
190� Chemistry for Sustainable Development, 2025, Vol. 33, No. 2, P. 190–195

Original article

UDC 665.66

DOI: 10.15372/CSD2025644

EDN: EHHHNY

Oxidative desulphurisation of oil using composite materials  
based on carbon black and transition metals

N. S. KOBOTAEVA1 , O. S. ANDRIENKO2

1Institute of Petroleum Chemistry, Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia 

2Zuev Institute of Atmospheric Optics, Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia 

E-mail:  nat@ipc.tsc.ru, aos@iao.ru

Abstract

Composite metal–carbon material based on technical carbon and metals (NiCo) was created, its physicochem-
ical and catalytic properties in the oxidative desulphurisation of oil were studied. It has been established that the 
process of oil desulphurisation can be carried out under sufficiently mild conditions: temperature 60 °C, process 
time 90 min, catalyst content 1–1.3 wt%, the molar ratio of sulphur feedstock/oxidizer = 1 : 4. A more effective 
extraction system for extracting oxidised sulphur compounds from oil is a mixture of dimethylformamide (DMF) 
and water at the volume ratio of 9 : 1. In this case, it is possible to achieve a high degree of sulphur removal from 
oil – more than 70 %.
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INTRODUCTION

The problem related to heavy oil transforma-
tion into low-sulphur petroleum products is be-
coming increasingly urgent over recent years due 
to depletion of low-sulphur oilfields and, as a con-
sequence, growing proportion of sulphur-bearing 
and high-sulphur oilfield development. This caus-
es an increase in the amount of high-sulphur pe-
troleum products [1]. The presence of sulphur-
containing compounds (SC) promotes rapid de-
struction of equipment employed in oil extraction 
and processing because of corrosion processes [2]. 
Sulphur-containing compounds in crude oil bring 

about substantial complications to oil refinement 
technology, shorten the operation lifetime and se-
lectivity of catalysts, and worsen the performance 
characteristics of resulting products. Substantial 
proportions of the components are burnt as part 
of fuel, which results in the atmospheric emission 
of the oxides of sulphur, nitrogen, and metals, 
thus causing a permanent environmental hazard.

The high sulphur content in oil from the oil-
fields in Russia is also one of the main reasons of 
deterioration of its competitiveness on the world 
markets. The costs of oil depend on the degree of 
its technological upgrading. Crude oil requiring 
minimal expenses for refining is of the highest 



	 OXIDATION OF SULPHUR-CONTAINING COMPOUNDS OF OIL� 191

value. Crude oil produced at different oilfields 
exhibits substantial differences in its quality due 
to different chemical composition. An increase in 
oil quality during its processing is provided by 
the introduction of efficient refining technologies 
based on the methods of sulphur removal. High-
quality petroleum products are expensive, so the 
trading income covers expenses for refining. Eco-
nomic expediency of the production of high-qual-
ity petroleum products, as well as technological 
and environmental problem solving during oil-
field development, determine the need for new 
methods for isolating and removing sulphur-con-
taining compounds from oil.

At present, the main industrial process of SC 
removal from oil and the products of oil process-
ing is based on the technology of catalytic hy-
drodesulphurisation [3]. The process has certain 
shortcomings, which is a motivation to search for 
alternative technologies. Complete removal of 
such sulphur-containing compounds as dibenzo-
thiophene and its alkyl-substituted derivatives 
can hardly be achieved, either under severe pro-
cess conditions (high temperature and pressure) 
or with an increase in the amount of catalyst em-
ployed. In addition, hydroprocessing is unprofit-
able for mini oil refinery plants because of the 
absence of hydrogen [3].

Among the promising methods of crude oil 
upgrading, the oxidative desulphurisation fol-
lowed by extraction or adsorption of oxidised SC 
deserves attention. The process is performed 
under mild conditions, so the chemical structure 
of the oil system components remains unchanged. 
The potential of this method is also due to the 
possibility of further use of oxidised and extract-
ed SC, namely sulphoxides and sulphones [4].

Oxidative desulphurisation is based on the mod-
ification of functional groups in sulphur-contain-
ing compounds and has been already used for a 
long time in petrochemistry to remove these com-
pounds because of the simplicity of oxidised oil 
SC separation from hydrocarbons. Among known 
oxidisers for oxidative desulphurisation, the best 
technologically sound version can be hydrogen 
peroxide (H2O2), a commercial product frequently 
used in industry. For efficient use of hydrogen 
peroxide in the oxidative desulphurisation of 
crude oil, catalysts are necessary. Metals, namely 
Ti, V, W, Mo, Co/Mn, Ag, Au, Re, and/or their 
oxides, serve as the heterogeneous catalysts of 
the selective oxidation of SC [5–8].

In addition to these catalysts, the systems of 
interest from the viewpoint of catalysis are also 

those based on carbon materials, which is due to 
a number of their specific physicochemical prop-
erties, such as chemical inertness, developed po-
rosity and surface area. Along with the tradition-
al representatives of carbon materials, namely 
activated carbon species, other carbon materials 
are also used: carbon nanotubes, graphitised na-
nofibres, technical-grade carbon (carbon black, 
CB) fullerenes, as well as various composite car-
bon-carbon materials [9–14].

Many publications deal with the development 
and investigation of catalytic systems, based on 
various forms of carbon with the deposited tran-
sition metals, in different chemical processes, in 
particular in petrochemistry for SC removal from 
crude oil [7, 15–23].

The goal of the present work was to study the 
process of SC removal from oil in the presence of 
a composite material based on carbon black acti-
vated with transition metals (nickel and cobalt), 
and to determine the optimal process parameters. 

EXPERIMENTAL

Objects of investigation 

Oil from the Usinskoye oilfield was used in the 
investigation. Its physicochemical characteristics 
are presented in Table 1.

Materials 

To obtain the composite material, we used 
carbon black (CB) of P354 grade, synthesised at 
the Centre of New Chemical Technologies BIC 

TABLE 1 

Physicochemical properties of oil from the Usinskoye oilfield

Characteristics Value

Density, kg/m3 966.7

Kinematic viscosity coefficient at 20 °С, mm2/s 3852.39

Molecular mass, a.m.u. 365

Elemental composition, wt%:

Carbon 84.94

Hydrogen 11.98

Oxygen 0.47

Sulphur 1.64

Nitrogen 0.63

Content:

Paraffins, wt% 1.24

n-Alkanes, wt% 1.29

Chlorides, mg/dm3 36.92



192	 N. S. KOBOTAEVA, O. S. ANDRIENKO

SB RAS (Omsk), having the following composi-
tion, wt%: С 96.4, О 2.5, S 0.5, N 0.3, H 0.3 [24].

Investigation procedure

Oxidative desulphurisation of oil was carried 
out in a three-neck flask equipped with a me-
chanical mixer, thermometer, and condenser. The 
feedstock (30 g) was placed in the flask; the flask 
was put in a water bath and heated to 35–80 °C. 
After achieving the necessary temperature, the 
oxidiser and the catalyst were simultaneously in-
troduced into oil. The moment of oxidiser contact 
with the feedstock was considered to be the start 
of reaction. The duration of oil SC oxidation was 
30, 60, 90, 120 and 150 min. Oxidation was carried 
out with a solution of Н2О2 (specially pure grade) 
in the amount of 40 mL. The amount of catalyst 
introduced into the reaction mixture was varied 
from 0.16 to 1.65 % of oil mass. After reaction 
completion, the hydrocarbon layer was separated 
from the aqueous phase in the separating funnel, 
and then the solvent was added to extract SC: 
the aqueous solution of acetonitrile (AN) or di-
methylformamide (DMFA), each with 10 vol% 
water content. Extraction of the oxidised SC was 
carried out at a temperature of 35–40 °C at mix-
ing for 10 min by exposing under the extractant 
layer for 60 min. The mass ratio feedstock/ex-
tractant = 1 : 2. Analysis of total sulphur content 
in the feedstock was carried out by lamp burning 
in the presence of oxygen according to GOST 
19121-73.

Methods of investigation

X-ray diffraction (XRD) analysis was carried 
out with an XRD 7000 diffractometer (Shimadzu, 
Japan). Diffraction patterns were recorded with 
copper CuKα-radiation using the Bragg-Brentano 
geometry in increments of 0.03° and exposure of 
6 s per point, within angle range 10–80° over 2θ. 
Calculation of X-ray amorphous fraction was 
performed using the standard software supplied 
with the instrument.

Infrared (IR) spectra were recorded with an 
IR Fourier spectrometer Nicolet 5700 (Thermo 
Electron, USA) in KBr matrix within wavenum-
ber range of 400–4000 cm–1 with the resolution of 
4 cm–1 in 32 scans. The IR attenuated total reflec-
tance (IR ATR) spectra were recorded using the 
same spectrometer equipped with the single ATR 
attachment Smart Performer. The spectra were 
recorded with a ZnSe crystal within the range of 

4000–650 cm–1 with the resolution of 4 cm–1, the 
number of scans being 640.

The textural properties of the samples were 
studied by low-temperature nitrogen adsorption 
at 77.4 K using the surface and porosity analyser 
ASAP 2020 (Micromeritics, USA). Specific surface 
area was calculated using the BET procedure. 

RESULTS AND DISCUSSION

A specific feature of carbon black is the pres-
ence of protogenic functional groups, which are the 
centres of ion adsorption. The functional groups 
are formed during the synthesis process, which is 
thermal oxidative pyrolysis of hydrocarbons, fol-
lowed by oxidation with a 20% solution of Н2О2 at 
100 °C. According to [25], oxygen that is present 
in BC is in hydroxyl, carbonyl, ether and car-
boxyl groups. The morphology of CB is repre-
sented by the aggregates of dispersed particles in 
the shape of globules [16]. According to the data 
obtained by low-temperature nitrogen adsorption, 
carbon black of P354 grade, obtained using the 
furnace method, is characterised by the following 
parameters: specific surface area is 110 m2/g, the 
size of aggregates is 154 nm, and zeta potential of 
the surface is –6.37 mV.

Nickel and cobalt were deposited on CB sur-
face by the chemical reduction of metals from the 
solutions of their salts (chlorides or sulphates) by 
sodium hypophosphite (NiCoCB) [25, 26]. The ad-
vantage of this method is in obtaining dispersed 
coating and a uniform metal layer on the sub-
strate. 

The presence of nickel and cobalt nanoparti-
cles in the resulting composite materials is con-
firmed by the data of IR spectroscopy and XRD. 
According to the results of previous studies [17], 
the IR spectra of CB activated by transition met-
als contain absorption bands (a. b.) at 1057 cm–1, 
related to the vibrations of –С–С bonds, and a. b. 
at 568 and 587 cm–1, related to the vibrations of 
–М–С bonds (where M is a metal). 

The diffraction patterns of the composite 
material (NiCoCB) contain broadened spread-out 
peaks related to the phases of metal nickel (38.4, 
44.6, 58.6, 71.1° over 2θ) and cobalt (43.8, 51.7° 
over 2θ). Diffraction peaks related to the phases 
of metal nickel and cobalt exhibit clearly pro-
nounced broadening, which is evidence of either 
extremely fine structure or strong deformation of 
metal lattice when phosphorus is introduced into 
its structure [26]. Similar peak broadening was also 
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observed previously after nickel and cobalt depo-
sition on carbon nanotubes (CNT) by chemical re-
duction from sodium hypophospite solution [17].

The resulting composite material (NiCoCB) is 
characterised by the developed surface, which is 
comparable in its parameters with the surface of 
initial carbon material (CB) (Table 2). 

The effect of temperature and process dura-
tion on the degree of sulphur extraction was 
studied for the oxidative desulphurisation of oil 
under the following conditions: catalyst content 
1 wt% (with respect to oil mass), the molar ratio 
of sulphur/oxidiser = 1 : 4. The extractant was 
DMFA/H2O and AN/H2O with water content 
10 vol%. The dependence of residual sulphur con-
tent in oil on process time is presented in Fig. 1.

One can see that the minimal amount of sul-
phur remains in oil after oxidation at 60 °C for 
90 minutes. At a lower temperature, the feed-
stock (oil) is relatively viscous, and the reagents 
(oxidiser and catalyst) are distributed in it non-
uniformly, so during the first 30 min the high 
degree of SC oxidation is not achieved, however, 
with an increase in process duration (90–150 min) 
the residual sulphur content in the feedstock does 
not exceed 0.50–0.53 wt%. With temperature rise 

to 80 °C, a substantial decrease in sulphur con-
tent in the feedstock is not observed, which may 
be due to the partial decomposition of hydrogen 
peroxide to form oxygen and water, which means 
that a smaller amount of active OH radicals is 
formed. The O–O bond is not strong, so H2O2 is a 
readily decomposing unstable compound. Rapid 
decomposition of H2O2 can be promoted also by 
the presence of transition metals (Ni and Co) that 
are present in the catalyst.

The effect of catalyst amount on the efficien-
cy of oil SC oxidation was investigated (Table 3). 
The process was carried out at a temperature of 
60 °C and lasted for 90 min. The extraction of SC 
from oil was performed using DMFA/H2O with 
water content 10 vol%.

It follows from the data obtained that the 
amount of residual sulphur in oil decreases uni-
formly with an increase in catalyst concentration, 
and the optimal concentration of the catalyst in 
the reaction system is 1.0 wt% (see Table 3). With 
lower catalyst concentration, the residual sulphur 
content under similar conditions is higher, which 
may be associated with the insufficient amount 
of active centres for the catalytic reaction to pro-
ceed. For catalyst concentration above 1.0 wt%, 

TABLE 3 

Dependence of residual sulphur content in  
oil on the concentration of composite material NiCoCB in oil 

Catalyst  
concentration, wt%

Residual sulphur 
content in oil, wt%

Sulphur removal 
degree, %

0.16 1.50 20.4

0.33 1.15 29.9

0.48 0.80 51.2

0.64 0.65 60.4

1.00 0.50 69.5

1.30 0.48 70.5

1.65 0.51 68.3

TABLE 2

Textural characteristics of carbon black (CB)  
and the composite material based on it (NiCoCB)

Sample Specific surface 
area, Ssp, m

2/g
Pore diameter,  
d, nm

Pore volume,  
Vpor, cm

3/g

CB 110 1.9 0.034

NiCoCB 107.4 1.8 0.031

Fig. 1. Dependence of the residual sulphur content in oil on 
process time at a temperature of: 35 (1); 60 (2); 80 (3) °C.

Fig. 2. Dependence of sulphur content in oil on the chosen 
extractant.
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residual sulphur content in the feedstock remains 
actually unchanged, so an increase in the content 
of composite material is unreasonable, and cata-
lyst concentration chosen for all subsequent ex-
periments was 1.0 %.

The efficiency of oxidised SC extraction (recal-
culated for sulphur) by extractants DMFA/H2O 
and AN/H2O is shown in Fig. 2.

One can see that the most efficient extractant 
among the studied ones is DMFA/H2O. The re-
sidual sulphur content in oil does not exceed 
0.48 wt% with solvent under the following pro-
cess conditions of oxidation desulphurisation: pro-
cess duration 90 min, temperature 60 °C, catalyst 
concentration 1.3 wt%. 

The higher efficiency of DMFA/H2O extractant 
in comparison with AN/H2O may be because a larg-
er amount of sulphoxides than sulphones is formed 
during oxidative sulphurisation, and DMFA/H2O 
extractant is more selective with respect to sulphox-
ides. In the case of AN/H2O, mainly sulphones are 
extracted [27].

CONCLUSION

To study the oxidation of SC of oil by hydro-
gen peroxide, a catalyst was developed: a com-
posite metal-carbon support based on CB, with 
transition metals (Ni and Co) deposited on its sur-
face by reduction from the solution of salts (sul-
phides or chlorides). 

The parameters of oil SC oxidation were stud-
ied using the synthesised composite material and 
H2O2 (the effect of composite material concentra-
tion, temperature, oxidation time, and extraction), 
and the optimal process conditions were deter-
mined: temperature 60 °C; duration 90 min; sul-
phur-containing feedstock/oxidiser = 1 : 4.

Preliminary oxidation of SC, followed by ex-
traction, allows a decrease in total sulphur con-
centration from 1.64 to 0.45 wt%. Investigation of 
two types of solvents (DMFA/Н2О and AN/Н2О, 
containing water 10 vol%) for the extraction of 
oxidised sulphur compounds from oil has shown 
that DMFA/H2O is a more efficient extraction 
system. A high degree of sulphur removal can be 
achieved: more than 70 %.
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