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Infrared Study of Sulfided Co-MO/A&O, Catalysts: The Nature of 
Surface Hydroxyl Groups 

The preparation of Co-Mo/Al,O, hydro- 
desulfiuization catalysts usually involves 
several steps. First the active metals are 
deposited on the alumina by means of im- 
pregnation. The impregnated catalyst is 
then dried and calcined. The active state of 
the catalyst is, however, first attained by 
sulfiding the calcined precursor. This 
sulfidation can either be carried out in a 
H,/H,S mixture or directly in the reaction 
mixture. Hence, it is the sulfided state of 
the catalyst which is of most interest cata- 
lytically. Nevertheless, despite the vast 
number of spectroscopic studies aimed at 
elucidating the structure of this type of 
catalyst, only a few have dealt with studies 
of the sulfided state of the catalyst under in 
situ conditions. Specifically, infrared spec- 
troscopy has been widely used to character- 
ize different states of Co-Mo/Al,O, type 
catalysts (e.g., (Z-6)); however, to our 
knowledge no in situ infrared studies have 
been published dealing with the surface 
structure of sulfided catalysts. The present 
note, preceding a series of studies of 
sulfided catalysts to be reported later, re- 
ports an infrared study of sulfided 
Co/A1203, Mo/A1203, and Co-Mo/Al,O, 
catalysts with respect to the nature of the 
surface hydroxyl groups. Some implica- 
tions these results may have on the inter- 
pretation of the structure of sulfided cata- 
lysts will be considered. The many different 
structural models which have been pro- 
posed for such catalyst systems have re- 
cently been reviewed by Massoth (7). 

The catalysts studied were prepared by 
depositing the active materials onto q- 
A&O3 (surface area, 220 m’/g) via impreg- 
nation followed by drying and calcining at 

773 K in air for 2 hr. The Co/Al,O, sample 
contained 2.0 wt% Co, whereas the Co- 
Mo/A1,03 sample contained 1.8 wt% Co 
and 8.4 wt% MO. The two MO/A&O, sam- 
ples contained 3.0 and 8.0 wt% MO. The 
samples were studied in the form of thin 
self-supporting wafers placed in an in situ ir 
cell which allows samples to be treated 
either in high vacuum or in a flowing gas 
mixture at temperatures between 300 and 
770 K. Infrared spectra were recorded with 
a Perkin-Elmer 180 grating spectrometer. 
The reference beam was appropriately at- 
tenuated to give reasonably good signal 
levels. Sulfiding of samples was carried out 
at 653 K for 2 hr in a flowing gas mixture 
consisting of 1.7% H2S in Hz. After 
sulfiding, the H2S gas mixture was removed 
by flushing the cell with purified Nz at the 
same temperature for 16 hr. For compari- 
son, spectra were also obtained for the 
corresponding catalysts in the oxidic state 
and which had been evacuated at 773 K for 
16 hr to remove weakly bound water and 
hydroxyl groups. Oxidic samples evacu- 
ated at 653 K for 16 hr result in essentially 
the same spectra as those evacuated at 773 
K except for slightly greater band intensity. 

The ir spectra in Fig. 1 show the hy- 
droxyl group region of the alumina support 
and the Co/A1203, Mo/Al,03, and Co- 
MO/A&O, catalysts both in their initial ox- 
idic state and after sulfiding. The close 
similarity of the spectra obtained for the 
Co/A1203 (Fig. lb) and A1203 support (Fig. 
la) shows that the surface hydroxyl struc- 
ture is not affected to any appreciable ex- 
tent by the presence of cobalt ions. On the 
other hand, the addition of MO to A&O3 
(Figs. lc and d) is accompanied by the 
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FIG. 1. Infrared spectra of the hydroxyl group region 
of A&O, support, Co/A1,03, MO/A&O,, and Co- 
Mo/AI,O, catalysts in the oxidic and sulfided states. A 
spectrum of a physical mixture of MoS, and Al,O, in 
the sulfided state is also included. 

disappearance of hydroxyl groups. For the 
Mo/Al,O, catalyst with the low MO loading 
(3% Mo/Al,O, (Fig. Id)) some well-re- 
solved hydroxyl groups still remain 
whereas for the 8% MO/A&O, catalyst (Fig. 
lc) only the high-frequency OH band is 
discernable beside the broad band centered 
around 3680 cm-‘. The spectrum of the 
oxidic catalyst containing both Co and MO 
(Fig. le) shows, in addition to the band at 
3680 cm-l, another band resolved at 3720 
cm-‘. These findings as well as the infrared 
results reported by previous investigators 
(5, 6) agree with the generally accepted 
view that MO in the oxidic state is very well 
dispersed on the A&O3 surface. This state 
of MO, formed by interaction of MO with 
surface hydroxyl groups, is often referred 
as the “molybdate monolayer” (7). The 
effect of Co on the hydroxyl groups in Co- 
Mo/A120, is unclear but it does appear to 
cause a more selective interaction of MO 
with the OH groups of alumina. In view of 

the results on the Co/A1,03 catalyst, which 
show no influence on the surface OH 
groups, the results on the Co-Mo/Al,O, 
catalysts may be taken as evidence for 
interaction of some of the Co with MO in 
these catalysts. 

It is interesting that after sulfiding the 
spectra of the Al,O, support (Fig. If) and 
Co/Al,O, catalyst (Fig. lg) remain essen- 
tially unchanged. The reversal of the rela- 
tive intensity of the bands at 3728 and 3678 
cm-’ upon sulfiding as compared to the 
oxidic state can possibly be attributed to 
some selective exchange of OH by SH (8) 
thus lowering the intensity of the high- 
frequency band more than the low-fre- 
quency band. The similarity of these two 
spectra again verifies that cobalt ions do not 
interfere with the OH groups of the alu- 
mina. The spectrum of the sulfided 
Mo/A1,03 catalyst (Fig. lh) shows no dis- 
tinct OH groups but a very broad band 
centered around 3580 cm-l extending 
downward to 3200 cm-‘. The significant 
broadening and downward frequency shift 
suggest more extensive hydrogen bonding 
as a result of the sulfiding process. When 
the Co-Mo/Al,O, catalyst is sulfided, the 
spectrum (Fig. lk) also shows a somewhat 
broadened band centered around 3600 
cm-‘. However, the broadening is less than 
in the case of Mo/A1203. Thus when cobalt 
is present together with MO in sulfided 
catalyst, it appears to have some effects on 
the structure of the Mo/A1203 catalyst 
which could be attributed to a decrease in 
the extent of hydrogen bonding. 

It may be argued that the broadening and 
the absence of distinct hydroxyl groups 
observed in the sulfided 8% Mo/Al,O, cata- 
lyst are not due to the effects of sulfiding, 
but could be attributed to the high absorb- 
ance of the sulfided catalyst masking the 
structure of surface species. To test this 
possibility, a sulfided sample consisting of a 
physical mixture of 8 wt% MoS, (surface 
area, 38 m*/g) with the Al,O, support was 
examined. The ir spectrum (Fig. lj) is simi- 
lar to that of the sulfided A&O, support 
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(Fig. lf) and clearly shows the characteris- 
tic surface hydroxyl structure of Al,O, and 
not the broadening feature of the sulfided 
8% Mo/Al,O, catalyst (Fig. lh), thus sug- 
gesting that the broadening and the lack of 
distinct OH structure are not due to the 
masking of MoS, or another compound 
with high absorbance. Nevertheless, there 
still remains the possibility that in the phys- 
ical mixture one may mainly be seeing the 
transmission through the fraction of the 
Al,O, which is not covered by MoS, hence 
giving the spectrum of the surface structure 
of Al,O,. The ir spectrum of the 3% 
Mo/Al,O, catalyst (Fig. li) further verifies 
that the source of band broadening and 
absence of distinct OH groups observed in 
the sulfided Co-MO/A&O, (Fig. lk) and 8% 
Mo/Al,O, (Fig. lh) is due to sulfiding rather 
than some experimental effects. This is 
seen in that both the higher-frequency hy- 
droxyl bands of A&O3 due to the incom- 
plete surface coverage by MO and a distinct 
broadening towards the lower-frequency 
side evidently attributed to the effects of 
sulfiding of the highly dispersed MO are 
observed in the spectrum. 

In none of the samples could SH species 
be detected, possibly due to the low molar 
absorbance of SH bands. However, the 
finding (8) that SH bands were clearly ob- 
servable when H2S was adsorbed on alu- 
mina suggests that SH species are not 
present to any appreciable extent in the 
present case. Also, no regeneration of hy- 
droxyl groups was observed after sulfiding. 
These results may have some relevance to 
the much debated question of the fate of the 
MO monolayer upon sulfidation (9). If, as 
assumed by some (e.g., (IO), the MO mono- 
layer is broken up and is subsequently 
transformed into bulk MoS, crystals, OH 
(or SH) groups should be regenerated on 
the alumina surface and ir spectra much 
like those of the sulfided A&O, (or 
Co/Al,OJ or the physical mixture of bulk 
MoS, and A&O, should be observed. Such 
spectra were, however, not observed, indi- 

cating that the present sulfiding conditions 
do not result in MoS, crystals with appre- 
ciable three-dimensional character. Rather 
the results suggest that a strong interaction 
of the MO with the alumina surface occurs 
not only in the oxidic state but also in the 
sulfided state of MO/A&O, or Co- 
Mo/Al,O, catalysts. In order to further 
elucidate the structure of sulfided 
MO/A&O, and Co-Mo/A1,03 catalysts, a 
better understanding of the origin of the 
broad 3600-cm-l band would be helpful. 
Water generated during sulfiding could be 
strongly adsorbed on the surface to give 
rise to the broadening and mask the possi- 
ble presence of OH bands. 
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