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Abstract

As part of ongoing efforts to investigate heterogeneous catalysts for biodiesel synthesis, the catalytic activity of the strong solid acid tungstated
zirconia (WZ) was studied for the esterification of acetic acid (in both the gas and liquid phase) and the transesterification of triacetin (a synthetic
triglyceride in the liquid phase) with methanol. Acetic acid and triacetin were used as model compounds for free fatty acids (FFAs) and triglyc-
erides, respectively. Complex mixtures of FFAs and triglycerides are typical biodiesel precursors found in unrefined vegetable oils, animal fats, and
waste greases. The effect of calcination temperature (400–900 ◦C) on the catalytic properties of WZ was investigated with the goal of determining
the optimum pretreatment temperature and increasing the understanding of the nature of the active sites for esterification and transesterification.
Catalyst characterization by powder X-ray diffraction, Raman spectroscopy, TGA, elemental analysis, and total BET surface area allowed us
to correlate the changes in catalyst physicochemical properties with calcination temperature. Ion-exchange/titration and NH3-TPD were used
to characterize the number and strength of the acid sites. Esterification and transesterification rates (on a catalyst weight basis) increased with
increasing surface WOx densities between 1.9 and 6.6 W-atoms nm−2 and then decreased for densities above 6.6 W-atoms nm−2. The growth of
WO3 crystalline species resulted in lower esterification and transesterification rates, consistent with a decrease in the number of active sites. For
the catalyst that exhibited the optimum catalytic activity (calcined at 800 ◦C), selective poisoning of the potential catalytic centers revealed that
Brønsted sites play the major role in carrying out these reactions.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Environmental and economic considerations have made the
production of renewable resource fuels highly advantageous.
Biodiesel has received particular attention because it can be
prepared from a variety of vegetable oils and animal fats and
is readily used in existing diesel engines. Biodiesel produc-
tion costs could be further improved if lower cost feedstocks,
such as used cooking oils and animal fats, could be easily con-
verted. These feedstocks often contain significant quantities of
free fatty acids (FFAs) and water, which make them unsuitable
for existing homogeneous alkaline-catalyzed processes. Neu-
tralization of FFAs can be carried out by the addition of excess
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alkali, but this leads to the formation of soaps and to post-
reaction separation problems. Thus, a preferred pretreatment
process for used cooking oils is an esterification process that
commonly uses a strong liquid acid catalyst, such as sulfuric
acid [1–5]. However, the use of this strong acid mandates the
use of costly corrosion-resistant materials and neutralization of
the reaction mixture after esterification before the subsequent
homogeneous base-catalyzed transesterification.

The use of solid acid catalysts offers many advantages over
existing homogeneous catalysts used in biodiesel synthesis [6].
For example, solid acid catalysts have the ability to simulta-
neously catalyze transesterification and esterification reactions.
Among strong solid acid catalysts, sulfated zirconia (SZ) and
Nafion resin catalysts have been shown to catalyze biodiesel
forming reactions as efficiently as sulfuric acid on a site activ-
ity basis [7,8]. Nevertheless, SZ is known to suffer significant
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deactivation during liquid-phase transesterification [7,9], possi-
bly due to sulfur leaching at even mild temperatures (60 ◦C).
Nafion resins (e.g., NafionSAC-13 and NafionNR50), on the
other hand, are effective in esterification and transesterification
reactions [7,8,10–12] and tend to maintain higher catalytic ac-
tivities, especially when the water byproduct is stripped off dur-
ing reaction [12]. However, to preserve resin stability, the tem-
perature of operation must be kept below 280 ◦C [8], and there
is evidence that larger reactant molecules lead to greater deacti-
vation, perhaps due to entanglement with the catalyst polymeric
chains [11].

Supported tungsten oxide catalysts have recently received
much attention because of their acid properties and their abil-
ity to catalyze both esterification and transesterification reac-
tions, which play major roles in biodiesel production [7,13–15].
Furuta et al. [13] reported that soybean oil can be efficiently
converted to methyl esters at a reaction temperature of 250 ◦C
using tungstated zirconia alumina (WZA) calcined at 800 ◦C.
The addition of Al2O3 further stabilizes the tetragonal phase
of the ZrO2 support and also prevents the growth of WO3
particles [16]. WZA is also suitable for the esterification of
n-octanoic acid, showing promise for application in biodiesel
synthesis from lower-quality feedstocks. Another study that in-
vestigated the esterification of palmitic acid with methanol on
WZ found correlations among the conversion of palmitic acid,
the acidity of WZ (as measured by NH3-TPD), and the percent-
age of tetragonal phase of the ZrO2 support [14]. More recently,
we have reported, based on turnover frequency (TOF) results,
that WZ has a site activity comparable to H2SO4 for catalyz-
ing biodiesel-forming transesterification reactions [7]. Another
advantage of WZ is that catalyst deactivation appears to be
not rapid for transesterification of triglycerides with methanol
[7,13].

Earlier studies have used this strong acid catalyst for a va-
riety of reactions, including alkane isomerization [17–21] and
alcohol dehydration [22,23]. More fundamental studies of WZ
have also examined how the nature of the active sites influ-
ences the observed catalytic activity of the material [24–35].
Hino and Arata [17,18] first reported the formation of so-called
“superacid” sites (H0 = −14.52) on WZ (13 wt% W) for iso-
merization of butane and pentane, as well as Friedel–Craft acy-
lations as a function of preparation conditions and calcination
temperatures. These authors found that heating a combination
of tungsten species and zirconium oxide to temperatures that
would create a tetragonal zirconia phase led to the formation
of catalysts with higher activity. Since then, many investiga-
tions have attempted to characterize the active sites formed on
WZ catalysts [24–35]. Iglesia and coworkers have extensively
studied the structural changes of WZ with calcination and tung-
sten loading [20,22,23,31,33,36]. These authors showed that
turnover rates (for xylene isomerization and alcohol dehydra-
tion) were solely a function of the tungsten surface density,
which changes with tungsten loading and calcination temper-
ature. Despite the great amount of literature dealing with WZ
surface catalytic properties, agreement on what constitutes the
most active sites has not yet been reached. However, it has
been observed that the formation of surface polymeric tung-
sten species correlates well with increases in WZ catalyst activ-
ity [31].

The transesterification of triglycerides using acid catalysts
has been little studied. A major objective of the present study
was to increase the understanding of the catalytic activity of
strong solid acids (WZ) for biodiesel-forming type reactions.
Esterification of acetic acid (gas and liquid phase) and trans-
esterification of triacetin (liquid phase) with methanol were
used as probe reactions. Triacetin is a synthetic triglyceride-
like molecule that has the shortest possible alkyl chain length
(a single –CH3 moiety on each branch). Of particular interest
was the effect of calcination temperature on WZ catalytic ac-
tivity for the transesterification of triglycerides, because, to the
best of our knowledge, no previous publication has addressed
this issue.

2. Experimental

2.1. Materials

Triacetin (99.5 wt%), methanol (99.9 wt%), acetic acid
(99.7 wt%), methyl acetate (99 wt%), an acetin mixture
(45 wt% diacetin, 26 wt% monoacetin, 25 wt% triacetin, and
4 wt% glycerol), pyridine (99.9%), and di-tert-butyl-pyridine
(97%) were purchased from Sigma–Aldrich and used as re-
ceived. For GC analysis, ethanol (99.5 wt%; Acros Organics)
was used as a solvent and toluene (99.8 wt%; Fisher Scien-
tific) was used as the internal standard. Amorphous tungstated
zirconia hydroxide precursor, XZO1251 (16 wt% WO3), was
provided by Magnesium Electron, Inc. (MEI, Manchester, UK).
To activate the catalyst, WZ precursor samples were dehydrated
at 120 ◦C for 1 h and then pretreated for 3 h under an air (zero
grade) atmosphere in a furnace at calcination temperatures be-
tween 400 and 900 ◦C.

2.2. Catalyst characterization

Elemental analysis for tungsten was performed using induc-
tively coupled plasma emission spectroscopy (Galbraith Labo-
ratory, Knoxville, TN). Catalyst samples were calcined at 700,
800, or 900 ◦C before shipping to the external laboratory for
elemental analysis. Catalyst total surface area (SBET) was deter-
mined using a multipoint BET method. Before SBET analysis,
the catalyst samples were degassed at 200 ◦C and 10−3 Torr
for 3 h. Adsorption measurements were carried out using UHP
N2 at –196 ◦C in a Micromeritics ASAP 2020 device. Catalyst
thermal stability and degradation behavior were determined by
thermogravimetric analysis using a Perkin–Elmer Pyris 1 TGA.
Sample weight changes were recorded as an amorphous WZ
precursor sample (8 mg) was heated at a rate of 20 ◦C/min from
room temperature to 1000 ◦C under an atmosphere of air (zero
grade), similar to the catalyst calcination conditions. NH3-TPD
was used to determine the acid site concentration and strength
distribution of the WZ samples, as described previously [7].
The number of acid sites was also estimated by using a method
involving an aqueous ion-exchange step of the catalyst H+
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ions with Na+ ions, followed by titration of the resulting so-
lution [8]. Monochromatic powder X-ray diffractograms were
recorded in the 20◦–70◦ 2θ range using an XDS 2000 instru-
ment (Scintag Inc.). The diffractometer used CuKα radiation
with a wavelength of λ = 1.54 Å. The Raman spectra of the cal-
cined WZ samples were obtained at room temperature in an air
atmosphere. Raman measurements were carried out in a Ren-
ishaw Raman microspectrometer 100 equipped with a 26-mW
near-infrared diode laser source (λ = 785 nm). The spectral
range 0–3000 cm−1 was studied. The instrument was calibrated
using a standard silica reference (520 cm−1). GRAMS/32 soft-
ware (Galactic Inc., Salem, NH) was used to analyze all spectra.

2.3. Reaction studies

2.3.1. Gas-phase esterification
Gas-phase esterification reactions were carried out in a flow

differential stainless steel reactor (ID = 0.7 cm) at 120 ◦C, op-
erated close to atmospheric pressure. Before the reaction, the
catalyst was mixed with an inert solid (0.02 g WZ/0.28 g α-
Al2O3) and pretreated in situ at 315 ◦C under a moisture-free air
flow for 2 h. The reaction system was then cooled to the desired
reaction temperature (120 ◦C) in flowing helium, and a mixed
gas stream (120 cc/min) of acetic acid (HAc) and methanol
vapor in helium from gas saturators was introduced into the re-
actor (concentration of HAc and methanol of 0.40 mmol/L).
An equimolar ratio of 1:1 (HAc: methanol) was used, because
preliminary results showed that methanol exhibited a negative
reaction order under these experimental conditions. The con-
centrations of reactants at the reactor entrance and in the efflu-
ent stream were analyzed using a Varian CP-3380 GC equipped
with an FID detector. A Varian CPWAX 52CB fused silica cap-
illary column (60 m × 0.53 mm × 1 µm) was used for analyte
separation. The injector and detector temperatures were set to
250 and 280 ◦C, respectively. For analyte separation, the GC
oven temperature was held at 40 ◦C for 4 min; ramped at a rate
of 5 ◦C/min to 50 ◦C, where it was held constant for 1 min; and
finally ramped at 25 ◦C/min to 180 ◦C and held constant for
3.8 min. Initial reaction rates were determined at 5 min time on
stream (TOS).

2.3.2. Liquid-phase esterification and transesterification
Initial liquid-phase reaction rates were investigated using an

isothermal, well-mixed batch (1790 rpm) Parr reactor (model
4590). For transesterification, the reagent solution was poured
into a 100-ml stainless steel reactor vessel. Then the reactants
were heated to the desired temperature, and the solid catalyst
(1 g ≡ 2 wt%) was added shortly after the reactor tempera-
ture reached the desired value. An analogous procedure was
used for liquid-phase esterification reactions; although, to pre-
vent the accumulation of water during reaction startup (due
to autocatalysis) [37], acetic acid and 1 g (2 wt%) of catalyst
were heated to 60 ◦C before methanol was added to the mix-
ture. For both esterification and transesterification experiments,
49 g of the reagent solutions were used, and the reaction mix-
tures contained 100% excess of methanol (2× stoichiometry) as
is typical for biodiesel synthesis (to shift equilibrium to the de-
Fig. 1. Thermogravimetric analysis of uncalcined WZ precursor under an air
atmosphere.

sired ester products). Sample aliquots (0.1 ml) were withdrawn
periodically from the reactor, quenched to room temperature,
and centrifuged in order to separate out the solid catalyst and
prevent further reaction. Reaction sample concentrations were
determined using an HP 6890 GC equipped with an FID as
described previously [8]. Reactions were run for as long as
2 h, with initial rates determined from the concentration of di-
acetins and methyl acetate profiles (limiting reactant conversion
<5%).

3. Results and discussion

3.1. Effect of calcination on WZ characteristics

The color of the catalyst changed from white to light yel-
low at high calcination temperatures (�800 ◦C), which is a
qualitative indication of the formation of crystalline WO3 par-
ticles [31]. Thermogravimetric analysis of the uncalcined WZ
precursor in air showed a weight loss of about 14% at 500 ◦C
(Fig. 1). This initial weight loss results from a loss of phy-
sisorbed and structural water. No further weight loss occurred
from 500 to 1000 ◦C, indicating that no W is lost from the
surface at higher calcination temperatures. Elemental analysis
revealed that WZ samples calcined at 700, 800, and 900 ◦C had
tungsten loadings of 13.4, 13.3, and 14.0 wt% W, respectively.
These values are within expected experimental error with an
average of 13.6 ± 0.4 wt% W.

The evolution of properties, such as surface area and pore
volume, with respect to tungsten loading has been investigated
previously [30]. Surface area decreased with calcination tem-
perature (Table 1) as a result of loss of surface area of the ZrO2
structure. For instance, after calcination at 900 ◦C, the surface
area was only about 20% (58 m2/g) of that of the dehydrated
precursor (325 m2/g). This loss of surface area is significantly
inhibited by the presence of WOx species [20,24,36]. Our re-
sults are in good agreement with previously reported BET mea-
surements for WZ [24,35].

The effect of calcination temperature on the stability of the
tetragonal phase of ZrO2 was obtained using powder XRD of
the calcined samples (Fig. 2). The catalyst calcined at 400 ◦C
presented broad peaks (at 20◦–40◦ and 40◦–70◦ 2θ ), indicat-
ing the presence of a somewhat X-ray–amorphous structure and
possibly the existence of very small crystallites of tetragonal
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Table 1
Surface area, theoretical W surface density, surface acidity, and XRD phases for WZ samples calcined at different temperatures

Calcination
T (◦C)

BET surface

area (m2/g)a
W surface density

(W-atoms nm−2)

Surface acidity XRD phases

NH3-TPD
(µmol NH3/g)c

Exchange/titration
(µmol/g)c

100 324 – – – –
400 235 1.9 – 51 Somewhat amorphous
500 174 2.6 – – t-ZrO2
600 114 3.9 74 100 t-ZrO2
650 97 4.6 – 107 t-ZrO2
700 86 5.2 54 137 t-ZrO2
750 72b 6.2 – – t-ZrO2
800 68 6.6 44 161 t-ZrO2, WO3
850 59b 7.5 – 90 t-ZrO2, m-ZrO2, WO3
900 58 7.7 18 72 t-ZrO2, m-ZrO2, WO3

a Experimental error ±9%.
b Estimated surface area (from the calcination temperature vs surface area correlation).
c Experimental error ±8%.
Fig. 2. Powder X-ray diffraction patterns for WZ calcined at different tempera-
tures.

zirconia. At moderate calcination temperatures (500–800 ◦C),
the catalyst contained primarily the tetragonal phase of zir-
conia, t -ZrO2 (2θ diffraction peaks at 30.17◦, 35.31◦, and
49.79◦). Further increases in the calcination temperature above
750 ◦C led to the formation of detectable bulk WO3-like species
with characteristic 2θ diffraction peaks at 23.12◦, 23.59◦, and
24.38◦, which have been reported to appear when the W satura-
tion coverage is exceeded [20]. Above a calcination temperature
of 850 ◦C, the ZrO2 support was largely tetragonal; however,
the presence of the monoclinic phase of ZrO2 (2θ = 28.17◦
and 31.47◦) was also detected. The expected phase transition
from tetragonal to monoclinic zirconia (m-ZrO2) with increas-
ing calcination temperature was most likely inhibited by the W
surface density that helped to stabilize the tetragonal phase of
ZrO2 [28].

Using the values of surface area (at each calcination tem-
perature) and the average W loading, it is possible to estimate
nominal W surface densities [28,29] (Table 1). As a result of
the loss in total surface area with increasing calcination tem-
perature, the W oxide surface species undergo a transformation
Fig. 3. Raman spectra of WZ calcined at different temperatures.

from monomeric to polymeric species [31]. For the WZ used in
this study, surface saturation coverage (as defined by the forma-
tion of crystalline WO3 as determined by powder XRD [23,28])
was achieved at densities of ∼6 W-atoms nm−2, consistent with
previous findings using similar materials. However, this value
does not seem to be an absolute and may well depend on the
catalyst preparation conditions. For instance, Barton et al. [31]
found the coexistence of polytungstate and WO3 species at sur-
face densities >8 W-atoms nm−2.

Raman spectroscopy was used to identify molecular level
structural changes in the tungsten oxide overlayer and zirco-
nium oxide support on calcination. Fig. 3 gives the Raman
spectra results for the calcined WZ samples. The assignment
of Raman bands was made by comparison with reference stan-
dards. Kilo et al. previously summarized the Raman frequen-
cies corresponding to the crystalline structures of the zirconia
support [38]. Using this information, the bands at 310–330,
470–475, and 647–655 cm−1 were assigned to the tetragonal
phase of ZrO2 and were found to be stronger for samples cal-
cined within the 600–800 ◦C range. Only the sample calcined at
900 ◦C exhibited a weak band at ∼384 cm−1, which is distinc-
tive of m-ZrO2. These observations are consistent with those
obtained from powder XRD experiments.
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Table 2
Raman bands assignment for tungsten oxide

Species Raman shift (cm−1) Ref.

WOx 824, 1021 [19]

Terminal W=O 1019 [36]
990–1020 [40]
1001–1004 [50]

WO3 275d, 720b, 808s [31]
274, 715, 807 [51]
721, 810 [32]
720, 807 [24]
804s [50]

Modes: (s) W–O stretching, (b) W–O bending, and (d) W–O–W deforma-
tion [31].

Table 2 provides a summary of the Raman bands assignment
for the tungsten oxide overlayer species. The symmetric stretch-
ing bands of the terminal W=O, characteristic of tungsten
species with various degrees of polymerization, progressively
shifted from 846 cm−1 (600 ◦C) and 966 cm−1 (400 ◦C) to
828 cm−1 (750 ◦C) and 994 cm−1 (900 ◦C), respectively. Kuba
et al. [39] showed that the shifting Raman band in the region of
952–976 cm−1 is detectable only when water is adsorbed on the
catalyst surface, such as occurs here because the measurement
was not made in a controlled atmosphere. The up-shift in the
990–1020 cm−1 region has been associated with the transition
from mono- to poly-tungsten species with increasing W den-
sity [40]. The position of the Raman bands for crystalline WO3
appeared only for samples calcined at �800 ◦C (bands at 273–
275, 717–720, and 807–808 cm−1), in agreement with powder
XRD results. Thus, the formation of crystalline WO3 was de-
tectable at W surface densities above 6.6 W-atoms nm−2. At
such high W surface densities, the assignment of Raman bands
becomes more complex because the bands for WO3 crystalline
structures tend to dominate the spectra and limit the detection
of other WOx species (band at 824 cm−1) [19]. In addition,
Raman bands in the frequency range of 1303 and 1278 cm−1

were detected only for samples calcined at 750 and 800 ◦C, re-
spectively. No previous assignment of these bands was found,
because previous analyses were typically reported only for the
0–1100 cm−1 range.

NH3-TPD was used to compare the acidic characteristics of
the catalysts calcined at 600, 700, 800, and 900 ◦C. NH3 is a
strong non-site-specific base (pKb ∼ 5) that under our experi-
mental conditions titrates both surface Brønsted and Lewis acid
sites. The TPD profiles revealed the coexistence of a broad dis-
tribution of acid site strengths (data not shown). It was also
found that total acid site concentration decreased with calcina-
tion temperature (Table 1), which appeared to correlate with the
loss of surface area. In contrast to NH3-TPD estimations, the
number of acid sites determined by the ion-exchange/titration
method passed through a maximum for WZ calcined at 800 ◦C
(where the W surface concentration was 6.6 W-atoms nm−2).
A study by Naito et al. [29], using NH3-TPD with water vapor
treatment for characterization of WZ acid sites, found a maxi-
mum in the concentration of acid sites at a W surface concen-
tration of ca. 6.4 W-atoms nm−2 [29], in good agreement with
Fig. 4. Influence of calcination temperature on the activity of WZ for (a) gas-
phase acetic acid esterification (Trxn = 120 ◦C), (b) liquid-phase acetic acid
esterification (Trxn = 60 ◦C), and (c) liquid-phase triacetin transesterification
(Trxn = 60 ◦C).

our results obtained using the aqueous ion-exchange/titration
method.

3.2. Effect of calcination temperature on esterification and
transesterification

Fig. 4 summarizes WZ initial activity results (conversion
<5%) as a function of calcination temperature for acetic acid
esterification (120 ◦C, gas phase; 60 ◦C, liquid phase) and tri-
acetin transesterification (60 ◦C, liquid phase):

(1)acetic acid + methanol
WZ←→ methyl acetate + water

and

triacetin + methanol
WZ←→ methyl acetate + diacetin

(2)(first step in the series).

For liquid-phase acetic acid esterification, the autocatalysis
contribution was subtracted out [37]. The catalytic activities
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Fig. 5. Relative catalytic activity (with respect to the activity of the catalyst
calcined at 800 ◦C) for the esterification of acetic acid in the gas phase ("),
the liquid phase (!), and transesterification of triacetin in the liquid phase (a).
Surface concentration of acid sites determined by exchange-titration method
(F) as a function of the surface concentration of tungsten atoms.

depended significantly on the calcination temperature, and the
optimum calcination temperature was found to be 800 ◦C for all
cases. The existence of the same optimum calcination tempera-
ture for all reactions indicates the relationship between catalyst
physicochemical properties, such as the crystalline structure
and molecular structure of the metal oxide overlayer and acid
site density and strength. Higher esterification and transesterifi-
cation rates occurred on samples with near-saturation W surface
densities (5–6 W-atoms nm−2 [20])—in other words, a catalyst
surface on which the W atoms are still largely dispersed. In-
terestingly, the formation of crystalline WO3 (at about 800 ◦C)
did not have an immediate detrimental effect on catalyst ac-
tivity, which is likely attributable to the continued presence of
tungsten oxide polymeric structures (as observed by Raman).
It was only after a significant disappearance of the heteropoly-
oxotungstate clusters (to form crystalline WO3) that the decay
in catalytic activity was observed, suggesting that the clusters
were the catalytically active sites.

A plot of the relative initial reaction rates (i.e., reaction rates
for catalysts calcined at T divided by the reaction rate observed
with the catalyst calcined at 800 ◦C) of esterification and trans-
esterification versus WOx surface density is shown in Fig. 5.
Clearly, the surface concentration of acid sites determined by
the ion-exchange/titration method (shown also in Fig. 5) bet-
ter predicts the catalyst activity than the values obtained by
NH3-TPD method (not plotted). In a related study, a variation
of the regular NH3-TPD methodology using water vapor treat-
ment was also found to give a good prediction of the catalyst
activity for skeletal isomerization of n-butane to isobutene on
WZ [29].

Ramu et al. [14] reported an optimum calcination temper-
ature of 500 ◦C for the esterification of palmitic acid using a
WZ catalyst containing 5 wt% tungsten. These authors con-
cluded that higher catalytic activity was achieved when the
catalyst consisted of a tetragonal phase of ZrO2 and an X-ray–
amorphous form of WO3. Moreover, they were able to correlate
the catalyst activity to the percentage of tetragonal phase. Our
results are in qualitative agreement with this observation, in the
sense that the formation of what appears to be monoclinic ZrO2
(as detected using powder XRD and Raman spectroscopy) co-
incides with the decreased esterification and transesterification
rates. However, the optimum calcination temperature reported
in this work is approximately 300 ◦C higher.

Iglesia et al. [20] found that the activity of WZ catalyst
(12 wt% W) for the skeletal isomerization of o-xylene to m-
and p-xylene passed through a maximum at a calcination tem-
perature of ca. 825 ◦C. These authors showed that maximum
turnover rate for this reaction was achieved at WOx densities
of 10 W-atoms nm−2 (greater than theoretical monolayer ca-
pacity). The catalytic activity of WOx species was proposed
to be controlled only by the WOx surface density. Similar re-
sults were obtained for 2-butanol dehydration on WZ, with rates
reaching a maximum value at WOx surface densities of ∼8.8
W-atoms nm−2 [22]. In the present study, the maximum initial
reaction rates results are consistent with these previous find-
ings, in the sense that the growth of polytungstate species at
WOx surface densities slightly higher than a monolayer cover-
age is required for the development of the maximum number of
active sites.

3.3. Brønsted versus Lewis acid sites

Determining the type of acid sites most active for esteri-
fication and transesterification is vital. To address this issue,
initial transesterification rates were measured on WZ (cal-
cined at 800 ◦C, WZ800) pre-exposed to different amounts
of organic bases. Brønsted acid sites were selectively satu-
rated overnight at 60 ◦C (with agitation) using a 2,6-di-tert-
butylpyridine (DTBPy)/methanol solution [41,42] before the
reaction. Similarly, a pyridine (Py)/methanol solution was used
to poison both Brønsted and Lewis acid sites via protonation
and coordination, respectively [22]. The amount of poison ad-
sorbed by the catalyst was determined by taking the difference
between the amount of organic base added and that remaining
in the liquid adsorption mixture. No organic base desorption
was detectable during the course of the transesterification ex-
periment (∼1.5 h), indicating that the organic bases strongly
adsorbed on the acid sites of the catalyst.

Fig. 6 shows the relative transesterification rate (rpoisoned/

rnot poisoned) as a function of adsorbed organic titrant. Inter-
estingly, overlapping of the two curves was observed, indi-
cating that only Brønsted acid sites were active for reaction
carried out at 60 ◦C. This result is not obvious, considering
that recent investigations dealing with homogeneous (metal car-
boxylic salts [43]) and heterogeneous (double-metal cyanide
complexes [44]) acid catalysts have reported that Lewis sites
can effectively catalyze both esterification and transesterifi-
cation reactions. In the particular case of supported tungsten
oxides, Iglesias et al. [22] showed that the contribution from
Lewis acidity may be influenced by the nature of the sup-
port (ZrO2, Al2O3, SiO2, and SnO2). However, using a cal-
cination temperature of 750 ◦C, WZ Brønsted acid sites were
shown to be solely responsible for catalyzing the dehydration
of 2-butanol [23], in good agreement with our present observa-
tions.
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Fig. 6. Relative involvement of WZ800 Brønsted and Lewis acid sites in the
transesterification of triacetin with methanol (Trxn = 60 ◦C, Tcalc = 800 ◦C).

Fig. 7. Comparison of the catalytic activity of WZ800 with no poison and af-
ter saturation with DTBPy for the gas-phase esterification of acetic acid with
methanol at 120 ◦C.

To corroborate that these reactions were carried out predom-
inately by Brønsted acid sites on WZ800, selective poisoning of
acid sites was also carried out before the gas-phase esterifica-
tion of acetic acid with methanol. After the in situ dehydration
of WZ800 at 315 ◦C, a flow of DTBPy/He from a saturator was
used to poison all Brønsted acid sites (contact time = 2 h [45])
before reaction. Fig. 7 shows that essentially all of the catalyst
activity was lost after the catalyst was saturated with DTBPy
(that only poisoned Brønsted acid sites). Only a residual activity
of ∼3% remained after saturation which is in good agreement
with the activity loss observed in the liquid-phase transesterifi-
cation of triacetin. This result confirms our previous suggestion
that Brønsted acidity is primarily responsible for WZ activity
for these reactions.

3.4. Genesis of WZ Brønsted acid sites

This section deals with the examination of whether WZ800
Brønsted acid sites originated in situ during reaction or were
present after calcination. An IR spectrum was recorded for
WZ800 (using Py as the adsorbate) to observe the types of
acid sites present in the sample. However, a clear distinction
was not possible due to the broadness of the bands (data not
shown). Therefore, an equilibrium adsorption experiment was
performed in which a 2 ± 0.1 mmol/L solution of DTBPy was
used to poison the Brønsted acid sites on WZ800 in the pres-
Table 3
Equilibrium adsorption of 2,6-di-tert-butylpyridine (DTBPy) on WZ calcined
at 800 ◦C for different solvents at 60 ◦C

Solvent Equilibrated concentrations

CDTBPy, solvent
(mmol/L)

CDTBPy, WZ800
(µmol/g)

Methanol 1.6 ± 0.02 16.0 ± 3.4
THF 1.0 ± 0.02 47.2 ± 2.9
Triacetin 0.5 ± 0.05 76.6 ± 2.7
Methanol + triacetina 0.6 ±0.04 66.0 ±2.9

a Initial reaction mixture.

ence of MeOH, THF, or triacetin. In all cases, at least two
determinations were made. Table 3 shows that the adsorption
of the titrant (i.e., DTBPy) on the solid catalyst took place
regardless of the liquid solvent used. The differences in the con-
centration of adsorbed DTBPy on the catalyst (CDTBPy, WZ800)
may be attributed to variations in the competitive adsorption
on the sites (e.g., methanol is a weak base, THF may also
exhibit an interaction with Brønsted sites [46]). Although the
results are not conclusive as to whether the reactants are able
to modify the WZ800 surface, the fact that the catalyst ad-
sorbed a considerable amount of DTBPy in the presence of THF
(47 µmol/g) indicates that some Brønsted sites were present
even before being exposed to the alcohol or triacetin (because
THF would not be expected to cause the formation of Brønsted
acidity).

Rehydration of Lewis acid sites by sorption of water can oc-
cur during cooling of the calcined catalyst [47]. Because in this
study, moisture-free air was used during calcination/cooling,
with the catalyst then immediately added to the liquid, it is rea-
sonable to suggest that most of the Brønsted acid sites were
present after calcination rather than being formed by subse-
quent adsorption of water. In addition, for the poisoning exper-
iments of gas-phase esterification on WZ800, the catalyst was
recalcined at 350 ◦C just before poisoning and reaction, which
also points out the fact that Brønsted sites were present after
calcination.

The literature is controversial as to which types of sites are
exhibited by WZ calcined at high temperatures. For instance,
Brei et al. [25] used transmission IR spectra measurements to
show that all Brønsted sites transformed into Lewis acid sites
at a calcination temperature of 700 ◦C or above. For other re-
lated solid acids, such as sulfated zirconia, Brønsted acidity
is believed to be present only for calcination temperatures be-
low 650 ◦C [47]. Different viewpoints have been taken by other
investigators. For example, Larsen et al. [48] observed that a
WZ sample calcined at 800 ◦C presented DRIFTS bands (at
1640 and 1535 cm−1) corresponding to pyridine adsorbed on
Brønsted acid sites. Moreover, Di Gregorio and Keller [30]
showed that during WZ calcination, part of the Lewis sites can
be converted by condensation into Brønsted acidic sites. Soled
et al. [49] found a similar increase in Brønsted acidity for WO3
on γ -Al2O3 with increasing calcination temperature from 500
to 950 ◦C. Our results also demonstrate the possibility that a
large part of the Brønsted sites are present even after calcina-
tion at 800 ◦C.
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4. Conclusion

The liquid-phase transesterification of triacetin with methan-
ol at 60 ◦C and esterification of acetic acid with methanol
at 60 ◦C (liquid phase) and 120 ◦C (gas phase) were inves-
tigated to characterize the effect of calcination temperature
on tungstated zirconia catalytic activity. The results showed a
strong influence of calcination temperature on the activity for
both of these reactions. The most active form of WZ occurred
at a surface WOx density of 6.6 W-atoms nm−2, higher than
that required for saturation coverage (5–6 W-atoms nm−2). The
increase in esterification and transesterification catalytic activ-
ity coincided with the formation of polymeric tungsten species
in the presence of the tetragonal phase of the ZrO2 support.
The activity drop at high WOx surface densities (>6.6 W-
atoms nm−2) is attributed to the loss of active sites. Selective
poisoning experiments showed that Brønsted acid sites appar-
ently contribute most of the activity. The optimum calcina-
tion temperature for WZ was identical for all transesterification
and esterification conditions studied. The aqueous exchange-
titration method used for estimation of acid site density was
better able to predict the catalytic activity than the NH3-TPD
method.
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