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1. Introduction 
Asphaltenes are classified as the highly polar 

fraction of crude oil. They are rich in heteroatoms 
including nitrogen, oxygen, and sulfur [1-3]. 
Asphaltenes are soluble in aromatic hydrocarbons, 
such as toluene and xylene, but insoluble in paraffinic 
hydrocarbons, such as heptane [4,5]. Asphaltenes, if 
in molecular nature and unpeptized, could attach 
to surfaces during oil production. Large aggregates 
of asphaltenes may plug the porous media of oil 
reservoirs. Asphaltenes attaching to solid surfaces 
could grow in size due to their aggregations and 
plug the oil arteries including porous media, oil wells 
and pipelines. As a result, asphaltene deposition 
may cause severe reduction of oil production and 
transfer operations [6-8].

Recently, we reported a series of MD simulation 
studies to understand the possible role of water 
on the onset of asphaltenes aggregation [9-12]. We 
showed that asphaltenes were prone to aggregation 
onset when water was miscibilized with the oil 
phase. Hydrogen bonding of nitrogen and oxygen 
segments of asphaltenes with water was the driving 
force for asphaltenes aggregation onset.

In the next sections, we present the field 
experiences of acid stimulation and their impact 
on asphaltenic sludge formation. We also present 
the types of chemical reactions between asphaltene 
molecules and acid ions. We further present the 

purpose of the current study and the results of our 
MD simulations.

We are aware of the fact that molecular dynamic 
simulation is incapable of realistically simulate the 
behavior of petroleum fluids. However, the studies 
we have been performing here are limited to the 
onset of sludge formation. They are realistic since 
they are about the interactions of specific molecules 
irrespective of the oil properties. We also know 
behavior prediction of heavy organics (including 
asphaltenes) in petroleum fluids cannot be achieved 
by van der Waals /perturbation /hard-sphere type 
equations of state which their predictive-power 
are limited to vapor-liquid equilibria of simple 
molecules and light hydrocarbons [13-15]. Any such 
applications for heavy organics are purely empirical 
correlations which are only valid for interpolation 
purposes. Behavior prediction of heavy organics 
(specially asphaltenes) in petroleum fluids requires 
application of polydisperse and continuous mixture 
thermodynamics of monomer-polymer solutions, 
phase transition theories of solid-liquid, micellar 
colloid-liquid and steric colloid-liquid, electrokinetic 
phenomena, quantum and statistical mechanics, 
and FRACTAL kinetics of aggregation [2,3,6,8,16]. 
Results of the research reported here will assist us 
to expand application of predictive techniques to the 
case of acidization of petroleum fluids.
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2. Field experiences with reservoir acidizing 
and its effect on asphaltenes 

Acidizing could be a relatively effective and low-
budget stimulation treatment, which is applied on 
oil and gas wells to enhance petroleum productivity 
(fig. 1). It is used when the permeability of the 
reservoir rocks surrounding the wellbore is reduced 
due to formation damage of that region. Acidizing 
is performed by pumping an aqueous solution 
containing a reactive acid into the well to dissolve 
the sediments existing in carbonate and sandstone 
formations [17].

Acidizing treatment is considered as the oldest 
well stimulation technique. The history of acidizing 
dates back to 1896 [18] when HCl was used to 
stimulate petroleum wells producing from the 
carbonate formation in Lima, Ohio. Although the 
early acidizing stimulations produced good results, 
their actual use declined very soon due to lack of 
effective acid corrosion inhibitors to protect the 
steel tubulars in the wells. The modern reservoir 
acidizing era started in 1930’s when relatively 
effective corrosion inhibitors were developed.

For oil well acidizing, mineral acids are generally 
used. Examples of mineral acids are hydrobromic 
acid, HBr, hydrochloric acid, HCl, hydrofluoric 
acid, HF, nitric acid, HNO3, perchloric acid, HClO4, 
phosphoric acid, PO(OH)3, sulfuric acid H2SO4, or 
derivatives, and mixtures thereof. In practice, a 
mineral acid is transported to a wellsite (fig. 1) 
and injected as aqueous solution. Afterwards, the 
acid would be diluted to a predefined treatment 
concentration before injection. Some of the above-
mentioned acids may further cause precipitation and 
some may not be appropriate for economic reasons.

HCl alone has been widely employed in acidizing 
of carbonate reservoir because of its high rock-
dissolving power, cost effectiveness, and the soluble 
reaction products. Mineral seedtimes, such as 
calcite, CaCO3, dolomite, CaMg(CO3)2, and siderite, 
FeCO3, are effectively dissolved by HCl and would 
leave no precipitates [17]. However, sandstone 
reservoirs primarily contain silica (SiO2, SiF4), 
clay (Al4Si4O10(OH)8, Al4Si8O20(OH)4), and feldspar 
(NaAlSi3O8, KAlSi3O8). These sediments are never 
dissolved in HCl, but are dissolved in HF [19]. 

HF is rather expensive, extremely corrosive and 
it is classified as a weak acid because of its low 
ionization in water. Also, HF-sediments reactions 
result in insoluble salts, which may cause formation 
damage. To take advantage of HF effectiveness for 
sandstone reservoirs, it is mixed with HCl. The role 
of HF is to dissolve sediments, while HCl lowers 
the pH, thus keeping reaction products soluble in 
the spent acids. Such HCl-HF mixture is commonly 
known as «mud-acid». The concentrations of HCl 
and HF in mud-acid varies considerably from one 
reservoir to another. It depends on the formation 
permeability and sediment’s composition. According 
to the guidelines reported by Kalfayan and Metcalf 
[20], aqueous concentration of HF is in (0.5–3%) 
range, while, aqueous concentration of HCl is in 

(3-13.5%) range.
Mud-acid isn't utilized as the first step of 

sandstone-acidizing especially when the calcite and 
dolomite concentrations are considerable in the 
sandstone formation. That is because HF can react 
with CaCO3 and CaMg(CO3)2 producing calcium 
fluoride (CaF2) and magnesium fluoride (MgF2), 
which have a very limited solubility in the aqueous 
solution causing a formation damage. To avoid such 
type of precipitation reaction, a pre-flush using HCl 
is applied before the mud-acid stage in order to 
dissolve the calcium-based minerals [21].

Asphaltenic sludge formation is a common 
problem during acidizing treatments [22,23]. It was 
first detected in some oilfields in USA, in certain 
California wells [24]. More field experiences of 
asphaltenic sludge formation are reported in Mata 
Acema and Lake Maracaibo in Venezuela [25], in 
Alaska, Mississippi, and Texas, USA [26], and in 
Alberta, Canada [27] just to name a few. 

Sludging problem during acidizing of a well is 
commonly attributed to the existence of asphaltenes 
in petroleum fluids and it is evidenced by different 
symptoms which include: 

(a). Acid solution can’t be squeezed without 
applying extreme high pressures. 

(b). A great deal of viscous asphalt-like material 
is produced along with the treating acids. 

(c). Following acidizing treatment, well 
production rates are much less than expected. 

(d). Formations no longer respond to the 
stimulation even when acidizing is performed 
repeatedly [24,27].

Acid-asphaltene reaction during acidizing could 
be classified as Brønsted-Lowry acid-base reaction 

Fig.1. Schematic depiction of a reservoir acidizing 
process. Acid is pumped into the carbonate and 

sandstone formations to dissolve sediments 
to restore oil production
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Table
Physical properties obtained from md simulations versus experimentally 

determined values at normal conditions

Components

Hildebrand solubility 
parameter 

[MPa0.5]

Hydrocarbons-water 
interfacial tension 

[mN/m]

MD Literature
[33] MD Literature 

[34] 
Water 47.7 47.9 - -

Benzene 19.0 18.8 34.8 35.0
Toluene 18.6 18.2 35.9 36.1

Ortho-xylene 18.5 18.4 36.3 37.2

[28,29]. Acid donates the hydrogen ion (H+) while 
asphaltene exhibits Brønsted-Lowry basicity by 
accepts the hydrogen ion (H+) when asphaltenes are 
in contact with acidic solutions. 

(i). Hydrogen ion (H+) donation: strong acids, 
such as HCl and HNO3, completely dissolve in water 
and dissociate into H+ and anions (Cl-, and NO3

-):

HCl → H+ + Cl-,                          (1)

HNO3 → H+ + NO3
-.                       (2)

On the other hand, weak acids, such as HF, 
partially dissolve in water and dissociate into into 
H+ and anions, F- [30]:

HF ⇌ H+ + F-.                           (3)

(ii). Hydrogen ion (H+) acceptance: Basic segments 
of asphaltenes, such as primary amine (−NH2), 
secondary amine (−NH−), and pyridyl (−N=), accept 
hydrogen ions and turn into positively ionized 
segments:

−NH2 + H+ → −NH3
+,                     (4)

−NH− + H+ → −NH2
+−,                   (5)                                              

−N= +   H+ → −NH+ =                    (6)

Considering the above-mentioned changes in 
asphaltene molecules in contact with acidic solution, 
we perform MD simulations to understand the 
mechanism of the onset of asphaltic sludge formation 
due to acidizing of petroleum reservoirs. In what 
follows, we report our MD simulation method 
considering the above information about acids and 
asphaltenes ionizations.

3. Our MD simulation method
GROMACS 5.1.2 software package (www.gromacs.

org) with OPLS-AA [31] and SPC/E [32] force fields 
are used throughout this research. At the beginning 
of every MD simulation, a (20×10×10 nm3) rectangular 
simulation box is constructed. Then it is packed with 
two phases: the aqueous phase (10 wt.% HCl) and 

the oil phase (10 wt.% asphaltenes). In the oil phase, 
ortho-xylene, the simplest and best hydrocarbon-
solvent of asphaltenes, is used as the oil medium in 
which asphaltenes are completely soluble.

Multiple MD simulations are performed on 
different systems to examine the applicability of 
OPLS-AA and SPC/E force fields to compute some 
physical properties (tabl.). Physical properties 
obtained from MD simulations are in good agreement 
with experimental observations.

In every MD simulation, the following MD 
algorithms are used:

▪ Energy-minimization-step is performed using 
the steepest-descent method [35] to bring the system 
towards equilibrium.

▪ All simulations are performed in the NPT 
ensemble. The temperature and pressure are kept 
constant at 550 K and 200 bar, respectively.

▪ A modified Berendsen thermostat (V-rescale) 
with a coupling constant of 0.1 ps is adopted. 

▪ Parrinello-Rahman barostat is used with 
coupling constant of 2.0 ps.

▪  A periodic-boundary-conditions in the x, y, and 
z directions is used to avoid the edge effects.  

▪  A time step of 2.0 fs is applied to numerically 
solve the equation of motion.

▪  Every MD simulation lasts for a duration of 20 
ns, which is quite long enough for a (20×10×10 nm3) 
simulation box to reach the equilibrium state.

▪  The graphics of MD results are obtained using 
the VMD software.

For the present study, we choose six different 
well-known asphaltene molecules as reported in 
figure 2. We name the asphaltenes A1-A6. These 
asphaltenes were employed in our previous studies 
[11,12] where we discussed their sources. As a 
result of acidizing, six ionized asphaltenes are 
produced by addition of hydrogen ion (H+) to the 
nitrogen segments of asphaltenes. We name ionized 
asphaltenes c c

1 1A - A  as reported in figure 3.
In the current study, we perform 18 MD 

simulations for various asphaltenic oils containing 
the six different asphaltene structures reported in 
figure 2 after acidization of oils. That will consist 
three simulations for acidized oils containing each 
of the six asphaltenes which will be of the following 
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compositions
• Case 1: In this case, we assume the acidized 

oil contains regular asphaltenes with 10 wt.% 
concentration. That is the case of the beginning of 
acidization.

• Case 2: In this case, we assume the oil contains 
an equimolar mixture of 50% asphaltenes and 50% 
ionized asphaltenes, each with 5 wt.% concentration. 
That is the case of the middle of acidization.

• Case 3: In this case, we assume the oil contains 
only ionized asphaltenes with 10 wt.% concentration. 
That is the case when all asphaltenes are ionized due 
to acidization.

A comparison of the results of the above three 
cases for each of the six asphaltenic oils will reveal 
the role of various kinds of asphaltenes in the nature 
and intensity of sludge formation onset.

4. Results
In figure 4, we report snapshots of our simulation 

results indicating the location and distribution of 
various molecules and ions in the two phases when 
equilibrium is reached after acidization. According 
to these snapshots, a partial miscibility of oil and 
water phases is observed at the chosen reservoir 
high pressure and temperature (550 K, 200 bar). In all 
cases studied, we observe that regular asphaltenes 
remain suspended in the oil phase while ionized 
asphaltenes migrate from the oil bulk toward oil/
aqueous interface. Cl- and H  ions remain dispersed 
in the aqueous phase, which is attributed to the 
strong ion-dipole interactions with water molecules.

In the current report, we employ radial distribution 
function (RDF) data, as produced through our MD 
simulations, to investigate the asphaltenic sludge 
formation onsets conditions (figs.5 and 6) and 
the interactions between regular asphaltenes plus 
ionized asphaltenes with water (figs.7 and 8). Every 
RDF first peak location and its height is a measure 
of molecular interactions according to the principles 
of statistical mechanics [36, 37].

4.1. RDFs of centers of mass of asphaltenes
In our previous reports, we demonstrated 

that the location and height of the first peak of 
RDFs of centers of mass are effective measures 
of asphaltenes aggregation onset and its relative 
intensity, respectively [10-12]. In here also, every 
RDF peak with a separation distance (location 
of peak) less than 1.0 nm indicates the onset of 
asphaltenes aggregation/sludge formation. Also, 
the heights of RDFs first peaks are a measure of the 
sludge formation onset intensity.

Figure 5 shows that MD simulations of asphaltenic 
oils containing only i

cA  and those oils containing 
equimolar mixture of i i

cA - A  possess obvious RDF 
peaks while the oils containing regular asphaltenes, 
Ai, have much lower peaks at longer distances. A 
comparison of these three cases for each asphaltenic 
oil is a clear indication of the fact that ionized 
asphaltenes, produced as a result of acidizing the 
oils, are the causes of sludge formations onset.

These findings are in line with the field observation 
studies [22, 23, 25, 29] which showed the sludge was 
worst in the samples taken near interface. 

4.2. Asphaltenes-oil RDFs
In figure 6, we report RDFs of various asphaltenes-

oil interactions, for the three kinds of asphaltenic 
oils. For all cases studied and reported in figure 6, 
no sharp RDF peaks exist indicating of the lack of 
any significant short-range structures of oil near 
asphaltene molecules. However, RDF curves of 
asphaltenic oil containing only Ai are higher than 
those of the other two asphaltenic oils. This indicates 

Fig.3. Structures of the ionized asphaltenes used in 
our study. Nitrogen segments (−NH2, −NH−, and 
−N=) of asphaltenes (figure 2) accept a hydrogen 
ion (H+) from HCl, according to Brønsted-Lowry 
acid-base reactions, and then asphaltenes turn 

into positively ionized molecules

Fig.2. Structures of the asphaltenes used 
in our study

S.Yaseen and  G. Ali Mansoori / SOCAR Proceedings  No.3 (2020) 038-046



42

Fig.5. RDFs of asphaltenes-asphaltenes interactions 
of their centers of mass. Ai stands for asphaltenic 
oil containing regular asphaltenes, Ac

i stands for 
asphaltenic oil containing ionized asphaltenes, 
and Ai+ Ac

i  stands for asphaltenic oil containing 
an equimolar mixture of regular and ionized 

asphaltenes. All MD simulations are performed 
at T = 550 K and P = 200 bar

Fig.6. RDFs of asphaltenes-oil interactions. 
Ai stands for asphaltenic oil containing regular 

asphaltenes, Ac
i stands for asphaltenic oil  

containing ionized asphaltenes, and Ai+ Ac
i 

stands for asphaltenic oil containing an 
equimolar mixture of regular and ionized 

asphaltenes. All MD simulations are 
performed at T = 550 K and P = 200 bar

Fig.4. Snapshots of our simulation onset results at T=550 K and P=200 bar, showing distribution 
of molecules and ions in the oil and aqueous phases when the system reach equilibrium

Results of three different MD systems are reported here. They include an asphaltenic oil containing only regular asphaltenes 
[asphaltenes (100%)], an asphaltenic oil containing an equimolar mixture of regular asphaltenes and ionized asphaltenes [asphaltenes 

(50%) + ionized asphaltenes (50%)], and an asphaltenic oil containing only ionized asphaltenes [ionized asphaltenes (100%)]. For every 
of  the three simulation images, we show two figures. The left-side figure shows distribution of  all molecules and ions.The right-side 

figure shows distribution of various asphaltenes  while all other molecules and ions are omitted.
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Fig.7. RDFs of asphaltenes-water. Ai  stands for 
asphaltenic oil containing regular asphaltenes, 

Ac
i  stands for asphaltenic oil containing ionized 

asphaltenes, and Ai+ Ac
i stands for asphaltenic 

oil containing an equimolar mixture of regular 
and ionized asphaltenes. All MD simulations are 

performed at T = 550 K and P = 200 bar

Fig.8. RDFs of asphaltenes-ions (H+ and Cl-). 
Ai  stands for asphaltenic oil containing regular 

asphaltenes, Ac
i  stands for asphaltenic oil containing 

ionized asphaltenes, and Ai+ Ac
i stands for 

asphaltenic oil containing an equimolar mixture of 
regular and ionized asphaltenes. All MD simulations 

are performed at T = 550 K and P = 200 bar

that regular asphaltenes are exposed to oil molecules 
more than ionized asphaltenes.

4.3. Asphaltenes-water RDFs
In figure 7, we report RDFs of interactions 

between asphaltenes and water molecules. In here, 
all RDFs possess obvious peaks, which reveal that 
both regular asphaltenes and ionized asphaltenes 
tend to interact with water (hydrogen bonding). 
However, a comparison of various RDFs is indicative 
of the stronger interaction of ionized asphaltenes 
with water than that of regular asphaltenes. Our 
examination of the simulation image as reported by 
figure 4 indicate that ionized asphaltenes interact 
with the interfacial water molecules, while regular 
asphaltenes, which remain in the oil phase, interact 
with the miscibilized water molecules in the oil 
phase. The latter is in agreement with our earlier 
observations [10,12].

4.4. Asphaltenes-ion RDFs
In figure 8, we report RDFs of interactions 

between asphaltenes-ions (H+ and Cl ). According 
to figure 8, no RDF peaks are noticed in the case of 
oils containing only regular asphaltenes (Ai). This 
indicates that no attractive forces exist between 
regular asphaltenes and acid ions (H+ and Cl-). 
On the other hands, obvious sharp first peaks are 
observed for oils containing i

cA  and oils containing  
i i

cA + A . Also, the first peaks of oils containing i
cA

are higher than that of oils containing i i
cA + A . 

These RDFs confirm the presence of strong ion-ion 
attractive forces between ionized asphaltenes and 
acid ions.

5. Discussion and conclusions 
In this paper, we report our study on asphaltene-

acid interactions during oil reservoir acidizing 
treatment and investigate its effect on asphaltenic 
sludge formation onset. To fulfil this purpose, we 
perform MD simulations on oil/aqueous systems at 
elevated conditions (550 K-200 bar). The oil phase is 
selected to be composed of ortho-xylene (90 wt.%), 
a hydrocarbon in which asphaltenes are entirely 
soluble. Six different structures of asphaltenes are 
used, which are initially dissolved in the oil phase 
at 10 wt.% concentration. The aqueous phase is 
selected to contain 10 wt.% HCl.

Regular asphaltenes are uncharged molecules 
which are dispersed in the original oil in place at 
reservoir conditions. However, they may be ionized 
and turn into positively charge molecules when they 
are exposed to strong acid solutions during acid 
stimulation processes. Acid-asphaltenes reactions 
follow Brønsted-Lowry acid-base reactions in which 
the basic segments of asphaltenes, such as primary 
amine (−NH2), secondary amine (−NH−), and pyridyl 
(−N=), accept H+ ions.

Acidizing is an effective stimulation method 
to restore the permeability of reservoirs porous 
media. This is achieved by injection of mainly HCl 
to the reservoir in order to dissolve the sediments 
in carbonate and sandstone reservoirs. Although 
this method has been widely used in petroleum 
industry, it may cause new damages itself due to 
asphaltenic sludge formation that may plug the flow 
paths, and consequently decrease the oil flow rate. 

Asphaltenic sludge formation onset is the result 
of interaction between ionized asphaltenes and 
acid. According to the data reported above, ionized 
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asphaltenes migrate to the oil-acid interface causing 
asphaltenic sludge formation onset (fig. 9). Our 
MD simulation results indicate the strong ion-
ion interactions between the ionized segments of 
asphaltenes and acid ions (H+ and Cl-) are responsible 
for inducing sludge formation onset in asphaltenic 
oil during acid stimulation process. Additionally, 
hydrogen bonding forces between nitrogen and 
oxygen segments of asphaltenes and interfacial 
water boost the stability of sludge formation.

The results reported in this paper is for 
asphaltenes ionization and their sludge formation 
onset regardless of the other components present 
in the oil phase. Asphaltenic sludge formation is 
known as one of the main reasons for the possible 
oil well acidizing treatment failures.

Nomenclature
Ai   - asphaltenes (i = 1 - 6).

i
cA   - ionized asphaltenes (i =1 - 6), which 

    have a positive charge (cations).
bar  - a unit of pressure measurement, 
    which is equal to 14.5 pounds per 
    square inch (psi).
Cl-  - chloride ion.
H+  - hydrogen ion 
HCl  - hydrochloric acid
K  - degree Kelvin is a unit of 
    temperature measurement.
MD  - molecular dynamics.
−NH− - secondary amine segment.
−NH2 - primary amine segment.
−N=  - nitrogen atom of pyridyl group.
RDF  - radial distribution function.

Fig.8. RDFs of asphaltenes-ions (H+ and Cl-). Ai  stands for asphaltenic oil containing regular asphaltenes, 
Ac

i  stands for asphaltenic oil containing ionized asphaltenes, and Ai+ Ac
i stands for asphaltenic oil 

containing an equimolar mixture of regular and ionized asphaltenes. All MD simulations are 
performed at T = 550 K and P = 200 bar
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Характер поведения асфальтенов при кислотной обработке 
нефтяных пластов (исследование на молекулярном уровне)

С.Йасиин, Г. Али Мансури  
Университет Иллинойса, Чикаго, США

Реферат

В статье приводятся результаты исследований начала осаждения асфальтенового 
шлама в процессе кислотной обработки нефтяных пластов. Была проведена серия 
молекулярно-динамических моделирований систем «нефтяной асфальтен - соляная 
кислота (HCl)» при высоких температуре и давлении (550 К, 200 бар). 

Результаты моделирования свидетельствуют об образовании асфальтенового шлама 
в результате кислотной обработки пласта. Показано, что скопление ионизированных 
асфальтенов на поверхности контакта «нефть-вода» является причиной начального 
образования нефтяного шлама. Наличие ионизированных асфальтенов на поверхно-
сти контакта «нефть-вода» объясняется сильным межионным взаимодействием между 
ионизированными асфальтенами и ионами кислот (H+ и Cl-). Начальное образования 
шлама дополнительно усиливается за счет сил водородной связи между ионизирован-
ными асфальтенами и межфазной водой.

Ключевые слова: асфальтен; ионизированный асфальтен; молекулярно-динамиче-
ское моделирование; кислотная обработка нефтяного пласта; функция радиального 
распределения; начало образования асфальтенового шлама.

Neft laylarının turşu ilə işlənməsi zaman asfaltenlərin 
xərəkər xüsusiyyətləri (molekulyar səviyyədə tədqiqat)

S.Yasin, Q. Ali Mansuri 
Illinoys Universiteti, Çikaqo, ABŞ

Xülasə

Məqalədə neft laylarının turşu ilə işlənməsi zaman asfalten şlamının çökməsi üzrə 
tədqiqatların nəticələri təqdim edilir. «Neft asfalteni – xlorid turşusu (HCl)» sistemlərinin 
yüksək temperatur və təzyiqdə (550 K, 200 bar) bir sıra molekulyar - dinamik modelləşdirilməsi 
aparılmışdır. Modelləşdirmənin nəticələri asfalten şlamının layın turşu ilə işlənməsi zaman 
əmələ gəlməsini nümayiş etdirir. Neft şlamının ilkin yaranmasının səbəbi kimi «su-neft» 
kontaktı səthində ionlaşdırılmış asfaltenlərin yığılması göstərilir. «Su-neft» kontaktı səthində 
ionlaşdırılmış asfaltenlərin olması ionlaşdırılmış asfaltenlər və turşu ionları (H+ və Cl-) 
arasında olan güclü qarşılıqlı əlaqələr ilə izah olunur. Şlamın ilkin yaranması əlavə olaraq 
ionlaşdırılmış asfaltenlər və fazalararası su arasındakı hidrogen rabitəsinin gücü hesabına 
armasıda baş verir.

Açar sözlər: asfalten; ionlaşdırılmış asfalten; molekulyar - dinamik modelləşdirilmə; 
layın turşu ilə işlənməsi; radial paylanma funksiyası; asfaltenin ilkin yaranması
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