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Abstract

The composition of fragments linked by sulphide bridges in the molecules of resin-asphaltene substances iso-
lated from the liquid products of thermal destruction of asphaltene components of heavy high-sulphur oils from 
the Usinskoye and Ashalchinskoye fields in supercritical n-hexane is investigated using a complex of physico-
chemical methods (selective chemical degradation, IR spectroscopy, gas chromatography – mass spectrometry). 
The set of compounds identified in the products of C–S bond cleavage in the molecules of secondary asphaltenes 
and resins is largely identical to that identified in the products formed in the chemical destruction of the mole-
cules of initial asphaltene components. They are represented by normal and branched alkanes, n-alkylcyclopen-
tanes, n-alkylcyclohexanes, steranes, hopanes, phenylalkanes differing from each other in the position of phenyl 
ring in the carbon chain, diphenyls, naphthalenes, phenanthrenes, dibenzothiophenes, n-alcanoic acids, ethyl and 
isopropyl esters of n-alkanoic acids, and pentacyclic compounds of the oleanene series. A distinctive feature of 
secondary asphaltene molecules is the presence of n-alk-1-enes with an even number of carbon atoms and mono-
cyclic aromatic hydrocarbons linked through sulphide bridges in their structure. The similarity of the set of 
compounds linked through sulphide bridges in the structure of initial asphaltenes and the products of their ther-
mal decomposition under supercritical conditions is established, which suggests that the secondary asphaltenes 
and the resulting resins are fragments of the molecules of initial samples. These molecular fragments are linked 
in their structure through the least thermally stable functional groups – ether, disulphide and sulphide. The re-
vealed differences in the pattern of molecular mass distribution for similar sulphur-bound compounds in the 
structure of secondary asphaltenes and resins allow us to assume that the resulting resinous components are lo-
cated at the periphery of the asphaltene macromolecules of heavy high-sulphur oils.
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INTRODUCTION

Much attention is currently paid to improve-
ments of the technologies for processing oil sys-
tems with the high content of resin-asphaltene 
substances, heteroatoms, and metals [1–11]. One 
of the promising methods for the conversion of 
heavy crude hydrocarbons is considered to be 
their thermal decomposition under supercritical 
conditions [1–4]. Supercritical solvents (SCS) dif-
fer from common solvents by substantially high-
er diffusion coefficients, low surface tension and 
viscosity coefficients. Their dissolving capacity 
can vary within a broad range with the changes 
in temperature and pressure, while they can be 
readily removed from the reaction medium. The 
indicated properties of SCS promote degradation 
of high-molecular heteroatomic structures in oil 
systems, which leads to an increase in the yield of 
synthetic oil, while their use in the flow mode al-
lows removing the formed compounds from the 
reaction zone, thus limiting secondary reactions 
with the formation of coke and gases [11].

In some works [1–3], the results of laborato-
ry studies in which SCS are considered from the 
viewpoint of their possible use in processing heavy 
crude hydrocarbons are summarised. Compara-
tive analysis shows that the most efficient solvent 
for the destruction of high-molecular structures, 
in particular asphaltenes, is water in the super-
critical state. However, in spite of the positive 
results obtained, it should not go unmentioned 
that the high critical point of water (Тcr = 374.2 °C, 
Рcr = 22.14 MPa) requires substantial energy con-
sumption to carry out the process involving it. In 
addition, in the presence of supercritical water, 
there is a possibility of corrosive destruction of 
metal equipment involved [2]. For this reason, it 
appears most reasonable to characterise the com-
position and structure of the products of high-
molecular components destruction using saturated 
hydrocarbons as solvents, as they are character-
ised by rather low critical point, which reduces 
energy consumption for the process, and low cor-
rosion activity [11–13].

Previously, to expand the information on the 
chemical nature of asphaltene molecules in heavy 
oil systems, we carried out thermal destruction of 
the asphaltenes of heavy oil from the Usin-
skoye and Ashalchinskoye oilfields in the flow 
of supercritical n-hexane (SCH, Тcr = 234.2 °C, 
Рcr = 2.96 MPa) [11]. The choice of n-hexane as 
the reaction medium is due to its relatively high 
thermal stability and low chemical activity [13]. It 
has been demonstrated that asphaltene substanc-

es decompose under laboratory conditions with 
the formation of gases, liquid products and the 
products insoluble in oil medium and in organic 
solvents (coke) [11]. The liquid products include 
asphaltenes (below referred to as secondary as-
phaltenes), resins, and hydrocarbon oil. It has 
been determined that as a result of conversion of 
asphaltenes from heavy oil in SCH flow, the mo-
lecular mass of secondary asphaltenes increases, 
while the molecular mass of resins decreases in 
comparison with initial samples. This is due to an 
increase in the number of structural units in the 
averaged molecules of secondary asphaltenes and 
a decrease in their amount in the averaged mol-
ecules of resins. In both cases, the structural units 
become more compact because of a decrease in 
the total number of rings, mainly naphthenic. As 
far as the heteroatomic composition is concerned, 
the structural units of secondary asphaltenes dif-
fer from the structural units of initial asphaltenes 
by higher sulphur content, while the structural 
units of averaged resin molecules differ by lower 
sulphur content [11]. 

Sulphur atoms are known to be present in the 
molecules of resin-asphaltene substances in het-
erocyclic fragments (thiophenic, thiacyclane), in 
thiol, sulphide, and sulphoxide groups [5]. The 
functional groups of aliphatic sulphides can act as 
bridges linking separate fragments of resins and 
asphaltenes to each other or with the polycon-
densed cores of their molecules [14, 15]. The data 
on the nature of these linked fragments in the 
products of thermal decomposition of asphaltene 
substances are essential for the detailed elabora-
tion of their molecular structure, for determina-
tion of the patterns of structural transformations 
of asphaltene components in thermal processes, 
and for predicting the qualitative composition of 
the formed products. 

For asphaltenes of heavy oil from the Usin-
skoye oilfield, it has been demonstrated in [14, 15] 
that a definite proportion of sulphur from the 
initial sample is conserved in the molecules of as-
phaltene and resin components extracted from 
the liquid products of conversion in an autoclave 
at 450 °C, within sulphide bridges. The informa-
tion on the composition and structure of frag-
ments linked through sulphur in the molecules of 
secondary asphaltenes and the formed resins has 
been obtained. 

The present work is a continuation of the stud-
ies aimed at characterisation of the products of 
thermal destruction of asphaltene components of 
heavy oil. 



182	 N. N. GERASIMOVA et al.

The goal of the present work was to study the 
structural fragments linked through sulphide 
bridges in the molecules of secondary asphaltenes 
and resins formed during the thermal treatment 
of asphaltenes of heavy oil under supercritical 
conditions. 

EXPERIMENTAL

Materials

Solvents with 99.9 % purity were used: n-hex-
ane, benzene, chloroform, tetrahydrofuran (Ekos-1, 
Russia), methanol (Vekton, Russia); salts: sodium 
tetrahydroborate (98 %, ABCR GmbH & Co. KG, 
Germany), nickel (II) chloride hexahydrate, sodium 
chloride and sodium sulphate (Ekotek, Russia); 
silica gel ASK 0.25–0.50 mm (Hong Kong Chemi-
cal Co., Hong Kong).

The objects of investigation were secondary 
asphaltenes (Asp-I and Asp-II) and resins (Re-I 
and Re-II), isolated from the liquid products of 
the conversion of asphaltenes (A-I and A-II) 
of heavy high-sulphur oils from the Usinskoye 
oilfield (I) (ρ = 971.5 kg/m3, sulphur con-
tent = 1.98 wt%) and from the Ashalchinskoye 
oilfield (II) (ρ = 978.0 kg/m3, sulphur con-
tent = 3.89 wt%) under the conditions of labora-
tory thermolysis in SCH. 

Investigation procedures

The general characteristics of asphaltene sam-
ples subjected to thermal cracking are reported 
in [11]. Thermolysis of initial asphaltenes (450 °C 
and 15 MPa) was carried out in semi-flow mode 
for 1 h. A detailed description of the procedure of 
asphaltene thermal decomposition under super-
critical conditions is presented in [11, 12, 16].

Asphaltenes were isolated from oils (A-I and 
A-II) and liquid products of their conversion 
(thermolysates Asp-I and Asp-II) by precipitation 
with a 40-fold (by volume) excess of n-he
xane [11, 17, 18]. Resins were isolated from deas-
phalted thermolysates by liquid adsorption chro-
matography (LAC) on ASK silica gel using a mix-
ture of ethanol and benzene at the volume ratio 
of 1 : 1 for desorption, after hydrocarbon oil des-
orption with a mixture of n-hexane with benzene 
at the volume ratio of 7 : 3 [11].

Chemical destruction of C–S bonds in Asp-I, 
Asp-II, Re-I and Re-II samples was carried out 
using nickel boride according to the procedure 
described in detail in [19]. The products of chem-

ical destruction were separated on ASK silica gel 
by means of LAC into the fractions of nonpolar 
(NF) and polar (PF) compounds, which were des-
orbed with a mixture of n-hexane and benzene 
(7 : 3, by volume) and a mixture of ethanol and 
benzene (1 : 1, by volume), respectively. Nonpolar 
fractions are represented by the compounds linked 
through sulphide bridges, and the polar ones are 
mixtures of the products of chemical destruction 
and unreacted compounds. 

Methods of investigation 

Sulphur content was determined with the help 
of an automatic analyser Vario EL Cube (Elemen-
tar GmbH, Germany). The absolute error of analy-
sis for the element under determination did not 
exceed ±0.1 %.

The samples NF and PF were analysed by 
IR Fourier spectroscopy. The IR spectra were re-
corded with a FT-IR spectrometer Nicolet 5700 
(Thermo Electron, USA) within the range of 
4000–400 cm–1. The samples for investigation 
were prepared from the solution in СНСl3 as a 
thin film. 

To analyse NF by gas chromatography with 
mass spectrometric detection (GC-MS), a high-
resolution magnetic mass spectrometer DFS (Ther-
mo Scientific, USA) equipped with a Trace GC 
Ultra gas chromatograph was used. The conditions 
under which the chromatograms were recorded 
over the total ion current, chromatogram pro-
cessing, and approaches to compound identifica-
tion are described in [11]. 

The transformations of sulphur-bound com-
pounds in the structure of molecules of secondary 
asphaltenes and the formed resins were charac-
terised using the results of studies into the com-
position of similarly named structural fragments 
in the molecules of initial asphaltenes of oils 
from the Usinskoye and Ashalchinskoye oil-
fields [14, 15, 20].

A general diagram of the study is shown in 
Fig. 1.

RESULTS AND DISCUSSION

According to the data of [11], A-I and A-II 
samples are characterised by close thermolysate 
yields (52.4 and 50.1 wt%, respectively) but differ 
from each other in the relative content of second-
ary asphaltenes and the formed resins, as well as 
in the distribution of sulphur atoms (S) in them. 
One can see in Table 1 that the thermolysate of 
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A-I sample is characterised by higher Re-1 con-
tent, and thermolysate of A-II sample has a high-
er content of Asp-II, while the content of the 
formed petroleum oils is the same in both ther-
molysates. Almost equal amounts of sulphur 
atoms pass from the initial samples into ther-
molysates of the asphaltenes of both oils. At the 
same time, in the case of thermolysate from A-I, 
higher relative content of sulphur is observed for 
resins and petroleum oils, while in the case of 
thermolysate from A-II higher relative sulphur 
content is detected for secondary asphaltenes. 
This difference in the pattern of sulphur distri-
bution over the components formed in thermal 
transformations of initial asphaltenes in SCH can 
be due to the features of their structural arrange-
ment, in particular with differences in chemical 
nature and in the positions of fragments contain-
ing sulphide bonds in their macromolecules [11].

This assumption is to a certain extent con-
firmed by the results of chromatographic separa-
tion of the liquid products of sulphide bridge de-
struction in the samples of secondary asphaltenes 
and the formed resins. According to the results 
shown in Fig. 2, the major proportion of liquid 
products is represented by the compounds of PF. 
The content of NF bound through sulphur in the 
molecules of secondary asphaltenes is higher in 
the products of A-I asphaltene conversion, while 
in the formed resins it is lower than NF content 
in the similar products of A-II conversion. In con-
trast, the fraction of PF in Asp-I is lower and in 
Re-I higher than their fractions in Asp-II and 
Re-II. It should be noted that the most substan-

tial differences in the relative content of nonpolar 
and polar compounds are exhibited by the formed 
resins. 

TABLE 1

Characteristics of the components isolated from the liquid products  
of thermolysis of the asphaltenes of heavy oils in supercritical hexane [11]

Sample Composition, 
wt%

S content, wt% Proportion of S of 
initial asphaltenes, rel% 

Thermolysate from 
A-I, including:

100.0 3.16 22.8

Asp-I 18.6 3.51 4.7

Re-I 50.4 3.51 13.0

Oils-I 31.0 2.31 5.1

Thermolysate from 
A-II, including:

100.0 4.75 22.0

Asp-II 28.5 7.06 9.6

Re-II 40.5 5.18 9.6

Oils-II 31.0 2.01 2.8

Notes. Here and in Table 2: A-I and A-II – initial asphaltenes of heavy oils from 
the Usinskoye (I) and Ashalchinskoye (II) oilfields; Asp-I and Asp-II – secondary 
asphaltenes; Re-I and Re-II – resins.

Fig. 1. The general diagram of investigation. SCH – super-
critical n-hexane; THF – tetrahydrofuran; NF and PF – non-
polar and polar fractions, respectively; LAC – liquid adsorp-
tion chromatography; IR – IR spectroscopy; GC-MS – gas 
chromatography – mass spectrometry.



184	 N. N. GERASIMOVA et al.

Similarities and differences between the com-
pounds eluted in NF and PF are clear from the 
results of their analysis by IR spectroscopy. The 

IR spectra of NF and PF isolated from the prod-
ucts of sulphide bridge destruction in the mole-
cules of secondary asphaltenes and resins contain 
absorption bands (a. b.) characteristic of aromatic 
(1602, 873–744 cm–1) and aliphatic (3000–2800, 
1462, 1377 cm–1) structures and fragments con-
taining the functional groups of ethers and esters 
(1740, 1301–1030 cm–1). It follows from the com-
parison of IR spectra of respective fractions that 
a specific feature of nonpolar compounds is the 
presence of alkyl fragments containing more 
than 4 carbon atoms in the alkyl chain (a. b. at 
722 cm–1), while the feature of polar compounds 
is the presence of structures containing the func-
tional groups of acids (3500–3200, 1706–1704 cm–1) 
and amides (1659–1657 cm–1). The IR spectra of 
NF and PF isolated from the products of chemical 
destruction of Asp-I are shown in Fig. 3, and the 
spectra of NF and PF isolated from the products 
of chemical destruction of Re-I are presented in 
Fig. 4.

Fig. 2. Distribution of nonpolar (NF) and polar (PF) products 
of the chemical destruction of С–S bonds in secondary as-
phaltenes (Asp) and resins (Re) isolated from the liquid prod-
ucts of thermolysis of the asphaltenes of heavy oils from the 
Usinskoye (I) and Ashalchinskoye (II) oilfields in supercritical 
hexane.

Fig. 3. IR spectra of nonpolar (1) and polar (2) products of the chemical destruction of С–S bonds in secondary asphaltenes, 
isolated from the liquid products of thermolysis of the asphaltenes of heavy oil from the Usinskoye oilfield in supercritical 
hexane.
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Analysis of the results of GC-MS investigation 
of NF allowed us to follow the changes of group 
and individual composition of sulphur-bound com-
pounds in the asphaltenes of heavy oils during 
their thermal transformation in SCH (Table 2). 
According to the data obtained, the structural 
fragments bound through sulphide bridges in the 
molecules of secondary asphaltenes and the formed 
resins, similar to samples A-I and A-II, contain 
saturated and aromatic hydrocarbons, and heter-
organic compounds. In the initial samples they 
are represented by the closely distributed nor-
mal and branched alkanes, n-alkylcyclopentanes, 
n-alkylcyclohexanes, steranes, hopanesm pheny-
lalkanes differing by the position at which the 
phenyl nucleus is attached to the alkane chain; 
n-alkylbenzenes; n-alkyltoluenes; n-alkylxylenes; 
diphenyls; naphthalenes; phenanthrenes; dibenzo-
thiophenes and С16–С18 n-alkanoic acids [14, 15, 20].

The set of compounds identified in the prod-
ucts of С–S bond destruction in the molecules of 
secondary asphaltenes is to a high extent identi-

cal to the set of products determined in the prod-
ucts of chemical destruction of the molecules of 
initial asphaltene components (see Table 2). A dis-
tinctive feature of the molecules of secondary as-
phaltenes is the presence of n-alk-1-enes with an 
even number of carbon atoms bound through sul-
phide bridges, pentacyclic compounds of oleanene 
series, and the esters of n-alkanoic acids.

The presence of pentacyclic triterpenoids, the 
derivatives of olean-12-ene in the sedimentary 
rocks and oil was reported in [21]. The identified 
n-alk-1-enes and esters of alkanoic acids are 
most probably the products of geochemical trans-
formation of initial organic matter captured by 
the kerogen macromolecules and then inherited 
by asphaltenes formed from that organic mat-
ter [6, 22–26]. Under the conditions of thermal 
and chemical action, the complex structure of as-
phaltenes degrades, and the compounds captured 
in it are released. One also cannot exclude the 
thermogenic nature of alkenes. Their formation 
can be participated by the alkyl aryl sulphide 

Fig. 4. IR spectra of nonpolar (1) and polar (2) products of the chemical destruction of С–S bonds in the formed resins iso-
lated from the liquid products of thermolysis of the asphaltenes of heavy oil from the Usinskoye oilfield in supercritical 
hexane. 
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structural fragments of initial asphaltene macro-
molecules, which change their structure during 
thermolysis, being transformed into olefins, water, 
hydrogen sulphide, or aromatic thiols [27].

The resinous products of thermal decomposi-
tion of asphaltenes in SCH, similarly to second-
ary asphaltenes, exhibit almost no differences in 
the qualitative composition of compounds bound 
through sulphide bridges (see Table 2). The 
formed resins differ from secondary asphaltenes 
by the absence of n-alkenes and monocyclic aro-
matic hydrocarbons among the identified com-
pounds.

A certain similarity of the qualitative composi-
tion of compounds identified in the products of 
chemical destruction of secondary asphaltenes and 
the formed resins with the set of sulphur-bound 
compounds in the structure of initial asphaltenes 
can provide evidence that these products of their 

thermal transformation in SCH are the frag-
ments of macromolecules of initial samples, bound 
through the least thermally stable functional 
groups: disulphide, sulphide, and ester [28].

It also follows from the results of GC-MS 
analysis that under the conditions of laboratory 
experiment, these fragments are prone to ther-
mal destruction. The mass chromatograms of al-
kanes bound through sulphide bridges in initial 
asphaltenes of the Ashalchinskoye oil and the 
products of their SCH-conversion are shown in 
Fig. 5 as examples. Comparison of the correspond-
ing mass-chromatograms shows that the content 
of bound n-alkanes decreases as a result of ther-
molysis in the sequence A-II → Asp-II → Re-II 
against the background of an increase in the con-
centration of branched structures. Bound n-alkanes 
exhibit an increase in the relative content of low-
molecular compounds and an increase in the rela-

TABLE 2

Composition of the products of chemical destruction of sulphide bridges  
in the molecules of initial asphaltenes and secondary asphaltenes and resins isolated from thermolysates 

Compound, m/z А-I [14] А-II [20] Asp-I Asp-II Re-I Re-II

Aliphatic hydrocarbons

н-Alkanes, 71 C14–C32 C14–C30 C14–C36 C14–C32 C16–C30 C14–C33

Branched alkanes, 71 C16–C25 C16–C30 C15–C36 C15–C32 C17–C30 C15–C33

Isoprenoids, 71 C18–C20 C18–C20 С17, С18 С17, С18 С17, С18 С17, С18

n-Alkenes, 55 – – С16, С18, С20 С16, С18, С20 – –

n-Alkylcyclopentanes, 68 C13–C22 C15–C24 C14–C26 C14–C26 C14–C26 C15–C29

n-Alkylcyclohexanes, 82 C13–C22 C15–C24 C14–C26 C14–C26 C14–C26 C16–C25

Hopanes, 191 С27,С29–С32 С27,С29–С35 С27, С29–С33 С27, С29–С35 С27, С29–С33 С27, С29–С35

Steranes, 217 С27–С31 С27–С29 С27–С29 С27–С29 С27–С29 С27–С29

Aromatic hydrocarbons

n-Alkylbenzenes, 92 C15–C23 C16–C28 С14–С30 С14–С24 – –

n-Alkyltoluenes, 105 C15–C22 C16–C26 C16–C22 C16–C22 – –

n-Alkylxylenes, 119 C15–C22 C15–C22 C14–C23 C16–C19 – –

Phenylalkanes, 91 C17–C19 C17-–C19 С17–С19 С17–С19 С17–С19 С17–С19

Diphenyls, 154 + 14 С1–С3 С1–С2 – – – –

Naphthalenes, 128 + 14 С1–С2 С0–С3 C2–C4 C2–C4 С2, С3 С3, С4

Phenanthrenes, 178 + 14 С0–С3 С0–С4 C0–C2 C0–C2 C0–C2 C0–C2

Heteroatomic compounds

Dibenzothiophenes, 184 + 14 С0 С0–С3 C0–C2 C0–C2 C0–C2 C0–C2

Aliphatic monoacids, 60 С14, С16, С18 С14, С16, С18 С14–С18 С14–С18, С20 С12, С14–С18 С12, С14–С18

Ethyl esters of alkanoic  
acids, 88

– – С18, С20 С18, С20 С18, С20 С18, С20

Isopropyl esters of alkanoic 
acids, 102

– – С17, С19 С17, С19 С17, С19 С17, С19

Olean-12-en-3-one, 218 – – С30Н48О С30Н48О С30Н48О С30Н48О

28-norolean-12-en-3-one, 218 – – С29Н46О С29Н46О С29Н46О С29Н46О

Olean-12-en-3-one, acetate, 218 – – С32Н52О2 С32Н52О2 С32Н52О2 С32Н52О2

Notes. 1. Dash – not identified. 2. For designations, see Table 1.
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Fig. 5. Mass chromatograms of n-alkanes for ions with m/z 71 in С–S-bound fragments of the molecules of initial as-
phaltenes (А-II), secondary asphaltenes (Asp-II) and the formed resins (Re-II) isolated from the liquid products of 
thermolysis of the asphaltenes of heavy oil from the Ashalchinskoye oilfield in supercritical hexane. The numbers cor-
respond to the total number of carbon atoms in the molecule. * – phthalates.
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tive content of isoprenoids. The detected changes 
are most clearly pronounced for sulphur-bound 
n-alkanes of the formed resins, which may be 
related to the features of their structure, in par-
ticular with the nature and position of C–S bonds.

CONCLUSION

Thus, it has been demonstrated with the help 
of chemical degradation method that the struc-
ture of asphaltenes and resins isolated from the 
liquid products of thermal cracking of the as-
phaltenes of heavy high-sulphur oils from the 
Usinskoye and Ashalchinskoye oilfields in super-
critical hexane contains the fragments bound 
through sulphide bridges. The set of compounds 
identified in the products of С–S bond destruc-
tion in the molecules of secondary asphaltenes 
and the formed resins is close to the set of com-
pounds detected in the products of chemical de-
struction of initial asphaltene components. This 
fact provides evidence that secondary asphaltenes 
and the formed resins are fragments of the mac-
romolecules of initial samples and are bound in 
their structure through the least thermally stable 
functional groups: ester, disulphide and alkyl sul-
phide. The differences revealed in the composi-
tion of the structural fragments of secondary as-
phaltenes and the formed resins, as well as in the 
patterns of molecular mass distribution of respec-
tive compounds bound in their structures through 
sulphide bridges allow us to assume that the 
formed resins are at the periphery of asphaltene 
molecules of heavy high-sulphur oils and, as a 
consequence, are more available for thermal trans-
formations. This is a probable reason of the ab-
sence of n-alkenes and monoarenes in the prod-
ucts of chemical destruction of the formed resins, 
though these compounds were detected in petro-
leum oils isolated from the liquid products of SCH-
conversion of asphaltenes of oil from the Usin-
skoye and Ashalchinskoye oilfields [11].
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