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nanoaggregates, the second peak (002 band) within 
angle range 25–26° over 2θ corresponds to the 
presence of crystal-like pack-type formations, and 
the third peak (100 band) within angle range 40–
45° over 2θ relates to a flat structure of aromatic 
sheets in the nanoaggregates of A macromole-
cules [3, 41, 42]. The intensities of peaks at about 
~20° and 26° over 2θ on the curves obtained by 
deconvolution of the main bands show that the 
amount of saturated fragments in the macro-
structure of A decreases, while the proportion of 
aromatic structures, on the contrary, increases in 
the sequence of oil samples I → III → II. 

One can see in Table 4 that the pack core of 
nanoaggregated formations in the macrostruc-
ture of A have a similar thickness (Lc = 11.16–
14.37 Å) of the pack containing four-five aromat-
ic layers (М = 3.77–4.98) with the average dia
meter (Lа) from 8.46 to 12.64 Å. The distance 
between the aromatic layers does not exceed 4 Å 
(dm = 3.61–4.03 Å). One layer includes three to 
five aromatic rings (Na = 3.17–4.74). The satu-
rated fragments framing the polyaroamtic core 
are situated at a larger distance from each other 
(dr = 4.63–5.30 Å) than the aromatic layers are. 
The obtained quantitative values of parameters 

Fig. 1. SEM micrograph of heavy oils I–III with the resolution of 200 μm (a–c) and 100 μm (d–f), and the distribution of ele-
ments (rel%) over the surface of asphaltenes of heavy oils I–III according to SEM-EDS data (g–i). Here and in Fig. 2–5: I – oil 
from the Ashalchinskoye oilfield; II – oil from the Usinskoye oilfield; III – oil from the Nurlatskoye oilfield.
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Fig. 2. TEM image of the particles of asphaltenes of heavy oils I–III in the resolution of 200 μm (a–c), 20 nm (g–i) and 
10 nm (j–l), and particle size distribution (d–f).

Fig. 3. Diffraction patterns and deconvolution curves of the main bands for asphaltenes of heavy oils I (s), II (b) and III (c).
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characterising the macrostructure of A under in-
vestigation agree with the published values de-
termined for A of heavy oil [13, 19, 47]. At the 
same time, it should be noted that the minimal 
values of Lc, Lа, М, Na and the maximal values of 
dm and dr are characteristic of the A macromol-
ecules of oil II. We also determined the maximal 
values of parameters characterising aromaticity 
degree (fa = 0.71) of their molecules are the 
degree of pack arrangement of carbon atoms 
(ja = 0.44). These parameters provide evidence of 
the high crystallinity degree of the A macromol-
ecules in oil from the Timan-Pechora OGP in 
comparison with the A macromolecules of oil 
from the Volga-Ural OGP. At the same time, the 
size of crystallites in A of oils from the Volga-
Ural OGB decrease with an increase in the depth 
of host sediments. This is confirmed by lower Lc 
and Lа values for A of oil III in comparison with 
these parameters for A of oil I [12]. 

As shown previously [40], the molecules of A 
under investigation forming nanoaggregates dif-
fer in the average structural group characteris-
tics (see Table 2). For instance, in the heavy oil 
sequence I → II → III the total size (Со) of mean 
A molecules becomes smaller. The observed chang-
es are due to a decrease in the number of carbon 
atoms in aromatic (Cа) and naphthenic (Cn) struc-
tural fragments of mean molecules and, as a con-
sequence, a decrease in their total cyclic nature 
because of a decrease in the number of both aro-
matic (Kz) and naphthenic (Kn) rings. With re-
spect to the number of C atoms in paraffin frag-
ments, the mean A molecule of oil III is distin-
guished. The number of carbon atoms in its alkyl 
substituents is almost three times larger than the 
number of these atoms in the structure of mean 
A molecules of oils I and II. According to the calcu-
lation results, the mean molecules of A under inves-

tigation are mainly composed of three blocks (ma). 
At the same time, the molecules composed of four 
blocks get into A of oils and II (35 and 8 rel%, re-
spectively), while two-blocked molecules can be 
present in A of oil III (39 rel%). 

The framework of middle structural blocks in 
all the cases is composed of a polycyclic core con-
taining aromatic and naphthenic rings, and alkyl 
fragments. However, the structural blocks of 
mean molecules of the studied A differ from each 
other in total cycle content (Kо*) and in the con-
tent of carbon atoms in alkyl fragments (Cp*) (see 
Table 2). For instance, the middle structural block 
of the A molecules of oil III is characterised by 
the lowest total number of rings in the naphthe-
noaromatic system (Kо* = 6.54 against 9.39 and 
7.28) and the largest number of carbon atoms in 
alkyl substituents (Cp* = 5.32 against 1.59 and 
1.69). Differences are observed also in the compo-
sition of a polycyclic system of the middle struc-
tural blocks. With almost equal amounts of aro-
matic rings (Kа*), the structural block of mean 
A molecules of oils I and II contains almost twice 
as many naphthenic cycles as a structural block 
of the mean A molecule of oil III (Kn*). The aro-
matic ring in the structural blocks of mean mol-
ecules of A under study is linked to more than 
four aliphatic carbon atoms (Сα*), which implies 
its internal position in the naphthenoaroamtic 
system [39]. 

The paraffin carbon atoms in the middle 
structural blocks of A molecules of oils I and II 
are included in terminal methyl groups (Сp* = Сγ*). 
This fact points to the predominant presence of 
short alkyl substituents (methyl, ethyl) in the 
A molecules of these oils. The average number of 
carbon atoms in the paraffin fragments of the 
middle structural blocks of the A molecules in 
oil III (Сp* = 5.32) is much larger than their num-

TABLE 4 

Parameters of macrostructure of asphaltenes (A) of heavy oils  
according to X-ray diffraction data 

Sample Parameter

dm, Å dr, Å Lc, Å M La, Å Na fa ϕа

A of oil I 3.61 4.66 14.37 4.98 12.64 4.74 0.29 0.15

A of oil II 4.03 5.30 11.16 3.77 8.46 3.17 0.71 0.44

A of oil III 3.65 4.63 12.47 4.42 10.61 3.98 0.54 0.38

Note. dm – distance between the neighbouring aromatic sheets in a pack; dr – distance be-
tween saturated structural fragments (neighbouring alkyl chains or naphthenic rings) in packs; 
La – average diameter of the aromatic sheet; Lc – average height of the pack of aromatic 
sheets; M – number of aromatic sheets in a pack; Na – average number of aromatic rings in a 
sheet; fa – the degree of asphaltene molecule aromaticity; ϕа – proportion of carbon atoms in 
pack structures
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ber in terminal methyl groups (Сγ* = 1.83), which 
may be evidence of the substantial proportion of 
linear or slightly branched alkyl substituents in 
the structure of asphaltenes of this oil. 

It follows from the distribution of heteroatoms 
(see Table 2) that the structural blocks of mean 
molecules of A under investigation are similar in 
nitrogen content (N*) but differ from each other 
in the concentrations of sulphur (S*) and oxy-
gen (O*). Nitrogen-containing structural blocks 
account for 48–55 % of the total number of blocks 
in mean A molecules. The structural blocks of A 
from oil III are richer in sulphur, while the struc-
tural blocks in A of oil II are richer in oxygen. 
Each structural block of the mean molecule of A 
from oil III contains one sulphur atom, and 34 % 
of the structural blocks of mean A molecule of 
oil II can contain three oxygen atoms each.

It has been determined by means of chemical 
degradation that the structure of A from heavy 
oil contains the fragments bound through –C–S- 
and –C–O-bridges. It follows from the data 
shown in Table 5 that –С–O- and –С–S-bound 
fragments in the molecules of all samples are rep-

resented by a complex mixture of saturated and 
aromatic hydrocarbons and heterorganic com-
pounds. Among both types of bound compounds, 
the list of detected species includes normal and 
branched alkanes, n-alkylcyclopentanes, n-alkyl-
cyclohexanes, hopanes, steranes, n-alkylbenzenes, 
n-alkyltoluenes, phenylalkanes, differing by the 
position at which the phenyl ring is attached to 
the carbon chain, dibenzothiophenes and n-alka-
noic acids. Among ester-bound fragments, the 
ethyl esters of n-alkanoic acids were additionally 
identified, and among sulphur-bound fragments – 
diphenyls, naphthalenes, phenanthrenes. Analy-
sis of the mass spectra of peaks in the chromato-
grams of the products formed through destruc-
tion of ester, ether and sulphide bonds in the 
A molecules of oil III, reconstructed from the cor-
responding set of characteristic molecular ions 
(m/z 68 + 69, 82 + 83, 105, 119), allows assuming 
that monocyclic naphthenes, n-alkyltoluenes and 
n-alkylcylenes have not been detected. A distin-
guishing feature of A in the samples of Permian-
Carboniferous oil is the presence of bound С14–С22 
n-alkylthiophenes in their structure. 

TABLE 5 

Compounds identified in the products of chemical degradation of sulphide and ether bonds  
in the molecules of asphaltenes (A) of heavy oils 

Compounds, m/z С–S-bonds С–О-bonds

A of oil I A of oil II A of oil III A of oil I A of oil II A of oil III

Aliphatic hydrocarbons

n-Alkanes, 57, 71 C14–C30 C14–C32 C16–C32 C13–C27 C14–C30 C16–C32

Branched alkanes, 57, 71 C16–C30 C16–C25 – C13–C24 C13–C24 –

Isoprenoids, 57, 71 C18, C20 C18, C20 C18, C20 C18, C20 C18, C20 C18, C20

n-Alkylcyclopentanes, 68,69 C15–C24 C13–C22 – C14–C24 C12–C21 –

n-Alkylcyclohexanes, 82, 83 C15–C24 C13–C22 – C12–C23 C12–C21 –

Hopanes, 191 С27, С29–С35 С27, С29–С32 C29–C32 С27, С29–С32 С27, С29–С35 C27, C29–C32

Steranes, 217 С27, С29 С27–С31 C27, C29 С27, С29 С27, С28, С30 C27, C29

Aromatic hydrocarbons

n-Alkylbenzenes, 91, 92 C16–C28 C15–C23 C17–C29 C11–C24 C14–C26 C17–C29

n-alkyltoluenes, 105 C16–C26 C15–C22 – C13–C18 C16–C24 –

n-alkylxylenes, 119 C15–C22 C15–C22 – – C17, C18 –

Phenylalkanes, 91 C17–C19 C17–C19 C17–C29 C17–C29 C17–C19 C17–C29

Diphenyls, 154+14 С1, С2 С1–С3 С1, С2 – С0 –

Naphthalenes, 128+14 С0–С3 С1, С2 С1, С2 С0–С3 – –

Phenanthrenes, 178+14 С0–С4 С0–С3 С0, С1 С0–С3 – –

Heteroaromatic compounds

n-Alkylthiophenes, 97 – C14–C22 – – C14–C22 –

Dibenzothiophenes, 184+14 С0–С3 С0 С0 С0, С1 С0 С0

Aliphatic monocarboxylic  
acids, 60 

С14, С16, С18 С14, С16, С18 С16, С18 С14, С16,
 С18 С14, С16, С18 С16, С18

Ethyl esters of alkanoid acids, 88 – – – C18, C20 C14, С16, С18, C20 С16, С18, С20

Note. Dash – not identified.
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The corresponding products of chemical deg-
radation of bonds differ in the molecular mass 
distribution. As an example, the distribution of 
n-alkanes in the products of ether, ester, and sul-
phide bond destruction in the molecules of A 
under investigation is shown in Fig. 4. One can 
see that the maximum of molecular mass distri-
bution of n-alkanes in the products of –С–O- and 
–С–S-bridge destruction in A molecules of oils 
from the Volga-Ural OGP shifts to a higher mo-
lecular region with an increase in the depth of 
host sediments (see Fig. 4, a, d and c, f). The com-
position of n-alkanes identified in the products of 
degradation of A from the oil of the Timan-Pe-
chora OGP is characterised by the presence of 
compounds with a larger number of carbon atoms 
in the molecule (Fig. 4, b, e). 

Analysis of the products of oxidative degrada-
tion of Са in the A molecules allows obtaining the 
information on the presence and composition of 
alkyl chains covalently bound in A structure with 
the aromatic rings of their molecules, on the pres-
ence and length of polymethylene bridges linking 
two aromatic blocks, and on the type of aromatic 
ring condensation [31–36]. According to the data 
of GC-MS analysis, the main representatives of 
oxidised compounds in the products of RICO of 
all A samples of heavy oils are monocarboxylic 
alkanoic acids of normal and branched structure, 
α,ω-dicarboxylic acids and naphthenic acids, iden
tified in the form of their methyl esters (m/z 74, 
88, 98 and 191, respectively).

The formation of monocarboxylic acids points 
to the fact that A under investigation contain the 
side paraffin chains directly attached to the ben-
zene ring. Most of the identified acids are linear 
С10–С33 fatty acids. This allows us to conclude 
that the alkyl chains of normal structure are the 
major structural fragments of the molecules of A 
under study. These fragments are side chains 
with 9 to 32 carbon atoms. Exhibiting the similar-
ity of the qualitative composition of n-alkanoic 
acids, the samples under study differ in their mo-
lecular mass distribution. Thus, a specific feature 
of the A sample of oil II is a shift of the molecular 
mass distribution of identified compounds to lower 
molecular homologues with the composition С8–С15. 

The presence of branched compounds in the 
mixture of fatty acids indicated that along with 
n-alkyl fragments, also 2-methylalkanes with 
С9–С30 composition and isoprenoid С15, С19 and 
С20 alkanes are directly bound with the aromatic 
ring in the macrostructure of A under investi-
gation. 

Diacids, identified as α,ω-dicatboxylic acids, 
are the products of oxidative degradation of aro-
matic rings linked to each other through several 
linearly bound carbon atoms. Their similar com-
position (С11–С24) provides evidence that A under 
investigation do not differ in the number of car-
bon atoms in polymethylene chains (–CH2–)n 
binding aromatic fragments in their macrostruc-
ture. The distribution of dicarboxylic acids in the 
products of A oxidation goes in phase with the 
distribution of normal monocarboxylic acids. For 
the samples of A from oils of the Volga-Ural 
OGP, a similar type of the molecular mass distri-
bution of saturated dicarboxylic acids is observed, 
while for A sample from the oil of the Timan-
Pechora OGP a shift of the molecular mass distri-
bution to lower molecular region is detected. 

Naphthenic acids are represented by tri- and 
pentacyclic compounds (Fig. 5). Their formation 
points to the presence of typical biomarkers, 
namely cheilanthanes and hopanes, in the struc-
ture of A under investigation. Comparing the cor-
responding mass chromatograms, we may con-
clude that A are characterised by similar compo-
sition of naphthenic acids but differ in their 
quantitative proportion. Tricyclic acids of all the 
studied samples are represented by the compounds 
with composition C22–C24, while pentacyclic acids 
С27, C29–C33. However, pentacyclic acids dominate 
among the naphthenic acids of A from the Per-
mian-Carboniferous oil, while tricyclic acids pre-
vail among the naphthenic acids of A from the 
Devonian oil. The lowest content of both types of 
identified acids is observed for A of oil from the 
Permian sediments. 

CONCLUSION

The structural arrangement of asphaltene sub-
stances of heavy Paleozoic oil, sampled from dif-
ferent oil and gas mining regions differing in the 
age of host sediments (Permian, Permian-Carbon-
iferous, and Devonian) and in the content of com-
ponents and heteroatoms, has been studied. 

It is shown that: 
1. Asphaltenes under investigation are mainly 

amorphous, without clearly pronounced stacking 
formations, but exhibit variations in surface mor-
phology. The asphaltenes of oil from the Permian 
sediments are characterised by smooth surface 
due to the presence of macromolecular structures 
formed by particles (nanoaggregates) of irregular 
shapes, mainly 0.1–0.3 μm in size, while the as-
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phaltenes of oil from Permian-Carboniferous and 
Devonian reservoirs have loose and porous surface, 
with smaller aggregates (mainly 0.05–0.15 μm). 
The revealed differences are most clearly mani-

fested for the asphaltenes of Permian-Carbonif-
erous oil. 

2. The crystallites of asphaltenes under study 
have the close values of parameters characteris-

Fig. 4. Distribution of n-alkanes in the products of destruction of ether (a–c) and sulphide bonds (d–f) in the molecules of 
asphaltenes of heavy oils I–III. Pr – pristane; Ph – phytane; Phl – phthalate.
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ing the thickness, average diameter and a num-
ber of aromatic layers in the pack core, the dis-
tance between aromatic layers and saturated 
fragments, but differ in the parameters charac-
terising the degree of aromaticity of asphaltene 
molecules and the degree of pack arrangement of 
carbon atoms. Higher values for the macromole-
cules of asphaltenes from the Permian-Carbonif-
erous oil provide evidence of their high crystal-
linity degree. 

3. Passing from the Permian to Devonian sed-
iments, the average molecular mass of asphaltenes 
decreases, and the total sizes of their mean mol-

ecules become smaller. This is related to a de-
crease in the number of structural blocks in as-
phaltene composition: the blocks become more 
compact due to a decrease in the total number of 
rings in the naphthenoaromatic system, mainly 
naphthene rings. In this situation, the number of 
carbon atoms in the paraffin fragments of the 
structural blocks of mean asphaltene molecules 
increases. The changes in the structural parame-
ters of of molecules are most clearly pronounced 
for the asphaltene components of oil from the 
Devonian sediments. Substantial amounts of het-
eroatoms in the structural blocks of mean asphal-

Fig. 5. Mass chromatograms over m/z 191 RICO-products of asphaltenes of heavy oils I (a), II (b) and III (с).
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tene molecules point to the important role played 
by heteroaromatic rings in the formation of as-
phaltene components of heavy oils. 

4. Asphaltenes of heavy oils contain structural 
fragments linked through sulphide, ether, ester, 
methylene and polymethylene bridges. Among 
the compounds bound in asphaltene molecules by 
either ether, ester or sulphide bonds, there are 
n-alkanes, n-alkylcyclopentanes. n-alkylcyclohex-
anes, hopanes, n-alkylbenzenes, n-alkyltoluenes, 
n-alkanoic acids and dibenzothiophenes. A distin-
guishing feature of asphaltene molecules from 
the Permian-Carboniferous oil is the presence of 
so-called bound n-alkylthiophenes. The sample 
representatives of sulphur- and ether-bound satu-
rated and aromatic hydrocarbons in the structure 
of asphaltene molecules from heavy oils have sim-
ilar composition but differ in the molecular mass 
distribution. Normal and branched alkanes, tri-
cylic and pentacyclic terpanes are linked direct-
ly to the naphthenoaromatic core of asphaltene 
molecules. The structure of asphaltene molecules 
also contains aromatic fragments linked through 
long polymethylene bridges. 

The results of investigation point to the impor-
tant role of the nature of initial oil-source sub-
stance and catagenic transformations of oil sys-
tems in the formation of composition and struc-
ture of oil components. 

The data obtained in the work can be used to 
develop new technological decisions for heavy oil 
refining and for predicting the quality of petro-
leum products. 
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