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Air exposure (passivation) and subsequent resulfidation caused a substantial increase in the
thiophene hydrodesulfurization activity of sulfided Co-Mo/Al, O, catalysts. Since no effect was
observed for Mo/Al,O, and Co/Al, O, catalysts, the passivation effect must be related to the
Co-Mo-S structure. EXAFS, Mdssbauer emission spectroscopy, and transmission electron micros-
copy measurements showed that the passivation effect is neither related to a change in the MoS,
dispersion, nor to a change in number and nature of the Co sites. A Co-Mo/Ti0,, a Co-Mo/C,
and a Co-Mo/Al,O, catalyst, which was prepared with the aid of nitrilotriacetic acid, hardly
showed an increase in the catalytic activity after passivation. Because of this, and since the Mo-S
coordination number for a Co-Mo/Al O, catalyst is increased by passivation, it is concluded that
the activity increase originates from a decrease in Mo-support interactions. These interactions are
broken when Co atoms migrate to Mo—0O-Al bonds during a passivation and resulfidation treatment
and assist in the sulfidation of these bonds. Removal of steric hindrance is held responsible for
the activity increase. The effect of passivation on the catalytic activity decreased with increasing
Co/Mo ratio, probably because at high Co loadings most Mo—O-Al bonds are already sulfided in
the first sulfidation step. A maximum activity increase was obtained at a passivation temperature
of 340 K. At lower temperatures the oxidation and migration of Co is too slow, whereas at higher
temperatures new Mo-O-Al bonds are formed in the passivation treatment. Ni-Mo/Al, O, catalysts

showed the same behavior as Co—Mo/Al,O, catalysts.

INTRODUCTION

Lower legislative limits on sulfur and ni-
trogen levels in gasoil are placing higher de-
mands on hydrotreating catalysts and as a
result much research is being focused on
improving the activity of such catalysts.
Thus, catalyst modifiers such as phosphate
and fluoride have been found to enhance the
activity for hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) of Co-Mo
and Ni—Mo catalysts (/—). Coimpregnation
of Mo and Co precursors with a nitrogen-
containing organic ligand such as nitrilotri-
acetic acid (NTA) (5) increases the activity
of the resulting Co~Mo catalyst approxi-
mately twofold compared to a catalyst made
in a classical two-step impregnation (6).
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Conflicting results have been reported for
the influence of calcination temperature on
catalyst activity. Increased (7) as well as
decreased activity (8) has been reported.
An increase in the sulfidation temperature
resulted in an increase of the HDS activity
for Co—Mo catalysts supported on 5-AlL,O,
(9, 10) and y-AlL,O; (11).

An interesting method for improving the
catalytic activity was found by Kolboe and
Amberg (/2). When these authors intro-
duced a pulse of oxygen into the thiophene/
H, feed, the activity of an unsupported
MoS, catalyst immediately increased by a
factor of 2. However, the effect was only
transient, and after a certain time the activ-
ity dropped to the same level as before O,
exposure. Electronic influences were sug-
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gested to be responsible for the activity in-
crease. De Beer ef al. observed the same
behavior for supported sulfided Mo/Al,O,
catalysts (/3). After exposure to air at room
temperature the initial activity increased,
but after several minutes time-on-stream it
returned to approximately the same level
as before air exposure. In contrast, a Co-
promoted catalyst displayed a completely
different behavior. When exposed to air at
room temperature, the activity was signifi-
cantly increased and did not fall back to the
level before air exposure. Furthermore, the
activity could be increased again by a sec-
ond air exposure, and exposing the catalyst
to air a third time caused another significant
activity enhancement, although the in-
creases became smaller with every subse-
quent air exposure treatment. De Beer et al.
(13) suggested that the O, in the air led to
a breaking up of the MoS, crystallites on
the alumina support and to additional active
sites on the new MoS, edges. In the unpro-
moted catalyst these crystallites would grow
together again, but in the presence of a Co
promoter this would not be possible, be-
cause the Co atoms would occupy sites on
the new MoS, edges and prevent the MoS,
particles from sintering together again.
Also, Massoth et al. investigated the effect
of air exposure on the activity of HDS cata-
lysts (/4). They exposed several sulfided
Mo/Al,O, catalysts with different Mo load-
ings to air, and observed that after resulfi-
dation there was a small decrease of the
catalytic activity for thiophene hydrodesul-
furization. However, the amount of chemi-
sorbed NO had decreased more strongly,
suggesting a decrease in the number of ac-
tive sites and an increase in their intrinsic
activity,

To explore further the scope of the passiv-
ation effect in hydrodesulfurization and to
understand its origin, we have studied sev-
eral hydrotreating catalysts by catalytic as
well as physicochemical methods. The main
body of our results and conclusions are pre-
sented here, while some preliminary results
have been published before (/5).
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EXPERIMENTAL

Catalyst Preparation

A number of Co- and Ni-promoted and
unpromoted Mo catalysts were prepared.
First, a series of alumina-supported Co-Mo
catalysts with varying Co/Mo atomic ratio,
as well as a Ni-Mo/ALO, catalyst, were
prepared by pore-volume impregnation of
y-Al,0; (Condea Chemie, 233 m? g~') with
aqueous solutions of (NH,)Mo0,0,, - 4H,0
(Merck p.a.) and Co(NQO,), - 6H,0 (John-
son Matthey, A.R.) or Ni(NO,), - 6H,0O
(Fluka, purum). After each impregnation
the catalysts were dried (12 h, 393 K),
heated at 5 K/min to 673 K, and calcined
(2 h, 673 K). These catalysts are denoted
Co-Mo(x)/Al,O; and Ni-Mo(x)/Al,O,, re-
spectively, where x denotes the M/Mo
atomic ratio. Analogously, a Co-Mo/
AlLO; and a Co-Mo/TiO, catalyst were
made with a Co/Mo ratio of 0.3. The Co
nitrate solution was obtained from Isotope
Products Laboratories, and the TiO, sup-
port was Eurotitania-1 (0.5 cm® g7, 46 m®
g !, 99% anatase). An unpromoted Mo/
Al,O, catalyst was prepared by impregna-
tion with (NH,)Mo,0,, - 4H,O only. Fi-
nally, a Co/Al,O; catalyst was made by
omitting the Mo impregnation step. The last
two catalysts are denoted Mo/Al,0; and Co/
Al,O,, respectively. A Co-Mo and a Ni-Mo
catalyst with x = 0.3 were made according
to the method described by van Veen et al.
(5), in which nitrilotriacetic acid (NTA) is
used as a complexing agent. These catalysts
are denoted Co-Mo(NTA)/ALLO, and
Ni-Mo(NTA)/AlO;,.

Carbon-supported catalysts were made
by a two-step pore-volume impregnation of
a Lonza high surface area graphite (Lonza
HSAG-300, 300 m> g~ ") or a Norit activated
carbon (Norit RX3-extra, 1190 m* g~ ') sup-
port. In the first step an aqueous solution
of (NH,)¢Mo,0,, - 4H,0 was employed and
in the second step an aqueous solution of
Co(NOy), - 6H,0 or Ni(NOs), - 6H,0 was
used. After each step the catalysts were
dried (12 h, 393 K) but not calcined. The
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TABLE 1

Catalyst Composition and Notation

Catalyst Support % Mo % Co(Ni) M/Mo Notation

Mo AlLO, 7.41 0 0 Mo/Al O,

Co-Mo AlLO; 6.82 0.42 0.10 Co-Mo(0.1)/AL,0,
Co-Mo AlLO; 6.82 1.25 0.30 Co-Mo(0.3)/Al,O,
Co-Mo AL, 6.82 1.89 0.45 Co-Mo(0.45)/ Al,O,
Co-Mo AlLO, 6.82 2,51 0.60 Co-Mo(0.6)/Al,0;
Co-Mo AlO, 6.82 3.35 0.80 Co-Mo(0.8)/Al,O;
Co-Mo AlL,O, 6.82 4.20 1.0 Co-Mol(1.0)/AlLO;
Co AlLO; 0 4.50 Co/AlLO;

Co C(Norit) 0 0.99 Co/C(Norit)
Co-Mo AlLO, 7.31 1.35 0.30 Co-Mo(NTA)/AlLO,
Co-Mo TiO, 2.41 0.45 0.30 Co-Mo/TiO,
Co-Mo C(Norit) 0.49 0.089 0.30 Co-Mo/C(Norit)
Co-Mo C(Lonza) 4.33 0.80 0.30 Co-Mo/C(Lonza)
Ni—-Mo AlLO, 6.82 1.25 0.30 Ni-Mo/Al,O,
Ni-Mo ALO; 3.31 0.61 0.30 Ni-Mo(NTA)/ALO,
Ni-Mo C(Norit) 0.49 0.090 0.30 Ni—Mo/C(Norit)
Co-Mo AlLO, 6.82 1.26 0.30 Co-Mo(0.3)/ALLO,

Co/Mo and Ni/Mo atomic ratio was 0.3 in
all cases. The catalysts are denoted M—-Mo/
C(s), where M is Co or Ni, and s is Norit or
Lonza. Additionally, a Co/C(Norit) catalyst
was made by impregnation with a
Co(NQOs), - 6H,0 solution only. Composi-
tions and notations of all catalysts are given
in Table 1. The Mo loading of all Al,O;-
supported catalysts but one was chosen to
be around 7%, while the Mo (or Co) loading
of the other catalysts was adapted to give a
thiophene conversion comparable to that of
the Co-Mo(0.3)/Al,0O; catalyst.

Catalytic Activity

The catalytic activities of the catalysts for
thiophene HDS were measured in a mi-
croflow reactor at atmospheric pressure.
Catalyst samples were sulfided in a flow of
60 cm® min~' of 10% H,S in H,. During
sulfidation, the temperature was raised at a
rate of 6 K min~' to 673 K, except during
the first sulfidation of the Co—-Mo(NTA)/

AL O, catalysts, when the temperature was
raised at the much lower rate of 1 K min~!,
to avoid too early decomposition of the
Co-Mo-NTA complex. The temperature
was kept at 673 K for 2 h. Next, a gas mix-
ture consisting of 3% thiophene in H, was
introduced into the reactor at a flow rate
of 60 cm® min~!. Reaction products were
analysed by on-line gas chromatography.
The activity of the catalyst samples was ex-
pressed as kypg, a first-order rate constant.

After several hours of reaction the cata-
lyst samples were cooled to room tempera-
ture under a flow of He, the reactor was
opened and the catalyst was exposed to air
for a predetermined period (passivation).
After passivation, the reactor was closed,
the catalyst resulfided, and its activity re-
measured as described above. In some cases
the catalyst was not cooled to room temper-
ature, but to a predefined temperature be-
tween 673 K and room temperature, after
which it was not exposed to air, but to a
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flow of 5% O,/He, and the catalyst was left
overnight under this flowing mixture.

EXAFS

The Co and Mo EXAFS of the Co-
Mo(0.3)/Al,O, catalyst have been measured
after the first sulfidation, after a passivation
treatment of | week, and finally after a sub-
sequent resulfidation. The Co and Mo
EXAFS were measured on beamlines 7.1
and 9.3, respectively, of the synchrotron ra-
diation source (SRS) in Daresbury, United
Kingdom. The Mo EXAFS of the sample
after the first sulfidation has been measured
on beamline 9.2 as well. The pretreatment
and the X-ray absorption measurement of
the samples (/5), as well as the measure-
ments of the reference compounds (/6),
were described before. For the Co-S,
Co-Mao, and Co-Co contributions the refer-
ence compounds mentioned in Ref. (/7)
were used, while the references used for the
Mo-Mo, Mo-S, and Mo-Co contributions
are mentioned in Ref. (/8). In addition the
Ni—O coordination in Ni-O was used for
the Co-0O coordination (/9).

Moéssbauer Emission Spectroscopy (MES)

To study how passivation influences the
Co environment, the MES spectrum of the
Co-Mo(0.3)/Al,04 catalyst was recorded
after several pretreatments. Sulfidation and
resulfidation treatments were carried out in
an in situ Mossbauer reactor (20), according
to the same procedure as for the EXAFS
measurements. Passivation was done by
exposing the catalyst to ambient air at room
temperature. The MES experiments were
carried out as described in Ref. (21).

Transmission Electron Microscopy

High-resolution transmission electron mi-
croscopy (HRTEM) measurements of the
Co-Mo(0.3)/Al,O; catalyst after sulfida-
tion, after sulfidation and a subsequent reac-
tion, as well as after six reaction—passiv-
ation—resulfidation cycles were performed
onaJEOL 100 CX microscope. The catalyst
particles were ultrasonically dispersed on a
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FiG. 1. Steady-state HDS rate constants (after 300
min reaction time) as a function of the number of passiv-
ation cycles NV (and indicated passivation time) for the
Co—Mo(0.3)/Al,O, and Mo/Al,O, catalysts.

copper grid coated with a thin carbon film
(<10 nm).

RESULTS
Catalytic Activity

Several passivation cycles with subse-
quent resulfidation and activity measure-
ment were applied to the Co-Mo(0.3)/AlL,O,
and Mo/AlLLO; catalysts. The resulting
steady-state rate constants kypg (at 300 min
reaction time) are plotted in Fig. | as a
function of N, the number of passivation
cycles. For the Co-Mo(0.3)/AL0, catalyst
two series of experiments were performed,
one in which a passivation time of 1 night
was applied, and one in which this time was
extended to 1 week. The unpromoted Mo/
Al O, catalyst reacted very slowly and
therefore only the results with a passivation
time of | week are presented. As seen from
Fig. |, passivation increases the activity of
the Co-promoted catalyst, but does not in-
crease the steady-state activity of the unpro-
moted catalyst. In addition, the effect of 1
week air exposure is significantly higher
than that of 1 night exposure.

To see whether the activity increase of
the promoted catalyst is caused by the pas-
sivation treatment proper or by the resulfi-
dation treatment, we subjected the
Co-Mo(0.3)/AL,0, catalyst to several cy-
cles of sulfidation and activity measure-
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F16G. 2. Steady-state HDS rate constants as a function
of the number of passivation cycles N for the
Co-Mo(0.3)/Al,0, catalyst after passivation during one
night in helium, ambient air, or 5% O,/He.

ments. After each cycle the catalyst was
cooled to room temperature under flowing
He, left overnight under flowing He, and
resulfided. A comparison of the results of
these experiments with those of passivation
(1 night)-resulfidation cycles on the same
catalyst showed clearly (Fig. 2) that the re-
sulfidation procedure itself does not pro-
duce a more active catalyst, and that expo-
sure to air is necessary to observe an activity
increase. To prove that oxygen, and not wa-
ter vapor, CO, or other components in the
air, causes the passivation effect we carried
out two series of experiments with the
Co-Mo(0.3)/Al,0; catalyst. In one series
this catalyst underwent a number of passiv-
ation cycles (with subsequent activity mea-
surements) in ambient air, whereas in the
other series the catalyst was exposed to a
flow of 5% O,/He. The results of the two
series were identical; ambient air had the
same effect on the activity as the 5% O,/He
gas mixture (cf. Fig. 2).

Finally, we checked whether exposure to
air with subsequent sulfidation alone results
In an activity increase, or whether the thio-
phene hydrodesulfurization reaction and the
reaction products play a role. For example,
carbon residues formed during the reaction
might influence the active sites during the
passivation and resulfidation. Therefore,
the catalytic activity of the Co-Mo(0.3)/
ALO; catalyst was measured after a first
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sulfidation, and after a subsequent passiv-
ation (I week) and resulfidation. The steady-
state reaction rate after the first sulfidation
was 4.5m*kg~'s ™!, whereas after the resul-
fidation it was 7.1 m* kg~! s~'. When the
same catalyst was not subjected to an activ-
ity measurement after sulfidation, but di-
rectly to a passivation and resulfidation, the
steady-state reaction rate was 7.6 m> kg™'
s~'. Thus, without reaction there is an even
larger effect on the activity, which might be
due to the absence of coke formed during
the first activity measurement. On the other
hand, the uncertainty in the activity mea-
surement is about 5% and therefore not
much weight can be placed on the difference
between the values of 7.1 and 7.6 m’
kg 's !

The influence of the Co/Mo atomic ratio
on the passivation effect was studied on a
series of alumina-supported Co-Mo cata-
lysts with Co/Mo atomic ratios between 0
and 1.0, and a passivation time of 1 week.
The results are presented in Fig. 3. The ra-
tios of the steady state rate constants after
the last passivation cycle (kypgcqnq) and the
initial rate constants before the first passiv-
ation (kypg o), are given in Table 2. This ratio
is a measure of the effect of passivation on
the activity. It is highest for Co/Mo = 0.1,
and decreases with increasing Co/Mo ratio,
showing that the maximum benefit is ob-
tained for catalysts with a small amount of
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FiG. 3. Steady-state HDS rate constants as a function
of the number of passivation cycles N (1 week passiv-
ation) for Co-Mo/Al,0, catalysts with different Co/
Mo atomic ratios.
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TABLE 2

Ratio of the HDS Rate Constant after
the Last Passivation (kgps cna) and before
the First Passivation (kyps o)

Catalyst KHDS cnd/ KHDS 0
Mo/ALO, 0.8
Co-Mo(0.1)/ALO, 2.6
Co-Mo(0.3)/AlL,0, 2.1
Co-Mo(0.45)/ ALO, 17
Co-Mo(0.6)/ALO; 1.5
Co-Mo(0.8)/ALO; 1.2

Co-Mo(1.0)/ALLO, 0.8¢

“ The activity had not yet reached a
constant value after the last passivation,
and was still decreasing.

Co. For the Co-Mo(1.0)/AL,O; catalyst with
the highest Co/Mo ratio, a negative effect
of passivation is observed: the catalytic ac-
tivity decreases every time the catalyst is
passivated (Fig. 3). In Fig. 4 the initial cata-
lytic activities (before the first passivation)
and the activities after one, two, and four
passivation cycles are presented as a func-
tion of the Co/Mo ratio. The initial catalytic
activity steadily increases within the range
of Co/Mo ratios studied, and up to a Co/
Mo atomic ratio of 0.3 the activity seems to
increase linearly with the Co/Mo ratio. The
catalytic activity of the passivated (and re-
sulfided) catalysts goes through a maximum

o0 0.4 0.8 1.2
Co/Mo

F1G. 4. Steady-state HDS rate constants of Co-Mo/
Al O, catalysts as a function of the Co/Mo atomic ratio
and the number of passivation cycles.
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F1G. 5. Steady-state HDS rate constants as a function
of the number of passivation cycles N (1 night each) for
the Co-Mo(NTA)/Al;O,, Co-Mo/C(Norit), Co-Mo/
TiO,, and Co-Mo/C(Lonza) catalysts.

with increasing Co/Mo ratio. This maximum
shifts to a lower Co/Mo ratio when more
passivation cycles are applied.

Co-Mo catalysts on supports other than
v-AlLO; (Co-Mo/TiO,, Co-Mo/C(Norit),
Co-Mo/C(Lonza)), or prepared by the NTA
recipe (Co—-Mo(NTA)/Al,O,), did not show
much increase in activity (Fig. 5). The Co/
ALO, and Co/C(Norit) catalysts did not
show an increase in activity either. On the
contrary, their activities decreased by pas-
sivation.

The influence of the passivation tempera-
ture was investigated for the Co-Mo(0.3)/
Al O, catalyst in experiments in which the
catalyst was passivated by a flow of 5% O,/
He overnight. The passivation temperature
was varied between room temperature and
673 K. In Fig. 6 the steady-state activities
after five passivation cycles are given as a
function of the passivation temperature. It
can be seen that at every passivation tem-
perature the activity is higher than before
passivation, but that a maximum is obtained
at 323 K.

Finally, the effect of passivation on the
activity of three Ni-Mo catalysts (Ni-Mo/
ALO,;, Ni-Mo(NTA)/ALO;, and Ni-Mo/
C(Norit)) was studied. It was found that the
time of passivation was important for these
catalysts. For the Ni-Mo/Al,O, catalyst no
significant activity increase was seen after
overnight passivation, in contrast to the
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FiG. 6. Steady-state HDS rate constants for the
Co-Mo(0.3)/Al,0; catalyst after five passivation cycles
(1 night each) as a function of the passivation temper-
ature.

Co-Mo(0.3)/AL,0, catalyst, where the ac-
tivity had already gone up by more than 30%
(Fig. 1). However, after a passivation time
of 3 days the Ni-Mo/AlO; catalyst showed
an activity increase as well (Fig. 7), although
not as large as the Co—-Mo(0.3)/Al,0; cata-
lyst. After seven 3-day passivation cycles
the activity increase for the Ni-Mo(0.3)/
Al, O, catalyst is approximately the same as
that after seven l-night passivation cycles
of the Co—Mo/Al,O, catalyst (ca. 65%), but
whereas the activity of the Co-Mo(0.3)/
AlLO; catalyst seems to level off after seven
passivation cycles, the Ni-Mo/Al,O, cata-
lyst has not reached a constant value yet.
These results indicate that the effect of pas-
sivation is slower for Ni-Mo/Al,O, cata-

Ni—Ma /Al 03

50 |
Mi—Mo(NTA) /AI205
25 T/“")—’f——r—'——.—‘l\:i-Mo/C(Norit)

FiG. 7. Steady-state HDS rate constants as a function
of the number of passivation cycles N for the Ni-Mo
catalysts. The passivation time per cycle was 3 days.
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lysts (it takes more cycles and/or a longer
passivation time before a comparable effect
is seen), but eventually a larger increase is
obtained for the Ni-Mo/ALO, catalyst. The
effect of passivation (passivation time 3
days) on the activity of the Ni-Mo(NTA)/
Al,O; and the Ni-Mo/C(Norit) catalysts is
much smaller than that for the Ni-Mo/Al,O,
catalyst. However, some increase can be
seen (Fig. 7).

EXAFS

Co EXAFS. The EXAFS functions for the
Co-Mo(0.3)/Al,0, catalyst after sulfidation
(S), passivation for 1 week (SO), and resul-
fidation (SOS) have been obtained from the
X-ray absorption data as described before
(16). The k and R ranges used are given in
Table 3 and the resulting structural parame-
ters are given in Table 4. A comparison be-
tween the experimental data and the calcu-
lated spectra has already been published
(15). The data show that in the sulfided state
(the S and SOS catalysts) the Co-atoms are
surrounded by six sulfur atoms, at two dif-
ferent Co-S distances. Four sulfur atoms
are at 2.20 A, and two at a somewhat longer
atomic distance of 2.26 A. We checked
whether a Co—-Co contribution at 2.50 A,
representative of Co,S;, was present. Al-
though it was possible to fit the spectra with
this contribution, together with a Co-S con-
tribution at 2.22 A and a Co—-Mo contribu-
tionat 2.87 A, we reject this possibility since

TABLE 3

Ranges in k- and R-Space Used in the Analyses of
the EXAFS Spectra of the Co~Mo(0.3)/ AL O, Catalyst
after the First Sulfidation (S), after a Subsequent
Passivation Treatment of 1 Week (SO), and after the
Second Sulfidation (SOS)

Catalyst Co EXAFS Mo EXAFS
k Range R Range k Range R Range
(A-Y A) Ay A)
S 2.65-11.53  0.68-3.08 3.16-14.15 1.04-3.54
SO 1.95-11.61 0.58-2.92 3.20-13.49 1.24-3.60
SOS 2.70-11.53  0.66~3.15 3.12-14.13  1.04-3.54
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TABLE 4

Structural Parameters of the Co-0, Co~S, and Co-Mo
Coordinations for the Co~Mo(0.3)/ Al,O, Catalyst

Catalyst N Ao? R Eq N a0t R Eq
AY (A eV A (A ev)

Co-0 coordination First Co-8 coordination

S 4.4 0.0038 220 49
SO 4.0 0.0060 2.01 49 2.1 -0.0003 222 7.1
SOs 4.5 0.0054 2.20 4.

Second Co~S coordination Co-Mo coordination
S 1.8 0.0020 226 ~94 09 0.0050 2.86 —10.2
SO 0.3 -0.0003 2.80 4.7
SOs 1.5 -0.0004 225 -94 1.0 0.0056 285 -—11.5

Note. The coordination numbers have been corrected for the photoelec-
tron mean free path (A) dependence, assumingthat A = 5 A. The coordina-
tion number is represented by N, the atomic distance by R, the difference
between the inner potentials of sample and reference compound by £.
and the ditference between the Debye—Waller factors of the sample and
the reference compound by A2, S. SO, and SOS as in Table 3.

it did not lead to an improvement of the
quality of the fit. Furthermore the Co-S co-
ordination number in this fit was about 6. If
substantial amounts of CoyS; (in which most
of the Co atoms are surrounded by four sul-
fur atoms) would have been present, this
should have shown up in a lowering of the
Co-S coordination number, since EXAFS
is a bulk technique and detected coordina-
tion numbers are averaged over all Co atoms
present in the sample.

In the passivated state the Co atoms are
partly oxidized as is apparent from the ap-
pearance of a Co-O contribution and the
loss of sulfur and molybdenum neighbors.
Also in other studies an oxidation of Co
after exposure to air has been observed (6,
22-24). The data furthermore show that the
Co environments in the sulfided (S) and the
resulfided (SOS) catalyst are practically
identical. These results are supported by the
XANES spectra (Fig. 8). Also here no dif-
ference between the S and SOS catalysts
can be seen. The large white line for catalyst
SO again indicates oxidation of Co, since
oxidic Co is more ionic than sulfidic Co, and
the intensity of the white line is related to
the ionicity (25). The pre-edge peak is small
for all catalysts, which suggests that most
of the Co is not tetrahedrally surrounded by
sulfur (/7).
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Mo EXAFS. The EXAFS functions have
been calculated from the Mo K-edge X-ray
absorption data using the same procedure
as for the Co EXAFS. Also the fitting proce-
dure of the EXAFS spectrum of catalyst S
measured on beamline 9.2 was done in a
similar way. It turned out that the EXAFS
spectra of this catalyst measured on beam-
lines 9.2 and 9.3 showed substantial differ-
ences: the amplitudes of the EXAFS func-
tions of samples measured on beamline 9.3
were significantly lower than those for sam-
ples measured on beamline 9.2. Since our
reference compounds were measured on
beamline 9.2, it was not possible to use their
spectra to fit the EXAFS spectra of the SO
and SOS catalysts, which were measured
on beamline 9.3. Therefore the EXAFS
spectrum of the S catalyst which was mea-
sured on both beamlines was used as a sec-
ondary reference. The Mo-S, Mo-Co, and
Mo-Mo shelis of the spectrum of the S cata-
lyst measured on beamline 9.3 were fitted
as usual with the references measured at
beamline 9.2, and the resulting structural
parameters were corrected using the results
obtained for this catalyst on beamline 9.2.
The corrected Mo-S, Mo—-Co, and Mo~Mo
contributions were then used as references
for the EXAFS spectra of the SO and SOS
catalysts. The k and R ranges used to isolate
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F1G. 8. XANES spectra at the Co K-edge for the
Co-Mo(0.3)/ALO; catalyst after sulfidation (S), after
1 week passivation (SO), and after passivation and
resulfidation (SOS).
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TABLE 5

Structural Parameters of the Mo-S and Mo~Mo
Coordinations for the Co-Mo(0.3)/Al,0, Catalyst

Catalyst N Ag? R Eq N Ad? R E,
(A (A rev) A A W

Mo-S coordination Mo-Mo coordination
s sS4 00019 241 19 29 00026 315 14
SO 48 00015 242 13 2.1 00021 113 46
S0S 66 0.0017 241 1.2 1200012 315 2.8

Note. The coordination numbers have been corrected for the photoelec-

tron mean free path (A) dependence, assuming that A = 5 A. N, R. E;,
Ac?, S, 80, and SOS are as in Table 4.

contributions of interest are given in Table
3. The results of the analyses are given in
Table 5, and a comparison between experi-
mental data and fits is given in Fig. 9.

The results show that all three catalysts
have MoS,-like Mo-S and Mo-Mo atomic
distances, showing that the Mo is mainly
in a MoS, structure. In addition a Mo-Co
coordination is seen. The uncertainties in
the structural parameters for this contribu-
tion are, however, large, since the small
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Mo-Co contribution is situated between the
two much bigger Mo-S and Mo-Mo contri-
butions. Also the use of the Mo—Co contri-
bution of catalyst S as a reference for the
SO and SOS catalysts increases the inaccu-
racy for the Mo~Co contribution in the last
two catalysts to a large extent, and struc-
tural parameters cannot be determined reli-
ably. Therefore, the parameters for this con-
tribution have been omitted from Table 5.
Information about the Co-Mo coordination
should be derived from the Co EXAFS, and
not from the Mo EXAFS. The Mo-S and
Mo-Mo coordinations can be determined
much better, though, and a comparison of
the S and SOS catalysts indicates that the
passivation-resulfidation leads to an in-
crease in the Mo-S and Mo-Mo coordina-
tion numbers.

The Mo-S coordination number of cata-
lyst SO is lower than for catalyst S, sug-
gesting that oxidation of Mo had taken
place. Other authors also observed oxida-
tion of Mo after prolonged exposure to air
(22, 26-28), although short exposure times

Fourier Transform

§
~N

Fourier Transform

\
N

F1G. 9. Comparison of the &* Fourier-transformed Mo EXAFS data of the Co—Mo(0.3)/Al,0, catalyst
(drawn lines) and the corresponding calculated Fourier transforms (interrupted lines) after sulfidation
(S), subsequent passivation (S0O), and resulfidation (SOS).
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hardly affected Mo (26, 28-30). The
Mo~Mo coordination number is suspi-
ciously low for the SO catalyst, since it is
not very likely that the MoS, structure can
be retained for Ny,_y, = 2.3. In that case
additional atomic distances would be ex-
pected. It might be that disorder is responsi-
ble for the low Mo-Mo coordination num-
ber (31), or that some of the sulfur neighbors
have been replaced by oxygen neighbors.
Since oxidation of Mo should lead to a
Mo-~O contribution in the Mo EXAFS, we
tried to fit the spectrum of the passivated
catalyst by including a Mo-0O contribution.
The quality of the fit improved by the addi-
tion of this coordination, but the improve-
ment was not large enough to be able to
conclude unequivocally that a Mo-O coor-
dination is present. Because of this we re-
frain from presenting a Mo—O coordination
number and distance. The difficulty to de-
tect Mo-O bonds is a weakness inherent
to the EXAFS technique. For example, the
EXAFS determination of the Mo~O coordi-
nation number of MoQ, systematically gives
a much lower value than the crystallo-
graphic value of 6 (32, 33). This is because
in structures with several unequal metal-ox-
ygen distances the beating between their
EXAFS contributions reduces the overall
EXAFS intensity markedly in the & = 3-8
A~! range in which oxygen neighbors can
be measured and analysed. An attempt to
detect Mo-O contributions in the XANES
region also failed, since the XANES spectra
of all three S, SO, and SOS samples looked
very much alike. Analogously, Chiu er al.
observed that the 15 — 4d shoulder of MoO,
was masked by the dominant leading edge
of MoS, in a | : 2 physical mixture of MoO,
and MoS, (34).

Mdssbauer Emission Spectroscopy

Figure 10 shows the MES spectra of the
SCo-Mo(0.3)/Al, 0O, catalyst after different
pretreatments. The spectrum of the sulfided
catalyst contains a doublet with a quadru-
pole splitting of 0.86 mm s~ !, which indi-
cates that most of the Co is sulfided. This
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FiG. 10. Mossbauer emission spectra of the

YCo~Mo(0.3)/ AL,O, catalyst after calcination, after the
first sulfidation, and after the first passivation (for 6
days).

quadrupole splitting is somewhat small for a
catalyst containing Co mainly in the CoMoS
structure and not in CoyS;. It has previously
been reported that a quadrupole splitting in
the range 1.0-1.3 mm s' is indicative for
CoMoS (35). The value of 0.86 indicates
that the formed Co-sulfide species are not
optimally dispersed.

The spectra of the catalysts after passiv-
ation were fitted with two doublets, one with
an isomer shift of 0.21 mm s~ ! and a quadru-
pole splitting between 1.00and 1.04 mm s ',
typical for the CoMoS structure. The occur-
rence of this doublet indicates that, although
substantial oxidation of Co has taken place,
some Co atoms are still present in a (not
oxidised) CoMoS structure. This was also
observed by Crajé et al. (36), who found
that exposing a Co-Mo/C catalyst with a
very low Co/Mo atomic ratio of 0.0095 to
air for 23 days did not result in any changes
of the MES spectrum. The other doublet
has an isomer shift of 1.03 mm s~ and a
quadrupole splitting between 2.0 and 2.1
mm s~ !, pointing to the presence of high-
spin Co** ions. This shows that part of the
Co is oxidized after passivation. Co is not
completely oxidized, however, since this
doublet is less intense than that of the cal-
cined catalyst. The contribution of the high-
spin Co’* ions to the spectrum gradually
increased from 12% after a passivation time
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FiGg. 11. Maéossbauer emission spectra of the
“Co0-Mo(0.3)/Al,0, catalyst in the sulfided state after
several passivation cycles.

of 1 day to 16% after 1 week of air exposure,
indicating that Co is slowly oxidized. The
same phenomenon can be seen during the
third passivation, where the contribution of
the high-spin Co’* to the spectrum in-
creases from 7% after 1 day to 13% after 1
week air exposure. It must be realized that
these percentages do not directly represent
the amount of oxidic or sulfidic Co, since
the sensitivity for the two kinds of Co can
be quite different in MES. The sensitivities
depend on Debye temperatures and are tem-
perature dependent. Therefore, one has to
look at the trend, rather than at the absolute
numbers.

The MES spectra of the S, SOS, S(0S)2
and S(OS)3 catalysts are compared in Fig.
11. These spectra were fitted with one dou-
blet only, since the fits with more than one
doublet could not be rationalized. The spec-
trum changed somewhat after the first pas-
sivation and resulfidation, as is indicated by
an increase in the quadrupole splitting from
0.86 to 0.92 mm s~ ', After the first passiv-
ation cycle no more changes were observed,
the spectra of the SOS, S(0S)2, and S(OS)3
catalysts being identical. Finally, MES mea-
surements on the >’Co-Mo(0.3)/Al,0, cata-
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lyst were done after the first, second, third
and fourth passivation (passivation time |
week). No substantial differences were
found.

Transmission Electron Microscopy

The results of the transmission electron
microscopy measurements on the Co-
Mo(0.3)/Al,O; catalyst after three different
treatments are given in Fig. 12. The S cata-
lyst had undergone one sulfidation, while the
(S + R) catalyst had undergone an additional
thiophene HDS reaction. Electron micro-
graphs were also made after six reac-
tion—passivation—resulfidation cycles with 1
week passivation each (the S(ROS)6R cata-
lyst). Before each passivation, as well as
after the last passivation, the catalyst had
been sulfided and an HDS reaction had been
performed. After six passivation cycles the
catalyst reached its maximum activity (see
Fig. 1). The S and (S +R) catalysts were
transferred to the electron microscope un-
der an N, atmosphere, and they had never
been in contact with oxygen. This was not
the case for the S(ROS)6R catalyst. After
the seventh reaction this catalyst was trans-
ferred to a glove box, where it was kept
under a N, atmosphere until the time of mea-
surement. During the transfer from the reac-
tor to the glove box, however, the catalyst
came in contact with air.

The slab length distribution and the stack-
ing distribution are given in Figs. 12a and
12b, respectively. The average MoS, slab
size was 3.1 nm for the S and (S +R) cata-
lysts and 2.8 nm for the S(ROS)6R catalyst.
The average stacking numbers were 1.7, 1.6,
and 1.5, respectively. Only minor differ-
ences are observed. The slab length for the
S(ROS)6R catalyst seems somewhat smaller
than for the other catalysts, but this might
be an artefact, since the edges of the MoS,
slabs do not appear as true lamellar struc-
tures, possibly due to oxidation.

DISCUSSION
Origin of the Activity Increase

The results presented in Figs. 2 and 3 un-
ambiguously show that the activity increase



590
0w 100
g ]
LY
o
75t
ko]
Q
z
[ 50 ¢
)
Q
[e}
- 25
O -
S o L B
1-3 3-6 6-9 9-12
L {nm]

LOUWERS ET AL.

100 (

75

of cobserved siabs

%

FiG. 12. Distribution of the MoS, slab length L and stacking number N in the Co—-Mo(0.3)/Al.O,
catalyst after the first sulfidation (black), after a sulfidation with subsequent reaction (white), and after
six passivation cycles with subsequent resulfidation and reaction (hatched).

after passivation and resulfidation is solely
due to exposure to oxygen. The observation
that neither the Co/C(Norit) and Co/Al,O,
catalysts, nor the Mo/Al,O; catalyst show
an activity increase upon passivation indi-
cates that the passivation effect is linked to
the CoMosS structure. Various explanations
can be suggested for the passivation effect.
For instance, new, very active sites may be
formed. However, these new sites would
have to be present in very small amounts,
since no evidence for them is found in Co-
EXAFS, Mo-EXAFS, or MES. This means
that their intrinsic activity must be very high
to cause a doubling of the activity. No indi-
cation for such new, highly active sites has,
however, been found. Another possibility
was mentioned by de Beer et al. (13). They
suggested that oxygen breaks up the MoS,
particles during passivation, thus enlarging
the MoS, edge surface and increasing the
number of active sites. The role of Co would
be to stabilise the higher MoS, dispersion.
However, in a promoted catalyst the most
active sites are related to Co. The promoter
effect of Co on MoS, catalysts has, on the
one hand, been ascribed to combined
Co-Mo sites which are much more active
than Mo sites (37), or on the other hand to
Co atoms as the active sites, MoS, merely
serving as a (secondary) support (38, 39).
Either way, it means that the distribution of
the Co atoms, rather than the MoS, disper-
sion, determines the activity. However,

EXAFS and MES show that most of the
Co atoms are already well dispersed in the
CoMoS phase after the first sulfidation. Al-
though the MES spectra of the sulfided and
resulfided YCo-Mo(0.3)/Al,0; catalysts
show an increase in the quadrupole splitting
upon passivation, which indicates that the
cobalt becomes more highly dispersed, the
quadrupole splitting does not change any
more after the first passivation, whereas the
activity still increases. The Co EXAFS data
show that after the first sulfidation nearly
all Co is already in the CoMoS structure,
and that no large increase in the amount of
CoMoS is possible. Also, in the plot of kypg
(before the first passivation) vs. the Co/Mo
atomic ratio (Fig. 4) no deviation from a
straight line is seen up to a Co/Mo ratio of
0.3, and this curve levels off only at higher
Co/Mo ratios. When large amounts of Co,S,
were present, one would expect this curve
to level off much sooner. All this shows
that the activity increase is not related to a
dramatic change in the number of Co atoms
in the CoMoS structure.

This leaves a third explanation for the pas-
sivation effect, namely, an increase in the
activity of the existing sites, either due to
an increase in the intrinsic activity, or due
to a removal of steric hindrance. Massoth
et al. concluded that Mo sites on Mo/Al,O,
catalysts become more active after passiv-
ation (/4). The amount of NO chemisorbed
on passivated and resulfided catalysts was
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found to be lower than that on catalysts not
exposed to air, although the overall activity
was approximately the same. They there-
fore suggested that the number of active
sites had decreased, but that their intrinsic
activity had increased due to the presence
of oxygen atoms. The passivated and resul-
fided Mo/Al, O, catalyst was, however, not
flushed with helium at 400°C before the NO
chemisorption measurement, as the freshly
sulfided Mo/Al,O, had been. When no he-
lium flushing is applied, there will be less
desorption of H,S from the catalyst surface
and as a consequence less NO chemisorp-
tion. The thiophene HDS rate constants, on
the other hand, were measured after 18 h on
stream and thus the influence of a different
pretreatment was equalised, explaining why
there is not much difference in the rate con-
stants. We therefore believe that the results
of Massoth ez al. do not prove that passiv-
ation of a sulfided Mo/Al,O, catalyst leads
to a higher intrinsic activity. Also, our Mo
EXAFS spectra do not show any evidence
for a Mo-O contribution after passivation
and resulfidation. If anything, the degree of
sulfidation is larger, not smaller, as indi-
cated by the increase in the Mo-S coordina-
tion number.

Since the structural parameters of the
Co-Mo(0.3)/Al,O; catalyst after the first
sulfidation and after the resulfidation are
identical within the limits of accuracy, the
structure of the active sites cannot have
changed dramatically. Also the XANES
spectra show no significant differences. In
agreement herewith, the Co structure in the
passivated state (which is the precursor for
the Co environment after resulfidation) after
several passivations does not differ either,
since catalyst SO has the same Mossbauer
spectrum as the S(OS)O, S(08)20, and
S(0S)30 catalysts. Therefore, the increase
in activity is not related to a change in the
local environment of the Co atoms, and thus
not to a change in the intrinsic activity.

Whereas the physical EXAFS and MES
measurements do not give a direct clue
about the origin of the passivation effect,
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the catalytic activity results obtained with
other supports suggest that catalyst-sup-
port interactions may play a role. The cata-
lytic activities of the Co~Mo(NTA)/Al,0;,
Co-Mo/TiO,, and Co-Mo/C(Lonza) cata-
lysts (Fig. 5) showed only small increases
after successive passivation treatments,
while the Co—Mo/C(Norit) catalyst showed
a slightly larger increase. The Mo-support
interactions in these catalysts are weak.
Co~NTA and Mo-NTA complexes are
present in the Co-Mo(NTA)/Al,O, catalyst
during impregnation. This catalyst is not cal-
cined, but directly, gently sulfided with a
H,S-H, mixture (5). After sulfidation the
NTA ligands have disappeared (van Veen,
private communication), probably due to
decomposition to NH,, CH,, and CO. Since
the Co and Mo ions in the oxidic precursor
state were protected from contact with the
support by the NTA ligands, they will be
directly transformed into a fully sulfided
CoMoS structure, without any Co- or
Mo-support bonds. On a TiO, support the
Mo-support interactions are also small, as
indicated by the ease with which Mo can
be sulfided on this support (40). Also on a
carbon support the Mo-support interac-
tions are small. Hayden et al. (41), for exam-
ple, observed that when Mo oxide sup-
ported on Al,O, was heated under oxygen
a well-dispersed molybdenum oxide phase
was formed, while on a carbon support bulk
MoQO; was formed. This indicated that the
Mo-Al,O, interaction is stronger than the
Mo-Cinteraction. Furthermore, Scheffer et
al. reported that a Mo/C catalyst could be
sulfided at much lower temperatures than a
Mo/Al,O; catalyst (42). On graphitic car-
bon, such as the Lonza carbon used for the
Co-Mo/C(Lonza) catalysts, hardly any
functional groups are present (43), which
suggests that on this support in particular
the Mo-support interactions can be ne-
glected. Activated carbon, on the other
hand, the support in the Co-Mo/C(Norit)
catalyst, contains a relatively high percent-
age of surface oxygen functional groups
(44), and therefore the Mo-support interac-
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tions may be stronger than in the case of a
graphitic carbon. However, also on acti-
vated carbon the Mo-support interactions
are substantially weaker than on AlO;,
where Mo-support interactions are sub-
stantial (30, 35, 41, 45).

Thus, there seems to be a correlation be-
tween the strength of the Mo-support inter-
actions and the effect of passivation on the
catalytic activity. When Mo-support inter-
actions are weak or absent, as in the
Co-Mo(NTA)/ALLO,, Co-Mo/TiO, and
Co-Mo/C(Lonza) catalysts, there is hardly
any passivation effect. When the interaction
is strong (the Co-Mo(0.3)/Al,0, catalyst)
there is a large passivation effect, and in the
intermediate situation (the Co—Mo/C(Norit)
catalyst) there is a small passivation effect.
A decreased Mo-support interaction can
lead to a higher catalytic activity, as is evi-
dent from several studies (6, 40—42, 46-51),
in which high catalytic activities were ob-
tained for catalysts in which Mo interacts
only weakly with the support. This correla-
tion between the passivation effect and the
Mo-support interactions is substantiated by
our Mo EXAFS results. Table 5 shows that
the Mo-S coordination number is signifi-
cantly increased by a passivation and subse-
quent sulfidation, which indicates a larger
degree of sulfidation for the Mo. This takes
place without an increase in the MoS, slab
size, since the TEM results do not show
any growth of the MoS, particles. Also the
Mo-Mo coordination number hardly
changed. The increase in Ny, _g, therefore,
might be attributed to a replacement of
Mo-0 bonds (or Mo-O-Al interactions) by
Mo-S bonds, which implies a decrease in
Mo-support interactions.

Several authors have tried to explain why
a lowering of the Mo—support interactions
leads to a higher activity. Visser ¢t al. have
suggested that electronic factors play a role
(52). Mo-S bonds would be polarised by
adjacent Mo—O-Al bonds and breaking of
Mo-O-Al bonds would lead to less polarisa-
tion and an increase in catalytic activity.
Also steric explanations have been pro-
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posed. Hayden and Dumesic (53), and Ram-
irez et al. (54) have suggested from TEM
measurements that the MoS, particles be-
come oriented at an angle to the support
when Mo-support interactions are broken.
The reactants would have better access to
the active site on the MoS, edge, which
would result in an increase in the catalytic
activity. However, in principle also the op-
posite hypothesis could be defended: When
strong Mo-support bonds are present the
MoS; particles are standing up; one side of
the MoS, slabs is bonded to the support and
the Co sites on this side are not accessible.
When the Mo-—support bonds are broken,
the particle might lie flat on the support and
all active sites could participate in the catal-
ysis. Several authors have mentioned that
stacking of MoS, slabs occurs when
Mo-0O-Al bonds are broken (/0, 55, 56).
After stacking there would be less steric hin-
drance for the reactants. Recently Daage
and Chianelli suggested instead that stack-
ing decreases the activity, because Mo
atoms at the edges of the second and further
MoS, sheets have a lower activity than those
at the edges of the top MoS, sheet (57).
Whatever is the case, stacking cannot ex-
plain the passivation effect in our catalysts,
since the TEM results unambiguously show
that no change in stacking occurs for the
Co—Mo(0.3)/Al,O; catalyst.

As to the mechanism by which Mo-sup-
port interactions are broken, several possi-
bilities can be considered. First, it is likely
that sulfate is formed during the oxidation
of the MoS, particles (23). Sulfate could act
as a modifier in the same way as phosphate,
which has been shown to decrease Mo—sup-
portinteractions (3, 58, 59), thereby increas-
ing the catalytic activity of the CoMoS
structure (4, 6). Sulfate can, indeed, change
the surface properties of Al,0,. For in-
stance, the binding energy of H,S on Al,O,
changed when SO}~ was added to the sup-
port (60). Another way of breaking Mo-sup-
port interactions is by Co-promoted sulfida-
tion. Co atoms may move around the MoS,
edges during a passivation—sulfidation cy-
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cle, either by leaving the edges during pas-
sivation and returning to them during resul-
fidation, or by changing their position on the
edge during passivation. In this way they
could migrate toward the Mo—O-Al link-
ages and help in their sulfidation during the
resulfidation step. It has been observed that
Ni strongly enhances the sulfidation of W
in Ni—-W/ALO; catalysts (6/). Co could, in
a similar way, enhance the sulfidation of
Mo, and after each passivation-resulfida-
tion cycle more and more Mo-support
bonds would be broken, causing an increase
in the catalytic activity. The influence of
the passivation time can be explained in the
same way. The longer the passivation treat-
ment, the more Co atoms are oxidized, and
the more Mo—-O-Al bonds can be sulfided.
On the other hand, a single passivation of
one week has less effect than seven passiv-
ations of 1 night. This may be due to the
heating which will undoubtedly take place
during the initial phase of a passivation. The
resulting temperature increase will promote
oxidation of the sulfidic catalyst and as a
consequence the larger the number of pas-
sivation cycles, the more exothermicity will
play a role.

Influence of Co/Mo Atomic Ratio and
Passivation Temperature

The results in Figs. 3 and 4 and Table 2
show that the effect of passivation on the
catalytic activity depends on the Co/Mo ra-
tio. At low and high Co/Mo ratios the effect
is small and at an intermediate ratio there
is a maximum, which is dependent on the
number of passivation cycles applied (Fig.
4). The larger the number of passivation cy-
cles, the more the maximum shifts to a lower
Co/Mo ratio. Passivation and resulfidation
probably cause the MoS, particles to sinter,
and to drive Co off the MoS, edge at high
Co/Mo ratios, because not enough edge is
present to accommodate all Co atoms. In
this way, the increase in activity caused by
the decrease in Mo-support interactions is
compensated by a decrease in the amount
of CoMoS structure. At low Co/Mo ratios
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all Co can still be accommodated on the
MoS, edge and is present as CoMoS struc-
ture, thus enabling a maximum increase in
catalytic activity, while at high Co/Mo ra-
tios CoySg formation lowers the activity.
However, the TEM and Mo EXAFS results
do not show a strong sintering. The reason
for this may be that the crystallites seen
by TEM are not single crystalline, but are
conglomerates of small single crystals, or
that the MoS, particles contain many dislo-
cations and fault lines. This would explain
why the Mo-Mo coordination number de-
termined by EXAFS leads to a much smaller
estimate (9 A) of the MoS, crystal size than
the slab size of 30 A determined by TEM.
EXAFS measures the size of the single-
crystalline domains, whereas TEM ob-
serves an overall size. If this were the case,
after catalyst preparation the Co atoms
would also be located at the edges and fault
lines inside the overall MoS, structures,
where they would be inaccessible for re-
actants. Passivation-resulfidation cycles
may heal the small domains together and
the Co atoms would be forced to go to the
edges on the exterior of the overall MoS,
structures. In this way they would become
available for catalysis, which would explain
the increased activity by passivation at low
Co/Mo ratios.

Figure 6 shows that the activity increase
for the Co-Mo(0.3)/Al,0; catalyst goes
through a maximum when the passivation
temperature is around 340 K. Apparently, a
higher passivation temperature accelerates
the oxidation process, leading to a larger
activity increase. When the passivation tem-
perature is too high, however, part of the
Mo atoms might form new Mo-O-Al bonds,
and Co atoms may diffuse into the Al,O,
support and be lost for promotion. Even
after a passivation at 673 K during one night
a positive effect on the activity was ob-
served. This is unexpected, since at such a
high temperature the Mo should be com-
pletely oxidized (62), and a large number
of new Mo-O-Al bonds might have been
formed. Yoshimura et al. have suggested
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that in a Co-promoted catalyst exposure to
air leads to the formation of CoSO,, which
protects the MoS, from further oxidation
(63). Since oxidation of MoS, takes place
from the edges inward (64), the bulk of the
MoS, particles would in this way not be
oxidized. G6bolés et al. also observed that
a promoted catalyst is much less sensitive
to air exposure than an unpromoted one (65,
66). Thus, in the Co—-Mo(0.3)/ Al,O; catalyst
the MoS, might only be partly oxidized with-
out the formation of many Mo-O-Al bonds.
This would explain why even at high passiv-
ation temperatures a positive effect on the
activity is seen.

The Ni—-Mo Catalysts

The Ni-Mo catalysts (Ni-Mo/AlLO,,
Ni-Mo(NTA)/ALQO,, and Ni-Mo/C(Norit))
show essentially the same behavior as their
Co-~Mo analogues, albeit that more passiv-
ation cycles and longer passivation times
per cycle are necessary to obtain the same
activity increase. This can probably be ex-
plained by the well-known higher kinetic
stability of Ni** compared to Co’* (67),
causing the breaking and remaking of Ni-
ligand bonds in the Ni~Mo catalyst to pro-
ceed more slowly than that of Co-ligand
bonds in the Co~Mo catalysts. As a conse-
quence, Ni-Mo catalysts need longer pas-
sivation times than Co-Mo catalysts for
similar activity increases. The final activity
increase (i.e., after the last passivation) is
larger for the Ni-~Mo catalysts than that for
the Co—Mo catalysts. This might be due to
a lower effectiveness of Ni for sulfiding
Mo-0-Al bonds. Due to a lower effective-
ness more Mo-support interactions would
be present after the first sulfidation (the S
catalyst) in the case of Nij and the maximum
increase in activity that could be obtained
for Ni—Mo catalysts would be higher than
for Co-Mo catalysts.

CONCLUSIONS

By exposing a sulfided Co-Mo/Al,O, cat-
alyst to ambient air at room temperature
(passivation) and to a subsequent resulfida-
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tion, improvements in the catalytic activity
of this catalyst for thiophene hydrodesulfur-
ization up to 260% can be obtained. This
activity increase is connected with the in-
fluence that oxygen has on the catalyst. Co
EXAFS, XANES, and MES measurements
prove that the environment of the Co atoms
does not change, indicating that the active
sites before and after passivation are the
same. Passivation and resulfidation only
cause minor changes in the activity of
the Co-Mo(NTA)/ALO,;, Co-Mo/TiO,,
Co-Mo/C(Lonza), and Co-Mo/C(Norit)
catalysts, which suggests that a change in
the Mo-support interactions is responsible
for the activity increase of the Co-Mo/
Al,O, catalyst. These Mo-support interac-
tions are broken during the passivation and
resulfidation, causing an increase in the
catalytic activity. The increase in the Mo-S
coordination number after a passivation—re-
sulfidation treatment documents this con-
clusion. The Co EXAFS shows that in the
passivated catalyst the Co—Mo coordination
number is strongly decreased. The Co atoms
become detached from the MoS, edge, and,
after sulfidation, can migrate to a different
Mo site on the MoS, edge. In this way Co
atoms can move toward Mo-O-Al linkages
and help in the sulfidation of these linkages,
thus breaking Mo-support interactions.
The activity increase by passivation is
lowest at high Co/Mo atomic ratios, while
at an atomic ratio of 1.0 even a decrease
in activity is seen. These findings can be
explained in several ways. First, although
the TEM results do not show any sign of
sintering of MoS, in the Co-Mo(0.3)/Al, O,
catalyst, it is possible that sintering occurs
at higher Co/Mo ratios. Some Co atoms
would be driven off the MoS, edge, and the
positive effect on the activity of a breaking
of Mo-support interactions would be coun-
teracted by the negative effect of a decrease
in the amount of CoMoS. A second explana-
tion is that at high Co/Mo ratios most
Mo-support interactions are already broken
during the first sulfidation, in contrast to
catalysts with low Co/Mo ratios, where
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most of these interactions are still intact.
The maximum positive effect of passivation
is then lower for catalysts with high Co/Mo
ratios.

The positive effect of passivation on the
activity is highest at a passivation tempera-
ture of 340 K. Raising the passivation tem-
perature above room temperature appar-
ently causes a more extensive oxidation of
Co, which leads to a more extensive break-
ing of Mo-O-Al bonds, and to alarger activ-
ity increase. When the passivation tempera-
ture is too high, however, new Mo-0-Al
bonds are formed, and part of the positive
effect of passivation is lost.

Experiments on the Ni-Mo/ALO;,,
Ni-Mo(NTA)/ALO;, and the Ni-Mo/
C(Norit) catalysts show that Ni-Mo cata-
lysts behave in the same way as their
Co—-Mo counterparts.
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