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The surface coverage of a series of WO
3
/TiO

2
catalysts prepared by incipient wetness impregnation was monitored by CO

2

chemisorption. The coverage of the TiO
2
support increases from 31 � 2% for the 3.3 wt%WO

3
/TiO

2
catalyst to ca. 86�2% for cat-

alysts with W loadingsX10.3 wt%WO
3
. The leveling off of the surface coverage for the high-loading catalysts has been attributed

to the formation of Wmultilayers or bulk WO
3
. The surface coverage values obtained by CO

2
chemisorption were consistent with

thosemeasured previously using ion scattering spectroscopy. The apparent suitability of CO
2
chemisorption formonitoring the sur-

face coverage of TiO
2
-supported catalyst systems, in contrast to previous results for Al

2
O

3
-supported systems, will be discussed.
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1. Introduction

Supported tungsten catalysts are active for reactions

such as isomerization, hydrogenation and alkene

metathesis [1^3]. In addition, they form an important

component of catalysts currently used for the removal of

nitrogen oxides from flue gases [4]. For these catalysts

and other supported systems, knowledge of the surface

coverage of the supported phase is of interest. This can

be readily conceived for bifunctional catalysts since the

surface coverage determines the extent of participation

of the support in the reaction. In addition, since surface

coverage is directly related to the dispersion, it can be

used as an index of catalytic activity or as a control

parameter formonitoring catalyst preparation.

Titania-supported tungsten catalysts have been pre-

viously studied by a variety of techniques that include

Raman spectroscopy [5^9], X-ray photoelectron

spectroscopy (XPS) [7^9], X-ray absorption spectros-

copy (XANES, EXAFS) [10], infrared spectroscopy

(IR) [11], electron microscopy [12,13] and ion scattering

spectroscopy (ISS) [14]. However, few studies have been

devoted tomonitoring the surface coverage of supported

WO
3
/TiO

2
catalyst systems [6^9,14].

The surface coverages of supported catalysts have

been monitored by a variety of conventional and spec-

troscopic techniques including Raman spectroscopy [6^

9], XPS [7^9], IR [15^18], ISS [14,19,20], CO
2
chem-

isorption [17,18,21^23] and low-temperature CO

adsorption [23^26]. The advantages and limitations of

these techniques have been discussed elsewhere [23].

Chemisorption of a probe molecule such as CO
2
is,

in principle, one of the most simple approaches for sur-

face coverage measurements. This method is based on

the observation made by Segawa and Hall [21] that CO
2

selectively chemisorbs on the free alumina portion of the

surface of a molybdena^alumina catalyst. However,

reports from our laboratory [22] and by others [17,25]

have shown that CO
2
chemisorption consistently overes-

timated the surface coverage for several alumina-sup-

ported catalyst systems. Mulcahy et al. [22] attributed

this overestimation to the preferential adsorption of the

metal oxide or supported species onto the same sites of

the support that bind the CO
2
molecules. Similar expla-

nations have been given by other authors [17,25].

Although there are strong indications that the CO
2

chemisorption method has been unsuccessful for alu-

mina-supported catalyst systems, the technique has not

been adequately tested for other supports. This might be

of interest since a survey of the literature [27] indicates

that reasonable coverage values can be calculated from

the CO
2
chemisorption results reported for the Mo/

TiO
2
system.

The present work will focus on the determination of

surface coverage for a series of WO
3
/TiO

2
catalysts by

CO
2
chemisorption at room temperature and correla-

tion of the results with previously reported values for the

same series of catalysts using ion scattering spectros-

copy. Although the latter technique has its limitations

(the method is based on the assumption of uniform

repartition of the supported phase between the inner and

outer parts of the catalyst surface), it has been proven

effective for surface coveragemeasurements [14,19,20].

2. Experimental

2.1. Catalyst preparation

Degussa P-25 TiO
2
(78/22 anatase/rutile ratio, pore
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volume ca. 0.5 cm
3

/g, BET surface area 50�5 m
2

/g)

was mixed with deionized water and dried at 120
�
C for

8 h. The dried support was then ground with mortar and

pestle, sieved to 100 mesh, and calcined in air at 400
�
C

for 12 h before incipient wetness impregnation with

ammonium metatungstate (ROC/RIC) solutions. The

resulting WO
3
/TiO

2
catalysts were then dried at 120

�
C

for 16 h followed by calcination in air at 500
�
C for 16 h.

The series of WO
3
/TiO

2
catalysts were recalcined in air

at 450
�
C for 4 h before CO

2
chemisorption experi-

ments.

2.2. CO2 chemisorption

CO
2
uptake was measured at room temperature in a

conventional BET volumetric system. About 175 mg of

the catalysts were heated to 350
�
C for 4 h in 10%O

2
/He.

Following pretreatment, the catalyst samples were evac-

uated at 350
�
C for 1 h and cooled to room temperature

under high vacuum (1� 10
ÿ5

Torr). Increasing amounts

of CO
2
were then introduced into the system and the

CO
2
adsorbed by the catalysts was recorded at six differ-

ent pressures. CO
2
uptake for each catalyst was deter-

mined by extrapolating the adsorption isotherm to zero

pressure.

From the CO
2
uptake, the surface coverage was cal-

culated using the following equation:

� � 1ÿ f�CO
2
�
cat

=�CO
2
�
sup

ng ; �1�

where (CO
2
) is the CO

2
uptake and n is the fraction of

titania in the catalysts (since loadings are reported as

wt% WO
3
, the fraction of titania in the catalysts

decreases as the W loading increases; this necessitates a

correction factor, n).

3. Results and discussion

Fig. 1A shows the variation of CO
2
uptake as a func-

tion of W loading for WO
3
/TiO

2
catalysts. The total

amount of CO
2
chemisorbed by the catalysts decreases

steadily from about 125 �mol/g to about 23 �mol/g as

the W loading increases from 0.0 to 10.3 wt%WO
3
. The

amount of CO
2
chemisorbed by the TiO

2
support is com-

parable to the value reported in the literature [27]. There

is no significant decrease in the amount of CO
2
chemi-

sorbedwith further increase inW loading.

Fig. 1B shows a plot of the surface coverage of the

TiO
2
support determined from CO

2
adsorption results

using eq. (1). The surface coverage steadily increases

from 31 � 2% for the 3.3 wt% WO
3
/TiO

2
catalyst to

about 84 � 2% for the 10.3 wt% catalyst. Thereafter, the

coverage levels off at about 86 � 2%.

Fig. 2 compares the surface coverages obtained from

CO
2
chemisorption with those measured by ion scatter-

ing spectroscopy reported earlier [14]. Clearly, there is

reasonable agreement between the two methods. For a

TiO
2
surface area of 50m

2

/g, assuming that the stoichio-

metry of the reaction between WO
3
and the surface

hydroxyls is 1 : 1, a full monolayer coverage would

require 8^10% WO
3
[28^30]. The shaded area in fig. 2

Fig. 1. (A) Total amount of CO
2
adsorbed by TiO

2
and WO

3
/TiO

2

catalysts as a function ofW loading. (B) Surface coverage of TiO
2
for a

series of WO
3
/TiO

2
catalysts obtained from the total CO

2
uptake

(coverage � 1ÿ f�CO
2
�
cat

=�CO
2
�
sup

ng).

Fig. 2. Comparison of the surface coverage of TiO
2
for a series of

WO
3
/TiO

2
catalysts obtained using (/) ISS and (0) CO

2
chemisorp-

tion. The shaded area indicates the predicted range for W coverages,

assumingmonolayer dispersion. See text for details.
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shows the predicted range of coverages for the series of

WO
3
/TiO

2
catalysts, assuming a monolayer-like disper-

sion. It is seen from fig. 2 that forW loadingsW10.3 wt%

WO
3
, the coverage values determined by the two tech-

niques fall within the range of the predicted values for

monolayer dispersion [28^30]. The leveling-off of the

surface coverage of TiO
2
for higherW loadings is consis-

tent with the formation ofWmultilayers or bulkWO
3
.

It is interesting to note that the surface coverage

values from CO
2
chemisorption correlate fairly well

with those obtained previously using ion scattering

spectroscopy. This is in contrast to Al
2
O

3
-supported

catalyst systems, where the CO
2
chemisorption method

consistently overestimated the surface coverage

[17,18,22]. As mentioned earlier, the inadequacy of the

CO
2
chemisorption method for the determination of

the surface coverage of alumina-supported catalysts

has been attributed to that initial additions of the sup-

ported species are preferentially adsorbed on the same

sites that bind CO
2
. These sites adsorb CO

2
in an irre-

versible manner, and represent only a small fraction of

the total adsorption sites of the alumina support

[22,23]. In contrast, CO
2
adsorption on TiO

2
has been

shown to be almost completely reversible [31^35].

Thus, for titania-supported systems, the CO
2
chem-

isorption method is based on monitoring the reversibly

adsorbed CO
2
. Furthermore, a larger fraction of the

titania surface is involved in the adsorption process

compared to alumina (2.4 �mol of CO
2
/m

2

for titania

vs. 0.7 �mol/m
2

for alumina [23]). The fact that the

CO
2
chemisorption method yields reasonable coverage

values for WO
3
/TiO

2
catalysts can be taken as an indi-

cation that the W species interact in a random fashion

with the titania sites that reversibly adsorb CO
2
.

4. Conclusion

It has been shown that CO
2
chemisorption can be used

successfully for monitoring the coverage of WO
3
/TiO

2

catalysts. The surface coverage of the TiO
2
support

measured by the CO
2
chemisorption method increased

from 32�2 to 84�2% as the W loading increases from

3.3 to 10.3 wt% WO
3
. The coverage levels off with

further increases in the W loading indicating formation

ofWmultilayers or bulkWO
3
.

The surface coverage values obtained by CO
2
chem-

isorption were consistent with those measured pre-

viously using ion scattering spectroscopy. For catalysts

with W loadings W10.3 wt% WO
3
, these results were

also in reasonable agreement with the predicted cover-

age values for monolayer dispersion. The apparent suit-

ability of the use of CO
2
chemisorption for monitoring

the surface coverage of WO
3
/TiO

2
catalysts, in contrast

to previous results relative to the Al
2
O

3
-supported sys-

tems, has been attributed to a non-selective interaction

of the W species with the titania sites that reversibly

adsorbCO
2
.
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