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A B S T R A C T   

The lack of information about the chemical composition and structure of asphaltenes in crude oil, which has a 
sufficient share in the economy of Azerbaijan, complicates its processing and use. As a first attempt, this research 
is devoted to the detailed analysis of the average molecular structure and properties of asphaltenes isolated from 
crude oil samples collected from the Zaglı oil field using the integrated application of high-sensitivity devices 
such as Nuclear Magnetic Resonance (NMR), Ultraviolet–Visible (UV–Vis), Fourier Transform Infrared (FTIR) 
spectroscopy, X-ray diffraction analysis, Elemental analysis, Scanning Electron Microscope (SEM), Differential 
Thermal Analysis (DTA), Dynamic Light Scattering (DLS). The average molecular formula of asphaltene mono-
mer was determined to be C49.5H55O3.04N0.95S2. An island architecture with one polycyclic aromatic hydrocarbon 
(PAH) in each molecule of this compound is predominant. Amorphous asphaltene molecule contains vanadium- 
based porphyrins, –COOH group, disulfide (− S-S-) linkage. It was found that asphaltene of crude oil is stable up 
to 406 ◦C. The three-stage pyrolysis process in the temperature range of 406–818 ◦C resulted in the formation of 
12.58 % coke. Due to the absence of free radicals in the range of 25–100 ℃, the asphaltene sample is dielectric. 
The decrease of monodispersity with particle growth in asphaltene compound in different solvents was analyzed 
by dynamic and static light scattering. The HOMO-LUMO energy gap of the asphaltene molecule was 2.666 eV, 
indicating high stability. The knowledge gained about the chemical composition and molecular structure of 
asphaltenes can help prevent problems arising in oil production and refining processes.   

1. Introductıon 

The Republic of Azerbaijan is famous for its oil wells, which have a 
rich chemical composition. Since the 80 s of the last century, the study of 
the properties of oil and oil products (for example, composition, struc-
ture, spectral-luminescence, heat, etc.) made it possible to develop new 
technological schemes for purchasing affordable products (fuel, lubri-
cants, etc.). On the other hand, it is known that the reprocessing of tar- 
asphalten substances contained in oil and oil residues is the basis of their 
efficient use. 

The chemical composition and molecular structure of asphaltenes 

provide information on aggregation/precipitation processes. These 
processes cause serious problems in the oil industry and complicate the 
production and processing of oils [1–3]. Dickakian and Seay [4] showed 
that the main factors hindering the processes of thermal conversion of 
oil in an oil refinery are precipitation and carbonization of asphaltene. 
Undesirable carbonization negatively affects productivity and reduces 
economic efficiency in conversion processes by lowering heat transfer 
coefficients. Asphaltenes prevent the separation of water from oils, 
creating water–oil emulsions [5–7]. 

Asphaltenes are composed of condensed polycyclic aromatic hy-
drocarbons, molecules with heteroatoms, paraffin and naphthenic 
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chains of various sizes, shapes and structures. These large molecules 
include carbon, hydrogen, nitrogen, oxygen, and sulfur, and small 
amounts of iron, vanadium, and nickel [8–12]. The amount of hydrogen 
and carbon in asphaltenes separated from various oils is in the range of 
8.1 ± 0.7 % and 82 ± 3 %, respectively and the hydrogen/carbon (H/C) 
ratio, which is almost constant, is in the range of 1.15 ± 0.05 %. The 
amount of heteroatomic compounds varies between oxygen 0.3–4.9 %, 
sulfur 0.3–10.3 % and nitrogen 0.6–3.3 %. These molecules also contain 
thiophene, pyrrole, pyridine, quinoline rings and functional groups such 
as hydroxyl, carbonyl, carboxyl, sulfide, sulfoxide, and porphyrins 
containing nickel and vanadium [13–15]. 

Asphaltenes are compounds characterized by a high degree of 
aromaticity and polydispersity. The size and complexity of molecules 
determine solubility. Taking into account these parameters, asphaltenes 
are soluble in aromatic solvents such as toluene, benzene, and pyridine, 
but are insoluble in low-boiling paraffins [16–18]. 

Since the gensis of crude oil depends on a number of factors, the 
amount and structure of asphaltenes vary in oils obtained from different 
sources. Several types of structures have been proposed to define the 
complex asphaltene molecule. The structure of the asphaltene molecule 
is described by two different models: the continental or “island” model 
and the archipelago model. In the “island” model proposed by Yen and 
Mullins, the asphaltene molecule consists of condensed aromatic rings 
surrounded by an aliphatic chain. In the “archipelago” model proposed 
by Murgic, the condensed aromatic rings of asphaltene are inter-
connected by short aliphatic side chains and sometimes by polar bridges 
[19–22]. 

Significant differences were found in the chemical structure and 
properties of asphaltene deposits formed during the transportation, 
storage and processing of crude oil. Thus, asphaltene samples obtained 
from stored oils have high polarity, they have more heteroatoms, and 
less substituted aromatic structures [23]. 

Due to their structure and composition, asphaltenes tend to form 
aggregates of different sizes due to numerous intermolecular forces 
(hydrogen bonds, acid-base, donor–acceptor, dipole–dipole, π-complex 
exchange, polarization induction forces, van der Waals hydrophobic 
forces and electrostatic attraction of molecules). Therefore, depending 
on the amount of asphaltenes in the oil, they can be in the form of 
molecular states, nanoaggregates and clusters [24–27]. 

On the other hand, the cause of asphaltene precipitation in oils can 
be determined by the change in ionization potential and electrical 
conductivity. Electrical conductivity is an important factor in the 
explanation of the interaction of asphaltenes with other components of 
crude oil. The electrical properties of asphaltenes are affected by many 
parameters such as the origin/composition of crude oil, electrical 
properties of various components of oil, solvents, pH and electric field 
voltage [28–32]. 

Physico-chemical characteristics and structural parameters of sepa-
rated asphaltenes from crude oils are determined in a complex way by a 
number of analytical methods (elemental analysis, X-ray diffraction 
analysis, NMR, UV–Vis and FTIR spectroscopy, mass spectrometry, 
ICP–MS and SEM). Based on the obtained data, the structural model of 
the average asphaltene molecule was determined [33–41]. 

The condensed aromatic hydrocarbons and porphyrins contained in 
asphaltene were studied by UV–Vis spectrophotometer at a wavelength 
of 190–1100 nm in different solvents (cyclohexane, acetonitrile and 
HCO) [42,43]. Aromatic hydrocarbons and their average molecular 
structures were determined in asphaltenes and tars using FTIR spec-
troscopy. The infrared spectra of asphaltene and tar were theoretically 
and practically compared and a linear correlation was obtained [44]. 

The lack of involvement of other physicochemical analysis methods 
in the research is one of the drawbacks of the work. 

The structure of asphaltene was studied by means of a mass spec-
trometry under atmospheric pressure and photoionization conditions 
[45]. In order to identify the main aromatic structures, the dissociation 
process was carried out by means of infrared multiphoton. In this study, 

there was no complex approach for the analysis of the structure, and the 
fragments to describe the structure were not clearly given. 

The properties of asphaltenes, including the tar-asphaltenic mole-
cules (TAM) contained in the oils of different regions of Azerbaijan, have 
been partially studied due to the lack of a perfect scientific-methodical 
and instrumental-analytical base. These include the offshore oil wells 
such as Darwin Kupesi, Guneshli, Sangachal, Neft Dasları, and Alat, as 
well as onshore oil wells such as Yaglı Balakhani, Surakhani, Jafarli, 
Shikhabi and healing Naftalan [46,47]. 

TAM structure-group compositions of Darwin Kupesi, Guneshli, and 
Sangachal oils were studied by proton magnetic resonance and X-ray 
spectroscopy [48–50]. 80–85 % of the composition of asphaltene mol-
ecules consists of carbon atoms that play the role of a framework. 

The ratio of carbon to hydrogen (C/H) in the asphaltene molecule of 
oils obtained from offshore deposits varies in the range of 3.16–3.32. 
The asphaltenes of Guneshli oil are more crystalline than the asphaltenes 
of Darwin Kupesi oil. Asphaltenes of oils obtained from the Chirag field 
are amorphous. In addition, alcohol fragments were found in the 
asphaltene of Darwin-Kupesi and Guneshli oils, and simple ether bridges 
were found in the polycycloarene structure of the asphaltene molecule 
of Jafarli oil. The increase in the degree of aromaticity in the asphaltene 
component of these oils (Ca = 4.8–5.3) is related to the condensation of 
individual benzene rings into bi- and polycyclic aromatic structures. 
Asphaltene molecules of Shikhbi and Alat offshore oils do not contain 
aliphatic fragments longer than methyl moiety [51]. 

In asphaltene molecules of these oils, the proportion of carbon ranges 
from 26-41 % in aromatic structures and 13–68 % in naphthenes. On 
average, the composition of asphaltene is composed of polycyclic blocks 
with 2–3 rings. The triarene (phenanthrene) core dominates in the 
asphaltenes of Darwin-Kupesi and Jafarli oil fields. According to the 
calculations, polyarene nuclei in asphaltene molecules consist of 3 
homo- and heteroaromatic rings (Ka = 2.1–3.1). Each of these polyarene 
cores (Ksat = 2.9–9.7) is united with saturated rings, and the total 
number of saturated rings in the molecule is Ksat = 5.2–12.8. The 
asphaltene molecules of Sangachal marine oils differ from the asphal-
tenes of other oils by the presence of a naphthenic ring. There are almost 
no asphaltenes in the paraffinic oils of Azerbaijan, such as Surakhanı, 
oily Balakhanı, and Bibiheybat [52]. 

The method of thermal analysis (TG and DTA) is used to determine 
the temperature-dependent changes in the physicochemical properties 
of asphaltenes and to study the amount of coke formed during their 
pyrolysis. Kinetic studies show that the thermal decomposition of 
asphaltenes is a first-order reaction and the formation of coke occurs 
rapidly at temperatures above 499 ◦C [53,54]. 

By means of quantum chemical calculations, which have become 
very relevant in recent times, it is possible to predict the molecular 
structure of asphaltene based on the study of important parameters such 
as the bond lengths and angle degrees in the asphaltene molecule, 
EHOMO, ELUMO, ΔEgap, chemical hardness, chemical softness, electro-
negativity, chemical potential, electrophilicity index, ionization poten-
tial, and electron affinity. [55,56]. Some scientific research conducted 
partially informs about the chemical composition of asphaltenes in the 
oils of the sea deposits of Azerbaijan. 

Due to the depletion of oil reserves in most of the above-mentioned 
oil wells, there is a need to process high-yield Zagli crude oil. The lack of 
information about the amount and structure of the asphaltene compo-
nent in Zagli oil, which has a sufficient share in Azerbaijan’s oil pro-
duction, complicates its processing and the purposeful use of the 
obtained products. 

Unlike the previous studies, in the presented research work, for the 
first time, the average molecular structure, chemical composition, 
thermal and electrical properties of asphaltene separated from the oil of 
the onshore Zaglı field of Azerbaijan (AZO) were comprehensively 
studied, the dimensions of the aggregates were determined in different 
solvents, and the theoretical calculations of the structure were carried 
out. The research work was carried out with the complex application of 
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analytical techniques such as elemental analysis, FTIR, NMR, UB-Vis 
spectroscopy, XRD, SEM, DLS, and DTA. The methodology is pre-
sented in the second section, and the results of the spectroscopic analysis 
are discussed in the third section. 

2. Experimental section 

Asphaltenes of Zaglı oil were separated using the standard ASTM 
procedure, ASTM D6560-12 [57]. First of all, we dissolve 50 g of crude 
oil in n-heptane at a ratio of 1:40 and keep it in the dark for a day. Then 
that solution is filtered through Whatman filter paper (brand 42, d =
125) and extracted with heptane until it turns white again, placed in a 
soxhlet together with the filter paper. At this time, hydrocarbons and tar 
deposited on asphaltene are cleaned. The sample is dried in an oven at a 
temperature close to 100 ◦C in an inert nitrogen atmosphere for 45 min. 

Elemental analysis was performed on an American-made Leco Cor-
poration 3000 Lake instrument, model N◦630-200-200. 

The IR-spectrum of the asphaltene sample separated from Zaglı oil 
was recorded on a zinc-selenide crystal at room temperature in the 
Alpha Fourier spectrophotometer manufactured by the German com-
pany BRUKER in the wave number range of 400–4000 cm− 1. 

1H NMR, 13C NMR spectra of the studied asphaltene were recorded at 
20 ◦C on a BRUKER-Fourier (300 MHz) spectrometer. Tetramethylsilane 
(TMS) was used as an internal standard and deuterated chloroform was 
used as a solvent (concentration: 1H NMR ~ 2 %, 13C NMR ~ 7 %). 

To study the electronic structure of asphaltenes, a UV/Vis 6850 
spectrophotometer manufactured by JENWAY was used. The operating 
range of this modern, high-sensitive, dual-beam spectrophotometer is 
190–900 nm, and the optical emission of the device is 0.1 nm. Mercury 
and incandescent lamps are used as excitation sources. The study is 
performed in a 1 cm quartz cuvette at room temperature. Toluene is used 
as a solvent and 1 and 0.01 %wt. asphaltene solutions are prepared. 

Thermal properties of asphaltene of Zagli oil (TG/DTG/DTA) were 
determined on a synchronous STA449F3 Jupiter thermoanalyzer 
(NETZSCH, Germany) in thermoprogrammed dynamic mode, in an inert 
environment (nitrogen), starting from room temperature, with a tem-
perature increase of 10 ◦C/min from 23 to 1000 ◦C temperature range. 
The inert gas (N2) flow rate was 20 ml/min, and the amount of sample 
used was 7–10 mg. 

The X-ray phase composition of the asphaltene sample was deter-
mined in X-Ray TD-3500 diffractometer (manufactured in China) using 
a monochromatic set of X-rays (CuKα, α = λ = 1.5406Ǻ) and Ni- filter 
was taken at room temperature in 2θ = 5-90◦ angle interval. 

An electron scanning microscope Hitachi S-3400 N with an atomic 
analyzer OXFORD Instruments was used for photomicrographs of the 
analyzed asphaltene sample. 

Asphaltene particle size change analysis was performed by solvent- 
dependent dynamic light scattering (DLS) (HORIBA LB-550, Japan). 
The size range is 1–6 µm. Measurements were made at a temperature of 
298 K using a laser diode light source with a power of 5 mW at a 
wavelength of 650 nm. Using three different solvents (octane, xylene, 
ethanol) for measurements, solutions of the same concentration (0.1 % 
wt.) were taken, the diffusion coefficients were 1.02, 3.22, and 5.24 m2/ 
s, respectively. During the DLS measurement, the value of the diffusion 
coefficient is given by the device depending on the size of the particles. 

The entire calculations conducted in the present work were per-
formed at the DFT/B3LYP level in the ORCA-4.2.1 package program 
with a 6-311G(d,p) basis set. 

The physicochemical properties of Zaglı oil are given in Table 1. This 
heavy oil contains 11.6 and 1.6 % of tar and asphaltene, respectively 

[57–62]. 
After purifying Zaglı oil from asphaltenes, it was separated into hy-

drocarbon content [63–65] by means of liquid adsorption chromatog-
raphy. The composition of this oil consists of 32.6 % paraffin, 7.9 % 
naphthene, and 46.3 % aromatic hydrocarbons. 11.6 % by mass of its 
composition is resin and 1.6 % by mass is asphaltene. 

The average molecular mass of asphaltene separated from Zaglı oil 
was 776, and it was determined by the cryoscopy method in naphtha-
lene solvent. This method is based on measuring the crystallization 
temperature of asphaltene in the solution by recording the temperature 
change during the cooling of the asphaltene solution dissolved in 
naphthalene [66]. 

3. Results and discussion 

The IR-spectrum of asphaltene separated from Zagli crude oil was 
taken and its functional groups were studied (Fig. 1). The peaks recorded 
in the spectrum are given in Table 2 [67–69]. 

It should also be noted that the peak at the 3332 cm− 1 absorption 
band corresponds to the stretching vibration of N–H and H-O bonds 
coincides. 

1H and 13C NMR spectra of the investigated asphaltene are shown in 
Figs. 2 and 3. 

In the 1H NMR spectrum of asphaltene, the hydrogen signals of CH3 
groups belonging to the linear or branched alkyl fragment are observed 
at around 0.91 ppm, which corresponds to the literature data, according 
to which the mentioned signal is observed at 0.50–1.00 ppm [71–73]. In 
literature sources [74], the signals related to CH3 groups attached to the 
aromatic ring in the α-position are found in the interval of 2.3–2.6 ppm 
(Fig. 2). On the other hand, signals corresponding to hydrogen atoms of 
CH– and –CH2 groups attached to the aromatic nucleus are observed in 
the interval of 2.5–3.5 ppm. If we look at the spectrum of asphaltene, it is 
possible to say that the signal recorded in the area of 2.2–2.6 ppm cor-
responds to the CH3 group attached to the aromatic ring and the signal 
observed in the 2.6–3.3 ppm interval corresponds to hydrogen atoms 
belonging to CH– and –CH2 groups attached to the aromatic nucleus. It 
should also be noted that the CH2 group attached to the S atom is also 
observed in the same interval (2.4–3.5 ppm) [75,76]. In the spectra, the 
signals related to CH3 and aliphatic CH2 groups combined in the β-po-
sition to the aromatic core are recorded around 1.27 ppm, which cor-
responds to the literature data, according to which the mentioned 
signals are observed in intervals of 1.0–1.7 ppm. The signals of hydrogen 
atoms belonging to β-CH– and CH2 groups linking to naphthenic hy-
drocarbons and some hydroaromatic compounds are observed at 1.7 
ppm, which also corresponds to the literature data (1.7–1.9 ppm) [77]. 
In general, the aliphatic hydrogen signals are observed in the interval of 
0.5–4.5 ppm [78]. According to the literature source [130], mono- 
aromatic protons in the spectrum are observed in the area of 6.0–7.0 
ppm, while the signals related to di-, tri-, and tetra-aromatic protons are 
recorded in the 7.0–9.1 ppm interval. In addition, the signal recorded at 
9.94 ppm corresponds to NH, whereas the signal observed at 11.76 ppm 
corresponds to the hydrogen atom of the carboxyl group. 

The 13C NMR spectrum of the sample was identified based on liter-
ature sources [79,80]. The signals recorded at 13.64 and 14.17 ppm 
belong to the carbon atom of the terminal CH3 group of the aliphatic 
chain containing three carbon atoms (Fig. 3). The carbon atoms of the 
CH2 group owned by the aliphatic chain and naphthenic ring are 
observed at 29.76, 23.18, 25.50, 24.62, 25.50, 26.76, 29.20, 29.76, 
29.11, 29.73, 30.11, 32.03 and 34.34 ppm. The observed signal at 38.73 
ppm refers to the carbon atom combined with sulfur, and the recorded 

Table 1 
Physico-chemical properties of Zagli oil.  

Density, kg/m3, 20 ◦C Kinetic viscosity m2/s, 20 ◦C Quantity of sulfur, % Ignition temperature 0C Freezing temperature, 0C Asphaltene, % mass. Tar, % mass. 

847.9 5.0298 0.1588 +9 − 30 1.6 11.6  
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signal at 53.08 ppm refers to the carbon atom combined with nitrogen. 
The signals, recorded at 47.74 and 49.22 ppm, correspond to the carbon 
atoms belonging to the naphthene ring attached to the aromatic nucleus, 
whereas the signals observed at 73.21 and 81.89 ppm belong to the 
carbon atoms of the saturated ring connected to the oxygen atom. Sig-
nals for carbon atoms belonging to the aromatic core are observed at 
115.40, 117.59, 118.59, 121.99, 126.38, 127.38, 128.18, 128.98, 
131.17, 132.17, 132.97, 134.57, 137.16 and 138.16 ppm. The signal, 
recorded at 169.73 ppm, corresponds to the carbon atom of the carboxyl 
group. 

In this section, the structural group analyses were performed based 
on the results of molecular weight, elemental analysis, 1H NMR, 13C 
NMR and FTIR analysis. Structure-group analyses were calculated based 
on available literature sources [80–85]. The amount of C, H, N, S, and O 
elements of asphaltene was determined by the method of elemental 
analysis, according to which the following was found: C 75.6 %, H 7.0 %, 
O 6.2 %, N 1.7 %, S 8.1 %. 

The results obtained from elemental analysis and molecular weight 

were used to determine the chemical structure of asphaltene. 
The numbers of other atoms were found in the same way: C- 49.50, 

H- 55.00, O- 3.04, N- 0.95, S- 2.00. Comparing the number of elements, 
it can be seen that the number of oxygen in the asphaltene molecule is 
more than other heteroatoms. Based on the results of the calculations, 
the empirical formula of the investigated asphaltene can be written as 
C49.5H55O3.04N0.95S2. 

The relative distribution of hydrogen by structural groups in the 1H 
NMR spectrum was calculated based on integral ratios. The structural- 
group parameters of the studied asphaltene are given in Table 3. 

Comparing the relative distribution of hydrogens [79] shows that the 
main difference is in the relative share of Hp and Har hydrogens. Thus, 
the relative share of hydrogens belonging to the paraffin fragment is 
about 10 % more, and the relative share of hydrogens belonging to the 
aromatic fragment is about 9 % less. There is no significant difference in 
the relative distribution of hydrogen atoms belonging to the Hα and Hγ 
fragments. 

According to the results of IR, NMR, elemental analysis and 
structure-group analysis, the approximate molecular structure of the 
investigated asphaltene can be described in two ways: 

Fig. 1. IR spectrum of asphaltene of Zagli oil.  

Table 2 
Bands and corresponding chemical bonds observed in the ATR-FTIR spectrum of 
asphaltene of Zagli oil.  

Wavenumber, 
cm− 1 

Comments References 

427, 470 stretching vibration of S-S bond (weak) [68] 
572 stretching vibration of S-C bond (weak) [68] 
747, 805, 868 deformation vibration of the C–H bond of the 

aromatic ring 
[67,70] 

1028 stretching vibration of the C-O bond of acid [70,88] 
1371, 1449 deformation vibration of the C–H bond of CH3 

and CH2 groups 
[67] 

1596 stretching vibration of the C–C bond of the 
aromatic ring 

[69,70] 

1651 deformation vibration of N–H bond (weak) [68] 
3332 stretching vibration of N–H bond (weak) [68] 
3332 stretching vibration of the H-O bond of acid [69] 
1691 stretching vibration of the C = O bond of the 

carbonyl group 
[67] 

2848, 2916 stretching vibration of the C–H bond of CH3 and 
CH2 groups 

[67,69] 

3049 stretching vibration of the C–H bond of the 
aromatic ring 

[70]  

Fig. 2. 1H NMR spectrum of asphaltene of Zagli oil.  
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Fig. 3. 13C NMR spectrum of asphaltene of Zagli oil.  

Table 3 
Structural-group parameters of asphaltene of Zagli oil. Relative distribution and number of hydrogen atoms (Hα, Hn, Hp, Hγ, Har, NH, COOH, far), number of rings (Rt, 
Rar, Rs), number of carbon atoms (Cα, Cn, Cp, Cγ, Car, COOH).  

Relative distribution of hydrogen (%)  

Hα Hn Hp Hγ Har NH COOH far  

13.93 9.75 30.01 20.27 20.35 1.41 1.28 0.53  
The number of hydrogen atoms  

7.7 5.4 16.5 11.1 12.8 0.8 0.7   
The number of rings The number of carbon atoms 

Rt Rar Rs Cα Cn Cp Cγ Car COOH 

10.1 5.9 3.7 3.8 6.7 8.6 3.7 25.7 1.0 

Hα – hydrogen atoms attached to the aromatic ring in the α position; 
Hn – hydrogen atoms belonging to the naphthenic fragment; 
Hp – hydrogen atoms belonging to the paraffin fragment; 
Hγ – hydrogen atoms belonging to terminal methyl groups; 
Har – hydrogen atoms belonging to the aromatic nucleus; 
far – degree of aromaticity. 
Rt – total number of rings; 
Rar – the number of aromatic rings; 
Rs – the number of saturated rings; 
Cα – the number of carbon atoms bonded to the aromatic ring in the α position; 
Cn – number of carbon atoms belonging to saturated rings; 
Cp – the number of carbon atoms belonging to the paraffin fragment; 
Cγ – the number of carbon atoms belonging to the terminal methyl groups; 
Car – the number of carbon atoms belonging to the aromatic nucleus. 
Chc– the number of carbons belonging to a hydrocarbon fragment. 
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Comparing the proposed structures with the results of structural 
group analysis, we see that the number of heteroatoms (N, S, O) is the 
same. According to the results of the analysis, there are 3.7 terminal 
methyl groups. There are 4 terminal methyl groups in As1 and 3 in As2. 
The number of aromatic rings is the same in the analysis results (5.9) and 
in the proposed structures (6). As1 and As2 have 24 aromatic carbon 
atoms, which is close to the results of the analysis (25.7). The presence of 
some discrepancy in the saturated fragments can be explained by the 
shifting of the carbon and hydrogen signals attached to the heteroatoms 
towards the weak area in the spectrum. As1 compound has 7 carbon 
atoms attached to heteroatoms. The other 42 carbon atoms belong to the 
hydrocarbon fragment (Chc), which is confirmed in equation 8 (Chc =

41.7). Thus, as a general result of the structural-group analysis, it can be 
noted that the average molecular structure of the studied asphaltene has 
a total of 49.5 carbon and 55 hydrogen atoms. The aliphatic chain (Cα, 
Cp, Cγ) has only 16.1 number of carbon atoms. The number of total rings 
is 10.1, the number of saturated rings is 4.2, and the number of aromatic 
rings is 5.9. The number of carbon atoms in the naphthenic fragment is 
6.7, and 25.7 in the aromatic fragment. 

As a result of the spectroscopic studies, it can be assumed that the 
average molecular structure of the asphaltene sample separated from 
Zagli oil corresponds to the continental model [24,25]. 

The X-ray diffraction method was used to fundamentally study the 
structure of asphaltenes. As a result of X-ray diffraction analysis of the 
asphaltene sample of Zagli oil, peaks at 2θ → 21.394◦, 23.818◦, 31.613◦, 
39.211◦ angles are observed in the diffractogram (Fig. 4), which rep-
resents the scattering pattern of both phases, viz the amorphous and 
crystalline, of the asphaltene sample. The angle 2θ = 21.394◦ appearing 
in the γ band in the spectrum belongs to the aliphatic part, and 2θ =
23.818◦ in the graphene band belongs to the aromatic part. The third 
diffraction peak associated with the aromatic layers of asphaltenes is 
observed at 2θ = 39.211◦. The presence of crystal planes in the radio-
graph of petroleum asphaltene is indicated by straight lines. 

Petroleum asphaltenes give diffraction of X-ray reflection similar to 
amorphous substances, and since the composition and quantity of the 
crystalline phase are small, the boundary of this phase can be marked 
with a straight line in the diffractogram [86,87]. 

Thus, the presented data allow us to make certain recommendations 
in the study of the amorphous-crystalline phase composition of carbo-
naceous materials without diamond-like structures. 

Three asphaltene solutions with different concentrations were used 
to clearly obtain the UV–Vis spectra of the complex asphaltene 
compound. 

Since more energy is required for electron transitions of saturated 
substances, their absorption bands are not recorded in the UV–Vis 
spectral range (Fig. 5). 

Absorption peaks of aromatic hydrocarbons are observed in this 
spectral region, and as the number of rings in these compounds in-
creases, a shift towards the red region occurs [88–90]. The asphaltene 
solution concentration was reduced to obtain narrower wave peaks. 

In the UV spectrum, the broad complex band of the asphaltene 
molecule in the wavelength range of 200–300 nm can be attributed to 
the presence of aromatic hydrocarbons. As it can be seen from the 
spectra, the peaks of the individual absorption bands of all aromatic 
components overlap. Thus, the absorption peaks recorded in the spectral 
range of 200–250 nm are mainly related to the δ-π * transition and the 
absorption bands of 260, 279 nm are related to the π-π * transition. In the 
spectrum, the Soret band corresponding to the Alg → Eu transition is 
observed at a wavelength of 401 nm and is ascribed to vanadium por-
phine. In porphyrins, these absorption bands result from electronic 
transitions between HOMO and LUMO. The HOMOs were calculated as 
Alg orbitals and the LUMOs as a degenerate set of Eu orbitals. The 
predominance of vanadium porphine in the composition of AZO dis-
tinguishes it from other oils [91,92]. 

Fig. 6 (a and b) shows photomicrographs of asphaltene of Zagli oil 
analyzed by scanning electron microscope. A less porous surface is 
observed in Fig. 6 (a). Agglomerates of various shapes and sizes are 
suitable for asphaltenes. SEM photomicrographs of asphaltenes show 
that the upper surface of the agglomerates are brittle solids. The picture 
shows the scaly surface of the asphaltene and unevenly distributed voids 
on the surface. Tar separation causes voids in the asphaltene layers. 
Asphaltene aggregates consist of particles with a size of 800 μm [93–95]. 

In the lower part of Fig. 6 (a), reticular bands are visible, indicating 
the crystal boundaries of the stacked layers. According to SEM figures, it 
is possible to suggest that the aggregates are particles with a Lamellar 
structure. The element composition of asphaltene particles was analyzed 
by energy dispersive X-ray spectroscopy (EDX) combined with SEM, and 
the elements observed in the sample according to the spectrum are 
shown in Table 4. 

All metals contained in oil are concentrated in tars and asphaltenes. 

Fig. 4. X-ray phase rentgenogram of asphaltene sample.  
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Fig. 5. Electronic absorption spectra of petroleum asphaltene in different concentrations, %wt.: 1––0.01; 2––0.1; 3––1  

Fig. 6. SEM photomicrographs of asphaltene of Zagli oil (a), energy dispersive X-ray spectroscopy (EDX) data combined with SEM (b).  
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Although asphaltenes have an amorphous structure, their semi-
conducting properties are associated with π electrons. Thus, dielectric 
(paraffin, naphthenic and aromatic hydrocarbons) and semiconducting 
(polycyclic aromatic hydrocarbons and porphyrins) components 
interact with each other in asphaltene. For this reason, their energetic 
electronic spectra and properties of electrons correspond to the prop-
erties of crystalline semiconductors. In order to determine the electrical 
properties of asphaltenes, in particular, the charge transfer mechanism, 
it is necessary to study their electronic structure, as well as the degree of 
interaction with each other and with surrounding hydrocarbon mole-
cules [96,97]. 

Donor-acceptor properties were studied based on electronic ab-
sorption spectra in 0.1 g/l asphaltene toluene solution. The ionization 
potential (I) and electronegativity (A) of asphaltenes were calculated 
according to the integral characteristic − the area of the broadband 
signal, the so-called integral oscillator power (ISO). To determine the 
semiconducting nature of petroleum asphaltenes, it is necessary to study 
its electrical conductivity. At room temperature, their electrical con-
ductivity is 10-14 – 10-11 Ω-1m− 1 and the increase in electrical conduc-
tivity is associated with paramagnetic centers [98–100]. 

The value of I is 5.16 eV and the value of A is 2.21 eV. As a result of 
the research conducted in the UV–visible field for asphaltenes, the 
presence of low I and high value for A indicates that the molecule is 
electrically conductive and has donor–acceptor properties. 

Measurements were carried out in an alternating current source at a 
frequency of 1kHs, using a two-contact method, through an E7-20 
bridge, solid state. The specific electrical conductivity of the investi-
gated asphaltene at a temperature of 25 ◦C is 2.42•10-11 Ω-1m− 1, and its 
specific resistance is 4.14•1010 Ω•m. Then, the specific electrical con-
ductivity and resistance of the sample at different temperatures were 
looked at and shown in Table 5. 

It can be seen from Table 5 that an increase in temperature up to 100 
℃ causes a relative increase in specific resistance and specific electrical 
conductivity of the studied asphaltene sample. However, it behaves like 
a dielectric in the temperature range of 25–100 ℃. The reason for this is 
that free radicals are not formed due to the strong carbon bonds. In this 
temperature interval, the value of specific electrical conductivity varies 
in the range ρ = 10-11-10-10. 

According to the thermal analysis performed on AZO, physical pro-
cesses such as softening and liquefaction of the sample occur in the TG/ 
DTG curve as the temperature rises from 23 ◦C. Usually, structural phase 
transitions leading to changes in the size and activity of molecular ag-
gregates of asphaltenes begin at temperatures around 36–38 ◦C, and a 
“critical” temperature is reached in this temperature range (Fig. 7) 
[56,101]. At this time, depending on the structure-composition of the 
studied asphaltene, molecules, that are weakly connected to the surface 
and turned into a light gas, move from one surface to another surface. 
These molecules are located in the spaces between the layers, and in 

connection with this, a relative increase in volume is observed. 
Up to 406 ◦C, the asphaltene sample is thermostable, does not un-

dergo thermochemical conversion, and its mass decreases by 0.09 %. In 
the conducted research works of Karacan et al. and Boytsova et al. [102] 
it was reported about the distillation of alkane and low molecular weight 
aromatic compounds at the temperature of 100–300 ◦C and it was 
mentioned that the degradation of tars started at 200 ◦C. However, the 
reason for such a decrease in mass in the temperature range of 23–406 ◦C 
is the evaporation of the solvent remaining in the asphaltene sample of 
Zagli oil after extraction or the breaking of aliphatic side chains 
(α-methyl and α-methine moieties). 

A three-stage thermochemical process is observed in AZO at tem-
peratures higher than 406 ◦C. In the initial stage of pyrolysis, in the 
temperature range of 406–505 ◦C, the mass of the sample decreases by 
14.63 %. It is assumed that at this stage of pyrolysis, high-molecular 
compounds are degraded: mainly, the breaking of large-molecular 
alkyl bonds and sulfur bridges takes place (Fig. 7). 

The exothermic peak (505 ◦C) observed in the temperature range of 
454–599 ◦C is probably related to the condensation reaction. Most 
likely, this process is related to the oxygen content of asphaltene. In the 
high temperature range of 505–818 ◦C, several stages of pyrolysis occur 
and the mass loss is 72.24 %. Thus, the mass reduction due to thermo-
degradation of the asphaltene sample in the temperature ranges of 
505–638 ◦C and 638–818 ◦C is 37.34 and 34.90 %, respectively. This 
stage of pyrolysis can be associated with polycondensation and coking. 
After the process is finished, the amount of residual coke is 12.58 %. The 
two observed endothermic peaks can be related to the cracking process 
at the phase transitions (Fig. 7). 

The thermal property also depends on the thermal decomposition of 
unstable bonds of heteroatoms (N, S, O and metals) with carbon. The 
stability of crystallites in a wide temperature range can be explained by 
the formation of π-π type donor–acceptor complexes. 

Therefore, TG and DTG data show that the asphaltene molecule is 
stable up to 406 ◦C temperature. In this compound, a 3-stage pyrolysis 
process takes place in the temperature range of 406–818 ◦C and ends 
with the formation of coke. Endothermic peaks may be related to 
degradation reactions, while exothermic peaks may be related to inter-
nal oxidation or condensation. 

At the same time, the diameters of AZO aggregates were studied 
using measurements of dynamic and static light scattering. This study 
was carried out on a solution consisting of three different solvents (oc-
tane, xylene and ethanol) of the same concentration (0.1 %wt.). The 
result of the distribution of asphaltene particles (D) in given solvents is 
shown in Fig. 8. 

Fig. 8 shows the corresponding peaks of asphaltene particles soluble 
in octane, ethanol, and xylene. Thus, the diameter of the aggregates in 
the xylene solution is 21 nm, the monodispersity increases by 2 times 
compared to the ethanol solution, and 5 times compared to the octane 
solution. In ethanol, the particle size increases (76 nm), but its mono-
dispersity decreases. Two peaks were observed in asphaltene aggregates 
in octane solution. Peak I is at 9 nm, peak II is at 100 nm. The first peak 
corresponds to the small cluster and the second peak to the large ag-
gregates. The decrease in monodispersity with increasing particle size 
can be explained by the polarity of the solvent. That is why, with the 
increase in the diameter of the aggregates, their polydispersity also in-
creases [95,103,104]. 

Therefore, the size of the aggregates increases as a result of the 
interaction of the aromatic nuclei of asphaltenes in the octane solution. 
The hydrogen bonds, formed by the interaction of asphaltene with the 
solvent (ethanol), lead to the formation of stable aggregates. In xylene, 

Table 4 
Metals contained in the asphaltene of Zagli oil.  

Metal composition of asphaltene V Ni Fe Ca Co Na Mn Ti Al Mg 

Amount, %  0.06  0.01  0.06  0.01  0.03  0.02  0.04  0.05  0.19  0.02  

Table 5 
Temperature dependence of specific electrical conductivity and specific resis-
tance of asphaltene molecule.  

Temperature, 
◦C 

Specific electrical 
conductivity, 
Ω-1m− 1 

Specific resistance, 
Ω•m 

Resistance, 
Ω 

25  2.42•10-11  4.14•1010  6.53•108 

50  4.76•10-11  2.1•1010  3.3•108 

75  6.2•10-11  1.61•1010  2.25•108 

100  1.16•10-10  8.6•109  1.35•108  
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the π-π interaction between the aromatic ring of asphaltenes and the 
aromatic core of xylene causes deaggregation and monodispersity in-
creases. In general, the molecular architecture of asphaltenes (eg, the 
number and length of chains), the number and position of heteroatoms, 
and the number and size of aromatic nuclei are the main factors affecting 
aggregation behaviour. Thus, they all represent the aggregation 
behaviour of asphaltenes [105,106]. 

Theoretical calculations of the proposed structures (As1, As2) were 
performed using the Density Functional Theory (DFT) method, impor-
tant parameters such as EHOMO, ELUMO, chemical hardness (η), chemical 

softness (σ), electronegativity (λ), chemical potential (μ), electrophi-
licity index (ω), ionization potential (I) and electron affinity (A) were 
studied based on literature sources [107–109]. The optimized structures 
are shown in Fig. 9. 

Based on the optimized structure, it was determined that the longest 
bond (2.0832 Å) in compound As1 is between S-S. Interestingly, the 
length of the C-S bonds in the molecule is different. Thus, while the C38- 
S2 bond length is 1.8444 Å, the C27-S1 bond length is 1.7954 Å. This is 
because the aromatic nucleus attracts S1 towards itself. The same situ-
ation is observed in N-C bonds. The length of the N-C19 bond (1.4673 Å) 
is shorter than the N-C12 bond (1.5007 Å) due to the attraction of the 
electron density of the aromatic core. The smallest angle degree 
(97.8849◦) is the C12-C11-C14 angle, where (N-C12-C11-C14) 41.9576◦

torsion is observed. Another noteworthy point is the observation of 
− 95.7101◦ torsion in bonds C27-S1-S2-C38. 

In the As2 molecule, the C4-C7-S1 (111.9965◦) and the C3-C19-S2 
angles (114.4674◦) are different. This is because oxygen (O1) attracts 
C19 towards itself with a bond length of 1.4143 Å. There is a small 
difference (0.0042 Å) in the length of the C-S bonds (S2-C19 and S1-C7). 
The longest bond (2.0897 Å) in the As2 molecule is the S-S bond. The 
smallest angle degree (96.5542◦) is the angle S1-S2-C19. In this mole-
cule, it is noteworthy that the sulfur atoms break the plane. 68.6476◦

torsion is observed in the S2-S1-C7-C4 connection, and 60.9619 in the 
S1-S2-C19-C3 connection. Other bond lengths and angle degrees in As1 
and As2 molecules are close (Table S1-S2, ESI). In both molecules, the 
lowest value of partial charge (− 0.477) was recorded in the O3 atom. 
HOMO (highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) orbitals of both described molecules are given 
in Fig. 10: 

As can be seen from Fig. 10, the HOMO and LUMO orbitals in both 
molecules are mainly delocalized over the aromatic fragments. 
Compared to As1, the HOMO orbitals in As2 are expanded towards the 
alkyl chain. Thus, the HOMO orbitals are delocalized over C23, C31 and 
C37. It is also observed that the HOMO orbitals in As2 cover oxygen (O1) 

Fig. 7. DTG-TG curve of asphaltene of Zagli oil.  

Fig. 8. Results of DLS analyzes of asphaltene aggregates of Zagli oil in different 
solvents of the same concentration: 1- octane, 2- ethanol, 3- xylene. 
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in the ring. In As1, unlike As2, HOMO and LUMO orbitals (more HOMO) 
are delocalized over S1. 

Important quantum-chemical parameters (HOMO-LUMO energy 
gap, single point energy, electronegativity, electrophilic index, ioniza-
tion potential, electron affinity, and chemical hardness and softness) 
were calculated and listed in Table 6. 

As can be seen from Table 6, single point energies of molecules (As1, 

As2) are close. ΔE of As1 is about twice as large as ΔE of As2. This 
difference indicates that As1 is more stable. Thus, a large value of ΔE 
indicates that the molecule has high stability and low reactivity. Stable 
molecules become solids. As2 has more softness. In compounds, elec-
tronegativity, chemical potential and ionization potential are not very 
different. Electronegativity (λ) is related to electron attraction. As1 has 
slightly more electronegativity (3.707) than As2 (3.509). The negative 

Fig. 9. Optimized structures of the described compounds (As1, As2).  

Fig. 10. HOMO-LUMO energy level diagrams for As1 and As2.  
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chemical potential indicates that molecules do not undergo decompo-
sition into elements [110–112]. It can be seen from Table 6 that As2 
(9.034) is almost 2 times stronger electrophile than As1 (5.154). Ioni-
zation potential (I) is the energy required to remove an electron. On the 
other hand, a high value of ionization energy indicates chemical sta-
bility. Electron affinity (A) is the energy released when an electron is 
attached. The ionization potential (5.040 eV) and electron affinity 
(2.374 eV) of As1 are close to the results of UV analysis (I = 5.16 eV, A =
2.21 eV). If we summarize the above, As1 is more suitable among 
possible structures. 

4. Conclusion 

For the first time, the obtained results of the research on the average 
molecular structure, chemical composition, morphology, thermal and 
electrical properties, and solubility characteristics in various solvents of 
asphaltenes isolated from crude oil of Azerbaijan (Zaglı field) using 
spectroscopic analysis (such as FTIR, NMR, UV–Vis, XRD, SEM, DLS, 
DTA and DFT) and computational chemistry methods are the following: 

The predominance of island structure models consisting of –COOH 
functional group, C-S, N–H, and − S-S- connected side alkyl chains, 
condensed ~ 4 naphthenic and ~ 6 aromatic ring molecules was 
determined in asphaltene content; 

The characteristic absorption bands of naphthene-aromatic hydro-
carbons (206, 260, 279 nm) and vanadium porphyrin (401 nm) were 
observed in the UV–Vis spectrum; 

Low ionization potential (5.16 eV) of asphaltene and high (2.21 eV) 
electron affinity are due to the electrically conductive and 
donor–acceptor properties of its molecule; 

The asphaltene compound is amorphous, its composition consists of 
thin crystalline aggregates with lamellar morphology; 

TG and DTG curves show that 12.58 % of coke is formed during the 
three-stage pyrolysis process of asphaltene, which is thermostable at 406 
℃ temperature, covering the temperature range of 406–818 ℃; 

Depending on the polarity of the solvent, the growth of asphaltene 
particles leads to polydispersity; 

According to theoretical calculations, the HOMO-LUMO energy gap 
value of 2.666 eV demonstrates that the asphaltene compound has high 
stability and weak reactivity. The agreement of the theoretical calcula-
tions of one of the two structures (As1) of asphaltene with experimental 
results (UV–Vis spectral analysis) indicates that the structure of 
asphaltene is close to As1. 

This knowledge gained about the structure and properties of 
asphaltenes can be used to prevent problems caused by precipitation and 
aggregation of asphaltenes in the oil refining process. 
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Nanoaggregation Relations of Polyaromatic Surfactants: A Molecular Dynamics 
Simulation and Dynamic Light Scattering Study. J Phys Chem B 2012;116(20): 
5907–18. https://doi.org/10.1021/jp3010184. 

[18] Liu J, Zhao Y, Ren S. Molecular dynamics simulation of self-aggregation of 
asphaltenes at an oil/water interface: Formation and destruction of the 

Table 6 
HOMO-LUMO energy gap, single point energy, electronegativity, electrophilic 
index, ionization potential, electron affinity, and chemical hardness and softness 
values for As1 and As1.  

Compound As1 As2 

Single point energy (Eh)  − 2973.917  − 3011.917 
EHOMO (eV)  − 5.040  − 4.191 
ELUMO (eV)  − 2.374  − 2.828 
ΔE (eV)  2.666  1.363 
Chemical hardness, (η), (eV)  1.333  0.681 
Chemical softness (σ), (eV)  0.750  1.468 
Electronegativity (λ), (eV)  3.707  3.509 
Chemical potential (μ), (eV)  − 3.707  − 3.509 
Electrophilicity index (ω), (eV)  5.154  9.034 
İonization potential (I), (eV)  5.040  4.191 
Electron affinity (A), (eV)  2.374  2.828  

U.J. Yolchuyeva et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.fuel.2024.132084
https://doi.org/10.1016/j.fuel.2024.132084
https://doi.org/10.1016/j.fuel.2016.03.030
https://doi.org/10.2516/ogst:2007085
https://doi.org/10.1021/acs.energyfuels.1c02270
https://doi.org/10.1021/acs.energyfuels.1c02270
http://refhub.elsevier.com/S0016-2361(24)01232-8/h0020
http://refhub.elsevier.com/S0016-2361(24)01232-8/h0020
https://doi.org/10.1081/DIS-120037697
https://doi.org/10.1081/DIS-120037697
https://doi.org/10.1016/j.cis.2015.10.005
https://doi.org/10.1016/j.fuel.2019.03.016
https://doi.org/10.1021/ef402286y
https://doi.org/10.1016/j.fuel.2013.07.055
https://doi.org/10.1016/j.fuel.2013.07.055
https://doi.org/10.1016/j.fuel.2006.12.006
https://doi.org/10.1016/j.fuel.2006.12.006
https://doi.org/10.1080/10916466.2011.576363
https://doi.org/10.1080/10916466.2011.576363
https://doi.org/10.1146/annurev-anchem-061010-113849
https://doi.org/10.1146/annurev-anchem-061010-113849
https://doi.org/10.1134/S0965544116010072
https://doi.org/10.1021/acs.energyfuels.6b02494
https://doi.org/10.1007/s13202-019-00811-5
https://doi.org/10.1021/jp111468d
https://doi.org/10.1021/jp111468d
https://doi.org/10.1021/jp3010184


Fuel 373 (2024) 132084

12

asphaltene protective film. Energy Fuels 2015;29(2):1233–42. https://doi.org/ 
10.1021/ef5019737. 
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