such as sugar 
cane, grown under optimal conditions (water, fertilizer, climate, etc.) can exhibit productivi- 



ties of about 100 tans/ha/yr, similar to those projected for microalgae ponds. However, 
microalgae ponds allow a greater control over environmental conditions than is feasible in 
plant cultivation, and, thus, achievable productivities should be generally higher than for 
conventional agriculture. 

Indeed, it should be possible to achieve close to theoretical productivities with microalgae 
cultures, if algal strains could be cultivated that exhibit a relatively low pigment content. 
This has been known for many years but it is not clear how this could be achieved without 
affecting the survival (competitiveness) of such algal strains in the ponds. The basic 
dilemma is that the most competitive algal strains will also exhibit the highest pigment con- 
tent, while high pigment content reduces overall culture productivity (Benemann, 1990). 
This remains as a subject for future research. 

Many other issues remain to be investigated in microalgae biotechnology: the optimal 
method of supplying C 0 2  to a large-scale culture, cost-effective methods of providing 
inocula to the ponds, maximizing desirable product contents without reducing productivity, 
and, perhaps most neglected, the processing of the algal biomass to recover the desired 
products. 

The objective of microalgae biotechnol~gy is to produce specific products which meet con- 
sumer needs. Although the production of "health foods" has given an early impetus to this 
technology, in the future microalgae must produce products which have larger markets. 
For example, the mass culturing microalgae for bivalve feeds opens the way for the large- 
scale application of this technology in the production of a high value protein resource. 
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Abstract 

The status of fermentation processing is reviewed in terms of the various types of products - 
antibiotics, commodity chemicals, and genetically engineered proteins. The contribution of biomass to 
the manufacture of these products is addressed in terms of technical requirements, cost, and 
environmental considerations. 



Status of Fermentation Products 

It is estimated that as many as 75,000 chemicals are in commercial use. Some 200 of these are 
produced by fermentation.' 'Ibis total has changed little since David Perlman's summary in 1977 
(Perlman, 1977). At that time antibiotics constituted nearly 50% of the fermentation product group. 
Enzymes and amino acids were also represented in significant numbers (Table 1). Ethanol, citric acid, 
and MSG were far and away the leaders in production volume (Table 2), whereas antibiotics dominated in 
dollar volume because of high unit costs. In 1992, for example, cephalosporins alone had reached 
combined sales of 6.3 billion dollars worldwide (Decision Resources, 1993). 

Today there are still more antibiotics produced than any other product class (Table I), though the 
composition of the list has changed considerably. Only half those identified by Perlman are still produced 
in recognizable amounts, but some important new ones. such as the ivermectins (Campbell, 1989) and 
ionophores (Bandy, 1986) have been added. In addition, a few of the older therapeutic agents, notably 
streptomycin have recently been revived to treat drug -resistant tuberculosis (Anonymous, 1 99 3). 

Fermentation Chemicals 

Antibiotics 
Enzymes 
Vitamins 
Amino acids 
0 rgan ic acids 
Solvents 
Biopoly mers 
M isc. (flavors, insecticides) 
Hormones and related proteins 

*Adapted from Perlman (I  977)- 

The most dramatic change in the list of commercial fermentation-produced chemicals results from 
the advent of the products of genetic engineering. While only a few have attained commercial 
importance, on a dollar basis these few make a stunning contribution to the list (Table 2). Taken together, 
the five leading products now have annual sales approaching four billion dollars. (Products of 
mammalian cell culture such as tissue plasminogen activator (TPA) and erythropoietin (EPO) are 
included here as fermentation products since they are produced by cellular processes in bioreactors.) 

Antibiotics and biopolymers (hormones, enzymes, etc.) with molecular structures too complex for 
practical chemical manufacture will continue to be the mainstays of fermentation processing in the future. 
Soil screening for new antibiotics continues unabated throughout the world with new di~coveries reported 
regularly, and a wide array of proteins from genetically engineered organisms are in clinical trial. By 
contrast, commodity chemicals with simpler molecular structures are accessible less expensively 
chemical synthesis (Hinman, 199 1). 

Fermentation, as used here, refers to the conversion of biomass substrates to chemicals. 
Bioconversions of one chemical to another are specifically excluded. 
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Table 2 

Fermentation Products - Worldwide Production 

Metric Annual Sales Report 
TonsNear fs!!!@& Year Ref 

Ethanol 

Monosodium glutamate 

Citric acid 

Lysine 

Gluconic acid 

1 5,000,000 15,000 1 990 SRI 

(5 MMM gal) 

1,000,000 1,436 1 992 SRI , 

400,000 560 1991 SRI 

1 15,000 288 1989 SRI 

50,000 1 986 

Penicillin 

lonophores (e.g. salinomycin) 3,000 300 1 992 Pfizer 

tverrnectins 15 600 1 992 Pfizer 

Human insulin 6 2,000 1 992 DR 

Tissue plasminogen activator (TPA) 0.01 (1 0 kg) 230 1 992 OR 

Human growth hormone (HGH) NA 375 1 992 DR 

Erythropoietin (EPO) NA 500 1 992 DR 

Neupogen NA 550 1 992 DR 

Biomass Selection 

Biomass of one type or another is a raw material for all of these products: Traditionally, the term 
biomass has been associated with the carbon source for fermentation processes (starch, molasses, glucose, 
etc.). However, nitrogen is often sourced from biomass, as are vitamins, minerals, etc. These are more 
complex and typically less well-defined biomass materials such as vegetable oil, blood meal, corn steep 
liquor, yeast hydrolysate, etc. the volumes used are typically much smaller than those of carbon source 
biomass. At times the mechanism by which these complex materials exert their beneficial effect is not 
well understood but their use is often mandatory for the successful implementation of a commercially 
competitive fermentation process, A sampling of the wide range of biomass materials used in 
fermentation processes is shown in Table 3, along with products illustrating their use. 



m 
Types of Biomass Used in Fermentations 

Biomass T V D ~  

glucose 
beet sugar molasses 
hydrolyzed starch (DE 90+) 
thinned starch (DE 20+) 
vegetable oil 
corn steep liquor 
blood meal 
soybean meal 
bovine calf serum 

Fermentation 
ElQdWl 

many 
citric acid 

citric acid, itaconic acid, xanthan gum 
ionophores, alkaline proteases 

terramycin 
penicillin 

alkaline proteases 
vitamin 8-12 

EPO, TPA and other mammalian cell products 

Some fermentations afford considerable flexibility with respect to the choice of biomass for the 
carbon source. For example, glucose, starch, various types of molasses, and paraffin hydrocarbons have 
all been used commercially in deep tank processes for citric acid. High productivity organisms have been 
developed for use with these substrates (Milson, 1985). The specific choice of substrate is determined by 
a variety of factors of which price, yield, ease of product separation, and environmental considerations 
predominate. Pure dextrose and sucrose are the cleanest carbon sources but are relatively expensive. 
Typical early 1993 prices for dextrose were 18-21 cents per pound, compared to fermentation-grade 
starch at 11-12 cents per pound. On the other hand, residual materials from the cruder sources such as 

- hydrolyzed starch or molasses can render product recovery more difficult and more expensive. Since 
product recovery often costs more than the fermentation stage (Fish, 1984), the trade-off between these 
two factors must be weighed carefully. 

Cleaner substrates often provide benefits for waste disposal as well. Beet molasses, for example, 
while a cheap source of sucrose, has a particularly high BOD which can be troublesome in some plant 
locations (Milson, 1985). 

For some fermentations selection of carbon source is limited. The surface process for citric acid is 
restricted to processed beet molasses for most efficient operation. Results vary significantly even with the 
molasses from different suppliers. 

Cost Contribution Of Biomass 

Biomass is a major cost contributor for commodity products such as ethanol and citric acid (Table 
4). By contrast, biomass contributes little to the manufacturing cost of the new genetically engineered 
proteins compared to other process parameters such as yield, complex product recovery procedures and, 
of course, the rigorous purification required for pharmaceuticals. Indeed, the total annual production 

' volume of some of these products is so small and the unit price so high (Table 2) that the biomass 
contribution to cost is trivial. In the case of recombinant human insulin, the largest volume genetically 
engineered protein, some 6000 kg satisfied the annual world market in 1992. Because carbon source 
utilization is relatively inefficient in this bacterial fermentation, some 130,000 kg of glucose are required 
(Cooney, 1993). Even so, this will hardly make a dent in the world glucose supply. Even fetal calf 
serum, which is essential for manufacture of some products using mammalian cells and is very expensive, 
makes little overall cost impact. 



Contributions of Biomass Substrate to Production Costs (%) 

Ethanol 60-65% (after by-product credit) 
Penicillin 45-50% 
Citric acid 30-35 % 
Industrial enzymes 40-50% 

For anaerobic fermentation processes such as the production of ethanol, loss of the oxygen content 
of typical carbohydrate substrates results in reduced yield on a weight basis (Table 5). In such cases the 
contribution of biomass to manufacturing cost is particularly high (and exacerbated by loss of C02). As a 
result, without credt for co-produced yeast, bioethanol would not be profitable (Lynd, 1984). 

Oxygen Content of Fermentation Products 

Glucose 
Citric acid 
G lu con ic acid 
ltaconic acid 
Ethanol 
8u tanol 

O ~ Y  gen 
Content 

53% 
58% 
57% 
48% 
35% 
22% 

Cellulose and lignocellulosics have been studied for many years as potential carbon sources for 
these processes because of their widespread availability, replenishable supply, and low initial cost (Lynd, 
1984). However, no glucose-yielding process has been developed which can compete with starch. Many 
obstacles remain to be overcome: reduced glucose yields by acid hydrolysis, low microbial productivity 
of cellulase enzymes, low specific activity of the cellulose/cellulase complex relative to the 
starch/amylase system, and low solubility and general intractability of lignocellulose raw materials, to 
name but a few. It has been suggested that the seemingly inevitable increase in the price of oil will 
eventually make lignocellulosics attractive (Lynd, 1984) for production of ethanol, and thereby other 
commodity chemicals such as ethylene and its many derivatives. However, the same price increase will 
also enhance the attractiveness of carbon monoxide as the starting point for the two-carbon petrochemical 
network, and likely forestall the introduction of lignocellulosics (Nnrnan, 199 1). Perhaps the greatest 
conuibution to cellulose utilization from this research is the vast number of publications on the subject. 

A major offshoot of the work on lignocelluloses is the development of xylanase enzymes to aid in 
the delignification and bleaching process in wood pulping (McCallion, 1992). Xylanases are so effective 
in the process that they could be on the way to becoming one of the world's largest selling enzyme 
products. 

Biomass In - Biomass Out 

The carbohydrate biomass used as the carbon source in a typical fermentation process is converted 
in part to cells, a form of biomass that contains considerable amounts of nitrogen, as well as smaller 



amounts of sulfur and phosphorus in addition to the C, H and 0 of the substrate. This biomass is rich in 
protein and often contains substantial amounts of nucleic acids as well. 

Academic textbooks point out that in aerobic fermentations more than 50% of the carbon source 
may contribute to cell mass (Shuler, 1992), with 10% a more common figure for anaerobic fermentations. 
In highly developed commercial processes, however, operated under growth restriction to favor product at 
the expense of cell growth, even in aerobic fermentations as little as 10% of the carbon source may be 
converted to cell mass. This new biomass must nevertheless be disposed of along with the solubles 
remaining after product recovery. 

The cell mass is generally removed by membrane separation, filtration or centrifugation. The 
protein content of the dried cells from organic acid fermentations makes them useful as animal feed in 
admixture with other materials. They have also been widely used in agriculture to enhance the nitrogen 
content and textural quality of soils. Inco~oration in landfill or discharge to the ocean has also been 
carried out, but these practices have declined as a result of environmental considerations. 

Cellular mass from antibiotic fermentations may also contain residual antibiotic, which further 
complicates disposal, the severity of the problem depending in part on the environmental stability of the 
antibiotic. Mineralization a pyrolysis is one attractive d~sposal method. 

For some antibiotics which are administered orally as prophylactics in animal feed, this problem is 
turned to advantage. The non-toxic biomass produced in the fermentation is incorporated in the final feed 
premix, which is mixed with feed for the dosing regimen. The coccidiostat ionophores such as 
salinomycin are examples of this use (Otake, 1984). This approach provides a two-fold benefit: waste 
disposal is minimized and product recovery and purification are simplified, reducing manufacturing cost. 

, 

Soluble by-products formed in the fermentation consist of raw material residues (oligosaccharides, 
etc.) as well as a wide variety of materials from the biomass raw material. Molasses can leave residues 
with a high BOD, but other complex substrates such as corn steep liquor, blood meal, etc., also contribute 
to waste treatment. These soluble waste streams are typically treated by microbial digestion prior to 
discharge in the plant effluent. This treatment results in more microbial growth, yielding waste sludge 
which ultimately requires disposal as well. Solubles from non-antibiotic fermentations are also 
concentrated by distillation to condensed molasses solubles (CMS) and distillers dried solubles (DDS) 
and sold as animal feed additives. 
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Abstract 

The chemical substances utilized widely in consumer products, and for pharmaceutical and agricultural uses 
are generally referred to as specialty chemicals. These may be flavor or fragrance substances, intermediates 
for synthesis of drugs or agrochemicals or the drugs or agrochemicals themselves, insecticides or insect 
pheromones or antifeedants, plant growth regulators, etc. These are in contrast to chemicals which are 
utilized in large quantities for fuels or preparation of plastics, lubricants, etc., which are usually referred to 
as industrial chemicals. The specific utilization of specialty chemicals is associated with a specific important 
physiochemical or biological property. They may possess unique properties as lubricants or waxes or have 
a very desirable biological activity such as a drug, agrochemical or perfume ingredient. These unique 
properties convey significant economic value to the specific specialty chemical. The economic commercial 
production of specialty chemicals commonly requires the isolation of a precursor or the specialty chemical 
itself from a natural source. The discovery, development and commercialization of specialty chemicals is 
presented and reviewed. The economic and sustainable production of specialty chemicals is discussed. 



Biological diversity is the name we give to the occurrence of many of the different kinds of organisms 
found in the world. It is important to recognize that biological diversity is an outward evidence of chemical 
diversity. All organisms interact with other organisms and their environment by chemical means. Plants, 
organisms which are fixed in place and cannot flee injury, have evolved chemical defenses to protect 
themselves. Many insects find mates by releasing attractant chemicals into the environment to allure mates. 
Prcy and predators interact through chemical scents as well as sight. Even humankind's exploitation of 
organisms is based largely upon our utilization of specific chemicals produced by those organisms. All of 
our foods a, in reality, chemicals as are our natural fibers and all of our medicines. 

Aside from their value as sources of food, drugs or industrial raw materials, plants are important to man in 
many other ways. One can hardly imagine modem society without soaps and toiletries, perfumes, 
condiments and spices, and similar materials, all of plant origin, which enhance our standard of living. 
Furthermore, the roles of forests and other types of natural vegetation in controlling floods and erosion, 
climate regulation, and in providing recreational facilities are of immeasurable value. 

Chemicals derived from higher plants have played a central role in the history of humankind. The Age of 
Discovery was fostered by explorations to find more economic trade routes to the East to bring back plant- 
derived spices and other products. Indeed, the discovery of the New World, whose 500th anniversary we 
celebrated last year, was a direct consequence of that effort. The prototype agent for a majority of our 
classes of pharmaceuticals was a natural product of plant origin. Numerous other examples could be cited. 
However, with the discovery and development of fermentation based natural products beginning in the early 
40's and the increasing sophistication of synthetic organic chemistry, interest in plant-derived natural 
products as prototypes for pharmaceuticals and agrochemicals waned greatly during the decades of the 60's. 
70's and 80's. Today a re-interest in the potential of substances found in higher plants to provide 
prototypes for new pharmaceuticals, agrochemicals and consumer products is being evidenced. Until 
recently, efforts to realize the potential of plant-derived natural products have been very modest and largely 
restricted to discovery programs centered in academic settings. A number of convergent factors are 
bringing about the Renaissance in higher plant-related natural products research and development. Some of 
those factors are: Advances in Bioassay Technology; Advances in Separation and Structure Elucidation 
Technology; Advances in our Understanding of Biochemical and Physiological Pathways; The 
Biotechnology Revolution; Historical Success of the Approach; Loss of Practitioners of Traditional 
Medicine; Loss of Biological Diversity; Loss of Chemical Diversity; Worldwide Competition. However, I 
believe an important consideration or nagging concern which is still responsible for the significant 
reluctance to initiate a higher plant based natural products research and development program, especially on 
the part of the private sector, is the issue of natural product chemical supply. 

The chemical substances utilized widely in consumer products, and for pharmaceutical and agricultural uses 
are generally referred to as specialty chemicals. These may be flavor or fragrance substances, intermediates 
for synthesis of drugs or agrochemicals or the drugs or agrochemicals themselves, insecticides or insect 
pheromones or antifeedants, plant growth regulators, etc. These are in contrast to chemicals which are 
utilized in large quantities for fuels or preparation of plastics, lubricants, etc., which are usually referred to 
as industrial chemicals. The specific utilization of specialty chemicals is associated with a specific important 
physiochemical or biological property. They may possess unique properlies as lubricants or waxes or have 
a very desirable biological activity such as a drug, agrochemical or perfume ingredient. These unique 
properties convey significant economic value to the specific specialty chemical. The economic commercial 
production of specialty chemicals commonly requires the isolation of a precursor or Ihe specialty chemical 
itself from a natural source. 

A general structural feature of biologically active molecules is their optical activity. With very few 
exceptions the different optical isomers of a substance possess significantly different biological activity, 
The observed differences in biological activity may be due to a difference in the distribution of the isomers 
or to a difference in the properties of a drug-receptor combination if less than the optimum number of 
binding groups is suitably located for binding. Differences in distribution occur as optical isomers are 
selected by some other asymmetric center in the biological system before the isorncr reaches the specific 
receptor. This may be due to optically active processes such as selective penetration of membranes, 
selective metabolism or selective absorption at sites of loss. The difference in reactivity of enantiomorphs at 



the receptor site may be explained if three different portions of a molecule must interact effectively with the 
receptor site to bring about the biological response. It is readily discemable that in this case only one of the 
enantiomorphs has the correct orientation of all three portions to fit at their respective sites and thus produce 
the response. 
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Let me review very quickly the drug discovery and development process and its attendant costs. We often 
refer to the "pipeline" when discussing drug discovery and development. A similar and parallel discovery, 
development and commercialization process is followed for nearly every type of specialty chemical, i.e., 
consumer product, pharmaceutical or agrochem ical. This is a systematic process which ensures that 
efficacy in whatever application is obtained and that safety to the user and the environment is demonstrated. 
Portrayed in Figure 1 is this pipeline concept. Three basic stages are evident; discovery, development and 
marketing (commercialization). Each of those periods is, in turn, subdivided according to recognized 
discrete activities with their specific attendant costs and time for accomplishment. In Table 1 is summarized 
usual and mean times for accomplishment of the various drug discovery and development activities. From 
these numbers it is clear that pharmaceutical companies must take a long view of product development, in 
most instances a much longer view than almost any other industry. Table 2 outlincs the specific costs 
associated with each of these drug discovery and development activities. Each new pharmaceutial 
represents a major cash investment on the part of the company to get it to market. Again, I emphasize that 
the drug discovery, development and commercialization process is illustrative of that for consumer products 
and agrochemicals as well. The specific discrete steps of the process are different in detail but similar in 
concept and will have somewhat different attendant costs. For example, the cost of discovery, development 
and commercialization of an agrochemical is generally one third to one half that for a pharmaceutical but 
similarly the potential for cost recovery during marketing is also less. 
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Table 1 - Typical Periods of Time Required to Develop New Drugs 

Stage of Development 

Usual Range of Approximate 
Time Required Mean Time Required 
(Years) (Years) 

1 .  Roject Formation to I N D ~  filing 0.5 to ,2.5 1.5 
2. Phase I Clinical Studies 0.5 10 1.5 1 .O 
3. Phase I1 Clinical Studies 1.0 10 5.0 2.5 
4. Phase 111 Clinical Studies and Reparation of N D A ~  1.0 to 5.0 2.5 
5. F D A ~  Review of NDA JAu!Lu 2.5 

4.0 10 19.0 4 10.0 

~ I N D  = Investigational New Drug Application, ~ N D A  = New Drug Applicalion, ~ F D A  = U.S. Food and Drug 
Administration 

Table 2 - Direct Costs at Various Stages of Drug Development 

Stage Cost($000) 

Pre-IND 
Phase I 
Phase I1 
Phase 111 
NDA Wait 

TOTAL $24,000 

What is not immediately obvious from the figure and these tables are the hidden costs of discovery, 
development and commercialization. What does it cost to identify that first lead compound? How many of 
the candidates that enterthe development phase fall out before making it to market? How much "lost 
opportunity" is represented by the necessary investments in discovery and development? For example, it is 
estimated that more than 10,000 chemical substances are ordinarily evaluated before a lead is identified. 
What does it cost to generate or produce all those substances? A majority of candidates prove to be 
unsuitable as drugs for one reason or another - too toxic, too costly, not sufficient benefit beyond present , 

therapy, etc. And unfortuantely, on occasion, drugs are removed from use even after making it to the 
market due to unacceptable side effects, or other problems. In summary, the successful drugs must pay for 
all the failures so that on average, the cost of each successful drug runs between 100 million and 225 
million dollars. Consequently, anything that can make the process more efficient and cost effective is very 
desirable. Evaluation of new natural products of plant origin holds significant promise of lowering present 
day drug discovery and development costs. 

With the advances in screening, separation and structure elucidation technologies mentioned above, we are 
now able to discover and identify substances with potential utility as specialty chcmicals from natural 
preparations quickly and with very modest amounts of material. For examplc, in the case of 
pharmaceuticals, the sensitivity of the bioassays routinely in use today and the desired potency for new 
prototypes of less than lpg/rnl, make it  easily possible to detect substances which are present at 
concentrations of 0.001% or less of the dry weight of the biomass. 



Ordinarily 50mg or so of pure chemical substance is sufficient to determine its complete structure including 
stereochemistry. In order to obtain 50 mg of a chemical which is present at 0.001 % of the dry weight of the 
biomass, one needs at least 5 kilograms of biomass. Practically, one actually needs as much as 10 kg of 
biomass since no isolation procedure is 100% efficient. 

Herbaceous plants are roughly 75-80% water when fresh, so to obtain 5 to 10 kilgrams of dry plant 
materials one must collect 20 to 50 kilgrams of fresh plant material. For woody plants, the situation may be 
somewhat more complex since we usually process a specific part of the plant - bark, leaves, fruits, roots, 
wood. For the leaves and fruits the situation is like that for herbaceous plants. In the case of wood, bark or 
roots, the dry weight yield from fresh weight is often much higher, sometimes as high as 75%. However, 
if you have ever had to dig roots or peel bark, I am sure you have greatly appreciated the relatively higher 
yields of dry weight. So for woody plant parts one may need 20 to 50 kilgrams of leaves or fruits; 10 to 
25 kilgrams of roots or bark and 8- 15 kilgrams of wood in order to get sufficient substance to accomplish 
isolation and chemical characterization of the active principle. 

At this stage, we anive at a decision point - is the structure of the new isolated and characterized biologic~y 
active natural product novel? Does the substance represent a potential new prototype? In order to assess the 
full potential of the substance so that a valid decision can be made whether to proceed further with 
development, quantities are needed for an array of evaluations: Secondary and confirmatory bioassays; 
preliminary toxicology and initial in vivo evaluation. Ordinarily at least 400-500 mg of material are needed 
for this next phase of evaluation. This represents roughly a 10-fold increase needed over the original 
quantities required for detection of the lead and its chemical characterization. To isolate and purify the 
required quantities of material may require 100 - 500 kg of biomass to be processed. It is already at this 
point that concerns about supplies of the natural product are bcginning to surface. If one must invest in 
bulk collection of plant materiai and its subsequent processing to obtain quantities for these next 
evaluations, what are you going to do for the larger quantities, perhaps as much as two kilograms, required 
to take the drug candidate into preclinical evaluation and subsequent clinical trials and ultimately to provide 
for actual marketing and clinical use of the new drug, maybe 10's or 100's of kgs? 

Three approaches may be taken for the production of specialty chemicals, (1) Total synthesis from simple 
petroleum or coal-derived substances (industrial chemicals), (2) Partial synthesis utilizing relatively complex 
substances isolated from natural sources such as plants or animals and the transformation of those precursor 
substances into the desired end product, or (3) Isolation of the substance itself from a natural source 
(biomass). 

A serious limitation of the production of specialty chemicals by total synthesis from simple, industrial 
chemicals is that such synthesis produce racemic mixtures of the resultant products which must finally be 
resolved into their respective enantiomorphs. This resolution process is expensive of time and reagents and 
by definition results in one half of the final product as a by-product. If an assymetric synthesis approach is 
employed, this may provide only the desired enantiomer but usually utilization of cosily assymetric reagents 
causes such an approach to be uneconomic. The alternative approach of utilization of relatively more 
complex natural products as substances from which to synthesize end product specialty chemicals does not 
suffer this limitation because the starting natural products already possess optical activity. This approach is 
most notably utilized in the production of steroid based drugs from plant sterols, bile acids or plant 
sapogenins. The quantity of precursor required to be isolated is dependent upon the efficicncy of the 
process utilized for the transformation of the precursor to the desired end product specialty chcrnical. 

In order to discuss the third approach to production of specialty chemicals, namely isolation of the 
substance itself from biomass, let me take two more or less extreme examples to illustrate the range of 
quantities of active drug substance that would be required to provide for clinical use of a plant-derived drug. 
Again, similar calculations can be developed for other specialty chemical applications; i.e., consumer 
products or agrochemicals. Let us assume that the condition to be treated is an acute condition, that the agcnt 
is relatively potent, i.e. 2 grams are required for therapy and that only a modest patient population is 
expected - 10,000 patients per year. To provide for this market roughly 20 kilograms of drug substance 



would be required. If again we assume our worst case of 0.00 1 % of active substance isolated from our 
biomass then 2,000,000 kilograms of biomass will be necessary to providc the quantity of drug needed to 
meet market demand. This may seem like a great deal but 2,000,000 kilograms of biomass is the same as 
75,000 bushels of wheat, a quantity of wheat produced by even a modest-sized family farm in America. 
Now, if we assume the plant-derived drug would be used to treat a chronic condition in a much larger 
population, would that make a great difference? For a chronic condition a moderately potent agent might 
require administration of 50 mg per day per patient which is equivalent to 20g per year per patient. If 
100,000 patients could benefit from this drug then 2,000 kilograms of active drug substance would be 
needed to meet market demand. This is 100 times our example above or in other words 200,000,000 
kilgrams of biomass would need to be processed to provide the required material. Looked at another way, 
that is equivalent to 7,500,000 bushels of wheat, a quantity easily produced in an avcrage wheat producing 
county of a wheat producing state such as Kansas. Clearly these are quantities of biomass which can be 
readily produced and processed if thought and planning for a system for drug plant production is initiated. 

Are there any actual examples which might illustrate the point we aE making? First let me comment on two 
plant derived drugs which are problems for society, marijuana and cocaine. The best estimates on marijuana 
production worldwide in 1990 placed the figure at 30,000 tons. The U.S. Drug Enforcement Agency 
estimated that U.S. production was at least 5,000 tons, more than 4,500,000 kilograms. At an average 
price of $1,200 to $2,000 per pound, there is apparently incentive enough for growers to risk even 
imprisonment to provide for the market demand. Cocaine, a purified drug from the leaves of the coca plant, 
was produced at a rate of at least 1,000 tons worldwide in 1990. With prices of $6,000 to $18,000 per 
pound wholesale this was enough incentive to cause illicit producers to grow and process enough drug to 
meet market demand. It is to be emphasized that these levels of natural product drug production aE in place 
even though governments are making a concerted effort to stop or eradicate the growing of thcse plants. 

Now to turn our attention to a plant derived drug which has recently undergone development, h e  anticancer 
substance taxol. Taxol was isolated and characterized as the active anticancer substance found in 
preparations of bark from Taxus -, the Pacific Yew. Taxol possesses great clinical promise for the 
ueatment of ovarian cancer, a condition affecting approximately 10,000 or so patients in the U.S. each year. 
Total doses of 2 grams per patient seem to be effective so roughly 20 kilgrams of taxol per year will be 
required to treat ovarian cancer patients. Currently, taxol is isolated and purified from the bark of Pacific 
Yew where it occurs at an isolable concentration of about 0.007%. To produce the required 20 kilgrarns of 
taxol thus requires processing of nearly 300,000 kilgrams of bark. Since each tree produces approximately 
5 kilograms of bark, nearly 60,000 trees must be harvested to produce the amount of taxol needed to meet 
the clinical demand for treatment of ovarian cancer. This would not be a problem except for a couple of 
circumstances (I) Pacific Yew trees are very slow growing - it takes about 100 years to grow a tree which 
will yield 5 kilgrams of bark and (2) these trees grow as an understory tree in old growth forests and are 
widely scattered and often found in very rugged terrain. These circumstances and other considerations 
made it imperative that an alternative, economic and sustainable source of taxol be identified and developed 
if the clinical utility of taxol was ever to be realized. 

Any system for production of a plant-derived natural product must meet certain criteria. It must be 
economic, sustainable, reliable and non-environmentally impacting. These over-arching criteria can be met 
if a careful and systematic evaluation of each step of the production systcm is made. One must discover and 
develop: a superior source of the natural product which contains a consistcntly high yield of agent, an 
effective production and harvest system, appropriate technology for processing and storage of biomass, and 
an economic and efficient extraction and purification system which minimizes waste product generalion. 

Wild populations of medicinal plants may not be a reliable source of drug entity and their harvest may be 
counter-productive to the development of a reliable, cost-effective, long-term production systcm of a 
clinically utilized drug. Several unpredictable and uncontrollable phcnomena precludc establishment of a 
stable cost of production of the drug entity harvested from wild populations: Forest fires, annual climatic 
variations; natural variation and presence of chemotypes of wild populations; increasing societal pressures 
to protect and regulate harvesting of wild plants, high cost of collection of scattered plants oftcn in rough or 
inaccessible terrain and transportation to processing facilities and lack of assured acccssibility of populations 



which occur on public and privately held lands. Reliance on harvest of wild plants for production may lead 
to uncontrollable interruption of drug supply . 

Even more critical is the fact that wild harvest risks the destruction of germplasm essential for the future 
cultivation of the plant for drug production. This includes genes for disease and pest resistance, hardiness, 
and tolerance to full sunlight, drought and flooding as well as genes for high growth rates and high drug 
production. The preservation of these wild genes can be critical to development of long-term, cost-effective 
supplies whether produced by cultivated plants, tissue culture, or genetically modified microorganisms. 
Because of the critical role wild gemplasm will serve in future production strategies, the preservation of 
wild populations should be considered an essential component of the development strategy for drug 
production. 

Lack of a stable and reliable supply of plant-derived drug at a predictable cost will even more significantly , 
impede clinical utilization of the agent. Procurement of drug by harvest of limited wild populations may not 
be an appropriate strategy to provide the agent once clinical utility is established. Development of a 
sustainable, economic and reliable source is imperative. 

\ 

The appropriate alternative may be production from a cultivated plant source An advantage is the known 
genetic origin and uniformity of cultivated plants. Additionally, cultivation will provide high plant densities 
in defined locations which will significantly reduce collection and transportation costs. Two strategies may 
be taken to accomplish this: (1) to bring into cultivation the currently recognized source of drug; (2) if the 
plant source of the drug is already in cultivation to evaluate and select currently cultivated varieties for drug 
or drug precursor content. Strategy One is fraught with many problems and uncertainties associated with 
the introduction of a new plant into cultivation, a process which has been successful in bringing into 
cultivation approximately 3,000 species of the estimated 300,000 plant species thought to occur in the 
world. We will not detail all of those uncertainties. However, as our understanding of agronomics and 
plant biology has increased, we can have ever-increasing confidence in our ability to bring into cultivation 
the plant source of a drug. Even with success, a period of several years may be required for this strategy to 
provide a reliable source for drug production. Additionally, the necessity of recovering the investments 
made during the development period will impact the economics of this strategy to provide a source for the 
drug. In contract, Strategy Two, selection of currently cultivated varieties for drug production, presents the 
advantage that a proven cultural system is in place which may be rapidly expanded to provide biomass for 
production of the desired natural product chemical. 

As noted above, any system for production of a plant-derived natural product must meet certain criteria: 
it must be economic, sustainable, reliable and non-environmentally impacting. A plant source of the agent 
must be discovered which contains a high and consistent yield of either the natural product itself or a closely 
related natural product or precursor which may be converted economically to the desired agent. We must 
learn how to optimize chemical content of the plant through appropriate agronomic practices. A system for 
harvesting or collection of the biomass must be developed which is responsive to time of harvest for highest 
chemical content, correct handling to retain chemical content in freshly harvested biomass and also provides 
for mechanization of the process, if possible. Harvested biomass will ordinarily require drying and storage 
which must be accomplished so as to retain its chemical content. Development of storage conditions which 
assure stability of the biomass is especially critical as this will allow subsequent processing of the biomass 
and purification of the natural product throughout the calendar year. And finally, an efficient and high- 
yielding extracting and purification process must be developed which is safe and economic and which 
minimizes production of hazardous wastes. 

The potential for developing new sources of valuable plant chemicals is largely unexplored and the benefits 
from doing so unexploited. Plants are known sources of medicines, insecticides, herbicides, medicines, 
and other useful substances; developing new industries and crops based upon plant extracts and extraction 
residues provides opportunities for agricultural and industrial expansion that will benefit farmers, 
consumers and industry, both in the developing as well as the developed nations. 



New crop and plant product development will: 

provide consumers with new products, including new drugs to treat diseases, 
provide less environmentally hazardous pesticides, 
diversity and increase the efficiency of agricultural production, 
improve land resource use, 
offer increased economic stability to farmers, 
create new and improve existing agriculturally related industries, 
increase employment opportunities. 

In conclusion, careful and thoughtful analysis of the issue of supply of sufficient quantities of biomass 
derived specialty chemicals to meet development and commercial needs brings one to h e  realization that this 
is not an issue which should cause us to preclude the carrying forward of such agents through the 
development process to commercial use. Indeed, it is clear that adequate supplies of most naturally-derived 
substances can be assured with only modest additional research and investment. 
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Abstract 

Brazil is the oniv counny where charcoal has a major industrial use. Al~nost 4O0h of the pis iron and all 
the femoalloys produced in the countxy are based on it. These industries were established near Minas 
Gerais iron ore deposits using eon-sustainable fmn charcoal. Since the 1980's charcoal production 
from large eucalyptus forests is gradually increasing. This sustainable cllarcoal accounts for 40% of the 
8  nill lion tonnes produced in 1 99 1 .  

Usual practices for these two scenarios are rather different. Farm charcoal is produced when native 
forests are slashed to give way to farm land. Adequate techniques. labor rights or environinental 
concerns are not coinlnon in this scenario. In large eucalyptus forests these cares are part of the routine 
because charcoal production has a business approach. Several kinds of masonry ovens are used in both 
scenarios. 

Continuous carbonization kilns are not feasible yet because of their high capital cost. The search for a 
new cheapest design or fbr the upgrading of the carbonization byproducts is a must. Promising results 
in both approaches are shown. Plastics and fine chemicals were already obtained fiom wood tar. The 
tirst Brazilian pilot plant tor wood tar fractionation will be started by Septembcr/93. 

Ironworks have rather different profiles. Some plants are up-to-date integrated mini-steelworks. Others 
are small producers of pig iron ingots. However different, they have in common the need to face coke 
iron~naking route. Brazilian exports of charcoal based iron and steel products confinn that this goal has 
been attained until now. 

Future charcoal co~nprtitiveness certainly will not be so easy. Changes in the conventional ironmaking 
route are slashing coke prices. Alfhough experrises believe that coke prices can not stand low for long 
time. it  poses additional dificulty to the Brazilian charcoal ironmaker. 

rhree scenarios are projected tor the future of charcoal ironmaking. They show that as long as charcoal 
production costs are properly managed. it is possible to keep charcoal con~petitive with coke. That will 
be possible if charcoal businessmen loot for improvements in their operational and managerial 
practices. The authors defend a common research program that looks for technologies suited to the 
Brazilian redity. 



Introduction 

World production of charcod reached 2 1.4 inillion tonnes in 1989 (F.40 199 1 ). 'mat total is 
centralized in the developing continents: AFnca {44*/01, South America (34'01. Asia ( 16%. The major 
destination is for home use. rnainlv cooking. 

However. up to the mid eighteen hundreds. charcoal was a major input fbr industry worldwide. 
specially for ironworks. That is still true in nowadays Brazil. Around JOO/b of the Brazilian p n m w  
ironrndcing activity is based on that old thennoreducer. That I S  speciallv remarkable when we recall 
that Brazil is the 8th producer of crude steel, responding for 23.9 t in 1992 (IBS 1993). 

In 199 1 ,  fiom a total of 8.0 million tonnes of charcoal. 2  nill lion tonnes were used in the production of 
-3.8 million tonnes of steel; 3.7 million tonnes in the production of 4.1 miilion tonnes of pig iron and 
754 thousand tonnes in the production of 9 15 thousand tonnes of ferroallo),~ ( ABRACAVE 1992). 

That peculiarity is due to the late Brazilian economic development, Brazilian agricultural frontier 
continues expanding and forest is slashed to prepare the land. Therefore a large amount of wood is 
available to produce charcoal for korunaking industrres. 

These plants are set up near iron ore deposits in central klinas Gerars. As showed in figure I .  charcoal 
production spread from this initial region to the north. It follows fann settling in the cerrado original 
ecosystem. In that way, some charcoal producers are as far as 1200 h from ironmaking plants. 

A similar cycle has been recently statted in the Amazon. Figure 1 shows ironmaking industries that 
were installed near to the rich iron ore deposits of Cruajbs. whose exploration dates from the 1980's. In 
1991. their total production amounted to 240 thousand tonnes of pig iron (SINDIFER t 992). 

Residues from the tropical timber export companies and from cattle farm settling nukes possible the 
production of large quantities of charcoal at extremely low cost. The growth of the ironmaking activity 
in that region is a major concern to the Brazilian government. State inten-ention is necessary to avoid 
the shift of the ironmaking industries from the southeast to the north. attracted by the favorable 
conditions of the region of Carajis. 

Forest authorities of the Brazilian southeast demanded that ironmaking companies implement a gradual 
sustainable charcoal supply program. By the 1970's a huge retbrestation program was started and about 
1.8 ~t~illion ha of eucalyptus forests were planted in Minas Gerais. 

That program set the basis for the stepwise growth of charcoal production from planted forests. In 
1982. 900 thousand tonnes ot' charcoal. about 20°/o of' total charcoal production. was made fiom 
planted forests. In 199 1 that amount was rarsed to 3.3 ~nlllion tonnes. 4Ooh of the nat~onal consumption 
( ABRACAVE 1992). 

That is a large step towards an alternative ironrnahing route. Since it  does not need carbon taken tiom 
underground. that new version of an old ironnraking route is called "self-sustainable". Its man 
characteristic is having a well ~nanaged forest as carbon source. That assures that all carbon dioxide 
liberated during steelmaking will be recycled by photosynthesis. 

This route brings no net contnbution to the greenhouse efyect. hlass balances show that as a net result. 
0.4 to 1 .  I tons of C02 for each ton of pig iron are sequestered from the atmosphere and converted to 
long cycle carbon forms. ti  ke tree roots or- byproducts t Rczende 1 993 ). 

Another interest~ng aspect of this route is its adequateness to less developed econo~nies. The use of 
biomass in industry creates jobs for the specialized engineer as well as for the illiterate peasant. That is 
adequate to the Brazilian realit). Social and reg~onal differences in the state ot'Minas Gerais have been 
somewhat lessened thanks to those job opportunities. 

This paper shows technical. rconornical. social and environmental aspects of Brazilian charcoal 



production. The authors defend the investment in the development of new technologies as the best way 
to face coke ironmaking route. 

Production of Charcoal 

In Brazilian Farms 

Ecological conscience in Brazil has not evolved to the point where forests are properlv valued. 
Defbrested areas are more expensive than tbrested ones. That works as an incentive for farmers to 
continually spread their arable area as a rneans to value their properhes. 

The production and commercialization of charcoal from the biomass generated in these f m s  1s 
economically viable for the ironworks ofthe state of Minas Gerais. The farmers see charcoalmaking as 
a makeshift activity. thus making a minimuin investment in infia-structure or equipment. 

The trees to be cut are girdled. workers bearing axes or chain saws cut the trees and cany the wood .in 
mules or bovines to the carbonization ovens. These are brick made. beehive type ovens built togcther 
in groups of 4 to 10. The capacity of each oven is never greater than 4 tonnes of charcoal/month. yield 
in dry basis is close to 2S0& in charcoal and no byproducts are recovered. 

Figure 2-X pictures this activity. where the labor force is generally made by Fdrnilies. children helping 
their parents. I t  is estimated that 68 thousand jobs are involved in this activity and the wages are close 
to US$lOOOiyear. 

Transport of charcoal is made by roads and the truck driver works as intermediate. buying charcoal in 
the f m s  and reselling it to the ironworks. hiany times the diver himself has to finance charcoal 
production. buying the forest from the fanner and taking care of the carbonization. 

Government authorities and technicians defend improternen ts in the practices conducted by these 
fmns as a means to obtain: 

~Vurrru .str.vr~~rt~uhlc~ c~l~ur~-ocrl - w~th adequate handling of native forests and better carbonization yields. 
1.5 t of charcod/ha.year could be achieved. Sorne charcoal suppliers already work on that sustainable 
way fbr decades. 

l l u r~a l~p tzcs~~rm fi)w.vi c~l~arc.oul - eucalyptus would be planted in f a n  ~narginai land. Due to its higher 
productivity, i t  would be possible to obtain 4 to 6 t of charcoai/ha.year. With that in mind. ironmaking 
companies financed eucalyptus forest planting in 38 thousand ha of small to medium farms. 

In Forestry Companies 

These companies are generally subsidiaries of ironworks that implanted large eucalyptus reforestations. 
Nowadays these forests occupy an area of 1.8   nil lion ha, or about 206 of the state of Minas Grrais. 
Charcoal production in these colnpanies creates 60 thousand jobs with annual wages in the range of 
L~S$3000. 

The implementation of these forests has developed good plantine and species adaptation techniques. 
Forests which use these techniques reached producti\:ities of 12 t of wood For carbonizatioruha.year. 
Developing tcchniqurs show that an increase of 50 to 70?6 in that figure is possible by using clones 
and hybrid species. 

Eucalyptus forests are planned for three consecutive cuts. in 7 year intends. The most suited species 
for charcoal production are E. ( l r o p h ~ l l ~ ~ .  I ;  ( 'crmal~l~rlc.t~s~.s. I:'. ( 'rrr~o~h~ro. I: ('loczronu, I:: f'r~llricr. 
1:: l'r1uiarr.s and 1:'. I'rroc~urpo. 



Tree population and dismbution is also planned in tlncbon of harvest practice and quality of seedlings. 
When high productivity seedlings are being used. it is usual to reduce tree population to assure that 
each tree will have good avaiiabiiity of'nutslents. The area occupied b!. each tree varies tiom 6 to I ?  
m2 (830 to 1770 treesiha). 

Environment Control 

For illness and plague control and for preservation of the original ecosystem. 25 to 35?h of the area 
planted with eucalyptus are left aside with original vegetation. .As shown in figure 2-B. these 
preservation areas are kept on the borders of the eucalyptus plantat~ons. and also on aisles going 
through an eucalyptus forest. Another common technique consists in planting different eucdyptus 
species in neighboring blocks. 

These cares restxjct the use o f  chemical defensives. Almost all insect attack focuses are eliminated by 
natural or nursed-in-laboratory predators. Only ants are controlled by chemical defensives. The 7 years 
gap among consecutive harvest periods also benefits this crop environmental stability. 

Not any other Brazilian crop is put up with that kind of environmental concerns. The effect of the 
forest in lakes. in streams. in fauna and in flora is being researched by universities and the ecology 
department of forest cotnpanies. 

Harvest 

Roads cross large forests. so the hees are planted in 2.5 ha checkers. These trees are ptanted in three 
rows spaced by 2 to 3 meters. surrounded by 4 meters wide aisles. enough for harvesting machines 
traffic. 

Tree cutting, debranching and slicing into logs is made by chain saw. Logs and branches over 3 cln 
diameter and about 2 meters long are disposed in piies to weather dry. .After a period of 90 days. wood 
moisture reaches 2506 and it will be carried to the carbonization sites. Cranes run in aisles carrying 
bundles of logs and arranging them on trucks. 

Leaves and thin branches are left in the field to go through natural decomposition. Although these 
practice turn into waste around 20-25?/0 of tree aerial biomass. many people defend that it diows the 
I-ecycling of micronutrients. Other technicians try to find ways for the econo~nic utilization of these 
residues in charcoal production or as a fuel in ironmaking. 

Carbonization 

blasotiry ovens arc the predominant carbonization equipment. They ha1.e provun to be adequate to the 
present context of charcoal production. Since the charcoalmakers spend large amounts of tnoney in the 
implementation of a forest. they need low-investment alternatives fbr its conversion to charcoal. Low 
wages and the high availability of labor force are other factors that favor the use of tnasonry ovens. 

Oven size depends on the preference of the forestrycompany. The in charcoal is 35% in dry 
basis. whichever design is used. 9Figure 2 shows a 5m diameter oi.en charged and discharsed by a 
couple of workers and a 81n diameter oven with partial inechanization. 

They are both operated batchwise in the sequence: charge. carbonization. cooling and discharge. For 
5m diameter ovens. 7 days are spent to produce 7 t of charcoalhatch and for 8 m aim. each batch ot' 
f 2 days produces 25 t of charcoal. 

In these ovens. capital costs are in the range of US$2-6/t of charcoal. That somewhat wide cost range is 
due to differences in oven design and available infrastructure at the carbonization sites. Their most 
usual capacity range is among 500 to 2500 t ot' charcoal/month. That capacity is a function of the 
availability of wood around the carbonization sites since the distance for wood transport shall not 
exceed 15 km. 



In some co~npanies wood tar recuperators are coupled to the mason? ovens. These equipment recm er 
up to 150 kg of wood tar per tonne of charcoal produced. Wood tar is used as fuel in stcdrnaklng 
h a c e s .  

Brazilian production is onlv in the order of I0 thousand tlvear. Steelworks are not stimulated to InLesr 
in the production of wood tar due to the Brazilian tuel pnces policy. Wood tar production would be 
f'easible if fuel oil prices were no more supported at CiSS3.51GJ. Current price is around L'SSgO per 
tonne of wood tar. 'That price is 25% less than its production cost. 

New Carbonization Technologies and New Uses of Byproducts 

Charcoal production on rllasonry ovens is a rudimentary practice. .All byproducts are lost to the 
atmosphere. Aware that in the future some tabs could be put on einissions to the atmosphere in the 
carbonization sites. some companies started studies on the use of continuous carbonization kilns. 

Figure 3 shows the 1 0 0  vyear pilot plant developed by ACESITA (Rezendc 1992). Another 
steelmaking company (Sidenjrgica PAINS) i s  introducing two Lurgi kilns with a capacity of 24 
thousand t/year each (Weber 1992). 

The high capital costs (US$50-100 per tonne of charcoal) is the main obstacle for the i~ltroductiorl of 
these kilns. That 1s about I3 to LO nmes higher than capital costs for masonry ovens. Charcoal as :in 
lronmaking input must be cotnpet~tive in pice with coke. thus it can not absorb this additional cost 
alone. 

Companies interested in the sale of this type of equipment talk about improvements on charcoal >-icld 
and quality. and also on reduction of labor torce. Although these ugumenrs are valid. ail thcsc 
improvements together are not enough to give return to the investment. 

The feasibility of these liilns demands a great engineering effort to decrease capital costs. ..Inother 
approach to the problem is the valorization of byproducts to aggregate income to the .carbonization 
activity. Byproducts must share with charcoal the responsibility to render the business profitable. 

Continuous carbonization kilns rn&e that second approach easier. since they allow a co~npictc 
recovery of byproducts. For each tonne of charcoal i t  is possible to obtain 400 kg ot' wood tar. I40 Lg 
of acetic acid. 60 kg of crude inethanol and around 5.0 GJ of low heating value gases. 

The first Brazilian wood tar fractionation plant will be started on Septelnber/9-3. On a tirst s t a p  i t  will 
produce wood tar pitch and oil fractions. That will mahe possible the development of ncw applications 
for these products both in the chemical specialties and polymeric tnatenals market (Carazza 1992 1. 

Brazilian companies and J apancse researchers developed phenolic resins and polyilret hanes tiorn wood 
tar p~tch ( Pasa 1993). Intermediates for the production of' pharmaceuticals have alreadv been rsolated 
Lio~n wood tar oil. The same is true tor fragrances. food additi1.e~ and precursors of biodr~radablr 
polystyrencs and polyethcrs ( Hatalicyana 1988). Figure 5 shows some of thc substances isolatcd and 
products developed from wood tar. 

The initial coln~nercicll target is the fine chemisq segment. This market is compatible in sire ~ ~ t h  :i 

demonstration plant ( 1500 t of'wood tar/yem). The expectat1L.e is that cnough products wrll bc sold to 
value wood tar at CJS$200/t. The profits of that plant will be reverted to tinmce the rcsearch in that 
tietd. 

On a second stage. industrial p \ a~ t s  tisr 100 thousand t of wood tar/ycar are planned. Good rcsults on 
pol>iner market research will be needed to achieve that goal. as well as some reduction o n  the cost 01 '  
wood tar production. Researchers in this field believe that almost a decade of* intense research will bc 
needed. 

The use of wood tar as a source of chemicals. however promising. i s  certainly not a shon to middle 



term solution to the whole of the ironmaking inciustnes. That at'finnative is based on the wood tar 
generation potential of these companies. which is close to 3 rnillion uyear. A reduction on producnon 
costs and the use as fuel is a broader and more immediate solution. 

Thus. an approxunation with international researchers who work on bio-oil upgrading tnav shonen the 
way tor a large scale applicatton tor Brazilian wood tar. 

Utilization on Ironmaking 

The Companies 

Charcoal consu~ner companies have great differences on their business protile. Some are rather 
integrated and verticalized. selling high technoloky steel products. 

Others are non-integrated. that is. their final product is pig iron ingots. Other companies in B1-az11 or 
- abroad take care of the further processing stages. convemng pig iron to steel or cast products. Uon- 

integrated plants have simpler ironmakin3 plants md low aggregated value products. That mahes the 
introduction of new technologies specially hard. 

Charcoal ironmaking blast furnaces are small. their capacities ranging from 240 to 1000 t of pig 
ironiday. Even the integrated companies are in the catego? of mini-steels. their production is neLrer 
greater than 1 .O tniilion t of steel/year. 

The process 

Charcoal is truck delivered to the ironworks. discharged o\,er classi@inp sieves and top charged to the 
blast furnace together with the iron ore and fluxes. The charge ill the blast fumacc is disposed in 
juxtaposed layers of iron ore and charcoal. The gases from the combustion and gasitication of charcoal 
permeate the charge. converting iron ore to metallic iron. It is called pig Iron due to the need of a 
Fwther retining stage and addition ot'alloys to obtain steel. 

Charcoal fine fraction (smaller than 9 to I2 mrn) represents 1 5-LOOfb in weight and can not be top 
charged to the blast t'urnace since it  reduces bed permeabilih. It is howe\rer possible to ~nject 311 this 
fine material as a powder through the blast tirrnace tuyers. Integrated cotnpanlcs already have injection 
systents in operation. Some of thein in.ject about I40 kg ot' fines pcr tonne of pig Iron. tnaiiing good 
use of charcoal fines. 

Selling charcoal lines to cement industries is another posslblt: inems ot' utilization. 'Illat is cotnition in 

non-integrated conlpanies. In these conipanies there is also a surplus of blast turnaco gases. in thc ordcr 
of 4.2 GJ/ t of pig iron. Studies tbr the cogeneration of power are being conducted to awid that waste 
(CEMlG 1992). 

Technology Improvements 

Figure 4 shows the evolution of charcoal consumption in firnction o f  the introduction of' new blast 
l'urnace technologies (Sanpaio 1993). Integrated companies with modem blast turnaces show a carboti 
consutnption si~niiar to coke ironworks (480 kg't of pig iron 1. 

The search tbr energy efficiency in the use o t' the thermoreducer is a [nust fbr the competitiveness oi' 
steel~naking products. Both coke and charcoal represent 60 to 70°L ot'total pig iron productiorl costs. 

It is then necessary to tbllow the evolutron of the technology t'or coke blast ti~nlaces. 1nakin9 the 
necessary adaptations to the reality of charcoal ironmaking. In that sense. increasing the rate of' 
injection ot' charcoal fines through the tuyers inay bring immediate ~.esults. The use: of' a tnrsture of' 
charcoal fines and dried. powdered biomass lnav create a tine use tbr the I-esiducs kft in thc forest 
during harvest. 



Introduction of Coke 

According to projections conducted by the 11SI. a reduction of' about 129h in the world demand tor 
coke is expected up to the end of the century. -That reduction will be caused by an increase in the world 
average coal injection rate from its present 30 to 100 k@t of pig iron ( ilS1 1992). 

Due to the stagnation of coke business. coke producers and makers of cokeification plants turned their 
eyes to Brazil. Our charcoal ironmaking industry looks like promising business to them. 

imported coke is currently being ofiered in Brazil at a price 20°/0 smaller than the average historical 
value of US$130/t. Future coke supply is however uncertain due to the aging ot' the exlstlng 
cokeification plants ([IS1 1992). Traditional steelworks are not investtng in the renovation of their 
cokeification plants. 

In that context. technology iinprovements on cokeification can not be irnplernented due to the lack of 
interest in building or reforming cokeification plants. Cokemaking plant builders. cod minins 
companies and coal transporters are trying to sell the idea of'a central cokeification plant to be built in 
Brazil. That plant would guarantee the supply of coke to a pool of Brarilian ironmaking companies. 

Some Brazilian companies and technicians pose restrictions to that cokeification plant. Its high capital 
cost (US$80/t of coke) results in a final cost for coke 40°h greater than the histonc average pnce 
(CEMIG 199 1 ). The loss of competitiveness of steelmaking products plus environmental and social 
problelns that would result fipm the implementation of'the "Central cokeitication plant" are topics not 
discussed by the defenders of that idea. 

Other contradictory aspect of the "Central Cokeification Plant" is that the Japanese government ofTcrs 
financing for the construction of that plant. That financing will be inserted on an environment f'unding 
for the preservation of Brazilian forests. Although apparently adequate at first sight. the construction of 
that plant would not help preserve the Brazilian forests. 

The high investment level and the high cost of coke keep the non-integrated ironmaking companies out 
of the pool of companies interested on its ilnplementation. Non-integrated plants are responsible tbr  
the consumption of 80°/0 of the non-sustainable fann charcoal. If they are out of the pool. the 
contribution of the cokeification plant to avoid the deforestation of the state of Minas Gcrais will be 
rat her s~nal I .  

Economic Considerations 

Figure 5 shows the behavior of prices per tonne of carbon contained on the 3 supply alternati\.cs 
available to the ironmahing industries of Minas Gerais (Magalhdes 1993). Non-sustainabtr fsum 
charcoal is the cheapest alternative. but its use has been restricted by forest authorities ( IEF 1992). 

They obliged that iron companies follow a program of sustainable supply. In I993 the consumption of 
non-sustainable f m  charcoal is limited to 60°/0. The percentage of charcoal from rnanaged or planted 
forests shall increase IOO/o annually. reaching lOO06 by 1999. That restraint. plus the fall in pnce ot' 
imported coke and the increase ill price of eucalyptus large forest charcoal is a major concern for the 
ironrnding industries. 

The progressive loss ot' competitiveness torccs cost-cumng. producti\.ity gains and diversification of' 
products. Figure 6 shows some investment tlows during the forest life and their respective non- 
harvested wood cost. These cost were estimated for several producti\.ity levels, having the sane rate 
of return of804/year tbr these investment flows. 

From this figure it is evident that productivity gains over 12 t/ha.yrar do not result on noticeable 
reductions in the pnce of non-harvested wood. On the other hand. the effect of investment level is 



rather significative. Reducing investment levels keeping a reasonable level of productivity should be 
the target to be pursued by the forestry companies. 

On eucalyptus farm forests investments are in the level of USP802ha. If a productivity of 12 t/ha.year 
could be achieved the cost of non-harvested wood would be US66.801t. On cotnpany forests that same 
investment would be US$1420/ha and the wood cost for a productivity of 12 t/ha.year would be 
US$12/t. 

Figure 6 also shows charcoal cost composition data for three scenarios or three possible ways for the 
survival and developlnent of charcoal ironmaking: 

A) It is a simple projection of the present situation. New eucalyptus large forests maintained the current 
productivity of 12 t/ha.year. If the total investment is kept around USSl420. non-harvested wood 
would cost USSI2A. Charcoal find cost would be 30% higher than the equivalent in coke. The use of 
50% of native sustainable farm charcoal at US$80/t could equilibrate that difference. 

B) That takes in account some i~nprovements in eucalyptus charcoal supply. It would be done half to 
half from high productivity eucalyptus large forests and eucalyptus farm forests. average cost of wood 
would be USf8It. The difference in relation to coke is made up by selling wood to sawmills on a 
proportion of 10% at a price of US658R. In this figure it supposed that harvest costs would be 
20% higher than the value used in scenario A. 

C) The conditions of scenario B for wood supply to charcoalmaking and sawmills were kept. This 
scenario takes also in account the use of continuous carbonization kilns. That brings an additional 
carbonization cost of US$SO/t of charcod. To render this alternative economically attractive it would 
be necessary to value the byproducts at USE83/t for an average yield of 600 kg of byproducts/t of 
charcoal . 

These scenarios represent three main approaches to the future of charcoal manufacture in Brazil. 
Scenano A could work in a few years without great challenge to the ironmaking industries. Scenario B 
demands changes in these industries, mainly in their established management. It is necessary tbr their 
managers to attract farmers for pamershhip in forest planting, instead of planting their own large forests 
alone. They must also learn about the sawnwood market and not only produce charcoal. 

Besides these changes. in scenario C these companies would dso have great technological challenges. 
They need to develop a new carbonization kiln. which attends environmental and mechanization 
concerns at a feasible capital cost. 

These scenarios are not excludrng. any company could develop their future strategies based on a mix 
of them. The authors lead a movement for a joint R&D program able to make scenario C feasible in 
the middle term. When figure 7 is compared to figure 2. it shows how these technological and 
management improvements could help bring a better living standard for the Brazilian people. 

Final Considerations 

Data herein presented show that it is possible to administrate the cost of production of charcoal. 
keeping it competitive with coke via technological developlnent and incentive to sustainable 
production in farms. 

Diversification of' products and integration of wastes on the production cycle are sate ways in the 
direction of success of the self-sustainable ironmaking route. 

The definition of priorities and objectives are now being discussed and will result on a R&D progran 
tor the area. ironmaking co~npanies and the government of the state of' blinas Gerais are working for 
the consolidation of a new, cooperative fashion of work. 



In that sense. a survey of international laboratories and researchers interested on a joint work wlth 
Brazilian companies. universities and researchers will be conducted in the near future. 

That cooperanon could be fundamental to establish a better scenario for charcoal makers. Charcoal 
ironmalung companies could be a good test basis for the feasibility of several developing biomass 
technologies worldwide. Concerns about the future of the Brazilian charcoal business must be a 
common achievement for people who work believing that biomass will be a fine industrial and enerky 
input in the next century. 
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Abstract 

Kenafs story is now being told in the fields of South Texas and Southern Louisiana as 
new fiber processing operations are responding to the public's demand for more environmentally 
sound sources of fiber and farmers' desperate pleas for additional production options. Despite the 
title, this paper focuses primarily on the "demand" pull From the market place that brings the new 
crop production/processing system together. Kenaf, an annual hibiscus crop, has been cultivated 
for several centuries in Asia and Africa, mostly as a substitute for jute fiber in the world's cordage 
industry. The crop was first seriously considered in the Americas when jute supplies from Asia 
were cut off by the War in the Pacific. In the 1960's the U.S. ~ e ~ a r t m e n t  of Agriculture selected 
kenaf as the most promising annual crop source of fiber for the pulp and paper industry. Industry 
took a look but it wasn't their priority and the initial USDA effort ceased in the late 1970's. How- 
ever, almost at the same time some newspaper publishers, who had been following the USDA 

i 
work, intervened to keep things going. 

Kenaf International was formed in 198 1 as system-oriented company determined to finally 
put things together on a commercial basis. The company focused on both ends (market and pro- 
duction), hoping to fill in the middle as it went forward. The primary objective at first was to in- 
troduce kenaf as an annually renewable fiber source for newsprint manufacturers. That eventually 
proved to be a very big bite for a small organization to chew, and Kenaf International (and its as- 
sociates) soon "discovered" other aspects of kenafs potential as it pursued its goals. This is 
where we join The Kenaf Story "in progress". 



T h e  K e n a f  S t o r y  

The most difficult place to start a story is in the middle, especially when the middle is churning l&e 
. . . in your favorite suspenseful metaphor] and constantly changing. This report tries to stop the clock 
for a second to describe an on-going adventure with a new crop called kenaf. Kenaf is an annual fiber crop 
with a wide range of potentially exciting appIications. Although the adventure is primarily centered in the 
United States (particularly Texas and Louisiana), the scope is truly worldwide, rangmg from Thailand to 
Turkey. 

Before beginning our journey, we'll spend a few paragraphs identifying our experience-based ap- 
proach to introducing a new crop technology. In discussing the trials and tribulations of "introducing" new 
crops, one generally speaks in terms of "research and development" or R&D. Unfortunately, that over- 
worked expression tends to shortchange the introduction process and many efforts often get stuck between 
the "R" and the "D". Worse yet, "development" may becdme a hard-todefine target, and the effort suffers 
fiom inadequate funding due to fuzzy objectives. Lack of access to funding sources is the principal prob- 
lem holding back most new crop initiatives. Politics and bureaucracy constrain public sector sources, and 
private sector sources are often limited to friends, b l y ,  and limited partners. 

Put another way, one needs to learn how to "master" the institutional games once the technology 
has been sufficiently demonstrated, and it is generally considered economidly feasible. You do need to 
h o w  how "Washington works" (no oxymoron intended) in order to obtain financing and overcome regula- 
tory barriers. Presentations will need to be made to a wide range of agencies properly backed by appro- 
priate political support. Lots of folks want to help once it looks like you're going to make it. One learns to 
be very carefbl with verb tenses . . . often we have spoken of kenaf in the future tense and seen it translated 
by the media and the bureaucracy into past tense. Guess who's at fhult when the project "falls behind 
schedule"? 

The principal author has been involved with kenaf since late 1980 or about 12 years. That alone is 
an indicator that the process is one fraught with delays and risk. Most new crop entrepreneurs learn their 
lessons the hard way even if they do listen to those with experience. An interesting corollary is that blissfbl 
(naive) ignorance of probable consequences combined with an understanding (read "long-suffering" spouse) 
is an essential requirement of a true entrepreneur. 

It is the premise here that we should be discussing the "R, D, & C" process with the "C" repre- 
senting "commercialization". This is not a trivial exercise in semantics as will be demonstrated in the story 
to follow. Rather it should help us better understand the selection and screening process that tests most 
new ideas and concepts before they are accepted. It shouldn't need to be repeated here, but most new crop 
efforts will fail ... some permanently, most temporarily before a system emerges and a new industry takes 
its place among us. The fact that f ~ l u r e  is probable should not prevent us fiom pursing the development of 
new crop industries. Rather it should force us to focus more on those elements in a new crop system that 
need to be in place for the system to fully function. 

This, essentially, involves a "gap" between the time that researchers feel a product is ready for 
commercidization and when business interests, industry, and the financial c o m m ~ w  concur by making 
the necessary investments. Most people, includmg the developers themselves, do not realize the length of 
time and size (or scale) of financial support needed to bring a new crop and its products to the market 
place. If the research effort costs $1.00, development activities will likely cost $10.00, according to a re- 



cent USDA report on technology transfer. By the time, the products are fully commercialized, the esti- 
mated costs may be $100.00, continuing the above example. Again, remember the failure rate on 
"promising new discoveries" may be in the 90's. Then again, remember that without risk there is no profit, 
at least as defined by an economist. 

"Kenaf-based" Products 

Our focus is on the effective use of a systems approach to the commercialization of a new crop- 
based agro-industry. That is an existing or a new industrial activity using a crop product not currently in 
production for a given region. Kenaf, Hibiscus cannabinus L., is used as an example. In contrast to most 
"new crop" presentations, this effort is primarily concerned with screening product developments and 
briefly reviewing strategies necessary to bring a crop-product system into existence once a viable demand 
opportunity has been fully identified and evaluated. Rest assured we have done extensive agronomic work 
and know our production budgets very well. Unfortunately, introducing a new crop is not as simple as 
putting some seed in the ground. Once you h o w  the agronomic requirements can be met, you need to 
focus on what the market wants, how they want it, and how much they want to pay for it+ 

Let's consider some of the products that can be made using kenaf fibers. The following list pre- 
sents the general product categories that either have been or are currently being investigated. Specific 
product developmemt activities in more detail in Taylor (1993). 

Kenaf Pulp Products (intermediate kenaf commodities) 
Kenaf Paper Products (most notably kenaf newsprint & kenaf bond papers) 
Kenaf Packing Materials 
Kenaf Litter Products 
Kenaf Cordage Products (burlap, twine, etc.) 
Kenaf Fiberboard Products 
Kenaf Absorbent and Filtration Products 
Kenaf HorticulturalSroducts 
Kenaf Forage and Animal Feed Products 
Kenaf Fiber Mat Products 

With our focus on product identification, we are attempting to transpose the general review of the 
crop's botanical, agronomic, and economic considerations. Such information is important, however, it is 
well represented in the literature, and further review will not bring us any closer to the commercialization of 
kenaf than have the previous writings. 

It is somewhat natural for agriculturists and engineers to approach new crops in terms of produc- 
tion, harvesting, storage, and intermediate processing technologies and economies. We should realize that 
this supply-oriented focus obscures our view and appreciation of market, forces will determine whether or 
not businessmen will take a serious interest, and that is where significant time and resources should be 
dedicated early on if the new crop product effort is to progress from "D" to "C". 

Therefore, principal attention is given to the identification and evaluation of effective 
markets that are deemed necessary to develop a viable supply of a new crop commodity. 

New crop developments are quite frequently best viewed as "chicken/eggM stalemates. Your 
financing depends upon firm orders from buyers, and the latter are unlikely to commit unless they are 
confident that the "new" product can meet basic quality, price, and quantity conditions. 



To break the inevitable Missouri standoff, hrmers are often encouraged to comfnit to supply in 
hopes of inducing the development of a market demand. Potential users, on the other hand, are generally 
reluctant to commit to uncertain sources of supply and hesitate to get too involved at the front end of R&D 
efforts unless motivated by special circumstances. The tendency, therefore, has been to focus on the farmer 
and develop supply schemes without first seeking a complete understandmg of the market place that awaits. 

For example: The fhct that kenaf fibers can be pulped to make a variety of paper products is insuf- 
ficient in and of itself to create a viable demand for kenaf fibers. We have nearly three decades of support- 
ing evidence in that regard. Farmers motivated by lack of profitable production options and their natural 
enthusiasm to take a risk are often all to willing to "get in on the ground floor" of a new crop opportunity 
and just as frequently find themselves in an unfinished, and unpaid for, basement. 

More on that point later. Additional introductions are in order if we are to properly put the current 
work with kenaf in perspective. First, we need to know something about the fiber crop, KENAF. What is 
it? What can be done with it? 

Kenaf, An Annual Crop Source of Fiber 

Kenaf is a relatively "old" crop in many parts of the world for which we are in the process of Qs- 
covering new applications. Dempsey (1975) has described its history in considerable detail as have several 
of our other references. Here we wish to describe kenaf as an annual hibiscus member of the mallow 
family, which includes such well known crops as okra and cotton. 

Kenaf is a plant species native to the tropics that has been used for centuries as a source of jute- 
like bast fibers. As an example of its wide range of uses, its seedlings are consumed as a green vegetable in 
parts of Africa. When grown in the warmer areas of the temperate zone, e.g., the southern tier of the cotton 
belt in the United States, the photo period sensitive varieties of kenaf will produce large tonnage of biomass 
in about 150 to 180 days as the plant will not shift from vegetative to reproductive growth until the shorter 
clays of fall. 

The crop is grown in relatively dense plant populations and given the appropriate levels of mois- 
ture, nutrients, and sunlight, kenaf stalks will attain heights exceeding 12 feet and dry weight yields, rang- 
ing between 6 a .  8 tons per acre at optimum maturity (e.g., mid October in South Texas). 

Kenaf can (and should) be grown and harvested with minimal agronomic inputs for economic and 
environmental reasons. Obviously, if kenaf fiber is to compete with wood fibers in the manufacturing of 
pulp and paper products, the competition must be in terms of both quality and price with the edge given to 
price. Therefore, kenafmud be grown, harvested, and delivered to mills at minimal costs, using minimum 
inputs. It can be argued that part of the price advantage might come from cost reductions in the processing 
sector (e-g., less energy to pulp kenaf compared to pine). However, initially such arguments are ''theories" 
yet to be proven on an operating basis. 

Developers are better advised to minimize costs at the front end and not waste time trying to nego- 
tiate prices significantly higher than competing products based on research results indicating higher product 
quality or lower processing costs. Had those of us involved with kenaf been better prepared financially to . 

absorb start up costs, kenaf could have been introduced on a commercial scale to the pulp and paper indus- 
try in the mid 1980's before the market began to soften due to new capacity and the economic impact of 
recycling regulations. 



By minimizing inputs, the cost of kenaf as a raw, unprocessed material is also minimized and kept 
competitive. This important subject is discussed in detail in economic analyses prepared by Kenaf Interna- 
tional for its growers (Taylor, 1993). It must also be noted that by minimizing costly inputs, the farmer is 
at least partially answering increasing public concerns about the environmental impact of agricultural 
chemicals and general farming practices. Conversely, the unnecessary use of certain agro-chemicals for 
weed control or a pre-harvest desiccant as proposed by some professors could limit the fibers' use in some 
applications and negate some of the crop's environmental attributes. The latter could set back kenafs in- 
troduction for some of the product applications that are presently being considered. 

Kenaf offers farmers a new source of income if and when industrial users identify it and adapt their 
systems to use kenaf fibers as a new raw material. Before we can take a more detailed look at the crop's 
agroeconomk aspects, a more definitive introduction to the kenaf fibers is in order. 

Kenaf Bast and Core Fibers: 

A dry kenaf stalk is essentially composed of two distinct fibers: 

Bast: long, "jute-liken fibers contained in the bark and representing about 
35% of the total dry weight. 

Core: short, "balsa-wood-like" fibers comprising the woody core of the stalk 
and representing about 65% of the total dry weight. 

The fibers are used in two basic forms: unseparated (or wholestalk) and separated (bast and core). 
7'he wholestalk fibers are generally chopped or shredded at the initiation of the processing operation. To 
obtain the bast and core fibers, the wholestalk material is chopped and then run through a phased separa- 
tion process such as that developed by H. Willett & Associates, Inc. While both wholestalk and separated 
kenaf fibers can be used in a variety of pulp and paper operations, the bast and core fibers also have poten- 
tial as competitive raw materials in several other industrial applications. 

Kenaf also has a potential "non" fiber use as a forage crop for livestock in the southern plains. 
Young kenaf seedlings are consumed as a green leafy vegetable in parts of Afhca, and its seed are another 
source of edible oilofor cooking purposes. However, there is no credible demand for these food products 
from kenaf, and the regulatory hurdles of introducing a new crop into the food chain are especially time 
consuming, which may prove prohibitive for an emerging entrepreneurial enterprise. A specific exception 
is developing for kenaf as a forage crop under certain conditions as we'll review later. 

Kenaf: Past, Present, & Future: 

Kenafs history as a traditional, backyard fiber crop in Ahca and parts of Asia is relatively well 
docurneited. It has become an important source of fiber for the traditional cordage industries of Asia and 
West Africa, and a sigruficant amount of the "jute" fiber used in bags, burlap cloth, and twine is really 
kenaf bast fibers. 

Aside from various research activities around the world and relatively small-scale pulping opera- 
tions in Asia, kenafs potential as a pulp fiber was largely unknown until the 1970's. This began to change 
with the decision of an Indian-led group to build a kraft mill in Northeast Thailand, which was to be pri- 
marily based on locally grown kenaf and roselle fibers. The Phoenix Pulp Mill began operations near Khon 
Kaen, Thailand in late 198 1. They use kenaf for about 20 percent of their annual fiber requirements. This 



act encouraged efforts in the United States and Australia to continue their investigations of kenafs poten- 
tial, focusing on the application of farming and pulping technologies. 

The key is that in 1991 the various efforts are beginning to pass from the development phase into 
commercialization. Commercial seed sales are taking place and at least two kenaf fiber separation facilities 
are under way. Plans for a kenaf / recycled newsprint mill also have completed most of the project devel- 
opment hurdles and are awaiting a re-organization of financing arrangements. The above-mentioned pro- 
jects are in Texas and Louisiana. 

Overseas, Mexican interests are seriously reviewing kenaf's potential to meet some of their needs. 
Zambia and the Sudan have burlap bag factories that will be partially based on kenaf fibers. Chinese and 
European groups are pursuing their own kenaf programs. What is kenafs worldwide potential? Depending 
on its successfbl commercialization in just the pulp and paper industry, the possible demand for kenaf is 
potentially staggering. For example, the per capita consumption of papedpaperboard products in the 
United States is about 300 kilograms compared to less than 2 kilograms for citizens of China, Inha, and 
Pakistan. The demand for a tree-less source of fiber that could also put needed cash in farmen' pockets 
could require millions of acres in another 20 to 30 years. 

Kenaf International & Other Private Sector Efforts: 

Defining a system's structure and postulating a strategy is insufficient. Someone has to decide to 
make it work and commit to the necessary actions and investments that will cause the system to evolve and 
function. Kenaf International was formed in late 1981 by three parties that represented crucial parts of the 
system that had been postulated by Taylor during his dissertation work at the University of Missouri. Its 
formation was a direct result of efforts supported by the National Science Foundation and the American 
Newspaper Publishers Association (ANPA) that first identified kenaf as a prospective new crop candidate 
based mostly on USDA research and then studied the economic feasibility of using kenaf as a new fiber 
source for the U. S. newsprint industry. 

Since its formation in 1981, Kenaf International has remained a true and responsible new crop 
champion for kenaf. The company worked first to remove bottlenecks such as inadequate supplies of good 
quality seed and to answer industry's questions regarding agriculture's ability to grow, harvest, handle, 
haul, and store an annual fiber at costs competitive with available wood supplies. It has developed field 
and mill based experience at all levels fiom the deserts of western Pakistan to the jungles of Belize. Kenaf 
International has focused its efforts on South Texas since November 1985 and is in the final development 
stages for two projects that are expected to share a common site and fiber supply system. 

The first is a fibers processing project (K-Fibers) based on the fiber separation system developed 
by H. Willett & Associates, Inc. The second is the long-awaited kenaf newsprint mill, generally referred to 
as "K-Chico". K-Fibers has received financing fiom the National Rural Development & Finance Corpo- 
ration and initiated its operations in May 1993 in the lower Rio Grande Valley. The K-Chico Project 
hopes to initiate construction activities in early 1994, pending a successful conclusion of financing ar- 
rangements. 

In Louisiana, Natural Fibers of Louisiana, Inc., was formed to produce, process, and market sepa- 
rated kenaf products. They successfully completed their pilot plant trials in August 1991 and initiated 
commercial production on January 22, 1992 with the processing of approximately 3,600 tons of kenaf fiom 
a harvest of nearly 600 acres. 



The single thrust during the 1980's was to commercialize kenaf as a source of fiber for 
the manufacture of newsprint. This shifted in the early 1990's to smaller fibers processing pro- 
jects due to a soft market for newsprint and difficulties securing financing for large newsprint 

U.S. Department of Agriculture & Public Sector Efforts: 

The public sector led by USDA and various land grant universities began serious research efforts 
with kenaf in the 1940's when there was a urgent need to develop an alternative source of cordage fiber as 
the Japanese were cutting off the traditional supplies of jute. After the war's end restored access to jute 
supplies, USDA's focus on kenaf'shifted to a consideration of its potential use as an annual crop source of 
fiber for the pulp and paper industry. The USDA work with kenaf can be separated into two phases. 

Phase I includes the exploratory field work that began in the 1940's and the initial and very suc- 
cesshl agronomic and industrial processing work that were finally conduded in 1977 with the printing of 
the Peoria Journal Star on kenaf newsprint (8/8/77). Over the next several years, the focus on kenaf was 
prinlarily confined to the private sector efforts described above. This is somewhat ironic as relatively little 
serious attention was paid by industry to the USDA efforts until after they were over. 

In late 1985 the progression from the initial public sector research work to development efforts by 
private companies finally came full circle with kenaf as the USDA decided to pursue a joint project with 
Kenaf International and other organizations in a cooperative effort to demonstrate the commercial potential 
of kenaf as a viable source of agricultural fiber for U.S. industry. This story is described in more detail in 
Kugler (1 988) and Taylor (1 99 1). The Kenaf Demonstration Project has been more successfbl than most 
observers currently realize in opening up market opportunities for kenaf. A public investment of about $1 
million by the USDA has been matched on a 5 to 1 basis by private companies led by Kenaf International. 

At least the above mentioned kenaf projects in Louisiana and Texas were undenvay or in the final 
stages of project financing in 1993, representing a combined estimated capital investment of just over $50 
million. Other projects are also making progress. In addition, the USDA's Agricultural Research Service 
resumed its efforts to support the emerging kenaf industry in 1988 and currently has more than $1 million 
wnunitted to annual research (in house) efforts. 

T h e  K e n a f  S y s t e m  

System Definition & Structure: 

A system is simply defined here as the working structure that connects producers, processors, 
manufacturers, distributors, and consumers along with crucial supporting entities. Funds expressing "real" 
market demand will generally flow kght to Left in our two-dtmensional model, whereas product (or mate- 
rials) are best depicted with a Left to Right progression. Information generally flows in both (if not all) 
directions through the system, especially in the developmental stages. 

Product 6, info --> Inputs - Farm - Processor - Manufacturing - Distribution - Consumer <- Cash a Info 

For example: the Production t, Marketing +, Consumption (PMC) System postulated by the 
University of Missouri research team on the introduction of new crops logically began with an analysis of 
the Production Subsystem's components: 



Availability of Land and Water Resources 
Production (Crop) Financing 
Pest Control 

4. Seed Availability 
5. Fertility Requirements 
6. Input Procurement 
7. Farmers' Risk Propensity 
8. Farm Machinery Requirements 

9. Farm Energy Requirements 
10. Information on Inputs 
11. Government Services 
12. Agricultural Research Programs 
13. Agricultural Extension Programs 
14. Crop / Commodity Organizations 
15. Farm Labor Needs and Supply 
16. Market Information for Farmers 

A carefbl, comprehensive analysis of all the factors implied in the above listing can produce an 
excellent dissertation without advancing the new crop candidate toward the desired goal of commercializa- 
tion. Even so certain components such as the crucial "market idonnation" area regarding demand trans- 
lated into price, quantity, and quality aspects are essentially dependent on decisions and actions taken else- 
where in the PMC System. Other components such as "seed supply" that require "at riskt' investments 
await the emergence of true believers or the Crop Champion. 

The focus of the PMC analysis should be to simply review the status of the components in the 
PMC System as a basic checklist. Then attention should focus on the postulated Consumption Subsystem 
[is there a realistic demand for the new crop produd(s)?] and work its way through marketing 
(processing, if a factor) back to production adthere is generally little reason to produce something, when a 
demand doesn't exist. 

Kenaf System Description: 

It is a characteristic of western civilization that we have a left-right perspective, which can be 
blamed for our tendency to describe crop/product systems such as cottodshirt, including everythmg from 
"dirt to shirt". A more relevant description might be "shirt from dirt". The point is that it's a perceived 
product use that begins to call the rest of system into place. Kenaf as a fibrous plant has existed for many 
centuries. Its traditional cordage uses have made it a commercial cash crop for h e r s  in China, Thailand, 
India, and various countries in Western Africa where market, processing, and production conditions exist to 
offer the system participants a potential profit. 

If kenaf is to become a viable fiber crop for farmers in the United States, product applications such 
as its use in the manufacture of newsprint must be established. The primary emphasis here is one of scale. 
Although relatively small scale fibers projects using a few thousand acres each are expected to develop in 
several locations once the initial efforts prove successfbl, hundreds of thousand or millions of acres are 
believed to be required before the crop will be large enough to warrant on-going attention fiom public and 
private sector researchers and other key participants in the emerging Kenaf PMC System. This might not 
be entirely true, but the current involvement of USDA with kenaf has been largely caditioned upon its 
perceived potential as a crop whose demand could call for production fiom millions of acres. Kenaf needs 
to make the transition fiom being a minor specialty crop grown for a few small operations into being a 
source of fiber for industry. 

Thus, the larger acreage that would be required by a single pulp and paper mill are important if 
kenaf is to be successfully introduced as a new crop in the United States. Such goals will be achieved once 
kenaf becomes a significant source of fiber for several major mills, andlor the crop also becomes a signifi- 
cant forage crop in the Southern Plains. That combination of major uses, along with a wide variety of mi- 
nor uses, could see kenaf grown on more than a million acres within the next decade. This larger acreage 
would provide a stable source of supply, enabling demands for annual crop fibers such as kenaf to develop 
and expand. 



The question of resource availability such as land must be looked at from a demand perspective. 
That is: what is required to bring forth resources, e.g., landlwater, capital, and labor, required for produc- 
tion? In short, can kenaf compete for acreage? And how is such competition defined? The first step in 
introducing a new crop once the basic R&D homework has been done is to establish terms of reference that 
compare the new crop to existing crops from a grower's perspective. Similarly, kenaf fibers will need to be 
compared to existing fibers and kenaf-based products are evaluated in comparison to existing products in 
the rnarket place. 

Therefore, kenaf is generally compared with other extensive crops such-as corn, milo, and cotton. 
It is useful to minimize the need to introduce unique practices or specialized equipment. Row spacing 
should be kept as close to what is commonly used for other row crops in the area, and land preparation 
should be addressed in similar terms. Kenaf International has set up a model in which kenaf budgets can be 
developed for a given locality and compared to similar farm budgets for existing crops. This helps answer 
most of the basic questions and enables the farmer to decide whether or not to try the new crop under his 
conditions. Arrangements should be made when possible to grow the crop on farmers' fields, assuming that 
costs are paid promptly and provision is made for harvesting andlor removing the crop. There is nothing to 
be gained (and much to be lost) by planting more kenaf than necessary to demonstrate the crop's perform- 
ance under local conditions or to provide material for processing trials. 

There is no substitute for good judgment on the part of new crop developers. 

Kenaf fiber(s) need to be looked at by prospective processors such as newsprint manufacturers in a 
form as close as physically possible to existing fibers, e.g., pine chips or old newspapers. After allowing 
for differences such as density, bark, lower lignin, storage requirements, energy consumption, etc., the 
prices quoted for chips a d o r  old news will represent the initial mill gate price that kenaf will have to meet 
in order to get the attention of decision makers in the newsprint industry. Change 1s not often welcome in 
such quarters. Therefore, a system analysis needs to ascertain whether or not the change in raw materials 
results in an overall net savings or increased costs for the products being produced. This includes quality 
considerations. Traditional strategies of using discounts to gain market entry must also be evaluated. 

Strategies Using System Approach: . 

Once the basic homework has been completed, a plan of action is essential. The first emphasis is 
generally on the suitability of the material (wholestalk or separated kenaf fibers) in the manufacture of a 
processed commodity (such as newsprint). Depending upon the product application chosen, this process 
might be relatively simple or extremely complex. Essentially, one needs to track through the system and 
determine whether or not the proposed substitution of kenaf fiber for pine chips is (1) physically (or techni- 
cally) possible, (2) econornica~ly feasible, and (3) institutionally permissible. 

The first hurdle is initially approached on a small lab or pilot plant level. If the results are &sap- 
pointing, the search usually stops. However, if the lab work shows promise, the next step is a "back of the 
envelope" review of the likely economics. What will it take to compete? This first pass should focus on 
setting forth the basic competitive framework that the new crop system will have to deal with. For exam- 
ple, what yield/cost/price relationship will enable the crop compete for production resources (land? water, 
capital, and labor) at the field level. 

Similarly, a realistic look needs to be taken at the fiber's competitive attributes in the processing or 
manufacturing sector. What might be the reaction of consumers to the proposed changes? What are the 



impacts of the change in fiber on existing and new processing facilities? Key issues today center on envi- 
ronmental implications. Availability of sufficient information is a major hurdle to be overcome at thls 
juncture. Let's pause for a second to see what we have once we get ths  far. 

We have a set of interactive assumptions for the proposed kenaf newsprint in South Texas that 
have been tested and adjusted since 1 986. 

@ Kenaf yielding an average of 7.5 dry tonslacre and receiving a pre-harvest price of $40ldry ton 
will compete for resources with other agronomic crops like maize, grain sorghum, and cotton 
that are commonly grown in the lower Rio Grande Valley. 

@ Assuming a minimum of 5,000 acres of kenaf, harvesting - hauling - delivery - storage costs 
can be kept between $8.00 and $12.00 per dry ton. 

@ This provides a "delivered to the mill" price of approximately $50.00lton. 

6 Adjustments for yard and processing losses result in a pulp yield of 8096, thus the cost of fiber 
per ton of kenaf chemi-thermomechanical pulp is approximately $62.5O/ton. 

6 The addition of labor, energy, chemicals, materials (repairs), and freight costs resulting in an 
estimated variable cost of approximately $300.00/ton. 

@ Overhead, interest, and depreciation costs are difficult to estimate as they depend on project 
specific circumstances and economies of scale. However, an industry average of approxi- 
mately $A00 can be considered. A ton of kenaf-based newsprint will cost about $400. 

On the surface, the above analysis would appear quite favorable toward kenaf as they indicate 
about a $50/ton advantage over a newsprint mill based on southern pine. The question is: Is that enough 
and does it apply to a given situation? For example, an existing mill in the piney woods of Alabama (or 
Tennessee) would find it difficult to obtain kenaf at the costs projected above, given the lack of good qual- 
ity row crop land within a short radius of the mill. Economies of scale, &stance to market, number of 
competing mills in the same geographic market are some of the additional assumptions that must be 
analyzed. 

However, the principal attention should now focus on the market place for newsprint rather than 
fine-tuning the above operating costs via engineering studies. The market needs to looked at from the 
combined physical, economic, and institutional perspective. If you are working with an existing mill, will 
the modified product enter the market? If you are considering a new mill, can you reach enough potential 
buyers (i.e., a location problem). Can you produce quality product with low enough costs to compete in 
the relevant market? Will publishers be reluctant to commit to long-term purchases of newsprint made 
from a non-traditional fiber? Will sources of financing perceive basing a capital intensive manufacturing 
project on a new agricultural fiber source to be too risky. Is this a good time to be adding new capacity to 
the market, regardless of fiber source? Are financial institutions able and willing to consider lending to 
andor investing in new industrial ventures. 

Key System Elements: 

Technology, capital, labor, land, and vision are the key ingredients that must come together to form 
a functioning kenaf product system. The first four elements are generally well recognized especially in 
economic development theory. However, vision is the catalytic key that prescribes the right commitment of 
the other resources and talents. Here is where the real analysis begins to get serious. 



Information needs to be gathered from a myriad of sources by a multi-disciplinary project team and 
analyzed in an interactive manner. Market reports, financial evaluations, product demonstrations, 
engheering studies, environmental permit applications, growing and harvesting trials, etc. are only a few of 
the items that require attention. 

For example, key pieces of equipment need to identified and evaluated for reducing the kenaf stalk 
into flowable material for entering the process system. The term "trial & error1' is fully applicable and the 
entire system has to be taken into consideration. That is, the constraints of the processing system itself, the 
fiber requirements of the intermdate or final products, the type of harvesting system, storage considera- 
tions, etc. all have to be factored into the decision. If a change is made in the storage system (e.g., moduled 
billets instead of stacked stalks), modifications may have to be made in the harvesting equipment (a con- 
tinuous loader and dump buggies in place of a grab loader and stalk wagons) and in the processing equip- 
ment (a module breaker and billet chipper versus a whole stalk shreddmg system). A major change in the 
harvesting system will affect plant and row spacing, which also have to allow for irrigation arrangements 
where and if necessary. 

After taking the above into consideration, say a chipper was chosen as the best way of reducing 
wholestalk fiber into average fiber lengths ranging between 1 and 3 inches. Then the question is whch type 
of chipper, i.e., what capacity, horsepower requirement, manufacturer, capital cost, operating cost, reli- 
ability, etc. Before most manufacturers will quote on a particular piece of equipment especially if any 
guarantees are required, they will want to run some tests. Since this is in the best interests of both parties, 
they usually insist on the new crop developer picking up the tab, unless they can be convinced that the pro- 
ject is viable and, most important, that they have a good chance for a sale. Kenaf International has tested 
kenaf with nine chipper manufacturers, including two in Europe. Different product applications will re- 
quire modifications in key equipment configurations. 

P r o d u c t s  B a s e d  o n  K e n a f  

The following discussions of individual kenaf product applications focus on their current status 
with comments as to future (near term: 3 to 7 years) potential. Most require at least minimal processing 
such as chipping or grinding. Not included are two traditional uses that may be revived under special cir- 
cumstances. As mentioned earlier, kenaf seedlings are consumed as a green leafy vegetables by &can 
villagers. This could develop health food potentials, however, an impromptu test found a slightly bitter 
taste as far as the All-American palate is concerned. 

The early work on kenaf did lead to its temporary introduction as a new crop for the production of 
poles for the pole bean growers around Homestead, FL in the 1960's. The high cost of field labor finally 
eclipsed this particular use. However, we continue to import millions of bamboo stakes into the United 
States from as far away as Chma. Prices are low, but tests are underway to determine if kenaf stakes 
might be a viable substitute. If they pass the technical test, then research will be warranted to determine 
how they can be produced and delivered on a competitive basis. Potentially high labor requirements could 
make this a difficult product application under U.S. conditions. f 

These two examples along with a possible use of kenaf as a "windbreak" crop under specific con- 
ditions typify the wide open range of potential uses that have to be sorted through in the search for the ideal 
product system that will lead to the commercialization of a new crop. These require little investment, as- 
suming seed availability and the ability to simply enter a local market. Let's now take a look at the product 
applications that are already entering the market place and some that are on the way. 



Both Kenaf International and Natural Fibers of Louisiana are selling processed kenaf core as 
K-Lirterm to local users. Most of the volume to date has gone into stables but once production is 
sufficient to meet the larger volumes, most of the product will likely go into poultry sheds on a multiple 
year basis. 

In 1992 Kenaf International began selIing K - B a s P  grown and processed in Louisiana to enable 
KP Products, Inc. to manufacture and market a bond type paper made solely from the kenaf bast fibers. 
About 16 tons were produced in the initial run. The market efforts have been successful and more Kenaf 
Bond Paper is being made. This represents the first commercial entry by kenaf into the pulp and paper 
industry and it was achieved by three small start up companies working together. 

In early 1992 a chance observation by Chris Willett of H. Willett & Associates, Inc. led to a set of 
oil spill clean up products made from ground kenaf core that are marketed under the Nature Sorb name. 
As of April 1, 1993, these products have been cleared for purchase by public agencies by the Government 
Services Administration. 

Beginning in June 1993, Kenaf Internationai will supply kenaf core material to Kmey Bonded 
Warehouse for the manufacture of special soil-less potting mixes for the horticultural industry. 

W h a t ' s  N e x t  f o r  K e n a f ?  

Of the approximately 50 products andlor applications that we and others have investigated, only a 
few are believed ready for commercialization in mid 1993. These include: commercial kenaf seed sales; 
kenaf Litter products for stables and poultry farms; kenaf core packaging chips; kenaf moldable fiber mats 
for various industrial uses; kenaf horticultural products; kenaf-based oil spill products; and kenaf bast fi- 
bers for an existing specialty pulp mill. Markets exist and start up costs are relatively low (less than $2 
million) due to simple processing requirements. What is required is a simple fiber separation facility with 
fiber grading and screening capabilities. 

Having an operating facility reduces product evaluation time and costs. Financing is not readily 
available for start up agro-industrial projects that have neither lengthy business histories or firm long-term 
purchase orders. The products mentioned above will come from two fiber processing (separation) projects 
that will start small and build up over the next three to four years, using mostly sweat and cash flow 
equity, 

Waiting in the wings for higher level project financing are: the proposed kenaf I recycled newsprint 
project and the matmox plans. The first will require about $50 million, the latter, $5 million (when fully 
developed). Both will require some additional project development work, but are essentially ready for 
consideration by investors and lenders. The newsprint project was ready to go in 1990, but has stalled 
pending a re-structuring of its financing. The matbox plans will build upon the successfbl start-up of fi- 
ber processing projects by Natural Fibers and Kenaf International, the operation of a fiber mat line by the 
PresGlas Corporation, and the firm interest of enough users to justify the tool design and start up costs. 
Another product market could open in 1994 if the kenaf forage tests in Oklahoma reach a positive 
conclusion. , 

Essentially all of the above could be accomplished with a total capital outlay of under $65 million 
with most of that going to the newsprint project. By 1995, it is possible that kenaf could be grown on at 
least 25,000 acres, depending mostly upon the extent to which kenaf is introduced as a forage crop. As- 



suming that this first wave of kenaf projects are successfully implemented with financing and marketing 
k i n g  the key question marks, the next five years should see a substantial upsurge in kenaf acreage. 

The common element that is presently dominating kenaf business strategies is "keep it simple!" 
Financing difficulties are largely responsible as plans are constantly being downsized to spend only what is 
available, postponing as much as possible to be covered later via cash flow. To a certain extent, thts is 
positive as it forces decision makers to be very careful. However, it may also force some promising enter- 
prises back into dormancy for lack of access to funding. The need for new businesses to find appropriate 
means of mitigating at least some of the risks associated with start up enterprises in today's economy is 
urgent. 
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COMMERCIAL PRODUCTION OF THE OIL ABSORBENT SEA SWEEP 

Thomas B. Reed, William L. Mobeck 
The Colorado School of Mines, Golden. CO 80401 USA 

Abstract 

A new absorbent has been developed for oil spills. It attracts oil and chemicals and 
floats on water indefinitely. It is mpm-leaching and can save land and beaches from 
envimonmental disasters. It can then be disposed of in an environmentally acceptable 
manner or recycled. The new absorbent is called "Sea Sweep" and extensive research 
has been done on it under an €PA Small Business Innovation Research grant, Phase I 
and Phase II.Sea Sweep has been tested for toxicity to the environment. Less than 2 
mgll total organic carbon was found in water in contact with oil saturated Sea Sweep 
after 30 minutes. No toxicity was measured to any of the marine or freshwater test 
species at any of our test concentrations. 

Sea Sweep is made from "pin chips", a waste wood product, using a patented 
thermolytic process in which the wood is heated to about 300°C. It is a coarse, free- 
flowing granular material. Sea Sweep absorbs from 2.6 to 6.6 gig of oils and chemicals. 
While it was originally designed for marine oil spills, it is also very effective for oil and 
chemical spills on land or water. 

Sea Sweep has now reached the stage of limited commercialization. A small (5 
tonslday) plant has been built in northern Colorado at a wood recycling plant and it has 
been operated since January 1993. The plant features an afterburner that destroys the 
blue haze resulting from pyrolysis of the sawdust so that productionis environmentally 
acceptable. 

Sea Sweep is marketed in 5, 10 and 25 lb plastic bags and 500 lb drop bags. It is also 
sold in socks, booms, pillows and bilge rats. The company will recycle non-toxic 
materials for the customer using methods developed under the SBlR grant. 

Sea Sweep has been featured in a number of articles, on television, and in national 
and international trade shows. The international marketing of Sea Sweep is 
administered from the corporate offices in Denver. Domestic marketing is 
administered from the regional office in Chicago. 



Introduction: The Oil Spill Problem 

New environmental awareness forces us to look at the long term effects of various 
ways of controlling oil spills (and refined products and chemical spills) on the ocean 
and on land. Current methods, such as direct recovery with skimmers or booms, use 
of dispersants, burning and sinking are not effective in many situations. Marine oil 
spills are daily occurrences around the world and no single method is successful in 
cleaning them up [OTA, 19901. 

Natural sorbents such as straw or sawdust were tried in the early 1970s and rejected 
because they cause a disposal problem and they sink in water. Mineral sorbents 
such as clay and diatomaceous earth sink in water applications, they can't be 
incinerated and they last in landfills indefinitely. Synthetic sorbents such as 
polypropylene are more attractive in situations where they can be reused, but they are 
quite expensive and eventually become a disposal problem. 

What is needed is a new absorbent which can completely remove spills and then be 
disposed of in an environmentally acceptable manner. Attention is now being focused 
on measurement of the properties of various sorbents to determine their acceptability 
and areas of application [Schatzburg, 1973; EPS, 1985; EPS, 19911. 

Use of ADsorbents vs ABsorbents 

In evaluating sorbents it is important to distinguish between ADsorption (like a mop) 
which coats the outside of fibers or particles and ABsorption into the internal 
structure of the particles (like a sponge). ADsorption is useful if the material is to be 
reused continuously in endless belts or for immediate recycling of pads. However, 
since the hydrocarbon is on the outside of an ADsorbent, it coats anything it comes in 
contact with and leaks out of the sorbent during storage. 

ABsorption of hydrocarbons to the inside of particles is more appropriate when 
the saturated sorbent is to be moved or stored. 

Development of Sea Sweep 

We have developed a new ABsorbent (which we call "Sea sweepTM") for oil and 
chemical spills. We have been able to expand research on Sea Sweep through an 
EPA Small Business Innovation Research (SBIR) grant, completed in August 1991. 
We have obtained a Phase II SBlR grant to expand our research to chemical 
absorption, recycling the absorbed material and further studies of the chemical and 
physical nature of Sea Sweep. We believe Sea Sweep solves many of the remaining 
problems of oil spill cleanup. A U. S. Patent No. 5,110,785 has been granted. 

Sea Sweep is made from pine "pin chips", a waste wood product. It is made using a 
patented USP (5,110,785) thermolytic process by heating the pin chips in a 
controlled atmosphere for 1-2 min in an atmosphere composed of the pyrolysis 
vapors at temperatures between 300" and 350°C, followed by a rapid quench to 



prevent autopyrolysis. This process converts the hemicellulose portion of the wood 
(about 25%) to a coating which is repellent to water (hydrophobic) but attracts oil 
(oleophyllic). It leaves the cellulose and lignin relatively unaltered and so maintains 
the strength of the wood. We believe that softwoods are more suitable for making 
Sea Sweep because of their lower density and more uniform pore structure [Core, 
19791. Tests are now in progress to determine the suitability of a number of woody 
biomass materials for manufacturing Sea Sweep. 

Properties Of Sea Sweep 

The effectiveness of Sea Sweep is due primarily to its ability to absorb material into 
the open cells of the pin chips, thus removing them from the environment. Sea 
Sweep is a coarse, free flowing, dark brown granular material. The density is 0. I 1  
kgll (7 Iblft3) when freely poured, but it can be compressed to 0.16 kg11 (1 0 lblft3) for 
shipment. We have produced 8 tons of Sea Sweep in a prototype facility to date and 
have tested it in various applications. 

Sea Sweep ftoats on salt and fresh water for days or weeks unlike either charcoal or 
sawdust. After it has absorbed hydrocarbons it floats indefinitely (we have samples 
that are floating after two years). 

Absorption Properties 

The properties of 8 hydrocarbon fluids tested are shown in Table 1 . 

The absorbent tested passes a 4 mesh screen, but not a 16 mesh screen, and is 
designated -4,+16 Sea Sweep. Tests were performed by saturating a weighed 
quantity (about 5 g) of sorbent with fluid for five minutes, filtering and re weighing. 
The saturated material was then centrifuged at 10 g for 30 seconds and re weighed. 

The mass ratio, Rm, of absorbed material to absorbent for various hydrocarbons is 
shown in Table 2. This table shows the ratio for fully saturated sorbent, R,,,, and for 
centrifuged materials, R,,,. We believe the saturated ratio represents the action of 
both AD and ABsorbt~on, while the centrifuged ratio represents primarily the 
ABsorption. Typical values of Rm range from 2.6 glg to 6.6 glg, while RmYc range 
from 1.3 to 5.4 for Sea Sweep for the hydrocarbons shown. 

Table 2. also shows the volumetric ratios for saturated, (RvIs) and centrifuged (RVtc) 
Sea Sweep. Sea Sweep is very much like a cellulose sponge and absorbs 0.5 to 
1.2 times its own volume of oil. 

Although Sea Sweep was originally developed for petroleum products, we have found 
that it is an excellent absorbent for many chemicals. We have tested the absorption 
on a number of chemicals and the absorption rate is shown in Table 3. 

Toxicity And Biodegradability Of Sea Sweep 
Salt water was coated with light crude oil for 30 minutes. Sea Sweep was then used to 



remove the light crude and the water was tested by Huffman Laboratories in 

TABLE t - FLUIDS TESTED AND THEIR DENSITIES 

Name: 

A Heavy crude 
B Medium crude 
C Light crude 
D Bunker C 
E No. 2 Diesel 
F Gasoline 
G Toluene 
H Sea water 

Density 
g/crn3 
0.930 
0.804 
0.777 
0.91 0 
0.831 
0.704 
0.867 
1.019 

Source 

Offshore, Ca 
Total Petroleum 
Weld County, CO 
Houston 
Golden, Fall 
Golden, Summer 
Baker Chemicals 
Seal Beach, CA 

TABLE 2. ABSORBED FLUIDS TEST - (+16,4 MESH SEA SWEEP) 

WEIGHT BASIS VOLUME BASIS 
Sat'd* Centrip* Sat'd* Cen trip* 

NAME: 

Heavy crude 
Medium crude 
Light crude 
Bunker C 
No. 2 Diesel 
Gasoline 
Toluene 
Hexane 

Ratd  Rdry Rsaj'd 
g oil/ g oil cm oil/ cm R~ oiV 
gabs gabs g abs g abs 

*Absorbent saturated with fluid, drained on screen 30 min 
**Saturated absorbent centrifuged 30 sec 

Golden, CO for total organic carbon, TOC (ASTM D-4129) and biological oxygen 
demand, BOD, (EPA 405.1). (High chloride in samples interfered with tests for 
chemical oxygen demand.) The results are shown in Table 4. 

Sea Sweep had been tested for toxicity by the T. H. E. Laboratories in Broomfield, 
Colorado. They found that "no significant toxicity was measured to any of the marine 
or freshwater test species at any of our test concentrations". Their highest 
concentration was 4000 mgll. The California Department of Fish and Game criterion 
for a hazardous sample is 500 mgll. On this basis the sample does not classify as 
a hazardous sample using aquatic toxicity test guidelines. 



Table 3. Absorption Capacity of Sea Sweep for Various Chemicals 

Acetone 
Benzene 
Chlorobenzene 
Ethanol 
Ethyl Acetate 
Ethylene Glycol 
lsobutyl Alcohol 
lsopropyl alcohol 
Jet Fuel 
Methanol 
Residual Fuel Oil 
Toluene 
Vegetable oil 
Xylene 

We believe that Sea Sweep is naturally biodegradable because it is made from a 
wood product and most of the original cellulose remains. The biodegradability of oil 
saturated Sea Sweep should be enhanced over that of the oil because the oil 
particles are isolated in small, accessible cells surrounded by the natural nutrients 
of wood. Biodegradability tests are in progress. 

Table 4. TOC and BOD in Salt Water exposed to Light crude and cleaned with 
Sea Sweep 

TOC BOD 
mgll mgll 

Sea Water(blank) 2 9 
Sea Sweep (oil saturated) 4 11 
Charcoal 4 10 

After Sea Sweep has been used to absorb oil the oil does not appear to drain out of a 
pile, provided it is not too highly saturated. We are currently planning a series of 
tests to quantify this effect. 



Use Of Sea Sweep 

Sea Sweep is supplied in bulk, in 5, 10 and 25 lb bags, in a 500 ib drop bag or 
contained in pillows, booms, socks or bilge collectors. It is also available in an 
emergency kit containing gloves, goggles, several size pillows and bulk Sea Sweep. . 

For small marine spills, Sea Sweep is applied in the form of booms or pillows. Sea 
Sweep is a free-flowing large particle material, and so it can be dropped without 
undue wind dispersal. For larger spills, therefore, Sea Sweep can be applied 
pneumatically from bulk packages with a blower to the area affected or dropped 
from aircraft. 

In the mse of land spills or small ocean spills, Sea Sweep is most easily applied in 
the forms of booms, socks or pillows which can then be disposed of individually. 

Sea Sweep isolates the hydrocarbon from the environment, so that even if it is not 
recovered, it eliminates the exposure of wildlife and the environment to damage. 

Collection of Sea Sweep 

Once the oil is absorbed, loose material can be collected on screens, by 
skimmers, booms and barges. Sea Sweep in packaged form can be retrieved in a 
few minutes and shipped for disposal. 

Sea Sweep has the capabilities of binding hydrocarbons and chemicals internally so 
that they do not leach out. For example, if it is used on a marine spill, no damage to 
beaches would occur, even if some hydrocarbon saturated Sea Sweep washes up 
on beaches. 

Disposal of Sea Sweep 

Sea Sweep is designed so that it can be repackaged in the original containers for 
shipment and disposal. Since Sea Sweep has a heating value of 29 kJ/g and oil is 
typically 52 kJ/g, saturated Sweep will have a heating value of about 45 kJig (17,300 
Btullb). It is an excellent fuel for cement plants and power plants. 

The absorbed oil can also be recovered in part from Sea Sweep by pressing, by 
extraction or distillation. We have extracted Sea Sweep saturated with light crude 
with hexane and recovered over 98% of the original oil. We found that the Sea 
Sweep then had more than 9056 of its original absorbtion capacity. We are currently 
investigating the effectiveness of each method. 



Sea Sweep Spill Testing 

Sea Sweep has been tested for marine spills at the Texas A&M oil Spill Control 
School in Galveston. Five gallons of crude oil were spilled on water in a 7 ft diameter 
tank. Fourteen Ib. of Sea Sweep were applied to the spill. The oil and sorbent were 
pickup using a 20 mesh wire screen and placed in bags for disposal. The resulting 
water appeared clean, though it had a minor sheen. In our experience, the sheen is 
also picked up with a small amount of extra Sea Sweep provided there is some 
agitation. Sea Sweep has also been tested on oil spills on concrete. It effectively 
removes all visible oil in one application when mixed with solvent diesel. It has been 
used by fire departments and hazmat teams in the Denver area. Currently we are 
planning a number of further tests. 

Commercial Production Of Sea Sweep 

The initial patent. U. S. Patent No. 5.11 0,785, is a state of matter patent. It describes 
Sea Sweep as a product of limited heating to a temperature between 280" and 380" 
C. We call the process of controlled heating "thermolysis" and the apparatus for 
controlled pyrolysis a "thermolatof' (as opposed to a pyrolyser which completely 
destroys the structure). This limited pyrolysis breaks down the hemicellulose fraction 
of the wood but leaves the cellulose and lignin intact in order to preserve the cellular 
structure and strength of the wood. The patent describes a number of possible 
methods of making Sea Sweep. 

In making Sea Sweep it is necessary to obtain dry pin chips, since more energy is 
required to remove 10% moisture from the pin chips then to heat the pin chips to the 
final preparation temperature. It is commonly perceived that there are large quantities 
of pin chips available around the world. While there is a lot of wet sawdust in the 
world, and particularly in the U.S.. most of it has a moisture content of about 50% and 
is not practical for use in the thermolator without drying. In addition it is necessary to 
screen the particles to obtain the optimum size which we call "pin chips". 

A second patent is now being applied for based primarily on the plant now in use. 
The present plant has facilities for unloading, sizing and storing pin chips, prior to 
feeding the pin chips into the Thermolator tube at a controlled rate. The plant uses 
solid transport of the pin chips through a heated oven 20 feet long. This is followed 
by a cooling section in which the pyrolysing Sea Sweep is cooled to 200°C. It is then 
carried to a bagger section. The bags are filled, sealed and placed on a pallet which 
is then wrapped for shipment. 

Commercial Development 

The Company's marketing program is administered from two locations. The North 
American sales effort is conducted at the Company's regional office in Chicago, 
Illinois. The international marketing program is administered from the corporate office 
in Denver, Colorado. 



The North American marketing efforts are conducted through master distributors and 
distributors. Sea Sweep personnel attend a minimum of five major trade show and 
conferences each year. We plan to have an advertising campaign in suitable 
magazines. 

The international marketing efforts are conducted by establishing master distributors 
by countries and distributors by participating in the international trade missions 
conducted by the U.S. Commerce Department Matchmaker Program. In 1991 the 
trade mission was held in London and in 1992 in Milan, ltaly and at the European 
Environmental trade show "Pollutec '92" in Lyon France. These missions have 
developed sales in Greece, Spain and ltaly and interest in a number of other 
countries. 

Summary 

Sea Sweep is an oleophilic, hydrophobic absorbent that absorbs 3-4 times its own 
weight of oils and chemicals. It is made from woody material in a themolytic process 
which decomposes the hemicelluloses but preserves the cellulose. The cellular 
character of the material gives a high degree of absorbency to Sea Sweep. 

i 

Sea -Sweep is free flowing and simple to apply to spills. It is biodegradable and not 
hannful to the environment. Absorbed materials can be recovered by pressure, 
thermal treatment or solvent extraction. Sea Sweep is proving to be a powerful tool 
for oil and chemical spill control, and is now sold in the U.S. and Europe. 
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