KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

Chemical Journal of Kazakhstan
Volume 3, Number 95(2026), 97-107 https://doi.org/10.51580/2026-3.2710-1185.32

UDC 665.6/.7:547.458.88

EFFECT OF B-CYCLODEXTRIN AND LACTIC ACID-BASED
SUPRADES ON ASPHALTENE AGGREGATION PROCESSES

K.A. Sadykov?, 1.S. Khisamedenova®*, S.B. Ryspayeva?, Sh.S. Islam?, A.K. Mekebaeva®
1JSC Bekturov Institute of Chemical Sciences, Almaty, Kazakhstan
2Satbayev University, Almaty, Kazakhstan
3ALT University, Almaty, Kazakhstan

*Corresponding author e-mail: irina140802@gmail.com

Abstract. Introduction. Asphaltene precipitation and aggregation complicate petroleum production,
transport, and refining. Aim. To evaluate B-cyclodextrin—-L-lactic-acid SUPRADES as a modifier of
asphaltene aggregation in model oil prepared from Karazhanbas crude oil. Methods. Asphaltenes were
isolated according to GOST 11858-66. SUPRADES was prepared at a 1:60 molar ratio and characterized
by FT-IR, UV-Vis, thermogravimetry, and tH and C NMR, including COSY, HMQC, and HMBC.
Results and discussion. FT-IR indicated a hydrogen-bonded network, TGA revealed multistage
decomposition, and NMR confirmed the lactic-acid fragment and its principal correlations. Near 292 nm,
absorbance decreased from approximately 0.88 to 0.59 after SUPRADES addition, an apparent decrease
of about 33%. Because replicate-level variability was unavailable, the comparison is semiquantitative.
Conclusion. The system may modify asphaltene aggregation, but quantitative inhibition must be
confirmed at defined concentrations with independent replicates.
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1. Introduction

Prevention of asphaltene deposition is one of the key tasks of the
petrochemical industry, since aggregation and subsequent flocculation lead to
deposits that impair the transport and operational characteristics of oil. Asphaltene
inhibitors can shift the onset of deposition and reduce both the amount of
sediment formed and particle size. Nonionic surfactants capable of stabilizing
asphaltene particles in a dispersed medium have proved effective in this regard.
Historically, aromatic organic solvents such as toluene and xylene have been used
because they dissolve asphaltene aggregates. However, their toxicity, volatility,
and environmental impact significantly limit their use in modern processes.
Alternative inhibitors therefore include nonionic surfactants and polymer
additives that stabilize asphaltenes through peptization and prevent aggregation

[1].

In recent decades, considerable attention has been paid to ionic liquids with
physicochemical properties such as low volatility, high thermal stability, and
structural tunability, making them promising candidates as asphaltene inhibitors
[2]. Further development of this field led to deep eutectic solvents (DES), which
combine efficiency with ease of preparation and relatively low cost; their
combination with macrocyclic host molecules has opened additional opportunities
for molecular recognition [3]. Supramolecular chemistry focuses on non-covalent
interactions and molecular recognition mechanisms that form stable host—guest
complexes [4]. In this context, supramolecular deep eutectic solvents
(SUPRADES) were proposed in 2020 as an extension of the DES class. These
systems are formed using cyclodextrins (CDs) or their derivatives together with
hydrogen-bond donors, particularly carboxylic acids [5, 6]. This approach
combines the advantages of DES with the selectivity and encapsulation ability of
macrocyclic compounds. Cyclodextrin-based systems are especially widespread
because of their natural origin, availability, low cost, and molecular-recognition
properties [7]. p-Cyclodextrin is frequently used because its cavity size enables
interaction with a broad range of organic molecules and it is economically
accessible [8]. Depending on composition and synthesis strategy, CD-based
SUPRADES can be classified as binary or ternary systems [9]. SUPRADES can
retain high stability in agueous media [10], although molecular-dynamics studies
show that water can markedly affect their structure and dynamics [11].
Complementary host—guest interactions and hydrogen bonding govern the
organization and functional properties of these systems and enable selective
capture of molecules of suitable shape, size, and polarity [12]. Their versatility
has also been demonstrated in analytical separations, including chiral capillary
electrophoresis [13].

2. Experimental part

Asphaltene isolation. Asphaltenes were isolated from Karazhanbas crude oil
(Western Kazakhstan) according to GOST 11858-66. The crude oil was treated
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with n-hexane as the precipitant, allowed to stand for 24 h, and filtered without
disturbing the settled phase. The filtration stage is shown in Figure 1.

Figure 1 — Asphaltene filtration from Karazhanbas oil.

Purification and recovery. The precipitate retained on the filter paper was
subjected to Soxhlet extraction with toluene to separate the asphaltene fraction
from co-extracted resins and oils. Toluene was refluxed at approximately 116 °C
using an oil bath maintained at 120 °C. The extraction cycle was repeated 4-5
times. The recovered asphaltenes were dried at 100 °C for 24 h and then cooled to
room temperature in a desiccator.

Model oil and SUPRADES treatment. The isolated asphaltenes were
dissolved in toluene (purity >99.8%) at 0.5 wt%. The solution was stirred for 2 h
and equilibrated for 24 h. SUPRADES was evaluated over the verified working
concentration range of 100-1000 ppm, and the samples were magnetically stirred
for 10-30 min. n-Hexane was then added at an n-hexane:model-oil ratio of 40:1,
and the mixtures were left for 24 h at room temperature. The available
experimental record did not retain the exact SUPRADES dose and mixing time
linked to the representative spectrum in Figure 3; therefore, the UV-Vis result is
reported as a semiquantitative comparison rather than as a concentration—response
experiment.

Preparation of SUPRADES. SUPRADES was prepared by mixing B-
cyclodextrin (98%, Macklin Biochemical Co., Ltd., China) and L-(+)-lactic acid
(>85%, Macklin Biochemical Co., Ltd., China) at a 1:60 molar ratio [14]. The
components were heated at 80 °C with continuous magnetic stirring at 350 rpm
until a clear homogeneous liquid formed [15].

3. Results and discussion

3.1. Physico-chemical properties

In this work, the properties of pure lactic acid (LA), B-cyclodextrin (-CD),
and their mixture at a 1:60 molar ratio were considered. At 30 °C, pure LA has a
density of approximately 1200 kg m=3 and a viscosity below 50 mPa-s. Pure -CD
is a crystalline solid with low water solubility, whereas contact with LA produces
a liquid supramolecular deep eutectic solvent through extensive hydrogen
bonding. The viscosity of B-LA is 111.74 mPa-s at 30 °C and decreases to
approximately 40 mPa-s at 60 °C [14]. The density of B-LA was 1245 kg m™3 at
20 °C. Because the density values for pure LA and B-LA refer to different

99



ISSN 1813-1107, elSSN 2710-1185 M 3, 2026

temperatures, they are reported separately and are not used for direct quantitative
comparison. At 25.5 °C, B-LA had a pH of 1.08 and an electrical conductivity of
26.5 mS cm™. The pH meter was calibrated with pH 4.00, 7.00, and 10.00
buffers. pH and conductivity measurements were performed in triplicate, and
mean values were reported. Measurements were conducted at the stated
temperatures and atmospheric pressure.

3.2. FT-IR spectroscopy

FT-IR spectroscopy was used to characterize B-cyclodextrin—lactic-acid
SUPRADES (1:60) and to examine its interaction with components of the model
oil. The corresponding spectra are shown in Figure 2.

T.%

T.%

v, cm -1

Figure 2 — FT-IR spectra of SUPRADES and model oil.

The broad band at 3300-3400 cm™* was assigned to O-H stretching and is
consistent with extensive intermolecular hydrogen bonding between f-
cyclodextrin hydroxyl groups and lactic-acid carboxyl groups. Bands at 2920-
2950 cm™ were assigned to aliphatic C—H stretching. The band at approximately
1715-1720 cm corresponds to C=0 stretching of the lactic-acid carboxyl group.
C-H and O-H bending modes occur at 1450-1380 cm™. Intense bands at 1200-
1000 cm™, particularly 1120-1030 cm, were assigned to C-O-C and C-O
stretching in the glucopyranose units of B-cyclodextrin, indicating retention of the
cyclic carbohydrate framework. The model-oil spectrum contains bands at
approximately 3030 cm (aromatic C-H), 2920 and 2850 cm™ (aliphatic C-H),
approximately 1600 cm™ (aromatic C=C), and 1000-700 cm™ (out-of-plane
aromatic C—H bending). Taken together, these data are consistent with formation
of a hydrogen-bonded SUPRADES system containing functional groups capable
of interacting with polar and aromatic asphaltene fragments; FT-IR alone,
however, does not prove a specific host—guest complex.

3.3. UV-Vis spectroscopy

Representative UV-Vis spectra of the model oil without and with
SUPRADES were compared over the 200-800 nm range shown in Figure 3. The
available record did not include the spectrophotometer model, optical path length,
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or replicate-level acquisition metadata; therefore, no unverified instrumental
details were added.
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Figure 3 — Representative UV-Vis spectra of model oil without and with SUPRADES.

Both representative spectra show a maximum near 292 nm, associated with
the optical response of aromatic asphaltene structures. From the plotted curves,
the absorbance decreased from approximately 0.88 for the model oil without
SUPRADES to approximately 0.59 after SUPRADES addition. The apparent
relative absorbance decrease, calculated as (0.88 — 0.59)/0.88 x 100%, was
approximately 33%. This value describes the optical change in the plotted spectra
and should not be interpreted as a statistically validated aggregation-inhibition
efficiency. Replicate-level raw spectra and variability estimates were unavailable;
consequently, standard deviations, error bars, and inferential significance are not
reported. Under otherwise comparable sample preparation, the lower absorbance
is consistent with reduced aggregation or dispersion of asphaltene-containing
structures. Hydrogen bonding between polar asphaltene fragments and the
hydroxyl/carboxyl groups of SUPRADES, together with possible host—guest
interactions involving the B-cyclodextrin cavity, may contribute to this behavior,
but these mechanisms require independent confirmation.

3.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to assess the thermal
stability of the synthesized supramolecular deep eutectic solvent based on f-
cyclodextrin and lactic acid (B-CD:LA, 1:60). This method makes it possible to
determine the temperature ranges of thermal decomposition, as well as to
establish the resistance of the resulting system to thermal effects. The study of the
thermal behavior of SUPRADES is an important step to assess the possibility of
its practical application in petrochemical processes, since asphaltene deposition
inhibitors must maintain stability at elevated temperatures of oil transportation
and refining. The resulting TG curve is shown in Figure 4.
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Figure 4 — TG curve of SUPRADES.

The TG curve shows multistage mass loss. The initial loss at approximately
40-120 °C is attributed to physically adsorbed moisture, water in the B-
cyclodextrin cavity, and possible evaporation of weakly bound lactic acid. At
approximately 120-220 °C, mass decreases as weak intermolecular interactions
and the hydrogen-bonded network are disrupted. The main decomposition step at
approximately 230-350 °C is assigned to -cyclodextrin degradation and cleavage
of glycosidic bonds. Above approximately 400 °C, the remaining organic
fragments decompose and a carbonaceous residue forms. The curve indicates that
major decomposition accelerates above approximately 200 °C; therefore, the
material may warrant further evaluation under lower-temperature petrochemical
conditions, but application stability should be confirmed under process-specific
conditions.

3.5. NMR analysis of SUPRADES

The *H and 3C NMR spectra were recorded on a JEOL JNM-ECA 400
spectrometer at 399.78 and 100.53 MHz, respectively, using D-O as the solvent.
Chemical shifts were referenced to the residual solvent signal. In the *H NMR
spectrum of SUPRADES, the methyl protons H-3 of lactic acid appeared as a
three-proton multiplet at 0.95-0.96 ppm, while the methine proton H-2 appeared
as a one-proton multiplet at 3.89-3.95 ppm. The hydroxyl proton H-1 and
carboxyl proton H-6 were not observed because of rapid proton/deuterium (H/D)
exchange with D.O. The low concentration of B-cyclodextrin did not allow its
signals to be identified in solution. The *H-*H COSY spectrum showed a
correlation between the methyl (H-3) and methine (H-2) protons. In the 13C NMR
spectrum, lactic-acid carbon signals were observed at 19.11 ppm (C-3), 66.14
ppm (C-2), and 177.86 ppm (C-4). The tH-3C HMQC correlations confirmed
direct one-bond connections H-3/C-3 (0.95, 19.09 ppm) and H-2/C-2 (3.91, 66.06
ppm). The *H-3C HMBC spectrum showed long-range correlations H-3/C-2
(0.95, 66.61 ppm), H-3/C-4 (0.95, 178.16 ppm), H-2/C-3 (3.90, 19.18 ppm), and
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H-2/C-4 (3.90, 178.16 ppm). The *H spectrum is presented in Figure 5, and the
13C spectrum in Figure 6.

\oe
/
\

Figure 6 — 3C NMR spectrum of SUPRADES in D-0.

The structure of the compound was further examined by two-dimensional
'H-'H COSY spectroscopy in D:O. Characteristic homonuclear spin-spin
correlations between neighboring lactic-acid protons were observed. Cross-peaks
between the methyl (H-3) and methine (H-2) protons at 0.94/3.92 ppm and
3.92/0.94 ppm confirm their scalar coupling through three chemical bonds. One-
bond tH-'3C correlations were established by HMQC spectroscopy in D:O. The
COSY spectrum is shown in Figure 7.
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Figure 7 — COSY spectrum of SUPRADES in D.O.

The following direct correlations were detected in the HMQC spectrum of
SUPRADES: H-3/C-3 (0.95, 19.09 ppm) and H-2/C-2 (3.91, 66.06 ppm),
confirming the lactic-acid fragment in the studied compound. Correlation signals
of B-cyclodextrin were not detected because of its low concentration in the
sample. Long-range heteronuclear correlations through two or more bonds were
established by HMBC spectroscopy in D.O. The H-3/C-2 (0.95, 66.61 ppm), H-
3/C-4 (0.95, 178.16 ppm), H-2/C-3 (3.90, 19.18 ppm), and H-2/C-4 (3.90, 178.16
ppm) correlations support the constitutional connectivity of the lactic-acid
fragment. The HMQC and HMBC spectra are presented in Figure 8.
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Figure 8 — (a) HMQC and (b) HMBC spectra of SUPRADES in D-O.

4. Conclusion

This study evaluated p-cyclodextrin—lactic-acid SUPRADES as a potential
modifier of asphaltene aggregation in a model oil prepared from Karazhanbas
crude oil. FT-IR data were consistent with formation of a hydrogen-bonded
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supramolecular network, TGA characterized the multistage thermal
decomposition of the system, and *H, 3C, COSY, HMQC, and HMBC NMR data
confirmed the lactic-acid fragment and its principal correlations. In the
representative UV-Vis spectra, absorbance near 292 nm decreased from
approximately 0.88 to 0.59 after SUPRADES addition, corresponding to an
apparent relative decrease of about 33%. Because the exact SUPRADES dose and
mixing time linked to Figure 3 and replicate-level variability were not retained in
the available record, this result is semiquantitative and should not be interpreted
as a validated inhibition efficiency. Further work should use predefined
SUPRADES concentrations, independent replicates, and complementary particle-
size or precipitation measurements to establish dose-response behavior and
quantitative inhibition performance.
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p-OIUKJIOAEKCTPMH MEH CYT KbIIIKbLJIbI HETIBIHAEI'T SUPRADES-TiH
ACO®AJIBTEHAEPJIH ATPEI'AIIMAJIAHY IIPOLUECTEPIHE ©CEPI
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Tyiiinaeme. Kipicne. AchanbTeHaepiH TYHYbl MEH arperaiyssiaHybl MYHaH bl OHIIPY/Ii, TaChIMaNIay Il
JKOHE eHJeyAl KublHnaranbl. Makcamor. B-Lluknonekctpun MeH L-CyT KBIIIKBUIBI  HETi3iHIET]
SUPRADES xyiteciniy KapaxanOac MyHaiiblHAH AaifbIHAQIFAaH MOJCNBIIK MYHalJarbl acQaibTeH
arperanusicbiHa ocepiH Oaramay. Oodicmepi. Acdanstennep ['OCT 11858-66 OoiibiHima OesmiHii.
SUPRADES 1:60 wmombaik KateiHacta anbiHbin, FT-IR,  YK-kepiHeTiH  crnekTpockomws,
TepMmorpaBumerpust xkone H, 3C, COSY, HMQC, HMBC SIMP onicrepimen 3eprrenai. Homuoicenepi
arcone mangeinay. FT-IR cyTekrik Gaitnmanbictap skemicid, TGA KemcaTbuisl bLIbIpaynsl, an SIMP cyr
KBIIIKBUTBI ()parMeHTi MEH HEeTi3ri Koppemsuusiiapasl kopceTTi. 292 HM MaHbBIHIA ONTHKAIBIK THIFBI3IBIK
mamamern 0,88-nen 0,59-ra neilin TemeHzaeni, SFHH KopiHETIH TeMmeHiey mmamamen 33% OGOJIBL
Kaiiranama enmieynepaiH Iambpaybl OOIMaFaH/IbIKTaH, HOTIKE JKapThUIA CaHIBIK ACH TYCIHAIPLIII.
Kopvimuinoer. XKyite acdanbren arperanusicblH ©3repTyi MYMKiH, OipaK CaHABIK THIM/IUTIK HaKThI
KOHIIGHTpaLUsIap MEH TAYeJICi3 KalTajamManap/a pacTaiysbl THIC.

Tyiiinai ce3mep: P-IIMKIONEKCTPHH, CYT KBIIKBUIBL, acdanbTennep, arperanus, FT-IR-cnekrpockomnms,
YK-kepiunerin criekrpockomnusi, SUPRADES
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BJIUSHUE SUPRADES HA OCHOBE f-IIAKJIOJAEKCTPUHA U MOJIOYHOM KACJOTHI
HA IMPOUHECCBHBI ATPEI'ALIUU ACPAJIBTEHOB
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Pe3tome. Bgeoenue. Ocaxxnenue u arperauusi achaJbTeHOB OCIOXKHSIOT TOOBIYY, TPAHCIIOPTHPOBKY U
nepepabotky HebTh. [ers. Ouenuts Biusaue SUPRADES Ha ocHoBe fB-umkioaekcTpuna i L-monouno
KHCJIOTHI Ha arperanyio ac(aibTeHOB B MoJeibHOW HedTH, mpuroroBieHHOH u3 Hedtn KapakanOGac.
Memoovi. Acdansrensl Beimenstmn no I'OCT 11858-66. SUPRADES mnomydanu npH MOIBHOM
cootHomennn 1:60 wu wuccnemoBamm  merogamu  FT-IR- u Y®O-Buaumoill  CrieKTPOCKOIHH,
TepmorpasumeTpun u H-, 13C-, COSY-, HMQC- u HMBC-SIMP. Pesyavmamer u obcyscoenue. FT-IR
yKa3ajia Ha CeTb BOJOPOAHBIX cBsizel, TGA BBIsIBHIIa MHOTOCTaMIHOE pasiioxkenue, a IMP nmonrsepaun
(parMeHT MOJIOYHOM KHCIIOTHI U OCHOBHBIE Koppesiuun. [Ipu 292 HM onTHYecKas INIOTHOCTh CHU3MIACh
npumepHo ¢ 0,88 1o 0,59, to ectb mnpuOnusurensHo Ha 33%. M3-3a OTCYTCTBHS JNaHHBIX O
Bapua0eNbHOCTH TOBTOPHBIX H3MEPEHMI pe3yJbTaT HMHTEPHPETHPOBAH KaK MMOIYKOIHMYECTBEHHBIH.
3akniouenue. CucreMa MOXKET W3MEHATh arperanuio  ac(ainbTeHOB, OJHAKO KOJIWYECTBEHHYIO
3¢ eKTHBHOCTH HEOOXOANMO MOATBEPAUTH NPH 3aIaHHBIX KOHIICHTPALMSX U B HE3aBUCHMBIX [TOBTOPAX.

KiroueBble ciioBa: [(-IIMKJIOJEKCTPUH, MOJOYHasl KHCIOTa, acansTeHsl, arperamus, FT-IR-
cnexrpockonyst, Y @-sunnmas criekrpockonusi, SUPRADES
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