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Various supported molybdena catalysts with submonolayer loading on TiO,, AL,Os, SiO,, SiO, -
AlLO;, and carbon have been prepared by both impregnation and equilibrium adsorption proce-
dures. The characterization of the oxide form of the catalysts by several techniques (X-ray diffrac-
tion, XPS, ESR, O, chemisorption, and H, reduction) revealed that the oxidic Mo phase was highly
and homogeneously dispersed, essentially in monolayer form, on TiO,; well-dispersed and coor-
dinatively heterogeneous on Al,O;; and poorly and heterogeneously spread on SiO,, SiO; - ALO;,
and carbon, in which the presence of three-dimensional MoO; crystallites was detected. Catalyst
reducibility decreased in the order carbon > TiO, > SiO, > SiO, - ALbO; > AlLO, for the series
prepared by impregnation. For the equilibrium adsorption series, the ranking was very similar
except that TiO, and carbon changed places. Reducibility was governed by both the Mo dispersion
and the molybdena-support interaction which was found to be weaker for TiO, and carbon than for
ALO;. The conjunction of both high Mo dispersion and weak Mo~support interaction leads gener-

ally to high reducibility.

INTRODUCTION

Molybdenum (or tungsten) sulfides pro-
moted with minor amounts of cobalt (or
nickel) sulfide supported on transitional
aluminas, namely y- and 1-Al,Os3, consti-
tute the commercial hydrodesulfurization
(HDS) catalysts currently in use. One of the
most important roles of the alumina is to
maintain a high dispersion of the active in-
gredients on its surface (/-3). This is feasi-
ble because the surface anionic OH groups
of the alumina interact strongly with metal
oxides during calcination (4, 5), thus caus-
ing the extensive spreading of metal oxide
over the surface. In the case of molybde-
num, this occurs in discrete monolayer
patches and/or in the form of small clusters
of polymolybdates several layers thick, de-
pending on the loading and the preparation
conditions (6—8). However, the strong
metal oxide—-alumina interaction causes an
apparent loss of a part of molybdenum and
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of promoter either into the alumina subsur-
face or by strong bonding to the alumina
surface, making this fraction difficult to sul-
fide (9). Due to this reactivity of alumina,
elucidation of the precise structure and na-
ture of HDS active sites of the alumina-sup-
ported molybdenum catalysts is difficult
since the surface properties of support can
affect the structure of the supported molyb-
denum and promoter species.

This strong metal oxide—alumina interac-
tion together with the need for new and im-
proved hydrotreating catalysts with differ-
ent distributions of catalytic functionalities
has increasingly inspired research in the
use of materials different from alumina as
supports of molybdenum-based catalysts.
Among them, the most extensively studied
were, first, the Mo/SiO, (see, e.g., Refs.
(10-14)) system and then the Mo/carbon (9,
15-20) system. Both SiO; and carbon sup-
ports, with high surface areas, are consid-
ered relatively inert, giving, therefore, less
complex molybdenum catalysts. Despite
the apparent inertness of SiO, and carbon,
it has been shown that quite active HDS
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catalysts with comparable or higher activity
than that on alumina could be prepared on
SiO, (I8, 2I) and carbon (9, 16-19), pro-
vided that the Mo loading and the prepara-
tion method were appropriate, e.g., organo-
metallic precursors for SiO,-supported
molybdenum catalysts were used (21).
More recently, other oxide materials in-
cluding TiO,, ZrO,, and zeolites have
attracted much attention as supports of
molybdenum catalysts; and several com-
parative studies with the most conventional
Al,O;-, SiO;-, and carbon-supported mo-
lybdenum catalysts have been reported
(22-32). In general, the results on the influ-
ence of the support oxide on the surface
properties of supported molybdena are var-
ied, and in some cases apparently contra-
dictory, since the comparison is commonly
based on preparation of catalysts with
equal nominal compositions of molybde-
num (24-29). For example, the HDS activ-
ity for a TiO,-supported molybdenum (8%
Mo) was reported to be low when com-
pared to others on alumina with the same
Mo loading (26). Later, it was shown (30)
that the previous finding of less HDS activ-
ity for the TiO,-supported catalysts (26)
was only valid when the monolayer capac-
ity of TiO, was exceeded; at Mo loadings
equal or below the monolayer capacity,
TiO,-supported catalysts were more active
than the corresponding alumina catalysts.
These results show, therefore, the conve-
nience of comparing monolayer-type cata-
lysts (22, 23) or preparations with similar
coverage, but not exceeding the theoretical
monolayer, when fundamental properties
of dispersed Mo species on different sup-
ports are to be studied. In practice, how-
ever, it is extremely difficult to obtain true
monolayer-type catalysts containing equal
amounts of Mo atoms per unit surface area
on different supports from conventional
wet impregnation, especially if the support
differ largely in isoelectric point (IEP) val-
ues. It is well known that the IEP of the
support and the pH of the Mo-impregnating
solution play a decisive role in the nature of
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the molybdate species in solution and also
in the extent of molybdate anion adsorption
(33). Adsorption of molybdate anions oc-
curs when the pH of the impregnating solu-
tion is below the IEP of the support but, on
the contrary, this is not favored when the
pH is above the IEP of the support; conse-
quently, the pH value for a favorable ad-
sorption of molybdate anions varies with
the type of support. Therefore, homoge-
neous catalysts, in terms of both loading
and dispersion of Mo, cannot be obtained
on different support materials by using the
same impregnation conditions.

It is the aim of the present work to com-
pare the behavior of several materials of
interest, such as Al,Os, SiO,, SiO; - AlL,O,,
TiO,, and carbon, as supports of MoO;. A
preliminary account of some of the surface
characterization results of a catalyst series
in the oxidic form prepared with constant
Mo atoms per unit surface area according
to conventional impregnation has been pre-
viously made (34). This has been comple-
mented with XPS and oxygen chemisorp-
tion. Also, it has been extended to other
catalyst series prepared by an equilibrium
adsorption method at pH 10. In this latter
case, MoQO; spreading, mostly in monolayer
form, is favored and the Mo-support inter-
action becomes more predictable.

EXPERIMENTAL
Characteristics of the Supports

The support materials used were com-
mercial Girdler T-126 Al,Os;, BASF D11-11
SlOz . Ketjen 3P SlOz . A1203 (13 1% A1203),
Degussa T26 TiO, (72% anatase), and Gir-
dler G32 coconut carbon. The specific sur-
face areas, obtained according to the BET
method from the nitrogen adsorption iso-
therms at 77 K and a value of 0.163 nm? for
the cross section of the adsorbed N, mole-
cule, are given in Table 1.

The concentration of surface OH groups
exchangeable by F-, i.e., anionic OH, per
unit surface area of the support (except for
carbon) were measured following the
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TABLE 1

Surface Area and OH- Groups Replaceable by
Fluorine of Supports

Support Surface area OH~ groups
(m2g1) {mmol - m~2 X 103)
ALO; 188 3.56
Sio, 123 1.93
TiO, 52 3.10
C 900 -

method of Yamagata et al. (5). In short,
about 1 g of the dried support material was
suspended in 25 ml of a 0.057 M NH,F solu-
tion, allowed to stand for 24 h, and then
filtered. The remaining fluorine in the solu-
tion was determined potentiometrically
using a fluorine-sensitive electrode. The
amounts of surface OH exchangeable by F~
are also summarized in Table 1.

Catalyst Preparation

A molybdena supported catalyst series
was prepared by wet impregnation of 25 g
of support with 5.0 ml of solution contain-
ing stoichiometric amounts of ammonium
heptamolybdate (AHM) to achieve the de-
sired Mo loading. As a criterion for catalyst
comparison, constant MoO; loading per
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unit surface area on each support and be-
low each theoretical monolayer was consid-
ered. The pH values of the AHM solutions
were about 6. The excess water was evapo-
rated at 343 K under a pressure of 40 kN
m~2in a rotary evaporator. The moist mate-
rials were left overnight (15 h) at ambient
temperature and then dried at 383 K for § h.
Finally, the precursors were air-calcined in
two steps: 623 K for 2 h and then 773 K for
4 h (except the Mo/C catalyst which was
calcined in a N, stream). This catalyst se-
ries will be referred to hereafter as Mo/M-1,
M = support. .

Another molybdena supported catalyst
series was prepared by the equilibrium ad-
sorption method at pH 10. First, the sup-
ports were contacted at ambient tempera-
ture with relatively large volumes of 0.01 M
AHM solution (a 1:20 ratio of support to
solution was used). Then, these solutions
were shaken mechanically in the Erlen-
meyer flask for 24 h. Finally, the excess
solution was separated by filtration. The fi-
nal Mo loading was determined in the prep-
arations by the atomic absorption method.
Drying and calcination were the same as
above. This latter catalyst series will be
referred to hereafter as Mo/M-E. The
Mo content for all preparations is summa-
rized in Table 2.

TABLE 2

Characterization Data of Supported Molybdena Catalysts

Catalyst MoO; Mo ro (813 K) BE Mo 3ds;, 0O, uptake
(%) (Atoms - nm~2) Y V) (mg - g~ MoO,)
Mo/ Al 051 8.0 1.78 6.00 232.3 (3.7)¢ 72.50
Mo/SiO,-1 5.2 1.78 18.58 231.9 3.9)¢ 60.05
Mo/SiO, « ALOs-1 42 1.78 16.22 231.8 3.8)% 76.29
Mo/TiO,-1 2.1 1.78 433.00 231.7 (1.8)° 92.97
Mo/C-I 38.3 1.78 440.40 231.5 (1.7)= 27.12
Mo/AlLO;s-E 1.66 0.37 0.34 — —
Mo/SiO,-E 0.95 0.32 3.89 — —
Mo/Si0 - Al,Os-E 1.14 0.48 1.54 — —
Mo/TiO-E 1.38 1.11 117.60 — —_
Mo/C-E 0.18 0.008 11.58 — —

4 Values in parentheses correspond to FWHM in electron volts.
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METHODS

X-ray diffraction. The X-ray diffraction
patterns were recorded using a Philips PW
1010 vertical diffractometer using nickel-fil-
tered CuKa radiation, under constant in-
strumental parameters.

Reduction. The reduction experiments
were carried out in a Cahn microbalance
connected to a vacuum line and gas-han-
dling system. The samples (ca. 200 mg)
were first evacuated at room temperature
and then at 393 K to remove the adsorbed
water. The temperature was then slowly in-
creased to the desired reduction tempera-
ture and maintained until constant weight
was achieved. Under these conditions, the
samples were contacted with 40 kN m~? of
H, (99.995% purity) and the kinetic curves
of isothermal reduction were recorded. All
experiments were conducted under con-
stant H, pressure since the dead volume of
the microbalance was much larger than the
negligible volume of H, required for sample
reduction. A cold trap at liquid nitrogen
temperature (77 K) condensed the water
produced in the reduction. The extent of
reduction (a) was defined as the ratio of
experimental (AW,,,) to theoretical (AWi)
weight loss upon reduction,

a = A‘/Vexp/Au/the s

assuming that all the MoO; which contains
the catalyst was quantitatively reduced to
M002 .

Oxygen chemisorption. The extent of ox-
ygen irreversibly chemisorbed on the re-
duced molybdena catalysts was determined
gravimetrically with the same microbalance
in each case. The method has been de-
scribed earlier (35). Briefly, the samples
previously reduced to almost the same de-
gree of reduction (e = 0.92-1.0) were out-
gassed under dynamic vacuum (P < 5 X
1073 N m~2) at 783 K for 3 h and then cooled
at 77 K. When steady weight was attained,
the samples were contacted with 13.3 kN
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m~2 O, until equilibrium was obtained. Af-
ter this, they were outgassed (P ~ 1 N m™)
until constant weight was attained to re-
move the physically adsorbed O,.

X-ray photoelectron spectroscopy (XPS).
XP spectra were acquired with a Leybold—
Heraeus LHS 10 spectrometer equipped
with a magnesium anode MgKa = 1253.6
eV) operated at 12 kV and 10 mA. The sam-
ples were mounted on a sample rod placed
in an introduction chamber and pumped to
1073 N m~2 for 0.5 h before the sample was
moved into the analysis chamber. The pres-
sure in the turbo-pumped analysis chamber
was below 8.2 x 1077 N m~? during data
acquisition. At 20 eV, energy regions of the
photoelectrons of interest were scanned at
a 20-eV spectrometer pass energy, chosen
as a compromise enabling acceptable reso-
lution to be obtained within reasonable data
acquisition time. C 1s, O 1s, Mo 3d, and Me
Me = Ti 2p, Al 2p, Si 2p) peaks were re-
corded. All binding energies (BE) were ref-
erenced to the adventitious C s line at
284.6 eV. This reference gave BE values
within an accuracy of =0.2 eV when com-
pared to the Au 4f; peak at 83.8 eV.

Electron spin resonance (ESR). The ESR
spectra were obtained with a Bruker ER
200 D spectrometer operating in the X-
band. A modulation of 100 kHz and
Mn : MgO (g = 2.0066) standard sample for
field calibration was used. The powdered
samples (~50 mg) were placed within a vac-
uum quartz cell assembled with greaseless
stopcocks capable of maintaining a dy-
namic vacuum better than 3 x1072 N m™2.
Spectra of the catalysts were recorded after
vacuum treatment at increasing tempera-
tures from ambient to 773 K for 1 h and
then after exposure to H, (1.3 N m~2) and
heating at different temperatures in the
same range for 0.5 h. Both series of spectra,
on outgassed and Hj-reduced samples,
were recorded at ambient temperature. No
significance changes in the Mo’" signal
were observed for reduction times longer
than 1 h.
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RESULTS
X-Ray Diffraction (XRD)

X-ray diffraction patterns for the Mo/
Al,Os-1 and Mo/TiO,-1 catalysts revealed
only diffraction lines due to the support
structures, whereas for the Mo/SiO; -
AlLO;-1, Mo/SiO,-1, and, particularly, the
Mo/C-1 catalysts, some diffraction lines
characteristic of MoQO, were ciearly ob-
served. The intensity of these lines in-
creased in the order Mo/SiO, - ALOs-1 >
Mo/SiO5-1 > Mo/C-1. Since the detection
limit of this technique for a crystalline
phase is about 4 nm, crystallites with sizes
larger than this size appeared in the latter
catalysts.

Kinetics of Reduction

Typical kinetic curves of isothermal re-
duction in H, at 813 K of catalyst series I
and E are shown in Figs. 1a and 1b, respec-
tively. The only exception was the Mo/C-I
catalyst for which reduction was measured
at 663 K due to its much higher reducibility.

It is clear from Figs. 1a and 1b that the
extent of H, reduction at 813 K was
strongly dependent on the nature of the
support and the method of preparation.
Thus, e.g., for catalyst series I, the time
required to achieve a value of o = 1.0 was
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only a few minutes for the Mo/C-I and Mo/
TiO,-1 catalysts, while for Mo/Al,05-1, 5.5
h was necessary. In the case of catalyst se-
ries E, the differences in reducibility among
all catalysts were even clearer since their
reducibility values were relatively lower
than those of catalyst series 1. For a more
precise comparison, e.g., at 813 K, the ini-
tial reduction rates of zero time (ry) were
determined by fitting the experimental data
of the low-time region of the reduction
curves to a hyperbolic function and differ-
entiating at zero time. The r, values so ob-
tained are summarized in Table 2.

According to the ry values of Table 2, the
reducibility of the catalysts decreases in the
following order for catalyst series I: Mo/C
> Mo/TiO, > Mo/Si0O, > Mo/Si0, - AlO;
> Mo/ALO;. For catalyst series E, it
changes slightly: Mo/TiO; > Mo/C > Mo/
SIOZ > MO/S]OQ : A1203 > MO/Aleg,.

It can be seen that both reducibility se-
quences are quite similar, except for the
Mo/TiO, and Mo/C catalysts, which are re-
versed, and also the relatively much higher
reducibility of Mo/TiO»-E compared to the
other preparations of series E. These
results are slightly different from those re-
ported by Fransen et al. (22, 23) and by
Knozinger et al. (31, 32) for similar series of
molybdena supported catalysts. The differ-

1 1 I

0 20 40 60

Time (min)

Time (h)

F1G. 1. Kinetics of H; reduction at 813 K of supported molybdena catalyst series I (a) and E (b). (O)
TiO,; () Si0;; (V) Si0; - AlLOs; (A) AlLOs; (O) C. Reduction of MoQO4/C-I catalyst was carried at an
exceptionally low (663 K) temperature to make its rate of reduction comparable to that of the other
preparations. Open and solid symbols are for catalyst series I and E, respectively.



118

ences between the previous studies (22, 23,
31, 32) and those reported here are proba-
bly due to differences in theoretical Mo
coverage, methods of catalyst preparation,
and reduction procedure, as differences
were also observed between the two cata-
lyst series of the present study which differ
in both Mo coverage and preparation. Also,
differences in reducibility due to different
extents of interaction with the support (36)
are not excluded.

Oxygen Chemisorption

The amount of oxygen irreversibly
chemisorbed at 195 K on the reduced (o =
0.92-1.0) molybdena catalyst series I is
summarized in Table 2. In the case of cata-
lyst series E, due to the low Mo loading of
most of the catalysts, the oxygen uptakes
were very small and close to those of the
corresponding supports and, hence, very
difficult to determine precisely. According
to the oxygen uptake (mg of O, per g of
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MoQ;) values of Table 2, the ranking of cat-
alysts in increasing oxygen chemisorption
is Mo/C < Mo/SiO; < Mo/Al,0; = Mo/
Si0; - ALO; < Mo/TiO;,.

ESR Spectra

Vacuum pretreatments of the catalysts
gave various Mo** ESR signals of intensity
strongly dependent on both temperature
and support. The most relevant features of
the Mo°* signals are summarized in Table
3. The signal type A, narrow and with low
intensity, is observed when the other sig-
nals B, C, and D are very weak or absent.
Its g-values, lower than g., indicate that
this is due to trapped electrons, probably in
defects in MoQ;. Signal E has been as-
signed to Mo’* in substitutional positions in
TiO, (37). Signals B, C, and D, generated in
most cases by outgassing treatments, show
g-values close to those observed by Louis
and Che (38) for Mo®* in different coordina-
tion environments, i.e., signal C to Mo/,

TABLE 3

Relevant Features of Mo** ESR Signals of Outgassed Supported Molybdena Catalysts

Support A B C D Eor F
8. 8 81 8 81 8 8. 4] 81 &2 83
1.915 1.815 1.790
(at room temperature)
TiO, 1.958 1.853 1.948 1931 1955 1.884
(at 373 K, intensity maxima at 473 K)
1.944 1.938  1.899
(only after H, reduction)
Si0, 1980 1959 1952 1.856 1.945 1.886 1955 1.866
(removed at T (at 773 K) (at 295 K) (H, reduction
> 473 K) at 773 K)
Al,O4 1.945 1.872
(increases
with T,)
SiO, - ALOg 1956 1.870 1944 1.870
(at 773 K) (at 295 K)
C 1.977 1.959
(only very

low intensity
A signal)
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e
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H

FiG. 2. ESR spectra of catalyst series [ after out-
gassing at 473 K.

signal B to Mo3!, and signal D to Mo;; ions.
Finally, signal F, generated by H, treat-
ments, has g-values very close to those of
hexacoordinated Mo’*Os(OH) (39).

A comparison of ESR spectra of all series
I catalysts, except for Mo/C, outgassed at
473 K, is shown in Fig. 2. The spectrum of
the MoQ;/C preparation was not included
because the unique type A signal observed
had extremely low intensity; even working
with very small amounts of sample, a
strong microwave absorption by carbon
was found. In general, the signals were nar-
row and well resolved for the Mo/TiO, cat-
alysts and broad for Mo/M-1 (M = AlOs,
Si0,, Si0O, - Al,O,) preparations. The bet-
ter resolution of the Mo’* ESR signals for
TiO,-supported catalysts suggests good Mo
dispersion and a homogeneous oxygen en-
vironment around Mo, whereas the broad-
ening of these signals for ALO;, SiO,, and
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Si0,. AlOs-supported catalysts reflect
large heterogeneity in the oxygen coordina-
tion and probably dipolar magnetic interac-
tions between close Mo** ions.

After ESR spectra, the same outgassed
samples were Hj-reduced at different tem-
peratures in the range 7, = 295-773 K and
then the ESR spectra were recorded. The
effect of the temperature of reduction on
the integrated intensity of the dominant
ESR signal per gram of Mo is shown in Fig.
3 for the two catalyst series (I and E).
Marked differences in the intensity and de-
pendence on T, of the signal can be ob-
served among the catalysts. For example,
the curve for the Mo/TiO,-I passed through
a maximum at relatively low temperatures
(473 K), indicating that the reduction of
Mo’+ species to Mo** on the TiO, support
occurred at very low temperature. By con-
trast, in the Mo/Al,O;-1 catalysts, the con-
centration of Mo’* species is relatively
much lower and their detection occurred at
higher temperatures (523 K); the maximum
concentration shifted to about 673 K. In the

~
?

3
)

o
,l

ESR signal intensity per gram Mo (au.)

|
400
T(K)
F16. 3. Variation of the ESR signal intensity (arbi-
trary units) of the Mo’* signal of H,-reduced catalysts

as a function of the reduction temperature. Symbols
have the same meaning as those in Fig. 1.



120

case of Mo/SiO,-I and Mo/SiO, - Al;Os-1
catalysts, the signal intensities were very
low and practically constant with tempera-
ture; the appearance of a smooth and broad
maximum between 573 and 673 K suggests
that most of the Mo’* species formed are
rapidly reduced to the lower valence state
and/or becomes spin-paired with other
Mo?* ions in the MoO; cluster.

The Mo/M series E catalysts behaved in
a similar manner. The signal intensities of
series E were slightly lower for M = TiO,
an ALO; supports and higher for M = SiO,
and SiO; - Al,O; supports than those of the

2317

2347

N(EVE

1

235

1 1
230 225
BE (eV)

1
240
F1G. 4. XPS spectra of the Mo 3ds, and Mo 3d;,

levels of the different supported molybdena catalysts
of series 1.
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analogous catalyst counterparts in series I.
In general, the most significant difference
was that the Mo’* signal intensity began to
increase at a higher T, for catalyst series E;
this was particularly clear for the Mo/
ALOs-E catalyst, which showed the Mo’*
ESR signal increase to occur at ca. 100 K
higher 7, than that of its Mo/ALO;-1 cata-
lyst counterpart.

Photoelectron Spectra (XPS)

Photoelectron spectra of the Mo 3ds;; and
Mo 3d;); levels of Mo/M (M = Al,O;, SiO,,
Si0O; - ALO;, TiO;, and C) catalysts of se-
ries I are given in Fig. 4. The Mo 3ds» BE
and the full width at half maxima (FWHM)
values are given in Table 2. As can be seen,
both BE and FWHM were largely influ-
enced by the nature of the support surface.
For instance, the low FWHM values (1.7-
2.0 eV) found on the TiO; and C supports
contrast clearly with the rather high values
(above 3.7 eV) observed on the Al,Os,
Si0;, and SiO; - Al,O; supports. The
poorer resolution of the Mo 3d doublet in
the Mo/SiO,-1I preparation should be noted.
In this case, the spectrum is rather compli-
cated since it contains a certain contribu-
tion of Mo’t species together with the
major Mo®* species. This finding is in
agreement with the bluish color of the sam-
ple observed after X-ray irradiation. The
formation of ‘‘molybdenum blue oxides’” is
associated with the appearance of molybde-
num suboxides (Mo?*; 5 < 8 < 6), due to
the removal of some lattice oxygen of the
MoOQOs octahedra and further rearrangement
of the defective structures under exposure
of the sample to the X-ray beam. Note also
that if the Mo 3d doublet of the Mo/TiO,-1
catalyst is taken as reference (Mo 3ds, =
234.7 eV and Mo 3ds; = 231.7 eV) a slight
shift toward higher BE was observed for
the Mo 3d levels in the Mo/AlLOs-I catalyst,
while an opposite shift toward lower BE
was found in the Mo/C-I catalyst. No refer-
ence is made to the Mo/SiO;-I1 and Mo/
SiO, - Al,Os-I catalysts due to the uncer-
tainty of the precise determination of the
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BEs of the Mo 3d levels. The observed shift
toward higher BE of the Mo 3d levels in the
Mo/Al,05-1 catalyst provides evidence for
a strong interaction between the Mo layer
and the support surface in calcined prepara-
tions. The reason for the opposite shift in
the Mo/C-1 catalyst may, however, lie in
the semiconductor character of the carbon
support.

To gain an insight into the relative abun-
dance of the Mo species at the surface of
these supports, the Mo 3d/Me = Al 2p, Si
2p (for Si0, and SiO, « Al 0;), Ti2p, and C
1s intensity ratios were measured. These
ratios were compared to the corresponding
Mo/Me bulk ratios in Fig. 5. This figure
also summarizes the theoretical Mo/Me in-
tensity ratios calculated according to the
Kerkhoff-Moulijn model (40), in which
monolayer coverage of the carrier surface
is assumed. In this calculation, Scofield’s
(41) photoionization cross sections and the
escape depths of the electrons derived from
Penn (42) were used. Since these parame-
ters are not available for SiO, - Al,O; sup-

041
Imo
IMe
031 C
Alegi
02+
Si02-Al203
Si0a
01
8710,
o 1 1 i L
00 002 003 004
(Mo/Me)

FiG. 5. Comparison of the experimental (®) Mo/M
XPS intensity ratios and those predicted by the
Kerkhoff and Moulijn model (40) for monolayer-type
molybdena supported catalysts (O) versus the chemi-
cal Mo/M ratios for the MoQO;/M-1 catalyst series.
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port, they were estimated assuming an ad-
ditive behavior of the SiO, and ALO;
components. It is interesting to note that
the experimental XPS Mo/Me intensity ra-
tio, compared to the theoretical intensity
ratio, was similar for TiO, and slightly
lower for AlLO; supports, while they be-
come markedly lower for Si0Q, - ALO; and
much lower for SiO, supports. On the other
hand, the C support shows an opposite de-
viation. This particular behavior of the lat-
ter preparations may lie in the formation of
shell-type preparations induced by the par-
ticular characteristics of this support, viz.,
microporosity.

DISCUSSION

The above characterization results reveal
important differences in surface distribu-
tion of Mo species among the catalysts of
series 1, although all of them were theoreti-
cally prepared with a constant surface den-
sity of 1.78 Mo atoms per nm?, which corre-
sponds to less than 50% of the theoretical
complete monolayer (22, 23) capacity of
each support (24, 25, 43). The XRD pat-
terns of the Mo/Al,Os-I and Mo/TiO,-I cat-
alysts were virtually identical to those of
their support precursors, and the experi-
mental XPS Mo/Al and Mo/Ti intensity ra-
tios (Fig. 5) were very close to the theoreti-
cal monolayer intensity ratios, indicating
that molybdena is, in principle, highly dis-
persed on TiO, and well-dispersed on
AlLO;, in agreement with the literature
(see, e.g., Refs. (/-3, 30-32, 43)). The
slight deviation of the experimental Mo/Al
intensity ratio from the calculated mono-
layer ratio seems to be within the experi-
mental error for quantitative XPS measure-
ments. On the contrary, the experimental
XPS Mo/Si intensity ratios for the Mo/
SiO,-1 and Mo/SiO; - ALOs-I catalysts
were lower, ca. 60 and 30%, respectively,
than those for the monolayer values, indi-
cating that molybdena is poorly dispersed
on Si0O; + AlO;, and particularly on SiO,.
This is in line with the observation of XRD
diffraction lines due to crystalline MoOs in
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such catalysts, which are more intense in
the Mo/SiO,-1 catalyst. In the case of the
Mo/C-I catalyst, the Mo/C intensity ratio
was, however, considerably higher (~70%)
than the theoretical ratio for a uniform
monolayer coverage. This deviation indi-
cates that the Mo phase is inhomoge-

neously dispersed on the carbon surface,.

with an enrichment of Mo at the outer sur-
face of the support grains, in some regions
forming bulk MoOs;, as XRD clearly
showed. The enrichment of Mo at the outer
surface of the carbon grains is probably
caused (i) by the high MoO; loading (38.3
wt%) incorporated to the carbon in order to
adequately compare the different catalysts
(1.78 Mo atoms per nm?), and (ii) by the
relatively very high proportion of narrow
micropores present in carbon compared
with that in the other supports. It is likely
that such narrow micropores prevent diffu-
sion of molybdate during the impregnation
step. Another factor contributing to the in-
homogeneous distribution of MoO; is prob-
ably the weak molybdate—carbon surface
interaction. During the aqueous impregna-
tion, an important part of molybdate re-
mains in the solution filling the pores,
which will consequently lead to transport of
these species from the inner pores toward
the outer part of the support grains during
the drying step. A similar effect of metal
enrichment at the outer surface has been
reported for carbon—support transition
metal sulfides (9).

The present results of surface concentra-
tion of anionic hydroxyl groups summa-
rized in Table 1 are, in general, consistent
with the extent of Mo dispersion deter-
mined by XPS. The two supports with
higher amounts of OH groups, ALLO; and
TiO,, present the higher Mo dispersion de-
gree according to XPS, which is in accor-
dance with the well-known interaction pro-
cess between molybdate and alumina
proposed by Dufaux et al. (4), extensible
also to other supports with surface OH
groups. However, closer comparison of the
data indicates that the number of OH
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groups is not the only factor determining
Mo dispersion; the M—OH bond strength
seems to be also important. For example,
the amount of OH in SiO, is nearly one-half
of that in ALOs;, but the former support
shows little evidence of molybdate—SiO, in-
teraction because SiOH is too strong; con-
sequently SiO, is considerably less effec-
tive for dispersing molybdate. Another
factor which influences the molybdate
spreading, particularly important for the
Mo distribution and the type of Mo species,
is the distribution of surface OH groups in
supports. This is the case of Al,O; and TiO,
supports, which presented roughly compa-
rable surface concentrations of anionic OH
groups (Table 1), but are uniformly distrib-
uted on the TiO, surface (44, 45) and in par-
allel rows on the Al,O; surface (46). This
difference between Al,O; and TiO, is re-
flected in a different distribution of Mo on
each support, as previously suggested (30),
and as the differences found between the
ESR and XPS spectra of Mo/AlLOs-1 and
Mo/TiO,-I catalysts also suggest. Thus, the
Mo’* ESR signals appeared relatively well-
resolved for Mo/TiO;-I and broad for Mo/
AlLO;-1, indicating a higher homogeneity in
the coordination of the molybdena sup-
ported on TiO; than that on AlL,Q;. This
difference in Mo distribution is corrobo-
rated by the XPS spectra of Fig. 4. The Mo
3d doublet for Mo/TiO,-1 presented excel-
lent resolution and a lower FWHM value
(1.8 eV) compared with that of Mo/AlLOs-1
(3.7 eV), suggesting also that Mo species on
TiO, are more homogeneously distributed
and more similarly chemically coordinated,
whereas on Al,O; Mo%* species with differ-
ent chemical characteristics are present.
Recently, Ng (47) has observed similar dif-
ferences in XPS results comparing TiO,-
and AlO;-supported molybdena catalysts
and also concluding that the dispersed
MoO; phase on TiO, has more uniform geo-
metrical and chemical characteristics than
that on A1203 .

The reducibility results provide further
insight into the dispersion and nature of the
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supported MoO; species. Reducibility is
largely governed by the extent of Mo dis-
persion, by the type of Mo species, i.e.,
tetrahedrally coordinated (Mor) or octahe-
drailly coordinated (Mog), and by the
MoO;-support interaction. Bulk MoOs is
more easily reduced than supported molyb-
dena, and weakly bonded molybdena is
more easily reduced than strongly bound
molybdena species (36). Accordingly, Ta-
ble 2 shows that the lowest reducibility
value corresponds to the Mo/AlLOs-1 cata-
lyst, which possesses a relatively high Mo
dispersion and a strong molydena—Al,O; in-
teraction. On the other extreme is the Mo/
C-I catalyst. This catalyst has a considera-
bly high reducibility value, reflecting the
presence of MoQO; crystallites, together
with another fraction of MoQ; satisfactorily
dispersed and very weakly bonded Mo spe-
cies on the carbon surface. The Mo/TiO,-1
also showed a reducibility value compara-
ble to that of Mo/C-I; this can be explained
by the high dispersion of Mo on TiO,, by a
higher fraction of polymeric Mog, and by a
weaker interaction between molybdena and
TiO; compared with that with Al,O; and
possibly with SiO, - Al,O; and Si0O,. Thus,
the conjunction of a high Mo dispersion and
a weak Mo—support interaction also facili-
tates the Mo reduction. For the Mo/SiO,-1
and Mo/SiO; - Al,Os-I catalysts the reduc-
ibility values were moderately low, al-
though slightly higher than for Mo/Al,Os-1.
In these catalysts Mo is poorly dispersed,
as derived from XRD and XPS results, but
interaction between supported molybdate
and SiO, - Al,Os is probably stronger than
that for carbon, although weaker than that
for Al,O;. However, more reliable informa-
tion on Mo—support interaction is expected
to be obtained by comparing the reducibil-
ity values of catalyst series E, in which the
Mo loadings were generally lower and the
preparation conditions may favor the for-
mation of a monolayer-type structure. In
these preparations the reducibility is then
essentially governed by the Mo—-support in-
teraction. Indeed, with the exception of the
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Mo/TiO,-E catalyst, the values of ry of Ta-
ble 2 are consistent with the above findings
on the strength of the Mo-support interac-
tion. The exceptionally high reducibility of
Mo/TiO,-E points out that supported Mo
species may interact relatively more
weakly on the surface of TiO, than on
ALO;. This is also shown by the ESR
results of Fig. 3, where it can be seen that
for the Mo/TiO, preparations the Mo re-
duction progresses easily to Mo** or lower
valence state still at a relatively low tem-
perature (573 K). This exceptionally high
reducibility of Mo/TiO»-E compared with
that of Mo/C-E could be due to the differ-
ence in Mo loading, which is relatively
much lower for Mo/C-E than for Mo/TiO»-
E. Because on carbon the Mo loading is
extremely low, the supported MoO; phase
consists probably of isolate Mor species,
while on TiO, the presence of polymeric
Moo species is more likely due to the Mo
loading. Some contribution of the reduction
of TiO, support to the overall reduction of
Mo/TiO, catalyst is not excluded. In order
to quantify the contribution of the support,
a blank experiment with TiO; alone showed
some reduction, although the kinetic curve
of reduction was much more retarded than
that of the Mo/TiO, catalyst.

The observed differences in molybdena
dispersion, as derived from quantitative
XPS results, are qualitatively maintained,
except for Mo/ALOs-1, in their reduced
state according to the O, chemisorption
results of Table 2. The low O, chemisorp-
tion values for Mo/C-I and Mo/SiO,-1 are in
line with the presence of large MoO; crys-
tallites on carbon and Si0O, and, therefore,
with low concentrations of exposed coordi-
nately unsaturated Mo sites (CUS) able to
adsorb O,, generated upon H, reduction.
For Mo/SiO; - Al,03, and particularly for
Mo/TiO-1, the O, uptakes were higher, re-
flecting the increase in MoQ; dispersion
shown by XPS. However, these increases
are not similar for both techniques. The dis-
crepancy between MoO; dispersion derived
by XPS and O; chemisorption is clearer
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when Mo/TiO,-1 and Mo/Al,Os3-1 are com-
pared. According to XPS the Mo dispersion
is comparable for both Mo/TiO,-1 and Mo/
AlOs-1, while according to O, chemisorp-
tion the later results in lower Mo disper-
sion, virtually similar to that for Mo/SiO, -
AlLO;. This difference can be attributed
either to a change or rearrangement of
MoO; crystals during H, reduction or to dif-
ferences in the distribution of MoQO; be-
tween Al,O; and TiO; (discussed above)
such that it determines the formation of
CUS. The first explanation seems to be un-
likely since the weaker interaction between
MoO; and TiO, (relative to the MoO;/AlL O3
system) would lead to some aggregation of
MoO; during reduction and, hence, to a
lower Mo dispersion by O, chemisorption
compared with Mo/Al,O;-1, in which such
an effect is unlikely due the strong MoOs—
ALO; interaction. Rather, the minor O;
chemisorption of Mo/Al,Os-1 relative to the
Mo/TiO,-1 catalyst is related to both the Mo
distribution and the MoOs;~support interac-
tion. As Mo is spread more uniformly on
TiO, than on Al,Os surfaces it is expected
that the size of monolayer patches may be
lower on TiO,. In this respect it is noted
that Ng and Gulari (30) observed that for
the Mo/TiO, system multilayer patches and
bulk MoO; can be formed only when mono-
layer coverage is exceeded, while for the
Mo/AL O, system MoO; formation can be
detected even at submonolayer loadings.
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