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Objectives. Gene therapy is based on the introduction of genetic material into cells, tissues, or
organs for the treatment of hereditary or acquired diseases. A key factor in the success of gene
therapy is the development of delivery systems that can efficiently transfer genetic material to
the place of their therapeutic action without causing any associated side effects. Over the past
10 years, significant effort has been directed toward creating more efficient and biocompatible
vectors capable of transferring nucleic acids (NAs) into cells without inducing an immune
response. Cationic liposomes are among the most versatile tools for delivering NAs into cells;
however, the use of liposomes for gene therapy is limited by their low specificity. This is due
to the presence of various biological barriers to the complex of liposomes with NA, including
instability in biological fluids, interaction with serum proteins, plasma and nuclear membranes,
and endosomal degradation. This review summarizes the results of research in recent years on
the development of cationic liposomes that are effective in vitro and in vivo. Particular attention
is paid to the individual structural elements of cationic liposomes that determine the transfection
efficiency and cytotoxicity. The purpose of this review was to provide a theoretical justification of
the most promising choice of cationic liposomes for the delivery of NAs into eukaryotic cells and
study the effect of the composition of cationic lipids (CLs) on the transfection efficiency in vitro.
Results. As a result of the analysis of the related literature, it can be argued that one of the most
promising delivery systems of NAs is CL based on cholesterol and spermine with the addition of
a helper lipid DOPE. In addition, it was found that varying the composition of cationic liposomes,
the ratio of CL to NA, or the size and zeta potential of liposomes has a significant effect on the
transfection efficiency.

Conclusions. Further studies in this direction should include optimization of the conditions for
obtaining cationic liposomes, taking into account the physicochemical properties and established
laws. It is necessary to identify mechanisms that increase the efficiency of NA delivery in
vitro by searching for optimal structures of cationic liposomes, determining the ratio of lipoplex
components, and studying the delivery efficiency and properties of multicomponent liposomes.

Keywords: liposomes, nucleic acids, gene therapy, lipids, delivery.
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HYKJICHHOBBIX KHCJIOT
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IMenu. 'enHas mepanust OCHOBAHA HA 88E0EHUU 28HEeMUUECK020 MAMEPUANA 8 KIeMKU, MKAHU UU
OpeaHbl C Yenbto JleueHUsl Hac1eoCmeeHHblX Uau npuobpemerHolx 3abonesaruil. Knouesbim cpar-
Mopom ychexa 2eHHOU mepanuu sig/silemest pazsumue cucmem 00Cmagku, CnoCOOHbLX 3¢hcheKkmusHo
nepeHocuUMb 2eHemuuecKuil Mamepual K Mecmy ux mepanesmuueckoz2o 0eticmausl, He 8bl3bleas
KAKUX-TUOO C8S3AHHBIX C HUMU NOOOUHBLX 3¢hchekmos. 3a nocnedHee O0ecsimb Jlem MHO020 YCUAUll
6bL10 HanpagneHo Ha co3daHue bonee IhheKmueHbIX U HUOCOBMECTUMBIX 8EKMOPO8, CNOCOOHbLLX
nepeHocumb HYK1eUHO8ble KUCI0MbL 8 KIlemKU, He 8bl3bleast UMMYHHO20 omeema. KamuoHHble su-
NOCOMbL ABNAIOMCES. OOHUM U3 CAMBLX YHUBEPCATbHBIX UHCMPYMEHMO8 07151 O0CMABKU HYKTIEUHOBbIX
Kuciom 8 Kiemwku, 00HaKo NpuUMeHeHUe JTUNOCOM 0151 yentell 2eHHOU mepanuu 02paHudeHo Hecney-
uguuHocmsbo Maroii 0ocmasku. Smo Ces3aHO ¢ HAUUUEM PA3TUUHBIX buosI0euUeckuUx bapbepos Ha
NYmu KOMNIeKca IUNOCOM C HYKNEUHOBbLMU KUCIOMAMU; HANPUMED, C HECMAbUILHOCMbIO 8 6U0J10-
2UUECKUX JKUOKOCMSLX; 83AUMO0ETICMBUIMU C DeNIKaMU CblBOPOMKU KPO8U, NIAZMAMUUECKOU U sloep-
HOUL MemMOpaHamu;, a marsKe ¢ 9HOOCOMHOU Oezpadayueti. B amom 0630pe 0606ueHbL pe3yibmambl
ucene0o8aHUll 3a nociedHUe 200bL N0 paspadomMKam KAMUOHHbIX JIUNOCOM, IGPheKmUBHbLX in Vitro U
in vivo. Ocoboe sHUMAHUE YOeneHO 0mOesbHbIM CMPYKMYPHBLIM INIeMEeHMAM KAMUOHHbLX JTUNOCOM,
onpedesitouUM 3hPeKmuUSHOCMb MPAHCHERYUU U UUMomoKcuuHocms. Lleavto daHHo20 0630pa s8-
JISI0Cb meopemuueckoe 060CHOBAHUE 8bl60PA KAMUOHHbBLX TUNOCOM, HAUbOIee NePCneKMUSHbLX OJist
docmasKu HYKIeUHO8bLX KUCIOM 8 syKapuomuueckue K1emKu, a maKkxKe usyueHue alusiHust cocma-
8a KAMUOHHBbLX UNUO08 HA I¢hheKmuUBHOCIb MPAHCHPEKYUU N Vitro.

Pesynomameotl. B pesyismame nposedeHHo20 aHAIU3A AUMepamypsbl MOXKHO Ymeeprkoams, Umo
OOHUMU U3 Haubolee NepcnekmusHblX cucmem 0oCmasKi HYKIeUHO8bIX KUC/IOM SIeSLI0MCs. Kamu-
OHHble UNUJbL HA OCHOBE X0/leCmepuHa U cnepmuHa ¢ oobaeneHuem aunuda-xennepa DOPE. Kpome
moeo, 6bLI0 YCMAHOBNEHO, UIMO 8APbUPOBAHUE COCMABA KAMUOHHBIX JIUNOCOM, COOMHOULEHUS. Kamu-
OHHBLX UNUO08 U HYKTIEUHOBbIX KUCIOM, A MAKIKE pasmepa u 03ema-nomeHyuala AUnocom oKassl-
8arom sHauumeabHoe 8aAusiHue Ha 9hpeKmusHOCMb MpPaHCHeKyuU.

BbLeoodul. JanvHetiuiue uccnedosaHus 8 OGHHOM HANPASIeHUU O0KHbL KIIOUAMb 8 CeOsl ONMUMU-
3aYUr0 Yernosuil NOAYUEeHUsE KAMUOHHBbLX IUNOCOM C YUemom YCMAHOBNEHHbIX 3AKOHOMepHocmel, a
marxoke pusuKo-xumuueckux ceoticms. Heobxooumo uccnedogames 803MOACHOCMU NOSbILUUEHUSL I¢h-
hexmusHoCMU 00CMABKU HYKIEUHOBbIX KUC/IOM NYmem NoUCKa ONMuUMalbHbLX CmpyKkmyp Kamu-
OHHBLX JIUNOCOM, OnpedesieHuUsl COOMHOULEHUS. KOMNOHEHMO8 JIUNONIeKCo8 U UYyUueHUsl ceolicma U
agppexmusHocmu 0ocmasKi MHOZ0KOMNOHEHMHBLLX JIUNOCOM in Vitro.

Knroueebsle cnoea: 1unocombl, HYKJIeUHO8ble KUC/lomul, 2eHHAsl mepanust, ﬂunudbt, oocmaeKa.

Jna yumupoeanusn: Muxees A.A., llimennens E.B., Kecrosckas E.C., Hazapos I'.B., Macnos M.A. Katuon-
HbIC JIMITOCOMBI KaK CpPEJCTBA JOCTABKU HYKJICUHOBBIX KUCIOT. TonKkue xumuyeckue mexunoroeuu. 2020;15(1):7-27.
https://doi.org/10.32362/2410-6593-2020-15-1-7-27

INTRODUCTION

Genetherapy is one ofthe more promising methods
for the treatment of a wide range of diseases. This
method is based on the administration of therapeutic
nucleic acids (NA) into the organism, which results
in either the expression of the genetic construction
or the partial/complete suppression of the defective

gene [1]. Unlike drug compounds of low molecular
weight whose therapeutic effect is based on binding
to target proteins, therapeutic NAs could regulate
the expression of specific genes by controlling the
expression levels of functional proteins.

Therapeutic NAs include small interfering RNAs
(siRNA), antisense, antigenic or immunostimulatory
oligodeoxyribonucleotides (ODNs), plasmid DNA
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(pDNA), and ribozymes. One of the first NAs considered
as an object of cargo delivery was pDNA [2].

The low efficiency of NA delivery into target cells
and the need to create conditions for their long-term
functioning are the main challenges associated with gene
therapy [1-3]. The therapeutic effect of NA molecules
is determined by their physicochemical properties to a
much greater extent than that of low molecular weight
compounds. Thus, NAs are negatively charged, can be
degraded by serum nucleases, and are rapidly excreted
by the kidneys [4—6]. Eukaryotic cells do not have a
specialized pathway for the uptake of NA. In this regard,
there are many limitations to the use of NA as drugs,
including low stability, short half-life, and low delivery
efficiency. To address these issues, the development of
effective systems for the delivery of NA into eukaryotic
cells is essential.

The vast majority of studies on the systemic
delivery of NA into cells use viral vectors (retroviruses,
lentiviruses, adenoviruses, and adeno-associated
viruses), which are characterized by a high transfection
efficiency (TE) of cells and provide a high level of gene
expression [7-9]. However, these vectors have a number
of disadvantages: carcinogenicity [10], immunogenicity
[11], tropism for a wide range of cells [12], and difficult
production [13]. In addition, some viral systems are
rapidly cleared from the organism [14].

The use of nonviral vectors, such as liposomes,
polymers, and dendrimers, for the delivery of NA
addresses some of the problems mentioned above
because they have low immunogenicity and usually
do not cause an immune response [15]. The absence
of limitations on the size of transferred therapeutic
NA, the simplicity of synthesis, and the possibility
of modifying the structure make nonviral vectors a
promising NA delivery system [16, 17]. The biggest
limitation to the use of nonviral vectors is the low TE.
One potential solution to this problem is the use of
liposomes as nonviral vectors because of their diverse
morphology, composition, and ability to include
various therapeutic biomolecules.

Liposomes based on cationic lipids (CLs) have
attracted particular attention as nonviral delivery
systems. By adjusting the surface charge of liposomes by
changing the lipid composition, one can control the degree
of interaction of liposomes with negatively charged
NAs. Liposomes consisting of CLs are biodegradable
because endogenous enzymes are capable of breaking
down the lipid components of liposomes after being
administered into the body. Furthermore, the surface of
cationic liposomes can be modified by the addition of
polyethylene glycol residues or targeted ligands [18, 19],
and the incorporation of lipophilic chemotherapeutic
drugs in the lipid bilayer can ensure the co-delivery of
the drug and therapeutic NA [20, 21].

The formation of lipoplexes, which are complexes
of negatively charged NAs and positively charged lipids/
liposomes, occurs as a result of electrostatic interactions.
The size of the formed lipoplexes mainly depends on the
type of CL used and the quantitative ratio of positively
charged CL nitrogen atoms and negatively charged
NA phosphate groups (N/P ratio). By modifying the
conditions for producing lipoplexes (NA concentration,
pH, and the composition of the buffer solution), their size
can also be controlled. As a rule, lipoplexes are formed,
with a slight excess of a positive charge so that they can
interact with negatively charged components of the cell
membrane.

EXTRACELLULAR AND INTRACELLULAR
BARRIERS

Most lipoplexes undergo structural changes and can
be broken down by endogenous factors in vivo due to
the presence of a number of extracellular (interactions
with blood components, endothelial barriers, and cell
membrane) and intracellular (cell uptake, release from
endosomes, intracellular transfer, and delivery to the
nucleus) barriers [22, 23].

The interaction of lipoplexes with blood components
plays a significant role in their biological distribution [24—
26] and can provoke the rapid elimination of lipoplexes
from the bloodstream due to the reticuloendothelial
system of the body and being captured by tissue
macrophages [27]. It is known that serum proteins, such
as albumin and high- and low-density lipoproteins, can
bind to the surface of lipoplexes. In addition, the balance
of adsorbed opsonins, which are differently recognized
by receptors on the surface of macrophages, affects the
clearance of lipoplexes [28-30]. The positive charge
of lipoplexes activates the complement system, which
accelerates the process of their elimination [31]. In
general, larger lipoplexes are more rapidly excreted from
the body compared with smaller particles [32].

It was shown that the absorption of cationic liposome—
siRNA complexes can lead to the activation of innate
immunity [33-35] by acting on RNA-sensitive Toll-like
receptors and inducing inflammatory cytokines; in this
case, a response occurs in the interferon production [35]. An
immune response can also be caused by cationic liposomes
themselves, even in the absence of sSiRNAs [36].

Lipoplexes that avoid clearance are delivered to
the target tissue, but an endothelial barrier arises in
their path. The endothelial barrier is a dense network of
intracellular matrix that blocks the diffusion of liposome—
NA complexes into target cells [37].

It is generally accepted that the penetration of
lipoplexes through the cell membrane is due to the
electrostatic interaction between the CL of lipoplexes
and the negatively charged surface of the cell [38].
Endocytosis is the most common pathway for lipoplex
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uptake and includes many mechanisms, such as clathrin-
and caveolin-mediated endocytosis, macropinocytosis,
and clathrin- and caveolin-independent pathways. An
additional mechanism of lipoplex uptake, phagocytosis,
only occurs in specialized cells, such as macrophages
and dendritic cells [38]. The “choice” of the uptake
mechanism is determined by the size of the absorbed
lipoplexes, the type of transfected cells, and the
composition of cationic liposomes.

After penetration into the cells, an important step in
the transport pathway of lipoplexes is their escape from
endosomes. There are several mechanisms for the release
of NAs. Advantageously, monocationic lipid-based
liposomes release their contents into the cytosol via lipid
mixing. The basis of this mechanism is the fusion of
lipoplex and endosome membranes, while CLs stimulate
the translocation of negatively charged phospholipids
of the membrane to the inner surface of endosomes.
As a result, endosomal membrane destabilization and
NA release into the cytoplasm occur [39]. Of note, the
presence of special helper lipids in the composition of
liposomes (see Section “Helper Lipids”) promotes the
fusion of lipoplexes with the endosomal membrane and
its destabilization.

The second mechanism of NA release from
lipoplexes is called the “proton sponge effect.” It is
characteristic of CLs containing a large number of
secondary or tertiary amino groups, which have pKa
values between physiological and lysosomal pH (usually
from 5.5 to 6). When the medium is acidified inside the
endosomes, the amino groups of CLs are protonated,
which contributes to an additional influx of unbound
chloride anions. To compensate for the increase in
anions, additional water molecules enter the endosomes,
causing osmotic swelling and rupture [39].

After their release from endosomes and entering
the cytoplasm, NAs need to be delivered to the
target compartment of the cell to achieve the desired
biological effect. For NAs whose activity is in the
cytoplasm, such as ODNs and siRNAs, this barrier is
not important, but for pDNA, the target compartment
is the nucleus. The mobility of large molecules, such
as pDNA, in the cytoplasm is extremely low, which
makes them susceptible to degradation by cytoplasmic
nucleases [40].

The determining factors for the movement speed of
pDNA through the cytoplasm are the size and structure
of the pDNA molecule; cyclic pPDNA moves faster than
linear pDNA [41]. The effect of pDNA packing density
on delivery efficiency is not well understood. However,
tight packing increases the mobility and resistance of
pDNA to cytoplasmic nucleases.

Finally, the expression of pDNA requires
overcoming the last intracellular barrier, which is the
nuclear membrane. During cell division, pDNA can

penetrate the nucleus due to a transient loss of the integrity
of the nuclear membrane; however, in nondividing cells,
pDNAs pass through the membrane through a nuclear
pore complex that can transfer molecules up to 9 nm in
size and weighing less than 40 kDa by free diffusion [42].
The incorporation of peptide sequences termed nuclear
localization signals into the composition of lipoplexes
promotes a more efficient transfer of pDNA across the
nuclear membrane [39].

Thus, when transfecting cells with lipoplexes,
it is necessary to take into account not only their
characteristics but also the existence of extracellular and
intracellular barriers.

CATIONIC LIPIDS

Among nonviral vectors, the use of cationic
liposomes as an NA delivery system has attracted
the attention of drug developers owing to their
obvious advantages, such as their ease of preparation,
reproducibility, biodegradability, and commercial
availability [43]. The main structural components of
liposomes are CLs, which are amphiphilic molecules
that can be easily obtained during chemical synthesis
and used to study the relationship between structure
and TE.

Among CLs for the construction of cationic
liposomes, the most widely used are N-(1-(2,3-
dioleyloxy)propyl)-N, N, N-trimethylammonium chloride
(1, DOTMA) [17], N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium chloride (2, DOTAP) [17],
3B-[N-(N',N'-dimethylaminoethyl)carbamoyl]cholesterol
hydrochloride (3, DC-Chol) [8], dioctadecylamidoglycyl
spermine (4, DOGS) [3], and 2,3-dioleyloxy-N-
[2-(sperminecarboxamido)ethyl]-N, N-dimethyl-1-
propylammonium tetrafluoroacetate (5, DOSPA) [3].

CLs consist of four main structural units:

— Hydrophilic cationic group (HCG);

— Spacer group (SG);

— Linker group (LG);

— Hydrophobic domain (HD).

The cationic nature of a lipid is determined
by the structure of its hydrophilic group, which
is formed by primary, secondary, tertiary amines,
quaternary ammonium groups, amino acids, short
peptides, or heterocyclic bases [43]. It has been
experimentally demonstrated that CLs based on
quaternary ammonium salts are more toxic compared
with analogs containing tertiary amino groups [44].
For the binding and delivery of NA, CLs containing
charged phosphorus or arsenic atoms can be used,
which increases the TE and decreases toxicity [45].

The hydrophobic CL domain is most often formed
by long-chain hydrocarbon substituents (from 12 to
20 carbon atoms) or cholesterol. It was found that
CL with a single hydrocarbon chain exhibited greater
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toxicity and a lower TE compared with CL with two
chains [46]. However, it was shown that compound
6, containing one dodecanoic acid residue as the HD,
was not only more effective but also less toxic than
DOTAP (2) [47]. Given the different dependence of
TE and CL toxicity, as well as the structure of their
HDs, the HD should be specifically selected.
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The LG (ester, ether, carbamoyl, or disulfide)
binds to the HD and HCG and determines the stability
and biodegradability of CL, which also affects the TE.
DOTMA (1) with an ether linker exhibits a high TE
but is too stable to be biodegraded in the body, which
explains its high toxicity. Lipids with ester linkers,

0]

such as compound 2, are more readily biodegradable
after systemic administration [48]. When using a
carbamoyl bond as a linker (lipid 3), a decrease in
pH will trigger the separation of the hydrophobic and
hydrophilic parts of CL and, thus, promote the release
of NA after penetration into the cell and endosomal
uptake [49, 50]. Compounds containing disulfide
bonds sensitive to the action of reducing agents as
an LG are stable in the bloodstream but are broken
down after penetration into the cytosol by the action
of glutathione and/or reductases, which can be used
to improve the TE [51]. However, the presence of
a disulfide bond as an LG in compound 7 led to a
complete loss of luciferase gene expression in HepG2
and HeLa cells [52].

The SG (glycerin, amino acids, oligomethylene
groups, and polyethylene glycols) separates the HD
and HCG. The length of the SG affects the toxicity
and TE of cationic liposomes. For example, for CL 8
based on cholesterol, an increase in the length of the
SG to three carbon atoms decreases the cytotoxicity
of CL in vitro and in vivo [53].
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When using spacers of the same length, but an
HCG with a different structure, it was shown that the
replacement of the methyl group in compound 9 with
the ethyl in compound 10 increased both the toxicity
and TE in vitro [53].

Cationic gemini amphiphiles 11a,b with short SGs
exhibited an increased TE compared with their analogs
11¢,d with long spacers [54].

In addition to length, the hydrophobicity of
SGs plays an important role in the delivery of NA.
When comparing the TE of CL based liposomes
with hydrophobic oligomethylene spacers (n = 3, 5,
7, 11) and a hydrophilic trioxyethylene spacer, the
maximum expression level was achieved using lipid
12 with a heptamethylene spacer [55].

HELPER LIPIDS

Cationic liposomes can form only from one CL;
however, the addition of a neutral helper lipid to their
composition can increase the TE [56]. Among the helper
lipids, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(13a, DOPE) [19] and phosphatidylcholine (14, PC) are
the most widely used [57].

Two different helper lipids 13a (DOPE) and
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(13b, DPPE) were used as component liposomes to
study the efficiency of the endosomal release of NA
into the cytosol and its further transport to the nucleus.
In the case of helper lipid 13b, which promotes the
formation of lipoplexes with a lamellar structure,

H Hoo9

H N/\/\N/\/\/N\/\/N\AN/\/S\S/YN

2
H H o

7

11 ad

a,n=2:bn=3;¢,n=5,d, n=12

the TE was low (25% of transfected cells). However,
when using lipid 13a, which forms an inverted
hexagonal phase, the number of transfected cells
increased to 75% [58]. In contrast to the lamellar
structure, which is a repeating layer of pDNA and
CL, the inverted hexagonal structure promotes the
condensation of pDNA inside the cylinders [19],
which are assembled due to Van der Waals interactions
between the lipid tails.

0
H HoN 9 O/\/\/\/\/\/\/\/\
10 C. A~~~ NH
NH c
0
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The use of DOPE as a helper lipid in various
cationic liposomes increases the TE of numerous
cell lines [19, 56, 59], because under the conditions
of endosomal acidification, it can form an inverted
hexagonal phase with a decrease in pH and thereby
destabilize the endosomal membrane. Thus, a study
of micelles formed by DOPE revealed that with a
decrease in pH from 10.8 to 7.0, the transition of
spherical micelles to hexagonal packed cylinders
occurred [60]. The optimal range for this transition is
a pH value from 9 to 7. This transition is associated
with the zwitterionic nature of the DOPE polar head
group. At high pH values, the phosphate group is
negatively charged, which causes the repulsion of
the hydrophilic groups of neighboring molecules.
With a decrease in pH, hydrogen bonds form, which,
together with the electrostatic interaction, causes the
formation of hexagonally packed aggregates.

Liposomes based on CL 2 efficiently formed
lipoplexes with pDNA starting from the N/P ratio of
2:1 and higher [59]. The incorporation of DOPE into
the liposomal composition and further incubation with
pDNA leads to the formation of a negatively charged
lipoplex. The formation of salt bridges between the
positively charged hydrophilic group of the CL 2 and
the phosphate groups of the DOPE lipid allows the
primary amino group of DOPE to stabilize near the
surface of liposomes and interact more closely with
negatively charged phosphate groups of DNA. It
should be noted that at the N/P ratio of 6:1 and higher,
compact, and homogeneous lipoplexes with a high
positive charge were formed. DOPE can also provide
the availability of HCG of the CL for DNA binding,
thereby decreasing the interaction energy [59].

Thus, the use of DOPE provides an efficient
release of compacted NA from endosomes by
destabilizing the endosomal membrane [58, 61] and
favors the more compact packing of DNA [62, 63].

Phosphatidylcholine 14 (PC) is a phospholipid
consisting of a choline residue as a hydrophilic group
and a phosphatidic acid with various acyl residues
as an HD [57]. However, when using PC as a helper
lipid, which forms lamellar cationic liposomes, the
TE was lower than DOPE [56].

The low-DOPE phase transition temperature
(10°C) reduces the stability of cationic liposomes
and lipoplexes in vivo. One approach to solving this
problem is the synthesis of DOPE analogs, the phase
transition of which is near the temperature of the
human body (~37°C). DOPE analogs (15a—c) were
synthesized, in which the cis double bond in two
acyl residues was replaced by a triple bond located at
different positions of hydrocarbon substituents [64].
This chemical modification made it possible to form
a new intermolecular package, which contributes to
an increase in the phase transition temperature under
physiological conditions.

O
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Cholesterol (16, Chol) is another common helper
lipid [65—72]. An increase in the amount of cholesterol
to 66.7% in the composition of liposomes with CL 3
led to the formation of stable particles that resulted
in a high TE in the presence of blood serum. Of note,
a further increase in the amount of cholesterol up to
80% did not change the TE [66].
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16

It was found that some CLs have a high affinity
for the helper lipid and are only active in the presence
of cholesterol or DOPE. Liposomes containing a
helper lipid are often more effective at transfecting
cells than those with phospholipids, which may be
related to the endogenous nature of cholesterol [73].

Another approach to identifying more efficient
helper lipids was the synthesis of new lipids 17a and
17b with an imidazole-based polar group, which are
not charged at a physiological pH. Their protonation
in endosomes induces the fusion of lipoplexes with
the endosomal membrane and promotes the release of
NA into the cytosol. Of note, adding the new helper
lipids 17a and 17b to the composition of cationic
liposomes can improve transfection by 100 times
compared with DOPE [74].

(0) OCH3 N
X N
D e D
RO—”—N N RO—P—N N
| H H | H H
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17a 17b

Thus, the efficiency of NA delivery can be
optimized by adding helper lipids to the composition
of cationic liposomes.

COMMERCIAL TRANSFECTANTS
BASED ON CL

To date, there are a number of commercial
transfectants based on CL: Lipofectamine (Lipofectamine
2000, Lipofectamine 3000, Lipofectamine RNAIMAX,

Lipofectamine MessengerMAX, Lipofectamine
CRISPRMAX, Lipofectamine LTX, Lipofectamine
Stem), Lipofectin, LipofectACE, Transfect, Trans,

Transfectam, Cellfectin, Cellfectin 11, and others [75-79].
Since it was launched into large-scale production
in 1993, lipofectamine and its analogs have been

mainly used for cell transfection [80]. Achieving
a high TE of a wide range of cell lines and the ability
to transfer various types of NA, lipofectamines are
considered the “gold standard” among transfection
reagents and are most often used for the comparative
evaluation of efficacy both in the development of new
CLs and alternative transfection methods.

Lipofectamine 2000 (Lf 2000) is a mixture of
a polycationic lipid 5 and a neutral lipid DOPE at a
ratio of 3:1 mol [78]. When choosing the appropriate
transfection agent, it is necessary to consider the type
of NA being delivered. Universal reagents, such as
Lf2000 and Lf3000, are used for both DNA and RNA
delivery. Lipofectamine RNAIMAX [81, 82] and
Lipofectamine MessengerMAX™ were developed
specifically for the transfection of siRNA and miRNA
cells, respectively.

Lf 2000 successfully transfects neonate hamster
kidney cells (BHK-21), mouse embryonic fibroblasts
(NIH 3T3), African green monkey cells (COS-
1), human colonic epithelial cells (HT-29), human
diploid cells (MRC-5), and breast cancer cells (SK-
BR3). Lf 3000 is an improved version of Lf 2000 and
successfully transfects a wide variety of biologically
relevant cell types [78, 83-85]. Its distinguishing
feature is its high TE in the presence of blood serum,
and therefore, there is no need to change the culture
medium after transfection, as well as the presence
of the second component, which is only used for
the delivery of pDNA. Lipofectamine LTX can
effectively transfect cells that are usually difficult to
transfect, sensitive cells, and primary cell cultures. In
turn, Lipofectamine Stem was developed specifically
for the transfection of stem cells. Invivofectamine
3.0 is suitable for the in vivo delivery of NA [86—88]
and, in particular, for the delivery of siRNA and
duplex miRNA in mouse liver cells by the injection
of lipoplexes into the tail vein.

The transfection agent Lipofectin is a mixture of
lipid 1 and DOPE at a ratio of 1:1 mol and is used
for the transfection of a wide range of cells [89, 90].
It is believed that DNA spontaneously interacts with
lipid 1 according to the same principle as with lipid 5,
while 100% of the DNA binds into lipoplexes.

Based on lipopolyamine 4, the commercial
transfectant Transfectam was created, which
effectively delivers NAs into corticotropic tumor
cells (AtT20) and NIH 3T3 cells [91, 92].

Astudy based onidentifying the simplest surfactants
for the transfection of eukaryotic cells revealed that
liposomes based on dimethyldioctadecylammonium
bromide (18, DDAB) and DOPE were more effective
than Lipofectin [93, 94], and therefore, TransfectACE
(or LipofectACE) containing compound 18 and DOPE
in a ratio of 1:2.5 mol was patented.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(1):7-27
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Transfecting agents Cellfectin and Cellfectin
Il are a mixture of N,N,N,N-tetramethyl-N,N,N,N-
tetra(hexadecyl)spermine (19, TM-TPS) and DOPE
at a ratio of 1:1.5 mol that are suitable for the
transfection of both mammalian and insect cells (Sf9,
Sf21, and S2) [78, 79, 94].

The DMRIE-C transfection agent, consisting of
1,2-di(tetradecyloxy)propyl-3-N-2-hydroxyethyl-
N,N-dimethylammonium bromide 20 and cholesterol
in a ratio of 1:1 mol, is suitable for the transfection
of eukaryotic cells and is especially effective for
the transfection of suspension cultures (human
T-lymphoblastic leukemia cells or Jurkat cells), as
well as other cell lines derived from lymphoid cells
[95, 96].

Oligofectamine is a proprietary composition for
ODN and siRNA delivery into eukaryotic cells. Due
to the formation of stable complexes with ODNs,
it efficiently transfects eukaryotic cells, including
Chinese hamster ovary cells, human kidney embryo
cells (HEK 293), NIH 3T3, and human cervical
cancer cells (HeLa) [97].

Despite the wide variety of existing transfection
agents, the development of new delivery systems
that can efficiently transfer various types of NA
in vitro and in vivo without having a toxic effect on
cell viability will lead to the appearance of more
and more liposomes.

LIPOSOMES BASED ON NEW
SYNTHETIC CL

Over the past two decades, a large number
of studies have been published, in which cationic
liposomes are used as carriers for NA delivery in vitro
and in vivo. The formation of liposome—NA complexes
(lipoplexes) and their ability to transfect eukaryotic
cells depends on both the composition of liposomes
and the structural features of CL. In addition, the ratio
of the lipoplex components (defined by the N/P ratio)
and their physicochemical characteristics (size and
zeta potential) also determine the efficiency of cell
transfection.

18

Recently, ithasbeen suggested that the penetration
of lipoplexes into the cell is mediated by special
cholesterol transporters. The cholesterol presented
in cell membranes disrupts the dense packing of
phospholipids and reduces their membrane fluidity,
as well as their permeability to small water-soluble
molecules. Since the energy barrier for the flip-flop
translocation of cholesterol molecules is low, its
redistribution between layers occurs quickly, which
affects the cellular uptake of complexes, as well as
the formation and degradation of endosomes [98].

The use of cholesterol-containing CL or cholesterol
as a helper lipid increases the TE [66]. This may be
due to the formation of cholesterol nanodomains
in lipoplexes, which mediate endocytosis, and/or
intracellular transport of complexes. In addition,
cholesterol in liposomes protects NA from degradation
by nucleases in the body and reduces the binding of
lipoplexes to serum proteins, thereby improving the
delivery of NA. Thus, the use of cholesterol-based
CL can significantly increase the efficiency of NA
delivery and expression [59, 66, 67, 99—105].

One of the most widely used cholesterol-based
CL (3, DC-Chol) effectively delivered NAs either
alone or in combination with other lipids into
various eukaryotic cells [59, 66, 68, 99, 100]. In
addition, other cholesterol-based CLs (21-26) were
synthesized (Table 1) for the delivery of various
types of NA.

A comparative study of the effectiveness of
liposomes consisting of monomeric 21 or dimeric
CL 22a—e and DOPE, which was conducted both in
the presence (+FBS) and absence of serum (—FBS)
(Table 1), revealed that in the absence of serum,
CL 21 transfected about 70% of cells with a mean
fluorescence intensity (MFI) of 20 relative units,
whereas CL 22a-e transfected 45-70% of cells with
an AFI of 20-75 relative units. In the presence of
blood serum, the TE of monomeric CL and dimeric CL
decreased to ~20 and 40%, respectively. Liposomes
based on CL 22d—e were toxic in the absence of
serum in the culture medium [101].
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Cationic liposomes as delivery systems for nucleic acids

The transfection activity of liposomes formed by
polycationic lipids depends on the type of linker, the
length of the spacer, and the amount of cholesterol
residues. Liposomes prepared from CL 24c¢ (Table 1),
consisting of two cholesterol residues, a carbamoyl
linker, and a hexamethylene SG and DOPE revealed
the best in vitro TE among other tested analogs with CL
23a—c and 24a,b [59]. In the absence of blood serum,
an increase in TE was observed with an increase in
the N/P ratio for all liposome compositions, whereas
the 23a-DOPE, 23b-DOPE, or 24¢-DOPE liposomes
transferred pDNA efficiently at an N/P ratio of 6:1.
Lf 2000 provided less efficient delivery of NA. The
presence of blood serum decreased the TE by 20-30%
for all cationic liposomes, except for the 24c-DOPE
composition (Table 1).

Cationic liposomes based on CL 2, helper lipid 16, and
cholesterol-containing PEG derivatives 25a—c efficiently
delivered pDNA encoding a green fluorescent protein
into 7-20% of SKOV-3 cells and 12-17% of A549
cells (Table 1) [102].

A number of liposomes based on lipids 26a—f
(Table 1), in which cholesterol was used as an HD, and
primary, tertiary, or quaternary amino groups served
as hydrophilic cationic heads were also studied. The
hydrophobic and hydrophilic domains were linked
via ether or ester bonds. Among the six studied
compositions, the highest TEs were demonstrated by
liposomes with CL 26a and 26f containing primary
amino groups in their structure. Specifically, they
delivered pEGFP pDNA into 293T cells more
efficiently than the commercial agent Lf 2000 [103].

Another structural element that has a strong
effect on TE is the cationic group, which is necessary
for the binding and compaction of NA. It is known
that mammalian polyamines, such as spermine (27),
spermidine (28), and putrescine (29), not only have
the ability to bind NA but also affect the fusion of
liposomes with the cell membrane [104]. Liposomes
based on CL 30a—c were used to deliver siRNA into
HeLa cells (Table 2) [105]. The maximum number of
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transfected cells (62%) was achieved using spermine-
based liposomes with CL 30a.

The important role of spermine in the formation
of lipoplexes has been presented in a number of
studies [105—111]. In [106], the prospects of using
cationic liposomes consisting of spermine-containing
CL 31a—c with acyl substituents of various lengths and
a helper lipid 14 were considered (Table 2). Among
them, liposomes containing CL 31a with a myristoyl
substituent revealed the highest level of transfection
and the lowest cytotoxicity. The same pattern was
observed when using these lipids in the composition
of niosomes (nonionic surfactant vesicles) [107].

Liposomes based on N*,N°-diacylated spermine
derivatives 32a—j (Table 2) containing two fatty acid
residues from 18 to 24 hydrocarbon chains protect NA
from nucleases and promote efficient NA transport. In
the absence of serum, liposomes based on asymmetric
CL 32d with oleic and arachidonic acid residues
were found to transfect the highest number of cells
(68%), and CL 32¢ with two linoleic acid residues
produced the highest MFI (15 relative units) [108].
In the presence of serum, liposomes with CL 32e—j
have demonstrated a TE comparable or superior to
Lf 2000 [70, 109]. The most promising CL (32g)
containing unsaturated oleic and saturated lignoceric
acids transfected 85% of HeLa cells with a MFI of 50
relative units.

In[110, 111], the authors studied the transfection
ability of liposomes based on spermine-containing
CL with different LGs (di(hydroxyethyl)amino (33),
di(hydroxyethyl)aminocarboxy (34a—c), 3-amino-1,
2-dioxipropyl (35a—c), and 2-amino-1,3-dioxipropyl
(36a—c)) and three HDs (lauric, myristic, and palmitic
acids). All obtained liposomes and their complexes
with pDNA were found to be slightly toxic for cells
(Table 2). Among liposomes containing CL 33-36,
lipids 35b and 35c¢ with myristoyl and palmitoyl
residues were the most effective for cell transfection,
although CL 36a, with a shorter hydrocarbon chain,
also facilitated efficient delivery of pDNA in the
absence of blood serum. The addition of serum to the
culture medium decreased the TE of liposomes based
on CL 35b and 35c¢ with a 3-amino-1,2-dioxipropyl
linker, whereas the efficiency of liposomes based on
CL 36a with a 2-amino-1,3-dioxipropyl! linker did not
change (93% of cells).

CONCLUSIONS

The development of cationic liposomes capable
of efficiently delivering NA to target cells with
minimal toxic effects is the ultimate goal of any
transfection related research field. Despite numerous
studies on the development of optimal systems for
the delivery of NA into eukaryotic cells, the question
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of the effectiveness of cationic liposomes remains
one of the main factors limiting their use in gene or
antisense therapy.

Synthetic and structural studies that aim to
identify new CLs and the generation of liposomes on
their basis open up new prospects in the development
of nonviral systems for the delivery of NA in gene
therapy. Among the most promising in vitro delivery
systems are cholesterol- and spermine-based lipids
with variations in composition, spacer length,
and the type of linker used. However, in order to
optimize the targeted delivery of NA, in addition to
composition, it is also necessary to take into account
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Thermodynamic properties of L-menthol
in crystalline and gaseous states
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Objectives. Menthol causes a cooling sensation and reduces the nerve activity when it is applied
locally, ingested, or inhaled. This feature explains its extensive use as both an aromatizer
and a flavoring agent in food manufacturing, tobacco industry, cosmetics production, as well
as a mild anesthetic and antiseptic in dentistry. This work aimed to perform a comprehensive
thermodynamic study of L-menthol in both crystalline and gaseous states.

Methods. To determine the combustion energy of L-menthol in the crystalline state, combustion
bomb calorimetry was used. The temperature dependence of L-menthol’s heat capacity in
the range of 5-370 K and the melting (fusion) parameters were determined using adiabatic
calorimetry. Quantum chemical calculations were performed on a standalone virtual machine in
the Google Cloud Platform using an eight-core Intel Xeon Scalable Processor (Skylake) with a
2.0 GHz (up to 2.7 GHz at peak load) clock frequency and 8 GB RAM.

Results. The energy and enthalpy of L-menthol combustion in the crystalline state were
determined, and the standard enthalpy of L-menthol formation in the gaseous state was
calculated using the standard enthalpy of sublimation. The standard thermodynamic functions
(reduced enthalpy, entropy, and reduced Gibbs energy) of L-menthol in both crystalline and liquid
states were obtained based on the smoothed values of heat capacity and melting parameters.
The group of isodesmic reactions for the ab initio calculation of the enthalpy of formation for
gaseous L-menthol was substantiated. Electronic energy and frequencies of normal modes of the
molecules involved in these reactions were calculated using the Gaussian 4 composite quantum
chemical method. Further, the sublimation enthalpy of L-menthol was calculated using the
extended Politzer equation according to the electrostatic potential model.

Conclusions. The first comprehensive thermodynamic study of L-menthol in various states
of aggregation was performed, and the values calculated using semiempirical methods were
consistent with the experimental values within error limits, which confirms the reliability of the
results.

Keywords: L-menthol, thermodynamic properties, calorimetry, heat capacity, enthalpy of
formation, phase transition parameters, quantum chemical calculations.
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Tepmogunamuyeckue cBoicrea L-meHTosa
B KPUCTAJLUIHYECKOM U ra3000pa3HOM COCTOSTHUAX

A.B. Baoxuu®, S1.H. JOpKIITOBHY

Benopycckuli 2ocyoapemeeHHblil yHugepcumem, Murck, 220006 Beaapyce

@ Aemop 05 nepenucku, e-mail: blokhin@bsu.by

IMenu. Mermon npu mecmrom gozdelicmsauu, ynompebrieHuu 8 NUUWY UIU 80bIXAHUU 8bl3bleaem
owyuweHue oxnax0eHust U CHUXKaem HepeHyto aKmueHOoCmMb, Umo o0bbsCHIIem e20 uupoKoe npu-
MeHeHUue 8 Kauecmee omoyuKku U 8Kycosoli 0obasKu 8 nuuiesoti u madbauHoll NPOMbIULILEHHO-
cmu, Kocmemuke, a maKkske 8 Kauecmae Ms2K020 aHecmemuKa U AHMUCenmuKka 8 CrmomamaoJo-
2uu. Llenb pabomol 3aK1H0UANACH 8 KOMNIIEKCHOM MepMOOUHAMUUECKOM uccredosaHuu L-wenmona
8 KpUCMAaANUUecKkom U 2a3000pa3HOM COCTMOSIHUSLX.

Memoodust. Memodom 60M60801 Kalopumempuu czcoparust 6blia onpedeseHa SHepaus C2opaHust
L-mernmona 8 kpucmannuueckom cocmosiHuu. Memoodom aduabamuueckoil Kanopumempuu dvuna
nosyueHa memnepamypHas 3a8UCUMOCMb menaoemkocmu L-menmona e unmepsane 5-370 K u
HalldeHblL e2o0 napamempol niasaeHusl. KeaHmogo-xumuueckue 8bluucieHusl NpPou3so0uUNUCL HA
gbloesieHHOoU supmyanbHol mawuHe 8 obnaurom cepauce Google Cloud Platform c ucnonvzoea-
Huem 8 sbluucrumensvHolx sioep Intel Xeon Scalable Processor (Skylake) c maxmosoti uacmomoti
2.0 I'Ty (0o 2.7 I'T'y npu nuxosoil Hazpyske) u 8 I'b onepamusHoil namsimu.

Pesynomamet. Bouiu onpedesieHbl 9Hepaust U SHMAAbNUsL cecoparus L-weHmona e Kpucmas-
auueckom cocmosihuu. C ucnosns3o08aHuem 8eAUUUHbL CmaHoapmHoU SHMAlbnuU cybaumayuu
b6bL1 8blNONIHEH pacuem CmaHOapmMHOU sHManbnuu obpazoeaHust L-meHnmona e 2a3006pa3Hom
cocmosiHuu. Ha ocHosaHuu c2naxeHHsblx 3HaAUeHUl menioemKocmu U napamempos niasaeHus
nosyueHsvl cMaHOapmHyble mepmoouHamuueckue QyHKUUU (npusedeHHasi IHMANbNUsl, IHMPO-
nust u npugedeHHast sHepausi ['ubbca) L-meHmona 8 KpucmaniuueckKom U KUOKOM COCMOSTHUSLX.
ObocHosaHa epynna uzodecmuueckux peakyuil 0as ab initio pacuema sHmanbhuu 06pa308aHuUs
2a3006pas3Hoz20 L-meHmona, u ¢ UcCnosnb308aHuUeM KOMNO3UMHO20 K8AHMOBO-XUMUUECKO20 MEeMmO-
o0a Gaussian 4 gbluucsieHbl INEKMPOHHASL IHEepaUsl U UACMOMbL HOPMATbHbBIX KONebaHUll moie-
KYJA-YUACMHUKO8 smux peakyuil. B pamkax modenu saexmpocmamuueckoz0 nomeHyuala no
pacwuperHomy ypasHeHutro Ilonumuyepa paccuumara sHmanenus cybaumayuu L-menmoana.
Buteoout. Bnepevle 6bl10 nposedeHo KoMnaeikcHoe mepmoduHamuueckoe uccaedosaque L-mer-
mosa 8 PAas3UUHbLX A2Pe2amHblX COCMOosiHUsIX. BenuuuHsl, paccuumaHHble ¢ NOMOULbIO NOAY-
AMNUPUUECKUX Mem0008, CO2NLACYIOMCSL 8 NPedenax nozpeutHocmeil ¢ ONblMHbLMU 8eAUUUHAMU,
umo noomeeprkoaem 00CmMO8epPHOCMb NONYUEHHbLX Pe3ylbmamos.

Knroueenvle cnoea: L-meHmosi, mepmMoOUHAMUUECKUE C8OUICMBA, KAIOPUMEMPUSL, MENTI0EMIKOCTb,
SHMAbNUSL 06PA308GHUSL, NAPAMEMPbL PA308bLX NEPEX0008, KEAHMOBO-XUMUUECKUE PaCUemMbL.

Jna yumuposanusa: bnoxun A.B., IOpkmroBmu S1.H. Tepmomuunamuuaeckue cBoiicTBa L-MeHTONa B KPHUCTAJUTMUECKOM U Ta30-
00pazHoM coctostHusiX. Tonkue xumuyeckue mexnonoauu. 2020;15(1):28-36. https://doi.org/10.32362/2410-6593-2020-15-1-28-36

INTRODUCTION

At present, one of the most important tasks in
physical chemistry is identification and development
of methods that can predict the properties of substances
based on molecular structure. The possibility of ab initio
calculation of the properties allows us to move toward the
streamlined synthesis of compounds, which significantly
reduces both time and cost of research.

The values of the thermodynamic properties of
substances are used to calculate the thermal characteristics
of reactions and a number of technological parameters,

thus actualizing their determination for as many
substances as possible.

Menthol causes a cooling sensation and reduces
nerve activity when applied locally, ingested, or inhaled.
This feature explains its extensive use as an aromatizer
and a flavoring agent in food manufacturing, tobacco
industry, cosmetics production, and in dentistry—as a
mild anesthetic and antiseptic [1].

To determine the standard enthalpy of combustion
of L-menthol in the crystalline state at 7 = 298.15 K,
combustion bomb calorimetry was used, based on
which the standard enthalpies of formation of crystalline
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and gaseous substances at a certain temperature were
determined. Moreover, the adiabatic calorimetry method
was used to examine the temperature dependence of
the heat capacity of L-menthol in both crystalline and
liquid states, and the temperature and enthalpy of fusion
were determined. Based on the smoothed heat capacities
and melting parameters, the standard thermodynamic
functions of  L-menthol were -calculated in the
temperature range of 5-370 K.

The standard enthalpy of L-menthol formation
in the gaseous state was calculated using the
Gaussian 4 composite quantum chemical method [2],
and the sublimation enthalpy was determined using the
electrostatic potential model. Furthermore, the calculated
values of the formation and sublimation enthalpies agreed
with the experimental values within the combined error
of their determination.

MATERIALS AND METHODS

The sample of L-menthol was provided by
Belpharmatsiya, Belarus. Its purity (the content of
L-menthol in the sample), which was determined using
gas-liquid chromatography, was greater than or equal
to 99.98 wt %. Fractional melting was used in two sets
of experiments in an adiabatic calorimeter to determine
the purity and the melting (fusion) temperature of
L-menthol, and these parameters were found to be
99.734£0.02 mol % and 315.60+£0.02 K, respectively.
The experimental data were then approximated by a
linear equation using the ordinary least squares method:

2
rogp R(-x)1 (1)
Afus]—Im f

where (1 — x) is the molar fraction of impurities in
the initial sample; f'is the equilibrium fraction of the
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Fig. 1. Experimental results for the fractional melting
of the L-menthol sample.

melt at a temperature 7 (equal to the ratio of the heat
already used to melt the sample to the total fusion

heat of the substance); and A, (Jxmol™) is the

fusion enthalpy of the substance at 7', .

Figure 1 shows the dependence of the equilibrium
temperature on the inverse melt fraction.

The enthalpy of L-menthol combustion was
determined 1in an automatic isothermal-shell
combustion calorimeter and a stationary self-
sealing bomb (with a volume of 320 cm?®) [3, 4].
The temperature change during the experiment was
recorded using a platinum resistance thermometer
(R = 500 Q). Furthermore, menthol was dried in a
desiccator over phosphorus pentoxide before it was
compressed into tablets, while the preparation of
the substance for burning in the calorimeter was
performed in the air. For the experiment, menthol
was placed on a platinum wire (d = 0.05 mm) in the
form of compressed tablets. Before the start of the
experiment, distilled water (1 ml) was added to the
calorimetric bomb to saturate the system with water
vapor. The reaction was initiated by electric current
and was conducted in the oxygen atmosphere at a
pressure of ~30 atm.

The condensate formed in the bomb was
quantitatively transferred to a beaker and titrated with
0.1 M NaOH solution to correct the results for the heat of
nitrogen oxidation (this gas was an admixture in oxygen).

All data were read off the calorimeter using a
computer. The initial and final periods contained
20 counts, and the main one contained 25 counts
(interval between readouts 30 s). Table 1 shows the
input parameters for calculating the combustion energy
of menthol. The combustion energy was calculated
considering the Washburn corrections [5].

fus

Table 1. Input data for calculating
the combustion energy of L-menthol

Parameter Value
1 | Density, gxcm™ 0.946
2 | Heat capacity, Jxg 'xK! 1.60045
3 | (oU/oP),, IxMPa'xg™! —-0.106
4 siere;t’ (}i ;’illporization of platinum _420

Heat capacities of crystalline and liquid
L-menthol were in the range of 5—70 K and the
parameters of melting were determined using a TAU-10
automatic vacuum adiabatic calorimeter (7ermis,
Moscow, Russia), according to a previously reported
method [4, 6]. The temperature was measured with
an iron—rhodium resistance thermometer (R = 50 Q),
placed on the inner surface of an adiabatic screen.
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The adiabatic conditions in the calorimeter were
maintained using a differential thermocouple (copper
+ 0.1% iron)/chromel and two heaters, i.e. the main
one and the additional one, to eliminate temperature
gradients over the length of the adiabatic shell. Heater
control and visible energy detection, temperature
measurements, and calculations of heat capacities in
the calorimetric experiment were performed using the
AK-6.25 automatic control unit.

A sample of the substance was placed in the
air within a container (volume ~1.0 cm?®) per 4/5
of its volume, and the container with the sample
was degassed in vacuum for 30 min after sample
loading. To ensure the rapid establishment of thermal
equilibrium during calorimetric measurements, the
container (after degassing) was filled with helium at
10 kPa, and then it was hermetically sealed with a
bronze lid. An indium ring was used as a sealant. The
container with the sample was weighed on a Mettler-
Toledo AG245 balance (with a maximum error of
+5%x107° g), and the hermiticity of the container was
controlled by several curing cycles in the air and in
vacuum to achieve a fixed mass. Liquid nitrogen
was used as a refrigerant in the temperature range
of 80-370 K, whereas liquid helium was used in the
temperature range of 5-100 K. Error in measuring
the heat capacity in the adiabatic calorimeter did not
exceed £0.4% in the range of 20-370 K, 1% in the
range of 10-20 K, and £2% in the range of 5-10 K.
The share of the sample’s heat capacity in the total
heat capacity of the filled calorimetric ampoule was
greater than or equal to 45%.

The formation enthalpy of L-menthol in the gaseous
state was calculated using the Gaussian 4 composite
quantum chemical method. Total molecular energies
and frequencies of normal modes were calculated
using the GAUSSIAN 09 program. Calculations were
performed on a standalone virtual machine in the
Google Cloud Platform using an eight-core Intel Xeon
Scalable Processor (Skylake) with a 2.0 GHz (up to 2.7
GHz at peak load) clock frequency and 8 GB RAM.

The sublimation enthalpy of L-menthol was
determined using the extended Politzer equation, and
the necessary molecular parameters of the substance
were obtained using the Multiwfn 3.7 package.

RESULTS AND DISCUSSION

Based on a set of six experiments at 7 = 298.15 K,
the standard energy and enthalpy of combustion of
L-menthol in the crystalline state were as follows:

AU, =—(6304.4+1.3) kJxmol !,
A H,y =—(3615.6+1.3) kIxmol ™.

450 20 o
400 15 L 9 M
1 o° liquid
350 10 a
3 300 s °
£ : o
= 4 0 . <7
v P01 %7FTF o2 14 6 18 20 22
=, 200 -
J% 4
U 150
100 4 o
crystal T, =315.60 K
50
0 T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400

Moreover, the standard enthalpy of menthol
formation in the crystalline state is

A, Hyq (cryst) = —(477.8£1.9)kIxmol "

The standard enthalpy of menthol formation in
the gaseous state at 7' = 298.15 K, considering the
recommended value of the sublimation enthalpy
A H° = (84.4£1.7) kJxmol™ [7], is

A, H,y (gas)=—(393.4+2.5)kIxmol "

Figure 2 shows the dependence of the heat capacity
of L-menthol in the condensed state on the temperature
in the range of 5-370 K, under saturated vapor pressure.
The values of relative atomic masses recommended
by IUPAC [8] were used to calculate the molar heat
capacities.

500

T,K

Fig. 2. Dependence of the heat capacity of L-menthol
on temperature in the range of 5-370 K.

As determined in a set of four experiments at
T, = 315.60 K, the enthalpy and entropy of L-menthol
fusion are

A H: =(1347£0.06) Jxmol 'xK ' and
A,S: = (42.68+0.19) Jxmol 'xK .

Table 2 lists the smoothed heat capacity values and
standard thermodynamic functions of L-menthol in the
condensed state in the range of 5-370 K. These values
are also shown in Figs. 3—6.

The enthalpy of menthol formation in the gaseous
state was calculated using the isodesmic reactions
method (reactions in which the same number of
same type bonds is preserved pre- and post-reaction).
Menthol is a nonrigid molecule with a relatively large
number of tops; therefore, the starting reagents have

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2020;15(1):28-36

31



Thermodynamic properties of L-menthol in crystalline and gaseous states

Table 2. Standard thermodynamic functions of L-menthol in the temperature range of 5-370 K

Ch ATH /T AlS” -AIG. /T
T,K
Jxmol 'xK!
Crystal
5 0.858+0.017 0.2148+0.0043 0.2864+0.0057 0.0716+£0.0014

25 27.36+0.30 10.49+0.15 15.64+0.23 5.151+0.073
50 53.14+0.21 25.84+0.19 43.18+0.40 17.34+0.14
100 95.95+0.38 50.28+0.24 93.27+0.60 42.98+0.24
150 134.0+0.5 72.00+£0.32 139.5+0.8 67.55+0.34
200 169.3+0.7 91.90+0.39 182.9£1.0 91.02+0.43
250 206.5+£0.8 111.0+0.5 224.6+1.1 113.6£0.5
298.15 250.1+1.0 129.8+0.5 264.6+1.3 134.7+£0.6
300 252.3+1.0 130.6+0.5 266.1+1.3 135.5+£0.6
315.60 272.3+1.1 137.1+0.6 279.4+1.3 142.3+0.6

Liquid
315.60 376.1£1.5 179.8+0.7 322.1£1.5 142.3+0.6
350 422.3+1.7 201.5+0.8 363.5+1.7 162.0+0.7
370 437.0+1.7 213.9+0.9 387.5+1.8 173.6+0.8

a sufficient number of rotational degrees of freedom
in the gas phase isodesmic reactions.

Table 3 lists the experimental values of the
formation enthalpies of the participants of the isodesmic
reactions, the electronic energy of molecules, the
corrections for zero-point vibrations, and temperature
correction.

Table 4 shows the values for the standard enthalpies
of isodesmic reactions and the corresponding standard
enthalpies of gaseous L-menthol formation.

The enthalpy of menthol formation calculated
using the Gaussian 4 composite quantum chemical
method agreed well with the experimental value.
The good correlation between the calculated and
experimental values was attributed to the proper
selection of the group of isodesmic reactions, which
consider the internal rotation energy of the menthol
molecule owing to the inclusion of alkanes (general
formula C H, ; with a large number of spinning
tops) in the isodesmic reactions. The calculations
can be considered chemically accurate because
the deviation from the experimental value does not
exceed 4 kJxmol .

The geometry optimization of the L-menthol
molecule was performed as part of the calculations
of its formation enthalpy in the gaseous state using
the Gaussian 4 method. Fiure 7 shows the optimized
structure of the most stable L-menthol conformer.

The extended Politzer equation, which includes a
measure of local polarity, has the following form [16]:

A H =a(SA) +byo. v +cll+d, )

where SA4 is the molecular surface area; v is the
measure of the balance between positive and
negative extremes on the surface of the molecule;

0., is the measure of the potential variability on
the molecular surface; and II is the measure of local
polarity.

The coefficients a, b, ¢, and d are selected
by minimizing the deviations from the set of
experimental values of sublimation enthalpies. The
following coefficients were obtained previously
[16]: @ =0.0002606 kcalxmol 'xA™; b =1.8247560;
¢ =0.3475950; and d = —0.8151050 kcalxmol ™.

The molecular parameters of L-menthol and
its sublimation enthalpy, which was determined
according to equation (2), are given in Table 5.
The error in the calculated value of the sublimation
enthalpy is taken as 3%. Moreover, the confidence
intervals of the calculated and recommended [7]
values of L-menthol sublimation enthalpy overlap
with each other, which indicates the method’s
reliability.
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Table 3. Data for calculating the enthalpy of formation of L-menthol in a gaseous state
using isodesmic reactions
. : ZPVE' . ;
Compound A v H 28iexpl? kJxmol! E, hartree har tree, AH;™ , kJxmol?!
a Methane —(74.6+0.3) [9] —40.50941 [10] 0.044115 10.018
b | 3-Methyl-1-butanol ~(301.3£1.5) [11] 272.93124 0.162327 23.904
c 2-Butanol —(293.0£1.5) [12] -233.63117 0.134104 20.533
d | Ethane ~(84.0+0.4) [9] ~79.81155 0.073442 11.677
e 1-Propanol —(257.3£0.4) [11] —194.31848 0.106664 17.252
f | Isobutane ~(134.30.6) [13] —158.42628 [10] 0.129264 11.672
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Table 3. Continued

Compound A Hig o » KIxmol! E, hartree lﬁ 1:;5;’ AH® , kJxmol”
g | 2.3-Dimethylbutane (177.8+1.0) [12] 237.038739 0.184983 24.679
h | Cyclopentane ~(77.24+0.75) [15] ~196.51630 [10] 0.138268 16.273
i | 2-Methylheptane ~(215.5£1.3) [14] 315.65058 0241232 31.942
j | 23-Dimethylpentane ~(199.2+13) [14] 27634322 0.213000 28.451
k | Ethanol ~(234.7+0.3) [11] ~155.01281 0.078591 13.879
| | 2-Methylbutane (154.5+0.84) [14] ~197.73172 0.157301 21210
m | 2-Methylhexane —(195.0+1.3) [14] 27634430 0213253 28367
n | (-)-Menthol (393.4+2.5) ~468.26965 0.282084 35.712

* values are subject to scaling, SF' = 0.9854.

Table 4. Standard enthalpies of isodesmic reactions and standard enthalpies
of formation of L-menthol in a gaseous state

Isodesmic reaction A H g oy , kIxmol ! A Hjy ,kIxmol™!
1 h+f+e=n+2a 716 ~(391.2£1.2)
2 b+g+td=n+3a -54.0 —(393.3£2.1)
3 h+b+d=n+2a -83.0 ~(396.4+1.8)
4 b+j=n+2a 465 ~(397.842.1)
5 c+j+d=n+3a 423 ~(394.742.2)
6 b+i=n+d+a 318 ~(390.042.0)
7 l+g+k=n+3a 493 ~(392.51.6)
8 m+b=n+2a —44.3 —(391.4£2.1)

(A, H oy ) =~(393.4£1.9) Klxmol

Fig. 7. Structure of the most stable conformer of L-menthol (DFT, B3LYP, 6-311G (2df, p)).
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Table 5. Molecular parameters and enthalpy of sublimation of L-menthol

calculated using the Politzer equation

S4,A* | o7, xv(kealxmol” )2 I, kealxmol™ | A H, kecalxmol | A H,kJxmol™ | A_ H(exp), kJxmol™
214.6 17.05 5.510 20.6+0.6 86.3+2.6 84.4+1.7
CONCLUSIONS for the L-menthol molecule were performed using the

The standard combustion energy of crystalline
L-menthol was determined using combustion bomb
calorimetry, based on which the standard formation
enthalpies in crystalline and gaseous states were
calculated. L-menthol heat capacities in the
temperature range of 5-370 K and the thermodynamic
parameters of its melting were determined using
the low-temperature adiabatic calorimetry method.
The standard thermodynamic functions (reduced
enthalpy, entropy, and reduced Gibbs energy) of
L-menthol in the crystalline and liquid states were
calculated. Moreover, geometry optimization and
calculations of the frequencies of normal modes,
electronic energy, and zero-point vibration correction
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Objectives. The synthesis of high-viscosity oils is a fundamental aspect of oil refinement and
contributes toward improvements in their production technologies. However, current methods of
oil extraction are characterized by the inefficient use of energy resources. Therefore, refinement
costs continue to increase. Furthermore, high production emissions affect the environment. For
example, the Duosol-type process uses a large quantity of gas used in solvent recovery units in
existing furnaces, and excess heat is wasted. Additionally, oil dewaxing plants use water steam,
whose condensate can be contaminated with petroleum products or ketone-aromatic solvents.
The purpose of this study was to identify ways of improving the efficiency of high-viscosity
oil production technologies for energy efficiency and environmental safety as well as prove the
feasibility of computational methods of oil production plants’ improvement.

Methods. The heat quantity required for high-viscosity oil production is calculated using a thermal
equation and data obtained from industrial equivalents, empirical dependencies, and reference
data. The heat capacities and heat quantities of Duosol and dewaxing plants are calculated
using conventional methods based on the heat recovery principle.

Results. At the solvent regeneration unit of a Duosol plant, excessive heating of the cube in one
of the distillation columns was measured, leading to excessive heat consumption. This may result
in contamination of the low boiling distillation component with water—one of the still bottom
mixture components. Calculations show that the furnace should be divided into two chambers
to lower the temperature of the column cube to help solve this problem. Water steam is currently
used in the raw material preparation unit of the dewaxing plant. It has been found, however, that
the quantity of heat carried away by the flue gases of the furnaces is sufficient to heat the raw
material preparation unit of the oil dewaxing plant if water steam is completely excluded from
this operation.

Conclusions. Technology improvement at Duosol and dewaxing plants, which are part of the
process of obtaining high-viscosity oils at refineries, is possible through the effective redistribution
of energy resources.

Keywords: Duosol, base oils, energy carriers, dewaxing, solvent regeneration, water steam, flue
gases, production optimization.
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CoBepiieHCTBOBAHME TEXHOJIOTHH MOJYYeHUS BbICOKOBI3KHUX
MaceJ1 ¢ IoMobI0 3G PeKTUBHOIO NepepacnpeaeeHus
JHEPreTUYEeCKMX pPecypcoB

C.C. Poaun“, 10.A. 3oToB, B.IO. MopomikuH, E.A. Pensanon, E.B. [IInmkuH

Bonzozpadckuii 2ocyoapcmaeHHulil mexHuueckuil yHugepcumem, Bonzozpad, 400005 Poccust
@Aemop ons nepenucku, e-mail: rodin.s2012@yandex.ru

Ienu. ITpoussoocmeo 8blCOKOBA3KUX MACE, KAK U COBEPULEHCMEBOBAHUE MEXHON02UU UX NONY-
YeHUsl, SI8/ISlemest nepcneKkmusHblm HanpasaeHuem Hegpmenepepabomru. Cnocobul ebloenerust
MACASAHBIX PpaKyUll U3 Hegpmu SKCMPAKUUOHHBIMU MEMOOAMU XAPAKMEPUIYIOMCsL MAN0IP-
heKxmusHbIM UCNOABLI0BAHUEM IFHEP2OPECYPCo8 U, KaKk credcmeue, YooporkaHuem npouyecca, a
maroKe OmHOCUMEeNbHO OONLULUM KOAUUECBOM 8blOPOCO8, He2AMUBHO SAUSIIOUUX HA OKPYIKA-
towyro cpedy. Tax, 8 npouecce muna lyocon ucnonsyemes: 6onbuUL0e KOAUUECMB0 NPUPOOHO20
2a3a, NPUMEHSIeMO020 8 neuax Ha b10Kax pezeHepayuu ceiekmusHblx pacmeopumeneti, usbbimou-
HYI0 mensiiomy KOmopoz20 803MOIKHO peKynepuposams, a HA YCmaHosKax denapadpuHusayuu
Maces UCnoab3yemest 800sIHOU nap, KOHOeHcam Komopoz2o moxkem Obime 3az2psisHeH Heghmenpo-
JdyKmom unu KemoH-apomamuueckum pacmeopumesem. Lleno oaHHOU pabombl 3aKAIOUANACH
8 noucke nymetl nogbllUeHUsl 9PPEeKMUSBHOCMU MEXHON02UU NOSYUEHUS 8bLCOKOBSIZKUX MACesl
C MouKU 3peHust IHepa0IPheKmusHoCMuU U 3Ko102uUecKoll besonacHocmu, a makske 8 00Kasa-
menbcmee yenecoobpasHocmu 8apuUaHMO8 YAYUULEHUSL YCMAHOB0K MACASIHO20 Npoustoocmea
pacuemHsiMu Memooamu.

Memoovut. Kosuuecmso menna, Heobxooumoe Ok MeXHOI0eUUeCKUX Onepayull, oCyuecmenst-
eMblX HA YCMAHOBKAX NOAYUEHUSL BbLCOKOBSIZKUX MACEN, ONPEOeNSNU Menio8bim PACUEMOM.
Omom pacuem 6bLn nposedeH HA OCHOBAHUU OAHHBLX, NOJAYUEHHBIX HA NPOMBIULAEHHOM AHA02€;
HO OCHOBAHUU IMNUPUUECKUX 3a8Ucumocmell, a makiKe aumepamypHblX CNPABOUHbIX OAHHBLX.
ObwenpuHsamobiMU CNOCOOAMU PACCUUMAHBL BENUUUHBL MenoemKocmeil U meniogblx NOmoKos
ycmaHoeok cenekmusHol ouucmku lyocon u denapaguHusayuu. B ocHosy mennoswuix pacue-
mo8 NososKeH NPUHYUN peKynepayuu menaa.

Pesynomameut. Ha 6210ke pezeHepayuu pacmeopumenst yemaHosku yocon svlsigneH usbbimou-
Hblll Hazpes KYyba OOHOU U3 PeKMUPUKAUUOHHBLX KOJOHH, NPUBOOAWUL K nepepacxody men-
aa. Omo moxkem npueooume K 3azpsi3HeHUI0 HUSKOKUNSAULE20 KOMNOHEHMA NepezoHKU (npona-
Ha) 80001, Komopast siesiemest 00OHUM U3 KOMNOHeHmo8 Kybosoli cmecu. Pacuem nokasas, umo
onst pewlerust amoil npobnemsl yenecoobpasHo pazdeneHue neuu Ha 0ge Kamepsbl U NOHUIKeHUE
memnepamypsl 8 Kybe KonoHHbl. Ha 6n0Kke nodzomosku Cblpbst YcmaHosKU denapadpuHusayul
ucnosbayemest 800siHOU nap. YcmaHo8neHo, umo KOAUUeCcmeo menad, YHOCUMO20 OblMOSbIMU
eazamu neueil yemanosku [yocosn, docmamouro oast obecneueHuss menaom 610Kka no020mosKu
CblpbsL YCMAHO8KU 0enapaduHU3AUUU MACESL NPU NOSHOM UCKIOUEHUU 800SIHO20 Napa U3 0aH-
HOUl onepayuu.

Buieoodst. CogepuieHcmsogaHue mexHo02Ul Ha YemaHoekax Jyocon u 0enapapuHusayuu, se-
JSTOULUXCSL UACMBIO NPOUECCA NOAYUEHUSL 8bLCOKOBSIBKUX MACeS HA Hehmenepepabamobleaouiux
3a8000X, BO3MOXKHO nymem 3¢hchekmusHozo nepepacnpedeseHust SHep2opecypcos.

Knroueesle cnoea: /[yocos, 6azoesble macaa, sHep2oHOCUMeNU, 0enapagpuHu3ayusl, pezeHepa-
yusi pacmeopumeJist, 800sIHOU nap, 0blmossle 2a3bl, ONMUMUIAYUSL NPOU3BOOCMEA.

Jna yumuposanusa: Ponun C.C., 3otoB 10.JI., Mopomkuna B.1O., ®ensnor E.A., [Humkun E.B. CoBepmiercrBoBanme
TEXHOJIOTHH TTOJIyYCHHSI BRICOKOBS3KHMX MaceJ C IOMOIIIB0 3()()EKTHBHOTO MepepacipeiesiCHUs SHEPTeTHUECKUX PeCypcoB. TouKue
xumuueckue mexnonoeuu. 2020;15(1):37-45. https://doi.org/10.32362/2410-6593-2020-15-1-37-45

INTRODUCTION

Although refineries are key producers of
energy, they themselves are large energy consumers.
Therefore, it is no surprise that a key motivation of
refineries is increasing the efficiency of oil processing,

in Russia as well as worldwide [1]. The current trend
in oil refinement is the elimination of water steam as
a heat and energy carrier [2]. This has been driven by
tighter environmental standards controlling emissions
and effluents—the inevitable waste products of oil
refinement. Notably, high-viscosity oil production
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is the largest consumer of energy resources among
refinery types.

High-viscosity oil is a mixture of base oil
obtained from oil distillation and the purification of
the oil fraction with additives that create and improve
certain properties of the final product. Despite the
ever-expanding market of additives [3], there are
negative aspects of using them with oil products
[4]. Therefore, improving the technology for the
production of base oils is an imperative task.

The technology used to produce motor, aviation,
cylinder, compressor, transmission, and other oils
combines sequential physical processes of isolating
(via extraction) hydrocarbons having high-viscosity
indices, improved low-temperature properties, and
low-coking properties from oil fractions. Subsequent
to the vacuum distillation of fuel oil, distillate
fractions undergo selective purification and dewaxing,
and residual fractions (i.e., tar) undergo deasphalting,
selective purification, and dewaxing.

The Duosol process is a combined procedure of
extracting oil fractions from tar. Subsequent to low-
temperature solvent dewaxing, the fractions form
the basis for highly viscous oils (e.g., MS-20) and
insulating oils (e.g., KM-22). The Duosol process is
based on the use of two mutually insoluble selective
solvents. One of these selectively dissolves the desired

components of the feedstock, and the other dissolves
the undesired ones. One of the solvents is propane,
which exhibits deasphalting properties. The other is
Selecto, a mixture of phenol and cresol. Thus, the
Duosol process combines deasphalting and selective
cleaning. As a result, a raffinate (target product)
and a mixture of extract and asphalt (byproduct) are
obtained [5].

MATERIALS AND METHODS

Solvents are sequentially regenerated from
raffinates and extract solutions in distillation columns.
The process of propane regeneration from the extract
solution of a Duosol-type plant is conducted based on
the technological scheme shown in Fig. 1.

The extract solution is mixed with the asphalt
solution, and it sequentially passes H-5, H-18, and
H-35 heat exchangers to enter the C-11 column.
This column is designed to distil the main part of
the propane contained in the extract solution. A
vertical partition is installed at the bottom of the C-11
column. On one side of the partition, there is a suction
pipe (cold part), and on the other side, there is an
overflow to the C-17 column (hot part). The Selecto
vapor from the C-17 column goes through the H-35
heat exchanger for dehydration, and the distillation

Vapor of Vapor of Vapor of
Selecto propane — Selecto
r 55-95'C - 210-260°C
Left side  Right side
C-11 /\ .
C-17
Extract solution " —@—
¥ r —@— F-6
A————F
RaEd St L. " ] > *
H-5 H-18 H-35
A r
150-180°C R0-320°C
Vapor of Selecto to
dehydration Cold part i Hot part
é : 230-300"C
P-21 .
To C-12

Fig. 1. Existing scheme of propane regeneration:
H-5, H-18, H-35—heat exchangers; C-11, C-17—packed columns;
F-6—furnace; P-21—pump.
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residue goes to the C-12 column (not shown in the
figure) and then further.

The heat required for propane evaporation
is introduced by circulating the extract solution
that enters the lower part of C-11 column through
furnace F-6. The extract solution is obtained from
the cold part of the bottom of the C-11 column using
the P-21 pump and pumped in six flows through the
F-6 furnace. The extract solution is heated up to
280-320°C.

The extract solution from the bottom of the
C-11 column enters the C-17 column because of the
pressure difference. Here, Selecto distillation takes
place because of the excessive heat of the extract
solution originating from the C-11 column. No
additional heat supply is provided to the column.

A certain amount of dissolved water accumulated
on the column plates enters the C-11 column along
with the extract solution. As the temperature of the
column top is lower than what is required for water
removal as a vapor phase (55-95°C) and the still
bottom temperature is higher than the temperature at
which water removal in the liquid phase occurs, water
discharge through the column top (along with the oil
product) periodically occurs. This results in propane
contamination with asphalt.

Analysis of the technological scheme of the
solvent regeneration unit of the Duosol process, as
well as the analysis of methods for increasing the
distillation columns efficiency at oil refineries [6, 7],
allows us to propose a decrease in the temperature
of the C-11 column still bottom to the temperature
required for propane separation and simultaneously
organize the heating of the extract solution flow before
the C-17 column to enable water removal along with
the extract solution. For this, we propose to divide the
F-6 furnace into two parts. One part should be used to
heat the C-11 column and the other one—to heat the
extract solution flow from C-11 to C-17.

Calculation of the temperature required for the
regeneration of most propane from the extract solution
comes down to the calculation of the heat required to
convert propane to its gaseous state at a given pressure

(1.9 MPa). It is known [8] that propane saturation
temperature at 1.9 MPa is 50°C, and its evaporation
heat is 514.96 kJ/kg [9]. The composition of the
extract solution (extract + solvent) per 100 mass
parts (percent) of raw materials (tar) directed to the
regeneration of solvents is known based on the data
for an industrial equivalent [5]. The composition for
100 mass parts of the extract solution is provided in
Table 1.

Based on the data of Table 1, one ton of the extract
solution contains an average of 21% or 210 kg of
propane and its conversion to gas (regeneration from
solution) requires 108 141.6 kJ (the specific evaporation
heat is 514.96 kJ/kg). Considering the heat capacities of
the extract solution components [10] and their content
in the mixture, the heat capacity of the extract solution
is c,=2.57 kJ/(°Cxkg).

We calculate the temperature required for
propane evaporation as follows:

r-—2 , (1)
c.xG

P

where Q is the amount of heat required for the
evaporation of 210 kg of propane at 1.9 MPa; T'is the
temperature of propane evaporation from the extract
solution, °C; c¢_1is the average heat capacity of the
extract solution, kJ/(°Cxkg); and G is the average
propane content in the extract solution, G = 210 kg.

The calculated minimal temperature for propane
recovery from the extract solution is 201.16°C at 1.9 MPa.
Thus, the C-11 column still bottom is heated to
280-320°C. This significantly exceeds the required
temperature, and the main portion of propane can
be distilled at a lower temperature. Reducing the
temperature of the C-11 column still bottom would
make it possible to remove water (along with the
extract solution) and simultaneously organize the
heating of the extract solution flow before the C-17
column. This can be done by dividing the flow from
pump P-21 before furnace F-6 (the partition in the C-11

Table 1. Components of the extract solution

Compoent ofthe solution | 21471 PEr L0 L PArts L, | O et soluton, mase %% | - mterials kg
Extract 41 10 100
Propane 86 21 210
Phenol : cresol = 1:1 277 69 690
Total 404 100 1000
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still bottom should be removed) and dividing furnace
F-6 into two parts. One part should be used to heat
the C-11 column still bottom, and the other one—to
heat the extract solution flow to C-17. One stream
should be directed back to C-11, and the other one
—to C-17. The suggested flow separation scheme is
shown in Fig. 2.

The proposed scheme would eliminate water
discharge at C-11, thus reducing the probability
of propane vapor contamination with the extract,
reducing the corrosion of C-11 and its service lines,
and reducing the probability of asphaltene cracking by
shortening its residence time in the high-temperature
zone. Moreover, the temperature decrease allows
reducing the consumption of fuel (natural gas) upon
combustion in furnaces, which could also result in
reduced energy costs.

While analyzing the production of high-viscosity
oils, we noticed that the regeneration of solvent pairs
(i.e., propane and phenol-cresol mixture) at Duosol
plants was performed in distillation columns using
the heat of the flue gases from fuel combustion in
furnaces. In typical plants for solvent dewaxing, we
found that water steam was used for raw material
preheating (80°C).

The flue gases of the Duosol furnaces are directed
into the chimneys with the outlet temperature of up to
350°C. On average, the temperature is in the range of
250-260°C. If we consider that 60—100 m*/h of natural

gas is burned (on average) every hour per one ton of the
raw materials, it is clear that the recovery of this amount
of heat is possible.

Water steam is used in dewaxing plants as a
working fluid in ejectors of columns used for solvent
regeneration from final products and for raw materials’
preheating. This is required to obtain a true oil solution,
from which pure paraffin crystals are separated at a later
stage.

In recent years, there has been a trend of not using
water steam as a working fluid in vacuum devices or as a
heattransfer agentin oil refineries owing to the possibility
of contaminated effluents’ formation. Moreover, there
is an efficient method [11] of solvent regeneration in
nitrogen. Therefore, the complete repudiation of using
water steam at the stage of raw material preheating is of
practical interest, if water steam could be replaced by an
efficient and economical energy carrier.

RESULTS AND DISCUSSION

We have proposed the redistribution of energy
resources for the production of oil products at Duosol
and dewaxing plants, which are often located near oil
refineries. Furthermore, we have shown that it is possible
to rationally design process pipelines from furnaces to
heat exchangers. Using the heat of the flue gases of
Duosol furnaces will allow the reduction of water vapor,
and fuel gases with lower temperatures will have less
impact on the environment.

V‘upur of Vapor of Vapor of
Selecto propane Selecto
335°C
55-95°C 210-260°C
Leftside Right side
C-11 /\
C-17
Extract solution - —@—
—@— F-6
29 1
M —C 3 | £F |
H-5 H-18 H-33
P—
r
Vapor of Selecto to 230-300°C
dehvdration
To(C-12

P-21

Fig. 2. Proposed scheme of propane regeneration:
H-5, H-18, H-35—heat exchangers; C-11, C-17—packed columns;
F-6—furnace; P-21—pump.
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During the Duosol process, solvent pairs are used
to extract the raffinate. The latter is subsequently
subjected to low-temperature dewaxing using a
ketone-aromatic solvent, and the extract serves as a
raw material for producing oxidized bitumen. It is
known that prior to leaving the unit, the main product
(raffinate) and the byproduct (extract) of the Duosol
process undergo solvent regeneration because of the
heat of the flue gases produced by the combustion of
gaseous fuels in furnaces [12].

To support the feasibility of using the heat of
flue gases, a thermal calculation was presented. The
amount of heat required to heat the dewaxed raw
material was determined. The calculation used the
initial data of the material balance of the Duosol
plant. In accordance with it, 3.36 parts of propane
and 3.52 parts of Selecto solvent corresponded to 1
part of tar (i.e., the raw material of the Duosol plant).
The phenol-cresol ratio was 1:1.04, or 49 and 51%,
respectively.

The evaporation heat of propane, phenol, and
tricresol (components of Selecto) are 431800,
446200, and 438800 kJ/t, respectively [13].
Therefore, we calculated the amount of heat required
for the regeneration of solvent pairs with a specific
productivity of one ton of raw material per hour
(100 mass %) (Table 2). Hereinafter, calculations are
performed for this specific productivity.

Typically, the furnaces of refinery plants use gas
of their own production or natural gas from nearby
pipelines. In addition to methane, fuel gases contain
a certain amount of ethane (up to 0.7%), propane (up
to 0.1%), butane (up to 0.1%), nitrogen (up to 2.8%),
acidic CO, gases (up to 0.2%), and traces of sulfur
compounds. Therefore, the calculation considers
the composition of the energy carrier, which affects
the specific heat of combustion (35.13 MJ/m?) [14].
Moreover, fuel gases contain compounds that can
cause corrosion of the heat exchange equipment. When
using conventional natural gas for the calculation, its
specific consumption was 84.56 m*/(t_  xh), which
is typical at Duosol refineries.

The volume Ve of the combustion products of
1 m?® of natural gas (with a given composition) and

the volumetric heat capacity of these products were
calculated using conventional methods [15]. In typical
Duosol furnaces, 10.85 m?® of combustion products are
obtained from 1 m® of natural gas. The heat capacity
of the flue gases at the outlet of a Duosol furnace pipe
and accordingly, at the heat exchanger inlet is 1.4191
kJ/(m*xK) at . = 260°C.

The heat capacity of the flue gases at the heat
exchanger outlet (at a permissible temperature of
170°C) is ¢', = 1.4037 kJ/(m’xK). The permissible
temperature is chosen such as to prevent the
condensation of water vapor and avoid the formation
of corrosive compounds that results in equipment
wear.

The heat 0, that can be obtained from the flue
gases of the Duosol plant in the heat exchanger of the
dewaxing unit is determined by the difference in the
enthalpies at the heat exchanger inlet and outlet:

Qcp =Hin _Hou[' (2)

The enthalpy of the flue gases at the heat exchanger
inlet at 260°C per one ton of raw material is

H,, =c\xt, xV, xV,  =1419 x 260 x 10.85 x

x 84.56 = 351690 kJ/t

raw mat’

At the heat exchanger outlet at 170°C:

H,, =c) xt,, xV, xV, =14037x 170 x 10.85 x

out V4 gas

x 84.56 =224320 kl/t |

aw mat”

Then the heat Q_ obtained from the flue gases
in the heat exchanger (calculated per one ton of raw
material) is 127 369 kJ/t

Exhaust steam (130°C, 0.3 MPa) is typically used
for the preparation of raw material at dewaxing plants
[14]. The amount of heat required to heat the oil (the

raw mat”

Table 2. Amount of heat required for solvent regeneration in the Duosol process

Solvent mass %, (ton/ton,__ ) Amount of heat, kJ/ton .
Propane 336 (3.36) 1450848
Phenol 172 (1.72) 742696
Selecto, of them: 352 (3.52) 1519936
Cresol 180 (1.80) 777240
Total 788 (7.88) 2970784
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raffinate of the Duosol process and the raw material of
the dewaxing unit) can be calculated by the following
formula:

H

lig

= L15><(0.0015><T2 +0.726xT —33425),  (3)
dlS

where Hlig is the enthalpy of the liquid oil product, kl/kg;

dy is the relative density of the oil product to be
dewaxed; and 7 is temperature, K.

In this case, the relative density of the oil product
to be dewaxed is 0.840, and the heating temperature
is 80°C (or 353 K). On this basis, the amount of heat
O,... required to heat the raw material to be dewaxed
from 20 to 80°C is 122 650 kJ/t .

As seen from the calculation, the heat that can be
obtained from the flue gases of the Duosol furnace at
260°C meets the demand for heating at the dewaxing
units for raw material preparation: Q> O, .

Considering the heat-carrier properties of the flue
gases of the Duosol process, we suggest that a one-way
counter-flow shell-and-tube heat exchanger be used.
In this heat exchanger, the intertubular space should
be used to heat the selective purification raffinates or
Duosol raffinates.

Heat transfer surface F required for heating the
raw material to be dewaxed can be calculated using the
following formula:
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where Az is the average temperature difference in the
heat exchanger, and K is the average heat transfer
coefficient over the heat exchange surface.

The required heat transfer surface F at Az = 220°C
and K = 70 W/(m°xK) (from the gas to the organic
liquid), calculated for a specific productivity of one
ton raw material per hour, is 8.27 m?.

CONCLUSIONS

1. To avoid propane contamination with water
steam and reduce the probability of propane vapor
contamination with the extract solution, we have
suggested dividing the furnace of the propane
regeneration unit at the Duosol plant into two chambers.

2. The heat of the flue gases leaving the Duosol
furnaces, with a temperature of 260°C and above, is
sufficient to preheat the raw material of the dewaxing
unit.

3. For Duosol plants, we have shown the possibility
of efficient redistribution of energy resources from oil
production plants. For this purpose, it is necessary
to partially (or completely, in the case of solvent
regeneration in nitrogen) eliminate water steam. As a
result, contaminated effluents at oil dewaxing plants
could be avoided.
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for multicomponent systems using flash calculations
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Objectives. This study aims to draw PT-phase envelopes and calculate the critical points for
multicomponent systems using flash calculations.

Methods. Flash calculations with an equation of state and a mixing rule were used to construct
phase envelopes for multicomponent systems. In general, the methodology uses the Soave—Redlich—
Kwong equation of state and Van der Waals mixing rules; and the Peng—Robinson equation of
state with Wong—Sandler mixing rules and the non-random two-liquid activity coefficient model.
Results. The method was applied to the following mixtures: ethane (1)-butane (2) (four different
compositions); ethane (1)-propane (2) (four different compositions); butane (1)-carbon dioxide (2)
(three different compositions); C2C3C4C5C6 (one composition); isobutane—methanol-methyl tert-
butyl ether—1-butene (one composition); and propylene-water—isopropyl alcohol-diisopropyl ether
(one composition,).

Conclusions. Our results agreed to a large extent with the experimental data available in the
literature. For mixtures that contained CO,, the best results were obtained using the Peng-
Robinson equation of state and the Wong—Sandler mixing rules. Our methodology, based on
flash calculations, equations of state, and mixing rules, may be viewed as a shortcut procedure
for drawing phase envelopes and estimating critical points of multicomponent systems.

Keywords: flash calculations, critical points, phase envelopes.
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Ienu. Ilocmpoexue PT-gpaszossblx duazpamm u pacuem Kpumuueckux mouex Oask MHO20KOMNO-
HEeHMHbBLX cuCmeMm ¢ UCNONb308AHUEM (PAIUL-BLIUUCTEHULL.

MemoowuL. /[in nocmpoeHus pa3o8blx OUAPAMM MHOZ0KOMNOHEHMHBLX CUCMEM UCNOIb308ATIU
DAIUL-BbIUUCTIEHUSL HA OCHO8E YPAaBHEHUsl COCMOsTHUSL U npasuia cmeuwleHus. B obwem cryuae
Mmemooono2usl ucnosiedyem ypasHeHue cocmosrus Coase—Pednuxa—KeoHea U npasuio cmeule-
Hust Ban dep Baanweca; ypasHeHue cocmosiius [lenea—PobuHcoHa u npasunio cmeuwieHust BoHza—
CaHonepa, a mariKe HecayuallHast 08YIKUOKOCMHASL MOOeb AKMUBHbLX KO3(hPUYUEHMO8.
Pesynomamut. Memoo 6bLn npumeHeH K cledyrouum emecsam: smar (1)-6ymar (2) (uemeipe pas-
Hblx cocmasa); smar (1)-nponar (2) (uemsipe pasHslx cocmasa); bymar (1)-0uorcuo yanepooa (2)
(mpu pasHelx cocmasa); C2C3C4C5C6 (o0ur cocmas); usobymar-memaHos—-memusr-mpem-6y-
munoeslii 9¢pup—-1-6ymen (00uH cocmas); U NPoONUNEH—-800A—U30NPONUNOBLLI CNUPM—OUU30NPO-
nunosslil apup (IHUI13) (o0ur cocmas).

Buteoodst. Co2/1aCcHO HAUWUM Pesylbmamam, Memood Pasu-8blUUCAeHUl, 6A3UPYIOUWUTICS HA
YpPAasHeHUU COCMOSHUS U NPABUNAX CMEUEHUSl, UCNONb3YeMmblil 0151 nocmpoeHust ¢pasosulx oua-
2pamm, HA OCHO8E KOMOPbLX NPOBOOUMCSL OUEHKA KPUMUUECKUX moueK 0Jist MHO20KOMNOHEeHM-
HblLX cmecell, XOPOULO CONLACYEemcesl C IKCNEePUMEHMANbHBIMU OAHHBIMU, UMEIOUUMUCS. 8 Aume-
pamype. [na cmecell, codeprkawux CO,, nyuwue pesyiomamol NOAYUEHbL C UCNOSIb308AHUEM

ypasHeHust cocmosiHust [lenea—PoburcoHa u npasuna cmewerust Bornea—CaHonepa.

Knroueevle cnoea: piaul-8bluUCaIeHUS, KpUMuieckue mouKu, ¢paszoevle Ouazpammot.

Jlna yumuposanusn: Toro L.A. Drawing PT-phase envelopes and calculating critical points for multicomponent systems using flash
calculations. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(1):46-54. https://doi.org/10.32362/2410-6593-2020-15-1-46-54

INTRODUCTION

The knowledge of phase envelopes and critical
points is valuable for the calculation of phase equilibria
and solving various problems in chemical engineering.
Also, from a modeling point of view, knowledge of
critical data is of paramount importance, as it provides
information about real fluids, as well as characterizes
phase change boundaries in mixtures with the help of
phase diagrams. Through the combination of excess
properties, phase equilibrium data, and critical data, it is
possible to encompass the major thermodynamic aspects
of multicomponent mixtures. In this paper, we present
a methodology of constructing phase envelopes of
multicomponent mixtures, from which the critical points
follow. In the available literature, there is a variety of
methods (both theoretical and experimental) to construct
and estimate critical points.

A methodology has been proposed [1] to calculate
critical points of multicomponent mixtures using a
modification of the Gibbs plane tangent. A group
of researchers [2] solved the Heidemann and Khalil
formulation [3] using a Newton method with defined
intervals to calculate critical points of binary and ternary
mixtures.

Calculations of the critical points of multicomponent
mixtures have been reported [4-6], where the
optimization problem was solved in such a way that the
function to minimize is the Gibbs plane tangent criterion.
Other researchers [7] have also solved the Heidemann
and Khalil formulation with a simulated annealing
algorithm [8, 9] and determined the critical properties
of some multicomponent mixtures. Besides, predictive
equations of state have been used [10] to construct
natural gas phase envelopes and to calculate its critical
points.
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A general algorithm has been suggested [11] for the
calculation of dew and bubble points for multicomponent
mixtures, representing a continuation method that can
be used to draw phase envelopes and estimate critical
points. The Soave—Redlich-Kwong equation of state
(SRK EoS) and its derivatives have been used [12] to
construct the phase envelope of binary mixtures, with
dew and bubble point calculations.

Another study [13] reports the use of the
perturbed-chain statistical associating fluid theory
(PC-SAFT) equation of state to calculate critical points
of multicomponent mixtures containing hydrocarbons and
non-hydrocarbon components. Furthermore, the simplified
critical-point criteria [14] have been presented for some
multicomponent systems, based on a thermodynamic
model where the Helmholtz energy depends on the
composition average model parameters. There is also a
report [15] on a method for calculation of critical points
for refrigerant mixtures, using mixture models based on
Helmbholtz energy equations of state. The Peng—Robinson
(PR), SAFT, and PC-SAFT equations of state have been
used [16] for calculating critical points of hydrocarbon
mixtures. The development of a new flow apparatus
is reported [17] for the experimental determination of
critical points of pure components and binary mixtures.
Moreover, a dynamic-synthetic apparatus [18] can be
used to determine the critical properties of pure and
multicomponent mixtures.

From a theoretical point of view, the aforementioned
methods for drawing phase envelopes and calculating
critical points of multicomponent mixtures require
sophisticated mathematical procedures and complex
algorithms. It is possible to do the same task for some
mixtures, using the flash evaporation that is a well-known
operation of separation in chemical engineering [19, 20].
The simple mathematical model of this operation
permits several calculations, such as bubble and dew
points, molar fractions in the phases (vapor and liquid)
for constructing vapor—liquid equilibrium diagrams
for mixtures, evaporated fraction, isotherms and vapor
pressures versus temperature for pure substances.

In this report, we used flash calculations with an
equation of state and a mixing rule to construct phase
envelopes for multicomponent systems, from which the
critical points of mixtures are estimated. This methodology
was applied to some binary and multicomponent
mixtures reported in the literature, and our results are in
good agreement with the reported data. In general, the
methodology uses the SRK EoS and Van der Waals (VdW)
mixing rules; but for mixtures that contain CO,, the best
results were obtained with the PR EoS and Wong—Sandler
mixing rules (WS MR). The presented methodology might
be seen as a shortcut procedure when an easy method for
drawing phase envelopes and estimating critical points of
a multicomponent system is needed.

MATERIALS AND METHODS

Suppose that a stream F is fed to a flash evaporator
with a global composition z=[z , z,,..., z ] (molar fraction)
of n components. The pressure P and temperature 7 are
constant in the evaporator. Depending on the nature of the
components and the feed composition, there is a vapor
phase and one or two liquid phases. The first situation
is shown in Fig. 1. The outlet streams, }J and L, are in
equilibrium at P and T.

\%
y

F

Z P,T
L
X

Fig. 1. Flash evaporator scheme.

Applying the material balance for the i-component,
it follows that

Fz. =Lx,+Vy,i=12,..,n. (1)
Since the outlet streams are in equilibrium, then
y,=Kx,i=12,...,n. 2)

1

A total material balance gives

F=L+V . 3)
Let a be

=Y. (4)
F

From equations (3) and (4) we obtain

z,=(1-a)x,+aKx,i=L2,...,n. %)

Plugging (5) into (1) gives
z,=(l-a)x,+ay,i=12,...,n. (6)
Using (2), an equivalent equation is

z,=(1-a)x,+aKx,i=12,..,n. (7

(A
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The molar fraction condition gives the following
equations in both phases:

Dix, =1, y=1. ®)
i=1

i=1

From (8)

3 x -3y =0. ©)
i=1 i=1

To draw the phase envelope for a multicomponent
mixture, the following procedure is implemented. From
equation (4), if a = 0, there is no vapor phase as V' =0
and only the liquid phase exists. Thus, bubble point
calculation is made and a bubble point curve is obtained.
If & = 1, there is no liquid phase as L = 0 and only the
vapor phase exists. Then, a dew point calculation is made
and a dew point curve is obtained. By drawing the two
curves in the same coordinates (PT-system), we observe
their intersection in the critical point of the mixture and
the PT-phase envelope is obtained.

Next, the construction of a bubble point curve is
explained. In this case, o = 0 and the only known data
is z = [z, z,,..., z,] that is held constant. It is necessary
to calculate the equilibrium compositions from equation (2),
that depends on K, and this is unknown, but it is also
possible to use an EoS such as SRK or PR (with the
appropriate mixing rules), that involves the equilibrium
compositions that is the ¢ — ¢ method [21]:

Ki = ¢liq /¢Vap . (10)

When the WS MR are used in PR EoS [22], the
excess Helmholtz free energy, at infinite pressure,
is equal to the excess Gibbs free energy, and the non-
random two-liquid (NRTL) activity coefficient model is
adopted for the calculation of required parameters for
WS MR [23].

Combining equations (6), (7), (9), (10) (from EoS),
a set of nonlinear equations containing temperature,
pressure, equilibrium compositions, and constants
as unknowns is obtained and needs to be solved. For
the solution of the final nonlinear equation system, a
Matlab code that incorporates its built-in function
fsolve was written, and it was used for drawing the dew
point curve for which o = 1. For obtaining the points in
both curves, is varied and is calculated along with the
equilibrium compositions and corresponding constants.
The initial equilibrium compositions and temperature
must be guesstimated for testing convergence. This is
necessary to avoid unreal results.

RESULTS AND DISCUSSION

In this section, the results obtained by applying the
exposed methodology to several mixtures are shown.
The relative error ¢ is calculated as follows:

Exp. value — Calc. Value| "

€ =| | 100. (11)

Exp. value

Ethane (1)—n-butane (2) system

This system was studied in four different
compositions. For drawing the phase envelopes for this
system, SRK EoS with VdW mixing rule and a binary
interaction parameter k,;=0.0 were used. Figure 2 shows
the graphical results for this system.

Table 1 summarizes the results for critical points of the
studied system and from this, we conclude that the calculated
data are in good agreement with the experimental data.

Ethane (1)-propane (2) system

This system was studied in four different
compositions. For drawing the phase envelopes for this
system, SRK EoS with VdW mixing rule and a binary
interaction parameter k. = 0.0 were used. Figure 3 shows
the graphical results for this system.

Table 2 summarizes the results for critical points of the
studied system, and from this we conclude that the calculated
data are in good agreement with the experimental ones.

Multicomponent systems

Three multicomponent systems were studied. For
drawing the phase envelopes of such systems, SRK
EoS with VAW mixing rule and a binary interaction
parameter k, = 0.0 were employed. Figure 4 shows the
graphical results of the studied systems. The results
reported in [11] are in a graphical form, too. The
critical points of the mixtures were read from such
graphics. The comparison between both results is
shown in Table 3. Despite 10.63% in critical pressure,
the results obtained by the presented methodology are
in good agreement with the literature.

n-Butane (1)—carbon dioxide (2) system

This system was studied in three different
compositions. The binary interaction parameter used
in all mixing rules for PR and SRK was 0.133. The
following mixing rules (MR) were used: a) VAW, b) WS;
¢) VdW; d) WS; e) VdW; and f) WS. Figure 5 shows the
graphical results for this system. As follows from Fig. 5, the
best results were obtained with PR EoS and the NRTL
activity model.

Table 4 shows the results for critical points of
the studied system, and from this, we conclude that
the calculated data are in good agreement with the
experimental data, when using PR EoS and the NRTL
activity model.
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P |kPa]

PlkFa]

50

Fig. 2. Ethane (1)-n-butane (2) mixtures. Phase envelope using SRK EoS and VdW MR.
a) z =[0.5605 0.4395]; b) z =[0.4402 0.5598]; ¢) z=[0.1496 0.8504]; d) z =[0.2990 0.7010].

= =
= =
= =
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o)
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Fig. 3. Ethane (1)—propane (2) mixtures. Phase envelope using SRK EoS and VdW MR.
a) z=1[0.1202 0.8798]; b) z=[0.3598 0.6402]; ¢) z=[0.8205 0.1795]; d) z=[0.8997 0.1003].
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Table 1. Ethane (1)-n-butane (2) mixtures; comparison with experimental results [5]

% T (K) (calc.) P (kPa) (calc.) T (K) (exp.) P (kPa) (exp.) g T, e P
0.5605 379.5 5597 377.54 5598 0.52 0.02
0.4402 392.2 5266 390.67 5266 0.39 0.00
0.1496 415.8 4285 415.72 4285 0.02 0.00
0.2990 404.8 4810 403.82 4810 0.24 0.00

Table 2. Ethane (1)—propane (2) mixtures; comparison with experimental results [5]

z, T (K) (calc.) P (kPa) (calc.) T (K) (exp.) P (kPa) (exp.) e T, g P,
0.1202 364.6 4447 363.96 4447 0.180 0.000
0.3598 3524 4798 35245 4798 0.014 0.000
0.8205 3214 5065 321.38 5065 0.060 0.000
0.8997 314.7 5017 314.10 5017 0.190 0.000

[

i L i i i i H L L J
N0 M0 B0 380 400 430 M0 6 450 500

T[K]

§=

Fig. 4. Multicomponent mixtures. Phase envelopes using SRK EoS and VdW MR.
a) C2C3C4C5C6 mixture, z =[0.39842 0.29313 0.20006 0.07143 0.03696];
b) isobutane—methanol-MTBE—1-butene mixture, z=[0.25 0.25 0.25 0.25];
¢) propylene—water—isopropyl alcohol (IPA)—diisopropyl ether (DIPE) mixture,
z=1[0.250.25 0.25 0.25].
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Table 3. Multicomponent mixtures; comparison with reported data [11]

System T (K) (calc.) P (bar) (calc.) (fromTé(rI;z)hics) (frorll,lcfgl;l;;)hics) e T, e P
a) 390.71 57 390 56 0.18 1.79
b) 462.52 46.45 459 46 0.77 0.98
c) 483.07 57.2 64 493 2.01 10.63
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Fig. 5. n-Butane (1)—carbon dioxide (2) mixtures. Phase envelope using PR EoS.
a) VAW MR, z=[0.1694 0.8306]; b) WS MR, z =[0.1694 0.8306];
¢) VAW MR, z =10.3334 0.6666]; d) WS MR, z =[0.3334 0.6666];
e) VAW MR, z =[0.4984 0.5016]; f) WS MR, z =[0.4984 0.5016].
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Table 4. n-Butane (1)—carbon dioxide (2) mixtures; comparison with experimental results [5]

z, T (K) (calc.) P (kPa) (calc.) T (K) (exp.) P (kPa)(exp.) g T, g P,
0.1694 327.94 7815.99 325.9 7908 0.6300 1.1600
0.3334 351.67 8169.68 351.7 8170 0.0085 0.0039
0.4984 377.27 7535.68 377.2 7536 0.0190 0.0042

Table 4 shows the results for critical points of
the studied system, and from this, we conclude that
the calculated data are in good agreement with the
experimental data, when using PR EoS and the NRTL
activity model.

CONCLUSIONS

This work presents a methodology (based on
flash evaporation) for drawing phase envelopes, from
which critical points of multicomponent mixtures can
be estimated. The SRK EoS with VdW MR, SRK EoS
with WS MR, and NRTL activity coefficient model
were used. For the studied mixtures whose experimental
critical data are available in the literature, our results
were in good agreement with the experimental data.
The methodology was capable of reproducing phase
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Objectives. Cyclic carbonates are important products of organic synthesis, which are widely
used as solvents, catalysts, and reagents for the production of various compounds (in particular,
urethane-containing polymers) by the non-isocyanate method. The process of carbamide
alcoholysis with polybasic alcohols is a promising method for the synthesis of cyclic carbonates.
The purpose of this study is to determine the reaction conditions for the interaction of propylene
glycol with carbamide in the presence of zinc acetate as a catalyst.

Methods. We conducted experiments to study the synthesis of propylene carbonate in a batch
laboratory apparatus. Moreover, we analyzed the starting reagents and final products using
gas-liquid chromatography.

Results. We studied the synthesis of propylene carbonate by carbamide alcoholysis with
propylene glycol in the presence of a catalyst (zinc acetate) by varying the following parameters:
initial molar ratio of propylene glycol/carbamide = (0.5-5):1, synthesis temperature 130-190°C,
reagent residence time in the reactor 0.5-4 h, and the catalyst amount in the reaction mixture
0-1.5 wt %.

Conclusions. We determined the technological parameters of propylene carbonate synthesis
in a batch reactor. Moreover, we showed that the process allowed the production of propylene
carbonate with a sufficiently high yield of 80%—at the initial molar ratio of propylene glycol/
carbamide = 3:1, temperature 170°C, and residence time 2 h.

Keywords: cyclocarbonates, propylene carbonate, propylene glycol, carbamide, catalysis.
For citation: Sulimov A.V., Ovcharova A.V., Kravchenko G.M., Sulimova Yu.K. Investigation of propylene carbonate synthesis

regularities by the interaction of propylene glycol with carbamide. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(1):55-61.
https://doi.org/10.32362/2410-6593-2020-15-1-55-61

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(1):55-61

© A.V Sulimov., A.V. Ovcharova, G.M. Kravchenko, Yu.K. Sulimova, 2020
55


mailto:epoxide@mail.ru
https://doi.org/10.32362/2410-6593-2020-15-1-55-61
https://doi.org/10.32362/2410-6593-2019-15-1-55-61

Investigation of propylene carbonate synthesis regularities by the interaction of propylene glycol...

N3ydeHne 3aKOHOMEPHOCTElH CMHTE3a NMPoNuJIeHKapooHarTa
B3aMMO/IeiiCTBHEM NMPONMUJIEHIIHKOJIS ¢ KapoaMuaoM

A.B. CyaumoB®“, A.B. OBuapoBa, I'.M. KpaBueHnko, 10.K. CyaumoBa

Huokezopodckuil eocydapemeeHHbLil mexHuueckull ynugepcumem um. P.E. Anerxceesa, HuxxHuii Hogzo0poo,
603950 Poccus
@Aemop ons nepenucku, e-mail: epoxide@mail.ru

IMenu. [{uxnuueckue KapboHAMbL S8ASLIOMC BAXKHBIMU NPOOYKMAMU OP2AHUUECKO20 CUHMe3A,
KOmopble Haxo0am wupoKoe npumeHeHue 8 Kkauecmse pacmeopumesieil, Kamaiu3amopos u pe-
azeHmos 011 NoAYUeHUst psida coeOuUHeHUll, 8 UACMHOCMU, YPEMAHCOOEPIKAULUX NOSUMEPO8 He-
usoyuaHamuovim memooom. OOHUM U3 NEePCNeKMUBHBLX MEMO008 UX CUHME3A S18J151emcst NPoyecc
ankozonuza Kapbamuoa MHo200CHO8HbIMU cnupmamu. Llens daHHoll pabombl — onpedeseHue yc-
s08ull peakyuu 83aumoodeticmeausi NPONUNEH2AUKONSL ¢ Kapbamudom 8 npucymemeuu ayemama
YuUHKQ 8 Kauecmee kamaiu3amopa.

MemooubL. SxcnepumeHmanbHoe UCCied08aHUe NPOUECCd CUHME3A NPONUAEHKAPOOHAMA HA -
6opamopHoli ycmaHoske nepuoduueckoezo oeticmeaust. AHAU3 UCXOOHbIX peazeHmo8 U NOSYUeH-
HbLX NPOOYKMO8 C UCNO/Ib308AHUECM 2A302KUOKOCMHOU Xpomamozpagpuul.

Pesynomamet. H3yueHbl 3AKOHOMEPHOCMU NOAYUEHUS nponuneHkapboHama aaKo2oau3om
Kapbamuoa NPonUNEH2AUKONeM 8 NPUCYMCMEUU Kamaiu3amopa (auemama yuHKka) npu eapbu-
PO8aHUU OCHOBHBIX NAPAMEmpPo8 NPoyecca 8 CAeOYrwWuUx OUaAna30HAX. HAUAIbHOE MOASPHOE
COOMHOWLEHUE peazeHmOo8 NPONULeH2AUK0b/ Kapbamud cocmaeasno (0.5-5):1, memnepamypa
curnmesa 130-190 °C, epems npeboieaHus peazenmog 8 peaxmope 0.5-4 u, cooeprcaHue kama-
auzamopa 8 peakyuoHHol emecu 0-1.5 macce. %.

Bwb1800bL. Pexomerndosarbl mexHoiozuieckue napamemps. CuHmesa nponuieHKapboHama, npo-
mekxarowez20 8 peakmope nepuoouueckozo deticmsaust. Ilokasaro, umo ocyuiecmanieHue npoyecca
Nnpu HAUANIbHOM MOJSLPHOM COOMHOULEHUU NPONUNEH2AUKOS U Kapbamuoa 3:1, npu memnepa-
mype 170 °C u epemeHu npebbleaHusl 2 u nosgossiem noayuame nponunieHkapboHam c odocma-
MOUHO 8blCOKUM 8blx00OM — 80%.

Knroueesvle cnoea: yuiiokapboHamol, nponuieHKapboHam, nponuieH2AuKob, Kapbamuo,
Kramanus.

Jlna yumupoeanusa: Cynumos A.B., OBuaposa A.B., Kpasuenko I"M., Cynmumona 0.K. U3yuenne 3akonomMmepHOCTEN CHHTE3a

MPONHICHKapOOHATa B3aMMOJICHCTBUEM MPOMMJICHITIMKONS ¢ KapOoaMuaoM. Toxkue xumuueckue mexuonoeuu. 2020;15(1):55-61.
https://doi.org/10.32362/2410-6593-2020-15-1-55-61

INTRODUCTION

Propylene carbonate is an important product of
organic synthesis. Because it possesses a number of
valuable properties, it is widely used as a solvent and
intermediate product in various syntheses. Its use as
a solvent is attributed to the good dissolving ability,
low toxicity, biodegradability, and high boiling point.
Propylene carbonate is used in the production of
polyacrylonitrile fibers, in the separation of CO, and
H.,S, as a component of lubricating oils, hydraulic fluids,
and electrolytes in lithium-ion batteries [1]. In addition,
propylene carbonate is used as a starting component to
obtain polymer compositions in pharmaceuticals [2]
and in the synthesis of dimethyl carbonate [3].

Currently, propylene carbonate is commercially
produced by the direct cyclocarboxylation of propylene
oxide with carbon dioxide under catalysis by alkali metal

salts, ammonium, phosphines, and metal complexes
[4]. However, in addition to the traditional disadvantages
inherent to homogeneous catalytic processes, this method
is characterized by the rather stringent conditions of
implementation (200°C and 5-10 MPa) [5]. Economic
and environmental requirements dictate the need to
develop new catalytic systems and technological
processes for the synthesis of propylene carbonate.

A promising method for producing propylene
carbonate is the interaction of propylene glycol and
carbamide [6]:
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The undoubted advantage of this process is that
it is based on available raw materials, which can
be obtained from renewable sources. Specifically,
carbamide under industrial conditions is obtained
by the interaction of ammonia and carbon dioxide;
the reserves of the latter in the environment are
practically inexhaustible [7, 8]. Propylene glycol
is commercially produced from propylene oxide.
However, even today, when the chemical market is
oversaturated with bio-glycerin, many studies are
published on its transformation to propylene glycol
[9, 10]; in the future, the proportion of propylene
glycol will only increase [11]. In general, possible
options for raw materials for obtaining propylene
carbonate can be represented as a diagram (Fig. 1).

The direct cyclocarboxylation of propylene oxide
or propylene glycol is of considerable interest. However,
this process, even when implemented on an industrial
scale, is characterized by certain disadvantages (e.g., the
need to use very high pressures) [5]. It is worth noting
the studies regarding the catalytic systems based on

Oil or natural gases

l

H,C—CH=CH,
+R-OOHl
H,C-HC—CH,
\ /
0

+Hzol

ionic liquids and various metal complexes [12—14]. The
use of these catalysts allows the cyclocarboxylation of
propylene oxide to be carried out with carbon dioxide at
low temperatures and pressures. Despite the rather high
yield of propylene carbonate (greater than 90-95%), the
process of obtaining such catalytic systems is complex
and expensive, which casts doubt on the possibility of
their industrial use, at least in the near future.

The use of propylene glycol and carbamide to
produce propylene carbonate allows the process to be
carried out under milder conditions at lower temperatures
(130-180°C) and pressures (0.05-0.1 MPa) [15]. The
possibility of its implementation is determined by the
presence of effective catalytic systems. Previous studies
[15, 16] have shown that metal acetates can catalyze
the reaction of propylene glycol with carbamide to
form propylene carbonate. Moreover, zinc acetate is
most active in this process [16]. Therefore, we have
investigated the synthesis of propylene carbonate by the
interaction of propylene glycol with carbamide in the
presence of zinc acetate as a catalyst.

+CO,, O,

H,C—CH—CH, +CO; or (NH,),CO O/ \O
| | >
oH o |
CH—CH,
+H2T H,C
(ltHz—cltH—CH2
HO OH OH
+H,0 or
Sorbitol CH;OH
HQOV
Vegetable oils
Cellulose

Fig. 1. Possible routes for the synthesis of propylene carbonate.
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MATERIALS AND METHODS

The following reagents were used in this study
(the purity grade is indicated in brackets): propylene
glycol (puriss.), carbamide (p.a.), zinc acetate (p.a.).

The synthesis of propylene carbonate was carried
out in a batch laboratory apparatus consisting of a
glass reactor with electric heating, a reflux condenser,
a temperature measurement and control system, and
a magnetic mixing device. The calculated amounts of
propylene glycol, carbamide, and zinc acetate were
loaded into the reactor, and the heating and stirring
of the reaction mixture were started. Upon reaching
the set temperature, the start time of the synthesis was
recorded. The reaction mass was kept for a certain
time (0.5—4 h) at a constant temperature (130-190°C).
At the end of the synthesis, samples (0.5 g) were taken
from the reaction mass and quantitatively dissolved
in the excess amount of absolute isopropyl alcohol.

The analysis of the reaction mixtures to determine
the content of propylene glycol and propylene
carbonate was carried out by gas chromatography
on a Chromos GC-1000 instrument equipped with
a flame ionization detector on a VB-1701 capillary
column (30 m x 0.25 mm x 0.25 pm). Helium was
used as the carrier gas; its flow rate through the
column was 60 mL x min~'. The temperatures of the
evaporator and column thermostat were maintained
at 200°C and 150°C, respectively. The technique was
evaluated based on 5-7 parallel experiments, and
their mean square error did not exceed 5%. The yield
of propylene carbonate was determined relative to
carbamide.

RESULTS AND DISCUSSION

On the basis of the reference data [17], the
thermodynamic calculations of the reaction under
standard conditions (p = 0.1013 MPa and 7 = 298.15
K) show that the change in enthalpy (AH) and the
change in the Gibbs free energy (AG) of the reaction
are 51.60 kJ/mol and 13.99 kJ/mol, respectively. A
positive change in enthalpy means that the reaction
between propylene glycol and carbamide proceeds
with heat absorption. Thus, an increase in the
temperature of the process will contribute to a shift in
equilibrium toward the reaction products. However,
a positive change in the Gibbs free energy indicates
that the reaction cannot proceed at the temperature
of 298.15 K. The dependence of AG on the reaction
temperature is shown in Fig. 2.

The isobaric—isothermal potential decreases with
an increase in the reaction temperature and becomes
equal to zero at 62°C (335 K). This suggests that at

5 - \\ Lo
0 . ; . . .

200

AG, kJ/mol

Fig. 2. Dependence of AG of the reaction on temperature.

temperatures higher than the abovementioned value,
the reaction can proceed in the forward direction.

The equilibrium constant of the reaction at
130°C is 99.8; at 190°C, the equilibrium constant
reaches 5271.3, which indicates a considerable shift
in the equilibrium toward the reaction products with
an increase in the temperature to 190°C.

Thus, calculations show that the synthesis of
propylene carbonate from propylene glycol and
carbamide is thermodynamically possible. However,
to increase the speed of the process and reduce the
time required to achieve equilibrium, kinetic factors
should also be considered.

On the basis of the results obtained by
calculation, the effect of temperature on the yield of
propylene carbonate was studied in the temperature
range of 130-190°C (Fig. 3).

100 -
80 -
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40

20 -

Propylene carbonate yield, %
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120 130 140 150 160 170 180 190 200
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Fig. 3. Dependence of the propylene carbonate yield
on the synthesis temperature (initial molar ratio propylene
glycol/carbamide = 1:1, catalyst content 1 wt %,
synthesis time 2 h).
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The analysis of the results shows that with an
increase in the temperature to 170-180°C, an increase
in the yield of propylene carbonate is observed. A
further increase in the temperature leads to a decrease
in the yield of the target product, which is clearly
associated with the occurrence of side processes
(e.g., oligomerization of propylene carbonate). Thus,
to implement the process, it is advisable to maintain
the temperature in the range of 170-180°C. Under
these conditions, the propylene carbonate yield of
74-75% is achieved.

To evaluate the effect of the initial molar ratio of
propylene glycol/carbamide on the yield of propylene
carbonate, a series of experiments was carried out
with this indicator varying in the range of (0.5-5):1.
The results are shown in Fig. 4.

100 4
80
60 -

40 -

Propylene carbonate yield, %

20 A

0 1 2 3 4 5 6
Ratio of propylene glycol/carbamide (mol)

Fig. 4. Dependence of the propylene carbonate yield
on the initial propylene glycol/carbamide ratio
(synthesis temperature 170°C, catalyst content 1 wt %,
synthesis time 2 h).

Figure 4 shows that a noticeable increase in
the yield of propylene carbonate is observed with
an increase in the ratio of reagents to 4:1. It is
recommended to perform the synthesis of propylene
carbonate in the presence of a 3—4-fold molar excess
of propylene glycol. Unreacted propylene glycol
is supposed to be isolated from the reaction using
mass transfer processes and recycled to the chemical
conversion step.

Based on the propylene carbonate yield—
synthesis time dependence (Fig. 5), the optimal
time was selected from 2 to 2.5 h. An increase in
the reaction time beyond this value is undesirable
because it leads to a certain decrease in the yield
of propylene carbonate, which is most likely owing
to the participation of the target product in further
transformations.

Finally, we have investigated the dependence of
propylene carbonate yield on the catalyst content in
the reaction mixture (Fig. 6).
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Fig. 5. Dependence of the propylene carbonate yield
on the duration of the synthesis (synthesis temperature 170°C,
initial molar ratio of propylene glycol/carbamide = 3:1,
catalyst content 1 wt %).
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Fig. 6. Dependence of the propylene carbonate yield
on the catalyst content (synthesis temperature 170°C,
initial molar ratio of propylene glycol/carbamide = 3:1,
synthesis time 2 h).

As expected, an increase in the catalyst amount in
the reaction mixture promotes an increase in the yield of
propylene carbonate. This dependence can be explained
by an increase in the process rate; during the same time
(2 h) a larger amount of propylene carbonate is formed
with a higher catalyst content. This trend continues until
the catalyst content is 1 wt %. With a further increase in
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the concentration of the catalyst, propylene carbonate in
the reaction mixture can participate in side reactions, and
its yield decreases, which is confirmed by the observed
regularities.

In addition, the reaction can occur in the absence
of a catalyst. At fixed parameters (temperature 170°C,
propylene glycol/carbamide ratio = 3:1, contact duration
2 h), the yield of propylene carbonate does not exceed
40%. This value is relatively small, and it is unlikely
that the non-catalytic process can be considered as an
alternative. However, this fact is important and should be
considered in further studies on the kinetics of propylene
carbonate synthesis.
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Calculating the composition of dispersion-filled polymer
composite materials of various structures
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Objectives. The aim is to calculate the composition of dispersion-filled polymer composite
materials with different fillers and structures and to highlight differences in the expression of
said composition in mass and volume units.

Methods. The paper presents the calculation of compositions in mass and volume units for
various types of structures comprising dispersion-filled polymer composite materials according to
their classification: diluted, low-filled, medium-filled, and highly-filled systems.

Results. For calculations, we used fillers with densities ranging from 0.00129 g/cm? (air) to
22.0 g/cm?® (osmium) and polymer matrices with densities between 0.8 g/cm® and 1.5 g/cm?,
which represent almost all known fillers and polymer matrices used to create dispersion-filled
polymer composite materials. The general dependences of the filler content on the ratio of the filler
density to the density of the polymer matrix for dispersion-filled polymer composite materials
with different types of dispersed structures are presented. It is shown that to describe structures
comprising different types of dispersion-filled polymer composite materials (diluted, low-filled,
medium-filled, and highly-filled) it is necessary to use only the volume ratios of components
in the calculations. Compositions presented in mass units do not describe the construction of
dispersion-filled polymer composite material structures because using the same composition in
volume units, different ratios of components can be obtained for different fillers.

Conclusions. The dependences of the properties of dispersion-filled polymer composite materials
should be represented in the coordinates of the property—content of the dispersed phase only in
volume units (vol % or vol. fract.) because the structure determines the properties. Compositions
presented in mass units are necessary for receiving batches upon receipt of dispersion-filled
polymer composite materials. Formulas are given for calculating and converting dispersion-filled
polymer composite material compositions from bulk to mass units, and vice versa.

Keywords: polymers, fillers, dispersion-filled polymer composite materials, structure, properties.
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Pacuyer coCTaBOB AMCIEPCHBIX HANMOJIHEHHBIX MOJIMMEPHbIX
KOMIIO3MIMOHHBIX MATEPUAJIOB € PA3HOIl CTPYKTYpPOu

9.H. Hryen, M.B. CanbapoBa®, H.[l. CHMOHOB-EMeAbSIHOB

MHPSA — Pocculickuil mexHoio2uueckuil yHusepcumem (HHemumym moHKUX XUMUMECKUX MeXHOI0ZULL
umeHu M.B. Aomorocoea), Mockea 119571, Poccusi
@Aemop ons nepenucku, e-mail: sanyarova.minzalya@mail. ru

Ienu. Llenv pabomsl — npedocmasume pacuemsl N0 COCMa8aMm OUCNEPCHO-HANOSIHEHHbBLX NOJU-
MEPHBIX KOMNO3ZUYUOHHbIX mamepuanog ([HIIKM) ¢ pasHbimMu HanoaHumensimu u cmpykmy-
pamu, a makxke noKasams CYuecmaeHHble Pasiudus Npu 8blparkKeHull CoCmasa 8 MAacco8blx U
06beMHBbIX eOUHUYUAX.

Memoobut. B pabome npusgederbl pacuembl COCMAago8 8 MACCO8blX U 00beMHbIX eOUHUUAX O/s
PA3NUUHBLX 8UO008 CMPYKMYP OUCNEPCHO-HANONHEHHBLX NOJUMEPHBIX KOMNOIUYUOHHBLX Mmame-
puanog co2nacHo ux kKaaccugurkayuu: pazbaeneHHsle, HUIKOHANONAHEHHble, CPeOHEeHANOSHeH-
Hble U 8blCOKOHANOIHEHHbLE cucmemet.

Pesynemamel. /115 pacuemos ucnosise308aHsblL HanoaHumenu ¢ niomyocmosto om 0.00129 (8o30yx)
0o 22.0 2/cm’ (ocmuli) u nonumepHsle mampuubl ¢ naomHocmeto om 0.8 do 1.5 2/cm’, komopule
oxeamulearom NpaKmuuecku ece usgecmuble HanoJHUMenAuU U NoAUMEepHble Mampuubl, UCNOJb-
3yemwle onsi cozoarust [THITKM. ITpedcmagneHsbl 0606uieHHble 3a8UCUMOCMU COOEPAAHUSL HANO-
Humesell om OmHOWeHUsL NJIOMHOCMU HANOJHUMENS K NJIOMHOCMU NOJAUMEPHOU Mampuysbl 05
LHITKM ¢ pasHbimu sudamu ducnepcHoil cmpyxmypet. Ilokazaro, umo 0k OnUCaHust pasHulx
eudoe cmpykmyp AHIIKM — pasbasnieHHble, HUSKOHANOJHEHHblE, CPEOHeHANOJIHEHHbLE U 8blCO-
KOHANONIHEeHHble — HEeobX00UMO 8 pacuemax UCNOSb308AMb MObKO 00 beMHble COOMHOULeHUS
KomnoreHmos. Cocmasst, npedcmagieHHble 8 MACCO8blLX eOUHULAX, HE ONUCLIBAIOM NOCMpPOEeHUe
cmpyxkmyp JAHIIKM, mak Kakx npu 00HOM cocmage 8 06 beMHbIX €0UHULUAX MOAHO NOSYUUMB 051
PpasHblLX HanoaHumenel pasHoe cCoomHouleHue KOMNOHEeHMmMos.

Buteoout. 3asucumocmu ceoticme [IHIIKM cnedyem npedcmaensime 8 K0oOpOUHAMAX CE0UCmaeo—
codeprkaHue oucnepcHoll pasbl MoNbKO 8 06beMmHblX eduHuyax (06. % unu o06. 0.), max Kak
cmpykmypa onpedensiem cgoticmea. Cocmasgsl, npedcmaeieHHble 8 MACCO8bLX eOUHUUAX, Heob-
X00uMmblL 0Nt nonyueHust Hasecok npu noayueruu JHIIKM. IIpugedetsbl popmysibl Ot pacuema
u nepeesoda cocmaeos [IHITKM u3 06beMHblLX 8 MacCCo8ble eOUHUUbL U Haobopom.

Knroueesvle cnoea: nonumepsl, HANOAHUMENU, OUCNEPCHO-HANOJHEHHblEe NOAUMEDPHbLE KOMNO-
3ULUOHHblLE MAMepuUabl, cmpykmypa, ceoticmea.

Jna yumuposanun: Hryen U.H., CanbapoBa M.B., Cumonos-Emenssnos 1.J[. Pacuet cocTaBoB AuCHEPCHBIX HAMOIHEH-
HBIX MOJIMMEPHBIX KOMIIO3HIIMOHHBIX MaTepHaliOB ¢ Pa3HOU CTPYKTypoil. Torkue xumuyeckue mexnonocuu. 2020;15(1):62-66.
https://doi.org/10.32362/2410-6593-2020-15-1-62-66

Determining the content of initial components in
dispersion-filled polymer composite materials (DFPCM)
with different structures and the design and calculation
of such compositions is generally performed in mass
units (mass fract. or mass %) [1-5]. Mass units indicate
the presence of initial components in DFPCM (alongside
weighed portions) but do not reflect the construction of
various types of dispersed structures. These structures
are divided into diluted (DS), low-filled (LFS), medium-
filled (MFS), and highly-filled (HFS) systems [6].
Analysis of scientific and technical literature showed
that when discussing the structure and properties of
DFPCM, data and the dependence of properties based
on the content of the dispersed phase were provided
primarily in units of mass.

Research on polymer materials highlights that
material structure determines their properties. However,
the structure of DFPCM and their parameters can be
described only in volume units (vol. fract. or vol %)
because when using mass units, the density ratio of the
initial components in the dispersed system must be taken
into account. Therefore, in the case of DFPCM, at a
constant volume fraction (¢, vol. fract.), e.g., 0.16 vol. fract.
of the dispersed phase of the filler with different particle
densities (from 0.00129 to 22.0 g/cm?), the mass fraction
will vary from 0.0007 to 0.96 at the constant density of
the polymer matrix [7].

Calculation of fillers in this work was performed using
density ranging from 0.00129 (air) to 22.0 g/cm? (osmium);
this included the range for all known fillers for polymer
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i IASS, fract.
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Fig. 1. Dependence of filler content ¢_in mass fractions
(mass fract.) in DFPCM with a polymer matrix density py=
0.8 g/lem?(1), p,=10 glem?(2), p,= 1.5 g/lem?® (3)
at constant volumetric content ¢, = 0.16 vol. fract.

on the density of filler.

composite materials. Figure 1 shows the dependences of
the content of the dispersed phase in DFPCM expressed
in mass fractions, at different densities of the polymer
matrix (0.8—1.5 g/cm?), as well as a constant filler content
at 0.16 vol. fract. of filler density.

The presented data show that at constant structural
parameters (¢, = 0.16 vol. fract.), the composition of
DFPCM expressed in mass units (mass fract.) was
determined by the true density of the filler and the
matrix and varied from 0.0007 to 0.96 mass fract.

In a generalized form, the graphs in Fig. 1 can be
shown in different coordinates where the X-axis displays
the ratio of densities (filler to polymer matrix). When
doing so, the curve does not change according to the
density of the polymer matrix. To determine the content
of the dispersed phase in mass units at a constant volume
fraction (0.16 vol. fract.), density ratio p./ p_should be
calculated first for a specific DFPCM (Fig. 2).

This example convincingly shows that the
structural parameters of DFPCM can be correctly
expressed only in volume units (vol. fract. or vol %).
In this case, they were not dependent on the density
of the dispersed filler or the polymer matrix, which
allowed us to compare the results for filled systems
with different fillers and matrices. Thus, when
designing DFPCM compositions with a set of specified
properties and when representing dependences, data
should only be provided in volume units (vol. fract.
or vol %) as shown in [7].

Recalculation of DFPCM composition from
mass unit (¢, ) to volume unit (¢ ), and vice versa,
can be done for a two-phase system (filler + polymer
matrix) by employing the following equations [6]:

.87

0.6 7

047

1 MASS, fract.

0.27

0. - T - . T - - - .
0 3 i 9 12 13 13 21 24 27
I .':.fjn
Fig. 2. Dependence of filler content ¢, in mass fractions
(mass fract.) in a DFPCM on the density ratio

of the filler to the polymer matrix
at constant volumetric content ¢ = 0.16 vol. fract.

)

Py = 1 p , vol. fract. (1)
Pmass,f Pr
Pmass,f = (D‘I: p ,mass fract. 2)
¢V,f (1 - pj + P
Pt Pr

The content of the dispersed filler is selected
according to the classification of dispersed systems,
based on the structural principle [6], lattice
parameters (coordination number Z and packing
density coefficient kp), and the generalized structural
parameter 0—the proportion of the polymer matrix
for the formation of interlayers between dispersed
particles.

The structural classification of DFPCM allows
them to be divided into DS, LFS, MFS, and HFS
types. Generalized parameter 6 serves as the basis for
the classification of all DFPCM based on the structural
principle: DS: diluted systems — 1.0 >6>0.90 vol. fract.;
LFES: low-filled systems — 0.90 > § > 0.75 vol. fract.;
MFS: medium-filled systems —0.75 > 6 > 0.20 vol. fract;
MFS-1 - 0.75 > 8 > 0.45 vol. fract. (up to yield stress);
MFS-2 — 0.45 > 6 > 0.20 vol. fract. (after yield stress);
HFES: highly-filled systems — 0.20 > 6 > 0.0 vol. fract.

When the maximum dispersed filler packing (¢, )
is known and filler content varies, the generalized
structural parameter 6 can be found using the
following formula [6]:
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QZM, 3)
Pm

rie ¢ . is the volumetric content of dispersed filler

and f3 =[1+?j is the coefficient that takes into

account the ratio of the thickness of the boundary layer
(0) to diameter (d) of the dispersed particle.

When the boundary layer thickness ¢ in a DFPCM
ranges from 50 to 500 nm and for dispersed particles with
a diameter of more than 10 pum, a simplified formula can
be used to calculate filler content [6]:

Hz((pm_(pv,f) ) 4)

Pm

When the generalized structural parameter 6 is
found, the dispersed filler content and the composition
of the polymer can be determined for each type of
DFPCM—DS, LFS, MFS, or HFS. The calculations
below serve as an example for the content of dispersed
filler in volume units at a value of ¢ = 0.64 for various
dispersed systems according to their classification:
DS: 0.076 vol. fract.; LFS: 0.16 vol. fract.; MFS-1:
0.255 vol. fract.; MFS-2: 0.34 vol. fract.; HFS: 0.52
and 0.64 vol. fract.

For DFPCM of different structures, it is possible
to construct generalized dependences for the dispersed
filler content in mass units at different constant
values of the filler content in volume units. This will
help to determine the construction of dispersions of
various types of structures—DS, LFS, MFS, and HFS.
Figure 3 shows the dependences of ¢ . in DFPCM
at constant values of ¢, which are characteristic of
different types of structures, on the density ratio of
the filler to the polymer matrix.

For dispersed fillers with different ¢_ values,
the content of the filler in volume units (¢ ) was
determined by formulas (1) and (2) for different types
of DFPCM structures (DS, LFS, MFS, and HFS); then,
P aser Was found at a constant ¢ (Fig. 3). The data
noted in Fig. 3—based on calculations of the DFPCM
compositions in mass and volume units—include
almost all known polymer matrices and fillers.

Data on DFPCM properties presented in mass
units are true only for a specific polymer matrix and
dispersed filler. They are not related to the structure
of the composite material and do not allow for
comparing dispersed systems with one another. Thus,
to design the structure—DS, LFS, MFS, and HFS—the
composition of DFPCM should be calculated, and the

0.8

061

0.4

i1, MASS, fract.

0.2

0.0

0 3 6 9 12 15 18 21 24 27
[

Fig. 3. Dependence of filler content ¢ in mass
fractions (mass fract.) in DFPCM on density ratio
p;/ p, at constant volumetric content ¢, :

1 -DS, 0.076 vol. fract. (8 = 0.90 vol. fract.);

2 —LFS, 0.16 vol. fract. (8 =0.75 vol. fract.);

3 — MFS, 0.255 vol. fract. (6 = 0.60 vol. fract.);
4 — HFS, 0.52 vol. fract. (8 = 0.20 vol. fract.);

5 — HFS, 0.64 vol. fract. (8 =0.0 vol. fract.).

feature—filler content functions should be considered
using only volume units.

The results presented herein enable a purposeful
calculation of the DFPCM composition of different
types of structures, determining the content of
dispersed filler in both volume and mass units for
almost all polymer matrices and fillers and correctly
describing the composition—property dependences in
the volume ratios of components.

CONCLUSIONS

This paper presented calculations for the
composition of various types of DFPCM structures
according to their classification in mass and
volume units. Additionally, the necessity for
using only volumetric ratios of components in
calculations to describe different types of DFPCM
structures was underscored because in doing so,
different compositions can be compared, since the
obtained structural parameters will not depend on
the densities of components. Rather, the specific
structure will determine the properties. Accordingly,
the dependences of DFPCM properties must be
represented in the property—dispersed phase content
coordinates only in volume units (vol % or vol. fract.).

The authors declare no conflicts of interest.
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Development of a nasal spray containing aminocaproic acid

and a copolymer of N-vinylpyrrolidone and 2-methyl-5-vinylpyridine
for use in the prevention of influenza and other viral

respiratory infections

Anastasiya S. Karpova

Institute of Pharmaceutical Technology, Moscow, 121353 Russia
@Corresponding author, e-mail: karpova@ipt.ru.com

Objectives. Prevention of influenza and viral respiratory infections is one of the major public
health problems today. The aim of the study was to develop the formulation and production
conditions for a nasal spray that can be used in the prevention of influenza and other viral
respiratory infections, based on aminocaproic acid and a copolymer of N-vinylpyrrolidone and
2-methyl-5-vinylpyridine.

Methods. The influence of pH and temperature on the transparency of the copolymer solution
was investigated using a turbidimeter to determine the optimal pH for the dosage form. The pH
value was determined using a pH meter equipped with a combined glass electrode. The presence
or absence of opalescence in the solution was determined visually, whereas the dynamic
viscosity of the solution was determined at 25.0+0.5°C using a rotational viscometer. The optimal
temperature and mixing speeds were selected as part of the technological development process.
Quantitation of the active substances in the resulting drug was conducted using a previously
reported high performance liquid chromatography method. A preliminary evaluation of the drug’s
shelf life was performed via stability studies using the accelerated aging method.

Results. Drug stability was ensured when the pH range of the dosage form was between 5.5 and
6.2. The addition of a thickening agent is not advisable due to undesired interactions between the
excipients and the active substances during storage. Ideally, the drug composition for nasal use
was aminocaproic acid (1 wt %) and the copolymer (0.5 wt %) in aqueous solution. A phosphate
buffer solution with pH 5.5 was selected as the solvent for the dosage form to ensure the stability
of the drug solution and ease-of-use without any disruptions in the normal functioning of the
cilia in the nasal cavity. The optimal technology for drug production was determined, and the
control parameters for this process were highlighted. Drug stability studies conducted via the
accelerated aging method revealed that the estimated shelf life of the dosage form was 2 years.
Conclusions. A new formulation and optimized production conditions were developed for a drug
based on aminocaproic acid and a copolymer of N-vinylpyrrolidone and 2-methyl-5-vinylpyridine,
in the form of a nasal spray, for the prevention of influenza and other viral respiratory infections.
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Co3xaHue HA3aJbHOIO CIIPpest HA OCHOBE AMUHOKAINIPOHOBOM
KHUCJIOTHI U CONMoJInMepa N-BUHWINUPPOIUTOHA
U 2-MeTWI-S-BUHIWINUPUIMHA 171 mpodpuiakTuku rpunna u OPBU

A.C. KapmnioBa

Huemumym gpapmauesmuueckux mexHosozutl, Mockea, 121353 Poccus
@Aemop osna nepenucku, e-mail: karpova@ipt.ru.com

IMenu. B Hacmosiuiee 8pemsi 00HOU U3 Nep8oCmeneHHbLX 3a0au 30pago0XpaHeHUs. 8 MUpe slesiem-
¢Sl npoghunaKmuKa 2punna U 0OCmMpblx pecnupamopHbLX 8UPYCHbLX uHgeryull. Llenoto pabomul sie-
JSL1ach paspabomra cocmasa U mexHON02UU NOAYUEHUS IeKAPCMEEeHH020 npenapama Ha 0CHO8e
OMUHOKANPOHOBOTL KUCI0MbL U cononumepa N-8UHUNNUPPOAUOOHA U 2-MeMUN-5-8UHUNNUPUOUHA
8 hopme Ha3anbHO20 cnpest O/t NPOGUAAKMUKU IMUX COYUANILHO 3HAUUMbBLX 3a60.1€8AHUTL.
Memooeul. /s onpedesieHust ycmoliuugocmu 1eKapcmeeHHoll ¢opmbl 8 3agucumocmu om pH
u memnepamypsvl onpeoensnu Npo3pPauHOCmMb PACMBOPA CONOAUMEPA C NOMOULbH Mmemooa
mypbuoumempuu; 3HaueHue pH onpedensau ¢ nomowsbro pH-mempa co cmeknsHHbIM KOMOU-
HUPOBAHHBIM 3.1eKkmpo0om.B danvHelluem Hanuuue uiu omeymemeue onaieCyeHyul pacmaeo-
pa onpedensanu susyanbHo. OnpedenerHue OUHAMUUECKOU 853K0CMU pacmeopa npogooutu npu
memnepamype 25.0+£0.5 °C memodom pomayuoHHOU suckozumempuu. B pamkax paspabomrxu
mexHo102UU NO00OPAHBL ONMUMANIbHBLE 3HAUEHUSL MeMnepamypsl U CKOpOCmu nepemeulueaHrust
npu pacmeopeHuu gewecms. KonuuecmeeHHoe onpedeneHue cOOepIKAHUSL AKMUBHbIX 8el4ecma
8 NOYUEHHOM npenapame NPo8ooUU C NOMOULLIO paHee paspabomaHH020 cnocoba ¢ UCnob30-
eaHuem BOXKX. IIpedsapumenbHblili CpOK 200HOCMU NONYUEHHO20 npenapama YcmaHaeaueaiu
C NOMOWBIO UCCIe008AHUSL CMAOUNBHOCMU MEMOOOM YCKOPEHHO20 CMApPeHUSL.

Pe3ynemamet. YcmaHoeieHO, umo Heobxooumblii ouanasoH pH paspabomaHHoll iekapcmeeHHOoTU
opMmbL 0151 0becneueHuss cmadubHOCMU leKapCmeeHH020 npenapama cocmaeasem 5.5-6.2. B
Xo0e sKcnepumeHmos 6biio NPOOeMOHCMPUPOBAHO, Umo 0obasieHue 3a2ycmumenst Heyeaneco-
0b6pa3Ho sciedcmeue ezo 83aumooelicmaust ¢ AKMUBHLIM 8EULECME8OM 8 NPoyecce XPaHeHUs.,
umo Hedonycmumo. PaspabomaH cocmas siekapcmeeHH020 npenapama & sude pacmeopa Ost Ha-
3a/IbHO20 NPUMEHEeHUsL ¢ codepakaHuem 1 mace. % amuHokanpoHoeoll Kucsiomsl u 0.5 macc. % cono-
AUMEPA 2-Memus-5-8UHUNNUPUOUHA U N-8UHUANUPPOIUOOHA 8 BOOHOM pacmeope. B kauecmee pac-
meopumens 1eKapcmeeHHol popmbl nodobpanu gpocgpammulii 6ygepHslili pacmeop ¢ 3HaueHuem
pH 5.5 0ona obecneuerus cmabunbHOCMU pacmeopa npenapama U KOM@OpmHo20 NPUMeHeHUS
6e3 HapyuleHUst HOPMANbHO20 PYHKUUOHUPOBAHUSL pecHuUueK 8 nosiocmu Hoca. ITodobpaHa on-
MUMANBLHASL MEXHOI02USL NONYUEHUSL IeKAPCMBEHHO020 npenapama, evloesieHbl. KOHMpoaupye-
Mble napamempbl 0151 HA0NeHKAULE20 NPO8EeOeHUsL MEeXHOI02UUecKo20 npoyecca. B pesysiemame
uccned08aHUsl cCMabuUNbHOCMU CNpest MEeMOOOM YCKOPEHHO20 CMApeHUsl YCMAHO081eH npednoaa-
2aemblii cpoK 200HOCMU PA3pPabOMAHHO20 Npenapama, COCmagasitouull 2 200a.

Bbteooust. [IpedioskeHbl HOBbLIL COCMAE U MEeXHOJI02USL NOJYUEHUS. 20MO08020 JIeKAPCMEEHHO020
npenapama Ha OCHO8e AMUHOKANPOHOB0U Kuciombl U conoaumepa N-8UHUANUPPOAUOOHA U
2-memun-5-8UHUANUPUOUHA 8 hOpMe HA3ANIbHO20 chpest 0151 hpoghunaxkmurku epunna u OPBH.

Knroueesle cnoea: aMUHOKANPOHOBAS Kucaioma, conoaumep N-8UHUNNUPPONUOOHA U 2-MemUL-
S5-euHunnupuduHa, HazanbHblil chpetli, npogunaxmura epunna u OPBHU.

Jna yumupoganusa: Kapnosa A.C. Co3naHue Ha3aJIbHOTIO CIIPEst HA OCHOBE AMUHOKAIIPOHOBOM KUCIIOTBI U COMOIMMEPa /N-BUHHII-

MUPPOJTHIIOHA W 2-METHII-S-BUHUIINMPUANHA JUts ipodunaktiku rpurma u OPBU. Tonkue xumuueckue mexnonoeuu. 2020;15(1):67-75.
https://doi.org/10.32362/2410-6593-2020-15-1-67-75
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INTRODUCTION

Despite great efforts to prevent influenza and
other viral respiratory infections (VRIs), the incidence
rate of these infections has been increasing annually.
Often, the global epidemic of these infections claims
the lives of thousands of people [1]. The problem is
exacerbated by the mixed nature of these infections,
high transmission rate, and rapid onset of drug
resistance [2]. The effectiveness of treatment options
for influenza and other VRIs is largely determined
by the rational selection of drugs that focus more
on managing the causes of the disease rather than
merely alleviating the symptoms [3]. The main goal
of pharmaceutical technology is to create efficient,
safe, and high-quality drugs aimed at combating the
most dangerous and widespread diseases. According
to the World Health Organization, influenza and other
VRIs are both highly common and severe diseases; up
to 500 mln people worldwide are infected annually,
of whom around 650000 die. In Russia, between
27.3 and 41.2 mln cases are registered each year!.
Despite these figures, only a small percentage of
the global drug market for influenza and other VRIs
are designed to have antiviral activity?. Therefore,
developing novel drugs aimed at preventing and
eradicating influenza and other VRIs is a priority task
for researchers globally.

Based on the mechanism by which the influenza
virus penetrates human host cells [4], nasal route
of drug administration is considered the most
promising and effective means of prophylaxis [5, 6].
In this study, a combination of active components—
aminocaproic acid (ACA) and a copolymer of
N-vinylpyrrolidone and 2-methyl-5-vinylpyridine
(hereafter referred to as the copolymer) — is proposed
as a basis for creating an effective therapeutic agent.
An aqueous solution of ACA and the copolymer at
a molar ration of 2:1 showed significant antiviral
activity when administered nasally to outbred
mice [7, 8]. In this study, we aimed to optimize the
formulation and the production conditions of a nasal
spray based on aminocaproic acid and the copolymer
of N-vinylpyrrolidone and 2-methyl-5-vinylpyridine.

"The situation of influenza in Russia and the world.
Ministry of Health of the Russian Federation. FSBI
Research Institute of Influenza. D.I. Ivanovsky Research
Institute of Virology. Available from: http://www.influenza.
spb.ru/system/ [Accessed September 22, 2019] (in Russ.).
2 Pharmacological Management of Pandemic Influenza A
(HIN1) 2009 Part I: Recommendations of World Health
Organization. Available from: https://www.who.int/csr/
disease/swineflu/notes/h1nl_use antivirals 20090820/en/
[Accessed September 17, 2019].

MATERIALS AND METHODS

The active reagents of the nasal spray formulation
were ACA (Polisintez, Russia) at a concentration
of 1 wt % and the copolymer at a concentration of
0.5 wt % in aqueous solution. The copolymer was
of medium viscosity with a molecular weight of
27 kDa and 32 mol % pyridine units (/nstitute of
Pharmaceutical Technology, Russia). In the process
of developing the model formulations for this nasal
spray, the concentration of the excipients and the
optimal conditions required for drug preparation
were determined. The following reagents were used
in the formulation: sorbitol (Chimmed, Russia),
polyethylene glycol (PEG) 4000 (TU 20.16.40-008-
71150986-2019; Norchem, Russia), carboxymethyl
cellulose (Na-CMC), 7LF (Ashland, United States),
glycerin  (GOST 6259-57, Chimmed Sintez, Russia),
polysorbate 80 (Oleon, Belgium), polyvinylpyrrolidone
(AK Sintvita, Russia), Avicel® RC 591 (FMC, United
States; United States Pharmacopeia), Vivapur® MCG
811 P (JRS Pharma, Finland), PEG 1500 (PEG-32;
Clariant, Switzerland), benzalkonium chloride (CAS
63449-41-2; Sigma-Aldrich, United States), and
purified water (Pharmacopeia Article 2.2.0020.18).
Buffer solutions were prepared in accordance with
the Russian State Pharmacopeia XIV® by using
the following components: potassium dihydrogen
phosphate (CAS 7778-77-0; Chimmed, Russia),
disodium hydrogen phosphate (CAS 7558-79-4;
Chimmed, Russia), and sodium hydroxide (GOST
4328-77 Amend. 1, 2; Chimmed Sintez, Russia).
Because the copolymer is both thermo- and pH-
sensitive, the effects of pH and temperature on the
transparency of the copolymer solution were studied
using a WaterLiner WTM-86 turbidimeter (Metronx,
Russia). The composition of the buffer system
was also investigated. The pH of the solutions was
measured using a pH meter (Econix-Expert, Russia)
with an ESK-10601 combined glass -electrode
(Izmeritelnaya Tekhnika, Russia). Furthermore, when
optimizing the conditions for producing the dosage
form, the presence, or absence of opalescence in the
solution was determined visually.

Studies were conducted on a selection of thickeners
to determine the most effective distribution method for
the drug in the nasal cavity and to increase the viscosity
of the solution. The dynamic viscosity values were
measured at 25.0+0.5°C using rotational viscometry
with a Brookfield DV2T viscometer (Brookfield
Engineering Laboratories, United States). Before

3 The State Pharmacopeia of the Russian Federation. 14th ed.
Moscow: Ministry of Health of the Russian Federation; 2018
(in Russ.).
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the readings were noted, the temperature of the test
sample was allowed to equilibrate for 15 min. The
readings were conducted at shear rates ranging from
0.28 to 58.0 s!, which corresponded to 10-90%
torque. The optimal dissolution time was determined,
in addition to the ideal conditions for cooling and the
influence exerted by the opalescence of the solution.
The active substances in the prepared solution were
monitoredviahighperformanceliquidchromatography
[9] using a Dionex UltiMate 3000 (Thermo Scientific,
Germany). For the analysis of the copolymer, a Luna
column (150x4.60 mm); Phenomenex, United States)
was filled with a C5 sorbent with a particle size of 5
um and a pore diameter of 10 nm (mobile phase A:
mixture of 0.1% phosphoric acid and acetonitrile in
a volume ratio of 82:18 with the addition of 4.5 mM
sodium pentanesulfonate solution; mobile phase
B: acetonitrile). The ACA content was determined
using a Nucleodur C18 Pyramid column (250%4.6
mm) filled with 5 um spherical particles (mobile
phase A: 30 parts by mass of methanol to 70 parts
of a solution containing 1% H,PO,, 10 mM sodium
pentanesulfonate, and 15 mM K HPO, in H,O; mobile
phase B: methanol). Sterility of the solution was
ensured by filtration using a glass vacuum system
(FilterSys AHO-1566 F; Phenomenex, UK) equipped
with filters of pore sizes 0.45 and 0.22 um (AFO-
0514, AF0-0513; Phenomenex, UK). The shelf life
of the drug was determined via the accelerated aging
method using a climatic chamber (KK115; Pol-Eko-
Aparatura, Poland); this investigation was conducted
in accordance with the Russian State Pharmacopeia
XIV (General Pharmacopeia Article 1.1.0009.15).

RESULTS AND DISCUSSION

Optimization of the pH values and the components
of the buffer solution

The composition and conditions required to
produce a nasal spray based on aminocaproic acid
and the copolymer of N-vinylpyrrolidone and
2-methyl-5-vinylpyridine were developed after a
comprehensive research. Phosphate buffered saline
(PBS) was used as the base for the spray, and a series
of buffer solutions with different pH values (5.0—6.6)
was prepared in accordance with the Russian State

Pharmacopeia XIV (General Pharmacopeia Article
1.3.0003.15). The copolymer (0.5 wt %) was then
added to each solution, and the stability of the
solutions was determined at different temperatures
(25-45°C) using turbidimetry. The effects of the pH
value and temperature on the transparency of the
copolymer solution in the buffer are presented in
Table 1. The solutions were considered “transparent”
when the turbidity index was up to 3.0 nephelometric
turbidity units.

The results clearly showed that the turbidity of
the copolymer solution at 30°C and pH 6.3 was high,
implying instability of the formulation. Thus, the
optimal pH range for the dosage form was determined
to be between 5.5 and 6.2. For the PBS samples,
the results of the pH optimization experiments are
presented in Table 2 [10]. The most stable PBS
samples had a pH value of 5.5.

Optimization of the excipients

Several studies were conducted to increase the
viscosity of the spray solution through the use of an
appropriate thickener, to prolong drug effectiveness.
Afrin, a commercially available nasal spray [11], was
chosen as the control sample as it contained thickeners
with a measured viscosity of 500+£50 mPaxs at 25°C.
Samples with various concentrations of the excipients,
all of which had been approved for medical use and
were used in commercial nasal dosage forms, were used
to determine the optimal characteristics (Table 3). The
samples were compared on the basis of two parameters:
the pH value and the viscosity of the solution at 25.0°C.
The test was conducted at a shear rate of 22.4 s7'.

As we can see from Table 3, the ideal pH and
viscosity parameters were only observed in samples
4 and 5. When subsequent observations of these
samples were conducted over the course of a month,
sample 4 showed only a slight decrease in viscosity,
whereas sample 5 exhibited a decrease in viscosity
that was below the required threshold (see Figure).

From the results of the rheoviscometry
experiments, it was clear that there was a noticeable
decrease in the dynamic viscosity of the solution after
prolonged storage with the thickener Vivapur®. In the
absence of Vivapur®, however, the dynamic viscosity
of the solution remained almost constant. This was

Table 1. Effect of pH and temperature on the transparency of the solutions

pH
Temperature, °C 5.0 5.5 6.0 6.1 6.2 6.3 6.4 6.5 6.6
25 29 0.8 0.9 0.9 0.8 0.8 0.8 1.4 14.3
30 23 11 1.0 1.0 0.9 34 157 685 -
40 24 13 1.7 1.0 2.0 326 609 678 -
45 26 13 44 14.8 280 742 817 _ _
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indicative of pronounced intermolecular interaction
between Vivapur® and the other components of the
solution, which, in turn, disrupted the stability of
the system during storage. Because the chemical
interaction between the active components and the
excipients was undesired, we decided to exclude
Vivapur® from the final composition. Thus, the
optimal distribution of the drug across the mucous
membrane of the nasal cavity was accomplished by
optimizing the spray nozzle rather than by lowering
the viscosity of the solution.

The stability of the dosage form over the
course of its entire shelf life was ensured by adding
benzalkonium chloride (0.15 mg/mL), the commonly

used preservative in commercial nasal spray
formulations. The optimal combination of reagents for
the model mixture is shown in Table 4.

Next, the optimization of the laboratory conditions
was conducted by the [Institute of Pharmaceutical
Technologies, Russia. The rapid dissolution of the
copolymer was achieved only at low pH values and
at low temperatures of the buffer solutions. The
copolymer was dissolved in cold purified water with
constant stirring, followed by refrigeration as part of
the protocol for optimization process.

The preparation of a control form for the
aforementioned samples was conducted visually (i.e., a
transparent homogeneous solution was obtained without

Table 2. Change in pH values of 0.5% copolymer solutions during storage at 25°C depending

on the initial pH value of the PBS

Samples PBS
Shelf life, days
pH 5.0 pH 5.2 pH 5.5 pH 5.8 pH 6.0
0 53 5.5 5.7 5.9 6.3
7 5.4 5.4 5.8 5.7 6.3
30 5.5 5.4 5.8 5.6 6.3
Table 3. Optimization of the excipients
Name of the component Compositions of the nasal spray, with the content of substances, mg/mL
in the sample 1 2 3 4 5 6 7 8 9
Sorbitol 50 - - 20 10 5 - -
PEG 4000 - 10 - - 10 - - 3 -
Na-CMC - - 25 - - 30 - 15 -
Glycerin 1.5 1 - - - - 1.2 - 0.5
Polysorbate 80 0.01 - 0.05 0.1 - - 0.2 - -
Povidone K29-32 - 5.5 - - 4 - 10 5 5
Avicel® RC 591 10 - - - 20 - - - 15
Vivapur® MCG 811 P - - - 20 - - - 10 -
PEG 1500 - 15 - 10 - 5 - - -
Parameters
;gsj"ss‘zn ?F;E; é‘rta‘;‘usr};e;ﬁ ;astfc"f 374 275 | 1315 | 498 | 452 | 1117 | 989 | 2546 | 1245
pH 6.8 6.2 5.3 6.0 6.0 5.5 5.0 5.4 6.0
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visible mechanical impurities and opalescence) as well
as via quantitative analysis of the condition parameters
for the active reagents. Based on the data shown in
Table 5, the optimal process was set as follows:

1. Prepare the buffer solution with pH 5.5 from
solutions 1 and 2 and then filter it through a 0.45 pm
filter.

2. Cool the buffer solution to 15+2°C.

3. Fill the reactor with the buffer solution.

4. Add and dissolve the copolymer with subsequent
sedimentation at 3—6°C for 24 h.

5. Add and dissolve ACA and benzalkonium
chloride.

3500

—e— Vivapur® MCG 811 P (afier 30 days)

3000
—— Avicel® RC 591 (afier 30 days)
2500 .
Avicel® RC 591
2000 —a—Vivapur® MCG 811 P

1500

1000

Viscosity, mPaxs

2.50 T1.50 12.50 17.50 2250
Shear rate, (1/5)

Viscosity—velocity curves of samples 4 and 5 at 25°C.

6. Sterilize via filtration and then bottle the solution
into 10 mL polymer bottles equipped with polymer
based spray nozzles.

Thermal sterilization, in this case, was not
possible because of the thermosensitivity of the
copolymer. Additionally, sterilization using an
autoclave resulted in precipitation within the solution.
Therefore, filtration was selected as the preferred
method of sterilization.

The shelf life of the nasal spray was determined
by quantifying the stability of three series of spray
samples (Table 6) in polymer based bottles with spray
nozzles using the accelerated aging method at 40+£2°C
and 75+5% humidity for 180 days. This experiment
was performed in accordance with the Russian State
Pharmacopeia X1V, as these conditions were nearly
similar to those of aging of the dosage form for 2 years
under natural conditions. During this analysis, the pH,
microbiological purity, and the quantitative content
of the active substances were monitored [12].

From the results of the study, it was clear that the
values of the controlled indicators remained within
the reference range and that the deviation values
corresponded to the measurement error calculations.
The shelf life of the drug was estimated to be 2 years.
As a confirmatory test, three series of drug samples
were subjected to the same natural conditions.

Table 4. Composition of the solution of the nasal spray per 1 mL

Ingredient Quality standard Quantity, mg
Active substances
Aminocaproic acid (ACA) glgggr(l)lgf:z;z; grtli’clze of the Manufacturer LS-000113- 10.00
Copolymer of 2-methyl-
S-vinylpyridine and Normative Documentation Project 5.00
N-vinylpyrrolidone
Excipients
Potassium dihydrogen phosphate Russian State Pharmacopeia XIV 9.45
Disodium hydrogen phosphate Russian State Pharmacopeia XIV 1.28
Benzalkonium chloride Eﬁgﬁ?:;gg?:gngﬁiggeia XTIV 0.15
Purified water Russian State Pharmacopeia XIV Up to 1.00
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Table 5. Optimization of the production conditions

Parameter Conditions
Experiment number E1 E2 E3 E4 ES
Temperature, °C 5 10 15 20 25
Dissolution time before opalescence, min 10 12 15 25 45
Conclusion: the optimal temperature for mixing is 5—-15°C
Experiment number Eé6 E7 E8 E9 E10
Mixer speed, rpm 30 40 50 80 100
Dissolution time before opalescence, min >30 >30 13 >30 >30
Conclusion: the optimal mixing speed is 50 rpm
Experiment number E11 E12 E13 E14 E15
Refrigeration until complete dissolution of the copolymer, h 12 15 20 24 30
The presence of opalescence, +/— + + + - -
Copolymer content in the solution, mg/mL 4.68 4.80 4.97 5.04 5.01
Conclusion: the optimal storage time of the copolymer in the refrigerator is 24 h
Experiment number E16 E17 E18 E19 E20
Dissolution of ACA and benzalkonium chloride at ambient 10 12 15 20 25
temperature, °C
Dissolution time, min 3 3 3 3 3
Conclusion: ACA and benzalkonium chloride dissolve equally well between 10 to 25°C
Experiment number E21 E22 E23 E24 E25
D?ssolution of ACA and benzalkonium chloride with mixing, 50 80 100 150 300
stirrer speed, rpm
Dissolution time, min 3 3 2 2 2

Conclusion: the rate of dissolution of ACA and benzalkonium chloride varies insignificantly
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Table 6. Selected data on the stability of the nasal dosage form in polymer package

Batch
Specification Standard Shelf life, days
130318 210518 191118
0 5.7 5.8 6.0
pH 5.5-6.2
180 5.8 5.8 5.9
0 Complies | Complies Complies
Microbiological purity Category 2
180 Complies | Complies Complies
Quantitative assay
0 9.89 10.05 10.12
ACA, mg/mL 9.5-10.5
180 9.89 10.05 10.11
0 5.03 5.15 4.96
Copolymer, mg/mL 4.75-5.25
180 5.03 5.13 4.96

CONCLUSIONS

In this study, we developed the composition and
conditions needed to produce a nasal spray for the
prophylactic treatment of influenza and other VRIs.
The nasal spray contains 1 wt % aminocaproic acid and

REFERENCES

1. Svyatchenko S.V., Durymanov A.G., Kolosova N.P,,
Gudymo A.S., Goncharova N.I., Torzhkova P.Y., Bulanovich
Y.A., Epanchintseva A.V., Danilenko A.V., Marchenko V.Y.,
Sysoeva A.V., Susloparov .M., Tregubchak T.V., Ryzhikov
A.B., Maksyutov R.A., Ilicheva T.N. Severe cases of seasonal
influenza in Russia in 2017-2018. Journal of microbiology
epidemiology immunobiology. 2019;(4):58-64 (in Russ.).
https://doi.org/10.36233/0372-9311-2019-4-58-64

2. Kiselev O.I., Marynich 1.G., Sominina A.A. (eds.).
Gripp i drugie respiratornye virusnye infektsii: epidemiologiya,
profilaktika, diagnostika i terapiya (Influenza and other
respiratory  viral infections: epidemiology, prevention,
diagnosis and therapy). Saint Petersburg: Borges; 2003. 245 p.

3. Dondurey E.A., Obraztsova E.V., Semiletko Y.S.,
Ovchinnikova N.V., Golovacheva E.G., Osidak L.V,
Afanasyeva O.1. ARVI antiviral therapy in children in modern
clinical practice. Meditsinskiy sovet = Medical Council.
2019;(2):183-187 (in Russ.).
https://doi.org/10.21518/2079-701X-2019-2-183-187

4. Cheshik S.G. Influenza. Detskie infektsii = Infant
Infections. 2005;(4):56-63 (in Russ.).

5. Ghori M.U., Mahdi M.H., Smith A.M., Conway B.R.
Nasal Drug Delivery Systems: An Overview. Am. J. Pharm.
Sci. 2015;3(5):110-119.

6. Degenhard M.A., Gerallt W.U., Birkhoff M.S. Intranasal
Drug Administration — An Attractive Delivery Route for Some
Drugs. Drug Discovery and Development — From Molecules to
Medicine. IntechOpen. 2015;(13):300-318.
http://dx.doi.org/10.5772/59468

0.5 wt % copolymer of 2-methyl-5-vinylpyridine and
N-vinylpyrrolidone. Accelerated aging studies showed that
the estimated shelf life of the drug is 2 years.

The author declares no conflicts of interest.

CIHHUCOK JIMTEPATYPbI

1. Ceartuenko C.B., lypsimanos A.I., Konocosa H.IL.,
T'ynermo A.C., T'onuapoBa H.U., Topxkosa I1.}O., Bymano-
Bud [0.A., Enanunnnesa A.B., [lanunenko A.B., MapueHko
B.10O., CricoeBa A.B., Cycnonapos .M., Tperyouak T.B.,
ProkukoB A.b., MakctotoB P.A., Unbuuera T.H. Tsoxenbie
ciydau 3a00JieBaHUS TPHIINIOM Ha TeppuTopru Poccuiickoii
Oenepauun B snupemuueckoM cezone 2017-2018. JKyp-
HA MUKpOOUONO2UU, ISNUOEMUONO2UU U UMMYHOOUOLO2UU
(PKMOH). 2019;(4):58-64.
https://doi.org/10.36233/0372-9311-2019-4-58-64

2. Kucenes O.11., Mapunnu WN.I'., Comununa A.A. (mox
pen.). ['purn u npyrue pecnmparopHble BUPYCHbIE HHPEKIIUH:
SMUIEMHOJIOTHS, TPOPHUIAKTHKA, TUATHOCTUKA W Teparusl.
CII6.: boprec; 2003. 245 c.

3. Hounypeit E.A., O6pasuosa E.B., Cemunerko 0.C.,
OsunnnukoBa H.B., Tonosauésa E.I"., Ocunak JI.B., Adpana-
cveBa O.1. IlporuBoBupycHas Tepanust OPBU y nereii B co-
BPEMEHHOH KIMHUYECKOH mpaktuke. Meouyunckuu Cosem.
2019;(2):183-187.
https://doi.org/10.21518/2079-701X-2019-2-183-187

4. Yeumwk C.I" Tpurm. Jemckue unghexyuu. 2005;(4):56-63.

5. Ghori M.U., Mahdi M.H., Smith A.M., Conway B.R.
Nasal Drug Delivery Systems: An Overview. Am. J. Pharm.
Sci. 2015;3(5):110-119.

6. Degenhard M.A., Gerallt W.U., Birkhoff M.S.
Intranasal Drug Administration — An Attractive Delivery
Route for Some Drugs. Drug Discovery and Development —
From Molecules to Medicine. IntechOpen. 2015;(13):300-318.
http://dx.doi.org/10.5772/59468

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(1):67-75

74



Anastasiya S. Karpova

7. Karpova A.S., Kochkina Y.V., Kedik S.A. The antiviral
activity study of complex drug with aminocapronic acid for
prevention of influenza and ARVI. Razrabotka i registratsiya
lekarstvennykh sredstv = Drug Development & Registration.
2019;8(2):22-26 (in Russ.).
https://doi.org/10.33380/2305-2066-2019-8-2-22-26

8. Evseeva A.S., Kochkina Yu.V., Krasilnikov 1.V., Kedik
S.A., Eremin D.V., Suslov V.V. Antiviral and immunomodulating
combination based on aminocaproic acid and a copolymer
of 2-methyl-5-vinylpyrilin and N-vinylpyrrolidone: patent
2669810 RF. Appl. 21.06.2017, publ. 16/10/.2018. Bull. Number 29
(in Russ.).

9. Evseeva A.S., Vorfolomeeva E.V., Kochkina Yu.V., Kedik
S.A., Vostrov LA. A method for the quantitative determination of
aminocaproic acid when it is combined with a copolymer of 2-methyl-
S-vinylpyridine and N-vinylpyrrolidone by HPLC: patent 2700167 RF.
Appl. 09/13/2018, publ. 09/13/2019. Bull. Number 26 (in Russ.).

10. Kravchenko 1.A. Sposoby vvedeniya lekarstvennykh
preparatovv organizm. Intranazal’noe vvedenie lekarstvennykh
preparatov (Methods of introducing drugs into the body.
Intranasal administration of drugs). Odessa: Astroprint; 2009.
164 p. ISBN 978-966-190-128-4 (in Russ.).

11. Kundoor, V., Dalby, R.N. Effect of Formulation- and
Administration-Related Variables on Deposition Pattern of
Nasal Spray Pumps Evaluated Using a Nasal Cast. Pharm.
Res, 2011;28(8):1895-1904.
https://doi.org/10.1007/s11095-011-0417-6

12. Sakaeva [.V., Bunyatyan N.D., Kovaleva E.L.,
Sakanyan E.I., Mitkina L.I., Prokopov I.A., Shelekhina E.S.,
Mitkina Y.V. The main approaches to the study of drug stability:
domestic and international experience. Vedomosti Nauchnogo
centra ekspertizy sredstv medicinskogo primeneniya = The
Bulletin of the Scientific Centre for Expert Evaluation of
Medicinal Products. 2013;(3):8-11. (in Russ.).

About the author:

7. Kapnosa A.C., Koukuna }0.B., Kemqux C.A. Uzyue-
HHE MPOTHBOBHPYCHON aKTUBHOCTH KOMIUIEKCHOTO TMperapa-
Ta ¢ aMUHOKAaIPOHOBOM KUCIIOTOM ISl IPO(QHIAKTHKH TPHII-
na u OPBU. Paspabomra u pecucmpayusi 1eKapCmeenHbix
cpeocms. 2019;8(2):22-26.
https://doi.org/10.33380/2305-2066-2019-8-2-22-26

8. EBceena A.C., Koukuna 1O.B., Kpacmisaukos 1.B., Ke-
vk C.A., Epemun I.B., Cycnos B.B. IIporusoBupycHas u uM-
MYHOMOIYITHPYIOIIasi KOMOWHAIIMS Ha OCHOBE aMUHOKAIIPOHOBOM
KHUCIIOTBI M COTIONTMMEpaA 2-METHII-5-BUHIIITUPUINHA 1 N-BUHHUII-
mupponuaona. [larenr PO Ne 2669810. 3asska ot 21.06.2017,
omy6i. 16.10.2018 . Broyut. Ne 29.

9. EBceea A.C., Bopdosnomeera E.B., Koukuna 10.B.,
Kenuk C.A., Boctpo 1.A. Crioco0 KOJIMYECTBEHHOIO OIpe-
JeTIeHNs] aMIHOKAIPOHOBOM KHCIIOTHI TIPH €€ COBMECTHOM TIPH-
CYTCTBHUH C COMOJIUMEPOM 2-METHII-5-BUHIIIIIUPUINHA U N-BU-
aumpponugona MetonoM BIXX. Tlatent PO Ne 2700167.
3asBka ot 13.09.2018; omyou. 13.09.2019 . bromu. Ne 26

10. KpaBuenko 1. A. CriocoObl BBE/ICHHS JICKAPCTBEHHBIX
npenaparoB B Opranus3M. MHTpaHa3albHOE BBEICHHE JICKAPCT-
BeHHBIX TpemaparoB. Omecca: Actpompunt; 2009. 164 c.
ISBN 978-966-190-128-4

11. Kundoor, V., Dalby, R.N. Effect of formulation-
and administration-related variables on deposition pattern of
nasal spray pumps evaluated using a nasal cast. Pharm. Res.,
2011;28(8):1895-1904.
https://doi.org/10.1007/s11095-011-0417-6

12. Cakaesa MN.B., Bynsrsn H.J., Kosanesa E.JI., Ca-
kaassa E.W., Mutekuna JILLU., [Ipoxomo U.A., Hlenexuna
E.C., Mutbkuna 10.B. OcHOBHBIE MTOAXO/bI K U3YYCHHUIO CTa-
OMIBHOCTH JIEKAPCTBEHHBIX CPEJICTB: OTEUSCTBEHHBIH U MEXK-
JIYHapOIHbIH onbIT. Bedomocmu Hayunozo yenmpa sxcnepmu-
361 cpedcme meduyuncko2o npumenenus. 2013;(3):8-11.

Anastasiya S. Karpova, Senior Quality Specialist, JSC “Institute of Pharmaceutical Technology” (of. 1, 21, Skolkovskoe

shosse, Moscow, 121353, Russia). E-mail: karpova@ipt.ru.com.

06 aemope:

Kapnoea Anacmacust CepzeeeHa, IaBHbIH CIENHUATUCT 10 KauecTBY AKIMOHEpHOro obmectBa « MHCTUTYT
(dhapmarneBTnueckux texHoioruiy» (121353, Poceus, r. Mocksa, CkonkoBckoe 11, a. 21, od. 1). E-mail: karpova@ipt.ru.com.

Submitted: October 25, 2019, Reviewed: November 26, 2019; Accepted: January 24, 2020.

Translated from Russian into English by H. Moshkov

Edited for English language and spelling by Enago, an editing brand of Crimson Interactive Inc.

Tonkue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(1):67-75

75


mailto:karpova@ipt.ru.com
mailto:karpova@ipt.ru.com

ANALYTICAL METHODS IN CHEMISTRY
AND CHEMICAL TECHNOLOGY

AHAAUNTHYECKHE METO/AbI
B XHMHHU H XHMHYECKOH TEXHOAOT'HHA

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2020-15-1-76-83 [@)sy |
UDC 539.217.1
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Objectives. This study aims to establish the available porosity of a sorbent based on carbonized
rice husk and investigate its sorption properties for oil and oil products.

Methods. A rice-husk-based sorbent carbonized at 400°C for 30 min was selected as the subject.
The porosity of this sorbent is analyzed with the help of mercury porosimeters, the Pascal 140 EVO
and Pascal 240 EVO. The sorption properties of the sorbent are also studied when cleaning water
containing oil and oil products.

Results. The test sample is a bulk porous material with a pore volume of 0.015 cm/g; porosity
higher than 15% was found, and the pore size distribution is shown. Studies were conducted on
the sorption of oil and oil products as well as the possibility of using the aforementioned sorbent
as a filtering material in the purification of water containing oil products. We investigated the
sorption processes under dynamic and static conditions. The methodology for measuring the
porous structure of solid materials on the mercury porosimeter, Pascal 140 EVO, was examined.
The texture characteristics of the sorbent’s porous structure were determined, which is primarily
the total volume of pores, the values of the specific surface area, and the volume of the microspores
and mesopores.

Conclusions. The materials studied can be used as sorbents with a developed porous structure
for purification of water with dissolved and emulsified petroleum products.

Keywords: porosimetry, porosity, sorbent, sorption, pore volumes, oil, petroleum products,
rice husks.
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IIpuMeHeHne MeTOIa PTYTHOM MOPO3UMETPUH
B aHAJIM3e COPOLMOHHBIX MATEPHAJIOB

P.K. Kocroes, [A.C. Tounen, 3.H. Huaxo, 3.X. Cyarsirosa, P./I. Apuakosa,

B.A. TemupxanoB®, A.5SI. YxxaxoBa

Hreywickuii 2ocyoapcemeeHHblil yHusepcumem, Pecnybauxa Hreywemus, Mazac, 386001 Poccust

@Aemop ona nepenucku, e-mail: baga@inbox.ru

Ienw. Llenvto 0aHHOU pabombl S8UNOCL YCmaHo8/leHUe 00CmynHoll nopucmocmu copbeHma Ha
OCHo8e KapbOOHU3UPOBAHHOT PUCO8OTL LUEeNYXU U Uccedo8aHue e20 COpOUUOHHBLX c8OTicma no om-
HOWleHUI K Heghmu U HegpmenpooyKkmam.

Memoodut. B kauecmea obbekma ucciedosaruss 6ol eblbparH copbeHm HA 0CHO8e PUCO8oTl
wenyxu, kapboHusuposaHHoti npu 400 °C e meueHue 30 MuH. [ns Hez0 NPOAHANUIUPOBA-
HQ NOPUCMOCMb ¢ NOMOULLH pmymHblx noposumempoes Pascal 140 EVO u Pascal 240 EVO, a
maxoKke usyueHsl cOpbyUOHHbLE ceolicmea copbeHma 8 npoyecce oUUCmMKU 800bL OMm Hedpmu
u HegpmenpooykKmoa.

Pesynoemamet. [lokasaHo, umo obpaszey copbeHma Ha OCHO8e pucogoli uenyxu sieasiemest 06o-
EMHO-NOPUCTMBIM MAMEPUATIOM C YOeNbHbIM 06bemom nop 0.015 em®/ 2. [TIpedcmaesneHo pachpe-
desleHue nop no pasmepam. YcmaHoesieHo, umo 00CMmYynHAsl NoOpucmocms cocmasssiem bosiee
15%. IIposedeHnbl uccnedo8aHust no copbyuu Hegpmu u Hegpmenpooykmos, a markske noKasaHa
B03MOIKHOCMb NPUMEHeHUs. YKA3aHH020 copbeHma 8 Kauecmee puibmpyrouiezo mamepuaia
npu ouucmke 800blL om Hedpmenpooykmos. CopOUUOHHBLE NPOUECChbL UCCIe008AHbL 8 OUHAMUUE-
CKUX U cmamuuecKkux ycnosusix. HMayueHvl memoouueckue acnexmol UamepeHus napamempos
nopucmoti cmpyxkmypsl meepoblxX Mamepuaiog8 Ha pmymHom noposumempe Pascal 140 EVO.
OnpedesieHbL meKkcmypHble XapaKmepucmuKu nopucmoti cmpyKkmypbl AHAAUIUPYEM020 coOpOeH-
ma: obuuti o6'vem nop, eeNUUUHA YOesbHOU nogepxHOCmU nop, 06 bem MUKPO U Me30Nop.
Bwbreoost. Hcenedyemvie mamepuansl mo2ym b6bimb NpuMeHeHbl 8 Kauecmse copbeHmos,
obradarowux pazsumoti nopucmotii cmpykmypotl, 08 OUUCMKU 800bL OM PACMEBOPEHHbLX U
AIMYNBL2UPOBAHHBLX HEPmenpooyKkmos.

Knroueesle cnosea: noposumempus,, nopucmocms, copberm, copbyus, obvemvl nop, Hegpmo,

HeghmenpooyKkmobl, PUCO8AS ULeNYXA.

Jna yumuposanusa: Kocroes P.K., Tounes /[.C., Hunxo D.U., CynteiroBa 3.X., Apuakosa P.JI., Temupxanos b.A.,
Yxaxosa JI.A. IIpumenenue MeTosa pTyTHOM IOPO3UMETPUU B aHAIN3€ COPOLIMOHHBIX MaTepUasloB. ToHKue Xumuieckie mexHo-
nozuu. 2020;15(1):76-83. https://doi.org/10.32362/2410-6593-2020-15-1-76-83

INTRODUCTION

Currently, the wuse of raw plant material
byproducts as sorption materials is critical. Studies
of parameters, such as porosity, sorption capacity,
mechanical strength, and others, provide information
that allows us to predict the future use of raw plant
material byproducts as sorption materials.

This work aims to establish the available porosity
of a sorbent using carbonized rice husk (CRH) and
study the sorption properties of oil as well as oil
products.

Mercury porosimetry is one of the tools for
studying the porous structure of a solid. It is very
versatile because it provides information about a
porous structure in a wide range of pore sizes, and its
calculation equations are simple [1]. This method can

also be used to measure the specific surface of dispersed
bodies under conditions when the highly concentrated
particulate matter, e.g., a powder, has a relatively low
surface energy. Mercury does not wet the surface of its
particles when there are no one-side open pores, and the
pressure in the porosimeter allows mercury to penetrate
the smallest micropores of the sample [2].

The method for measuring porosity with mercury
porosimetry consists of adding mercury to a previously
evacuated vessel with a sample and increasing the
pressure sequentially. The level of mercury in the
vessel decreases as it penetrates the pores. If this
level is measured accurately enough, we can plot the
pressure of the volume of the pressed mercury as a
function of pressure, calculate the diameters of the
filled pores and, construct a program [3].
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MATERIALS AND METHODS

Rice husk grown in the Krasnodar krai was
crushed to a particle size of less than 1 mm and used
as a raw material for the production of the sorbent; it
was subjected to carbonization for 30 min at 400°C.

The porosity, as well as the bulk, apparent, and
real (skeletal) density, of the material was measured
on a Pascal 140 EVO mercury porosimeter and
Pycnomatic ATC helium pycnometer from Thermo
Scientific, according to the guidelines in the Pascal
mercury porosimeter user manual’.

The pore volume distribution was calculated by
the amount of mercury that penetrated the pores of
the samples and the equilibrium pressure at which the
penetration phenomenon occurred. The calculations
rely on assumptions such as the surface tension of the
mercury and the wetting angle of the solid material
must be constant during the analysis; the pressure
during mercury penetration is the equilibrium
pressure; the pores have a cylindrical shape; and solid
materials are not subjected to deformation under the
influence of high pressure.

The following parameters were recorded
during the experiment: the experiment temperature,
calculated mercury density, degassing time before
filling the dilatometer, air pulse, degassing pressure,
maximum pressure, maximum speed increase,
maximum speed decrease, increase in pump speed,
decrease in pump speed, distance between electrodes,
dilatometer cone height, dilatometer rod radius,
dilatometer number, empty dilatometer weight,
sample weight, skeletal density of the sample, and
contact angle of the mercury sample.

RESULTS AND DISCUSSION

The data were obtained from the porosimeter.
The skeletal density of the material, 1.18 g/cm?, was
measured with a helium pycnometer. We qualitatively
determined the degree of compression; this could be
adjusted using the SOLID software.

Figure 1 shows the intrusion curve (the
dependence of the volume of depressed mercury on
the applied pressure).

Figure 2 shows the pore size distribution data.
Three peaks are clearly distinguished in Fig. 2, pores
with a diameter of 9.1072, 36.1200, and 8.0432 pm.
Based on the mercury intrusion data, the following
material characteristics were calculated via the
SOLID software:

— The total specific pore volume is 0.01578 cm?/g.

— The specific pore surface area is 0.001 m?/g

"Mercury porosimeters of a PASCAL EVO series and SOL.1.D
software. User guide, P/N 31713070, Edition A, Italy, 2017.
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Fig. 2. Pore diameters of the carbonized rice husk.

(calculated according to the model of cylindrical and
slit-like pores).

— The average pore diameter is 9.5113 pm
(determined as four-fold pore volume divided by area.
In this method, the pores are considered cylindrical).

— The median pore diameter is 10.9914 um
(defined as pore size calculated at 50% of the total
pore volume).

— The most common pore diameter is 9.1072 pm
(defined as the pore size at the maximum peak of the
dV/dlogD derivative).

We analyzed the pore size distribution of the test
material. Figure 3 shows a histogram of the pore size
distribution (information was obtained only on the
Pascal 140 EVO device).

We constructed a histogram of the distribution of
the specific surface area by pore size (Fig. 4) based
on the model of cylindrical and slit-like pores.

As can be seen from the study, mercury porosimetry
allows one to obtain information about the porous
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structure of the studied sorbent, as well as its density and
total surface.

Table 1 presents the results of the analysis of a
sample of rice husk carbonized at 400°C.

After solving the main problem of determining
the pore volume of the CRHs, we studied the sorption
properties of this sorbent with oil and oil products
in dynamic and static conditions. We used oil from

the Malgobekskoe field of the Republic of Ingushetia,
AI-93 gasoline, and summer diesel fuel to determine
the sorption capacity of the CRH. The characteristics
of the oil are given in Table 2 [4].

It was previously established that the sorption of
oil and oil products under static conditions by various
sorbents depends not only on the pore volume of the
sorbents but also on the viscosity of the absorbed
substance and the duration of contact [5]. The sorption
capacity of the CRH was determined gravimetrically,
calculated as the ratio of the mass of the absorbed
oil and oil products to the mass of the sorbent in the
range from 5 to 120 min. The effectiveness assessment
of the studied sorbents was determined according
to TU 214-10942238-03-95 [6]. The results of the
sorption capacity of the sorbent based on CRH for oil
and petroleum products are summarized in Table 3
(average of three definitions).

From the data shown in Table 3, it is apparent that
the full sorption capacity of the studied sorbent is low.
However, carbonized carbon-containing substances
can be effectively used for wastewater treatment.

The sorption characteristics of the CRH were
studied under dynamic conditions by filtering the
solution to be purified through a fixed adsorbent
layer to determine the possibility of wastewater
treatment of water with oil and oil products using
the CRH. The equilibrium conditions were achieved
at a constant temperature of 25°C and an oil concentration
of 23.5 mg/l. The initial concentration of oil in the
water was determined by the gravimetric method [7],
based on the separation of oil products from water
by extraction with hexane. This was followed by
chromatographic separation of oil products from
compounds of other classes in a column filled with
aluminum oxide. The effectiveness of the sorbent
was evaluated for distilled water contaminated with
oil with a concentration of 23.5 mg/I.

A column with a height of 50 cm and a diameter
of 3 cm was filled with a sorbent to a height of 20 cm;
the total mass of the sorbent was 5 g. The solution
was fed from above, and it passed by gravity through
the sorbent layer. In this case, the water transmission
rate (space velocity) was 6 ml/min.

Table 1. Results of the porosity analysis of the material studied

I:If(l:::ter l;: I;Egl::tn(ll::cs:g’ Available Closed cell Specific pore Specific surface
Py . . y porosity, porosity, volume, area of pores,
real density, porosimetry, % % e/ melg

g/cm? g/cm?
1.18 0.3941 15.750 44.83 0.01575 0.001
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Table 2. Physical and chemical parameters of the oil

N Parameters Experimental Results of the
. Method Experiment
1 Density of the oil, kg/m?* at 20°C GOST 3900-85 833.7
Kinematic viscosity, cSt,
2 at no higher than 20°C GOST 33-82 12.35
at no higher than 50°C 5.28
Dynamic viscosity, mPaxs,
3 at 20 °C GOST 33-82 10.3
at 50 °C 4.40
Sulfur content, mass %, GOST 1437-75 0.31
4 including:
hydrogen sulfides GOST 17323-71 Traces
mercaptans 0.0075
5 Chloride content, mass % (mg/dm®) GOST 21534-76 0.010 (82.03)
6 Silica gel resin content, mass % 1.08
7 Paraffin content, mass % GOST 11858-66 2.1
8 Asphaltene content, mass % 0.03
9 Water content, mass % GOST 2477-65 None
10 Mechanical impurity content, mass % GOST 6370-83 0.001
11 Pour point, °C GOST 20287-96 -20
12 Paraffin melting point, °C GOST 4255-75 +54
13 Closed cup flash point, °C -17
14 Open cup flash point, °C GOST 4333-87 0
15 Flash point, °C +11
16 Saturated steam pressure, kPa (mm Hg) GOST 1756-52 24.4 (183)
17 Acidity, mg KOH/100 cm? GOST 5985-79 0.015
18 Ash content, % GOST 1461-75 0.017
GOST R 8.903-
19 Molecular mass 2015 213

80
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Table 3. Sorption capacity of the carbonized rice husk (CRH) for oil and its products

Oil sorption capacity, g/g
Sorbent
5 min 10 min 30 min 60 min 120 min
43 4.7 4.9 5.1 5.2
Sorption capacity for diesel fuel, g/g
CRH 4.4 4.6 4.8 5.0 5.0
Sorption capacity for gasoline (AI-93), g/g
2.1 33 3.9 3.5 3.8
Table 4. Concentration of oil products in water before and after CRH filtration (sample volume is 250 ml)
Oil concentration, mg/l
Sorbent After filtration
Before filtration
Sample 1 Sample 2 Sample 3 Sample 4
CRH 235 0.22 0.26 0.31 4.8

Purified water was collected in four 250 ml
samples. At the exit from the column, the clear water
obtained corresponds to RD 52.24.496-20052.

The maximum permissible concentration (MPC) of
oil products in water, according to SanPiN 2.1.4.1074-01,
“Drinking water. Hygienic requirements for water
quality of centralized drinking water supply systems.
Quality Control,” is 0.1 mg/dm®. The MPC of oil
products in wastewater is 0.3 mg/1.

The analysis of water for residual oil content
was carried out by infrared spectroscopy using an
InfraLUM FT-08 IR Fourier spectrometer. It indicated
that the oil concentration in the water is below the
MPC for wastewater. The determination of the
petroleum products present in the samples was carried
out according to the procedure, M-01-39-2010°.

Data on the concentration of petroleum products
in purified water are given in Table 4.

As can be seen from Table 4, after the first three
samples, that is, after 750 ml of contaminated water
is filtered, oil products slip through the sorbent bed,
pores begin to clog, and sorbent regeneration is
required. The cleaning efficiency decreases from the

first sample to the last, and the concentration of oil in
the first two samples remains below 0.3 mg/I.

CONCLUSIONS

Using mercury porosimetry via a Pascal 140 EVO
device, we determined the main characteristics of a
sorbent made from CRH. The studied sorbent samples
are volume-porous materials. The studied materials can
be used as sorbents with a developed porous structure.

We established the sorption capacity of the CRH
for oil and oil products, which amounted to 2—5 g/g. We
investigated the sorption process of oil products with a
sorbent of rice husk in dynamic conditions. We showed
that the CRH sorbent purifies water with dissolved and
emulsified oil products.
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