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Co00-Mo003/MgO and NiO-MoO3/MgO catalysts were prepared
from MoO3/MgO by impregnation with methanol solutions of Co
nitrate and Ni nitrate, respectively, followed by calcination at
350°C. The texture of the starting MoO3/MgO was preserved dur-
ing this preparation. The hydrodesulfurization activity of the pre-
sulfided catalysts was evaluated using the reaction of benzoth-
iophene (1.6 MPa, 300-360°C). Commercial CoMo/Al,O3 (Shell
344) and NiMo/Al,O; (Shell 324) catalysts were used as reference
points of activity. A strong synergistic effects in activity between
Co(Ni) and Mo in Co(Ni)Mo/MgO catalysts was observed with
an optimum Co(Ni)O content of about 3—4 wt%. The most active
Co(Ni)Mo/MgO catalysts were 1.5 to 2.3 times more active than
their corresponding Al,O3;-supported counterparts. MgO should be
considered a new promising support for Co(Ni)Mo sulfide catalysts.
However, its sensitivity to water and propensity to form solid solu-
tions with CoO and NiO must be taken into consideration in catalyst
preparation. (© 2002 Elsevier Science (USA)

Key Words: hydrodesulfurization; sulfide catalysts; MgO support;
benzothiophene; synergistic effect.

1. INTRODUCTION

The catalysts used for hydrodesulfurization (HDS) of
petroleum fractions are mixed Co-Mo or Ni-Mo sulfides
supported on Al,Os. Strict regulation of the sulfur con-
tent in fuels is the driving force for further research and
development of more active catalysts. One important di-
rection of current research focuses on the support material.
Active carbon, ZrO,, TiO,, zeolites, and various mixed ox-
ides have been studied as alternatives for the conventional
Al, O3 support (for review see Refs. (1-6)). All these sup-
ports are acidic or neutral and very limited attention has
been devoted to basic supports. However, basic supports
might be interesting for two main reasons. First, the acid—
base interaction between acidic MoOs and a basic support
in the oxidic precursor of sulfide catalysts should promote
a high and stable dispersion of the Mo species. Second, the
basic character of the support should inhibit coking which
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is rather intensive over conventional Al,O3; supported
catalysts (7).

The literature on Co- or Ni-promoted Mo/MgO sulfide
catalysts is very limited. A patent (8) reported the prepa-
ration of a Co-Mo/MgO catalyst by drying and calcina-
tion of an aqueous slurry of Mg(OH),, Co(NO3),, and
(NH4)6M070,4. The HDS activity was tested for crude oil
and lubricating oil at 10 MPa and 450°C. The initial ac-
tivity of the Co—-Mo/MgO catalyst was about the same as
the activity of a Co-Mo/Al, O3 reference sample. However,
catalyst deactivation was faster over the Al,Os-supported
catalyst than over the MgO-supported catalyst. After 300 h
on stream, the MgO-supported catalyst was about two to
three times more active than the Al,Os-supported sam-
ple (in terms of pseudo first-order rate constants calculated
from the conversions published in the patent).

Ramirez and colleagues (9) prepared Ni-Mo/MgO cata-
lysts with various atomic ratios Ni/(Ni + Mo) by successive
incipient wetness impregnation with aqueous solutions of
(NH4)6Mo070,4 and Ni(NOs3), with a final calcination at
500°C. The activity was tested in the HDS of thiophene.
Practically no synergistic effect in activity between Ni and
Mo at the atomic Ni/(Ni+ Mo) ratio of 0.3 was observed,
and this Ni-Mo/MgO catalyst was five times less active than
areference Ni-Mo/Al,Oj catalyst of the same composition.
It was suggested that the majority of the Ni was deacti-
vated by the formation of a NiO-MgO solid solution. At
the Ni/(Ni+ Mo) ratio of 0.6, a synergistic effect was ob-
served in the Ni-Mo/MgO catalyst, but the activity of this
catalyst was only about half that of its Al,O3z-supported
counterpart.

The method of preparation of high-surface-area MgO
(200-300 m? g~1) is well known (e.g., (10)). However, this
material is very sensitive to water, and the conventional
impregnation with an aqueous solution of a metal salt
completely destroys its texture. For instance, the degree
of hydration of MgO with surface area of 155 m?> g~! to
Mg(OH), was 86% in an aqueous slurry after 15 min at
16°C (11). The hydration proceeds easily also during stor-
age at ambient atmosphere. The mechanism of hydration
is not penetration of water into the MgO structure, but
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a dissolution—precipitation (recrystallization) cycle (12).
MgO is dissolved and new crystals of Mg(OH), grow, the
texture of which is essentially independent of the texture
of the starting MgO.

Our previous work concerned the preparation of MoOj3/
MgO catalysts by nonaqueous impregnation (13-15). It was
found that the texture of the starting high-surface-area
MgO was stable in methanol and ethanol. The catalysts
were prepared by the reaction of MgO with a slurry of
(NH4)6M07024 (13, 14) or MoO3 (15) in these alcohols.
The activity in the HDS of benzothiophene of the most ac-
tive MoO3/MgO samples was the same as the activity of a
commercial MoO3/Al, O3 catalyst.

The subject of the present work is the promotion of the
above-mentioned highly active MoO3/MgO catalyst by Co
and Ni. The promoters were deposited from an alcoholic so-
lution of their nitrates. Activity was tested using the HDS
of benzothiophene. Commercial Co-Mo/Al, O3 (Shell 344)
and Ni-Mo/Al,O3 (Shell 324) samples were used as refer-
ence catalysts.

2. EXPERIMENTAL

2.1. Catalyst Preparation

2.1.1. Catalysts supported over MgO of particle size
0.16-0.32 mm. MoO3/MgO catalyst was prepared by reac-
tion of MgO (particle size fraction 0.16-0.32 mm, surface ar-
eas SA; 350 and SA; 350 of 243 and 230 m? g~ !, respectively)
with MoOj in a slurry in aqueous methanol (4 wt% of wa-
ter) at room temperature for 10 days. Its nominal compo-
sition and the composition found by AAS analysis were 15
and 14.6 wt% MoOs, respectively. Its surface areas SAg 350
and SA; 350 were 235 and 228 m? g~!, respectively. More de-
tails of its preparation and activity can be found elsewhere:
the sample used refers to sample 15MoPart(am) in
Ref. (15). Itis designated as 15Mo/MgO in the present work.

CoO-Mo00O3/MgO and NiO-MoO3/MgO catalysts with
various contents of CoO and NiO were prepared by im-
pregnation of the above 15Mo/MgO catalyst with solutions
of Co nitrate and Ni nitrate in methanol, respectively. The
catalyst named 3.5C015Mo/MgO was prepared by impreg-
nation of the 15Mo/MgO catalyst and contained 3.5 wt%
CoO. The 15Mo/MgO catalyst was recalcined immediately
before impregnation (40 min at 350°C in flow of air). The
concentration of the impregnation solution corresponded
to 0.4 g of CoO or NiO per 100 ml of solution. The mix-
ture was left standing at room temperature for 2 days and
all Co nitrate or Ni nitrate adsorbed after that time (the
solution decolorized). The mixture was dried in a rotary
vacuum evaporator at 60°C until it became particulate and
then the drying was continued at 100°C for 40 min. The cata-
lyst was calcined in a tubular flow reactor in a stream of air
for 40 min at 350°C.
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CoO/MgO and NiO/MgO catalysts were prepared by im-
pregnation of MgO (surface area SA; 350 of 245 m? g, par-
ticle size fraction 0.16-0.32 mm) by the same procedure as
described above. Catalyst 3Ni/MgO contained 3 wt% NiO.

2.1.2. Catalysts supported over MgO extrudates. The
purpose of preparation of these samples by impregnation
of MgO extrudates (diameter 2.6 mm, surface area SAg 350
of 250 m? g~!) was to get information about the strength of
adsorption of metal species deposited during impregna-
tion. The formation of eggshell concentration profiles in the
course of impregnation indicates very strong adsorption.
The distribution of metals across the extrudates was eval-
uated by electron probe microanalysis. The samples were
not tested for activity.

The catalyst 15SMo/MgO(E,Mo003) supported on MgO
extrudates was prepared by the procedure described
above for the 15Mo/MgO catalyst supported over 0.16- to
0.32-mm MgO particles. The extrudate samples were re-
moved after various impregnation times; all MoO3 powder
had disappeared after an impregnation time of 300 h.

5Co0O/MgO(E) catalyst supported on MgO extrudates
was prepared by the procedure described above for the
Co(Ni)/MgO catalyst supported over 0.16- to 0.32-mm
MgO particles.

3.5Co15Mo/MgO(E,AHM) catalyst was prepared by im-
pregnation of MoO3;/MgO extrudates by the procedure
described above for 3.5C015Mo/MgO catalyst supported
over 0.16- to 0.32-mm MoO3/MgO particles. The starting
MoO3/MgO extrudates (nominal loading 15 wt% MoO3)
were prepared by reaction of the MgO extrudates with a
slurry of ammonium heptamolybdate (AHM) in nonaque-
ous methanol as described in our previous work. The dis-
tribution of MoO3 across the extrudates was uniform (14).

2.2. Hydrodesulfurization

HDS data were obtained in a fixed-bed tubular reactor
(i.d. 2 mm) with the reaction mixture in the gas phase. The
feed consisted of a solution of benzothiophene (BT) in de-
cane (D) and the feed rates, F;, of BT, D, and H, were
7.7, 89, and 595 mmol h~!, respectively. The total pressure
was 1.6 MPa and each catalyst charge W was tested consec-
utively at the reaction temperatures 330, 300, and 360°C.
The catalyst charge was in the range 0.02-0.7 g and was di-
luted with inert corundum (0.16-0.32 mm). The products
of the reaction were dihydrobenzothiophene (DHBT) and
ethylbenzene (EB); the amount of other carbon-containing
products was negligible. Results were evaluated in terms
of relative reaction mixture composition, g;, or conversion,
x;(agr = npr/n%r, ApHBT = NDHBT/AYT, AEB = NEB/NYT);
overall conversion of BT (xgr =1 —agr); conversion of BT
to DHBT (xpusT =dapust); and conversion of BT to EB
(xe = agp), where n° and n are initial and final numbers of
moles, respectively. The catalyst was presulfided in situ in
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a flow of H,S/H, (1/10) with a temperature ramp program
of 8.4°C min~! to 400°C and a dwell time of 1 h at 400°C.
Steady state of the outlet composition was achieved 20 min
after each change of reaction conditions (start of feed or
change of temperature) and no catalyst deactivation was
observed during the test (the duration of the test at each
temperature was about 1 h after steady state was attained).

2.3. Surface Area

The critical point of the measurement of high-surface-
area MgO and of the related MgO-supported catalysts is the
temperature of the in situ pretreatment. Evacuation of the
sample at about 250-350°C is generally used for alumina-
supported catalysts in the measurement by the adsorption
of N, by the static method. This relatively severe pretreat-
ment is needed in the static method to achieve a high and
stable vacuum. However, in the case of MgO-based sam-
ples, the cycle impregnation of the sample/in situ pretreat-
ment at 250-350°C may completely change the surface area
as compared with the sample before impregnation. That is
why surface area (SA) was measured in the present work by
the adsorption of nitrogen using the dynamic flow method
(16) which allows the measurement without any in situ pre-
treatment of the sample (immediately after drying in a ro-
tary vacuum evaporator). The corresponding surface area
is denoted SA¢s. The surface area was also measured by
the flow method after in situ pretreatment in a flow of air for
40 min at 350°C and is denoted SAg3s0. Selected samples
were measured by the conventional static method (the com-
plete N, adsorption isotherm was measured) using a Mi-
cromeritics ASAP 2010 instrument after in sifu outgassing
at 350°C in vacuo, and the values obtained are denoted
SA; 350

2.4. Electron Probe Microanalysis

Distribution profiles of Mo and Co in extrudates were
obtained using a JEOL JXA electron microscope equipped
with the ED analyzer EDAX PV 9400.

3. RESULTS AND DISCUSSION

3.1. Surface Area

Impregnation of the MoO3/MgO catalyst or MgO sup-
port by a methanol solution of Co(Ni) nitrate did not sig-
nificantly change the surface area of the sample. SA; s of
the dried Co(Ni)-Mo/MgO and Co(Ni)/MgO samples was
about the same (+10%) as the surface area of the start-
ing material. SA; 350 was about 10% higher than the cor-
responding value of SA;s. For instance, the SA¢ 350 of the
starting MoO3/MgO particles was 228 m?> g~! and SA¢ s
and SA; 350 of 3Nil15Mo/MgO were 220 and 245 m? g,
respectively.
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3.2. Distribution of Co(Ni) and Mo Species
in Catalyst Particles

It should be expected that the interaction of acidic MoO3
and Co(Ni) nitrates with basic MgO is rather strong. This
may result in an uneven distribution of Mo and Co(Ni)
species even when MgO and 15Mo/MgO samples with a
particle size of 0.16-0.32 mm were impregnated. Measure-
ment of the distribution in such small particles is experimen-
tally difficult. For that reason, the situation was clarified by
experiments with extrudates and the results are shown in
Fig. 1.

15Mo/MgO(E,M003) catalyst was prepared by impreg-
nation of MgO extrudates by the same method as used for
the impregnation of 0.16- to 0.32-mm MgO particles (slurry
of MoOs3; and MgO in aqueous methanol at room temper-
ature). An eggshell profile of the MoOj3 concentration was
obtained, indicating that the interaction of MoO3 with MgO
was strong. The depth of the profile was about 0.5 mm after
an impregnation time of 240 h when all powdered MoO3
had disappeared from the mixture. However, the starting
15Mo/MgO catalyst used for promotion by Co(Ni) was pre-
pared by impregnation of 0.16- to 0.32-mm MgO particles
and it can be concluded that these small particles have a
uniform MoQj; distribution.

A sharp eggshell profile with a mean depth of about
0.2 mm was obtained for the SCo/MgO(E) catalyst. The
height of this profile was about 10 wt% CoO. It cannot
be excluded that the distribution of CoO obtained by im-
pregnation of the 0.16- to 0.32-mm MgO particles was not
completely uniform. The purpose of the preparation of the
Co(Ni)/MgO samples (particle size 0.16-0.32 mm) was mea-
surement of their HDS activity for evaluation of the syner-
gistic effect in Co(Ni)Mo/MgO catalysts (see Section 3.4.3).
An unevenness of Co(Ni) distribution might have an ef-
fect on HDS activity. However, the activity of Co(Ni)/MgO
was lower than that of Mo/MgO and it was assumed that
the effect of possible nonuniform Co(Ni) distribution in
the Co(Ni)/MgO catalysts on evaluation of the synergistic
effect was negligible.
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FIG. 1. Distribution of metal oxides in catalysts supported over MgO
extrudates.
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The starting MoO3/MgO extrudates for preparation of
the 3.5Co15Mo/MgO(E,AHM) catalyst were prepared by
reaction of neutral ammonium heptamolybdate with MgO
extrudates in methanol at room temperature and had a uni-
form distribution of MoOs (14). The data in Fig. 1 confirm
that this uniform distribution of MoOs did not change dur-
ing deposition of CoO. Deposited MoO3 neutralized the
basic MgO, and the interaction of Co nitrate with the sur-
face of MoO3/MgO was weaker than that with MgO. A uni-
form profile of CoO concentration across the extrudate was
obtained in the 3.5Co15Mo/MgO(E,AHM) catalyst. This
proved that the distribution of Co(Ni)O in the promoted
catalysts obtained by impregnation of 15Mo/MgO catalyst
of particle size fraction 0.16-0.32 mm was also uniform.

3.3. Evaluation of HDS Activity

3.3.1. Kinetic scheme. The integral dependencies of
apr, apysr, and app versus space time W/Fpr were
measured for four selected catalysts: 3Nil5Mo/MgO,
3.5Co15Mo/MgO, 3.5Nil9Mo/Al,O3 (Shell 324), and
3.5Co15Mo/Al, O3 (Shell 344). Examples of these depen-
dencies are shown in Fig. 2. The data were well fitted by a
parallel-consecutive scheme of four pseudo-first-order re-
actions (BT to DHBT, DHBT to BT, BT to EB, and DHBT
to EB).

3.3.2. Selectivityto DHBT. The synergistic effect in the
HDS activity of bimetallic sulfide catalysts is generally ac-
companied by a characteristic change in the distribution of
the intermediates. By combining Co(Ni) and Mo(W) in the
catalyst, the rates of the hydrogenolytic steps (the steps con-
suming H, with breaking of the C-S bond) are more accel-
erated than the hydrogenation steps (the steps consuming
H, without breaking of the C-S bond). This phenomenon
is related to active phase and was observed for both the
unsupported sulfides and the sulfides supported on vari-
ous supports (for review see Refs. (17-20), for recent orig-
inal papers see Refs. (21-25)). Practically no previous data
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FIG. 2. Dependence of reaction mixture composition on space time
in hydrodesulfurization of benzothiophene at 300°C. Open squares: agr,
full triangles: apugrT, full circles: agp, solid lines: obtained by fitting using
four-constant reaction scheme, dashed lines: fitted by first-order equation
(the constants are shown in Table 1).
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FIG. 3. Selectivity to intermediate dihydrobenzothiophene (DHBT)
during hydrodesulfurization of benzothiophene (BT) at 330°C. The dashed
line represents the stoichiometric limitation of xpupT.

are available for MgO-supported catalysts and our results
shown in Fig. 3 confirm that the above rule also holds for this
support. Dihydrobenzothiophene is formed by hydrogena-
tion and removed by hydrogenolysis and the synergism in
activity of Co(Ni)Mo/MgO catalysts was accompanied by
a sharp decrease in the selectivity to this intermediate. The
data obtained at 330°C are shown in Fig. 3; the data ob-
tained at 300 and 360°C exhibited analogous features.

3.3.3. Index of the overall HDS activity. The integral
curves of the conversions x; versus space time W /Fgt could
be fitted well by a scheme of four pseudo-first-order rate
equations (see Section 3.3.1). The values of these constants
are not presented because none of them is a proper index of
overall HDS activity (it is also not possible to combine them
into a single activity parameter). However, it was found that
the disappearance of BT and formation of EB can be de-
scribed by first-order rate equations in good approximation,
as illustrated by the dashed lines for EB formation in Fig. 2.
The corresponding rate constants are named kgt and kgg,
respectively. (The data for the Shell 344 catalyst in Fig. 2
could also be fitted by a zero-order rate equation; however,
the point at W/Fpr = 19.4 g h mol~! was clearly measured
with a large error because all our previous data concern-
ing various Co(Ni)Mo/Al,O3-supported samples (26, 27)
were much better fitted by a first-order than a zero-order
equation.)

The ranking of catalysts of the same type (all nonpro-
moted or all promoted catalysts) is the same according to
BT disappearance or EB formation, because selectivity to
DHBT is the same for each catalyst type. However, nonpro-
moted and promoted catalysts differ strongly in selectivity
to DHBT (see Section 3.3.2) and their relative activities
differ to some extent according to kgt and kgg.

Two indices of overall HDS activity were used. The
effects of calcination temperature and of promoter
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concentration on activity were tested using the conversion
of BT to EB, xgp, at fixed space time W/ Fgr as an activity
index. The synergistic effect, SYN, and the comparison
of MgO- and Al,Os-supported catalysts were evaluated
in terms of kgg (SYN = kgp(Co(Ni)Mo)/(kgg(Co(Ni)) +
kes(Mo))).

3.4. HDS Activity

3.4.1. Effect of calcination. A solid solution of
Co(Ni)O-MgO is easily formed by heating Co(Ni)O and
MgO. Ramirez and colleagues (9) concluded that the loss of
supported Ni species by formation of a solid solution with
the MgO support during calcination of their NiMo/MgO
catalysts (24 h at 500°C) significantly reduced HDS activ-
ity. The effect of calcination temperature was tested with
the 3Ni15Mo/MgO catalyst in the present work. The con-
version xgp at a space time W /Fgr of 6.47 g h mol~! and
HDS temperature of 300°C of the samples calcined at 250
and 350°C was 43 and 45 %, respectively. However, a sharp
decrease in activity was observed after calcination at 400°C;
xgg was only 16 % for this sample. The temperature of 350°C
was therefore selected as the standard calcination temper-
ature.

3.4.2. Effect of Co(Ni)O loading. 15Mo/MgO catalyst
was impregnated with various amounts of Co and Ni and
the samples were tested for their HDS activity (xgp at fixed
space time W/Fgr). The results are shown in Fig. 4. A
strong promotion effect was observed that was stronger for
Co—-Mo than for Ni-Mo catalysts. The optimum concentra-
tion of the promoters was about 34 wt% CoO or NiO.
The corresponding Co(Ni)O/MoOs ratio corresponds well
to the usual ratio of these oxides in industrial Al,Og3-
supported catalysts. The synergistic effect in the most ac-
tive catalysts of Fig. 4 is discussed below in terms of rate
constants kgg. However, the description of the synergistic
effect in terms of conversions under fixed kinetic condi-
tions is very illustrative and two important points should
be mentioned in connection with Fig. 4.
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FIG. 4. Dependence of the conversion of benzothiophene (BT) to
ethylbenzene (EB) on Co(Ni)O content of the Co(Ni)15Mo/MgO catalyst.
Space time W/Fgr was 6.47 g - h molgql..

KLICPERA AND ZDRAZIL

i. The promotion effect for MgO-supported catalysts
seems to be very strong as compared with other supports.
This point is discussed more in detail in Section 3.4.3.

ii. The large promotion effect over MgO-supported cata-
lysts observed in the present work is at variance with
the work of Ramirez and colleagues (9). The atomic ra-
tio Co(Ni)/(Co(Ni) + Mo) in our work was about 0.3 and
Ramirez et al. observed essentially no promotion at this
composition; they observed some promotion only when the
ratio Ni/(Ni+ Mo) was increased to 0.4 and 0.6. This con-
tradiction can be explained by two factors. First, Ramirez
and colleagues calcined their catalysts for 24 h at 500°C and
concluded that most of the nickel is lost by formation of a
solid NiO-MgO solution. In the present work, the samples
were calcined at 350°C for 40 min and it was shown above
that, a higher calcination temperature lowered the activity
of the final catalyst. It is concluded that the low calcination
temperature prevents the formation of a solid NiO-MgO
solution. Second, the surface area of the MoO3/MgO cata-
lysts was preserved in our nonaqueous impregnation. On
the other hand, the strong decrease in surface area as found
by Ramirez et al. suggests that a complete chemical and
textural reconstruction of the starting MoO3;/MgO catalyst
occurred during aqueous impregnation (for instance, the
surface area of their MoO3/MgO of 329 m? g~! decreased
to 154 m? g~! for the NiO-MoQO3/MgO sample).

3.4.3. Synergistic effect between Co(Ni) and Mo in the
overall HDS activity. The synergistic effect SYN was
evaluated in terms of kgp as the ratio kgp(Co(Ni)Mo)/
(keg(Co(Ni)) + kgg(Mo)). The constants kgg for the Co
(Ni)Mo/MgO and Co(Ni)Mo/Al,O3 samples were evalu-
ated by fitting the dependencies xgg versus space time
W /Fgr, as discussed in Section 3.3.3. For the Mo/MgO and
Mo/Al,O5 catalysts they were obtained by fitting these de-
pendencies measured in our previous work (13-15). For
the Co(Ni)/MgO samples, only conversions at one value of
space time W/Fpr were measured in the present article,
and the constants kg were calculated (no fitting) by using
a pseudo-first-order rate equation. The results are summa-
rized in Table 1.

It follows from the data in Table 1 that the activity per
mole of metal of the Co/MgO and Ni/MgO catalysts is of
the same order of magnitude as the activity of the Mo/MgO
sample. This agrees with the data reported in the literature
for Al,Os-supported catalysts (28, 29). However, Table 1
shows that combining Co(Ni) and Mo in MgO-supported
catalysts resulted in an increase in the activity of one order
of magnitude. The synergistic effect was about 20. Such
strong synergism has not been reported for MgO-supported
catalysts up to now.

In our experience, two conditions must be fulfilled to
achieve strong synergism over MgO-supported catalysts.
(i) The Co or Ni promoters must be deposited by a method
that does not change the chemical structure and texture of
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TABLE 1

Comparison of MgO- and Al,O3-Supported Catalysts with Respect to HDS Activity
and Synergistic Effect SYN

kes (mmol g~1h™1) SYN¢
Catalyst 300°C 330°C 360°C 300°C 330°C 360°C

CoMo/MgO system

3.5Co/MgO 13 3.1 6.4

15Mo/MgO 4.8 13.7 327

3.5Co15Mo/MgO 124 461 — 20 27 —
NiMo/MgO system

3Ni/MgO 0.5 1.0 2.1

15Mo/MgO 4.8 13.7 327

3Nil5Mo/MgO 104 295 527 20 20 15
Reference Al,O3-supported systems

15Mo/Al, O3 (BASF M8-30) 4.5 14.9 343

3.5Ni19Mo/AlL, O; (Shell 324) 44.6 194 361 10 13 11

3.5Co15Mo/Al, O3 (Shell 344) 65.5 198 479 15 13 14

4 For MgO-supported catalysts SYN = kgg(Co(Ni) — Mo)/(kgg (Co(Ni)) + kgg(Mo)); for Al,Os-supported catalysts

SYN = kgg (Co(Ni) — Mo)/ kgg(Mo).

the starting MoO3/MgO catalyst. Explicitly, the dissolution
of Mo species as MgMoOy and the hydration of MgO must
be avoided. In our case, impregnation with a methanol so-
lution was used, but it is expected that alternative methods
can be developed. (ii) The promoted catalysts should not
be calcined above 300-350°C because part of the promoter
will be lost in the bulk of the MgO at higher temperatures.

We have made an attempt to compare the observed syn-
ergistic effect for MgO-supported catalysts with literature
data concerning other supports. As for Al,O3z-supported
catalysts, some literature data are summarized in Refs.
(5, 18) and it is concluded that the synergistic effect is
mostly in the range 5-15. The values listed for Al,O3-
supported catalysts in Table 1 also fall into this range (the
ratio kgp(Co(Ni)-Mo)/kgg(Mo) for commercial samples
in Table 1 provides a reasonable judgment of synergism
even when the Mo and Co(Ni) catalysts have a differ-
ent origin). However, an even higher synergistic effect has
been observed; e.g., Robinson et al. (30) reported values of
about 3040 for the NiMo/Al,O3 system (depending on the
method of preparation). For ZrO,-supported catalysts, syn-
ergism in the NiMo system was much lower than for Al O3-
supported catalysts, the values being 3 and 15, respectively
(31). Also, for ZrO, stabilized by Y,03 (3 mol%), syner-
gism in the NiMo system was lower than with the Al,O3
support; the values were 8 and 13, respectively (32). For
active carbon-supported catalysts, the recently reported
values for the synergistic effect in the CoMo system are
10-15 (depending on the preparation method) (33) and
10 (34). It can be concluded that the synergistic effect ob-
served in the present study for Co(Ni)Mo/MgO catalysts
falls in the range of the highest values of synergism reported
in the literature for Al,O3 and active carbon-supported
catalysts.

Itis well proved that synergism is connected to the depo-
sition of Co(Ni) species onto edge planes of MoS; crystals
(see Ref. (5)). It is speculated that the high synergistic ef-
fect observed in the present work for MgO-supported cata-
lysts may be related to the basicity of the support. The edge
planes of MoS; slabs possess Lewis acidity and the acid—
base interaction with MgO probably promotes high disper-
sion of MoS, and inhibits the growth of MoS; crystals in
the direction of the basal plane. This results in an increase
in the ratio of surface edge planes to basal planes and, thus,
in an increase in sites available for promotion.

3.4.4. Comparison of MgO- and Al,Os-supported cata-
lysts. 'The activity data in Table 1 show that the MgO-
supported Co(Ni)-Mo catalysts were 1.5-2.3 times more
active than their Al,Os-supported commercial counter-
parts (depending on catalyst and reaction temperature).
The activities of the parent Mo/MgO and Mo/Al,O; cata-
lysts were about the same, and the above high activity of
the Co(Ni)-Mo/MgO samples is thus related to a strong
synergism in the MgO-supported catalysts.

4. CONCLUSIONS

A strong synergistic effect between Co(Ni) and Mo
was observed in the HDS activity of MgO-supported
Co(Ni)-Mo sulfide catalysts. Co(Ni)Mo/MgO samples ex-
hibited about 1.5-2.3 times higher activity in the HDS of
benzothiophene than the corresponding reference com-
mercial Al,Os-supported catalysts. This proves that very
active Co(Ni)-Mo sulfide structures can be created under
proper conditions on a MgO support. However, conven-
tional aqueous impregnation and high calcination temper-
atures of 400-500°C, commonly used for Al,O3-supported
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catalysts, are not suitable for MgO. High-surface-area MgO
is chemically and texturally unstable in aqueous solutions
and CoO and NiO oxides have the propensity to form a solid
solution with MgO at high calcination temperature. In the
present work, catalysts were prepared using methanol as
solvent and at the low calcination temperature of 350°C.
The high activity of the MgO-supported catalysts is an
invitation for further research on the characterization
of high-activity Co(Ni)Mo/MgO structures and on their
preparation by a more practical method not including
methanol.
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