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a b s t r a c t

We have prepared a series of well-characterized acid catalysts, including Zr–P, SiO2–Al2O3, WOX/ZrO2, c-
Al2O3, and HY zeolite and tested them for aqueous-phase dehydration of xylose. We have characterized
the concentration of both Brønsted and Lewis acid sites in these catalysts with TPD and FT-IR spectros-
copy using gas-phase NH3 and compared the catalytic activity and selectivity with that of homogeneous
catalysts for the dehydration of aqueous solutions of xylose. The catalyst selectivity is a function of the
Brønsted to Lewis acid site ratio for both the heterogeneous and homogeneous reactions. Lewis acid sites
decrease furfural selectivity by catalyzing a side reaction between xylose and furfural to form humins
(insoluble degradation products). At 20% xylose conversion, catalysts with high Brønsted to Lewis acid
ratios, such as Zr–P, exhibit furfural selectivities as much as 30 times higher than catalysts with higher
Lewis acid site concentrations. Dehydration reactions using ion-exchange polymer resins with high
Brønsted acid site concentrations showed similar selectivities to Zr–P and HCl. Using HY zeolite revealed
a low furfural selectivity due to strong irreversible adsorption of the furfural in the pores, causing an
increase in the rate of humin formation. Thus, to design more efficient aqueous-phase dehydration cat-
alysts, it is desirable to have a high ratio of Brønsted to Lewis acid sites. Furthermore, gas-phase charac-
terization of acid sites can be used to predict catalytic activity in the aqueous phase.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Biomass is a renewable feedstock that can be used for fuels and
chemicals production. The transformation of biomass to fuels pri-
marily calls for the decrease in the effective oxygen to carbon mo-
lar ratio. Dehydration is one of the key reactions that can be used to
remove oxygen from the biomass feedstocks [1]. Dehydration of
carbohydrates leads to the formation of furan compounds such
as furfural and HMF, which can serve as intermediates for produc-
tion of liquid alkanes and other furan-based chemicals [2–8].
Dehydration reactions have also been shown to play vital roles in
liquid-phase catalytic processing and aqueous-phase reforming
to produce jet and diesel fuel range alkanes from biomass-derived
oxygenated hydrocarbons [9–12].

Furfural is a product of the triple dehydration reaction of xylose.
Furfural can be used as a feedstock to make both gasoline, diesel, or
jet fuel [13,14]. We have recently developed an intrinsic kinetic
model for the dehydration of xylose in a biphasic reaction scheme
using a homogeneous catalyst (HCl) [15]. Fig. 1 depicts the overall
reaction scheme. Xylose first undergoes a triple dehydration reac-
ll rights reserved.
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tion to form furfural (Reaction 1). Furfural and xylose can then re-
act together to form undesired solid humins, which are highly
polymerized insoluble carbonaceous species (Reaction 2). Furfural
can also react with itself to form solid humins (Reaction 3). In a bi-
phasic regime, the furfural can be extracted into an organic solvent
(Reaction 4), and this step is governed by mass transfer. Reactions
1–3 are all first order with respect to their reactants. Reaction 2 is
the dominant reaction to form humins. The activation energy for
the dehydration reaction is higher (EA = 124 kJ mol�1) than the
activation energy for humin formation from Reaction 2
(EA = 72 kJ mol�1) or Reaction 3 (EA = 68 kJ mol�1).

At present, furfural is produced commercially using batch or
continuous reactors with a mineral acid (i.e., sulfuric acid) [16].
Many studies have reported on the dehydration of xylose to form
furfural with homogeneous acid catalysts [3,6,17,18]. Even though
promising results have been attained, it would be desirable to ob-
tain solid catalysts that exhibit activities and selectivities at least
comparable to homogeneous catalysts for aqueous-phase dehydra-
tion. Solid catalysts are advantageous due to their economic and
environmental viability. Industrially, they are preferred due to
the ease of postreaction catalyst separation. Valente and co-work-
ers have reported various studies on the design of solid acid cata-
lysts for the dehydration of xylose to produce furfural. Their work
spans over a broad range of catalytic materials including modified
mesoporous silicas [19–22], exfoliated transition metal oxides [23],

http://dx.doi.org/10.1016/j.jcat.2011.01.013
mailto:rweingarten@ecs.umass.edu
mailto:tompsett@ecs.umass.edu
mailto:tompsett@ecs.umass.edu
mailto:wconner@ecs.umass.edu
mailto:huber@ecs.umass.edu
mailto:huber@ecs.umass.edu
http://dx.doi.org/10.1016/j.jcat.2011.01.013
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


Furfural (aq)

Xylose (aq)

Decomposition Products / Humins
OHO

HO
OHOH

H2O

1

2

3

Furfural (org) O
O

4

Fig. 1. Xylose dehydration reaction scheme.
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sulfated metal oxides [24], and microporous silicoaluminophos-
phates [25].

Large-scale furfural production consists of treating agricultural
waste materials rich in pentosan polymers with sulfuric acid. This
resulting mixture is then treated with steam where the steam ex-
tracts the furfural from the solid biomass producing a dilute aque-
ous stream containing water and furfural [16]. The ability to
efficiently execute the dehydration step with solid catalysts in a bi-
phasic regime could be beneficial from both an economical and
ecological point of view. With that being said, there are still many
unanswered questions pertaining to the behavior of solid catalysts
in aqueous solutions. An area of particular focus is the interfacial
interactions between aqueous solutions and metal oxides. The me-
tal oxide–water interface is reactive due to a range of chemistries,
including acid–base, ligand exchange, and/or redox [26]. In gen-
eral, the exposure of solid oxides to water gives rise to electrical
charges on the solid surface. This is due to hydration effects that
can involve H+ and OH� ions from the bulk aqueous phase. Incom-
plete coordination of the exposed metal or oxide ions at the solid
surface is the cause of this phenomenon [27]. As a result, positive
and negative sites are present on the solid surface, and the excess
of one type of site determines the net charge. For aqueous solu-
tions, this is a function of the pH. The solution pH at which the
net charge on the surface is zero is known as the point of zero
charge (PZC). The surface has a net positive charge when the solu-
tion pH is below the PZC, and a net negative charge when the solu-
tion pH is above the PZC [28]. Comprehensive studies on the PZC of
various metal oxides and hydroxides have been reported by Parks
and Kosmulski [29–34].

Contrary to biomass conversion, solid catalysts in the oil and
petrochemical industries are typically used in gas phase or in liquid
phase, where the reaction medium is usually non-polar.[1] Well-
established techniques have been developed to characterize
acid–base surface properties in the gas phase, such as adsorp-
tion–desorption, calorimetry, and IR spectroscopy [35]. On the cat-
alyst surface, Brønsted acid sites (proton donors) can be generated
from highly polarized hydroxyl groups. They can also form on
oxide-based catalysts via proton balance of a net negative charge
introduced by substituting cations with a lower valence charge
[36]. Alternatively, Lewis acid sites form from coordinatively
unsaturated cationic sites, which leave Mn+ exposed to interact
with guest molecules as an acceptor of an electron pair [1]. Expo-
sure of the catalyst to a polar solvent such as water can potentially
alter the intrinsic nature of the acid surface due to solvation effects.
For instance, the hydroxyl ion from the water molecule (Lewis
base) can react with a Lewis site (Mn+) on the surface to generate
Brønsted sites [35,37–39]. Others have reported that the primary
effect of water is displacement of strongly adsorbed basic probe
molecules from the acid sites [40,41]. Poisoning of the acid sites
by water may also occur depending on the surface hydrophilic-
ity/hydrophobicity of the catalyst [42]. Even so, the existence of Le-
wis acid sites in aqueous media has been recognized. Davis and co-
workers have shown that tin-containing zeolites are highly active
catalysts for the isomerization of glucose in water [43]. The mech-
anism consists of an intramolecular hydride shift catalyzed by tin
which behaves as a Lewis acid in water [44].

This reality in turn poses difficulties in determining the acidity
of solid acids in aqueous media. One approach is to determine the
number of Brønsted sites in water from the number of free protons
arising from cation exchange with a salt in aqueous solution at the
surface of the solid [45–49]. Aqueous-phase titration is a common
method used for quantification purposes. The concentration of acid
sites can also be estimated by poisoning of the active sites with a
base and measuring the catalytic activity versus poison concentra-
tion [35]. Shanks and co-workers have found that the conditions
under which aqueous-phase titrations are performed have to be
chosen carefully as they can have a significant effect on the mea-
sured values [50]. Other techniques for acid site characterization
have been reviewed by Tanabe [51].

The objective of this study is to examine the role of Lewis and
Brønsted sites of solid acid catalysts for the dehydration of carbo-
hydrates in aqueous media. Dehydration of xylose to produce fur-
fural was chosen as the model reaction. Our results will allow us to
deduce the optimal design of solid acid catalysts for this class of
reactions. We compare two common methods of characterizing
the acid content of the catalysts, including titration in the liquid
phase and temperature-programmed desorption in the gas phase.

2. Experimental

2.1. Catalyst preparation

The zirconium phosphate catalyst (Zr–P) was prepared follow-
ing procedures previously reported in the literature [52], which
consisted of precipitation of ZrCl2O�8H2O (Sigma Aldrich,
1 mol L�1, 70 mL) and NH4H2PO4 (Sigma Aldrich, 1 mol L�1,
140 mL) at a molar ratio of P/Zr = 2. The solution was stirred and
then filtered, washed with de-ionized (DI) water and dried over-
night at 373 K. The catalyst was calcined at 673 K for 4 h in air prior
to reaction. This Zr–P was confirmed to be amorphous by XRD. The
SiO2–Al2O3 catalyst (Sigma Aldrich grade 135, Si/Al = 5.0) was cal-
cined at 773 K for 16 h in air. HY catalyst (Zeolyst CBV 720, Si/
Al = 30) was calcined at 813 K for 16 h in air. Tungstated zirconia
catalyst (WOX/ZrO2, XZO 1251) with WO3 content 15 wt.% was
supplied by MEL Chemicals. This catalyst was calcined in air at
873 K for 4 h to remove water and organic contaminants. The c-
Al2O3 catalyst was obtained by calcining alumina boehmite CATA-
PAL B supplied by Sasol at 873 K for 4 h in air. The crystal structure
was confirmed by XRD. The Nafion SAC-13 (Sigma Aldrich) and
Amberlyst 70 (Rohm and Haas) were dried overnight at 383 K
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and crushed. The latter was sieved to a particle size of 6125 lm.
Hydrochloric acid was supplied by Fisher Scientific. Ytterbium
(III) trifluoromethanesulfonate hydrate, Yb(OTf)3, was supplied by
Strem Chemicals. The Brønsted and Lewis acid sites for each solid
catalyst are portrayed in Table 1.

2.2. Catalyst characterization

Total acid sites were determined by ammonia temperature-pro-
grammed desorption (NH3-TPD) [60] with a Quantachrome Chem-
BET PulsarTM TPR/TPD Automatic Chemisorption Analyzer coupled
with a Thermal Conductivity Detector (TCD) to quantify the ammo-
nia desorbed from the sample. A sample of 300 mg was initially de-
gassed at 773 K for 1 h under a constant helium flow of
60 mL min�1 (Airgas, UHP). The sample was cooled, and ammonia
(Airgas, electronic grade) was adsorbed at 373 K. After saturation,
the ammonia supply line was shut off, and helium was purged at
60 mL min�1 to remove any physically adsorbed ammonia. The
sample was then heated linearly at a rate of 10 K min�1 from 373
to 873 K (973 K for Zr–P) under a constant helium flow of
60 mL min�1. The sample was held at the temperature set point
for an additional 1 h.

The Brønsted to Lewis acid site ratio of the catalysts was deter-
mined by FT-IR spectroscopy with ammonia as a probe molecule
[61,62]. The spectra were recorded on a Bruker Equinox 55 spec-
trometer at a resolution of 4 cm�1 (averaging 50 scans). A Harrick
Scientific ‘‘Praying Mantis’’ Diffuse Reflectance Infrared cell
(DRIFTS) allowed for in situ recording of the spectra at ambient
Table 1
Illustration of the Brønsted and Lewis acid sites for each solid catalyst.

Catalysta Brønsted sites

Zr–P [53,54]

SiO2–Al2O3 [35,42]

HY

WOX/ZrO2 [55–57]

c-Al2O3 [37]

Nafion SAC-13 [58]

Amberlyst 70 [59]

a References to figures.
temperature and catalyst activation at higher temperatures. The
cell was equipped with a heater and connected to a gas flow sys-
tem. The temperature was monitored with a thermocouple placed
in direct contact with the sample. Powder samples (�20 mg) were
loaded into the DRIFTS cell for FT-IR spectroscopy studies. A spec-
trum of KBr (taken at ambient temperature before) was used as a
background reference. Before the surface characterization was per-
formed, the samples were activated by heating at 673 K for 2 h un-
der helium (Airgas, UHP) flow of 20 mL min�1, cooled down to
373 K, and saturated with ammonia (Airgas, anhydrous 99.99%)
for 20–30 min. The gas flow was then switched back to helium
(20 mL min�1) to remove physically adsorbed ammonia, and the
spectrum monitored until no change was observed (�30 min).
The samples were then heated in helium flow (20 mL min�1) to
various temperatures. The spectra were recorded at each tempera-
ture up to 873 K. All of the spectra were obtained by subtraction of
the corresponding background reference spectra. Data analysis and
peak fitting were carried out using GRAMS/AI� software (Thermo-
Scientific). The ion-exchange polymer resins were analyzed by FT-
IR spectroscopy according to a previously reported method with
pyridine as a probe molecule [63].

The BET surface areas and pore volumes were determined by
nitrogen adsorption at 77 K using a Quantachrome Autosorb�-1-C
automated gas sorption system. The samples were evacuated
before each experiment at 523 K for 24 h (423 K for ion-exchange
resins). As the BET method overestimates the surface area of micro-
porous material, an empirical estimation technique was used. This
consisted of subtracting the adsorbed volume of adsorbate in the
Lewis sites

N/A

N/A
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microporous region (typically P/Po < 10�4) from the remaining
adsorption points and recalculating the surface area by using the
BET method and obtaining the appropriate ‘‘C’’ constant.

Liquid adsorption experiments with aqueous solutions of xylose
and furfural were performed in accordance with the literature [41].
A known amount of catalyst (0.15 g) was mixed with 10 g of a 2 wt.%
solution of DI water and the adsorbate. The mixture was stirred for
19–22 h at room temperature to ensure that equilibrium was
reached, followed by filtration with a 0.2-lm syringe filter to re-
move the catalyst. Desorption studies were carried out by separating
the catalyst from the liquid phase with a centrifuge following the
adsorption procedure. DI water was then added to the retained cat-
alyst, and the mixture was stirred for additional 22 h at room tem-
perature to ensure that equilibrium was reached. The mixture was
finally filtered with a 0.2-lm syringe filter to remove the catalyst.
The amounts of adsorbate/desorbate present in the liquid phase
were determined with the analysis method stated below.

The catalytic acid sites in the aqueous phase were determined
by a titration method previously reported in the literature [64]. A
sodium hydroxide aqueous solution (0.01 mol L�1, 20 mL) was
mixed with a known amount of catalyst for 2 h at room tempera-
ture. The solution was then filtered with a 0.2-lm syringe filter
and titrated by a hydrochloric acid solution (0.1 mol L�1). The
equivalence point (EQP) was detected by using a Mettler-Toledo�
T50 auto-titrator. Phenolphthalein indicator was used as well for
qualitative purposes.

2.3. Catalyst activity

Reactions were carried out in the DiscoverTM System (CEM Cor-
poration) with an 80-mL batch reactor. Xylose dehydration reac-
tions consisted of an aqueous solution of 10 wt.% xylose (Acros
Organics) unless otherwise stated. Furfural decomposition reactions
consisted of 1.5 wt.% furfural (Acros Organics) unless otherwise sta-
ted. All of the aqueous solutions were prepared with DI water.
Throughout all of the experiments, the total number of acid sites
was held constant at 0.500 mmoles (determined by NH3-TPD) un-
less otherwise stated, and the amount of loaded reaction solution
was kept constant at 30 g. All solutions were mixed at a maximum
constant rate using a magnetic stir bar. Temperatures in the reactor
were measured by way of a fiber optic sensor. The reaction vessel
was pressurized due to the vapor pressure of the solution at the de-
fined reaction temperature. A dip tube was inserted into the reaction
media for sampling purposes. Samples were immediately quenched
with ice and filtered with a 0.2-lm syringe filter prior to analysis.

2.4. Analysis

Samples were analyzed by liquid chromatography with a Shi-
madzu� LC-20AT. Xylose was detected with a RI detector (RID-
10A), and products were detected with a UV–Vis detector (SPD-
20AV) at wavelengths of 210 and 254 nm. The column used was
a Biorad� Aminex HPX-87H sugar column. The mobile phase was
Table 2
Characterization of solid acid catalysts.

Catalyst Gas-phase characterization

BET surface area
(m2 g�1)

Micropore volume
(cm3 g�1)

Brønsted:Lewis
ratio

T
(m

Zr–P 168 0 27.00 1
SiO2–Al2O3 585 0 3.78 0
HY 303a 0.028 1.50 0
WOX/ZrO2 149 0 0.74 0
c-Al2O3 262 0 0.67 0

a Estimated using microporous subtraction method. BET ‘‘C’’ constant is 68.
0.005 M H2SO4 flowing at a rate of 0.6 mL/min. The column oven
was set to 30 �C. Total organic carbon (TOC) measurements were
performed with a Shimadzu� TOC-VCPH Analyzer. Calibrations
were performed with carbon standards supplied by SpectroPure.

3. Results

3.1. Characterization of solid acid catalysts

The solid acid catalysts were characterized both in the gaseous
and aqueous phase. The characterization data appear in Table 2 in
descending order of Brønsted to Lewis acid site ratio. Adsorption
experiments were performed with both xylose and furfural as
adsorbates at room temperature in the aqueous phase. Xylose
did not adsorb on any of the catalysts at room temperature. Furfu-
ral adsorption uptakes were found to be similar for all of the cata-
lysts with the exception of HY which had an uptake of up to seven
times the amount of the other catalysts on a per gram basis. This
result is higher than that reported by Tsapatsis and co-workers
for furfural adsorption on faujasite zeolite (Si/Al = 30) [41]. Addi-
tional desorption experiments with HY showed that only 27% of
the adsorbed furfural on the catalyst desorbed back into the aque-
ous phase.

The number of acid sites calculated from the aqueous-phase
titration was different than those calculated by ammonia-TPD.
The aqueous-phase method showed an increased number of acid
sites compared to the number of acid sites obtained with the gas-
eous sorption technique. This could be due to the adsorption of so-
dium hydroxide (titrant) on inactive sites as well as on the active
acid sites of the catalysts throughout the titration process [35].
Even so, the concentration of acid sites measured by aqueous-
phase titration increased with the ratio of Brønsted to Lewis acid
sites determined by ammonia FT-IR spectroscopy in the gas phase.

The acid concentrations obtained from the aqueous (titration)
and gaseous techniques (NH3-TPD) were not comparable to each
other. With the exception of c-Al2O3, the results obtained from
aqueous-phase titration are higher than those from the gas-phase
sorption technique. Several studies have been reported on titration
techniques, with some stating that aqueous-phase titration solely
quantifies Brønsted sites [51,64]. To validate these claims, we car-
ried out additional titration experiments at constant Brønsted sites
(according to NH3-TPD). Similarly, we also performed titrations
while keeping the total number of acid sites constant (according
to NH3-TPD). Arbitrary and inconsistent results on both attempts
raise doubts about the validity of this aqueous-phase characteriza-
tion technique (refer to Table S1). Similar conclusions have been
previously reported [38,39,51].

3.2. Xylose dehydration and furfural degradation

Xylose dehydration was studied with the different solid acid
catalysts in the aqueous phase at 160 �C with the total acid sites
held constant at 0.500 mmoles (according to NH3-TPD). Fig. 2
Aqueous-phase
characterization

Furfural adsorption

otal acid sites
mol g�1)

Brønsted sites
(mmol g�1)

Acid sites
(mmol g�1)

Uptake
(g g�1)

.413 1.362 4.250 0.07

.432 0.342 1.450 0.06

.520 0.312 1.047 0.30

.324 0.138 0.875 0.05

.428 0.171 0.124 0.04
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Fig. 2. Aqueous-phase xylose dehydration at 160 �C with different solid acid
catalysts. Total acid sites were kept constant at 0.500 mmoles (determined by NH3-
TPD). Feed was 10 wt.% xylose aqueous solution. Catalysts: HCl (j), Zr–P (d), SiO2–
Al2O3 (N), HY (�), WOX/ZrO2 ( ), and c-Al2O3 (H).
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depicts xylose conversion as a function of reaction time for the var-
ious catalysts. The catalytic activity was found not to be a function
of the total number of acid sites as measured by NH3-TPD.
However, the catalysts with the highest number of Lewis acid sites
were found to be the most active. On a per site basis, the catalytic
activity decreased as follows: c-Al2O3 �WOX/ZrO2 > SiO2–Al2O3 �
HY > Zr–P � HCl. Increasing the relative number of Brønsted to
Lewis acid sites decreased the catalytic activity.

The furfural selectivity as a function of conversion is shown in
Fig. 3. The furfural selectivity decreased as follows: Zr–
P � HCl� SiO2–Al2O3 > WOX/ZrO2 > HY > c-Al2O3. This follows the
opposite trend compared to catalyst activity. Thus, the catalysts
that are most active demonstrate the lowest selectivity for furfural
production. The Zr–P and HCl catalysts have significantly higher
furfural selectivities than the other four catalysts. The furfural
selectivity increases with xylose conversion for the other four cat-
alysts. These experiments show that the furfural selectivity is
dependent on the type of acid catalyst site.

Additional stability studies with Zr–P, SiO2–Al2O3, and WOX/
ZrO2 have shown that the catalysts retain their total acid concen-
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Fig. 3. Furfural selectivity as a function of xylose conversion for different solid acid
catalysts at 160 �C. Total acid sites were kept constant at 0.500 mmoles (deter-
mined by NH3-TPD). Feed was 10 wt.% xylose aqueous solution. Catalysts: HCl (j),
Zr–P (d), SiO2–Al2O3 (N), HY (�), WOX/ZrO2 ( ), and c-Al2O3 (H).
trations after exposure to water at 160 �C (refer to Table S2). This
was confirmed by NH3-TPD following filtration and recalcination
of the catalysts. Further testing was performed on Zr–P that con-
sisted of mixing Zr–P in DI water for 1.5 h at 160 �C, followed by
hot filtration to separate the catalyst. Xylose was then added to
the filtrate to produce an aqueous solution of 10 wt.% xylose. We
then proceeded to dehydrate the xylose in a blank experiment
(no additional catalyst). A comparable blank study was also carried
out for an aqueous solution of 10 wt.% xylose consisting of clean DI
water. Results from both experiments were practically identical,
indicating that the acid sites on Zr–P do not leach in aqueous med-
ia. This agrees with conclusions made by Li et al. who found Zr–P to
be stable in aqueous media at high temperatures (245 �C). They
found that for aqueous-phase hydrodeoxygenation of sorbitol no
deactivation occurred for Pt/Zr–P after 200 h time-on stream. ICP
studies confirmed that no leaching occurred [65].

Furfural itself can undergo degradation reactions to form hu-
mins [15]. Separate experiments were performed with furfural as
the feedstock (1.5 wt.%) to study the effect of the catalysts on fur-
fural degradation as shown in Fig. 4. Reactions took place at 160 �C
with total acid sites held constant at 0.500 mmoles (according to
NH3-TPD). In these experiments, furfural was converted into a
water insoluble humin phase that could not be detected by HPLC
analysis. The catalyst activity was determined by measuring the
residual amount of furfural in the aqueous phase. TOC measure-
ments were performed to predict the overall carbon balance, and
results showed that we can account for all of the carbon. Formic
acid was also detected as a minor by-product of this reaction. Wil-
liams and Dunlop suggested that the presence of formic acid is a
result of hydrolytic fission of the furfural aldehyde group [66,67].

Furfural degradation (disappearance) was found to be fairly
independent of the catalyst used, with the exception of HY which
had a significantly higher rate of furfural disappearance. This con-
curs with the HY adsorption/desorption data which showed a rel-
atively high uptake of furfural. Further reactions with furfural as
the feedstock and HY at various mixing rates confirmed that the
reaction with this catalyst was not limited by external mass trans-
fer. HY behaves differently from the other catalysts as it has a
microporous structure (see Table 2). This suggests that micropo-
rous materials of this nature are undesirable for aqueous-phase
dehydration reactions of xylose because they demonstrate higher
rates of furfural disappearance. These experiments show that the
furfural degradation is a function of the amount of acid sites on
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Fig. 4. Furfural degradation (disappearance) with different acid catalysts at 160 �C.
Total acid sites were kept constant at 0.500 mmoles (determined by NH3-TPD). Feed
was 1.5 wt.% furfural aqueous solution. Catalysts: HCl (j), Zr–P (d), SiO2–Al2O3 (N),
HY (�), WOX/ZrO2 ( ), and c-Al2O3 (H).
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the catalyst surface. Humins can also form from reactions between
xylose and furfural, which we have previously shown to be the
dominant pathway for humin formation for the aqueous-phase
dehydration of xylose with HCl [15].
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Fig. 6. Effect of Brønsted to Lewis acid ratio on furfural selectivity from xylose in a
homogeneous regime at 160 �C. Total acid sites were kept constant at 0.500 mmo-
les. Feed was 10 wt.% xylose aqueous solution. Brønsted:Lewis ratio = 1:0 (j), 1:1
(d), and 0:1 (N).

Table 3
Results from dehydration reactions with homogeneous acid catalysts at 88 �C. Feeds
were 3 wt.% xylose, 2 wt.% furfural, or a mixture of the both (1:1 M ratio). Total acid
sites were kept constant at 0.750 mmoles. Reaction time was 90 min.

Catalyst Feedstock Xylose
conversion
(%)

Furfural
conversion
(%)

Furfural
yield
(%)

Humins
yield
(%)

HCl Xylose 5.7 – 0.4 5.3
Furfural – 11.4 – 10.4
Xylose + furfural 4.9 6.6 – 5.3

Yb(OTf)3 Xylose 28.5 – 0.5 27.5
Furfural – 7.4 – 7.4
Xylose + furfural 27.1 13.9 – 17.4
3.3. Dehydration reactions with homogeneous Brønsted and Lewis
acids

Water-soluble Brønsted and Lewis acids were used for xylose
dehydration reactions in the aqueous phase. Hydrochloric acid
and ytterbium (III) trifluoromethanesulfonate hydrate, Yb(OTf)3,
were used, respectively. The latter is considered a stable water-sol-
uble Lewis acid [42,68]. Reactions were performed at varying
Brønsted to Lewis ratios by combining the two acids accordingly,
while holding the total amount of acid constant at 0.500 mmoles.
Fig. 5 shows the conversion of xylose for the different ratios of cat-
alysts. The pure Yb(OTf)3 catalyst had the highest activity for xy-
lose disappearance, while the pure HCl showed the lowest
activity. A mixture of Yb(OTf)3 and HCl had a moderate catalyst
activity. This result indicates that the Lewis acid sites have a higher
catalytic activity toward xylose disappearance compared to the
Brønsted acid sites, which is consistent with the results from the
heterogeneous catalysts.

The furfural selectivity as a function of conversion is shown in
Fig. 6. HCl has a significantly higher furfural selectivity compared
to Yb(OTf)3. This signifies that the nature of the acid site can signif-
icantly affect the furfural selectivity, with Brønsted acid sites being
more selective toward furfural production than Lewis acid sites.
Again, these results are consistent with those of the heterogeneous
catalysts.

Additional studies were performed at lower temperatures using
a feedstock comprised of a mixture of xylose and furfural. Reac-
tions were carried out with HCl and Yb(OTf)3 separately. A 1:1 M
ratio of xylose and furfural was used with the total number of acid
sites held constant at 0.750 mmoles. The results appear in Table 3.

The results obtained with HCl coincide with the reaction
scheme in Fig. 1. Reaction 1 (xylose dehydration) did not occur at
the low reaction temperature due to its relatively high activation
energy compared to Reactions 2 and 3. The latter reactions were
suppressed as a result of the negligible amounts of furfural present.
This is confirmed by the negligible xylose conversion and furfural
yield. A similar outcome was attained with a feedstock composed
of xylose and furfural.
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Fig. 5. Effect of Brønsted to Lewis acid ratio on xylose conversion in a homogeneous
regime at 160 �C. Total acid sites were kept constant at 0.500 mmoles. Feed was
10 wt.% xylose aqueous solution. Brønsted: Lewis ratio = 1:0 (j), 1:1 (d), and 0:1
(N).
Reactions with the homogeneous Lewis acid catalyst Yb(OTf)3

resulted in relatively high xylose conversions and humins yields.
The low reaction temperature and negligible furfural yield reduce
the likelihood that this was due to xylose dehydration to produce
furfural (Reaction 1). Rather, this was due to a new reaction path-
way with xylose reacting with itself to produce humins.

3.4. Furfural production with ion resin catalysts

Xylose dehydration reactions were performed with acidic ion-
exchange polymer resins to show the significance of Brønsted acid
sites on furfural selectivity. Resins such as Nafion and Amberlyst
have been shown to be effective catalysts for a wide range of
acid-catalyzed reactions [58,69]. Dumesic and co-workers used
Nafion SAC-13 and Amberlyst 70 in part to produce liquid hydro-
carbon transportation fuels. The catalysts were found to be partic-
ularly active for the dehydration of 5-nonanol to form nonenes
with subsequent oligomerization to form C9-derived alkenes [70].
This is primarily due to their relatively high concentrations of
Brønsted acid sites. The characterization data for the ion resins ap-
pear in Table 4.

Xylose conversion was measured as a function of time for Naf-
ion SAC-13, Amberlyst 70, Zr–P, and HCl as shown in Fig. 7. The cat-
alytic activity of Zr–P was found to be the highest compared to the
ion resins and HCl. This coincides with our previous results that
found catalyst activity to increase with the concentration of Lewis
acid sites. The ion resins and HCl contain only Brønsted acid sites,
whereas Zr–P contains Lewis sites as well. Nafion SAC-13 showed
lower xylose conversions than Amberlyst 70 and HCl. We believe



Table 4
Characterization of acidic ion-exchange polymer resins.

Catalyst Gas-phase characterization Aqueous-phase
characterization

Furfural
adsorption

BET surface area
(m2 g�1)

Micropore volume
(cm3 g�1)

Brønsted: Lewis
ratio

Total acid sites
(mmol g�1)

Brønsted sites
(mmol g�1)

Acid sites
(mmol g�1)

Uptake
(g g�1)

Nafion
SAC-13

231 0 1b 0.140a 0.140 0.881 0.10

Amberlyst
70

0.32 0 1 2.860a 2.860 3.176 0.13

a Data provided by manufacturer.
b FT-IR analysis detected weak Lewis acid sites originating from the silica matrix [60]. These sites were inactive in xylose dehydration.
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Fig. 7. Xylose conversion as a function of time for different solid acid catalysts at
160 �C. Total acid sites were kept constant at 0.150 mmoles (data determined by
NH3-TPD or taken from manufacturer). Feed was 3 wt.% xylose aqueous solution.
Catalysts: HCl (j), Zr–P (d), Amberlyst 70 (N), and Nafion SAC-13 (�).
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that this is due to mass transfer limitations in the reactor due to
inadequate mixing of the catalyst.

Fig. 8 compares the furfural selectivities as a function of xylose
conversion for Nafion SAC-13, Amberlyst 70, Zr–P, and HCl. The re-
sults were found to be comparable for all of the catalysts.
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Fig. 8. Furfural selectivity as a function of xylose conversion for different solid acid
catalysts at 160 �C. Total acid sites were kept constant at 0.150 mmoles (data
determined by NH3-TPD or taken from manufacturer). Feed was 3 wt.% xylose
aqueous solution. Catalysts: HCl (j), Zr–P (d), Amberlyst 70 (N), and Nafion SAC-13
(�).
4. Discussion

The reaction chemistry for furfural production is comprised of
three key reactions and a phase equilibrium relationship (applica-
ble in a biphasic system). Xylose undergoes dehydration to lose
three water molecules and produce furfural (Reaction 1); xylose re-
acts with furfural to produce humins (Reaction 2), and furfural
undergoes a mono-degradation reaction to produce humins (Reac-
tion 3). We have demonstrated here that Lewis and Brønsted sites
share different functions as related to our proposed reaction
scheme for xylose dehydration. Our studies show that both types
of acid sites catalyze the dehydration of xylose to produce furfural
(Reaction 1). Similarly, furfural decomposes on both Brønsted and
Lewis sites to form humins (Reaction 3). Reaction 2, on the other
hand, is predominantly catalyzed by Lewis sites. Consequently, a
higher rate of xylose disappearance and lower furfural selectivity
are observed for catalysts with increased Lewis sites. We have also
showed that Lewis sites catalyze xylose mono-decomposition at
lower temperatures. This reaction pathway could potentially be
significant at higher temperatures as well.

Similar conclusions have been deduced by Song-Hai et al. in
their study of acrolein production by gas-phase dehydration of
glycerol with solid acid catalysts [71]. They found Brønsted acid
sites to be advantageous over Lewis acid sites in selectively pro-
ducing acrolein. They did not attempt to explain the cause of the
undesired degradation reactions leading to lower acrolein selectiv-
ity. Likewise, in their study of furfural formation by acid hydrolysis
of rice-hulls, Islam et al. found the addition of metal chlorides (Le-
wis acids) to have a negative effect on the furfural yield [72]. In re-
gard to furfural, it has been suggested that the formation of black
resinous products, i.e., humins, is a result of the furfural furan ring
as well as the aldehyde group participating in polymerization reac-
tions [73]. Accordingly, given the favorable conditions, Lewis acids
can form stable adducts with furfural, which can possibly lead to
the further formation of highly complex structures.

Initial reaction rates were deduced from the experimental plots
of concentrations versus time using OriginPro� 7.5 software. The rel-
ative reaction rates for humin formation by furfural degradation
(Reaction 3) and humin formation by reaction of furfural with xylose
(Reaction 2) are shown in Table 5. For this purpose, humins were
considered all non-detectable soluble and insoluble compounds.
These reaction rates are reported in reference to Reaction 1, which
is furfural production. The relative rate of Reaction 2 increases with
the concentration of Lewis acid sites. The relative rate of Reaction 3 is
similar for all catalysts except for the HY and WOX/ZrO2. The high
relative rate of Reaction 3 observed for HY, as depicted in Table 5,
confirms that induced degradation reactions occur due to the irre-
versible adsorption of furfural in the catalyst pores. This concurs
with previous conclusions made by Lourvanij et al. in their studies
of glucose dehydration to oxygenated hydrocarbons with micropo-
rous materials [74–76]. They claim that microporous catalysts such
as HY zeolite induce molecular sieving reactions within the pores to



Table 5
Relative reaction rates calculated in accordance with xylose dehydration scheme.

Catalyst Fraction of Brønsted
acid sites

Relative rates

Rate2/Rate1 Rate3/Rate1

HCl 1.00 7.52 39.02
Zr–P 0.96 3.73 46.94
SiO2–Al2O3 0.79 20.42 54.12
HY 0.60 54.05 140.56
WOX/ZrO2 0.43 25.26 5.71
c-Al2O3 0.40 167.93 20.84
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Fig. 9. Furfural selectivity as a function of the fraction of Brønsted acid sites at 20%
xylose conversion and 160 �C. Total acid sites were kept constant at 0.500 mmoles.
Feed was 10 wt.% xylose aqueous solution.
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promote the formation of coke. In comparison, they showed that a
considerable less amount of decomposition reactions occurred with
mesoporous MCM catalysts.

Fig. 9 shows the furfural selectivity as a function of the fraction
of Brønsted acid sites for the heterogeneous and homogeneous cat-
alysts tested in this paper. These results clearly show that the fur-
fural selectivity is a function of the Brønsted to Lewis acid site ratio
as measured by the gas-phase characterization. Thus, solid acid
catalysts with high Brønsted to Lewis acid site ratios are necessary
in order to obtain high furfural selectivities. A low concentration of
Lewis acid sites minimizes the undesirable formation of humins via
Reaction 2. Furthermore, dehydration reactions with acidic ion-ex-
change polymer resins show comparable furfural selectivities with
Zr–P and HCl. Similarly, Dias et al. showed that furfural can be pro-
duced from xylose at high selectivities (70%) and conversions (90%)
with Amberlyst 15 [19]. These results confirm that furfural selec-
tivity is a direct function of the Brønsted acid sites concentration
and not necessarily the nature of the acid sites.

It is notable to mention that all reactions in this paper were car-
ried out by way of microwave heating. We performed some preli-
minary experiments on xylose dehydration to compare microwave
heating with conventional heating with a heterogeneous catalyst.
When HCl was used as a catalyst, no difference in the rate of xylose
conversion or furfural selectivity was observed with microwave
and conventional heating [15]. However, when Zr–P was used as
a catalyst, the rate of xylose conversion with microwave heating
was between 1.92 and 3.32 times that of conventional heating
depending on reaction time (refer to Fig. S1). Conventional reac-
tions took place in a Parr reactor, and identical heating rates were
employed for all reactions in this comparison. The furfural selectiv-
ity was slightly higher for microwave heating than conventional
heating with the Zr–P catalyst (refer to Fig. S2). Our current find-
ings agree with those reported by Qi et al. who showed enhanced
production of 5-hydroxymethylfurfural (HMF) from fructose and
glucose due to microwave irradiation [77,78]. Accordingly, it has
been emphasized that microwave absorption at the solid interface
can advantageously influence the overall reaction kinetics [79].
Further studies are necessary to fully understand the enhanced
microwave effects reported for systems with heterogeneous
catalysts.
5. Conclusions

We have prepared a series of well-characterized acid catalysts
and tested them for aqueous-phase dehydration of xylose to furfu-
ral. We have determined the concentration of both Brønsted and
Lewis acid sites of these catalysts with gas-phase techniques and
compared the results with those obtained with a titration tech-
nique in the aqueous phase. For four out of the five catalysts tested,
the titration studies resulted in higher acid concentrations com-
pared to the gas-phase technique. These inconsistent results raise
questions about the reliability of the aqueous-phase characteriza-
tion techniques. Furthermore, the consistent data that we have ob-
tained from dehydration reactions in aqueous solutions with the
solid acid catalysts confirm that gas-phase characterization of acid
sites can be used to predict catalytic activity in the aqueous phase.

The catalytic activity of the various solid acid catalysts for xy-
lose dehydration in the aqueous phase is not a function of the total
number of acid sites as measured by NH3 adsorption or NaOH titra-
tion. On a per site basis, c-Al2O3 shows the highest activity,
whereas Zr–P and HCl demonstrate the lowest. Furfural selectivity
follows the opposite trend with Zr–P and HCl having considerably
higher furfural selectivities than the other four catalysts. This find-
ing confirms that furfural selectivity is dependent on the type of
acid catalyst site.

The function of Lewis and Brønsted acid sites has been estab-
lished in reference to the kinetic model that we developed for xy-
lose dehydration. Lewis and Brønsted sites are responsible for
catalyzing the dehydration reaction of xylose to form furfural
(Reaction 1), as well as the degradation of furfural to form humins
(Reaction 3). Lewis sites are principally accountable for the de-
crease in furfural selectivity due to the reaction between xylose
and furfural to form humins (Reaction 2). Lewis sites can also
potentially decrease the furfural selectivity by catalyzing the
mono-decomposition of xylose to form humic compounds.

Furfural selectivity increases with an increase in the Brønsted to
Lewis acid site ratio of the catalyst. This has been confirmed with
both heterogeneous and homogeneous acids. Catalysts with high
Brønsted to Lewis acid site ratios, such as Zr–P, show selectivities
as much as 30 times higher than catalysts with increased Lewis
acid sites at 20% xylose conversion. These results are comparable
with those obtained from dehydration reactions with acidic ion-
exchange polymer resins and HCl. Additionally, Zr–P shows viable
promise for dehydration reactions due to its catalytic stability in
the aqueous phase at high temperatures.

Catalyst pore confinement has an adverse effect on furfural
selectivity. Adsorption–desorption studies in the aqueous phase
and decomposition experiments with furfural in aqueous solutions
have confirmed that HY zeolite causes furfural to irreversibly ad-
sorb in the zeolite pores and polymerize to form humic substances.
Therefore, it can be concluded that microporous catalysts of this
nature are undesirable for xylose dehydration reactions due to
strong adsorption of the product in the catalyst pore which leads
to undesirable decomposition reactions.
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