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Abstract. The aim of the work is to evaluate the effect of sunflower oil additives in oil residues on the 
structure of the formed asphaltenes and coke in the cracking process. Cracking of oil residues and their 
mixtures with sunflower oil in various ratios is carried out. Comparison of the data of X‑ray structural 
analysis of asphaltenes and coke isolated from products of cracking is performed. The analysis showed 
that the addition of sunflower oil to oil residues leads to changes in the parameters of the macrostructure 
of asphaltenes and coke obtained in products of cracking. In coke isolated from products of cracking 
obtained in the presence of sunflower oil, the height of the stack of aromatic sheets (Lc) increases, while 
the distance between the aromatic layers (dm) does not change significantly. In asphaltenes isolated 
from products of cracking, the average diameter of the aromatic sheets (La) and the distance between 
saturated structures (dr) vary significantly. The role of sunflower oil is explained by the participation 
of triglyceride degradation products (mainly fatty acids and olefins) in condensation processes, which 
makes it possible to reduce the yield in coke and asphaltenes.
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Изучение структуры асфальтенов и кокса,  
выделенных из продуктов крекинга  
смеси нефтяных остатков и подсолнечного масла  
методом рентгеноструктурного анализа
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Аннотация. Целью работы являлось оценить влияние добавок подсолнечного масла в нефтяные 
остатки на структуру образующихся асфальтенов и кокса в процессе крекинга. Был проведен 
крекинг нефтяных остатков и их смесей с подсолнечным маслом в различных соотношениях. 
Выполнено сравнение данных рентгеноструктурного анализа асфальтенов и кокса, выделенных 
из продуктов крекинга. Анализ показал, что добавление в нефтяные остатки подсолнечного 
масла, приводит к изменению параметров макроструктуры асфальтенов и кокса, полученных 
в продуктах крекинга. В коксе, выделенном из продуктов крекинга, полученных в присутствии 
подсолнечного масла, увеличивается высота стопки ароматических слоёв (Lc), расстояние 
между ароматическими слоями (dm) существенно не меняется. В асфальтенах, выделенных 
из продуктов крекинга, существенно варьируется средний диаметр ароматического листа (La) 
и расстояние между насыщенными структурами (dr). Роль подсолнечного масла объясняется 
участием продуктов деструкции триглицеридов (главным образом это жирные кислоты и олефины) 
в процессах конденсации, что позволяет снизить выход кокса и асфальтенов.

Ключевые слова: нефтяной остаток, асфальтены, кокс, подсолнечное масло, крекинг, 
рентгеноструктурный анализ.

Цитирование: Бояр С. В., Копытов М. А. Изучение структуры асфальтенов и кокса, выделенных из продуктов крекинга 
смеси нефтяных остатков и подсолнечного масла методом рентгеноструктурного анализа. Журн. Сиб. федер. ун‑ та. 
Химия, 2023, 16(3). С. 317–326. EDN: MTDWMF

Introduction

Oil residues have a high content of resin‑ asphaltene components, which can quickly poison and 
coke catalysts [1]. This complicates the use of conventional catalytic systems for processing heavy 
hydrocarbon feedstocks. Therefore, at the moment more than 70 % of the volumes of heavy hydrocarbon 
feedstocks worldwide are treated by thermal methods [1].

To increase the depth of processing of oil residues, various additives are used in thermal 
processes: brown coal, oil shale, polymer‑ containing waste, sawdust, microspheres, and other 
‘cracking additives’.

The use of waste from the production of vegetable oils or used vegetable oils as a cracking additive 
is promising. It is known that the chemical composition of such oils does not change significantly [2], 
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but they can be contaminated with mechanical impurities. Therefore, in our work, in order to simplify 
the process of cleaning vegetable oil, we used raw unrefined sunflower oils.

The publications [3, 4] provide data on the co‑ processing of vegetable oils and oil residues in 
thermal and thermocatalytic processes. Triglycerides of fatty acids, which enter into the composition 
of vegetable oils, can affect the direction of transformation of resins and asphaltenes in thermal and 
thermocatalytic processes [5].

The role of vegetable oils in the process of cracking of heavy hydrocarbon feedstock is 
explained by the fact that triglycerides in their composition can initiate the destruction of resin‑ 
asphaltene components. Also, the presence of a long hydrocarbon chain and a polar group allows 
fatty acids and triglycerides of fatty acids to exhibit surface‑ active properties, which can affect the 
aggregate stability of asphaltenes and, subsequently, the formation of coke. It is believed that the 
intense formation of coke in thermal processes begins with the precipitation of the solid phase of 
asphaltenes.

In our previous publications, we have shown that the use of sunflower oil (SFO) in the cracking 
process allowed not only to reduce the yield in asphaltenes and coke, but also to increase the yield in 
gasoline fractions [5]. In addition to a noticeable change in the component composition of products of 
cracking, qualitative changes in the macrostructure of asphaltenes and coke should occur. But at the 
moment there are few publications on the effect of vegetable oils on the coke formation process during 
the cracking of oil residues.

Therefore, the aim of the work was to evaluate the effect of sunflower oil additives in oil residues 
on the macrostructure of the asphaltenes and coke formed during cracking. The parameters of the 
macrostructure of the formed asphaltenes and coke were estimated based on XRD (X‑ray diffraction) 
analysis data.

Materials and methods

The objects of study were residues of the oil from the Usinskoye oilfield (Russia) and the 
Zuunbayan oilfield (Mongolia) with a boiling point above 350 °C.

These oil residue (OR) differ significantly in their physical and chemical properties. The residue of 
the Usinsk oil (UOR) is characterized by a high coking value, a high content of resins (37.0 wt%) and 
asphaltenes (8.5 wt%), while it has a low content of n‑ alkanes [6]. On the contrary, the residue of the oil 
from the Zuunbayan field (ZOR) is characterized by a high content of n‑ alkanes and, as a consequence, 
a low content of asphaltenes (0.4 wt%) [6]. More detailed characteristics of oil residues are presented 
in our works [6].

SFO was used as an additive in an amount of up to 8.0 wt%. The oil chosen contains up to 61.5 
wt% of linoleic acid, up to 12.3 wt% of oleic acid and less than 6.0 wt% of palmitic and stearic acid. 
More detailed characteristics of SFO are presented in our works [5, 7].

The cracking of oil residues was carried out in a batch reactor with a volume of 12 cm3 at a 
temperature of 435 °C and a duration of 60 min. The description of the experiment and the choice of 
cracking conditions are given in our previous publications [5, 7]. The comparison was made of the 
products of cracking obtained without the addition of SFO and those obtained in the presence of 4.0 
and 8.0 wt% of SFO, since at this ratio a decrease in the yield on coke and an increase in the yield in 
distillate fractions were observed, as was shown earlier [7].
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To isolate asphaltenes, the cracking products were collected in a vessel and diluted with a 40‑
fold excess of n‑ hexane. The resulted solution was allowed to stand 24 hours in the dark, and then 
it was filtered to separate the maltenes from the precipitate, which contained asphaltenes and coke 
(here and hereinafter in the text, the term ‘coke’ means ‘components insoluble in chloroform’). Thus, 
the n‑ hexane‑ insoluble products were collected on a filter. The resulted precipitate was washed with 
n‑ hexane in a Soxhlet apparatus to remove maltenes. Then, asphaltenes were extracted from it with 
chloroform. After removal of the solvents, the content of asphaltenes and coke was quantified. Coke 
and solid asphaltenes dried at 90 °C for 6 h were used for analysis.

The elemental composition of asphaltenes and solid products was determined using a Vario EL 
Cube CHNS analyzer by direct combustion at 1200 °C followed by separation of gases and combustion 
products in three adsorption columns and identification using a thermal conductivity detector. 
Elemental detection limit was not less than 0.01 wt%.

Diffraction patterns of coke and asphaltene powder samples were obtained using a Discover D 8 
X‑ray diffractometer (Bruker, Germany) using monochrome CuKα radiation, wavelength λ = 1.54184 
Å. Scanning was carried out in the range of 2θ angles from 0° to 90° at a temperature of 20 °C.

The XRD patterns were processed using Origin Pro 8 and DIFFRAC EVA v1.3 (Bruker‑ AXS) 
programs. The calculation of the parameters was carried out according to the formulas reported in 
[8, 9]. The XRD pattern shows one reflection (γ‑ band) with a maximum of 2θγ = 19–20о suggests the 
presence of saturated structures and two reflections corresponding to cluster‑ like formations: a weak 
band (100) with a maximum of 2θ100 = 44–45о and a band (002) with a maximum at 2θ002 = 25–26о.

Interlayer distances between the aromatic sheets (dm, Å) were calculated as follows:

 where sinθ002 –  sine of the angle at which the band 002 was observed.

The distance between saturated fragments of asphaltene molecules (dr, Å) was determined as 
follows:

 where λ –  the x‑ ray wavelength, Å.

Lc, Å: The average height of the stack of the aromatic sheets was calculated as follows:

 where B1/2(002) –  the width at half maximum of the band 002.

The average number of aromatic sheets in a stacked cluster (M) was determined as follows:

The average diameter of the flat aromatic fragments of molecules stacked to the cluster (La)
was obtained from the following equation:

 where B 1/2(100) –  the width at half maximum of the band 100
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The number of aromatic rings per sheet (Na) was determined from the following equation:

The aromaticity factor ƒα
XDR or fraction of aromatic carbon was determined using the following 

formula:

 where ƒα
XDR –  the fraction of aromatic carbon; А002 and Аγ –  the areas of the 

band 002 and γ, respectively.
As a rule, the parameter fa

XRD determined by XRD method has a lower value compared to the 
corresponding value obtained using 13C NMR, thus it does not represent the true aromaticity of the 
asphaltene molecule [9]. This is due to the fact that the calculation of fa

XRD is only based on the stacked 
cluster of aromatic carbon but not on all the aromatic carbon in asphaltene [9].

The level of clustered organization of carbon atoms (φа), i.e. fraction of carbon atoms in clusters 
was calculated as follows:

Results and Discussion
Comparison of the macrostructure of coke and asphaltenes

Fig. 1 shows the diffraction patterns of asphaltenes and coke.
The XRD patterns of asphaltenes of the initial oil residues (AZ0 and AU0) show a pronounced 

γ‑ band, the intensity of which noticeably decreases relative to the (002) band for all asphaltene samples 
isolated from the products of cracking (Fig. 1 a and Fig. 1 b). This suggests a decrease in the content of 
saturated structures in the macromolecule of these asphaltenes.

*note for name of samples: A –  asphaltenes, C –  coke, Z –  Zuunbayan oil residue, U –  Usinsk oil residue, 0 –  asphaltenes 
isolated from initial oil residue, 1 –  samples isolated from products of cracking oil residue without additives, 2 –  samples 
isolated from products of cracking oil residue with 4 wt% of sunflower oil, 3 –  samples isolated from products of cracking 
oil residue with 8 wt% of sunflower oil. For example: AZ3 –  asphaltenes of Zuunbayan oil residue isolated from products of 
cracking oil residue with 8 wt% of sunflower oil.

Fig. 1. X‑ray diffraction patterns of samples: asphaltenes of Zuunbayan oil residue and products of its cracking 
(a); asphaltenes of the Usinsk oil residue and products of its cracking (b); coke of the products of cracking of the 
Zuunbayan oil residue (c); coke of the products of cracking of the Usinsk oil residue (d)
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The parameters of macrostructure of asphaltenes and coke, calculated from XRD data, are shown in 
Tables 1 and 2. The Tables 1 and 2 also provide data on the yield (Y, wt%) and H/C ratios in the samples.

The main parameters of the isolated initial asphaltenes have typical values for similar products 
[10]. The features of this sample include a large diameter of the stack (La) and a small number of sheets 
in a stack (M).

Compared to asphaltenes AZ0 of the initial ZOR, the average number of sheets in a stack (M) 
increases from 2.77 to 7.25 in asphaltenes AZ1 isolated from the products of cracking (without SFO 
additives), while the number of aromatic rings in the sheet (Na) and, accordingly, the average diameter 
of the aromatic sheets (La) remain almost unchanged.

Asphaltenes AZ1 of the products of ZOR cracking, in comparison with AZ0, are characterized 
by a lower value of the level of clustered organization of carbon atoms (φа) and a lower value of the 
H/C ratio. The AZ1 asphaltene yield is 5.0 wt%, which is more than 12 times higher than the content 
of AZ0 asphaltenes in the initial OR. The increase in the content of asphaltenes AZ1 occurs mainly 
due to the cracking of maltenes. In the course of cracking, the polyaromatic components of maltenes 
and the initial asphaltenes AZ0 lose long alkyl substituents; therefore, the resulted asphaltenes AZ1 are 
characterized by a lower H/C value.

The average interlayer distance in a stack (dm) for asphaltenes isolated from products of cracking 
AZ1 –  AZ3 decreases from 3.8 Å to 3.5 Å, as shown in Table 1. Naphthenic rings and alkyl chains in 

Table 1. Parameters of the macrostructure of asphaltenes and coke isolated from the Zuunbayan oil residue and 
products of its cracking

Sample Y, wt% H/C dm, Å dr, Å Lc, Å M La, Å Na fa
XRD φа

as
ph

al
te

ne
s AZ0 0.4 1.38 3.81 5.43 6.72 2.77 22.37 8.39 0.52 0.32

AZ1 5.0 0.95 3.50 5.63 21.91 7.25 23.06 8.65 0.39 0.28
AZ2 4.0 0.85 3.54 5.81 20.03 6.66 25.95 9.73 0.30 0.18
AZ3 3.6 0.91 3.51 5.58 22.52 7.42 33.26 12.47 0.28 0.17

co
ke

CZ1 5.6 0.77 3.52 5.33 24.36 7.93 26.00 9.75 0.41 0.29
CZ2 3.6 0.65 3.50 5.43 28.53 9.14 27.59 10.34 0.52 0.41
CZ3 1.8 0.63 3.49 5.22 27.58 8.91 38.66 14.49 0.40 0.30

Table 2. Parameters of the macrostructure of asphaltenes and coke isolated from the residues of Usinsk oil and 
products of its cracking

Sample Y, wt% H/C dm, Å dr, Å Lc, Å M La, Å Na fa
XRD φа

as
ph

al
te

ne
s AU0 8.5 1.17 3.57 5.79 17.47 5.89 16.64 6.24 0.31 0.18

AU1 9.9 0.74 3.57 5.95 17.94 6.03 25.11 9.41 0.48 0.35
AU2 8.3 0.72 3.54 5.98 17.47 5.93 21.88 8.20 0.41 0.28
AU3 8.7 0.74 3.57 6.08 16.16 5.53 15.99 5.99 0.47 0.34

co
ke

CU1 19.0 0.63 3.51 5.68 25.82 8.35 31.23 11.71 0.53 0.42
CU2 19.5 0.59 3.50 5.68 26.23 8.49 43.74 16.40 0.54 0.43
CU3 16.7 0.58 3.49 5.53 27.18 8.78 22.68 8.51 0.44 0.34
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the structure of asphaltenes are nonplanar structures and cause steric repulsion [11]; therefore, after the 
destruction of saturated structures, the distance in the stacks (dm) decreases.

Co‑ cracking of ZOR and SFO results in the formation of asphaltenes AZ2 and AZ3 with an 
even lower value of the level of clustered organization of carbon atoms (φа) as compared with 
AZ1 asphaltenes. This value decreases from 0.28 to 0.17 in the series AZ1 > AZ2 > AZ3. In the 
same series, the average diameter of the aromatic sheets (La) increases from 23.06 to 33.26 Å and, 
accordingly, the number of rings in the sheet (Na) also increases from 8.65 to 12.47. The average 
number of sheets in a stack (M) varies from 6.66 to 7.42. Also, in comparison with asphaltenes 
AZ1, asphaltenes AZ2 and AZ3 obtained in the presence of SFO are characterized by a lower H/C 
index.

An increase in the number of aromatic rings in the sheet (Na) of asphaltenes (AZ2 and AZ3) may 
indicate that the products of degradation of triglycerides of unsaturated fatty acids (TGUFA) markedly 
affect the transformation of ZOR components. The SFO additives affect not only the structure, but 
also the yield of asphaltenes AZ2 and AZ3, the content of which is slightly reduced in the products of 
cracking in comparison with those obtained without SFO.

The SFO additives also affect the macrostructure of the formed coke and help to reduce the coke 
yield from 5.6 wt% up to 1.8–3.6 wt% (Table 1). The average number of sheets in a stack (M) increases 
from 8 to 9 due to the introduction of SFO and the average stack height of the aromatic sheets (Lc) in 
the macrostructure of coke aggregates increases from 24.36 to 28.53 Å.

The number of aromatic rings in the sheet (Na) in the case of coke isolated from products of 
cracking increases in the series CZ1 < CZ2 < CZ3 from 9.75 to 14.49, while the H/C ratio decreases 
from 0.77 to 0.63.

Asphaltenes AU0 of the initial UOR (Table 2) have an average stack height of the aromatic sheets 
(Lc) of about 17.47 Å, the average diameter of the aromatic sheets (La) about 16.64 Å, and the number of 
aromatic cores in the sheet (Na) equal 6.24. The average interlayer distance in the stacks (dm) is about 
3.6 Å. The distance between aliphatic chains and naphthenic sheets (dr) is about 5.8 Å. Asphaltenes 
AU0 differ from AZ0 in the larger size of average stack height of the aromatic sheets (Lc) and a smaller 
number of aromatic rings in the sheet (Na).

In comparison with AZ0 asphaltenes, the smaller interlayer distance in stacks (dm) and the larger 
distance between the saturated fragments (dr) in AU0 asphaltenes indicate that there are less saturated 
structures in AU0 asphaltenes. This assumption is confirmed by the lower H/C ratio for AU0 compared 
to the H/C ratio for AZ0, which are equal to 1.17 and 1.38, respectively.

In asphaltenes isolated from products of cracking (AU1, AU2, AU3), in comparison with 
asphaltenes of the initial residue (AU0), the distance between aromatic sheets (dm) does not change 
significantly. In the series AU1 > AU2 > AU3 a decrease in the average stack height of the aromatic 
sheets (Lc), the average diameter of the aromatic sheets (La), and the number of aromatic rings in the 
sheet (Na) is observed.

The introduction of SFO affects the yield of asphaltenes, the content of which decreases from 9.9 
wt% up to 8.3–8.7 wt%. Hence, AU1 were resulted from cracking without SFO, while AU2 and AU3 
were obtained by cracking in the presence of SFO.

The coke yield in the products of UOR cracking was high (19.0 wt%). The introduction of SFO in 
the amount of 4 wt% did not significantly affect the coke yield, while the addition of SFO in an amount 
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of 8 wt% led to a decrease in the coke yield to 16.7 wt%. Perhaps, to reduce the yield of coke in the 
UOR cracking process, it is advisable to decrease the temperature or duration of cracking.

In comparison with coke without SFO (CU1), a significant decrease in the average diameter of 
the aromatic sheets (La) from 31.23 to 22.68 Å and the fraction of carbon atoms concentrated in the 
clusters (φа) from 0.42 to 0.34 is observed for coke (CU3) obtained by cracking of UOR in the presence 
of 8 wt% of SFO.

In the series CU1 < CU2 < CU3, the H/C ratio decreases from 0.63 to 0.58. These values are lower 
than those for coke obtained by cracking of ZOR.

The common patterns are observed for different samples of coke and asphaltenes obtained in the 
course of cracking in the presence of SFO. In the coke isolated from the products of cracking of UOR 
and ZOR obtained in the presence of SFO, the average stack height of the aromatic sheets (Lc) increases.

A decrease in the H/C ratio in coke samples isolated from products of cracking obtained in the 
presence of SFO, in comparison with samples obtained in the course of cracking without SFO additives 
(Tables 1 and 2) may be associated with an increase in the H/C ratio in maltenes. Refining of oil 
residues is mainly achieved in two ways: by thermal cracking or hydrocracking, which are based on 
the methods of carbon redistribution or hydrogen addition, respectively [12, 13].

Contribution of oils to the process of cracking of oil residues

Earlier, we have shown in our work [5] that the co‑ cracking of the oil residue and SFO allows not 
only to reduce the yield of coke and asphaltenes, but also to increase the yield of distillate fractions, i.e. 
products with a high H/C ratio. To establish the role of SFO in the transformation of the components 
of oil residues in the cracking process, we have studied the transformation of the initial vegetable oils 
at temperatures from 400 to 500 °C.

Figure 2 shows the scheme of thermal destruction of vegetable oils to fatty acids at temperatures 
from 390 to 480 °C [14].

The formation of fatty acids and olefins during the cracking of vegetable oils without catalysts 
at temperatures from 400 to 500 °C has been previously reported in the literature [15]. At the initial 
stage of SFO transformation, triglycerides are thermally cracked with the formation of various oxygen‑ 
containing compounds, the main part of which is fatty acids. Then the cleavage of C‑O and C–C bonds 
occurs with the formation of CO2, CO, paraffins, olefins and other products [15, 16]. Presumably, it 
is the presence of olefins and UFA (Unsaturated fatty acids) that affects the transformation of the 
components of oil residues in secondary reactions.

Fig. 2. Scheme of thermal destruction of triglycerides [14]
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Based on the theory of free radical reactions [17], the cracking mechanism can be represented on 
the basis of two processes, namely, dealkylation and condensation [17, 18].

The formation of asphaltenes and coke during cracking is possible due to two types of condensation 
reactions [18]. The first type of condensation proceeds through the formation of naphthene‑ aromatic 
hydrocarbons by the Diels‑ Alder reaction, then naphthene‑ aromatic hydrocarbons are dehydrogenated 
and converted into polycyclic aromatic hydrocarbons [18]. This type of condensation reaction explains the 
formation of predominantly asphaltenes with a continental structure [11]. The second type of condensation 
reaction proceeds due to the recombination of radicals and the formation of larger molecules.

An increase in the content of olefins in the reaction medium, due to the destruction of SFO, 
can hinder recombination reactions and facilitate condensation (Diels‑ Alder reaction). Also, TGUFA, 
UFA and other oxygen‑ containing hydrocarbons obtained in the course of SFO cracking can act as 
surfactants, thereby slowing down the aggregation of coke precursors and the formation of coke itself. 
It is known from the literature that the use of surfactants in the cracking of oil residues allows an 
increase in the yield of maltenes and a decrease in the yield of coke and gas.

Conclusions

It is shown that the addition of sunflower oil to oil residues during thermal cracking leads to 
changes in the parameters of macrostructure of the resulted asphaltenes and coke.

In the coke separated from the products of cracking of oil residues obtained in the presence of 
sunflower oil, the average diameter of the aggregate (Lc) increases, while the distance between the 
aromatic layers (dm) does not change significantly. In asphaltenes isolated from products of cracking, 
the diameter of the aromatic core (La) and the distance between the saturated structures (dr) vary 
significantly.

The role of sunflower oil can be explained by the participation of triglyceride degradation 
products (mainly fatty acids and olefins) in condensation processes. Olefins and unsaturated fatty 
acids can inhibit radical recombination, which can affect the formation of coke and asphaltenes. 
Also, triglycerides and unsaturated fatty acids formed from sunflower oil during cracking can act as 
surfactants, thereby slowing down the aggregation of coke precursors and the formation of coke itself.
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