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Characterization of Mo03/Si02 and W03/Si02 Catalysts 
by Low-Temperature Oxygen Chemisorption, ‘H MAS NMR, 

and XRD Techniques 

INTRODUCTION 

Supported oxides and sulfides of molyb- 
denum and tungsten are well known for 
catalyzing a great variety of reactions. 
Therefore, the use of reliable characteri- 
zation techniques is of great importance in 
the development of catalysts with greater 
activity and selectivity. The technique of 
low-temperature oxygen chemisorption 
(LTOC) has been identified as a powerful 
tool for characterizing unsupported and 
supported molybdenum- (I-10) and tung- 
sten- (11, 12) based catalysts. Controver- 
sial opinions are reported regarding the 
property measured by oxgyen chemisorp- 
tion on sulfided molybdena catalysts 
(13, 14). However? oxygen chemisorption 
on reduced catalysts is widely accepted to 
be a measure of dispersion of molybdenum 
oxide (I-10) or tungsten oxide (II) phase on 
the support. 

The importance of the surface hydroxyl 
groups in catalysis is well-established, and 
much research activity has also been di- 
rected toward the study of the types of hy- 
droxyl groups and their distribution on a 
number of surfaces and their relevance to 
catalytic activity (15, 16). In recent years, 
the development of the magic angle spin- 
ning (MAS) technique has afforded the 
high-resolution NMR spectra of interested 
nuclei in solid samples. Thus, ‘H, 27Al, and 
29Si MAS NMR techniques have been prof- 
itably employed for the structural study of 
zeolites and aluminas (17, 18). However, 
the applications of the ‘H MAS NMR tech- 
nique to the characterization of MoOJSi02 
and WO,/SiO2 catalysts have not been pre- 
viously reported. In the present study, a 

series of MoOJSiOz and WOJSiO2 cata- 
lysts was systematically investigated by 
using LTOC, ‘H MAS NMR, and XRD 
techniques to obtain some useful informa- 
tion on the surface structure of these cata- 
lysts. 

EXPERIMENTAL 

Catalysts were prepared by dry impreg- 
nation of Si02 (Ketjenfine F-5, surface area 
672 m2 g-‘, pore volume 1.1 cm3 g-l, parti- 
cle size 0.72 mm) with aqueous solutions 
of ammonium heptamolybdate and ammo- 
nium metatungstate. Dry impregnations 
were carried out using 1.1 cm3 solution per 
gram of carrier. The impregnated samples 
were dried at 120°C for 16 h and calcined at 
540°C for 12 h in dry air. 

The LTOC measurements were con- 
ducted on a standard static volumetric all- 
glass high-vacuum system equipped with a 
mercury diffusion pump and an in-line cold 
trap. Details of the setup and the che- 
misorption procedure have been published 
(19). Chemisorption of oxygen was deter- 
mined as the difference between two oxy- 
gen adsorption isotherms at -78°C. Prior to 
the first isotherm, the catalyst was prere- 
duced for 6 h at 500°C in flowing purified 
hydrogen (35 cm’/min), pumped for 1 h at 
5OO”C, and cooled under vacuum (lop6 
Torr). Between the first and the second ox- 
ygen adsorption isotherms the sample was 
evaluated for 1 h at -78°C. 

A Bruker CXP-300 NMR spectrometer 
was used to obtain PMR spectra at a fre- 
quency of 300.066 MHz with a magnetic 
field of 7.05 T. The II/2 pulse width was 
5 ~LS and pulse repetition rate was 1 Hz. 
Chemical shifts were measured relative to 
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FIG. 1. Oxygen uptake at -78°C as a function of MO 
or W loading: (0) Mo/SiOZ; (0) W/Si02 catalysts. All 
the data are corrected for the contributions by the sup- 
port. 

tetramethylsilane (TMS) as an external 
standard. Before the measurements, the 
samples were placed in specially made 
glass tubes, evacuated at 400°C for 4 h, and 
then sealed off under vacuum. The samples 
thus prepared were placed in an Andrew- 
type quartz rotor. The rotation frequency 
of the rotor was 3.5 kHz. 

The X-ray diffraction patterns have been 
recorded on a Philips PW 1051 diffrac- 
tometer by using Ni-filtered CuKa radi- 
ation. 

RESULTS AND DISCUSSION 

Oxygen-uptake values of the reduced 
MoOJSiOZ and W03/Si02 catalysts as a 
function of MO or W loading are presented 
in Fig. 1. For the purpose of better com- 
parison MO and W loadings are expressed 
in terms of millimoles per gram catalyst. It 
is observed in Fig. I that for both series, 
oxygen uptake per gram of catalyst in- 
creases linearly as a function of MO or W 
loading up to a certain level and then levels 
off or declines with further loading. These 
saturation levels indicate the completion of 
a “monolayer” coverage of the active SiO2 
support surface by MO (W) oxide. (Here the 
term “monolayer” has not been applied to 

indicate complete coverage of the active 
support surface; rather it indicates the 
covering of certain patches of the active 
support surface, as discussed further in the 
text.) The saturation loadings correspond 
to about 8 and 12.5 wt% MO and W, respec- 
tively. These levels correspond to an MO or 
W loading that is generally reported to give 
the classical monolayer coverage (20) of the 
active support surface. The maximum oxy- 
gen uptake per gram of catalyst by Mo/SiOz 
catalysts is found to be about 127 pmol 
compared to 56 pmol for W/SiO2 catalysts. 
These results, therefore, indicate that the 
MO oxide is dispersed better than W oxide 
on the same Si02 support surface. 

The MAS PMR spectra of SiOz and se- 
lected Mo/SiO* and W/Si02 catalyst 
samples are shown in Fig. 2. The spectrum 
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FIG. 2. MAS PMR spectra of hydroxyl groups: (a) 
SiOg (b) 4% MoiSiO,; (c) 10% MoiSiO,; (d) 5% 
W/SiO,; (e) 25% W/SiOz samples. * Spinning of side- 
bands. 
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FIG. 3. Number of hydroxyl groups plotted as a 
function of MO(W) loading: (0) Mo/SiOz; (0) W/Si02 
catalysts. 

of Si-OH groups consists of a single sharp 
line having the chemical shift at 1.62 ppm 
from external TMS. Upon impregnation 
with Moo3 or WOj the intensity of the 
sharp line due to Si-OH groups has been 
decreased and at the same time a small in- 
crease in the chemical shift was also ob- 
served. The change in chemical shift can be 
attributed to the Si-OH groups perturbed 
by MO or W atoms. The total numbers of 
OH groups as a function of MO or W load- 
ing are shown in Fig. 3. The concentration 
of OH groups decreases with an increase in 
the loading of the metal oxide. However, an 

important point to note from Fig. 3 is that 
even at the highest loading of MO or W a 
considerable number of OH groups are left 
free, uncondensed by MO (W) oxide. This is 
an important observation in this study, 
since the monolayer model (20) especially 
for MO/AI catalysts has recently been 
found to be inadequate (10). This is true 
from the present PMR results, since much 
of the support surface is left free, unoc- 
cupied by the active component even at 
much higher loadings. 

X-ray diffractograms of the unreduced 
MoOJSiOz and WOJSiO2 catalysts are 
given in Figs. 4 and 5, respectively. In the 
XRD patterns of the silica-based catalysts a 
broadband is observed at approximately 28 
= 22”, which is due to the amorphous car- 
rier itself. Pure SiOz support pattern is also 
shown in Fig. 4 for a better understanding. 
In the XRD patterns of MoOJSiOz cata- 
lysts with MO contents of 6 wt% and above, 
sharp diffraction bands are present at 28 = 
22.3”, 26”, and 27.2“. The intensity of these 
peaks increases with an increase in the MO 
loading. The positions of the lines are in 
good agreement with orthorhombic MOO+ 
However, the intensities of the various 
lines do not agree. Apparently, the struc- 
ture of the crystals on the support surface 
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FIG. 4. X-ray diffraction patterns of Mo0,/Si02 catalysts. 
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FIG. 5. X-ray diffraction patterns of W0,/Si02 catalysts. 

differs from that of the reference Mo03. A 
similar effect has also been described by 
Thomas (21). In the case of W03/Si02 cata- 
lysts no sharp reflections due to the WO3 
phase are observed in the spectra. How- 
ever, the formation of crystalline WO3 
phase can be manifested at much higher W 
loadings. As proposed by Thomas (21), 
these catalysts can be described as a mix- 
ture of crystalline bulk oxide and surface 
compounds. The ratio of these species is a 
function of metal oxide content and the na- 
ture of transition metal. The nature of these 
surface compounds has been the object of 
several investigations. 

The initial increase and subsequent level- 
ing off or decline in oxygen uptake capacity 
of the catalysts as a function of MO loading, 
as presented in Fig. 1, were also reported 
on Mo/A1203 and C (22), Mo/Ti02 (23), and 
Mo/ZrOz (24) catalyst systems by Reddy 
and co-workers in their recent study. Those 
results were interpreted in terms of Hall’s 
(25) “patchy monolayer” model of the MO 
oxide phase on the support surface. Based 
on this model, it is proposed that the coor- 
dinatively unsaturated MO sites (CUS) of 

hydrogen, are considered to be the exact 
locations for dissociative 02 chemisorption 
at low temperatures (10). As the MO loading 
increases, the number of these MoOz 
patches increases with an attendant in- 
crease in the number of CUS up to the 
monolayer level. Hence, oxygen uptake in- 
creases linearly with loading up to the 
monolayer level. Beyond the monolayer 
level, these patches grow three-dimen- 
sionally, thus decreasing the dispersion of 
MO oxide. On the basis of these concepts, 
the present LTOC results can also be inter- 
preted in those lines. The overall reduction 
behavior of the supported metal oxide cata- 
lyst is strongly dependent on the distribu- 
tion of the type species, nature of the oxide 
precursor, and also the metal oxide support 
interaction strength (21). Their reduction 
behaviors are expected to have an impor- 
tant bearing on the oxygen chemisorption 
(10). This is because LTOC is possible only 
on prereduced catalysts that contain the 
CUS generated by the removal of oxygen 
from MO or W oxide as Hz0 by HZ re- 
duction. 

Also recalling the fact that the patchy 
Moo2 patches, generated upon reduction in monolayer phase is formed by a strong 
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chemical interaction between the active 5. 
OH groups of the support surface and the 
oligomeric molybdate or tungstate ions 

6 
. 

present in the impregnating solution, it can 7. 
be concluded (from Fig. 3) that the drop in 
the surface concentration of active OH 
groups with MO is higher than that of W. In 8. 
other words, the extent of chemical reac- 
tion via the condensation of OH groups of 
silica and molybdate ions is much higher 
than that between tungstate and silica. This 9. 
may well be the reason why molybdate is 
more dispersed than tungstate on silica. Be- 
cause of the strong interaction between mo- 10. 

lybdena and silica, the CUS that are gener- 11. 
ated during reduction are more stable, 
which can hold chemisorbed oxygen at 12. 
-78°C (10). Hence, an higher dispersion of 
MO oxide on silica surface is observed. Al- 13. 
though W03 has a higher reduction than 
Moo3 (21), it appears that the CUS that are 14. 
generated by reduction of WO3 probably do 
not hold chemisorbed oxygen. 

,s. 

16. 

17. 
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