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Conventional (per)sulfated bulk zirconia, mesoporous sulfated zirconia and (per)sulfated zirconia supported on an ordered

mesoporous silica, with or without aluminium incorporation, were examined as acid catalysts for the dehydrocyclisation of xylose

into furfural. Furfural yields of up to 50% could be achieved at >90% conversion with the modified zirconia catalysts, which is

better than that achievable with H2SO4 (using approximately the same equivalent amount of sulfur.)
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1. Introduction

Biomass, or plant matter, is a renewable energy
source that is one of the most important alternatives to
crude oil [1–3]. It is made up of four major components:
cellulose, hemicellulose, lignin and starch. Bio sugars
obtained from these components by hydrolysis are the
raw materials to make chemicals, consumer and indus-
trial products, and energy from biomass. The two pri-
mary sugars are glucose, a 6-carbon sugar made from
the cellulose portion of biomass, and xylose, a 5-carbon
sugar made from the hemicellulose portion. Glucose
may be processed into a wide variety of products
including ethanol, sorbitol, mannitol, gluconic acid and
5-hydroxymethylfurfural. Xylose derivatives include
ethanol, xylitol, furfural, furfuryl alcohol and furan.
Furfural is of high commercial interest because it can be
used for the production of a wide range of important
non-petroleum-derived chemicals [4–6]. It is produced
by the acid-catalysed dehydration of xylose. Presently,
several industrial processes for furfural production use
H2SO4 as the catalyst under homogeneous conditions.
Due to the hazardous properties of liquid acids such as
H2SO4 and the well known drawbacks of homogeneous
catalytic processes, there has been a great effort to
replace toxic liquid acid catalysts by more environ-
mentally friendly solid acid catalysts [7–9].

The most widely studied solid acids based on inor-
ganic oxides are zeolites and zeotypes, heteropolyacids,
metal phosphates and sulfated metal oxides [7–10].
Some of these materials have been studied as catalysts
for the transformation of carbohydrates. Moreau and
co-workers found that microporous zeolites such as

mordenites and faujasites catalyse the conversion of
saccharides into furan derivatives with high selectivity
(but only for conversions up to about 30%) [11]. Het-
erogeneous catalysts based on cubic zirconium pyro-
phosphates, c-titanium phosphate and vanadyl
phosphate exhibit good performances, in terms of
selectivity and activity, for the dehydration of fructose
to 5-hydroxymethylfurfural [12, 13]. Recently, we stud-
ied a series of composites comprising 12-tungstophos-
phoric acid, H3PW12O40 (PW), or cesium salts of PW,
immobilized in micelle-templated mesoporous silicas,
for the cyclodehydration of xylose in either toluene/
water or dimethyl sulfoxide [14, 15]. The best systems
exhibited furfural yields comparable with those obtained
with H2SO4 under similar reaction conditions. Even
better results, in terms of catalyst stability and recycla-
bility, were obtained using microporous and mesopor-
ous niobium silicates [16], and exfoliated titanate,
niobate and titanoniobate nanosheets [17].

There is only one report concerning the use of sul-
fated metal oxides as catalysts for the conversion of
xylose into furfural [18]. Furfural yields of about 60% at
ca. 90% conversion were achieved by using conventional
sulfated zirconia (SZ) or titania as solid acids and
supercritical carbon dioxide as an extracting solvent, at
180 �C and 200 atm. The great interest in SZ as a solid
acid catalyst arose due to its high catalytic activity and
selectivity for the isomerisation of n-butane at low
temperature [7, 10]. Various promoters have been found
to increase the stability and/or activity of SZ, including
Al, Mn, Fe, Ni and Pt [19–22]. Such promotional effects
probably come from the synergism between stabilisation
of the active tetragonal phase of zirconia, higher surface
areas, higher sulfate contents, and modification of the
surface acidity (e.g., an increase in the number of
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effective acid sites). Further improvements in catalytic
performance are possible by modifying zirconia with
persulfate rather than sulfate [23, 24].

Conventional SZ has a specific surface area usually in
the range 80–100 m2 g)1 and a lack of ordered meso-
porosity and textural homogeneity, making it suitable
for traditional vapour-phase reactions involving small
molecules but less amenable to liquid phase reactions.
However, mesoporous versions can be made using either
triblock copolymers or surfactants as structure-directing
agents [25–31]. Wang and Mou synthesized a mesopor-
ous SZ using Zr(O)nPr)4 as zirconium precursor,
ammonium sulfate as sulfur source and hexadecyl tri-
methyl ammonium bromide as template [30]. With the
addition of a proper amount of Al as promoter, the
catalytic behaviour for n-butane isomerisation at low
temperature was strongly promoted. Another method to
improve the textural properties and acid site distribution
of sulfated zirconias is to support SZ on an ordered
mesoporous silica [25, 32–39]. The loading of persulf-
ated alumina and zirconia into hexagonal mesoporous
silica (HMS) gave a robust and reusable catalyst (even in
the presence of HCl and H2O) for the dehydration of
2-propanol and alkylation reactions [37, 38].

In this paper, we report on the catalytic performance
of several modified zirconia materials for the dehydro-
cyclisation of xylose into furfural, using a biphasic liquid
system composed of water and toluene, at 160 �C. The
materials examined were conventional (per)sulfated
bulk zirconia, mesostructured sulfated bulk zirconia and
(per)sulfated zirconia supported on a mesoporous silica.
In addition to studying the effect of the sulfating agent
on the catalytic performance for the first and third
groups, the effect of Al incorporation was studied for all
three types of modified zirconia solid acids.

2. Experimental

2.1. Catalyst preparation

All starting materials were purchased from
commercial sources and used as received.

2.1.1. Synthesis of bulk zirconias
Aqueous ammonia was added dropwise to a solution

of ZrOCl2 Æ 8H2O (1.5 g, 4.7 mmol) in water (17 mL) for
the zirconia (denoted Z), and to a mixed solution of
ZrOCl2 Æ 8H2O (3.0 g, 9.3 mmol) and Al(NO3)3 Æ 9H2O
(0.069 g, 0.18 mmol) in water (15 mL) for the alumina
modified zirconia (as synthesized AZ), until the pH was
in the range of 9–10 [23]. After stirring overnight the
solids were filtered and washed with water until a neu-
tral filtrate and absence of chlorine ion was detected by
AgNO3 tests. The solids were oven-dried at 110 �C
for 24 h. For sulfation (S-treatment) and persulfation
(PS-treatment), the solids Z and AZ were immersed in
0.5 M (NH4)2SO4 and (NH4)2S2O8, respectively, for

30 mins and then filtered, dried at 110 �C for 24 h and
calcined at 650 �C in static air for 3 h resulting in SZ
and PSZ, respectively, from Z, and SAZ and PSAZ,
respectively, from AZ. The as-synthesized Z was cal-
cined at 550 �C in static air for 3 h to get pure ZrO2.

2.1.2. Synthesis of mesoporous sulfated zirconias
The mesoporous sulfated zirconia (MSZ) was pre-

pared by following the procedure originally described by
Ciesla et al. [29] and later modified by Wang and Mou
[30]. Hexadecyl trimethyl ammonium bromide
(C16TMABr, 2.50 g, 6.86 mmol) was dissolved in
deionized water (111 mL) and 37 wt.% HCl (18.8 mL).
A 70 wt.% solution of Zr(O-nPr)4 in 1-propanol
(5.7 mL, 12.7 mmol) was then added slowly with stir-
ring, resulting in the immediate precipitation of a
hydrolysis product. After the hydrolysis product had
dissolved (ca. 30 min), a solution of (NH4)2SO4 (1.69 g,
12.8 mmol) in water (22 mL) was added and the mixture
was stirred for 1 h at room temperature. The mixture
was then transferred to a Teflon-lined autoclave and
heated at 100 �C for 3 days. Calcination of the resultant
solid product at 650 �C in static air for 5 h gave the
sample designated as MSZ.

An alumina modified sample (MSAZ) was prepared
by incipient wetness impregnation on uncalcined MSZ
(1.0 g) with a solution of Al2(SO4)3 Æ 18H2O (0.20 g,
0.3 mmol) in deionized water (10 mL). After complete
addition, the solid was dried at 120 �C for 1 h and then
at 100 �C for 24 h. Calcination was carried out as
described above for MSZ.

2.1.3. Synthesis of supported zirconia and supported
alumina modified zirconia

A micelle-templated mesostructured silica was
synthesized from a gel with the molar composition
SiO2:0.29Na2O:0.50C16TMABr:150H2O, using sodium
silicate solution (8% Na2O, 27% SiO2) as the silica
source [40]. The gel was transferred to a 1 L PTFE
bottle and heated under static conditions at 80 �C for
136 h. Then, the solid was filtered, washed with hot
water, dried at 50 �C and calcined at 560 �C in static air
for 6 h. Powder XRD (2h/�, hkl in parentheses): 2.47
(100), 4.21 (110), 4.83 (200), 6.41 (210); a = 2d100� 3
= 41.34 Å.

ZrOCl2 Æ 8H2O (1.0 g, 3.1 mmol) (originating as-syn-
thesized Z-MCM-41), or ZrOCl2 Æ 8H2O (0.96 g,
3.0 mmol) and Al(NO3)3 Æ 9H2O (0.04 g, 0.1 mmol)
(originating as-synthesized AZ-MCM-41), were dis-
solved in water (10 mL) and added to the calcined
mesoporous silica (2.0 g) by the incipient wetness tech-
nique [37]. After complete addition, the solids were dried
at 120 �C for 1 h. The dried materials were hydrolysed
by a flux of ammonia gas for 3 h and then washed with
water to remove the chloride ions and dried for 2 h at
120 �C.
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The sulfation and persulfation of the as-synthesized
Z-MCM-41 and AZ-MCM-41 were carried out by
adding 0.5 M (NH4)2SO4 or (NH4)2S2O8 (6 mL),
respectively, to the solid material (1 g) by the incipient
wetness technique. After complete addition, the solids
were dried at either 120 �C for 1 h (for SZ-MCM-41 and
PSZ-MCM-41) or 110 �C for 24 h (for SAZ-MCM-41
and PSAZ-MCM-41). The final materials were obtained
by calcinations in static air at either 550 �C for 3 h (for
SZ-MCM-41 and PSZ-MCM-41) or 650 �C for 3 h (for
SAZ-MCM-41 and PSAZ-MCM-41).

2.2. Catalyst characterisation

ICP-AES measurements were carried out at the
Central Laboratory for Analysis, University of Aveiro
(by E. Soares). Microanalysis for S was carried out at
the University of Aveiro (M.F. Lucas). Nitrogen
adsorption measurements at )196 �C were carried out
gravimetrically with a CI electronic MK2-M5 micro-
balance and an Edwards Barocel pressure sensor.
Prior to measurement, the solids were out-gassed at
200 �C overnight to give a residual pressure of ca.
10)4 mbar. Powder X-ray diffraction (XRD) data were
collected at room temperature on a Philips X’pert
diffractometer with a curved graphite monochromator
(Cu-Ka radiation), in a Bragg-Brentano para-focusing
optics configuration. 29Si solid-state NMR spectra
were recorded at 79.49 MHz on a 9.4 T Bruker
Avance 400 spectrometer. 29Si MAS spectra were
recorded with 40� pulses, a spinning rate of 5.0 kHz
and 60 s recycle delays. 29Si CP MAS spectra were
recorded with 5.5 ls 1H 90� pulses, a contact time of
8 ms, a spinning rate of 5.0 kHz and 4 s recycle
delays. Chemical shifts are quoted in parts per million
from tetramethylsilane. 27Al solid state NMR spectra
were measured at either 104.26 MHz (for PSAZ) or
130.32 MHz (for MSAZ and PSAZ-MCM-41) with
Bruker Avance 400 (9.4 T) and 500 (11.7 T) spec-
trometers, respectively. The spectra were acquired
using a contact time of 0.6 ls, a recycle delay of 1 s,
and spinning rates between 9 and 14 kHz. Chemical
shifts are quoted in ppm from Al(H2O)6

3+.

2.3. Catalytic reactions

Batch catalytic experiments were performed under
nitrogen in a tubular glass micro-reactor equipped with
a valve for gas purging. In a typical procedure, D-xylose
(30 mg), powdered catalyst (20 mg), H2O (0.3 mL) and
toluene (0.7 mL) were poured into the reactor. The
reaction mixtures were stirred magnetically at 500 rpm
and heated with a thermostatically controlled oil bath. It
was found that the influence of the stirring rate on the
initial reaction rate becomes negligible over 500 rpm.
Zero time was taken to be the instant the micro-reactor
was immersed in the oil bath. For the recycling tests, the
solids were separated from the reaction solution after

4 h by centrifugation, washed with methanol, and
heated to 350 �C (2� min)1) prior to re-use.

The samples were analysed by HPLC in isocratic
mode. The products present in the aqueous phase were
analyzed using a Knauer K-1001 HPLC pump and a PL
Hi-Plex H 300 � 7.7 mm (i.d.) ion exchange column
(Polymer Laboratories Ltd., UK), coupled to a Knauer
2300 differential refractive index detector (for xylose)
and a Knauer 2600 UV detector (280 nm, for furfural).
The mobile phase was 0.01 M H2SO4. Analysis condi-
tions: flow rate 0.6 mL min)1, column temperature
65 �C. The furfural present in the organic phase was
quantified 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 con-
sisted of 30% v/v methanol in an aqueous solution with
10% methanol (flow rate 0.7 mL min)1). Authentic
samples of D-xylose and furfural were used as standards
and calibration curves were used for quantification.

3. Results and discussion

3.1. Characterisation

Three main types of zirconia-containing materials
were prepared by following published procedures or
modifications thereof: (i) Conventional sulfated and
persulfated bulk zirconia (SZ and PSZ, respectively); (ii)
MSZ; (iii) sulfated and persulfated zirconia supported
on an ordered mesoporous silica (SZ-MCM-41 and
PSZ-MCM-41, respectively). For all types the effect of
alumina doping is discussed. The incorporation of alu-
mina (denoted A in the sample abbreviations) for types
(i) and (iii) was carried out via the co-precipitation
method, while for the mesostructured sulfated zirconia
the impregnation method was used. For comparison,
pure zirconia, ZrO2, was prepared in a similar way to
that used for the type (i) samples.

The powder XRD patterns in the 2h range of 20–65�
for the type (i) and type (ii) zirconia catalysts showed
that pure zirconia is formed in the monoclinic phase but
after sulfation or persulfation the tetragonal phase is the
major form present, with a small amount of the mono-
clinic phase (figure 1). For all samples, when Al is
incorporated, the monoclinic phase tends to disappear
due to stabilisation of the tetragonal phase, in agree-
ment with literature results [20, 24, 30]. The powder
XRD pattern of the calcined micelle-templated silica
used to prepare the group (iii) materials was character-
istic of mesoporous MCM-41 and exhibited four
reflections in the 2h range of 2–8�, indexed for a hex-
agonal cell (see section 2.1.3). The d value of the (100)
reflection was 35.80 Å, giving a lattice constant of a =
41.34 Å. After supporting zirconia in the mesoporous
silica, the intensities of these reflections decreased sig-
nificantly (not shown). Although this could be due to a
disruption of the hexagonal long-range order, it is
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equally likely that there is a contrast matching effect
between the silica walls and the pore-filling material [37].
At angles above 10� 2h there was no evidence for the
formation of a crystalline zirconia phase. For all Al-
promoted catalysts, the characteristic peaks of Al2O3

were not observed, suggesting that the alumina was
homogeneously mixed with zirconia.

Table 1 presents the BET surface areas (SBET) and
elemental analysis data for all catalysts. The SBET of the
group (i) bulk zirconias are in the range of 85–91 m2 g)1,
in agreement with reported values for similar materials
[10, 20, 23, 24, 41]. The group (ii) zirconias exhibited
type IV N2 adsorption-desorption isotherms according
to the IUPAC classification (not shown), characteristic
of mesoporous solids (pore width between 2 and 50 nm)
[14]. SBET for the Al-promoted sample (MSAZ) was
nearly double that measured for the MSZ sample. For
both materials, the step corresponding to capillary
condensation appeared in the relative pressure range of
0.4–0.6, showing a relatively uniform mesopore size
distribution (PSD), which was narrower (as determined
by the BJH method involving analysis of the adsorption
branch) for MSAZ. The median pore widths were
4.2 nm for MSAZ and 5.0 nm for MSZ. The higher
SBET and narrower PSD for MSAZ are consistent with
previous findings which indicated that the addition of

alumina to mesoporous sulfated zirconias can stabilize
the mesostructure of the catalysts [30].

Pristine calcined MCM-41 also exhibited a type IV
isotherm, with a capillary condensation step between p/
p0 values of 0.21 and 0.35. The SBET of MCM-41 was
899 m2 g)1 and the total pore volume was 0.74 cm3 g)1.
The modified MCM-41 materials possessed lower spe-
cific surface area (359–426 m2 g)1) and total pore vol-
ume (0.19–0.23 cm3 g)1). Despite the reductions in
SBET, the values are far greater than those of bulk
(unsupported) zirconia. The PSD remained rather nar-
row after the post synthesis modifications and the
maximum decreased from 3.5 nm for pristine MCM-41
to 2.4–3.1 nm for the composite materials, in agreement
with literature data (figure 2) [32]. Taken together with
the XRD results, these findings indicate that the zirconia
was well dispersed on the surface of the mesoporous
silica support [33]. From the elemental analysis results
we can calculate that the zirconia content was about
0.03 g/100 m2 for all four supported MCMs, which is
likely to be well below the dispersion threshold of ZrO2

on MCM-41 [34–36]. For both the sulfated and per-
sulfated materials, the maxima of the PSD plots for the
Al-promoted samples are shifted by about 0.4 nm to
higher values relative to the maxima for the corre-
sponding Al-free samples. This may be related with the
fact that the sulfur contents for the Al-promoted sam-
ples are lower than those for the Al-free samples
(Table 1).

Figure 1. Powder XRD patterns of (a) ZrO2, (b) SZ, (c) PSZ, (d) SAZ,

(e) PSAZ, (f) MSZ and (g) MSAZ.

Table 1

BET specific surface areas (SBET) and elemental analysis data for the

modified zirconia materials

Sample SBET
(m2 g)1)

Zr Al S

(mmol g)1)

SZ 90 – – 0.37

PSZ 85 – – 0.33

SAZ 94 – 0.28 0.38

PSAZ 91 – 0.31 0.45

MSZ 75 – – 0.20

MSAZ 148 – 1.26 0.69

SZ-MCM-41 426 0.96 – 0.90

PSZ-MCM-41 382 0.93 – 1.20

SAZ-MCM-41 394 1.01 0.12 0.40

PSAZ-MCM-41 359 0.90 0.10 0.70

Figure 2. Pore size distributions of pristine calcined MCM-41 (–) and

the supported materials SZ-MCM-41 (s), SAZ-MCM-41 (+), PSZ-

MCM-41 (� ) and PSAZ-MCM-41 (D).
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In contrast to the results obtained for the group (iii)
materials comprising sulfated and persulfated zirconia
supported on MCM-41, the incorporation of alumina in
the group (i) bulk zirconias results in higher sulfur
contents (for PSAZ) and slightly higher specific surface
areas (Table 1), in agreement with published findings
[20, 24]. The highest observed sulfur content of
0.45 mmol g)1 for PSAZ corresponds to a sulfur con-
centration of 3.0 atoms nm)2 (assuming that all sulfate
groups are on the surface). This is slightly lower than the
maximum concentration of 3.2 atoms nm)2 for mono-
layer coverage, calculated assuming that each group
containing an atom of sulfur occupies 0.31 nm2 (based
on the kinetic diameter of a sulfate group [42]). Incor-
poration of alumina in the group (ii) MSZ also resulted
in a significantly higher final sulfur content (and higher
specific surface area, as mentioned above), giving a
sulfur concentration of 2.8 atoms nm)2, which is very
similar to that calculated for PSAZ. The corresponding
sulfur concentration for MSZ is 1.6 atoms nm)2.

The catalysts were also characterized by 27Al and 29Si
MAS NMR spectroscopy. Representative 27Al MAS
NMR spectra are shown in figure 3. The group (i) Al-
promoted sulfated and persulfated zirconias gave spec-
tra showing one sharp, strong peak at about 0 ppm,
typical of octahedrally coordinated aluminium, and a
much weaker, very broad signal centred around 30 ppm,
which may be tentatively assigned to Al in 5-fold coor-
dination [43]. A similar spectrum was obtained for the
Al-promoted mesoporous sulfated zirconia (MSAZ),
except that the broad 5-fold Al line peaking around
33 ppm was relatively more intense (figure 3). The
spectra for the group (iii) materials SAZ-MCM-41 and
PSAZ-MCM-41 showed only a sharp 6-fold Al line near
0 ppm, in agreement with literature results [33, 34]. No
peak at about 50 ppm, corresponding to tetrahedrally

coordinated Al, could be seen for either sample, indi-
cating that Al was unlikely to be incorporated in the
framework of the support. The 29Si MAS NMR spec-
trum of the pristine calcined MCM-41 support was
described previously [14]. Two broad overlapping peaks
at –101.4 and –109.4 ppm were assigned to Q3 and Q4

species of the silica framework, respectively, and a faint
peak at –92 ppm was assigned to a small amount of Q2

environments [Qn = Si(OSi)n(OH)4-n].The
29Si CP

MAS NMR spectrum showed a marked increase in the
intensities of the Q2 and Q3 signals over that for the Q4

peak, confirming that the Q2 and Q3 silicons are
attached to hydroxyl groups. After modification of this
material to produce the group (iii) catalysts, the 29Si
MAS NMR spectra were essentially unchanged, except
that the intensities of the Q2 and Q3 signals were reduced
(relative to that for the Q4 signal). This indicates that
some surface silanol groups were consumed during the
modification process, as has been reported previously
[44].

3.2. Catalysis

The cyclodehydration of xylose involves a series of
elementary steps in which the hydrogen ions transform
hydroxyl groups of the pentose into H2O

+ groups (the
prerequisite for the liberation of water), resulting in the
liberation of three water molecules per xylose molecule
converted into furfural [4, 11]. A plausible mechanism
for the xylose-to-furfural reaction consists of two 1,2-
eliminations and one 1,4-elimination of water [4]. In
general, loss of furfural is mainly due to condensation
reactions that take place between furfural and interme-
diates of the xylose-to-furfural conversion, yielding
products of higher molecular weight such as furfural
pentose and difurfural xylose [1] (Scheme 1).

Figure 3. 27Al MAS NMR spectra of (a) PSAZ, (b) MSAZ and

(c) PSAZ-MCM-41. Scheme 1.
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The cyclodehydration of xylose in the presence of the
zirconia-based solid acids described above was investi-
gated using a water-toluene solvent mixture, at 160 �C.
The applied reaction conditions were optimized to
minimize the non-catalytic, poorly selective, contribu-
tion over the catalytic one. Under these conditions, the
non-catalytic reaction at 30 min is negligible, and after
4 h gave 12% conversion and <1% furfural yield.
Throughout the discussion the results have not been
corrected for the non-catalytic contribution. The
biphasic solvent mixture was used to allow the simul-
taneous reaction of the polar reactant xylose (and
intermediates) in the aqueous phase and the continuous
extraction of furfural into the organic phase (where it
preferentially dissolves). It has been previously reported
for the dehydration of xylose and fructose into furfural
and 5-hydroxymethylfurfural, respectively, that under
aqueous-organic biphasic conditions higher yields of the
desired products are obtained than if only water is used
as solvent [40, 45].

The catalytic performance of pure (unmodified) zir-
conia is rather sluggish under the applied reaction con-
ditions, yielding 9% furfural at 48% conversion, after
4 h. All of the modified zirconias exhibited superior
catalytic activity and selectivity for furfural production,
under similar reaction conditions (50–96% xylose con-
version and 22–46% furfural yield, at 4 h). These results
indicate that although both monoclinic and tetragonal
phases are catalytically active for the conversion of
xylose, the (per)sulfation treatments have a beneficial
effect on the selectivity to furfural. According to the
literature, the thermodynamically favoured monoclinic
phase of ZrO2 is more basic than the metastable
tetragonal one and the presence of sulfate groups on the
zirconia surface enhances the fraction of the tetragonal
phase, inducing surface acidity and diminishing the
portion of basic sites [46, 47]. In the xylose conversion,
the basic character of the surface of pure (monoclinic)
ZrO2 is likely to favour undesirable aldol condensation
reactions or cleavage of the carbon chain of xylose,
whereas the acidity of modified (essentially tetragonal)
zirconia favours the cyclodehydration pathway to fur-
fural. When H2SO4 was used as the catalyst (with an
intermediate amount of S equivalent to that present in
the solid catalysts), the reaction was slower than that
observed for the modified zirconia catalysts, yielding
25% furfural after 4 h reaction.

The kinetic profiles of xylose conversion in the pres-
ence of the modified zirconia catalysts are shown in
figure 4. For the conventional sulfated and persulfated
bulk zirconias in group (i), the initial activities (calcu-
lated at 30 min) vary between 7.4 and 8.3 mmol
gcat

)1 h)1 (Table 2), and xylose conversion increases
with time, reaching values in the range of 88–95%
within 6 h reaction [figure 3(a)]. In contrast to results
for n-butane isomerization [23, 24], zirconia modified by
persulfate is not more active than zirconia modified by

sulfate. The characterisation results (sulfur content,
SBET and crystalline phases) do not show major differ-
ences for the group (i) materials, which may explain why
the catalytic performances are similar. For the group (ii)
MSZs, the initial catalytic activity of MSAZ is 1.7 times
higher than that for MSZ, and compared with the group
(i) catalysts xylose conversion is faster in the presence of
MSAZ and slower in the presence of MSZ. The SBET
values and sulfur contents for all of these modified bulk
zirconia catalysts are congruent with this trend,

Figure 4. Xylose conversion versus time (a,c) and furfural selectivity

versus conversion (b,d) in the presence of bulk [(a,b): SZ (*), PSZ (+),

SAZ (h), PSAZ (D), MSZ (}), MSAZ (–)] and supported [(c,d): SZ-

MCM-41 (*), PSZ-MCM-41 (+), SAZ-MCM-41 (h), PSAZ-MCM-41

(D)] modified zirconia catalysts, at 160 �C.

Table 2

Catalytic properties of the modified zirconia materials

Sample TOFa Conversionb(%) Selectivityb (%)

SZ 7.7 86 43

PSZ 7.4 80 48

SAZ 8.3 86 49

PSAZ 7.8 87 46

MSZ 5.9 60 45

MSAZ 9.9 95 39

SZ-MCM-41 8.9 94 43

PSZ-MCM-41 14.1 95 45

SAZ-MCM-41 5.3 50 45

PSAZ-MCM-41 7.5 84 49

a Turnover frequency (mmol gcat
)1 h)1) calculated at 30 min b Xylose

conversion and furfural selectivity after 4 h reaction.
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decreasing in the order MSAZ > group (i) materials >
MSZ (Table 1).

The group (iii) materials comprising (per)sulfated
zirconia supported on a mesoporous silica exhibited
different catalytic performances compared with those
observed for the bulk zirconia catalysts (figure 3(c),
Table 2). The reaction rate (initial activity,
mmol gcat

)1 h)1) increased in the order: SAZ-MCM-41
(5.3) < PSAZ-MCM-41 (7.5) < SZ-MCM-41 (8.9) <

PSZ-MCM-41 (14.1). Hence, for these materials,
using persulfate rather than sulfate as the sulfur source
has a beneficial effect on catalytic activity. In contrast to
the results for the group (ii) MSZs, the MCM compos-
ites promoted with Al are less active than the corre-
sponding samples without Al. Another difference
between these samples and the modified bulk zirconias
in groups (i) and (ii) is that the Al-promoted MCM
composites possess lower SBET and sulfur content than
the corresponding samples without Al (Zr content is
roughly the same for all four materials). For the group
(i) and group (ii) materials, initial activity increases with
SBET, whereas for the group (iii) materials the surface
area does not seem to be very important, at least at our
level of experimental variance.

A key observation for both the group (i) and group
(ii) bulk zirconias, and the group (iii) supported
materials, is that the initial catalytic activities (expres-

sed per gram of catalyst) tend to increase with the
sulfur content (figure 5). For groups (i) and (iii), TOF
expressed per mole of sulfur is roughly constant at 18–
22 and 10–13 mols

)1 h)1, respectively. Pârvulesco et al.
proposed that the sulfur content of SZ catalysts is one
of the main factors controlling the catalytic properties
for the conversion of hydrocarbons (with higher con-
tents leading to higher activities) [48]. The dehydration
of carbohydrates can take place over Brönsted and
Lewis acid sites [49]. The coexistence of Lewis and
Brönsted acid sites and their relative amounts have been
related to the sulfate content and to their topological
distribution [46, 50]. The strength of Lewis acid sites
(uncoordinated sites on the ZrO2 surface) is said to be
enhanced by the electron-withdrawing (inductive) effect
of the neighbouring sulfate groups [41, 51, 52]. Under
the xylose reaction conditions, water adsorbed on the
catalyst may convert strong Lewis acid sites into Brön-
sted sites [10, 53]. According to the literature, the acid
strength of bulk zirconias differs from that of supported
catalysts [25, 36], which may partly explain the differ-
ences in TOF (expressed per mole of S) for these
materials.

Furfural selectivity for the three groups of materials
tends to increase initially with xylose conversion,
reaching values in the range of 37–58% at ca. 85%
conversion [figure 4(b,d)]. The initial increase in

Figure 5. Initial catalytic activity of bulk (� ) and MCM-41-supported (h) zirconia catalysts as a function of the sulfur content.
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selectivity with conversion has been reported previously
for the xylose-to-furfural catalytic conversion in homo-
geneous and heterogeneous phase, and is most likely due
to mechanistic reasons (because, as mentioned above,
the reaction mechanism is complex, involving a series of
elementary steps [17, 54]). The effect of Al doping on
furfural selectivity is opposite to that observed for cat-
alytic activity. At conversions >85%, Al doping has a
beneficial effect on selectivity for the group (iii) sup-
ported catalysts, and a negative effect for the group (ii)
MSZs. Whereas the MCM-41-supported SAZ and
PSAZ catalysts gave a selectivity of about 51%, the
corresponding supported SZ and PSZ catalysts were
somewhat less selective (43–45%). On the other hand,
the mesostructured bulk zirconia MSZ gave the highest
selectivity (58%) and MSAZ the lowest (<36%). The
conventional group (i) bulk zirconias gave intermediate
values of selectivity (43–49%).

The catalyst stability was studied for all materials by
recycling the solids twice (see section 2.3 for details).
With the exception of SAZ-MCM-41 and PSAZ-MCM-
41, xylose conversions after 4 h decreased between the
first and third runs by factors ranging between 0.06 and
0.2. In the presence of SAZ-MCM-41, xylose conversion
at 4 h actually increased with recycling runs, while with
PSAZ-MCM-41 it remained constant (figure 6). Quite
high stability was reported for HMS-supported PSAZ
catalysts for reactions where HCl and water were
co-products [38, 55]. No leaching of either Zr or Al was
detected for the two MCM samples by ICP-AES. On the
other hand, elemental analysis of the recovered solids
showed that the sulfur content decreased by a factor of
5% for SAZ-MCM-41 and 28% for PSAZ-MCM-41.
Apart from these two materials, the next most stable

catalyst (in terms of conversions measured at 4 h) was
MSAZ, for which xylose conversion decreased from
95% in the first run to 90% in the third run (figure 6).
The sulfur content for this sample decreased 20%. For
comparison, xylose conversion in the presence of MSZ
decreased from 60% in the first run to 50% in the third
run, and the sulfur content decreased 39%. It has been
reported for common bulk SZ that a water washing
treatment removes water-soluble, labile sulfate groups
(which are recoverable by SO3 sulfation) and that the
remaining sulfate groups are possibly bound in a form
not permitting hydroxylation [46, 47].

In order to investigate the homo/heterogeneous nat-
ure of the reaction, an experiment was performed for the
SZ-MCM-41 sample without adding xylose, at 160 �C
for 4 h, after which the mixture was cooled to room
temperature and the solid was separated from the water-
toluene solvents by centrifugation. Subsequently, xylose
was added to this solvent mixture and left to react for
4 h at 160 �C. The S content of SZ-MCM-41 decreased
43% and xylose conversion (32%) was approximately a
third of that observed in the normal catalytic run with
SZ-MCM-41 (94%, Table 2). Considering that, as
mentioned above, 12% conversion is obtained when no
catalyst is added, it seems that the leached species do not
play a major role in the xylose conversion, under the
applied reaction conditions.

Figure 6 also shows the furfural yields obtained after
4 h for the fresh and reused MSZ, MSAZ, SAZ-MCM-
41 and PSAZ-MCM-41 catalysts. The furfural selectiv-
ity at 4 h for MSAZ and SAZ-MCM-41 was the same
for all three catalytic runs (40 and 45%, respectively),
and so the trends observed for the furfural yields mirror
those observed with xylose conversion. The selectivities
at 4 h for the other two catalysts MSZ and PSAZ-
MCM-41 [and also the group (i) materials, SZ-MCM-41
and PSZ-MCM-41] decreased mainly from the first to
the second run, with the result that the furfural yields
decreased from 27% to a roughly constant 20% for
MSZ, and from 41% to a roughly constant 34% for
PSAZ-MCM-41. The good catalytic stabilities of the
materials MSAZ, SAZ-MCM-41 and PSAZ-MCM-41,
in terms of furfural yield at 4 h for the recycled catalysts,
are probably due to a synergism between various fac-
tors, such as favourable textural properties (large sur-
face area and pore volume) and resistance to sulfur
leaching. Previous reports have indicated that the
incorporation of Al into sulfated zirconia catalysts
improves catalyst stability for n-butane isomerisation
[24, 25].

4. Conclusions

Several bulk and ordered mesoporous silica-sup-
ported zirconia catalysts were tested as catalysts for the
cyclodehydration of xylose into furfural, in a water-
toluene solvent mixture at 160 �C. All of the modified

Figure 6. Xylose conversion and furfural yields in recycling runs (first

run - white bars, second run - bricks, third run - dots) in the presence of

the group (ii) MSZs and the group (iii) supported samples SAZ-MCM-

41 (SAZs) and PSAZ-MCM-41 (PSAZs), at 160 �C.
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zirconias exhibited superior catalytic activity and selec-
tivity for furfural production than pure ZrO2, under
similar reaction conditions. Furfural yields of up to 50%
could be achieved at more than 90% conversion with the
mesostructured bulk and silica-supported zirconia cat-
alysts. The catalytic results are better than those
obtained with H2SO4 as catalyst, under similar reaction
conditions. Initial catalytic activity correlates fairly well
with the sulfur content and was highest for PSZ-MCM-
41 (14.1 mmol gcat

)1 h)1), which had a sulfur content of
1.2 mmol g)1. As observed for all the other composites,
no leaching of Zr from PSZ-MCM-41 took place during
the reaction, but sulfur leaching was the highest at about
50%, which compromises the reusability of the catalyst.
In this sense, of all the materials prepared here, SAZ-
MCM-41 seems to be the most attractive catalyst for
aqueous phase conversion of xylose, since it was the
most stable to sulfur leaching and exhibited increasing
activity and no significant loss of selectivity to furfural
in three recycling runs. For a better understanding of the
structure-activity relationships a more detailed charac-
terisation of the surface properties is needed, such as
monitoring the surface acidity under similar conditions
to those used for the reaction of xylose to elucidate the
nature of the active sites and their influence on the
reaction mechanism.
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