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Understanding of the condensation reactions in bio-oil is the key for efficient conversion into transportation fuel or value-
added chemicals. In this study, the roles of the typical compounds representing the sugars, sugar derivatives, and aromatics
found in bio-oil were investigated for their contribution to condensation reactions. Glucose played a key role for the
polymer formation due to its decomposition to reactive compounds with multiple hydroxyl groups, carbonyl groups or
conjugated m bonds. The sugar derivatives, including furfural, hydroxyl aldehyde and hydroxyl acetone, were also found to
be reactive toward polymerization. The carboxylic acids were shown to be the catalysts for polymerization and formic acid
was much more efficient to catalyze polymerization than acetic acid. The phenolic compounds also promoted the acid-
catalyzed reactions. Vanillin contains reactive a carbonyl group, leading to its high tendency toward polymerization. In
methanol, various kinds of methanolysis reactions dominated, which significantly suppressed the decomposition of glucose
and the polymerization of other compounds. © 2012 American Institute of Chemical Engineers AICRE J, 59: 888-900, 2013
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Introduction

Bio-oil, a liquid product resulting from the fast pyrolysis
of solid biomass, is a promising renewable feedstock for pro-
duction of liquid fuels for vehicles.'™ However, the raw bio-
oil is characterized with a number of deleterious properties.
Among those, high instability is one of the biggest chal-
lenges facing the hydrotreating of bio-oil into transportation
fuel.* During hydrotreatment at elevated temperatures, the
hydrogenation and the polymerization of bio-oil are competi-
tive although polymerization occurs relatively faster than the
hydrogenation,ﬁ’7 which can cause blockage of the reactor
and deactivation of the upgrading catalysts, making the
upgrading of bio-oil by conventional petroleum refineries
quite difficult.*'® Furthermore, the polymerization of bio-oil
even occurs at ambient conditions during aging,'"'? increas-
ing the water content, viscosity, and average molecular
weight of bio-oil"* and, most importantly, the difficulty for
its further processing.

The understanding of how and why the polymerization of
bio-oil occurs is important to plan for any possible measures
to stabilize or transform bio-oils before its further upgrading.
Significant efforts have been made to understand the poly-
merization of bio-oils, especially during aging, and their sta-
bilization via addition of various organic solvents.'*2* Bio-
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oil is not a product of thermodynamic equilibrium during py-
rolysis or at storage temperatures, and, consequently, the
condensation of the oxygenated organic compounds toward
equilibrium continues during aging.14 The condensation of
bio-oil during aging were found to accelerate significantly
with the increase of reaction temperature, arising from reac-
tions between the reactive components or even with the am-
bient oxygen to create large molecules.'”'® Olefins were
found to be very important intermediates in the condensation
of bio-oils during aging.'”

Various organics have been used to achieve stabilization
of bio-oil. Bakhshi et al. found that when bio-oil was mixed
with tetralin, the properties of the bio-oil mixture remain
unchanged with time due to the donation of hydrogen from
the tetralin, leading to the improvement of bio-oil stability.lx
Czernik et al. investigated the effects of several additives
including methanol, ethanol, acetone, and ethyl acetate on
the stability of bio-oil during aging. They found that these
organic solvents possessed the ability to drastically reduce
the aging rate of bio-oil. This aging inhibition effect was
due to the hydrogen-bonding of bio-oil with the additives
and the chemical reactions between them.'® Similar results
were also observed by others.?*?! Roy et al. found that the
addition of aqueous phase (mainly water) to bio-oil lowered
its thermal stability significantly,”* while Herring et al. found
that the char-free characteristic acts to slow down the poly-
merization process.””> These existing knowledge significantly
expand and deepen our understanding about the polymeriza-
tion or stabilization of bio-oils, especially during aging.
However, due to the extreme complexity of bio-oils, the
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Table 1. Structures of the Model Compounds Employed and
their Concentrations in Water Medium or Methanol

Medium
Concentration
Compounds Structures Categories (wt.%)" Purity
Levoglucosan no@ Carbohydrates 5 >98%
X,
Formic acid HO™ So Carboxylic acids 5 >98%
[}
Acetic acid Aoy Carboxylic acids 5 >99%
o
Hydroxyl . L _on Aldehydes 1 >99%
aldehyde
o]
Hydroxyl on Ketones 5 >90%
acetone )I\/
Cyclopentanone E%O Cyclopentanones 5 >99%
Furan @ Furans 5 >99%
~_0
Furfural 0~ { /) Furans 5 >99%
Phenol QOH Aromatics 2.5 >99%
o
Guaiacol Aromatics 2.5 >98%
Vanillin >99%

HO._- )
]/v\‘y Aromatics 2.5
o 0

*“Concentration (wt %)” means the concentrations of the compounds in the
experiments.

contribution of the main components to the polymerization
reactions is still not totally understood. This study tries to
better understand the contribution/roles of the sugars, sugar
derivatives and aromatics during the polymerization of bio-
oil and the effects of methanol on the stabilization of these
compounds at elevated temperatures. Understanding this is
essential to take the appropriate measures to transform the
reactive compounds into more stable ones before hydrotreat-
ing the bio-oil.

Most compounds in bio-oil have various oxygen-contain-
ing functional groups, which activate these compounds and
make the condensation reactions between them very com-
plex. To simplify and get specific information about the
reactivity of bio-oil’s main components toward polymeriza-
tion, a series of typical compounds representing the sugars,
the sugar derivatives, and the aromatics found in bio-oil
were used in this study. Levoglucosan, the anhydrate sugar
present in bio-oil in high abundance,** was used to represent
the sugars in bio-oil. Formic acid, acetic acid, hydroxyl alde-
hyde, hydroxyl acetone, cyclopentanone, furan and furfural
were used as representatives of the sugar derivatives. Phenol
and two substituted phenolic compounds, guaiacol and vanil-
lin, were used to represent the phenolics found in bio-oil.
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The roles of each compound in the condensation reactions
were investigated in detail while their tendencies toward po-
lymerization were compared. Moreover, correlations between
their polymerization tendencies and molecular structures
were established, giving us a deeper understanding of poly-
merization of the whole bio-o0il upon heating up. In addition,
a methanol medium was employed to stabilize the reactive
compounds and the detailed mechanisms were similarly
investigated.

Experimental
Materials

The chemicals used in this study were purchased from
Sigma Aldrich, Merck Australia, LC Scientific, Inc. (Can-
ada), and Carbosynth Limited (U.K.), respectively. The
structures and commercial details about the compounds used
in this study are presented in Table 1. The commercially
available solid acid catalyst Amberlyst 70 (Rohm and Haas)
was used directly in some experiments.

Experimental procedure

The experiments were performed in a 130 mL Hastalloy
batch autoclave reactor (Autoclave Engineers, Division of
Snap-Tite, Inc.). Typically, 100 g of the reaction mixture
containing the typical compounds diluted with either water
or methanol was mixed and loaded into the reactor at room
temperature. The specific composition of the reaction mix-
tures are specified in Tables and Figures of the Results and
discussion section. The autoclave was purged with nitrogen
three times and heated to the desired temperature with a stir-
ring rate of 500 rpm. Each experiment was performed by
increasing the temperature from 90 to 190°C with in incre-
ments of 20°C. The residence time at each reaction tempera-
ture was 30 min. A sample was taken immediately at the
end of the 30 min cycle for each reaction temperature. The
initial pressure in the autoclave was 1 bar before heating,
and the final pressure was around 20 bars. During the ther-
mal treatment of the model compounds, various polymeric
products were formed. The soluble polymer was not able to
be quantified, but the insoluble ones could be collected via
filtration. After filtration, the polymeric material formed was
dried in an oven at 105°C for 4 h, to constant weight.

Table 2. Polymer Formation in the Different Runs

Special conditions of Polymer to the

the runs total reactants (wt.%)

Run 1* With carboxylic acids 14.7

in water medium
Run 2° Without carboxylic acids 34

in water medium
Run 3¢ Without carboxylic acids 2.3

and the phenolics
Run 4¢ In the methanol medium 4.6

“Experimental conditions: Reactants (All the compounds listed in Table 1
plus water): formic acid, acetic acid, levoglucosan, hydroxyl aldehyde,
hydroxyl acetone, cyclopentanone, furan, furfural, phenol, guaiacol, and
vanillin. Reaction medium: water. Temperature: from 90 to 190°C with 30
min of residence time at each reaction temperature.

bExperimental conditions: Reactants (Without the acids): levoglucosan,
hydroxyl aldehyde, hydroxyl acetone, cyclopentanone, furan, furfural, phe-
nol, guaiacol, vanillin, and water. Others were same to that in Run 1.
“Experimental conditions: Reactants (Without the acids and the phenolics):
levoglucosan, hydroxyl aldehyde, hydroxyl acetone, cyclopentanone, furan,
furfural, and water. Others were same to that in Run 1.

YExperimental conditions: Reaction medium: methanol; Catalyst: Amberlyst
70 (3 wt %); the reactants were all the compounds listed in Table 1 plus
methanol. Other reaction conditions were same as that in Run 1.
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tic acid. Run 3: all the compounds in Table 1 with the exception of formic acid, acetic acid, phenol, guaiacol and vanillin. The resi-
dence time for each reaction temperature was 30 min. HMF: 5-(Hydroxymethyl) furfural; FCFM: 2-Furancarboxaldehyde, 5-(2-
furanylmethyl)-. In Figure 1b and 1f there was one point showing a decrease in abundance, which might be not reliable. Thus,
repeated experiment was performed and the results were confirmed (Figure S1 in Supporting Information). 218 x 250 mm (150 x
150 DPI). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Analytical methods

The products were analyzed using an Agilent GC—MS
(6890 series GC with a 5973 MS detector) with a capillary
column (HP-INNOWax) (length: 30 m; internal diameter:
0.25 mm; film thickness: 0.25 um of crosslinked poly(ethyl-
ene glycol).). One uL of sample was injected into the injec-
tion port set at 250°C with a split ratio of 50:1. The column
was operated in a constant flow mode using 2.0 mL min '
of helium as the carrier gas. The column temperature was
initially maintained at 35°C for 1.8 min before increasing to
260°C at a heating rate of 10°C min~'. The identification of
each compound was achieved based on matching its mass
spectrum with that in the spectral library and was confirmed
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by injecting the standards when available. Standard solutions
covering the concentration range of the samples were used
to obtain the calibration curves for calculating the concentra-
tions of the compounds of interest. It was not possible to
obtain standards for all the compounds identified. Thus, the
signal intensity (peak area) of the compound was used to
measure the changes in their concentration as a function of
reaction conditions. The compounds with only the abundance
in figures were the ones without the standards available.

A derivatization method was used to determine glucose;
broadly following the procedures in the literature.” 1-Methyl-
imidazole was used as the solvent and catalyst for the derivati-
zation. Hydroxylamine hydrochloride and acetic anhydride
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were used to react with glucose to form the derivatization
product, d-glucononitrile 2,3,4,5,6-penta-o-acetyl. Deionized
water was used to wash away the unconverted acetic anhy-
dride while chloroform was used to extract the product for
GC/MS analysis. Repeated experiments were performed and
the typical standard deviation was within £5%.

The definition of conversion of the model compounds is
as follows:

Conversion (mol %) = (1 — moles of the model com-
pound in product/moles of the model compound loaded in
reactor) X 100%.

Results and Discussion

Condensation reactions of the typical compounds in the
water medium

Many condensation reactions are catalyzed by acids. Car-
boxylic acids such as formic acid and acetic acid are gener-
ally found in bio-oil to varying degrees. Thus, an experiment
in the presence of carboxylic acids (Run 1), and another
experiment in their absence (Run 2), were performed sepa-
rately to investigate the roles of carboxylic acids in the con-
densation reactions. In addition, the phenolic compounds are
weak acids, which may also catalyze the polymerization
reactions. Hence, another experiment without the presence of
carboxylic acids and phenolic compounds (Run 3) was per-
formed to investigate the roles of the phenolics in the con-
densation reactions. Moreover, the acid-treatment of these
model compounds in a methanol medium (Run 4) was per-
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formed to investigate the solvent effects of methanol on the
polymerization. To elucidate the roles of formic acid and
acetic acid in the condensation reactions, two more experi-
ments (Run 5 with acetic acid only and Run 6 with formic
acid only) were performed, results of which are presented
online in the Supporting Information. The polymers formed
in the various experiments are presented in Table 2. The
polymer formation of Run 1, with the carboxylic acids, was
the most significant while much less was produced in Run 2,
without any carboxylic acids. The polymer formation was
even less in Run 3, without the phenolics. The polymer for-
mation was significantly suppressed in Run 4 in methanol.
The different model compounds played quite different roles
in the formation of the condensation products, as discussed
later in more detail.

Levoglucosan

Levoglucosan mainly underwent hydrolysis to form glu-
cose in the water medium, as shown in Figure 1. In the case
of Run 1, where formic acid and acetic acid were present,
hydrolysis occurred above 90°C and accelerated at higher
temperatures (Figure la and 1b). In comparison, in the ab-
sence of carboxylic acids (Run 2), the hydrolysis of levoglu-
cosan proceeded much slower, especially below 150°C.
However, the hydrolysis rate of levoglucosan in Run 2, with
the phenolics, was somewhat quicker than that of Run 3
without the phenolics, indicating that the presence of pheno-
lic compounds facilitated the hydrolysis of levoglucosan,
even though phenolics are weak acids.

DOI 10.1002/aic 891
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Guaiacol

With the increase of reaction temperature, glucose, the pri-
mary product from the hydrolysis of levoglucosan, further
degraded to various products via dehydration, retro-aldol
condensation, and decomposition, as shown in Scheme 1. 5-
(Hydroxymethyl)furfural (HMF) is a main product from glu-
cose dehydration and it is known that the presence of acids
can facilitate the dehydration of glucose to HMF. However,
much lower concentration of HMF was formed in Run 1 and
Run 2 than in Run 3 (Figure 1c). Evidently, the HMF
formed in Run 1 and Run 2 was further converted to other
products. The formation of higher concentrations of 2-furan-
carboxaldehyde, 5-(2-furanylmethyl)- (FCFM) (Figure 1d
and Scheme 2), a possible condensation product from HMF
and furan, might be one of the reasons for the lower concen-
tration of HMF in Run 1 and Run 2. In the presence of
acids, upon addition of a hydrogen ion to the hydroxyl group
of HMF followed by dehydration, a carbocation would be
formed from HMF, which would attach furan via the electro-
philic substitution reaction to form FCFM, as shown in
Scheme 2. The electrophilic substitution reaction is catalyzed
by acids.”® Thus, although high concentration of HMF was
produced in Run 3, the amount of FCFM formed was
remarkably less in the absence of the acids.

In addition to the condensation with furan, HMF also
underwent further hydrolysis to levulinic acid (Figure le)
and formic acid,””*® especially in the case of Run 1. The
formation of these acids would in return accelerate the hy-
drolysis of HMF. In addition to the above products, glucose
also underwent retro-aldol condensation to 1,3-dihydroxy-2-
propanone (Figure 1£).* The formation of 1,3-dihydroxy-2-
propanone was very sensitive to the presence of acids. With-
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out the acids in Run 3, glucose was relatively stable and the
amount of 1,3-dihydroxy-2-propanone formed was quite
small. Moreover, the production of 1,3-dihydroxy-2-propa-
none decreased in Run 1 with the increasing temperature to
190°C. 1,3-Dihydroxy-2-propanone contains both the car-
bonyl group and the hydroxyl groups, which make its a-H
very reactive. It is probable that 1,3-dihydroxy-2-propanone
reacted with each other or with other ketones or aldehydes
via aldol condensation reactions to form polymers. In addi-
tion to 1,3-dihydroxy-2-propanone, many other products
such as 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl
(PDDM) and 2(5H)-furanone were also formed from the
dehydration or decomposition of glucose (Scheme 1). These
compounds also contain multiple reactive functional groups,
making them quite reactive toward polymerization.

Hydroxyl aldehyde, hydroxyl acetone, cyclopentanone,
furan, and furfural

Hydroxyl aldehyde, hydroxyl acetone, cyclopentanone,
furan, and furfural are all derivatives of sugars. These com-
pounds contain different functional groups that might play
different roles during condensation. Hydroxyl aldehyde and
hydroxyl acetone contain a hydroxyl group, a carbonyl
group, and an active «-H, making them reactive in both the
electrophilic substitution and aldol condensation reactions
(Figure 2a and 2b). The addition of a hydrogen ion to the
hydroxyl groups followed by dehydration would result in the
formation of a carbocation. The carbocation might attack
any compounds possessing high electron density. One exam-
ple is the formation of 1-(4-hydroxyl-3-methoxyphenyl)-2-
propanone from hydroxyl acetone and guaiacol (Scheme 2).
Both the electrophilic substitution and aldol condensation
reactions are catalyzed by acids. Hence, significant conver-
sions of hydroxyl aldehyde and hydroxyl acetone were
observed in Run 1, in the presence of the carboxylic acids.

In comparison, cyclopentanone contains a single carbonyl
group, which was found to be relatively stable, especially in
Run 2 and Run 3 without the carboxylic acids (Figure 2c).
However, in bio-oil, the structures of the cyclopentanones
are more complex. Most of them contain carbon double
bonds, carbonyl groups or hydroxyl groups, which will acti-
vate them toward polymerization. The formation of 2-(4-
methyl-2-furyl)-2-cyclopenten-1-one, a condensation product
from cyclopentanones and furans, in Run 1 constitutes an
example (Scheme 3, Figure S2 in Supporting Information).

Furan and furfural contain furan ring with high electron
density, making them good targets for the -electrophilic
reagents, as mentioned early in Figure 1d regarding the for-
mation of FCFM. In Run 1 with acids, the conversion of
furan and furfural started as low as 110°C and most of them
were converted by the end (Figure 2d and 2e). In Run 2 and
Run 3, the absence of carboxylic acids slowed the conver-
sion of furan and furfural but significant conversions (ca.
50% in Run 2 and ca. 30% in Run 3) were still achieved by
the end of the experiment. The condensation products from
furfural polymerization could not be identified by GC/MS,
but 2,2'-methylenebis-furan, a product possibly formed from
furan and 2-furylmethanol via electrophilic substitution, was
detected (Figure 2f and Scheme 2). 2-Furylmethanol was a
product from the decomposition of glucose, which might
undergo dehydration to the carbon cation (Scheme 2). The
further reaction of the carbon cation with the furan would
form 2,2'-methylenebis-furan. The production of 2,2'-
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at 150°C. The decrease in its production at the higher tem-
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with other compounds to form polymer, as seen in Figure 3a
and 3b where the concentrations of acetic acid and formic
acid vs. reaction temperature even increased to some extent
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with the elevated temperatures in Run 1. Obviously, some
other reactions led to their formation. In Run 2, a small
amount of acetic acid was detected above 170°C, which
came from the decomposition of glucose (Scheme 1). As for
formic acid, it is known that the dehydration of glucose to
HMF and the following rehydration and the decomposition
of HMF produces levulinic acid and formic acid.*”-** Both
acetic acid and formic acid catalyze the hydrolysis of levo-
glucosan to glucose and the further decomposition of glu-
cose. Thus, the production of carboxylic acids from the
sugar would in return accelerate the hydrolysis and decom-
position of the sugar to produce more acids that are the cata-
lysts for the condensation reactions.

Phenolic compounds

The phenolic compounds were found to be reactive in the
presence of the carboxylic acids, as shown in Figure 4a and
4b. It is not surprising that the phenolic compounds contain-
ing an aromatic ring with high electron density were subject
to reaction by the acids which catalyzed their electrophilic
substitution. The formation of 2-propanone, 1-(4-hydroxyl-3-
methoxyphenyl)- (PHMP) from hydroxyl acetone and guaia-
col is a good example (Figure 4c and Scheme 2). In addi-
tion, during Run 2, in the absence of the carboxylic acids,
small conversions of phenol and guaiacol were still observed
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Figure 6. Conversion of levoglucosan vs. temperature in the water medium (Run 1) and in the methanol medium

(Run 4).

Reactants in Run 1: all the compounds in Table 1; reaction medium: water. Run 4: all the compounds in Table 1; reaction medium:
methanol. Catalyst: Amberlyst 70 (3 wt %). Residence time for each reaction temperature was 30 min. MGP: methyl «-D-glucopy-
ranoside. 262 x 226 mm (150 x 150 DPI). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 7. Conversion of acetic acid, formic acid, hydroxyl aldehyde, hydroxyl acetone vs. temperature in the meth-

anol medium (Run 4).

Reactants in Run 4: all the compounds in Table 1; reaction medium: methanol; catalyst: Amberlyst 70 (3 wt %). The residence
time for each reaction temperature was 30 min 239 x 97 mm (150 x 150 DPI). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

when the temperature was raised above 150°C (Figure 4a
and 4b), which probably were autocatalyzed since the phe-
nolics are weak acids.

Guaiacol contains an additional methoxy group, but it did
not remarkably increase the reactivity of guaiacol. On the
other hand, the presence of the carbonyl group in vanillin
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effectively activated vanillin. It could be seen that in Run 1,
with the carboxylic acids, about 60% vanillin was converted
(Figure 4d), which is much higher than the conversion rate of
phenol and guaiacol (ca. 15%). The presence of the carbonyl
group allows vanillin to condense with the sugar derivatives
such as the aldehydes and the ketones via the aldol
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Figure 8. Conversion of cyclopentanone, furan, and furfural vs. temperature in the water medium (Run 1) and in

the methanol medium (Run 4).

Reactants in Run 1: all the compounds listed in Table 1; reaction medium: water. Run 4: all the compounds listed in Table 1;
reaction medium: methanol; Catalyst: Amberlyst 70 (3 wt %). The residence time for each reaction temperature was 30 min 242
x 201 mm (150 x 150 DPI). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Conversion of phenol, guaiacol, and vanillin vs. temperature in the water medium (Run 1) and in the

methanol medium (Run 4).

Reactants in Run 1: all the compounds in Table 1; reaction medium: water. Run 4: all the compounds in Table 1; reaction me-
dium: methanol. Catalyst: Amberlyst 70 (3 wt %). The residence time for each reaction temperature was 30 min. PHMP: 2-propa-
none, 1-(4-hydroxyl-3- methoxyphenyl)-. 256 x 210 mm (150 x 150 DPI). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

condensation reaction. The reaction of the phenolic com-
pounds with the furans such as furfural was one of the possi-
ble reaction pathways for the conversion of the phenolics at
high temperatures. It is well-known that with the aid of acid
furfural can react with phenolics via electrophilic substitution
to form a phenolic resin. The catalysts (carboxylic acids), the
phenolics, and the furfural are generally present in the bio-oil
obtained from the pyrolysis of wood. Thus, it is very possible
that they would react with each other to form such a phenolic
resin during the thermal treatment of bio-oil.

Other condensation reactions

The condensation reactions mentioned in Scheme 3 are
only a few examples. In fact, the actual condensation reac-
tions were found to be far more complex. Some other con-
densation products identified have been presented in Scheme
3, but the reaction pathways leading to their formation still
needs some clarification. These condensation products gener-
ally had large molecular sizes and would react further with
the progress of the reaction and eventually form a solid
polymer. The solid polymer formed in Run 1 was character-
ized with FTIR. The spectrum and assignments of the
adsorption peaks is presented Figure 5. The characteristic
adsorption peaks of the hydroxyl group, the carbon double
bonds, the carbonyl group, and substituted aromatic rings
can all be found in the spectrum, indicating the involvements
of these compounds in the polymerization process.
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The polymerization could happen via different ways. As
mentioned previously, the electrophilic substitution is one of
the main pathways leading to the polymer formation. In
addition, the aldol condensation reaction between the alde-
hydes and/or ketones or even the Diels—Alder reaction
between the conjugated diene and the substituted alkene
might also occur as these reactions are catalyzed by
acids,>'?? and the reactants were either already present
or could have been produced from the decomposition of
glucose.

Role of each compound in the condensation reactions

The model compounds played a variety of significantly
different roles and presented very different tendency toward
polymerization. The carboxylic acids did not directly react
with other compounds to polymerize. However, they are the
catalysts for the condensation reactions. Formic acid and
acetic acid have different pKa (acidity), and they were seen
to present quite different capacity to catalyze the polymer-
ization reactions. The conversions of the typical compounds
in the presence of formic acid or acetic acid are presented in
Figure S3, S4, S5, and S6 in the Supporting Information sec-
tion.

Levoglucosan tended to undergo hydrolysis to form glu-
cose while glucose continued to undergo dehydration or
retro-aldol condensation reactions to form various small
compounds (Scheme 1). These small compounds contain
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multiple functional groups such as hydroxyl group, carbonyl
group or conjugated m bonds, which make them very reac-
tive toward their own polymerization or with other products.
In addition, the production of carboxylic acids from glucose
will in return facilitate the decomposition of glucose and the
condensation reactions.

The sugar derivatives presented high susceptibility toward
polymerization, especially in the presence of carboxylic acid
or even phenolics. Among them, furan and furfural presented
the highest tendencies toward polymerization, which was
closely related to their conjugated m bonds that are the tar-
gets of electrophilic regents. The cyclopentanone was found
to be much more stable as it contains only a single carbonyl
group. The phenolic compounds are also reactive toward po-
lymerization and, among the three phenolics investigated;
vanillin presented the highest tendency to polymerize. In
addition, the phenolics also contributed as catalysts for the
acid-catalyzed reactions although they were not as efficient
as the carboxylic acids to promote polymerization.

Stabilization of the model compounds in methanol
medium

As mentioned previously, the carboxylic acids catalyzed
the condensation reactions, the removal of which would sup-
press the polymerizations. Esterification is a well-established
method to remove the carboxylic acids with alcohols.>*™*
According to the results of this study it was found that alco-
hols could react with not only carboxylic acids but also other
compounds, contributing to the suppression of the condensa-
tion reactions. It can be seen from Table 2 that during the
esterification experiment (Run 4) only a small amount of
polymer was formed. The detailed mechanism was further
investigated.

Compared with what occurred in the water medium, levo-
glucosan followed very different pathways in the methanol
medium. As presented in Scheme 1 and Figure 6, levogluco-
san mainly underwent methanolysis to methyl o-D-glucopy-
ranoside (MGP, Figure 6b) with only a small amount of glu-
cose formed (Figure 6¢). Moreover, it is very interesting that
no 1,3-dihydroxy-2-propanone was detected (Figure 6d). Fur-
thermore, only trace amount of HMF was formed and other
dehydration products such as 2-furylmethanol and PDDM
could not be detected. Obviously, methanolysis of levogluco-
san/glucose to MGP was the main reaction and the dehydra-
tion or decomposition of glucose was significantly sup-
pressed. The dehydration or the decomposition products
from glucose such as HMF and 1,3-dihydroxy-2-propanone
were found to be very reactive contributors to polymeriza-
tion. The suppression of their formation would effectively
inhibit the polymerization reactions from sugars. Our previ-
ous study showed that polymer formation from the acid-
treatment of levoglucosan could be suppressed effectively in
methanol-rich medium, which is due to the protection of the
glucose C1 hydroxyl group and the HMF hydroxyl group/
carbonyl group.46 In this study, it was found that the conver-
sion of glucose to MGP could significantly suppress the
decomposition of glucose into the reactive smaller mole-
cules, furthering our understanding of the suppressive effects
of methanol on the polymer formation from sugars.

In the methanol medium, formic acid and acetic acid
could be readily converted to their ester forms above 90°C
(Figure 7a). The conversion of hydroxyl aldehyde (Figure
7b) is due to its conversion to 1,1,2-trimethoxyl-ethane via
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etherification and acetalization (not shown). In comparison,
it is difficult to convert hydroxyl acetone to its acetal. In
fact, hydroxyl acetone could still react with guaiacol to form
a polymer in the methanol medium, as will be shown later.

Cyclopentanone was quite stable in the methanol medium
(Figure 8a). Similarly, furan was also much more stable in
methanol than in the water medium (Figure 8b) and the for-
mation of furan, 2,2'-methylenebis- was reduced, even in the
presence of the solid acid catalyst Amberlyst 70, in Run 4
(Figure 8c). Furfural was initially converted to its acetal, 2-
(dimethoxymethyl)-furan, when mixed with methanol at
room temperature while 2-(dimethoxymethyl)-furan was fur-
ther converted at elevated temperatures (Figure S7 in the
Supporting Information). The acid-treatment of furfural in
methanol at 170°C for 3 h showed that the polymer forma-
tion was similar to that formed in the water medium (ca. 55
wt % of polymer to the furfural loaded). The high tendency
of furfural toward polymerization was related not only to the
furan ring but also to its carbonyl group. Therefore, some
pretreatment of furfural, such as the elimination of the func-
tional groups via hydrogenation, may suppress the polymer-
ization of furfural.

The phenolic compounds presented a range of different
catalytic behaviors in the methanol medium. Phenol was
quite stable (Figure 9a). Guaiacol was not stable above
170°C (Figure 9b), due to the reaction with hydroxyl acetone
to form PHMP (Figure 9c), but the conversion rate of guaia-
col is much lower in methanol than in water. Vanillin was
still very reactive in methanol. Obviously, the carbonyl
group served to activate vanillin even in the methanol me-
dium. Some attention needs to be paid to transform or
remove the carbonyl group on the aromatic rings to stabilize
aromatic compounds such as vanillin.

Conclusions

Based on the results presented previously, some conclu-
sions can be drawn:

1. Sugars play an important role in the polymerization
reactions. The anhydrate sugar, levoglucosan, mainly under-
went hydrolysis to glucose upon heating up. Glucose is a
key compound involved in the polymer formation in the
water medium. With the aid of acid, glucose can further
undergo dehydration or decomposition into various small
compounds which are very reactive toward their own poly-
merization or with other compounds. In addition, the produc-
tion of carboxylic acids from glucose in return facilitates the
decomposition of glucose and the condensation reactions.

2. The carboxylic acids do not directly react with other
compounds to form polymeric products, but they are effi-
cient catalysts for the condensation reactions such as the
electrophilic substitution and aldol condensation reactions.

3. Acidity is an important factor in determining the
potential of catalyzing the polymerization reactions. Formic
acid is much more efficient than acetic acid for the polymer-
ization reactions due to its higher acidity.

4. The phenolic compounds also act as catalysts for the
acid-catalyzed reactions although they are not as efficient as
the carboxylic acids due to their lower acidity. However, the
phenolic compounds directly react with other products to
form a polymer due to their conjugated © bonds that are the
targets for other electrophilic reagents.

5. Among the sugar derivatives, the furans (e.g., furfural)
present the highest tendency toward polymerization, which is
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closely related to the furan ring containing the conjugated n
bonds and carbonyl groups.

6 Vanillin presents a much higher tendency toward poly-
merization than phenol and guaiacol due to the presence of a
carbonyl group.

7 In the methanol medium, methanolysis of levogluco-
san/glucose to MGP significantly suppresses the decomposi-
tion of glucose to reactive products, effectively inhibiting the
polymerization reactions. The methanol medium can also
help to stabilize other typical compounds present in bio-oil,
with the exception of furfural and vanillin. Thus, some pre-
treatments focussed on certain functional groups of highly
reactive compounds such as furfural and vanillin are neces-
sary for stabilization.
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