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ABSTRACT': A nonenzymatic route for xylose isomerization in
an aqueous medium using zeolite Sn-beta as a catalyst is
demonstrated. Xylulose and lyxose are the primary and second-
ary products. The maximum yield to xylulose is 27%, with an
11% yield to lyxose at ~60% xylose conversion at 100 °C. When
the Sn-beta zeolite is combined with a Brensted acid catalyst,
turfural forms in a single pot from xylose in an aqueous medium
at much lower temperatures than typically employed for this
reaction.
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B INTRODUCTION

The declining availability of petroleum reserves has generated
a strong interest in developing technologies that convert biomass
into biofuels and biochemicals." * The hemicellulose fraction of
lignocellulosic biomass, which constitutes ~25—35% on a dry
basis, is rich in pentoses.” Xylose is the most prevalent pentose
produced via hydrolysis. There has been much interest in
converting xylose to ethanol using fermentation® ® and to
furfural by a catalytic route.*”'

A challenge to the utilization of pentoses is that Saccharomyces
cerevisiae, the most common yeast used for ethanol production,
does not metabolize xylose.'' There have been efforts to
genetically modify microorganisms to ferment xylose into etha-
nol. However, a robust industrial process has not yet been
developed.®''~'* A key step in xylose fermentation involves its
isomerization to xylulose, which is subsequently fermented to
ethanol.”

An alternative approach to utilize xylose entails its thermo-
chemical conversion into furfural, which is a common industrial
chemical derived from lignocellulosic biomass with an annual
production volume of more than 200,000 tons.'* The first
industrial furfural production process was established by Quaker
Oats in 1921. In this process, oat hulls are converted into furfural
using concentrated sulfuric acid"® and high-pressure steam to
supply heat and strip out furfural. The direct xylose dehydration
into furfural has an activation barrier of ~30 kcal/mol,17 and
hence, it is carried out at high temperatures (>150 °C) in an
aqueous medium.* Under these conditions, the furfural yield is
~30% when carried out in a single-phase system, mainly because
of side reactions. The furfural yield can be enhanced using
continuous extraction with an organic solvent in a liquid—liquid
biphasic system™'® or using a carrier gas to strip out the
furfural.'>'” Other processes have been developed,'® and
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different acid catalysts have been tested for converting xylose
into furfural;* however, processes that are more in line with
green chemistry principles and of higher furfural selectivity are
still needed.”

The conversion of xylose to furfural could proceed in two
steps by the isomerization of nglose to xylulose, followed by
xylulose dehydration to furfural.'” This was achieved in a one-pot
reactor using hydrotalcite as the isomerization catalyst, Amberlyst-
1S as a Bronsted acid catalyst, and N,N-dimethylformamide
(DMF) as the solvent to obtain 41% yield of furfural in 3 h at
100 °C. The same reaction pathway was also proposed in N,N-
dimethylacetamide and ionic liquids using chromium halide as a
catalyst at moderate temperatures'* to achieve 55% yield of
furfural. Despite the improved yield of furfural at low tempera-
tures, both studies employed high-boiling-point organic solvents,
a choice that greatly increases the cost of the separation of
furfural from the solvent.

The isomerization of xylose to xylulose followed by dehydra-
tion to furfural parallels the conversion of hexoses, for example,
the isomerization of glucose to fructose followed by dehydration
of fructose to S-hydroxymethyl furfural (HMF). Moliner et al.
have investigated the isomerization of glucose to fructose using
the Sn-beta zeolite with yields comparable to biological
catalysis.””?! Since first synthesized by Corma et al.,* this
material has successfully been employed as a catalyst in a number
of reactions, including the Meerwein—Ponndorf—Verley (MPV)
reduction of carbonyl compounds,” the production of lactate
derivatives from monosaccharides in methanol,** and the con-
version of trioses to alkyl lactates in the presence of alcohol.”®
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Figure 1. Reaction kinetics of xylose isomerization in an aqueous medium using Sn-beta as a catalyst at (a) 80, (b) 100, and (c) 110 °C. Reaction
conditions: initial xylose 10 wt %, xylose to Sn molar ratio of 50:1, reactor volume of 1 mL.

Boronat et al. showed that the active sites in the MPV reaction are
partially hydrolyzed Sn—OH groups.”® Recent NMR studies
have showed that the Sn-beta catalyst isomerizes glucose to
fructose via 1,2 intrahydride transfer.”’”

Given the potential advantages of heterogeneous catalysts
over biological ones, here we investigate the Sn-beta zeolite for
the xylose isomerization in aqueous medium and demonstrate
that this material can efliciently catalyze this reaction. By
combining the Sn-beta with a Bronsted acid catalyst, it is shown
that furfural can be prepared in one step from xylose at
temperatures below 120 °C in an aqueous medium.

B EXPERIMENTAL SECTION

Material Synthesis and Characterization. Sn-containing
zeolite beta was synthesized in a fluoride medium following the
published protocol*” (see the Supporting Information). X-ray
diffraction patterns of the as-made and calcined samples confirm
the structure of the Sn-beta (Figure S1) and are comparable to
those of Corma and co-workers.” Thermogravimetric analysis of
the as-made sample in air showed a total weight loss of ~19 wt %
when heated to a temperature of 800 °C. Assigning the weight
loss below 150 °C to water desorption and above this tempera-
ture to the decomposition and oxidation of the organic structure
director (tetraethylammonium, TEA") yields 0.4 wt % of water
and 18.7 wt % of organic material. The latter corresponds to 6.8
TEA" cations per unit cell, similar to the organic content usually
reported for this zeolite when prepared with TEA" OH ™~ as the
structure director.”
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Low water content is generally observed for high-silica zeolites
prepared in a fluoride medium and is probably a consequence of
the low defect concentration (lack of internal silanol groups) of
the material. This procedure leads to micrometer-size zeolite
agglomerates composed of smaller crystals (Figure S2). On the
basis of N, adsorption isotherms, the BET external surface area
of the crystals is 100 m?/ g (measured before removal of the
structure director), with a micropore volume of 0.16 cm®/g as
determined using the t-plot method. ICP—AES analysis showed
that the Sn/Si molar ratio of the calcined Sn-beta sample is 0.01,
similar to the nominal ratio of the synthesis gels. The UV—visible
diffuse reflectance spectrum of the calcined Sn-beta sample (not
shown) is similar to spectra previously reported®” and does not
contain any significant absorption bands in the 220—800 nm
spectral range.

These results indicate that the Sn-beta samples prepared here
have properties similar to those reported elsewhere.”>***°~33
When the Sn-beta catalyst was tested in the glucose isomerization
reaction, it gave reaction rates comparable to those reported
recently® (see Table S1).

Catalytic Tests. Figure 1 shows the time evolution of xylose
isomerization to xylulose in an aqueous medium using the Sn-
beta catalyst at 80, 100, and 110 °C. Xylulose is the main product,
but lyxose, another isomer of xylose, is also observed; these
reactions are depicted in Scheme 1. The yields of xylulose and
lyxose reach a maximum and then decrease with time as a result
of side reactions that consume these two products while reaching
partial equilibrium with each other. The maximum yield to
xylulose was 27%, with a corresponding yield to lyxose of 11%
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at a xylose conversion of ~60% in ~7 min at 110 °C and 15 min
at 100 °C. The apparent activation energy of consumption (12.5
kcal/mol) was estimated from an Arrhenius plot of the initial
rates. Our results parallel those of glucose isomerization to
fructose and mannose with yields of 31% and 9%, respectively,
at a glucose conversion of ~54% in ~30 min at 110 °C.*°

The Sn-beta catalyst was regenerated by calcination at 550 °C
after the reaction and used to carry out the reaction a total of
three times. There was some loss of catalyst during the separation
and regeneration process; therefore, the reaction volume was
adjusted to maintain identical catalyst concentration at 72 mg/
mL. There is no substantial change in the xylose conversion
(~5% drop between reactions 1 and 3, as shown in Table 1) or
selectivity when compared with the fresh catalyst. These experi-
ments also suggest that there is no significant leaching of Sn
during reaction because otherwise, a monotonic decrease in yield
would be observed over the series of reaction tests.

Dimethyl sulfoxide (DMSO) is often used as an additive to
water to suppress side reactions in homogeneous acid-catalyzed

Scheme 1. Schematic Representation of Xylose Isomeriza-
tion Using the Sn-beta Zeolite and the Xylulose Dehydration
Using a Brensted Acid Catalyst
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Table 1. Reusability of the Catalyst in the Xylose Isomeriza-
tion Reaction”

xylose conversion xylulose yield lyxose yield
(%) (%) (%)
1 fresh catalyst 84.6 18.4 5.3
2 regeneration I 83.2 18.7 53
3 regeneration II 79.7 21.3 5.9

“ Reaction conditions: initial xylose 10 wt %; xylose to Sn molar ratio of
50:1; 110°C.

reactions and was employed here as solvent under the same
experimental conditions. But DMSO was, in fact, found to inhibit
the xylose isomerization reaction (Table S2), possibly because
DMSO, a Lewis base, competes with xylose for the Lewis acid
sites in Sn-beta. This finding is consistent with a heterogeneous
process rather than a homogeneous reaction.

To assess the possibility of a single pot furfural formation from
xylose via xylulose in an aqueous medium, both hydrochloric acid
(HCI) and cation exchange resin Amberlyst-15 were examined as
Bronsted acid catalyst additives to zeolite Sn-beta (Table 2).
Although xylose does not react in Amberlyst-15 or HCI at low
temperatures, when xylulose is the reactant, its conversion is
~66%, and the yield to furfural is 24%. This result supports a
reaction network in which xylulose dehydrates rapidly to furfural
via Bronsted acid catalysis and xylose is isomerized to xylulose
with a Lewis acid catalyst. When Sn-beta is combined with
Bronsted acid catalysts, xylose is converted into furfural via
xylulose in a single pot (Table 2). A high conversion of xylose
was obtained, although the yield to furfural was 9.5% with Sn-
beta and Amberlyst-15 and 14.3% with Sn-beta and HCI (0.1 M).
Opverall, these results demonstrate that xylose can be converted
to furfural catalytically at much lower temperatures (110 °C)
than in previous reports (>150 °C).*'® We expect that the yield
to furfural can be increased by extraction into an organic phase
while the reaction occurs in the aqueous phase, as observed for
the glucose-to-HMF reaction.”'

The presence of other pentoses (namely, arabinose, lyxose,
ribose, xylulose and ribulose) was examined, and only xylulose
and lyxose were found in the products. Formation of xylulose and
lyxose requires either functional group rearrangement or a
configuration change around the C1 and C2 carbon atoms,
whereas formation of other pentoses would involve changes
around at least one other carbon atom. This indicates that the
active site of the Sn-beta zeolite interacts with the carbonyl group
of C1 and the adjacent hydroxyl group on C2. This mechanism is
similar to that reported for Sn-beta-catalyzed MPV reduction of
carbonyl compounds.*® A plausible reaction pathway for xylose
isomerization to xylulose and lyxose using the Sn-beta zeolite is
presented in Scheme 2. The xylose-to-xylulose reaction path is
analogous to the glucose-to-fructose isomerization proposed by
Roman-Leskov et al.*”** In addition, the proposed mechanism
accounts for the observed xylose epimerization to lyxose.

The key intermediate in the mechanism is the one denoted
as Int-3. There are three possible reaction channels for this

Table 2. Xylose Reaction in an Aqueous Medium, Using Sn-beta and Possibly a Bronsted Acid Catalystb’“

entry catalyst time (min)
G SnCl,.5H,0 60
2 Amberlyst-15 60
3¢ Amberlyst-15 60
4 Amberlyst-15 + Sn-beta 60
S Amberlyst-15 + Sn-beta 180
6 HCI (0.1 M) 180
7 HCI (0.1 M) + Sn-beta 60
8 HCI (0.1 M) + Sn-beta 180

“Third entry refers to xylulose reaction®.

yield (%)
conversion (%) xylulose lyxose furfural
6.8
0.3
65.6 23.5
82.7 18.2 S.1 4.7
92.0 10.2 1.7 9.5
2.1
76.7 20.9 7.5 3.8
83.9 11.2 3.8 14.3

¥ Reaction conditions: xylose 10 wt %, 100 mg Amberlyst-15, xylose-to-Sn molar ratlo of 50:1, 110 °C, reactor

volume = 1 mL. “ Homogeneous catalysis using SnCl, - SH,O to assess the activity of Sn in the homogeneous environment. Xylulose 1.2 wt % was the

initial substrate.
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Scheme 2. Plausible Reaction Mechanism for Xylose Isomerization into Xylulose and Lyxose Using Sn-beta As a Catalyst
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metastable state. A proton transfer from the protonated hydroxyl
group of Sn to the O1 oxygen of the oxygenate leads to xylulose
formation. The other two channels involve hydride transfer from
the C1 carbon back to the C2 carbon. Depending on which of the
two hydrogens (shown in red and blue) migrates, the reactant
(xylose), through the transition TS-1, or the xylose epimer
lyxose, through the transition state TS-2, is obtained. This is
because one of the two hydrogen atoms lies above the plane
formed by the ring structure C1—O1—Sn—02—C2 and the
other lies beneath that plane; either one of them can migrate,
resulting in either xylose or lyxose formation.

In summary, it has been shown that Sn-beta is an effective
catalyst for the isomerization of xylose into xylulose in an
aqueous medium at temperatures as low as <100 °C. This
reaction further demonstrates the efficacy of Sn-beta as a catalyst
for isomerization of various sugars. The Bronsted-acid-catalyzed
dehydration of xylulose to furfural was found to be faster than
that of xylose to furfural, and combining Sn-beta with a Brensted
acid catalyst can produce furfural from xylose in an aqueous
medium and in a single pot at much lower temperatures than
previously reported.

B ASSOCIATED CONTENT

© Ssupporting Information. Details about the Sn-beta
synthesis and characterization and experimental method and
additional reaction results are provided. This material is available
free of charge via the Internet at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail: (D.G.V.) vlachos@udel.edu, (R.F.L.) lobo@udel.edu.

B ACKNOWLEDGMENT

We thank Dr. Stavros Caratzoulas for useful discussions on the
isomerization mechanism. This material is based upon work
financially supported as part of the Catalysis Center for Energy
Innovation, an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences under Award N. DE-SC0001004.

B REFERENCES

(1) Schmidt, L. D.; Dauenhauer, P. J. Nature 2007, 447, 914-91S.

(2) Alonso, D. M,; Bond, J. Q.; Dumesic, J. A. Green Chem. 2010,
12, 1493-1513.

(3) Stocker, M. Angew. Chem., Int. Ed. 2008, 47, 9200-9211.

(4) Climent, M. J; Corma, A; Iborra, S. Green Chem. 2011,
13, 520-540.

(S) Vlachos, D. G.; Caratzoulas, S. Chem. Eng. Sci. 2010, 65, 18-29.

(6) Walker, G. M. J. Inst. Brewing 2011, 117, 3-22.

(7) Young, E.; Lee, S. M.; Alper, H. Biotechnol. Biofuels 2010, 3.

(8) Matsushika, A.; Inoue, H,; Kodaki, T.; Sawayama, S. Appl.
Microbiol. Biotechnol. 2009, 84, 37-53.

(9) Mamman, A. S.; Lee, J. M,; Kim, Y. C,; Hwang, L. T,; Park, N. J;
Hwang, Y. K; Chang, J. S.; Hwang, J. S. Biofuels, Bioprod. Biorefin. 2008,
2, 438-454.

(10) Martel, F.; Estrine, B.; Plantier-Royon, R,; Hoffmann, N;
Portella, C. Top. Curr. Chem. 2010, 294, 79-115.

(11) Jeffries, T. W,; Jin, Y. S. Appl. Microbiol. Biotechnol. 2004,
63, 495-509.

(12) Chandel, A. K.; Chandrasekhar, G.; Radhika, K.; Ravindra, a. P.
Biotechnol. Mol. Biol. Rev. 2011, 6 (1), 008—020.

(13) Almeida, J. R. M,; Runquist, D.; Nogue, V. S. L; Liden, G;
Gorwa-Grauslund, M. F. Biotechnol. J. 2011, 6, 286-299.

(14) Binder, J. B;; Blank, J. J,; Cefali, A. V.; Raines, R. T. Chem-
SusChem 2010, 3, 1268-1272.

(15) Brownlee, H.]J.; Miner, C. S. Ind. Eng. Chem. 1948, 40, 201-204.

(16) Weingarten, R;; Cho, J.; Conner, W. C.; Huber, G. W. Green
Chem. 2010, 12, 1423-1429.

(17) Agirrezabal-Telleria, 1; Larreategui, A.; Requies, J.; Guemez,
M. B,; Arias, P. L. Bioresours. Technol. 2011, 102, 7478-748S.

(18) De Jong, W.; Marcotullio, G. Int. J. Chem. React. Eng. 2010, 8, A69.

(19) Takagaki, A.; Ohara, M.; Nishimura, S.; Ebitani, K. Chem. Lett.
2010, 39, 838-840.

(20) Moliner, M.; Roman-Leshkov, Y.; Davis, M. E. Proc. Natl. Acad.
Sci. U.S.A. 2010, 107, 6164-6168.

(21) Nikolla, E. N. E.; Roman-Leshkov, Y.; Moliner, M.; Davis, M. E.
ACS Catal. 2011, 1, 408-410.

(22) Valencia, S.; Corma, A. (UOP LCC) Stannosilicate molecular
sieves, U.S. Patent 5,968,473, Oct 19, 1999.

(23) Corma, A;; Domine, M. E.; Nemeth, L.; Valencia, S. J. Am.
Chem. Soc. 2002, 124, 3194-3195.

(24) Holm, M. S,; Saravanamurugan, S.; Taarning, E. Science 2010,
328, 602-605.

(29) Taarning, E.; Saravanamurugan, S.; Holm, M. S.; Xiong, J. M,;
West, R. M.; Christensen, C. H. ChemSusChem 2009, 2, 625-627.

1727 dx.doi.org/10.1021/cs200461t |ACS Catal. 2011, 1, 1724-1728



ACS Catalysis

(26) Boronat, M.; Corma, A.; Renz, M. . Phys. Chem. B 2006,
110,21168-21174

(27) Roman-Leshkov, Y.; Moliner, M.; Labinger, J. A.; Davis, M. E.
Angew. Chem., Int. Ed. 2010, 49, 8954-8957.

(28) Corma, A.; Nemeth, L. T.; Renz, M.; Valencia, S. Nature 2001,
412, 423-425.

(29) Valencia, S. Doctoral thesis, Institute of Chemical Technology
(ITQ-CSIC), Polytechnic University of Valencia, Valencia, Spain, 1997.

(30) Renz, M,; Blasco, T.; Corma, A.; Fornes, V.; Jensen, R;
Nemeth, L. Chem.—Eur. J. 2002, 8, 4708-4717.

(31) Boronat, M.; Concepcion, P.; Corma, A.; Renz, M.; Valencia, S.
J. Catal. 2005, 234, 111-118.

(32) Palomares, A. E.; Prato, J. G.; Imbert, F. E,; Corma, A. Appl.
Catal, B 2007, 75, 88-94.

(33) Corma, A; Renz, M. Angew. Chem., Int. Ed. 2007, 46, 298-300.

(34) Assary, R. S.; Curtiss, L. A. J. Phys. Chem. A 2011, 115, 8754
8760.

1728

dx.doi.org/10.1021/cs200461t |ACS Catal. 2011, 1, 1724-1728



