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ABSTRACT: A process for direct conversion of xylose to
methyl levulinate and levulinic acid has been developed in this
study. A methanol medium, solid acid catalyst Amberlyst 70,
and hydrogenation catalyst Pd/AL,O; were used to direct
xylose to follow the designed route to the target products. The
methanol medium can prevent the hydrogenation of xylose to
xylitol via the transformation of xylose into methyl xylosides. Amberlyst 70 catalyzes the dehydration of methyl xylosides into
furfural, while Pd/Al,O; catalyzes the hydrogenation of furfural into furfuryl alcohol. The hydrolysis/methanolysis of furfuryl
alcohol over Amberlyst 70 produces levulinic acid/ester. Among these steps, the hydrogenation of furfural is the one determining
the overall selectivity from xylose to levulinic acid/ester. The ideal hydrogenation catalyst needs to be selective to hydrogenate
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only the carbonyl group of furfural but not the furan rings.
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B INTRODUCTION

Cellulose and hemicelluloses are the major components of
abundantly available biomass and are the feedstock for value-
added chemicals and biofuels."™* Via hydrolysis, cellulose
produces mainly glucose, and glucose can be further converted
to levulinic acid, the building block for chemical diversity and
biofuels production.’ "® Via hydrolysis, hemicellulose produces
sugar monomers with an abundance of CS sugars such as
xylose.'”'* Although C6 sugars and CS sugars share many
similarities, they have quite different destinies via further
hydrolysis, producing levulinic acid"*~* and furfural,***'
respectively. If the CS sugars could also be directly converted
into levulinic acid, then both cellulose and hemicellulose, which
account for roughly 2/3 of biomass content,22 could be
converted into the same product, levulinic acid. This will
significantly promote the efficiency for levulinic acid production
from biomass and also diversify the utilizations of C5 sugars as
the feedstock for value-added chemicals.

Although production of levulinic acid from C6 sugars has
been intensively investigated, to the best of our knowledge, the
one-pot conversion of CS sugars such as xylose to levulinic
acid/ester has not been explored yet. In theory, xylose can be
converted into levulinic acid but via several separate steps. The
first step is the dehydration of xylose to furfural.**** Furfural is
then separated and transformed into furfuryl alcohol via a gas-
phase hydrogenation step.”>*® The followed acid catalysis of
furfuryl alcohol in water produces levulinic acid,>” while in
alcohols produces levulinic esters.”® These separate steps
involve heterogeneous and/or homogeneous catalysis, liquid-
phase and gas-phase reactions, and also the separation of
reaction intermediates such as furfural and furfuryl alcohol via
distillation or other ways. These multiprocesses are complex
and energy intensive, which could significantly increase the cost
in the production of levulinic acid from xylose.
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In this study, a simple one-pot synthesis of levulinic acid/
ester from xylose and ribose in alcohols has been developed.
The concept combines the multiple acid catalysis and
hydrogenation steps into one. As is detailed in Scheme 1, the
carbonyl group of xylose is first protected from hydrogenation
by transformation of xylose into methyl xylosides. Methyl
xylosides then dehydrate to furfural and its acetal, which are
then hydrogenated to furfuryl alcohol, and the followed acid
catalysis produces levulinic acid/ester. There is no need to
separate furfural and furfuryl alcohol in the overall process. The
multistep acid-catalyzed reactions and the one-step hydro-
genation reaction occur simultaneously, which is a simple and
effective way to directly produce levulinic acid/ester from CS
carbohydrates.

B EXPERIMENTAL SECTION

Materials. The reagents and the standards for GC/MS were
analytical grade and were obtained from Sigma Aldrich, LC Scientific,
Inc. (Canada), Merck Australia, and Carbosynth Limited (UK.),
respectively. Amberlyst 70 is a commercial acidic resin catalyst and was
used directly in this study. The noble metal-based catalysts with a
reduced form were obtained from Sigma and were used without
further reduction. The metal loading is 5 wt %. Ni—Mo—S/Al,O; and
Co—Mo—S/AL, 053 catalysts are commercial catalysts and were
obtained from Eurecat in France. The catalysts can be used directly
without prereduction. The unsupported copper catalysts were
obtained by direct reduction of the copper oxide powder purchased
from Sigma in autoclave at 250 °C for 120 min.

Experimental Procedure. All the experiments were performed in
a 130 mL Hastalloy batch autoclave reactor (Autoclave Engineers,
Division of Snap-Tite, Inc.). In a typical run, xylose, Amberlyst 70, the
hydrogenation catalyst, and methanol were mixed and loaded into
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Scheme 1. Proposed Reaction Pathways for the Conversion of Xylose to Levulinic Ester in Methanol with Acid and

Hydrogention Catalysts
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reactor at room temperature. The xylose loaded in all the runs can
totally dissolve in the alcohols used. The specific reaction conditions
are detailed in the footnotes of the tables. After checking leakage, the
reactor was purged with nitrogen for several times, and then the
temperature was increased to the setting one under autogenerated
vapor pressure in 20 min. The vapor pressure at 165 °C is typically
about 20 bar. Hydrogen was fed immediately after the reaction
temperature reaching the setting temperature, and the total pressure
was maintained at 70 bar for 120 min. No sample was taken during the
run. After finishing the experiment, the liquid samples were separated
via filtration for further analysis.

Analytical Methods. 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 cross-linked polyethylene glycol). GC-MS
was calibrated with the injection of the standards with different
concentrations. A respond factor Ky can be obtained via the equation:
[Peak area] Ky [Concentration of the standard] to calculate
concentration of that compound in samples. The concentration of the
compound in the sample must be in the range of that of the standards.
The detailed operating procedures of GC-MS can be found in the
literature.”® A derivatization method was used to measure concen-
tration of the xylose, generally following the procedures in the
literature.> Yields of all the products are reported on molar basis in
this study.

B RESULTS AND DISCUSSION

Importance of Reaction media. Table 1 shows the
formation of levulinic acid/ester from xylose/ribose versus
temperatures and reaction mediums. Xylose can be converted
into methyl levulinate at 140 °C in methanol with Amberlyst 70
(A70) and Pd/ALOj; catalysts. However, the dehydration of
methyl xylosides at this temperature is slow. Approximately
20% of the methyl xylosides is still unconverted at the end (run
1 in Table 2), but furfural, the dehydration product from
methyl xylosides, is present with negligible concentration.
Apparently, it is a minor intermediate. Once furfural was
formed, it was converted immediately. The presence of a small
amount of furfural in the reaction medium is favorable as
turfural is prone to polymerize in the acidic environment.

In run 4 at 175 °C, the total yields of methyl levulinate and
levulinic acid reach about 27%. Xylose was converted
completely, and no xylitol was detected at the end, proving
the protection of the carbonyl group of xylose from
hydrogenation in methanol. However, the increase in reaction
temperature to 190 °C leads to a significant decrease in
levulinic acid/ester formation. One of the main reasons for the
decrease in levulinic acid/ester production is the water formed
(concentration in reaction medium: 44 wt %) via intermo-
lecular etherification of methanol. The presence of this large
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Table 1. Yields of Methyl Levulinate (MLE) and Levulinic
Acid (LA) versus Reaction Temperature and Reaction
Medium®

yields (%)

entry reactants solvents T (°C) MLE LA
run 1 xylose methanol 140 17.5 1.2
run 2 xylose methanol 155 22.8 2.6
run 3 xylose methanol 165 21.6 3.4
run 4 xylose methanol 175 21.5 S4
run S xylose methanol 190 12.6 6.6
run 6° xylose methanol 165 229 3.5
run 7 xylose methanol/water® 165 6.2 33
run 8 xylose water 165 0 2.3
run 9 xylose ethanol 165 17.74 2.5
run 10 ribose methanol 165 209 3.1

“Reaction conditions: Xylose loading: 9.1 wt %. Catalysts: A70 (9.1 wt
%) + Pd/ALO; (9.1 wt %). Residence time = 120 min. P = 70 bar.
bDuring run 6, H, was fed at beginning. “Mass ratio of methanol to
water is 1:1. “Yield is the that of ethyl levulinate.

amount of water shifts the reaction equilibrium between methyl
levulinate and levulinic acid to the acid direction and, more
importantly, promotes the side reactions. The further experi-
ments (runs 7 and 8, Table 1) using methanol/water and pure
water as reaction mediums prove the negative effects of water.
The total yields of levulinic acid/ester are about 9.9% in
methanol/water, while they decrease further to about 2.3% in
pure water, which is substantially lower than that in pure
methanol.

In a water medium, xylose can be easily hydrogenated to
xylitol,*" which will not be able to continue to dehydrate to
furfural, as is shown in Scheme 2. Xylitol was detected in run 8
(not quantified), proving the hydrogenation of xylose in the
water medium. Moreover, in water, the cross-polymerization of
xylose and furfural also leads to the low yields of levulinic acid/
ester. In a methanol medium, the conversion of xylose into
methyl xylosides prevents the conversion of xylose into xylitol,
which is an essential step to direct xylose following the
designed routes to levulinic acid/ester. Methanol is quite
reactive with xylose in the presence of an acid catalyst. In run 6
(Table 1), hydrogen was fed before heating the reactants, while
similar yields of levulinic acid/ester are obtained, which proves
that in methanol hydrogenation of xylose is effectively
suppressed. Methanol not only protects the carbonyl group
of xylose but also alleviates the polymerization of furfural and
xylose.>” In ethanol (run 9), xylose is correspondingly
converted into ethyl levulinate, a fuel and fragrance
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Table 2. Yields of Products Other than Methyl Levulinate and Levulinic Acid®

distribution of the intermediates/products

entry typical reaction conditions MAXP
run 1 xylose, Pd/Al,O; + A70, 140 °C 12.3
run 2 xylose, Pd/AL,O; + A70, 155 °C 0.7
run 3 xylose, Pd/ALO; + A70, 165 °C 0.06
run 4 xylose, Pd/ALO; + A70, 175 °C 0.06
run § xylose, Pd/ALO; + A70, 190 °C 0.3
run 6 H, feeding at beginning 0
run 7 xylose, methanol/water 0.2
run 8 xylose, water 0
run 9 xylose, ethanol 0
run 10 ribose, methanol 0
run 11 only Pd/Al, 0O, 0
run 12 only A70, 0 min 34.4
run 13 only A70, 30 min 20.6
run 14 only A70, 60 min 7.7
run 1§ only A70, 90 min 2.6
run 16 only A70, 120 min 0.9
run 17 Pd/Al, 05, A70, 30 min 5.4
run 18 Pd/AlL, 05, A70, 60 min 0.9
run 19 methyl xylosides —
run 20 furfural, Pd/ALO; + A70 0
run 21 furfural, Pd/Al,O4 0
run 22 2-furylmethanol, Pd/AL,O; + A70 0
run 23 2-furylmethanol, A70 0
run 24 xylose loading: 4.8 wt % 0
run 25 Pd/Al,O; loading: 4.5 wt % 0.2
run 26 A70 loading: 4.5 wt % 0.3
run 27 Pd/C, 190 °C 0
run 28 Pd/C, 155 °C 104
run 29 Pt/C, 165 °C 0
run 30 Ru/C, 165 °C 0.1
run 31 Ni—Mo—S/ALO; with ZnO, 165 °C 1.2
run 32 Co—Mo—S/AL 05 with ZnO, 165 °C 1.1
run 33 Co—Mo—S/AlL, 05 without ZnO, 165 °C 0.03
run 34 unsupported Cu, 165 °C 0

MBXP furfural DOF cyclopentanone
8.1 0.6 0.3 1.3
0.5 0.2 0.07 3.5
0.1 0 0 5.0
0.1 0 0 6.1
0.6 0 0 6.6
0 0.04 0 4.2
0.2 0.08 0 2.1
0 0.1 0 2.2
0 0 0 29
0 2.1 0.03 39
0 0.06 0 0

25.3 15.3 7.4 0

14.9 28.8 8.2 0
5.9 29.4 44 0
1.9 19.7 1.9 0
0.7 12.0 0.3 0
3.6 0.7 0.4 2.5
0.7 0.3 0.1 3.8

— 0 0 5.0
0 0 0 1.8
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 33
0.1 0.1 0.03 6.6
0.2 0 0 39
0 0 0 12.8
7.1 0 0 54
0 0 0 10.3
0.1 0 0 0
0.7 2.6 0.7 0.7
0.6 0.6 0.2 1.0
0.02 0.03 0 32
0 0 0 0

“Abbrevations: MAXP for methyl a-D-xylopyranoside; MBXP for methyl -D-xylopyranoside; DOF for 2-(dimethoxymethyl)-furan.

additives.>*** Other C5 carbohydrates such as ribose (run 10)
could also be converted into levulinic acid/ester despite its
different steric structure with that of xylose.

Importance of Pd/Al,O; and A70 Catalysts. Table 3
shows catalytic roles of Pd/Al,O; and A70 catalysts in the
conversion of xylose to levulinic acid/ester. With only Pd/
AlLO;, the acid-catalyzed reactions rarely happen, and the
dominant reactions are hydrogenlysis and fragmentation, as
shown in Scheme 2. A trace amount of furfuryl alcohol was
detected, but it cannot further go to levulinic acid despite the
alumina support in Pd/Al,O; may have some weak acidic sites.
In addition, a small amount of xylitol was also detected. In the
absence of A70, xylose cannot be effectively converted to
methyl xylosides. Consequently, the hydrogenation of xylose
happened. Over only A70 (runs 12—16), the acid-catalyzed
reactions dominate, and methyl levulinate formation is
negligible. Furfural is the main product. Without the hydro-
genation catalyst, furfural cannot be hydrogenated to furfuryl
alcohol. It has nowhere to go, and with the prolonged reaction
time, polymerization is its destiny.

Over A70 and Pd/ALO;, polymerization and hydrogenation
of furfural are competitive and occur in parallel. The
hydrogenation of furfural substantially reduced concentrations
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of furfural in the reaction medium and consequently suppress
the polymerization of furfural. As shown in run 17 in Table 2,
over A70 and Pd/AlLO;, the yields of furfural is only 0.7%,
which is significantly lower than that (28.8%) with only A70 in
run 13. The low concentration of furfural indicates that the
hydrogenation of furfural proceeds very quickly, which helps to
suppress the cross-polymerization of furfural with the
intermediates from the dehydration of xylose. In addition,
methyl xylosides yields in run 17 over A70 and Pd/AlLOj; is
about 9% (Table 2), which is also significantly lower than that
(about 35%) in run 13 over only A70. This result indicates that
the hydrogenation of furfural also facilitates the further
dehydration of methyl xylosides to furfural. Methyl xylosides
are the only major intermediates in the conversion of xylose to
levulinic acid. Clearly, the dehydration of methyl xylosides to
furfural is the rate-determining step, and others such as the
hydrogenation of furfural to furfuryl alcohol and the following
conversion of furfuryl alcohol to levulinic acid/ester proceeds
quite quickly.

As shown in Scheme 1, the one-pot synthesis of methyl
levulinate involves four steps with methyl xylosides, furfural,
and furfuryl alcohol as the reaction intermediates. In each step,
some side reactions such as polymerizations and undesirable
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Scheme 2. Reaction Pathways of Xylose in Water and in Methanol with Dual or Single Catalyst
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Table 3. Yields of Methyl Levulinate and Levulinic Acid
versus Catalysts and Reaction Time®

yields (%)

entry catalysts reaction time (min) MLE LA
run 11 Pd/AlZO3 120 0 0
run 12 A70 0 0 0
run 13 A70 30 0.1 0
run 14 A70 60 0.3 0.7
run 15 A70 20 0.5 0.6
run 16 A70 120 0.6 0.6
run 17 Pd/ALO; + A70 30 18.2 1.5
run 18 Pd/ALO; + A70 60 19.6 2.0

“Reaction conditions: xylose loading, 9.1 wt %; T = 165 °C; P = 70

bar.

hydrogenations may be involved, leading to the loss of levulinic
acid/ester formation. To understand the loss from each step,
acid treatment and/or hydrogenation of each reaction
intermediate was performed subsequently.

Side Reactions in the Conversion of Xylose. Table 4
shows the catalytic conversion of methyl xylosides, furfural, and
turfuryl alcohol over A70 and/or Pd/AL,O; catalysts. Methyl
xylosides gave similar yields of levulinic acid/ester to that from

Table 4. Yields of Methyl Levulinate and Levulinic Acid with
Different Starting Reactants®

yields (%)

entry reactants catalysts MLE LA
run 19 methyl xylosides Pd/ALO; + A70 21.5 2.8
run 20 furfural Pd/ALO; + A70 23.1 2.4
run 21 furfural Pd/ALO, 0.1 0
run 22 2-furylmethanol A70 80.2 11.7
run 23 2-furylmethanol Pd/ALO; + A70 26.5 33
“Reaction conditions: loading of starting material, 9.1 wt %; T = 165

°C; residence time = 120 min; P = 70 bar.
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xylose, indicating that methanolysis of xylose to methyl
xylosides does not contribute to the loss of levulinic acid/
ester from xylose. Methanolysis of xylose to methyl xylosides is
a very efficient and selective step.”> However, from xylose or
methyl xylosides to furfural is always accompanied with
polymerization.*® For example, the maximum yields of furfural
and its acetal in run 13 is about 36% (Table 2). Thus, in run 20
with furfural as the starting reactant, high yields of levulinic
acid/ester were expected. However, furfural gave similar yields
of levulinic acid/ester to that from xylose or methyl xylosides.
Polymerization is one side reaction as the high initial
concentration of furfural favors polymerization. Another very
important side reaction is the deep hydrogenation of furfural
and furfuryl alcohol.

Ideally, furfural is expected to be hydrogenated to furfuryl
alcohol and then follow the acid catalysis step to levulinic acid/
ester. However, over Pd/Al,O;, furfural has many ways to go, as
shown in Scheme 3. The hydrogenation of furfural over only

Scheme 3. Typical Side Reactions in the Conversion of
Xylose/Furfural to Methyl Levulinate®
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“All the products presented in this scheme were identified with GC/
MS.
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Scheme 4. Yields of Levulinic Acid/Ester with Different Starting Reactants”
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“Reaction conditions: loading of starting material, 9.1 wt %; T = 165 °C; residence time = 120 min; P = 70 bar.

Pd/ALO; (run 21) shows that the yield of the targeted furfuryl
alcohol is about 14%, and yields of levulinic acid/ester are
negligible. Tetrahydro-2-furanmethanol, the fully hydrogenated
compound from furfural, is the dominant product. In addition,
methyl levulinate also undergoes further hydrogenation to -
methoxy-2-pentanone (Scheme 3), which is another side
reaction. Furfuryl alcohol can be selectively converted into
levulinic acid/ester with the yield as high as about 92% over
only A70 (run 22). However, over A70 and Pd/Al,O; catalysts,
the yields of levulinic acid/ester from furfuryl alcohol decrease
to about 30% (run 23, Table 4), which is caused by the deep
hydrogenation of furfuryl alcohol to tetrahydro-2-furanmetha-
nol. This result is similar to that from furfural to levulinic acid/
ester in Run 20. The yields of levulinic acid/ester from xylose
and each reaction intermediate are summarized in Scheme 4.
Apparently, hydrogenation of the furan rings in furfural and in
furfuryl alcohol is one major reason for the loss of levulinic
acid/ester production from xylose, furfural, and/or furfuryl
alcohol.

The hydrogenation catalyst is supposed to hydrogenate only
the carbonyl group of furfural, but the noble metal catalyst
employed is too active to be selective. Thus, the choice of
hydrogenation catalyst is crucial to achieve high yields of
levulinic acid/ester. In literature, the yield of furfural from
xylose with a concentration of 2 wt % is roughly 70%.” Furfural
can be selectively hydrogenated to furfuryl alcohol in vapor
phase,” while the yield of levulinic acid from furfuryl alcohol is
about 70%.>® On the basis of this data, the overall yield of
levulinic acid from these multiple separate steps is about 49%.
In this study, the yield of levulinic acid/ester from xylose in a
one-pot reaction reaches about 27% in run 4 by variation of
reaction temperatures. Other reaction parameters were further
optimized, aiming to suppress the side reactions.

Effect of Typical Reaction Parameters. Table S shows
the effects of xylose, Pd/AL,O;, and A70 loadings on the
formation of levulinic acid/ester. The production of levulinic
acid/ester does not improve much with the lower initial xylose
loading in run 24. The lower xylose loading may help to
alleviate the polymerization but could not suppress the deep

Table S. Yields of Methyl Levulinate and Levulinic Acid
versus Xylose and Catalyst Loadings®

yields (%)

xylose loading  Pd/Al,O; loading  A70 loading

entry (wt %) (wt %) (wt %) MLE LA

run 4.8 9.1 9.1 24.7 2.7
24

run 9.1 4.5 9.1 284 3.6
25

run 9.1 9.1 4.5 18.6 14
26

“Reaction conditions: T = 165 °C; residence time = 120 min; P = 70

bar.
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hydrogenation reactions. Reducing A70 loading to half in run
25 also is not effective to suppress the undesired hydrogenation
reactions. Conversely, the lower A70 loading slows down the
acid-catalyzed reactions, and consequently, furfural and 2-
furylmehanol would have more chances to be fully hydro-
genated. The production of levulinic acid/ester is only
improved with lower Pd/Al,O; loading in run 26, with the
yields increasing to about 32%. The low Pd/Al,O; loading is
unfavorable for the deep hydrogenation and correspondingly
promotes levulinic acid/ester formation. As presented above,
the roles of hydrogenation catalyst are crucial to selectively
produce levulinic acid/ester. Thus, a range of other hydro-
genation catalysts were further evaluated.

Catalytic Behaviors of Other Hydrogenation Cata-
lysts. Table 6 shows levulinic acid/ester yields over A70 and

Table 6. Yields of Methyl Levulinate and Levulinic Acid
versus Hydrogenation Catalysts®

yields (%)

entry hydrogenation catalysts T (°C) MLE LA
run 27 Pd/C 190 4.9 1.4
run 28 Pd/C 1585 7.8 0.9
run 29 Pt/C 190 5.3 12
run 30 Ru/C 190 0.1 0.2
run 31 Ni—Mo—S/AL0," 190 12 0.1
run 32 Co—Mo—S/AL0," 190 L1 0.1
run 33 Co—Mo—S/Al,05° 190 6.5 0.6
run 34 unsupported Cu 190 LS 0.3

“Reaction conditions: xylose loading, 9.1 wt %; catalysts, A70 (9.1 wt
%) + hydrogenation catalyst (9.1 wt %); residence time = 120 min; P
= 70 bar. “ZnO was used to capture the H,S generated by the
catalysts. “ZnO was not used in this run.

different hydrogenation catalysts. Pd/C is very active for the
undesired hydrogenation reactions at 190 °C. Only a small
amount of furfural can make their way to furfuryl alcohol and
then to methyl levulinate (run 27). The yield of cyclo-
pentanone, a byproduct from hydrogenation, reaches 12.7%.
Moreover, the abundance of S-methoxy-2-pentanone, the
hydrogenation product from methyl levulinate, is six times
higher over Pd/C than over Pd/AL,O;. Even at a lower
temperature of 155 °C, Pd/C is still active enough for
hydrogenation but not selective enough for hydrogenation of
furfural to furfuryl alcohol. Similarly, Pt/C also shows excessive
hydrogenation activity, forming a significant amount of
cyclopentanone and other hydrogenation products. Ru/C
shows high activity for hydrogenlysis of the C—C bonds of
xylose, forming the various complex fragments. Xylose has little
chance to be converted into furfural or levulinic acid/ester
(Run 30).

Ni—Mo—S/Al,0; and Co—Mo—S/Al,O; catalysts (runs 31
and 32) were also employed as the hydrogenation catalysts due
to their mild activity at the low temperatures. However, during
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heating, these two catalysts release H,S, which is very corrosive
to the autoclave, so zinc oxide was added to fix the H,S
generated. However, zinc oxide reacted with the acidic A70,
preventing the occurrence of acid-catalyzed reactions. The
further experiment without zinc oxide shows an improvement
of levulinic acid/ester formation, but the yields are still low (run
33). Copper-based catalysts are reported to be very active for
the hydrogenation of furfural to furfuryl alcohol.>® However,
the unsupported copper catalyst was not active as expected in
the liquid phase. The low specific area and low reaction
temperature, which is limited by the maximum operating
temperature of A70 (190 °C), may be responsible for the low
activity.

Pd/AlLO; is the most active one among the hydrogenation
catalysts explored, but Pd/ALO; is still too active to be
selective. The hydrogenation catalysts are the key to achieve the
high yields of levulinic acid/ester. The suitable catalyst must be
selective to hydrogenate the carbonyl group of furfural but not
the furan ring. In addition, the reaction intermediates have to
migrate between A70 and Pd/Al,Oj; to go through the multiple
steps to form levulinic acid/ester. A lot of side reactions
occurred simultaneously, competing for the formation of the
targeted products. Thus, a bifunctional catalyst with both acidic
sites for the acid-catalyzed reactions and the metallic sites for
hydrogenation reactions is preferred.

B CONCLUSION

To summarize, xylose could be directly converted into levulinic
acid/ester via a one-pot synthesis involving multiple acid-
catalyzed steps and one hydrogenation step. The methanol
medium plays an important role to protect the carbonyl group
of xylose from hydrogenation, while both the acid catalyst and
hydrogenation catalyst have to work together to make xylose
follow the designed routes to levulinic acid/ester. Deep
hydrogenation of the furan rings in furfural and furfuryl alcohol
is the main side reaction. The key to selectively produce
levulinic acid/ester is that the hydrogenation catalyst must be
selective to hydrogenate only the carbonyl group of furfural but
not the furan rings. The choice or the development of the
hydrogenation catalysts is the key for selective conversion of
xylose to levulinic acid/ester.
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