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The sulfidation of uncalcined and calcined alumina-supported cobalt and cobalt-molybdenum
catalysts was systematically studied by means of in situ MOssbauer emission spectroscopy (MES)
atroom temperature. The spectra obtained during the stepwise sulfidation of the uncalcined catalysts
clearly resemble those observed for carbon-supported ones. Hence, the interpretation of the spectra
of the alumina-supported catalysts is based on the conclusions drawn from the MES studies of
the carbon-supported catalysts, which are less complex because Co ions do not diffuse into the
support. It is demonstrated that not only in sulfided CoMo/Al,O;, but also in sulfided Co/Al,O;,
catalysts Co-sulfide species with a “*Co-Mo-S8""-type quadrupole splitting can be formed. It is
concluded that the Co-sulfide species formed in sulfided Co/Al,O; and CoMo/Al,O; catalysts are
essentially the same, only the particle size and ordering of the Co-sulfide species may differ, as
in the case of Co/C and CoMo/C catalysts. The function of the Mo, which is present as MoS,, is
merely to stabilize very small Co-sulfide particles, which in the limit contain only one single Co
atom. Furthermore, it turns out that the value of the electric quadrupole splitting (Q.S. value) of
the Co-sulfide phase in the sulfided catalysts depends on the sulfiding temperature and Co content.
This observation leads to the conclusion that large Q.S. values point to the presence of very small
Co-sulfide entities or particles {the lower limit being *‘particles’’ containing only one Co atom,
such as proposed in the 'Co-Mo-S"" model), whereas small Q.S. values point to the presence of

large Co-sulfide particles (the upper limit being crystalline Co,Sy).

INTRODUCTION

For several decades attempts have been
made to find a relation between the structure
of sulfided CoMo hydrosulfurisation (HDS)
catalysts and the synergetic behaviour of Co
and Mo in these catalysts. In the beginning
the structural investigations leading to the
first structural models for these catalysts
(1-4) were of limited use due to the applica-
tion of ex situ characterization techniques.
With the introduction of Méssbauer emis-
sion spectroscopy (MES) by Topsge and co-
workers (5, 6), an important step forward
was made. MES makes use of 14.4-keV -
rays and can be applied as an in situ tech-
nique. In the MES spectra of sulfidic CoMo
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catalysts a signal was observed that was not
present in the spectra of sulfided Co cata-
lysts (without Mo) or in the spectrum of
any known crystalline Co(-Mo)-sulfide (7).
Topsge et al. (7) assigned this spectral con-
tribution to a species containing Co +
Mo + S and they called this species the
“*Co-Mo-S"" phase. Wivel et al. (8) re-
ported a linear relation between the amount
of Co present as ‘‘Co—-Mo-~S’" and the thio-
phene HDS activity. The latter two findings
form the basis of the ““Co-Mo-S"" model.

The MES studies of Topsge and co-work-
ers (7, 8) have more recently been extended
with results of other techniques, e.g, IR (9),
AEM (10), and in situ extended X-ray ab-
sorption fine structure (EXAFS) measure-
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ments (/7), leading to the view that Co is
located at edge-sites of MoS,. However,
some problems with the ‘‘Co-Mo-S"
model still remained, such as: (i) ascribing
the synergetic behaviour of Co and Mo to
a phase containing Co + Mo + S witha
typical MES (*‘Co~Mo-S"") spectrum, (ii)
the consequence that the local structure of
““Co-Mo-S"" has to be identical over a
rather large range of Co/Mo ratios, and (iii)
the finding of two types of ‘“‘Co-Mo-S”’
with rather different catalytic activities as
reported. In an attempt to solve some of
these problems we performed at first exten-
sive MES and EXAFS studies of Co/C and
CoMo/C catalysts the results of which have
been reported in the literature (/2-/6). The
main conclusion of these studies is that the
presence of Mo is not necessary to form
a Co-sulfide species with the ““Co-Mo-S”’
structure (according to MES and EXAFS).
In fact, it could be concluded that the
Co-sulfide species formed in Co/C and
CoMo/C catalysts are essentially the same,
only the particle size and ordering of the
Co-sulfide species may differ. The function
of the Mo, which is present as MoS,, is
merely to stabilize very small Co-sulfide
particles, which in the limit contain only one
single Co atom. From combining the MES
and EXAFS results (16, /7), it followed that
the variation in particle size and ordering of
the Co-sulfide species is reflected in the
value of the electric quadrupole splitting
(Q.S. value). Anincrease in particle size and
ordering gives rise to a lower Q.S. value.

For the carbon-supported catalysts a con-
sistent picture emerges from the MES and
EXAFS results. As industrially applied,
CoMo HDS catalysts are generally sup-
ported on Al,O;, and a consistent picture
cannot be formed from the MES results of
these catalysts reported in the literature so
far, we have extended our study to alumina-
supported catalysts. However, it is known
from Mossbauer results published pre-
viously (7, 18, 19) that for the latter catalysts
the interpretation of MES spectra becomes
more complicated because part of the Co
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diffuses into the alumina support material.
As for the carbon-supported catalysts con-
clusions could be drawn from trends in the
MES and EXAFS results, so the same sys-
tematic approach is applied here to sets of
Co/Al,O, and CoMo/Al,O, catalysts. First
the behaviour of uncalcined catalysts is dis-
cussed and subsequently that of some cal-
cined samples. From the experimental re-
sults we will try to answer the question
whether the Co-sulfide species formed in
Co/AlL,O, and CoMo/Al,O; is essentially the
same and whether only their particle size
differs like in the case of the carbon-sup-
ported catalysts.

EXPERIMENTAL

All catalysts are prepared by pore volume
impregnation. A y-ALO; (Ketjen 001-1.5E)
with a BET area of 271 m?/g and a pore
volume of 0.7 ml/g is used as carrier mate-
rial. The carrier extrudates were ground and
sieved, and only the particle size fraction of
0.5-0.85 mm was used. The pore volume
impregnation was carried out using aqueous
solutions of Co(NOy), - 6H,0 (Merck p.a. or
Fluka p.a.) or (NH,){Mo0,0,, - 4H,0 (Merck
min. 99.9%). For the MES measurements
about 1.5 mCi ¥Co as aqueous solution of
Co(NO;y), - 6H,0 (ex Amersham) was added
to the Co-nitrate solutions. The CoMo cata-
lysts were prepared by a two step procedure
with the Mo being introduced first. The Mo/
Al,O; is dried in static air at 383 K for 16 h
and subsequently calcined in static air at 673
K for 24 h (the temperature was linearly
increased to 673 K in 5 h). After Co introduc-
tion the catalysts were left in static air at
293 K for 16 h.

Hereafter the majority of the Co/AlLO,
and CoMo/Al O, catalysts are subjected to
a mild drying treatment in a flow of 50 cm’
min~! H, at 313, 353, and 393 K (24 h at
each temperature) resulting in what are re-
ferred to as fresh catalysts. The purpose of
this treatment, which was already success-
fully applied in Mossbauer absorption spec-
troscopy (MAS) studies on Fe and FeMo
catalysts supported on carbon (20, 2/) and



MES STUDY OF SULFIDATION OF Co/Al,0, AND CoMo/ALO,

alumina (/8), is to remove residual nitrate
ions. Only one set of Co/Al,O; and one
CoMo/Al, O, catalyst are calcined in static
air (linearly heated up to 773 K in 1 h and
holding at 773 K for 2 h). The sulfidation of
the samples was carried out in a 10% H,S/
H, gas mixture (flow rate of 60 ml/min) at
atmospheric pressure in an in situ MES re-
actor.

Catalyst loadings calculated from the im-
pregnation solutions are given in wt% rela-
tive to the carrier material. In the figures
the following notation is used to indicate the
various treatments applied to the catalysts:
(8, a K, xh + yh), S stands for 10% H,S/H, .
During each treatment the catalyst is lin-
early heated up to ¢« K in x h and kept at
this temperature for y h. The catalysts are
cooled to room temperature in the reaction
gas mixture. In the case that x and y are not
provided, the catalyst is during the whole
measurement kept at the temperature indi-
cated. In the text the notation is further con-
densed to, e.g., Co(3.0)Mo(8.0)/Al,0,(473),
indicating that the Co(3.0)Mo(8.0)/Al,0,
catalyst has been treated in 10% H,S/H,
according to: (S, 473 K, 1 h + 1 h). Note
that the applied sulfidation temperature is
the only changing parameter and that for
each catalyst one and the same sample was
successively subjected to the stepwise sul-
fiding procedure.

The MES measurements were carried out
using a constant acceleration spectrometer
in a triangular mode with a moving single-
line absorber of K,Fe(CN), - 3H,0 enriched
in YFe. Isomer shifts are reported relative
to a source of *’Co : Rh, positive velocities
corresponding to the absorber moving away
from the source. The velocity scale was cali-
brated by the Mossbauer spectrum of so-
dium nitroprusside Na,(Fe(CN);NO) - 2H,0
obtained with the ¥Co : Rh source.

The spectra were fitted with calculated
subspectra consisting of Lorentzian-shaped
lines. In the case of quadrupole doublets the
linewidths and the absorption areas of the
constituent peaks were constrained to be
equal.
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FiG. 1. MES spectra obtained at 300 K with uncal-
cined Co(3.0)Mo(8.0)/Al,0; after various successive
sulfidation treatments: fresh catalyst, (S, 300 K), (S,
373K, 1h + 1h), (8,473 K, lh + 1h), (S, 573K, 1h +
1h), and (S, 673 K, 1h + 1h).

The MES measurements were carried out
in a Mossbauer in situ reactor, which has
been described elsewhere (22). However,
the heating section as well as the outer con-
tainer used in this study are made of stain-
less steel 316. Furthermore,the reactor was
placed horizontally so that a small cup of
vespel (composite material, DuPont) con-
taining the catalyst particles could be
mounted easily.

RESULTS
Sulfidation of the Uncalcined Catalysts

CoMo/Al,O,. The MES spectra of the
Co(3.0)Mo(8.0)/Al,0; catalyst recorded
after the successive sulfidation steps are
presented in Fig. 1 and the results of the
analyses of the spectra are given in Table
1. The spectrum changes as a result of expo-
sure of the catalyst to the sulfiding gas mix-
ture at room temperature. The relative con-
tribution of the high-spin 2+ doublet
(indicated by the arrows) grows and this
doublet shows rather sharp lines compared
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TABLE 1

Mossbauer Parameters of Uncalcined Co(3.0)Mo(8.0)/ Al,O; after Various Successive Sulfidation Treatments

Tsus. Co-sulfide High-spin 2+
(K)
LS. Q.S. r A LS. Q.S. r A
(mm/s) (mm/s) (mm/s) (%) {(mm/s) {(mm/s) (mm/s) (%)
Fresh 0.21¢ 1.26¢ 1.06" 72¢ 0.98 2.23 0.65 28
300 0.23 1.28 1.03 52 0.99 2.24 0.66 48
373 0.21 1.18 0.91 65 0.98 2.26 0.60 35
473 0.23 0.85 0.73 100
573 0.24 0.81 0.71 100
673 0.25 0.80 0.76 100

Note. 1.S. values are relative to K,Fe(CN), - 3H.O measured with a *’Co : Rh source. Experimental uncertain-
ties: [.S. and Q.S. * 0.03 mm/s; linewidth I = 0.05 mm/s; spectral contribution A * 5%.

“ This doublet is assigned to a Co-oxide species.

to high-spin 2 + doublets observed in previ-
ous MES studies. After sulfidation up to 373
K the spectral contribution of the high-spin
2+ doublet has decreased in favour of a
doublet with Q.S. = 1.18 mm/s. The high-
spin 2+ doublet has disappeared almost
completely after sulfidation at 473 K and the
catalyst is characterized by a doublet with
Q.S. 0.85 mm/s. Upon sulfidation at
higher temperatures the Q.S. value of this
doublet slightly decreases and reaches a
value of 0.79 mm/s after sulfidation at 673
K for 4 h (spectrum and parameters not pre-
sented in a figure and table).

The sulfidation of the CoMo/AlO; cata-
lysts with lower Co loading also takes place
via a high-spin 2 + intermediate phase. (See
for Co(0.013)Mo(8.0)/ Al,O, Fig. 2 and Table
2). It is illustrated in Fig. 3 and Table 3
that the lower the Co-loading, the higher the
sulfidation temperature needed to remove
the high-spin 2+ doublet completely from
the spectrum. Furthermore, it can be seen
from Table 3 that there is a tendency for the
Q.S. value of the dominant spectral contri-
bution to increase with decreasing Co-load-
ing after the sulfidation treatment up to 473
K. For catalysts sulfided at 673 K the Q.S.
value systematically decreases with increas-
ing Co-loading, as can be seen in Fig. 4 and
Table 4.

Co/AlLO,. The results obtained on a
Co(3.0)/Al,O, catalyst are presented in Fig.
5 and Table 5. At first sight, the catalyst
seems hardly influenced by the sulfidation
treatments up to 373 K. However, by draw-
ing some auxiliary lines which connect the
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Fi1G. 2. MES spectra obtained at 300 K with uncal-
cined Co(0.013)Mo(8.0)/ AL,O; after various successive
sulfidation treatments: fresh catalyst, (S, 300 K), (S,
373K, 1h + 1h),(S,473 K, 1h + 1h), (8,573 K, 1h +
1h), and (S, 673 K, th + ih).
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TABLE 2
Maéssbauer Parameters of Uncalcined Co(0.013)Mo(8.0)/ Al O, after Various Successive
Sulfidation Treatments
Tsu. Co-sulfide High-spin 2+
(K)
I.S. Q.S. r A 1.S. Q.S. r A
(mm/s) (mm/s) (mm/s) (%) (mm/s) (mm/s) (mm/s) (%)
Fresh 0.11¢ 1.29¢ 1.51¢ 46" 1.00 2.18 0.73 54
300 0.21 1.56 1.10 26 1.00 2.22 0.62 74
373 0.23 1.50 1.10 30 1.00 2.25 0.60 71
473 0.25 0.98 0.80 84 0.92 2.12 0.68 16
573 0.24 1.02 0.76 100
673 0.24 1.18 0.69 100

Note.1.S. values are relative to K,Fe(CN), - 3H,0 measured with a ¥’Co : Rh source. Experimental uncertainties

1.8. and Q.S. = 0.03 mm/s, linewidth I' = 0.05 mm/s,

* This doublet is assigned to a Co-oxide species.

minima of the first and third peaks and from
the results of the analyses it can be seen
that the catalyst is already affected by expo-
sure to the sulfiding gas mixture at room
temperature. Due to this treatment the spec-
tral contribution of the high-spin 2 + doublet
increases significantly. Upon sulfidation at
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F1G. 3. MES spectra obtained at 300 K with four

uncalcined CoMo/Al,O; catalysts with different Co/Mo
ratios after (S, 473 K, th + lh).

spectral contribution A * 5%.

373 K the high-spin 2+ contribution has
decreased and the spectrum is transformed
into one single doublet with a Q.S. value
of 0.52 mm/s after sulfidation up to 473 K.
During the subsequent sulfidation treat-
ments up to 673 K the Q.S. value of this
doublet continuously decreases leading to a
MES spectrum which seems to consist of a
broadened single line after sulfidation at 673
K for 4 h. This spectrum (spectrum and pa-
rameters not presented in a figure and table)
was fitted with a quadrupole doublet with
Q.S. = 0.27 mm/s, resembling the value
of 0.26 mm/s which can be used to fit the
spectrum of crystalline Co,S; (7). The
Co(0.7)/ Al,O; catalyst shows a quite similar
behaviour. However, as can be seen in Ta-
ble 5, a high-spin 2+ contribution is still
present after sulfidation at 473 K.

Results of the stepwise sulfidation of
Co(0.013)/Al,0, are presented in Fig. 6.
After exposure of this catalyst to the H,S/
H, gas mixture at room temperature the
spectrum has changed only slightly, but
after sulfidation at 373 K the spectrum con-
sists of two doublets. One high-spin 2 + dou-
blet and a doublet with I.S. = 0.36 mm/s
and Q.S. = 1.57 mm/s. This latter doublet
dominates the spectrum of the catalyst after
sulfidation at 473 K. After the sulfidation at
573 K the spectrum has changed com-
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TABLE 3
Mossbauer Parameters of Uncalcined Co(x)Mo(8.0)/ Al,04(473) Catalysts with Different Co-Loading x
x Co/Mo ratio Co-sulfide High-spin 2 +
(wt%) (at/at)
LS. Q.S. A 1.S. Q.S. r A

(mm/s) (mm/s) {(mm/s) (%) (mm/s) (mm/s) (mm/s) (%)
3.0 0.61 0.23 0.85 0.73 100
0.7 0.14 0.21 0.94 0.70 <100 “ “ a >0
0.013 0.0026 0.25 0.98 0.80 84 0.92 2.12 0.68 16
0.00045 0.00009 0.24 0.99 0.81 84 0.92 2.12 0.64 16

Note. 1.S. values are relative to K Fe(CN), - 3H,0 measured with a *'Co : Rh source. Experimental uncertain-
ties: I.S. and Q.S. %= 0.03 mm/s; linewidth I' = 0.05 mm/s; spectral contribution A + 5%.
4 The small high-spin 2+ contribution visable in the spectrum could not be fitted satisfactorily.

pletely. It is now dominated by a doublet
with Q.S. = 0.73 mm/s. Furthermore, a
spectral contribution is present withQ.S. =
4.1 mm/s (indicated by the arrows). Dou-
blets with such a huge Q.S. value have also
been observed during the sulfidation of
Co/C catalysts with very low Co-loadings
(below Co0(0.0019)/C). This phenomenon
will be discussed elsewhere (23). After sul-
fidation at 673 K the catalyst is character-
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Fic. 4. MES spectra obtained at 300 K with four
uncalcined CoMo/AlLO, catalysts with different Co/Mo
ratios after (S, 673 K, lh + 1h).

ized by a spectrum which can be fitted with
a high-spin 2+ doublet and a doublet with
L.S. = 0.19 mm/s and Q.S. = 0.91 mm/s.

It is also shown in Fig. 6 that the behav-
iour of the Co(0.00045)/Al,0, catalyst is
quite different from that of the other Al,O,
supported catalysts. After each sulfidation
step its spectrum is dominated by a high-
spin 2+ doublet which shows very broad
absorption lines and although minor
changes can be observed after a more severe
sulfidation treatment, it does not make sense
to analyse the spectra of this catalyst in
detail.

Sulfidation of the Calcined Catalysts

The MES results obtained on a Co(1.3)
Mo(8.0)/Al,0, and a Co(1.3)/AlL,O, catalyst,

TABLE 4

Mossbauer Parameters of Uncalcined Co(x)Mo(8.0)/
Al,0;(673) Catalysts with Different Co-Loading x

X Co/Mo ratio LS. Q.S. r
(wt%) (at/at) (mm/s) (mm/s) (mm/s)
3.0 0.61 0.25 0.80 0.76
0.7 0.14 0.22 1.07 0.72
0.013 0.0026 0.24 1.18 0.69
0.00045 0.00009 0.22 1.22 0.71

Note. 1.S. values are relative to K;Fe(CN),-3H,0
measured with a “Co : Rh source. Experimental uncer-
tainties: I.S. and Q.S. = 0.03 mm/s; linewidth " = 0.05
mm/s; spectral contribution A * 5%.
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Fi1G. 5. MES spectra obtained at 300 K with uncal-
cined Co(3.0)/ Al,O, after various successive sulfidation
treatments: fresh catalyst, (S, 300 K), (S, 373 K, lh +
lh), (S, 473 K, 1h + 1h), (S, 573 K, 1h + 1h), and (S,
673 K, lh + th).

calcined inair at 773 K for 2 h, are presented
in Fig. 7 and Table 6. From the high-spin
2+ contribution in the spectra it follows
that even after sulfidation up to 673 K both
catalysts were not fully sulfided. The sulfi-
dation of the Co(1.3)Mo(8.0)/Al,O, catalyst
starts at low temperatures. After exposure
of the catalyst to the 10% H,S/H, gas mix-
ture at room temperature the spectrum con-
sists of a high-spin 2+ doublet with rather
broad absorption lines and an additional
doublet with 1.S. = 0.25 mm/s and Q.S. =
1.2 mm/s. The spectral contribution of this
latter doublet clearly increases with increas-
ing sulfidation temperature.

It is difficult to determine at which tem-
perature the sulfidation of the Co(1.3)/Al,0,
catalyst starts. All spectra of the catalyst
are very poorly resolved. The large high-
spin 2 + contribution hampers a precise de-
termination of the parameters of the second
spectral contribution. Its parameters can be
estimated only roughly. The results in Table
6 show that the Q.S. value of both the high-
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spin 2 4+ and the additional doublet continu-
ously decrease during sulfidation treatments
at elevated temperatures.

DISCUSSION
Sulfidation of the Uncalcined Catalysts

CoMo/AlL,O;. Upon comparing the sulfi-
dation behaviour of the CoMo/Al,O; cata-
lysts with that of their carbon-supported
counterparts, striking similarities are found.
(1) The spectra of the CoMo/Al,0,(673) cata-
lysts (see Fig. 4 and Table 4) show a decreas-
ing Q.S. value of the sulfidic doublet with
increasing Co/Mo ratio as also found for
CoMo/C (16, 17). (i1)) The temperature at
which the high-spin 2+ doublet has disap-
peared completely from the spectrum de-
creases with increasing Co/Mo ratio. Apart
from these similarities, there is also an ap-
parent difference. In the case of CoMo/C
catalysts with a high Co/Mo ratio (>0.5 at/
at) sulfiding at room temperature already
results in an almost complete disappearance
of the high-spin 2+ doublet from the spec-
trum and the doublet replacing it has to be
assigned to a sulfidic phase on the basis
of MES and EXAFS (/6, 7). So, the
CoMo/C catalysts become completely sul-
fidic at relatively low sulfidation tempera-
tures. For all alumina-supported catalysts a
significant high-spin 2+ contribution is still
seen in the spectra after sulfidation at 373 K,
even for the Co(3.0)Mo(8.0)/Al,O; catalyst
with Co/Mo = 0.62 at/at (see Fig. 1, Table
1). This high-spin 2+ contribution disap-
pears completely during sulfidation at ele-
vated temperatures, so it is not plausible to
assign it to a fully sulfidic phase. The more
so since the combined EXAFS and MES
studies on Co(-Mo)/C catalysts (16, 17) re-
veal that for these systems the high-spin 2 +
doublets observed as intermediates during
the sulfidation process should be assigned
to oxygen containing Co-species.

Due to the presence of the high-spin 2 +
spectral contribution the assignment of the
second doublet in the spectra observed after
sulfidation at 373 K is somewhat uncertain.
However, we assign it to a sulfidic species
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TABLE 5
Mossbauer Parameters of Uncalcined Co(3.0)/Al,0; and Co(0.7)/AL,O; after Various Successive
Sulfidation Treatments
T, Co-sulfide High-spin 2+
(K)
1.S. Q.S. r A LS. Q.S. r A
(mm/s) (mm/s) (mm/s) (%) (mm/s) (mm/s) (mm/s) (%)
Co(3.0)/AlL,O4
Fresh 0.18¢ 1.38¢ 1.07¢ 83¢ 0.96 2.29 0.61 17
300 0.21 1.29 0.95 71 0.98 2.24 0.64 29
373 0.22 111 1.11 81 0.99 2.30 0.62 19
473 0.25 0.52 0.68 100
573 0.25 0.38 0.66 100
673 0.25 0.30 0.60 100
Co(0.7)/Al,O4
Fresh 0.16" 1.28¢ 1.29¢ 764 0.96 2.36 0.68 24
300 0.21 1.33 1.14 67 0.98 2.31 0.70 33
373 0.21 1.25 1.08 72 0.98 2.26 0.72 28
473 0.25 0.57 0.87 90 0.89 2.22 0.64 10
573 0.25 0.41 0.74 95 1.0" 1.80 0.6 5
673° 0.26 0.34 0.63 98 1.0° 1.75 0.6 2

Note. 1.S. values are relative to K,Fe(CN), - 3H,0 measured with a ¥Co: Rh source. Experimental uncertain-
ties: 1.S. and Q.S. *+ 0.03 mm/s; linewidth [ £ 0.05 mm/s; spectral contribution A + 5%.

“ These doublets are assigned to a Co-oxide species.

» These parameters were fixed during the fitting procedure.

“ The catalyst was sulfided for four hours at this temperature.

since the spectral contribution of the high-
spin 2+ doublet for Co(0.00045)Mo(8.0)/
Al,05(373) (not presented) and Co(0.013)
Mo(8.0)/Al,04(373) (see Fig. 2) has strongly
decreased in favour of a doublet with 1.S. =
0.25 (or 0.24) and Q.S. = 0.98 mm/s (or
0.99) after sulfidation at 473 K, and since
this spectral contribution further increases
during sulfidation at higher temperatures
(see Table 3).

In case of Co(3.0)Mo(8.0)/Al,0O; the as-
signment is even more difficult. In Fig. 1
and Table 1 it is shown that besides the
high-spin 2 + doublet always a large second
spectral contribution (doublet) is present.
Clearly this doublet should be assigned to an
oxidic phase in the fresh catalyst, whereas it
should be assigned to a sulfidic phase in the
catalyst sulfided up to 673 K. The problem is
therefore to determine at which temperature
the oxidic phase is transformed into a sul-
fidic one. It follows from Fig. 1 and Table 1,

that in Co(3.0)Mo(8.0)/Al,0,(300) the high-
spin 2+ component is increased compared
to the fresh sample and that further sulfida-
tion at 373 K results in an partial transforma-
tion into the spectral component with
I.S. = 0.21 mm/s and Q.S. 1.18 mm/s.
It is plausible on the basis of the similarity
in the sulfidation behaviour found between
the CoMo/Al,O; and the CoMo/C catalysts
that the doublet with 1.S. = 0.21 mm/s and
Q.S. = 1.18 mm/s should be assigned to a
sulfidic phase. This assignment is further
supported by the spectra presented in Fig.
3 and the MES parameters given in Table 3
which show that after sulfidation at 473 K
the percentage of the Co remaining in a high-
spin 2+ phase decreases with increasing
Co/Mo ratio. Furthermore, in Co(0.013)
Mo(8.0)/Al,0,(373) already a contribution
of a sulfidic doublet is present (see Fig. 2).
(In Table 2 it is shown that already after
sulfidation at 300 K, the spectrum can be
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analysed in a similar way.) As a conse-
quence, also in Co(0.7)Mo(8.0)/Al,0+(373)
and Co(3.0)Mo(8.0)/ Al,04(373) a Co-sulfide
phase must be present since for these cata-
lysts the Co/Mo ratio is much higher. The

Co species exhibiting the doublet with
I.S. = 0.23 mm/s and Q.S. = 1.28 mm/s in
the spectrum of Co(3.0)Mo(8.0)/Al,0,(300)
can not be distinguished from the oxidic
component in the fresh sample (see Table
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Fi1G. 7. MES spectra obtained at 300 K with calcined Co(1.3)/Al,0; and Co(1.3)Mo(8.0)/AL,O,
catalysts after the various successive sulfidation treatments indicated in the figure.
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TABLE 6

Méssbauer Parameters of Calcined Co(1.3)/AlLO; and Co(1.3)Mo(8.0)/Al,O; Catalysts after Various
Successive Sulfidation Treatments

Tsur. Co-sulfide High-spin 2+
(K)
I.S. Q.S. r A LS. Q.S. r A
(mm/s) (mm/s) (mm/s) (%) (mm/s) (mm/s) (mm/s) (%)
Co(1.3)/ALO;

Calcined 0.19¢ 1.21¢ 1.17¢ 65¢ 1.03 2.07 0.94 35
300 0.18 1.23 1.19 62 0.97 2.04 1.02 38
373 0.16 1.20 1.13 62 0.92 1.98 1.03 38
473 0.19 0.92 .11 65 1.00 1.89 0.99 35
573 0.19 0.83 1.13 65 1.01 1.87 1.05 35
673 0.15 0.73 1.19 66 0.98 1.85 1.20 34

Co(1.3)Mo(8.0)/Al,04
300 0.25 1.18 1.02 44 0.87 2.09 0.87 56
373 0.21 1.25 0.91 55 0.86 2.03 0.88 45
473 0.22 0.93 0.77 65 0.88 2.01 0.82 35
573 0.22 0.95 0.70 73 0.87 2.00 0.79 27
673 0.22 1.01 0.70 82 0.86 1.98 0.72 18

Note. 1.S. values are relative to K,Fe(CN), - 3H,0 measured with a ¥’Co : Rh source. Experimental uncertain-
ties: 1.S. and Q.S. + 0.03 mm/s; linewidth I' = 0.05 mm/s; spectral contribution 4 + 5%%.

* This doublet is assigned to a Co-oxide species.

1), and no other indications (trends) are
available in the set of measurements to draw
conclusions about the nature of this Co
species.

Summarizing, it can be stated that the be-
haviour of the uncalcined CoMo/Al,O; cata-
lysts resembles that of their carbon-sup-
ported counterparts in many aspects.
Hence, the decreasing Q.S. value with in-
creasing Co loading for the CoMo/AlO,
(673) catalysts indicates an increase in parti-
cle size and ordering of a Co-sulfide species
associated with MoS,. The spectrum of
Co(3.0)Mo(8.0)/ Al,0,(673), which can not
be explained by a superposition of a
““Co-Mo-S"’ doublet and the spectrum of
crystalline *“CoyS;™’, supports this indica-
tion. A difference observed by us is that the
CoMo/Al, O, catalyst with a rather high Co/
Mo ratio (0.61 at/at) becomes completely
sulfidic at slightly higher temperatures than
the CoMo/C catalysts with a comparably
high Co/Mo ratio (>0.53 at/at). Apparently,
the sulfidation of the alumina-supported cat-
alysts is hampered due to a stronger interac-

tion between the transition metal species
and the support.

Co/AlLO;. The MES spectra of the low
Co-content Co(0.00045)/A1,0, and Co(0.013)/
Al O; catalysts deviate much more from
those of their carbon-supported counter-
parts than in the CoMo case. The spectra
of Co/C catalysts showed only high-spin 2 +
contributions up to sulfidation at 473 K,
which contribution completely disappeared
during sulfidation at 573 and 673 K. By com-
bining MES and EXAFS it was found (/6,
17) that the high-spin 2+ contribution
should be assigned to an oxygen containing
Co-species. However, the spectrum of
Co(0.00045)/ AL, 0, is dominated by a high-
spin 2+ doublet at all sulfidation tempera-
tures and in the spectra of Co(0.013)/A1,0,
a substantial high-spin 2+ contribution is
always present as well (see Fig. 6). In the
spectra of Co(0.7)/Al,04(673) (not shown)
and Co(3.0)/Al,04(673) only a very small
and no high-spin 2+ contribution can be
observed, respectively (see Table 5). Obser-
vation of a high-spin 2+ doublet after sulfi-
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dation up to 673 K makes it very unlikely
that it represents an oxygen containing spe-
cies similar to the one exhibiting the high-
spin 2 + doublet in the Co(-Mo)/C catalysts
after low temperature sulfiding. Most proba-
bly it represents a Co: Al,O, species. This
assumption is supported by the finding that
this high-spin 2+ doublet has a much
smaller Q.S. value (1.75 mm/s) than the one
in the spectra after sulfidation up to 473 K
(Q.S. = 2.22 mm/s; see Table 5). Further-
more, it is in accordance with the observa-
tion that the relative amount of this species
increases with decreasing Co-loading, and
by calcination of the catalysts (see Fig. 7
and Table 6). Of course, the presence of
Co: Al,O; species in Co(Mo)/Al,O; has of-
ten been reported before, but always for
calcined material. Apparently, such a spe-
cies can form even in noncalcined samples.
However, we cannot determine whether or
not this Co : Al,O, becomes partly sulfided.
Finally, the attribution to Co: Al,O; is in
line with the interpretation of the MES spec-
tra of Al,O, supported Co(-Mo) catalysts
by Topsge et al. (7). It is also in agreement
with the interpretation of the Mdssbauer ab-
sorption results on Al,O; supported
Fe(-Mo) of Ramselaar et al. (18).

During sulfidation of Co(0.013)/Al,0; at
300 K only minor changes occur (see Fig.
6), whereas during sulfidation at 373 K a
spectral contribution emerges with [.S. =
0.36 mm/s and Q.S. = 1.57 mm/s. As this
spectral contribution grows during sulfida-
tion at 473 K and dominates the spectrum,
it most probably represents a sulfidic spe-
cies. The MES parameters of this doublet
do not agree with those of any known crys-
talline Co-sulfide, and are only comparable
with those of the so-called ‘*Co-Mo-S"’
phase (7). However, no Mo is present in the
catalyst. Thus, as for the Co/C catalysts
(12-14, 16), also in Co/Al,O, catalysts a Co-
sulfide species is observed with the
“Co-Mo-S"" MES parameters. And, as in
the Co/C catalysts this Co-sulfide species is
changing with changing sulfidation tempera-
tures. In Fig. 6 it is shown that the
**Co~Mo-S"" doublet disappears during sul-
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fidation at 573 K and is transformed into
two new doublets. One doublet withQ.S. =
4.05 mm/s, the meaning of which will be
discussed elsewhere (23) (such a large value
of Q.S. is also observed in Co/C catalysts
with extremely low Co-loadings, 0.019,
0.0019, 0.0005, after sulfidation up to 573 K
and is most likely due to a monatomically
dispersed Co-sulfide species with Co atoms
in a square planar or in a five-fold coordina-
tion), and a doublet with Q.S. = 0.73 mm/s.
The latter doublet remains present after sul-
fidation at 673 K and should be assigned to
a sulfidic phase. Due to the presence of a
high-spin 2 + subspectrum, the MES param-
eters of this sulfidic doublet cannot be deter-
mined very accurately. But, its Q.S. value
is significantly larger than the value for bulk
Co,S;, (0.26 mm/s). The MES spectra of
Co(0.7)/Al,04(673) and Co(3.0)/Al,04(673)
show much smaller Q.S. values (0.34 and
0.30 mm/s, respectively; see Table 5). So,
the Q.S. value of the sulfidic doublet de-
creases with increasing Co-loading, like for
the Co/C catalysts (12-14, 16).

From Table 5 it is not readily apparent
that a Co-sulfide phase with the
*Co-Mo-S"" MES parameters is formed in
the higher Co loading catalysts, viz.,
Co(0.7)/ALO; and Co(3.0)/AlL,0,. Never-
theless, this can be deduced to be the case
through applying a similar reasoning as
above for Co(3.0)Mo(8.0)/Al,0;. It is found
that: (i) the spectral contribution of the high-
spin 2+ doublet has increased in both Co/
Al,O; catalysts after exposure to the H,S/H,
gas mixture at 300 K, while it has decreased
after sulfidation at 373 K; (i) Co(0.013)/
Al,O, shows a large spectral contribution of
a "‘Co-Mo-S"’ doublet after sulfidation at
373 K; (iii) the Co atoms in the Co/C, the
CoMo/C and the CoMo/Al,O, catalysts be-
come sulfided at lower temperature when
the Co-loading is increased. Hence, it is
very likely that the doublet, which in addi-
tion to the high-spin 2+ doublet is present
in the spectra of Co(0.7)/ALL05(373) and
Co(3.0)/Al,04(373) has to be assigned to a
sulfidic phase. This Co-sulfide phase shows
Q.S. values of 1.11 and 1.25 mm/s which
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fall within the range for ‘‘Co-Mo-S"’ (24).
The assignment of this doublet to a Co-sul-
fide phase reveals that the Q.S. value of the
Co-sulfide phase that is formed immediately
after disappearance of the high-spin 2+
phase from the spectrum is related to the
Co-loading (we observe Co(3.0)/ Al,04(373):
1.11, Co(0.7)/Al,0,(373): 1.25, Co(0.013)/
ALO,(473): 1.55 mm/s). Such a relation was
also found for Co/C catalysts (12, 13, 16),
and it means that the Co-sulfide particle
size/ordering decreases with decreasing Co
loading.

The Q.S. values of the Co-sulfide species
in the spectra of Co(0.7)/Al,0,(473) and
Co(3.0)/Al,04(473) are rather small, 0.57
and 0.52 mm/s, respectively. In addition,
these Q.S. values decreases during subse-
quent sulfidation treatments at 573 and 673
K. Despite this decrease the MES parame-
ters of the Co-sulfide formed do not match
with those of any known crystalline cobalt
sulfide. A similar behaviour was observed
in case of the Co/C catalysts (12, 13, 16).

In summary, during the sulfidation of un-
calcined Co/AlL O, catalysts with different
Co-loadings, we observed the same trends
in the MES parameters as in the case of
Co/C catalysts, i.e., during sulfidation treat-
ment up to 473 K, Co-sulfide species are
formed which exhibit the **Co-Mo-5’" dou-
blet. The sulfidation temperature required to
form this doublet decreases with increasing
Co-loading and so does the Q.S. value of
the ““Co-Mo-8"" doublet. An elevated sul-
fidation temperatures the *‘Co-Mo-S"" dou-
blet collapses and a sulfidic phase exhibiting
a doublet with a Q.S. value that decreases
with increasing sulfidation temperatures is
formed. Finally, also the Q.S. value of the
sulfidic doublet observed after sulfidation at
673 K decreases with increasing Co-loading.
However, as expected, the behaviour of un-
calcined Co/Al,O, catalysts differs from
that of the carbon-supported counterparts
in one respect. In the case of the Co/Al, O,
catalysts a stronger Co-support interaction
is observed from the behaviour at low sulfi-
dation temperatures and from the contribu-
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tion of Co: Al,O, in the spectra of fully sul-
fided Co(0.00045)/Al,0;, Co(0.013)/Al,0,
and Co(0.7)/Al,O;.

Sulfidation of the Calcined ColAlLO, and
CoMo/ALLO, Catalysts

The MES spectra of stepwise sulfided cal-
cined Co(1.3)Mo(8.0)/Al,O; show that the
sulfidation starts at low temperature. (The
spectral contribution of the doublet with the
lowest 1.S. and Q.S. values, see Table 5,
grows during sulfidation at 373 K). This is
in accordance with the observation of Schef-
fer et al. (25) that in similarly calcined
CoMo/AlLO; catalysts the sulfidation of the
Co already starts at room temperature.

After sulfidation at 473 K the main spec-
tral contribution is a doublet with 1.S. =
0.22 mm/s and Q.S. = 0.93 mm/s. During
sulfidation at 573 and 673 K the Q.S. value
of this doublet slightly increases. This be-
haviour was previously observed for all
CoMo/C (12, 13, 16) and here for uncalcined
CoMo/Al,O; catalysts with relatively low
Co/Mo ratio (<0.5 at/at), vide supra. It is
explained as a redispersion of the Co-sulfide
phase over the edges of the MoS, crystallites
which are only formed at temperatures of
about 573 K (16, 17). Clearly part of the Co
remains present in a high-spin 2+ phase.
The presence of this phase after sulfidation
up to 673 K and its rather small Q.S. value
(within the range of high-spin 2 + doublets)
justify assignment to Co: AlLO;, in accor-
dance with the interpretation of their spectra
by Topsge et al. (7).

The spectra of calcined Co(1.3)/Al,0; are
rather poorly resolved. Still, the results pre-
viously obtained of uncalcined Co/Al,O,
and Co/C catalysts are helpful in order to
understand what may happen. Clearly, part
of the Co is diffused into the Al,O; support
during the calcination treatment. This
Co: Al,O, is characterized by a high-spin
2+ doublet. We cannot determine whether
or not this Co becomes sulfided. The only
indication that this Co might not be sulfided
is the finding that the Q.S. value of the high-
spin 2+ doublet is relatively small after the
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sulfidation treatments at 573 and 673 K com-
pared to the Q.S. values of the high-spin 2 +
components in the spectra of Co/Al,O, and
CoMo/Al,O, catalysts sulfided at lower tem-
peratures, which resulted at least in partial
sulfidation. The rest of the Co is character-
ized by a spectral contribution under the
peak at the left-hand side of the high-spin
2+ doublet. The MES parameters of this
contribution are difficult to derive. A fit with
a doublet with adjusted linewidth was ap-
plied. From Table 6 it follows that the Q.S.
value of this doublet is hardly affected by
exposing the catalyst to the sulfiding gas
mixture at room temperature, but continu-
ously decreases during the successive sul-
fidation treatments up to 673 K. After this
last sulfidation step a Q.S. value of 0.73
mm/s is analysed, which is in the range of
the value for uncalcined Co(0.013)/Al,0,
(673). This doublet most probably repre-
sents a sulfidic phase. The decrease of the
Q.S. value points to an increasing Co-sulfide
particle size. That also for the calcined Co/
Al,Oj, catalysts the sulfidation starts at room
temperature, is in agreement with Arnoldy
et al. (26).

Remarks Concerning the Influence
of the Support

As outlined above, the trends observed
in the sulfidation of CoMo/Al,0, and Co/
AL O, catalysts are essentially the same as
those observed in the CoMo/C and Co/C
catalysts. Therefore, it is reasonable to as-
sume that the MES spectra of the Al,O;-
supported catalysts may be interpreted in
the same way as those of their C-supported
counterparts. That means that also for the
AlLO;-supported catalysts the Q.S. value
depends on the particle size and ordering
of the Co-sulfide species formed during the
sulfiding process. An increase in particle
size and ordering gives rise to a lower Q.S.
value. Accordingly, the Co-sulfide species
present in Co/Al,O; and CoMo/Al,O, cata-
lysts are essentially similar, only the particle
size and ordering of the Co-sulfide species
differs.
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A stronger Co-support interaction is ob-
served in the case of Al,0,-supported cata-
lysts, which interaction surely will not be
weakened during calcination at 773 K. So,
the observation that the sulfidation of cal-
cined Co(1.3)Mo(8.0)/Al,O, starts (at least)
at 373 K implies that also the sulfidation
of uncalcined Co(0.7)Mo(8.0)/Al,0, and
Co(3.0)Mo(8.0)/Al,O; should start at least
at this temperature.

Comparing the spectra of Co(4.3)/C(673)
(16) and Co(0.7)/Al,0,4(673), it is seen that
despite the lower Co-loading (0.25 at/nm?
versus 0.4 at/nm?), the Q.S. value of the
Co-sulfide species formed on the alumina
support is much smaller than that on carbon.
Apparently, the Co-sulfide species sinters
less easily on the carbon support, and this
is probably due to the narrow pore structure
of the activated-carbon.

It is interesting to compare the behaviour
of uncalcined Co(0.00045)/A1,0, and cal-
cined Co(1.3)/AL0;. All spectra of
Co(0.00045)/ Al,O, are dominated by a high-
spin 2+ doublet due to Co: Al,O,. The be-
haviour of calcined Co(1.3)/AL,0; is clearly
different. This supports our conclusion that
only part of the Co diffuses into the AL,O,
whereas the rest can normally be sulfided
and behaves as in the uncalcined catalysts.

Finally, the present results provide evi-
dence that the Co preferentially adsorbs on
the Mo phase during the preparation of the
CoMo catalyst. In the CoMo/Al, O, cata-
lysts a high-spin 2+ doublet is observed
with relatively narrow absorption lines. As
these narrow lines are not observed in cata-
lysts without Mo, it indicates that the Co
sticks to the Mo phase. Furthermore, the
absence of a high-spin 2+ doublet in any
of the CoMo/AL,04(673) catalysts makes it
clear that after this sulfidation treatment all
Co remains located at the MoS, . Otherwise,
{part of) it would have diffused into the
ALO;, as was observed for Co(0.00045)/
ALO;.

However, after the calcination treatment
up to 773 K, part of the Co in a CoMo/Al O,
catalyst is diffused into the alumina. This
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can easily be understood in the following
way. In the calcination treatment the cata-
lysts are heated up to 773 K in | h. It is
known from previous MAS and MES (27,
28) studies on the reduction and sulfidation
of carbon-supported Fe/Co(-Mo) catalysts
that the Fe/Co easily segregates if the cata-
lysts are heated too fast. The segregated Co
diffuses into the alumina support.

CONCLUSIONS

The stepwise sulfidation of Co/Al,O; and
CoMo/Al,O; catalysts with different Co-
loadings has been studied by MES. The
trends observed in the spectra of the uncal-
cined catalysts resemble those observed for
carbon-supported catalysts. Therefore, the
interpretation of the spectra is based on the
conclusions drawn from the MES studies of
the Co/C and CoMo/C catalysts (12, 13, 16).

It is found that a Co-sulfide species exhib-
iting the ‘*‘Co-Mo-8" MES spectrum can
be formed during sulfidation of Co/AlO;
catalysts. Increasing sulfidation tempera-
ture leads to a decrease in Q.S. value which
reflects a growth of this Co-sulfide species.
In Co/Al,O, catalysts with rather high Co-
loading this leads to the formation of Co-
sulfide particles nearly exhibiting the MES
spectrum (Q.S. = 0.30 mm/s) of crystalline
C0,5; (Q.S. = 0.26 mm/s). Apparently, the
growth of these relatively large Co-sulfide
particles turns out to be easier on alumina
than on activated carbon, which is most
probably due to the narrow pore structure
of the carbon support. In all MES spectra
of Co/Al,O, catalysts with low Co-loadings
a subspectrum of Co: Al,O, is present.

The MES spectra of fresh CoMo/AlO,
catalysts with rather low Co/Mo ratios show
a high-spin 2+ contribution with relatively
narrow absorption lines. Although this dou-
blet cannot yet be assigned, such a contribu-
tion is not found in the spectra of the Co/
Al,O, catalysts and thus it indicates that the
Co sticks to the Mo during the preparation
of the catalyst. During sulfidation of the
CoMo/AlLO; catalysts at low temperatures
a Co-sulfide species is formed that exhibits
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the ““Co—Mo-S’ MES spectrum. During
sulfidation at higher temperatures the Co-
sulfide species slightly grows and after sul-
fidation up to 673 K, very small Co-sulfide
particles have been formed which are most
likely located at the edge of the small MoS,
crystallites that are also formed during the
sulfidation.

It is concluded that the Co-sulfide species
formed in sulfided Co/AlLQO, and CoMo/
Al,O; catalysts are essentially the same,
only the particle size and ordering of the
Co-sulfide species may differ, as in the case
of Co/C and CoMo/C catalysts. The func-
tion of the Mo, which is present as MoS,,
is merely to stabilize very small Co-sulfide
particles, which in the limit contain only one
single Co atom.

It turned out that the Q.S. value of the
Co-sulfide phase in the sulfided catalysts de-
pends on the sulfiding temperature and Co
content. This observation leads to the con-
clusion that large Q.S. values point to the
presence of very small Co-sulfide entities or
particles (the lower limit being *‘particles’
containing only one Co atom, such as pro-
posed in the **Co-Mo-S’’" model), whereas
small Q.S. values point to the presence of
large Co-sulfide particles (the upper limit
being crystalline Co,Sy).
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