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Infrared and volumetric studies of NO adsorption have been used to elucidate the type of surface 
structures present in sulfided Co/AlrO,, Ni/AlrOr, Mo/AlrO,, CO-Mo/A1203, and Ni-Mo/AlrOr cata- 
lysts. Catalytic implications were obtained from measurements of thiophene hydrodesulfurization 
(HDS) activities. The content of active material in the catalysts and calcination temperature were 
varied in these studies. The ir bands were observed to be very different for NO adsorbed on Co, Ni, 
and MO atoms and are sensitive to the surface concentration of the element, the nature of the 
surface phase and the extent of sulfiding or reduction, For Mo/A1203 catalysts, the NO most 
probably adsorbs on edge or comer sites of MoSr-like structures and the adsorption therefore 
reflects the edge dispersion of these structures. In the case of the promoted Co-Mo/AlrOr and Ni- 
Mo/AlrOr catalysts, the ir studies give simultaneous information on the NO adsorption occurring 
on the Co or Ni promoter atoms and that occurring on the MO atoms. It is seen that the addition of 
promoter atoms results in a decreased adsorption on the MO atoms. This indicates that the pro- 
moter atoms occupy edge positions of the MO& “support”. The Co atoms located in such positions 
are found to be related to those present in the so-called CO-MO-S structure identified previously by 
Mbssbauer emission spectroscopy. Evidence for similar Ni-MO-S type structures is found. The 
HDS activity correlated neither with the total amount of chemisorbed NO nor with the amount of 
NO adsorbed on the MO atoms. However, for all the catalysts a good correlation was observed 
between the HDS activity and the amount of NO adsorbed on the Co or Ni promoter atoms. This 
further supports the “CO-MO-S model” in which the primary role of the promoter atoms is to 
create new sites (associated with the promoter atoms) with higher intrinsic HDS activity than that 
of the unpromoted sites. Pyridine, which is known to be a partial HDS poison, was observed to 
block a large fraction of the NO adsorption sites. 

I. INTRODUCTION 

Probe molecules have in recent years 
been used extensively to provide insight 
into the nature of the active sites in hydro- 
desulfurization (HDS) catalysts. For unpro- 
moted MoSz catalysts, oxygen chemisorp- 
tion correlates well with the HDS activity 
(I). Recently (2), this has also been ob- 
served to be the case for alumina-supported 
MO catalysts and for such catalysts, CO ad- 
sorption correlated with the activity as 
well. 

CO-MO and Ni-Mo catalysts have also 
been studied by chemisorption methods. 
However, for these promoted systems the 
adsorption behavior seems much more 
complex than for the unpromoted catalysts. 

In the case of oxygen chemisorption, some 
authors have found indications for correla- 
tions with the activity (3-5) while others 
have reported results which show that no 
simple relations exist between the catalytic 
activity and the oxygen chemisorption (6 
9). Previous Miissbauer emission spectros- 
copy (10, II) and EXAFS results (22) show 
that CO-MO catalysts have Co atoms lo- 
cated in surface positions and that they are 
affected by the exposure to oxygen atoms. 
Consequently, adsorption studies of pro- 
moted catalysts may be complicated by the 
possibility of the adsorption occurring on 
both MO and Co (Ni) atoms. Recently, the 
HDS activity of different supported and un- 
supported CO-MO catalysts was shown to 
be related to the amount of Co atoms 
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present as CO-MO-S (23-18). In view of 
this it seems likely that the presence or ab- 
sence of correlations between the catalytic 
activity and the amount of probe molecules 
adsorbed will be related to what extent the 
probe molecules have titrated the sites as- 
sociated with the promoter atoms. 

To elucidate further the nature of the ac- 
tive sites in promoted catalysts, it may 
therefore be useful to utilize a technique 
which may provide information on the sites 
associated with both the Co (Ni) and MO 
atoms. Recently (I9-2I), we have shown 
that in the case of calcined Co-Mo/A1203 
catalysts, such information may be ob- 
tained by means of infrared studies of NO 
adsorption. Adsorption of NO has also 
been used to characterize reduced MO/ 
A&O3 catalysts (22-27) and sultided MO/ 
AlZ03 catalysts (28, 29) but no such studies 
have, to our knowledge, appeared for pro- 
moted Co-Mo/AIZOs or Ni-Mo/A1203 cata- 
lysts in their active sulfided state. The 
present paper reports NO adsorption stud- 
ies of such catalysts and it is seen that qual- 
itative and quantitative information can be 
obtained about both the promoter and the 
MO atoms. This allows one to elucidate the 
nature of the active sites and the role of the 
promoter atoms. The results give further 
support for the presence of CO-MO-S and 
Ni-Ma-S type structures and give new in- 
sight into the location of the promoter at- 
oms in these structures. 

II. EXPERIMENTAL 

The preparation of Co/A1203 (0.26, 2.0, 
or 6.5% (wt) Co), Mo/AlZ03 (8.0% MO), and 
Co-Mo/AIZOs (1.8% Co and 8.4% MO) cata- 
lysts has been given previously (29). In 
short, these were prepared by depositing 
the active materials onto r)-A1203 (surface 
area, 230 m*g-i) via impregnation or coim- 
pregnation in the case of the Co-Mo/AIZOJ 
catalyst, followed by drying and calcining 
at 773 K in air for 2 h. Besides the above 
coimpregnated Co-Mo/AIZOJ catalyst, a se- 
ries of sequentially impregnated CO-MO/ 
A&O3 catalysts with different CO/MO ratios 

was prepared as described in Ref. (13) by 
adding appropriate amounts of Co in the 
form of cobalt nitrate to a batch of calcined 
Mo/Alz03 catalyst (8.6% MO impregnated 
on another r)-A1203 with surface area of 250 
m2gV1) by the incipient wetness impregna- 
tion method. The catalysts were then dried 
and calcined as described above. 

The Ni/A1203 (0.57 and 5.76% Ni) and 
Ni-Mo/A120s catalysts (Ni/Mo atomic ratio 
= 0.09, 0.27, 0.53, 0.75, and 1.2) were pre- 
pared analogously except for the fact that 
aqueous solutions of nickel nitrate were 
used. 

Unless otherwise stated, sulfidation was 
carried out in situ by passing a gas mixture 
consisting of approx. 1.7% H2S in H2 over 
the calcined precursors at 673 K for 2 h. 
Shorter and longer sulfiding times were also 
studied. The results varied quantitatively, 
but since similar relative changes between 
the different catalysts were observed, only 
the results for 2 h sulfiding will be reported. 
Following the sulfidation, the H2S gas mix- 
ture and chemisorbed H2S were removed 
by flushing the cell with purified N2 at the 
same temperature for 16 h. After treatment 
in N2, the samples were slowly cooled to 
ambient temperature in the N2 flow and 
evacuated to 10M5 Ton-. It was found that 
besides the preparation procedure and the 
type of A1203 employed, the pretreatment 
conditions were also very important and 
different results were obtained with just 
small changes in the conditions such as the 
temperature and time of N2 flushing. Thus, 
great care was taken to keep the prepara- 
tion procedure and pretreatment conditions 
constant in all cases where quantitative 
comparisons were made. 

Nitrogen was purified by passage through 
Cu turnings at 523 K and a molecular sieve 
trap (Linde 5A) kept at 195 K. Nitric oxide, 
99% (AGA A/S) was purified by freeze- 
thaw cycles as described in Ref. (30). The 
adsorption of NO was in all cases carried 
out at ambient temperature. Pyridine (spec- 
troscopic grade) was purified by freeze- 
thaw cycles. Adsorption of pyridine was 
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carried out at 423 K in order to measure 
mainly the chemisorbed species. Spectra 
were recorded after the excess pyridine had 
been removed by evacuation at 423 K. The 
in situ infrared cell and the Perkin-Elmer 
180 spectrometer connected to a Nicolet 
signal averager have been described previ- 
ously (19). Unless stated otherwise, all ab- 
sorbances are given as peak heights after 
deconvolution. 

The procedures used for volumetric mea- 
surements of NO adsorption are the same 
as those described in detail earlier (19). 
Briefly, they were carried out at room tem- 
perature using a constant volume system 
equipped with a Texas Instrument preci- 
sion pressure gauge. The amount of NO ad- 
sorbed was obtained by taking the differ- 
ence between a first and a second isotherm 
(obtained after evacuation for 1 h) or by 
extrapolating to zero pressure. Both meth- 
ods gave quite similar results but only the 
values calculated from the latter procedure 
are given here. 

The thiophene HDS activity measure- 
ments were performed on the same series 
of catalysts as used for NO adsorption. For 
the Co-Mo/A120J catalysts the procedures 
and some of the results have been reported 
previously (13). 

III. RESULTS 

A. MoIA1203 
Sulfidation of a calcined 8% Mo/A1203 

catalyst led to pronounced changes in the 
NO absorption spectra (compare Figs. la 
and c). Two bands are observed as for the 
calcined sample but with greater intensity. 
At the same time, the band positions have 
shifted slightly downward as compared 
with those for reduced (Fig. lb) or calcined 
(Fig. la) samples which show similar band 
frequencies (i.e., the bands shift from 1804 
and 1693 cm-r for calcined or reduced sam- 
ples to about 1780 and 1685 cm-’ for the 
sulfided sample). The spectral features of 
the reduced catalysts, as well as the amount 
of NO adsorbed (NO/MO = 0.06), are in 
good agreement with those of other work- 

MO/Al203 
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FIG. 1. Infrared spectra of NO adsorbed on an 8% 
Mo/A1209 catalyst after different treatments. (a) Calci- 
nation at 773 K, (b) calcination at 773 K followed by Hz 
reduction at 773 K, and (c) calcination at 773 K fol- 
lowed by sulfidation at 653 K. 

ers (see, e.g. (22)) and will not be discussed 
further here. Okamoto et al. (28) have re- 
ported quite similar frequencies for reduced 
Mo/A1203 catalysts and the same lowering 
of frequencies upon sulfiding. The down- 
ward frequency shifts are indicative of an 
increase in the electron density at the metal 
adsorption site, resulting in a stronger mo- 
lybdenum-nitrogen bond and a weaker N- 
O bond. This is most likely due to a com- 
plete or partial replacement of oxygen ions 
surrounding the molybdenum atoms in the 
calcined state by less electronegative sulfur 
ions. This phenomenon is seen to be gen- 
eral for all the sulfided catalysts. 

The intensity of the two bands varies in 
parallel during adsorption and desorption 
and thus these bands are most likely to be 
related to the same adsorbed NO species. 
As concluded for the calcined (19, 20) and 
reduced Mo/A1203 (22-27) catalysts, NO is 
most probably adsorbed mainly as a dinitro- 
syl (or possibly dimeric) complex. The ab- 
sorption bands, especially the lower. fre- 
quency band, are quite broad. This was also 
observed by Yao and Rothschild (25) to be 
the case for reduced Mo/A1203 catalysts 
and was related to a distribution of surface 
adsorption sites with different degree of co- 
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FIG. 2. The effects of loading and precalcination 
temperature on the ir spectra of NO adsorbed on sul- 
fided Co/AlzO, catalysts. (a) The 0.26% Co/A1203 after 
calcination at 773 K, (b) as (a) after sulfiding at 653 K, 
(c) 2% Co/A&O3 calcined at 773 K followed by sulfid- 
ing at 653 K, (d) as (c) but precalcined at 923 K, (e) 
6.5% Co/A1203 calcined at 773 K followed by sutiding 
at 653 K. 

ordinative unsaturation (CUS) and varying 
degrees of interaction between adjacent ad- 
sorbate molecules. Alternatively, as sug- 
gested by Howe and Kemball(31), it could 
be due to more than one type of adsorption 
complex. The broadness may also be due to 
contributions from adsorption on different 
phases (e.g., unsulfided or partially sulfided 
species). However, such species are proba- 
bly not present to any great extent since 
EXAFS investigations (32) of this type of 
catalyst show that Mo!&like species domi- 
nate. 

In agreement with the ir results, volumet- 
ric chemisorption results also show that 
much more NO is adsorbed on the sulfided 
8% Mo/A1203 (NO/MO = 0.17) as compared 
with the adsorption on the calcined sample. 

B. CoIA1203 

Figure 2 shows the results of NO adsorp- 
tion on Co/A&O3 catalysts as a function of 
metal loading and prior calcination temper- 
ature. The catalysts shown in Fig. 2b-e 
have all been sulfided at 653 K. The 0.26% 
Co/A1203 catalyst shows two bands at 1868 
and 1790 cm-* with the latter being the most 
intense. In many respects the spectrum re- 
sembles that seen before sulfidation (Fig. 
2a) except for a shift of the bands of 5-15 
cm-’ toward lower frequency in the sul- 
fided catalyst indicating that some sulfiding 
of the Co atoms has taken place (see 
above). Increase in the intensity of the 
bands is observed between the calcined and 
sulfided samples. Upon increasing the co- 
balt loading to 2% (Fig. 2c), the total ab- 
sorbance increases considerably, and the 
two bands have shifted to even lower fre- 
quencies (1842 and 1778 cm-‘). Again, the 
intensity of the bands is seen to increase 
upon sulfiding. However, the amount of 
NO adsorbed in the calcined (NO/Co = 
0.49) and sulfided state (NO/Co = 0.42) is 
very similar. Thus, the integral molecular 
absorption coefficient increases upon sul- 
fiding (to about 1.5 X 10-l’ cm/molecule). 

A further increase in the cobalt loading to 
6.5% (Fig. 2e) resulted in a marked change 
in the NO absorption spectrum. A poorly 
resolved broad band with apparent band 
contributions around 1815 and 1750 cm-* is 
now observed. The total intensity, as well 
as the amount of NO adsorbed, have not 
increased proportionally with the Co load- 
ing but are about the same as for the 2% Co/ 
A&O3 catalyst. This is shown in Fig. 3 (the 
total integrated absorbance is used in Fig. 
3a in view of the variable band positions 
and the extensive band overlap in the high 
Co loading sample). This suggests the pres- 
ence of a bulk Co phase at high Co concen- 
tration. In fact, X-ray diffraction analysis of 
the 6.5% Co/Al203 clearly showed the pres- 
ence of Co&&. The above loading variation 
resembles that of the calcined catalysts 
(19). 
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FIG. 3. The dependence of the NO adsorption on the 
metal loading for sulfided Co/AlrOr catalysts. (a) The 
total integrated absorbances of the ir absorption bands 
and (b) the volumetric NO uptakes (all catalysts had 
been precalcined at 773 K). 

The sulfided 2% Co/A120j sample, which 
had been precalcined at a higher tempera- 
ture of 923 K (Fig. 2d), showed bands 
which were only about one-third as intense 
as those observed for the same catalyst pre- 
calcined at 773 K (Fig. 2~). Furthermore, 
slightly higher frequencies are observed for 
the catalyst calcined at the higher tempera- 
ture. 

C. Co-MolA1203 

The NO absorption spectrum of the se- 
quentially impregnated Co-Mo/A1203 cata- 
lyst (CO/MO atomic ratio =0.44) after sulfid- 
ing is shown in Fig. 4c. Three bands at 
1850, 1785, and 1690 cm-t are seen, where 
the highest frequency band appears as a 
shoulder and the lowest frequency band is 
quite broad. The 1785cm-l band is the 
most intense band. All three bands have in- 
creased in intensity and have shifted to 

lower frequencies (see Fig. 4) when com- 
pared with those in the calcined CO-MO/ 
A1203 catalyst (as shown by arrows in Fig. 
4. See also (19)). This again implies that 
sulfiding of Co and MO atoms has occurred. 
From a comparison with the spectra of NO 
adsorbed on Co/A1203 (Fig. 4b) and MO/ 
Al203 (Fig. 4a), it is clear that the high fre- 
quency band originates from NO adsorp- 
tion on Co and the low frequency band is 
due to NO adsorption on MO. The high in- 
tensity band in the center (i.e., around 1785 
cm-‘) contains contributions from both Co 
and MO, and thus only three bands are ob- 
served for the Co-Mo/AlzOj catalyst. 

: 
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too0 1600 1600 
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FIG. 4. Infrared spectra of NO adsorbed on sulfided 
catalysts: (a) 8% Mo/A1203, (b) 2% Co/A1203, and (c) 
CO-MO/A&O, (CO/MO = 0.44). Spectrum (d) is the the- 
oretical sum spectrum of (a) and (b). Arrows show the 
band positions of the corresponding calcined CO-MO/ 
A&O3 catalyst. 
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FIG. 5. The effect of calcination temperature on the 
ir spectra of NO adsorbed on a sultided 1.8% Co-8.4% 
Mo/A1203 catalyst. (a) Calcined at 773 K. (b) Calcined 
at 923 K. 

A computed addition spectrum (Fig. 4d) 
of the spectra of the Mo/A1203 and Co/ 
Al203 catalysts with similar loadings as in 
the C+Mo/A1203 catalysts shows a spec- 
trum which has bands at about the same 
position as the observed spectrum (Fig. 4~). 
It is, however, clear that the intensity of the 
MO component is lower in the spectrum of 
the Co-Mo/Al203 catalyst than in the sum 
spectrum, whereas the intensity of the Co 
component is higher. This behavior is more 
clearly demonstrated by the series of cata- 
lysts with different CO/MO ratios discussed 
below. 

As seen for the Co/Alz03 sample, a 
higher precalcination temperature leads to 
a much lower intensity of the Co band after 
sulfiding (Fig. 5) and to a slight, upward 
frequency shift. However, at the same time 
the intensity of the MO band is seen to in- 
crease. The variation of the absorbances is 
shown in Fig. 6a and the HDS activities of 
the same catalysts are shown in Fig. 6b. 

The volumetric adsorption results of the 
series of sequentially impregnated CO-MO/ 
A&O3 catalysts (where the MO concentra- 
tion was kept constant) are shown in Fig. 7a 

as a function of CO/MO ratios. Figure 7b 
shows the absorbance of the ir bands due to 
NO adsorbed on Co and MO atoms (the 
peak heights of the highest and the lowest 
frequency nonoverlapping bands after de- 
convolution are used) versus the CO/MO ra- 
tios. The variation in the band intensity of 
the Co and MO bands shows some similari- 
ties with that observed for the catalysts 
calcined at different temperatures (Fig. 6a). 
The fraction of Co adsorbing NO is seen to 
increase with increasing CO/MO, whereas at 
the same time the fraction of MO adsorbing 
NO decreases. Further analysis of the spec- 
tra shows that besides the concentration 
dependence of the band intensity, the rela- 
tive intensity of the bands appears to differ 
from that of the individual component cata- 
lysts. Although it has not been possible at 
this time to fully describe these differences 
due to the overlapping bands, the differ- 
ences do seem to suggest the presence of 
some type of interaction between Co and 
MO atoms. This may lead to changes in 

773 
ch%ation Temp [KI 

FIG. 6. The effects of calcination temperature on the 
NO adsorption and HDS activity for a suhided Co- 
Mo/A&O~ catalyst. (a) The absorbances of the ir bands 
of NO adsorbed on Co and MO (peak heights at 1850 
and 1690 cm-* are used, respectively) and (b) the thio- 
phene HDS activities (activity data adapted from 
(17)). 
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FIG. 7. The effect of Co loading (or CO/MO ratio) on 
the NO adsorption and HDS activity for sulfided Co- 
Mo/Alz03 catalysts. (a) The total volumetric NO up- 
takes, (b) the absorbances of the ir bands of NO ad- 
sorbed on Co and MO (taken as peak heights of the 
bands at 1850 and 1690 cm-r after deconvolution, re- 
spectively), and (c) the thiophene HDS activities (ac- 
tivity data adapted from (13)). (The catalysts all had 
the same MO loading.) 

bond angle between two nitrosyl groups 
giving rise to the observed changes in rela- 
tive band intensity (see, e.g., (19, 25)). Fig- 
ure 7c shows the thiophene HDS activity 
(expressed as pseudo 1st order rate con- 
stants) of these catalysts (data adapted 
from (23)). From a comparison of Figs. 7b 
and c, it appears that the Co sites of the 
Co-Mo/A1203 catalysts titrated by NO cor- 
relate quite well with the activity. This is 
more clearly demonstrated in Fig. 8a, 
where the activities are plotted against the 
absorbance of the Co band. A linear corre- 
lation between HDS activity and the con- 
centration of the titrated surface Co is seen 
for catalysts with Co loading up to CO/MO 

- 0.4. At a higher Co concentration, the 
correlation starts to deviate from linearity. 
From Fig. 7 it is clear that the more active 
catalysts show less adsorption on sites as- 
sociated with MO, and Fig. 8b shows that 
no correlation exists between activity and 
MO sites, in fact, a negative relationship is 
seen. Figures 7 and 8c show that although 
there is some tendency of the catalysts with 
high activity to adsorb more NO, no simple 
correlation exists between the activity and 
the total uptake of NO. For all the cata- 
lysts, the volumetric uptake contains con- 
tributions, as seen by it-, from NO ad- 
sorption on both Co and MO. These 
contributions may not reflect the relative 
surface concentration of Co and MO since 

Absorbance. Co IArbiirery lhitl 

J 
1 2 3 4 5 
Absorbance, MO IArbitrsry Unit) 

- 

0 loo 200 300 
NO Uptake lpnol g-l 1 

FIG. 8. The dependence of the HDS activity of sul- 
fided Co-Mo/A120, catalysts on different parameters. 
(a) The absorbances of the ir band of NO adsorbed on 
Co (at 1850 cm-r), (b) the absorbances of the ir band of 
NO adsorbed on MO (at 1690 cm-‘), and (c) the total 
volumetric NO uptakes. 
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Frequency, cm-1 

FIG. 9. The influence of preadsorption of pyridine on 
the ir spectra of NO adsorbed on a sulfided CO-MO/ 
A&O3 (Co/M0 = 0.44) catalyst. 

the adsorption stoichiometry may be differ- 
ent and may depend on experimental condi- 
tions (which may influence the degree of 
coordinative unsaturation (CUS)). 

Pyridine has been found to partially poi- 
son sulfided Mo/AlzOs (33) and CO-MO/ 
A&O9 (34, 35) catalysts toward desulfuriza- 
tion of benzothiophene. In order to 
characterize the nature of the NO adsorp- 
tion sites on the Co-Mo/Al~0~ catalyst fur- 
ther, pyridine was preadsorbed at 423 K on 
the surface before NO adsorption. This 
leads to a drastic decrease in the amount of 
NO adsorbed on both Co and MO atoms, as 
shown in Fig. 9. The bands also shift to 
lower frequencies possibly due to the pres- 
ence of several adsorption sites on the sam- 
ple and that pyridine poisons mainly the 
high frequency sites. These observations 
are quite similar to those reported for re- 
duced Mo/Alz03 (27). According to these 
authors, the shift to lower frequencies is 
explained by the fact that the pyridine is 
also adsorbed on the uncovered alumina 
surface and this enhances the electron 
back-donation into the NO adsorbed on the 
neighboring surface metal sites. 

D. NilAl 
Adsorption of NO on sulhded NilA1203 

catalysts gives rise to one strong absorption 
band (Fig. lob) in contrast to the Co system 
where two distinct bands are usually ob- 
served. This band with a frequency at 1830 
cm-’ is, however, slightly asymmetric to- 
ward the low frequency side and this may, 
as has been suggested for reduced Ni/SiOz 
catalysts (36), be due to the presence of 
dinitrosyl species. The band frequency for 
the sulfided catalysts has shifted downward 
as compared with the same catalysts in 
their calcined state, as shown in Fig. 1Oa 
(i.e., a shift from 1865 to 1830 cm-’ for 
0.57% Ni/A120J and from 1848 to about 
1830 cm-l for 5.76% Ni/Al,03) indicating a 
sulfided environment as discussed above. 
The absorbance for both catalysts has also 
increased somewhat upon sulfiding. How- 
ever, volumetric measurements show a 
slight decrease in NO uptake for the 0.57% 
NilA1203 (from NO/Ni = 0.55 to NO/Ni = 
0.40) after the catalyst was sulfided, indi- 
cating an increase in the integral molecular 
absorption coefficient (from 1.8 x 10-i* to 
4.0 X 10-l* cm/molecule). 

5.7%Ni/Alla4 Ni-Mo/Al& 
tNihh=0.27) 

1900 l700 moo l700 
Frequency, cm-1 

FIG. 10. Infrared spectra of NO adsorbed on 
calcined and suEded Ni/A1203 and Ni-Mo/A120p cata- 
lysts. 
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E. Ni-MolA1203 

Three absorption bands at about 1840, 
1784, and 1685 cm-’ are seen for the sul- 
fided Ni-Mo/AlzOX catalysts (NiLMo = 
0.27) as shown in Fig. 10d. The correspond- 
ing calcined catalyst only shows a Ni band 
at 1880 cm-’ (Fig. 10~) since no reduced MO 
species are present (19). The bands in the 
sulfided catalyst are also shifted from the 
bands of a Hz-reduced Ni-MO/Al203 cata- 
lyst (Ni/Mo = 1.20) which shows bands at 
1860, 1800, and 1690 cm-’ (a Ni band at 
1876 cm-’ is seen for the calcined catalyst). 
The highest frequency band in the sulfided 
catalyst is attributed to NO adsorbed on Ni, 
whereas the other two bands are due to NO 
adsorbed on MO. The frequency of the Ni 
band was observed to be dependent on the 
Ni concentration as lower frequency is seen 
for catalysts with higher Ni loading. It is 
also evident that the frequency of the Ni 
band in Ni/A120j is lower than that found 
for Ni-Mo/A&O3. This is much more 
clearly seen in the calcined catalysts, where 
the Ni band lies at 1848 and 1865 cm-’ for 
the low and high loading Ni/A1203 catalysts, 
respectively, whereas the band frequency 
varies from 1881 to 1876 cm-’ for the Ni- 
Mo/A1203 catalysts with Ni/Mo ratios in- 
creasing from 0.09 to 1.20. As for the sul- 
fided Co-Mo/A1203 catalysts, the positions 
of the MO bands remain quite constant for 
the sulfided Ni-Mo/A120j catalysts with dif- 
ferent Ni/Mo ratios. 

It is seen that the amount of Ni titrated 
by NO (Fig. 1 la) increases with increasing 
Ni/Mo ratio (MO is at a constant level), 
whereas NO adsorbed on MO decreases. 
By comparison with Fig. 1 lc, it is seen that 
the HDS activity follows quite closely the 
NO adsorption on the Ni atoms. Figure 1 lb 
shows that there is a tendency for the more 
active catalysts to have a higher total up- 
take of NO but as in the case of the CO-MO/ 
A1203 catalysts, no simple correlation ex- 
ists between the HDS activity and the total 
NO uptake. It should be mentioned that 
catalytic synergy is also seen for the Ni- 

a 
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Ni/Mo 

, 

J 
FIG. 11. The effect of Ni loading (or Ni/Mo ratio) on 

the NO adsorption and HDS activity of sulfided Ni- 
Mo/A1203 catalysts. (a) The absorbances of the ir 
bands of NO adsorbed on Ni and MO (as peak heights 
of bands at 1835 and 1690 cm-‘, respectively), (b) the 
total volumetric NO uptakes, and (c) the thiophene 
HDS activities. (The catalysts all had the same MO 
loading.) 

IV. DISCUSSION 

It is seen from the present results that 
NO is a useful probe molecule for the char- 
acterization of sulfided Co, Ni, and MO cat- 
alysts. For each type of adsorbing atom, 
the NO adsorption gives rise to ir bands 
with different frequencies thus enabling one 
to distinguish between the nature of the dif- 
ferent types of adsorbent atoms on the sur- 
face. This feature is particularly important 
in the studies of the promoted CO-MO and 
Ni-Mo catalysts since in contrast to pre- 
vious studies using for example O2 chemi- 
sorption, one may obtain simultaneous in- 
formation about the adsorption occurring 
on the promoter atoms and on the MO at- 
oms. Thus, further insight into the structure 

Mo/A120J catalysts. of such catalysts can be obtained. Further- 
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more, from a comparison of the infrared/ 
volumetric chemisorption results with HDS 
activity data, the origin of the promotion 
and the nature of the active sites in such 
catalysts can be elucidated. These different 
subjects will be discussed further below. 

A. Structure of Suljided Catalysts 

a. CoIA1203. The adsorption of NO on 
both Co/&O~ catalysts with low Co load- 
ing (Figs. 2b and c) gives rise to two distinct 
bands but with different intensities indicat- 
ing a variation in the concentration of sur- 
face Co atoms adsorbing NO. 

For low loading catalysts, the major 
changes occurring upon sulfiding appear to 
be a partial or complete replacement of the 
oxygen atoms coordinated to the surface 
Co atoms by sulfurs (as indicated in the 
downward frequency shift in Fig. 2b as 
compared to Fig. 2a). Upon increasing the 
calcination temperature, Co has been ob- 
served to diffuse from octahedral positions 
at the surface to tetrahedral positions inside 
the alumina lattice resulting in less NO ad- 
sorbed on the calcined catalyst (17). Figure 
2d shows that increasing the calcination 
temperature also results in a decrease in the 
amount of NO being adsorbed after sulfid- 
ing. Thus, the sulfiding treatment used 
presently seems only to affect the Co atoms 
located at the surface of the’ alumina and 
not those located in tetrahedral coordina- 
tion in the subsurface layer of the alumina. 

For the high loading Co/A1203 catalyst 
(Fig. 2e), the type of adsorption is quite dif- 
ferent from that observed for the low load- 
ing catalysts and it is taken as typical for 
NO adsorbed on Co&. This indicates that 
the Co304 present on the surface of the 
calcined state (29) is readily transformed 
into Co&$ upon sulfiding. 

It is interesting that although the 6.5% 
Co/A1203 catalyst contains more than three 
times as much Co as the 2% Co/&O3 cata- 
lyst, the total amount of NO adsorbed is 
less (Fig. 3b). This decrease in NO adsorp- 
tion is related to the fact that above a cer- 
tain Co concentration, the formation of 

bulk Co304 is favored over the formation of 
Co atoms at the surface of the alumina (17, 
19). 

b. MoIAlz03. The results of the chemi- 
sorption of NO on a reduced Mo/A120, cat- 
alyst (Fig. lb) are in good agreement with 
those of many previous authors (22-28) 
and the downward shift in the NO band fre- 
quency observed upon sulfiding (compare 
Figs. lb and c) is similar to those reported 
recently by Okamoto et al. (28). However, 
the amount of NO adsorbed in the present 
study (expressed as NO/MO) is somewhat 
larger than the values found by Okamoto et 
al. (28). This difference could be due to the 
fact that these authors used a static type of 
sulfiding procedure which also gave rise to 
quite low S/MO values. The NO/MO values 
observed presently are quite close to those 
observed by Jung et al. (29). 

Okamoto et al. (28) have proposed that 
the adsorption of NO on sulfided Mo/A1203 
catalysts occurs on tetrahedrally coordi- 
nated MO species related to tetrahedral MO 
species present in the calcined catalysts ex- 
cept for some exchange of oxygen with sul- 
furs. In other words, they proposed that the 
structure of the sulfided catalysts is quite 
similar to the oxysulfide structure envi- 
sioned in the monolayer model. We would 
like to propose a different NO adsorption 
site as discussed in the following. 

Recently, it has been possible to obtain in 
situ structural information on Mo/A1203 
catalysts using EXAFS (32). No evidence 
for oxysulfides was found in these studies 
for the 8.6% Mo/A1203 catalyst studied here 
(sulfided under similar conditions). Rather, 
MO is predominantly present as MO&-like 
domains. Therefore, it seems likely that the 
adsorption of NO occurs mainly on MO at- 
oms present as MO&. The most probable 
adsorption sites are MO atoms located at 
the edges of MO& where the formation of 
CUS is favored. Thus, the NO adsorption is 
likely to be related to the edge dispersion of 
MO&. Adsorption of other molecules such 
as O2 has in fact been observed to occur at 
the edges (37, 38). 

The fact that MoSTlike structures are 



396 TOPS@E AND TOPS@E 

present in supported MO catalysts readily 
explains the similar type of chemisorption 
and activity correlation between supported 
Mo/A1203 (2) and unsupported MO& cata- 
lysts (I). 

c. Co-MolA120j. From a comparison of 
Figs. 4e and d, it is evident that the NO 
adsorption on the Co-Mo/A1203 catalyst is 
quite different from that expected from a 
simple superposition of the individual com- 
ponent spectra (Fig. 4d). For example, the 
spectrum of the catalyst shows less NO ad- 
sorption on MO atoms but more adsorption 
on Co atoms than expected from the behav- 
ior of the individual catalysts. This result 
and the nature of the changes in relative 
band intensity as discussed above indicate 
some type of interaction between Co and 
MO atoms. This would seem to be in accord 
with the previous Mossbauer emission 
spectroscopy (MES) studies (13) of the 
same catalysts which show the presence of 
the so-called CO-MO-S structure. In fact, 
the present results show (Fig. 12b) that 
there is a quite good correlation between 
the absorbance of the Co NO bands and the 
amount of Co atoms present as CO-MO-S. 
(The catalysts with the largest absorbance 
deviate from a linear correlation. These are 
the catalysts which contain significant 
amounts of Co&& (13) which also adsorbs 
NO.) Therefore, it is likely that the Co at- 
oms chemisorbing NO are predominantly 
those present as CO-MO-S. It could be 
added that the present results also show 
that Co atoms occupy surface positions in 
CO-MO-S. 

In view of the catalytic importance of the 
CO-MO-S structure, much effort has re- 
cently been directed toward establishing 
the positions of the Co atoms in this MO&- 
like structure (IO, II). Although much of 
the recent evidence suggests that the Co 
atoms are located at MO& edge positions, it 
has not been possible to establish this firmly 
(for a discussion see Ref. (14)). The present 
infrared results provide further support of 
this Co position. For the Co-Mo/Alz03 cat- 
alysts with different CO/MO ratios (but the 

1.2 - 
a 9 

/’ 

/ 
3 l.O- / 

; 0.6- 
0 

8 / 
5 0.6 - / 

jj J’ 0.4 - 0 / 0 

/ 
0.2 - 

d’ _ . 1:l correlation 

ci 0 I I I 
m 

Absorbance (Co sulf.1 

FIG. 12. The dependence of the absorbances of the ir 
bands of NO adsorbed on Co (1850 cm-‘) of sulfided 
Co-Mo/Alz03 catalysts with different Co loading on 
different parameters. (a) The absorbances of the ir 
bands of NO adsorbed on Co (1885 cm-‘) of the corre- 
sponding calcined Co-Mo/A120, catalysts and (b) the 
amount of Co in the form of CO-MO-S (as determined 
by MES in (13)). 

same MO content), an increase in the inten- 
sity of the bands associated with NO ad- 
sorption on Co atoms is seen upon increas- 
ing the Co concentration. However, at the 
same time this is seen to give rise to a de- 
crease in the intensity of the bands associ- 
ated with adsorption on MO atoms. For the 
Mo/A1203 catalysts, the adsorption of NO 
probably occurs, as discussed above, at the 
edges of the MO&-like domains. EXAFS 
(3.a as well as O2 chemisorption re- 
sults (8) indicate that the present cata- 
lysts all have about the same edge disper- 
sion. Therefore, the decrease in the inten- 
sity of the MO bands is taken as evidence 
for that Co is associated with the edges or 
corners of the MO& structure, thereby oc- 
cupying or covering some of the original 
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MO sites. In other words, one may regard 
the CO-MO-S “phase” identified in earlier 
MES studies (10, II) as a MO& phase with 
Co located (probably in atomic dispersion) 
along the edges at, for example, edge sub- 
stitutional or interstitial positions. In many 
ways, the MoS2 may be considered as the 
support for the Co atoms and the maximum 
amount of Co which can be present as Co- 
MO-S will be expected to depend on the 
edge dispersion of the MO&. It is, how- 
ever, seen that even for catalyst containing 
large amounts of Co, some MO sites are still 
available for NO adsorption. This may indi- 
cate that Co has preference for certain sites 
such that a full edge coverage cannot be 
achieved. 

The results on the effects of changing the 
calcination temperature (Figs. 5 and 6a) are 
also in accord with the above picture of the 
location of the Co atoms. In a previous 
study (I 7)) it was found that increasing the 
calcination temperature resulted in less Co 
being present as Co-MoS after sulfiding. 
In agreement with this, Figs. 5 and 6 show 
that increasing the calcination temperature 
leads to a decrease in the number of Co 
atoms adsorbing NO after sulfiding. It is 
further seen that more MO atoms are now 
available for the adsorption of NO (Fig. 6a) 
which agrees with less Co occupying the 
edges of the MO&. 

d. Ni-MolAi20j. The ir results for the 
Ni-Mo/A1203 catalysts show (see Fig. ll), 
very similar to the behavior for the CO-MO/ 
A&O3 catalyst, that upon increasing the Ni 
content, the number of Ni atoms adsorbing 
NO increases, whereas the number of MO 
atoms adsorbing NO decreases. This close 
analogy in the behavior of the CO-MO and 
Ni-Mo catalysts indicates that the Ni-Mo 
catalysts also have the promoter atoms lo- 
cated at the edge positions of MO&. The 
downward shifts of the Ni band in the Ni- 
Mo/A1203 catalysts, in contrast to catalysts 
containing Ni only, reflects the interaction 
of Ni with MO which apparently changes 
the electronic environment of Ni. The simi- 
lar MO band positions for Ni-Mo/AlzOs and 

Mo/A120s catalysts indicate that the surface 
MO atoms adsorbing NO have not been 
much affected by the promotion. The 
results on the Ni-Mo catalysts provide fur- 
ther evidence for that the CO-MO-S type 
structure may be a general structural fea- 
ture in promoted MO (and W) based sulfide 
catalysts. 

B. Relationship with Structures Present 
Prior to S&ding 

The results on the Co/A1203 catalysts 
show that the structure of the sulfided cata- 
lysts to a large extent is predetermined by 
the type of phases present in the calcined 
state. This is apparently related to the fact 
that each of the phases observed in the 
calcined catalysts responds in a certain way 
to the sulfiding treatment. This has also 
been observed previously (I 7, 21) for Co- 
Mo/A1203 catalysts where it was shown that 
the CO-MO-S structure seemed to be 
formed from the octahedrally coordinated 
Co present at the surface of the alumina. 
The results shown in Fig. 12a, where a cor- 
relation between the Co atoms adsorbing 
NO in the calcined state and those adsorb- 
ing NO in the sulfided state is observed, 
give further evidence for such a relation- 
ship. Moreover, an increase in the calcina- 
tion temperature, which causes Co to dif- 
fuse into the alumina (17, 19), leads to less 
Co adsorbing NO (and present as Co-Mo- 
S) in the sulfided state. This also shows the 
close relationship between the structure of 
the precursor and that of the sulfided cata- 
lyst. The behavior of Ni-Mo/Alz03 cata- 
lysts is found to be rather similar to that of 
the CO-MO system (39). 

C. Catalytic Implications 

It is quite clear from a comparison of 
Figs. 7a and c and from Fig. 8c that no sim- 
ple correlation exists between the total 
amount of NO chemisorbed on the CO-MO 
catalysts and HDS activity of these cata- 
lysts. It is seen that while the HDS activity 
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changes by a factor of more than 10, the 
total NO uptake only varies by a factor of 
less than 3. Furthermore, it is observed that 
catalysts with very low activity may have 
large NO uptakes and also the catalysts 
with the largest NO chemisorption are not 
those with maximum activity. It may be 
worth noting that for the present catalysts, 
no simple correlation was observed with to- 
tal O2 chemisorption either (8). Neverthe- 
less, despite the absence of a direct correla- 
tion between the catalytic activity and the 
total amount of NO chemisorbed, NO che- 
misorption may, if combined with the infra- 
red spectroscopic results, provide useful 
clues to the nature of the active sites and 
the promotion of the HDS activity in such 
catalysts. 

The infrared results allow one to separate 
the contributions from NO adsorption on 
the MO atoms from that on the promoter 
atoms. For Co-Mo/A120j catalysts calcined 
at different temperatures (Fig. 6) and Co- 
Mo/A1203 (or Ni-Mo/Al,O,) catalysts con- 
taining different concentrations of Co (or 
Ni) promoter atoms (Figs. 7, 8, and ll), a 
correlation is found between the increase in 
the HDS activity of these catalysts and the 
absorbance of the Co (or Ni) bands. How- 
ever, for all these catalysts, no correlation 
is apparent between the activity and the 
amount of NO adsorbed on the MO atoms. 
In fact, the catalysts with the highest activ- 
ity are those with the fewest MO atoms ad- 
sorbing NO. This latter result clearly dem- 
onstrates that the role of the promoter 
atoms is not to create more of the type of 
sites present in the unpromoted Mo/A1203 
catalysts. Instead, the primary role of the 
promoter atoms is to create a new more 
active type of sites associated with the pro- 
moter atoms in the CO-MO-S or Ni-MO-S 
structures. In general, one will expect con- 
tributions to the HDS activity from both 
promoted and unpromoted sites but it is 
seen that even in the case of minor concen- 
trations of promoted sites these will domi- 
nate the HDS activity for Co-MO and Ni- 
MO catalysts. The present results are in 

agreement with previous Mossbauer emis- 
sion spectroscopy measurements (13-18) 
where the HDS activity was shown to be 
related to the amount of Co present in the 
form of Co-MO-S. The ir results extend the 
conclusions to Ni-Mo catalysts and it is 
likely that other promoted HDS catalysts 
will show many similarities. 

In the case of the Co-Mo/A120X catalysts 
with different CO-MO atomic ratios (and 
constant MO content), the catalytic activity 
was proportional to the absorbance of NO 
on Co atoms for low CO/MO ratios. How- 
ever, for high CO/MO ratios, some deviation 
from linearity is observed (Fig. 8a). This 
deviation is probably due to formation of 
bulk Co& (13) which also adsorbs NO. 
Nevertheless, one may estimate the 
amount of Co present as CO-MO-S by cal- 
culating the decrease in absorbance of MO 
bands due to the presence of different 
amounts of Co, which in view of the above 
results, reflects the fraction of MO edge 
sites covered by Co atoms. Indeed, when 
the catalytic activity is plotted against this 
parameter (Fig. 13), a remarkably good lin- 
ear relationship is observed even for the 
catalysts which contain Co&. The exis- 
tence of such a correlation supports both 
the structural description of these catalysts 
and the catalytic significance of the differ- 
ent sites present. It should perhaps be 
added that the above results also indicate 

1 2 3 4 

Abs IMo/Al203]- Abs (CoMWA&o,) 

FIG. 13. Thiophene HDS activities as function of the 
difference in absorbance of the ir bands of NO ad- 
sorbed on MO between the unpromoted and the differ- 
ent promoted catalysts. 
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that in the present catalysts, Co$s does not 
contribute significantly to the overall cata- 
lytic activity. 

It is known that pyridine is a poison for 
the HDS activity for both Mo/Alz03 and 
Co-Mo/AlzOs catalysts (33-35). The 
present result (Fig. 9) shows that pread- 
sorption of pyridine leads to a drastic de- 
crease in the absorption bands associated 
with both Co and MO atoms. Thus, for the 
present catalysts both the more active pro- 
moted and the less active unpromoted sites 
are poisoned. It is seen from Fig. 9 that 
some NO adsorption on sites associated 
with Co still occurs which is in agreement 
with the observation that the HDS activity 
is not completely poisoned by adsorption of 
pyridine (35). 

In past studies, no clear correlation was 
found between the HDS activity and the 
chemisorption of other probe molecules 
such as O2 on promoted catalyst (3-9). In 
view of the present results, this situation is 
probably due to the fact that these mole- 
cules may titrate both the more active pro- 
moted sites and the less active unpromoted 
sites along the edges of the MoSz-like struc- 
tures. Therefore, the type of correlation ob- 
served will be expected to depend on the 
extent that the probe molecules have pref- 
erentially titrated the more active promoted 
sites associated with the Co or Ni (present 
as CO-MO-S or Ni-MO-S). 

The fact that the activity for the different 
catalysts is found to be proportional to the 
number of Co (Ni) atoms at the edges of 
MO& indicates that the new high activity 
sites are associated with the promoter at- 
oms. However, these results do not allow 
one to conclude whether these sites are as- 
sociated solely with the promoter atoms or 
if the surrounding MO atoms also play a vi- 
tal role, for example, by modifying the re- 
dox properties or by changing the bond 
strength of the sulfur atoms (for a discus- 
sion of some of the different possibilities 
see Ref. (40)). More research is obviously 
needed before a detailed understanding can 
be achieved on how the presence of the 

promoter atoms along the edges of the 
MoS2 structure can create sites with much 
higher intrinsic HDS activity. 

V.CONCLUSION 

The present study demonstrates that NO 
may be a useful selective probe molecule 
for elucidating the nature of the surface 
species present in sulfided HDS catalysts. 
The fact that the frequencies of the ir bands 
of the adsorbed NO are sensitive to the 
type of atoms and local environment makes 
it possible to acquire information on the 
promoter atoms (Co or Ni) and the MO at- 
oms simultaneously. This possibility is es- 
pecially valuable in view of the fact that the 
HDS activity fails to show a simple correla- 
tion with the total NO adsorption but only 
with the fraction adsorbed on the promoter 
atoms. It is perhaps noteworthy that, in 
contrast to the present studies, the many O2 
chemisorption studies of promoted cata- 
lysts reported recently (3-9) could not dis- 
criminate between the adsorption occurring 
on the different atoms. Thus, no general 
valid correlations could be made between 
the O2 chemisorption and the HDS activity. 

It is presently found that the Co atoms, 
which adsorb NO and seem to be responsi- 
ble for the promotion of the HDS activity, 
are related to the Co atoms which Moss- 
bauer emission spectroscopy has shown 
(see, e.g. (10, 24, 40)) to be present in the 
so-called CO-MO-S structure. Previous 
results have shown that CO-MO-S has a 
MoS+e structure (see (20-12, 14, 40)). 
The present findings provide further details 
on the nature of these structures and indi- 
cate that the Co atoms are situated at edges 
or comer positions. Furthermore, it is 
shown that Ni-Mo catalysts behave analo- 
gously. The edge coverage by the promoter 
atoms causes a blocking of some of the MO 
adsorption sites. Thus, besides being in- 
volved in the creation of new sites with high 
intrinsic HDS activity, the promoter atoms 
present at the MO& edges will probably 
also give rise to a decrease in the concen- 
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tration of the less active unpromoted sites 
(i.e., those possessing the HDS activity in 
the unpromoted catalysts). 

For both CO-MO and Ni-Mo catalysts 
the intrinsic HDS activity of the promoted 
sites seems to be considerably greater than 
that of the unpromoted sites. Thus, even in 
the case of relative small concentrations of 
promoted sites, the HDS activity will be 
dominated by the reaction occurring on 
these sites. We are presently investigating 
the catalytic role of such promoted and un- 
promoted sites in other catalyst systems 
and for reactions other than HDS. 
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