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Abstract: Herein, we disclosed a method of preparing a nanocatalyst containing nickel-cobalt by
impregnation in a hydrochloric acid medium. Optimal conditions were established for all stages
of nanocatalyst preparation using the method of probabilistic–deterministic experiment planning:
hydrochloric acid concentration—1 mol/L, ratio of HCl concentration to nickel concentration—20,
ratio of HCl concentration to cobalt concentration—20. The method of planning the experiment of
preparing a nanocatalyst allows varying all the factors simultaneously and obtaining quantitative
estimates of the main effects and effects of interaction, as well as establishing the dominant factors
affecting the activity and selectivity of the nanocatalyst during the hydrogenation of benzothiophene.
The multifactorial equation was obtained, which allowed us to calculate the optimal manufacturing
parameters of the nanocatalyst, providing high activity and selectivity during the hydrogenation of
benzothiophene. In the proposed nanocatalyst, a readily available natural chrysotile–asbestos with a
nanotube diameter of 60–75 nm was used as a carrier for the benzothiophene hydrogenation process.

Keywords: hydrogenation; benzothiophene; nanocatalyst; hydrotreating; hydrocracking; chrysotile

1. Introduction

The role of the hydrogenation processes has increased in modern oil refining. The
main interest in the conversion of sulfur compounds is largely determined not so much
by the problems of oil refining, coal chemistry, and synthetic liquid fuel, but by the rapid
development of hydrotreating processes of petroleum fuel from sulfur compounds. The
need to develop these processes, in turn, was due to the fact that it was necessary to prevent
the release of sulfur oxides when burning fuels in engines and boiler plants, as well as
the fact that the presence of sulfur compounds in motor fuels accelerates corrosion and
wear of engines and reduces their power. In addition, sulfurous compounds accelerate
precipitation during the storage of petroleum fuels, which depends on the amount of sulfur
bonding with aliphatic carbon [1–4].

Increasing the demand for motor fuels, tightening the requirements imposed on them,
and involving raw materials of various compositions in the reprocessing procedure require
new approaches to the synthesis of new catalysts. In the hydrogenation process of the
heavy hydrocarbon feedstock, a critical role is played by the catalyst support, since it serves
a significant purpose in the activity and stability of the catalyst, and therefore the selection
of a suitable, inexpensive, and readily available supporter is crucial for the active catalyst
preparation. Catalytic activity can be regulated by controlling the particle size, composition,
shape, and nature of metal interaction with the supports such as Al2O3, MgO, TiO2, zeolite,
silica, carbon, and mesoporous materials [5]. With the development of material science, clay
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mineral materials, which play a significant role in scientific research, have gained universal
recognition, thanks to which they could possibly be used as cheap substitutes for expensive
carbon nanotubes (CNT) or other nanomaterials [6,7]. Chrysotile is one of most widely
used nanostructured silicates and can be easily found in nature. The use of chrysotile
asbestos as a carrier for the hydrogenation of heavy oil residues, oil sludge, and coal tar to
produce motor fuel is of important theoretical and practical significance. The chrysotile
nanotubes have a purely surface structure, which allows them to be considered as the most
suitable object for physical sorption. Literature analysis has shown that chrysotile is not
used as a support for heterogeneous catalysts in the hydrogenation of polycyclic aromatic
hydrocarbons. However, ref. [8] showed the hydrogenation of 4-nitrophenol in the presence
of a AgNPs/SiO2NWs nanocatalyst, where leached chrysotile acts as a support. Thanks to
the developed surface and oriented packaging of nanotubes with hydrophilic properties,
the chrysotile has a high sorption ability [9–11].

In oil refining, special focus is given to the conversion of organosulfur compounds,
which are part of heavy hydrocarbon raw materials, which reduce the quality of obtained
motor fuels [12]. The oil stock contains the organosulfur compounds of various reac-
tivities in catalytic processes. Hydrogenation and hydrogenolysis constitute one of the
primary directions of the conversion of organosulfur compounds in the hydrocatalytic
process [13,14].

In this study, experiments were performed on the hydrogenation of an individual
compound—benzothiophene, which allows the simulation of the direction and nature of
transformations in hydrocatalytic processes (hydrotreating, hydrocracking) of components
of heavy oil fractions and the assessment of the activity and selectivity of chrysotile-based
catalysts with supported active metals (Ni, Co).

The purpose of the work was to establish optimal conditions for nanocatalyst preparation
based on chrysotile with supported metals (Ni, Co) for the hydrogenation of benzothiophene.

2. Materials and Methods

Among of the main factors affecting hydrogenation of hydrocarbon feedstocks is the
nature of the catalyst. Optimal catalyst compositions would allow the process to be carried
out under milder conditions and improve the organic conversion of the feedstock and the
desired products’ quality.

Classic catalysts for hydrogenation processes for processing hydrocarbons are made
on the basis of nickel and cobalt salts [15,16]. This study proposed a binary composition of
the hydrogenation catalyst based on Co and Ni, where the silicate chrysotile–asbestos was
used as the support. The support has a developed specific surface area: it consists of the
thinnest flexible fibers and has a porous structure—this allows it to adsorb and tightly hold
atoms inside the pores, and provides high activity in hydrogenation reactions.

The catalyst was prepared as follows: the support was impregnated with solutions
of active metal chlorides. The salts were prepared by dissolving metal oxides in various
concentrations of hydrochloric acid (0.2 M, 0.6 M, and 1 M). Metal oxides dissolve well in
hydrochloric acid. The resulting solutions of CoCl3 and NiCl2 salts were then impregnated
with chrysotile. The mixture was heated in a water bath for 2 h and then washed with
water until neutral. The separated precipitate was dried in a drying oven at 105 ◦C and
then calcined in a muffle furnace at 600 ◦C for 60 min. During the treatment of the support
with acid, magnesium was washed out (to replace it with metals) and washed from various
impurities, which positively affects the activity of the catalyst. Previously, ref. [17] showed
the preparation of a nanocatalyst by depositing solutions of cobalt nitrate and nickel nitrate
on chrysotile. In this work, metals were simultaneously applied to the surface of chrysotile
and magnesium leaching from chrysotile, while in the previous paper [17] the process
of obtaining a nanocatalyst was carried out in two stages: in the first stage, magnesium
was leached from chrysotile; in the second stage, metal salt solutions were applied on
the chrysotile’s surface. Photospectrometric examination of the filtrate showed almost
complete adsorption of metals on the support surface, 83–89%.
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Salts of Co and Ni applied on the silicate chrysotile–asbestos were used as a catalytic
additive. The procedure for preparation and characteristics of the catalysts are given in
ref. [17]. The catalysts thus prepared contain metals dispersed on the support surface in the
form of small crystals of various sizes which are very stable and have high activity. Catalysts
were tested in the hydrogenation reaction of a heteroaromatic compound (benzothiophene),
modeling the composition of a heavy hydrocarbon feedstock.

The number of elements on the nanocatalyst surface was determined by X-ray fluo-
rescence analysis obtained in air at 600 µA in a FOKUS-2M spectrometer equipped with a
molybdenum anode X-ray tube at 30 kV. The results of the elemental chemical composition
of the nanocatalyst are presented in Table 1.

Table 1. Elemental chemical composition of the nanocatalyst.

Name
Number of Metals, %

Ca Ti Mn Fe Ni K Si Al Cr Co Cl Sr

NiCo/chrysotile 0.09 0.01 0.10 6.67 31.6 0.06 12.9 20.1 0.19 28.3 - -

The use of the X-ray fluorescence analysis method to quantify metals in a nanocatalyst
showed that the concentration of metals in the sample was set only locally, not in the
whole sample. This is due to the fact that the electron beam does not capture the entire
area of the sample. Therefore, to determine the quantitative composition of metals, we
used the method of atomic emission spectroscopy. The composition of nickel, cobalt, and
silicon oxide was determined on a Profile Plus inductively coupled plasma atomic emission
spectrometer at a temperature of 21 ◦C and an atmospheric pressure of 727 mmHg. The
quantitative composition of nickel and cobalt in the NiCo/chrysotile nanocatalyst is shown
in Table 2.

Table 2. Amount of nickel and cobalt supported on chrysotile.

Catalyst
Quantity of Component, %

Nickel (Ni) Cobalt (Co) SiO2

NiCo/chrysotile 4.04 4.73 67.78

Micrographs of the surface morphology of leached chrysotile nanotubes and nickel
and the cobalt-supported nanocatalyst were obtained using a scanning electron microscope
MIRA3 TESCAN.

Micrographs of surface morphology of leached chrysotile and the prepared NiCo/chrysotile
nanocatalyst are shown in Figure 1a,b.
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Figure 1a shows that the chrysotile nanotubes were wound on top of each other and
formed a fibrous structure. Micrograph studies showed that the diameter of chrysotile
nanotubes was 60–75 nm, and the diameter of the fiber consisting of long-twisted and
combined nanotubes was about 1 µm.

It was observed that the deposition of metal nanoparticles on the surface of leached
chrysotile by wet mixing led to the opening of the fibrous structure (Figure 1b). It was
noticed that the diameter of the deposited particles was 70–120 nm.

According to the general rules of catalyst theory, catalyst activity is determined by
specific surface area. The high specific surface area depends on the micro-, meso-, and
macropores’ presence in the catalyst structure.

The Brunauer–Emmett–Teller (BET) method was employed to characterize the porous
structure of the leached chrysotile and NiCo/chrysotile nanocatalyst samples. Using the
BET method based on low-temperature (77 K) nitrogen adsorption isotherms (Figure 2a,b)
obtained with SoftSorbi-II ver.1.0 No. 843, the specific surface area and pore volume of the
samples were calculated.
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From the nitrogen adsorption isotherm of leached chrysotile and NiCo/chrysotile
nanocatalyst obtained in the range of relative partial pressures P/P0 = 0.05−1, it is difficult
to determine the nature of the pores. However, according to de Boer’s classification, it
resembles a hysteresis loop of type H3 [18], which means that the pores are considered
mainly hole-like. The catalyst support (chrysotile) is an adsorbent structured material
since the pores are nanotubes, channels, and cavities in the solid matrix. Table 3 shows
the specific surface area and the specific pore volume of the leached chrysotile and the
NiCo/chrysotile nanocatalyst.

Table 3. Porosity characteristics of the leached chrysotile and the NiCo/chrysotile nanocatalyst.

Catalysts Specific Surface Area (BET method), SW, m2/g Specific Pore Volume (R < 47.7 nm), cm3/g

Chrysotile 39.4 ± 0.6 0.121
NiCo/chrysotile 37.5 ± 0.6 0.074

The porosity of the leached chrysotile was also relatively high. High porosity is
influenced by the presence of nanoscale tubes in chrysotile. Wet deposition of nickel and
cobalt on the surface of chrysotile leads to a decrease in its specific surface area. The
decrease in the volume of pores in the nanocatalyst from 0.121 to 0.074 cm3/g is associated
with the adsorption of metals on the surface of chrysotile.

Experiments on the hydrogenation of the model compound were carried out in a
high-pressure reactor (autoclave, maximum operating pressure of the reactor is 20 MPa),
with the capacity of 0.05 L, with the internal stirrer manufactured by PRC. A mixture of 1 g
benzothiophene and 0.01 g nanocatalyst was premixed and then placed in the high-pressure
reactor. The autoclave was closed, purged with hydrogen, and given the overpressure of hy-
drogen (3.0 MPa). The mixture was heated to the desired temperature (400 ◦C) and held for
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60 min. After the experiment, the autoclave was cooled to 25 ◦C. The individual and quan-
titative chemical composition of the hydrogenates was determined by of chromato-mass
spectrometry using HP 5890/5972 MSD from Aguilent (USA). Identification of substances
was carried out using the mass spectral database of NIST98. Chromatographic conditions:
column: DB-5, 30 m × 0.25 mm × 0.5 µm. Gas: helium, 0.8 mL/min.

3. Results

To plan the experiment and determine the optimal conditions for preparing the cata-
lysts, the method of probabilistic–deterministic planning of the experiment (PDPE) relying
on the use of Latin squares was applied [19]. The use of Latin squares allows combining
each of the levels of each of the factors with the rest once and only once. This ensures the
equivalence of the contribution of all factors to the obtained mathematical model, and, as a
consequence, the statistical reliability of the results of using the experimental plan [19].

To determine the optimal conditions of all stages of the catalyst preparation, studies
were carried out at three levels.

The following factors were selected as studied: HCl concentration (mol/L) with the
range of 0.2–1; the ratio of HCl concentration to nickel concentration (CHCl/CNi2+)—5–20;

the ratio of HCl concentration to cobalt concentration
(

CHCl
CCo3+

)
—5–20; Vvf—1–3 (vacant

factor). The variables and their levels of the variation are shown in Table 4. The criterion for
evaluating the activity and selectivity of the prepared nanocatalyst is the total conversion
of benzothiophene to 2,3-dihydrobenzothiophene and ethylbenzene.

Table 4. Levels of factors studied and ranges of variation.

№ Factor Designation
Levels

1 2 3

1 CHCl , mol/L x1 0.2 0.6 1
2 CHCl/CNi2+ x2 20 10 5
3 CHCl/CCo3+ x3 5 10 20
4 Vvf x4 1 2 3

Note: C—concentration.

The experiments were carried out using the method of mathematical planning and
static processing of results with the conclusion of the generalized Protodyakonov equation.
The conditions of the matrix experiment are shown in Table 5.

Table 5. Factor planning matrix at three levels.

Experience No.
Factors

Ye
x1 x2 x3 x4

1 0.2 20 5 1 0.4218
2 0.2 10 10 2 0.3746
3 0.2 5 20 3 0.5480
4 0.6 20 10 3 0.3843
5 0.6 10 20 1 0.3733
6 0.6 5 5 2 0.3604
7 1 20 20 2 0.6901
8 1 10 5 3 0.4802
9 1 5 10 1 0.5194

Note: Ye—experimental values of hydrogenate yield.

After the experiment in accordance with the matrix (Table 5), sampling was conducted
at the level and the selection of partial dependencies by the method of sequential ap-
proximation. The obtained data were approximated by the equation of the line. If the
model turned out to be adequate (with a significant correlation coefficient (R > 0.66)), then
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it remained; in case of inadequacy, we switched to the models of higher orders of the
magnitude. The studied dependence was given physical meaning.

Results from the matrix experiments were used to construct the dot plots (Table 5).
The dot plots and approximation curves to determine the optimal conditions for preparing
the nanocatalyst for the benzothiophene hydrogenation process are shown in Figure 3.
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Figure 3. Dot plots and approximation curves. Dependence of the yield of benzothiophene hydro-
genation products on: (a)—HCl concentration, mol/L; (b) is the ratio of HCl concentration to nickel
concentration; (c)—ratio of HCl concentration to cobalt concentration.

Each of the particular functions (Table 6) was tested for significance using the nonlinear
multiple correlation coefficient (R);

R =

√√√√1− (N − 1)∑n
1 ((Ye −Yc)

2

(N − K− 1)∑n
1 ((Ye −Yav.)

2 > 0.66 (1)

and its significance tR for the 5% level

tR =
R
√

N − K− 1
1− R2 > 2, (2)

where N is the number of described points; K is the number of factors in effect.
Figure 3a–c shows that the acid concentration increases and the amount of cobalt in

the composition increases, the conversion of the benzothiophene increases. This may be
due to the substitution of magnesium ion by hydrogen ion, as well as an increase in the
acid centers of the support. Literature analysis showed that there is no data on the effect of
acid concentration on chrysotile activity during benzothiophene hydrogenation.
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After the selection of partial dependencies, their calculated values at matrix levels
were combined into the separate table (Table 6).

Table 6. Calculated values of the partial functions for YP.

Function
Levels

R tR
1 2 3

Y = 0.7928X2
1 − 0.809X1 + 0.5725 0.4424 0.3725 0.5563 R = 1.0000 tR = 100

Y = 0.98e0.06222X2 X−0.6524
2 0.4681 0.4065 0.4818 R = 1.0000 tR = 100

Y = 0.5369e0.04074X3 X−0.2822
3 0.4179 0.4213 0.5207 R = 1.0000 tR = 100

Having determined the significance of particular functions, the generalized Pro-
todyakonov equation was used for each optimization parameter:

YP =
∏n

i=1 Yi

Yn−1
av.

(3)

where YP—generalized function, Yi—private function,
n
∏
i=1

¯product of all private functions,

Yav.—total average of all considered values.
Using the generalized Protodyakonov Equation (4), the theoretical data were calcu-

lated, which were checked for significance by comparing the calculated results with the
experimental data:

YP =
0.98e0.06222X2 X−0.6524

2 ·
(
0.7928X2

1 − 0.809X1 + 0.5725
)
· 0.5369e0.04074X3 X−0.2822

3
0.2033

(4)

Table 7 shows the comparison of the calculated hydrogenate yield values with the
actual experimental values.

Table 7. Experimental and design values of hydrogenate yield.

Experience No. Experimental Values (Ye) Calculated Values (YP)

1 0.4218 0.4333
2 0.3746 0.3692
3 0.5480 0.5205
4 0.3843 0.3717
5 0.3733 0.3878
6 0.3604 0.3541
7 0.6901 0.6864
8 0.4802 0.4638
9 0.5194 0.5341

Note: YP—Protodyakonov calculated hydrogenate yield.

Acording to the data captured in Table 7, the correlation coefficient R = 0.9849 and the
significance tR = 73.48 were found using Formulas (1) and (2).

From Equation (4), the optimal catalyst preparation parameters for the highest catalyst
activity were calculated:

- the hydrochloric acid concentration equal to 1 M;
- the ratio of HCl concentration to nickel concentration (CHCl/CNi2+)—20 (nickel

weight (in terms of pure nickel) equal to 21.96% of the support weight);
- the ratio of HCl concentration to cobalt concentration (CHCl/CCo3+)—20 (cobalt

weight (in terms of pure cobalt) equal to 29.47% of the support weight).

The results of the reaction of the hydrogenation of benzothiophene with the catalyst
prepared according to the above conditions are as follows:
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- hydrogenate yield (benzothiophene conversion)—69.01%;
- 2,3-dihydrobenzothiophene yield—3.52%;
- ethylbenzene yield—63.52%.

An increase in temperature above 400 ◦C led to an increase in the yield of by-products
(mercaptan, diphenyl) [12]. It was experimentally found that an increase in nickel con-
centration did not result in an increase in ethylbenzene yield. In this case, the yield
of ethylbenzene was 63.52%, which shows high activity and selectivity of the prepared
nanocatalyst.

The most active catalyst for hydrogenation of benzothiophene is molybdenum cata-
lyst [12,20]. The yields of 2,3-dihydrobenzothiophene and ethylbenzene presented in the
articles are relatively comparable to our results of hydrogenation of benzothiophene in the
presence of a nanocatalyst based on nanoparticles on chrysotile (Table 7).

Chromato-mass spectrometry was used to specify the individual chemical composition
of the hydrogenates. The results of studying the component composition of the hydrogenate
are given in Table 8.

Table 8. Individual chemical compositions of the hydrogenates obtained under the various conditions
of the benzothiophene hydrogenation process.

№ Component Name
Experience №

3 4 5 6 7 8 9

1 Benzothiophene 45.20 61.57 62.67 63.96 30.99 51.98 48.06
2 2,3 dihydrothionaphthene 5.93 12.20 14.24 16.20 3.52 14.59 19.61
3 Ethylbenzene 10.74 12.90 21.39 18.20 63.52 31.89 27.12
4 Alkanes C8-C11 3.23 - - - - - 2.30

All the hydrogenates identified benzothiophene, 2,3-dihydrothiophene, ethylben-
zene, fentantrene, and deep hydrogenolysis products—octane, decane, and undecane in
various amounts.

Analysis of the component composition of the hydrogenates shows that for all types
of the catalytic additives, the mechanism of the destructive hydrogenation was identical,
with some difference in the flow rates of individual stages and directions of conversion of
intermediates.

From the literature analysis [8], it is known that the mechanism of the benzothiophene
dusulfurization can proceed with preliminary saturation of the aromatic structure:
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It should be noted that the ethylbenzene is the main product in the hydrogenate.
It was present in an amount of 10.74–63.52% An intermediate to the formation of the
ethylbenzene is 2,3-dihydrobenzothiophene, which was identified in a smaller amount
in the hydrogenate products, 3.52–19.61%. The presence of this product indicates the
progress of the desulfurization through preliminary hydrogenation, followed by the break
of hydrogenated bonds, that is, the elimination of sulfur without preliminary hydrogenation
did not occur.

The degree of the benzothiophene conversion was evaluated by the yield of the
desired product (ethylbenzene) in the hydrogenate. The greatest degree of benzothiophene
conversion was observed for Run 7 conditions: CHCl—1 mol/L; CHCl/Ni2+—20; CHCl/Co3+—
20. The degradation of non-aromatic sulphur compounds is easier than aromatic sulphur
compounds with C–S bond breaks. The composition of the products showed that rings
containing a heteroatom were hydrogenated on the catalysts, followed by a bond break.

Hydrogen sulfide generated by the hydrogenolysis also activates the hydrogenation of
the benzothiophene, forming active radicals (HS·, H·), which are donors of active hydrogen:

H2S↔ HS· + H·; (8)

R1 − R2 + H· → R1H + R·2; (9)

R·2 + HS· → R2HS; (10)

R2HS + H2 → R2H + H2S. (11)

Thus, as the result of the studies, the optimal conditions for the hydrogenation of
benzothiophene simulating the conversion of oil and coal feedstock in the hydrotreating
and the hydrocracking processes were determined. We disclosed a new composition of
the catalyst system and a new catalyst with cobalt and nickel metals deposited on the
silicate chrysotile–asbestos. The individual chemical composition of the hydrogenates
consisting of the starting substance the benzothiophene, 2,3-dihydrobenzothiophene, and
the ethylbenzene was studied.
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4. Conclusions

The subject material provides the process for preparing a catalyst system comprising
the following steps:

- cleaning and trimming chrysotile asbestos from magnesium and other contaminants;
- preparation of the initial oxide nickel–cobalt system by impregnation in hydrochloric

acid medium.

The effect of the acid solution concentration on the final activity of the catalyst was
determined and the optimal concentration was shown to be 1 mol/L. Optimal conditions
of all stages of nanocatalyst preparation were determined: CHCl—1 mol/L; CHCl/Ni2+—20;
CHCl/Co3+—20. According to the final equation, it is possible to calculate the optimal prepa-
ration parameters of the nanocatalyst, which provides the greatest activity and selectivity
of the catalyst during the hydrogenation of benzothiophene. Using photospectrometric
analysis, data on adsorption of cobalt and nickel on the surface of chrysotile–asbestos
(83–89%) during impregnation were obtained. The final equation of influence of all factors
taken into account when planning the experiment was derived. The calculated values of
the statistical indicators for the final equation were as follows: R = 0.9849, tR = 73.48. The
results of the hydrogenation of the benzothiophene with the catalyst obtained under the
optimal conditions were as follows: the conversion of benzothiophene was 69.04%, the
yield of 2,3-dihydrobenzothiophene was 3.52%, and ethylbenzene was 63.52%.
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