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The influence of drying condition of the CoMo/Al,0O5 catalyst prepared using citric acid as a chelating
agent on the sulfidation behavior and on the catalytic activity to hydrodesulfurization of straight-run gas
oil (SRGO) was investigated. The catalysts dried at 110, 220, 300 and 400 °C were studied using Raman,
IRS and DTG techniques. The sulfidation behavior with straight-run gas oil spiked with dimethyldisulfide
(DMDS) was investigated using gas chromatography (GC) with a thermal conductivity detector and GC
with an atomic-emission detector for analysis of gas and the liquid phases, respectively. It was shown
that the sulfidation behavior of the catalysts prepared using the chelating agents depends on the drying
condition: the lower drying temperature, the later DMDS conversion and oxide precursor sulfidation
starts. A higher activity in SRGO desulfurization was obtained with catalysts dried at 110 and 220 °C. This
phenomenon was accounted for by the stabilization effect of chelating agent that retards precursor
sulfiding but provides favorably the formation of active CoMoS phase and achieving the highest activity.
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1. Introduction

The ever toughening standards on the content of harmful
compounds in exhaust gases of motor vehicles make it necessary to
effectuate new specifications for motor fuels. Since 2005 the
European fuel regulations require the maximum diesel sulfur
content of 50 ppm and require no more than 10 ppm of sulfur after
January 1, 2009 [1]. In Russia, the EURO-3 standards (350 ppm of
sulfur) came into force on January 1, 2009 and EURO-4 (50 ppm of
sulfur) will be put in force on January 1, 2012 [2]. The production of
fuel to meet these regulations will need new effective hydrotreat-
ment catalysts.

The conventional catalysts for hydrodesulfurization of diesel
fractions are the Co—-Mo/Al,03 and Ni-Mo/Al,05 sulfide systems. It
is well accepted that the active component of hydrotreatment
catalysts comprises nanosized MoS, particles with cobalt or nickel
atoms decorated their edges and corners; the particles form the so-
called Co(Ni)-Mo-S phase [3-11]. Two types of the Co(Ni)-Mo-S
phase are described in the literature. The Co(Ni)-Mo-S phase of
type I is characterized by the strong interaction with the support
due to the formation of Mo-Al-O bonds and by low degree of
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sulfidizing. In the Co(Ni)-Mo-S phase of type II, the particles are
fully sulfidized and only Van der Waals forces hold them on the
support surface [4-7,9], the specific activity (per number of Co
atoms in the Co-Mo-S phase) of type Il phase being considerably
higher than the activity of type I [4,10]. The modern catalysts for
fine hydrotreatment of diesel fuel are very efficient due to high
concentrations of the active components (a disperse Co(Ni)-Mo-S
phase of type II) on the alumina surface [11].

Among the methods to form preferably active type II Co(Ni)-
Mo-S phase on the support surface is supporting the active
components from solutions containing chelate agents [9,12-30].
There are numerous examples reported in the literature on
improving the activity of Co(Ni)Mo sulfide catalysts using
chelating ligands: nitrilotriacetic, ethylenediaminetetraacetic
and cyclohexanediaminetetraacetic acids [9,12-24], citric [24-
28] and thioglycolic acids [29,30].

In opinion of some researchers, chelating additives favor the
dispersion of active components through the support surface [14-
17], diminish the interaction of the active component (Mo) and
promoter (Co) with the support to form the type II active sulfide
phase [10,18-20]. In addition, in the presence of chelate ligands,
sulfidation of Co(Ni) starts at a higher temperature simultaneously
with [29,30] or after [12,13,31-35] the formation of Mo sulfide.
Such a sulfidation order minimizes the probability of Co
segregation into an individual phase and favors its arrangement
on side faces of Mo sulfide to give rise to the formation of the active
Co-Mo-S phase.
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It is reported [6,13,17-22,26,33] that the higher activity to
hydrodesulfurization is observed when the catalysts prepared
using chelate ligands are not calcined before being sulfidized. At
the same time, some contrary data are available in literature [36-
39]. For example, the calcinations of catalysts, in which NTA was
added before the sulfidation, influenced favorably the HDS activity
[36]. When calcined, the Co-Mo/MgO-Al,03 catalysts prepared
with CyDTA as the chelating agent were more active to thiophene
hydrodesulfurization [37]. Diammonium ethylenediaminetetraa-
cetate (diA-EDTA) was used as the chelating agent for the
preparation of the commercial CoMo on alumina HDT catalysts
[38]; the resulting catalyst was more active to tetralin hydro-
genation when the preparation procedure included not only drying
but also drying and calcination.

To clarify more the influence of the thermal treatment
condition on the hydrodesulfurization activity we try to follow
the sulfidation behavior of the Co-Mo/Al,O5 catalysts prepared
using citric acid as the chelate ligand with the subsequent drying at
the different temperatures: 110, 220, 300 and 400 °C. The
conditions of sulfidation (gas or liquid phase, hydrogen pressure)
influence considerably the formation of the Co-Mo-S phase [39-
41]. While organosulfide compounds are used for activation of
commercial hydrotreating catalysts, straight-run oil gas spiked
with dimethyldisulfide (DMDS) was used for the studies. Gas
chromatograph (GC) equipped with a thermal conductivity
detector and an atomic-emission detector was used for analysis
of gas and liquid phases, respectively, to understand regularities of
the sulfidation.

2. Experimental
2.1. Preparation of the complexes and catalysts

The bimetallic compound for catalyst preparation was synthe-
sized from the ammonium salt of the tetrameric citrate anion
[Mo4(CeH507)2011]* ", which was prepared via dissolution 0f 44.8 g
(0.234 mol) of citric acid CgHgO-H,0 and 57.92 g (0.328 mol of
Mo) of ammonium heptamolybdate (NH4)sM070,4-4H,0 in a small
amount of distilled water, followed by the addition of more water
to obtain exactly 200 ml of solution. Adding solid Co(CHs.
C00),-4H,0 to the solution containing ammonia salt of
[Mo4(CgHs05)2,011]* anion in proportions equivalent to a Mo/
Co = 2 atomic ratio, Coy[Mo4(CeHs507)2011] was obtained [42,43].
The resulting solution, under ethanol precipitation gave a rose-
colored powder of Co;[Mo4(CsHs07)2011].

Catalysts were prepared by impregnating alumina granules
with a solution of CoMo complex. y-Al,05 granulated in the form of
trilobe extrudates with diameter of 1.4 mm and length/diameter
ratio equal to 3-5 (from JSK “Promkataliz”, Ryazan) was used as the
support. The specific surface area of 285 m?/g, total pore volume of
0.82 cm?/g and average pore diameter of 115 A are characteristic of
the support. The resulting wet catalyst was dried at 110 °C for 8-
10 h (sample CoMo(110)). Several catalyst samples were dried in a
muffle furnace at temperatures 220, 300 and 400 °C, they were
labeled CoMo(220), CoMo(300) and CoMo(400), respectively.

2.2. Testing of the hydrotreatment catalysts

A three-phase down-flow reactor (internal diameter 16 mm
and isothermal zone 300 mm in length) was used for sulfiding of
the catalysts and its testing in hydrotreatment of straight-run gas
oil (SRGO). The feed was fed to the reactor using a HPLC pump;
hydrogen was portioned using an automated Bronkhorst flow
mass. The desired pressure of hydrogen was controlled by back
pressure regulator. For each test 10 ml of catalyst granules were
mixed with fine carborundum particles (fraction 0.25-0.5 mm) at

the ratio 1:1 and loaded in the isothermal zone of the reactor [44].
Carborundum is also loaded below and above the catalyst bed.
Catalysts were sulfided in the reactor by a straight-run gas oil
containing extra sulfur (0.6%) as a constituent of dimethyldisulfide
(DMDS). The procedure included several steps [39,45,46]:

e Drying in flowing hydrogen at 120 °C for 5 h.

e Wetting the catalyst by the feedstock and increasing hydrogen
pressure in the reactor up to 3.5 MPa.

e Temperature elevation up to 230 °C at the rate of 25 °C/h.

o Sulfiding at 230 °C for 5 h (low-temperature stage).

e Temperature elevation up to 340 °C at the rate of 25 °C/h.

o Sulfiding at 340 °C for 8 h (high-temperature stage).

In the course of sulfiding, the flow rate of the sulfiding feed was
2h~! and hydrogen/oil ratio equaled 300, SRGO being used for
preparation of the sulfiding mixture. Transformations of DMDS in
the presence of catalysts were studied by following the changes in
the concentrations of DMDS and products of DMDS decomposition
in the sulfiding mixture, in the concentrations of methane and
hydrogen sulfide in the effluent gas at all the steps of sulfiding.

Catalytic properties of the samples were characterized by the
residual sulfur content in the straight-run gas oil after the latter was
subjected to hydrotreatment at 340 °C, 3.5 MPa, flow rate 2 h~!, and
hydrogen/oil 300. Properties of the initial SRGO are summarized in
Table 1. Residual sulfur content was the average of three samples of
hydrotreated product picked upin 10,11 and 12 h after beginning of
each next stage differing by the experimental conditions.

An Agilent 6890N chromatograph equipped with an atomic-
emission detector was used for determining sulfur content (with
reference to the line of atomic sulfur emission at 181 nm, S'®! nm)
in the hydrotreated product, as well as for quantitative identifica-
tion of the products of DMDS decomposition in the sulfiding
mixture. A capillary chromatographic column HP-1MS (60 m
length, 0.32 mm internal diameter, and 0.25 pwm thickness film)
was used for the separation of components of SRGO at the
temperature in the chromatograph thermostat elevated from 40
up to 240 °C at the rate of 2 °C/min and then up to 260 °C at the rate
of 10 °C/min.

Liquid feed was sampled for analysis at 30 min intervals.
Quantitative analyses were carried out in terms of the areas of the
S'81 nm peaks at retention times of 3.43, 3.60, 3.90, and 6.75 min.
These peaks were identified as hydrogen sulfide, methanethiol,
dimethylsulfide and DMDS, respectively (Fig. 1).

Concentrations of hydrogen sulfide and methane in the outlet
gas were determined using a thermal conductivity detector with
hydrogen as gas carrier. The compounds were separated at 120 °C
and flow rate of 30 ml/min of the gas carrier in a chromatographic
column (2 m length and 2 mm internal diameter) filled with
Chromosorbe-104.

2.3. Characterization techniques
The atomic adsorption method was used for measuring

contents of main components (Co and Mo) in the oxide species
of the catalyst. In the sample calcined at 550°C for 4h,

Table 1
Characteristics of SRGO.
Sulfur concentration, ASTM D 4294 (wt%) 1.104
Total aromatics, IP 391/395 (wt%) 30.86
Density at 15°C, ASTM D 4052 (g/ml) 0.855
Boiling point distribution, ASTM D 2887 ( °C)
10% 241
50% 286
90% 341
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Fig.1.5'®! chromatogram of sulfiding feed after the contact with a CoMo(300) catalyst (temperature 230 °C, H, pressure 3.5 MPa, LHSV 2 h~!, H,:feed ratio = 300). In the right

corner the scaled-up chromatogram in the region of 2-8 min.

concentrations of the active components were 3.85 wt% Co and
11.0 wt% Mo.

Thermal analysis, the thermogravimetric (TG) and differential
thermogravimetric (DTG) analysis, of pre-dried samples was
conducted using a NETZSCH STA 449C-Jupiter apparatus. TG and
DTG curves were recorded in flowing air in the range from room
temperature to 600 °C (heating rate 10 °C/min). For analysis, 20 mg
of a sample was loaded in a corundum crucible, calcined alumina
being used as a reference sample.

The carbon content in the oxidized samples was measured
using an element analyzer Vario EL IIl (ELEMENTAR Analysensys-
teme GmbH).

Infrared spectra were acquired with resolution 4 cm™"! using an
IR-Fourier spectrometer BOMEM MB-102 (Canada) in the fre-
quency range 4000-250 cm™~'. Samples to be characterized were
prepared by the standard method by pressing pellets (1.5 mg) of
the powder under study mixed with 500 mg of KBr.

The Raman spectra were recorded at room temperature in the
range of 3600-100 cm ™' using FT-Raman spectrometer RFS 100/S
BRUKER (Germany). The used excitation source was the 1064 nm
line of Nd-YAG laser operating at power level of 100 mW.

The S/Mo ratio in the sulfided catalysts after they were tested in
hydrotreatment of SRGO was XRF determined using a VRA-30
analyzer with a Cr-anode of the X-ray tube.

3. Results
3.1. Characterization of Co-Mo oxide catalysts precursors

TG and DTG, Raman and IR spectroscopic techniques were used
for examining catalysts dried at 110, 220, 300 and 400 °C.

Fig. 2 shows TG and DTG curves of a complex Co and Mo
compounds formed by crystallization from the impregnating
solution containing ammonia paramolybdate, cobalt acetate and
citric acid [43]; Fig. 3 shows the TG and DTG curves of Co-Mo
sample thermally treated under different conditions.

As the Co-Mo complex compound is heated, there are
observed three ranges of considerable weight losses; these are
temperature ranges 50-150, 200-300 and 400-500 °C (Fig. 2).
Such a type of DTG curve is characteristic of decomposition of
citrate complexes [47-49]. The weight decrease at 50-150 °C is
accounted for by releasing adsorbed water. At 200-300 °C
citrate ligands are decomposed to the acetonedicarboxylate
complexes [47] or oxycarbonate compounds [48]. The weight

loss at 400-500°C accompanied by a noticeable exoeffect
usually is attributed to oxidation of the rest fragments of
organic molecules [47-49].

In the DTG curves of catalyst samples which have been
subjected to thermal treatment at 110, 220, 300 and 400 °C, a
considerable weight loss is observed at the temperature range 93-
100 °C due to removal of adsorbed water (Fig. 3). In the DTG curve
of sample CoMo(110), the weight loss reaches the maximum at
245°C (10.8% of the total weight of the sample) due to
decomposition of citrate ligands in the Co-Mo complex. The
presence of this peak is an evidence of the preferable complex
localization on the support surface after the impregnation and
drying at 110 °C. The DTG peak of weight loss in CoMo(220) related
to decomposition of the citrate complex is more broadened with
the maximum shifted towards higher temperatures (302 °C), the
weight loss being decreased by 4.4%. The broadening indicates the
non-uniformity of the decomposed compounds, probably, due to
partial or irregular decomposition of the complex treated at 220 °C.
In the DTG curve of CoMo(300), the maximum weight loss is
observed at 448 °C. It seems that the citrate complex is fully
destroyed at 300 °C and carbon species only reside on the surface
to be removed at a higher temperature. An only peak assigned to
removal of water is observed in the DTG curve of CoMo(400);
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Fig. 2. TG and DTG curves of the CoMo complex in the solid state, precipitated from
the solution contained ammonia heptamolybdate, cobalt acetate and citric acid
[42].
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Fig. 3. TG and DTG curves of the CoMo catalysts dried at different temperatures: 110 °C (a), 220 °C (b), 300 °C (c), and 400 °C (d).

hence, citrate complexes and products of their decomposition are
completely removed during treatment at 400 °C.

The observed phenomena are in good agreement with the data
on analysis of carbon obtained using an element analyzer Vario EL
Ill. The carbon content is 5.78, 3.95, 1.79 and 0.05 wt% after
thermal treatment at 110, 220, 300 and 400 °C, respectively.

Fig. 4 shows the FTIR spectrum of bimetallic CoMo citrate complex
Coz[Mo4(CegHs07)2,011] formed by crystallization from the impreg-
nating solution containing ammonia paramolybdate, cobalt acetate
and citric acid [43]. The structure of bimetallic CoMo citrate complex
was characterized using EXAFS and is presented in Fig. 5 [50].
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Fig. 4. FTIR spectrum for the Co-Mo complex in solid state.

The core of the complex is tetranuclear [Mo4(CgH50,),011]*~
anion. According to the structural data [51,52], the
[Mo4(CeHs507),011]%" anion has citrate ligands that contain three
non-equivalent carboxylic groups; one is non-bonded and non-
dissociated, one is coordinated to molybdenum in a monodentate
fashion and the last is bridged to Mo. It was proved that two Co®*
cations were coordinated to the Mo-containig anion via two
carboxyl groups and the terminal oxygen atom. The bands at 1720-
1330cm ! were assigned to valence vibrations of the carboxyl
groups [53]. The vibration modes assigned to the the carboxyl
groups bonded with Co?* cations have positions at 1620, 1554 and

Fig. 5. Tentative structure of the bimetallic Co-Mo complex.
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Fig. 6. IR spectra in the 1000-2000 cm ™! spectral range of CoMo catalysts dried at
different temperatures: room temperature (a), 110 °C(b), 220 °C(c), 300 °C(d), and
400 °C (e).

1587 (v,5(CO0)) and 1433 and 1402 (v4(CO0)) cm™!, respectively.
The latter bands were overlapping with the §,s(NH**) band. The
bands at 960-800 cm~! and 750-520 cm~! were due to valence
oscillations of the MoO, and Mo-O-Mo moieties.

IR and Raman spectra acquired for CoMo samples in the
relevant spectral regions are illustrated in Figs. 6 and 7. The IR
spectrum of the sample dried at room temperature is in a good
agreement with spectrum of unsupported Co,[Mo4(CgHs507),011]
complex, two most intense bands (~1620 and ~1400 cm™!) in the
frequency range 2000-1000cm ! are corresponded as stated
above to asymmetric and symmetric stretching vibrations,
respectively, of carboxylic groups of the citrate ligands. Practically
identical IR spectra are acquired in this spectra region for
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Fig. 7. Raman spectra in the 150-1110 cm™! spectral range of CoMo catalysts dried
at different temperatures: room temperature (a), 110 °C (b), 220 °C (c), 300 °C (d),
and 400 °C (e).

CoMo(110) and for the sample dried at room temperature. In
the frequency range 1100-200 cm™! of the Raman spectrum of the
latter sample, there are bands at 940, 900, 860, ~370 and 215 cm ™!
which are assigned, with Ref. [54], to stretching and deformation
vibrations of MoO,.-fragments. The close similarity of Raman
spectra acquired with this sample and with initial complex [43]
allows us to assert that the complex preserves its structure on
supporting. The Raman spectrum of sample CoMo(110) also is
identical to the spectrum of the sample dried at room temperature.
Hence, the DTG and spectral data obtained indicate the preserva-
tion of the complex structure under conditions of its supporting
and drying at 110 °C.

In the IR spectrum of CoMo(220), the bands related to vibrations
of citrate ligands are considerably less intense. In the Raman
spectrum of this sample, a considerable decrease in the intensity of
bands of the initial complex also is observed, while a broad band
appears with the maximum at ca. 950 cm~!, which may be
assigned to surface polymolybdate species [55]. Hence, the
calcination of at 220 °C results in partial decomposition of the
initial Co-Mo complex.

The bands related to vibrations of citrate ligand are not
observed in the IR spectrum of CoMo(300). Low-intense bands at
1720-1200cm~! here may be assigned to the decomposition
products of the citrate ligands (surface carbonate and/or carbox-
ylate species) and adsorbed water. There is one broad band with
the maximum at ca. 950cm ! in the Raman spectrum of this
sample; this band is assigned above to surface polymolybdate
species. Hence, calcination of the initial sample at 300 °C results in
the complete decomposition of the initial complex to form surface
polymolybdate compounds.

IR spectra of CoMo(300) and CoMo(400) at the frequency range
2000-1000 cm ™! are similar but their Raman spectra are different.
The appearance of the intense lines in Raman spectrum of
CoMo(400) points out a high uniformity of the supported catalyst
due to the formation of the new surface compounds with well-
defined structure. There are bands at 952, 940, 820, 350 and
225cm~! in the Raman spectrum of CoMo(400), which are
assigned to vibrations of 3-CoMoO,4 [38]. More other, the weak
band of 567 cm™! could be attributed to the surface hetero-
polymolybdates AlMog or CoMog [38,56] with Anderson structure.
The intensive bands in the region of 945-950 cm ! are typical for
AlMog or CoMog [57], these bands, apparently, overlapped with the
intensive bands at 940 and 952 cm ™! of [3-CoMo0O4 duplet. Thus,
the drying procedure performed at 400 °C leads to the total
decomposition of the initial CoMo complex to the formation of new
surface compounds, presumably including surface polymolyb-
dates, heteropolymolybdates and [3-CoMoO,.

3.2. Sulfiding of the catalysts

We shall discuss in detail dynamics of variations in the
concentrations of DMDS and its transformation products in the
sulfiding feed, as well as in concentrations of hydrogen sulfide and
methane in the gas phase as functions of temperature and
durability of sulfidation with sample CoMo(300) as an example.

A typical chromatogram of sulfur compounds in the sulfiding
mixture after it has contacted the catalyst is shown in Fig. 1. Fig. 8
illustrates the dynamics of time-dependent changes in the
concentrations of light sulfur-containing components of our
interest. These are hydrogen sulfide (3.43 min), methylmercaptan
(3.60 min), dimethylsulfide (3.90 min) and DMDS (6.75 min).
Intermediate products of DMDS decomposition—methylmercap-
tan CH3SH (MM) and methylsulfide (CH3),S (DMS)—are identified
in the sulfiding feed after the contact with the catalyst at 230 °C. As
the catalyst is sulfided at 230 °C, the DMDS content decreases to
disappear by the end of the stage. One hour after the beginning of
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Fig. 8. The distribution of the DMDS decomposition products in a liquid phase
during the CoMo(300) catalyst sulfidation.

the low-temperature sulfiding stage, a peak related to methane
appears in the chromatograms, the peak intensity being progres-
sively increased to reach its constant magnitude in another hour
(Fig. 9). Detection of methane in the gas phase indicates the
complete decomposition of a part of DMDS to produce hydrogen
sulfide. Nevertheless, hydrogen sulfide is detected in the chroma-
tograms of the gas phase much later than methane; it is fully
consumed for the catalyst sulfiding at the early steps.

On rising the sulfiding temperature from 230 to 340 °C at the
next stage, concentrations of the intermediate decomposition
products—MM and DMS—decrease; the peaks of these compounds
are not visual in the chromatograms of the sulfiding mixture at the
temperature above 300 °C. Gas-phase concentrations of methane
and hydrogen sulfide increase with temperature. The methane
concentration becomes constant at the temperature of ca. 300 °C to
indicate the complete decomposition of DMDS and of more stable
intermediate products of its decomposition into methane and
hydrogen sulfide. These data are in good agreement with the
results obtained by analysis of the sulfiding mixture.

Fig. 10 shows the liquid-phase concentration of DMDS
depending on temperature and time of sulfiding at different
temperatures. There are practically identical curves of DMDS
decomposition in the course of sulfiding catalysts CoMo(300) and
CoMo(400). The DMDS concentration decreases here to vanish
completely by the end of the low-temperature stage. The rate of
DMDS decomposition in the presence of CoMo(110) and
CoMo(220) becomes noticeable later, the time shift being more
considerable with the sample dried at 110 °C. As a result, the DMDS
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conversion in the presence of this sample is no more than 70% after
5 h reaction of low-temperature sulfiding and approaches to 100%
not earlier than the temperature rises up to 340 °C. At the lower
catalyst treatment temperature, the later decomposition products
(DMS and MM) are detected in the sulfiding mixture.

Time dependencies of gas-phase concentrations of methane
and hydrogen sulfide obtained with the samples which were
subjected to thermal treatment under different conditions are
shown in Fig. 11. Methane is detected in the gas phase the earlier,
the higher treatment temperature, the curves of methane
generation being practically identical over CoMo(300) and
CoMo(400).
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Fig. 11. Changes of CH,4 (a) and H,S (b) concentration in a gas phase during the
activation procedure of the CoMo catalysts dried at different temperatures.
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Table 2

Residual sulfur contents after hydrodesulfurization of straight-run gas oil on the
CoMO catalysts dried at different temperatures (temperature 340 °C, H, pressure
3.5MPa, LHSV 2h~1).

H,/feed S content in product (ppm)

CoMo(110) CoMo(220) CoMo(300) CoMo(400)
300 69 41 75 104
200 86 70 98 150

When the treatment temperature rises from 230 to 340 °C, the
gas-phase methane concentration increases in the presence of all
the samples. Samples CoMo(300) and CoMo(400) provide the
maximal concentration of methane at ca. 300 °C (complete
decomposition of DMDS and its transformation products) that
agrees with the analytic results on sulfur-containing compounds in
the sulfiding mixture (Fig' 10). The maximal gas-phase concentra-
tion of methane over CoMo(220) is attained at the sulfiding
temperature as high as 340 °C (Fig. 11a). Inspection of curves of
gas-phase concentrations of hydrogen sulfide (Fig. 11b) lead us to
conclude that hydrogen sulfide becomes detectable in gas phase
much later than methane over all the catalysts. The increase in the
hydrogen sulfide concentration during catalyst sulfiding became
only noticeable at the stage of temperature elevation from 230 to
340 °C over CoMo(300) and CoMo(400) but only at the high-
temperature stage at 340°C over samples CoMo(110) and
CoMo(220).

3.3. Catalytic activity

Table 2 summaries data on residual sulfur content obtained
during hydrotreatment of straight-run gas oil over Co-Mo
catalysts prepared under different thermal treatment conditions.
The highest activity is seen to be characteristic of CoMo(220).
Other catalyst samples under study (the ones treated at 110, 300
and 400 °C) provide higher residual sulfur contents in the
hydrotreated product.

4. Discussion

Variations in the activity of the CoMo/Al,O3 catalyst prepared
with citric acid as a chelate ligand depending on the thermal
treatment temperature can be interpreted based on DTG, IRS and
Raman spectroscopy data, as well as on the data on catalyst
sulfiding by a mixture of DMDS in gas oil.

Sulfidation is an important stage of the pretreatment of sulfide
catalysts for hydrotreatment. This is the stage controlling the
active component structure and the catalyst activity. The present
vision of the mechanisms of sulfiding Mo-containing catalysts are
underlain by studies of sulfiding calcined catalysts with the H,S/H>
mixture using temperature-programmed sulfidation [58-60],
EXAFS [53-61], and Raman spectroscopy [64,65]. In general, the
formation of MoS, particles on the support surface is proceeded
through the intermediate compounds—molybdenum oxysulfides
[58,59,63-65] or M0S3 [32,60,62]. These compounds start forming
at room temperature due to fast O-S exchange between reactive
oxygen of molybdenum oxide and sulfur of hydrogen sulfide
[58,59,65]. As temperature rises, the intermediates are reduced in
the presence of hydrogen to form MoS,; this process usually starts
at the temperature above 300 °C. However, at this temperature the
sulfiding reaction competes with reduction [45]. For this reason,
the catalysts sulfiding needs the formation of intermediate
oxysulfide or sulfides at the temperature below 300 °C [34,45].

With dimethyldisulfide, the catalyst sulfiding results from the
interaction between the oxide precursors and H,S or methylmer-

captan which are formed by the decomposition of DMDS. The
obtained experimental data on decomposition of DMDS over
CoMo(300) are illustrated in Figs. 6 and 7; they fit well with the
commonly accepted mechanism of DMDS transformations through
several stages [45].

Hydrogenolysis of DMDS by reaction (1) produces methanethiol
(MM) in the course of a low-temperature stage:

CH3—S—S—CHs +H, — 2CH3SH (1)

In addition, condensation of MM during the low-temperature
stage gives dimethyl sulfide (DMS):

2CH;SH — CH3;—S—CHs + H,S 2)

Hydrogenolysis of MM on the catalyst surface produces
methane and hydrogen sulfide:

CH3SH + H, — CH4 +Hj)S (3)

DMDS also can decompose to generate hydrogen sulfide and
methane:

CH3—-S—S—CH3 +3H; — 2CHy4 + 2H,S (4)

However the reaction (4) contributes only slightly to the low-
temperature decomposition of DMDS [45].

The produced reactants—hydrogen sulfide and methylmercap-
tan—enter the reaction with the oxide precursors to form gradually
a surface sulfide phase which, in turn, starts initiating decom-
position of DMDS and MM. Methane appears in detectable quantity
in the gas phase shortly after beginning of the low-temperature
sulfiding stage. The moment when the peak of gas-phase methane
appears can be considered the start of the active decomposition of
sulfur-containing compounds with hydrogen sulfide production.
Hydrogen sulfide appears much later and in smaller quantity since
it is involved in the formation of the active sulfide component and
is only detected when the active metal has mainly saturated with
hydrogen sulfide.

Thus, CoMo(300) and CoMo(400) catalysts, like the Co-Mo
catalysts prepared by traditional methods, provide the following
mechanism: decomposition of DMDS starts at 190-200 °C to form
MM and hydrogenolysis of DMDS at 230 °C to form methane and
hydrogen sulfide [45]. The same mechanism of DMDS transforma-
tions is revealed by comparative analysis of variations in the
concentrations of DMDS and its transformation products in the
presence of CoMo catalysts calcined at different temperatures.
However, decomposition of the sulfiding agent and, therefore,
sulfidation of the catalysts starts the later, the lower temperature
of thermal treatment of the catalyst oxide precursor.

Catalyst characterization results coupled with an on-line
analysis of the products formed by the DMDS decomposition
during the sulfidation of the samples allow us to interpret the
observed effects. From relevant DTG, FTIR and Raman data, the
oxide precursors of the active component preserve almost
completely the structure of initial CoMo complex with citrate
ligands when the sample is dried at 110 °C. When the temperature
of the thermal treatment is elevated up to 220 °C, the structure is
partly decomposed, while the Co and Mo atoms are surrounded as
yet by carbon intermediate which can stabilize them on the
support surface.

The stabilization of Co and Mo atoms with citrate ligands results
in that they are in the structure of stable compounds in the
catalysts dried at the temperature below 220 °C. At the stage of
low-temperature activation-sulfidation at 230°C, carboxylate
ligands of the initial complex start decomposing to generate
surface Co and Mo compounds which are capable of interacting
with the sulfiding agents. The active component is formed
simultaneously with the decomposition of citrate ligands thus
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providing conditions for more intimate interaction between atoms
of the active component (Mo) and promoter (Co) at the sulfidation
stage.

DTG and Raman spectroscopic studies demonstrate that the
sample calcination at 300 °C or higher temperatures leads to
destruction of the complex and formation of the new surface
compounds such as surface polymolybdates, heteropolymolib-
dated, 3-CoMo0, and the products of Mo and Co interaction with
alumina occurs. These compounds are easily interacting with the
sulfiding agent at a low temperature in much the same way as
traditionally prepared calcined Co-Mo catalysts. But it is well
known that these surface species are not good precursors for the
Co-Mo-S active phase type Il [38] and it could not be selectively
converted by sulfidation to the active centers of HDS catalysts. This
is why CoMo(110) and CoMo(220) are more active than CoMo(300)
and CoMo(400).

The obtained results allow us to conclude that influence of
drying temperature on the HDS performances of the CoMo/Al,03
catalysts prepared using citric acid is rather complicated.
Thermal treating conditions determine the structure and
composition of the catalyst oxide surface species that in turn
influence on sulfidation behavior of the dried catalysts. To
correctly activate the catalysts prepared using bimetallic
complexes with chelating agent it is essential to exclude
high-temperature treatment to avoid the formation of difficult
to sulfide surface species and then to provide condition for the
oxide precursor transferring into active sulfide phase. Our
results agree with the assumption that the preparation of the
active catalyst needs the sulfidation under conditions providing
the close proximity of Co and Mo atoms (e.g., the presence in the
common complex) [30,61]. When the initial complex preserves
its structure at the thermal treatment stage, the transformation
of the surface oxide compounds into the sulfided form is a slow
process, and a lower activity of CoMo(110) in comparison to the
activity of CoMo(220) can be accounted for by insufficient
saturation of the active component with sulfur at the stage of
low-temperature activation. Probably, the active component
remains undersulfided in this case. Our assumption is supported
by supplementary experimental studies which demonstrated
that an increase of the duration of the low temperature
sulfidation stage from 5 to 10h results in a decrease in the
residual sulfur content in the hydrotreated product to the level
comparable to that in CoMo(220). The retarded sulfidation of the
catalysts in which the active components preserve their ligand
environment after thermal treatment may be the reason why
the calcined catalysts prepared with chelate ligands are more
active [36-38]. It is reasonable to suppose that not the
conditions of thermal treatment but ineffective sulfidation of
the catalysts is responsible for the low activity.

5. Conclusion

Experimental data obtained support the opinion reported in
literature [6,13,17-22,26,33] that anyone who prepare catalysts
using chelate ligand needs to restrict the preparation procedure to
the stage of drying in order to provide the higher activity. The
present study demonstrate that the temperature of thermal
treatment can be different from the traditional drying temperature
(100-110 °C) but the complex compound as the active component
precursor should be preferably preserved on the support surface.
Comparative analysis of regularities of sulfiding the sample treated
at different temperatures reveals that the transformation of the
surface oxide species into the sulfide form is a slow process when
the initial complex preserves its structure during thermal
treatment. Hence, the activation of catalysts prepared using
chelate ligands needs optimization of the sulfidation procedure

to ensure the catalyst saturation with sulfur during the low-
temperature stage, for example, by lengthening time or rising
temperature at this stage.
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