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Abstract In this work we report about the characteriza-

tion of the acidic and redox properties of four different

commercial tungstated zirconia catalysts with W loadings

of about 12–13 mass%. The samples have been charac-

terized in terms of their micro-structural and surface

properties by BET, X-ray diffraction, temperature pro-

grammed reduction, elemental chemical analysis and

adsorption microcalorimetry of NH3. Improved acidity has

been detected upon addition of WO3 to zirconia and dif-

ferences between the samples were pointed out thanks

to the results obtained by the complementary physico-

chemical techniques used in this study.
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Introduction

Tungstated zirconia (WOx/ZrO2) has received considerable

attention due to its potential catalytic application in

hydrocarbon conversion reactions in the petrochemical

industry [1–4].

The challenge to obtain solid acid catalysts with acid

sites of comparable strength to those in sulfuric acid is still

open in an attempt to eliminate environmentally concerns

caused by the use, regeneration, transportation and storage

of liquid acids [5]. Moreover, in the last years the growing

interest towards biodiesel, a clean fuel source which is

viewed as a viable alternative for dwindling petroleum-

based diesel resources, has led to renewed interest in acid

catalysts [6]. Better yet, if solid acid catalysts could replace

liquid acids, the corrosion and environmental problems

associated with them could be avoided and product puri-

fication protocols could be significantly reduced, simpli-

fying various hydrocarbons transformation reactions, and

thus reducing their costs. Moreover heterogeneous cata-

lysts are preferable because offering easy separation from

the reactants and products which are either liquids or gases.

It is known that catalytic activity of oxides can be

related to the cooperative action of an oxidizing function

and an acidic function. From this perspective, the deter-

mination of both redox and acidic properties of the cata-

lytic centers becomes of fundamental importance in the

present study.

Adsorption of a basic probe molecule (NH3) will be

used in adsorption calorimetry, one of the most powerful

techniques for the determination of the number, strength

and strength distribution of surface acid sites of catalysts

[7]. Besides the redox character will be determined using

thermoprogrammed reduction and oxidation experiments.

Experimental

Four tungstated zirconia supported catalysts (labeled XZO-

1903-1, XZO-1903-2, XZO-1903-3, XZO-1251-01) and a

Zr(OH)4 support (ZO), supplied by MEL-Chemicals, have

been calcined at 700 �C under air flow for 4 h.

Elemental analysis was performed using ICP atomic

emission spectroscopy (ICP-AES) with a flame Perkin-

Elmer M1100 spectrometer.
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The surface areas and pore sizes were measured by

nitrogen adsorption at -196 �C on a Micromeritics 2010

apparatus after heat pretreatment under vacuum for 2 h at a

temperature of 400 �C.

The X-ray diffraction (XRD) measurements were car-

ried out on a Bruker D5005 powder diffractometer scan-

ning from 3� to 80� (2h) at a rate of 0.02� s-1 using a Cu

Ka radiation (k = 0.15418 nm) source. The applied volt-

age and current were 50 kV and 35 mA, respectively.

The thermogravimetric (TG) analyses were performed

on a SETARAM Labsys instrument in the 303–1,073 K

temperature range, with a heating rate of 5 �C min-1,

under air flow.

Temperature programmed reduction and oxidation

experiments were performed using a TPD/R/O-1100

instrument (Thermo). Redox cycles (TPR/TPO/TPR2) were

realized carrying out sequentially a temperature pro-

grammed reduction (TPR1) on the oxidized sample fol-

lowed by a temperature programmed oxidation (TPO) and

then a second temperature programmed reduction (TPR2).

The samples were initially pre-treated in O2/He flow

(20 mL min-1) at 350 �C for 60 min. After cooling to room

temperature, the H2/Ar (4.96% v/v) reducing mixture flo-

wed through the sample at 20 mL min-1 with the temper-

ature increasing from 40 to 700 �C at a rate of 10 �C/min.

TPO run was carried out on the reduced sample cooled at

40 �C in H2/Ar flow. After Ar purge (10 mL min-1), the

O2/He (0.99% v/v) oxidizing mixture flowed at

20 mL min-1 through the sample with similar experimental

conditions, in terms of temperature increasing and range, to

those used for TPR analysis. On the re-oxidized sample a

second reduction (TPR2) was performed in the same con-

ditions as TPR1 but increasing the temperature up to

1,000 �C instead of 700 �C.

Ammonia (pKa = 9.24 and PA (proton affinity) =

857.7 kJ mol-1), dried on 3A zeolite spheres, was used as a

basic probe molecule to titrate the surface acid sites of the

samples. Calorimetric and volumetric gas–solid titrations

were carried out concomitantly in a volumetric line linked

to a heat-flow microcalorimeter (Tian-Calvet type, C80

from Setaram). The chosen adsorption temperature was

80 �C to limit physisorption. About 0.1 g of powder sample

previously calcined at 700 �C was pretreated under vacuum

at 400 �C overnight (about 12 h) and then evacuated at the

same temperature for 1 h prior to the measurements. Small

successive NH3 injections were sequentially sent onto the

sample, up to a final NH3 pressure of about 60 kPa. The

equilibrium pressure relevant to each adsorbed amount was

measured by means of a differential Barocel capacitance

manometer (Datametrics). At the end of the adsorption, a

second adsorption was performed after desorption (1 h at

80 �C) of the NH3 amount weakly retained on the surface.

The difference between the first and second isotherms at

27 kPa represented the strongly chemisorbed NH3 amount,

the so-called irreversible amount (Virr).

Results and discussion

More or less significant differences in the surface proper-

ties between the WO3 containing catalysts and the bare

ZrO2 support emerged from the various techniques used for

characterizing the samples.

The chemical analysis values (expressed as W mass%)

and the BET surface areas (in m2 g-1) of the zirconium-

tungsten mixed oxides as well as of the zirconia are pre-

sented in Table 1. The tungsten amount was always close

to 12–13 mass% which is slightly above the monolayer

coverage (10.7 mass%) [8] assuming a surface concentra-

tion of tungsten of 3.5 W-atom�nm-2 for the monolayer.

Even after calcination at 700 �C the catalysts maintained a

remarkable surface area (between 80 and 105 m2 g-1),

while the bare calcined zirconia decreased its surface down

to 37 m2 g-1.

The XRD patterns of the un-calcined samples as

received from Mel Chemicals (Fig. 1) show the same

amorphous phase (for this reason only one sample is

shown). The calcination of the catalysts at 700 �C resulted

in the appearance of the tetragonal ZrO2 phase only, as

shown by the X-ray diffractograms reported in Fig. 1. At

the same calcination temperature, the ZO support gave rise

to the well known segregation into a mixture of tetragonal

and monoclinic ZrO2 with the specific reflections of the

monoclinic phase at 28.3� and 31.6 2h [9–11]. It is known

that at a given W concentration, the BET surface area and

the tetragonal content in ZrO2 decrease with calcination

temperatures higher than 500 �C [12]. The presence of

WOx species in fact inhibits the sintering and the trans-

formation to monoclinic ZrO2 crystallites, as demonstrated

from the XRD and BET results of the four samples con-

taining W. Moreover, no specific diffraction peak of WO3

crystallites (2h = 23.2�, 23.7�, and 24.3�) has been

detected in any of the catalysts.

TG analyses were carried out to provide information

about any decomposition of the sample and also to help in

determining a more accurate calcination temperature of the

un-calcined samples.

Typical TG curves of the materials before calcination

are shown in Fig. 2. All samples showed basically one

event of mass loss that can be attributed to the releasing of

physisorbed and structural water molecules. The decom-

position of the precursor (mostly Zr(OH)4) occurred mainly

between 70–500 �C, with a mass loss which could attain up

to the 39% of the initial mass. The residue at 700 �C

corresponds essentially to WOx/ZrO2 oxides, as shown by

chemical analysis and XRD.
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The water loss due to the thermal treatment of the man-

ufactured samples caused several changes in the zirconia

which means decreasing surface area and formation of

crystallites. Upon analysing the TG curves the decision to

calcine all catalysts at 700 �C has been taken with the aim to

remove most of the OH groups physically or chemically

adsorbed on the surface, to decompose any precursor

eventually still present, and to facilitate the adhesion and

condensation of tungstate species on the ZrO2 surface [13].

To verify the existence of species capable to participate

in a red-ox cycle TPR/TPO/TPR2 analyses have been

performed (see Fig. 3a) as described in the experimental

section. A first reduction (TPR) has been carried out up to a

maximum temperature of 700 �C, corresponding to the

calcination temperature required to avoid structural chan-

ges in the catalyst structure before to achieve the red-ox

cycle. TPR1 analysis showed for all the catalysts a

reduction peak centered around 460 �C, that was com-

pletely re-oxidized during the TPO treatment and that

could be attributed to the reduction of WO3 crystallites, too

small to be revealed by XRD.

The WO3 species reduced at 460 �C can be re-oxidized

and again reduced as evidenced by the reduction peak

present in the TPR2 curve at the same temperature. In the

TPR2 analysis, presented in Fig. 3b, the temperature was

increased up to 1,000 �C. The TPR2 curves exhibited a

broad reduction peak with a maximum temperature centered

around 880 �C, which can be related to the reduction of

tetrahedrally coordinated species anchored to the zirconia

[14].

Because the XRD results did not indicate the presence of

WO3 crystalline structure, we can assume that the broad

peak detected at temperature higher than 700 �C is related

to the reduction of WOx species (amorphous and non-

stoichiometric oxides) strongly anchored to the support. No

quantitative evaluation of the amount of H2 consumed was

done due to the experimental conditions (TPR2 Tmax =

1,000�C) that did not allow to complete the high temper-

ature peak.

The amounts of NH3 adsorbed at 80 �C and the corre-

sponding interaction energies with the bare ZO sample and

the tungstated zirconia catalysts were determined by means

of a volumetry–calorimetry coupled technique.

The equilibrium isotherms and differential heats of

NH3 adsorption are reported in Fig. 4a and b, respectively.

Table 1 Physicochemical characteristics of pure zirconia and tungstated zirconia catalysts

Sample W content/

mass%

BET surface

area/m2 g-1
Acidity

Qinit/kJ mol-1 Vtot=lmolNH3
g�1 Virr=lmolNH3

g�1

XZO- 1903-01 12.2 88 180 234 147

XZO- 1903-02 12.6 101 158 291 199

XZO- 1903-03 12.3 111 175 321 214

XZO- 1251-01 13.2 105 170 285 173

ZO – 37 178 124 68
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The volumetric adsorption isotherms of the studied sam-

ples displayed in all cases an initial vertical section pro-

portional to the amount of strongly chemisorbed NH3 [15].

The heats of adsorption showed a decreasing trend upon

increasing coverage, as usually observed for heterogeneous

surfaces [7, 16, 17]. For WOx/ZrO2 catalysts the contri-

bution from Lewis acidity may be influenced by the nature

of the second oxide. The heterogeneity of the studied

materials is due to the presence of acidic sites of different

natures (i.e. Lewis acid sites from WOx and both Brönsted

and Lewis sites from zirconia) and presenting various

strengths [18]. The tungsten oxide catalysts showed a

higher capacity to adsorb NH3, if compared to pure ZrO2.

According to its adsorption properties towards NH3 and

CO2, tungsten oxide was classified as acidic oxide while

zirconia was assigned to the amphoteric group [19].

However, it was found that many oxides in the anphoteric

group adsorbed more NH3 and with a higher heat than

some of the ones in the acidic group. Also the ZrO2 sample

adsorbed NH3 with a heat of 150 kJ mol-1, comparable to

WO3 [19]. Depending in their preparative procedures zir-

conia samples can display very different adsorption heats

[20]. It should be noted that in the case of pure zirconia, the

smaller surface area associated to our sample suggests a

more complicated picture in ranking solid acids.

The slight increase in the total number of acid sites and

the small decrease in the initial heat when going from

sample XZO -1901-01 to sample 03 might be related to a

difference in history and aging as they are issuing from the

same initial batch.

Moreover our results are very comparable to those

obtained by Vartuli et al. [21] who reported a total acidity

of 308 lmolNH3
g�1, an initial heat of 155 kJ mol-1 and an

overall average integral heat of adsorption of 107 kJ mol-1

for a WOx/ZrO2 catalyst prepared by coprecipitation

(62 m2 g-1, 15.9 W mass%) and calcined at 700 �C.

Conclusions

Coupling WOx species with ZrO2 gives rise to improved

materials both in terms of surface acidity and structure

stability. The loss of surface area of pure zirconia is sig-

nificantly inhibited by the presence of WOx species. A

calcination at 700 �C has been shown to be high enough to

ensure the complete elimination of the synthesis precursor

as well as the physisorbed and structural water, and low

enough to avoid the sintering of the WOx crystallites.

The combination of different thermal, calorimetric and

structural analysis has permitted to deeply analyze samples

that can be potentially applied as acidic catalysts in dif-

ferent environmental friendly reactions such as biodiesel-

forming transesterifications.
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