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ABSTRACT

Low temperature oxygen chemisorption (LTOC) has been applied to characterize
v-Al1203 supported vanadium oxide catalysts. The results strongly suggest the form-
ation of a monolayer with high dispersion of V-oxide on the alumina surface. The
monolayer coverage of the surface is completed when the V505 content of the cata-
lysts reach 11.9% and beyond this loading crystaltites of V205 start to form on
the alumina surface. Within the monolayer level the active surface area and active
site density are found to increase with increased vanadia loading, while those in
the 'post monolayer' region show a sharp decline as the load increases. The dis-
persion of vanadia remains essentially constant within the monolayer level and
decreases almost linearly as a function of V;05 loading in the post monolayer
region. Information gathered from other techniques, including ESR, IR and surface
area measurements, substantiate the results of LTOC experiments. Thus, LTOC
technique is found to be a valuable tool for characterizing supported oxidation
catalysts which are identified with redox properties.

INTROBUCTION

Vanadium oxides form a group of industrially important catalysts for the ammox-
-idation and partial oxidation of aromatic hydrocarbons [1,2] and much research
activity has been devoted towards understanding the nature of active sites as
well as the role played by the carrier of the supported catalysts. The most effi-
cient utilization of any supported catalyst depends on the percent exposed or
the dispersion of the active component on the surface of the support. This dispers-
ion is often controlled, among other factors, by the extent of loading and the
nature of the support. The actual state of the active component on the surface
depends mainly on the method of preparation, the acidity of the support and the
amount of the active component supported. The active component may remain as a
highly dispersed monolayer or as crystallites on the support surface, or may even
form a solid solution with the latter [2].

Extensive studies have been devoted to the understanding of the mechanism of
formation and properties of V-oxide monolayer catalysts [2,3], as well as the role
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of V=0 bonds [4,5] in the catalytic activities of vanadium oxide catalysts. Appar-
ently, no effort has so far been made to estimate the active surface areas of the
supported V-oxide catalysts. Weller et al. [6] were the first to demonstrate the
applicability of LTOC in finding the active surface areas of supported Mo-oxide
catalysts. Other works followed to prove the merits and demerits of this technique
[7-12]. In this article we report similar studies with V-oxide systems. The pur-
pose of this work has been twofold, first, to gain an idea about the state of V-
oxide on the surface of the support and, second, to have an estimate on the active
surface area and the site density on the surface.

EXPERIMENTAL

Pure crystalline V205 was prepared by decomposing ammonium metavanadate (E.
Merck, Analar) at 450°C for 4 h in air. The supported catalysts were prepared by
impregnating y-A1203 (ACC, India) with stoichiometric aqueous solutions of ammonium
metavanadate and evaporating to near dryness with constant stirring. The resultina
paste was oven dried at 110°C for 16 h and calcined in air at 500°C for 4 h. The
V content of the finished catalysts were determined by atomic absorption spectros-
copy and are reported as wt% of V205 on A1203.

A conventional high vacuum glass system was used to measure the BET surface
areas by N2 (0.162 nmz) adsorption at 77 K. The same system was employed to deter-
mine the pore size distribution by the BJH method [13]. X-ray diffractograms were
recorded on a Philips PW 1051 diffractometer by using Ni-filtered CuKa radiation.
The most intense Tine of V205, corresponding to the (001) plane was taken for
the line broadening measurements. Quartz (100) line was used for correction of
the broadening by the instrument. The average crystal diameter was determined by
the application of the Scherrer equation. A1l ESR experiments were performed under
vacuum and at 109 K with a JEOL FE 3X, X-band (v = 9.278 GHz) spectrometer with
100 KHz modulation. Self supporting KBr pellets containing the catalyst samples
were used to scan the IR spectra on a Perkin Elmer 283B spectrometer at ambient
conditions.

A modified version of the above mentioned high vacuum system (up to 10'6 Torr)
with the option of reducing the samples by flowing hydrogen was applied for the
LTOC experiments. The standard procedure employed was the reduction for 6 h follow-
ed by evacuation for 1 h (10'6 Torr), both at 500°C, prior to oxygen chemisorption.
Before the introduction of oxygen, the system was further evacuated for 1 h at
the temperature of oxygen chemisorption, 196 K. Purified oxygen from a storage
bulb was then allowed to enter into the catalyst chamber with predetermined dead
space and the first adsorption isotherm representing the sum of physisorbed and
chemisorbed oxygen was determined in the usual way [6]. After this, the physisorb-
ed oxygen was removed by evacuating ('IO'6 Torr) for 1 h at 196 K. Immediately
after this a second isotherm representing only the physisorbed oxygen was generated
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FIGURE 1 BET surface areas of the catalysts: —@)——@—— surface area
based on unit weight of catalyst; ---v---v---, surface area based on unit weight
of support.

in an identical manner. From these two isotherms, which were parallel at the
pressure range used (120-250 Torr), the volume of chemisorbed oxygen was determin-
ed from the difference of their intercepts on the Y-axis [6]. The BET surface

area of this reduced catalyst was determined and saved after evacuation for the
ESR experiments.

RESULTS
Surface area and pore size distribution

The BET surface areas of the unreduced and the reduced catalysts are given
in Figure 1 and Table 1 respectively. From Figure 1 it is observed that the sur-
face areas of the unreduced catalysts based on unit weight of alumina remain /
constant up to a V205 loading of 11.9%, after which it decreases steadily. In
contrast to this, the surface area based on unit weight of catalyst decreases with
increasing vanadia content from the very beginning. The same trend is also observ-
ed for the reduced catalysts (Table 1). The average pore radius of the unreduced
catalysts remained virtually constant at 4.3 + 0.3 nm as compared with 3.4 nm
for the support. Simitarly the average pore volume of the catalysts were found
to be 0.36 = 0.02 ml g'1 as compared with 0.41 ml g'1 for the support. The small
increase in the value of average pore radius and the corresponding decrease in
the pore volume is probably due to the blocking of some micropores by V205.
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TABLE 1
Unreduced catalyst Reduced catalyst
Catalyst V205 crystall- Active Surface N BET sur- i Volume of
composition: ite size nm site coverage~  face area”  oxygen
Wt% of V,05 deﬁgitya m? g-1 chemisorbed,
on A1203 nm m11(STP)
g = cat.
0.0 - - 0.0 180.0 -
3.4 - 0.23 5.7 183.0 0.79
7.0 - 0.53 13.1 173.2 1.72
9.8 - 0.68 16.7 172.6 2.18
11.9 35.5 0.90 22.0 168.3 2.80
13.7 49.5 0.87 21.3 165.1 2.66
14.8 74.0 0.84 20.7 159.4 2.50
16.4 > 100.0 0.79 19.6 155.7 2.31
18.5 > 100.0 0.61 15.0 166.8 1.90
20.1 > 100.0 0.37 8.1 159.0 1.10
100.0 - - - 11.5 0.87

AThis is equal to the number of oxygen atoms chemisorbed per unit area of the re-
duced catalyst.

bDefined as: 100 x (active surface area/BET surface area of the reduced catalyst.
CBased on unit weight of catalyst.

X-ray, IR and ESR

No characteristic XRD peak of V205 was detectable up to a loading of 11.9%;
while the samples with higher vanadia content showed the XRD patterns which grew
in intensity as the amount of Vo0 increased. The absence of the peaks at the
lower concentration region can be taken as the indication of high dispersion of
V-oxide on the support surface. Otherwise, if the crystallites are formed, they
are less than 4 nm and are beyond the detection capability of the technique. The
size of the crystallites increases rapidly above 100 nm when the load exceeds
16.4% (Table 1).

IR spectra of the catalysts with V20§1content hig?fr than 11.9% showed two
characteristic bands of V205 at 1020 cm  and 825 ¢cm ' corresponding to V=0 bond
stretching and V-0-V deformation respectively. These bands, however, were not
detected at lower loadings of V205. These results are in good agreement with other
published results [4,5].

The ESR spectra of the reduced catalysts were recorded with an eye to gaining
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FIGURE 2 ESR spectra, recorded at 109 K and 1076 Torr, of (A) pure V205; (B)
11.9% V205 on y-A]zo3 (unreduced).

FIGURE 3 ESR spectra, recorded at 109 K and 10'6 Torr, of the reduced catalysts;
(A) pure V205, (B) 3.4% V205, (c) 11.9% V205, and (D) 20.1% v205, all on y-A1203.

some information on the valence state of vanadium on which chemisorption of oxygen
occurs at 196 K. The spectra of pure V205 and 11.9% of V205/y-A1203, both unreduc-
ed, are given in Figure 2, and those of the reduced catalysts are given in Figure
3. The important point to be noted is that while unsupported V205 shows a singlet
(g = 1.97) at 109 K the supported vanadium oxide shows hyperfine splitting (hfs)
due to V51 (I = 7/2). This hfs is of similar profile as that of the reduced cata-
lysts (Figure 3). These results are in good agreement with other work [14,15].

The axially symmetrical g values and the hfs constants of the reduced catalysts
remained practically constant and are given as follows: g, = 1.99, 99 = 1.94,
A; =71 G and A11 =192 G.
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FIGURE 4 Active surface areas and dispersion of the supported catalysts as a
function of V205 loading.

Low_temperature oxygen chemisorption

Since oxygen failed to chemisorb on the oxidised form of the catalysts at 196 K
it was necessary to reduce the catalysts to generate the surface on which the
chemisorption could occur. Pure and unsupported V205 was reduced at different
temperatures prior to oxygen chemisorption. No LTOC was observed up to 300°C
of reduction. The amount of chemisorbed oxygen increased linearly as a function
of reduction temperature in the range 300 to 500°C and then levelled off. There-
fore, 500°C was chosen as the standard temperature of reduction by hydrogen. The
volume (STP) of oxygen chemisorbed per g of various catalysts are given in Table
1. The factor for the conversion of unit volume of chemisorbed oxygen to the
corresponding active surface area was determined by the method applied by Parekh
and Weller [6] and is summarised as follows. Pure V205 was reduced at 500°C and
oxygen was chemisorbed on it at 196 K. From the BET surface area of this reduced
catalyst and the volume of oxygen chemisorbed the factor was determined from the

following equation:

2

BET surface area (m 9_1) of the reduced V205 sample

factor = =
volume of oxygen (ml STP) chemisorbed g

The factor was found to be 13.2 m2 m1'1 of oxygen (STP) chemisorbed. The active
surface areas of various catalysts were calculated with this factor and are plott-
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ed as a function of V205 loading in Figure 4. Other information derived from the
LTOC data are given in Table 1.

DISCUSSION
Surface state and dispersion of V-oxide on y-Al,0,.

The reducibility of the supported catalysts, as reflected by the extent of
LTOC, shows a steady increase as a function of V205 content up to 11.9%, after
which it decreases with loading. This behaviour is attributed to the formation
of V-oxide monolayer due to carrier-catalyst interaction [2,3] in the Tower load-
ing region and the formation of crystallites by multilayer deposition of V-oxide
on the monolayer at higher loadings. The decline in the reducibility of V-oxide
in the 'post monolayer' region stems from the fact that in the bulky crystallites

not all the V-oxide units are accessible to the reducing gas. On the other hand,
in the monolayer region the maximum number of such units (not necessarily 100%)
are available for reduction due to high dispersion.

ESR results offer strong evidence in favour of the above contention. In general,
dipolar broadening Teads to a singlet ESR spectrum when the paramagnetic species
remain in close proximity with each other on a surface. Thus, Takahashi et al. [14]
attribute the absence of hfs of crystalline V205 to the V4+ ions that remain as
dense clusters. Conversely, the presence of hfs of supported catalysts can be
taken as an indirect evidence for high dispersion that prevents the V4+ ions from
coming close enough to give rise to dipolar broadening. This is the reason why
y-alumina supported V-oxides show hfs and the silica supported samples do not.

The interaction between V-oxide and alumina. is much higher than that between V-
oxide and silica [14,15]. Our ESR results show that in the post monolayer region
the hfs tend to diffuse, especially in the region with higher values of My, while
within the monolayer region the spectra are well resolved (Figure 3). These observ-
ations led us to believe that V-oxide remains highly dispersed on alumina surface
at the lower loading region.

The above arguments take on added weight from the results of surface area
measurements. Massoth [17] showed with supported Mo oxide and sulfide catalysts
that within monolayer ‘1imit the BET surface areas based on unit weight of support
should remain constant and practically equal to that of the support; while that
based on unit weight of the catalyst should decrease with increased load of the
active component. Our results of similar calculations are depicted in Figure 1
where it is clearly seen that a monolayer is indeed formed at the lower loading
region.

By defining dispersion as the percent of V-oxide units available for reduction
and subsequent LTOC, it is possible to have an estimate of it from the total num-
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ber of V-oxide units present in a sample and the number of oxygen atoms chemisorbed.
With the assumption that one 0 atom corresponds to two V atoms as per the equat-

ions:
V05 + Hy = v204|:] + Hy0 €D
v204|:] +0 = V0, (2)

dispersion for all the supported catalysts have been calculated and are shown in
Figure 4. From this figure it is observed, as expected, that dispersion remains

constant in the monolayer region and decreases almost linearly as a function of

V-oxide loading in the post monolayer region.

Active surface area and active site density

From the LTOC data the active surface areas of the catalysts were calculated
and the results are shown in Figure 4. Again we see that active surface area in-
creases in the monolayer region and decreases in the post monolayer region as a
function of vanadia content. From the surface coverage data (Table 1) it is observ-
ed that even at the full monolayer coverage no more than about 22% of the support
surface is occupied by the active component. A plausible explanation for such a
Tow coverage could be that during the liquid phase preparation step the bulky
polyvanadate ions failed to penetrafe some micropores of the support [2,3]. There-

fore, we depict the monolayer as isolated patches or islands of V-oxide units
attached to the support surface by a strong chemical force. This chemical inter-
action is possible on a small fraction of the total surface of the support. The
comp]etibn of the monolayer occurs when this active surface is covered completely
by V-oxide. Any further addition of the active component leads to multilayer
growth on the monolayer and eventual formation of bulky crystallites, while a
large fraction of the carrier surface still remains bare. This observation agrees
with the recent findings of Inomata et al. [18]. However, their data on the dis-
persion, crystailite formation etc., do not agree with ours. This difference might
stem from the method of preparation, starting materials and characterization
techniques which were different. These differences are reflected by the fact that
their samples show XRD patterns starting from vanadia loading of about 48 weight %
(corresponding to 35 mole %) as compared with 12% in our case.

With the above information on the surface state, dispersion and active surface
areas of the catalysts, it is tempting now to elicit some information on the act-
ive site density on the surface. The active sites are envisaged as the vacancies
created by the removal of labile oxygen atoms that take part in the redox [19]
processes in oxidation reactions. By assuming dissociative chemisorption of oxygen
on these vacancies (see Equations 1 and 2) the site densities have been calculated
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from the BET surface areas of the reduced catalysts. The results are given in
Table 1. As in the cases of active surface area and coverage, the active site
density is found to increase in the monolayer level and decrease in the post
monolayer level with increasing vanadia content.
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