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A suite of 11 CoMo/A1203 (and one CoMo/SiOz) catalysts has been prepared employing four 
preparation routes, viz. one sequential-impregnation route and three different coimpregnation 
routes. Speciation of the Co present in the oxidic precursors (octahedral vs tetrahedral Co) and in 
the activated, sulfided catalysts (CoMoS, Co9S8, and unsulfided Co) was effected with the aid of 
5VCo M6ssbauer emission spectroscopy (MES). A linear relation between the thiophene-hydrodesul- 
furization (HDS) activity and wt% Co-in-CoMoS was observed for each preparation route, but no 
unique correlation was found to exist. This was traced to the fact that the preparation routes differ 
in the amount of CoMoS I and CoMoS II they produce in the activated catalyst. Although these 
two phases differ in specific activity, CoMoS II being twice as active in thiophene HDS as CoMoS 
I, they cannot be distinguished on the basis of their M6ssbauer parameters. It appears that octahedral 
Co is easier to sulfide than tetrahedral Co, but a substantial fraction of the latter is also found to 
be capable of entering CoMoS upon sulfidation. The reduced effectiveness of high-loading catalysts 
is traced to their being prone to CoMoO4 formation in the calcination step. A rationalization of this 
behavior is offered. © 1992 Academic Press, Inc. 

INTRODUCTION 

An understanding, and therefore a 
rational exploitation, of the influence of the 
preparation method on the hydrodesulfur- 
ization (HDS) activity of Co(Ni)Mo/A1203 
catalysts has long been hampered by the 
difficulty of establishing in a quantitative 
manner which Co(Ni)Mo phases are present 
on the alumina surface after calcination and 
sulfidation. As far as Co speciation is con- 
cerned, it would appear that 57Co M6ss- 
bauer emission spectroscopy (MES), whose 
application to HDS catalysts was pioneered 
by TopsCe et al. (1, 2), is by far the most 
powerful technique. On the basis of results 
obtained by this and other methods, TopsCe 
et al. (1-3) have concluded that there is only 
one really active phase, designated CoMoS, 
which consists of Co z+ ions sitting on the 
edges of (small) MoS 2 crystallites, the thio- 
phene-HDS activity being proportional to 
the amount of Co in CoMoS. Furthermore, 
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it is found that the CoMoS phase is formed 
from well-dispersed octahedral Co and well- 
dispersed Mo present on the support surface 
after calcination (4). Other phases often en- 
countered in sulphided catalysts, such as 
Co9Ss, unsulfided Co, and unpromoted 
MoS2, have negligible activity. However, 
Candia et aI. (5) have recently shown that 
there are (at least) two CoMoS phases: these 
are designated type I, in which the Mo is not 
fully sulfided, so that some bridging oxygen 
ions between Mo and A1 remain, and type 
II, in which Mo is fully sulfided, so that the 
interaction between active phase and the 
subjacent alumina is only of the van der 
Waals type. This distinction into two modi- 
fications is important in that the latter type 
is more active, per Co in CoMoS, than the 
former in the HDS of thiophene (5). How- 
ever, apparently the CoMoS I and II phases 
cannot be distinguished by 57Co MES mea- 
surements: not only has a comparison be- 
tween the M6ssbauer parameters of the two 
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phases never been given by TopsCe et al., 
but they use the activity criterion to distin- 
guish the phases (6)! In this connection it is 
also relevant to note that G6b616s et al. (7) 
have found that CoMoS activity can be 
greatly altered via severe pretreatments 
without the M6ssbauer parameters chang- 
ing appreciably. Since one can expect the 
Mo-A1203 interaction to vary with the prep- 
aration method employed, and the extent of 
sulfidation under standard conditions in its 
turn to vary with that interaction, it may 
well be that there is no universal k(HDS) vs 
Co-in-CoMoS curve, but that while a 
straight line is obtained for each preparation 
route, the slope of that line will depend on 
the relative amounts of CoMoS I and II gen- 
erated (the k(HDS) vs Co-in-CoMoS curve 
does not even have to be straight, since the 
ratio I/II may depend on catalyst loading). 

In order to verify the reported linear rela- 
tionship between thiophene-HDS activity 
and the amount of Co in the CoMoS phase 
(1) we have applied MES to study the rela- 
tionship "preparation-structure-HDS ac- 
tivity." The results are reported here. In 
passing, we also studied the question as to 
whether in fact only Co(oct.) is capable of 
entering the CoMoS phase. Recently van 
der Kraan et aI. (8) reported the observation 
of the so-called CoMoS phase in carbon- 
supported cobalt sulphide catalysts by 
MES. Their results show that the formation 
of a cobalt species like the one present in 
the CoMoS phase does not necessarily re- 
quire the presence of molybdenum disul- 
phide. This implies that from a fundamental 
point of view this special type of cobalt spe- 
cies, defined by an MES spectrum con- 
sisting of a quadrupole doublet (QS = 
1.0-1.3 mm/s), should not be referred to as 
CoMoS; however, we will still use CoMoS 
here as a notation to avoid misunder- 
standings while comparing our results with 
those reported in the literature (1-7),  in par- 
ticular because there appears to be little 
doubt that in CoMo systems the Co giving 
rise to the quadrupole doublet is in fact 
(mainly) associated with the MoS 2. 

Although we have exploited our results 
through the CoMoS model, we do not wish 
to imply that there is in any way a consensus 
on the structure and function of catalyst and 
promoter in CoMo HDS catalysts. For a 
recent review of the various views on this 
matter, see Ref. (9). 

EXPERIMENTAL 

The CoMo/A1203 samples were prepared 
via the sequential route described by Wivel 
et al. (4) and via three different coimpregna- 
tion routes, viz. routes using (a) phosphoric 
acid-containing solution, (b) ammoniacal 
solution, and (c) near-neutral solution con- 
taining nitrilotriacetic acid (NTA). In the 
case of the M6ssbauer samples 57Co was 
added to the impregnation solution as its 
nitrate in 0.07 M HNO3 (ex Amersham). In 
the case of the samples destined for activity 
measurements only the nitric acid was 
added. In some cases an adverse effect of 
the acid on the catalyst activity was noted, 
which, however, could be counteracted by 
neutralizing it with Co(OH)2 or NH4OH. 
The Co(OH)2/NH4OH-modified routes 
were used for both the M6ssbauer and activ- 
ity samples. The reproducibility of the cata- 
lyst preparation cum activity test is satisfac- 
tory: the spread in catalyst activity for 
separate preparations is always within 5% 
relative, except at the highest loadings (e.g., 
-+10% for samples such as No. 241). Cata- 
lyst loadings are given in Table 1. The 
amount of 57Co in the M6ssbauer samples 
was of the order of 4 mCi g- ~. 

As support we employed a Shell y-A1203 
with a surface area of 250 m z g- 1 and a pore 
volume of 0.75 ml g 1, in one case modified 
by NH4F treatment to remove the basic OH 
groups (10). The HDS of thiophene at atmo- 
spheric pressure was used as the activity 
test. The setup was similar to one described 
in the literature (11), the standard conditions 
being as follows: sulphidation, 2 h at 350°C 
in ~ v/v H2S/H2; testing, 5 h at 350°C in H 2, 
loaded with 6 vol% thiophene, the perfor- 
mance at t = 5 h being taken as the catalyst 
activity (by this time a plateau had long been 
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TABLE 1 

Metal Loading and Preparation Route of the 
CoMo/A1203 Catalysts Studied 

Catalyst Metal loading Preparation 
no. route a 

Co, %w Mo, %w 

124 2.9 8.3 
125 2.9 8.3 
126 2.0 9.3 
127 2.4 11.1 
129 1.5 7.8 
234 0.91 4.2 
235 0.53 - -  
237 2.1 6.0 
238 b 1.3 7.5 
239 2.5 7.5 
241 2.7 13.2 
268 2.6 7.9 

s , i ,  

s . i .  

(Mo) 
(Co) 

a 

a 

c 
a 

tion as well as the outer container used in 
this study was made of stainless steel, while 
the Mylar windows were replaced by beryl- 
lium windows, vacuum-brazed on the outer 
container. Sulfidation was carried out in a 
50 c m  3 rain -1 flow of 10 mol% H2S in H 2 gas 
mixture. After flushing the reactor with the 
H2S/H 2 mixture at room temperature for 30 
rain, the temperature was linearly increased 
by 10 K min- 1 (in some cases 2 K min- l) up 
to T = 673 K, and kept at this temperature 
for 1 h. Subsequent cooling was effected in 
argon. 

The spectrometer was placed in a vertical 
position so that the catalysts, which had 
been prepared as M-in. extrudates, could be 
measured as such. 

a s.i., sequential impregnation [( ) indicates compo- 
nent impregnated first] 
a,b,c: coimpregnation routes, c involving the presence 
of an organic ligand. 

b Support, SiO 2. 

reached in the conversion vs time plot in 
practically all cases). 

The MES experiments were carried out 
in situ at room temperature using a constant 
acceleration spectrometer in a triangular 
mode with a moving single-line absorber of 
K4Fe(CN) 6 • 3H20 enriched in 57Fe. Isomer 
shifts are reported with respect to a source 
of 5VCo in metallic Rh, positive velocities 
corresponding to the absorber moving away 
from the source. The velocity scale was cali- 
brated by the M6ssbauer spectrum of so- 
dium nitroprusside (SNP) obtained with the 
57C0 in Rh source. M6ssbauer spectra were 
fitted by computer with calculated subspec- 
tra consisting of Lorentzian-shaped lines, 
by varying the M6ssbauer parameters in a 
nonlinear, iterative minimization routine. In 
the case of quadrupole doublets the line- 
widths and the absorption areas of the con- 
stituent peaks were constrained to be equal. 

Sulfidation of the catalysts for the MES 
experiments was performed in a M6ssbauer 
in situ reactor, which has been described 
elsewhere (12). However, the heating sec- 

RESULTS 

M6ssbauer Emission Spectroscopy of 
57Co-doped Co-containing catalysts can 
yield information about the Co-containing 
phases via the 57Fe atoms produced by the 
decay of the ~7C0. However, the observed 
valence and spin states of the 57Fe daughter 
atoms may be different from those of the 
parent 57C0 atoms due to so-called chemi- 
cal after-effects (13). Although these after- 
effects can be neglected in conducting mate- 
rials, they are quite important in insulators. 
It seems worthwhile to emphasize that due 
to the after effects, MES can only be used 
as a finger-print technique. However, within 
a framework of the same kind of catalysts 
(same constituent atoms, same kind of sup- 
port) valuable information about the Co- 
containing phases can be obtained from mu- 
tual comparison of the spectra of the cata- 
lysts and by comparing the spectra of the 
catalysts with those of appropriate model 
compounds. In this study we have used the 
results of model compounds as published by 
Wivel et al. (4) for the oxidic precursors 
and by TopsCe et al. (1) for Co and CoMo 
sulfides. 

Although we are dealing with 57Fe atoms 
produced by the decay of the 57C0, we as- 
cribe the various resonant absorption spec- 
tra to Co species. 
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FIG. 1. R o o m - t e m p e r a t u r e  M 6 s s b a u e r  spec t ra  of  cal- 
c ined  CoMo/AlzO3,  p r e p a r e d  v ia  sequent ia l  impregna-  
t ion.  (a) Mo first, No.  124, (b) Co first, No.  125. 

Oxidic Catalyst Precursors 

Figure 1 presents the room-temperature 
M6ssbauer spectra of the calcined versions 
of the catalysts prepared by the sequential 
impregnation routes of Wivel et al. (4). In 
the case that the Co has been deposited first 
on the T-AI203 support, the spectrum con- 
tains a contribution of about 90% from 
C0304, as expected, and a contribution of 
about 10% from a high-spin Co 2+ compound 
(Fig. lb). When Mo is deposited first on the 
support, C0304 is not in evidence (Fig. la). 
However, from Fig. 1 it is obvious that the 
M6ssbauer spectrum of C0304 falls com- 
pletely within the resonant region of the 
spectrum of Fig. la. The possible presence 
of a small amount of C0304 in sample 124 
cannot, therefore, be entirely ruled out, and 
it will hardly be possible to analyze spectra 
such as that shown in Fig. la in a proper 
unique way, for lack of more detailed spec- 
tral information. 

Nevertheless, we have checked the pro- 
posed relationship between octahedral Co 
in the oxidic precursor and Co in CoMoS 
after sulphidation (4). Since we have 
worked with low Co/Mo atomic ratios the 
formation of C0304 during the calcination 

step will be highly improbable (as long as 
both elements are present together). There- 
fore, we have applied in the analysis of the 
spectra the same basic ideas about tetrahe- 
drally and octahedrally coordinated Co spe- 
cies as Wivel et al. (4). The results of such 
a computer analysis of the spectrum of Fig. 
la are presented in Table 2. 

Close inspection of the spectrum of Fig. 
1 a reveals that the outer wing of the resonant 
absorption lines at positive velocities is 
rather sharp (cf. Fig. 3, below), indicating 
the presence of a well-crystallized species. 
In view of the deduced M6ssbauer parame- 
ters (Table 2) this species could be ~- 
C o M o O  4 (cf. Ref. (4)). Compounds that are 
nomina l l y  CoMoO4,  do not, however, ap- 
pear to give invariably the same M6ssbauer 
spectrum (1, 4). Hence, we were unable to 
constrain the C o M o O  4 parameters in such a 
way as to be able to determine the spectral 
contribution of C o M o O  4 . On the other hand, 
the presence of this phase is evident from 
X-ray diffraction data, as is shown in Fig. 
2 c .  

The influence of the applied preparation 
method on the composition of the oxidic 
catalyst precursor can be gauged from Fig. 
3, in which a M6ssbauer spectrum of one 
sample of each applied preparation route 
is presented, the sequential impregnation, 
with Co first, being excluded. Manifestly, 
there are only rather subtle differences be- 
tween the samples, made via the three com- 
pletely inorganic routes, while coimpregna- 
tion method c, which involves the presence 
of an organic ligand (NTA), leads to an es- 
sentially different M6ssbauer spectrum. 
The latter has been analyzed with only one 
Co 3+ and one Co 2+ component; spectra 
3a-3c have been analyzed in the same way 
as the one in Fig. la. The numerical results 
are presented in Table 2. 

The sample prepared following route c 
has only been dried at 383 K, and was not 
calcined afterward, in order to prevent the 
decomposition of the Co-Mo-NTA com- 
plex before the sulphidation step. The M6ss- 
bauer spectrum of this sample (Fig. 3d) 
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TABLE 2 

M6ssbauer Parameters ~ of the Oxidic Catalyst Precursors 

Catalyst Fe 3+ component 

no. 

Fe 2+ component 

tet oct tet oct 

IS QS A IS QS A IS QS A IS QS A 

124 0.27 0.74 37 0.27 1.31 19 1.06 1.47 19 1.00 2.71 25 
125 0.22 0.65 60 0.10 - -  30 1.27 0.87 4 1.00 2.66 6 
126 0.31 0.71 28 0.30 1.19 39 1.09 1.67 11 1.02 2.69 22 
127 0.32 0.63 33 0.32 1.15 26 1.08 1.35 11 1.02 2.65 30 
129 0.29 0.15 30 1.03 2.53 70 
234 0.21 0.85 45 0.44 1.17 12 0.83 1.33 4 0.74 2.54 39 
235 0.16 0.67 63 0.66 1.96 37 
237 0.24 0.69 32 0.31 1.18 4 0.90 1.29 35 0.87 2.66 29 
239 0.25 0.72 46 0.34 1.24 6 0.87 1.27 17 0.79 2.59 31 
241 0.26 0.64 46 0.36 1.21 3 0.91 1.25 23 0.87 2.56 28 
268 0.24 0.78 44 0.37 0.98 19 0.98 1.54 15 0.85 2.52 22 

IS and QS in mm s l; A is the spectral contribution in %. 

shows a relatively small resonant absorption 
area, indicating an effective Debye tempera- 
ture much lower for the Co-phase than for 
those in the calcined samples. As apparent 
below, the effective Debye temperature is 
strongly increased upon sulphidation. 

Figure 4 shows the room-temperature 
M6ssbauer spectra of a series of oxidic cata- 
lyst precursors prepared following the coim- 
pregnation route a. In this series the total 
metal loading has been increased while 
keeping the Co/Mo atomic ratio constant at 
0.35. The spectra have been analyzed as 
described above, and the M6ssbauer param- 
eters obtained are again given in Table 2. 
Visual inspection of the spectra suggests 
that at higher loadings (samples 127 and 241) 
CoMoO4 should be present, and in fact the 
parameters of the Co 2+ spectral compo- 
nents are similar to those of a model o~- 
CoMoO 4 compound (4). That CoMoO4 is 
present only at higher loadings is also cor- 
roborated by X-ray diffraction; see Fig. 2, 
diffractrograms a and b. 

The M6ssbauer spectra of samples pre- 
pared via coimpregnation route b are quite 
similar to those of their route a counterparts, 

and the results of their analyses are col- 
lected in Table 2. CoMoO 4 is again in evi- 
dence (sample 239), especially when an 
NH4F-treated A1203 is taken as a support 
(sample 237, cf. X-ray diffractogram in Fig. 
2d). 

The M6ssbauer spectrum of CoMo 
(NTA)/SiO2 (sample 238) is identical with 
that of its A1203 analogue, as reported before 
(14). 

Activated Catalysts 

In Fig. 5 we present the M6ssbauer spec- 
tra at room temperature of the samples pre- 
pared by sequential impregnation in sulfided 
form (see Fig. 1 for the oxidic precursors). 
It is seen that, as reported before (4), Co304 
is transformed upon sulfiding into Co9S 8 
(spectrum 5b). The spectrum of the model 
compound Co9S 8 consists of one doublet 
and one singlet with an intensity ratio of 
8 : 1, the ratio of the number of tetrahedral 
and octahedral positions in the crystal struc- 
ture (4). In the computer analysis, however, 
the broad absorption line obtained (cf. 5b) 
can be fitted with one small-quadrupole dou- 
blet (QS = 0.26 mm s -1) to as good an ap- 
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F i e .  2. X-ray powder diffractograrns of some cal- 
cined CoMo/AI203 samples.  (a) 6 . 5 %  M o ,  r o u t e  a ;  (b) 

12% M o ,  r o u t e  a ;  (c) 8 . 8 %  M o ,  s, i .  (Mo) ;  (d) 8 . 6 %  M o ,  

route b,  f l u o r i d e d  A1203 support. The lines indicated 
with dots are due to a - C o M o O  4 ( J C P D S  Powder Dif- 
fraction File 21-868).  

FeMoS phase (defined by analogy with the 
CoMoS phase) can best be analyzed by a set 
of two, instead of one, electric quadrupole 
doublets. Although such an approach leads 
here to a better fit of the spectrum in all 
cases, there appears to be no system in the 
partitioning into a high- and a low-QS con- 
tribution, nor are improved k(HDS) vs 
Co(CoMoS) correlations obtained (cf. be- 
low). We report, therefore, only the results 
obtained with a single doublet for the so- 
called CoMoS phase (Table 3). 

As to the identification of CoMoS II, as 
opposed to CoMoS I, Candia et al. (5) have 
reported the formation of the former phase 
upon sulfidation at high temperatures (well 
above 675 K). As the M6ssbauer parameters 
of CoMoS II were not reported, we have 
studied the effect of 873 K sulfidation on the 
spectrum of sample 126. Results are col- 
lected in Fig. 8 and Table 4. 

Reoxidized Catalysts  

After the in situ M6ssbauer measure- 
ments the activated catalysts were exposed 
to air at room temperature. If MES is per- 
formed immediately after exposure to air, 
no direct effect on the spectrum is apparent 
(cf. Fig. 9d). After standing in air for a few 
days, however, samples become oxidized: 

proximation as the doublet cure singlet de- 
scribed above. In the following, the one- 
doublet approximation with a constraint QS 
of 0.26 mm s -1 is applied. 

Figures 6 and 7 show the spectra of the 
activated catalysts of Figs. 3 and 4, respec- 
tively. The spectra consist mainly of an elec- 
tric quadrupole doublet, which has been as- 
cribed to the so-called CoMoS phase by 
TopsCe et al. (1). The spectra have been 
analyzed taking into account the CoMoS 
and Co9S 8 phases, as well as a high-spin 
Co 2+ component. The results are collected 
in Table 3. 

From an extensive study of FeMo/carbon 
HDS catalysts, Ramselaar et al. (15) have 
found that the M6ssbauer spectrum of the 

T A B L E  3 

M6ssbauer Parameters a of  the Activated Catalysts 

Catalyst CoMoS C09S8 b Co 2 + 
n o .  

IS QS A IS A IS QS A 

124 0.23 0.92 75 0.23 23 0.64 1.20 2 
125 - 1 0  0.28 - 9 0  
126 0.22 0.99 83 0.19 8 0.52 1.45 9 
127 0.24 1.03 72 0.23 21 0.83 1.82 7 
129 0.20 0.99 100 
234 0.24 1.07 74 0.14 10 0.64 2.27 16 
235 0.27 73 0.73 2.24 27 
237 0.21 1.11 36 0.23 58 0.74 1.87 6 
238 0.20 1.00 100 
239 0.19 1.08 63 0.20 33 0.69 1.89 4 
241 0.25 1.05 45 0.22 45 0.75 2.40 10 
268 0.23 0.92 87 0.18 6 0.84 1.77 7 

° IS and QS in mm s - l ;  A is the spectral contribution in %. 
b QS (Co9S 8) constrained to 0.26 mm s 1. 
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FIG. 3. Room-tempera ture  spectra  of  calcined 
CoMo/AI203 catalysts  prepared via various routes.  (a) 
s.i. (Mo), sample No. 124; (b) route a, No. 126; (c) 
route b, No. 268; (d) route  c, No. 129. 

Fro. 4. Room-tempera ture  spect ra  of  calcined 
CoMo/A1203 prepared via coimpregnat ion route (a). 
Co, Mo loadings in wt%: (a) 0.9, 4.2; (b) 2.0, 9.3; (c) 
2.4, 11.1; (d) 2.7, 13.2. 

for sample No. 125 one observes that only 
20% of the original Co9S s remains, the spec- 
trum being dominated by new Co phases 
(Co 3+ and Co2+); for samples 124 and 129 a 
high-spin Co 2+ phase is seen to have formed 
(26 and 16%, respectively). Whether in the 
latter cases the central doublet is to be as- 
cribed to CoMoS None, or whether also an 
Fe 3+ (ox.) component is present, we have 
not attempted to ascertain, the M6ssbauer 
parameters of these phases being quite simi- 
lar (Tables 2 and 3, cf. Ref. (/6)); in view of 
the observed isomer shift of 0.20 m m s  -1, 
however, it seems probable that CoMoS is 
at least the major component. 

D I S C U S S I O N  

In order to construct a plot of HDS activ- 
ity vs wt% Co-in-CoMoS, we take the latter 
quantity to be equal to the wt% Co in the 
catalyst times the spectral contribution of 

the CoMoS signal to the room-temperature 
M6ssbauer spectrum. 

Figure 10 is a plot of thiophene-HDS ac- 
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Fro. 5. As Fig. 1, after sulfiding. 
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FIG. 7. As Fig. 4, after sulfiding. 

tivity, expressed as a pseudo-first-order rate 
constant against wt% Co-in-CoMoS, ob- 
tained as described above. It appears that 
there is no single correlation line, but that 
the data points segregate into three groups: 
(i) those obtained for catalysts prepared via 
coimpregnation route b or sequential im- 
pregnation, with Mo first, (ii) those obtained 
for catalysts prepared via coimpregnation 
route a, and (iii) those obtained for catalysts 

prepared via coimpregnation route c. Curve 
(i) is labeled CoMoS I, because the sequen- 
tial impregnation route leads to that phase, 
according to TopsOe et al. (1, 5), while curve 
(iii) is labeled CoMoS II, because, as we 
have argued elsewhere (14), route c, involv- 
ing the application of an organic ligand (e.g., 
NTA), results in that phase exclusively (as 
long as the calcination step is omitted). We 
note in passing that the specific activity of 

TABLE 4 

The Influence of Sulfiding Temperature on the M6ssbauer  Parameters of CoMoS (CoMo/A1203, Cat. No. 126) 

T"(K) Co9S8 C o - M o - S  

IS (ram s -~) QS (mm s -1) A (%) IS (ram s -I) QS (mm s -I) A (%) 

673 3 0.24 0.95 97 
873 0.23 0.26 33 0.28 1.02 67 
873 b 0.21 0.26 22 0.25 0.96 78 

a Temperature of in situ sulfiding. 
b After sulfidation at 673 K and subsequent exposure to air. 
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K, (b) sulfided at 673 K, exposed  to air, resulfided at 
873 K, (c) sulfided at 873 K. 

CoMoS II for the HDS of thiophene is about 
twice that of CoMoS I, in agreement with 
the report of Candia et al. (5). 

The line obtained for catalysts prepared 
via route a is intermediate between the 
CoMoS I and II curves, showing that in fact 
a certain amount of phase II can be prepared 
using a quite conventional, fully inorganic 
impregnation solution; since the line is 
straight the relative formation of I and II 
seems to be independent of catalyst loading. 
The implication is that, as suggested in the 
Introduction, no general k(HDS) vs Co-in- 
CoMoS correlation exists, but that its pre- 
cise form will, in general, depend on the 
preparation route used. The situation would 
have been different if MES were capable of 
distinguishing between CoMoS I and II, but 
as far as the M6ssbauer parameters derived 
from room-temperature spectra are con- 
cerned, Tables 3 and 4 make it obvious that 
this is not the case. The wt% Co-in-CoMoS 
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Fro. 9. Room-temperature MGssbauer spectra of sul- 
tided CoMo/A1203 catalysts,  after exposure  to ambient 
air, (a) No. 124, (b) No. 125, (c) No. 129, (d) No. 238. 
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Fro. 10. Plot of the pseudo-first-order rate constant 
(arbitrary units) for thiophene hydrodesulfurization, 
k ~Ds, vs wt% Co in CoMoS. (©) s.i. (Mo) and route b; 
(11) route a; (&) route c. 
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has been determined by the spectral contri- 
bution of the CoMoS signal to the room tem- 
perature MOssbauer spectrum. However, 
due to different Debye temperatures of the 
different spectral components, the spectral 
composition should have been corrected. 
This correction has not been applied here 
for two reasons. First, it turned out that 
upon correcting the spectral contributions 
using the Debye temperatures for CoMoS 
(0D = 200 K) and for bulk Co9S 8 (0D = 305 
K) given by Topsee et al. (1), the correla- 
tions given in Fig. 10 are not seriously af- 
fected. Second, it can be assumed that in 
our catalysts the Co9S 8 will not be bulk-like, 
but will be present as rather small particles. 
Hence, in practice, the difference in effec- 
tive Debye temperature will be less than that 
given above. 

We add two further comments: 
(i) Considering that sample No. 125 con- 

tains only very little Co-in-CoMoS, its HDS 
activity is surprisingly high: k = 0.27 a.u. 
(cf. Fig. 10). This activity must be due to 
the Co9S 8 and M o S  2 present in the catalyst. 
However, there is no apparent need to cor- 
rect for any Co9S8/MoS 2 contribution to the 
activity of the other samples. To decide 
whether we have a problem here, we would 
obviously need to do some further work. 
One thing we can say about sample No. 125 
is that its Co9S 8 appears to be rather highly 
dispersed, since it becomes almost totally 
oxidized in a matter of a few days upon 
exposure to air (cf. Results above). 

(ii) Since the sequential impregnation 
route of Topsee et  al. and our coimpregna- 
tion route b lead to catalysts, which fit the 
same k(HDS)-Co(CoMoS) correlation, it is 
illustrative to compare the effectiveness of 
both methods in producing CoMoS. Route 
b is a difficult one, in the sense that slight 
variations in solution composition can 
greatly affect its stability and, hence, its ef- 
fectiveness in generating an active catalyst. 
Sample No. 268 has been prepared using a 
perfectly stable solution, and it is seen (Ta- 
ble 3) that the coimpregnation route can be 
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F ~ .  11. Plot of wt% Co in CoMoS in the sulfided 
catalyst vs wt% octahedral Co in the calcined precur- 
sor, both quantities being determined through 57Co 
MES. 

slightly more effective in generating the 
CoMoS phase than the sequential impregna- 
tion one (87 vs 75%). 

Let us now address the question of 
whether it is only octahedral Co in the cal- 
cined precursor that can end up in the so- 
called CoMoS phase upon sulfidation. Our 
results pertaining to this question are graphi- 
cally displayed in Fig. l 1. The answer is 
clearly not affirmative, although it does 
seem that the efficiency of  CoMoS forma- 
tion increases with increasing Co(oct) con- 
tent in the catalyst precursor. Our data 
strongly indicate that, in contrast to the re- 
port by Wivel et al. (4), a substantial part of 
Co(tet) can easily be sulfided.1 

To gain more insight into the latter point, 
we have prepared a 0.5% Co/AI203 catalyst 
via impregnation with Co(NO3)2, drying, 

i Our samples appear to contain more Co in a tetrahe- 
dral environment than those of Wivel et al. (4). This is 
not an artifact of the computer analysis, as is already 
obvious from a mere visual inspection of the respective 
M6ssbauer spectra. 
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Fro. 12. Thiophene-HDS activity (arbitrary units) as 
a function of Mo loading. CoMo/AIzO3 prepared via 
impregnation route a. Co/Mo constant at 0.35 at/at. 
Open symbols: catalysts of composition corresponding 
to those used in the 57Co MES experiments. For discus- 
sion of the regions I-III,  see text. 

and calcining at 600°C for 4 h. The blue color 
of the resulting sample indicates the absence 
of Co304 formation, and the M6ssbauer 
analysis (Table 2, sample No. 235) substan- 
tiates the expected predominant tetrahedral 
coordination of the Co ions. Sulfidation of 
this material under standard conditions 
shows that this Co(tet) is to a large extent 
readily transformed into Co9Sa (73% conver- 
sion, Table 3). We conclude, therefore, that 
the Co(tet) formed in the preparation of the 
oxidic precursor is not at all lost for subse- 
quent sulphidation and is, to a certain extent 
at least, able to enter the CoMoS phase (pro- 
vided, of course, Mo is present in the cat- 
alyst). 

The last point to be discussed is why the 
effectiveness of CoMo declines at higher 
metal loadings. To illustrate this decline we 
have plotted in Fig. 12 the thiophene-HDS 
activity against Mo loading for catalysts pre- 
pared via coimpregnation route a. On the 
basis of our M6ssbauer results we can dis- 
tinguish three regions in this plot. In region 

I, at low Mo loadings, CoMoS formation is 
less than total, because some of the Co ions 
present are not in close contact with the Mo- 
ox. phase and either remain unsulfided or 
form Co9Ss upon sulfidation (sample No. 
234, Table 3). We have no M6ssbauer data 
for catalysts in region II, but we think that 
in that region CoMoS formation is more or 
less complete. At still higher Mo loadings, 
in region III, the M6ssbauer and X-ray dif- 
fraction results indicate the formation of 
C o M o O  4, which is not a good precursor for 
the active phase, sulfidation leading mainly 
to Co9S 8 (17). The formation of (bulk) 
C o M o O  4 can  be expected in cases where the 
Mo-support interaction is weak or nonexis- 
tent (17). It is further reasonable to assume 
that only the Mo that is adsorbed by the 
alumina is in strong interaction with it. 
Seeing that the adsorption capacity of y- 
A1203 with respect to Mo is limited (19-21), 
we then conclude that, while in regions I 
and II, the Mo loading is sufficiently low for 
the Mo to be able to enter into a strong 
interaction with the A1203 support in the 
impregnation/drying step; beyond those re- 
gions Mo is no longer adsorbed, leading to 
the C o M o O  4 formation noted above. In fact, 
the Mo-adsorption capacity in the presence 
of phosphoric acid (22) practically coincides 
with the Mo loading at the II/III boundary 
observed here. 

It has been found that NH4F treatment 
reduces the Mo-adsorption capacity of an 
alumina (10, 20), and so the above conclu- 
sion can be easily tested by applying an 
N H 4 F - t r e a t e d  y-AI203.  The result (sample 
No. 237, Table 3 and Fig. 2d) unequivocally 
supports our hypothesis, showing a strong 
presence of C o M o O  4 in the calcined and 
much Co9Ss in the activated catalyst (al- 
though route b instead of a was used in the 
preparation of this particular sample, this 
does not detract from the argument). 

That CoMoO 4 is detected in sample No. 
239 and was prepared via route b and of rela- 
tively low Mo loading is due to the fact that 
in this case a slightly unstable impregnation 
solution has been applied, leading to a 
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Co-Mo precipitate, which is here the precur- 
sor of the C o M o O  4 phase in the calcined ma- 
terial. In the CoMo/AI203 : F case, referred 
to above, as for sample No. 268, a perfectly 
stable solution was used (vide supra). 

CONCLUSIONS 

The present 57C0 MES study of a suite 
of CoMo/AI203 samples, prepared by four 
different preparation routes, has led to the 
following findings: 

(i) The so-called CoMoS I and II phases 
are not distinguishable in MES, at least as far 
as the M6ssbauer parameters deduced from 
room-temperature spectra are concerned. 

(ii) The thiophene-HDS activity is in gen- 
eral proportional to wt% Co-in-CoMoS, but 
since different preparation routes lead to dif- 
ferent ratios of phase I to phase II, varying 
from 100% of the one to 100% of the other, 
no unique relation exists. In the present case 
three correlation lines are observed, two 
preparation routes leading to the same 
CoMoS phase distribution. 

(iii) It is not only the octahedral Co in the 
oxidic precursor that can end up as Co-in- 
CoMoS in the activated catalyst, although 
the view that octahedral Co is easier to sul- 
fide than its tetrahedral counterpart is not 
inconsistent with our data. 

(iv) The fact that at high metal loadings the 
effectiveness of CoMo decreases can be ra- 
tionalized by assuming that at Mo loadings 
beyond the adsorption capacity of the A120 3 
carrier, the Mo-support  interaction will be 
slight, thereby favoring C o M o O  4 formation 
in the calcination step and leading to rela- 
tively inactive CogSs in the activated cat- 
alyst. 
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