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Two series of Mo(VI)/SiO, catalysts were obtained by impregnation with (NH,)s Mo;0,, aqueous
solutions (impregnated catalysts) and by reaction of Mo(n*-C;H;), with OH groups of the SiQ,
surface (fixed catalysts). For each series, the effect of water leaching both on the UV diffuse
reflectance spectra and on the photocatalytic properties in the partial oxidation of propane by O,
were studied. The fractional amount of water-leachable Mo increases with the Mo content for both
series of samples but it is significantly higher for the fixed catalysts. An increase in the pretreatment
temperature of the SiQ, support prior to Mo(7*-C;Hjs), fixation increases the percentage of water-
removable Mo and indicates that the amount of nonleachable Mo species is associated with the
surface OH present on the SiO,. The nonleachable deposits always contain a large fraction of
isolated species with tetrahedral Mo coordination as evidenced by the predominance of the 250-nm
band in the UV spectra and in agreement with the photocatalysis results. Conclusions are drawn

regarding the structure of the Mo(VI) phase supported on SiO,.

INTRODUCTION

Transition metal oxides supported on
various inorganic oxide supports are widely
used as industrial catalysts and have been
the object of fundamental research aimed at
relating the surface chemistry with their
catalytic functions. In this connection sev-
eral surface models are proposed for sup-
ported molybdena catalysts that range from
epitaxial surface monolayer to a support
surface pimpled with molybdenum polya-
nion clusters (I-6). Because of the acidic
character of the aqueous molybdate solu-
tions (pH 5 to 6) used in the catalyst prepa-
ration by impregnation methods, the poly-
meric molybdenum species such as
polymolybdate anions present in these so-
lutions are bound to the support surface in-
tact and then polymerize or depolymerize
during calcination (4-8). In general, it was
argued that the heterogeneous and ill-de-
fined nature of the catalysts prepared by
impregnation makes them unsuitable for
molecular level studies of the relation be-
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tween their catalytic properties and their
surface structure.

A new family of supported transition
metal oxide catalysts recently described in
the literature is prepared using the facile
reaction of superficial OH groups of the
support with various organometallic com-
pounds (9, 10). It has been claimed that the
surface of such catalysts bears a uniform
distribution of a single species, the struc-
ture of which can be controlled by changing
the type of organometallic compound uti-
lized in the synthesis. For example, sup-
ported molybdenum catalysts with various
structural modifications could be obtained
by using Mo(n*-C;sHs)s, Moy(n*-C3Hy)s,
MO(C4H7)4, [M0(0C2H5)5]2, etc. (8—-17)
ESCA studies (I8, 19) and oxygen chemi-
sorption data (/9, 20) reveal a greater dis-
persion of the molybdenum in Mo(n?’-
C;H;s)s-prepared SiO; catalysts compared
to the impregnated ones. The formation of
crystalline MoQO; was observed in Mo/SiO;-
impregnated catalysts around 2 wt% Mo by
Raman spectroscopy and around 5 wt% Mo

0021-9517/86 $3.00
Copyright © 1986 by Academic Press, Inc.
All rights of reproduction in any form reserved.



76

by XRD, whereas the corresponding
Mo(n3-C;Hs)s-prepared catalysts did not
show these spectral features of MoO; (19).
Even at very low loadings (~1 wt% Mo) at
least three types of Mo in different environ-
ments are observed in Mo/SiO,-impreg-
nated catalysts compared to the catalysts
prepared by Mo(n?-C;Hs),, where only one
type of Mo species is suggested (12-14).
The UV diffuse reflectance spectra of the
latter catalysts exhibited only a single band
centered at 290 or 303 nm depending on the
silica variety used. These bands were as-
sumed to be characteristic of the charge
transfer band Mo®*=0?" — Mo’*—O"
with Mo in tetrahedral and octahedral sym-
metry, respectively (12—-14). On the basis of
EXAFS data, however, the 303-nm band
was attributed to pentacoordinated or dis-
torted tetrahedrally coordinated Mo (21).

Similarly, on the Mo/AlO; fixed cata-
lysts the single band observed at 281 or 333
nm, depending on the alumina variety, was
assigned to tetrahedral and octahedral Mo,
respectively (15-17).

With respect to photocatalytic properties
for the partial oxidation of propane by O,,
Mo/SiO, catalysts prepared by impregna-
tion with (NH4)6 M07024 ' 4H20 and by fix-
ation of Mo(n?-Cs:H;), did not exhibit a sig-
nificant difference below 1 wt%, and it was
argued that with both preparative proce-
dures Mo polymerizes on the support. The
only difference between the two types of
catalysts appears at loadings in excess of 1
wt% and is related to the polymeric phase
of Mo with the fixed catalysts having a
greater dispersion (20, 22) suggesting differ-
ent structures for the polymeric phase.

Interaction of Mo species with SiO; and
Al O; supports is known to be reversible to
various degrees depending on loading, pre-
parative procedure, and type of support
used. Indeed, even after calcination, size-
able fractions of these supported species
can be removed by washing with demineral-
ized water or diluted NH,OH (20, 23-27).

Considerable differences of opinions ex-
ist regarding the structure of the molybde-
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num species present on Mo/SiO,-fixed cat-
alysts and the interpretation of their UV
spectroscopic data. The present communi-
cation intends to address these, with a look
at the effect of the support dehydration
temperature and water leaching on the UV
spectra and the photocatalytic activity of
these catalysts.

EXPERIMENTAL
Catalyst Preparation

Three series of Mo/SiO, catalysts were
prepared using commercial grade silica gel
(Fisher, S-662) with 99.9% minimum pu-
rity. The particle size range of SiO; was 60—
200 mesh and its surface area was 450 m?%/g.

The first series was prepared by the con-
ventional pore volume impregnation tech-
nique (impregnated catalysts) using aque-
ous solutions (pH around 5 to 6) of high
purity (NHy)¢Mo070,4 - 4H,O (Anachemia,
Ac-630). The main impurities of ammonium
paramolybdate were Pb (0.001%) and Mg
0.02%).

The second series of catalysts was made
by the reaction between the superficial OH
groups of the SiO, support and Mo(n*
C;Hs)s complex in n-pentane (certified,
Fisher, P-393) at ambient temperature
(fixed catalysts.) The synthesis of Mo(n?*-
C;Hs), as well as the fixation reaction were
carried out strictly under oxygen- and hu-
midity-free conditions (22, 23). The OH
group population of the SiO, support was
controlled by an in situ thermal treatment
under a stream of flowing argon (high pu-
rity, 99.996%, Linde) at a constant temper-
ature of 200, 300, 400, or 500°C, for 8 h.

The third series was derived from the im-
pregnated and fixed catalysts by leaching
them with demineralized water at room
temperature.

The leaching procedure was as follows:
1 g of a catalyst sample precalcined in air
(500°C, 15 h) was added to 50 ml of demin-
eralized water and the mixture was periodi-
cally agitated. After 24 h the water was sep-
arated and analyzed for Mo by UV
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spectroscopy (Hewlett—Packard 8450 UV/
VIS spectrophotometer). The detection
limit of Mo by this procedure was found to
be about 5 ppm. This operation was re-
peated at least 4 to 6 times until no Mo was
detected in the washing solution. It may be
estimated that the mass of Mo lost in the
last washing was lower than 0.02 wt% of
the catalyst sample.

All catalysts were calcined in air at 500°C
for 15 h prior to their utilization. The mo-
lybdenum contents were determined by X-
ray fluorescence (Ortec System) using a
BiAm-Ag source and are expressed as
weight percents of Mo{wt% Mo).

Reference to the various samples is given
by the letter I for impregnated catalysts and
F for fixed catalysts followed by the molyb-
denum loading and, in the case of fixed cat-
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alysts, by the support pretreatment temper-
ature. Washed samples are indicated by the
symbol W at the end. For example, F-0.35-
200W means a washed fixed sample having
0.35 wt% of Mo and prepared from SiO,
preheated at 200°C. Table 1 gives the list of
catalysts and percentage of water-remov-
able molybdenum.

Photocatalytic Activity Measurements

The effect of the support dehydration
temperature of fixed catalysts and the effect
of water leaching of these catalysts on their
photocatalytic activity for the partial oxida-
tion of propane (Instrumental grade, 99.5%,
Canadian Liquid Air) were studied. The
photooxidation reaction was carried out in
a differential dynamic reactor under atmo-
spheric pressure in the presence of oxygen

TABLE 1

Mo Contents of Mo(VI)/Si0, Catalysts before and after Water Leaching

Catalysts before leaching

Catalysts after leaching

Percentage of

water-leachable Mo

Sample  Molybdenum loading Sample Molybdenum loading
(Wi%) (Wt%)
1-0.5 0.50 1-0.22W 0.22 56.0
1-0.75 0.75 1-0.29W 0.29 61.3
1-1 1.00 1-0.34W 0.34 66.0
12 2.00 1-0.4W 0.40 80.0
I-4 4.00 1-0.63W 0.63 84.3
I-6 6.00 1-0.95W 0.95 84.2
1-10 10.00 1-1.85W 1.85 81.5
F-0.17-200 0.17 F-0.05-200W 0.05 70.6
F-0.38-200 0.38 F-0.1-200W 0.10 73.7
F-0.53-200 0.53 F-0.12-200W 0.12 77.3
F-0.60-200 0.60 F-0.15-200W 0.15 75.0
F-0.63-200 0.63 F-0.14-200W 0.14 77.8
F-1-200 1.00 F-0.21-200W 0.21 79.0
F-1.6-200 1.60 F-0.25-200W 0.25 84.4
F-1.7-200 1.70 F-0.29-200W 0.29 82.9
F-2-200 2.00 F-0.35-200W 0.35 82.5
F-3.35-200 3.35 F-0.49-200W 0.49 85.4
F-4.1-200 4.10 F-0.48-200W 0.48 88.3
F-5.2-200 5.20 F-0.64-200W 0.64 87.7
F-0.44-500 0.44 F-0.06-500W 0.06 86.4
F-2.64-500 2.64 F-0.11-500W 0.11 95.8
F-2.64-400 2.64 F-0.2-400W 0.20 R4
F-2.85-300 2.85 F-0.34-300W 0.34 88.1




78 MARCINKOWSKA ET AL.

(inert, 99.6%, Linde) and helium (inert,
99.995%, Linde). The total flow rate was 15
cm¥min and the partial pressures of pro-
pane, oxygen, and helium were 305, 200,
and 255 Torr (1 Torr = 133.3 N m™2), re-
spectively (22). The catalyst (200 mg) was
irradiated by a 1000-W xenon lamp (Hano-
via, L5179-000) equipped with an ozone-
free envelope (emission essentially above
280 nm) and a water filter. The reactants
and products were quantitatively analyzed
using two gas chromatographs, equipped
with a TC and a FI detector, respectively.

Spectroscopy

The catalysts were characterized by UV
diffuse reflectance spectroscopy using a
Perkin—Elmer Model 559 UV-VIS spectro-
photometer equipped with a diffuse reflec-
tance attachment B258. The catalyst sam-
ples were prepared in the form of disks by
grinding and compressing the catalysts with
aforce of 10,000 Ibs. Spectra were recorded
in the range 210-460 nm against a SiO, ref-
erence.

As shown recently (8), the UV diffuse
reflectance spectra of SiO, supported
Mo(VI) are much affected by exposure to
water vapor after calcination. In particular
with low Mo loadings, the band at 320-330
nm attributed to Mo species in octahedral
oxygen coordination appears only after ex-
posure to water vapor. Therefore, the spec-
tra reported in this paper were obtained for
samples having been stabilized in air at
room temperature for at least 2 weeks after
calcination.

All UV diffuse reflectance spectra are re-
ported in terms of the modified Kubelka—
Munk function suggested by Kortiim (28):

F(R;,Mo) = F(R;o,smnple) - F(R;,SiOZ),

with the Kubelka—Munk functions
F(R’ sample) and F(Rs sio,) given by
(1= RY)?
FR2) = —5g7

The absolute diffuse reflectance values

R& sample and Risio, were calculated by
means of the equations

’ !

' _ o sample Rw,SiOZ ’

o, sample ™ 1 Sio X ’ X Rm,MgOa
®,5109

o MgO
’
+ _ [Rasio .
%510y = | o7 X Re Mg0,
o MgO
where

[R;,sample] _ experimentally determined re-
~ flectance of the catalyst sample
relative to SiO,

’
,8i0;

[ Rz sio, ] B experimentally determined re-
.mgo | flectance of the SiO; relative to
MgO
, _ absolute reflectance of MgO
©,MgO — (29)

RESULTS AND DISCUSSION
Effect of Water Leaching

A major part (50 to 90%) of the supported
molybdenum can be removed from the SiO,
support by water leaching. Figure 1 reports
the percentage of water-removable Mo as a
function of initial Mo loading, both for im-
pregnated and fixed catalysts. The frac-
tional amount of water-leachable molybde-
num increases with the Mo content on most
of the range covered for both series of sam-
ples and it is significantly higher in the case
of the fixed catalysts.

The dehydration temperature of the silica
support prior to fixation with Mo(xn*-allyl)
complex, affects significantly the percent-
age of water-removable Mo. This is under-
stood as an indication that nonleachable
Mo species are associated with the surface
OH present on the support before fixation.
Increasing the pretreatment temperature
causes a decrease in surface OH concentra-
tion and therefore less Mo atoms can be
fixed by strong Mo—O-Si bonds. Figure 1A
shows the percentage of water-leachable
Mo as a function of the support pretreat-
ment temperature. The data at 200°C are
interpolated from the corresponding curve
on Fig. 1. Extrapolation of the curve on
Fig. 1A would indicate a complete dehy-
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F1G. 1. Percentage of water-leachable Mo as a func-
tion of initial Mo loading: (A) impregnated catalysts,
(Q) fixed catalysts (T, = 200°C), (O) fixed catalysts
prepared with Si0, dehydrated at indicated tempera-
tures. (1A) Percentage of water-leachable Mo as a
function of support dehydration temperature (2.7%
Mo).

droxylation of SiO, only after a pretreat-
ment at a temperature close to 650°C.

The impregnated samples contain more
of the nonleachable species in spite of the
fact that, at loadings as low as 2%, they
contain tiny microcrystals of MoO; de-
tected by Lasar Raman spectroscopy.
These crystals are segregated at the exter-
nal surface of the SiO, particles, they are
not present on fixed catalysts, and they are
completely water leachable (19).

The UV diffuse reflectance spectra of
fixed and impregnated catalysts of various
Mo loadings are given in Figs. 2 to 4. In all
cases three absorption bands with maxima
around 240-245, 290, and 315 nm are ob-
served. The absorption band at 240-245 nm
is attributed to Mo%* tetrahedral mono-
meric species. The band at 290 nm is as-
signed to the terminal Mo=0 groups with
low Mo coordination. The band at 315 nm
is attributed to the Mo—O—Mo bridging
systems of the polymer phase, with Mo in
octahedral coordination (8, 20, 22).
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FiG. 2. UV diffuse reflectance spectra of fixed Mo/
Si0, catalysts of various Mo contents.

Comparing Figs. 2 and 3 shows that at
low loadings the bands at 290 and 315 nm
are more intense on the impregnated cata-
lysts than on the fixed ones.

Figure 4 illustrates the effect on UV
spectra of a change in the support pretreat-
ment temperature. Comparing, for exam-
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FiG. 3. UV diffuse reflectance spectra of impreg-
nated Mo/SiO, catalysts of various Mo contents.
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Fi1G. 4. Effect of support pretreatment temperature
on the UV spectra of fixed catalysts of comparable Mo
contents.

ple, the spectra of samples F-2-200 and F-
2.64-500 shows that the relative intensity of
the 240 to 245-nm band decreases whereas
the one at 315 nm increases when the pre-
treatment temperature of the support is
raised from 200 to 500°C. The same obser-
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Fic. 5. UV diffuse reflectance spectra of water-
leached fixed Mo/SiO, catalysts.
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vation is made at lower loadings when com-
paring the spectra for samples F-0.53-200
and F-0.44-500. In both cases the band at
290 nm is more pronounced on the F-2.64-
500 and the F-0.44-500 spectra, but it is not
clear whether this is due to the decrease of
the overlapping band at 240-245 nm or to
an increase in intensity of the 290-nm band.

It can, however, be concluded from Fig.
4 that as the concentration in surface OH of
the support diminishes, so does the propor-
tion of isolated tetrahedral species, more of
octahedral polymeric species being formed.

Figures 5 and 6 show the UV spectra of
water-leached fixed and impregnated cata-
lysts, respectively. In both cases these
spectra show the band at 240 nm as the
most pronounced with only a small remain-
der of the initial 315-nm band (compare
with Figs. 2 and 3, respectively). This com-
parison is illustrated in greater details in
Fig. 7, for samples F-0.53-200, I-0.5, and F-
0.44-500. The differences between these
spectra and those for the corresponding wa-
ter-leached catalysts (F-0.12-200W, 1-0.22
W, and F-0.06-500 W) show that at these
low loadings the 290- and 315-nm bands dis-
appear entirely upon leaching. The spectra
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Fig. 6. UV diffuse reflectance spectra of water-
leached impregnated Mo/SiO, catalysts.
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FiG. 7. UV spectra of Mo/SiO, catalysts before and after leaching, and their difference spectra:
(A) fixed catalysts (T, = 200°C), (B) impregnated catalysts, (C) fixed catalysts (T; = 500°C).

for the leached catalysts show that the un- 500 W. These show that at low OH surface
leachable Mo species are essentially in tet- concentration on the support, only a small
rahedral coordination. The difference spec- Mo concentration can be fixed as nonleach-
tra show also that a substantial fraction of able species even though large Mo loadings
the tetrahedral Mo species is water leach- are realized. In these conditions only iso-
able. lated tetrahedral species are present in the

Figure 7C gives the spectra for samples nonleachable phase. At higher loadings of
F-2.64-500 and its leached daughter F-0.11- the leached catalysts prepared by both in-
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creasing the initial OH concentration of the
support and the Mo initial loading, some
octahedral nonleachable species are also
observed (see, for example, Fig. 5).

Photocatalytic Oxidation of Propane

(a) Effect of support dehydration temper-
ature. The steady-state rates of formation
of the products of propane photooxidation
reaction for Mo/SiO,-fixed catalysts of
comparable Mo contents, as a function of
support dehydration temperature are given
in Figs. 8 to 10. The Mo loading of the cata-
lysts prepared with silica gel pretreated at
500 and 400°C is 2.64 wt% and it is 2.85
wt% for the sample with support pretreated
at 300°C. The rates for the 2.64 and 2.85
wt% Mo catalysts made from the 200°C pre-
treated silica gel were derived from the
steady-state rate data given in (22), by in-
terpolation.

The oxidation products can be divided
into three different groups according to
their formation rates as a function of the
support dehydration temperature. The
rates of formation of CO,, (CH,),CO, and
CH;0H increase up to 400°C and then de-
crease at 500°C (Figs. 8, 9). They increase
continuously for CH;CHO and C,H;CHO
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F1G. 8. Steady-state rates of formation of CO,,
(CH;),CO, and CH, during propane photooxidation on
Mo/SiO,-fixed catalysts with comparable Mo contents
as a function of support dehydration temperature.
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Fi1G. 9. Steady-state rates of formation of CH;OH,
(CH,),CHOH, and C,H;0H during propane photooxi-
dation on Mo/SiO,-fixed catalysts with comparable
Mo contents as a function of support dehydration tem-
perature.
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(Fig. 10), and in the case of CH4, (CHs),
CHOH, and C,H;OH only minor varia-
tions in rate are observed with a possible
decrease from 400 to 500°C.

In a recent contribution (22), it was pro-
posed that in the photocatalytic oxidation
of propane on Mo/Si0O,, two mechanisms
operate simultaneously. Mechanism No. 1
is responsible for the generation of acetone
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F16G. 10. Steady-state rates of formation of CH;CHO
and C,H;CHO during propane photooxidation on Mo/
SiO,-fixed catalysts with comparable Mo contents as a
function of support dehydration temperature.



Photocatalytic Oxidation of Propane by O, on Mo(VI)/SiO,: Steady-State Rates of Product Formation

No. Sample Rate (mol/min x 10%) (CH;),CHOH
designation Arbitrary
CO, CH;OH CH, CH.,CHO CH;OH C,H,CHO (CH,),CO units
1 F-2-200 1920  30.0 12.0 40.2 33 10.4 93.5 14.0
: F-0.35-200W 35.2 36 49 38 N.Q.« 1.7 14.6 7.0
3 F-0.35-200 88.7 22,0 4.9 11.6 2.5 3.1 50.3 17.3

‘IIQ

source does not emit at wavelengths below
280 nm, the only site for the formation of
propoxy radicals is believed to be the termi-
Hdl 1V10—U gl Uup Ul lllC pUlylllCl [)llase dU'
sorbing at 290 nm. Mechanism No. 2 is re-
sponsible for the formation of aldehydes by
a route involving propyl and peroxy radi-
cals. The sites for the initiation of mecha-
nism No. 2 are believed to be the Mo
—0O—Mo bridges with molybdenum in

octahedral caardination
gclaneara: coorginatlion.

The results presented in Figs. 8—10 are in
agreement with these propositions. Figure
10 shows that both rates of propanal and
ethanal formation correlate with the
amounti of water-ieachable Mo which is be-
lieved to be mostly polymeric molybdate
species with Mo in octahedral coordina-
tion. As can be easily seen by comparing
Figs. 8 and 9 with Fig. 10, the rates of for-
mation of all other products including ace-
tone are not correlated in a simple manner

with thoa rantant in wator laoarhahla AMA cno_
wiul Uil COMNCIl il Waler-184dcildoiC Vil 5pC

cies. In our views this would reflect the
complex variation in the concentration of
terminal Mo=O0 species with the changes
in dispersion of the Mo polymeric phase as
the support pretreatment temperature is
varied.

(b) Effect of water leaching. Table 2
shows typical results for the effect of water
leaching of the catalyst on the rates of the
photocatalytic partial oxidation of propane
under standard conditions. Experiments
No. 1 and 2 were conducted in the presence

of the photocatalysts F-2-200 and its

H, and for the minor product isopropanol,
the rates of production of other compounds
decrease by a factor of 5.5 to 10.7 upon
water leaching This result indicates that
most Ul LIIC lVlU SpéCles aCllVC lIl p[lUlOLdld—
lytic oxidation are water leachable.

A further comparison of the results of ex-
periments No. 2 and 3 performed with two
fixed catalysts of 0.35 wt% Mo produced by
different procedures, is possible from Table
2. Sample F-0.35-200W was produced by

watar leachino of a 2072 Mo eamnle wheareac
wallr iacning of a L7 MO sampi€, wnereas

F-0.35-200 was obtained by direct fixation
of 0.35 wt% Mo. F-0.35-200W is therefore
expected to contain mostly monomeric tet-
rahedral Mo species whereas F-0.35-200
should contain around 70% of water-ieach-
able species, a large fraction of which being
polymeric octahedral as well as terminal
Mo species.

As with the only exception of CH,, the
rates of generation of the various products
of photocatalytic oxidation are much lower

(7 tn & timacg lawer) an F_.0 35_200W than an
(& W U GIICS 1UWOL) Ul 1'-V.50-2UU ¥y udadil O

F-0.35-200, it may be safely concluded that
the tetrahedral species are not responsible
for the observed photocatalytic effect.

This result is in complete agreement with
the conciusions of the aforementioned
study (22).

CONCLUSION

It has been shown that the structure of
the Mo(VI) phase supported on SiO, can be
affected first by the technique of prepara-
tion, the fixation technique yielding more
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leachable species than impregnation. The
structure of the fixed catalysts is also de-
pendent on the concentration of surface
OH of the support during fixation which
can be modified by pretreating the support
at various temperatures. Water leaching of
both impregnated and fixed catalysts is an-
other means of controlling the surface
structure since the polymeric Mo species
are almost entirely water leachable. Non-
leachable Mo species absorb mostly at 240—
250 nm. They are, therefore, considered
isolated tetrahedral Mo species, although
this assignment is not in full agreement with
the literature.

These changes in the structure of the sup-
ported molybdic phase are reflected in the
photocatalytic properties of the samples in
the partial oxidation of propane with oxy-
gen. The photocatalytic results confirm the
conclusions of a previous study:

—In the experimental conditions under
study, the isolated tetrahedral species do
not participate in the photocatalytic pro-
cess.

—Two different groups in the water-
leachable species are, respectively, respon-
sible for the productions of propoxy radi-
cals (terminal Mo=0) and propyl radicals
(Mo—O—Mo bridges with Mo in octa-
hedral coordination).

ACKNOWLEDGMENTS

This work was funded by The Natural Sciences and
Engineering Research Council of Canada and The
Fond FCAR, Quebec.

REFERENCES

1. Lipsch, J. M. J. G., and Schuit, G. C. A., J. Catal.
15, 174 (1969).

2. Schuit, G. C. A., and Gates, G. C., AIChE J. 14,
417 (1973).

3. Weigold, H., J. Catal. 83, 85 (1983).

4. Wang, L., and Hall, W. K., J. Catal. 77, 232
(1982).

5. Hall, W. K., in ‘“‘Proceedings, 4th International
Conference on Chemistry and Uses of Mo,” p.
224. Climax Molybdenum Co., Ann Arbor, 1982.

6. Knozinger, H., and Jeziorowski, H., J. Phys.
Chem. 82, 2002 (1978).

MARCINKOWSKA ET AL.

7. Knozinger, H., and Jeziorowski, H., J. Phys.
Chem. 83, 1165 (1979).

8. Marcinkowska, K., Rodrigo, L., Kaliaguine, S.,
and Roberge, P.C., J. Mol. Catal., in press.

9. Yermakov, Yu. I., Kuznetsov, B. N., and
Zakharov, K. A., ““Catalysis by Supported Com-
plexes.”” Elsevier, Amsterdam, 1981.

10. Yermakov, Yu. 1., Catal. Rev.-Sci. Eng. 13, 77
(1976).

11. Ballard, D. G. H., ‘‘Advances in Catalysis,’’ Vol.
23, p. 263. Academic Press, New York, 1974.

12. Iwasawa, Y., Nakano, Y., and Ogasawara, S., J.
Chem. Soc. Faraday Trans. 1 74, 2968 (1978).

13. Iwasawa, Y., Ogasawara, S., and Soma, M.,
Chem. Lett., 1039 (1978).

14. Iwasara Y., and Ogasawara, S., J. Chem. Soc.
Faraday Trans. 175, 1465 (1979).

15. Iwasawa, Y., Ogasawara, S., Sato, Y., and Ku-
roda, H., in ‘‘Proceedings, 4th International Con-
ference on Chemistry and Uses of Mo,”’ p. 283.
Climax Molybdenum Co., Ann Arbor, 1982.

16. Iwasawa, Y., and Yamagishi, M., J. Catal. 82, 373
(1983).

17. Iwasawa, Y., Sato, Y., and Kuroda, H., J. Catal.
82, 289 (1983).

18. Shulga, Yu. M., Startsev, A. A., Yermakov, Yu.
1., Kuznetsov, B. N., and Borod’ko, Yu. G., Re-
act. Kinet. Catal. Lett. 6, No. 3, 377 (1979).

19. Rodrigo, L., Marcinkowska, K., Adnot, A., Ka-
liaguine, S., Roberge, P. C., Stencel, J. M., Ma-
kovsky, L. E., and Diehl, J. R., submitted for pub-
lication.

20. Rodrigo, L., Marcinkowska, K., Lafrance, C. P.,
Roberge, P. C., and Kaliaguine, S., in ‘‘Proceed-
ings, 9th Ibero-American Symposium on Cataly-
sis, Lisbon, 1984, p. 675.

2]. Iwasawa, Y., and Tanaka, H., in “‘Proceedings,
8th International Congress on Catalysis, Berlin
(West),”” 1984, p. 1V-381.

22. Marcinkowska, K., Kaliaguine, S., and Roberge,
P. C., J. Catal. 90, (1), 49 (1984).

23. Marcinkowska, K., M.Sc. thesis.
Laval, Québec, 1983.

24. Okamoto, Y., Tomioka, H., Katoh, Y., Imanaka,
T., and Terenas, W. S., J. Phys. Chem. 84, 1833
(1980).

25. Sonnemans, J., and Mars, P., J. Catal. 31, 209
(1973).

26. Giordano, N., Bart, J. C. J., Vaghi, A., Castellan,
A., and Martinotti, G., J. Catal. 36, 81 (1975).

27. Chumachenko, N. N., Yurieva, T. M., Tarasova,
D. V., and Aleshina, G. 1., React. Kinet. Catal.
Lert. 14, No. 1, 87 (1980).

28. Kortiim, G., ‘‘Reflectance Spectroscopy,’” p. 183.
Springer-Verlag, Berlin, 1969.

29. Kortiim, G., Braun, W., and Herzog, G., Angew.
Chem. Int. Ed. Engl. 2 (7), 333 (1963), and refer-
ences therein.

Université



