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The structures of nickel deposits on sulfided CoMo/Al, O, hydro-
demetallation catalyst surface were characterized by using scan-
ning transmission electron microscopy and high-resolution trans-
mission electron microscopy techniques to study the interaction
between the deposits and catalytic components. The deposits were
found in crystallite form of nickel sulfide (Ni,S¢) on the catalyst
surface. Within the crystallites cobalt is uniformly distributed.
Molybdenum is only partially associated with the nickel deposits
as a segregated surface layer of molybdenum sulfide (MoS,). For
crystallites smaller than about 15 nm, the extent of segregation
decreases. About 75% of the molybdenum is not directly associated
with nickel deposits. Extensive cover-up of molybdenum by nickel
deposits was not observed, and is not the main reason of catalyst
deactivation. It was found that nickel deposits migrated towards
cobalt sites even though molybdenum sites were the active sites
for the hydrodemetallation reaction. Structure affinity favored the
formation of solid solution between cobalt and nickel sulfides,
which was the driving force for the association between nickel and
cobalt on the catalyst surface. Microscopic characterization showed
that deposition of nickel sulfide on the catalyst surface enhanced
the mobility of the catalytic components MoS,. Coalescence of
MoS, leads to significant reduction of accessible molybdenum sul-
fide sites, and is the main reason for the deactivation of hydrode-
metallation catalyst. © 1994 Academic Press, Inc.

INTRODUCTION

Deactivation of hydrodemetallation catalyst has been
studied extensively due to the demand for the processing
of increasing amounts of resid and low quality crude oils.
However, the interaction between metal deposits and the
catalyst, and its implications on catalyst deactivation, are
still not well understood. The metal deposits on catalyst
surface are increasingly found to take place as crystallites
(1-3) over discrete sites rather than as uniform layers.
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Toulhoat et al. (3) used scanning transmission electron
microscopy (STEM) fitted with an X-ray analyzer, trans-
mission electron microscopy (TEM), electron microprobe
(EMPA), and X-ray diffraction analyzer (XRD) to analyze
catalyst aged with a heavy industrial feed stock, pentane
deasphalted Boscan crude. The deposits were identified to
be VS, with the presence of nickel. Deoposited crystallite
diameters observed were 20 to 40 nm near the edge of
the catalyst and 5 to 10 nm near the center. However, it
was found that the number of crystallites did not change
significantly from the edge to the center of the catalyst.

Smith and Wei (2, 4, 5) studied hydrodemetallation with
model compounds of nickel and vanadyl porphyrins with
clean oil at 553-623 K. The study was conducted with a
commercial CoMo/ALQO; catalyst, HDS16A. The aged
catalysts were studied extensively with transmission elec-
tron microscopy. Other techniques, including scanning
electron microscopy, X-ray diffraction analyzer, X-ray
photoelectron spectroscopy (XPS), were also used in the
study. Smith and Wei found that, for a given hydrotreating
catalyst aged at a given set of operating conditions, the
number of nickel sulfide crystallites remained relatively
constant, while the size of these crystallites grew with
nickel sulfide loading. The sizes of these crystallites grew
from 10 to 15 nm, while the metal loading was increased
from 3 wt.% to about 100 wt%.

Resorting to X-ray elemental mapping, we showed that
nickel deposits are strongly associated with cobalt on
the catalyst surface, but not with molybdenum (6). Since
molybdenum sulfide on sulfided CoMo/-Al,O; is gener-
ally considered to be the active component for hydrotreat-
ing reactions, it is important to know how the nickel de-
posits interact with molybdenum on the surface. The
objectives of this work are to characterize the structure
of the deposits and the interaction between the deposits
and the catalytic metals, especially the distribution of
molybdenum on the aged catalyst surface, and to attempt
to understand the mechanism for the formation and devel-
opment of the structure of the nickel deposits on aged
hydrodemetallation catalyst surfaces, and the implica-
tions to catalyst deactivation.
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TABLE 1

Catalyst Properties

Mo Co P Surface area
(wt.%) (Wt.%) (Wt.%) (m’/g)
HDS16A 8.13 4.48 3.0 176
SN6931 5.09 2.87 2.21 171

EXPERIMENTAL AND CHARACTERIZATION

Two presulfided CoMo/yAl,O; catalysts were used for
the hydrodemetallation experiments. The principal cata-
lyst was a commercial CoMo/Al,O, catalyst American
Cyanamid Aero HDS16A, which contains 12.2 wt.% of
MoO; and 5.7 wt.% of CoO. The other catalyst SN6931
was provided by American Cyanamid specifically for this
work. It contains about 7.64 wt.% of MoQO; and 3.65 wt.%
of CoO. Both of the catalysts were prepared by impregnat-
ing metals from aqueous solutions. Properties of the cata-
lysts are listed in Table 1. The catalysts were supplied in
oxide form as extrudates and were crushed to about 78-80
wm for the hydrodemetallation to ensure the absence of
intraparticle diffusion limitation. HDS16A has a surface
area of 176 m*/g and a unimodal pore size distribution
with a median pore diameter of 8.04 nm.

The catalyst sulfiding was carried out in situ by a 10
mol% hydrogen sulfide/hydrogen gas mixture (Matheson
Gas Products) at a flow rate of about 150 ml/min, ac-
cording to a standard temperature program recommended
by American Cyanamid. The temperature was held at 448
K for 6 h, then raised to the desired reaction temperature
at a rate of 60 K/min, then maintained at that temperature
for 1 h.

The hydrodemetallation experiment was conducted in
a 1-liter batch reactor (Autoclave Engineers, Model AFP
1005). The reactor system has been described previously
by Smith and Wei (4). Modification to the reactor includes
a sintered stainless steel basket to hold the catalysts inside
the reactor. The nominal pore size of the basket was about
7 wm. The basket was attached to the end of the stirrer
by a specially designed holder. Since the sizes of the
porphyrin molecules are only about 1-1.2 nm, the basket
does not block the free access of the porphyrin molecules
to the catalysts. Nickel etio-porphyrin was used as the
model compound, which is present in resid oil and typi-
cally comprises 10-50% of the metals found in crude oils
(7). Squalane (supplied by Sigma Chemical Co.) was used
as the liquid carrier for metal porphyrins in the hydrode-
metallation experiments. It consists of 97.4% iso-paraf-
fins, and a small amount of naphthenes and aromatics.

Operating conditions for the hydrodemetallation exper-
iments range from 588 to 623 K at hydrogen pressure of
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4.8 MPa and hydrogen sulfide partial pressure at about
14 kPa (0.3 vol.%). It should be noted that the hydrogen
sulfide concentration was not very precisely controlled.
It could range from about 0.2 to 0.5%.

After each hydrodemetallation experiment, aged cata-
lysts with the stainless steel basket were taken out of the
reactor and transferred to a glove box filled with argon.
During the transfer process, the sample was kept under
the cover of solvent. The samples were then washed re-
peatedly with xylene and acetone, and dried in a self-
sealing crucible before any samples for characterization
were prepared. The specimens for electron microscopy
study were prepared by ultramicrotomy. The aged cata-
lyst sample was embedded in an ultra-iow viscosity resin
provided by Ladd Research Industries, Inc. The resin
block with catalyst samples was then cut with a glass knife
and a diamond knife to get specimens with a thickness of
about 60 to 80 nm. After the thin slices of specimens
were loaded in copper grid, they were carbon coated for
increasing conductivity before microscopic studies were
conducted. The samples for TEM and STEM were virtu-
ally the same, though a thicker carbon coating was needed
for STEM to facilitate the X-ray analysis.

The major characterization tool was a dedicated scan-
ning transmission electron microscopy (Vacuum Genera-
tor HBO) equipped with Link energy dispersive X-ray
analyzer. It offers a unique approach for measuring indi-
vidual small crystallites which may be catalytically active
as opposed to the averaging method employed in spectro-
scopic techniques. The X-ray mapping and EDS spectra
were obtained at 100 kV, with a nominal probe size of
about 2 nm.

High-resolution transmission electron microscopy
(HRTEM) was used in the present work for studying the
interaction of the nickel deposits with catalytic metal on
the atomic level. It is the only technique that can make
possible the direction description of the microstructure
of solids in real space. The study was carried out on
an Akashi Topcon EM002B (Akashi Beam Technology
Corporation) with a point to point resolution of 0.18 nm
(200 ke V).

During the TEM and STEM analyses, care was taken
to ensure that characterized areas and particles were rep-
resentative of the catalyst samples. Typically, specimens
were thoroughly examined at low magnification for any
inhomogeneity.

STRUCTURE OF DEPOSITS

Characterization by STEM

Element distributions within the crystallites were stud-
ied by using scanning transmission electron microscopic
technique. The aim is to detect element distributions
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FIG. t. Elemental mapping of aged HDS16A catalyst.

within the crystallite, or surface enrichment of one com-
ponent. If the elements are uniformly distributed within
the crystallites, we should get the same element ratios
when we analyze the center or the edge of the crystallites.
On the other hand, if there is an element enriched on the
surface of the crystallites, we will get different element
ratios at different analyzing positions.

The first sample we analyzed was an aged catalyst
HDS16A sample, which is loaded with 23 wt.% nickel.
To facilitate the analysis, we magnified the sample
x 1,000,000, and obtained the best resolution we could,
and then scanned the specimen to locate some large crys-
tallites.

Figure 1 shows a micrograph and elemental mapping
of one area we examined. Crystallite A is located left of
the center, and measures about 50 nm. We can clearly
see the association between nickel and cobalt. To analyze
the elemental distribution within the crystallite, we first
focused the electron probe on the very edge of crystallite
and conducted XEDS analysis, which continued for 100
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s. During the analysis, we would check sample drifting
every 20 s to make sure the probe was still on the original
position. After the analysis was complete, we moved onto
another position.

The analysis results are plotted in Fig. 2 for the 15
positions analyzed on crystallite A. The circles indicate
the positions analyzed, and the numbers are the ratios of
cobalt or molybdenum to nickel content at that position.
Clearly, there is a significant difference between the distri-
butions of cobalt and molybdenum. Although cobalt is
virtually uniform throughout the whole crystallite, molyb-
denum is strongly enriched on certain surfaces of the
crystallites. The results are also plotted in Fig. 3 as ele-
ment ratios vs relative distances from the center of the
crystallite. The overall molar ratio of cobalt to nickel
within the crystallite is about 0.18. Considering the small
area analyzed, it is very close to the bulk molar ratio of
0.2. On the other hand, the molybdenum to nickel ratio
is much lower than the bulk molar ratio of about 0.22.
These results indicate that much of the cobalt on the
catalyst is associated with nickel, while only part of the
molybdenum is associated with the nickel deposits at the
surface of the deposits. The rest of the molybdenum is
not associated with nickel at all. We also noted that the
molybdenum enrichment only occurred at certain particu-
lar surfaces, rather than every surface of the nickel de-
posits.

Figure 2 also includes the analysis results for crystallite
B from aged catalyst SN6931. Cobalt is again distributed
throughout the crystallite, while molybdenum has a much
higher concentration on some surfaces. The results are
plotted in Fig. 4. Again, the molar ratio of cobalt to nickel
is close to the bulk ratio of 0.13, while the molybdenum-
to-nickel molar ratio is much lower than the bulk ratio
of 0.14.

To make sure the analyzed crystallites are representa-
tive of the nickel deposits, and the results represent at
least a qualitative trend, we analyzed more crystallites in
catalyst HDS16A with different sizes ranging from about
6 to 60 nm. The results are plotted in Figs. 5 and 6. Once
again, the ratio of cobalt to nickel is close to the bulk
ratio of 0.2, while the molybdenum-to-nickel ratio only
accounts for about 25% of the bulk molybdenum to
nickel ratio.

Another interesting observation was made for the crys-
tallites with different sizes. Similar to a two-component
system, we define the ratio

X = (Xsurface/Xcenter)A/(Xcenter/Xsurface)B

as the surface enrichment factor as in a binary system,
where A represents the catalytic metals cobalt or molyb-
denum, and B represents the nickel deposits.

When we plot the surface enrichment factor against the
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FIG. 2. Element molar ratios within crystallites.
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sizes of the crystallites in Fig. 7, it is clear that cobalt is
uniformly distributed with the crystallites regardless of
the sizes of the crystallites, indicated by the fact that the
enrichment factor is distributed evenly around 1. Molyb-
denum, however, has a much higher concentration on
the surface, though the enrichment factor decreases for
crystallites smaller than about 15 nm. This is consistent
with the theoretical calculations by Helms (8), which
showed that the effect of particle size on segregation could
be very significant, depending on the magnitude of the
heat of segregation. Intuitively, as the particle size ap-
proaches zero, the surface composition must approach
the bulk value. For crystallites smaller than about 5 nm,
we were limited by the resolution of the scanning trans-
mission electron microscope. In addition, the drifting of
the samples also causes difficulties for the analysis of
even smaller particles.
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FIG. 6. Molybdenum/nickel radial distribution within crystallites.
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Characterization by HRTEM

Figures 8a and 8b show some TEM micrographs of
aged HDS16A catalyst. Typically, we could see many
crystallites on the catalyst surfaces, which STEM analysis
and XRD confirmed to be Ni;S, (9). Many different lattice
fringe images can be observed on the micrographs. The
{111} reflection (d = 0.575 nm) of Ni,S, can be observed
within many crystallites as in Fig. 8a. Another set of
lattice fringes observed in the figures have spacings of
about 0.62 nm that one can relate to the 0.615 nm spacings
of the {002} basal planes of MoS,. The structure is made
of highly disordered S—-Mo-S layers of poorly crystallized
MoS,. Due to lattice relaxation, some of the fringe spac-
ings are appreciably larger than 0.615 nm.

Consistent with the results from XEDS analyses, mo-
lybdenum sulfide was observed on the surfaces of many
of the nickel sulfide crystallites. While most of the nickel
sulfide crystallites have one or two layers of molybdenum
sulfide on the surfaces, crystallites with as many as five
or six layers of molybdenum sulfide were also observed,
as the crystallite shown in Fig. 8b. The fringe spacing of
0.33 nm corresponds to the {131} reflection (d = 0.328
nm) of Ni,S,. For slabs of more than two layers, it is easy
to assign them to the basal planes of MoS,.

Figure 9 shows micrographs of MoS, on the same sam-
ple. Figure 9a shows an area with many MoS, fringes but
few signs of the significant presence of Ni,;S, deposits.
MoS, is well dispersed, and the sizes of the crystallites
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are about 10 nm. Figure 9b shows a molybdenum sulfide
crystallite. The lattice fringe spacing of 0.28 nm corre-
sponds to the 100 reflection (d = 0.274 nm). The Moire
fringe is probably caused by the overlapping of two crys-
tals. The hexagonal shape of the crystal is very well de-
fined. The size of the crystal is about 30 nm. Although
a crystal this size is a rarity, the size of the crystal is
very significant.

No lattice fringes are definitely assigned to CoySg,
partly due to the fact that the main reflections {111} (d =
0.573 nm) and {002} (d = 0.496 nm) of Co,S; are difficult
to differentiate from reflections of Ni,S¢ (d;;; = 0.575 nm,
dy, = 0.470 nm). The difficulty of locating lattice fringes
of Co,S; could also be explained by the formation of solid
solution between CoyS; and Ni,S,. Many fringe images
with spacing at 0.15 to 0.2 nm can be observed in the
figures, though it is difficult to assign them to a particu-
lar compound.

Discussion

Surface segregation in metallic alloys and metal oxides
has been studied extensively in material science (10}.
There are several possibilities for the microstructure of

Lattice fringe image of aged HDS16A catalyst.

such systems. One phase or one component could be
enriched on the surface of the crystallites. When an alloy
contains two phases in equilibrium, the phase with the
lower sublimation energy tends to form the outer surface
(11, 12).

MoS, is one of the transition metal dichalcogenides,
which belong to a large class of the so-called two-dimen-
sional solids. They are called two dimensional because
they are formed in layered structures. Atoms within a
layer are bound by strong covalent or ionic forces, while
individual layers are held together by relatively much
weaker forces. The latter are frequently referred to as
van der Waals type of interaction. Due to the special
layered structure of MoS,, it can be very readily cleaved
along the basal plane. From a quasichemical point of view,
surface energy of solid is determined by the total bonding
energy involved when the surface is formed. Therefore,
we know that MoS, would have a much lower surface
energy when being cleaved along the basal plane.

The other two sulfides involved in the present system
have cubic or orthorhombic structures. There are no spe-
cial cleavage planes for such structures. Thus, when the
three solids are present in a system, molybdenum sulfide
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would be expected to be segregated onto the surface to
achieve the minimum of energy of the total system.

Summarizing the electron microscopic observation and
the discussion, we can roughly portray the aged catalyst
surface with the following physical picture. The metal
sulfides on the catalyst surface form three different enti-
ties. Most of the nickel sulfide deposits are associated with
cobalt sulfides, forming uniform crystallites. For most of
the nickel-cobalt sulfide crystallites, a surface layer of
molybdenum was observed. This part of molybdenum
accounts for about 25% of the total molybdenum on the
catalyst surface. The rest of the molybdenum is not di-
rectly associated with the nickel deposits; although this
part of the molybdenum sulfide is still well dispersed,
crystallites with sizes up to 30 nm were occasionally ob-
served.

By using X-ray photoelectron spectroscopy, Fleisch et
al. found that the ratio of Mo/ Al changes with the increase
in metal deposits (13). They speculated that molybdenum
might have migrated to the top of the contaminated layers
and remained exposed to reactants. The present work
directly showed that molybdenum sulfide is segregated
on the surface of the nickel sulfide deposits due to its
lower surface energy.

5nm

Scale:

Catalyst: HDS16A
Aging Time: 650hrs.

Temperature: 623K
Pressure: 4.8 MPa

High-resolution MoS, image on aged sulfided catalyst.

DEPOSITION MECHANISM

So far we have shown that nickel deposits are strongly
associated with cobalt on the catalyst, while molybdenum
sulfide is partially segregated on the surface of the nickel
sulfide crystallites. The association of nickel with cobalt
could be due to catalytic activity of cobalt sulfide on the
catalyst or migration of nickel deposits towards cobalt
sites.

It is generally accepted that the active component for
hydrodesulfurization and hydrodenitrogenation is molyb-
denum sulfide with cobalt as a promoter, though there is
no general agreement on the structure and functionality
of cobalt (14). Few data are available for hydrodemetalla-
tion. Hung (15) conducted hydrodemetallation activity
studies on a series of CoO-MoO,/Al,O, with different
cobalt or molybdenum contents. It was shown that
Mo/ Al,O, catalyst is more active for hydrodemetallation
reaction than Co/Al,O, catalyst. In fact, the addition of
cobalt to a molybdenum catalyst actually reduced the
activity of molybdenum catalyst. Therefore, it is unlikely
that cobalt acts as the sole active entity for hydrodemetal-
lation on CoMo/Al,O, catalysts. A plausible explanation
for the association of nickel with cobalt is that the nickel



436

sulfide preferentially migrates to cobalt sites after being
deposited on the catalyst surface.

To confirm the migration of nickel on the catalyst sur-
face, the following experiment was designed. We depos-
ited 10 wt.% of nickel on catalyst HDS16A by impregnat-
ing the catalyst with nickel nitrate solution. The catalyst
was then calcinated at 773 K for 8 h under a slow flow
of air. X-ray elemental mapping and XEDS analysis were
then conducted on a scanning transmission electron mi-
croscope (STEM).

Elemental mapping of impregnated catalyst samples
showed that the crystallites of nickel and the catalytic
metals, or Mo and Co, are all very well dispersed on the
surface. A typical crystallite measures about 1.5 to 2 nm,
though that is the limit of the STEM instrument. XEDS
analysis was then conducted on the sample. Since the
sizes of the crystallites of the metal sulfides on the catalyst
surface are very small, we did not attempt to identify
any individual crystallites on the surface. Instead, we
positioned the probe on some random positions and con-
ducted EDS analyses. The results shown in Fig. 10 include
analyses from four separate catalyst particles. The local
nickel loading is independent of local molybdenum/cobalt
ratio. In other words, there is no preference of nickel to
either cobalt or molybdenum.

The catalyst samples with impregnated nickel were then
put into an autoclave reactor under the same conditions
as for hydrodemetallation experiments for 200 h, at 648
K and a hydrogen pressure of 4.8 MPa with 0.3 vol.% of
hydrogen sulfide. The aim was to observe the develop-
ment of the deposits on the catalyst surface.

After the 200-h treatment, the sample was taken out
for XEDS analysis on a scanning transmission electron
microscope. The analysis results shown in Fig. 11 were
from 28 sets of analyses on 5 separated catalyst particies.
We can clearly see a different trend from the one before
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being treated.

the treatment. Local nickel loading increases with increas-
ing cobalt loading, as was discussed previously (16),
which means that nickel has migrated towards cobalt after
being treated under hydrodemetallation conditions.

It should be pointed out that the sample after treatment
has a slightly lower nickel loading than before treatment.
Considering the nickel was impreganted on the catalyst
by incipient wetness method and the small numbers of
catalyst particles analyzed, the difference might simply
be due to the nonuniformity of nickel distribution among
different catalyst particles.

The experiment, together with the activity experiment
of Hung (15), confirms that subsequent migration, rather
than initial deposition on cobalt, causes the association
between nickel and cobalt on the aged hydrodemetalla-
tion catalyst.

MOBILITY OF METAL SULFIDES
ON CATALYST SURFACE

On aged hydrodemetallation catalyst surfaces, the
metal sulfides are distributed in very small microcrystal-
lites. Generally, microcrystallites behave in very different
fashions from bulk solids. One particularly important fea-
ture is that the melting point of microcrystallite is well
below the melting point of a large sample. Tammann tem-
perature, Tr,., which is defined as half of the melting
temperature T, of the bulk solid in degrees K, provides
a measure of the extent of mobility of the atoms. It is
suggested that the Tammann temperature is associated
with a two-dimensional meliting of the surface of the solid,
i.e., to the transition from a solid to a liquid-like behavior
of the surface (16). Baker (17) showed that the mobility
of metal and metal oxides has significantly increased mo-
bility above Tammann temperatures.
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TABLE 2

Characteristic Temperatures of Metal Sulfides

Ni;Se CoqSs MoS,
Tetting (K) 1063 1373 2023
Trammann (K) 532 686 1011

Order of mobility:
Ni786 > COgSg > MOSZ

Table 2 shows the melting points and Tammann temper-
atures of the relevant compounds in the hydrodemetalla-
tion system. It should be pointed out that neither Ni;S, nor
Co4S; is stable under the listed melting point temperature,
which simply indicates the temperature under which the
sulfides becomes liquid. The temperatures are obtained
from the respective phase diagrams in Ref. (18). The hy-
drodemetallation temperature range of 588-623 K is well
over the Tammann temperature of nickel sulfide. As a
consequences, we expect that nickel sulfide should be
mobile on the catalyst sulface.

Tammann temperatures of molybdenum sulfide and co-
balt sulfide are both higher than respective hydrodemetal-
lation temperatures. We would not expect an appreciable
thermal sintering if the metal sulfides do not interact with
each other on the catalyst surface. However, it has been
shown that the presence of some components not only
strongly affected the shape of metal particles on substrate,
but also the surface mobility. Bettler er al. (19) and Pi-
chaud and Drechsler (20) showed that silica blocked the
migration of tungsten, whereas a monolayer of nickel
atoms strongly increased the surface mobility of tungsten.
It was suggested that the low melting point of tung-
sten—nickel alloy caused the increasing mobility of molyb-
denum.

If we apply the concept of Tammann temperature to a
two-phase liquid-solid diagram, we would get a hypothet-
ical phase diagram for the mobility of the components.
Figure 12 schematically shows the mobility for two differ-

)

Temperature

B wt% —- B wt% —=

FIG. 12. Mobility regions on hypothetical phase diagrams.
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ent two-component systems. It resembles two-component
liquid-solid phase diagrams except that points A and B
represent the Tammann temperatures, rather than melting
points, of the two end components. At a temperature
between the two Tammann temperatures, the system
could be completely mobile in region I, partially mobile
in region II, or immobile in region III, depending on the
weight percentage of the end component with lower Tam-
mann temperature.

Although we do not have a phase diagram for Ni,;S,
and Co,S; at the hydrodemetallation temperature, we do
have some relevant information. A Ni~Co-S phase dia-
gram showed that nickel sulfide and cobalt sulfide are
completely soluble in each other for a wide range of com-
position at 1273 K (21). In addition, Co-Ni alloy has been
studied by using XPS, SIMS, and other techniques, and
the two metals form a continuous series of solid solutions
close to ideal solutions (22).

For the sake of discussion, let us assume that Ni,S,
and Co,S; form ideal solution as in the left-hand side of
Fig. 12, and Ni,;S4 and MoS, are not soluble in each other
as in the right-hand side of Fig. 12. Hydrodemetallation
temperatures of 588-623 K are higher than the Tammann
temperature of Ni;S,, while lower than those of both
CoyS3 and MoS; . Although neither Co,Sg nor MoS, would
be mobile without the presence of nickel deposits, both
of them could become mobile with sufficient amounts of
nickel deposits. Molybdenum sulfide is expected to be
less mobile than cobalt sulfide for the following two rea-
sons. First, the nickel/molybdenum ratio is much lower
than the nickel/cobalt ratio on the catalyst surface. Sec-
ond, the Tammann temperature of molybdenum sulfide
is much higher than that of cobalt sulfide.

In order to substantiate the effect of nickel deposits on
the mobility of molybdenum and cobalt sulfide on the
catalyst, we will compare the difference between a bare
sulfided catalyst, a thermally aged catalyst, and a catalyst
subjected to hydrodemetallation here.

Sulfided Bare Catalyst

The structure of sulfided CoMo/Al, O, catalyst has been
studied extensively by using HRTEM (23-25). Figure 13
shows a high-resolution micrograph of a sulfided HDS16A
catalyst sample. We can clearly see that lattice fringe of
MoS,; (dy, = 0.615 nm)randomly oriented on the catalyst.
The sizes of the molybdenum sulfide slabs are usually
about a few nanometers in length. The average numbers
of the S—Mo-S layers are about four. We tried in vain to
locate separate crystals of CogS,. The difficulty of observ-
ing Co,S¢ may be associated with the low intensity of the
main reflections of CogSg crystals. Comparatively, the
existence of a strong (002) reflection for MoS, made in
relatively easier to be observed and to be distinguished
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Scale: Snm

Catalyst: HDS16A
Aging Time: D hrs.

Temperature:

H; Pressure:

FIG. 13. Lattice fringe image of bare HDS16A catalyst.

from other crystals. Thus, the absence of electron micro-
scopic evidence does not rule out the existence of tiny
CoyS; crystals.

Thermally Aged Catalyst

Figure 14 shows a high-resolution micrograph of a sul-
fided HDS16A catalyst subjected to thermal aging for
about 200 h at 648 K, under the same H,S/H, environment
as the hydrodemetallation condition, but with no oil or
porphyrin. The relatively higher temperature was in-
tended to compensate for the shorter aging time compared
to the samples aged with nickel deposits at 623 K for
about 600 h. The thermally aged catalyst still very much
resembles the unaged catalyst. Many randomly oriented

Scale: 5nm

Catalyst: HDS16A Temperature: 648K

Aging Time: 200hes, H, Pressure: 4.8 MPa

FIG. 14. High-resolution TEM micrograph of thermally aged cat-
alyst.
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MoS, fringes are observed. It appears that the numbers
of the S-Mo-S layers and the lengths of the slabs are
both slightly increased. No quantitative analysis was at-
tempted. A survey of many areas on HRTEM yields one
clear Co,S; crystal shown in the lower left corner of the
picture. The size of the crystal is about 25 nm. It should
be emphasized again that CoyS; crystals of this size were
not readily observed. Although it is not necessarily con-
clusive from the observation itself, the mobility of cobalt
sulfide, judging from their Tammann temperatures, should
be much higher than that of molybdenum sulfide.

Nickel Aged Catalyst

The characteristics of the hydrodemetallation reaction
aged catalysts have been discussed in the previous sec-
tions. Here we want to re-emphasize two additional
points. First, the cobalt sulfide phase is completely incor-
porated into the crystallites of nickel sulfide deposits, as
has been shown in the mapping pictures. The sizes of the
cobalt sulfide can be, therefore, considered the same as
those of nickel sulfide deposits (Fig. 1). Second, there
exist two forms of molybdenum sulfide. One form is the
molybdenum sulfide associated with nickel deposits as a
segregated surface layer. Since it encompasses the nickel
crystallites, the lengths of the molybdenum sulfide layers
are significantly longer than the slabs on the original cata-
lyst prior to nickel deposition, though there are usually
only one to two layers of molybdenum sulfide on the
nickel sulfide surface. The other form of the molybdenum
sulfide is not associated with nickel and is separately situ-
ated on the substrate. These MoS, crystallites are cer-
tainly larger than those on the bare sulfide catalyst or the
thermally aged catalyst. If we assume the original slabs
of molybdenum sulfide are about 5 nm in length and about
2.5 nm in thickness, it takes over 3000 of them to coalesce
to get a crystal over 30 nm in length, as shown in Fig. 9b.
The same, of course, is also true for the large crystallites of
cobalt sulfide coexisting with nickel deposits, which could
be easily found on the mapping pictures.

Discussion

In order to form solid solutions between two compo-
nents, the two components have to be compatible in
atomic scale. Field strength can be used to characterize
the extent of solid solutions among metal oxides or metal
sulfides, and is defined as cation valence divided by the
square of cation-anion distance (Z/d?) (26). The extent
of solid solution formation decreases with the increase of
A(Z/d?), the difference in field strength of the end-member
cations. As expected, the extent of solid solution is at a
maximum when A(Z/d?) = 0, and decreases rapidly as
A(Z/d?) increases. When A(Z/d?) is less than 10%, exten-
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TABLE 3
Field Strength of Metal Sulfides

Cation Anion
ionic ionic
radii radii Cation Field Difference
(}\) (A) valence strength (%)
Ni,S, 0.69 1.70 +2 0.350
CoySy 0.72 1.70 +2 0.342 2.3%
MoS, 0.79 1.70 +4 0.645 84.3%

sive or complete solid solution takes place. When A(Z/
d?) is larger than 0.4, there are virtually no solid solutions.

In the present system, there exist three metal sulfides
on the aged catalyst surface: Ni;S,, CoySq, and MoS,. As
shown in Table 3, the difference of field strength between
Ni,S; and Co,S; is much less than 10%, and thus extensive
formation of solid solution between the two is expected.
On the other hand, the difference between MoS, and the
other two sulfides is significantly larger; therefore, little
solid solution can be expected.

Another factor determining the extent of solid solution
formation between two solids is their structures. Com-
pared with the cubic structure of cobalt sulfide, molybde-
num sulfide has a layered hexagonal structure, while
nickel sulfide has an orthorhombic structure with struc-
ture parameters very close to those of the cobalt sulfide.

CATALYST DEACTIVATION

In addition to pore plugging to retard diffusion, covering
up of active sites by metal deposits is the most widely
cited cause for the deactivation of hydrodemetallation
catalysts. We have shown that nickel deposits do nrot
cover up the active component molybdenum disulfide.
The covering up of cobalt sulfide sites is irrelevant to the
catalyst deactivation. Whatever role cobalt was playing
for the original catalyst, nickel is readily available as the
substitute. As a matter of fact, the data of Smith and
Wei (2) showed that the catalyst kept virtually the same
activity for nickel loading up to about 60%, though nickel
deposits only possess about one-tenth to about one-third
of the activity of cobalt-promoted molybdenum catalyst
(27).

We suggest that enhanced sintering due to the deposi-
tion of nickel on the catalyst is an important factor for
catalyst deactivation. Naturally, the coalescence of small
crystallites into larger ones causes significant reduction
of molybdenum sulfide surfaces accessible to the reactant.
Another factor that should be considered is the decreasing
of the number of edge sites with the sintering of molybde-
num sulfide. It is generally accepted that the edge sites,

439

instead of basal sites, of molybdenum sulfide are the cata-
lytic sites. In addition to the reduction of edge sites by
the coalescence of molybdenum sulfide, the part of molyb-
denum sulfide segregated on the nickel sulfide would also
have fewer edge sites available than an unaged catalyst.
This is due to the fact that the surface layer usually has
a much larger patch, though it is a very thin layer. There-
fore, the ratio of edge/basal sites is significantly reduced
by the enhanced sintering of the catalytic components.
This mechanism may be controlling the second stage of
the catalyst deactivation process.

One of the conclusions from the random sphere model
proposed by Smith and Wei (5) was that segregated large
crystallites of nickel deposition lead to less deactivation,
in comparison with uniform layers of nickel deposition.
Based on the present study, one possibility of controlling
the deposition pattern is to control the morphology of
cobalt sulfide on the catalyst. Because of the strong asso-
ciation between nickel and cobalt sulfide on the catalyst,
it might be possible to achieve large segregated crystallites
of nickel deposits simply by adding less cobalt to the
original catalyst. For hydrodesulfurization reaction, the
purported synergic effect between cobalt and molybde-
num requires the existence of cobalt. For hydrodemetalla-
tion reaction, the addition of cobalt might not be highly
necessary. First, less cobalt might be able to lead to less
nucleation sites for nickel deposits. Second, whatever
role requires cobalt can always be fulfilled using nickel
as a substitute.

Available literature information supports the above sug-
gestion. Hung (15) showed that the addition of cobalt to
a molybdenum catalyst actually decreases its hydrode-
metallation activity. Another set of data is from Hisamitsu
et al. (28). It was shown that, although cobalt or nickel
had a significant promoter effect for hydrodesulfurization
reactions, the promoter effect was much less significant
for hydrodemetallation reactions. On the other hand, the
addition of cobalt caused a significant acceleration of the
deactivation rate. The authors concluded that the addition
of cobalt or nickel was considered to be disadvantageous
as far as hydrodemetallation was concerned. The pro-
moter effect of cobalt was also reported by Morales et
al. (29) to be minimal for hydrodemetallation.

CONCLUSIONS

¢ Nickel sulfide deposition and cobalt sulfide on the
catalyst are strongly associated with each other. Within
the crystallite, cobalt sulfide and nickel sulfide are uni-
formly distributed.

¢ Contrary to the uniform distribution of cobalt, molyb-
denum sulfide is strongly enriched on the surface of the
crystallites formed by nickel deposits with cobalt sulfide.
The molybdenum associated with nickel deposits as a
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segregated surface layer accounts for about 25% of the
total molybdenum on the catalyst surface. The rest of
the molybdenum sulfide is not directly associated with
nickel deposits.

o Extensive cover up of molybdenum sulfide by nickel
deposits is not observed, and is not a main mechanism
for hydrodemetallation catalyst deactivation.

« The association of nickel sulfide deposits on the aged
hydrodemetallation catalyst is due to the subsequent mi-
gration of nickel sulfide deposits rather than to the initial
deposition on the cobalt sites.

+ The mobilities of cobalt and molybdenum are signifi-
cantly enhanced by the presence of nickel deposits. The
increasing mobility was caused by the lowering of the
Tammann temperatures of CoySgz and MoS,.

« The nickel-enhanced coalescence of molybdenum sul-
fide leads to a significant reduction of accessible molybde-
num sites, and is a main reason for the deactivation of
hydrodemetallation catalysts. It is suggested that a cata-
lyst with less cobalt would be expected to be as active
for hydrodemetallation reaction as the present catalyst,
but slower in deactivation.
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