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Promoted by Metal Carbonyls: Titration of Sites 

F .  MAUGt~ AND J. C. LAVALLEY l 

URA CNRS D0414 "Catalyse et Spectrochimie, '" ISMRA, 6 Boulevard du Mardchal Juin, 
14050 Caen Cddex, France 

Received December 2, 1991; revised March 23, 1992 

The IR study of CO adsorption at low temperature has been used to follow the transformation 
of unpromoted Mo sites into promoted ones on sulfided Mo/A1203 catalysts. The promotion is 
realized by thermal decomposition of different amounts of Co(CO)3NO on sulfided Mo/A1203. The 
determination of integrated molar extinction coefficients of the v(CO) bands corresponding to the 
different sites has been performed. For the unpromoted catalyst, the titration technique used leads 
to a number of Mo sites, which is in good agreement with that provided from the geometrical model. 
Evidence that the formation of one promoted site occurs at the expense of one unpromoted site is 
provided. However, the number of detected promoted sites is lower than that expected from the 
amount of cobalt introduced: introduction of six cobalt atoms leads to the creation of only one 
promoted site, The migration of cobalt atoms into intercalated positions or into alumina is consid- 
considered. © 1992 Academic Press, Inc. 

INTRODUCTION 

Probe molecules have been extensively 
used to characterize hydrotreating catalysts 
[Co(Ni)-Mo(W)/AI203] in the sulfided state 
(1-8). For unpromoted catalysts, O2 and CO 
chemisorption correlate well with the HDS 
activity (1, 2). Their adsorption is more com- 
plex on promoted catalysts. Consequently, 
the determination of the nature and the 
amount of the different adsorption sites is 
required. IR spectroscopy can provide such 
information. Particularly, the study of NO 
adsorption has provided evidence for differ- 
ent IR bands corresponding to the adsorp- 
tion on (Mo,W) or (Co,Ni) sites (3, 4). How- 
ever, a direct correlation with the catalyst 
activity is not straightforward. More spe- 
cifically, CO has allowed us to differentiate 
between three types of sites: (Mo,W) sites, 
(Co,Ni) sites, and promoted sites (5-7). For 
example, CO adsorption on Mo sites on a 
Mo/A1203 sulfided catalyst gives rise to a 
band at 2115 cm 1, which is completely re- 
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moved by evacuation at room temperature 
(RT). On sulfided Co/AI203 catalysts, a band 
is observed at 2055 cm -1, corresponding 
also to a reversible CO adsorption at RT. 
On sulfided Co-Mo/AI203 catalysts, a new 
band appears at 2065 cm-1; it partially re- 
mains after evacuation at RT. This band 
characterizes the interaction between Co 
and Mo in the sulfided state. A good correla- 
tion between the intensity of the irreversible 
part of the band at 2065 cm- i and the HDS 
activity has been found. Recently, the cor- 
relation with activity has been extended to 
sulfided supported Ru-Ni  catalysts (8). 

According to the "decoration" model 
proposed by TopsCe et al. (9), it seems pos- 
sible to introduce the promoter directly from 
a metal carbonyl decomposition on the sul- 
tided form of a Mo/A1203 catalyst. A first 
approach has been performed using Ni(CO)4 
(10). Although the final catalyst presented a 
Ni content as low as 0.1%, the IR spectrum 
of adsorbed CO indicated a very high degree 
of promotion compared to the catalysts pre- 
pared by the classical impregnation method. 
Another series of catalysts has been pre- 
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pared by thermal decomposition of Co 
(CO)3NO (I lL For compositions similar to 
that of the conventional Co-Mo/A1203 cata- 
lysts, the ratio between promoted and un- 
promoted Mo sites was greatly enhanced. 
This was confirmed by a twofold increase in 
thiophene HDS activity. As a matter of fact, 
promotion by metal carbonyls appears to 
ensure the maximum amount of the 
"Co-Mo-S  type" structure. 

In this study, we have followed the trans- 
formation of unpromoted Mo sites into pro- 
moted ones by thermal decomposition of 
different amounts of Co(CO)3NO on a sul- 
tided Mo/A1203 catalyst. To achieve this, 
we used CO as a probe molecule, since it 
differentiates promoted and unpromoted 
sites well. At room temperature, CO ad- 
sorbs only on Mo, Co, or CoMo sites of 
sulfided alumina-supported catalysts, which 
allows the determination of the integrated 
molar extinction coefficients ~ of CO ad- 
sorbed on these sites. However, under such 
conditions, the sites are not completely sat- 
urated, even in the presence of a CO pres- 
sure. Therefore to titrate all these sites, it 
is necessary to adsorb CO at 100 K even 
though, at this temperature, CO adsorption 
also occurs on A1203, which makes spectra 
decomposition necessary. This titration 
method has been applied to the determina- 
tion of the number of promoted sites in the 
case of a catalyst prepared by the classical 
impregnation. 

EXPERIMENTAL 

Mo/A1203 (12% MOO3) was prepared by 
pore filling impregnation of a y-Al203 from 
Rh6ne-Poulenc (230 m 2 g - l )  with ammo- 
nium heptamolybdate, drying at 383 K, and 
calcination at 773 K for 2 h. The catalyst, 
pressed into a self-supporting disc (10 mg, 
q5 = 16 mm), was activated in situ in the IR 
cell. After calcination at 673 K under 02, 
followed by evacuation at the same temper- 
ature, the sample was sulfided by three suc- 
cessive treatments with 80 Torr of H2S 
(10%) + H2 at T = 673 K, respectively, for 
1 h, 1 h, and 15 h. Each sulfidation was 

followed by an evacuation for 20 min at 
673 K.The promotion of the catalyst was 
realized in situ in the IR cell. Doses of 
Co(CO)3NO (from Ventron) were calibrated 
by introducing a given pressure of this com- 
pound, measured by a gauge (Datametrics, 
accuracy 10 .3 Torr), in a well-known vol- 
ume (v = 1.57 cm3). They were contacted 
at RT with the sulfided Mo/AI303 disc (ll). 
The carbonyl was further decomposed un- 
der evacuation at 673 K. 

The integrated molar extinction coeffi- 
cients ~ of CO adsorbed on sultided catalysts 
were determined in the IR cell at RT by 
introduction of very small doses of CO (0.05 
/zmol) measured by the same volumetric 
method as for Co(CO)3NO admission. Intro- 
duction of the first doses led to a complete 
CO adsorption as shown by the absence of 
a gas phase (P < 10 -3 Torr) as indicated by 
a second gauge directly connected to the 
cell. Before admission, CO was purified by 
passing through a trap cooled by liquid nitro- 
gen. Spectra were recorded on a Fourier 
Transform Nicolet 60SX spectrometer. 

For quantitative site titration, IR spectra 
were recorded at low temperature, in a cell 
equipped with double walls with a space for 
cooling agent between them. To achieve a 
better thermal contact of the sample with 
the cooled walls, about 0.5 Tort of helium 
was admitted to the cell. Using liquid nitro- 
gen as coolant, a sample temperature of 
about 100 K was obtained. 

RESULTS 

(1) CO Adsorption on Mo/Al203 

CO adsorption at 295 K on the sulfided 
Mo/A1203 catalyst gives rise to a band at 
2110 cm -1. It corresponds to CO adsorption 
on Mo sites with a low oxidation state (12, 
13). The band completely disappears upon 
degassing at RT. Introduction of very small 
amounts of CO allows us to determine the 
integrated molar extinction coefficient 
~2110 cm-1 (Fig. 1A). The value obtained is 
~2110cm -1 = 16 --_ 4/xmo1-1 cm. 

CO adsorption at 100 K leads to the ap- 
pearance of three bands at 2190, 2155, and 
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FIG. 1. IR spectra of CO species resulting from introduction of small doses of CO on the sulfided 
Mo/A1203 at 295 K (A) or 100 K (B). Inserted: Area of the 2110 cm-1 band versus the amount of CO 
introduced. 

2110 cm -~ (Fig. 1B). Upon degassing at 
100 K the band at 2110 cm -~ partially 
remains whereas that at 2155 cm ~ only 
persists as a shoulder. The band at 2190 
c m -  ~ disappears making apparent  a weaker  
one at 2208 cm -~. The 2208 cm -~ and 2190 
cm -~ wavenumber  values characterize CO 
adsorption on coordinative unsaturated 
(cus) AI 3+ sites (14). Study of the u(OH) 
range shows a concomitant  perturbation of  
the alumina v(OH) bands, suggesting the 
formation of  H-bonded species, character- 
ized by the v(CO) band at 2155 cm -~ (14). 
The persistence of  the 2110 cm - l  band 
upon evacuat ion at low temperature  al- 
lowed us to model its shape and therefore 
to determine its extent  on the spectra of 
CO adsorbed at 100 K. The variation of 
this band area versus the total number  of 
CO micromoles added is reported in Fig. 
lB. The curve clearly indicates a saturation 
of  Mo sites. F rom the corresponding band 

area and from the value of  g2110cm -~, the 
number of CO species adsorbed on Mo 
sites can be estimated to be 150 micromol 
g-  ~ of  catalyst. 

The 2110 cm -~ band is due to CO adsorp- 
tion on Mo cus sites. Therefore,  the number  
of CO adsorbed molecules may depend on 
the extent of  reduction of  the catalyst. To 
study this point, we have compared the CO 
adsorption at 100 K after H~S + H2 sulfida- 
tion to that obtained on the same sulfided 
catalyst further reduced by pure H2 at 773 K 
or treated by pure H2S at 623 K, followed by 
an evacuation at the treatment temperature  
(Fig. 2). On the HzS  post-treated catalyst,  
almost no CO adsorption occurs on the Mo 
sites showing that they are saturated by H z S  

adsorption. On the other  hand, the area of  
the 2110 cm -1 band is nearly the same after 
H2S + H2 sulfidation as after the subsequent 
treatment of the catalyst by pure H 2. This 
shows that the H2S + H2 treatment used is 
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FIG, 2. IR spectra of CO species for Mo sites satura- 
tion at 100 K on (--) Mo/A1203 sulfided by H2S + H 2 
at 673 K and evacuated at 673 K (A catalyst). (---) A 
catalyst further reduced by Hz at 773 K and evacuated 
at 773 K. ( -")  A catalyst further treated by HaS at 
673 K and evacuated at 673 K. 

sufficient to reveal all the CO adsorption 
sites of the MoS2 sheets. 

(2) CO Adsorption on Co/Al203 

On the sulfided alumina support, 225/xmol 
g-1 of Co(CO)3NO were introduced and 
then decomposed by heating under vacuum 
up to 673 K. CO adsorption at room temper- 
ature on such a catalyst gives rise to a broad- 
band at 2160 cm -1 (Fig. 3). No species re- 
main after evacuation. According to the 
literature (15), this may be accounted for by 
CO adsorption on Co 2+ sites. After further 
sulfidation at 673 K by HzS ÷ H 2 of the 
Co/A1203 catalyst so obtained, CO adsorp- 
tion at RT gives rise to a band at 2051 cm 
with two weak ones at 2152 and 2127 cm -~. 
These bands completely disappear by evac- 
uation at RT. The main band shows the pres- 
ence of cobalt in an oxidation state close to 

zero (15) as already observed on sulfided 
Co/AlzO 3 catalysts prepared by the conven- 
tional impregnation method (5). Even after 
introduction of very small amounts of CO, 
the presence of CO gas is detected, pre- 
venting the determination of the integrated 
molar extinction coefficient ~ of the 2051 
cm- 1 band. 

(3) CO Adsorption on Sulfided Mo/Al203 
Promoted by Thermal Decomposition 
of Co(CO)3NO 
On the sulfided Mo/A1203 catalyst, succes- 

sive doses of C o ( C O ) 3 N O  have been intro- 
duced and decomposed by evacuation at 
673 K. After thermal decomposition of each 
dose, CO adsorption at RT has been used to 
follow the degree of the promotion (Fig. 
4A). Spectra show the presence of two 
bands at 2110 and 2065 cm -1. Upon evacua- 
tion at RT, the former completely disap- 
pears, whereas the latter partially persists. 
As already reported on catalysts prepared 
by the classical impregnation (5), these 
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FIG. 3. IR spectra of CO species formed by introduc- 
tion of CO (Pe = 10 Torr, RT) on Co/AlzO 3 prepared 
by thermal decomposition of Co(CO)3NO on sulfided 
alumina. The Co/AlaO 3 catalyst was not (---) or was 
(--)resulfided by HzS-Hz at 673 K and then evacuated 
at the same temperature before CO introduction. 
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FIG. 4. CO adsorption on sulfided Mo/AI203 promoted by thermal decomposition of Co(CO)3NO. 
(A) Variation of the IR spectra with the amount of cobalt introduced (Pe(CO) = 10 Torr, RT). (B) 
Variation of the 1R spectra with the amount of CO introduced at 100 K (CoMo/A1203 catalyst prepared 
by thermodecomposition of 400/xmol g- 1 of Co(CO)3NO). (C) An example of IR band decomposition. 

bands respectively characterized unpro- 
rooted and promoted sites. Introduction of 
increasing amounts of cobalt decreases the 
intensity of the band characteristic of unpro- 
rooted sites whereas that corresponding to 
promoted ones increases. From the profile 
of the v(CO) band observed on the unpro- 
rooted catalyst and from that of the band 
remaining after evacuation, it is possible to 
decompose the v(CO) absorption into two 
components. However, to access the num- 
ber of sites, it was necessary to determine 
the integrated molar extinction coefficient 

of the band at 2065 cm-X. The strong IR 
absorption of the sulfided promoted cata- 
lysts and the rapid surface saturation of 
these catalysts even after the introduction 
of small doses of CO made it difficult. 
However, we succeeded with a sulfided 
Mo/AI~O3 promoted by thermal decomposi- 
tion of Co(CO)3NO (12% MOO3-1.7% CoO) 
since, for the first doses of CO introduced, 
only the band characteristic of promoted 
sites was formed. From several experi- 
ments, we determined g2060cm -1 = 43 -+ 
12/xmo1-1 cm. 
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FIG. 5. Variation of  the amount of CO adsorbed on 
unpromoted Mo (2110 cm -I,  circles) or promoted Mo 
(2065 cm -~, triangles) at RT (solid symbols) and at 
100 K (open symbols) versus the amount of Co added. 

Figure 5 shows the variation of the num- 
ber of unpromoted and promoted sites ob- 
tained from CO adsorption at RT with the 
cobalt content (solid symbols). We observe 
that complete promotion occurs for 600 
txmol g 1 (4.5% COO): when the amount of 
cobalt increases from 4.5 to 6.8% CoO, evi- 
dence for the completion of the promotion 
is given by the absence of variation of the 
band intensity remaining after evacuation. 
The increase of the area of the 2065 cm-I 
band observed in the presence of a CO gas 
phase (P~ = 10 Torr), for high cobalt load- 
ing, therefore can be related to an adsorp- 
tion of CO on cobalt sites noninteracting 
with molybdenum sites. The cobalt content 
necessary for a complete promotion is not 
very different from that present in the opti- 
mized Co-Mo catalysts prepared by the 
classical impregnation method (HR306 : 3% 
COO-12% MOO3). 

At 100 K, CO adsorption gives rise to the 
same bands as on the unpromoted catalyst 
with an additional band at -2065 cm -~, 
characterizing the presence of promoted 
sites (Fig. 4B). Only CO adsorbed on unpro- 
moted and promoted sites partially remains 
after evacuation at 100 K. From the spectra 
obtained on the unpromoted catalyst (Fig. 
1B), and after spectra decomposition, it is 
possible to access the area of the bands due 

to promoted and unpromoted sites. Figure 
5 reports the number of CO adsorbed on 
each type of site at 100 K (open symbols) 
for a coverage corresponding to saturation 
and for the different amounts of Co(CO)3NO 
introduced. A similar trend to that observed 
at RT is obtained. This figure shows that 
the number of unpromoted sites detected at 
100 K is considerably higher than that mea- 
sured at RT, whereas for the promoted sites, 
all the sites are detected at RT. It clearly 
appears that the total number of promoted 
and unpromoted sites is constant whatever 
the cobalt loading. 

DISCUSSION 

The appearance of only one symmetrical 
v(CO) band on molybdenum catalysts 
allows us to deduce that, under the condi- 
tions used, only one CO molecule is ad- 
sorbed per Mo site. The ratio of the number 
of Mo sites detected by CO adsorption at 
100 K compared to the total number of Mo 
present in the sample is close to 0.2. For 
catalysts presenting the same coverage ra- 
tio, Pratt et al. (16) have measured, by elec- 
tron microscopy, the mean size of the MoS2 
sheets, which is close to 45 A. Supposing 
hexagonal slabs, following the model of 
Kastzelan et al. (17), sitting vertically to the 
support according to Pratt et al. (16), and 
taking into account the MoS2 structure that 
implies a Mo-Mo distance of 3.16 ,& (18), it 
is possible to calculate the number of acces- 
sible Mo sites and to compare it with the 
number of Mo atoms present in the slabs. 
The ratio obtained is 0.21; it is in good 
agreement with the experimental ratio, 
which provides a validation of the titration 
technique used. 

Thermal decomposition of increasing 
doses of Co(CO)3NO on sulfided Mo/A1203 
leads to the creation of promoted sites while 
unpromoted ones disappear. From CO site 
titration at 100 K, it is shown that the ap- 
pearance of one promoted site corresponds 
to the disappearance of one unpromoted site 
(Fig. 5). This quantitative study proves that 
promoter atoms are located on the MoS2 
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edges, blocking Mo sites as described in the 
decoration model. However, Fig. 5 indi- 
cates that the number of promoted sites de- 
tected by CO compared with the amount of 
cobalt atoms introduced is surprisingly low, 
since the introduction of six cobalt atoms 
leads to the creation of only one promoted 
site. Several hypotheses can be put forward 
for locating the extra Co atoms: 

(i) The presence of other surface cobalt 
species. However, no bands are detected 
at 2160 cm ~ (oxidic cobalt) or 2051 cm -J 
(metallic cobalt), at least for low Co content 
catalysts (CoO < 4%). 

(ii) Incorporation of cobalt into alumina. 
A migration of cobalt atoms into the alumina 
lattice may occur during the carbonyl de- 
composition at 673 K. Although Fig. 3 sug- 
gests that an important part of the cobalt 
stays on the surface of the support after such 
a decomposition, we cannot rule out some 
migration into the alumina. 

(iii) The presence of cobalt in intercalated 
positions. Pratt et al. (16) observed that 
MoS 2 slabs on alumina formed stackings of 
up to five layers. Therefore, the presence of 
cobalt atoms in intercalated positions be- 
tween two MoS2 slabs can be envisaged (19). 
This cobalt would be detectable by CO and 
would not participate in the Co-Mo-S 
phase. It could arise from a cobalt migration 
due to the thermal treatment necessary to 
decompose Co(CO)3NO. 

The nature of the promoted sites that give 
rise to a band at 2065 cm-1 is difficult to 
specify, Such a wavenumber value is lower 
than that observed on Mo sites (2110 cm 1) 
but higher than that observed for Co ones 
(2051 cm-l). It proves, in agreement with 
Harris and Chianelli (20), that an interaction 
occurs between Co and Mo by an electronic 
transfer from cobalt to molybdenum. Even 
so, it does not allow us to specify more pre- 
cisely the nature of the site. However, the 
blocking of Mo sites by cobalt atoms would 
suggest that CO adsorption occurs on Co 
sites in interaction with molybdenum. 

It was interesting to apply the results rela- 
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FIG. 6. IR spectra of CO adsorbed (Pe = 10 Torr, 
RT) on CoMo/AI203 catalysts prepared by impregna- 
tion: 3% COO-12% MoO 3 (--), 1.5% COO-6.1% MoO 3 
6--). 

tive to the integrated molar extinction coef- 
ficients determined in the present study to 
catalysts prepared by the classical impreg- 
nation method. Since all the promoted sites 
are detected by CO adsorption at RT, the 
determination of their number is easy to ob- 
tain. Figure 6 shows the v(CO) bands arising 
from CO adsorption at RT on the optimized 
catalyst HR 306 (3% COO-12% MOO3) and 
on a Co-Mo/AI203 (1.5% COO-6.1% MOO3) 
sulfided in situ. It appears that part of the 
Mo sites are not promoted, as shown by the 
v(CO) band at 2110 cm -~, even in the case 
of the optimized catalyst. Moreover, the 
number of CO molecules adsorbed on the 
promoted sites determined from the area of 
the 2065 cm-1 band is respectively of 42 and 
17/~mol g-1. Thus the ratio of the promoted 
sites compared to the amount of cobalt in- 
troduced is lower than in the case of the ex- 
carbonyl catalyst, since for both conven- 
tional catalysts only one promoted site is 
detected for 10 cobalt atoms introduced. 
This confirms the greater ability of cobalt 
carbonyl to form a Co-Mo-S phase. This 
result explains the higher HDS activity pre- 
viously reported on ex-carbonyl catalysts 
for a given cobalt content (11). 
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