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This article emphasizes that the transportation of heavy crude oil is accompanied by
asphaltene deposition in pipelines, which leads to increased hydraulic flow resistance
and, consequently, higher energy consumption for pumping. This, in turn, contributes
to an increase in the carbon footprint of the oil production sector. The results of this
study, aimed at developing energy- and resource-efficient technologies for the synthesis
of a green inhibitor based on deep eutectic solvents (DESs), demonstrate the feasibility
of preventing asphaltene precipitation during crude oil transportation. Within the
framework of the study, asphaltenes were isolated from crude oils of the Zhanaozen and
Karazhanbas fields of the Republic of Kazakhstan, model oil systems were prepared, and
an environmentally friendly inhibitor based on betaine and ethylene glycol was synthesized.
The model oil and the deep eutectic solvent were mixed at a 1:1 volume ratio, after which
0.15mL, 0.25 mL, 0.45 mL, 0.65 mL, and 0.85 mL of n-heptane were sequentially titrated
into the resulting mixture. Each sample was analyzed using ultraviolet (UV) spectroscopy.
In samples containing the deep eutectic solvent as an inhibitor, a significant reduction in
the degree of asphaltene aggregation was observed, as the inhibitor effectively slowed the
agglomeration process. Accordingly, a decrease in UV absorbance intensity was recorded,
indicating improved dispersion stability of the system. This effect was particularly
pronounced for crude oil from the Zhanaozen field: upon the addition of 0.45 mL,
0.65 mL, and 0.85 mL of n-heptane, the absorbance values approached zero, indicating a
near-complete absence of asphaltene aggregation that would otherwise hinder light
transmission. The synthesis of an inhibitor based on betaine and ethylene glycol,
biodegradable and low-toxicity compounds, represents a practical implementation of the
«green inhibitor» concept, as confirmed by UV spectroscopic analysis and laboratory
testing.
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Introduction largely carried out through pipeline systems. However,
Oil remains the primary source for motor fuel crude oil contains significant amounts of heavy
production, and its extraction and transportation are  resinous-asphaltene components that tend to aggregate
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and deposit on pipeline walls and processing
equipment. Among these fractions, asphaltenes
represent one of the most problematic constituents
due to their high aromaticity, polarity, and tendency
to precipitate under changes in pressure, temperature,
or composition [1,2]. Asphaltene deposition leads to
increased hydraulic resistance, reduced flow efficiency,
equipment fouling, and substantial economic losses.

To mitigate these challenges, chemical inhibitors
are commonly applied to stabilize asphaltenes in the
oil phase. Conventional organic solvents such as
toluene and xylene are effective, but suffer from major
drawbacks, including high toxicity, flammability, and
environmental impact. Consequently, modern research
has increasingly focused on developing environmentally
benign and cost-effective alternatives. In this context,
deep eutectic solvents (DESs) have emerged as
promising green inhibitors due to their low volatility,
tunable physicochemical properties, biodegradability,
and relatively simple synthesis routes [3—7].

DESs are typically formed by combining a
hydrogen bond acceptor (HBA) with a hydrogen bond
donor (HBD), resulting in a eutectic mixture with a
melting point significantly lower than that of the
individual components. Recent studies have
demonstrated that DESs can effectively interact with
asphaltenes through hydrogen bonding, electrostatic
interactions, and n-n stacking, thereby suppressing
aggregation and delaying precipitation [8,9]. These
molecular interactions enable DESs to stabilize
asphaltenes at the colloidal level, reducing their
tendency to form large aggregates.

Several investigations have explored the
application of DESs in petroleum systems. Hebbar et
al. [9] demonstrated that glycerol- and choline-
chloride-based DESs significantly reduced asphaltene
aggregation in both toluene and n-heptane systems,
which was confirmed by experimental and molecular
simulation approaches. Kumar et al. [2] further
advanced this concept by combining COSMO-RS
modeling with experimental validation, identifying
thymol-based DESs as highly effective inhibitors of
asphaltene aggregation. These findings highlight the
potential of DESs for rational design of next-
generation asphaltene inhibitors.

From a technological and economic perspective,
the development of efficient inhibitors is essential for
improving oil production and transportation reliability.
High-molecular-weight components such as
asphaltenes, resins, and paraffins contribute to
deposition in pipelines, wells, and storage tanks, leading
to operational instability and increased maintenance
costs. Effective inhibitors stabilize these components
at the molecular level, enhance flow properties, prevent
blockages, and extend equipment lifetime.

Overall, literature analysis confirms that deep
eutectic solvents represent a promising,
environmentally friendly, and versatile class of
inhibitors for controlling asphaltene precipitation and
deposition. Nevertheless, further systematic studies are
required to optimize DES formulations, assess long-
term stability, and evaluate large-scale industrial
applicability under realistic oilfield conditions.

Experimental

For this study, two crude oil samples were
collected from the Zhanaozen and Karazhanbas fields,
located in the western part of the Republic of
Kazakhstan:

— Zhanaozen — an oil and gas field on the
Mangyshlak Peninsula (Mangystau region), belonging
to the South Mangyshlak oil and gas-bearing area;

— Karazhanbas — an oilfield in the Tupkaragan
district of the Mangystau region. Crude oil from this
field was previously studied in ref. [10].

Three DES formulations were tested as solvents
for asphaltenes:

— DESI — citric acid:glycerol (1:4),

— DES2 — citric acid:ethylene glycol (1:4),

— DES3 — choline chloride:glycerol (1:2).

The selection of these oilfields was motivated by
the high resin—asphaltene content of their crude oils,
which increases the likelihood of isolating pure
asphaltenes for further study.

Isolation of asphaltenes from crude oil

Asphaltenes were extracted from crude oil
according to the state standard GOST 11851-2018
“Petroleum — Method for determining asphaltene
content”. A measured volume of crude oil (5 mL
from each sample) was placed into a flask, and
n-heptane was added. The mixture was kept in a dark
place for 24 hours.

After 24 hours, a precipitate of asphaltenes
formed at the bottom of the vessel, while the
supernatant consisted of the lighter oil fraction. The
precipitate was separated by filtration using filter paper
placed in a funnel over a flask. The oil—n-heptane
mixture was carefully poured onto the filter.

The filtrate contained the lighter oil fraction
with a reduced asphaltene content, while the resin—
asphaltene precipitate remained on the filter paper.
Filtration was slow due to clogging of the filter pores
by resinous components, which reduced the solution
flow rate.

The next stage of asphaltene purification was
performed by extraction using a Soxhlet apparatus.
The filter paper containing the asphaltene residue was
placed into the Soxhlet extractor, and toluene was
used as the solvent. Since the boiling point of toluene
is 116°C, the heating plate was set to 120°C. Within
3—5 minutes, toluene reached its boiling point.
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During boiling, toluene rises in the form of
vapor and, upon reaching the condenser, recondenses
into liquid. Based on this condensation process, the
condensed toluene accumulates in the chamber
containing the filter paper. In its liquid state, toluene
interacts with the asphaltenes deposited on the filter
paper, forming a solution. Once the Soxhlet chamber
containing the filter paper fills with toluene, the
solution is siphoned back into the boiling flask through
the upper tube.

The extraction process was repeated 4—5 times
to remove asphaltenes from the filter paper completely.
As a result, purified asphaltenes were collected at the
bottom of the flask.

Preparation of model oil

For the subsequent investigation of the effect of
the green inhibitor on asphaltenes, model oil was
prepared from extracted asphaltenes. The isolated
asphaltenes were dissolved in toluene (purity >99.8%)
at a concentration of 0.5 wt.%. The mixture was
stirred continuously for two hours and left to stand
for 24 hours to ensure complete dissolution. In some
experiments, asphaltenes were added to toluene at
0.1% (w/v), the samples were shaken on a platform
shaker at 200 rpm for 1 hour, and then stabilized at
room temperature for 24 hours [11].

This study used 150 mL of a solution prepared
by mixing asphaltenes extracted from Zhanaozen crude
oil with toluene. A solution containing asphaltenes
from Karazhanbas crude oil in 100 mL of toluene
was also prepared.

Both solutions were stirred on a magnetic stirrer
for 1 hour at 80°C and 200 rpm. A magnetic bar was
placed inside the liquid, while the magnetic field source
was positioned beneath the instrument base. The
beakers were covered with foil, since toluene is a
volatile liquid and its evaporation could alter the

solution concentration. After stirring, the solutions
were kept in a dark place, protected from sunlight, for
24 hours [11,12].

Synthesis of deep eutectic green inhibitor

Deep eutectic solvents (DESs) are eutectic
mixtures composed of hydrogen bond acceptors
(HBAs) and hydrogen bond donors (HBDs) mixed at
specific molar ratios. Their physicochemical properties
are governed primarily by hydrogen bonding, van der
Waals forces, and electrostatic interactions, resulting
in liquids with low vapor pressure, high thermal
stability, and tunable solvating ability.

Compared with conventional ionic liquids, deep
eutectic solvents (DESs) can be synthesized from
biodegradable, low-toxicity, and inexpensive
components using simple preparation procedures,
which makes them particularly attractive for
petroleum-related applications.

In this study, three DES formulations were
prepared using the conventional heating—stirring
method widely reported in the literature. The synthesis
parameters, including component type, molar ratio,
temperature, stirring speed, and synthesis duration,
are summarized in Table 1 to ensure clarity and
reproducibility.

Briefly, the selected hydrogen bond acceptor (HBA)
and hydrogen bond donor (HBD) components were
weighed according to the desired molar ratio, mixed in
a glass flask, and heated under constant stirring until a
clear and homogeneous liquid was obtained. The absence
of solid residues or turbidity was taken as evidence of
complete DES formation. The synthesized DESs were
then cooled to room temperature and stored in airtight
containers prior to use.

The final deep eutectic solvent obtained is shown
in Figures 1 and 2.

Table 1
Synthesis parameters of deep eutectic solvents
Designation HBA HBD Molar ratio Temperature Sstlré:ég SYEEEZSIS Appearance
of DES component | component | (HBA:HBD) ‘C) p . pp
(rpm) (min)
Clear,
DESI Citric acid Glycerol 1:4 80 200 120 colorless
liquid
Ethylene Clear,
DES2 Citric acid Y 1:4 80 200 120 colorless
glycol on
liquid
Cholin Clear,
DES3 olne Glycerol 1:2 80 200 120 colorless
chloride L
liquid
Ethylene Clear,
DES4 Betaine Y 1:4 40—80 200 120 homogeneous
glycol liquid
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Fig. 1. Scheme of the DES prepared from betaine and ethylene glycol (author’s illustration)

Fig. 2. Deep eutectic solvent (DES) prepared from betaine
and ethylene glycol (author’s illustration)

Results and discussion

The next stage of the study involved the addition
of the synthesized deep eutectic solvent to the model
oil, followed by controlled titration with n-heptane.
The model oil and DES were mixed at a 1:1 volume
ratio, after which the mixture was sequentially titrated
with 0.15, 0.25, 0.45, 0.65, and 0.85 mL of n-heptane.
Each prepared sample was analyzed using ultraviolet
(UV) spectroscopy.

Figures 3 and 4 present the UV absorption
spectra of asphaltenes extracted from Zhanaozen and
Karazhanbas crude oils, respectively. UV—Vis
spectroscopy provides valuable insight into asphaltene
behavior, as these compounds typically exhibit
characteristic absorption in the 700—900 nm region,
which is associated with aggregate formation.

The highest absorption intensity was consistently
observed in samples without DES (0 mL), indicating
extensive asphaltene aggregation. As aggregation
increases, light transmission through the solution
decreases, resulting in higher absorbance values. Upon
DES addition, a noticeable reduction in absorption
intensity was recorded, demonstrating the inhibitor’s

ability to suppress aggregation.

This effect was particularly pronounced for
Zhanaozen crude oil, where absorbance values
approached zero at higher n-heptane additions
(0.45—0.85 mL), indicating near-complete inhibition
of asphaltene aggregation. In contrast, Karazhanbas
crude oil exhibited consistently higher absorbance
values, reflecting its greater resin—asphaltene content
and stronger aggregation tendency, even in the presence
of DES.

UV—Vis absorption spectra of asphaltenes
extracted from Zhanaozen crude oil during titration
with n-heptane at different volumes (0—0.85 mL), in
the presence and absence of the deep eutectic solvent
(DES). The peak observed near 750 nm corresponds
to asphaltene aggregation. The progressive decrease in
absorption intensity with increasing DES concentration
indicates suppression of asphaltene agglomeration and
improved dispersion stability.

UV—Vis absorption spectra of asphaltenes
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Fig. 3. UV absorption of asphaltenes in Zhanaozen crude oil
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Fig. 4. UV absorption of asphaltenes in Karazhanbas crude oil
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extracted from Karazhanbas crude oil during sequential
n-heptane addition (0—0.85 mL), with and without
the deep eutectic solvent. Higher residual absorbance
compared to Zhanaozen crude oil reflects the greater
resin—asphaltene content and stronger aggregation
tendency of Karazhanbas crude oil, even in the presence
of the inhibitor.

Conclusions

Based on the presented results, the application
of green chemistry approaches shows strong potential
for addressing the problem of asphaltene deposition
during oil production and transportation.

The literature analysis and experimental findings
confirm that deep eutectic solvents are environmentally
safe, tunable systems capable of effectively interacting
with asphaltenes. The synthesis of an inhibitor based
on betaine and ethylene glycol, biodegradable, low-
toxicity compounds, represents a practical
implementation of the concept of green inhibitors.

The experimental results demonstrate that model
oils prepared from asphaltenes extracted from
Zhanaozen and Karazhanbas crude oils exhibit reduced
aggregation and a lower tendency toward asphaltene
precipitation after DES addition, indicating enhanced
dispersion stability and improved reliability of crude
oil transportation.

Importantly, although the experimental
validation was carried out using crude oils from
Kazakhstan oilfields, the inhibition mechanism is
not region-specific. It is governed by universal
physicochemical interactions between asphaltenes and
DES components, suggesting that the proposed
approach is applicable to a wide range of crude oils
with high resin—asphaltene content. The simplicity
of DES synthesis, the use of inexpensive and
environmentally benign components, and compatibility
with existing oilfield operations indicate strong potential
for scaling up and industrial implementation of the
proposed green inhibitor technology.
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PO3POBJIEHHA EKOJIOTTYHO BE3ITEYHOI'O
IHT'IBITOPY HA OCHOBI I'NIMBOKUX
EBTEKTUYHHUX PO3YUHHUKIB AJIA KOHTPOJIIO
ATPETAIIL AC®AJTILTEHIB IIIJI YAC
TPAHCIIOPTYBAHHSA CHUPOI HA®THU

A.2K. Kepimkyaosa, C.b. Pucnacsa, I11.C. Icaam,

X.C. Pagixosa, M.A. Koxcaiicakosa, H.H. Hypeaaics,

M.E. Jlapioxncan

Y craTTi HArOJIOLIEHO, 1110 TPAHCIIOPTYBAHHSI BaXKKOI CUPOI
HapTU CYNMPOBOMIKYETHCSA BiIKIAACHHSAM acdalbTeHIB y TPY-
6omnpoBoJax, 10 MPU3BOAUTL N0 3POCTAHHS TiAPaBIiYHOIO
OIIOpY TOTOKY i, BiAMOBIZHO, OO IiIBUILIECHHS €HEPrOCIIOXU-
BaHHSI Ha rnepekauyyBaHHsi. Lle, cBo€l ueproiw, crpuse
30iJIBIIIEHHIO BYIJICLIEBOTO CJIimy Ha(hTOBUIOOYBHOTO CEKTODY.
PesynbraTi 11bOTO HOCHIIKEHHSI, CIIPSIMOBAHOTO Ha PO3po0-
JIEHHSI €Hepro- Ta pecypcoe®eKTUBHUX TEXHOJIOTi CUHTE3y
€KOJIOTIYHO 0Oe3ITeYHOro iHTiOiTOpY Ha OCHOBI IJTMOOKUX €BTE-
ktnuHUX po3unHHUKiB (DES), neMoHCcTpyIOTh MOXIIUBICTD 3a-
no0iraHHsI OCaIKeHHIO achaJbTeHIB il Yac TPaHCIIOPTYBaHHS
cupoi HadTH. Y Mexkax OOCTimKeHHs achallbTeHu OyJIo BUIi-
JieHo 3 HadT pomoBuil XKaHao3eH i Kapaxantac PecmyOmiku
Kazaxcran, miaroroBieHo MojaejbHi HadTOBI cucTeMu Ta
CUHTE30BaHO €KOJIOTIYHO Oe3MeYHuii iHTi0ITOp Ha OCHOBi Oe-
TalHy Ta eTWICHIJiKoMo. MoaenbHy HadTy Ta INIMOOKUIT €B-
TeKTUYHUI PO3YMHHUK 3MilllyBaJIi B 00’€MHOMY CITiBBiTZHO-
1meHHi 1:1, miciiss Yoro B ofep:KaHy CyMilll TTOCJIiIOBHO TUTPY-
Baau 0,15 s, 0,25 mur, 0,45 mi, 0,65 mu i 0,85 Mt n-renra-
Hy. KokeH 3pa3ok aHasi3yBaii METOIOM YiibTpadiosietoBoi (YD)
CIIEKTPOCKOTIii. Y 3pa3kax, 110 MIiCTWIM TJIMOOKUI eBTEKTH-
YHUII PO3UMHHUK SIK iHTIOITOp, CIIOCTEpirajaocs iCTOTHE 3MEH-
LIEHHs CTYIeHs arperauii achaJbTeHiB, OCKiIbKM iHTIOITOP
e(eKTUBHO YIIOBUIBLHIOBAB IIpoliec arjoMepauii. BinmoBimHo
ikcyBasocss 3HMXEHHSI IHTEHCUBHOCTI Y®D-TIOIIMHAHHS, 11O
CBIIUUTH PO MiABUILEHHS OUCIIEPCIHHOI CTabiLILHOCTI CUCTe-
mu. OcobimBO BUpaXXeHUM ILiei eheKT OyB i cupoi HapTh
ponosuina JKanaoseH: 3a gomaBaHHs 0,45 mua, 0,65 M i
0,85 M1 n-renTaHy 3HAYEHHS ONTUYHOI T'YCTUHU HAaOJIMKaIM-
csl IO HyJisd, 110 BKAa3y€ Ha Malike TTOBHY BiACYTHICTh arperauii
achalbTeHiB, sSIKa 3a3BUYail TMEPEUIKOMXAE MPOXOIKEHHIO
cBiTia. CuHTe3 iHTiIOITOpPY Ha OCHOBi OeTaiHy Ta €TWJICHIJIIKO-
0, GIOpPO3KJIaTHUX i MAJIOTOKCUYHUX CIOJYK, € MPAKTUYHOIO
peaizali€lo KOHIEIIII «3eJIeHOro iHTiOiTOpy», LIO MiATBEp-
IKeHO YD-CreKTpOoCKOMiYHNM aHajli30M i J1abopaTopHUMU
BUIIPOOYBAHHSIMU.

KarouoBi ciaoBa: 3eseHa Ximisi; rimbOOKi €BTEKTUYHI
PO3UMHHUKMU; iHTiIOITOp achalbTeHiB; OeTaiH; eTUJICHIIIKOJIb,
MojeiabHa HadTa; CTaJIMil PO3BUTOK, €KOJOriYHO Oe3MeuHi
TEXHOJIOTIi.
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This article emphasizes that the transportation of heavy
crude oil is accompanied by asphaltene deposition in pipelines,
which leads to increased hydraulic flow resistance and,
consequently, higher energy consumption for pumping. This, in
turn, contributes to an increase in the carbon footprint of the oil
production sector. The results of this study, aimed at developing
energy- and resource-efficient technologies for the synthesis of a
green inhibitor based on deep eutectic solvents (DESs),
demonstrate the feasibility of preventing asphaltene precipitation
during crude oil transportation. Within the framework of the
study, asphaltenes were isolated from crude oils of the Zhanaozen
and Karazhanbas fields of the Republic of Kazakhstan, model oil
systems were prepared, and an environmentally friendly inhibitor
based on betaine and ethylene glycol was synthesized. The model
oil and the deep eutectic solvent were mixed at a 1:1 volume
ratio, after which 0.15 mL, 0.25 mL, 0.45 mL, 0.65 mL, and
0.85 mL of n-heptane were sequentially titrated into the resulting
mixture. Each sample was analyzed using ultraviolet (UV)
spectroscopy. In samples containing the deep eutectic solvent as
an inhibitor, a significant reduction in the degree of asphaltene
aggregation was observed, as the inhibitor effectively slowed the
agglomeration process. Accordingly, a decrease in UV absorbance
intensity was recorded, indicating improved dispersion stability
of the system. This effect was particularly pronounced for crude
oil from the Zhanaozen field: upon the addition of 0.45 mL,
0.65 mL, and 0.85 mL of n-heptane, the absorbance values
approached zero, indicating a near-complete absence of asphaltene
aggregation that would otherwise hinder light transmission. The
synthesis of an inhibitor based on betaine and ethylene glycol,
biodegradable and low-toxicity compounds, represents a practical
implementation of the «green inhibitor» concept, as confirmed
by UV spectroscopic analysis and laboratory testing.

Keywords: green chemistry; deep eutectic solvents;
asphaltene inhibitor; betaine; ethylene glycol; model oil; sustainable
development; environmentally friendly technologies.
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