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Abstract

Objectives. The work set out to synthesize tertiary amines comprising derivatives of morpholine and piperidine containing a 1,3-dioxolane
or gem-dichlorocyclopropane fragment, as well as quaternary ammonium salts based on them. In order to determine the process conditions
(duration and temperature of the reaction) under which the maximum possible yield of the target quaternary ammonium salts is achieved,
the effect of the halide structure on the yield of ferf-amines and their subsequent salts was evaluated. The study also aimed to establish
the structural and spatial structure of the obtained carbo- and heterocyclic amines and salts based on them, as well as to evaluate the
anticorrosive properties of the obtained products in a hydrogen sulfide medium.

Methods. The target compounds, such as tertiary amines and quaternary ammonium salts (QAS), were obtained by classical methods
of organic synthesis consisting of alkylation and condensation of the corresponding amines of various structures. Preparation of QAS
was carried out using a microwave system for organic synthesis via microwave activation on a Sineo device (China). The qualitative
and quantitative composition of the reaction masses was determined using gas—liquid chromatography (Crystal 2000 hardware and
software complex), while mass spectroscopy was carried out on a Chromatec-Crystal 5000M device with a NIST 2012 database).
ABruker AM-500 device having operating frequencies of 500 and 125 MHz was used to perform nuclear magnetic resonance spectroscopy.

Results. Tertiary amines containing a cycloacetal or gem-dichlorocyclopropane fragment were obtained under thermal heating conditions.
By carrying out their condensation in excess halides using microwave radiation, new quaternary ammonium salts were synthesized with
a yield close to quantitative. Anticorrosive activity was estimated for the obtained cyclic compounds. 4-Allyl-4-[2-(1,3-dioxolan-2-yl)-
ethyl]morpholinium chloride was determined to have the maximum protective effect in a hydrogen sulfide medium with a protection
level of 91%.

Conclusions. Tertiary amines containing a cycloacetal or gem-dichlorocyclopropane fragment were obtained under the proposed
conditions. Such substances are in demand as intermediates in the synthesis of quaternary ammonium salts having anticorrosive activity.
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HAYYHAA CTATbA

CuHTE3 N aHTUKOPPO3NOHHAA aKTUBHOCTb
TPeT-aMMHOB, COAepXaluX uukKoaueTasibHbIn
NN remM-gunxsiopumnksionponaHoBbin pparmMmeHT,

N YeTBepPTUYHbIX aMMOHMEBbIX COJien HA X OCHOBE

10.T". Bopucosa™, IILIII. Txxymaes, P.M. Cyaranosa, I.3. Packuabauna, C.C. 310Tcknii

Ypumcruii cocyoapecmeennviti negpmsanou mexnuueckuil ynusepcumem, Ypa, 450064 Poccust

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

AHHOTaUuS

Hean. CunTe3upoBaTh TPETHYHBIE aMHHBI — IPOW3BOIHBIE MOP(OIMHA U NHIEPHIUHA, copepxarue 1,3-THOKCOIaHOBBIH HIH
2eM-TTXIIOPIUKIIONPOIIAHOBBII ()parMeHT, a TaK)Ke YeTBEPTUIHBIE aMMOHHEBEIE COJIM Ha MX OCHOBE. OICHHUTH BIUSIHUE CTPOCHHS rajio-
TeHHJIOB Ha BBIXOJl /1pen-aMHUHOB M HX TIOCIEAYIONHX cosieid. OnpeaenuTs ycaoBHs (AIUTEIBHOCTD H TEMIIEPATypy PeaKkIny) poBe/ie-
HUS IIpoliecca, IpU KOTOPBIX JOCTUrAeTCsl MAKCUMAIbHO BO3MOMKHBII BBIXO]] LIEJIEBbIX YETBEPTUYHBIX AMMOHUEBBIX COJICH. YCTaHOBUTH
CTPYKTYpHOE M HPOCTPAHCTBEHHOE CTPOCHHE ITOJIYYEHHBIX Kap0O- W TeTepOLUKINYECKHX aMHHOB M COJeH Ha MX OCHOBE, a TaKiKe
OLICHUTb aHTUKOPPO3UOHHBIC CBOWCTBA IOJIlyUYCHHBIX [IPOLYKTOB B CEPOBOJOPOIHOH cpeie.

Mertonasl. LleneBbie coenHEHN, TaKHEe KaK TPETHIHBIC aMUHBI U YeTBepTHIHBIE aMMoHHeBbIe comn (HAC), ObIM MOITydIeHBI KJIacCH-
YEeCKIMH COCO0aMH OPraHUIeCKOTO CHHTE3a — aJKHINPOBAHUEM M KOHAEHCAINEH COOTBETCTBYIONINX AMIHOB PA3JIMIHOTO CTPOCHHSI.
[Momyuenne YAC GbUIO OCYIIECTBICHO C MCIIONB30BAHMEM MHKPOBOJIHOBOI CHCTEMBI JUIS IPOBEJCHHUS OPTaHUUECKUX CHHTE30B Me-
TOJIOM MHKPOBOJIHOM akTHBanuu Ha npubope «Sineo» (Kurait). KauecTBeHHBIH U KOIMYECTBEHHBIH COCTaB PEAKIIMOHHBIX Macc ObIIH
oTIpeeNIeHbI Ta30KUIKOCTHOHM XpoMarorpadueii (Ha ammaparHO-iporpaMMHoM Komruiekce «Kpucramn 2000»), Macc-CeKTpoCKOIHel
(ma mpubope «Xpomarak-Kprcramr 5000M» ¢ 6a30if NIST 2012) u criekTpocKomHei sS1epHOro MarHUTHOTO pe30oHaHca (Ha mpubope
«Bruker AM-500» ¢ pabourmu gactoramu 500 u 125 MI'm).

Pesyibrarhl. B yCloBHsAX TEPMHYECKOTO HArpPEBa MOJIy4YCHbI TPETHYHBIC AMHHbI, COACPIKALINE [IMKIOAIETANBHBIN WIH 2em-IAuXJIop-
LIMKJIONPONAHOBBIA (pparMeHThl, KOHACHCALMS KOTOPBIX B H30BITKE IAJIOTCHUJIOB C HCIIOJIB30BAHHMEM MHUKPOBOJHOBOTO H3IYYCHUS
I03BOJIMJIa CHHTE3HPOBATh HOBBIC YCTBCPTHYHBIC AMMOHHEBBIC COJIM C BBIXOOM, OJM3KMM K KOJIMYECTBCHHOMY. J[JISi HOIy4YECHHBIX
LUKJINYECKUX COCIMHEHHI ObliIa OLICHCHA aHTHKOPPO3MOHHASI aKTUBHOCTh. OINpe/esieHO, YTO MaKCUMAJIbHBIM 3alUTHBIM d(dexTom
B CEPOBOAOPOIHOI cpere obnanaet 4-ammn-4-[2-(1,3-auokconan-2-m)3 T [MOpHOTMHAYM XJIOPHI, KOTOPBIH UMEET CTEIICHB 3alIHUTHI,
paBuyio 91%.

BriBoabl. B npeuioxkeHHbIX yCIOBUAX OBUTH MOTYUYEHB TPETUUHBIE AMHHBI, COJEPIKAIINE IIMKIIOAIETAIbHBINA WITH 2eM-ANXTOPIHUKIO-
MPONAHOBBIH (parMeHThl. TpeTHUHbIE aMUHBI CIY’KAT MPOMEXYTOYHBIMHU MPOAYKTAMH B CHHTE3€ YETBEPTUUHBIX aMMOHUEBBIX COJICH,

001a[afoIMX AaHTHKOPPO3HOHHON aKTHBHOCTBIO.

KniouyeBbie cnoea

KOppo3ust

Ang uMTMpoBaHns

AJTKWJIUPOBAHUE, MUKPOBOJIHOBOC U3JTYUYECHUE, YETBEPTUIHAA AMMOHHNEBAA COJIb,

Moctynuna: 05.09.2024
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bopucosa 10.I., Jlxxymaer IILII., CynranoBa P.M., Packunpauna I'3., 3norckuit C.C. CuHTE3 W aHTUKOPPO3MOHHAs AKTUBHOCTH
mpem-aMHHOB, COICPIKAIINX [UKIOANCTATBHBIN WIH eeM-AUXJIOPIUKIONPONAHOBI (PAarMEHT, U YETBEPTHUHBIX aMMOHHEBBIX COJEH
Ha UX OCHOBe. Tonkue xumuueckue mexnonoauu. 2025;20(3):193-202. https://doi.org/10.32362/2410-6593-2025-20-3-193-202

INTRODUCTION

Cyclic amines such as morpholine, piperazine, and
piperidine, which are widely used in the synthesis
of a wide range of biologically active products, are
produced on an industrial scale [ 1-3]. The tertiary amines
and their derivatives containing 1,3-dioxacycloalkane
or gem-dichlorocyclopropane fragments obtained on

their basis exhibit various forms of biological activity,
such as antifungal (fungicidal), bactericidal (biocidal),
herbicidal, etc. [4, 5]. Nitrogen-containing heterocyclic
compounds are additionally used in the design and
synthesis of quaternary ammonium salts (QAS) with
antimicrobial properties [6, 7]. It should be noted that
QAS containing gem-dichlorocyclopropane fragment
exhibit antibacterial activity against Escherichia coli,
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Klebsiella  pneumoniae,  Staphylococcus — aureus,
Acinobacter Baumanii [8]. Prof. A. Vereshchagin, who
synthesized QAS on the basis of cyclic acetals of pyridine
aldehyde and hydroxypyridine esters, established
their ability to inhibit the growth of gram-positive
and gram-negative bacteria, fungi, and some viruses
in low concentrations [9-11]. The series of works
by Acad. A.L. Maksimov et al. demonstrate various
applications of acetals in petrochemistry [12—-14]. For
example, cyclic acetals, which are well dispersed in
lubricating compositions, can be used as active high-
octane components of anti-wear additives in diesel
fuel and other energy carriers to reduce the corrected
diameter of the wear spot [15—17]. Heterocycles and
their analogs or derivatives (esters, amides and salts)
have antioxidant properties and inhibit acid corrosion
of metals [18, 19].

Thus, the synthesis of new QAS containing
1,3-dioxacycloalkane and gem-dichlorocyclopropane
structures seems to be important and relevant in terms
of the creation of new petrochemical reagents and
pharmacological preparations.

We previously showed that quaternary ammonium
salts derived from 2-chloromethyl-gem-dichlorocyclo-
propane and 4-chloromethyl-1,3-dioxolane are catalytic
in the O-alkylation reaction of 2,2-dimethyl-4-
oxymethyl-1,3-dioxolane with allyl chloride [20].

Inthe present study, new fert-amines and salts based on
them were prepared using 1,1-dichloro-2-(chloromethyl)-
2-methylcyclopropane and 2-bromoethyl-1,3-dioxolane
to evaluate the anticorrosion activity of the obtained
compounds.

MATERIALS AND METHODS

During the process of analyzing reaction masses,
the mass spectra of compounds were recorded on the
Chromatek-Crystal 5000M hardware-software complex
(Chromatek, Russia) with the NIST 2012 database
(National Institute of Standards and Technology,
USA). The analysis conditions were as described in
the article [9]. The electron impact ionization method
was used to obtain mass spectra of compounds. 'H and
13C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AM-500 spectrometer (Bruker
Corporation, USA) with operating frequencies of
500 and 125 MHz, respectively; the used solvent was
deuterated chloroform CDCI,. Chemical shifts are given
on the d scale (ppm) relative to tetramethylsilane as
internal standard. The spin-spin interaction constants (/)
are given in Hz.
1,1-Dichloro-2-(chloromethyl)-2-methylcyclo-
propane 3 was prepared by dichlorocarbenylation
of 2-methyl-3-chloropropene-1 (CAS 1563-47-3)

under interfacial catalysis conditions following
a similar procedure as presented in [9]. Morpholine
(CAS 110-91-8), piperidine (CAS 110-89-4) and
2-bromoethyl-1,3-dioxolane 4 (CAS 4360-63-8) are
commercially available reagents.

Synthesis of compounds 5-7
under thermal heating conditions

The flask was loaded with 0.002 mol of amine
(0.17 g of morpholine or piperidine), 0.004 mol of
halide (0.69 g of 1,1-dichloro-2-(chloromethyl)-2-
methylcyclopropane 3 or 0.72 g of 2-bromoethyl-
1,3-dioxolane 4) and 20 mL of dimethylformamide.
The reaction mixture was stirred at 100°C for 8-11 h
until complete conversion of the amine (control by
gas—liquid chromatography). The mixture was washed
with water, extracted with methylene chloride, and
evaporated. The target product was isolated by vacuum
distillation.

4-[2,2-Dichloro-1-methylcyclopropyl)methyl]-
morpholine §. Colorless liquid. 7, = 98-99°C
(5 mm Hg). Yield 90% (0.40 g). '"H NMR spectrum,
o, ppm (J, Hz): 1.32 d (2H, CH,, J 4.14), 1.67 s (3H,
CH,), 2.43 d (4H, 2CH,, J 4.14), 2.57 d (2H, CH,,
J12.74),3.71 d (4H, 2CH,, J 4.11). 3*C NMR, &, ppm:
19.98 (CH,), 28.61 (C), 31.23 (CH,), 53.32 (2 CH,),
62.79 (CH,), 66.75 (C), 66.97 (2CH,). Mass
spectrum m/z (I, %): 222.98/224.99/226.99 (15/10/4),
187.99/190.02 (13/4), 127.02/129.02 (18/5), 124.06 (30),
99.89/101.05 (100/27), 84.99/87.00 (30/10),
73.03/74.91 (18/5), 56.00 (60).

1-[2,2-Dichloro-1-methylcyclopropyl)methyl]-
piperidine 6. Colorless liquid. T, 93-95°C
(5 mm Hg). Yield 93% (0.41 g). 'H NMR spectrum,
o, ppm (J, Hz): 1.10 d (2H, CH,, J 6.03), 1.65 s
(3H, CH,), 1.64-1.75 m (6H, 3CH,), 2.33 dd
(4H, 2CH,, J 8.8), 2.61 d (2H, CH,, J 12.01).
13C NMR, dc, ppm: 19.81 (CH;), 23.01 (CH,),
23.55 (2CH,), 28.73 (C), 31.26 (CH,), 57.39 (2CH,),
62.81 (CH,), 66.71 (C). Mass spectrum m/z (I, %):
221.01/223.01/225.01 (10/6/2), 186.01/188.01 (10/5),
138.07 (30), 124.06 (30), 97.92/99.08 (100/31),
83.02/85.03 (30/6), 69.06/71.05 (28/8), 55.00 (55).

4-[2-(1,3-Dioxolan-2-yl)ethylJmorpholine 7. Colorless
liquid. 7, = 101-102°C (5 mm Hg). Yield 95%
(035 g). 'H NMR spectrum, §, ppm (J, Hz):
1.82-1.85 m (2H, CH,), 2.39-2.44 m (6H, 3CH,),
3.65-3.68 m (4H, 2CH,), 3.80 d (2H, CH,, J 3.67),
391 d (2H, CH,, J 3.73), 4.88 t (1H, CH, J 9.56).
3C NMR, dc ppm: 30.99 (CH,), 40.96 (CH,),
53.64 (2CH,), 64.80 (2CH,), 66.84 (2CH,), 103.13 (CH).
Mass spectrum m/z (I, %): 188.14 (2), 114.06 (100),
101.09 (25), 86.00 (22), 70.02 (52), 56.03 (44).
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Synthesis of compounds 11-13
under microwave heating conditions

The flask was loaded with 0.002 mol of tert-amine
(0.44 g of amine 5 or 6 or 0.37 g of amine 7), 0.004 mol
(0.68 g of benzyl bromide 8, 0.58 g of amyl bromide 9 or
0.3 g of allyl chloride 10) and 20 mL of methyl isobutyl
ketone. The reaction mixture was stirred under microwave
irradiation (MWI) conditions at 30°C for 2—4 h until
precipitation. The mixture was filtered off, the residue
on the filter was washed with hexane (2 x 100 mL) and
dried under vacuum.
4-Benzyl-4-[-2,2-dichloro-1-methylcyclopropyl)-
methylJmorpholinium bromide 11. Brown powder.
T o = 167°C. Yield 95% (0.75 g). "H NMR spectrum,
8, ppm (J, Hz): 1.67 s (3H, CH,), 1.65 d (1H, CH,,
2J 7.7), 1.90 d (1H, CH,, J 7.4), 3.22 d (4H, 2CH,,
J 4.37), 3.49 d (2H, CH,, J 10.87), 3.98 d (4H, 2CH,,
J 9.98), 4.83 s (2H, CH,), 7.55-7.61 m (5H, Ph-).
3CNMR, 8¢, ppm: 19.60 (CH,), 26.07 (C), 31.44 (CH,),
60.00 (CH,), 60.59 (2CH,), 63.50 (CH,), 65.99 (2CH,),
129.32 (2CH), 127.07 (CH), 128.52 (2CH), 134.22 (C).
1-Butyl-1-[2,2-dichloro-1-methylcyclopropyl)-
methyl]piperidinium bromide 12. Brown powder.
T = 162°C. Yield 92% (0.66 g). 'H NMR spectrum, 3,
ppm (J, Hz): 0.93 s (3H, CH,), 1.01 d (2H, CH,, J 10.87),
1.23-1.29 m (10H, 5CH,), 3.57-3.61 m (4H, 2CH,),
3.41 d (2H, CH,, J 4.77), 4.03 d (2H, CH,, J 12.03).
BCNMR, 8¢, ppm: 13.31(CH,), 19.82 (CH,), 19.89 (CH,),
21.56 (CH,), 23.29 (2CH,), 23.05 (CH,), 29.34 (CH,),
28.74 (C), 67.45 (2CH,), 67.89 (CH,), 68.41 (CH,).
4-Allyl-4-[2-(1,3-dioxolan-2-yl)ethylJmorpholinium
chloride 13. Brown powder. 7, ., = 145°C. Yield 98%
(0.51 g). "H NMR spectrum, 8, ppm (J, Hz): 1.25-1.34 m
(2H, CH,), 3.03-3.12 m (6H, 3CH,), 3.34-3.41 m (4H,
2CH,), 3.80d (2H, CH,,/5.79),3.98 d (2H, CH,,J 5.72),
5.55d (1H, CH, J 6.16), 5.70 dd (2H, CH,, J 10.55),
5.90-6.01 m (1H, CH). *CNMR, 8, ppm: 31.03 (CH,),
43.28 (CH,), 51.07 (2CH,), 59.94 (CH,), 63.73 (2CH,),
67.56 (2CH,), 103.55 (CH), 125.86 (CH,), 127.32 (CH).

Methodology for determination

of anticorrosive activity of substances
in a hydrogen sulfide-containing
environment

The electrochemical method was used to study the
anticorrosive activity of substances. Electrochemical
analysis was carried out on the Monikor-2M corrosion

rate analyzer (Akurs-M, Russia). The device includes
two electrodes made of St3 steel (properties of St3 steel,
requirements to chemical composition, control methods,
and data on international quality standard are listed
in GOST 380-2005'). Prior to testing, the surface of
steel electrodes was prepared using emery paper #180,
followed by emery paper #240, in the direction of
the electrode length. The prepared electrode samples
were degreased with dimethyl ketone (Vekfon, Russia)
immediately before carrying out the test. Next, the
electrodes were activated by means of three-stage
washing. The test substance (volume of 0.25 mlL)
was dissolved in 25 mL of ethyl alcohol (Ruskhim,
Russia). Cylindrical laboratory cells were filled with
the calculated amount of 3% sodium chloride solution
(Lenreaktiv, Russia) and purged for 30 min with nitrogen
(Orenburg, Russia). After purging, the calculated amount
of hydrogen sulfide water? and 1.25 mL of dissolved
substance in alcohol were poured into the medium. Then
the electrodes were immersed in an electrochemical cell
pre-filled with the test medium and the corrosion rate was
determined for a period of 60 min. To obtain convergent
and reliable results, parallel tests of 2 cells with the same
medium were performed and arithmetic mean values of
the obtained corrosion rates were calculated.

The braking coefficient was calculated by the formula:

P,
AZ—O, where P, is the depth corrosion rate of the
1
sample in solution without corrosion inhibitor, mm/year;
P, is the depth corrosion rate of the sample in solution
with corrosion inhibitor, mm/year.

RESULTS AND DISCUSSION

Morpholine 1 and piperidine 2 were converted
to the corresponding tertiary amines 5-7 by
N-alkylation  of  1,1-dichloro-2-(chloromethyl)-2-
methylcyclopropane 3  and  2-B-bromoethyl-1,3-
dioxolane 4, which, upon action of benzyl bromide 8,
butyl 9, or 3-chloro-propene-1 10, formed the
corresponding quaternary ammonium salts 11-13 in
quantitative yields (Scheme).

Under the selected conditions (100°C, 8-11 h),
the yield of tertiary amines 5-7 was 90-95%.
Dimethylformamide was used as a solvent since its use
reduces the synthesis time by 2—4 times as compared
to toluene without reducing the yield and selectivity of
formation of target compounds 5-7.

I GOST 380-2005. Interstate Standard. Common quality carbon steel. Grades. Moscow: Standartinform; 2007.

2

Hydrogen sulfide water was prepared independently by mixing sodium sulfide and table salt solutions with hydrochloric acid. The concentration
of hydrogen sulfide water was determined by the titration method.
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Scheme. Obtaining target salts 11-13

Quaternary ammonium salts containing acetal or
gem-dichlorocyclopropane fragments 11-13 were obtained
by condensation of tertiary amines 57 with an excess
of halides 8-10 in 70-90% yield. MWI was successfully
used for the synthesis of these QAS to prepare salts 11-13
at 30°C in 24 h in quantitative yields; conversely,
thermal heating (40—100°C) required 68 h (Table 1).

Amines containing carbo- and heterocyclic fragments
(acetal and cyclopropane groups) and the corresponding

salts obtained on their basis are known to exhibit
anticorrosion properties in acidic and hydrogen sulfide-
containing media and can thus be effective inhibitors of
corrosion of low-carbon and low-alloy steels [21]. While
continuing to conduct studies in this field, we have
investigated the anticorrosion activity of the obtained
tert-amines 5-7 and salts 11-13 in hydrogen sulfide-
containing medium, which is widespread in hydrocarbon
production processes.

Table 1. Condensation of tertiary amines 57 with excess halides 8-10 and under the influence of thermal heating

and microwave radiation 11-13

Reaction condition Reacti
Initial compounds ithig? Yield, % Heating type
T, °C Reaction time, h P
100 7 80 Thermal
5 8 11
40 3 95 MWI
90 8 70 Thermal
6 9 12
60 4 92 MWI
6 90 Thermal
7 10 40 13
2 98 MWI

Note: methyl isobutyl ketone solvent.
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Table 2. Protection degree and inhibition coefficient of substances 57, 11-13 in hydrogen sulfide-containing environment

Compound number Corrosion, mm/year Protection degree, % Inhibition coefficient
5 0.78 23 1.31
6 0.29 71 3.51
7 0.23 78 4.47
11 0.18 82 5.58
12 0.11 89 9.23
13 0.08 91 11.61

Compound 13 showed the highest anticorrosion
activity with a protection degree of 91% (inhibition
coefficient = 11.61). Amines 5-7 showed protection
efficiency in the range from 23 to 78% (inhibition
coefficient = 1.31-4.47). We note that the degree of
protection of salts 11-13 slightly exceeds the similar
index (50%) of reagents used in oil production [22].
This may be assumed to be due to the presence of
alkyl substituents in molecules 12 and 13, leading to an
increase in hydrophilicity and solubility in the corrosive
environment, which in turn, according to [23], increases
the inhibitory effect of organic compounds.

CONCLUSIONS

Thus, tertiary amines containing cycloacetal or
gem-dichlorocyclopropane fragments were obtained
under thermal heating conditions. Condensation of
tertiary amines in an excess of halides using MWI
allowed the synthesis of new quaternary ammonium
salts in near quantitative yields. The anticorrosive
activity was evaluated for the tertiary amines. 4-Allyl-
4-[2-(1,3-dioxolan-2-yl)ethylJmorpholinium  chloride
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Abstract

Objectives. The work set out to prepare and chromatographically analyze pentaerythritol esters, use gas chromatography to determine
the Kovats logarithmic retention indices and enthalpies of sorption, and evaluate the enthalpy of evaporation of pentaerythritol tetraesters
based on linear correlations with enthalpies of sorption and logarithmic retention indices.

Methods. The synthesis was carried out in an isothermal stirred reactor at 7= 393.2 K at a molar ratio of pentaerythritol to carboxy
lic acid of 1 : 4 in self-catalysis mode to avoid side reactions that occur during aggressive acid catalysis. The obtained samples were
analyzed using Chromatec Analytic hardware and software complex based on a Kristall-2000M chromatograph equipped with a capillary
column (60 m x 0.32 mm x 0.5 um) having BP-1 grafted stationary phase (100% dimethylpolysiloxane). The analysis conditions were
as follows: isothermal mode; column temperature, 433.2—-603.2 K; evaporator and detector temperatures, 623.2 K; gas flow split, 1 : 50;
carrier gas, helium; volume of injected sample, 0.15 pL; diluent of reaction samples, methanol.

Results. For the first time, the values of the Kovats retention indices and enthalpies of sorption were found for 31 pentaerythritol
esters of various structures (mono-, di-, tri-, and tetramethanoates; 2-methylpentanoates; 4-methylpentanoates; 2,2-dimethylbutanoates;
2-ethylbutanoates; octanoates; nanoates; and decanoates). The obtained correlation equations were used to estimate the enthalpy
of evaporation of pentaerythritol tetraesters (for 7 compounds, data were obtained for the first time).

Conclusions. The retention parameters were found as linear dependencies with a high degree of correlation (R > 0.99) in the studied
temperature range (433.2-603.2 K). The enthalpies of evaporation calculated based on the enthalpies of sorption and logarithmic
retention indices within the limits of error of the correlation dependencies coincide with the literature data and the values predicted
by the quantitative structure—property relationship method. The obtained data can be used to design units for separating multicomponent
mixtures and identify these compounds.
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HAYYHAA CTATbA

OnpeaeneHune 3aHTaNbNUN UCNAaPEHUSNA CJNTOXHbIX
3PUNPOB NEHTA3PUTPUTA PA3JINYHOIO CTPOEHUSNA
C Ucnosib30BaHMEeM rasoxpomartorpadpunyeckmx
XapaKTepucTUK yaep>XmBaHus

10.®. UBanosa, B.B. Emeabsinos™, C.B. Jleanosa, I0.H. Te;iibHoB

Camapckuii eocyoapcmeennviii mexuudeckuil ynusepcumem, Camapa, 443100 Poccus

™ demop ons nepenucku, e-mail: koraks95@mail.ru

AHHOTaUuS

He.Jm. HonyquI/Ie u XpOMaTOFpa(bI/I‘IeCKI/Iﬁ aHaJIn3 CJIOKHBIX 3(1)I/IpOB NEHTA’pUTpUTa; OIPEHACICHUC J'[Ol"apI/I(bMI/I'-IeCKI/IX HWHJICKCOB
YACPIKUBAHUSA KoBaua u sHTANBNNIT COp6III/II/I C IOMOUIbIO razoBoit XpOMaTOl"pa(l)I/II/I; OLICHKA SHTAJIBIIUU UCTIAPCHUS TeTpa:)(bI/IpOB TICH-
Ta’>puTpuTa Ha OCHOBE JIMHEWHBIX KOppeJ'IHIII/Iﬁ C DOHTAJIBIIUAMHA COp6HI/II/I u J'[Ol"apI/I(bMI/I'-IeCKI/IMI/I UHACEKCaMU yI€pKHUBaHUA.

Mertoanl. CuHTE3 TPOBOAMIM B H30TEPMHUECKOM PEAKTOPE CMEIIEHHS MPH COOTHOUICHWH IIEHTa’PHTPUT : KapOOHOBas KHCIIO-
Ta=1:4 (MOJNBH.), B peXKrMe CaMOKaTaIN3a BO N30exkKaHne MPOTEKaH s TOOOYHBIX IIPEBPAIIEHUH, IMEIOIIIX MECTO IIPU arPECCHBHOM KHC-
JOTHOM Katanmse, npu 1= 393.2 K. Ananm3 nomy4eHHBIX 00pa3ioB MPOBOJIIN ¢ HCHOIB30BAaHUEM POTPAMMHO-ANIIAPaTHOTO KOMILIEKCa
«XpoMarak-AHaIuTHK» Ha 6aze xpomarorpada «Kpucram-2000M», 0CcHAIIEHHOTO KaMJULIPHOM KoNoHKOH (60 M x 0.32 Mm X 0.5 MKM)
C IPUBUTOI1 HeTToABIKHOH (azoit BP-1 (100% muMernmonucniokcan). YeIoBUs aHaIN3a: H30TePMUYECKUH PeXKIM; TEMITepaTypa KOJIOH-
ku 433.2-603.2 K; Temrieparypbl HICIApHUTEISI H IETEKTOPA OHAKOBEI 1 paBHBI 623.2 K; nenenne razosoro nmoroka 1 : 50; ra3 Hocutens —
renuii; 00beM BBOAUMO# poOsr — 0.15 MKJT; [uTst pa30aBiIeHus peaKINOHHBIX TPOO TPUMEHSIIN METaHOI.

Pesyinbrarsl. BriepBbie nony4eHbl 3HaYCHUS MHICKCOB yaepkuBaHus KoBada u sHTambnuit copoumu st 31 ciaoxHoro adupa nenra-
IPUTPUTA PATUIHON CTPYKTYpHI (MOHO-, U-, TPH- U TETPa()OPMHATOB, 2-METHITICHTAHOATOB, 4-METWINICHTAHOATOB, 2,2-TUMETHI0Y-
TaHOATOB, 2-3THJIOYyTaHOATOB, OKTAHOATOB, HAHOATOB, JICKAHOATOB). ITOyYeHBI KOPPEIALMOHHBIC YPABHEHHS, IO3BOJIMBILHME OLCHUTD
SHTAJIBIHIO UCTIAPEHHUS 171 TeTPadQUPOB HEHTAIPUTPUTA (JUIsi 7 COSMHEHHMIT JaHHbIC TTOTy4YEHbI BIICPBbIC).

BoiBoabl. 3HaueHUs MapaMeTpoB YACP)KHBAaHMS TNPEICTaBISIOT COOON JIMHEHHBIE 3aBUCHMOCTH C BBICOKOW CTEMEHBIO KOppems-
min (R? > 0.99) B McclenoBaHHOM TeMIiepaTypHOM auanasone (433.2-603.2 K). PaccunTaHHble SHTATBINHN HCTIAPEHHs B TIPEeNax mo-
IPEIIHOCTH KOPPEISLMOHHBIX 3aBHCHMMOCTEIl HA OCHOBE SHTANIBITHI COPOLMHU H JIOrapU(PMUUECKHX MHICKCOB YACP/KMBAHUS COBIA/AIOT
C IUTepaTypHBIMU 1 TIPOTHO3UpYyeMbIMH 110 MeToay Quantitative Structure-Property Relationship 3Hauenusmu. [TonyueHHble JaHHBIE MO-
T'yT OBITh MCIIOJIB30BAHBI JUIS TIPOSKTHPOBAHKS Y3JIOB PA3JEICHHsI MHOTOKOMIIOHEHTHBIX CMeCel U MICHTH(UKALINK JAHHBIX COSANHEHHUIL.

Kniouesble cnosa MocTtynuna: 31.10.2024
Aopa6oTaHa: 11.12.2024

MpuHara B neyatb: 08.04.2025

CIIOKHBIC AGUPBI IEHTAdPUTPHUTA, HHICKCHI YICP)KUBAHUS, SHTAIBITNH UCTIAPCHHMS,
STepUPUKALHSL, COPOIHS

Ang uMTMpoBaHns

VBanosa 10.®., EmenbsinoB B.B., Jlesanosa C.B., TensHoB FO.H. Onpenenenne sHTaNbNUN HCIAPEHHS CIOKHBIX (DHPOB IEHTA3PUTPH-
Ta Pa3IMYHOrO CTPOCHUS C UCIIOJIB30BaHUEM Ta30XpOMaTOrpaUuecKiX XapaKTePUCTUK yACPKUBAHUA. TOHKUE XUMUYECKUe MEXHONO0UU.
2025;20(3):203-214. https://doi.org/10.32362/2410-6593-2025-20-3-203-214

INTRODUCTION

Pentaerythritol esters are of great interest to various
sectors of global industry. This is mainly due to the
possibility of varying the chemical and/or physical
properties of these esters by introducing various numbers
of acid fragments of a particular structure to permit their
use as plasticizers for polymer products, alkyd resins,
lubricants, stationary chromatographic phases, and
nonionic surfactants [1-6].

The mass application of plasticizers is limited
by a number of requirements imposed by technical
and economic standards: absence of odor and
color, commercial availability, and thermodynamic
compatibility with the polymer material [7]. As a rule,
such requirements are met by pentaerythritol esters of
linear and an iso structure having an average molecular
weight in the range of 400-800 g/mol [8]. In this case,
the most significant effect is exhibited by compounds
of branched structure, which have a higher resistance
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to emission from the polymer in comparison with their
isomers of linear structure.

To create optimal technologies for obtaining ester
products, reliable data on the enthalpies of evaporation are
required, which are used in the design of reaction units or
separation units [9]. Experimental determination is based
on obtaining the saturated vapor pressure by various
methods: direct (ebulliometry), indirect (transpiration),
etc. However, this entails certain difficulties, since
the classical ebulliometric method is unsuitable for
compounds with low thermal stability (which clearly
manifests itself for branched ester structures); moreover,
when using the transpiration method, the experiment can
be extremely lengthy due to the high molecular weight
of the ester [10, 11].

Recently, modeling methods have become
increasingly important, allowing for rapid estimation of
the enthalpy of evaporation with a sufficient accuracy
based on reliable retention parameters of compounds
obtained under gas chromatography conditions [12].

The purpose of this work was to obtain and
chromatographically analyze pentaerythritol esters,
determine the Kovats retention indices for a number of
unstudied pentaerythritol esters of various structures,
determine the enthalpies of sorption, and estimate the
enthalpies of evaporation for tetracthers by prediction
based on experimental correlations.

HO +RCOOH

RJQ OH

EXPERIMENTAL
Synthesis of pentaerythritol esters

The objects of the study were pentaerythritol esters
for which there are no reference descriptions of
retention indices under gas-liquid chromatography
conditions. Pentaerythritol esters of the following
acids were studied: formic (98%, neoFroxx GmbH,
Germany), 2-methylpentanoic (98%, Merck,
Germany), 4-methylpentanoic (99%, Sigma-Aldrich,
USA), 2,2-dimethylbutanoic (98%, Acros Organics,
USA), 2-ethylbutanoic (99%, Acros Organics, USA),
octanoic  (99%, Sigma-Aldrich, USA), nonanoic
(99%, Sigma-Aldrich, USA), and decanoic (99%,
Sigma-Aldrich, USA), which were synthesized according
to the following scheme:

The syntheses were carried out at a molar ratio
of alcohol to carboxylic acid of 1 : 4 in order to
obtain products of all degrees of substitution. The
experimental equipment was a jacketed reactor
(RULLAB, Russia) connected to a reflux condenser.
The reactor was thermostated by circulating
PMS-200 polymethylsiloxane (Acros Organics, USA)
using a circulating oil thermostat (Huber, Germany).
The reaction temperature was 393 K. The process was
conducted in the self-catalysis mode to avoid side
reactions that occur during aggressive acid catalysis.

O

+ RCOOH

O ——— 0 —
‘—— ‘——
HO OH - H,0 HO OH -H0
0
R
O 0
)}\ o )
+ RCOOH 0]
e — o)

R
O
+ RCOOH R
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Scheme. Synthesis of pentaerythritol esters
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The reaction system was stirred with a magnetic stirrer
(Heidolph, Germany). The reaction was performed
until the signals of all four possible products appeared
(monoesters, diesters, triesters, and tetraesters). The
conversion of pentaerythritol was determined by
kinetic monitoring of the reaction by changing the
chromatographic signals with time (gradual depletion
of alcohol and increase and decrease in concentrations
in a series of mono-, di-, tri- and tetrasubstituted
products).

Analysis of reaction mixture

The obtained samples were analyzed using the
Chromatec  Analytic  hardware and  software
complex based on a Kristall-2000M chromatograph
(Chromatec, Russia) equipped with a capillary column
(60 m % 0.32 mm x 0.5 pm) with BP-1 grafted stationary
phase (100% dimethylpolysiloxane, Chromatec,
Russia). Analysis conditions were as follows: isothermal
mode; column temperature, 433.2-603.2 K; injector
temperature, 623.2 K; detector temperature, 623.2 K;
gas flow split, 1 : 50; carrier gas, helium; injected
sample volume, 0.15 pL; diluent for reaction samples,
methanol (Acros Organics, USA); concentration
range of the measured compounds, 0.2-0.6 mg/mL.
The asymmetry factor of chromatographic peaks
was 1, thus eliminating the possibility of overloading
the chromatographic column, as well as its physical
modification, which could lead to distortion of retention
index values [13, 14].

Determination of retention indices

The retention indices and enthalpies of sorption were
determined by the following equations [15]:

~In(t)~In(r))

=— ~—-100 +100z, (1)
Y In(tl,,)—In())
AS. AU
1n(k)=_;0rb _ Rs;rb’ @
th —1
k= 3
Ip
AH . (T, )= AU (T, ) - RT, o

where [ is the retention index of the substance under
study; ., t,,and ¢, | are the reduced retention times
of the sample under study (subscript x) and normal
alkanes with the number of carbon atoms z and z + 1,
respectively; R = 8.3145 J/(mol - K) is the universal gas

constant; 7, is the absolute retention time of the
substance under study; 7, is the dead retention time;
k is the retention factor; AUy, is the internal energy
of sorption at the average temperature of the
experiment; AS, 4 is the entropy of sorption at the
average temperature of the experiment; Aﬁsorb is the
enthalpy of sorption at the average temperature of the
experiment; and 7, is the average temperature of the
experiment.

The experimental values of the enthalpies of sorption
were reduced to a temperature of 298.2 K using the
equation

AH, (298.2K) =

— (%)
= Mgy (T, )+ (-ANPC3 ) (2982 T,, ),

where AEZPC}:’) is the heat capacity of the liquid—vapor
phase transition, predicted using the method that we
proposed previously [16] based on modified Randié¢

indices.

RESULTS AND DISCUSSION

Retention indices

For all compounds in the temperature range of
433.2-603.2 K (all studied temperature modes are given
in Table 1), it was possible to achieve a clear separation
of the components of the analyzed samples. The only
exception was pentaerythritol monodecanoates, which
may be due to the similar retention times of normal
alkanes.

The confidence interval in determining the retention
indices as determined in 3—4 measurements was no more
than 0.2.

Table 1 presents the experimental values of the
logarithmic retention indices and their temperature
dependencies.

One of the known dependencies relating the
logarithmic retention index with the structure of the
compound is the correlation relative to the number of
carbon atoms in the acid fragment of the ester in the
case of linear structure. For this, it is necessary to have
data for determining the retention index at the same
temperature. As such a temperature, the value of 513.2 K
was chosen based on the published data [17], as well as
due to the fact that this temperature is within the studied
range (433.2-603.2 K), which allows for a satisfactory
approximation to 513.2 K.

The dependence of the retention indices on the
number of carbon atoms in the acid fragment (Fig. 1)
demonstrates good linearization (R = 0.999), indicating
the adequacy of the obtained results.
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Table 1. Experimental values of retention indices of pentaerythritol esters
No. T,K/1, 09 AIIAT a b* R?
Monoesters
Methanoate 1423732"22 ;’2{/3925 1425835..20 142693024 1320.8 6.1 0.6011 1012.4 0.994
2-Methylpentanoate 1'592132"27 1593236'25 1594238‘.23 1595335'.22 1905.3 7.5 0.7533 1518.8 0.999
4-Methylpentanoate 1592839.20 1593937'.20 2504:)34.29 2505134'21 1980.5 8.4 0.8323 1553.4 0.999
2,2-Dimethylbutanoate 1570536.26 157]53(5.26 1572536.27 1573536.28 1750.6 0.1 0.0067 1747.2 0.999
2-Ethylbutanoate 155]732'.22 1552736.241 155383i.23: 1554835.23 1572.2 4.4 0.4438 1344.4 0.999
Octanoate 2517133'.22 2518232'.21 2519336.27 2610339'.28 2060.1 8.9 0.8848 1606.0 0.999
Nanoate 2527333'.20 252(232..26 2522532'.20 262063224 2174.4 9.8 0.9759 1673.5 0.999
Diesters
Methanoate 123532.26 12453724 14;5631' '27 14:1(5636.28 1490.1 4.7 0.4680 1249.9 0.999
2-Methylpentanoate 25;]636.27 2512732'.29 2513833-.24 2514838.29 2166.7 7.4 0.7720 1770.3 0.985
4-Methylpentanoate 2522835.241 252383 928 2524933' .29 2525939'i 2280.6 4.7 0.4603 2044.4 0.996
2,2-Dimethylbutanoate 2500932..26 251]032..26 2512136.2$§ 2513231' .26 2102.6 9.7 0.9528 1613.2 0.998
2-Ethylbutanoate 2501637..25 25027342 2503739'.27 2504836.28 2067.5 6.4 0.6337 1742.4 0.997
Octanoate 257723324 257823923 2579335.21 267043223 2685.7 6.3 0.6253 2364.8 0.997
Nanoate 259713924 259(9235"27 2599332"20 269033822 2881.8 6.3 0.6280 2559.4 0.999
Decanoate - - 35191'2i) 361013927 3059.7 2.7 0.6670 2117.4 -
Triesters
Methanoate 145303 627 1454;39'.27 1455132'.27 145613622 1532.0 32 0.3178 1368.9 0.999
2-Methylpentanoate 254]931‘ .27 2542934.26 2543937'.21 25At493§.26 2491.7 2.6 0.2617 2357.5 0.999
4-Methylpentanoate 255283é.29 2253931' .20 2554933'%5 2555935' .27 2586.6 2.3 0.2292 2469.0 0.999
2,2-Dimethylbutanoate 23-302§35.27 2531931' .22 25329363 254303]' .27 2391.2 53 0.5318 2118.1 0.999
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Table 1. Continued

No. T,K/1I, B AIIAT a* b* R?
2-Ethylbutanoate 253]239'.27 2532332'.21 253333420 2534;36"24 2329.7 22 0.2207 2216.5 0.999
Octanoate 352773329 3528735'.20 352973624 3620737"26 3266.5 1.2 0.1236 3203.0 0.998
Nanoate 3557535'.24 3558538.20 3559636.26 3650633'.21 3540.2 2.6 0.2548 3409.4 0.999
Decanoate 35874136.23 358i3i.241 35851132..27 3%0433'.27 3833.4 1.1 0.1150 3774.4 0.998

Tetraesters
Methanoate 1453337'.23 14;;38.25 14554301 14523125 1548.7 1.4 0.1440 1474.8 0.995
2-Methylpentanoate 2571 531' .25 2572536.28 2573439'.27 2575437'.27 2751.5 -0.9 —0.0967 2801.3 0.996
4-Methylpentanoate 2582 831' .27 2583735.27 2584737..25 2;5735'.25 2883.8 -2.1 —0.2089 | 2991.0 0.999
2,2-Dimethylbutanoate 256()136.28 256] 139"'23 2562231' .28 2563234.26 2619.3 2.6 0.2593 2486.3 0.999
2-Ethylbutanoate 256] 53(')‘22 2562 439"28 2563413§il 25642139..20 2650.2 -0.4 —0.0415 | 26715 0.999
Octanoate 3577337'.29 3’5783225 3579239..28 3670235"27 3761.8 —4.1 —0.4015 | 3967.9 0.999
Nanoate 4517032'.23 450(23322 450993421 4600936'20 4126.9 —4.1 —0.4072 | 4335.6 0.999
Decanoate 45417336.26 4321(9236.20 45:’231' .22 464013625 4459.1 —4.7 —0.4729 | 4701.7 0.999

* The coefficients a and b are derived from the temperature dependence / = aT + b of the logarithmic retention indices, where 7 is the
temperature of the chromatographic column, K.
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Fig. Dependence of the retention indices of pentaerythritol
tetraesters of linear structure at a temperature of 513.2 K
on the number of carbon atoms in the acid fragment

Enthalpies of sorption
and prediction of enthalpy
of evaporation

Table 2 presents the results of calculation of enthalpy of
sorption.

Analysis of the enthalpies of sorption when reduced
to a temperature of 298.2 K showed that the dependence
of the enthalpy of sorption on the number of substituted
hydroxyl groups has a linear anamorphosis for esters
with different acid fragments indicating an additive
contribution of the methylene fragment to the enthalpy
value. At the same time, the enthalpies of sorption of
pentaerythritol methanoates under error conditions have
similar values, which is probably due to the absence of
a methylene fragment.

The general equation (except for methanoates)
describing the relationship between the retention index
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Table 2. Experimental values of enthalpies of sorption of pentaerythritol esters

No. ~AYPCp, J/(mol K) T,, K ~AH (T, ), kJ/mol ~AH?, , (298.2), kJ/mol
Monoesters
Methanoate 193.0 448.2 49.8+3.9 80.8+6.6
2-Methylpentanoate 219.5 538.2 60.1 £4.9 112.8+9.2
4-Methylpentanoate 219.7 538.2 68.6 = 0.4 121.4+0.8
2,2-Dimethylbutanoate 215.6 518.2 63.6+£0.2 111.0+0.3
2-Ethylbutanoate 219.7 528.2 62.0+0.7 1125+1.2
Octanoate 236.1 588.2 76.6+0.5 145.0+0.9
Nanoate 2432 588.2 79.8+1.3 150.3+£2.6
Diesters
Methanoate 180.1 448.2 548 +2.7 81.8+4.1
2-Methylpentanoate 224.4 528.2 75.6 +1.0 127.2+1.6
4-Methylpentanoate 2249 538.2 76.2+0.7 130.1+£1.2
2,2-Dimethylbutanoate 217.3 5232 69.9+0.4 118.8+0.6
2-Ethylbutanoate 224.8 528.2 723 +£0.6 124.0+1.0
Octanoate 253.3 588.2 81.8+0.6 1553+13
Nanoate 265.9 588.2 85.7+1.2 162.8+2.4
Decanoate 278.7 598.2 85.8 169.4
Triesters
Methanoate 167.2 448.2 57.5+3.1 82.6+45
2-Methylpentanoate 224.7 528.2 86.2+0.8 137.9+1.2
4-Methylpentanoate 2254 538.2 86.0+ 0.6 140.1 £ 1.0
2,2-Dimethylbutanoate 2143 518.2 80.6 0.1 127.8+0.1
2-Ethylbutanoate 2252 528.2 83.9+0.8 135.6+1.2
Octanoate 265.5 588.2 98.2+0.9 1752+1.7
Nanoate 283.4 588.2 103.6 1.1 185.8+2.1
Decanoate 301.8 598.2 103.7 194.3
Tetraesters

Methanoate 154.2 448.2 60.0 £2.9 83.1+4.1
2-Methylpentanoate 221.8 530.7 93.2+0.7 1447+ 1.1
4-Methylpentanoate 222.8 538.2 96.7+0.7 1502+ 1.1
2,2-Dimethylbutanoate 208.3 518.2 89.1+0.1 1349+0.2
2-Ethylbutanoate 222.6 528.2 93.4+0.6 144.6 £0.9
Octanoate 274.4 588.2 1129+ 0.9 1925+ 1.6
Nanoate 297.7 588.2 120.6 £ 1.6 206.9+2.9
Decanoate 321.5 598.2 130.5+1.9 227.0+3.4

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(3):203-214 209



Determination of the enthalpy of evaporation of pentaerythritol esters

Yulia F. lvanova,

of various structures using gas chromatographic retention characteristics etal.

reduced to a single temperature and the sorption enthalpy
has the form:
° b (298.2)=

sorb

= —6.682N;, +0.047153 , +40.371,( R? =0.965) ©
: i : 513.2 : ’ : ’
where N, is the number of substituted hydroxyl groups in
the pentaerythritol molecule for compound i: monoester
(N =1), diester (N = 2), triester (N = 3), and tetraester
(N = 4). The characteristics of the predictive ability
of the obtained equation are the following: maximum
deviation, 14.3; mean error of predicted values, 4.1; and
standard deviation of error, 3.9.
The enthalpies of evaporation can be found using
linear correlations relative to the chromatographic
retention parameters:

AHeovap (298) = f(IT)’
AI_[gvap (298) = f(_ soorb (298'2))’

where [ is the retention index of the compound at
a certain temperature 7, K.

Using the literature values of enthalpies of evaporation
and enthalpies of sorption of some pentaerythritol
tetraesters [17, 18], we obtained the following correlation
equations:

AH g (298)= .
= 0.036715,5 , +43.387, (R? =0.991),
A[_Ié)vap (298) =

®)

= — 0.824AH, 4 (298)+27.055, (R2 =0.994).

Table 3 compares the values of the enthalpies of
evaporation of pentaerythritol tetraesters with the
values predicted by the quantitative structure—property
relationship (QSPR) method [19].

The obtained values of the enthalpy of evaporation
are at a level acceptable for technical calculations.
Deviations from the data obtained by the QSPR method
and literature data on pentaerythritol tetraesters
are 3—6%.

Table 3. Values of the enthalpies of evaporation of pentaerythritol tetraesters, obtained by various methods

AH G, (298), ki/mol
Component This work et data Additive method
QSPR [21]
(M ®)

Methanoate 100.3 £2.0 95.5+1.6 - 102.2+£2.8
Ethanoate 105.4+0.8 105.0+1.7 106.9 + 1.8 [18] 106.6 = 3.0
Propionate 118.1+0.9 117.6 £ 1.9 115.0+2.1 18] 115.7+3.2
Butanoate 129.8+ 1.0 129.9+2.1 129.8 £2.3[18] 127.4£3.6
2-Methylpropanoate 123.2+1.0 123.7+2.0 122.8 +2.5[18] 121.8+3.4
Pentanoate 1429+ 1.1 143.5+2.4 DO Hg} 141,140
3-Methylbutanoate 1357+ 1.1 135.0+£2.2 137.4£2.4[18] 135.7+3.8
2,2-Dimethylpropionate 125.1+£1.0 126.2+2.1 1252 +£2.5[18] 1259+3.5
Caproate 156.4+1.3 155.0+£2.6 155.4+£3.0[18] 155.1+4.3
2-Methylpentanoate 1444 +£2.8 1462 +£2.4 - 149.4+£42
4-Methylpentanoate 149.3+2.9 150.7 +2.5 - 150.1+4.2
2,2-Dimethylbutanoate 139.6 £2.7 138.1+£2.3 - 139.9+3.9
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Table 3. Continued

AHQ,,(298), kl/mol
C t Thi k
SRS 18 WOr Literature data Additive method
QSPR [21]
(7 (3)
2-Ethylbutanoate 140.7 £2.8 146.1+2.4 - 149.9+4.2
168.5+2.8[18]
Heptanoate 168.5+ 1.6 169.2+£2.8 167.5 + 2.3 [20] 170.3 + 4.8
Octanoate 181.6 £3.6 185.6 £ 3.1 - 186.2+5.2
Nanoate 195.0+3.8 197.4+£3.3 193.6 £2.0 [20] 202.4+5.7
Decanoate 207.2+4.1 214.0+3.5 - 219.1 £6.1
CONCLUSIONS Acknowledgments

After experimentally determining the Kovats retention
indices, the enthalpies of sorption were estimated for
31 pentaerythritol esters of various structures. The
retention indices are described by linear dependencies
with a high degree of correlation (R? > 0.99) in the
studied temperature range (433.2—-603.2 K). Using the
correlation equations, the enthalpies of evaporation of
pentaerythritol tetraesters were estimated (for seven of
these, data were obtained for the first time). The calculated
enthalpies of evaporation coincide with the literature data
and the values predicted by the QSPR method within
the limits of error of the correlation equations. The
obtained data can be used to design units for separating
multicomponent mixtures and identify these compounds.
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Abstract

Objectives. 2-Chloroethyl phenylsulfide (2-CEPS) is a relevant simulant of chemical warfare sulfur mustard gas (yperit) as part of an
environmentally-friendly decontamination processes. This study presents the initial results of research the catalytic ability of tungstate
in the conversion process of 2-CEPS.

Methods. The decontamination system employed in this study comprised hydrogen peroxide (H,0,), potassium tungstate acting as
a metal transition salt catalyst, a surfactant, and organic solvents. The research investigated the impact of K, WO, concentration on the
conversion efficiency and rate of the target compound. As well as additionally exploring the influence of the substrate-to-catalyst ratio
on the reaction pathway, the study evaluated the stability of the detoxifying mixture.

Results. Increasing the concentration of K,WO, is shown to lead to an increase in the efficiency and conversion rate of 2-CEPS. As well
as demonstrating stability and durability, the catalyst did not cause unwanted H,O, breakdown. After 18 h of mixing, the conversion
retained efficiency above 95% within 15 min of the reaction. The degradation kinetics follow a pseudo-first-order model, indicating
that the reaction rate is directly influenced by the K, WO, concentration. In addition to enhancing the oxidative capacity of the solution,
increased tungstate concentration promotes the formation of undesirable sulfone byproducts.

Conclusions. The study investigated the catalytic activity of tungstate within an eco-friendly solution formulated to degrade 2-CEPS.
Our findings demonstrate a strong correlation between the concentration of potassium tungstate (K,WO,) and the rate of 2-CEPS
degradation. A key advantage of tungstate is its exceptional stability and durability as a catalyst. Efficient decontamination is ensured
thanks to its minimal interference with the stability of hydrogen peroxide (H,0,).
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AHHOTaUuS

Mean. IlpencraBieHbl HEpBbIC Pe3yJbTaThl H3YyYCHHs KaTaIMTHYECKOH CIIOCOOHOCTH BONb(pamMara B IPOLECCE HPEBPAILCHHS
2-xnopatundenmicyabduaa (2-CEPS) — ananora unpura, CEpHHCTOTO HIIPUTAa — B PaMKaxX SKOJOTMYECKH O€30MacHBIX METOIOB
JIe3aKTHBALIH.

Mertozpl. CucteMa ie3aKkTHBALMK BKIIFOYana nepokeus sonopona (H,0,), Bonbgpamar kaius (KaTaau3aTrop Ha OCHOBE COIIM NEPEXO0THO-
O METajiya), HOBEPXHOCTHO-aKTHBHOE BEIIECTBO U OPraHMYeCKUe pacTBopuTeny. Mccnenosanock Biusnue konnenTpamun K, WO, na
3] (HEeKTHBHOCTb U CKOPOCTD TIPEBPALICHHUS LIEIEBOTO COSMHEHHU . JIOMOIHUTEIBHO H3y4alIoCh COOTHOLICHHE CyOCTpaTa U KaTallu3aTo-
pa, a TaKKe CTabMIBHOCTD ICTOKCULIMPYIOLIEH cMecH.

Pesyabrarel. Ilokazano, uto yesenudenue koHueHrpaumun K,WO, npusomut k pocTy 3(Q(EKTHBHOCTH M CKOPOCTH MPEBPAILCHHUSA
2-CEPS. Karanu3atop mpoeMOHCTPHPOBA CTAOWIBHOCTD M JI0JITOBEYHOCTD, HE BBI3BIBAs HEskeNaTeabHOro pasnoxenus H,0,. [locne
18 4 nepeMenrBaHus CTENEeHb KOHBEPCUU COXpaHsuiach Beile 95% B TeueHue 15 MuH peakunu. KuHetuka aerpagaiud COOTBETCTBYET
MOJIETIU TICEBIONEPBOTO MOPSI/IKA, YTO YKA3BIBAET HA MPSIMYIO 3aBUCUMOCTh CKOPOCTH peakiuu 0T konuenrpauuu K,WO,, onuaxo nosbi-
[ICHUE KOHIICHTPAIIUK BOJIb(paMaTa CrocoOCTBYET 00pa30BaHUIO HEKENATEIBHBIX CYTb()OHOBBIX TTOOOUHBIX POAYKTOB.

BruiBonbl. MccnienoBana karaauTHUECKasi aKTHBHOCTH BOJIb(hpamaTa B IKOJIIOTHUECKH OE30IIaCHOM PacTBOpE, pa3paboTaHHOM JUIs JIerpa-
nauuu 2-CEPS. Yeranoiena uetkas 3aBUCHMOCTb Mexy KoHuenTpanuei K, WO, u ckopoctsio pasnoxkenus 2-CEPS. Kirouesoe npe-
HMMYIIECTBO BOJIb(hpamaTa — €ro MCKIFOYHTENIbHAS CTAOMIBHOCTD U JIOJTOBEYHOCTh B KAYECTBE KaTaln3aTopa, a Tak’Ke MUHUMAIIbHOE

KnioueBbie cnoBa

Jutst 00e33apaXKMBaHus, BOJIb(paMar, KaTain3

Anga uMTMpOoBaHUNA

2-x710pATUIEHUICYIb(U L, UIIPUT, XUMHIECKOE OPYKHE, IKOJIOTUYHBIH PacTBOP

BIUsSHUE HA cTabWIBHOCTD H,0,, uTo obecreunBaeT 53QHEKTHBHYIO IC3aKTHBAIHIO.

18.10.2024
Oopa6oTaHa: 21.01.2025
MpuHgata B neyatb: 17.03.2025

Moctynuna:

Vu Th.B., Nguyen Th.H., Do N.K., Nguyen Kh.H., Dao D.H. Evaluation of the catalytic effect of potassium tungstate in green
decontamination for detoxification of 2-chloroethyl phenylsulfide (2-CEPS). Touxue xumuueckue mexmonocuu. 2025;20(3):215-222.

https://doi.org/10.32362/2410-6593-2025-20-3-215-222

INTRODUCTION

Although chemical decontamination processes based
on chlorine-containing substances such as hypochlorite
and chloramine are effective and cost-efficient, there
are still negative impacts on human health and the
environment [1]. The potential use of such compounds is
additionally limited due to their high corrosiveness, which
can damage equipment, weapons, and storage facilities.
Green chemistry, also known as clean chemistry or
sustainable chemistry, attracts significant attention from
scientists, economists, and politicians. Green chemistry
focuses on designing and producing environmentally

friendly products while minimizing the use and creation
of hazardous substances [2]. The environmental
friendliness of chemicals can be categorized into edible,
contactable, and approved for use in agriculture and
industry [3]. H,O, is an ideal oxidizing agent, capable of
oxidizing with an atomic efficiency of 47%, producing
water as the only available theoretical product, and safe for
storage, transportation, and use. H,0O, has high oxidizing
properties, especially when combined with a suitable
catalytic activator. Generally, there are four groups of
commonly used catalytic activators: organic activators,
metal ion activators, metal complexes (biomimetic), and
metal salt activators. Metal salt activators are especially
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interesting due to their diversity and strong catalytic
abilities [4]. In 2003, Ryoji Noyori used tungstate as
a catalyst for strengthening the oxidation reaction with
H,0,. Tungstate is physiologically harmless and does
not cause the decomposition of H,O, [5]. In 2010,
George W. Wagner demonstrated the use of molybdate
metal salt activator as a catalyst to create the peroxy
anion (OOH) for accelerating the oxidizing ability of
H,O, [6]. Environmentally-friendly organic solvent
components Triton X-100 (TX-100), solvent propylene
carbonate (PC), and propylene glycol (PG), were used
in respective volume ratios of 10%, 10%, and 20% [7].

In the present study, we used 30% H,O, as an oxidizing
agent to detoxify 2-CEPS along with potassium tungstate
as the catalyst/activator and organic solvents containing
TX-100, PC, and PG in respective volume ratios of
10%, 10%, and 20%. Several factors affecting efficiency,
speed, and conversion direction were investigated. The
catalyst/substrate ratio was shown to greatly influence
the conversion process and product formation trends;
the tungstate catalyst in the decontamination mixture
demonstrated high stability, durability, and minimal
unwanted decomposition of H,O,.

MATERIALS AND METHODS

Chemical and equipment
Chemical

2-CEPS (98%) by Sigma-Aldrich (USA); H,0, (30%),
TX-100 (99%) by Merck (Germany); PC (99%),
PG (99%), K,WO, (99%), Na,CO; (99%),
Na,SO; (99%) by Macklin (China); chloroform,
methanol with suitable purity for high-performance
liquid chromatography (HPLC) by Fisher Scientific
(United Kingdom); distilled water.

Equipment

HPLC HP-1100 chromatograph (Agilent Technologies,
USA), chromatographic column C8 (250 mm x 4.6 mm x
x5 um), UV-VIS diode array (DAD) detector with scan
range of 0—1100 nm; Agilent 5975 gas chromatography-
mass spectrometer (GC-MS Agilent Technologies,
USA), DB-5MS column (30 m x 0.32 mm % 0.25 mm);
Pioneer™ precision balances Ohaus, USA) with 0.0001g
sensitivity; MS2 minishaker (USA).

Methods
2-CEPS degradation and analytical methods

The 2-CEPS concentration during the reaction was
determined according to the HPLC method. Elution was
isocratic with a flow rate of 1.0 mL/min using a mixture
of methanol and diluted water (70/30, v/v). At an injection

volume of 10 pL, the detection wavelength was 252 nm,
and the retention time was 7.188 min.

The intermediates produced during the degradation of
2-CEPS were analyzed using GC-MS chromatography.
Helium with a purity above 99.999% was applied as the
carrier gas at a constant flow rate of 1.0 mL/min and
pressure of 60 psi. The injection was implemented in
splitless mode over 1.0 min, and the injection volume
was 1.0 pL. The shunt flow was set at 50.0 mL/min. The
carrier gas saving time and flow rate were 2.0 min and
20.0 mL/min, respectively. The inlet temperature was
held at 280°C. The optimized initial temperature of the
oven was set at 40°C for 1 min, then increased at a rate
of 10°C per minute to 280°C for 5 min. The substances
were identified by comparing the mass spectra of the
analytes with the NIST mass spectral library (National
Institute of Standards and Technology, USA) and using
fragment-matching methods [7].

Experimental setup

The reactions were carried out in 10-mL capped test
tubes at room temperature (25°C). After taking organic
solvents of 100 pL of TX-100, 100 pL of PC, and 200 puL
of PG [3, 5], decontamination solutions were added to
the test tube to make up a total volume of 1 mL. Then
20-uL 2-CEPS was added to the test tube (at a volume
ratio between decontamination and reactant of 50 : 1)
and the tube was agitated. At 1, 5, 10, 15, and 30-min
time points, 59 pL of the sample was added to a test
tube containing 1 mL of a reaction quenching mixture
containing 0.2 M Na,SO; and 0.2 M Na,CO, and agitated.
Chloroform of 2 mL was then added to the mixture and
agitated for 2 min [8]. The extracted solution was filtered
through a 0.22 pum filter and analyzed using HPLC to
record the concentration of 2-CEPS. Intermediates were
analyzed by GC-MS. After repeating each experiment
3 times, the average value was taken.

The removal efficiency (n, %) was calculated using
the following formula:

GG
n=———x100%,
CO

where C, and C, (ppm) are the concentrations of 2-CEPS
in before and after treatment, respectively.

RESULTS AND DISCUSSION

Analyzing the effect of K,WO,
concentration on reaction time
and conversion efficiency

Since decontaminants used in military contexts
require rapid toxicity conversion, the reaction rate and
conversion efficiency are the most important factors.
To analyze the effect of K,WO, concentration on the
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degradation process of 2-CEPS, the concentration of
H,0, was fixed at 4.32 M, while K,WO, concentrations
were varied between 0 M, 0.0005 A, 0.00075 M,
0.001 M, and 0.0025 M. The results are shown in
Figs. 1 and 2 and Table 1.

100
90
80
70
60
50
40
30
20
10 /
0
0 5 10 15 20 25 30
Reaction rate 7, min

Removal efficiency, %

—— W 0.000 M —= W 0.0005 M W 0.00075 M

W 0.001 M —— W 0.0025 M

Fig. 1. Effect of K,WO, concentration on removal efficiency
of 2-CEPS

As shown in Fig. 1, at a fixed concentration of
H,0,, the removal rate of 2-CEPS depends on the
concentration of K,WO,. In the case without K,WO,,
the conversion reaction of 2-CEPS proceeds slowly,
recording an efficiency of 22.47% after 30 min. In
the cases with K,WO,, the conversion rate increases
significantly, reaching a maximum of 98.92% after
30 min at a concentration of 0.0025 M.

According to the analyzed K,WO, concentration
condition (Fig. 2), In(C/C,) decreases linearly over
time (¢), implying that the conversion reaction of 2-CEPS

Ln(C/Cy)

Table 1. Relationship between K, WO, concentration (Cy,) and
the rate constant of removing 2-CEPS reaction (K)

CWO4 K K/CWO4
0.00050 0.0281 56.2
0.00075 0.0400 533
0.00100 0.0620 62.0
0.00250 0.1429 57.2

is based on the pseudo-first-order kinetic reaction. At
the same time, Table 1 shows that the ratio K/Cy;q, is
relatively constant, around 53.3 to 62.0, implying that
the reaction rate constant is first-order with respect to the
concentration of K,WO,. This can be explained in terms
of the case with K,WO,, where the oxidation sulfide
compound process by H,O, based on the metal W has
two stages:

Stage 1. During the aqueous phase, the catalyst
precursor K,WO, is rapidly oxidized by H,0,, forming
a bis-peroxo wolfram complex [5, 9].

K,WO, + 2H,0, — K,[WO(O,),(OH),] + H,0.

In this stage, the molar ratio of K,WO,/H,0, was
analyzed from 1/8640 to 1/1728. Therefore, the rate
of forming complex depends on the concentration of
K,WO,, and it can be assumed that the total K,WO, has
been converted to the peroxo complex.

Stage 2. The peroxo complex approaches and oxidizes
the sulfide. When adding 2-CEPS, because of the volume
is equal to 1/50 of the decontaminant, it quickly dissolves
into the solution, supporting the peroxo to contact and
react easily.

y=-0.0125x— 0.0063
R>=0.9968
y=-0.0281x—0.0154
R*=0.9947
y=-0.04x - 0.0215

R>=0.9928
3y =-0.062x — 0.0539
R =0.99

2925 % y=-0.1429x—-0.0344
R*=0.9953
-2.50
0 2 4 6 8 10 12 14 16
Reaction rate ¢, min
* W 0.000 M = W 0.0005 M W 0.00075 M W 0.001 M x W 0.0025 M

Fig. 2. Kinetic chart of In(C/C) vs ¢
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[WO(0),(OH),*~ WO3™ [WO(O,),(OH), > WOZ
/—\\H //\
ar ™S NS ?

Sulfur Sulfoxide Sulfone

‘ Fig. 3. 2-CEPS conversion process

In Stage 2, the molar ratio of peroxo/2-CEPS is
from 1/267 to 1/54. Initially, the reaction rate records
almost unchanged at this ratio due to its dependence
on the peroxo concentration. However, when the
concentration of 2-CEPS starts to decrease, the reaction
rate becomes dependent on both the concentrations of
peroxo and also 2-CEPS.

In addition to the effect of kinetic factors, some
dynamic factors may also affect the conversion
process, such as the velocity of movement of molecules
in the solution, spatial effects, and the reaction ability
between the peroxo complex and 2-CEPS in the
solution.

Thus, the detoxification of 2-CEPS in solution
highly depends on the concentration of K,WO,. At low
enough concentrations, the reaction equation follows
pseudo-first-order kinetics, and the rate constant is
first-order depending on the concentration of K,WO,.

1001 cH, 135
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. 109
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(Text File) Average of 14.486 to 14.497 min.: M1.1.5.D\data.ms

(a) Mass spectrum of ethenylsulfinyl benzene with a peak at 14.491 min
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(c) Mass spectrum of methyl phenyl sulfone with a peak at 16.956 min

‘ Fig. 3. 2-CEPS conversion process

50 60 70 80 90 100 110 120 130 140 150 160 170 180

Analyzing the effect
of the catalyst/substrate ratio
on the detoxification process trend

The aim of the oxidation decontamination yperite process
is to convert it into compounds with lower toxicity,
especially sulfoxide, which has lower toxicity and does
not cause blistering. At the same time, this process must
avoid producing sulfone, a reaction intermediate that
has high toxicity and can be formed over the oxidation
process [10]. To determine the effect of the catalyst/
substrate ratio leads to the trend of producing conversion
product 2-CEPS, we performed the experiments as
described in the Methods section with [H,0,] = 4.32 M
and [K,WO,] concentrations of 0.0025 M, 0.01 M, and
0.09 M. The conversion products 2-CEPS were identified
using the GC-MS spectral library after 15 min. The
results from the GC-MS identified 6 product peaks at
retention times of 14.491, 15.591, 16.956, 18.321, 18.539,
and 18.736 min. Based on the mass spectra identified
in Fig. 4, the substances have ion fragments with
corresponding unique m/z, peak 1: ethenylsulfinyl benzene
(77,104, 125, 152); peak 2: ethenylsulfonyl benzene (77,
104, 125, 168); peak 3: methyl phenyl sulfone (65, 77,
78, 141, 156); peak 4: methylsulfinyl benzene (77, 109,
125, 172); peak 5: 2-chloroethyl sulfonyl benzene (63,
77,125, 141, 204); peak 6: 2-phenylsulfonyl ethanol (77,
109, 125, 141), where peaks 1 and 4 are the sulfoxide
family, while peaks 2, 3, 5, and 6 are the sulfone family.
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100 4 e

N
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77
50
51 168
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9397 141

o L 39 [607381 1, 104199 120] 135" .

50 60 70 80 90 100 110 120 130 140 150 160 170 180
(Text File) Average of 15.586 to 15.597 min.: M1.1.5.D\data.ms

(b) Mass spectrum of ethenylsulfonyl benzene with a peak at 15.591 min
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(d) Mass spectrum of methylsulfinyl benzene with a peak at 18.321 min
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(e) Mass spectrum of 2-chloroethyl sulfonyl benzene with a peak
at 18.539 min

‘ Fig. 3. (Continued). 2-CEPS conversion process

As well as showing the retention time, the
GC-MS in Fig. 5 visually illustrates the effect of the
catalyst/substrate ratio on the formation of products.
Specific data on peak height and the relative percentage
of sulfoxide and sulfone family products are presented
in Table 2.

50 60 70 80 90 100 110120 130 140 150 160 170 180 190200 210 220
(Text File) Average of 18.731 to 18.741 min.: M1.1.5.D\data.ms

(f) Mass spectrum of 2-phenylsulfonyl ethanol with a peak at 18.736 min

According to the results given in Fig. 5 and
Table 2 when the concentration of K,WO, increases,
the sulfoxide family products decrease from 77.59%
to 6.35%, while the sulfone product family increases
from 22.41% to 93.65%. This can be explained in
terms of the formed bisperoxotungstate compound (A)
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Fig. 5. GC-MS of mixture products after 15 min converting 2-CEPS

Table 2. Peak height and relative percentage of sulfoxide and sulfone products

1420 14.40 14.60 14.80 15.00 15.20 15.40 15.60 15.80 16.00 16.20 16.40 16.60 16.80 17.00 17.20 17.40 17.60 17.80 18.00 18.20 18.40 18.60 18.80 19.00

Peak height, /

K2W.04 % Sulfoxide | % Sulfone
concentration (Cy,)
hPeak 1 hPeak 2 hPeak 3 hPeak 4 hPeak 5 hPeak 6
0.0025 10* 45-103 5-104 44-104 10% 25-103 77.59 22.41
0.0100 6103 95103 15-10* 36:10* 10* 25103 56.66 43.34
0.0900 0 13-10% 168103 23-103 3-10° 38:10° 6.35 93.65
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the amount of peroxo complex A; this causes the x 80
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Fig. 6. Equilibrium in reaction between peroxo
complexes A, B, and C

Bis(2-chloroethyl) sulfide has the potential to damage
skin tissue because it has a sulfur atom (S) with a high
electron density that can promote the chloroethyl group
to form a primary intramolecular ring, releasing chloride
and forming a positively charged ethylsulfonium ring.
This intermediate product reacts rapidly with nucleophilic
groups of DNA, such as the 2-deoxyguanosine base, to
cause skin burns. Similar substances with a chloroethyl
group, such as CEPS, 2-Chloroethyl ethyl sulfide, etc.,
also cause blistering, but to a much lesser extent [11, 12].
Although strong oxidizing decontaminants like the
oxidation system based on the K,WO, catalyst will
oxidize the sulfide to sulfoxide, which no longer has the
ability to cause skin burns, further oxidation to highly
toxic sulfone must be avoided. However, sulfone only
causes skin burns upon injection. Thus, increasing the
catalyst ratio increases the oxidation capability of the
decontamination, but also leads to the trend of producing
unwanted sulfone products [13—-15].

Analyzing the durability of catalyst
in green decontamination

Since decontaminant mixtures used with military-grade
toxic agents typically need to be prepared hours before
use, stability after mixing can be an even more important
factor than the speed and effectiveness of the conversion.

We set out to research the stability of the
decontamination system using [H,0,] = 3.09 M and
[K,WO,] = 0.005 M, as well as to compare with the
decontaminant based on the Molybdate catalyst system,
using [H,0,] = 4.32 M and [K,M00,] = 0.02 M, which
was published by Wagner [3, 4, 6] and by the present
authors in a previous study [7].

According to Fig. 7, the oxidation system based
on the K,MoO, catalyst shows very high efficiency
when immediately used after mixing, recording over

Fig. 7. Effect of mixing time on 2-CEPS conversion efficiency

99% conversion efficiency when used after 15 min. Six
hours after mixing, the conversion efficiency at 15 min
of reaction remains around 95%; however, after 12 h of
mixing, it drops to about 42%. In contrast, the oxidation
system based on the K,WO, catalyst shows excellent
stability: 18 h after mixing at 15 min of reaction, the
recorded conversion efficiency was still over 95%. After
22 h of mixing, the conversion efficiency significantly
decreases: in this case, the reaction rate is slower than the
oxidation system based on the K,MoO, catalyst because
K,WO, is chemically stable and unconvertible in the
decontamination environment. The tungstate complex is
especially suitable for use as a pre-catalyst because it does
not cause the inefficient decomposition of H,0, [16].

CONCLUSIONS

The catalytic ability of tungstate in the green chemical
decontamination solution for converting 2-CEPS has
been investigated. The results of the study show that
the conversion process of 2-CEPS in the solution is
highly dependent on the concentration of K,WO,. The
degradation is based on a pseudo-first-order kinetic law;
the reaction rate constant is first-order depending on the
concentration of K,WO,. Increasing the concentration
of the tungstate catalyst implies raising the oxidative
capacity of the decontaminant, but also leads to a trend
of producing unwanted sulfone products. Additionally,
tungstate is an effective, highly durable catalyst, which
even more importantly does not cause inefficient
decomposition of H,0O,.
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Abstract

Objectives. The work set out to describe conditions for the purification of a model fermentation broth for cultivating the lactic acid-
containing micromycete Rhizopus oryzae from impurities of inorganic salts using ion-exchange resins under dynamic conditions.

Methods. The solutions collected for analysis were examined using precipitation titration to determine the concentration of chlorides
along with a qualitative reaction with Nessler’s reagent to ascertain the presence of ammonium ions. The concentration of lactic acid
was evaluated spectrophotometrically using iron(III) chloride. The total nitrogen content was determined by high-temperature catalytic
combustion on a Formacs HT TOC/TN Analyzer (Netherlands). The content of trace elements and macroelements in the samples was
determined using an iCAP 6300 Duo inductively coupled plasma emission spectrometer (United Kingdom).

Results. Purification of the model broth under the described conditions was carried out by successive filtration through the cation
exchanger KU-2-8 in the H-form and subsequently through a mixture of weakly basic A847 and strongly basic AV-17-8 anion exchangers
in the OH-form taken in a one-to-one ratio. The breakthrough of impurity ions into the solution was shown to occur after passing 30-fold
and 10-fold volumes of the model broth relative to the volume of the cation-exchange and anion-exchange resins, respectively. The
dynamic exchange capacity prior to breakthrough was determined as follows: 0.35 mmol-eq/cm? for the anion-exchange column and
1.61 mmol-eq/cm? for the cation-exchange column. The following parameters were defined as column regeneration modes: 3-fold excess
of 2 M H,S50,, 10-fold excess of distilled H,O for cation exchange; for anion exchange, 3-fold excess of 2 M NaOH and 20-fold excess
of H,0.

Conclusions. The conducted studies showed that purification of the model fermentation broth of Rhizopus oryzae can be successfully
implemented using ion-exchange resins. The model fermentation broth passing successively through cation-exchange and anion-
exchange columns was shown to be purified from impurities of mineral salts while maintaining the concentration of lactic acid.
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AHHOTaUuS

Lesu. [Togbop ycnoBuil 0YMCTKH MOJETBHOTO (DEPMEHTAIMOHHOTO OyJIbOHA ISl KyIETUBHPOBAHUS MHUKpoMHUIeTa Rhizopus oryzae,
COZIepIKaIIeT0 MOJOYHYIO KHCIIOTY, OT IMPUMEecel HeOPraHMIeCKHUX COJIeH ¢ MCIIOIb30BaHHEM HOHOOOMEHHBIX CMOJ B AMHAMHUYECKHX
YCIIOBUSIX.

Mertoabl. OTOMpacMBbie Ha aHAIN3 PACTBOPBI HCCIICIOBAIN THTPUMETPUUCCKUM METOJIOM (OCaAUTEIbHOE TUTPOBAHHUE) JUIS OIIpe/iesie-
HHS KOHIICHTPALMK XJIOPUIOB U Ka4eCTBEHHOH peakiueii ¢ peaktusom Hecciepa Juist onpe/ie/ieHust HaJIn4uus HoHa aMMOHus. KoHIeH-
TPALUIO MOJIOYHOW KUCIIOTHI OMPEACISUIN CIEKTPO(OTOMETpHUYECKH ¢ puMeHeHneM xuopua skenesa(Ill). Conepskanue odmero azora
OTpEeIsId METOAOM BBICOKOTEMIIEPATYPHOTO KaTalUTHUECKOTo cxxuranus Ha aHammsatope Formacs HT TOC/TN Analyzer (Hunep-
nanel). OnpeseneHre cofepyKaHus MUKPO- B MaKpOIJIEMEHTOB B HCCIIEYEMbIX POOaX MPOBOIKIN C IIOMOIIBIO SMUCCHOHHOTO CIEK-
TPOMETpa C HHAYKTUBHO-CBs3aHHOH ma3moit iCAP 6300 Duo (BenukoOpuranus).

Pe3ynbrarbl. Onpeennim, 4To O4UCTKY MOAEIBHOTO OyJIbOHA B JaHHBIX YCIOBHAX HEOOXOAUMO ITPOBOIUT TTOCIIEI0BATENBHBIM (DHIIb-
TpoBaHueM yepe3 katnoHuT KY-2-8 B H-hopme, a 3arem yepe3 cmech cnaboocHoBHOTO A847 1 CHIIbHOOCHOBHOTO AB-17-8 aHMOHNHTOB
B OH-dopme, B3STBIX B COOTHOLICHUH OJIMH K OTHOMY. YCTQHOBHIIM, YTO MPOCKOK MIPUMECHBIX HOHOB B PACTBOP HACTYMAET IOCIIE MPO-
xoxaenust 30-kparaoro u 10-kpaTHOro 00BHEMOB MOJIEIHHOTO OyJIbOHA O OTHOLICHHIO K 00beMy KaTHOHOOOMEHHON M aHHOHOOOMEH-
HBIX CMOJI COOTBETCTBEHHO. ONpeeniIn JHHAMHYECKYI0 OOMEHHYIO eMKOCTb JI0 TIPOCKOKA, KOTOpas [JIsi aHHOHOOOMEHHOI KOJIOHKH
cocrapua 0.35 MMONB-9KB/CM?, a 71sl KATHOHOOOMEHHO# KOOHKH — 1.61 MMOJb-3KB/cM?. B KauecTBe PeKUMOB pereHepamiy KOIOHOK
OIpeie/ieHbI CIeyIOIHe apamMeTphl: 3-kpatHbiil n30biTok 2 M H,SO,, 10-kparnbiii n36bToK nuctuauposanHoi HyO st kaTuoHo-
00MeHHOM 1 3-kpaTHbIi u30bITOK 2 M NaOH, 20-kpathbiit u36bTox H,O 111 aHHOHOOOMEHHOH KOIOHOK.

BriBonbl. [IpoBeneHHbIE HCCIEIOBAHMS MTOKA3AJIM, YTO OYHCTKA MOJAEGIBHOTO ()epMEHTAIIMOHHOTO OynboHa Rhizopus oryzae MOXeT
OBITh YCIEIIHO peaIn30BaHa ¢ IPUMEHEHHEM HOHOOOMEHHBIX CMOJI. YCTaHOBIICHO, YTO 3TOT PACTBOP, MPOXOJIS MOCIIEI0BATEILHO Yepe3
KaTHOHOOOMCHHBIC ¥ aHHOHOOOMEHHBIC KOJIOHKH, OUHIIACTCS OT MPUMECEH MUHEPATBbHBIX COJICH, IPH 3TOM KOHIICHTPAIIMS MOJOUHON
KHCIIOThI HE CHHYKACTCS.

KnioueBble cnoea Moctynuna: 19.11.2024

MOJIOYHAS KHCIIOTA, OYUCTKA, KATHOHHUT, aHHOHUT, COPOLIHSE AopaboTaHa: 24.02.2025

MpuHara B neyatb: 10.06.2025
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INTRODUCTION

Lactic acid (LA) is one of the most important chemicals
used in various industries and cosmetology. Between
2019 and 2024, the demand for LA on the global
market has increased at an average annual growth rate
of 18.7% [1]. According to the relevant United States
classification, L(+)-LA belongs to Generally Recognized
As Safe (GRAS) compounds that are deemed harmless
for use in food products [2-3].

The increased interest in LA can be largely attributed
to the demand for polylactide, of which the former is
a monomer. Polylactide or polylactic acid is widely used
as a biodegradable plastic in the food industry, cosmetics,
and medicine [1-7].

Fermentation is generally considered to be a preferred
method for LA production as compared to chemical
synthesis due to the possibility of obtaining specific
LA isomers. However, extraction and separation of LA
from microbial fermentation media represent relatively
complex and expensive processes. Since the L-isomer is
the only biologically active form of LA, i.e., capable of
being quickly and completely assimilated by human or
animal organisms, the main efforts in LA biosynthesis
are aimed at using strains that form the L-isomer.

Various representatives of bacteria and fungi have
the ability to synthesize LA. Among microscopic fungi,
special attention is paid to mucoral fungi of the genus
Rhizopus. The R. oryzae and R. arrhizus species, which
can be grown on cheap and simple media with hexoses
and pentoses or glycerol as a carbon source, are most
resistant to low pH [8, 9].

The costs of isolating LA from fermentation broth
(FB) and purification can reach 50% of the total costs
of the process. Until now, the most common production
method involves the neutralization of the acid formed in
the biotechnological process with calcium compounds
and the subsequent precipitation of calcium in the form
of sulfate, which forms a large amount of gypsum,
resulting in LA of low purity. Various approaches to the
isolation and purification of LA aimed at overcoming
these drawbacks include solvent extraction, membrane
separation, ion-exchange chromatography, and reactive
distillation [8, 10]. These separation technologies have
both advantages and disadvantages. In any case, it is
difficult to effectively separate and purify LA using
a single method; in many cases, better results can be
obtained by integrating several technologies.

Under actual conditions, FB purification is generally
carried out over several stages, in particular, when using
membrane technologies [9, 10]. Membrane filtration,
which represents an important stage of LA isolation, is
often used in combination with other methods to obtain
high-purity LA. The first stage involves the removal

of suspended particles (first of all, biomass) using
ultrafiltration. The second stage can be nanofiltration,
which is used to separate LA from carbohydrates (whose
molecules have a higher molecular weight and are
additionally binded with an additional hydration shell)
and a significant portion of the salts contained in the FB.
Since membrane filtration does not remove all impurity
ions, further purification of the LA solution using ion
exchange technology is usually required.

In recent decades, ion exchange technology
has become a key technological process in various
industries, resulting in a proliferation of available
synthetic ion exchange materials marketed under
different brands and having various properties. In
Russia, as elsewhere, ion exchange filter methods for
softening and purifying water are used in around 75%
of cases [11, 12]. Ion exchange processes occupy an
important place in the technologies for extracting almost
all rare, widely dispersed, and radioactive elements,
especially in the nuclear industry. Ion exchange resins
are used to separate multicomponent mixtures of acids
and their salts, extract and remove various metals in
the metallurgical and chemical industries, as well as to
purify target components in the food, pharmaceutical,
and medical industries [1, 3, 11-18]. The efficiency of
the separation and sorption process during ion exchange
depends on the type of ion exchanger, its charge and
size, structural characteristics, the size of ions in
hydrated and dehydrated states, and the temperature of
the environment.

There are two main approaches to the recovery and
purification of LA by adsorption using ion-exchange
resins. Thus, the works of various research groups
demonstrate the possibility of adsorbing LA from the FB
by ion-exchange resin [19-21]. This strategy involves
neutralization (pH control) of the FB by exchanging
lactate ions for the counterions obtained from an anion
exchanger. The subsequent elution of resin-bound
lactate, e.g. using 1 M hydrochloric acid solution, leads
to complete LA extraction [22].

In the second case, a type of ion-exchange system is
selected that does not sorb lactate ion or absorbs it in
an amount of no more than 10%, but removes impurity
ions after the FB passes through a cation exchanger and
then through an anion exchanger. For example, in [23]
a two-stage LA purification process was proposed: first,
a strongly acidic cation exchange resin was used to
convert sodium lactate obtained after fermentation into
LA and remove cations present in the nutrient medium,
then LA was separated from other anions from the broth
using a weakly basic anion exchanger. However, one
volume of cation exchanger was only sufficient for three-
fold volume of the broth; subsequently, regeneration was
required.
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Since the extraction and separation of LA from the
microbial fermentation medium are labor-intensive
processes, the problem of simplifying the technology and
improving the quality of purification of the target product
is acute. Our research group is currently developing
a highly effective strain-producer for enantiomerically
pure L-LA involving optimal cultivation modes for the
LA purification membrane technology (LA isolation and
purification is significantly simplified due to the absence
of an alkaline neutralization agent). At the second
stage, the additional purification of LA from impurities
of inorganic ions is carried out using ion exchange
approaches.

In the present work, the ion exchange purification of
LA on a model system using organic resins was studied.
This approach can be used to remove impurity anions
and cations from FB, while LA with a concentration
of 8-10% remains in solution. The proposed process,
which uses no additional chemical reagents, can be
used to obtain LA as a high-purity aqueous solution,
which can be subsequently concentrated to obtain LA of
commercial quality (50-90%).

EXPERIMENTAL

The following reagents were used in the work: metal salts
(chemically pure and analytical grade, Khimreaktivsnab,
Russia) K,HPO,-3H,0, NaCl, NH,NO;, MgSO,-7H,0,
ZnSO,7H,0, NaOH, H,SO,, BaCl,, AgNO;,
phenolphthalein, Nessler reagent. The following types
of resins were used in the experiments: Purolite A847,
AV-17-8, KU-2-8. Weakly basic gel anion exchanger
Purolite A847 (Purolite, Romania) is manufactured in
hydroxide form with a polyacrylic matrix containing
a tertiary ammonium functional group (type II). This resin is
an analog of AN-31, Granion AWA-GI, etc. The strongly
basic gel anion exchanger AV-17-8 (GOST 20301-74!, Tokem,
Russia) having a matrix based on a styrene-divinylbenzene
copolymer is produced in chloride form and contains
a functional group of quaternary ammonium (type I). This
resin is an analog of Purolite A400/A300, Lewatit M-500,
Amberlite IRA 402/420, Dowex SBR-P/Maraton A, etc.
Strongly acid cation gel exchanger KU-2-8 (TU 6-07-493-95,
Tokem) produced in sodium form is a sulfonated copolymer
of styrene and divinylbenzene with an SO;H-active group.
This resin is an analog of Purolite C100, Lewatit S-100,
Amberlite IR-120, Amberjet 1200, Dowex HCR-S/S,
Dowex Marathon C. The granule size of all the resins

is 0.4-0.6 mm. These commercially available resins
are widely used in various separation and purification
processes in Russia.

The choice of gel-type ion exchangers is due to the
fact that, when using porous anion-exchange resins,
a significant proportion of LA will be retained in their
pores, having an average size of 600-1500 pm.

The preparation of ion exchangers for work was
carried out in accordance with GOST 10896-782.
The static exchange capacity of anion exchangers in
the OH form was 0.9 mmol-eq/cm? for AV-17-8 and
1.1 mmol-eq/cm? for A847. The static exchange capacity
of KU-2-8 in the H form was 2.1 mmol-eq/cm>.

The model medium composition (in g/dm?)isas follows:
K,HPO,-3H,0 — 1.78; NaCl — 0.41; NH,NO; —
2.56; MgSO,-7H,0 — 0.074; ZnSO,-7H,0 — 0.0086;
LA —81.25.

To prepare 1000 cm? of the medium, 100 cm? of
80% LA (sold by Paritrade Russia; manufactured
in China) were diluted with distilled water in
a 1-dm? measuring flask without bringing the volume to
the mark. Following the addition and dissolution of pre-
weighed salts, the volume was brought to the mark with
distilled water. The pH value of the model FB was 1.9.

The process was studied under dynamic conditions
as follows. A cotton plug was placed on the bottom of
a burette (ion exchange column) with a working volume
of 25 cm3. Next, the first burette was filled with 25 cm3 of
the prepared cation exchange resin, and the second one—
with anion exchange resin. The resins were placed in
a swollen state. The model FB was successively passed
through columns having a bed height of 350 mm and
a diameter of 10 mm using the descending flow method
at a rate of 5 cm3/min. The ion and LA content, as well
as the solution pH, were monitored at the outlet of the
anion-exchange column. The process diagram is shown
in Fig. 1a.

The column regeneration modes were investigated
after completing the experiments on purifying the
model FB (Fig. 1b). Thus, 100 cm?® of 2 M NaOH
solution were passed through an anion-exchange
column containing a resin with a volume of 25 cm?.
100 cm? of 2 M H,SO, solution were passed through
a cation-exchange column with a resin volume of
25 cm?. The flow rate was 5 cm3/min. Three portions of
33 cm? were collected at the outlet of each column and
analyzed. Then, distilled water was passed through the
columns to determine the amount of water required to

I GOST 20301-74. State Standard of the USSR. lon-exchange resins. Anionites. Specifications. Moscow: Izdatelstvo standartov; 1992. https://
meganorm.ru/Data2/1/4294833/4294833041.pdf. Accessed June 06, 2025.

GOST 10896-78. Interstate Standard. lon-exchange resins. Preparation of specimens for test. Moscow: IPK Izdatelstvo standartov; 1999.

https://meganorm.ru/Data2/1/4294840/4294840000.pdf. Accessed June 06, 2025.
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wash the resins from the regeneration solution. Samples
of 25 cm? were collected at the outlet of each column.
A total of 20 column volumes of water were passed
through each column. The samples were analyzed for
alkalinity (using phenolphthalein) and for sulfate ions
(using barium chloride); pH was also monitored.

Cation Anion

1. Regeneration

solution
2. HaOuistil.
Lactic acid+ | f
inorganic
salts
%O
00|
(o]
Co
K o)
i N
' [e]
Oo
O,
P
| O

Lactic acid+
H,0

of the model fermentation broth (FB) of R. oryzae;

Fig. 1. (a) Scheme of ion-exchange purification
(b) scheme of regeneration of ion-exchange columns

The dynamic exchange capacity before breakthrough
(DEC,,, mmol-eq/cm?) was obtained according to the
relationship presented in general form as:

(Cinit B Cres ) ViR

DEC,, = (1)
br >
M Viesin
where C; , isthe initial concentration of the impurity ionin

the model FB, mg/dm3; C.., 1s the residual concentration
of the impurity ion at the outlet of the column, mg/dm?;
Veg is the volume of the model solution that passed
through the column before breakthrough, dm?; V esin 18
the volume of resin in the column, cm3; M, is the molar
mass of the ion equivalent, g/mol-eq; “-Mg>*, YAZn*",
NH,*, K*, Na*, CI", NOj3, HPO,, /4S0%".

The solutions collected for analysis were
examined by the titrimetric method (precipitation
titration) to determine the concentration of chlorides
[RD 52.24.407-2017] (detection limit is 2 mg/dm?3) and by
the qualitative reaction with Nessler reagent to determine
the presence of ammonium ion. The concentration
of LA was determined spectrophotometrically using
iron(III) chloride [24]. The content of total nitrogen was
determined by high-temperature catalytic combustion on
a Formacs HT TOC/TN Analyzer (Skalar, Netherlands)
(detection limit is 0.008 mg/dm?).

The content of trace- and macroelements in the studied
samples was determined using an iCAP 6300 Duo
inductively coupled plasma (ICP) emission spectrometer

(Thermo Scientific, United Kingdom). Samples for
analysis were diluted 100-fold and acidified with
hydrochloric acid (special purity grade, Sigma Tek,
Khimki, Russia) in a ratio of 1/100. The device was
calibrated using multi-element standards (ICP multi-
element standard solution IV and IX, Merck, Germany;
ICP multi-element standard solution VI, Fluka,
Switzerland) and single-element standards P (CGP10)
and Mg (CGMGI10) (Inorganic Ventures, USA),
as well as CaO and Na,SO, (special purity grade).
Scandium (5 mg/dm?) (Scandium ICP standard, Fluka,
Switzerland) was used as an internal standard. Deionized
water (18 MOhm) was used to prepare calibration
standards and dilute samples. Concentrated hydrochloric
acid (1/100) was added to the standards. The detection
limit (3xSD, mg/dm?) was 0.003 for Ca (A = 317.933),
0.03 for K (A = 769.896), 0.03 for Mg (A = 279.079),
0.03 for Na (A = 589.592), 0.004 for P (A = 213.618),
0.03 for S (A = 182.034), and 0.4 for Zn (A = 213.856),
where SD is the standard deviation, and A is the element
detection wavelength, nm. A detailed description of the
spectrometer characteristics is presented in [25].

The solutions pH measurements were carried out on
a tabletop pH meter AQUASEARCHER™ AB41PH
(OHAUS, China) with a resolution of 0.1 to 0.001.

RESULTS AND DISCUSSION

In this work, we studied the processes of purification
of model FB using ion-exchange resins under dynamic
conditions. Provided that neutralizing agents were not
used, the composition of the model FB was close to
the composition of the mineral medium for cultivating
R. oryzae. Table 1 shows data on the composition of
impurities in 8% LA from different manufacturers. LA
purchased from Paritrade, Russia, was used to prepare
the FB.

The adsorption capacity of ion-exchange resins with
respect to impurity ions from a model FB was studied as
follows. A model FB with a volume of 500 cm? was passed
successively through a burette filled with a strongly acidic
gel cationite KU-2-8 in the H-form, and then through
a weakly basic gel anionite Purolite A847 in OH-form.
The solution feed rate was 5 cm?/min is concomitant
with state-of-the art technological processes. Preliminary
experiments showed that an increase in the flow rate
decreases the breakthrough (appearance) time of ions,
which increases the amount of impurities remaining in
the solution after purification. At the outlet, the solution
was collected for analysis in portions of 50 cm3, which
is double the volume from each ionite. Thus, the samples
with the phase volume ratios Vip/V, i, = 2,4, 6, 8,9, 10,

resin

12, 14, 16, 18, and 20 were obtained.
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Table 1. Elemental composition of 8% LA from various manufacturers
Concentration, mg/dm?>
Type of solution
Ca K Mg Na P S Zn N

LA (Paritrade, Russia) 0.4 BDL3 0.1 7.9 1.1 4.7 0.1 13.7

LA (chemically pure, NevaReaktiv, | 5 1.5 BDL 17.2 6.2 14.8 BDL 18.0

Russia)

LA (Panreac, Spain) 0.1 BDL BDL 0.5 BDL 7.2 0.0 0.7

. .. . 1007 & & @& ® ¢ L
To assess the sorption characteristics of the cation ] ¢ v
exchanger and anion exchanger, the degree of ion sorption = 857 R oCl
was calculated from the Vip/V, . ratio (Figs. 2 and 3). It iﬁo 70 A ® wnNO,
can be seen that most of the analyzed impurities are almost S 55 ] 2 AS
. £ ]
completely removed from the model FB with a volume of g 0] 4a °P
500 cm? (Vep/Viesin = 20; Figs. 2 and 3). Even in the last 3 ] A
portion, their content did not exceed 11 mg/dm?3 (0.001%). 257
The exception was sulfur (represented in the studied 10—
medium by sulfate ions). Even in the first fractions 02 46 8!/ 1/?/ 121416 18 2
(Ve!Viesin = 2-4), the sulfur content did not fall below FB T resin
50 mg/dm? (sorption degree 80%, Fig. 3); in the subsequent Fig. 3. Dynamics of sorption of impurity anions
ones, it even increased. This means that the efficiency of this from a model FB by the anionite Purolite A847 (OH)
type of anion exchanger in relation to sulfates is insufficient.
Since lactate ion is also capable of being sorbed on the Additional qualitative analysis was performed

anion exchanger, its concentration was monitored in each
sample. According to the obtained results, following the
passage of 50 cm® of FB, the LA concentration dropped
sharply; subsequently in the sample Vip/V, g, = 6, it was
restored and its concentration further increased. This can
be explained by the fact that the initial content of all anions
in FB is much lower in relation to the anion exchanger
capacity. As the concentration of strong acid anions
increases, the weaker lactate ion passes into solution as
aresult of exchange for chlorides, nitrates, phosphates and
sulfates.
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Fig. 2. Dynamics of sorption of impurity cations
from a model FB by cation exchanger KU-2-8 (H)

3 Here and below BDL means “below the detection limit.”

using the Nessler method to determine ammonium
ions. Since this method is sufficiently sensitive to
determine microscopic amounts (up to 0.001% by
volume) of ammonia, trace amounts of NH*" ions
were found in all samples. However, with a fairly high
nitrogen concentration in the initial FB (i.e., NH*" and
NO?" ions), its concentration in the obtained samples
did not exceed 11 mg/L according to the ICP analysis
data. This indicates the effectiveness of ion-exchange
purification. Chloride ions begin to be detected only in
the sample with a phase volume ratio of Vip/V, i, = 20.

Next, we studied the effect of multiple passes of
the model FB through ion-exchange resins on the
degree of its purification. For this, we used the KU-2-8
and A847 ion exchange resins. The model FB with
a volume of 250 cm? (a tenfold excess to the volume
of each resin) was passed through the columns at
a rate of 5 cm/min, and then returned to the original
container. Fractions of 5 cm?® were collected for analysis
every hour. According to the analysis of the obtained
samples (given in Table 2), most elements were almost
completely removed with residual concentrations not
exceeding 12 mg/dm3. This is consistent with the data of

the previous experiment for the sample Vip/V, g, = 10.
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As in the previous experiment, the sorption of sulfates
was not complete, but only 50-60%. This may be due
to both their very high initial concentration compared to
most other elements and the insufficient specific affinity
of the anion exchanger to sulfates. In addition, when
carrying out purification by this method, LA losses
of 6-20% are observed. Thus, multiple passing of the
model FB through ion-exchange resins is ineffective and
labor-intensive; since the sorption rate is quite fast, the
purification was carried out in subsequent experiments
by descending flow to pass the model FB once through
the resins.

To assess the possibility of improving the sorption
of sulfate ions, experiments were carried out using
a combination of strongly basic and weakly basic gel-type
anion exchangers with different ratios. AV-17-8 (OH) was
chosen as the strongly basic anion exchanger. A previous
study of'the selectivity of the AV-17-8 anion exchanger with
respect to the anions SO42_, NO;~, and CI" [13] showed
that the main factor influencing the selectivity of ion
exchange is electroselectivity, i.e., the preferential sorption
of ions with a higher charge—in our case, the sulfate ion.
In the case of anions having the same charge, selectivity
is determined by the radius of the ion and its hydration
energy. It was shown in [13, 26] that increased ion size
results in a decreased tendency to hydration. Therefore,
a strongly basic anionite exhibits greater selectivity with
respect to nitrate ions as compared to Cl ions.

In the next experiment, the first burette was filled with
the KU-2-8 cation exchanger (25 cm?), while the second
was filled in turn with two types of anion exchangers
such that the total volume was 25 cm?. The ratio of the
A847 and AV-17-8 anion exchangers was 50/50 or 75/25.
The obtained results were compared with the data of
the experiment in which only A847 was used. Samples

obtained after passing 250 cm? (Vep/Viesin = 10),
400 cm? (Vep!Viesin = 16), 500 cm? (Vep!Viesin = 20), and
600 cm? (Vep!Viesin = 24) of the model FB were collected

and analyzed.

It is evident from the obtained data presented in
Table 3 that most elements were almost completely
extracted from the solution (~100% sorption) after passing
even a 24-fold excess of FB relative to the volume of each
resin and that the residual concentrations ranged from
0 to 13 mg/cm3. However, the sorption of phosphates
deteriorated sharply after replacing part of the A847 anion
exchanger with AV-17-8 and increasing the volume of
the passed solution (experiments 2 and 3, Table 3). At
the same time, the efficiency of sulfate removal increased
to 94%. Thus, a 10-fold excess of the passed solution is
sufficient for effective purification of the model FB. In this
case, the concentration of lactate ions does not decrease.
Since the lowest residual content of impurities was noted
for the KU-2-8+A847/AV-17-8(50/50) system with the
ratio Vpgp/V, = 10, these parameters were used for

resin
further purification of the real solution.

Table 2. Ionic composition of samples after cyclic purification of model FB depending on time

Concentration, mg/dm?
Time, h
LA, % Ca K Mg Na P S Zn N
0 8.4 1.4 586.2 154 190.7 261.7 224.7 3.3 942.2
1 6.6 0.4 BDL 0.1 2.6 1.9 125.6 BDL 11.7
2 7.5 0.3 BDL BDL 2.3 4.1 117.1 BDL 8.1
4 7.9 2.8 0.1 0.1 0.8 12.5 78.6 BDL 7.7

Table 3. Ionic composition of samples depending on the ratio of phase volumes Vip/V, i,

and the type of anion exchange column

Concentration, mg/dm?3
VFB/Vresin
LA, % Ca K Mg Na P S N Zn
FB 8.4 1.4 586.2 15.4 190.7 261.7 224.7 942.2 33
1. KU-2-8+A847(100)
10 9.6 BDL BDL BDL BDL 0.8 115.2 9.2 BDL
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Table 3. Continued
Concentration, mg/dm?
VEB/V resin
LA, % Ca K Mg Na P S N Zn
16 10.1 0.4 BDL BDL 2.72 1.5 211.1 10.4 BDL
20 9.7 0.4 BDL 0.14 2.95 7.1 147.6 10.8 BDL
2. KU-2-8+A847/AB-17-8(50/50)
10 9.4 BDL BDL 0.01 1.84 32 132 9.8 BDL
16 9.2 1.6 BDL 0.04 0.20 67.6 47.9 11.0 BDL
20 8.9 0.2 BDL 0.07 1.10 126.4 11.1 11.3 BDL
24 8.9 BDL BDL 0.07 BDL 231.3 121.8 13.0 BDL
30 8.9 BDL BDL BDL 6.1 544.7 11.5 29.1 BDL
3. KU-2-8+A847/AB-17-8(75/25)
10 9.3 0.6 BDL 0.1 34 1.1 14.6 9.3 BDL
16 9.2 2.1 BDL 0.3 0.2 253 28.8 12.5 BDL
20 9.2 0.1 BDL BDL 23 63.3 12.6 10.1 BDL
24 9.5 0.1 BDL BDL 1.9 186.4 111.2 12.8 BDL

Since the cationite did not reach full adsorption
capacity, themodel FB was continued to be passed through
the KU-2-8+A847/AV-17-8(50/50) system. According
to the ICP analysis, in the sample Vip/V, i, = 30, the
concentration of only Na cations increased to 6 mg/L
(Table 3, experiment 2). This will be considered as the
threshold concentration (before breakthrough). This
assumption does not contradict the data on the sodium
ion content in industrial LA samples, whose amount
varies from 0.52 to 17.2 (Table 1). Since the qualitative
reaction to the ammonium ion was negative, the increase
in the nitrogen amount to 29.14 (Table 3, experiment 2)
is probably due to the saturation of anionite with nitrate
ions and their release into the solution.

Thus, under these conditions, in the case of using
KU-2-8 in the H-form, effective purification from
impurity cations is possible for a model FB that is
30 times larger than the volume of the cation exchanger.

Ion-exchange purification processes are impossible
without effective regeneration of the resins used. As a result
of contact with a model FB containing impurities, anion-
exchange resins saturated with counterions extracted from
the solution are deactivated to lose their original adsorption
characteristics. However, it is possible to remove sorbed

ions and restore the activity of the resin layer with the help
of the regeneration process. Regeneration can be carried
out repeatedly with little or no loss of capacity.

Next, we regenerated the column with KU-2-8
(25 ¢cm®) and the anion exchange column filled with
a mixture of anion exchangers AV-17-8 (~12.5 cm?) and
A847 (~12.5 cm?) (the anion exchangers were taken in
a 50/50 ratio) after an experiment, in which 750 cm? of
model FB passed through these resins. The columns were
regenerated in two stages using the technique described
in the experimental section. First, a three- to four-fold
excess of the regenerate solution (eluent) was passed
through the cation exchanger (anion exchanger). Next,
repeatedly distilled water was passed in order to remove
the regeneration products and excess regeneration
solution from the ion exchanger layer.

As can be seen from Tables 4 and 5, the concentration
of elements in the first portion of eluates is the highest,
i.e., extraction (desorption) is effective. In subsequent
samples, the concentration drops sharply; therefore, the
amount of eluent can be reduced to a two- to three-fold
excess relative to the resin volume. From Table 4 it is
clear that the solution pH is quite high with a 5- to 15-fold
excess of distilled water, decreasing to 7 only after passing
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Table 4. Content of elements after regeneration of anion exchange column
Concentration, mg/dm?3
Stages of filtration pH
Ca K Mg Na P S N Zn
Eluate, portion 1 0.5 44.4 BDL 30880.0 463.3 2383.6 6835.5 BDL 14.8
Eluate, portion 2 5.0 51.6 BDL 38844.6 414 143.1 3296 0.1 14.7
Eluate, portion 3 4.0 69.1 1.1 39783.9 42.6 138.4 1266 0.1 14.4
5x H,0 - - - - - - - - 14.2
10x H,0 - - - - - - - - 12.3
15x H,0 0.3 9.8 BDL 15.9 1.33 9.6 1.1 0.1 10.0
20x H,0 0.2 2.7 BDL 1.6 BDL BDL 0.4 BDL 7.2
Table 5. Content of elements after regeneration of cation exchange column
Concentration, mg/dm?3
Stages of filtration pH
K Mg Na 1P S N Zn
Eluate, portion 1 11666.0 175.4 3881.4 29.5 41480.0 10760.0 414 2.1
Eluate, portion 2 3283.5 111.9 538.9 39 57953.8 1607.0 27.7 2.1
Eluate, portion 3 769.5 60.5 101.5 0.8 49813.2 151.1 15.7 2.1
5x H,0 17.6 0.1 2.7 BDL 53.4 2.7 BDL 3.7
10x H,0 34 0.1 1.2 BDL BDL 0.7 0.1 5.8
15x H,0 4.5 BDL 1.1 BDL BDL 0.7 BDL 6.8

a 20-fold excess of water through the column. The solution
contained virtually no impurities, i.e., regeneration was
effective. In the case of a cation-exchange column, a sharp
decrease in sulfate ions is observed already after a 5-fold
excess of distilled water (Table 5). After a 10-fold excess
of water, the test solution basically does not contain ions,
and its pH increases to 5.8. Thus, under these conditions,
a 10-fold excess of distilled water is sufficient.

The factors affecting the useful exchange capacity of
resins include:
e the type of ions removed from the aqueous solution;
e the ratio of salt components in the aqueous solution;
e the pH value;

o the height of the layer;
o the flow rate of the filtered water;
e the intensity of operation.

In practice, the ion-exchange capacity of resins is
determined by the degree of their saturation. This is
due to the fact that, at a certain stage, the number of
breakthroughs reaches the maximum permissible level, at
which the quality of purification is significantly reduced.
The formula for calculating the sorption capacity is given
in the experimental section.

Table 6 shows the calculated values of the dynamic
exchange capacity of ion-exchange resins for each
impurity element contained in the model FB before
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Table 6. Dynamic exchange capacity before the breakthrough (DEC, ) of cation exchange and anion exchange columns

FB components C, iia» Mg/dm3 C, e mg/dm? DEC,,, mmol-eq/cm®
K 586.21 0 0.45
Mg 15.43 0 0.04
Na 190.84 6 0.24
Zn 3.39 0 0.01
S 224.71 13.2 0.13
P 261.82 3.2 0.08
Cl 250.03 0 0.07
N (NH) 522.41 0 0.87
N (NO;) 42075 9.2 0.07
> anions 0.35
> cations 1.61

breakthrough. They were obtained based on the results
of the best experiment for the anion-exchange column
(Table 3, experiment 2). The ratio for the cation-exchange
column  Viep/V, n 30, for the anion-exchange
Vep/Viesin = 10. In this work, the breakthrough value
was taken to be a residual concentration of the impurity
element of no more than 14 mg/L. Thus, DEC, . for
the anion exchange column was 0.35 mmol-eq/cm?,
and for the cation exchange column, DEC, was
1.61 mmol-eq/cm?. The DEC,, value depends on the
concentration and nature of the sorbed ions and cations,
as well as on the pH of the medium, the solution filtration
rate, the size of the ion exchanger grains, the ratio
of the ion exchanger layer height to its width, and other
factors. As a rule, its value is significantly lower than
the static exchange capacity.

CONCLUSIONS

The conducted studies demonstrate that purification
of the model FB of R. oryzae can be successfully
implemented using ion-exchange resins. The model FB
passed successively through cation-exchange and
anion-exchange columns was shown to be purified
from mineral salt impurities while maintaining the
concentration of LA. In the work, a strongly acidic

gel cation exchanger KU-2-8 in the H-form was
used as a cation absorber. For the sorption of anions,
it is necessary to use a mixture of weakly basic gel
A847 anion exchanger and strongly basic gel AV-17-8
anion exchanger in the OH-form taken in a ratio
of 1/1. It is shown that the breakthrough of impurity
ions into the solution occurs after passing a 30-fold
and 10-fold volume of the model FB relative to the
volume of the cation-exchange and anion-exchange
resins, respectively. For the resins used in the work,
the dynamic exchange capacity before breakthrough
was determined to be 0.35 mmol-eq/cm? for the anion-
exchange column and 1.61 mmol-eq/cm?® for the
cation-exchange column.

According to the ion-exchange column regeneration
parameters established in this work, the regenerate
solution (eluent) must be used in an amount of two
to three times excess relative to the resin volume.
Then, in order to remove the regeneration products
and excess regeneration solution, a 20-fold excess
of distilled water must be passed through the anion-
exchange column, while a 10-fold excess of distilled
water is sufficient to pass through the cation-exchange
column.

It is worth noting that the model medium used in the
work was not subjected to preliminary nanofiltration
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purification, i.e., the salt content corresponded to the
original FB. Under conditions ofadditional nanofiltration
purification, a significant increase in the productivity
of ion-exchange resins can be expected, depending
on the efficiency of the implemented nanofiltration
process. The relevance of the work consists in the
possibility of using the obtained experimental data in
the development of technology for the production and
purification of LA.
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The effect of ureas and their sulfur-
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and thermo-oxidative resistance of elastomers
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Abstract

Objectives. The study set out to investigate the effect of ureas and their sulfur- and selenium-containing analogs on the vulcanization
of elastomeric materials based on nitrile butadiene rubber and their resistance to thermo-oxidative aging.

Methods. The properties of the molecules of ureas under study were calculated by the MM+ quantum chemical method of molecular
mechanics and PM3 semiempirical method using the HyperChem 8.0 software. Vulcanization of rubbers and total crosslink density
were studied using the rotorless vulcanization method with a MonTech MDR 3000 Professional rheometer. The dynamic characteristics
of vulcanized rubbers were investigated in accordance with ASTM D6601-02 and D5992-96 standards. The efficiency of the studied
antioxidants against thermo-oxidative aging was evaluated in accordance with GOST 9.024-74. Infrared (IR) spectra of samples were
recorded with an FT-801 Fourier-transform IR spectrometer (Russia) according to the attenuated total reflection method.

Results. For the first time, a study was conducted on the efficiency of 1-(3-chlorophenyl)-3-phenylurea, 1-(3-chlorophenyl)-3-
phenylthiourea, and 1-(3-fluorophenyl)-3-phenylselenourea as antioxidants for elastomers under conditions of thermo-oxidative aging.
The effect of these substances on the vulcanization characteristics and total crosslink density of materials based on nitrile butadiene
rubber was investigated.

Conclusions. The values of electron affinity energy and its sign were shown to accurately predict the possibility of using individual
molecules as accelerators of the vulcanization process or antioxidants. With a change in the electron affinity energy from 0.051 (urea)
to —1.115 (thiourea) and —1.365 eV (selenourea), the time to the start of vulcanization was shown to change from 15 to 3 and
2 min, respectively. As a result of thermo-oxidative aging of rubbers based on BNKS-28 AN rubber without a stabilizer and with
1-(3-chlorophenyl)-3-phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea, and 1-(3-fluorophenyl)-3-phenylselenourea, the total crosslink
density changes by 33%, 23%, 25%, and 29%, respectively. In this connection, the use of 1-(3-chlorophenyl)-3-phenylurea somewhat
improves the stability of rubbers to thermo-oxidative aging, whereas 1-(3-chlorophenyl)-3-phenylthiourea and 1-(3-fluorophenyl)-3-
phenylselenourea do not worsen this property when introduced into the rubber compound.
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HAYYHAA CTATbA

UccnepoBaHue BINAHNA MOYEBUH

M UX CEPO- U CeNlIeHCOoAepXallinx aHanoros

Ha BYJIKAHN3aLMIO U TEPMOOKUNCIINTEJIbHYIO CTOMKOCTb
3/1aCTOMEPOB Ha OCHOBEe OyTaANEeH-HUTPUJIbLHOIO
KayJyka

E.C. Boukapés, JI.M. 3anpasauna, SL.I1. Kysuenos, FO.M. Mkprusin, B.B. Bypmucrpos *, M.A. Banues
Boneoepadckuii cocyoapcmeennviii mexuuveckuti ynueepcumem, Boneoepao, 400005 Poccus

™ demop oz nepenucku, e-mail: w_tovn@mail.ru, vburmistrov@vstu.ru

AHHOTaUuS

HeJIll. HccnenoBanue BIMSHUS MOYEBHH M UX CEPO- U CCICHCOACPIKAIUX aHAJIOTOB Ha BYJIKaHU3AIUIO 3JIACTOMEPHBIX MaTe€puajioB
Ha OCHOBC 6yTaI[I/ICH-HI/ITpI/IJ'H>HOFO Kay4dyKa 1 Ha UX CTOMKOCTH TEPMOOKHUCIIUTECIIBHOMY CTAPCHUIO.

MeTtoabl. KBaHTOBO-XMMHUYECKUMH METOJAMU MOJICKY/IIpHON MexaHukn MM+ u ¢ nomomisto noaysmnupudeckoro merona PM3 mpo-
BEJICH pacdeT MCCIIeLyeMbIX MOJIEKYJ MOYEBHHBI M €€ aHaJoros B mporpaMmMHoM kominiekce HyperChem 8.0. Bynmkanusaruro pes3un
1 OLICHKY OOIIEeH INIOTHOCTH CIIMBKY M3ydalll METOJIOM 0e3poTopHOi Bynkanomerpun Ha peomerpe MonTech MDR 3000 Professional.
Hccnenopanue JMHAMUYECKUX XapaKTEPUCTUK BYJIKaHU30BAHHBIX PE3UH IpoBoamwiu B coorBeTcTBud ¢ ASTM D6601-02 u D5992-96.
D¢ deKkTHBHOCTD UCCIISyeMbIX IPOTHBOCTAPUTEINICH K TEPMOOKUCIHTEIbHOMY cTapenuto nposoamy 1o F'OCT 9.024-74. Uundpakpac-
usle (MK) criekrps! 06pa3nos nomydenst Ha MK-®ypre criekrpomerpe @T-801 (Poccust) MeTo10M HapyIIEHHOTO MOIHOTO BHYTPEHHETO
OTpaKCHUSL.

PesyabTarsl. BriepBeie npoBeneHo uccnenoBanue 3pQekTuBHOCTH AeicTBhs 1-(3-xmopdennn)-3-pennn modeBuHsI, 1-(3-xmopheHmn)-
3-¢ernn THoMo4deBHHBI U 1-(3-GTOpdeHn)-3-QpeHnT ceTeHOMOYEeBUHBI B KaYe€CTBE aHTHOKCHIAHTOB JUIS TACTOMEPOB B YCIOBHSAX
TEPMOOKHCIUTENIBHOTO cTapeHust. FI3y4eHo BIHMSHNE YKa3aHHBIX COCIMHEHHUI Ha BYJIKQHU3AIL[MOHHBIC XapaKTEPUCTHKU U OOIILYIO IIOT-
HOCTBb CIIMBKH MaTEpHaIOB HAa OCHOBE OyTa/IMEeH-HUTPUIIBHOTO KaydyKa.

BbIBOABI. YCTQHOBIICHO, YTO 3HAYCHUS SHEPTUM CPOJICTBA K HJIEKTPOHY U €€ 3HAK MO3BOJISAIOT IIPOrHO3UPOBATH BOZMOXKHOCTh HCIIOJb-
30BaHUs OTIENBHBIX MOJIEKYJI B Ka4eCTBE YCKOPHUTEIEH Mpolecca ByJIKaHU3ALMU WK aHTHOKCUIAaHTOB. [Toka3aHo, 4TO Ipu H3MEHEHUH
9HEPTUH CPOICTBA K 31eKTpoHy OT 0.051 (MoueBuna) 1o —1.115 (THOMoueBuHa) 1 —1.365 3B (cenenomouyeBrnHa) BpeMs 10 Hadaja ByI-
KaHU3ALMU U3MEHSeTCs OT 15 10 3 ¥ 2 MUH COOTBETCTBEHHO. B pesysbrare TepMOOKHMCIMTEIFHOTO CTAPEHHS PE3UH Ha OCHOBE Kay4yyKa
BHKC-28 AH 6e3 crabunm3zaropa ¢ 1-(3-xnopdenun)-3-pernn moueBuHoi, 1-(3-xmopdennn)-3-penun tnomoueBuHoi u 1-(3-¢prop-
(ennn)-3-peHnn ceaeHOMOYEBUHON 3HaUCHUE 001Iel IITOTHOCTH CIIMBKY U3MeHsieTcs B pany 33%, 23%, 25% 1 29% cooTBETCTBEHHO.
B oroii cBsA3U cienaH BRIBOJ, uTO mpuMeHeHue 1-(3-xmopdenun)-3-heHnn MOYeBHHBI HECKOIBKO YAYYIIaeT CTAOMIBHOCTh PE3UH NPU
TEPMOOKHUCIUTEIBHOM CTapeHuu, a 1-(3-xmopdenmn)-3-hennn tnomoueBuna u 1-(3-gpropdennn)-3-penun ceneHOMOUEBIHA HE yXYA-
LIAIOT JaHHBIH T0KA3aTeNb MPH BBEACHUH B PE3HHOBYIO CMECh.
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The effect of ureas and their sulfur- and selenium-containing analogs on the vulcanization

Eugene S. Bochkarey,

and thermo-oxidative resistance of elastomers based on nitrile butadiene rubber etal.

INTRODUCTION

Exposure to high temperatures and oxygen changes
the initial properties of elastomers depending on the
composition of their ingredients [1, 2]. Aromatic amines,
substituted phenols, phosphorous acid esters, and
organosilicon compounds are widely used in industry as
antioxidants for elastomeric materials [3—-6]. However,
the above-mentioned groups of antioxidants have
fairly high values of saturated vapor pressure and are
poorly soluble in rubber, which limits their use in the
food and medical industries. As a rubber stabilizer for
the food industry, 2,2-methylene-bis(4-methyl-6-tert-
butylphenol), better known as Agidol 2!, is commonly
used. The use of D,L-camphor anils as heat stabilizers
was studied in [7]. Other potentially interesting options
for use as heat stabilizers may include compounds of
sulfur- or selenium-containing carboxyalkylphenols
based on selenium-containing analogs of phenozan
(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionic
acid) [8] and compounds based on 2,3-camphorquinone.

Modern computational systems allow one to
evaluate compatibility and predict interactions between
polymer macromolecules under the action of various
aggressive factors [9]. A method was developed for
selecting components of elastomer compositions based
on quantum-chemical modeling [10]. The relationship
of the total energy of the system, which was determined
by quantum-chemical calculation methods, including
dynamic testing methods, with relaxation parameters
allows the effect of additives on the properties of whole
elastomer compositions to be predicted.

The aim of this work was to investigate the influence
of ureas and their sulfur- and selenium-containing
analogs on the vulcanization of elastomeric materials
based on nitrile butadiene rubber and on their resistance
to thermo-oxidative aging.

EXPERIMENTAL

Figure 1 presents the structural formulas of the studied
compounds obtained by the syntheses described in the
literature [11-13], as well as their notation.
The objects of the study comprised two groups of
samples:
(1) Samplesofrubbercompoundsbased on BNKS-28 AN
synthetic nitrile butadiene rubber (Specification
TU 38.30313-2006) that was obtained by suspension
polymerization atlow temperatures (A) and contained

a noncoloring antioxidant (N), without additives of

the compounds shown in Fig. 1. Such objects have the

letter K in the notation. Rubber samples containing

4 parts by weight (pbw) of 1-(3-chlorophenyl)-3-

phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea,

or  1-(3-fluorophenyl)-3-phenylselenourea  per
100 pbw of rubber are designated as KO, KS, and

KSe, respectively.

(2) Samples of rubber compounds based on BNKS-28 AN
commercial rubber that do not contain a filler. They
were produced on laboratory rollers 320 160/160
(Yarpolimermash, USSR) by sequential introduction
of the recipe ingredients. The vulcanization activator
was a combination of zinc oxide (4 pbw) and
stearic acid (2 pbw). The crosslinking agent was
sulfur (2 pbw). The vulcanization accelerator was
N-cyclohexyl-2-benzothiazole sulfenamide (1.5 pbw).
Such samples have the letter P in their notation.
In turn, elastomers containing 1-(3-chlorophenyl)-
3-phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea,
or 1-(3-fluorophenyl)-3-phenylselenourea in an
amount of 4 pbw per 100 pbw of rubber are assigned
the notation PO, PS, and PSe, respectively. The
objects of comparison were rubbers containing the
standard antiaging agent N-isopropyl-N'-phenyl-1,4-
phenylenediamine (4 pbw) and the vulcanization
accelerator N-cyclohexyl-2-benzothiazole sulfenamide
(1.5 pbw) with the notation IPPD and CBS,
respectively. The dosage of the studied compounds
was selected in such a way as to obtain differences
in the exhibited properties of rubbers while taking
into account the fact that JPPD has a low saturated
vapor pressure (0.00046 kPa at 90°C) and a boiling
point (166°C) close to the vulcanization temperature
(150°C). Further increase is impractical since it leads
to migration of the antiaging agent from the rubber
matrix [14]. For better dispersion, the antiaging
agents were introduced first, and then the remaining
ingredients of the rubber mixture were added in the
order they are mentioned in the text.

The preliminarily obtained chemical compounds
were characterized using quantum-chemical methods
for calculating the properties of molecules in the
HyperChem 8.0 software? (Hypercube Inc, USA).
The geometry of the molecules was optimized using
the MM+ molecular mechanics method, and then the
PM3 (Parameterized Model, revision 3) semiempirical
method was used to calculate the diagrams of energy
levels, the lowest unoccupied molecular orbital (LUMO),

1" Technical Information. Vulkanox BKF / Lanxess. 2004. http://www.symtake.com/tw/uploads/filelist/1000/2/1382580948 c0a80afd82d4d906.pdf.

Accessed April 10, 2024.
2

HyperChem Professional 8.0. http://www.hypercubeusa.com/. Accessed February 25, 2025.
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1-(3-Chlorophenyl)-3-phenylurea (0) [12]
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1-(3-Chlorophenyl)-3-phenylthiourea (.S) [13]
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Zz

1-(3-Fluorophenyl)-3-phenylselenourea (Se) [14]
(a)

Fig. 1. (a) Structures, and (b) charge distributions and electronic densities of the studied molecules

and the highest occupied molecular orbital (HOMO), as
well as the thermodynamic parameters: enthalpy, entropy,
and heat capacity of the compounds. By comparing the
shapes and excitation energies AE, = of these frontier
molecular orbitals, a conclusion can be drawn about
the nucleophilicity or electrophilicity of the molecules
under study. Characteristics were also calculated for the

system of the molecules under study together with nitrile
butadiene rubber to assess their compatibility from the
changes in the total energies of the system and individual
substances.

The vulcanization of rubbers was investigated
by the rotorless vulcanization method with
a MonTech MDR 3000 Professional rheometer
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(MonTech, Germany) at a temperature of 150°C
in accordance with GOST R 54547-20113. Using
this rheometer, the total crosslink density v, . of
vulcanized rubber samples was found under shear
deformation conditions at 100°C from the change
in the storage modulus depending on the shear
strain in accordance with the ASTM D6601-024
standard and the described procedure [15]. In this
case, the relationship between the parameter v,
and the equilibrium dynamic modulus is determined
in accordance with the kinetic theory of rubber
elasticity [16] using the equation

G
Viot = ﬁ’ (1)
where v, is the total crosslink density, mol/cm3; G isthe
equilibrium dynamic modulus, Pa; R is the universal gas
constant (R = 8.314 J/(mol-K)); T is the test temperature
(373.15 K).

The dynamic characteristics of vulcanized rubbers
were studied in accordance with ASTM D6601-02
and ASTM D5992-96° using a MonTech MDR 3000
Professional rheometer in dynamic moving die rheometer
mode. The conditions for conducting dynamic tests were
selected from those recommended by the standard:
temperature 100°C and oscillation frequency 10 Hz. The
change in dynamic moduli after thermal-oxidative aging
at 90°C for 72 h in an oven was also assessed. In this
case, the corresponding temperature was added to the
notation, e.g., PO90.

The physical and mechanical characteristics of
vulcanized rubbers were evaluated in accordance
with GOST 270-75%. The efficiency of the studied
antioxidants to thermo-oxidative aging was determined
at a temperature of 100°C for 72 h according to
GOST 9.024-747.

IR spectra of the samples were recorded with
an FT-801 Fourier transform infrared (FTIR)
spectrometer (NPF SIMEKS, Russia) by the attenuated
total reflection method on a ZnSe crystal in the
wavelength range A = 5504000 cm ™! with a resolution

of 4 em™1,

rotorless cure meters. Moscow: Standartinform; 2018.

RESULTS AND DISCUSSION

Tables 1 and 2 present the results of calculations of the
properties of ureas and their S- and Se-containing analogs
by the PM3 semiempirical method in comparison with
standard compounds used as vulcanization accelerators
and antioxidants.

The obtained values of the energies of the
LUMO molecular orbital were used to find the electron
affinity energies, which are related by density functional
theory, as well as to determine such parameters as the
dipole moment and the charge distribution and electron
density on the amine groups. The presence of reaction
sites of the synthesized compounds can be assumed
based on these parameter values. These parameters
are also of interest due to the vulcanization of nitrile
butadiene rubber during thermos-oxidative aging
due to the lone pair of electrons on the nitrogen atom.
At the same time, by varying the functional groups in
the urea molecule to obtain S- and Se-containing analogs
with the same number of electrons on the outer energy
levels (ns2, np*) and different energies of the levels, it
is possible to influence the mobility of hydrogen atoms
at the amino group. Note that, for antiaging agents and
antiozonants (Agidol-2 and IPPD), the electron affinity
energy is positive; i.e., the addition of an electron is
accompanied by the release of energy, whereas the
vulcanization accelerator CBS demonstrates a negative
value. It can be assumed that the S and Se compounds,
for which the energies are —1.115 and —1.365 eV,
respectively, will accelerate vulcanization, with the latter
acting to a greater extent. In addition, these compounds
can have canonical mesomeric thio- and selenoamide
forms, carrying a negative charge on the sulfur atom and
a positive charge on the nitrogen atoms of the amidine
fragment. In turn, the sulfur/selenium atom is a strong
nucleophilic site, which allows these compounds
to act as sulfur/selenium donors and consequently
as a crosslinking agent [17]. At the same time, the
compound O has an electron affinity energy of 0.051 eV
and does not exhibit nucleophile properties; therefore,
it will not react with the nitrile group. The electronic

GOST R 54547-2011. National Standard of the Russian Federation. Rubber compounds. Measurement of vulcanization characteristics using

4 ASTM D6601-02. Standard Test Method for Rubber Properties—Measurement of Cure and After-Cure Dynamic Properties Using a Rotorless
Shear Rheometer. https://www.astm.org/d6601-02.html. DOI: 10.1520/D6601-02. Accessed February 25, 2025.

5 ASTM D5992-96(2018). Standard Guide for Dynamic Testing of Vulcanized Rubber and Rubber-Like Materials Using Vibratory Methods.
https://www.astm.org/d5992-96r18.html. DOI: 10.1520/D5992-96R18. Accessed February 25, 2025.

6 GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: IPK Izdatelstvo

standartov; 1978.

7 GOST 9.024-74. State Standard of the USSR. Unified system of corrosion and ageing protection. Rubbers. Methods of heat ageing stability

determination. Moscow: Izdatelstvo standartov; 1986.
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structure shows (Fig. 1) that this compound has a lone
pair of electrons, which prevents any reaction with the
nitrile group. However, during heating with sulfur, such
an electron-pair donor can react with it to form thiourea,
which will affect the vulcanization rate.

Calculation of the properties of the model of the
rubber—molecule system begins with finding the state
with the minimum potential energy, which usually
corresponds to the equilibrium geometry of the atoms.
Figure 2 presents the results of calculating the minimum
energies of the compounds under study in comparison
with the standard antioxidant IPPD using molecular
dynamics methods.

Various physicochemical parameters of the rubber—
molecule system can be calculated on the basis of the
determination of the electron density distribution in

the molecules together with the bond force constants.
From Fig. 2, which depicts the change in the kinetic
and potential energy with time for the compounds under
study in the BNKS rubber environment, it can be seen
that the values of the change in the potential energy of
the O compound are similar to those of the standard
antiaging agent IPPD. Replacing the heteroatom with
sulfur and selenium in the compounds leads to a decrease
in this parameter. First of all, we note that high-
molecular-weight compounds have limited molecular
mobility. The formation of a transition complex is
accompanied by rehybridization of the carbon atoms of
the rubber backbone from sp? to sp? hybridization state,
which is limited by structural relaxation. Higher values
of the potential energy show that an activated complex
having an optimal energetically favorable structure does

Table 1. Results of quantum-chemical calculation of the enthalpy H, entropy S, heat capacity C - and energies of molecular orbitals

HOMO and LUMO of molecules*

Compound H, 298 C, LUMO, HOMO, AE .oV Dipole Nitrogen
kJ/mol kJ/(mol-K) | kJ/(mol-K) eV eV e moment D atom charge

BNKS-28 AN 284.8 0.9823 0.4959 0.664 —9.657 10.32 - —0.077
Urea -171.7 0.2724 0.0586 1.061 -9.618 10.68 4.071 -0.017
o 67.2 0.4676 0.2026 0.051 —8.921 8.97 2.512 0.045

S 3443 0.5526 0.2872 —-1.115 —8.614 7.49 4.376 0.189
Se 158.0 0.4631 0.2095 —-1.365 —8.234 6.86 4.493 0.277
IPPD 148.9 0.5122 0.2473 0.224 —8.179 8.40 2.116 0.031
Agidol-2 —278.0 0.4945 0.2583 0.397 —8.723 9.12 1.425 -

CBS 143.5 0.5152 0.2440 —0.878 —8.911 8.03 2.025 —0.105

* HOMO is the highest occupied molecular orbital, LUMO is the lowest unoccupied molecular orbital, and AE_, = E| ;0 ~ Egomo 18 the
difference of the energies of the orbitals.

Table 2. Estimation of changes in the total energy of rubber—compound systems

Compound E, \J/mol EyggokV/mol | E . kl/mol | AE, kl/mol S"lubﬂii;yr‘l’ig‘;inp"und
0 ~226352 385474 ~643961 ~32134.8 Soluble
s 244968 385474 633457 -3014.7 Soluble
Se 257781 385474 646345 ~3089.71 Soluble
IPPD ~229879 385474 618360 ~3006.74 Soluble

Note: E are the calculated energies of individual compounds under study, £y are the calculated energies of nitrile butadiene rubber,
are the calculated energies of mixtures of nitrile butadiene rubber with compounds under study in a box simulating the volume of

E s%stem
rubber, and AE = E + Eyzp — E

system’
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not have time to form during the oxidation reaction
with oxygen at high temperatures. In this connection,
the O compound can be expected to exhibit antioxidant
properties that prevent the thermo-oxidative destruction
of macromolecules, but do not prevent the structuring of
rubber at nitrile groups.

Changes in the energies of the system and
individual substances showed that negative energy
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values suggest that the polymer—substance system may
exhibit self-organization capabilities and consequent
compatibility.

Figure 3 illustrates the effect of ureas and their S- and
Se-containing analogs at a temperature of 150°C on the
structuring of BNKS-28 AN rubber without a vulcanizing
group and for rubber compounds vulcanized with
a standard sulfur-containing system.
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Fig. 2. Calculated minimum values of kinetic energy £y and potential energy £}, of (a) the standard antioxidant IPPD, (b) urea O,

and (c) S-containing and (d) Se-containing analogs in rubber
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Fig. 3. Torque versus time for BNKS-28 AN rubber with the urea analogs under study (a) without a vulcanizing system

and (b) with the CBS—sulfur vulcanizing system
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The dependencies in Fig. 3a show that the
Se compound causes structuring of nitrile butadiene
rubber (KSe sample) even in the absence of a crosslinking
agent. To a somewhat lesser extent, an increase in torque
is also observed upon the introduction of a sulfur-
containing analog of urea into the rubber.

Since the presence of the vulcanization
accelerator CBS can lead to side reactions during
the vulcanization of rubbers containing oligomeric
unsaturated polyketone [18], we assessed the effect of
urea and its sulfur- and selenium-containing analogs
on vulcanization. Upon the introduction of the
synthesized products into rubber compounds containing
avulcanizing system (Fig. 3b), it was noted that the S- and
Se-containing analogs of urea (in the composition of the
PS and PSe samples) caused a decrease in the parameter
“time to the onset of vulcanization” from 6 to 3 and
2 min, respectively. In addition, the maximum torques of
the vulcanizates increased from 8 to 10 daN-m for both
additives. In this regard, we note that these compounds
act as vulcanization coagents during the formation of the
elastomer structure.

For the O compound, we noted the opposite effect.
The use of this compound together with the CBS—sulfur
vulcanizing system led to an increase in the
prevulcanization time of rubbers from 6 to 15 min
and a subsequent decrease in the torque and total
vulcanization rate. The experimental vulcanization data
confirm the assumptions based on the results of the
quantum-chemical calculation in HyperChem 8.0.

Figure 4 shows the physical and mechanical
characteristics of vulcanized rubbers and their change
after aging at 100°C for 72 h.

The results of the assessment of the parameters
“engineering tensile strength” and “relative elongation
at break” (Figs. 4a and 4b) and their changes after aging

—_ = N
[« ]

Tensile strength, MPa

-12

N
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B Tensile strength

L
=)

L
9

K Change in parameter

(@

show that the introduction of the S- and Se-containing
analogs of urea increases the tensile strength of rubbers.
The introduction of the O compound has an insignificant
effect on this parameter. However, in all cases, the
sign of the change in the engineering tensile strength
was reversed, and in the case of rubbers containing the
O compound, this parameter changed to a lesser extent.
Here it is likely that the introduced additives shift the
process toward the destruction of macromolecules, thus
preventing crosslinking along the nitrile groups of the
rubber. The change in the relative elongation at break
after aging somewhat decreased for rubbers containing
the compounds under study.

For the obtained mixtures of rubber with urea and
its §- and Se-containing analogs, as well as rubbers
based on them, the changes in storage modulus G' and
loss modulus G"” were estimated. Figure 5 demonstrates
the effect of urea and its S- and Se-containing analogs
on the change in the storage and loss moduli of rubber
(assessed in accordance with ASTM D6601-02) after
its exposure in rheometer molds at a temperature of
150°C for 4 h.

It can be seen from Fig. 5 that prolonged exposure
of BNKS-28 AN rubber to an elevated temperature
(150°C for 4 h) results in a significant increase in the
storage modulus and loss modulus due to crosslinking
along the nitrile groups of the rubber (see Fig. 6).
However, as seen from the slightly reduced values of
the storage and loss moduli, the presence of S, Se, or
O in the rubber slows down this process. At the same
time, the total crosslink density after exposure to the
above temperature changes by 18% for BNKS-28 AN
and 8% in the case of using the O compound (Table 3).
Here, it is important to note that the total crosslink
density v, . is the sum of the physical crosslink
density Voh and the chemical crosslink density v, and
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Fig. 4. Effect of the studied urea analogs on (a) engineering tensile strength and (b) relative elongation at break

and their changes after thermo-oxidative aging at 100°C for 72 h
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| Fig. 5. (a) Storage modulus G’ and (b) loss modulus G" versus logarithm ¢ of shear strain

Table 3. Effect of the studied compounds on the total crosslink density v, in rubbers and elastomers before and after exposure
to elevated temperatures

Exposure of rubber compounds to 150°C for 4 h

Rubber compound K150 KO150 KS150 KSel50
Vior' 1073, mol/em? 0.33 0.30 0.30 0.32
Rubber P PO PS PSe
Vior' 1073, mol/em? 0.87 0.81 0.95 0.94

Aging of rubbers at 90°C for 72 h

Rubber P90 POY0 PS90 PSe90

Vi 1073, mol/cm? 1.16 1.02 120 122

Note: the total crosslink density of rolled BNKS-28 AN rubber is 0.28-107> mol/cm?.
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Fig. 6. FTIR spectra before (1, black) and after (2, red) aging of rubbers containing (a) 1-(3-chlorophenyl)-3-phenylurea (KO and KO150),
(b) 1-(3-chlorophenyl)-3-phenylthiourea (KS and KS150), and (c) 1-(3-fluorophenyl)-3-phenylselenourea (KSe and KSel50)
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Fig. 6. FTIR spectra before (1, black) and after (2, red) aging of rubbers containing (a) 1-(3-chlorophenyl)-3-phenylurea (KO and KO150),
(b) 1-(3-chlorophenyl)-3-phenylthiourea (KS and KS150), and (c) 1-(3-fluorophenyl)-3-phenylselenourea (KSe and KSel50)

the primary v, , value estimated for noncrosslinked
rubber is determined by the physical intertwining of
macromolecules. Exposure of BNKS-28 AN rubber
to a temperature of 150°C leads to the processes
of destruction of the rubber macromolecules and
their crosslinking by nitrile groups, with the latter
being predominant. As a result of the structuring
of the macromolecules, the rubber lost its ability to
dissolve in toluene and chloroform, thus preventing
an assessment of the change in the characteristic
viscosity. At the same time, the FTIR spectra (Fig. 6)
show a significant increase in the spectral band in the
region of 1575-1590 c¢cm™!, which characterizes the
formation of a C=N-C crosslink.

Despite the insignificant change in the degree of
crosslinking for the rubber with urea after exposure
to an elevated temperature (KO150), the passband at
1592 cm™! (C=N-C group) demonstrated a significant
increase. At the same time, there was a decrease in the
band of the nitrile group of the rubber at 2250 cm™!.
For the S-containing analog of urea, the increase in the
passband at 1592 cm™! (C=N-C group) and decrease in
the band of the nitrile group of the rubber at 2250 cm™!
were exhibited to a lesser extent. In the case of using
the Se-analog of urea in the rubbers based on nitrile
butadiene rubber, the chemical crosslinking of its
macromolecules is probably due to the ability of the
above compound to act as a donor of crosslinking agents,
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rather than to the formation of C=N—C crosslinking at
nitrile groups.

Similarly, the change in dynamic properties before
and after aging at 90°C for 72 h was carried out in
rubbers containing the CBS—sulfur vulcanizing group
(Figs. 7 and 8).

The rubbers containing the §- and Se-containing
analogs of ureas demonstrate a significant increase in
the storage modulus in comparison with the unfilled
rubbers (Fig. 7). For the PO rubber, the modulus value
remained virtually unchanged. After thermo-oxidative
aging of the rubbers, an increase in the storage modulus

was noted for all rubbers (Fig. 7b). In the presence of
the vulcanizing group, the storage moduli of the S- and
Se-containing urea analogs significantly increase. The
change in the loss modulus due to shear deformation is
shown in Fig. 8.

The dependencies in Fig. 8a indicate that the
dissipation of mechanical energy into thermal energy
is due to an increase in the component of the complex
modulus. The introduction of urea and its S- and
Se-containing analogs leads to a decrease in the
dissipation of mechanical energy into thermal energy
due to a higher total crosslink density, which increases
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Fig. 9. FTIR spectra of rubber based on BNKS-28 AN after thermo-oxidative aging

from 0.87-1073 mol/cm? for BNKS-28 rubbers
without additives to 0.94-1073 mol/cm? for the S- and
Se-containing analogs. The loss modulus after thermo-
oxidative aging (Fig. 8b) also increases to a greater
extent for the POY0 rubbers. In this case, the total
crosslink density after thermo-oxidative aging of
rubbers changes from 33%, 23%, 25%, and 29% for
the rubbers P90, PO, PS90, and PSe90, respectively.
This demonstrates a certain stabilizing effect of the
used urea compounds. However, as indicated by the
FTIR spectra, the protective action mechanisms are of
a different nature (Fig. 9).

As in the case with rubber, the FTIR spectra
show an increase in the transmission band in the
region of 1590-1595 cm™!. However, for the rubbers
containing selenium (PSe90), no peak in this region is
observed after aging, while for the analog containing
sulfur, this peak is characterized by a less significant
increase.

Comparing the obtained calculated data on
the electron affinity energy for urea and its S- and
Se-containing analogs (Table 1) with the total crosslink
densities of the corresponding rubbers (Table 3), we
note their similar trend. Namely, the decrease in the

electron affinity energy in the series of the studied
compounds from 0.051 and —1.115 to —1.365 eV (for
0, S, and Se, respectively) leads to an increase in the
total crosslink density of the corresponding rubber
samples PO, PS, and PSe from 23% and 25% to 29%,
respectively.

CONCLUSIONS

The study has shown that 1-(3-chlorophenyl)-3-
phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea, and
1-(3-fluorophenyl)-3-phenylselenoureaexhibitactivity
as vulcanization accelerators and heat stabilizers
of rubbers. The values and sign of electron affinity
energy obtained by quantum chemical calculations can
be used to predict the possibility of using individual
molecules as vulcanization accelerators. At the same
time, with increasing magnitude of negative electron
affinity energy, the vulcanization rate in the main period
increases along with a decrease in the time before the
onset of vulcanization. For example, with a change
in the electron affinity energy from 0.051 (urea)
to —1.115 (thiourea) and —1.365 eV (selenourea),
the time before the onset of vulcanization changes
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from 15 to 3 and 2 min, respectively. In the case
of using selenourea, according to the results of
IR spectroscopy, no cyclization of nitrile groups of
rubber is observed either. As a result of thermo-oxidative
aging of rubbers based on BNKS-28 AN rubber
without a stabilizer and with 1-(3-chlorophenyl)-3-
phenylurea, 1-(3-chlorophenyl)-3-phenylthiourea, and
1-(3-fluorophenyl)-3-phenylselenourea, the total crosslink
density changes in the series 33%, 23%, 25%, and 29%,
respectively. In turn, the change in tensile strength after
thermo-oxidative aging is +13%, —9%, —12%, and
—11.3% for the rubber samples P, PO, PS, and PSe,
respectively. In this regard, we note that the use of
1-(3-chlorophenyl)-3-phenylurea somewhat improves
the stability of rubbers during thermal-oxidative
aging, whereas 1-(3-chlorophenyl)-3-phenylthiourea
and 1-(3-fluorophenyl)-3-phenylselenourea do not
worsen this parameter when introduced into the rubber
compound.
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Abstract

Objectives. The authors synthesize complex oxide phases of the composition Eu,  Gd Zr,0, and Eu, ,Gd Hf,0,atx = 0.5, 1.0, 1.5
under microwave heating conditions and investigate their phase composition, particle size distribution, and specific surface with the
purpose of obtaining bulk ceramic materials on their basis and study their behavior when heated to 1473 K.

Methods. Using X-ray phase analysis, the phase composition of samples subjected to heat treatment at temperatures of 1473 and
1773 K was studied, and the cell parameters were calculated. The particle size of the obtained powders was analyzed by laser diffraction
on a Fritsch Analysette 22 device. The specific surface area was studied by the Brunauer—Emmett—Teller method on a TriStar 3000 analyzer.
Bulk ceramic materials were obtained by cold pressing with subsequent sintering at 1773 K. The coefficient of thermal expansion (CTE)
of ceramic samples was studied on a Netzsch DIL 402C dilatometer in a temperature range of 300-1473 K.

Results. At a temperature of 1473 K, all synthesized samples were observed to form a fluorite structure; at a temperature of 1773 K,
samples with the composition Eu, A Gd, Hf,0, had an ordered pyrochlore structure. With an increase in the gadolinium content in the
samples, a decrease in both the unit cell parameter and the CTE was observed. The particle size of almost all samples did not exceed
100 pm; the specific surface area did not exceed 1 m2/g.

Conclusions. For the first time, compounds with the composition Eu, Gd, Zr,0, and Eu,  Gd Hf,0, were obtained using microwave
processing at x = 0.5, 1.0, 1.5. As well as determining the dependence of the phase composition on the heat treatment temperature
after microwave exposure, the dependence of the change in the unit cell parameters on the gadolinium content in the sample was
studied, the particle size distribution was investigated. The CTEs of bulk ceramic samples obtained by cold pressing were additionally
studied. The obtained data can be used in the development of thermal barrier coatings and technical ceramics used at high temperatures
(up to 1473 K).
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HAYYHAA CTATbA

CuHTe3 cnoxHbix okecnaos Eu,0;-Gd,05,-Zr(Hf)0,
C NPMEeHeHNneM MNKPOBOJIHOBOIO U3JTy4eHNs

n uccrnenoBaHue ux CBOUCTB

H.B. I'peunmnukos =, E.E. Huknmuna

MUPDA — Poccutickuti mexuonoauveckutl ynugepcumem (Mucmumym moukux xumudeckux mexuvonoauti um. M.B. Jlomonocoea),

Mocxea, 119454 Poccus
™ 4emop ons nepenucku, e-mail: nklgrchshnkv@yandex.ru

AHHOTaUuS

Ienn. CunTe3nposarh CIOKHOOKCHAHBIE (asbl coctaa Eu,  Gd,Zr,0, u Eu, Gd Hf,0, npu x = 0.5, 1.0, 1.5 B ycnosusx MuUKpo-
BOJIHOBOTO HAarpeBa, NCCIIEN0BaTh UX (ha30BbIi COCTAB, paclpeaeIeHHe YaCTUL] [0 pa3Mepy H YACIbHYIO TIOBEPXHOCTb, ITOJTYYUTh HA UX
OCHOBE 00BbEMHBIC KepaMUYECKHE MaTepHalbl U U3yIHUTh UX [TOBEICHNE py HarpeBaHuu 10 1473 K.

MeTtoasbl. C TOMOIIBIO peHTreH0()a30BOTO aHaIN3a MPOBEACHO HCcieqoBaHKe (ha30BOTO cOcTaBa 00Pas3IoB, NMPOMIECANINX TEPMH-
4eCcKyr 00paboTKy MmpH pa3HbIX Temreparypax 1473 u 1773 K, a takke paccunTaHbl apaMeTphl SSYeHKA. AHAIN3 pa3Mepa YacTHUIl
MOTyYSHHBIX TTOPOIIKOB IMMPOBOIMIIA METOJIOM Jla3epHOH nudpakunu Ha npudope Fritsch Analysette 22. [Inomans yaenpHOM moBEepX-
HOCTH HccieioBann MetogoMm bpynayspa—Ommera—Temnepa Ha ananmsatope TriStar 3000. OO0beMHBIE KepaMHUECKHE MaTepUalIb
TIOJTyJalIy XOJIOAHBIM IIPECCOBAaHKUEM ¢ Trocienyomum cnekanneM rpu 1773 K. MccnenoBanne ko3¢ ¢unnenTa TMHEHHOTO TepMu-
geckoro pacmmpenust (KJITP) kepammueckux o6pasnos nposogwmnn Ha aunatomerpe Netzsch DIL 402C B unTepBane temmeparyp
300-1473 K.

PesyabTarsl. YcTanoBneno, yto npu Temmneparype 1473 K y Bcex cHHTE3MpOBaHHBIX 00pas3loB o0pasyeTrcsi CTpyKTypa (IroopHTa,
a pu temneparype 1773 K obpasusr ¢ cocraBom Eu,  Gd Hf,0, uMeroT ynopsaodeHHyro CTpyKTypy nupoxiopa. [lpn ysenmaennn
coJiepKaHus TaJIOHHUA B 00pa3ax HaOMonaeTcss yMEeHbIICHHE KaK ITapaMeTpa dleMeHTapHol sueliku, Tak u KJITP. Pasmep gactuig
IPAKTHYECKH BCeX 0Opa3os He npesbimaer 100 MKM, a IIIOMA1b yAeTbHOMH HOBEPXHOCTH He TIpeBbImaeT 1 M2/r.

BriBoapl. Briepsbie ¢ mpuMeHeHHEM MUKPOBOIHOBOM 00paboTKH MOMydeHbl coeiuHenus ¢ coctasom Eu,  Gd,Zr,0, u Eu, Gd Hf,0,
mpux=0.5, 1.0, 1.5, nu3ydena 3aBucuMocTh ()a30BOr0 COCTaBa OT TEMIIEPATYPhl TEPMOOOPAOOTKH MOCIIE MUKPOBOIHOBOTO HAarpeBa, n3y-
YeHa 3aBUCHMOCTb H3MEHEHHUS TAPAMETPOB IEMEHTAPHON SUEHKH OT ComepKaHHs raJONNHUS B 00pasIle, HCCIIEIOBAHO pacipe/ieieHle
YaCTHI] TI0 Pa3MepaMm, a TaK’kKe METOJOM XOJOJHOTO NMPECCOBAHUS MOMyYEeHb 00BEMHbIE KePAMHUECKUE 00Pa3Ibl, AsI KOTOPBIX U3yUeH
KJITP. [lomy4eHHble JaHHBIC MOTYT MPUMEHSTHCS IPH Pa3paboTKe TepMOOAPbEPHBIX MOKPHITHI U TEXHUUECKOH KEPaMUKH, 3KCIUTyaTH-

pyeMmoii mpu BEICOKHX TemmepaTypax (1o 1473 K).

KniouyeBbie cnoea

peHTreHoha3oBbIi aHATH3

Ang uMTMpoBaHns

LUPKOHATEI, rahyHATHI, TEIUIOBOE PACHINPEHNE, TEPMOOAPBEPHBIE TTIOKPHITH,

MocTtynuna: 03.10.2024
Aopa6oTaHa: 28.01.2025
MpuHara B neyatb: 11.04.2025

I'peunmnukos H.B., Hukunmna E.E. Cunres cnoxubx okenios Eu,0,~Gd,0,~Zr(Hf)O, ¢ npumeHeHreM MUKPOBOIHOBOTO M3ITydeHHUs
1 UCCIICIOBAHKE UX CBOMCTB. Tonkue xumuueckue mexronozuu. 2025;20(3):253-263. https://doi.org/10.32362/2410-6593-2025-20-3-253-263

INTRODUCTION

In recent years, zirconates and hafnates of rare earth
elements (REE) (Ln,Zr/Hf,0,, where Ln = La-Lu)
have been actively considered in the development of
materials for parts of aggregates operating in aggressive
environments and high temperatures. The most extensive
area of practical application of these compounds
is considered to be the creation of thermal barrier
coatings, antioxidant coatings and high-temperature
ceramics [1]. For such purposes, REE zirconates and

hafnates with an ordered pyrochlore structure, in which
the ratio of ionic radii #(Ln>")/r(Zr(Hf*")) lies in the
range 1.46-1.78 [2], are generally preferred. Such
materials offer greater thermal stability, as well as
thermal expansion coefficients close to those for most
substrates and low thermal conductivity [3]. Zirconates
and hafnates having a disordered fluorite structure
also find application in the field of thermal barrier
coatings and other areas of science and technology,
for example, for the creation of solid electrolytes, due
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to oxygen defects contained in the structure of these
compounds [4].

At present, individual REE zirconates and hafnates
have been quite well studied. A large number of works
are devoted to the study of lanthanum zirconate and
lanthanum hafnate, due to these substances offering the
lowest fluorite—pyrochlore phase transition temperature
(~1473 K) [2, 5], as well as europium hafnate [6],
gadolinium zirconate [7]. Gadolinium zirconates and
gadolinium hafnates are of particular interest due to
the 1.46 ratio of the ionic radius of gadolinium to
that of zirconium, which represents a boundary value
for the possible formation of an ordered pyrochlore
structure [2].

Due to the significant demand for REE zirconates
and hafnates in various industries, the development of
methods for obtaining such compounds containing two
or more components while maintaining the required
structure (fluorite or pyrochlore) is relevant. Works also
describe the replacement of a part of REE ions by cations
of another element in order to change the properties
of the obtained material while preserving the ordered
structure [8].

The most commonly used solid-phase method
of synthesis is currently not preferred due to its high
energy consumption: high sintering temperatures, long
duration, since the rate is determined by the diffusion
of components at the grain boundary, and preliminary
preparation of initial reagents [9]. Such research is
mainly focused on the development of “wet” methods for
the synthesis of REE zirconates. Among such methods
we can emphasize precipitation methods [10] and the
sol—gel method [11]. Intermediate compounds formed
as a result of the corresponding chemical reactions
are transformed into REE zirconate and hafnate after
thermal treatment.

In other studies, in addition to high temperatures,
external influence on the reaction mixture is applied to
obtain a single-phase product and increase the yield of
the target phase. For example, an autoclave is used in the
hydrothermal method to conduct synthesis at elevated
pressures [12—14]. A simpler but no less effective method
used in obtaining individual and complex oxides is
microwave treatment [15, 16]. This approach provides
fast and uniform heating of samples, which can be used
to accelerate synthesis processes and reduce energy
consumption. In some cases, the synthesis temperature
can be reduced as compared with traditional methods [17].
Many studies consider microwave synthesis of
compositions based on zirconium and hafnium dioxides,
including in combination with sol-gel method [18-21].

The present study is based on the preparation of
Eu, Gd,Zr,0, and Eu, GdHf,0, compounds at

x=0.5, 1.0, 1.5 under microwave processing conditions
to study the phase composition of the obtained products,
the particle size and specific surface area of the
obtained powders, as well as the coefficients of thermal
expansion (CTE) of ceramic materials based on them.

MATERIALS AND METHODS

For the synthesis of REE zirconates and hafnates with
the composition Eu, Gd Zr,0, and Eu, Gd Hf,0,
at x=0.5, 1.0, 1.5, zirconium oxychloride ZrOCl,-2H,0
(Lankhit, Russia), hafnium oxynitrate HTO(NO,), 2H,0
(Lankhit, Russia) were used as starting reagents
along with dihydrates of europium acetate
Eu(CH;CO0);-2H,0 (Lankhit, Russia) and gadolinium
acetate  Gd(CH,COO),-2H,0  (Lankhit, Russia).
Microwave treatment of the reaction mixture was carried
out in a MS-6 sample preparation system (Volta, Russia).
Thermal treatment was carried out in a SNOL 12/16
muffle furnace (Snol, Russia).

The process of synthesis of complex oxides included
microwave treatment of a mixture of europium and
gadolinium acetates with zirconium or hafnium
hydroxide followed by heat treatment. For this purpose,
zirconium or hafnium hydroxide was previously prepared
by reactions (1) and (2), respectively:

ZrO(NO,),-8H,0 + 2NH,OH =
= Zr0 (OH),_,.| + 2NH,NO, + (7 + x)H,0

(M

HfO(NO,),-8H,0 + 2NH,OH =
= HfO (OH),_, | + 2NH,NO; + (7 + x)H,0

2

To carry out these reactions, a solution containing
a threefold excess of ammonia hydrate was first heated
to 333 K, then zirconium oxychloride or hafnium
oxynitrate was added with stirring for 40 min. The
resulting precipitates were filtered off and dispersed
with ethanol. A mixture of europium and gadolinium
acetate containing a stoichiometric amount of REEs was
added to the resulting suspensions to form a compound
of the composition Eu, A Gd Zr,0,, Eu, Gd Hf,0,.
Next, the obtained reaction mixtures were subjected
to microwave treatment with a power of 600 W and
a frequency of 2.45 GHz, which lasted 15 min for the
Eu, Gd Zr,0, compound line and 18 min for the
Eu, Gd Hf,0, compound line. The influence of
microwave treatment on the phase composition
was considered in [22] on the example of europium
zirconate. Heat treatment carried out on the obtained
powders at different temperatures did not result in
the formation of speck. Table 1 presents the synthesis
conditions of these samples.
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Table 1. Conditions for the synthesis of complex oxide phases Eu,  Gd, Zr,0, and Eu, A Gd Hf,0,

No. Composition Time of microwave processing, min Temperature, K / Duration, h
1 Eu, sGd, sZr,0, 15
2 EuGdZr,0, 15
3 Eu, sGd, sZr,0, 15 1473 /6
4 Eu, sGd, sHf,0, 18
5 EuGdHf,0, 18
6 Eu, sGd, (Hf,0, 18
7 Eu, sGd, sZr,0, 15
8 EuGdZr,0, 15
9 Eu, sGd, sZr,0, 15 731
10 Eu, sGd, sHf,0, 18
11 EuGdHf,0, 18
12 Eu, sGd, sHf,0, 18

X-ray phase analysis (XRD) of the obtained samples
was performed on a D8 Advance diffractometer (Bruker,
USA) with CuK -radiation (using a 0.12 mm Ni plate
as a CuKﬁ-radiation filter, wavelength 1.5418 A).
The signal was recorded in air over a range of angles
20 from 10° to 90° with the following parameters:
step 20 = 0.02°; signal acquisition time per step—
0.4 s; sample rotation speed—20 rpm. Indication of
the radiographs was performed using the PDF-2 rel.
database 2011!. Processing and analysis of radiographs
were performed using the HighScore Plus?, Origin 83,
and RTP32* software package.

The specific surface was investigated by the Brunauer—
Emmett-Teller (BET) method on a TriStar 3000
adsorption analyzer of specific surface and porosity
(Micromeritics, USA).

The particle size distribution was investigated using an
Analysette 22 laser particle analyzer (Fritsch, Germany).

Bulk ceramic samples were obtained by cold pressing
followed by sintering at a temperature of 1773 K for
two hours. The heating rate did not exceed 180 K/h.
The open porosity of all samples did not exceed 20%;
the relative density of the samples was at least 92%. The
dimensions of the samples were 5 x 5 x 26 mm.

Thermal expansion of ceramic samples was studied
using a DIL 402C dilatometer (VETZSCH, Germany) in
the temperature range from 273-1473 K.

1" International center for diffraction data (ICDD), USA, icdd.com
Malvern Pananalytical, United Kingdom, malvernpanalytical.com
OriginLab Corporation, USA, originlab.com

Russia, slavic.me

RESULTS AND DISCUSSION

Figure 1 depicts the diffractograms of samples /-6, which
show peaks characteristic of the fluorite structure (111),
(200), (220), and (311).

XRD showed that despite the significant duration of
heat treatment (6 h), the temperature of 1473 K was
sufficient only for the formation of cubic fluorite structure
(Fm3m) [23], the calculated parameters of the unit cell
of which are presented in Table 2.

The value of the calculated unit cell parameter
is characteristic of the fluorite structure. According
to literature data, the parameter a in the pyrochlore
structure lies in the range of 10.0-11.5 A [24].
The decreased lattice parameter with an increase
of gadolinium content in the obtained compound
observed in these studies is explained by the smaller
ionic radius of gadolinium (#(Eu*") = 1.066 A
(coordination number = 8); r(Gd3") = 1.053 A
(coordination number = 8)) than that of europium [25].
Figure 2 depicts the dependencies of the unit cell
parameter a on the ionic radius ratio Ln3*/Zr(Hf)**
for each composition. Taking into account the
measurement error, the obtained dependence of the
parameter a on the ratio of ionic radius Ln3*/Zr(Hf)**
in the compound can be considered to have a linear
character.
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Fig. 1. Diffraction patterns of samples /-3 (a) and 4—6 (b)

Table 2. Parameters of the unit cell of synthesized samples /-6 (7= 1473 K)

35 40 45 50 55 60 65 70 75 80
20
(b)

Sample Composition Cell parameter a, A Cell volume 7, A3
1 Eu, ;Gd, sZ1,0, 5.324+0.003 150.909 + 0.226
2 EuGdZr,0, 5.292 £0.003 148.204 £ 0.222
3 Eu, sGd, sZr,0, 5.278 +0.003 147.031 +0.221
4 Eu, ,Gd, (Hf,0, 5.243 +0.003 144.125+0.216
5 EuGdHf,0, 5.236 = 0.003 143.549 £0.215
6 Eu, sGd, SHf,0, 5.234+0.003 143384 +0.215
5334 . . .
)y } | | } despite the temperature of 1773 K being sufficient for
5.32 the structure ordering, i.e., the transition from the fluorite
A Eu, GdZr,0, .
531 » Eu, GdHE0, structure to the pyrochlore structure [26, 27]. Th1§ may
530 be due to the fact that even a small amount of gadolinium
f; ’ 5 ions is sufficient to distort the pyrochlore lattice and thus
g 529 4 destabilize and disorder it to the fluorite structure, whose
§_ sog] 3 calculated unit cell parameters are presented in Table 2.
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Fig. 2. Graph of the change in the cell parameter of
the obtained samples of compounds /-3 (markers A ),
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Since the set temperature of 1473 K was sufficient

L)L

only for crystallization of samples with fluorite structure,
samples 7—12 were heat treated at 1773 K for 1 h.
Peaks on the diffractograms of samples /-3 and 79

corresponding to the fluorite structure (Fig. 3) appear | Fig. 3. X-ray diffractio
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n pattern of samples 7-9
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Table 3. Parameters of the unit cell of synthesized samples 712 (7= 1773 K)

Cell volume ¥, A3

150.569 + 0.226

148.877 £ 0.223

146.8637 = 0.220

1154.321 + 1.731

1147.731 £ 1.721

Sample Composition Cell parameter a, A
7 Eu, sGd, sZr,0, 5.320 +0.002
8 EuGdZr,0, 5.300 + 0.003
9 Eu, sGd, 5Zr,0, 5.276 +0.003
10 Eu, sGd, sHf,0, 10.49 +0.01
11 EuGdHf,0, 10.47 +0.01
12 Eu, sGd, sHf,0, 10.45+0.01

1141.166 £ 1.711

The XRD results of samples /012 (Fig. 4) show that
all samples are crystallized with the pyrochlore structure
(Fd3m) [23] as indicated by the presence of additional
weakly intense peaks characteristic of the pyrochlore
structure: (111) at 20 ~ 14° (311) at 20 ~ 19°,
(331) at 26 ~ 34°, (511) at 26 ~ 47°. Here it is worth noting
that the weak intensity of these reflexes is characteristic of
this structure [26]. The calculated unit cell parameters of
the obtained compounds are presented in Table 3. As
indicated above, for the pyrochlore structure, the
parameter « lies in the range of 10.0-11.5 A, thus further
confirming the formation of the pyrochlore structure in the
compounds of the Eu,  Gd Hf,0, series (samples /0-12).
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| Fig. 4. X-ray diffraction pattern of samples /0-12

The dependence of the parameter a on the ionic
radius ratio #(Ln3")/r(Zr(Hf*")) was plotted on the basis
of the calculated parameters (Fig. 5). As in the case
of samples /-6, in samples 7—/2 there is an increase
in the parameter a with increasing radius ratio in the
compound, i.e., with decreasing gadolinium content in
the sample.

The specific surface area of samples 7-/2 was
estimated by the BET method (Table 4).

10.50 -
10.49 L
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532
531
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529
528 9
527

g

Parameter a, A

1464 1468 1472 1476 1480 1484 1488 1492 1496 1.500 1.504
LT Zr(Hi)+

Fig. 5. Graph of the change in the cell parameter
of the obtained samples of compounds 7-9 (markers A),
10-12 (markers m)

Table 4. Specific surface area data for samples 7—12

Sample Composition Specific surface area S, m?/g
7 Eu, sGd, sZr,0, 0.600 + 0.024
8 EuGdZr,0, 0.744 % 0.029
9 Eu, sGd, sZr,0, 0.634 +0.025
10 Eu, sGd, (Hf,0, 0.684 +0.027
11 EuGdHf,0, 0.987 +0.039
12 Eu, sGd, (Hf,0, 0.890 + 0.035

The highest value of the specific surface area in
each of the rows of samples is observed for the sample
corresponding to the composition EuGd(Zr/Hf),0,. In
general, the specific surface area of the obtained powders
does not exceed 1 m?%/g. In [10], the specific surface
area of gadolinium zirconate powder obtained by co-
deposition method was 0.3 m%/g.
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Fig. 6. Particle size distribution of samples 7 (marker ),
8 (marker m), 9 (marker A)

The particle size distribution was investigated by
laser diffraction method. The particle size distribution
curves for samples 8§ and 9 (Fig. 6) show the presence
of two intense peaks, indicating that the samples
predominantly contain particles having sizes between
15 £ 10 and 45 = 15 um. The curve characterizing
sample 7 shows that most of the volume is occupied by
particles with sizes between 45 + 10 and 90 £ 15 um.
Particles >100 pm occupy no more than 20%, while
for samples 8§ and 9 there are no particles of this
fraction (Fig. 6).

The particle size distribution for samples /0—12
(Fig. 7) has a different character from that presented
above. The Eu, Gd Hf,0, system predominantly
contains particles having a size of 45 + 15 um for
sample /2 and 60 + 20 um for sample /0. Sample 7/
has one broad peak with a maximum of about 70 um,
which covers almost the entire measurement range.
For sample /2, although the particle size does not
exceed 100 um, particles of this size account for about
20% of the sample and slightly more than 40% for
sample /1.

From a comparison of the two lines of samples,
it can be concluded that samples 7—9 have a close to
bimodal distribution of particles, while samples /0—12
tend rather to have one not highly intense but broad peak
(monomodal distribution).

In order to investigate the CTEs, bulk ceramic samples
were prepared. Measurements of the dimensional change
of the samples were carried out in the temperature range
of 300-1473 K. On the basis of the obtained data, the
dependence of the ratio of the linear size difference to
the initial size of the sample on the heating temperature
was plotted (Fig. 8).
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Fig. 7. Particle size distribution of samples /0 (marker °),
11 (marker m), /2 (marker A)

As can be seen from the presented dependencies, the
difference in the behavior of samples 7—9 can be observed
more clearly at temperatures above 700 K (Fig. 8), while
the different behavior of samples /0—12 is more evident
at temperatures above 600 K (Fig. 9).

The curves characterizing the dimensional change
of samples /0—12 during heating (Fig. 9) have a linear
character, which is practically useful for predicting the
behavior of materials during utilization. Furthermore,
the absence of jump-like changes in dimensions indicates
the absence of phase transformations, i.e., the phase
stability of samples at the main operating temperatures
of materials based on them.

Using the obtained data, we calculated the CTEs of
samples 7—12 (Table 5).

Table 5. CTE, a-1076-K™!, of samples 7—12

Sample Composition CTE, a-10 K1
7 Eu, ;Gd, <Z1,0, 9.17
8 EuGdZr,0, 9.02
9 Eu, sGd, Z1,0, 8.94
10 Eu, Gd, (HF,0, 9.83
11 EuGdH,0, 9.81
12 Eu, ;Gd, JHE,0, 9.72

Figure 10 shows the dependence of CTE o on the
ionic radius ratio #(Ln*")/r(Zr(Hf*")).
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The presented graphs show an increase in CTE when
the ratio of ionic radii in the samples increases, i.c.,
when the gadolinium content decreases (Fig. 10). This
is due to the decreased parameter a of the unit cell fact
that in samples with higher gadolinium content (and
consequently decreased volume); as a consequence, the
amplitude of its oscillation during heating decreases [28].
The difference of coefficients for different rulers of
samples is also related to this: for samples 7—9 the average
value of the unit cell parameter a is equal to ~5.3 A (the
fluorite structure is formed), while for samples /0—12
the average value of the unit cell parameter a is equal
to ~10.5 A (the value characteristic of the pyrochlore
structure), which accounts for the different volume of
the unit cell.
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Since complex zirconates and hafhates have yet to be
studied, the obtained CTE data can be compared with the
literature data only for individual zirconates and hafnates
of europium and gadolinium. Thus, in [29] CTE values are
given for europium zirconate (Eu,Zr,0-) of 10-107 K™
at 500 K, which increases to values of 11:107° K! at
1500 K, as well as for gadolinium zirconate (Gd,Zr,0,),
which has the same values. In [30], the authors present
the CTE curve for ceramic samples based on gadolinium
zirconate, which has a parabolic character, where the CTE
was 9:107° K™! at 673 K and 10.5-10°% K™! at 1473 K
temperature. Foreuropium hafnate (Eu,Hf,0,), theaverage
value of CTE in the temperature range of 400-1200 K
was 9.75-107° K1 [31], while the corresponding value for
gadolinium hafnate (Gd,Hf,0,) at 673 K of ~12- 100K
decreased to 11.3-10° K ! at 1473 K [32].

CONCLUSIONS

By contacting zirconium and hafnium hydroxides
with europium and gadolinium acetates, single-phase
REE zirconates and hafnates of the composition
Eu, Gd,Zr,0, and Eu, GdHf,0, were obtained
under microwave heating conditions at x = 0.5, 1.0, 1.5.
X-ray phase analysis confirmed the presence of fluorite
structure in all samples following thermal treatment at
1473 K. Heat treatment at 1773 K leads to the formation of
complex europium-gadolinium hafnates Eu,  Gd Hf,0,
having a pyrochlore structure. The unit cell and volume
parameters were calculated for all phases. The results
demonstrate that the increased gadolinium content in the
synthesized phases leads to a linear decrease in the unit
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Abstract

Objectives. The study set out to investigate the possibility of production strontium hexaferrite permanent magnets using powder injection
molding (PIM) technology, which involves casting granules highly filled with ceramic powder. After obtaining the initial granulate
based on organic binders and strontium hexaferrite powder, the material was cast in an injection molding machine to create the first
intermediate (green) parts, followed by removal of the primary binder to obtain brown parts and final sintering.

Methods. Strontium hexaferrite powder was obtained by the ceramic method. The material underwent grinding in a planetary ball mill
to obtain a powder having an average particle size of 13.4 um, which is considered optimal for the applied PIM technology. Granulate
materials, consisting of the obtained strontium hexaferrite powder combined with primary paraffin and secondary polyamide binders,
were prepared by manual mixing of the components and used for creation of green parts in injection molding machine. Brown parts
obtained following removal of binder from the obtained green parts were characterized by their higher brittleness and open pore structure.
Permanent magnets with dimensions of 10 x 10 x 5 mm were obtained following sintering of brown parts in an oxidizing atmosphere.
Results. The more than 70% higher strength of the magnetic properties of the obtained strontium hexaferrite samples compared to
isotropic barium hexaferrite-based magnets manufactured in accordance with GOST 24063-80 is due to the presence of pores after
sintering.

Conclusions. The possibility of using the ceramic method for producing strontium hexaferrite powder for use in granulate manufacturing
was demonstrated. This raw material can then be used to obtain strontium hexaferrite permanent magnets via PIM technology having
80% density.
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AHHOTaUuus

Hesn. M3yunTh BO3MOKHOCTD MOJYYEHHUSI IIOCTOSHHBIX MArHUTOB Ha OCHOBE reKcadeppuTa CTPOHIINS ¢ TOMOIIBI0 TeXHOJIorHu Powder
Injection Molding (PIM), 3akiouaromieiicss B JUThE TPAHYJISITOB, BRICOKOHAMOTHEHHBIX KEPAMUYECKAM MOPOIIKOM. J[aHHBII mporecc
COCTOHUT W3 OINEpaIyil MONyYeHHUs IPaHyJIsaTa (MCXOIHOTO CHIPbsi HA OCHOBE OPraHUYECKOTO CBS3YIOIIETO M MOpOIIKa rekcadeppura
CTPOHIIMS), JINThSI TPAHYIIATA B TEPMOIUIACTABTOMATE JUISl CO3/IaHUs TIEPBBIX MPOMEIKYTOUHBIX («3EJICHBIX») ACTaNeH, MOCIEAYIOIIEro
YHQJICHUs CBS3KH M3 HUX, TOJTYYCHHs «KOPUYHEBBIX» JeTajeil U (GHHATBHOTO CIIeKaHHsI.

Metoasl. [Topomok rexcadeppura CTpOHIHUS MOTYYECH KEpaMHYECKHIM METOoM. Marepuai mpomes CTaIduio NOMOJIa B THIAaHETapHOH
IIapOBOH MEIBHUIIE [0 MONYYECHHS MOPOIIKA CO CPEIHUM pa3MepoM dacTul 13.4 MKM, KOTOPBIH CUMTAaeTCs ONTHMAIbHBIM Pa3zMepoM
s PIM-texnonoruu. Ha ocHOBe mOmy4eHHOTO OPOIIKa rekcad)eppuTa CTPOHIHS, TIEPBHYHOTO CBSA3YIOLIEr0 — NapaguHa U BTOPHY-
HOTO — TIOJIMaMHAa METOOM PYYHOTO CMEIIMBAHUS KOMIIOHEHTOB MOJATOTOBICH IPAHYIAT IJISI CO3AAHUS «3eIeHBbIX» Aeraneil. Ilo-
Jy4eHHBIE JIETAIU MOABEPIIIN ONEpaluy yIalCHUs CBS3YIONIEr0 — NCOMHANHTY, B Pe3yIbTaTe KOTOPOTO M3TOTOBMIIN «KOPUIHEBHIC)
3arOTOBKH, OTIAMYAIOIIHecs: 001ee BEICOKOH XPYMKOCTBIO M HATMYNEM CTPYKTYPBI OTKPHITHIX MOP. [IoCTOsTHHBIE MAaTHUTHI ¢ pa3MepaMu
10 x 10 X 5 MM TOTy4eHBI METOZIOM CHEKAHUS «KOPUYHEBBIX)» JeTajell B OKUCIUTEIbHON aTtMocdepe.

Pesynbrarbl. YpoBeHb MarHMTHBIX IapaMeTPoOB 00pa3llOB Ha OCHOBE rekcadeppura CTpoHLHMS cocTaBui Gosee 70% OT 3HAaUCHUH,
XapaKTEePHBIX JUTs TPOMBIIIIEHHBIX H30TPOIHBIX MarHUTOB Ha ocHOBe rekcadepputa 6apust B coorBerctBuu ['OCT 24063-80, uto 00y-
CJIOBJICHO HAJIMYMEM I10D B CIICYEHHBIX U3/ICIHSX.

BoiBoabl. YcTaHOBICHA BO3MOXHOCTD MPUMECHEHHS KEPAMHUECKOTO METOA JIJIsl IIPOU3BOCTBA MOPOIIKA TeKcaeppuTa CTPOHIIHUS, KO-
TOPBIA MOKET OBITH UCTIONB30BaH MPH H3TOTOBJICHHH IpaHyssaTa. VICmons30BaHHe TAaHHOTO CHIPhS MO3BOJISICT H3TOTABINBATH MATHUTHI
MeTooM PIM-TexHonoruu ¢ mioTHocThio He MeHee 80%.

MocTtynuna: 06.10.2024
Aopa6GoTaHa: 17.01.2025
MpuHara B neyatb: 02.04.2025

Kniouyesblie cnoea

MIOCTOSHHBIM MarHuT, rekcadepput cTpoHIus, PIM-TexHonorus, rpanyimsr,
MHKPOCTPYKTYpa, MarHUTHBIE CBOMCTBA

Ana unTUpoBaHua

Yepusrmes b.J1., [lletnann 1.B. ®dopmupoBanue CTpyKTypsl M CBOWCTB MarHWTOB Ha OCHOBE rekcadeppuTa CTPOHIMS, ITOTyYSHHBIX
¢ nomonipto Texnoioruu Powder Injection Molding. Tonkue xumuueckue mexronocuu. 2025;20(3):264-275. https://doi.org/10.32362/2410-
6593-2025-20-3-264-275

INTRODUCTION

Many areas of contemporary technical development rely

The strict quality requirements and continuous
improvement of special-purpose products impose

on the use of hard magnetic materials. These materials
are used to produce permanent magnets (PMs), which
are used to create diverse products for special and general
purposes, including electric motors, generators, sensors,
acoustic systems and medical devices. Under industrial
conditions, such materials are widely used in magnetic
grippers, lifting mechanisms, mixers, and various kinds
of sensor.

a number of limitations on magnetically hard materials
for use in the creation of PMs. These include high
operating—and consequent Curie point—temperatures,
as well as higher values of tensile strength oy, relative
elongation 9, and corrosion resistance. PMs based on
rare-earth materials (REM) of Sm—Co system operate at
temperatures of about 350-550°C. The class of
magnetically hard materials based on alloys of
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Fe—Cr—Co systems is characterized by the presence of an
effective combination of magnetic parameters (residual
induction B, = 1.1 T and coercive force by induction
Hg = 38 kA/m) and mechanical properties (tensile
strength o3 = 785 MPa and relative elongation
0=3%) [1]. The achievement of a high level of magnetic
properties of these types of PM is generally preceded by
a stage of prolonged thermal and thermomagnetic
processing.

Of all the PM materials produced onto the global
market, Nd—Fe-B (neodymium) alloys have the
highest magnetic energy product (the product of
induction B and coercive force H (BH),,,.), allowing
the dimensions of manufactured equipment to be
maximally reduced. This can be especially relevant in
the production of various consumer goods. However,
the significant disadvantages of materials of this system
included its low operating temperatures (200-300°C,
depending on the brand) as well as the high complexity
of the production process, which is associated with the
high activity of REMs [2, 3]. In view of these facts,
a significant segment of the PM market (more than 25%)
is occupied by products based on barium and strontium
hexaferrites, which have a relatively low magnetic
energy product compared to the Nd—Fe—B system, but
are characterized by increased corrosion and chemical
resistance. At the same time, the cost of raw materials
for the production of ferrite PM is significantly lower
as compared to REM-based materials, as well as those
based on Co [4].

Strontium hexaferrite is a promising material for
hyperthermic processes, which are only applicable in
the case of nanosized particles [5]. In [6], particles
having grain sizes of the order of 30—40 nm were
obtained by using the sol-gel method. Nanoscale
compositions can also be obtained by solution
combustion of organo-nitrate precursors [7],
synthesis from oxide glasses [8], self-propagating
high-temperature synthesis [9], and hydrothermal
methods [10]. However, the classical approach for
obtaining strontium hexaferrite powders used in the
creation of PMs is still the ceramic method, which
consists of the operations of ferritization and grinding
of the material to particles with the required fraction
at the level of 1-10 um [11].

PMs based on basic magnetically hard materials,
among which the Nd-Fe-B, Sm—Co, Sr—Fe-O
systems are distinguished, are generally produced
using powder metallurgy methods [12, 13]. A number
of materials based on Fe-Cr—Co and Al-Ni—Co
alloys are obtained by investment casting [14]. The
formation of a highly coercive state of these alloys
is achieved in the process of spinodal decomposition
of the main phase into strongly and weakly magnetic

phases through the use of thermomagnetic processing
technology. The use of these approaches is typical for
the organization of large-scale production of magnets
having predominantly simple shapes (ring, sector, etc.).
However, miniaturization and complication of
designs of existing devices and magnetic systems can
complicate the product geometry [15]. When changing
the configuration using traditional technological
approaches, machining methods are applied. Their
use not only requires the availability of facilities and
a fairly large fleet of equipment, but also leads to a sharp
decrease in the material utilization factor (MUF) to
the level of about 40%. In order to reduce the costs
of magnet manufacturing, the resulting large quantities
of grinding waste containing expensive rare-earth
metals must be re-extracted and reintroduced into the
production cycle [16].

Powder injection molding (PIM) technologies are
being widely introduced to increase MUF by reducing
the need for machining. The PIM method is based on
the pressing of products from a granulate consisting of
an organic binder highly filled with metal or ceramic
powder. Further, the pressed intermediate parts
undergo binder removal (debinding) and sintering
stages [17]. Using this approach, the production of
complex configurations weighing up to 1 kg is ensured,
allowing MUF to be increased to values of about
97-99% [18]. Consequently, it is rational to produce
permanent magnets based on rare-earth metals using
PIM technology.

Since this method is expedient for the production of
large batches of products, it is possible to use additive
manufacturing technologies to develop processes and
obtain unique magnets on a laboratory scale. The results
of using the selective laser melting method to create
magnetic systems based on several materials have
already been obtained [15]. The main disadvantage
of selective laser melting is the cost of PM printing
equipment, as well as high requirements as to the purity
and size distribution of initial powders. The main
competitor of this technology is stereolithography,
which is successfully used to create ceramics by
printing photopolymers highly filled with ceramic
powders [19]. The process of adding the powder
composition into the photopolymer, which is similar to
the processes that take place during the preparation of
granulates for PIM technology, can be performed using
different methods for mixing the starting materials. Due
to the high fluidity of photopolymers, this process does
not require heating [20].

The aim of the present study is to investigate the
microstructure and magnetic properties of powders
based on strontium hexaferrite and permanent magnets
obtained using PIM technology.
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EXPERIMENTAL METHOD

Strontium hexaferrite powder was produced by solid-
phase synthesis. At the first stage, initial components
comprising hematite and strontium carbonate with
a purity no less than 99.5 wt % were mixed in the
Turbula mixer of the Techno-Center company (Russia),
after which the synthesis of the required phase of
strontium hexaferrite was carried out at 1200°C for
5 h. The obtained powder was milled in a planetary ball
mill (Techno-Center, Russia) for at least 5 h. Control of
the average size of powder compositions was carried
out using an Analysette 22 MicroTec plus laser particle
size analyzer (Fritsch, Germany). Analysis of magnetic
properties of powder compositions was carried out
using a VSM-250 vibromagnetometer (Changchun,

China), which can analyze materials in fields
upto2 T.
The obtained strontium hexaferrite powder

compositions were processed into a granulate to which
a binder based on paraffin, polyamide, and additional
technological additives was added manually and
using an industrial granulator. Compacting of
granulates was carried out on a thermoplastic
automatic machine at the softening temperature of
the binder. Investigation of the presence of internal
defects of green parts was carried out using the
tomography method.!

Removal ofthe primary paraffin-based binder from the
intermediate parts was carried out by solution debinding
methods. Acetone, hexane, and perchloroethylene
(Ekos-1, Russia) were used as the main solvents.
The change in the mass of parts and the amount of
removed binder during debinding was determined
using M-ER 123 ACFJR-600.01 Sensomatic TFT scales
(Mertech Equipment, South Korea).

Sintering of the following intermediate parts, which
are referred to as brown body samples, was carried
out in an oxidizing environment in a PMV-1600p
muffle furnace (Bossert, Russia) at a temperature not
lower than 1210°C for 2 h. After binder removal and
sintering, the samples had the shape of a parallelepiped
with dimensions of 10 x 10 x 5 mm. The density of
magnets after sintering was determined using a helium
pycnometer (Micromeritics, USA).

The microstructure of the strontium hexaferrite
powders, granulate, intermediate parts and sintered
magnets was analyzed using TM-3000 scanning

the binder are trade secrets and cannot be published in the article.
2 https://rigaku.com/. Accessed March 11, 2025.
3 https://www.icdd.com/pdf-2/. Accessed March 11, 2025.

electron microscope (SEM) by Hitachi (Japan)
and FEI quanta 200 F Feg 250 SEM (FEI, USA)
with EDAX energy dispersive analyzer (Octane
Elect, USA). Phase analysis was performed using
a DRON-4 X-ray diffractometer (Burevestnik,
Russia). Processing and analysis of the obtained
data was carried out using a PDXL specialized
software package (Rigaku?) and PDF-2 database’.
Quantitative phase analysis was performed using
the Rietveld method. Magnetic hysteresis loops of
permanent magnet samples were measured using
a MN-50 hysteresisgraph (Walker Scientific Inc.,
USA). Chemical analysis of the samples was
performed using an iCAP 6300 inductively coupled
plasma atomic emission spectrometer (7hermo Fisher
Scientific, USA). A LECO SC844 carbon and sulfur
analyzer (USA) was used to study the contamination
of permanent magnets with organic binder.

RESULTS AND DISCUSSION

According to the SEM analysis, the particle sizes of the
powder, which passed the synthesis stage at 1200°C for
5h, do not exceed 3—4 um; the particles themselves often
have the shape of hexagonal prisms (Fig. 1). However,
in the process of high-temperature synthesis, sintering
of the powder occurred with the formation of large
agglomerates.

Rl £ 7D | 3.00 kV | 3.0 | 2000 x | 128 um [20.5 mm

Fig. 1. Strontium hexaferrite microstructure
after sintering during 5 h at temperature of 1200°C

The names and manufacturers of the industrial pelletizer, thermoplastic automatic machine, tomograph, as well as the name and properties of

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(3):264-275 267


https://rigaku.com/
https://www.icdd.com/pdf-2/

Formation of the microstructure and properties of strontium hexaferrite

magnets using powder injection molding

Bogdan D. Chernyshev,
Igor V. Schetinin

Since the use of the obtained material for obtaining
products by PIM and stereolithography methods
is impossible due to the obvious coarseness of the
particles, their size should be reduced. For this purpose,
fine grinding of the obtained materials was carried out.
A snapshot of the microstructure of strontium hexaferrite
powder after fine grinding is presented in Fig. 2.

Fig. 2. Microstructure of strontium hexaferrite
after grinding in a planetary ball mill

The shape of the powder based on strontium
hexaferrite is predominantly splintered as a consequence
of the material grinding process. It was found that
crystallites with sizes less than 1 um were formed during
the grinding process, whose presence in the powder
structure contributes to the achievement of high magnetic
properties [21], which is due to the single-domain
sizes of hexaferrite particles, which are in the range
of 300-600 nm.

The magnetic properties of the strontium hexaferrite
powder composition following fine grinding were as follows:
specific saturation magnetization o, = 70.3 Am?/kg; specific
residual saturation magnetization o, = 37.2 A-m%/kg;
coercive force by magnetization H¥ = 303.9 kA/m
(Fig. 3).

A laser particle analyzer was used to determine that
the average particle size of the powder composition based
on the material of the Sr—Fe—O system was 13.4 pm. The
particle sizes of this powder composition are in the range
from 500 nm to 25 um. Powder with this particle size
distribution is considered as an optimal raw material
for the formation of feedstocks according to the PIM
method. This is due to the fact that powders with sizes
up to 20-25 um can be used to produce granulates with
the required yield parameters on their basis [20]. In this
case, nanosized particles will fill the pores between
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Fig. 3. Hysteresis loop of a strontium hexaferrite powder
after fine grinding for 10 h

large particles. Powders of the obtained granulometric
composition can also be used as a feedstock for the
creation of photopolymers used in 3D printing of
products by stereolithography. The particle size of this
powder composition does not exceed the thickness of the
printing layer, which is predominantly in the range of 20
to 50 um [22, 23].

Figure 4 depicts an SEM image of the granulate
showing particles of strontium hexaferrite powder located
in a polymer matrix based on paraffin and polyamide.
The contrast of light ceramic particles against the dark
background of the binder shows a strong difference
in the atomic numbers of chemical elements of the
substances. From this it may be concluded that there are
quite large areas in the feedstock structure, to which the
powder was hindered in the mixing process. This is due
to the peculiarities of granulate preparation, which was
obtained by manual mixing of initial components.

Fig. 4. Microstructure of granulate consist
of strontium hexaferrite powder
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The tomography results of the green body samples
obtained from strontium hexaferrite are shown in Fig. 5.

(@) (b) (c)

Fig. 5. Tomography of strontium hexaferrite permanent
magnet green body samples with lack of fusion (a, b)
and without defects (c)

In the course of testing the process of obtaining green
parts, the modes of granulate pouring into the mold of
the injection molding machine were changed. Increasing
the pressing pressure* allowed defects from the
intermediate parts to be removed with lack of fusion,
which were formed as a result of non-slip flows of molten
binder of reduced liquid flowability (Figs. 5a and 5b).
Green parts obtained under the modified regime were
characterized by minimal porosity, indicating the
possibility of their further use in order to obtain high-
quality magnets at the final stage of the PIM process.
Here, the magnetic (product of induction B and coercive
force H (BH),,,,, coercive force by induction #, CB and
magnetization H, g[, residual induction B)) and
mechanical properties (tensile strength o, relative
elongation o) will depend solely on the quality of the
initial raw material. SEM images of the microstructure
of the green parts, which were classified by tomography
as having no internal defects, are presented in Fig. 6.

Fig. 6. Microstructure of strontium hexaferrite permanent
magnet green body sample

4

published in the article.

These images show that the microstructure of the
green part inherits the structure of the granulate: while
particles of strontium hexaferrite powder are evenly
distributed in the body of the intermediate part, there are
significant areas to which the powder has not penetrated.
The size of such areas reaches 30—40 pm in diameter. The
presence of this defect is undesirable since the removal
of the primary binder at the next stage of debinding can
lead to the formation of large pores, which can not only
remain in the final product, but also lead to warping and
cracking of parts during shrinkage due to the weakening
of the framework based on the secondary binder, mainly
consisting of polyamide.

In the process of selecting the most effective medium
and parameters for removing polyamide from the
intermediate body samples, a plot of the green part mass
variation was obtained over time, as shown in Fig. 7.
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2 Acetone, 40°C

3 Hexane, 40°C

04 4 Perchloroethylene, 40°C
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Fig. 7. Mass change of strontium hexaferrite permanent
magnet green bodies samples during the debinding process
depending on duration of debinding stage

Based on the obtained dependence, it can be
concluded that the optimal media for removal of the
primary binder are perchloroethylene and acetone.
Nevertheless, it is desirable to accelerate the process of
interaction between the green parts and the solvent by
increasing the ambient temperature up to 40°C. Samples
that underwent the debinding stage in acetone at room
temperature (20°C) contained primary binder at the level
of 1-2 wt % even after 170 h of exposure. In comparison
with the results of works devoted to the study of effective
debinding modes, the use of hexane did not lead to
a positive result: soaking for 100 h allowed removal
of only 4 wt % of the binder [24, 25]. Furthermore,
the solvent interacted actively with the part, which led
to the formation of a white scale on its surface. This is

The nature of the change of granulate pouring modes and the value of increasing pressing pressure are commercial secrets and cannot be

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(3):264-275 269



Formation of the microstructure and properties of strontium hexaferrite

magnets using powder injection molding

Bogdan D. Chernyshev,
Igor V. Schetinin

due to the fact that the dissolution of paraffin in hexane
is a heterogeneous procedure, which is observed at the
phase interface between liquid and solid substances with
possible precipitation [26].

A snapshot of the microstructure of the brown body
sample that was obtained from the green part during
debinding is shown in Fig. 8.
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Fig. 8. Microstructure of strontium hexaferrite permanent
magnet brown body sample

The resulting image shows that the second
intermediate body samples also consist of strontium
hexaferrite powder and organic binder. In contrast to the
structure of the granulates and green parts, the brown
body samples do not contain a primary binder. At this
stage, the secondary binder acts as a framework, which
makes the intermediate parts more brittle. The structure
of the brown part is characterized by the presence of
interconnected open pores necessary to ensure uniform
shrinkage during the sintering stage.

Magnets with the required geometry of 10 x 10 X 5 mm
were obtained by sintering of brown parts based
on strontium hexaferrite. Analysis of the content of
impurities in the samples after sintering showed that
the material was not contaminated with carbon, which
is often included in the parts made of various materials
from the binder: its percentage was 0.014 wt %. This
fact indicates that the binder based on paraffin and
polyamide can be used to create clean materials by
PIM technology.

The density of magnets based on strontium hexaferrite
after sintering was 4.2 g/cm?, which is 80% of the
theoretical value [27]. It is likely that a density close to
the theoretical one can be achieved by using industrial
equipment for mixing powders and organic binder,

which will permit uniform distribution of particles inside
the granulate and green parts.

Magnetic properties of bulk samples based on
strontium hexaferrite powder for the alloy obtained by
PIM technology were as follows: residual induction
B, = 0.12 T; coercive force by induction #, g = 85.7 kA/m;
coercive force by magnetization Hé’[ = 298.4 kA/m.
The magnetization coercive force exceeded the value
established by the requirements of normative and
technical documentation for isotropic permanent
magnets based on barium hexaferrite>. However, the
values of residual induction and coercive force by
induction remained at the level of 70% of the values
specified in the normative and technical literature. An
increase in the level of coercive force can be achieved
primarily by reducing the sintering time of magnets: by
this means, the growth of individual crystallites, which
in this case act as single-domain particles, will be
prevented.

Despite the absence of major defects in the form
of geometry changes or cracks in the parts based on
strontium hexaferrite, the degradation of magnetic
properties compared to the original powder is due to
defects in the microstructure of the parts that have passed
the sintering stage (Fig. 9).

5.0um

Fig. 9. Microstructure of sintered strontium hexaferrite
permanent magnet obtained by PIM technology

The SEM images show that the final product is
represented as a large number of large agglomerates,
which are formed in the process of sintering of fine-grained
single-domain powder. Between the agglomerates, pores
with sizes of about 2—4 pm are noticeable, which could
not be removed during high-temperature processing. The
presence of pores, which negatively affect not only the

5 GOST 24063-80. State Standard of the USSR. Magnetically hard ferrites. Brands and main parameters. Moscow: USSR State Committee

for Standards; 1986. 14 p.
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‘ Fig. 10. X-ray diffraction of strontium hexaferrite permanent magnet obtained by PIM technology

mechanical and functional but also magnetic properties,
can be prevented by preparing the raw material using
sufficient powder quantity (from 4 kg) and industrial
granulators. This problem can also be solved by hot
isostatic pressing, which allows fixing microcracks and
pores to increase the density and mechanical properties
of the parts [28].

It is likely that magnetic parameters of the sintered
product can be further enhanced by reducing the time of
holding the material in the sintering process. This will
prevent the growth of single-domain crystallites and
preserve the structure of the final part to be more similar
to that of the initial raw material.

In the process of studying the phase composition of
magnets after sintering, an additional factor of magnetic
properties reduction was revealed. On the X-ray
diffractogram of the sample of permanent magnet based
on strontium hexaferrite, as shown in Fig. 10, there
are additional lines of hematite Fe,O,, the content of
which in the sample was equal to 2 wt %. The amount
of the main ferromagnetic phase SrFe ,0,, amounted to
98 wt %.

CONCLUSIONS

In the process of studying the microstructure and
magnetic properties of strontium hexaferrite powder,
it was confirmed that the proposed technology used to
obtain this material can be used for manufacturing raw
materials for PIM technology and stereolithography.
The control of intermediate and final parts
obtained by injection molding of granulates highly
filled with ceramic powder led to the conclusion that

the PIM method is a promising technology for the
production of permanent magnets based on strontium
hexaferrite. However, for the industrial implementation
of this method, the granulate production processes will
need to be optimized. This will be realized in further
research through the use of specialized equipment
for granulate production. Industrial equipment for
production of raw materials, which should work
in a continuous mode, requires powder loading in
the amount of 2-3 kg to provide a more uniform
distribution of strontium hexaferrite particles in the
binder based on polyamide and paraffin. Furthermore,
in comparison with the method of manual mixing, the
use of a granulator will eliminate human influence on
the homogeneity of the distribution of powder particles
to obtain a high quality granulate. The sintering mode of
brown parts may also be optimized in order to prevent
the formation of pores and growth of single-domain
particles of strontium hexaferrite. This can be achieved
by lowering the sintering temperature and reducing the
heating rate in the section up to 500°C, during which
the removal of secondary binder and technological
additives takes place.

By developing this process using granulate filled with
strontium hexaferrite powders and solving the above
problems, it will probably be possible to use this material
as a binder for the development of feedstock based on
Sm—Co alloy powders and for the production of grade
KS25 rare-earth permanent magnets.
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Abstract

Objectives. To develop and validate a method for the quantitative determination of 8-methoxypsoralen in a soft dosage form in accordance
with the requirements of the State Pharmacopoeia of the Russian Federation, 15th edition, and the Pharmacopoeia of the Eurasian
Economic Union.

Methods. Quantitative determination of 8-methoxypsoralen was performed by high-performance liquid chromatography
on a Chromaster 5000 (Hitachi, Japan) with a diode array detector. Chromatography was performed on a Kromasil EternityXT-5-C18,
5 um, 250 x 4.6 mm column in isocratic mode with a mobile phase of acetonitrile/water in a ratio of 50 : 50% (v/v). The flow rate was
1.0 mL/min, while the detection wavelength was 250 nm.

Results. The optimal condition for the extraction of 8-methoxypsoralen was found to be ultrasonic gel extraction at 40°C for 15 min
using acetonitrile. The best peak resolution of 8-methoxypsoralen was achieved during gel analysis at 250 nm using a reversed-phase
sorbent with an octadecyl phase (C18) grafted onto silica gel. The acetonitrile/water mixture was used as a mobile phase in a volume ratio
of 50 : 50% to minimize chromatography time while maintaining optimal resolution. From the validation procedures, it was confirmed
that the method is specific, linear (R2 > 0.997) and reproducible (relative standard deviation was <3.0%). The accuracy of the analytical
method was from 98.26% to 101.02%, while the values of the detection and quantitative determination limits were 0.006 and 0.020 pg/
mL, respectively. The developed quantitative determination method demonstrated its stability when varying as the column temperature
and flow rate by £5%.

Conclusions. As effectively implemented using the high-performance liquid chromatography method, the method for quantitative
determination of 8-methoxypsoralen has a number of advantages over the previously described methods, including reduced analysis time,
as well as increased sensitivity and effectiveness, which makes it possible to apply the developed method in assessing the quantitative
content of 8-methoxypsoralen in a soft dosage form—gel for the treatment of psoriasis.
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AHHOTauus

Leas. Pa3zpaboTka 1 Bamuganusi METOAMKN KOJIMYECTBEHHOTO OIPEJSNICHUs 8-METOKCHIICOPAJICHA B MSTKOW JIEKapCTBEHHOH (opme
B coOTBeTCTBHH C Tpebosanmsamu ['ocynapereennoit @apmakonen Poccniickoit ®enepannu XV m3nanus u Gapmaxornen EBpasuiickoro
HKOHOMHYECKOI'O COH03a.

Mertoabl. KomrdecTBeHHOE OIpEe/ieHHe 8-METOKCHIICOPAICHa MPOBOIMIN METOIOM BBICOKOA(D(GEKTHBHON KHUAKOCTHOH XpOMaro-
rpadun Ha npudope «Chromaster 5000» (Hitachi, SInonus) ¢ AMOAHO-MATPUIHBIM AETEKTOpPOM. XpoMarorpadupoBaHue BHITIOTHSIIH
Ha kononke Kromasil EternityXT-5-C18, 5 mkm, 250 X 4.6 MM B H30KpaTHIECKOM PEXUME C MOJIBIDKHOW (ha30i aleTOHUTPHI/BOAA
B cooTHomreHnu 50 : 50% (06/06). CxopocTh moTOKa cocTaBisiia 1.0 MiI/MUH, JUIMHA BOJHBI AeTEKTHPOBaHUS — 250 HM.

Pesyinbrarbl. YCTAHOBIICHO, YTO SKCTPAKIMS aKTHBHOTO BEIECTBA M3 IeJis 1OA AeiicTBUEM yabTpa3Byka npu Temneparype 40°C B Te-
yeHue |5 MMH ¢ MCTIONB30BAHUEM allETOHUTPUIIA SBIISIETCS HAOoJIee ONTUMAIIBHBIM YCIIOBHEM JJIs U3BJICUCHHS 8-METOKCHIICOPAJICHA.
Hawnyymee nukoBoe pasperieHne 8-MeTOKCHIICOpaieHa ObII0 JOCTUTHYTO MPH aHAJM3€ Tels Ha AJIHHE BOJIHBI 250 HM ¢ IIOMOIIBIO 00-
pameHHo-(ha3oBoro copbenTa ¢ okTanenunbHoH hasoi (Cg), TPUBATON K cunukaremo. Mcrnonp30Banue B KA9€CTBE MOBIKHOH (ha3bl
CMECH alleTOHUTPHI/BoAa B 00beMHOM cooTHommeHnH 50 : 50% mo3Bonuno o6ecrednTs MUHIMAIBHOE BPEMsI XPOMATOTpapUpOBAHHS
[PH COXPAHEHUH ONTHUMAJIBLHOTO pa3pereHus. [1o JaHHBIM BalIUIALHMOHHBIX IIPOLEIYP YCTABICHO, YTO METOIMKA CrieHU(UYHA, JIHHEH-
Ha (R% > 0.997) 1 Bocpon3BoaNMa (OTHOCHTETBHOE CTAHAAPTHOE OTKIOHEHHE cOCTaBMIO < 3.0%). TOYHOCTh aHATUTHYECKOH METOH-
ku coctaBmia oT 98.26% mo 101.02%, a 3HaueHns mpenenoB oOHapykeHust 1 konudecTBeHHoro onpeaenenus — 0.006 u 0.020 Mxr/mn
COOTBETCTBEHHO. Pa3paboTaHHasi METOANKA KOJIMYECTBEHHOTO ONPE/ICIICHHS TI0Ka3alia CBOK0 yCTOWYMBOCTb ITPH BapbHPOBAHUM KaK TeM-
nepaTtypsl KOJOHKH, TaK U CKOPOCTH MOTOKA Ha +5%.

Bb1BobI. MeTO/IMKa KOJIMYECTBEHHOTO ONpe/ieIeHNs 8-MeTOKcHIIcopasieHa Oblta 3 (pEeKTHBHO pealn30BaHa C UCTIONb30BAHUEM METO/A
BBICOKOI()()EKTHBHON KUAKOCTHONH XpoMarorpaduu 1 o0IagaeT psaaoM NPEUMyYIIECTB MO CPABHEHHIO C PaHee OMMUCAHHBIMU METO/IH-
KaMH. DTH NPEUMYIIECTBA 3aKII0YalOTCs B COKPAIICHUM BPEMEHM aHAJIN3a, YBEIMYCHHH YyBCTBUTEIBHOCTH M 3(P(EKTHBHOCTH, YTO
M03BOJIAET MPUMEHATH Pa3pabOTaHHYIO METOMKY JUIs OLIEHKH KOJTMYECTBEHHOTO COJAEPKaHUs 8-METOKCHIICOpaNeHa B MATKOI Jekap-
CTBEHHOH (opme — resie MpH JIeYeHUH copuasa.

KnioueBble cnosa Moctynuna: 31.10.2024
8-MeTokcuncopaneH, MmerokcaieH, 8-MOII, msarkas gekapcTBeHHAs Gpopma, Telb, Aopa6oTaHa: 15.01.2025
KOJTMYECTBEHHOE OTpeeNIeHNE, BEICOKOI(D(hEKTHBHAS KUIKOCTHAS XpoMaTorpadus, NpuHsita B neyats: 03.04.2025
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INTRODUCTION

Psoralenes are natural furanocoumarins found in
medicinal plants such as Psoralea corylifolia L., Ficus
carica L. and Ficus petiolaris L., Ammi majus L.,
and Heracleum sosnowskyi L. They have found
wide application in photochemotherapy (Psoralen
UltraViolet A (PUVA)), which uses psoralen as
a photosensitizer combined with ultraviolet radiation
in the 320—400 nm wavelength region [1]. Indications
for phototherapy include epidermal diseases such
as atopic dermatitis [2], psoriasis [3], vitiligo [4],
photodermatoses, mycosis fungoides [5], and diseases
due to deep cutaneous lesions (e.g., scleroderma).

The most commonly used photosensitizer when
taking this approach is 8-methoxypsoralen (8-MOP).
Considered one of the best generators of singlet
oxygen and superoxide radicals among psoralens [6],
8-MOP is activated by ultraviolet radiation (UV) to
form pyrimidine compounds inside cells (Fig. 1). After
intercalating one psoralen molecule into the DNA
double strand, one photon of light is absorbed under UV
irradiation, followed by binding of a thymine base and
absorption of an additional photon of light, binding of
another thymine base, and so on. DNA-psoralen cross-
linking inhibits DNA replication and causes cell cycle
arrest [7]. This induces a number of antipolyferative,

antiangiogenic, apoptotic and immunosuppressive
effects [8].
0
/ NH uv
o SN
O (6] N (0]
8-MOP Thimine

Photoadduct

Fig. 1. Chemical structure of 8-MOP
and its photoaddition to DNA

In studies comparing the efficacy of treatment
methods, oral administration of PUVA solution
was found to be more effective than parenteral
administration [9]. However, gastrointestinal side
effects, psychiatric disorders, optic nerve damage,
and increased risk of melanoma and squamous cell
cancer are possible [10]. Furthermore, 8-MOP is
virtually insoluble in water and thus exhibits uneven
absorption from the gastrointestinal tract, including
inter-subject variability in plasma concentration [11].
Hence, the proposed topical therapy of 8-MOP
is a more effective approach to enhance the
bioavailability of the drug.

Various delivery systems designed to ensure
the required Ilevel of resorption of 8-MOP,
such as niosomes [12], nanoemulsions [13],
microemulsions [14], and solid lipid nanoparticles [15],
have been previously prepared and investigated
to improve the transdermal penetration of 8-MOP.
Conventional dosage forms such as ointments, creams
and gels can be used as a carrier for 8-MOP nanosystems
for topical application.

In addition to the necessity for research on the
selection of drug delivery systems, it is important to
develop and validate analytical techniques for detecting
and quantifying 8-MOP content in soft dosage forms.
High performance liquid chromatography (HPLC)
equipped with a spectrophotometric detector, such as
the Diode Array Detector (DAD), is one of the most
commonly used quantification methods due to its
versatility and ease of use [16, 17].

HPLC, namely its reversed-phase variation, is the
simplest and most sensitive method for the quantification
of 8-MOP, based on the peculiarities of its structure and
physicochemical properties. Various parameters for
instrumental analysis of 8-MOP have been described
in the literature. Pitzanti ef al. used a chromatograph
with fluorescence detector at wavelengths of 317 and
445 nm. The analysis was an isocratic elution on an
X Terra RP18 column (3.5 um, 4.6 x 100 mm, Waters,
USA). The mobile phase used was water, methanol
and acetonitrile in a volume ratio of 40 : 40 : 20.
Mahmoud et al. performed detection using UV detector
to determine the 8-MOP content [18]. The researchers
selected the conditions for the determination of 8-MOP
on ACE® C18 column (5 pm, 4.6 x 150 mm, Advanced
Chromatography Technologies, United Kingdom) in
isocratic elution mode with methanol/water mobile
phase in the volume ratio of 60 : 40. Detection was
performed at a wavelength of 300 nm. Ageev et al.
proposed a technique using a spectrophotometric
detector [19]. This approach used a Symmetry Shield
C18-RP column (5 um, 250 x 4.6 mm, Waters, USA)
with a mobile phase consisting of phosphate buffer with
pH 5.6 and acetonitrile in a volume ratio of 50 : 50, and
detection was performed at a wavelength of 285 nm.
Kulikov et al. modified the previously described
technique and used an acetonitrile/water system in
a volume ratio of 50 : 50 as the mobile phase [20].
Barradas et al. used a chromatograph with UV detector
and a NovaPak C18 column (150 x 3.9 mm, Waters,
USA) [13]. The mobile phase was water and methanol
in the ratio of 65 : 35. Detection was performed at
a wavelength of 300 nm.

These methods have a number of disadvantages:
the use of salt buffers in the mobile phase can lead to
an increase in the working pressure of the equipment
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and, accordingly, additional efforts to maintain the
performance of the device. An additional disadvantage
pertains to the use of methanol, which belongs to the
group of particularly dangerous poisons and is under strict
control and accounting. For this reason, the development
of new analytical techniques for the determination of
8-MOP is still an urgent task'.

Thus, the aim of the present study the development
and validation of a new, more accurate, reproducible,
selective, stable, highly sensitive methodology for the
determination of the quantitative content of 8-MOP in
a soft dosage form of the gel used in psoriasis therapy.
In this case, the analytical methodology and validation
procedures was carried out in accordance with the
guidelines of good manufacturing practice and in
compliance with the recommendations of the rules of
production and quality control of medicines? and the
15th Edition of the State Pharmacopoeia of the Russian
Federation®.

MATERIALS AND METHODS

Reagents and materials

Inthe study to determine the quantitative contentof 8-MOP
in soft dosage form, 8-MOP substance (Henan Tianfu
Chemical Co., China) was used, as well as the following
reagents: acetonitrile (highest purity, Cryochrom,
Russia), water for chromatography (deionized water
with electrical conductivity >0.18 mOhm/m).

Table 1. Composition of gel with 8-MOP

The object of the study was a laboratory sample in the
form of a gel with 8-MOP (hereinafter, “the gel”), whose
composition is presented in Table 1.

Equipment

For sample preparation, Pioneer PA214C electronic
analytical scales (China) were used. Preparation
of water for chromatography was carried out using
a Vodoley-M water deionizer (Khimelektronika, Russia).
The studied samples were prepared using an ultrasonic
bath (Sapfir, Russia). The study was carried out using
a Chromaster 5000 chromatograph (Hitachi, Japan),
equipped with a PUMP Chromaster 5160 universal
pump module, 5430 Diode Array detector,
5310 Column Oven column thermostat and automatic
dosing device, 5260 Autosampler. Control and data
processing were carried out using the MultiChrome
version 3.4 software®.

Statistical processing of the results was carried
out in accordance with General Pharmacopoeia
Article (GPA) 1.1.0013.15 “Statistical processing of
chemical experiment results™ using Microsoft Office
Excel 2016 software.

Chromatography conditions

The chromatographic analysis conditions and
chromatographic system suitability requirements are
presented in Table 2.

Components Manufacturer Concentration, wt %/wt
8-Methoxypsoralen Henan Tianfu Chemical Co., China 0.67
Clove oil Naturalnye masla, Russia 7.95
Pluronic F68 Sigma-Aldrich, USA 1.06

Hydroxyethyl cellulose 250 HHX

Natrosol™ 250 G PHARM, Ashland,

1.4

Purified water
(PA.2.2.0020)

88.92

1 https://regulation.cacunion.org/upload/iblock/4ec/jsw9jphfil xvwlfovtdotsb8y21z5322/ria_30062017 mdoc.pdf/. Accessed March 11, 2025.
2 https://meganorm.ru/Data2/1/4293828/4293828749.pdf/. Accessed March 11, 2025.

March 11, 2025.

https://pharmacopoeia.ru/wp-content/uploads/2016/11/0OFS.1.1.0013.15-Statisticheskaya-obrabotka-rezultatov-eksperimenta.pdf.

https://pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/1/1-1/validatsiya-analiticheskikh-metodik/. Accessed March 11, 2025.

https://multichrom.ru/documentation/manuals/. Accessed March 11, 2025.

Accessed
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Table 2. Chromatographic parameters

Parameter

Value

Kromasil EternityXT-5-C18, 5 um, 250 x 4.6 mm,

Column (Nouryon, No. X05CLA25)

Elution Isocratic

Mobile phase Acetonitrile : water (50 : 50% v/v)

Flow rate 1.0 mL/min

Temperature of column 25°C

Detection wavelength 250 nm

Injection volume 20 uL

Run time 10 min

System suitability requirements
Number of theoretical plates (V) At least 5000
Relative standard deviation (RSD) At least 3.0%
Asymmetry Factor (As) 0.8<As<1.5

Sample preparation methods

8-MOP reference standard sample solution
(0.67 mg/mL)

67.0 mg (exact weighing) of 8-MOP substance was
placed in a 100-mL volumetric flask, dissolved in
acetonitrile, brought to the mark with the same solvent,
and mixed.

8-MOP standard sample solution
(0.067 mg/mL)

1.0 mL of the initial solution of 8-MOP standard sample
was taken into a 10-mL volumetric flask, dissolved in
acetonitrile, brought to the mark with the same solvent,
and mixed. The resulting standard sample solution was
filtered through a 33-mm Millipore Millex-HN Nylon
0.45 um syringe filter (Merck Millipore, Germany) and
transferred to a chromatographic vial.

Gel solution (10 mg/mL)

1.0 g (exact weighing) of gel was placed in a 100-mL
measuring flask, 85 mL of acetonitrile was added;
following treatment with ultrasound for 30 min,
the volume of the solution was brought to the mark
with acetonitrile. The resulting solution was filtered
using a 33-mm Millipore Millex-HN Nylon 0.45 pm
syringe filter and transferred to a chromatography
vial.

Course of analysis

To determine the quantitative content of 8-MOP in the
gel, sequential chromatographic analysis of the working
solution of 8-MOP standard sample (at least 5 times) and
the gel solution injected in triplicate was carried out.

Calculations

The content of 8-MOP (Cg y qp> mg/g) in the soft dosage
form was determined according to formula (1).
c ~ Sgel “dgmop Vsts, 1100-P
8-MOP g -100-10-a,, -100
8-MOP Agel
_ Sgel “ag vop 1100+ P _
Ss-mop +100-10- a,; -100

(M

Sgel *agmop P
Sg_MoP A -1000

where Sg ,;opand Sge ar€ average values of 8-MOP peak
areas on chromatograms of 8-MOP standard sample
solution and gel solution, respectively; ag \qp is the
8-MOP standard sample weight, which was used to
prepare a stock solution of 8-MOP standard sample, mg;
Vs 1 the aliquot of the stock solution of 8-MOP
standard sample used for final dilution, mL; e is gel
weight, g; P is a content of the main substance in the
standard sample, %.
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Method validation
Specificity

The specificity of the methodology for the quantification
of 8-MOP in the gel was proved by comparing the
chromatograms obtained by analyzing the solvent
(acetonitrile), 8-MOP standard sample solution and gel
solution.

Linearity and analytical domain

The linearity and analytical range of the methodology
for the quantification of 8-MOP was established using
8-MOP standard sample solutions with concentration
levels of 80%, 90%, 100%, 110%, and 120% of the
nominal loading. The solutions were prepared by
diluting the stock solution with a concentration of
0.67 mg/mL. The analysis was carried out in threefold
repetition. According to the obtained results, a graph
of the dependence of the peak area of 8-MOP on
concentration was plotted. Using the mathematical
dependence, the linear regression was calculated, and
the correlation coefficient was determined (R?).

Limit of detection and limit of quantification

As recommended by the State Pharmacopoeia, the limit
of detection (LOD) and limit of quantification (LOQ)
were determined by the ratio of analytical signal height
to noise level. These parameters are determined using
equations (2) and (3), respectively:

LOD:M.C’ (2)
H

10-h

LOQ = C, (3)

where £ is the background noise level, H is the
8-MOP peak height, C is the 8-MOP solution
concentration.

Correctness

The correctness of the method was evaluated by the
additive method by analyzing 9 individually prepared
solutions of 8-MOP standard sample with concentration
levels of 80%, 100%, 120% of the nominal loading in
three repetitions each. The solutions were prepared
by diluting the stock solution (concentration
0.67 mg/mL).

According to the results of the analysis, the response
factor (RF) was calculated by formula (4).

__experimental value

RF -100% . (4)

real value

Based on the nine calculated values of the response
factor, the relative standard deviation (RSD) and confidence

interval were determined using equations (5) and (6),
respectively.

RSD =——-100% )

xav

where s is the standard deviation of the measurement
series and x,, is the average value of the variable being
changed.

P

N (6)

where #(P, f) is the tabular value of Student’s
criterion at P (confidence level) = 95%, f (number of
degrees of freedom) = §; s is the standard deviation
of the measurement series; n is the number of
measurements.

Precision (repeatability)

To assess the precision (repeatability) of the methodology,
we used a variant in which we prepared six solutions of
8-MOP standard sample with a concentration level of
100% of the nominal loading (the preparation procedure
is described in the Linearity section).

According to the results of measurements, the
relative standard deviation of peak areas of 8-MOP was
calculated by formula (5).

Intra-laboratory (intermediate) precision

To assess the intra-laboratory precision of the
methodology, six solutions of 8-MOP standard sample
were prepared each with a concentration level of 100%
of the nominal loading (the preparation procedure
is described in the Linearity section). Two chemists
analyzed the prepared solutions through a complete
analytical procedure from sample preparation to results
on different days.

From the measurements of each of the two analytical
sessions, the relative standard deviation of the 8-MOP
peak areas was calculated using formula (5). Fisher’s
criterion () for two analytical sessions was calculated
by formula (7).

F=2L )

where s? are dispersions of the first and second series of
measurements.

Stability

To assess stability, a solution of 8-MOP standard sample
was prepared with a concentration level of 100% of
the nominal loading (the preparation procedure is
described in the Linearity section). The solution was
chromatographically analyzed at column temperatures
differing by +5% from the temperature stated
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in the methodology, i.e., at 23.5 and 26.5°C, respectively.
The flow rate was also varied by 5% from the value
stated in the method.

The relative standard deviation of the peak areas
of 8-MOP at different chromatography conditions was
calculated from the results of measurements according
to formula (5).

RESULTS AND DISCUSSION

Development of a quantitative
determination methodology

Despite the many techniques already developed and
validated for the quantification of 8-MOP, previous
studies have not provided evidence of the reproducibility
and performance of these approaches during routine
laboratory analysis.

When developing the methodology for quantitative
determination of 8-MOP in soft dosage form by HPLC,
several variants of chromatographic columns differing
in the type of filler were used. The low solubility of
the detected substance in aqueous media was taken
into account during the selection of the stationary
phase to indicates the preferable use of sorbent with
octadecyl phase (C,) grafted to silica gel [21]. Since
the properties of the stationary phase can change over
time during use or simply storage [22], two columns
with similar stationary phase characteristics were
used in the development process: a Luna C18(2)
5 pm, 250 x 4.6 mm column (Phenomenex, USA) and
a Kromasil Eternity XT-5-C18, 5 pum, 250 x 4.6 mm
column. From the evaluation of the suitability of
the chromatographic system, the efficiency of the
Luna C18(2) column was found to be 1400 theoretical
plates, which did not meet the suitability requirements
for the chromatographic system. Since the Kromasil
EternityXT-5-C18  column demonstrated higher
efficiency (15000 theoretical plates) under otherwise
identical conditions, it was selected as the primary
column for the analytical methodology for the
quantification of §-MOPs.

Further, the effect of introducing acetonitrile and
methanol as an organic modifier into the mobile phase
was evaluated. The use of acetonitrile resulted in
optimal resolution in a short period of time (less than
10 min), while the use of methanol as a component of
the mobile phase caused a change in the asymmetry
of the peak of the detected substance, which does
not meet the requirements of the suitability of the

chromatographic system. In the course of further
studies, we varied the volume content of acetonitrile
in water for chromatography in the range of 20-50%
due to the insufficient dissociation of the lower water
content in the silanol groups [23]. Eluents with higher
water content (more than 50%) cause dehydration
of the stationary phase [24]. Under these conditions,
a hydrocarbon film formed due to dispersion
interactions between the alkyl groups of the stationary
phase becomes stronger than when interacting with
the eluent, which actually blocks the interaction of
the synol groups with 8-MOP. Optimal sensitivity
and resolution were achieved at an acetonitrile/water
ratio of 50 : 50% (v/v) and a mobile phase flow rate of
1.0 mL/min.

Evaluation of the electronic absorption spectrum of
8-MOP (Fig. 2) using DAD, showed that the maximum
response is observed at absorption of radiation with
a wavelength of 250 nm.

[N
(=]

Absorption, a.u.
s

220 240 260 280 300 320 340 360 380 400
Wavelength, nm

‘ Fig. 2. Spectral analysis of 8-MOP

Method validation

Validation of the method was performed in accordance
with GPA.1.1.0012.15 “Validation of Analytical
Methods™® and the document “Guide for Validation of
Analytical Methods™’ for the following characteristics:
specificity, LOD, LOQ, linearity, analytical range,
correctness, repeatability (convergence), intra-laboratory
(intermediate) precision.

Specificity

To assess the specificity of the methodology for the
quantification of 8-MOP, the following model samples
were analyzed: solvent (acetonitrile), 8-MOP standard
sample solution and gel solution.

The chromatograms of the solvent (Fig. 3), 8-MOP
standard sample solution (Fig. 4), and gel solution
(Fig. 5) are as presented below.

In the chromatogram of the blank sample (solvent),
there are no peaks with retention times corresponding

6 https:/pharmacopoeia.ru/ofs-1-1-0012-15-validatsiya-analiticheskih-metodik/. Accessed March 11, 2025.

7 https://regulation.eacunion.org/upload/iblock/4ec/jsw9jphfilxvwlfOvtdotsb8y21z5322/ria_30062017 mdoc.pdf/. Accessed March 11, 2025.
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Fig. 3. Chromatogram of solvent
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Fig. 4. Chromatogram of reference standard 8-MOP solution
(0.067 mg/mL)
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Fig. 5. Chromatogram of gel solution (10 mg/mL)

to a retention time of 8-MOP that could interfere with
the determination of the analyte. The retention time of
8-MOP on the chromatogram of the standard sample
solution (Fig. 4) is identical to that of the analyte
peak on the chromatogram of the gel solution (Fig. 5).
Thus, it is experimentally confirmed that the presence
of accompanying components and impurities does
not affect the analytical result and the technique is
specific.

LOD and LOQ

The LOD of 8-MOP was 0.006 pg/mL and the LOQ
was 0.02 pg/mL, allowing qualitative and quantitative
compositional evaluation of samples with low analyte
content.

Linearity and analytical domain

To confirm the linearity of the developed methodology,
chromatography of 8-MOP standard sample solutions
was performed with concentration levels of 80%, 90%,
100%, 110%, and 120% of the nominal value of 8-MOP
concentration in the standard sample solution (Table 3).
Solutions of each concentration level were analyzed in
triplicate.

Table 3. Linearity parameters

Concentration, % (éc_)ll\l/[c gll)friiig(;nmif Peak area, mAU's

5.36 2732.56

80 5.36 2712.03

5.36 2756.31

6.03 3074.36

90 6.03 3098.33

6.03 3058.87

6.7 3436.12

100 6.7 3415.33

6.7 3485.13

7.37 3757.21

110 7.37 3788.99

7.37 3741.22

1.2 4098.22

120 1.2 4134.12

1.2 4107.84
Slope 514.15
ey i
Linear correlation (R?) 0.9979

Based on the results obtained, a calibration plot
of the dependence of the peak area of 8-MOP on
the concentration of §-MOP in the standard sample
solutions was constructed (Fig. 6). Linear regression
was calculated using the mathematical dependence.
The correlation coefficient was 0.9979, which indicates
a linear relationship between concentrations and peak
area values of 8-MOP.
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| Fig. 6. Linear calibration curve

Correctness

To confirm the correctness of the methodology, nine
solutions were analyzed: three solutions having
a concentration level of 100% of the nominal value
of 8-MOP concentration in the standard sample
solution and three solutions each with a concentration
level limiting the linear range of the methodology,
i.e., 80% and 120% of the nominal value of 8-MOP
concentration in the standard sample solution,
respectively (Table 4).

Table 4. Accuracy parameters

The average value of the method opening parameter
used to evaluate the correspondence between the results
obtained with this analytical technique and the value
taken as true was 99.42%. All values of the response
factor are in the range of 95-105%, corresponding
to the limits required in the 15th Edition of the State
Pharmacopoeia of the Russian Federation.

Precision (repeatability)

The intra-laboratory precision of the 8-MOP
quantification technique was determined by analyzing
six similar solutions of 8-MOP standard sample at the
same concentration but on different days and by two
chemists (Table 5).

Precision was assessed by processing the
experimental data obtained during two analytical
sessions by calculating the relative standard deviation
of the concentrations found. The relative standard
deviation of the 8-MOP peak area for each analytical
session conducted on different days, by different
chemists, was <3.0%. The statistical equivalence of the
results obtained from the two analytical sessions of the
results was assessed by calculating Fisher’s criterion

Concentration, % Amount taken, mg/mL Peak area, mAU-s Amount found, mg/mL Response, %
80 5.36 2732.56 5.31 99.01
80 5.36 2712.03 5.27 98.26
80 5.36 2756.31 5.35 99.87
100 6.7 3436.12 6.67 99.60
100 6.7 3415.33 6.63 99.00
100 6.7 3485.13 6.77 101.02
120 8.04 4098.22 7.96 98.99
120 8.04 4134.12 8.03 99.86
120 8.04 4107.84 7.98 99.22
Statistical characteristics Results Eligibility criteria
Average, % 99.42 95-105
RSD, % 0.79 <3.0
The upper limit of the confidence interval (P = 95%), % 101.02
100
The lower limit of the confidence interval (P = 95%), % 98.26
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Table 5. Precision parameters

Chemist 1 Chemist 2
No.
Peak area, mAU-s Found concentration, mg/mL Peak areca, mAU-"s Found concentration, mg/mL

1 3426.24 6.65 3455.36 6.71
2 3355.69 6.52 3498.33 6.79
3 3512.67 6.82 3412.85 6.63
4 3478.98 6.76 3512.65 6.82
5 3504.22 6.80 3459.36 6.72
6 3400.25 6.60 3425.22 6.65

RSD, % 1.81 1.13

Fisher’s criterion F' (95; 5; 5) 2.54

(F-test). The value of Fisher’s criterion is less than the
tabulated value of Fisher’s criterion F (95, 5, 5) = 99.01,
indicating an insignificant difference between the results
of the two analytic sessions at 95% confidence level.
Thus, the conducted validation studies demonstrate that
the methodology provides comparable results under the
influence of additional random factors.

Table 6. Robustness parameters

Stability

To assess the stability of the methodology for quantitative
determination of 8-MOP, the standard sample solution was
chromatographed by varying the column temperature by
+5% from the temperature stated in the methodology, i.e.,
at 23.5 and 26.5°C, respectively. The deviation from the
eluent flow rate stated in the method was +5% (Table 6).

Column temperature, °C

Flow rate, mL/min

Peak area, mAU-s

23.5

1.0

3456.51

3524.12

3489.22

25.0

1.0

3512.36

3497.36

3524.98

26.5

1.0

3552.14

3547.56

3485.22

25.0

0.95

3458.69

3541.22

3567.54

25.0

1.05

3478.29

3500.27

3466.88

RSD, %

1.01
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Changes in flow rate and column temperature values
by £5% do not significantly affect the obtained results.
The relative standard deviation of the 8-MOP peak area
on the chromatograms of the standard sample solution of
less than 3.0% meets the requirements of the suitability
of the chromatographic system.

CONCLUSIONS

Thedescribed technique for the quantitative determination
of 8-MOP by HPLC offers a number of significant
advantages over most of the previously described
methods. The use of acetonitrile instead of methanol
as an organic modifier of the mobile phase allows
working in acetonitrile/water mixture at a wavelength
corresponding to the maximum response of the detector
at absorption of radiation by the substance. Elution of the
analyte in the presence of acetonitrile occurs earlier than
in the presence of methanol in the mobile phase. This
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Erratum
McnpaBneHus
https://doi.org/10.32362/2410-6593-2025-20-3-289 )
EDN FJFAXB

Erratum to the article “Production of the recombinant
hemagglutinin protein of the swine influenza
virus A/H1N1 and analysis of its physicochemical

and antigenic properties”
Elena D. Avdonina, Kristina A. Pervoykina, Ludmila V. Verkhovskaya, Dmitriy N. Shcherbinin,
Natalia Yu. Viskova, Irina S. Kruzhkova, Maria A. Ilina, Larisa V. Kudriavtseva,

Lyudmila V. Kolobukhina, Maksim M. Shmarov, Natalya A. Antipyat, Alexander L. Gintsburg,
Igor N. Tyurin

Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(2):107—118. https://doi.org/10.32362/2410-6593-2025-20-2-107-118

Page 110, line 11, instead of:

“The obtained swH1-His gene (full sequence is given in Table 2) was cloned by simple linear iterative clustering
(SLIC) into the shuttle plasmid...”.

should read:

“The obtained swH1-His gene (full sequence is given in Table 2) was cloned by sequence and ligation-independent
cloning (SLIC) into the shuttle plasmid...”.

The original article can be found under https://doi.org/10.32362/2410-6593-2025-20-2-107-118
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