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ARTICLE INFO ABSTRACT
Keywords: Alkylated furans such as 2,5-dimethylfuran and 2-methylfuran can be produced from biomass and have very
Alkyl furan attractive properties for use as spark-ignition fuel blendstocks. Their high octane numbers, relatively high energy
Methylfuran density, low water solubility, and minimal effect on gasoline blend volatility are potentially significant ad-
Dimethylfuran

vantages over alcohol-based fuels. However, prior studies have reported poor oxidative stability for furanic
compound-gasoline blends, as well as the potential for the formation of dangerous organic peroxides. We show
that alkylated furans have very low oxidative stability compared to conventional gasoline. Upon oxidation they
form highly polar ring-opening products that can react with the starting furanic compound to form dimers,
trimers, and higher polymers with intact furan rings. Dimers of the starting furan compounds were also ob-
served. These gasoline-insoluble gums can be problematic for fuel storage or in vehicle fuel systems. Evaporation
to dryness under ambient conditions also produced gum with similar composition. Gums produced via eva-
poration were found to contain peroxides; however, whether these pose a threat of shock initiated explosion has
not been determined. We also propose a density functional theory-based analysis of possible reaction pathways,
showing that OH radicals can form by reaction of the alkyl group and that addition of OH radicals to the furan
ring is energetically favored and leads to ring opening products. Antioxidant additives can be effective at limiting
the oxidation reaction in gasoline, but require much higher concentrations than are commonly used in com-
mercial gasolines.
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1. Introduction

Furanic compounds, specifically 2,5-dimethyfuran (DMF) and 2-
methylfuran (MF), have long been of interest as potential biofuels.
Their boiling point, high octane number, relatively high heating value,
low solubility in water, and minimal effect on gasoline blend volatility
make them very attractive as components of fuels for spark-ignition
engines (Table 1) [1,2]. It is particularly notable that these compounds
exhibit very high blending octane numbers when blended into petro-
leum blendstocks, making them among the most attractive proposed
biofuels for enabling the design and production of spark-ignition en-
gines with significantly improved efficiency [2]. These compounds can
be produced from lignocellulosic biomass via several different routes
[3-8]. In one approach, DMF is produced from the C6 sugar fructose by
dehydration to form hydroxymethylfurfural, which is then hydro-
genated. Production from cellulose (a polymer of glucose), therefore,
requires initial isomerization of glucose to fructose. MF can be pro-
duced from the C5 sugar xylose by dehydration to furfural followed by
hydrogenation. A practical process for conversion of lignocellulosic
biomass containing both cellulose and hemicellulose (a polymer of
xylose) would produce a mixture of DMF and MF [9,10]. The com-
bustion of DMF and MF has also been extensively studied theoretically
[11,12], in fundamental experiments [13-15], and in engine combus-
tion experiments [16-21].

Only a few studies have examined how these promising high-octane
number compounds affect practical fuel properties when blended with
conventional petroleum-derived gasoline blendstocks. Christensen and
coworkers blended DMF and MF into a petroleum-derived hydrocarbon
gasoline blendstock intended for blending with 10vol% ethanol [1].
Blending of MF (11 percent by volume (vol%)) and DMF (13 vol%)
showed little effect on vapor pressure and a 5-10 °C depression in the
50% evaporation temperature (T50) with no significant effect on T10 or
T90, all very desirable properties for gasoline blending. Blends were
very stable in the presence of water with no phase separation or uptake
of oxygenate by the water phase. Very high volumetric blending re-
search octane numbers of about 150 were observed at this blend level in
the 85 research octane number blendstock.

Researchers at Shell Global Solutions conducted a detailed evalua-
tion of MF as a gasoline component, reporting similar fuel property
effects to those described above [23]. They also noted that MF blending
degraded the oxidation stability of the fuel as measured by ISO 6246 (a
standard test for measuring the oxidation stability and gum formation
for gasoline), and furthermore noted increased inlet valve and injector
deposits in a three-car, 90,000-km on-road test. In a previous study we
reported that DMF blending can negatively impact gasoline stability,
producing high levels of insoluble gum on the ASTM International
(ASTM) D873 gum formation test for blends as low as 10vol%, and
failing the ASTM D525 oxidation stability test for a 20 vol% blend [24].
These standard stability tests are conducted at 100 °C under 700 kPa
initial pressure of oxygen.

Additionally, Fabos and coworkers examined the formation of per-
oxides during storage of bio-derived oxygenates including DMF and

Table 1
Important fuel properties of DMF and MF.

Property DMF MF
Boiling point, °C 94 65
Research octane number [22] 101 103
Motor octane number [22] 88 86
Molar blending research octane number [1]’ 137 131
Molar blending motor octane number [1] 102 101
Lower heating value, MJ/L 30.1 27.6
Water solubility, mg/L 1460 3410

! Molar blending octane numbers are for 11.3vol% MF or 13.4 vol% DMF in a sub-
octane gasoline blendstock, as described in more detail in Ref. [1].
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found that this compound increases in peroxide number over time si-
milar to tetrahydrofuran (THF), which is a known peroxide former
[25]. Interestingly, furan did not form high levels of peroxides. The
formation of peroxides via oxidation at ambient conditions is a con-
siderable safety concern as some organic peroxides can present an ex-
plosion hazard when exposed to physical shock. Many common la-
boratory solvents are known to form peroxides, and precautions are
recommended that allow for their safe storage and handling. These
precautions include protection from light and air, the use of free radical
scavenging additives, as well as periodic monitoring for peroxide for-
mation [26]. Petroleum-derived gasolines containing olefins are also
known to form peroxides during storage, which degrades octane ratings
and, if sufficient oxidation occurs, gums can form causing filter plug-
ging and engine deposits [27]. Prevention of oxidation during fuel
storage is vital for maintaining fuel quality.

Here we describe the results of an experimental and theoretical
study examining the oxidation stability of furanic compounds within
the contexts of both gasoline stability and peroxide formation as a
safety issue.

2. Methods
2.1. Experimental

Furan, MF, DMF, and 2-ethylfuran (EF) with purity =99% were
purchased from Sigma Aldrich. Furan and MF were received containing
250 ppm (ppm) butylated hydroxytoluene stabilizer. DMF and EF were
purchased without added stabilizers. Each compound was passed over a
bed of silica to remove oxidation products, stabilizers, and other polar
materials before use. DMF and MF as received exhibited a yellow color,
which was removed by the silica resulting in a clear liquid. Blends for
testing were prepared gravimetrically with 2,2,4-trimethylpentane (iso-
octane, purchased from VWR) to 10 vol% concentration.

Oxidation stability of blends was assessed at 100 °C under an initial
pressure (at room temperature) of 700 kPa of oxygen. These are the test
conditions of the ASTM D525 test used to measure the oxidation in-
duction time (or breakpoint) of commercial gasolines. The test is run for
24 h while the pressure of the vessel is monitored for a breakpoint
defined by a rate of pressure decrease of greater than 14 kPa per 15 min,
which defines the induction period of the sample. A minimum induction
time of 240 min is required for commercial gasoline in the United
States. The final pressure at 24 h is reported, and the liquid phase is
recovered for analysis. A gasoline gum formation test, ASTM D873, is
conducted in the same apparatus at the same conditions for a fixed
period of time — 24 h was used in this study. This is followed by solvent
rinsing (50:50 by volume mixture of toluene and acetone), evaporation,
and weighing of gum formed during oxidation.

In some cases, the DMF blend was treated with a mixture of pro-
prietary antioxidants at the concentrations recommended by the man-
ufacturer for effective gasoline stabilization. The antioxidant mixture
contained phenylenediamine-based and hindered-phenol based com-
ponents that were added to a 10 vol% DMF blend at concentrations of
10 and 30 ppm, respectively. An additional 10 vol% DMF blend was
tested with 10 times the recommended concentration of these anti-
oxidants (100 and 300 ppm).

Gum and peroxide formation at room temperature during furanic
compound evaporation was assessed by allowing 100 mL of neat MF
and DMF to evaporate in 250-mL Erlenmeyer flasks in a fume hood.
Peroxides were measured following a modified version of ASTM
method D3703 for peroxide number of gasoline, jet fuel, and diesel.
This method was modified for potentiometric endpoint detection rather
than colorimetric titration. The method has been modified for the use of
potentiometric end point detection in the place of colorimetric titration
to provide improved precision and throughput via use of an instrument
based endpoint opposed to human eye detection of color change.
Accuracy of the method with this modification was verified by
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Table 2
Results of oxidation at 100 °C under 700 kPa of O, initial pressure. Induction time (or
breakpoint) measurement according to ASTM D525. Gum formation by ASTM D873 run
for 24 h.

Blend, 10 vol% in iso- Breakpoint, Pressure drop,  Total potential
octane minutes kPa gum, mg/100 mL
Furan > 1440 46 33

MF 630 390 1065

MF, under N, > 1440 126 6

EF 94 257 1441

DMF 66 562 774

DMF, D873 Replicate NA NA 573

DMF with antioxidants 81 558 550

DMF with 10x 397 614 733

antioxidants

examining samples containing known levels of t-butylperoxide.

Degradation products were characterized using several methods. In
general, these are qualitative, or at best semi-quantitative, assessments
of composition rather than standard measurements with known un-
certainty. Gas chromatography with mass spectrometric detection
(GC-MS) was conducted on the iso-octane blends and acetone solutions
of the gums formed after 24 h at 100 °C and 700 kPa O, initial pressure.
An Agilent 7890A GC coupled with an Agilent 5975C mass selective
detector (MSD) equipped with an Agilent DB-5MS column (5% phenyl
polydimethylsiloxane phase with dimensions: 30m X 0.25mm,
0.25um df) was used for GC-MS analyses. The injection port tem-
perature was set at 275 °C with helium carrier gas flow rate of 1 mL/min
and an injection split ratio of 100:1. Injection volume was 1 pL. Oven
temperature was held at 45 °C for 5 min followed by a ramp of 10 °C/
min to 100 °C followed by 25 °C/min a final temperature of 320 °C. The
MSD was operated in continuous scan mode from m/z 35 to 500, and
the transfer line temperature was held at 350 °C. Peaks detected were
tentatively identified by comparison to the National Institute of
Standards and Technology 2011 library of mass spectra with NIST MS
Search 2.0 software.

Molecular weight ranges of gums were determined with gel per-
meation chromatography (GPC) using a Waters Acquity ultra-perfor-
mance liquid chromatograph equipped with a refractive index detector
(RID). The columns used for compound separation by molecular weight
were Waters Acquity APC XT 200, 125, and 45A (4.6 x 75mm,
2.5 um), and the mobile phase was THF at a flow rate of 1 mL/min.
Column and RID temperatures were maintained at 30°C. A relative
molecular weight calibration was generated with polyethylene glycol
standards, Mp 102 - 40,000 Da purchased from Sigma Aldrich. The
injection volume was 7 pL. The calibration curve was found to have
R? = 0.998 across the molecular weight range. Samples were dissolved
in THF at a concentration of approximately 5 mg/mL for injection onto
the chromatograph.

Direct analysis in real time ionization with time-of-flight mass
spectrometry (DART-TOF MS) was used to analyze gums collected from
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ASTM D873 oxidation. A JEOL AccuTOF time-of-flight MS equipped
with an Ionsense DART ion source was used to collect spectra at a rate
of 1 per second in the m/z range of 70-1200. The MS resolving power
was 6000 (FWHM) for protonated reserpine at m/z 609.281. The TOF
atmospheric pressure interface was operated in positive ion mode with
the following parameters: orifice 1 = 20V, ring lens = orifice 2 = 5V.
A sample of polyethylene glycol with average molecular weight 600
(PEG 600, purchased form Sigma Aldrich) dissolved in methanol was
measured with each data file as a reference standard for internal mass
calibration. The DART source was operated with helium, and the gas
heater was set to 300 °C. Mass calibration, centroiding, spectral aver-
aging, and background subtraction were carried out using Shrader
Software Solutions TSSPro3 software. Mass spectra were analyzed using
Mass Mountaineer software (RBC Software).

Nuclear magnetic resonance spectroscopy (NMR) was conducted on
gum samples. Each gum was prepared by adding 0.4 mL of CDCl; to the
vials containing dried products. The NMR spectra were acquired on a
Bruker Avance III 600MHz spectrometer (14.1T magnet,
13C = 150.9254 MHz, and 'H = 600.1628 MHz) with a BBO 5-mm
probe. 13C NMR spectra were acquired with a 30° pulse (90° = 10 ps),
waltz 16 proton decoupling, and a recycle delay of 2. The 'H spectra
were acquired with a 90° pulse (15.3 ps), recycle delay of 10, and 32
scans.

2.2. Theory

Quantum chemical calculations were performed with density func-
tional theory. All reactants, intermediates, transition state structures
and products were optimized at the B3LYP/6-31G(2df,p) level of
theory. Each minimum has all real frequencies and each transition
structure has only one imaginary frequency. Intrinsic reaction co-
ordinate calculations were performed to confirm that transition struc-
tures connect the relevant energy minima. We used all B3LYP/-
31G(2df,p) optimized geometries and frequencies to perform Gaussian-
4 (G4) composite ab initio calculations [28] at 298.15 K. G4 formation
enthalpies for a series of radicals containing C, H and O gave a mean
unsigned error of 1.7 kJ/mol (0.41 kcal/mol) against the experimental
values recommended in the Active Thermochemical Tables [28-30].
However, it is not straightforward to estimate the error for an arbitrary
reaction. The benchmark errors are for heats of formation. The reac-
tions and barriers calculated here will be (on average) larger errors —
since they are effectively calculated from differential heats of forma-
tion. The G4 values are thermal-corrected energies (which is related to
the enthalpy by H = U + PV). All calculations were performed with
Gaussian 09 [31].

3. Results
3.1. Oxidation experiments

Results of induction time and gum formation measurement at

Fig. 1. Gum produced after 24h at 100°C under 700 kPa O, initial
oxygen pressure (ASTM D873 method) for 10 vol% blends in iso-octane:
furan (left), EF (center), MF (right), and DMF (far right).
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Fig. 2. Gum produced after evaporation of 100 mL of neat furanic compound at ambient
conditions: MF (left) and DMF (right).

100 °C/700 kPa O, initial pressure are shown in Table 2, and a photo-
graph of the resulting gums is Fig. 1. Little to no reaction is observed
with furan, but all of the alkyl furans oxidized and formed significant
amounts of gum. A test under nitrogen conducted for MF showed no
reaction. Note that the levels of gums observed for the alkyl furan
blends are 10-100 times higher than would be observed for a conven-
tional gasoline [24].

The MF blend has a long induction time (or breakpoint), easily
meeting the ASTM requirement of 240 min, but produces over
1000 mg/100 mL of gum. The run under nitrogen clearly shows that
oxygen is required for gum formation. This is consistent with the

Table 3
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observation (shown below) that gums from MF consist of ring opening
and condensation products that incorporate some oxygen. For EF we
also see a very high gum level of 1441 mg/100 mL, but the induction
time is very short at 94 min, suggesting rapid incorporation of large
amounts of oxygen in the products. For DMF we see a short induction
time but a significantly lower level of gum. A replicate DMF gum result
differs from the first run by 200 mg/mL giving some indication of the
reproducibility of this experiment at these very high gum levels. At gum
levels more typical of conventional gasolines (5-20 mg/mL) a 95%
confidence interval of + 6 mg/mL is reported in the D873 method.

The addition of antioxidants to DMF at the recommended con-
centration for gasoline (40 ppm total) provided a modest increase in the
D525 breakpoint, raising it from 66 to 81 min, and had no significant
impact on gum formation. Note that the 95% confidence interval for the
breakpoint time is reported as = 5% of the measured value in the D525
method. With an increase to 10 times the recommended antioxidant
concentration (400 ppm), the DMF blend passed the D525 minimum
breakpoint of 240 min; however, the amount of gum formed over 24 h
was not significantly changed. The recommended antioxidant con-
centration for gasoline is intended to stabilize the fuel against oxidation
of heavy di-olefins that would be present at 0.5-1 vol% [27], while the
blends tested here contain an order of magnitude higher concentration
of compounds susceptible to oxidation.

DMF and MF were allowed to evaporate in a fume hood at ambient
conditions. In the case of MF, this took approximately 4 days and DMF
took approximately 7 days given its higher boiling point. After eva-
poration, gums were visible in the bottoms of the flasks (Fig. 2). Given

Qualitative GC-MS results as percent of total area from analysis of dissolved gums and decanted liquid following 24 h at 100 °C under 700 kPa initial O, pressure (ND = not detected).

Tentative ID Molecular weight  Structure DMF gum  DMF isooctane = MF gum  MF isooctane EF gum  EF isooctane
2(3H)-Furanone, 5-methyl- 98 ~ o__0O ND ND 2.7 8.5 ND ND
5-Methylfurfural 110 (¢] 0.9 ND 2.0 ND ND ND
WA
Ethanone, 1-(2-furanyl)- 110 o ND ND ND ND 2.6 1.4
4-Oxopentanoic acid 116 ND ND 30.8 ND ND ND
Furan, 2,2’-methylenebis[5-methyl- 176 ND 1.6 0.7 6.9 ND ND
4,4-bis(5-methylfuran-2-yl)butan-2-one 232 ND ND 4.1 16.0 ND ND
3-Hexene-2,5-dione (DAE) 112 60.0 54.3 ND ND ND ND
Methyl 4-ox0-2-pentenoate 128 (6] 11.2 8.0 1.2 1.8 ND ND
/OM
O
4-Oxohexanoic acid 130 (0] ND ND ND ND 189 1.6
MOH
(0]
2-Butanone, 4-(5-methyl-2-furanyl)- 152 o) (0] 1.1 3.3 ND ND ND ND
W
2-ethyl-5-[1-(furan-2-yl)ethyl]furan 190 ND ND ND ND 19.1 47.4
[e] o
Ly
2,2’-ethane-1,1-diylbis(5-ethylfuran) 218 ND ND ND ND 6.3 11.5
(6] [¢]
Ly
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Table 4
GPC results of furanic oxidation gums.

Sample Mp Mn Mw

MF gum 318 567 1087
DMF gum 233 581 1918
EF gum 294 561 2839

Mp = peak molecular weight, Mn = number average molecular weight, Mw = weight
average molecular weight.

the possibility of reactive organic peroxide formation [25], these sam-
ples were handled with caution to prevent shock until taken up in a
solvent for analysis.

3.2. Oxidation product characterization

Iso-octane insoluble gums formed by MF, DMF, and EF after 24 h of
exposure to 100 °C and 700 kPa initial O, pressure were found to be
readily soluble in THF and acetone. The small amount of gum formed
by furan was not soluble in any typical solvent attempted (acetone,
THF, dimethylsulfoxide, acetonitrile, methanol, and diethyl ether). Due
to a lack of solubility and the very small amount produced, the furan
gum was not analyzed.

Gums dissolved in acetone as well as iso-octane/furanic compound
blends recovered after 24 h of oxidation were analyzed by GC-MS to
identify volatile and semi-volatile degradation components. The most
abundant peaks detected along with their percent contribution to the
total chromatographic area are shown in Table 3. The percent areas
shown exclude solvents and the parent furan compounds to qualita-
tively compare the relative abundances of products only. Matches to the
National Institute of Standards and Technology database with a
minimum of 75% confidence were considered for identifications and
visual inspection of each mass spectrum was conducted to confirm the
likelihood of correctly assigned structure. These assignments are ten-
tative as standards were not injected to confirm retention times and
spectra. A complete listing of peaks for each chromatogram with match
qualities is provided in Tables S-1 to S-6, and in Figs. S-1 and S-2
showing mass spectra of manually assigned compounds, in the sup-
porting information.

For DMF, the predominant volatile/semivolatile component, con-
tributing over 50% of the chromatographic area for both the liquid and
gum, was identified as 3-hexene-2,5-dione (1,2-diacetylethylene, DAE)
by mass spectra matching. Analysis of the gum by 1C NMR confirmed
this compound identification as a primary component. The *C NMR
spectrum is provided in Fig. S-3 in the supporting information along
with more detailed results of spectrum integration and analysis. Levu-
linic acid methyl ester (methyl 4-oxo-2-pentenoate) was also observed
at significant levels. 5-Methylfurfural was observed in the gum residue,
and a DMF dimer was observed in the liquid phase.

Chromatograms of both EF and MF gums contained relatively large
peaks identified as organic acids; 4-oxopentanoic acid in the case of MF
(levulinic acid) and oxohexanoic acid in the case of EF. Neither of these
organic acids appeared in high abundance in the iso-octane blends,
likely due to the low solubility of the organic acids in the hydrocarbon
matrix. For MF, low levels of 5-methylfurfural and 2-butanone, 4-(5-
methyl-2-furanyl) indicate that reactive species can add at the 5-posi-
tion of MF. Similarly for EF, 5-ethylfurfural is observed. Furanyl etha-
none shows reaction of the side chain in EF. Compounds that preserve
the furan ring and potentially form as furanic compound dimers and
trimers, or reaction of a ring opening product with the parent furanic
compound were also found in relatively high abundance in both the
gums and liquid phase, especially for EF.

Gums dissolved in THF were analyzed by GPC to determine their
molecular weight ranges. Results of this analysis are provided in
Table 4. The molecular weights of these materials show a considerable
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increase in mass from the starting materials indicating further poly-
merization beyond the dimers detected by GC-MS. DART-TOF MS
analysis was conducted to gain greater insight into the composition of
the higher molecular weight fraction of the gums. These results are
shown in Table S-7 in the Supporting information and suggest that
higher molecular weight compounds present in the gums are likely
composed of amorphous furanic polymers.

Neat MF and DMF were allowed to evaporate under ambient con-
ditions in a fume hood, generating the gums shown in Fig. 2. These
were dissolved in acetone and also analyzed by GC-MS. The results are
provided in Table 5. DMF was again found to produce primarily DAE;
however, there was also significant contribution from 5-methylfurfural
and 5-methylfurfuryl alcohol. The highest concentration products for
MF again suggest that a ring opening product reacted with the parent
furan, but in this case 4-oxopentanoic acid was not detected. Peroxide
titration was conducted on the gums produced by both MF and DMF to
examine the possibility for shock sensitive peroxides. The gums pro-
duced by MF were found to contain a high concentration of peroxides,
2700 * 500 ppm, while DMF gums contained 135 *= 20 ppm. Preci-
sion of the DMF gums analysis was determined from replicates of fuel
samples within the range of 0-250 ppm peroxide. The precision stated
for the MF gums is based on the difference between duplicate analyses.
The nature of these peroxides is unknown thus the gums from these
experiments were handled as potentially shock sensitive.

3.3. Oxidation mechanism

Sendt and coworkers and Vasiliou and coworkers studied the
thermal decomposition of furan theoretically with correlated multi-re-
ference CASPT2 and composite G2 (MP2) methods. Their work mainly
focused on unimolecular decomposition pathways [32] and generation
of propargyl radicals [33]. Several researchers have studied the gas
phase oxidation mechanisms of DMF and MF under different flame

Table 5
Qualitative GC-MS results as percent of total area from analysis of gums from oxidation at
ambient conditions (ND = not detected).

Tentative ID Molecular  Structure MF gum DMF gum
weight
Furfural 96 O 0.9 ND
\ / Yo
2-Furanmethanol 98 O 1.9 ND
L or
2(3H)-Furanone, 98 O /O 7.6 ND
5-methyl- |
1-(5-methylfuran- 180 (0} 24.0 ND
2-yl)pentane- |
1,4-dione (0]
Cl ||
(1E)-3,3-bis(5- 218 O\ 13.6 ND
methylfuran-
2-yl)prop-1- o o]
en-1-ol \ ‘ \ /
(3E)-5,5-bis(5- 244 3.2 ND
=0
methylfuran-
2-yDpent-3- A
en-2-one o o
Ly
5-Methylfurfural 110 O ND 4.1
\ /o
3-Hexene-2,5- 112 ND 55.6
dione (DAE) (0] NN 0
5-Methylfurfuryl 112 ND 3.6

alcohol

=
qo
=~
o
T




E. Christensen et al.

conditions, temperatures, and pressures [34]. However, our experi-
mental product distribution for the much lower temperature liquid-
phase oxidation is quite different and cannot be directly compared to
previously calculated mechanisms. Therefore, we propose mechanisms
for DMF and MF liquid-phase oxidation to account for our different
product distributions. The key experimental observations informing
mechanism development were:

e No reaction occurs under nitrogen.

e Antioxidant additives at sufficient concentration inhibit the reac-
tion.

o The furan blend did not react to form oxidation products.

e DMF reacts to form ring opening products (DAE, methyl 4-oxo-2-
pentenoate, 5-methyl furfural, and furfural alcohol at room tem-
perature) as well as dimerization products.

e MF and EF react to form both ring opening and condensation pro-
ducts that preserve the furan ring (4-oxo-pentanoic acid; 5-methyl-
2(3H)-furanone; 4,4-bis(5-methylfuran-2-yl)butan-2-one; and si-
milar compounds for MF; and 4-oxohexanoic acid, 2-ethyl-5-[1-
(furan-2-yl)ethyl]furan and similar compounds for EF).

e The reaction products observed by GC-MS react further to produce
higher molecular weight oligomers.

The bond dissociation energy of the furan ring’s C—H bonds is
among the strongest known (~ 120 kcal/mol); in contrast, the methyl
C—H bond dissociation energy of DMF was calculated at 85 kcal/mol
[11]. This value is lower than that of an allylic C—H bond of a poly-
unsaturated fatty acid (approximately 89 kcal/mol) [35], which is well
known to undergo autoxidation via a free radical mechanism [36]. The
5-methyl-2-furanylmethyl radical species is an important primary ra-
dical in DMF combustion [37,38]. Thus, we initially examined reactions
that involved breaking of the C—H bond in the alkyl group (Fig. 3).

The initial C—H cleavage from the methyl group in DMF could occur
thermally to form INT1_3, by reaction with O,, or by reaction with
hydroxyl or hydroperoxy radicals formed by other reactions (shown in
Fig. 3(a)), which is thermodynamically unfavorable by 32.8 kcal/mol.
This radical species (INT1_3) can react with water, which is present at
low levels in commercial fuels or formed as an oxidation reaction
product, yielding INT1_1, which, as shown in Fig. 3, can initiate a ring
opening cycle leading to DAE through INT1 4 and INT2_1 inter-
mediates. The overall reaction has a favorable energy change of
-87.4 kcal/mol, but the initial C—H abstractions step is highly en-

(0)

0]
2 ) v =2 AN

()

\@/+ OH

dothermic. Alternatively, the initial radical INT1_3 can react with
oxygen to form an alkyl peroxide intermediate (INT1_4) that likely
rapidly forms 5-methylfurfural (SMF) and -OH. Low levels of 5-me-
thylfurfural (from DMF), furfural (from MF), and 2-furanylethanone
(from EF) suggest that reactions of the alkyl group to produce carbonyl
species and OH radical are occurring in alkyl furan oxidation. These
reactions may be the source of OH radicals that can lead to ring opening
products, as described below. We believe furan does not undergo the
ring opening reaction because there are no alkyl groups from which O,
can abstract H to form the initial reactive OOH species which begins the

o 0
’ OZ_>)L/”\ *
: o o 0 .
OOH  + \@/ — > I _J_ * OH
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radical chain mechanism. However, because these calculations show
that C—H abstraction from an alkyl group is thermodynamically un-
favorable, and so we considered other pathways.

In addition to forming by reaction of 5-methyl-2-furanylmethyl ra-
dical with water, INT1_1 can, under lower temperature liquid-phase
oxidation conditions, form directly by hydroxyl radical (-OH) addition
to the 7 system at C2 (or C5). Fig. 4 shows a proposed mechanism for
the overall reaction cycle of DMF and G4 potential energy profile.
Hydroxyl radical addition is exothermic by 37.8 kcal/mol (shown in
Fig. 4(b)), in part because the unpaired electron is delocalized over the
furan ring. Addition at C3 or C4 has been shown to be much less en-
ergetically favorable [38]. Ferraz-Santos et al. reported that -OH ad-
dition to DMF is important at lower temperatures, while H-abstraction
becomes a competing pathway at typical combustion temperatures
[39]. Additionally, -OH addition to furan was proposed to explain
products observed in studies of the reaction of furanic compounds in
the atmosphere [40].

Homolytic C—O bond cleavage after OH radical addition gives the
ring-opening product, INT2_1, via TS1_1 with a 19.0 kcal/mol barrier
height. Subsequently, H atom-abstraction from INT2_1 by triplet di-
oxygen (30,) in TS2_1 (9.2kcal/mol barrier) releases the (experimen-
tally observed) DAE product, DAE. Our calculations show the unpaired
electron in INT2_1 is highly delocalized (see spin density plots in Fig. S-
4 of the Supporting information), in agreement with the findings of
Somers and coworkers [38]. This delocalization means that INT2_1 is
less susceptible towards radical recombination than e.g., a localized
alkyl radical, favoring H atom-abstraction instead. The hydroperoxy
radical (-OOH) generated can attack C2 (or C5) of a second DMF mo-
lecule, forming INT1_2, which is thermodynamically favorable by
47.4 kcal/mol. Similar to the first reaction, C—O bond cleavage pro-
ceeds through TS1_2 to form INT2_2. The computed activation energy
barrier in TS1_2 is 20.7 kcal/mol, within 1.7 kcal/mol of the value
calculated for reaction with OH radical (TS1_1). In the final step,
INT2_2 forms a second DAE product and regenerates the OH radical
propagating the radical chain. This mechanistic profile is consistent
with experimental findings, and the overall computed AE value is
—56.8 kcal/mol.

Based on our mechanism from Fig.4, the overall reactions are given
by Eq. (1) with two reactant molecules and O,, composed of reactions
(2) and (3). The hydroxyl radical acts as a chain-carrier.

o}

OOH (@

©)

As noted, oxidation of alkyl groups on the furan ring by dioxygen is
a viable source of low concentrations of OH radical for subsequent re-
actions. For MF this can lead to ring-opened products as shown in
Fig. 5. Density functional theory calculations show that the overall re-
action is similar to the DMF reactions producing 3AA (4-keto-2-pen-
tenal or 3-acetylacrolein). In addition to these ring-opened products,
the GC-MS product distribution of MF in Table 3 also shows products
from further condensation reactions. Comparable reactivity is not ob-
served for the carbonyl products of DMF, readily attributable to the
greater electrophilicity of the aldehyde moiety in 3AA compared to the
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Fig. 3. (a) Proposed mechanisms and (b) potential energy surface for DMF reactions initiated through alkyl group C—H bond cleavage using G4 energies in kcal/mol.

less reactive ketone in DAE. The condensation of 3AA with two addi-
tional MF molecules was computed (Fig. 6). The overall reaction is very
favorable (AE = —20.5 kcal/mol). All of the proposed elementary steps
are energetically feasible. These reactions are similar to those described
by Corma and coworkers for the coupling of 2 MF molecules with an
aldehyde prior to hydrogenation to produce a hydrocarbon in the diesel
boiling range [41]. Finally, we proposed that 3AA can react with water
and undergo isomerization via a 1,2-hydride shift to form 4-oxo-pen-
tanoic acid (levulinic acid), which is observed as a significant reaction
product (Table 3), as shown in Fig. 7.

4. Discussion

The results presented highlight the relatively high reactivity of alkyl
furans compared to conventional gasoline at low temperatures with
formation of polar reactive species, gums, and peroxides. Although the
potential for shock sensitive peroxides has not been established it is
likely that MF and DMF fall under Class B peroxide forming chemicals,
meaning they may have the potential for hazardous peroxides to con-
centrate upon evaporation or distillation [26]. Many common labora-
tory solvents fall within this classification, including diethyl ether and
isopropyl alcohol, thus safe handling practices are typically established
in research facilities including periodic monitoring for peroxides and
limitations on storage time. These precautions are advised when con-
ducting research on these oxygenates.

Given the otherwise highly desirable fuel properties of DMF and MF
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for use as gasoline blend components, it is important to understand
whether these negative stability results are a problem that can be
overcome, or if they make these potential new fuels practically and
economically untenable. The stability tests were conducted at 100 °C
under 700 kPa initial oxygen pressure, which are the conditions of the
ASTM D525 gasoline oxidation stability test. Like many fuel specifica-
tion tests, the ASTM D525 test was developed based on an approximate
correlation developed using data on conventional gasolines. As stated in
the test method: “The induction period may be used as an indication of
the tendency of motor gasoline to form gum in storage. It should be
recognized, however, that its correlation with the formation of gum in
storage may vary markedly under different storage conditions and with
different gasolines [42].” Blends containing 10vol% or more of a
furanic compound are clearly not similar to the conventional gasolines
used in creating the D525 test method and should be considered even
more subject to these caveats. However, given the very short induction
time observed for the DMF blend and the very high levels of gum for-
mation observed for both DMF and MF, it seems unlikely that the ap-
proximate nature of the D525 test correlation opens a window to allow
a claim that the furanic blend components are in fact adequately stable.
The observation that the 10% MF blend met the gasoline induction time
requirement of 240 min minimum, but at the same time formed roughly
two orders of magnitude more gum than might be found in a conven-
tional gasoline suggests that if the D525 test is inappropriate for MF, it
is because it fails to predict gum formation based on induction time. All
of this discussion strongly argues that the poor oxidation stability of the
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Fig. 5. Proposed mechanism for 3-acetylacrolein formation from MF via oxidation. Computed energies are shown for each species. B3LYP/6-31G(2df,p) energies shown in kcal/mol

relative to MF.

DMF and MF blends may make these blend components unworkable treated with antioxidant additives to prevent gum formation that lar-
gely originates from olefinic and diolefinic components [27]. In this

from a practical standpoint.
Conventional gasolines, including ethanol blends, are routinely study, a commercial gasoline antioxidant had only a small effect on the
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DMF blend induction time at the standard treat rate of 40 ppm, but did
significantly improve induction time at 400 ppm. Nevertheless, anti-
oxidant treatment had little impact on gum formation. One reason for
the poor effectiveness of the antioxidant additive is that in conventional
gasoline the diolefins may only be present at a few volume percent
while here the reactive furanic component is present at 10 vol%. An-
other reason could be that the conventional gasoline antioxidants are
not tuned for the reactive furanic species. The primary mode of action
of hindered phenolic antioxidants is to donate a proton to an organic
peroxide species, interrupting the chain reaction cycle and forming a
very stable radical [43]. The phenolic O—H bond dissociation energy
and other properties can be tuned to create antioxidants that are tai-
lored for the substance being treated. Furthermore, proton capping of a
peroxide species such as INT1_4 in Fig. 3 may not prevent that species
from reacting further. Finally, the catalytic cycles described in Figs. 4
and 6 exhibit species that are significantly different from those ob-
served in more conventional autoxidation reactions and the reactions
may not be amenable to interruption by traditional gasoline anti-
oxidants. Thus, it remains a possibility that an appropriate antioxidant
additive or a combination of additives can halt the low temperature
oxidation of furanic compounds, and developing or identifying such an
antioxidant should be the focus of future research in this area.

5. Conclusions

Alkylated furanics have promising spark-ignition fuel properties
that make them attractive renewable fuel blendstocks. The results of
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Fig. 6. Proposed condensation mechanism of MF and 3AA (3-acet-
ylacrolein). B3LYP/6-31G(2df,p) energies shown in kcal/mol relative to MF
and 3AA.

Fig. 7. Formation of 4-oxo pentanoic acid from
4-keto-2-pentenal.

)

-

HO

this study show that these compounds have low oxidative stability
forming highly polar compounds that can react further to form poly-
mers. Gum levels for 10 vol% blends were 10-100 times higher than
seen for on specification conventional gasolines. Peroxides were ob-
served to be present in gums formed under ambient conditions. It is
undetermined whether these pose a shock hazard; therefore caution is
recommended when conducting experiments in which these com-
pounds are to be evaporated or distilled. The use of common anti-
oxidants was shown to improve the oxidative stability of DMF; how-
ever, this required a fairly large concentration of additives that did not
prevent the formation of gum after 24 h of oxidation. The relatively
poor stability of these compounds will likely limit the concentration
that can be blended into gasoline as well as necessitate relatively high
concentrations of antioxidants to prevent degradation, unless improved
antioxidants tailored specifically to the important oxidation inter-
mediates can be developed.
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