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Objectives. Over the last few years, medicinal chemistry research has been focusing on the
creation of molecules that can target particular body systems, organs and tissues, thus abating
systemic toxicity and side effects, and, most of all, boosting therapeutic potential. This goal can
be achieved through the specific interaction of such drugs with active sites of cellular receptors.
For example, glycoprotein receptors that can be found on cellular surfaces in neural tissues
and liver parenchyma, selectively bind various glycoproteins and glycosides, facilitating their
penetration into cells. This review describes how certain parameters of ligand structure (the
nature and length of the spacer between carbohydrate and non-carbohydrate fragments of the
molecule, number of carbohydrate residues per molecule, etc.) influence the penetration efficiency
of synthetic glycoconjugates into liver cells.

Methods. This review article summarizes 75 research papers and discusses data from in vitro
and in vivo experiments showing which structures of synthetic carbohydrate derivatives are
optimal for targeted drug delivery into liver cells.

Results. The surface of liver cells (hepatocytes) contains a significant number of asialoglycoprotein
receptors (ASGP-R) that are almost never found elsewhere. This makes ASGP-R an ideal target for
the directed treatment of liver diseases, including such difficult, socially important conditions as
hepatocellular carcinoma and Hepatitis C. A number of various ligands and targeted (to ASGP-R)
delivery systems have been designed. Such molecules always contain derivatives of mono- and
disaccharides, most commonly D-glucose, D-galactose, D-lactose and N-acetylglucosamines. This
review contains the chemical structures of carbohydrate-based ligands.

Conclusions. Glycolipids based on D-carbohydrates, when in liposomes, facilitate penetration
into liver cells by a receptor-mediated, clathrin-dependent endocytosis mechanism that is
activated upon contact of the carbohydrate-containing ligand fragment with the active site of
ASGP-R. It can be addressed by the use of monovalent derivatives of carbohydrates as well
as polyvalent glycoconjugates. Alterations in the ligand structure and the number of liposomal
modifications can boost the therapeutic effect. The distance between the liposomal surface and
the carbohydrate residue (spacer length), as well as the hydrophilic-lipophilic balance of the
ligand molecule, have a great effect on the affinity and cellular response.

Knroueenwle cnoea: glycoconjugates, asialoglycoprotein receptor, receptor-mediated endocytosis,
targeted delivery, liver cells.
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CTpyKTypHBbIE 0COOCHHOCTH CHHTETHYECKUX INIMKOKOHBIOTaTOB
U 3P (PeKTUBHOCTHb UX B3aUMOAEHCTBUSA € [NIMKONPOTEHHOBBIMHU
peLenTopamMy Ha MOBEPXHOCTH renarouuToB

A.C. Hocora®, Y.A. ByzaHnogBa, I0.A. Ce0akuH

MHP3A — Poccuiickuil mexHono2uueckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL
umeHu M.B. Aomorocosa), Mockea 119571, Poccust
@Aemop ons nepenucku, e-mail: c-221@yandex.ru

Ienu. IlocnedHue HeECKONbKO Jlem UCCied08aHust 8 obnacmu MeOUYUHCKOT XuMuu yoensirom
6oibuloe 8HUMAHUE CO30AHUI0 MONEKY, HANPABIEHHO 8030elicmayouiux Ha KOHKpemHble Cu-
cmembl Op2aHU3MA UEeSI08EKA, OP2aHblL U MKAHU, UMO noMo2aem CHU3UMb obuiee morcuueckoe
go30elicmaue npenapamo8 HA UX 0CHO8E, YMEHbULUMb CMmeneHb NPOosi8aeHUsl NOGOUHbLX Ighgherc-
mos, a camoe 21a8Hoe — MHO20KPAMHO YCUAUMb UX mepanesmuueckuil agpgpekm. Omo morxkem
6bimb 0ocmMuzHYmMO NPU NOMOULU cneyuguueckozo gzaumoodelicmsausi NOOOGHbLX geuiecms ¢ aK-
MUBHbIMU UEeHMPAMU KAemOoUuHblX peyenmopos. Hanpumep, K1acc eAUKonpomeuHo8sblx peyen-
mopos, PAacnonazaroUiUXcst HO4 NOBEPXHOCMU KIemoK Hep8HOU MKAHU U NApeHXUMblL NeueHU,
CeleKMuUBHO Ces3bledem pa3UuUUHble 2/IUKONPOMeEeUHbl U 2/IUK03UObL, CnocoOCm8Ysl UX NPOHUK-
HO8eHUI0 8HYMpb KlemoK. B 0630pe pacemompeHo 8nusiHue maKux ocobeHHocmell cmpyKkmypbl
AU20HO08, KAK NPpUpooa U ONUHA C8s3Youiezo0 38eHa (cneticepa) meskoy yane8o0HOol U Heyanego0-
HOU uacmsamu MONEKYAbl, KOAUUECMBO Y2le800HbIX 0CMamikog 8 cocmaee 00HOU MONeKYabl, a
maioKe psda Opyaux, Ha I¢hheKmusHOCMb NPOHUKHOBEHUSL CUHMEeMUUECKUX 2TUKOKOHbI02amoe8
8 K/lemKu neueHu.

Memoowsl. B 0630pe npoaHaiusupoeaHo 75 nybaurxauuil u 0606ueHbl pesyibmamol Ucciedo-
8aHUl, 8 KOMOPbIX C NOMOWDBIO in Vitro U in Vivo 9KCNEepUMEeHmMo8 YCmaHa8AUBAemces, KaKas
cmpyKkmypa UCKYCCMEEHHO CUHMEe3UPOBAHHbBLX NPOU3BOOHbIX Y2n1e80008 oKaxcemcst Haubosee
ONMUMANLHOU Ol HANPA8NeHHOU 00CMAa8KU JeKapCmeeHHbLX cpedcma 8 KiemKu neueHu.
Pesynemameut. Ha nogepxHocmu eenamoyuumos (K1emok neueHu) 8 6oabuom Koauuecmeae npeo-
cmaessieH acuanoznuxkonpomeurHosslit peyenmop (ASGP-R), komopblii noumu He ecmpeuaemcsi
Ha Opyeux munax Kiemorx, umo oesnaem e20 UOealbHbiM PeUenmopom-MUULEHbIO 0151 HaNnpae-
JIEHH020 JleueHusl 3a601e8aHUll NeUeHU, 8 MOM UUC/Te MAKUX MPYOHO U3SAEUUMBLX COUUATLHO
3HauUUMbLX 3a601e8aHUT, KAK 2enamoyetionspHas kapyuHoma u ezenamum C. Pazpabomat psio
Pa3Ho00pa3HbLX AU2aHO08 U cucmem HanpaesieHHoU docmasku kK ASGP-R. Taxue monerxysol 065
3amenibHO umerom 8 cocmaee NPou3eo0HbLe MOHO- U OUCAXAPUO08, UAULe 8Ce20 NPUMEHSIIOMCSL
D-znroroza, D-zanaxmosa, D-naxkmosa u N-ayemunenorxosamuHsl. B 0630pe npugoosamcest npume-
Pbl XUMUUECKUX CmMpYKmyp Yanee00Cc00epAAULUX TUAHOO8.

BarnrouenHue. I'nuxonunudsl Ha ocHoge D-yeneeodog8 e cocmage JAUNOCOM obecheuusarom ux
NPOHUKHOBEHUE 8 K/IeMmKU NeueHU N0 MeXaHU3MY peyuenmop-onocpedo8aHH020 KAAmpuH-3a8u-
CUMO020 9HOOUUMO3A, KOMOPbLU aKMmusupyemest npu KoHmakKkme yaiegoocooepiauieti uacmu au-
2aHOa ¢ akmugHbim yeHmpom ASGP-R. [TokazaHo, umo 07151 9Mo20 MOAHO UCNOIb308AMb KAK MO-
Ho8AleHMHble NPOU3BOOHbLE Y2/1e80008, MAK U NOAUBATEHMHblE 2IUKOKOHbIo2ambl. Bapvupyst
cmpyKkmypy Au2aHO0a U KOAUYecmao 006asasiemsblx K AUNOCoMe MOOUPUKAYUULL, MOIKHO 00CMUUb
Haubonbwezo mepanesemuueckozo acpgexma. Bonvuwoe senusHue Ha agppuHHOCMb U KAemou-
Hblll 0meem 0Kda3bl8AM PACCMOsIHUE OM NO8EPXHOCMU JIUNOCOMbL 00 Ya/1le800H020 0CMmamKa
(Onuna cneticepa) u 2u0POPUNLHO-TUNOPUNLHBLIL OANAHC MONEKY 6L AULAHOA.

Keywords: 2nuKorxoHbloeamol, ACUAI02TUKONPOMEUHO8bLU peuenmop, peyenmop-onocpedo8a-
HbLll 9HOOUUMO3, HANPABIEeHHASL 00CMA8Ka, KiemKu neueHu.

Jlna yumuposanusn: Hocosa A.C., Bynanosa Y.A., Ce0sikun FO.JI. CTpyKTypHBIE 0COOEHHOCTH CHHTETHYECKHUX TITUKOKOHBb-
10raToB ¥ 3(Q(HEKTUBHOCTD MX B3AaUMOJCHCTBUSI C TIHKOTPOTEHHOBBIMHU PELIETITOPAMH Ha MOBEPXHOCTH TEMATOINUTOB. TOHKUE XUMU-
yeckue mexrvonoeuu. 2019;14(5):7-20. https://doi.org/10.32362/2410-6593-2019-14-5-7-20
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Novel pharmaceutical approaches in the design
and development of medications are expected to lead to
a rise in revolutionary drugs with high bioavailability,
biocompatibility and efficacy, and low toxicity. One of
the ways to solve the existing difficulties in drug design
is the creation of nanoparticles that carry low yet efficient
doses of medication. The great variety of nanosized
delivery systems allows us to design therapeutic
complexes with the required characteristics. A number
of in vitro and in vivo studies have shown that liposomes
(lipid vesicles with a two-layer membrane) possess all
the necessary features to deliver any type of medication.

The liver’s role in the metabolism of toxic
substances implies that its cells (hepatocytes) are often
affected by drugs, microbes and toxic molecules, which
may lead to a number of liver diseases. Such diseases
are the fifth most common cause of death. Hepatocellular
carcinoma (HCC) is the fifth most common neoplasm in
the world, and the third most deadly type of cancer [1,
2]. HCC development is driven by two major types of
the hepatitis virus, Hepatitis B and Hepatitis C (HBV
and HCV, respectively). Approximately 2 billion people
across the world are infected by HBV and 320 000 cases
are fatal every year [3], whereas 170 million people
in the world are infected by HCV [4, 5]. Since HCC
and other liver diseases, such as fibrosis and cirrhosis,
mainly affect hepatocytes [6], the targeted delivery of
therapeutics directly to these cells seems to be a most
logical approach. In order to develop a hepatocyte-
targeted delivery system, an asialoglycoprotein receptor
(ASGP-R) [7] was selected as a target receptor. It is often
found on the surface of hepatocytes but not as much on
the membranes of other cells.

Today, research is focusing on the establishment of
optimal glycolipid structures that will give liposomes
“targeting” features. Several systems of gene delivery
that are based on such ligands have shown exciting
clinical results, attracting the attention of the scientific
community and demonstrating the prospects of
nanotherapeutics.

Structure and functions of the asialoglycoprotein
receptor ASGP-R

ASGP-R, also known as the “Ashwell-Morell
receptor,” was the first mammalian cellular lectin
discovered in the 1960s, during studies on the metabolism
of plasma glycoproteins [8, 9]. The main function of this
receptor is binding to cellular fibronectin, prothrombin
components, liver lipoproteins and immunoglobulin A
(IgA). The role of ASGP-R is to mediate the homeostasis
of serum glycoproteins by balancing between binding to
and the endocytosis of a wide range of glycoproteins that
bear galactose residues or N-acetylgalactosamine at the
termini [10]. These glycoproteins undergo endocytosis

through clathrin-presenting areas, after which they
are transported into lysosomes for acidic degradation.
ASGP-R is widely present on the surface of parenchymal
liver cells, making up to (1-5)x10° of binding sites per
cell [11]. Apart from this, the interaction of the receptor
with cellular components of pathogens is a major reason
for the generalization of certain liver diseases, particularly
those caused by hepatitis viruses A and B, as well as the
Marburg virus [12-15].

Mammalian ASGP-R consists of two homologous
polypeptide subunits, main and auxiliary that are encoded
by two genes [13, 16]. In humans, the main subunit H1
and the auxiliary subunit H2 are 46 and 50 kDa in size,
respectively. Each subunit is a transmembrane C-type
protein, with a short N-terminus in the cytoplasm; an
internal part that runs throughout the membrane; and a
C-terminus with a Ca*-dependent domain responsible
for carbohydrate recognition, on the outer side of the
membrane [17]. Combinations of different subunit ratios
lead to functional homo- and heterooligomers with
different receptor configurations. It has been established
that the most common configuration is the conjugate
of two H1 subunits and one H2 subunit (Fig. 1). This
conjugate shows the highest affinity to the ASOR ligand
(asialo-orosomucoid) that binds to ASGP-R, similarly to
lactoferrin — serum glycoprotein [11, 18].
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Fig. 1. Schematic depiction of ASGP-R that showing
a heterooligomer made up of two H1 subunits
and one H2 subunit. The figure shows the spatial
arrangement of the receptor’s binding sites [19].
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The carbohydrate recognition domain (CRD) in
ASGP-R subunits belongs to the C-type family (Ca?*-
dependent) [20]. The majority of CRD C-type domains
selectively bind to D-mannose, D-glucose and their
derivatives (Man-type ligands), or D-galactose
and its derivatives (Gal-type ligands). The binding
of D-galactose to the receptor (Fig. 2) occurs in the
presence of Ca* ions under basic conditions [21-23].

1 5
Ho/—~o0— - .-OH
3 -y

OH OH

.fr\

AcHN

2

Fig. 2. Binding of the N-acetylgalactosamine (GalNAc)
molecule to the recognition domain of ASGP-R.
Between hydroxyl groups at 3 and 4 carbon atoms in
the pyranose ring of GalNAc and '®’Asp, '*Glu, '3Gln,
2 Asp and *'°Asn amino acid residues, the interaction is
due to hydrogen as well as coordination bonds (with the
participation of the Ca?* ion). The hydrogen atom in the
amide bond and the nonpolar GalNAc region between
3 and 6 carbon atoms participate in the creation of
hydrophobic interactions with **?His and "*Trp amino acid
residues, respectively [19].

ASGP-R facilitates clathrin-mediated
endocytosis [24]. This mechanism is used upon
interaction with a transmembrane receptor that
activates a signaling cascade and lets the particles
through. Clathrin domains occupy only 0.5-2% of
the total cell surface area, meaning that substance
transport by a clathrin-mediated mechanism is quite
selective. For successful recognition, liposomes
and other substances should be first labelled by
apolipoproteins that are commonly found in plasma
[25]. After entering the cell, this aggregate is found
inside an early endosome whose membrane later fuses
with the outer layer of the liposome, maturing to form
a late endosome. Depending on the structure of the
parental liposome, its charge and presence/absence of
specific ligands on the surface, the late endosome can
either become a lysosome (upon enzymatic action)
leading to the degradation of the whole complex, or
its contents can be released into the cytoplasm where
they can affect the organoids [26, 27]. Research on

the mechanisms of endocytosis and ways of blocking
it has shown that penetration of the cells does not
occur at 4 °C, but the process of molecule recognition
by receptors remains the same [28]. This is why it is
possible to determine whether the transport is receptor-
dependent and selective while using low temperatures
for studying mechanisms of penetration for certain
liposome structures. It has also been demonstrated that
the human Hepatitis C virus enters hepatocytes via this
mechanism [29].

ASGP-R has also been found on the surface of
hepatocytes in other mammals, including rabbits
[30], mice [31], and rats [32], although the size and
number of subunits differ slightly between species.
Despite the differences in receptor structure in
various mammals, the amino acid sequence is rather
conservative and, potentially, originates from the
same common gene. For example, the H1 subunit is
80% identical to the rat lectin-1 (RHL1), and the H2
subunit is 62% identical to the RHL2 [33]. This fact
allows us to project the in vivo experimental data on
to the expected results of clinical studies.

Principles of targeted drug delivery
to liver cells

It is known that in chemotherapy more than
90% of molecules of cytotoxic agents are captured
by healthy tissues and only 2—5% reach tumors [34].
This is why it is so important to create drug delivery
systems that could be selective and would only reach
target organs [35, 36]. Receptor-mediated endocytosis
is a very promising approach for targeted drug
delivery because it allows high drug concentrations
in target cells to be reached, thus boosting efficacy
and decreasing side effects.

Optimizing the ligand-receptor interaction has
demonstrated that affinity is affected by a number of
properties of the carbohydrate ligand. For example,
it is known that the recognition domain binds cyclic
D-galactose derivatives and acyclic D-galactosides
equally well. The most efficient interaction with the
receptor is observed for derivatives of D-galactose
and D-glucose; lactose and D-mannose are less
effective for hepatocytes, but they have a higher
affinity for the receptors of Kupffer cells [37].
Affinity of D-galactose increases by 100—1000 times
when the number of carbohydrate residues at the
terminus of one ligand molecule grows from 1 to 3—4,
due to the cluster effect [38]. To this end, monovalent
and polyvalent ligands can be used to target ASGP-R.

The distance between the carbohydrate residue
and the liposome surface is a crucial parameter for
interaction with lectins [39, 40]. Construct design
should take into account the minimal distance between
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the carbohydrate and the surface of the carrier [41,
42]. If there is no hydrophobic spacer, carbohydrate
residues are not exposed to the aqueous medium
enough to bind to the active sites of receptors [43], but

OCOR
OCOR )
O{ o
; @]
n
(0]
Theoretical calculations and experimental

data have confirmed that a long spacer makes the
carbohydrate residue more mobile (glycolipid 1¢),
providing easier access to the binding site of the
receptor protein. For example, D-galactosides with a
20 A long spacer bind to the receptor even at low
concentrations, whereas a 4 A long spacer requires
more active molecules [45]. Similar results have
been obtained in experimental attempts to lower
serum cholesterol: the effective dose of glycosides
with a 20 A long spacer is 30 times lower than that
for compounds with a 4 A long spacer [46]. For the
spontaneous binding of carbohydrate residue to the
receptor, the spacer length should be 25-30 A on
average, and if the carbohydrate residue is cyclic, a
slightly longer distance to the nanoparticle surface is

a spacer that is too long can prevent their interaction
[44]. This effect has been observed in the binding studies of
glycolipids 1a—c with ConA (carbohydrate-binding protein
extracted from vegetables) in the presence of glycogen [45].

n=10, R = C,H,, (1a)
n =20, R = C,,H, (1b)

n =40, R = C,,H,, (1c)

required [47]. At the same time, there are successful
examples of shorter spacers, which are 15 A [38],
11.05 A [48], and 10.1 A long [49]. It seems that
there is no universal, ideal spacer length for all types
of carbohydrate ligands, and this length depends
on the spacer’s nature and the type of carbohydrate
residue. Studies on transfection activity of lipoplexes,
which are based on aliphatic glycosides that contain a
quaternary nitrogen atom, have shown that the cyclic
form (2a—e) requires a spacer that is 6 methylene
units long, and the acyclic form (3a—e) requires
only 2 methylene units [50]. It has also been shown
that pyranosides, which have a glycosidic bond at
the C-6 atom out of plane, enter hepatocytes while
“skipping” the lysosome stage, thus improving the
drug’s therapeutic effect [51].

H3C
n=1(2a), n=7(2d)
n=3(2b), n=9(2e)
n=>5(2c)
2a—e

H———OH H;C
HO——H
n=1(3a), n=7(3d
ol (3a) (3d)
n=3(3b), n=9 (3e
il on (3b) (3e)
n=5(3c)
—QOH
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‘ /\/\/\/\/\/\/\/\CH
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The effect of the configuration of the chirality
center of the carbohydrate fragment has also been
investigated; some studies show that a-glycosides
have a higher activity towards the model plant
receptor ConA [52] or cell line HepG2 derived from
hepatocytes [53], in comparison with B-glycosides.

In addition, the use of liposomes as carriers requires

OH
n =0 (4a),
H O H n =1 (4b),
H
OH OH n =2 (4c),

a minimal effective share of carbohydrate ligands in the
total lipid content; it is called the threshold effect [54].
In vitro data for the binding of D-mannose modified
liposomes (4a—g) to the plant lectin ConA demonstrate
that the minimal effective share of D-mannose is 28%
for short spacers (2 oxyethylene units), whereas it is
only 3% for a medium-long spacer (6 units).

n=3(4d), n=28(49)
n =4 (4e)
n = 6 (4f)

HO OV\ON\/\/\/\/\/\/\CH3

H H n

In the case of D-lactose based glycolipids with a
hydrophobic unit that contains two alkyl chains and
a succinic acid residue acting as a small linker, the
threshold effect is observed upon addition of 5% of
the resulting substance to the liposome composition
[55]. In addition, there is evidence of a sharp
increase in the uptake of carbohydrate-containing
particles by macrophages after interaction with Gal/
Fuc-recognizing receptors on their surfaces, if the
modification rate reaches 50% [56]. The introduction
of structuring lipids, such as cholesterol, into the
liposomes decreases the carbohydrate threshold, and
the use of unsaturated phosphatidylcholines as a lipid
matrix increases it [57].

It is worth noting that oxyethylene groups,
which are not found in nature, are able to replace
natural monosaccharide residues, imitating a long
polysaccharide chain. This effect has been established
in studies on binding efficiency for three different
glycolipids with the plant lectin RCAl — binding
efficiency increased in a series of aliphatic derivatives
of D-galactose, D-lactose, and D-galactose, with a short

CHy; ©
; | .
N
HOW |
n CHj

hydroxyethylene spacer attached to it [43]. In addition,
the use of longer polyethylene glycol chains (more than
10 units) creates the effect of steric surface protection
of liposomes from blood proteins, leading to prolonged
blood circulation of the complexes. An increase in
ligand content in the lipid composition results in easier
penetration into liver cells, and the presence of a long
hydrophilic spacer slows down the removal of the
complexes from the blood [44].

Hydroxyl groups at the terminus of a carbohydrate-
containing ligand may facilitate the contacts between
the modified liposome and the active site of ASGP-R,
as well as improve the transfection activity of the
complexes of such vesicles with nucleic acids. Anumber
of in vitro studies on cationic liposome bioactivity,
where the polar head of the lipid contains a hydroxyl group
(5a—d), have shown that complexes formed with DNA
are more stable, due to the formation of hydrogen bonds
between the surface of the bilayer and the molecules of
the nucleic acid [58]. The closer these groups are to the
positively charged quaternary nitrogen atom (5a), the
more effective complex formation is [59].

— CH,

O\/\/\/\M\/\/\/\—
CHjy

n=0(5a), n=2(5c)
n=1(5b), n=23(5d)

S5a—d
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An increase in the number of hydroxyl groups in
cationic lipids also improves transfection efficiency
[60]. Hydroxyl groups at lipid termini within the
bilayer perform a function that is analogous to that of
PEG (polyethylene glycole) chains, forming a small
protective layer around the liposome, thus letting the
glycoside-containing particles further circulate in the
blood, in comparison with cationic dispersions [50].

In summary, the crucial parameters in the design
of such ligands are spacer length, hydrophilic-
lipophilic balance of the molecule, and its spatial
geometry.

Success in developing liposomal medications
for liver disease therapies

Cationic liposomes that contain analogs of natural
lipids may have much higher efficacy of gene delivery,
compared to liposomes based on phospholipids,
thanks to their particular bilayer structure [61].
However, such conjugates require the presence of

OCOR
H OH H
HH oH
HO 0
OH H

The length of the hydrophobic fragment may
affect the stability and fluidity of liposomes as
well. It has been shown that alkyl chains with 12
carbon atoms provide the best penetration into
cells, in comparison with shorter (6—10 atoms) or
longer (>14 atoms) chains [64]. Saccharose esters
with short chains (lauric acid residues), whose
hydrophilic-lipophilic balance is equal to 6, allow
for the formation of liposomes, which provide
high transfection efficiency for DNA plasmids and
suppress tumor growth in mice [65].

There are a number of studies, which demonstrate

OH

OH H

helper lipids that play an important role in lipoplex
formation from cationic liposomes and nucleic acids,
and determine their morphology [62]. One study
suggests aliphatic esters of saccharose as helper
lipids, where the hydrophobic domain is represented
by residues of various fatty acids (6a—c). They have
shown high efficacy by improving transfection
activity of lipoplexes in vitro and in vivo [63]. The
cellular uptake of modified cationic liposomes
increased by 20-30%, whereas cytotoxicity decreased
by 20-60%. However, the structure of such esters may
have a great impact on the transfection efficiency and
liposome toxicity; this is why the choice of length
and type of fatty acid residue plays an important role.
The existing data shows that liposome size gradually
decreases with an increasing hydrophilic-lipophilic
balance. On average, liposome diameter is lower for
those particles that contain lauric acid residues (6a)
than the diameter of liposomes with esters of stearic
acid (6b), even with the same hydrophilic-lipophilic
balance.

H R = C,,H,, (6a)
R = Cq7H35(6b)

OH
R= C17H33 (6c)

that an increase in transfection efficiency and genetic
silencing in liver cells may be achieved even by
simple conjugation of the glycoside with a DNA or
RNA molecule. It has been shown that the targeted
delivery of genetic material for HCV treatment, when
such a modification is used, increases the penetration
of nucleic acid into the cells by 10 times [66]. The
conjugation of an antisense oligonucleotide with even
one GalNAc residue (7) significantly increases the
efficiency of the delivery of the bioactive molecule.
In this case, lysine has been used as a spacer and
branching agent.
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Apart from gene therapy agents, chemotherapy carrying liposomes were used as comparator drugs.
drugs have been quite successfully targeted into Fluorescent labelling allowed to detect that addition of
liver cells as well. In one study, cationic liposomes carbohydrate onto the liposomal surface led to three-
carrying doxorubicin were coated by D-galactose fold growth in vesicle concentration in hepatocellular
residues, at the stage of liposomal carrier formation. carcinoma cells [68]. Oxaliplatin carried by targeting
In vitro cytotoxicity experiments have shown that liposomes had a stronger cytotoxic effect on these
delivery to Huh-7 cells (human hepatocarcinoma) is cancer cells, in comparison to a “simple” drug and
selective; the cells have ASGP-R on the surface. The unmodified liposomes.
cytotoxicity is dose-dependent, increasing with a growing Confocal microscopy with contrast organoid
concentration of liposomes in the well of the plate [66]. staining allows the accumulation of liposomes in

In order to create another targeted anti-tumor targeted cells to be investigated. The conjugation
drug, liposomes with encapsulated oxaliplatin have of D-galactose residues with the surface of cationic
been engineered. Their surface was coated with liposomes via the amino group of the DSPE lipid
lactobionic acid, a disaccharide polyhydroxy acid. (8) leads to a significantly better uptake by HepG2
The cytotoxic agent itself and the unmodified, hepatocytes [69].

OH
HO OH o i i
OH H AN )MVW
) O/\@/\O%J\NH/\/O \O_o%o g CH,
H OH WVW\M 3
)
8

The co-incubation of cells with liposomes and of carbohydrate-containing particles into hepatocytes
specific conjugation inhibitors, such as indomethacin occurs via a clathrin-mediated mechanism, and also shows
and chlorpromazine, has shown that adding these that caveolin-dependent uptake, too, plays an important
substances dramatically decreases the number of role. The latter process is responsible for the uptake of the
modified liposomes inside the cells [69]. It is known majority of complex microorganisms and viruses.
that chlorpromazine Dblocks clathrin-dependent There has been research on cationic liposomes
endocytosis, and that indomethacin is caveolin- containing D-galactolipid and the POPC helper lipid

dependent. This is why the study confirms that penetration (9) in various ratios [70].

) (0]
I
H,C O/\-<\O/ ~
3 \\: O/_ O\/\N+/CH3
_ o H | “CH,
HsC CH,
o)
9
In vitro experiments have shown that liposome epithelium tumors, in comparison to “standard”
uptake by Huh-7 cells increases with a growing cationic liposomes. The introduction of a glycolipid
amount of a carbohydrate-containing lipid in the into the liposome, if that glycolipid has been obtained
lipid matrix. Carbohydrate-containing liposomes by a reaction between lactose and DOPE lipid (10),
resulted in nearly two times better silencing of VEGF does not require any helper lipids for a successful exit
genes, responsible for the development of squamous from endosomes.
OH OH o o
Il
HO OH H OH PN )J\/VWWCH3
o”\.o 7 (o)
oH' H oH' H w0 /,?j\
H o] — CH,
H OH H  OH J
10
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An in vivo pharmacokinetics study has shown that
lipoplex uptake by liver cells occurs through a receptor-
mediated mechanism, since just 5 minutes after the start
of the experiment the majority of the modified complexes
were found in the liver, whereas “standard” cationic
liposomes remained in the plasma for the most part [70].

Another in vivo experiment with BALB/c mice
has demonstrated the faster excretion of glycated
liposomes, in comparison to cationic liposomes

R'=OH, R*=H, R®= OH (11a)

R' = H, R’ = OH, R® = NHAc (11b)

based on phosphatidylcholines and cholesterol [71].
For this study, two cholesterol-based glycoconjugates
were synthesized; they contained D-galactose (11a)
or N-acetyl-D-glucosamine (11b). In 20 minutes after
the start of the experiment, the modified liposomes
were almost absent in the blood, but were found in the
liver, spleen, and kidneys. Additionally, liposomes
with D-galactose residues on the surface reached the
liver from the blood faster.

H3C
CH,

CHs CHj4
H;C

11a, b

The synthesis of D-lactose based glycolipids has
been reported; the molecules had spacers of various
lengths, based on di-, tri-, and polyethylene glycol.
These compounds (12a—f) were added to lipids, in
the amount of 5%, during bilayer formation, after
which the efficiency of binding of all three modified
liposomes to the RCA1 receptor was evaluated [72].

It was expected that the longest spacer, PEG (12c, f),
would provide the highest affinity of the complexes,
due to the longer distance between the vesicle surface
and the carbohydrate fragment. However, the in vitro

results indicated that the most successful ligands were
the ones with a triethylene glycol spacer (12b, e) [72].
The authors speculated that the PEG chains were too
long, becoming a barrier between the receptors and the
carbohydrate-containing ligands, thus preventing them
from interaction. The same experiment was performed
with a D-lactoside (13) containing 7 lactose residues
linked with a lipopeptide through a 1,2,3-triazole cycle
[73]. The results confirmed that polyvalent glycolipids
also have good potential for generating targeted, modified
liposomes.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2019;14(5):7-20

15



Structural features of synthetic glycoconjugates ...

n=0, R=R'(12a)
HO H OO JK/ M W n=1, R=R'(12b)
O n=73, R=R"(12c)

H
H n=0, R=R’(12d)

OCy4Hag

n=1, R=R*(12)

R' = NHC,H,, R?= HoN n=73 R =R’ (12f)
OCq4Hag
12a—f

Glycolipid 13 was used as a ligand in the structure of D-lactose residue, was used as a different ligand type. It
a cationic liposome to study its effect on the transfection was found that the branched ligand decreases transfection
efficiency for the HepG2 cell line (human hepatocellular activity of the liposomal complex that carries the plasmid,
carcinoma). Almost the same glycolipid, but with a single due to steric hindrance and a shielding effect [74].

fcoocwH%
/@ /_( N COOC6H33
; \ N
\ =
CH2CH2
/N
é/\ /@ N

13
Studies of glycolipid-containing liposomes with between the lipophilic and the hydrophilic fragments is
a triazole cycle in the structure are presented in both convenient [23, 75]. In addition, D-galactose derivative
Russian and foreign literature, indicating that such a link 14 contains a benzene ring as a linker [75].

O/\/\/\/\/\/\CH3

]
% Vi:to/\/\/\/\/\/\%

14
Conclusions with fewer side effects, compared to “pure” active
molecules. However, such delivery systems may cause
Liposomal delivery systems are well suited for toxic and immunological effects, due to unselective
carrying anti-tumor drugs as well as nucleic acids. They particle distribution in the body and the relatively
allow us to design stable and effective medications large size (compared to other delivery systems), thus
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activating a protective response. Apart from this,
lipoplexes do not release their contents after entering
the cell very effectively. It is necessary to achieve
targeted drug delivery to the organ of interest by adding
specific ligands to the liposomal surface. Glycolipids
based on D-carbohydrates, when in the liposomes,
facilitate penetration into liver cells by a receptor-
mediated, clathrin-dependent endocytosis mechanism,
which is activated upon contact of the carbohydrate-
containing ligand fragment with the active site of the
asialoglycoprotein receptor (ASGP-R). This can be
addressed via the use of monovalent derivatives of
carbohydrates as well as polyvalent glycoconjugates.
Alterations in the ligand structure and the number
of liposomal modifications can boost the therapeutic
effect. The distance between the liposomal surface and
the carbohydrate residue (spacer length), as well as the
hydrophilic-lipophilic balance of the ligand molecule,
have a great effect on affinity and the cellular response.
In summary, to ensure the minimal efficiency
of the interaction between a modified particle and
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Objectives. The intensification of modern large-tonnage Russian technologies requires a deep
investigation into the theoretical foundations of these processes and searching for ways that
would significantly reduce the time and cost of their development, as well as to ensure the access
of high-quality products on the world market. The aim of the work was to study the options
regarding technological changes in the process of obtaining cyclohexanone at two stages: 1) oxidate
(cyclohexane oxidation product after the stage of neutralization and removal of the main amount of
unreacted cyclohexane) saponification and 2) end product rectification. The changes should ensure
the high quality of the product without requiring significant energy and investment costs.
Methods. Studies of heterophase alkaline hydrolysis with NaOH solutions were carried out at
30-80 °Cin the presence of and without a phase transfer catalyst (PTC) (saponification conditions
in the industry are 70 °C). The homophase process was studied in the presence of KOH at 120 °C
(industrial conditions for raw cyclohexanone rectification are 90-130 °C) on artificial mixtures
based on industrial samples of the oxidate with the addition of model substances (oxygen-
containing impurities with a main substance content of no less than 95%). Analysis of the initial
and obtained products was carried out using gas-liquid chromatography and chromatography-
mass spectrometry.

Results. The totality of the obtained data provides theoretical justification for the fact: 50-
70% of esters and unsaponifiable impurities can be removed by using heterophase alkaline
saponification in industrial environments. The post-treatment of crude cyclohexanone by
rectification in the presence of KOH decreases the ester number by a factor of 3—-5, however, the
number of cyclohexanone condensation products in the bottom sharply increases. The amount
of these substances varies from 10 to 20 kg/t of cyclohexanone depending on compliance with
the conditions. In the presence of PTC, the conversion of esters at the saponification stage is
95-100%, aldehydes 100%, and unsaturated ketones 80%.

Conclusions. If the proposed technology for saponification in the presence of PTC is adopted
there will be no need to use an alkali during the process of cyclohexanone rectification. This
makes the process more stable, reduces the losses of cyclohexanone, reduces the amount of tars,
and normalized indicators of cyclohexanone quality are attained.

Keywords: caprolactam, cyclohexanone, purification, impurities, phase-transfer catalysis.
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New technological solutions in the production of high quality cyclohexanone

HoBble TexHOJIOTHYECKHE pelIceHUs B IIPOU3BOJACTBE HUKJIOTICKCaAaHOHA

BBICOKOI'0 Ka4e€CTBAa

C.B. AeaHoBa“, E.A. MapTbhIHeHKO, A.A. MopryH, H.A. Taa3ko, A.B. CoxoaoB

Camapcruil 2ocydapcmeeHHbLil mexHuueckull yHugepcumem, 2. Camapa 443100, Poccus

@Asemop ons nepenucku, e-mail: kinterm@mail.ru

Ienu. HnmeHncugurkayus co8pemeHHblX MHOZ0MOHHAXKHBbIX OmeuecmeeHHbLX MmexHO02Ull
mpebyem anybokoili npopabomKu meopemuuecKux 0CHO8 Imux npoyeccos u noucka nymet,
Komopble no38oAunU Obl CYUECMBEHHO COKPAMUMb CPOKU U 3ampambsl HO UX OC8OEHUEe U
obecneuums 8blxX00 HA MUPOBOTL PLIHOK NPOOYKYUU 8blcoK020 Kauecmea. Lleno pabomul 3a-
KAIOUANACH 8 UCCAe008AHUU 8APUAHMOE8 MEXHOJ02UUeCKUX U3MeHeHUll npouyecca noayue-
HUSL YUKI02eKCAHOHA HA CMaodusiX OMblIeHUsl okcuoama (npooyKkma OKUCIeHUSl YWUKI02eKCaHA
nocsie 0mzoHKU 0CHOBHOU uacmu Henpopeazuposasuiezo YUKI02eKCcaHa) U peKmugpurkayuu ye-
71e8020 npodyKma, obecneuusarouux e2o0 8blCOKoe Kauecmeo, He mpebyroujux 3HaUUmestbHbLX
9HepeemuuecKux U UHBECMUYUUOHHBLLX 3ampam.

Memoowt. HccnedosaHus 2emepodpasHoz0 uelouH020 2udpoau3a e00Hbimu pacmaopamu NaOH
npoeoounu 8 uHmepsanie memnepamyp 30-80 °C e npucymemeuu u 6e3 kKamaauzamopa mesK-
¢asHozo nepeHoca (KM®PII) (pexxum omvinerus 8 npomviuuneHHocmu 70 °C); eomogpasHulil npo-
uecc usyuanu 8 npucymemeuu KOH npu memnepamype 120 °C (npombliuneHHbLI pesxum pek-
mugurayuu yurnozexcaHora-colpya 90-130 °C) Ha UCKYCCMBEHHbBLX CMECIX, COCMABIEHHBLX
HQ OCHO8E NPOMbLUIEHHbIX 06pa3yos okcudama ¢ 0obasnieHuem Mo0esbHblX eeuiecms (Kuc-
J10p00Cco0epIKAULUX NpuMmeceli ¢ co0epIKaHuem OCHOBHO20 seujecmaa He meHee 95%). Ananus
UCXOOHBIX U NONYUEHHBLX NPOOYKMO8 NPOBOOUNU C UCNOb308AHUEM 20.30-2KUOKOCMHOU XpOoMa-
mozpauu U Xpomamo-macc-CneKmpomempuu.

Pesynemamet. CogoKYynHocms noAyueHHblx OaHHbLX daem meopemuueckoe 060CHO8AHUE pe-
aneHoMYy chaKmy: npu 2emepopasHOM ULESIOUHOM OMBLIEHUU 8 NPOMBLULIEHHBLX YCA08USIX
CIO2KHBlEe 9¢hupbl U HeoMblasiemble npumecu mozym bbime yoanenol Ha 50-70%. /Joouucmra
Cblp020 YUuKN02eKCaHOHA npu pexkmugurayuu 8 npucymemeuu KOH e 3-5 pas ymeHbwaem
agpupHoe uucno, 00HaKo 8 Kybe pes3ko sospacmaem Koauuecmeo npooykmoe KOHOeHCAyUl Yu-
KJ102eKCAHOHA, KOMOopoe 8 3a8UCUMOCTU OmM COb00eHUs. peskumos kKonebnemest om 10 0o 20 k2/m
yurnozekcarHoHa. B npucymemeuu KM®PII koHgepcusi 9gpupo8 Ha cmadull OMblIeHUsL coCmas-
asem 95-100%, anvoezudog 100%, HenpedenvbHblx kemoHog 80%.

3axnrouernue. B cayuae eHeOpeHUs. NPeON0IKEHHOU MexXHON02UU OMbLIEeHUS. okcudama 8 npu-
cymemeuu KM®PIT omnadaem HeobXxo0umocmes UCNONb308AHUS ULEI0UU 8 npoyecce peKkmugu-
KAUUU Cblp0o20 YUKI02EKCAHOHA, Umo desaem npouecc bosiee cmabdunbHbiM, COKPAULAOMCSL NO-
mepu YuK102eKCAHOHA, YMEeHbULAEMC ST KOAUUeCma8o CMONL U 00CMU2AOmMesi HOPMUPOBAHHbLE
nokasamesau Kauecmea YUuK/i02eKCaHOHA.

Knroueeanble cnoea: KanpoiaKmam, YuKa02eKCaHOH, OUUCIIKA, NPUMECU, MeXGPA3HBLIL Kamaaus.

Jlna yumuposanus: Jlesanosa C.B., Mapreinenko E.A., Mopryn A.A., I'maszko N.JI., CokxonoB A.b. HoBble TexHOIIOrHUECKue
pelIeHNs B IPOU3BOACTBE LIMKIONEKCaHOHA BBICOKOIO KauecTBa. JTonxue xumuyeckue mexnonoeuu. 2019;14(5)21-30. https://doi.

org/10.32362/2410-6593-2019-14-5-21-30
Introduction

The intensification of modern large-tonnage
Russian technologies requires an in-depth study of
the theoretical basis of these processes, as well as a
search for methods that would allow for a considerable
reduction in the time and costs of their development
and allow high-quality products to enter the world
market [1-3].

The complexity of the situation regarding the
production of caprolactam is that, as we know, when

oxidizing cyclohexane, a large amount (more than
50) of oxygen-containing compounds (saponifiable
and non-saponifiable) belonging to different classes
and having different reactivity are formed. These are
aldehydes, alcohols, ketones, peroxides, carboxylic
acids, as well as their aliphatic and cyclohexyl esters
[4-7].

The state of cyclohexanone and caprolactam can
be evaluated by generally accepted quality indicators,
which while rather sensitively, yet conditionally,
indicate the presence of impurities of another
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chemical nature. This is the permanganate index (PI)
— an indicator of cyclohexanone and caprolactam
quality characterizing the content of easily
oxidizable compounds in the target product. For
rectified cyclohexanone that meet the requirements
of international standards, the permanganate index
should be no more than 20 units' [2]. The quality
of marketable caprolactam (PI: 4-5 units) directly
depends on the quality of cyclohexanone. The
purification of the latter in the production process
has been attracting the attention of chemists and
technology experts from around the world over the
course of several decades with varying degrees of
success [2, 8-21].

The Russian industrial production of cyclo-
hexanone includes several successive stages to purify
the oxidate obtained by cyclohexane liquid-phase
oxidation in the presence of cobalt naphthenate:
aqueous or aqueous-alkaline washing to remove
acids, saponification (hydrolysis) of esters, and
rectification of crude cyclohexanone in the presence
of potassium hydroxide (0.01-1% wt. per reaction
mass). The main disadvantage of the industrial
purification methods is the lack of stable indicators
and of control of the resulting high-boiling by-
products, as well as high alkali consumption and the
loss of the target product [2].

We have provided reasons about the possible
options to make changes at the stage of oxidate
saponification and cyclohexanone rectification to
ensure its high quality. The suggested changes are
based on an analysis of the available literature, from
our previous studies [2, 3, 14, 17-19] and results
obtained in this work. These changes do not require
significant power consumption and investment
expenditures.

Materials and Methods

An industrial sample of the reaction mass from
the cyclohexane oxidation process obtained after the
neutralization stage and removal of the basic amount
of unreacted cyclohexane was used for the study,
% wt.: cyclohexane — 38.8; cyclohexanone — 35.5;
cyclohexanol — 24.0; impurities — 1.7.

The following compounds were chosen as
models for the study: hexanal and cyclohexen-2-one
asresearch objects among aldehydic and unsaturated/
carbonyl impurities, respectively; dibutyl adipate
(DBA) and dicyclohexyl adipate (DCHA), among
other compounds. The latter was chosen as an ester
that is most difficult to saponify.

IState Standard GOST 26743.7-86. Caprolactam. Method for
determination of permanganate index. Moscow, Standartov
Publ., 1981. 6 p. (in Russ.).

Dibutyl adipate (DBA) of at least 96% wt. purity
produced by Acros Organics is a colorless transparent
liquid, bp = 305 °C, p* =0.965 g/cm’.

Dicyclohexyl adipate (DCHA) was obtained by
the esterification of adipic acid (analytical grade) with
cyclohexyl alcohol (chemically pure). The resulting
product is a white powder, mp = 35.5 °C, bp = 324 °C,
p* = 1.037 g/cm’. The purity of the obtained ester
was at least 99.8% according to GLC.

Cyclohexen-2-ol was synthesized by cyclo-
hexene bromination with N-bromosuccinimide
followed by saponification with sodium bicarbonate
according to the procedure [22]. The final product
was of more than 85% wt. purity according to GLC,
bp = 164-165 °C.

Cyclohexen-2-one and hexanal manufactured by
Sigma-Aldrich were of at least 95.0 and 98.0% wt.
purity, respectively.

The phase transfer catalyst, trioctylmethyl-
ammonium chloride (trade name: Aliquat-336)
produced by Acros Organics, is a heavy, viscous,
colorless liquid of more than 97.0% purity.
Potassium and sodium hydroxides used in the work
were chemically pure and of an analytical grade,
respectively.

Artificial mixtures based on industrial samples
of the oxidate with the addition of the studied objects
in the temperature range of 30-90 °C (temperature
close to the conditions of the saponification stage)
in the presence of and without the phase transfer
catalysts (PTC) were used in the studies.

The oxidate was analyzed chromatographically.
The oxidation products were identified by chroma-
tography-mass spectrometry. Analysis conditions:
Shimadzu GCMS QP2010 Ultra apparatus, DB-1ms
capillary column, 30 m X 0.25 mm; temperature
control mode: 60 °C (5 min) — 10 °C/min — 260 °C;
carrier gas: helium; split injection 1/100. The
majority of impurities in the oxidate were identified
on the basis of mass spectra available in the NIST
database [23], while other components were
identified according to the rules of molecular ion
fragmentation [24].

Results and Discussion

The alkali-catalyzed hydrolysis of esters is
irreversible. Due to this, it is widely used in industrial
organic synthesis. Most esters are water-insoluble.
So, hydrolysis with aqueous solutions of alkalis in a
two-phase system proceeds very slowly, especially in
the case of dicyclohexyl esters of dicarboxylic acids
(5, 25].

The stage of ester saponification with 5-20%
aqueous alkali solutions is as follows:
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O 0
%R% 4+ 2NaOH ——>

RO OR'

As shown by studies of industrial samples, esters
can be removed at the saponification stage by only
50-70%, indicating its low efficiency. The non-
catalytic reaction in the heterophase aqueous alkaline
system has limitations due to the limit of the substrate
solubility in the aqueous phase, which is inversely
proportional to the concentration of the alkaline
solution used [26]. It was assumed that the effect of
the substrate dissolution in water-alkaline reactions

Na O

(0] O
R—( + 2R'OH (1)
ONa

increases, which is fundamental for intensifying the
process in a perfect mixing reactor. We considered
several options for a possible solution to the problem.

1) Changing the process’s temperature conditions

It was shown in [17] that increasing the
saponification temperature allows esters to be
removed more completely. However, this results in the
formation of cyclohexanone condensation products:

(o]
O o)
i + O
OH
2 —> — —> Tars 2
-H,0 -H,0

It was established that as the temperature
increases from 30 to 120 °C, the amount of condensation
products (tars) increases 10-fold.

An increase in temperature results in the
need to carry out the process under pressure. This
requires a change in the implementation process and,
accordingly, high capital costs.

2) Reaction medium homogenization

The transition from a heterophase system to a
homophase system when carrying out the process in
a water-alcohol alkali solution results in a significant
increase in the esters’ hydrolysis rate even at lower
temperatures (0—20 °C). The rate constants increase
by 2-3 orders of magnitude [17]. So, the time to
attain a 95% conversion of dicyclohexyl adipate
(DCHA) in the case of heterophase hydrolysis is 6
hours, and in the case of homogeneous hydrolysis, 1
min. However, a disadvantage of this method is the
use of a solvent for homogenization, which results
in a change in the current technology and significant
costs for the solvent’s regeneration. Therefore, it is
necessary to look for other ways of intensifying the
process.

3) Using phase transfer catalysts
Phase-transfer catalysis is known to be a

recognized method of intensifying heterophase
processes including the saponification of esters [27,
28]. Our studies have shown [17] that the greatest
increase in esters’ hydrolysis rate was observed
when using trioctylmethylammonium  chloride
[N(C,H,)),CH,]JCI (TOMAC) as a catalyst. In the
concentration range of 0.2-1.4% wt. (optimally
0.5% wt.) it can be attributed to the class of phase-
transfer catalysts not blocking the phase interface.
When increasing concentration to more than 1.5% mass.,
tarring is observed. Using PTC increases the rate of
esters’ hydrolysis: the time to attain a 95% conversion
of dicyclohexyl esters is 2 hours versus 6 hours in
a non-catalytic process; the quantitative conversion
of dibutyl adipate (DBA) is achieved in just a few
minutes.

As mentioned above, the oxidate contains
unsaponifiable impurities in addition to saponifiable
products: about 6% mass. of the total amount of
impurities. Among these, 3.1% are compounds
containing an aldehyde group, 1.5% are compounds
containing a keto group, 1.1% are hydrocarbons,
and 0.1% are unsaturated compounds [18]. Under
the conditions of nucleophilic catalysis, all of these
compounds, except hydrocarbons, can theoretically
undergo condensation and disproportionation
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reactions forming high-boiling by-products. The
latter should be removed from crude cyclohexanone.

In [18], competing condensation reactions
of cyclohexanone with unsaponifiable impurities
were studied on model systems close to industrial
conditions.

The studies were carried out under the conditions
of heterophase alkaline hydrolysis with aqueous
NaOH solutions in a temperature range of 30-80 °C in
the presence of and without PTC (saponification mode
is 70 °C), and also under homophase conditions in
the presence of KOH at 120 °C (crude cyclohexanone
rectification mode is 90—130 °C).

O]
| H
OH"
+ H3CMO —

The results obtained allow us to draw the
following conclusions:

— Linear aldehydes with a boiling point of 75-130 °C
interact with cyclohexanone (reaction 3) under the
conditions of alkaline catalysis with a conversion
of 30-40% in the temperature range of 30-70 °C
(saponification mode). In the presence of a PTC, the rate
increases 2-fold, and the conversion reaches more than 80%.

— Unsaturated cyclic ketones behave similarly. Due
to the presence of an active carbonyl group they interact
with cyclohexanone at 50—70 °C. In the presence of a PTC
at 70 °C, the reaction proceeds almost quantitatively
(reaction 4).

4 Ho O

(0] 0 (0]
é : b — &

The totality of the data obtained provides a
theoretical justification for one fact: esters and
unsaponifiable impurities cannot be completely
removedunder the conditions of oxidate saponification
without a PTC. The oxidate PI before saponification
is 350—400 units; after saponification, 80—-130 units.

The further purification of crude cyclohexanone
under industrial conditions is carried out by
rectification in a plate column in the presence of
potassium hydroxide (up to 1% wt. per reaction
mass) at 90-130 °C (average temperature in the
column). The reaction mixture residence time in the
column is 2-2.5 hours. As shown in [14, 19, 29], the
purity of crude cyclohexanone during rectification
without alkali is 99.7-99.8%, the PI remains at a
level of 80—100 units, and the content of readily
oxidizable impurities averages (0.3—0.5)-10~° mol
of ester groups/g. If the alkali solution is supplied
to the rectification column simultaneously with
the feed in an amount equivalent to the content

of readily oxidized impurities, then the PI will
decrease to 10-20 units, and the ester number

-y -

will decrease 3-5-fold (0.1-0.3)-107° mol of ester
groups/g). However, the quantity of cyclohexanone
condensation products — its dimers and trimers
— dramatically increases in the rectifying still (up
to 20-50 kg/t). Cyclohexanone dimers appear
in the distillate and reduce the concentration of
marketable cyclohexanone to 99.1-99.4%. To obtain
normalized quality indicators, it is required to install
an additional package or an additional rectification
column [29]. However, in this case one will have
to put up with the constant formation of heavy
products. Their amount depends on compliance with
rectification indicators (temperature, supplied alkali
amounts, and hydrodynamic regimes in the column)
and varies from 10 to 100 kg/t of cyclohexanone.

As the problem analysis shows, using PTC
opens up a real opportunity to optimize the
saponification stage, and there is no need to change
the implementation process [18].

During the course of this study, a control
experiment was carried out at the industrial oxidate
saponification stage in the presence of and without a
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PTC under the recommended conditions on the basis
of kinetic studies [18]. The GLC and GC-MS analyses
of reaction masses were performed before and after
hydrolysis. The results are presented in the table. It

can be seen that the conversion of esters including
those difficult to saponify is 95-100%, aldehydes —
100%, and unsaturated ketones — 80%. In this case,
rectification can be carried out without alkali.

Results of the oxidate analysis before and after alkaline hydrolysis of esters

under the conditions of phase-transfer catalysis

No. Compound name Concefltration*, % -
Before hydrolysis | After hydrolysis
1 | Ethanoic acid propyl ester 0.51 0.00
2 | Methylcyclohexane 1.38 0.82
3 | Ethylcyclopentane 0.39 0.40
4 | 1-Pentanol 11.90 12.36
5 | Toluene 1.03 1.14
6 | Cyclopentanol 2.00 2.64
7 | Hexanal 8.19 0.00
8 | 1,2-Epoxycyclohexane 4.58 1.49
9 | 2-Cyclohexen-1-one 3.33 0.00
10 | Methanoic acid cyclohexyl ester 0.39 0.00
11 | Hexanoic acid 0.43 0.00
12 | 1,5-Pentadiol 3.01 1.19
13 | Ethanoic acid cyclohexyl ester 1.01 0.00
14 | 1,2-Cyclohexanediol 4.00 3.97
15 | 1,3-Cyclohexanediol 7.53 3.13
16 | 2-Ethylidenecyclohexanone 0.74 1.20
17 | Propanoic acid cyclohexyl ester 1.23 0.00
1 [Pl et e
19 | Pentanoic acid cyclohexyl ester 0.66 0.00
20 | Hexadial-1,6 2.52 1.86
21 | Pentanoic acid cyclohexyl ester 4.19 0.00
22 | Hexylcyclohexyl ether 0.62 0.57
23 | Dicyclohexyl ether 6.45 6.70
24 | Hexanedioic acid pentyl ester 0.62 0.00
25 | Hexane acid cyclohexyl ester 0.83 0.00
26 | 2-(1-Hydroxy-1-hexyl)cyclohexanone 13.74 7.70
27 | 2-Cyclohexenylcyclohexanol 0.72 2.82
28 | [1,1’-Bicyclohexyl]-2-one 1.22 0.96
29 | Pentanedioc acid cyclohexyl ester 1.37 0.00
30 | 2-Cyclohexylidenecyclohexanone 0.74 2.15
31 | 1,5-Octahydro-4a-methylnaphthalenedione-1,5 1.48 2.13
32 | Cyclopentanecarboxylic acid pentyl ester 1.08 0.00
33 | Butanedioic acid dicyclohexyl ester 1.79 0.00
34 | 1’-Hydroxy-[1,1’-bicyclohexyl]-one-2 0.92 40.42
35 | 1,2’-Dihydroxy-[1,1’-bicyclohexyl] 1.16 0.00
36 | Bicyclohexyl-2,3’-dione 0.62 1.01
37 | Cyclopentanecarboxylic acid cyclohexyl ester 1.27 0.00
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Table. Continued

Concentration®, %
No. Compound name : :
Before hydrolysis | After hydrolysis
38 | Bicyclohexyldiones 2.41 533
39 | Hexanedioic acid dibutyl ester 1.28 0.00
40 | Hexanedioic acid dicyclohexyl ester 2.01 0.00
X 100.0 100.0
* The content is presented as a percentage of the total impurity content equal to 1.7%.
Cyclohexane for  Cyclohexane for
recycle recycle Alcohol
NaOH fraction
solution > ROH
Oxidate Cyclohexanone
N“QH rectified
solution

+ PTC

Carboxylate salts

Cyclohexanol
rectified

Raw
cyclohexanol
Tars

Scheme of an industrial process for cyclohexanone isolation and purification
with the suggested optimization options.

The Figure shows a block diagram of an
industrial process for cyclohexanone isolation
and purification with the suggested optimization
options at the oxidate saponification and crude
cyclohexanone rectification stage.

After cyclohexane oxidation, the oxidate goes
to the neutralization stage, where it is mixed with
an aqueous alkali solution in a cascade of mixing
apparatuses (item 1) at a temperature of 140—160 °C
and a pressure of 1.3—1.65 MPa. The neutralization
of organic acids and the partial hydrolysis of esters

occur. Next, the organic layer enters the distillation
column (item 2), where the bulk of the unreacted
cyclohexane is distilled off. The distillation residue
enters a cascade of apparatuses with stirrers
(saponification reactors), where an aqueous solution
of alkali with added PTC is supplied (item 3). The
temperature in the reactors rises sequentially from
60 °C, and in the last reactor it reaches 90 °C. Under
these conditions, the quantitative decomposition of
non-readily saponifiable esters and the condensation
of saturated and unsaturated aldehydes occur. After
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saponification, the organic layer is sent to column 4
for residual cyclohexane removal. Along with other
by-products, the reaction mixture contains alcohols:
amyl alcohol, butyl alcohol, cyclopentanol, ketones,
etc. (the alcohol fraction). They are distilled off in
column 5 (a top pressure of no more than 0.01 MPa,
the top temperature of the column is no more than
160 °C).

Distillation columns 6 and 7 are designed for
the separation of cyclohexanone (bp = 155 °C) and
cyclohexanol (bp = 160 °C). It was suggested on the
basis of the study results to exclude alkali supply to
column 6. Columns 6 and 7 operate under a vacuum
at a column top pressure of no more than 10 kPa and
6.67 kPa, respectively. For rectified cyclohexanone
distillation, the column’s top temperature is no more
than 90 °C, and the rectifying still temperature is no
more than 125 °C. In column 7, rectified cyclohexanol
is separated from high-boiling components (tars).
The column’s top temperature is 74—88 °C, and the
rectifying still temperature is no more than 175 °C.

Conclusions

On the basis of the analysis, relevant Russian
and foreign information, and our own research it
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Objectives. The problem of optimizing chemical flow sheets according to energy costs associated
with recycling flows is at present quite relevant. The current article investigates the influence of
temperature conditions on the recycle flow rate, securing the specified conversion of the recycled
flow sheet “reactor — separation unit.”

Methods. The study’s main method is the mathematical simulation of a recycled flow sheet based
on material balance and chemical kinetics equations. This model assumes that the separation
unit can form the recycle and outlet flows of any specified compositions.

Results. The mathematical model recycle flows provides the full reagent conversion of recycled
flow sheet depends on the reactor type and the temperature conditions in it. It was established
that the dependence of the recycle flow rate on the reactor temperature for endothermic reactions
has monotonously decreasing shape. The most interesting are exothermic reactions for which the
dependence of the recycle flow rate on the reactor temperature curve has a minimum. It is proved
that the “reactor — separation unit” system with the plug flow reactor has lower optimal recycle
flow rate than the recycled system with the continuous stirred tank reactor. For the adiabatic
reactor the dependence of total conversion recycle flow rate on the inlet reactor temperature was
investigated. It has been proven that the optimal recycle flow rate is equal to the minimum recycle
flow rate for total conversion in the “reactor — separation unit” system.

Conclusions. It has been established that isothermal operation conditions are the best in terms
of the recycle flow rate, securing the specified conversion for the system.

Keywords: recycled systems, reactor temperature conditions, recycle flows, conversion on
system.
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Binsinne TeMIiepaTypHOro pe;xuMa peaKkTopa Ha BeJTUYHHY
PEelUPKYJIUPYIOIIETro MOTOKA

C.A. Hazauckuii®, A.B. CoroxuH

MHP3A — Poccuiickuil mexHono2udeckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MeXHO.102UTL
umeru M.B.Aomorocosa), Mockea 119571, Poccus
@Asmop ons nepenucku, e-mail: nazanski@yandex.ru

Ienu. HccnedosaHue srusiHue memnepamypHoz0 pesxxuma 8 peaKkmope HA 8eNUUUHY peyur-
aa, obecneuusarouiezo 3a0aAHHYI0 KOHBEPCUIO 8 PEUUPKYJSYUUOHHOT cucmeme «peakmop — 610K
pasdenerusi.

Memoowut. Mamemamuueckoe MOOEAUPOBAHUE HA OCHOBE YPABHEHUU MAMEPUAILHO20 6ANAH-
ca u xumuueckoll KuHemurxu. IIpednonazaemest, umo 610K pazoesfeHust MoxKem co30asamo pe-
YUK U BbIXOOHOU nomok 1106020 3a0aHH020 cocmasa.

Pe3synomameul. B gbluuciumenbHOM SKCnepumeHme onpeodesieHbl 8eAUUUHbL peyurios, obec-
neuusarowue 100%-HYyr0 KOHBEpCUIO 8 cucmeme 8 3a8UCUMOCU OMm muna peaKkmopa u mem-
nepamypHozo pexkuma 8 Hem. Buiio ycmaHo8eHo, Umo 01t 9HOOMEPMUUECKUX peaKyull 3a8u-
CUMOCMBb 8ENIUUUHBL PEUUKIA OM memnepamypsl umeem MOHOMOHHO Yybblaarouwuil xapakmep.
Haubonvwulli uHmepec npedcmaesisiem cayuaii 9K30mepMudeckux peaxyuil, 01 Komopblx 3a-
BUCUMOCMb PEUUKIA Om memnepamypsbl umeem eud Kpugoii ¢ muHumymom. ITokazaHo, umo
onst enyuast peaKkmopa udeanbHo20 8blMeCHeHUsT ONMUMANbHLLUL PeyupKYaAUpYrowuilL. nomox
MeHbULe, Uem Ol CAYUuast peaKkmopa UdeaibHo20 cmeweHus. s cayuas aduabamuueckozo
peaxmopa uccnedo8aHa 3a8UCUMOCMb peyuraa, obecneuusarouiezo 100%-HYyro KoHBepculo &
cucmeme om memnepamypusl Ha 8xo0e 8 peakmop. YCcmaHo8/AeHO, Umo ONMUMANLHOU s8asem-
Csl HEKOMOPAst MUHUMANbHASL memnepamypa, Huske komopoti 100%-Has KoHgepcusl He MoxKem
6bimb docmuzHyma.

Barnrouenue. Hszomepmuueckuil peskum 8 pearKmope UOeabH020 BblMeCHeHUSsl S8Aslemcst
HOUNYUUUM C MOUKU 3peHUSl 8eUUUHBL peuuKraa, obecneuusarouieti 3a0aHHYO KOHBEPCUND 8
cucmeme «peakmop — 610K pasoeneHusir.

Knroueevle cnoea: peyupKyasiyyuoHHble CUCMEMbL, MeMNepamypHbL pesxxum peaKkmopa, pe-
YUKI08ble NOMOKU, KOHBEPCUSL 8 cucmeme.

Jna yumupoeanua: Hazauckuii C.J1., Conoxun A.B. BiusiHue TeMnepaTypHOro pexuMa peakropa Ha BeIMUUHY PELUPKYIH-
pytouiero noroka. Toukue xumuyeckue mexuonoeuu. 2019;14(5):31-38. https://doi.org/10.32362/2410-6593-2019-14-5-31-38

Introduction Mathematical model of a recycled system

In the wvast majority of industrial chemical The structure of the “reactor — separation unit”
flow sheets (CFS) there are recirculating flows, recycled system is shown in Fig. 1.
the presence of which in some cases allows one to
achieve high values of conversion and selectivity in R
the system [1-3]. On the other hand, the values of X, |
recirculating flows directly affect the energy costs
of CFS associated with pumping flows and with a
change in the flow aggregation state [4, 5]. The task F G L
of optimizing the CFS according to energy costs is 2

- - Xf Xg X

relevant. At the pre-design development stage, it can
be reduced to the problem of optimizing the CFS 1
according to the recirculating flow value, which is
necessary to achieve a given conversion rate in the system. w

The present work is devoted to the nature of the Xy

recycle value relationship in the “reactor — separation
unit” system with temperature conditions in various . « . s

Y pera . . Fig. 1. “Reactor — separation unit” recycled system:
types of reactors for the simplest reversible reaction 1 — chemical reactor; 2 — reaction separation unit

A<B. The system works in a stationary mode. (See further down in the text for a list of symbols).
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To form a mathematical model of the system, we
write material balances according to their elements (flow
designations are shown in Fig. 1). We will use molar
quantities, so flows will be measured in kmol/h, and
concentrations in molar fractions.

Material balance for the mixer:

G=F+R (1)

Gx, = Fx, + Rx, 2
for the separation unit:

L=W+R 3

Lx, = Wx,, + Rx, “
for the reactor:

G=L %)

Lx, =Gx, — P (6)
and for the system:

Fx,-Wx,=P ®)

F=W Q)

In equations (6) and (8), P is the reactor productivity
characterizing the amount of reagent converted into a
product per unit time, kmol/h.

For further analysis of the system, the assumption
is made that the separation unit is capable of creating
recycle R and product /¥ flows of any given composition,
even up to pure components. Pure reagent A (xf. =1)in
the amount of F' (kmol/h) is supplied to the system input.
The recycle also consists of a pure reagent A (x = 1).
The chemical reaction rate w obeys the power law in the
form:

w=k'x-k (1-x), (10)

where x is the mole fraction of reagent A; w=4k", k-
are the rate constants of the forward and reverse reactions,
respectively, kmol/(m3-h).

Under the condition of 100% conversion in the
system, reagent A is absent in the product flow of the
system, then x = 0. In this case, from (8) it follows

P=F, (11)

that is, the reactor productivity corresponds to the amount
of reagent supplied to the system input.

Recirculation system with a continuous
ideally stirred-tank reactor

For a continuous ideally stirred-tank reactor
(CISTR), in which the temperature and composition are
identical throughout the entire volume, the expression
for productivity is the multiplication of the volume by
the reactor and the reaction rate, and with (10) in mind
has the form:

P=Vw=V(k" +k)x, —-Vk . (12)

Applying condition (11) to (12), we obtain the
expression for the continuous ideally stirred-tank
reactor’s composition, which is realized at 100%
conversion in the system:

F+Vk

- - . 13
B0 =y e k) (1

X, =

The material balance of the separation unit, taking
into account (9), is written as:

L=F+R (14)
Lx, = Fx; + Rx, (15)

Substituting expressions (14) and (13) in (15), and
also assuming the assumption x = 1, we obtain:

F+Vk™
(F+Rloo)m:Rmo- (16)

Let us express from (16) the value of the recycle
corresponding to 100% conversion:

Ry = F(F++ V) : (17)
Vk™ - F

As can be seen, the recycle value corresponding
to 100% conversion in the system is determined by
the amount of reagent /" in the system inlet, the reactor
volume, and the rate constants of the forward and reverse
reactions, which, in turn, depend on the temperature in
accordance with the Arrhenius equation:

k" =kye ™k~ =kje ™, (18)

where k,,k, are pre-exponential factors for the
rate constants of the forward and reverse reactions,
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respectively, h™'; E*, E~ are activation energies for
forward and reverse reactions, respectively, J/mol;
R,=8314 J/(mol-K) is the universal gas constant.

Substituting (18) into (17), we obtain an expression
showing the temperature dependence of R :

.
F? + FVkje ™"
Ry = e (19)
Vkie " —F

From (19) it follows that the positive recycle
values R, will be obtained with non-negative values
of the denominator. So, for fixed values of the reactor
volume, power flow, and the parameters of the Arrhenius
equation, there is a minimum temperature in the reactor
at which the desired reactor productivity and conversion

in the system can be achieved:

dRyy __

rer, =L YR ] 20)
R F

g

It is also seen from (19) that R, — ccat T —> T .
Therefore, the minimum temperature determined by
(20) is the vertical asymptote of dependence (19).

During an unlimited increase in temperature, the

recycle value R tends to the limit value:

. F?+ FVk;
Ry = llleoo =

21
T—x ng - F

To identify the nature of the dependence R, (7) (19),
we write the expressions for the derivative taking into
account (18):

(E*+E)FV(k"+k )+ (E"—E)F*V’k"k™

dT RT*(Vk* - F)’

It can be seen from (22), that for E* > E the
derivative is negative at any temperature; consequently,

the dependence R, (T) has a monotonously decreasing

character, shown in Fig. 2, curve a. Inthe case £ < E~
the derivative can be both positive and negative, and
then extrema can be on the dependence R (7).

o0
RIUO

Fig. 2. Qualitative view of the temperature dependence
of recycle value R in the continuous ideally
stirred-tank reactor. Ratio of activation energies
of forward and reverse reactions:

a) E">E";b) E"<E".

(22)

From published data [6] it is known that in the
case of exothermic reactions (and this is just the case

E" < E7) the dependence of the reactor productivity
on temperature, at fixed values of the reactor load and the
reactor volume, has the form of a curve with a maximum,
in other words, there is some optimal temperature
corresponding to maximum performance. The presence
of'a maximum is explained by the fact that, in the case of

E" < E as the temperature increases, the rate constant
k~ increases faster than the rate constant £*. This leads to
a greater increase in the rate of reverse reaction and, as
a consequence, to a decrease in reactor productivity. On
the other hand, at a fixed temperature, the productivity
of the reactor is directly related to the reactor load G,
which in our case, in accordance with (1), consists of
power and recycle flows. So, it can be expected that at
temperatures other than optimal, a higher recycle value
will be required to achieve a given productivity value
than at an optimum temperature. It follows that for the

case of E” < E~ the dependence curve R, (7) will
have a minimum, as shown in Fig. 2, curve b.

Recirculation system in an ideal
plug-flow reactor

Since the composition of the reaction mixture and,
consequently, the reaction rate in an ideal plug-flow
reactor (IPFR) are continuously changing along the
length of the reactor, the expression for the productivity
value has the form of:
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Vv
P= Iw(u)du , (23)
0

wher u is the current volume of the reactor, V is the total
reactor volume.

At this stage, we are taking into consider the case
of an isothermal reactor, in which the temperature is
the same throughout the volume. We obtain the form
of the speed dependence on the current reactor volume,
which is a part of (23). From the material balance for an
infinitely small element of volume it follows that:

—(F +R)dx—wdu =0. (24)
We express from (10) the mole fraction x:

w+k~
X=-— (25)
kt+k

Differentiating the left and right sides of (25), we
obtain:

dxz%dw. (26)
k" +k

Substituting (26) into (24), we obtain the differential
equation with separable variables:

dw kT +k
— W
du F+R

>

whose solution with the initial condition of w (u = 0) =w,
will have the form:

_uk++k’
— F+R
w=we " 27)

From (10) it follows that under the assumptions
made on the feed and recycling, consisting of a pure
reagent, the initial velocity will be equal to the rate
constant of the forward reaction:

w, =k". (28)

We substitute (27) and (28) into (23), after
integration we obtain:

+ V)
+

Combining (29) with the condition of 100%
conversion (11), we obtain the equation for the recycle
value R :

V()

w l—e Rygo+F

~F=0. 30
k' +k )

From the form of equation (30) it follows that its
solution with respect to the recycle value R is possible
only via numerical methods.

Figure 3 shows the results of solution (19) and (30)
with the following initial data: the system power flow
is F = 100 kmol/h; the reactor volume is V' = 1 m’; the
Arrhenius equation parameters for the forward reaction
rate constant are k,, =4.75-10" kmol/(m’-h), £ =78 000 J/mol,
for the reverse reaction k, = 2.37-10" kmol/(m*h), and
E-=107 000 J/mol.

Figure 3 shows that in the temperature range
under consideration, the dependences of the recycle
value on temperature for both types of reactors have
a characteristic minimum. It should also be noted that
the minimum R, recycle value for the case of an ideal
plug flow reactor is less (curve a) than for the case of a
continuous ideally stirred-tank reactor (curve b). This is
due to the fact that for the same volume and load values,
an ideal plug flow reactor is characterized by higher
productivity; therefore, to achieve a given productivity,
it requires a lower load, and, therefore, a recycle.

R 100, krnol/ h

2501
2001
150 1
100 T

50T

0 ' ; "
300 Ton=3214K 350 400 450 T,K

Fig. 3. Temperature dependence of the recycle value R
on the recirculation system
with isothermal reactors of various types:
a) an ideal plug-flow reactor;
b) a continuous ideally stirred-tank reactor.
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Recirculation system in an adiabatic plug-flow
reactor (under ideal conditions)

In the case of an adiabatic plug-flow reactor, the
temperature along the length of the reactor changes in
accordance with the thermal effect of the reaction, and
therefore, the equation (30) cannot be used to find the
recycle value. For this case, the mathematical model
includes non-linear differential equations for material and
heat balance with respect to composition and temperature,
which cannot be solved analytically. Therefore, the
adiabatic reactor with recycle was simulated in the Aspen
Plus software package in accordance with the scheme
shown in Fig. 4.

R—)\ G > G xl >
F 1/ T'in 9 Tout

Fig. 4. Scheme of an adiabatic plug-flow reactor:
1 — mixer; 2 — reactor.

The reactor was modeled as a tubular one with a tube
diameter of 0.05 m and a tube length of 3 m. The power
value F, kinetic parameters, and the reactor volume were
set to be the same as in the previous calculation for an
isothermal reactor. The change in the reaction’s enthalpy
is AH = =30 000 J/mol. In the course of calculations, at
various values of the temperature of the incoming flow
T, , the value of the recycle R was determined in which
the condition (31) was satisfied:

G(-x)=F, (31)

which, in turn, corresponds to the condition of 100%
conversion in the system (11). The calculation results are
presented in Fig. 5.

T, K
A

410t
390
370
350
330

310

290 } } } } } —>
0 0.5 1 1.5 2 2.5 3 1

R 100, kmol/h

A

250

2001

150 T

100 T

0 Tnn=299.19K )
250 300 350 400 T, K

Fig. 5. Temperature dependence of the recycle value R,
for a recirculation system with an adiabatic
plug-flow reactor.

Figure 5 shows that the optimal recycle value R |
for the temperature at the reactor’s inlet corresponds
to a minimum temperature 7, . below which the
reactor’s productivity corresponding to the condition
in (31) is not achieved. Therefore, at 7' < T, min the
achieving of 100% conversion is impossible in a
system with an adiabatic plug-flow reactor of a given
volume. Figure 6 shows the temperature and reagent
concentration profiles along the length of the reactor
with optimal recycling.

Figure 6 shows that a change in temperature
and composition occurs along the entire length of
the reactor, and the rate of change of temperature is
consistent with the rate of change in the composition.
The result obtained indicates the effective work of
the entire reactor volume. For comparison, Figure 7
shows the temperature and composition profiles at
T, =310K and R, , = 76.6 kmol/h.

x, mole fraction

A

1—.
0.8
0.6+ b

044

\ 4

W =+
—

0 05 1 1.5 2 2.5 .m

Fig. 6. Temperature (a) and composition (b) profiles along the length of the reactor at an optimal recycle value

R, =684 kmol/h and T =T,

=299.19 K.

in min
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x, mole fraction

A

1-

0.8

0.6

0.44

0.2

\ 4
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0 05 1 1.5 2 2.5
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Fig. 7. Temperature (a) and composition (b) profiles along the length of the reactor with a recycle value
R, =76.6kmol/hand T =310 K.

It can be seen from Fig. 7 that, at a reactor length
of [ > 1.3 m, the temperature and composition cease to
change. This is due to the fact that the composition in
the reactor becomes almost equilibrium and the rate of
chemical conversion is close to zero. Therefore, this part
of the length of the reactor does not consume the reagent
and does not produce the product, in other words, it does
not operate. Thus, with an increase in the temperature
of the inlet flow, the desired reactor productivity can
be achieved with a smaller reactor volume, but this
requires a large recycle value. From the result obtained,
it can be concluded that the optimal value of the recycle
necessary to achieve a given conversion corresponds to
the most efficient reactor work. It should be noted that
this conclusion is valid under the assumption made on an
idealized separation unit forming the recycle of a certain
composition.

A comparison of the results presented in Figs. 3
and 5 shows that for the isothermal plug-flow reactor
(under ideal conditions), the optimal value of R, is less
than for the adiabatic reactor (under ideal conditions).
Therefore, in order to achieve the optimal recycle value
corresponding to the given conversion in the system, it is

necessary to maintain the isothermal mode in the reactor.
It should be noted that for reactions with a significant
thermal effect, it is much more difficult to achieve an
isothermal mode in the reactor than an adiabatic one. In
addition, with a lower recycle value for an isothermal
reactor, there will be additional costs for the refrigerant
supplied to the annulus of the reactor to remove the heat
of the reaction.

Conclusions

So, according to a reversible reaction A<B with
a fixed recycle composition, a correlation between
the recycle value securing the given conversion in the
“reactor — separation unit” system and the temperature
in the reactor has been revealed. For an exothermic
reaction, the possibility of the existence of an optimum
temperature corresponding to the minimum value of the
recycle is shown.

Acknowledgments
This work is supported by the Russian Science Foundation
grant No. 19-19-00620.

The authors declare no conflict of interest.

List of symbols used in this article: A, B — reaction mixture components; E*, E- — activation energy of forward and reverse
reactions, respectively, J/mol; F' — power flow of the “reactor — separation unit” system, kmol/h; G — flow entering the reactor,
kmol/h; &, k- — rate constant of forward and reverse reactions, respectively, kmol/(m*-h); k;, k, — pre-exponential factor in
the Arrhenius equation for the forward and reverse reactions, respectively, kmol/(m*-h); / — reactor length, m; L — flow, leaving
the reactor, kmol/h; P — reactor productivity, kmol/h; R — recycle flow, kmol/h; R, — recycle flow value corresponding to 100%
conversion, kmol/h; R, — recycle limit corresponding to infinite temperature, kmol/h; R, universal gas constant, 8.314 J/(mol-K);
T—temperature, K; 7' — the minimum temperature in the reactor at which it is possible to achieve 100% conversion in the “reactor
— separation unit” system, K; 7, — adiabatic reactor inlet temperature, K; 7' — adiabatic reactor outlet temperature , K; 7, = —
minimum adiabatic reactor inlet temperature, at which 100% conversion in the “reactor — separation unit” system is possible, K;
u — current reactor volume, integration variable (23), m?; V' — total reactor volume, m?*; W —the flow leaving the “reactor — separation
unit” system, kmol/h; x — molar fraction of reagent A in the reaction mass; x,— molar fraction of reagent A in the feed flow of the
“reactor — separation unit” system; x_—molar fraction of reagent A in the flow entering the reactor; x,— molar fraction of reagent A in
the flow leaving the reactor; x, — molar fraction of reagent A in the recycle flow; x_—molar fraction of reagent A in the flow leaving
the “reactor — separation unit” system.

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2019;14(5):31-38
37



Influence of reactor temperature conditions on the recycle flow rate

References:

1. Nagiev M.F. Theory of recycled processes in
chemistry. Moscow: USSR Academy of Sciences Publ., 1962.
329 p. (in Russ.).

2. Blagov S.A. Development of steady state analysis
method for recycled reaction distillation processes: Cand. of
Sci. (Engineering) thesis. Moscow, 1999. 187 p. (in Russ.).

3. Solokhin A.V., Nazanskiy S.L. Using of recycling
for increasing of selectivity of parallel reversible reactions.
Theoretical ~ Foundations of  Chemical  Engineering.
2012;46(3):288-295.

About the authors:

4. Raeva V.M., Frolkova A.K., Serafimov L.A.
Evolution of the composition of binary azeotropes under
variable external conditions. Theoretical Foundations of
Chemical Engineering. 1996;30(1):21-27.

5. Timofeev V.S., Serafimov L.A., Timoshenko A.V.
Principles of technology of basic organic and petrochemical
synthesis. 3rd edition. Moscow: Vysshaya shkola Publ., 2010.
535 p. (in Russ.).

6. Zakgeim A.Yu. Introduction on chemical flow sheet
modeling. Moscow: Khimiya Publ., 1982. 232 p. (in Russ.).

Sergey L. Nazanskiy, Cand. of Sci. (Engineering), Associate Professor of the Chair of Chemistry and Technology of
Basic Organic Synthesis, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University
(86, Vernadskogo pr., Moscow 119571, Russia). https://orcid.org/0000-0002-6612-4343. E-mail: nazanski@yandex.ru

Arkadiy V. Solokhin, Dr. of Sci. (Engineering), Professor of the Chair of Chemistry and Technology of Basic Organic

Synthesis, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo
pr., Moscow 119571, Russia). https://orcid.org/0000-0002-6613-6489. E-mail: ark.solokhin@yandex.ru

06 aemopax:

Haszanckuii Cepzeii AeoHUOO06UYU, KaHIUIAT TEXHUYECKUX HAyK, JOIEHT Kademapbl OCHOBHOTO OPTaHMYECKOTO CHH-
Te3a MHcTuTyTa TOHKMX XuMudeckux TexHomoruit um. M.B. Jlomonocoa ®I'6OY BO «MUPDA — Poccuiickuii TexHonoruye-
ckuit yauepcutet» (119571, Poccus, Mocksa, np-t BepHazackoro, a. 86). https://orcid.org/0000-0002-6612-4343. E-mail:

nazanski@yandex.ru

Conoxun Apxaduii Buxmopoeuu, N10KTop TEXHHYECKUX HAyK, podeccop Kadeapbl OCHOBHOTO OPraHUYECKOro
CUHTe3a VIHCTUTYTa TOHKUX XUMU4ecKUX TexHonoruii uM. M.B. Jlomonocosa ®I'bOY BO «MUPDA — Poccuiickuii TexHoI0-
ruueckuii yausepcute» (119571, Poccusi, MockBa, nip-t Bepnauckoro, 1. 86). https://orcid.org/0000-0002-6613-6489. E-mail:

ark.solokhin@yandex.ru

Submitted: July 03, 2019, Reviewed: September 04, 2019, Accepted: September 20, 2019.

Translated by S. Durakov

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(5):31-38

38



Fine Chemical Technologies, 2019, Vol. 14, No. 5, pp. 39-50.

Original Russian Text © Kirill A. Sarbashev, Marina V. Nikiforova, Darya P. Shulga, Margarita A. Shishkina,
Sergey A. Tarasov, published in Tonkie Khimicheskie Tekhnologii, 2019, Vol. 14, No. 5, pp. 39-50

THEORETICAL BASES OF CHEMICAL TECHNOLOGY
TEOPETUYECKHE OCHOBBI XHMHYECKON TEXHOAOTHH

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2019-14-5-39-50 [®)sy |
UDC 66.063.8

Flow and mixing processes in a passive mixing microfluidic chip:
Parameters’ estimation and colorimetric analysis

Kirill A. Sarbashev!?, Marina V. Nikiforova'*@, Darya P. Shulga'-3,
Margarita A. Shishkina'!, Sergey A. Tarasov!*

Materia Medica Holding, Moscow 129272, Russia

?Russian State Agrarian University — Timiryazev Moscow Agricultural Academy, Moscow
127550, Russia

SPeoples’ Friendship University of Russia (RUDN), Moscow 117198, Russia

‘Institute of General Pathology and Pathophysiology, Moscow 125315, Russia

@Corresponding author, e-mail: nauka@materiamedica.ru

Objectives. The development of microfluidic systems is one of the promising areas of science
and technology. In most procedures performed using microfluidic systems, effective mixing in
microfluidic channels of microreactors (chips) is of particular importance, because it has an
effect on the sensitivity and speed of analytical procedures. The aim of this study is to describe
and evaluate the major parameters of the flow and mixing processes in a passive microfluidic
micromixer, and to develop an information-measuring system to monitor the dynamics of flow
(mixing) of liquids.

Methods. This article provides an overview of the concept of microfluidic mixing chips (micromixers)
and their classification, and analyzes the kinds of points of mixing and microfluidic channels
for mixing. The article presents the description and calculations of the hydrodynamic similarity
criteria (Reynolds, Dean and Peclet numbers), which are the critical parameters for creating and
optimizing micromixers (for example, straight and curved channels in the flow rate range between
100 and 1000 ul/min). We have developed an information-measuring system to monitor the
dynamics of flow (mixing) of liquids in a microfluidic channel, which consists of a microscope with
a digital eyepiece (LOMO MIB, Russia), an Atlas syringe pump (Syrris Ltd., UK) and a passive
mixing microfluidic chip of interest (made of clear glass). This system was designed to quickly
illustrate the principles of mixing in microfluidic channels of different configurations.

Results. The developed system has allowed carrying out a colorimetric analysis of the modes and
dynamics of mixing two liquids (5% aqueous solution of azorubine dye and water) at the T-shaped
mixing point, at the straight and curved (double-bend shaped) sections of the microfluidic channel
of the passive-type micromixer with flow rates varying from 100 to 400 ul/ min.

Conclusions. According to the obtained calculations, the share of the advective mixing processes
(formation of vortex flows and increase in the contact area of the mixed substances) in flowing
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liquids is significantly higher in curved microchannels. The developed information-measuring
system to monitor the dynamics of flow (mixing) of liquids in a microfluidic channel is a convenient
tool for optimizing the mixing modes in the channels of micromixers, and for designing new
configurations of channels in microchips. It would allow intensifying processes and increasing
the performance of microfluidic systems.

Keywords: microfluidics, microfluidic chip, passive micromixer, criteria of hydrodynamic
similarity, colorimetric analysis.
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IMenu. Paspabomka MUKpOpatoUOHbBLX CUCMeM SA8ASLeMCst OOHUM U3 NePCneKmueHblX Hanpas-
JleHull passumusi HayKu u mexHuku. B boavuurHcmee npouedyp, npo8oouUMbLX C NOMOULLIO
MUKPOPIOUOHBLX CUCEM, BAXHOE 3HAUECHUE umeem dppeKmusHoe nepemeulusarHue 8 Mu-
KPOPAOUOHBIX KAHALAX MUKPOPEaKmMopo8 (Uunos), Komopoe sausem Ha UYyecmeumesibHOCMb
u 6bicmpomy aHanumuueckux npouedyp. Llenvio pabomsl 18/151UC ONUCAHUE U OYEHKA OCHO8-
HblX Napamempos meueHus U CMeULU8AHUSL 8 MUKPOPDIAIOUOHOM MUKpOCMecumesie NaccueHo2o
CMeuuUBaHuUsl U paspabomra UHGPOPMAYUOHHO-USMEPUMENLHOU cucmembl KOHMPOsL OUHAMU-
KU npomeKaHusl (nepemeuilusanust) kxuoxocmeii 8 Hem.

Memoobt. /JanHas cmambs cooepixum 0030p KOHUENUUU MUKPOPIIOUOHBIX UUNO8 CMEULUBA-
HUsl (MuKpocmecumesell), ux Kaaccugurayuro, oocyxoeHsbl pasHo8UOHOCMU MoUeK CMeulusa-
HUSL U MUKPOAIOUOHBLX KaHao8 cmewusarust. IIpusedeHsl onucarue u pacuemst Kpumepues
2udpoouHamuueckozo nooobus (uucaa PeliHonwoca, ITexne u [JuHa), A8As0UUXCS KpUMUUECKU-
MU napamempamu Oas paspabomKu U ONMuUMU3AYUU MUKpocmecumenell (Ha npumepe npsi-
MO020 U U302HYMO20 KaHA08 8 duanal3oHe ckopocmeti nomokog om 100 do 1000 mxn/muH).
PaspabomaHa UHGOPMAUUOHHO-UBMEPUMENbHASL CUCmemMa KOHMPOAS OUHAMUKU NPOmMeKa-
Husl (nepemewiugaHust) kuokocmeil 8 MUKPOPAOUOHOM KAHAE, COCMOSULASL U3 MUKPOCKONA C
uugposoim okyaspom («ANOMO» MUE, Poccust), wunpuyesozo Hacoca Atlas (Syrris Ltd., Benuko-
bpumaHus) u uccaedyemozo MUKpO@GAOUOHO20 UUNA NACCUBHO20 CMEULUBAHUSL, U320MO8IeHHO-
20 u3 npospaurozo cmeraa. JaHHas cucmema npeoHasHaueHa 0k mozo, umobbl. onepamu8Ho
NPOUNNIOCMPUPOBAML NPUHYUNBLL NepemMeulusaruss 8 MUKPOPAIOUOHBLX KAHANAX pPA3HOU
KOHU2ypayuu.

Pesynemameut. C nomowbro paspabomaHHoll cucmemol npogedeH ygemomempuueckuli aHaius
perxxumos U OUHAMUKU nepemeuusaHrus 08yx skuokocmeil (5% 800H020 pacmeopa Kpacumess
azopybura u 800vt) 8 T-06pa3Holl mouke cMeuu8aHus, Ha NPSIMOM U U302HYMbLX (8 hopme
3MmeesuUKa) yuacmrKax MUKPOPAOUOHO020 KAHANA MUKPOCMECUmMesst NACCU8H020 muna npu
sapvuposaHuu ckopocmu nomorxog om 100 0o 400 mrn/ MuH.

3arxnrouenue. Co2nacHo noayueHHbiM pacuemam, 0051 A08eKMUBHBLLX NPOUECCO8 CMEeuUsa-
Husl (0bpasosaHue 8UXpPe8blX NOMOKO8 U Y8eauueHUe NA0ULa0U KOHMAKmMa cMeuusaemsblx
geujecms) 8 npomeKarwWuUx KUOKOCMSX CYWeCcmeeHHO 8blule 8 U302HYMbLX MUKPOKAHALAX
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Murpouunos. PaspabomaHHas UHGOPMAUUOHHO-UIMEPUMENLHASL CUCMEMA KOHMPOSSL OUHAMUKU
npomekaHusl (nepemeuueaHrust) Rxuokocmeil 8 MUKPOPAOUOHOM KAHANE s18siemest YOOOHbIM
UHCMpymeHmom 0ast pabom no ONMUMUIAUUU PEIKUMO8 CMEUUBAHUS. 8 KAHANAX MUKPOCME-
cumenell U 0151 NPOEKMUPOBAHUSL HO8bLX KOHGPU2YPAUULL KAHA08 8 MUKPOUUNAX, UMO NO380-
Jislem UHMeHCUPUUUPO8AMb NPOUECCHL U YBENUUUMb NPOU3ZBO0UMENLHOCMb MUKPOPIIOUOHBLX

cucmem.

Knroueevle cnoea: MuKpoparoudura, MUKpopaoudHblil uun, MuKpocmecumesib NACCUEHO20
CMeWUBAHUS, KpumMepuu 2UOPOOUHAMUUECKO20 N000OUSL, U8EemoMempuUeckKuil aHaIus.

Jna yumuposanua: Capbames K. A., Hukudoposa M.B., [Ilynera JI.I1., Hlumkuna M.A., Tapacos C.A. [Ipouecce! TeueHus
Y TIepeMeNIMBaHus B MUKPO(IIOUIHOM YHITe TACCUBHOTO CMEIIUBAH: OIICHKA MTapaMeTPOB M IBETOMETPUYCCKUIT aHAIIN3.
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Innovative approaches in chemical and biological
analyses, in order to simplify and speed up their
procedures as well as boost their performance, are in
high demand. Microfluidic systems are in the focus of
researchers, because such systems can be used in various
fields of science and technology, including chemical
and biochemical analytical procedures. The driving
force behind the active development of microfluidics
was the creation of microelectromechanical systems
(MEMS) which received the name ‘“System-on-a-
Chip,” and which allow to place several functional
components on a single microdevice. It is also in line
with the general tendency to miniaturize devices, to
elevate their performance and sensitivity for chemical
and biological studies and analytical procedures [1].
Such miniaturized total analysis systems (LTASs) are
used in chemistry, biology and medicine, and they are
called a lab-on-a-chip (LoC) [2, 3]. A microfluidic
chip (microreactor) is a device that combines several
functions, when working with a reagent-to-product or
sample-to-analysis pipeline, in a single complex system
whose size varies from several millimeters to several
square centimeters [4].

The main difference between microfluidic systems
and other currently employed analytical laboratory
equipment is the use of microvolumes (microliters)
in microfluidics, allowing the use of reagents and
electricity, as well as the amount of the analyte or
biomaterial to be significantly minimized, thus making
the analysis cheaper. Microfluidic systems are the tools
that we can use to develop multifunctional automated
analytical and manufacturing devices in a small scale,
allowing various chemical and biochemical reactions
to be performed quickly, in a small volume and with
the minimal human involvement. The use of small
volumes of substance solutions leads to the necessity
of investigating flow processes in microfluidic systems
in terms of both molecular dynamics and continuum
mechanics. Special microfluidic microreactors have
been developed, allowing to perform several actions with
liquids on a single chip, for example, mixing, separation,

fragmentation, sampling, etc. [2—10]. Other microfluidic
chips, which perform only a single procedure, for
example, mixing (one of the most important operations,
involved in almost all chemical and biochemical
analytical procedures), exist as well [11-14].

Microfluidic chips for mixing, the so-called
micromixers, are used to control and accelerate the
process of mixing [13, 14]. There are two kinds of
micromixers, active and passive. To intensify the process,
active micromixers require additional equipment that
acts on the liquid flow externally. For example, it can
be a piezoacoustic transducer, which creates shear stress
in the liquid flow by ultrasound waves, and induces
fluctuations in the velocity field, thus intensifying
the mixing. Another example is magnetic particles in
a certain area of the microfluidic chip, which mix the
liquid flows by their own active movements [14].

The design of active micromixers and their
integration into microfluidic systems is quite expensive
and difficult. On the contrary, passive micromixers are
easier and cheaper. When creating passive micromixers,
it is necessary to take into account the geometrical
parameters of the micromixer channels and the flow
behavior of the liquid [4]. In passive micromixers,
the mixing of liquid flows is intensified by various
construction features of the microfluidic channels that
allow increasing the contact surface between the liquids
and decreasing the diffusion distance. For example, the
micromixer channels may be equipped with obstacles, or
have curved configurations, allowing to abruptly change
the direction of flow, make the flows collide, create
vortex flows, thus making the mixing process more
effective [15, 16]. Superhydrophobic surfaces may also
be used in the chip channels, making the sliding of the
liquids better at the sides of the channels and increasing
the velocity of the flow [17].

The aim of this study was to describe and evaluate
the major parameters of the flow and mixing processes
in a passive microfluidic micromixer, and to develop an
information-measuring system to monitor the dynamics
of flow (mixing) of liquids.
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Evaluation of the hydrodynamic similarity
criteria of flow and mixing processes in a passive
mixing microfluidic chip

The efficiency of mixing processes in a
passive mixing microfluidic chip, in accordance
with the abovementioned description, depends on
the construction features of the channels. The key
zones in the chip structure, which facilitate effective
mixing, are the point of mixing and the channel of
mixing. The point of mixing is a certain place in the
chip where two or more channels are joined (where
liquids are supplied for further mixing). The channel
where the liquids are flowing together is called the
channel of mixing (Fig. 1).

By changing the geometry of these chip zones,
developers of microfluidic systems achieve the
maximal efficiency of mixing for various solutions.
The point of mixing can be T-shaped, Y-shaped or
arrow-shaped (Fig. 2).

QP ‘Sh V7

T- junction

Y- junction

Fig. 1. Scheme of a microfluidic chip (micromixer):
1 — two points of entry of the liquids;
2 — the point of mixing;
3 — the channel of mixing;
4 — the point of exit of the resulting solution.

Arrow-shaped junction

Fig. 2. Channel configurations at the point of mixing in passive mixing microfluidic chips.

Channels of mixing in passive micromixers
can have various configurations, such as a double-
bend shaped channel; a flat channel with staggered-

herringbone grooves; a three-dimensional, connected
out-of-plane channel (Fig. 3); and many more
configurations [4].

b

Fig. 3. Examples of channel configurations in passive microfluidic chips:
a) Zigzag-shaped channel for chaotic mixing at high Reynolds numbers;
b) Staggered-herringbone grooves for chaotic mixing at low Reynolds numbers;
c¢) Three-dimensional L-shaped channel for chaotic mixing at intermediate Reynold numbers [4].

The mixing process in solutions is influenced by
the parameters of the dissolved substances, such as
viscosity, diffusion coefficient and the supply rate of
the liquids. Other important factors, which affect the
mixing process, are the material of the microfluidic

chip and the characteristics of the chip itself, such as
the roughness of the channel sides, length and angles
of the channel.

In order to describe the mixing in microfluidic
chips, it is necessary to use the following parameters
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of hydrodynamic similarity: the Peclet number (Pe)
that characterizes the ratio of the advective processes
in the flow to diffusion; the Prandtl number (Pr) that
characterizes the thermodynamics of the mixed liquids;
the Reynolds number (Re) that characterizes the
flow mode of the liquid; the Dean number (Dn) that

characterizes the occurring transversal flows at the
curves and bends of the channels (Fig. 4).

We calculated these parameters in order to analyze
the mixing process in channels of passive microfluidic
chips with T-shaped junction in two configurations,
straight and double-bend shaped.

Variable parameters

Condition parameters

Flow rate

Calculated parameter:

Diffusion coefficient

FPeclet number
Fluid viscosity X

Prandt! number
Channel length »i Microfluidic Chip |

Mixing Reynolds number

Channel roughness

Dean number
Channel rotation angles I

Channel pressure changes

Dependent parameters

Fig. 4. Scheme of parameters for mixing of solutions in a passive microfluidic chip.

Let us consider the following setup, where we use a
microfluidic chip to mix 5% aqueous solution of azorubine
(carmoisine, food coloring E122; red dye supplied by
Roha Dyechem Pvt. Ltd., catalog number RD-09, India)
and bidistilled deionized water (generated by Milli-Q
Integral 5, Merck Millipore, France; further referred to
as “Milli-Q water”), making a dilution of the starting dye
solution with water to produce a homogeneous solution.
The microfluidic channel has the same cross-section area
of 1 mm? throughout the whole chip, and its length is
1080 mm. Two solutions are supplied to the micromixer
channels at the rate of 400 pl/min.

The Reynolds number can be calculated by the
following formula (1) [18]:

Re— 2¥4 0
n

where p — density of the medium, kg/m?;
v — characteristic velocity, m/s;
d — hydraulic diameter, m;
1 — dynamic viscosity of the medium, kg/(m-s)

As a result, the Re number (in a straight channel) at
the flow rate of 400 pl/min equals to 6.6.

In this mass transfer process, when mixing a dye
solution with water, it is more important and descriptive
to analyze the ratio of advective processes to diffusion,
i.e. the ratio of the mass transfer caused by the movement
of the medium to the mass transfer caused by the chaotic
thermal movement of molecules. It can be characterized
by the Peclet number according to the formula (2) [18]:

Pe =Re x Pr. 2)

The Prandtl number (Pr) equals to 7.02 for the
flow of azorubine aqueous solution at 20 °C [19].
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Therefore, for the liquid flow with Re = 6.6 (the flow
rate is 400 pl/min) in a straight channel, the Peclet
number equals to 46.33.

When flowing in a double-bend shaped channel,
the liquid changes its direction at the bends of the

channel. As we can see from the scheme of this
channel (Fig. 5), the flow changes its direction twice.
As aresult of the centrifugal force action, the layers of
the liquid begin to flow irregularly, the flow separates
into layers, thus intensifying the mixing.

d/4

1000 pm

— flow

—

Fig. 5. Scheme of a part of a double-bend shaped channel.

By using similarity coefficients, flow in channels
with turns can be characterized by the Dean number [18]:

L3
Dn:ZX B
) 2Xr

3)

where v — kinematic viscosity, m*/s;
v — flow velocity/rate, m/s;
L — characteristic length, m;
r —radius of curvature, m.
The Dean number can also be calculated using the
Reynolds number [18]:

Dn = Rex \/Z . 4
r

Then the Pe number for this type of mixing channel
can be expressed by the following formula:

Pe = (Re, x Re,) x Pr, 5)
D
Re, = 2| |+ ()
L
r

where Re, characterizes the movement of the liquid
at the bends of the double-bend shaped channel (the
multiplier 2 is the number of bends in the double-
bend shaped channel); Re, — the Reynolds number for
the straight part of the channel.

The resulting number (Re + Re,) for this channel
will be equal to 35.5. Therefore, the Pe number for the
double-bend shaped channel will be equal to 250.6. The
results of these calculations are shown in Table.

Similarity criteria for the straight channel and the double-bend shaped channel

Similarity criteria Straight channel Double-bend shaped channel
Re (Reynolds number) 6.6 355
Pe (Peclet number) 46.33 250.6

The calculations described above confirm that the
share of advective mixing processes is much higher in the
double-bend shaped channel than in the straight channel.
It indicates that more bends in microfluidic channels
are required for fast and effective mixing of liquids.
Similarly, we calculated Peclet and Dean numbers for
the straight channel and the double-bend shaped channel
at various flow rates. The resulting dependencies of these
similarity criteria on flow rates are shown in Fig. 6.

According to these graphs, for the double-bend
shaped channel, the increase in the Pe number (that
characterizes the ratio of the advective processes in
the flow to diffusion) is directly proportional to the
Re number, i.e. there is a significant dependency on
the flow rate. More vortex flows at the bends of the
mixing channel lead to larger contact areas of the
liquids and more effective mixing.
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Fig. 6. Dependency of Dn and Pe numbers on flow rates for the mixing of azorubine aqueous solution with Milli-Q water.
Left, double-bend shaped channel; Right, straight channel (diamonds, blue line)
and double-bend shaped channel (squares, red line).

Colorimetric analysis of liquid
flow in microchannels

In order to analyze the flow and mixing processes
in passive microfluidic chips, we have developed an
information-measuring system (IMS) to monitor the
dynamics of liquid flow. The IMS (Fig. 7) consists
of a microscope with a digital eyepiece (to take
photographs and record videos when connected to
a computer; LOMO MIB, Russia); an Atlas syringe
pump (to supply liquids at a certain rate into the
microfluidic chip; Syrris Ltd., United Kingdom);
and a passive mixing microfluidic chip of interest (a
double-bend shaped channel, made of clear glass).

In preliminary experiments, we obtained a series
of microscopic photographs that showed the mixing
process of 5% aqueous solution of azorubine (red dye)
with Milli-Q water. We used an algorithm designed

Fig. 7. View of the information-measuring system
(IMS) for monitoring of the dynamics of liquid flow
in a microfluidic chip.

with AutoHotKey script language for colorimetric
analysis. The results obtained in the RGB color space
were transformed into the CIE Lab color coordinate
system. The red chromaticity was calculated by
division of the “a” coordinate (green—red) by the “L”
coordinate (brightness) [19].

Using this IMS, we performed a colorimetric
flow analysis (at the flow rate of 400 pl/min) at the
T-shaped mixing point of the microfluidic chip for
5% aqueous solution of azorubine (bright red) and
Milli-Q water (Fig. 8).

As we can see, the intensity of red chromaticity is
always constant and there is a clear boundary between
the flows. We can assume that the concentration also
does not change, meaning that there is no convection
mass transfer at the mixing point. Previously, a similar
curve for distribution of concentrations was obtained
by mathematical modeling [20, 21].

When we decrease the rate of one of the flows
to 100 ul/min, we observe channel blocking (Fig. 9)
caused by excess density of one of the flows; it is not
optimal because mixing does not occur in this case.

The colorimetric profile of dye distribution for
flow in a straight channel is shown in Fig. 10.

The resulting curve for distribution of chroma-
ticity intensity clearly has fluctuations of values at
the sides, and shows formation of heterogeneity in
azorubine concentration due to the interaction between
dye molecules and sides of the channel. The profile of
flow rates is parabolic, because the flow in the channel
consists of a fast center and slow sides. The resulting
curve for distribution of chromaticity intensity in the
channel (Fig. 10) looks like the curve obtained in [20]
by mathematical flow modeling for a straight channel,
using methods of molecular dynamics (Fig. 11). It has
been suggested that heterogeneity in flow rates may
cause heterogeneity in concentration of the dissolved
substance in the cross-section of the channel [20].
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Fig. 8. a) Microscopic photograph (4x magnified) of the T-shaped mixing point, with flows of 5% aqueous solution of
azorubine and Milli-Q water. Dotted lines show colorimetric profiles — lines where chromaticity changes;
b) Chromaticity curves.

a) Left channel blocking. Flow rates:
solvent (left) — 100 pl/min,
dye (right) — 400 pl/min

b) Uniform flow. Flow rates:
solvent (left) — 100 ul/min,
dye (right) — 100 pl/min

T

c¢) Right channel blocking. Flow rates:
solvent (left) — 400 ul/min,
dye (right) — 100 pul/min

Fig. 9. Microscopic photographs (4x magnified) for various flow modes of 5% aqueous solution of azorubine
and Milli-Q water at the T-shaped mixing point of the microfluidic chip. Arrows show directions of flow.

It is known that, when both flow rates decrease,
the flow is stabilized, the mixing mode is disrupted,
the flow becomes laminar, and separates into layers
without mixing [22]. For colorimetric analysis of
mixing modes, we supplied 5% aqueous solution
of azorubine and Milli-Q water to a double-bend
shaped micromixer at the following flow rates: 100,
200, 300, 400 pl/min. We obtained microscopic
photographs and curves for distribution of intensity
of chromaticity (Fig. 12).

As we can see from these graphs of colorimetric
profiles, the decrease in flow rate causes stratification
of the flow. At flow rate of 400 ul/min, the colored
solution fills the whole cross-section of the bent channel
quite uniformly, indicating the effective mixing of the
two flows. The reddish flow at 300 pl/min indicates
that a gradient of dye concentration occurs, and the dye
concentrates in the right part of channel. At 200 pl/min,
we observe the unstable, yet appearing plateau of dye
concentration. The curve of chromaticity intensity at
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a/L (in system CIE Lab)

Profile Points

) ) (from the left side of the channel to the right)
Microscopic photograph

(4xmagnified) Distribution curve for intensity of chromaticity in the channel

Fig. 10. Colorimetric profile of flow in a straight channel for 5% aqueous solution of azorubine.
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Fig. 11. Profile of flow density in the cross-section of a straight channel for molecules whose interaction
is described: by the potential of hard spheres (+);
by the Lennard-Jones potential (x) [20].
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Fig. 12. Microscopic photographs and curves of distribution of chromaticity intensity for mixing in a bent channel
of a micromixer, while decreasing rate in both flows — azorubine solution and Milli-Q water
(see from left to right — from a to d).
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100 pl/min shows that the flow is stabilized as two
laminar flows; the dye concentration in the right flow
is uniform, which can be seen in the graph as a clear
plateau between profile points 4 and 8.

We have also analyzed the mode of flow at 100 pl/min
of dye solution in the bends of the channel filled with
Milli-Q water (Fig. 13).

We can see that the dye fills up the central area first,
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i.e. the core of the flow. The change in the flow trajectory
is caused by the appearing centrifugal force that acts on
the flow, since its velocity is much higher than that of
the side layers. By comparing the colorimetric profiles
1 and 2, we can see that the flow is shifted after the
bend of the channel. At high flow rates, the destabilizing
effect is higher, and active mixing occurs.
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Fig. 13. Analysis of dye flow in a channel already filled with water.

Conclusions

We can conclude that the criteria of hydrodynamic
similarity, which are Reynolds, Peclet and Dean
numbers, are crucial for development and optimization
of microfluidic mixers. These parameters are markers
for prompt evaluation and correction of flow modes in
various micromixers in order to ensure effective mixing.

We have developed an information-measuring
system to monitor the dynamics of flow (mixing) in a
microfluidic channel. It allows the principles of mixing
in microfluidic channels of different configurations to be
quickly illustrated, and modes and dynamics of mixing
in various parts of the channels of various microfluidic
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Objectives. The paper is a comparative analysis of methyl acetate + methanol + acetic acid +
acetic anhydride industrial mixture separation flowsheets based on the use of special distillation
methods (extractive distillation and pressure-swing distillation). The results obtained illustrate
the variability of the structure of the technological separation flowsheet.

Methods. Mathematical modeling using the software package Aspen Plus V. 10.0 was chosen
as the research method. The simulation was based on the local composition equation NRTL
and the Hayden—O’Connell equation of state. The relative uncertainties of phase equilibrium
description do not exceed 3%.

Results. The vapor-liquid diagram of the quaternary mixture of methyl acetate + methanol +
acetic acid + acetic anhydride was studied using thermodynamic topological analysis. It was
shown that the system contains one binary azeotrope and is characterized by one distillation
region. Although the structure is not complex, there is a possibility of using several methods
for mixture separation: pressure-swing distillation, and extractive distillation with different
entrainers. Twelve flowsheets with different structure were proposed, and 29 variants of
separation were compared.

Conclusions. It was shown that the most perspective structure for the separation of a methyl
acetate + methanol + acetic acid + acetic anhydride mixture is a combination of distributed
sequence separation and extractive distillation.

Keywords: azeotrope, extractive distillation, pressure-swing distillation, separation flowsheet.
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CpaBHeHHe aJIbTEPHATHUBHBIX METOI0B pa3je/ieHUsi CMeCU MeTHJIaleTar —
METAHOJI — YKCYCHAsl KHCJIOTA — YKCYCHBIN aHTHAPU]L
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Ienu. Llenvto pabomol S8151€mMest CPASHUMENbHBLU AHANUS MEXHOI02UUEeCKUX CXem pasoesieHus
NPOMBIUNEHHOU CMeCU Memulayemam — MemaHol — YKCYCHAsL KUCI0MA — YKCYCHbLU aH2uopuo,
OCHOBAHHBIX HA UCNO/IL308AHUU CNEUUANbHBLX Memo008 pa3oeneHUs: SKCMPaKmueHasl peKmu-
durayus u eapvuposaHue oasnreHusl. IlIonyueHHsble pesyibmamsl UIIOCMPUPYOmM eapuamue-
HOCMb CMpyKmypbl MEexXHON02UUeCKOol cxembl pa3oeseHusl.

Memooutl. B rkauecmee memooa ucciedo8aHust 8blopaHo MAMemMamuueciKoe Mo0eauposarue 8
npozpammHom Komnaekce Aspen Plus V. 10.0. ModenuposaHue OCHO8bIBANOCL HA YPAaBHEeHUU
snokanvHozo cocmasa NRTL u ypasHerHuu cocmosiiust XeiideHa—O’KoHHenna. OmHocumensHule
owubKu onucaHus pazoeozo pasHosecust He npesvluuarom 3%.

Pesynemamut. C nomMowbio mepmMoOUHAMUKO-MONOI02UUECKO020 AHANU3A U3YUeHA OUADAMMA
NAaposKuUOKOCMHO20 paBHOBECUS. UEMbIPEXKOMNOHEHMHOU cCucmemsbl Memuaayemam — MemaHoJsl
— YKcycHas Kucaoma — YykcycHulll aHeuopuod. IlokasaHo, umo cucmema codepakum oOuH buHap-
HbLll aseompon u xapakmepusyemest 00HoU obracmeto oucmuansayuu. Heecmompst Ha mo, umo
cmpyKkmypa He 518/151emcst CI02KHOU, cyuiecmasyem 803MOAKHOCMb UCNOb308AHUSL HECKO/IbKUX
Memo0o8 pasdesieHusl CMecl: peKmuuKkayusl ¢ 8apbuposaHuem 0asleHUsl, IKCMPaKmueHast
pexmugurkayusl ¢ pasauuHbimMu pazoeasrowumu azeHmamu. IlpednoxeHo 12 mexHonio2uueckux
cXem pasnudHoOl cmpyKkmypsl U npogedeH CpasHUMeNbHbLl aHaius 29 eapuaHmos pazoesneHust.
Barxnrouenue. [IokazaHo, umo Haubosee appeKkmueHsbim Ol pasdeneHust cmMecu Memus-
ayemam — MemaHosl — YKCYCHASL KUC/IOMA — YKCYCHbLU aH2udpuo sieaslemest couemaHue npome-
IKYMOUHO20 perkuma pazoeneHust CMecu U SKCMpPAKmueHoUl peKmupuKkayuu.

Knroueesle cnoea: memusiayemam, aseompon, sKcmpaxkmusHast percmud)wcau,uﬂ, sapvuposaHue

daeneHust, cxema pa3oeneHust.

s yumuposanus: Frolkova A.V., Shashkova Yu.l., Frolkova A.K., Mayevskiy M.A. Comparison of alternative methods
for methyl acetate + methanol + acetic acid + acetic anhydride mixture separation. Touxue Xxumuueckue mexHoLO2UU.
2019;14(5):51-60. https://doi.org/10.32362/2410-6593-2019-14-5-51-60

Introduction

Distillation is the most widely used method for
the separation of liquid mixtures. The possibility of
separation depends on the presence of azeotropes
(minimum-boiling, maximum-boiling, homogeneous
and heterogeneous). The existence of azeotropes might
limit recovery or even make separation unfeasible,
unless a special distillation method (for example,
pressure-swing distillation [1], extractive distillation [2,
3], heteroazeotropic [4] distillation, or a combination
of different methods [5—9]) is applied. Each method
has its advantages and disadvantages. For example,
pressure-swing distillation does not require the addition
of a new component (solvent or entrainer), which could
contaminate the product. However, this method is limited
to systems, in which pressure has a significant effect
on the azeotrope’s composition. Extractive distillation
is a process, in which an entrainer (a new component)
favorably changes the relative volatility of azeotrope-
forming components.

If the multicomponent azeotropic mixture has to be
separated, a set of flowsheets with different structures
may be proposed for this purpose [10]. Each flowsheet
will be characterized by its sequence of components
separation (direct, indirect, or distributed sequence), and
also by the use of special methods. The pressure choice
in distillation columns in the pressure-swing distillation
complex will affect the change of the azeotrope’s
composition and hence the amount of recycle flows. The
same azeotropic mixture can be separated by extractive
distillation with different solvents: heavy [11-14], light
[15], or mixed [16] entrainers. Thus, each flowsheet will
be characterized by its energy consumption. It is not
always possible to say in advance what flowsheet design
is optimal.

This study illustrates the variability of separation
flowsheets using the example of industrial mixture
forming in the production of methyl acetate via acetic
anhydride esterification with methanol [17]. The
comparison of 29 separation variants revealed the optimal
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structure of the flowsheet. Mathematical modeling
(Aspen simulation) and thermodynamical topological
analysis [10] were used in this work.

Mathematical modeling and thermodynamic
topological analysis of phase diagram

The object of this study is a quaternary mixture
containing methyl acetate (MA), methanol (M), acetic acid
(AA) and acetic anhydride (AAh). The composition (x)
and amount (F) of the mixture coming from the synthesis
stage were taken from [17]: x,,, = 0.391, x,, = 0.157,
x,, = 0178, x,,. = 0274 mol. frac; F' = 775 kmol/h. All

binary constituents are well studied. There is the
information about vapor-liquid equilibrium (VLE)
and azeotropic data at different pressures [13,
18-20]. This information is sufficient to verify the
adequacy of mathematical modeling. The presence
of associating compounds in the mixture determined
the choice of the property model. The non-random
two-liquid (NRTL) thermodynamic model [21] and
the Hayden—O’Connell equation of state [22] were
applied to calculate VLE. The parameters were taken
from the NIST database. The relative uncertainties of
VLE and description of azeotropic characteristics are
given in Table 1.

Table 1. Relative uncertainties of VLE in binary constituents and description of azeotropic (Az) characteristics
in a methyl acetate (MA) + methanol (M) + acetic acid (AA) + acetic anhydride (AAh) system

Vapor—liquid equilibrium

Constituent MA-+M MA+AA MA-+AAQ M+AA M+AAh AA+AAR
fory,, % 1.33 1.10 1.60 3.46 0.29 2.97
for 7, % 0.05 0.95 0.49 0.49 0.29

Methyl acetate + methanol azeotrope
Pressure, kPa 26.3 53.7 80.0 140.8 395.2 787.3
for x,,,**, % 1.98 1.39 2.58 2.49 3.54
for 742, % 1.58 0.59 0.34 0.56 2.35 2.67

The vapor-liquid equilibrium diagram is characte-
rized by a rather simple structure (Fig. 1): the system
contains one binary azeotrope MA+M, which is an
unstable node, and all distillation lines are directed to AAh
(maximum boiling point — stable node).

AA

Fig. 1. VLE diagram of a methyl acetate (MA) + methanol (M)
+ acetic acid (AA) + acetic anhydride (AAh) system.

Other points are of a saddle type. The composition
tetrahedron contains one distillation region. In this way,
it is possible to realize separation of the mixture via
direct (distillate flow will contain a mixture of MA+M
of azeotropic composition), indirect (bottom flow will
contain AAh), or distributed (MA+M at the top of the
column and AA+AAh at the bottom) sequence.

The change in pressure has a significant effect on
the methyl acetate + methanol azeotrope’s composition
(Fig. 2). So, itis possible to use pressure swing distillation
to separate this mixture.

Additionally, extractive distillation can be used for
the separation of an azeotropic binary mixture. Ethylene
glycol (EG) and dimethyl sulfoxide (DMSO) [23] were
recommended as selective solvents. The study of methyl
acetate + methanol’s relative volatility in the presence of
these entrainers showed that it is more profitable to carry
out the process of extractive distillation at a pressure of
50.7 kPa (an increase in the volatility by 2 and 1.5 times
for EG and DMSO are observed respectively) [6].

It is possible to separate MA from the quaternary
MA+M+AA+AAh, ternary MA+M+AA, or binary
MA+M mixture. Table 2 shows the effect of the
entrainer concentration on MA+M’s relative volatility
at a pressure of 50.7 kPa.

The data obtained show (Table 2) that the relative
volatility increases with the increase of entrainer
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y-xdiagram for METHY-01/METHA- 01
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Fig. 2. VLE diagram of methyl acetate + methanol
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binary system at different pressures.

concentration. The coefficients in the case of extractive
distillation of the binary mixture are higher, and in the
case of the ternary and quaternary system they are lower
due to the mixture’s dilution.

Design of separation flowsheet

The design of separation flowsheets was based on
the use of direct (separation of methyl acetate + methanol
azeotrope as a distillate product), indirect (separation of
acetic anhydride as a bottom product), and distributed
(distillate flow containing methyl acetate + methanol,
bottom flow containing acetic acid + acetic anhydride)
sequence and different special methods: extractive
distillation (ED) with EG (or DMSO) or pressure-
swing distillation (PSD) (26.34-787.30 kPa). Twelve
flowsheets with different structures were designed to
separate the quaternary mixture (Figs 3-5).

Taking into account the different ranges of pressure
(26.34-101.32; 53.70-101.32; 101.32-395.17; 101.32—
787.30 kPa) and extractive agents (EG and DMSO)
29 cases were considered. Material balances were
calculated, and the column working conditions were
determined using simulation in AspenPlus (Table 3).

Table 2. Effect of entrainer concentration on the relative volatility of methyl acetate + methanol mixture components at 50.7 kPa

. . Entrainer concentration, mole frac.
Initial mixture
0.2 | 0.6 0.8
Ethylene glycol
MA+M+AA+AAh 1.50 1.82 2.38 3.38
MA+M+AA 1.82 2.45 3.42 4.46
MA+M 1.84 293 4.56 6.48
Dimethyl sulfoxide
MA+M+AA+AAh 1.64 2.18 2.86 3.31
MA+M+AA 1.70 2.39 3.22 3.46
MA+M 1.72 2.60 3.60 4.27
Table 3. Column working conditions and energy consumption
b= O = g = PR g
B3 ¢ 58 &§2 = B E3x & ¥y £8 & B
S5 2§ 3z & 3 o3E 0 fE 32 23
o< 2 O o 2 o (ORw? E ) 5 o
Figure 3 (a)
1 23.34 28 10 3 36.1 1 53.70 29 10 1.5 49.5
2 101.32 30 16 3.5 47.0 2 101.32 30 16 3.5 80.1
3 101.32 27 10 2 3.9 3 101.32 27 10 3.9
4 101.32 50 26 5 54 4 101.32 50 26 5.4
1 101.32 30 15 3 41.6 1 101.32 30 16 3.5 34.0
2 395.17 30 20 5 54.6 2 787.30 30 20 24.3
3 101.32 27 10 2 3.9 3 101.32 27 10 2 39
4 101.32 50 26 5 5.4 4 101.32 50 26 5 5.4
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Table 3. Continued

g T < Qé @ g‘)?ﬁ =t = g = ) "é 0 %é\b ® =
Se £ Eg © o 8g =~ EZ g & o
Figure 3 (b)
1 23.34 28 10 3 36.1 1 53.70 29 10 1.5 49.5
2 101.32 30 16 3.5 47.0 2 101.32 30 16 35 80.9
3 101.32 33 18 3.5 10.3 3 101.32 33 18 3.5 10.3
4 101.32 15 6 1.5 3.1 4 101.32 15 6 1.5 3.1
1 101.32 30 15 3 41.6 1 101.32 30 16 3.5 34.0
2 395.17 30 20 5 54.6 2 787.30 30 20 4 243
3 101.32 33 18 3.5 10.3 3 101.32 33 18 3.5 10.3
4 101.32 15 6 1.5 3.1 4 101.32 15 6 1.5 3.1
Figure 3 (c), EA=EG Figure 3 (d), EA=EG
1 50.66 30 14(4) 4 7.4 1 50.66 30 14(4) 4 7.4
2 101.32 24 12 1 13.7 2 101.32 24 12 1 13.7
3 101.32 30 6 3 5.1 3 101.32 33 18 3.5 10.3
4 101.32 50 26 5 5.4 4 101.32 15 6 1.5 3.1
Figure 4 (a), EA=EG Figure 4 (a), EA=DMSO
1 101.32 49 27 4.5 18.0 1 101.32 49 27 4.5 18.0
2 50.66 29 20(4) 2.5 43 2 50.66 28 20(4) 2 53
3 101.32 14 8 0.5 4.7 3 30.40 12 6 1.5 3.9
4 101.32 15 6 2.4 4 101.32 15 6 3 2.4
5 101.32 50 26 5.4 5 101.32 50 26 5.4
Figure 4 (b), EA=EG Figure 4 (b), EA=DMSO
1 101.32 49 27 4.5 18.0 1 101.32 49 27 4.5 18.0
2 50.66 29 20(4) 2.5 4.3 2 50.66 28 20(4) 2 53
3 101.32 14 8 0.5 4.7 3 30.40 12 6 1.5 3.9
4 101.32 38 20 4.5 8.8 4 101.32 38 20 4.5 8.8
5 101.32 19 10 1.5 1.4 5 101.32 19 10 1.5 1.4
Figure 4 (c)
1 101.32 30 15 3 20.7 1 101.32 30 15 3 20.7
2 101.32 14 5 0.5 5.4 2 101.32 14 5 0.5 5.4
3 23.34 28 20 41.4 3 101.32 30 16 3 452
4 101.32 30 15 37 4 395.17 30 17 4 39.5
Figure 4 (c) Figure 4 (d)
1 101.32 30 15 3 20.7 1 101.32 30 17 3 20.7
2 101.32 14 5 0.5 5.4 2 101.32 40 24 3.5 42.8
3 101.32 29 22 3 28.7 3 23.34 29 20 2 41.8
4 787.30 30 20 4 243 4 101.32 18 10 0.5 4.0
Figure 4 (d)
1 101.32 30 17 3 20.7 1 101.32 30 17 3 20.7
2 101.32 34 20 3.5 67.3 2 395.17 30 15 3.5 39.7
3 53.70 28 15 2 47.8 3 101.32 29 16 5 41.8
4 101.32 18 10 0.5 4.0 4 101.32 18 10 0.5 4.0
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Table 3. Continued

ES ¢ B0 33l 3¢ % OB £ Br gpe gg B
Se = FZ 5P 2% 5 e = 3¢ =%F dF 5
Figure 4 (d) Figure 5 (a), EA=EG
1 101.32 30 17 3 20.7 1 101.32 30 15 3 20.7
2 787.30 30 15 2.5 23.9 2 101.32 14 5 0.5 5.4
3 101.32 36 24 4 21.7 3 50.66 25 16(4) 2.5 5.6
4 101.32 18 10 0.5 4.0 4 101.32 15 9 0.5 4.8
Figure 5 (a), EA=DMSO Figure 5 (b), EA=EG
1 101.32 30 15 3 20.7 1 101.32 30 15 3 20.7
2 101.32 14 5 0.5 5.4 2 50.66 29 17(4) 2.5 6.4
3 50.66 35 22(4) 2.5 6.1 3 101.32 17 7 0.5 5.0
4 30.40 15 4 2 4.7 4 101.32 29 10 4.5 53
Figure 5 (c)
1 101.32 23 10 1 8.6 1 101.32 23 10 1 5.6
2 101.32 49 26 5 5.4 2 101.32 49 26 5 54
3 23.34 28 20 3 41.4 3 101.32 30 16 3 41.2
4 101.32 30 15 5 37 4 395.17 30 17 4 38.5
Figure 5 (c) Figure 5 (d), EA=EG
1 101.32 23 10 1 8.6 1 101.32 23 10 1 8.2
2 101.32 49 26 5 5.4 2 101.32 49 26 5 54
3 101.32 29 22 3 28.7 3 50.66 25 16(4) 2.5 5.8
4 787.30 30 20 4 24.3 4 101.32 15 9 0.5 5.1
Figure 5 (d), EA=DMSO
1 101.32 23 10 1 8.2
2 101.32 49 26 5 5.4
3 50.66 35 22(4) 2.5 8.2
4 30.40 15 4 2 4.6
Az (Py)

K4

MA M AA MA
Solvent Solvent
K3 K4 K1

AAh

() (@)
Fig. 3. Flowsheets for methyl acetate (MA) + methanol (M) + acetic acid (AA) + acetic anhydride (AAh)
quaternary mixture separation:
(a), (b) — Direct sequence in K/ + PSD; (c), (d) — ED.
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Fig. 4. Separation flowsheets for methyl acetate (MA) + methanol (M) + acetic acid (AA) + acetic anhydride (AAh)

quaternary mixture separation:
(a), (b) — Direct sequence in K/ + ED; (c), (d) — Indirect sequence in K/ + PSD.

MA M MA M AA
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Fig. 5. Separation flowsheets for methyl acetate (MA) + methanol (M) + acetic acid (AA) + acetic anhydride (AAh)
quaternary mixture separation:
(a), (b) — Indirect sequence in K/ + ED; (c) — Distributed sequence in K/ + PSD;
(d) — Distributed sequence in K/ + ED.

The comparison of the amount of recycle flow and presented in Fig. 6 (for pressure-swing distillation) and
energy consumption is given in Table 4 and in histograms in Fig. 7 (for extractive distillation).
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Table 4. Comparison of energy consumption

. . Pressure, Ax*, Recycle amount, Q,
Figure Method of separation kPa (EA) mole frac. kmol/h MW
26.34-101.32 0.0872 863.2 92.5
3 (a) Pressure_swing dlStluathn 5370—10132 00453 19419 1396
(KI-K2) + Direct dist. (K3) 101.32-395.17 0.1130 899.9 105.6
101.32-787.30 0.1766 575.8 67.6
26.34-101.32 0.0872 863.2 96.5
3 (b) Pressure_swing dlStluathn 5370—10132 00453 19419 1442
(K1-K2) + Indirect dist. (K3) 101.32-395.17 0.1130 899.9 109.6
101.32-787.30 0.1766 575.8 71.7
3(c) ED (K1-K2) + Direct dist. (K3) 50.66-101.32 (EG) - 775.0 31.6
3 (d) ED (K1-K2) + Indirect dist. (K3) 50.66-101.32 (EG) - 775.0 34.5
4a) Direct dist. + ED (K2-K3) + 50.66-101.32 (EG) - 543.8 34.9
Direct dist. 50.66-30.40 (DMSO) - 543.8 35.1
4(b) Direct dist. + ED (K2-K3) + 50.66-101.32 (EG) - 543.8 37.3
Indirect dist. 50.66-30.40 (DMSO) - 543.8 37.5
26.34-101.32 0.0872 863.2 104.5
Indirect dist. + Pressure-swing
4 (¢) distillation (K3—K4) 101.32-395.17 0.1130 899.9 111.0
101.32-787.30 0.1766 575.8 79.1
101.32-26.34 0.0872 927.1 109.3
4 (d) Indirect dist. + Pressure_swing 101.32-53.70 0.0453 1784.6 139.8
distillation (K2—K4) 395.17-101.32 0.1130 593.7 107.2
787.30-101.32 0.1766 336.1 70.3
) ) 50.66-101.32 (EG) - 637.1 36.5
5(a) Indirect dist. + ED (K3-K4)
50.66-30.40 (DMSO) - 637.1 36.9
5(b) Indirect dist. + ED (K2—-K3-K4) 50.66-101.32 (EG) - 562.7 37.4
26.34-101.32 0.0872 863.2 92.4
Distr. dist. (K7) + Pressure-swing
5(c) distillation (K3—K4) 101.32-395.17 0.1130 899.9 90.7
101.32-787.30 0.1766 575.8 67.0
) ) 50.66-101.32 (EG) - 637.1 24.5
5(d) Distr. dist. (K1) + ED (K3-K4)
50.66-30.40 (DMSO) - 637.1 26.3
m101.32-787.3 E§26.34-101.32 ®101.32-395.17  ©53.70-101.32
Q, Mw
=EG  =DMSO

160
140
120

100
80
60
40
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Fig:3(@) pig 3 (p)

Fig. 4 (c) Fig. 4 (d) -

Fig. 6. Histogram showing the comparison of energy
consumption in flowsheets based on the pressure-swing
distillation.

Fig. 7. Histogram showing the comparison of energy
consumption in flowsheets based on the extractive
distillation.
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Conclusions

The amount of recycle flow depends on the mixture
composition (feed to the pressure-swing distillation complex)
and on the difference between azeotropic composition at
chosen pressures. The results of Tables 3 and 4 show that the
smaller this difference, the greater the amount of the recycle
and hence energy consumption (for example, flowsheet in
Fig. 3(a): Q101,327395,17 - Q101,3277x7.30)' It should be noted
that an increase (decrease) in the value of the azeotrope
composition changed by k times will result in a change
in the value of the recycle and energy consumption by
k £ 15% times.

Direct distillation is preferable in comparison with
indirect distillation (for example, Q. > Qy;, 5 €NCIZY
saving varies from 13 to 31%).

The use of extractive distillation allows energy
consumption to be reduced by 47-63% in comparison

References:

1. Liang S., Cao Y., Liu X., Li X., Zhao Y., Wang
Y., Wang Y. Insight into pressure-swing distillation from
azeotropic phenomenon to dynamic control. Chem. Eng.
Res. Des. 2017;117:318-335. http://dx.doi.org/10.1016/.
cherd.2016.10.040

2. Gerbaud V., Rodriguez-donis I., Hegely L., Lang
L., Denes F., Xingiang Y. Review of extractive distillation.
Process design, operation, optimization and control. Chem.
Eng. Research & Design. 2019;141:229-271. http://dx.doi.
org/10.1016/j.cherd.2018.09.020

3. Shen W., Benyounes H., Gerbaud V. Extractive
distillation: Recent advances in operation strategies. Rev.
Chem. Eng. 2014;31(1):13-26.  http://dx.doi.org/ 10.1515/
revee-2014-0031

4. Frolkova A.V., Merkulyeva A.D., Gaganov
I.S Synthesis of flowsheets for separation of multiphase
mixtures: State of the art. Tonkie khim. tekhnol. = Fine
Chemical  Technologie).  2018;13(3):5-22.  https://doi.
org/10.32362/24106593-2018-13-3-5-22

5. Abdallaha H., El-Gendia A., El-Zanatia E.,
Matsuurab T. Pervaporation of methanol from methylacetate
mixture using polyamide-6 membrane. Desalination and
water treatment. 2013;51(40-42):7807-7814. https://doi.org/1
0.1080/19443994.2013.775077

6. Frolkova A.K., Shashkova Y.., Frolkova A.V.
Separation of methylacetate + methanol + acetic acid +
acetic anhydride using distillation methods. 45" International
Conference of the Slovak Society of Chemical Engineering.
Tatranske. Maltiare, 2018; pp. 97-100.

7. Liu H.X., Wang N., Zhao C., Ji S., Li J.R. Membrane
materials in the pervaporation separation of aromatic/aliphatic
hydrocarbon mixtures — A review. Chin. J. Chem. Eng.
2017;26(1):1-16. http://dx.doi.org/10.1016/j.cjche.2017.03.006

8. Lux S., Winkler T., Siebenhofer M. Synthesis
and isolation of methyl acetate through heterogeneous
catalysis with liquid—liquid extraction. /nd. Eng. Chem. Res.
2010;49(21):10274-10278. http://dx.doi.org/10.1021/ie1005433

9. Samarov A., Smirnov M., Toikka A., Prikhodko I.
Study of deep eutectic solvent on the base choline chloride as
entrainer for the separation alcohol-ester systems. J. Chem.
Eng. Data. 2018;63(6):1877-1884. http://dx.doi.org/10.1021/
acs.jced.7b00912

with pressure-swing distillation. Energy savings are
achieved by increasing the relative volatility of the
azeotrope-forming components (methyl acetate and
methanol) by adding a solvent. Both extractive agents
(EG and DMSO) give similar results, but the use of
DMSO is limited to some flowsheets (except for cases
presented in Fig. 3 (¢), (d), and Fig. 5 (b)).

The most energy effective flowsheet is based on
the combination of distributed sequence separation and
extractive distillation (Fig. 5 (d)): there is a decrease in
energy consumption by 1.3-5 times in comparison with
other flowsheets.

Acknowledgments
The work was carried out with support from the
Russian Science Foundation (grant No. 16-19-10632).

The authors declare no conflict of interest.

10. Serafimov L.A. Thermodynamic and topological
analysis of liquid—vapor phase equilibrium diagrams and problems
of rectification of multicomponent mixtures. In: Mathematical
Methods in Contemporary Chemistry. S.I. Kuchanov (Ed.)
Amsterdam: Gordon and Breach Publ., 1996; pp. 557-605.

11. Benyounes H., Shen W.F., Gerbaud V. Entropy flow
and energy efficiency analysis of extractive distillation with
a heavy entrainer. Ind. Eng. Chem. Res. 2014;53:4778-4791.
http://dx.doi.org/10.1021/ie402872n

12. Graczova E., Dobcsanyi D., Steltenpohl P. Separation
of methyl acetate—methanol azeotropic mixture using 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate. Chem. Eng. Trans.
2017;61:1183-1188. http://dx.doi.org/10.3303/CET1761195

13. Zhang Z., Hu A., Zhang T. Separation of methyl
acetate + methanol azeotropic mixture using ionic liquids as
entrainers. Fluid Phase Equilib. 2015;401:1-8. https://doi.
org/10.1016/j.fluid.2015.04.018

14. Zhuchkov V., Frolkova A., Rum'yantsev P. Ionic
liquids as separating agents in extractive rectification. Chem.
Eng. Research & Design. 2015;99:215-219. http://dx.doi.
org/10.1016/j.cherd.2015.06.004

15. Shen W., Benyounes H., Dong L., Wei S., Li J.
Conceptual design of non-ideal mixtures separation with light
entrainers. Braz. J. Chem. Eng. 2016;33:1041-1053. http://
dx.doi.org/10.1590/0104-6632.20160334520140169

16. Sazonova A., Raeva V., Frolkova A. Design of
extractive distillation process with mixed entrainer. Chem.
Papers. 2016;70(5):594-601. http://dx.doi.org/10.1515/
chempap-2015-0247

17. Cardona C. Razrabotka reaktsionno-rektifikatsionnykh
protsessov polucheniya alkilatsetatov eterifikatsiyey uksusnogo
angidrida [Development of reactive distillation processes
for the production of alkyl acetates by esterification of acetic
anhydride]: Cand. of Sci. (Engineering) thesis. Moscow, 2001.
221 p. (in Russ.).

18. Fu H., Ying Y., Jiang. W. Vapor-liquid equilibria
of formic acid—acetic acid—methyl acetate ternary system.
J. Zhejiang Daxue Xuebao. 1987;21:52-57.

19. Sawistowski H., Pilavakis P.A. Vapor-liquid
equilibrium with association in both phases. Multicomponent
systems containing acetic acid. J. Chem. Eng. Data.
1982;27:64-71. http://dx.doi.org/10.1021/je00027a021

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2019;14(5):51-60

59



Comparison of alternative methods for methyl acetate + methanol + acetic acid + acetic anhydride ...

20. Ogorodnikov S.K., Lesteva T.M., Kogan V.B. 22. Hayden J.G., O’Connell J.P. A generalized method for
Azeotropnye smesi [Azeotropic mixtures]. Leningrad: predicting second virial coefficients. Ind. Eng. Chem. Process Des.
Khimiya Publ., 1971. 848 p. (in Russ.). Dev. 1975;14(3):209-216. https://doi.org/10.1021/i260055a003

21. Renon H., Prausnitz J.M. Local compositions in 23. Berg L., Yeh An-I. The separation of methyl acetate
thermodynamic excess functions for liquid mixtures. AIChE J. from methanol by extractive distillation. Chem. Eng. Commun.
1968;14(1):135-144. https://doi.org/10.1002/aic.690140124 1984;30:113-117.https://doi.org/10.1080/00986448408911119

About the authors:

Anastasiya V. Frolkova, Cand of Sci. (Engineering), Associate Professor, Chair of Chemistry and Technology of
Basic Organic Synthesis, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University
(86, Vernadskogo pr., Moscow 119571, Russia). E-mail: frolkova nastya@mail.ru. ORCID 0000-0001-5675-5777, ResearcherID
N-4517-2014

Yuliya I. Shashkova, Manager, Company Chimmed (9, bild. 3, Kashirskoe shosse, Moscow 115230, Russia). E-mail:
juliashashkova82@gmail.com

Alla K. Frolkova, Dr. of Sci. (Engineering), Professor, Head of the Chair of Chemistry and Technology of Basic Organic
Synthesis, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo
pr., Moscow 119571, Russia). E-mail: frolkova@gmail.com. ORCID 0000-0002-9763-4717, ResearcherID G-7001-2018

Mark A. Maevskiy, Postgraduate Student, Chair of Chemistry and Technology of Basic Organic Synthesis, M.V.
Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow
119571, Russia). E-mail: markhirurg@list.ru.

06 aemopax:

Pponroea AHacmacust BanepuesHa, KaHauIaT TEXHUUECKUX HAyK, TOLEHT KaeApbl XUMHUU U TEXHOJIIOTHU OCHOBHOTO
OpPraHUYecKoro cuHTe3a MHCTUTYTa TOHKUX XUMHUUecKuX TexHonorui uM. M.B. JlomonocoBa ®T'BOY BO «MUPDA — Poccuii-
ckuil TexHonorndyeckuii ynusepcuter» (Poccus, 119571, Mocksa, np. Bepnanckoro, a. 86). E-mail: frolkova nastya@mail.ru.
ORCID 0000-0001-5675-5777, ResearcherID N-4517-2014

IlTawroea FOnuss HzopeeHna, menemxep, T «XUMME» (Poccus, 115230, Mocksa, Kamupckoe mocce, 1oM 9,
xopm. 3). E-mail: juliashashkova82@gmail.com

Pponrxoea Aruna KoHCMaHMUHOBHA, TOKTOP TEXHUYECKUX HayK, Ipodeccop, 3aBenyomuil kahenpoil XuMun 1
TEXHOJIOT'MH OCHOBHOTI'O OPraHUYECKOro CHHTE3a MIHCTUTYTa TOHKMX XMMUYeCcKHUX TexHonoruit um. M.B. Jlomonocosa ®I'6OY BO
«MUPDA — Poccuiickuii TexHonorndeckuit yausepcuret» (Poccust, 119571, Mocksa, nip. Beprajckoro, 1. 86). E-mail: frolkova@
gmail.com. ORCID 0000-0002-9763-4717, ResearcherID G-7001-2018

Maeeckuii Mapx AnexcanHOpoeuu, aciupanT Kadeapbl XMMHH B TEXHOIOTUHM OCHOBHOTO OPraHHYECKOTO CHHTE3a
HuctuTyTa ToHKHX XuMuuecknx TexHomoruit uMm. M.B. JlomonocoBa ®I'bOY BO «MUPDA — Poccuiickuii TEXHOTOTHUECKHIA
yauBepcute» (Poccus, 119571, Mocksa, nip. Beprajckoro, 1. 86). E-mail: markhirurg@]list.ru

Submitted: August 25, 2019; Reviewed: September 27, 2019, Accepted: October 15, 2019.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(5):51-60
60



Fine Chemical Technologies, 2019, Vol. 14, No. 5, pp. 61-70.
Original Russian Text © Viadislav V. Istratov, Vitaly I. Gomzyak, Olga V. Yamskova, Gali D. Markova, Lyudmila G. Komarova,
Boris A. Izmaylov, Valerii A. Vasnev, published in Tonkie Khimicheskie Tekhnologii, 2019, Vol. 14, No. 5, pp. 61-70

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

CHHTES H IIEPEPABOTKA IIOAKNMEPOB
H KOMIIO3HUTOB HA HX OCHOBE

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2019-14-5-61-70 [@)sy |
UDC 541.64:544(72+77):547.1'128

Novel polymer surfactants based on the branched silatrane-containing
polyesters and polyethers

Vladislav V. Istratov'®, Vitaly I. Gomzyak?, Olga V. Yamskoval,
Gali D. Markoval, Lyudmila G. Komarova’, Boris A. Izmaylov’, Valerii A. Vasnev!

IA.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, Moscow
119991, Russia

2MIREA - Russian Technological University (M. V. Lomonosov Institute of Fine Chemical Technologies),
Moscow 119571, Russia

@Corresponding author, e-mail: slav@ineos.ac.ru

Objectives. Biologically active polymeric surfactants are a new promising class of macromolecules
that can find application in medicine, cosmetology, and agriculture. In this study, a number of
new biologically active amphiphilic polymers based on branched silatrane-containing polyesters
and polyethers were obtained, and their surface-active properties were investigated.

Methods. The branched polymers were represented by polyethers and polyesters, obtained
respectively via the anionic polymerization of 1,2-epoxypropanol or a combination of equilibrium
polycondensation and ring opening polymerization. The polymers were modified with
3-isocyanopropylsilatrane and trimethylethoxysilane to obtain the amphiphilic compounds
containing silatrane groups bonded to the polymer backbone by the urethane bond. The structure
of the synthesized polymer silatranes was confirmed via nuclear magnetic resonance spectroscopy
and gel permeation chromatography. The surface active properties of all the copolymers obtained
were investigated in connection with their obvious amphiphilicity. In particular, the formation
of micelles in aqueous solutions is such a property. The critical micelle concentrations were
determined by a method of quenching the fluorescence of the polymers.

Results. It was shown that the values of the critical micelle concentrations and the hydrophilic-
lipophilic balance values of polymers determined by the Griffin equation correlate well with each
other. A linear relationship between the hydrophilic-lipophilic balance and the critical micelle
concentrations was established. At the same time, polyether-based polymers generally showed
higher critical micelle concentrations than polyester-based polymers, although the hydrophilic-
lipophilic balance values for polymers of different series, but with close degrees of substitution,
were close. It was found that the use of all synthesized polymers as stabilizers of direct and
reverse emulsions leads to an increase in the aggregative stability of both types of emulsions. The
stability of emulsions depended both on the degree of substitution of peripheral hydroxyl groups
of polymers by silatranes and on the molecular weight and structure of the branched block
of polymers. The stability of direct emulsions increased for all polymers, while that of inverse
emulsions decreased with an increasing degree of substitution of hydroxyl groups by silatranes.
The increase of the branched block molecular weight led to an increase of droplet sizes for both
direct and inverse emulsions. The smallest droplet size for direct and inverse emulsions was
obtained using polymers with low molecular weight branched polyester blocks as surfactants.
Conclusions. The results obtained prove the possibility of creating polymer surfactants containing
silatrane groups. By varying the structure of the polymer, its molecular weight and the degree
of substitution of peripheral functional groups, it is possible to obtain surfactants with desired
surface properties.
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Ienu. Buonozuuecku axmueHsle noaumepHsle ITAB sensitomest HO8biM MHO2000eUaoULUM KAAC-
COM MAKPOMONEKYJl, KOMOPble MO2ym Hallmu npumeHeHue 8 meduyuHe, KoCmMemosozuu, cessc-
KoM xozsiticmee. B 0aHHOM uccaedo8aHuu bl nonyueH psid Ho8blX AMPUPUIBLHBIX NOAUMEPO8 HA
OCHO8e pa38emeieHHbLX CUNAMPAHCO0ePIKAULUX NOAUIPUPO8 U UCCIe008AHbBL UX NOBEPXHOCM-
Ho-aKmueHule ceolicmea.

Memoowut. PazgemeanieHHble nosumepsl Obliu npedcmaesieHbl NPOCMbIMU U CLOXKHBIMU NOJU-
agpupamu, Komopble NOAYUANU COOMBEMCMBEHHO CNOCOOOM AHUOHHOU NOAUMEPUIAUUU
1,2-snokcunponarona aubo KombuHayuell pagHo8ecHOl NOAUKOHOEHCAYUU U NOAUMEPUSAUUNL
C packpuimuem yurna. [ns noayueHus am@pupuibHblx coeOUHeHUll, co0eprKauiux cunampa-
Ho8ble 2pynnbl, C83AHHbLE C NONUMEPHBIM KAPKACOM YpemaHoegoll c8s3blo, noaumepsl dbliu
MOOUPUUUPOBAHDBL 3-US0UUAHONPONUNCUNAMPAHOM U MPUMEMUNLIMOKCUCUNAHOM. CmpyKmy-
pa CUHMe3UpPO8AHHBLX NOAUMEPHBLX cUNAMPAH08 bblia noomeeprkoeHa memooamu AMP-cnek-
mpocKkonuu u eenb-npoHukaroweltl xpomamozpaguu. IlogsepxHocmHo-aKkmuegHble ceolicmaa 8cex
NOAYUEHHBbLX CONOAUMEPO8 ObLIU UCCIe008AHbL 8 C8S3U C UX 0Ue8UOHOU amMpupuibHOCMbIO, 8
yacmHocmu, maKum ceolicmeom sieisiemest 0opaszosarue Muyean 8 800HbLx pacmeopax. Memo-
dom 2auileHust payopecyeHyuUl noaumepos obliu onpedesieHbl 8eAUUUHbL KPUMUUECKUX KOH-
ueHmpayuii muyeanoobpaszosarus (KKM).

Pesynemamet. [lokazaHo, umo eenuuursl KKM u onpedesnieHHble 8 coomgemcemaeue ¢ ypasHe-
Huem I'pugppuHra senuuuHbl 2u0podurbHO-UNOPUNBLHO20 banaHca (IAB) 05 noaumepos Kop-
peaupytom, npu smom b6blia ycmarosnieHa AUHEUHAST 3A8UCUMOCTE MeKOY YKA3AHHBbIMU 8e-
auuuHamu. ITornumepsl HA 0OCHO8E NPOCMBLX NOAUIPUPOS 8 ULSIOM NoKa3bleanu bosee gblcokue
3HaueHust KKM, uem nosumepsl HA OCHOBE CJO0IXKHbBLX NOAUIPUPO8, xomsi genuuuHsl [AB das
NOAUMEpPOo8 PA3HbLX cepuli, HO ¢ bAUSKUMU cmeneHsaMU 3ameweHus bbuiu 6arusku. buuto obHa-
PYIKeHO, Umo UCNONb308AHUE 8CEX CUHME3UPOBAHHBIX NOAUMEPO8 8 Kauecmae cmabuniu3amo-
P08 NpAMbLX U 06PAMHBIX IMYALCUT NPUBOOUM K YBEAUUEHUIO azpe2amueHoll ycmoliuusocmu
amyaeculi oboux munos. Ycmoliuugocme 9MYaAbCUll 3a8UCENA KAK OM CmeneHu 3ameuierHus
nepugepuiiHblx 2UOPOKCUNbHBLX 2PYNN NOAUMEPO8 CUNAMPAHAMU, MAK U OM MONEKYJAAPHOU
MACCHL U CMPOEHUsL paszgemesieHHo20 baoKka noaumepos. /lns ecex noaumepos ycmoiuugocms
NPSAMbIX IMYAbCULL 803pacmand, a 0OpamHblX SIMYAbCUL — CHUIKANACL C Y8enuueHuem cmene-
HU 3aMelweHUsl 2UOPOKCUNbHBLX 2pynn cunampaHamu. C yseauueHuem MOoneKyaspHoll Maccol
paszsemesneHH0z20 610Ka pasmepul Kanesib KAk Npsimblx, mak U 06pamHsblx aMYyabCcull yseanu-
yusanuce. HaumeHvwiuii pasmep kaneno npsamoii u obpamHoii amysascuu 6oLt noayueH npu
ucnonvzosaHuu 8 kauecmae ITAB noaumepos ¢ HUSKOMONEKYAAPHbIMU pasgemaseHHblmuU 610-
KaMu HA OCHO8E CJLOAHBLX 3¢hUpos.

Baxnrouenue. [lonyueHHble pe3yibmambl NOKA3bLBAIOM 803MOIKHOCMb CO30AHUSL NOAUMED-
Howx TTAB, codepaxxaujux cunamparossle epynnsl. Bapovupys cmpoerue noaumepa, e2o monexy-
JIPHYIO MACCY U cmeneHsb 3ameweHust nepugepuliHolx PYHKYUOHANbHBLX 2pYNnn, 803MONKHO
nonyuerue ITAB ¢ 3a0aHHbIMU NOBEPXHOCMHBIMU C8OUICMBAMU.
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Introduction

Today, surface active substances (surfactants)
are widely used in the food, cosmetic, perfume,
and pharmacological industries. Moreover, for
biomedical polymer surfactants, properties such as
biocompatibility and the ability to decompose into
non-toxic and easily released compounds are highly
desirable [1]. Polymers, which are surface active
substances, in the synthesis of which hydroxy acids —
lactic, glycolic, etc. were used as reagents, are the most
interesting from the point of view of environmental
safety, since when they decompose, substances are
formed that are products of the metabolism of living
organisms [2, 3]. The attention of many scientists
has been attracted not only by the preparation of
biocompatible surfactants, but also by the synthesis
and study of biologically active surfactants [4]. Such
compounds can be the components of dosage forms
combining high physiological activity and pronounced
transport properties. A number of industrially important
surfactants containing heterocyclic fragments and
exhibiting bactericidal and antimicrobial activity
can serve as an example [8—13]. In addition to the
medical industry, the main consumer of biologically
active surfactants, these compounds may be used in
veterinary medicine and agriculture.

Silatranes are intra-organosilicon esters; their
study was started by academician M.G. Voronkov
in the 1960s [14]. Due to silatranes’ unique
antifungal, antibacterial, anti-inflammatory, antiviral
and antitumor activity, as well as their pronounced
activity in the regulation of plant growth [14-18],
these compounds are used in medicine, cosmetology,
and agriculture. For example, chloromethylsilatran
is known as a highly effective, practically non-toxic,
and easily biodegradable stimulator of crop growth
and productivity [18-20].

However, in the vast majority of studies, the
structure, physicochemical properties, and biological
activity of low molecular weight silatranes were
studied. To date, there are practically no publications
on the biological activity of polymers containing
silatrane fragments, while the study of polymeric
substances including silatrane groups is of great
interest from the point of view of obtaining new
bioactive and surface active polymers, as well as

expanding the range of available pharmacological
agents. To solve this problem, we synthesized a
number of amphiphilic branched polymers containing
polar lateral silatrane fragments, and evaluated their
surface activity.

Materials and Methods

We used 3-isocyanopropyltriethoxysilane (98%),
potassium fert-butanolate (97%) (abcr GmbH,
Germany), triethanolamine (“pure”), diglyme (“pure”)
(Chimmed, Russia), 1,2-epoxypropanol (96%, Sigma-
Aldrich, USA), 1.1.1-tris(hydroxymethyl)propane
(97%), tin(II) 2-ethylhexanoate (Sn(Oct)2) (97%),
trimethylethoxysilane (97%) (Acros Organics, USA),
2.2-bis(hydroxymethyl)butanoic acid (98%, Acros
Organics, USA), diethyltin dicaprylate (DEDCO,
98%, Abika, Russia) without additional processing.
Tetrahydrofuran (THF), benzene, methylene chloride
(Chimmed, Russia), L-lactide (98%, Sigma-Aldrich,
USA) were purified by standard methods [21].

As objects of study, biocompatible branched
polymers were obtained that have different structures
and molecular weights. These polymers were either
polyethers (Scheme 1) or polyesters (Scheme 2), most
of whose functional groups were on the peripheral
part of the macromolecule. The synthesis was
carried out, respectively, by the method of anionic
polymerization of 1,2-epoxypropanol according to
the aforementioned method [22] (Scheme 1), or by
a combination of equilibrium polycondensation and
polymerization with ring opening according to the
procedure [23] (Scheme 2).

The synthesis of low molecular weight
silatrane was carried out by modifying the method
described in [24] (Scheme 3): a solution of
3-isocyanopropyltriethoxysilane (27.3 g, 0.11 mol)
was added to a mixture of triethanolamine (15.0 ml,
16.8 g, 0.11 mol) in benzene (20 ml) and a catalytic
amount (5 mg) of potassium tert-butanolate. The
resulting mixture was heated to 80 °C and silatrane
was synthesized for 10 hours by distillation of an
azeotropic mixture of benzene and ethanol, at the
same time adding to the reaction mixture an equivalent
distilled-off amount of dry benzene. After the reaction,
the silatrane was left in the form of a 2.2 M solution
obtained in the synthesis process, without being
isolated as a solid.
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In the next step, the synthesized polymers
were modified with 3-isocyanopropylsilatrane and
trimethylethoxysilane (Schemes 4, 5) to obtain amphiphilic
compounds.

By varying the ratios of the branched polymer and
silatrane used for the synthesis, we obtained polymers
with different average degrees of substitution of the
hydrophilic groups of branched macromolecules by
silatranes. The reactions were carried out in THF with
constant stirring and a temperature of 25 °C for 4 hours.
In a 50 ml round bottom two-necked flask with a magnetic
stirrer, inert gas injection and reflux condenser, the
hydroxyl-containing polymer and the calculated amount
of DEDCO in 10 ml of THF were dissolved with stirring,
after which a solution of 3-isocyanopropylsilatran in THF
was added. The synthesis was carried out for 60 min at
66 °C, after which a solution of trimethylethoxysilane
excess was added and boiled for another 60 min. After
completion of the reaction, the solvent was removed
and the polymer was purified via dialysis (THF solvent,
“ZelluTrans” dialysis membrane, MVCO 1000 Da) for
24 hours.

The nuclear magnetic resonance (NMR) spectra
were recorded for 10% copolymer solutions in CDCI, on
a Brucker spectrometer with an operating frequency of 'H
—600.22 MHz and "*C — 150.94 MHz (internal standard is
tetramethylsilane) at the Center for Molecule Composition
Studies of the Institute of Organoelement Compounds of
the Russian Academy of Sciences (INEOS RAS).

Gel permeation chromatography (GPC) of the
copolymers was carried out on a Waters 150 chromatograph,
eluent was THF, the flow rate was 1 ml/min, with the PL-
GEL 5u MIXC column (300 x 7.5 mm), at the Center for
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Scheme 3

Molecule Composition Studies of the INEOS RAS.

The value of the hydrophilic-lipophilic balance
(HLB) for the polymer was determined according to
Griffin [25]. The analytical expression of HLB for
surfactant molecules is HLB = 20(M,/M), where M,
and M are the molecular weights of the hydrophobic
fragment and the whole molecule. For all the polymers
studied, the branched macromolecular backbone was
considered as hydrophobic.

The determination of critical micelle concentration
(CMC) was carried out via a method of increasing the
fluorescence in accordance with the procedure [26], using
diphenylhexatriene as a fluorescent label. The fluorescence
spectra were obtained at an excitation wavelength of 366 nm
and a recording wavelength of 430 nm.

Direct emulsions were obtained by dispersing 4 ml of
a 5% copolymer solution in methylene chloride in 40 ml
of water (ultrasonic disperser UZDN-A, 30 s, 15 W). The
concentration in water of all the copolymers for the resulting
emulsions exceeded CMC two-fold. Reverse emulsions
were also obtained by ultrasonic treatment, while 0.1 ml of
water was dispersed in 10 ml of a 5% copolymer solution
(ultrasonic disperser UZDN-A, 30s, 15 W).
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To determine the average droplet size ofthe emulsion, Results and Discussion
we used a Photocor-FC correlation spectrophotometer
(Photocor Instruments Inc., USA) with a He-Ne laser The branched polymers I-IV were obtained in the
radiation source (Coherent, USA, Model 31-2082, 632.8 nm, form of yellowish solids, readily soluble in THF and
10 mW). chloroform. The "H-NMR spectra of polyethers T and II
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contain signals of the macromolecule branched core
protons for —-CH,~CH, (0.88 ppm) and —CH,-CH,
(1.37 ppm), characteristic of polyglycerol groups, as
well as a wide multiplet peak typical for signals of the
—CH,~O- and —CH< groups (at 3.00-4.20 ppm). The
"H-NMR spectra of polyesters III, IV contain signals
of proton groups ~CH< and —CH, polylactide units at
5.04 and 1.45 ppm, respectively, as well as signals
characteristic of the protons for the —-CH, and —~CH,

(1.23 and 0.90 ppm, respectively). Since the signals of
the characteristic groups did not overlap in the spectra
of all polymers and it was possible to integrate them,
the ratio of the corresponding groups in the polymer,
the monomer composition, and the molecular weight
of the studied macromolecules were determined based
on integrated signal intensities characteristic for various
comonomers. As can be seen in Table 1, all branched
polymers were obtained in high yield, which implies the

groups of 2,2-bis-(hydroxymethyl)butanoic acid completeness of the synthesis reaction.
Table 1. Characteristics of synthesized branched polymers
. M of copolymer, g/mol
No. Structure of branched polymer Yield,% . M /M **

M NMR % M GPC %%
n n

o o g
I HO{;Og OH

OH
HO
I Ho, ° °>\_\_< 99 2300 2350 1.4

98 4800 4950 1.5

o
oo CH3
| o - /S o
CoHs o o
CH{ O O,
o, o
o
o) e} CH3
HO Q CH3 d Q—<_>—OH
>/-—< oo o o
v o

96 5200 5800 2.3
O HHs TR o
CH{ 2 >_/_<OH

98 2000 2200 1.9

*Determined from the NMR data;
**Determined from the GPC data.

Asaresult ofthe reaction of isocyanatopropylsilatrane
with branched polymers, two series of amphiphilic
compounds with a different structure and composition of
the main polymer chains, as well as with an amount of
side silatrane and trimethylsilyl fragments were obtained.
These polymers were white solid materials, the solubility
of which in water depended strongly on the content of
silatrane fragments. Thus, polymers with an insignificant
(about 10%) content of silatrane groups were poorly soluble
in water, while polymers with 97-100% substitution of
hydroxyl groups with silatrane groups were easily soluble
in water. All amphiphilic polymers were characterized by
NMR spectroscopy and GPC. The degree of substitution
of free hydroxyl groups was characterized using 'H

and quantitative C NMR spectroscopy (Table 2). The
experimentally determined and theoretically calculated
amounts of carboxyl groups substituted by silatranes have
close values, which confirms the correspondence of the
proposed polymer structures to those obtained.

As a result, we obtained polymers with a branched
core formed by polyethers (polymers 1-6) or polyesters
(polymers 7-12) with low (polymers 1-3, 7-9) or high
(polymers 4-6, 10-12) molecular weight. In this case,
polymers 1,4, 7, 105 2, 5, 8, 11 and 3, 6, 9, 12 differed in
the structure and mass of the branched block, while the
degree of substitution of the hydrophilic groups of the
branched block by silatranes in these series of polymers
were similar.
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Table 2. Characteristics of synthesized polymeric silatranes

. Substitution degree*
Sample No. Branched polymer Yield, % M ** M_/M **

Calculated Measured ! v
1 I 97 30 29 3300 23
2 95 60 57 4300 24
3 96 100 97 5550 2.3
4 11 93 30 28 6950 2.6
5 95 60 57 8900 2.8
6 92 100 93 11550 3.1
7 I 94 30 28 2700 2.8
8 96 60 57 3200 2.6
9 96 100 97 3800 2.7
10 v 97 30 29 11100 3.2
1 97 60 58 16500 3.1
12 95 100 94 17400 3.4

*Degree of substitution of polymer hydroxyl groups by the silatrane fragments, determined via monomer ratios (Calculated)

and from the NMR data (Measured).
**Values, determined from the GPC data.

In view of the amphiphilicity of the obtained
compounds, their ability to form micelles in aqueous
solutions and the properties of their surface activity
were studied. CMC values were determined by
quenching the fluorescence of polymers. The results
are presented in Table 3 together with the HLB values
determined by the Griffin equation. Based on the
data obtained, it may be noted that the hydrophilic-
lipophilic balance of the copolymers within each series

changed systematically, while the HLB and CMC
values of almost all polymers correlate well with each
other, showing a linear relationship between HLB
and CMC. Moreover, polymers based on polyethers
(polymers 1-6) generally showed higher CMCs
than polymers based on polyesters (polymers 7-12);
although the HLB values for polymers of different
series but with similar degrees of substitution were
close.

Table 3. Surface-active properties of polymeric silatranes

Polymer HLB CMC, mol/L Polymer HLB CMC, mol/L
1 6.1 2.2x10° 7 3.7 1.2x10¢
2 9.3 3.2x10° 8 6.3 8.1x10*
3 11.7 5.8x10"! 9 8.4 2.6x10"!
4 6.2 3.1x10* 10 9.5 9.6x107
5 9.2 6.3x10° 1 13.0 8.7x107
6 11.7 7.1x10" 12 13.3 1.4x10?

Since one of the possible applications for
synthesized copolymers is their use as surfactants
during micro- and nanocapsulation, the study of the
aggregative stability of emulsions stabilized by such
compounds is of great importance. In connection with
this, we evaluated the stability of direct and reverse
emulsions stabilized by polymers 1-12 (Table 4).

It was found that all the copolymers studied were
able to increase the aggregative stability of inverse
emulsions: the size of inverse emulsion droplets in the
presence of polymers 1-12 increased 2.1-6.1 times in

30 minutes, while without the use of polymers the size
of the drops of the emulsion increased by 14.5 times.
The stability of inverse emulsions depended both on the
degree of substitution of peripheral hydroxyl groups of
polymers with silatranes and on the molecular weight
and structure of the branched block of polymers. The
smallest emulsion droplets were obtained when polymers
with a low molecular weight polyester branched block
were used as surfactants. The size of the droplets of
the emulsions increased when increasing the molecular
weight of the branched block. A similar dependence in
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Table 4. Size of the emulsion droplets, obtained from the solutions of polymeric silatranes

Polymer Size of the reverse emulsion droplets (nm), after Size of the direct emulsion droplets (nm), after
1 min 10 min 30 min 1 min 10 min 30 min
—* 58 490 840 175 1080 —*%
1 57 211 270 179 580 870
2 58 227 285 175 471 552
3 62 254 328 188 338 470
4 54 191 242 184 479 690
5 56 218 280 180 434 537
6 57 270 350 188 371 430
7 56 118 140 200 437 727
8 55 169 210 191 377 464
9 58 199 250 205 350 416
10 56 209 265 212 570 760
1 56 231 297 200 532 687
12 57 247 321 196 422 596

*Emulsions, obtained without surfactants.
**Water release as a separate phase was observed.

the size of the inverse emulsion’s droplets on the size of
the branched block was also observed in polymers with
a branched block based on simple ether (polymers 1-6).
For all the polymers, the stability of reverse emulsions
decreased with increasing degree of substitution of
hydroxyl groups with silatranes.

All the copolymers studied were able to increase
the aggregative stability of direct emulsions as well: the
sizes of direct emulsion droplets in the presence of 1-12
polymers increased 2.1-4.6 times in 30 minutes, which is
much less than the increase in emulsion droplets without
using polymers. The stability of direct emulsions, as
well as reverse ones, depended both on the degree of
substitution of peripheral hydroxyl groups of polymers
with silatranes and on the molecular weight and structure
of the branched block of polymers. When polymers with
low molecular weight branched polyester blocks were
used as surfactants, emulsions with the smallest droplet
size were obtained: with increasing the molecular weight
of the branched block, the size of the droplets of the
emulsions increased. A similar dependence in the size
of direct emulsion droplets on the size of a branched
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Objectives. Modern atraumatic wound dressings are based on polyethylene terephthalate, or
Lavsan, which is shaped to form threads. The aim of the study was to determine the reasons
for Lavsan woven nets’ hardening and becoming more trauma-prone during storage, and to find

ways of eliminating these effects.

Methods. We used differential scanning calorimetry, performed on a NETZSCH DSC 204 F1
Phoenix device, in a dynamic mode with a temperature range from 20 to 300 °C in argon flow
to determine phase states, glass transition temperatures, and melting temperatures of Lavsan
fibers (including those treated with polyethylene glycol mixtures). We performed rheoviscometry
studies on a Brookfield DV2TLV rotational viscometer, with a SC4-16 thermostatic control unit,
at the following temperatures: 25, 36.6, 40, 45, 50, and 55 °C, with shear rates ranging from
120 to 200 s-1 to determine dynamic viscosity and investigate the mixing characteristics of

polyethylene glycols with different molecular weights.

Results. We have established that samples of Lavsan woven nets, stored long-term in laboratory
conditions (up to 2, 3, and 16 years), are in the crystalline state with a high degree of crystallinity.
Upon heating these nets to 300 °C, it is possible to reduce the degree of crystallinity by 19-32%,
but it does not completely eliminate the effect. Polyethylene glycols and their mixtures which
exhibit non-Newtonian flow behavior and are used as an ointment base, have a significant effect
on Lavsan’s crystallinity. We have determined that the optimal ratio of polyethylene glycols for
the modification of Lavsan nets is PEG-400:PEG-1500 = 80:20 wt %. Upon storing Lavsan woven
nets in this mixture at room temperature, the Lavsan’s crystallinity is greatly reduced, and upon

heating the system, the crystallinity practically disappears.

Conclusions. The effect of polyethylene glycol mixtures (the base for therapeutic ointments) with
various molecular weights on the phase organization of Lavsan has been evaluated. As a result
of this study, we can offer a new approach to reduce the injuring effect of synthetic (Lavsan)

bases of atraumatic wound dressings.

Keywords: wound dressing, ointment base, polyethylene terephthalate, polyethylene glycol,

melting point, degree of crystallinity, viscosity.
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Buunsinue cMeceid MOJUAITHIICHIVINKOJICH B KAYECTBE MAa3€BO OCHOBBI
Ha (PU3MKO-XUMHUYECKHE CBOMCTBA JIABCAHOBBIX ATPABMATHYHbIX

PaHEBLIX MOBA30K

A.A. Kopoabuyk!, E.C. XXaBopoHOK!, O.A. AeronpkoBa’, C.A. Keauk!

IMHP3A — Poccutickuii mexHono2uueckuil yHugepcumem (HHcmumym moHKUX XUMUMECKUX MEeXHOI02ULL
umeru M.B. AomoHocosa), Mockea 119571, Poccus
?HayuoHAab b MeOUUUHCKUTL UCCnedo8amenbCKull yeHmp xupypeuu umeHu A.B. BuuiHegckoeo,
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@Aemop osna nepenucku, e-mail: nastya.corolchuk@yandex.ru

Ienu. OcHo80ll cO8pEeMEeHHBLX AMPABMAMUUHBLX PAHE8bLX NOBSA30K S8ALemcst NOJAUIMUIEH-
mepegmanam (unu n1aecaH), kKomopomy npuoarom euo Humetl. Llenoro pabomul s181810Ck onpe-
desleHue NPUUUH YBEeNUUCHUSL JKECMKOCMU U MPABMAMUUHOCMU JIABCAHO8bLX MKAHbBLX CEMOK
npu xpaHeHuu U nouck nymeil ycmpaHeHust amozo agpgpexma.

Memoobt. /Ins onpedesnieHust pa3o8020 COCMOSHUSL, MeMnepamypsbl CMeKJA08AHUSL. U NLA8Je-
HUSL J1aBCAHOBbLX B80JIOKOH, 8 MOM UUCae nocie obpabomru CmMecsamu NOAUIMUNLCH2AUKONEeT,
ucnosb308anU OUPpepeHUUANbHYIO CKAHUPYOULYIO KAJLIOPUMEMPUID, KOMOPYH NPO8OOUNU HA
npubope NETZSCH DSC 204 F1 Phoenix 8 OUHAMUUECKOM perkume 8 OUana3oHe memnepamyp
om 20 0o 300 °C & moke apeoHa. [lnsi onpedeneHusi OUHAMUUECKOU 853KOCMU U OUEHKU Xa-
paKkmepa cmeuleHUsl NOAUIMUNCHRAUKONEU PA3ZHOT MONeKYAAPHOU MACCHL NPUMEHSIU Memo0
peosucKkosumempuu, KOmopyro OCYuLeCmeasiiu HO POMAUYUOHHOM euckozumempe Brookfield
DV2TLV ¢ mepmocmamupyemuvim pabouum ysnom SC4-16 npu memnepamypax: 25, 36.6, 40,
45, 50 u 55 °C e duana3soHe ckopocmeli coguea om 120 0o 200 c'.

Pesynemamet. YcmaHo8/1eHO, Umo OAUMEeNbHO 8bl0epIKAHHbBLE 8 1AO0PAMOPHLIX YCL08USLX (00
2, 3 u 16 niem) ob6pasybl 1aBCAHOBLIX MKAHBLX CEMOK HAX00SIMCSL 8 KPUCMANIUUECKOM COCMO-
SIHUU C 8blCOKOU cmeneHblo KpucmaanauuHocmu. Ilpoepes smux cemox 0o 300 °C nosgossiem
CHU3UMb cmeneHb KpucmaanuuHocmu Ha 19-32%, Ho He ycmpaHsiem ee noaHocmeto. ITonu-
IAMUNEH2AIUKONU U UX CMEeCU, KOmopble UCNOb3Ym 8 Kauecmeae Ma3e8oil OCHO8bL, NPOSIBSIO-
ujue HeHbIMOHOBCKOE nogedeHue NPuU meueHUU, 0KaA3blearom 3amemHoe eaAusiHUe Ha cmeneHb
KPpUCMaaluuHoCmu 1a8CaHa. YCmaHo8ieHOo ONMmuMaibHOe COOMHOUEHUE NOAUIMUNEH2AUKO-
setl ot moougpukayuu nascaHosvlx cemorw: I19I-400:119I-1500 = 80:20 mac. u. Ilocne evl-
deprKueaHusl 1a8CaAHO80U MKAHOU cemKu 8 Imoil cmecu Npu KOMHAMHOU memnepamype cme-
neHsb KPUCMANAUUHOCMU JIAB8CAHA CUNbHO CHUXKAEemcsl, 0 nocie npozpeea makoll cucmembol
KpUCMaaluuHoOCmMs NpaKmuuecku ucuesaem.

Baxnrouenue. OyeHeHO 8aUSIHUE HA (Ppa308YI0 OP2AHU3AYUUI JIABCAHA CcMecell NOAUIMUNLEeH-
2nuKonell pasauuHoll. MONACKYAIPHOU MACCHL, SBASIOULUXCSL OCHOBOU JleuebHblx maszell. B pe-
3ysibmame npogedeHHOol pabombl NPeosNoNeH HOBbLU NOOX00 0151 YMEHbULEHUSL MPABMATMUUHO-
cmu CuUHmMemuUueckux (1a8caHo8blx) 0CHO8 AmpasMAMUUHbBLX PAHE8bLX NO8S30K.

Knroueesvle cnoea: paHesoe noxKpolimue, maseeast ocHoeaqQ, nonusmuﬂeumepecpmaﬂam,
nosiusmuJjieHeJiuKO/lb, memnepamypa njiassieHust, cmeneHb KpucmailuiHOCmMu, 8s13K0CMb.

Jna yumupoeanus: Koponsuyk A.A., XKasoponok E.C., JleronskoBa O.A., Kenuk C.A. BiusHue cmecell OJIM3TUIICH-
[JIMKOJIEH B Ka4eCTBE Ma3eBOH OCHOBBI Ha (DU3UKO-XUMHYECKUE CBOMCTBA JJABCAHOBBIX aTPaBMATUYHBIX PAHEBBIX TOBSI30K. ToHKuUe
xumuueckue mexnonoeuu. 2019;14(5):71-78. https://doi.org/10.32362/2410-6593-2019-14-5-71-78

Introduction

Atraumatic wound dressings is just one type of
bandage material meant to gently protect wounds
from exposure to harmful environmental factors
[1]. Such dressings are based on fibers, threads,
tissues, films, and nonwoven materials [2] and

should prevent damaged areas from coming into
contact with external irritants, foreign objects and
infections, as well protect the wound from possible
new injuries [2, 3].

Historically, the first materials used to stop
bleeding and mechanically protect wounds, were
cotton tissues [2]. However, this material has a
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number of disadvantages, and a major one is the
heterogeneity of cotton threads. Microscopic strands,
which are characteristic for cotton, get into the
wound, thus irritating the injured area and affecting
the healing of the wound [3]. This has led to research
on alternative dressings that could be chemically inert
and have homogenous threads. Polymeric materials
such as polyethylene terephthalate (PET) fulfill these
requirements.

Polyethylene terephthalate, or Lavsan, is a
complex polyester that is shaped as threads for
convenience [4, 5]. The main reasons for Lavsan
to be used as wound dressings are its mechanical
characteristics and relatively low cost [5]. Lavsan
fibers are very strong and durable, elastic and resistant
to chemicals, and biocompatible; Lavsan is a polymer
with a low rate of biodegradation [6, 7]. However,
the prolonged storage of Lavsan nets makes them
harder and more trauma-prone, which is unacceptable
for wound dressings [8, 9]. The aim of this study is
to investigate the reasons for Lavsan woven nets’
hardening and becoming more prone to trauma during
storage, and to find ways of eliminating these effects.

Materials and Methods

We used Lavsan woven nets made of polyethylene
terephthalate with a nominal molecular weight of
NMW = 30 kDa, stored in a laboratory for up to
Toging — 2> 35 16 years. The samples differed in their
aging time, as well as in the weaving (see Table 1). To
investigate the effect of ointment base on the nets, we
used model oligomers: polyethylene glycols (PEGs)

PEG-400, PEG-1500 and their mixtures in various

DSC, mW/mg

ratios. The mixing of PEGs was performed at room
temperature, followed by heating to 80 °C for 10 minutes
until homogeneous viscous mixtures were obtained.
The nets were soaked for 1, 7, or 28 days in PEG-400
or PEG-400:PEG-1500 = 80:20 wt % mixture, at room
temperature, and subsequently studied.

Over the course of this work, we used differential
scanning calorimetry (DSC) and rheoviscometry.
Thermograms were recorded on a NETZSCH DSC
204 F1 Phoenix device, in a dynamic mode with the
temperature range from 20 to 300 °C in argon flow.
The dynamic viscosity of PEGs and their mixtures
was studied on a Brookfield DV2TLV rotational
viscometer, with a SC4-16 thermostatic operating
unit, at the following temperatures: 25, 36.6, 40, 45,
50, and 55 °C, with shear rates ranging from 120 to
200 s7'.

Results and Discussion

The results of DSC studies of Lavsan woven nets
are shown in Fig. 1.

The analyzed samples have a clear endothermal
peak in the 240-280 °C temperature range that can be
interpreted as a melting of polyethylene terephthalate
crystals, according to [10]. It is evident that this peak
area becomes smaller in the second DSC experiment,
but in the 60-80 °C temperature range there is a
characteristic “step” indicating that devitrification
occurs and an amorphous phase is present. In the
second scanning, we observe an additional, sharp
exothermal peak in the 140-160 °C temperature
range, which can be interpreted as crystallization of
the amorphous part of the sample, according to [10].

150 200 250 300 350

T7,°C

Fig. 1. Typical DSC diagram for Lavsan woven nets; shown here is the diagram
for PET-207 at w* = 10 K/min: / — initial heating; 2 — secondary heating.
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The thermophysical characteristics of the studied
samples are presented in Table 1. We may conclude
that samples stored at room temperature for a long
time are in crystallized state, and the amorphous phase
content is very low, but it increases upon heating of
the sample.

The areas of endothermal melting peaks allowed
us to estimate the degree of crystallinity, in our first
approximation. We set the degree of crystallinity at
100% for those samples that did not exhibit vitrification,
according to their DSC thermograms, and calculated
the degree of crystallinity of the re-heated samples
using the following formula [11]:

AS

oa=—-+x100%, (1
AS

where o is the crystalline phase content, AS’ is the
melting peak area of the crystalline phase in the
first scanning, AS" is the melting peak area of the
crystalline phase in the second scanning.

The calculated values of a are shown in Table 1.
We can see that the degree of crystallinity is between
68% and 81% even for the re-heated samples.

The ointment base can have a significant effect on
the phase state of polyethylene terephthalate; this is
why we investigated some ointment bases. A common
ointment base is PEG mixtures, with molecular
weights of 400 and 1500, used in various ratios [11].
The experimental viscosity—velocity curves (Fig. 2)
show the PEG mixtures that look homogeneous do
exhibit non-Newtonian behavior.

When PEG-1500 concentration increases, we
observe viscosity hysteresis (rheopexy type) that
enhances over time. This may indicate that the PEG

mixture has a heterogeneous structure, despite it
looking homogeneous. Figure 2 shows that when a
PEG-1500 concentration in PEG-400 increases, the
dynamic viscosity of the mixtures is elevated.

Temperature is an important parameter that
influences the viscosity of oligomers and their
mixtures. As we can see from experimental data in
Fig. 3, the viscosity of the sample decreases when
the temperature increases, and the non-Newtonian
behavior becomes less obvious; for example, at 55 °C we
observe almost Newtonian behavior of the samples.

Our analysis of the results obtained at different
temperatures allows us to estimate the activation
energy of viscous flow for pure ethylene glycols and
their mixtures using the Arrhenius—Frenkel-Eyring
equation:

—E,

o

n=Axe?® ,

)

where 7 is the effective dynamic viscosity at 55 s7;
E _ is the activation energy of viscous flow; R is the
universal gas constant; 7 is the absolute temperature;
A is the pre-exponential factor that takes into account
the probability that an elementary act of viscous flow
happens.

The dependency of the apparent activation energy
on the PEG ratio in their mixture is shown in Fig. 4. We
can see that the activation energy of viscous flow is
low and almost does not depend on the PEG mixture’s
composition. This indicates that the mixing of PEGs
with different molecular weights (containing the
same monomer) is athermal.

To sum up, when PEG-1500 content in PEG-400
is up to 50 wt %, the mixture of these oligomers

Table 1. Thermophysical parameters for Lavsan woven materials samples

T, .°C |AS_. ), T/g T o€ |AS .| T/g
Sample t . ,years | T,°C = o = = o, %
R ¢ 1 scan 2 scan 1 scan | 2 scan lscan | 2scan | lscan | 2 scan
PET-208* 2 80 - 145 - 36 261 256 62 44 71
PET-207%** 80 - - - - 262 257 79 54 68
PET-206* 80 - 148 - 69 260 257 115 90 78
PET-205%* 16 83 - - - - 262 258 74 51 69
PET-204* 16 82 - 142 - 37 261 258 72 58 81

* Weaving: “honeycombs”.

** Weaving: “squares”. Apparently, the difference in the weaving means the difference in the degree of Lavsan fiber elongation
during the formation of the woven net, therefore the nets of the same age, but with different weaving, have different properties.
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Fig. 2. Typical viscosity—velocity curves obtained at 25 °C for PEG-400 and PEG-1500 mixtures,
with PEG-400 content, wt %: 70 (1); 80 (2); 90 (3).
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Fig. 3. Typical viscosity—velocity curves for the PEG-400:PEG-1500 = 80:20 wt % mixture,
obtained at the following temperatures, °C: 25 (/); 36.6 (2); 55 (3).
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Fig. 4. Dependency of the apparent activation energy of viscous flow on the composition of PEG-400:PEG-1500 mixtures.
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behaves the same. This is why we selected the PEG-
400:PEG-1500 = 80:20 wt % composition for further
study; this composition is widely used in ointment
bases for atraumatic wound dressings, according to

[12, 13]. We used the DSC method to investigate
the effect of this composition on the phase state of
Lavsan woven nets. The thermograms obtained are
presented in Fig. 5.

DSC, mW/mg a)
1
0.5 I
B
1 exo ﬁ\/\ 2
w\ P
30 80 130 180 230 280 330
T,°C
DSC,mW/mg b)
0.5
1
1 exo
\ 2
\ 3
L 1 1 1 \ 4 J
30 80 130 180 230 280 330
T, C

Fig. 5. Typical DSC thermograms for initial PET-204 (/) and for PET-204 incubated
in the PEG-400:PEG-1500 = 80:20 wt % composition for 1 day (2), 7 days (3) and 28 days (4).
Results of the first (a) and the second (b) scanning, at w* = 10 K/min, are shown here.

The analysis of these thermograms shows that
the incubation of Lavsan woven nets in PEG mixtures
results in an expected decrease in the area of the
endothermal peak in the 250-280 °C temperature
range. At the same time, in the low temperature
range (80—100 °C) we observe a “step” resembling
vitrification. It means that the degree of crystallinity
decreases; calculations using formula (1) show that
the degree of crystallinity for incubated samples

goes down to 14% in 28 days (Table 2). However,
even after this prolonged incubation the degree of
crystallinity still remains significant. At the same
time, the re-heating of such samples (Fig. 5b) leads
to the complete disappearance of the endothermal
melting peak. Clearly, it happens because PEG
molecules penetrate into polyethylene terephthalate,
but the woven net does not change its appearance and
commercial properties.
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Table 2. Thermophysical parameters for samples of PET-204
incubated in PEG-400 and its mixture with PEG-1500

. PEG-400 PEG-400:PEG-1500 = 80:20 wt %
Incubation time, days
|AS .l Vg a, % |AS .l Vg a, %
46 58 25 32
7 11 22 11 14
28 17 14 11 14

Conclusions

We have shown that Lavsan nets aged in natural
conditions are partially crystallized, with ahigh crystalline
content. Upon their incubation in PEG mixtures
commonly used as ointment bases and whose optimal
composition was selected based on rheoviscometry, the
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On the occasion of the 90th birthday of Leonid Antonovich Serafimov

On September 29, 2019, Leonid Antonovich Serafimov, Doctor of Technical Engineering Sciences, professor,
and world-famous scientist would have turned 90 years old. His entire life was associated with the M.V. Lomonosov
Moscow State University of Fine Chemical Technologies (MITHT in Russian abbreviation), where he rose from a
student, Stalin scholarship holder to a professor and head of a department. L.A. Serafimov worked for 13 years in the
Ministry of Higher and Specialized Secondary Education of the Russian Soviet Federative Socialist Republic.
He headed the General Directorate of Universities,
Economic and Law Institutes and was a member of the
ministry collegiate organ.

L.A. Serafimov was the founder of the scientific
school “Theoretical Foundations and Technological
Principles of Mass Transfer and Combined Processes of
Organic Synthesis.” He discovered the fundamental laws
of heterogeneous equilibria and used these laws as a basis
for an original thermodynamic-topological analysis of
phase diagrams and dynamic rectification systems. This
analysis is a stem for developing resource-saving schemes
for the separation of complex mixtures in basic organic
and petrochemical synthesis.

Professor L.A. Serafimov created the theory of
combined reaction and mass-transfer processes and
the theory of transformation of the structures of phase
equilibrium diagrams based on boundary and internal
tangential azeotropy. He actively developed the rs A
physicochemical fundamentals in the functioning of energy-efficient complexes for azeotropic mixture separation.

The studies of the scientific school headed by him were 15-20 years ahead of the work of foreign scientists,
ensuring the stable priority of Russian science in the aforementioned field. Professor Serafimov placed great
emphasis in his works on introducing various mathematical methods in studies on heterogeneous systems
thermodynamics. His scientific results were used abroad to create modern program-oriented modeling systems
for computers.

It is worth mentioning separately the worldview component in the scientific and pedagogical activity of L.A. Serafimov.
He considered it absolutely necessary to include philosophical issues in lecture courses, to illustrate the relationship
between natural science laws and philosophical ones and thought a lot about the impact of technology on society.
His scientific works on the development of theoretical foundations for chemical technology applied to technological
problems reveal the concepts of research intensity, ideality, infinity, homology and isomerism, invariants of phase
diagram structures, mathematical modeling as a method of scientific knowledge, etc.

Professor Serafimov had a phenomenal capacity for work. As a professor at the Department of Chemistry and
Technology of Basic Organic Synthesis he gave original lecture courses created by him, which have no analogues
in the world. He was engaged in scientific work, wrote articles and left scientific notes for his students until the very
end of his life. He possessed an amazing ability to gather young promising scientists around him and captivate them
with his scientific ideas, to set specific tasks for them and helped to realize themselves in the form of defenses of
qualification works of different levels.

L.A. Serafimov prepared 14 doctors and 75 candidates of sciences, as well as more than 30 masters. L.A. Serafimov is
the author of more than 800 scientific papers. Among them are 6 scientific monographs, 44 copyright certificates and
patents, and 520 scientific articles, the majority of which were published in leading journals in Russia and abroad.

For many years, Leonid Antonovich was the scientific director of the Laboratory of Problems of the Higher
School of MITHT, which on the basis of original methodological works allowed the university to take its rightful
place in modern higher education. He published about 40 articles on the modernization of higher education in
Russia. The merits of Professor L.A. Serafimov were recognized by the scientific community: he was a two-time
winner of the prize of the International Academic Publishing Company Science for a series of publications in
the journal Theoretical Foundations of Chemical Technology published by the Russian Academy of Sciences;
he was also Academician of the Russian and International Engineering Academies; Honored Worker of Science
and Technology of the RSFSR; Honored Worker in Higher Professional Education of Russia; Honored Inventor
of the USSR; Honorary Professor of MITHT named after M.V. Lomonosov; Honorary Doctor of the Association
of the Russian Federation “Basic Processes and Technique of Industrial Technologies.” He was also awarded
orders and medals.
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L.A. Serafimov was an excellent lecturer and a brilliant speaker. He was repeatedly invited to lecture at foreign
universities and firms (Rostock and Dortmund Universities, Germany; University of Rennes, France; Prof. Dr. Assen
Zlatarov University, Bulgaria; BASF, Stuttgart). He held master classes for students, postgraduates and colleagues
from different universities. The Moscow scientific workshop on phase equilibria was created at his initiative.

L.A. Serafimov carried out a lot of scientific and organizational work. For a long time he was a member of the
European Engineering and Chemical Working Group on Distillation, Absorption and Extraction, a member of the
Expert Council of the Higher Attestation Commission, a member of three dissertation councils, an expert of the
Russian Foundation for Basic Research, a member of the RAS Council for the Scientific Fundamentals of Chemical
Technology, a member of the organizing committees of international conferences “Chemical Thermodynamics in
Russia,” “Science-Intensive Chemical Technologies,” etc.

He worked as a member of the editorial boards of the journals Theoretical Foundations of Chemical Technology
and Fine Chemical Technologies (Vestnik MITHT). Leonid Antonovich Serafimov was a demanding and at the same
time benevolent reviewer: he always supported extraordinary publications made by talented scientists; he gave
reasoned critical reviews; he published his fundamental results making a significant contribution to the formation of
a positive reputation of magazines.

The scientific authority of Professor L.A. Serafimov was indisputable. He was respected both as a scientist and
as a teacher by his colleagues, disciples, and students.

Leonid Antonovich’s professional path as a scientist and professor is a great example of serving his work! This
is the work of an active creator of the achievements of MITHT and higher education in Russia. He made a significant
contribution to the history of our institute, academy, and university. An ardent admirer of his Alma Mater, he was
always proud of our regalia: the name of Mikhail Vasilyevich Lomonosov and the Order of the Red Banner of Labor,
which at various times marked the merits of the staff of the Moscow Institute of Fine Chemical Technologies.

Leonid Antonovich’s active role in civil society, encyclopedic knowledge, and personal qualities attracted
people of all ages and positions to him. His fidelity to principle and his responsibility always served the interests of
MITHT named after M.V. Lomonosov.

We are proud that we lived and worked side by side with this man.

We will always remember him.
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Translated by M. Povorin
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A.N. Nesmeyanov Institute of Organoelement Compounds

of Russian Academy of Sciences
invites scientists and bussinessmen
to participate in the annual open competition-conference of scientific works

«INEOS OPEN CUP 2019»
that will be held from December 16 to December 19, 2019 in Moscow.

For the competition, we accept experimental and theoretical works on
organoelement compounds, high-molecular compounds, organic chemistry, as well as
physical and chemical methods in studying the structure of matter. Works with expressed
applied perspectives will be allocated to a separate session of the full-time part of the
competition «INEOS OPEN APPLIED». An independent jury will examine competition
works by a two-level selection. In the first stage the jury evaluates the submitted work,
forms the program a second (internal) part of the competition and selects works for
publication in a special issue of KINEOS OPEN SELECT)». The competition’s programm
provides oral presentations and poster session of research results of young scientists’
studies. The round table «APPLIED ASPECTS IN CHEMISTRY OF
ORGANOELEMENT COMPOUNDS» (catalysis, petrochemistry, etc.) will be held
within the framework of the competition. The winners of the competition will receive three
main prizes and the A. N. Nesmeyanov Grand Prix, as well as incentive prizes for
nonresident participants of the competition.

WEBSITE: https://ineos.ac.ru/competitions/ineos

SPONSORS: INFORMATION PARTNERS:
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