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INTRODUCTION

Production of ultrapure diesel fuels by their deep
hydrotreating in the presence of catalysts based on
transition metal sulfides is becoming particularly
important due to the introduction of new, more strin�
gent environmental regulations in many countries all
over the world [1].

Sulfide catalysts of the Ni(Co)Mo(W)/Al2O3 type
are widely used in the hydrotreating of various petro�
leum stocks. Although this type of catalyst have been
employed for over 70 years, the composition and
structure of the catalysts’ active phase and active sites,
which influence the catalysis of hydrodesulfurization
(HDS) and hydrogenation (HYD) reactions consider�
ably, have been studied rather poorly and are still the
subject of scientific investigation. To describe the
active phase and the structure of active sites of
hydrotreating catalysts, different models were pro�
posed [2–5]. At present, it is generally recognized that
the synergism of the catalytic action of Co(Ni) and
Mo sulfides is due to the formation of a Co(Ni)MoS
phase in which finely dispersed MoS2 crystallites are

decorated with promoter atoms (Co or Ni). At least
two types of active components are distinguished in
the sulfide catalysts, namely, Co(Ni)MoS phases of
types I and II [1, 3, 6, 7]. The type II CoMoS phase is
far superior to the type I phase in activity [2, 3, 6–9].
The type II Co(Ni)MoS phase features weak interac�
tion between the active components and the support
and, accordingly, a greater degree of sulfiding [6–9].
In most cases, type II phases are in the form of multi�
layered MoS2 packets [1, 2, 10], although this feature
may be missing [11].

In recent years, techniques of selective formation
of the type II Co(Ni)MoS phase on the support sur�
face have been employed to devise new hydrotreating
catalysts [1, 4, 10]. The morphology of crystallites of
the resulting active phase (orientation on the support,
length, and number of MoS2 layers in a packet) affects
the catalysts’ properties considerably [1, 5, 11, 12].
The development of ways of controlling the geometry
of the active component is an important line of
research in sulfide catalysis.
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The most widespread synthetic technique to pro�
duce the type II Co(Ni)MoS phase is employing
organic chelating agents like nitrilotriacetic or ethyl�
enediaminetetraacetic acid [13–25], new or modified
alumina supports weakly interacting with the precursor
and then with the catalyst’s active phase itself [26⎯32],
and new initial compounds [33–56] for preparing cat�
alysts. Use of different heteropoly compounds (HPCs)
as active�phase precursors is of special interest [10,
35–56]. As we showed earlier, the nature of the het�
eroatom in a HPC with an Anderson structure consid�
erably affects the catalytic properties of transition
metal sulfides in thiophene hydrogenolysis, benzene
hydrogenation, and hydrotreating of diesel fractions
[53–55]. The catalysts synthesized using HPCs with the
general formula [X(OH)6Mo6O18]

n– (or XMo6HPC),
where X = Co, Ni, Mn, or Zn, proved to be the most
active [53]. When using Nix–XMo6HPC/Al2O3 cata�
lysts promoted with additional Ni, different synergistic
effects were observed in benzene hydrogenation and
thiophene hydrogenolysis [53]. It was established that,
to obtain highly active catalysts for hydrotreating, it is
preferable to use [Co2Mo10O38H4]

6– (Со2Мо10HPC),
whose structure is a derivative from the Anderson
structure, rather than Со(Ni)Мо6HPC [46, 51, 52, 54].

The aim of the present work was to study the corre�
lation between the composition, morphology, and cat�
alytic properties of nanosized transition metal sulfides
prepared using the Anderson�type HPCs
[X(OH)6Mo6O18]

n– (X = Co, Ni, Mn, Zn) and
[Co2Mo10O38H4]

6– in dibenzothiophene HDS and in
the hydrotreating of the diesel fraction.

EXPERIMENTAL

Synthesis of the Co(Ni)–XMo/Al2O3 Catalysts

Anderson�type ammonium salts of heteropoly acids
with then general formula (NH4)6 – x[Xx(OH)6Mo6O18] ·
nH2O, where the central heteroatom X is Mn(II),
Ni(II), Co(II), or Zn(II), and Со2Мо10HPC were syn�
thesized via standard or modified procedures [57–60].

As a support, γ�Al2O3 with a specific surface area of
230 m2/g, a specific pore volume of 0.755 cm3/g, and
an effective pore radius of 124 Å was used. The
Co(Ni)–XMo/Al2O3 catalysts were prepared by
impregnation of the support (size fraction of 0.25 to
0.5 mm) with solutions of XMo6HPC and Ni(NO3)2 ·
6H2O (reagent grade) (hereafter, the prepared samples
are designated as Nix–XMo6HPC/Al2O3), XМо6HPC
and Со(NO3)2 · 6H2O (chemically pure) (hereafter,
Cox–XMo6HPC/Al2O3), Со2Мо10HPC and Ni(NO3)2 ·
6H2O (hereafter, Ni3–Co2Mo10HPC/Al2O3), and
Со2Мо10HPC and Co(NO3)2 · 6H2O (hereafter, Co3�
Co2Mo10HPC/Al2O3) with 10% hydrogen peroxide.
XMo6HPC/Al2O3 catalysts based on XМо6HPC were
obtained for comparison. The calculated Mo content
of the catalysts was 10 wt %, and their Co (or Ni) con�
tent was 3 wt %.

The catalysts were dried at 80, 100, and 120°С for
2 h at each temperature. Then they were sulfided. For
this purpose, the catalyst size fraction of 0.25 to
0.50 mm was impregnated with a sulfiding agent—di�
tert�butyl polysulfide (sulfur content of 54 wt %),
placed in a reactor, and treated with an H2S–H2 mix�
ture (20 vol % H2S) at atmospheric pressure and a
temperature of 400°С for 2 h.

The metal content of the catalysts was determined
with an EDX800HS X�ray fluorescence analyzer. The
sulfur content was determined both before and after
testing the catalyst in a flow reactor, and the coke con�
tent was determined in spent catalysts (Table 1) [61].

Determining the Physicochemical Properties 
of the Catalysts

The textural properties of the support and catalysts
were determined using an Autosorb�1 adsorption
porosimeter (Quantachrome) by low�temperature
nitrogen adsorption. The specific surface area was cal�
culated using the Brunauer–Emmett–Teller adsorp�
tion technique at a relative partial pressure Р/Р0 from
0.05 to 0.3. The total pore volume and pore radius dis�
tribution were found by analyzing the desorption curve
within the Barrett–Joyner–Halenda model.

X�ray diffraction patterns were were obtained on an
ARLX’TRA diffractometer (Thermo Fisher Scien�
tific) using CuK

α
 radiation (λ = 1.54 Å, 38 mA, 43 kV,

scan speed of 2 deg/min).
High�resolution transmission electron microscopy

(HRTEM) was carried out using a Technai G2 20F
(FEI Company) instrument with a LaB6 cathode at an
accelerating voltage of 200 kV and a Technai G2 30F
instrument with a LaB6 cathode at an accelerating
voltage of 300 kV. Catalyst samples were applied to a
copper grid coated with a carbon film. TEM images
were recorded in the bright field mode under underfo�
cusing conditions with no objective aperture (phase
contrast) at a magnification of 200000. The average
MoS2 crystallite size and the number of MoS2 layers in
an active�phase packet were estimated by calculations
performed for over 500 particles situated on 10 to
15 different surface patches.

Catalytic Properties of the Catalysts

The catalytic properties of the synthesized catalysts
in the DBT hydrodesulfurization reaction were stud�
ied on a microflow unit. A catalyst (0.3 g, size fraction
of 0.25 to 0.5 mm) diluted with 1 cm3 of silicon carbide
SiC with a particle size of 0.2 to 0.4 mm was charged
into a tubular reactor with an inner diameter of 8 mm.
A solution of DBT in n�heptane (sulfur content of
0.15 wt %) was used as the feedstock. The experiments
were conducted under the following conditions: feed
hourly space velocity of 10.0 h–1, reaction temperature
of 250°С, pressure of 3.0 MPa, and hydrogen�to�feed�
stock ratio of 700 nL/L. The liquid catalyzate was
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sampled from a low�pressure separator and was ana�
lyzed on a Kristall�5000 gas chromatograph (capillary
column OV�101) every half�hour. The reaction prod�
ucts were identified as the retention times of commer�
cially available standards and by the GC�MS method
using a Finnigan Trace DSQ instrument. In order to
evaluate the degree of inactivation of catalysts, every
experiment lasted for 10 h. All of the samples retained
their activity and selectivity after 5� to 6�h�long con�
tinuous testing.

The first�order DBT HDS reaction rate constant
(kHDS) was found from the equation

where kHDS is the first�order reaction rate constant
(mol g–1 h–1), x is the DBT conversion (%), F is the
DBT flow rate (mol/h), and W is the catalyst mass (g).
The main products of DBT HDS were biphenyl (BP)
resulting direct DBT desulfurization (DS) and cyclo�
hexylbenzene (CHB) and dicyclohexyl (DCH)
formed via DBT hydrogenation (HYD). Trace
amounts of the products of incomplete DBT (or tet�
rahydrodibenzothiophene, THDBT) hydrogenation
were found on all catalysts. The selectivity SHYD/DS was
calculated according to the scheme

using the following equation:

where CCHB, CDCH, and CBP are the cyclohexylben�
zene, dicyclohexyl, and biphenyl contents of the reac�
tion products (in weight percent).

The catalysts were also tested in the hydrotreating
of a mixture of 20 vol % light cat�cracked gas�oil and
80 vol % straight�run diesel fraction obtained at OAO
Syzran Refinery. The laboratory flow unit included
temperature, pressure, and hydrogen�containing gas
and feedstock flow rate control blocks. The tempera�
ture, pressure, and feedstock and hydrogen flow rates
were maintained with an accuracy of ±1°С, ±0.05 MPa,
±0.1 cm3/h, and ±0.2 L/h, respectively. The testing
was performed at temperatures of 320, 340, and
360°С, a pressure of 4.0 MPa, a feedstock hourly space
velocity of 2.0 h–1, a hydrogen�to�feedstock ratio of
500 nL/L, and a catalyst volume of 10 cm3.

The resulting hydrogenation products were sam�
pled once in 1–2 h until a constant sulfur content was
obtained under the preset process conditions. The
samples were treated with a 15% NaOH solution for
15 min to remove dissolved hydrogen sulfide. The

treated samples were washed with distilled water until
neutral and were dried with calcium chloride.

The sulfur content of the hydrogenation products
was evaluated on an EDX800HS X�ray fluorescence
energy�dispersive spectrometer (Shimadzu). For
quantitative determination of polycyclic aromatic
hydrocarbons (PAHs) content, a UV�1700 spectro�
photometer (Shimadzu) was used [61].

The activity of the catalysts in the hydrodesulfur�
ization process (HDS activity) was estimated using the
formula

where хS is the degree of hydrodesulfurization (%), [S]f

is the sulfur content of the feedstock (wt %), and [S]h is
the sulfur content of the hydrogenation product (wt %).
The catalytic activity in polycyclic aromatic hydrocar�
bon hydrogenation (HYD activity) was estimated
using the expression

where xPAH is the degree of PAH hydrogenation (%),
[Ar]f is the PAH content of the feedstock (wt %), and
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[Ar]h is the PAH content of the hydrogenation product
(wt %).

RESULTS AND DISCUSSION

Physicochemical Properties of the Catalysts

The composition of the synthesized catalysts is
given in Table 1. The Co(Ni) : Mo molar ratio was
~0.33 in the promoted catalysts Со(Ni)–XMo/Al2O3.
This is the value at which the maximal synergistic
effect is observed, according to most authors [1–4].
The sulfur content of the sulfided samples was 7.7 to
8.0 wt %, indicating a high degree of metal sulfiding.

After the oxide precursors were supported and the
catalysts were sulfided, the specific surface area and
specific pore volume decreased by 17 to 33% as com�
pared to the same characteristics of the initial γ�Al2O3
support (Table 2). As this took place, the average pore
radius decreased by 0.5 to 1.5 Å. The character of the
pore size distribution in the sulfide catalysts remained
the same as in the initial support, which was evidence
of uniform surface coverage with the active�phase
components (Fig. 1).

The diffraction patterns of the synthesized catalysts
in the sulfided state are shown in Fig. 2. The samples
consist of only the low�temperature γ�Al2O3 phase

(PDF No. 48�367). The absence of reflections from
bulk transition metal sulfides or any oxysulfide species
suggests that the active phase is amorphous or ultradis�
persed.

The TEM images of several sulfide catalysts are
presented in Fig. 3. The average length of the active�
phase particles and the average number of MoS2 layers
per packet for the synthesized samples are given in
Table 3. The dark threadlike lines in the TEM images
represent layers of MoS2 crystallites. The interplanar
spacing in these crystallites is about 0.62 nm, charac�
teristic of the basal plane (002) of crystalline MoS2

[2, 4, 11]. The images of the surface of the synthesized
catalysts do not show any CoxSy or NixSy crystallites.

The average length  of the active�component parti�
cles varies between 3.5 and 3.9 nm, and the average

number of MoS2 layers in a packet is  = 1.4–2.1. The

greatest  values were observed for the catalysts Со3–
Co2Mo10HPC/Al2O3 and Ni3–Co2Mo10HPC/Al2O3;
the smallest value, for ZnMo6HPC/Al2O3. These mor�
phological features of the catalysts’ active phase are
typical of the type II Co(Ni)MoS multilayered phase
[11, 12, 22, 24, 26, 27]. In the Co(Ni)–XMo/Al2O3

L

N

N

Table 1. Composition of the Co(Ni)–XMo/Al2O3 catalysts

Precursors of active components Catalyst designation
Content, wt % Coke 

content*, 
wt %Mo Ni Co S

(NH4)4[Ni(OH)6Mo6O18] NiMo6HPC/Al2O3 10.0 0.9 – 6.8 0.13 –

(NH4)4[Mn(OH)6Mo6O18] MnMo6HPC/Al2O3 9.9 – – 6.7 – –

(NH4)4[Zn(OH)6Mo6O18] ZnMo6HPC/Al2O3 9.9 – – 6.6 – –

(NH4)4[Co(OH)6Mo6O18] CoMo6HPC/Al2O3 10.1 – 1.0 7.0 0.14 –

(NH4)6[Co2Mo10O38H4] Co2Mo10HPC/Al2O3 10.0 – 1.2 7.2 0.17 –

Ni(NO3)2 + (NH4)4[Ni(OH)6Mo6O18] Ni2–NiMo6HPC/Al2O3 10.0 3.2 – 7.7 0.33 1.2

Ni(NO3)2 + (NH4)4[Mn(OH)6Mo6O18] Ni3–MnMo6HPC/Al2O3 9.9 2.9 – 7.9 0.32 3.6

Ni(NO3)2 + (NH4)4[Zn(OH)6Mo6O18] Ni3–ZnMo6HPC/Al2O3 9.8 3.0 – 7.8 0.33 2.0

Ni(NO3)2 + (NH4)4[Co(OH)6Mo6O18] Ni2–CoMo6HPC/Al2O3 9.9 2.1 1.0 7.9 0.34 1.1

Ni(NO3)2 + (NH4)6[Co2Mo10O38H4] Ni3–Co2Mo10HPC/Al2O3 10.0 1.8 1.2 8.0 0.32 1.3

Co(NO3)2 + (NH4)4[Ni(OH)6Mo6O18] Co2–NiMo6HPC/Al2O3 10.0 1.0 2.0 7.8 0.33 2.0

Co(NO3)2 + (NH4)4[Mn(OH)6Mo6O18] Co3–MnMo6HPC/Al2O3 9.9 – 3.0 7.7 0.33 4.2

Co(NO3)2 + (NH4)4[Zn(OH)6Mo6O18] Co3–ZnMo6HPC/Al2O3 10.1 – 3.1 7.7 0.33 2.4

Co(NO3)2 + (NH4)4[Co(OH)6Mo6O18] Co2–CoMo6HPC/Al2O3 10.0 – 3.0 7.8 0.33 1.3

Co(NO3)2 + (NH4)6[Co2Mo10O38H4] Co3–Co2Mo10HPC/Al2O3 10.0 – 2.9 7.9 0.32 1.0

* After testing the catalyst in the hydrotreating of the diesel fractions.

Co(Ni)
Co(Ni) Mo+
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catalysts promoted with cobalt and nickel, the values

of  and  are greater than those in XMo/Al2O3.

Catalytic Properties of the Synthesized Samples

The results of investigation of the catalytic activity
of the synthesized samples in the DBT HDS reaction
are presented in Table 4. The DBT conversion was

L N

from about 7 to 34%. The conversion level was the
lowest for the unpromoted XMo/Al2O3 catalysts. The
rate constant kHDS for these samples was from 7.2 × 10–5

to 15.6 × 10–5 mol g–1 h–1 (the maximal value was
observed for Co2Mo10HPC/Al2O3; the minimal value,
for ZnMo6HPC/Al2O3). The XMo/Al2O3 catalysts
exhibited a higher catalytic activity than the Co(Ni)–
XMo/Al2O3 ones.

Table 2. Textural properties of the support and synthesized catalysts

Object Specific surface area, m2/g Specific pore volume, cm3/g Average pore radius, Å

Al2O3 230 0.755 62.0

NiMo6HPC/Al2O3 190 0.592 61.3

MnMo6HPC/Al2O3 187 0.587 61.4

ZnMo6HPC/Al2O3 188 0.591 61.4

CoMo6HPC/Al2O3 190 0.590 61.5

Co2Mo10HPC/Al2O3 184 0.585 61.5

Ni2–NiMo6HPC/Al2O3 167 0.554 61.0

Ni3–MnMo6HPC/Al2O3 175 0.548 61.0

Ni3–ZnMo6HPC/Al2O3 173 0.550 61.5

Ni2–CoMo6HPC/Al2O3 167 0.555 61.0

Ni3–Co2Mo10HPC/Al2O3 170 0.558 61.0

Co2–NiMo6HPC/Al2O3 174 0.556 60.5

Co3–MnMo6HPC/Al2O3 172 0.554 61.0

Co3–ZnMo6HPC/Al2O3 175 0.545 61.0

Co2–CoMo6HPC/Al2O3 165 0.551 61.5

Co3–Co2Mo10HPC/Al2O3 170 0.538 61.5

Table 3. Characteristics of the active phase of the XMo/Al2O3 and Co(Ni)–XMo/Al2O3 catalysts 

Catalyst Number of MoS2 packets per 1000 nm2  nm

NiMo6HPC/Al2O3 35 3.6 1.6

MnMo6HPC/Al2O3 36 3.5 1.5

ZnMo6HPC/Al2O3 34 3.6 1.4

CoMo6HPC/Al2O3 33 3.7 1.7

Co2Mo10HPC/Al2O3 34 3.5 1.8

Ni2–NiMo6HPC/Al2O3 32 3.8 1.8

Ni3–MnMo6HPC/Al2O3 31 3.5 1.7

Ni3–ZnMo6HPC/Al2O3 34 3.8 1.6

Ni2–CoMo6HPC/Al2O3 31 3.8 1.9

Ni3–Co2Mo10HPC/Al2O3 36 3.7 2.1

Co2–NiMo6HPC/Al2O3 32 3.9 1.7

Co3–MnMo6HPC/Al2O3 29 3.7 1.7

Co3–ZnMo6HPC/Al2O3 30 3.9 1.6

Co2–CoMo6HPC/Al2O3 29 3.8 1.8

Co3–Co2Mo10HPC/Al2O3 34 3.8 2.0

,L N
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The rate constant kHDS for the promoted catalysts
Со(Ni)–XMo/Al2O3 was two or three times higher that
that for XMo/Al2O3 (Fig. 4). The maximal synergistic
effect was observed with Co2–NiMo6HPC/Al2O3, Ni3–
MnMo6HPC/Al2O3, and Ni3–ZnMo6HPC/Al2O3.
The Co�promoted catalysts showed a higher catalytic
activity than the NiMo samples (Table 4). However,

the rate constant kHYD for the preliminary hydrogena�
tion route (see the scheme) for the Ni–XMo/Al2O3
catalysts was larger than that for the Co–XMo/Al2O3.
Therefore, the selectivity SHYD/DS of the Ni�promoted
catalysts was 1.5–2 times higher than the selectivity of
the Co�promoted samples.

The results of testing the catalysts in the
hydrotreating of the diesel fractions are given in Table
5 and in Figs. 5 and 6. Under the catalyst testing con�
ditions, the residual sulfur content of the stable hydro�
genation products was 30 to 250 ppm, and their PAH
content was 1.7 to 3.5 wt % (Table 5). With an increas�
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Fig. 1. Pore radius distribution in the support and in the
Co3–MnMo6HPC/Al2O3, Co3–ZnMo6HPC/Al2O3,
and Ni3–Co2Mo10HPC/Al2O3 sulfide catalysts.

Table 4. Catalytic properties of the synthesized samples in dibenzothiophene hydrodesulfurization

Catalyst DBT 
conversion, %

Constant ×105, mol g–1 h–1
Selectivity 
SHYD/DSkHDS kDS kHYD

NiMo6HPC/Al2O3 8.0 8.9 6.1 2.8 0.46

MnMo6HPC/Al2O3 7.5 8.3 5.5 2.8 0.52

ZnMo6HPC/Al2O3 6.5 7.2 4.7 2.5 0.54

CoMo6HPC/Al2O3 10.7 12.0 8.3 3.7 0.41

Co2Mo10HPC/Al2O3 13.6 15.6 10.9 4.7 0.43

Ni2–NiMo6HPC/Al2O3 16.4 19.1 13.6 5.5 0.43

Ni3–MnMo6HPC/Al2O3 17.2 20.1 14.2 6.0 0.45

Ni3–ZnMo6HPC/Al2O3 15.1 17.5 12.1 5.3 0.48

Ni2–CoMo6HPC/Al2O3 19.5 23.1 17.0 6.1 0.39

Ni3–Co2Mo10HPC/Al2O3 27.2 33.9 25.1 8.8 0.38

Co2–NiMo6HPC/Al2O3 23.0 27.9 22.4 5.5 0.24

Co3–MnMo6HPC/Al2O3 19.5 23.1 18.3 4.8 0.26

Co3–ZnMo6HPC/Al2O3 17.7 20.8 16.3 4.5 0.27

Co2–CoMo6HPC/Al2O3 26.0 32.1 26.5 5.7 0.21

Co3–Co2Mo10HPC/Al2O3 34.4 45.0 36.1 8.8 0.24

10 20 30 40 50 60 70
2θ, deg

(f)

(e)

(d)

(c)

(b)

(а)

Fig. 2. Diffraction patterns of the support and sulfide cat�
alysts: (a) γ�Al2O3 support, (b) Ni2–NiMo6HPC/Al2O3,
(c) Ni3–MnMo6HPC/Al2O3, (d) Co3–MnMo6HPC/
Al2O3, (e) Co3–ZnMo6HPC/Al2O3, and (f) Co3–
Co2Mo10HPC/Al2O3.
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ing temperature, the sulfur content of the stable hydroge�
nation products decreases because the HDS reactions are
kinetically controlled, while their PAH content increases
due to thermodynamic limitations [2, 61].

The Co�promoted catalysts Cox–XMo6HPC/
Al2O3 exhibited greater HDS activity in the hydrotreat�
ing of the diesel oil fractions than Nix–XMo6HPC/

Al2O3 (Fig. 5a). The difference is 0.3 to 0.8%, which is
equivalent to a 30–70 ppm change in the residual sul�
fur content of the stable hydrogenation products
(Table 5), depending on the compound used in syn�
thesis of the HPC catalyst with the Anderson struc�
ture. The maximal difference between the HDS activ�
ities of Co� and Ni�promoted catalysts was observed
with CoMo6HPC; the minimal difference, with
NiMo6HPC. Of the Co(Ni)x–XMo6HPC/Al2O3 sam�
ples, Co2–СоMo6HPC/Al2O3 showed the greatest
HDS activity and Ni2–NiMo6HPC/Al2O3 and Ni2–
СоMo6HPC/Al2O3 had the lowest HDS activity.

In the hydrotreating of the diesel fraction, the
HYD activity of Nix–XMo6HPC/Al2O3 was above that
of Cox–XMo6HPC/Al2O3 for PAH hydrogenation
(Fig. 5b). The difference was 1.3 to 3.0%, depending
on the compound used in synthesis of the HPC cata�
lyst. Of the catalysts promoted with Ni and Co, those
synthesized with CoMo6HPC differed in both HDS
and HYD activity most greatly and those prepared
using ZnMo6HPC differed from one another to the small�
est extent. Of the Ni2–NiMo6samples, the HYD activity of
Al2O3 was the greatest and that of Co(Ni)x–XMo6 was the
lowest.

In the Ni(Co)–XMo/Al2O3 catalyst series, the
Со3–MnMo6 sample exhibited the greatest HDS

10 nm10 nm10 nm

10 nm10 nm10 nm

(d) (e) (f)

(a) (b) (c)

Fig. 3. TEM images of the Ni�promoted catalysts (a) Ni2–NiMo6HPC/Al2O3, (b) Ni3–ZnMo6HPC/Al2O3, and (c) Ni3–
Co2Mo10HPC/Al2O3 and Co�promoted catalysts (d) Co2–NiMo6HPC/Al2O3, (e) Co3–ZnMo6HPC/Al2O3, and (f) Co3–
Co2Mo10HPC/Al2O3.
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Fig. 4. Synergistic effect of the promotion of the
XMo/Al2O3 catalysts with Co and Ni in dibenzothiophene
hydrodesulfurization.
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activity (Fig. 6a) and the2O3 sample exhibited the
greatest HYD activity (Fig. 6b).

Therefore, an increase in the cobalt content of the
synthesized Ni(Co)–XMo/Al2O3 catalysts (Table 1)
enhances their HDS activity and an increase in their
nickel content enhances their HYD activity. After test�
ing, less coke was deposited on the Ni�promoted cata�
lysts than on the Co�promoted ones (Table 1), which
is seemingly due to the higher ability of the former to
hydrogenate the coke precursors.

When the catalyst compositions and metal con�
tents are the same, the type of the heteropoly anion
(HPA used) has a crucial effect on the catalytic prop�
erties. The Со3–Co2Mo10HPC/Al2O3 catalyst exhibits
higher HDS and HYD activities than Ni2–NiMo6.
The catalyst prepared using the dimeric Anderson
structure2O3 was earlier shown to be more active in the
thiophene HDS reaction than the catalyst based on
Ni(Co)Mo/Al2O3 [46, 52]. The enhancement of the
synergistic effect of Co and Ni when Co is located

Table 5. Properties of the hydrogenation products obtained by hydrotreating the mixed diesel fraction over the Co(Ni)–
XMo/Al2O3 catalysts

Catalyst Process
 temperature, °C

Content, wt %

sulfur BAHa TAHb PAHc

Ni2–NiMo6HPC/Al2O3 320 0.0247 1.32 0.40 1.72

340 0.0176 1.35 0.43 1.79

360 0.0097 1.40 0.46 1.86

Ni3–MnMo6HPC/Al2O3 320 0.0228 1.53 0.40 1.93

340 0.0147 1.81 0.46 2.27

360 0.0090 2.01 0.55 2.55

Ni3–ZnMo6HPC/Al2O3 320 0.0217 1.66 0.40 2.06

340 0.0144 1.70 0.53 2.23

360 0.0085 1.98 0.58 2.56

Ni2–CoMo6HPC/Al2O3 320 0.0243 1.35 0.41 1.76

340 0.0159 1.46 0.43 1.89

360 0.0097 1.60 0.51 2.11

Ni3–Co2Mo10HPC/Al2O3 320 0.0229 1.38 0.42 1.80

340 0.0145 1.49 0.44 1.93

360 0.0091 1.64 0.50 2.14

Co2–NiMo6HPC/Al2O3 320 0.0219 1.39 0.42 1.81

340 0.0141 1.50 0.45 1.95

360 0.0065 1.79 0.54 2.32

Co3–MnMo6HPC/Al2O3 320 0.0154 1.65 0.40 2.05

340 0.0080 1.84 0.59 2.43

360 0.0046 2.48 0.64 3.12

Co3–ZnMo6HPC/Al2O3 320 0.0129 1.75 0.45 2.21

340 0.0070 1.77 0.57 2.34

360 0.0036 2.82 0.65 3.48

Co2–CoMo6HPC/Al2O3 320 0.0163 1.43 0.44 1.87

340 0.0088 1.62 0.55 2.16

360 0.0047 1.94 0.56 2.50

Co3–Co2Mo10HPC/Al2O3 320 0.0119 1.40 0.42 1.82

340 0.0064 1.58 0.48 2.06

360 0.0032 1.70 0.53 2.23

Note: BAH, TAH, and PAH are dicyclic, tricyclic, and polycyclic aromatic hydrocarbons, respectively. The sulfur, BAH, TAH, and PAH
content of the feedstock was 1.1341, 7.71, 1.33, and 9.04 wt %, respectively.
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within the HPA molecule can be owing to a close
arrangement of the atoms inside the HPA. The spatial
proximity of the promoter and Mo atoms was reported
to be necessary for achieving high activity of sulfide
catalysts for hydrotreating [62]. However, the HPA
type has an effect on the morphology of the sulfide
active phase (as shown in Table 3, the average number
of MoS2 layers in the Со3–Co2Mo10HPC/Al2O3 packet
is above that in Со2–CoMo6HPC/Al2O3) and, accord�
ingly, on its catalytic properties.

Influence of the Morphology of the Active Phase
on the Catalytic Properties of the Catalysts

During the sulfiding of the catalysts prepared using
different HPCs, the decomposition of the HPA mole�
cule takes place and the Mo (W) atoms turn into
molybdenum or tungsten disulfide [38, 40, 42, 49, 51,
56, 61]. In this process, in the case of employing HPCs
with a Keggin structure ([PMo12O40]

3– or
[SiMo12O40]

4–), the heteroatoms can migrate to the
support surface in the form of individual oxides, for
instance, P2O5 or SiO2 [38, 42]. In the case of HPCs
with the Anderson structure (ZnMo6HPC,
MnMo6HPC, or СоМо6HPC), they can get sulfided to
yield separate particles of transition metal sulfides or
oxysulfides [49, 53] or forming Co(Ni)–Mo–S active
sites in case of the heteroatom being a promoter atom in
NiMo6HPC, СоМо6HPC, or Со2Мо10HPC, capable

of incorporating into the plane of S� or Mo�edge of
MoS2 and to get fixed on MoS2 (WS2) edges [49, 51,
61] due to its favorable geometry.

Under the XMo6HPC/Al2O3 sulfiding conditions,
MoS2 particles performing the main catalytic function
result. As this takes place, in the case of X = Zn and
Mn, the heteroatom can form an individual finely dis�
persed sulfide (or oxysulfide) or, in the case of X = Co
and Ni, it can incorporate into the MoS2 edges, form�
ing Co(Ni)–Mo–S sites, which are more active than
the coordination�unsaturated sites (CUS’s) in molyb�
denum disulfide. This provides an explanation for the
order in which the activity of the catalysts unpromoted
with extra Co (Ni) changes depending on the nature of
the heteroatom: Zn < Mn < Ni < Co < Co2 (Table 4).
However, the nature of the heteroatom also affects the
morphology of the MoS2 particles and, accordingly,
the concentration of active sites, i.e., Mo CUS’s. In
the catalyst based on Со2Мо10HPC, the maximal
number of MoS2 layers per packet was observed.
Therefore, the second reason for the change in cata�
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lytic properties is the differences in the active�compo�
nent morphology.

It is well�known that the maximal concentration of
Co(Ni)–Mo–S sites and, accordingly, the highest
specific catalytic activity is attained at a molar ratio of
Mo : Co (Ni) ≈ 2 [1–5]. That is why, in order to dimin�
ish the influence of the initial HPC composition
(nature of the heteroatom), we synthesized catalysts
promoted with extra Ni (Co) with the same Mo and
Co (Ni) contents, independent of the heteroatom
type, and Mo : Co (Ni) ≈ 2.

The results obtained for these catalysts were used to
relate the morphology of the active component to the
catalytic properties of the samples. It was found that,
as the number of MoS2 layers per packet of the cata�
lysts’ active component increases from 1.4 to 2.1, the
DBT HDS rate constant increases linearly (Fig. 7). At
the same time, the selectivity SHYD/DS falls linearly as

 increases (Fig. 8).
According to the “rim–edge” model [63–66],

HDS and HYD sites identical in structure, but situ�
ated on “rims” and “edges” of МоS2 crystallites,
respectively, are recognized in the catalysts containing
MoS2 layers. The sites that are located on spatial
angles (places of intersection of an edge and a “rim”)
of crystallites and are, therefore, the most coordina�
tion�unsaturated ones are the HYD sites. By changing
the diameter�to�length ratio of the crystallite, one can
vary the relative HDS and HYD site content and,
therefore, the catalyst selectivity in the hydration and
hydrodesulfurization reactions.

An increase in the rtate constant of direct DBT
desulfurization (kDS) with the number of MoS2 layers

per packet  (Fig. 7) is evidence that the HDS sites
are actually situated on the active�phase crystallite

N

N

edges, in conformance with the rim–edge model.
According to this model, a rise in the crystallite rim
length should lead to an increase in kHYD. However,
our results indicate no correlation between the active�
phase particle length and kHYD (Tables 3, 4). In addi�

tion, with growing , the DBT hydrogenation rate
constant kHYD for the catalysts XMo/Al2O3 and
Со(Ni)�XMo/Al2O3 increases (Fig. 7), in contradic�
tion to the rim–edge model. This confirms the
recently proposed “dynamic” model of the perfor�
mance of the active sites [5].

According to the dynamic model, the mechanism
of catalysis by transition metal sulfides includes
exchange stages involving sulfur atoms, promoter,
hydrogen, and vacancies between CoMoS crystallite
layers. The rate (frequency) of such movements char�
acterizes the catalytic activity. The model implies that
the change in the Co(Ni)MoS phase composition
under the reaction conditions is due to the mobility of
the sulfur and promoter atoms, which travel between
molybdenum sulfide layers. According to the model
considered, the HYD sites (or “slow” sites) are single
clusters of unpromoted molybdenum sulfide, and des�
ulfurization sites (“rapid” sites) are aggregates of two
single molybdenum sulfide clusters of which one is
promoted by Ni or Co. In this model, the HDS and
HYD sites are considered to be located both on the
rims and edges of the active�phase crystallites, but
their relative contents there are different. The HDS
sites are situated mostly on the edges rather than on
the rims, because the probability of active site promo�
tion is twice higher on the MoS2 edges than on the
rims. By contrast, there are fewer HYD sites on the
edges of the active�phase crystallites than on the rims.

N

40

35

30

25

20

15

10

5

0
2.22.01.81.61.41.31.2 2.11.91.71.5

N
–

Constant × 105, mol g–1 h–1

,
,
,

XMo/Al2O3
NiXMo/Al2O3
CoXMo/Al2O3

Fig. 7. Dependence of the dibenzothiophene hydrodes�
ulfurization reaction rate constants on the average number
of MoS2 layers per packet for the direct desulfurization
reaction route (closed circles) and hydrogenation reaction
route (open circles).

0.60

0.50

0.40

0.30

0.20

0.10

0
2.22.01.81.61.41.31.2 2.11.91.71.5

N
–

SHYD/DS, %

1

2

3

Fig. 8. Dependence of the selectivity of dibenzothiophene
hydrodesulfurization on the average number of MoS2 lay�
ers per packet for the hydrogenation reaction route over
the catalysts (1) XMo/Al2O3, (2) Ni–XMo/Al2O3, and (3)
Co–XMo/Al2O3.



630

KINETICS AND CATALYSIS  Vol. 53  No. 5  2012

NIKUL’SHIN et al.

An increase in kHYD with a growing number of
MoS2 layers per packet (Fig. 7) is attributed to the rise
in the number of slow HYD sites located on the edges
of the active�phase crystallites. At the same time, the
increase in the number of rapid sites is sharper,

because kDS is more strongly dependent on  than
kHYD. The “delay” in the rise of kHYD, as compared to

kDS, with growing  is responsible for the lower selec�
tivity HYD/DS of the catalysts with a larger number of
MoS2 crystallite layers (Fig. 8). The reduction in selec�
tivity of the catalysts promoted by Co or Ni is caused
by the formation of “rapid” sites representing an
aggregate of two single molybdenum sulfide clusters of
which one is promoted by Ni or Co.

CONCLUSIONS

The influence that the composition of the XMo/
Al2O3 and Со(Ni)–XMo/Al2O3 sulfide catalysts for
hydrotreating prepared using the Anderson heteropoly
compounds [X(OH)6Mo6O18]

n– (X = Co, Ni, Mn, Zn)
and [Co2Mo10O38H4]

6– has on the morphology of their
active phase was studied. The average length of the
active�phase particles is 3.5–3.9 nm, and the average
number of MoS2 layers per packet is from 1.4 to 2.1.
The greatest number of MoS2 layers is observed in the
Со3–Co2Mo10HPC/Al2O3 catalysts; the smallest
number of these layers, in ZnMo6HPC/Al2O3.

The catalytic properties of the synthesized samples
depend both on the type and composition of the HPC
and on the nature of the promoter (Ni or Co). The Co�
promoted catalysts exhibit greater desulfurization
activity than the Ni�promoted ones both in DBT
hydrogenation and in the hydrotreating of the diesel
fraction. The catalytic activity of the Ni–XMo/Al2O3
samples is, by contrast, above that of Со–XMo/Al2O3.

The morphology of the nanostructured active
phase affects their catalytic properties of the catalysts.
With a growing number of MoS2 layers per active�
phase packet in the Co� or Ni�promoted catalysts
XMo/Al2O3 and Ni(Co)–XMo/Al2O3, the DBT
hydrodesulfurization rate constant increases linearly
for both the direct desulfurization and preliminary
hydrogenation routes. At the same time, the selectivity
SHYD/DS falls linearly with an increasing average num�
ber of MoS2 layers. A greater reduction is observed for
the catalysts Ni–XMo/Al2O3 than for Co–XMo/
Al2O3.

The dependences of the catalytic properties on the
active�phase morphology are consistent the dynamic
model of the performance of active sites of transition
metal sulfides.
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