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A series of sulfided Co-Mo/Al,O; catalysts with different Co/Mo ratios but with constant
molybdenum content is investigated. The catalysts are characterized by in situ Mossbauer emission
spectroscopy (MES) and investigated for their thiophene hydrodesulfurization activity. The
catalytic activity shows a pronounced maximum at a Co/Mo ratio of about 1.0. The MES spectra
reveal that cobalt may be present in three distinctly different phases: cobalt located in the alumina
lattice (Co: Al,Os), cobalt in CoySg, and cobalt located in the Co-Mo-S surface phase discussed
in the preceding paper. It is found that the relative amounts of the three phases depend strongly
on the Co/Mo ratio. The Co: Al,O; phase and the Co-Mo—S phase are observed in all catalysts
studied, whereas Co0,S; is observed only in catalysts with Co/Mo = 0.4. It is shown that the
presence of Co,Sg cannot explain the promoting role of cobalt in the Co-Mo/Al, O, catalysts.
However, a linear relation between the catalytic activity and the amount of Co in the Co-Mo-S
phase leads to the conclusion that the promoting effect of cobalt is associated with the presence

of this phase.
1. INTRODUCTION

It is well established that elements such
as Co, Ni, and Fe promote the hydrodesul-
furization (HDS) and hydrogenation activi-
ties of Mo- and W-based sulfide catalysts.
One of the observed characteristics which
has attracted particular attention in this
connection is the dependence of the cata-
Iytic activity on the loading of the promoter
atoms. It is generally observed that upon
increasing the concentration of the pro-
moter atoms, the activity passes through a
maximum. The origin of this behavior has
been the subject of much attention, and
possible connections between this property
and the structure of the catalyst have been
looked for in the light of the many different
structural models which have been pro-
posed for such catalysts (see, e.g., (1)).
According to these models, the role of
cobalt may be to stabilize the active surface
layer (2, 3), to increase the dispersion of

! To whom queries concerning this paper should be
addressed.

the layer (4), or to increase the number of
anion vacancies in the active phase (/, 5—
8). Other models have also been put for-
ward in order to explain the promoting
effect (9, 10).

In the preceding paper (/), we discussed
the structure of a Co-Mo-S phase which
was observed to be present in sulfided
alumina-supported and unsupported Co-
Mo catalysts. Several of the observed
structural and chemical features of the Co-
Mo-S phase suggested that the promoting
role of cobalt is associated with the pres-
ence of the Co—Mo-S phase. This possibil-
ity is examined further in the present paper
by studying a series of Co-Mo/Al,O; cata-
lysts with different Co/Mo ratios. In this
series the molybdenum content is kept con-
stant in order to avoid the complexities
which arise when this parameter is changed
(11, 12). Structural information about the
different catalysts is obtained by use of in
situ Mossbauer emission spectroscopy
(MES) and the results are compared with
thiophene conversion activities.
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II. EXPERIMENTAL

A. Sample Preparation

A batch of Mo/Al,O; was prepared by
impregnating 0.8-mm extrudates of n-Al; O,
(250 m®g~') with an ammoniacal solution of
ammonium heptamolybdate. The sample
was subsequently dried and calcined in air
at 775 K for 2 h. Chemical analysis showed
that it contained 8.6% Mo by weight which
corresponds to less than a monolayer cov-
erage. All Co-Mo/AlLO; catalysts were
then prepared by adding to the above
Mo/ AL O; catalyst appropriate amounts of
Co in the form of an aqueous solution of Co
nitrate, by the incipient wetness impregna-
tion method. The samples were dried at
room temperature in air and calcined at 775
K for 2 h. In addition one sample containing
6.5% Co and no Mo was prepared using the
same alumina extrudates by impregnation
twice (with a calcination step in between)
with a solution of Co nitrate following the
same procedure as above.

For Mossbauer experiments, five sam-
ples of 0.25 g each were prepared in parallel
with those described above, but using a
solution of Co nitrate which was doped
with 3Co. The amount of 57Co was fixed at
a constant level (ppm range) independent of
total cobalt loading, giving a source
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strength (activity) of each sample of ap-
proximately 74 MBq (2 mCi).

The catalysts used for thiophene conver-
sion and M@ssbauer spectroscopy measure-
ments are listed in Tables 1 and 2, respec-
tively.

B. Méssbauer Emission Spectroscopy
(MES)

The MES experiments were performed

using a constant-acceleration spectrometer

-with a moving single-line absorber of
K Fe(CN)s - 3H,0 enriched in 3" Fe (I3).
Zero velocity is defined as the centroid of a
spectrum obtained at room temperature
with a source of *"Co in metallic iron.
Positive velocity corresponds to the ab-
sorber moving away from the source.
Room-temperature spectra were collected
for at least 48 h, whereas spectra at 575 K
were collected for at least 72 h.

The samples for the Mossbauer spectros-
copy measurements were ground, pressed
into thin, self-supporting wafers, and
placed in a Pyrex in situ cell (1) connected
to a gas handling system. The samples were
activated at 625 K for not less than 15hina
flow of 2% H,S in H,. Some samples were
activated at 675 K. The spectra of these
samples were identical to those obtained
after 625 K sulfiding. All samples were

TABLE 1

Catalysts and Activity Data

Catalysts Co Thiophene kr B
Co + Mo conversion® (cm® min™! ggk)
(%)

Co/Mo = 0 (8.6 wt% Mo) 0 6.2 =+ 3.0 3+ 1 0.87 = 0.09
Co/Mo = 0.09 0.08 329+ 14 26+ 3 0.80 * 0.06
Co/Mo = 0.27 0.21 48.9 + 1.1 83+ 10 0.50 = 0.13
Co/Mo = 0.44 0.31 56.8 + 1.3 100 £ 20 0.57 £ 0.17
Co/Mo = 0.53 0.35 58.1 £ 2.1 115+ 7 0.52 + 0.09
Co/Mo = 0.75 0.43 62.3 + 1.4 129 + 17 0.53 £ 0.15
Co/Mo = 1.35 0.57 63.8 = 0.8 131+ 3 0.56 = 0.03
62.5 £ 0.8 129 £ 10 0.53 £ 0.12
Co/Mo = 2.09 0.68 50.8 = 1.0 75+ 10 0.62 = 0.13

Co/Mo = »(6.5 wt% Co) 1 <0.2 <1 —_

%At SV = 200 cm® g™! min~!, Uncertainties given at 95% confidence level.
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TABLE 2

Relative Spectral Areas of Different Cobalt-Containing Phases

Catalysts Relative spectral areas (%)"
300 K 575 K
Co: AlLO, Co04Ss Co-Mo-S Co: Al O, CoySg Co-Mo-S
Co/Mo = 0.09 11 0 89 20 0 80
Co/Mo = 0.27 15 0 85 27 0 73
Co/Mo = 0.53 18 10 72 19 32 49
Co/Mo = 0.75 17 36 53 2 70 18
Co/Mo = 1.19 8 73 20 4 85 11

“ With respect to uncertainties, see the text and Fig. 5.

cooled in the gas mixture to 575 K, and
Mossbauer spectra were collected at this
temperature. Subsequently the samples
were allowed to cool to room temperature
in the gas mixture and spectra were ob-
tained at this temperature. Hence, all mea-
surements were carried out in situ.

C. Catalyst Activity Measurements

Activity measurements for thiophene
HDS were carried out in a Pyrex-glass,
fixed-bed reactor (inside diameter = 11.5
mm) at 625 K and at atmospheric pressure.
Samples of 0.4-0.5 g catalyst were mixed
with 3 g a-Al,O;. For both the catalyst and
the «-Al,O; the sieve fraction was 0.59 to
0.85 mm (mesh 30 to 20). On top of the
catalyst layer, 10 cm of 2-mm glass balls
was placed.

The catalysts were presulfided in the
reactor at 675 K for 2 h using 6% H,S in H,.
After presulfiding the reactor was purged
with purified N,, after which the tempera-
ture was lowered to 625 K.

Hydrogen was saturated with thiophene
by flow through two gas bubblers, the first
one kept at room temperature and the sec-
ond one at 273 K. After 16 h on stream, a
space velocity series was run by varying
the H, flow rate. Measurements at the
initial space velocity conditions were re-
peated at the end of the series in order to
check for catalyst deactivation.

The reaction products were analysed by
a gas chromatograph (Perkin—Elmer 452)
attached to an integrator (HP 3385A Auto-
mation system). At each space velocity
condition two determinations of the gas
composition were carried out, each consist-
ing of three consecutive samplings. The
reactor charged alone with a-Al,O, and
glass balls (but without catalyst) showed no
detectable thiophene conversion.

1. RESULTS
A. Thiophene Activity Measurements

The values of the conversion of thio-
phene at a fixed space velocity (SV = 200
cm® g~! min~!) are given in Table 1 for the
different catalysts and the results are plot-
ted in Fig. 1 as a function of the Co/(Co +
Mo) ratio. These conversions were ob-
tained by fitting the conversions obtained at
different space velocities with a linear re-
gression analysis program. In Fig. 1 the
cobalt concentration is expressed as
Co/(Co + Mo) in order to be able to
depict the catalyst containing no
molybdenum [Co/(Co + Mo) = 1]. In all
the other figures as well as in the text,
the atomic ratio Co/Mo is used.

The conversion of thiophene was ob-
served not to be first order, but was shown
to be inhibited by both reactants and prod-
ucts. In a recent study of different Co-
Mo/Al,O; catalysts, Massoth and Chung
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F1G. 1. Thiophene conversion at 625 K and atmo-
spheric pressure. Space velocity: 200 cm® g~! min~'.

(14) found that the following rate expres-
sion described their kinetic data rather
well:

rr = kepr/(1 + Kypr + Ksps), (1)

where ry is rate of disappearance of thio-
phene, k¢ is a global rate constant, p is the
partial pressure, K is an adsorption equilib-
rium constant, and the subscripts T and S
stand for thiophene and H, S, respectively.
Integration of Eq. (1) for fixed-bed reactor
conditions and assuming constant partial
pressure of hydrogen yield (/4):

_ In(1 — x) _ (Ks — Kq)p%

X 1 + K¢ps
kG'P . 1
1+ Ks-py x-SV
_ N
=ﬁ+k'rm 2

where x is the mole fraction of thiophene
converted, p% is the partial pressure of
thiophene at the reactor inlet, and P is the
total pressure. In Fig. 2 we have plotted the
kinetic data for catalysts with different
Co/Mo ratios according to Eq. (2). It is
seen that the rate equation (1) represents
the data well within the measured range of
conversions. The values for k7 and 8 are
given in Table 1. Since & is proportional to
k¢ for given experimental conditions, kr
can be used as a measure of the catalytic
activity.
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F16. 2. Thiophene conversion data as a function of
space velocity for catalysts with different Co/Mo
ratios. The straight lines represent the best fit to the
data according to Eq. (2).

The data given in Table 1 anrd Fig. 1
clearly show the promoting effect of cobalt
also observed by many previous investiga-
tors. The unpromoted catalyst shows some
thiophene HDS activity. However, this ac-
tivity is substantially increased by addition
of cobalt and increases until maximum ac-
tivity is reached for Co/(Co + Mo) ~0.5.
kr for the most active catalysts is about a
factor of 30 higher than that of the unpro-
moted catalyst. Increasing the ratio above
0.5 leads to a decrease in the activity.
The pure cobalt catalyst is not completely
inactive, but has an activity substantially
below that of the pure molybdenum cata-
lyst.

B. Méssbauer Spectroscopy

Mossbauer spectra obtained at room
temperature and 575 K of the five 57Co-
doped samples are shown in Figs. 3 and 4,
respectively. It is readily seen that the
spectra gradually change upon increasing
the cobalt loading (Co/Mo ratio), reflecting
a change in the relative amounts of different
cobalt-containing phases of the catalysts.

The room-temperature spectra of the
Co/Mo = 0.09 and Co/Mo = 0.27 catalysts
(Figs. 3a and b) are dominated by a quad-
rupole doublet, but the shoulder on the
right wing shows that another quadrupole
doublet is also present in these spectra.
Thus in these samples cobalt is observed
to be present in two different phases,
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F1G. 3. In situ MOssbauer spectra obtained at 300 K
of sulfided catalysts with different Co/Mo ratios. The
bar diagrams indicate the line positions of the compo-
nents of the three cobalt-containing phases.
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F1G. 4. In situ Mbssbauer spectra obtained at 575 K
of catalysts with different Co/Mo ratios.
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each represented by a quadrupole doublet
in the spectra. As the cobalt loading is
increased (Figs. 3c-e), a third compo-
nent, which appears as a single broad-
ened line around 0.3 mm s™!, gradually
intensifies, and in the spectra of the
Co/Mo = 1.19 catalyst (Fig. 3e) this
component is the dominant one, even
though the presence of the two former
quadrupole doublets can still be detected.
No other phases were found in the spec-
tra of the catalysts, and it may thus be
concluded that only three cobalt-contain-
ing phases are present in this series of
catalysts. The cobalt phases that give rise
to the three spectral components have
been discussed in Ref. (/). It was found
that the broad single line at the center of
the spectra is due to CosSs, the spectrum
of which consists of three lines with posi-
tions indicated in the lower bar diagram
in Fig. 3. These lines, however, overlap
so strongly that they appear as a single
broadened line in the spectra. The quadru-
pole doublet (isomer shift, 8 = 1.0 = 0.2
mm s~! and quadrupole splitting, AE, =
1.9 = 0.2 mm s~ '), which is shown in the
upper bar diagram of Fig. 3, originates
from cobalt located in the alumina. The
phase giving rise to the third component
(the middle bar diagram in Fig. 3) in the
spectra is the Co-Mo-S phase, the nature
of which was discussed in detail in Ref.
(1.

In order to estimate the relative amounts
of Co-Mo-S, Co:ALO;, and Co,S; the
spectra have been computer analysed in
terms of the three spectral components,
i.e., the two quadrupole doublets and the
Co,S; pattern. The emission pattern of
Co,S; is, as mentioned above, well known,
and the line positions, linewidths, and rela-
tive area ratios were constrained accord-
ingly. For the Co-Mo-S doublet the two
lines were constrained to equal areas. The
same constraint was applied to the
Co: Al,O; doublet. The relative areas
found from this analysis are given in Table
2.
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The spectra of the catalysts at 575 K are
shown in Fig. 4. Because of the tempera-
ture dependence of the quadrupole split-
tings, the lines overlap more in these spec-
tra than in those obtained at room
temperature, and therefore it is more
difficult to resolve the spectral components.
However, the phases present at this tem-
perature are the same as those already
identified in the room-temperature spectra.
Thus, in situ room-temperature spectra,
which are better suited for quantitative
analysis, may be used to elucidate the
structure of the catalysts under reaction
conditions. The spectra at 575 K have been
analysed following the principles given
above, and the results are also shown in
Table 2. It is observed that a change in
sample temperature not only affects the line
positions but also the relative and total
areas of the various spectral components,
due to the different f factors of the various
cobalt phases (/). In order to calculate the
relative and absolute amounts of cobalt of
the different cobalt phases it is necessary to
take into account their different f factors.
These f factors can be estimated by use of
the Debye model. The values of the Debye
temperatures, 8,, for the Co-Mo-S phase
(05 = 200 = 5 K) and for Co,S; (8, = 305 =
30 K) have been determined in Ref. (/),
whereas the value of 6, for the Co: Al O,
phase has been taken as 6, = 320 K, a value
which is observed for iron in spinels (/5).
By using these Debye temperatures and the
fact that the spectral area is proportional to
the number of atoms giving rise to the
component multiplied by the f factor, the
fractions of cobalt atoms present in the
forms of CoeSs, Co: Al O;, and Co-Mo-S
were calculated. The results are shown in
Fig. 5. These data and the known total
amount of cobalt in.each sample were used
to calculate the absolute amounts of the
three cobalt phases in the catalysts (ex-
pressed as mg Co per g Al,O,), shown in
Fig. 6A.

The determination of the relative cobalt
concentrations for the different cobalt
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FiG. 5. Relative concentration of cobalt in the three
cobalt-containing phases as a function of the Co/Mo
ratio.

phases can be carried out with an accuracy
of about 5% of the total cobalt content.
This accuracy is similar for all the catalysts
although it depends on the Massbauer
counting statistics and the number of lines
in the spectra. Thus, in calculating the total
amount of cobalt in the different phases, the
highest accuracy is obtained for catalysts
with low Co/Mo ratios, whereas the accu-
racy is lower for catalysts with higher
Co/Mo ratios. For example, the fact that
no signal from Co,S; could be detected in
spectra of the Co/Mo = 0.09 and Co/Mo =
0.27 catalysts implies that the maximum
possible amount of CoyS; in these catalysts
corresponds to 0.02 wt% Co and 0.07 wt%
Co, respectively. Since the uncertainty in
the amount of cobalt present in the form of
Co-Mo-S in the Co/Mo = 1.19 catalyst is
relatively high, the curve for this phase has
been broken for Co/Mo ratios above 0.8
(see Fig. 6A).

C. Comparison between Méossbauer and
Activity Data

The values of the thiophene activity pa-
rameter, k;, are shown in Fig. 6B for cata-
lysts with 0 = Co/Mo = 1.4 corresponding
roughly to the range of compositions of the
Mossbauer samples. In Fig. 7, the value of
kr is plotted as a function of the amount of
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Fi1G. 6. (A) Absolute amount of cobalt in the three
cobalt-containing phases as a function of the Co/Mo

ratio. (B) The activity parameter k; plotted as a
function of the Co/Mo ratio.

cobalt in the Co-~Mo-S phase. Both quanti-
ties are normalized to unit molybdenum
content in order to take into account the
small decrease in the concentration of mo-
lybdenum (per g catalyst) with increasing
Co/Mo ratio.

V. DISCUSSION
A. Effect of Co/Mo Ratio on Catalyst
Activity

The results shown in Fig. 1 and Table |
show that cobalt is a very efficient promoter
for the activity of Mo/Al, O; catalysts. For
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the most active catalysts, the conversion is
more than a factor of 10 higher than the
conversion of the unpromoted catalyst,
This promoting effect of cobalt is qualita-
tively in agreement with several previous
studies (e.g., (3, 4, 16-19)).

The kinetic equation (Eq. (1)) was ap-
plied in order to calculate kinetic parame-
ters for all the catalysts. It is observed that
this rate equation neatly represents the data
at all the measured conversions (Fig. 2). In
Table 1 values of 8 are also listed. At given
experimental conditions, 8 is determined
by the values of the adsorption equilibrium
constants for thiophene and hydrogen
sulfide (Eq. (2)). The results show that 3 is
constant (~0.55) within the experimental
error for all catalysts with Co/Mo = 0.1,
whereas for catalysts with Co/Mo ratios
below this value, the value of B8 is higher
(~0.85). For catalysts with Co/Mo = 0.1,

16
x 104

k /MO 1oty (cm3 min-mol)
@ ® 3 ~

Pl

L L ). i

0.1 02 03 04 05
Co
Co-Mo-S
—o M (ol /mol)
MoT
otal

FiG. 7. Activity parameter plotted as a function of
the amount of cobalt in the Co-Mo-S phase. Both
quantities are normalized to unit molybdenum con-
tent.
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where 3 is constant, k1 is observed to vary,
suggesting that for these catalysts the reac-
tion mechanism and the type of active sites
remain unchanged, whereas the number of
active sites is changed. The relatively high
value of 8 for the Co/Mo = 0 catalyst (and
the Co/Mo = 0.09 catalyst) suggests that
the nature of the active sites in the nonpro-
moted Mo/Al,O; catalyst is different from
that of the active sites present in promoted
catalysts with Co/Mo = 0.1. It should be
noted that A may also contain parameters
describing the adsorption of hydrogen. It
cannot therefore be ruled out that cobalt
promotion may also affect the hydrogen
adsorption.

B. Effect of Co/Mo Ratio on Catalyst
Structure

As discussed in Section II1.B cobalt may
be present in three distinctly different
phases, viz., cobalt located in the alumina
lattice (Co:AlLQO;), cobalt in Co,Ss, and
cobalt located in a Co-Mo-S surface
phase. Furthermore, the results show that
the relative amounts of the three phases
strongly depend on the Co/Mo ratio (or the
cobalt loading, since the molybdenum con-
tent is not varied).

Co:Al,O;. In all catalysts studied, a
signal from cobalt in alumina is observed.
Such a component was also observed in a
different type of alumina-supported catalyst
(1), but the relative amount of cobalt in the
alumina phase was observed to be lower in
the present study, indicating that the
amount of this phase may be sensitive to
the preparation conditions.

The absolute amount of Co in Al O; is
observed to increase slightly with increas-
ing Co/Mo ratio (Fig. 6A), but in all the
catalysts studied, the total amount of this
phase is quite small.

The observation of the Co: Al,O, phase
is in several respects in accordance with
previous investigations, since it has been
proposed that, upon sulfiding, cobalt may
remain completely (2, 20) or partly (4, 16,

WIVEL ET AL.

21, 22) inside the alumina. However, the
former possibility can be excluded for the
present catalysts. It has been proposed
(16, 23, 24) that cobalt and alumina form
stoichiometric CoAl,O,, but in all the spec-
tra of the catalysts the lines are found to be
broad, which indicates that no well-defined
phase such as CoAlLQ, is formed in any of
the catalysts. This is supported by direct
comparison with spectra of CoAl, O, (25).

CoySs. The presence of Co,S; in sulfided
Co-Mo/Al, O, catalysts has been suggested
by several investigators (16, 21, 24, 26).
However, the present results show that
Co,S; is not found in the catalysts with
Co/Mo = 0.4. Above this value, Co,S; is
formed and the content increases rapidly
with increasing cobalt loading. For cata-
lysts with Co/Mo ratios higher than ~1.0,
CoyS; is observed to be the dominant
phase.

Co-Mo-S. Previously (I, 13, 27), the
Co-Mo-S phase was observed in coim-
pregnated Co-Mo/ALQ, catalysts and it
has been suggested by Mitchell (28) that the
presence of the Co-Mo-S phase might be
specific to the coimpregnation method em-
ployed. However, the fact that the Co—-Mo~
S phase is detected in the present catalysts,
prepared by sequential impregnation as
well as in unsupported catalysts (1), leads
us to conclude that the presence of the Co-
Mo-S phase is a general feature of sulfided
Co-Mo catalysts.

For catalysts with Co/Mo =< 1.0 the Co-
Mo-S phase is the most abundant phase
(see Fig. 6A). Adding cobalt to the
Mo/ AL O; catalyst gives rise to an almost
linear increase in the total amount of the
Co-Mo-S phase for Co/Mo ratios in the
region 0 < Co/Mo =< 0.4. Above this
region the curve levels off and for Co/Mo ~
0.8 it reaches its maximum value. At higher
Co/Mo ratios the amount of Co-Mo-S
seems to decrease but as discussed above
the exact shape of the curve is somewhat
uncertain in this region.

The quadrupole splitting, AEg,, of the
doublet due to the Co-Mo-S phase is not



constant for all the catalysts, but decreases
from a value of AE, = 1.17 + 0.03 mm s™!
for the Co/Mo = 0.09 catalyst to a value of
AE, = 0.97 = 0.08 mm s™! for the Co/Mo =
0.53 catalyst. Since the quadrupole splitting
is a measure of the local symmetry, the
results show that the surroundings of the
cobalt atoms in the Co-Mo-S phase vary
because of changes in the cobalt concentra-
tion or because of possible changes in the
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variation in quadrupole splitting as a func-
tion of the cobalt concentration has been
observed for unsupported catalysts (/).

It is of interest to estimate the amount of
cobalt that can be incorporated in the Co-
Mo-S phase. Figure 6A shows that the
Co/Mo = 0.75 catalyst seems to contain
the highest amount of the Co-Mo-S
phase. It is possible to estimate a lower
limit for the Co/Mo ratio in the Co-Mo-
S phase assuming that all the molybde-
num atoms participate in the phase. The
result of this calculation gives a value of
about 0.5 for the Co/Mo = 0.75 catalyst.
The observation of such large amounts of
cobalt in the Co—Mo-S phase is in accor-
dance with the description of the struc-
ture given in Ref. (/) where it was pro-
posed that the Co-Mo-S phase in
alumina-supported catalysts consists of
patches of single S-Mo-S slabs with co-

halt atoams most prr\hahlv located at mo-

lybdenum sites.

Chung and Massoth (22) have recently
investigated a series of Co-Mo/Al, O, cata-
lysts by a gravimetric technique. They pos-
tulated the presence of three different co-
balt species, viz., cobalt in the alumina
(Co,)}, a bulk cobalt sulfide (Coy) presums-
ably Co,5;, and a sulfidable surface species
(Cos). These results are in qualitative
agreement with the present study, which
shows the presence of three distinctly dif-
ferent cobalt-containing phases. Further-
more, the present structural investigation
shows that the Coy species can be identified
as Co-Mo-S. This is further substantiated
by the fact that these authors reported (/4)
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a correlation between k. and Coy quite
similar to that reported below for the Co~
Mo-S phase.

C. Relutionship between Catalyst
Structure and Catalyst Activity; Origin
of the Promoting Role of Cobalt

In this section we will discuss the possi-
ble catalytic significance of the three cobalt
phases, Co: Al;O;, Co,Ss, and Co-Mo-S,

which have heen ohcerved in the catalvcts
whiCch nave been opserved 1n tne catalysts,

It is likely that the cobalt located in the
alumina lattice, Co: AL, O;, does not make
any direct contribution to the catalytic ac-
tivity, because this phase is present in
Co/ Al O, catalysts (1, 13,2/, 27, 29) which
are quite inactive (Fig. 1).

The contact synergy model (see, e.g.,
(24)) proposes that the cobalt promotion of
the catalytic activity of Co-Mo catalysts is
dbSOleleU Wllﬂ l[le contact DC[WCCII DUlK
phases of Co,Sg and MoS;. It is, however,
difficult to bring the present results into
accordance with the proposal that CoySs is
the origin of the promoting effect of cobalt.
First of ali, for cataiysts with Co/Mo ratios
less than ~0.4, the presence of even minor
amounts of CoyS; can be excluded (see
Section III), but in the same region the
catalytic activity increases by a factor of
about 30 and reaches a value close to its
maximum (Fig. 6B). Secondly, it is ob-

earvaed that in tha reaoinn whera ('n Q ha
A R AT P I Sy PP G & § lvslvll YYiliwiw bu9\)8 UL

comes the dominant phase (i.e., Co/Mo =
1.0) the catalytic activity actually de-
creases. It must therefore be concluded
that although CoyS; is present in catalysts

ith (A /M = N A (Big
Wltll LAY =0

V. AR, U[“\) \.HC pleCllL
results show that this phase is not responsi-
ble for the positive promotion of the cata-
Iytic activity in Co-Mo/Al, O, catalysts.

It has been suggested (/) that the promot-
ing effect of cobalt is associated with the
Co-Mo-S phase. This hypothesis was
based on the structural and chemical char-
acteristics of this phase. The present results
provide data which directly support the
above proposal. When Figs. 6A and B are
compared, it is observed that there is a
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relationship between the amount of the Co-
Mo-S phase and the catalytic activity. This
is corroborated in Fig. 7 which shows that
within the experimental uncertainty a linear
relation exists between the concentration of
cobalt in the Co~Mo-S phase and the rate
parameter. The fact that the correlation
seems to be linear is in accordance with the
high dispersion (i.e., single-slab structure)
of the Co~Mo-S phase.

For all the cobalt-containing catalysts
with Co/Mo = 0.1, 8 was observed to be
essentially constant (Table 1) and, as previ-
ously mentioned, this suggests that only the
number of active sites, and not the reaction
mechanism, changes in this region. The
active sites are generally believed to in-
volve anion vacancies, and the presence of
such sites in the Co-Mo-S structure was
shown to be consistent with its proposed
structure (7). It is therefore likely that one
of the promoting roles of cobalt in the Co-
Mo-S phase is to create more anion vacan-
cies.

Although the present study only includes
MES data on catalysts with Co/Mo = 1.19,
the results seem to indicate that the de-
crease in activity observed for catalysts
with Co/Mo = 1.0 is caused by a decrease
in the amount of cobalt in the Co-Mo-S
phase. However, taking into account the
relatively high uncertainty in the determi-
nation of this amount for the Co/Mo = 1.19
catalyst, the amount of Co-Mo-S may in
fact be constant for catalysts with Co/Mo
=z 0.8. The loss of activity could then be
explained by a covering of the active Co-
Mo-S phase by excess cobalt in the form
of Co,Ss. These possibilities are now un-
der investigation.

The precise value of the Co/Mo ratio at
which maximum activity has been reported
to occur differs somewhat from study to
study. This can be understood in view of
the present results since the catalytic activ-
ity is shown to be directly related, not to
the overall cobalt concentration, but to the
presence of cobalt in the Co-Mo-S phase
and the amount of cobalt in this phase will

WIVEL ET AL.

undoubtedly depend on the details of the
preparation method.

V. CONCLUSION

The present results on alumina-sup-
ported catalysts show that the catalytic
activity is correlated to the amount of co-
balt in the Co-Mo-S phase. This finding is
consistent with the observed maximum in
activity versus Co/Mo ratio. The Co-Mo-S
phase has also previously been observed in
carbon- and silica-supported catalysts
(27), in unsupported catalysts (/), and (as
Fe-Mo-S) in Fe-Mo/Al,O, catalysts
(13, 30). It is therefore concluded that the
role of promoters such as Co, Ni, and Fe
in Mo- or W-based catalysts is related to
the presence of Co-Mo-S-type phases or
their tungsten analogues.
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