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Unpromoted and cobalt- or nickel-promoted

v-AlQ; supported molybdenum sulfide catalysts

were prepared by the precipitation from homogeneous solution (PFHS) method in a single step.
These catalysts were characterised by surface area measurements, X-ray diffraction. and electron
spin resonance spectroscopy. Studies were made on the effect of Mo loading on oxygen chemisorp-
tion, variation of O/Mo. equivalent metal sulfide area (EMSA) and surface coverage. variation of

hydrodesulfurisation (HDS) and hydrogenation

(HYD) activity. and correlation of oxygen uptake

with HDS and HYD rates. These catalysts do not need presulfidation prior to HDS reaction and

have higher activity. better characteristics

methods.  © 1993 Academic Press. Inc.

INTRODUCTION

Because of its favourable surface charac-
teristics, almost all of the commercial hy-
drotreating catalysts use y-AlLO; as the
support (/, 2). Studies on y-AlLO; sup-
ported hydrotreating catalysts have re-
vealed that the active phase is well dis-
persed on the surface of the support due to
a strong interaction between the support
and the active phase (3). Thus, one reason
for the use of y-AlLO; for the large-scale
preparation of Co-Mo and other HDS cata-
lysts is its capacity to impart remarkable
structural stability to the finished catalysts
through its pronounced interaction with
the active phase (4). The pronounced
metal-support interaction prevents ag-
glomeration and sintering of the particles of
the active component on alumina catalysts.
On the other hand, the HDS reaction is pro-
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than the catalysts prepared by conventional

moted to a larger extent than the HYD re-
action on the Co—Mo catalysts (5, 6). The
activity of the catalysts mainly depends on
the method of preparation and nature of the
support. Usually the y-Al,O; supported hy-
droprocessing catalysts were prepared by
an impregnation method. The calcined pre-
cursors are presulfided during the HDS pro-
cess. A single-step method for preparing
supported sulfide catalysts has not been re-
ported so far. Recently the PFHS method
has been identified as a good means of mak-
ing better controlled catalysts (7—/7). Very
recently we applied the PFHS method for
preparation of a novel type of unpromoted
MoS,/y-AlO; catalyst (/2). In the present
study, a series of molybdenum sulfide cata-
lysts with molybdenum loading ranging
from 2 to 15 wt% on a y-Al,O; support are
prepared by the PFHS method. The details
of the preparation are described elsewhere
(13). These catalysts were characterized by
low-temperature oxygen chemisorption
(LTOC) at —78°C, XRD, and ESR studies.
Those properties are shown to be corre-
lated with the activity of the materials as
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catalysts for hydrodensed hydrodesulfuri-
sation of thiophene and hydrogenation of
cyclohexene.

EXPERIMENTAL

Commercial y-Al,O3 of Harshaw Al-111-
61E with surface area 234 m’g~!, P.V. 0.65
cm® g~!, pore radius 5.6 nm was used as a
support in the preparation of catalysts. y-
Al O; supported unpromoted molybdenum
sulfide catalysts and promoted catalysts,
cobalt sulfide-molybdenum sulfide, nickel
sulfide-molybdenum sulfide, were pre-
pared by the PFHS method using thioace-
tamide hydrolysis in a single step (/2-14).
LTOC at —78°C was studied on these cata-
lysts using a static method (/5). The surface
areas of the catalysts were measured by the
BET method using an N» adsorption tech-
nique, in a high vacuum unit made (con-
structed) of glass. All the XRD results were
recorded on a Phillips PW-1051 diffractom-
eter by using Ni-filtered CuK, radiation.
ESR spectra were recorded on a JEOL FE-
3X X-band spectrometer with 100-kHz
modulation at ambient temperature. Thio-
phene hydrodesulfurisation (HDS) and cy-
clohexene hydrogenation were chosen as
the model reactions for testing the hydro-
genolytic and hydrogenation functionalities
of the catalysts. A differential flow micro-
reactor, operating under normal atmo-
spheric pressure and interfaced to a gas
chromatograph (CIC make, India) by a six-
way gas sampling valve, was used to mea-
sure the activities of the catalysts. In a typi-
cal experiment about 0.2 g of catalyst
sample was secured between two plugs of
quartz wool inside the borosilicate glass re-
actor of 10-mm i.d fitted with a thermowell
and an electrically heated vertical furnace.
High purity H, was passed through two sat-
urators containing thiophene or cyclohex-
ene maintained at appropriate temperatures
to achieve the desired partial pressure. All
the conversion rates were measured under
steady state conditions with the help of the
equation (/6) X = r(W/F). The conversions
are kept below 15%. The ratio of rate con-
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stants (kyyp/kups) were determined from
the corresponding initial rates assuming
first-order dependence. Butene and butane,
the HDS products of thiophene, were ana-
lysed by gas chromatograph with a 2-m
stainless steel column (2-mm i.d) packed
with 10% OV-17, maintained at 80°C. Cy-
clohexane was the predominant product of
cyclohexene HYD. These products were
analysed by a gas chromatograph with a
20% PEG-1500, 2-m stainless steel column,
maintained at 60°C. A carrier gas (N,) flow
of 20 cm® min~' was maintained and a
Flame lonisation Detector (FID) was used
in both cases.

RESULTS AND DISCUSSION
X-ray Diffraction

MoS./y-Al,O; catalysts with varying Mo
loading have been examined by X-ray dif-
fraction technique. The X-ray diffracto-
grams of the samples are shown in Fig. 1. It
can be seen from the diffractograms that
only y-Al,Os lines are observable (at d =
1.977, 1.395, 2.39) up to 8 wt% Mo. In the
range 10-15 wt% Mo loading, however,
lines attributable to crystalline MoS, are
observed (d = 6.16, 1.83). The absence of
any lines due to MoS, in catalysts having
Mo loading in the range 2—-8 wt% indicates
that molybdenum sulfide is well dispersed
and may be in the form of a monolayer.
From this observation, it can be said that
the interaction of MoQ; and MoS; with the
support are similar in this composition
range. The appearance of crystalline MoS;
beyond the 8 wt% level as observed in these
PFHS catalysts indicates that MoS, inter-
action beyond 8 wt% is weak with the y-
Al,O; support.

Surface Area

The BET surface areas of the fresh cata-
lysts and the ones preheated in vacuum at
400°C for 2 h and also the catalysts reduced
in flowing hydrogen at 400°C for 2 h are
shown in Table 1. The fresh catalysts are
the ones in which the MoS; is precipitated
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Fi1G. 1. X-ray diffractograms of MoS;. MoS,/y-Al.0O,, and y-AlLO,; samples.

on the support in liquid medium by the
PFHS method and then dried at 110°C in an
air oven. It can be seen that the BET sur-
face areas of all the catalysts decrease with
the increase of Mo loading. The surface ar-
cas of fresh catalysts are low compared to
ones that are preheated or reduced at
400°C. There is essentially no difference in
the surface areas of preheated and reduced
catalysts. The low surface areas of fresh

catalysts may be attributed to the blockage
of pores by free sulfur, thioacetamide, etc.
During heat treatment or reduction it ap-
pears that most of the blocking material is
removed. The BET surface areas are very
useful in understanding whether there is a
monolayer formation of active component
on the support. In the case of monolayer
formation, addition of Mo to a fixed weight
of v-Al>O4 results in constant surface area

TABLE 1

Surface Areas and LTOC Data of MoS./y-Al,Q, Catalysts

O, uptake Ye

EMSA®* %

Mo BET surface areas (m* g™ ")
loading —_—— (umol g ") Dispersion {(m?g™") Surface
(W1%) Fresh Preheated Reduced — - —— coverage’
Preheated Reduced
2 193 214 216 5.3 4.0 13.43 9.5 4.4
4 180 206 208 8.5 24.8 11.90 16.8 8.1
6 176 203 206 12.0 36.0 11.51 24.4 11.8
8 170 200 200 15.0 47.0 11.27 31.8 15.9
10 167 200 196 12.2 42.0 8.06 28.5 14.5
12 165 190 191 10.0 38.0 6.08 25.7 13.5
15 162 185 187 4.5 30.0 3.84 20.3 10.9

¢ Calculated as O/Mo x 100.
b Calculated using a factor 0.6774 x O, uptake.

¢ Calculated as EMSA/BET surface area of reduced catalyst x 100.
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FiG. 2. Variation of BET surface area as a function
of molybdenum loading: (A} surface area per gram of
support and (Q) surface area per gram of catalyst.

per gram of support but decreased surface
area per gram of catalyst. An attempt is
made in this investigation to see if these
criteria are applicable to the catalysts pre-
pared by the PFHS method also. Figure 2
depicts the vaniation of surface area per
gram of support as well as per gram of cata-
lyst as a function of Mo loading, both in the
case of fresh as well as reduced catalysts.
In the case of fresh catalysts the surface
area per gram of support is not constant,
which is likely due to blocking of the pores
by free sulfur. In the case of reduced cata-
lysts the surface area per gram of support is
invariant with loading. The surface areas
per gram of catalyst decrease with loading.
From these results, it can be said that mo-
lybdenum sulfide is distributed on the sup-
port surface as monolayer. No change in
specific surface area of the catalysts ex-
pressed per gram of the support is observed
even beyond the full monolayer coverage.
Remembering that bulk MoS; phase is
formed in this region (from XRD), it ap-
pears that these crystallites cover only a
negligible surface area of alumina. It is also
indicated from O; chemisorption that they
grow on top of the monolayer phase MoS;
crystallites preferentially growing mostly
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along the plane perpendicular to the alu-
mina surface. This is quite reasonable be-
cause the crystallites are formed in the first
place due to lack of interaction between
alumina and the molybdenum sulfide phase.

Electron Spin Resonance Spectroscopy

ESR studies are quite fruitful in under-
standing the changes occuring in the sulfide
upon reduction in unpromoted as well as
promoted Mo/Al,O; catalysts (/7-20). In
this investigation, an examination of fresh
catalysts and catalysts reduced at 400°C for
2 h is made. In addition, pure molybdenum
sulfide catalysts prepared by PFHS are also
examined along with their reduced counter-
parts and the features characterised by g
factors, g, g2, and g; are shown in Table 2.
The g values (Av)/BH of the reduced cata-
lysts and fresh catalysts are also shown in
the same table and spectra of unsupported
MoS, are shown in Fig. 3 (inset). The g,
value of the feature identified as g, is 2.015;
this agrees with values assigned to MoS;
(21). The g, value can be ascribed to g, of
Mo’* in sulfur environment whose g, ap-
pears as a kink over the feature that gave g,
values. The g; value may be assigned to
Mo’ in oxygen environment, which might
have been due to oxidation of MoS- by air.
The spectrum of reduced MoS, shows only

TABLE 2

ESR Parameters of Fresh and Reduced
MoS./y-Al,O, Catalysts

Mo Fresh Reduced
loading —— s -
(Wt%) &1 £ &1 82

2 2.010 1.965 2.018 1.922
4 2.010 1.964 2.018 1.922
6 2.010 1.967 2.020 1.923
8 2.010 1.967 2.019 1.923
10 2.01S 1.964 2.019 1.922

12 2.014 1.965 2.019 1.920

15 2.012 1.965 2.019 1.924

Note. Pure MoS;: g, = 2.015; g. = 1.972, 2.017:
g = 1.927.
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one single line with g value of 1.986. The
value is in agreement with the Mo*” in sul-
fur environment.

Some selected ESR spectra of the +y-
ALO; supported MoS, fresh catalysts and
the ones reduced at 400°C for 2 h are shown
in Fig. 3. It can be seen that the same fea-
tures as observed in unsupported MoS, are
also observed in supported catalysts. After
reduction, however, all the spectra contain
one main peak whose g value is around
1.93. Based on the assignment made by
others (/7, 18, 22), this line can be assigned
to Mo** containing majority of ligands as
oxygen. This particular feature is only

found in the supported catalysts, and since
the samples are not exposed to oxygen at
any stage, the oxygen environment present
might be due to interaction with the hy-
droxyl groups of y-AlLO;.

The intensity of the two peaks in fresh
and reduced catalysts characterised by a g
value of 1.923 is plotted as a function of
molybdenum loading in Fig. 4. It passes
through a maximum at around 8 wt% Mo,
where the activities and oxygen chemisorp-
tion plots also showed a maximum, indicat-
ing that Mo species can interact with the
support hydroxyl groups of y-AlL,O; up to
around 8 wt% and that beyond that molyb-
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denum is getting reduced to valencies lower
than Mo**. This behaviour is understand-
able, and it is known that support stabilises
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the Mo®* whereas in the absence of support
interaction, molybdenum species gets re-
duced to lower valency states which are not
detectable by ESR measurement.

Effect of Molybdenum Loading on
Oxygen Chemisorption

The molybdenum loading was varied
from 2 to 15 wt% on the y-Al,O; support.
The effect of variation of Mo loading on O,
uptake at —78°C is shown in Fig. 5 for the
catalysts which are subjected to two types
of pretreatment. In the first case the tem-
perature of catalyst samples was raised to
400°C at a heating rate of 8°C min~! and the
catalysts were evacuated at the same tem-
perature for 2 h at 107% Torr in order to
clean the catalysts’ surface. The results
were published earlier (/2). In the second
case the samples were reduced at 400°C in a
flow of hydrogen (40 ¢m? min~') for 2 h and
then evacuated at the same temperature for
1 h at 107® Torr. It can be seen from Fig. S
that oxygen chemisorption increases lin-
early with the Mo loading up to 8 wt% and
then decreases above this Mo level in both
the preheated and reduced catalysts. Nu-
merous investigators (23-25) have corre-
lated the oxygen chemisorption to the vari-
ous functionalities like HDS, HYD, HDO,
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FIG. 5. Oxygen uptake at —78°C as a function of Mo loading on y-ALQO;.
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etc., of the active phase of the catalyst. The
O, uptake exhibited a linear relationship
with each functionality. It is generally be-
lieved that the coordinatively unsaturated
sites (CUS) or vacancies created by the re-
moval of sulfur during reduction treatment
are responsible for O, uptake and the differ-
ent functionalities of the catalysts. From
Fig. 5, the monotonic decrease of oxygen
chemisorption (beyond 8 wt% Mo) must be
due to the formation of large MoS; crystal-
lites with increasing Mo loading on alumina
surface. The O, uptake values of the re-
duced catalysts are much higher (about
three times) than those of the preheated
catalysts up to the monolayer loading (8
wt%). Above this the reduced catalysts ad-
sorb oxygen three to six times more than
the preheated catalysts (Fig. S and Table 1).
It is obvious that the MoS, species of the
active phase get reduced to a greater extent
in hydrogen and the number of active sites
or anion vacancies created are higher than
those created by removal of sulfur under
vacuum at 400°C.

Variation of O/Mo with
Molybdenum Loading

The dispersion of the active phase is plot-
ted against Mo loading in Fig. 6, and the
values are given in Table 1. The dispersion
of MoS; varies marginally from 13.3 to
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FiG. 6. Effect of Mo loading on QTOF and disper-
sion.
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11.4% up to the monolayer level (8 wt%)
and decreases sharply beyond this level.
The only small change in the dispersion of
MoS. up to 8 wt% may be attributed to the
pronounced metal support interaction. The
O/Mo values obtained in PFHS method are
comparable with those obtained by others.
A comparison can be made between the dis-
persion characteristics of the present cata-
lysts and those of conventional catalysts
studied by Nag (26). The LTOC on the
present catalysts has increased with Mo
loading up to 8 wt% above which it has de-
creased, in contrast to LTOC on conven-
tional catalysts on which it has increased up
to 8 wt% Mo above which it has levelled
off. The dispersion of active phase in the
conventional catalysts (26) has decreased
continuously with Mo loading. while in
present catalysts the dispersion decrease is
less sharp up to monolayer level (8 wt%
Mo) above which it has decreased abruptly.
The difference may be attributed to the ba-
sic difference in the method of preparation
of the catalysts. However, it may be noted
that for the same metal loading range, the
PFHS catalysts have slightly higher O/Mo
values than the corresponding conventional
catalysts. This coupled with oxygen up-
takes obtained on the samples prepared by
PFHS method suggests that molybdenum is
better dispersed in these catalysts. In the
present catalysts the surface metal ion
would naturally have the maximum sulfur
coordination, since the molybdenum sulfide
is precipitated by the sulfidation of Mo ions
by HS™ species generated in situ in solution
during catalyst preparation. The CUS on
the PFHS catalysts are created by the re-
duction of a sulfide phase supported on y-
ALLO;, while they are created by simulta-
neous reduction and sulfidation of an oxidic
phase on y-AlO; surface in conventional
catalysts. It is supposed that the surface
state of the oxide precursor in conventional
catalysts remains essentially intact even af-
ter sulfidation (26). It may be assumed that
in the PFHS catalysts also the surface
phase configuration does not change during
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reduction and the active sites are created
by the removal of sulfur atoms, and the
sites are of the same type created on con-
ventional catalysts (26-28).

Equivalent Metal Sulfide Area (EMSA)
and Surface Coverage

Equivalent metal sulfide area (EMSA) of
the catalyst is the area of the active phase
(MoS;) in the catalyst. The knowledge of
this parameter is essential since the HDS
activity of a catalyst depends on the extent
of the area available. EMSA of a catalyst is
calculated by multiplying the ratio of BET
surface area to O, uptake of pure unsup-
ported MoS, (conversion factor) by LTOC
values of supported MoS, (29). In view of
divergent values of the conversion factor
(30, 31), the following methodology for the
calculation of the factor is adopted in the
present work. A bulk molybdenum sulfide
was prepared by the PFHS method; BET
surface area and oxygen uptake measure-
ments were made on the sample in the same
way as on supported catalysts. The reduced
sample with BET surface area of 13 m%g™!
gave an O, uptake value of 19.2 umol g~'.
Thus the calculated factor came out to be
0.6774 m*umol O,, which is slightly higher
than the factor (0.5662) given by Fierro
et al. (29).

The surface coverage values calculated
from the EMSA values of the PFHS cata-
lysts are given in the last column of Table 1.
It is clear that the PFHS catalysts have
higher effective areas (20%) of the active
MoS; phase ranging from 9.5 to 31.8 m> g~
calculated with a factor of 0.6774 m*/umol
0, when compared to the values derived
using Fierro’s (29) factor. The surface cov-
erage of the catalysts has changed from 4.5
to 15.9%. The EMSA value of 31.8 m? g ' is
high, and 15.9% of the surface is covered
by MoS, at Mo loading corresponding to a
monolayer (8 wt%). An explanation for a
low coverage of 15.9% could be that the
monolayer exists as patches or aggregates
of MoS, attached to the support by strong
chemical bonds. This chemical interaction
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is possible on a small fraction of the total
surface of the support having reactive OH
groups. The saturation of a monolayer oc-
curs when this active surface is completely
covered by MoS,;. Further addition of the
active component leads to multilayer
growth and consequent formation of bulky
MoS,; aggregates, while a large fraction of
carrier surface still remains uncovered (32,
33). The obvious reason for the increase of
EMSA with Mo loading is the spreading of
the active phase on the y-Al,O; surface up
to the formation of monolayer. Above this
molybdenum loading the increase in the
MoS, aggregate size and the increase in
thickness of the MoS, layer on the pore
walls bring about a drastic decrease in
EMSA of the active phase with increasing
Mo loading. This is also in agreement with
X-ray diffraction results which indicate the
growth of MoS; beyond monolayer region.
The EMSA and surface coverage values of
the PFHS catalysts can be compared with
the corresponding values of the conven-
tional catalysts (34). The EMSA values of
the conventional catalysts have changed
from 6.1 to 18.9 m? g~! and the correspond-
ing surface coverages changed from 3.35 to
12% only while the surface area of the sup-
port used was the same. The EMSA and
surface coverage values of the present cata-
lysts are higher than those of the conven-
tional catalysts by about 30 to 40% at corre-
sponding Mo loading on the support having
essentially the same surface area. The
higher active phase areas of PFHS catalysts
should be attributed to the effectiveness of
the PFHS method, in which small MoS,
particles of uniform size are likely to be
formed.

Variation of HDS and HYD Activities
with Molybdenum Loading

The thiophene HDS and cyclohexene
HYD rates on the MoS,/y-Al,O; catalysts
are presented in Table 3. It can be seen
from the table that both HDS and HYD ac-
tivities of the catalysts increase linearly up
to 8 wt% Mo loading and then decrease at
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TABLE 3

Thiophene HDS and Cyclohexene HYD Rates of Mo/y-AlQ: Catalysts and Their QTOFs

Mo HDS rate x 10}

loading (mol h 'g !cat)
(wt%e) - - - -
350°C 400°C
Preheated Reduced
2 7.5 12.0 2.0
4 12.1 17.5 19.0
6 17.5 26.0 27.5
8 22.0 33.0 36.0
10 18.4 27.0 32.5
12 16.1 22,0 29.0
15 22.5

8.0 10.0

higher Mo loading just in the same fashion
as LTOC or EMSA with the loading. This
result is expected since the activity of the
catalyst mainly depends on its EMSA. It is
also evident that the HYD rates are lower
than the HDS rates, unlike those found in
conventional heptamolybdate impregnated
preparations. There is not much difference
between the HDS activities of the pre-
heated and reduced catalysts at 400°C at
lower loadings and the difference increases
with Mo loading. The reason for the differ-
ence in the activities lies in the difference in
pretreatment conditions of the catalysts
which results in an increase of anion vacan-
cies in the case of reduced catalysts. An
increase in reaction temperature from 350
to 400°C increases the HDS and HYD ac-
tivities of the catalysts.

A comparison of the HDS activities of
the PFHS catalysts with those of the con-
ventional catalysts would reveal interesting
characteristics. Though the PFHS catalysts
have EMSA which are higher by about 309
than those of conventional catalysts, they
have exhibited HDS activities which are 10
times higher than the activities of the cata-
lysts studied by Nag and co-workers (25)
with the corresponding loadings on the
same support. The exceptionally high activ-
ities of the PFHS catalysts may be attrib-

HYD rate x 107, QTOF

mol h 'g ' cat (at 400°C)
— molh 'g ' Mo
350°C 400°C :
HDS HYD
4.0 6.5 0.60 0.33
9.0 12.5 0.48 0.31
2.0 17.5 0.46 0.29
15.5 238 0.45 0.30
14.2 20.0 0.33 0.20
13.0 16.0 0.24 0.15

12.5 015

10.0 0.08

uted to the new method of preparation of
these catalysts. Precipitation of MoSs in
situ would have created small crystallites
with a greater number of CUS similar to
edges and corners which are potential ac-
tive sites for HDS reaction. During the pre-
sulfiding process, the conventional oxidic
precursors might have not been completely
converted into sulfide, a part of the oxide
layers in the bulk remaining intact. The
PFHS catalysts contain the Mo-S-Mo
bonds throughout the bulk and on the top
layer of the active phase. The sulfur atom
being a greater electron donor than an oxy-
gen atom, it would have increased electron
density on the molybdenum ions on the sur-
face of the catalysts created during reduc-
tion. This higher electron density might
have resulted in the enhanced electron do-
nation to the thiophene molecule causing
greater C-S bond rupture. This would
result in increasing the activity per site for
the HDS reaction. The fact that oxygen
chemisorption is increased by only 40%
while the activity increased about 10 times
when compared to conventional prepara-
tion shows in addition to increased disper-
sion that the activity per site has also in-
creased. The activity of the catalyst can
also be expressed as quasi-turnover fre-
quency (QTOF). The QTOF values of the
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present PFHS catalysts for HDS and HYD
reactions are presented in Table 3 and are
plotted against Mo loading in Fig. 6. It is
not surprising that the shapes of the three
plots have a rather noticeable resemblance,
indicating that the trend of change of the
activities of the two reactions and the dis-
persion of the active phase is the same with
the Mo loading.
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Correlation of Oxygen Uptakes with HDS
or HYD Rates

The oxygen uptakes measured on cata-
lysts reduced at 400°C are plotted as a func-
tion of HDS and HYD rates in Fig. 7. It can
be seen in all cases that a linear relationship
passing through origin is obtained. The lin-
ear correlation suggests that HDS and
HYD activities are proportional to the oxy-
gen uptakes obtained at —78°C. This rela-
tionship is true for HDS activity obtained at
350°C, as well as 400°C. At these two tem-
peratures essentially the same relationship
is obtained except that the slopes are differ-
ent, indicating that the activity per site is
increased at higher temperature. The intrin-
sic activities or turnover frequencies (TOF)
of the HDS and HYD reactions are shown
in Fig. 8. The intrinsic activities for HDS
are higher and after an initial decrease re-
main invariant with molybdenum loading.
HYD intrinsic activities are lower than
those of HDS. These activities increase
with loading and pass through a maximum
at about 8 wt% Mo and then decrease up to
12 wt% Mo and thereafter remain constant.
An examination of TOF variation with
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FiG. 8. Variation of selectivity and intrinsic activity of HDS and HYD with Mo loading.



PFHS CHARACTERISATION OF y-Al:0;

loading of the two functionalities indicates
these variations to be distinctly different.
This independent variation suggests that
the HDS and HYD may be taking place on
different sites. In the same plot variation of
kuyp/kups 18 shown as a function of Mo
loading. 1t can be seen that the selectivity
for HYD varies with the loading passing
through a maximum (at 8 wt% Mo) and
reaches a value comparable with that of
lower loading. PFHS catalysts have higher
HDS to HYD ratio than the conventional
catalysts. The kpyp/kyps for pure MoS; is
0.79, whereas for y-Al:O; supported cata-
lyst it is 0.6. In pure MoS, the HYD is less
than HDS by about 24%, whereas in sup-
ported catalyst it is less by about 40%.
Therefore, it appears that the decrease of
relative selectivity is caused by a dispro-
portionate increase of HDS. The effect of
the support is to increase HDS activity rela-
tive to HYD.

Effect of Cobalt and Nickel on the
Activity of MoS,/y-AlLO; Catalysts

The effect of promoters Co or Ni added
by the PFHS method on MoS,/y-AlLO; pre-
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pared by the same method is studied with
the help of BET surface area, O, uptake,
and the HDS and HYD activities. The cata-
lyst with 8 wt% Mo/ALLO; is selected for
this purpose as MoS; forms monolayer at
this loading. The nickel and cobalt are var-
ied between 0 and 5 wt%. Various proper-
ties of these catalysts as a function of Co
and Ni loading on 8-wt% Mo are given in
Table 4a. The properties of 8-wt% Mo/y-
Al,O; conventional catalysts (prepared by
impregnation method) with the same pro-
moter loadings which are studied under the
same conditions are given in Table 4b. The
properties of few commercial catalysts with
Mo loading from 8 to 10 wt% and with simi-
lar promotor concentrations are given in
Table 4c for the purpose of comparison.
Prior to the reaction the conventional cata-
lysts and commercial catalysts are sulfided
for 2 h at 400°C.

As can be seen clearly, the BET surface
areas of both PFHS and conventional cata-
lysts decrease considerably on the deposi-
tion of promotors. This decrease in BET
surface areas is expected, as the promotors
are deposited as sulfides after impregnating

TABLE 4
BET Surface Areas, Oxygen Uptake, Thiophene HDS, and Cyclohexene HYD Activities of Various
Catalysts
Catalyst Composition BET 0. uptake EMSA HDS rate x 10} HYD rate x 10°
(Wt%) surface (umol g ' cat) (m*g " (molh 'g " (molh ‘g "
_— area
Mo Co Ni (m'g "
a. Prepared by precipitation from homogeneous solution method
Mo/AlLOs 8 — — 200 47.0 31.8 33.0 2318
Co-Mo/AlLOx 8 3 — 184 50.0 339 373 20.0
Co-Mo/AlLO;, 8 5 — 182 58.0 39.3 46.5 28.0
Ni-Mo/AlLO; 8 — 3 187 512 34.7 34 17.8
Ni-Mo/AlLO, B — S 187 56.2 38.1 43.4 236
b. Prepared by impregnation method
Mo/AlO4 8 —_ — 178 323 21.9 10.9 26.3
Co-Mo/Al;O, 8 3 — 164 35.2 23.8 26.4 29.4
Co-Mo/AlLO, 8 S — 161 37.2 25.2 28.6 23.0
Ni-Mo/Al,O4 8 — 3 169 39.0 26.4 227 334
Ni-Mo/AlO 8 — 5 158 42.0 28.5 242 38.5
c. Commercial catalysts
Harshaw (HT-400) 9.86 252 — 200 35.7 24.2 25.7 43.5
Ketjenfine-124 773 3.2 — 267 335 22.7 24.7 44.1
Harshaw (HT-500) 9.93 2.51 210 36.2 24.5 21.3 47.0
767 — 4.09 273 47.0 31.8 223

Ketjenfine-802
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the dry MoS./y-Al,O4 catalysts in their re-
spective aqueous nitrate solutions. The ox-
ygen uptakes on catalysts reduced at 400°C
for 2 h have increased by 10-12 umol g~',
indicating an approximate increase of 10-
30% in EMSA when compared to unpromo-
ted catalysts. Roughly the same increase in
O, uptakes and hence the EMSA are ob-
served in the case of conventional catalysts
prepared from oxidic precursors. The O
uptakes of commercial catalysts also (Table
4¢) fall in the same range as those of con-
ventional catalysts. Some small variation
on the commercial catalysts is expected
due to composition changes, and differ-
ences in the support and the preparation
method.

It is clear that the HDS activities of the
PFHS catalysts are higher than their HYD
activities (Table 4a), while the conventional
Co—Mo/y-Al,Os catalysts (Table 4b) exhibit
almost equal HDS and HYD activities. The
HYD activities of conventional Ni-Mo/y-
AlLO; catalysts are also higher than their
HDS activities. The HYD activities of the
commercial catalysts (Table 4¢) are much
higher than their HDS activities. The HDS
rates of the PFHS catalysts and also con-
ventional catalysts steadily increase with
increase in promotor concentration. The
HDS rate of 8-wt% Mo/y-Al,O; catalyst
prepared by the PFHS method has in-
creased from 33 x 107} to 46.5 x 107> mol
h™' g~!' when cobalt concentration is in-
creased from 0 to 5 wt9%, while for Ni-pro-
moted catalysts the rate has increased up to
43.4 x 10 mol h™! g7! catalyst. The con-
ventional catalysts have exhibited much
lower HDS activities than the PFHS cata-
lysts.

Structure of Moly-Al,O; and
Co(Ni)-Molvy-AlLOy Catalysts

The complex physico-chemical behav-
iour of sulfided Co(Ni)—Mo/y-Al,O; cata-
lysts under actual reaction conditions have
contributed greatly to the difficulty in un-
derstanding their structure vis-a-vis cata-
lytic properties. Several structural models
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in which the role and chemical state of co-
balt or nickel promotors in the sulfided cat-
alysts have been proposed but none of
these models was found to be adequate (35—
37). Topsge et al. (4) and Wivel et al. (38)
proposed a Co—Mo-S model for the active
phase in Co—Mo catalysts, on the basis of
combined Mossbauer emission spectros-
copy (MES) and thiophene HDS activity.
This phase has been observed for both sup-
ported and unsupported catalysts (38—40).
The Co-Mo-S phase may have a mono-
layer dispersion (4/). According to this
model, the dispersed phase of MoS, crys-
tailites comprised of one slab or “‘sand-
wich.”” The edges and corners of these
patches contain coordinatively unsaturated
(CUS) molybdenum ions which have been
identified as the active sites for hydro-
processing reactions. Co~Mo-S structures
are similar to MoS, structures (42) with
Co atoms located at edges of MoS, slabs.
The Co-Mo-S type phases are also found
to be present in catalysts such as Ni—-Mo
{Ni—-Mo-S) (43). Candia et al. (44, 45) pro-
posed the existence of a low-temperature
(type I) and a high-temperature (type 1)
form of Co-Mo-S. They suggested that
high-temperature sulfiding partially elimi-
nates Mo—-O-Al linkages, transforming the
low-temperature type [ to the more active
high-temperature type 1l Co-~Mo-S phase.
Moreover, it has been found that type 1l
phase has a higher HDS but a lower HYD
performance than type [ phase.

To understand if a free Co phase exists in
HDS catalysts and contributes significantly
to both activity and O, uptake of the cata-
lysts, a few experiments were designed.
Such experiments on a reduced 5-wt% Co/
v-Al,O5 catalyst (PFHS) indicated that free
Co phase adsorbs an insignificantly low
quantity of oxygen. Thiophene HDS activ-
ity study of this catalyst showed very low
activity, which is very very small when
compared to the high activity of Co-Mo-S
catalysts.

In view of the fact that the PFHS cata-
lysts exhibited higher HDS and lower HYD



PFHS CHARACTERISATION OF y-AlLO;

activities, it can be inferred that type Il
Co(Ni)-Mo-S phase may exist predom-
inantly.

CONCLUSIONS

The precipitation from homogeneous so-
lution (PFHS) technique can be used suc-
cessfully to prepare supported and pro-
moted hydroprocessing catalysts. LTOC
can precisely determine the Mo level at
which the formation of the monolayer is
completed on the catalysts prepared by this
method. These catalysts have the following
characteristics:

1. The molybdenum 1is better dis-
persed.

2. The CUS are generated by the re-
duction of the sulfide phase.

3. The formation of monolayer is at-
tained at 8 wt% Mo on y-Al>Os.

4, The EMSA and surface coverage
values are higher than those of the conven-
tional catalysts by about 30 to 40%.

5. The PFHS catalysts are much more
active than the catalysts prepared by the
conventional impregnation technique and
commercial catalysts,

6. The exceptionally high HDS activi-
ties of these catalysts may be attributed to
the new method of preparation of these cat-
alysts.
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