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Abstract

Objectives. Due to their structures, pentaerythritol esters have a number of appealing properties
such as high viscosity index when used as oils and excellent compatibility with polyvinyl chloride
when used as plasticizers. For the production of pentaerythritol and carboxylic acids, natural gas
can be used as a feedstock, which implies a strategic development of the petrochemical industry,
a decrease in the amount of gas used for combustion, and its applications for the production of
chemical products.

Methods. The synthesis process was conducted in a self-catalysis mode with excess acids in
a molar ratio of 8:1 and in the presence of a solvent (toluene) of ~30% per reaction mass. This
ensures a uniform distillation of the reaction water at a constant temperature of 100-110°C, a
decrease in the side reaction products, and an increase in process selectivity. The products from
the reaction mass were isolated by vacuum distillation, and identification of all the synthesized
tetraesters was performed by chromatography—-mass spectrometry analysis.

Results. This work proposes options for optimizing the conditions of the thermal esterification
of pentaerythritol with isomeric monocarboxylic acids (isobutyric, isovaleric, pivalic, and
2-ethylhexanoic acids) that have different reactivities due to their structures. Methods for isolating
tetraesters of pentaerythritol and corresponding acids have been developed. The characteristics
of the main series of ions of tetraesters of pentaerythritol and aliphatic isomeric acids C,~C, in
the mass spectra were obtained.
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Conclusions. The yields of tetraesters were at 95%—96% of the theoretical value, and product
purity was >99.6%. The resulting target products (tetraesters) were characterized by relative color
stability, where the maximum degree of color after cleaning was less than 20 units according to
Hazen (180 units for tetra-2-ethylhexnoate), which corresponds to the standards in GOST 29131-91
(ISO 2211-73). The esterification rates were compared, and it was shown that the quantitative
yields of isomeric tetraesters at 100-110°C were achieved in 12-15 h for isobutyric and isovaleric
acids, 25-27 h for 2-ethyl-hexanoic acid, and ~40 h for pivalic acid.

Keywords: pentaerythritol, carboxylic acids, esters, esterification, gas chromatography-mass
Spectrometry

For citation: Emelyanov V.V, Krasnykh E.L., Fetisov D.A., Levanova S.V., Shakun V.A. Features of the synthesis
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HAYYHAS CTATbA

OcCo0eHHOCTH CHHTE3A CJIOKHBIX I(PUPOB MEHTAIPUTPUTA
U ATH(PaTHIECKUX KAPOOHOBBIX KUCJIOT H30MEPHOI0 CTPOEHUS

B.B. EmeanaHoB, E.A. KpacHbix", [I.A. PeTucon, C.B. AeeaHoBa, B.A. IllakyH

Camapcruil 2ocydapcmeeHHblil mexHuueckuil yHugepcumem, Camapa, 443100 Poccust
MAemop ons nepenucku, e-mail: ekras73@mail.ru

AHHOMAyus

Ienu. CnoxkHble agpupbl neHmaspumpuma 3a cuem cgoell cmpykmypel obaadarom psioom npu-
ea/leKamesibHblX ce0licma: 8blCOKUM UHOEKCOM 8513KOCMU NPU UX UCNOJIb308AHUU 8 Kauecmee ma-
cen U OMAUUHOU COBMECMUMOCMBIO C NOAUBUHUNXA0PpUOHbIMU (TIBX) nosiumepamu npu ux uc-
nosb3oeaHUU 8 Kauecmae naacmuguramopos. Ilpu 9mom ucxooHbIM Colpbem 0Nt npouzeoocmea
KaK neHmaspumpuma, mak U KapOdoHO8bLX KUC/IOM MOXKem CAY>KUMmb NPUPOOHbBLU 2a3, Umo aK-
MYAanbHO ¢ MOUKU 3PEHUSL CHUXKEHUSL 00beMos 2a3a, Hanpasasiemoz0 Ha CokUu2aHue, U e20 UCnolb-
308aHUe 8 npousgoocmee xumuueckoll npooykyuu. Lleno pabomut — pazpabomra HO8bLX Memooos
cuHmesa mempasgupos neHmaspumpuma u arugamuueckux usomepHolx kucaom C,~C,.
Memooeut. [Ipouecc npogooUNU 8 perXkume CaMOKAMAaAu3a npu usbbimie Kuciomot 8 MOJbHOM
coomHowerHuu 8:1, a marrke 8 npucymemaeuu pacmegopumenst (moayona) ~30% Ha peaKyuoHHYO
Mmacey, obecneuusarou,ezo pasHOMePHbLLIL 0M20H PeaKyUOHHOU 800bL NPU NOCMOSIHHOU memnepa-
mype 100-110 °C, ymeHbweHUe NPpoOYKmMo8 NoboUHbLX peaKyull U nogblileHuUe celeKmusHocmu
npouecca. IIpooyxkmel U3 peaKyuoHHOU MACCbL 8blOENSINU MEeMOOOM 8AKYYMHOU peKkmugpura-
yuu. Hoenmugurayus ecex CUHmMe3Upo8aHHbIX mempaspupos npoeeoulacs C UCNONb308aAHUEM
XPOMAMOMACC-CNEKMPOMEMPUUECKO20 AHANUA.

Pesynemamet. B pabome npeonoreHbl 8GPUAHMbBL ONMUMUSAYUUU YCA0BUTL MepMUUEeCcKoll sme-
pugurkayuu neHmaspumpuma U30MepHbiMU MOHOKAPOOHOBBIMU KUCAOMAMU (USOMACASHOU,
usosanepuHoeoll, NUBALe8oll, 2-amuieeKcaHogoli), obaadaruumu 3a cuem cgoeil cmpyKkmypbol
PasnuUUHOU peaKyuoHHOU cnocobHocmetro. PaspabomaHsbl memoduku gvloesieHust mempasgpupos
neHnmaspumpuma u coomeemcmayrouux Kucrom. IlonyueHsl xapaKkmepucmuKu OCHOB8HbLX ce-
pull uoHo8 mempaspupos neHmaspumpuma u aaugamuueckux usomeprolx kucrom C~C, e
Mmacec-cnekmpax.
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Bble0o0bl. B npediosKeHHbLX YCA08USX NPogedeHUsl NPouecca 8blxo0 mempasgpupos cocmasu
95-96% om meopemuueckozo ¢ uucmomoti He meHee 99.6%. IlonyueHHble yenesble NPooYyKmol
(mempasagpupsl) xapaKmepusyromest OMmHOCUMENbHOU U8emocmabu/ibHOCMbIO: MAKCUMANLHAS
cmeneHb OKpauleHHOCmU nocsae ouucmwku cocmaensiem He bonee 20 ed. no XaszeHny (Onsi me-
mpa-2-smunezexcaroama — 180), umo coomeemcmeyem I'OCT 29131-91 (MCO 2211-73). Konu-
yecmeeHHble 8blx00bl U3oMePHbLX mempaagupos npu 100-110 °C docmuearomesi: 3a 12-15 u
0151 UBOMAC/SIHOU U U308ANEPUAHO80T Kucaombl, 25-27 u onst 2-amusi-eekcaHogoll u ~40 u ons

nuseaseeotl Kucaiomod.

Knroueevle cnoea: nenmaspumpum, KapOoHO8ble KUCA0MbL, CI0XHbLE IPUpbL, sImepudurayusi,

xpomamo-macc cnexkmpomempusi

Jlna yumuposanua: Evenssnos B.B., Kpacubix E.JI., ®erucos I.A., Jlesanosa C.B., lllakyn B.A. OcobeHHocTu cuHTe3a
CJIOKHBIX (DUPOB MEHTAIPUTPHUTA U ATUPATUICCKUX KAPOOHOBBIX KUCIOT H30MEPHOTO CTPOCHHUS. TOHKUE XUMUUECKIUE MEXHONOSUU.
2022;17(1):7-17. https://doi.org/10.32362/2410-6593-2022-17-1-7-17

INTRODUCTION

Pentaerythritol (PE) esters and carboxylic acids
of aliphatic structure have a high flash point (>200°C)
and attractive values of viscosity index (=135) and
flow temperature [1, 2]. An important feature of these
compounds is their performance at low temperatures,
including in Arctic conditions [3, 4]. The properties
of tetraesters depend on the chemical nature of the
acid residue and the possibility of combining various
acid residues. It is known that solid PE esters of linear
fatty acids C,~C,, are recommended as components
of technical lubricants, cosmetics, and pharmaceutical
preparations [2]. PE tetraesters and aliphatic linear
acids with an average chain length of the alkyl group
(C,~C,) correspond to the scarce lubricating oils of
the 5th group and have plasticizing properties [3, 5, 6].

Of particular interest are products obtained
using isomeric acids for the esterification of PE.
Isostructured tetraesters with a molecular weight
from 300 to 900 g/mol have high thermal stability,
and their plasticizing effect exceeds the effect of the
most common industrial phthalate plasticizers by
1.5-2.0 times [2]. Unfortunately, information on the
esterification of PE with isomeric carboxylic acids,
which could be used to develop effective methods

for obtaining esters with desired properties, is rather
scarce.

Analysis of the raw material market showed
that the existing natural gas-based oxosynthesis
technologies in Russia are at the level of foreign
analogs and are able to provide the production of esters
with polyatomic alcohols and carboxylic acids as raw
materials. The global production of PE in 2018-2021
amounted to ~500000 t/year, and 5% of which is
produced in Russia. Unfortunately, the current main
consumers of PE in Russia are the manufacturers
of inexpensive paint and varnish products, whereas
~60% of Russia’s PE is exported to Europe and Asia.'

It is important to note here that the process of
oxosynthesis for the production of oxygen-containing
compounds from natural gas is mainly focused on
maximum regioselectivity for products with linear structure,
which account for 70%—-75% and the rest is isostructured
aldehydes that can be used to produce isomeric carboxylic
acids [7]. Thus, there is a need to develop new more
technologically advanced options for the synthesis of PE
tetraesters and aliphatic isomeric acids C,—C,.

' Godovoi otchet kompanii “Metafraks” (Annual
report of the Metafrax company). 2018. 124 p. (in Russ.).
URL: https://metafrax.ru/files/disclosure_documents/10
RU 1597244243 .pdf. Accessed December 10, 2022.
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EXPERIMENTAL

Commercial samples of PE and isomeric aliphatic
acids with a purity of at least 97 wt % (Sigma-Aldrich,
USA and Vekton, Russia) were used as initial reagents
(Table 1).

The design of the reaction units of the process
depends on the type of the catalyst used. Three variants
of the industrial esterification process are known:
self-catalysis, homogeneous catalysis in the presence
of mineral acids, and heterogeneous catalysis using
ion-exchange resins [8]. The possibility of using any
of the listed catalysis options is ambiguous, especially
in the presence of fragments in the molecules of the
initial compounds responsible for the appearance of
steric and/or induction effects that affect the speed of
the process [9].

Inthe conditions of self-catalysis, we are dealing with
a slow reversible reaction proceeding by a carbonium-ion

Table 1. Characteristics of the acids used

mechanism. The use of mineral acids can increase the
reaction rate tenfold [9]. However, there are risks of
adverse reactions such as dehydration and tarring, which
lead to the formation of colored samples (Hazen color
reaches 500 units at the maximum permissible according
to GOST 29131-91% from 20 to 80—100 units for esters)
[10, 11]. In this regard, it is necessary to conduct a set of
measures for the purification of target products, which is
characterized by the complexity of the technology and
the use of expensive reagents [10, 11]. Heterogeneous
catalysis using cation exchange resins has undeniable
technological advantages of less corrosion, ease of
separation from the reaction mass, and organization of
continuous processes over homogeneous acid catalysis
especially for low-molecular reagents [12, 13]. However,
the disadvantage of this approach is the more stringent
process conditions, where higher reaction temperature
and amount of catalyst are required. This leads to tarring
of the reaction mass and a decrease in the color stability

No. Acid name Formula T bp? °C Dissociation constants pK
OH
1 Isobutyric acid / 2-methylpropanoic 155.0 4.86
o
O
2 Isovaleric / 3-methylpropanoic M 176.5 4.78
OH
)
3 Pivalic / 2,2-dimethylpropanoic >‘)‘\OH 163.8 5.05
O
4 2-Ethylhexanoic /\/\i‘\OH 227.0 -

2GOST 29131-91 (ISO 2211-73) Liquid chemical products. Measurement of color in Hazen units (platinum-cobalt scale).

Moscow: IPK Izd. standartov; 2004 (in Russ.).
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of the target products, which sharply limit the possible
areas of their applications.

Analysis of the available information and
results of preliminary studies (conversion, reaction
time, quality of the samples obtained, and stability
of the reaction mass) resulted to the use of the self-
catalysis mode for the esterification process. Table 1
shows that the acid strength values of isomeric acids
are similar. Their pK values are comparable and are
between the first and second stage of the dissociation
of orthophosphoric acid (pK, = 2.12, pK, = 7.2),
which is widely used in industrial homogeneous
catalysis.

In the synthesis of isomeric PE tetraesters, the
method of thermal esterification under self-catalytic
conditions for linear carboxylic acids C4-C7 [5]
served as the basis. To overcome thermodynamic
limitations, the process was carried out in the presence
of excess acids at a molar ration of 8:1 to achieve
pseudo-zero order reaction and in the presence of a
solvent (toluene) of ~30% of the reaction mass for
uniform distillation of reaction water at a boiling point
of azeotrope 100—110°C. The reaction proceeds without
abrupt temperature increase and with high selectivity.
The maximum degree of color of the reaction mass is
300-350 units according to Hazen [12].

The target products—tetraisobutyrate and
tetrapivalate—are solid crystalline substances.
After distillation of azeotrope (toluene + water) and
excess acids (vacuum distillation), solid esters were
isolated by recrystallization using methanol (for
tetraisobutyrate) and acetonitrile (for tetrapivalate).
The masterbatch solutions were partially distilled
after filtration (fractional recrystallization method),
which made it possible to reduce the loss of target
products by up to 5%. The reaction mass was
analyzed by standard chemical and physicochemical
methods [5].

Purification ofliquid tetraisovalerate was conducted
by vacuum distillation (fraction selection at 290-298°C
(26 mmHg)). Due to the high boiling point of tetra-2-
ethylhexanoate, the methanol extraction method was
used after distillation of unreacted carboxylic acids in
vacuum. After the addition of methanol, the resulting
mixture was stirred at elevated temperatures, while
no side reaction of transesterification was observed.
Then, the mixture was keptatnegative temperatures for
12 h. After delamination, the product was separated
by decantation followed by evaporation of the
solvent residues. The last stage of purification of
the target product, if necessary, was clarification
on bentonite clay, according to the method we used
by in our previous work [5]. The return of solvent
and excess acids to the cycle helps to minimize
losses during synthesis. The purity of the obtained
tetraesters was >99%.

Identification of the obtained mixtures and
purity of the products were determined by gas
chromatography—mass  spectrometry  (GC-MS)
using an Agilent 6850 gas chromatograph (Agilent
Technologies, USA) that was equipped with an Agilent
HP-5MS capillary column (30 m x 250 pm X 0.25 pm),
an Agilent 5975C VL MSD mass selective detector,
an ionizing voltage of 70 eV, and a NIST 2017 v. 2.3
spectra database.

The melting point was measured in accordance
with GOST 33454-2015°. The crushed solid samples
were driven into a capillary sealed on one side, which
has an internal diameter of ~1 mm and a wall thickness
of about 0.2—0.3 mm. The level of filling with the
test substance was at the 3 mm. Temperature was
fixed and monitored using a mercury thermometer
(error £ 0.1°C). Temperature measurement was
carried out in a container with a circulating
coolant (polymethylsiloxane PMS-200), in which
the tip of the thermometer containing a mercury
ball was immersed. The heating rate was about
3°C/min until a temperature less than 10°C of the
estimated melting point of the compound under study
was reached. Afterwards, the heating rate was reduced
to 1°C/min, while the capillary was immersed in the
container so that it came in contact with the middle of
the mercury bulb of the thermometer.

Liquid samples were loaded into a test tube and
placed in a container with a refrigerant (methanol),
and the mixture was subjected to constant stirring.
An immersion Huber cryostat equipped with a
cooling rate regulator was used to maintain the the
tank temperature. The substance was constantly
mixed. After crystallization, the compounds were
slowly heated at a rate of 1°C/min.

The normal boiling point was determined
by the Sivolobov method. The measured sample
was loaded into a glass tube with a diameter of
0.5 cm and a capacity of 0.3-0.5 mL. A capillary
sealed at one end with an internal diameter of
1 mm was immersed in the liquid. The installation
was immersed in a container with a stirred
coolant (PMS-200). Heating speed was 1°C/min,
and temperature was measured using a mercury
thermometer. Boiling point was measured upon the
intense release of vapor bubbles from the capillary.
Then, the installation was cooled, the test liquid
was drawn into the capillary, and the temperature
was recorded during this phenomenon. The adjusted
boiling point was calculated as the average between
the two values.

3 GOST 33454-2015. Interstate Standard. Testing of
chemicals of environmental hazard. Determination of the
melting point/melting range. Moscow: Standartinform; 2019
(in Russ.).
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RESULTS AND DISCUSSION

Table 2 indicates the characteristics of all the
synthesized PE tetraesters. Of all the compounds in
the NIST 2017 database, only the mass spectrum for
pentaerythritol tetrapivalate is available. Figure 1
shows the mass spectrum of the electron impact of
the PE tetrapivalate obtained in this study. The mass
spectrum available in the database is shown in Fig. 2.

As can be seen from the mass spectra in Figs. 1
and 2, the mass characteristic ions and radical ions are
identical with a difference only in intensity, which is
explained by the difference in the energy of ionizing
electrons and the temperature regime of ionization.

The characteristics of the mass spectra of
the tetraesters of PE and C,-C, carboxylic acids
synthesized in this study are given in Table 3. From the
data presented, it can be seen that the mass spectra of
the branched C ~C, PE tetraesters and the previously
studied mass spectra of linear C,~C, carboxylic acid
tetraesters [5] have the following characteristics:

» Absence of a molecular ion associated with

rapid cleavage of fragments (C,H,, O and

C,H,, ,0") and water molecules. N

* Anincreaseinion intensity [M*' -C,H,, ,0;

and [M*' —CnHz,lilO;;—CnHZ”sz]+ with an

increase in the number of carbon atoms in the

carboxylic acid from C, to C,.

* A relative intensity of 100% for C,H,, O°

ion for all the considered compounds with

the exception of tetrapivalate and tetra-2-
ethylhexanoate in the mass spectra, where the
intensity is weakened due to branching in the
structure of the remainder of the carboxylic acid,

Table 2. Properties of the resulting products

in which there is a rupture of the C—C bonds

with intense emission alkyl carbocations ( C,Hy

for tetrapivalate, C,H; and C,H[ for tetra-2-
ethylhexanoate).

+ Anincrease in the intensity of C, \H,, | in the

spectrum due to the presence of branching in the

carboxylic acid residue. .

. Presence of the[M“—CH; ion and the

maximum intensity of theC,H; ion in the

tetrapivalate mass spectrum, which is explained
by the energetically advantageous decay paths of

a tertiary butyl substituent.

The data obtained in this work were used to
estimate the rate of formation of esters in the presence
of excess isomeric acids in the kinetic regime, which
was provided by effective mixing of the reaction
mass at a speed of ~1000 rpm and azeotropic removal
of reaction water at a temperature of 100—-110°C.

Figure 3 shows the experimental results
illustrating the successive transformations of PE into
mono-, di-, tri-, and tetraesters.

It is known that in the case of comparable acidity
values, as in our case, the rate of esterification
depends on the volume of alkyl residues associated
with the carboxyl group and on the branching at the
a-carbon atom of carboxylic acids [14, 15]. Figure 4
shows a comparison of the dependence of the change
in the conversion of PE (the total share of unreacted
OH groups) as a function time for isomeric acids.

Quantitative yields of isomeric tetraesters (96%) at
100-110°C are achieved in 12—15 h for isobutyric and
isovaleric acids, 25-27 h for 2-ethyl-hexanoic acid, and
~40 h for pivalic acid. The esterification rates of normal
valeric and isovaleric acids are comparable.

PE tetraester pr, °C T, °C APHA color Purity
Tetraisobutyrate 3172 56 20£2 99.6
Tetraisovalerate 367 =7 18+1 99.5
Tetrapivalate 265 129 1942 99.8
Tetra-2-ethylhexanoate 493%* -9 180+ 10 99.6

Note: T, 1is the boiling point, T is the crystallization temperature, * the temperature predicted is based on the logarithmic

bp . . .
Kovacs retention indices obtained in [15].
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Fig. 1. GC-MS spectrum of the obtained pentaerythritol tetrapivalate.
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Fig. 2. GC-MS spectrum of pentaerythritol tetrapivalate according to the database.

Table 3. Characterization of the main series of ions in the mass spectra of tetraesters of PE and C,—C, carboxylic acids

Compound Main series of ions in the mass spectra, 70 eV, m/z, (structure, % rel.)

416 (M™, 0); 398 ((M™-H,0 ", 1); 329 ((M**~C,H,0; 1", 30);
313 ([M"*-C,H,03 ;~CH,]", 3); 300 ([ M**~C,H,0} ; —CHO" ] **, 1);
Tetraisobutyrate 259 ([M**—C,H,0; ;-C,H,OT", 5); 257 ((M**—C,H,05 ;~C,H,0]", 20);
228 ([M**-C,H,05 ;-C,H,0; ~CHO" ] **, 10); 142 ([ M**-C,H,0; ;~C,H,0; ~CHO*; ~C,H,0,] **, 44);

71 (C,H,0", 100); 43 (C,H; , 41)

472(M™, 0); 454 ((M*-H,0 1, 1); 371 ([ M*-C,H,0; 1", 73);
355 ([M™-C,H,0;;—CH,]", 47); 341 ([ M™ —C,H, 03 ;—~CH,OJ’, 1);
Tetraisovalerate 287 ([M™-C,H,0;;-C,H,O]", 63); 285 ((M"*-C,;H,0; ;-C,H, OT’, 18);

57710

256 (M**—~C,H,0;;~C_H, 0;~CHO" ] **, 16); 156 ([ M**~C,H,0%;~C,H,0; ~CHO";—C_H,0,] **, 27);

57710 57710

85 (C,H,0", 100); 57 (C,H; , 41)
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Table 3. Continued

Compound Main series of ions in the mass spectra, 70 eV, m/z, (structure, % rel.)

472 (M**, 0); 457 ((M™—-CH; T, 13); 371 ((M*™*—C,H,0; 1", 92);
355 ([M**~C,H,03;~CH,J", 37); 341 ([ M**~C,H,0} ;~CH,0T", 0);
Tetrapivalate 287 ((M**~C,H,0; ;—C_H,0[", 18); 285 ((M**~C,H,0; ;~C.H, O]", 14);

57710

256 (| M"*~C,H,03;~C,H, 0; ~CHO" ] **, 8); 156 ([ M**~C,H,0; :~C,H, 0; ~CHO*;~C,H,0,] **, 48);

557872

85 (C,H,0%, 51); 57 (C,H{ , 100)

640 (M"*, 0); 497 ([M**~C,H,,0} ", 100);

481 ([M*"-CH,,0;;—CH,]', 2); 468 (M"*—CH,;03 ;—~CH,0]", 16);
Tetra-2-ethylhexanoate . .
371 ([M**-C.H,,0;;—CH, 0", 74); 369 ({M™-C,H,;0;;—C.H, O]", 12);

16

340 ([ M**~CyH,,03;-C,H, 0; ~CHO" ] **, 8); 198 ([M*"~C,H ;03 ;~C,H, 0;~CHO"; —C;H,,0,] ", 22);

87716 8714

127 (C,H,,0, 34); 99 (C,H;, , 26); 57 (C,H; , 50)
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Fig. 3. Conversion of PE into monoesters (0), diesters (A), triesters (X), and tetraesters (X): (a) reaction of 2-ethylhexanoic
acid and PE, (b) isobutyric acid and PE, (c) isovaleric acid and PE, and (d) pivalic acid and PE. C is the concentration.
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Fig. 4. Dependence of the change in the share of unreacted OH groups as a function of time.
(a) Comparison of the data from this study (for reactions of PE with isovaleric acid (0), pivalic acid (x), isobutyric acid (A),
and 2-ethylhexanoic acid (X)); (b) comparison of the changes in the share of OH groups for the reactions
of PE with valeric acid (A), isovaleric acid (0), and pivalic acid (x).

CONCLUSIONS

Methods of synthesis and isolation of complex
tetraesters of pentaerythritol and isobutyric,
isovaleric, pivalic, and 2-ethylhexanoic acids were
developed. The purity of the obtained samples was at
least 99.6% with a product yield of 95-96% from the
theoretical value. For all the synthesized esters, the
characteristics of the main series of PE tetraester ions
in the mass spectra were obtained.

Kinetic regularities of the thermal esterification
of pentaerythritol by isomeric carboxylic acids were
investigated, and it was shown that the quantitative
yields of isomeric tetraesters at 100-110°C were
achieved in 12—15 h for isobutyric and isovaleric
acids, 25-27 h for 2-ethyl-hexanoic acid, and ~40 h
for pivalic acid.

The results obtained in this work can be used for
predicting the rate of the esterification reaction in the
case of using new reagents and as initial information
for creating a flexible (complex) technology on a single

REFERENCES

1. Gromova V.V., Mamarasulova Z.V. Thermal
esterification of penthaerytritol by aliphatic monocarbonic acids.
Lzvestiya Sankt-Peterburgskogo gosudarstvennogo tekhnologicheskogo
instituta = Bulletin of Saint Petersburg State Institute of Technology.
2013;20(46):64—67 (in Russ.).

installation. The transition to a particular product
should be performed by replacing raw materials
and/or adjusting the operating parameters. This
approach makes it possible to diversify the range of
products, thus adapting to market conditions.

Acknowledgments
The study was supported by the Russian Foundation for
Basic Research, project No. 20-38-90141.

Authors’ contribution

V.V. Emelyanov — conducting the experiment, data
processing, and analysis of the results;

E.L. Krasnykh — analysis of the experimental data
and writing the article;

D.A. Fetisov — conducting the experiment, data
processing, and analysis of the results;

S.V. Levanova — analysis of the experimental data and
writing the article;

V.A. Shakun — performance of chromato-mass-
spectrometry research and analysis of the results.

The authors declare no conflicts of interest.

CIIMCOK JIMTEPATYPbI

1. I'pomoBa B.B., Mawmapacynosa 3.B. Tepmuueckas
sTepudUKaLysl HEHTAIPUTPUTA  AIU(PATUYECKUMH  MOHO-
KapOOHOBBIMHU kHcHOTaMU. HMzeecmusi Canxm-Ilemepbype-
CKO20 20CY0apCHBeHHO20 MEXHON02UYECKO20 UHCMUMYmd.
2013;20(46):64—67.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):7-17

15



Features of the synthesis of pentaerythritol esters and carboxylic acids of aliphatic isomeric structure

2. Faizullina S.R., Builova E.A., Nedopekin D.V.,
Aminova G.K. Synthesis and properties of some pentaerythritol
esters. Bashkirskii khimicheskii zhurnal = Bashkir Chemical
Journal. 2016;23(3):41-44 (in Russ.).

3. Kopyshev M.V., Khasin A.V., Minyukova T.P,
Khassin A.A., Yurieva T.M. Esterification of pentaerythritol by
carboxylic acids. Reac. Kinet. Mech. Cat. 2016;117(2):417-427.
https://doi.org/10.1007/s11144-015-0964-7

4. Golysheva E.A., Zhdaneev O.V., Korenev V.V.,
Lyadov A.S., Rubtsov A.S. Petrochemical industry of Russia:
state of the art and prospects for development. Russ. J. Appl.
Chem.  2020;93(10):1596-1603.  https://doi.org/10.1134/
S107042722010158

5. Emel’yanov V.V., Krasnykh E.L., Fetisov D.A.,
Levanova S.V., Shakun V.A. Synthesis, identification
and isolation of esters of pentaerythritol and linear C~C,
carboxylic acids. Pet. Chem.2021;61(5):1027-1032. https://
doi.org/10.1134/S0965544121090048

6. Rabinovich V.A., Khavin Z.Ya. Kratkii khimicheskii
spravochnik. Izd. 2-e, ispr: i dop. (Short chemical reference book.
Ed. 2nd, rev. and add.). Moscow: Khimiya; 1978.392 p. (in Russ.).

7. Marochkin D.V., Noskov Yu.G., Kron T.E., Karchevskaya O.G.,
Korneeva G.A. Products of oxo-process in the production of
ester lubricating oils. Nauchno-tekhnicheskii vestnik OAO
“NK Rosneft’.” 2016;4(45):74-81 (in Russ.).

8. Mancini G., Imparato L., Berti F. Organic ester for
use in lubricant compositions: Pat. 4317780 USA. Publ.
02.03.1982.

9. Shabarov Yu.S. Organicheskaya khimiya: ucheb.
dlya VUZov (Organic chemistry: textbook for universities).
Moscow: Khimiya; 2000. 846 p. (in Russ.). ISBN 5-7245-1180-0

10. Nosovsky Yu.E., Kutsenko A.I., Kochergina G.K.,
Belkina F.R., Vorobyov V.A., Zhitkov V.I. Method of ester
purification: Pat. SU592815A1 USSR. Publ. 15.02.1978.

11. Abdrakhmanova L.K., Rysaev D.U., Aminova G.K.,
Mazitova A.K. Clarification of di-(2-ethylhexyl)phthalate
plasticizer with an aqueous solution of sodium hypochlorite.
Bashkirskii khimicheskii zhurnal = Bashkir Chemical Journal.
2008;15(4):38—40 (in Russ.).

12. Kolah A K., Astana N.S., Vu D.T,, Lira C.T., Miller D.J.
Reaction kinetics for the heterogencously catalyzed
esterification of succinic acid with ethanol. /nd. Eng. Chem.
Res. 2008;47(15):5313-5317. https://doi.org/10.1021/ic0706616

13. Amirkhanov IL.R., Kaleeva E.S., Yazmukhamedova
.M., Dzhabarov G.V., Men’shchikova A.A., Balaeva A.V.,
Zhila M.Yu., Shpakova P.I. Development of a method for the
production of synthetic lube oils. Uspekhi v khimii i khimicheskoi
tekhnologii = Advances in Chemistry and Chemical Technology.
2017;31(12):36-38 (in Russ.)

14. Ladero M., de Gracia M., Trujillo F., Garcia-Ochoa F.
Phenomenological kinetic modelling of the esterification of
rosin and polyols. Chem. Eng. J. 2012;197:387-397. https://
doi.org/10.1016/j.cej.2012.05.053

15. Emel’yanov V.V., Krasnykh E.L., Portnova S.V.
Retention Indices and Sorption Enthalpies of Pentaerythritol
and C,~C, Acid Esters on Nonpolar Stationary Phases. Russ.
J. Phys. Chem. A. 2020;94(10):2168-2176. https://doi.
org/10.1134/S003602442010009X

2. Gaizymmmna C.P., byimoa E.A., Hemomexun
J.B., AmunoBa I"'K. CuHTe3 U cBOWCTBa HEKOTOPHIX 3(H-
POB TEHTAIPUTPHUTA. Bawxupckutl Xumudeckutl dHCypHa.
2016;23(3):41-44.

3. Kopyshev M.V, Khasin A.V., Minyukova T.P., Khassin A.A.,
Yurieva T.M. Esterification of pentaerythritol by carboxylic
acids. Reac. Kinet. Mech. Cat. 2016;117(2):417-427.
https://doi.org/10.1007/s11144-015-0964-7

4. TonmemmeBa E.A., Xmamees O.B., Kopemes B.B.,
Janoe A.C., Py6bnoB A.C. Hedrexumuueckass o0Tpacib
Poccunm: Amnanmm3 TeKymero COCTOSHHS ¥ TIEPCICKTHB
pasButus. JKIIX.  2020;93(10):1499-1507.  https://doi.
org/10.31857/S0044461820100126

5. EmenpstHoB B.B., Kpacueix E.JI., ®ertuco [.A.,
JlepanoBa C.B., Illakyn B.A. Cunre3, uacHTU)HUKALUSA U
BBIJICTICHUE CIOXKHBIX d()UPOB NMEHTAIPUTPUTA M JTHMHEHHBIX
kapOoHoBbIX KucnoT C,~C.. Hegpmexumus. 2021;61(5):652-658.
https://doi.org/10.31857/S0028242121050087

6. PabunoBuu B.A., XaBun 3.5. Kpamxuii xumuueckutl
cnpasounuk. M30. 2-e, ucnp. u oon. Xumusi; 1978. 392 c.

7. Mapouxun JI.B., Hockos FO.I",, Kpon T.E., Kapuesckas
O.I', Kopreesa I.A. [IpogykTsl OKCOCHHTE3a B IPOU3BOICTBE
CIIO)KHOO(UPHBIX CMA304HBIX Macel. Hayuno-mexnuueckuil
secmuuk OAO «HK Pocheghmovy. 2016;4(45):74-81.

8. Mancini G., Imparato L., Berti F. Organic ester for
use in lubricant compositions: Pat. 4317780 USA. Publ.
02.03.1982.

9. labdapos 10.C. Opeanuueckas xumus: yued. Ons
BY306. M.: Xumnst; 2000. 846 c. ISBN 5-7245-1180-0

10. TTarent CCCP na uzobpereHue Ne 592915, Omy6u.
15.02.78, Brom. Ne6. Hocorckuit 1O.E., Kynenko A.H., Kouep-
runa K., benkuna @.P., Bopooser B.A., XXurkos B.U. Cno-
€OO OYUCMKU CLOJCHBIX IPUPOB.

11. A6npaxmanosa JLK., Peicaecs [I.V., Amunosa I'K.,
MasutoBa A.K. OcBernenue qu-(2-3Tunrekcun) raxatHoro
ITacTU(HUKaTopa BOJHBIM PAaCTBOPOM THITOXJIOPUTA HATpPUSL.
Bawrxupcruu xumuueckutl scypran. 2008;15(4):38—40.

12. Kolah AK., Astana N.S, Vu D.T, Lira CT,
Miller D.J. Reaction kinetics for the heterogeneously catalyzed
esterification of succinic acid with ethanol. Ind. Eng. Chem.
Res. 2008;47(15):5313-5317. https://doi.org/10.1021/
10706616

13. AvmpxanoB WP, Kameesa E.C., Swvyxamemosa WM,
Ilxabapos I'.B., MenbmukoBa A.A., bamaeBa A.B.,
Kuna MLIO., [lInakora I1.1. Pa3zpaboTka crioco0a monydcHus
CHHTETHUYECKUX CMA304HBIX MAcell. Ycnexu 6 Xumuil U XumMu4eckou
mexnonoeuu. 2017;31(12):36-38.

14. Ladero M., de Gracia M., Trujillo F., Garcia-Ochoa F.
Phenomenological kinetic modelling of the esterification of
rosin and polyols. Chem. Eng. J. 2012;197:387-397. https://
doi.org/10.1016/j.cej.2012.05.053

15. Emel’yanov V.V., Krasnykh E.L., Portnova S.V.
Retention Indices and Sorption Enthalpies of Pentaerythritol
and C~C, Acid Esters on Nonpolar Stationary Phases. Russ.
J. Phys. Chem. A. 2020;94(10):2168-2176. https://doi.
org/10.1134/S003602442010009X

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2022;17(1):7-17

16


https://doi.org/10.1007/s11144-015-0964-7
https://doi.org/10.31857/S0044461820100126
https://doi.org/10.31857/S0044461820100126
https://doi.org/10.31857/S0028242121050087
https://doi.org/10.1021/ie0706616
https://doi.org/10.1021/ie0706616
https://doi.org/10.1016/j.cej.2012.05.053
https://doi.org/10.1016/j.cej.2012.05.053
https://doi.org/10.1134/S003602442010009X
https://doi.org/10.1134/S003602442010009X
https://doi.org/10.1007/s11144-015-0964-7
https://doi.org/10.1134/S107042722010158
https://doi.org/10.1134/S107042722010158
https://doi.org/10.1134/S0965544121090048
https://doi.org/10.1134/S0965544121090048
https://doi.org/10.1021/ie0706616
https://doi.org/10.1016/j.cej.2012.05.053
https://doi.org/10.1016/j.cej.2012.05.053
https://doi.org/10.1134/S003602442010009X
https://doi.org/10.1134/S003602442010009X

Vladimir V. Emelyanov, Eugen L. Krasnykh, Dmitriy A. Fetisov, et al.

About the authors:

Vladimir V. Emelyanov, Postgraduate Student, Technology of Organic and Petrochemical Synthesis Department, Samara
State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: dragonage2rus@mail.ru. http://orcid.
org/0000-0002-6228-5713

Eugen L. Krasnykh, Dr. Sci. (Chem.), Associate Professor, Head of the Technology of Organic and Petrochemical
Synthesis Department, Samara State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia).
E-mail: ekras73@mail.ru. http://orcid.org/0000-0002-3886-1450

Dmitriy A. Fetisov, Master Student, Technology of Organic and Petrochemical Synthesis Department, Samara State
Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: fetis.dim@gmail.com. http://orcid.org/0000-
0002-5438-2919

Svetlana V. Levanova, Dr. Sci. (Chem.), Professor, Technology of Organic and Petrochemical Synthesis Department,
Samara State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: kinterm@mail.ru. http://orcid.
org/0000-0003-2539-8986

Vladimir A. Shakun, Cand. Sci. (Chem.), Associate Professor, Technology of Organic and Petrochemical Synthesis
Department, Samara State Technical University (244, Molodogvardeyskaya ul., Samara, 443100, Russia). E-mail: shakyh@mail.ru.
http://orcid.org/0000-0003-2682-3024

06 aemopax:

Emenevsinoe Bnadumup Bnadumupoeuu, acuvpant xadenpbl «TeXHONOrHs OPraHAYeCKOr0 M HE(TEXUMHYECKOTO
cuteday DPI'BOY BO «Camapckuil rocygapcTBeHHbIM TexHuueckuil ynusepcuter» (443100, Poccus, r. Camapa,
yi1. MononorBapaetickas, 1. 244.). E-mail: dragonage2rus@mail.ru. http://orcid.org/0000-0002-6228-5713

Kpachnoiwx EezeHnuili /AeoHudoeuwu, 1.X.H, [OUEHT, 3aBeaylommi xadenpoii «TeXHONOrHs OPraHMYecKoro u
Hedrexumuueckoro cunrezay PI'BOY BO «Camapckuii rocynapcTBeHHBIH TexHUYecKuil yHuepcurer» (443100, Poccus,
r. Camapa, yi. Mononorsapaeiickas, 1. 244.). E-mail: ekras73@mail.ru. http://orcid.org/0000-0002-3886-1450

demucoe Imumpuii AnexcanHopoeuu, MarucTpanT kapeapsl « TeXHOIOTUS OPraHUYeCKOTO M He(hTEXMMHIECKOTO
cunrezay DIBOY BO «Camapckuili rocynapCTBEHHBIM TexXHHUYeCKHi yHuBepcuter» (443100, Poccus, r. Camapa,
yi1. MonoorBapaetickas, 1. 244.). E-mail: fetis.dim@gmail.com. http://orcid.org/0000-0002-5438-2919

Aeeanoea Ceemnana BacunveeHa, ji.x.H., mpodeccop kadeapbl « TeXHOIOTHS OPraHUIECKOTO U HEPTEXUMUYECKOTO
cunrezay DIBOY BO «Camapckuii rocynapCTBeHHBI TexHHUYeckuii yHuBepcuter» (443100, Poccus, r. Camapa,
yi1. MononorBapaerickas, 1. 244.). E-mail: kinterm@mail.ru. http://orcid.org/0000-0003-2539-8986

ITaxyn Bnadumup AHOpeeeu, K.X.H., TOLEHT Kapeapsl « TEXHOIOTHS OPraHUYECKOTr0 M HeYTEXMMHUIECKOTO CHHTE3a
OI'BOY BO «Camapckuii rocy1apcTBeHHbII TeXxHu4ecKkuil yauepceure» (443100, Poccus, r. Camapa, yii. Monogorsap/eiickas,
1. 244.). E-mail: shakyh@mail.ru. http://orcid.org/0000-0003-2682-3024

The article was submitted: August 18, 2021; approved after reviewing: October 27, 2021, accepted for publication: February 07, 2022.

Translated from Russian into English by N. Isaeva
Edited for English language and spelling by Enago, an editing brand of Crimson Interactive Inc.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):7-17
17


mailto:dragonage2rus@mail.ru
http://orcid.org/0000-0002-6228-5713
http://orcid.org/0000-0002-6228-5713
mailto:ekras73@mail.ru
http://orcid.org/0000-0002-3886-1450
mailto:fetis.dim@gmail.com
http://orcid.org/0000-0002-5438-2919
http://orcid.org/0000-0002-5438-2919
mailto:kinterm@mail.ru
http://orcid.org/0000-0003-2539-8986
http://orcid.org/0000-0003-2539-8986
mailto:shakyh@mail.ru
http://orcid.org/0000-0003-2682-3024
mailto:dragonage2rus@mail.ru
http://orcid.org/0000-0002-6228-5713
mailto:ekras73@mail.ru
http://orcid.org/0000-0002-3886-1450
mailto:fetis.dim@gmail.com
http://orcid.org/0000-0002-5438-2919
mailto:kinterm@mail.ru
http://orcid.org/0000-0003-2539-8986
mailto:shakyh@mail.ru
http://orcid.org/0000-0003-2682-3024

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologie. 2022;17(1):18-29

CHEMISTRY AND TECHNOLOGY OF ORGANIC SUBSTANCES
XHUMHUS5sI © TEXHOAOI'HSI OPTAHHYECKHX BEIIIECTB

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2022-17-1-18-29 (9
UDC 665.662.2

RESEARCH ARTICLE

Purification of benzene fractions and benzene
from unsaturated and sulfur compounds
using a novel modified natural clay-based adsorbent
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Abstract

Objectives. This study aimed to create a method for purifying benzene fractions using a modified
natural clay-based adsorbent, which removes both unsaturated and sulfur compounds from
benzene or benzene fractions obtained by pyrolysis of petrochemical raw materials.

Methods. Chemical and chromatographic methods were used to conduct flow analyses before
and after purification. Testing was conducted under conditions that were similar to industrial
conditions. The functional characteristics of the adsorbents (moisture resistance and bulk
density) were evaluated by strength tests after wetting with water and by weighing batches of
the adsorbents fixed in volume.

Results. Three clay-based adsorbent samples were developed, and tested under laboratory
conditions. Thereafter, the CS-Sorb-6890 (M) sample—an Ni-modified adsorbent—was tested
under experimental industrial conditions. A positive effect was obtained, and a method for
purifying benzene fractions (benzene) from sulfur compounds and olefins is proposed.
Conclusions. The obtained results revealed that the modified active clay-based adsorbent
successfully removed sulfur and wunsaturated compounds from the benzene fraction
simultaneously. The total sulfur concentration was reduced to 0.00004 wt % after 90% of it was
removed. The conversion of the unsaturated compounds reached 100%.
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HAYYHASA CTATHA

OuuncrTKa 0eH30JIbHOM (PPAKIUKM U 0€H30J1a OT HelpeaeJIbHbIX
U CEPHUCTBIX COeIMHEHUHA HOBBIM MOTU(DPHIUPOBAHHBIM
a/ICOPOEHTOM HA OCHOBE MPUPOTHOM IVIMHBI

B.IO. MaasimkuH, H.II. Ceménor™, [1.C. CazonoB, H.0. [IyTeHHXHH,
E.JIO. CemeHHXHHA

United Catalyst Technologies, Mockea, 117292 Poccus
" Aemop ons nepenucku, e-mail: i.semenov@united-catalyst.com

AHHOMAyust

Ienu. Cosdarue cnocoba ouucmru 6eH30a6HOU hpakyuu (6eH301a) C NOMOUBLH MOOUPUUUPO-
8aHH020 adcopbeHma HA OCHO8E NPUPOOHOTL 21UHBL, KOMOPbLU N0380AUM 00HO8PEMEHHO YOaNsIMb
HenpeodesibHble U cepHUCMmble COeOUHeHUsl U3 beH301a uiu 6eH30/IbHOU PpaKyuu, NOAYUeHHbLX
NUPONUZOM HEPMEeXUMUUECKO20 CbLPbSL.

Memooust. AHanusbl NOMoKog 00 U NOCAEe OUUCTKU 8bINOJHAAU XUMUUECKUMU U XPOMAMOZPa-
puueckumu memooamu. TecmuposaHue NPo8OOUNU 8 YCA08USX, NPUONUIEHHBLX K NPOMBLULLEH-
HbM. DYHKYUOHAIbHbLE XapaKmepucmuku adcopbeHmos (8.1a20cmotikocmb, HACLINHASL NJOM-
HOCMb) OUEeHUBANU C NOMOULBIO UCNBIMAHUIL HA NPOUHOCMb NOC/IE CMAUUBAHUSL 8000TL U MEMOOOM
838EUUBAHUSL PUKCUPOBAHHBLX NO 06bemy napmulli adcopbeHmos.

Pesynomamet. PaspabomaHsl. mpu obpasua adcopbeHma HA OCHO8e 2/lUHbL, NPO8EOEeHO UX me-
cmupoeaHue 8 1abopamopHbLX Ycriosusx, nocae uezo obpaszey CS-Sorb-6890 (M) — adcopberm ¢
HaHeceHHbM Ni — npouwlesl UCNBIMAHUSL 8 ONBUMHO-NPOMbLUIEHHbIX Ycnosusix. ITonyueH noso-
JKumenbHulll agppexm, npedsoxeH cnocob ouucmiku beH30abHol hparkyuu (6eH3zona) om cepHu-
cmulx coeOuHeHUl U 01epuHos.

Bubleoosl. /locmuzHymble pe3yibmambl c8UudemesbCmayom 0 mom, Umo Co30AHHbLUL MOOUPU-
UUPOBAHHDLUL adcopbeHm HA OCHO8e AKMUBHOU 2/UHbL YCnewHo yoansiem 00HO8PEMEHHO cep-
HUcmble U HenpedesbHble COeOUHEHUs U3 OeH30bHOU hparyuu. YoaneHue obuieli cepbl MaKcu-
MmaneHo cocmaesunio 90%, u ee KoHyeHmpayus muHumusuposaHa 0o 0.00004 mac. %. Kongepcusi
HenpedesbHblx coeduHeHull docmuzna 100%.

Knroueevle cnoea: 6eH3o/, beH30bHASL ppaKyus, adcopbyus, ouucmka om npumeceil, Moou-
puyuposaHHbsLli adcopbeHm HA 0OCHO8e 2/IUHbL

Jna yumuposanus: Mansiukun b.1O., Ceménos WN.I1., CazonoB JI.C., [Tyrenuxun N.0., Cemennxuna E.}O. Ouncrka 6eH-
30JIbHOM (hpakiy 1 OGEH30J1a OT HeMPEACTbHBIX U CEPHUCTBIX COSMUHEHUH HOBBIM MOAN(BHIIUPOBAHHBIM aICOPOCHTOM Ha OCHOBE
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Purification of benzene fractions and benzene from unsaturated and sulfur compounds ...

INTRODUCTION

Benzene is one of the most sought-after
substances in the chemical industry, and it is widely
used in organic synthesis. Benzene can be obtained
via several methods, including pyrolysis of gasoline
fractions and separation of pyrocondensate, processing
of catalytic reforming products, and coking of coal.

Benzene is mainly produced from petrochemical
raw materials, and the volume produced is about
1.1-1.2 mln t/year. ExxonMobil Chemical (USA),
Dow Chemical (USA), and Shell Chemicals (USA)
are the leading chemical companies in the world.
Angarsk Polymer Plant, Gazprom Neftekhim Salavat,
and Nizhnekamskneftekhim are the three largest
benzene producers in Russia [1].

The benzene—toluene—xylene (BTX) fractions of
liquid pyrolysis products are mainly hydrogenated to
obtain benzene as the main commercial product [2].
The scheme for petrochemical benzene production
(Fig. 1) includes BTX fraction separation, sequential
two-stage hydrotreatment for the removal of
unsaturated and sulfur compounds, catalytic or thermal
hydrodealkylation, product separation in a system of
distillation columns, and contact purification of the
benzene fraction from unsaturated compounds and
resins [3].

The adsorber is the most interesting in terms of
the research task. Clay is loaded into this apparatus
to separate the benzene fraction from the residual
unsaturated and sulfur compounds.

According to GOST 58415-2019, the total sulfur
concentration in benzene should not exceed 0.00005 wt %.
Simultaneously, the concentration of unsaturated
compounds in petrochemical benzene is not directly
regulated; only the “sulfuric acid color” indicator
and, upon consumer request, the “bromine number”
indicator are normalized, both of which indicate the
unsaturated compound concentrations.!

Petrochemical raw materials contain mercaptans,
sulfides, thiophenes, and other sulfur-containing
compounds. In most cases, up to 10% of the total
amount of initial sulfur remains in the benzene
fraction. The most difficult substances to remove are
thiophene derivatives. They are concentrated in the
benzene fraction because their boiling point coincides
with that of gasoline.?

I GOST 58415-2019. National Standard of the Russian
Federation. Petrochemical Benzene. Specifications. Moscow:
Standartinform; 2019.

2Glotov A.P. Obesserivayushchie dobavki k katalizatoram
krekinga neftyanogo syr’ya (Desulfurizing additives to
catalysts for the cracking of petroleum feedstock): Cand. Sci.
Thesis. Moscow: M.V. Lomonosov Moscow State University;
2016. 23 p. (in Russ).

Although the benzene production scheme includes
a hydrotreating stage for sulfur removal, sulfur
compounds can still be found in benzene and benzene
fractions, which compromises the commercial product
quality. This is due to the fact that hydrogen sulfide
present in the benzene fraction after hydrotreatment
interacts with olefins and paraffins to form mercaptans
under hydrodealkylation reactor conditions:

RCH=CH_+H_S < RCH(SH)CH,

This nucleophilic addition reaction is reversible,
but the equilibrium is predominantly shifted to
the right because hydrogen sulfide has a high
reactivity [4]. A fine posttreatment of benzene is
required because of the newly formed mercaptans,
which cause deviations in the total sulfur content,
jeopardizing the stable sale of marketable products
by the enterprise.

Absorption (extraction) and adsorption methods
are used to capture poisons and impurities. The
absorption or extraction method is used when the
concentration of the absorbed substance in the initial
mixture is significant, such as in the case of purifying
benzene from thiophene [5]. Since there were minor
unsaturated and sulfur compound impurities in
the benzene fraction in our study, adsorption—the
process of absorbing a substance from a gas or liquid
using a solid adsorbent surface layer—was the most
appropriate method.

The standard adsorbent for purifying the benzene
fraction from unsaturated compounds is active clay,
which undergoes alkylation and oligomerization
reactions, resulting in unsaturated compounds being
converted to alkyl-substituted aromatic compounds or
heavy resinous compounds, which are then adsorbed
by clay or separated in a benzene separation column.

Attempts have been made to modify clay-based
adsorbents in order to purify the benzene fraction. For
example, carbon disulfide can be removed from CaA
zeolites, while thiophene can be removed from Ni-
and Cu-substituted CaX and CaA zeolites according
to the following reaction:

Zeolite—Ca + NiSO, — Zeolite-Ni + CaSO,|.

When the adsorbent is treated with nickel salt, the
effectiveness of thiophene purification increases from 4%
to 21.3%, while sulfuric acid modification does not have
a positive effect [6]. However, there is no evidence that
these adsorbents extract both unsaturated compounds
and sulfur compounds simultaneously.
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Fig. 1. Schematic of the petrochemical benzene production plant.

(1) Hydrogenation reactor, (2) hydrodealkylation reactor, (3) tubular furnace, (4 and 5) heat exchangers, (6) refrigerator,
(7) gas separator, (8) stabilizer, (9) adsorber, (10) benzene recovery column, (11) toluene and biphenyl recovery column,
and (12) hydrogen concentration unit.

(I) Raw materials, (II) fresh hydrogen, (III) purified hydrogen, (IV) toluene and diphenyl, (V) methane-enriched gas, (VI)
C,. hydrocarbons, (VII) fuel gas, (VIII) benzene, and (IX) resins and heavy hydrocarbons.

There are several reported clay-based adsorbents
[7-9], which were modified in an aluminum sulfate
solution. Although the adsorbent samples had a high
adsorption capacity for unsaturated compounds, they did
not remove sulfur compounds from the purified flow of
benzene and benzene fractions.

This study aimed to develop a clay-based adsorbent
and an application method that will allow it to remove
both unsaturated and sulfur compounds from the benzene
fraction using one apparatus.

EXPERIMENTAL

Adsorbent preparation

The standard adsorbent for the post-purification
of benzene and the benzene fraction was made by
drying natural clay, calcining it, isolating the target
fraction, and activating it with acid solutions.

Active natural clay was impregnated to prepare
the modified adsorbent for sulfur compound removal.
Active clays are clays that have been subjected to the
complete production cycle, which includes drying,
granulation, activation, and calcination. A batch of
active natural clay-based adsorbents with a grain
size of 0.2-2.5 mm was loaded into an impregnating
container. A solution was prepared using soluble
inorganic (e.g., nitrates) or organic (e.g., oxalates or

lactates) salts of copper, zinc, and nickel to impregnate
the adsorbent. The solutions were prepared using
distilled water. The concentration of the solutions was
selected based on the desired active metal content in
the developed adsorbent. The concentrations of the
impregnating aqueous solutions of organic and/or
inorganic salts of copper, zinc, and nickel ranged
from 5 to 400 g per 100 mL, and the ratio of the
impregnating solution to the clay mass ranged from
1:2 to 1:10. The salts were selected such that when
heated, the acid residue decomposes as the metal or
metal oxide is deposited on the adsorbent surface.

The adsorbent batch was impregnated in an
impregnating container for 1-2 h at temperatures of
20-80°C. Afterward, the impregnating solution was
drained, and the adsorbent was then discharged from
the drum. Subsequently, the adsorbent was dried
and calcined in an oven at temperatures ranging
from 250 to 550°C for 0.5-4.0 h. During calcination
at this temperature, the excess of the impregnating
solution was removed, while the active metal or its
oxide remained on the adsorbent surface. The target
adsorbent fraction with a grain size of 0.2-2.5 mm
was released after sieving the calcined adsorbent
through sieves. This granule size ensured that the
adsorbent had an optimal specific surface area and a
low pressure drop, increasing the effectiveness of using
the adsorbent when it was loaded into the adsorber.
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Prepared adsorbent sample test

Laboratory tests of the active clay samples were
conducted in a flow unit (Fig. 2).

—

2
g
Fig. 2. Diagram of the laboratory setup for testing

the adsorbent samples: (1) The model solution container,
(2) a pump, (3) an adsorption column, and (4) a receiver.

The setup consists of a receptacle under the
model solution (1), a pump (2), a glass adsorption
column (3) with an inner diameter of 14 mm and a
SCHOTT filter at the bottom of the inert material
to fill the column in the form of a glass nozzle with
a fraction size of 2-3 mm, and bottles receivers (4)
with a sampling volume of 10 mL. The tests were
conducted at room temperature (23 + 2°C). The
loaded sample had a volume of 5 mL and a particle
size of 0.5-1.0 mm. The sample was precalcined
at a temperature of 195°C for 6 h and heated for
30 min to eliminate moisture. The flow rate at the
outlet was 0.55 £ 0.05 mL/min. Sampling was carried
out for every 8 mL of the solution that passed through
the adsorbent. The analyses were performed using
titrimetric and gas chromatographic methods. The
initial mixture was a mixture of benzene with hexene
and propanethiol. Hexene and propanethiol were
chosen as representative components for unsaturated
and sulfur compound impurities, respectively.

Figure 3 shows the scheme of the installation that
was used to test the adsorbent under experimental
industrial conditions.

The prepared clay-based adsorbent (550 mL)
was loaded into a direct-flow adsorber (1), which
was then fed with a hot flow of benzene fraction
at a temperature of 170-230°C and pressure of
7.5-28.0 kgf/cm?. A shut-off valve (2a) was installed
on the flow supply line to the adsorber, allowing
the supply of the benzene fraction to the reactor to
be shut off. The shut-off valve (2b) was used for
sampling the initial benzene fraction. Residual resins,
unsaturated compounds, and sulfur compounds were
removed from the flow of the benzene fraction as it
passed through the clay layer. The purified flow from
the adsorber (1) was cooled in an air heat exchanger
(3). The flow rate was regulated by a control valve (4),

L5

e
PG L

Fig. 3. Pilot installation of adsorbent testing.

(1) Adsorber, (2a) shut-off valve in adsorber flow line,
(2b) shut-off valve in sampling line, (3) air cooler,
(4) valve, (5) drain tank, (6) measuring tank,
and (7) inner pocket for thermocouple.

(I) The flow from the BTX fraction extraction unit,
(IT) the purified flow of the benzene fraction,
and (I1I) the flow for sampling the initial BTX fraction.

which was installed on the outlet line after the heat
exchanger. The purified benzene fraction was drained
into a canister tank (5). The drain tank (5) was
replaced with a measuring tank (6) during sampling
or flow measurement.

RESULTS AND DISCUSSION

Laboratory test results

Three samples were created for laboratory studies:

1. CS-Sorb-6891 (S), which is an adsorbent
based on active clay with deposited Cu and
Zn metals;

2. CS-CL200X, which is an adsorbent based on

active clay without metals;

3. CS-Sorb-6890 (M), which is an adsorbent

based on active clay with deposited Ni metal.

Table 1 shows the characteristics of the tested
adsorbent samples.

Table 2 presents the initial composition of the flow.

Table 3 shows the results obtained under
laboratory conditions when the benzene flow was
purified with the adsorbents.

As shown in Table 3, the samples demonstrated
different abilities in removing sulfur and
unsaturated compounds from the model mixture.
The CS-Sorb-6891 (S) sample exhibited the highest
activity in removing sulfur compounds but did not
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Table 1. Characteristics of the adsorbent samples

Indicators CS-Sorb-6891 (S) | CS-CL200X | CS-Sorb-6890 (M)
Base metals Cu, Zn - Ni
Metal content, % 10 - 10
Free moisture content (calcination at 105°C), wt % 1.0 2.5 49
Mass fraction of water (calcination at 195°C), wt % 6.4 54 54
Bulk density, g/cm? 0.76 0.81 0.81
Fractional composition, %
>2.0 mm 8.5 18.4 1.9
2.0-0.25 mm 90.6 81.0 90.2
<0.25 mm 0.9 0.6 7.9
Table 2. Composition of the initial flow of benzene (benzene fraction)
Component Concentration
Benzene 98.99 wt %
Hexene 1 wt%
2-Propanethiol 21-28 ppm
Table 3. Performance indicators of the adsorbent samples
3 R
- = g ‘;
= g = 2 =
: ZE §s ¥ ¥
= o0 = A 2% g3 g2
2 < = & S5 2 5 s 3
] ] S ° — o o =
Sample 8 = = £ =R S & oNE
=2 s 3 s = = 8 P
o s & = 2 o S L
2 B § E £ g E o g2
< 23 =3 s 2 = g
] p—
3 : g £
o g
0.00 27.30 0.23 - -
98.5 0.65 0.22 26.65 0.02
CS-Sorb-6891 (S)
150.8 0.53 0.22 26.77 0.02
216.3 0.57 0.23 26.73 0.00
0.00 22.99 0.20 - -
85.0 10.95 0.08 12.04 0.12
CS-CL200X
98.0 12.26 0.10 10.73 0.10
1314 16.72 0.14 6.27 0.06
0.00 28.04 0.34 - -
98.4 1.24 0.22 26.80 0.12
CS-Sorb-6890 (M)
150.1 2.56 0.24 25.49 0.10
196.4 3.93 0.21 24.11 0.10
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affect the concentration of unsaturated compounds.
As expected, the CS-CL200X sample (clay without
metals) was the least effective at removing sulfur
compounds. The CS-Sorb-6890 (M) sample
exhibited the best results; it effectively removed both
the unsaturated and sulfur compounds. However, it
had a slightly lower unsaturated compound removal
activity than the CS-CL200X sample and a slightly
lower degree of purification from sulfur compounds
than the CS-Sorb-6891(S) sample at temperature
170-230°C.

Pilot test results

Since the CS-Sorb-6890 (M) adsorbent showed
good cleaning results during the laboratory studies,
the decision was made to use it for pilot tests at one
of the industrial enterprises. The sulfur compound
concentration in the incoming benzene fraction
ranged from 0.1 to 3.2 ppm. The adsorbent sample was
compared with industrial R-01 and R-02 adsorbents
under less favorable conditions to confirm its
effectiveness. Table 4 shows the operation parameters

Table 4. Parameters during active clay testing

of the pilot plant and industrial adsorbents.

Pilot tests were conducted for 7 days (3 days
for the debugging mode and 4 days for the stabilized
mode), and the obtained data (the stabilized mileage
and averaged data marked in gray) are presented in
Table 5.

Figures 4-6 compare the activities of the pilot
and industrial adsorbers toward the removal of
unsaturated and sulfur compounds.

The test results showed that the CS-Sorb-6890 (M)
adsorbent removed the sulfur compounds and
unsaturated hydrocarbons stably throughout the
entire test period. The total sulfur concentration
was reduced to an average concentration of 0.41 ppm.
The industrial R-01 and R-02 adsorbers had an
average sulfur compound concentration of 1.86 and
0.61 ppm at the output, respectively. The unsaturated
compound concentration at the outlet of the adsorber
was determined by the iodine number indicator. The
iodine number indicator ranged from 40 to 180 mg/100 g
(with an average value of 100 mg/100 g) at the
output. When compared to the industrial R-01 and

No. Parameter LR ili:({l_l:)slt/rliih;dsorber In the pilot adsorber R-1
1 Consumption of benzene fraction per adsorber 7500 kg/h 1200—1500 mL/h (20-25 mL/min)
2 Adsorbent volume in one adsorber 22.7 m? 550 cm®
3 Volumetric flow rate 0.4h'! 22-2.7h!
4 Temperature in the adsorber >170°C 35-45°C
5 Pressure in the adsorber 7.5-28 kgf/em? 7.5-8.5 kgf/em?

Todine number, g/100 mg

1.0
0.9 Refinement
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
—

Debugging mode

Olefin removal at or below
the industrial adsorbent level

/

A

0 :
00:00 10:00 20:00 30:00 40:00 50:00 60:00 70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

R-1inlet =e= R-01 outlet

R-02 outlet w=e= R-1 outlet

Fig. 4. Iodine number in the flow at the inlet and outlet of the adsorbers.
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Sulfur content, ppmw

Refinement Debugging mode

Stable removal of sulfur to concentrations
6 below industrial adsorbents

| l
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wen R-1inlet === R-1 outlet ==e== R-01 outlet =e= R-02 outlet

Fig. 5. Sulfur content in the flow at the inlet and outlet of the adsorbers.

Sulfur content, ppmw
35

3.0 Stable removal of sulfur
to concentrations below 0.5 ppm

70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

s R-1inlet =@= R-1 outlet

Fig. 6. Removal of sulfur by the CS-Sorb-6890 (M) sample after regime stabilization.

Table 6. Achieved adsorbent indicators during pilot tests

Content of unsaturated

compounds (iodine number), 100 40-180 100 40-250 80 40-210
mg/100 mL

Total sulfur content, ppmw 0.41 0.2-1.0 1.86 0.2-4.3 0.61 0.1-1.0
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R-02 adsorbers (with a volume wvelocity that is
5.5-6 times higher and a temperature of ~130°C
below than those of the CS-Sorb-6890 (M) adsorbent),
the CS-Sorb-6890 (M) adsorbent showed similar
efficiency in the removal of unsaturated compounds
and higher efficiency in the removal of sulfur
compounds under less favorable conditions.

CONCLUSIONS

A modified active clay-based adsorbent,
CS-Sorb-6890 (M), was created and tested under
laboratory and pilot-industrial conditions. According
to the laboratory test results, the studied samples
had different sorption capacities for sulfur and
unsaturated compounds. The CS-Sorb-6890 (M)
adsorbent successfully removed olefins and sulfur
compounds from the benzene fraction simultaneously
under pilot testing conditions. The benzene flow had
a total sulfur content of 0.41 ppm after purification,
and the iodine number had a minimum value of
40 mg/100 g.
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The results indicate that it is possible to purify
the benzene fraction from sulfur and unsaturated
compounds in only one apparatus, allowing
commercial benzene of specific quality to be obtained
without changing the technological production
scheme and with only existing equipment.
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Abstract

Objectives. A characteristic feature of oil production is an increase in the volume of high-
viscosity bituminous oil. In Russia, technologies based on the use of water vapor are used for
their extraction. The use of such technologies leads to a large amount of water in the product
stream from the production well. Preparation of oil for processing involves its stabilization,
desalination, and dewatering. Since the densities of the extracted oil and the water contained in
it are comparable, traditional preparation schemes for processing of high-viscosity bituminous
oil are ineffective. One of the possible solutions to the problem involving such oil in the fuel,
energy, and petrochemical balance is to use a coking process at the first stage of its processing.
This aim can be achieved by studying the influence of the process conditions of coking high-
viscosity water-containing oil on the yield and characteristics of the resulting products.
Methods. Coking of oil with a density of 1.0200 g/cm? at 50°C and with 18 wt% water content
was carried out in a laboratory installation in a “cube.” A hollow cylindrical apparatus was used
as a reactor and was placed in a furnace. The temperature and pressure in the reactor were
maintained at 500-700°C and 0.10-0.35 MPa, respectively.

Results. An increase in the coking process temperature results in an increase in the amount of
gaseous products, a decrease in the amount of the coke generated, and a higher dependence
of the amount of liquid products on temperature with a maximum yield at 550-600°C.
The process temperature also affects the composition of liquid products. At a lower temperature,
the amount of gasoline and kerosene fractions in liquid products is higher. With an increase in
pressure, a higher amount of gaseous products, coke, and low-molecular-weight hydrocarbon
fractions in liquid products could also be obtained. The characteristics of the coke produced in
the coking process are similar to those of commercially produced grades. It is noted that when
coking water-containing oil, up to 98% of the emulsion water goes with liquid products, and the
remaining amount of water remains in the formed coke.

© A.L. Nikolaev, B.V. Peshnev, E.V. Egorova, 2022
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Conclusions. Results showed the possible application of the coking process at the initial stage
of processing high-viscosity bituminous oil. In this case, the dewatering stage is significantly
simplified since the technological scheme of delayed coking allows the separation of the gasoline
fraction from water.

Keywords: coking, high-viscosity bituminous oil, watered oil, oil refining, oil refining method
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AnHomauus

IMenu. BospacmaHue 00aU 8blCOKO8A3KOU U OUMYMUHO3HOU Hegmu siensilemest xapaKmepHol
ocobeHHoCcmbI0 cospemeHHOoU Heghmedobuiuu. B Poccuu npu ee 0obblue npumeHsom mexHoi02ull,
OCHOBAHHBLE HA UCNONB308AHUU 800AH020 napa. IIpumerHeHue marKux mexHoa02uUll npusooum K
momy, umo npooyKmoesblii NOMOK, 8bIX00AUWUT U3 00bblearouLell CKBAIKUHDBL, MO2Kem codeprkamb
b6onbuwioe Koauuecmeo 800sl. [Toozomoska Hegpmu K nepepabomre npednonazaem ee cmabunu-
3ayuro, obecconusarue u obezsorkusaHue. Beneocmeue moezo, umo naomHocms O0obvieaemotl
Hegpmu u codeprkauwieticst 8 Hell 800bL conocmagumbl, MPAOUYUOHHbLE CXeMmbl N0020MO8KU K ne-
pepabomike 8blcOK08SI3KOU U OUMYMUHO3HOU Heghmu sieasromest manosagpgpexmusHoimu. OOHUM
U3 BO3MOIKHBbIX peuleHull npobembl 808aeUeHUst mMaKol Heghmu 8 MONNUSHO-9HEepzemuUUecKuli
u Hegpmexumuueckuil 6anaHc s1851emest UCNONAb308AHUE HA Nep8oM smane ee nepepabomru
npouecca kokcogaHus. [ns peanuszayuu amoii udeu Heodbxooumo Usyuums 8AUSHUE YCA08Ul
KOKCOBAHUSL 8bLCOK0B3KOU 06800HEHHOT Hehmu HA 8blX00 U XapaKmMepucmuKu 00pasyrouiuxcst
npooyxmos.

Memoodwst. O6vbexmom uccredogarus 6oia Hegpms ¢ nomHocmsio npu 50 °C 1.0200 2/ cm?,
cooepokauias 18 mac. % eooul. KokcosaHue npogodunu Ha 1abopamopHoll ycmaHoske 8 «Kyben.
B kauecmee peaxmopa ucnons3o8ascst nycmomesvlil yuluHopuueckuil annapam, pasmewae-
Mmolil 8 neuu. Temnepamypa e peaxmope gapvuposanacoe om 500 do 700°C, dasnerue om 0.10
0o 0.35 Mna.

Pesynemamet. [IpogedeHHble ucCie008aHUSL NOKA3ANU, UMO NPU 803PACMAHUU memnepamypbl
KOKCOBAHUSL 8blX00 2a3000pa3HbLX NPOOYKmMoes yeeauuusaemesy, obpasoeaHue KoKca YymeHbUa-
emes, a 3a8UCUMOCMb 8bLX00A IKUOKUX NPOOYKMO8 UMeem IKCMpPemMaibHblil xapaKkmep ¢ MaKcu-
Mmymom 8 obnacmu memnepamyp 550-600 °C. Temnepamypa npoyecca enusiem Ha cocmag HKuo-
Kux npooykmos. IIpu 6osee HU3KOU memnepamype 8 HKUOKUX NPooyKmax eblile coOeprKaHue
6eH3uHo80l U KepocuHosol hparyuii. ITogbluweHue oasaeHus npugooum K 803pacmaHuio 8bl-
xo0a 2a3006pasHbLX NPOOYKMO8, KOKCA U COOEPIKAHUSL 8 HKUOKUX NPOOYKMAX HUSKOMONEKYNSP-
HblX hparyuli yenegooopooos. Obpasyrowulicss 8 npoyecce KOKC No C8O0UM XAPAKMeEPUCMUKAM
61U30K K NPOMBLUNEHHO 8blnyckaembim mapkam. OmmeueHo, umo npu KOKCo8AHUU 06800HEH-
HoUl Hegpmu 00 98% 800HOTL IMYnbCUU YXOO0UM C KUOKUMU NPOOYKMAMU KOKCOBAHUSL, U JUUUL
HebosbUoe Kouuecmao 8006l ocmaemcest 8 06pas08asUULEeMCst KOKCE.
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Bouleoownlt. HpedcmaeﬂeHHbLe pe3ysiemambl noKasvl8arom 803MOAKHOCMb UCNOJ/b308AHUSL
npoyecca KokcosaHust Ha HauaslbHOM samane nepepa6om;cu 8blLCOK08SI3KOU U 6umymuHo3Hoﬁ
Hecpmu. B smom cnyuae cywiecmseeHHo ynpowaemest npoeedeuue cmaduu ee o6e3eomueauuﬂ,
maxK KaKk € MexHOoJ02UUecKoll cxeme 3ameoleHH020 KOKCO8AHUSL npedycmompeuo omoesieHue

6eH3UHO080l hpaKyuu om 800bl.

Knroueenvle cnoea: KoKcog8aHue, 8blCOK08s13KUEe U bumymuHosHble Hegpmu, 06800HEHHbLE
Hegmu, nepepabomka Hedpbmu, cnocob nepepabomku Hepmu

Jna yumupoeanus: Huxonaes A.1., Ilemnes b.B., Eroposa E.B. KokcoBanue BbIcOKOBsI3Kk0l 00BOiHEHHOI HedTH. ToHKue
xumuueckue mexnonoauu. 2022;17(1):30-38. https://doi.org/10.32362/2410-6593-2022-17-1-30-38

INTRODUCTION

In recent years, a characteristic feature of oil
production is an increase in the total volume of
high-viscosity bituminous oil, which contains a high
amount of resin—asphaltene substances (RAS) and has
high density and viscosity values. The technologies
of extracting such oil include (1) the use of solvents,
such as water, to displace fossil hydrocarbons (also
known as cold recovery) and (2) in situ combustion
where oil viscosity is reduced as a result of increasing
the temperature and creating the pressure needed to
displace the formed oil through gaseous combustion
products [1-11]. In Russia, technologies based on the
use of water vapor are used in the extraction of high-
viscosity bituminous oil [8—11]. However, the use
of water or water vapor to displace oil results to the
inclusion of up to 95% water in the product stream
from the production well.

Preparation of oil for processing involves its
stabilization, desalination, and dehydration [12, 13].
Dehydration is based on the difference in the densities
of petroleum hydrocarbons and water. However,
due to the comparable densities of resin—asphaltene
substances and water, their separation by gravitational
method is almost impossible, and the high viscosity
of RAS prevents the effective use of demulsifiers for
the destruction of oil-water emulsions. As a result,
traditional preparation schemes for processing of
high-viscosity bituminous sands are ineffective [14].

A possible solution to the problem of involving
such oil in the fuel, energy, and petrochemical balance
is the use of a coking process at the first stage of its
processing [15]. Currently, this process is widely
used to increase the extent of oil refining, thereby
obtaining distillate fractions from heavy oil residues
(fuel oil, cracking residues, and tar). At the same

time, the main components of such residues are RAS,
and the technology involves the use of water vapor to
prevent coking of the tubular furnace.

MATERIALS AND METHODS

Herein, a stable, high-viscosity oil-water
emulsion (not amenable to dehydration) was
subjected to a coking process, and its characteristics
are presented in Table 1. The effects of the coking
process conditions on the yield and characteristics of
the resulting products were also investigated.

The density and paraffin content of the oil-
water emulsion correspond to the fifth type of oil
(bituminous) and to the first type (low paraffin)
based on the classification in GOST 31378-2009' and
OST 38.01197-80%, respectively. However, the
amount of water (more than the 1.0 wt % standard
for the third type) and solids (more than 0.05 wt %)
in the emulsion does not make it possible to be
considered as a commodity product (GOST 31378-2009)
for processing.

Coking was carried out in a laboratory
installation in a “cube”™ [16]. A hollow cylindrical

! GOST 31378-2009. Interstate Standard. Crude Petroleum.
General Specifications. Moscow: Standartinform; 2019.

2 OST 38.01197-80. Industry standard. Oil of the USSR.
Technological Indexing. Moscow: Ministry of Oil Refining
and Petrochemical Industry of the USSR; 1980.

3 Bikbulatova A.M. Etapy stanovieniya i razvitiya
otechestvennogo proizvodstva neftyanogo koksa metodom
zamedlennogo koksovaniya: Na primere Novo-Ufimskogo NPZ
(Stages of formation and development of domestic production
of petroleum coke by the method of delayed coking: a case
study of the Novo-Ufimsky refinery): Cand. Sci. Thesis. Ufa;
2002. 104 p. (in Russ.).

Toukue xuMmudeckue texHosoruu = Fine Chemical Technologies. 2022;17(1):30-38

32


https://doi.org/10.32362/2410-6593-2022-17-1-30-38

Alexander I. Nikolaev, Boris V. Peshnev, Ekaterina V. Egorova

Table 1. Characteristics of oil-water emulsion

Characteristics Value
Density, 50°C, g/cm® 1.0200
Dynamic viscosity at 50°C, MPa-s 22557
Molecular weight, g/mol 520
Content of mechanical impurities, wt % 0.72
Water content, wt % 18.0
Resin and asphaltene content, wt % 42.0
Paraffin content, wt % 1.0

apparatus was used as a reactor, which was equipped
with a “pocket” for a chromel-alumel thermocouple
and a nozzle for installing a pressure gauge. The
raw materials were loaded into the reactor, and the
connections of the components of the installation
were checked for tightness. The reactor was heated
to a set temperature using an electric furnace. The
coking process temperature and pressure were varied
from 500 to 700°C and from 0.10 to 0.35 MPa,
respectively. During the experiment, the temperature
and pressure in the reactor were monitored, as well as
the volume of waste gas, which was recorded using
a GSB-400 gas meter (NII Electromera*, Russia). At
the end of the experiment, the amount of the liquid
products and coke formed was determined.

The hydrocarbon content in waste gas was
determined by gas adsorption chromatography using
a 3700 chromatograph (Chromatec, Yoshkar-Ola, Russia)
that was equipped with a thermal conductivity
detector. Conditions of the analysis are as
follows: the current of the detector bridge was
90 mA, the carrier gas was nitrogen with a flow rate of
25 mL/min, the temperature of the column thermostat
was at 70°C; the column length and diameter were
7 m and 2 mm, respectively, and the chromatographic
phase was Al,O, with a fraction of 0.15-0.25 mm and
promoted with a 5% NaOH solution. To increase the
sensitivity and simplify the calibration and processing
of chromatograms, a heated reaction column for
the conversion of hydrocarbons to hydrogen was
installed in the gas line of the chromatograph, which
was between the chromatographic column and the
detector. The temperature, length, diameter, and
nozzle of the reaction column were 850°C, 0.2 m,
5 mm, and copper oxide and iron chips (arranged
sequentially), respectively. Registration of the

* https://electromera.ru/. Accessed October 23, 2021.

detector signal and processing of chromatograms
were carried out using the hardware and software
complex EKOKHROM.

For liquid products, their fractional composition
and pycnometric density were determined using an
ARNP-1 apparatus (Promkhimpribor, Moscow, Russia)
according to the GOST 2177-99% and GOST 3900-85¢
methods, respectively. Furthermore, the ash content
of the carbon material was determined according
to GOST 22692-777, and the mass fraction of the
volatile substances was measured in accordance with
GOST 22898-788.

RESULTS AND DISCUSSION

The output indicators of the coking process are
shown in Table 2.

It can be seen that with an increase in temperature,
the yield of gaseous products increases, the formation
of coke decreases, and the dependence of the amount
of liquid products on temperature increases with a
maximum yield at 550-600°C. An increase in the
pressure leads to an increase in the yield of gaseous
products and coke but a decrease in the yield of liquid
products.

5 GOST 2177-99. Interstate Standard. Petroleum
products. Methods for determination of distillation
characteristics. Moscow: Kodeks; 2001 (in Russ.).

¢ GOST 3000-85. Interstate Standard. Petroleum and
petroleum products. Methods for determination of density.
Moscow: Standartinform; 2006 (in Russ.).

7 GOST 22692-77. Interstate Standard. Carbon materials.
Method for determination of ash. Moscow: IPK Izd. standartov;
2001 (in Russ.).

8 GOST 22898-78. Interstate Standard. Low-sulphur
petroleum cokes. Specifications. Moscow: IPK Izd. standartov;
2004 (in Russ.).
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It is noted that ~98% of the emulsion water
goes with liquid products and was subsequently
easily separated by gravity, and the rest (~2%) was
“encapsulated” by the resulting coke.

The effect of the coking process conditions on the
yield of liquid hydrocarbons is shown in the figure.
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Effect of the coking process conditions on the yield
of liquid products. Coking pressure is at (1) 0.10 MPa,
(2) 0.20 MPa, and (3) 0.35 MPa.

The characteristics of the products were only
determined for those obtained under conditions
where maximum yield was achieved, i.e., at 500°C
(maximum coke yield) and 600°C (maximum yield
of liquid products). In addition, the density of liquid
products (hydrocarbons) varied from 0.8977 to
0.9346 g/cm?®, and it increased with an increase in
temperature (from 500 to 600°C) and a decrease in
pressure. The change in density is due to a change
in the fractional composition of liquid hydrocarbons
(Table 3).

It can be seen that at a lower temperature
and a higher pressure, the amount of gasoline and
kerosene fractions in liquid products is higher, which
correlates with the densities of these products. The
characteristics of the coke residue from the coking
process are presented in Table 4.

In terms of density and amount of volatile
substances and moisture, the resulting residues
meet the GOST 22898-78 “Low-sulfur petroleum
cokes. Technical specifications” requirements for
coke. Due to a high amount of impurities in the raw
materials, as well as the fact that they have not been
desalted, the ash content of the resulting coke is
significantly higher than that allowed for cokes used
for structural purposes (no more than 0.8 wt %).

Table 2. Influence of coking process conditions on product yield

Process conditions Output, wt %

Temperature, °C Pressure, MPa Gas Liquid Coke
0.10 1.7 79.2 19.1

500 0.20 6.5 72.8 20.7
0.35 8.4 68.5 23.1

0.10 22 82.8 15.0

550 0.20 7.0 76.4 16.6
0.35 8.9 72.1 19.0

0.10 2.9 85.2 11.9

600 0.20 7.7 79.0 13.3
0.35 9.7 74.9 154

0.10 5.1 83.2 11.7

650 0.20 11.4 75.8 12.8
0.35 14.6 70.9 14.5

0.10 10.3 78.4 11.3

700 0.20 19.9 67.8 12.3
0.35 25.5 60.7 13.8
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Table 3. Influence of the coking process conditions on the fractional composition of liquid products

Conditions of carbonization Fraction content, vol %
Petrol Kerosene Diesel
° .
Temperature, °C Pressure, MPa (T, - 180°C)* (180-240°C) (240-350°C) Residue
0.10 12.4 343 28.8 24.5
500 0.20 14.7 38.9 27.7 18.7
0.35 25.0 40.0 252 9.8
0.10 11.3 26.4 30.3 32.0
600 0.20 13.9 30.0 29.3 26.8
0.35 22.3 31.5 27.3 18.9

*T bp is the initial boiling point.

Table 4. Influence of the coking process conditions on the characteristics of the coke residue

Conditions of carbonization ]
Density of coke calcined Ash content, M.a ST
- 3 ° of volatile substances and

at 1300°C, g/cm wt % . wt %

Temperature,°C | Pressure, MPa moisture, °
0.10 2.10 2.51 10
500 0.20 2.11 2.54 9
0.35 2.12 2.57 8
0.10 2.11 2.82 9
600 0.20 2.12 2.85 8
0.35 2.13 2.87 7

Coking gases contained hydrogen (20 + 5 vol %), CONCLUSIONS

methane (45 + 5 vol %), and C~C, hydrocarbons. An
increase in the temperature and pressure during the
coking process led to an increase in the amount of
hydrogen in the gas and a decrease in the amount of
methane. The amount of the remaining components
did not change significantly.

A characteristic feature of the resulting gas is the
significantly low amount of alkenes. In the coking
gases of residues from straight runs, the amount of
unsaturated hydrocarbons can reach 50%, whereas
in our case, it did not exceed 7 vol %. Obviously,
this is due to the composition of the raw materials:
low content of alkanes and high content of resins and
asphaltenes that have polycyclic aromatic structures.

The results show the possible application of
the coking process at the initial stage of processing
high-viscosity bituminous oil. In this case, the
dehydration stage is greatly simplified because the
technological scheme of delayed coking allows the
separation of the gasoline fraction from water. Also,
the results have shown that with an increase in the
coking process temperature, the yield of gaseous
products increases, the formation of coke decreases,
and the dependence of the amount of liquid products
on temperature increases with a maximum yield at
550-600°C. The coking process temperature also
affects the composition of liquid products. At a lower
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temperature, the amount of gasoline and kerosene
fractions in liquid products is higher. In addition, an
increase in pressure leads to an increase in the yield
of gaseous products and coke and to an increase in
the amount of low-molecular-weight fractions of
hydrocarbons in liquid products. The characteristics
of the coke formed from the coking process carried
out in this study are comparable to those that are
commercially produced. It is noted that during coking
of water-containing oil, up to 98% of emulsion water
goes with liquid products, and the remaining amount
of water remains in the formed coke.
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Abstract

Objectives. Polysorbate 80 (PS80) quantification in biopharmaceutical products has always
been challenging owing to its minute content, absorption to the protein backbone, lack of specific
chromophoric PS80 groups, and heterogenic nature. This work is aimed at developing an express
method for PS80 analysis in biopharmaceutical products using hydrolysis and subsequent high-
performance liquid chromatography analysis with ultraviolet detection that does not consume
substantial amounts of sample (235 uL).

Methods. Five therapeutic protein formulations were chosen as model proteins. Alkaline hydrolysis
formulation was applied, without protein precipitation and with a range of precipitation techniques
to remove protein from the test solution and hydrolyze PS80, to free fatty acids. The obtained
hydrolysate was analyzed using reverse-phase high-performance liquid chromatography.
Results. As a result of the high protein content of monoclonal antibody formulations, preliminary
proteinremoval was required, which was achieved by precipitation with organic solvents. A specific

© A.D. Askretkov, D.O. Shatalov, N.V. Orlova, D.I. Zybin, V.V. Nikolaeva, A.A. Klishin, E.S. Tuzova,
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precipitant ethanol-isopropanol mixture (1:1 volumetric ratio) was developed to efficiently remove
antibodies while keeping PS80 in the solution. The PS80 quantification method was developed
for monoclonal antibody drugs. For three monoclonal antibody drug products (adalimumab,
infliximab, and eculizumab), method validation was performed according to the International
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use, the
United States Pharmacopeia, and the State Pharmacopeia of the Russian Federation guidelines.
Conclusions. The optimal assay conditions for each group of recombinant monoclonal antibody
substances were chosen. Protein precipitation with ethanol or ethanol-isopropanol mixtures
before hydrolysis was introduced, allowing for a substantial reduction of sample to 35 uL or even
less if PS80 content is higher than 0.05 mg/mL. Accelerated hydrolysis (90 min) is preferable to
slow hydrolysis (4-18 h). Method validation for protein products such as adalimumab, infliximab,
and eculizumab was demonstrated for the first time. Both methods were validated for each drug
product. The coefficients of variation for method specificity and high precision were <6.0% for
3 analyses. The accuracy of the methods ranged from 96% to 109% for all of the tested drug
products.

Keywords: polysorbate 80, hydrolysis, HPLC, oleic acid, therapeutic proteins, spectrophotometric
detection
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AHHOMAyus

IIenu. Onpedenerue noanucopbama 80 & npenapamax mepane8muuecKux peKombuHaHm-
Hblx benkog ecezda s18/10Cb MpPYOHOU 3adauell, 88UJY HU3K020 COOEPIKAHUSL, 2emepozeH-
HOU npupoodsl, npucymcmaust benKka 8 npenapame, a marKxkKe omcymcmeust XpomogpopHbLX
epynn y oarHHozo aHaauma. Llenvro danHHol pabomul aeasinace paspabomiKa 3KCnpeccHol u
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9KOHOMUUHOU MemoduKu onpedeneHust noaucopbama 80 8 npenapamax peKomMOUHAHMHBLX
MOHOKJIOHATIbHBLX AHMUME C UCNONBb308AHUEM 2UOPOAU3A C NOCAEOYUWUM onpedeneHuem
8bLc80060IKOEHHOU 01eUHO080T KUC/IOMbL MEMOOOM 8blLCOK0IPPeKMmUBHOU HUOKOCMHOU Xpo-
mamoepagpuu (BOXKX) ¢ YD demexmuposaHuem.

Memoowut. B kauecmsee mMo0esibHbLX 00pa3yU0e blOpaHbL NSLMb MEepaneemuueckux peKomOuHaHmM-
Hblx 6eskos. Hcnonw3oeaH wenouHol 2udponus b6e3 yoaneHus beska u ¢ e2o yoaneHuem pasauu-
HblMU cnocobamu ocarkoeHust 0151 8bl0esieHUsL CBOO0OHbBIX JKUPHBbLX Kuciom. ITTonyueHHbLl 2udpo-
AuU3am npoaHaIU3IUpo8aH memooom BOXKX.

Pesynomamet. /Ins cybcmaHyuili MOHOKJIOHAIbHBLIX aHMUMES, 88UO0Y 8bLCOK020 COOEPIHAHUSL
besnka, mpebosanoce ezo yoaneHue. B kauecmee Haubosee npocmozo cnocoba yoaneHus ebul-
bpaHa deHamypayus u nocriedyrouias npeyunumayus benxa, umo 00cmuzaiocs nymem ocarK-
deHusi aHmumena opeaHuuecKum pacmeopumenem. Boin eblbpar yHugepcaibHblil ocaoumessb
(cmecb smaHona u U30NPoOnaHoaa 8 obvbemHom coomHoweHuu 1:1), ucnonvzogarue KOMopozo
No360asN0 3hheKmuU8HO Yoansims MOHOKJIOHAIbHOE AHMUMENO, HO 8 MO JKe 8pemst He 0ony-
ckxams nomepo noaucopbama 80. Bouia pazpabomaHa IKCNPecCHas: MemoourKa onpeoeseHust
noaucopbama 80 dnsi cybecmaHyuii MOHOKNOHANIbHbLX aHmumes. Memooduka onpedeneHust no-
aucopbama 80 eanuduposaHa coanacHo mpebosaHusm International Council for Harmonisation,
United States Pharmacopeia u I'ocyoapcmeeHHotli ¢papmaroneu Pocculickoii Pedepayuu.
Bbteoost. Buuiu npogedeHsbl UCNbLMAHUSL YC08ULL NPoHoNno020moeKu 015t MOHOKLOHA/IbHBLX AH-
mumen. Bnepgble 66110 HedpeHo ocarcoeHue benKa IMaHOIOM UL CMECHIO IMAHON-U30NPONa-
HOJl neped npogedeHuem audpoaU3a U AHAAU30M noaucopbama 80. Omo nozgosuno sHauumeio-
HO YMeHbUUMb mpebyemoe Koauuecmao obpasyua 015 aHaau3a 00 35 MK npu KOHUeHmpayuu
nonucopbama 80 0.05 me/ M unu euje meHbuwe npu €20 bosbuem CoOOepIaHUU. YCKopeHHDbLU
2udposus noaucopbama 80 e meuerHue 90 muH siensemcest 6onee npeonoumumesnbHolM NPU NPO-
gedeHUU aHAIU3A 8 CPABHEHUU C NPOOOSIKUMENbHBIM 2UOPOAUIOM 8 meueHue 4—18 u, onucaH-
Hbm 8 aumepamype. Bnepeble bbiuna npogedeHa sanudayus memoouku npobonodzomosKu U
AHONU3A OS5t MOHOKZOHAIbHbBLX aHmumes aoaiumymab, skyausymab u urgaurcumab. Boico-
Kast NPeyusuoHHOCMb MemoOuKU (cpedHekeadpamuuHoe omrkaioHeHue <6.0%), cneyuguuHocmos
u yooesiemeopumenbHble 3HAUEHUS npasuibHOocMuU (pakmop omraurxa om 96 0o 109%), zoeo-
psam 0 npu2o0HOCMU MemoouKu 0ast onpedeneHust noaucopbama 80 8 sekapcmeeHHblX cpeo-
cmeax Ha 0CHO8E PEKOMOUHAHMHBIX MOHOKIOHA/IbHbIX AHMUMEL.

Knroueenvle cnosa: nosucopbam 80, 2udponus, 8blcokodahgpeKxmusHast IKUOKOCMHASL XPOMAMO-
epagpus, oneurosas Kucaioma, peKombuHaHmmble mepanesmuueckue benxu, cnekmpogpomonme-
mpuuecKoe oemexmupogaHue

s yumupoesanusn: Askretkov A.D., Shatalov D.O., Orlova N.V., Zybin D.I., Nikolaeva V.V., Klishin A.A., Tuzova E.S.,
Minenkov D.S., Kedik S.A., Seregin Y.A. Quantitation of polysorbate 80 in recombinant protein formulation using
high-performance liquid chromatography. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2022;17(1):39-49. https://doi.

org/10.32362/2410-6593-2022-17-1-39-49

INTRODUCTION

PSs consist of sorbitol core bound to oxyethylene
units, with one molecule of sorbitol containing one
molecule of oleic (PS80) or lauric (PS20) acid. Its
heterogenic nature [8], lack of chromophoric groups,
and a tendency to bond with proteins present in
formulation make it difficult to analyze [9]. Thus, several
analytical approaches have been developed, including
spectrophotometric detection, which is based on the
extraction of PSs complexes with transition metals
thiocyanates into organic solvent [10, 11] or inclusion
of a fluorescent dye into PS micelles, followed by

fluorescence detection and quantification [12, 13] and
gas chromatography [14, 15]. The given methods are
relatively free of systematic error owing to differences
of PSs lot and manufacturer, but their laboriousness and
low precision make them unsuitable for routine quality
control.

High-performance liquid chromatography (HPLC)
is another approach. There are multiple methods,
each with its level of sensitivity, sample pretreatment,
and detection. Reversed-phase (RP) HPLC of native
PSs is conducted using evaporative light scattering
detection (ELSD), and PS chromatograms appear as
a collection of peaks [9, 16]. The detection of one of
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the PS components, mostly commonly liberated fatty
acid, is based on HPLC with mass spectrometric [17,
18], fluorometric [19], or spectrophotometric [20—22]
detection, or gas chromatography with flame ionization
detector [23]. Although sample pretreatment is required,
most of these approaches are less laborious than other
quantitation methods. Currently, the presented methods
require a substantial amount of sample for analysis or
a prolonged hydrolysis time. Both of these conditions
complicate routine PS80 analysis in TPs, which should
be solved.

It should be noted that not every laboratory has
the necessary equipment for analysis, thus HPLC with
spectrophotometric detection is the most preferred and
available, despite the following disadvantages:

Oleic acid (OA) extraction methods described in
[21, 22, 24-26] require a substantial amount of sample
(200300 pL), which can be problematic in downstream
technology development or drug product stability
estimation.

Poor sensitivity, prolonged incubation time, or
inability to quantify PS80 in high protein content
formulations [20, 25].

Thus, the development of the low-demanding PS80
quantitation method is of interest.

In this work, a modified HPLC method for PS80
quantification was developed. The method begins with
a protein precipitation stage using ethanol-isopropanol
mixture, followed by fatty acid hydrolysis and ultraviolet
spectroscopy with HPLC analysis. The developed
procedure uses 5 to 6 times fewer samples than others
presented in scientific literature and can quantify PS80
concentrations as low as 0.005 mg/mL. Monoclonal
antibody (MAD) precipitation was performed in an ethanol—
isopropanol mixture. The method was approbated for three
recombinant MAb formulations with a protein content
of about 10 mg/mL or more, validation was performed
according to the International Council for Harmonization
(ICH) of Technical Requirements for Pharmaceuticals for
Human Use!, the United States Pharmacopeia (USP), the
United States Food and Drug Administration’, and the
State Pharmacopeia of the Russian Federation®.

"ICH Q 2 (RI) guidance. Validation of Analytical
Procedures: Text and Methodology. EMEA. URL: https:/www.
ema.europa.eu/en/documents/scientific-guideline/ich-q-2-r1-
validation-analytical-procedures-text-methodology-step-5_en.pdf.
Accessed January 13, 2022.

> Analytical Procedures and Methods Validation for
Drugs and Biologics. U.S. Department of Health and Human
Services Food and Drug Administration. 2015. URL: https://
www.fda.gov/files/drugs/published/Analytical-Procedures-
and-Methods-Validation-for-Drugs-and-Biologics.pdf.
Accessed January 13, 2022.

3 State Pharmacopeia of the Russian Federation, 14th
edition. URL: https://gmpreg.com/en/documentos/marco-
normativo/state-pharmacopoeia-russian-federation-edition-
xiv. Accessed January 13, 2022.

MATERIALS AND METHODS

Materials

PS80 [the USP and the National Formulary (NF)], OA
(65.0%—88.0%), formic acid (98%—100%), phosphoric
acid (85%), and potassium hydroxide (>85%) were
purchased from Sigma-Aldrich (USA). Acetonitrile
and isopropanol (UHPLC grade) were purchased from
PanReac  AppliChem  (Spain). HPLC-grade water
(18.2 MQ/cm) was obtained using the Millipore
Milli-Q Advantage A 10 system (USA). The
monoclonal  antibodies, eculizumab (ECZB),
adalimumab (ADMB), and infliximab (INFL), were
manufactured by Pharmapark (Russia); 15.1 mg/mL
for ECZB and INFL and 60.5 mg/mL for ADMB.

Method optimization

Method optimization was performed using the central
composite design, which was done using the design of
the Minitab19 experiment software (Minitab, USA).

Volume V, of precipitation reagent [X, % (v/v)
isopropanol solution in ethanol] was mixed with 35 pL
of ECZB substance with a 0.22 mg/mL PS80 content
and Milli-Q water. After 10 min incubation at 80°C,
volume V, of supernatant was added to 35 pL of 0.5 M
potassium hydroxide and incubated for 1.5 h at 80°C.
After the reaction was stopped with 35 uL of 4% formic
acid in acetonitrile, 40 pL of the sample was injected.
Input varied parameters (factors) are shown in Table 1.

All other parameters remained constant.

As criteria, recovery of PS80 in ECZB and signal to
noise (S/N) ratio of the OA postpeak was chosen.

Sample preparation

PS80 standard solutions in Milli-Q water were
prepared in seven concentrations ranging from 50% to
150% of the nominal PS80 concentration (NC) for each
drug product.

ECZB (NC 0.22 mg/mL), ADMB (NC 1.00 mg/mL),
and INFL (NC 0.05 mg/mL) formulations were prepared
as follows. Followed by vortexing, sample incubation at
80°C for 10 min, and centrifugation for 10 min at RT,
35 pL of standard or test sample were added to 20 pL
of 1/1 (v/v) isopropanol/ethanol mixture. Twenty plLof
obtained supernatant was mixed with 35 pL of 0.5 M
potassium hydroxide solution. Subsequently, the mixture
was incubated at 80°C for 90 min, followed by addition
of 35 uL of 4% formic acid in acetonitrile. All mixtures
were transferred into chromatographic vials.

Chromatography

HPLC was performed on the Ultimate 3000 system
(Thermo Fisher Scientific, USA), which included a
quaternary gradient pump (LPG-3400SD), a split loop
autosampler (WPS-3000), a column oven (TCC-3000),
and an ultraviolet detector (DAD-3000). A C18 stationary
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Table 1. Design of experiment variable parameters to optimize method

Value
Input parameter
Low level High level
X (isopropanol concentration in ethanol), % 25 65
V, (volume of precipitation reagent), pL 20 40
V, (volume of supernatant), pL 20 40

HPLC column [YMC-Pack ODS-AQ, 150 x 4.6 mm,
3 wm particle diameter (YMC, Japan)] with end-
capping was used. The mobile phase consisted of
an 80:20 (v/v) mixture of acetonitrile and 0.85%
phosphoric acid. The analysis was performed
using isocratic elution for 13 min at a flow rate of
1.2 mL/min, a column temperature of 30°C, and a
detection wavelength of 195 nm (the choice of that
wavelength was based on low absorption at high
wavelengths). The injection volume was set at 40 pL.

Each injection in process of analysis or validation
was derived from a separate vial containing a sample that
had been prepared separately.

All validation procedures followed the ICH Q2 (R1),
ICH, and USP guidelines. Selectivity, linearity,
analytical range, precision, accuracy, limit of
detection (LOD), and limit of quantification (LOQ)
were evaluated.

Specificity
Specificity was evaluated by analyzing the pre-

formulated PS80-free drug product, PS80 spiked drug
product, Milli-Q water, standards of PS80, and OA.

Linearity

Linearity was analyzed in triplicate by preparing
seven PS80 standards in Milli-Q water: 0.02, 0.05, 0.1,
0.2,0.5, 1.0, and 1.2 mg/mL. Linear regression was used
to plot the OA peak area against PS80 concentration, and
the correlation coefficient (R?) was determined.

Accuracy

For the estimation of accuracy, each PS80-free
recombinant protein solution was spiked with PS80 to
obtain a final concentration of 100% and, at least 80%
and 120% of the nominal PS80 concentration while
containing protein at the level present in the substance.
Sample pretreatment and analysis were performed in
triplicate for each concentration level. Following PS80
quantification, the recovery (R, %) at every concentration
level was calculated for each replica using the formula:

R= S x100,
C

t

where C, is the obtained PS80 concentration and C, is
the calculated PS80 concentration.

Repeatability and precision

The repeatability of the analytical technique was
assessed using the accuracy assessmentresults (n=3). The
coefficient of variation (CV, %) was calculated for each
concentration level. For evaluation of the intermediate
precision, the same analyses were conducted in two
additional days, and the CV values of the overall PS80
concentration for each sample were compared.

LOD and LOQ

LOD and LOQ values were determined using
consecutive injections of standard sample dilutions and
estimation of the S/N ratio.

RESULTS AND DISCUSSION

Method development

This study aimed at developing a simple and repro-
ducible PS80 quantification method for biopharma-
ceutical formulations of recombinant monoclonal
antibodies protein products that require a relatively
small amount of tested sample. The approbation of
the method [18] showed relatively accurate PS80
quantification results, although it possessed certain
drawbacks such as a large sample amount (200 pL)
and difficulty in phase separation after hydrolysis.

The use of RP chromatography in analyzing
nonhydrolyzed PS80 with spectrophotometric detection
at 234 nm revealed multiple PS80 peaks, as indicated
in previous works that used HPLC ELSD detection
[8, 13]. PS80 quantification using a sum of multiple
peak areas demonstrated reasonable method accuracy,
but PS80 concentration had gradually increased over
long-term TP stability assessment, making the method
unfit for quantifying PS80 in long-term storage [20].

To develop the method, OA, which was the main
fatty acid component, was chosen as the analyte,
and hydrolysis with potassium hydroxide at a final
concentration of 0.1 M was carried out without protein
precipitation, followed by neutralization of the solution
with 4% formic acid in acetonitrile. MADb preparation
showed a tailing peak over all chromatograms owing to
high concentration (>10 mg/mL) and high tendency to
aggregate in the presence of organic solvents, without
protein removal (Fig. 1), resulting in OA quantification
errors and column degradation with the MAD
precipitate.
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To remove MADb from test solutions, multiple
methods, such as precipitation with organic solvents
and heat denaturation, or both, were used. Heat
denaturation of the test solution at 80°C for 10 min
resulted in protein precipitation, although further
assessment the accuracy of the method revealed a
decrease in PS80 content from 20% for ECZB and
ADMB to 40% for INFL. For MADb precipitation,
ethanol, isopropanol, and a 20% 1-butanol solution
in ethanol were used at an initial volumetric 1:1
ratio (Fig. 2).

Chromatograms revealed the presence of close-
eluting to the OA postpeak for all samples (standard
PS80 solution, protein formulation, and water) with
20% butanol precipitation and, to a lesser extent,
isopropanol, resulting in a loss of specificity and
misestimation of PS80 content. The OA postpeak

was due to the extraction of leachables from the
Eppendorf tube. There was no close-eluting peak for
the ethanol when compared to OA. The preliminary
results of the accuracy assessment are shown in
Table 2.

Using ethanol precipitation, the method
demonstrated satisfactory accuracy for ADMB, but
not for ECZB or INFL.

The central composite design method was used
to optimize the method for ECZB, resulting in 15
experiments with 3 variables. Contour plots were
used to assess the optimum recovery (95%—105%),
and the absence of OA postpeak (S/N = 0) was
determined. The results of each experiment are
depicted in Table 3.

The most ideal conditions, according to the
obtained data, were X = 50% and V, = V, = 20 L.

400 mAU \J
30.0 PS80 solution,
containing ECZB
20.0
10.0
PS80 standard solution
V\J without ECZB
0.0
8.0 min
03 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Fig. 1. Representative chromatogram of a 0.22 mg/mL PS80 solution. The OA retention time is 10.3 min.

200 mAU OA
R . Co-eluted to OA
V)
15.0 Precipitation with 96% ethanol A peak
\— ,
Precipitation with 20% butanol J \K/
100N~

5.0

A

\
-0.6

Milli-Q water with isopropanol precipitation

PS80 standard with isopropanol precipitation

>\

N

/

min

6.13 7.00 8.00

9.00 10.00 11.00

Fig. 2. Chromatograms obtained after PS80 solution hydrolysis and protein precipitation with organic solvents.
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Table 2. Preliminary testing results of different precipitation reagents

Precipitation reagent Recovery, % OA postpeak
ECZB ADMB INFL presence
Ethanol 96% 84 102 82 -
Isopropanol 103 105 112 +
20% 1-butanol solution in ethanol —* —k _* +

*The results were incorrect owing to interference from a large postpeak presence.

Under the given conditions, recovery was about 99%,
and there was no OA postpeak.

Under the given conditions, INFL substance testing
demonstrated the same level of accuracy.

Method validation

The developed method demonstrated specificity.
No peaks with OA retention time were observed in the
Milli-Q water and PS80-free protein product. ECZB
specificity assessments are shown in Fig. 3.

The method used for other drug products also
demonstrated specificity. The correlation coefficient,
R?, of the regression line was 0.996, obtained R* values
were >0.99, and the linearity of the methods was
demonstrated. Accuracy estimation results for each
biopharmaceutical are depicted in Table 4.

As a result, the recovery results for each
biopharmaceutical were narrowly scattered around the

Table 3. Method condition screening results

100% value, and no sample exceeded the 90%—110%
recovery range limit. If the same PS80 lot was used
as standard, the obtained values are considered free of
systematic error and give actual PS80 concentration for
the tested sample.

Repeatability and  intermediate
assessment results are presented in Table 5.

No sample exceeded the repeatability limit of
5% or the intermediate precision limit of 8%. In
the one-day and day-to-day analyses, results obtained
using both methods demonstrated narrow result
distribution across the calibration range. Positive
linearity, accuracy, and precision assessment results
indicate that both methods are capable of persistently
producing correct results in the range of 80% to 120%
of nominal PS80 concentration. The LOQ was found
to be 0.005 mg/mL (S/N = 3.4) while the LOD was
found to be 0.002 mg/mL (S/N = 11.2).

precision

Criteria
Ot I§0pr0panol content | Volume of precipitation | Volume of su‘pernatant Recove SN
in ethanol (v/v), % reagent (V)), pL for hydrolysis (V,), pL o Yy
%o of OA postpeak
1 25.0 20.0 20.0 84 0.0
2 25.0 20.0 40.0 85 0.0
3 25.0 40.0 20.0 92 0.0
4 25.0 40.0 40.0 93 0.0
5 65.0 20.0 20.0 99 0.0
6 65.0 20.0 40.0 98 32
7 65.0 40.0 20.0 102 52
8 65.0 40.0 40.0 104 6.1
9 11.4 30.0 30.0 85 0.0
10 78.6 30.0 30.0 103 15.2
11 45.0 13.2 30.0 98 0.0
12 45.0 46.8 30.0 99 52
13 45.0 30.0 13.2 97 0.0
14 45.0 30.0 46.8 96 0.0
15 45.0 30.0 30.0 96 0.0
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Fig. 3. Chromatograms of specificity assessment of PS80 determination in the ECZB substance.

Table 4. Accuracy estimation results

PS80 content from nominal Recovery, %
concentration*, % ADMB ECZB INFL
NC, mg/mL 1.00 0.22 0.05
50 99.9 104.1 96.7
100 98.0 103.8 98.7
150 99.6 106.6 100.5

* Accuracy, precision, and repeatability for INFL and ECZB were assessed in the range of 40% to 160% and 80% to 120%,

respectively.

Table 5. Repeatability assessment

Parameter PS80 content fr.om nominal CV, %
concentration*, % ADMB ECZB INFL
50 2.6 1.0 3.0
Repeatability (n = 3) 100 0.5 0.5 1.2
150 2.5 3.9 29
50 5.4 43 3.5
Intermediate precision (n = 3) 100 2.7 34 1.9
150 4.8 5.6 23

*Accuracy, precision, and repeatability for INFL and ECZB were assessed in the range of 40% to 160% and 80% to 120%,

respectively.

CONCLUSIONS

An HPLC method with spectrophotometric
detection was developed for PS80 determination in
TPs. The method is based on the hydrolysis of PS80 to
free fatty acids, with OA as the main constituent being
detected using RP HPLC. For monoclonal antibody
removal, an additional step with organic solvent mixture
precipitation was developed, while PS80 remained in
solution, ensuring method accuracy. The method was

approbated and validated for 3 therapeutic monoclonal
antibody  substances. The accuracy assessment
demonstrated recovery ranging from 96% to 109%. The
repeatability and intermediate precision values (n = 3)
were less than 4.0% and 6.0%, respectively. The LOQ
was 0.005 mg/mL. The current method requires minor
quantities of protein products (<35 pL). The method is
also dependent on PS80 lot-to-lot variability, although
the PS80 lots from a single manufacturer within two years
of manufacture can be used as a standard to determine its
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content in drug formulation. Since the method was only
tested on 3 monoclonal antibody drug products, others
may require sample pretreatment optimization, which
can be achieved by varying the isopropanol/ethanol ratio
or adding precipitants, such as sulfosalicylic acid, which
was tested in another method for filgrastim analysis.
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Abstract

Objectives. Resistance to antibiotics and other antimicrobial drugs is an acute problem in the
world today. Therefore, the chemical and pharmaceutical industries are still in search of new
antibacterial agents that can overcome the resistance of pathogenic bacterial strains. To date, it
has been established that molecules with antimicrobial activity must have an amphiphilic nature,
a small size, one or more positive charges, and the required degree of hydrophobicity, that is,
a significant hydrophilic-lipophilic balance (HLB) value. Some examples of such structures are
antimicrobial peptides or peptidomimetics. This study aimed to develop a universal scheme for
synthesizing several amino acid derivatives based on diethanolamine diesters with symmetric
and asymmetric radicals in a hydrophobic block and potential antibacterial activity.

Methods. The progression of chemical reactions was analyzed using thin-layer
chromatography (TLC) on Sorbfil plates. The obtained compounds were isolated and purified
using preparative TLC on Kieselgel (Merck) 60 F254 plates and column chromatography on
Merck silica gel 0.040-0.063 mm. The TLC method was used to detect substances using a
3% ninhydrin solution, followed by heating to 70°C. The structures of the obtained compounds
were confirmed by hydrogen-1 nuclear magnetic resonance (H NMR) spectroscopy on a Bruker
WM-300 pulse NMR spectrometer, with hexamethyldisiloxane serving as the internal standard.
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Results. The HLB values of the diethanolamine derivatives were calculated, and samples were
selected for subsequent synthesis. A scheme was developed for preparing amino acid derivatives
based on diethanolamine diesters with symmetric and asymmetric radicals in the hydrophobic
domain, and five new compounds were synthesized. The hydrophilic blocks of these compounds
included residues of amino acids such as glycine, 3-alanine, L-ornithine, and L-lysine.
Conclusions. The potential antimicrobial activity of the synthesized peptidomimetics was
assessed by their HLB values using the ACD/Labs Log P program. New amphiphiles were
synthesized using amino acids and diethanolamine, and their structures were confirmed by
TH NMR spectroscopy data. The synthesized compounds were prepared for antibacterial activity
analysis.

Keywords: antimicrobial peptides, antibacterial agents, resistance, hydrophilic-lipophilic
balance, amphiphiles, amino acids, diethanolamine esters
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AnHOMauyus

Ienu. PeaucmeHmHocmsb K aHmubuomukam u opysum aHmMUMUKPOOHbIM Npenapamam siesus-
emcst ocmpoii npobnemoii coepemeHHocmu. ITouck HO8bLX AHMUOAKMEPUANLHBLX A2eHMOo8, npe-
odosiesarouUX pe3aucCmeHmHOCMb NAMOEHHBIX WMmammos baxmepull, siensemest ocmpebosaH-
HbIM 8 XUMUKO-hapmayesmuueckoli npomsluuneHHocmu. Ha cezoOHsuwHUll 0eHb U3gecmHo, umo
MONeKYbl, obnadarouiue AHMUMUKPOOHOT aKmugHOCMbl0, 00JIXKHbL OblMb AMPUPUNLHOU NpU-
poobl, umems HebONbUWLOU pasmep, Hecmu O00OUH UNU HECKOJbKO NOJOXKUMENbHbIX 3apsidos, a
marxoke obradams HeobXxoo0umoili cmeneHvto 2uOpPOPobHOCMU, BbIPAIKEHHOU 8ENUUUHOU 2UOPO-
PuUnbHO-UNOPUNBLHO20 banaHca. Takumu cmpykmypamu mozym eblcmynams AHMUMUKPOOHbBLE
nenmuost unu nenmudomumemuru. Llenvro daHHo20 uccnedogarust bbLna paspabomka yHusep-
CAaNbHOU cxembl U npogedeHue cuHmesa psida NPou38o0HbIX AMUHOKUCIOM HA 0CHO8e OUuahupo8
OUIMAHONAMUHA C CUMMEMPUUHBIMU U ACUMMEMPUUHBIMU PAOUKANAMU 8 2UOPOhObHOM bioKe
€ NOMeHYUANbHOU aHmubaxmepuatbHol AKMuU8HOCMbIO.
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Synthesis of diethanolamine-based amino acid derivatives ...

MemooObl. AHANU3 XUMUUECKUX peaKyull, 8bl0eieHUe U OUUCMKY NOAYUEHHBIX COCOUHEHUT NPo-
800U C NOMOULLIO MOHKOCAOUHOU U KOJNIOHOUHOU xpomamoepagpuu. ObHapyxceHue seuiecma
oCYyWecmensiiu MemoooM MOHKOCAOUHOU Xxpomamozpaguil ¢ UCNOAb308AHUEM HUH2UOPUHOBOUL
pearkyuu 05 UX 8U3YaAAU3aAyUU Ha naacmuHax. Cmpykmypol NOAYUEHHbIX coeduHeHUll noo-
meepokoanu memooom 'H-SIMP cnexmpockonuu.

Pesynomamel. [IpogedeH pacuem 8enuUUH 2UOPOPUSbHO-TUNOPUNBHO20 bariaHca NPOU3BOOHbLX
OUIMAHONAMUHA U 8bLOPAHBL 00pa3ybL 051 nociedyrougezo cunmesa. PaspabomaHsl cxemvl nony-
UYEHUSL NPOU3BOOHBIX AMUHOKUCIOM HA OCHO8e OUIPUPOE OUIMAHONAMUHA C CUMMEMPUUHBIMU
U ACUMMEMPUUHBIMU PAOUKAIAMU 8 2UuOPO0obHOM JoMeEHE U NPO8EJEeH CUHME3 NsiMU HO8bLX CO-
eoduHeHull, 8 cocmasg 2u0poPuUbHbLX 6710K08 KOMOPbLX 8X00siM OCMAMKU MAKUX AMUHOKUCIOM,
KaK 2UyuH, -anaHuH, L-opHumuH u L-1usuH.

Boreoodst. [IpousgedeHa oueHKa NOMeHYUAbHOU AHMUMUKPOOHOT AKMUSHOCIU CUHMEe3UPO8aH-
HbLX NenMuUOOMUMEMUKO8 NO 8e/UUUHE UX 2UOPOPUNBLHO-TUNOPUNILHO20 6ANAHCA C NOMOULLIO
npoepammol ACD/Labs Log P. CunmesupoeaHslL Hogble ampugpuibl HA 0OCHO8E AMUHOKUCOM U
OUIMAHONAMUHA, CMPYKMYPbL KOMOpPbLX noomeepikoeHbl 0aHHbmu ' H-SIMP cnekmpockonuu.

Knrueesvle cnoea: aHmubaxkmepuaibHble azeHMbl, AHMUMUKPOOHbLE Nnenmuobl, pesu-
cmeHmHoCcmb, 2u0POPUALHO-TUNOPUNLHBLIU banaHc, amgpuduivl, AMUHOKUCAOMbL, OUIDPU-
PpblL OUIMAHONAMUHA

Jna yumuposanusa: Koporkun M.J1., @unarosa C.M., [lenuesa 3.1, Bynanosa Y.A., Ce6sixun FO.JI. CunTe3 npou3BOIHBIX

AMUHOKHCIIOT Ha OCHOBE IMATAHOIAMUHA C CHMMETPHYHBIMH 1 ACHMMETPHYHBIME PaJUKaIaMH B THAPOGOOHOM TOMEHE C MOTESHIUATEHON
AQHTUMHKPOOHOW aKTUBHOCTBIO. ToHKue xumuueckue mexronozuu. 2022;17(1):50-64. https://doi.org/10.32362/2410-6593-2022-17-1-50-64

INTRODUCTION

Multiple drug-resistant strains of pathogenic
microorganisms pose a serious threat to public health.
The dynamics of the spread of antibiotic-resistant
bacteria have demonstrated the importance of
developing new antibacterial drugs [1, 2]. Although
numerous research and experiments are being
conducted globally to find novel biologically active
compounds that can treat various bacterial infections
and fungal diseases, the number of newly approved
drugs has decreased significantly in the last 20 years
[3-5].

Endogenous antimicrobial peptides are an
essential part of innate immunity [6]. They have high
bactericidal efficiency, as well as antiviral, antifungal,
antitumor, and antioxidant properties [7, 8]. However,
their low selectivity, high in vivo toxicity, potential
immunogenicity, high cost, and complex large-scale
industrial preparation have precluded them from
being widely used in medical practice [9].

These shortcomings have prompted the
development of synthetic strategies to produce
antimicrobial low-molecular-weight peptidomimetics
[10-13] that mimic the physical properties of the
prototypes. The most important structural features

of a molecule with antimicrobial activity are its
amphiphilic nature, its degree of hydrophobicity,
the presence of one or more positive charges, and its
small size.

The action of cationic peptidomimetics is to
destroy the cell membrane through pore formation
[14]. When the integrity of the bacterial membrane
is compromised, it results in intracellular content
leakage and subsequent cell lysis [15, 16]. In addition,
peptidomimetics can enhance the action of other
antibiotics when used together [17]. There is evidence
that threshold hydrophobicity is required for high
antibacterial activity, but an uncontrolled increase in
hydrophobicity causes an increase in toxicity [12].

The new class of cationic amphiphiles has
a uniform structural design, with a hydrophobic
domain that typically represents saturated or
unsaturated aliphatic chains, aromatic compounds,
and a hydrophilic component that bears one or more
positive charges. Many natural amino acids or their
sequences are used as hydrophilic blocks [18, 19].
An amide bond represents the spacer fragment that
connects both domains, and its presence determines
the high bioavailability of molecules.

According to research, the value of the minimum
inhibitory concentration is influenced by the structure
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and length of hydrocarbon radicals in the hydrophobic
domain to a certain extent [20].

This work aimed to synthesize several derivatives
of glycine, B-alanine, L-lysine, and L-ornithine using
symmetrical and asymmetric diethanolamine diesters
in the hydrophobic block and investigate their
biological activity.

EXPERIMENTAL

Several glycine, p-alanine, L-lysine, and
L-ornithine derivatives were synthesized, isolated,
and purified using diethanolamine, sodium hydroxide,
sodium sulfate, citric acid, potassium carbonate,
potassium iodide, 1-bromooctane, trifluoroacetic acid,
di-tert-butyl dicarbonate, dimethylaminopyridine
(DMAP), dicyclohexylcarbodiimide (DCC), octanoic
acid, octyl bromide, and thionyl chloride (puriss.
grade) (Component Reaktiv, Russia).

The hydrophilic-lipophilic balance (HLB) of the
structures was calculated using the ACD/Labs Log P
program (version 14.0.1.11391). The hydrogen-1
nuclear magnetic resonance ('H NMR) spectra
were recorded in deuterated chloroform (CDCIl,)
on a WM-300 pulse NMR spectrometer (Bruker,
Germany) with a 300 MHz operating frequency and
hexamethyldisiloxane as an internal standard. Thin-
layer chromatography (TLC) was performed on
Sorbfil plates (/MID, Russia) with particle sizes of
0.005—-0.015 mm. Preparative TLC was performed on
Kieselgel plates 60 F,,, (Merck, Germany). Column
chromatography was performed on silica gel 60 A
(0.040-0.063 mm) with 230-400 mesh particle size
(Merck, Germany). The solvents used were of puriss.
and p.a. grades (Component Reaktiv, Russia). The
eluent systems were as follows:

(A) chloroform/methanol = 1:1

(B) toluene/ethyl acetate = 1:1

(C) hexane/diethyl ether = 4:3

(D) toluene/ethyl acetate = 20:1

(E) toluene/ethyl acetate = 5:1

(F) hexane/diethyl ether = 2:1

(G) toluene/ethyl acetate = 10:1

(H) chloroform/methanol = 20:1

(I) hexane/diethyl ether = 15:1

Substances were detected by TLC using a 3%
ninhydrin solution (Acros Organics, Belgium),
followed by heating to 70°C. The solvents were
distilled off using an RV 3 vacuum rotary evaporator
(IKA, Germany).

N-tert-butoxycarbonyl-diethanolamine (2) [21]

A solution of 2.34 g (10.7 mmol) of di-tert-
butyl dicarbonate in 35 mL of tetrahydrofuran
(THF) was added dropwise to a solution of 0.75 g

(7.14 mmol) of diethanolamine 1 in 20 mL of THF
for 1 h, maintaining the pH at 8. The reaction
mass was stirred for 3 h at room temperature. The
reaction progress was monitored using TLC in the
(A) eluent system. After the reaction, the solvent
was removed in a vacuum, and the resultant mixture
was acidified with a 20% citric acid solution before
being extracted with ethyl acetate (three times by
75 mL). The organic phase was dried over anhydrous
sodium sulfate and then filtered. Product 2 had a
yield of 0.77 g (52.6%).

'H NMR spectrum (CDCI,, 6, ppm): 1.48 (s,
9H, CH,), 3.31 (t, 4H, NHCH,CH,), 3.86 (t, 4H,
NHCH,CH,).

N-(tert-butoxycarbonyl)-0,0’-dioctyldiethanol-
amine (3) and N-fert-butoxycarbonyl-O-octyl-
diethanolamine (13)

Furthermore, 0.42 g (2.2 mmol) of 1-bromooctane,
0.40 g (2.9 mmol) of potassium carbonate, and a
catalytic amount of potassium iodide were added to a
solution of 0.15 g (0.73 mmol) of 2 in 20 mL of THF.
The reaction mass was stirred for 24 h at 80°C. The
reaction progress was monitored using TLC in the (B)
and (C) eluent systems. The solvent was subsequently
removed in a vacuum, and the resultant mixture was
extracted with ethyl acetate (three times by 75 mL).
The organic phase was dried over anhydrous sodium
sulfate and subsequently filtered. Ethyl acetate was
evaporated using a rotary evaporator. Compounds
3 and 13 were isolated from the mixture by column
chromatography, with the polarity of the (D) eluent
system gradually increasing to that of the (E) system.
Compound 3 had a yield of 39 mg (12.5%), while
compound 13 had a yield of 92 mg (39.7%).

'H NMR spectrum of compound 3 (CDCI,, 6, ppm):
0.88 (6H, t, CH,CH,); 3.40 (4H, t, “CH,); 1.54 (4H, p,
PCH,); 1.27 (20H, m, CH,); 3.40 (2H, t, NCH,CH,0);
3.51 (2H, t, NCH,CH,0); 3.51 (4H, t, NCH,CH,0);
1.48 (9H, s, C(CH,),).

'H NMR spectrum of compound 13 (CDCIl,, 6, ppm):
0.87 (3H, t, CH,CH,); 3.44 (2H, m, °CH,); 1.57 (2H,
p,"CH,);1.27 (10H,m,CH,); 3.44 (4H,t,NCH,CH,0);
3.69 (4H, t, NCH,CH,0); 1.45 (9H, s, C(CH,),);
3.57 (1H, s, OH).

0,0'-dioctyl-diethanolamine trifluoroacetate (4)

Here, 1 mL of trifluoroacetic acid was added
to a solution of 39 mg (0.09 mmol) of compound 3,
which had been preliminarily cooled to 0°C in 10 mL
of chloroform, and the reaction mixture was stirred
for 20 min. The reaction progress was monitored
using TLC in the (E) eluent system. The solvent and
residual trifluoroacetic acid were then removed in a
vacuum. Thus, 37 mg of compound 4 was obtained,
with a 92.3% yield.
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N-(tert-butoxycarbonyl)-glycine (6a)

A solution of 5.81 g (26.66 mol) of di-tert-
butyl dicarbonate in 30 mL of isopropanol was
added dropwise to a solution of 1.00 g (13.33 mmol)
of glycine (5a) in 20 mL of distilled water for
1 h, maintaining pH 8 with 4 M sodium hydroxide
solution. The reaction mass was stirred for 3 h at room
temperature. The reaction progress was monitored
by TLC in the (A) eluent system. The solvents were
removed under a vacuum after the reaction was
completed. The resultant mixture was acidified with
a 20% citric acid solution and extracted with ethyl
acetate (three times by 50 mL). The organic phase was
dried over anhydrous sodium sulfate. Ethyl acetate
was distilled off using a rotary evaporator, and 2.13 g
of product 6a was obtained with a 91.4% yield.

"H NMR spectrum of compound 6a: 1.48 (9H, s,
C(CH,),); 12.26 (1H, s, COOH); 6.85 (1H, t, NHC(R)CO);
4.33 (2H, d, NCH,CO).

N-(tert-butoxycarbonyl)-p-alanine (6b)

A similar procedure was used to prepare 6b,
and 1.85 g of product 6b, with an 87.1% yield, was
obtained from 1 g (11.24 mmol) of B-alanine 5b.

'"H NMR spectrum of compound 6b: 1.49 (9H,
s, C(CH,),); 12.21 (1H, s, COOH); 6.80 (1H, ¢,
NHC(R)CO); 3.21 (2H, s, NCH,CH,CO); 2.35 (2H,
s, NCH,CH,CO).

Na,No-bis(tert-butoxycarbonyl)-L-ornithine (10a)

A similar procedure was used to prepare 10a, and
1.96 g (5.90 mmol) of product 10a, with a 77.8% yield,
was obtained from 1 g (7.58 mmol) of L-ornithine 9a.

'"H NMR spectrum of compound 10a: 1.47 (9H,
s, C(CH,),); 12.27 (1H, s, COOH); 5.12 (1H, ¢,
NHC(R)CO); 4.01 (1H, d, NCH(R)CO); 3.02 (2H, k,
NCH,CH,CH,C); 1.62 (2H, p, NCH,CH,CH,C); 1.84
(2H, p, NCH,CH,CH,C); 4.21 (1H, k, NHCH(R)CO).

Na,Ne-bis(tert-butoxycarbonyl)-L-lysine (10b)

A similar procedure was used to prepare 10b, and
1.99 g (5.75 mmol) of product 10b with an 83.9% yield,
was obtained from 1 g (6.85 mmol) of L-lysine 9b.

'H NMR spectrum of compound 10b: 1.48
(9H, s, C(CH,),); 12.25 (1H, s, COOH); 5.14 (1H, t,
NHC(R)CO); 4.03 (1H, d, NCH(R)CO); 3.09 (2H, k,
NCH,CH,CH,CH,C);1.63(2H,p,NCH,CH,CH,CH,C);
1.32 (2H, p, NCH,CH,CH,CH,C); 1.83 (2H, m,
NCH,CH,CH,CH,C); 4.76 (1H, k, NHCH(R)CO).

N-((tert-butoxycarbonyl)-glycyl)-0,0’-
dioctyl-diethanolamine (7a)

A catalytic amount of DMAP, 28 mg (0.16 mmol)
of 6a, and 49 mg (0.24 mmol) of DCC were added to
a solution of 37 mg (0.08 mmol) of compound 4 in
20 mL of chloroform, which had been preliminarily

cooled to 0°C. The reaction mass was stirred for
48 h at room temperature. The reaction progress was
monitored using TLC in the (E) eluent system. The
resultant mixture was centrifuged, and the solution
was decanted. The precipitate was washed with
chloroform and centrifuged again, and the solution
was subsequently decanted. The resultant solutions
were combined, and then chloroform was distilled off
using a rotary evaporator. Compound 7a was isolated
from the mixture by preparative TLC in the (G) eluent
system, resulting in 22 mg of byproduct 7a with a
yield of 53.6%.

'"H NMR spectrum of compound 7a: 0.86 (6H, t,
CH,CH,); 3.74 (4H, t, “CH,); 1.65 (4H, p, "CH,); 1.26
(20H, m, CH,); 3.74 (4H, t, NCH,CH,0); 4.17 (4H,
t, NCH,CH,0); 1.50 (9H, s, C(CH,),); 4.48 (2H, s,
NCH,CO); 5.23 (1H, s, CONHCH,CO).

Glycyl-0,0'-dioctyl-diethanolamine trifluoro-
acetate (8a)

Trifluoroacetic acid (1 mL) was added to a
solution of 22 mg (0.05 mmol) of compound 7a
preliminarily cooled to 0°C in 10 mL of methylene
chloride. The reaction mass was stirred for 20 min.
The solvent and trifluoroacetic acid residue were
removed under vacuum. 21 mg of compound 8a with
a yield of 93.3% was obtained.

N-(tert-butoxycarbonyl)-0-octyl-O'-octanoyl-
diethanolamine (14)

A catalytic amount of DMAP, 0.13 g (0.87 mmol)
of octanoic acid, and 0.12 g (0.58 mmol) of DCC
were added to a solution preliminarily cooled to 0°C
of 92 mg (0.29 mmol) of compound 13 in 20 mL of
chloroform. The reaction mass was stirred for 48 h.
Then the resultant mixture was filtered, the solvent
was distilled off in a vacuum, and the resultant mixture
was extracted with ethyl acetate (three times by
50 mL). The organic phase was dried over anhydrous
sodium sulfate. Ethyl acetate was distilled off using
a rotary evaporator. Compound 14 was isolated from
the mixture by preparative TLC in the (E) eluent
system, resulting in 103 mg of byproduct 14 with a
yield of 80.3%.

'"H NMR spectrum of compound 14: 0.89 (6H, t,
CH,CH,); 3.42 (2H, t, *CH,); 1.56 (2H, p, "CH,); 2.31
(2H, t, “CH,); 1.63 (2H, p, "CH,); 1.28 (18H, m, CH,);
3.42 (2H, t, NCH,CH,0); 3.51 (2H, t, NCH,CH,0);
3.51 (4H, t, NCH,CH,0); 1.48 (9H, s, C(CH,),).

0-octyl-O'-octanoyl-diethanolamine trifluoro-
acetate (15)

Trifluoroacetic acid (1 mL) was added to a
solution of 103 mg (0.23 mmol) of compound 14
in 25 mL of methylene chloride, which had been
preliminarily cooled to 0°C. The reaction mass was
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stirred for 20 min. The solvent and trifluoroacetic
acid residue were removed in a vacuum.
Compound 15 had a yield of 99 mg (93.1%).

N-((tert-butoxycarbonyl)-glycyl)-0-octyl-O'-
octanoyl-diethanolamine (16)

A catalytic amount of DMAP, 77 mg (0.44 mmol)
of compound 6a, and 136 mg (0.66 mmol) of DCC
were added to a solution of 99 mg (0.22mmol) of
compound 15 in 25 mL of chloroform, which had
been cooled to 0°C. The reaction mass was stirred
for 48 h. The reaction progress was monitored using
TLC in the (C) eluent system. The resultant mixture
was centrifuged, and the solution was decanted.
The precipitate was washed with chloroform, and
centrifuged again. The resultant solutions were
combined, and then chloroform was evaporated using
a rotary evaporator. Compound 16 was isolated from
the mixture by column chromatography in the (G)
eluent system, resulting in 72 mg of byproduct 16
with a yield of 66.4%.

'"H NMR spectrum of compound 16: 0.87 (6H, t,
CH,CH,); 3.78 (2H, t, *CH,); 1.53 (2H, p, "CH,); 2.35
(2H, t,“CH2); 1.63 (2H, p, *CH,)); 1.25 (18H, m, CH,);
3.78 (4H, m, NCH,CH,0); 4.11 (4H, m, NCH,CH,O);
1.51 (9H, s, C(CH,),); 4.34 (2H, s, NCH,CO); 5.23
(IH, s, CONHCH,CO).

Glycyl-0O-octyl-O'-octanoyl-diethanolamine
trifluoroacetate (17)

Trifluoroacetic acid (1 mL) was added to a
solution of 72 mg (0.14 mmol) of compound 16
in 20 mL of methylene chloride, which had been
preliminarily cooled to 0°C. The reaction mass
was stirred for 20 min. The reaction progress was
monitored using TLC in the (C) eluent system. The
solvent and trifluoroacetic acid residue were removed
in a vacuum. Compound 17 had a yield of 67 mg
(90.3%).

N,N-di(2-chloroethyl)amine (18)

A solution of 1.50 g (14.29 mmol) of compound 1
in 40 mL of methylene chloride was added dropwise
to a solution of 5.10 g (42.9 mmol) of thionyl chloride
in 10 mL of methylene chloride for 1 h at 0°C. Then
the reaction mass was stirred at room temperature for
48 h. The reaction progress was monitored using TLC
in the (A) eluent system. The solvent and the rest of
the thionyl chloride were removed in a vacuum. The
resultant mixture was alkalized with a 15% potassium
carbonate solution to pH 7-8, and then extracted with
ethyl acetate (three times by 50 mL). The organic
phase was dried over anhydrous sodium sulfate,
filtered, and the solvent was distilled off using a
rotary evaporator. Compound 18 had a yield of
1.30 g (64.0%).

'H NMR spectrum of compound 18: 1.7
(1H, s, NH); 2.92 (4H, m, NHCH,); 3.55 (4H, m,
NHCH,CH,).

0,0'-dioctyl-diethanolamine (19)

A catalytic amount of potassium iodide, 3.89 g
(28.16 mmol) of potassium carbonate, and 4.5 mL
of l-octanol were added to a solution of 1.00 g
(7.04 mmol) of compound 18 in 40 mL of acetonitrile.
The reaction mass was stirred for 24 h at 80°C. The
reaction progress was monitored using TLC in the (H)
eluent system. The solution was filtered, and then the
acetonitrile was removed in a vacuum. The residue
was extracted with ethyl acetate (three times by
50 mL). The organic phase was dried over anhydrous
sodium sulfate, filtered, and the solvent was distilled
off using a rotary evaporator. Compound 19 had a
yield of 1.6 g (69.1%).

'H NMR spectrum of compound 19: 0.99
(6H, t, CH,CH,); 0.99 (1H, s, NH); 1.32 (20H, m,
CH,CH,); 1.53 (4H, m, OCH,CH,); 2.81 (4H, t,
NHCH,CH,); 3.40 (4H, t, OCH,CH,); 3.52 (4H, m,
NHCH,CH,).

N-((tert-butoxycarbonyl)-glycyl)-0,0’-dioctyl-
diethanolamine (20a)

A catalytic amount of DMAP, 0.26 g (1.46 mmol)
of compound 6a, and 0.45 g (2.19 mmol) of DCC
were added to a solution of 0.24 g (0.73 mmol) of
compound 19 in 30 mL of methylene chloride, which
had been preliminarily cooled to 0°C. The reaction
mass was stirred for 24 h. The reaction progress was
monitored using TLC in the (C) eluent system. The
methylene chloride was then removed in a vacuum.
The resultant mixture was washed with 20 mL of
hexane, and then the solution was centrifuged and
decanted. The precipitate was repeatedly washed
with hexane, and then the solution was centrifuged
and decanted again. The resultant solutions were
combined, and then the solvent was evaporated using
arotary evaporator. Compound 20a was isolated from
the mixture by column chromatography, gradually
increasing the polarity of the (I) system to (E) system,
resulting in 0.31 g of byproduct 20a with a yield of
87.4%.

"H NMR spectrum of compound 20a: 0.87 (6H, t,
CH,CH,); 3.62 (4H, t, "CH,); 1.55 (4H, p, "CH,); 1.26
(20H, m, CH,); 3.62 (4H, t, NCH,CH,0); 4.11 (4H,
t, NCH,CH,0); 1.49 (9H, s, C(CH,),); 4.48 (2H, s,
NCH,CO); 5.23 (1H, s, CONHCH,CO).

N-((tert-butoxycarbonyl)-B-alanyl)-0,0'-
dioctyl-diethanolamine (20b)

A similar procedure was used to prepare 20b,
and 0.267 g of byproduct 20b, with a yield of a 73.2%,
was obtained from 0.24 g (0.73 mmol) of compound 19.
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'"H NMR spectrum of compound 20b: 0.87 (6H, t,
CH,CH,); 3.62 (4H, t,“CH,); 1.60 (4H, p, °CH,); 1.25 (20H,
m, CH,); 3.62 (4H,t, NCH,CH,0); 4.06 (4H, t, NCH,CH,O);
1.41 (OH, s, C(CH,),); 2.49 (2H, t, NCH,CH,CO); 3.35 (2H,

k, NCH,CH,CO); 5.02 (1H, s, CONHCH,CH,CO).

Na,No-(bis(tert-butoxycarbonyl)-L-ornithyl)-
0,0'-dioctyl-diethanolamine (22a)

A similar procedure was used to prepare 22a, and
0.34 g of byproduct 22a, with a yield of 72.5%, was
obtained from 0.24 g (0.73 mmol) of compound 19.

'"H NMR spectrum of compound 22a: 0.84 (6H, t,
CH,CH,); 3.42 (4H, t, “CH,); 1.50 (4H, p, "CH,); 1.26
(20H, m, CH,); 3.42 (4H, t, NCH,CH,0); 4.08 (4H,
t, NCH,CH,0); 1.40 (18H, s, C(CH,),); 423 (1H, k,
NCH(R)CO); 5.07 (1H, s, CONHCH(R)CO); 3.10 (2H, k,
NCH,CH,CH,C); 1.60 (2H, m, NCH,CH,CH,C); 1.79

27=2

(2H, m, NCH,CH,CH,C); 4.61 (1H,'s, NH(CH,) C).

Na,No-(bis(tert-butoxycarbonyl)-L-lysyl)-
0,0'-dioctyl-diethanolamine (22b)

A similar procedure was used to prepare 22b, and
0.282 g of byproduct 22b, with a yield of 58.8%, was
obtained from 0.24 g (0.73 mmol) of compound 19.

"H NMR spectrum of compound 22b: 0.87 (6H, t,
CH,CH,); 3.46 (4H, t, “CH,); 1.48 (4H, m, PCH,); 1.25
(20H, m, CH,); 3.46 (4H, t, NCH,CH,0); 4.10 (4H,
t, NCH,CH,0); 1.42 (18H, s, C(CH,),); 4.24 (1H, k,
NCH(R)CO); 5.08 (1H, s, CONHCH(R)CO); 3.09 (2H, k,
NCH,CH,CH,CH,C); 1.61 (2H, m, NCH,CH,CH,CH,C);
1.36 (2H, p, NCH,CH,CH,CH/C); 1.78 (2H, m,
NCH,CH,CH,CH,C); 4.58 (1H, s, NH(CH,),C).

Glycyl-0,0'-dioctyl-diethanolamine trifluoro-
acetate (21a)

Trifluoroacetic acid (1 mL) was added to a
solution of 0.310 g (0.64 mmol) of compound 20a
in 30 mL of methylene chloride, which had been
preliminarily cooled to 0°C. The reaction mass
was stirred for 20 min. The reaction progress was
monitored using TLC in the (C) eluent system. The
solvent and trifluoroacetic acid residue were removed
in a vacuum. Target product 21a had a yield of
0.296 g (92.8%).

Triftoracetate p-alanil-0,0'-dioctyl-diethanol-
amine (21b)

A similar procedure was used to prepare 21b, and
0.248 g of target product 21b, with a yield of 90.3%, was
obtained from 0.267 g (0.53 mmol) of compound 20b.

Trifluoroacetate L-ornithyl-O,0-dioctyl-diethanol-
amine (23a)

A similar procedure was used to prepare 23a, and
0.316 g of target product 23a, with a yield of 89.0%, was
obtained from 0.340 g (0.53 mmol) of compound 22a.

L-lysyl-0,0'-dioctyl-diethanolamine trifluoro-
acetate (23b)

A similar procedure was used to prepare 23b,
and 0.259 g of target product 23b, with a yield of
88.1%, was obtained from 0.282 g (0.429 mmol) of

compound 22b.

RESULTS AND DISCUSSION

The potential antimicrobial activity of peptido-
mimetics can be preliminarily assessed by their HLB
value [22]. This parameter largely determines the
possible electrostatic interactions and hydrogen bond
formation between the molecule and the bacterial cell
wall components.

To select the most effective structures, we
calculated the HLB values of the diethanolamine
(DEA) derivatives and several amino acids, such
as glycine (Gly), B-alanine (BAla), L-phenylalanine
(Phe), L-tyrosine (Tyr), y-aminobutyric acid (GABA),
L-tryptophan (Trp), L-lysine (Lys), and L-ornithine
(Orn), with alkyl radical lengths of C~C , carbon
atoms (Fig.).

Most of the diethanolamine diester-based amino
acid derivatives had the desired HLB range of 5-8.
Table shows the structures of the target compounds.

Glycine and B-alanine derivatives were chosen
to investigate the effect of carbon skeleton length on
antibacterial activity, while L-ornithine and L-lysine
derivatives were chosen to investigate the effect of
the number of methylene groups of the side radical of
amino acids on biological activity.

Scheme 1 was developed to synthesize the
selected compounds.

Compound 2 was treated with octyl bromide
in the presence of potassium carbonate and a
catalytic amount of potassium iodide in THF to
create a hydrophobic block. The TLC and 'H NMR
spectroscopy analyses of the products revealed that
monoester 13 containing a free hydroxyl group and
one alkyl radical was predominantly formed by the
developed method. Compounds 3 and 13, which
had yields of 12.5% and 39.7%, respectively, were
isolated from the mixture by column chromatography.

The protecting group of compound 3 was
removed by the action of trifluoroacetic acid. After the
reaction, the solvent and acid residue were removed
under a vacuum, affording salt 4 with a 92.3% yield.

The carbodiimide method was used to conjugate
the polar part (6a) and the hydrophobic block (4)
in the presence of DMAP. After the protecting
group was removed, the target amphiphile (7a) was
obtained, with a yield of 53.6%. The structures of the
byproduct and target compounds were confirmed by
"H NMR spectroscopy.
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BAla-DEA-6
BAla-DEA-8
BAla-DEA-10
BAla-DEA-12
Phe-DEA-6
Phe-DEA-8
Phe-DEA-10
Phe-DEA-12
GABA-DEA-6
GABA-DEA-8
GABA-DEA-10
GABA-DEA-12
Trp-DEA-6
Trp-DEA-8
Trp-DEA-10
Trp-DEA-12
Lys-DEA-8
Lys-DEA-10
Lys-DEA-12
Orn-DEA-6
Orn-DEA-8
Orn-DEA-10
Orn-DEA-12

Figure. Dependence of HLB values on the structure of amphiphiles with symmetrical alkyl substituents in the nonpolar
block. DEA stands for diethanolamine, while 6, 8, 10, and 12 represent the number of carbon atoms
in the saturated aliphatic chains.

Table. HLB value of the selected compounds

Compound Structure HLB value
(0}
8a (21a) HzN\)J\ N/\/O\/\/\/\/ 6.56
o
(0]
8b (21b) HZN/\)J\ N/\/O\/\/\/\/ 6.73
o
(0}
H,N O~
2 N/\/
12a (23a) O~ 6.62
H,N
(0]
12b (23b) K/O 6.65
NH,
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OH
B0020 BocN~
k/OH 4M NaOH OH
2
C3H17Br K2C03 (0]
0] 80°C | KI H,N
OH
HoN OH R
C-H
" BocN/\/O\/ 7H1s oach
Sa-b R =
en = C7H15 a:R= (CH2)3NH2
a:n=1 O b: R = (CH,),NH,
b:n=2 3
Boc,O l 4M NaOH CF;COOH l Boc,O l 4M NaOH
BocHN @ C;H BocHN
(\%k OH HZN/\/O\/ 7His on
6a-b 0\/C7H]5 R'
a:n=1 4 10a-b
b:n=2 a: R = (CH,);NHBoc¢
b: R = (CH,)4NHBoc
DCC, DMAP DCC, DMAP ‘
(0]
BocHN C-H BocHN C-H
MfLN/\/O\/ 7His \HJ\N/\/O\/ 7His
O C7Hys R' 0\/C7H15
Ta-b 11a-b
a:n=1 a: R = (CH;);NHBoc
b:n=2 b: R = (CH,)4NHBoc
CF;COOH l CF;COOH l
CF;CO0O CF;CO0
e 0 T8 0
<) <]
H;3;N C-H H3;N C-H
3 \@fLN/\/O\/ 7H15 3 \HJ\N/\/O\/ 7H15
O C7His R k/O\/C7H15
8a-b 12a-b
arn=1 a:R= (CH2)3gH3
b:n=2 =)
CF;C00

b:R= (CH2)4NH3

CF3COO

Scheme 1. Preparation of the diethanolamine diester-based amino acid derivatives.
DCC is the N,N'-dicyclohexylcarbodiimide, DMAP is the 4-dimethylaminopyridine,

Boc is the tert-butoxycarbonyl protecting group.
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As shown in Scheme 2, the 13 byproduct
obtained during the synthesis, which accounted
for 39.7% of the total reaction mass, was used to
produce an amphiphilic diethanolamine derivative
(17) containing hybrid alkyl-acyl radicals in the
hydrophobic block.

Compound 13 was reacted with octanoic acid
in the presence of DCC and DMAP in chloroform.
Byproduct 14 was isolated from the mixture using
preparative TLC, resulting in an 80.3% yield. The
structure of compound 14 was confirmed by '"H NMR
spectroscopy.

The tert-butoxycarbonyl group of the alkyl-acyl
derivative of diethanolamine (14) was removed by the
action of trifluoroacetic acid in methylene chloride.
Compound 15 had a 93.1% yield.

The carbodiimide method was used to produce
amphiphile (16) in the presence of DMAP in
chloroform for 48 h, similar to the conjugation
reaction shown in Scheme 1. The solvent was removed
under a vacuum when the interaction was completed.
Product 16 was obtained with a 66.4% yield using
silica gel column chromatography. The structure was
confirmed by '"H NMR spectroscopy.

After the tert-butoxycarbonyl group was
removed, trifluoroacetic salt (17) was obtained with
a 90.3% yield.

The preparation of the target diethanolamine
diester derivatives (8a—b and 12a-b) using Scheme 1 was
inefficient because of the predominant generation
of a side product, monoester 13. Scheme 3 was
developed to solve this problem; it differs from
Scheme 1 in that it produces relatively high yields
of the byproducts because of an increase in the
reactivity of diethanolamine and the nonnecessity for
a tert-butoxycarbonyl protecting group, significantly
simplifying the synthesis.

A solution of 1 in chloroform was added
dropwise to thionyl chloride. N,N-di(2-chloroethyl)-
amine (18) had a 64.0% yield. Octanol-1 was added to
di-(2-chloroethyl)-amine 18 in the presence of
potassium carbonate and potassium iodide in
acetonitrile at 80°C. After purification, product 19
was obtained with a 69.1% yield.

Tert-butoxycarbonyl-protected amino  acids
6a—b and 10a-b and compound 19 were conjugated
similarly to the transformation described in Schemes 1
and 2. The reaction products 20a—b and 22a—b, which

BocN/\/O\/C7H15 C;H;sCOOH BocN/\/O\/C7H15 o
13 (0] Sa
CFSCOOHl Boc,0 | 4M NaOH
CF;CO0
€]
@ C-H
HZN/\/O\/ 7His o
CH BocHN\)]\
k/OY 7H1s on
15 0 6a
DCC, DMAP
(0)

H.’g\)]\N/\/O\/Cﬂ'IIS

©
CF3COO k/WC7H15
17 (0)

(0]
CF3COOH BOCHN\)]\ N/\/O\/C7H15

-

k/O\[(C7H]5
16 (0}

Scheme 2. Preparation of compound 17 with asymmetric radicals in the hydrophobic block.
DCC is the N,N'-dicyclohexylcarbodiimide, DMAP is the 4-dimethylaminopyridine,
Boc is the tert-butoxycarbonyl protecting group.
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had yields of 87.4%, 73.2%, 72.5%, and 58.8%,
respectively, were isolated from the mixtures by
column chromatography on silica gel. The structures
of the byproducts and target compounds were
confirmed by "H-NMR spectroscopy data.

Cationic amphiphiles, 21a—b and 23a-b, with
yields 92.8%, 90.3%, 89.0%, and 88.1%, respectively,
were obtained by treating compounds 20a-b and
22a-b with trifluoroacetic acid and removing the
solvent under a vacuum.

HN/\/OH
o
1 (0]
(o) HZNW)J\OH
H,N (\%J\ SOCl, l
n OH R
/\/Cl 9a-b

:fl;:)= 1 HNK/ a: R = (CHy)3NH,
bim—2 Cl b: R = (CH,);NH,

Boc,O l 4M NaOH

Boc,O l 4M NaOH

CSH”OHl K,CO;3
0
o 80°C | KI o
BocHN C,;H BocHN
(\%J\OH HN/\/O\/ 7Hs OH
6a-b k/O\/C7H15 R'
ain=1 1 10a-b
b:n=2 a: R = (CH,);NHBoc
b: R = (CHz);NHBoc
DCC, DMAP DCC, DMAP ‘
(o) (0]
BocHN CsH BocHN C;H
MﬁJ\N/\/O\/ 7H15 N/\/O\/ 7815
K/O\/C7H15 R’ K/O\/C7H15
20a-b 22a-b
a:n=1 a: R = (CH;,);NHBoc
b:n=2 b: R = (CH;)4NHBoc
CF;COOH l CF;COOH l
CF;CO0 CF;CO0
e 0 e 0
(€] €]
H3N C-H H3N C-H
3 \G%LN/\/O\/ 7His 3 N/\/O\/ 7His
K/O\/C7H15 R' k/o\/C7H15
21a-b 23a-b
arn=1 a: R = (CHy)3NH;
b:n=2 @ ©
CF;C0O0
b:R= (CH2)4gH3
€]
CF;CO0

Scheme 3. Preparation of the target derivatives of diethanolamine diesters.

DCC is the N,N'-dicyclohexylcarbodiimide,

DMAP is the 4-dimethylaminopyridine,

Boc is the tert-butoxycarbonyl protecting group.
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CONCLUSIONS

A scheme was developed for preparing amino acid
derivatives based on diethanolamine diesters. Five new
compounds were synthesized, and their hydrophilic
blocks included residues of amino acids such as glycine,
B-alanine, L-ornithine, and L-lysine. The structures
of the obtained compounds were confirmed by
"H NMR spectroscopy. The synthesized compounds were
prepared in order to analyze their antibacterial activity
against gram-positive and gram-negative strains. The
safety of the leading antibacterial compounds in terms
of general and hemolytic toxicity will be investigated in
future studies.
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Abstract

Objectives. The study assessed the possibility of using optical-polarization methods to test
quantitatively the stress state and residual stress in polycarbonate (PC) monolithic sheets. This
stress is the leading cause of the cracking of PC sheets and the products made of them.
Methods. The objects were samples of monolithic PC sheets made by various manufacturers
(Monogal and Novattro). The birefringence method was used to study the stress state of the
samples, and the interference images obtained in polarized light in crossed polaroids were
analyzed.

Results. The efficiency of optical-polarization research methods, such as the birefringence and the
analysis of the interference images of stretched PC samples combined into an additive spectrum,
was shown. The residual stress in the monolithic PC sheets made by various manufacturers was
estimated.

Conclusions. The quantitative relationship between the stress acting on the PC samples, their
birefringence, and the characteristics of their additive spectrum of interference images of stressed
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samples obtained in polarized light in crossed polaroids was established. The possibility of a
quantitative assessment of the residual stress in monolithic PC sheets based on an analysis of
their additive spectrum of interference images was shown. The measured residual stress did not
exceed 1 MPa.

Keywords: monolithic polycarbonate sheets, stretching, residual stress, crack resistance,
birefringence, interference image
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OuneHKa HATIPSIZKEHHOT0 COCTOSTHUS MOJUKAPOOHATHBIX
MOHOJIMTHBIX JIUCTOB ONTUKO-TIOJISIPU3ANUOHHBIMHA METOAAMM

A.B. Mapxos™/, B.H. AobaHoB

MHPSA — Poccuiickuii mexHonoeuueckuil yHugepcumem (MHcmumym moHKUX XUMUMECKUX MEeXHOI02UTL
um. M.B. NomoHocosa), Mockea, 119571 Poccus
MAemop ons nepenucku, e-mail: markovan@bk.ru

AHHOMAuus

IMenu. Paboma nocesiuyeHa U3YUEHUIO 803MOACHOCMU UCNOABL308AHUSL ONIMUKO-NONSPUSAUUOH-
HbLX Mem0o008 0151 KOUUECMEEHHOU OUEHKU HANPSANEHHO20 COCMOSIHUSL U OCMAMOUHbLX HANPSL-
IKEHUU 8 NOAUKAPOOHAMHBIX MOHOJUMHBLX AUCMAX. OMU HANPSIIKEHUS SI8/ISIIOMCSL OCHOSHbLMU
NPUUUHAMU PACMPECKUBAHUSL TUCMO8 NOAUKApOoHama U u30enutl u3 Hux.

Memoodsil. O6berxmamu ucciedo8aHUs. ABAANUCL 00PA3UbL NOJUKAPOOHAMHBLLX MOHOJIUMHBLX JUU-
cmoe pasauuHblx npousgooumeneti («Monogal u «Novattro»). [ns uccnedo8aHus: HANPSIKEHHO20
COCMOsIHUSL 06PA3U08 UCNONIL308ANU MEMOObL 080UH020 YUENPESOMAEHUSL U AHANU3 UHMepge-
PEHUUOHHBLX U300pareHUll 06pa3y08, NOAYUEHHbIX 8 NOJSPUI08AHHOM ceeme 8 CKpeuleHHbLX
nossipoudax.

Pesynemamel. [TIokasana 3¢hheKmugHOCMb UCNOb308AHUSL ONMUKO-NOASPUIAUUOHHBIX MEMO-
0oe uccnedogaHust: 080UH020 NYUeNnpeslomMreHUs U AHAAU3A XapaKkmepucmuk o06beouHeHHoz20
cnexkmpa uHmepgepeHyuUOHHbLX U300parKeHUll HanpsiokeHHbLX 0bpasyoe nosiukapboHama. IIpo-
8edeHa OyYeHKA 0OCMAMOUHBLX HANPSIIKEHUT 8 MOHOJUMHBLX NOAUKAPOOHAMHBLX TUCMAX PA3UU-
Hblx npousgooume.eii.

Bbleoodbl. YcmaHo8leHA KOAUUECMBEHHASL C8sl3b MeXK0Y HAMSKEHUAMU, 0eliCmeytouUMU HA
obpasubl noaukapboHama, ux 080UH020 NYUenpesiomieHus U xapaKkmepucmukam 06seduHeH-
HO020 cneKkmpa uHmepgepeHyUUOHHbLX U306parKeHUll Haz2pYrKeHHbLX 06pasyos, NoAYUeHHbLX 8 No-
JISIPUB0BAHHOM C8eme 8 CKpeuleHHbIX noaspoudax. ITokasaHa 803MOIHOCMb KOAUUECMEEHHOU
OUEHKU SHAUEHUTL 0CMAMOUHbLX HANPSOKEHUT 8 MOHOJUMHbBLX IUCMAX NOAUKapboHama Ha oc-
HO8Ee aHAIU3A UX CNeKmpoe UHMepgepeHyUOHHbLX U3obpareHull. HamepeHHble ocmamouHble
HanpskeHus He npesvicunu 1 MIla.
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INTRODUCTION

Studying the stress state of organic glasses
and their products is necessary for more accurate
predictions of their service life [1, 2]. In addition to
the external stress that accelerates the cracking of
glass during operation, for example, mechanical (upon
glazing) or thermal stresses (upon their nonuniform
heating), internal residual stress is also “harmful,”
for example, when it arises in the plexiglass molding
process [3]. The following technological conditions
for the occurrence of increased residual stress in the
manufacture of an extruded monolithic polycarbonate
(PC) sheet can be distinguished:

* high viscosity of the PC polymer melts

during workpiece molding;

* low temperatures during PC sheet calibration;

* high deformation of the workpiece during

PC sheet calibration;

» the high rate of sheet PC calibration;

» the high rate of PC sheet cooling;

* nonuniformity of the PC sheet heating and

cooling;

* low-quality of PC sheet cutting;

» incorrect PC sheet storage.

The physical and chemical nature of the influence
of external and internal stress on the acceleration of
cracking of organic glasses and products made from
them is the same; this is a deformation effect on the
molecular bonds of the polymer. The cracking process
can be considered within the framework of Zhurkov’s
theory of durability [2, 4]:

U-vo
T, = roexp(—RT ) (1)

where t_is the time before the onset of PC cracking (s);
U 1is the activation energy for the destruction
of the polymer macromolecules determined by
the strength of the PC chemical bonds, equal to
150-160 kJ/(mol-K) [5]; o is the applied stress (Pa);

T is the temperature (K); 7, is a constant related to
the frequency of vibrations of atoms of molecules
upon their thermal motion (tr, = 107107 s);
v is the activation volume of destruction or structure-
sensitive parameter (m?); R (8.314 J/mol-K) is the
universal gas constant.

There are methods for estimating the stress state
in plexiglasses and their products'. These methods
are based on the conclusions of Zhurkov’s theory
(Eq. 1) and are related to the acceleration of plexiglass
cracking at elevated temperatures [6] and stresses
[1, 2], as well as when their surface comes into
contact with adsorption-active test liquids [7, 8].
Several attempts have been made to relate the times of
accelerated cracking quantitatively with the residual
stress in PC sheets [8]. However, these methods lead
to the destruction of the products. Test liquids® can
only be used for final control of the finished products,
indicating the permissible stress level in PC sheets [8].

Nondestructive methods for estimating the stress
state in plexiglas can be optical-polarization methods,
i.e., the method of measuring birefringence (BR), as
well as an analysis of interference images of samples
in crossed polaroids (IICP) obtained in polarized
light [9, 10]. The essence of the latter method is as
follows. BR results in cyclic changes in the intensity
of polarized white light transmitted in the material
upon loading. This leads to the appearance of an
interference image with alternating color bands called
isochromes [9—17]. The points on these isochromes
correspond to specific values of BR and stress. For
uniaxial loading, this stress can be calculated as
follows [11]:

)
N=Co— 2
Gk (2)

! GOST P 51372-99. State standard of the Russian
Federation. Accelerated life and storable life test methods
in special aggresive and other special media for technical
products, materials and systems of materials. M.: Gosstandart;
2000 (in Russ.).

2 Bonding and general data on adhesives. Practice Guide
of the compeny EVONIK-ROHM GmbH; 2011. URL: https://
orgsteklo-shop.ru/articles/
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where o is the effective stress (Pa); N is the order
(number) of the isochrome bands on the IICP; 9 is the
thickness (m), A is the wavelength of light (m); C is
the optical sensitivity of the material in terms of stress
(1/Pa).

Currently, these techniques are commercially
used to assess the quality of PC blanks for laser
disks [13]. On the other hand, they can be used more
widely, e.g., estimating the residual stress in PC sheets
and products made from them [14-20]. This study
examined the possibility of using optical-polarization
methods to assess the stress state and residual stress
quantitatively in monolithic PC sheets.

EXPERIMENTAL

The objects of the study were samples of monolithic
colorless light-stabilized 3 mm thick PC sheets, Novattro
(SafPlast, Kazan, Russia, TU 2246-03-81057157-2008),
as well as monolithic colorless light-stabilized 3 mm thick
PC sheets, Monogal (Polygal Vostok, Kurovskoye,
Russia, TU 2246-02-93726592-2008). The test
specimens were plates, 100 = 1 mm long, 3.0 +£ 0.1 mm
thick, and 30 = 1 mm wide.

Experiments on the PC sample loading were
carried out on an AI-7000-LAS5 universal testing
machine (Instron) (GOTECH Testing Machines Inc.,
Taiwan). The samples were fastened in the testing
machine clamps using a torque wrench [2]. This
ensured the constancy and uniformity of pressure on
the pulling clamps on the ends of the tested samples.
The sample loading was accompanied by continuous
fixation of the current elongation (L, m) and load
(P, N). The test section length before loading (L)
was 60 mm. Relative deformation (&) and stress
(o, MPa) were calculated automatically. The stress
was calculated considering the decrease in the initial
cross-section (s,, m*) of the sample upon deformation:

o, =P(-¢)/s,, 3)

e, =(L —L)/L,. (4)

A polarizing microscope MIN-10(Geologorazvedka,
Russia) with a rotary compensator was used to assess
the stress state of the samples by the BR method
according to GOST 3519-69° [3]. After measuring

3 GOST 3519-69. USSR State Standard. Optical
glass. Method for determination of stress birefringence on
polarimeter. Moscow: Izd. Standartov, 1969 (in Russ.).

the compensating rotation angles of this compensator
(o and B), the parameter F, which is proportional to
the sample BR value (An), was then calculated using
the following equation:

F= d(“T_By )

where F is the sample BR parameter (nm); o and 3 are
the angles of the compensator rotation relative to the
neutral position (deg); d and e are the device constants
(d=3.085 nm, e =1.985) [2, 3]. The value of An was
calculated considering the test sample thickness (d)
using the following formula [3]:

An=F[§. (6)

The test samples were loaded at 20°C until the
specified stress was reached [1, 2], and the sample
was kept loaded for 600 s until the values of a and 3
were measured. Measurements were then taken using a
polarizing microscope MIN-10.

A digital camera with a microlens adjusted to
capture an image at specified time intervals (5 s) was
used to fix the IICP of the loaded samples in transmitted
polarized light.

RESULTS AND DISCUSSION

The BR of the original unloaded monolithic PC
sheets was evaluated first. Previously, transverse
strips were cut across the entire width of the sheets
(2000 mm) perpendicular to the extrusion direction.
The An values were measured across the width of the
sheets (H) of the strips central part every 20 mm to
avoid the influence of edge effects associated with
cutting.

Figure 1 presents the results of these tests. The
initial samples had an optical anisotropy associated
with extrusion and calendar effects, with the value
An,. Meanwhile, these data on the nonuniformity
of the BR of different monolithic PC sheets do not
indicate the “poor” quality of the studied materials
because the values of this nonuniformity are small
compared to the maximum possible value for PC,
which is 0.106 [3].
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Fig. 1. Change in the value of An along the width
of monolithic polycarbonate sheets for two industrial
samples without specifying their manufacturer.

The recorded changes in BR are not related
directly to the nonuniform thickness of the samples
because the value of thickness (8) was considered
when calculating the value of An (Eq. 6). On the
other hand, the thickness nonuniformity itself can
cause thermal and deformation stress indirectly.
Explicit edge effects are due to the special conditions
of forming the sheet edges and their mechanical
processing, including cutting.

Next, this study examined the stress state of PC
samples of monolithic sheets subjected to external
uniaxial loading using optical-polarization methods.
At the initial stage, the dependence 6 = f{€) of the PC
samples was studied over a wide range of stress and
strain. Figure 2 presents a diagram of uniaxial loading
(curve 1), which describes the dependence o = f{€)
of the PC samples. The nature of stress growth is
typical for loading diagrams of rigid amorphous
PC: elastic deformation at ¢ up to 20-30 MPa is
accompanied by noticeable plastic deformation at
6 > 30 MPa, which ends with specimen destruction at
stress 6, = 61.5 MPa.

When analyzing the stressed state of the loaded
samples, the relaxational decrease in the stress
attained upon deformation should be considered
when the sample is kept for some time at a constant
deformation. This decrease is characteristic of
polymers. In this regard, equilibrium stress was used
in further calculations (curve 2 in Fig. 2), which
was established after keeping the loaded samples at
constant deformation (creep) for 600 s (Fig. 3). At
stresses below 30 MPa, which is of interest in this
study, this relaxation decreased when o is small:
curves 1 and 2 in Fig. 2 at this stress are the same.

At stresses exceeding 30 MPa, the relaxation
character of the dependences ¢ = f{1) becomes more
pronounced (Fig. 3). At stresses above 50 MPa, the
samples were destroyed in less than 600 s (in Fig. 2,
these stress values corresponded to the dashed section
on curve 2).

R
A’

v

o, MPa

0 0.02 0.04 0.06
€

Fig. 2. Stress—strain diagrams for polycarbonate (strain
rate 50 mm/min): (1) measurement during deformation
and (2) measurement after relaxation for 600 s.
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\\_19
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Fig. 3. Stress (o)-relaxation time (t) dependences
at constant deformation of samples €: (1) 0.0015, (2) 0.003,
(3) 0.005, (4) 0.007, (5) 0.010, (6) 0.015, (7) 0.020,
(8) 0.028, (9) 0.039, (10) 0.050, and (11) 0.063.

During further optical-polarization tests of the
samples, the stress did not exceed 30 MPa. During
these experiments, the strain rate was reduced to
1 mm/min to eliminate the uncertainty caused by
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relaxation processes. The stress values recorded in
this case (curve 2 in Fig. 2) coincided with curve 1.
The strain € did not exceed 0.5%, which minimized
the effects of creep. Under these conditions, the
loading rate had little effect on the stress.

The BR method is the most developed and
frequently used optical technique for studying the
photoelasticity of polymeric materials. Figure 4 shows
the results of measuring the standard An value of the
samples (GOST 3519-69) under the action of various
specified external stress. The original sample (with
residual BR An_ = 0.00039) was loaded stepwise to
achieve a specified external stress during these tests.
The loading was stopped at a given o, and An, was
measured. The loading continued up to o, and the
value of An_ was determined up to 30 MPa.

The analysis of photoelasticity dependence
suggests a linear relationship between the An value
of the sample and the stress applied to it in the
studied stress range. The dashed straight line in Fig. 4
describes the relationship between the external stress
and An at An__ = 0.

o' =a,An (7

where o' is the stress in the sample at An_ = 0 in MPa,
and a, is a constant (a¢, = 11000 MPa). Equation (7)
can be used as a calibration formula when estimating
the stress state in the studied monolithic PC sheets.
Considering the additional residual stress of the original
sample (o, ), which is added to the applied external
stress,

6—6, =a(An—An_) ®)

where o is the stress applied to the sample; o and
An__are the residual stress (MPa) and initial BR of
the original unloaded sample (An = 0.00039).

In accordance with Eq. 8 in Fig. 4, the point
corresponding to the BR of an unloaded sample is
situated on the trend line describing the linear function
An = f(o) and extrapolated to the region of negative
stress. This is because the residual stress in the sample
is compressive compared to the pulling stress applied
to the sample. Equation 8 shows that o for the
studied sample at the point of the BR measurement
is approximately 0.9 MPa (the deformation of the
sample was less than 0.05%).

0.004

0.003

An

0.002

0.001 %

o, MPa

Fig. 4. Diagram describing the relationship between the
birefringence value in the loaded polycarbonate specimens
(conditions as in Fig. 2) and the stress applied to them
(o, MPa). The dashed line indicates the An values reduced
toAn =0.

S

This technique for assessing the stress state
makes it possible to characterize the product quality
quantitatively. However, this method has the
following disadvantages:

* the discreteness of BR measurements and the
complexity of assessing the inhomogeneity
on very small and large areas of the product
(diameter of a light beam passing through the
sample is from 1 to 3 mm);

* tests on large areas are laborious and lengthy,
and it is difficult to assess the changes in
product tension during its loading by this
method;

e the need to cut samples from the product;

« the sensitivity of this method in the region of
low stress is low.

The phenomenon of photoelasticity caused by
BR in polymeric products under stress can be used to
measure An. The nondestructive method of samples
IICP analysis is based on the same physical principles.
However, the area of the sample analyzed by this
method is limited only by the size of the polarizer. As
mentioned above, the source of polarized light was a
computer monitor tuned to white light. This allows
continuous real-time recording of the changes in the
stress state over large areas, including changes in the
process of external mechanical or thermal action on
the product. The product does not need to be cut into
samples for such tests.

Figure 5 shows the IICP of an unloaded sample
of a monolithic PC sheet. The presence of color on
the IICP of the original sample at 6 = 0 was attributed
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Fig. 5. Interference image in crossed polaroids of the
initial sample (¢ = 0 MPa) and the interference spectrum
of its loading (the arrow indicates the direction of loading).

to the presence of BR, and consequently, the residual
stress 6, . Note that this color depends on the value
of 6 and the PC sheet thickness. In the full absence
of BR in the sample, polarized light should not pass
through the analyzer located perpendicularly to the
polarizer. Therefore, the samples and background
around the IICP of the original sample in Fig. 5
should be black.

The inhomogeneity of the original sample color
at 6 = 0 MPa (the appearance of a yellow tint in the
right part of the IICP of the original unloaded sample)
indicates the inhomogeneity of its An_ _and ¢ . In
addition to this “centimeter” inhomogeneity in the
IICP color, the “millimeter” inhomogeneity, i.c., the
change in color (from green to blue and then to pink)
at the lateral edges of the sample. This reveals the
residual stress that has arisen when cutting the sheet
into strips, which cannot be fixed when measuring
the BR. This should be considered when studying the
IICP.

The step loading of the samples was carried out
with the simultaneous fixing of stress values (c,) and
interference images of the sample (similar to the
step loading described above when determining An).
As a basis for evaluating the change in photoelasticity
in the course of loading, it is customary to measure
the number of isochromatic bands (V) that appear on
the sample IICP. Stress ¢ in the working part of the
sample is calculated using the following formula [13]:

c N 9
=5 ©)

S

where 8 is the sheet thickness; o is the division value
of the strip on the IICP, which was determined in the
calibration experiments by comparing the calculated
stress with the observed optical effect. Mathematical
programs have been developed to interpret the 1ICP
samples [13].

This study used the superimposing identical
isochromic lines of many photographs of a loaded
sample IICP taken at different applied stresses in the
region of most interest from 0.3 to 5 MPa. All the
points on the IICP isochromes had the same An value.
This allowed it to combine all the IICPs obtained
at different stresses affecting the studied sample
into its single isochrome spectrum. Figure 5 shows
a generalized picture of the colored bands (IICP
spectrum). For example, the superimposed part of the
sample IICP at a stress of 4.5 MPa is marked with a
white contour in the IICP spectrum. However, this
process can be automated. A similar IICP spectrum at
different stress values can be obtained in a sample of
sufficient thickness under transverse bending.

Under a load, pronounced colored isochromic
bands appear at external stress above 1 MPa (not
pronounced in the original samples). Figure 5 shows
the actual dimensions of the sample and the resulting
IICP spectrum. The stripes are oriented along the
direction of the loaded sample tension. As stress
increases, the isochromes “move” perpendicular
to this direction, and new isochrome lines appear.
Figure 5 shows the applied external stress o, (in MPa)
and the corresponding values of An,.

The distances (periods) between the isochromic
lines of different orders Ai (where i indicates stresses
of 1, 2, 3, 4, and 5 MPa) on the IICP spectrum
(Fig. 5) become narrow with increasing acting stress
according to Eq. 9. Figure 6 shows the dependence
of these distances on the stress placed on the sample.
The dependence is regular and adequately described
by the hyperbolic function 6, = f{1/Ai).

This made it possible to use dependencies
similar to Eq. 8 for BR and extrapolate their values
to negative residual stress. In this case, the function
o = f{1/A) can be described as follows:

o—o. =a,(1/A-1/A ) (10)

where o is the stress applied to the sample; o
and A _ are the residual stress (MPa) and A is the
residual period in an original unloaded sample;
k, is a coefficient depending on the image scale
(in the present case, a, = 0.014 MPa). In the case

under consideration, 6 # 0 and 1/A__# 0 in Fig. 6.
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Fig. 6. Relationship between the A values in mm on
spectrum of interference images of samples in crossed
polaroids of the loaded polycarbonate samples and the

stress applied to them (o, MPa). The dashed line indicates
the hypothetical 1/A values reduced to 1/A .

This dependence can be universalized using relative
units, e.g., A /A:

G_Gres=a3(A1/A_Al/Ares) (11)

where A is the calculated value A = 78 mm from 0 to
o, =1 MPain Fig. 6; a,= a,A = 1 (a,= 1.1 MPa). In
this case, A /A =1 at 6, = 1 MPa in Eq. 1. However,
the analysis result will not change in this case.

The linearity of this dependence makes it possible
to estimate the magnitude of residual stress in the
sample, as shown in the analysis of the dependence,
An = f{(o), by extrapolation to the region of negative
values of ¢ (compressive stress). In this case, the
value of 6 was 0.7 MPa, which is close to the value
of 6, obtained from the analysis of the stress state
using the BR value of An__ (0.9 MPa). The average
stress, 0.8 = 0.1 MPa, is small, corresponding to
<0.05% elastic deformation of the PC sheet. This
does not exceed the usual thermal deformation of PC
sheets upon their operation, which can be considered
safe. Previous studies [1, 2] showed that less than
10 MPa is the safe stress that ensures the long-term
operation of PC sheets and products made from them.

The resulting IICP spectrum can be used to
determine the stress in the studied PC samples based
on their interference images. To accomplish this, it
is sufficient to combine the same isochromic lines of

the sample IICP and IICP spectrum and determine the
coordinate of the test sample center from the IICP
spectrum length. The latter is equal to the sum,

L
xp=20=2(—) (12)

n=1n

where x is the test sample coordinate on the IICP
spectrum; n = 1, 2, 3 ..., which corresponds to ¢
in MPa in Fig. 6; a is the exponent approximately
equal to 1 (a =1.1). The difference between exponent
a and 1 is due to the residual stress in the sample.
Figure 7 presents a diagram that graphically describes
Eq. 12. The diagram can be used to determine the
stress when analyzing the IICP spectrum shown in
Fig. 5. Equation 12 makes it possible to extrapolate
this diagram to higher stress in the elastic region.
In Fig. 7, the dependence is extrapolated to 10 MPa.
Previous studies [1, 2] reported that stresses less than
this value are acceptable during the warranty period
of PC sheets.

However, the picture of the IICP isochromes
depends on the stress and other factors, e.g., on
the sheet thickness and its thickness variation,
the slope of the product sections. This may reduce
the reliability of the quantitative assessment of its
stress state. On the other hand, this problem for initial
sheets or specific identical products made of them can
be solved by developing a database of reference IICP

—_
(=}
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o, MPa

N W R LN 9 0 O

—

P
A
0 o//
-1 F
0 50 100 150 200 250
X, mm

Fig. 7. Graphic depiction of Eq. (12). The dots are the
experimental values.
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spectra of quality products, as done for the automated
assessment of the stress state of molded PC blanks of
compact discs [15].

CONCLUSIONS

These studies showed that optical-polarization
methods effectively assess the stress state of PC
monolithic sheets made by various manufacturers in
the Russian Federation. A quantitative relationship
was established between the stress affecting PC
samples, their BR values, and the characteristics of
the combined spectrum of interference images of
loaded samples obtained in polarized light in crossed
polaroids. Overall, the residual stress values in
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