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Effect of sol—gel synthesis on physical and chemical properties of V/SiO,
and V/MgO catalysts
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Catalytic properties of supported vanadium oxide catalysts are highly dependent on surface vanadia configuration and the
nature of the support. In this study, the effects of using the same supports (silica and magnesia) from two different preparation
procedures on the catalytic properties in methanol partial oxidation and on the vanadium surface structures were investigated. Both
types of catalysts were prepared by the incipient-wetness method and characterized using BET, Raman spectroscopy, UV—-Vis and
H,-TPR to determine the structures of vanadium on the supports’ surface. Both aerogel-prepared V/SiO, and V/MgO catalysts
were more active than conventionally prepared samples in methanol partial oxidation. These differences in catalytic results are
attributed to the configurations of active phase. It was also found that small vanadium phases were more active in methanol partial

oxidation than larger phases.
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1. Introduction

Supported vanadium oxide catalysts have attracted
numerous studies in the last decade [I-11]. Catalytic
properties of vanadium oxide catalysts are highly
dependant on catalytic surface configurations, identities
of active sites, and interactions between vanadyl species
and oxide supports [12—15]. In recent years, researchers
have paid much more attention on the effect of oxide
supports, which were long believed to be inert in the
catalytic reaction. They have also reported that by
modifying the oxide supports with other oxides pos-
sessing different acid—base properties, the reactivity of
catalyst can be enhanced [7,12,15-17].

In recent years, there has been an explosion of work
in nanotechnology, where materials with features on the
order of nanometers are prepared. Sol-gel techniques
have been used to synthesize metal oxides with crystal
sizes of only nanometers [18], and these metal oxides
have been found to have different chemical and catalytic
properties than conventional metal oxides [19]. For
example, the surface hydroxyls on sol-gel prepared
MgO have been found to be less acidic than on con-
ventional MgO [19]. Also sol-gel prepared MgO was
found to have a much higher adsorption capacity per
nanometer of surface area for acid gases for low partial
pressures of those gases [20]. Our laboratory has previ-
ously reported that butene selectivity during oxidative
dehydrogenation of butane was higher when nanocrys-
talline MgO was used as the support, and it was
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hypothesized that differences in support acid—base
properties might have played a role [4].

This literature suggests that nanocrystalline metal
oxides may lead to different catalytic properties than
conventional supports, but there is a lack of under-
standing for how the nanocrystalline metal oxides affect
catalysis. One possibility is that the support changes the
acid—base properties or redox properties of the resulting
supported catalyst. This would be analogous to how
different metal oxides (i.e. MgO versus TiO,) lead to
different chemical properties that affect catalyst activity.
Another possibility is that the increased surface area of
the nanocrystalline supports leads to differences in the
supported phase or phases. This paper studies how the
use of two aerogel-prepared (AP) metal oxides (SiO,
and MgO) as supports for vanadium affects the vana-
dium surface phases and the chemical properties of the
catalysts. Methanol partial oxidation is used as a probe
of acid/base and redox properties of the catalysts [21],
while H,-TPR is used to evaluate the reducibility of the
catalysts. Several techniques are used to characterize the
physical properties of the catalysts (BET, Raman spec-
troscopy, and UV—Vis spectroscopy).

This paper also looks at how turnover frequency in
methanol oxidation varies as a function of vanadium
weight loading. There are conflicting reports in the
literature. Wachs and co-workers reported a slight initial
increase in turnover frequency with increasing vanadium
loading on various metal oxide supports followed by a
decrease [16]. However, they also reported no trend in
turnover frequency with weight loading, citing results
where TiO, was used as the support [7]. Bell and
co-workers recently reported that vanadium surface
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density played an important role in oxidative dehydro-
genation, where vanadium phases containing bridging
vanadate groups were more active than monovanadate
structures [22]. Therefore, important mechanistic infor-
mation can be obtained by understanding how turnover
frequency varies with vanadium weight loading. Using
sol-gel prepared SiO, and MgO offers a means for
investigating this question because their high surface
areas should allow more vanadium to be loaded without
forming bulk phases.

2. Experimental section
2.1. Catalyst preparation

Two types of SiO, and MgO were applied in this
study: conventionally prepared (CP) and aerogel prepared
(AP) silicon and magnesium oxides. CP SiO, was pur-
chased from Degussa (Aerosoil-380, Sgrr=367 m*/g),
and pretreated with water to allow easy handling. CP
MgO was prepared by pretreating commercially pur-
chased MgO (Aldrich, 99+ %) in boiling water over-
night with stirring. After cooling and filtering, the paste
of magnesium hydroxide was dried in an oven at 120 °C
for 2 h and then calcined at 500 °C under vacuum
overnight.

AP SiO, was formed by a sol-gel process combined
with supercritical drying in a bench-top autoclave (Parr
Model 4843). The details of sol-gel process, developed
by Rolison and coworkers, are reported elsewhere [18].
The gel-like product was dried over a 4-h period in an
autoclave heated from room temperature to 265 °C.

For AP MgO, 5 g of magnesium ribbons (Alfa Aesar,
99.8+ %) was reacted with 200 mL methanol under
nitrogen for 2 h. The resulting solution was mixed with
200 mL toluene and then 4 mL deionized water was
slowly added. This mixture was stirred overnight and
transferred into an autoclave, where it was dried with a
hypercritical drying process [19]. The remaining white
magnesium hydroxide powder was calcined at 500 °C
under vacuum overnight. [4]

All supports were calcined at 500 °C under vacuum
for 4 h and stored in beakers under an ambient atmo-
sphere for a few days. Vanadium was then introduced
onto each support by the incipient-wetness method,
following the procedure described by Wachs and
coworkers [14].

2.2. Catalyst characterization

The surface areas of all samples were measured by a
Quantachrome NOVA 1200 instrument. Before each
run, approximately 0.1 g of catalyst was degassed at
300 °C for 30 min. Six-point BET surface areas were
calculated from the nitrogen adsorption isotherms.

Raman spectra of hydrated samples were obtained by
a Chromex Raman 2000 instrument in 200-2000 cm ™
wavelength range with 785 nm laser beam. Ground

samples were packed within plastic cuvettes and placed
inside a cuvette holder (Quantum Northwest TLC 50)
for spectra collections.

Temperature-programmed reduction of hydrogen
was measured in an Altamira AMI-200 system. 0.2 g
samples were loaded in a quartz U-tube reactor and
treated at 550 °C for 1 h in pure O, to fully oxidize the
samples. After cooling, the temperature was ramped
from 50 °C to 850 °C at a constant rate of 5 °C/min in a
flow of 5% H, in Ar. H, consumption was monitored
using a thermal conductivity detector (TCD).

UV-Vis spectra were acquired by a Varian-Cary 500
Scan UV-Vis NIR spectrophotometer with an inte-
grating sphere attachment in the 1.5-6.2 eV photon
energy range. The absorption spectra were acquired with
Teflon powder as a reference. The adsorption edge
energy was measured by a least-squares fit of a line
through a low energy edge of an absorption spectrum
[22,23].

2.3. Catalytic reactivity testing

Methanol partial oxidation was applied as a chemical
probe of both CP- and AP- V/SiO, and V/MgO cata-
lysts. Experiments were performed in an 11-mm i.d.
vertical quartz tube reactor placed inside a cylindrical
furnace. Approximately 60 mg samples were loaded
between plugs of quartz wool, which resulted in a bed
length of about 0.2 cm. A K-type thermocouple was
placed at the bottom of the catalyst bed. Product gasses
were sent to a gas chromatograph (SRI 8610) that used
MolSieve 5SA and Haysep T columns to separate the
products. Two kinds of detectors, FID and TCD, were
equipped to analyze the products during the reaction.
Products detected include oxygen, nitrogen, carbon
monoxide, carbon dioxide, water, formaldehyde, dime-
thyl ether, methanol, methyl formate, and dimethoxy
methane.

Both oxygen (99.0%) and nitrogen (97.0 + %) were
obtained from Linweld. Methanol (99.9%) was
obtained from Fisher. Methanol was introduced into the
system by a syringe pump (New Era NE-500) with a
0.01 mL/min injection rate. Gas flows of oxygen and
nitrogen were regulated by mass flow controllers
(Brooks Instrument, 5850E) and blended with methanol
vapor to achieve a 13/81/6 (mole%) mixture. The total
flow rate was around 100 standard cubic centimeters per
minute (sccm).

All catalysts were pelletized, crushed, and sieved into
20-40 mesh particles. Internal and external mass trans-
fer resistances were examined by changing particle size
and gas flow rate, and were found to be negligible.
Before each run, samples were pretreated at 450 °C for
30 min in a stream of oxygen and nitrogen. Catalytic
results were acquired at 250 °C for V/SiO, catalysts and
150 °C for V/MgO catalysts, beginning 20 min after
injection of methanol through the system. Blank runs
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were performed in the reactor with packed quartz wool
without any detectable conversion of methanol.

For all data reported, the carbon and hydrogen mass
balances closed within 10% error and most within 5%.
For each sample, three to five trials were run. These
multiple trials were used to estimate 95% confidence
intervals for catalytic activity, selectivity and turnover
frequency (TOF). Activity was calculated from conver-
sion: the number of moles of methanol converted per
hour per gram catalyst (mol/hxg), noted as Ac. The
selectivity (%) of product X; was calculated as
100 x (number of moles methanol converted to product
X;)/(total number of moles of methanol converted).
Turnover frequency (s™'), defined as the moles of
methanol converted per surface vanadium atom per
second [7], was found by dividing activity by the number
of active sites per gram of catalyst. The number of active
sites was calculated from the number of vanadium
atoms, found from the nominal weight loading.

3. Results
3.1. Physical properties

Tables 1 and 2 present the surface areas, calculated
surface vanadia densities and UV-Vis absorption edge
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energies of all AP and CP V/SiO, and V/MgO catalysts.
With increasing vanadium loading, the surfaces areas of
all samples generally decrease. Surface areas of all AP
catalysts are at least twice as high as CP catalysts. This
increased surface area resulted in much lower vanadium
surface densities for AP catalysts for the same weight
loadings.

Table 3 lists tshe colors of hydrated and dehydrated
AP and CP V/SiO, catalysts with various loadings. For
hydrated samples, colors were recorded under ambient
condition; for dehydrated samples, observations were
obtained after purging with pure oxygen at 450 °C for
30 min. The colors of silica and V,Os crystals were white
and orange, respectively, for hydrated and dehydrated
samples. With increasing vanadium content, the colors
of AP and CP samples became darker. CP samples
became orange at high weight loadings, while AP sam-
ples did not.

Previous studies found that hydrated monovanadate
species and V,05; phases on a silica surface were
yellowish and orange in color, separately. When samples
were dehydrated at elevated temperatures, the mono-
vanadate species become white while the orange color
was maintained by vanadium pentoxide phases [14].
This suggests that samples with darker colors contain
more crystalline V,Os.

Table 1
Surface areas, surface compositions and UV-Visible absorption edge energies of AP and CP V/SiO, catalysts

wt% AP V/SiO, CP V/SiO,
Surface Surface Absorption edge Surface Surface Absorption edge
area (m?/g) density (VO,/nm?) energy (eV) area (m?/g) density (VO,/nm?) energy(eV)
0 760.9 0 270.6 0
0.5 772.1 0.04 2.20 268.6 0.12 2.11
1 742.3 0.09 2.15 260.5 0.25 2.08
2 716.6 0.18 2.10 268.1 0.48 2.00
3 618.1 0.31 2.05 262.1 0.74 2.01
5 564.3 0.56 2.07 244.1 1.29 1.91
7 551.1 0.79 2.03 240.6 1.80 1.89
10 566.0 1.06 2.03 206.4 2.92 1.89
Table 2
Surface areas, surface compositions and UV-Visible absorption edge energies of AP and CP V/MgO catalysts
wt% AP V/SiO, CP V/SiO,
Surface Surface Absorption edge Surface Surface Absorption edge
area (m?/g) density (VO,/nm?) energy (eV) area (m?/g) density (VO,/nm?) energy(eV)
0 285.0 0 126.1 0
5 263.4 1.2 2.75 124.2 2.5 2.75
10 266.2 2.3 2.70 114.2 5.3 2.65
15 252.0 34 2.68 88.3 9.8 2.68
20 224.7 49 2.75 88.9 12.4 2.65
25 206.3 6.4 2.64 76.6 17.3 2.59
30 156.3 9.8 2.65 70.3 21.7 2.49
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Table 3
Colors of hydrated and dehydrated AP and CP V/SiO, catalysts

wt% AP V/SiO, CP V/SiO,
Hydrated color Dehydrated color Hydrated color Dehydrated color
0 White White White White
1 Light yellow White Light yellow White
3 Light yellow White Yellow Light yellow
5 Yellow Light yellow Orange Yellow
10 Yellow Light yellow Orange Orange

3.2. Raman spectroscopy

No clear V=0 signal was observed for AP or CP V/
Si0, catalysts at any weight loading. This may be due to
interference from the silica support, or because hydrated
surface vanadyl groups are difficult to detect.

Figure 1 presents the Raman spectra of AP and CP V/
MgO catalysts with vanadium weight loadings of 0%,
5%, 10%, 20%, 25%, and 30%. Reference phases,
including Mgz(VOy,),, Mg,V,0,; and V,0s, were also
collected. Consistent with previous studies, Mg;(VOy,)»
shows a clear Raman peak at 864 cm™' [24-26], whereas
Mg,V,0, gives Raman peaks at 947 and 901 cm™
[26,27]. None of these peaks are apparent between 0% to
10%. At vanadium weight loadings of 20% and above,
both AP and CP V/MgO catalysts exhibit a strong peak
at ~860 cm™!, which can be ascribed to the V-O bond
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Figure 1. Raman spectra for hydrated (A) AP V/MgO and (B) CP V/
MgO with (a) 0%, (b) 5%, (c) 10%, (d) 20%, (e) 25% and (f) 30%

vanadia weight loadings in the 200-1200 cm™" range.

stretching vibration in Mgs(VOy),. The characteristic
peaks of Mg,V,0O; were not present in any AP V/MgO
catalysts; in contrast, a sharp peak at 951 cm™' assigned
to magnesium pyrovanadate has been found for 25%
and 30% CP V/MgO. A small but clear peak at
~1010 cm™" was observed for 20%, 25%, and 30% AP
V/MgO catalysts, but its assignment is not clear.

3.3. H, Temperature-programmed reduction

3.3.1. V/SiO,

TPR profiles for 1%, 3%, 5%, and 10% vanadia
loadings on AP and CP silica supports showed only one
reduction peak. The peak where the H, consumption is
maximum, noted as Ty, Increased with increased
loading and was similar for AP and CP V/SiO, catalysts.
The Tpax for 1%, 3%, 5% and 10% AP V/SiO, were
located at 507, 537, 538, and 576 °C, while 1%, 3%, 5%
and 10% CP V/SiO, had T,., at 508, 519, 540, and
580 °C. One broad peak may enclose multiple peaks
from several surface vanadyl phases [16]. According to
previous work, crystalline V,Os on silica possesses the
highest T, of any vanadyl species [7,27,28]. Thus, at
higher vanadia loadings, there may be more V,0Os on the
silica surface.

3.3.2. V/MgO

For 10%, 20%, and 30% vanadia on AP and CP
magnesia supports only one reduction peak was
observed. The Tyh.x of 10%, 20% and 30% AP V/MgO
are at 661, 676 and 708 °C, while 10%, 20% and 30%
CP V/MgO had Tp. at 651, 698 and 748 °C. The
asymmetric shape (shoulder) of each peak on the low-
temperature side suggested that there were at least two
types of vanadia phases [29,30].

A linear trend between vanadia loading and hydrogen
consumption was observed for both AP and CP V/SiO,
and V/MgO samples. Moreover, the H, consumptions
for AP and CP samples were within 10% for the same
vanadium weight loading. This suggests that the actual
vanadium loadings are close to the nominal values.

3.4. Diffuse reflectance UV-Vis

Figure 2 shows the UV-Vis spectra of 1%, 5% and
10% AP and CP V/SiO,. V,0s, shown as a reference,
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Figure 2. UV-Visible spectra for (A) AP V/MgO and (B) CP V/MgO
with (a) 1%, (b) 5% and (c) 10% vanadia weight loadings.

possesses three absorption bands at 500-400, 400-300
and 300-200 nm. For AP samples, none of the absorp-
tion bands from V,Os; was found. On the contrary,
higher loading CP samples, including 5% and 10%,
exhibit a shoulder near 500 nm. This may indicate the
presence of V,0s. Tables 1 and 2 show the dependence
of UV-Vis absorption edge energy on vanadia loading
for all catalysts. A recent article discussing the relation
between the absorption edge energy and size of surface
oxide domains noted that the bandgap energy of a real
system decreases as the domain size increases [31].
Therefore, the decreasing absorption edge energies with
increasing vanadia contents shown in tables 1 and 2
imply that the sizes of the two-dimensional active oxide
domains grow [23]. Moreover, AP catalysts possess
higher edge energies than CP catalysts for both V/SiO,
and V/MgO at almost all loadings. This suggests that
surface vanadia phases on AP supports were smaller
than those on CP supports.

3.5. Catalytic studies

Methanol partial oxidation is a useful probe reaction
for comparing chemical properties of different sup-
ports [7]. For instance, the types of catalytic sites
(redox, acidic and basic) can be probed by observing the
products formed [21].

3.5.1. V/SiO,

Formaldehyde selectivity at 3% vanadium weight
loadings and higher were about 83% for both AP and
CP V/SiO, catalysts but AP samples generally had
higher conversions. For weight loadings lower than 2%,
CP samples gave ~70% formaldehyde selectivity while
AP samples had 60% at roughly the same conversion.
The selectivity difference can be attributed to the silica
support, rather than to differences in vanadium struc-
ture, since isolated monovanadate species are expected
on both AP and CP V/SiO, due to the low vanadium
surface densities. Comparing activity on a vanadium
surface density basis, as is done in figure 3, shows that
both AP and CP catalysts have nearly the same activity
at all surface densities.

3.5.2. V/MgO

The selectivities to formaldehyde were about 77% for
both series, while carbon oxides, dimethyl ether, methyl
formate and methyal were all less than 10%. On a wt%
basis, AP V/MgO was more active at 10% weight
loadings and higher. However, when TOF is comparted
as a function of vanadia surface density, as shown in
figure 4, both catalysts have roughly the same TOF. As
was seen for V/SiO, catalysts, TOF of both AP and CP
V/MgO decreased with increased vanadium loadings.

4. Discussion
4.1. Catalyst structure

4.1.1. V/SiO;

At low vanadium weight loading (<3%) on both
supports vanadium is likely found as monomeric vana-
dyl groups. This is indicated by the white color of
the dehydrated V/SiO,. The vanadium surface density
for these weight loadings (<0.74 V atoms/nm?) is
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Figure 3. Turnover frequency (s™') for AP V/SiO, (m) and CP V/SiO,
(A) with different vanadia surface densities.
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Figure 4. Turnover frequency (s™') for AP V/MgO (m) and CP V/
MgO (A) with different vanadia surface densities.

sufficiently low that isolative monovanadate species
would be expected [14].

At loadings 3% and higher, V,0s is formed on CP V/
SiO», but not on AP V/SiO,. For CP V/SiO,, an orange
color, characteristic of V,0s, was noted for 5% and
higher hydrated catalysts and 10% dehydrated catalysts.
In addition, the UV—Vis spectra showed a shoulder for
5% and 10% CP samples close to the index band of
V,0s. No AP samples were orange, and no shoulder was
noted in the UV—Vis spectra.

It is to be expected that V,0O5 would be increasingly
present as the vanadium weight loading increases. Gao
and co-workers have reported that ~2.6 V atoms/nm? is
the maximum coverage of isolated monovanadate spe-
cies on conventional silica [14]. As seen in table I, a
weight loading of 10% CP V/SiO, gives a surface den-
sity of 2.92 V atoms/nm?, so V,05 would be expected.
This is not the case for all AP V/SiO, samples, which
have vanadium surface densities far less than
2.6 V atoms/nm?.

4.1.2. V/MgO

For AP V/MgO, only Mg;(VO,), was detected for
weight loadings 10% and higher. The absence of
Mg,V,0; peak for AP V/MgO was attributed to the
V/Mg atomic ratio on the surface of magnesia support.
According to previous studies, with an increase of van-
adia contents, Mg;(VOy), was the first component
detected, then both Mg;(VOy), and Mg,V,0; were seen
[32,33]. Therefore, AP MgO, which has nearly three
times larger surface area than CP MgO, can maintain
small domains of Mg3(VOy), with no or an undetectable
amount of Mg,V,05 at higher vanadia loadings.

The coexistence of Mg3(VOy), and Mg,V,05 on CP
V/MgO at 25% and above implied that with increasing
of vanadia loading, the domains of magnesium vana-
dates grew and/or aggregated, leading to formation of
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high V/Mg atomic ratio compounds, e.g. magnesium
pyrovanadate.

4.2. Catalyst selectivity and reactivity

4.2.1. V/SiO,

Catalytic activity for AP and CP V/SiO, were nearly
the same for weight loadings less than 3%. However,
statistically significant differences were noted at 3% and
higher. There are two possible explanations for the
differences. The first is that the interaction between the
supported vanadium phases and the support are differ-
ent when AP and CP silica are used. Previous work has
indicated that different supports give orders of magni-
tude differences in TOF and this difference has been
attributed to the reducibility of the metal-oxygen—
vanadium bond [7,16]. Another possibility is that
different surface vanadium phases are formed on the
two supports that have different intrinsic activities.

If there are differences in the interaction between the
supported vanadium phases and the support, differences
in TOF would be observed for all weight loadings. This
is not the case: TOF of AP and CP catalysts are very
close at almost all weight loadings. In addition, this
hypothesis would suggest that the TPR results for AP
and CP catalysts would be quite different, since the
reducibility of the Si-O-V bond is thought to be critical
for determining catalyst activity [7,34,35]. This is also
not the case: the T, of AP and CP catalysts are within
5°C of each other for all weight loadings, with the
exception of 3% samples where a 18 °C difference is
found.

It is, therefore, hypothesized that the activity differ-
ence is due to differences in the vanadium phases present
at high weight loadings on AP and CP catalysts. This
would be consistent with the observation that TOF is
essentially the same for AP and CP at weight loadings
less than 3%: only monovanadate should be present on
both catalysts. It is hypothesized that CP catalysts have
more V,05 present at the same weight than AP cata-
lysts, and this increased amount of V,0s5 lowers the
activity of CP catalysts relative to AP catalysts.

This hypothesis assumes that V,Os is less active than
monovanadate species. This is counter to the trend that
Wachs and Deo suggest [7], but in agreement with
results reported by Koranne et al. [36] who found that
monovanadate on V/SiO, catalysts was more active
than bulk V,Os in the partial oxidation of methane.

Figure 3 shows a decrease in TOF as the V,O5 weight
percent is increased on both AP and CP V/SiO,. This is
consistent with aggregated phases being less active than
isolated monovanadate species. It was noted that the
activity of 30% CP V/SiO, (which is covered by bulk
V,0s) was 2.2 x 1072 s™!, which is in good agreement
with that reported in the literature for bulk V,05 [37].
This value is less than that found for low weight loading
catalysts (<3%) where only monovanadate is expected,
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again suggesting that V,Os is less active than isolated
monovanadate.

4.2.2. V/MgO

AP V/MgO catalysts were more active than CP V/
MgO at 20% loading and higher. However, if the TOF
are compared based an vanadium surface density, AP V/
MgO exhibited equivalent TOF as CP samples. This
may imply that with the identical surface density, there
is no difference between surface magnesium vanadate
groups on AP and CP MgO, which resulted in the close
TOF values. The decrease of TOF also indicated that
the intrinsic activity of V/MgO catalyst was controlled
by surface vanadia phases: the larger the magnesium
vanadate groups, the less active the catalyst was. This
suggests that small domains of vanadyl groups on
magnesia support are more active than magnesium
vanadate clusters.

4.2.3. Effect of sol-gel prepared supports

The results suggest that the primary difference
between sol-gel prepared supports and other supports is
that nanocrystalline supports are better able to disperse
the supported vanadium phases. This leads to isolated
vanadyl groups in the case of V/SiO, and formation of
orthovanadate rather than pyrovanadate in the case of
V/MgO. This led to higher activity than for conven-
tional supports at higher weight loadings for either SiO,
or MgO because large vanadium domains seem to be
less active than small domains. Use of a nanocrystalline
support does not appear to change the acid/base nature
or the redox properties of the supported vanadium
catalysts: product selectivities were nearly identical
when either support morphology was used.

4.2.4. Dependence of turnover frequency
on vanadium surface density

TOF decreased with increasing vanadium surface
density for all catalysts. This decrease was significant for
low weight loadings of vanadium, while turnover fre-
quency was nearly constant for high weight loadings.
Since isolated vanadyl groups are likely present at lower
weight loadings, while polymeric or bulk phases are
present at higher weight loadings, this trend suggests
that isolated vanadyl groups are more active for meth-
anol oxidation.

For this to be the case, isolated vanadyl groups
should be more active in the rate-determining step in
methanol oxidation, which is the decomposition of
methoxy [38]. In this step, methoxy decomposes to gas
phase formaldehyde and surface hydroxyl. As a result of
this step, the active site is reduced; therefore the reduc-
ibility of the active site would be expected to play a role
in catalyst activity. A number of investigators have
found a correlation between catalyst activity and surface
reducibility [7,39]. As seen in our H,-TPR results, the
Tmax of reduction progressively increases with increasing

vanadium weight loading, so the decrease in turnover
frequency occurs simultaneously with a decrease in
surface reducibility.

The decreased surface reducibility can be explained
by the different vanadium phases present for different
weight loadings. The UV-Vis results demonstrate a
decrease in absorption edge energy with increasing
weight loading. This decrease is likely caused by larger
vanadium domains [24]. For larger domains, the V-O-M
(where M is the support metal) bonds are replaced by
V-O-V bonds. We propose that these bonds are less
reducible than V-O-M bonds, leading to lower activity.
The turnover frequency tends to level off at higher
weight loadings for all catalysts. This can be explained
by noting that at high weight loadings polymeric vana-
dium phases have become dominant, so even as the total
vanadium weight loading goes up, the type of phase
does not change.

5. Conclusions

The catalytic differences between AP and CP V/SiO,
and V/MgO catalysts are explained by the configura-
tions of active phases on supports. The larger surface
areas of AP silica and magnesia are able to support
smaller active domains than conventional supports. This
difference is hypothesized to be responsible for the
higher TOF noted for AP catalysts at equivalent weight
loadings. Small vanadium domains were more active
than larger domains for methanol oxidation since TOF
decreased as vanadium surface density increased.
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