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Abstract—Cesium salts of 12-tungstophosphoric acid, Cs H;_ ,PW,04¢ (Cs,PW), in the bulk form or supported on medium-pore
MCM-41 (3.7 nm) or large-pore (9.6 nm) micelle-templated silicas are active solid acid catalysts for the cyclodehydration of xylose
into furfural, in a toluene/water solvent system (T/W) or in dimethyl sulfoxide (DMSO). The catalytic results are comparable to
those obtained using sulfuric acid, under similar reaction conditions. The initial activities increase in the order
H;3;PW 5,040 < Cs, oPW < Cs, sPW <silica-supported CsPW catalysts (15, 34 wt % PW). Higher HPA loadings, larger pore diameter
of the parent silica support, and higher reaction temperatures lead to higher furfural yields. The stability and reusability of the

MCM-41-supported CsPW is higher in DMSO than in T/W.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomass is one of the world’s most important renewable
energy sources. As carbohydrates represent 75% of the
annually renewable biomass of about 200 billion tons,
their utilization for the generation of organic chemicals
that eventually replace those derived from petrochemi-
cal resources is a major challenge for green chemistry. '
With an annual production of approximately
250,000 tons, 2-furaldehyde (furfural) seems to be the
only unsaturated large-volume organic chemical pre-
pared from carbohydrate sources.** Furfural is a highly
versatile and key derivative used in the manufacture of a
wide range of important chemicals, and is likely to be of
increasing demand in different fields, such as oil refining,
plastics, pharmaceutical and agrochemical industries.
The technical process for the production of furfural
involves the acid catalyzed hydrolysis of the hemicellulo-
sic pentose fractions of biomass (such as cornstalks and
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corncobs, oat and peanut husks, and other agricultural
surpluses) and consecutive cyclodehydration of the pen-
tose monomers (xylose being the most predominant pen-
tose in most feedstocks).> Conventional mineral acids,
such as sulfuric acid, are generally used as the catalysts.
The cost and inefficiency of separating these catalysts
from the products makes their recovery impractical,
resulting in large volumes of acid waste, which must
be neutralized and disposed off. Other drawbacks in-
clude corrosion and safety problems. The production
of furfural is therefore one of many industrial processes
where the replacement of the ‘toxic liquid’ acid catalysts
by alternative ‘green’ catalysts is of high priority.>*
Heteropolyacids (HPAs) are promising candidates as
green catalysts and are already used in several industrial
processes, such as the hydration of olefins.” !> We
recently reported that 12-tungstophosphoric acid
(H3PW,049, abbreviated as HPW) is comparable to
H,SO, for the cyclodehydration of xylose into furfural,
in a homogeneous phase.'® It would be preferable, how-
ever, if the reaction could be carried out in a hetero-
geneous phase, in order to facilitate product separation,
catalyst recovery and recycling. Unfortunately, in the
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solid-state HPW is a nonporous material with a surface
area below 10 m? g ', and is soluble in polar solvents. In
order to overcome this limitation one can prepare acid
salts containing large cations such as Cs™, K, Rb",
and NH,", which present surface areas as high as
150 m> g*1.12’14*17 Of these, the water-tolerant, insolu-
ble, acidic Cs salt, Cs, sHysPW,049 (abbreviated as
Cs, sPW), has the highest specific surface acidity, and
is an efficient solid acid catalyst for a variety of organic
reactions, such as the liquid-phase dehydration of alco-
hols and hydrolysis of esters.®!"182! A problem associ-
ated with the use of Cs,PW catalysts is that the salt
particles disperse as a colloid in water and in many
organic solvents, making it difficult to separate the salt
from the reaction products by simple filtration."! The
dispersion of Cs salts on a carrier with a high specific
surface area may eliminate the difficulty of the separa-
tion and work-up procedures, and can enhance the
activity of salts with low Cs content (such as Cs, PW,
which possesses lower specific surface acidity as a result
of a reduced specific surface area) by exposing more of
the acid sites to the catalytic reaction.

In the present work, bulk and mesoporous silica-
supported Cs, PW salts were studied as catalysts for
the cyclodehydration of xylose into furfural. We chose
the micelle-templated silica MCM-41 as a support
because there is evidence that CsPW salts interact more
strongly with MCM-41 than with SiO»,?* and it has been
demonstrated that the generation of insoluble acidic
cesium salts inside the channels of MCM-41 prevents
leaching of the active phase.”” ** In order to assess the
possible blocking of the regular pores of MCM-41 by
the Keggin ions, we have also used a mesoporous silica
with a pore size of 9.6 nm as the support.

2. Experimental
2.1. Catalyst preparation

2.1.1. Cs,H3_.PW,04 (Cs,PW). A 0.1 M aqueous
solution of Cs,CO;5 (20 cm® for x =2.5 and 12.7 cm®
for x =2.0) was added dropwise to a 0.08 M aqueous
solution of 12-tungstophosphoric acid hydrate (20 cm?
for x =2.5 and 15.9 cm® for x = 2.0) at room tempera-
ture, under vigorous stirring.'> The resultant milky sus-
pensions were aged at room temperature overnight.
White powders were isolated by slow evaporation of
water at 50 °C.

2.1.2. Impregnation of acidic cesium salts of H;PW,04
in the porous silica supports. Full details concerning the
syntheses of the mesoporous silica supports are given in
Refs. 25-27. The medium-pore (MP) micelle-templated
silica (MTS) was synthesized from a gel with the molar
composition  Si0,:0.29Na,0:0.50C;,TMABr:150H,0,

where Ci¢TMABr is cetyltrimethylammonium bro-
mide.>>?° Calcination of the as-synthesized material
was carried out at 560 °C for 6 h under a static atmo-
sphere of air. Powder XRD (26/°, hkl in parentheses):
246 (100), 4.21 (110), 4.81 (200), 6.28 (210); a=
2dy00/\/3=414A. The large-pore (LP) MTS was
synthesized from a gel with the molar composition
Si0,:0.271Na,0:0.116C;, TMACI:0.025C,TMABT:0.75-
mesitylene:30.3H,0, where C;,TMABr is dodecyltri-
methylammonium bromide.?**” Calcination was carried
out at 120 °C for 3 h and then at 560 °C for 4 h.

Highly dispersed Cs-tungstophosphoric acid salts on
mesoporous silicas, denoted as MPxCsPW (x =15 or
34 wt % PW) and LP15CsPW, were prepared following
the two-step impregnation technique described by Wang
et al.:*® First, the purely siliccous MP or LP supports
(1g) were added to a solution of Cs,COjz (10 or
35mg, 0.03 or 0.11 mmol) in water (10 cm®) and the
mixtures were stirred overnight at room temperature.
The mixtures were then evaporated to dryness at
110 °C overnight and the resultant solids calcined at
500 °C for 2 h, to promote interactions between surface
silanols and Cs,COs;. Following this, the desired amount
of HPW (to give a final Cs:P molar ratio of 1:1) was
impregnated by the incipient wetness technique, using
1-butanol as a solvent.

2.2. Catalyst characterization

ICP-AES was carried out at the Central Laboratory for
Analysis, University of Aveiro (by E. Soares). Powder
XRD data were collected at room temperature on a
Philips X’pert diffractometer with a curved graphite
monochromator (CuK, radiation), in a Bragg-Brentano
para-focusing optics configuration. Samples were step-
scanned in 0.05° 20 steps with a counting time of 1s
per step. Differential scanning calorimetry (DSC) was
performed under air with a Shimadzu DSC-50 system
at a heating rate of 5°Cmin~'. BET specific surface
areas (Sggr, p/po from 0.03 to 0.13) and specific total
pore volumes, V;, were estimated from N, adsorption
isotherms measured at —196 °C. For the large-pore sup-
port an automatic ASAP 2000 adsorption apparatus
was used, and for the medium-pore support a gravimet-
ric adsorption apparatus equipped with a CI electronic
MK2-M5 microbalance and an Edwards Barocel pres-
sure sensor was used. 2°Si and *'P solid-state MAS
NMR spectra were recorded at 79.49 and 161.90 MHz,
respectively, on a 9.4 T Bruker Avance 400 spectro-
meter. 2Si MAS NMR spectra were recorded with 40°
pulses, a spinning rate of 5.0 kHz, and 60s recycle
delays. ?°Si CP MAS NMR spectra were recorded with
5.5 us "H 90° pulses, a contact time of 8 ms, a spinning
rate of 5.0 kHz, and 4 s recycle delays. *'P MAS NMR
spectra were recorded with 40° pulses, a spinning rate
of 15.0 kHz, and 70 s recycle delays. Chemical shifts
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are quoted in parts per million from TMS for the *’Si
spectra and from phosphoric acid (85% H3PO,) for
the 3'P spectra.

2.3. Catalytic reactions

The catalytic experiments were performed under nitro-
gen in a magnetically stirred batch micro-reactor
equipped with a valve for gas purging (mixing speeds
>500 rpm), and heated with a thermostatically con-
trolled oil bath. In a typical procedure, D-xylose
(30 mg, 0.20 mmol), powdered catalyst (30 mg), and
DMSO (1cm?) or, in the case of a solvent mixture,
water (0.3 cm®) and toluene (0.7 cm®) were poured into
the reactor. Zero time was taken to be the instant the
micro-reactor was immersed in the oil bath. Throughout
this work, selectivity always refers to the formation of
furfural and conversion refers to xylose consumption.

The products in the DMSO or aqueous phases were
analyzed using a Knauer K-1001 HPLC pump and a
PL Hi-Plex H 300 x 7.7 (i.d.) mm ion exchange column
(Polymer Laboratories Ltd., UK), coupled to a Knauer
K-2401 differential refractive index detector (for xylose)
and a Knauer K-2600 UV detector (280 nm, for furfu-
ral). The mobile phase was 0.01 M H,SO,4. A flow rate
of 0.6 cm® min~' and a column temperature of 65 °C
were used. Authentic samples of p-xylose and furfural
were used as standards and calibration curves were used
for quantification. When toluene was used as a co-sol-
vent, the furfural present in the organic phase was quan-
tified using a Gilson 306 HPLC pump and a Spherisorb
ODS S10 C18 column, coupled to a Gilson 118 UV/Vis
detector (280 nm). The mobile phase consisted of 40%
v/v MeOH in water (flow rate 0.7 cm® min™").

3. Results and discussion
3.1. Characterization of the catalysts

Figure 1 shows the powder XRD patterns of the bulk
and mesoporous silica-supported Cs-tungstophosphoric
acid salts in the 20 range of 10-30°. The patterns for the
Cs salts CSzHPW12040 and CSQ.SHO.SPW12040 exhibit
the characteristic lines of the cubic HPW structure and
are in agreement with published data.'>?%*° Compared
with 12-tungstophosphoric acid hydrate (Fig. 1a), the
peaks are broader and shifted toward higher angles,
consistent with the smaller cubic lattice constants
obtained for these compounds in the literature.'> The
XRD patterns for the mesoporous silica-supported
materials clearly show the presence of the Cs-acid salt.
Paralleling the behavior exhibited by the bulk Cs-acid
salt, the reflections for MP15CsPW and LP15CsPW
shift slightly to higher 26 values relative to H3PW,04¢
xH,O0, indicating contraction of the unit cell as HsO,"
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Figure 1. Powder XRD patterns of (a) bulk H3;PW;,049xH,O
(x = 17), (b) Cs,0PW, (c) Cs, sPW, (d) MP15CsPW, (e) LP15CsPW,
and (f) MP34CsPW.

jons are replaced by the smaller Cs™ ions.*!** Surpris-
ingly, the reflections for MP34CsPW shift to slightly
lower 20 values relative to Hz3PW ;0,40 xH,O. At the
present time, we do not have an explanation for this
result.

The textural properties of the Cs-containing catalysts
were further drawn from the N, adsorption—desorption
isotherms. In agreement with the literature data, the
BET specific surface area of the Cs,sPW salt
(128 m* g~ ') was much higher than that for Cs, PW
(21 m? g~ ").* The relatively high surface area of the
acid salts with a higher amount of Cs has been attri-
buted to the formation of primary particles with smaller
sizes possessing inter-crystallite pores.'*'>** For Cs, (-
PW, the lower specific surface area may be due to the
predominance of ultra-micropores.'>*> The pristine
MTS supports exhibited type IV N, adsorption—desorp-
tion isotherms according to TUPAC classification (pore
width between 2 and 50 nm), typical of mesoporous sol-
ids (not shown).?® The steps corresponding to capillary
condensation in the primary mesopores appeared in the
relative pressure ranges of 0.2-0.4 and 0.7-0.9 for
the MP and LP solids, respectively. For the MP silica,
the specific surface area was 775 m” g~ ', the total pore
volume was 0.6 cm® g~ !, and the maximum of the pore
size distribution curve determined by the BJH method
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was 3.7 nm. The corresponding values for the LP silica
were 1106 m*> g~ ', 2.9 cm® g~ !, and 9.6 nm. After sup-
porting HPW on the Cs-modified MP silica, the iso-
therm changed to type I and lower N, uptakes were
observed, resulting in a decrease in the measured specific
surface area and pore volume, the decrease being larger
as the amount of supported acid increases (Table 1).
Taking into account the size of the Keggin anion (ca.
1.2 nm), partial clogging of the monodimensional chan-
nels of medium-pore MCM-41 by small aggregates of
PW may have occurred.’® Indeed, when HPW was sup-
ported on the Cs-modified large-pore support, the rela-
tive decrease in surface area and pore volume was, for
a PW loading of 15 wt %, lower as compared with the
catalyst prepared from the MP silica (Table 1). The
LP15CsPW sample exhibited a type IV isotherm and a
median pore diameter of 7.3 nm.

The °Si MAS NMR spectrum of the unmodified MP
silica exhibits two broad overlapping peaks at —101.4
and —109.4 ppm (Fig. 2), assigned to Q* and Q* species
of the silica framework, respectively [Q" = Si(OSi),-
(OH),_,]. A small amount of Q? environments is also
present (faint peak at 6 = —92 ppm). A similar spectrum
was obtained for the unmodified LP silica (not shown).
The *’Si CP MAS NMR spectrum of the MP silica
shows a marked increase in the intensities of the Q?
and Q3 signals over that for the Q* peak, confirming that
the Q* and Q7 silicons are attached to hydroxyl groups.
After supporting HPW on the Cs-modified MP silica (to
give final PW loadings of 15 and 34 wt %), no significant
changes were observed in the *’Si MAS NMR spectra,
although there is an apparent decrease in the relative
intensities of the Q? and Q® peaks (in the spectra mea-
sured without "H—>°Si cross-polarization).

Figure 3 shows the *'P MAS NMR spectra of 12-
tungstophosphoric acid hydrate (HPW), Cs,sPW,
MP15CsPW and MP34CsPW. All of the samples were
measured after exposure in ambient atmosphere.
Hydrated HPW displays one main peak centered at
—15.5 ppm, in agreement with the literature data.®’ It
is well known that the *'P chemical shift of HPW is very
sensitive to its hydration level. Hence, the shoulders on
the peak at —15.5 ppm are probably due to small varia-
tions in the degree of hydration, locally experienced by
phosphorus. The sample Cs, sPW shows a single peak
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Figure 2. 2°Si MAS and CP MAS NMR spectra of (a) pristine calcined
MP-silica (MCM-41), (b) MP15CsPW, and (c) MP34CsPW.

at —15.0 ppm, as for the neutral salt Cs3PW 5,040.1%7

After impregnation of HPW onto the Cs-modified MP
silica (to give final PW loadings of 15 and 34 wt %), a
slightly broader peak was observed at —15.15 ppm.
The broadening of the signal may be due to the coexis-
tence of CsH,PW, Cs,HPW, and H;PW in various
amounts.” In conclusion, the spectra confirm that the
Keggin structure was retained for the bulk and sup-
ported Cs acid salts, and do not show the presence of
any other phosphorus-containing impurities or degrada-
tion products.

3.2. Catalysis

In a biphasic solvent system composed of toluene and
water (T/W), under batchwise processing, the xylose

Table 1. Conversion of xylose to furfural in the presence of supported Cs salts of HPW*

Catalyst ASger’ (%) AVE (%) DMSO (140 °C) T/W (140 °C) T/W (160 °C)
Conv. (%) Yield (%) Conv. (%) Yield (%) Conv. (%) Yield (%)
None — 34 1 2 (<1) 12 2
MP15CsPW 81 73 63 11 36 3 69 14
MP34CsPW 91 92 91 45 34 13 68 33
LP15CsPW 55 49 70 24 38 7 65 26

#Reaction time =4 h.

® Percentage decrease of surface area (Sger) and total pore volume (V) in relation to the parent MP (775 m? g~!, 0.6 cm® g~!) and LP (1106 m? g,

3,1

2.9cm” g ') materials.
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Figure 3. *'P MAS NMR spectra of (a) HsPW,049xH,0 (x ~ 17),
(b) Cs,.sPW, (c) MP15CsPW, and (d) MP34CsPW.

conversion proceeds predominantly in the aqueous
phase where it is completely dissolved, and furfural,
which has a higher affinity for toluene, may be separated
from xylose and polar intermediates as it is formed. As a
result, the T/W system leads to higher furfural yields
than if only water is used as a solvent.'? Similar results
have been recently reported for the fructose-to-hydroxy-
methylfurfural conversion.*® The overall reaction may
be summarized as shown in Scheme 1. According to
the literature, the reaction mechanism involves irrever-
sible development of conjugation via the formation of
enediol intermediates, leading to the liberation of three
water molecules per molecule of furfural formed.**
All HPA materials prepared in this work were catalyt-
ically active for the cyclodehydration of xylose. Control
experiments carried out in T/W at 160 °C showed that
only minor amounts of furfural (<2% at 4h) were
yielded in the absence of a HPA catalyst, whereas in
the presence of a catalyst at least 14% furfural was

D-Xylose —» [Intermediates] —»

CHO
’/‘\\ — Furfural

* Furfural loss reactions +
Condensatlon Resinification

Isomerlzatlon Fragmentatlon

Scheme 1.

yielded. The MCM-41-type MP silica support is inert
under the applied reaction conditions. We have previ-
ously shown that the sodium salt Nas;PW;,0y4 is inac-
tive in a homogeneous phase, suggesting that HPA
protons play a leading role in the promotion of the
reaction.’

The Cs, H3;_ ,PW {5,049 (x = 2.0,2.5) compounds form
a fine suspension in the aqueous phase. In T/W at
160 °C, the initial activity of Cs, sPW, based on TOF
expressed per proton and calculated at 1 h, is 11.6 mol
(equiv H") "' h™!, which is significantly higher than that
observed for bulk H;PW;,04 (4.0 mol (equiv
H")~'h™"), which is completely soluble in the aqueous
phase with dissociated protons. The Cs, sPW compound
is known to have high activity for acid-catalyzed reac-
tions even in the presence of large excesses of water,
which has been attributed to its hydrophobic nat-
ure.”'>1940 The initial activity of Cs,oPW (3.7 mol
(equiv HN)"'h™!) is lower than that of Cs,sPW. A
recent study revealed the presence of similar proton
strengths for both Cs, (PW and Cs, sPW, based on cal-
orimetry and adsorption of pyridine.*® Differences in
acid properties between Cs, oPW and Cs, sPW may exist
with respect to the amount of surface acid sites. For
Cs, H;_ ,PW,049 compounds, the acid site concentra-
tion reaches a maximum for x = 2.5.'2 The Cs, sPW salt
adsorbs polar or basic molecules, such as alcohols
(xylose), essentially only on the catalyst surface.”’!
Hence, assuming surface-type catalysis, the higher initial
activity of Cs, sPW in comparison to Cs, (PW may be
due to the higher specific surface area with higher con-
centration of readily accessible acid sites. Eventually,
for reaction times longer than 4 h, xylose conversion is
higher for Cs,(PW than for Cs,sPW (Fig. 4a). As
shown in Figure 4b, furfural selectivity reaches a maxi-
mum of about 48% for Cs, sPW and 65% for Cs, \PW
at about 50% conversion, and then starts to decrease.
The generally lower selectivities observed with Cs, sPW
as the catalyst may be due in part to the hydrophobic
surface of this material, which may enhance sorption
of furfural and formation of condensation by-products
that cause catalyst surface passivation (the reaction
mixture becomes brown with time).

The kinetic profiles of the silica-supported CsPW
catalysts show higher conversion rates than bulk Cs, PW
(Fig. 4a). The initial activities, calculated after 1 h, were
66.2 and 24.0 mol molyy h™' for MPISCsPW and
MP34CsPW, respectively, compared with 3.7-5.8 mol
molyy, h™' for the Cs,PW compounds. The higher initial
activity observed for the supported material with the
lower PW loading may be due to a higher dispersion
of the active phase on the silica host (leading to active
site isolation). It must also be considered that pore
blocking effects are less severe for this sample (as evi-
denced by the surface area and pore volume measure-
ments), resulting in a higher number of effective acid
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Figure 4. Kinetic profiles of xylose conversion (a) and selectivity to
furfural as a function of xylose conversion (b) in the presence of
Cs,0PW (%), Cs,sPW (=), MP15CsPW (¢), and MP34CsPW (+), in
T/W at 160 °C.

sites. The higher activity of CsPW supported on MCM-
41 in comparison to bulk Cs,PW has been observed for
several reaction systems, and is generally attributed to
the higher number of effective acid sites present in the
supported catalysts.”?®*! The HPAs are anchored to
the silica support through Cs, which can be achieved
with minimum proton substitution, that is, retaining
high proton density (for optimized catalytic activity),
whereas in the Cs,PW bulk forms, x = 2.5 is generally
required for optimum surface area, porosity and concen-
tration of proton sites.”'?

In contrast to that seen with the Cs,PW bulk cata-
lysts, furfural selectivity in the presence of the supported
catalysts continues to increase for conversions higher

than 50% (Fig. 4b). This is probably due to the signifi-
cantly higher residence times (which most likely favor
furfural loss reactions) needed for the Cs,PW catalysts
to achieve the same conversions as the supported cata-
lysts.> On the other hand, in the presence of the sup-
ported catalysts (but not the bulk Cs,PW catalysts),
the formation of lyxose was observed, which is an iso-
merization product of open-chain xylose that may sub-
sequently be converted into furfural (Scheme 1).® The
fact that this product was not detected for the bulk cat-
alysts may be due to some differences in acid properties
between the bulk and supported catalysts, under the
reaction conditions. As shown in Figure 4b, furfural
selectivity for MP34CsPW is roughly 25% higher than
that for MP15CsPW at any given conversion in the
range of 50-80%.

Comparing the catalytic results at 4h for the
MP15CsPW and LPI5CsPW catalysts (Table 1), no
major influence of the pore size on the catalytic activity
can be discerned, suggesting that for relatively low PW
loadings the pore size is not a primary factor governing
the reaction rate (Table 1). On the other hand, furfural
yield at 4 h practically doubles when using the large-
pore support. The enlarged pores may enable faster dif-
fusion of furfural through the channels and therefore
avert its decomposition through consecutive reactions.

A decrease in the reaction temperature of 20 °C (from
160 to 140 °C) causes the reaction rate to decrease by
about 50% (based on conversion at 4 h) for the LP/
MPxCsPW catalysts, and furfural yields decrease to
approximately one third of the values seen at the higher
temperature (Table 1).

The influence of the solvent was investigated for the
supported catalysts by using DMSO or T/W at
140 °C. One advantage of using DMSO is that it is
bio-degradable. In DMSO, without HPA, furfural yield
is negligible, but xylose conversion reaches 34% after 4 h
(Table 1). In the presence of LP/MPxCsPW, furfural
yields in DMSO are much higher than those in T/W.
These results may be due to the solvating ability of
DMSO towards cations, that is, the solvent may
stabilize the positively charged intermediates of xylose
conversion and therefore inhibit their consecutive reac-
tions with furfural into heavy products (e.g., furfural
pentose, difurfural xylose®). Differences in catalytic
activity between the MP15CsPW and MP34CsPW sam-
ples (based on conversion at 4 h) are more pronounced
in DMSO than in T/W such that the supported catalyst
with the higher PW loading exhibits a much higher cat-
alytic activity in DMSO than in T/W (discounting the
‘noncatalytic’ contribution in DMSO). These results
may be due to differences in catalyst stability for the
two solvent systems.

The stability of the supported catalysts was studied
by recycling the solids recovered from reactions in either
T/W at 160°C or DMSO at 140°C, and by



2952 A. S. Dias et al. | Carbohydrate Research 341 (2006) 2946-2953

characterizing the used catalysts. After each catalytic
run the solids were separated by centrifugation, and
attempts were made to regenerate the catalysts by wash-
ing consecutively with MeOH, toluene and acetone, and
finally drying at 45 °C. In T/W, loss of catalytic activity
is mainly observed between the first and second runs,
and this effect seems to be independent of the PW load-
ing or the catalyst support (Fig. 5). This was also ob-
served at the lower temperature of 140 °C. Loss of
catalytic activity was accompanied by loss of furfural
yield. Washing the solids thoroughly with MeOH and
toluene did not have a visible effect since it was generally
observed that the initially white solids had turned light
brown, suggesting the presence of organic matter on
the catalyst surfaces. DSC analyses under air of the used
catalysts (after thorough washing and drying) showed a
broad exothermic band with an onset at ca. 250 °C that
was not exhibited by the fresh catalysts, and may there-
fore be attributed to the decomposition of included
organic matter. Hence, catalyst deactivation is at least
partly due to strong adsorption of products. When, for
example, the MP15CsPW catalyst was regenerated by
heating at 350 °C for 3 h to facilitate desorption of the
adsorbed products, the recovered solid regained a white
color and loss of activity in T/W decreased from ca. 35%
(for the solids recovered without thermal treatment) to
ca. 10%. After the third batch in T/W, the PW loading
was 78% of its original value ascertained by ICP-AES,
indicating that partial catalyst dissolution is another
cause of catalyst deactivation for these materials in
T/W. However, in DMSO, catalytic stability is much

80 -

60 -

40 -

Conversion (%)

20 4

SIS

Figure 5. Xylose conversion after 4 h reaction in the presence of the
MP/LPxCsPW (abbreviated MP/LPx) supported catalysts, in T/W at
160 °C or DMSO at 140 °C: run 1 (diamonds), run 2 (waves), run 3
(dots). For MP15/TW*, the recovered solid was calcined prior to reuse
in T/W at 160 °C.

higher, with practically no loss of activity observed for
the LP/MP15CsPW catalysts (Fig. 5).

4. Conclusions

Cs, H;_PW 5,049 (Cs,PW) compounds and cesium salts
of 12-tungstophosphoric acid (CsPW) immobilized in
medium-pore or large-pore micelle-templated silicas are
active catalysts for the cyclodehydration of xylose into
furfural, in either a toluene/water solvent system or in
DMSO. In T/W, the catalytic results are comparable to
those obtained using 0.05 M sulfuric acid (25% furfural
yield, at 160 °C). The initial catalytic activities decrease
in the order silica-supported CsPW > Cs, sPW >
Cs, oPW > HPW. Increasing the CsPW loading from 15
to 34 wt % or using a support with a larger pore diameter
nearly doubles furfural yields. A rise in the reaction tem-
perature from 140 to 160 °C practically triples furfural
yields. Further optimization of the reaction conditions
(the most recent furfural production processes focus on
temperatures in excess of 200 °C*) and adequate reactor
(the heart of the process) design may improve furfural
yields. DMSO seems to be a better solvent than the
T/W solvent system for xylose-to-furfural conversion
using the silica-supported CsPW catalysts, since it leads
to higher furfural yields and better catalyst stability.
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