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The acidic properties of unsupported titania, vanadia, and molybdena, and the corresponding
silica-supported metal oxides were studied. The number of acid sites was investigated by thermo-
gravimetry of adsorbed pyridine. The types of acid sites were examined by infrared spectroscopy
of adsorbed pyridine. Both Lewis and Brgnsted acid sites were present on the surfaces of V,Os and
MoO;, while Lewis acid sites were found exclusively for Ti0,. When supported on silica, vanadia
and molybdena species showed a greater number of acid sites than the corresponding unsupported
oxides. The oxidized surfaces of these materials possessed both Lewis and Brgnsted acid sites. In
contrast, Lewis sites predominated on the surfaces of the reduced samples. Silica-supported titania
showed strong Lewis acidity, analogous to unsupported titania. The addition of water vapor was
observed to generate Brgnsted acid sites for the oxidized forms of silica-supported titania, vanadia,
and molybdena. This behavior was not observed for the reduced forms of these materials. Pauling’s
electrostatic bond strength rules are shown to be useful to predict whether Brgnsted acid sites exist

on the surfaces of metal oxides.

INTRODUCTION

Metal oxides are important catalytic ma-
terials for the production of a variety of
valuable chemicals such as dienes, al-
dehydes, and acid anhydrides. Vanadia,
molybdena, and titania are often important
components for such catalytic materials,
e.g., for the conversion of n-butane to ma-
leic anhydride and the reaction of o-xylene
to phthalic anhydride (/-3). In addition, ti-
tania-supported vanadia has been found to
be an active catalyst for the reduction of
NO, emissions from stationary sources
(4, 5). Recently, silica-supported molyb-
dena and vanadia have been shown to be
effective catalysts for the partial oxidation
of methane to formaldehyde (6, 7). Due to
the importance of vanadia, molybdena, and
titania in the aforementioned catalytic pro-
cesses, the present study was undertaken
to probe the surface properties of these ma-
terials.
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In genecral, the catalytic behavior of
metal oxides may be described in terms of
acid/base concepts and oxidation/reduc-
tion properties. For example, the acid/base
properties of the catalyst may be important
for the adsorption and activation of organic
reactants. The oxidation/reduction proper-
ties of the catalyst are important for the
selective incorporation of oxygen into the
reactant molecules. The present study fo-
cuses on the acid properties of selected
metal oxides; however, it also includes the
study of the effects of catalyst oxidation
state on acid/base properties.

The acid properties of mixed metal ox-
ides have been studied by a variety of au-
thors (e.g., 8~29). The comparison of re-
sults between different investigations,
however, is generally difficult due to differ-
ent types of samples studied, different
sample treatments employed, and different
techniques used to measure acidity. In pre-
vious studies, we have investigated the
acidic properties of silica-supported Sc, Al,
Ga, Mg, Zn, and Fe oxides (30-32). The
first three silica-supported oxides displayed
both Lewis and Brgnsted acidities, while
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the latter three showed only Lewis acid
sites. Furthermore, silica was shown to sta-
bilize supported metal cations in sites of
low coordination, thereby leading to acid
sites. We have studied silica-supported
vanadia, molybdena, and titania in the pres-
ent study to probe the factors responsible
for the generation of Brgnsted acid sites
and to study the effects of the silica support
on the acidic properties of these materials.
These studies were carried out under the
same conditions as those used in our previ-
ous work so that the results of all studies
can be compared and contrasted.

EXPERIMENTAL

The experimental techniques employed
in the present work to investigate the acidic
properties of metal oxides include thermo-
gravimetry and infrared spectroscopy of
adsorbed pyridine. The number of acid
sites was determined as the amount of irre-
versibly adsorbed pyridine at progressively
higher temperatures. The type of acid sites
was examined by infrared spectra of ad-
sorbed pyridine, as proposed originally by
Parry (33). An outline of the experimental
methods is presented below.

Sample Preparation

The samples studied in this investigation
of acidity were unsupported SiO,, TiO,,
V,0s, and MoQs, as well as silica-supported
titania, vanadia, and molybdena. Some
studies were also conducted on silica-sup-
ported alumina and zinc oxide. The silica
(CAB-O-SIL, S-17) was used as received,
and it had a surface area of 370 m?/g. The
titania (Degussa, P25) was cleaned prior to
use by the method described by Santos et
al. (34), and its surface area was 54 m*/g.
Vanadia was prepared by the thermal de-
composition at 720 K of ammonium meta-
vanadate (Aldrich), leading to a surface
area of 8.7 m?/g. Molybdena was prepared
in a similar fashion starting with ammonium
molybdate (Mallinckrodt), and its final sur-
face area was 10.1 m%/g.

The silica-supported samples were pre-

pared by incipient wetness impregnation,
using 1 ml of solution per gram of silica.
The Ti/Si0O, (1.01 wt% Ti) sample was pre-
pared in a dry box using a hexane solution
of titanium isopropoxide, following the
method of Chien (35). The V/SiO, sample
(1.03 wt% V) was prepared with an oxalic
acid solution of ammonium metavanadate,
and Mo/SiO, samples (1.00 and 6.41 wt%
Mo) were prepared using aqueous solutions
of ammonium molybdate. Silica-supported
alumina and zinc oxide samples were pre-
pared using the appropriate nitrate salts,
as described in previous investigations
(30-32); these two samples contained 0.26
and 0.52 wt% of the supported metal
cations, respectively.

Thermogravimetry

Gravimetric measurements of adsorbed
pyridine were carried out using a conven-
tional vacuum system equipped with a
quartz-spring balance. The spring was sur-
rounded by a water jacket kept at constant
temperature (300 K). A sample of ca. 450
mg was pressed into a 10-mm-diameter pel-
let and was placed on a quartz bucket sus-
pended by the spring. After the sample was
oxidized or reduced, the system was evacu-
ated at 720 K for 1 h, or until the pressure
reached below 1 x 10~ Torr. At this point,
the dry weight of the sample was measured.
After cooling to a temperature of 420 K, 4.8
Torr of pyridine was introduced into the ap-
paratus for 1 h. The system was then evacu-
ated at 420 K until the pressure reached 3 X
1073 Torr. At this point, the amount of ad-
sorbed pyridine was determined at room
temperature. In a similar manner, the
sample was heated under vacuum to 520,
620, and 720 K, and the corresponding
amounts of adsorbed pyridine were mea-
sured.

Infrared Spectroscopy

All spectra were recorded at room tem-
perature using a Nicolet 7199 Fourier trans-
form infrared spectrometer, operated with
a resolution of 2 cm™!. Transmission in-
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frared spectroscopy was employed for most
of the samples. Samples of 40 mg were
made into the form of thin wafers and
mounted in a stainless-steel holder in the
cell. The cell was so designed that the
holder could move from a Pyrex portion of
the cell where the sample could be heated
to an aluminum section where a pair of
CaF, windows were attached to allow col-
lection of the spectra. Diffuse reflectance
spectroscopy was employed for MoO; and
V,0; because of the low transparency of
these samples. Samples were loosely
pressed into the form of a pellet and placed
on a platform below a CaF, window at-
tached to the glass diffuse reflectance cell.
Both infrared cells are described else-
where (36).

The samples were treated in O, or H; at
720 K followed by evacuation to 1 x 107
Torr at the same temperature. The spec-
trum of each sample was then recorded at
room temperature. After the adsorption of
4.8 Torr of pyridine at 420 K, the system
was evacuated at progressively higher tem-
peratures to 1 X 107* Torr, unless other-
wise noted. The spectrum of the sample
alone was subtracted from that of the
sample with adsorbed pyridine for each
case. The effects of water were investigated
in separate runs. In short, 7 Torr of water
vapor was admitted into the cell at room
temperature after evacuation of the pread-
sorbed pyridine at 420 K, and the spectrum
was then recorded. The system was further
evacuated to 1 X 107* Torr while heating to
420 K, and another spectrum was taken.
The corresponding spectrum of the sample
alone with adsorbed water was also col-
lected separately and subtracted from that
of the sample with adsorbed pyridine and
water.

Chemicals

Pyridine (Aldrich, spectroscopic grade)
was purified by a freeze—pump-thaw
method prior to use, and it was stored in a
glass bulb containing activated molecular
sieve (3A). Oxygen (Matheson) and hydro-

gen (Airco) were passed through activated
molecular sieves (13 X) cooled with dry ice—
acetone and liquid nitrogen, respectively. A
Deoxo catalytic purifier (Fisher Scientific)
was also employed upstream of the molecu-
lar sieve trap for hydrogen purification.

RESULTS
Unsupported Oxides

Approximately 7 X 10" molecules/m? of
pyridine remained on the surface of silica
after evacuation at 420 K, corresponding to
ca. 0.1% of the surface, and this small
amount completely desorbed at 520 K. The
sample evacuated at 420 K revealed the 19b
and 8a modes of adsorbed pyridine at 1446
and 1598 cm™!, respectively, which have
been ascribed to hydrogen-bonded pyridine
(e.g., see discussion in Refs. (30-32)). No
Brgnsted acid sites were observed, as re-
vealed by the absence of a pyridinium band
at 1550 cm™!.

The amount of pyridine adsorbed on tita-
nia at 420 K is equivalent to 20% of the
surface. Even after evacuation at 720 K,
some of the pyridine remains on the sur-
face, suggesting that titania is highly acidic.
Figure 1 shows infrared spectra of adsorbed
pyridine. The characteristic absorption
peaks of pyridine adsorbed on Lewis acid
sites appear at 1446, 1493, 1576, and 1606
cm™! after evacuation at 420 K. There is no
evidence for the presence of Brgnsted acid
sites. When the sample is subsequently ex-
posed to water vapor, the intensity of the
19b peak decreases to almost one-half the
intensity of that in spectrum A. This may be
an indication of an interaction of surface
cations with water, which causes some of
the adsorbed pyridine to be displaced. In
fact, a new peak appears at 1596 cm™',
characteristic of hydrogen-bonded pyri-
dine. No Brgnsted acid sites were ob-
served, which is in agreement with the liter-
ature (37).

At 420 K, the amount of adsorbed pyri-
dine on vanadia corresponds to only 2% of
the surface, as calculated from an estimated
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F1G. 1. Infrared spectra of pyridine adsorbed on oxi-
dized TiO, and V,0s. (A) Pyridine adsorbed on TiO,
after evacuation at 420 K, 10~ Torr; (B) sample subse-
quently exposed to 7 Torr of water vapor at room
temperature; (C) pyridine adsorbed on V,0s after
evacuation at 420 K, 1073 Torr; (D) sample subsequen-
tly exposed to 7 Torr of water vapor at room tempera-
ture.

cross-sectional area of a surface VO, unit
equal to 0.10 nm>. As the evacuation tem-
perature was raised, the amount of ad-
sorbed pyridine approached zero at 520 K.
Diffuse reflectance infrared spectra of ad-
sorbed pyridine are given in Fig. 1. Spec-
trum C was taken after evacuation to § x
1073 Torr at 420 K. The characteristic ab-
sorption peaks of pyridine on Lewis acid
sites appear at 1448 and 1609 cm™', and a
peak due to adsorption on Brgnsted acid
sites appears at 1531 cm™!. After spectrum
C was taken, water vapor was admitted into
the system and spectrum D was recorded.
The intensity of the peak at 1531 cm ™! in-
creased, while the peak at 1448 cm™! be-
came weaker, suggesting that additional
Brgnsted acid sites have been generated at
the expense of Lewis acid sites. The peak
at 1597 cm™! is due to hydrogen-bonded
pyridine. Upon further evacuation, the ab-
sorption peak for pyridine on Brgnsted acid
sites decreased, accompanied by an in-

crease in that for Lewis acid sites. The ob-
servation of Brgnsted acidity is consistent
with the literature (38, 39).

The amount of pyridine remaining on mo-
lybdena after evacuation at 420 K cor-
responds to 5% of the surface, as calculated
using 0.15 nm? for the cross-sectional area
of a surface MoO, unit. At temperatures
above 520 K, no pyridine remained on the
surface. The diffuse reflectance infrared
spectra of adsorbed pyridine are similar to
those for pyridine on vanadia. Both Lewis
acid sites and Bregnsted acid sites are
observed, even in the absence of water va-
por. According to Belokopytov et al. (38),
outgassing at 473 K completely eliminates
the characteristic absorption bands of ad-
sorbed ammonia on MoQO;, while ad-
sorption of water creates additional Brgn-
sted sites which do not disappear upon
evacuation at room temperature. The pres-
ent observations are in accord with their
results.

It should be noted that the unsupported
TiO,, V;0s, and MoOj; samples were stud-
ied only in their oxidized states, since these
samples became highly absorbant to in-
frared light upon reduction.

Silica-Supported Oxides

An oxidized sample of Ti/SiO, was ob-
tained by treating the material in flowing
oxygen at 720 K overnight. A reduced
sample was prepared by subsequent treat-
ment in flowing hydrogen at 720 K for 6 h.
For both the oxidized and the reduced
samples, the amount of adsorbed pyridine
was 4 X 10'® molecules/m? following evacu-
ation at 420 K, which corresponds to 12%
of the dopant cations. At higher evacuation
temperatures, more pyridine was found to
remain on the oxidized sample. Strong acid
sites may exist on the Ti/SiO, samples,
since some adsorbed pyridine remains even
at 720 K.

Infrared spectra of adsorbed pyridine on
the oxidized Ti/SiO, sample showed that
only Lewis acid sites were present on the
surface. Similar spectra were observed for
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F1G. 2. Infrared spectra of pyridine adsorbed on oxi-
dized Ti/SiO,. (A) Pyridine adsorbed after evacuation
at 420 K, 107* Torr; (B) sample subsequently exposed
to 7 Torr of water vapor at room temperature; (C)
following evacuation at 420 K, 107 Torr.

the reduced sample. The effects of water on
the acidic properties can be seen in the in-
frared spectra of Fig. 2. When the oxidized
sample, on which pyridine had been pread-
sorbed, was contacted with water vapor at
room temperature, a significant number of
Brgnsted acid sites was generated. How-
ever, the strength of the Brgnsted acidity
seems to be weak, as evidenced by the de-
crease in the intensity of the peak at 1545
cm™! upon evacuation at 420 K. On the
other hand, no Brgnsted acidity was ob-
served for the reduced sample, even when
the sample was exposed to water vapor.

An oxidized sample of V/SiO, was pre-
pared by treatment of the material in flow-
ing oxygen at 720 K overnight. A reduced
sample was made by subsequent treatment
in flowing hydrogen at 720 K for 6 h. The
extent of pyridine adsorption was higher on
the reduced sample than on the oxidized
sample over the entire temperature range.
The amount of adsorbed pyridine after
evacuation at 420 K corresponds to 19% of
the added cations in the former case, and
7.8% in the latter case.

Infrared spectra of adsorbed pyridine are
shown in Figs. 3 and 4. The characteristic
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F1G. 3. Infrared spectra of pyridine adsorbed on oxi-
dized V/SiO,. (A) After evacuation at 420 K, 1073
Torr; (B) after evacuation at 420 K, 107* Torr; (C) after
evacuation at 520 K, 107* Torr; (D) after evacuation at
620 K, 10~ Torr.

absorption bands of pyridine adsorbed on
Lewis acid sites and on Brgnsted acid sites
are seen on the oxidized sample. The inten-
sity of the peak near 1545 cm™' decreases
with increasing evacuation temperatures;
however, it is still observable even at 620
K. It can be concluded that the Brgnsted
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FiG. 4. Infrared spectra of pyridine adsorbed on re-
duced V/SiO,. (A) After evacuation at 420 K, 1073
Torr; (B) after evacuation at 420 K, 10~ Torr; (C) after

evacuation at 520 K, 10~ Torr; (D) after evacuation at
620 K, 107 Torr.
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acidity on the oxidized V/SiO, is strong,
compared to the other supported oxides
used in this work. The presence of Lewis
acid sites was found to be predominant for
the reduced sample. A small amount of
Brgnsted acidity seems to exist at tempera-
tures below 420 K.

The infrared spectra of adsorbed pyridine
in the presence of water vapor for oxidized
V/SiO, revealed a considerable increase in
the Brgnsted acidity for the oxidized sam-
ple upon water adsorption, as indicated by
an increase in the intensity of the peak at
1545 cm™!. On the reduced sample, how-
ever, the adsorption of water appeared to
generate only a small number of Brgnsted
acid sites.

Oxidized samples of Mo/SiO; were pre-
pared by treatment in flowing oxygen at 720
K overnight. Reduced samples were gener-
ated by subsequent treatment in flowing hy-
drogen at 720 K for 6 h. The results of
gravimetric adsorption of pyridine on the 1
wt% Mo/SiO, sample at varying evacuation
temperatures were similar to those for V/
Si0,. The amount of adsorbed pyridine at
420 K corresponds to 12% of the dopant
cations for the oxidized sample, and 19%
for the reduced sample.
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FiG. 5. Infrared spectra of pyridine adsorbed on oxi-
dized 1.0 wt% Mo/Si0,. (A) Pyridine adsorbed after
evacuation at 420 K, 107 Torr; (B) sample subsequen-
tly exposed to 7 Torr of water vapor at room tempera-
ture; (C) following evacuation at 420 K, 10~* Torr.

Infrared spectra of adsorbed pyridine on
the oxidized 1 wt% sample showed only
Lewis acid sites. Similar spectra were ob-
served for the reduced sample. The effects
of water on the infrared spectra of adsorbed
pyridine on the oxidized sample are shown
in Fig. 5. Although only Lewis acidity was
observed in the absence of water, Brgnsted
acid sites were formed upon water ad-
sorption. The effect was more dramatic for
the oxidized sample. The conversion of
pyridine adsorbed on Lewis acid sites to
hydrogen-bonded pyridine is also evident.

Infrared spectra of adsorbed pyridine on
the 6.4 wt% Mo/SiO, sample were also col-
lected for the oxidized sample after pyri-
dine adsorption. Although only Lewis acid
sites were observed on 1 wt% Mo/SiO; un-
der water-free conditions, small amounts of
Brgnsted acid sites were found to exist for
the 6.4 wt% Mo/Si0O, sample. Observations
similar to those in the present study have
been reported by Kiviat and Petrakis for
oxidized molybdenum oxide supported on
alumina, where evidence for protonated
pyridine first appeared when the loading
exceeded 6 wt% (24). The effects of water
on the generation of Brgnsted sites for
alumina-supported molybdena have also
been documented (24, 27).

An oxidized sample of Al/SiO, was pre-
pared by treatment in oxygen at 720 K. The
results of thermogravimetric studies of this
sample have been reported elsewhere (32).
Infrared spectra of adsorbed pyridine col-
lected before and after water exposure are
shown in Fig. 6. It is known that Al/SiO,
possesses both Lewis and Brgnsted acid
sites (e.g., (33)). As shown in spectrum A,
Brgnsted acid sites are present even in the
absence of water. When the sample is con-
tacted with water vapor at room tempera-
ture, it is seen that the Brgnsted acidity is
enhanced, with a concomitant transfor-
mation of pyridine adsorbed on Lewis acid
sites into hydrogen-bonded pyridine (spec-
trum B). Even after further evacuation at
420 K, the intensity of the peak at 1547
cm™! does not decrease (spectrum C),
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F1G. 6. Infrared spectra of pyridine adsorbed on oxi-
dized Al/SiO,. (A) Pyridine adsorbed after evacuation
at 420 K, 107* Torr; (B) sample subsequently exposed
to 7 Torr of water vapor at room temperature; (C)
following evacuation at 420 K, 10~* Torr.

which suggests that the induced Brgnsted
acidity is strong.

An earlier study reported the results of
thermogravimetric measurements of pyri-
dine adsorption on an oxidized Zn/SiO,
sample (32). Infrared spectra collected in
the present study of pyridine adsorbed on
this sample showed only Lewis acid sites,
even for the sample contacted with water
vapor.

DISCUSSION
Unsupported Oxides

It was observed in the present study that
the number of acid sites per unit surface
area was significantly larger for oxidized ti-
tania than for vanadia, molybdena, and that
silica did not possess a detectable number
of acid sites (as measured by pyridine ad-
sorption). In a previous study (32), it has
been suggested that the Lewis acidity of a
metal oxide can be correlated with the
Sanderson electronegativity of the oxide.
Specifically, oxides with low electroneg-
ativities such as magnesia are not acidic;
materials with higher electronegativities
such as alumina and titania display signifi-

cant numbers of Lewis acid sites; and ox-
ides with high electronegativities such as
silica may not display appreciable Lewis
acidity due to the absence of coordinatively
unsaturated metal cations on the surface.

We must now extend the above ideas to
include the result of the present study that
oxidized vanadia and molybdena do not
show large numbers of Lewis acid sites, de-
spite the fact that the Sanderson electro-
negativities of these oxides are similar to
those of alumina and titania. The origin of
this behavior may be that vanadia and mo-
lybdena exist as layered oxides (e.g.,
(40—44)), containing doubly bonded oxy-
gens at the surface. Accordingly, it is possi-
ble to form cleavage planes for these oxides
in which the vanadium or molybdenum
cations are coordinatively saturated and as
such these cations would not form strong
Lewis acid centers. Of major importance is
the observation that vanadia and molyb-
dena display significant Brgnsted acidity,
while alumina and titania do not. This will
be addressed below.

Silica-Supported Oxides

It is known that Ti/SiO, possesses strong
acidity (45, 46). In the present study, the
acid sites were shown to be of Lewis type
in the absence of water vapor. The Lewis
acidity of the oxidized surface was found to
become weaker upon reduction of the
sample. Such a decrease in the acidity upon
reduction may be attributable to the de-
crease in cation charge and electronega-
tivity.

At the lower loading of Mo on silica, the
number of sites was found to increase upon
reduction, while the amount of adsorbed
pyridine at 420 K was greater on the oxi-
dized sample than on the reduced sample at
the higher Mo loading. It has been pointed
out that polymeric molybdenum species or
crystalline MoQ; can be readily formed on
silica, even below monolayer coverage.
Marcinkowska et al. (47), for example, re-
ported that the crystalline species, as de-
tected by Raman spectroscopy, was formed
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at a Mo loading of 2 wt% for a sample pre-
pared by incipient wetness impregnation.
Iwasawa and Yamagishi (48) found that at
least three types of Mo in different environ-
ments are present on impregnated Mo/
SiO,, even at Mo contents below 1 wt%.

When a Mo/SiO, sample is subjected to
reduction, the oxidation state of Mo ion is
likely to become Mo®>* or Mo** under the
conditions studied (49, 50). In the case
where Mo*" is formed, the reduction
scheme proposed by Yermakov et al.
(51, 52) may be applicable at low Mo load-
ings, for which the cation would be sur-
rounded by three oxygens. A similar model
has been established for the reduced state
of Mo/ALO; (53). The surface cations in
this environment are coordinatively unsat-
urated, leading to Lewis acid sites. In this
regard, the number of Lewis acid sites on
Mo/SiO, with low Mo loadings may be
higher in the reduced state than in the oxi-
dized state. At higher Mo loadings, on the
other hand, Mo®" ions on the silica surface
are expected to be present primarily as in-
terconnecting MoOg octahedra. The re-
moval upon reduction of oxygens intercon-
necting two Mo ions may in part lead to the
formation of Mo-Mo bonds, due to the rel-
atively close separation of molybdate units.
The existence of metal-to-metal bonds is
well documented in the structure of MoQ,,
and it has also been proposed to occur on
reduced Mo/AlL,O; (54). Since coordinative
unsaturation caused by reduction is alle-
viated by forming metal-metal bonds be-
tween cations, the number of Lewis acid
sites can be smaller in the reduced than in
the oxidized form.

The number of acid sites on V/SiO, was
larger on the reduced sample than on the
oxidized sample. Van Reijen and Cossee
(55) advocated that the VO, units on silica
are capable of adsorbing electron donors by
altering their coordination spheres from tet-
rahedral to square pyramidal. In the pres-
ent study, only weak acidity was found on
the oxidized sample; therefore, the electron
attracting force of the surface VO, unit is

apparently not very strong. On the other
hand, reduction would cause the removal of
terminal and/or bridging oxygens, thereby
creating surface anion vacancies as in the
case of Mo/SiO,. Hence, an increase in the
acidity upon reduction is expected, in
agreement with the experimental results.
Importantly, Brgnsted acid sites were ob-
served in the present study of oxidized V/
Si0,, even in the absence of water vapor.
This will be discussed in a separate section.

Generation of Brgnsted Acid Sites

The importance of Brgnsted acidity in re-
actions such as catalytic cracking and isom-
erization of hydrocarbons has been recog-
nized in many works. An accepted model
accounting for the Lewis and Brgnsted acid
sites of silica—alumina is that an aluminum
ion is incorporated in the tetrahedral net-
work of a SiO, unit (e.g., (56)). In the dehy-
drated form, AI’" is bound to three oxy-
gens, rendering coordinative unsaturation
which leads to Lewis acidity. In the hy-
drated state, the Al ion completes its tetra-
hedral coordination sphere. The presence
of a trivalent cation in a tetrahedral site,
coordinated to oxygen anions that are
shared between two cations, leads to a for-
mal charge of —1. A proton is required to
satisfy electrical neutrality, which origi-
nates from a bridging hydroxyl group. This
leads to Bregnsted acidity. For a series of
cations doped onto silica, Connell and
Dumesic demonstrated the validity of the
above model for not only AI’* but also
other trivalent cations such as Sc*" and
Ga’* that are capable of forming sp® hydrid
orbitals (32).

The above model cannot be applied di-
rectly, however, to the results of the pres-
ent study. For instance, Ti**, V°', and
Mo®* supported on silica showed the pres-
ence of substantial numbers of Brgnsted
acid sites. We will extend the above model
to include these additional systems in the
remainder of this paper.

The essential notion underlying the pres-
ent model involves Pauling’s electrostatic
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valence rule (57), which states that a stable
ionic structure should result in a net charge
balance equal to zero around each ion. Ac-
cordingly, the formal charge of an ion
should equal the sum of the electrostatic
bond strengths around it. An electrostatic
bond strength for each bond corresponds to
the charge of an ion divided by its coordi-
nation number.

The coordination number of Si** in SiO,
is four. An electrostatic bond strength of 1
valence unit (v.u.) may be equally distrib-
uted for each Si-O bond. In the bulk of
Si0O,, each oxygen anion is coordinated to
two Si cations, which fulfills the charge bal-
ance requirement. However, surface oxy-
gens may be bonded to only one Si ion.
Since each oxygen strives for a formal va-
lence of —2, such surface oxygens are un-
dersaturated. Consequently, they would be
stabilized by forming hydroxyl groups. The
electrostatic bond strength of the resulting
O-H bond is equal to 1 v.u. According to
Pauling’s logarithmic relationship relating
the electrostatic bond strength to the co-
valency, this O-H bond is only 33% ionic
(57). Hence, hydrogen atoms of surface
Si-OH groups are not expected to be
acidic.

Both Si and Al ions are generally be-
lieved to be tetrahedrally coordinated to
oxygens in Al/SiO, samples. Each Al-O
bond possesses an electrostatic bond
strength of 0.75 v.u. Terminal hydroxyl
groups bonded to Al ions on the surface
lead to O-H bond strengths of 1.25 v.u.,
more covalent than those bonded to Si ions.
Another type of the surface hydroxyl group
is bridged between Si and Al ions. The sum
of the electrostatic bond strengths from Al
and Si is 1.75 v.u. Since the degree of un-
dersaturation (0.25 v.u.) is relatively small
for this bridging oxygen, it can remain un-
dersaturated on the surface in the fully de-
hydrated state. However, when the surface
is exposed to water vapor, protons created
by the dissociation of water molecules
would saturate such oxygens. The electro-
static bond strength of this O-H bond is

0.25 v.u., corresponding to an ionic charac-
ter of 80%. This value indicates the pro-
tonic nature of the above type of hydro-
gens, and Brgnsted acidity is expected.

The coordination number of a Zn ion in
Zn/Si10, may be assumed to be four, since
this cation is known to take tetrahedral co-
ordination in most metal oxides and miner-
als. The undersaturation of terminal oxy-
gens (1.5 v.u.) bonded to Zn ions is such
that stable surface hydroxyls would be
readily formed. The corresponding bond
strength of 1.5 v.u. makes the O-H bond
highly covalent. Bridging oxygens between
Zn and Si ions show an undersaturation of
0.5 v.u., which may also attract protons to
form hydroxyl groups. The resulting bond
exhibits 65% ionicity, with a formal charge
of +0.5 on hydrogen. Since no evidence for
the presence of Brgnsted acid sites was ob-
served even in the presence of water for
Zn/Si0,, it can be suggested that a positive
formal charge of 0.5 is not sufficient to lead
to Brgnsted acidity (as measured by pyri-
dine adsorption).

In the case of Ti/Si0,, two possibilities
exist with respect to the coordination of
Ti**. If tetrahedral coordination is as-
sumed, the same conclusion can be reached
as stated previously in the case of SiO,
alone, for which no Brgnsted acidity is ex-
pected. For octahedral coordination for
Ti**, each Ti-O bond has an electrostatic
bond strength of 0.67 v.u. The bond
strength of 1.33 v.u. for terminal Ti—-OH
groups leads to highly covalent character.
The bridging oxygens between Ti and Si
ions are undersaturated by 0.33 v.u., which
may form hydroxyl groups by attracting
protons, giving +0.67 for the formal charge
of hydrogen. From the experimental re-
sults, where substantial amounts of Brgn-
sted acid sites were found for the oxidized
form of Ti/SiO, upon exposure to water va-
por, an undersaturation of 0.33 for surface
oxygens can be considered to create Brgn-
sted acidity.

For the reduced form of Ti/SiO,, no evi-
dence for Brgnsted acid sites was ob-
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served. The oxidation state of a reduced Ti
ion can be either Ti** or Ti** under the con-
ditions studied, and these cations prefer oc-
tahedral environment. Following the proce-
dure described above, the terminal Ti—-OH
group is evaluated to be highly covalent,
and the formal charge for the hydrogen of
the bridging hydroxyl group is +0.5 and
+0.33 for Ti*" and Ti**, respectively. As
derived for Zn/SiO;, none of these species
would be expected to lead to Brgnsted acid
sites.

From the above discussion, it may be
noted that the degree of undersaturation for
surface oxygens is dependent only on the
valence and the coordination of the cations,
and that terminal hydroxyls are never ex-
pected to be acidic. A general criterion for
the generation of Brgnsted acidity may be
established for a series of silica-supported
metal oxides, provided that the cation in
question is placed in an undistorted envi-
ronment. The values for the undersatu-
ration of oxygens bridging between Si**
and various cation environments, along
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with the formal charge of the resulting hy-
droxyl group, are summarized in Table 1.
The possible range for oxygen undersat-
uration that can induce Brgnsted acidity
has been tentatively assigned to be between
0.1 and 0.4 v.u., which corresponds to a
formal charge of hydrogen from +0.9 to
+0.6. The lower limit for oxygen undersat-
uration is determined based on the consid-
eration that an electrostatic bond strength
for an O-H bond less than 0.1 v.u. would
not be strong enough to retain a proton.
The higher limit is derived from experimen-
tal observations, according to which an un-
dersaturation of 0.33 v.u. caused the forma-
tion of Brgnsted acid sites, while that of
0.50 v.u. did not.

An approach similar to the present model
has been described by Knézinger and
Rathasamy to account for various kinds of
hydroxyl configurations on alumina sur-
faces (58). The net charges of hydrogen
atoms associated with surface hydroxyls
were evaluated for possible combinations
of cation coordination (tetrahedral or octa-

TABLE 1

Brgnsted Acidity on Silica-Supported Metal Oxides for Cations
in Undistorted Environment

Valence Coordination ~ Bond strength® Oxygen Formal charge  Brgnsted
of cation number (v.u.) undersat.” on hydrogen acidity
2 4 0.50 0.50 0.50 X
2 6 0.33 0.67 0.33 X
2 8 0.25 0.75 0.25 X
3 4 0.75 0.25 0.75 0
3 6 0.50 0.50 0.50 X
3 8 0.37 0.63 0.37 X
4 4 1.00 0.00 1.00 X
4 6 0.67 0.33 0.67 0
4 8 0.50 0.50 0.50 X
5 4 1.25 —0.25 1.25 X
5 6 0.83 0.17 0.83 6]

5 8 0.63 0.37 0.63 ¢
6 4 1.50 -0.50 1.50 X
6 6 1.00 0.00 1.00 X
6 8 0.75 0.25 0.75 0

¢ Metal-to-oxygen bond strength of a doped cation.
b Undersaturation of bridging oxygen between a doped cation and a silicon ion.
¢ O, Brgnsted acidity predicted; X, no Brgnsted acidity predicted.
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FiG. 7. V-0 bond distances for V,0s with the V ion
in the center of a distorted octahedron (40).

hedral) and oxygen coordination (from one
to three), and these charges were shown to
be in the range from +0.5 to —0.5. Accord-
ing to our proposed model, none of these
hydroxyl groups should exhibit Brgnsted
acidity, which is in agreement with the liter-
ature where no Brgnsted acid sites have
been reported to be present on alumina
even in the presence of water vapor (e.g.,
(24)). Knézinger and Rathasamy also cor-
related the net charges for the surface hy-
droxyls to the infrared stretching frequen-
ctes. The absorption band at 3700-3710
cm™! has been assigned to the most acidic
hydroxyl groups with the charge of +0.5,
and that at 3785-3800 cm™! to the most ba-
sic hydroxyls with the charge of —0.5. Ac-
cordingly, hydrogen atoms of hydroxyl
groups with charges greater than +0.5
would show infrared frequencies lower
than 3700 cm !. In fact, Chu and Chang
reported that B, Fe, and Ga ions incorpo-
rated into the tetrahedral framework of
ZSM zeolites give hydroxyl stretching fre-
quencies at 3610 cm™' (59). In agreement
with this observation, the hydrogen charge
of bridging hydroxyl groups is calculated to
be 0.75 according to the present model.

In the preceding discussion, the mean
electrostatic bond strength as defined by
Pauling has been employed. However, for

cations in distorted environments, individ-
ual bond strengths should be calculated
from the corresponding bond lengths. Vari-
ous empirical relationships between bond
length and bond strength have been pro-
posed (e.g., (60-62)). The most rigorous
and quantitative work was published by
Brown et al. (63, 64). They derived a
bond-strength—bond-length relationship for
bonds between oxygen and different ele-
ments in various oxidation states, which is
formulated as

s = (R/R)7Y,

where s is the electrostatic bond strength, R
is the bond length, and Ry and N are con-
stants given for each element. The useful-
ness of the Brown’s relationship for cations
with distorted coordination spheres has
been inspired by the work of Andersson
(65) and of Zidlkowski (43).

It is possible to use Brown’s correlation
to calculate for TiO, the electrostatic envi-
ronments of possible configurations of sur-
face oxygens in rutile, anatase, and their
mixtures, as described in detail elsewhere
(36). In short, no oxygen species with un-
saturations between 0.1 and 0.4 v.u. are ex-
pected. This is consistent with the observa-
tion that a significant number of Brgnsted
acid sites were not observed on titania.

The coordination sphere of a vanadium
cation in the structure of V,0s can be
viewed as either a distorted trigonal bi-
pyramid or a distorted octahedron. The di-
mensions for the V-0 bonds are shown in
Fig. 7. There are three types of oxygens in
the bulk of V,0s. One type of oxygen, Ol,
is essentially doubly bonded to a vanadium
cation, with an electrostatic bond strength
of 1.86 v.u. Oxygen 02 is coordinated to
three vanadium cations. One of the three
V-02 bonds, forming a two-dimensional
network parallel to the (010) plane, is longer
than the other two bonds. Oxygen O3 links
the bipyramids by sharing corners in the a
and c directions.

Based on the V-0 bond strengths calcu-
lated from the corresponding bond lengths
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TABLE 2

Oxygen Undersaturations for V,0s

Type® Coordination Sum of Oxygen
number V-0 bond undersat.*
strengths® (v.u.)
(v.u.)
01 1 1.86 0.14
| 0.54 1.46
0.79 1.21
02 ) 1.33 0.67
1.58 0.42
3 2.11 -0.11
03 i 1.03 0.97
2 2.06 -0.06

¢ Type of oxygen. Corresponding V-0 bond lengths
are shown in Fig. 7.

b Calculated from Brown’s formula; R, =
N =5.1.

¢ Undersaturation.

1.791,

using Brown’s formula, possible values for
oxygen undersaturations can be obtained
for different coordination environments of
oxygen. As shown in Table 2, two of the
possible configurations satisfy the require-
ment for the occurrence of Brgnsted
acidity. A doubly bonded oxygen Ol lo-
cated on the (010) face exhibits an under-
saturation of 0.14 v.u. On the (10])
plane, a two-coordinated O3 may be under-
saturated by 0.42 v.u. Although this value
exceeds the previously assigned upper limit
(0.4 v.u.) for the generation of Brgnsted
acidity, such a slight difference is not sig-
nificant. Since the predominant cleavage
plane of V,0Os is the (010) face, it seems
that oxygens with double-bond character
are mainly responsible for the formation
of Brgnsted centers observed in the pres-
ent study.

Zidlkowski has calculated the sums of
Mo-0O electrostatic bond strengths around
oxygen atoms for various configurations
on the surface using the Brown’s bond-
strength—-bond-length  relationship  (43).
These values are listed in Table 3 with
the corresponding crystallographic planes.
Among the possible configurations, surface

oxygens with the sum of bond strengths of
1.90 and 1.63 v.u. (corresponding to oxygen
undersaturations of 0.1 and 0.37 v.u.) are
expected to show Brgnsted acidity. The
former doubly bonded oxygen sites are lo-
cated on the (100) and (010) faces, and the
latter sites are on the (100) and (101) faces.
The layered structure of MoQOj; along the b
direction exposes the (010) plane in prefer-
ence to the other cleavage faces. Therefore,
the observed Brgnsted acidity is again con-
sidered to be mainly caused by doubly
bonded oxygens on the (010) plane.
Finally, we do not have sufficient struc-
tural data to apply Brown’s electrostatic
formula to our silica-supported vanadia and
molybdena samples. However, based on
the above discussion, the presence of ter-
minal, doubly bonded oxygens is probably
important for the generation of Brgnsted
acid sites for the oxidized V/SiO, and Mo/
SiO, materials. Indeed, Brgnsted sites were
not detected for reduced V/SiO; and Mo/
SiO,, even in the presence of water, and
this may be due to the absence of terminal,
doubly bonded oxygens for these samples.

CONCLUSIONS

The number of acid sites on Mo/SiO, and
V/Si0O; was shown to be greater than that

TABLE 3

Oxygen Undersaturations for MoOs

Sum of Oxygen Crystallographic
Mo-O bond undersat.” planes¢
strengths® (v.u.)
(v.u.)
2.04 —0.04 (100) (001) (010)
(101)
1.98 0.02 (001) (010)
1.90 0.10 (100) (010)
1.63 0.37 (100) (101)
1.09 0.91 (001) (101)
0.81 1.19 (001) (101)
0.34 1.66 (100)

2 From Ref. (43); calculated from Brown’s formula;
R, = 1.882, N = 6.0.

4 Undersaturation.

¢ From Ref. (43).
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found for MoO; and V,0s alone. The num-
ber of Lewis sites increased upon reduction
by formation of oxygen vacancies on the
surfaces. Silica-supported titania exhibited
strong Lewis acidity, analogous to unsup-
ported TiO,.

The effects of water in the generation of
Brgnsted acid sites at the expense of Lewis
sites were observed for some of the catalyst
systems, including the oxidized forms of
Ti/Si0,, V/Si0,, Mo/Si0,, and Al/SiO;.
The effects were not significant for reduced
surfaces of V/SiO,, Mo/Si0,, Ti/SiO,, and
oxidized Zn/SiO;. A model accounting for
the generation of Brgnsted acidity has been
proposed, which employs Pauling’s electro-
static bond strength to evaluate the degree
of undersaturation for surface oxygens. An
undersaturation of 0.1-0.4 v.u. has been
suggested to be capable of creating Brgn-
sted acidity. It was demonstrated that
metal-to-oxygen bond strengths calculated
with Brown’s empirical bond-strength—
bond-length relationships may be substi-
tuted for Pauling’s mean bond strengths for
cations in highly distorted coordination en-
vironments. The importance of terminal,
doubly bonded oxygens for vanadia and
molybdena in creating Brgnsted acid sites
is also suggested. This concept is in agree-
ment with recent quantum mechanical cal-
culations (66).
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