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A series of conventional and model bismuth-metal oxide cata-
lysts (vanadates, molybdates, tungstates, and niobates) were phys-
ically and chemically characterzied (Raman spectroscopy, BET,
XPS, and methanol oxidation) to obtain additional insights into the
structure-reactivity relationships of such catalytic materials. The
reactivity for methanol oxidation over the conventional bismuth—
metal oxide catalysts was found to be primarily related to the surface
area of the oxide catalysts and was essentially independent of the
near surface composition and the bulk structure. The selectivity for
methanol oxidation over the conventional bismuth-metal oxide cat-
alysts was essentially found not to be a function of the surface area,
the near surface composition, and the bulk structure. A series of
model bismuth-metal oxide catalysts was synthesized by depositing
metal oxides on the surface of a bismuth oxide support. The model
studies demonstrated that two-dimensional metal oxide overlayers
are not stable on the bismuth oxide support and readily react to
form bulk bismuth-metal oxide compounds upon heating. Further-
more, the model studies revealed that these bulk bismuth-metal
oxide compounds are related to the active sites for the partial ox-
idation reaction. In situ Raman spectroscopy in methanol/oxygen,
methanol, and oxygen reaction environments with helium as the
diluent revealed no additional information regarding the nature of
the active site. It was found that only highly crystalline bismuth—
metal oxide phases are selective for the partial oxidation of methanol
to formaldehyde. Thus, selective bismuth-metal oxide catalysts will
always possess highly crystalline metal oxide phases containing ex-
tremely low surface areas which make it difficult to obtain fun-
damental surface information about the outermost layers. © 1996

Academic Press, Inc.

INTRODUCTION

Bulk metal oxides find extensive application as cata-
lysts for industrial selective oxidation reactions. In particu-
lar, the ternary oxides derived from bismuth oxide exhibit
a variety of interesting physical and chemical properties.
Bismuth molybdates are important catalysts for partial ox-
idation/ammoxidation of alkenes and other hydrocarbons
(1, 2). Bismuth tungstates have also been examined as cat-
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alysts for the oxidation and ammoxidation of unsaturated
hydrocarbons, but they are not as catalytically active as their
molybdate counterparts in spite of the similarities in the
structural chemistry of tungsten and molybdenum (3, 4).
The tetragonal phases of thin-film bismuth vanadates and
bismuth niobates are efficient photoconductors (5). Thin-
film bismuth molybdates have been found to be effective
gas sensors for alcohols and ketones and may be used as
Breathalizer devices (6).

Selective oxidation/ammoxidation of propylene has re-
ceived much attention due to the commercial importance of
acrolein/acrylonitrile. A complex multicomponent catalyst
with bismuth and molybdenum as the main components is
used in industry for the propylene oxidation reaction. How-
ever, the research efforts have primarily focused on bismuth
molybdates because these catalysts are thought to behave
in the same manner as the industrial catalysts and they are
much easier to prepare and characterize compared to their
multicomponent industrial counterparts (7).

It is generally accepted that the first step in the partial
oxidation of propylene over a bismuth molybdate catalyst
is the abstraction of an «-hydrogen to form a symmetric
allyl intermediate at the surface of the catalyst. This step is
rate limiting above ~400°C as long as there is sufficient oxy-
gen present (7-15). If the temperature is below 400°C, or if
there is a deficiency of oxygen in the feed to the reactor, one
of the catalyst reoxidation steps becomes the rate limiting
step (7-15). Different mechanisms have been proposed for
the ammoxidation of propylene (see Table 1) due to lack of
information about the surface properties of bismuth molyb-
date catalysts (14). It is evident from Table 1 that there is
a lack of agreement among various investigators about the
roles of the individual components of the catalyst. Matsuura
and co-workers, based on low temperature adsorption stud-
ies, attributes chemisorption and first hydrogen abstraction
to Mo sites (16-19). Haber and co-workers’ mechanism,
based on in situ generation of allylic intermediate, proposes
Bissites to be responsible for chemisorption and first hydro-
gen abstraction (20, 21). Sleight and co-workers (22, 23),
based on the crystal chemistry and oxidation reaction mech-
anism studies with oxide catalysts containing the Scheelite
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TABLE 1

Mechanisms for Propylene Ammoxidation in the Literature

Step Matsuura Haber Sleight Grasselli et al.

Olefin chemisorption Mo (Bsite) Bi Mo Mo
NH; Mo (Bssite) Mo Mo Mo

Chemisorption

NH formation
1st allylic H abstraction Mo (B site) Bi Mo Bi
2nd (3rd) H abstractions Mo (Bsite) Mo Mo Mo
O(NH) insertion Mo (Asite) Mo Mo Mo

structure, attribute all the reaction steps to tetrahedral Mo
sites while Bi supplies an overlapping Bi/Mo conduction
band (6p/4d) which serves as an electron sink. They fur-
ther conclude that a molybdate is the actual site for allyl
formation and that bismuth is not required for this step.
Olefin oxidation uses the lattice oxygen which is rapidly re-
plenished by the gaseous oxygen and bismuth promotes the
high mobility of oxygen anions and probably serves as the
actual site of oxygen adsorption. Grasselli and co-workers’
mechanism proposes that chemisorption occurs on Mo sites
and initial hydrogen abstraction occurs on Bi sites (24). This
mechanism is based on a consideration of the reactions of
both propylene, which is incorporated in the mechanism
of the rate-determining step, and the allylic intermediate,
independently generated in situ from allyl radical or allyl
alcohol, which provide information concerning the steps
after initial ¢-hydrogen abstraction.

A great deal of work has been done to determine the
bulk properties of bismuth-metal oxide catalysts and dif-
ferent spectroscopic techniques have been utilized to char-
acterize these catalysts. All bulk spectroscopic techniques
(e.g., infrared, Raman, EXAFS, XANES) will only pro-
vide bulk structural information due to the extremely low
surface areas of these oxides (typically ~0.1 to 1.0 m%g).
The small contribution of the surface component to the
spectroscopy signal will generally be overshadowed by the
significantly stronger contribution of the bulk component.
Keulks and co-workers (25) studied the bismuth molyb-
date catalysts using infrared and Raman spectroscopies to
determine the participation of the lattice oxygen in the se-
lective oxidation reaction. Shifts in the vibrational bands af-
ter these catalysts were used for the oxidation of propylene
with 80, in the feed gas were interpreted as participation
of all types of lattice oxygen ions in propylene oxidation.
Grasselli (26), based on in situ Raman studies, concluded
that there are different kinds of oxygen present in the bis-
muth molybdate catalyst. The oxygen associated with bis-
muth is chemically different from the oxygen bonded to
molybdenum, and there may be oxygen bonded to both
a bismuth and a molybdenum atom. It has been found

that oxygen involved in the first hydrogen abstraction is
different from the oxygen which facilitates the second hy-
drogen abstraction. X-ray diffraction and Auger electron
spectroscopy were used by Keulks and co-workers (27) to
study the reoxidation of a y-phase catalyst in order to mon-
itor the oxidation states of bismuth and molybdenum. They
concluded that reoxidation of bismuth vacancies takes place
via transfer of oxygen from molybdenum, which can be rate
limiting.

Most of the surface spectroscopies (e.g., X-ray photo-
electron spectroscopy (XPS) Auger electron spectroscopy
(AES), and ion scattering spectroscopy (ISS)), unfortu-
nately, are not molecular in nature and cannot provide
surface structural information. For example, X-ray photo-
electron spectroscopy can only provide information about
the surface composition and oxidation states of the surface
components in the near surface region since the surface
information is averaged over an escape depth of approxi-
mately 30-50 A. Gryzbowska et al. (28) studied the reduc-
tion of bismuth molybdate catalysts in a hydrogen environ-
ment using XPS and UPS. The first step in the reduction of
a fully oxidized catalyst was observed to be the reduction of
Mo®* to Mo**. The reduction of Bi** to Bi’ was observed
only after a majority of molybdenum had been reduced to
Mo**. However, very little is known about the outermost
layer of bulk metal oxides and essentially no molecular level
structural information is available about this last layer from
XPS. Consequently, most of the researchers have assumed
the last layer to be just an extension of the bulk structure
and composition. In order to better understand the molec-
ular structure-reactivity relationships and the role of dif-
ferent components in the bismuth-metal oxide catalysts it
is imperative to explore the surface characteristics of these
catalysts.

A related surface issue is whether it is possible to
form two-dimensional metal oxide overlayers on bismuth—
metal oxide catalysts. The activity of bismuth-metal ox-
ide catalysts could possibly be increased by forming two-
dimensional metal oxide overlayers of vanadia, molybde-
num oxide, niobia, and tungsten oxide on a bismuth oxide
support. These metal oxides readily form overlayers on sup-
ports like titania, zirconia, and alumina and generally have
been found to be much more active compared to their cor-
responding bulk metal oxide catalysts. For instance, vanadia
supported on titania is 100 times more active compared to
bulk V,0s5 crystals (29). Thus, the supports play an impor-
tant role in activating the metal oxide overlayers for selec-
tive oxidation reactions (29, 30). Therefore, it is important
to establish if supported metal oxide catalysts with vana-
dia, molybdenum oxide, niobia, and tungsten oxide present
as surface phases on a bismuth oxide support can be syn-
thesized. Such information will assist in developing a bet-
ter understanding of the surface aspects of conventional
bismuth-metal oxide catalysts.



BISMUTH-METAL OXIDE CATALYSTS 3

This investigation was divided into two parts. In the first
part of this study conventionally prepared bulk bismuth—
metal oxide catalysts were studied for their structure, sur-
face area, surface composition, and reactivity/selectivity
in order to determine if there is a relationship between
the bulk structures and their activity for methanol oxida-
tion. The surface composition of the conventional bismuth—
metal oxide catalysts was analyzed using X-ray photoelec-
tron spectroscopy and compared with the activity of these
catalysts for methanol oxidation. In the second part of
this study, an attempt was made to synthesize model two-
dimensional metal oxide overlayers of vanadia, molybde-
num oxide, niobia, and tungsten oxide on a bismuth oxide
support. The structure and activity of these model bismuth
oxide supported metal oxides were compared with those of
the conventional bulk bismuth-metal oxide catalysts. The
surface of the model bismuth oxide supported metal oxide
catalysts was also examined by XPS to determine the influ-
ence of the surface composition upon the activity/selectivity
properties of the catalysts. The current studies demonstrate
that these model bismuth oxide supported metal oxide cat-
alyst studies provide additional insight into the structure-
reactivity relationships of conventional bismuth-metal ox-
ide catalysts.

EXPERIMENTAL

Catalyst Preparation

Conventional bulk bismuth-metal oxides. Convention-
al bulk bismuth—-metal oxides like bismuth vanadates, bis-
muth molybdates, bismuth tungstates, and bismuth nio-
bates had been previously prepared and characterized using
Raman spectroscopy, and their bulk structures were deter-
mined prior to this study (4, 31, 32). Different composi-
tions of bismuth vanadates, bismuth molybdates, bismuth
tungstates, and bismuth niobates were prepared by mix-
ing stoichiometric amounts of a-Bi;O3 (99.9% ) with MoO3
(99.9%), V205 (99.6%),Nb03 (99.9%), and WO3 (99.9%),
respectively. The resultant mixture was ground in acetone
with agate mortar and pestal, and dried in air. All samples
except bismuth vanadates were then calcined at 840°C in a
flow of pure oxygen. Bismuth vanadates were calcined at
825°C in flowing oxygen. Further details about the prepa-
ration method can be found elsewhere (33, 34).

Model bismuth-metal oxides. In order to sufficiently
characterize the model two-dimensional metal oxide over-
layers on bismuth oxide, the bismuth oxide support should
possess a significant surface area since the amount of metal
oxide in the overlayer is proportional to the surface area.
This is crucial for enhancing the surface signal of the metal
oxide overlayers which otherwise may be too weak. For
instance, the surface area of the support should be on the
order of 10 m?/g in order to accommodate approximately
1 wt% loading of the supported metal oxides (30). The com-

mercially obtained bismuth oxide (Aldrich, 99.9% purity)
was found to have too low a surface area, ~0.15 mz/g, due
to its previous treatment at high calcination temperatures.
Consequently, the surface area of bismuth oxide was in-
creased by dissolution and recrystallization as described
below.

The commercial bismuth oxide was dissolved in oxalic
acid (Fisher Scientific, UN1759) to produce bismuth ox-
alate by stirring it for 3 h. The pH of the solution was then
changed by adding NH4OH (Fisher Scientific, NA2672) and
the resulting precipitates were collected, filtered, and dried
at 120°C overnight. The resulting powder was calcined at
300°C to decompose the bismuth oxalate as well as oxalic
acid and ammonia. The surface area of the resulting bismuth
oxide was found to be 5-6 m%/g. Several different batches of
such high surface area bismuth oxide needed to be prepared
because of the low solubility of bismuth oxide in oxalic acid.
The Raman spectrum of each batch was taken and the same
peaks (corresponding to «-BiO3) were observed for each
preparation. This high surface area bismuth oxide was used
as the support to prepare monolayer equivalent amounts
of the metal oxide overlayers.

0.4 wt% V>0s5/Bi;03 (Bi/V=97). This catalyst was
prepared employing the incipient wetness impregnation
method. The vanadia precursor was vanadium tri-isoprop-
oxide oxide (Alfa, 95-98% purity) and the solvent was
methanol (Fisher, certified ACS, 99.9% pure). Ammonium
metavanadate, NH4VO3, was not employed because of the
low solubility of this salt in aqueous solutions. A solution
of known amounts of the precursor and the solvent, cor-
responding to the incipient wetness impregnation volume
and the final amount of vanadia required, was prepared in a
glove box under a nitrogen atmosphere. The moisture and
air-sensitive nature of vanadium tri-isopropoxide oxide re-
quired the preparation to be performed under a nitrogen
environment. The solutions of the vanadia precursor and
methanol were then thoroughly mixed with the bismuth
oxide support, dried overnight at room temperature, and
subsequently heated at 120°C overnight in flowing nitro-
gen. The sample was subsequently calcined at 300°C for
3 h, 400°C for 1 h, 500°C for 1 h, and 650°C for 1 h.

0.5wt% MoO3/Bi;O3 (Bi/Mo =123). The molybdenum
oxide precursor was ammonium heptamolybdate (Alfa
products) and distilled water was used as the solvent. The
method of preparation was the same as described above
except that the preparation was performed in an ambient
environment since the precursor did not require an inert
environment. The catalyst was dried at 120°C overnight,
and subsequently calcined at 300°C for 2 h, 400°C for 1 h,
500°C for 1 h and 650°C for 1.

0.6 wt% WO3/Bi,O3 (Bi/W=166). Ammonium meta-
tungstate (Pfaltz & Bauer, 99.9% purity) was employed
as the precursor with distilled water as the solvent in the
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preparation of this catalyst. The rest of the procedure was
the same as described above.

0.6 wt% NbOs/Bi;O3 (Bi/Nb=295). This catalyst was
prepared using niobium oxalate (Pfaltz & Bauer) as the
precursor and distilled water was used as the solvent. The
rest of the procedure was the same as described above.

A second set containing high loadings of metal ox-
ides (4Bi: 1V, 3Bi: 1Mo, 4Bi:1W, and 4Bi: 1Nb) was also
prepared to determine if the metal oxides in excess of
monolayer equivalent amounts will form crystallites (V,0Os,
MoOs3, WO3, or Nb,Os) or will react with the bismuth oxide
support to form compounds. These high loading catalysts
would also allow for comparison with the conventional bulk
bismuth-metal oxide catalysts previously reported in the
literature. All these catalysts were dried at 120°C and then
calcined at 300°C for 2 h, 400°C for 1 h, 500°C for 1 h, and
840°Cfor 1 h.

Characterization

Raman spectra of the samples were generated with a
Spectra-Physics Ar ™ laser (model 171) by utilizing about
10-40 mW of the 514.5 nm beam for excitation. The scat-
tered radiation from the sample was sent into a Spex Triple-
mate Spectrometer (Model 1877) which was coupled to
an intensified photodiode array and optical multichannel
analyzer (OMA III: Princeton Applied Research, model
1463). The photodiode array was thermoelectrically cooled
to —35°C. The Raman spectra were collected and recorded
using an OMA III dedicated computer and software. The
spectral resolution and reproducibility was experimentally
determined to be better than 2 cm~!. About 100-200 mg of
each sample was pressed into a thin wafer of about 1 mm
thickness. Each sample was mounted onto a spinning sam-
ple holder (~2000 rpm) where a 90° scattering geometry
was used. Further details concerning the optical arrange-
ments used in Raman experiments are described elsewhere
(35).

The in situ Raman spectra were generated using a simi-
lar arrangement. The sample was rotated in a specially de-
signed quartz glass cell at an angle (~45°) to the incident
laser beam such that the reflected light was directed into the
spectrometer. The in situ cell could be heated to different
temperatures and different gaseous environments. In one
set of experiments the samples were heated to different
temperatures in flowing oxygen (Linde Gas, ultra high pu-
rity, hydrocarbon free) before taking the spectrum. In the
second set of in situ experiments different combinations of
oxygen, helium, and methanol (as specified in the text) were
passed over the catalysts at 280°C with a total flow rate of
~100 standard cubic centimeter per minute (sccm).

The near-surface compositions of the bismuth molyb-
dates, bismuth vanadates, bismuth tungstates, and bismuth
niobates were investigated using X-ray photoelectron spec-
troscopy (XPS). An X-ray beam of predominantly Mgk,

or AlK, X-rays was used for this study. The electron spec-
trometer was operated in the fixed analyzer transmission
(FAT) mode. The specimens for XPS analysis were pre-
pared by pressing the catalyst powder between a stainless
steel holder and a polished single crystal silicon wafer. The
powders adhered to the stainless steel holders without re-
quiring additional adhesive materials and possessed rela-
tively flat surfaces. After mounting, the holders were trans-
ferred to a turbomolecular pumped airlock. The airlock was
evacuated to a pressure of 1 x 1077 Torr. The holder was
then installed in the vacuum chamber of a Model DS800
XPS surface analysis system manufactured by Kratos Ana-
lytical Plc, Manchester, UK. The chamber was evacuated to
a base pressure of 5 x 107 Torr. A hemispherical electron
energy analyzer was used for electron detection.

Catalysis Studies

The methanol oxidation reaction was used as a probe
reaction to examine the catalysts for their relative activity
and selectivity because of its sensitivity to different kinds
of sites (29, 36-40). Redox sites (sites capable of being re-
duced and oxidized) yield formaldehyde, methyl formate,
and dimethoxy methane; surface acid sites (Lewis as well
as Brgnsted) form dimethyl ether; and surface basic sites
result in the formation of CO/CO; as the reaction product.
The reaction was carried out in an isothermal fixed-bed dif-
ferential reactor at atmospheric pressure and 280°C. The re-
actor was vertical and made of 6 mm. o.d. Pyrex glass tube.
The catalyst was held in the middle of the tube between
two layers of quartz wool. The feed gas flow was from top
to bottom. The temperature around the reactor was main-
tained by a furnace (Linberg) connected to a temperature
controller (Eurotherm). A mixture of helium (Linde, ul-
tra high purity) and oxygen (Linde, ultra high purity) from
two mass flow controllers (Brooks) were bubbled through
a methanol (Fisher Scientific, 99.9% pure) saturator oper-
ating at ~9.5°C cooled by the flowing water from a cooler
(Neslab RTE 110) to obtain a mixture of methanol, oxy-
gen, and helium in a ratio of 6/11/83 (molar %) and a total
flow rate of ~60 sccm. Pretreatment of the catalyst sam-
ple was done at 300°C for 30 min in a stream of oxygen
and helium prior to each run. Blank experiments without
a catalyst were performed to check for the reactivity of the
glass tube and the quartz wool, and verified their inactiv-
ity. About 0.008-0.015 g of the catalyst was employed in
order to maintain the conversion below 10% and the low
reactivity of the catalysts assured the absence of mass and
heat transfer limitations. The reaction is zero order with re-
spect to oxygen due to the presence of excess oxygen in the
feed. The outlet stream from the reactor to the gas chro-
matograph was heated to 120-130°C in order to avoid any
condensation of the products. The reaction products were
analyzed with an on-line gas chromatograph (HP 5840a)
using two TCD’s and an FID with two packed columns
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(Porapak R and Carbosieve SII). The activities and selec-
tivities are reported as initial values.

RESULTS

Conventional Bulk Metal Oxides

The Raman spectra of the conventional bismuth-metal
oxides (Bi-M) were previously reported by Hardcastle et al.
(4,31,32) and will be summarized in the Discussion section.
The Raman spectra of the promoted bismuth molybdates
(Bi1,67Ceo,25M006, Bi1,67pro.25MOO(,, and Bi1,67Lao.33M006)
were obtained in the current investigation and found to be
similar to that of ’-Bi;M0Os. Consequently, molybdenum
oxide possesses a tetrahedral structure in these compounds.

XPS results. The atomic surface concentrations of Bi,
V, and Mo in bismuth vanadates and bismuth molybdates
were determined by XPS. The relationships between the
bulk Bi/M (M =Mo, V) ratios and the near surface Bi/M
ratios are plotted in Figs. 1 and 2. The surface Bi/V ratio in-
creases linearly with increasing bulk Bi/V ratio and is always
greater than the corresponding bulk ratio in all the bismuth
vanadate samples and suggests that there is bismuth enrich-
ment at the surface. This conclusion is substantiated by the
60Bi: 1V sample where only a trace amount of vanadium is
barely detected on the surface. The XPS Bi/V ratio did not
vary significantly with surface area. In the case of bismuth
molybdates, the surface Bi/Mo ratio also increases linearly
with increasing bulk Bi/Mo ratio, however, both ratios are
comparable for most compositions (slope ~1).

Catalysis results. The normalized activity (moles of
methanol converted/h - m?) and selectivity data for the con-
ventional bismuth vanadates and bismuth molybdates dur-
ing methanol oxidation are reported in Tables 2 and 3.
The specific surface areas for different compositions of bis-
muth vanadates and bismuth molybdates are also included
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FIG. 1. XPS results of conventional bismuth vanadates.
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FIG. 2. XPS results of conventional bismuth molybdates.

in Tables 2 and 3. All compositions of bismuth vanadates
calcined at high temperature (825°C) possess low surface
areas and the 1Bi: 1V sample calcined at 620°C has a surface
area of 10.9 m?/g. The surface area of this catalyst decreases
to 0.1 m?/g when calcined at 825°C. The major reaction
product for the bismuth vanadates catalysts is formalde-
hyde regardless of bismuth vanadate composition (selec-
tivity in the range of 72-93%) or surface area (two orders
of magnitude), and the combustion product CO; is next in
abundance. The selectivity toward dimethyl ether for the
6Bi:1V and 1Bi: 1V compositions calcined at 825°C is at-
tributed to acidic impurities or sites present in these cat-
alysts which, however, could not be detected in the XPS
analysis. The normalized activity does not vary with cata-
lyst surface area, see 1Bi: 1V catalyst, but varies by a factor

TABLE 2

Catalysis Results of Bismuth Vanadates for Methanol
Oxidation Reaction

Selectivity %°

S.A¢ Activity?

Catalyst (m?g) (mol/h-m?) CO, FM DME CO
1Bi:1V¢ 10.9 29 %1073 9.9 89.8 0.3 —
1Bi:1V* 0.1 3.0x1073 120 838 42 —
4Bi:1V 0.2 6.0 x 1073 120 88.0 — —
6Bi: 1V 0.1 10x 1073 17.5  72.0 10.5 —
10Bi: 1V 0.4 2.8x 1073 7.0  93.0 — —
19Bi: 1V 0.2 10x 1073 6.9 931 — —
25Bi:1V 0.1 13x 1073 9.5 905 — —
60Bi: 1V 0.2 9.5x 1073 72 928 — —
Bi;O3 0.1 18 x 1073 340 — — 66.0

“S.A. =surface area.

b Reaction temperature is 280°C.

¢ FM =formaldehyde, DME = dimethyl ether.
4 Calcination temperature is 620°C.

¢ Calcination temperature is 825°C.



6 ARORA ET AL.

TABLE 3

Catalysis Results of Bismuth Molybdates for Methanol Oxidation Reaction

Selectivity %*

S.A. Activity

Catalyst (m%/g) (mol/h - m?) CO, FM DME DMM CcO
a-BiMo3O1; 1.2 31.9x 1073 0.4 97.2 1.7 0.7 —
B-BiM0,09 1.7 23%x1073 0.6 97.8 1.6 — —
y-Bi;MoOs 2.4 258 x 1073 32.5 62.2 0.6 — 4.7
y'-Bi;M0Og 0.1 29 x 1073 7.0 93.0 — — —
Biz;sMo0707 <0.1 >4%1073 13.0 58.0 — — 29.0
BiL67C60'25M006 0.5 11 x 10_3 1.6 94.5 3.9 — —
Bi1_67PI'(]_25M006 0.1 37 x 1073 1.5 93.0 3.5 — 2.0
BiL67Lao‘33MOO(, 0.2 25.5 x 10_3 30.0 70.0 — — —
Bi,O3 0.1 18 x 1073 34.0 — — — 66.0

“ FM = formaldehyde, DME = dimethyl ether, DMM = dimethoxy methane.

of ~3—4 as the Bi/V ratio is varied. The minor activity vari-
ation with the Bi/V ratio appears to be random, possibly
associated with experimental error, rather than systematic
changes. Pure bismuth oxide calcined at 840°C possesses
a slightly higher normalized activity, however, it is uns-
elective to formaldehyde and produces only combustion
products.

The normalized activities for several of the bismuth
molybdates are somewhat higher than the bismuth vana-
dates and the activities do not appear to vary systemati-
cally with Bi/Mo ratio. Almost all compositions of bismuth
molybdates show high selectivity (in the range of 58-98%)
toward formaldehyde, which is formed from aredoxssite. All
the bismuth molybdates produce small quantities of total
oxidation product CO, and some of them form very small
amounts of dimethyl ether which is due to the acidic sites
(possibly related to some impurities). Addition of promot-
ers like Ce, Pr, and La does not seem to have a significant
effect on the normalized activity and selectivity of the bis-
muth molybdates containing the y'-Bi;MoOg structure. The
addition of La does, however, decrease the formaldehyde
selectivity.

Model Bismuth—Metal Oxide Catalysts

Raman spectroscopy results. The Raman spectra of the
model bismuth-metal oxide catalysts are shown in Figs. 3—
8.The ambient Raman spectra of the 0.4 % V,05/Bi,0O3 sam-
ple as a function of calcination temperature are shown in
Fig. 3. Spectrum 3a is for the pure bismuth oxide support
which was used to prepare this catalyst. There is a broad car-
bonate band present at ~1063 cm~!. The Raman spectrum
of the 120°C dried sample exhibits a very broad and weak
Raman band centered at ~880 cm ™! arising from vanadium
oxygen vibrations. A strong vanadia Raman band is ob-
served at 300°C and higher temperatures. This Raman band
shifts from 833 to 781 cm~! and becomes sharper with in-
creasing calcination temperature.

Raman experiments were also performed under dehy-
drated conditions in order to obtain additional insights into
this system. The Raman spectra of the 0.4% V,05/Bi,03
sample, originally calcined at 300°C, and obtained under
dehydrated conditions are presented in Fig. 4 as a function
of calcination temperature in the in sifu cell. The vanadia
Raman peak does not shift to any significiant extent upon
dehydration with increasing temperature and the carbon-
ate signal is still present. It has been shown (41-43) that a
tetrahedral coordinated surface vanadium oxide species on
different oxide supports contain one terminal V=0 bond
and three bridging V-O-S bonds which give rise to a sharp
Raman band in the 1015-1040 cm~! range under in situ
conditions. However, for the in situ Raman spectra of the
model 0.4% V,0s5/Bi,O3 sample there is no band present in
the 1015-1040 cm ™! range confirming the absence of surface
vanadia species and the Raman band at 833-781 cm™! was
previously observed for bulk bismuth vanadate compounds
(31). Futhermore, the sharpening of the Raman features
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FIG. 3. Ambient Raman spectra of the 0.4% V,0s/Bi,O3 sample.
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FIG. 4. [n situ Raman spectra of the 0.4% V,05/Bi,03 sample under
dehydrated conditions.

with increasing calcination temperature is due to the sample
becoming more ordered or crystalline upon heating (Fig. 3).

The ambient Raman spectra of the 0.5% MoO3/Bi,O3
catalyst as a function of calcination temperature are shown
in Fig. 5. Spectrum 5a is for the pure bismuth oxide used as
the support for this catalyst and the broad peak at ~1063
cm~! is due to the carbonate species. The dried sample
hardly gives a signal due to molybdenum oxide in the 800—
900 cm™! region, but a strong peak appears at 874 cm™!
for the samples calcined at 300°C and above. The Raman
band at ~874 cm™! does not shift in position but sharpens
with increasing calcination temperature. The in situ Raman
spectra for the sample originally calcined at 300°C are pre-
sented in Fig. 6 as a function of temperature in the in situ
cell. There is a sharp carbonate band at 1063 cm™' at 300
and 400°C which disappears at 500°C. Similar to the am-
bient spectra, the 874 cm™! band does not shift to higher
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FIG.5. Ambient Raman spectra of the 0.5% MoO3/Bi,O3 sample.
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RAMAN SHIFT (cni)

1100 1000

FIG.6. Insitu Raman Spectra of the 0.5% MoO3/Bi;O3 sample under
dehydrated conditions.

wave numbers but gets sharper with increasing calcina-
tion temperature. Surface molybdenum oxide species on
different oxide supports give rise to a Raman band in the
976-1008 cm ™! range under in situ conditions (30, 43). This
band is not present for the in situ Raman spectrum of 0.5%
MoO3/Bi;O3, which suggests that surface molybdenum ox-
ide species are not present on the bismuth oxide surface.
The Raman band at ~874 cm™! was previously observed
for bulk bismuth molybdate compounds (32). The crystal-
lization of bismuth molybdate with increasing temperature
accounts for the sharpening of the Raman band at 874 cm™!
(see Fig. 5). The same conclusion was made in the case of
low loadings of tungsten oxide and niobia on the bismuth
oxide support. Thus, surface metal oxide species of vana-
dia, molybdenum oxide, tungsten oxide, and niobia are not
stable as metal oxide overlayers on bismuth oxide and form
bulk bismuth-metal oxide compounds upon heating.
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FIG.7. Ambient Raman spectra of the 4Bi: 1V model catalyst.
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FIG. 8. Ambient Raman spectra of the 4Bi: 1W model catalyst.

Two representative ambient Raman spectra of high load-
ing samples (Bi:V=4:1 and Bi:W=4:1) calcined at
500°C are shown in Figs. 7 and 8. Typically when the vana-
dia loading is increased on oxide supports beyond mono-
layer coverage it results in the formation of V,0Os crystals
with a sharp Raman band at 994 cm, ™! (44). However, the
resultant spectrum of the high loading sample is the same
as the conventional bulk bismuth vanadate (Bi:V=4:1)
spectrum obtained by Hardcastle ez al. (31). Thus, it appears
that the vanadium oxide is not present as crystalline V,0s5
on the bismuth oxide support because it strongly interacts
with bismuth oxide due to the reaction between the basic
bismuth oxide and acidic vanadium oxide components. Sec-
ondly, there is no effect of the preparation method on the
structure of the catalyst and both methods (physical mixing
and incipient wetness impregnation) give the same prod-
uct as far as the structure of this bismuth vanadate is con-
cerned. The same is true for high loadings of molybdenum
oxide, tungsten oxide, and niobia on bismuth oxide since
all these components do not form MoO3, WO3, and Nb,Os
crystallites.

XPS results. The XPS results of low loading and high
loading metal oxide model catalysts are presented in Figs. 9
and 10, respectively. For the low loading catalysts, the Bi: M
(M =V, Mo, W, Nb) XPS ratios were determined for the
catalysts calcined at 300, 500, and 650°C. The Bi: M ra-
tio increases with increasing calcination temperature for
all the catalysts. The 0.4% V,0s/Bi,Os catalyst possesses
some vanadium at or near the surface at 650°C, whereas,
all other low loading catalysts are found to have no molyb-
denum, tungsten, or niobium at the surface after calcination
at 650°C. That is why the surface Bi: M ratio for these cat-
alysts is shown to be approaching infinity (Fig. 9) after the
650°C calcination. For the high loading model catalysts, the
Bi: M XPS ratios were determined after calcination of the
catalysts at 300, 500, and 840°C. This ratio also increases
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FIG.9. XPS results of low loading model catalysts.

with increasing calcination temperature for all the catalysts
as shown in Fig. 10.

Catalysis results. The methanol oxidation reaction was
examined over the catalysts calcined at three different
temperatures for both low loading and high loading metal
oxide model catalysts. The results obtained are presented
in Tables 4-9. These tables also contain the surface areas
of these catalysts after different calcination temperatures.
Conventional bulk bismuth-metal oxide catalysts are
known to have low surface areas (0.1-0.5 m%/g) and in this
study the goal was to prepare high surface area catalysts
using bismuth oxide and transition metal oxides. The bis-
muth oxide support used for preparing these catalysts had
a surface area on the order of 5-6 m?/g. The surface areas
of all the catalysts are significantly higher than the surface
areas of conventional bulk bismuth-metal oxide catalysts
after low calcination temperature, but as the calcination
temperature is increased the surface areas of the model
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FIG. 10. XPS results of high loading model catalysts.
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TABLE 4

Catalysis Results of Low Loading Model Catalysts for
Methanol Oxidation Reaction (Calcination Temp. 300°C)

TABLE 6

Catalysis Results of Low Loading Model Catalysts for Methanol
Oxidation Reaction (Calcination Temp. 650°C)

Selectivity %

Selectivity %

Activity S.A. Activity S.A.
Catalyst (mol/h-m?) (m%*g) CO, HCHO CO Catalyst (mol/h - m?) (m%g) CO, HCHO CO
0.4% V,05/BiO3 82.2x 1073 31 92.8 7.2 — 0.4% V,05/Bi,03 197 x 1073 0.4 41.8 58.2 —
0.5% MoO3/Bi,O; 162 x 1073 35 90.8 8.8 0.4 0.5% MoO3/Bi,03 48.0 x 1073 0.5 18.6 81.4 —
0.6% WO;3/Bi>O3 16.0 x 1073 3.8 85.4 14.6 — 0.6% WO;3/Bi,O3 112x 1073 0.3 18.0 82.0 —
0.6% Nb,Os/Bi,O3  60.3 x 1073 37 98.6 1.4 — 0.6% Nb,0s5/Bi,03 147 x 1073 0.4 53.1 46.9 —
Bi,03 33.7x 1073 3.8 90.0 9.0 1.0 Bi,O3 83x107° 0.4 36.4 — 63.6

catalysts decrease. After high calcination temperature, the
surface areas of the model catalysts become comparable
to that of the bulk conventional catalysts.

For low metal oxide loadings and calcination at 300°C,
the vanadia on Bi;O3; and the niobia on Bi,O3 catalysts
possess comparable normalized activities, whereas, molyb-
denum oxide on Bi;Os and tungsten oxide on Bi,O3 are
somewhat less active. However, all four catalysts are very
unselective to formaldehyde and give primarily combustion
products (CO, and a trace of CO). Pure Bi,Oj3 (calcined at
300°C) also exhibits a comparable normalized activity and a
low selectivity to formaldehyde. As the calcination temper-
ature of these catalysts is increased to 500°C there is a de-
crease in surface area, but the normalized activities increase
slightly (V, W, Nb) or remain about the same (Mo). How-
ever, the normalized activity for the pure bismuth oxide
catalyst decrease significantly. The selectivity to formalde-
hyde significantly increases for all four bismuth oxide sup-
ported metal oxide catalysts as the calcination temperature
isincreased. The formaldehyde selectivity over the pure bis-
muth oxide support initially increases somewhat with the
calcination temperature, but formaldehyde is not produced
and only combustion products are observed after high cal-
cination temperatures. The normalized activities further in-
crease for the bismuth oxide supported metal oxide cata-
lysts upon increasing the calcination temperature to 650°C
(see Table 6). The selectivity toward formaldehyde also in-

TABLE 5

Catalysis Results of Low Loading Model Catalysts for Methanol
Oxidation Reaction (Calcination Temp. 500°C)

creases with increasing calcination temperature for the bis-
muth oxide supported metal oxide catalysts. The normal-
ized activity of pure bismuth oxide further decrease upon
calcination at 650°C. Thus, the normalized activities and
formaldehyde selectivities of the model bismuth oxide sup-
ported catalysts increase significantly with calcination tem-
perature.

The catalysis results of the high metal oxide loading
model catalysts calcined at different temperatures are
shown in Tables 7-9. The normalized activities of the cat-
alysts generally decreases with increasing calcination tem-
perature with the exception of the Bi-Nb (4:1) catalyst.
The selectivity toward formaldehyde also improves with
the exception of bismuth niobate. The bismuth niobate cat-
alyst produces deep combustion product (CO;), regardless
of the calcination temperature. In general, high loading
catalysts are more selective to formaldehyde compared to
the low loading catalysts. Therefore, the formaldehyde se-
lectivity improves as a function of both the metal oxide
loading on the bismuth oxide as well as the calcination
temperature. However, pure bismuth oxide is unselective
toward formaldehyde even after high temperature treat-
ments and its normalized activity decreases with calcination
temperature.

In situ Raman spectroscopy. Raman spectroscopy was
performed on high loading Bi-M catalysts (4Bi:1W,

TABLE 7

Catalysis Results of High Loading Model Catalysts for Methanol
Oxidation Reaction (Calcination Temp. 300°C)

Selectivity %

Selectivity %

Activity S.A. Activity S.A.
Catalyst (mol/h - m?) (m%g) CO, HCHO CO Catalyst (mol/h - m?) (m%g) CO, FM DME CO
0.4% V;,05/Biy03 122 x 1073 1.8 80.3 19.1 0.6 Bi:V::4:1 42x1073 49 314 679 0.7 —
0.5% MoQ3/Bi,O3 13.8x 1073 2.9 76.9 20.5 2.6 Bi:Mo::3:1 212x1073 5.0 42 952 — 0.6
0.6% WO3/Bi,O3 36.0 x 1073 1.5 64.4 33.7 1.9 Bi:W::4:1 9.8x1073 32 632 316 52 —
0.6% Nb,Os/Bi,O3  73.4x 1073 1.8 96.6 2.9 0.5 Bi:Nb::4:1  62.8x1073 3.9 100.0 — — —
Bi,O3 14.7x 1073 1.7 82.0 18.0 1.0 Bi,O3 337 x 1073 38 90.0 9.0 — 1.0
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TABLE 8

Catalysis Results of High Loading Model Catalysts for Methanol
Oxidation Reaction (Calcination Temp. 500°C)

Selectivity %

Activity S.A.

Catalyst (mol/h - m?) (m%g) CO, FM DME CO
Bi:V::4:1 33x1073 32 165 835 — —
Bi:Mo::3:1 9.1x1073 2.2 19.8 747 — 5.5
Bi:W::4:1 13.8x 1073 2.4 469 495 0.6 3.0
Bi:Nb::4:1 60.5 x 1073 3.8 99.4 — — 0.6
Bi;O3 14.7 x 1073 1.7 82.0 18.0 — —

4Bi: 1V, 3Bi: 1Mo, 4Bi:1Nb) under in situ conditions of
methanol reaction. It was observed that in the presence of
methanol and oxygen with helium as the carrier gas (molar
ratio of methanol/oxygen/helium ~4/20/76) no significant
change in the Raman signal was observed. However, in the
presence of methanol and helium (no oxygen present) a
substantial reduction of the Raman bands was observed
for all the Bi—M catalysts, which was also accompanied by
darkening of the samples. No relationship was evident with
the decrease in Raman intensity in the methanol/helium gas
stream and the catalytic activity shown in Tables 7, 8, and 9.

DISCUSSION

Five distinct vanadium containing phases have been iden-
tified in conventional bismuth vanadates and the different
phases are present in the conventional bismuth-metal ox-
ide catalysts with varying bismuth to metal ratio (4, 31, 32,
34). Low bismuth to vanadium ratio catalysts (1Bi: 1V and
4Bi:1V) possess BiVOy as the major phase (31). 6Bi: 1V
and 10Bi: 1V catalysts have Type II (triclinic phase) and
Type I (fluorite like cubic phase) as the major phases, re-
spectively. y-VOy in the sillenite structure is the predomi-
nant phase presentin 19Bi:1V,25Bi:1V, and 60Bi: 1V cat-
alysts. The vanadium oxide species are tetrahedrally coor-
dinated in all of the bismuth vanadates and the degree of

TABLE 9

Catalysis Results of High Loading Model Catalysts for Methanol
Oxidation Reaction (Calcination Temp. 840°C)

Selectivity %

Activity S.A.

Catalyst (mol/h - m?) (m¥g) CO, FM DME CO
Bi:V::4:1 77 x 1073 0.1 9.0 0910 — —
Bi:Mo::3:1  60.5x1073 0.2 134 86.6 — —
Bi:W::4:1 56 x 1073 0.1 144 856 — —
Bi:Nb::4:1 7.0x 1073 0.1 1000 — — —
Bi,03 18x 1072 0.1 340  — — 660

symmetry increases with increasing Bi:V ratio. The V-O
bond distances for VO, tetrahedron decreases in the order
y-VO4 > Type I > Type II > BiVOy. In the case of bismuth
molybdates, seven distinct molybdenum containing phases
and four bismuth oxide phases were identified in different
compositional regions (32). Molybdenum oxide possesses
an octahedral structure in «-Bi;Mo0301; and y-Bi;MoOQg,
whereas, it possesses a tetrahedral structure in 8-Bi;M0,0,
]//-BizMOO6, Bi(,MOzOls, Bi38M07078, and Bi-Mo-Ossillen-
ite phases. The Bi,O3—Nb,Os system contains five distinct
bismuth niobate phases depending upon the Bi:Nb ratio
(4). Niobia is found to have an octahedral structure in all of
the bismuth niobate catalysts (4). However, as the Bi:Nb
ratio is increased from 15:1 to 60:1 the NbOg octahedra
of the Type I phase become progressively more distorted.
There are three distinct bismuth tungstate phases present
in the Bi;O3-WOj3 system of varying Bi: W ratio. Similar
to molybdenum oxide, the structure of tungsten oxide in
bismuth tungstates changes from octahedral to tetrahedral
with increasing loading. In summary, the coordination of
metal oxides in bismuth oxide compounds is a function of
the type of the metal oxide and the Bi: M ratio.

The surface compositions of the conventional bismuth
vanadate and molybdate catalysts were determined by XPS
as a function of Bi/M ratio (M =V, Mo, W, Nb). The XPS
surface analysis revealed a linear increase in the surface
Bi/M ratios with increasing bulk Bi/M ratios. The slope for
the bismuth vanadates was 2.7 suggesting an enrichment
of bismuth in the surface region. However, at very high
Bi/V ratios, e.g., 60, vanadium could not be detected in the
surface region suggesting that for very dilute systems only
bismuth may preferentially exist on the surface. For the bis-
muth molybdates the slope was approximately unity over
the range investigated indicating a comparable concentra-
tion of molybdenum in the bulk and the surface region. The
methanol oxidation studies over the conventional bismuth
vanadate catalysts revealed that selectivity to formaldehyde
was essentially independent of the Bi/V ratio as well as its
surface area (over two orders of magnitude). The normal-
ized activities varied somewhat (~3-4), but not in a system-
atic fashion. Consequently, the reactivity and selectivity of
the bismuth vanadates for methanol oxidation to formalde-
hyde are not sensitive to the vanadia surface concentration
as well as the specific vanadia structure present since the
VO, tetrahedra became less distorted with increasing Bi/V
ratios. The bismuth molybdates also generally yielded very
high selectivities to formaldehyde and did not depend in
any significant way upon the specific Mo coordination or
the Mo surface concentration. Two catalysts that exhibited
somewhat lower selectivities to formaldehyde and higher
selectivities to carbon oxides were y-Bi;Mo0QOg, containing
octahedral Mo species, and BizsMo0707s, containing tetrahe-
dral Mo species. The normalized activities for the bismuth
molybdates varied by a factor of ~10, but not in a system-
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atic fashion. Thus, the normalized reactivity and selectivity
of the bismuth vanadate and bismuth molybdate catalysts
were not related to the specific V or Mo structures as well
as their surface concentrations.

The influence of promoters upon the y’-Bi;MoOs cata-
lyst was also examined. Raman studies revealed that the
promoters (Ce, Pr, and La) did not perturb the tetrahe-
dral MoOy sites present in these bismuth molybdates. The
methanol oxidation catalytic studies revealed that the cat-
alytic activities of the promoted catalysts were essentially
notinfluenced by the addition of the promoters even though
the Bi/Mo ratio of the promoted catalysts were lower than
in the unpromoted catalyst. As already mentioned above,
the catalysts were generally more sensitive to the surface
area than the specific Bi/Mo ratio. The addition of Ce and
Pr also did not affect the selectivity to formaldehyde, but
the addition of La did decrease the selectivity to formalde-
hyde from 93 to 70%. Brazdil et al. (45-47), however, found
that addition of cerium to bismuth molybdate significantly
enhanced its catalytic activity for the selective oxidation of
propylene to acronitrile. They concluded that the multiva-
lent redox couple formed by cerium enhances oxygen ion,
electron, and anion vacancy transport in the solid, which
enhances catalytic activity by increasing the reconstruc-
tion/reoxidation rate of the active Bi and Mo containing
sites. This results in an effective increase of the number of
active sites available at the surface at any given time. These
results could be reaction specific since for methanol oxi-
dation reaction there is no significant improvement in the
catalytic results.

Additional insight into surface interactions in the
bismuth-metal oxide systems were obtained from the
model studies using a moderate surface area bismuth oxide
support. The model studies clearly demonstrated that sta-
ble metal oxide (V, Mo, W, and Nb) overlayers cannot be
formed on a bismuth oxide support and that the deposited
metal oxides readily react with bismuth oxide to form bulk
bismuth-metal oxide compounds. A model representing
the evolution of the deposited metal oxide overlayers on a
bismuth oxide support with temperature is shown in Fig. 11.
The deposited metal oxides are relatively well dispersed
upon drying to 120°C since strong Raman bands due to the
crystalline bismuth-metal oxide phases are absent. How-
ever, heating to higher temperatures results in the appear-
ance of strong Raman bands due to crystalline bismuth—
metal oxide phases. These Raman bands become sharper
with higher calcination temperatures, which is a conse-
quence of the increased degree of crystallization and order
in these bismuth-metal oxide phases at elevated temper-
atures. Furthermore, the Raman bands also shift to lower
frequencies reflecting an increase in local Bi/M ratio with
increasing calcination temperature due to incorporation of
additional bismuth in the bismuth-metal oxide catalysts.
This shifting in frequencies with increase in calcination tem-
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FIG. 11. Proposed model for the bismuth-metal oxide catalysts.

perature is especially true for the bismuth vanadate system,
which is sensitive to the Bi/V ratio. The increase in the Bi/M
ratio in the bismuth-metal oxide crystals is also reflected in
the increase in the XPS surface Bi/M ratio with increasing
calcination temperature. Eventually, at high temperatures
the bismuth-metal oxide phase is the predominant phase
with a high Bi/M ratio and only minor amounts of unreacted
bismuth oxide phases remain. The amount of unreacted bis-
muth oxide remaining decreases with increasing metal ox-
ide loading. The bismuth-metal oxide phases formed from
the metal oxide overlayers on the bismuth oxide support
are indistinguishable from the phases formed by previous
methods such as physically grinding, mixing, and calcining
the metal oxide components.

The selectivity patterns of these model bismuth-metal
oxide compounds toward methanol oxidation to formalde-
hyde reveal that only highly crystalline phases formed
at high calcination temperatures result in selective cata-
lysts. Poorly crystalline bismuth—-metal oxide phases formed
at low calcination temperatures are not very selective
for methanol oxidation and primarily yield combustion
products. The normalized activities of poorly crystalline
bismuth-metal oxide phases are also low and increase with
calcination temperature. The requirement of highly crys-
talline bismuth-metal oxide phases may be related to the ef-
ficient transport of lattice oxygen during the redox cycle. In-
creasing the calcination temperature in the model bismuth—
metal oxide catalysts also affects the surface area and the
local Bi/M ratio. The methanol oxidation studies with the
conventional bismuth-metal oxide catalysts demonstrated
that the surface area does not affect the selectivity or the
normalized catalyst reactivity. Machiels et al. (48), based on
their kinetic studies for methanol oxidation with different
molybdates, concluded that the reaction rate was nearly in-
dependent of oxygen partial pressure, except at very low
pressures in the reactor in which case the catalyst begins
to be reduced. However, the reaction rate had a positive
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dependence on methanol partial pressure. It was also found
that various bismuth molybdate phases that are well-known
selective oxidation catalysts for other reactions are much
less active for methanol oxidation (48). Our methanol ox-
idation studies with the conventional bismuth-metal ox-
ide catalysts demonstrated that the Bi/M ratio generally
does not affect the catalyst selectivity. Increasing the ini-
tial metal oxide loading in the model bismuth-metal oxide
catalysts had a positive effect on the selectivity because it
also enhanced the crystallization process. The current ob-
servations with the model bismuth-metal oxide catalysts ac-
count for the requirement of conventional bismuth-metal
oxide catalysts to possess highly crystalline phases with cor-
responding low surface areas, in order to be selective oxi
dation catalysts.

The surface compositions of the outermost layer of the
conventional bismuth-metal oxide catalysts are still not
known from the current investigation since XPS only sam-
ples the near surface region (30-50 A). This information
could possibly be obtained with low energy ion scattering
spectroscopy which tends to sample the outermost layers
of catalysts. Such experiments need to be performed under
in situ conditions after catalyst calcination and reduction
treatments since surface carbonates are formed on samples
exposed to ambient conditions. /n situ Raman studies were
inconclusive regarding the nature of the active site since
the Raman features remained essentially unchanged. It is
unlikely that any molecular structural information about
the surface sites in the outermost layer will ever be ob-
tained given the unusually low surface areas of the con-
ventional bismuth-metal oxide catalysts since the molecu-
lar spectroscopies required for such measurements are in-
herently bulk techniques (Raman, IR, EXAFS/XANES,
NMR, etc.). From the current investigation, however, it
does appear that there is a tendency for bismuth to be en-
riched in the outermost layer of such catalysts under oxi-
dizing conditions.

CONCLUSIONS

In order to understand the structure-reactivity rela-
tionship of an important class of bismuth-metal oxide
catalysts, being used for various commercial reactions,
model bismuth-metal oxide catalysts were prepared and
physically and chemically characterized. The findings of
this study demonstrated that vanadia, molybdenum oxide,
tungsten oxide, and niobia cannot be supported as two-
dimensional overlayers on a bismuth oxide support. These
metal oxides react with the bismuth oxide and form a com-
pound. The crystals of this compound, dispersed on the sur-
face of the catalyst, grow when the catalysts are heated af-
ter drying at room temperature. Catalytic results indicate
that these catalysts need to be calcined at a high temper-
ature (~800°C) in order to make them selective for the

partial oxidation products because it was found that only
highly crystalline bismuth-metal oxide phases are selective
to formaldehyde. The catalysts calcined at low tempera-
tures exhibit a poor selectivity toward formaldehyde. As the
calcination temperature is increased, the surface area and
the activity of these catalysts start decreasing, whereas the
Bi: M ratio starts increasing. In situ Raman spectroscopy
using methanol/oxygen/helium, methanol/helium, and oxy-
gen/helium as reaction gasses do not reveal any additional
information regarding the nature of the active site. There
is no effect of the preparation method because the con-
ventional catalysts, prepared by physical mixing, and the
model catalysts, prepared by the incipient wetness impreg-
nation technique, are shown to have similar structure and
reactivity. The activity of conventional bismuth-metal ox-
ide catalysts does not depend upon the bulk structure and
the near surface composition, and is a function of the sur-
face area of the catalytic material. The selectivity of con-
ventional bismuth-metal oxide catalysts is not a function
of the surface area, the surface composition, or the bulk
structure.
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