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Abstract

The high cost of hydrocatalytic processes is the reason of the attention of researchers to the search for alter-
native ways to process high-sulphur vacuum distillates. Pre-oxidation followed by cracking is considered as a 
promising method for refining petroleum products. This approach enables efficient destruction of polyaromatic 
sulphur-containing compounds in heavy hydrocarbon raw materials yielding additional amounts of distillate frac-
tions. The effect of nano-sized molybdenum powder on the composition and quality of the products of cracking 
of vacuum gasoil oxidized preliminarily with a mixture of hydrogen peroxide with formic acid was investigated. 
It was demonstrated that the use of an optimal amount of nanosized molybdenum powder as the additive allows 
a substantial decrease in gas generation due to a decrease in the rates of aromatization and dealkylation of the 
oxidized high-molecular compounds including sulphur-containing ones. The effect of the amount of Mo additive 
on the transformation patterns of such sulphur-containing compounds as thiophene, benzo- and dibenzothiophene 
during the combined process was revealed. The changes in the structural-group parameters of resins and as-
phaltenes in the products of cracking of oxidized vacuum gasoil in the presence of the additive in different 
amounts were investigated. The data obtained allow us to extend our understanding of thermal transformations 
of the oxidized components of vacuum gasoil, which is an important step in the development of a technological 
scheme for processing high-sulphur gasoils relying on the combination of preliminary oxidation and cracking.
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INTrOdUCTION

Worsening of the quality of raw material en-
tering oil refinery leads to a regular increase in 
the fraction of vacuum distillates obtained as a 
result of distillation. Further processing of these 

fractions is complicated by the high content of 
resinous-asphaltenous substances (RAS), as well 
as metals and heteroatomic (S, O, N) com-
pounds [1]. Sulphur-containing compounds that 
are most widespread in petroleum products cause 
poisoning of hydrogenation catalysts and corro-
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sion of the equipment [2]. At present, the pro-
cesses of practical interest are those used in addi-
tion to widely used catalytic cracking. These ad-
ditional processes allow one to prepare the raw 
material so that the content of heteroelements, 
metal and coke-generating components would 
decrease. These additional processes include 
hydrotreating, deasphaltation and demetalliza-
tion [3–5]. In a number of works, separate com-
pletely hydrogen-free processes are considered: 
extraction-based [6, 7] and adsorption-based [8, 9] 
desulfurization, biodesulphurization [10].

One of the methods to process heavy hydrocar-
bon raw materials with efficient removal of pol-
yaromatic compounds to obtain additional amounts 
of distillate fractions is a combination of oxidation 
and subsequent cracking. This method is practi-
cally significant because the reactivity of polyaro-
matic compounds in oxidation processes is higher 
than that of thiophene and benzothiophene [11, 
12]. In addition, during the oxidation of sulphur 
atoms, the С–S bond becomes weaker and is easi-
er destroyed during cracking [13, 14]. One of the 
substantial advantages of preliminary oxidative 
treatment is process conduction at room tempera-
ture and atmospheric pressure. Widely used oxi-
dizers include hydrogen peroxide [15–17], atmos-
pheric oxygen [18], organic peroxides [19] and 
some other compounds [20, 21].

However, it was demonstrated in [22] that 
preliminary oxidation of vacuum gasoil (VG) is 
not a selective process: not only sulphur-contain-
ing compounds but also aromatic hydrocarbons 
participate in the reactions. As a result of polarity 
change, the products of oxidation of the indicated 
types of compounds are detected in the composi-
tion of resins, the fraction of which decreases 
substantially. In the works carried out at the In-
stitute of Petroleum Chemistry SB RAS (IPC SB 
RAS), the efficiency of the addition of nanosized 
powder (NSP) of molybdenum with the average 
particle size of 500 nm in the cracking of fractions 
boiling out within the range of 360–500 °C was 
stated. The authors of [23] showed that thermoly-
sis of bitumen with the optimal amount of the 
additive allows obtaining additional amounts of 
distillate fractions, with the same level of gas and 
coke formation, due to enhancement of the depth 
of destruction of high-molecular components of 
oils, as well as RAS. The use of this additive for 
cracking of oxidized vacuum gasoil (OVG) will 
presumably allow one to enhance the depth of 
destruction of oxidized high-molecular compo-

nents avoiding substantial losses due to gas for-
mation. 

The goal of the present work was to study the 
effect of the addition of molybdenum NSP on the 
composition and quality of the products of ther-
mal treatment of OVG.

ExPErImENTAl

Object of study

The VG from the Novokuybyshevsk refinery 
was investigated. Its physicochemical character-
istics are represented in Table 1. The chosen 
gasoil belongs to high-sulphur species (sulphur 
content 2.02 mass %). The initial boiling point 
(IBP) of gasoil is 201 °С, about 20 mass % of dis-
tillate fractions are evaporated at a temperature 
up to 360 °С.

Oxidative treatment

Oxidation of VG with a mixture of hydrogen 
peroxide (H2O2) and formic acid (HCOOH) was 
carried out at room temperature in a reactor 
equipped with a mixer (mixing rate: 2500 r.p.m.). 

TABLE 1

Characterization of vacuum gasoil  
from the Novokuybyshevsk refinery

Parameter Value

Elemental composition, mass %:

Carbon 82.62

Hydrogen 11.80

Nitrogen 0.94

Sulphur 2.02

Oxygen, etc. 2.62

H/C 1.71

Fraction composition, mass %:

Initial boiling temperature, °С 201

200–360 °С 18.5

>360 °С 81.5

Material composition, mass %:

Oils 91.3

Resins 8.6

Asphaltenes 0.1

Content of sulphurous  
compounds, mass %:

Thiophene, Benzothiophene 0

Dibenzothiophene 0.012

∑С1-Dibenzothiophene 0.334

∑С2-Dibenzothiophene 1.239



 THE EFFECT OF NANOSIZED MOLYBDENUM ADDITIVE ON THE COMPOSITION OF THE CRACKING PRODUCTS  427

We used oxidation conditions that were estab-
lished previously: the molar ratio of sulphur in 
VG (So) and the used amount of hydrogen perox-
ide So/H2O2 = 1 : 5, process duration 90 min [24]. 
The molar ratio of H2O2/HCOOH was 3 : 4. 

Thermal treatment

Cracking of initial and oxidized vacuum gasoil 
was carried out in autoclave reactors 12 cm3 in 
volume. The mass of the sample portion was 7 g. 
Mass was measured using the analytical balance 
AND HR-200 (Japan) of the 1st class of precision 
with the discreetness of 0.1 mg. 

The material balance was calculated as fol-
lows: reactor mass without the sample was meas-
ured, and then the mass of the reactor with the 
sample prepared for cracking was determined. 
The yield of gaseous products corresponded to 
the mass loss by the reactor with the sample 
after degassing. After the removal of liquid prod-
ucts, the reactor was washed with chloroform 
and weighted. Thus obtained difference between 
the mass of the reactor before the experiment 
and its mass after the experiment was deter-
mined as the mass of coke. The cracking tem-
perature was 500 °C, the duration of the process 
was from 15 to 60 min. 

Characterization of nanosized  
molybdenum powder

The nanosized molybdenum powder was in-
troduced in the amount of 0.01–0.15 mass %. The 
specific surface area of NSP of molybdenum is 
3.3 m2/g, the average particle size is 500 nm. The 
choice of the additive was made on the basis of 
the works carried out at the IPC SB RAS previ-
ously [23]. The microstructure of molybdenum 
NSP before and after the process was studied 
with the help of the scanning electron microscope 
TM-3000 (Hitachi, Japan) equipped with the sys-
tem of energy-dispersive X-ray (EDX) micro-
analysis Quantax 70 (Bruker, Germany). The re-
cording was carried out with the accelerating 
voltage of 15 kV. Nanometre-sized molybdenum 
powder is represented by the particles of the 
regular spherical shape forming agglomerates 
(Fig. 1, a). According to the EDX-spectrum, mo-
lybdenum oxides are present in the powder sur-
face (see Fig. 1, b). 

Research procedures

The material composition of VG, OVG and the 
products of their cracking was determined using 

a standard scheme (STO 1246–2011). The content 
of asphaltenes was determined using the cold 
Golde method.

The fraction composition of the liquid prod-
ucts of cracking was determined by means of 
gas-liquid chromatography (GLC) with the help 
of Kristall-2000M chromatograph (Khromatek, 
Russia) with the flame ionization detector. Linear 
temperature rise from 50 to 290 °С was per-
formed with a heating rate of 15 °C/min. The 
length of the capillary column was 30 m, the 
inner diameter 0.25 mm. The content of petrol 
and diesel fractions was calculated on the basis of 
retention times of n-alkanes (undecane and he-
neicosane). 

Sulphur content was determined according to 
GOST R 51947–2002 by means of energy-disper-
sive X-ray fluorescence spectrometry using a 
Spektroskan SL instrument (Spektron, Russia). 
Analysis of sulphurous compounds was carried 
out by means of GLC with a Kristall-2000M chro-
matograph with the flame photometric detector, 
with linear temperature rise from 50 to 290 °С, 
the rate of column heating was 4 °С/min. A cap-
illary column was used (length: 30 m, inner diam-
eter 0.25 mm). Phase: CR-5 2.5 µm thick. The 
qualitative composition of sulphurous compounds 
was determined by comparing retention times of 
the analyzed components with individual sul-
phur-containing compounds (thiophene, benzo-
thiophene, dibenzothiophene and their homo-
logues). 

The structural group analysis  
of resins and asphaltenes 

The obtained resins and asphaltenes were in-
vestigated by means of the structural group ana-
lysis (SGA) according to the procedure developed 
at the IPC SB RAS [25]. The use of the data on 
the analysis of the elemental composition, aver-
age molecular mass and 1Н NMR spectroscopy 
allows us to calculate the average distribution of 
atoms between structural fragments of the mol-
ecules of high-molecular compounds. This distri-
bution gives us information on the size and struc-
ture of molecules, the composition and the amount 
of different structural groups.

The elemental analysis of resins and as-
phaltenes under investigation was carried out 
with the help of a Vario EL Cube CHNS analyzer 
(Elementar Analysensysteme, Germany). Molecu-
lar masses were measured by means of cryoscopy 
in naphthalene using a Krion instrument devel-
oped at the IPC SB RAS. The NMR 1Н spectra 
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were recorded with AVANCE-AV-600 Fourier 
Transform spectrometer (Bruker, Germany), the 
solvent was deuterochloroform, the internal 
standard was hexamethyldisiloxane at 1 % concen-
tration of resins.

rESUlTS ANd dISCUSSION

Experimental selection of the optimal condi-
tions of VG oxidation and the effect of this pre-
liminary treatment on the thermal stability of its 
components were described in detail in [22, 24]. It 
was demonstrated that cracking of VG treated 
preliminarily with the oxidizer in excess (with the 
molar ratio of Sо/H2О2 = 1 : 5) leads to the deep 
destruction of oil components even for process du-
ration 30 min: the total amount of the formed dis-
tillate fractions is more than 70 mass % (Table 2). 

Condensation reactions are accelerated: the yield 
of asphaltenes and coke increases almost by a fac-
tor of 1.5 in comparison with the results of VG 
cracking for 60 min. The degree of desulphuriza-
tion also turns out to be higher (the residual con-
tent of sulphur is 0.67 mass %). This change in the 
content of sulphur in the products confirms that 
preliminary treatment with the oxidizer in excess 
indeed allows one to involve high-molecular sul-
phur-containing components into cracking and to 
destroy them efficiently in the case of shorter pro-
cess duration. 

After OVG cracking for 60 min, the highest de-
gree of desulphurization is achieved (0.62 mass %). 
However, under these conditions, we observe sub-
stantial losses of the sample due to gas formation 
(up to 20 mass %). It is assumed that the use of 
molybdenum NSP will allow us to enhance the 

Fig. 1. Microphotographs with different magnification (a, b) and EDX spectrum (c) of nanosized molybdenum powder. 



 THE EFFECT OF NANOSIZED MOLYBDENUM ADDITIVE ON THE COMPOSITION OF THE CRACKING PRODUCTS  429

degree of destruction of the products of oxidation 
of the high-molecular VG components avoiding 
the indicated negative effects [23]. 

The results of the thermal treatment of OVG 
in the presence of molybdenum NSP for 60 min 
are presented in Table 2. The use of the additive 
in the amount of only 0.01 mass % allows a de-
crease in the yield of gaseous products by a factor 
of 1.5 (in comparison with OVG cracking without 
the additive). The total amount of the obtained 
distillate fractions is conserved, however, their 
mass ratio changes. The yield of the fraction 200–
360 °C turns out to be higher by 3 mass % in 
comparison with the fraction IBP–200 °С, which 
also confirms that cracking reactions slow down. 
Due to resin condensation according to the route 
resins → asphaltenes → coke, the yield of densi-
fication products increases by a factor of 2. A de-
crease in resin content in the liquid products oc-
curs also due to resin destruction with the forma-
tion of low-molecular components. Presumably, 
this result is due to the fact that after the intro-
duction of a small amount of molybdenum NSP 
into the system, less stable products of the oxida-
tion of high-molecular compounds of VG are the 
first to get adsorbed on the surface of the additive. 
Adsorption of these components prevents their 
deep destruction, thus decreasing active gas for-
mation which is observed during OVG cracking. 

An increase in the amount of molybdenum 
NSP from 0.01 to 0.05 mass % causes a decrease 
in the total yield of side products (gas and coke) 
by 1.6 mass % more. The content of distillate frac-
tions increases by almost 3 mass %, mainly due to 
the formation of the components of lower-boiling 
fraction IBP–200 °С. Simultaneously with the de-
celeration of gas formation, the content of frac-
tions boiling above 360 °С increases in the liquid 
products of cracking. The use of this amount of 
the additive is likely to decelerate dealkylation 
reactions that cause the formation of the compo-
nents of gaseous products through the detach-
ment of alkyl substituents (С1–С4 hydrocarbons). 
Since a decrease in the yield of gas and coke with 
the additive introduced in the amount of 0.05 mass % 
turns out to be maximal, this amount of the addi-
tive was chosen to be optimal.

Further increase in the amount of added mo-
lybdenum NSP to 0.15 mass % causes a substantial 
acceleration of cracking of all OVG components. 
Deep destruction of oil components with boiling 
points above 360 °С proceeds. The additional for-
mation of gas accounts for 75 rel. % in comparison 
with the material balance of the process with the 
optimal amount of the additive (0.05 mass %) and 
for 25 rel. % in comparison with simple thermal 
cracking. The percentage of the fraction IBP–
200 °С in cracking products increases correspond-

TABLE 2

Material balance of oxidized vacuum gasoil cracking (cracking temperature 500 °C)

Characteristics Content, mass % 

G L / Sо C O R А Fraction

IBP–200 °С 200–360 °С

Before cracking, sample:

VG – 100.0 / 2.02 – 91.3 8.6 0.1 0.0 18.5

OVG – 100.0 / 2.02 – 74.3 25.2 0.5 0.0 17.8

VG cracking, 60 min 8.9 90.8 / 1.89 0.3 81.3 8.8 0.7 34.2 40.0

OVG cracking, min:

15 4.5 95.1 / 1.20 0.4 78.1 15.8 1.1 21.2 45.7

30 9.4 90.1 / 0.67 0.5 80.8 8.0 1.3 33.3 39.4

45 9.7 89.1 / 0.66 1.2 80.4 7.9 0.8 35.4 37.8

60 19.4 79.4 / 0.62 1.2 70.6 7.1 1.7 24.4 29.1

OVG cracking, 60 min, 
amounts of Mo NSP, 
mass %:

0.01 14.0 83.5 / 0.87 2.5 79.3 3.1 1.1 20.6 32.8

0.05 13.8 85.1 / 0.96 1.1 75.0 8.7 1.4 25.2 30.9

0.10 14.3 82.9 / 0.87 2.8 74.3 7.4 1.2 24.9 29.9

0.15 24.5 72.2 / 0.94 3.3 67.0 4.6 0.6 32.0 25.5

Note. G – gaseous products, L – liquid products, So – total sulphur content, C – coke, O – oils, R – res-
ins, A – asphaltenes, VG – vacuum gasoil, OVG– oxidized vacuum gasoil.
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ingly. It is possible that the introduction of the 
additive in the amount more than 0.05 mass %, 
which is accompanied by an increase in surface 
area, leads to an increase in the probability of ad-
sorption of other components (the products of oxi-
dation of aromatic compounds that did not enter 
the reactions of hydrocarbon oxidation). As a re-
sult, the products of oxidation of high-molecular 
compounds remain in the volume, which leads to 
their deep destruction accompanied by the accel-
eration of gas formation reactions. It should be 
noted that RAS involved in condensation reactions 
are almost completely transformed into densifica-
tion products with an increase in the amount of 
the introduced additive, following the route res-
ins → asphaltenes → coke (residual content of as-
phaltenes is only 0.6 mass %).

The regularities of the transformation of sul-
phur-containing compounds (homologues of thio-
phene, benzothiophene and dibenzothiophene) in 
the liquid products of gasoil cracking (Table 3) are 
in good agreement with the assumptions formu-
lated above. A decrease in the degree of desul-
phurization in the liquid products of cracking 

with molybdenum additive confirms the decel-
eration of reactions involved in the destruction of 
high-molecular sulphur-containing compounds. 
The efficiency of desulphurization decreases by 
40–55 rel. %. 

It is established that the largest amount of 
thiophene and its homologues in the liquid prod-
ucts of cracking may be obtained if the amount of 
the introduced molybdenum NSP is 0.05 mass %. 
Presumably, these compounds are the major 
products of slowed destruction of the unstable 
oxidized framing of high-molecular sulphur-con-
taining components adsorbed on the surface of 
molybdenum NSP (for example, polyaromatic sul-
phurous compounds). Obtaining the product con-
taining mainly low-molecular aromatic sulphurous 
compounds serves as a positive result of the com-
bined process because these components may be 
readily removed during subsequent hydrocatalytic 
treatment. 

The total content of the homologues of benzo- 
and dibenzothiophenes in the liquid products of 
cracking turns out to be higher than after simple 
thermal treatment of OVG. However, their yields 
decrease with an increase in the amount of the 
used molybdenum NSP from 0.01 to 0.1 mass %. 
The introduction of the additive in the amount of 
0.15 mass % leads to an increase in the content of 
these compounds in cracking products by a fac-
tor of 2. The yield of substituted derivatives 
(С3- and С4-benzothiophenes and С2-dibenzothio-
phene) turns out to be higher after the addition 
of 0.01 mass % molybdenum NSP. With an in-
crease in the amount of molybdenum NSP to 
0.15 mass %, we observe the accumulation of un-
substituted benzo- and dibenzothiophenes and 
their derivatives having two methyl substituents 
or one ethyl substituent (С1–С2) in the liquid 
products of cracking. The obtained distribution 
of the homologues of benzo- and dibenzothio-
phenes confirms that the introduction of the ad-
ditive into the system in the amount exceeding 
the optimal one causes a substantial acceleration 
of the reactions involved in cracking of all OVG 
components, first of all, dealkylation reactions.

The addition of molybdenum NSP also affects 
the structure of RAS in the liquid products of 
cracking. According to the calculation of the struc-
tural group parameters, the averaged molecule of 
resins in VG has the molecular mass lower than 
the value reported in the literature (500–1000 Da) – 
only 358 Da (Table 4). The molecule has one struc-
tural unit containing up to two condensed aromat-
ic rings and not more than three naphthene rings. 

TABLE 3

Effect of molybdenum NSP additive on the content  
of different types of sulphurous compounds  
in the products of cracking of oxidized vacuum gasoil

Compound Content, mass % 

1 2 3 4 5

Thiophene 0.013 0.018 0.081 0.029 0.026

∑С1-thiophene 0.410 0.469 0.873 0.812 0.830

∑С2-thiophene 0.227 0.399 0.567 0.560 0.466

∑С3-thiophene 0.098 0.201 0.303 0.197 0.102

∑С4-thiophene 0.035 0.066 0.066 0.066 0.035

∑С5-thiophene 0.010 0.024 0.019 0.005 0.010

∑ of thiophene 
homologues 

0.793 1.177 1.909 1.669 1.469

Benzothiophene  0.013 0.021 0.025 0.017 0.080

∑С1-benzothiophene 0.093 0.259 0.204 0.148 0.449

∑С2-benzothiophene 0.147 0.532 0.339 0.238 0.527

∑С3-benzothiophene 0.061 0.242 0.105 0.077 0.072

∑С4-benzothiophene 0.053 0.137 0.077 0.059 0.024

∑ of benzothiophene 
homologues

0.366 1.190 0.750 0.539 1.150

Dibenzothiophene 0.023 0.040 0.035 0.029 0.069

∑С1-dibenzothiophene 0.080 0.198 0.130 0.105 0.217

∑С2-dibenzothiophene 0.119 0.345 0.179 0.093 0.166

∑ of dibenzothiophene 
homologues 

0.223 0.583 0.343 0.227 0.451

Note. The amount of molybdenum NSP additive, mass %: 
absent (1); 0.01 (2); 0.05 (3); 0.10 (4); 0.15 (5).
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According to the ring composition, the average 
molecule has not very high aromaticity factor 
(fa) – about 30 %. On average, there are three or 
four substituents (aliphatic fragments or naph-
thene rings) per one aromatic ring, which is in-
dicated by the calculated degree of substitu-
tion – 0.6. The total number of carbon atoms in 
alkyl substituents is five-six. 

Oxidation does not have a substantial effect on 
the structure of resin molecules in VG. The mo-
lecular mass of an average molecule of resins in 
OVG, in which the oxidized sulphur-containing 
and aromatic compounds are concentrated, re-
mains practically unchanged in comparison with 
the average molecule of resins in VG. The number 
of structural blocks is conserved. The distribution 
of heteroatoms changes: in the resins of VG, one 
oxygen atom is present in two out of three mole-
cules on average, while in the resins of OVG there 

are two such atoms per one molecule. A decrease 
in the value of fa by 8 %, together with an in-
crease in the number of sulphur and carbon atoms 
of aliphatic fragments, provides evidence that the 
compounds subjected to oxidation are substituted 
derivatives of aromatic hydrocarbons and such 
sulphur-containing compounds as, for example, 
dibenzo- and benzonaphthothiophenes. Their po-
larity changes so that these compounds are ex-
tracted within the resins during the determina-
tion of the material composition. 

After OVG cracking, oxygen content in the 
structure of resin molecules decreases by a factor 
of 2, that is, ethoxidized fragments of high-
molecular hybrid hydrocarbons and polyaromatic 
sulphur-containing compounds are indeed re-
moved as a result of partial destruction or con-
densation with the formation of asphaltenes. 
Every second averaged molecule becomes two-

TABLE 4

Structural group parameters of the resins  
of vacuum gasoil and the products of its cracking

Parameter 1 2 3 4 5 6

Molecular mass, Da 358 359 349 313 547 486

Number of atoms in average molecule:

С 24.3 22.5 25.0 21.7 38.6 34.8

H 33.9 33.6 24.2 22.7 29.7 27.7

N 0.4 0.1 0.3 0.2 0.3 0.2

S 0.5 0.8 0.2 0.1 0.1 0.1

O 0.7 1.8 0.9 1.5 2.9 2.1

Number of blocks in molecule, mа 1.2 1.1 1.5 1.3 1.9 1.8

Ring composition:

Ko 4.4 3.5 6.2 6.2 11.3 10.2

Ka 1.7 1.2 3.2 2.0 5.7 4.5

Ksat 2.7 2.2 2.9 4.2 5.6 5.2

Aromaticity factor, fa 31.9 24.1 59.5 44.0 64.9 64.0

Number of carbon atoms of different 
types in the average molecule:

Са 7.8 5.4 14.9 9.5 25.1 22.3

Cn 11.0 9.0 9.3 11.0 13.2 12.2

Сp 5.5 8.1 0.8 1.2 0.3 0.4

Сα 4.2 3.3 5.0 4.5 6.5 5.5

Degree of substitution  
in aromatic cores, σа

0.6 0.6 0.4 0.5 0.4 0.3

H/C 1.4 1.5 1.0 1.0 0.8 0.8

Note. 1 – resins in VG; 2 – resins in OVG; 3 – resins in liquid products of OVG 
cracking; 4 – resins of the liquid products of OVG in the presence of 0.05 mass % 
molybdenum NSP; 5 – asphaltenes of the liquid products of OVG cracking; 6 – as-
phaltenes of the liquid products of OVG cracking in the presence of 0.05 mass % 
molybdenum NSP; the fraction of carbon atoms: Са – carbon in aromatic cycles; 
Сn – carbon in naphthene rings; Сp – carbon in aliphatic fragments; Сα – number of 
carbon atoms in the α-position to the aromatic ring; number of rings: Kо – total, 
Ka – aromatic; Ksat – saturated.
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block molecule. Cyclization and aromatization of 
saturated fragments during thermal treatment 
lead naturally to an increase in the number of 
aromatic rings in the averaged resin molecule 
from one to three and to an increase in fa from 24 
to ~60 %, respectively. A decrease in the param-
eters Сp (the number of carbon atoms in aliphatic 
fragments) and σа (the degree of substitution in 
aromatic cores) is due to the dealkylation of aro-
matic fragments in addition to cyclization. 

A part of resins is transformed into asphaltenes 
during the thermal treatment of OVG. The aver-
aged asphaltene molecule in the products of OVG 
thermolysis has the molecular mass 547 Da and is 
composed of two structural blocks containing 
five-six saturated and aromatic rings. High oxy-
gen content (there are up to three oxygen atoms 
per one molecule) provides evidence that some 
oxidized fragments of resins do not undergo de-
struction but are condensed to form asphaltenes. 
Sulphur atoms are practically absent in the aver-
aged molecule. The low value of Сp parameter 
(0.3) points to the absence of aliphatic fragments. 
It is probable that there is not more than one 
alkyl substituent containing not more than one 
carbon atom per every third asphaltene molecule. 
The atomic ratio of H/C for asphaltenes is small-
er than for resins, due to dehydration, aromatiza-
tion and condensation during cracking, which re-
sults in the condensation of resins into asphaltenes 
which are absent from VG.

The calculation of the structural group pa-
rameters of resins and asphaltenes of OVG after 
cracking in the presence of molybdenum NSP not 
only confirms the formulated assumptions that 
this additive promotes deceleration of dealkyla-

tion reactions but also provides evidence that 
aromatization processes are slowed down. The 
use of the additive allows obtaining resins in 
which the averaged molecule contains a lower 
amount of heteroelements (sulphur and nitrogen). 
Oxygen brought into the system during prelimi-
nary oxidation is removed not so easily: during 
OVG cracking, one oxygen atom is removed from 
each resin molecule, while during thermal treat-
ment with molybdenum NSP one such atom is 
removed only from every second molecule. The 
number of blocks in an average structure de-
creases: only every fourth resin molecule is two-
block. The deceleration of aromatization processes 
is also evidenced by the change of the ring com-
position. After thermal treatment in the absence 
of the additive, three rings of both types are de-
termined in the averaged structure of the resins. 
The total number of rings is conserved during 
cracking with molybdenum NSP, however, now 
each resin molecule has two aromatic and four 
saturated rings. Correspondingly, fa value of the 
resulting resins decreases by 16 %. An increase in 
parameters Сp and σа also confirms the decelera-
tion of alkylation reactions: each molecule has an 
alkyl substituent not longer than two atoms.

Sulphur-containing fragments of polyaromatic 
compounds are not involved in condensation re-
actions: the content of this heteroelement in as-
phaltene structure is only 0.1.

Microphotographs of the surface of molyb-
denum NSP show (Fig. 2, a) that cracking under 
optimal conditions (additive in the amount of 
0.05 mass %) causes the destruction of its agglom-
erates. Partial coking of powder surface is ob-
served. The particles of the formed coke are 

Fig. 2. Microphotographs of molybdenum nanosized powder (NSP) after cracking, with different magnification (a, b). In-
sert (b) shows elemental analysis of the surface of molybdenum NSP.
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spherical. According to the literature data [26], 
this kind of densification product is formed from 
the residues of raw drops decomposed within the 
reactor volume. The resin-asphaltene substances 
in such a drop are condensed with the formation 
of spatially cross-linked carbon polymer which 
is transformed into spherical coke particles 50–
100 µm in size during heating to 500 °C. There are 
also hexagonal inclusions on molybdenum surface 
(see Fig. 2, b). Elemental analysis (see Fig. 2, b, 
insert) shows that they are likely to be composed 
of the molybdenum disulphide. Taking into ac-
count the mass of the additive, which is only 
0.01–0.15 mass % of the raw material mass, and 
the amount and distribution of molybdenum di-
sulphide particles over NSP particles after crack-
ing, we may assume that the amount of MoS2 is 
insufficient to change the direction of the ther-
mal transformations of gasoil components.

CONClUSION

It is established that the use of the optimal 
amount of molybdenum NSP (0.05 mass %) for 
OVG cracking allows us to reduce the losses due 
to gas and coke formation by a factor of 1.5. The 
content of distillate fractions in the resulting liq-
uid products increases due to the formation of 
the components of lower boiling fraction IBP–
200 °C. The application of this amount of the ad-
ditive is likely to slow down the destruction of 
oxidized high-boiling VG components, specifically 
dealkylation and aromatization. In addition, under 
these conditions, the product containing mainly 
low-molecular sulphur-containing aromatic com-
pounds (thiophene and its homologues) may be 
obtained; further processing of these products is 
not a difficult task.

Deceleration of aromatization and dealkylation 
in the case of the use of 0.05 mass % molybdenum 
NSP affected the averaged structure of the mol-
ecules of resins and asphaltenes. The number of 
blocks in molecules decreases in comparison with 
the structure of RAS in the products of OVG 
cracking, aromaticity factor decreases, the con-
tent of saturated cycles and the H/C atomic ratio 
increase.

Since deceleration of gas formation leads to a 
decrease in the efficiency of desulphurization of 
liquid products, the results obtained herein point 
to the fact that the major route of the removal of 
sulphur-containing fragments in the process under 
consideration is not condensation with the forma-

tion of the products of densification but their de-
struction with the formation of hydrogen sulphide 
and sulphur dioxide. This problem may be solved 
by enhancing the selectivity of the oxidation of 
sulphur-containing compounds.
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