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ABSTRACT

The overall obj ective of our research has been to develope thermochemical

cycles that can be used for energy storage. A specific cycle involving ammonium

hydrogen sul fate (NH
4HS04

) has been proposed. Each reaction in the proposed

eyc1e has been examined experimentally. Emphasi s has been p1 aced on the basi e

chemistry of these reactions.

In the concl uding phase of thi s research, reported herein, we -have shown

that when NH 4HS04 is mixed with ZnO and decomposed, the resul ting products can

be released stepwise (H20(g) at ... 163°C, NH 3(g) at 36S-418°C, and a mixture of

S02(g) and 503(9) at .... 90QoC) and separated by controling the reaction tem­

perature. Side reactions do not appear to be significant and the respective

y; e1 ds are hi gh as waul d be requi red for the successful use of thi s energy

storage reaction in the proposed cycle. Thermodynamic, kinetic, and other reac-

tion parameters have been measured for the various steps of the reaction.

Finally we have completed a detailed investigation of one particul ar

reaction: the thermal decomposition of zinc sul fate (ZnS04) . This reaction is

i nvo1 ved in the NH4HS04 eye1e and al so in several other cyc1es proposed for the

thermochemical decomposition of water into _hydrogen and oxygen. Typically it

proceeds rapidly only at temperatures greater than 850°C.

We have demonstrated that thi s reaction can be accel erated and the tem-

perature required reduced by the addition of excess ZnO, V20 S and possibly other

metal oxides. Further, we have shown that ZnS04 can be decomposed from a liquid

mixture of ZnS04 and Li 2S04' and that this decomposition can be catalyzed by

V20 S' aluminum silicate, and possibly other metal oxides.

The \\()rk on this project as proposed prior to funding is essentially

compl ete. The resul ts of thi s research have been and continue to he used in

other projects designed to test the overall feasibility of the proposed cycle.
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I

I NTRODUCT ION

General Objective of the Research -

If solar insolation is to be of significance in meeting our energy needs, an

important aspect of the requi red technology is the development of methods for

storing the energy from this intermittant supply. For appl ications which

require high temperature heat, such as electrical power generation, reversible

chemical reaction cycles appear to offer promise for long term energy storage.

The sel ection of an appropriate reaction and the experimental measurement of

scienti fie data for the cycl e have been the objectives of research in thi s

laboratory since 1976. This report presents new data which i s applicahle not

only to this cycle but also to other proposed cycles.

In principle, such cycles would use concentrated solar flux to provide the

heat required for a high temperature endothermic decomposition reaction. This

converts the thermal input into chemical potential energy in the reaction pro­

ducts which are stored. Heat could be regenerated upon demand by recombining

the stored products in the reverse exothermic reaction at some lower tem­

perature.

The maximum temperature available from the solar concentrator (eg. 516°C for

Sol ar One) and the minimum operating temperature of the power generating tur­

bines (eg ..... 30QoC for Solar One) determine the temperature range within which

the chemical reaction must be cycled. A reaction cycle operable within these

1 imits must be identi fied, and thermodynamic and kinetic data for the various

reaction steps measured.

1



Chemical reaction cycles offer at least two advantages over other methods of

storage presentl y under consideration. Fi rst, chemical reaction cycl es are

potentially capable of storing more energy per unit volume of storage med i um

than systems based on storage of sensible heat (ie. hot rocks, oil, water, etc.)

or as heat of fusion (ie. phase change media). Second, with reaction cycles the

storage medium can be at or near ambient temperature during the entire storage

period. If the recombination reaction occurs without catalysis, the products

must be separated at the decomposi tion temperature prior to storage. If the

recombination reaction requires a catalyst, then it may be possible to store the

products together in the absence of the catalyst. This research has focused on

a cycle which is uncatalyzed, and considerable effort has been spent on the

methods of product separation. Finally, the practical operation of such a cycle

depends critically upon a high reaction yield in both directions and long term

reversibil ity for the net reaction, all within a closed system. These features

must be demonstrated.

Description of the .ammonium Hydrogen Sulfate Cycle-

Based on general criteria for energy storage reaction cycl es , 1 we sel ected

the net thermal decomposition of ammonium hydrogen sul fate (NH 4HS04) into ammo­

nia (NH3), water (H 20), and sulfur trioxide (S03) for the energy storage step:

T1 '(I)NH4HS04 NH 3 + H20 + S03 Energy Storage

and the reverse recombination reaction:

2



Energy Regeneration (2)

for the energy regeneration step in a storage cycle.

Values for the standard enthalpy of reaction, ~Ho=336.5 kJ mole-1 (80.4 kcal

mole-I) and for the standard entropy of reaction, ~So=455.8 J deg- 1 (108.9 cal

deg- 1) have been used to calculate the approximate temperature, T1=467°C, at

which the thermodynamic equilibrium constant, Keq, for the reaction is equal to

one. The value of T1 ;s an approximation of the temperature at which the reac­

tion cycle can be "turned", According to this approximation, reaction 1 wi l l

be favored at temperatures in excess of T1 and reaction 2 wi 11 be favored at

temperatures below T1. The actual temperature requi red for the energy storage

step (T1) and provided by the energy regeneration (T2) will depend on the reac­

tion conditions necessary to obtain high yields for each of these reactions.

The products of reaction 1 are gases at temperatures in the vicinity of

T1 under standard conditions, but each can be liquified at modest pressures

«10 atm) at ambient temperature «40°C). Condensation, and thus storage, of

these products will be simplified if reaction conditions can be found such that

the partial pressure of each product in reaction 1 at equilibrium is in

excess of its liquid vapor pressure at aMbient temperature. Using thermodynaMic

data avail abl e for reaction 1, cal cul ations indicate that thi 5 sel f conden-

sation can be achieved at T1 ~ soooe. The energy storage density provided by

this process (storage of H20, NH 3, and S03 as liquids at ambient temperature)

would be between 3,098 MJ m- 3 (740 kcal 1,-1) and 4,102 MJ m- 3 (980 kcal 1,-1).

The lower figure assumes complete loss of the heat of condensation of each pro­

duct to an ambient heat sink. The higher figure, assumes conpl ete recovery of

this heat of condensation from the ambient heat sink or through some co-

3



generative process.

Summary of Previous Research -

An initial literature survey allowed us to identify two reaction mechanisms

which would be equivalent to reaction 1 and which might allow satisfactory

separati on of S03 from NH 3 and H20 . The use of metal sul fates (M2S04) for

forming intermediate pyrosulfates (M2S 207) :

MECHANISM I

+ M SO
2 4( sol)

(La )

(Ib)

or the use of metal oxides (MO) to form intermediate sul fates (MS04):

MECHANISM I I

NH4HS04 + MO (s)
TIc

NH + H2O + MS04 (I c)
(R. ) 3(g) (g) (s)

MS04
TId

MO(s)+ S03 (I d)
(s) (g)

woul d in princ i pl e provide the desi red product separation if 1arge yi el ds from

each of the two steps could be achieved by controlling the reaction mixture tem-

perature.

Based on thermodynamic data when available and further assisted by a reac­

tion mechanism model, 2,3 twenty five di fferent metal oxides and metal sul fates

were selected and their reaction with NH 4HS04 screened experimentally using dif-

4



ferenti a1 thermal analysi s (OTA) and thermogravimetric enal ys i s (TGA). In

general, the TGA resu1 ts proved more useful than the OTA resul ts. The TGA

method used is described in Appendix A. The results of this screening have been

pub1ished,4,5 and are summarized in Tables I and II. Only three sulfates

(K
2S04,

Rb
2S04,

Cs 2504) and six metal oxides (ZnO, Cu 20, NiO, MnO, PbO, MgO),

when mixed with NH 4H504, reacted in two steps with an intermediate weight lass

equal to that expected for complete evolution of the available NH 3 and H20 (30%

of the starting weight of NH 4H504).

The first step (reaction 1a) of Mechanism I has been investigated in detail.

Thi s investigation required the developnent of an unconventional procedure for

quantitati ve chemical anal ysi s of the react ion products. Thi s procedure is

described in Appendix B. Use of thi s procedure has shown that with each of the

three metal su1 fates the principal reaction products are NH 3(g) and H20(g).

Small amounts of 503( g) are a1 so produced. In each case the absol ute NH 3( g)

yield and the relative NH 3(g) to 503(g) yield depends on the reaction tem­

perature and reaction mixture mole ratio (moles of metal sulfate/moles NH 4HS04).

Quantitative measurements of these yields have been made under various reaction

conditions.6,7 Optimum reaction conditions in each case require a temperature

~415°C and a mole ratio ~1.2. Under these conditions the NH 3(g) yields are ~95%

and the S03(g) yields are <1% in each case. The volatile NH 3(g) yield is

greatest for the mixture containing CS 2S04 and lowest for the mixture containing

K2504• Total recovery of NH 3 and 503 t s virtually 100% in each case.

Preliminary experiments with mixtures containing K2S04 indicate that the NH 3(g)

yield can be increased and the S03{g) yield reduced when the reaction ;s carried

in the presence of excess water vapor. However, it was not possible to find

5



TABLE I

SUMMARY OF TGA AND DTA RESULTS FOR MIXTURES OF NH4HS04 WITH EACH OF THE METAL SULFATES SCREENED

Temperature Range Corresponding Temperature Range
11eta1 0% to 30% DTA 30% to 100%

Sulfate Weight Loss Endotherm Assumed Reaction Weight Loss Assumed Reaction

LiZS04 does not occur ------- ------. does not occur -------

Na 2S04 does not occur ------- ------- does not occur -----.-

K2S04 250°C to 350°C 395°C KZS04+NH4HS04+H20+NH3+K1SZ07 4QO°C to 650°C KzS10r~K2S04+S03

RbZS04 ~ 250°C to 300°C 390°C RblS04+NH4HS044H10+NH3+Rb2SZ07 350°C to 750°C RblSZ074RbZS04+S03

CS ZS04 < Z50°C to 300°C 345°C CsZSO4+NH4HSO4-+ttZO+NH3+Cs Z5 Z07 450°C to 900°C CS25Z074CSZS04+S03

CaS04 does not occur ------- ------. does not occur -------

MgS04 does not occur ------- ------- does not occur -------

MnS04 does not occur ----.-- -.----. does not occur -------

A1 ZS04 does not occur ------- ------. does not occur -------

FeS04 does not occur .------ ------- does not occur -------
!

NiS04 does not occur ------- ------- does not occur -----.-

CuS04 does not occur ------- ------. does not occur -------

ZnS04 does not occur ------- --.---. does not occur -------

CdS04 does not occur ------- ------. does not occur -------

I1g504 does not occur ------- -.----. does not occur -----.-



TABLE II

SUMM~RY OF TGA RESULTS FOR MIXTURES OF NH4HS04 WITH EACH OF THE METAL OXIDES SCREENED

Temperature Range Temperature Range Temperature Range
Metal 0% to 30% 30% to 100% For Weight loss From
Oxide Weight Loss Assumed Reaction Weight loss Pure Metal Sulfate Assumed Reaction

MgO <zoooe to 400°C MgO+NH4HS04+HZO+NH3+HgS04 . gOOoe to > 10000e 9000e to > lOOO°C MgS04-.MgO+S03

CaO not observed ----- -- not observed not observed -------

BaO <ZOO°C to 30QoC BaO+NH4HS04-4tzO+NH3+BaS04 not observed no experiment -------

CUZO <ZOooC to 4000e CUZO+NH4HS04--.HZO+NH3+CuZS04 550°C to zoo-c no experiment CUZS04-+cuZO+S03

InO <150°C to 350°C ZnO+NH4HS04-.HZO+N"3+lnS04 600°C to 900 0 e 600 0e to gOOoe Zn504".ZnO+503

NiO <250 oe to 400°C NiO+NH4HS04~tZO+NH3+NiS04 600 0 e to 900°C 6000 e to aoooe Ni504-+NiO+SOJ

MnO <250°C to 4000 e MnO+NH4HS04~·20+NH3+MnS04 100eC to loooec lOOoe to 9000 e MnS04~nO+S03

PbO <ZOO°C to 30Qoe PbO+NH4HS04....HZO+NH3+PbS04 BOOoe to lOOOoe no experiment Pb504....PbO+S03

HgO does not occur ------- does not occur no experiment -------

A1 Z03 does not occur ------- does not occur no experiment -------



reaction conditions under which any of the three mixtures gave 100% NH 3(g) yield

and negligible S03(g) yield indicating that for these mixtures, temperatures

sufficient to drive reaction 1a to conpl etion are al so sufficient to initiate

reaction lb. Further, we found some indication that reaction 1a is an

incompl ete representation of the process taking pl ace in these mixtures at

T1a=250-350°C. Condensab1 e H20 wa s repeatedly observed in the reactor at tem­

peratures - below those requi red to produce detectabl e vol atil e NH 3( g) • Thi s

suggests that decomposition of NH 4HS04 in the presence of the metal sul fates

forms a nitrogen containing pyrosulfate prior to liberation of free ammonia.

In order to partially characteri ze the nature of the reaction mixtures

(M2S04/NH4HS04) associated with reaction la, the solubility of each alkali metal

sulfate in molten NH 4HS04 (Mp=145°C) was measured as a function of temperature

within the range 150 to 250°C. The procedure used is described in Appendix C.

The results are presented in Table III, and indicate that the solubilities of

Na 2S04, K2S04, Rb 2S04, and Cs 2S04 are the same, within experimental error, at

any temperature. The sol ubi1 ity of Li 2S04 is somewhat hi gher at low tem­

peratures, but becomes comperable to that of the other metal sul fates at higher

temperatures. The measured sol ubil ities for K2S04, Rb 2S04, and Cs 2S04 are con­

sistent with the observation that the mole ratio M2S04/NH 4HS04=1.2 necessary for

maximum NH 3(g) yield via reaction 1a results in a mixture in which the M2S04 is

only partially dissolved when reaction begins.

For each of the three reaction mixtures (K 2S04/NH4HS04, Rb 2S04/NH 4HS04,

CS 2S04/ NH4HS0
4

) , thermodynamic and kinetic parameters have been cal cu1 ated for

reaction 1a. Thermodynamic parameters (t.H, t.S) were cal cul ated from measurement

of the total equilibrium product gas pressure as a function of temperature. 8,g

8



TABLE III

EXPERIMENTAL SOLUBILITY OF THE ALKALf METAL

SULFATES IN AMMONIUM HYDROGEN SULFATE

AS A FUNCTION OF TEMPERATURE

MOLE FRACTION OF METAL SULFATE DISSOLVED

Li 2S04 Na 2S04 K2S04 Rb 2S04

150

175

200

225

250

.0233

.0061

.1409

.1655

.1806

.0181

.0430

.0492

.1624

.2203

9

.0152

.0417

.0903

.1354

.1977

.0087

.0440

.1132

.1544

.2175

.0125

.0529

.0855

.1807

.2110



Kinetic parameters (activation energies, rate constants) were cal cul ated fr-om

measurement of the rate of NH 3(g) evolution as a function of temperature. 8,10

The experimental detail shave. been pub1i shed _el sewhere. 8,10 The resul ts are

summarized in Table IV. Two sets of thermodynamic parameters are given. One

pertains to reaction temperatures below ~360°C where the reaction mixture is not

homoqeneous , At these temperatures the mixture at equi 1 ib ri um consi st s of a

solution of M2S04 in molten NH 4HS04 in contact with undissolved M2S04• Another

set pertains to temperatures above ~360°C. At these temperatures the mixture at

equilibrium is homogeneous. In either case the thermodynamic state of the

reacting species is not well characterized, and the calculation of the respec-

tive 6H and 6S values required assumptions concerning the nature of the mixture.

For thi s reason the resul ts are not considered defi nitive. They are, however,

considered adequate for the present purposes.

The second step (reaction Ib) wa s not stud ied quantitatively. However,

qual itative experiments9 indicate that thi s reaction will requi re a temperature

T1b~900°C,'that it occurs at a somewhat slower rate than reaction la, and that

it will yield a mixture of S02(9)' S03(g)' and 02(g).

The energy regeneration step (reaction 2) has been investigated. The heat

of reaction was determined by adiabatic' calorimetry at atmospheric pressure. 9

The procedure used is. described in Appendix D. The resul ts are summarized in

Tabl e V. A net heat of reaction equal to 74-77 kcal Imol e was cal cul ated for

T2=310°C. In addition, experiments were done in which NH 3(g)' S03(9) and H20 (g)

were mixed on a manifold at atmospheric pressure. The reaction is characterized

by the fonnation of a dense mist, and the condensation of a solid product. The

reaction temperatures observed ranged from 355°C to 405°C, and the solid product

10



TABLE IV

SUMMARY OF EXPERIMENTAL RESULTS FOR MECHANISM I

(la)

(1b)

FROM TGA (1) EXPER H~ ENTS FROM EQUILIBRIUM(2) VAPOR
PRESSURE EXPERIMENTS

M2S04 T1a T1b T1a

K2S04 250-3-50°C 400-650°C 220-480°C

Rb 2S04 250-300 350-750 220-480

CS 2S04 <250-300 450-900 220-440

(l ) From ref. 4.

(2) From ref. 8.

YIELD DATA FOR REACTION 1a(3)

M2S04 YIELD NH 3(g) YIELD S03(g)

K2S04 93.6% 0.6 %

Rb 2S04 95.4 0.11

CS 2S04 96.1 0.3

(3) Measured at optimum .values T1a = 415°C; n = 1.2 and expressed as % of
total theoretical yield (see ref. 7).

11



TABLE IV (Continued)

THERMODYNAMIC PARAMETERS FOR REACTION la(4)

Below 360 0C( 5) Above 360°C(6)

M2S04 t.H t.S t.H t.S

K2S04 49. kcal mol e-1 66. cal deg-1 43.7 kcal mole-1 59.2 cal deg-1

Rb 2S04 53.3 74.3 47 •. 67.

CS 2S04 45.7 65.8 35.8 52.

(4) Thermodynamic data were calculated from equilibrium product gas pressure
using assumptions concerning composition of the reactant mixture at
equil ibrium.

(5) Not all M2S04 in solut ton (see ref. 8).

(6) Completely liquid reaction mixture (see ref. 8).

KINETIC PARAMETERS FOR REACTION la(7)

PR E-E XPONE NTIAL FORWARO RATE

M2S04 ACTIVATION ENERGY FACTOR CONSTANT (400°C)

K2S04 19.2 kcal mol e-1 1.6 x 103 sec-1 1.275 x 103 sec-1

Rb 2S04 21.6 1.52 x 104 3.757 x 10-3

Cs 2S04 23.7 1.87 x 105 9.54 x 10-3

(7) Kinetic data were calculated from measurement of NH ( , pressure as a
function of time and temperature, and assuming reac!18n is first order in
the forward direction (excess M2S04) and second order on the reverse
direction (constant H20), (from ref. 10).

12



TABLE V

EXPERIMENTAL HEAT OF REACTION AT ONE ATMOSPHERE FOR

H20(g) + 503(g) + NH 3(g) + NH 4HS04( sol )

T

(OC)

310

310

T

(OK)

583

583

6H

(kca1/ rno1e)

74-77

76

Reference

1

2

(1) Chen et al., present work.

(2) Calculated from data reported by Kelley et al , in "Ihermodynerric Properties
of Pmmonium and Potassi urn Alurns and Rel ated Substances With Reference to
Extraction of Alumina From Clay and Aunite," U.S. Dept. of Interior,
Technical Paper #688.
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Finally, since the reaction mixtures involved in reactions la and l b are

potentially very corrosive and since metal reactors would be required to contain

these mixtures at the pressures suitable for product condensation, a series of

experiments9 was carried out to measure the corrosi ve effects of the mixtures

on various metal s , The procedure used is described in Appendix E. Of the nine

metal s tested, Rene 41 and Hastell oy X showed the greatest resi stance to corro-

si on.

The fi rst step (reaction lc) of Mechan i SM II has been examined usi ng mix­

tures of NH 4HS04 with each of the six selected metal oxides. Of these, the mix­

ture ZnO/NH4HS04 gave the most complete separation of NH 3(g) and S03(g)

products. Experimental resul t s for thi s mixture as well as resul ts for reaction

Id are discussed in detail in this report.

14



II

THERMAL DECOMPOSITION OF THE ZnO/NH4HS04 MIXTURE

Stoichiometry and Yield for First Reaction Step (Reaction lc) -

In order to characterize the reaction of NH4HS04 with ZnO, experiments were

done to determine the yield of NH 3( g) evolved as a function of mixture mole

ratio (n=ZnO/NH 4HS04) and reaction temperature over the range 261-459°C.

Vol at i l e products from the heated mixture were entrained in an inert gas flow

and transferred to a solution of H2S04 which was analyzed. The quantitative

chemical analysis procedure used is described in Appendix F. The experimental

details and results have been published11,12 and are summarized in Table VI.

The data showed that: H20(g) but not NH 3( g) or S03(g) is evolved at "163°C;

NH 3(g) but no S03(g) is evol ved at temperatures between 365-418°C; max imum

NH 3( g) yield (>99%) is obtained when n"I.5 and T1c=390-400°C; and that at tem-

peratures above 409°C NH 3(g) begi ns to decompose. The opt tmom val ue for n=I.5·

is inconsistent with the stoichiometry for reaction l c ,

(1c)

n - ZnO = 1
- NH4HS04

An oxysul fate , ZnO·2ZnS04t has been identified in the literature (see refs. 11

and 12 for a more complete discussion of this compound). The value n=1.5

suggests that the oxysulfate rather than ZnS04 ;s the end 'product for the reac­

t ion 0 f NH4HS04 with Zn O.

15



TABLE VI

SUMMARY OF EXPERIMENTAL RESULTS FOR MECHANISM II

TId
ZnO·2ZnS04(s) ZnO(s) + S03(g) + S02(g) + 02(g) (ld)

REACTION TEMPERATURES

FROM TGA EXPERIMENTS(l) FROM PRODUCT GAS ANALYSIS(2)

TIc'

<ISO-350°C

(l) From ref. 4.

(2) From ref. 12.

TId

600-900°C

TIc' TId

>800°C

YIELD DATA FOR REACTION Ie' (3)

Yi el d NH 3( g)

99.3%

Yield S03(g)

.34%

(3) Measured at optimum values T
1

. = 409°C, n = 1.5 and expressed as % of total
theoretical yield (see ref. 2).

KINETIC PARAMETERS FOR REACTION 1c·(4)

Activation Energy

24.7 kcal mole-1

Pre-exponential Factor

1. 2 x 107 mi n-1

Forward Rate Constant (400°C)

1.331 x 10-1 min

(4) Kinetic data were calculated from measurement of NH 3l ) yield as a function
of time and temperature by electrical conductance ana assuming reaction is
first order in forward direction (from ref. 13).
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•(1c )

6= 4" = 1.5

.
However, the fact that H20(g) is evolved from the reaction at a temperature much

lower than that requi red for the production of NH 3( g) indicates that equation

1c is not a complete description of the process. Based on other information

from the literature (see ref. 12), it seems likely that the reaction of

NH 4HS04 with ZnO involves the following sequence of reactions:

At IlO°C < T < 230°C

The net result of this sequence is consistent with the stoichiometry of reaction

1c' which is used for brevity in discussions which follow.

In order to further characterize the product of reaction l c", an x-ray

powder diffraction spectrum was obtained (see Figure 1) from a sample of this

solid and compared to standard diffraction patterns for ZnO, ZnS04, and

17



ZnO·2ZnS04• The reaction product pattern showed the main 1ine of pure ZnO at d

(interplanar spacing) = 2.48 suggesting excess ZnO in the product. It had only

one or two lines in common with ZnO·2ZnS04, and none of the lines shown in the

pure Znso4 pattern. However, this result is considered inconclusive and it is

assumed that the reaction product contains a mixture of ZnO, ZnS04 and

ZnO·2ZnS04• Evidence for this conclusion is presented in section II.

Kinetics for First Reaction Step (Reaction Ie') -

The rate of reaction Ie' has been calculated by measuring the rate of NH 3(g)

evolution from the mixture ZnO/NH4HS04=1.5•.The procedure used was simil ar to

that used to study the reaction stoichiometry11,12 (see Appendix F), except that

vol ati 1e products from the heated mixture were entrai ned in an inert gas flow

and transferred to a sol ution of HCl rather than H2S04• The change in el ectri­

cal conductivity of the sol ut ion was rel ated to the amount of NH 3( g) di ssol ved

and was used to measure NH 3(g) yield as a function of time at a given tem­

perature. Experiments showed that the measurement of conductivity changes in an

HCl solution is more sensitive to dissolved NH 3 concentration changes than is

the measurement of pH change when NH
3

is di ssol ved in H2S04• Reaction of HCl

with NH 3 converts H+(aq) which has a high ionic conductance (350 ohm.cm2/equiv)

to NH4+ which has a relatively low ionic conductance (73.6 ohm cm2/equiv). The

experimental detail sand results have been pub1i shed. 11,12 In summary, the

results showed that the rate of NH 3(g) production is first order with respect

to NH4HS04 and occurs in two distinct stages. Since the rate associated with

the first stage is most likely determined by a combination of processes
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(reaction' 5, the rate of temperature equil ibration, and the interaction of

NH 3( g) with condensed dropl ets of H20 from reaction 3), only the second stage

was studied in detail. Data obtained over the temperature range 340-450°C are

associated with reaction 6 and are shown in Table VII.

Effects of Other Reaction Conditions on First Step (Reaction lc' )-

Several experiments were done to determine the effect of water on the ther-

mal deconpo s i t ton of the ZnO/NH4HS04 mixture. No si gnifi cant change in

NH 3(g) or S03(g) yield was observed when the decomposition at 400°C was done in

a water saturated helium atmosphere. l l

Since NH 4HS04 melts at 145°C and partially decomposes with the release of

H20 at "'170°C, the effect of preheating the ZnO/NH 4HS04 mixture at 170°C was

examined. Preheat times varing from 20 min to 20 hr produced no significant

change in the NH 3(g) and S03(g) yields measured at 400°C.

Si nce in any appl ication of thi s chemical cycl e the ZnO wi11 be recyc1 ed

continuously, the effect of such cycling was briefly investigated. ZnO obtained

as the product from one ZnO/NH4HS04
reaction mixture was used to make a second

mixture. The yield of NH 3( g) obtained at 400°C from the second mixture was vir­

tually the same as that obtained from the first mixture, but the reate of decom­

position was faster for the second mixture than for the first. l l

Several experiments were done to test the feasibil ity of increasing the

optical absorbtivity of the inherently white ZnO/NH4HS04 reaction mixture.
ll

When charcoal was added to the mixture, decomposition at 400°C produced an

increased S03(9) yield (2.3%) and decreased the NH 3(g) yield.

20
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Temperature

TABLE VI I

RATE CONSTANTS ORTAINED AT DIFFERENT TEMPERATURES

FOR THE DECOMPOSITION OF THE ZnO/NH4HS04 MIXTUREa)

K1 x 10

( . -l)b)ml n

C1k1 x 10

(min-1)b)

340 0.169 0.003

340 0.141 0.004

360 0.381 0.009

380 0.683 0.015

380 0.630 0.010

380 0.510 0.007

400 1.331 0.043

425 2.195 0.060

450 3.315 0.114

a) ZnO/NH4HS04 = 1.5

b) Calculated using a rigorous least squares adjustment on the equation
ln (I-x) = -kt ,
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undesirable.

Stoichiometry and Yield for Second Reaction Step (Reaction ld) -

In order to characterize the decomposition of the sol id product from reac­

tion lc' (assumed to be a mixture of zno, ZnS04, and ZnO·2ZnS04) the yields of

S02(g) and S03(g) produced by this decomposition at "800°C were measured. ll

Vol ati1 e products from the heated sol id were entrained in an inert gas flow and

transferred to a sol ution of NaOH which was analyzed by potentiometric titra-

tion. The analysis procedure used is described in Appendix G.

Complete recovery of the sulfur available in the original ZnO/NH4H504 mix­

ture was obtained as a mixture of S02(9) and 503( g) . This required more than 4

hours at 815°C. The measured total yields had a mole ratio S03/502=3.6.

When the sol id was decomposed in a p1 atinum crucib1 e, the rate of decom­
11

position was increased and the total yield ratio S03/502 decreased to "1.35.

P1atinumn is known to catalyze the equilibrium:

(7)

Apparently this equi1 ibrium inf1 uences the net rate of decomposition of the

sol f d ,

Resu1 ts obtained when V205 was added to the sol id were inconc1 usive due to

reaction of the mixture with the quartz sample boat.

When the sol id was decomposed in ai r rather than he1 ium, the rate of reac­

tion was decreased but the ratio S03/502 was not significantly a1tered. l l
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· Kinetics for' the Second Reaction Step (Reaction Id) -

These experiments invol ved measurement of the rate of weight loss from

samples of pure ZnS04, pure ZnO· 2ZnS04, and from sampl es of the sol id product of

reaction Ic", Measurements were made as a function of temperature over the

range 900-980 0 e. In each experiment the fraction of the sample decomposed (cx)

was calculated from weight loss and plotted vs , time. The experimental details

and results have been published. l 1,13

For ZnS04, the weight 1ass during thermal decomposi tion occurred in two

distinguishable steps occuring with obviously different rates. Kinetic data

were calculated for the second step only. For ZnO·2ZnS04 and for samples of

reaction Ic ' product, weight loss during thermal decomposition occurred in a

single step. Kinetic data were calculated for each of these sample types and

compared to that for the second step in the thermal decomposition of pure ZnS04•

The comparisons lead to the following conclusions.

The thermal decomposition of ZnS04 proceeds in two steps: the fi rst

occurring when O<a<.33, the second when .33<cx<1. This is consistent with the

reaction sequence:

3ZnS04 + ZnO.2ZnS04 + n503 + (1-n)502(s) (s) (g) (g)

(where 0 ~ n 2. 2)
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ZnO.2ZnS04 + 3ZnO(s) + nS03 + (2-n)S02
(s) (g) (g)

(where 0 ~ n ~ 2)

(9 )

There is ampl e evidence in the 1iterature for the formation of an intermediate

oxysul fate, although the stoichiometry of this compound has been disputed. The

present resul ts support the composition ZnO·2ZnS04, based on the range of a

associated with each of the weight loss steps.

The decompositions of Zns04 and ZnO·2ZnS04 go essentially to compl etion at

temperatures in the range 900-980°C, and no Zn 0 decomposition or vaproi zati on

was observed up to 980°C.

The decompositions of each of the three solids (ZnS04, ZnO·2ZnS04, and reac­

tion 1c' product) are best described by the rate equation.

de = kM -1
crt 0

Where Mo is the number of moles of sulfur available in the solid at the start of

reaction. Thi s rate equation is derived. from the 1inear 1aw of nucl ei for-

mation. Nine alternative rate equations were considered, but none fit the data

better.

Rate constants and Arrhenius activation energies were cal cul ated for the

decomposition reactions of each of the three sol ids. The results are given in

Tabl e VII1. The rate constants and activation energy for the ZnS04

decomposition (second step) are simil ar to those for the decomposition of

ZnO·2ZnS04, supporting the conclusion that this oxysulfate is an intermediate in

the thermal decomposition of ZnS04•

The thermal decomposition of the product from reaction 1c' shows a qualita­

tive similarity to the thermal decompositions of the two pure compounds. A very
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fast rate observed at the start of the product decomposition (up to a = _08)

resembles the fast rate observed during the first stage of the deconpo s i t ton of

pure 20504' and the major portion of the product decomposition occurs in a

single step which resembles that observed during the decomposition of pure

ZnO-2ZnS04_ Al though the rate constants and activation energy for the product

decomposition in its 1ater stage are rather di fferent from those observed for

pure ZnO-2Zn504, the integral yield curves used to cal cul ate these parame­

ters are rather imprecise and we suspect the product is either ZnO-2Zn504 or a

mixture of ZnS04 and ZnO-2Zn504_ In any case it was possible to denonstrate

that the product decomposition leads to complete recovery of the sulfur (as 502

and S03) available in the original ZnO/NH 4H504 reactant mixture_
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TABLE VII I

SUMMMARY OF THE KINETICS OF THE THERMAL DECOMPOSITIONS OF

ZnS04t ZnO· 2ZnS04 AND PRODUCT OF DECOMPOS ITION OF ZnOfNH4HS04

COMPOUND

TEMP.

900
920
940
940
960
980

S03 CONTENT

(mmoles)

4.669
4.680
4.670
6.054
5.135
4.846

ko x 103

(min-I)

0.985
2.534
2.745
3.249
4.110
8.822

ka x 105 Eb
1 a

(min-1 mol e) (kcal fmol e)

73.2 ± 5.8
0.460
1.186
1.282
1.967
2.110
4.275

ZnO· 2ZnS04 920
940
960
960
960
980

4.749
3.591
4.935
4.805
8.181
4.182

1.728
3.499
4.141
4.681
2.R48
8.991

0.821
1. 256
2.044
2.296
2.330
3.760

76.3 ± 8.3

Res AHS + 1.5 ZnO
860
880
900
920
920
940
960
960
980

3.672
3.649
3.714
3.655
2.449
3.569
2.686
3.660
2.282

0.467
1.140
1.273
1.953
4.377
3.359
5.926
4.760

12.766

0.172
0.416
0.473
0.714
1.072
1.199
1.592
1.742
2.913

60.3 ± 2.7

Notes: a. Calculated using a standard least squares fit. k1 = koMo•

b. Calculated using the individual Probable Errors for each k1 (Ok1 =
0kQ • Mot since a~ is very small) t and a rigorous least squares
adJustment procedure.

c. Experiments involved measurement of rate of weight loss from sample
during decomposition (see ref 13).
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III

THERMAL DECOMPOSITION OF PURE ZnS04

Since the thermal decomposition of the product of reaction Ic ' produces a

mixture of 502(9) and 5°3(9) ' it was considered important to examine the rate

and relative ratio at which these two gases are evolved. Since the product of

reaction lei is apparently a mixture of ZnS04 and ZnO·2ZnS04, it was considered

expedient to use the thermal decomposition of pure ZnS04 to develope and test

methods for making these measurements.

Preliminary Experiments -

The method used for studying the net stoichiometry of reaction Id (see

Appendix G) can al so be used to provide a measure of separate 502(g) and 503(g)

yields at any time after initiation of the reect ion , To obtain yields as a

function of time, the test sol ution was changed at regul ar interval s and each

solution analyzed separately. As a practical mater, sampling was limited to a

maximum frequency of .... 20 minutes. This method was used to obtain preliminary

results for the decomposition of pure zns04•
14

Yields of 502(9) and S03(9) were measured as a function of reaction time and

temperature. A typical set of data is shown in Figure 2 for decomposition at

Similar results were obtained at temperatures within the range

R30-950°C. These results showed: that at all temperatures the decomposition of

ZnS04 produces mostly 503(g) during its early stages and nost l y 502( g) during

its later stages; and that the rate of 503(g) production is approximately zero
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order over a significant portion of the decomposition. The zero order rate

constants cal cul ated for the rate of 502(g) production at each temperature are

given in Table IX. These were used to cal cul ate an Arrhenius activation energy

(see Figure 3) of 50.34 kcal/mole.

This activation energy (50.34 kcal/mole) is somewhat different from the

activation energy (73.2 kcal/mole) obtained previously for the zero order decom­

position of Zn504 as calculated from weight loss data (see Table VIII).

However, in both experiments (weight loss and product gas measurenent) rather

1arge (,,19) samples of Zn504 were used, and the removal of product gases from

the surface of the decomposing sol id was inefficient and not necessarily com­

perable. The rate data from each experiment and thus the activation energies

calculated are most likely pertinent only to the respective reaction conditions.

Improved Method for Measuring 502(g) and S03(g) Simul taneously-

The development of a method for measuring simultaneously and continuously

the 503(g) and 502(g) produced in the thermal decomposition of ZnS04 and rel ated

compounds involved a major research effort. Several methods described in the

1 iterature were tested and found inadequate (see Appendix H for a discussion of

methods evaluated). An entirely new method has been developed and its descrip­

tion published.1S

In thi s method, the product gases are entrai ned in an inert gas flow and

swept first through a heated tube containing calcium oxalate (CaC204) and thence

through two optical cells in series. The CaC204 serves to convert any 503(g)

present in the carrier flow to CO2 but does not react with the 502(g). 502(g)
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TABLE IX

SUMMARY OF S02 YIELD RATE AS A FUNCTION OF TEMPERATURE

FOR THERMAL DECOMPOSITION OF ZnS04- ANALYSIS BY TITRATION

Reaction Temperature Zn S04 Sampl e Zero Order Rate

(OC) (mill imol es) Constant KS02

830 5.801 0.113 %/min

850 5.490 0.269

870 10.723 0.265

888 7.121 0.373

895 7.725 0.570

931 7.121 0.643

947 6.875 1.063

950 14.276 0.833
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is measured at the first optical cell which is part of a nondispersive ultra­

viol et monitor set to detect S02 absorption. CO 2 is measured at the second

optical cell which is part of a nondispersive infrared'monitor set to measure

CO2 absorption. A more complete discussion of the method is given in Appendix

1.

The apparatus desi gned all ows the use of small er ZnS04 sampl es (-"'0.1 g) and

faster carrier gas flows (up to 300 cc/min) than were possible in the experi­

ments described previously. It has been shown 16 that the rate of reaction can

be detennined d i rectl y from the measured absorbance curves, and that the area

under each curve is directly proportional to the respective product yield.

A typical set of curves observed for. the decomposition of ZnS04 at 945°C is

shown in Figure 4. The sum of the S03(g) and 502(g) yields measured by integra­

tion of the area under each curve consistently equals 100% of the 504
2- present

in the initial ZnS04 sampl e. The observed absorbance intensity at any point on

a curve is directly proportional to reaction rate at that time, and the curve

itsel f refl ects the way the reaction rate changes as a function of extent of

reaction.

Evidence of Two Reactions in the Decomposition of znso4 -

Data obtained using the method described above comfirm that the decom­

position of pure ZnS04 involves two separate reactions. 16 (see Figure 5) A low

temperature process becomes significant at ~740°C yielding ~7 mole percent total
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conversion of the available sulfur to S02 and S03 before reaction becomes unde­

tectable. The extent of decomposition via thi s reaction increases as reaction

temperature is increased from 740 to 780°C. At temperatures between 780 to

820°C the extent of reaction remains constant. (see Figure 6) Within this tem-

perature range the average val ue for the net decomposition as measured by the

sum of the S03(g) and S02(9) yields is 30.1 mole percent. The mole ratio

S03/S02 has an average value of 3.9, indicating that S03(g) is the major product

for this reaction step, and is independent of flow rate over the range 150-300

cc/mi n , The data are consi stent wi th the stoichi ometry represented by:

1-n
3ZnS04(s) + ZnO.2ZnS04(s) + nS03(g) + (l-n) 502(g) + (~) 02(9) (10)

Where °( n (1. Our experiments give an average val ue rr = .80.

A high temperature process was observed over the range 890-930°C. Thi s

reaction consistently completes conversion of all sulfur initially present in

the Zn504 sampl e to S02 or 503. The extent of deconpo s l t ton has an average

value of 65 mole percent. The data are consistent with the stoichiometry repre-

sented by:

2-n)
ZnO.2zns04(s) + 3ZnO(s) + nS03(g) + (2-n) 502(g) + (~ 02(9) (11 )

Where °( n ( 2. Our experiments give an average val ue of n = .79 ind icat i ng

that this reaction step produces slightly more 502(g) than S03(g).

The val ues of n for reactions 10 and 11 may be a function of experimental

conditions other than temperature, but our results indicate they are not signi­

ficantly influenced by the gas phase equilibrium:

S03(g) * S02(g) + 1/2 02(g) (12)

In general reaction 12 favors the formation of S02 as temperature is increased,
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and equil tbrhm is catalyzed by contact with pl atinum. In these experiments the

ratio 5°3/5°2 remained constant as carrier gas flow rate was varied over the

range 150-300 cc/mt n• Lower ratios were observed only at lower f1 ow rates and

when the gases were passed over pl atinum before detection. 16 The ratios

reported above are most 1ikely the nonequil ibrium ratios in which the products

1eave the decomposi ng sol id ,

Rates of Reaction for Production of 502 and 503 from ZnS04 -

Although the rates of 503(g) and 502(g) production can be measured

directly from the respective absorbance ~urves obtained during the decomposition

of Zn504 samples, attempts to cal cul ate rate constants as a function of tem­

perature gave irreproducible results, and data suitable for calculating an acti-

vation energy have not yet been obtai ned. The measured rates depend to some

extent on sample size and surface area. However, it is important to note that

the overall rate of reaction observed in these experiments is considerably

faster than that observed in previous experiments. It was also possible to com-

pare qualitatively the rate of decomposition of pure ZnS04 to the rate of decom­

position of a mixture containing excess ZnO. 16

Effect of Excess ZnO on Decomposition of ZnS04 -

When a mi xture of Znso4 and excess ZnO is heated, no low temperature

«800°C) decomposition is observed .16 Apparently ZnO.2Zn504 is formed eff;-

ciently without rel ease of sul fur oxides from the bul k of the sampl e. When the
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mixture is heated to 920°C both S02(g) and S03(g) are observed indicating decom­

position of the oxysulfate. The presence of excess ZnO, however, increases dra-

matically the rate at which these products are formed. Figure 7 shows a

comparison of the rate of decomposition of ZnO·2ZnS04 obtained from pure

ZnS04 with the rate of decomposition of ZnO·2ZnS04 obtained by heating

ZnS04 with excess ZnO. Since ZnO does not catalyze reaction 12 efficiently,

the catalytic effect of Zno on reaction 11 must occur within the bul k of the

sampl e mixture.

Effect of Additives on the Decomposition of ZnS04 -

Since the temperature required to decompose ZnS04 completely to ZnO is

rather high with respect to the temperature currently available from solar power

facilities (ie. Solar One) an attempt was made to identify catalysts which might

be used to lower the decomposition temperature. In addition, since the reac-

tions of sol ids are more difficul t to control in 1arge scal e reactors than those

of f1 uids, an attempt was made to identify substances which, when mixed with

ZnS04 and heated, would form a liquid solution or melt without significantly

altering the decomposition chemistry.

Thermal Decomposition of ZnS04/NaCl Mi xtures -

Mixtures of ZnS04/NaCl were known to be fluid at temperatures well below the

melting point of either solid, and decomposition at ~500°C has been reported in

the 1iterature. A series of experiments were carried out to further charac-

terize this system.
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Experiments were done to defi ne at what temperatures and compositions the

mixture was f1 uid. 11 Mi xtures having a mol e fraction of ZnS04 (XZnS04) in the

range 0.1 to 0.8 were heated until a clear liquid formed. The rate of cooling

was monitored, and the appearance of the sample observed. Changes in cooling

rate considered indicative of thermal events were recorded as was the tem-

perature at which precipitation first occurred. These data are shown in Figure

8 as a 1iquidus curve. The results indicate that the mixture ZnS04/NaC1 does

not form a simp1 e eutectic system. Thi s was confi rmed by conventional

Differential Thermal Analysis experiments which also indicated multiple thermal

events which could not be readily interpreted.

Weight loss from samp1 es of ZnS04/NaC1 mixtures was measured as a function

of time, temperature, and composition. 11 The resu1 ts cou1 d not be interpreted

in terms of a simp1 e conversion of the avail ab1 e sul fur to su1 fur oxides. Thi s

was confirmed by additional experiments in which the volatile products were ana­

lyzed. A significant amount of ZnC1 2 was evolved at 200°C, and at this tem­

perature less than 30% of the available sulfur was evolved as 502(g) or 503(g).

Thermal Decomposition of Eutectic Mixtures Containing Zn504-

Some eutectic mixtures which incl ude zns04 per se or as a reciprocally

formed compound are 1i sted in Tab1 e X. A nl.mber of these were prepared and the

weight loss produced by thermal decomposit ion measured. 11 The wei ght loss was

cal cul ated as a percentage of the avail ab1 e S04 in the mixture as prepared.

Results are summarized in Table XI.

In general the mixtures containing al ka1 i hal ides decomposed to a greater

extent than could be explained by simple conversion of the available 5°4 to
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TABLE X

EUTECTIC SYSTEMS CONSIDERED FOR THE THERMAL DECOMPOSITION OF ZnS04•

System Xa, Xb, Xc Melting Point, °C
Na2S04/ZnS04 0.450, 0.550 472.0

0.575, 0.425 478.0

K2S04/Na2S04/ZnS04 0.190, 0.258, 0.552 385.0
0.302, 0.291, 0.407 384.0
0.245, 0.334, 0.421 388.0
0.340, 0.225, 0.435 392.0

K2S04/ZnS04 0.570, 0.430 450.0
0.230, 0.770 475.0
0.430, 0.570 440.0

Li 2S04/ZnS04 0.600, 0.400 459.0

Li 2S04/Na2S04/ZnS04 0.400, 0.240, 0.320 366.0

Li 2S04/ZnC12/Zn S04 0.007, 0.930, 0.090 293.0

Li 2S04/ZnC12 0.010, 0.990 310.0

ZnC1 2/ZnS04 0.900, 0.100 300.0

Li Cl IL i 2S04/ZnC12 0.230, 0.005, 0.765 285.0,

KCl I ZnS04 0.344, 0.656 466.0
0.666, 0.334 295.0

KCl INaCl IZnS04 Oe330, 0.335, 0.335 290.0
0.250, 0.200, 0.550 290.0

KBrl ZnS04 0.675, 0.325 395.0
0.413, 0.587 470.0

KI/ZnS04 0.473, 0.527 435.0
0.658, 0.342 360.0
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TABLE XI

EXPERIMENTAL WEIGHT LOSS DATA FOR THE MELTS SCREENED FOR

THE DECOMPOSITION OF ZnS04

Weight Time( hours Weight
System Time (hours lossa held at loss
of ZnS04 plus: X (ZnS04) held at 700°C) (at 700°C) 90QoC) (curn u1at i ve)

Li Cl 0.495 16 83 25 126

NaCl c 0.358 18 136 0 136c

KCl 0.360 11 43 35 132

.ZnC12d 0.493 8 194 0 194d

Li 25°4 0.560 12 10 4 35

Na2S04 0.680 20 1 5 10

Na2S04/K2504e 0.208 1 0 18 4e

Rb2S04 0.508 15 9 50 91

Cs 25°4 0.508 14 5 17 25

Notes: a) The weight losses are given as percent of the inital 503 available
as sulfate in the Zn 504.

b) All the samples were liquids with yellowish spots at the end of the
experiments (except where otherwise specified).

t

c) 5ee also the section on sodium chloride effect.

d) This system was tested in the flow apparatus, rather than in the
weight loss analyzer at a temperature of 790°C and a N2 flow of 111
cc/mtn, Also, it was a liquid only during the first few minutes of
the test.

e) X(Na2504) = 0.374, X(K2S04 = 0.418). This system was a 1iquid at
the beginning of the experiment, but no ohservation was made on the
nature of the residue.
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S03( g) and S02( g) • The mixtures contai ning al kal i metal sul fates all formed

mel t s , but in general decomposed at rates slower than that observed for pure

ZnS04• Only the mixture contai ning Li 2S04 decomposed at a rate comperabl e to

that of pure ZnS04• The heavier al kal i metal sul fates are known to form stabl e

pyrosul fates, whereas Li 2S04 does not form such a compound. The Li 2S04/Zn S04

mixture was sel ected for further investigation.

Thermal Decomposition of ZnS04/ Li 25°4 MIxtures -

A preliminary experiment was done using a mixture of Zn504 and Li 2504 having

a mol e ratio Zn504/ Li 25°4 = 1.27. Thi s was decomposed in a quartz sampl e boat

at 920°C, and the separate S02(g) and S03(g) yields determined as a function of

time at regul ar interval s using the apparatus and titration procedure described

in Appendix G. The sample was 1iquid at 920°C initially, but sol idified before

the deconposition was complete. The sum of the 502(g) and 503(g) yields at the

point where further decomposition became unobservable was equal to 103.5% of the

sulfur initially present as Zn50
4•

Additional experiments were done wi th a mixture having a 1'101 e ratio

Zn504/ Li 25°4 = 1.06 using the same procedures (Appendix G). The S02(9)· and

503(g) yields from this mixture were measured at regular intervals as a function

of time and temperature. 17 A typical set of data is shown in Figure 9 for

decomposition at 904°C. Similar results were obtained at 946°C. The results

showed that both the rate of S02(g) production and the rate of 503(g) production

are zero order over a significnt portion of the decomposition. The zero order

rate constants cal cul ated from the rate of S02( g) production are given in Tabl e
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XII. These were used to calculate an Arrhenius activation energy (see Figure

10) of 66.15 kcal/mole. This is larger than the activation energy (50.34

kcal /mol e) cal cul ated for S02( g) product ion from pure ZnS04 under simil ar con­

ditions. Although the rate data from these two experiments, and thus the acti-.

vation energies cal cul ated, are most 1ikely pertinent only to the reaction

conditions used, the conditions were similar in both experiments and the activa-

tion energies (50.34 kcal/mole for ZnS04, and 60.15 kcal/mole for ZnS04/ Li 2S04)

provide a reasonable kinetic comparison of the two chemical systems.

Finally,16 a sample of a mixture having a mole ratio ZnS04/Li 2S04 = 0.67 was

decomposed at 969°e using the apparatus and procedures described in Appendix I,

and the yields of S02(g) and S03(g) measured separately and continuously as a

function of time. The mixture was prepared by combining weighed amounts of

ZnS04 and Li 2S04·H20 and heating at 600 0e until a homogeneous mixture was

obtained. This was cooled and the recrystalized solid ground and mixed.

Samples were decomposed in a quartz boat. Representative experimental absor-

bance curves for S02(9) and S03(g) production are shown in Figure 11. Simil ar

r esul ts for the decomposition of pure ZnS04 are al so shown in thi s figure for

comparison. Significant data are compiled in Table XIII.

For the mixture (Zn504/ Li 25°4) the sum of the 502(g) and 503(g) yields at

the point where further decomposition becomes unobservable is equal to 99.2% of

the sulfur available from the Zn504 initially present in the mixture. The mole

ratio of the total yields (50
3/S02)

is 0.82 which is slightly less than that

obtained (1.1) for the decoMposition of pure ZnS04 under similar conditions.

The decomposition from the mixture (Zn504/ Li 2S04) appears to occur with an

overall rate which is considerably slower than the decomposition of pure ZnS04•
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TABLE XI I

SUMMARY OF S02 and S03 YIELD RATES AS A FUNCTION OF TEMPERATURE FOR

THERMAL DECOMPOSITION OF ZnS04/Li 2S04-ANALYSIS BY TITRATION

Reaction Temperature
(OC)

904

946

ZnS04/ Li 2S04 Sample
(mole ratio)

1.05

1.06

47

Zero Order Rate
Constant KS02

1.58 x 10-3 mmole/min

4.21 x 10-3







TABLE XII I

COMPARISON OF DATA FOR THERMAL DEC()4POSITION OF PURE ZnS04 AND MIXTURE

ZnS04/Li 2504

SAMPLE MOLE RATIO TEMP. TOTAL VI ELDS

%502 %S03 SUM

MOLE RATIO

503/502

RXN TIME

(min)

1

40 60

945

969

47.5 52.7 100.6

54.4, 44.8, 99.2

1.1

0.82

16

>50

1) Expressed percentages of the sulfur available from the ZnS04 initially pre­
sent.

2) Quartz boat used in all experiments.

3) Flow rate was 150 cc/min in both experiments.
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Campl ete decomposition of pure Znso4 (.63 mmol es) occurred in only 16 min at

945°C. Decomposition of the mixture (.75 mmoles ZnS04) to the point at which

all of the S02(g) and S03(g) yields were equal to > 99% of the sulfur available

from the ZnS04 initially present in the mixture required> 50 ~in.

The shapes of the S02( g) and S03(g) absorbance curves obtai ned during the

decomposition of the mixture (ZnS04/Li 2S04) indicate that two different kinetic

processes are involved. Two processes are also involved in the decomposition

of pure ZnS04• However, the decomposition of the mixture di ffers from that of

the pure ZnS04 in that the ratio S03/502 remains nearly constant throughout the

entire decomposition of the mixture, while in the decomposition of pure

Zn504 the ratio S03/502 is higher during the early stages of reaction then

decreases and remains nearly constant through the later stages of reaction (see

Figure 11). The first process in the decomposition of pure ZnS04 has been asso­

ciated with the formation of ZnO.2ZnS04 and the second process with the sub­

sequent decomposition of this oxysulfate (see previous discussion). An

explanation of the two processes occurring during the decomposition of the mix-

ture, however, is not obvious.

In sunmary, it appears that while the decomposition kinetics may vary

somewhat, both pure ZnS04 and a mixture of ZnS04/Li 2S04 can be decomposed to

produce a mixture of 502(g) and 503(g). The decomposition of pure ZnS04 goes

readily to completion at temperatures greater than 850°C, while the decom­

position of the mixture (ZnS04/Li 2S04) at temperatures <970°C appears to stop

when can amount of sul fur equal to that present as ZnS04 has been converted to

502(g) and 503(g). The Zn504/Li~04 mixture can be decomposed as a liquid as

long as the extent of decomposition is not too great, and the temperature
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required to decompose the liquid mixture is not significantly different from

that required to decompose solid ZnS04•

Effect of Metal Oxides on Decomposition of ZnS04/Li 2S04 Mixtures -

Since the ZnS04/ li 2S04 mixture is fl uid during part of its decomposition,

this reaction is more amenable to catalysis than is the decomposition of solid

ZnS04• Several potential catalysts were investigated using the apparatus and

procedure described in Appendix G. The addition of pl at irum powder to the reac-

tion mixture produced no measurable effect on the time required to complete the

decoMposition to S02(g) and S03(g) at 920°C, but decreased the ratio S03/S02.11

The addition of V205 powder to the reaction mixture (ZnS04/ li 2S04) clearly

increased the rate of decomposition without chang i ng si gnifi cantl y the SO/S02

ratio. ll

The effects of other metal oxides were investigated using the apparatus and

procedure described in Appendix 1. The addition of either Ni °or M10 powder to

the mixture (ZnS04/ li 2S04) lowered apprec i ab ly the temperature at which decom­

position commenced, while the oxides CdO, Fe203, and ZrO each produced only a

sl ight lowering of the react ion onset temperature .18

It was not possible to evaluate these catalytic effects quantitatively

because the mixtures all reacted wi th the quartz sampl e boat used. Contai ners

made of stainless steel, inconel, Hasteloy-C, zirconium, nickel, and boron

nitride were each tried. All were corroded or otherwi se destroyed by contact

with the fluid reaction mixtures containing a metal oxide. Several ceramic con­

tai ners were al so eval uated , Gl azed porcel ain was attacked severly, hut Al undum

(alumina) and Combax (aluminum silicate) containers proved satisfactory.
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Figure 12 gives a comparison of the rate of decomposition of the mixture

Zn504/Li 2504 when decomposed in a quartz boat with that observed when the decom­

position is done in a Combax boat.

The shapes of the 502(g) and 503(g) absorbance curves obtained during the

decomposition of the mixture (ZnS04/Li 2S04) in the Combax boat indicate that the

decomposition occurs by several different kinetic processes. At least one, and

at some temperatures two, infl ection points were observed. The nature of these

processes has not been studied. The sum of the 502(g) and 503(g) yields at the

point where decomposition becomes negligible is typically greater than the

amount of sul fur present initially as ZnS04 but less than the total sul fur pre­

sent initially (as Zn504 pl us Li 25°4). Thus, the net decomposition of the mix­

ture is c1 earl y enhanced by contact with the Combax boat.

The decomposit i on is enhanced even more when V2D 5 powder is added to the

mixture prior to decomposition (see Figure 13 and Table XIV). In this case the

net decomposition is extensive (typically equal to conversion of 75% of the

total sulfur present in the initial mixture) at a temperature as low as 827°C.

At 900°C complete conversion of the available sulfur to 502(g) and S03(g) was

achieved. The total yield mole ratio (SD3/S02) was typically equal to 0.2 which

is only slightly higher than that (D.1) observed for the ZnS04/Li2S04 mixture

alone.

The nature of the effect of the al uminum 5i1 icate boat and of V2D 5 on the

decomposition of ZnS04/ l i 2504 was not investigated in detail. However it was

obvious that both the mol ten mixture and the mol ten V2D S permeate the porous

boat. This should produce a very large reactive surface area.
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TABLE XIV

COMPARISON OF DATA FOR THERMAL DECOMPOSITION OF ZnS04/Li 2S04

AND ZnS04/Li2S04/V205 MIXTURES

SAMPLE
ZnS04

MOLE RATIO
Li 2S04 V205

TOTAL YIELDS(l)
%S02 %S03 SUM

TOTAL YIELDS(2)
%S02 %S03 SUM

MOLE RATIO
S03/S02

1 1.5 915 108.0 13.6 121.6 43.6 5.5 49.1 .12

1 1.5 935 155.° 8.7 163.7 63.0 3.5 66.5 .06

1 1.5 969 159.9 15.7 175.6 64.8 6.3 71.2 .10

1 1.5 990 169.0 14.4 183.0 68.4 6.0 74.4 .09

1 1.5 1 827 157.1 28.2 185.3 63.6 11.4 75.0 .18

1 1.5 1 850 172.0 32.6 204.6 70.0 13.0 83.0 .20

1 1.5 1 877 214.0 32.6 246.6 86.6 13.2 9q.8 .15

1 1.5 1 900 233.0 28.0 261.0 94.3 11. 3 105.6 .12

1) Expressed as percentages of the sulfur avai1ah1e only from the ZnS04
initially present.

2) Expressed as percentages of the total sulfate available from both the ZnS04
and Li 2S04 initially present.

3) Combax boat used in all experiments.

4) Flow rate was 150 cc/min in all experiments.
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IV

General Summary and Concl usions

Each reaction in the proposed NH 4HS04 energy storage cycle has been examined

experimental 1y. Emphasi s has been pl aced on the basi c chemt stry of these reac ....

tions. This has required the development of unconventional experimental

methods, particularly as related to the simultaneous and continuous Measurement

of SO(2)9 and S03(9).

In thi s concl uding phase of research we have shown that when NH 4H504 is

mixed with ZnO and decomposed, the resul ting products can be rel eased stepwi se

(H 20(g) at .... 163°C, NH 3(g) at 365-418°C, and a Mixture of 502(9) and 503(9) at ...

900°C) and separated by controling the reaction temperature. Side reactions do

not appear to be significant and the respective yields are high as would be

requi red for the successful use of thi s energy storage step in the proposed

cycle. Thermodynamic, kinetic, and other reaction parameters have been measured

for the various reaction steps. The final step in thi s sequence inval ves the

deconposf t ton of ZnS04 (or a mixture of ZnS04 and ZnO·2ZnS04). Thi s reaction

has been studied in detail. We have demonstrated that thi s reaction can be

accel erated and the temperature requi red reduced by the addition of excess ZnO,

al uminum sil icate, V20 S and possibly other metal oxides.

The work on this project as proposed prior to funding is essentially

complete. The results of this research have been and continue to be used in

other projects designed to test the overall feasibility of the proposed

cycle. 20,21
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v

Rel ationshi p of Thi s Research to Other Energy Storage and Water Spl itting Cyc l es

The results of our reserach which pertain to the thermal decomposition of

pure ZnS04 and ZnS04/ Li 2S04 mixtures have significance beyond their appl ication

to the ammonium hydrogen sulfate cycle.

Other proposed energy storage cycl es al so invol ve znS04•
22 Further, the

thermal decomposition of Zns04 is directly involved in the ZnSe thermochemical

water spl itting cycl e23, and it can be substituted for the decomposition of

H2S04 which is invol ved in several other cycl es suggested for the production of

H2 from water. 24-28 In each of these applications, a major concern is the high

temperature requi red to decompose ZnS04 to S02(9) and ZnO. We have shown that

this reaction can be accelerated and the temperature required reduced by the

addition of excess ZnO, al uminum sil icate V20 S and possibly other metal oxides

which appear to act as catalysts. Further, we have shown that ZnS04 can be

decomposed from a 1iquid mixture of ZnS04 and Li 2S04. Thi s may provide a means

for improving heat transfer in a practical system provided that incompl ete

decomposition of the ZnS04 can be tol erated.
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APPENOIX A

THERMOGRAVIMETRIC PROCEDURE FOR SCREENING REACTION MIXTURES

Thermogravimetric experiments were done batchwise according to the following

procedure. Weighed amounts of dried NH 4HS04 and metal oxide or metal sul fate in
.

an arbitrary mole ratio (metal oxide or metal sulfate always in excess) were

placed in dried crucibles and the combined weight determined. The crucibles and

contents were then inserted in a muffle furnace which had been previously

equilibrated at a fixed temperature (normally 250°C). The crucibles were left

in the furnace at this temperature for 2 hours, removed, cooled in a dessicator,

and reweighed. The temperature of the furnace wa s rai sed 50°C and allowed to

re-equilibrate during the time required for reweighing. The crucibles were then

returned to the furnace and he1 d there for another 2 hour period. Th is process

was repeated in 50°C increments to 900 0 e. Control crucibles containing samples

of the pure metal oxide or metal sulfate were treated in the same manner. After

each heating, the control crucible weight loss was converted to a fractional

metal sulfate or metal oxide \'Eight loss. In general this was a very small

number, as expected, and is a measure more of experimental technique rather than

actual weight Ioss , This fraction was multiplied by the weight of the Metal

sulfate or metal oxide used to prepare the corresponding mixture sample and the

resul t subtracted from the total weight lost from the mixture crucibl e. The

reduced weight loss from the reaction mixture crucible was then converted to a

percentage of the initial weight of NH 4HS04 in the reaction mixture. Percent

weight losses were then plotted as a function of temperature for each mixture.

These experimental percent weight loss plots (thermographs) were examined to

determine if weight loss was continuous or discontinuous as a function of tem-

perature. Discontinuities were presumed to indicate the occurence of different

63



decomposition reactions which occur with measurable yield of volatile products

over non-overl appi ng or only sl ightl y overl appi ng temperature ranges.

Continuous weight loss could result from a single reaction or from multiple

reactions which produce measurable yields within overlapping temperature ranges.

Compl ete reaction of the NH 4H504 in any mixture by means of reaction 1a or

1c should result in a 30.4% weight loss (equivalent to complete loss of the

avail able NH 3 and H20). Compl ete reaction in any mixture by means of reactions

1a and 1b combined or by means of reactions 1c and 1d combined should result in

100% weight loss (equivalent to complete loss of the available NH 3t H20 and

503). If reactions 1a and 1b occur sequentially (as required), then the ther­

mograph should show a single discontinuity (or plateau) at 30% weight loss. The

same would be true for the sequential occurrence of reactions 1c and Ld , A

schematic representation of the type of thermograph expected for the sequential

occurrence of two reaction steps is shown in Figure A-1. Each experimental

thermograph was judged against thi s criterion. Typical resul ts are presented in

Figure A-2 and Figure A-3.
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APPE NOI X B

ANAL YT ICAl PROCEDURE USED FOR THE STUDY OF THE FIRST STEP IN DECQ\1POS IT ION OF
NH4HS04/M2S 04 MI XTUR ES

The apparatus used to measure NH 3(g) and S03(g) yields from the first step

(reaction 1a) of Mechani sm lis shown schematically in Figure B-1. The heated

portions of the reactor tube were quartz gl ass and the remainder was pyrex. In

these experiments separate reaction mixtures were heated for various lengths of

time and at different temperatures. Helium was used to entrain volatile pro-

ducts formed by the decomposition of the reaction mixture. Any NH 3(g) and

S03(g) were dissolved from the carrier gas and at the conclusion of the heating

period the resulting solution was analyzed according to the procedures discussed

below. At the conclusion of an experiment, the apparatus was disassembled and

the reactor and transfer 1ine rinsed with water to dissol ve any condensed

sol ids. Thi s sol ution was al so analyzed. Fi nally the reaction mixture residue

was dissolved in water and this solution analyzed. The analyses required are

stmmar ized on Table B-1. In principle each of the analyses (a,b,c,d,e,f) can be

done by potentiometric titration of the aqueous or dilute acid solution in which

analytes are dissol ved , Other methods were al so used as appropriate to analyze

the solutions. These mthods are discussed below.

Titration Method for Ammonia and Sulfur Oxide Analysis-

In analyses a and b the NH 3(g) and S03(g) to be measured are dissolved in

dil ute sul furic acid (H 2S04). The H+ ion concentration in the test sol ution

as it is titrated with dilute sodium hydroxide (NaOH) can be approximated by the

equation:

(4-1 )

where brackets indicate molar concentrations of the species enclosed when they
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TAB I.E 8-1
SUMMARY OF ANALYSES USED TO STUDY STOICHIOMETRY OF MECHANISM

Origin of Jlnalyte Test Sol ut ton ~ Analyzed For rethod Accuracy

VQlat1le prorlucts .04 H HZS04 in a Dissolv~i NH3 as NII4t Titration of WI4t (N1I3 content in 11111) t .05 11111

from fIrst reaction wh1ch volatile or
in decQmpositlon of products ara dissolved Dissolved NII3 as NII3 Spectftc ton electrode (NH3 content tn 11111) t.02 (N1I3 content)

11II4"S04/I1ZS04
mixtures b Dissolved S03 as Ht Titration of lit (S03 content in 11111) t .05 11111

or
Dissolved S03 as BaS04 Aliquot by turbidimetry (5°4-2 content in 11111) t.02 (S02-2 content)

Solids condensed in Wa ter in l'oh ich c NII3 from NII411S04 and Titration of NH4t (NH3 content in mm) t.OS mm
transfer line during solids are dissolved . (N1I4 )ZS04 as NH4t
dl'c()f'IpQsft10n of or
Im411S04/ I1ZS04 NII3 frOI' NII4HS04 and Specific ion electrode (NH3 content in 11111) t.OZ (N1I3 content)

.J I'lhtures (NII4)ZS04 as NH3::>

d S03 frolll NI4"S04 and Titration of Ht (503 content in PIll) t .05 mm
(NII4)ZS04 as BaS04

or
S03 from NII411S04 and Aliquot by turbidimetry (S03 content in PIn) t.OZ (SOZ-2 content)
(NII4)ZS04 as BaS04

Residue frOl'1 first Water in l'ohich e NII3 from NH411S04 as NII4t Ti trat ion of N1l4+ (N1I3 content in mm) .t .05 nm

reaction in unreac ted NII4I1S04. or
decoopo s i t Ion of ZnS04 and ZnO'2ZnS04 Nil) from r1ll411So4 as Nil 3 Specific ion electrode (N1l3 content in "'11) .t .02 (NH3 content)
tm4I1S04/MZS04 are dissolved
mixtures f S03 from NII411S04 as Titration of Ht (503 content in mm) t .02 11m

HS04· and from MZS Z07 plus 115°4- in aliquot
as 115°4- or lit plus dissolved N114+

divided by Z



are combined to form the solution, parentheses indicate molar concentrations of

the species enclosed after the prepared solution reaches equilibrium, and

Kw equals the ionization constant of water at the solution temperature. This

equation is based on the assumptions that H2S04 and NaOH are completely ionized

i n so1ut ion :
+ 2-H2S04 -+- 2H + SO

+ -NaOH -+- Na + OH

(4-2 )

(4-3 )

that the concentration of acidic species in solution during titration is deter-

mined solely by the equilibrium:

(4-4 )

and that the activity coefficients of all species in sol ution are equal to one.

Under these assUMptions, the conservation equations which apply to this solution

as it is titrated with NaOH are:

[H 2S04] = (5°42-)

[NaOH] = (Na+)

Kw = (H+) (0H- )

and the electroneutrality equation which appl ies is:

(H+) + (Na+) = (OH-) + 2(5°4
2-)

(4-5 )

(4-6 )

(4-7 )

(4-8 )

Equation 4-1 can be obtained by changing the variables in Equation 4-8 according

to the relationships given by Equations 4-5, 5-6, and 4-7. For calculations,

the following additional change of variables can be made:

(4-9)
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(4-10)

where V and M represent the volume and molarity respectively of the constituents

subscripted. Introduction of these relationships into Equation 4-1 gives:

which upon rearrangement gives:

+
2VH SO MH SO (H ) + KWV H SO _ VH SO (H)2

2424 24 24
VNa OH = + 2 +

(H) + MNaOH(H )-KW

In a typical analysi s:

(4-11)

(4-12)

VH SO = O. 100 R.
2 4

MH SO = 0.04 M
2 4

MNa OH = 1. 00 M

~ = 1 x 10-14 (at 25°C)

These data may be used along with Equation (4-12) to cal cul ate VNaOH as a func­

tion of (H+) or pH (= -log (H+)). A sample calculation is shown graphically as

curve 1 in Figure B-2. This calculated titration curve shows a single equiva­

lence point (a 1) at a pH = 7.0. This point corresponds to the condition under

whi ch:

(4-13)

Therefore the volume of titrant (Val) required to reach equivalence point a1 can

be eval uated from an experimental titration curve and used to cal cul ate the

moles of H2S04(nH2S04) present in the test solution by means of the

re1 ationshi p:
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FIGURE B-2

CALCULATED TITRATION CURVES FOR TYPICAL ANALYSES

-.-.-

5 TEST SOl-UTION PLUS 1.6X 10-4 MOLES TRAPPED 503(9) PLUS 7.6 x 10-3 MOLES TRAPPED NH3 (g)
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(4-14)

When S03(g) has been added to the H2S04 test solution prior to titration the

reaction of the dissolved gas may be represented as:

+ -2 ( )S03(9) + H20 + H2S04 + 2H + S04 4-15

That is, the dissolved S03(9) forms H2S04 which again is assumed to be comple­

tely ionized in sol ution and again the concentration of acidic species in sol u-

tion during titration is determined solely b the equil tbr-tun represented by

Equation 4-4. The conservation equations which apply to thi s modified test

sol ution as it is titration with NaOH are:

[ 2-
H2S04J + [S03J = (S04 )

[NaOHJ = (Na+)

K
w

= (H+) (OH-)

and the electroneutrality equation which applies is:

(H+) + (Na+) = (OH-) + 2(5°
4
2-)

The following relationship:

(4-16)

(4-17)

(4-18)

(4 -19)

(4-20)

along wi th those given by Equations 4-16, 4-17, and 4-18 may be used to tran s-

form Equation 4-19 to:

(4-21)

which, for purposes of calculating a titration curve, can be rearranged to give:
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+ + . + 2
2VH SO MH SO (H ) + 2nSO (H) + KwVH SO ~ VH SO (H )

2 4 2 4 3(g) "2 4 2 4
(4-22)

Substitution of typical values for the independent variables in this equation

gives curve 2 in Figure B~2. Again, the titration curve shows a single equiva­

lence point (a 2) at pH = 7.0, however, this equivalence point corresponds to the

cond it ion:

Va MNa OH = 2n H SO + 2nSO2 2 4 3(g)
(4-24 )

The term 2nH2S04 can be determined by a separate titration of the test solution

alone as discussed above, and Equation 4-13 for this titration can be combined

with Equation 4-24 to allow calculation of the term, 2n503(g).

V M V M = 2V M + 2n - 2V M (4-25)at NaOH - a1 NaOH H2S04 H2S04 S03(g) H2S04 H2S04

(4~26 )

When both S03(g) and NH 3(g) have been added to the H2S04 test solution prior

to titration, as is done in analyses a and b (see Table B-1), the reactions of

the dissolved gases may be represented as:
+ 2-

5°3 + H20 -+- H2S04 -+- 2H + 504
+ +

NH3 + H + NH 4
+ ~

NH4 + OH * NH 3 + H20

(4-27)

(4-28)

(4 -29)

That is, the dissolved S03(g) is assumed to behave as discussed above, acting to

increase the H+ ion concentration in the test solution. The dissolved

NH 3(g) acts as a base to reduce the H+ ion concentration in the test solution by

forming the conjugate acid NH 4+. Thi 5 modi fied test sol ution thus contains not

one but two acidic species, 'H+ and NH 4+, and the concentration of acidic species

during titration is determined by two simultaneous equilibria (Equations 4-1 and

75



4-29) rather than by a single equilibrium. The conservation equations which

apply to this modified test solution as it is titrated with NaOH are:

[H 2S04] + [S03J = (S042- )

[NaOH] = (Na+)
+[NH 3] = (NH 3) + (NH 4 )

K = (H+) (OH-)w

(NH/) (OH-)
KNH3 = (NH

3
)

and the electroneutrality equation which applies is:

(H+) + (Na+) + (NH 4+) = (OH-) + 2(S042-)

The following relationship:

nNH
[NH 1 = 3(g)

3- VH SO + VNaOH2 4

(4-30)

(4-31 )

(4-32)

(4-33)

(4-34 )

(4-35)

(4 -36)

along with those given by Equations 4-20, 4-30, 4-31, 4-32, 4-33 and 4-34 may be

used to transform Equation 4-35 to:

(4-37)

which, for purposes of calculating a titration curve, can be rearranged to give:
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+ + + 2
2VH SO MH SO (H ) + 2nSO (H) + KwV H SO - VH SO (H )

2 4 2 4 3(g) 2 4 2 4

(4-38)
+ 2

KNH nNH (H)
3 3( g)

Substitution of the following typical values for the independent variables in

this equation:

VH2S04 = 0.100 t

MH2S04 = 0.04 M

MNaOH = 1.00 M

Kw = 1 x 10-14 (at 25°C)

KNH3 = 1.8 x 10-5
(at 25°C)
-4

NS03(g) = 1.6 x 10 moles

-3
nNH3(g) = 7.6 x 10 moles

gives curve 3 in Figure B-1. This curve shows two equtv al ence points, one (a 3)

at pH = 5.7 and one (b3) at pH = 10.5. The first (a 3) corresponds to the. con­

dition under which:

va3MNaOH = 2nH2S04 + 2n503 - nNH4+ (4-39)

Thi sis the equtval ence point for the equi 1ibriU'!1 represented by Equation 4-4.

Equation 4-39 assimes that at the pH corresponding to a3 virtually all the

dissolved NH 3(g) exists as NH4+ ion. The second equivalence point (b3)

corresponds to the condition under which:

Vb MNa OH = 2nH SO + 2nSO3 2 4 3(9)
(4-40)

Thi sis the equivalence point for the equi l tb r tun represented by Equation 4-29.

Equation 4-40 assumes that at the pH corresponding to b3 virtually all the
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NH 4+ ion has been converted to NH 3(aq). Equation 4-39 and 4-40 may be combined

to give:

Equation 4-41 can al so be combined with Equation 4-13 to give:

(Vb - Va )M NaOH = 2n 503 1 3(g)

(4-41 )

(4-42 )

These last two equations illustrate how the yields of dissolved NH 3(g) and

dissolved 503(g) can be obtained from two experimental titration curves simil ar

to curves 1 and 3 in Figure B-1. One curve must be determined for the test

solution alone, and a second curve for the test solution plus dissolved gases.

Curves 4 and 5 in Figure B-1 were cal cul ated from Equation 4-36 using suc-

cessively larger values of nNH3(g) corresponding to higher and higher ytelds of

trapped NH 3( g) • A compari son of curves 3, 4, and 5 ill ustrates the important

points that: equival ence point "a" can be determined with good accuracy (± 0.02

millimoles) under all yield conditions encountered in these experiments; equiva­

1ence point "b" can be determined with somewhat lower accuracy (± 0.05

millimoles) under most yield conditions encountered in these experiments;

equivalence point "b" is most difficult to determine accurately when the yield

of dissolved NH 3(g) is large due to the overlap of equivalence point "b" with

equivalence point Ita". Fortunately, the uncertainty in equivalence point "b" is

greatest at hi gh NH 3( g) yi el ds where it contributes the 1east total percent

error.

In analyses c and d the sol id to be analyzed for ammonia and sul fur oxide

content is di ssol ved in water. The solid is assumed to be a mixture of NH 4H504

and (NH4)2S04 formed by reactions between NH 3(g) and 503(9). These react when

dis so1ved to fo rm :
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+ - + + 2-NH4HS04 + NH4 + H504 + NH4 + H + 504 (4-43)

+ 2-
(NH4)2S04 + 2NH4 + 504 (4-44)

+ -NH4 + OH * NH 3 + H20 (4-45)

Again the sol ution contains two acidic species H+ (from NH
4HS04) and NH

4
+ (from

both NH4H504 and (NH4)2S04). The conservation equations which apply to this

solution as it is titrated with NaOH are:

+
[NH4HS04] + 2[(NH4)2S04] = (NH4 ) + (NH 3)

[NH4HS04] + [(NH4}2S04] = (502-
4)

[NaOH] = (Na+)

K
w

= (H+)(OH-)

(NH
4
+) (OH-)

KNH3 = (NH
3)

and the electroneutrality equation which applies is:

(H+) + (Na+) + (NH4+) = (OH-) + 2(5°42-)

The following relationships:

V M
[NaOH] = NaOH NaOH

VH 0 + VNaOH2

(4-46)

(4-47)

(4-48)

(4-49 )

(4-50 )

(4 -51 )

(4-52)

(4-53 )

(4-54 )

along with those given by Equations 4-46, 4-47, 4048, 4-49, and 4-50 may be used

to transfonn Equation 4-15 to:
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(4 -55 )
+{VNaOH MNaOH - 2nSO } (H )

+ . 3( g) _ K = 0
VH 0 + VNaOH w

2

Thi s equation is identical in form to Equation 4-37 and the cal cul ated and

experimental titration curves for this solution will be similar in shape to cur-

ves 3, 4, or 5 in Figure A-14. However, for this solution equivalence point " a"

corresponds to the condition:

and equivalence point lib" to the condition:

VbM NaOH = nNH HSO + nNH +
4 4 4

Equations 4-56 and 4-57 may be combined to give:

(4-56)

(4-57)

(4-58)

and under the assimpt ton that at equival ence point "b" virtually all the

NH 4+ ion has been converted to NH 3(aq) :

( Vb - Va) MNa OH = nNH (4- 59)
3

which can be used directly to obtai n from an experimental titration curve the

yield of NH 3(g) which must have reacted with S03(g) to form the condensed solid.

Recall ing that:

n
NH3( g)

(4-60)

Equations 4-60 and 4-61 can be combined to give:
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n
NH 3(g)

2 (4 -62)

Equation 4-62 can be transformed using the relationships given by Equations 4-56

and 4-59 to:

VaMNaOH (Vb - Va)MNaOH VbMNaOH
n - + = (4-63)

S03(9) - 2 2 2

which can be used directly to obtain from an experimental titration curve the

yield of S03(g) which must have reacted with NH 3( g) to form the condensed solid.

In analyses e and f the solid residue to be analyzed for ammonia and sulfur

oxide content is dissolved in water. The sol id is assumed to be a mixture of

NH 4HS04, M2S207, and M2S04• These react when dissolved to form:

+ - + + 2-NH4HS04 ... NH4 + HS04 ... NH4 + H + 504 .. (4-64)

+ 2-
M2S04 ... 2M + 504 (4-65)

+ + 2-M2S 207 + H20 ... 2M + 2H + 2504 (4-66)

+ -NH4 + OH * NH 3 + H20 (4-67)

Again the solution contains two acidic species H+ and NH
4
+. The conservation

equations which apply to this solution as it is titrated with NaOH are:

[NH4HS0
4

] = (NH
4

+) + (NH
3)

[NH4H504] + [M 2504] + 2[~25207] = (504
2-)

+2[M2504] + 2[M25 20 7
] = (M )

[NaOH] = (Na+)

K = (H+) (OH-)
w

and the el ectroneutral ity equation whi ch app1 ies is:

(H+) + (Na+) + (NH
4+)

+ (M+) = (OH-) + 2(5°42-)

The following relationships:
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(4-71)
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(4-73)
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(4-75 )

(4-76)

V M
[NaOH] = NaOH NaOH

VH ° + VNaOH2

(4-77)

(4-78)

along with those given by Equation 4-6A, 4-69, 4-70, 4-71, 4-72, and 4-73 may be

used to transform Equation 4-74 to:

(4-79)
+2n SO ) (H )

4

In Equation 4-76 the term NS03 is equal to the nunber of mol es of sul fur oxide

initially present as NH4HS04 before decomposition and present partly as

un reacted NH 4HS04 and partly as M2S207 in the residue. The term nS04 in

Equation 4-76 represents the number moles of sulfur oxide initially present as

M2S04 before decomposition and present partly as unreacted M2S04 and partly as

M2S20 7 in the residue. Therefore:
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(4-80 )

(4-81 )nS04 = nM2S04 + "M2S207

Only the tenn n503 contributes to the formation of H+ when the residue is

2­dissolved, but both nS03 and nS04 contribute to the formation of 5°4•

Equation 4-79 is al so identical in form to Equation 4-37 and the experimental

titration curve for this solution will also bee similar in shape to curves 3, 4,

and 5 in Figure A-14. In this case, however, equivalence point "a" corresponds

to the condition:

(4-82 )

and equivalence point "b" to the condition:

(4-83 )

Equations 4-82 and 4-83 may be combined to give:

(4-84)

(4-85 )

and under the assumption that a equival ence point lib" virtually all the NH
4
+ ion

has been converted to NH 3(aq) :

( Vb - Va)MNa OH = nNH
3

which can be used directly to obtain, from an experimental titration curve, the

yield of ammonia remaining in the residue as unreacted NH 4HS0
4•

_Equation 4-82

can be used to transform Equation 4-80 to:

V M na NaOH - NH4HS04
nSO = nNH HSO + 2 2 =
344

Recall iog that:

nNH 4HS04
2 + (4-86 )
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(4-87)

Equation 4-87 and 4-85 can then be used to transform Equation 4-86 to:

(4-88)

which can be used directly to obtain from an experimental titration curve the

yield of sulfur oxide remaining in the residue either as un reacted NH 4HS04 or as

M2S207 (= M2S04 + 503) e Equation 4-88 does not incl ude any sul fur oxide present

as unreacted M2S04 or that part of the M2S 207 which is due to the presence of

M2S04e

In summary then, the sol ut ions produced in the course of analyses a, b, c ,

d, e, f each when titrated with base (NaOH) give a titration curve having two

equilvalence po ints , The number of moles of each of the two analytes (S03 and

NH 3) in the test solutions can be determine from these endpoints as follows:

For analyses a and b:

2n s03( g) = (V b3 - Val)MNaOH

n = (V V)M
NH3(g) b3 - a3 NaOH

For analyses c and d:

For analyses e and f:
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Vb MNa OH
nSO = 2

3

Turbidimeteric Method for Sul fur Oxide Anal ysi s -

A well known turbidimetric technique exists for determining the S04-2 and

HS04- ion content of solutions by precipitation of these ions as 8aS04• Which

can be quantified by measuring the optical attenuation of the solution after

precipitation. The measured attenuation t s compared to that produced in stan­

dard sulfate solutions of various concentrations. In principle this technique

can be used for analyses b , d , f (see Table B-1) instead of potentiometric

titration.

We h~ve compared the two techniques. We find that the accuracy of the tur­

bidimetric technique decreases as the S04-2 content to be measured increases.

In particular, the accuracy of this analysis is given by:

(5°4-2 content in millimoles) ± .02 (5°4-2 content in mil1imoles)

We find that the accuracy of the pH titration technique remains essentially

+ - +constant regardl ess of the H , HS04 and NH 4 content to be measured. In par-

ticular, when the calculation of sulfur oxide content involves only the titra­

tion of H+ and H504-, the accuracy of this analysis is given by:

(H+ + HS04- content in millimoles) ± .02 millimoles

When the calculation of sulfur oxide content involves titration of H+, HS04- and

+NH4 ' the accuracy of the analysis is given by:

(H+ + HS04- + NH4+ content in millimoles) ± .05 milljrnoles

When the calculation of sulfur oxide content involves titration of H+, HS04- and

+NH 4 ' the accuracy of the analysis is given by:

(H+ + HS04- + NH4+ concent in rrlillimoles) ± .05 Mil1imoles
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Specific Ion Electrode ~thod for NH 3 Analysis -

Specific ion electrodes are commercially available for direct measurement of

NH 3 or NH4+ in solution. In principle such an electrode can be used for analy­

ses a, c, e, (See Table B-1) instead of potentiometric titration.

We have compared the use of such an electrode (Orion #95-10) with the titra-

t ion techn i que. We fi nd that the accuracy of the spec ifi cion el ectrode

decreases as the NH 3 or NH 4+ content to be measured increases. In particular,

the accuracy of tis analysis is given by:

(NH 3 content in mill imol es) ± .02 (NH 3 content in mill imol es)

We find that the accuracy of the pH titration technique remains essentially
. +

-constant regardless of the NH 4 content to be measured. In particular, when the

calculation of ammonia content involves only the titration of NH 4+, tne'accuracy

of this analysis is given by:

(NH4+ content in millimoles) ± .05 millimoles)

Comparison of Analysis ~thods -

A comparison of the accuracies of the three methods discussed above is given

in Figure B-2. Several conclusions can be drawn from this figure.

1) When the ammonia content in a test solution is expected to be less than 2.5

mill imol es total (thi s corresponds to "'30% of the 8 mill imol e sampl e of

NH4HS04 typically used in our experiments), then analysi s for ammonia will

be more accurate if done by specific ion electrode than if done by titra-

tion.

2) When the sulfur oxide content in a test solution is expected to be less than

1 mill imol e total (thi s corresponds to "'13% of the 8 mill imol e sampl e of

NH4HS04 typically used in our experiments), then analysi s for sul fur oxide
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Use of the spec i fi cion

will be more accurate if done by turbindimetry than if done by titration (if

calculation involves only titration of H+ and HS04-).

3) When the sulfur oxide content in a test solution is expected to be less than

2.5 millimoles total (this corresponds to "\030% of the 8 millimole sample of

NH4HS04 typically used in our experiments), then analysi s for sul fur oxide

will be more accurate if done by trubidimetry than if done by titration (if

calculation involves titration of H+, HS04- and NH 4+).

Analysis a generally involves measurement of a relatively large ammonia con-

tent (>30% of an 8 millimole sample of NH 4HS04). For this analysis, titration

is the most suitable technique. Only when the ammonia yield t s low «30% of an

8 millimole sample of NH 4HS04) would analysis by specific ion electrode be more

accurate.

Analysi s b involves measurement of a rel atively small sul fur oxide yiel d

«5% of an 8 millimole sample of NH4HS04). If the test solution is dilute

H2S04, the S042- content is high and titration allows the sulfur oxide yield to

be distinguished from the 5°4-2 in the test solution by difference with a

somewhat small er error than turbidimetry, but neither method is very accurate

for this analysis.

Analysi s c invol ves measurement of a small ammon; a content «5% of an 8

mill imol e sampl e of NH 4H504) in water sol ut ion.

electrode was chosen for this analysis.

Analysis d involves measurement of a small sulfur oxide content «5% of an 8

mill imol e sampl e of NH 4HS04) 1n water sol ut ion. Turbid imetry has been sel ected

for this analysis.

Analysis e involves measurement of a relatively small ammonia content «5%

of an 8 millimole sample of NH 4HS04) in water solution. Use of the specific ion

electrode was selected for this analysis.
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Analysi s f invol yes measurement of a rel atively 1arge sul fur oxide content

(>90% of an 8 mill imol e sampl e of NH 4HS04 pl us ,,100% of the sul fur oxide from

the added metal sul fate) in water sol ution. Titration was sel ected as the

method for this analysis. This method detects only the sulfur oxide from

NH4HS04• It does not detect the sulfur oxide from the added metal sulfate.
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APPE NOr x c

PROCEDURE FOR MEASUR ING THE SOLUB ILITY OF ALKALI METAL SULF.ATES IN MOLTEN
NH4HS04

A weighed sample of NH 4HS04 was placed on a three neck pyrex flask. The

flask was heated and equilibrated at a temperature. above the melting point of

NH 4HS04• Temperature wa s measured wi th a mercury thermometer immersed tn the

melt. Weighed increments-of metal sulfate were added to the melt, which was

stirred continuously, and the mixture allowed to equilibrate. The addition of

metal sulfate was repeated until solid metal sulfate persisted in the melt after

equilibration. A measured volume (typically = 0.5g) of the melt was extracted

and analyzed for NH 4+ and HS04- ion content by potentiometric titration (see

Appendix B) with standard base. The sum of the measured NH4+ and HS04- ion

concentrations was divided by t\«) to obtain the NH 4HS04 concentration in the

extracted volume. This was multiplied by the extracted volume to obtain the

weight of NH 4HS04 in the extracted sample. Substraction of this weight from the

total weight of the extracted sample gave the weight of metal sulfate dissolved.

These weights were used to calculate the mole fraction of metal sulfate

dissolved. The experiment was repeated to determine the solubility as a func-

tion of temperature.
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These heat

APPENDI X D

PROCEDURE FOR CHLORIMETRIC MEASUREMENTS FOR REACTION 2

The heat of reaction for the energy storage step in the proposed cycl e was

determined by adiabatic calorimetry at atmospheric pressure. Since the quan­

t itative determination of reaction heats of gaseous systems is diffi cul t, the

desired heat of reaction was not measured directly. Instead, only the heat of

reaction 2a was actually measured. Thi s experimental val ue was then combined

with a literature [12J value for the heat of reaction 2b (~H =42.05 kcal/mole)

to obtain the net heat of reaction 2:

H2S04(1) + NH 3(g) • NH 4HS04(1) (2a)

H20{ g) + S03(g) • H2S04(1 ) (2b)

H20{g) + s03(g) + NH 3{g) • NH4HS04(1 ) (2)

A- 250 rnl dewar fl ask served as the calorimeter vessel. The heat capac ity of

thi s vessel was determined by measuring the adiabatic temperature change pro­

duced when a known weight of water of lOOoe was poured into the fl ask. It is

assumed that the heat capacity of the vessel is constant over the temperature

range 25 to 100°C.

A weighed amount (typically 200g) of 98% sul furic acid was pl aced in the

dewar flask. Anhydrous ammonia was bubbled into the acid, and the temperature

rise monitored. The extent of reaction was determined by removing small samples

(.... 3g), which are weighed and analyzed by titration. The heat capacity of the

reaction mixture was computed from the weighted sum of the known heat capacities

for H2S04 and H
20

which constitute most of the mass of the mixture.

capacities are known as a function of temperature [3].

In these experiments, the react ion wa s terminated when the temperature

reached .... 310°C (cf. a val ue of 405°C determined for compl ete reaction). The
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experiment was repeated twice, giving experimental values of 35 kcal/mole and 32

kcal/mole for the heat of reaction 2a, and calculated values of 77 kcal/mole and

74 kcal/mole for the net regeneration reaction 2. These results are in good

agreement with earlier measurements reported b Kelley et al. [3]. They measured

a value of 75.5 kcal/mole for the heat of reaction 2 at 227°C. Using their

val ue and known heat capacities, we cal cul ate a val ue of 76 kcal/mol e for the

heat of reaction 2 a 310°C.

[1] Handbook of Physics and Chemistry, 51st edition, R.C. West, ed ,; The

Chemical Rubber Co., Cleveland, ())io, pp, 061-071,1970-71.

[2] D.O. Huxtable and D.R. Poole, II Thermal Energy Storage by the Sul furic Acid

Water Systemll
, in Proceedings of the 1976 Annual Meeting (publ ished by the

llmerican Section of the International Solar Energy Society, Inc ,; '. ~erican

Technological University, Killeen, Texas, 1978).

[3] Kell ey eta ale "Thermodynamic Properties of ,ammonium and Potassi urn Al urns and

Rel ated Substances with References to Extraction of Al umina from Cl ay and

Anvite,1I U.S. Department of Interview, Technical Paper #688.
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APPE NOI X E

EVALUATION OF REACTOR CONSTRUCTION MATERIALS

Since the reaction mixtures involved in flechanism I are potentially very

corrosive, a series of experiments was done to determine what metal s might be

suitabl e for the construction of a 1arge scal e reactor. The test apparatus is

shown in Figure E-l.

Test coupons of sel ected metal s were each cl eaned by pl acing in dil ute HCl

for 15 minutes, rinsed with acetone, and oven dried. Each coupon was weighed

and pl aced in the quartz reaction tube. The bottom hal f of the test coupon was

covered with a reaction mixture consi sting of 5 K2S04 + NH 4HS04• The top hal f

of the coupon was not in contact with the reaction mixture. The same amount of

reaction mixture (5.7097 g) was used with each coupon. The reactor was heated

to 450°C (set point reached in .... 1 hour) and hel d at thi s temperature for 24

hours. After all owi ng the reactor to cool to ambient temperature, the test

coupon was removed, cl eaned thoroughl y wi th a soft brush to remove adhering

solids, rinsed with acetone, dried, and reweighed. The weight loss per square

centimeter of surface area for each coupon is given in Tabel E-l.

92





TABLE E-1

EVALUATION OF CORROSIVE EFFECT OF A TYPICAL

REACTION MIXTURE ON SELECTED CONSTRUCTUION METALS

Test Coupon in
Reaction Mixture of

NH4HS04 + 5 K2S04

Test Coupon
Total

Surface Area

Weight Loss per cm2
of Surface Area after

24 hours at 450°C

Stai n1 ess Steel 316 9.5 cm2 .0055 g/cm2

Incone1 617 6.8 .0081

Incone1 625 6.8 .0049

Incone1 671 8.4 .0058

Hastell oy C-4 8.4 .0075

Hastell oy C-276 9.2 .0056

Hastelloy G 8.4 .0050

Hastell oy X 8.4 .0026

Rene 41 12.8 .0030
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APPE NDI X F

ANALYTICAL PROCEDURES USED FOR THE STUDY OF FIRST STEP IN DECOMPOSITION OF

NH4HS04/ ZnO MIXTURES

The apparatus used to measure NH 3(g) and S03( g) yi el ds from the fi rst step

(reaction 1c') of Mechanism II is shown schematically in Figure F-l. The heated

portions of the reactor were quartz glass and the remainder was pyrex. In

these experiments separate reaction mixtures were heated for various lengths of

time and at different temperatures. He1 ium was used to entrain vol at i l e pro-

ducts formed by decomposition of the reaction mixture. Any NH 3(g) or 503(9) was

dissolved from the carrier gas and at the conc1 usion of the heating period the

resulting solution was analyzed according to the procedures discussed below. At

the conclusion of an experiment the apparatus was disassembled and the reactor

and transfer 1ine rinsed with water to di 5s01 ve any condensed sol ids. . Thi s

solution was also analyzed. Finally the reaction mixture residue was dissolved

in water and this solution analyzed. The analyses required are summarized in

Table F-l. The methods used are discussed below.

Ti tration ~thod For Ammoni a and Su1 fur Ox ide An a1 ys i s-

The potentiometric titration used on these experiments is virtually the same

as that described in Appendix B. In principl e, thi s method caul d be appl ied to

all the required analyses:' a, b, c, d, e, f (see Table F-l).

Turbidimetric Method For Sul fur Oxide Analysi s-

This method was identical to that described in Appendix B, and is applicable

in principle to analyses b , d, f (See Table F-1).
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TABLE F-l
SUMMARY OF ANALYSES USED TO STUDY STOICHIOMETRY OF MECHANISM II

Or1gtn of Analyte Test Solution ..!lP.! Analyzed For ~ Accuracy

Volatile products 0.1 H tel in a Dissolved NH3 as NU4+ Titration of NH4+ eNH3 content in nm) t .05 nm
from ftrst reaction which volatile or
tn ctecOlTlllosH ton of products dissolved Ot ssolved NH3 as MI3 Specific ion electrode (NH3 content in ~n) t.02 (NH) content)
NH4HS04/ZnO mixtures

b Dissolved 503 as H+ Titration of H+ (503 content in mn) 1: .05 mm
or

Dissolved 503 as 8a504 Aliquot by turbidimetry (5°4-2 content in mm) t.02 (5°2-2 content)

Solids condensed in Water in .....1ch e Nit) from N1I4HS04 and Titrat10n of NH4+ (NH) content in 1111l) t .05 nm
transfer line during are d.1sso lYed (NH4)2S04 as NH4+
decomposition of or
NH4HS04/ZnO mixtures Nil) frOA Nll4HS04 and Specific ion electrode (NH) content in mm) t.OZ eNH) content)

(NH4)2S04 as NH3
1..0 d S03 from NH4HS04 and Titration of H+ (503 content in mo) t .05 men'-J

(NH4)ZS04 as H+
or

503 from NU4HS04 and Aliquot by turbidimetry (503 content in mm) t.02 (5°2-2 content)
(NII4)2S04 as BaS04

Residue from first Water in w,ich e NH3 from NH4HS04 none
reaction 1n unreacted NHA"S04.
deconpos i t 100 of 1n504 and In ·21n504 f 503 from NH4HS04 Turbidimetry or titration
NH4HS04/ZnO mixtures dissolved as H504-



Specific Ion El ectrode flethod for NH 3 Analysi s-

This method was identical to that described i Appendix B, and is appl icabl e

in principle to analyses a, c, e (See Table F-l).

Comparison of Analysis Methods-

For analyses a and b the volatile NH 3(g) and S03(g) were dissolved in dilute

Hel (rather than H2S04 as discussed in Appendix B).

When the ammonia yield was expected to be less than 2.5 millimoles (~30% of

the 8 millimole sample of NH 4HS04), analysis a was carried out with the specific

ion el ectrode. For higher ammonia concentrations potentiometric titration was

used.

For analysis b, turbidimetry was generally the method of choice.

For analysis c, analysis was by specific ion electrode.

For analysi s d , either turbidimetry or potentiometric titration was used as

dictated by the concentration level to be measured.

For analysis e , no method was found suitable. The residual ammonia was

generally to low for analysi s by potentiometric titration,· and Zn 2+ ion inter­

ferred with the function of the selected ion electrode.

For analysis f, either turbidimetry or potentiometric titration was used as

requi red.
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APPE NO! XG

ANALYTICAL PROCEDURE USED FOR STUDY OF SECOND STEP IN DECOMPOSITION OF
ZnO/NH4HS04 MIXTURES

The apparatus used to measure S03(g) and S02(g) yields from the second step

(reaction 1d) of ~chanism II was basically the same as shown in Appendix F

(Figure F-1). In these experiments sampl es of the product from reaction Ic'

were heated for various lengths of time and at different temperatures. Hel ium

or in a few experiments air, was used to entrain the volatile products formed by

the decomposition reaction. The system was modified by replacing the single

trap used to di ssol ve volat;' e products from the carrier gas with a series of

two traps. Thi s was necessary to remove the rel ative1y 1arge amounts of

-S03{g) and 502(g) produced. Each trap was filled with an NaOH sol ut ton (1M).

At the conclusion of an experiment the contents of the two traps were combined

and analyzed by potentiometric titration with HN03(l M) .

The resulting titration curve contains two endpoints. The product gases are

assumed to react upon contact with NaOH as follows:

503(g) + 20H- + 504- + H20

502(g) + 20H- + 503- + H20
The resulting solution is assumed to involve the following equilibria:

+ -H2S03 * H + HS03

Ka 1 = (H+)(HS03-)/(H2S03) = 1.54 x 10-2 (1 )

HS03- * H+ + 503=

K' a2 = (H+)(S03=)/(HS03-) = 1.02 x 10-7 (2 )

H20 * H+ + OH-

K = (H+)(OH-) = 1 x 10-14 (3 )w

Under the assumption that the activity coefficients for all species in solution

are equal to one, the conservation equations which apply to the solution as it

is titrated with HN03 are:
99



[S03(g)] = (S04-)

[S02(g)] = (S03=) + (HS03-)

[NaOH] = (Na+)

[HN0
3]

= (N0
3-)

(4 )

(5 )

(6 )

(7)

Where brackets indicate molar concentrations of the species enclosed when they

are first introduced into solution, and parentheses indicate molar con-

centrations of the species enclosed after the solution reaches equilibrium.

Note that equation (l) is not considered in representing the conservation of

S02(9}. Due to the relatively large ionization constant associated with this

equation, protenat ion of HS04- is negl ig ib 1e even during titration with HN030

Likewise, protenation of S04= has been neglected.
"-

The electroneutrality equation which applies to the solution as it is

titrated with HN03 is:

(H+) + (Na+) = (HS0
3-)

+ 2(50
3=)

+ (OH-) + 2(S04=} + (N0
3-)

(8)

Equations (2) through (7) can be used to transform equation (8) to the

foll owing:

I

+ [S02 (g) ]Ka2 Kw
(H ) + [NaOH] = [S02( ) ] + +" I + -+- + 2[S02(g}] + [HN03]

g (H ) + Ka (H )
(9 )

Since wash water is added to the NaOH solution prior to titration, the following

relationships apply during titration:

V M
[NaOH] = NaOH NaOH

VHNO + VNa OH + VH 0
3 2

100

(lO)



VHNO MHNO
[HNO ] = 3 ~ 3
~ 3 VHNO + VNa OH + VH 0

3 2

(11 )

nSO
[SO ] = 3( g)

3(g) VHNO + VNaOH+ VH0
3 2

(12 )

nSo
[SO ] = 2(g)

2(g) VHNO + VNaOH + VH0
3 2

(13)

For purposes of calculation, equations (10) through (13) can be used to trans­

form equation (9) to:

+
2n SO (H)

3
+ 2 + ~{(H) - MHNO (H )-Kw}

3

nSO {(H+)2 + 2K~{H+)}
2

VHNO = -·--(-+--+--"'2-·----+-- + ---=---------
3 {Ka2 + H )} {(H) - MHNO (H )-Kw}

3
(14)

Equation (14) has been used to cal cul ate the titration curves shown in

Figure G-1.

Each of the titration curves shows two endpoints as expected. The first at

pH ~ 9 corresponds to the condition:

nHHO = n _ - 2nSO - 2"50 2-
3 OH 3 4

or

nHNO = n _ - 2"50 - 2"50
3 OH 2 3

which can be rearranged to
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from which we can calculate

(15 )

VNaOHMNaOH - V1MHNO3
= ( 2(mol es NH HSO) )100

4 4
(16) *

The second endpoint, at pH ~ 4 corresponds to the condition:

2n s032-- 2n SO 2 + nSO 2
4 - 3 -

or

nHNO = n - 2nSO - 2nSO + nSO3 OH- 2 3 2

Which can be rearranged to

( 17)

The difference between the first and second endpoints, equation (15) minus

equation (17), gives:

from which we can cal cul ate:

and

(18)*

%503 = %(502 + 503) - %502 (19)

Equations 16 and 18 were used for calculation of the S03(9) and 502(g) yields in

these experiments.
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*When this procedure is used to study the decomposition of pure ZnS04 rather than
the product from reaction Ie' equation 16 is modified to:

VNaOHMNaOH
%(502 + S03) =(.------­

2(moles
100 (16a)

*When this procedure is used to study the decomposition of pure ZnS04 rather than
the product from reaction Ie' equation 18 is modified to:

(V2 - Vl)MHN03
%S02 ={-} 100

(moles ZnS04)
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APPE NOI X H

METHODS EVALUATED FOR SIMULTANEOUS 502(g) AND S03(g) ANALYSIS

Many methods for the determination of S02{g) have been described in the

1iterature, due primaril y to the fact tha t S02 (g) is a major ai r po 11 utant.

Fewer methods have been published for the determination of 503(g). Chemical

methods have generally been used when only one of the analytes is present in the

matrix or when one of the two has been sel ectively removed from the matrix.

These methods involve dissolving the analyte into a 1iquid and analyzing the

resulting solution.

Absorbing liquids used for 502(g) include: aqueous NaOH solutions analyzed

by titration of excess base; aqueous iodine/starch solutions analyzed by titra­

tion of excess iodine with thiosul fate (1); aqueous hydrogen per-ox ide/sul furic

acid solutions analyzed by measurenent of electrical conductivity (2); aqueous

hydrogen peroxide solutions analyzed by measurement of the 5°42- formed using

titration with barium perchlorate (thorin indicator) (3-4), or with lead perch­

lorate (5u1 fonazo indicator) (5-6), or turbidimetry (7), or by measurement- of

the H+ formed using titration with NaOH (methyl red indicator) (8) (bromphenol

blue indicator) (9); aqueous potassium or sodium tetrach1oromercurate sol utions

analyzed colorimetrically after adding pararosani.1ine dye (10-13); aqueous for­

maldehyde solutions analyzed co1onnetrical1y after adding pararosanil ine dye

(14).

Absorbing liquids used for 503(g) include: aqueous isopropanol solutions

analyzed by measurement of the S042- formed using titration with lead perch­

lorate (5u1 fonazo indicator) (6), or titration with barium perchlorate (thorin

indicator) (15-17) (methyl blue indicator) (20) (alizcarin red S indicator) (4),

or photomertrically using barium chl oronil ate (21), or spectrophotometrically
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using barium chl orcant l ate (17-18, 22-23) or by turbidimetry (7, 24), or by

measurement of the H+ formed using titration with NaOH (bromphenol b1 ue

indicator) (9); aqueous isopropanol/acetone solutions analyzed by measurement of

electrical conductivity (25).

In some cases these chemical methods have been combined to allow deter-

mination of both analytes in a common matrix. One technique invol ves a series

of liquid absorbers. Generally, the matrix is passed first through an isopropa­

nol solution which selectivity dissolves S03(g) and inhibits oxidation of

S02(g) and then through a hydrogen peroxide solution which dissolves the

2- ( )S02(g) and oxidizes it to S04 6, 7, 25. Each of the absorbing solutions is

then analyzed separately by one of the methods stated above. A variation of

this technique is to first condense the S03(g) from the matrix and then absorb

the S02(9) from the matrix into a hydrogen peroxide solution (9). The

S03(g) condensate is dissolved isopropanol and both solutions are analyzed.

We attempted to adapt three of these chemical methods to our experimental

requirements. The first method tried involved dissolving the S02(9) and S03(g)

from a nitrogen carrier gas into an aqueous iodine solution. The S02 should

react with water to form S03= and HS03-. These ions woul d react as fo 11ows =

I °2- 2- + 2H+ + 21-2 + S 3 + H20 + SO4

1
2

+ HS0
3-

+ H
20

+ S042- + 3H+ + 21-

S03 reacts with water to form SO/- which does not react with iodine. Two al i­

quots of the resul ting sol ution were taken. One was titrated with Na 2S203

to measure 12•
2- 2-

12 + 2S203 + 21- + S406

The amount of S02 di ssol ved was obtai ned from the difference between the amount

of 12 present before and after adding the gas mixture to the solution. Tin(ll)
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chloride was added to the other aliquot to reduce the unreacted 12 to r-. Then,

the c1 ear sampl e was dil uted and analyzed for total 5°4
2- by a standard tur­

bidimetric method in which added 8a2+ causes precipitation of 8aS04­

Substraction of the number of mol es of S02 obtained by Na 25203 titration from

the total number of moles of 5°42- as measured by turbidimetry should give the

nunber of moles of 503(g) dissolved. The results indicated that the analysis

for 5°2 was reliable and reproducible (± 1%), but that the total 5°42- analysis

was erratic and unreliable.

The second chemical method tried involved passing the 502/S03/N2 gas Mixture

through a series of liquid solutions. The first was an aqueous isopropanol

sol ution (80%) and the second was an aqueous H20 2 sol ution (3%). We were abl e

to quantify the amount of 502(g) dissolved on the H202 solution by measuring the

electrical conductivity change produced when the 502 was oxidized to 5°4
2-, but

found that the isopropanol retained 5°2 for an unacceptable length of time.

Furthermore, 5°3 was not efficiently dissolved in the isopropanol at the flow

rates (.... 160 cc/min) required for our experiments.

The third chemical method involved passing the S02/S03/N2 gas mixture

through a series of traps all containing di1 ute NaOH, and analyzi ng the

resulting sol ut ton ,by potentiometric titration. This method gave reproducible
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measuring yield as a function of time. 5ampl ing time is 1 imited by the speed

with which the absorbing solution can be switched and the repeated analysis of a

1arge number of solutions is tedious. This is characteristic of most wet che­

mistry methods. For thi s reason we attempted to adapt some of the reported

instrumental methods to our requirements.

For 502( g} these incl ude: fl uorescence (emi sst on at 3940A) (26-29); UV

absorption (between 3200-1800A) (30-31); IR absorption (bands at 518, 1151, and

1361 cm-1 (32); mass spectrometry (33-35); Raman spectrometry (band at 1151

em-I) (36); gas chromatography (37-40). For 503(g): IR absorption (bands at

527, and 1391 cm-1) (41); mass spectrometry (34-35,42); Raman spectrometry

(band at 1067 cm-1) (36); gas chromatography (38) have been used.

Attempts to adapt ul traviol et spectroscopy to the simul taneous measurement

of 502 and 503 ina fl owi ng carrier gas stream were unsuccessful. A number of

probl ems were encountered. Fi rst, the mol ar extinction coeffi c tent for S02 (at

wavel engths between 260-310 nm) is from 2 to 4 orders of magnitude 1arger than

that for S03. Thus conditions, such as flow rate and optical path length,

suitable for detection of one analyte are unsuitable for the other analyte.

Second, S03 tended to condense on the inner surfaces of the opt i cal cell even

when the' cell compartment was heated.

Al though Raman spectrometry, gas chromatography and mass spectrometry have

been used for simul taneous measurement of the two analytes, (34, 35, 36, 38) the

extremely reactive nature of S03(g) makes it incompatable with the material s

used in the construction of most commercial analytical instruments. In order to

make use of the speed and convenience of instrumental analysi s, we saught to

find a reagent which would react quantitatively with S03(g) to produce a more

stable and conveniently measured molecule.
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We have tested a variety of reagents. Reaction with glycerine to form acro­

lein, and with 1,4-butanediol to form tetrahydrofuran were not quantitative. In

general, the reactions of 503(g) with organic compounds appeared to be indiscri­

minate and unsatisfactory.

Certain alkali metal halides (eq. KC1) were reported to react to form addi-

. tion compounds having the general formula M(503)nCl at ~O°C and some alkali

metal sul fates (eq. K2504) were well known to react forming stabl e pyrosul fates,

M2S207• When 503' from flJ11ing sul furic acid, was added to a flow; n9 carrier

gas and passed through tubes containing plugs of these reagents, the removal of

5°3 was found inefficient. Further, the resulting products are solids which

cannot be conveniently quantified continuously in a flow system, but rather must

be measured batchwise.

A thermodynamic analysi s suggested that a1 ka1 i and transition metal car­

bonates should react with both 502 and 503 to produce CO2 as follows:

503 + M2C03 + M2S04 + CO2

502 + M2C03 + M2503 + CO2

A1 though compl ete thermodynamic data for these reactions are not avail abl e,

approximations lead to the conclusion that the ~Go for reaction of 5°2 with a

given metal carbonate is considerably less negative than the ~Go for the reac­

tion of 503' through in general both reactions should be exoenergetic. Thus,

prefferential reaction with 503 would result only if the respective reactions

have sufficiently different activation energies and dependence on temperature.

A rather extensive series of experiments was done in an attempt to find a metal

carbonate which wou1 d at some temperature react readily with S03 and negigib1y

with 502. The carbonates tested inc1 uded: Li 2C03' Na 2C03, K2C03, MgC03 and

CaC03• The product gases (503 and 502) formed from the decomposition of
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Zn504were passed through a tube contai ning each carbonate and the amount of

CO2 and 5°2. in the emerging gas mixture measured. The sol id carbonates were

either simply mixed with glass beads or in some experiments coated onto the

beads by precipitation from an aqueous sol ution. The temperature of each car­

bonate was varied systematically. In no case was it possible to achieve selec­

tive reproducible and quantitative reaction with 5°3•

Both oxal ic acid 37 and cal cium oxal ate43 have been reported to react with

5°3 to produce CO2• Cal cium oxal ate was tested in experiments simil ar to those

used for the eval uation of metal carbonates. It s reaction wi th both 503( g) and

502(g) was measured systematically as a function of temperature and it was found

to react selectively with 5°3 at temper atur es between 300-375°C. This reagent

was tested extensively and a method d( oped by which it could be used to quan­

titatively convert 5° 3 to CO2 in a f, ·,ling carrier containing both S03 and 5° 2•

Thi s method is described on detail in Appendix I. It allows the amounts of

S03 (as CO2) and S02 to be measured continously so that reaction rate as well as

reaction yield information can be obtained conveniently. To date thi s method

has been appl ied onl y to the study of the thermal decomposition of Zn S04' but it

will undoubtedly find more extensive appl tc at ton, The conversion of 5° 3 to

CO2 allows the S03 concentration in a gas stream to be monitored by any of a

variety of instrumental methods. We selected infrared spectrometry as a matter

of convenience.
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APPE NOI X I

Analytical Procedure Used For The Study Of S03(g) and S02( g)

Yields From Decomposition Of ZnS04

The apparatus used is shown schematically ; n Fi gure 1-1. A quartz reactor

tube served to confi ne the evol ved product gases. lhi s tube is enclosed in a

three zone spl it furnace and is heated over a 1ength of 30 en, E1 ectrical power

to each of the three furnace heaters was indepently adjusted using a controler

so as to provide a region of constant temperature (± 2°C) extending from "'2 cm

in either direction along the furnace axis from its midpoint.

To one end of the reactor tube is attached a stainless steel manifold.

Thi s manifold incl udes a carrier gas entrance port, a septum seal ed syringe

injection port, and an a-ring sealed thermocouple probe port. An inconel

sheathed thermocouple passes through the probe port and extends along the reac­

tor tube axis onto the furnace. Attached to the end of the pr-obe is a quartz

sample boat. The probe is mounted on an indexed sl ide mechanism which t s used

to reproducibly position the samp1 e boat. Sampl e temperature is read with a

digital thermometer connected to the probe.

The other end of the quartz reactor tube is connected to a pyrex tube.

This pyrex tube is enclosed in a furnace and maintained at a temperature of

325°C. A plug of CaC204·H20 mixed with glass beads was pl aced in the center of

the pyrex tube and held in place with pyrex wool. The plug was 1-2 inches long

and - 3/8 inch tn d;ar.teter. The ratio of CaC204·H20 to glass beads was

arbitraily adjusted to allow the desired carrier gas (He) flow. The CaC20 4·H20

was dehydrated in situ with carrier gas flowing.

Teflon tubing is used to conduct the carrier gas flow from the pyrex tube to

each of two optical cells in series and thence to a soap bubble flow meter.
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carrier gas flow rate was adjusted with a flow control 1er p1 aced upstream from

the mani fo1 d.

The CaC204 served to convert any S03(g) present in the carrier gas to

CO2(g) presumably by the reaction:

503(g) + CaC204( S) + CaS04(s) + CO2(g) + CO(g)

S02(9) was measured at the first optical cell which was part of a nondispersive

u1 traviol et monitor set to measure S02 absorption. CO2 was measured at the

second optical cell which was part of a nondispersive infrared monitor set to

measure CO2 absorpt ion. UV and IR absorbances were recorded continuously on a

dual pen integrating recorder. The response of each monitor was cal ibrated by

injecting samples of 502(9) and CO2( g) into the carrier gas with a syringe. The

area under each respective absorbance curve was directly proportional to the

amount of gas injected.

Al though the reaction of S03(g) with CaC204( S) has not been, investigated in

.detail, there is no doubt that 503 reacts quantitatively to give CO2 under the

conditions used in these experiments (Flow rate = 150-300 cc/mtn ,

CaC204 temperature = 325°C). TIli s concl usion is based on the fact that it was

possible to consistently obtain mole yields of CO2{g) and S02(g) from the decom­

position of a measured amount of Zns04 that were equal in sum to the theoretical

mole yield expected for complete conversion of the available sulfur to a mixture

of S02(9) and S03{g). Direct injection ~f samples of 502( g) into the carrier

stream verified that, at the flow rates used, 502 does not react with caC204 at

temperatures less than 375°C. At higher temperatures reaction becomes signifi­

cant. When the CaC204 temperature was less than 300°C, the measured mole yields

of CO2 and 502 were less in sum than the theoretical yield and the deficiency

was obviously due to a low CO2 yield indicating incomplete reaction of 503 with

CaC 204·
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In view of these facts all experimental resul ts were obtai ned with the

CaC 204 between 325-350°C and the IR absorption observed taken as indirect

measure of the S03.present in the carrier.

In a typical experiment a weighed sampl e of ZnS04 was loaded into the sampl e

boat and the manifold connected to the reactor tube. Carrier gas flow rate was

adjusted and the furnace equil ibrated at the desired set point temperature with

the sample boat inside the manifold. A series of S02(g) and CO2(g) samples were

injected through the septum port to calibrate the optical detectors. The sanpl e

boat was then moved to a point just inside the furnace and allowed to

equil ibrate at a temperature between 350° and 450°C. Thi s preheating was done

to bring the sample temperature closer to the set point temperature and thus

minimi ze the time requi red for the sampl e to reach its fi nal temperature. Then

the sampl e boat was moved to the center of the furnace and its decomposition

monitored.
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