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Abstract—The effect of the heat treatment temperature on the sulfidation and activity of CoMo/Al,O; catalysts
designed for deep hydrodesulfurization of diesel fuel was studied. The catalysts were prepared using citric acid
as a chelating ligand. The organic ligands present in the samples heat-treated at 110 and 220°C retard the
decomposition of dimethyl disulfide and the formation of the sulfide phase but make the catalyst more active

than the samples calcined at higher temperatures.
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INTRODUCTION

New specifications for motor fuels have been intro-
duced to meet the toughening requirements imposed on
the concentration of noxious compounds in automotive
exhaust. In Europe, diesel fuel with a sulfur content of
at most 50 ppm has been used since 2005. From Janu-
ary 1, 2009, the sulfur content should not exceed
10 ppm [1]. In Russia the EURO-3 standard (350 ppm
S) is coming into effect on January 1, 2009; EURO-4
(50 ppm S) take effect on January 1, 2013 [2].

In diesel fuel with a sulfur concentration of 300—
500 ppm, the major S-containing components are low-
reactive substituted alkyldibenzothiophenes with one
or two alkyl groups in the positions nearest to the sulfur
atom [3]. In order to reduce the sulfur content to
50 ppm, it is necessary to have catalysts active in the
hydrodesulfurization of these stable compounds.

The conventional catalysts for hydrodesulfurization
of diesel fractions are the Co-Mo/Al,O; and Ni-
Mo/Al,O; sulfide systems. The modern views of the
nature of the active phase of the Co(Ni)-Mo sulfide cat-
alysts for hydrodesulfurization are based on the data
obtained ex situ using a wide variety of physicochemi-
cal methods: high resolution transmission electron
microscopy (HRTEM), X-ray photoelectron spectros-
copy (XPS), the X-ray radial atomic distribution
method, EXAFS, ’Co Maossbauer spectroscopy, and
others [4-8]. According to these views, the active com-
ponents of the catalysts are fine MoS, particles with
cobalt or nickel atoms localized in their lateral faces.
These particles form the so-called Co(Ni)-Mo-S
phase. Two types of this phase are described in the lit-
erature. The type I phase interacts more strongly with
the support owing to Mo—Al-O bond formation and is
sulfided to a lesser extent. By contrast, the type II

Co(Ni)-Mo-S phase undergoes complete sulfidation
and binds to the support surface only through van der
Waals bonding [4-6, 9]. The specific activity of the type
II phase (per Co atom) is considerably higher than that
of the type I phase [4, 10]. In order to achieve high effi-
ciency in the deep hydrodesulfurization of diesel frac-
tions, the leading catalyst producers introduce high
concentrations of the active component into the cata-
lyst. On the alumina support surface, this component
exists as the finely dispersed Co(Ni)-Mo-S sulfide
phase of type II [11].

Supporting of active components from solutions
containing chelating agents is an approach that makes
it possible to form the active Co(Ni)-Mo-S phase dom-
inated by type II on the support surface [12-27]. This
approach was first used in [12], where nitrilotriacetic
acid was introduced into the impregnating solution to
enhance the activity of the Co(Ni)-Mo/SiO, catalysts.
Later, many examples of use of other chelating ligands
for the same purpose were reported. These include eth-
ylenediaminetetraacetic and cyclohexadiaminetet-
raacetic acid [9, 13-21], citric acid [22-25], and
thioglycolic acid [26, 27].

Chelating ligands favor the dispersion of active
components on the support surface [13—16] and weaken
the interaction of the active component (Mo) and pro-
moter (Co) with the support, thus facilitating the forma-
tion of the active sulfide phase of the second type [10,
17-19]. In addition, in the presence of the chelating
ligands, the sulfidation of Co (Ni) begins at a higher
temperature simultaneously with the sulfidation of the
Mo compounds [26, 27] or even after the formation of
molybdenum sulfide [28—-34]. This order of sulfidation
decreases the probability of the formation of an individ-
ual Co phase and favors the location of Co on the lateral
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faces of molybdenum sulfide particles and the forma-
tion of the active Co—-Mo-S phase.

For Co-Mo/Al,O; hydrodesulfurization catalysts
prepared using chelating ligands, the influence of the
heat treatment conditions on the formation of the active
sulfide phase and on catalytic activity has not been
studied in sufficient detail. An H,S/H, gas mixture at
atmospheric pressure has been used in the sulfidation of
the catalysts in most studies, whereas in industry the
catalysts are most often sulfided with a feedstock con-
taining dimethyl disulfide and the process is carried out
in the presence of hydrogen at a high pressure.

The purpose of this work is to study the influence of
the heat treatment temperature on the sulfidation and
activity of the CoMo/Al,O; deep hydrodesulfurization
catalysts prepared using citric acid as a chelating
ligand. The catalysts were sulfided directly in the
hydrodesulfurization reactor using a straight-run diesel
fraction containing dimethyl disulfide as the sulfiding
agent. Active phase formation was studied during the
sulfidation of samples heat-treated under different con-
ditions by comparing the variation of the amounts of
dimethyl disulfide and the products of its decomposi-
tion in the diesel fuel and the variation of the methane
and hydrogen sulfide concentrations in the hydrogen-
containing gas at the outlet of the reactor.

EXPERIMENTAL
Catalyst Preparation

The catalyst was prepared by impregnating alumina
support pellets with a solution containing Co and Mo
complexes obtained by the simultaneous dissolution of
ammonium paramolybdate (NH,)Mo,0,, - 4H,0 (ana-
lytical grade, Soviet Standard GOST 3765-64), cobalt
acetate Co(CH;COO), - 4H,0 (high-purity grade,
Soviet Standard GOST 5861-79), and citric acid
CsHgO; - H,O (reagent grade, Soviet Standard GOST
3652-69) [35]. The support was y-Al,O5 shaped as rods
1.4 mm in diameter and 4.2-7.0 mm in length (pro-
duced at ZAO Promyshlennye Katalizatory, Ryazan,
Russia). The specific surface area of the support was
285 m?/g, the total pore volume was 0.82 cm?/g, and the
average pore diameter was 115 A. The resulting wet
catalyst dried at 110°C for 8-10 h was designated
CoMo(110). The samples dried in a muffle furnace at
220, 300, and 400°C were designated CoMo(220),
CoMo(300), and CoMo(400), respectively.

Testing of the Hydrodesulfurization Catalysts

The catalysts were sulfided, and their catalytic activ-
ity in the hydrodesulfurization of the diesel fraction
was measured in a three-phase flow reactor with an
inner diameter of 16 mm and an isothermal zone length
of 300 mm. The raw materials and hydrogen were fed
into the reactor from the top downwards. The diesel
fraction was supplied using a Gilson-305 liquid chro-
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matographic pump, and the hydrogen feed rate was
controlled using a Bronkhorst automated flow control-
ler. A well-known method for testing granulated cata-
lysts in three-phase reactors was used in the experi-
ments: 10 ml of the sample diluted with fine silicon car-
bide particles (0.25-0.50 mm size fraction) ina 1 : 1
ratio was loaded into the reactor [36-38]. In this case,
the hydrodynamic characteristics of the reactor are gov-
erned by the packing of the small particles and the cat-
alytic properties of the catalyst are estimated for parti-
cles of the same shape and size as those used in the
industry [36].

The catalysts were sulfided directly in the reactor,
using a straight-run diesel fraction additionally con-
taining 0.6% sulfur as dimethyl disulfide. The com-
monly accepted procedure includes the following
steps [39—41]:

(1) drying in a hydrogen flow at 120°C for 5 h,

(2) wetting of the catalyst with the feedstock and
raising the hydrogen pressure in the reactor to 3.5 MPa,

(3) reducing the temperature to 230°C at a rate of
25 K/h,

(4) sulfidation at 230°C for 5 h (low-temperature
stage),

(5) raising the reactor temperature to 340°C at a rate
of 25 K/h, and

(6) sulfidation at 340°C for 8 h (high-temperature
stage).

The sulfiding mixture was a light diesel fraction
with a boiling end point of 340°C, which was fed at a
volumetric flow rate of 2 h™!. The Hy/diesel fraction
ratio was 300. The dimethyl disulfide conversions in the
presence of the catalysts were studied by monitoring
the changes in the concentrations of dimethyl disulfide
and the products of its decomposition in the sulfiding
mixture and the concentrations of methane and hydro-
gen sulfide in the hydrogen-containing gas at the outlet
of the reactor at all stages of sulfidation.

Catalytic properties were estimated from the resid-
ual sulfur content of the straight-run diesel fraction
after hydrodesulfurization, which was carried out at
340°C, 3.5 MPa, a volumetric flow rate of 2 h™!, and
H,/diesel fraction ratios of 300 and 200. The initial die-
sel fraction contained 11040 ppm sulfur, its density was
0.8550 g/cm?, and its fractional composition was char-
acterized by the following parameters: 10%, 241.4°C;
50%, 285.7°C; 90%, 340.1°C; boiling end point,
361°C. The residual sulfur content of the hydrogenizate
was determined as the average for three samples taken
10, 11, and 12 h after the beginning the run under the
given conditions.

Determination of the Concentration
of Sulfur-Containing Compounds

An Agilent 6890N chromatograph equipped with an
atomic emission detector (emission line from sulfur
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Fig. 1. Chromatogram of the hydrogenizate (S'81) after the contact between the sulfiding mixture and the CoMo(300) catalyst (tem-
perature of 230°C, hydrogen pressure of 3.5 MPa, volumetric flow rate of 2 hl, H, : sulfiding mixture ratio of 300). The part of the
chromatogram between 2 and 8 min is shown on an enlarged scale in the inset.

atoms at 181 nm, S'8!) was used to determine the sulfur
concentration in the initial diesel fuel and in the hydro-
genizate and to identify and quantify the products of
dimethyl disulfide decomposition in the sulfiding mix-
ture. Diesel fuel components were separated on a 60-m-
long HP-1MS capillary chromatographic column with
an inner diameter of 0.32 mm and a film thickness of
0.25 um, increasing the oven temperature from 40 to
240°C at a rate of 2 K/min and then to 260°C at a rate
of 10 K/min.

The hydrogenizate was sampled for analysis at
30-min intervals. Quantitative analyses were carried
out in terms of the areas of the S'8! peaks at retention
times of 3.43, 3.60, 3.90, and 6.75 min. These peaks
were identified as being due to hydrogen sulfide, meth-
ylmercaptan, dimethyl sulfide, and dimethyl disulfide,
respectively (Fig. 1).

The hydrogen sulfide and methane concentrations in
the gas phase at the reactor outlet were determined with
a thermal-conductivity detector using hydrogen as the
carrier gas. The components were separated in a 2-m-
long chromatographic column with an inner diameter
of 2 mm packed with Chromosorb-104 at 120°C and a
carrier gas flow rate of 30 ml/min. Analyses were made
at 10-min intervals.

Characterization of the Catalysts
by Physicochemical Methods

The main component (Co and Mo) contents of the
oxide form of the catalyst were determined by the
atomic absorption method. In the sample calcined at
550°C for 4 h, the Co concentration was 3.85 and the
Mo concentration was 11.0 wt %.

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of dried samples were car-
ried out using a NETZSCH STA 449C-Jupiter instru-
ment. The TGA and DSC curves were recorded
between room temperature and 600°C in an air flow at
a heating rate of 10 K/min. The sample (20 mg) was
loaded into a corundum crucible. The reference sample
was calcined alumina.

A Vario EL III element analyzer (ELEMENTAR
Analysensysteme GmbH) was used to determine the
carbon content of the samples in oxide form.

The S/Mo ratio in the samples after sulfidation and
diesel fraction hydrodesulfurization tests was deter-
mined by X-ray fluorescence analysis on a VRA-30
analyzer with a Cr anode in the X-ray tube.

The catalyst was taken out of the reactor as follows.
First, the reactor temperature was decreased to 40°C in
the presence of the light diesel fraction (boiling end
point of 340°C) and hydrogen, and then the diesel frac-
tion was shut off and the flowing hydrogen was
replaced with argon. Next, the pressure was dropped to
atmospheric and the sample was cooled to room tem-
perature. The sample was transferred under flowing
argon into a vessel also filled with argon, and the vessel
was sealed. Before analysis, the catalyst was washed
with toluene and the solvent was distilled off in vacuo.

RESULTS
DTA Study of the Oxide Form of the Co—-Mo Catalyst

The thermogravimetric (TG) and differential ther-
mogravimetric (DTG) curves of the Co—-Mo complex
formed upon crystallization from the impregnating
solution containing ammonium paramolybdate, cobalt
acetate, and citric acid [42] are shown in Fig. 2.
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Fig. 2. TG and DTG curves of the Co-Mo complex formed
upon crystallization from an impregnating solution contain-

ing ammonium paramolybdate, cobalt acetate, and citric
acid [42].

Figure 3 presents the same curves for the Co-Mo sam-
ples heat-treated at different temperatures.

Three regions of rapid weight loss are observed on
heating the Co—-Mo complex, which are in the tempera-
ture ranges 50-150, 200-300, and 400-500°C (Fig. 2).
This shape of the DTG curve is characteristic of the
decomposition of citrate complexes [43-45]. The
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weight loss in the 50-150°C interval is due to the
removal of adsorbed water, and at 200-300°C the cit-
rate ligands decompose to form acetonedicarboxylate
complexes [43] or oxycarbonate compounds [44]. The
weight loss in the 400-500°C range, accompanied by a
pronounced exotherm, is usually assigned to the oxida-
tion of the remaining fragments of organic molecules
[43-45].

The DTG curves of the catalysts heat-treated at 110,
220, 300, and 400°C indicate a rapid weight loss at 93—
100°C, which is due to the removal of adsorbed water
(Fig. 3). The peak at 245°C in the DTG curve of the
CoMo(110) catalyst corresponds to a loss of 10.8% of
the total sample weight and arises from the decomposi-
tion of the citrate ligands in the Co—-Mo complex. This
peak indicates that the complex is mainly localized on
the support surface after the support is impregnated
with a solution and then dried at 110°C. The peak cor-
responding to the decomposition of the citrate complex
in the CoMo(220) sample is broader, its maximum is
shifted to higher temperatures (302°C), and the weight
loss is only 4.4%. This peak broadening suggests that
the compounds undergoing decomposition are hetero-
geneous, and this heterogeneity can be a consequence
of the partial and nonuniform decomposition of the
complex during heat treatment at 220°C. The maxi-
mum weight loss for the CoMo(300) sample is
observed at 448°C. It is likely that the citrate complexes
decompose completely upon heat treatment at 300°C
and carbon structures removable at a higher tempera-
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Fig. 3. TG and DTG curves of the Co—Mo catalyst samples subjected to heat treatment at (a) 110, (b) 220, (c) 300, and (d) 400°C.
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Fig. 4. Changes in the distribution of the products of dime-
thyl disulfide (DMDS) decomposition in the liquid phase
during the sulfidation of the CoMo(300) catalyst: (/) H,S,
(2) CH3SH, (3) (CHj3),S, and (4) DMDS.

ture remain on the support surface. The DTG curve of
the CoMo(400) sample contains only the peak corre-
sponding to the loss of water, which means that heat
treatment at 400°C results in the removal of all citrate
ligands and their decomposition products.

These observations are quite consistent with the
results of carbon determination on a Vario EL III ele-
ment analyzer. The carbon content after heat treatment
at 110, 220, 300, and 400°C was 5.78, 3.95, 1.79, and
0.05 wt %, respectively.

Sulfidation of the Catalysts

Let us analyze the variation dynamics of the concen-
trations of dimethyl disulfide and products of its con-
version in the hydrogenizate and of the concentrations
of hydrogen sulfide and methane in the gas phase at dif-
ferent temperatures and sulfidation durations using the
CoMo(300) sample as an example.

The typical chromatogram of the sulfiding mixture
after its contact with the catalyst is shown in Fig. 1. Fig-
ure 4 illustrates the changes in the concentrations of the
light sulfur-containing products, namely, hydrogen sul-
fide, methylmercaptan, dimethyl sulfide, and dimethyl
disulfide, during the sulfidation of the catalyst. Interme-
diate products of dimethyl disulfide decomposition
appear in the hydrogenizate at 230°C, which are meth-
ylmercaptan CH;SH and dimethyl sulfide (CH;),S. As
catalyst sulfidation at 230°C continues, the dimethyl
disulfide content decreases and the dimethyl disulfide
conversion reaches 100% at the end of the low-temper-
ature stage. A methane peak appears in the chromato-
grams of the gas phase 1 h after the beginning of the
low-temperature sulfidation stage. Its intensity gradu-
ally increases and becomes constant within 1 h (Fig. 5).
Methane evolution into the gas phase indicates the
decomposition of some portion of dimethyl disulfide
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Fig. 5. Changes in the concentrations of (/) methane and (2)
hydrogen sulfide in the gas phase during CoMo(300) cata-
lyst sulfidation.

with hydrogen sulfide formation. The H,S peak appears
much later than the CH, peak because, at the initial
stage of the process, the resulting hydrogen sulfide is
entirely consumed in the sulfidation of the catalyst.

At the next stage, as the sulfidation temperature
increases from 230 to 340°C, the concentration of the
intermediate products of dimethyl disulfide decomposi-
tion (methylmercaptan and dimethyl sulfide) in the sul-
fiding mixture begins to decrease and, above 300°C, no
peaks of these compounds are observed in the chro-
matograms (Fig. 4). The methane and hydrogen sulfide
contents of the gas phase increase as the temperature
grows, and the CH, concentration becomes constant at
~300°C (Fig. 5). This indicates the complete decompo-
sition of dimethyl disulfide and of more stable products
of its conversion into methane and hydrogen sulfide and
agrees well with the results of analysis of the sulfiding
mixture.

The plots of the dimethyl disulfide content of the
liquid phase versus the sulfidation temperature and
duration for catalysts heat-treated at different tempera-
tures are shown in Fig. 6. As can be seen, the dimethyl
disulfide decomposition curves for the sulfidation of the
CoMo(300) and CoMo(400) samples almost coincide.
For these samples, dimethyl disulfide is almost absent
in the sulfiding mixture at the end of the low-tempera-
ture stage. The intensive decomposition of dimethyl
disulfide on the CoMo(100) and CoMo(200) catalysts
begins later, especially on the former. In the presence of
this catalyst, the dimethyl disulfide conversion in the
5th hour of the low-temperature sulfidation stage is
about 70% and complete decomposition is achieved
only at 340°C. The lower the catalyst heat treatment
temperature, the later the dimethyl disulfide decompo-
sition products (dimethyl sulfide and methylmercaptan)
appear in the sulfiding mixture.
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Fig. 6. Changes in the dimethyl disulfide concentration dur-
ing the activation of the Co—Mo catalyst samples subjected
to heat treatment at (/) 110, (2) 220, (3) 300, and (4) 400°C.

The changes in the methane and hydrogen sulfide
concentrations in the gas phase at different sulfidation
times for various samples are shown in Fig. 7. The
higher the catalyst heat treatment temperature, the ear-
lier methane appears in the gas phase. In this case, the
methane evolution curves for CoMo(300) and
CoMo(400) almost coincide.

For all catalyst samples, the methane concentration
in the gas phase increases as the sulfidation temperature
is raised from 230 to 340°C (Fig. 7a). For CoMo(300)
and CoMo(400), the maximum CH, concentration is
reached at ~300°C. At this temperature dimethyl disul-
fide and the intermediate products of its conversion
decompose completely, which is in agreement with the
results of analysis of the sulfur-containing compounds
in the sulfiding mixture (Fig. 6). For the CoMo(220)
sample, the maximum methane content of the gas phase
is reached only at a sulfidation temperature of 340°C
(Fig. 7a). An analysis of the variation of the hydrogen
sulfide concentration in the gas phase (Fig. 7b) shows
that, upon the sulfidation of all catalysts, hydrogen sul-
fide appears in the gas phase considerably later than
methane. In the presence of CoMo(300) and
CoMo(400), the hydrogen sulfide concentration
increases noticeably at the stage of increasing the sulfi-
dation temperature from 230 to 340°C, whereas, for the
samples calcined at a lower temperature, this occurs
only at the high-temperature stage (340°C).

Catalytic Properties

Residual sulfur content data for the hydrodesulfur-
ization of the straight-run diesel fraction on Co—Mo
catalysts heat-treated under different conditions are
presented in the table. The CoMo(220) sample is most
active. With the three other samples, the residual sulfur
content of the hydrogenizate was higher.
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Fig. 7. Changes in the concentrations of (a) methane and (b)
hydrogen sulfide in the gas phase during the sulfidation of
the Co—Mo catalyst samples subjected to heat treatment at
(1) 110, (2) 220, (3) 300, and (4) 400°C.

DISCUSSION

The dependence of catalytic activity on the heat
treatment temperature for the Co—Mo/Al,O5 catalysts
prepared using citric acid as the chelating ligand can be
explained on the basis of the DTA data concerning the
composition of the oxide precursors and on the specific
features of the sulfidation of the samples by diesel fuel
containing dimethyl disulfide.

Sulfidation is the most important stage of prepara-
tion of the hydrodesulfurization catalysts, and it deter-
mines the structure of the active component and cata-
lytic activity. The modern views of the mechanism of
sulfidation of Mo-containing catalysts are based on the
studies of this process on calcined catalysts being
treated with an H,S/H, mixture. The temperature-pro-
grammed reaction (in this case, sulfidation) method
[46—48], EXAFS [49-51], and Raman spectroscopy
[52, 53] are used for this purpose. Independent authors
believe that the formation of MoS, particles on the sup-
port surface proceeds through the intermediate forma-
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Residual sulfur content of the straight-run diesel fraction af-
ter its hydrodesulfurization on various samples of the Co—
Mo catalyst

% Residual sulfur content, ppm
el
é% o CoMo(110)|CoMo(220)|CoMo(300)|CoMo(400)
TE E
300 69 41 75 104
200 86 70 98 150

Note: Hydrodesulfurization temperature, 340°C; hydrogen pres-
sure, 3.5 MPa; volumetric flow rate, 2 hl

tion of molybdenum oxysulfides [46-48, 51-53] or
MoS; [32, 48, 50], which are amorphous compounds
whose structures have not been determined conclu-
sively. These intermediate compounds begin to form
even at room temperature due to the fast exchange of O
and S atoms between the reactive oxygen of molybde-
num oxide and sulfur of hydrogen sulfide [46, 47, 53].
In the presence of hydrogen, as the temperature is
increased, their reduction yielding MoS, begins, which
usually occurs above 300°C. However, above 300°C
the reduction reaction begins to compete with the sulfi-
dation reaction and MoQO, can be formed along with
MoS, on the catalyst surface. Under these conditions,
the sulfidation of MoQO, is greatly retarded [39]. There-
fore, it is necessary that the formation of intermediate
oxysulfide or sulfide compounds should occur at tem-
peratures not higher than 300°C [32, 39].

The catalyst is sulfided by dimethyl disulfide due to
the interaction of the oxide precursors with H,S or
methylmercaptan, which result from dimethyl disulfide
decomposition. The experimental data on dimethy] dis-
ulfide decomposition on the CoMo(300) sample
(Figs. 4, 5) are consistent with the known dimethyl dis-
ulfide conversion mechanism consisting of several
steps [39].

Methylmercaptan is formed at the low-temperature
sulfidation stage due to dimethyl disulfide hydrogenol-
ysis:

CH;-S-S—CH; + H, — 2CH;SH. 0

The condensation of the resulting methylmercaptan
in this step yields dimethyl sulfide:

The products of methanemercaptan hydrogenolysis

on the catalyst surface are methane and hydrogen sul-
fide:

Dimethyl disulfide can also decompose to hydrogen
sulfide and methane:

However, the contribution from this reaction is
small at low temperatures [39].

The resulting hydrogen sulfide and methylmercap-
tan react with the oxide precursors, gradually yielding
a sulfide phase on the surface. This phase, in turn,
begins to initiate the decomposition of dimethyl disul-
fide and methylmercaptan. Methane appears in the gas
phase soon after the temperature of the first (low-tem-
perature) sulfidation stage is achieved. This moment
can be considered as the beginning of active dimethyl
disulfide decomposition. Hydrogen sulfide participates
in the formation of the active sulfide component and
appears in the gas phase in smaller amounts and much
later, after sulfiding the major part of the active metals.

Thus, the mechanism suggested above for Co-Mo
catalysts prepared by the standard method is indeed
observed for the CoMo(300) and CoMo(400) catalysts.
Dimethyl disulfide decomposes to methylmercaptan
already at 130°C, and at 230°C dimethyl disulfide
hydrogenolysis occurs actively to evolve hydrogen sul-
fide and methane [39]. The calcination of the samples
above 300°C results in the destruction of the complex,
due to which the Co and Mo atoms can interact with the
sulfiding agent at low temperatures.

A comparative analysis of the changes in the con-
centrations of dimethyl disulfide and the products of its
conversion in the presence of the Co—Mo catalysts heat-
treated at different temperatures shows that dimethyl
disulfide conversion on these samples proceeds via the
same mechanism. However, the lower the temperature
at which the oxide precursor of the hydrodesulfuriza-
tion catalyst is heat-treated, the later the decomposition
of the sulfurizing agent to methylmercaptan and hydro-
gen sulfide and, accordingly, the sulfidation of the sam-
ple begin.

In our opinion, this effect can be explained as fol-
lows. According to DTA data, the oxide precursors of
the active component of the sample dried at 110°C
almost completely retain the structure of the initial Co—
Mo complex with the citrate ligands. This structure
decomposes partially as the heat treatment temperature
is increased to 220°C, but the Co and Mo atoms stay in
the environment of carbon intermediates, which stabi-
lize them on the support surface.

The sulfidation of the CoMo(110) and CoMo(220)
samples is slower than the sulfidation of the
CoMo(300) and CoMo(400) samples due to the stabi-
lizing effect of the citrate ligands. Therefore, the Co
and Mo atoms in the catalysts calcined at temperatures
not higher than 220°C are components of the stable
compounds. At the stage of low-temperature activation
at 230°C, the decomposition of the carboxylate ligands
of the starting complex begins and the Co and Mo com-
pounds capable of interacting with the sulfiding agents
gradually appear on the surface. The continuous
increase in the methane concentration in the gas phase
during the sulfidation of such catalysts (Fig. 7) indi-
cates that the active sites involved in the hydrogenolysis
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of dimethyl disulfide continue to form throughout the
stage of temperature increase.

The formation of the active component retaining the
structure of the initial complex takes place simulta-
neously with the decomposition of the citrate com-
plexes, providing the conditions necessary for a more
intimate interaction between the atoms of the active
component (Mo) and the promoter (Co) at the sulfida-
tion stage. This is why the CoMo(110) and CoMo(220)
samples are more active than CoMo(300) and
CoMo(400). Our results are in agreement with the view
that, for preparing an active catalyst, sulfidation should
be carried out under conditions such that the Co and Mo
atoms are in close contact, for example, in one complex
[27, 49]. If the structure of the initial complex persists
at the heat treatment stage, the conversion of the surface
oxide compounds into sulfide form proceeds slowly,
and the lower activity of the CoMo(110) sample as
compared to CoMo(220) can be explained by the insuf-
ficient saturation of the active component particles with
sulfur during the low-temperature activation stage.

Perhaps the sulfidation of the active component of
the catalyst remains incomplete in this case. This
assumption is confirmed by the results of special exper-
iments, according to which an increase in the sulfida-
tion duration for the CoMo(110) sample reduces the
residual sulfur content of the hydrogenizate to values
comparable with the residual sulfur content achieved
with the CoMo(220) catalyst. The finding that the cata-
lysts whose active components retain their ligand envi-
ronment after heat treatment are difficult to sulfidize
provides an explanation for published data according to
which calcined catalysts prepared using chelating
ligands are more active [54, 55]. It is likely that ineffi-
cient sulfidation, not inappropriate heat treatment con-
ditions, is the cause of the decrease in the catalytic
activity.

Our experimental data confirm the view that heat
treatment should be limited to the drying stage in order
to achieve the maximum activity of the catalysts pre-
pared using the chelating ligands [12, 23, 34, 56, 57].
The heat treatment temperature may differ from the
standard drying temperature (110°C), but the complex
compound (precursor of the active component) should
survive on the surface. A comparative analysis of the
sulfidation of samples heat-treated at different temper-
atures shows that, if the structure of the initial complex
is retained at the heat treatment stage, the conversion of
the surface oxide compounds into the sulfide form is
slow. Therefore, for a high activity of the catalysts pre-
pared using the chelating ligands, they should be sul-
fided in such a way that a sufficient amount of hydrogen
sulfide is present at the low-temperature stage.
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