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Hayuno-texunueckuii penensupyemsiii xxypHai « ToHkue Xumu-
YEeCKHe TeXHOJIOTUI» OCBEIIAeT COBPEMEHHBIE TOCTIDKEHHS (QyH-
JAaMCHTAIBHBIX U MPUKIJIATHBIX HCCISTOBAHUH B 00IACTH TOHKHX
XMMHUYECKHX TEXHOJIOTHH, BKIIOUAsl TEOPETUIECKHE OCHOBBI XH-
MHUYECKON TEXHOJOTHH, XVMHUIO M TEXHOJOTHIO JICKAPCTBEHHBIX
TIPenapaToB U OHOJOTUYECKH AKTHBHBIX COCAMHEHHH, OpraHmde-
CKHX BEIIECTB ¥ HEOPTaHMIECKNX MaTepHaIOB, ONOXUMHIO U OHO-
TEXHOJIOTUIO, CHHTE3 H MepepadoTKy MOIMMEPOB M KOMIIO3HTOB
Ha UX OCHOBE, aHAINTUYECKIE U MaTeMAaTHIECKHE METOABI U UH-
(hopManMOHHBIE CHCTEMBI B XMMHH M XUMUYECKOH TeXHOJIOTHH.

Yupeaurenb u U31aTe b

(enepaabHOE TOCYIAPCTBEHHOE OIOKETHOE
o0pa3oBaTeIbHOE YIPEKICHHE BBICIIEr0 00pa3oBaHUs
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XKypran ocnosan B 2006 roxy. Jlo 2015 roga uspasaics
oy HazBaHueM «Bectank MUTXTy» (ISSN 1819-1487).
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Hay4dHBIX KypHas0B BAK P®, B Equnslii rocynapcTBeHHBII
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M.V. Lomonosov Institute of Fine Chemical
Technologies celebrates its 125th anniversary

PEOAKUMNOHHAA CTATBY

UHCTUTYTY TOHKUX XMMNYECKUX TEXHOJIOrMA
nmeHun M.B. JlomoHocoBa — 125 ner

The Editorial Board of Fine Chemical Technologies
congratulates the M.V. Lomonosov Institute of Fine
Chemical Technologies on its glorious anniversary that
commemorates 125 years since of its founding!

Few Moscow universities can boast a history spanning
more than a century. The Institute dates back to July 1,
1900, when, by the Highest Decree of Tsar Nicholas I,
the Moscow Higher Courses for Women were established
in Moscow as a university-level institution to train
women for teaching, scientific, and practical activities in
the field of natural sciences. The courses were offered
at two faculties: Physics and Mathematics, History and
Philosophy. The first female students graduated the
Higher Courses in 1904.

In 1918, by decision of the Collegium of the People’s
Commissariat for Education, the Higher Courses for
Women was transformed into the Second Moscow State
University, and in 1931, by Decree of the Council of
People’s Commissars of the USSR, the Moscow Institute
of Fine Chemical Technology (MITHT) was approved as
an independent university. In 1940, MITHT was named
after the great Russian scientist Mikhail Lomonosov
in recognition of its scientific achievements in training
highly qualified specialists.

During the Great Patriotic War, teachers, scientists,
and employees of the Lomonosov Moscow State

University made a significant contribution to the Victory.
N.I. Gelperin’s high-powered bombs, K.A. Bolshakov’s
super-strong armor, N.A. Preobrazhenskiy’s unique
medicines, and B.A. Dogadkin’s new elastomeric
materials were recognized with a total of seven Stalin
Prizes.

In 1993, by Order of the State Committee for Higher
Education, MITHT was renamed the Lomonosov
Moscow State Academy of Fine Chemical Technology;
in 2011, it received the status of a state university.

In 2015, the MITHT was merged with Moscow
State University of Radio Engineering, Electronics and
Automation (MIREA), and Moscow State University
of Instrument Engineering and Computer Science
to form the Moscow Technological University. This
merged institution was later renamed as MIREA —
Russian Technological University (RTU MIREA).
From that moment on, a new chapter began in the
development of the M.V. Lomonosov Institute of
Fine Chemical Technologies. Currently, 10 mega-
laboratories and research centers have been created,
while 18 departments of the institute are undergoing
major re-equipment, opening up new opportunities
for training and scientific and technical creativity for
students of all chemical and technological disciplines
at RTU MIREA.
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Scientific schools established by a group of
outstanding scientists and organizers of Russian science
who taught at the Moscow Higher Chemical Engineering
School or the Moscow Institute of Chemical Technology
at various times (including academicians N.D. Zelinsky,
A.N. Nesmeyanov, Ya.K. Syrkin, K.A. Andrianov, G.G.
Nametkin, G.G. Urazov, S.S. Medvedev, I.N. Nazarov,
I.L. Knunyants, [.P. Alimarin, N.P. Fedorenko, and V.I.
Shvets ) continue to be successfully developed by their
followers, the scientists of our present generation.

Many graduates of MITHT have been recognized
as the cream of the Russian scientific crop in the field
of fundamental chemistry and chemical technologies.
More than thirty graduates have received the titles
of corresponding members and academicians of the
Russian Academy of Sciences, going on to establish
leading scientific schools or head scientific institutes and
large departments in various educational and industrial
organizations.

A tremendous amount of progress has been made
in the field of education and science. In addition to its
indisputable achievements in the field of chemistry and
chemicaltechnology, MITHT hasalwaysbeenauniversity
with a “human face.” Even during difficult years of
persecution on certain issues related to the development
of science, its steadfast position was exercised to support
scientists that promoted modern trends in fundamental
and applied chemistry. Subsequent history has vindicated
the leading position of the MITHT, which continues to

Editor-in-Chief
of Fine Chemical Technologies journal

~f

maintain a tradition of friendly treatment of students and
respectful communication between colleagues.

Since the Higher Women’s Courses were the original
the source from which so much else flowed, it is fitting
to remember the outstanding women who graduated
from them. These include Ekaterina Alekseyevna
Furtseva, Minister of Culture of the USSR; Mother
Seraphima (Doctor of Technical Sciences, Professor
Varvara Vasilyevna Chernaya-Chichagova), the first
abbess of the Novodevichy Convent, who restored it
in 1994; mountaineer Lyubov Georgievna Korotaeva,
who hoisted the Soviet flag on Mount Elbrus during the
Great Patriotic War; mathematician Olga Nikolaevna
Tsuberbiller, who created a unique textbook on analytical
geometry; corresponding member of the USSR Academy
of Sciences Rimma Porfiryevna Evstigneeva; rector
MITHT (2005-2015), Doctor of Technical Sciences,
Professor Alla Konstantinovna Frolkova.

Key milestones in the history of the MITHT,
numerous achievements, brief biographical notes on
all outstanding scientists who taught at the institute, as
well as on famous graduates who have achieved high
positions in the organization of Russian science, have
been carefully and respectfully collected and presented
on the RTU MIREA website at mitht.site.

We wish the staff of the M.V. Lomonosov Institute
of Fine Chemical Technologies many more significant
achievements in science to come and every success in
training high-class specialists for the prosperity of Russia.

Andrey V. Timoshenko
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Abstract

Objectives. When developing separation flowsheets for liquid mixtures, preference is often given to a specific process or flowsheet.
Although alternative separation variants are sometimes considered, these tend to be based on a single-phase process, usually distillation.
And while review papers on the specifics of implementing a particular separation technique exist, these mainly focus on the specific
process of extractive distillation, combination of distillation and splitting processes, and extraction. Moreover, studies comparing the
separation flowsheets of mixtures of different physicochemical nature based on different processes and special methods are fragmentary.
This study presents a comparative analysis of the processes and methods of liquid mixtures separation based on a critical review of the
literature and the authors’ own research results.

Methods. The study is based on the critical analysis of literature and mathematical modeling of phase equilibria using local composition
equations via freely distributed software packages.

Results. Specific liquid mixture separation methods, including combining various processes in one flowsheet (including hybrid
technologies), are compared in terms of their advantages and disadvantages.

Conclusions. Promising areas of further research in the field of synthesis of organic mixtures separation flowsheets through the use
of various separation processes and methods are identified. The effectiveness of the various processes (extraction, splitting, special
distillation techniques) is estimated at different stages of different number of components mixtures separation. A comparative analysis
of extractive and heteroazeotropic distillation processes when separating mixtures of different initial composition highlights the areas
of energy advantage of each process. The effectiveness of the flowsheets is estimated by combining extraction with other processes,
depending on the stage of extractant regeneration.
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CpaBHMTENbHbIN aHANN3 CXeM pa3aesieHus
XXUOKNX CMeceil, OCHOBAaHHbIX Ha Pa3JIN4YHbIX
npoueccax n metogax

A.B. ®poaxosa™, A.H. Hospy3oBa
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Mocxea, 119454 Poccus

™ demop ons nepenucku, e-mail: frolkova nastya@mail.ru

AHHOTaUuS

]_Ie.Jm. HpI/I pa3pa60TKe CXEM pasACIICHUs KUAKHUX cMeceid 4acTo OTHACTCs NPEANOYTEHUE KOHKPETHOMY IIPOLECCY WU CXEME. B peaAKux
CllyvasixX pacCMaTrpuBacTCs HE OAWH, a HECKOJIbKO aJIbTEPHATUBHBIX BAPUAHTOB Pa3AC/ICHUA, Yallle OCHOBAaHHbLIX Ha OAHOM (1)a30130M 1po-
1ECCE, KaK 1MpaBuiio, peKTI/I(bI/IKaHI/II/I, Vmerommecs Ha ceroaHs O630pHI)Ie pa60TBI 10 0COOEHHOCTSIM peanusanuu Toro Uik UHOro rpuemMa
pa3aci€HUs CKOHLIECHTPUPOBAaHbl HA KOHKPETHOM IIPOLECCE: SKCTPAKTUBHAA peKTI/I(i)I/IKaIII/ISI, COUYCTAaHUC peKTI/I(I)I/IKa]_II/II/I " pacciianBaHusl,
OKCTpaKIus. KomruiekcHbie HUCCIIEA0BaHMs 110 CPABHEHUIO CXEM pa3/ICICHUA cMecei pa3H0171 (1)PI3HKO-XI/IMI/I‘ICCKOﬁ MIPpUPOLILIL, 62131/IpyIOH_[I/IX-
Cs1 Ha pasHbIX NPOLECCax U CIICHUAJIbHBIX METOAAX, HE IPOBOAUIIUCE. Hay‘IHI)IC Hy6J’[I/IKaHI/II/I B ,Z[aHHOfI obnactu IMpEeACTaBICHBL (bpal"MeH-
TapHO U OTHOCATCS K OIIPEACIICHHBIM 00beKTaM HCCIICIOBAHMA. HCJ'IBIO HACTOSIIICH pa6OTI>I SIBJIACTCA CpaBHPITeJIBHLIﬁ aHaJI13 IpoLeccoB
1 METOHOB pa3ACICHUS KUIAKUX cMecel Ha OCHOBE KPUTUYECKOTO 0630pa JIMTEPATyphl U pE3YJILTATOB COOCTBEHHBIX HCCHeﬂOBaHHﬁ.

Metoasbl. Pabora 6a3upyercst Ha KPUTHYECKOM aHAIN3€ JTUTEPATYPHl 1 MAaTEMaTHIECKOM MOJIEINPOBAaHNH (ha30BBIX PaBHOBECHH HA OC-
HOBE ypPaBHEHUH JIOKATBEHBIX COCTABOB C MCIOJIB30BAHHEM CBOOOTHO PACIIPOCTPAHSAEMBIX IIPOTPAMMHBIX KOMIIIEKCOB.

Pesyabrarsl. [IpoBeneH 0630p Hay4HOH JUTEPATYPhl, HA OCHOBE KOTOPOTO MMOKA3aHbI JOCTOMHCTBA M HEIOCTATKH KOHKPETHBIX MpHe-
MOB pa3ZIeJeHHsI KUAKAX CMeCeil, MPEerMYIIEeCTBa M OTPAHUYCHHS HA COYCTAHUE B OJHOM CXeMe Pa3MYHbIX MPOIECCOB (B TOM YHCIIe
B THOPUIHBIX TEXHOJIOTHSIX ).

BoiBoabl. [lepcrieKTHBHBIMM HAPaBICHUAMH JANbHEHIINX HCCIEA0BaHNI B 00IaCTH CHHTE3a M CPABHEHHS CXEM pasZeieHus cMecel
OpPraHNYEeCKHX MPOTYKTOB 3a CUET MCIOIb30BAHUS PA3IMYHBIX METOJOB M MPOLIECCOB pa3JeleHus ABIAIOTCA: OlleHKa (D PEKTHBHOCTH
MIPUMEHEHHS PA3IMYHBIX MPOLECCOB (IKCTPAKIMH, PACCIaHBaHUs, CIICIUAIBHBIX IPUEMOB PEKTU(HUKAIIMK) HA PAa3HBIX Tarax pasje-
JICHHS] CMECH PA3INYHONH KOMIIOHEHTHOCTH; CPABHUTENbHBIN aHAIN3 MPOLECCOB IKCTPAKTHBHON M IeTepoa3eo0TPOIHON PeKTU(UKAIIMI
IIPY pa3zieNIeHuH cMecel Pa3HOro MCXOJHOTO COCTaBa (BBIIENEHHE O0NacTell SHEPreTHUecKOro MperMyIecTBa KakKa0ro mporecca);
oleHKa 3 (OEKTHBHOCTH pean3alii CXeM, OCHOBAHHBIX Ha COYETAaHUH SKCTPAKLUHU C APYTHMHU MIPOLECCAMHU, B 3aBUCUMOCTH OT CTAaANH
pereHepaniy 3KCTPareHTa.

Kniouesble cnoBsa MocTtynuna: 23.01.2025
cxeMa paszeneHus, (ha30Bble paBHOBECHS, PEKTU(HKAINS, pacCIanBaHue, HAopa6oTaHa: 05.02.2025
BapbHPOBAHKE JABICHHS, SKCTPAKIINSI, SKCTPAKTHBHBIC aT€HTBI, JHEPrO3aTPaThl NpuHsTa B neyats: 03.09.2025

Ang uMTMpoBaHns

®ponkosa A.B., Hospy3oBa A.H. CpaBHHUTENIbHBINA aHAIN3 CXEM pasleeHus KUJAKAX CMecel, OCHOBAHHBIX Ha PaslIMYHbIX MPOLECCaX
u Metonax. Towxue xumuueckue mexronocuu. 2025;20(5):407—429. https://doi.org/10.32362/2410-6593-2025-20-5-407-429

408 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429


mailto:frolkova_nastya@mail.ru
https://doi.org/10.32362/2410-6593-2025-20-5-407-429

Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

INTRODUCTION

A basis for the development of technological separation
flowsheets is provided by information about the phase
behavior of the system, including under changing
external conditions (pressure, temperature), as well as
in the presence of additional substances. The diversity
of manifestations of phase behavior forms a basis for
separation process flowsheets having different structures
based on specific phase processes or their combinations.
As such, each process has its own limitations related
to the peculiarities of the phase equilibrium of the
systems: for distillation process, such limitations include
azeotropes, separatrix varieties and the proximity of
component volatilities; for phase-separation processes,
the presence of isopycnics (when implemented in a liquid
separator); for extraction, the presence of solutropes; for
crystallization, eutectic points, etc.

The separation techniques can be conditionally
divided into two groups: the first being based on the
use of the internal reserves of the system (the addition
of a new component into the system is excluded),
while the second always involves the addition of new
substances. Here, by internal reserves, we refer to the
specifics of phase behavior manifestation, which are
influenced by the shift of the azeotrope under pressure
(separation in a complex of columns operating at
different pressures), the belonging of the azeotrope to
the splitting region (a combination of distillation and
splitting process), the effect of one of the components
present in the mixture on the relative volatility of other
components pairs (autoextractive distillation (AED)),
different compositions of azeotropic and eutectic points
(a combination of distillation and crystallization), and
the curvature of separatrix manifolds. Such reserves
represent possibilities for overcoming the limitations
imposed by the nature of the mixture itself. The
second group involves the addition of one or more new
substances whose task is to transform the phase space
and dynamic system of the separation process. These
include processes such as extractive distillation (ED),
re-extractive distillation (RED), (hetero)azeotropic
distillation (HAD), as well as extraction and separation
in the presence of an inert gas.

The peculiarities of the phase behavior of systems
with different component compositions (primarily binary
and ternary) have been fairly well studied along with
the general patterns of their separation processes [1-3].
A large number of publications are dedicated to the study
of various separation processes of specific mixtures, the
vast majority of them pertaining to the ED process. This
process has clear advantages over alternative separation
methods: it is universal in terms of the properties of
the initial mixture, has virtually no limitations, and is

considered an energy-efficient separation technique. The
main disadvantages of the process include the necessity
for adding a new substance, which can negatively affect
the quality of the obtained products, and the requirement
of an additional column for agent regeneration.
Summaries of the experience of using the ED process for
the separation of mixtures of different physicochemical
natures are presented in the previous studies [4-8].

Some energy-efficient separation methods combine
distillation and splitting processes. Due to the common
presence in reaction mixtures for the production of
organic substances of components having limited mutual
solubility (organic and water-organic mixtures), such
separation methods are used quite frequently. A summary
of'the features of implementing this method for combining
two processes and the effectiveness of its application for
separating liquid mixtures is provided in studies [9, 10].
The authors discuss possible ways to reduce energy
consumption in such flowsheets by using additional
liquid separators (changing the qualitative composition
of the reflux flow) and external decanters, as well as by
reorganizing the flow structure of the flowsheet.

There are a few review articles dedicated to the
efficiency of using extraction and various extractants
(classical solvents, ionic liquids, deep eutectic solvents)
for the separation of liquid mixtures [11-13]. Other
studies discuss the effectiveness of applying the
crystallization process [14-16]. However, while there
are plenty of articles focused on developing separation
technologies for specific mixtures, the scientific literature
lacks studies on the broader use or combination of these
methods.

The present article is dedicated to the analysis
of literary sources that compare various separation
methods: the combination of processes (extraction /
distillation / phase separation), the use of special
distillation methods (pressure-swing distillation (PSD),
HAD, ED, AED, RED, (auto)extractive-heteroazeotropic
distillation (AEHAD)). To identify the characteristics
and conditions for the implementation of a particular
process, a computational experiment is conducted using
the Non-Random Two-Liquid model, whose parameters
are taken from the database of the software package or
the corresponding scientific article. All sets of parameters
reproduce the features of the phase behavior of the
systems with an error not exceeding 3%.

The presentation of the material requires the
systematization and structuring of such basic concepts
as process, method, technique, and separation mode. The
processes discussed in the article include distillation,
extraction and splitting (based on first-order phase
transitions), as well as pervaporation (separation through
a membrane). Here method refers to the way to achieve
the required qualitative separation of a mixture (for
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example, ED, PSD, etc.), while techniques involve
the combination of one (homogeneous flowsheets) or
several (heterogeneous or hybrid flowsheets) methods
within a single technological flowsheet (for example,
the combination of distillation and extraction),
fractionation, or pre-concentration of a multi-component
mixture (through the use of a specific method or
process). The mode of operation determines the nature
of the equipment’s functioning (periodic, continuous,
stationary, dynamic), as well as the set of technological
parameters that ensure a certain separation result (for
example, pressure in the columns, reflux ratio, solvent
flow rate, number of separation stages, etc.).

The structure ofthe separation technological flowsheet
is determined by the specifics of the organization and
direction of recycle flows. In the absence of the latter, the
flowsheet has a linear appearance; if all the apparatuses
of the flowsheet are covered by feedback (recycle flow),
it represents a separation complex. The flowsheet can
consist of a linear part and one or several complexes;
the most complicated structure of the flowsheet is
a “complex within a complex.”

THEORETICAL ANALYSIS

The physicochemical principles of separation
processes are well known and thoroughly covered in
the studies [1-3, 11-13, 17]. Each of the processes,
methods and separation techniques is characterized by
its own limitations and possesses its own advantages and
disadvantages, as mentioned above.

The first stage of the synthesis of separation flowsheet
involves the study of phase behavior (thermodynamic-
topological analysis of the phase equilibrium diagram
structure) [2, 17]. This analysis comprises the following
stages:

1) determine the structure of the phase portrait (the
diversity of types of singular points formed not only
by pure components but also by their mixtures is
manifested on phase diagrams of liquid—vapor and
liquid—solid equilibrium; splitting phase diagrams
(containing different numbers of liquid phases) are
characterized by the presence of various varieties of
different dimensionalities (binoidal/critical), splitting
phase simplices);

2) establish the presence of phase equilibrium constraints
on specific processes;

3) determine the limiting capabilities (maximum
achievable compositions) of processes (for example,
by determining the boundaries of areas and sub-areas
of distillation or crystallization, the boundaries of the
splitting area);

4) determine the characteristics of the change in
the structure of the diagram of a specific type of

equilibrium (including the possibility of lifting
constraints) when conditions (pressure, temperature)
change;

5) assess the feasibility and prospects of combining
different processes through comparative analysis of
the structures of diagrams related to different types
of equilibrium (for example, by superimposing one
diagram onto another) or to one type under various
conditions;

6) determine the qualitative compositions of impurity
components (for example, when isolating pure
substances in the distillate or the bottom of
a distillation column based on the analysis of the
arrangement features of distillation line bundles
or when separating a mixture in a liquid separator,
when one or both layers may potentially represent the
product flow);

7) identify the mutual influence of the components
of the base mixture on each other (changes in
relative volatility, formation of (hetero)azeotropes
with minimum boiling point, etc.) to assess the
feasibility of using so-called “auto” processes (AED,
autoheteroazeotropic distillation);

8) determine the behavior of the system in the presence of
specially selected substances for processes such as ED
and RED (change in relative volatility), HAD (formation
of a new azeotrope with the lowest boiling point),
distillation with a medium-boiling agent (separation
of the mixture through conventional distillation by
correctly selecting the desired distillation type), and
extraction (formation of a two-phase splitting region).
Even at the stage of studying the phase behavior

of the system, it is possible to discriminate some

processes, methods of mixture separation, as well as
the possibilities of their combination (approaches).

Exclusion of variants is related not only to the principled

impossibility of implementing a particular process but

also to the feasibility of its implementation (for example,
separation of a mixture in a column complex under
different pressures with a small azeotrope shift, in an

ED complex with a low-selectivity agent, in a hybrid

flowsheet combining distillation and crystallization, with

similar azeotrope and eutectic points compositions, etc.).

The wvariants for a multitude of synthesized
separation flowsheets can further be discriminated
based on certain qualitative or quantitative criteria:
by the number of apparatuses, the amount of material
flows (when the number of degrees of freedom in the
separation flowsheets is greater than zero and part of
the parameters should be arbitrarily set for material
balance calculations), etc. The selected flowsheets after
discrimination can be modified (structural optimization)
by coupling material and thermal flows, using additional
equipment (for example, separators, heat pumps), using
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complex dividing wall columns (with side section flows,
with internal walls), etc.

The set of separation flowsheets formed at the final
stage of structural optimization is subject to parametric
optimization. The criteria for selecting optimal
parameters (while achieving the required quality of
product fractions) can include the total duty of column
reboilers (for distillation separation flowsheets), total
operating costs, total annual costs (TAC), environmental
indicators (carbon dioxide emissions, water consumption,
wastewater generation), as well as the criterion of best
available technologies as a whole. It is important to note
that, regardless of the choice of criterion, the comparison
of variants should be considered correct, for which not
only the required product quality is achieved, but also
the adequacy (optimality) of the selected conditions
and parameters, as well as selectivity of the chosen
solvents are taken into account. For example, it would be
incorrect to compare processes based on the addition of
a new substance, one of which is low-selective, since in

this case, one of the processes or flowsheets is placed in
a priori unfavorable conditions.

(Auto)ED and (auto)HAD

Both methods involve the addition of a new substance,
except for auto processes. ED and HAD are considered
as energy-efficient separation techniques. For example, in
the ED process, separation efficiency is enhanced by the
multi-level feeding of the agent and the initial mixture.
It creates an additional counterflow in the column and
forms an area of maximum agent concentration in the
middle part of the column since the work expended on
separating the mixture is partially compensated by the
work of mixing the two feed flows. The addition of a new
substance in the HAD process leads to the formation of an
unstable node type azeotrope, which favorably affects the
reduction of temperature along the height of the column.
A brief description of the processes and separation
flowsheets for specific mixtures is provided in Table 1.

Table 1. Brief characterization of mixtures and their separation processes using (auto)extractive distillation ((A)ED) and (auto)

heteroazeotropic distillation ((A)HAD)

Specifics of vapor-liquid equilibrium Comparison
System (VLE)*, process separating agent (SA) indicators (a0 (YD)
Equipment 2C+S 2C
AN 54 33
Positive azeotrope; 20 6942.8 2007.8
Ethanol-water [18] for HAD—pentane Equipment DWC DWC
for ED—ethylene glycol 1045 1C
N 60 36
20 5538.1 1819.5
Positive azeotrope; Equipment 1C+S 2C
Propionic acid—water [19] for HAD—cyclohexanol N 18 40
for ED—N-MP 20 376.8 1816.4
- Equipment 1C+S 2C
Acetic acid—water [19] for HAD—vinyl acetate N 18 88
for ED—N-methylacetamide 20 1070.0 1832.3
Positive azeotrope; Equipment 2C+S 2C
1-Methoxy-2-propanol-water [19] for HAD—isopropyl acetate N 36 52
for ED—sulfolane 20 1795.9 22713
Positive azeotrope; Equg ;fn ent 22;8 23§ ; gzc
1-Methoxy-2-propanol-water [20] for HAD—isopropyl acetate;
for ED—sulfolane / N-MP 20 11870 6600/9040
TAC x 100 34.5 23.2/33.0
Equipment 3C+S 2C+S
N 92 42
20 1017.6 455.2
3.3.1-2; TAC x 100 3.66 1.96
Ethanol-toluene—water [21] for HAD—toluene PCHMFE
for ED—glycerol flowsheet
AN 92 -
20 735.8
TAC x 106 3.23

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429

411



Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

Table 1. Continued

Specifics of vapor-liquid equilibrium Comparison
System (VLE)*, process separating agent (SA) indicators (AJHAD (A)ED
3.2.0-2b; Equipment 3C+S 3C/4C
X::li‘::r"]l; ‘t”eaggrz’]methyl for AED—water N 58 89 /107
Y for ED—phenol / DMSO and phenol 20 2369.7 4395.6 /4477.4

Note: * azeotrope type or VLE diagram class according to L.A. Serafimov’s classification [23]; N-MP is N-methyl-2-pyrrolidone; DMSO is
dimethyl sulfoxide; N is a number of theoretical stages; Q is reboiler duty, kW; C — column, S — liquid separator; DWC is a divided-wall
column—indicated for flowsheets that consider the same technology, but with the replacement of a conventional column with a complex
one; PCHMF are partially coupled heat and material flows; HAD — heteroazeotropic distillation; ED — extractive distillation; TAC —

total annual costs, USD/year.

A comparison of the separation flowsheets of the
ethanol-water mixture showed that ED with ethylene
glycol is a less energy-intensive separation variant
(approximately 70% savings compared to HAD) [18].
Such a significant difference in energy consumption is
due to the selection of a low-selectivity solvent (pentane)
for the HAD process, which affected its consumption (for
HAD 751.6 kmol/h, for ED 190 kmol/h per 100 kmol/h
of the initial mixture) (Fig. 1, the ratio of the amounts
of the pentane and aqueous phases is above 12).
Moreover, pentane needs to be evaporated in the HAD
process. Increasing the efficiency of this process is
possible by using another agent (for example, benzene,
cyclohexane [1]). Conversely, ethylene glycol is claimed
to be aselective solvent for the ED process [24]. However,
the comparison provided by the authors appears to be
biased since the HAD process is placed in an a priori
disadvantageous position.

The use of complex dividing wall columns allowed
for a reduction in energy consumption for both HAD
(by 20%) and ED (by 9.5%), which did not affect the
cost ratio between the flowsheets. The difference in the
placement of the dividing wall (at the top for HAD and

at the bottom of the column for ED) is related to the
implementation specifics of the process.

The study [19] shows that when separating mixtures
of high-boiling components, HAD can be more energy-
efficient than ED due to the reduction in process
temperature through the formation of azeotropes
with a minimum boiling point and the possibility of
eliminating one of the columns (one of the layers
leaving the separator represents the product flow). As
the boiling point of the components in the base mixture
increases, the efficiency of the ED process decreases.
When selecting an extractive agent (EA) for the HAD
process, it is necessary to comprehensively evaluate the
characteristics of the liquid—liquid equilibrium (under
separator operating conditions) and the liquid-liquid—
vapor equilibrium due to the latter affecting the amount
of the recycle flow [19]. It should be noted that for both
processes, the present authors selected the most selective
agents on the basis of literature analysis and their own
research results to inform the comparison correctly.

When separating the 1-methoxy-2-propanol-water
mixture of composition F (Fig. 2) in a two-column
flowsheet, the HAD process is carried out in the second

Ethanol

Penthane

Fig. 1. Structure of the ethanol-water—pentane system phase diagram
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Fig. 2. Balance lines of the heteroazeotropic distillation (HAD) flowsheet of the mixture 1-methoxy-2-propanol (MP)-water (W)
in the presence of isopropylacetate (IPA): (a) HAD is realized in the second column C2, (b) HAD is realized in the first column C1

column [20]. The first column (C1) is intended for the
partial separation of water to subsequently reduce the
load on the azeotropic distillation column. In the second
column (C2), the flows of distillate from the first column
and the organic layer leaving the liquid separator are
mixed, followed by separation into pure 1-methoxy-
2-propanol and a mixture of the azeotropic composition
of water—isopropyl acetate. The balance lines are
shown in Fig. 2a. Due to the low solubility of isopropyl
acetate in water, residual water can be separated in the
form of a product flow (if necessary, this flow can be
further purified in an additional distillation column).
Comparing the structure of flowsheets that differ in
the organization of the HAD in column C2 or Cl, the
possibility of reducing the ratio of distillate and bottom
flows in the HAD column (the balance green line of
column C2 in Fig. 2a) compared to the same ratio in the
HAD column in column C1 (the balance green line of
column C1 in Fig. 2b) should be noted. However, if the
water concentration in the aqueous layer of the separator
meets the specified requirements, the second column in
the classical HAD flowsheet will be absent.

For the ED process of the considered binary mixture,
two selective solvents were chosen: sulfolane and
N-methyl-2-pyrrolidone (N-MP), with the selectivity of
the former being 1.5 times higher, which resulted in lower
agent consumption and lower energy costs for the complex
compared to N-MP. The energy costs of the ED flowsheets
with N-MP and HAD are comparable (a difference of 4%
in favor of ED), while for ED with sulfolane they are
significantly lower (by more than 30%). This example
clearly illustrates how significantly the separation results
in terms of energy costs can differ when comparing ED
and HAD flowsheets with effective solvents.

Comparing the results of studies [19] and [20], in which
the same mixture is subject to separation but with different
compositions, it can be noted that with an increase in the
concentration of 1-methoxy-2-propanol in the initial mixture
(compositions F1 and F2 in Fig. 2b), the efficiency of
applying the HAD process with isopropyl acetate increases,
while the ED process with sulfolane decreases. This is
explained by the decrease in isopropyl acetate consumption
and consequent distillate- bottom ratio in the HAD
column (Fig. 2b) (the product flows are represented in the
column’s bottom). Thus, when comparing the ED and HAD
processes, it is important to consider not only the boiling
points of the components of the base mixture (light or heavy
boiling) [19], but also its composition, which will directly
affect the solvent consumption in HAD.

For the separation of the ethanol-toluene—water mixture,
two methods have been proposed: HAD, including with
partially coupled heat and material flows (PCHMF), and
ED [21]. The first method is called HAD by the authors,
as the material flows of the flowsheet are organized in
such a way that a ternary heteroazeotrope is separated in
the distillate of the first column (ethanol in the bottom)
(however, no new agent is added into the system). ED
turned out to be the more advantageous variant (lower
energy and TAC). This is due to the necessity of using
only two distillation columns; a liquid separator was used
to separate the water—toluene pair (a combination of ED
and liquid phase splitting). However, the cost calculations
for this process did not take into account the necessity
of using expensive refrigerants for condensing the vapors
of the distillate from the regeneration column (the top
temperature of the column is 8°C). It should be noted that
the initial structure of the phase equilibrium diagram of
the ternary system is unfavorable for the implementation
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of the method based on the combination of distillation
and phase splitting: near the ternary azeotrope in the
region with a stable node—ethanol, there is a touching
of the separatrix (Fig. 3), which ultimately leads to the
difficulty of isolating this alcohol and achieving the
azeotropic composition (the column efficiency was
75 theoretical stages). The ethanol separation column in
the HAD flowsheet is also characterized by the highest
energy costs (more than twice compared to the other
columns in both flowsheets), i.e., this method is placed
in an a priori disadvantageous position. The application
of PCHMF allowed for a reduction in energy costs for the
HAD flowsheet, but it did not make it competitive with
the ED process.

When separating the methanol-methyl methacrylate—
water mixture, separation flowsheets based on the use
of additional substances were compared: ED, AED,
extraction [22]. The use of water in the first stage of
the extraction process is ineffective due to the extract
flow consisting of a ternary mixture with a predominant
content of water and methanol (with an impurity of about
1% methyl methacrylate), while the raffinate flow is
binary (methyl methacrylate with an impurity of about
5% water). To isolate all components in pure form,
additional methods will need to be employed, which will
negatively impact energy costs. The lowest energy costs
are observed for the AED flowsheet with water. Water not
only increases the volatility of methyl methacrylate, but
also lowers the process temperature due to the formation
of a positive azeotrope, which positively affects energy
consumption. The latter for the AED column is four
times lower compared to the ED column with phenol or
dimethyl sulfoxide (DMSO). Concerning the temperature
profile of the AED column between the levels of the feed
mixture and EA, a decrease in process temperature is
observed, averaging around 56°C, with; here, the distillate

temperature is approximately 80°C, while the bottom
temperature is about 85°C. With the temperature profile of
the ED column with DMSO, on the contrary, an increase
in temperature averaging up to 100°C is observed.

Despite AED being more advantageous overall, it is
necessary to pay attention to the flowsheet with phenol, as
it acts as a stabilizer for methyl methacrylate to prevent its
polymerization. The higher quality of the target product
in these flowsheets should additionally be noted.

The combination of the two methods discussed,
provided that EA is a component of the base mixture
(AEHAD in one apparatus), is generally the most
efficient option in terms of energy consumption for
separation [22, 25, 26].

ED and PSD

The characteristics of the processes and separation
flowsheets of specific mixtures are presented in Table 2.

For almost all the mixtures in Table 2, whose
separation is planned in the ED or PSD complex, an
economic analysis is conducted with the determination
of annual costs. The correlation between the ratio of
energy costs for the separation of these processes and
the TAC criterion is quite justified considering the fact
that operating costs generally contribute more to the
annual totals. An exception is the mixture of dipropyl
ether—n-propanol [28] for which the ED process shows
lower energy costs for column reboilers, but higher TAC.
Such a difference is due to the contribution of capital
costs to the TAC indicator (to achieve the required
product quality, the ED complex requires a greater total
number of theoretical separation stages, 67 vs 24). The
authors [28] note that the difference in annual costs will
decrease with an increase in production volume due to
the increased load on the column reboilers.
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Fig. 3. Structure of the ethanol—toluene—water system phase equilibrium diagram
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Table 2. Brief characterization of mixtures and their separation processes using ED and PSD

System Specifics of VLE* Comparison indicators PSD ED
Equipment 2C 2C
N 56 106
20 4293.6 3027.1
y Positive azeotrope; TAC x 10° - 1.964
Isopropanol—diisopropyl
ether [27] for ED—
2-methoxyethanol PCHMF flowsheet
N 56 120
20 4085.2 2677.1
TAC x 10° 1.851 2.149
Equipment 2C 2C
Dipropyl ether— Positive azeotrope; N 24 67
n-propanol [28] for ED— 20 1058.3 816.7
2-methoxyethanol TAC x 100 0.632 0.896
Capital expenses x 10° 1.479 2.364
Equipment 2C (PCHMF) | 1C (DWC)
Acetonitrile— Positive azeotrope; N 41 38
n-propanol [29] for ED—N-MP 20 21333 2716.7
TAC x 100 0.920 1.18
Equipment 2C 2C
AN 29 35
20 1985.9 1391.7
Capital expenses x 109 0.430 0.473
TAC x 106 0.600 0.469
PCHMF flowsheet
Tetrahydrofuran— Positive azeotrope; N 29 35
water [30] for ED—DMSO . 0 14304 1324.9
Capital expenses x 10° 0.426 0.470
TAC x 10° 0.479 0.454
FCHMF flowsheet
N 29
20 1414.16 -
Capital expenses x 10° 0.458
TAC x 100 0.487
Equipment 2C 2C
. Positive azeotrope; N 46 80
isc‘;lt’;‘t?[‘ghls"butyl for ED— 30 1275.0 930.6
n-butylpropionate Capital expenses x 10° 2.79 4.62
TAC x 100 1.26 1.69
Equipment 2C 2C
AN 49 156
20 3220.0 10270.0
Capital expenses x 109 1.61 7.34
Energy expenses x 10° 0.737 2.29
.. 6
Methanol—chloroform [32] Positive azeotrope; TAC>I0 127 473
for ED—n-propanol
Including VDC
Capital expenses x 10° 1.48 7.27
Energy expenses x 10° 0.737 2.29
TAC x 10° 1.23 4.71
Savings when using the VDC column 10.36% 1.01%
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Table 2. Continued

System Specifics of VLE* Comparison indicators PSD ED
Acetone—methanol [32] Positive azeotrope; Savings when using the VDC column 4.18% 1.85%
for ED—water
Acetone—chloroform [32] Negative azeotrope Savings when using the VDC column 2.57% 1.07%
Benzene— .. . . o o
cyclohexane [32] Positive azeotrope Savings when using the VDC column 0.57% 0.36%
ﬁﬁg ;(E};z;r]lol—dusop ropyl Positive azeotrope Savings when using the VDC column 7.96% 0.00%
Equipment 2C 2C
. o EN 20 44
Mool boe | s ot 20
;-pen tene [3 3% for ;yD—w};ter ’ Capital expenses x 10° 425 2.44
p Energy expenses x 10° 6.92 2.22
TAC x 10° 8.34 3.04
Equipment 3C 2C
N 79 62
20 27333 1197.2
Capital expenses x 10° 0.327 0.175
Positive azeotrope; Energy expenses x 109 1.77 0.776
Acetone—methanol [34] for ED—water TAC x 106 —8.52%%* —9.34%*
Including PCHMF
Capital expenses x 10° 0.327 B
Energy expenses x 10° 1.37
TAC x 100 —8.92%*
Equipment 2C 2C
N 114 83
20 23220.0 18510.0
Capital expenses x 10° 3.51 3.03
Positi . ] Energy expenses x 109 3.35 2.72
Acetone-methanol [35] OSIHIVE azCOtrope, TAC x 106 4.52 3.75
for ED—water
Including PCHMF
Capital expenses x 10° 2.65 3.00
Energy expenses x 10° 245 1.98
TAC x 106 3.33 2.98
Equipment 2C 2C
N 78 34
Positive azeotrope; 20 21508.0 2628.0
Acetone-chloroform [36] for ED—DMSO Capital expenses x 100 3.65 0.65
Energy expenses x 10° 3.11 0.74
TAC x 10° 433 0.95
Equipment 2C 2C
N 49 156
20 3350.0 9070.0
Capital expenses x 10° 0.89 2.62
Positive azeotrope: Energy expenses x 10° 0.43 1.34
Methanol—chloroform [37] pe; TAC x 106 0.73 2.22
for ED—1-propanol
Including PCHMF
Capital expenses x 10° 0.76 B
Energy expenses x 109 0.31
TAC x 106 0.56
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Table 2. Continued

System Specifics of VLE* Comparison indicators PSD ED
Methyl a.cetatef.methanolf Positive azeotrope: Equipment 4C 4C
acetic acid—acetic methylacetate—methanol %0 67000.0 24500.0
anhydride [38] for ED—ethylene glycol ’ '
Equipment 2C 2C
AN 75 75
20 7916.2 2097.5
. Capital expenses x 109 1.94 0.78
POSI?VG azeotrope; Energy expenses x 100 1.77 0.54
Isopropanol-water [39] tetrzfl}l/)dsrlzﬁjran TAC x 10° 2.42 0.80
for ED—DMSO
Including PCHMF
Capital expenses x 109 1.65
Energy expenses x 10° 1.10 a
TAC x 10° 1.65

Note: * azeotrope type is indicated; NN is a number of theoretical stages; Q is reboiler duty, kW; C — column, S — liquid
separator, DWC is a divided-wall column, VDC is a variable diameter column; P(F)CHMEF are partially (fully) coupled heat
and material flows; economic indicators are presented in USD/year; ** authors indicate profit.

Comparison of separation flowsheets (based
on ED or PSD) of binary mixtures with different
physicochemical properties (with positive or
negative deviations from ideality) (Table 2) showed
a nearly uniform distribution between variants where
PSD [29, 31, 32, 39] or ED [33-36, 38] is more
advantageous. The costs of separation flowsheets for
the tetrahydrofuran-water mixture (ED with DMSO
and PSD) turned out to be comparable [30].

Itshouldbenotedthatsuchacomparisonisnotalways
correct. For example, when separating a methanol-
chloroform mixture in an ED complex, a low-efficiency
(low-selectivity) n-propanol [32, 37] EA was chosen,
which affected the process indicators and equipment
parameters: the total number of theoretical trays (N)
in the ED flowsheet was 156 stages, while the reflux
ratios in the columns were 7.64 and 7.9, respectively;
here, the agent consumption was 600 kmol/h
per 100 kmol/h of the initial mixture. The conducted
own calculation of the vapor-liquid equilibrium in
the derivative ternary system methanol—chloroform—
n-propanol showed that the composition simplex of
the base binary system is divided into composition
areas for which the relative volatility of the mixture
components changes differently with increasing EA
consumption. In the range of 0 to 0.5 mole fractions of
chloroform, the relative volatility of the chloroform—
methanol pair decreases with increasing propanol
concentration: in the range of 0.50—0.56 mole fractions,
it passes through an extremum, while in the range
of 0.56—0.66 mole fractions (azeotropic composition),

it increases (Fig. 4). The patterns of change in the
relative volatility of binary mixtures in the presence
of EAs are presented in study [40]. The authors of
study [32] consider an equimolar composition as the
initial one, for which the change in relative volatility
is insignificant, which explains the result of the ED
process calculation.

It is possible that the choice of a more selective
solvent may change the cost ratio picture of the
considered flowsheets.

This study discusses the efficiency of using varied-
diameter columns (VDC) when the flow of liquid and
vapor in different sections of the column significantly
differs. This is illustrated by the example of five
binary systems (considering different diameters of
the rectifying and stripping sections in several cases
allows for a reduction in capital costs and achieving
an overall economic effect when comparing TAC in
the range of 0—10%). Similar research was conducted
in study [37].

In the study [36], the PSD separation flowsheet
of the acetone-chloroform mixture turned out to be
significantly more energy-intensive due to the low
sensitivity of the azeotrope composition to pressure
changes (about 0.02 mole fractions with a pressure
difference in the columns exceeding 9 atm).

While the transformation of ED and PSD
flowsheets to structures with PCHMF generally leads
to reduced separation costs, this does not affect the
ratio of operational to annual costs between separation
variants. However, if the difference in separation
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Fig. 4. Phase equilibrium curve of binary and pseudo-binary chloroform—methanol system at different amounts of n-propanol, mol %:

()0, (2) 30, (3) 80

costs in the initial flowsheets is significant, then
using PCHMF reduces it; moreover, the effect of such
structural optimization is generally more pronounced
for a more energy-intensive flowsheet [35]. In the
study [30], partial flow coupling for both flowsheets
allowed for a reduction in operational (annual) costs
by 4.8% (3.4%) and 26% (20%) for ED and PSD,
respectively. Full heat integration for the flowsheet
based on pressure variation led to a reduction in
operational (annual) costs by 27% (18.7%). The lesser
effect of full heat integration for the PSD flowsheet is
associated with the need to use additional equipment
and the increase in capital costs by 6.4% compared to
the classical flowsheet.

In the study [29], structural optimization of
flowsheets was carried out by using a dividing
wall column (DWC) for the ED flowsheet of the
acetonitrile—n-propanol mixture and partial flow
coupling for the PSD complex. The application of
a complex column compared to the classical ED
complex allowed for a 7.94% reduction in TAC and
a 12.8% reduction in PCHMF for the PSD complex.
The optimization of the flowsheet structure did not
change the cost ratio of the flowsheets, which is higher
for the ED process. Dynamic process modeling (in
nonstationary and transitional modes) showed greater
resistance to disturbances (changes in flow rate and
feed composition) of the PSD flowsheet with PCHMF
compared to ED (DWC).

When purifying methanol from C5 fraction
components (during the production of tert-amyl
ether), the process of extractive heteroazeotropic
distillation with water [33] serves as an alternative

to the PSD process. Water is not only an extractive
heteroazeotropic agent, which serves to lower the
overall temperature of the process in the column by
forming azeotropes with a boiling point minimum,
but also possesses the properties of an extractant
(elements of extraction are present), which ensures
greater energy efficiency of this process.

The phase diagram of the methyl acetate—
methanol-acetic acid—acetic anhydride mixture is
characterized by a simple structure of the phase
equilibrium diagram: there is a single azeotrope
having a minimum boiling point, whose composition
changes with varying pressure. Considering two main
PSD and ED separation methods, the authors [38]
synthesized 12 flowsheets of different structures. The
latter differ in the use of ED, varying pressure, and the
column of conventional distillation at different stages
of separation. Such a comprehensive study not only
allowed for the comparison of different separation
methods, but also determined the effectiveness of
their application in separating mixtures of varying
component compositions: quaternary, ternary, binary.
As a rule, the latter decreases with an increase in the
number of components in the mixture being separated.
When using ED (PSD), the total columns reboiler
duty was: binary mixture, 24.5 MW (67.0 MW);
ternary, 37.4 MW (70.3 MW); quaternary, 37.6 MW
(92.5 MW) [38].

Special attention should be given to the results of
the authors [39] on the separation of the isopropanol—
water mixture. Since the composition of the azeotrope
is practically independent of pressure, the authors add
a new substance (tetrahydrofuran) into the system

418 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429



Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

in order to use PSD. This forms new azeotropes
(tetrahydrofuran—water at 0.1 and 0.6 MPa and
tetrahydrofuran—isopropanol at 0.6 MPa), whose
composition is sensitive to changes in external
conditions. In place of pure ether, a mixture of ether
with water in a composition close to azeotropic
is added in the initial mixture. The separation
of the mixture occurs in a two-column complex.
A comparison with the classical ED flowsheet using
DMSO demonstrated the inefficiency of this method
even with partial flow coupling. The amount of agent
in the PSD process (95 kmol/h per 100 kmol/h of the
initial mixture) is twice that of the solvent in the ED
process (45 kmol/h), while tetrahydrofuran is always
present in the distillate flow, which negatively affects
energy costs. Furthermore, water must also be present
in the recycle flow (163 kmol/h).

Comparison of flowsheets
based on the combination of various
processes and separation methods

The article [41] compares two separation variants for
the diisopropyl ether—isopropanol-water mixture:
PSD and a combination of distillation and splitting,
including the use of partial heat and material flow
integration. The comparison of classical flowsheets
without heat integration demonstrated the advantages
of the flowsheet based on pressure variation over the
second variant (reduction of energy, capital, and TAC
by 5.3%, 6.3%, and 5.5%, respectively) in terms of
a smaller recycle flow, lower reflux ratios, and a total
number of theoretical stages. The application of partial
heat integration for the PSD flowsheet further reduced
energy consumption by 15% and TAC by 11%.

For the separation of the ternary mixture
water—benzene—isopropanol, two flowsheets have
been considered: the first is based on varying the
pressure in the columns (PSD), while the second is
a combination of (preliminary) phase separation,
conventional distillation, and pressure variation [42].
For both flowsheets, the possibility and efficiency
of using partial heat integration are considered.
The amount of the recycle flow formed from the
distillate flows of the distillation columns for the
flowsheet with phase splitting is significantly higher
(179.42 vs 95.45 kmol/h per 100 kmol/h of the feed
mixture), which ultimately had a negative impact on
the energy costs of the flowsheet (the latter being 20%
higher when compared to flowsheets without heat
integration). An analysis of the phase equilibrium
diagram structure and the position of the balance
lines shows the inefficiency of the method based on
preliminary phase separation. An increase in the values

of reflux ratios and the number of theoretical stages in
distillation columns (101 compared to 74 theoretical
plates in the PSD flowsheet) is achieved using large
distillate and bottom flow ratios in columns. This is
due to the need to reach the boundaries of separation
areas to ensure the possibility of transitioning to the
required distillation area. At the same time, capital
costs are more than 40% higher. Already at the stage of
studying the phase diagram, it was possible to abandon
the method based on the combination of different
processes. The use of preliminary phase separation
is generally not an effective separation technique if
all components are present in the equilibrium liquid
layers in the separator [9]. This example also shows
that the use of partial heat integration does not yield
a significant effect in any cases: for PSD flowsheets,
this effect is around 2.8%, while for the flowsheet based
on preliminary phase separation the corresponding
figure is about 6%.

In the study [43], a comparison of two methods
for dehydrating acetonitrile obtained through the
ammoxidation of ethanol is presented: varying pressure
in distillation columns (1-7 bar and 1-10 bar) and
a combination of extraction (with dichloromethane)
and distillation. As the calculation results showed,
the lowest capital costs at comparable operating
costs are observed for the PSD flowsheet (1-10 bar),
while the highest are for the extraction flowsheet;
however, in the hybrid flowsheet, the required quality
of acetonitrile (99.99 wt %) is not achieved. It should
be noted that the extractant is not used in its pure
form, but with a certain amount of acetonitrile due to
its low selectivity, which reduces the efficiency of the
extraction process and increases the recycle flow (the
extractant in the ternary mixture is separated in the
bottom of the distillation column).

Different separation flowsheet structures for the
toluene—methanol-water mixture based on the use
of the ED single separation method are associated
with varying effects of the selected solvents on the
relative volatility of the components: in the presence
of N-methyl-2-pyrrolidone, the volatility of methanol
increases relative to the other components, while
in the presence of ethylene glycol, it is toluene
that demonstrates the highest relative increase in
volatility [44]. As a result of the separation of methanol
after the agent regeneration column due to their low
mutual solubility, the separation of the toluene—water
mixture occurs in the liquid separator (the flowsheet
includes two columns and a separator). If toluene is
separated in the distillate of the column, an additional
distillation column will be required for the subsequent
separation of the water—methanol mixture, which will
negatively impact both the energy costs of the flowsheet
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and the total number of theoretical stages N (the
flowsheet contains three distillation columns). This is
confirmed by a computational experiment in the study:
for the flowsheets with N-MP and ethylene glycol, the
EN/ZQ was 91/4.15 and 137/4.47, respectively. The
TAC were also higher for the flowsheet with ethylene
glycol.

The problem of purifying components that are
present in trace amounts, especially when dealing
with a multicomponent mixture, can be addressed by
using ED (RED) or RED processes. In the study [45],
two separation flowsheets based on the combination
of ED or RED and single extraction are proposed
for the separation of a six-component mixture of
water—hydroxyacetone—isopropylbenzene—alpha-
methylstyrene—phenol-2-methylbenzofuran. The
structures of the flowsheets are almost identical
except for the method of introducing the agent
into the first column (diethylene glycol as a high-
boiling or acetone as a low-boiling solvent) and its
regeneration (diethylene glycol in the bottom, acetone
in the column distillate). The flowsheet with acetone
was found to be significantly inferior to the flowsheet
with diethylene glycol with double the energy costs.
However, the authors state that the competitiveness of
the flowsheet may be due to the repeated use of the
excess acetone generated during the cumene method
of phenol production in the technological chain.

A large amount of experimental data on liquid—
liquid equilibrium in ternary and quaternary systems
is presented in both the Russian and foreign scientific
literature (as arule, a basic binary mixture is considered
inthe presence of one or two potential extractants for the
extraction process). Conclusions about the feasibility
of using a particular solvent—and consequently the
implementation of the extraction process—are based
solely on known separation criteria (distribution and
separation coefficients). The articles do not evaluate
the feasibility of implementing such a separation
option considering the solvent regeneration unit.
Considering that the energy-intensive distillation
process is typically used for solvent regeneration, the
efficiency of the combination of these two processes
can be significantly reduced due to the presence of
thermodynamic equilibrium constraints of the liquid—
vapor (liquid-liquid—vapor) mixture representing the
extract.

The separation of the acetonitrile—water mixture
in a flowsheet based on a combination of extraction
(chloroform as the extractant) and distillation turned
out to be a less energy-efficient process compared to
the ED flowsheet with DMSO (by more than 30%)
and comparable to the PSD flowsheet (a difference of
1.7%) [46]. The high-energy costs are due to the need

to separate (evaporate) chloroform in the distillate of
the extractor regeneration column.

Another variant for separating this mixture [47]
involves a pre-concentration column for the mixture
(partial separation of water) followed by its separation
in an ED complex with ethylene glycol (the total
duty on the column reboilers was 4556 kW, TAC
was 1.56 - 10% USD/year). Due to the restructuring
of material flows, the flowsheet was transformed into
atwo-column complex by combining the concentration
column and the EA regeneration column, which
allowed for a 16% reduction in heat duty and a 13%
reduction in TAC compared to the initial version. The
extraction flowsheet for this mixture with n-propyl
chloride (with some amount of acetonitrile) includes
4 units: an extractor, a liquid separator, and two
distillation columns. The regeneration of the extractant
is carried out by a combination of distillation and liquid
phase splitting. This flowsheet turned out to be more
advantageous both in terms of energy consumption
(2972 kW) and annual costs (1.02 - 10° USD/year).

Comparing the results of the studies [46, 47], it
can be assumed that the ratio between the considered
separation options may be changed by abandoning the
mixture concentration column and selecting a more
selective agent for the ED process.

Wheninvestigating the possibilities of the extraction
process of ethanol mixtures with hydrocarbons
(hexane and heptane) using ionic liquids, the authors
of study [11] indicate a positive economic effect when
organizing a combination of extraction and distillation
compared to classical separation ED or HAD methods
(more detailed information is not provided in the
article).

Another example of the use of hybrid technologies
consists in the combination of distillation and
membrane separation (in particular, pervaporation).
The principle of membrane separation differs from
the previously discussed phase processes; it is based
on the selective extraction of substances as they
pass through the membrane. The processes occur in
different apparatuses arranged sequentially (in any
order) or using an external pervaporation unit [48].
The authors of study [48] discuss the efficiency of
hybridization flowsheets through the combination or
integration of membrane and distillation separation
processes, which can provide a significant positive
economic effect compared to previously considered
methods. These conclusions are also supported by the
results of studies [49-58] on the example of systems:
methanol-methyl fert-butyl ether [49], isopropanol—
water and propylene—propane [50], isopropanol-
water (24% savings compared to azeotropic
distillation) [52], ethanol-water [53], ethanol-water
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(66% savings compared to heteroazeotropic
distillation) [54], dimethylformamide—water [55],
isobutanol-water [56], and methyl acetate—methanol
(24% savings compared to ED and PSD, 31.7%
compared to PSD with CSM) [57].

The diversity of phase behavior in liquid
mixtures [1-3, 9, 14, 59], including in the presence
of specially selected substances, determines the
polyvariance of the choice of processes and methods,
as well as the structures of separation technological
flowsheets. The development of qualitative and
quantitative criteria for the discrimination of
processes, methods, and flowsheets at various stages
of structural and parametric optimization remains
an urgent objective. These include: analysis of
physicochemical information about the properties
of mixture components; the structure of the phase
diagram (including the construction and analysis
of the balance lines); assessment of the selectivity
and feasibility of introducing EA; selection of
separation processes and methods; determination of
material flow rates when solving the balance problem
(correct assignment of free variables); synthesis of
separation flowsheets based on a specific process or
the application of hybrid technologies, analysis of
the operational equipment (meeting specific criteria:
energy, economic, environmental) and separation
results parameters; evaluation of the effectiveness of
process or flowsheet management.

To minimize heat losses and reduce energy costs,
many efforts are directed towards various types of heat
integration,suchaspartial[21,30,35,37,39-42,60-63],
full [30, 64], internal [65], or external [66, 67]. An
effective energy-saving measure consists in the use of
complex columns (with side flows, DWC) [18, 29, 63]
and heat pumps [68, 69]. The cost ratio (operational
and annual) between separation options is not affected
by restructuring the flows of the flowsheet or using
complex columns; if the difference in separation costs
in the initial flowsheets is significant, it can be reduced
by one of the structural optimization options (the more
optimal the structure and operating conditions of the
initial flowsheet, the less effective the methods related
to structural restructuring).

It is necessary to separately highlight the study of
dynamic modes (control and stability to perturbations)
of various processes [28, 70—75], which also influence
the final choice of separation technology for a specific
mixture.

CONCLUSIONS

The presented analysis of the scientific literature
confirms that when developing separation flowsheets

for specific mixtures, authors generally prefer
a specific method, with ED being more frequently
considered as the universal and energy-efficient
separation method. The number of studies comparing
alternative methods is significantly smaller; moreover,
these are typically techniques based on a specific
process (usually distillation). Flowsheets based on
various mass transfer processes (hybrid technologies)
are rarely considered. The criterion for comparing
alternative separation variants is the total heat duty on
the column reboilers and the TAC. As a rule, there is
a complete correlation between these criteria. In rare
cases, the contribution of capital costs to annual totals
can be decisive, leading to different ratios of energy
costs and TAC. Such a situation is observed if the
flowsheets differ significantly in the total number of
stages.

As confirmed by one of the processes (flowsheets)
being placed in an a priori disadvantageous position
(nonselective agents are chosen; the geometry of the
phase diagram elements does not favor the use of the
chosen method; the azeotrope shifts slightly when the
pressure changes; etc.), the comparison of flowsheets
is not always objective. Such variants can be excluded
from consideration at the stage of studying the structure
of the phase equilibrium diagram, synthesizing
separation flowsheets, and calculating the material
balance (up to the stage of parametric optimization).

In certain cases, the authors may reasonably
prefer flowsheets characterized by higher energy
consumption, which may be due to the physicochemical
properties of the components of the base mixture or
the newly added substances, as well as the specifics of
the separation technology implementation.

The presented comparison of effective separation
methods (cases where nonselective agents are chosen
or the phase diagram structure is unfavorable for
the chosen method are excluded) confirms that
ED remains the most energy-efficient separation
method. However, in some cases, its competitiveness
significantly decreases compared to alternative
methods, particularly HAD. The latter should be
preferred for the separation of mixtures containing
high-boiling components. The ratio of energy costs
for the HAD and ED flowsheets will be significantly
influenced by the composition of the initial mixture,
which directly affects the solvent consumption,
especially in the HAD process (agent is present in
the azeotropic mixture in the column distillate).
The latter process will be more advantageous if the
content of the component in the initial mixture with
which the solvent forms a heteroazeotrope exceeds
the concentration of the second component. It is likely
that the composition simplex of a binary system can
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be conditionally divided into composition regions
for which the cost ratio of the processes of HAD
and ED (with the same agents) will be different.
The significant reduction in energy consumption of
the flowsheets by organizing ED and HAD in auto
mode—and even more so by combining them—is due
to the absence of the need to use an additional column
for agent regeneration, as well as the lowering of the
separation process temperature inside the column due
to the formation of positive azeotropes.

Another effective separation technique is the
combination of distillation and splitting process. The
feasibility and practicality of implementing this method
are significantly influenced by the specific arrangement
of azeotropes, separatrix manifolds, and splitting
simplices. The unfavorable arrangement of the latter
when solving the balance problem leads to inflated
values of columns distillate flows and difficulties
in achieving certain compositions (for example,
when touching the separatrix). If this technique can
be effectively implemented independently (without
the involvement of other specialized methods) then
comparisons with other methods are not conducted
since any other method is likely to be less effective.

Areduction in energy costs can be achieved by using
a liquid separator (splitting) in complex flowsheets
that combine different methods and processes. This
is explained by the fact that phase separation is
a spontaneous process; moreover, in some cases,
one or both flows leaving the separator can represent
product flows due to the almost complete insolubility
of the components in each other.

When separating multicomponent —mixtures,
a question arises about the feasibility of using
a particular method or process at different stages of
separation (when separating mixtures with different
numbers of components). The analyzed sources do
not fully answer this question: a detailed study has
been conducted only for one system and two methods
(ED and PSD). The efficiency of these processes in
separating a mixture of specific composition decreases

with the increase in the number of components in the

mixture being separated.

The comparison of extraction-based flowsheets
with other separation variants is scarcely mentioned
in other studies. When assessing the feasibility of
combining extraction and distillation processes, it is
important to consider the possibility of regenerating
the extractant in the bottom of the column, especially
in cases where the ratio of the amounts of the initial
mixture to the extractant is <I.

Based on the conducted review of scientific
literature, the following promising directions for
further research in the synthesis of separation
flowsheets for organic product mixtures through the
use of various separation methods and processes can
be formulated:

(1) evaluation of the effectiveness of applying different
processes (extraction, liquid phase splitting,
distillation, special distillation methods) at different
stages of separation;

(2) comparative analysis of ED and HAD methods
in the separation of mixtures with different initial
compositions (identification of areas of energy
advantage for each method);

(3) evaluation of the effectiveness of implementing
flowsheets based on the combination of extraction
with other processes, depending on the stage of
extractant regeneration.

Acknowledgments

The work was conducted within the framework of the
State Assignment of the Russian Federation, grant
No. FSFZ-2023-0003.

Authors’ contributions

A.V. Frolkova—management, formulation of the scientific
concept of the study, critical literature review, and writing the
text of the article.

A.N. Novruzova—collecting and processing the scientific
literature, mathematical modeling the phase equilibria, and
preparing illustrations and tables for the article.

The authors declare no conflicts of interest.

422 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429



Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

REFERENCES

1.

10.

11.

12.

13.

14.

. Zhigang L.,

. Raeva

Timofeev V.S., Serafimov L.A., Timoshenko A.V. Printsipy
tekhnologii osnovnogo organicheskogo i neftekhimicheskogo
sinteza (The Principles of the Technology of Basic Organic
and Petrochemical Synthesis). Moscow: Vysshaya shkola;
2010. 408 p. (in Russ.). ISBN 978-5-06-006067-6

. Zharov V.T., Serafimov L.A. Fiziko-khimicheskie osnovy
distillyatsii i rektifikatsii  Physicochemical Principles of

Distillation and Rectification). Leningrad: Khimiya; 1975.
240 p. (in Russ.).

. Frolkova A.K. Razdelenie azeotropnykh smesei. Fiziko-

khimicheskie osnovy i tekhnologicheskie priemy (Separation
of Azeotropic Mixtures. Physicochemical Fundamentals and
Technological Methods). Moscow: VLADOS; 2010. 192 p.
(in Russ.). ISBN 978-5-691-01743-8

Chengyue L., Biaohua C. Extractive
Distillation: A Review. Sep. Purif. Rev. 2003;32(2):121-213.
https://doi.org/10.1081/SPM-120026627

. Gerbaud V., Rodriguez-donis I., Hegely L., Lang P,

Denes F., You X. Review of Extractive Distillation. Process
design, operation, optimization and control. Chem. Eng.
Res. Des. 2019;141:229-271. https://doi.org/10.1016/j.
cherd.2018.09.020

. Hilal N., Yousef G., Langston P. The reduction of extractive

agent in extractive distillation and auto-extractive
distillation. Chemical Engineering and Processing: Process
Intensification. 2002;41(8):673—679. https://doi.org/10.1016/
S0255-2701(01)00187-8

. Anokhina E.A. Energy saving in extractive distillation. Fine

Chem. Technol. 2013;8(5):3—19 (in Russ.).

VM., Sazonova A.Yu, Sebyakin A.Yu.,
Kudryavtseva D.Yu. Criterion of choosing potential entrainers
for extractive distillation. Fine Chem. Technol. 2011;6(4):
20-27 (in Russ.).

. Frolkova A.V., Merkulyeva A.D., Gaganov L.S. Synthesis

of flowsheets for separation of multiphase mixtures: state
of the art. Fine Chem. Technol. 2018;13(3):5-22 (in Russ.).
https://doi.org/10.32362/24106593-2018-13-3-5-22

Frolkova A.V., Frolkova A K., Podtiagina A.V., et al. Energy
savings in flowsheets based on combination of distillation and
splitting processes. Theor. Found. Chem. Eng. 2018;52(5):
771-778. https://doi.org/10.1134/S0040579518050329
[Original Russian Text: Frolkova A.V., Frolkova AK.,
Podtiagina A.V., Spiriakova V.V. Energy savings in flowsheets
based on combination of distillation and splitting processes.
Teoreticheskie osnovy khimicheskoi tekhnologii. 2018;52(5):
489-496 (in Russ.). https://doi.org/10.1134/S0040357118050032 ]
Sosa J.E., Aratgjo J.M.M., Amado-Gonzalez E., Pereiro A.B.
Separation of azeotropic mixtures using protic ionic liquids
as extraction solvents. J. Mol. Liquids. 2019;297:111733.
https://doi.org/10.1016/j.molliq.2019.111733

Patel K., Panchal N., Ingle Dr.Pr. Review of Extraction
Techniques Extraction Methods: Microwave, Ultrasonic,
Pressurized Fluid, Soxhlet Extraction, Etc. International
Journal of Advanced Research in Chemical Science (IJARCS).
2018;6(3):6-21. http://doi.org/10.20431/2349-0403.0603002
Silvestre Cr.I.C., Santos J.L.M., Lima J.L.F.C., Zagatto E.A.G.
Liquid-liquid extraction in flow analysis: A critical review. Anal.
Chim. Acta. 2009;652(1-2):54-65. https://doi.org/10.1016/;.
aca.2009.05.042

Nosov G.A., Mikhailov M.V., Absattarov A.l. Separation of
mixturesbycombiningrectificationandfractional crystallization
processes. Fine Chem. Technol. 2017;12(3):44-51 (in Russ.).
https://doi.org/10.32362/2410-6593-2017-12-3-44-51

CMNCOK JINTEPATYPbI

1.

10.

11.

12.

13.

14.

15.

16.

17.

. Zhigang L.,

. PaeBa

Tumodeer B.C., CepapumoB JILLA., Tumomenko A.B.
Tpunyunsl mexnono2uu 0CHOBHO20 OP2AHUYECKO20 U Hehme-
xumuyeckoeo cunmesa. M.: Beicmas mxkoma; 2010. 408 c.
ISBN 978-5-06-006067-6

. Xapos B.T., Cepadumon JI.A. @Pusuxo-xumuueckue ocrHogwvl

oucmunnayuu u pekmughuxayuu. J1.: Xumus; 1975. 240 c.

. ®ponkoBa A.K. Pazdenenue azeomponnvix cmecei. Qusuxo-

XuMu4eckue OCHOBbl U MEXHONOUYECKUEe NPUeMbl: MOHOPA-
@us. M.: BIIAZIOC; 2010. 192 c. ISBN 978-5-691-01743-8
Chengyue L., Biaohua C. Extractive
Distillation: A Review. Sep. Purif. Rev. 2003;32(2):121-213.
https://doi.org/10.1081/SPM-120026627

. Gerbaud V., Rodriguez-Donis 1., Hegely L., Lang P., Denes F.,

You X. Review of Extractive Distillation. Process design,
operation, optimization and control. Chem. Eng. Res. Des.
2019;141:229-271. https://doi.org/10.1016/j.cherd.2018.09.020

. Hilal N., Yousef G., Langston P. The reduction of extractive agent

in extractive distillation and auto-extractive distillation. Chemical
Engineering and Processing: Process Intensification. 2002;41(8):
673-679. https://doi.org/10.1016/S0255-2701(01)00187-8

. Anoxuna E.A. DueprocOepexeHHEe B IpOLECCaxX 3KCTPaK-

TUBHOU pekTudukaun. ToHKue Xumuueckue MmexHONIOSUU.
2013;8(5):3-19.

B.M., CazonoBa A.lIO0.,, CeOsxkun A.lIO.,
Kynpssuesa J[.}O. Kpurepuii BeiOOopa MOTEHIIMATBHBIX pa3-
JETSIFOLINX areHTOB AKCTPAKTUBHOW TUCTHIULILUH. TOHKUE
xumuueckue mexnonocuu. 2011;6(4):20-27.

. ®ponxosa A.B., MepkynbseBa A./l., ['arano U.C. Cuntes cxem

pa3zerneHust pacCIanBaroOLIMXCsl CMECeii: COBPEMEHHOE COCTOSI-
HHUe npobneMbl. Tonkue xumuueckue mexuonocuu. 2018;13(3):
5-22. https://doi.org/10.32362/24106593-2018-13-3-5-22
OponkoBa  A.B., @ponxoBa A.K., Iloxrarmna A.B.,
CoupsikoBa B.B. DOneprocOepexeHne B cxeMaX, OCHO-
BaHHBIX Ha COYCTAHUHM PEKTU(GHUKALMK W PACCIAWBAHUSL.
Teop. ocnosvr  xum. mexnonoeuu. 2018;52(5):489-496.
https://doi.org/10.1134/S0040357118050032

Sosa J.E., Aratjo J.M.M., Amado-Gonzalez E., Pereiro A.B.
Separation of azeotropic mixtures using protic ionic liquids
as extraction solvents. J. Mol. Liquids. 2019;297:111733.
https://doi.org/10.1016/j.molliq.2019.111733

Patel K., Panchal N., Ingle Dr.Pr. Review of Extraction
Techniques Extraction Methods: Microwave, Ultrasonic,
Pressurized Fluid, Soxhlet Extraction, Etc. International
Journal of Advanced Research in Chemical Science (IJARCS).
2018;6(3):6-21. http://doi.org/10.20431/2349-0403.0603002
Silvestre  CrI.C., Santos J.L.M., Lima JL.FC.,
Zagatto E.A.G. Liquid-liquid extraction in flow analysis:
A critical review. Anal. Chim. Acta. 2009;652(1-2):54-65.
https://doi.org/10.1016/j.aca.2009.05.042

Hocos I'A., Muxaiinos M.B., AGcarrapoB A.1. Pa3nenenue cme-
cell ImyTeM CodeTaHus MPOLIECCOB PEKTH(UKAINN U (PPAKLIMOHHON
KkpucnamRamyi. Tonkue xumuyeckue mexronoauu. 2017;12(3):
44-51. https://doi.org/10.32362/2410-6593-2017-12-3-44-51

Berry D.A, Ng K.M. Synthesis of crystallization-distillation
hybrid separation processes. AIChE J. 1997;43(7):1751-1762.
https://doi.org/10.1002/aic.690430712

Cisternas L.A., Vasquez C.M., Swaney R.E. On the
Design of Crystallization-Based Separation Processes:
Review and Extension. AIChE J. 2006;52(5):1754—1769.
https://doi.org/10.1002/aic.10768

CepadumoB JI.A. CoBpeMEHHOE COCTOSIHUE TEPMOIUHAMUKO-
TOMOJIOTMYECKOT0 aHain3a ($pa3oBbIX AuarpamMm. Teop. 0cHO8bl
xum. mexnonocuu. 2009;43(3):284-294.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429

423


https://doi.org/10.1081/SPM-120026627
https://doi.org/10.1016/j.cherd.2018.09.020
https://doi.org/10.1016/j.cherd.2018.09.020
https://doi.org/10.1016/S0255-2701(01)00187-8
https://doi.org/10.1016/S0255-2701(01)00187-8
http://A.Yu
http://A.Yu
http://D.Yu
https://doi.org/10.32362/24106593-2018-13-3-5-22
https://doi.org/10.1134/S0040579518050329
https://doi.org/10.1134/S0040357118050032
https://doi.org/10.1016/j.molliq.2019.111733
http://Dr.Pr
http://doi.org/10.20431/2349-0403.0603002
https://doi.org/10.1016/j.aca.2009.05.042
https://doi.org/10.1016/j.aca.2009.05.042
https://doi.org/10.32362/2410-6593-2017-12-3-44-51
https://doi.org/10.1081/SPM-120026627
https://doi.org/10.1016/j.cherd.2018.09.020
https://doi.org/10.1016/S0255-2701(01)00187-8
https://doi.org/10.32362/24106593-2018-13-3-5-22
https://doi.org/10.1134/S0040357118050032
https://doi.org/10.1016/j.molliq.2019.111733
http://Dr.Pr
http://doi.org/10.20431/2349-0403.0603002
https://doi.org/10.1016/j.aca.2009.05.042
https://doi.org/10.32362/2410-6593-2017-12-3-44-51
https://doi.org/10.1002/aic.690430712
https://doi.org/10.1002/aic.10768

Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

15.

16.

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Berry D.A, Ng K.M. Synthesis of crystallization-distillation
hybrid separation processes. AIChE J. 1997;43(7):1751-1762.
https://doi.org/10.1002/aic.690430712

Cisternas L.A., Vasquez C.M., Swaney R.E. On the Design of
Crystallization-Based Separation Processes: Review and Extension.
AIChE J. 2006;52(5):1754-1769. https:/doi.org/10.1002/aic.10768

. Serafimov L.A. State of the art in the thermodynamic and

topological analysis of phase diagrams. Theor. Found. Chem. Eng.
2009;43(3):268-278. https://doi.org/10.1134/S0040579509030051
[Original Russian Text: Serafimov L.A. State of the art
in the thermodynamic and topological analysis of phase
diagrams. Teoreticheskie osnovy khimicheskoi tekhnologii.
2009;43(3):284-294 (in Russ.).]

Kiss A.A., Suszwalak D. J-P.C. Enhanced bioethanol
dehydration by extractive and azeotropic distillation in
dividing-wall columns. Sep. Purif. Technol. 2012;86:70-78.
https://doi.org/10.1016/j.seppur.2011.10.022

Frolkova A.V., Frolkova A.K., Gaganov [.S. Comparison
of Extractive and Heteroazeotropic Distillation of High-
Boiling Aqueous Mixtures. ChemEngineering 2022;6(5):83.
https://doi.org/10.3390/chemengineering6050083

Chen Y.-Ch., Yu B.-Y., Hsu Ch.-Ch., Chien I-L. Comparison of
heteroazeotropic and extractive distillation for the dehydration
of propylene glycol methyl ether. Chem. Eng. Res. Des.
2016;111:184-195. https://doi.org/10.1016/j.cherd.2016.05.003
Zhao L., Lyu X., Wang W., Shan J., Qiu T. Comparison
of heterogeneous azeotropic distillation and extractive
distillation methods for ternary azeotrope ethanol/toluene/
water separation. Comput. Chem. Eng. 2017;100:27-37
https://doi.org/10.1016/j.compchemeng.2017.02.007
Frolkova A.V., Frolkova A.K., Gaganov I.S. Combination
special techniques in development of separation schemes
for mixture of methanol + water + methyl methacrylate.
Khimicheskaya Tekhnologiya. 2023;24(8):314-320 (in Russ.).
https://doi.org/10.31044/1684-5811-2023-24-8-314-320
Serafimov L.A. The azeotropic rule and the classification of
multicomponent mixtures: VII. Diagrams for ternary systems
mixtures. Russ. J. Phys. Chem. 1970;44(4):567-571.
[Original Russian Text: Serafimov L.A. The azeotropic
rule and the classification of multicomponent mixtures:
VII. Diagrams for ternary systems mixtures. Zhurnal
fizicheskoi khimii. 1970;44(4):1021-1027 (in Russ.).]

Klinov A.V., Fazlyev A.R., Khairullina A.R., Alekseev K.A.,
Latypov D.R. Extractive rectification of ethanol-water mixture
using ethylene glycol. Vestnik tekhnologicheskogo universiteta =
Herald of Technological University. 2023;26(1):44-47
(in Russ.). https://doi.org/10.55421/1998-7072_2023 26 1 44

Frolkova A.K., Frolkova A.V., Raeva V.M., Zhuchkov V.I.
Features of distillation separation of multicomponent
mixtures. Fine Chem. Technol. 2022;17(3):87-106.

https://doi.org/10.32362/2410-6593-2022-17-2-87-106
Frolkova A., Frolkova A., Gaganov 1. Extractive and Auto-
Extractive Distillation of Azeotropic Mixtures. Chem. Eng. Technol.
2021;44(8):1397-1402. https://doi.org/10.1002/ceat.202100024
Luo H., Liang K., Li W., Ming Xia Y., Xu C. Comparison
of PressureSwing Distillation and Extractive Distillation
Methods  for  Isopropyl  Alcohol/Diisopropyl  Ether
Separation. Ind. Eng. Chem. Res. 2014;53(39):15167-15182.
https://doi.org/10.1021/ie502735g

Lladosa E., Montén J.B., Burguet M. Separation
of di-n-propyl ether and n-propyl alcohol by extractive
distillation and pressure-swing distillation: Computer
simulation and economic optimization. Chem. Eng.
Process.:  Process Intensif. 2011;50(11-12):1266—-1274.
https://doi.org/10.1016/j.cep.2011.07.010

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kiss A.A., Suszwalak D. J-P.C. Enhanced bioethanol
dehydration by extractive and azeotropic distillation in
dividing-wall columns. Sep. Purif. Technol. 2012;86:70-78.
https://doi.org/10.1016/j.seppur.2011.10.022

Frolkova A.V., Frolkova A.K., Gaganov I.S. Comparison
of Extractive and Heteroazeotropic Distillation of High-
Boiling Aqueous Mixtures. ChemEngineering 2022;6(5):83.
https://doi.org/10.3390/chemengineering6050083

Chen Y.-Ch., Yu B.-Y., Hsu Ch.-Ch., Chien I-L. Comparison of
heteroazeotropic and extractive distillation for the dehydration
of propylene glycol methyl ether. Chem. Eng. Res. Des.
2016;111:184-195. https://doi.org/10.1016/j.cherd.2016.05.003
Zhao L., Lyu X., Wang W., Shan J., Qiu T. Comparison
of heterogeneous azeotropic distillation and extractive
distillation methods for ternary azeotrope ethanol/toluene/
water separation. Comput. Chem. Eng. 2017;100:27-37
https://doi.org/10.1016/j.compchemeng.2017.02.007
OponkoBa  A.B., @ponkxoBa A.K., TaramoB U.C.
KomOuHMpoBanme croenuanbHBIX TPHEMOB INIpH  pa3paboT-
K€ CXeM pa3leleHHs CMECH METaHONI + BoAa + MeTHIMe-
Takpunar. Xumuueckas mexnonoeusa. 2023;24(8):314-320.
https://doi.org/10.31044/1684-5811-2023-24-8-314-320
Cepadumon JI.A. [IpaBmio aseoTponuu u KiacCHDUKAIHS
MHOTOKOMITIOHEHTHBIX cMecel VII. JlmarpamMmbl Tpexkommo-
HEHTHBIX cMecelt. JKypH. gus. xumuu. 1970;44(4):1021-1027.
Kmuror  A.B., ®asmeie AP, Xaiipymmna A.P,
AnexkceeB K.A., JlatemoB /I.P. OxcrpaktuBHas pextuduka-
IUsI CMECH STAaHONI — BOZA C HCIIONB30BAaHUEM STUIICHITIHKO-
1. Becmruux mexnonozuueckozo yHugepcumema. 2023;26(1):
44-47. https://doi.org/10.55421/1998-7072_2023 26 1_44
OpomnxoBa A.K., @pormxoBa A.B., Paecea B.M., XKyukos B.U.
OcoOEHHOCTH  TUCTHIUBIIIMOHHOTO  Pa3/ieleHls] MHOTOKOMIIO-
HEHTHBIX cMeceil. Toukue xumuueckue mexonoeuu. 2022;17(3):
87-106. https://doi.org/10.32362/2410-6593-2022-17-2-87-106
Frolkova A., Frolkova A., Gaganov I. Extractive and Auto-
Extractive Distillation of Azeotropic Mixtures. Chem. Eng. Technol.
2021;44(8):1397-1402. https://doi.org/10.1002/ceat.202100024
Luo H., Liang K., Li W., Ming Xia Y., Xu C. Comparison
of PressureSwing Distillation and Extractive Distillation
Methods  for  Isopropyl Alcohol/Diisopropyl  Ether
Separation. /nd. Eng. Chem. Res. 2014;53(39):15167-15182.
https://doi.org/10.1021/ie502735g

Lladosa E., Montén J.B., Burguet M. Separation of di-n-propyl
ether and n-propyl alcohol by extractive distillation and pressure-
swing distillation: Computer simulation and economic optimization.
Chem. Eng. Process.: Process Intensif. 2011;50(11-12):
1266-1274. https://doi.org/10.1016/j.cep.2011.07.010

Wang X., Xie L., Tian P., Tian G. Design and control of
extractive dividing wall column and pressure-swing distillation
for separating azeotropic mixture of acetonitrile/N-propanol.
Chem. Eng. Process.: Process Intensif. 2016;110:172—-187.
https://doi.org/10.1016/j.cep.2016.10.009

Ghuge Pr.D., Mali N.A., Joshi S.S. Comparative Analysis of
Extractive and Pressure Swing Distillation for Separation of
THF-Water Separation. Comput. Chem. Eng. 2017;103:188-200.
http://dx.doi.org/10.1016/j.compchemeng.2017.03.019

Muiioz R., Montén J.B., Burguet M.C., de la Torre J. Separation
of isobutyl alcohol and isobutyl acetate by extractive
distillation and pressure-swing distillation: Simulation and
optimization. Sep. Purif. Technol. 2006;50(2):175-183.
https://doi.org/10.1016/j.seppur.2005.11.022
CaoY.,Hul.,JiaH.,BuG.,ZhuZh., Wang Y. Comparison of pressure-
swing distillation and extractive distillation with varied-diameter
column in economics and dynamic control. J. Process Control.
2017;49:9-25. https://doi.org/10.1016/j.jprocont.2016.11.005

424

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429


https://doi.org/10.1002/aic.690430712
https://doi.org/10.1002/aic.10768
https://doi.org/10.1134/S0040579509030051
https://doi.org/10.1016/j.seppur.2011.10.022
https://doi.org/10.3390/chemengineering6050083
https://doi.org/10.1016/j.cherd.2016.05.003
https://doi.org/10.1016/j.compchemeng.2017.02.007
https://doi.org/10.31044/1684-5811-2023-24-8-314-320
https://doi.org/10.55421/1998-7072_2023_26_1_44
https://doi.org/10.32362/2410-6593-2022-17-2-87-106
https://doi.org/10.1002/ceat.202100024
https://doi.org/10.1021/ie502735g
https://doi.org/10.1016/j.cep.2011.07.010
https://doi.org/10.1016/j.seppur.2011.10.022
https://doi.org/10.3390/chemengineering6050083
https://doi.org/10.1016/j.cherd.2016.05.003
https://doi.org/10.1016/j.compchemeng.2017.02.007
https://doi.org/10.31044/1684-5811-2023-24-8-314-320
https://doi.org/10.55421/1998-7072_2023_26_1_44
https://doi.org/10.32362/2410-6593-2022-17-2-87-106
https://doi.org/10.1002/ceat.202100024
https://doi.org/10.1021/ie502735g
https://doi.org/10.1016/j.cep.2011.07.010
https://doi.org/10.1016/j.cep.2016.10.009
http://dx.doi.org/10.1016/j.compchemeng.2017.03.019
https://doi.org/10.1016/j.seppur.2005.11.022
https://doi.org/10.1016/j.jprocont.2016.11.005

Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wang X., Xie L., Tian P., Tian G. Design and control of
extractive dividing wall column and pressure-swing distillation
for separating azeotropic mixture of acetonitrile/N-propanol.
Chem. Eng. Process.: Process Intensif. 2016;110:172—-187.
https://doi.org/10.1016/j.cep.2016.10.009

Ghuge Pr.D., Mali N.A., Joshi S.S. Comparative Analysis
of Extractive and Pressure Swing Distillation for Separation
of THF-Water Separation. Comput. Chem. Eng. 2017;103:
188-200. http://doi.org/10.1016/j.compchemeng.2017.03.019
Muiioz R., Montén J.B., Burguet M.C., de la Torre J. Separation
of isobutyl alcohol and isobutyl acetate by extractive
distillation and pressure-swing distillation: Simulation and
optimization. Sep. Purif. Technol. 2006;50(2):175-183.
https://doi.org/10.1016/j.seppur.2005.11.022_

CaoY.,Hul., JiaH., BuG., Zhu Zh., Wang Y. Comparison of pressure-
swing distillation and extractive distillation with varied-diameter
column in economics and dynamic control. J. Process Control.
2017;49:9-25. https://doi.org/10.1016/j jprocont.2016.11.005
Luyben W.L. Comparison of pressure-swing and extractive-
distillation methods for methanol-recovery systems in the
TAME reactive-distillation process. /nd. Eng. Chem. Res.
2005;44(15):5715-5725. https://doi.org/10.1021/ie058006q
Modla G., Lang P. Removal and Recovery of Organic Solvents
from Aqueous Waste Mixtures by Extractive and Pressure
Swing Distillation. /nd. Eng. Chem. Res. 2012;51(35):
11473-11481. https://doi.org/10.1021/ie300331d

Luyben W.L. Comparison of extractive distillation and pressure
swing distillation for acetone-methanol separation. /nd. Eng. Chem.
Res. 2008;47(8):2696—2707. https://doi.org/10.1021/ie701695u
Luyben W.L. Comparison of extractive distillation and
pressure-swing distillation for acetone/chloroform separation.
Comput. Chem. Eng. 2013;50:1-7. https://doi.org/10.1016/.
compchemeng.2012.10.014

Hosgor E., Kucuk T., Oksal I.N., Kaymak D.B. Design and
control of distillation processes for methanol-chloroform

separation. Comput. ~Chem. Eng. 2014;67:166-177.
https://doi.org/10.1016/j.compchemeng.2014.03.026
Frolkova A.V.,, Shashkova Y.I., Frolkova AK.,

Mayevskiy M.A. Comparison of alternative methods for
methyl acetate + methanol + acetic acid + acetic anhydride
mixture separation. Fine Chem. Technol. 2019;14(5):51-60.
https://doi.org/10.32362/2410-6593-2019-14-5-51-60

QinY., Zhuang Y., Wang Ch., Dong Y., Zhang L., Liu L., Du J.
Comparison of Pressure-Swing Distillation and Extractive
Distillation for the Separation of the Non-Pressure-Sensitive
Azeotropes. In: Proceedings of the 24th Conference on
Process Integration, Modelling and Optimisation for Energy
Saving and Pollution Reduction. 2021. URL: Comparison of
Pressure-Swing Distillation and Extractive Distillation for
the Separation of the Non-Pressure-Sensitive Azeotropes.
Accessed September 08, 2025.

Raeva V.M., Kapranova A.S. Comparison efficiency of
extractive agents at the separation of mixture acetone—
methanol. Khimicheskaya promyshlennost’ segodnya =
Chemical Industry Developments. 2015;3:33—46 (in Russ.).
Guang C., Shi X., Zhang Z., Wang C., Wang C., Gao J.
Comparison of heterogeneous azeotropic and pressure-swing
distillations for separating the diisopropylether/isopropanol/
water mixtures. Chem. Eng. Res. Design. 2019;143:249-260.
https://doi.org/10.1016/j.cherd.2019.01.021

Cui Y., Shi X., Guang C., Zhang Z., Wang C., Wang C.
Comparison of pressure-swing distillation and heterogeneous
azeotropic distillation for recovering benzene and isopropanol
from wastewater. Process Saf. Environ. Protection.
2018;122:1-12. https://doi.org/10.1016/j.psep.2018.11.017

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Luyben W.L. Comparison of pressure-swing and extractive-
distillation methods for methanol-recovery systems in the
TAME reactive-distillation process. /nd. Eng. Chem. Res.
2005;44(15):5715-5725. https://doi.org/10.1021/ie058006q
Modla G., Lang P. Removal and Recovery of Organic Solvents
from Aqueous Waste Mixtures by Extractive and Pressure
Swing Distillation. [/nd. Eng. Chem. Res. 2012;51(35):
11473-11481. https://doi.org/10.1021/ie300331d

Luyben W.L. Comparison of extractive distillation and pressure
swing distillation for acetone-methanol separation. /nd. Eng. Chem.
Res. 2008;47(8):2696—2707. https://doi.org/10.1021/ie701695u
Luyben W.L. Comparison of extractive distillation and pressure-swing
distillation for acetone/chloroform separation. Comput. Chem. Eng.
2013;50:1-7. https://doi.org/10.1016/j.compchemeng.2012.10.014
Hosgor E., Kucuk T., Oksal [.N., Kaymak D.B. Design and
control of distillation processes for methanol-chloroform
separation.  Comput. ~ Chem. Eng. 2014;67:166-177.
https://doi.org/10.1016/j.compchemeng.2014.03.026
OponmxoBa  A.B., IllamkoBa 0., @ponxoBa AK,
Maesckuit M.A. CpaBHEHHE alBTEpPHATUBHBIX METOIOB pasfe-
JICHHS CMECH METHITAIIeTaT — METAHOJ — YKCYCHast KHCIIOTa — yK-
cycHblit anrunpun. Touxue xumuyeckue mexronoauu. 2019;14(5):
51-60. https://doi.org/10.32362/2410-6593-2019-14-5-51-60
QinY., Zhuang Y., Wang Ch., Dong Y., Zhang L., Liu L., Du J.
Comparison of Pressure-Swing Distillation and Extractive
Distillation for the Separation of the Non-Pressure-Sensitive
Azeotropes. In: Proceedings of the 24th Conference on
Process Integration, Modelling and Optimisation for Energy
Saving and Pollution Reduction. 2021. URL: Comparison of
Pressure-Swing Distillation and Extractive Distillation for
the Separation of the Non-Pressure-Sensitive Azeotropes.
Accessed September 08, 2025.

PaeBa B.M., Karpanosa A.C. CpaBHeHUe () (EKTHBHOCTH dKC-
TPAaKTHBHBIX arcHTOB IPH Pa3/Ie/CHUH CMECH alleTOH — MeTa-
HOMI. Xumuueckas npomviuunenHocms cecoons. 2015;3:33-46.
Guang C., Shi X., Zhang Z., Wang C., Wang C., Gao J.
Comparison of heterogeneous azeotropic and pressure-swing
distillations for separating the diisopropylether/isopropanol/
water mixtures. Chem. Eng. Res. Design. 2019;143:249-260.
https://doi.org/10.1016/j.cherd.2019.01.021

Cui Y., Shi X., Guang C., Zhang Z., Wang C., Wang C.
Comparison of pressure-swing distillation and heterogeneous
azeotropic distillation for recovering benzene and isopropanol
from wastewater. Process Saf. Environ. Protection.
2018;122:1-12. https://doi.org/10.1016/j.psep.2018.11.017
Tripodi A., Compagnoni M., Ramis G., Rossetti . Pressure-
swing or extraction-distillation for the recovery of pure
acetonitrile from ethanol ammoxidation process: A comparison
of efficiency and cost. Chem. Eng. Res. Design. 2017;127:
92-102. https://doi.org/10.1016/j.cherd.2017.09.018_

Zhu Z., Wang Y., Hu J., Qi X., Wang Y. Extractive distillation
process combined with decanter for separating ternary
azeotropic mixture of toluene-methanol-water. Chem. Eng.
Trans. 2017;61:763-768. https://doi.org/10.3303/CET1761125
T'aranos U.C., beimum C.C., ®ponkoBa A.B., ®ponkosa A.K.
Pa3paboTka CXeM pa3leleHHs CMeCH MOIyueHus (eHo-
Ja Ha OCHOBE AaHaIM3a JuarpaMM (a3oBOrO paBHOBE-
cust. Teop. ocHogvl xum. mexuonoeuu. 2023;57(1):38-47.
https://doi.org/10.31857/S0040357123010049

HospyzoBa A.H., ®ponkoBa A.B. CpaBHeHHE TeXHOIOTHYE-
CKHX CXEM pa3/IeNICHHs] CMECH alleTOHUTPUIT — BOJIA, OCHOBAH-
HBIX Ha Pa3HBIX MAacCOOOMEHHBIX mporeccax. B ¢0.: Xumus
U XUMUYECKAS. MEXHON02UA: OOCTUNCEHUS U NePCNeKMUBbL:
Coopauk te3uco I Mexnaynaponnoit VII Bceepoccuiickoit
rxoH(pepermuu. 2024. C. 0234.1-0234.6.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429

425


https://doi.org/10.1016/j.cep.2016.10.009
http://doi.org/10.1016/j.compchemeng.2017.03.019
https://doi.org/10.1016/j.seppur.2005.11.022
https://doi.org/10.1016/j.jprocont.2016.11.005
https://doi.org/10.1021/ie058006q
https://doi.org/10.1021/ie300331d
https://doi.org/10.1021/ie701695u
https://doi.org/10.1016/j.compchemeng.2012.10.014
https://doi.org/10.1016/j.compchemeng.2012.10.014
https://doi.org/10.1016/j.compchemeng.2014.03.026
https://doi.org/10.32362/2410-6593-2019-14-5-51-60
https://www.researchgate.net/publication/355982388_Comparison_of_Pressure-Swing_Distillation_and_Extractive_Distillation_for_the_Separation_of_the_Non-Pressure-Sensitive_Azeotropes
https://www.researchgate.net/publication/355982388_Comparison_of_Pressure-Swing_Distillation_and_Extractive_Distillation_for_the_Separation_of_the_Non-Pressure-Sensitive_Azeotropes
https://www.researchgate.net/publication/355982388_Comparison_of_Pressure-Swing_Distillation_and_Extractive_Distillation_for_the_Separation_of_the_Non-Pressure-Sensitive_Azeotropes
https://doi.org/10.1016/j.cherd.2019.01.021
https://doi.org/10.1016/j.psep.2018.11.017
https://doi.org/10.1021/ie058006q
https://doi.org/10.1021/ie300331d
https://doi.org/10.1021/ie701695u
https://doi.org/10.1016/j.compchemeng.2012.10.014
https://doi.org/10.1016/j.compchemeng.2014.03.026
https://doi.org/10.32362/2410-6593-2019-14-5-51-60
https://www.researchgate.net/publication/355982388_Comparison_of_Pressure-Swing_Distillation_and_Extractive_Distillation_for_the_Separation_of_the_Non-Pressure-Sensitive_Azeotropes
https://www.researchgate.net/publication/355982388_Comparison_of_Pressure-Swing_Distillation_and_Extractive_Distillation_for_the_Separation_of_the_Non-Pressure-Sensitive_Azeotropes
https://www.researchgate.net/publication/355982388_Comparison_of_Pressure-Swing_Distillation_and_Extractive_Distillation_for_the_Separation_of_the_Non-Pressure-Sensitive_Azeotropes
https://doi.org/10.1016/j.cherd.2019.01.021
https://doi.org/10.1016/j.psep.2018.11.017
https://doi.org/10.1016/j.cherd.2017.09.018
https://doi.org/10.3303/CET1761125
https://doi.org/10.31857/S0040357123010049

Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

43.

44,

45.

46.

47.

48.

49.

50.

Tripodi A., Compagnoni M., Ramis G., Rossetti I. Pressure-
swing or extraction-distillation for the recovery of pure
acetonitrile from ethanol ammoxidation process: A comparison
of efficiency and cost. Chem. Eng. Res. Design. 2017;127:
92-102. https://doi.org/10.1016/j.cherd.2017.09.018

Zhu Z., Wang Y., Hu J., Qi X., Wang Y. Extractive distillation
process combined with decanter for separating ternary
azeotropic mixture of toluene-methanol-water. Chem. Eng.
Trans. 2017;61:763-768. https://doi.org/10.3303/CET1761125
Gaganov LS., Belim S.S., Frolkova A.V., Frolkova A.K.
Development of Flowsheet of Separation of a Phenol
Production Mixture Based on the Analysis of Phase Equilibrium
Diagrams. Theor. Found. Chem. Eng. 2023;57(1):35-44.
https://doi.org/10.1134/S0040579523010049

[Original Russian Text: Gaganov LS., Belim S.S,
Frolkova A.V., Frolkova A.K. Development of Flowsheet
of Separation of a Phenol Production Mixture Based on the
Analysis of Phase Equilibrium Diagrams. Teoreticheskie
osnovy khimicheskoi tekhnologii. 2023;57(1):38—47 (in Russ.).
https://doi.org/10.31857/S0040357123010049 ]

Novruzova A.N., Frolkova A.V. Comparison of technological
schemes of separation of the mixture acetonitrile — water,
based on different mass transfer processes. In: Chemistry and
Chemical Technology: Achievements and Prospects: Thesis
Collection I of the 7th International All-Russian Conference.
2024. P. 0234.1-0234.6 (in Russ.).

Yu B.-Y., Huang R., Zhong X.-Y., Lee M.-J., Chien I.-L.
Energy-Efficient  Extraction-Distillation ~ Process  for
Separating Diluted Acetonitrile-Water Mixture: Rigorous
Design with Experimental Verification from Ternary Liquid-
Liquid Equilibrium Data. Ind. Eng. Chem. Res. 2017;56(51):
15112—-15121. https://doi.org/10.1021/acs.iecr. 7604408
Mahdi T., Ahmad A. Nasef M.M., Ripin A. State-of-the-Art
Technologies for Separation of Azeotropic Mixtures. Sep.
Purif. Rev. 2015;44(4):308-330. https://doi.org/10.1080/154
22119.2014.963607

Daviou M.C., Hoch PM., Eliceche A.M. Design of
membrane modules used in hybrid distillation/pervaporation
systems. Ind. Eng. Chem. Res. 2004;43(13):3403-3412.
https://doi.org/10.1021/ie034259¢

Naidu Y., Malik R.K. A generalized methodology for
optimal configurations of hybrid distillation—pervaporation
processes. Chem. Eng. Res. Design. 2011;89(8):1348-1361.
https://doi.org/10.1016/j.cherd.2011.02.025

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Yu B.-Y., Huang R., Zhong X.-Y., Lee M.-J., Chien I.-L.
Energy-Efficient Extraction-Distillation Process
for Separating Diluted Acetonitrile-Water Mixture:
Rigorous Design with Experimental Verification
from  Ternary Liquid-Liquid Equilibrium  Data.
Ind. Eng. Chem. Res. 2017;56(51):15112-15121.
https://doi.org/10.1021/acs.iecr.7b04408

Mahdi T., Ahmad A. Nasef M.M., Ripin A. State-of-the-Art
Technologies for Separation of Azeotropic Mixtures. Sep.

Purif. Rev. 2015;44(4):308-330. https://doi.org/10.1080/
15422119.2014.963607
Daviou M.C., Hoch PM., Eliceche A.M. Design of

membrane modules used in hybrid distillation/pervaporation
systems. Ind. Eng. Chem. Res. 2004;43(13):3403-3412.
https://doi.org/10.1021/ie034259¢

Naidu Y., Malik RK. A generalized methodology for
optimal configurations of hybrid distillation—pervaporation
processes. Chem. Eng. Res. Design. 2011;89(8):1348-1361.
https://doi.org/10.1016/j.cherd.2011.02.025

Kookos I.K. Optimal design of membrane/distillation
column hybrid processes. /nd. Eng. Chem. Res. 2003;42(8):
1731-1738. https://doi.org/10.1021/ie020616s

Hoof V.V,, Van den Abeele L., Bueckenhoudt A., Dotremont C.,
Leysen R. Economic comparison between azeotropic distillation and
different hybrid systems combining distillation with pervaporation
for the dehydration of isopropanol. Sep. Purif. Technol. 2004;37(1):
33-49. https:/doi.org/10.1016/j.seppur.2003.08.003

Nangare D.M., Suseeladevi M. Hybrid pervaporation/
distillation process for ethanol — water separation effect
of distillation column side stream. Asian J. Sci. Technol.
2017;8(11):6522—6525.

Koczka K., Mizsey P., Fonyo Zs. Rigorous modelling
and optimization of hybrid separation processes based on
pervaporation. Open  Chemistry.  2005;5(4):1124-1147.
https://doi.org/10.2478/s11532-007-0050-8

Han G.L, Zhang Q., Zhong J., Shao H. Separation of
Dimethylformamide/H,O Mixtures Using Pervaporation-distillation
Hybrid Process. Adv. Mater: Res. 2011;233-235:866-869.
https://doi.org/10.4028/www.scientific.net/ AMR.233-235.866
Hassankhan B., Raisi A. Separation of isobutanol/water
mixtures by hybrid distillationpervaporation process:
Modeling, simulation and economic comparison. Chem.
Eng.  Process.:  Process Intensif. 2020;155:108071.
https://doi.org/10.1016/j.cep.2020.108071

51. Kookos LK. Optimal design of membrane/distillation 57. Zong Ch., Guo Q., Shen B., Yang X., Zhou H., Jin W. Heat-
column hybrid processes. /nd. Eng. Chem. Res. 2003;42(8): Integrated Pervaporation—Distillation Hybrid System for
1731-1738. https://doi.org/10.1021/ie020616s the Separation of Methyl Acetate—Methanol Azeotropes.

52. Hoof V.V., Van den Abeele L., Buekenhoudt A., Dotremont C., Ind.  Eng. Chem. Res. 2021;60(28):10327-10337.
Leysen R. Economic comparison between azeotropic https://doi.org/10.1021/acs.iecr.1c01513
distillation and different hybrid systems combining distillation 58. Penkova A.V., Polotskaya G.A., Toikka A.M. Separation
with pervaporation for the dehydration of isopropanol. Sep. of acetic acid—methanol-methyl acetate—water
Purif- Technol. 2004;37(1):33-49. https://doi.org/10.1016/]. reactive mixture. Chem. Eng. Sci. 2013;101:586-592.
seppur.2003.08.003 https://doi.org/10.1016/j.ces.2013.05.055

53. Nangare D.M., Suseeladevi M. Hybrid pervaporation/ 59. Toiikka A.M., CamapoB A.A., Toiikka M.A. ®a3oBoe 1 xu-
distillation process for ethanol — water separation effect MUYECKOEe paBHOBECHE B MHOTOKOMITOHEHTHBIX (IIFOHI-
of distillation column side stream. Asian J. Sci. Technol. HBIX CHCTEMax C XUMHYECKOW peakumedt. Ycmexu xumuu.
2017;8(11):6522—-6525. 2015;84(4):378-392. https://doi.org/10.1070/RCR4515

54. Koczka K., Mizsey P., Fonyo Zs. Rigorous modelling 60. Wang Y., Zhang Z., Zhang H., Zhang Q. Control of heat integrated
and optimization of hybrid separation processes based on pressure-swing-distillation process for separating azeotropic
pervaporation. Open  Chemistry.  2005;5(4):1124-1147. mixture of tetrahydrofuran and methanol. /nd. Eng. Chem. Res.
https://doi.org/10.2478/s11532-007-0050-8 2015;54(5):1646-1655. https://doi.org/10.1021/ie505024q

55.Han GL., Zhang Q. Zhong J., Shao H. Separation of 61. Zhu Z., Wang L., Ma Y., Wang W., Wang Y. Separating an
Dimethylformamide/H,O Mixtures Using Pervaporation-distillation azeotropic mixture of toluene and ethanol via heat integration
Hybrid Process. Adv. Mater Res. 2011;233-235:866-869. pressure swing distillation. Comput. Chem. Eng. 2015;76:
https://doi.org/10.4028/www.scientific.net/ AMR.233-235.866 137-149. https://doi.org/10.1016/j.compchemeng.2015.02.016

426 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429


https://doi.org/10.1016/j.cherd.2017.09.018
https://doi.org/10.3303/CET1761125
https://doi.org/10.1134/S0040579523010049
https://doi.org/10.31857/S0040357123010049
https://doi.org/10.1021/acs.iecr.7b04408
https://doi.org/10.1080/15422119.2014.963607
https://doi.org/10.1080/15422119.2014.963607
https://doi.org/10.1021/ie034259c
https://doi.org/10.1016/j.cherd.2011.02.025
https://doi.org/10.1021/ie020616s
https://doi.org/10.1016/j.seppur.2003.08.003
https://doi.org/10.1016/j.seppur.2003.08.003
https://doi.org/10.2478/s11532-007-0050-8
https://doi.org/10.4028/www.scientific.net/AMR.233-235.866
https://doi.org/10.1021/acs.iecr.7b04408
https://doi.org/10.1080/
https://doi.org/10.1021/ie034259c
https://doi.org/10.1016/j.cherd.2011.02.025
https://doi.org/10.1021/ie020616s
https://doi.org/10.1016/j.seppur.2003.08.003
https://doi.org/10.2478/s11532-007-0050-8
https://doi.org/10.4028/www.scientific.net/AMR.233-235.866
https://doi.org/10.1016/j.cep.2020.108071
https://doi.org/10.1021/acs.iecr.1c01513
https://doi.org/10.1016/j.ces.2013.05.055
https://doi.org/10.1070/RCR4515
https://doi.org/10.1021/ie505024q
https://doi.org/10.1016/j.compchemeng.2015.02.016

Comparative analysis of liquid mixture
separation flowsheets

Anastasiya V. Frolkova,
Albina N. Novruzova

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hassankhan B., Raisi A. Separation of isobutanol/water mixtures
by hybrid distillationpervaporation process: Modeling, simulation
and economic comparison. Chem. Eng. Process.: Process Intensif.
2020;155:108071. https://doi.org/10.1016/j.cep.2020.10807 1
Zong Ch., Guo Q., Shen B., Yang X., Zhou H., Jin W. Heat-Integrated
Pervaporation—Distillation Hybrid System for the Separation of
Methyl Acetate—Methanol Azeotropes. Ind, Eng. Chem. Res.
2021;60(28):10327—10337. https://doi.org/10.1021/acs.iecr. 101513
Penkova A.V.,, Polotskaya G.A., Toikka A.M. Separation of acetic
acid-methanol-methyl acetate—water reactive mixture. Chem. Eng.
Sci. 2013;101:586-592. https:/doi.org/10.1016/j.ces.2013.05.055
Toikka A.M., Samarov A.A., Toikka M.A. Phase and chemical
equilibria in multicomponent fluid systems with a chemical
reaction. Russ. Chem. Rew. 2015;84(4):378-392. https://doi.
org/10.1070/RCR4515

[Original Russian Text: Toikka A.M., Samarov A.A., Toikka M.A.
Phase and chemical equilibria in multicomponent fluid systems
with a chemical reaction. Uspekhi khimii. 2015;84(4):378-392
(in Russ.). https://doi.org/10.1070/RCR4515 ]

Wang Y., Zhang Z., Zhang H., Zhang Q. Control of heat integrated
pressure-swing-distillation process for separating azeotropic
mixture of tetrahydrofuran and methanol. /nd. Eng. Chem. Res.
2015;54(5):1646-1655. https://doi.org/10.1021/ie505024q

Zhu Z., Wang L., Ma Y., Wang W., Wang Y. Separating an
azeotropic mixture of toluene and ethanol via heat integration
pressure swing distillation. Comput. Chem. Eng. 2015;76:
137-149. https://doi.org/10.1016/j.compchemeng.2015.02.016
Anokhina E.A., Timoshenko A.V. Synthesis of the thermally
coupled distillation sequences. Fine Chem. Technol.
2017;12(6):46—70 (in Russ.). https://doi.org/10.32362/2410-
6593-2017-12-6-46-70

Anokhina E.A., Timoshenko A.V. Effect of the Side-Stream
Location and the Side-Stream Value on the Optimal Entrainer
Flowrate in Thermally Coupled Extractive Distillation
Columns. Theor. Found. Chem. Eng. 2023;57(2):165-175.
https://doi.org/10.1134/s0040579523010013

[Original Russian Text: Anokhina E.A., Timoshenko A.V.
Effect of the Side-Stream Location and the Side-Stream Value
on the Optimal Entrainer Flowrate in Thermally Coupled
Extractive Distillation Columns. Teoreticheskie osnovy
khimicheskoi tekhnologii. 2023;57(2)165-175 (in Russ.).
https://doi.org/10.1134/S0040579523010013 ]

YuB., Wang Q., Xu C. Design and control of distillation system
for methylal/methanol separation. Part 2: pressure swing
distillation with full heat integration. Ind. Eng. Chem. Res.
2012;51(3):1293-1310. https://doi.org/10.1021/ie201949q
Shirsat S.P. Modeling, simulation and control of an internally
heat integrated pressure swing distillation process for
bioethanol separation. Comput. Chem. Eng. 2013;53:201-202.
https://doi.org/10.1016/j.compchemeng.2013.01.009

Liu G., Chen Z., Huang K., Shi Z., Chen H., Wang S.
Studies of the externally heat-integrated double distillation
columns (EHIDDIC). Asia-Pacific J. Chem. Eng.
2011;6(3):327-337. https://doi.org/10.1002/ap;j.566

Huang K., Liu W.,, Ma J., Wang S. Externally heat-integrated
double distillation column (EHIDDIC): basic concept and
general characteristics. Ind. Eng. Chem. Res. 2010;49(3):
1333-1350. https://doi.org/10.1021/ie901307j

Rudakov D.G., Klauzner P.S., Ramochnikov D.A., Anokhina E.A.,
Timoshenko A.V. Efficiency of Using Heat Pumps in the Extractive
Rectification of an Allyl Alcohol-Allyl Acetate Mixture Depending
on the Composition of the Feed. Part 2. Application of Heat
Pumps in Column Complexes with Partially Coupled Heat and
Material Flows. Theor: Found. Chem. Eng. 2024;58(1):192-201.
https://doi.org/10.1134/S0040579524700337

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Anoxuna E.A., Tumomenko A.B. CuHTte3 cxeMm pextuduka-
UM CO CBA3AaHHBIMH TEIUIOBBIMH W MaTE€PUAIbHBIMH IOTO-
kamu. Toukue xumuueckue mexwonoeuu. 2017;12(6):46-70.
https://doi.org/10.32362/2410-6593-2017-12-6-46-70
Anoxuna E.A., Tumomenko A.B. BausHue xoamdectBa
YpOBHSI GOKOBOTO 0TOOpa Ha pacxoj SKCTPAKTHBHOTO arcH-
Ta B KOMIUIEKCAX SKCTPAKTUBHOW PEKTH(UKAINH C JacTHU-
HO CBS3aHHBIMM TEIUIOBBIMH W MAaT€pPHAIBHBIMH ITOTOKa-
Mu. Teop. ocuoswl xum. mexnonoeuu. 2023;57(2):177-187.
https://doi.org/10.31857/S0040357123010013

YuB., Wang Q., Xu C. Design and control of distillation system
for methylal/methanol separation. Part 2: pressure swing
distillation with full heat integration. /nd. Eng. Chem. Res.
2012;51(3):1293—-1310. https://doi.org/10.1021/ie201949q
Shirsat S.P. Modeling, simulation and control of an internally
heat integrated pressure swing distillation process for
bioethanol separation. Comput. Chem. Eng. 2013;53:201-202.
https://doi.org/10.1016/j.compchemeng.2013.01.009

Liu G., Chen Z., Huang K., Shi Z., Chen H., Wang S.
Studies of the externally heat-integrated double distillation
columns (EHIDDiIC). Asia-Pacific J. Chem. Eng.
2011;6(3):327-337. https://doi.org/10.1002/apj.566

Huang K., Liu W.,, Ma J., Wang S. Externally heat-integrated
double distillation column (EHIDDIC): basic concept and
general characteristics. /nd. Eng. Chem. Res. 2010;49(3):
1333-1350. https://doi.org/10.1021/ie901307j

Rudakov D.G., Klauzner P.S., Ramochnikov D.A.,
Anokhina E.A., Timoshenko A.V. Efficiency of Using Heat
Pumps in the Extractive Rectification of an Allyl Alcohol—
Allyl Acetate Mixture Depending on the Composition of
the Feed. Part 2. Application of Heat Pumps in Column
Complexes with Partially Coupled Heat and Material
Flows. Theor. Found. Chem. Eng. 2024;58(1):192-201.
https://doi.org/10.1134/S0040579524700337

Knaysmep II1.C., PymakoB J.I, Amnoxmna E.A,
Tumomenko A.B. 3aKOHOMEPHOCTH TPHUMEHEHHUS TEIUIOBBIX
HACOCOB B OKCTPAKTUBHON PEKTH(DHUKAINHN. Teop. 0CHOBbL XUM.
mexnonoeuu. 2022;56(3):313-325. https://doi.org/10.31857/
S0040357122030071

Wang Y., Zhang Z., Xu D., Liu W., Zhu Z. Design and
control of pressure-swing distillation for azeotropes with
different types of boiling behavior at different pressures.
J. Process. Control. 2016;42:59-76. https://doi.org/10.1016/].
jprocont.2016.04.006
Luyben W.L. Control comparison of conventional
and thermally coupled ternary extractive distillation
processes. Chem. Eng. Res. Des. 2016;106:253-262.
https://doi.org/10.1016/j.cherd.2015.11.021

Gil I.D., Gémez J.M., Rodriguez G. Control of an extractive
distillation process to dehydrate ethanol using glycerol
as entrainer. Comput. Chem. Eng. 2012;39:129-142.
https://doi.org/10.1016/j.compchemeng.2012.01.006

QinJ., Ye Q., Xiong X., Li N. Control of benzene-cyclohexane
separation system via extractive distillation using sulfolane as
entrainer. Ind. Eng. Chem. Res. 2013;52(31):10754-10766.
https://doi.org/10.1021/ie401101c

Wei H.-M., Wang F., Zhang J.-L., Liao B., Zhao N.,
Xiao F., Wei W., Sun Y. Design and control of dimethyl
carbonate-methanol separation via  pressure-swing
distillation. /nd. Eng. Chem. Res. 2013;52(33):11463—-11478.
https://doi.org/10.1021/ie3034976

Fan Z., Zhang X., Cai W, Wang F. Design and
control of extraction distillation for dehydration of
tetrahydrofuran. Chem. Eng. Technol. 2013;36(5):829-839.
https://doi.org/10.1002/ceat.201200611

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429

427


https://doi.org/10.1016/j.cep.2020.108071
https://doi.org/10.1021/acs.iecr.1c01513
https://doi.org/10.1016/j.ces.2013.05.055
https://doi.org/10.1070/RCR4515
https://doi.org/10.1070/RCR4515
https://doi.org/10.1070/RCR4515
https://doi.org/10.1021/ie505024q
https://doi.org/10.1016/j.compchemeng.2015.02.016
https://doi.org/10.32362/2410-6593-2017-12-6-46-70
https://doi.org/10.32362/2410-6593-2017-12-6-46-70
https://doi.org/10.1134/s0040579523010013
https://doi.org/10.1134/S0040579523010013
https://doi.org/10.1021/ie201949q
https://doi.org/10.1016/j.compchemeng.2013.01.009
https://doi.org/10.1002/apj.566
https://doi.org/10.1021/ie901307j
https://doi.org/10.1134/S0040579524700337
https://doi.org/10.32362/2410-6593-2017-12-6-46-70
https://doi.org/10.31857/S0040357123010013
https://doi.org/10.1021/ie201949q
https://doi.org/10.1016/j.compchemeng.2013.01.009
https://doi.org/10.1002/apj.566
https://doi.org/10.1021/ie901307j
https://doi.org/10.1134/S0040579524700337
https://doi.org/10.31857/S0040357122030071
https://doi.org/10.31857/S0040357122030071
https://doi.org/10.1016/j.jprocont.2016.04.006
https://doi.org/10.1016/j.jprocont.2016.04.006
https://doi.org/10.1016/j.cherd.2015.11.021
https://doi.org/10.1016/j.compchemeng.2012.01.006
https://doi.org/10.1021/ie401101c
https://doi.org/10.1021/ie3034976
https://doi.org/10.1002/ceat.201200611

Comparative analysis of liquid mixture Anastasiya V. Frolkova,
separation flowsheets Albina N. Novruzova

69. KlauznerP.S.,RudakovD.G.,AnokhinaE.A., Timoshenko A.V.
Application Regularities of Heat Pumps in Extractive
Distillation. Theor: Found. Chem. Eng. 2022;56(3):308-320.
https://doi.org/10.1134/S0040579522030071
[Original Russian Text: Klauzner P.S., Rudakov D.G.,
Anokhina E.A., Timoshenko A.V. Application Regularities of
Heat Pumps in Extractive Distillation. Teoreticheskie osnovy
khimicheskoi tekhnologii. 2022;56(3):313-325 (in Russ.).
https://doi.org/10.31857/S0040357122030071 ]

70. Wang Y., Zhang Z., Xu D., Liu W., Zhu Z. Design and
control of pressure-swing distillation for azeotropes with
different types of boiling behavior at different pressures.
J. Process. Control. 2016;42:59-76. https://doi.org/10.1016/].
jprocont.2016.04.006

71. Luyben W.L. Control comparison of conventional
and thermally coupled ternary extractive distillation
processes. Chem. Eng. Res. Des. 2016;106:253-262.
https://doi.org/10.1016/j.cherd.2015.11.021

72. Gil I.D., Gémez J.M., Rodriguez G. Control of an extractive
distillation process to dehydrate ethanol using glycerol
as entrainer. Comput. Chem. Eng. 2012;39:129-142.
https://doi.org/10.1016/j.compchemeng.2012.01.006

73. QinJ., Ye Q., Xiong X., Li N. Control of benzene-cyclohexane
separation system via extractive distillation using sulfolane as
entrainer. /nd. Eng. Chem. Res. 2013;52(31):10754-10766.
https://doi.org/10.1021/ie401101¢

74. Wei H.-M., Wang F., Zhang J.-L., Liao B., Zhao N.,
Xiao F., Wei W., Sun Y. Design and control of dimethyl
carbonate-methanol separation ~ via  pressure-swing
distillation. Ind. Eng. Chem. Res. 2013;52(33):11463—11478.
https://doi.org/10.1021/ie3034976

75.Fan Z., Zhang X., Cai W. Wang F. Design and
control of extraction distillation for dehydration of
tetrahydrofuran. Chem. Eng. Technol. 2013;36(5):829-839.
https://doi.org/10.1002/ceat.201200611

About the Authors

Anastasiya V. Frolkova, Dr. Sci. (Eng.), Professor, Department of Chemistry and Technology of Basic Organic Synthesis, M. V. Lomonosov
Institute of Fine Chemical Technologies, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454, Russia).
E-mail: frolkova nastya@mail.ru. Scopus Author ID 12782832700, ResearcherID N-4517-2014, RSCI SPIN-code 4504-2591,
https://orcid.org/0000-0001-5675-5777

Albina N. Novruzova, Postgraduate Student, Department of Chemistry and Technology of Basic Organic Synthesis, M.V. Lomonosov

Institute of Fine Chemical Technologies, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454, Russia).
E-mail: albina.novruzova2018@yandex.ru. RSCI SPIN-code 5681-8304, https://orcid.org/0009-0008-1637-8266

428 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429


mailto:frolkova_nastya@mail.ru
https://orcid.org/0000-0001-5675-5777
mailto:albina.novruzova2018@yandex.ru
https://orcid.org/0009-0008-1637-8266
https://doi.org/10.1134/S0040579522030071
https://doi.org/10.31857/S0040357122030071
https://doi.org/10.1016/j.jprocont.2016.04.006
https://doi.org/10.1016/j.jprocont.2016.04.006
https://doi.org/10.1016/j.cherd.2015.11.021
https://doi.org/10.1016/j.compchemeng.2012.01.006
https://doi.org/10.1021/ie401101c
https://doi.org/10.1021/ie3034976
https://doi.org/10.1002/ceat.201200611

Comparative analysis of liquid mixture Anastasiya V. Frolkova,
separation flowsheets Albina N. Novruzova

006 aBTOpax

®poskoBa AHactacusi BasiepueBHa, /1.T.H., JOLEHT, Tpodeccop Kadeapsbl XUMUU U TEXHOJIOTMH OCHOBHOTO OPraHWYECKOTO CHHTE3a,
WucTtuTyT TOHKHMX XHUMUYeckux TexHomoruit um. M.B. Jlomonocosa, ®I'6OY BO «MUPDA — Poccuiickuii TeXHOJIOTHYECKUH YHU-
Bepcute™ (119454, Poceus, Mocksa, np-t Bepuaackoro, 1. 78). E-mail: frolkova_nastya@mail.ru. Scopus Author ID 12782832700,
ResearcherID N-4517-2014, SPIN-kox PUHI 4504-2591, https://orcid.org/0000-0001-5675-5777

HoBpy3oBa Ansonna Ha3umoBHa, aciupanT, kadepa XUMUH U TEXHOJIOTHH OCHOBHOTO OPTaHUYECKOro cHHTe3a, VIHCTUTYT TOHKHX
xuMnyeckux texHonoruit um. M.B. Jlomonocosa, ®I'bOY BO «MUPDA — Poccuiickuii TexHonorundeckuit ynusepcuret» (119454,
Poccust, Mocksa, nip-t Bepnazckoro, a. 78). E-mail: albina.novruzova2018@yandex.ru. SPIN-kox PUHI] 5681-8304, https://orcid.
org/0009-0008-1637-8266

Translated from Russian into English by H. Moshkov
Edited for English language and spelling by Thomas A. Beavitt

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):407-429 429


mailto:frolkova_nastya@mail.ru
https://orcid.org/0000-0001-5675-5777
mailto:albina.novruzova2018@yandex.ru
https://orcid.org/0009-0008-1637-8266
https://orcid.org/0009-0008-1637-8266

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2025;20(5):430-440 ISSN 2686-7575 (Online)

Chemistry and technology of medicinal compounds
and biologically active substances

XMUS N TEXHO10Irns NeKapCTBEHHbIX NnpenapaTtoB
1 BUONIOrNYECKN aKTUBHBIX COEOVHEHN

UDC 57:615.1
hitps://doi.org/10.32362/2410-6593-2025-20-5-430-440 (c9)
EDN AHUIDO

RESEARCH ARTICLE

Enhanced ibuprofen loading capacity
of chitosan nanoparticles for prolonged release:
A comprehensive study

Nga H.N. Do'2, Phuong Khanh Thy Vo!-2, Thanh V.N. Le!-2, Hung D. Vuong!-2,
Trang P.T. Nguyen!2, Phung K. Le3, Anh C. Hal-2*

! Faculty of Chemical Engineering, Ho Chi Minh City University of Technology (HCMUT), 268 Ly Thuong Kiet Street,
Dien Hong Ward, Ho Chi Minh City, Viet Nam

2 Vietnam National University Ho Chi Minh City, Linh Trung Ward, Thu Duc City, Ho Chi Minh City, Viet Nam
3 CIRTech Institute, HUTECH University, Ho Chi Minh City, Viet Nam

™ Corresponding author, e-mail: hcanh@hcmut.edu.vn

Abstract

Objectives. Oral administration of ibuprofen often requires much higher doses than the necessary therapeutic dose due to the low solubility
and first-pass metabolism of this anti-inflammatory drug. In order to improve its solubility and bioavailability, orally administered
ibuprofen can be encapsulated into chitosan nanoparticles. The release of ibuprofen from chitosan nanoparticles can be pH-controlled
to increase drug delivery efficiency when passing through the gastrointestinal tract. While ionic gelation provides versatile nanochitosan
synthesis, the impact of the chitosan-to-tripolyphosphate (CS/TPP) ratio on encapsulation efficiency (EE) and loading capacity (LC)
of the ibuprofen-loaded chitosan nanoparticles (IBU-CSNPs), as well as their release behavior under various pH conditions, remains
unexplored. The study aims to determine the appropriate CS/TPP ratio for the highest EE and LC, as well as to evaluate the morphology,
release behavior, and degradability of the IBU-CSNPs under optimal conditions.

Methods. The effect of CS/TPP ratio on the EE and LC of nanoparticle-loaded ibuprofen is studied by comparing the total and free
concentrations of the drug and the weights of the CSNPs and IBU-CSNPs. To elucidate the characteristic properties of the IBU-CSNPs
prepared at the optimal CS/TPP ratio, in-depth characterization was performed, including their morphology, chemical structure,
crystallinity profile, in vitro degradation, and release behavior. The release profile of the IBU-CSNPs is studied under simulated gastric
fluid (SGF), intestinal fluid (SIF), and sequential conditions of SGF and SIF.

Results. EE and LC were found to be significantly enhanced by an appropriate 1:1 mg/mg ratio, reaching 77.70 + 0.65% and
46.62 + 0.39%, respectively. The fabricated IBU-CSNPs exhibit a spherical shape with a uniform size distribution of approximately
50-60 nm and accelerated degradation compared to the unadulterated chitosan nanoparticles under simulated gastrointestinal conditions.
The synthesized IBU-CSNPs demonstrate remarkable acid resistance by a minimal drug release of 9.44% in SGF after 3 h. However,
a sustained release pattern in SIF achieves an equilibrium cumulative release of 94.51% over 5 days. The elaboration of drug release
kinetics using the Kopcha and Korsmeyer—Peppas models suggests erosion-controlled release in SGF and diffusion-controlled release
with swellable ability in SIF.

Conclusions. The results represent valuable insights into the formulation of pH-responsive IBU-CSNPs for the controlled delivery of
ibuprofen via oral administration.
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AHHOTaUuus

Hesmn. IlepopansHoe nmpuMeHenue nOynpodeHa gacto TpeOyeT 3HAYUTENBFHO Ooiee BBICOKHX 103, YeM HEoOXoaMMas TepareBTHYe-
CKasi /1032, U3-32 HU3KOIl PacTBOPHUMOCTH M OBICTPOro MeTabosIM3Ma 3TOTO IPOTHBOBOCIIAIUTEIBHOIO Tpenapara. YTo0b! yIydIIuTh
€ro pacTBOPUMOCTb M OGHOZOCTYITHOCTB, HOYNPOdEH, BBOAUMBIN IEPOPAIBHO, MOXKET OBITh HHKAIICYJIMPOBAH B HAHOYACTUIIBI XUTO3a-
Ha. J[jist Toro, 4To0bI MOBBICUTH Y()PEKTHBHOCTD JOCTABKHU JICKAPCTBA MPH MPOXOXKICHUH YePe3 KEeIYI0YHO-KUILICYHBIH TPAKT, MOKHO
perynupoBarth BBICBOOOXKIEHHE NOynpodeHa 13 HAaHOYACTHIl XUTO3aHa, KoHTponupys pH. B To Bpems kak moHHOE reneoOpa3oBaHue
obecreunBaeT YHUBEPCAIbHBIH CHHTE3 HAHOXUTO3aHa, BIUSHIE COOTHOLICHUS XuTo3aHa u Tpunoiudocdara (CS/TPP) na spdexrus-
HOCTh MHKAICYJISIIUU U 3arPY304HYIO CIIOCOOHOCTh HAHOYACTHIl XUTO3aHa, copepkammx noynpoden (IBU-CSNPS), a Takxke Ha uX
BBICBOOOIK/ICHHE IPH PA3IMYHBIX 3Ha4eHUsX pH, ocraercs HemsydeHHBIM. Llenb ncclieJoBaHus. — OIPEEINTh HOAXOAAIIEe COOTHO-
menue CS/TPP mis monmy4eHust HAMBBICIIMX 3HAYCHUH MHKATICYJSIIAU U 3aTPY30YHOI CIIOCOOHOCTH, a TaKKe OIEHUTH MOP(OJIOTHIO,
XapaKTEPUCTHKN BBICBOOOKACHUS U CIIOCOOHOCTH K pazinokeHnto IBU-CSNPS B onTuManbHBIX yCIOBUIX.

Mertonwpl. Biusiaue coornoutenus CS/TPP Ha HHKATICYISIMIO U 3arPy304HYIO CIIOCOOHOCTD HOympodeHa, copepiKalero HaHOYACTUIIbI,
M3y4aroT MyTeM CpaBHEHUs o0uiel u cBoOoaHOM KoHIeHTpauii npenapara u Mmacc CSNP u IBU-CSNP. /1551 BeIssiCHEHUS XapaKTEePHBIX
cotictB IBU-CSNPs, npurotoBieHHbIX IpH onTuMaibHOM cooTHomeHun CS/TPP, Ob1u1 nmpoBeneH yriiyOneHHBINH aHann3, BKIIOYAIO-
UK UX MOP(OIOTHIO, XUMUYECKYIO CTPYKTYPY, IPOGHIb KPUCTALTHYHOCTH, PA3JIOKEHHE i1 Vitro ¥ TIOBEICHUE ITPU BBICBOOOXKICHHH.
Ipoduns BeicBoOokaeHUsE IBU-CSNPs nsy4ancs ¢ nmomoiipio MogenupoBanus noseaeHus IBU-CSNPs B xkenyno4HON U KUIICYHOM
KUJIKOCTSIX, @ TAKOKe TIPU MOCIJICIOBATEIBHOM BBE/ICHUHU B JKEITYA0UHYIO H KHIICYHYIO KUAKOCTH.

Pesynbrarsl. Haiineno, urto uHkancynauus u 3arpy3ouHas cniocooHocTs IBU-CSNPs 3HaunTenbHO HOBBILIAIOTCS HPU COOTHOLICHUU
CS/TPP = 1 : 1 mr/mr, nocturas 77.70 £ 0.65% u 46.62 + 0.39% coorBercrBenHo. Mojenbubie HanoyacTuisl IBU-CSNPs nmeror
chepudeckyo GopMy ¢ paBHOMEPHBIM paclpeieieHreM 1o pasmepam (mpubmusuteabHo 50-60 HM) U YCKOPEHHBIM pa3liOKeHUEM
[0 CPaBHEHHUIO C HAHOYACTHIIAMM YHUCTOTO XMTO3aHA B YCJIOBHUSIX, UMUTHPYIOLIMX KENYIO0YHO-KHIICUHbIH TpakT. CHHTE3MpOBaHHbIC
IBU-CSNPs /1eMOHCTPHPYIOT 3HAUYUTEJIBHYIO KHUCIOTOYyCTOHYMBOCTh OJIarofaps MHHHMAJILHOMY BBICBOOOXKICHHIO JIEKAPCTBEHHOIO
cpeactBa — 9.44% B xemy104HON KUIKOCTH Yyepe3 3 yaca. OfHAKO IPU JUIUTEIBHOM HAX0XKICHUHU B KMILIEYHOM )KUAKOCTH JOCTUIAETCs
paBHOBECHOE KyMYJISITUBHOE BbICBOOOXKIeHHE B pasmepe 94.51% B Teuenue 5 queil. Kunetnka BEICBOOOXKI€HHS JIEKAPCTBEHHOTO CPE-
cTBa ¢ ucnoab3oBaHueM mMozeineit Komua u Kopemeliepa—Ilennaca npeanonaraet BEICBOOOXKICHHUE C KOHTPOJIEM 3PO3HUHU B JKEITyA0YHOH
JKUAKOCTH ¥ BBICBOOOXK/ICHHE CO CLIOCOOHOCTHIO K HAOyXaHHUIO U KOHTpOseM AU dy3un B KUIICIHON KHKOCTH.

BriBonpbl. [TomyueHHbIe pe3yabTaTsl IPECTABIIOT 3HAYUTEIbHYIO ICHHOCTH B pazpadorke PH-uysctBuTensHbix IBU-CSNPs st koH-
TPOJIMPYEMOH JOCTaBKU NOYNpo(deHa py nepopasbHOM IpHeMe.

KnioueBble cnoBa MocTtynuna: 12.01. 2025
HAHOYACTHUIIBI XUTO3aHa, HOyNpodeH, BHICBOOOKICHHE C peryiupyeMbiM pH, AopabGoTaHa: 08.07.2025
9 HeKTHBHOCTH MHKAIICYIISIMHI, HECYIIasi CHOCOOHOCTh MpuHaTta B neyatb: 01.09.2025
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Enhanced ibuprofen loading capacity

Nga H.N. Do,

of chitosan nanoparticles for prolonged release: A comprehensive study etal.

INTRODUCTION

Ibuprofen is a nonsteroidal anti-inflammatory drug that
exerts nonselective inhibition on cyclo-oxygenase-1
and cyclo-oxygenase-2 to hinder the transformation of
arachidonic acid into prostaglandins, which play akeyrole
in pyrexia, inflammation, and pain sensation. Ibuprofen
is predominantly administered orally at a dosage of
200-600 mg every 6 hours. However, the required dose
for therapeutic effect is only about 20—30 mg/kg, which
means that the oral dosage of ibuprofen is 10-20 times
higher than the necessary therapeutic dose [1]. This is
a drawback of oral ibuprofen usage owing to the low
solubility (0.685 mg/mL at 37°C) [2] and the first-
pass metabolism of the drug. Ibuprofen overdosage
may result in some reported adverse effects, including
gastrointestinal ~ problems (heartburn, indigestion,
nausea, and vomiting), uncommon metabolic acidosis,
as well as rarely experienced effects on the central
nervous system [3]. The low dissolution rate of
ibuprofen contributes to its low bioavailability, even
when administered at high oral doses. Many attempts
have been made to formulate ibuprofen into topical
products such as creams and gels as an alternative to oral
administration. However, these alternatives also exhibit
limited therapeutic concentration of ibuprofen because
of its poor skin permeability [4].

An alternative strategy for enhancing the solubility
of ibuprofen for oral administration is to encapsulate it
into a nanoscale drug delivery system. By protecting
the drug from bio-metabolism, the encapsulation of
ibuprofen into nanoparticles improves absorption,
as well as decreasing the frequency and dose of
administration [5]. In general, nano-sized carrier
systems having a large surface area have a significant
advantage in improving the solubility of hydrophobic
drugs. In order for the nanoparticles to be considered
as suitable delivery systems, they must demonstrate
suitable  properties such as  biodegradability,
biocompatibility, and non-toxicity. For this reason,
naturally derived polymers emerge as promising
materials for the synthesis of ibuprofen-encapsulated
nanoparticles. In recent years, chitosan has become
a widely used bio-based polymer for the fabrication of
nano-sized drug delivery systems. This is attributed to
its distinctive chemical structure containing functional
groups of the amino (-NH,) and hydroxyl (-OH),
as well as biocompatibility, mucoadhesion, and low
toxicity. Under appropriate conditions, ibuprofen
with the carboxylic group interacts with the chitosan
chains through electrostatic interactions and hydrogen
bonding between the functional groups of chitosan
and ibuprofen, resulting in the entrapment of the drug
within the polymeric matrix [6]. During the synthesis of

ibuprofen-loaded chitosan nanoparticles (IBU-CSNPs),
cross-linking agents are utilized in association
with mechanical methods like ultra-sonication or
homogenization to facilitate the formation of the nano-
sized particles. In the case of chitosan nanoparticles,
tripolyphosphate (TPP) is applied to promote the ionic
gelation process via ionic interactions between the
negatively charged TPP and positively charged chitosan
groups in combination with mechanical stirring or
homogenization-ultrasonication. IBU-CSNPs were
successfully synthesized by following the ionic gelation
method with TPP as the cross-linker and in situ loading
of'ibuprofen, achieving an encapsulation efficiency (EE)
and loading capacity (LC) of 68.94 + 1.61% and
28 + 1.18%, respectively. The release of ibuprofen
from the fabricated IBU-CSNPs reached an equilibrium
state after 15 h with cumulative drug release (CDR)
of 86.79 + 1.02% and 77.27 + 1.48% in simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF),
respectively. The IBU release mechanism from the
IBU-CSNPs is mainly driven by Fickian diffusion
according to the Ritger—Peppas model [7]. Another
study conducted by Olvera Rodriguez et al., which is
focused on synthesizing IBU-CSNPs for pulmonary
therapy, uses the same ionic crosslinking method with
TPP but incorporating a post-loading approach for
ibuprofen. After the formation of chitosan nanoparticles,
these particles were dispersed in an ibuprofen solution,
allowing the drug to diffuse into and anchor onto the
chitosan nanoparticles via surface adsorption. This
incubation method achieved a high EE of 80% across all
tested drug concentrations (1000 mg/mL, 500 mg/mL,
and 250 mg/mL). The particle size of IBU-CSNPs was
found to range from 5 to 20 nm [8].

One key benefit of the ionic gelation for the
synthesis of chitosan nanoparticles is the ease with
which their characteristics, including particle size,
EE, LC, and release behavior, may be adjusted by
manipulating technological parameters such as
chitosan-to-TPP (CS/TPP) ratio, pH, temperature, and
velocity of chitosan and TPP mixing [9]. However,
to the best of our knowledge, no study has evaluated
the influence of the CS/TPP ratio on the EE and LC
of IBU-CSNPs to suggest the appropriate IBU-CSNPs
synthesis condition for enhanced drug encapsulation.
Moreover, the existing works have only investigated
the release kinetics of IBU-CSNPs in batches of SGF
and SIF without examining the release profile under
conditions of sequential pH change.

In the present study, batch experiments are performed
to fabricate IBU-CSNPs with varying CS/TPP ratios
from1:0.25to 1 : 3 (mg/mg) to assess the impact of this
parameter on the drug LC of the nanoparticles and figure
out the appropriate synthesis condition. Additionally,
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various properties of morphology, chemical structure,
crystallinity, and degradability of the IBU-CSNPs under
the determined synthesis condition are comprehensively
analyzed. The in vitro drug release profile of the
IBU-CSNPs in different simulated environments is
investigated by employing diverse mathematical models
of zero order, first order, Higuchi, Kormeyer—Peppas,
and Kopcha.

2. MATERIALS AND METHOD

2.1. Materials

Chitosan with a molecular weight of 158 kDa and
a degree of deacetylation of above 80% was supplied
by Vietham Food (Vietnam). Ibuprofen (IBU, >98%)
and phosphate-buffered saline (PBS) were obtained
from Sigma-Aldrich, USA. Dialysis Flat Tubing with
amolecular weight cut-off of 14000 kDa was supplied by
Frey Scientific, USA. Acetic acid (CH;COOH, 99.5%),
lactic acid (85.5-90%), hydrochloric acid (HCI, 36%),
sodium tripolyphosphate (TPP, 56-60%), and ethanol
(99.5%) were purchased from Xilong, China. In order to
prepare solutions, distilled water was utilized.

2.2. Preparation of chitosan nanoparticles
loaded with ibuprofen (IBU-CSNPs)

Chitosan is firstly dissolved in 1% acetic acid solution
under continuous stirring to prepare a chitosan solution
of 3.75 mg/mL. An ibuprofen solution of 1.25 mg/mL is
also prepared by dissolving ibuprofen in 70% ethanol.
Next, 1 mL of ibuprofen solution is added to the chitosan
solution and a mixture is stirred in 15 min at 800 rpm.
Finally, an aqueous TPP solution is added dropwise to the
CS/IBU mixture under stirring at 800 rpm for 1.5 h until
an opalescent suspension is obtained. The formulation
of IBU-CSNPs with varying TPP concentrations is
presented in Table 1. The CSNPs without loading
ibuprofen are prepared by following the same procedure.

Table 1. Experimental design of synthesizing IBU-CSNPs

Final concentration
CS/TPP ratio,
mg/mg Chitosan, TPP, Ibuprofen,
mg/mL mg/mL mg/mL
1:0.25 0.75
1:05 1.50
1:1 3.00 3.00 1.00
1:2 6.00
1:3 9.00

2.3. Characterization

Following synthesis, both CSNPs and IBU-CSNPs
were evaluated for their morphologies using field
emission scanning electron microscopy (FE-SEM,
Hitachi, S-4800, Japan). The samples were coated
with thin Pt layers before measurement. Chemical
structure of ingredients (chitosan, ibuprofen, TPP) and
synthesized nanoparticles (CSNPs and IBU-CSNPs)
were studied by Fourier-transform infrared spectroscopy
(FTIR, Alpha II, Bruker, Germany). FTIR spectra were
plotted in the wavenumber range of 6004000 cm™! at
a resolution of 4 cm™!. The crystallinity profile of the
individual ingredients, CSNPs, and IBU-CSNPs was
obtained by utilizing X-ray diffraction (XRD, Bruker,
D8 Advance). The specimens are ground into fine
powder and investigated for their XRD spectra in the
range of 5°—80° (20).

2.4. EE and LC of chitosan nanoparticles

The opalescent suspensions of the chitosan nanoparticles
with increasing TPP concentration were centrifuged
at 13000 rpm (16058g) for 30 min. The precipitated
IBU-CSNPs were then resuspended in 70% ethanol
to solubilize the nanoparticles and remove unbound
ibuprofen. The suspensions were further centrifuged
at 13000 rpm (16058g) for another 30 min. Finally,
the collected IBU-CSNPs were washed with water and
dissolved in an HCl solution 0of 0.02 M for more than 1 day
to completely release ibuprofen from the nanoparticles.
The ibuprofen concentration in the media was analyzed
using a UV—Vis spectrophotometer (UV—Vis, Model 754,
Stech International, United Kingdom) at 222 nm. The EE
and LC of the IBU-CSNPs are determined by Eqgs. (1)
and (2):

CT B CF
EE(%) =—L—F % 100%, (1)
CT
WL
LC(%) = —% x100%, )
WN

where Crand C (mg/mL) are total and free concentrations
of ibuprofen in the CSNPs suspensions, respectively;
W, and Wy (g) are weight of ibuprofen loaded in CSNPs
and the weight of nanoparticles, respectively.

2.5. Invitro ibuprofen release kinetics
of the IBU-CSNPs

The IBU-CSNPs were studied in vitro release profile
under different pH conditions by applying the analysis
membrane method [10]. In particular, 1.5 mL of the
IBU-CSNPs suspension was added into the tied dialysis
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tube. For the drug release, three mediums of simulated
gastric fluid (SGF, pH 1.2), simulated intestinal fluid
(SIF, pH 6.8), and simulated biological fluid (SBF,
pH 7.4) were prepared. Furthermore, ibuprofen release
capacity from nanoparticles was evaluated in sequential
release with a medium of pH 1.2 for the first 3 h [11, 12]
and then moved to pH 6.8 for the next 12 days [13].
The equipped dialysis tube is immersed into 25 mL of
each media to release the drug from the nanoparticles
into the environment through the membrane. The CDR
is calculated at different time intervals using a UV—Vis
Spectrophotometer at 222 nm. The release kinetics of the
IBU-CSNPs are studied by using mathematical models
of zero order (Z-0O), first order (F-O), Higuchi (H),
and Korsmeyer—Peppas (K-P) as presented in
Egs. (3)—~(7) [14]. In order to determine the appropriate
release mechanism, the most suitable model for the
release behavior of the IBU-CSNPs was identified.
Zero-order model (Z-0O):

M
kot 3)
First-order model (F-O):
M
MOO
Higuchi model (H):
M
=k, 5)
MOO
Korsmeyer—Peppas model (K—P):
Dbyt (6)
KP* »
o0
Kopcha model:
M
—L = AJt+Bt, (7)
Moo

M
where —L is the fractional amount of the drug released
o0

attime ¢ (h); k, k,, kyy, &,

«p» A, and B are constants of the

corresponding models. Besides, n is the diffusion
release

exponent indicating  the mechanism

(K—P model).

1:0.25

2.6. Degradability of the CSNPs
and IBU-CSNPs

The degradability of the nanoparticles with and without
ibuprofen was evaluated in a sequentially pH-changing
experiment. In particular, the particles were incubated in
the SGF solution (pH 1.2) for 3 h and then transferred
to the SIF environment (pH 6.8) during the remaining
period. The degradability of the nanoparticles is
determined by their dry weight difference before and
after incubation as described in Eq. (8).

. Wo—W,
Degradability(%) = —¢_—- x100%, (8)
0

where W, and W, are respectively the weight of the

IBU-CSNPs initially and at the time # (h).

3. RESULTS AND DISCUSSION

3.1. EE and LC of the IBU-CSNPs

Following the synthesis process, IBU-CSNPs were
successfully fabricated and homogenously suspended
as a milky suspension (Fig. 1). The opacity of the
samples was observed to progressively increase
with a decrease in the CS/TPP ratio: in particular,
the suspensions with the CS/TPP ratios of 1:2 and
1 : 3 (mg/mg) show particle aggregation at the bottom
of the beaker. As the TPP concentration increases, the
extent of the repulsive electrostatic interactions between
the IBU-CSNPs reduces, resulting in the compression
of the double electrical layer and a reduction in the
zeta potential of the nanoparticles [15]. Consequently,
aggregation is promoted, leading to a declined colloidal
stability of the IBU-CSNPs. Previous studies have
also shown that forming weak bonds between chitosan
and TPP by adjusting the CS/TPP ratio helps prevent
aggregation [16, 17].

Figure 2 illustrates the EE and LC of the IBU-CSNPs
with decreasing CS/TPP ratio from 1:0.25 to 1 : 3 mg/mg;
in other words, increasing TPP concentration from 0.75
to 9.00 mg/mL. Overall, both EE and LC of the
IBU-CSNPs tend to grow as the CS/TPP ratio declines
from1:0.25to0 1: 1 (mg/mg), followed by a decrease in
both criteria with a further reduction in the CS/TPP ratio

1:2

Fig. 1. Images of IBU-CSNPs fabricated from different CS/TPP ratios
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to 1 : 3 (mg/mg). The highest EE and LC of the fabricated
nanoparticles are respectively 77.70% and 46.62% at
the CS/TPP ratio of 1 : 1 (mg/mg). Under this synthesis
condition, the drug LC of the IBU-CSNPs in this work is
almost 2 times higher than that fabricated by Balde e? al.
(EE and LC of 68.94% and 28%, respectively) [7].

100
= Encapsulation efficiency (EE) m [ oading capacity (LC)
7170

80 1 7070 7118
o 6429
NS
g 60 1 5687
g 42 071 1662 s
g 40 4 34.12
Ay

20 -

1:025 1:05 1:1 1:2 1:3
CS/TPP ratio, mg/mg

Fig. 2. Drug loading performance of the IBU-CSNPs with
varying CS/TPP ratios

As can be seen from Fig. 2, an increase in the TPP
concentration results in a higher cross-linking density
of the IBU-CSNPs and a smaller nanoparticle size,
permitting more IBU to be encapsulated within the
nanoparticle core. The increased concentration of TPP
also enhances the stability of the IBU-CSNPs colloids.
Therefore, both EE and LC of the IBU-CSNPs achieve
the highest values at the CS/TPP ratio of 1 : 1 (mg/mg).
However, the stability of the nanoparticles diminishes as
the CS/TPP ratio decreases to 1:2 and 1:3 (mg/mg)
due to particle aggregation to significantly reduce the
possibility for the ibuprofen-chitosan interactions and the
entrapment of the drug within the cross-linked network
of the nanoparticles. Consequently, there is a substantial
decline in both EE and LC of the IBU-CSNPs down to
56.87% and 34.12% in the given order at the CS/TPP
ratio of 1 : 3 (mg/mg).

3.2. Characteristics of the IBU-CSNPs

3.2.1. Chemical-crystalline profile
and morphology of the IBU-CSNPs

In order to analyze the chemical structure of the
fabricated nanoparticles, FTIR spectra of the chitosan
nanoparticles both with and without encapsulating
ibuprofen and components (chitosan, TPP, and ibuprofen)
are illustrated in Fig. 3a. Characteristic absorption bands
appearing in the range of 3000-3500 cm™! are attributed
to hydroxyl and amino groups of chitosan chains. The
strong bands at 1642, 1555, and 1240 cm™! are assigned
to vibrations of C=0 stretching, N-H bending and C-N

stretching in the given order. The significant intensity
in the peak at 1035 cm™! indicates the presence of
C-O-C linkages in the chitosan chains [14]. For TPP,
the peaks at 1076 and 1208 ¢cm™! refer to the P=0O
linkages, whereas the band at 1126 cm™! is attributed to
P—O-R bonds in the phosphate groups [18]. Ibuprofen
is characterized by the peaks at 1708 and 2955 cm™!,
which present functional groups of carboxylic acid and
hydroxyl. There is a strong absorption bond found at
1230 cm™! indicating the C-O—C bonds in the structure
of ibuprofen. The aromatic ring in the ibuprofen
structure is characterized by the two absorption bands at
1458 and 1506 cm™!. Moreover, the rocking vibrations
of CH, and CH, linkages are correspondingly identified
at 776 and 933 cm™! [7]. The lack of a characteristic
peak at 1708 cm™!' in the spectrum of IBU-CSNPs
corresponding with the carboxylic acid of ibuprofen
indicates interactions between the drug and the polymeric
matrix of the chitosan nanoparticles. Additionally, the
absorption bands at the remaining peaks of ibuprofen
are not intense in the IBU-CSNPs spectrum, further
confirming the successful encapsulation of the ibuprofen
in the network of the nanoparticles [7].

IBU-CSNPs

CSNPs

IBU

T e Y

4000 3500 3000 2500 2000 1500 1000 500
20, °
(a)

Intensity

IBU-CSNPs

Intensity

CSNPs

5 10 15 20 25 30 35 40 45 50 55 60
20, °
(b)

Fig. 3. FTIR (a) and XRD spectra (b) of CSNPs
and IBU-CSNPs
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The XRD analysis of the crystalline profile of the
nanoparticles both with and without loaded ibuprofen
is illustrated in Fig. 3b. According to the previous
work, the neat chitosan exhibited diffraction peaks
at 11.9° and 20°, whereas pure TPP showed various
peaks at 19.05°, 19.77°, 33.60°, and 34.49° [19].
However, these characteristic peaks of chitosan and
TPP are absent in the XRD pattern of CSNPs; instead,
new multiple peaks appear at 11.5°, 13.4°, 18.6°,
22.7°, 26.6°, 29.2°, 31.8°, 34.4°, and 43.5°. This
finding indicates that the interactions between the
oppositely charged groups of chitosan and TPP cause
the change in the packing structure of the chitosan
chains. Moreover, there is a greater extent of chain
bonding in the nanoparticles resulting from the cross-
linking between chitosan and TPP. The previous
work presented the XRD pattern of pure ibuprofen
containing the diffraction peaks at 19.4°, 21.6°, 26.8°,
28.4°, and 33.2° [7]. In this study, the lack of signals
at these peaks in the XRD spectrum of IBU-CSNPs
demonstrates that the drug is encapsulated within the
cross-linked network of the nanoparticles.

The morphology and particle size of the IBU-CSNPs
are presented in Fig. 4. The uniform spherical shape of
the IBU-CSNPs together with a smooth surface and nano
size in the range of 50—60 nm confirms the success in the
synthesis of the nanoparticles encapsulating hydrophobic
ibuprofen. As already mentioned, the nano size of the
chitosan-based delivery system increases its surface

S-4800 10.0kV 8.8mm x60.0k SE(M)

area, thus enhancing the efficiency of drug encapsulation
within the polymer network and improving the solubility
of hydrophobic drugs like ibuprofen.

3.2.2. Degradability of the IBU-CSNPs

Degradability is one of the crucial properties of drug
delivery systems due to limiting the release behavior
of the active compound and the toxicity potential
of the material to the human body. In this work, the
degradability of the synthesized nanoparticles is
evaluated in the in vitro condition of simulated oral
administration. Figure 5 depicts the degradability rate
of CSNPs and IBU-CSNPs over time along with the
images of the nanoparticles captured under microscopy
as presented in Fig. 6. During the initial 3-h period in
an acidic environment, the nanoparticles exhibit low
degradation with the respective degradability of 3.93 and
6.40% for CSNPs and IBU-CSNPs. Figure 6b also shows
that there is no significant change in the morphology of
the IBU-CSNPs clusters after 3-h immersion in SGF.
According to the previous study by Lin ef al. [20], it
was found that CS/TPP polyelectrolyte complex gel
microspheres completely degraded within 2 h at pH 1.4.
In contrast, both CSNPs and IBU-CSNPs in this work
exhibit effective acid resistance. This can be attributed
to the dense cross-linking within the polymeric matrix of
the nanoparticles via the strong electrostatic interactions
between the protonated amino groups of chitosan under
an acidic environment and the negatively charged

Fig. 4. Morphology of the IBU-CSNPs synthesized at a CS/TPP ratio of 1 : 1 (mg/mg)
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phosphate groups of TPP. The high stability witnessed
in SGF demonstrates the ability of the IBU-CSNPs to
withstand the harsh conditions of the stomach and protect
the drug from first-pass metabolism.

60
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Fig. 5. Degradability of CSNPs with and without
encapsulating ibuprofen under sequential pH change
conditions (SGF at pH 1.2 for 3 h, followed by SIF at pH 6.8
for the remaining duration)

When the experimental environment changes to
SIF, the degradation of the nanoparticles occurs more
prominently with the corresponding degradability
of 28.03% and 49.62% after 7 days for CSNPs and
IBU-CSNPs. The looser structure of the polymeric
matrix resulted from the partial deprotonation of chitosan
chains, while the high solubility of ibuprofen in a neutral
environment (pH 6.8) contributes to the weakening of
the interactions between the drug and chitosan chains,
promoting the diffusion of drug molecules from the
nanoparticles. As a result, voids and porous channels are
created within the structure of the nanoparticles, allowing
the penetration of the environment fluid and causing more
deprotonation of chitosan. Therefore, the degradation of
IBU-CSNPs is considerably greater than that of CSNPs
at the same time interval. Figure 6¢ demonstrates the

evident degradation of IBU-CSNPs clusters in the SIF
characterized by the presence of discrete fragments with
various morphologies.

3.3. In vitro release kinetics
of the IBU-CSNPs

The release kinetics of IBU-CSNPs under different
simulated fluid conditions are depicted in Fig. 7.
The equilibrium release state of IBU-CSNPs in all
investigated environments is achieved after 5 days with
approximately the entire ibuprofen-loaded content being
released from the nanoparticles. In particular, at the same
time point of 1 day after exposure to the environment,
the CDR of the IBU-CSNPs in SGF and SIF is 23.13%
and 67.58% in the given order. These values are all lower
than the CDR reported in the study by Balde et al. (around
80%) [7]. Therefore, the as-fabricated IBU-CSNPs
exhibit prolonged ibuprofen release demonstrated by
their slow release rate in comparison with the previous
work.

The distinct release behavior of the IBU-CSNPs
among the environments indicates the pH-responsive
release capability of the synthesized delivery system.
In particular, the SIF condition strongly promotes the
ibuprofen release from the nanoparticles, whereas
the SGF environment inhibits the diffusion of drug
molecules into the medium (Fig. 7a), similar to the
findings in the degradation assessment. The maximum
ibuprofen concentration is achieved after 4 days and
2 days in respective environmental pH values of 1.2
and 6.8. The specific maximum drug concentration is
correspondingly 28.48 and 27.36 mg/L (Fig. 7b). In
comparison with previous studies, the pattern of the
ibuprofen concentration in the aqueous media over
time is similar to the drug concentration-time profile of
a sustained release delivery system [21, 22]. Moreover,

Fig. 6. Alteration in the morphology of IBU-CSNPs before the experiment (a), after 3h-immersion in SGF (b),
and the next 5-day cultivation in SIF (c)
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the therapeutic concentration range for ibuprofen
analgesic and anti-inflammatory effects is approximately
10-50 mg/L [23]. According to the experimental
data, the ibuprofen concentration in the SIF reaches
20.55 mg/L and remains within the therapeutic window
of ibuprofen until the 12th day. While IBU-CSNPs
in SGF also exhibit a similar trend in the drug release
behavior, the therapeutic concentration is only achieved
on the 2nd day from the beginning.
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Fig. 7. In vitro release of IBU-CSNPs in terms of the CDR (a)
and ibuprofen concentration (b) recorded under SGF, SIF, and
sequential pH-changing conditions

In the sequential pH condition, the ibuprofen release
profile of the IBU-CSNPs is a combination of the release
patterns witnessed in SGF and SIF, but at different CDR
and ibuprofen concentrations. The release kinetics of
the drug-loaded nanoparticles under the sequentially
changing pH condition exhibit distinctions starting
from the transition of the environment with a slower
ibuprofen release rate. In this case, the maximum
ibuprofen concentration is reached after 5 days along
with the therapeutic drug concentration achieved after
12 h and continuously maintained in the range of
10.05-21.57 mg/L until the 12th day. As depicted in
Fig. 7, the findings of this biomimetic evaluation indicate

that the higher CDR and ibuprofen concentration in
SIF than in SGF enables effective drug delivery to the
intestine as well as avoids drug leakage in the stomach.

The release kinetics of IBU-CSNPs in SGF, SIF, and
biomimetic conditions are mathematically analyzed by
the determined models including zero order, first order,
Higuchi, Kormeyer—Peppas, and Kopcha. The results
from the analysis are tabulated in Table 2.

Table 2. Analysis of IBU-CSNPs release kinetics
by mathematical models

Experimental condition
Model
bl coefficient SGF SIF Sequential

release
k, 0.196 0.162 0.185

Z-0
R? 0.987 0.750 0.939
ky 0.491 0.230 0.456

F-O
R? 0.908 0.636 0.754
ke 0.171 0.134 0.160

H

R? 0.897 0.563 0.789
kxp 0.237 0.697 0.416
K-P n 0.917 0.470 0.622
R? 0.983 0.999 0.997
A 0.076 0.494 0.375
Kopcha B 0.167 0.000 0.025
R? 0.994 0.966 0.995

The release profile of IBU-CSNPs follows the
Korsmeyer—Peppas model in SIF (R? of 0.999) and the
Kopcha model in SGF (R? of 0.994). Both models show
an extremely high correlation with the ibuprofen release
kinetics under the sequentially pH-changing condition.
The release exponent of 0.470 determines the anomalous
or non-Fickian transport for the release kinetics of
IBU-CSNPs governed by the drug diffusion, swelling,
and degradation of the nanoparticles. On the contrary,
the mechanism of the drug release into the acidic
environment is predominantly controlled by the erosion
of the nanoparticles according to the greater erosion
constant (B) than the diffusion constant (4) in the Kopcha
model. For the simulated oral drug delivery by changing
pH, the release exponent below 0.85 (Korsmeyer—Peppas
model) and A4/B ratio above 1 (Kopcha model) confirm
that the ibuprofen diffusion is the primary mechanism
controlling the drug release from the IBU-CSNPs. This
finding is reasonable due to the much longer exposure
duration of the nanoparticles encapsulating ibuprofen in
SIF than in SGF.
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4. CONCLUSIONS

The IBU-CSNPs successfully synthesized following
the synthesis procedure with the CS/TPP ratio from
1:025 to 1:1 (mg/mg) show a uniform spherical
shape and a particle size of 50-60 nm. The CS/TPP
ratio influences the drug entrapment efficiency of the
developed nanoparticles. When the ratio decreases
below 1:1 (mg/mg), there is a failure in the drug
loading of the CSNPs as evidenced by a remarkable
reduction in both EE and LC. Under the simulated
condition of oral drug delivery, the IBU-CSNPs have
a degradability of about 50% after 7 days and excellent
acid resistance, as well as demonstrating a controlled
pH-responsive release. In the first 3 h within the SGF
environment, only 9.44% of ibuprofen is released,
demonstrating the high efficiency of ibuprofen protection
within the CSNPs system. The release gradually
increases in the SIF environment to reach 25.07% at
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Abstract

Objectives. Gene therapy techniques based on the introduction of therapeutic nucleic acids into body cells are currently being developed
for the treatment of diseases with a genetic etiology. Among modern drug delivery systems, nonviral agents based on the use of a variety
of lipids to produce liposomes and micelles occupy a special place. This work sets out to synthesize and study the properties of dimeric
cationic amphiphiles of irregular structure with symmetric and asymmetric hydrophobic blocks in order to determine the influence of
structure on physicochemical properties and evaluate the prospects of their application as transfection agents.

Methods. The formation of hydrophobic and hydrophilic blocks involves reactions of L-cystine derivatives and L-glutamic acid and
diethanolamine diesters using the condensing agents: dicyclohexylcarbodiimide (DCC) + 4-(dimethylamino)pyridine (DMAP) or
hexafluorophosphate benzotriazole tetramethyl uranium (HBTU) + diisopropylethylamine (DIPEA). In order to isolate the reaction
products from the reaction mixture, column chromatography and/or preparative thin-layer chromatography on silica gel were used. The
structure of the obtained compounds was confirmed by 'H nuclear magnetic resonance spectroscopy and mass spectrometry. Synthesized
lipopeptides in aqueous medium formed liposomal dispersions whose particle size was determined by photon correlation spectroscopy.

Results. Schemes for the preparation of novel dimeric cationic amphiphiles based on L-cystine derivatives were devised. The
hydrophobic blocks of the obtained compounds include diesters of diethanolamine and L-glutamic acid (C10, C14, and C16). Targeted
lipopeptides were used to obtain liposomal dispersed systems mixed with natural lipids. The hydrodynamic size of the particles formed
in all dispersions was determined to be within the range of 50 to 200 nm.

Conclusions. The physicochemical properties of aqueous dispersions based on the synthesized compounds were investigated. Dimeric
amphiphiles mixed with phosphatidylcholine and cholesterol form liposomal particles. The impact of amphiphile structure on aggregate
size was demonstrated. The number of L-ornithine residues (0, 1, 2) in the target products was found to be the most significant parameter
affecting the particle size.

Keywords Submitted: 11.12.2024

symmetric and asymmetric dimeric cationic amphiphiles, L-cystine derivatives, Revised: 07.04.2025

cationic liposomes, lipopeptides Accepted: 05.09.2025
For citation

Volodin T.A., Polikashina P.P., Budanova U.A., Sebyakin Yu.L. Symmetrical and asymmetric dimeric cationic amphiphiles based on
lipopeptides of irregular structure as potential components of cationic liposomes. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(5):
441-453. https://doi.org/10.32362/2410-6593-2025-20-5-441-453

© T.A. Volodin, P.P. Polikashina, U.A. Budanova, Yu.L. Sebyakin, 2025 441


https://doi.org/10.32362/2410-6593-2025-20-5-441-453
https://elibrary.ru/ARSHVH
mailto:c-221@yandex.ru
https://doi.org/10.32362/2410-6593-2025-20-5-441-453

Symmetrical and asymmetric dimeric cationic amphiphiles Timofey A. Volodin,
based on lipopeptides of irregular structure as potential components of cationic liposomes etal.

HAYYHAA CTATbA

CvMMeTpUuYHbIe N aCUMMEeTPUYHbIe AUMEpPHbIe
KaTUOHHble amdudunbl Ha OCHOBe NunonenTuaos
HeperyssipHOro CTPOeHus B Ka4eCTBe NoTeHUnasnbHbIX
KOMMOHEHTOB KaTUOHHbIX JIUMOCOM

T.A. Bostoaun, ILIL. Moaukamuna, Y.A. Bynanosa™, }0.J1. Cebsixun

MUPDA —  Poccutickuii  mexuonoeudeckuii  ynusepcumem  (Mucmumym — moHKUX — XUMUYECKUX — MEXHOLO02Ull
um. M.B. Jlomonocoea), Mocxasa, 119454 Poccus

™ demop ons nepenucku, e-mail: c-221@yandex.ru

AHHOTaUuS

]_Ie.Jm. B HaCTOsAIEEC BpEeMs U JICHCHUA 3a6OHeBaHHﬁ, HUMECIOIUX I'CHETUYECKOC MMPOUCXOKICHUEC, pa3pa6aTLIBaIOTC$[ MCTOABI TEHHOM
TE€panunu, OCHOBAHHBLIC Ha JOCTABKE B KJICTKU OpraHu3Ma T€ParieBTU4CCKUX HYKJICMHOBBIX KHUCJIOT. CpeZ[I/I COBpPEMEHHBIX CUCTEM JOCTaB-
KU JICKapCTBCHHBIX CPEACTB 0c000€ MECTO 3aHUMAIOT HEBUPYCHBIC CPEICTBA, OCHOBAHHBIC Ha UCII0JIb30BaHUN paSHOO6pa3HI)IX JIMITU10B
JUIS TOJTYYE€HU S JIMITOCOM U MULICILT. HCHLIO JTaHHOM pa6OTBI SABJISICTCS CUHTE3 U U3YUCHUEC CBOWCTB JUMEPHBIX KaTUOHHBIX aM(bI/Iq)I/IJ'IOB
HEPETrYyISIPHOTO CTPOCHUA C CUMMETPHUYHBIM U aCCUMETPUYHBIM FPIZ[pO(l)O6HI)IM 0JIOKOM JUIS OIIPEACJICHUS BIIUSAHUSA CTPYKTYPBI Ha (1)1/1-
3UKO-XUMHYCCKHE CBOﬁCTBa, YTO IMO3BOJIUT OLCHUTD NEPCHEKTUBBI UX TPUMEHECHUS B Ka4€CTBE TpaHC(i)CKIII/IOHHLIX Ar¢HTOB.

Mertoabl. QopmupoBanue ruApoGoOHbIX U rHAPOGUIBHBIX OJIOKOB MpE/onaraeT IMPOBEICHHE PEaKkluid MPOU3BOAHBIX L-nucTHHA
u 1udGUpoB L-m1yTaMHHOBOI KHUCIOTHI M JUATAHOJAMHHA C MOMOIIBI0 KOHJCHCHUPYIOLIUX areHTOB: N,N-IHIUKIOreKCHIKapOOoany-
muna (DCC) + 4-mumernnamunonupuanaa (DMAP) mmm rexcadropdocdar 6enzorpuazonrerpamermayponns (HBTU) + numsompo-
mwTuiamuHa (DIPEA). Jlns BbIAeIeHUs MPOAYKTOB PEAKIUK U3 PEaKIIMOHHOI CMECH MPHMEHSIIACh KOJIOHOYHAsh XpoMarorpadus
W/WIH TpeTiapaTUBHAS TOHKOCIIOHHAS XpomaTtorpadus Ha cumkarene. CTpyKTypa MOTydeHHBIX COSUHEHUH MOATBEPKICHA TaHHBIMH
CTIEKTPOCKOTIHH AAEPHOTO MATHUTHOTO pe3oHanca 'H i Macc-ciekTpomerpun. CHHTE3HpPOBAHHEIE JTHTIOTIEIITHIE B BOTHOM cpeie 06-
Pa30BBIBAJIN JIMIOCOMAJIbHBIC TUCIIEPCHH, Pa3Mep YacTHI[ KOTOPBIX ONPEIeIsiI METOOM (OTOHHO-KOPPEIISIIIHOHHON CIIEKTPOCKOIIHH.

Pesyabrarsl. PazpaboTaHbl cXeMbl MOIYYCHHS HOBBIX JUMEPHbBIX KaTHOHHBIX aM(pu(UIOB Ha OCHOBE NPOM3BOAHBIX L-nucruHa. I'u-
IpodoOHbIe OIIOKH MOMYyYEHHBIX COCAMHEHUN BKIIOYAIOT AMAHUPH AudTaHONaMuHa u L-rimyramunoBoit kuciotsl (C10, C14 u C16).
[leneBble JIMIONENTH/bI ObUIN UCIOIb30BAHBI JUIS HOMYUCHHS JIMIOCOMAbHBIX IUCIICPCHBIX CHCTEM B CMECH C MPUPOHBIMH JIMIIH-
namu. Jlist BceX JUCIIEpCHii onpe/ereH MMAPOANHAMUYECKUH pa3Mep cOPMHUPOBAHHBIX YACTHUII, KOTOPBIH HAXOMUTCS B MHTEPBAJC
ot 50 1o 200 HM.

BoiBoabl. 3yueHb! GU3NKO-XUMHYECKUE CBOMCTBA BOAHBIX JAUCIIEPCHI HA OCHOBE CHHTE3UPOBAHHBIX coequHeHU. JuMepHbie aMmdu-
¢ubl B cMecH ¢ HochaTHAUIXOINHOM U XOJIECTEPHHOM 00pa3yioT JIMIOCOMaIbHBIE YaCTUIIBI. [T0Ka3aHo BIMAHKUE CTPYKTYpbl ampudu-
JIOB Ha pa3Mep MONyYaeMbIX arperaToB. YCTaHOBIEHO, YTO HAaHOONee 3HAYMMbIM ITapaMeTPOM, BIHAIOIINM Ha pa3Mep YacTHII, SBISETCS
yrciao octatkoB L-opautrHa (0, 1, 2) B cocTaBe HeneBBIX TPOIYKTOB.
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Symmetrical and asymmetric dimeric cationic amphiphiles

Timofey A. Volodin,

based on lipopeptides of irregular structure as potential components of cationic liposomes etal.

INTRODUCTION

Gene therapy has the potential to treat hematological
and cardiovascular diseases, neurological disorders,
cancers, and genetic disorders. Modern treatment
methods are based on the use of nucleic acids,
including small interfering RNAs, antisense
oligonucleotides, and aptamers. More recently,
mRNA-based vaccines against COVID-19 have been
approved in this area [1].

Positive results from gene therapy can be observed in
the treatment of many diseases, such as spinal muscular
atrophy, hemophilia, ophthalmological diseases, some
cancers [2], and viral diseases [3].

For the successful correction of genetic
abnormalities, the efficiency of delivering nucleic acids
and establishment of conditions for their long-term
functioning are important factors. Various viral and
nonviral vectors are being developed to deliver genetic
materials into cells, each having its own advantages and
disadvantages [4].

Liposomal systems belong to a broad class of nonviral
nucleic acid delivery agents. Such delivery agents were
among the first nonviral systems to demonstrate effective
gene delivery and undergo preclinical and clinical
trials [5].

Itis known that the structure of amphiphiles influences
the size and type of packing of the resulting aggregates.
By varying different blocks and the nature of the spacer,
the physicochemical properties of aggregates based
on these molecules and their subsequent interaction
with biological membranes can be studied. The high
transfection efficiency of cationic dimeric derivatives
with short spacer groups is likely due to the presence of
two coexisting lamellar structures [6]. It has also been
shown that a longer fragment in the hydrophobic block
(Cl16, C18) promotes the release of the nucleic acids
from the lipoplex [1, 6, 7].

The aim of the present work is to obtain and study
the properties of irregular cationic amphiphiles having
symmetric and asymmetric hydrophobic blocks to
determine the influence of structure on the properties of
the vesicles they form in an aqueous medium. This is
then used as a basis for assessing the prospects for their
application as transfection agents.

The use of natural amino acids in the structure of
nucleic acid binding agents is a promising approach.
It is known that natural amino acids are natural
components of biological systems, and their catabolism
does not produce toxic metabolites. It explains the low
toxicity and high biocompatibility of delivery agents
based on natural amino acids [8, 9]. Also, due to the
ability of amphiphiles containing amino acid residues
to protonate, positively charged cationic amphiphiles

are formed, which can subsequently be used to create
complexes with negatively charged nucleic acids. In the
structure of the target amphiphiles, the natural amino
acid L-cystine was used as a spacer unit to connect the
hydrophobic and hydrophilic domains. The disulfide
group is a potentially sensitive site to the action of
intracellular reductants, such as glutathione. Disulfide
bond disruption can reduce lipoplex stability and
promote the release of nucleic acids, thereby increasing
transfection efficiency [10, 11].

The introduction of polar blocks of synthesized
dimers of one or two L-ornithine residues attached to the
amino groups of L-cystine allows for the achievement
of a multivalent effect, which improves the ability of
cationic liposomes and genetic material to form a stable
lipoplex [1].

The present authors have previously proposed
various types of hydrophobic blocks, which are diesters
of diethanolamine and L-glutamic acid (Glu) (C10,
Cl14, and C16). The high hydrophobicity of such
compounds potentially allows for increased transfection
efficiency [1, 4].

EXPERIMENTAL
Materials and methods

The following commercially available reagents
were used without further purification: di-zert-butyl
dicarbonate, N,N'-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), hexafluorophosphate
benzotriazole tetramethyl uranium (HBTU),
diisopropylethylamine ~ (DIPEA) (Sigma-Aldrich,
Germany); sodium bicarbonate (Khimmed, Russia);

trifluoroacetic acid (Biochem, France); soybean
phosphatidylcholine  (PC) brand Lipoid S100
(Lipoid  GmbH, Germany); cholesterol (Chol)

(Sigma-Aldrich, Germany); dichloromethane (DCM),
chloroform (trichloromethane, TCM), toluene, ethyl
acetate, petroleum ether, and methanol (MeOH)
(Komponent-reaktiv, Russia).

Bis-N,N'-(tert-butoxycarbonyl)-L-cystine (1), O,0'-di-
palmitoyl-diethanolamine (2a), and O,O’-dimyristoyl-
diethanolamine (2b), dihexadecyl L-glutamate (9),
didecyl L-glutamate (11), and  bis-N,N'-(tert-
butoxycarbonyl)-L-ornithine (Boc,0Orn) were obtained
according to the methods described in [12, 13].

'H nuclear magnetic resonance (NMR) spectra were
recorded in deuterated chloroform (CDCly) (Solvex-D,
Russia) on a Bruker WM-300 NMR spectrometer
(Bruker BioSpin, Germany) operating at a frequency of
300 MHz. Mass spectra of the substances were recorded
using a Bruker Ultraflex II high-resolution time-of-flight
mass spectrometer (Bruker Corporation, Germany),
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with  MALDI ionization (matrix-assisted laser
desorption/ionization) and 2,5-dihydroxybenzoic acid
(Sigma-Aldrich, Germany) as the matrix.

Column chromatography was performed using
63-200 umofSilicaGel 60 (ISOLAB Gmbh,Germany)and
a chromatographic column (Borosil, Russia). Preparative
thin-layer chromatography (TLC) was performed on
Silica 60 gel (Macherey-Nagel, Germany) coated on
a glass plate. Analytical TLC was performed on Sorbfil
(IMID, Russia) and Silufol (Avalier, Czech Republic)
plates using the following solvent systems: (A) toluene/
ethyl acetate = 4 : 1; (B) toluene/ethyl acetate = 2 : 1;
(C) TCM/MeOH = 10 : 1; (D) petroleum ether/ethyl
acetate = 4 : 1; (E) toluene/ethyl acetate =5 : 1.

To visualize the substance spots on the TLC
chromatograms, they were immersed in a 3% ninhydrin
solution (Acros Organics, Belgium) and then heated
to 100°C.

Solvents were removed using a RV 3 vacuum rotary
evaporator at 20-300 rpm (/KA4, Germany).

Bis-N,N'-(tert-butoxycarbonyl)-
L-cystine bis(0, O'-dipalmitoyl-
diethanolamide) (3a)

To a solution of 0.250 g (0.56 mmol) of compound 1 in
DCM cooled to 0°C, 0.253 g (1.23 mmol) of DCC and
a catalytic amount of 0.007 g (0.056 mmol) of DMAP
were added. After 30 min, 0.650 g (1.1 mmol) of 2a was
added. The mixture was kept at 0°C for 1 h and at 25°C
for 24 h. The precipitate was filtered off. The solvent
was removed using a rotary evaporator. The product
was isolated by column chromatography in system (A).
0.414 g (59.8%) of compound 3a was obtained, with
a retention factor R (A) of 0.33.

'H NMR spectrum of compound 3a: 0.88 (12H, t,
J = 6.7 Hz, CH,); 1.27 (96H, s, -CH,-); 1.43 (18H,
s, CCH;); 1.60 (8H, s, B-CH,); 2.26-2.33 (8H, m,
a-CH,); 3.01 (4H, br. s, CH,-S); 3.47-3.90 (8H, m,
CH,-CH,-0O); 4.20-4.28 (8H, m, CH,-CH,-O);
493 (2H br. s, CH-CH,-S); 5.32-5.38 (2H, m,
CONHCHCO).

Bis-N,N'-(tert-butoxycarbonyl)-L-cystine
bis-(0, O’-dimyristoyl-diethanolamide) (3b)

The reaction was carried out similarly to the preparation
of compound 3a. From 0.183 g (0.416 mmol) of
compound 1, 0.189 g (0.915 mmol) of DCC and
a catalytic amount of 0.005 g (0.042 mmol) of DMAP, as
well as 0.460 g (0.874 mmol) of compound 2b, 0.070 g
(11.6%) of compound 3b was obtained. The product was
isolated by preparative chromatography on a silica gel
plate in system (B). R, (B) 0.22.

'H NMR spectrum of compound 3b: 0.88 (12H, t,
J =6.7 Hz, CH,); 1.28 (80H, s, -CH,~); 1.44 (18H, s,
CCH,); 1.55-1.7 (8H, m, B-CH,); 2.25-2.40 (8H, m,
a-CH,); 3.15 (4H, br. s, CH,-S); 3.48-3.70 (8H, m,
CH,-CH,-0); 4.20-4.38 (8H, m, CH,-CH,-0); 5.78
(2H, br. s, CONHCHCO).

L-Cystine bis(0O, O'-dipalmitoyl-
diethanolamide) (4a)

A solution of 1.1 mL (14.8 mmol) of trifluoroacetic acid
in 3 mL of TCM was added to 0.116 g (0.074 mmol)
of compound 3a. After 2 h, the solvent was removed
using a rotary evaporator, then the reaction mixture was
dissolved in TCM and washed with a 5% solution of
sodium bicarbonate. The organic residue was filtered on
a pleated filter wetted with TCM, and the solvent was
removed under vacuum. 0.101 g (99.8%) of compound 4a
was obtained, R; (C) 0.55.

L-Cystine bis(0, O’-dimyristoyl
diethanolamide) (4b)

The synthesis of compound 4b was carried out similarly to
compound 4a. From 0.07 g (0.048 mmol) of 3b, 0.044 g of
product 4b was obtained with a yield of 72%, R (B) 0.33.
MALDI TOF (m/z): calculated for [C,oH,;,N,0,0S,1*"
628.331, found 628.326 [M+2H]*".

'H NMR spectrum of compound 4b: 0.88 (12H, t,
J=6.7Hz, CH,); 1.26 (80H, s, -CH,-); 1.57-1.66 (8H,
m, B-CH,); 2.27-2.45 (8H, m, 0-CH,); 3.30-3.72 (8H,
m, CH,-CH,-0); 4.10-4.30 (8H, m, CH,~CH,-0); 4.5
(4H, br. s, CHNH,).

N-[N%,N3-bis(tert-butoxycarbonyl)-
L-ornithyl]-L-cystine bis(O, O’-dipalmitoyl-
diethanolamide) (5a)

To a solution of 0.068 g (0.205 mmol) of Boc,Orn in
DCM cooled to 0°C, 0.081 g (0.213 mmol) of HBTU
and 0.028 g (0.213 mmol) of DIPEA were added with
stirring, and the mixture was stirred for 30 min. Then
0.101 g (0.074 mmol) of compound 4a was added. The
process was then carried out similarly to the preparation
of compound 3a. The product was isolated by preparative
chromatography on a silica gel plate in system (B).
0.030 g (24%) of compound 5a was obtained, R;(B) 0.6.

'H NMR spectrum of compound 5a: 0.88 (12H,
t,J = 6.7 Hz, CH,); 1.25 (96H, s, -CH,-); 1.43 (18H,
s, CCH,); 1.54-1.65 (8H, m, B-CH,); 2.26-2.34 (8H,
m, a-CH,); 2.95-3.06 (4H, m, CH,-S); 3.4-3.9 (8H,
m, CH,-CH,-0); 4.15-4.29 (8H, m, CH,~CH,-O);
4.88-4.98 (2H, m, C-CH,-S); 5.30-5.38 (2H, m,
CONHCHCO).
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Bis-N,N'-[(bis-N%,N8-tert-
butoxycarbonyl)-L-ornithyl]-L-cystine bis-
(O, O'-dimyristoyldiethanolamide) (6b)

Much like the preparation of compound 3a, from 0.020 g
(0.06 mmol) of Boc,Orn and 0.0315 g (0.025 mmol)
of compound 4b, 0.013 g (28%) of compound 6b was
obtained. The product was isolated by preparative
chromatography in system (D), R; (D) 0.42.

'H NMR spectrum of compound 6b: 0.88 (12H, t,
J = 6.7 Hz, CH,); 1.26 (80H, s, -CH,~); 1.42 (36H, s,
CCH,); 1.55-1.66 (8H, m, p-CH,); 2.26-2.37 (8H, m,
a-CH,); 3.05-3.14 (4H, m, CH,-S); 3.46-3.67 (8H,
m, CH,~CH,-O); 4.12-4.25 (8H, m, CH,~-CH,-O);
4.60 (2H, br. s, CH-CH,-S); 5.00-5.04 (2H, m,
CONHCHCO).

N-(L-Ornithyl)-L-cystine
bis(0, O’-dipalmitoyl-diethanolamide)
trifluoroacetate (7a)

To 0.013 g (0.0078 mmol) of compound 5a, 0.230 mL
(3.09 mmol) of trifluoroacetic acid in 3 mL of DCM
was added. The reaction progress was monitored by
TLC. They were stirred for 1 h. After that, the solvent
was removed using a rotary evaporator. 0.010 g (75%)
of compound 7a was obtained, R, (C) 0.1. MALDI TOF
(m/z): calculated for [C83H16ON60“82]+ 1481.159,
found 1481.157 [M]*.

'"H NMR spectrum of compound 7a: 0.88 (12H, t,
J=6.7Hz, CH,); 1.26 (96H, s, -CH,-); 1.56-1.64 (8H,
m, B-CH,); 1.72-2.15 (4H, m, (Orn)-CH,-); 2.26-2.34
(8H, m, a-CH,); 2.95-3.06 (4H, m, CH,-S); 3.5-3.68
(8H, m, CH,-CH,~0); 4.35-4.44 (8H, m, CH,~CH,-0);
4.45-4.56 (2H, m, CH-CH,-S); 7.93 (3H, br. s,
CH,NH,); 8.97 (6H, br. s, C(O)CHNH,).

Trifluoroacetate of bis-N,N’-(L-ornithyl)-
L-cystine bis-(0, O'-dimyristoyl-
diethanolamide) (8b)

The reaction was carried out similarly to the preparation
of compound 7a. 0.126 mL (1.7 mmol) of trifluoroacetic
acid was added to 0.008 g (0.0042 mmol) of compound 6b.
0.005 g (71%) of compound 8b was obtained, R;(C) 0.1.
MALDI TOF (m/z): calculated for [CgoH,sNgO;,S,]*
371.786, found 371.785 [M+4H]*".

'"H NMR spectrum of compound 8b: 0.88 (12H,
t,J = 6.7 Hz, CH;); 1.26 (80H, s, -CH,—); 1.55-1.65
(8H, m, B-CH,); 1.70-2.11 (8H, m, (Orn)-~CH,~);
2.26-2.37 (8H, m, a-CH,); 2.95-3.06 (4H, m, CH,-S);
3.52-3.68 (8H, m, CH,-CH,-O); 4.35-4.44 (8H,
m, CH,-CH,-0); 7.94 (6H, br. s, CH,NH;); 9.12
(6H, br. s, C(O)CHNH,).

[N,N’-bis(tert-butoxycarbonyl)-L-cystine]
dihexadecyl-L-glutamate (10)

Much like the preparation of compound 3a, from 0.330 g
(0.75 mmol) of compound 1 and 0.350 g (0.60 mmol)
of compound 9, 0.043 g (22%) of compound 10 was
obtained. The product was isolated by preparative TLC
in system (A), R;(B) 0.8.

'"H NMR spectrum of compound 10: 0.87 (6H, t,
J = 6.7 Hz, CH,); 1.3 (58H, s, CH,); 1.44-1.50 (18H,
m, CCH,); 1.6 (4H, s, B-CH,); 1.86-1.92 (4H, m,
a-CH,); 3.25 (2H, s, CH,-S); 3.67 (2H, t, J = 6.5 Hz,
CH,-S); 3.8 (IH, t, J = 6.5 Hz, C(O)-NH-Glu);
48 (2H br. s, CH-CH,-S); 5.44-5.58 (2H, m,
H,CCNH-CH(COOH)-CH,).

[N,N'-bis(tert-butoxycarbonyl)-L-cystine]
dihexadecyl-L-glutamate O, O’-dipalmitoyl-
diethylamine (12a)

Much like the preparation of compound 3a, from 0.032 g
(0.032 mmol) of compound 10 and 0.019 g (0.032 mmol)
of2a, 0.040 g (77%) of compound 12a was obtained. The
product was isolated by preparative TLC in system (E),
R:(B)0.9.

'TH NMR spectrum of compound 12a: 0.91 (12H,
t, J = 6.7 Hz, CH,); 1.3 (106H, s, CH,); 1.41-1.47
(18H, m, CCH,); 1.53 (8H, s, B-CH,); 1.6-1.7 (8H,
m, a-CH,); 3.35(4H, dd, CH,-S-); 3.65-3.76 (4H, m,
CH,-CH,-0); 4.10-4.20 (4H, m, CH,-CH,-0O); 4.8
(ZHbr. s, CH-CH,-S); 5.38-5.46 (2H, m, CONHCHCO).

[N,N’-bis(tert-butoxycarbonyl)-
L-cystinyl](dihexadecyl-L-glutamate)-
(didecyl-L-glutamate) (12b)

Much like the preparation of compound 3a, from
0.065 g (0.064 mmol) of 10 and 0.030 g (0.064 mmol)
of 11, 0.015 g (17%) of compound 12b was obtained,
R;(B)0.78.

'TH NMR spectrum of compound 12b: 0.88 (12H, t,
J = 6.7 Hz, CH,); 1.27 (90H, s, CH,); 1.44-1.47 (18H,
m, CCH,); 1.82 (8H, dd, O-CH,—CH,); 2.35-2.5 (8H,
m, O-CH,—CH,); 3.64 (4H, t, /= 6.5 Hz, CH,-S); 4.78
(2ZH br. s, CH-CH,~S); 5.56-5.6 (4H, m, CONHCHCO).

L-Cystinyl-(dihexadecyl-L-glutamate)-
(0, 0'-dipalmitoyl-diethylamine)
trifluoroacetate (13)

A solution of 1 mL (14.7 mmol) of trifluoroacetic acid
in 3 mL of TCM was added to 0.040 g (0.025 mmol)
of compound 12a. After 2 h, the solvent was removed
using a rotary evaporator. 0.029 g of product 13 with was
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obtained an 82% yield, R; (E) 0.9. MALDI TOF (m/z):
calculated for [CoH,5,N,0,,S,]*" 690.751, found
690.748 [M+2H]*".

'H NMR spectrum of compound 13: 0.91 (12H,
t, J = 6.7 Hz, CH,); 1.3 (106H, s, CH,); 1.53 (8H, s,
B-CH,); 1.64-1.72 (8H, m, a-CH,); 3.35 (4H, dd,
CH,-S-); 3.60-3.73 (4H, m, CH,~CH,-0); 4.13-4.27
(4H, m, CH,-CH,-0); 4.8 (2H br. s, CH-CH,-S); 6.91
(6H, br. s, CHNH,).

L-cystinyl-(dihexadecyl-L-glutamate)-
(didecyl-L-glutamate) trifluoroacetate (14)

The synthesis of compound 14 was carried out
similarly to compound 13. From 0.015 g (0.011 mmol)
of 12b, 0.007 g of product 14 was obtained with
a yield of 50%, R, (B) 0.8. MALDI TOF (m/z):
calculated for [CgeH,3,N,0,,S,1*" 614.716, found
614.719 [M+2H]>".

'H NMR spectrum of compound 14: 0.92 (12H, t,
J = 6.7 Hz, CH,); 1.27 (80H, m, CH,); 1.77 (8H, dd,
O-CH,~CH,); 2.04-2.08 (8H, m, O-CH,-CH,);
2.3-235 (8H, m, (Glu)-CH,); 3.07-3.15 (2H, m,
NH); 4.05-4.12 (4H, m, CH-CH,-S); 4.48 (2H, m,
CONHCHCO); 4.6 (6H, br. s, CHNH,); 4.78 (2H br. s,
CH-CH,-S).

Bis-[N,N'-di-(tert-butoxycarbonyl)-
L-ornithyl]-L-cystinyl-(dihexadecyl-
L-glutamate)-(didecyl-L-glutamate) (15)

0.007 mg (0.0053 mmol) of compound 14 was dissolved
in TCM and washed with a 5% solution of sodium
bicarbonate. The organic residue was filtered on a pleated
filter wetted with TCM. Next, following a similar
procedure to that used to obtain compound 3a, 4.2 g
(0.012 mol) of Boc,Orn were added, yielding 0.002 g
(70%) of compound 15. The product was isolated by
preparative chromatography in system (E), R; (E) 0.38.

'H NMR spectrum of compound 15: 0.9 (12H, t,
J = 6.7 Hz, CH,); 1.27 (84H, m, CH,); 1.3-1.5 (36H,
m, CCH,); 1.65-1.75 (16H, m, CH,); 1.77 (8H, dd,
O-CH,~CH,); 2.04-2.08 (8H, m, O-CH,-CH,);
3.07-3.15 (6H, m, NH); 4.05-4.12 (4H, m, CH-CH,-S);
4.78 (2H br. s, CH-CH,-S).

Trifluoroacetate of bis-N,N'-(L-ornithyl)-
L-cystine-dihexadecyl-L-glutamate-
didecyl-L-glutamate (16)

The reaction was carried out similarly to the preparation of
compound 7a. 1.5 mL (0.026 mol) of trifluoroacetic acid
was added to 0.002 g (0.0011 mmol) of compound 15.
0.004 g (70%) of compound 16 was obtained, R (E) 0.1.

MALDI TOF (m/z): calculated for [CogH,5;NgO,S,]3"
487.317, found 487.313 [M+3H]>".

'"H NMR spectrum of compound 16: 0.9 (12H, t,
J = 6.7 Hz, CH,); 1.27 (84H, m, CH,); 1.51-1.60 (16H,
m, CH,); 1.65-1.81 (8H, m, (Orn)-CH,); 1.94 (8H,
dd, O-CH,-CH,); 2.14-2.21 (8H, m, O-CH, CH,);
404-4.13 (4H, m, CH-CH,-S); 478 (2H br. s,
CH-CH,-S); 7.84 (6H, br s, CH,NH,: 836
(6H, br. s, C(O)CHNH,).

Preparation of liposomal dispersions

The synthesized substances (5 mg), PC (5 mg), and
Chol (3 mg) were dissolved in a TCM/MeOH mixture
(5 : 1). The solvents were slowly evaporated on a rotary
evaporator at 30°C and 30 rpm until a thin film formed,
and then dried under vacuum for 30 min. Following
hydration with distilled water for 30 min with stirring,
the films were treated in an ultrasonic bath for 30 min
at 60°C. Liposomal dispersions were obtained with an
amphiphile concentration of 2 mg/mL.

The size distribution of liposomal particles was
assessed using photon correlation spectroscopy,
which is based on the principles of dynamic light
scattering (DLS). Measurements of the average
particle diameter and ( potential were performed
using a Delsa Nano C instrument (Beckman Coulter,
USA). Each measurement was taken three times. The
obtained correlation functions were analyzed using
the Delsa NanoUi Software version 2.73, which is
included with the instrument (Beckman Coulter, USA,
https://www.beckmancoulter.com).

RESULTS AND DISCUSSION

In this study, schemes were developed and a series of new
dimeric cationic lipopeptides with an irregular structure
based on L-cystine were synthesized (Schemes 1 and 2).

The hydrophobic block was attached to Boc-protected
L-cystine using the carbodiimide method. Following the
isolation of products 3a—b by silica gel chromatography,
their structures were confirmed by 'H NMR spectroscopy
data. In the 'H NMR spectra of compounds 3a-b,
characteristic signals were observed for the methyl
group protons (0.88 ppm), as well as the methylene
units of the fatty acid hydrocarbon chains and the methyl
group protons of the fert-butoxycarbonyl protecting
group (1.4 ppm).

The low yield of compound 3b (11.6%) is due
to difficulties in its isolation from the reaction
mixture by column chromatography as a result of its
unexpectedly low chromatographic mobility compared
to compound 3a. Compound 3b could only be isolated
using preparative TLC.
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‘ Scheme 1. Synthesis of dimeric amphiphiles with a symmetrical hydrophobic block

Compounds 4a—b, 13, and 14 were obtained by
removing the protecting groups with trifluoroacetic acid
in DCM, followed by treatment of the trifluoroacetates
with a 5% solution of sodium bicarbonate. In the
"H NMR spectra of the obtained compounds, the signal
corresponding to the Boc protecting groups disappeared.
Then Boc,Orn was added to compounds 4a—b and 14.

When using DCC and DMAP reagents for
compounds 4b and 14, the reaction mixture
predominantly contained products 6b and 15 with two
molecules of L-ornithine attached to the amino groups
of L-cystine. The reaction of Boc,Orn in the presence of
DCC and DMAP reagents on compound 4a did not yield
the target dimer 6a. When HBTU and DIPEA were used
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Fig. 1. MALDI TOF mass spectra of compounds 7a (a) and 16 (b)

in the reaction involving 4a at the same reagent ratios,
product Sa was formed, containing one molecule of
L-ornithine in the hydrophilic block. In this connection,
it is possible that the high hydrophobicity of the four
16-carbon chains creates a barrier to the interaction
of the amino groups with the activated carboxyl
component.

Products 5-6, 10, 12a-b, and 15 were isolated
by preparative TLC on silica gel and their structure
confirmed by '"H NMR spectroscopy data. The spectra
showed the appearance of proton signals corresponding
to Boc protecting groups, the ornithine hydrocarbon
skeleton, and peptide bond protons (around 5 ppm).

Table. Particle diameter and { potential measurement results

Final products 7a, 8b, and 15 were obtained by
removing the protecting groups with trifluoroacetic acid
in DCM. The mass spectra of the obtained compounds
showed molecular ion peaks (Fig. 1).

Liposomal dispersions were prepared by the thin
film hydration method using compounds 7a, 8b, 14,
and 16, trifluoroacetate salts of compounds 4b and 13,
soybean PC, and Chol. A mass ratio of synthesized
compound/PC/Chol =5 : 5 : 3 was chosen for all films [14].

The average hydrodynamic size of the obtained
particles was determined from the obtained DLS
dispersions (Fig. 2). The results are presented in the
table.

System of components Diame;)t:;?cfi;}sl,er;)rlr)ltained Polydispersity index { potential, mV
4b—PC—Chol 43 +8 0.313+0.03 +51£5
7a—PC—Chol 72+ 13 0.297 £ 0.03 +82+ 12
8b—PC—Chol 81+17 0.241 +£0.02 +62+9
13-PC—Chol 80 + 56 0.301 £0.03 +51+8
14-PC—Chol 93+ 66 0.245 +£0.02 +46+5
16-PC—Chol 15772 0.306 +0.03 +38+6
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Fig. 2. Hydrodynamic diameters of liposomal particles based on compounds 4b, 7a, 8b, 13, 14, and 16

The resulting average particle diameter falls
within the range of 50 to 200 nm, which is optimal
for creating transport systems. Thanks to the enhanced
permeability and retention effect due to increased
vascular perforation, there is an increased accumulation
of such liposomal delivery systems in the affected area
compared to healthy tissues [15, 16]. The synthesized
symmetric dimeric amphiphiles are observed to form
liposomal dispersions with a smaller particle diameter
than their asymmetric counterparts. Compounds 4b,
7a, and 8b, having a symmetrical hydrophobic block,
formed liposomal particles with a smaller diameter
than similar asymmetrical compounds 13, 14, and 16
(43-80 nm vs 80-160 nm). Symmetrical amphiphiles
form smaller liposomes than asymmetrical ones. This
is probably because the aliphatic chains of the former
are packed more tightly in a bilayer due to hydrophobic
interactions, leading to the formation of more compact
aggregates.

The ( potential values for the formed dispersions were
determined to be in the range of +38 to +82 mV. Such

high values are due to the presence of several positively
charged groups in the amphiphile molecules, which can
provide stability and efficient complex formation of
liposomal particles with nucleic acid through electrostatic
interactions.

Compared to similar compounds, the resulting
amphiphiles form smaller aggregates with a higher
surface charge density, which may provide better
compaction of nucleic acids in the lipoplex [10].

CONCLUSIONS

As a result of the study, a scheme for obtaining
irregular dimeric lipopeptides was developed and
the corresponding synthesis was carried out. The
physicochemical properties of aqueous dispersions
based on the synthesized compounds were studied.
The amphiphiles mixed with PC and Chol formed
liposomal particles with an average diameter ranging
from 50 to 200 nm. The influence of amphiphile structure
on the size of the resulting aggregates is demonstrated.

450

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):441-453



Symmetrical and asymmetric dimeric cationic amphiphiles

Timofey A. Volodin,

based on lipopeptides of irregular structure as potential components of cationic liposomes etal.

It is established that the most significant parameter
influencing particle size is the number of L-ornithine
residues (0, 1, 2) in the composition of the target products.
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Abstract

Objectives. This study aims to investigate the kinetics and thermodynamics of furfural extraction from sweet potato peels using
dichloromethane (CH,Cl,) as a solvent and sulfuric acid as a catalyst. To that end, we set out to determine the kinetic parameters
for furfural production using first- and second-order models, optimize the extraction temperature, and evaluate the thermodynamic
properties of the reaction.

Methods. Potato peels, selected for their high hemicellulose content, cost-effectiveness, and sustainability, were processed with
dichloromethane, selected for its safety, low energy requirements, and compatibility with green extraction processes. Experimental
conditions involved varying temperatures (60, 70, and 80°C) and peel powder particle sizes (<5 mm), with the reaction being monitored
to fit kinetic models and calculate thermodynamic properties.

Results. Experimental findings revealed that the first-order kinetic model provided the best fit, with an activation energy (E.)
of 85.99 kJ/mol. Thermodynamic analysis showed an enthalpy change (AH) of 83.14 kJ/mol, entropy change (AS) of —86.08 J/(mol-K),
and Gibbs free energy (AG) values ranging from 111.80 to 112.66 kJ/mol across the studied temperatures. Optimal extraction conditions
were achieved at 80°C, yielding the highest furfural concentration through acid-catalyzed hydrolysis. The energy-intensive yet controlled
nature of the reaction highlights the need for further optimization.

Conclusions. This study demonstrates the effectiveness of dichloromethane as a solvent for furfural extraction from sweet potato peels
under optimized conditions. The kinetic and thermodynamic findings elucidate the reaction mechanism and its industrial applicability.
Future studies should focus on simulating furfural separation from ternary solvent systems using Aspen Plus to enhance sustainability
and scalability.
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AHHOTaUus

Hesn. Ienpio TaHHOTO UCCICA0BAHUS SBJIACTCS U3yUCHHE KHHETUKH M TEPMOANHAMUKH SKCTpakuuu Gpypdyposa u3 KoKypsbl CIaIKOro
kapTodens ¢ ucnonb3opanneM auxinopmerana (CH,Cl,) B kauecTBe pacTBOPHUTENS U CEPHOM KUCIIOTHI B Ka4eCTBE Karanusaropa. Jlins
9TOrO OBUIO PELICHO ONPEACIUTh KHHETHYECKHE TapaMeTpbl MPOU3BoACTBa Qypdyposia, HCIIONb3Yysh MOJIEIH TIEPBOTO U BTOPOTO MOPSi/I-
Ka, ONITUMHU3UPOBATH TEMIEPATypy SKCTPAKLHU U OLEHUTh TEPMOJMHAMUYCCKUE CBOWCTBA PEAKIIMH.

Mertonnl. KaprodenbHas koxypa Obuta BeiOpaHa it SKeTpakiuu Gypdyposa u3-3a BHICOKOTO COlEp)KaHMsI B HEW TeMHIICIUTIONO3bI,
HKOHOMHYHOCTH M KOJIOTHYHOCTH. B KadecTBe pacTBOpHTENst ObLI BHIOpaH AUXJIOpMETaH Oiarozapst ero 6e30macHOCTH, HU3KOM SHep-
TOEMKOCTH ¥ COBMECTUMOCTH C 3KOJIOTHYECKH YHCTBIMH MPOLECCAMH HKCTPAKIMHU. YCIOBHS HKCIIEPUMEHTA BKIIIOYAIN BAPbHPOBAHUE
temneparyp (60, 70 u 80°C) u pazmepoB yacTuil opomurka (<5 mm). B mporecce sxcrepuMenTa oCyIIeCcTBIISIICS KOHTPOJIb Ha COOTBET-
CTBHUE PEAKIMH KHHETHYECKHM MOJIEIISAM U PacyeT TEPMOANHAMUYECKUX XapaKTEPHUCTHK.

PesyabraTbl. DKCIepUMEHTANIbHBIE PE3yJIbTaThl MOKA3alM, YTO KMHETHYECKas MOJEJb IIEPBOro MOpsKa JIydlle OIMCHIBACT pe-
akuuio, sHeprus aktuBauuu (E,) paBHa 85.99 xJIx/monb. TepMoauMHAMHUCCKUN aHAIM3 MOKa3al H3MCHEHHE SHTambiuu (AH)
Ha 83.14 kJ[x/monb, usmenenue sutponun (AS) Ha —86.08 Jx/(Monb-K), a cBoboaHas sneprus ['n66ca (AG) Bappuposanacsk ot 111.80
10 112.66 x/Ix/Moinb B 3aBUCHMOCTH OT BbIOpaHHBIX TeMmeparyp. [Ipu Temneparype 80°C ObliIM JOCTUTHYTHI OITUMAJIbHBIC YCIOBUS
9KCTPAKLHH, U MOJy4YeHa Hanbosiee BhICOKash KOHLIEHTpaLuio Gypdypoia METOIOM THIPOJIH3a C UCIIOIb30BAHUEM CEPHON KHCIIOTHI
B KaueCTBe KaTaju3aTopa. Peakius uMeer SHeproeMKHid, HO KOHTPOJIMPYEMbIil XapakTep, YTO TOBOPHUT O HEOOXOAMMOCTH JalbHEeMHIIeH
ONTHUMU3ALMU TIpoLecca.

BeiBonbl. VccnenoBanue npoieMOHCTPUPOBAIIO 3 (HEKTHBHOCTh TUXJIOPMETAHA B KAYECTBE PACTBOPUTEIIS s SKCTpakiuu Gpypdypona
U3 KOXKYPBI CIIQJIKOTO KapToQelis MPpU ONTUMAIbHBIX yCIOBUsAX. KHHETHYeCKHe U TePMOITUHAMUYCCKUE PE3yIbTaThl MPOSICHSIIOT MeXa-
HU3M PEaKIUU U 000CHOBBIBAIOT €€ MPOMBIIIICHHOE MPUMEHEHHE. Byayne uccnenoBanus J0KHbI OBITh COCPEIOTOYCHBI HA MOJICIH-
poBaHuK BbIIeNeHNS Gypdypoiia U3 TPOMHBIX CHCTEM PAcTBOPHTEINEH ¢ MCmoab3oBaHueM Aspen Plus Juist MOBBIIEHHS YCTOWYHBOCTH
Y MacIITabupyeMOCTH.
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INTRODUCTION

Furfural (or furan-2-carbaldehyde, CsH,0,)
is a colorless or yellowish aromatic aldehyde with a furan
ring (a 5S-membered aromatic ring containing 1 oxygen
atom) and an aldehyde group (-CHO) attached to the
2-position of the furan ring [1, 2]. It finds application
in diverse areas, including oil and gas (such as, jet
fuel blend stocks), petroleum refining (as a solvent),
medicine (e.g., for creation of tuberculosis remedies,
as well as antimicrobial, antibiotic, or antifungal agents),
agriculture (as a fertilizer, insecticide, nematicide,
fungicide or herbicide), food science technology (e.g.,
flavoring agent), pharmaceuticals, plastic (synthetic
fibers and phenolic resins), milling (grinding and abrasive
wheels), detergents, cosmetics, rubber, nylon, polymer
(as a polyurethane-polyurea copolymer), construction,
metal coatings, biofuel and chemical production (pyrrole,
pyrrolidine, lysine, lubricants, adhesives, dihydropyran,
furan, furfuryl alcohol, tetrahydrofuran, furoic acid, and
methyltetrahydrofuran) [3—7]. The precursors of furfural
are the arabinan, xylan, and pentosan components derived
from agricultural waste rich in hemicellulose and other
lignocellulosic materials [8, 9], such as sawdust, rice
straw, cotton seed hull bran, flax shives, hazelnut shells,
spruce wood, beech wood, pine wood, Douglas-fir wood,
poplar, corn stover, oat hulls, sunflower hull, cotton husk,
almond shells, corncob, barley hull, sorghum straw, and
sugarcane bagasse [10—12]. In [13], Clauser et al. used
the technology of steam explosion pretreatment of pine

Table 1. Biomass employed previously for the extraction of furfural

sawdust and evaluated the economic, mass, and energy
balances involved in furfural recovery from a jacketed
batch reactor. Ideally, hemicellulose hydrolysis releases
pentoses (e.g., xylose), which are capable of dehydrating
under acidic conditions to form furfural [14, 15]. The
examples include the stripping of furfural from pentosan-
rich corncob by Agirrezabal-Telleria ef al. [16] and rice
husk by Nunez et al. [17]. The list of catalysts includes
superheated water [18], ionic liquids [19, 20], metallic
oxides [11], chlorides (e.g., AICl,, FeCl,, NaCl, CaCl,,
MgCl,, SnCl,, and CuCl,) [21, 22], enzyme [23],
silicoaluminophosphate  (e.g., SAPO-44)  [24],
p-TsOH [25], y-alumina (y-Al,O5) [15], HZSM-5
zeolite [26], H-B-zeolite [27], betaine [28], formic
acid [29], acetic acid [30], maleic acid [31], hydrochloric
acid [32], sulfuric acid [33, 34], phosphoric acid [35],
hectorites, fluorohectorites [36], Lewis and Brensted
acid [37, 38]. These are employed via hydrothermal [39]
or other processes, as shown in Table 1. Ji et al. [25] and
Weidener ef al. [35] proposed a novel recycling scheme
asasustainable and economically feasible way of utilizing
mineral acid catalyst to reduce costs and environmental
intoxication, as possible solutions to the challenges
highlighted in Zhang et al. [40], Yong et al. [41], and
Muryanto et al. [42]. The scheme of the aforementioned
authors can be extended to extraction projects employing
acid solvents as reported by Lee and Wu [43] (see
Table 1), despite the need to exercise caution when
applying deep eutectic solvents (DES) as mentioned
in [44].

Method Solvent Raw material Reaction/Extraction parameters Author

Th hemical Temp. = 240-280°C; reaction time = 1-30 min;

ermoenenical process Superecritical ethanol Oil palm biomass solid loading = 0.4-0.8 g; [7]
(supercritical conditions) . .

alcohol/acid ratios=1:1and 1 : 2
Suberitical . Subcritical ethanol Oil palm frond Temp. =230 .C; reac.t 10n_t1me =20 min; [45]
thermochemical process solid loading=1g
Hydrolysate dehydration Sulfuric acid Dried oil palm Temp. = 198°C and reaction time = 11 min [46]
yaroly Y u empty fruit bunch p:
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
P . Methyl isobutyl ketone | Oil palm empty _ 1n<o L .
Liquid-liquid extraction (MIBK) fruit bunch Temp. = 105°C and reaction time = 30 min [47]
Acid hydrolysis followed L Oil palm empty C . o)
by dehydration Sulfuric acid fruit bunch Reaction time = 90 min and 15% acid [48]
. . . . Temp. =110, 130, and 170°C;
Steam explosion Sulfuric acid Oil palm trunk reaction time =2 and 3 h [49]
. Wheat straw
Non-isothermal - and Eucalyptus Temp. = 220°C [6]
autohydrolysis
globulus
Microwave-assisted pH 0.22 or 1.77; temp. = 146 or 195°C;
Hydrochloric acid Wheat straw L : S ratios = 84 or 90 mL/g; [32]
process . . _ ;
residence times = 31 or 34 min
Microwave irradiations MIBK Wheat straw Reaction time = 1-2 h and temp. = 120-150°C [28]
. Eucalyptus Aano . .
Isothermal autohydrolysis - Temp. =220°C and reaction time = 60 min [50]
globulus
. . Eucalyptus Medium operation time = 15 min;
Acid hydrolysis a globulus low temperature = 170°C; pH 2 (311
Il:/i;izc;\:ave-ass1sted Sulfuric acid Olive stone Temp. = 200°C and the addition of 0.1 M FeCl, [52]
Dilute-acid hydrolysis Sulfuric acid Olive stone Temp. < 40°C and reaction time < 120 s [34]
Distillation and Algae and Temp. = 30°C, pressure = 4 bar, time = § h,
. . . Butanol . [23]
transesterification reaction switchgrass and water amount =0 g
Non-lsothermal MIBK Birch (Betula alba) Temp. = 170°C and reaction time = 60 min [53]
autohydrolysis wood
Acid hydrolysis Sulfuric acid Birch wood Biomass pretreatment time = 90 min [9]
Acid hydrolysis Sulfuric acid Birch wood Temp. = 147°C and reaction time = 90 min [54], [55]
In-vitro Fungi metabolism Cellulose garbage H 5.5 and incubation time = 14 days [5]
spectrophotometric assays & garbag P Y
. Southern
Autohydrolysis and . Temp. = 177-189°C
separation Chloroform Ca“afl (Tp {m and reaction time = 30-45 min [56]
domingensis)
Pistachio ereen Reaction temp. = 152-272°C,;
Acid hydrolysis Sulfuric acid & acid concentration = 0.5-4.0 mol/L; [57]
hulls L
reaction time = 30-600 s
. . MIBK-water biphasic 10% KOH solution
Enzymatic hydrolysis system Corn bran and aqueous ethanol solution = 40-90% 58]
N,- and steam-stripping Toluene Corncob Experimental and Aspen Plus simulation data [16]
Steam distillation - Corncob Temp. = 180°C and reaction time = 30 min [21]
Steam dlStluatIOIl . Concentrated seawater Corncob Temp. = 190°C [59]
at hydrolysis conditions
Hydrodistillation and Sulfuric. hvdrochloric Corncobs,
autohydrolysis Kraft > IYCTOCRIOTIC, sugarcane bagasse, Acid concentration = 1.5-5.2 mol/L [60]
and phosphoric acids
process and eucalypt wood
Sugarcane bagasse,
. . - Eucalyptus Temp. = 150-170°C
Acid hydrolysis Sulfuric acid globulus, and and reaction time = 30-90 min [61]
Acacia longifolia
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
= o 1 1 = 0,
Acid hydrolysis Sulfuric acid Rice husk Temp. =200°C; acid concentration =0.1% [62]
(w/w); reaction time = 40 min
TS . N Rice straw and Evaporator temp. = 40°C
Distillation and separation Sulfuric acid bagasse and acid volume = 4.17 L [63]
Distillation process Chloroform Rice straw Evaporator temp. = 4°C [64]
. . L Rice husk . .
Acid hydrolysis Sulfuric acid S : Lratio=1: 15; temp. = 180°C; 0.4% acid [65]
and bagasse
Distillation process Water Bagasse Temp. = 170-200°C and reaction time = 40 min [10]
Distillation process Hexane Sugarcane bagasse S:Lratio=1:15 and temp. = 110°C [66]
T . S:Lratio=1:15; temp. = 110°C;
Distillation process Dichloromethane Sugarcane bagasse steam pressure = 1.05 kg/cm? [67]
. L Acetone/water ratio =7 : 3 v/v
Hydrolysis Phosphoric acid Sugarcane bagasse and temp. = 150°C [68]
. . Glycine-based ionic Temp. = 180°C; reaction time = 10 min;
Acid hydrolysis liquid Sugarcane bagasse 10 eq. of ionic liquid [69]
One-pot processin, Toluene—water Bagasse, rice husk, Temp. = 170°C and reaction time = 10 h [24]
potp J and wheat straw p-
One-pot system and BRD p-TsOH Corncob Effect of temperature and time [70]
. . . . Temp. = 60—160°C; reaction time = 30—90 min;
Acid hydrolysis Sulfuric acid Corncob acid concentration = 5-20 wi % [25]
. . L Temp. = 140-200°C
Acid hydrolysis Sulfuric acid Corncob and pressure = 3501550 kPa [18]
Microwave irradiation y-Valerolactone Corncob Temp. =190°C and S : L ratio=1: 20 [71]
. Sulfuric acid—toluene Water/solid ratio < 1
Hydrolysis biphasic system Comncob and reaction time = 10 min [72]
Enzymatic hydrolysis Ethanol Milled wood lignin Involves Soxhlet extraction [73]
and corncob
Microwave-assisted But.yl ac.etatefNaCl Corncob and Temp. = 160°C and reaction time = 60 min [74]
biphasic system xylose
Microwave-assisted Toluene Almond shells Reaction time=1h [36]
Catalyst = 60 g/kg; reaction temp. = 160°C;
Steam explosion - SELRS extraction steam flow rate = 2.5 cm’/min; [26]
sugar concentration = 61.4 kg/m?
Pretreatment temp. = 120°C;
Fractionation and Aqueous choline Switcherass extraction temp. = 130-160°C; [75]
enzymatic hydrolysis chloride (ChCl) & AICl, added = 2% w/v;
reaction time = 15-50 min
Ultrasonic pretreatment Aqueous ChCl-oxalic . ano S .
followed by DES reaction acid Oil palm fronds Temp. = 120°C and reaction time = 60 min [76]
. . L Tea leaves and rice S : Lratio =25 mL/g
Acid-catalyzed hydrolysis Sulfuric acid hull and acid concentration = 20% (w/w) [11]
Microwave-assisted Xylose, xylan, and _ 100
dehydration CPME rice husk Temp. = 170°C and pH 1.9-2.3 [29]
Substrate concentration = 1.2 mol L™!;
Multiphase dehydration Water Xylose catalyst = 10 mol %; [77]

reaction temp. = 120-160°C
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
Acid hydrolysis Sulfuric acid Rice husk and Temp. = 120°C; reaction time = 3 and 4 h [78]
soybean peel
Hvdrochloric acid Initial xylose concentration = 60 g/L;
Acid hydrolysis 4 ; Rice straw reaction temp. = 150°C; Pt/Al,0, weight = 0.75 g; [79]
ethanol, and MIPK . .
acid concentration = 5 wt %
. . . . Biomass loading =9 wt %; acid
Acid hydrolysis Sulfuric acid Miscanthus concentration = 0.5 M; temp. = 185°C [80]
. Humidity = 7.71%; pH 5.5;
Soxhlet and distillation n-Hexane Date palm seed water activity = 0.365 [81]
Simple distillation Hexane Date seed Distillation temp. = 60°C [82]
Corn fiber, xylose,
Monophasic system y-Valerolactone arabinose, and 10 mL thick-walled glass reactors [27]
ribose
. Dilute sulfuric acid— . . .
Hydrolysis MIBK biphasic system Bamboo Particle size analysis [83]
Reaction temp. = 80—160°C;
. . . . . Xylose and residence time = 0—60 min;
Microwave-assisted Biphasic medium bamboo water amount = 0—1.2 mL: [84]
biphasic medium/substrate ratio = (2 : 1)—~(18 : 1)
LLE and HS-SPME No need for solvent | Wood hydrolysates Temp. N .1807_200 ¢ . [85]
and reaction time = 5-15 min
Temp. = 190°C; ZSM-5=1 g; NaCl =1.05 g;
Hydrolysis Sulfuric acid Hardwood solvent-to-aqueous phase ratio = 30 : 15 v/v; [86]
reaction time = 3 h
Hydrolysis MIBK Hardwood PHL Temp. = 170°C and reaction time = 100 min [87]
Hydrolysis Sulfuric a:(‘j da“d A¢C 1 Hardwood PHL Temp. = 150-190°C [30]
0.45 g bagasse; 9 mL MTHF; 9 mL water;
Enzymatic hydrolysis MTHF Sugarcane bagasse 0.1 M AICl;; temp. = 150°C; [22]
reaction time = 45 min; 10 wt % NaCl
. . Temp. = 170°C
Hydrolysis Sulfuric acid Sugarcane bagasse and acid concentration = 0.25 wt % [88]
. . . . . 0.01 M acid; reaction time = 90 min;
Acid hydrolysis Sulfuric acid Orange peel pectin temp. = 160°C [89]
Decorative plants
(Mimusops
elengi, Madhuca
Acid hydrolysis Ethanol indica, Hiptage 50 mL ethanol and 50 mL distilled water [90]
benghalensis,
and Polyalthia
longifolia)
Hydrolysis Chloroform Mikania micrantha | 50 mL chloroform and distillation temp. = 70°C [91]
. . . Extraction time = 35 min;
Acid hydrolysis Hydrochloric acid Theobrama cacao HICl concentration = 5 M and: amount of NaCl =7 g [92]
Microwave and oil MIBK, benzene, Camellia oleifera .
. . cyclohexane, and . [Bmim]HSO, catalyst [93]
bathing heating . fruit shell
1,4-dioxane
. Biomass Anno N
Autohydrolysis Water hydrolysate Temp. = 200°C and reaction time =3 h [94]
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Table 1. Continued
Method Solvent Raw material Reaction/Extraction parameters Author
Solvent extraction Ethyl acetate Mustard. (Brassica Time=4-5h [95]
carinata)
Hydrolysis B'utanolne—water C5 carbohydrate Experimental a?nd mqlecular dynamic [20]
biphasic system simulation
Hydrolysis DES Sunflower stalk Temp. = 180°C and reaction time = 15 min [96]
Microwave-assisted MIBK Chestnut shell Temp. = 180°C and reaction time = 15 min [97]
. ChCI-DES-MIBK Eucalyptus o L .
One-pot processing biphasic system urophylla Temp. = 140°C and reaction time = 90 min [98]
Maize cob,
Sodium hyc.1r0X1de Sulfuric acid clephant grass, Temp. = 160°C and reaction time = 160 min [99]
hydrogenation sunflower, and
baobab pulp

Note: L:S = liquid-solid; S:L = solid-liquid; MIBK = methyl isobutyl ketone; BRD = batch reaction incorporating

distillation; p-TsOH = p-toluenesulfonic acid; SELRS = steam explosion liquor of rice straw; CPME = cyclopentylmethyl ether;
MTHF = 2-methyltetrahydrofuran; MIPK = methyl isopropyl ketone; PHL = pre-hydrolysis liquor; LLE = liquid-liquid extraction;

HS-SPME = headspace solid phase microextraction.

According to Garcia et al. [56] and Dutta et al. [100],
from all sources, <200-700 kilotons of furfural
is produced per annum. The first industrial manufacture
occurred between 1921-1923 at Quaker Oats Plant,
Iowa, USA [12, 40, 101]. Potato peels as a feedstock for
furfural production offer several advantages, including
reduced waste generation in the food industry, lower
production costs compared to conventional feedstocks,
and a potential for higher furfural yields due to the
high pentosan content therein. Given its toxicity,
efficient extraction of furfural from foods, beverages,
or lignocellulosic materials should consider the safety
aspect. Exposure to furfural could lead to skin and eye
irritation, and trigger liver cancer [64, 102]. It can inhibit
growth in plants [103]. The works published during
1991-2024, reviewed as part of this study, revealed zero
utilization of potato peels for furfural synthesis. At the
same time, Gebre et al. [10] mentioned its presence
in nectarines and sweet potatoes. Presumably, this gap
can be attributed to the complex composition of potato
peels and the difficulty of obtaining sufficient/appreciable
yield, compared to its conversion to other products
such as biobutanol [104] and bioethanol, as well as its
application as a adsorbent. The concentration or purity
of furfural and its identification is usually carried out
using gas chromatography—mass spectrometry (GC-MS),
high-performance liquid chromatography (HPLC),
nuclear magnetic resonance (NMR) spectroscopy,
aniline acetate color reaction, infrared
spectrophotometry, ultraviolet—visible spectrophotometry,
colorimetric ~ spectrophotometry, and  refractive
index technologies [56, 81, 105, 106].

Australia and the USA are markets for furfural. The
kinetics of furfural production have been studied using

plug flow reactors in either single- or two-stage systems
and other processes [38, 77, 80], a vapor-releasing reactor
system [94], or continuous flow reactors as reported
by Nsubuga et al. [107], along with its optimization
by the Response Surface Methodology (RSM)
[47, 61, 69, 88, 92, 108] and Aspen Plus [109], [110].
Thus, Li et al. [111] studied the kinetics of furfural yield
from corncob using a sulfuric acid catalyst; Xia et al. [84]
kinetically analyzed the recovery of furfural from xylose
and bamboo. Acetic and sulfuric acid catalysts were
employed by Liu et al. [30] to manufacture furfural PHL
hardwood.

To the best of our knowledge, it was only Uppal
and Kaur [67] who used dichloromethane (CH,CIL,)
as a solvent to separate the organic layer in a distillation
flask, which Xiang and Runge [112] conflictingly
described as an energy-intensive process. Thus, the
choice of CH,Cl, as a solvent in our study is governed
by the selection criteria discussed by Ye ef al. [113],
in particular, its low energy requirements to balance
against its high cost. In addition, we aim to analyze the
kinetics and thermodynamics of furfural production
when using a sulfuric acid catalyst frequently employed
in the literature, to extract furfural from potato peels
in view of the significant xylose content therein, earlier
pointed out by Gebre et al. [10]. The kinetic study
includes both first- and second-order furfural production
rate analysis, of which only first-order models have
thus far been considered. An acid hydrolysis technique
is used to determine the energy parameters of the
extraction process. Since the physical and chemical
properties of potato peels have been comprehensively
reported in the literature, we rely on those studies and,
instead, concentrate on the gaps identified in Table 1.
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Fundamentally, the novelty of this study lies in the
use of CH,Cl, solvent and potato peels. According
to reports, CH,Cl, is safer than conventional acid
types, thereby enabling a greener approach discussed
by Cousin et al. [114] and lower energy requirements
compared to distillation [104].

METHODOLOGY

2.1. Materials and equipment

Furfural extraction from ground potato peels was
carried out using CH,Cl, solvent (density = 1.325 g/mL
at 20°C; >99.9% purity) used by Uppal and Kaur [67],
sulfuric acid (5.4% H,SO,, approx. 1 M solution)
catalyst reported by Iroha et al. [115], and water. Further
purification of the chemical reagents employed herein
was not required [116]. The equipment comprised
an R-1001-VN distillation apparatus by Zhengzhou
Wollen  Instrument  Equipment  Co.  (China),
a separation funnel by Shiv Dial Sud & Sons (India)
https://www.shivsons.com/product/separatory-funnel/,
a round bottom flask by RB Flask manufacturers,
a heating mantle by Shiv Dial Sud & Sons, and beakers
produced by HIRSCHMANN (Germany).

2.2. Potato peel preparation

Fresh sweet potato peels were obtained from the
Girei Local Government Area market situated in the
Adamawa State, Northeastern Nigeria. It is located
based on the GPS coordinate; between latitude
9°22°11.83”N and longitude 12°33°0.74”E, in a close
proximity to Yola, the state capital. The collected
samples were then washed with tap water before
manual size reduction using a steel knife. As shown
in Fig. 1, the peel was sun-dried for 4 days before
its grinding into powder (size <5 mm) as described
by Riera et al. [18]. This approach is similar to that
used by Mao et al. [21], who ensured a particle
size of 5-10 mm for the corncob used. It should
be noted that no further increase in furfural yield
could be achieved when the particle size is reduced
to 495 um, as confirmed by Singh et al. [65]. Itis typical
of 35 mesh sieves! in the U.S. Standard Sieve Series
(ASTM EI11). The use of finely ground potato peel
(with a particle size of 500 pum) will significantly
reduce internal diffusion resistance by increasing the
surface area and enhancing the reactant accessibility.

of 0.315 mm.

Fig. 1. Preparation stages of sweet potato peel:
(a) fresh sweet potato peels; (b) dried sweet potato peels;
(c) grounded potato peels

Priorto the experiment, personal protective equipment
was worn. This included Viton™-made gloves, lab coats,
and closed-toe shoes. A ventilated environment was
ensured, since the end product (furfural) has a pungent
odor smelling like almonds, with a toxicity ranging
from highly toxic to relatively non-toxic as based on the
records of EPA? and Sashikala and Ong [63].

2.3. Extraction of furfural

About 100 g of ground sweet potato peel was weighed
and placed into a 500 mL round bottom flask. The
hydrolysis process was initiated by adding 200 mL
of 1 M H,SO, solution to the flask. Subsequently, the
mixture was heated at a temperature of 60°C to reflux
for 1 h using a heating mantle [107], adopting a similar
duration reported by Sanchez et al. [36] who employed
a microwave-enhanced process. The mixture (as shown
in Fig. 2a) was allowed to cool to room temperature
(25°C) then filtered using filter paper to separate the liquid
from the solid residues, as mentioned by LaForge [117]
and Lee et al. [76]. The filtrate (Fig. 2b) was collected
in a clean container. The filtrate was transferred into
a separatory funnel followed by addition of 50 mL
equal volume of nonpolar solvent (in this case, CH,Cl,
shown in Fig. 2¢) to the separatory funnel. The mixture
was then shaken gently for 20 min. Observable layers
were allowed to separate naturally, as conducted
by Li et al. [118]. It should be noted that furfural was
expected to be in the organic (lower) layer [87]. The
organic layer was later separated and collected in a clean
beaker. Next, the organic layer was transferred to a round
bottom flask. The procedure was similar to that described
by Iriany et al. [91] who separated furfural from water
using chloroform, resulting in the formation of two
layers.

The distillation apparatus was set up as shown
in Fig. 2d, and the flask was gently heated to distill off the
solvent at 39.6°C. The distillate was collected in a clean

35 mesh is a medium size of the U.S. Standard mesh size with a 0.0197" (500 um) nominal sieve opening with a typical wire diameter

2 EPA, “Pesticide Fact Sheet,” 2006, United States Environmental Protection Agency, Office of Prevention, Pesticide and Toxic Substance (7501P).
Available: https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/fs PC-043301_01-Sep-06.pdf
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(b)

Fig. 2. (a) Solution obtained by acid hydrolysis, (b) filtrate after cooling, (c) extraction solvent,

and (d) a simple fractional distillation setup

container and heated until the temperature reached 162°C
(the boiling point of furfural) in order to isolate the furfural
content. The concentration of the oily furfural recovered
was then measured at this particular temperature after 1,
1.25, 1.5, and 2 h. It was observed that, when exposed
to air, furfural was changing its color from its original
colorless/yellowish to a brown-black color, as discussed
by Al-Rahbi and Dwivedi [82] and observed by Sashikala
and Ong [63] and Gebre et al. [10]. At the specified time
interval, the experiment was repeated at 70 and 80°C.
At least three independent experiments were conducted
for each temperature condition to ensure reliability
and to minimize experimental error. At the end, only
the average values were used to carry out kinetic and
thermodynamics analyses.

2.4. Rate law for product formation

In this study, we used no kinetic rate models developed
previously [119]. For the first-order rate expression for
product formation in Eq. 1, the concentration of furfural
is expected to increase over time. Mazar et al. [120]
emphasized the importance of residence time or reaction
time in furfural production.

[FF], =[FF] _ (1-¢7*), (1)

wherein [FF], is the concentration of furfural at
time ¢ (g/mL), [FF] . is the maximum concentration
of furfural at equilibrium (g/mL), £ is the first-order rate
constant, and 7 is time (h). In order to determine &k from

Eq. 1, it was linearized such that to plot a graph of

[FF]
In| 1-——="—| against «.
[FF]as

il >

]max

In Eq. 2, [FF] . is the highest recorded constant
concentration obtained at the maximum time specified
for the reaction to take place. Hence, the slope of the
straight linear plot is expected to give the value of &. For
convenience, the rate constant for the specific reaction
order is differentiated using a subscripted number.
Herein, k; was made to represent the first-order case.
In the second-order case, the rate of product formation
depends on the square of the reactant concentration
or a bimolecular interaction. Thus, the linearized version
ofthe second-order rate (Eq. 3), i.e., Eq. 4, was employed
to analyze the experimental data at all the temperatures
studied. Lastly, the second-order rate, k,, was determined

. 1 o1
by plotting [FF]t against .
[FF]® ke
FF — max
[ ]f 1+[FF]malX kt’ (3

1 1

ﬁ = k—zt +[FF] . 4)

Ideally, Egs. 1 and 3 for first- and second-order
reaction rates were based on the conversion of pentosan
into furfural, according to Reaction 5 [57], [105].

H,SO,, Heat

CsH,0, +3H,0 5)

Indeed, furfural formation from potato peels
is a chemical process, primarily involving acid
hydrolysis of hemicelluloses (mainly pentosans, viz.,
3.2-6.0% xylose) present in the peels [121], followed
by their dehydration to form furfural, in accordance
with Reaction 5 [122]. In this study, the possibility
of side reactions, as noted by Mazar et al. [120], was
ignored.

462 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):454-473



Dichloromethane solvent for furfural recovery from potato peels:

Abdulhalim Musa Abubakar,

Thermodynamic and kinetic investigations etal.
2.5. Thermodynamic computations 275
2.50
Changes in activation energy £, enthalpy AH, Rk
entropy AS, and Gibbs-Free energy AG occurring during §0 2.00
the extraction, were determined using the Arrhenius g 1.754
expression (Eq. 6) [53], Eyring model (Eq. 7), as well £ 1504
as Eqgs. 8 and 9, respectively. g 125
o
E (1 = 1.00-
Ink, =Ink, ——3[—), (6) =
R T E 0.751 80°C,
0.50- 7OOC
k =k* kT % 0254 60°C
n - Te B (7) 0
09 1.0 L1 12 13 14 15 1.6 1.7 18 1.9 2.0 2.1
k —-AH (1 * k AS Time, h
no_ - B2
ln7 TR (TJ + (ln k" +In h + R (®) Fig. 3. Furfural concentration—time relationship at various
temperatures
AG=AH -TAS, 9)

wherein, £, is the activation energy (kJ/mol); k, is the
frequency factor; R = 8.314 J/(mol-K) is the universal gas
constant; &~ is the transmission coefficient usually taken
as 1; kg is the Boltzmann constant = 1.38 - 108 J/K; AH is
the enthalpy change (kJ/mol); AS is the entropy change
in kJ/(mol'K), n is the order of reaction (i.e., 1 or 2), and
the Planck’s constant /= 6.63 - 10734 J-s=1.842 - 10737 J-h.

1
From a plot of In &, against T k, was also determined,

similar to the study undertaken by Eifert and Liauw [77].
Conversely, AH was computed from the slope of a plot

k 1
of In-* against — following the method adopted
T T

by Kim et al. [31]. For convenience, thermodynamic
calculations were conducted for the order of reaction that
best fit the furfural extraction data.

RESULTS AND DISCUSSION

3.1. Product concentration

At all temperatures, furfural concentration increases
with time, indicating the progress of the acid-catalyzed
dehydration reaction converting pentosans (from potato
peels) to furfural. In this case, the temperature-dependent
kinetic trends were consistent with reaction-controlled
mechanisms rather than with diffusion-controlled ones,
eliminating the need for the Thiele modulus or Weisz—Prater
criterion confirmation. After reaching a certain point, the
rate of increase slows down and stabilizes, which could
indicate the equilibrium stage or the depletion of reactants.
In Fig. 3, the concentration of furfural increases more
rapidly, in accord with the findings of Uppal and Kaur [67],
Kim et al. [31], and Liu et al. [94].

Higher temperatures accelerate the reaction rate due
to increased molecular motion and collision frequency,

as evident from the kinetics parameters where the rate
constant £ is higher at 80°C compared to 60 and 70°C.
Specific behavior of the curve is observed at 60°C, where
the reaction progresses slowly, reaching a lower maximum
concentration over the same duration of 1-2 h compared
to that at higher temperatures. However, at 70°C, the
reaction is faster than at 60°C, with a steeper initial increase
in furfural concentration and a higher maximum value,
in line with the findings of Montana et al. [34]. Eventually,
the reaction achieves the highest maximum concentration
at 80°C, over the shortest period of time, indicating
an optimal conversion efficiency at this temperature,
as shown in Fig. 3. As a clear deviation from the trend
observed in Fig. 3, Xu et al. [124] showed that, along with
an increase in time, furfural production declines rapidly
at higher temperatures between 150-180°C. Based on the
curve behavior in Fig. 3 and the data in Table 1, 80°C
isrecommended for furfural production. It offers the highest
furfural yield in the shortest time frame (i.e., 0.56 g/cm?),
making it the most efficient temperature among those
studied. However, such practical considerations as energy
consumption and the potential for thermal degradation
of furfural should be assessed before finalizing the process
parameters. Previously, a significant furfural degradation
under an increase in time was observed, when corncob
was employed by Ji et al. [70].

3.2. Kinetic study

Table 2 presents the furfural concentration at 60, 70,
and 80°C over time, along with the data relevant to first-
order and second-order reaction kinetics. As mentioned
earlier, at higher temperatures (70 and 80°C), furfural
concentrations increase more rapidly and achieve higher
values, reflecting faster reaction rates and greater product
yields as compared to those at 60°C.
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Table 2. Concentration of furfural and representative kinetic plot data

t,h [FF],, ¢/mL % 1_% i 1_% W , mL/g
max max max 4
60°C
1.00 0.11 0.134146341 0.865853659 —0.144039370 9.090909
1.25 0.34 0.414634146 0.585365854 —0.535518236 2.941176
1.50 0.38 0.463414634 0.536585366 —0.622529613 2.631579
2.00 0.82 1 0 — 1.219512
70°C
1.00 0.37 0.451219512 0.548780488 —0.600056757 2.702703
1.25 0.77 0.939024390 0.060975610 —2.797281335 1.298701
1.50 1.68 2.048780488 —1.048780488 - 0.595238
2.00 1.87 2.280487805 —1.280487805 - 0.534759
80°C
1.00 0.56 0.682926829 0.317073171 —1.148622709 1.785714
1.25 1.11 1.353658537 —0.353658537 - 0.900901
1.50 1.22 1.487804878 —0.487804878 — 0.819672
2.00 2.40 2.926829268 —1.926829268 - 0.416667
o . [FF]z Tl"he.coefﬁ.cie.nt of determination (R?) = 0.8811 at 60°C
The term inside the logarithm, 1—-——=—— depends in Fig. 4a indicates a reasonably good fit to the first-order
[FF]maX model and suggests that the reaction at this temperature

on the ratio of the furfural concentration at time, ¢, [FF],,
to the maximum concentration, [FF]_ . As the reaction
progresses and [FF], approaches [FF] the expression

[FF],
[FF]

max

max’

approaches zero. The logarithm of zero

is undefined; therefore, this term cannot be calculated
and is marked with a dash (‘=) in Table 2. The increasing
number of dashes with temperature progression (1’
at 60°C, ‘2’ at 70°C, ‘3’ at 80°C) highlights the influence
of higher temperatures on reaction kinetics, bringing the
system closer to equilibrium faster, which subsequently
impacts the logarithmic calculations in the data table.
This pattern of dashes confirms the temperature-
dependent kinetics of furfural production, with 80°C
being the most efficient temperature for achieving the
maximum concentration rapidly. Xia et al. [84] reported
a low furfural generation at this temperature during
furfural synthesis from bamboo and xylose.

3.2.1. First-order reaction

A straight-line trend in Figs. 4a and 4b agrees well with
the theoretical prediction of Eq. 2 (first-order furfural
product formulation); however, the reaction may involve
secondary processes which affect the data slightly.

moderately follows first-order kinetics. At the same time,
some deviations from linearity might exist (Fig. 4b). The
. - [FF],
near-perfectlinearrelationship between In| 1 — ————
[FF]max
and time (i.e., R = 1) implied that the reaction at 70°C
is predominantly governed by the first-order rate law,
above other temperatures examined. In Fig. 4c, the plot
shows only one data point, which is insufficient
to establish a linear trend or calculate an R? value reliably.
The single data point at 80°C (—=1.149 when t =1 h)
highlights the challenge of collecting sufficient data
for kinetic modeling when reactions proceed rapidly
to equilibrium. Nonetheless, the overall trend supports
the applicability of the first-order model to describe
the reaction, in particular, at intermediate temperatures
of about 70°C.

3.2.2. Second-order reaction

Rate plots in Fig. 5 were constructed to test the

1 1
relationship between W and — as well as to evaluate
¢

the correspondence of the experimental data with the
second-order model. The R? values progress
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Fig. 4. Rate plots for the first-order furfural formation Fig. 5. Rate plots for the second-order furfural formation
at (a) 60, (b) 70, and (c) 80°C at (a) 60, (b) 70, and (c) 80°C
from 0.8366 at 60°C to 0.9233 at 80°C, reflecting that The extraction data align more closely with the first-
the reaction kinetics adhere more strongly to the second- order assumptions at lower and intermediate temperatures
order model at higher temperatures. This trend suggests (60 and 70°C), since the straight-line trends in Fig. 4
that temperature plays a critical role in enhancing the have better fits (R? values) to the first-order rate law.
applicability of the second-order kinetics in describing At 80°C, the second-order model shows a stronger fit,
furfural formation. possibly due to temperature-induced changes in reaction
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dynamics. However, the first-order model remains the
overall better descriptor of the reaction kinetics across
the temperature range studied.

3.2.3. Estimated kinetic parameters

It is well known that & unit depends on the order
of reaction. As such, the terminology ‘units’ would
be use for appropriateness. The increase in &k with
temperature for both the first-order and second-order
reactions, as shown in Table 3, can be explained by the
fundamental principles of chemical kinetics, particularly
the Arrhenius equation and the temperature dependence

3.3. Thermodynamic study

Equations 6 and 8 were key to finding the thermodynamic
energy parameters of the solvent extraction process,
through the calculated data in Table 4. The rate
constant, k,, reflects the reaction speed. At 70°C, the
reaction rate is significantly higher compared to 60°C,
resulting in a higher value of .

Table 4. Axis data for straight-line plots for energy parameter
determination

of reaction rates. Reasons for this increase of k& with . 1 1 ky
7,°C| T,K | k,h == In k, In—L
temperature are due to enhanced molecular energy, T K T
exponential relationship and increased reaction rates. n=1
60 |[333.15| 0.9570 0.003002 | —0.04395 | —5.85254
Table 3. Calculated first- and second-order kinetic constants 70 [343.15| 87889 0002914 | 2.17349 | —3.66468
Reaction Temperature, °C | Slope | £, units R? 80 |353.15 _ _ _
order L1 A
o : 22
60 ~0.9570 | 0.9570 | 0.8811 LeC) LR punits | =, = ik, "7
1 70 —8.7889 | 8.7889 1.0000 n=2
80 - - 60 [333.15]0.066159| 0.003002 |—2.71569 | —8.52429
60 15.1150 | 0.066159 | 0.8366 70 [343.15|0.223584 | 0.002914 | —1.49797 | —7.33614
2 70 4.4726 |0.223584 | 0.8804 80 [353.15]0.381490 | 0.002832 | —0.96367 | —6.83056
80 2.6213 | 0.381490 | 0.9233

As temperature increases, molecules gain kinetic
energy, leading to more frequent and energetic collisions
between the reactants. It results in a higher proportion
of molecules having sufficient energy to overcome the
activation energy barrier (£,). The Arrhenius equation
shows an exponential dependence of & on 7. Even
an insignificant increase in temperature can significantly
enhance the rate constant due to the exponential term.
And at higher temperatures, the reaction progresses
more rapidly, reflected in the larger values of & for both
first-order (8.7889) and second-order reactions (0.3815).
In the first-order model, & increases from 0.957 at 60°C
to 8.7889 at 70°C, indicating a dramatic rise in the
reaction rate with a modest temperature increase. In the
second-order model, the rise in & is less steep compared
to the first-order reaction, reflecting differences in the
response of the reaction mechanism to temperature
changes. Generally, at n = 1, the reaction rate depends
linearly on the concentration of one reactant; hence,
k increases more sharply with temperature due to its
direct effect on the formation rate of furfural. However,
at n = 2, the rate depends on the square of the reactant
concentration or a bimolecular interaction, leading
to a more moderate increase in k£ with temperature.

Ln k, is the natural logarithm of the rate constant .
For k| values greater than 1 (as observed at 70°C for the
first-order reaction), In k; becomes positive. The 70°C
temperature likely represents an optimal point where
the reaction proceeds efficiently without the limitations
observed at lower (a slower reaction) or higher
temperatures (equilibrium reached too rapidly). This
resultsina &, value sufficiently large to make In k, positive
(at 2.1735). Figures 6 and 7 displays the Arrhenius plot
as well as the Eyring model plot described earlier for the
two reaction rates. To determine which thermodynamic
plot provides the best fit and supports a particular order
of reaction, the fit quality (e.g., linearity and R? values)
and trends in Figs. 6 and 7 should be analyzed. The fit
quality or linearity as well as R? values of unity aligned
best with the furfural experimental data for first-order
Arrhenius and Eyring-Polanyi models, as observed
in Fig. 6. However, it appears less linear in the second-
order case shown in Fig. 7 with a lower average R? value
0f 0.9573.

While both the first- and second-order models show
reasonable fits, the first-order thermodynamic plots
(Figs. 6a and 6b) provide the best overall fit, making the
first-order reaction the most plausible mechanism for the
extraction process under the conditions studied. Through
simplification of Eq. 8, AS was calculated using Eq. 10,
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Fig. 6. First-order thermodynamic plots:
(a) Arrhenius and (b) Eyring models

by substituting the known constant values and the
intercept in Fig. 6b.

31.9476 + AT; = Intercept. (10)

The higher E, = 85.992 kJ/mol for the first-order
reaction indicates a higher energy barrier for the reaction
to occur. By implication, the first-order reaction requires
a greater energy input to initiate compared to the second-
order reaction, potentially making it slower at lower
temperatures. Both £, are by far < 115 kJ/mol obtained
by Liu et al. [30] who utilized hardwood PHL for furfural
manufacture, although being > 28.69 and 34.72 kJ/mol
realized by Xu et al. [123]. Provided that this high energy
requirement is approved, potato peel has the potential
to add to the existing global furfural tonnage, whose
expected compound annual growth rate equals
6.5% [124]. Likewise, the higher AH = 83.138 kJ/mol
in the first-order reaction compared to the second-order
version implies its more endothermic character, thus
requiring a greater energy input to proceed. Thus,

Fig. 7. Second-order thermodynamic plots:
(a) Arrhenius and (b) Eyring models

italigns with its higher observed £, in Table 5. In contrast,
the higher first-order k, > 4.77 units in the second-order
reaction signifies a greater likelihood of successful
collisions leading to furfural product formation.
It indicates that while the energy barrier is higher, the
reaction has a stronger dependence on the frequency
of molecular collisions.

Table 5. Energy parameters computed for both reaction orders

Parameter First-order Second-order
E,, J/mol 85991.702 4822.951
ko, units 2.22549 - 1012 4773119
AH, J/mol 83137.5058 1972.081
AS, J/mol-K —86.0798304 —309.467
AG at 333 K, J/mol 111802.0893 105024.6
AG at 343 K, J/mol 112662.8876 108119.3
AG at 353 K, J/mol - 111213.9
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A less negative AS for the first-order reaction suggests
a smaller decrease in the system disorder during the
reaction, which could indicate a more favorable pathway
compared to the second-order reaction. However,
the higher AG values for the first-order reaction at all
temperatures suggest its being less thermodynamically
favorable than the second-order reaction. Lower
AG values for the second-order reaction, as illustrated
in Fig. 8, implied its more spontaneous character.
In a nutshell, for n = 1, the high £, AH, and AG indicate
that while it is less spontaneous and more energy-
intensive, it may offer greater control and predictability
under optimized conditions. On the other hand, for n =2,
the lower E,, AH, and AG specify that it is less energy-
demanding and more thermodynamically favorable,
making it potentially more efficient under practical
conditions.

113000 1 First-order

112000 ~
111000 Second-order
110000 A
1090004

108000+

Gibbs-free energy, kJ/mol

1070004
106000 4

1050004

330 335 340 345 350 355
Temperature, K

‘ Fig. 8. Effect of temperature change on Gibbs energy

Hence, the second-orderreaction can be recommended
for the extraction of furfural from potato peels due to its
lower energy and thermodynamic barriers, indicating
its greater efficiency and practicality for large-scale
applications. However, the first-order reaction might
be selected in cases where precise reaction control and
selectivity are critical.
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Abstract

Objectives. The work set out to obtain the corresponding cyclohexenyl derivatives of 1,4-dioxaspiro[4.5]decane, 1,5-dioxaspiro[5.5]-
undecane, and 1,4-dithiaspiro[4.5]decane by condensation of 2-(cyclohexen-1-yl)cyclohexanone (Wallach ketone) with 1,2-, 1,3-diols,
and 1,2-ethanedithiol; to determine reaction duration and process temperature at which the maximum possible yield of the target
cyclic derivatives of 2-(cyclohexen-1-yl)cyclohexanone is achieved; to evaluate the anticorrosive properties of the obtained acetals
in an acidic medium; to carry out dichlorocarbenation using 1,4-dioxaspiro[4.5]decane as an example, and to establish the structure
of the obtained isomers.

Methods. Target compounds including cyclic acetals were obtained by a classical organic synthesis method involving condensation of
2-(cyclohexen-1-yl)cyclohexanone (Wallach ketone) with 1,2-, 1,3-diols, and 1,2-ethanedithiol. The following analysis methods were
used to determine the qualitative and quantitative composition of the reaction masses: gas—liquid chromatography (Crystallux-4000M
chromatograph with a flame ionization detector, a 25 m x 0.33 mm capillary column containing 100% polydimethylsiloxane as a
stationary phase 0.5 pwm), nuclear magnetic resonance spectroscopy (BrukerAM-500 device with operating frequencies of 500 and
125 MHz), and elemental microanalysis (rapid gravimetry method). Chlorine and sulfur were determined by the Schoniger method.

Results. Under conditions of thermal heating of Wallach ketone with 1,2-, 1,3-diols, and 1,2-ethanedithiol, 1,4-dioxaspiro[4.5]decane,
1,5-dioxaspiro[5.5]undecane, and 1,4-dithiaspiro[4.5]decane were obtained with a yield of 95%. 5,5-Dimethyldioxane derivative was
found to have a moderate inhibitory effect on acid corrosion of carbon steel St20 at a temperature of 60°C. Dichlorocarbenation of
1,4-dioxaspiro[4.5]decane was shown to occur with the formation of a mixture of two diastereomers (ratio is 1 : 2) as evidenced by
doubled signals of carbon atoms in the carbon spectrum.

Conclusions. 2-(Cyclohexen-1-yl)cyclohexanone 1 condenses with 1,2-; 1,3-diols, and ethanedithiol to form the corresponding
spirocyclic derivatives in high yields. It is shown that 1,4-dioxaspiro[4.5]decane undergoes dichlorocarbenation under Makosza reaction
conditions to form polycyclic gem-dichlorocyclopropane as a mixture of two diastereomers. 7-(Cyclohex-1-en-1-yl)-3,3-dimethyl-1,5-
dioxaspiro[5.5]undecane is confirmed to inhibit steel corrosion in acidic media.
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AHHOTaUuus

Hemn. Konnencanueil 2-(1iukiorekceH- 1 -mi)ukiorekcanona (ketona Bammaxa) ¢ 1,2-, 1,3-quonamu 1 1,2-3TaHANTHOIIOM MMOIYYHUTh
COOTBETCTBYIOLIME LIUKIOI€KCCHUIBbHBIE IPOU3BOAHBIE 1,4-uokcacnupo(4.5]nekana, 1,5-nuokcacnupo[S.5]ynnekana u 1,4-nutuacnu-
po[4.5]nexaHa; onpeneauTs JIUTEIBHOCTh PEaKIUKU U TeMIepaTypy IPOBEACHUs Ipolecca, IPU KOTOPbIX JOCTHraeTCss MaKCUMaslb-
HO BO3MOJKHBIH BBIXOJ] LIEJICBBIX HUKJINYECKHX MPOU3BOMHBIX 2-(IIMKIOTEKCEeH- 1 -MII)IMKIOreKCaHOHA U OIIEHHTh aHTUKOPPO3NOHHEIE
CBOICTBa MOJIyYEHHBIX alleTalledl B KUCJIOH cpere; Ha npuMepe 1,4-auokcacniupol4.5]nexana oCyIecTBUTh JUXJIOPKapOCHHPOBAHHE
1 YCTAHOBUTb CTPOCHUE I1OJYYCHHBIX H30MEPOB.

Mertoasl. LleneBble coenuHeHns, Takue KaK MUKIMYECKHE alleTalH, ObUTH MOTyYeHb! KIACCHUSCKUM CIIOCOOOM OPraHNYECKOTO CHHTE-
3a — KOHJIeHCanuel 2-(MUKIOreKceH- 1 -m)uKiiorekcaHona (kerona Banmaxa) ¢ 1,2-, 1,3-auonamu u 1,2-3ranautronom. J{ist ompe-
JIETICHUs Ka9eCTBEHHOTO M KOJMYECTBEHHOTO COCTaBa PEaKIMOHHBIX MAacC OBUTH MCIIONB30BAHbI CJICTYIOIINE METOIb! aHaM3a: Ta30-
XKHUAKOCTHAs XpoMarorpadust (xpomarorpad Kpucrammoxe-4000M ¢ mIaMeHHO-HOHU3AIMOHHBIM ICTEKTOPOM, KaIMIIIIPHON KOJIOHKOH
25 M x 0.33 MM, comepxammeii 100%-i MOTMANMETHICHIOKCAH B KaueCTBE HEMOABIKHON (a3l 0.5 um), CHEeKTPOCKOMHS SASPHOTO
MarHuTHOTo pe3oHanca (mpubop «BrukerAM-500» ¢ pabounmu gactoramu 500 u 125 MI') 1 seMEeHTHBIIH MUKpOaHAIU3 (METOJT dKC-
IIpecc-TpaBUMETPHH; XJIOp U cepy onpenernsiim MetogoM IlIénurepa).

Pe3syabTarsl. B ycnoBusx TepmMuueckoro Harpesa ketoHa Bamnaxa ¢ 1,2-, 1,3-guonamu u 1,2-3TaHIUTHOIOM HOMTy4YeHs! 1,4-1nokcacnu-
po[4.5]nekan, 1,5-nuokcactupol5.5]yanexan u 1,4-gutractupo[4.5]nexan ¢ BeIxogom 95%. YcTaHOBIEHO, UTO 5,5-IMMETUIIHOKCAHO-
BOE IPOU3BOJHOE 00JIa1aeT YMEPEHHBIM HHTHOMPYIOMIHM 3((GEKTOM 10 OTHOILICHHIO K KUCIIOTHOH KOppo3uu yraepoanctoii cramu Ct20
npu Temneparype 60°C. Onpeneneno, 4ro auxiopkapoeHupoBanue 1,4-nuokcacnupo[4.5]aexana mpoTekaeT ¢ 00pa30BaHHEM CMECH
JIByX AHACTEpeoMepoB (cooTHOIIeHHE | : 2), 0 4eM CBHCTEIBCTBYIOT YJBOCHHbIC CUIHAJIbI aTOMOB YIVIEPO/ia B YIVIEPOIHOM CIIEKTpE.

BouiBoabl. 2-(Lluknorexkcen-1-nm)uuknorekcanod 1 konaeHcupyercs ¢ 1,2-, 1,3-1nonaMu u 3TaHAUTHOIOM C 00pa30BaHUEM COOTBET-
CTBYIOIIMX CIIUPOUMKIMYECKUX MPOM3BOAHBIX C BHICOKMMH BbIXxoaamHu. Ilokazano, uto 1,4-nmuokcacnupo[4.5]nekan BCTynaeT B peak-
LIUI0 AUXJIOPKapOSHUPOBAHUS B YCIOBUAX peakiui Makouy ¢ 00pa3oBaHUEM MOIUIMKIMYECKOrO eem-ANXJIOPIUKIONPONaHa B BU/E
cMecH IByX auactepeoMepos. Haiineno, uro 7-(muxmoreke-1-en-1-um)-3,3-aumernn-1,5-auokcactupo[S.5]yHnexan cnocodeH TopmMo-
3UTh KOPPO3HUIO CTAIIH B KUCIIBIX CpPeax.

KnioueBble cnosa Moctynuna: 16.11.2024
KeToH Basuaxa, UKIIMYECKUe alleTalll, AHOJIbI, IMKIOKOHICHCAINS, KUCIOTHBIN Dopa6oTaHa: 10.04.2025
KaTaJTn3, JMXJI0pKapOCHUPOBAHIE, AHTHKOPPOZHOHHAS AKTHBHOCT MpuHsTa B neyats: 05.09.2025
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INTRODUCTION

Linear and cyclic ketals are widely used in organic and
medicinal chemistry [1, 2]. Glycerol ketals are effective
repellent additives [3], while diacetals of diglycerol and
dipentaerythritol have been proposed as components
for polymer materials [4, 5]. In recent years, cyclic
ketone ketals have attracted increased attention from
researchers due to their ability to inhibit acid corrosion,
reduce corrected wear spot diameter, and act as additives
to fuels and oils [6, 7]. Cyclohexanone is used as an
industrial ketone in large-scale synthesis of caprolactam,
polyamides, and adipic acid [8]. During these reactions,
dimers and oligomers of cyclohexanone are formed
as byproducts in an amount of 5-15% [9, 10], among
which the main compound is 2-(cyclohexen-1-yl)
cyclohexanone referred to as Wallach ketone (1) [11].
The literature describes the synthesis of antimalarial [12]
and antirheumatic [9] compounds, as well as high-
density jet fuel components based on ketone 1 [10]. The
combination of the bicyclic fragment of ketone 1 and the
cycloacetal group allows for the creation of compounds
with cytotoxicity against tumor cell lines [13],
herbicides [14], and fuel additives [15, 16]. In this
regard, the aim of this study was to develop a method for
obtaining polycyclic spiroacetals and spirothioacetals
based on 2-(cyclohexen-1-yl)cyclohexanone 1.

MATERIALS AND METHODS

'H and '3C nuclear magnetic resonance (NMR) spectra
were recorded in CDCl, (25°C) using an Avance-IIT1 HD
spectrometer (Bruker, USA) at operating frequencies of
500 and 125 MHz for 'H and '3C nuclei, respectively.
The residual solvent signals served as the internal
standard: 3y, 7.66, 8~ 77.0 ppm for the 'H and !3C spectra,
respectively. Gas chromatographic analysis of reaction
mixtures and isolated compounds was performed on
a Crystallux-4000M chromatograph (Meta-Chrom,
Russia) equipped with a flame ionization detector and
a capillary column (25 m % 0.33 mm) containing 100%
polydimethylsiloxane as the stationary phase (0.5 pum).
Elemental microanalysis was performed using the
express gravimetric method; chlorine and sulfur were
determined using the Schoniger method.

Ketone 1 was obtained according to a known
method [17]. Commercially available  diols
(Sigma-Aldrich, USA), solvents, and other reagents were
used without further purification.

The physical constants, elemental analysis data, and
spectral characteristics of the obtained compounds are
presented in Tables 1 and 2, while the yields are given
in Table 3.

General method for obtaining
1,4-dioxaspiro[4.5]decanes 3a,c
and dithiaspiro[4.5]decane 3b

A mixture of 35.7 g (0.20 mol) of ketone 1, 0.3 mol
of the corresponding diol or ethanedithiol, 0.3 g
(1.6 mmol, 0.8 mol %) of TsOH H,O0, and 100 mL
of benzene was heated with a Dean—Stark apparatus
for the time indicated in Table 3, monitoring the
composition of the reaction mixture by gas—liquid
chromatography (GLC). The reaction mixture was then
cooled and stirred vigorously for 5 min with 50 mL of
a saturated NaHCO, solution. The aqueous part was
extracted three times with ether, the combined organic
phase was dried over Na,SO,, the solvents were
evaporated on a rotary evaporator, and the residue was
distilled under vacuum.

General method for obtaining
1,4-dithiaspiro[4.5]decanes 3d,e

A mixture of 35.7 g (0.20 mol) of ketone 1, 0.1 mol
of the corresponding diol, 0.3 g of TsOH H,O, and
100 mL of benzene was heated with a Dean—Stark
apparatus for 1 h, then an additional 0.15 mol of the
diol was added with continued heating for the total
period indicated in Table 3. The composition of
the reaction mixture was monitored by GLC. After
cooling, the reaction mixture was treated as described
above.

Method for obtaining
6-(7,7-dichlorobicyclo[4.1.0]heptan-
1-yl)-1,4-dioxaspiro[4.5]decane
(mixture of diastereomers 4a,b) [16]

To a solution of 11.1 g (50.0 mmol) of ethylene
ketal 3a, 331 mg (1.47 mmol) of Et;BnNCl, and
0.5 mL of 96% EtOH in 150 mL (1.85 mol) of
CHCl,, cooled in an ice bath and stirred vigorously
(overhead stirrer, 1000 rpm), a cooled solution of
50 g (1.25 mol) of NaOH in 50 mL of water was
added dropwise. After adding the NaOH solution,
the reaction mixture was stirred for another hour,
after which point GLC showed complete conversion
of the starting compound 3a. After adding 500 mL
of water to the reaction mixture, the organic layer
was separated, washed with 5% AcONa, water, and
dried over Na,SO,. Following evaporation of the
solvent, the residue was distilled under vacuum. We
thus obtained 28.1 g (92%) of a colorless liquid that
gradually darkens during storage.

476 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):474-482



Synthesis and properties of cyclic acetals
of Wallach ketone

Bogdan V. Vazhenin,
etal.

Table 1. Physical constants, elemental analysis data and 'H NMR spectra of compounds 3a—d and 4a,b

Found, % Calculated, %
Ty °C ound, 7o Gross atewiated, 7o TH NMR spectrum (500.00 MHz;
L 01 Hg) formula o, ppm; J, Hz)
(mm Hg C 0 C q > ppm; J,
5.47 (s, 1H), 3.87-3.69 (m, 4H),
3a 138-140 (2.0) 75.63 10.18 C,,H,,0, 75.63 9.97 2.06-1.88 (m, 5H), 1.67-1.59 (m, 4H),
1.56-1.34 (m, 7H), 1.22-1.12 (m, 1H)
5.72 (s, 1H), 3.24-3.13 (m, 4H),
2.24-2.16 (m, 4H), 2.06-1.93 (m, 3H),
1 _
3b 151-152 (0.5) 66.01 9.09 C4H,,8, 66.09 8.72 1.77-1.33 (m, 4H). 1.62—148 (m., SH).
1.31-1.20 (m, 1H)
5.44 (s, 1H), 4.04-3.98 (m, 1H),
3.88-3.71 (m, 3H), 2.76-2.70 (m, 1H),
3c 110-122 (0.4) 76.53 10.56 C,sH,,0, 76.23 10.24 2.25-2.16 (m, 1H), 2.06-1.87 (m, 6H),
1.79-1.50 (m, 6H), 1.43-1.20 (m, 4H),
1.06-0.98 (m, 1H)
5.40 (s, 1H), 3.71-3.66 (m, 2H),
3.57-3.50 (m, 2H), 2.80-2.76 (m, 2H),
3d 153-155 (0.6) 77.30 10.62 C,,H,40, 77.22 10.67 2.00-1.91 (m, 4H), 1.68—1 44 (m, 11H),
1.04 (s, 3H), 0.67 (s, 3H)
4.04-3.91 (m), 2.58-2.49 (m),
2 _
4 160-161 (0.5) 59.29 7.49 C,5sH,,CL0, | 59.02 7.27 1.86-1.01 (m)
IFound 25.34% S; calculated 25.20% S.
2Found 23.07% CI; calculated 23.23% CI.
Table 2. 13C NMR spectra of compounds 3a—d and 4a,b
13C NMR spectrum (125 MHz; §, ppm)
No.
c! c? c? c? c” (g CH, R*
36.94,29.41,29.00, 25.71, 25.65,
3a 64.88, 64.82 110.94 52.89 137.54 124.15 24,11, 23.62, 22,61 -
38.12, 32.03, 29.82, 26.49, 25.83,
3b 45.79, 39.47 73.34 56.44 139.13 125.27 25.65,23.59. 22.57 -
28.61, 28.49, 28.11, 25.99, 25.64,
3c 58.93, 58.72 99.40 55.36 138.68 123.58 25.60.23.50, 22.73. 22.58 -
29.29, 28.31, 27.75, 26.10, 25.59 23.07
1 5 > > > 5 5
3d 69.36, 69.09 99.09 54.10 137.93 123.51 23.54.22.76. 22.66 18
2 64.77, 63.63, 63.54, | 111.85, 51.40, 31.65, 32.74, 36.79, 35.23, 28.48,27.14, 25.98,
4a,b 63.49 110.90 5033 29.89 3165 25.44,24.11, 23.82, 21.67, 21.10, -
’ ’ ' ' ’ 20.30, 20.25, 19.71, 19.65, 19.17, 19.07
Note: ¥R = H (3a-3c¢, 3e, 4a,b); Me (3d).
13 (CMe,): 30.15 ppm.
28 (CCl,): 74.40, 73.90 ppm.
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Table 3. Synthesis of cyclic acetals 3a,c,d and thioacetal 3b

Diol (dithiol) Acetal (thioacetal)
Reaction time, h

No. R X n No. Yield, %
2a H o 0 2 3a 85

2b H S 0 2 3b 83

2¢ H o 1 6 3¢ 69

2d Me o 1 4 3d 74

2e H o 2 48 3e 0

Method for determining the anticorrosion
activity of substances in an acidic
environment

The inhibitory activity tests of the synthesized
compounds were conducted on St20 steel samples
(composition, wt %: Ni + Cu < 0.3%, As < 0.08%,
Mn 0.35%, Cr < 0.25%, Si 0.17-0.37%, S 0.040%,
P < 0.035%) measuring 60 x 20 x 1 mm. Prior to
testing, the samples were sequentially treated with
PS-11 and PS-12 sandpaper and their surface area was
measured using calipers. Next, they were washed with
water, ethanol and acetone, then dried in a desiccator.
The corrosive environment was a 1 M hydrochloric acid
solution. Corrosion rate was measured gravimetrically
by the decrease in the mass of the metal sample. The
effectiveness of the protective action of inhibitor 3d was
determined as the ratio of the corrosion rates of steel
samples in inhibited and uninhibited 1 M HCI solution
at a concentration of the compound under study of
4 g/L™!. The inhibitor was evaluated based on the braking
coefficient y = ky/k;,, where k, and k; , are the corrosion
rates in the background solution and in the solution with
the studied 3d inhibitor additive, as well as based on the
protection efficiency Z = (1 — 1/y)-100 (%).

RESULTS AND DISCUSSION

The condensation of ketone 1 with ethylene glycol 2a
was carried out under standard conditions (acid
catalyst, water removal by Dean—Stark method). The
target 1,4-dioxaspiro[4.5]decane 3a was formed with
an 85% yield [18] (Scheme 1, Table 3). The reaction
of 1,2-ethanedithiol 2b with ketone 1 was carried out
under the same conditions to yield 1,4-dithiaspiro[4.5]-
decane 3b at 83%.

When transitioning from 1,2-diols 2a,b to
1,3-diols 2¢,d, it was necessary to increase the reaction

time by 23 times to achieve acceptable yields (64—70%)
of acetals 3c¢,d. When 1,4-butanediol was used, the
formation of the corresponding seven-membered ring 3e
was not observed.

R R
0 R R 120
XH XH PhH, 80-82°C
1 2a-e 3a—e

Scheme 1. Interaction of Wallach ketone 1 with reagents 2a—e
(the details of substituents, heteroatoms and ring size are given
in Table 3)

To confirm the structure of the obtained
heterocycles, '3C NMR spectra obtained using the
dept-135 technique are the most informative. The
spectra of acetals 3a,c,b show characteristic signals
at 8- 58-82 ppm that correspond to the a-carbon
atoms of the 1,3-dioxocycloalkane fragments (C’-),
signals for the nodal atom (C%) at 8- 99-113 ppm and
the CH group (C¥) at 0~ 51-56 ppm, as well as the
carbon atoms of the double bond at 6. 137-139 (C)
and 8. 122-125 (C’) ppm. In the 1*C NMR spectrum
of thioacetal 3b, the signals for the C/, C2, and C’
carbon atoms of the heterocycle are shifted to a higher
field as compared to acetals 3a,c,b (Table 2). In the
"H NMR spectra of compounds 3a—d, the characteristic
proton signal at the double bond (H®) in the region of
Oy 5.4-5.7 ppm is reliably interpreted. The signals from
the remaining protons are in a strong field and represent
poorly resolved groups of multiplets (see Materials and
Methods section, Table 1).

It was previously shown that the carbon-carbon
double bond in ketone 1 [19, 20] and acetal 3a [21] is
sufficiently reactive to form three-membered rings.
In this regard, we performed dichlorocarbenation
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of acetal 3a under Makosha reaction conditions to
form gem-dichlorocyclopropane 4. As evidenced by
the doubled signals of carbon atoms C’-? (8c 64.77,
63.63, 63.54, 63.49 ppm), C* (3 111.85, 110.90 ppm),
c? (8- 51.40, 50.33 ppm), c (8 51.40, 50.33 ppm),
oY (8¢ 32.74, 31.65 ppm) in the 13C NMR spectra,
dichlorocarbenation occurs with the formation of a
mixture of two diastereomers 4a,b (Scheme 2, Table 2).
According to the 'H NMR spectra (based on the
intensity of characteristic signals) and the results of gas
chromatography, the diastereomer ratio is 1 : 2.

M /—\ W Qe

0,0 EtBNCI 0
©_©+CHC|3 NaOH H20 0 a
ab
,

3a J

92%

Scheme 2. Carbenation of acetal 3a under Makosza reaction
conditions

Ketone 1 is known to inhibit acid corrosion [22].
We found that ketal 3d has a slightly lower inhibiting
effect (67%) than ketone 1 (85%) under acidic corrosion
conditions (1 M HCI) of St20 carbon steel at 60°C. The
remaining acetals showed even less protective ability.
Thus, the introduction of a cycloacetal fragment into
the structure of the Wallach ketone reduces its ability to
inhibit the acid corrosion of steel, which is likely due to
the decreased polarity of acetals 3 compared to ketone 1.
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Abstract

Objectives. To investigate the influence of hydrodynamic cavitation on the group hydrocarbon composition of straight-run fuel oil and
the structural characteristics of its asphaltenes.

Methods. The cavitation treatment of fuel oil was carried out in hydrodynamic mode using a Donor-2 device. The pressure drop in the
working part was 50 MPa, while the number of treatment cycles varied from 1 to 10. In some cases, to intensify the process, the fuel
oil was compounded with low-boiling hydrocarbons (propane-butane fraction, decalin). The determination of the group hydrocarbon
composition of the sample was based on the different solubility of hydrocarbons in polar and nonpolar solvents; asphaltenes were studied
by diffractometry and Raman spectroscopy.

Results. It is shown that the group hydrocarbon composition of the sample changes as a result of the cavitation effect: the content of resins
and asphaltenes decreases, the amount of the oil fraction increases, and its group hydrocarbon composition is altered. It was found that
cavitation exposure also changes the structural characteristics of asphaltenes: they decrease the L, and L, crystallite parameters that
characterize their dimensions in plane and height, as well as increase the distance between alkyl substituents and the degree of plasticity
of asphaltenes. The processing of Raman spectra by various methods demonstrated consistent results: in all cases, an increase in the
intensity of exposure led to an increase in the structural disorder of asphaltenes. In the case of preliminary compounding of the sample
with low-boiling hydrocarbons, the effect of cavitation was enhanced.

Conclusions. The results obtained may indicate the localization of cavitation bubbles at the boundaries of complex structural units of the
dispersed petroleum system formed by asphalt-resinous substances and a dispersion medium. For this reason, it is resins and asphaltenes
that are most exposed to the thermal effects that occur when cavitation bubbles collapse. The destruction of resins and asphaltenes leads
to a decrease in the size of complex structural units and consequent decrease in the viscosity of the petroleum dispersed system, while
the oil fraction is enriched with saturated hydrocarbons.
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AHHOTaUuS

Hesmm. PaccmoTpeTs BusiHUE MUAPOJMHAMUYECKON KaBUTAIIMK HA IPYIIIOBON YIIICBOAOPOAHBIHA COCTAB IIPSIMOIOHHOIO Ma3yTa U CTPYK-
TYPHBIE XapaKTePUCTHUKH ero ac(halbTCHOB.

Metoabl. KaButanuonnyio o0paboTKy Ma3yTa MpOBOJMIN B THIPOANHAMIYECKOM PEKHME C HCIIONB30BAaHNEM ammapara «JloHop-2».
[epenan naBnenus B padboyeit yactu coctapist 50 Mlla, gncno nukiaoB o6padotku BappupoBasu ot 1 10 10. B psnge cioydaes, s uH-
TeHCH(MKAINK IpoIiecca, Ma3yT KOMITAyHANPOBAIN ¢ HU3KOKHUITIIINMH YITIEBOAOPOaMH (IIponaH-0yTaHOBO (hpakIei, TeKaTnHOM).
Omnpenenenne rpynroBoro yrieBoJOPOAHOTO COCTaBa 00pa3iia OCHOBBIBAIOCH HA PA3IMIHON PACTBOPUMOCTH YIIIEBOJOPOIOB B ITOJISIP-
HBIX ¥ HETOJISIPHBIX PaCTBOPUTEISX, ac(aabTeHbl HCCIENOBAINCH METOIaMU TH()PAKTOMETPHU U CHEKTPOCKOIHH KOMOMHAIIMOHHOTO
paccestHus (paMaHOBCKOM CIIEKTPOCKOIIUH).

Pe3syabTarsl. [TokazaHo, 94TO B pe3ynbraTe KaBUTAIIMOHHOTO BO3/ICHCTBUS M3MEHSACTCS TPYIIIOBOH yITIEBOIOPOAHBIN cocTaB oOpasua,
B HEM CHIDKAETCSI COAEPXKAHHE CMOT M ac(anbTeHOB, BO3PACTAET JONSA MACISHOW (paKIMU W MPU STOM U3MEHSETCS ee IPYNIIOBOH
YTIEBOROPOAHBIH cocTaB. KpoMe 3TOro yCTaHOBIIEHO, YTO MPH KABUTAIMOHHOM BO3JCHCTBUU U3MEHSIOTCA CTPYKTYPHBIE XapaKTepH-
CTHKH ac(aJbTEHOB: Y HUX CHUKAIOTCS IAPAMETPhl KPUCTAIUINTOB L, 1 L, XapaKTEPU3YIOIIUE UX PA3MEPHI B INIOCKOCTHU H IO BBICOTE,
YBEINYUBAIOTCS PACCTOSHHUE MEXK Ty aTKHIBHBIMU 3aMECTUTEIISIMU 1 CTEIICHb apOMAaTHYHOCTH ac(ansTeHoB. OOpaboTKa CIIEKTPOB KOM-
OMHAIIOHHOTO PACCEeSTHUS Pa3INYHBIMU METOAAMHU MOKa3ala MPHHIUIHAIBHYIO CXOKECTh Pe3yIbTaToOB: yBEINUCHHE HHTCHCUBHOCTU
BO3JCHCTBUS IPUBOANIIO K YBEIHUYCHHIO CTPYKTYPHOH pa3ynopsiOUeHHOCTH ac(aabTeHOB. B ciydae mpeaBapHTEIbHOTO KOMIIAYHIH-
poBaHus 00pasa ¢ HU3KOKHUITIIIAMH YIIEBOAOPOAaMH 3P PEKT OT KaBUTAIMOHHOK 00pabOTKN YCHIIMBAJICA.

BriBoapbl. [TonyyeHHbIe pe3ynbTaThl MOTYT CBUIETENBCTBOBATh O JOKAIHM3AIMN My3bIPbKOB KaBUTALMM HAa TPAHUIAX CIOXKHBIX CTPYK-
TYPHBIX €IMHUL HEQTAHON JUCIIEPCHOIT CHCTEMBI, C(POPMUPOBAHHBIX aC(HaIBTO-CMOIMCTHIMH BELIECTBAMH U JUCIIEPCUOHHO Cpeoii.
B cBsI31 € 5THM, MMEHHO CMOJIBI U ac(ajIbTeHb! MO/IBEPraloTCs HAMOOIbIIEMY TEPMHYECKOMY BO3/ICHCTBHIO, BO3HUKAIOIIEMY IIPH CXJIO-
IIbIBAHUH KABUTALIMOHHBIX My3bIPHKOB. JIleCTpyKIMs CMOJ M acabTeHOB IPHBOAUT K YMEHBIICHHUIO Pa3MEPOB CII0XKHBIX CTPYKTYPHBIX
eIMHMI] M, COOTBETCTBEHHO, CHIDKEHHUIO BA3KOCTH HE(DTAHOW AUCIIEPCHON CHCTEMBI, a MaclisiHas (hpaKuus IpH STOM oOorauaercs Ha-
CBIIIEHHBIMH YTIIEBOIOPOJAMH.

KnioueBble cnoea Moctynuna: 09.12.2024
THPOIMHAMUYECKAS KABUTALMS, HeQTh U HE(TENPOLYKThI, TPIMOTOHHbIN MasyT, AopaGoTaHa: 27.01.2025
acalbTe b, CIIOKHAs CTPYKTYPHas! €/IMHUIIA, TPYIIIOBOH COCTAB, BA3KOCTD MpuHsTa B neyats: 05.09.2025

Ang uMTMpoBaHns

Huxumun [1.B., [Temues b.B., Hukonaes A.W. BiusHue KaBUTAIIMOHHOTO BO3JICUCTBHS HA CTPYKTYPHBIC XapaKTEPUCTUKU ac(aabTeHOB
HedhTH. Tonkue xumuueckue mexronozuu. 2025;20(5):483—-496. https://doi.org/10.32362/2410-6593-2025-20-5-483-496

484 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):483-496


mailto:nikishin@mirea.ru
https://doi.org/10.32362/2410-6593-2025-20-5-483-496

Effect of cavitation on the structural characteristics
of oil asphaltenes

Denis V. Nikishin,
Boris V. Peshnev, Alexander |. Nikolaev

INTRODUCTION

One of the current priorities of the oil refining
industry is to increase the depth of oil processing,
which is achieved by improving the efficiency and
technological sophistication of the processing of
raw materials arriving at oil refineries. However, the
search for solutions to such problems is complicated
by the trend towards the extraction of heavier crude
oil fractions. Therefore, the development of methods
and technologies aimed at increasing the yield of light
petroleum products becomes a significant and relevant
task.

The scientific literature discusses several options
for increasing the depth of oil processing through
physical methods: using ultrasonic, hydrodynamic,
magnetic, electrohydraulic and other treatment
methods [1-5]. With each passing year, interest in
the application of such pre-treatment methods in oil
refining continues to grow. One of the most effective
processing approaches is based on the use of cavitation
phenomena [2].

Cavitation treatment involves creating conditions
under which cavitation bubble nuclei form, grow, and
subsequently collapse [6]. The result of the collapse
of an individual bubble is the emergence of extreme
pressures up to 1000 MPa and temperatures up to
5000 K in a localized area to release energy of about
2.5-1072J[7, 8]. As confirmed by experimental studies,
cavitation treatment of oil dispersion systems (ODS)
can lead to changes in their properties and hydrocarbon
composition [9-11]. However, the observed changes
described in the literature [10, 12—15] are not always
unambiguous: for example, in the study [13], it is
indicated that cavitation treatment led to a decrease in
the density of the raw material, while in the study [12],
it led to an increase. The viscosity of the oil system
after such treatment decreases [3, 5, 9, 16, 17], but then,
over time, it returns to values close to the initial ones,
although not reaching them [16, 17]. Such a change
in viscosity may indicate the destruction of the ODS
structure due to the disruption of intermolecular
interactions (2—10 kJ/mol), Van der Waals forces
(10-20 kJ/mol), and hydrogen bonds (20-160 kJ/mol)
of asphaltenes and resins, representing the least stable
and most high-molecular-weight components of the
oil system, to form supramolecular complex structural
units (CSU) [18, 19].

The CSU core consists of asphaltenes and resins
surrounded by a solvate shell of compounds whose
molecular weight decreases from the center to the
periphery to form a dispersed phase of the system
that has an interface with the dispersion medium. The
presence of resins and asphaltenes in oil and petroleum

products is an important factor that must be taken into
account in the processes of extraction, transportation,
and refining. At the extraction stage, they form
asphaltene-resin-paraffin deposits in collectors and
pipelines resulting in reduced throughput. Increased
viscosity of the oil as a result of resin and asphaltene
content increases transportation costs, while their
presence in high-temperature processes leads to
increased coking.

In studies [20, 21], the formation of cavitation
bubble nuclei is shown to be promoted by the
presence of a phase boundary. In the case of ODS,
such a boundary is formed between the dispersed
phase, which is composed of resins and asphaltenes,
and the dispersion medium. It can be assumed that
the cavitation bubbles are localized precisely at this
boundary. Therefore, as a result of bubble collapse, the
hydrocarbons forming the phase boundary—including
resins with asphaltenes—should be subjected to the
most intense thermal processing.

In this study, the structural changes of fuel oil
asphaltenes under the influence of hydrodynamic
cavitation are examined. The samples were studied using
methods of Raman spectroscopy and powder X-ray
diffraction.

EXPERIMENTAL

The object of the study is a sample of straight-run
vacuum residue obtained at the ELOU-AVT-6 unit of the
Gazpromneft-MNPZ plant (Moscow, Russia). Cavitation
treatment of the fuel oil was conducted in hydrodynamic
mode on the Donor-2 apparatus (Experimental Plant of
Scientific Instrumentation of the Russian Academy of
Sciences, Russia) [16] at a temperature of 50°C. The
pressure drop in the working part of the device was
50 MPa; the number of processing cycles varied from 1
to 10. In several publications, the addition of gaseous or
liquid components into the treated system is proposed
as a means to enhance the efficiency of cavitation
processing [18, 22-25]. In the current study, propane-
butane fraction (PBF) was used as such intensifying
components with the following composition (in vol %):
C,Hg ~ 15, C3Hg ~ 65, C,H,, ~ 20, and a decalin-
containing additive (hereinafter referred to as decalin)
with the following composition (in wt %): decahydro-
naphthalene (C,,H,)~83.0,bicyclopentyl (C,jH,¢)~5.5,
bicyclo[5.3.0]decane (C, H,¢) ~ 5.2. Identification was
carried out using gas chromatography-mass spectrometry
analysis. PBF was added by gas bubbling through the
sample layer with a gas flow rate of 75 and 225 cm*/min
for 30 min immediately before treatment.

Viscosity was determined using viscometers for
opaque liquids (EKROSKHIM, Russia) according to
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GOST 33-2016!. The group composition of the samples
was determined using the method described in study [26].
When precipitating asphaltenes, the mass ratio of the
sample to the solvent was taken to be 1 : 40. Asphaltenes
were precipitated for 24 h. The resulting solution was
filtered using a decolorized paper filter of the Blue Ribbon
brand (Melior XXI, Russia). The isolated asphaltenes
were washed from co-precipitated paraffins and resins in
a Soxhlet apparatus for 2 h with petroleum ether 40—70°C
(pure, EKOS-1, Russia) and dried in a laboratory vacuum
oven for 1 h. As an adsorbent in the column, silica gel
of the ASCG grade? (ChromLab, Russia) with a fraction
of 0.25-0.50 mm was used. Petroleum ether, toluene
(chemically pure, Base No. 1 for Chemical Reagents,
Russia), and isopropyl alcohol (chemically pure, Base No. 1
for Chemical Reagents, Russia) were used as solvents. For
the precipitation and washing of asphaltenes, as well as for
the isolation of saturated hydrocarbons, petroleum ether
was used; for the isolation of aromatic hydrocarbons—
toluene; for the isolation of resins—a mixture of toluene
and isopropyl alcohol in a 30 to 70 ratio. The volumetric
ratio of silica gel to sample was 100 : 1.

The asphaltenes extracted from the samples of fuel
oil were studied using powder diffractometry and Raman
spectroscopy. The following sample numbering is used
in the study: (1) asphaltenes extracted from the original
fuel oil; (2) asphaltenes extracted from the fuel oil after
cavitation treatment; (3) asphaltenes extracted from the
fuel oil after treatment (the fuel oil was purged with
PBF immediately before the treatment at a flow rate of
225 cm?/min); (4) asphaltenes extracted from a fuel oil
compound with decalin (at a concentration of 2 wt %)
after its treatment. In all cases, five cycles of treatment
were carried out.

The diffraction patterns of the isolated asphaltenes
were recorded at room temperature using an X-ray
diffractometer XRD 6000 (CuK,, radiation, wavelength
A = 0.1542 nm, Shimadzu Corporation, Japan) at angles
26 = 10°-80°. The speed of the goniometer rotation was
0.02°/s. The obtained diffractograms were processed in
the Origin software. For separating the obtained peaks,
Gaussian functions were used.

The Raman spectra of asphaltenes were obtained at
room temperature (20°C) using a Confotec Uno confocal
Raman microscope (SOL Instruments®, Belarus) in
the shift range from 400 to 4000 cm™'. At a radiation
power 10% of the maximum possible value (50 mW),
the wavelength of the radiation was 532 nm; the test
duration was 50 s. The obtained spectra were processed

1
dynamic viscosity. Moscow: Standartinform; 2017.

2 Activated silica gel, coarse-pored, granulated.

in the Origin software. To separate the obtained spectra
into peaks D1-D4 and G, Gaussian, Lorentzian, and
Voigt functions were applied (method 1) [27]. The
separation of the obtained spectra into their constituent
peaks was carried out using the method described in
study [28], in which the G peak (approximately at the
maximum position ~1580 ¢m™!) corresponds to the
presence of an ideal graphite structure (the response
is formed by the vibrations of carbon atoms with
sp? hybridization, forming the planes of condensed
aromatic layers), while the D peak (~1350-1370 cm™!)
corresponds to defects in the lattice of the ideal graphite
structure and its edges (method 2). While the assignment
of peaks SL (~1230 cm™'), VR (~1380 cm!),
VL (~1460 cm™!), GR (~1540 cm™), G2 (~1600 cm ™)
to various structural fragments is revealed in
studies [28-30], it was only possible to reliably interpret
the ratio of the integral intensities of the D and G peaks.

The structural parameters of asphaltenes were
determined based on the results of X-ray structural
analysis using formulas (1)—(8) [31, 32].

The distance between aromatic layers d  was
calculated using the Bragg—Waulf formula (1):

B A
m . B
2sin 0,

(M

where A is the wavelength of X-ray radiation, A; 0002 18
the angle corresponding to the maximum of the 002 peak,
degrees.

The distances between aliphatic chains or cycles dY
were calculated using formula (2):

A
¥ 2sin9y .

2

The average diameter of the aromatic layers L, was
calculated using formula (3):
092
¢ FWHM,,’
where FWHM |, (full width at half maximum) is the full
width of the halo at half its maximum height, measured
in units of (sin0)/A, degrees.
The average height of the stack of aromatic layers L
(crystallite size) was calculated using formula (4):
045
¢ FWHMy,’

3)

“)

where FWHM,y,, is the full width at half maximum of
halo 002, measured in units of (sinf)/A, degrees.

GOST 33-2016. Interstate Standard. Petroleum and petroleum products. Transparent and opaque liquids. Determination of kinematic and
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The average number of carbon atoms in the aromatic
layer C,  (au stands for atomic units) was estimated using
formula (5):

L, +1.23
au T e 5)
0.65
The average number of aromatic rings NO, in the
layer was estimated using formula (6):

L

a
= . 6
& 2667 ©

The average number of aromatic layers in the pack M
was estimated using formula (7):

L
M=—+1. (7)
m
The degree of aromaticity of asphaltenes f, was
determined using formula (8):

G ’ ®)
Y gy + 4,
where 4, and Ay are the areas of the 002 and y-band
peaks.

Based on the results of processing the Raman spectra
of asphaltenes, the parameters R, and R, were calculated
using formulas (9) and (10) [33] to assess the disorder of
their structure:

I
D1
G
I
D1
o= (10)
G D1

where I}y, and [ are the areas (integral intensities) of the
D1 and G peaks.

The evaluation of the aromatic layer diameter based
on the results of Raman spectroscopy (RS) LES (nm)
was conducted using formula (11) [27, 34]:

IRS = 44 (11)
ADI
The average number of aromatic rings in the
layer NO, based on the results of Raman spectroscopy
was estimated using formula (12) [27]:
RS
_Lp>-10

NO, =———. 12
2667 (12)

RESULTS AND DISCUSSION

Figure 1 shows the results confirming the information
about the reduction in the viscosity of the ODS due
to cavitation effects. The results demonstrate that the
number of processing cycles has a significant influence

on the rheological characteristics of the system. The
subsequent increase in viscosity aligns with previously
obtained results. As previously mentioned, the reduction
in the viscosity of petroleum products as a result of
cavitation treatment is associated with the destruction
of weak intermolecular CSU bonds. Over time, these
bonds are restored to increase CSU sizes, resulting in
an increase in viscosity. More importantly, the viscosity
does not return to its original values, which can be seen
as evidence of deeper changes in the CSU as a result of
cavitation, including intramolecular transformations of
resins and asphaltenes.

400
395

390

380

Kinematic viscosity at 50°C, mm?%c
(98]
[oe]
W

375

370 L L L L J

Number of processing cycles

Fig. 1. Effect of hydrodynamic treatment conditions
on the viscosity of straight-run fuel oil: (/) immediately
after treatment; (2) after 5 days; (3) after 20 days

The data given in Table 1 confirm the change in the
group composition of the fuel oil. It is evident that after
cavitation treatment, the content of asphaltenes and
resins in the sample decreased, while the amount of oil
fractions increased. This effect, which can be increased
by intensifying the cavitation process by saturating the
feedstock before treatment with PBF or adding decalin,
also increases the more PBF is introduced into the
system. A change in the composition of the oil fractions,
i.e., the ratio of saturated to aromatic hydrocarbons, was
noted. Following cavitation treatment in the presence
of an initiating agent (PBF or decalin), the content of
saturated structures in the oil fraction increased, while
the concentration of arenes decreased. This cannot be
explained by the introduction of saturated hydrocarbons
(decalin) into the sample, since the share of arenes in
the oil fraction decreased to 34.7-35.0 wt % following
the preliminary saturation of the fuel oil with PBF. Such
a change in the hydrocarbon composition of the object
under study can be explained by the destruction of
resins and asphaltenes during processing. For example,
the cleavage of alkyl substituents from the polycyclic
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core. One of the possible transformation mechanisms
in the asphaltene—resin—oil chain is considered in the
studies [35]. It is possible that the incomplete relaxation
of the viscosity of the fuel oil to its initial values
following treatment is related to the destruction of the
molecules constituting the CSU.

To confirm the hypothesis about the destruction of
resins and asphaltenes in oil under cavitation impact,
the asphaltenes extracted from the samples were studied
using powder diffraction and Raman spectroscopy
methods. Table 2 provides information on the structural
characteristics of asphaltenes.

When comparing the characteristics of asphaltenes
extracted from the original sample of fuel oil (sample 1)
with those of asphaltenes extracted from the fuel
oil after cavitation treatment (samples 2—4), several
changes can be noted. As a result of the treatment,
the average height of the aromatic layer stack L,
decreased, i.e., the size of the asphaltenes (CSU cores)
became smaller, and the degree of aromaticity f, of the
asphaltenes increased, thus confirming the assumption
of the detachment of alkyl substituents from them.
This also aligns with the data on the increase in the
parameter dy, which characterizes the distance between
alkyl substituents.

During cavitation treatment of fuel oil in the
presence of additives (PBF, decalin), the aromaticity
of asphaltenes (samples 3 and 4) increased even more,
while the average diameter of the aromatic layer L,
decreased. It should be noted that for asphaltenes, it is
more accurate to speak not of the size of the aromatic
layer, but rather of the size of the polycyclic layer
formed by condensed aromatic and naphthenic rings. It
is likely that in the case of samples 3 and 4, not only did
the cleavage of alkyl chains occur, but also the opening
of boundary saturated cycles with the subsequent
detachment of the formed alkyl substituents, i.e.,
a more profound destruction of the compounds. This
is consistent with the observed changes in group
composition (see Table 1). When processing fuel oil
compounded with PBF or decalin, a more significant
increase in oil content was observed compared to
processing without additives.

The described changes in the structural characteristics
of asphaltenes are confirmed by the results of Raman
spectrometry (Fig. 2, Table 3, Table 4).

Regardless of the method of processing Raman
spectra and the functions used, a general trend is
observed for asphaltene samples: an increase in the
intensity of processing the initial oil leads to a more

Table 1. Change in the group composition of the straight-run fuel oil sample after its cavitation treatment under various conditions

Cavitation treatment conditions*®
Fraction, wt % Initial sample With propane-butane fraction, mL/min
Without additives With decalin
75 225
Asphaltenes 4.4 3.7 2.1 0.5 1.5
Resins 13.3 12.0 9.6 7.6 12.0
Oils 823 84.3 88.3 91.9 86.5
* Five cycles of exposure.
Table 2. Changes in the structural characteristics of fuel oil asphaltenes after treatment under various conditions
Sample d.,A d, A L,A L,A C,, NO, M A
1 3.63 4.87 19.97 14.66 32.61 7.49 5.03 0.38
2 3.64 4.93 21.44 12.92 34.88 8.04 4.55 0.40
3 3.65 491 18.91 13.72 30.98 7.09 4.76 0.42
4 3.63 4.88 18.73 13.49 30.71 7.02 4.71 0.44
488 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(5):483-496
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Fig. 2. Raman spectra of asphaltenes processed according to the method [28]:
(a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4. The black line is the spectrum obtained experimentally; the red line is the curve
describing the spectrum; the lines of the remaining colors are curves obtained by spectrum decomposition

pronounced increase in the disorder of the asphaltene
structure, which is characterized by parameters R,
and R,. The increase in the values of parameters R,
and R,, as well as the intensity of peak D1 (see Table 4)
relative to other peaks, indicates the emergence of
additional defects in the structure of asphaltenes, which
confirms the assumption of their destruction during
cavitation processing.

It is significant that no significant changes in the
parameters R, and R, were observed during the processing
of fuel oil in the presence of decalin (sample 4, table 3).
This may be due to the fact that decalin, having a higher
boiling point compared to PBF (by 190-220°C), is less
prone to the active formation of cavitation nuclei and the
intensification of the process under cavitation treatment
conditions.

Table 3. Results of processing Raman spectra (RS) by various methods and functions

Sample R, R, LES, EiEA NO,
Method 1 [27]
Gaussian function
1 1.52 0.58 2.90 10.86
2 1.83 0.64 241 9.03
3 2.75 0.73 1.60 6.00
4 1.75 0.62 2.51 9.42
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Table 3. Continued

Sample R, R, Lljs, nm NO,
Lorentzian function
1 1.13 0.53 3.89 14.58
2 1.22 0.55 3.62 13.58
3 1.65 0.62 2.66 9.98
4 1.22 0.55 3.60 13.50
Voigt function
1 1.91 0.63 2.30 8.64
2 2.34 0.70 1.88 7.02
3 3.16 0.76 1.39 5.22
4 1.83 0.65 2.40 9.01

Method 2 [28]

Lorentzian function

1 3.11 0.76 1.42 5.31
2 3.29 0.77 1.34 5.01
3 3.79 0.79 1.16 4.35
4 3.39 0.77 1.30 4.87

Table 4. Analysis of the peaks of the first order of the Raman spectra of asphaltenes using various techniques and functions

sl sl | el t ol uns =
Method 1 [27]
Gaussian function
D4 1211 1242 271 357816 21.2
D1 1362 3394 188 679850 40.5
1 D3 1494 1471 99 155556 9.3
G 1581 4953 85 447654 26.6
D2 1665 665 57 40016 2.4
D4 1152 737 224 175558 12.7
D1 1363 3225 216 740574 53.8
2 D3 1478 492 68 35503 2.6
G 1576 3761 101 405487 29.5
D2 1674 372 47 18754 1.4
D4 1019 230 37 9116 0.9
D1 1357 2337 290 722131 72.0
3 D3 - - - - -
G 1578 2529 98 262872 26.2
D2 1674 204 42 9047 0.9
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Table 4. Continued

sl et | e ot ol s 7 %
D4 1188 1117 257 305144 17.1
D1 1360 3914 200 832291 46.7
4 D3 1497 1420 94 142759 8.0
G 1580 5199 86 475110 26.6
D2 1664 585 44 27671 1.6
Lorentzian function
D4 1236 1291 183 342872 18.9
D1 1348 3213 135 643801 35.4
1 D3 1471 1420 125 262639 144
G 1579 4963 76 568910 313
D2 - - - - -
D4 1229 914 200 262821 17.3
D1 1351 2693 143 568004 37.4
2 D3 1461 1107 136 221718 14.6
G 1579 3951 79 467266 30.7
D2 - - - - -
D4 1255 757 184 201775 18.0
D1 1364 2122 161 498641 44.6
3 D3 1510 757 103 116392 10.4
G 1581 2824 71 301695 27.0
D2 - - - - -
D4 1245 1472 178 379750 19.8
D1 1353 3485 137 706699 36.8
4 D3 1471 1427 121 255871 13.3
G 1577 5210 74 578393 30.1
D2 - - - - -
Voigt function
D4 1180 1111 227 339072 19.5
D1 1355 3663 192 758723 43.6
1 D3 1505 1653 111 195718 11.3
G 1583 4720 79 397212 22.9
D2 1662 681 66 47894 2.8
D4 1153 518 246 138946 9.5
D1 1363 3241 224 885906 60.6
2 D3 1491 611 76 49185 3.4
G 1581 3805 93 378077 259
D2 1680 220 40 9378 0.6
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Table 4. Continued

Position,

Intensity,

Area,

Sample Peak cm ! rel. units \lel(llflll’ rel. units Part, %
D4 - - - - -
D1 1361 2381 293 813860 76.0
3 D3 - - - - -
G 1580 2555 95 257397 24.0
D2 - - - - -
D4 1115 597 183 116732 6.3
D1 1353 4199 248 1109710 59.5
4 D3 1496 497 61 32397 1.7
G 1579 5268 93 605744 32.5
D2 - - - - -
Method 2 [28]
Lorentzian function
SL 1252 1545 268 649719 28.6
D 1350 2958 141 653498 30.5
VR 1439 1089 94 161356 7.7
1 VL 1502 864 83 112850 5.4
GR 1559 2596 64 262344 12.6
G 1587 2953 45 210196 10.2
G2 1617 1274 52 104211 5.0
SL 1221 843 246 325267 17.0
D 1352 3007 172 812491 44.0
VR 1443 824 90 116626 6.5
2 VL 1492 381 40 24135 1.4
GR 1549 1916 78 233752 13.1
G 1586 2864 55 246851 14.0
G2 1619 958 47 69986 4.0
SL 1240 765 251 301243 21.6
D 1350 2005 156 491390 36.8
VR 1437 723 115 131168 10.0
3 VL 1515 751 71 84750 6.5
GR 1559 1433 53 119445 9.3
G 1586 1872 44 129677 10.2
G2 1619 970 47 71379 5.6
SL 1246 1546 242 588545 24.5
D 1351 3508 151 830365 36.0
VR 1441 1143 88 157084 7.0
4 VL 1494 804 60 75508 3.4
GR 1537 1431 53 118196 5.3
G 1571 3048 51 245220 11.1
G2 1599 2983 60 283111 12.7
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CONCLUSIONS

The obtained results indirectly confirm the assumption
about the formation of cavitation bubbles at the
phase boundaries represented by CSU in oil and fuel
oil products. In this regard, the destructive impact of
the treatment is primarily directed at the components
forming the CSU. As a result of the destruction of
resins and asphaltenes, the group composition of the
fuel oil changes (the share of resins and asphaltenes
decreases, asphaltenes become more aromatic, and the
oil fractions are enriched with saturated hydrocarbons)
along with its rheological characteristics, which is
reflected in the reduction of viscosity. The reduction
in the size of the core forming the CSU means that
the viscosity characteristics of the system do not
return to their initial values even after the relaxation
of intermolecular interactions between the core and
the solvation layers. It is shown that the processes of
CSU destruction under cavitation impact are intensified
by the preliminary compounding of fuel oil with low-
boiling hydrocarbons.
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Abstract

Objectives. Ethylbenzene is an important intermediate for styrene production. Most of the ethylbenzene synthesized worldwide is used
to produce styrene, with smaller amounts used as a solvent or for the production of other chemicals. This article reviews contemporary
technologies for the production of ethylbenzene.

Results. The liquid-phase method of ethylbenzene production using zeolite-containing catalysts for alkylation and transalkylation
exhibits the highest efficiency and simplicity. In comparison with liquid-phase alkylation catalysts, e.g., aluminum chloride, zeolite-
containing catalysts demonstrate high activity, selectivity, stability, and resistance to impurities. In addition, they are non-corrosive,
environmentally friendly, regenerable, and have a prolonged cycle length between regenerations. More than half of the ethylbenzene
synthesized globally is produced by the Badger EBMax process using a catalyst based on zeolite of the MWW family (MCM-22). This
technology enables a low benzene to ethylene ratio (from 2.5 to 4), which reduces the benzene circulation rate, increases efficiency,
and reduces the column throughput for benzene extraction. The main part of contemporary research in the field of benzene alkylation
with ethylene into ethylbenzene is associated with the creation and use of zeolite-containing catalysts, which are solid porous systems
containing an active component and a binder. The active component is USY, beta, mordenite, ZSM-5, ZSM-11, ZSM-12, ZSM-23,
ZSM-35, ZSM-48, MCM-22, and MCM-49 zeolites. Among the preferred alkylation catalysts are Beta zeolite or zeolite of the
MCM-22 family. The binder is Al,O,, SiO,, or amorphous aluminosilicate. Current research also focuses on methods for creating
zeolite materials with an increased mesoporous surface area by treating the initial zeolite precursor using various technologies, including
combinations of acid treatment and surfactant treatment followed by alkaline solution treatment. Contemporary developments in the field
of domestic alkylation and transalkylation catalysts for ethylbenzene production are presented.

Conclusions. The production of ethylbenzene and the further development of technologies for obtaining catalysts for its synthesis are
highly promising and important directions in Russia. The technology of liquid-phase alkylation in the presence of contemporary highly
active zeolite-containing catalysts offers significant advantages.
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00630p cOBpeMEeHHbIX TeXHOJI0MMM
npousBoacTBa 3TUNOEeH30N1a

JI.A. Xaxun, C.H. IToranosa™, E.B. Koposes, C.M. Macoyx, J1.B. CBeTukon
000 «O6vedunennbvili yeHmp ucciedosanuil u paspabomoky, Mockea, 119333 Poccus

™ demop ons nepenucku, e-mail: PotapovaSN@rdc.rosneft.ru

AHHOTaUuS

Hean. Dtrndenson (35) — BakHBIH IPOMEKYTOUHBIH TPOAYKT JUIs MOITYyYESHUsI CTUpOIa. J{Jist IPON3BOCTBA CTHUPOIIA UCIIOIb3YeTCs
00IIbIIIast YacTh MPON3BOANMOTO B Mupe Ob. MeHsbliee ero KoJIM4ecTBo yrnoTpediseTcs B KadecTBe PaCTBOPHUTEIS HIIH ISl TIPOM3BOI-
CTBa JIPYIHX XUMHYECKUX BelecTB. Llenb naHHoM paboThl — IpoBecTH 0030p COBPEMEHHBIX TEXHOJIOTHI Ipou3Bo/cTBa Ob.

PesyabTarsl. [lokazaHo, 4To )HIK0(pa3HbBIH Ipolece monydeHuss Db ¢ HCIoNb30BaHNEeM [IEOTUTCOACPKAIINX KaTalH3aTOPOB IS al-
KHJIMPOBAHHS U TPAHCAIKHIIHNPOBAHHSA SIBIACTCS HauOoJee MepCIeKTUBHBIM MOJXOIOM K MPOHM3BOICTBY Db BeiencTBue MakCHMallb-
HOW TMPOCTOTHI U dPPEKTUBHOCTH. VICIoIbp3yeMble EOTUTCOACPKAIINE KaTalu3aTopPhl TI0 CPABHEHHIO C KUAKO(A3HBIMU KaTallu3aTo-
pamMu amKWIMPOBAaHUS, HAIIPUMED, XJIOPHUCTHIM ATIOMHHUAEM, OTIHMYAIOTCS BEICOKOH aKTHBHOCTBIO, CEIEKTHBHOCTBIO, CTA0MIBHOCTBIO,
YCTOMYMBOCTBIO K TIPHMECSM; KPOME TOTO, OHM HEKOPPO3MOHHOAKTHUBHBI, SKOJIOTHYHBI, PETCHEPUPYEMBI, XapaKTEPU3YIOTCSI BHICOKIM
MeXpereHepaloHHbIM TpoberoM. boree momoBuHB mpom3BoauMoro Db B mupe monmyvarot no TexHonornn EBMax ¢ ncmons3osa-
HHUEM KaTaJn3aTopa Ha OoCHOBe IeoinTa cemeiictBa MWW (MCM-22). TexHonorus mo3BojsieT UCTIONb30BaTh HU3KOE COOTHOIICHHE
OeH3o0ma K ATHIEHY (0T 2.5 1o 4), 9TO CHIDKAeT CKOPOCTh IUPKYISAIHA OeH30J1a, TTOBBIIIACT 3(P(QEKTHBHOCTD M CHUYKAET MPOITYyCKHYIO
CcrocoOHOCTh KOJIOHHBI TSl U3BJIeueHHs OeH30a. OCHOBHAS YacTh COBPEMEHHBIX MCCIIEIOBAaHUN B OONACTH TEXHOJIOTUH alKWIIUPOBa-
Hus OeH301a dTIieHOM B Db CBsi3aHa ¢ CO3MaHUEM U HCIIOIh30BAaHUEM IICOUTCOCPIKAIINX KaTATU3aTOPOB, PEICTABIISIONINX COO0M
TBEpAbIC TOPUCTHIE CHCTEMBI, COJIEPKAIIIE AKTUBHBII KOMITOHEHT U CBS3YIOIIEE BEIIECTBO. AKTUBHBIM KOMITOHEHTOM CITYKAaT [IEOIUTHI
USY, Beta, mopaenut, ZSM-5, ZSM-11, ZSM-12, ZSM-23, ZSM-35, ZSM-48, MCM-22, MCM-49. [Ipeano4ruTenabHbIe KaTaIN3aTOPHI
QIKIIMPOBAHMS BKIFOYAIOT 1eoiuT Beta mmm neomut cemeiictBa MCM-22. CBSA3YIONIMMHU BEIIECTBAMHE SIBIISIOTCS OKCH| alTFOMHUHUS
A1203, JIMOKCU]] KPEMHHUS SiO2 i amopdHBIH amomocuukar. COBpeMEHHbIE HCCIIeIOBAHMS TAKKE TIOCBSIIIEHBI CITIOCO0aM CO3TaHMs
[ICOIUTHBIX MaTePHAaJIOB, MEIONINX YBEIUYCHHYIO IUIOIIAIb ME30IIOPHUCTON MOBEPXHOCTH, ITyTEM PAa3IMIHBIX 00padOTOK MCXOIHOTO
LICOIUTHOTO MPEINICCTBCHHNKA, BKITFOYAIONINX KOMOWHAIINY KACIOTHON 00paboTKH, 00pabOTKH ITOBEPXHOCTHO-aKTHBHBIMH BEIIIECTBA-
MH C TIOCIIEAYIoIei 00pabOTKOH IIEIOYHBIM pacTBOpOM. [IprBeieHB COBpeMEHHbIE pa3paOboTKH B 0OIACTH CO3/IaHHS HOBBIX POCCHIA-
CKHX KaTaJH3aTOPOB aJKMIUPOBAHUS U TPAHCAIKHIHPOBAHUS I ToTydeHust Ob.

BeuiBoabl. [IponsBoactBo Db u nanpHelinnee pa3BUTHE TEXHOJIOTWU MOMYyYCHHS KaTalU3aTOPOB IS €r0 MPOU3BOACTBA HMEIOT BaKHOE
3HaueHne B Poccun u Oompioit notennuan. [lpenMymecTBoM 00aagaeT TEXHOIOTUS KUAKO(DAZHOTO ANKHIMPOBAHHS B MIPUCYTCTBUU
COBPEMEHHBIX BBICOKOAKTHBHBIX IICOTUTCOACPIKAIINX KaTAIN3aTOPOB.

KnioueBble cnosa Moctynuna: 13.11.2024
STHIOSH30II, CTUPOJI, ANKIIHPOBAHUE, TPAHCATKIINPOBAHUE, IICOTUTEI, Aopa6oTaHa: 17.01.2025
LEOTUTHBIE KATAIH3aTOPBI MpuHara B nedatb: 03.09.2025
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INTRODUCTION

Among numerous petrochemical processes, the synthesis
of ethylbenzene (EB) occupies one of the leading places,
since EB is an important intermediate for the production
of styrene. In 2023, the total global production capacity
of this chemical product amounted to 48 min t/year!,
continuing to grow rapidly at the level of 4-5% per year?.

The list of companies engaged in the
production of polystyrene through EB includes
Chevron Phillips Chemical (USA), LyondellBasell
(Netherlands), Honeywell (USA), Ineos
(UnitedKingdom), Dow Chemical (USA), DuPont(USA),
Shell (United Kingdom), TotalEnergies (France), Versalis
(Italy), and others. In Russia, EB production is carried
out by Sibur-Khimprom, Gazprom Neftekhim Salavat,
Nizhnekamskneftekhim, and Angarsk Polymer Plant;
however, the total capacity of EB production in Russia
reaches only about 860000 t/year (1.7% of the global
level) [1].

Altogether, there are 70 EB production plants in
the world, of which 17 operate on aluminum chloride,
a homogeneous catalyst, 28 use the gas-phase
technology with heterogeneous zeolite-containing
catalysts, and 25 apply a more contemporary liquid-
phase technology [2]. In Russia, some enterprises
continue to apply the alkylation of benzene with
ethylene according to the Monsanto—Lummus
method using homogeneous Friedel-Crafts
catalysts based on aluminum chloride, including
the Angarsk Polymer Plant (entered into operation
in 1977 with the plant capacity of 55000 t/year) and
Nizhnekamskneftekhim (entered into operation in
1977 with a capacity of 345000 t/year, designed by
Voronezh Branch of the Scientific Research Institute
for Synthetic Rubber (NIISK))3.

In addition to the main alkylation reaction, a number
of side reactions occur on aluminum chloride to produce
polyalkylbenzenes (di-, tri-, and tetracthylbenzenes).
They are used to obtain the target product by combining
the alkylation reaction with the transalkylation reaction.
The transalkylation reaction is reversible. Thus, after
isolation from the alkylate product, polyalkylbenzenes
are recycled to yield EB. However, the use of
aluminum chloride presents numerous technological,
environmental, and economic problems associated with

1

the high corrosive activity of aluminum chloride and its
toxicity, difficulties associated with its storage, use, and
disposal. Additional challenges are an insufficiently high
selectivity of the process (as a rule, the selectivity of the
alkylation stage is up to 70%) [3, 4] and a large amount
of wastewater, including acidic wastewater, resulting in
high costs for its purification.

A solution to the above technological problems of
the aluminum chloride-based liquid-phase alkylation
technology is the transfer of alkylation and transalkylation
stages to heterogeneous zeolite-containing catalysts.
Their use simplifies the EB synthesis and reduces the
costs involved in raw material preparation, washing
the reaction mass, and neutralizing acidic wastewater.
Moreover, it significantly reduces equipment corrosion.
At the moment, the use of zeolite-containing catalysts
for alkylation and transalkylation is the most promising
approach to the production of EB*?. Zeolite-containing
catalysts are stable, resistant to impurities, highly active,
selective, environmentally friendly, regenerable materials
with an extended cycle length. Their advantages also
involve the absence of waste and the possibility of using
carbon structural steel.

The installations based on a homogeneous catalyst
employ the liquid-phase alkylation technology, which
facilitates their transfer to a liquid-phase technology
based on zeolite-containing catalysts. With such
a transfer, part of the rectification equipment can be
released, which can be used in another similar process
for the rectification of flows [5].

The transition to zeolite technologies for the
synthesis of EB has already been implemented both
at Russian (Gazprom Nefiekhim Salavat in 2003 and
Sibur-Khimprom in 2010 [5]) and foreign enterprises.
Over 20 years, significant experience in working with
zeolite-containing catalysts has been accumulated.

Several years ago, a process for obtaining EB
by gas-phase alkylation of benzene with ethylene
over an EBEMAX-1 zeolite-containing catalyst
(Clariant, Switzerland) was introduced at the
Gazprom Neftekhim Salavat enterprise in Russia [6].
The process ensures the selectivity of EB formation in
the 87.4-91.0% range. However, the technology requires
elevated process temperatures (370—420°C), which
results in an increased energy consumption, an increased
yield of propyl and butylbenzenes (impurities), a lower

https://www.statista.com/statistics/1063696/global-ethylbenzene-production-capacity/. Accessed June 28, 2023.

2 ICB Americans Chemical Profile. 2007. URL: www.icis.com. Accessed May 16, 2024.

3 Russian Petrochemical Forum. Gas. Oil. Technologies. The 26th International Exhibition. May 22-25, 2018. Ufa.

May 05, 2024. (In Russ.).

Ethylbenzene. Suppliers handbook. Aboutcompanies.ru. URL: http://b2bpoisk.ru/mpoayxims/stunoenzon. Accessed May 05, 2024. (In Russ.).
Zamalieva R.R. Friedel-Crafts reaction. Great Russian Encyclopedia. URL: https://bigenc.ru/c/reaktsiia-fridelia-kraftsa-b039a3. Accessed
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yield of EB, and a shorter service life of the catalyst as
compared to that in the liquid-phase process.

In January 2022, the first industrial batch of the
Russian KT-GA-1 catalyst based on a zeolite of
the Mobil-type Five (MFI) family (Zeolite Socony
Mobil-5, ZSM-5%) was released for the process of gas-
phase alkylation of benzene with ethylene into EB. On
July 19, 2022, pilot tests of the catalyst were launched,
continuing up to the present day. During the first
year of operation, it became obvious that the Russian
catalyst was not inferior to its imported counterpart in
terms of all aspects. Thus, when using two catalysts—
foreign-made EBEMAX-1 and Russian KT-GA-1—
the concentration of EB in the EB rectified product
comprised 99.76% and 99.85%, respectively. The
selectivity of EB formation on the KT-GA-1 catalyst
was 86.9-90.4% [6].

A highly selective liquid-phase process for producing
EB using the EBMax technology (more than 99%)’
under a license from Badger Licensing (USA) has been
implemented in Russia by Sibur-Khimprom (capacity
230000 t/year). The technology employs ExxonMobil
zeolite catalysts containing zeolites of the MWW (Mobil
twenty-two)® family (MCM-22, Mobil Composition
of Matter No. 22). ExxonMobil (USA) maintains its
position as one of the leading suppliers of catalysts for
EB production in the world. Since 2001, almost two-
thirds of all new and revamped EB capacities have
been licensed by Badger Licensing and use ExxonMobil
catalysts. ExxonMobil catalysts used in the Badger
EBMax and Badger Vapor Phase® processes account for
more than 56% of the global EB production, exceeding
20 mlIn metric t/year.

Since 2023, Nizhnekamskneftekhim has been
upgrading its benzene alkylation unit with a transition
to a zeolite-containing catalyst and increasing the EB
capacity to 350000 t/year using the Lummus/UOP EBOne
technology. In 2021, Nizhnekamskneftekhim signed an
agreement with Lummus (USA) to license technologies
for the production of EB (EBOne) and styrene monomer
(CLASSIC SM). Efforts were implemented to reduce
byproduct formation by altering reaction conditions.

a synthetic zeolite belonging to the pentasil family.

However, only the advent of liquid-phase and mixed
technologies operating at temperatures below 270°C
made it possible to synthesize high-purity EB through
zeolite-catalyzed processes. EB-350/SM-400 units will
be launched simultaneously with a new EP-600-1 unit
(scheduled for early 2026).10-11,12

In this article, we set out to review and compare
contemporary technologies for the production of
EB, mainly liquid-phase technologies using zeolite-
containing catalysts.

1. EB PRODUCTION TECHNOLOGIES

The details of applying zeolite-containing catalysts
for EB synthesis involve the implementation of
alkylation and transalkylation reactions in separate
reactors. Zeolite-containing catalysts have been used
in EB production processes since the 1980s in the gas-
phase process and, since the 1990s, in the liquid-phase
process. Zeolite-containing catalysts were developed
by UOP (USA) and ExxonMobil (USA). Mobil-Badger
(USA) introduced the first gas-phase process for
benzene alkylation with ethylene using a catalyst
based on a medium-porosity zeolite of the ZSM-5 type.
However, due to the specific structure of this zeolite
and the need to overcome diffusion limitations, the
alkylation temperature exceeded 400°C.

The structure of this catalyst is characterized
by perpendicularly intersecting channels with five-
membered rings at the base. Zeolite ZSM-5 demonstrated
pronounced activity and resistance to deactivation with
coke in gas-phase processes. However, along with the
development of liquid-phase technologies, its use in
alkylation decreased due to insufficient activity and
a tendency to rapid deactivation. However, this catalyst
continues to be applied in gas-phase units, in particular,
at the transalkylation stage.

At present, EBEMAX-11 and EBUF-1 -catalysts
manufacturing by Clariant are used in gas-phase
alkylation, while EBEMAX-2 and EBUF-2 catalysts
are used for transalkylation. The patent [7] proposed
a method for producing a zeolite-containing catalyst for

ZSM-5 is a zeolite type according to the atlas of zeolites: Ch. Baerlocher et al. Atlas of Zeolite Framework Types. Elsevier; 2007. It is

7 Presentation of EQUATE Petrochemical Company. https://www.slideserve.com/laith-nunez/eb-plant-equate-petrochemical-company.

Accessed January 10, 2025.

MWW is a thin-layered (or lamellar) zeolite with a honeycomb-like structure.

https://www.exxonmobilchemical.com/en/catalysts-and-technology-licensing/benzene-alkylation/ethylbenzene-alkylation. Accessed January 09, 2025.

10" https://smart-lab.ru/blog/859787.php. Accessed May 17, 2023. (In Russ.).

Accessed May 17, 2023.

https://www.sibur.com/ru/press-center/news-and-press/sibur-postroit-dva-novykh-proizvodstva-v-nizhnekamske-/. Accessed July 02, 2025. (In Russ.).

https://www.ogj.com/refining-processing/refining/article/1420224 1/nknk-lets-contract-to-expand-existing-tatarstan-olefins-complex.
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the alkylation of benzene with ethylene in a gas-phase
process based on zeolite ZSM-5 without a binder.

It should be noted that the high temperature of gas-
phase alkylation promotes oligomerization, cracking,
isomerization, and hydrogen transfer reactions, thus
affecting the purity of the final EB. In addition, narrow-
and medium-porosity zeolites in the gas-phase process
for producing EB are characterized by accelerated
deactivation due to coke formation as a result of
deposition of large molecules on the active sites of the
zeolite. These molecules slowly diffuse from the porous
structure of the zeolite.

Other disadvantages of the gas-phase process are
related to low selectivity and low EB yield. Despite
the efforts made to reduce the formation of byproducts
in the gas-phase process by optimizing the reaction
conditions, it was only the development of liquid-phase
processes operating at temperatures below 270°C that
made it possible to efficiently produce high-purity EB
(99.9 wt %, with a toluene content of 450 ppmw, cumene
of 100 ppmw, diethylbenzene (DEB) of 5 ppmw, xylenes
of 10 ppmw). Having been developed in the 1990s, these
processes are offered today by leading licensors of EB
technologies (Badger EBMax, Lummus EBOne, and
Versalis). In order to overcome diffusion limitations in
the liquid-phase process, zeolite catalysts containing
wide-pore zeolites of the common Faujasite (FAU)
and BEA [4] structural types, or the more expensive
MWW are used.

Such zeolites possess 3D structures with a branched
system of cavities and channels, which improves
catalytic activity and reaction selectivity. Lewis and
Bronsted acid sites are present on the surface and in
the pores of zeolites. These sites play a key role in
alkylation catalysis and determine the efficiency of
catalysis in the target reactions. Therefore, particular
attention is paid to the number, accessibility, and
strength of acid sites.

The MCM-22 zeolite of the MWW structural type
is characterized by a large pore volume, high acidity,
good hydrothermal stability, and molecular sieve
properties that ensure high selectivity in alkylation
and transalkylation processes [8]. It exhibits a higher
selectivity than Beta zeolite, thus reducing the formation
of polyalkylbenzenes and heavy products.

In comparison with the gas-phase process, the
advantages of the liquid-phase process of benzene
alkylation with ethylene involve:

e reduced energy costs due to
temperatures;

e increased EB yield and selectivity of its formation;

e reduced byproduct yield;

e increased catalyst service life and long cycle length
between regenerations.

lower process

In the liquid-phase alkylation of benzene with
ethylene using zeolite-containing catalysts, along
with EB, the following byproducts are formed:
polyethylbenzenes (PEB), in particular DEB and
triethylbenzene (TEB), xylenes, and cumene. At
the transalkylation stage, DEB and TEB are almost
completely converted into EB, with only trace
amounts of DEB remaining in the product, which
are regulated. The content of xylenes and cumene
inseparable during rectification in the product is also
regulated.

The selectivity for EB in the liquid-phase process in
the presence of zeolite-containing catalysts (in particular,
Beta zeolite in the H-form) is at least 80% [4]. Moreover,
the additional stage of liquid-phase transalkylation
makes it possible to convert the remaining 20% of PEB
into EB.

In Russia, zeolite-containing catalysts and
technologies for the processes of benzene alkylation
with ethylene and benzene transalkylation with DEB
were initially developed by specialists of the Grozny Oil
Research Institute. Today, active work is underway at
the Institute of Petrochemical Synthesis of the Russian
Academy of Sciences and the Scientific and Technical
center of Gazprom Neftekhim Salavat [9]. In addition,
Zeolitika (Moscow) is creating new technologies for the
production of synthetic zeolites. The Boreskov Institute
of Catalysis of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk) actively conducts
research in the field of chemical catalysis and catalytic
processes.

The main part of contemporary research in the field
of benzene alkylation technology with ethylene into
EB is associated with the creation and use of zeolite-
containing catalysts, which are solid porous systems
containing an active component and a binder. The
active components are Ultrastable Y (USY) zeolites,
Beta, mordenite, ZSM-5, ZSM-11, ZSM-12, ZSM-23,
ZSM-35, ZSM-48, MCM-22, and MCM-49. The
preferred alkylation catalysts include Beta zeolite or
a zeolite of the MCM-22 family. The binder is Al,O;,
Si0,, or amorphous aluminosilicate. After mixing the
active component and the binder, granules are formed
from the resulting mass, which are then dried and
calcined. In some cases, the catalyst is then modified.
Typically, the zeolite content in the catalysts ranges
from 60 to 80 wt % [10, 11].

The works [12, 13] considered methods for creating
zeolite materials with an increased mesoporous
surface area compared to the precursor composition.
The catalyst precursor composition has a high degree
of crystallinity. The technology may involve treating
this composition with a surfactant under conditions
effective for creating or increasing mesoporosity
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in the catalyst precursor composition. Large pore
molecular sieves such as Beta zeolite, Zeolite Y,
USY, ultrahydrophobic Y (UHP-Y), dealuminated Y
(Deal Y), mordenite, ZSM-3, ZSM-4, ZSM-14,
ZSM-18, ZSM-20, and mixtures thereof can be used as
catalyst precursors.

Another class of molecular sieve materials that
may be present in the catalyst precursor composition
as an auxiliary component is the group of mesoporous
crystalline materials, e.g., MCM-41 and MCM-48
materials. The study [12] reported methods for treating
a zeolite material to increase its mesoporous surface area
using a combination of acid treatment and surfactant
treatment followed by treatment with an alkaline
solution.

The surfactant used may be of a cationic nature, e.g.,
comprising one or more alkyl trimethyl ammonium
salts and/or one or more dialkyl dimethyl ammonium
salts, or of a non-ionic nature. The examples of suitable
commercially available non-ionic surfactants include,
e.g., Pluronic™ surfactants (e.g., Pluronic™ P123)
manufactured by BASF Societas Europaea (Germany).

The acids used to treat the starting zeolite may be
any organic or inorganic (mineral) acids. The amount of
acid used in the treatment mixture may range from ~3
to ~6 mEq/g of the starting zeolite material, selected such
that the pH of the treatment mixture ranged within 3—4.
The mixture is then stirred for about 2 h. In addition,
the treatment mixture may be heated to a temperature of
from ~40 to ~80°C.

After treating the zeolite with the acid and surfactant,
a portion of the resulting surfactant-treated zeolite
material is recovered from the treatment mixture and
washed with deionized water one or several times.
Following recovery, the zeolite material is contacted
with a base. Suitable bases include NaOH, NH,OH,
KOH, Na,CO,, TMAOH, and mixtures thereof. In some
implementation variations, the base used may be in the
form of an aqueous solution having a concentration in
the range of 0.2—15 wt %. The amount of the base used
in relation to the initial amount of the starting zeolite
material ranges from 0.1 to 20 mmol per gram of the
starting zeolite material. The treatment of the surfactant-
treated zeolite material with a base can be carried out
under elevated temperature conditions, including
temperatures from ~50 to ~150°C for 1618 h.

After treatment with a base, the resulting mesoporous
zeolite material is isolated by filtration, washed,
and dried. The treated zeolite is then molded with
a commercially available alumina binder with a zeolite/
binder weight ratio of 65/35. The mixture is extruded
into 1/20-inch quadrilobes. The extrudates are dried in
a stream of nitrogen at a temperature of 482°C followed
by calcination at a temperature of 538°C in air.

It has been found that the treatment of zeolites
leads to the creation of catalytic compositions with an
increased mesoporous surface area, which allows the
transalkylation process temperatures to be decreases
and the catalytic activity of the catalysts to be increased.

A number of contemporary developments,
including those in Russia, in the field of improving
the process of liquid-phase transalkylation of
benzene with DEB are devoted to the creation and
use of zeolite [14, 15] and zeolite-containing [16, 17]
catalysts based on Zeolite Y. Thus, starting from 2013
and up to the present time, the KT-BS-1 catalyst,
a joint development of NTC Salavatnefteorgsintez
and the Institute of Petrochemical Synthesis of the
Russian Academy of Sciences (Moscow), has been
successfully operated at the Monomer plant of the
Gazprom Neftekhim Salavat enterprise. The KT-BS-1
catalyst is a deeply decationized Zeolite Y, containing
no binders. The KT-BS-1 catalyst is produced in
Russia (based on the set of necessary technological
equipment) only by the Ishimbay Catalyst Plant
(Ishimbay). The task of providing the necessary
conditions for the production of a catalyst for benzene
transalkylation with DEB to EB, comparable in
quality to the KT-BS-1 brand catalyst, but using
a fundamentally different technology, was set and
successfully solved at the Scientific and Technical
Center of Gazprom Neftekhim Salavat (hereinafter
referred to as the STC).

As an alternative to the catalyst for benzene
transalkylation with DEB of the KT-BS-1 brand, the
STC developed a catalyst granulated with a binder [ 18]
(hereinafter referred to as KT-SS). The -catalyst
contains 80 wt % of Zeolite Y in the acidic H* form
and 20 wt % of alumina as a binder. In comparison
with the zeolite KT-BS-1, the KT-SS catalyst is
obtained using the conventional technology for
producing zeolite-containing catalysts with a binder.
As a result, the catalyst has a developed secondary
porous structure which plays a transport role in the
supply of reactants to the active centers of the catalyst
and the removal of reaction products. In addition, this
catalyst can be produced in the required tonnage at
any catalyst factory in Russia. The developed catalyst
for the benzene transalkylation with DEB provides
DEB conversion at the level of 82—-83% with an EB
yield of 21-22 wt % based on the passed feedstock.
These indicators are comparable with the process
indicators when using the KT-BS-1 catalyst. In 2023,
a batch of the catalyst was produced and loaded into
the transalkylation unit of workshop No. 46 of the
Monomer plant.

The main contemporary technologies for producing
EB are presented below.
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1.1. Technip Energies/Badger
Ethylbenzene EBMax technology

In parallel with the development of the gas-phase
process for producing EB (since 1976) on the EM-3000
(ZSM-5) catalyst, Mobil-Badger (ExxonMobil-Badger)
developed a liquid-phase alkylation process under the
EBMax trademark. A significant advantage of this
technology consists in the use of a new MCM-22 type
zeolite developed by ExxonMobil, as a catalyst,
which surpasses zeolite Beta and zeolite Y in terms of
selectivity [19]. Today, the technologies developed
by Mobil-Badger account for about 55% of all EB
produced, with more than its half being produced
using the EBMax technology [20]. Since 1995, the
EBMax technology has been licensed 40 times, both for
new plants and for the expansion and reconstruction of
plants based on earlier technologies.!3

ExxonMobil is one of the leading suppliers of EB
catalysts in the world. Since 2001, nearly two-thirds

Table 1. Key parameters of the EBMax process and the catalysts used

of all new and revamped EB capacity licensed
by Badger has used ExxonMobil catalysts. As of
2017, ExxonMobil catalysts have been installed at
approximately 35 EBMax customers. This enabled the
construction of new plants, as well as the upgrading
and expansion of EB production capacity at the world’s
largest plants. ExxonMobil catalysts account for more
than 56% of the global EB production, exceeding
20 mln metric t/year, in the Badger EBMax (highly
selective liquid phase) and Badger Vapor Phase (gas
phase) processes.

The first commercial application of the process
commenced in 1995 in Japan. Initially, the
transalkylation process was carried out in the gas phase,
using the ZSM-5 zeolite catalysis, in a manner similar
to existing gas phase alkylation units.'* Later, following
the emergence of catalysts based on MCM-22 zeolite,
the process also became a liquid-phase one. Table 1
presents the main parameters of the EBMax process
and the catalysts used.

Catalysts
Key parameters Alkylation Transalkylation
Alkylation Transalkylation

Phase Liquid Liquid
Reaction temperature, °C 195-257 -
Temperature of the feed mixture at the 3 200
inlet to the transalkylation reactor, °C
Reaction pressure, MPa 34 3.1
Benzene/ethylene ratio (mol) 2.54 -

EM-3300 (1995); 15
Benzene/PEB ratio (wt) - 2.0 EM-3210/EM-3310 M;EI\I\/;I _2327 %0 it

(MSM-22 Zeolite) | (MSM-22 Zeolite)
Ethylene conversion, % 100 -
DEB conversion, % - 62
EB yield, wt % 99.5
EB purity, vol % min 99.8
Cycle length between catalyst More than 3
regenerations, years

13 https://www.badgerlicensing.com/sites/badger/files/2024-06/flysheet_ethylbenzene.pdf. Accessed January 10, 2025.

14 Koshkin S.A. Analysis and optimization of industrial technology for producing ethylbenzene on zeolite-containing catalysts. Cand. Sci. Thesis

(Eng.). Tomsk. 2017.

15 Previously, a gas-phase process on ZSM-5 zeolite was used.
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In the EBMax process, benzene is fed to the bottom of
a liquid-filled multi-bed reactor. Ethylene is fed together with
benzene at the reactor inlet and between the catalyst beds.
The PEBs, which consist mainly of DEB, are transalkylated
with benzene in a second reactor to form additional EB
(Fig. 1). A special feature of the EBMax technology is
the use of a catalytic reactive guard bed necessitated the
need to employ expensive ExxonMobil zeolite-containing
alkylation and transalkylation catalysts based on
MWW zeolite. These catalysts are sensitive to impurities of
catalyst poisons in the feedstock. The presence of a highly
selective catalyst based on MCM-22 in the technology
allows the benzene to ethylene ratio to be decreased (from 2.5
to 4). This reduces the benzene circulation rate, increases
efficiency, and reduces the throughput of the benzene
extraction column. More than half of the EB produced in the
world is obtained using the EBMax technology.

The cost of the steam produced in the process usually
covers energy consumption and additional material costs.
About 95% of the cost of EB production includes the cost
of raw materials, with the remaining 5% being associated
with energy and other costs [21]. Benzene accounts for the
largest share of the cost of raw materials. In this context,
the cost of EB production mainly depends on the price of
benzene.

1.2. Lummus/UOP EBOne technology

The Lummus/UOP EBOne technology was first
commercialized in 1990 by Nippon Steel Chemical

Company, Japan. The liquid-phase EBOne process uses
a UOP zeolite-containing fixed-bed catalyst with a cycle
length between regenerations of three to five years. This
eliminates the need for regeneration equipment. The
process requires low capital investments, provides high
yields, and is energy-efficient. The formation of xylene
impurities is virtually eliminated, which results in EB
of excellent quality. The regenerated catalyst shows an
efficiency equal to fresh catalyst, which is commercially
proven. There are more than 45 projects worldwide
with a capacity of 100000 to 1250000 t/year calculated
for EB.

The catalysts have undergone multiple regenerations
without losing their mechanical strength or process
characteristics. Q-Max catalysts are described in
patents [22-24]. Initially, a Y-type zeolite was used
at the alkylation stage. An USY-type zeolite was
used at the transalkylation stage [11]. The technology
development resulted in the use of new catalysts for
alkylation and transalkylation catalysis under the trade
names of UOP EBZ-500 (based on Beta zeolite) and
EBZ-800 (based on USY zeolite) in 1996. Later, in the
2000s, UOP introduced a more contemporary alkylation
catalyst, EBZ-800TL based on UZM-8 zeolite of the
MWW structural type [25].

Table 2 presents the currently existing EB
production plants operated based on the EBOne
technology.

The process flow diagram of the EBOne process is
shown in Fig. 2.

Off-gas

Ethylbenzene

i
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N

Benzene

B e
Ethylene

Di- and triethylbenzenes

Bottom
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Benzene Reactive Alkylation Transalkylation

drying guard bed reactor reactor

Fig. 1. Process flow diagram of the Badger EBMax process [19]
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Table 2. Existing EB production plants using EBOne technology [26]

Company Location Capacity, t/year Start
Carbon Holdings Ain Sokhna, Egypt 424000 2020
Tianjin Bohua Chemical Development Co. Tianjin, China 530000 2019
PetroChina Jilin (No. 2) Jilin, China 342000 2012
CNOOC/Shell Nanhai B.V. Huizhou, China 640000 2006
PetroChina Daqing Dagqing, China 95400 2005
Asahi Kasei Corporation Mizushima, Japan 360000 2005
719000 2011
SECCO (BP-SPC) Shanghai, China (695500) 2009
(535000) 2005
Synthos Litvinov (Kaucuk) Litvinov, Czech Republic 300000 2004
LG Chem I and 11 Yeosu, Republic of Korea 536472 2003
Asahi Kasei Corporation Mizushima, Japan 355000 2003
LyondellBasell (ARCO Chemical) Maasvlakte, The Netherlands 726000 2003
Repsol Tarragona, Spain (223888) ;888
SADAF (Styrene II Project) Al Jubail, Saudi Arabia 530000 2000
Trinseo (Styron, Dow/BSL) Bohlen, Germany 355000 1999
PT Styrindo Mono Indonesia (SM No. 2) Merak, Indonesia 212000 1999
IRPC (TPI) Rayong, Thailand é?gggg) ?g;g
PetroChina Jilin (JCI) (No. 1) Jilin, China (}82888) fgg;
Tabriz Petrochemical Co. Tabriz, Iran 106000 1998
BASF-Sinopec YPC Company Nanjing, China 130000 1998
Sinopec Maoming Maoming, China 106000 1996
Shell Chemicals Seraya 1 Singapore 360000 1996
Denka (Chiba Styrene Monomer) Chiba, Japan 265000 1994
Taiyo Oil Company (Mitsui Toatsu Chemicals) Ube, Japan 288000 1993
é\g\fﬁﬁn;)Monomer (Nippon Steel Chemical Co.) Oita, Japan 212000 1990
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The EBOne process is essentially identical in design
to the EBMax technology. It uses two reactors: one for
benzene alkylation and one for DEB transalkylation.
The reactors operate near the critical temperatures of
the reaction mixtures to maximize EB yield.

The liquid-phase alkylation reactor comprises
several zeolite catalyst beds operating adiabatically.
The process conditions are selected such that to
maintain the alkylation reaction mass in the liquid
phase. Benzene is used in excess, and ethylene is
introduced before each bed, which improves selectivity
and increases the service life of the catalyst. Ethylene
reacts completely in the alkylation reactor, thus leaving
only inert components (ethane, etc.). These inert
components pass through the reactor and are removed
from the unit. The transalkylation reactor, similar in
design to the alkylation reactor, also consists of several
beds of zeolite catalyst. The conditions are also selected
to conduct a liquid-phase process. The alkylation and
transalkylation effluents are fed to a benzene column,
where benzene is collected to the reactors as the top
product for recirculation. The bottom part of the
benzene column is fed to an EB column, where the
product EB is obtained at the top. The distillation
residue is withdrawn to a PAB (polyalkylbenzenes)
column, from which DEB and TEB are withdrawn
from the top as transalkylation feedstock. PAB resin is
obtained from the bottom and is further used for fuel
needs. The reboilers of the distillation columns can
use hot oil, high-pressure steam, or direct heating. The

overhead vapors are condensed in waste heat boilers to
form industrial steam.

Actypical range of operating parameters for the EBOne
process and the catalysts used are given in Table 3.

The EBOne technology is highly flexible. An
increase in the efficiency of the process to about
70% can be achieved without economic losses.
After reaching the 70% range, some losses in energy
efficiency may be appeared in the distillation section.
However, the reaction system efficiency can be at least
50% without any adverse technological or economic
consequences.

1.3. CDTech EB technology

CDTech EB is an advanced technology developed by
Catalytic Distillation Technologies Inc (CDTech) that
produces high-purity EB from ethylene and benzene
using a patented catalytic distillation process. The
CDTech EB process flow diagram differs from EBOne
technology only in the alkylation reactor system (Fig. 3).

The CDTech EB process is based on a patented
catalytic distillation concept that combines the
catalytic reaction and distillation in a single operation.
Gaseous ethylene is introduced into the bottom of each
reaction zone (either directly or via the overhead of
the benzene column). The reaction takes place in the
catalytic zones of the reactor, while distillation occurs
throughout the column, which results in a counter-
current of vapor and liquid throughout the reactor.

Ethylbenzene
rJﬂ 1 o Y
\'f/ N
)
L_/ L_/ & —/ L —/ Bottom
Ethylene residues
Benzene Di- and triethylbenzenes

Alkylation reactor ~ Transalkylation

reactor

Fig. 2. Process flow diagram of the UOP EBOne process [25]
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column
Fig. 3. Process flow diagram of the CDTech EB process [26]
Table 3. Key indicators of the EBOne process and the catalysts used
Key indicators of the process Catalysts
Phase Liquid Alkylation Transalkylation
Reaction temperature, °C ~270
Alkylation temperature difference
at the input and output, °C 200-270
Reaction pressure, MPa (excess) 3.0-4.0
Alkylation, benzene/ethylene ratio 2.0-4.0 EBZ-800TL EBZ-100
(mol) o based on UZM-8 zeolite!© based on Zeolite Y
Tra}nsalkylatlon , benzene/PAB 2.0-4.0
ratio (mol)
EB yield, wt % 99.8
EB purity, vol % min 99.8%
Cycle length between catalyst More than 3
regenerations, years
16 UZM is a UOP zeolite material.
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The reaction products are continuously removed from
the catalytic zone by distillation, while any unreacted
materials and other light components are removed from
the top. The heat of the reaction is immediately removed
due to evaporation of benzene, which allows the column to
operate isothermally at the optimum reaction temperature.
Ethylene vapor is introduced into the reactor at several
points, coming into contact with liquid benzene entering
from above. After that, the vapor is absorbed into the liquid
phase. At equilibrium, most of the ethylene remains in
the vapor phase. When a small amount of ethylene in the
liquid comes into contact with the catalyst, it immediately
reacts to form EB. This moves the ethylene concentration
in the liquid phase away from equilibrium. The need for the
vapor—liquid equilibrium results in “injection” of ethylene
from the vapor phase into the liquid phase, thus restoring
equilibrium. The alkylator can be designed to convert
virtually all of the ethylene feedstock or only its part. In the
latter case, an additional alkylator is provided to complete
the ethylene conversion. Unreacted ethylene and benzene in
the alkylator overhead are condensed and forwarded to an
additional alkylator to ensure complete ethylene conversion.

The catalytic distillation column combines the
alkylation and rectification processes in one stage.
Alkylation occurs isothermally at reduced temperatures
and pressures. In the catalytic distillation column, the
products are removed from the reaction zone. These
factors limit the formation of byproducts and increase
the yield of the target product and its purity. Low
reaction temperatures and pressures also reduce capital
costs, increase plant safety, and minimize fugitive
emissions. The multiphase environment of the catalytic
distillation column maintains an extremely low ethylene
concentration in the liquid phase (<0.1 wt %) due to its
high volatility compared to benzene.

Configuring the EB synthesis unit as a catalytic
distillation unit (instead of a separate alkylator and
transalkylator) does not automatically result in a greater
process efficiency. In order to achieve the desired
efficiency, careful design of the reaction and separation
conditions is required.

Since 1990, the CDTech EB technology has been
selected for six projects worldwide. As shown in Table
4, three plants are currently in operation. The largest
CDTech EB unit developed to date has been using
a highly dilute ethylene feedstock containing less than
40 mol % of ethylene (the remainder consists primarily
of hydrogen, methane, and ethane). Such a stream
can be the products of the catalytic cracking process,
which, according to the process thermodynamics, are
characterized by a low yield of ethylene.

The CDTech EB process uses a specially developed
zeolitic alkylation catalyst based on Y zeolite loaded into
a catalytic distillation column. The catalyst is packed in
specifically designed bags made of steel mesh and glass
fiber fabric. The unique structure of the bags provides
them with the necessary void fraction to allow steam to
flow upward through the reactor. The glass fiber packing
acts as a barrier preventing direct contact of the steam
with the catalyst. The bags are approximately 30 cm in
diameter and height, being easy to handle during loading
operations. The CDTech proprietary bags containing
the alkylation catalyst are stacked inside the alkylator
similarly to the mode of structured packing (Fig. 4).
This allows the alkylation reaction and distillation of the
reactants and products to occur simultaneously. Multiple
beds of stacked bags are used. The catalyst lifecycle is
estimated to be over two years based on pilot tests (6000 h
of continuous operation). At the same time, the high yield
(99.7 wt %) and quality of the obtained EB (99.5 wt %)
are maintained throughout the entire run [27].

The typical operating range for the CDTech EB
process is shown in Table 5.

Thus, the low benzene/ethylene ratio makes the
described process suitable for the reconstruction of
obsolete plants. Among other things, it increases the
capacity for EB production. The ratio of low process
temperatures, pressures, as well as the simplicity and
possibility of using carbon steel equipment makes
this technology attractive in terms of minimal capital
costs for construction as compared to competitors.

1.4. Versalis technology

Versalis offers contemporary technologies for producing
EB on the basis of zeolite-containing PBE-1 (Polimeri
Europa Beta zeolite!”) catalysts for alkylation and PBE-2
for transalkylation based on Beta zeolite in the H-form.
The technology has proven reliable following testing
on an industrial scale at an EB plant with a capacity of
650000 t/year successfully launched in 2009. Versalis
catalysts are described in the patent [28].

Specific features of the Versalis technology include
the presence of primary benzene purification units to
remove catalytic poisons, as well as preliminary mixing of
benzene and ethylene (before the alkylation reactor). This
increases the yield of target products. The catalyst used
reduces the formation of ethylene oligomers and coke at
high activity. This allows the process to be carried out
under mild conditions, i.e., a temperature of 170-230°C
and a relatively low pressure of 1-2 MPa. The benzene to
ethylene ratio is at least 2 mol [11].

17" The Eni’s chemical division, formerly Polimeri Europa, rebranded as Versalis.
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Table 4. Existing installations for producing EB using CDTech EB technology
Company Location Capacity, t/year Start
S-Chem (JCP Company) Al Jubail, Saudi Arabia >770000 2008
INEOS Styrolution .
(Nova Chemicals Corp.) Sarnia, Canada 477000 1998
Petroquimica Argentina SA. (PASA) Puerto San Martin, 140000 1997
Argentina
f’){ Blowing-off
Benzene
Ethylene
—_—]
Ethylbenzene
Fig. 4. Catalytic distillation column for EB synthesis [27]
Table 5. Operating range of the CDTech EB unit
Parameter Value
Alkylation, benzene/ethylene ratio (mol) 2.04.0
Transalkylation, benzene/PAB ratio (mol) 2.0-4.0
Alkylation temperature range, °C 200 top, 240 bottom
Alkylator pressure, MPa 2.0-2.5
Ethylene consumption, kg/kg EB 0.264
Benzene consumption, kg/kg EB 0.738
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The advantages of the Versalis technology are:

e high selectivity (at least 80%) and catalyst stability;

e high purity of EB (99.98%));

e 100% ethylene conversion and a total EB yield
of 99.7% with an insignificant content of xylene
byproducts (less than 10 ppmw);

e case of operation;

e use of carbon steel;

e low capital investments and plant maintenance costs;

e casy handling of fresh catalyst and spent catalyst;

e catalyst regeneration intervals from 2 to 7 years;

e extended catalyst service life (up to five regenerations
without performance degradation);

o cfficient and reliable fresh benzene treatment to
protect the catalyst from nitrogen contamination;

e low environmental impact;

e 1o acid waste stream and minimal gas emissions.
The PBE catalyst preparation procedures allow

for optimum non-zeolitic porosity values, which

increases the catalyst stability and reduces its
deactivation rate.

The Versalis process does not generate liquid waste
or gas emissions, with the exception of oil-containing
water and vacuum pump vent emissions. The spent
catalyst can be recycled after several regenerations.

The Versalis process flow diagram is shown in Fig. 5.

The Versalis technology includes adiabatic alkylation
and transalkylation reactors with fixed catalyst beds,
where the alkylation reactor contains several catalyst
beds with fractional ethylene feed and is equipped with
external intra-bed refrigerators to remove the exothermic
reaction heat. The system for separating commercial EB
and byproducts is virtually identical to that in the EBOne
technology.

CONCLUSIONS

Ethylbenzene is a high-tonnage and high-margin product
of petrochemical synthesis with a stable demand in the
external and internal markets. More than 99% of EB is
used in the production of styrene, a raw material for the
production of polystyrene, ABS plastics!®, and synthetic
rubbers.

The presented review of contemporary technologies
for the production of EB (Badger EBMax, UOP EBOne,
Versalis, CDTech EB) shows the liquid-phase technology
using contemporary zeolite-containing catalysts to be the
most promising option at the present stage.

In comparison with the gas-phase process, the
advantages of the liquid-phase process of benzene
alkylation with ethylene include reduced energy costs
due to relatively low process temperatures (below

Ethylbenzene
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—
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Benzene 5 Di- and triethylbenzenes
Alkylation reactor Transalkylation Benzene Ethylbenzene Polyethylbenzene
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Fig. 5. Process flow diagram of the Versalis process [28]

I8 ABS is an acrylonitrile butadiene styrene plastic.
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270°C), reduced byproduct yield, increased EB yield,
increased service life and inter-regeneration cycle of the
catalyst. More than half of the EB produced in the world
is obtained according to the EBMax technology using
a catalyst based on an MWW family zeolite (MCM-22).
This technology enables a low benzene to ethylene ratio
(from 2.5 to 4), which reduces the benzene circulation
rate, increases efficiency, and reduces the throughput of
the benzene extraction column.

Zeolite-containing catalysts are highly active, stable,
environmentally friendly, and regenerable as compared
to liquid-phase alkylation catalysts (aluminum chloride).
The use of such catalysts simplifies the process of
preparing raw materials and designing the equipment.

The conventional technology for producing EB
based on AICI, does not provide adequate efficiency in
converting benzene into EB. This is reflected in low raw
material utilization rates, the formation of a large amount
of highly polluted wastewater, and high corrosion.

Contemporary research in the field of benzene
alkylation technology with ethylene into EB is associated
with the creation and use of zeolite-containing catalysts
as solid porous systems containing an active component
and a binder. The active component is USY, Beta,
mordenite, ZSM-5, ZSM-11, ZSM-12, ZSM-23,
ZSM-35, ZSM-48, MCM-22, and MCM-49 zeolites.
The preferred alkylation catalysts include Beta zeolite or
a zeolite of the MCM-22 family. The binder is AL, O,,
SiO,, or amorphous aluminosilicate. After mixing the
active component and the binder, the resulting mass
is used to form granules followed by their drying and
calcination. In individual cases, the catalyst can then be
modified. Typically, the zeolite content in the catalysts
ranges from 60 to 80 wt %.

Anumber of works have described various approaches
to treating the original zeolites with the purpose of
increasing their mesoporous surface area. This allows
the transalkylation process temperature to be reduced
and the catalytic activity of the resulting catalysts to be
increased.

In 2022, the first industrial batch of the KT-GA-1
catalyst based on a zeolite of the MFI family (ZSM-5)
for the process of gas-phase alkylation of benzene with
ethylene in EB was released in Russia. Pilot industrial
tests of the catalyst commenced on July 19, 2022,
continuing up to the present time. The first year of

operation showed the Russian catalyst to be equivalent
to its imported counterpart in all respects.

Contemporary developments in the field of catalysts
for the process of transalkylation of benzene with DEB,
including Russian ones, are devoted to the creation and
use of zeolitic and zeolite-containing catalysts based on
a FAU type zeolite (Zeolite Y).

The KT-BS-1 catalyst has been successfully
operated in Russia at the Monomer plant of
Gazprom Neftekhim Salavat starting from 2013 and
up to the present time. This catalyst was developed
jointly by STC Salavatnefteorgsintez and the Institute
of Petrochemical Synthesis of the Russian Academy of
Sciences (Moscow) on the basis of a deeply decationized
Zeolite Y without binders. In addition, as an alternative
to the catalyst for benzene transalkylation with DEB,
KT-BS-1, the STC developed the KT-SS -catalyst
granulated with a binder: 80 wt % of Zeolite Y in the
acidic H" form and 20 wt % of an alumina binder. The
advantage of the KT-SS catalyst over the zeolitic KT-BS-1
is that the manufacture of the former uses conventional
technology for producing zeolite-containing catalysts
with a binder. As a result, the catalyst exhibits a developed
secondary porous structure, which plays a transport role
in the supply of reactants to the catalyst active centers as
well as in the removal of reaction products. In addition,
this catalyst can be produced in the required tonnage at
any catalyst factory in Russia.

Thus, the advantages of the liquid-phase alkylation
technology in the presence of contemporary highly active
zeolite-containing catalysts make it the most preferable
option in terms of minimal capital costs for construction
as compared to other technologies for producing EB.
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Abstract

Objectives. High-entropy alloys (HEAs) represent a novel class of metallic materials known for their exceptional mechanical and
corrosion-resistant properties. This study investigates the effects of equal channel angular pressing (ECAP) on the microstructure, tensile
strength, and corrosion behavior of an equiatomic FeNiMnCr alloy.

Methods. The alloy was synthesized via arc melting, homogenized, and subjected to up to four ECAP passes at 400°C. Phase
composition was analyzed using X-ray diffraction, while microstructural features were examined using scanning electron microscopy
and transmission electron microscopy. Mechanical properties were evaluated based on Vickers microhardness and tensile testing, while
corrosion resistance was assessed in a 3.5% NaCl solution using potentiodynamic polarization.

Results. The results indicate a significant grain refinement, an increased hardness and strength (by 1013 MPa), and an improved corrosion
resistance of the alloy after ECAP processing.

Conclusions. The study demonstrates that ECAP is an effective method for enhancing the performance of FeNiMnCr HEAs. This makes
it promising for use in nuclear energy, medicine, and aerospace industry.
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HAYYHAA CTATb4A

BnvsHue paBHOKaHaNbHOIO YyrjioBOro rnpeccoBaHus
Ha NPOYHOCTHbIE U KOPPO3UOHHbIE CBOMUCTBA
BbICOKO3HTponunHoro criiaea FeNiMnCr

A.M.M. Agyaiism™, K.M. Hecrepos, P.K. Uciamranues

Ypumceruii ynusepcumem nayxu u mexuwonoeutt, Y¢pa, Pecnyonuxa Bawkopmocman, 450076 Poccus

™ demop ons nepenucku, e-mail: adhamabuayash4@gmail.com

AHHOTaUus

Hesn. Vccnenosare BIMsIHEE paBHOKaHAIBHOTO yriioBoro npeccopanust (PKYII) Ha cTpyKTypy, IPOYHOCTH 1 KOPPO3HOHHBIC CBOICTBA
cmiaBa FeNiMnCer.

Metoapl. CTpyKTypHBIE XapaKTePHCTHKN H3y9IaIUCh C MTOMOIIBIO PEHTIeHO(a30BOT0 aHATIHN3a U MEKTPOHHOW MUKPOCKONHH (scanning
electron microscopy, transmission electron microscopy). MexaHn4ecKkie CBOHCTBA OIIEHHBAINCE IO MUKPOTBEPAOCTH U HCIBITAHHUSM Ha
pacTsDKeHHe, KOPPO3HOHHAsE CTOMKOCTh — MOTEHIIHOANHAMIYeCKIM MeTozioM B 3.5% pactBope NaCl.

PesyabTarsl. Yeranosneno, yto PKYII npuBoanT K 3HAYUTENEHOMY M3MENBICHHUIO 3epHA, yBeIHueHHIo mpoynocTa (1o 1010 Mlla) u
CHIDKCHMIO TUIOTHOCTH KOPPO3HOHHOTO TOKA, YTO TOBOPUT 00 YIYHIICHUHU [TACCUBHPYIOIINX CBOHCTB TOBEPXHOCTH.

BeiBoabl. PKYII noBeimaer mpoyHOCTh M KOPPO3HOHHYIO CTOWKOCTH CIIaBa, YTO AETAET €ro MepCreKTUBHBIM JUI IPUMEHEHNUS B sep-

KniouyeBbie cnoea

TepMHUYecKas CTAOMIBHOCTh, KOPPO3HOHHAS CTOMKOCTh

Anga uuTnpoBaHusa

BBICOKO?HTPOITUIHBIN CIIJIaB, pABHOKAHAIBHOE YITIOBOE IPECCOBAHNUE, TIPOUHOCTH,

HOU OHEPreTUKE, MEAULINHE U ABUALIMOHHO-KOCMHUYECKON TMPOMBIIITIEHHOCTH.

MocTtynuna: 06.10.2024
Aopa6oTaHa: 18.04.2025
MpuHara B neyatb: 11.09.2025
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INTRODUCTION

High-entropy alloys (HEAs) constitute a novel class
of metallic materials characterized by the presence
of five or more principal elements in near-equiatomic
proportions [1-4]. This unique compositional strategy
often results in exceptional mechanical strength and
corrosion resistance, making HEAs a subject of extensive
global research. Despite their promising properties,
many HEAs suffer from limited strength, which restricts
their practical applications. To overcome this limitation,
various processing techniques can be employed to
enhance the mechanical properties of such alloys.

The conventional approach to creating new structural
materials involves selecting one main element as a
matrix and its further alloying to obtain the desired
combination of mechanical and/or technological
properties. Recently, a new approach to creating
multicomponent alloys containing several elements in
nearly equiatomic concentrations has been proposed.
In comparison with traditional alloys, these alloys are

characterized by higher mixing entropy values, hence the
name HEAs. The increased entropy in HEAs is explained
by the maximum mixing entropy between dissolved
components upon their equiatomic concentration. As a
result, single-phase solid solutions with simple body-
centered cubic (BCC) or face-centered cubic (FCC)
lattices are formed in several HEAs. Depending on
the chemical composition, HEAs can demonstrate
enhanced functional properties, such as hardness, wear
resistance, thermal stability, corrosion resistance, and
superplasticity [5—-10]. Meanwhile, methods of severe
plastic deformation (SPD) offer additional possibilities
for regulating the functional properties of metals and
alloys by forming an ultrafine-grained structure. SPD
methods are known to be capable of reducing the grain
size to less than 300 nm in various metals and alloys [11],
while the use of heat treatment (HT) on ultrafine-grained
samples can further increase their strength and endurance
limit. The high mixing entropy of elements in the alloy
is considered a measure of the probability of maintaining
their system in this state. This ensures an increased
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thermal stability of the phase composition and structural
state, along with the mechanical, physical, and chemical
properties of the alloy. Thus, HEAs demonstrate the
potential for forming and maintaining a multielement
solid solution both immediately after crystallization
and during subsequent thermomechanical treatment,
acquiring unique combinations of characteristics [5—10].

A number of reviews [1-4, 12] present the research
results on the structure and properties of HEAs; however,
they mainly provide experimental data for coarse-grained
and cast samples. One work reported the use of SPD for
AICrFeCoNiCu HEAs, but considered only structural-
phase transformations during deformation processing.

The emerging interest in the application of SPD
methods has not bypassed HEA materials, promising
to enhance their functional properties. However, many
HEAs contain Co in significant concentrations, which
is undesirable for their use in nuclear reactors from the
perspective of neutron activation and radiation waste
management. Therefore, a new single-phase FeMnNiCr
alloy with Co replaced by Mn, showing significant
radiation resistance, has recently appeared [13]. Among
HEAs, the FeNiMnCr system is known to form a
stable FCC structure and to exhibit a good balance of
strength, ductility, and corrosion resistance. However,
further enhancement of its properties is essential for
advanced engineering applications. Equal channel
angular pressing (ECAP), a severe plastic deformation
technique, offers a promising approach to improving
the mechanical and corrosion characteristics of alloys
without altering their chemical composition.

In this study, we aim to evaluate the influence of
ECAP processing on the structural, mechanical, and
corrosion properties of the FeNiMnCr alloy.

EXPERIMENTAL

The investigated HEA had a nominal composition of
Fe, Niy,Mn,Cr,, which was selected due to its single-
phase FCC structure as well as promising mechanical and
corrosion properties. The alloy was synthesized by arc
melting of high-purity elemental metals (purity > 99.9%,
University of Missouri, USA) in an argon atmosphere using a
nonconsumable tungsten electrode (USA). To ensure chemical
homogeneity, the ingot was remelted at least five times and
flipped between each melting cycle. The final as-cast ingots
were subjected to homogenization at 1100°C for 12 h in an
evacuated quartz tube, followed by water quenching.

The billets (cylinders 20 mm in diameter and 100 mm
in length) were processed via ECAP using a die with an
internal channel angle of 120°, following the Bc route.
Processing was conducted at 450°C for up to three
passes to refine the microstructure and enhance strength.
The deformation speed was approximately 1 mm/s.

The chemical composition of the alloy was confirmed
by energy-dispersive X-ray spectroscopy (EDS).
The phase composition was analyzed using X-ray
diffraction (XRD) wusing a Bruker D2 Phaser
diffractometer (Bruker AXS GmbH, Germany) with
CuK radiation (0.154 nm) over a 26 range of 20°-100°,
both prior to and following ECAP. The analysis of XRD
patterns was carried out using the Rietveld method
implemented in the MAUD software package (University
of Trento, Italy). The microstructure was studied using a
TESCAN MIRA scanning electron microscope (SEM)
(TESCAN ORSAY HOLDING, Czech Republic) and a
JEM-2100 transmission electron microscope (JEOL,
Japan) with an accelerating voltage of 200 kV, equipped
with an attachment for EDS analysis, with special
attention to grain size and phase distribution.

Mechanical  properties were evaluated via
microhardness testing by a Micromet 5101 device
(Buehler, USA) (100 g load, 10s dwell time) and
tensile tests at room temperature (the range of 20-25°C
(293-298 K)) with a strain rate of 1073 (testing machine
Instron 8801 — [Instron, USA / United Kingdom).
Corrosion resistance was assessed using potentiodynamic
polarization in 3.5 wt % NaCl solution at 37°C using an
R-5X electrochemical station (Elins, Russia). Electrode
potential measurements were conducted for 2 h to achieve
a steady-state value. Potentiodynamic polarization (PDP)
was performed across the range from —600 to +400 mV
relative to the open circuit potential at a scanning rate of
0.25 mV/s. A silver/silver chloride electrode filled with a
3.5 M KCl solution was used as a reference. The counter
electrode was a graphite rod. PDP results were calculated
using the Tafel method. Polarization resistance Rp was
calculated from the slope of the polarization curve
+10 mV relative to the free corrosion potential.

RESULTS AND DISCUSSION

Figure la shows the alloy structure in the initial state,
which is characterized by large grains with an average
size 0of 290 um. According to EDS analysis, the chemical
composition of the alloy contains Fe = 30.93 wt %,
Ni=31.18 wt %, Mn =29.57 wt %, and Cr = 8.32 wt %.
In addition, segregations of Ni and Mn atoms near the
grain boundaries are observed (Fig. 1). At the same
time, there are also particles of NiMn precipitates in
the grains, mainly of a globular shape with an average
size of ~23 pum (Fig. 1b). EDS analysis showed that
the content of Cr atoms in both triple junctions and
particles was significantly lower, while the content of
Mn and Ni was significantly higher, in comparison with
the equilibrium content of these elements in the studied
alloy Fe 30 wt %-Ni 30 wt %—Mn 30 wt %—Cr 10 wt %
(points 1 and 2, Figs. 1b).
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Fig. 1. EDS image of the initial alloy microstructure: (a) elemental distribution in the initial state; (b) elemental analysis at the triple
junction (point 1) and in the MnNi particle (point 2)
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Thermal stability studies showed the ECAP sample
to exhibit the highest microhardness of 3500 MPa
(Fig. 2), which was 80% higher than that of the sample
in its initial state. The high thermal stability up to a
temperature of 600°C is apparently due to conducting the
ECAP deformation processing of the alloy at an elevated
temperature of 450°C followed by annealing at 550°C
(ECAP450°C+HT550°C).

4000 HCAP
E 3500
) 3000
Q
< 2500
5 "
% 2000 Initial
8 1500 M—W
Z 1000

500

0

20 200 300 350 400 450 500 550 600 650 700

Temperature, °C

Fig. 2. Microhardness dependence on annealing temperature

o i

; v ] it
Mic|HV [ Mag |Image Type| Focus Value |Zoom|Spot

(©)

+—100 nm —t ]

In the sample subjected to ECAP+HTS550°C
processing, the transmission electron microscopy
images revealed the presence of separate regions with
elongated grains with a width of 0.3—0.5 um and a length
of 0.5-1.5 pum, within which an increased dislocation
density was observed (Fig. 3).

X-ray diffraction (XRD) patterns of the FeNiMnCr
alloy in the as-cast and ECAP-processed states are
shown in Fig. 4. Their analysis showed that, both in
the initial state and after the ECAP450°C+HT550°C
treatment, the sample contains the FCC phase
FeNiMnCr and the secondary phase MnNi (Fig. 4).
The reflections of these phases are highlighted in Fig. 4
by blue rhombs and red squares at the bottom of the
XRD patterns. After ECAP processing, the FCC phase
remained dominant; however, the peaks became broader
and slightly shifted. Peak broadening is associated with
a significant grain refinement and the accumulation of
internal lattice strain due to severe plastic deformation.
No new phases or intermetallic compounds were

Mic|HV [ Mag |Image Type| Focus Value |Zoom| Spot

———500nm ——— |

Mic|HV [ Mag |Image Type| Focus Value |Zoom| Spot

—100nm— ]

‘ Fig. 3. Various regions in the alloy structure after ECAP+HTS550°C, observed by a transmission electron microscope:

(a, c) bright-field image; (b, d) dark-field image
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‘ Fig. 4. X-ray diffraction patterns

detected, confirming the structural stability of the alloy
under ECAP conditions.

The lattice parameter of the as-cast alloy (3.6158 A)
was calculated using the Bragg equation and was found
to increase slightly after ECAP (3.6211 A), which
may be attributed to the redistribution of interatomic
distances along numerous grain boundaries due to local
strains.

The experimental data from tensile tests were used
to construct graphs showing the dependence of strain
on stress, as presented in Fig. 5. Prior to testing, the
initial and ECAP samples were additionally annealed
at temperatures of 450°C and 550°C, respectively,
to relieve internal stresses. The tensile tests of the
ECAP+550°C sample established the ultimate tensile
strength to be 1013 MPa, which increased by more than
2.5-fold compared to that in the initial sample (377 MPa)
annealed at 450°C. Meanwhile, the elongation of the
initial sample was 63%, whereas it was much lower for
the ECAP sample, at the level of 3.6%.

Figure 6 shows the results of electrochemical tests in
the form of polarization curves.

1000

800

ECAP450°C+HT550°C
600

Initial

Stress. MPa

400
200

0
0 10 20 30 40 50 60

Relative elongation, %

Fig. 5. Results of tensile tests

ECAP450°C+HT550°C

Initial
ECAP450°C

Ecorr, V vs Ag/AgCl

log/corr, A-cm™

Fig. 6. Polarization curves obtained from electrochemical tests.

E_,. is an open-circuit potential; /. is the lowest corrosion

current

The table presents the corrosion parameters of the
samples calculated based on electrochemical tests and
corresponding polarization curves.

Table. Corrosion parameters

Sample Ec\(}rr, AI%J?I;Z OhIIIali')(,tm2
Initial+450°C o i?lléofg—j; 1(1)52;0140ﬁ
ECAP450°C o ﬁlz;o[gi 1344:0:;;
CApisoCrapsorc | 0300 128710 02 | 2131012
oo | St | S
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It can be seen from the table that processing
conditions have a significant effect on the open-
circuit potential (£, ). A higher E__ value indicates
surface passivation, while a lower value indicates
surface activation. Among the HEA samples,
the ECAP sample showed the highest corrosion
resistance (the lowest corrosion current /). After
additional annealing at 550°C (Table), the corrosion
current slightly increased, although remaining
lower than that in the initial state. The decrease in
corrosion current and the increase in polarization
resistance (R ) after ECAP processing compared to
the initial sample indicate better surface passivation
in the ECAP samples during testing. Additional HT
of the ECAP samples at 550°C led to the preservation
of the corrosion current and open-circuit potential at
the corrosion resistance level of the ECAP sample,
and the maintenance of polarization resistance at the
level of the initial samples. It can be assumed that the
passive film formed on the surface of the ECAP HEA
samples exhibits a greater adhesion to the crystal
lattice defects in the form of grain boundaries with
respect to the initial state. For comparison, Table
also shows the corrosion parameters of AISI 304L
stainless steel tested under identical conditions. This
steel demonstrated a significantly lower corrosion
current and a higher polarization resistance compared
to the HEA samples, indicating a more passivated
surface than the other samples. AISI 304L stainless
steel was tested also under 3.5 wt % NaCl solution
with potentiodynamic polarization in [14]. Overall,
it should be noted that in the studied HEA, grain
refinement by ECAP increases the ultimate tensile
strength by more than 2.5 times, while maintaining
corrosion resistance at the level of the initial samples.

In order to further understand the enhancing effect of
ECAP on the mechanical and corrosion properties of the
FeNiMnCr HEA, an additional analysis was conducted.

The increase in ultimate tensile strength and
microhardness observed in ECAP+550°C samples is
primarily attributed to the significant grain refinement
resulting from severe plastic deformation. Transmission
electron microscopy confirmed the presence of ultrafine
elongated grains and high dislocation density, both of
which contribute to strengthening via grain boundary
strengthening and dislocation interaction mechanisms.
The increased dislocation density enhances strain
hardening and impedes dislocation motion, thus leading
to elevated strength.

The corrosion behavior is also positively influenced
by the ECAP process. The refinement of grain structure
results in a higher density of grain boundaries, which
are known to serve as preferential sites for passive
film nucleation. This likely improves the adhesion

and stability of the protective oxide layer, thereby
reducing the corrosion current density and increasing
polarization resistance. This is consistent with the
results reported in recent studies [15, 16], which also
observed improvements in corrosion resistance due to
fine microstructural features.

Our findings align with [17], which emphasized
the importance of phase composition and deformation-
induced effects in enhancing the mechanical performance
of HEAs. However, our study uniquely demonstrates
these improvements in a cobalt-free FeNiMnCr system,
which is particularly relevant for radiation-sensitive
environments.

Improved characteristics of ECAP samples of HEA
are of interest for the development of technologies
for producing materials with optimal performance
characteristics  for  operation under elevated
temperatures and aggressive environments in nuclear
power engineering, in the aerospace industry, for the
manufacture of parts with high strength and thermal
stability, as well as in medicine, due to good corrosion
resistance and biocompatibility.

CONCLUSIONS

The Fey(NiyMn,Cr,, HEA demonstrates remarkable
enhancements in both mechanical and corrosion
properties when subjected to ECAP. The experimental
results revealed that the ultimate tensile strength of
the alloy increased from 377 MPa in its initial state to
1013 MPa after ECAP and subsequent HT, while its
microhardness improved by 80%, reaching 3500 MPa.
Additionally, the corrosion resistance of the alloy
remained robust, with the ECAP samples exhibiting
a lower corrosion current and higher polarization
resistance compared to their initial state, indicating
improved surface passivation.

These improvements are primarily attributed to the
formation of an ultrafine-grained structure and increased
dislocation density, which enhance strength through grain
boundary and dislocation strengthening mechanisms.
The refined grain structure also promotes the formation
of a more stable and adherent passive film, contributing
to improved corrosion resistance.

Furthermore, the cobalt-free composition of the
alloy and its demonstrated stability under thermal and
corrosive conditions render it a promising candidate
for applications in the nuclear industry, chemical
processing, and marine environments where high
strength and corrosion resistance are critical under
extreme conditions.

These results confirm that precise thermomechanical
treatments of HEAs, such as FeNiMnCr, can enhance
their performance for critical applications in industries
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where materials are exposed to extreme conditions. Our
findings emphasize the potential of tailored processing
techniques in improving HEA properties for advanced
engineering applications.
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