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The surface properties of TiOz (anatase)-supported V205 and MoOl have been studied, as well as 
the effect of calcination at 773 K on the porosity of the samples, before and after incorporation of 
the supported phase. While for the support and for the MoOJTiOz samples a steady decrease in the 
surface area is observed with the thermal treatments and molybdena seems to have no effect on the 
pore structure of the carrier, incorporation of VZOj has a dramatic effect on it, destroying the pore 
structure and sharply decreasing the surface area, irrespective of any thermal treatment on the 
support. No rutilization is observed in any case. The results are interpreted by assuming the 
formation of patches of vanadium pentoxide on the surface of the support, and the formation of 
continuous films of MOOR on the carrier. D 1986 Academic Press. IIIC. 

INTRODUCTION 

Vanadium oxide-based catalysts are 
widely used for selective oxidation of hy- 
drocarbons. However, to achieve good ac- 
tivity and selectivity levels, V205 should be 
dispersed on a support. From the recent re- 
view by Wainwright and Foster (1) it is 
concluded that, by far, the most successful 
support is titania, normally used in the form 
of anatase. The Ti02-V205 is a classical ex- 
ample of support-enhancement of the ac- 
tive phase, specially if the metal oxide is 
applied to the carrier surface as a monomo- 
lecular layer. Titania-supported molybde- 
num oxide has also been widely studied for 
this same type of reaction, in an attempt to 
correlate the surface structure and the cata- 
lytic activity (2-7). 

From these studies, it may be concluded 
that: (i) the starting metal salt may influence 
the state of the final catalyst; (ii) the inter- 
action of the starting metal salt and the tita- 
nia support takes place through the surface 
hydroxyl groups of the latter; (iii) for low 
MO and V contents the corresponding ox- 
ides are dispersed on the support, and maxi- 
mum catalytic activity is achieved when a 
monolayer of Moo3 (or V205) is formed 

around the TiOz particles, but for large con- 
tents, bulk Moo3 or V205 are formed (8); 
(iv) even with a V205 loading equivalent to 
three monolayers, the Ti02 surface is not 
completely covered by VZOS, but exposed 
to the reactants (9). 

However, the effect of the supported 
phase on the pore structure of the catalyst, 
and the effect of thermal treatments given 
to the support before the incorporation of 
the supported phase have been very 
scarcely investigated, despite their ex- 
pected influence on the final catalysts and 
therefore on their catalytic activity. Very 
recent results with the V20JTi02 system 
indicate that the anatase-containing cata- 
lysts show higher activity and selectivity in 
o-xylene oxidation, while the properties of 
systems obtained using rutile resemble 
those of pure vanadia (10). As mentioned 
above, when V205 is incorporated onto 
Ti02, two types of vanadia are present: sur- 
face vanadia species, responsible for the 
oxidation of o-xylene, and V205 crystallites 
(whose percentage increases with the V205 
content) that seem to be inactive in the 
catalytic reaction (II, 12). 

The effect of thermal treatments given to 
the support before the incorporation of the 
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supported phase is studied in the present 
paper and VZOJTiO;! and MoOJTiOz cata- 
lysts have been prepared. As described be- 
low, the amounts of supported phases were 
chosen to be equivalent to two monolayers, 
and, in the case of the vanadium catalyst, 
it corresponds to the composition range 
where the larger activity for ethanal forma- 
tion from ethanol has been observed (23). 

EXPERIMENTAL 

Materials 

The support (Tl) was TiOz kindly given 
by Dr. T. A. Egerton, from Tioxide Inter- 
national, U.K. (Ref. CLD1161/C). It had 
been obtained by precipitation from titanyl 
sulfate and calcined at 673 K for 19 h; XRF 
analysis indicated the presence of SO3 
(7.01%) and P205 (0.01%) as the main impu- 
rities. According to its X-ray diffraction 
profile, it is pure anatase, but badly crystal- 
lized, with a specific surface area (BET) of 
114.9 m2 g-i, that decreased to 59.1 m* g-r 
after heating in 40 kN m-* O2 at 773 K for 5 
h, thus leading to support T2 (14). 

Loading of V20s or Moo3 was performed 
by a conventional impregnation technique, 
dissolving 1.306 g NHdVOj (Panreac, prs) 
or 1.352 g (NH&Mo70Z4 * 4H20 (Carlo 
Erba, rpe) in 50 ml bidistilled water (con- 
taining a small amount of oxalic acid in the 
case of the metavanadate solution to im- 
prove its solubility), the solution being 
slowly added, while stirring, to 3 g of Ti02. 
The pHs of the solutions were 2.5 and 4.5 
for the metavanadate and molybdate salts, 
respectively; under these conditions, the 
predominating species is VO,’ for vanadium 
(15) while for molybdenum an equilibrium 
exists between MOO:- and Mo,O& (16). 
ESCA and ISS data by Houalla et al. (17) 
for MoOJA1203 systems show that at pH 
ca. 4 an improvement of MO dispersion is 
achieved. The amounts of vanadium and 
molybdenum salts were chosen taking into 
account the surface covered by a VO2.5 
(10.3 x 104 pm*) or a MOOR (I5 x IO4 pm2) 
“molecule” (18, 19), and the surface of the 

original Tl support (114.9 m* g-i), to yield 
final materials where the amounts of V205 
or Moo3 equal two monolayers of the sup- 
ported phase. After impregnation, the sus- 
pension was stirred at room temperature 
overnight and the solvent slowly evapo- 
rated at 340-350 K. The solid thus obtained 
was calcined in 40 kN m-* O2 at 773 K for 5 
h and manually grounded in an agate mor- 
tar, leading to samples VT1 (vanadia-tita- 
nia) and MT1 (molybdena-titania). Similar 
materials, VT2 and MT2, were obtained 
upon impregnation of the support T2, i.e., 
support Tl heated in oxygen before incor- 
poration of vanadium or molybdenum ox- 
ides. The composition of the samples corre- 
spond to TiV0.302.75 and TiMo0.202.6 (34 and 
36% V205 and Moo3 (w/w), respectively). 

Apparatus 

The X-ray diffraction profiles were re- 
corded in a Philips PW 1030 instrument, us- 
ing Ni-filtered CuKa radiation (A = 154.05 
pm) and standard conditions. 

FIG. 1. Selected portions of the X-ray diffraction 
diagrams of the supports (Tl, T2) and the samples 
(VTl, VT2, MTl, MT2). Peaks of anatase (A), molyb- 
dena (M), and vanadia (V) are indicated. 
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Magnetic measurements were carried out 
at room temperature in a Stanton MC-5 
Gouy balance equipped with a Newport C 
electromagnet and using Hg[Co(SCN)41 as 
reference for calibrating the tube. 

The electronic spectra of the samples in 
the range 880-230 nm were obtained in a 
Shimadzu UV-240 spectrophotometer pro- 
vided with a diffuse reflectance accessory 
and a Shimadzu PR-1 graphic printer, and 
using MgO or untreated parent Ti02 as the 
reference, with a slit of 5 nm. 

The nitrogen (from S.C.O., 99.995%) ad- 
sorption isotherms (77 K) were measured in 
a conventional Pyrex high-vacuum system 
(residual pressure less than 1O-4 N mp2), 
equipped with a mercury vapor diffusion 
pump, Macleod gauge, and grease-free 
stopcocks. Pressure changes were moni- 
tored with a MKS pressure transducer. The 
system was calibrated previously with he- 
lium (S.C.O., 99.998%). 

RESULTS AND DISCUSSION 

X-Ray Diffraction 

Selected portions of the X-ray diffraction 
profiles of both supports and all four sam- 
ples have been included in Fig. 1. In all six 
cases, the peak at 352 pm (28 = 25.28”) cor- 
responding to diffraction by planes (101) of 
anatase, was the most intense, while the 
most intense peak of rutile at 325 pm (28 = 
27.4”), planes (110), was detected for no 
sample. This indicates that the thermal 
treatment of the pure support, or after in- 
corporation of the vanadium or molybde- 
num oxides, does not change the crystallo- 
graphic phase of Ti02. 

For samples containing vanadium, in ad- 
dition to the peaks due to diffraction by an- 
atase, some other peaks were detected. All 
these additional peaks correspond to the 
presence of V205, and ascription of the 
peaks has been done in Fig. 1 by compari- 
son with literature data (20) for orthorhom- 
bit V205 (synthetic shcherbinaite). The 
presence of no other oxide of vanadium, 

nor ternary V-Ti-0 compounds, was ob- 
served. 

Finally, in samples containing molybde- 
num, the peaks detected correspond only to 
orthorhombic molybdite, Moo3 (21), to- 
gether with those of anatase and no peak to 
ternary Mo-Ti-0 compounds nor lower 
MO oxide was observed. 

Besides these identification data, some 
other interesting features can be observed 
in this figure. Although the original support 
shows the peaks of anatase, these are very 
broad and the triplet at ca. 240 pm (28 = 
37.4”) due to diffraction by planes (103), 
(004), and (112), as well as the doublet at 
ca. 170 pm (28 = 53.9”) due to diffraction by 
planes (105) and (211), are not very well 
defined indicating a lack of good crystallin- 
ity. When the support is calcined at 773 K, 
the X-ray diffraction pattern of support T2 
shows an improvement in the sharpness of 
these peaks, indicating a crystallization 
and/or an increase in the crystallite size as 
a consequence of heating. It should be 
noted that samples T2, VTI, and MT1 were 
given one thermal treatment at 773 K, while 
samples VT2 and MT2 had been given one 
treatment before the incorporation of V or 
MO, and a second heating after that. How- 
ever, sample VT1 shows very well defined, 
sharp peaks, even better than those of sup- 
port T2, and the triplet at 240 pm and the 
doublet at 170 pm are very well resolved. 
The situation does not change for sample 
VT2 (that had been given two heating treat- 
ments). The behavior of the molybdenum- 
containing samples is, however, different: 
for sample MT1 the shape and sharpness of 
the anatase peaks are quite similar to those 
of support Tl, despite the fact that sample 
MT1 had been heated in O2 at 773 K and 
support Tl had not, and for samples MT2, 
heated twice, the anatase peaks are rather 
similar to those for support T2, heated only 
once at 773 K. It seems that the presence of 
molybdenum delays the crystallization or 
the sintering of the support, while the pres- 
ence of vanadium favors it. If the degree of 
crystallinity is tentatively measured from 
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the sharpness of the peaks, it increases in 
the order Tl 5 MT1 < T2 5 MT2 % VT1 = 
VT2. 

Magnetic Measurements 

Although the X-ray diffraction data 
above indicate the presence of TiOz, V205, 
and Moo3 as the only compounds existing 
in the samples, the possible presence of 
genotypic molybdenum oxides (22) makes 
worthwhile investigating the presence of 
molybdenum ions in an oxidation state 
lower than six. 

To determine the susceptibilities of the 
samples, as the expected content in para- 
magnetic species was very low, the 
diamagnetic corrections were carried out 
from the experimental diamagnetism of the 
unloaded support Tl. The measured sus- 
ceptibilities (in the range 2 to 6 x lO-‘j g-t) 
increased with decreasing field strength, in- 
dicating the presence of a slight paramag- 
netism, probably due to the presence of im- 
purities (10 ppm of the Fe according to the 
supplier); plots of susceptibility against re- 
ciprocal field were linear and were extrapo- 
lated to infinite field to eliminate the effect 
of ferromagnetism (23). The average sus- 
ceptibility for samples containing MO was 
-0.6 x 1O-6 g-‘, and 0.2 x 1O-6 gg’ for 

those having V. These results indicate that 
the samples are essentially diamagnetic, 
and thus the presence of lower oxides of 
MO or V can be discarded. 

Electronic Spectra 

These have been collected in Fig. 2, to- 
gether with the spectra of some reference 
compounds (TiO*, MOOR , V205). Refer- 
ence V205 was obtained by calcination 
of (NHa)V03 at 773 K, and reference 
Moo3 was obtained by calcination of 
(NH&Mo~O~~ * 4H20 at 773 K. While both 
supports are white, Moo3 is slightly yellow 
and V205 is brick-red, samples MT1 and 
MT2 are pale blue, and samples VT1 and 
VT2 are slightly greenish yellow. 

The spectra of samples VTI, VT2, sup- 
port Tl , and of a mechanical mixture VzOj/ 
Ti02 (containing the same relative amounts 
of V205 and Ti02 that samples VT) are 
shown in Fig. 2A, where they have been 
vertically displaced for clarity. 

The spectrum of the support, recorded 
against MgO (Fig. 2Aa), shows a very in- 
tense band rising below ca. 380 nm that has 
been ascribed (24) to an 02- + Ti4+ charge 
transfer process. As this band is recorded 
for ail samples, support Tl was used as ref- 
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FIG. 2. Electronic spectra (diffuse reflectance) of the samples and of model compounds. (A) V- 
Containing solids: (a) parent TiOz, (b) mechanical mixture Vz05/Ti02, (c) sample VTI, (d) sample 
VT2. (B) MO-Containing solids: (a) mechanical mixture Mo03/Ti02, (b) sample MTI, (c) sample MT2. 
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erence to record the spectra of other sam- 
ples containing V or MO. 

Spectrum in Fig. 2Ab, corresponding to 
the mechanical mixture V2OJTiO2, shows 
two charge transfer maxima at 430 and 500 
nm, responsible for the color of the vana- 
dium pentoxide. 

The spectra of samples VT1 and VT2 
(Figs. 2Ac and d) show a very intense band 
at 412 nm, with a prominent shoulder at ca. 
500 nm that correspond to the charge trans- 
fer maxima in Fig. 2Ab. However, the rela- 
tive intensities of the bands at 412-430 and 
500 nm have changed from the mechanical 
mixture V205/Ti02 to the VT1 and VT2 
samples, where the very intense band at 
412 nm dominates the spectra. 

A similar behavior is observed for the 
molybdenum-containing samples. While 
the corresponding Mo03/Ti02 mechanical 
mixture shows (Fig. 2Ba) an intense band 
at 740 nm with a prominent shoulder at 245 
nm indicating the presence of octahedral 
[Moos] units (25), the spectra of samples 
MT1 and MT2 show, in addition, an ab- 
sorption band at 410 nm together with a 
general absorbance increase all along the 
visible region (Figs. 2Bb and c). This ab- 
sorption above 500 nm is responsible for the 
pale blue color shown by these samples. Al- 
though at first instance it may be ascribed 
to the presence of MoS+ (d’) species, for 
which two bands due to crystal field transi- 
tions in the range 1000-500 nm are expected 
(26), the magnetic results above indicate 
that such species do not exist in our sam- 
ples. Moreover, they are hardly to be ex- 
pected after the oxidizing way the samples 
have been obtained. It may be pointed out 
that Weyl and Forland have mentioned (27) 
a blue-grey color, not removed by oxida- 
tion, when high-valency ions are intro- 
duced interstitially into a titania powder, 
and a partial migration of Mo6+ ions into the 
subsurface layers of the lattice may have 
taken place, bearing in mind the closeness 
of Ti4+ and Mo6+ radii (74.5 and 73 pm, re- 
spectively, in octahedral coordination) 
(28). 

A band at 415-410 nm has been previ- 
ously observed by several authors when re- 
cording the visible spectra of titanium diox- 
ide and titanates doped with several first 
transition series cations such as Cr, Mn, 
Co, Ni, Cu (24, 29-33), and it has been 
ascribed to a M”+ ---) Ti4+ charge transfer 
process, i.e., the excitation of an electron 
from the M”+ cation into the conduction 
band of the semiconducting support. How- 
ever, in our case, vanadium and molybde- 
num exist in oxidation states +5 and +6, 
respectively (do configuration in both 
cases), according to the X-ray diffraction 
data and magnetic measurements above, 
and then such an interpretation is not valid 
in this case, as our guest cations have no d 
electron to be promoted to the conduction 
band of TiOz. The origin of this band needs 
to be further confirmed, although pre- 
liminary studies in this laboratory suggest 
that it is due to the formation of oxygen- 
containing species (34) on the surface of the 
titania, in some way stabilized by the pres- 
ence of the guest cations. 

Nitrogen Adsorption Isotherms 

The curves for all six samples have been 
plotted in Fig. 3. The analysis of such iso- 
therms for pore size distribution have been 
carried out following the method by Cran- 
ston and Inkley (35) and the de Boer’s t- 
plot method (36) has been applied as well. 
The numerical calculations have been per- 
formed with the assistance of a BASIC 
program developed by us (14), run in an 
Olivetti Ll-M 20 personal computer (PCOS 
operative system) coupled to an Olivetti 
PR-1450 graphic printer. 

The isotherms for supports Tl and T2 
show two different types of hysteresis 
loops, corresponding to types H2 and HI, 
respectively, in Sing’s classification (37), 
and due to bottleneck type and cylindrical 
pores open at both ends, respectively. A 
mere opening of the “cul-de-sac” pores by 
the thermal treatment should be ruled out, 
as this process would imply an increase in 
the specific surface area and, on the other 
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FIG. 3. Nitrogen adsorption isotherms (77 K) for the 
supports and the samples. 

hand, according to the pore size distri- 
butions in Fig. 4, the pores existing in sup- 
port T2 are wider than those in support Tl. 
The average particle sizes for these two 
supports, from the breadth of the main X- 
ray diffraction peak of anatase at 352 pm 
(14), are 15 and 23 nm for supports Tl and 
T2, respectively; i.e., the sizes of the pores 
are ca. 25% of the average particle sizes of 
the solids. So, it can be assumed that the 
mesopores existing in these two supports 
are simply interparticle channels that in 
support Tl can be partially obstructed by 
other (smaller) crystallites, thus leading to 
the “cul-de-sac” pores, while in support T2 
the partial sintering of the smaller particles 
by the thermal treatment has opened these 
pores; the specific surface areas for these 
supports roughly coincide with the geomet- 
rical values obtained from the crystallite 
sizes and the specific gravity of the anatase. 

The persistence of these same hysteresis 
loops in samples MT1 and MT2 indicate 

that such shaped pores exist also in these 
samples, and the incorporation of molybde- 
num in sample MT1 has avoided the 
changes observed in sample T2, obtained 
by heating support Tl. On the contrary, 
curves for samples VT1 and VT2 were 
identical, without any hysteresis loop, and 
coincident for both samples. The presence 
of vanadium thus leads to deep changes in 
the structure of the solid, whichever the 
pore structure (bottleneck pores, Tl, or cy- 
lindrical pores, T2) of the starting support. 

Cumulative surface areas and pore size 
distribution curves have been included in 
Fig. 4, while numerical data are summa- 
rized in Table 1. Curves in Fig. 4 show that 
heating of the support leads to development 
of mesopores in the range 5-7 nm diameter, 
decreasing the contribution by pores with a 
diameter close to 2 nm. These changes can 
also be concluded from the changes in the 
shape of the Sc curves for both supports. In 
samples containing molybdenum, however, 
the main contributions to surface area come 
from pores with d s 6 nm (MTl) or d s 4 
nm (MT2), while both V-containing sam- 
ples show contributions only by pores with 
d > 2 nm. First we will discuss the changes 
observed in the supports, and then we will 
turn to the MO- and V-containing samples. 

As shown in Table 1, the cumulative sur- 
face values for samples Tl, T2, MTl, and 
MT2 (i.e., those showing hysteresis loops) 
are always larger than the corresponding 

TABLE 1 

BET-, Cumulative-, and r-Surface Area Values for 
the Supports and the Samples” 

Tl T2 MT1 MT2 VT1 VT2 

&ET 114.9 59.1 66.8 44.3 24.5 24.6 
SC 134.7 83.7 78.6 53.2 24.2 23.5 

St I :; 
58.1 59.0 45.1 25.0 24.8 

;9 22.4 22.0 - - - 

0 Units in m2 g-l. 
b S,, and S,, correspond to the values determined 

from the first and the third linear segments in the V-t 
plot, respectively, as counted from the left-hand side. 
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FIG. 4. Cumulative surface plots and pore size distri- 
bution curves for the supports and the samples. 

BET values, the differences being well 
above the experimental error; on the con- 
trary, both sets of values coincide in the 
case of samples VT1 and VT2, where re- 
versible isotherms are obtained. With re- 
gards to the V-t plots of de Boer, sigmoid 
curves with up to three linear segments 
were obtained in some cases, and micro- 
pores were absent in all six samples. For 
these sigmoid V-t plots the surface area can 
be estimated from the slope of the first lin- 
ear segment, St, (as counted from the left- 
hand side of the plot), while the determina- 
tion of the external surface area is carried 
out from the slope of the third linear seg- 
ment, Sa (38). For support T2, St, equals 
58.1 m2 g-r (in good agreement with the 
BET value) and St3 22.4 m2 g-r, its sum 
amounting to 80.5 m2 ge2, roughly matching 
the cumulative surface area calculated for 
this sample. For support Tl, however, the 
first linear segment is not observed, and so 
S,, could not be determined; nevertheless, 
the difference between Sc and St3 (18.9 m2 
g-r for Stj) equals 115.8 m2 g-l, coincident 
with the BET value of 114.9 m2 gP’. 

It can then be concluded that when 
shaped pores exist, leading to isotherms 
with hysteresis loops (at least those corre- 
sponding to types H2 and Hl) capillary 
condensation leads to Sc values larger than 
those obtained by the BET method (these 
BET values coinciding with the St, ones), 
by a value corresponding to the external 
surface still available for adsorption after 
capillary filling (So). 

The same effect is observed for samples 
MT1 and MT2, although in this case the 
matching between Sam and St, (66.8 and 
59.0 m2 g-r for sample MTl, and 44.3 and 
45.1 m2 g-r for sample MT2) and between 
Sc and St, + St3 is only roughly coincident 
for sample MTl. 

On the contrary, in the case of the vana- 
dium-containing samples, the values ob- 
tained by the BET and cumulative methods 
coincide very well, and match those ob- 
tained from the essentially linear V-t plots 
for these samples, within experimental er- 
ror; i.e., the incorporation of vanadium has 
completely destroyed the pore system ex- 
isting in the support, promoting its sinter- 
ing. 

FINAL REMARKS 

From the results above, it can be con- 
cluded that molybdenum and vanadium be- 
have differently when incorporated on the 
surface of titanium dioxide (anatase). In 
the case of molybdenum the incorporation 
takes place with the formation of bulk 
Mo03, but sintering of the support crystal- 
lites does not take place further than that 
observed for a pure support similarly 
heated, and the pore structure of the carrier 
is respected. The same effect is observed if 
the pores existing in the support are modi- 
fied by a thermal treatment previous to the 
incorporation of the molybdenum. On the 
contrary, although V205 crystallites grow in 
the case of the VT1 and VT2 samples, the 
sintering causes a sharp decrease in the sur- 
face area, destroying the pore structure of 
the support, irrespective of any thermal 
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treatment given to the carrier before the in- 
corporation of the supported phase. 

An interpretation at the atomic level for 
this difference is lacking in the literature, 
but should be obviously related to the struc- 
ture and chemistry of the supported phases 
finally formed. Both oxides show layered 
structures, the main differences corre- 
sponding to the (slightly) more regular 
structure for MoOj than for V205. From 
EXAFS studies, Pettifer et al. have shown 
(39) that an epitactic model between ana- 
tase and VzOs is not applicable in these cat- 
alysts. 

With respect to Mo03, Courtine et al. 
(40) have claimed that the (100) and (010) 
planes of Moo3 can be “anchored” on the 
(010) and (001) planes of anatase, thus sug- 
gesting an easiness for growing of Moo3 
layers on these faces of the TiOz crystal- 
lites. 

So, a tentative explanation for the differ- 
ent behavior observed for V205/Ti02 and 
MoOJTi02 may be given if it is assumed 
that, both supported phases interacting 
through the hydroxyl groups, the growth of 
the V20S crystallites does not take place 
uniformly, giving rise to islands of V205, 
leaving part of the support surface covered, 
and this growth may bring together and sin- 
ter different TiOz particles. On the con- 
trary, if Moo3 grows epitactically on the 
Ti02 crystallites, the inter-particle pores will 
not be destroyed, leaving the particles apart 
and thus a sharp decrease in the surface 
area as an effect of sintering will not be 
observed. 

An alternative explanation, assuming 
that the V205 (or MoOJ crystallites grow 
only by their own, without any interaction 
with the support particles, should be ruled 
out, as, in such a case, the behavior of both 
sets of samples would be the same; in the 
case of the MO-containing samples, MT1 
had been given one thermal treatment at 
773 K, as support T2, but although both 
show similar surface area values, the ad- 
sorptive behavior is different: heating of the 
pure support leads to a change in the pore 

shapes and thus the hysteresis loops in the 
nitrogen adsorption isotherms are different 
for supports Tl and T2; however, the hys- 
teresis loops for samples Tl and MT1 are 
similar (bottleneck pores), indicating that 
the changes performed by the pure support 
Tl when heated (supported T2) have not 
taken place place when Tl is heated after 
incorporation of molybdenum. For the V- 
containing samples, the effect on the sur- 
face area and on the shape of the nitrogen 
adsorption isotherm are sufficiently evident 
to discard this independent-growing model. 
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Note added in proof. After this work was com- 
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et a/. (J. Catal. 94, 108, 1985) have shown that tetrahe- 
dral molybdate species exist on TiOz at submonolayer 
coverages, while any amount in excess of a monolayer 
is converted to bulk-like MOOT. 
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