ISSN 2686-7575 (Online)

TOHKWUE
XUMWYECKUE| .
TEXHONOTUWU| chemical

Technologies

I Theoretical Bases of Chemical Technology
| Chemistry and Technology of Organic Substances

| Chemistry and Technology of Medicinal Compounds and Biologically
Active Substances

| Biochemistry and Biotechnology

| Synthesis and Processing of Polymers and Polymeric Composites
| Chemistry and Technology of Inorganic Materials

| Analytical Methods in Chemistry and Chemical Technology

| Mathematical Methods and Information Systems in Chemical
Technology

w%vy.ﬁﬁechellfll- ni
NN o e



ISSN 2686-7575 (Online)

TOHKUE
XUMMWYECKUE|Fine
TEXHONOrUW|-™ <"

Technologies

| Theoretical Bases of Chemical Technology
| Chemistry and Technology of Organic Substances

| Chemistry and Technology of Medicinal Compounds
and Biologically Active Substances

I Biochemistry and Biotechnology

| Synthesis and Processing of Polymers and Polymeric
Composites

I Chemistry and Technology of Inorganic Materials

|Analytical Methods in Chemistry and Chemical
Technology

| Mathematical Methods and Information Systems
in Chemical Technology

Tonkie Khimicheskie Tekhnologii = ToHKHE XUMHUYECKHE TEXHOAOTHH =
Fine Chemical Technologies Fine Chemical Technologies
Vol. 18, No. 3, 2023 Tom 18, Ne 3, 2023

https://doi.org/10.32362/2410-6593-2023-18-3
www.finechem-mirea.ru



https://doi.org/10.32362/2410-6593

Tonkie Khimicheskie Tekhnologii =
Fine Chemical Technologies
2023, Vol. 18, No. 3

The peer-reviewed scientific and technical journal Fine
Chemical Technologies highlights the modern achievements
of fundamental and applied research in the field of fine
chemical technologies, including theoretical bases of chemical
technology, chemistry and technology of medicinal compounds
and biologically active substances, organic substances and
inorganic materials, biochemistry and biotechnology, synthesis
and processing of polymers and polymeric composites,
analytical and mathematical methods and information systems
in chemistry and chemical technology.

Founder and Publisher
Federal State Budget
Educational Institution of Higher Education
“MIREA — Russian Technological University”
78, Vernadskogo pr., Moscow, 119454, Russian Federation.
Publication frequency: bimonthly.
The journal was founded in 2006. The name was Vestnik MITHT
until 2015 (ISSN 1819-1487).

The journal is included into the List of peer-reviewed science
press of the State Commission for Academic Degrees
and Titles of the Russian Federation.

The journal is indexed:

SCOPUS, DOAJ, Chemical Abstracts, Science Index, RSCI,
Ulrich’s International Periodicals Directory
Editor-in-Chief:

Andrey V. Timoshenko — Dr. Sci. (Eng.), Cand. Sci. (Chem.),
Professor, MIREA — Russian Technological University,
Moscow, Russian Federation. Scopus Author ID 56576076700,
ResearcherID Y-8709-2018,
https://orcid.org/0000-0002-6511-7440,
timoshenko@mirea.ru

Deputy Editor-in-Chief:

Valery V. Fomichev — Dr. Sci. (Chem.), Professor,
MIREA — Russian Technological University, Moscow,
Russian Federation. Scopus Author ID 57196028937,
http://orcid.org/0000-0003-4840-0655,
fomichev@mirea.ru

Executive Editor:

Sergey A. Durakov — Cand. Sci. (Chem.), Associate Professor,
MIREA — Russian Technological University, Moscow,
Russian Federation, Scopus Author ID 57194217518,

ResearcherID AAS-6578-2020, http://orcid.org/0000-0003-4842-3283,
durakov@mirea.ru

Editorial staff:
Cand. Sci. (Eng.) Galina D. Seredina
Dr. Sci. (Chem.), Prof. Tatyana M. Buslaeva
Dr. Sci. (Chem.), Prof. Anatolii A. Ischenko
Dr. Sci. (Eng.), Prof. Valery F. Kornyushko
Dr. Sci. (Eng.), Prof. Anatolii V. Markov
Dr. Sci. (Chem.), Prof. Yuri P. Miroshnikov
Dr. Sci. (Chem.), Prof. Vladimir A. Tverskoy
Larisa G. Semernya

Managing Editor
Science editors

Desktop publishing

86, Vernadskogo pr., Moscow, 119571, Russian Federation.
Phone: +7 (499) 600-80-80 (#31288)
E-mail: seredina@mirea.ru

The registration number I Ne ®C 77-74580 was issued in
December 14, 2018 by the Federal Service for Supervision of
Communications, Information Technology, and Mass Media
of Russia.

The subscription index of Pressa Rossii: 36924

ISSN 2686-7575 (Online)

Tonkue XUMHUYECKUE TEXHOJIOTHU =
Fine Chemical Technologies
2023, Tom 18, Ne 3

HayuHo-TexHnueckuil peneHsupyemsiii )KypHasl « ToHKHe Xumu-
YECKHE TEXHOJIOTHID OCBEIAET COBPEMEHHbIE JOCTIKEHNs (QyHIa-
MEHTaJIbHBIX U MPUKIAJAHBIX MCCIEIOBAHUN B 0OMACTH TOHKUX
XHUMHYECKIX TEXHOJIOTHH, BKITFOUAsl TEOPETHUECKHE OCHOBBI XMMHU-
YECKOH TEXHOJOTHH, XUMHIO M TEXHOJIOTHIO JIEKAPCTBEHHBIX
TpernaparoB 1 OHOIOrUYeCKH aKTHBHBIX COETMHEHHH, OpraHN4eCKUX
BEIIECTB M HEOPraHUYECKUX MaTepUaIOB, OMOXUMUIO U OnO-
TEXHOJIOTHIO, CUHTE3 U MepepaboTKy MOIUMEPOB U KOMIIO3UTOB
Ha UX OCHOBE, aHATUTHUECKHE U MAaTEMAaTHYEeCKHUE METO/IbI U MH-
(OpMaLOHHBIE CUCTEMbBI B XUMUH U XMMHYECKOI TEXHOIOTHH.

Yupenureb 1 uU31aresIb
(benepanbHOE TOCYIapCTBEHHOE OFOIKETHOE
00pa3oBaTenbHOE YUPEkKICHUE BBICILET0 00pa30BaHUs
«MUPDA — Poccuiickuii TEXHOTOTHYECKUN YHUBEPCUTET
119454, Pd, Mockaa, np-T Bepnaackoro, 1. 78.
IMepron4YHOCTB: OJMH pa3 B J1Ba MeCAIA.
XKypnan ocHoan B 2006 roxy. [lo 2015 roxa usnasancs
nox HazBanueM «Bectauk MUTXT» (ISSN 1819-1487).

Kypuan Bxonut B [lepeueHnb BeqTymmx peneH3npyeMbIxX
HAy4HBIX 5KypHa10B BAK P®.
HNnpexcupyercsi:

SCOPUS, DOAJ, Chemical Abstracts,

PUHI] (Science Index), RSCI,

Ulrich’s International Periodicals Directory
I'naBHBIi perakrop:

TumolueHKo Anzapeii BceBoAOAOBHY — /1 TH., KX.H.,
nipodeccop, MUPDA — Poccriickuii TEXHOMOTMUESCKUI YHIBEPCHTET,
Mockga, Poccwuiickas deneparst. Scopus Author ID 56576076700,
ResearcherID Y-8709-2018,
https://orcid.org/0000-0002-6511-7440,
timoshenko@mirea.ru

3amecTuTeNb [JIABHOIO PeaKTOpa:
PomuuEB Basepuii BauecaaBOBHY — J1.X.H., podeccop,
MUPDA — Pocculickuil TeXHOIOIH4ecKuii yHuBepcuret, MockBa,
Poccuiickas @eneparms. Scopus Author ID 57196028937,
http://orcid.org/0000-0003-4840-0655,
fomichev@mirea.ru

Beinyckaromuii pexaxkrop:

Hypakor Cepreii AAeKCE€EBHY — K.X.H., JOLCHT,
MUPDA — Poccuiickuii TeXHOIIOTHYECKHN YHHBEPCUTET, MOCKBa,
Poccwniickas denepanmst, Scopus Author ID 57194217518,
ResearcherID AAS-6578-2020, http://orcid.org/0000-0003-4842-3283,
durakov@mirea.ru

Penaknusa:

3aB. pemakuuent
Hayunble penakropsl

k.T.H. [ /. Cepenuna

I.X.H., mpod. T.M. bycmaesa
I.X.H., mpod. A.A. Nmenko
I.T.H., mpo¢. B.®. KopHromiko
I.T.H., ipod. A.B. Mapkos

I.X.H., mpod. F0.I1. MupomHukoB
I.X.H., mpod. B.A. TBepckoit

KomnprorepHas BepcTka JLT. Cemepus

119571, Mockga, mp. Bepuanckoro, 86, od. JI-119.
Ten.: +7 (499) 600-80-80 (#31288)
E-mail: seredina@mirea.ru

Pervcrpanyonsslii Homep u J1ata IpUHSTHSA petieHus o peructpauu CMU:
T Ne ®C 77-74580 ot 14.12.2018 . CMU 3apeructprpoBaHo DenepaibHOi
ciIy>x00ii 10 Han30py B cdepe cBsA3U, HHHOPMALMOHHBIX TEXHOIOTHI 1
MAaccoBbIX KOMMyHHKaLui (PockoMHa30p).

MNupexc no O6wvenunennomy karanory «IIpecca Poccun»: 36924

© MIREA - Russian Technological University, 2023


https://orcid.org/0000-0002-6511-7440
mailto:timoshenko@mirea.ru
http://orcid.org/0000-0003-4840-0655
mailto:fomichev@mirea.ru
http://orcid.org/0000-0003-4842-3283
mailto:durakov@mirea.ru
mailto:mailto:fomichev%40mirea.ru%20?subject=
mailto:seredina@mirea.ru
https://doi.org/10.32362/2410-6593
https://orcid.org/0000-0002-6511-7440
mailto:timoshenko@mirea.ru
http://orcid.org/0000-0003-4840-0655
mailto:fomichev@mirea.ru
mailto:fomichev%40mirea.ru%20?subject=
https://orcid.org/0000-0003-4842-3283
mailto:durakov@mirea.ru
mailto:seredina@mirea.ru

Editorial Board

Andrey V. Blokhin - Dr. Sci. (Chem.), Professor,
Belarusian State University, Minsk, Belarus.

Scopus Author ID 7101971167, ResearcherID AAF-8122-2019
https://orcid.org/0000-0003-4778-5872

blokhin@bsu.by.

Sergey P. Verevkin — Dr. Sci. (Eng.), Professor,
University of Rostock, Rostock, Germany.

Scopus Author ID 7006607848, ResearcherID G-3243-2011,
https://orcid.org/0000-0002-0957-5594,
sergey.verevkin@uni-rostock.de.

Konstantin Yu. Zhizhin — Corresponding Member

of the Russian Academy of Sciences (RAS), Dr. Sci. (Chem.),
Professor, N.S. Kurnakov Institute of General and Inorganic
Chemistry of the RAS, Moscow, Russian Federation.

Scopus Author ID 6701495620, ResearcherID C-5681-2013,
http://orcid.org/0000-0002-4475-124X,
kyuzhizhin@igic.ras.ru.

Igor V. Ivanov— Dr. Sci. (Chem.), Professor,

MIREA — Russian Technological University, Moscow,
Russian Federation.

Scopus Author ID 34770109800, ResearcherID 1-5606-2016,
http://orcid.org/0000-0003-0543-2067,

ivanov_i@mirea.ru.

Carlos A. Cardona — PhD (Eng.), Professor,
National University of Columbia, Manizales, Colombia.
Scopus Author ID 7004278560,
http://orcid.org/0000-0002-0237-2313,
ccardonaal@unal.edu.co.

Oskar I. Koifman— Academician at the RAS, Dr. Sci. (Chem.),
Professor, President of the Ivanovo State University

of Chemistry and Technology, Ivanovo,

Russian Federation.

Scopus Author ID 6602070468, ResearcherID R-1020-2016,
http://orcid.org/0000-0002-1764-0819,

president@isuct.ru.

Elvira T. Krut’ko — Dr. Sci. (Eng.), Professor,
Belarusian State Technological University,

Minsk, Belarus.

Scopus Author ID 6602297257,
ela_krutko@mail.ru.

Anatolii I. Miroshnikov — Academician at the RAS,
Dr. Sci. (Chem.), Professor, M.M. Shemyakin and Yu.A.
Ovchinnikov Institute of Bioorganic Chemistry of the RAS,
Member of the Presidium of the RAS, Chairman of the Presidium
of the RAS Pushchino Research Center, Moscow,

Russian Federation.

Scopus Author ID 7006592304, ResearcherID G-5017-2017,
aiv@ibch.ru.

Aziz M. Muzafarov— Academician at the RAS,

Dr. Sci. (Chem.), Professor, A.N. Nesmeyanov Institute

of Organoelement Compounds of the RAS, Moscow,
Russian Federation.

Scopus Author ID 7004472780, ResearcherID G-1644-2011,
https://orcid.org/0000-0002-3050-3253,

aziz@ineos.ac.ru.

PexaknuoHHas KoJLJIerus

Bnoxun Andpeii Bukmopoeuu — 1.x.H., npodeccop
Benopycckoro rocynapctBeHHOIo yHusepeurera, MuHck, benapyce.
Scopus Author ID 7101971167, ResearcherID AAF-8122-2019
https://orcid.org/0000-0003-4778-5872

blokhin@bsu.by.

Bepéexun Cepezeii Ilempoeuu — 1.T.H., npodeccop
Vuusepcurera 1. Poctok, Poctok, 'epmanns.

Scopus Author ID 7006607848, ResearcherID G-3243-2011,
https://orcid.org/0000-0002-0957-5594,
sergey.verevkin@uni-rostock.de.

2Kuncun KoncmarnmuHr FOpbveeuu — uieH-Kopp.
Poccuiickoii akagemun Hayk (PAH), n.x.H., mpodeccop,
WHcTuTyT 001IIeH U HEOPTaHHUECKONH XUMUU

um. H.C. Kypnakosa PAH, Mocksa, Poccuiickas ®eneparnus.
Scopus Author ID 6701495620, ResearcherID C-5681-2013,
http://orcid.org/0000-0002-4475-124X,
kyuzhizhin@igic.ras.ru.

Heanoe Hzopb Bnadumuposeuu — J1.X.H., ipopeccop,
MUPDA — Poccuiicknii TEXHOJIOTHUECKU YHUBEPCHUTET,
Mocksa, Poccuiickas deneparusi.

Scopus Author ID 34770109800, ResearcherID 1-5606-2016,
http://orcid.org/0000-0003-0543-2067,

ivanov_i@mirea.ru.

Kapoona Kapnoc Apusnwe— PhD, npodeccop
Harmonansroro yausepertera Komym6r, Marmsanec, KomymOwst.
Scopus Author ID 7004278560,
http://orcid.org/0000-0002-0237-2313,
ccardonaal@unal.edu.co.

Koiigpman Ockap Hocugoeuu — akanemux PAH,
JLX.H., ipoheccop, mpe3uaeHT MBaHOBCKOTO FOCYAapCTBEHHOTO
XUMHKO-TEXHOJIIOTHYECKOTO YHHBepcuTeTa, VIBaHORBO,
Poccuiickas deneparus.

Scopus Author ID 6602070468, ResearcherID R-1020-2016,
http://orcid.org/0000-0002-1764-0819,

president@isuct.ru.

Kpymorxo 9nveupa TuxoHoeHa — /1.T.H., mpodeccop
benopycckoro rocynapcTBEHHOIO TEXHOIOTHUECKOTO YHUBEPCHTETA,
Murmnck, bemapyce.

Scopus Author ID 6602297257,

ela_krutko@mail.ru.

Mupowrnuxoe Anamonuii Hearoeuu — akanevuk PAH,
JL.X.H., mpogeccop, MTHCTUTYT OHOOpraHNYeCKOi XUMHU

M. akageMukoB M.M. Illemsikuna u FO.A. OBunaarkoBa PAH,
uaned [Ipesuamyma PAH, npencenarens [Ipesnnnyma
ITymunckoro nayunoro nenrpa PAH, Mocksa,

Poccniickas ®enepanusi.

Scopus Author ID 7006592304, ResearcherID G-5017-2017,
aiv@ibch.ru.

Mysagapoe A3u3 Mancypoeuu — akajemuk PAH,
I.X.H., Iipodeccop, MHCTHTYT 211eMEHTOOpraHMIEeCKUX
coenuaenuit um. A.H. HecmesinoBa PAH, Mockaa,
Poccuiickas denepanus.

Scopus Author ID 7004472780, ResearcherID G-1644-2011,
https://orcid.org/0000-0002-3050-3253,

aziz@ineos.ac.ru.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3)


https://orcid.org/0000-0003-4778-5872
mailto:blokhin@bsu.by
mailto:sergey.verevkin@uni-rostock.de
http://orcid.org/0000-0002-4475-124X
mailto:kyuzhizhin@igic.ras.ru
http://orcid.org/0000-0003-0543-2067
mailto:ivanov_i@mirea.ru
http://orcid.org/0000-0002-0237-2313
mailto:ccardonaal@unal.edu.co.
http://orcid.org/0000-0002-1764-0819
mailto:president@isuct.ru
mailto:ela_krutko@mail.ru
mailto:aiv@ibch.ru
mailto:aziz@ineos.ac.ru.
https://orcid.org/0000-0003-4778-5872
mailto:blokhin@bsu.by
mailto:sergey.verevkin@uni-rostock.de
http://orcid.org/0000-0002-4475-124X
mailto:kyuzhizhin@igic.ras.ru
http://orcid.org/0000-0003-0543-2067
mailto:ivanov_i@mirea.ru
mailto:ivanov_i%40mirea.ru?subject=
http://orcid.org/0000-0002-0237-2313
mailto:ccardonaal@unal.edu.co
mailto:ccardonaal%40unal.edu.co?subject=
http://orcid.org/0000-0002-1764-0819
mailto:president@isuct.ru
mailto:president%40isuct.ru?subject=
mailto:ela_krutko@mail.ru
mailto:ela_krutko%40mail.ru?subject=
mailto:aiv@ibch.ru
mailto:aiv%40ibch.ru?subject=
mailto:aziz@ineos.ac.ru

Ivan A. Novakov — Academician at the RAS,

Dr. Sci. (Chem.), Professor, President of the Volgograd
State Technical University, Volgograd,

Russian Federation.

Scopus Author ID 7003436556, ResearcherID 1-4668-2015,
http://orcid.org/0000-0002-0980-6591,

president@ystu.ru.

Alexander N. Ozerin— Corresponding Member of the RAS,
Dr. Sci. (Chem.), Professor, Enikolopov Institute

of Synthetic Polymeric Materials of the RAS,

Moscow, Russian Federation.

Scopus Author ID 7006188944, ResearcherID J-1866-2018,
https://orcid.org/0000-0001-7505-6090,

ozerin@ispm.ru.

Tapani A. Pakkanen — PhD, Professor, Department
of Chemistry, University of Eastern Finland, Joensuu,
Finland.

Scopus Author ID 7102310323,

tapani.pakkanen@uef fi.

Armando J.L. Pombeiro — Academician at the Academy
of Sciences of Lisbon, PhD, Professor, President of the Center
for Structural Chemistry of the Higher Technical Institute

of the University of Lisbon, Lisbon, Portugal.

Scopus Author ID 7006067269, ResearcherID 1-5945-2012,
https://orcid.org/0000-0001-8323-888X,
pombeiro@ist.utl.pt.

Dmitrii V. Pyshnyi— Corresponding Member of the RAS,
Dr. Sci. (Chem.), Professor, Institute of Chemical Biologyand
Fundamental Medicine, Siberian Branch of the RAS,
Novosibirsk, Russian Federation.

Scopus Author ID 7006677629, ResearcherID F-4729-2013,
https://orcid.org/0000-0002-2587-3719,
pyshnyi@niboch.nsc.ru.

Alexander S. Sigov — Academician at the RAS,

Dr. Sci. (Phys. and Math.), Professor, President

of MIREA — Russian Technological University, Moscow,
Russian Federation.

Scopus Author ID 35557510600, ResearcherID L-4103-2017,
sigov@mirea.ru.

Alexander M. Toikka — Dr. Sci. (Chem.), Professor,
Institute of Chemistry, Saint Petersburg State University,

St. Petersburg, Russian Federation.

Scopus Author ID 6603464176, Researcherl D A-5698-2010,
http://orcid.org/0000-0002-1863-5528,

a.toikka@spbu.ru.

Andrzej W. Trochimczuk — Dr. Sci. (Chem.),
Professor, Faculty of Chemistry, Wroctaw University
of Science and Technology, Wroctaw, Poland.
Scopus Author ID 7003604847,
andrzej.trochimczuk@pwr.edu.pl.

Aslan Yu. Tsivadze — Academician at the RAS,

Dr. Sci. (Chem.), Professor, A.N. Frumkin Institute

of Physical Chemistry and Electrochemistry of the RAS,
Moscow, Russian Federation.

Scopus Author ID 7004245066, ResearcherID G-7422-2014,
tsiv@phyche.ac.ru.

Hoearxoe Hean Anexcanopoeuu — akanemuk PAH,
IL.X.H., ipodheccop, mpe3uieHT Bonrorpaackoro
TOCYIapCTBEHHOTO TEXHUUECKOTO YHUBEpcHUTeTa, Bonrorpar,
Poccuiickas deneparnus.

Scopus Author ID 7003436556, ResearcherID 1-4668-2015,
http://orcid.org/0000-0002-0980-6591,

president@vstu.ru.

O3zepun Anexcandp Hurxugopoeuu — unen-xopp. PAH,
I.X.H., ipodeccop, MHCTUTYT CHHTETHYECKUX

nonumepHbix MarepuanoB uM. H.C. Enuxononosa PAH,
Mocksa, Poccuiickas ®enepanusi.

Scopus Author ID 7006188944, ResearcherID J-1866-2018,
https://orcid.org/0000-0001-7505-6090,

ozerin@ispm.ru.

ITakkanen Tananu— PhD, npodeccop, [enaprament
xumun, YausepcuteT Bocrounoit Gunnsaaun, Noencyy,
Dunngagys.

Scopus Author ID 7102310323,

tapani.pakkanen@ueffi.

ITombetlipo Apmanoo — axaneMuk AKageMHuH HayK
Jluccabona, PhD, npodeccop, npezuaent Lenrpa
CTPYKTYPHOI XMUMHH BBICIIEro TEeXHHIECKOr0 HHCTHTYTa
Yuusepcurera Jluccadbona, [Topryramusi.

Scopus Author ID 7006067269, ResearcherID 1-5945-2012,
https://orcid.org/0000-0001-8323-888X,
pombeiro@ist.utl.pt.

IMeuwunstii Imumpuii Bradumupoeuu — 4nen-kopp.PAH,
I.X.H., mpoeccop, MHCTUTYT XUMUYECKOH OHOIOTHU

n pynnamenTanbHON MeauHbl Cudupckoro otaenenust PAH,
Hoocubupck, Poccuiickas denepanusi.

Scopus Author ID 7006677629, ResearcherID F-4729-2013,
https://orcid.org/0000-0002-2587-3719,
pyshnyi@niboch.nsc.ru.

Cuzoe Anexcandp Cepzeeeuu — akanemux PAH,
I.¢.-M.H., mpodeccop, npezuaeHT MUPOA — Poccuiickoro
TEXHOJIOTHYECKOTO YHUBEpcUTeTa, MOCKBa,

Poccuiickas deneparust.

Scopus Author ID 35557510600, ResearcherID L-4103-2017,
sigov@mirea.ru.

Toilixka Anexcandp Mameeeeuu — 1.x.H., npodeccop,
Hucrutyt xumny, Cankr-IlerepOyprekuii rocynapcTBeHHBIN
yuauBepcuret, Cankr-IlerepOypr, Poccuiickas @enepanus.
Scopus Author ID 6603464176, Researcher ID A-5698-2010,
http://orcid.org/0000-0002-1863-5528,

a.toikka@spbu.ru.

Tpoxumuyr AHOpceil — j1.x.H., ipodeccop,
Xumuueckuii pakyasTeT BpoIyiaBckoro mojuTeX HUYECKOTo
yHuBepcuteTa, Bpounas, Ilonbiua.

Scopus Author ID 7003604847,
andrzej.trochimczuk@pwr.edu.pl.

Iueadse Acnan FOcynoeuu — akanemuk PAH,

I.X.H., mpoeccop, MHCTUTYT Hpusndeckoi XuMuu

u snekrpoxumun uM. A.H. ®pymkxnna PAH, Mocksa,
Poccniickas ®enepanusi.

Scopus Author ID 7004245066, ResearcherID G-7422-2014,
tsiv@phyche.ac.ru.

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3)


http://orcid.org/0000-0002-0980-6591
mailto:president@vstu.ru
https://orcid.org/0000-0001-7505-6090
mailto:ozerin@ispm.ru
mailto:tapani.pakkanen@uef.fi
https://orcid.org/0000-0001-8323-888X
mailto:pombeiro@ist.utl.pt
 https://orcid.org/0000-0002-2587-3719
mailto:pyshnyi@niboch.nsc.ru
mailto:sigov@mirea.ru
http://orcid.org/0000-0002-1863-5528
mailto:a.toikka@spbu.ru
mailto:andrzej.trochimczuk@pwr.edu.pl
mailto:tsiv@phyche.ac.ru
http://orcid.org/0000-0002-0980-6591
mailto:president@vstu.ru
https://orcid.org/0000-0001-7505-6090
mailto:ozerin@ispm.ru
mailto:tapani.pakkanen@uef.fi
https://orcid.org/0000-0001-8323-888X
mailto:pombeiro@ist.utl.pt
https://orcid.org/0000-0002-2587-3719
mailto:pyshnyi@niboch.nsc.ru
mailto:sigov@mirea.ru
http://orcid.org/0000-0002-1863-5528
mailto:a.toikka@spbu.ru
mailto:andrzej.trochimczuk@pwr.edu.pl
mailto:tsiv@phyche.ac.ru

TOHKUE
XUMUYECKIE

Fine

18(3)

TEXHONOTUN| chemical 2023

Technologies

CONTENTS

Chemistry and Technology
of Organic Substances

Zotov Yu.L., Zapravdina D.M., Shishkin E. V.,

Popov Yu.V.

Study of calcium-containing compounds 175
as catalysts for the esterification of glycerol

with higher carboxylic acids

Kostikova N.A., Glukhan E.N., Kazakov PV,
Antonova M.M., Klimov D.1.

Assessment of resource-saving technologies

in low-tonnage chemical industries

for compliance with best available technologies
principles

187

Chemistry and Technology
of Medicinal Compounds
and Biologically Active Substances

Vedekhina T.S., Chudinov M. V., Lukin A.Yu.
Design and synthesis

of 4-nitroimidazole derivatives

with potential antitubercular activity

219

COAEPXAHHE

XHMHS H TEXHOAOTHS
OpraHHYEeCKHX BElLIEeCTB

3omos FOJI., 3anpasouna M., [Lluwxun E.B.,
ITlonos IO.B.

HccnenoBanre KaJbIMACOIEPKAIMX COSTUHEHMIA
B Ka4e€CTBE KaTaJIM3aTOPOB dTepUBUKAITII
IJIAIIEPUHA BBICIITMMHU KapOOHOBBIMH KHUCIIOTaMHU

Kocmuxosa H.A., Iyxan E.H., Kazaxos I1.B.,
Anmonoea M.M., Knumos J{. Y.

Omnenka pecypcocOeperarnmx TEXHOIOTHI Majo-
TOHHAKHBIX XUMHYECKHUX ITPOU3BOJICTB

Ha COOTBETCTBHUE MPUHIUIIAM HAWITYUILINAX
JOCTYIIHBIX TEXHOJIOTHIA

XHUMHSI H TEXHOAOTHSI AEKAPCTBEHHBIX
npenapaToB H OHOAOTHYECKH
AKTHBHBIX COEAHHEHHH

Beoéxuna T.C., Yyouros M.B., Jlykun A.FO.
JIM3aiiH 1 cMHTE3 MPOU3BOIHBIX
4-HUTPOUMHU/IA30J1a C IIOTEHITMATBHOM
AHTUTYOEPKYJIC3HON aKTHBHOCTBIO

Toukue xumudeckue TexHororu = Fine Chemical Technologies. 2023;18(3)

173



Biochemistry and Biotechnology

Kochetkov V.M., Gaganov LS., Kochetkov V.V,
Nyunkov PA.

Technology and implementation

of fermentative units for bioprotein production
from natural gas

Synthesis and Processing of Polymers
and Polymeric Composites

Trofimenko E.A., Bukharkina TV,
Verzhichinskaya S.V.

Modification of accelerated thermal
stabilization of polyacrylonitrile fibers

by creating an oxygen concentration gradient
in the production of carbon fiber

Analytical Methods in Chemistry
and Chemical Technology

Lapina E.A., Zverev S.A., Andreev S.V,,
Sakharov K. A.

Determination of chlorine-containing
compounds in disinfectants using
ion-exchange chromatography

Mathematics Methods and Information
Systems in Chemical Technology

Shatalov D.O., Trachuk K.N., Aydakova A.V,,
Akhmedova D.A., Ivanov LS., Minenkov D.S.,
Blazhevich I Yu., Kedik S.A.

Implementation of pharmaceutical development
using multivariate analysis of multi-criteria
optimization on the example of the stage

of purification of oligohexamethyleneguanidine
hydrosuccinate

230

243

254

267

BHOXHMHS H OHOTEXHOAOTHS

Kouemxoe B.M., [acanoe U.C., Kouemxos B.B.,
Hionvros I1.A.

TexHOTOrMYeCKOE U almaparypHoe
odopmiienue (hepMEHTAIMOHHOTO Y371a Tipoliecca
MOJIy4eHHs] OMONIPOTENHA U3 TIPUPOTHOTO Ta3a

CHHTEe3 H nepepaboTKa MOAHMEPOB
H KOMIIOSHTOB Ha HX OCHOBE€

Tpogumenko E.A., Byxapxuna T.B.,
Bepoicuuuncras C.B.

Monudukarys ycKOpeHHOM TepMOCTa0MIH3aLIH
MTOJIMAKPUJIOHUTPUIIBHBIX BOJIOKOH CO31aHUEM
rpaJleHTa KOHIEHTpaluy KUCI0poaa

IIpY MTOJIyYE€HUH YIVIEPOJHOTO BOJIOKHA

AHaanuTHYECKHE MEeTOAbl B XHMHH
H XMMHYECKOH TE€XHOAOTHH

Jlanuna E.A., 3eepes C.A., Anopees C.B.,

Caxapos KA.

Onpenenenue XJI0pcoaepkalix COSIMHEHNI

B IC3UHMUIUPYFOLIX CPEIICTBAX C KCTIONB30BAHUEM
HMOHOOOMEHHOM XpoMaTtorpadun

MaremMaTH4YECKHE MeToAbI H HH(POPMAIHOHHbIE

CHCTEMBI B XHMHYECKOH TE€XHOAOTHH

Llamanos /1.0., Tpauyx K.H., Aiidaxosa A.B.,
Axmeoosa [ A., Useanos U.C., Munenxos /[.C.,
Bnaowcesuu U .I0O., Keoux C.A.

Peanuzarus dhapmaneBTHYeckoi pa3paboTKu

C IPUMEHEHNEM MHOTO()AKTOPHOTO aHAIH3a
MHOTOKPUTEPHAIEHON ONITUMU3AIUH Ha TIPUMEPE
JTara OYUCTKUA TUAPOCYKIIMHATA
OJIMTOrEeKCAMETUIICHTYaHUIUHA

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3)

174



Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):175-186

CHEMISTRY AND TECHNOLOGY OF ORGANIC SUBSTANCES
XHMHUSsI © TEXHOAOI'HSI OPTAHHYECKHX BEIIECTB

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2023-18-3-175-186 [®)sr |
UDC 547.426.21/.23

RESEARCH ARTICLE

Study of calcium-containing compounds as catalysts
for the esterification of glycerol with higher carboxylic acids

Yuriy L. Zotov*, Daria M. Zapravdina, Evgeniy V. Shishkin, Yuriy V. Popov

Volgograd State Technical University, Volgograd, 400005 Russia
“ICorresponding author, e-mail: ylzotov@mail.ru

Abstract

Objectives. To investigate the catalytic activity of calcium-containing basic catalysts for the
esterification of glycerol with higher carboxylic acids in order to develop a low-waste technology
for the production of multifunctional additives, as well as to assess the possibility of using the
reaction products for the processing of polyvinyl chloride.

Methods. The consumption of oleic acid during synthesis was monitored using a titrimetric
method of analysis with visual indication. The structure of the synthesized calcium-containing
catalysts was confirmed by infrared spectroscopy; elemental analysis was additionally
performed for calcium glyceroxide. Quantitative and qualitative analyses of the resulting
mixtures of oleic acid glycerides were carried out using chromato-mass spectrometry.
A sample of a multifunctional additive was tested in a model formulation of a medical plastic
compound based on polyvinyl chloride.

Results. It is shown that the catalytic activity of calcium derivatives in the reaction
of esterification of glycerol with higher carboxylic acids increases in the series
CaO < Ca(OH), < Ca(C,,H,,CO0), < Ca(C,H.0), < Ca(C,H,0), < Ca(C,H,0O,),, while the use of
calcium glyceroxide as a catalyst in an amount from 1 to 6 mol % increases the conversion
of carboxylic acid from 58 to 86% in 10 h of synthesis. However, varying the amount of
calcium glyceroxide from 1.5 to 6 mol % results in no observed changes in the conversion
of carboxylic acid. The multifunctional additive obtained by selecting calcium glyceroxide
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as a catalyst has a thermally stabilizing and plasticizing effect on the polymer composition.
The introduction of the developed additive into the formulation of a polyvinyl chloride
composition for medical purposes reduces the processing torque and time to reach the dry point.
By combining these factors, energy costs during production were reduced by more than
11% compared to the control composition.

Conclusions. It is established that calcium alcoholates catalyze the reaction of esterification
of glycerol with oleic (or higher) acid to increase the conversion of the initial substances
and selectivity for the formation of monoglycerides as compared with calcium oxide, hydroxide,
and oleate. By optimizing the ratio of glycerol : oleic acid : calcium glyceroxide at 1 : 1 : 0.015,
the maximum conversion of oleic acid of up to 86% in 10 h was obtained via synthesis.
The proposed method for esterification of glycerol with higher carboxylic acids in the
presence of a calcium-containing catalyst avoids the stage of purification from the catalyst
to obtain a composition with multifunctional additive properties for the processing of
polyvinyl chloride.

Keywords: esterification, glycerol, oleic acid, calcium alcoholates, calcium glyceroxide
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HccaenoBanue KaJabIUUCOACPKALIUX COCAMHCHUI
B Ka4eCTBe KaTAJIU3aTOPOB dTepuduKanuy riviuepuHa
BbICIIUMU KAPOOHOBBIMHM KHUCJIOTAMM
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AnHOMauus

Ienu. Hccnedosams kamaiumuueckyro aKmu8HOCMb KAlbUUUCO0epIKAULUX OCHOBHBbIX Kama-
AU3AMOPO8 0Nl NPOUEcca IMepuPuKAUUU 2AUUEPUHA BbLCUUUMU KAPOOHOBbIMU KUCIOMAMU
C uenvlo paspabomrKu MALOOMXOOHOU MEXHON0UU NOAYUEHUSL MHO20(PYHKUUOHATbHBIX
dobasor. IIposecmu OUEHKY BO03MOJKHOCMU NPUMEHEHUSL NPOOYKmMoe peakyuu Oasi nepe-
pabomKu NOAUBUHUNXOPUOA.

Memooul. 3a pacxodosaHuem 01euH080l KUCIOMbL 80 8peMs. CUHMe3a HAB00anu ¢ UCNONAb30-
8aHuemM mumpumempuueckozo memooa aHAAU3a ¢ eusyaivHoll uHoukayuei. CmpoeHue
CUHME3UPOBAHHDBIX KANbUULCOOPIKAUUX KAMmaaudamopog Oblio noomeepiKoeHO MemoooM
uHgpaxkpacHoii cnekmpockonuu. /ns enuyepama Kaibyust 00NOAHUMENAbHO OblLnl nposeder
anemeHmuulll aHaaus. KonuuecmeeHHblll U KauecmeeHHslll aHaNu3 NOAYUEeHHbIX cmecell
2uUUepudo8 0neuUHo80l KUCAOMbL NPOBOOUNU C UCNOABL308AHUEM XPOMAMO-MACC-CNeKmpo-
Mmempuu. Obpaszey, MHO20(pYHKYUOHANLHOU 006a8KU NPOULes UCNbIMAHUSL 8 MOOEebHOU peyen-
mype naacmukama MeOUyUHCK020 HA3HAUEHUSL HA OCHO8E NONUSUHUNXIOPUOA.
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Pesynomamet. YcmaHo8/1€HO, UMoO Kamaaumuueckast aKmueHOoCmb Npou3e00HbIX KANbUUs
8 peaxyuu smepuppukayul 21UUEPUHA BblCLUUMU KapOOHO8bLMU KUCIOMAMU 603pacmaem
e psdy CaO < Ca(OH), < Ca(C, H,COO), < Ca(C,HO), < Ca(C,HO), < Ca(C,H,O,), npu
9MOM UCNONBL308AHUE 2UUEpama KANbYUSL 6 Kauecmee Kamaausamopa 8 Koauuecmee
om 1 0o 6 wmon. % nosbluuaem KoHeepcuro KapboHoeoll Kuciomsl. ¢ 58 0o 86% 3a 10 u
npogedeHust cunmesa. OOHapYs>KeHOo, Umo Npu UMEeHEeHUU KOJIUUeCmed 21uuepama Kaabyus
om 1.5 0o 6 wmon. % KoHeepcusi KaApOOHOBOU KUCAOMbL NPAKMUUECKU HE MEHSIemcsl.
BolbpaHHblili 8 x00e uccnedo8aHull anuyepam KAAbYUsl 8 Kauecmee Kamaiu3amopa hno3eo-
Jislem noayuums MHO20PYHKYUOHANTbHYI 000a8KYy, 001a0arouyto mepmocmaduiusupyrouum
u naacmuguyupyrowum oeticmeuem HA NOAUMEpPHYH Komnosuyur. BeedeHue paspabomaH-
Holl dobasku e peuenmypy NOAUBUHUXIOPUOHOU KOMNOUUUU MeOUYUHCKO20 HA3SHAUEHUS.
CHWkaem npu nepepabomke Kpymswuili MOMEHM U cokpauiaem epemst OOCMUIKEeHUSL «CYXOoil»
mouku. Oba amux paxmopa NO3e0AUNU CHUSUMb 3ampamul IHEP2UU NPU 8blnYCcKe NPoOYyKUUU
6osniee uem Ha 11% no cpasHeHUr0 ¢ KOHMPOLHOU Komnosuyuetl.

Bbleo0bl. YCMAHOBMEHO, UMO AAKO020JMblL KAIbYUUSL KAMALUSUPYOM PeaKyuio smepudu-
Kauuu 21UYepuHa OJeUHO080T (UM 8blCUUUMU) KUCAOMOTU, NO8bLLULAIOM KOHBEPCU UCXOOHBIX
gewecms U ceneKmueHocms 00pa308GHUSL MOHO2IUUEPUOO8 NO CPABHEHUIO C OKCUOOM,
2UOpPOKCUOOM U ostleamom Kanbyust. HatideHo, umo onmumasibHoe COOMHOUEeHUEe KOMNOHEHMOo8
2IUYePUH © OJleUHO8As. Kucioma : aauyepam kaavyus cocmaeasiem 1 : 1 : 0.015 u nozeonsiem
docmutb MAKCUMANIbHOU KOHBEPCUU 0N1eUH080U Kuciombl (00 86%) 3a 10 u cunmesa. IIpedoxeH
cnocob smepupurayuuu 2UUEPUHA 8blCLUUMU KAPOOHOBbIMU KUCJIOMAMU 8 NpUcymcmseuu
Kansbyuiicooeprkawezo rkamanusamopa. [aHHulili cnocob noseossiem UCKAIUUMb Cmaouro
ouuCMKU om Kamaausamopa U NoAyuuUmb KOMNO3Uuyur, obradaruwyr ceolticmeamu MHO20-
PYHKUUOHANBbHOU 00basKu 0151 nepepabomKu NOAUBUHUSXIOPUOQ.

Knroueevle cnoea: smepucpunauuﬂ, 2JluyepuH, oJieuHosdaslt Kucsioma, ajiko2o/isimbsbl Kaslbyusi,
aiuyepam Kaslsyust

Jna yumuposanusa: 3oros Y0.J1., 3anpasauna JI.M., Hlumkun E.B., [Tono H0.B. HccnenoBanue kanbLuiiconepxammx
COCIMHEHMI B Ka4eCTBE KaTaJU3aTOPOB ITEPUPHKAIMU [IMIEPHHA BBICIIUMUA KapOOHOBBIMH KUCIOTaMU. TOHKUE XuMUuecKue
mexnonocuu. 2023;18(3):175-186. https://doi.org/10.32362/2410-6593-2023-18-3-175-186

INTRODUCTION

Global production of biodiesel, representing
an alternative fuel derived from renewable natural
resources, is currently about 40 mln tons/year [1].
As compared with traditional diesel, biodiesel offers
a combination of valuable properties that significantly
extend the life of engines running on it [2]. One
of the by-products in the production of biodiesel is
the formation of approximately 10 wt % glycerol.
Thus, according to the latest report from Global
Industry  Analysts (USA)!, the development of

! https://strategyr.blogspot.com/2016/10/the-global-market-
for-private-tutoring.html. Accessed September 22, 2022.

biodiesel fuel production technologies has led to
an increase in the amount of glycerol on the world
market. In this regard, the development of new
approaches for using glycerol to obtain products with
high added value represents an urgent task, which
solution will expand medium- and long-term prospects
for industrial uses of glycerol.

Glycerol can serve as a raw material for the
production of acrolein, 1,3-propanediol, glyceric
acid, and a number of other valuable products [3].
Representing surfactants having amphiphilic, non-ionic and
excellent emulsifying properties, mono- and diglycerides
of higher carboxylic acids are widely used in the food,
cosmetic and pharmaceutical industries [4], as well as
non-toxic plasticizers for the polymer industry [5].
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In earlier works, we proposed to use the
products of glycerol esterification with higher
carboxylic acids in the presence of calcium
compounds as a multifunctional additive for the
processing of polyvinyl chloride (PVC) [6], including
mono- and diglycerides of higher carboxylic
acids [7]. In this case, the spent calcium-containing
catalyst remaining in the reaction mass as part
of the multifunctional additive acts as a heat
stabilizer. Implementation of such approach to the
use of the obtained products significantly simplifies
the technological process, as well as reduces the
stage of isolation and purification.

The synthesis of glycerol esters with carboxylic
acids on an industrial scale is generally carried
out by esterification of glycerol with a fatty acid,
which is catalyzed by strong acids such as sulfuric
(H,SO,), orthophosphoric (H,PO,) acids, etc. [8].
However, the classical methods of esterification
have a number of disadvantages: the occurrence of
side processes, such as the dehydration of alcohols
to olefins and sulfonation of unsaturated compounds;
the formation of a large amount of acidic waste water
with a high chemical oxygen demand; corrosion
of equipment; low selectivity for the formation of
monoglycerides (40-50%).

Currently, research and development of
new catalysts for the esterification of glycerol is
underway. For example, mesoporous silicon dioxide,
metal oxides, modified zeolites, catalysts based
on heteropoly acids [9], ion exchange resins
(Amberlyst 15, Amberlyst 16, Amberlyst 31) [10],
complexes of double metal cyanides Fe—Zn [11],
and layered double hydroxides of the MgAICO,
complex [12], as well as processes based on sulfated
metal oxides [13] are being used. Such catalysts
are used to increase the conversion of raw materials
and reuse processed alcohols while obviating the
laborious stage of neutralization of the reaction
mass. However, their disadvantages include the
higher cost compared to acid catalysts, the need to use
high temperatures (180-200°C), and chemical
contamination of the product by the catalyst.

In recent decades, studies have been carried out
on the effectiveness of calcium oxide, calcium
hydroxide, and calcium alcoholates when used in

processes of transesterification of vegetable oils
with alcohols. The results presented in [14]
demonstrate that the most effective method for
increasing the catalytic activity of CaO 1is its
activation with glycerol to form calcium glyceroxide.
The studied calcium alkoxide has several
advantages compared to calcium oxide, including
higher catalytic activity during the transesterification
reaction [15, 16] and greater resistance to air [17].

While the literature describes the use of
calcium-containing compounds (CaO, CaFeO,, and
Ca(OOCR),) as catalysts for the esterification,
we did not find studies on the catalytic activity
of calcium alcoholate derivatives in the esterification
of glycerol with higher carboxylic acids.

The aim of the present work is to study the
use of calcium-containing basic catalysts for the
esterification of glycerol with higher carboxylic
acids, to carry out the process selectively for the
formation of monoglycerides and with a high
conversion of the starting materials, and to
evaluate the possibility of using the reaction
products for the processing of polyvinyl chloride.

MATERIALS AND METHODS

This work includes the wuse of reagents
manufactured by CHIMMED, Russia: glycerol
(chemically pure, 98.5%, GOST 6259-75%), oleic acid
grade B-115 (tech., 97.4%, TU 9145-172-4731297-94),
calcium hydroxide (analytical grade, 97%, GOST 9262-77°),
calcium oxide (pure, 97%, GOST 22688-77%) was
used after calcination at 900°C for 2 h, metallic
calcium (pure, 98.6%, TU 083.5.314-94), ethyl
alcohol (pure, 96%, GOST R 55878-2013%) was
used after dehydration with calcium oxide, butyl
alcohol (analytical grade, 99.7%, GOST 6006-78°),
toluene (analytical grade, 99%, GOST 14710-78"),
1% alcoholic solution of phenolphthalein (indicator),
potassium hydroxide (analytical grade, 99%), as
well as sodium hydroxide (analytical grade, 99%).

The consumption of carboxylic acid during
the esterification process was determined by the
titrimetric method with visual indication. For titration,

2 GOST 6259-75. Interstate Standard. Reagents. Glycerin. Specifications. Moscow: IPK Izdatelstvo standartov; 2001 (in Russ.).
3 GOST 9262-77. State Standard of the USSR. Reagents. Calcium hydroxide. Specifications. Moscow: IPK Izdatelstvo

standartov; 1996 (in Russ.).

4 GOST 22688-77. State Standard of the USSR. Lime for building purposes. Test methods. Moscow: IPK Izdatelstvo

standartov; 1997 (in Russ.).

5 GOSTR 55878-2013. National Standard of the Russian Federation. Rectified hydrolytic technical ethyl alcohol. Specifications.

Moscow: Standartinform; 2014 (in Russ.).

¢ GOST 6006-78. Interstate Standard. Reagents. 1-Butanol. Specifications. Moscow: IPK Izdatelstvo standartov; 2002 (in Russ.).
7GOST 14710-78. Interstate Standard.Petroleum toluene. Specifications. Moscow: IPK Izdatelstvo standartov; 2004 (in Russ.).
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a 0.1 N alcoholic solution of potassium hydroxide
and a 1% alcoholic solution of phenolphthalein
(indicator) were used.

The esterification product of glycerol and
carboxylic acids was identified using chromato-mass
spectrometric analysis (GC-MS) on a Saturn 2100T GC/MS
instrument (Varian, USA) equipped with a VF-1ms
30 M x 0.25 mm quartz capillary column x 0.25 pum
(Agilent Technologies, USA). Carrier gas was helium
grade 6.0 (with an impurity content not more than
0.00001%), carrier gas flow rate—1.2 cm*min; split
injection 1:10; injector temperature—280°C. When
programming the capillary column temperature, the
initial temperature was 80°C, isotherm time—3 min,
final temperature—300°C, isotherm time—2 min;
temperature rise rate—10.0°C/min; total analysis
time—30 min. An ion trap mass-spectrometric
detector was used. Electron ionization (EI)
mass spectra (70 eV) were recorded in the full mass
spectrum scanning (SCAN) mode in the range
from 40 to 650 m/z at a rate of 1 mass spectrum
per second.

Elemental analysis was performed using an
Elementar Vario EL cube universal elemental analyzer
(Abacus Analytical Systems GmbH, Germany).

The infrared (IR) spectra of the obtained basic
catalysts were recorded in air at room temperature
(20°C) on a Nicolet-6700 IR-Fourier spectrometer
(Thermo Scientific, USA) in the region of 400—4000 cm!
with a scanning step of 0.5 cm ™.

Synthesis of calcium oleate

Into a glass reactor equipped with a reflux
condenser, a Dean-Stark trap, and an overhead
stirrer, 0.177 mol (50 g) of oleic acid, 0.088 mol
(496 g) of calcium oxide, and 50 mL of toluene
were loaded. The reaction mixture was refluxed
for 16 h at a stirring speed of 400 + 10 rpm. Reaction
water was removed by azeotropic distillation in
a Dean-Stark trap. The obtained calcium oleate
was purified by repeated reprecipitation with
diethyl ether from toluene. Melting point 82-83°C
(~80°C [18]). IR spectrum, v, cm™: 3404 w (OH),
2917 s (C-H), 2849 s (C-H), 1573 s (COO"), 1536 s
(CO0"), 3644 w (Ca-0).

Synthesis of calcium ethoxide

Calcium ethoxide [19] was synthesized in a 250 mL
glass reactor equipped with an overhead stirrer and
a reflux condenser protected from air moisture.
Mixing speed was 300 = 10 rpm. Calcium metal in an
amount of 5 g was placed in a reactor with 100 mL of
absolute ethanol and refluxed for 8-16 h air moisture.
The resulting calcium ethoxide was stored in a

desiccator under argon over solid sodium hydroxide
(NaOH). IR spectrum, v, cm™': 3645 m (OH), 2951 w
(C-H), 2802 w (C-H), 2701 w (C-H), 1059 s (C-0),
3645 w (Ca—0).

Synthesis of calcium butoxide

Calcium butyrate was similarly synthesized
to calcium ethylate using 5 g of metallic calcium and
100 mL of butyl alcohol. The resulting calcium
butoxide was stored in a desiccator under argon
over solid NaOH. IR spectrum, v, cm™': 3645 m (OH),
2958 w (C-H), 2910 w (C-H), 2873 w (C-H), 1077 w
(C-0), 3644 w (Ca—-0).

Synthesis of calcium glyceroxide

The synthesis of calcium glyceroxide [20]
was carried out by the interaction of glycerol with
calcium hydroxide (Fig. 1). 1.36 mol (125 g) of
glycerol, 0.22 mol (16.6 g) of calcium hydroxide,
and 30 mL of toluene as azeotrope-forming
agent were loaded into a reactor equipped with a
Dean—Stark trap for removing reaction water by
azeotropic distillation, as well as a reflux condenser
and an overhead stirrer. The reaction mixture
was stirred at 450 = 10 rpm. After distilling off
the calculated amount of reaction water (duration
about 7 h), the reaction mass was cooled. The
formed precipitate was filtered off under vacuum,
washed with ethanol until completely removal of
unreacted glycerol, and dried for 1 h at 105°C.
The resulting calcium glyceroxide was stored in
a desiccator under argon over solid NaOH.
IR spectrum, v, cm™': 3229 w (OH), 2874 m (C-H),
2836 w (C-H), 1128 w (C-0), 1091 m (C-0),
3641 w (Ca-0), 1370 w [3(C-O-H)], 1306 s
[6(C-O-H)]. Elemental analysis: obtained C
(29.9 £3.0%), H (6.0 = 0.6%) [Ca(C,H.O,),]; calculated
C (32.4%), H (6.3%).

0 o
~ca”
2 HO/\(\OH + Ca(OH), — > + 2H,0
H OH HO
H H

Fig. 1. Scheme of calcium glyceroxide synthesis.

Carrying out catalytic experiments

1) To study the effect of the main catalysts
on the rate of esterification of glycerol with
oleic acid, the following calcium-containing catalysts
were chosen: calcium oxide, calcium hydroxide,
calcium oleate, calcium ethoxide, calcium butoxide,
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and calcium glyceroxide. 1 mol (92.09 g) of glycerol,
1 mol (282.46 g) of oleic acid, and 70 mL of
toluene were used. After loading one of the catalysts
from the above list (Table 1) with stirring in an
amount of 1.5 mol %, the temperature of the
reaction mass was raised to the boiling point of
the azeotrope and kept at this temperature for 4 h.
The reaction water was collected in a Dean—Stark trap.

2) To study the effect of the amount of
calcium glyceroxide on the rate of esterification of
glycerol with oleic acid, esterification was carried
out under similar conditions. The only difference
was in the amounts of catalyst used in each
experiment—from 1 to 6 mol % (Table 2)—as
well as the longer period of synthesis (10 h).
Following the end of the synthesis, unreacted
glycerol was separated in a separating funnel
and the azeotrope-forming agent (toluene) was
distilled off in a vacuum water jet pump.

Products were identified by chromato-mass
spectrometry. Oleic acid monoglyceride: m/z (I , %):
356 (3.2) [M]%, 339 (23.7), 264 (99.9), 166 (15.7),
137 (24.9), 112 (23.3), 98 (45.9), 83 (31.8), 69 (32.4),
55 (60.3), 41 (55.7). Oleic acid diglyceride: m/z
(> %): 339 (11.8), 265 (8.6), 185 (51.2), 129 (99.9),
97 (14.3), 83 (21.4), 69 (28.2), 55 (59.1), 41 (42.4).
Oleic acid: m/z (I, %): 282 (5.5) [M]+, 264 (41.9),
151 (18.9), 123 (24), 111 (30.3), 97 (65), 83 (67.8),
69 (66.4), 55 (99.9), 41 (80).

The material balance of laboratory syntheses
of the esterification of glycerol with oleic acid
was calculated to determine the technological
parameters (conversion and selectivity) on the basis
of the data obtained by gas chromatography-mass
spectroscopy.

Table 1. Loads of calcium-containing catalysts

RESULTS AND DISCUSSION

Three groups of calcium compounds were
tested as catalysts: the first group being calcium
oxide and hydroxide, the second comprising a salt
of calcium and oleic acid, while the third group
is made up of calcium alcoholates: ethyl alcohol,
butyl alcohol, and glycerol. The catalytic activity
of the obtained basic catalysts based on calcium
compounds was studied using the model of
esterification of glycerol with oleic acid.

Esterification reactions are known to occur
at several hydroxyl groups of glycerol with the
formation of mixtures of products. The interaction
of glycerol with oleic acid proceeds according
to the scheme of successive reactions. Once
sufficient amounts of oleic acid monoglyceride
have been accumulated, it becomes available for
consumption in the formation of diglyceride.

Calcium oxide and hydroxide were used to
achieve a conversion for glycerol of 27.07%
and 28.66%, respectively; for oleic acid, the
equivalent conversion rates were 28.65% and 30.17%
under the same conditions (Fig. 2). The use of
calcium oleate turned out to be even more efficient:
the conversion for glycerol was 35.54%, while,
for oleic acid, the equivalent conversion was
37.36%. However, the highest value was achieved
when using calcium alcoholates: for calcium
glyceroxide, the conversion rate was 48.48%
for glycerol and 49.56% for oleic acid.
At the same time, no significant difference was
found between ethoxide, butoxide and calcium
glyceroxide. It is likely that calcium ethoxide
and butoxide are converted during synthesis to
calcium glyceroxide.

Catalyst CaO | Ca(OH), Ca(C, H,,CO0), Ca(C,H,0), Ca(C H,0), Ca(C,H 0)),
Amount, mol % 1.5 1.5 1.5 1.5 1.5 1.5
Amount, g 0.84 1.11 9.04 1.95 2.79 3.33
Table 2. Loading amounts of calcium glyceroxide, catalyst Ca(C,H.0,),
Amount, mol % 1 1.25 1.5 2 4 6
Amount, g 222 2.78 3.33 4.44 8.88 13.33
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Fig. 2. Influence of a catalyst on the reagent conversion:
1 — no catalyst used, 2 — calcium oxide CaO,
3 — calcium hydroxide Ca(OH),, 4 — calcium oleate
Ca(C, H,,CO0),, 5 — calcium ethoxide Ca(C,H,O),,
6 — calcium butoxide Ca(C,H,0),,
7 — calcium glyceroxide Ca(C,H.O,),.

In none of the experiments was the formation
of triglycerides detected. The use of Ca(C,H,,COO0),,
Ca(OH),, and CaO showed similar selectivities
for the formation of mono- and diglycerides — at
about 95% and 2.5%, respectively (Fig. 3). The
highest selectivity (above 97%) for the formation
of monoglycerides was achieved when calcium
alcoholates were used as catalysts.

Studies of the influence of the amount of
calcium glyceroxide on the process of esterification
of glycerol with oleic acid have been carried out.
The amount of catalyst was changed in the range
from 1 to 6 mol %. The initial data on the
loading of reagents and catalyst are presented in Table 2.

During the reaction, the change in the degree
of conversion of oleic acid in the reaction system
over time was monitored. Samples were taken
during 10 h of synthesis. The results of changing
the conversion of oleic acid for each catalyst
concentration are shown in Fig. 4.

The study of the effect of the amount of
calcium glyceroxide on the conversion of oleic acid
showed that the conversion of oleic acid increas-
es with a change in the amount of catalyst from 1 to
1.5 mol % from 58% to 86% for 10 h of synthesis.
No further increase in catalyst concentration has a
significant effect on the course of the synthesis. Thus,
the optimal concentration of the catalyst—equal to
1.5 mol %—was used to achieve the maximum value
of the conversion of oleic acid with a minimum catalyst
content.
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Fig. 3. Influence of the catalyst type on the selectivity for
the oleic acid consumption: 1 — calcium oxide CaO,
— calcium hydroxide Ca(OH),, 3 — calcium oleate
Ca(C C0O0),, 4 — calcium ethoxide Ca(C,H,0),,
— calcium butoxide Ca(C,H,0),,
6 — calcium glyceroxide Ca(C,H.0,),.

17 33

100
90 %]
80

N =
60

© iy !
o =
30 /

N {/ g

IEM%

Oleic acid conversion, %

Time, h

Fig. 4. Time dependence of oleic acid conversion.
The amount of calcium glyceroxide, mol %:
¢1;m1.25 %15, A2;,04;,06.

A multifunctional additive for polymer processing
was obtained using the proposed method for
esterification of glycerol with oleic acid in the
presence of calcium glyceroxide as a catalyst. This
additive combines plasticizing agents in the form of
mono- and diglycerides of oleic acid and calcium-
containing compounds that have a thermally stabilizing
effect on chlorine-containing polymers [7]. The
main characteristics of the obtained multifunctional
additive according to the developed method are
presented in Table 3.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):175-186

181



Study of calcium-containing compounds as catalysts ...

Table 3. Main characteristics of the obtained multifunctional additive

Analytically controlled components Value
Content of oleic acid monoglycerides, % 82-86
Content of diglycerides of oleic acid, % 1.5-5
Mass fraction of calcium, % <0.2
Acid number, mg KOH/g 20-25

The developed additive is assigned to hazard
class 4 by the sanitary service of the Russian Federation,
which permits the use of this additive without
restrictions in any PVC products, including plastic
compounds for medical purposes.

A sample of the multifunctional additive was
tested in a model formulation of a medical plastic
compound based on ultra-high molecular weight
PVC-S8059U [21] produced by Kaustik, Volgograd,
Russia. The introduction of the additive was carried
out by partial replacement (5%) of dioctyl
terephthalate in the formulation without changing
the total mass of the composition. The production
of the PVC composition in the P-600 mixer of
the Brabender complex (Brabender Technologie,
Germany) permits automatical control of changes in
temperature and load on the mixing device during
the process [22].

The parameters for obtaining PVC compositions
in the mixer of the Brabender complex are presented in
Table 4: temperature—93-94°C; mixing time—20 min;
stirring device rotation speed—100 min™'.

When using the studied additive in the production
of PVC compositions, no technological difficulties
were observed. Both the control and experimental
compositions comprised free-flowing powders without
agglomerates. Since the torque has a lower value
(0.39 N'm) compared to the control composition
(0.41 N'm) upon reaching the dry point of the
experimental composition, the resistance exerted by
the composition during operation of the mixer is lower.
Moreover, by introducing the developed additive, it was
possible to reduce the time taken to reach the dry point.
Taken together, these factors confirm the effectiveness
of the additive, which reduces energy costs for the
production of a PVC composition by more than 11%.

Table 4. Production mode for polyvinyl chloride (PVC) compositions

Torque on the mixing device, N-m Experimental composition Control composition
Maximum 0.81 0.86
At the dry point 0.39 0.41
At the end of the test (12 min) 0.34 0.44
Time to reach the dry point, s 240 246
Speciﬁc. energy consumption during the production of PVC 6.8 77
composition, N-m/g

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2023;18(3):175-186

182



Yuriy L. Zotov, Daria M. Zapravdina, Evgeniy V. Shishkin, Yuriy V. Popov

Table 5. Indicators of PVC composite materials

Indicator

Experimental composition Control composition

Thermal stability at 190°C, (Congo red method), min

122 86

Melt flow rate at 190°C and a load of 10 kg through a
capillary with a diameter of 2 mm, g/10 min

17.7 11.1

The resulting PVC compositions were poured
out of the loading device into the working area
of the extruder, where a strand was formed from the
powder, from which granules were subsequently
obtained for further testing.

Indicators of the material obtained from the
control and experimental compositions are given
in Table 5.

The obtained results showed a significant
increase in the thermal stability of the PVC composition.
The increase in the thermostabilizing effect is due to
the presence of calcium-containing compounds in
the composition of the additive, which provides its
multifunctionality.

Thus, the developed method can be used to
obtain an additive, which acts as a processing
additive in the production of medical products
and improves processing performance. As well as
reducing internal friction and preventing sticking
to metal parts of processing machines, the additive
improves thermal stability and melt flow rate.

CONCLUSIONS

Calcium alcoholates are shown to catalyze
the reaction of esterification of glycerol with oleic
(or higher) acid, increasing the conversion of the
initial substances and the selectivity of monoglyceride
formation as compared to calcium oxide,
hydroxide and oleate. The obtained optimal ratio of
components—glycerol : oleic acid : calcium glyceroxide,
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Abstract

Objectives. To develop a methodology for the quantitative assessment of new technologies in
accordance with the principles of best available technologies (BAT). To evaluate the developed
technologies of low-tonnage chemical production of tetramethylthiuram disulfide, N-cyclohexyl-2-
benzothiazolylsulfenamide, diisopropyl xanthohen disulfide, and N-phenyl-2-naphthylamine for
compliance with BAT principles and compare with alternative (implemented, known) technologies
in terms of environmental impact.

Methods. A methodology for the quantitative assessment of new technologies for the production
of organic substances in accordance with BAT principles was used.

Results. The developed methodology for the quantitative assessment of new technologies in
accordance with BAT principles based on the calculation of comprehensive comparison indicators
with alternative technologies for technological and environmental indicators allowed us to
determine the level of implemented technologies for the production of tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl xanthohen disulfide, and N-phenyl-2-
naphthylamine to minimize the impact on the environmental, including through the development
of special technological solutions for resource conservation and waste reduction, and to conduct
a quantitative assessment of the achieved environmental outcome. It is established that the
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considered new technologies of low-tonnage chemical production comply with BAT principles
and are more environmentally advanced compared to alternative ones previously implemented
in the USSR.

Conclusions. For the first time, a methodology for quantifying new technologies in accordance with
BAT principles is proposed. The possibility of its use at the stage of making basic technological
decisions on the implemented production method in order to ensure compliance with legislative
requirements for technologies in the field of environmental safety to achieve environmental
protection goals is shown on the example of low-tonnage technologies for the production of
tetramethylthiuram disulfide, N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl xanthohen
disulfide, and N-phenyl-2-naphthylamine created in GosNIIOKhT.

Keywords: low-tonnage chemical production technologies, quantitative assessment methodology,
best available technologies (BAT) principles, tetramethylthiuram disulfide, N-cyclohexyl-2-
benzothiazolylsulfenamide, diisopropyl xanthogen disulfide, N-phenyl-2-naphthylamine
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Tekhnol. = Fine Chem. Technol. 2023;18(3):187-218 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2023-18-3-187-218

HAYYHAS CTATbA

Onenka pecypcocoeperawuiux TeXHOJIOTHii
MAJIOTOHHAKHBIX XHMHYECKHX MIPOU3BOACTB HA COOTBETCTBHE
NPHHIUANAM HAWJTYYIIHX J0CTYNMHBIX TEXHOJIOT

H.A. Koctukona ', E.H. 'ayxaHn, I1.B. KazakoB, M.M. AHTOHOBa, [I.H. KAUMOB

TI'ocydapcmeeHHbLll HAYUHO-UCCIe008aMENLCKULL UHCMUMYM 0P2aHUUECKOU XUMUU U MeXHOI02UU,
Mockea, 111024 Poccusi
“Aemop ons nepenucku, e-mail: kutkin@gosniiokht.ru

AHHOMAyus

Ienu. Paspabomamsb memoouky KoauuecmeeHHoU OUeHKU HO8bLX MeXHO02Ull 8 coomeemcmauu
C NPUHYUNAMU HAUAYUUUX docmynHoix mexHonozulli (HAT). IIpogecmu oueHKYy paspabomaH-
HbLX MEexXHO02Ull MANTOMOHHANKHBIX XUMUUECKUX NPOoUu3800CM8 mempamemuimuypamoucyib-
¢uoa, N-yurnozerxcusn-2-6eH30MuUA30NAUNCYTbPeHAMUOA, OUUIONPONUNAKCAHMOZEHOUCYAbGPUOA
u N-gperun-2-nagpmunamura Ha coomgemcmaue npuxyunam H/T u cpasHume ¢ anbmepHa-
MUBHBbIMU (PEANUZ08AHHBIMU, U3BECMHBLIMU) MEXHON02USMU NO YPOBHIO 8o30elicmeaust Ha OKpY-
awmarowyro cpedy (OC).

Memoovl. MemoduKka KOAUUECMEEeHHOU OUEHKU HO8bLX MEXHO02Ull NPOU3B0OCMEa OpeaHuUe-
cKux seujecms 8 coomgememeauu ¢ npuryunamu HAT.

Pesynomameut. PaspabomaHHas MemoouKka KOAUUECMBEHHOU OUEHKU HO8bLX MexHO02Ull 8
coomeememauu ¢ npuryunamu H/IT Ha ocHo8aHUU pacuema KOMNeKCHbLX UHOeKC08 CPABHEeHUs
C aNbMepHAMUBHBLIMU MEXHOJ02USIMU NO MEXHOS02UUECKUM U IKO02UUECKUM NOKA3AMEesIM
no3goauna onpedenums YypogeHs 8HEOPSeMblX MEXHON02U NOAYUEHUST Mempamemuimuypam-
oucynogpuoa, N-yurnozeKcun-2-6eH30mua3oAUnCYAbheHamuoa, OUUIONPONUAKCAHMO2eHOU-
cynvpuoa u N-gpeHun-2-HagpmuniamuHa no mMuHuUmMUsayuu gosdeticmeust Ha OC, 8 mom uucne
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3a cuem pas3pabomKu CREYUAIbHbIX MEXHOJN02UUECKUX peueHUll no pecypcocbepereHuro
U CHUKEeHU OMXOOHOCMU, U NPOo8ecmu KOJUUECMBEHHYI OUeHKYy docmuzaemozo dKoiozuue-
CK020 pesysnbmama. YCmaHO/IeHO, Umo PaccmMompeHHble HO8ble MEexXHON02UU MATOMOHHAINK-
HbLX Xumuueckux npouzgoocms coomeemcemayrom npuryunam HAT u siensromes 6osee 9K0n0-
2uUecKuU coeepuleHHbLMU N0 CPABHEHUIO C AlbMePHAMUBHBLIMU, paHee peanu3osaHHbimu 8 CCCP.
Bbleoodsl. Bnepeble npedsoxeHa MmemoourKd KOAUUECNEEeHHOU OUEHKU HO8bLX MEeXHOJ02ULL
8 coomeemcmauu ¢ npuryunamu H/IT u nokasaHa 803MOXKHOCMb ee UCNOb308AHUSL HA dma-
ne NPUHSIMuUst OCHOBHbLX MEXHOJI02UUECKUX peuleHUl no eHedpsiemomy cnocoby npousgoocmea
o5t obecneueHust 8blNONIHeHUSL 3AKOHO0amelbHblX mpebo8aHuill K mexHosio2uUsM 8 cgepe 3
Kosi0euueckoll besonacHocmu no docmuskeHuro yesnell oxparHoel OC Ha npumepe CO30aHHbIX 80
DI'YIT T ocHHUHOXT» MONOMOHHAIKHBIX MEXHO02ULL NPou3eoocmea mempamemuimuypamou-
cynvgpuoa, N-yurnozekcun-2-6eH3omuasonuncyibgeHamuoa, OUU3ONPONUNKCAHMO2EHOUCY/Tb-
¢puoa u N-¢peHun-2-HapmuiamMuHa.

Knroueevle cnoea: CmexHoni02UU MOAAOMOHHAIHBIX XUMUUECKUX Npou3eoocms, memoouxa
KOMUUECMEEeHHOU OUEeHKU, NPUHYUUNBL HAUYUUWLUX docmynHblx mexHono2ull, HAT, mempamemun-
muypamoucynbgpud, N-yurnozexcusn-2-6eH30muasonuncyibgpeHamud, OUU30NPONUIKCAHMOEH-
oucynvguod, N-¢peHun-2-HagpmuiamuH

Jlna yumuposanusn: Kocrukosa H.A., I'myxan E.H., Ka3zaxos I1.B., Antonosa M.M., Kiiumos JI.11. Onenka pecypcocoepe-
raroluX TEXHOJIOTUH MAaJOTOHHAKHBIX XMMHUYECKHX IIPOMU3BOJICTB Ha COOTBETCTBHE IPHUHIMIIAM HAMIYYIIUX JOCTYIHBIX
TexHoJoru. Toukue xumuueckue mexronoauu. 2023;18(3):187-218. https://doi.org/10.32362/2410-6593-2023-18-3-187-218

INTRODUCTION

One of the tasks of state industrial policy in
the field of production consists in the introduction
of resource-saving and environmentally friendly
technologies according to the provisions of the
Federal Law of December 31, 2014 No. 488-FL
“On Industrial Policy in the Russian Federation”.
The implementation of this policy is carried
out by abandoning the use of outdated and
inefficient ~ technologies  according to  best
available technologies (BAT) principles. BAT criteria
are legally defined for evaluating technologies
in terms of their environmental impact. Currently,
the selection of BAT is carried out on the
basis of expert assessments!. However, in order
to substantiate BAT [1], present the BAT

selection process [2], and identify technologies as
BAT-compliant [3], various models are proposed
based on a systematic approach and the use of
mathematical tools, as well as on conducting
environmental and economic BAT analysis. In the
context of the state reform of the environmental
regulation system and in accordance with the
concept of introducing BAT as the primary
mechanism for implementing state policy in the
field of environmental safety at the stage of new
technology development, special attention should
be paid to addressing issues involved in
determining the level of harmful effects on
the environment and the minimization of such
harmful effects to standard BAT values. This
becomes all the more relevant due to the legal
assignment of the production of basic organic

! Decree of the Government of the Russian Federation of December 23, 2014, No. 1458 “On the procedure for determining
technology as the bestavailable technology, as well as the development, updating and publication of information and technical reference
books on the best available technologies” (as amended by Decrees of the Government of the Russian Federation of September 9,2015,
No. 954; dated December 28, 2016, No. 1508; dated March 09, 2019, No. 250). URL: http://www.consultant.ru/. Accessed February

13, 2022 (in Russ.).
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chemicals to areas of BAT application’ and objects
of category I (significant) in terms of their negative
impact on the environment®.

These factors determine the relevance of
conducting a preliminary assessment of new
technologies to determine their compliance with
modern  environmental requirements. However,
there is currently no methodological basis for such
an assessment. The development and implementation
of highly efficient resource-saving technologies
for obtaining materials that are in demand by
the industrial complex of the Russian Federation
under  conditions of low-tonnage  industrial
production is one of the main directions of
scientific and practical activities of GosNIIOKhT.
Ensuring the current level of implemented
technologies to minimize the impact on the
environment is achieved, among other things, by
developing  special technological solutions for
resource saving and waste reduction. To assess
the achieved environmental outcome, we have
developed the “Methodology for the quantitative
assessment of new technologies for the production
of organic substances in accordance with BAT
principles” [4].

Compliance with the approach for evaluating
new technologies is determined on the basis of
BAT principles by calculating comprehensive
indicators of comparison with alternative (already
implemented or known) technologies in terms of
technological (amount of waste, emissions, and
discharges) and environmental indicators (degree
of use of raw materials and waste and the
effectiveness of measures for the treatment
of gas emissions and discharges into water bodies).

The evaluation of new technologies for
compliance with environmental protection goals is
a necessary but insufficient development element,
since one of the key targets is achieving a high

2 Decree of the Government of the Russian Federation
dated December 24, 2014 (as amended on May 24, 2018)
No. 2674-r. “On Approval of the List of Areas of Application
of the Best Available Technologies.” URL: http:/www.consultant.ru/.
Accessed February 17, 2020 (in Russ.).

3 Decree of the Government of the Russian Federation
“On approval of the criteria for classifying objects that have
a negative impact on the environment as objects of categories
I, I, IIT and IV dated September 28, 2015, No. 1029. URL:
http://www.consultant.ru/. Accessed February 17, 2020 (in Russ.).

* Decree of the Government of the Russian Federation
of December 23, 2014, No. 1458 “On approval of the rules
for determining technology as the best available technology,
as well as the development, updating and publication of
information and technical reference books on the best available
technologies.” URL: http://www.consultant.ru/. Accessed
September 09, 2022 (in Russ.).

level of efficiency. The “Methodology for the

quantitative  assessment of new technologies
for the production of organic substances in
accordance with economic and environmental

efficiency criteria” developed in our previous work
[5] can be used to determine the most effective
option for organizing production based on the
calculation  of  comparative  economic  and
environmental efficiency coefficients. The comparative
economic  efficiency coefficient includes an
assessment of the cost of raw materials and
instrumentation of a technological process. The
comparative environmental efficiency ratio reflects
the achieved level of minimization of the negative
impact on the environment during the implementation
of the technology, as well as the cost effectiveness
of ensuring this environmental outcome. At the
same time, the assessment of the economic
efficiency of environmental costs makes it
possible to exclude unreasonably costly options
in comparison with the obtained environmental
outcome and ensure that the developed technological
solutions comply with the BAT criteria.

This article discusses new technologies for
the production of tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl
xanthogen disulfide, and N-phenyl-2-naphthylamine
developed at GosNIIOKhT; technologies, as well
as possible directions for their modernization.

METHODS

The calculation of the main and additional
indicators [4] for comparing the developed
technologies (Table 1) was carried out using data
from technological production regulations.

The final assessment of the developed
technology was carried out by comparing the relevant
indicators with those of the alternative (implemented
or known) technology, while the consumption
coefficients for raw materials and auxiliary materials,
production waste generation rates, as well as
basic and additional technological indicators, were
determined on the basis of the material balances
of these technologies.

Further, comprehensive indicators of comparison
of the developed and alternative production
technologies were calculated along with the final
indicator of the assessment of the developed
technology for compliance with BAT principles
(Table 2).

Indicator K, characterizes the degree of reduction
of waste of the new technology in comparison
with the existing alternative. Here, since the target
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Table 1. Main and additional technological indicators for comparing production technologies

Indicator Indicator characteristics and calculation method

Main technological indicators of production

AL Generation rate of solid and liquid waste, t/t, according to the regulations
B, Specific emissions into the atmosphere, t/t, according to the regulations
C, Wastewater generation rate, t/t, according to the regulations

Additional technological indicators of production

The degree of complexity and completeness of the extraction of useful components from a feedstock
is calculated as the sum of the recovery factors of the feedstock components, taking into account the yield
and excluding technological losses of the product, t/t

where K is the quantity of valuable components in the raw material; N is the number of product flows;
M is the number of raw material flows; ER“ is the amount of i useful substance, passed into finished

products, t; ER"‘W is the amount of i useful substance contained in raw materials, t

The degree of utilization of generated waste is calculated as the share of the regenerated component
in the total mass of waste, t/t, and calculated according to the material balance of the regeneration
operation per single operation.

J g =22 20"
(0] ZQO

where Z QPr is the amount of waste used in the production of other products, t/year,

P .
Z Q' is the amount of waste sold, t/year; Z QO is the amount of generated waste, t/year.

The degree of purification of emissions of harmful substances into the atmosphere, which is calculated as the share
of captured gases and vapors in the total mass of production off-gases, t/t, can be calculated from material balance
data per operation.

P4
JA:—I 9
Ia >,

J

where Z V. is the total mass of captured emission components, t/year; Z W, is the total mass of substances contained
i %

in gas emissions formed during the production process, t/year

The degree of purification of discharges into water bodies is calculated by dividing the mass of discharges
cleaned from harmful impurities to the total mass of their formation, t/t, using the material balance data per
operation.

2,
JB JB= ! s

2,

k

; ; i ,
where Z W, is the total mass of discharges, t/year z W, is the total mass of wastewater generated, t/year
I k
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1S to minimize waste, the wvalues related to the
developed technology are given in the numerator
to ensure the ratio K < 1.

The K, indicator characterizes the increased
complexity and completeness of the extraction
of useful components using the new technology as
compared to the existing alternative. Since the aim
is to increase the level of raw material utilization,
the values related to the developed technology
are given in the denominator to ensure the ratio K, < 1.

The value of the final indicator for assessing
the new (developed) technology / < 2 supports the
conclusion that the developed technology conforms
with BAT principles and is more environmentally
friendly than the existing alternative [4].

RESULTS

Assessment of the compliance of the
tetramethylthiuram disulfide production technology
with the BAT principles

The technology for the production of
tetramethylthiuram disulfide is based on the one-stage
method for its preparation published in our previous
work [6], which includes the condensation of

dimethylamine with carbon disulfide followed by
peroxidation of the formed dimethyldithiocarbamic
acid without its isolation.

The formation reaction of tetramethylthiuram
disulfide is described by Scheme (1).

Condensation of dimethylamine with carbon
disulfide is carried out at an equimolar ratio of
components; peroxidation  of  the  resulting
dimethyldithiocarbamic acid is carried out at a molar
ratio of dimethylamine : carbon disulfide : hydrogen
peroxide equal to 1 : 1 : 0.55-0.57. The process is
carried out in a methanol medium.

The calculation of the main and additional
technological indicators of the production of
tetramethylthiuram disulfide was carried out using
the data of the “Temporary technological regulations
for the pilot low-tonnage  production  of
tetramethylthiuram disulfide based on domestic raw
materials, No. TTR-3-350" on consumption coefficients
for raw materials (Table 3) and waste generation
rates (Table 4). The calculation data of the main
and additional technological indicators of the
production of tetramethylthiuram disulfide are
presented in Table 5.

We carried out a final assessment of the developed
technology for the production of tetramethylthiuram

Table 2. Comprehensive comparison indicators and the final indicator of the assessment of the developed technology

for compliance with BAT principles

Indicator

Formula for calculating the indicator

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technologies K|

where 4 S

atmospheric emissions and discharges into natural waters for the developed

Klzl Arp +BT,P +CT,P ’
A B C

T.A T.A T.A

CT’P and 4., B

1a» Bras Cp, are specific indicators of waste,

and alternative technologies, respectively

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technologies K,

where J, ., J. ., J, ., J,andJ ., J .. J, ., J,  are additional technological

K,P?>“0,P°>“AP>“BP
indicators for the developed and alternative technologies, respectively

KA’ Y0A YAA YBA

Final indicator for evaluating the developed

I =K, +K,
technology /
CHg HAC S | H0
2HN] " +2CS; —» | PON—CT e MO cms—s—one S 4 24,0 0
CH, H,C SH H5;C ISI ISI CHj;
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disulfide by comparing it with an existing method
for obtaining the product by oxidation with
hydrogen peroxide in the presence of sulfuric acid
of the sodium salt of dimethyldithiocarbamic acid,
which is synthesized by the reaction of dimethylamine
with carbon disulfide in the presence of alkali
at a molar ratio of carbon disulfide : dimethylamine :
sodium hydroxide, equal to 1 : 1 : 1.03 [7]. The
precipitate of tetramethylthiuram disulfide was filtered

off, washed, granulated, and dried [8]. This process
was already implemented in the USSR at the
Khimprom Volgograd production association [9].

Based on the calculated material balances,
the consumption coefficients for raw materials and
auxiliary materials (Table 6) were determined along
with the waste generation rates for the production
of tetramethylthiuram disulfide using an alternative
technology (Table 7).

Table 3. Consumption coefficients for raw materials and auxiliary materials in the tetramethylthiuram disulfide production

Expense coefficients
Name of raw materials Note
kg/operation t/t

Dimethylamine (33%) 72.2 1.29 -
Carbon disulfide 40.2 0.73 -
Hydrogen peroxide (37%) 27.8 0.50 -

4.5 0.08 With regeneration
Methanol

565.4 10.10 Without regeneration

Table 4. Waste generation standards, emissions, and discharges in the tetramethylthiuram disulfide production

Production waste generation rate
Type of waste Agg;‘: ?;:t:tate Composition Amount, %
kg/operation t/t
VAT residue, including 100.00 83.9 1.50
Water 91.18 76.5 1.37
VAT residue of -
. Liquid
methanol regeneration .. .
Organic impurity 4.17 35 0.06
Tetramethylthiuram
disulfide 4.65 3.9 0.07
Air emissions None
Wastewater discharge None
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Table 5. Basic and additional technological indicators calculated for the developed and existing alternative technologies
used in the tetramethylthiuram disulfide production

Calculation method and indicator value

Indicator

Developed technology Alternative technology

Main technological indicators of production

Generation rate of solid and liquid

N Ay, =15/t (Table 4) A, =458 t/t (Table 7)

Off-gases are locally cleaned in contact devices. Since the cleaning efficiency

is 100%, there are no emissions into the atmosphere (Tables 4 and 7)
Specific emissions into the atmosphere

B.,=0tt B, =0t

There is no wastewater discharge (Tables 4 and 7)

Wastewater generation rate
Crp=0tt C,=0ut

Additional technological indicators

It is calculated as the sum of the extraction
coefficients of dimethylamine P, and

carbon disulfide Frg taking into
account the yield of tetramethylthiuram

Degree of complexity disulfide (56.1 kg per operation, 95%)

and completeness of the extraction without taking into account technological

of useful components from losses of the product in the filtrate and Jea= 190 t/t
the feedstock washing solution.

P, =0.41/0.43 =0.95 t/t
P, =0.69/0.73 = 0.95 t/t
Jip=0.95+0.95=1.90 t/t

Jep=1.90 t

It is calculated as the share of regenerated
methanol in the total mass of waste
according to the material balance of the
methanol regeneration stage per one
operation

J,p = 558.2/644.9 = 0.87 tt

Degree of generated waste utilization Jon=0.69 t/t

It is calculated as the share of captured methanol vapors in the trap and in the process
of local purification in contact devices in the total mass of off-gases, taking into

Degree of purification of emissions : . 8 .
account 100% efficiency of their purification (Tables 4 and 7)

of harmful substances into
the atmosphere

J,p=1.00 1/t o= 100 t/t

There is no wastewater discharge (Tables 4 and 7)
Degree of purification of discharges

into water bodies

Jyp =0t Jy =0t
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(CHgNH + S, + NaOH ——= (CHy,NCSNa + H,0 @)
S
H>,SO H-,0O
(CH3),NC-SNa ——— g | (CHZ),NC-SH | 22 (CH_),NC-S-S-C-N(CHy), 3)
I —NaSO, Il | —2H0 [
S S S S

Table 6. Consumption coefficients for raw materials and auxiliary materials in the tetramethylthiuram disulfide production
using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t
Dimethylamine (33%) 72.20 1.29 -
Carbon disulfide 40.20 0.73 -
Hydrogen peroxide (37%) 27.80 0.50 -
Sodium hydroxide (44%) 50.92 0.91 -
Sulfuric acid (60%) 45.75 0.82 -
1.81 0.03 With regeneration

Methanol (99.47%)

240.00 4.28 Without regeneration

76.97 1.37 With regeneration
Water

412.00 7.34 Without regeneration

Table 7. Waste generation standards, emissions, and discharges in the alternative tetramethylthiuram disulfide production
technology (with methanol and water regeneration)

Production waste generation
rate
Type of waste Agg;':%:l:set:tate Composition Amount, %
kg/operation t/t
VAT residue, including: 100.00 7.57 0.13
VAT residue (methanol Liquid Water 91.17 2.71 0.05
regeneration operation)
Organic impurities 8.83 4.86 0.09
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Table 7. Continued
Production waste generation
rate

Type of waste Agg;';aa::tztate Composition Amount, %
kg/operation t/t
VAT residue, including: 100.00 249.46 4.45
Sodi Ifat 15.95 39.78 0.71

VAT residue (water Liquid odium suttate

regeneration operation) Water 23.06 207.19 3,60
Organic impurities 1.00 2.49 0.04

Air emissions None

Wastewater discharge None

Further, we calculated comprehensive indicators
for comparing the developed and alternative
technologies used in the production of tetramethylthiuram
disulfide along with the final indicator for
evaluating the developed technology for compliance
with BAT principles (Table 8).

The value of the final indicator / of the assessment
of the new technology 1.04 < 2 supports the conclusion
that the technology developed by us for the production
of tetramethylthiuram disulfide meets BAT principles
and is more environmentally friendly compared
to the alternative one originally implemented in

the USSR [4]. The technology developed by us
was introduced in the branch of
GosNIIOKhT—Separate Plant No. 4 (Novocheboksarsk,
Chuvash Republic), whose experimental low-tonnage
tetramethylthiuram  disulfide production capacity
is 5000 kg/year.

The high efficiency (K, = 0.11) of the developed
technology for the production of tetramethyl thiuram
disulfide (Table 8) was determined by the low waste
rate of the technological process. The achieved level of
environmental friendliness of production (K, = 0.93)
was ensured by the regeneration of raw materials (methanol).

Table 8. Comprehensive indicators and the final evaluation indicator of the developed tetramethylthiuram disulfide

production technology

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technology K,

Due to the absence of emissions of harmful substances into the atmosphere
or discharges into water bodies for the developed and alternative technologies,
no comparison of specific indicators of such emissions and discharges
is carried out.

K, = (4, /4, ,)/3
K, =(1.50/4.58)/3=0.11

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technology K,

Due to the absence of discharges of harmful substances into water bodies
for the developed and alternative technologies, no calculation or comparison
of the degree of purification of discharges into water bodies is carried out.

Kz = (‘]K,A/ JK,P + JO,A/ J op +J A,A/ JA,P)/ 3
K,=(1.9/1.9 +0.69/0.87 + 1.00/1.00)/3

K,=0.93

Technology assessment outcome /

1=0.11+0.93=1.04
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Assessment of the compliance
of the N-cyclohexyl-2-benzothiazolylsulfenamide
production technology with the BAT principles

The technology for the production of N-cyclohexyl-
2-benzothiazolylsulfenamide is based on the one-stage
method for its preparation published in [9], which
includes the condensation of 2-mercaptobenzothiazole
and cyclohexylamine, followed by peroxidation of the
resulting intermediate compound, cyclohexylammonium
1,3-benzothiazole-2-thiolate, without its selection. The
process is carried out in an aqueous medium at a molar
ratio of 2-mercaptobenzothiazole : cyclohexylamine :
hydrogen peroxide equal to 1 : 3 : 1.1 and is described
by Scheme (4).

The calculation of the main and additional
technological indicators of the production of N-cyclohexyl-
2-benzothiazolylsulfenamide was carried out using the data of
“Temporary technological regulations for pilot low-tonnage
production of  N-cyclohexyl-2-benzothiazolylsulfenamide,
No. TTR-5-350" on consumption coefficients for raw

NH,

materials (Table 9) and the generation rate of production
waste (Table 10). The results of the calculation of the
main and additional technological indicators are presented
in Table 11.

The final assessment of the developed
technology for the production of N-cyclohexyl-
2-benzothiazolylsulfenamide was carried out by
comparing this technology with an alternative one based
on the method of its production by the interaction of
the sodium salt of 2-mercaptobenzothiazole (captax)
with cyclohexylamine in the presence of sodium
hypochlorite. The sodium salt of Captax was mixed with
cyclohexylamine, the reaction mass was acidified with
37% hydrochloric acid. This gave the cyclohexylamine
salt of Captax, which was oxidized with sodium
hypochlorite in the presence of alkali. Unreacted
cyclohexylamine was isolated from wastewater by
nitrogen purge at a temperature of 120-130°C. The
described method for the preparation of N-cyclohexyl-
2-benzothiazolylsulfenamide was implemented in the
USSR at Novokemerovo Chemical Plant [11].

S S H20,
ra () —| O ()]
N N

H20,

“4)

s
- /: % + 2H,0
N HN 2

Table 9. Consumption coefficients for raw materials and auxiliary materials in the N-cyclohexyl-2-benzothiazolylsulfenamide

production
Expense coefficients
Name of raw materials Note
kg/operation t/t

2-Mercaptobenzothiazole (97%) 68.80 0.872 -

3331 0.422 With regeneration
Cyclohexylamine (99%)

119.99 1.521 Without regeneration
Hydrogen peroxide (37%) 39.60 0.502 -

0.00 0.000 With regeneration

Water

800.00 10.139 Without regeneration

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):187-218

197



Assessment of resource-saving technologies in low-tonnage chemical industries ...

Table 10. Waste generation standards, emissions, and discharges in the N-cyclohexyl-2-benzothiazolylsulfenamide
production (with regeneration of water and cyclohexylamine)

Production waste generation rate
Type of waste Agg;':%;l;:t:tate Composition Amount, %
kg/operation t/t
VAT residue, 100.00 64.76 0.821
including:
VAT residue (water Liquid
regeneration operation) q Water 62.25 40.31 0.511
Organic impurities 37.75 24.45 0.310
Air emissions None
Wastewater discharge None

Table 11. Basic and additional technological indicators calculated for the developed and existing alternative
technologies used in the N-cyclohexyl-2-benzothiazolylsulfenamide production

Calculation method and indicator value

Indicator
Developed technology Alternative technology

Main technological indicators

A,,=0.821 tht Ay, =445t

Generation rate of solid and liquid waste
(Table 10) (Table 13)

Abgases are absent, emissions into the atmosphere are absent (Tables 10 and 13)

Specific emissions into the atmosphere
B =0 B_, =0

TP TA

There is no wastewater discharge (Tables 10 and 13)

Wastewater generation rate
C..=0 C..=0

TP TP

Additional technological indicators

It is calculated as the sum of the recovery
factors of 2-mercaptobenzothiazole P,

and cyclohexylamine P, taking into

account the yield of N-cyclohexyl-
2-benzothiazolylsulfenamide
(78.9 kg per operation, 75%) and the regeneration
of cyclohexylamine
P = 0.632/0.846 = 0.75 t/t
P, = 1.447/1.506 = 0.96 t/t

Jp=0.75+0.96 = 1.71 ti

Degree of complexity and completeness
of the extraction of useful components
from the feedstock

Jen= 164 1/t
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Table 11. Continued

Calculation method and indicator value

Indicator
Developed technology Alternative technology

It is calculated as the share of regenerated
cyclohexylamine and water in the total mass

Degree of utilization of generated waste of waste (mother liquor) per one operation: Jon=0.55t/t
Jop = (84.64 1 800)/949.40 = 0.93 t/t
Degree of purification of emissions Abgases are absent, emissions into the atmosphere are absent (Tables 10 and 13)
of harmful substances into the
atmosphere Jp =0t Jua=0tt

L ) Wastewater is absent (Tables 10 and 13)
Degree of purification of discharges

into water bodies

Jyp =0t Jya =0t

The reaction to obtain the sodium salt of rates for the production of N-cyclohexyl-
2-mercaptobenzothiazole is described by Scheme (5). 2-benzothiazolylsulfenamide wusing an alternative

The formation of N-cyclohexyl-2- technology (Table 13).
benzothiazolylsulfenamide can be described by Next, we calculated comprehensive indicators
Scheme (6). for comparing the developed and alternative

Based on the material balances calculated technologies used in the production of this
by us, we determined the consumption product along with the final indicator for
coefficients for raw materials and auxiliary evaluating  the  developed technology  for

materials (Table 12) and the waste generation compliance with BAT principles (Table 14).

N

N
\}SH + NaOH — o \>—SNa +  H,0 (5)
S

S

NH,
N N
NaCIO
\>—3Na + %, ©:\>_s\ (6)
-Na

Table 12. Consumption coefficients for raw materials and auxiliary materials in the N-cyclohexyl-2-benzothiazolylsulfenamide
production using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t

2-Mercaptobenzothiazole, 97% 68.80 0.73 -
Sodium hydroxide, 44% solution 44.46 0.47 -

581.04 6.16 Without regeneration
Water

52.24 0.55 With regeneration
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Table 12. Continued

Expense coefficients
Name of raw materials Note
kg/operation t/t

47.98 0.51 Without regeneration
Cyclohexylamine, 99%

40.12 0.42 With regeneration
Hydrochloric acid, 37% solution 51.30 0.54 -
Sodium hypochlorite, 15% solution 253.96 2.69 -
Sodium sulfite 14.69 0.16 -

Table 13. Waste generation standards, emissions, and discharges in the N-cyclohexyl-2-benzothiazolylsulfenamide
production using an alternative technology (with water and cyclohexylamine regeneration)

A te stat Production waste generation rate
Type of waste gnge%vaa:t: ate Composition Amount, %
kg/operation t/t
VAT residue, 100.00 42038 4.45
including:
Total organic 3.19 13.41 0.14
impuritics
Wastewater Liquid
Sodium chloride 14.47 60.84 0.64
Sodium sulfate 3.94 16.56 0.18
Water 78.40 329.57 3.49
Air emissions None
Wastewater discharge None

Table 14. Comprehensive indicators and the final evaluation of the developed technology for the production

of N-cyclohexyl-2-benzothiazolylsulfenamide

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technologies K|

Due to the absence of emissions of harmful substances into the atmosphere
or discharges of effluents into water bodies for the developed and alternative
technologies, no comparison of specific indicators of such emissions into
the atmosphere and discharges into water bodies is carried out.

K, =(A,/4,,)/3

K, =(0.82/4.45)/3 = 0.06

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technologies K,

Due to the absence of discharges into water bodies and emissions
of harmful substances into the atmosphere for the developed and alternative
technologies, no calculation or comparison of the degree of purification
of discharges into water bodies and emissions of harmful substances into
the atmosphere is carried out.
K, = (e Miep T o Mo )4

0Aop

K,=(1.64/1.71 + 0.55/0.93)/4 = 0.39

Technology assessment outcome /

1=0.06+0.39=0.45

Toukue xummdeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3):187-218

200



Natalia A. Kostikova, Elena N. Glukhan, Pavel V. Kazakov, et al.

The value of the final indicator of technology
assessment / = 0.45 << 2 supports the conclusion that
the technology developed by us for the production
of  N-cyclohexyl-2-benzothiazolylsulfenamide ~ meets
BAT principles and is much more environmentally
friendly compared to the alternative [11] implemented in
the USSR. This process has been introduced in
aforementioned Separate Plant No. 4; the -capacity
of the pilot low-tonnage production is 5000 kg/year.

A distinctive feature of the technology developed
by wus for the production of N-cyclohexyl-2-
benzothiazolylsulfenamide compared to that implemented
earlier in the USSR is a significant reduction in
the level of waste generation and a high degree of
raw material recovery, which makes it possible to
characterize the new technology as much more
efficient (K, = 0.06). The high level of environmental
friendliness of the developed technology (K, = 0.39)
is ensured by minimizing losses due to high rates
of resource saving (raw material conversion) and
recovery of the solvent (water) and excess raw material
component (cyclohexylamine).

Assessment of the compliance of the diisopropyl
xanthogen disulfide production technology
with the BAT principles

The technology for the production of diisopropyl
xanthogen disulfide is based on the method published
in [12], which includes the oxidation of potassium
isopropyl xanthate (PIX) [13] with hydrogen peroxide
in the presence of phosphoric acid in water [14].
The interaction of PIX with phosphoric acid with
the formation of the corresponding xanthogenic acid
is described by Scheme (7).

The oxidation of the obtained xanthogenic acid
with hydrogen peroxide to form diisopropyl xanthogen
disulfide is represented by Scheme (8).

g

HsPO,
—_—
-KH,PO,

S
)\o)J\s@ K®

The resulting suspension was filtered, washed
with water and dried. Wash water was reused in
the next synthesis as a solvent. PIX was obtained
by the interaction of isopropanol, potassium hydroxide,
and carbon disulfide according to Scheme (9).

The process was carried out in isopropanol
at a molar ratio of isopropanol : carbon disulfide :
potassium hydroxide equal to 7 : 1 : 1 and a temperature
of 25-35°C. To restore the quality of alcohol,
the method of two-stage distillation of the filtrate
was used.

The calculation of the main and additional
technological indicators of the production of
diisopropyl xanthogen disulfide to assess the
compliance of the technology with the principles
of BAT was carried out using the data of the
“Temporary process regulations for pilot low-
tonnage production of potassium isopropyl xanthate,
No. TTR-12-350" and “Temporary process
regulations for pilot low-tonnage production
of diisopropylxanthogendisulfide, No. TTR-13-350"
on consumption coefficients for raw materials
(Table 15) and the generation rate of production
waste (Table 16). The results of calculating the
main and additional technological indicators for
the production of diisopropyl xanthogen disulfide
using an alternative technology are presented in
Table 17.

The final assessment of the developed technology
for the production of diisopropyl xanthogen
disulfide was carried out by comparing the developed
technology with an alternative one based on the
known method of its production by oxidation of
alkali metal xanthate with sodium nitrite in the
presence of mineral acids (HCI, H,SO,) [15]:
one mole of acid is used to decompose sodium
nitrite to nitrogen oxides, and the second mol—on
the formation of xanthogenic acid from the
corresponding salt. The liberated nitric oxide (IV)
acts as an oxidizing agent in this process, which
can be  generally described by  reaction
Schemes (10)—(13):

S H,0, )\ j]\ ®)
2 (0] E— S @)
2SH 0 NG \n/ \‘/
S

S
)\ KOH CS )\ ©)
oH * ¥ 2 o OJKS@ @
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Table 15. Consumption coefficients for raw materials and auxiliary materials in the production of diisopropyl

xanthogen disulfide
Expense coefficients
Name of raw materials Note
kg/operation t/t
Obtaining PIX (98.88%)
416.16 2.593 -
Isopropyl alcohol (99.59%)
145.89 0.909 With regeneration
Carbon disulfide (100%) 72.68 0.453 -
Potassium hydroxide (86.11%) 61.70 0.384 -
Isopropanol recovery
Toluene (99.5%) 98.63 0.616 -

Obtaining diisopropyl xanthogen disulfide

PIX (98.88%) 150.00 1.42 -
Hydrogen peroxide (37%) 43.56 0.41 -
Orthophosphoric acid (85%) 99.39 0.94 -
850.00 8.03 -
Water o
440 00 416 Taking into account the return

of wash water

Table 16. Waste generation standards, emissions, and discharges in the diisopropyl xanthogen disulfide production
(with isopropanol regeneration and return of washing water)

Production waste
generation rate

Type of waste Aggregate state Composition Amount, %
of waste
kg/operation t/t
VAT residue, including: 100.00 12.89 0.086
VAT residue after rectification
of the filtrate (stage of Liquid Isopropanol 51.32 5.42 0.039
obtaining PIX)
Impurity 48.68 7.47 0.047
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Table 16. Continued

Production waste
generation rate
Type of waste Agg(l)‘;:%::set:tate Composition Amount, %
kg/operation t/t
Azeotrope, including: 100.00 201.53 1.260
Azeotrope isolated at the stage Isopropanol 38.20 76.98 0.481
of rectified absolutization Liquid
(stage of obtaining P1X) Water 13.10 26.40 0.165
Toluene 48.70 98.14 0.613
VAT residue, including: 100.00 9.29 0.021
Distillation residue after
absolute rectification (stage of Liquid Isopropanol 85.71 8.80 0.018
obtaining PIX)
Impurity 14.29 0.49 0.003
Filtrate, including: 100.00 620.63 5.862
Wastewater (diisopropyl
xanthogen disulfide Liquid Water 79.03 490.47 4.632
production stage)
Impurity 20.97 130.16 1.229

Air emissions

Wastewater discharges

Table 17. Basic and additional technological indicators calculated for the developed and alternative technologies
used in the diisopropyl xanthogen disulfide production

Indicator

Calculation method and indicator value

Developed technology

Alternative technology

Main technological indicators

Generation rate of solid and
liquid waste

A, =7.228 t/t (Table 16)

Ay, =7.337 t/t (Tables 20 and 21)

Specific emissions into the
atmosphere

Process off-gases are water vapor. There are
no emissions of harmful substances into

the atmosphere (Table 16)
B =0t

Off-gases are a mixture of nitrogen and
carbon dioxide. There are no emissions
of harmful substances into the atmosphere
(Tables 20 and 21)

B, =0t
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Table 17. Continued

Indicator

Calculation method and indicator value

Developed technology

Alternative technology

Wastewater generation rate

There is no wastewater discharge due to the
high hazard class for fishery water bodies
(hazard class 2%). C;, =0 t/t

There is no wastewater discharge due
to the high hazard class of the leachate
for water bodies of fishery significance

(hazard class 1%). C , =0 t/t

Additional technological indicators

The degree of complexity and
completeness of the extraction
of useful components from the
feedstock

P, hydrogen peroxide PHZOZ , and phosphoric

Taking into account the degree of extraction of
the components of the PIX production process:

It is calculated as the sum of the recovery
factors for isopropanol P,,, potassium

hydroxide P, carbon disulfide PCSZ , PIX
acid By po, taking into account the yield of
diisopropylxanthogendisulfide
(105.88 kg per operation, 90%).
P, =0.341/0,358 = 0.95 t/t
P, =0.319/0.334 =0.95 t/t
Fs, =0.433/0.453 =095 v/t
P, . =1261/1.401=0.90 t/t

PIX

P, =0.95x 0.90 = 0.86 t/t
By o, =0.123/0.152=0.81 ti
Py po, =0.713/0.798 = 0.89 t/t
Jip = 0.86+0.81 +0.89 = 2.56 t/t

Recovery factors for carbon disulfide Pcsz ,

isopropanol P,, potassium hydroxide P,

for the stage of obtaining PIX:
P,=0.341/0.358 = 0.95 t/t

P .. =0.319/0.334=0.95 t/t

KOH
Frs, =0.433/0.453 = 0.95 t/t
Recovery factors of PIX,

sodium nitrite Ry,no, »
and phosphoric acid PH3PO4 taking

into account the yield of the product
(108.25 kg per operation, 94.1%).

P,y =0.95 x 0.94 = 0.89 t/t

Pio, =044/0.47=0.94 tt
Bypo, = 0.611/0.611=1.00 t/

Jgn=0.89+0.94 + 1.00 = 2.83 t/t

Degree of utilization
of generated waste

It is calculated as the share of regenerated
isopropanol in the total mass of waste (filtrate
and condensate). According to the material
balance of isopropanol regeneration per 1 t
of product:

Jop = (0.984 +0.700)/3.049 = 0.55 t/t

It is calculated as the share of returned water
in the total mass of waste (filtrate,
wash water and waste absorbent).
According to the material balance

per 1 t of product:

Jo = 4.610/9.772 = 0.47 tt

Degree of purification
of emissions of harmful
substances into the atmosphere

Process off-gases are water vapor. There are
no emissions of harmful substances into
the atmosphere.

J,p=1.00 t/t

It is calculated as the share of captured
nitrogen oxide in the total mass of off-gases:
Jya=0.030/0.030 = 1.00 t/t

Degree of purification
of discharges into water bodies

There is no wastewater discharge (Tables 16, 20, and 21)

Jyp =01t

Jy\ =0t

* Order of the Ministry of Natural Resources of Russia dated December 4, 2014 No. 536 “On approval of the criteria for
classifying wastes as hazard classes I-V according to the degree of negative impact on the environment” (Registered in the Ministry
of Justice of Russia on December 29, 2015, No. 40330).

2NaNO, + 2H — 2Na + NO + NO, + H,0 (10)

S 2 HCl S .

o\ o /< .- o_/< (11)
-2KCI SH

SK
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S S
2 >f0—< + NO, —P)\ )J\ _S ¢} + NO + H,0 (12)
0 S \n/ \‘/
SH
S

In total:

s s
2 >704< + 4HCI + 2NaNO, —>)\ )J\ s. _O + 2NO +2H,0 + 4nacl  (13)
s

Purification of gas emissions is carried out by Based on the calculated by us material
absorption of off-gases with an aqueous solution of urea. balances, the consumption -coefficients for raw
The process of absorption of nitrogen oxides can be materials and auxiliary materials (Tables 18 and
described by Scheme (14): 19) and the waste generation rate in the production

of diisopropyl xanthogen disulfide wusing an
NO +NO, + (NH,),CO = 2H,0 + CO, + 2N, (14) alternative technology were determined

(Tables 20 and 21).

Table 18. Consumption coefficients for raw materials and auxiliary materials in the potassium isopropyl xanthate production

Expense coefficients

Name of raw materials Note
kg/operation t/t
Obtaining PIX

416.16 2.593 -
Isopropyl alcohol (99.6%)

145.89 0.909 With regeneration
Carbon disulfide (100%) 72.68 0.453 -
Potassium hydroxide (86.8%) 61.70 0.384 -

Isopropanol recovery

Toluene (99.5%) 98.63 0.616 -

Table 19. Consumption coefficients for raw materials and auxiliary materials in the diisopropyl xanthogen disulfide
production using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t
PIX (98.88%) 150.00 1.355 -
Sodium nitrite (98.50%) 59.60 0.552 -
Orthophosphoric acid (85%) 127.10 1.196 -
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Table 19. Continued

Expense coefficients
Name of raw materials Note
kg/operation t/t
850.00 7.870 -
Water With the return of wash water and
433.86 4.017 condensate from the sludge drying
process
133.02* 0.172 With recycling
Urea (100%)* . .
121.63* 0157 With the regeneration of the
absorbent
Water for absorbent preparation* 399.06* 0.515 With recycling

* Based on 7 operations for obtaining diisopropyl xanthogen disulfide.

Table 20. Waste generation standards, emissions, and discharges in the potassium isopropyl xanthate production

Production waste generation
rate
Type of waste Aggregate state Composition Amount, %
of waste
kg/operation t/t
VAT residue, including: 100.00 12.89 0.086
VAT residue after distillation .
of the filirate Liquid Isopropanol 51.32 5.42 0.039
Impurities 48.68 7.47 0.047
Azeotrope, including: 100.00 201.53 1.260
Isopropanol 38.20 76.98 0.481
Azeotrope isolated at the stage Liquid
of absolute rectification qu
Water 13.10 26.40 0.165
Toluene 48.70 98.14 0.613
VAT residue, including: 100.00 9.29 0.021
Distillation residue after .
absolute rectification Liquid Isopropanol 85.71 8.80 0.018
Impurities 14.29 0.49 0.003
Air emissions None
Wastewater discharges None
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Table 21. Waste generation standards, emissions, and discharges in the diisopropyl xanthogen disulfide production using

an alternative technology

Production waste generation rate
Type of waste Aggregate state Composition Amount, %
of waste kg/operation t/t
Filtrate, including: 100.00 629.60 5.830
Water 74.13 466.72 4321
Wastewater Liquid o
Impurities 1.25 7.87 0.073
Sodium and potassium
salts of phosphoric acid 24.62 155.01 1433
Waste absorbent, 100.00 15.45 0.140
including:

Wastewater Liquid Urea 278 0.43 0.004
Water 97.22 15.02 0.136
Abgases, including 100.00 13.82 0.125
Abgases Gas Nitrogen 10.34 1.43 0.013
Carbon dioxide 89.66 12.39 0.112

Air emissions None

Wastewater discharges None

Further, we calculated the comprehensive Thus, the developed technology is more
indicators for comparing the developed and environmentally friendly than the alternative one

alternative technologies used in the production
of diisopropyl xanthogen disulfide along with the
final indicator for evaluating the developed
technology for compliance with BAT principles
(Table 22).

The value of the final indicator of the
technology assessment / = 1.97 < 2 supports the
conclusion that the technology developed by us
for the production of diisopropyl xanthogen
disulfide meets BAT principles and is more
environmentally friendly compared to the alternative
one [4]. This technology was introduced in Separate
Plant No. 4; the capacity of the pilot low-scale
production is 2000 kg/year for diisopropyl xanthogen
disulfide and 3000 kg/year for PIX.

due to the high level of environmental friendliness
achieved through the regeneration of isopropanol
at the stage of PIX production. However, the
specific indicator of waste generation by this
technology is quite high (7.23 t/t, Table 17), and
the main production waste is the filtrate from the
stage of obtaining diisopropyl xanthogen disulfide
(5.862 t/t, Table 21), the water content of which
is 79.03%. It should be noted that during the
development process, we managed to reduce the
hazard class of this waste from 1st to 2nd, which,
in our opinion, is a significant result in achieving
environmental protection goals and increases the
level of environmental friendliness of the technology
we developed for the production of diisopropyl

¢ Order of the Ministry of Agriculture of Russia dated December 13, 2016, No. 552 (as amended on March 10, 2020) “On
approval of water quality standards for fishery water bodies, including standards for maximum permissible concentrations of harmful
substances in the waters of fishery water bodies” (Registered with the Ministry of Justice of Russia on January 13, 2017, No. 45203)

(in Russ.).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):187-218

207



Assessment of resource-saving technologies in low-tonnage chemical industries ...

Table 22. Comprehensive indicators and the final evaluation indicator of the developed diisopropyl xanthogen disulfide

production technology

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators

of the developed and alternative
technologies K|

Due to the absence of emissions of harmful substances into
the atmosphere or discharges into water bodies for these technologies,
no comparison of specific indicators of emissions into the atmosphere

and discharges into water bodies is carried out.
K, =A /A, =7.23/7.34=0.98

Comprehensive indicator of comparison
of additional technological indicators
of the developed and alternative
technologies K,

Due to the absence of discharges of harmful substances into water bodies
using these technologies, no calculation or comparison of the degree
of purification of discharges into water bodies is carried out.

K, =(2.83/2.56 + 0.47/0.55 + 1.00/1.00)/3 =
=(1.11 +0.85 + 1.00)/3 = 0.99

Technology assessment outcome /

1=0.98+0.99=1.97

xanthogen disulfide. Regeneration of the solvent
(water) from the waste (filtrate) can be considered
as a possible direction for the modernization of
the technology, which will lead to a decrease in
the specific indicator of production waste and will
increase the degree of use of raw materials and
generated waste.

Assessment of the compliance of the developed
technology for the N-phenyl-2-naphthylamine
production with the BAT principles

The technology for the production of N-phenyl-
2-naphthylamine was based on a one-stage method
developed in [16], which includes the aramination
of 2-naphthol with aniline in the presence of catalytic
amounts of orthophosphoric acid at a molar ratio

NH,
o O

HO
H;PO,

'Hzo

shee

of 2-naphthol : aniline orthophosphoric  acid
equal to 1 1.065 0.017, within 2.0-2.5 h
[17, 18]. The return of the initial aniline to the
reaction sphere 1is ensured by separating the
azeotropic aniline/water mixture and separating
N-phenyl-2-naphthylamine in the form of a powder
by crystallization from the reaction mass in an
isobutanol/xylene mixture [16, 17]. The process of
obtaining N-phenyl-2-naphthylamine is described by
Scheme (15).

The calculation of the main and additional
technological indicators [4] of the production of
N-phenyl-2-naphthylamine was carried out by us
using data of “Temporary process regulations
for pilot low-tonnage production of N-phenyl-
2-naphthylamine, No. TTR-8-350” on consumption
coefficients for raw materials (Table 23) and

(15)

Table 23. Consumption coefficients for raw materials and auxiliary materials in the N-phenyl-2-naphthylamine production

Expense coefficients
Name of raw materials Note
kg/operation t/t
Aniline (99.9%) 121.00 0.475 -
2-Naphthol (99.5%) 175.00 0.686 -
Phosphoric acid (85%) 2.40 0.009 -
433.42 1.700 Without regeneration
Isobutanol (99.3%)
1.90 0.007 With regeneration
82.91 0.325 Without regeneration
Petroleum xylene (99.6%)
32.27 0.127 With regeneration
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production waste generation rates (Table 24). The

implemented in the 1960s at Novomoskovsk Anilino-

results of the calculation of the main and Paint Plant (Novomoskovsk Organic Synthesis Plant)
additional technological indicators are presented [19]. The technology was based on the condensation
in Table 25. of 2-naphthol with aniline in the presence of a

The final assessment of the developed benzenesulfonic acid catalyst at a molar ratio of

technology  for  the  N-phenyl-2-naphthylamine
production was also carried out by comparing this

2-naphthol to aniline equal to 1 : 1.5. The process
of formation of N-phenyl-2-naphthylamine can be

technology with an alternative one,

which was

described by the Scheme (16).

Table 24. Waste generation standards, emissions, and discharges in the N-phenyl-2-naphthylamine production
(with regeneration of isobutanol-o-xylene mixture)

Production waste
ti t:
Type of waste Agg;‘:%j:set:tate Composition Amount, % e
kg/operation t/t
VAT residue, including: 100.00 54.23 0.213
N-phenyl-2-naphthylamine 8.32 10.03 0.039
Distillation residue after Aniline phosphate 3.30 3.98 0.016
regeneration of isobutanol- Liquid
Xylene mixture o0-Xylene 81.07 31.90 0.125
Aniline 5.09 6.14 0.024
Impurities 1.14 2.18 0.009
Aqueous phase (azeotrope) Liquid Water 100.00 22.15 0.087
Organic phase, including: 100.00 2.61 0.010
Aniline 13.08 0.34 0.001
Organic phase (azeotrope) Liquid
Isobutanol 70.11 1.90 0.007
Xylene 16.81 0.37 0.001
Air emissions None
Wastewater discharges None

Table 25. Basic and additional technological indicators calculated for the developed and alternative technologies used
in the N-phenyl-2-naphthylamine production

Indicator

Calculation method and indicator value

Developed technology

Alternative technology

Main technological indicators

Generation rate of solid and liquid waste

Ay, = 0310 t/t (Table 24)

A,,= 1.85 t/t (Table 27)

Specific emissions into the atmosphere

There are no emissions into the atmosphere (Tables 24 and 27)

B.,=0tt

B, =0t
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Table 25. Continued

Calculation method and indicator value

Indicator

Developed technology

Alternative technology

There is no wastewater discharge (Tables 24 and 27)

Wastewater generation rate

C,, =0tk

Cp =0t

Additional technological indicators

The degree of complexity and
completeness of the extraction of useful
components from the feedstock P 2 Naphthol

Aniline

It is calculated as the sum of the recovery
factors of 2-naphthol and aniline, taking into
account the yield of N-phenyl-2-naphthylamine
(255.00 kg per operation, 96%)

=0.659/0.683 = 0.96 t/t
P, =0.424/0.474=0.89 tt
Jep=0.96+0.89 = 1.85 tt

Jen =159 1/t

Degree of utilization of generated waste

It is calculated as the share of regenerated
isobutanol and xylene in the total mass
of the waste (filtrate, washing solution, and
condensate). It can be calculated from the
material balance data for the regeneration
of the isobutanol/xylene mixture per operation.

J,p = (431.47 +50.60)/538.39 =
‘ =0.90 t/t

Jy, =031 tt

Degree of purification of emissions

There are no emissions into the atmosphere (Tables 24 and 27)

of harmful substances into the atmosphere

=0t

Joa =0t

Degree of purification of discharges into

There is no wastewater discharge (Tables 24 and 27)

water bodies

Jyp =01/t

Jy\ =0t

NH, HO §
. BSK
oo (16)

The condensation of 2-naphthol and aniline
was carried out at a temperature of 240 + 5°C until
the content of 2-naphthol was 0.8%. Aniline vapor
was partially returned to the reactor by reflux. The
reaction mass was neutralized with solid caustic soda.
Unreacted aniline was distilled off with live steam
until it was completely absent in the reaction mass.
The selection of the target N-phenyl-2-naphthylamine
was carried out in the form of a melt, followed
by distillation and flaking.

Regeneration of excess aniline that did not
react with 2-naphthol was carried out using vacuum
distillation and rectification methods. The extraction

of aniline from aniline water was carried out in
the process of rectification by azeotropic distillation,
followed by separation of the heteroazeotrope by
centrifugation.

Based on the calculated by us material balances,
the consumption coefficients for raw materials
andauxiliary materials (Table 26) and the generation
rate  of N-phenyl-2-naphthylamine production waste
using an alternative technology were determined (Table 27).

Next, we calculated comprehensive indicators
for comparing the developed and alternative
technologies and the final indicator for evaluating the new
technology for compliance with BAT principles (Table 28)
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Table 26. Consumption coefficients for raw materials and auxiliary materials in the N-phenyl-2-naphthylamine
production using an alternative technology

Expense coefficients
Name of raw materials Note
kg/operation t/t

1854.55 0.663 Without regeneration
Technical aniline (99.8%)

1185.99 0.424 With regeneration
2-Naphthol (98.5%) 1940.00 0.693 -
Benzenesulfonic acid (95%) 8.90 0.003 -
Technical sodium hydroxide (98.5%) 2.30 0.001 -

3500.00 1.250 Without regeneration
Water

2659.57 0.950 With regeneration
Water vapor 2238.24 0.800 -

Table 27. Waste generation standards, emissions, and discharges in the N-phenyl-2-naphthylamine production using
an alternative technology (with water and aniline regeneration)

A Production waste generation rate
ggregate state o ®
Type of waste of waste Composition Amount, %
kg/operation t/t
Filtrate, including: 100.00 121.099 0.433
2-Naphthol 0.09 0.114 0.0004
Sodium salt of bznzenesulfonlc 0.60 0.722 0.0026
Wastewater Liquid act
Sodium salt of sulfuric acid 0.02 0.029 0.0001
Water 95.06 115.117 0.4113
Impurities 4.23 5.118 0.0183
Wash water, including: 100.00 255.532 0.913
2-Naphthol 0.09 0.222 0.0008
Sodium salt of bznzenesulfomc 0.09 0.241 0.0009
Wastewater Liquid aci
Sodium salt of sulfuric acid 0.004 0.010 0.00004
Water 99.31 253.779 0.9067
Impurities 0.50 1.280 0.0046
VAT residue, including: 100.00 0.400 0.001
VAT residue Liquid
Resin 100.00 0.400 0.001
Water, including: 100.00 141.110 0.504
Wastewater Liquid Aniline 0.15 0.210 0.0008
Water 99.85 140.900 0.5034
Air emissions None
Wastewater discharges None
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Table 28. Comprehensive indicators and the final evaluation indicator of the developed N-phenyl-2-naphthylamine

production technology

Indicator

Calculation method and indicator value

Comprehensive indicator of comparison
of the main technological indicators of the
developed and alternative technologies K|

Due to the absence of emissions of harmful substances into
the atmosphere or discharges into water bodies for the technologies
under consideration, the formula for calculating the indicator
is transformed as follows:
Kl = AT,P/AT,A
K, =031/1.85=0.17

Comprehensive indicator of comparison
of additional technological indicators

Due to the absence of emissions of harmful substances into
the atmosphere for the technologies under consideration, no calculation
or comparison of the degree of purification of emissions
of harmful substances into the atmosphere is carried out.

of the developed and alternative technologies K,

K= Moty Mopt s L)

KA T KP O0.A" 0P B.A'"B.P

K, =(1.59/1.85+0.31/0.90 + 1.00/1.00)/3 = 0.73

Technology assessment outcome /

1=0.17+0.73=0.90

The value of the final technology assessment
indicator / = 0.90 << 2 supports the conclusion
that the  N-phenyl-2-naphthylamine  production
technology developed by us meets BAT principles
and is much more environmentally friendly [4]
compared to the alternative one implemented
in the USSR. The technology developed by us has
been implemented in Separate Plant No. 4; the
capacity of the experimental low-tonnage production
is 5000 kg/year.

An analysis of the evaluation of the developed
N-phenyl-2-naphthylamine ~ production  technology
determines it as highly efficient (K, = 0.17) and
having a high level of environmental friendliness
(K, = 0.73). The new technology is distinguished
by a significantly lower (almost 6 times) level of
waste generation compared to the alternative
technology implemented in the USSR, and is
also characterized by a high degree of resource
saving and recuperation of generated waste. The
obtained result is ensured by the adopted
technological solutions using the return of aniline
to the reaction sphere after the separation of the
condensed in florentine vapors of the azeotropic
aniline-water mixture, as well as the regeneration
of the mixture of solvents (isobutanol/xylene).

DISCUSSION

Based on the analysis of new low-tonnage
chemical production technologies developed at
GosNIIOKhT according to the criteria for achieving
environmental protection objectives using the
methodology  [4], the adopted technological
solutions for resource saving and environmental
protection are concluded to be highly effective.

The quantitative assessment methodology [4]
is based on determining achieved levels of
manufacturability and environmental friendliness
of new technologies along with the calculation
of comprehensive indicator for comparison with
alternative (BAT) technologies (Table 29). The
calculated values of the main technological indicators
characterize the achieved level of technology
efficiency: the lower the value of the K indicator,
the higher the efficiency of the new technology
compared to the existing alternative. In turn, the
values of additional technological indicators of
technologies  reflect the achieved level of
environmental friendliness of the technology, while
the criterion for the effectiveness of the development
(compared to the existing technology) also
consists in the achievement of the minimum values
of the K, indicator. The effectiveness of development
as a whole -characterizes the final indicator
of comparison [: the lower its value, the higher
the achieved degree of compliance of the new
technology with BAT principles and the current
level of development according to the criteria for
achieving the environmental protection objectives.

The current absence of BAT for the production
of  tetramethylthiuram  disulfide  (thiuram D),
N-cyclohexyl-2-benzothiazolylsulfenamide (sulfenamide C),
diisopropyl = xanthogen  disulfide  (diproxide
and N-phenyl-2-naphthylamine (neozone D) is
due to these materials having previously been
produced in the USSR.

As a result of the calculations, it was found that
all the new technologies developed by us in
accordance with BAT principles are environmentally
more advanced than those implemented earlier
during the Soviet period (Table 30). The most

Toukue xummdeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3):187-218

212



Natalia A. Kostikova, Elena N. Glukhan, Pavel V. Kazakov, et al.

Table 29. Criteria for the development and evaluation indicators of new technologies in accordance with BAT principles

Criteria
for development
in accordance with BAT

with BAT principles

Evaluation indicators for developed and alternative production technologies in accordance

K, (achieved level

K, (achieved level

I (overall development

principles . environmental friendliness .
of technology efficiency) of the technology) efficiency)
Development efficienc K <1 K, <1 [<2
cveop y Reaching the minimum Reaching the minimum Reaching the minimum
criterion
values of K| values of K, values of 7

Characteristics
of development evaluation
indicators

Comprehensive indicator
of comparison of the main
technological indicators of

production technologies

Comprehensive indicator
of comparison of additional
technological indicators of
the developed and alternative
production technologies

Final indicator of the
comparison of the developed
and alternative production
technologies

Semantic content
of development evaluation

Level of waste generation,
air emissions and water

Degree of complexity and
completeness of the extraction
of useful components from
the feedstock, the use of waste
generated, the purification of

Degree of compliance
of the new technology
with BAT principles and
the current level of development

indicators discharges. S according to the criteria
emissions of harmful substances S S
. for achieving the objectives
into the atmosphere and . .
. . . of environmental protection
discharges into water bodies.
K <1. K,<1. [=<2.

Conclusion on the results
of the development
evaluation

The lower the K| indicator,
the higher the achieved level
of efficiency of the developed

technology compared to the

alternative.

The lower the K, indicator,
the higher the achieved level
of environmental friendliness
of the developed technology
compared to the alternative.

The lower /, the more
the developed technology
complies with BAT principles
and is more environmentally
friendly compared
to the alternative.

Table 30. Results of the quantitative assessment of the developed technologies for the production of materials in accordance

with BAT principles

Development evaluation

Subject of development—production technology

indicators
in accordance with
BAT principles

q N-cyclohexyl- -
Tetramfethylthluram 2-benzothiazolylsulfen- Dusopropyl xanthogen N-phenyl- ;
disulfide amide disulfide 2-naphthylamine

Development evaluation results

K, 0.11 0.06 0.98 0.17
K, 0.93 0.39 0.99 0.73
1 1.04 0.45 1.97 0.90
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Table 30. Continued

Development
evaluation indicators
in accordance with
BAT principles

Subject of development—production technology

Tetramethylthiuram
disulfide

N-cyclohexyl-
2-benzothiazolylsulfen-
amide

Diisopropyl xanthogen
disulfide

N-phenyl-
2-naphthylamine

Conclusion on the results of the development evaluation:

Achieved level

of efficiency Very high Very high Comparable Very high
Achieved level

of environmental Comparable Very high Comparable High
friendliness

Overall development . . .
efficiency Very high Very high Comparable Very high
Compliance with BAT Yes Yes Yes Yes

principles

Identification of possible directions for development modernization

Solvent (water)

Possible modernization Regeneration of water
measures from waste (leachate) B recovery from waste B
(filtrate)
Reducing the specific Reducing the specific
indicator of production - indicator of production -
waste waste
Expected result of Increasing the utilization B Increasing the utilization B

modernization measures

of generated waste

of generated waste

Further improvement
of the environmental

Further increase
in efficiency and

friendliness of the environmental
development friendliness
effective  technological  solutions have  been N-cyclohexyl-2-benzothiazolylsulfenamide (/ = 0.45 << 2)
developed for the production of tetramethylthiuram and N-phenyl-2-naphthylamine (/ = 0.9 << 2).
disulfide (K, = 0.11 << 1), N-cyclohexyl- The developed new technology for the
2-benzothiazolylsulfenamide (K, = 0.06 << 1) production of diisopropyl xanthogen disulfide is
and N-phenyl-2-naphthylamine (K, = 0.17 << 1). characterized by the levels of manufacturability

The maximally efficient use of raw materials
and purification of emissions and discharges is achieved
by implementing the technologies for the production
of N-cyclohexyl-2-benzothiazolylsulfenamide
(K, = 039 < 1) and N-phenyl-2-naphthylamine
(K, = 073 < 1). The achieved Ilevels of
manufacturability (K|) and environmental friendliness
(K, provide a high level of efficiency and
compliance with BAT principles for the production
of tetramethylthiuram disulfide (I = 1.04 << 2),

(K, = 098 = 1) and environmental friendliness
(K, = 099 = 1) comparable with the alternative
option. The efficiency of the developed technological
solutions is also comparable with the -efficiency
of the alternative (/ = 1.97). Nevertheless, compliance
with the development efficiency criterion (/ = 1.97 < 2)
supports the conclusion that the new technology
offers some advantage in terms of achieved resource
saving and environmental protection in accordance
with BAT principles.
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A possible direction for the modernization
of this development consists in the search for
new technological solutions for the recovery of

a solvent (water) from waste (filtrate), which
will increase its efficiency and environmental
friendliness by reducing the specific indicator

of waste production and enhancing the utility of
generated wastes.

CONCLUSIONS

The introduction of modern low-tonnage
chemical production technologies on an industrial
scale is a complex system task, whose successful
solution is ensured by the achievement of high
levels of efficiency, safety and quality of
development. Decisions on the prospects for
industrial implementation of possible new technologies
should be made based on the results of their
analysis according to criteria for determining the
result achieved during implementation, as well
as compliance with regulatory and legislative
requirements. An objective assessment must have
a scientific methodological basis that takes
technological, economic and environmental factors
into account, as well as an algorithm for evaluating
achieved indicators, comparing them with the target
ones, and drawing a conclusion about the level
of development.

To assess the compliance of new technologies
with modern environmental requirements, we have
developed a “Methodology for the quantitative
assessment of new technologies for the production
of organic substances in accordance with BAT
principles,” which is used in the development process to
make decisions on resource saving and waste reduction.

On the example of low-tonnage technologies
for the production of tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl
xanthogen disulfide and N-phenyl-2-naphthylamine
created at GosNIIOKhT, the quantitative assessment
of new technologies based on the calculation of
comprehensive indicators of comparison  with
alternative technologies by technological (quantity
waste, emissions and discharges) and environmental
indicators (the degree of use of raw materials and

waste and the effectiveness of measures to clean up
gas emissions and discharges into water bodies) is
shown to be useful for assessing the compliance of
new technologies with BAT principles, as well as
determining the directions for modernizing existing
industries.

The developed “Methodology for a comprehensive

assessment of possible technological solutions
according to the criteria of economic and
environmental  efficiency,” along  with  the

“Methodology for the quantitative assessment of
new technologies for the production of materials
in accordance with BAT principles” allowed us
to create a methodological basis for use at the
stage of making basic technological decisions on
the introduced production method to ensure a high
level of economic and environmental efficiency, as
well as fulfilling legal requirements for technologies
used in the field of environmental safety for achieving
environmental protection objectives.
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E.N. Glukhan — formation of the scientific concept
of quantitative assessment of new technologies in accordance
with BAT principles, development of “Methodology for the
quantitative assessment of new technologies for the production
of organic substances in accordance with BAT principles.”

P.V. Kazakov — development of technology for
obtaining tetramethylthiuram disulfide, industrial introduction
of technologies for obtaining tetramethylthiuram disulfide,
N-cyclohexyl-2-benzothiazolylsulfenamide, diisopropyl
xanthohen disulfide, and N-phenyl-2-naphthylamine.

M.M. Antonova - development and industrial
implementation oftechnologies forthe production of diisopropyl
xanthohen disulfide and N-phenyl-2-naphthylamine.

D.I. Klimov— development and industrial implementation
of technologies for the production of N-cyclohexyl-
2-benzothiazolylsulfenamide and N-phenyl-2-naphthylamine.
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Design and synthesis of 4-nitroimidazole derivatives
with potential antitubercular activity
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Abstract

Objectives. To develop the procedures for synthesis of hybrid molecules with potential anti-
tubercular activity containing heterocyclic cores of 4-nitroimidazole and 1,3,4-thiadiazole within
the framework of a double-drug strategy and predict bioactivity of target structures and drug-
likeness physicochemical parameters.

Methods. Target compounds were prepared by classical organic synthesis methods. The
structure of the obtained compounds was characterized by melting points, 'H and '°C nuclear
magnetic resonance spectroscopy, and high-resolution mass spectrometry. The calculation of the
physicochemical parameters of the target compounds and prediction of their biological activity
were carried out using publicly available software for cheminformatics and molecular modeling.
Results. Acylation of propargylamine with (2-methyl-4-nitro-1H-imidazol-1-yl)acetic and (4-nitro-
1H-imidazol-1-yl)acetic acids provided the corresponding amides, which were cyclized with
seven different benzylamines in the presence of zinc triflate. In this way, seven new compounds
were obtained at 20-30% yields. Ten arylamines were acylated with chloroacetyl chloride and
the resulting chloroacetamides were converted into corresponding thio-oxahydrazides by the
Willgerodt-Kindler reaction. Following acylation by (4-nitro-1H-imidazol-1-yl)acetic acid, these
compounds were converted into the target hybrid imidazolyl-thiadiazoles at 29-54% yields.
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Conclusions. Two series of new heterocyclic compounds with a hybrid structure including a
privileged 4-nitroimidazole moiety linked to the second heterocycle, imidazole, or thiadiazole, were
obtained. The synthesis and characterization of compounds by physicochemical methods was
aimed at searching for anti-tuberculosis activity. The bioactivity potential of target compounds
was demonstrated by preliminary calculations performed using public prognostic programs.

Keywords: nitroimidazoles, biimidazoles, 1,3,4-thiadiazoles, N-propargylamides, thiosemicarbazides,
zinc triflate
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J{M3aiiH ¥ CMHTE3 NPOU3BOIAHBIX 4-HUTPOMMMIA30/12
C MOTCHUHMAJIBbHON AHTUTYOCPKYJIE3HON AKTUBHOCTHIO
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IPedepanbHublil HAYUHO-KAUHUUECKUTL ueHmp pusuUKO-XuMUUeCcKoll MeOUYUHBL
umeru axademurka FO.M. Aonyxuna PedepanvHoz0 MmeOuKo-6U0N02UUEeCKO20 a2eHmCcmaa,
Mocksa, 119435 Poccust

2MHPSA — Poccutickuii mexHono2uueckuil yHusepcumem (HHcmumym moHIKUX XUMUMECKUX MEeXHOI02UTL
um. M.B. NomoHocosa), Mockea, 119571 Poccus
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AHHOMAQuus

IMenu. Paspabomka cuHmesa 2ubpudHblX MONEKYSL C NOMEHYUUANTbHOU npomusomybeprye3Hotl
AKMUBHOCMbIO, COOEPIKAULUX 2emepoyuriuuecKue cucmemol 4-numpoumuoasona u 1,3,4-mua-
oduazona, 8 pamkax cmpamezuu «double drugr. AHanuz coomeemcmeust UX pPACUEmMHBbIX
PUBUKO-XUMUUECKUX NAPAMEempPo8 UHMepsanam 3HaueHUll ONsl JeKapcmeeHHO-no00OHbLIX
(«drug-likeness») coeduHeHUI.

Memooeut. Llenesvle coeduHeHust OblIU NOAYUEHbL KAACCUUECKUMU MEemodamMu Op2aHUUecKoz20
cuHmesa. Cmpyxmypa nonyueHHslx coeouHeHull bblia oxapaKkmepuszosaHa memnepamypamu
nnagneHusl, cneKkmpockonueii si0epHoeo mazHumHoeo pesoHavca 'H u BC, macc-cnekmpomempuetl
8blCOK020 paspeweHusl. Pacuem @Qu3uko-Xumuueckux napamempos uesiegblx COeOUHeHUll U
npozHo3uposaHue ux buosozuUecKoli aKmueHoCmu NPo8ooUNU C UCNOb308AHUEeM obugedocmyn-
HO020 NPo2paMMHO20 obecneueHus ONst XeMOUHPOPMAMUMKU U MOSEKYAIPHO20 MOOESUPOBAHUSL.
Pesynemameotl. AyunuposaHuem mnponapeunomuHa (2-wmemun-4-Humpo-1H-umudason-1-unjyrcycHotl
u (4-Humpo-1H-umudaszon-1-un)ykcycHoti Kucromamu OblLiU NOAYUEHbL NPONapsULAMUObL,
Komopble YUKAUI08ANU C 7 PASAUUHBIMU OEH3UNAMUHAMU 8 NpUCYymMCemeuu mpugrama yuHka.
Taxum cnocobom c evixooamu 20-30% om meopemuueckozo Obina NOAYUeHA cepust U3 7 HO8blLX
2-[(4-rHumpo- 1 H-umudaszon- 1-un)memunj- 1-6ex3un-5-memun-1 H-umuoazonos. 10 apunamuros
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6bLIU  AUUAUPOBAHBL  XAOPAUEMUXAOPUOOM. T[lonyueHHble xaopauemamudsl pearyueti
Bunwzepooma-KuHonepa npegpamuau 8 coomeememayrouiiue muookcazuopasuosl. Omu coe0uHeHUst
nocne ayuauposarust (4-numpo-1H-umudason-1-un)yrcycHoli Kucromoii 6bLiu npespauieHst
yursiodezudopamayueti 8 yesnesoble 2ubpuUOHble UMUOAZONUT-MUAOUA30bL, ¢ 8blxooamu 29-54%.
Buteooust. [TonyueHsbl 08e cepull HO8bLX 2eMepPOUUKAUUECKUX COCOUHEHUT C 2UOPUOHOTL cmpyK-
mypoti, erouarouell. NPUBUNE2UPOBAHHDLLU GpazmeHm 4-HUMpoOUMuUOa3ona, CoeOuHeHHbL
ANKUSIbHBIM JIUHKEPOM CO 8MOPbIM 2eMEePOYUUKIOM — UMUOAZ0/I0M Ulu muaduasonom. Coedu-
HeHUsl CKOHCMPYUPOBAHbLL C UeSIbI0 NOUCKA Npomusomybepryie3Hol aKmueHoCmu, CUHMe3upo-
8AHbL U 0OXAPAKMEPU308AHbL PUSUKO-XUMUUECKUMU memodamu. TIpedeapumenibHble pacuemst,
8blNONIHEHHbLE C NOMOULBLIO 00ULEOOCMYNHBIX NPOZHOCMUUECKUX NPOZPAMM, NOKA3AIU 803MOIN-
HbLl nomeHyuan 6uoi0euueckoli aKmu8HOCMU Yeaneblx CmpyKkmyp.

Knroueesle cnoea: Humpoumuoasosl, buumuoaszonwl, 1,3,4-muaduasonst, N-nponapaunamuost,

muocemurkapbasudsl, mpugaam YuHKa

Jna yumuposanua: Benéxuna T.C., Uymunos M.B., Jlykun A.}O. JluzaiiH W CHHTE3 NPOU3BOAHBIX 4-HUTPOUMHJA30JIa
C IOTEHIMANbHOM aHTUTYOEpKYIEe3HOM AaKTUBHOCTbIO. Tomkue xumuueckue mexnonoeuu. 2023;18(3):219-229. https://doi.

org/10.32362/2410-6593-2023-18-3-219-229

INTRODUCTION

One of the most studied structures in medicinal
chemistry comprises the imidazole heterocyclic
system. Many drugs that are currently on the
market or in the process of being developed are
based on an imidazole core [1]. Imidazole derivatives
are present among antibiotic, antiviral and anticancer
drugs, as well as antiprotozoal agents and many
other medicinal compounds. These compounds play
an important role in the fight against tuberculosis, a
socially significant infection that has recently created

increasingly serious problems for public health due to
the spread of multidrug-resistant strains. Delamanid
(1) was approved for the treatment of antibiotic-
resistant forms of tuberculosis in 2014; another
imidazole derivative, Pretomanid (PA-824) (2), is
currently undergoing phase III clinical trials [2]. Both
structures are based on the heterocyclic 4-nitroimidazole
system (Fig. 1). 5-Nitroimidazoles have been used
antibacterial and antiprotozoal agents [3] since
the 1960s; in this connection, it is sufficient to
mention the well-known metronidazole (3) and
ornidazole (4) variants. Due to the less well-developed

Fig. 1. Structures of nitroimidazole drugs 1-5 and synthesized compounds 6, 7.
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approaches to the synthesis of these substances,
the activity of 4-nitroimidazoles only became the
subject of studies more recently. The mechanisms
of action and biological targets of nitroimidazoles
are very diverse. At the first stage of metabolism,
cell enzyme systems reduce the nitro group to
an amine, while aminoimidazoles inhibit the
synthesis of DNA and proteins. Some drugs block
mitochondrial oxidation processes to deplete the
cell structure [4].

Another example of a privileged structure is
the 1,3,4-thiadiazole system. The biological activity
of 1,3,4-thiadiazole derivatives is very diverse
[5]. Among these substances are antimicrobial,
antiprotozoal and antituberculosis agents [6] with
high pharmacological potential, as well as registered
drugs, for example, megazole with antitrypanosomal
activity (5). However, the mechanisms of action
of these compounds have been much less studied.
One of the recent publications suggests inhibition
of one of the key enzymes of fatty acid synthesis,
enoyl-ACP reductase (EC 1.3.1.9) as comprising
such a mechanism [7]. Nevertheless, the very nature
of the electron-deficient azole cycle suggests
the possibility of effective binding to a wide
variety of targets; therefore, other reasons for the
antimicrobial action are also likely, for example,
inhibition of inosine monophosphate dehydrogenase
(EC 1.1.1.205), a key enzyme in the de-novo
synthesis of purine nucleotides [2].

The aim of the present work is to develop
the procedures for synthesis of hybrid molecules
containing such heterocyclic systems within the
framework of a “double-drug strategy”. Such a
strategy, which is widely used in the search for
new active structures [8], was previously used by

NO, NO,
N N\ N/\g
R1)|\N —I> R1)|\N l»
) " “) \

HOOC

8a,9a: R, = CH,
8b,9b: R1=H

N
8a,b O 9a,b 6a—g
b=
\

/\R2

us to obtain active derivatives of the S-nitrofuran
pharmacophore [9]. The design of the target structures
included an analysis of the correspondence of
their calculated physicochemical parameters to the
ranges of values for drug-likeness compounds. The
structures of the synthesized compounds 6, 7 are shown
in Figs. 1.

RESULTS AND DISCUSSION

The first series of compounds 6a—-g was designed
similarly to several previously described compounds
offering high antituberculosis activity [10, 11].
The structures of the prototype compounds include
2 imidazole cycles attached via an alkyl linker. The
advantages of such a structure from the point of
view of biological activity are considered in review
papers [2, 12]. The inclusion of a flexible linker
between  pharmacophore  fragments  presumably
increases the likelihood of the molecule binding to
different target sites.

Target compounds 6a—g were synthesized by
the zinc promoted reaction of propargylamides 9a
and 9b with primary amines [13—15] (Scheme 1).

Propargylamides 9a and 9b were obtained
by acylation of propargylamine with (2-methyl-4-
nitro-1H-imidazol-1-yl)acetic (8a) and (4-nitro-1H-
imidazol-1-yl)acetic (8b) acids in dimethylformamide
(DMF) in the presence of 1,1’-carbonyldiimidazole
(CDI). The yield of propargylamides was 64%
and 53%, respectively. Next, propargylamides 9a
and 9b were heated for 6 h in toluene with the
corresponding benzylamines in the presence of
zinc triflate; the reaction product was isolated by
silica gel column chromatography. Following isolation

NO, 6a:R,=CH, R,=H
6b: R, =CH;, R, = o-F
6c: R, =CH;, R, =mF
6d: R, = CH;, R, = mCl
6e: R, =H,R,=pCH,
6f: R, =H,R,= oF

6g: R, =CH;, R, = p-Cl

Scheme 1. Synthesis of compounds 6a—g.
Reagents and conditions: (I) carbonyldiimidazole (CDI), propargyl amine, dimethylformamide (DMF), 16 h;
(IT) Zn(CF,S0,),, R ~PhCH,NH,, toluene, reflux, 6 h.
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and purification, the yields of compounds 6a—6g
varied in the range of 20-30% of the theoretical
maximum. The structure of the obtained compounds
was confirmed by 'H and "3C nuclear magnetic
resonance (NMR) spectroscopy.

Hybrid imidazolyl-thiadiazoles 7 include two
heterocyclic nuclei linked by a methylene linker—
4-nitroimidazole and thiadiazole—as well as a peripheral
aryl group. The general structure of 7 is similar to
the compounds of series 6 and the structure of
megazole 5; its isosteric compounds having an
oxadiazole ring exhibit significant antibacterial
activity [16]. Series 7a—j was obtained using a

S5-step scheme starting with the acylation of
arylamines 10 with chloroacetyl chloride [17]
(Scheme 2).

In the next step, chloroacetamides 11 were
used without additional purification following

treatment in the Willgerodt—Kindler reaction with
elemental sulfur and morpholine, and then with
hydrazine hydrate. Thus, without isolation of
intermediate thiooxamides 12, compounds 13a-13j
were obtained, which were purified by crystallization
from ethanol and characterized by physicochemical
methods. The thio-oxahydrazides 13 were acylated
with commercially available (4-nitro-1H-imidazol-1-yl)-
acetic acid and then subjected to cyclodehydration
in glacial acetic acid. The yields of target arylamides
7a—7j after column chromatography were 29-54%.
Compounds 7a-j were characterized by melting
points, 'H- and “C-NMR spectra.

Cl

The calculation of the physicochemical
parameters of the target compounds using the publicly
available Molinspiration! and SwissADME?  software
demonstrated a correspondence between their
lipophilicity and molecular weight ratios with the
Lipinski criteria [18] for drug-likeness compounds
(Fig. 2).

The prediction of the biological activity of
structures 6 and 7 using the Molinspiration Virtual
Screening  Toolkit shows additional significant
similarity with known GPCR ligands, representing
the bulk of drug-active compounds. On this basis,
positive results of the proposed biological screening
can be expected.

6.00 -

5.00 fim===m == mmmmmmmmoooooooooo, .

100(),00 100.00 200.00 300.00 400.00 500.00 600.00
MW
Fig. 2. Calculated physicochemical parameters
of the target compounds:
¢ compounds 2-5; m compounds 6; A compounds 7.
MW — molecular weight; cLogP — average lipophilicity
value calculated from five predictions using
the standard 1-octanol-water system.

NH NH
e 2
Ao, —= Ar/NHn)_> Ar/NHN/lLN/\ —= Ar T(kNH

I
10a-j 11a-j

—N
//N/:/)‘Noz

HOOC Ar NH
13a —————— NH ‘NH
a 14a-j Vv

v S

{:o
O
g

Ar: Ph (a); 3,4-F-Ph (b); 4-MeOPh (c); 3-CI-Ph (d); 4-Me-Ph (e);
2,4-F-Ph (f); 2-F-Ph (g); 2-Me-Ph (h); 4-F-Ph (i); 3-Me-Ph (j)

Scheme 2. Synthesis of 5-[(4-nitro-1H-imidazol-1-yl)methyl]-1,3,4-thiadiazole-2-carboxyaryl amides(7a—j).
Reagents and conditions: (I) Et;N, CH,CL; (I) S, morpholine, Et,N, DMF, room temperature (r:t. is assumed to be equal to 25°C), 16 h;

(II1) N,H,‘H,0, DMF, r.t.,, 16 h; (IV) CDI, DMF, r.t., 16 h;
(V) AcOH, reflux, 0.5 h.

! Molinspiration Cheminformatics. URL: https://www.molinspiration.com. Accessed December 13, 2022.
2 SwissADME. URL: http://www.swissadme.ch. Accessed December 13, 2022.
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EXPERIMENTAL

All reactions were carried out in glassware
preliminarily dried at 140°C under a nitrogen
atmosphere. Melting points as determined with
a C-520 melter (Biichi, Switzerland) were not
corrected. Analytical thin layer chromatography
(TLC) was performed on Sorbfil plates (IMID, Russia)
using the corresponding ethyl acetate/hexane and
chloroform/methanol solvent systems. Compounds
were visualized using shortwave ultraviolet light.
'H and "C NMR spectra were recorded on a
DPX-300 spectrometer (Bruker, Germany) in
DMSO-d, and CDCI, using tetramethylsilane as
an internal standard. Mass spectra of the final
compounds were recorded on an Agilent 6210 TOF
time-of-flight mass spectrometer (Agilent, USA) with
electrospray ionization (ESI-MS). All reagents and
solvents were obtained from commercial sources
and used without further purification.

General procedure for the synthesis
of compounds 9a—b

To 16.2 mmol of carboxylic acid 8 in 25 mL
of dry DMF was added 17.8 mmol of CDI, and the
mixture was left to stir at room temperature for 30 min.
Then 17.8 mmol of propargylamine was added
and left to stir at room temperature for 16 h. The
reaction mixture was poured into water (150 mL)
and extracted with ethyl acetate. The organic phase
was washed with 5% K CO, aqueous solution
(2 x 20 mL), dried over anhydrous Na,SO,, and
evaporated on a rotary evaporator under vacuum.
The residue was suspended in diethyl ether; the
precipitate was filtered off.

2-(2-methyl-4-nitro-1H-imidazol-1-yl)-N-prop-
2-yn-1-ylacetamide 9a

Yield of 2.3 g (64%), light yellow crystals,
T = 150-151°C. 'H NMR (300 MHz, DMSO-d,),
5 8.80 (t, J = 5.1 Hz, 1H), 8.28 (s, 1H), 4.80 (s, 2H),
3.93 (dd, J= 5.3, 2.4 Hz, 2H), 3.19 (t, J = 2.4 Hz, 1H),
2.25 (s, 3H).

2-(4-nitro-1H-imidazol-1-yl)-N-prop-2-yn-1-
ylacetamide 9b

Yield of 1.3 g (53.4%), orange crystals,
T = 139-140°C. '"H NMR (300 MHz, DMSO-d,),
5 8.76 (t, J = 5.1 Hz, 1H), 8.33 (s, 1H), 7.80 (s, 1H),
4.86 (s, 2H), 3.93 (dd, J = 5.3, 2.4 Hz, 2H), 3.19
(t,J=2.4 Hz, 1H).

General procedure for the synthesis
of compounds 6a-g
To 0.90 mmol of propargylamide 9 in 20 mL
of toluene, 1.08 mmol of the corresponding

benzylamine and 0.2 mmol of Zn(CF,SO,), were
added, and the mixture was boiled for 8 h with
distillation of water. The reaction mixture was
evaporated, the residue was dissolved in ethyl ace-
tate and washed with a 5% aqueous solution of K,CO,
(2 x 15 mL), dried over anhydrous Na,SO,, and
evaporated on a rotary evaporator under vacuum.
The residue was subjected to silica gel column
chromatography, eluting with chloroform, increas-
ing the polarity by adding methanol from 0% to 20%.
Fractions containing the target product were combined
and evaporated.

1-[(1-benzyl-5-methyl-1H-imidazol-2-yl)-
methyl]-2-methyl-4-nitro-1H-imidazole 6a

Yield of 110 mg (26%), orange crystals,
T, = 119-120°C. 'H NMR (300 MHz, CDCL,), & 7.37
(s, 1H), 7.30-7.27 (m, 1H), 7.26 (d, J = 2.0 Hz, 2H),
6.90 (s, 1H), 6.80—6.75 (m, 2H), 5.03 (s, 2H), 4.99 (s, 2H),
2.29 (s, 3H), 2.19 (s, 3H); "C NMR (75 MHz, CDCl,),
o 146.4, 144.8, 140.0, 135.0, 130.4, 129.4, 128.5,
126.7, 125.2, 119.9, 47.0, 43.7, 13.3, 9.7. ESI-MS:
calculated for [C, H ,N.O,]" 312.1461, found 312.1453.

1-[(1-(2-fluorobenzyl)-5-methyl-1H-imidazol-2-yl)-
methyl]-2-methyl-4-nitro-1H-imidazole 6b

Yield of 80 mg (27%), orange crystals,
T = 138-139°C. 'H NMR (300 MHz, CDCL,),
6 7.38 (s, 1H), 7.27-7.19 (m, 2H), 7.08-7.02 (m, 1H),
7.01-6.93 (m, 1H), 6.91 (s, 1H), 5.09 (s, 2H), 5.07
(s, 2H), 2.33 (s, 3H), 2.19 (s, 3H); *C NMR (75 MHz,
CDCL,), 6 159.6 (d, J = 2464 Hz), 146.3, 144.7,
139.9, 130.6 (d, J = 8.2 Hz), 130.4, 126.6, 126.5
(d,/=3.3Hz), 125.1 (d,/J=3.6 Hz), 122.0 (d,/=14.0 Hz),
119.6, 115.9 (d, J=20.5 Hz), 43.5, 41.4 (d, /= 5.4 Hz),
13.3, 9.8. ESI-MS: calculated for [C H FN.O,]"
330.1366, found 330.1371.

1-[(1-(3-fluorobenzyl)-5-methyl-1H-imidazol-2-yl)-
methyl]-2-methyl-4-nitro-1H-imidazole 6¢

Yield of 60 mg (20.2%), orange crystals,
T,, = 156-157°C. 'H NMR (300 MHz, CDCI,),
o 7.47 (s, 1H), 7.31-7.22 (m, 1H), 6.98 (dd, J = 8.3,
1.9 Hz, 1H), 6.94 (s, 1H), 6.57 (broad.d, /= 7.7 Hz, 1H),
6.48 (broad.d, J=9.2 Hz, 1H), 5.06 (s, 4H), 2.33 (s, 3H),
2.19 (s, 3H); “"C NMR (75 MHz, CDCl,), 5 163.4
(d,J=249.1 Hz), 146.4, 144.8, 139.9, 137.5 (d, /= 7.0 Hz),
131.2(d, J=8.4 Hz), 130.5, 126.7, 120.7 (d, /= 3.0 Hz),
119.8, 115.6 (d, J = 21.1 Hz), 112.3 (d, J = 22.7 Hz),
46.5 (d, /= 1.8 Hz), 43.6, 13.4, 9.7. ESI-MS: calculated
for [C, . H _FN.O,]" 330.1366, found 330.1362.

1-[(1-(3-chlorobenzyl)-5-methyl-1H-imidazol-
2-yl)methyl]-2-methyl-4-nitro-1H-imidazole 6d

Yield of 80 mg (25.7%), orange crystals,
T, =164-165°C. 'H NMR (300 MHz, CDCL,), & 7.47

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(3):219-229

224



Tatiana S. Vedekhina, Mikhail V. Chudinov, Alexey Yu. Lukin

(s, 1H), 7.24 (t, J = 6.1 Hz, 2H), 6.94 (s, 1H), 6.74
(broad.s, 1H), 6.68 (broad.d, J = 6.5 Hz, 1H), 5.04
(s, 4H), 2.32 (s, 3H), 2.21 (s, 3H); “C NMR (75 MHz,
CDCL), 6 146.4, 144.8, 139.9, 136.9, 135.7, 130.7,
130.5, 128.8, 126.7, 125.3, 123.3, 119.7, 46.4, 43.6,
13.4, 9.8. ESI-MS: calculated for [C, H CINO,]"
346.1071, found 346.1066.

5-methyl-1-(4-methylbenzyl)-2-[(4-nitro-1H-
imidazol-1-yl)methyl]-1H-imidazole 6e

Yield of 90 mg (30.7%), orange crystals,
T = 110-111°C. '"H NMR (300 MHz, CDCL,),
8 7.45 (s, 1H), 7.28 (s, 1H), 7.04 (broad.d, J = 7.6 Hz,
2H), 6.88 (s, 1H), 6.68 (broad.d, J = 7.7 Hz, 2H), 5.11
(s, 2H), 5.03 (s, 2H), 2.27 (s, 3H), 2.17 (s, 3H);
“C NMR (75 MHz, CDCL,), & 147.6, 140.1, 138.4,
137.4, 135.8, 132.2, 130.3, 129.9, 129.2, 126.6, 125.3,
119.6, 46.7, 442, 2009, 9.7. ESI-MS: calculated
for [C, ,H ,N.O,]" 312.1461, found 312.1460.

1-(2-fluorobenzyl)-5-methyl-2-[(4-nitro-1H-
imidazol-1-yl)methyl]-1H-imidazole 6f

Yield of 80 mg (24.3%), orange crystals,
T, =132-133°C. 'H NMR (300 MHz, CDCL,), 6 7.59
(s IH) 7.33 (s, 1H), 7.26-7.22 (m, 1H), 7.08-7.01
(m, 1H), 6.99-6.92 (m, 1H), 6.90 (s, 1H), 6.40
(t, J = 7.7 Hz, 1H), 5.21 (s, 2H), 5.12 (s, 2H), 2.19
(s, 3H); "C NMR (75 MHz, CDCL), & 159.6
(d, J = 246.6 Hz), 147.9, 140.1, 135.7, 130.5, 130.3
(d, J = 8.1 Hz), 127.0, 126.8 (d, J = 3.3 Hz), 125.0
(d, J = 3.5 Hz), 122.3 (d, J = 14.1 Hz), 119.4, 115.9
(d, J = 20.7 Hz), 44.2, 413 (d, J = 5.1 Hz), 9.7.
ESI-MS: calculated for [C H FN.O,]" 316.1210,
found 316.1222.

1-[(1-(4-chlorobenzyl)-5-methyl-1H-imidazol-
2-yl)methyl]-2-methyl-4-nitro-1H-imidazole 6g

Yield of 70 mg (22.5%), orange crystals,
T ., = 189-190 °C. 'H NMR (300 MHz, CDCL,),
S 747 (s, 1H), 7.29 (s, 1H), 7.26 (s, 1H), 6.92 (s, 1H),
6.74 (d, J = 8.3 Hz, 2H), 5.04 (s, 2H), 5.03 (s, 2H),
2.33 (s, 3H), 2.17 (s, 3H); "C NMR (75 MHz, CDCl,),
0 146.5, 144.9, 139.9, 134.6, 133.5, 130.4, 129.7, 126.8,
126.6, 119.8, 46.5, 43.7, 13.4, 9.7. ESI-MS: calculated
for [C,H ,CIN,O,]" 346.1071, found 346.1075.

General procedure for the synthesis
of compounds 13a-j

5.0 mmol of the corresponding aniline 10 was
dissolved in 25 mL of CH,Cl,. 5.5 mmol of triethylamine
and 5.0 mmol of chloroacetyl chloride were added,
and the reaction mixture was stirred at room
temperature for 16 h. The triethylammonium chloride
precipitate was filtered off and concentrated under
vacuum to obtain 2-chloroacetamide 11, which was
further used without further purification.

Triethylamine (32.0 mmol) and morpholine
(2.12 mmol) were successively added (dropwise)
to a suspension of elemental sulfur (32.0 mmol) in
dry DMF (40 mL), and the resulting mixture was
stirred for 30 min. Then a solution of 1.0 mmol of
2-chloroacetamide 11 was added and the mixture
was left to stir overnight. The mixture was poured
into 100 mL of water, the resulting precipitate was
filtered off and air dried. Then it was suspended
in 100 mL of acetone and the insoluble residue of
unreacted sulfur was filtered off and discarded.
The filtrate was evaporated to dryness, and the dry
residue of thiomorpholide 12 was dissolved in
30 mL of dry DMF, treated with 5 mL of hydrazine
hydrate, and stirred for 12 h. The reaction mixture
was poured into water, and the pH of the aqueous
medium was adjusted to 5.0 with 2 M aqueous HCL
The resulting precipitate was filtered off, washed
with water, air dried, and crystallized from ethanol
to give analytically pure compounds 13 in the
indicated yields.

2-hydrazino-N(1)-phenyl-2-thiooxacetamide 13a

Yield of 107 mg (55%), yellow crystals,
T, = 152-153°C. 'H NMR (300 MHz, DMSO-d,),
5 10.21 (s, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.36
(t, J=17.9 Hz, 5H), 7.14 (t, J = 7.4 Hz, 1H); *C NMR
(75 MHz, DMSO-d,), 6 167.7, 158.4, 137.9, 129.3,
125.0, 120.5.

N(1)-(3,4-difluorophenyl)-2-hydrazino-2-
thiooxacetamide 13b

Yield of 175 mg (76%), yellow crystals,
T, = 164-165°C. 'H NMR (300 MHz,
DMSO-d,), 8 10.41 (s, 1H), 7.91 (ddd, J = 13.0,
74, 24 Hz, 1H), 7.65-7.55 (m, 1H), 7.43
(dd, J = 19.5, 9.2 Hz, 1H); BC NMR (75 MHz,
DMSO-d), & 167.8, 158.9, 149.5 (dd, J = 2108,
12.9 Hz), 1463 (dd, J = 2104, 13.0 Hz), 135.1
(dd, J = 9.1, 3.0 Hz), 117.9 (d, J = 17.9 Hz), 117.43
(dd,J=6.1,3.4 Hz), 109.97 (d, J=21.7 Hz).

2-hydrazino-N(1)-(4-methoxyphenyl)-2-
thiooxacetamide 13c

Yield of 173 mg (77%), yellow crystals,
T = 168-169°C. 'H NMR (300 MHz, DMSO-d,),
5 10.10 (s, 1H), 7.66 (t, J = 6.2 Hz, 2H), 6.92
(t, J= 6.1 Hz, 1H), 3.73 (s, 1H); C NMR (75 MHz,
DMSO-d,), & 167.8, 158.0, 156.6, 131.0, 122.2,
114.4, 55.7.

N(1)-(3-chlorophenyl)-2-hydrazino-2-
thiooxacetamide 13d

Yield of 146 mg (64%), yellow crystals,
T, = 162-163°C. 'H NMR (300 MHz,
DMSOd) 5 10.38 (s, 1H), 7.94 (t, J = 2.0 Hz, 1H),
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7.73-7.68 (m, 1H), 7.38 (t, J = 8.1 Hz, 1H),
7.20 (dd, J = 7.8, 1.6 Hz, 1H); *C NMR (75 MHz,
DMSO-d)), 6 167.6, 159.0, 139.5, 133.5, 130.9, 124.7,
120.2, 119.2.

2-hydrazino-N(1)-(4-methylphenyl)-2-
thiooxacetamide 13e

Yield of 115 mg (55%), yellow crystals,
T, = 155-156°C. 'H NMR (300 MHz, DMSO-d,),
S 10.13 (s, 1H), 7.62 (d, J = 8.4 Hz, 2H), 7.16
(d, J = 8.3 Hz, 2H), 2.27 (s, 3H); *C NMR (75 MHz,
DMSO-d), 6 167.7, 1582, 135.4, 1342, 129.7,
120.5, 21.0.

N(1)-(2,4-difluorophenyl)-2-hydrazino-2-
thiooxacetamide 13f

Yield of 164 mg (71%),
T, = 174-175°C. 'H NMR (300 MHz,
DMSO-d), 6 10.19 (s, 1H), 791 (it, J = 19.2,
9.6 Hz, 1H), 7.41 (ddd, J = 11.5, 9.0, 2.8 Hz, 1H),
7.28-7.04 (m, 1H), 7.19-7.08 (m, 1H); “C NMR
(75 MHz, DMSO-d,), 6 165.81, 159.5 (dd, J = 244.7,
11.7 Hz), 157.9, 154.6 (dd, J = 248.4, 12.7 Hz), 125.0
(dd, /=9.7,2.3 Hz), 122.2 (dd, J=11.5, 3.7 Hz), 111.9
(dd, J=22.1, 3.7 Hz), 104.8 (dd, J=27.1, 23.8 Hz).

yellow crystals,

N(1)-(2-fluorophenyl)-2-hydrazino-2-
thiooxacetamide 13g

Yield of 149 mg (70%), yellow crystals,
T = 172-173°C. 'H NMR (300 MHz, DMSO-d,),
5 10.26 (s, 1H), 8.05 (ddd, J = 7.8, 5.6, 2.9 Hz, 1H),
7.40-7.29 (m, 1H), 7.28-7.19 (m, 2H); "“C NMR
(75 MHz, DMSO-d), & 1657, 157.5, 154.0
(d, J = 2449 Hz), 126.6 (d, J = 7.8 Hz), 1255
(d, J =109 Hz), 125.3 (d, J = 3.6 Hz), 122.8, 116.0
(d, J=19.0 Hz).

2-hydrazino-N(1)-(2-methylphenyl)-2-
thiooxacetamide 13h

Yield of 152 mg (73%), yellow crystals,
T = 151-152°C. '"H NMR (300 MHz, DMSO-d,)
5 10.09 (s, 1H), 7.83 (d, J = 7.9 Hz, 1H), 7.25
(dd, J = 13.5, 7.5 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H),
228 (s, 3H); “"C NMR (75 MHz, DMSO-d)),
5 166.8, 157.4, 135.8, 130.9, 130.0, 126.9, 125.8,
122.1, 17.8.

N(1)-(4-fluorophenyl)-2-hydrazino-2-
thiooxacetamide 13i

Yield of 132 mg (62%),
T, = 179-180°C.

yellow crystals,
N 'H NMR (300 MHz,
DMSO-d,), & 10.28 (s, 1H), 7.78 (ddd, J = 8.5,
52, 29 Hz, 1H), 7.23-7.16 (m, 2H); “C NMR
(75 MHz, DMSO-d,), 6 167.9, 159.2 (d, J = 241.5 Hz),
158.5, 1344 (d, J = 2.6 Hz), 122.7 (d, J = 8.0 Hz),
115.9 (d,J=22.4 Hz).

2-hydrazino-N(1)-(3-methylphenyl)-2-
thiooxacetamide 13

Yield of 123 mg (59%),
r,, = [115-116°C. 'H NMR (300 MHyz,
DMSO-d,), & 10.12 (s, 1H), 7.56 (s, 2H), 7.25
(dd, J = 11.4, 4.8 Hz, 1H), 6.96 (d, J = 7.3 Hz, 1H),
230 (s, 3H); "C NMR (75 MHz, DMSO-d)),
o 167.8, 158.2, 138.6, 137.8, 129.2, 125.8, 120.9,
117.6, 21.6.

yellow crystals,

General procedure for the synthesis
of compounds 7a—j

To 1.07 mmol of (4-nitro-1H-imidazol-1-yl)
acetic acid 8b and 25 mL of dry DMF was added
1.18 mmol of CDI and the mixture was left to
stir at room temperature for 30 min. Then, 1.18 mmol
of the corresponding compound 13 was added and
the mixture was stirred at room temperature for
16 h. The reaction mixture was poured into 100 mL
of water, the precipitation 14 that formed was
filtered off and air dried. Without further purifica-
tion, thiohydrazide 14 was boiled in 3 mL of glacial
acetic acid with 12.8 mmol of succinic anhydride for
30 min, cooled, and poured into 25 mL of water.
The resulting precipitation, predominantly consisting
of compound 7, was filtered off and air dried.
The precipitation was purified by silica gel column
chromatography (eluent, ethyl acetate). Fractions
containing target product 7 were combined and
exhausted.

5-[(4-nitro-1H-imidazol-1-yl)methyl]-N-
phenyl-1,3,4-thiadiazole-2-carboxamide 7a

Yield of 130 mg (36.7%), orange crystals,
T = 182-183°C. '"H NMR (300 MHz, DMSO-d,),
5 11.16 (s, 1H), 8.56 (s, 1H), 8.08 (s, 1H), 7.82
(d, J = 8.2 Hz, 2H), 7.38 (t, J = 7.8 Hz, 2H), 7.17
(t, J = 72 Hz, 1H), 597 (s, 2H); *C NMR
(75 MHz, DMSO-d,), 6 168.8, 167.5, 155.9, 147.2,
1379, 137.6, 128.8, 124.8, 121.9, 120.9, 45.4.
ESI-MS: calculated for [C,H NO,S]+ 331.0613,
found 331.0621.

N-(3,4-difluorophenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7b

Yield of 180 mg (46%), orange crystals,
T, ., = 208-209°C. 'H NMR (300 MHz, DMSO-d,),
5 11.45 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 8.00-7.90
(m, 1H), 7.71-7.65 (m, 1H), 7.47 (q, J = 9.3 Hz, 1H),
5.97 (s, 2H); "C NMR (75 MHz, DMSO-d,), 5 169.1,
167.0, 156.2, 148.8 (dd, J = 243.7, 13.2 Hz), 147.2,
146.2 (dd, J = 2434, 12.6 Hz), 137.9, 134.6
(dd, J = 9.0, 3.1 Hz), 121.9, 117.6 (d, J = 18.0 Hz),
117.4 (dd, J= 6.3, 3.4 Hz), 110.0 (d, J=21.7 Hz), 45.4.
ESI-MS: calculated for [C H,F,N.O,S]" 367.0425,
found 367.0396.
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N-(4-methoxyphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7c:

Yield of 170 mg (44.1%), orange crystals,
T,, = 204-205°C. 'H NMR (300 MHz, DMSO-d,),
o 11.09 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 7.73
(d, J = 9.0 Hz, 2H), 6.94 (d, J = 9.0 Hz, 2H), 5.96
(s, 2H), 3.74 (s, 3H); "C NMR (75 MHz, DMSO-d,),
o 168.7, 167.7, 156.3, 155.5, 147.2, 138.0, 130.6,
122.5, 122.0, 113.9, 55.3, 45.5. ESI-MS: calculated for
[C,,H,N,O,S]"361.0719, found 361.0724.

N-(3-chlorophenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7d

Yield of 110 mg (28.2%), orange crystals,
T, = 205-206°C. 'H NMR (300 MHz, DMSO-d,),
5 11.39 (s, 1H), 8.57 (s, 1H), 8.08 (s, 1H), 7.98 (s,
1H), 7.79 (d, J = 8.3 Hz, 1H), 7.41 (t, /= 8.1 Hz, 1H),
723 (d, J = 8.0 Hz, 1H), 597 (s, 2H); *C NMR
(75MHz, DMSO-d,), 6 169.5,167.5,156.7,147.6, 139.5,
138.4, 133.5, 131.0, 125.0, 122.4, 120.8, 119.7, 45.9.
ESI-MS: calculated for [C H, CINO,S]" 365.0224,
found 365.0225.

N-(4-methylphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7e

Yield of 150 mg (40.7%), orange crystals,
T = 215-216°C. '"H NMR (300 MHz, DMSO-d,),
5 11.07 (s, 1H), 8.55 (d, J = 1.2 Hz, 1H), 8.07
(d, J = 1.3 Hz, 1H), 7.70 (d, J = 8.5 Hz, 2H), 7.18
(d, J = 84 Hz, 2H), 5.96 (s, 2H), 2.28 (s, 3H);
BC NMR (75 MHz, DMSO-d,), & 168.6, 167.5,
155.7, 147.1, 137.8, 135.0, 133.9, 129.1, 121.8, 120.8,
45.4, 20.5. ESI-MS: calculated for [C H N.,O,S]*
345.0770, found 345.0758.

147713

N-(2,4-difluorophenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7f
Yield of 190 mg (48.5%), orange crystals,
T, ., = 213-214°C. 'H NMR (300 MHz, DMSO-d,),
5 11.01 (s, 1H), 8.56 (s, 1H), 8.08 (s, 1H), 7.62-7.52
(m, 1H), 7.46-7.35 (m, 1H), 7.15 (t, J = 8.4 Hz, 1H),
5.97 (s, 2H); "C NMR (75 MHz, DMSO-d,), 6 169.1,
166.5, 160.5 (dd, J = 246.0, 11.7 Hz), 156.5, 156.4
(dd, J = 251.0, 13.0 Hz), 147.3, 138.1, 128.9
(dd, J = 9.9, 2.6 Hz), 122.1, 120.7 (dd, J = 12.7,
3.8 Hz), 111.7 (dd, J = 22.3, 3.6 Hz), 104.8
(dd, J = 26.8, 24.2 Hz), 45.5. ESI-MS: calculated for
[C,,H,F,NO,S]" 367.0425, found 367.0428.
5-[(4-nitro-1H-imidazol-1-yl)methyl]-/N-(2-
fluorophenyl)-1,3,4-thiadiazole-2-carboxamide 7g
Yield of 170 mg (45.6%), orange crystals,
T = 173-174°C. 'H NMR (300 MHz, DMSO-d,),
& 1095 (s, 1H), 857 (d, J = 1.1 Hz, 1H), 808
(d, J = 1.1 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.36-7.31
(m, 2H), 7.27-721 (m, 1H), 598 (s, 2H);

"C NMR (75 MHz, DMSO-d,), 6 169.0, 166.6,
156.2, 155.8 (d, J = 248.1 Hz), 147.2, 138.0, 128.1
(d, J = 7.8 Hz), 127.2, 124.5 (d, J = 3.5 Hz), 124.0
(d, J = 12.3 Hz), 122.0, 116.0 (d, J = 19.6 Hz), 45.4.
ESI-MS: calculated for [C H FN.O,S]" 349.0519,
found 349.0520.

N-(2-methylphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7h

Yield of 200 mg (54.3%), orange crystals,
T = 185-186°C. 'H NMR (300 MHz, DMSO-d,),
5 10.72 (s, 1H), 8.57 (d, J = 1.4 Hz, 1H), 8.08
(d, J = 1.4 Hz, 1H), 7.39-7.35 (m, 1H), 7.31-7.27
(m, 1H), 7.25-7.20 (m, 2H), 5.97 (s, 2H), 2.23 (s, 3H);
"C NMR (75 MHz, DMSO-d,), & 168.6, 167.1,
156.0, 147.2, 137.8, 134.7, 133.5, 130.4, 126.7, 126.3,
126.1, 121.8, 45.3, 17.6. ESI-MS: calculated for
[C,H,NO,S]"345.0770, found 345.0764.

5-[(4-nitro-1H-imidazol-1-yl)methyl]-N-
(4-fluorophenyl)-1,3,4-thiadiazole-2-carboxamide 7i

Yield of 120 mg (32.2%), orange crystals,
T = 228-229°C. 'H NMR (300 MHz, DMSO-d,),
& 1124 (s, 1H), 8.55 (d, J = 1.1 Hz, 1H), 8.07
(d, J = 13 Hz, 1H), 7.88-7.82 (m, 2H), 7.22
(t, J = 89 Hz, 2H), 597 (s, 2H); "*C NMR
(75 MHz, DMSO-d,), & 168.9, 167.393, 158.990
(d, J = 2418 Hz), 1559, 1472, 1379, 1339
(d, J =2.6 Hz), 122.8 (d, J = 8.0 Hz), 121.9, 1154
(d, J = 224 Hz), 45.4. ESI-MS: calculated for
[C,H,FN,O,S]" 349.0519, found 349.0533.

N-(3-methylphenyl)-5-[(4-nitro-1H-imidazol-
1-yl)methyl]-1,3,4-thiadiazole-2-carboxamide 7j

Yield of 110 mg (29.8%), orange crystals,
T, = 200-201°C. 'H NMR (300 MHz, DMSO-d,),
5 11.05 (s, 1H), 8.55 (d, J = 1.0 Hz, 1H), 8.07
(d,J=0.9 Hz, 1H), 7.67 (s, IH), 7.60 (d, /= 8.2 Hz, H),
7.25 (t, J = 7.8 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H),
5.96 (s, 2H), 2.31 (s, 3H); “C NMR (75 MHz,
DMSO-d,), & 168.8, 167.5, 1559, 147.2, 138.1,
138.0, 137.5, 128.6, 125.5, 122.0, 121.4, 118.1,
45.4, 21.2. ESI-MS: calculated for [C H N.O,SJ*
345.0770, found 345.0764.

CONCLUSIONS

In the course of the work, two novel series
of heterocyclic compounds having a hybrid
structure were obtained, including a preferred
fragment of 4-nitroimidazole, which was connected
by an alkyl linker with a second heterocycle,
imidazole (6) or thiadiazole (7). The compounds
designed as part of a search for anti-tuberculosis
activity were synthesized and characterized by
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physicochemical methods. Preliminary calculations
using publicly available prognostic  programs
demonstrated the potential biological activity of
target structures.
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Abstract

Objectives. To conduct a comparative analysis of the features of a fermentation unit design
for obtaining bioprotein from natural gas and determine the main technical and structural
solutions used in the development of fermentation apparatus, which vary according to the
method of organizing hydraulic and mass transfer processes.

Results. An analysis of publications devoted to the problem of developing technological
equipment for conducting the process of obtaining a bioprotein from natural gas is presented.
Using the comparative analysis, the key features of bioreactors and their internal elements
are indicated according to the method of organizing the hydrodynamic regime. The main
approaches to the technological development of fermentation units for obtaining bioprotein
from natural gas are described and technical solutions used in the implementation of these
structures are identified.

Conclusions. Fermenter designs for the cultivation of methane-oxidizing microorganisms
vary according to the main approaches for implementing the hydraulic regime inside the apparatus.
While one class of fermentation systems is based on the principle of volumetric mixing in
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the working space of the apparatus, with the possibility of including external circulation
circuits, additional tanks, and auxiliary bioreactors in the system, the other main class relies
on the principle of flow (displacement) in the tube space with subsequent release of the gas
phase from the circulating culture liquid.

Keywords: bioreactor, fermenter, fermentation, biomass, protein, flowsheet, methanotrophs,
Methylococcus capsulatus
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TexHoJI0rMYeCKoOe U anmaparypHoe o(popmiieHue
(bepMEeHTAIMOHHOIO Y3JIa MPOoLECcca MOJyYeHUsI OMONPOTEHHA
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AHHOMAQuUUs

Ienu. IIpogecmu cpasHumenvbHulili aHanus ocobeHHocmell annapamypHozo OOpMAEeHUS
hepMeHmayuoHH020 Y31a npouyecca noayueHust bduonpomeuHa us npupooHozo ezas3a. Onpe-
deniume OCHOB8Hble MexXHUUecKue U KOHCMPYKYUOHHbLE peuleHUsl, NpumeHsiemsble npu paspabomice
hepMeHMAYUOHHBIX ANNapamos, pasiuuarouuecs: no cnocoby op2aHU3AUUU 2UOPABAUUECKUX
U MACCOOOMEHHBIX NPOUECCO8.

Pesynomameut. [IpogedeH aHANU3 aumepamypsl, NOCBSIULEHHOU npobreme paspabomru mex-
Hosl02UUeCcKol annapamypel 0st NOAYUeHUst buonpomeura u3 npupooHozo 2asa. C ucnoav3osa-
HUeM Memooa cpasHUMENbHO20 AHAU3A ObLIU 8blsi8NeHbL Katouegble 0COOeHHOCMU KOHCMPYK-
uuil buopeaxmopog U UX SHYMPEHHUX SJeMEeHMO8, OMAUUAIOULUXCSL CNOCOBOM OpP2aHU3AUUL
2u0poouUHaAMUUECKo20 pexxuma 8 annapamax. OnucaHbl pasiuuHble no0Xo0bl K paspabomie
obopyodosaHust 0Nl PEPMEHMAUUOHHO20 Y314 NPOUEcca noayueHust buonpomeuHa, a mak-
Ke onpedesieHbl OCHOS8HblE MeXHUUeCKUe peuleHusl, UCNoab3yemble Npu CO30aHUU OGHHBLLX
KOHCMPYKYUULL.

Bbleo0dbl. YcmaHoesieHo, umo 00/bUUHCME0 KOHCMPYKYUUL hepMeHMAUUOHHBIX Annapamos,
NpPeoHA3HAUEHHBIX 0Nl KYJAbMUSUPOBAHUSL MEMAHOKUCASIIOULUX MUKPOOP2AHU3MO8, basupye-
Csl HA peanu3ayui 2udpasiuueckoz0 pexxuma eHympu annapama. dacms gpepmeHmayuoH-
HbLX cucmem nocmpoeHa Ha NpuHyune o6vemHoz20 nepemerusarus 8 pabouem npocmpaHcmae
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annapama ¢ 803MOXKHbIM GKJIIOUEHUEeM 8 CUCMeMy GHEeUHUX UUPKYJAIYUUOHHBbLX KOHMYPOS,
0ONONIHUMENbHBIX emKocmell U 8ChoMo2ameslbHblX OuopeaKmopos, 0pyadst 4acms UCNOAb3Y-
em NpuHyun 08uUrsKeHust NOMoKa (8bimecHeHus) 8 mpybHOM npocmpaHcmee, ¢ NoCaedyouLUM
gvloesieHuem 2a3080l (hpassl U3 peyupKyaupyroweii KYyabmypaibHol HKUOKOCMU.

Knroueesle cnoea: buopearxmop, chepmermep, pepmeHmayus, buomacca, 6es10K, mexHo10eu4eckast
cxema, memaHokucasirowue baxkmepuu, Methylococcus capsulatus

Jna yumuposanua: KouerkoB B.M., I'aranoB N.C., KouerkoB B.B., HionbkoB IL.A. TexHosoruueckoe M anmaparypHoe
odopmiieHre (EepMEHTAIIMOHHOTO Yy37la Mpolecca MONyd4eHHs OHONMpPOTeMHA M3 MNPHPOJHOrO rasa. ToHKue XumuyecKkue
mexnonoauu. 2023;18(3):230-242. https://doi.org/10.32362/2410-6593-2023-18-3-230-242

INTRODUCTION

The rapid growth of the world’s population
poses the problem of providing humanity with the
necessary food sources, in particular, protein, which
contains essential amino acids. While the food
market is currently dominated by proteins derived
from plant and animal sources, a trend is developing
towards the extraction of proteins from alternative
sources. This group includes single cell proteins
derived from unicellular bacteria or yeast organisms.
For this purpose, bacterial cultures seem to be the
most effective, since they grow faster and on a
cheaper substrate [1]. As well as containing almost
all essential amino acids, protein biomass derived
from natural gas is richer in vitamins than that
derived from vegetable sources (e.g., soy, oilcake,
and meal) [2].

The use of meat and bone meal as animal-
based sources of proteins involves  certain
restrictions linked to the source of its production.
Periodic outbreaks of disease have led to bans on
the use of animal meal in some countries around
the world!. The use of fishmeal is complicated by
the fact that the total volume of its production,
currently at around 5 mln t/year, is significantly
less than the demand, which is about 8-10 min t/year.
As a result, prices rise and the market is flooded
with imitations and counterfeits [3].

' Food and Agriculture Organization of the United
Nations. FAO/WHO Global Forum of Food Safety Regulators.
BSE as a National and Trans-Boundary Food Safety
Emergency. 28-30 January 2002. Marrakesh, Morocco.
URL: https://www.fao.org/3/y2038r/y2038r.htm. Accessed
October 11, 2022.

Global trends in the use of feed ingredients
are reflected in a significant increase in the demand
for protein. According to 2019 data provided by
Global Market Insights, annual global sales of
protein supplements for livestock and aquaculture
needs exceed USD 183 bn. A projected steady
trend of sales growth implies that the figure will
reach USD 220 bn by 2026. In Russia, the production
of feed protein additives was projected to increase
by 2.3 times, ie., by 10.6 min t for the period
2010-2019. The Russian market for protein is forecast
to reach USD 4.7 bn by 2026

The history of the development and evolution
of microbial protein production processes in Russia
demonstrates great successes in this field from
the middle of the 20th century onwards. By 1980,
there were 12 Soviet biochemical plants operating
on the territory of the USSR, producing about 1 min t
of microbial protein. Some of the produce was
supplied to the country’s collective and state farms
to meet the needs of the national economy, while the
rest was exported®.

The development of microbial protein production
involved technologies for the production of
paprin—feed yeast, whose production involves
the use of paraffins as a raw material (substrate),
and gaprin—a protein based on the cultivation of
methane-oxidizing bacteria Methylococcus capsulatus.

2 Innopraktika. The animals will be fed with bacteria and
bacteria will be fed with natural gas. Moscow, Russia. URL:
https://innopraktika.ru/smi-o-nas/1583/ (in Russ.). Accessed
September 22, 2022.

3 Forum & Expo “ProteinTek”. Food from Oil and
Natural Gas. Moscow, Russia. URL: https://proteintek.org/
novosti/1030/ (in Russ.). Accessed September 22, 2022
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The main advantages of the gaprin production
process are the non-pathogenicity of the main culture
and the ability to grow cultures on methane-depleted
gas, including associated gas. The use of the culture
on an industrial scale using raw materials of a
given quality was made possible by the selection
of the initial strain found under natural conditions.

The question of the usefulness and applicability
of microbial protein is currently under active
consideration by specialized Russian research
organizations, whose ultimate goal is to ensure the
country’s food security.

In accordance with the Priority 2030 program,
an evaluation of the effect of gaprin on poultry
productivity indicators is underway. The feasibility
and economics of incorporating microbial proteins
into industrial feed production technologies are
also being evaluated. In terms of crude protein
content, gaprin was shown to outperform fishmeal
by 5% and equivalents grown from oil production
wastes by 20-27.5% [4]. Compared to fishmeal,
gaprin contains an order of magnitude more
tryptophan (3.81 mgkg vs. 0.6 mgkg) and vitamin B,
(35 mg/kg vs. 4.0 mg/kg), as well as containing
vitamin B, (up to 42 mg/kg).

The efficacy of gaprin as a feed additive has
been reviewed in detail in [5]. The possibility of
replacing fishmeal with gaprin in whitefish diets
was investigated. Since gaprin does not reduce the
growth rate of juveniles or cause deviations in
physiological parameters, it can be used as an
alternative to fishmeal.

When considering issues related to the wuse
of bioproteins obtained from natural gas as feed
additives, it is necessary to focus on the design of
hardware and specific features associated with
the technology used in their production process. The
literature analysis presented below considers the
main technical solutions used in the design of the
reactor node involved in the process of obtaining
bioprotein from natural gas along with the nodes
of the technological chain connected to it.

RAW FERMENTATION
MATERIALS UNIT

PREPARATION
UNIT

CONCENTRATION

MAIN TECHNICAL SOLUTIONS USED
IN TECHNOLOGIES FOR OBTAINING
MICROBIAL PROTEIN FROM NATURAL GAS

Technologies for obtaining microbial protein
from natural gas can be generally represented by
the group of technological blocks interconnected at
various stages of production. Figure 1 shows the main
stages of the process in the form of a flowchart.

The raw material preparation unit includes
units for the preparation of working nutrient
solutions, water treatment, and supply of oxygenated
and methane-containing gases. The fermentation unit
comprises a main reactor unit consisting of one or
more fermenters designed for the cultivation of
microbial proteins, which are supplemented by
auxiliary capacitive and pumping equipment. The
concentration unit may consist of several units for
concentrating the biomass coming from the reactor
unit, as well as the collection and transport of the
spent culture fluid (SCF), comprising the light
aqueous  phase  obtained  following  biomass
concentration. The pre-condensed biomass is heat-
treated in the inactivation unit. In addition to the drying
and packaging unit of the finished products, an
intermediate granulation stage may represent an
additional block in the technological process.

In the context of the relationship of the
reactor node with other nodes in the technological
chain, the analysis of technologies for obtaining
bioprotein from natural gas shows that one of the
most often considered processes is the return of
SCF from the separation unit directly into the
bioreactor. This has a significant impact on the system
of organizing the input of liquid flows into the
fermenter, since the amount of fresh water injected
into the bioreactor channel should be reduced by
the amount of the incoming flow. In this case, it
is important to determine the optimal entry points for
the mineral nutrient components, which are supplied
in the form of solutions that maintain the pH in the
bioreactor and are returned directly to the reactor SCF.

INACTIVATION

UNIT DRYING AND

PACKAGING

UNIT

Fig. 1. Stages of the protein production process from natural gas.
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Additional  technological nodes may be
introduced into the main production chain due to
the specificity of the implementation of certain
approaches to process optimization. The paper [6]
describes the sequence of technological stages for
obtaining microbial protein from natural gas. This
comprises both the main technological units, such as
fermentation, separation, inactivation, and drying,
as well as auxiliary units—a system for extracting
carbon dioxide from biomass entering the centrifuge
(by reducing the pH), and an ultrafiltration system
which can be used to obtain a more concentrated
flow before its feeding to the drying unit. According
to the data given in the source [7], fermenter biomass
condensed in the centrifuges of the separation unit
up to 80-90 g/L can be sequentially concentrated in
an ultrafiltration unit up to a concentration of 220 g/L.
Under ultrafiltration conditions, the amount of
SCF returned to the bioreactor increases, having
consequences for the system of organizing the input
of flows into the fermenter.

The above-mentioned literature [6, 7] also
mentions the need to ensure returns from the
centrifugal separation system and, in particular,
from the ultrafiltration system to the SCF digester.
When considering the problem of reducing the
water consumption of the fermentation system, the
authors of [8] emphasize the possibility of returning
the SCF after separation to the fermentation stage
in a volume of up to 95% of the total amount of
water supplied to the reactor.

The reciprocal relationship  between the
fermentation unit and the concentration unit
involving the return of the SCF to the fermenter
leads to the need for its purification, since the SCF
sent to the apparatus comprises a certain quantity
of organic compounds and accompanying microflora.
The obvious solution to this problem is to introduce a
culture liquid purification unit into the technological
chain. One of the possible approaches discussed in
[9] involves the following sequence: cooling the
SCF obtained during separation to a predetermined
temperature and feeding it to an additional aerobic
fermentation, followed by returning the purified
product to the main fermenter designed for the
cultivation of biomass of methane-oxidizing bacteria.

The reactor unit, representing the key component
in the technological chain of protein production
from natural gas, involves hardware design and
organization of the fermentation process. This
determines the main parameters of the equipment
for the further processing cycle of the synthesized
bioprotein into a marketable product. In this
context, specific features of the structural design
of the bioreactors used in this technology will be
further considered.

VARIATIONS IN THE STRUCTURAL DESIGN
OF FERMENTATION EQUIPMENT
FOR THE CULTIVATION
OF METHANE-OXIDIZING BACTERIA

Despite the wide variety of bioreactor designs
used in the microbiological industry, all the
discussed fermentation devices are equipped with
standard structural elements designed to provide

optimal conditions for the biochemical process,
as well as optimizing the wunderlying physical
processes  (hydrodynamic, thermal, and mass

transfer) [10].

While the design of fermentation apparatus
is based on standard structural solutions, it is
necessary to take into account the specific
characteristics of the cultivated organisms. When
developing bioreactors for the cultivation of
aerobic microorganisms, an important design criterion
is the method of energy supply to the apparatus.
Here, delivery options include gas-phase (barbotage
and gas lifting devices), liquid-phase (ejection and
jet devices), as well as combined energy delivery
in both liquid- and gas phases (Fig. 2) [11].

The fermentation equipment used in the
process of obtaining proteins from natural gas
has a number of features that set it apart from
other equipment used to grow aerobic microorganisms.
The presence of an additional gas phase taking
the form of natural gas injected into the digester leads
to a significant increase in the total volume of
gas distributed in the liquid phase. The input and
distribution of natural gas by volume in the
fermenter also affects the solubility of oxygen and
carbon dioxide from the general gas phase of the
apparatus.

In addition to the known standard design
solutions, bioreactors are equipped with a large
number of specific internal technical elements for
the cultivation of methane-oxidizing bacteria. The
structural elements of the fermenter perform local
tasks related to the hydrodynamic component of
the apparatus, such as eliminating water shocks
during operation, reducing the amount of liquid
carried away with the gas phase, as well as diverting
and separating internal flows of the liquid phase or
gas—liquid mixture.

Having identified the goal of developing a
particular bioreactor design, it is important to
consider the criteria that will be used to assess
the effectiveness of its work. The most commonly
used are the degree of oxygen conversion as
a result of biochemical consumption and the
volume coefficient of oxygen mass transfer. Methods
for organizing the gas and liquid flows used in
the various fermentation equipment designs have
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Fig. 2. Examples of bioreactors with different energy input methods:
(1) barbotage column apparatus (energy input with gas phase);
(2) ejection fermenter (energy input with liquid phase);

(3) jet fermenter (energy input with liquid phase).

a significant effect on the contact surface of the
phases and, consequently, on the above parameters.
The literature also describes effectiveness criteria
based on the specific productivity of the process
occurring in the apparatus, expressed as the amount
of biomass produced per unit of reactor working
volume, as well as the specific cost, expressed as
the amount of energy expended per quantity of
biomass produced.

The paper [12] presents the design of an
apparatus based on the principle of separate
supply of oxygen and natural gas to two separate
fermenter sections connected by a circulating
liquid phase. In the natural gas inlet section of
the fermentation system, a gravitational ejector
distributes the natural gas in the liquid phase
towards the section where it is to be aerated. In
the fermenter model presented, there are also basic
technical solutions in the form of standard designs,
such as barbotage and liquid phase circulation
devices, which can be described in terms of a
circulation pump. Additional sections in the
apparatus are used to prevent gas saturation of the
culture liquid by ensuring the removal of gaseous
products of microorganisms from the reactor. While
the authors failed to indicate criteria or parameters
for evaluating the performance of this bioreactor,
each described section comprises a separate local
zone with different ways of organizing flows,
implying separate mass exchange characteristics.

The main fermentation equipment presented
in [13] is divided into sections to ensure a
separate controlled process of dissolution of methane-
containing and oxygen-containing gases. The
combined technical solution uses mechanical
mixing devices in auxiliary bioreactors, as well as
a diffuser and a circulation pump, to create a
predetermined distribution of flows in the volume
of the main reaction zone of the column fermenter.
For this design, which uses a mechanical mixing
device for dissolving gas components, data on
oxygen absorption reaching a value of 10 kg of O,/m’-h
with specific energy consumption of 0.3-0.4 kW-h/kg
of O, are presented. Although the presented
bioreactor design is claimed to provide a high
mass transfer rate, it is important to note the
technical complexity of this fermentation system,
which has practical implications for its start-up
and commissioning.

The principle of supplying of methane-containing
and oxygen-containing gases to separate sections
where they can be distributed in a liquid volume
is presented in a bioreactor for growing methane-
oxidizing microorganisms [14]. The sections in
which the gases are dissolved are located on
opposite sides of the body of the main part of
the apparatus. Both sections, which are in the form
of vessels that expand at the top, are equipped with
turbine stirrers for dispersing a gas—liquid medium
in each of them. After being fed into the central
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circulation line of the bioreactor for mixing, a
uniformly  distributed gas—liquid mixture from
each section is then discharged into the main volume
of the apparatus. The circulation of the liquid phase
in the apparatus and the relationship of the flows
between the auxiliary sectors and the main volume
of the fermenter are provided by pumping
equipment installed on external circulation circuits.
In terms of the method for organizing the process
of dissolving methane-containing and oxygen-
containing gases, the presented bioreactor model
has similar features to the apparatus given in [13].
The developers of the fermenter state that the
speed of the turbine agitators in the gas dissolving
zones could reach 1400 rpm, which would certainly
lead to technical difficulties in the operation of
these zones, especially with increased bioreactor
volumes as a result of scaling. While the authors
indicate a productivity value of 4.4 kg of biomass/m*-h
with energy consumption for fermentation at
1.1 kW-h/kg of biomass, these data cannot be
used to evaluate the mass transfer characteristics
of the unit according to the above-mentioned criteria.

Considering the use of a gravitational ejector
to ensure the mixing of gas and culture fluids in
devices for cultivating methanotrophs, the fermentation
devices presented in [15, 16] are worthy of note.
The paper [15] presents a vertical apparatus equipped
with an external circulation circuit, a gravitational
ejector (jet aerator), a heat exchange device, and
internal elements—a grate and a bump—for reorganizing
the gas—liquid flow and separating the gas from
the liquid. A special feature of the design is the
presence of a liquid phase degasser installed on the
inlet line to the flow inductor, which ensures the
operation of the circulation circuit and the jet
aerator. Rather than being removed from the system,
the gas phase from the separator is sent to the
overflow chamber of the aerator together with
recirculated and fresh gases (oxygenated gas and
methane). The operating principle of the vertical
apparatus presented in [16] is based on the use of
a jet aerator. The design features several circulation
circuits operated by means of pumps and an internal
jet aerator structure characterized by division into
sections. The number of sections corresponds to the
number of circulation circuits that provide sufficient
energy to the gas—liquid jet leaving the jet aerator.

In bioreactors models involving various designs
of jet aerators [10], average values of oxygen mass
transfer coefficients in the range of 200-300 h™' are
achieved when ensuring the contact of the liquid
and gas phases by means of jet aeration. However,
the presence of a gas phase in the culture fluid
entering the circulation circuits leads to additional
pumping equipment requirements.

No additional capacitive sections are included
in the fermentation apparatus model presented in [17];
instead, the main fermentation process takes place
in a vertical volumetric apparatus. The gas phase
is introduced into the fermenter in the lower part
of the apparatus using ring bubblers. The liquid
phase circulating through the pump is fed to a gas—
liquid ejector. After entering the ejector from the
upper part of the fermenter, the gas phase is mixed
with the working liquid phase and introduced into
the lower part of the apparatus. The use of a jet
pressure liquid ejector on the external circulation
circuit in the place of a gravity ejector entails
significant adjustments to the requirements for the
overall characteristics of the fermentation plant,
in particular, the height of the bioreactor, which
can be reduced in relation to its diameter. By
introducing a gas-liquid mixture from the jet
apparatus into the volume of culture liquid, the
reaction volume of the bioreactor can be used as
efficiently as in a design using a gravitational
ejector. The authors of the publication indicate the
concentration of absolute dry matter and reactor
flow rate, from which it is possible to calculate
the specific productivity of the process at 5 kg of
biomass/m*-h.

For further analysis of the group of fermenters
based on jet pressure ejectors, we should also
consider the designs given in [18, 19]. The described
plants comprise fermentation systems consisting
of three main units: a fermenter, a gas separator,
and a storage tank. The units are equipped with
liquid-phase recirculation circuits, which represent
the working medium for the gas—liquid ejector, as
well as remote heat exchangers. The gas separator
device allows the circulation pump to run
continuously without pressure loss due to the
presence of bubble gas in the culture liquid produced
in the fermenter. The basic differences between
the systems described in [18] and [19] consist in
the method for organizing the alignment of the
flow rates of the gas—liquid mixture coming out
of the main digester, as well as the degassed culture
liquid entering the circulation pump from the gas
separator and entering the ejector for mixing with
the exhaust gas returned to the digester. In the
prototype presented in [18], flow alignment is
achieved by returning some of the culture fluid
to the suction line of the recirculation pump. In the
prototype presented in [19], the equilibrium in the
fermenter—separator—pump—ejector—fermenter ~ system
is achieved by regulating the flow rates of the
gas flows: fermenter—gas separator, gas separator—
ejector, fermenter—ejector. The data presented in
[18, 19] on the flow rate and concentration of
absolute dry matter in the culture fluid can be
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used to indicate the specific productivity of the
process occurring in bioreactors of the proposed
design in a range of 3.6-4.2 kg of biomass/m*h.

When considering structural solutions such
as bioreactor zoning, pressure ejectors installed on
remote recirculation circuits, and gravity ejectors
built into the apparatus, a distinction should be
made between fermentation equipment in which
combined solutions are used. For example, in [20]
the fermenter design comprises a vertical two-
chamber apparatus in which communication between
the chambers is achieved by several vertically
oriented internal channels: a liquid phase flow line
and a gas phase exchange system. The original
technical solution of the design involves the
use of two gravity ejectors together with pressure
ejectors, each of which ensures the introduction of
a gas-liquid mixture into its chamber. As mentioned
above, jet irrigation cannot be used to achieve high
mass transfer coefficients. However, the wuse of
pressure ejectors makes a significant contribution
to improving the mass transfer characteristics of
the device. The authors claim that the presented
bioreactor is capable of reaching 7 kg of biomass/m*-h
at an energy consumption of 1.3 kW-h/kg of biomass.

In addition to the widely used vertical fermenters
for the cultivation of methane-oxidizing organisms,
special designs are developed using original technical
solutions. In [21], a horizontal apparatus is presented
with a partition dividing it into two reaction zones:
a zone for feeding oxygenated and methane-containing
gases into the volume, followed by their dissolution,
and a zone in which the liquid working phase
circulates by means of specially shaped blades fixed
to the rotor. By combining the types of blades
installed on the structure, various technological tasks
can be performed, for example, aeration of the
circulating liquid and distribution of the gas phase in
its volume. The proposed bioreactor differs significantly
from other multi-section vertical devices designed
for the cultivation of methane-oxidizing bacteria. The
high specific energy consumption for fermentation
here amounts to 2.1 kW-h/kg of biomass at a
productivity of 4.2 kg of biomass/m?*-h.

A device for the cultivation of Methylococcus
capsulatus  methane-oxidizing microorganisms on
the principle of energy supply with a gas phase is
presented in [22]. The main body of the apparatus
comprises a turbine agitator mounted on a shaft
attached to a turbine driven by a jet of compressed
air. The compressed air used to drive the turbine
and ensure the operation of the mixer is then
distributed throughout the volume of the fermenter to
stimulate the cultivation process. The main advantage
of this design is the use of compressed gas energy
to drive the mechanical part of the bioreactor.

However, due to the limited speed of the mixer,
the oxygen uptake is below the typical range of
5-20 kg/m*h for mixers with a stirrer [10].
Accordingly, this design can be considered as an
intermediate bioreactor for growing micro-organisms
with an absolute dry matter concentration of no more
than 4-5 g/L.

In some types of fermentation equipment for
the cultivation of methane-oxidizing microorganisms,
combined internal structural elements are used
for ensuring multidirectional internal flows of a
circulating  gas—liquid mixture. An  apparatus
described in [23] comprises a vertical two-section
fermenter with bubblers installed in each section
for the introduction of natural and oxygenated gas,
as well as nozzles located in the partitions at the
entrance to each section. The nozzles are arranged
in such a way that the gas—liquid mixture emerging
from them in the upper part of the apparatus (from
one section to another) enters internal tubular
structural elements installed along the axis of the
apparatus opposite each nozzle. By using special
deflectors in each section of the fermenter, the gas—
liquid mixture circulates in the space between
the internal tubular structural elements and the wall
of the apparatus to increase the useful working
volume. In order to achieve uniform flow distribution
in the working volume of this bioreactor design,
it is necessary to ensure the exit velocity of the
gas—liquid mixture from the nozzle in the range of
0.5-20 m/s. Here, a wide range of high-speed exit
modes from the nozzle is assumed taking into
account the cultivation process in different modes.
The paper claims a specific productivity of 4.5 kg
of biomass/m*-h, but without providing information
on energy consumption.

An additional group of devices for obtaining
biomass from natural gas is represented by
loop bioreactors or so-called U-shaped fermenters
(Fig. 3).

A number of foreign publications have addressed
the issue of optimizing mass transfer processes in
this type of equipment to increase productivity. In
particular, the paper [24] discusses development
approaches related to the use of a multiphase
model of a tubular bioreactor with forced mixing
for assessing the degree of influence of mixing
conditions and interphase mass transfer on the
overall performance of closed-loop fermenters. Once
a volumetric oxygen mass transfer coefficient of
360 h' is reached, the productivity of the process
in a loop reactor is shown to be practically
independent of the mass transfer characteristics of
the apparatus. The paper [25] is devoted to an
experimental study of the issues of energy
consumption and increasing the efficiency of mixing
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Fig. 3. Loop bioreactor.

in loop-type apparatuses. The increase in mixing
efficiency is considered not only from the point
of view of the static component of the bioreactor
(mixer design), but also its dynamic component
(pumping equipment). The cited literature sources
illustrate the variety of approaches leading to the
emergence of new and improved fermentation
apparatus designs.

The design of the loop bioreactor in [26] is
represented by two vertical piping sections for the
ascending and descending flows of culture fluid, an
axial circulation pump installed in one of the
piping sections, and the upper cylindrical part of
the apparatus where the gaseous phase is separated
from the culture fluid. Gas flows into the unit are
fed directly into the loop section of the system.
Static mixers for ensuring uniform distribution of
the gas in the culture liquid are located on the
vertical sections of the loop part of the bioreactor.

The bioreactor design presented in [27] is
considered according to the operating principle and
design solutions used in loop fermenters. The apparatus
is described in terms of an upper separation part,
represented in the form of a horizontal cylindrical
container, as well as two vertical pipelines for the
circulation of a culture gas-saturated liquid and
a horizontal pipeline section in the lower part of
the bioreactor. The vertical sections of the pipeline
are used to ensure the circulation of liquid and the
supply of gases to the apparatus, as well as
involving static mixers and additional means to
control the pressure in the zones of the apparatus.
By using special equipment, such as a pressure
control valve, a nozzle or an axial pump placed
in the loops of the bioreactor, pressure drops can be

created in different parts of the apparatus to increase
or decrease the solubility of gases circulating with
the liquid.

Despite the variety of loop bioreactor technical
designs involving the combined use of special
internal structural elements located both in pipelines
and in the gas separation zone, there are also
descriptions of external geometric parameters [28].
In the presented design, this principle is articulated
by the combined use of wvertical and horizontal
sections of the apparatus loop in which the gas—
liquid mixture circulates, while the main part
of the bioreactor loop occupies the horizontal plane.

The literature on loop design bioreactors
includes a limited number of publications that
address the issue of apparatus efficiency in terms
of mass transfer. In [25], the presented values of
the volumetric oxygen mass transfer coefficients
of 400-3000 h! obtained in a loop reactor consider
the optimal velocities of the gas phase and the
correct choice of its entry points into the apparatus.
In [26-28], the main problems associated with
U-shaped (U-loop) fermenters include ensuring
the specified pressure drops at various points of
the bioreactor, as well as the timely supply of the
transported culture liquid with a gas substrate and
the removal of the gas phase containing carbon
dioxide.

The loop bioreactor design presented in the
patent [29] is characterized by a large number
of static mixers located in the horizontal part of the
loop and a vertical gas separator tank in which
the hydraulic pressure of the liquid column is
provided at the suction line of the circulation device.
For this model, options for implementing pressure
reduction zones at the inlet from the loop to
the gas separator tank using equipment and special
structural elements installed in the loop portion
of the bioreactor are considered. Here, a given
parametric control can be implemented for one
or more consecutive steps.

One of the factors influencing the approach to
the development of fermentation apparatus designs
for the cultivation of methane-oxidizing bacteria
is the problem of maintaining the concentration
of dissolved carbon dioxide in the reaction volume
of the fermenterr The fermenter design and
technological installation described in [30] are aimed
at maintaining the dissolved carbon dioxide content
at a sufficient level to ensure high productivity.
The bioreactor is made up of vertical sections for
ensuring ascending and descending flows between two
horizontal capacitive devices in which the culture
fluid is to be degassed. Some of the technical
solutions of the bioreactor are implemented using
standard approaches to internal and external structural
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elements: circulation in a closed circuit provided by
a pump, gases entering the fermenter through bubblers,
and uniform mixing of the culture liquid using
static mixers. The most significant aspect of the design
is the technical solution for transferring the gas from
the degassing tanks to the carbon dioxide absorber.
The purified waste gas is returned to the fermenter
by means of a compression device for optimizing
the cultivation process. As well as indicating the
value of the achieved specific productivity of the
process (5 kg of biomass/m?:h), the authors give an
example of a specific implementation of a laboratory
fermentation system.

CONCLUSIONS

The presented literature analysis shows that all
the considered designs of fermentation apparatuses
intended for the cultivation of methane-oxidizing
microorganisms are based on the basic approaches
to the implementation of the hydraulic regime inside
the apparatus. Here, one major class of fermentation
systems is based on the principle of volumetric
mixing in the working space of the apparatus, with
the possibility of incorporating external circulation
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Abstract

Objectives. The work set out to modify the technology of accelerated thermal stabilization of
polyacrylonitrile (PAN) fibers used in the production of high-strength carbon fibers by reducing the
formation of a heterophase core-shell structure to create an oxygen concentration gradient in heat
treatment furnaces while maintaining a total thermal stabilization time of 30 min. The optimized
process conditions led to milder thermal stabilization conditions, reducing both the final heat
treatment temperature and the temperature difference between the thermal stabilization zones while
simultaneously maintaining the target volume density parameter with respect to the previously
developed accelerated thermal stabilization technology.

Methods. The thermal stabilization study of an industrially produced 12S precursor under different
conditions on an experimental carbon fiber production line included measurement of bulk density,
analysis of the thermal effects of the oxidation reaction by differential scanning calorimetry (DSC), and
a study of micrographs of the resulting samples.

Results. The optimum process of thermal stabilization of PAN fiber was determined in four stabilization
zones using selected compositions. The formation of the core-shell structure is significantly reduced
when the target volume density and DSC thermal oxidation reaction effect of the stabilized polymer
fiber are achieved in a given time (30 min).
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Conclusions. The resulting technology regime is promising for the production of high strength
(4.5 GPa, 4.9 GPa) PAN fibers at a reduced cost. While maintaining the total thermal stabilization
time of PAN at the level of 30 min, which is three times less than the industrial processes used,
it was possible to reduce the formation of a heterophase structure, as well as lowering the
final processing temperature and reducing the temperature difference between the stabilization
zones. This is promising in terms of a positive effect on the stability and safety of the industrial
process, as well as ensuring the quality of the obtained products.

Keywords: composites, polyacrylonitrile, carbon fibers, stabilization, carbonation
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HAYYHAS CTATbHA

Monudukanus yCKOPpEeHHON TEPMOCTAOMIN3AUA
MOJTUAKPUJIOHUTPUJIBHBIX BOJIOKOH CO3IaHUEM I'PAJMECHTA
KOHIEHTPAIMH KUCJIOPOAA MPH MOJYYCHUM YIVIEPOTHOIO BOJIOKHA

E.A. Tpobumenko™, T.B. ByxapkuHa, C.B. Bep:kHuHHCKas

Pocculiickuil xumuro-mexHonoeuueckuil ynusepcumem um. /.M. Mernoeneesa, Mockea, 125047
Poccus
“Aemop odns nepenucku, e-mail: e.trofimencko2016@yandex.ru

AHHOMAuus

Ienu. Moodudguyuposame mMexXHONI02UID YCKOPEHHOU mMepmocmabunuzayul. NOAUAKPUNO-
HumpunwsHozo ([TAH) eonokHa npu npouseoocmee 8blCOKONPOUHBLLX YaNepOoOHbLX B0JIOKOH,
npu nomowu Komopoil yoacmest YmeHbuums o00paszosaHue 2emepoghasHoll. cmpyKkmypbl
©10po—o0bonoukar nymem co30aHUSL 2padueHma KOHUEHMpAauuu KUCA0poOd 8 neuax mepmo-
obpabomKu npu coxpaHeHuu obuwezo epemeHu mepmocmadunuzayuu ITAH (30 mun); onmumu-
3uposamsb NPoyecc Ha OCHOBAHUU NPediazaemoz0 pesKuma ¢ Uesbto noayueHus bosee Msizkux
ycnosuii. mepmocmabunuzayuil: CHUXKeHUs. KOHEeuHOU memnepamypel mepmoobpabomru u
pasHuybl memnepamyp MmexK0y 30HAMU MepMOoCMaduiU3AUUU NPU COXPAHEHUU Uesne8o2o
napamempa 06beMHOU NnAOMHOCMU (OMHOCUMENbHO paHee pa3padomaHHol mexHos02UU
YCKOpeHHOU mepmocmabunusayuL).

Memoovl. Tepmocmabunuzayus NPOMBLUILEHHO 6blNYCKaemozo npekypcopa wmapku 12S
8 PA3IUUHBLX YCN08USIX HA ONBbIMHOU JAUHUU NOAYUEHUS Y27lepOOHbLX 80JI0KOH, nociedyrouiee
usmeperue O06beMHOU NAOMHOCMU, GHAAU3 Menoeblx 3PPeKmos peakuuu OKUCTeHUS.
memodom ougpgeperHyuanvHoll ckarupyroweil kanopumempuu ([ICK) u usyueHue murxpo-
gomoepachuti wnugo8 noryuaemoblx 06pasyos.
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Pesynomamut. OnpedesieH onmumaibHblii npoyecc mepmocmadbunruzayuulTAH gonoxkHa 8 430Hax
cmabunu3ayuu ¢ UCNONbL308AHUEM NOOOOPAHHBLX COCMAB08, NPU KOMOPOM CYULECMBEHHO
CHwkKaemecst  obpasosaHue cmpykmypsbl  «i0po—0b00uKa» Npu  0OCMUIKeHUU  ueJie-
80l 0beMmHOll naomHocmu U mennogozo 3ggexma pearxyuu oxucaneHust [ICK cmabu-
AUBUPYEMO20 noaumepHo20 80JI0KHA 3a ycmaroesieHHoe epemsi (30  mumn).
Bbteoowst. [TonyueHHblll MexHO02UUECKUTL PEXUM SBAAEMCS NePCNeKMUSHbIM OJist NOAYUEHUSL
evlcokonpourslx (4.5 I'Tla, 4.9 I'Tla) IIAH 6010KOH cO CHU’XKeHHOU cebecmoumocmuro. Ilpu
coxpaHeHuu obuiezo spemeru mepmocmadbunuzayuu ITAH Ha yposHe 30 mun, umo 6 3 pasa
MeHbUE UCNONBb3YEMbLX NPOMBLUIEHHBLIX NPoYeccos, Yyoasiocb cHU3ums obpaszoearue zemepo-
asHoll cmpyKkmypbl, YMeHbULUMb KOHEUHYI0 memnepamypy obpabomku u CHU3UMb nepenao
memnepamyp mexK0y 30HOAMU CMAOUAUSAUUU, UMO O0JKHO NOJOJKUMENbHO CKA3amubCsi HA
cmabuneHocmu u 6ezonacHocmu 8e0eHUst NPOMBLULIIEHHO20 npoyecca U Kauecmee noayuaemotl
npooyKyuu.

Knroueevle cnoea: KomMnosumol, no/iuaKpuJioHUmMpus, yailepodeLe 680J/10KHAQ, cma6quu3al_1,uﬂ,

KapboHusayus

Jna yumupoeanusn: Tpodpumenko E.A., Byxapkuna T.B., Bepxunuunckas C.B. Moaudukanus ycCKopeHHONH TepMOoCTaOuIn3a-
LMY TOMMAKPUIOHUTPUIIBHBIX BOJIOKOH CO3J@HMEM IPAJMEHTa KOHLEHTPAlUM KUCIOPOAA IPU MOIYYEHUH YIIEPOJHOIO BOJIOKHA.
Touxue xumuueckue mexronoeuu. 2023;18(3):243-253. https://doi.org/10.32362/2410-6593-2023-18-3-243-253

INTRODUCTION

The development of technologies for reducing
the cost of carbon fiber (CF) production is one
of the most significant directions in the industry
today. Rather than aiming at the production of
ultrahigh-strength products (4.5 GPa or more),
such technologies are geared to the satisfaction of
mass market demand. With a significant reduction
in cost, fibers with a strength of 4.0-4.2 GPa will
be in greater demand in the automotive, sports
equipment, construction, shipbuilding, and wind
energy industries, helping to stimulate the development
of new design solutions in these industries and
increasing the introduction of carbon composites
into everyday life.

The total cost of producing a kilogram of
CF is made up of many factors. These include the
price of precursors (acrylonitrile, methyl acrylate,
itaconic acid, etc.), the price of solvents for the
commonly-used wet molding method (zinc chloride,
dimethylacetamide, sodium thiocyanate, etc.), the
price of auxiliary chemicals (oiling agents,
antistatic  agents, and dressing compositions),
depreciation costs for expensive equipment, and

electricity, large quantities of which are used in the
main (synthesis, molding, and heat treatment)
and auxiliary technological processes (solvent
regeneration).

In connection with the above factors, work
is underway to improve the efficiency of associated
processes and thus reduce costs. The present work
considers the heat treatment of polyacrylonitrile
(PAN) to obtain desired hydrocarbon products.
In our previously published works, proposals for
modifying traditional CF production technology in
order to reduce the time of thermal stabilization
of the fiber prior to carbonization were presented
and substantiated [1-3]. By pre-stabilizing the PAN
fiber in nitrogen, followed by oxidation of the
pre-stabilized fibers, the process time was reduced
to 30 min without any loss of product quality.
A comparison of the proposed system with classic
industrial technology based on the oxidation
process alone shows a three-fold reduction in thermal
stabilization time. At the same time, the strength
of the fibers obtained is in the order of 4.3 GPa,
while the modulus of elasticity is around 240 GPa.
Using the nominal value of 12K (12000 monofilaments),
it was possible to maintain the standard linear
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density of 785 tex (g/km) for this type of fiber, which
is an extremely important indicator in industrial
production >34,

An industrial line developed on the basis of
the described technology offers a 2.5-3 times
increase in the speed of fiber passage as compared
to current industrial processes. A corresponding
40% reduction in the cost of CF production would
represent a serious incentive for the development
of the composites industry.

However, despite sufficient results in terms
of mechanical tests and cost-benefit assessment,
the technology proposed by the present authors
in [1-3] involves a number of drawbacks:

— a high (up to 20°C) temperature difference
between the furnace zones, representing a source of
production concern, since such a temperature jump
can lead to uncontrolled local overheating of the
fiber due to exothermic reactions on its surface.
This effect can lead to fiber breakage in an industrial
furnace, increasing scrap yields and downtime on
the refueling line;

— the formation of a heterophase core—
shell structure, resulting in reduced physical and
mechanical properties of the fiber at the heat
treatment stage.

Thus, the present work continues the
development of accelerated thermal stabilization
processes in an attempt to eliminate these two
serious shortcomings in the presented CF production
technology.

Experience with accelerated oxidation has
shown that PAN fibers become extremely reactive
after being pre-stabilized in nitrogen, leading to
very rapid reactions with atmospheric oxygen
when entering the oxidation furnace. On the one
hand, such high reactivity can be useful when
intensifying the process, including a reduction in
total stabilization time and the number of
required furnaces to four (the standard scheme of
heat treatment in air includes 6-8 oxidation
furnaces [4-6]). On the other hand, such rapid
reactions—even those occurring at relatively low
temperatures—lead to the formation of a shell of
more stabilized PAN on the surface of the
monofilament, which is poorly permeable to the
gases (particularly oxygen) used for the thermal

' https://www.torayca.com/en/download/. Accessed
August 10, 2022.

2 https://umatex.com/production/fiber/. Accessed
August 10, 2022.

3 https://www.dowaksa.com/aksaca/. Accessed
August 10, 2022.

4 https://www.teijincarbon.com/ru/produkcija/
uglerodnye-volokna-tenaxr/zhguty-tenaxr/. Accessed August
10, 2022.

stabilization reactions in the formed core. Due
to the appearance of such a shell, it becomes
necessary to significantly increase the temperature
in the subsequent zones in order to bring the
final volume density of the stabilized fiber to
1.36 g/cm® (the minimum density value sufficient
for safe carbonization of the fiber) [7, 8]. As a result,
two distinct phases are distinguished depending
on the radius of the monofilament: core and
sheath. A less dense core lacks stability and may
partially degrade during carbonization, leading
to a reduction in the physical and mechanical
properties of the final CF.

Despite previous work aimed at identifying
heat treatment modes for minimizing this
negative effect, it was not possible to eliminate
it completely [2]: a significant increase in the
temperature  difference  between  the  zones
continues to be necessary for maintaining the core—
shell effect.

To reduce this effect along with the temperature
difference between the =zones to at least 10°C,
a series of experiments with a gradient of oxygen
concentration between the zones was proposed
(hereafter referred to as the “Gradient experiment”).
The essence of these experiments was to reduce
the formation of a gas-tight shell on the surface
of the filament in the early stages of oxidation
by reducing its rate without increasing the
temperature gradient. Taking into account studies
[9-11], the use of stabilization in nitrogen (or in
a rarefied atmosphere) increases the yield of carbon
fibers, which also improves the productivity of CF
production lines and associated economic factors.
Therefore, the first stage of oxidation following
prestabilization in nitrogen was carried out in an
oxygen-depleted environment. Here, it was assumed
that the reduced oxygen concentration would
intensify the formation of a heterophase structure,
which would slightly increase its diffusion towards
the center of the monofilament to improve the
volume density set.

In the first stages of the study, the thermal
stabilization parameters—in particular, the temperature
and oxygen concentration in the specified heat
treatment zone—were determined. The oxidation
conditions in the subsequent zones were selected
on the basis of the fiber properties.

MATERIALS AND METHODS

The methods used to develop and study the
samples are described in the article [2]. All work
and experiments were carried out at the
YUMATEKS research center, which is part of the
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New Materials and Technologies division of the
Rosatom company group (Russia). The research
center is equipped with an experimental line for
the CF production, comprising a set of 6 three-pass
oxidation furnaces, a low temperature carbonization
(LTC) furnace, a high temperature carbonization
(HTC) furnace, a surface treatment module, as well
as receiving equipment. In addition, the line is
equipped with the necessary ancillary equipment,
starting with a nitrogen station for operations
involving high purity nitrogen (>99.9999%). The
exothermic effect of the oxidation reaction of
PAN samples stabilized to different densities was
determined using a DSC214 differential scanning
calorimeter (Netzsch, Germany). An RR/DGA gradient
column (Ray-Ran Test Equipment, United Kingdom)
was used to determine the changes in bulk density
of the material as a function of heat treatment
conditions. A Tegramin-20 grinding system (Struers,
France) and Olympus BX-51 microscope with
U-TV0.63XC camera (Olympus, Japan) were used
for the comparative evaluation of the formation
of heterophase core—shell structures in samples
developed by classical accelerated oxidation for
the development of the stages of the experimental
gradient mode.

As in previous experiments, the industrially
produced PAN precursor Jilin 12k was used as
the base precursor. Until recently, this was the fiber
used at ALABUGA-Volokno, the largest enterprise
in Russia for CF production. Based on the
characteristics and parameters of this PAN, it is
possible to  obtain  industrial  quantities  of
hydrocarbons having a strength of 4.5 GPa, a
modulus of elasticity of 250 GPa, and a linear
density of 800 £+ 20 tex, representing a considerable
CF market niche.

The PAN harness was pre-stabilized in a high
purity nitrogen medium using an LTC furnace.
The experimental line for the CF production
transport system was used to create continuous fiber
movement through a nitrogen-blown carbonation
furnace. At the same time, the operation of the
transport system was organized in such a way as
to ensure that the fiber remained in the working
chamber of the furnace for 10 min at a temperature
of 255°C. This unchanged parameter was accepted
as optimal according to the results of previous
studies [1, 2]. After winding the pre-stabilized
fiber onto the spool using an automatic take-up
device, it was mounted onto the feed spool for
unwinding the fiber and passing it through the
heat stabilization zones.

To function as a reduced oxygen thermal
stabilization chamber, one of the oxidation furnaces
was selected. Since there was no requirement for

connecting gases other than atmospheric air during
the design and construction of these furnaces, a
new connection was made via a fitting inserted
into the atmospheric air inlet pipe below the level
of the adjustable valve. Pipes were then laid from
the nitrogen station to the oxidation furnaces to
supply the system with inert gas. At the nitrogen
station itself, the gas supply system was split
between the LTC and HTC furnaces, as well as,
separately, to the oxidation furnace. A regulator
installed between the nitrogen station’s gasifier
and the pipes leading to the oxidation furnaces
was used to maintain the nitrogen supply pressure
at 3 atm. In order to ensure the required level of
purity, a 150 L/min capacity rotameter was used
to regulate the flow of supplied nitrogen; this was
installed at the end of the system before the
nitrogen is supplied to the oxidation furnace
No. 1 (OF1). Immediately prior to commencing the
process, the ambient air inlet valve was closed and
the nitrogen consumption was increased at the
rotameter. The nitrogen concentration in OF1
was monitored using an external oxygen analyzer
SGM7T (Zirox, Germany), whose inlet tube was
placed in the working area of the furnace. By changing
the nitrogen consumption at the rotameter, the
composition of the medium can be controlled by
the gas analyzer to achieve the required oxygen
content in the working atmosphere.

Similar changes only affected OF1. The
remaining zones of thermal stabilization (oxidation
furnaces OF2 and OF3) operated in normal mode
without additional supply of inert gas.

The transport system provided the same fiber
dwell time (6.6 min) in each of the three OF1-OF3
zones. The total residence time of the fiber in the
heat treatment zone, taking into account the time
of pre-stabilization in nitrogen and subsequent
treatment in oxidation furnaces, was ~30 min.

The samples were produced at different
temperatures in OF1-OF3 and different (5.5 and 11%)
oxygen concentrations in OF1.

The samples obtained from the Gradient
experiment were analyzed on the DSC214 and
compared with differential scanning calorimetry
(DSC) data obtained in accelerated oxidation
mode. The bulk density of the samples and the
appearance of the monofilament were analyzed
under a microscope at different processing stages.

RESULTS AND DISCUSSION

Since the density of the nitrogen pre-stabilized
fiber was 1.225 g/cm?, in order to achieve a bulk
density >1.36 g/cm®, it becomes necessary to
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increase the fiber density in each of the three
following zones by at least 0.045 g/cm’.

The installed OF1 nitrogen supply system
created a working atmosphere with an oxygen content
of 5.37-5.49%, which is close enough to the target.
The temperature in the furnace was raised to
240°C. Based on the results of the density measurement
following heat treatment in OF1, it was decided
to change the temperature. The results of the
selection of the working conditions of OF1 are
presented in Table 1 along with the data on the
measurement of the bulk density of the obtained
samples and the thermal effects of the DSC reaction
in air (AH ).

The characteristics of Samples 3 and 4, which
were developed at temperatures of 250 and 260°C,
respectively, are close to those of reference Sample 6
(Table 1).

Figure 1 shows the sections of the micrographs
of the samples developed according to the modes
shown in Table 1 modes (also included is the
micrograph of the reference sample with standard
accelerated oxidation).

From Figure 1, it can be seen that an oxygen
concentration gradient in the OF1 and OF2 furnaces
results in a significantly less pronounced core—shell
structure along with comparable values of volume
density and thermal oxidation effects as measured by
DSC. While the presence of such a structure is not in
itself a limiting factor in obtaining high quality fibers,
it is associated with high filament surface reactivity,
which prevents the diffusion of oxygen into the central

In the second stage of the experiment, the
change in fiber parameters was analyzed at different
processing temperatures in a working environment
with an oxygen concentration of 11%. The results
of the selection of conditions in OF1 are shown in
Table 2.

It is worth noting that, at a concentration
of 11% and increasing temperature, the change in
AH_ passes through the minimum point (Sample 2),
after which it begins to increase. As confirmed by
the developed heterophase structure of the samples
shown in Fig. 2, this may be explained in terms
of the extremely rapid formation of the core—shell
structure at high temperatures and an increased
oxygen content in the process atmosphere as
compared to the previous series of experiments.

From the presented comparative data, it can
be concluded that the use of an 11% oxygen regime
in OF1 is less promising since it does not prevent
the formation of a heterophase structure. A
further selection of modes was made at an oxygen
concentration of 5.5%. The volume density of
stabilized PAN closest to the target was obtained
at a temperature of 260°C. This temperature in OF1
was used for future process development.

The process conditions in OF2 and OF3 were
selected sequentially. The results of the calculation
of OF2 working conditions are presented in Table 3.

The closest properties to the required bulk
density were found at a temperature of 260°C.
The ensuing fiber was highly manufacturable,
without damaged filaments or damaged harness

part of the elementary fiber [12]. areas. To test the heat treatment conditions
Table 1. Results of the heat treatment mode selection in OF1 at an oxygen concentration of ~5.5%
Number of sample Temperature T, , °C Density p, g/cm? AH_,J/g
1 240 1.2445 1282
2 245 1.2456 1266
3 250 1.2581 1110
4 260 1.2676 1096
5 270 1.2786 1069
6* 240 1.2580 1016

*This sample is a sample for comparison. Its properties are typical of the fiber after the first oxidation zone according to the
accelerated oxidation mode presented in [2]—standard accelerated oxidation.
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Fig. 1. Photomicrographs of fiber samples stabilized at different temperatures in an oxygen concentration of 5.5%
in OF1: 1 —240°C, 2 — 245°C, 3 — 250°C, 4 — 260°C, 5 — 270°C, and 6" — comparison sample.

Table 2. Results of the heat treatment mode selection in OF1 at an oxygen concentration of ~11%

Number of sample Temperature T, °C Density p, g/cm? AH_,J/g
1 240 1.249 1081
2 245 1.260 929
3 250 1.267 950
4 255 1.273 1060
5 260 1.283 1141
6 270 1.301 1297
7* 240 1.258 1016

*This sample is a sample for comparison.
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Fig. 2. Photomicrographs of samples of fibers stabilized at different temperatures in an oxygen concentration
of 11% in OF1: 1 — 240°C, 2 — 245°C, 3 — 250°C, 4 — 255°C, 5 — 260°C, and 6 — 270°C.

in the OF3 zone, the OF2 temperature was fixed at
260°C. The results of the selection of conditions for
OF3 are shown in Table 4.

A bulk density above the required value of
1.36 g/em® was achieved at a process temperature of
270°C in the final thermal stabilization zone. The high

Table 3. Results of the heat treatment mode selection in OF2

manufacturability of the harness at the exit of the
oxidation zones was also noted. Moreover, the smaller
size of the shell in the heterophase structure, having
comparable values of linear density and thermal
effect of the oxidation reaction according to DSC,
may indicate higher core stability (Fig. 3).

Number of sample Temperature 7, °C Density p, g/cm?
1 210 1.2855
2 220 1.2848
3 230 1.2910
4 240 1.3002
5 250 1.3192
6 260 1.3309
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Table 4. Results of the heat treatment mode selection in OF3

Number of sample Temperature T, °C Density p, g/cm? AH ,J/g
1 250 1.3380 874
2 255 1.3405 856
3 260 1.3498 848
4 265 1.3547 861
5 270 1.3616 754
6* 280 1.3672 715

*This sample is a sample for comparison.

Fig. 3. Comparison of stabilized fiber pulps using standard
accelerated thermal stabilization technology (A) [2]
and the results of the Gradient experiment (B).

While the main disadvantage of the proposed
solution is its increased nitrogen consumption, this
problem can be partially solved on an industrial line by
recovering part of the nitrogen from the pre-stabilization
zone and returning it to the OF1 zone.

CONCLUSIONS
The experiments demonstrated that an atmosphere

with a depleted oxygen content in OF1 can be used
to reduce the formation of a heterophase structure

and obtain a more stable fiber core while maintaining
a pre-stabilization zone in nitrogen. The temperature
profile of the thermal stabilization process
proposed in the described Gradient experiment has
advantages over the classical accelerated stabilization
process considered by the authors in previous
works. The 10°C lower final temperature of the
heat treatment and reduced temperature difference
(<10°C) between two adjacent stages of thermal
stabilization helps to prevent damage and fiber
breakage on the processing line by significantly
reducing the risk of local overheating. This is
particularly important when factory CF production
lines are operated in canvas mode in order to
increase productivity; here, the individual bundles
are packed as closely together as possible, effectively
forming a wide ribbon of processed material. By
reducing the final processing temperature by as
little as 10°C, the risk of uncontrolled exothermic
overheating and spontaneous ignition of the material
can be significantly reduced.

At the same time, the Gradient mode retains
the main advantage of classical accelerated
stabilization in terms of the short process time
of 30 min. A threefold reduction in thermal
stabilization time as compared to the generally
accepted oxidation PAN technology provides
significant savings in capital costs required to build
larger workshops by reducing the number of required
furnaces and overall energy consumption. In addition
to the greater economic potential as compared to
the generally accepted technology of oxidative
stabilization, its increased safetymakes the Gradient
mode promising for introduction into industrial
production.
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Abstract

Objectives. To develop a method for the determination of hypochlorite, chloride, chlorite, chlorate,
and perchlorate ions in solution; to determine the limits of detection and quantitation for CIO",
Cr, ClO,, ClO,, and CIO, ions; to evaluate the applicability of the developed method and its
suitability for disinfectant analysis.

Methods. Ionic chromatography using a conductometric detection system in isocratic
elution mode.

Results. The method developed for chromatographic determination of chlorine-containing ions
can be used to quantify the content of hypochlorite, chloride, chlorite, chlorate, and perchlorate
ions. In isocratic elution mode at 7.5 mM NaOH and a flow rate of 0.4 mL/min, the content
of chlorine-containing ions can be determined with high sensitivity. The presented method
does not require the use of expensive equipment for the ultrasensitive analysis of the studied
compounds.
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Conclusions. A novel method for the simultaneous determination of hypochlorite, chloride,
chlorite, chlorate, and perchlorate ions in case of their combined presence is proposed.
The technique can be used to carry out routine control of the content of these disinfectant
components during use, increasing their effectiveness at the same time as managing
associated toxicological risks.

Keywords: hypochlorite ion, chloride ion, chlorite ion, chlorate ion, perchlorate ion, ionic
chromatography, disinfectants
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HAYYHAS CTATbSA

Onpenesnenune XJJ0OpCoAePKALNUX COeIUHECHUH
B Ae3MHPUUMPYIOLIMX CPEACTBAX
C CIO0JIL30BAHMEM HOHOOOMEHHOM XpoMarorpaguu
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AHHOMaAyust

Ienu. Paspabomamsb memoduky onpeodeneHust 2UnOXA0PUM-, XJA0PUO-, XJOPUM-, XJOPAM-
U Nepxnopam-uoHo8 npu Ux COBMEeCmHOM npucymcmeuu 8 O0e3UHEPUUUPYOUWUX CpedCmaeax.
Onpedenums npedesbl 06HapyrKeHUsL U npedesibl KoauuecmeeHHoz2o0 onpedeneHust uoros CIlO,
Cr, Clo,, Clo,, ClO, . Ilposecmu pacuembl 8ANUOAUUOHHBIX NApPamMempos paspabomarHoil
MemoouKuU, a marKike oyeHums ee NPuU200HOCMb 0151 AHANU3IA 0e3UHPUUUPYIOUUX cCpedcms.
Memoobst. HoHoobmeHHAsE xpomamozpadus € cucmemoli KOHOYKMoMempuueckozo oemex-
MUpo8aHUSL 8 UB0KPAMUUECKOM PesKUME IUOUPOBAHUSL.

Pesynemamut. Hosgasi memoouxka xpomamozpaguueckozo onpedeneHust XA0PCO0epIKAuUX
UOHO8 NO0380/Islem KOAUUECMBEHHO OUEHUMb COOepIKaHue 2UNOX0pUm-, XA0puo-, Xaiopums-,
xXs0pam- U Nepxiopam-uoHo8 npu uUx OOHOBPEMEHHOM HAXOXKOEHUU 8 MOOesbHOM pacmaeope
u 8 desuHguyupyrowux cpeocmeax. Hsokpamuueckuili pexxum smroupogarus 7.5 mM NaOH
npu ckopocmu osurkeHust homoxa 0.4 ma/MuH no3eossiem ¢ 8blCOKOU UY8CMBUMENTbHOCMBIO
onpedensimb UOHbL, codeprkawjue amom xaopa. PaspabomarnHas memoouxka He mpebyem
UCNONB308AHUSL 00pO20CMOosiULe20 060pY008aHUS,, HE0OX00UMO020 Ol C8EepPXUYBCMBUMEbHO20
aHanusa uccneoyemulx coeouHeHul.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):254-264
255


https://doi.org/10.32362/2410-6593-2023-18-3-254-264
mailto:niid.chemlab@gmail.com

Determination of chlorine-containing compounds in disinfectants using ion-exchange chromatography

Bbleoodusl. Bnepeble npedsioxeHa memodurKa onpedesneHust 2UnoXiopum-, Xaopuo-, XJA0pum-,
Xa0pam- u Nepxaiopam-uoHo8 Npu coemecmuom npucymemeuu. Oxcudaemest, umo paspaboma-
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8 Oe3uHUUUPYIOWUX cpedcm8ax Nnpu Uux NPaKmMuueckom UCNONb308AHUU, UMO npueedem
K nosblileHuro ahpexmusHocmu npumeHeHUst 0e3UHPEKMAHMO8 HA UX OCHO8€ U CHUXKEHUIO

B03MO2KHBIX MOKCUKOJI02UUEeCKUX PUCKOS.
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INTRODUCTION

One of the key roles in public health consists
in preventing the transmission of infectious diseases.
The main basis of non-specific prophylaxis consists
in implementing disinfection measures  using
appropriate means. Nowadays, many food products
undergo thorough disinfection treatment during
the preparation of goods for sale [1-3], typically
involving the use of chlorine-containing disinfectants.
Since, due to its high toxicity, pure chlorine
is not suitable for these purposes, various chlorine-
containing compounds—e.g., sodium hypochlorite—
are used [2, 4-7]. The industrial production of sodium
hypochlorite involves the electrolytic dissociation
of an aqueous solution of sodium chloride. In the
process, byproducts containing chlorite, chlorate,
and perchlorate ions can also be formed [3, 8]. In
an aqueous medium, due to being in chemical
equilibrium, such ions can transform into different
forms [9].

Chlorine-containing anions pose a particular
risk to human health [3, 10]. For example, perchlorate
ions have a negative effect on the production
of thyroid hormone, which affects the functioning
of the brain. The US Environmental Protection
Agency has set the maximum allowable concentration
of such substances at 15 pg/L, while the maximum
pollution limit is set at 2 pg/L [11]. The World
Health  Organization, which 1is responsible for
controlling the content of chlorate ions in drinking

water, sets its maximum permissible concentration
at 0.7 mg/L [12]. Since disinfectants based on
chlorine compounds are typically used in food
production processes, their residual amounts are
found in dairy products, vegetables, and drinking
water [1, 2, 10, 13-16].

Classical methods for the determination of
chlorine-containing compounds in various objects
are iodometric and potentiometric titration, colorimetric
and fluorometric methods, capillary electrophoresis,
etc. [4, 6, 12, 17-19]. Contemporary approaches
are based on the use of ultrasensitive sensors to
chloride-containing ions, which use elements of
the platinum and palladium series in tandem with
spectrophotometry, as well as on high-performance
liquid chromatography methods using a mass-selective
detection system [5, 7, 11, 20, 21]. Although such
methods offer high sensitivity and a low detection
limit of the studied compounds, they remain expensive.

Ion-exchange chromatography has been used
in the analysis of chlorine-containing compounds
since the end of the 20th century [22]. The first
studies with chromatographic separation of chlorate
and chlorite ions were carried out under conditions
of low pH values. However, this solution led to the
degradation of other compounds in the analyzed
solution. Subsequent methods for analyzing the
content of chlorine-containing ions in drinking water
and other inorganic objects are based on the use of
weakly alkaline or weakly acidic eluents to achieve a
better separation of the compounds under study [16, 23].
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Contemporary analysis techniques are based on
a similar class of eluents [24, 25]. For example,
depending on the type of analytical column for the
analysis of chlorine-containing ions, eluents can be
based on orthophthalic acid and acetonitrile. Eluents
based on sodium carbonate and bicarbonate (also
separately) and alkaline eluents based on sodium
or potassium hydroxide in various concentrations
are also used. In order to improve existing ion
exchange chromatography methods, high resolution
mass-selective detection systems are used in place
of classical conductometric detection. This makes
it possible to increase the analysis sensitivity
and suppress the effect of high concentrations
of side ions [26-28].

An analysis of the literature data shows that
works based on the quantitative assessment of
chlorine-containing ions fail to present a general
picture of the analysis of all such ions simultaneously.
Most studies in this area are aimed at studying ions
having dangerous effects on human health: chlorite,
chlorate, and perchlorate ions [24, 28]. At the same
time, the complexity of chromatographic analysis
involves a large number of “interfering” ions, for
example, CI°, whose chromatographic peaks, due
to high concentrations, overlap the signals of other
compounds [13].

Thus, the present study sets out to develop
a method for determining hypochlorite, chloride,
chlorite, chlorate, and perchlorate ions in their
combined presence in solution using ion exchange
chromatography with a conductometric detection
system. The improved approach can be used to
carry out quality control of manufactured disinfectants
and other possible objects without the wuse of
expensive equipment. The technique can additionally
be used to determine the studied compounds
even in trace amounts, thus reducing possible
toxicological risks.

MATERIALS AND METHODS
Reagents

The study used sodium chlorite (80%), potassium
chlorate (99%), potassium perchlorate (99.9%),
and sodium hypochlorite solution having a base
substance content of 10%, manufactured by
Sigma-Aldrich  (USA). Sodium hydroxide (99.3%)
was produced by FVWR (USA). Potassium
permanganate, hydrochloric acid, iodine, sodium
thiosulfate, potassium bromide, sodium carbonate,
sodium bicarbonate, and potassium biphthalate used
in the work were of analytical grade or higher and
used without further purification.

Samples of disinfectants

In order to assess the suitability of the developed
method, three commercially available samples of
disinfectants—anolytes were studied. In order to
maintain experimental independence, the samples
were  submitted for testing after removing
information about the manufacturer and component
composition of the studied products from
the packaging.

Equipment

The following equipment was used in the work:
Elmasonic S 70 H ultrasonic bath (Elma, Germany);
EBA 280 centrifuge (Hettich, Germany); Millipore
Direct Q3 water purification system (Millipore, USA);
Adventure AR-2140 balance with a resolution
of 0.0001 g (Ohaus, Switzerland); variable volume
dispensers (Sartorius, Germany).

Preparation of solutions

For the preparation of eluents and solutions
of the studied compounds, degassed deionized
water was used. Degassing was carried out for
1520 min at a temperature of 50°C using an
ultrasonic bath with an ultrasound frequency of
37 kHz. The preparation of eluent solutions was
carried out by weighing the required amount
of the substance to an accuracy of four decimal
places and diluting it in prepared water. The
preparation of solutions of chlorine-containing
compounds used to develop calibration curves
was carried out by diluting the stock solution
of compounds. The stock solution was prepared
by weighing the required amount of the substance
to an accuracy of four decimal places and diluting
it in prepared water.

Synthesis of sodium hypochlorite

Sodium hypochlorite was synthesized by gradual
addition of crystalline potassium permanganate
(0.025 mol) to concentrated hydrochloric acid
(0.20 mol; 4 M) with heating. Gaseous chlorine
(0.063 mol) released as a result of the reaction
was introduced into a sodium hydroxide
solution (0.13 mol; 45 wt %) until the end of
gas evolution. The resulting solution was filtered,
cooled to 15°C, and centrifuged at 5000 rpm.
The formed precipitate was separated by
decantation and dried under vacuum for 24 h in
a dark place. The content of sodium hypochlorite
in the product confirmed by iodometric titration
was 39.8 wt %.
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Infrared (IR) spectroscopy

The IR spectra of sodium hypochlorite hydrate,
potassium chlorate, and sodium chloride were
recorded on an InfraLYUM FT-08 IR-Fourier
spectrometer (Lumex, Russia) using a KBr beam
splitter in the spectral range of 500-2000 cm ™.

Chromatograph parameters

Chromatographic analysis was performed on
a Stayer-M instrument (A4kvilon, Russia) using an
analytical column Shodex IC SI-90 4E 4.0 x 250 mm,
PEEK particle size 9 pm (Shodex, USA) with a
conductometric detection system. The volume of
the injected sample was 20 pL, while the temperature
of the column thermostat was 35°C and the
conductivity scale of the detector was 40 mA.

Data processing

A Stayer-M liquid chromatograph was controlled
and chromatographic data were processed on a PC
using the MultiChrom program (Ampersend, Russia).
The chromatograms of the analyzed compounds
were designed using the OriginPro 2016 program
(OriginLab, USA). The IR spectra of the compounds
were designed using the Omnic 9.2 program
(Thermo Fisher Scientific, USA). The calculation
and processing of validation calculation data was

carried out in Microsoft Excel 2016 program
(Microsoft, USA).
RESULTS AND DISCUSSION

The chromatographic separation of chlorine-
containing ions in isocratic mode using various
types of eluents has been already described in
the literature. At the initial stage, when selecting
the conditions for the separation of chloride,
chlorite, chlorate, and perchlorate ions, eluents
based on Na,CO,-NaHCO, were wused with
concentrations in the ratios of 1.7-1.8 mM,
0.8-0.9 mM, and 2.5-04 mM, respectively!. In
the first case, only the presence of CI, CIO,,
and ClO; ions was detected by varying the flow
rate from 03 to 1.0 mL/min. When the
concentration of eluents used was halved and their
proportional ratios changed, chromatographic
signals of chloride, chlorite, and chlorate ions were
also observed. No chromatographic signals of
perchlorate ions were detected upon increasing the

' The analysis was carried out using an electrodialysis
suppressor of carbonate and bicarbonate ions.

concentrations of sodium carbonate and bicarbonate
to 2.5 and 0.4 mM, respectively.

Further attempts at chromatographic determination
of the studied ions using an eluent based on potassium
biphthalate (C,;H,O K) were carried out. When carrying
out the analysis at an eluent rate ranging from 0.3
to 1.0 mL/min using 0.5 mM potassium biphthalate,
it was not possible to detect chloride ions. However,
an increase in the substance concentration in the
eluent to 7.0 mM resulted in the identification of
only chloride and chlorite ions in the studied solutions.

When determining chromatographically chloride-
containing ions in isocratic mode, the use of a
sodium hydroxide eluent is often described. When
analyzing the same solutions of chlorine-containing
ions using 20.0 mM NaOH as an eluent at a
flow rate of 0.7 mL/min, it was possible to detect
signals of chloride, chlorate, and perchlorate ions.
In this case, varying the eluent flow rate did not
lead to the detection of the chlorite ion: apparently,
its chromatographic peak was overlapped by the
signal of the chloride ion. A twofold decrease in
the concentration of the alkaline eluent to 10.0 mM
of sodium hydroxide at a flow rate of 0.3 mL/min
led to the detection of only chloride and chlorate
ions in the solution. However, in the case of such
a substance being present in the eluent, an increase
in the flow rate also resulted in the detected presence
of perchlorate ions. An alkaline eluent based on
7.5 mM NaOH at a flow rate of 1.0 mL/min
facilitates the detection of chloride, chlorate, and
perchlorate ions. However, when the flow rate of
this eluent was reduced to 0.7 mL/min, it was
possible to detect all chloride, chlorite, chlorate,
and perchlorate ions studied at this stage in
the studied solutions (Fig. 1). At the same time,
it should be noted that a greater decrease in
the flow rate increases the time of a single
chromatographic experiment.

Thus, to determine the quantitative assessment
of CI', CIO,, CIO,, and ClO, ions, it is optimal
to use 7.5 mM NaOH as an cluent at a flow
rate of 0.7 mL/min.

As discussed earlier, the use of commercial
samples of sodium hypochlorite to evaluate the
content of hypochlorite ions 1is difficult due to
the high chloride ion content. To solve this
problem, we synthesized a sample of sodium
hypochlorite with a higher content of the main
substance according to the previously proposed
method [29]. The method is based on the absorption
of gaseous chlorine released as a result of the
interaction of crystalline potassium permanganate
with concentrated hydrochloric acid when heated
with a solution of sodium hydroxide. Following
complete gas evolution, the resulting solution was
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Fig. 1. Chromatograms of chlorine-containing compounds
obtained by ion-exchange chromatography with
conductometric detection under various conditions:

(1) eluent 7.5 mM NaOH, flow rate 1.0 mL/min;

(2) eluent 7.5 mM NaOH, flow rate 0.7 mL/min
(synthesized NaClO sample);

(3) eluent 7.5 mM NaOH, flow rate 0.4 mL/min.

filtered to remove possible precipitated impurities,
then cooled and centrifuged. The precipitate formed
after centrifugation was separated from the main
solution by decantation and dried under vacuum in
a dark place. The analysis of the obtained substance
was carried out using ion-exchange chromatography
under previously developed conditions for the
chromatographic determination of chlorine-containing
ions (Fig. 1). In addition to the new signal assigned
to the hypochlorite ion, the resulting substance as
revealed by the chromatogram contains the chloride
ion as a byproduct, as well as impurity amounts
of the chlorate ion. According to ion-exchange
chromatography, the content of sodium chloride was
1.21% =+ 0.07%, while that of sodium chlorate was
0.015% = 0.001%. According to the IR spectroscopy
data, no other chlorine-containing ions were present
in the samples of the obtained sodium hypochlorite
crystalline hydrate (Fig. 2). Therefore, the content
of hypochlorite ions was determined by iodometric
titration. The average content of sodium hypochlorite
in the crystalline hydrate was 39.8% + 0.3%.

Analysis of the chromatographic determination
of the resulting hypochlorite ions in combination
with chloride, chlorite, chlorate, and perchlorate ions
was carried out under previously selected conditions
using 7.5 mM NaOH as an eluent. By varying the
flow rate, it was possible to achieve the optimal
separation of all ions already at an eluent flow rate
of 0.4 mL/min (Fig. 1). In this case, the analysis
time was 50 min. A decrease in the eluent flow rate
led to an increase in the analysis time without
affecting the resolution of chloride-containing ion
determination.

To assess the applicability of the developed
method, the wvalidation parameters were also
calculated in accordance with the recommendations
for analytical methods [30]. The measurement accuracy
was evaluated using the addition method for each
compound. The obtained values of the extraction
degree of all ions in the range of 99-101% testify to the
lack of systematic measurement errors. Calibration
curves for the studied -chlorine-containing ions
(hypochlorite ion 0.50-3.00 mg/L; chloride ion
0.249-2.50 mg/L; chlorite ion 0.373-2.61 mg/L;
chlorate ion 0.498-2.52 mg/L; perchlorate ion
0.498-2.49 mg/L) are linear in all cases with a
correlation coefficient above 0.9990 (Fig. 3 and Table).
The calculation of the limit of detection (LOD) and
limit of quantification (LOQ) values was based on
the signal-to-noise ratio. Due to the high intensity
of the chromatographic chloride ion signal, the
detection and quantitation limits are 0.87 pg/L
and 2.63 pug/L, respectively; this figure is much
lower as compared to other ions. For example,
according to the LOD and LOQ values for the
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hypochlorite ions are at the level of 47.8 pg/L
and 145 pg/L, respectively, the developed method
can be additionally characterized as selective and
sensitive. More detailed results of calculations of
validation parameters for the studied chlorine-containing
ions are given in the table.

The suitability of the developed method was
assessed using three commercially available samples
of disinfectants comprising anolytes produced by
different manufacturers. In order to ensure a “blind”
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Fig. 3. Graphical representation of the calibration curves
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and perchlorate ions.
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independent experiment, the studied samples of
anolytes were encrypted under the codes Anolyte-1,
Anolyte-2, and Anolyte-3. According to the results
of the tests, samples Anolyte-1 and Anolyte-3 were
found to contain only chloride ions 0.571 + 0.027
and 0.730 £ 0.035 wt %, respectively. The Anolyte-2
sample, on the other hand, contained hypochlorite,
chloride, and chlorite ions at concentrations of
0.0382 + 0.0019, 0.0738 + 0.0035, and 0.0181 =+ 0.0008 wt %,
respectively (Fig. 4). When comparing the obtained
results with the data indicated by the manufacturers,
the total concentrations of chlorine-containing ions
in all the studied samples were found to exceed the
values indicated in the instructions for use by the
manufacturer. This finding additionally indicates
the need for careful quality control and procedural
accuracy when using anolytes.
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Fig. 4. Chromatogram of the Anolit-2 disinfectant.
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Table. Results of calculation validation parameters (n = 5; P = 0.95)

Ions
Parameter
ClOo~ Cr Clo, ClOo," Clo,~

Retention time repeatability RSD, % 0.66 0.28 0.23 0.15 0.029
Area repeatability RSD, % 0.58 0.55 0.77 1.28 0.86
Theoretical plates 3123 3850 3695 2290 3296
Resolution 1.52 1.58 1.78 2.19 2.26
Peak asymmetry 1.50 1.04 1.23 1.21 1.47

Correlation coefficient 0.9991 0.9994 0.9992 0.9992 0.9990
Linearity Sensitivity factor 1.7450 116.15 46.282 74.780 54.421

Axial displacement 4.4765 —4.7886 | —1.1377 | —16.154 | —11.805

Recovery, % 99.4 100.3 99.8 100.1 99.1
Accuracy

RSD, % 2.48 1.24 0.62 0.97 0.87
Limit of detection (LOD), pg-L™ 47.8 0.867 7.11 18.0 52.9
Limit of quantitation (LOQ), pg'L™ 145 2.63 21.5 54.9 160

Note: RSD — relative standard deviation, S/N — signal-to-noise ratio.

CONCLUSIONS

As part of the development of a procedure
for the determination of hypochlorite, chloride,
chlorite, chlorate, and perchlorate ions simultaneously
present in solution, optimal conditions for their
chromatographic separation were obtained using
ion-exchange chromatography with conductometric
detection. The best separation of the mixture
components was obtained using a 7.5 mM NaOH
solution as an eluent at a flow rate of 0.4 mL/min
with a Shodex IC SI-90 4E anionic column.
According to the validation parameter calculations,

the developed method can be used to quantify all the
listed chlorine-containing ions in the studied
concentration ranges. The performed calculations
also confirm the high sensitivity and extraction
degree of each chlorine-containing compound under
study.

The results of the study suggest the suitability
of the developed method not only for the analysis
of disinfectants, but also in the preparation
centralized and non-centralized water supplies,
as well as for determining residual quantities of
chlorine-containing ions in wastewater.
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Abstract

Objectives. The study set out to use mathematical modeling, in particular the method of
multifactorial analysis of multicriteria optimization (MAMO), in the development of a pharmaceutical
product.

Methods. After carrying out experimental tests based on the proposed algorithmic sequence, the
obtained data were interpreted using MAMO.

Results. The possibility of using MAMO to solve the applied problem of purifying
oligohexamethyleneguanidine hydrosuccinate (OHMG-HS), considered as a pharmaceutical
precursor for the creation of medicines, was demonstrated.

Conclusions. The expediency of using the proposed algorithm as a tool for pharmaceutical
development is substantiated by identifying dependencies of the influence of purification
conditions on the final content of admixtures in the target product.
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AnHOmauyus

IMenu. /laHHoe uccnedo8aHuUe NOC8AULEHO UCNOAB308AHUND MAMEMAMUUECK020 MOO0eUPO8AHUSL,
8 uacmHocmu memooa MHO20(paAKMOPHO20 AHANU3IA MHO20KPUMEPUASIbHOU OnmuMu3ayuu
(MAMO), e papmayeemuueckoli paspabomie.

Memoovtl. B xode uccnedosarus 6bL1a NPedosKeHA aN20pUmmuUUecKas nociedosameibHOCMs
aKcnepumeHma u npogedeHsl Heobxooumsle uchbimarus. IlonyueHHvle 0aHHble ObLIU UHMEp-
npemuposarsl npu nomowu MAMO.

Pesynomamel. IH3yueHa 8o3moskHocmb npumeHerHusi MAMO Ons peweHus npurkiadHoll
npobiembl OUUCMKU 2UOPOCYKYUHAMA 0uzozeKkcamemunieHeyaruoura (OI'MI-I"C), paccmampu-
8aemozo0 8 Kauecmae papmayesmuueckolti cybcmaHyuu 015 CO30AHUSL TEKAPCMEEHHbIX cpedcma.
Bwb1800bL. Hbliu 8blsi8/ieHbl 3A8UCUMOCTNU AUSHUSL YCLOBUTL OUUCMKU HA KOHEUHOE COOepIKAHUE
npumecetl 8 yenegom npooyKme u 00KA3aHA YeaecoobpasHoCmMb UCNONIb308AHUSL NPEOSIOIKEHHO20
aneopumma 8 Kauecmee UHCmpymeHma gpapmayesmuueckoil paspabomru.

Knroueevle cnoea: apmayesmuueckas paspabomka, mamemamuueckoe MooenuposaHue,
aHMubuoMmuKopesucCmeHmHOCMs, OuU202eKcamemusieH2yaHuouUHbL

Jna yumuposanus: laranos JI.0., Tpauyk K.H., AiimakoBa A.B., AxmemnoBa [I.A., BanoB U.C., Munenkos /I.C.,
braxesuu MN.10., Kenuk C.A. Peanuszanus papmManeBTHICCKOH pa3pabOTKu ¢ MPUMEHEHHEM MHOTO(pAKTOPHOTO aHaJIN3a MHOTO-
KPUTEPHATIBHOM ONTUMHU3AIMU Ha TIPUMEPE dTara OYMCTKU THIPOCYKIIHHATA OJIMTOTCKCAMETHIICHTYaHUIUHA. TOHKUEe XumuuecKkue
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INTRODUCTION

With the number of deaths worldwide caused by
drug-resistant microorganisms exceeding 50000 per year,
antimicrobial resistance is widely perceived as a major
problem. However, the complex and multifactorial
nature of antimicrobial resistance remains poorly
understood, especially in the context of human-,
animal- and environmental interactions. The situation
is exacerbated by a lack of reliable information,
the slow development of new antimicrobial drugs,
and high infection incidence rates. Thus, the
emergence and spread of antimicrobial resistance
requires immediate attention from both medical
professionals and developers of new compounds
that may exhibit antimicrobial activity [1].

As a consequence of the reduced effectiveness
of current means of prevention and treatment of
human infectious diseases due to the resistance of
microorganisms to drugs and disinfectants, the World
Health Organization expects antibiotic resistance
to become the biggest threat to human health by
2050 [2]. In 2017, in order to implement the National
Security Strategy of the Russian Federation and
the State Policy for ensuring the chemical and
biological safety of the Russia for the period up to
2025 and beyond, the Government of the Russian
Federation approved the Strategy to Prevent the
Spread of Antimicrobial Resistance to 2030 [3].
A direction implemented within the framework
of this Strategy is related to the search for new
ways of synthesizing substances with antimicrobial
activity that are capable of overcoming identified
resistance mechanisms.

Previously proposed methods for the synthesis
of oligohexamethyleneguanidine (OHMG) salts [4, 5]
showed sufficient efficiency against various pathogenic
and opportunistic microorganisms, including fungi and
viruses [6, 7]. In this regard, OHMG derivatives are
currently actively used to create drugs based on them [8, 9].

The process for obtaining derivatives of poly-
and oligohexamethylene guanides consists in the
polycondensation of hexamethylenediamine (HMDA)
and guanidine salts followed by conversion into
the required OHMG salt. However, the main
problem inherent in this process is the content of
a sufficiently large quantity of residual impurities
in the target compound. Although a recent study [10]
showed that the use of microfluidic synthesis makes
it possible to achieve a low content of monomer
impurities compared to bulk synthesis, the obtained
results do not meet the requirements of the State
Pharmacopeia of the Russian Federation'. Therefore,

the aim of the present study is to identify the
optimal conditions for the purification of the target
compound from impurities using mathematical
modeling.

MATERIALS AND METHODS

The following reagents were used in the
experiments: HMDA  (99.5%, Acros Organics,
Belgium), guanidine hydrocarbonate (GHC) (99.5%,
Sigma-Aldrich, USA), chloroform (99.5%, EKOS-I,
Russia), acetone (99.75%, EKOS-1, Russia), carbon
tetrachloride (99.6%, EKOS-1, Russia), methylene
chloride (99.5%, EKOS-1, Russia).

The main methods of polymer purification consist
of several dissolution cycles followed by precipitation
and washing with various solvents [11]. For washing
poly- and oligoguanidines [12], chloroform, carbon
tetrachloride, and similar solvents are used. However,
in order to establish the optimal time for the
purification process, as well as the ratio of components
and dependencies between the initial parameters
and the values of residual impurities, it becomes
necessary to conduct many experiments involving
different variations and combinations of the initial
values. In this case, significant increases in reagent
consumption and time preclude the rapid achievement
of satisfactory results. In this regard, mathematical
modeling techniques such as multifactorial analysis
of multicriteria optimization (MAMO) can become
useful tools for improving process parameters and
saving resources [13]. Taking into account the
application of MAMO methods, we propose the
following algorithmic sequence:

1) search for information in foreign and local

literary sources;

2) conducting preliminary experiments in the

absence of reliable literature data;

3) formulating a  hypothesis of criteria

dependence on various factors and determining

parameters for verifying hypothesis validity;

4) obtaining an approximating function in

accordance with paragraph 3 according to the

experimental data;

5) search for optimal values;

6) conducting  verification  experiments  for

compliance with the verification parameters defined

in clause 3;

7) selection of the most appropriate time-solvent

ratio from those calculated.

The application of mathematical modeling can
be described according to the algorithmic sequence

!'State Pharmacopeia of the Russian Federation, 14th ed. OFS.1.1.0006.15 Pharmaceutical substances. URL: https://minzdrav.
gov.ru/poleznye-resursy/xiv-izdanie-gosudarstvennoy-farmakopei-rossiyskoy-federatsii. Accessed February 15,2023 (in Russ.).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):265-279

267


https://minzdrav.gov.ru/poleznye-resursy/xiv-izdanie-gosudarstvennoy-farmakopei-rossiyskoy-federatsi
https://minzdrav.gov.ru/poleznye-resursy/xiv-izdanie-gosudarstvennoy-farmakopei-rossiyskoy-federatsi

Implementation of pharmaceutical development using multivariate analysis ...

proposed above on the example of purification
of  oligohexamethyleneguanidine hydrosuccinate
(OHMG-HS) (Fig. 1).

(CHp)s—NH—C—NH
NH ],

1/2 (C4H604)

Fig. 1. Formula of oligohexamethyleneguanidine
hydrosuccinate (OHMG-HS).

Based on the literature data [5], the following
solvents were chosen for the purification process:
chloroform, carbon tetrachloride, methylene chloride,
and acetone. The most important and controllable
factors were the amount of solvent added and the
residence time of the sample in the chosen solvent.

The content of related impuritiess—HMDA and
GHC, sulfate ash, heavy metals, as well as residual
solvents (acetone, chloroform, methylene chloride,
carbon tetrachloride}—were chosen as acceptance
criteria for the target product. The corresponding
data, which are taken from the State Pharmacopeia

Table 1. Quality criteria for the OHMG-HS target product

of the Russian Federation, 14th edition, are given in
Table 1 (see Footnote 1).

Since no information about the mutual influence
of factors was obtained, we assumed that there is
mutual influence—that is, a nonlinear dependence
on the factors expressed in quadratic terms taking
the form xy. Therefore, to expand the range, we
built experiments according to a full factorial design
(containing all possible combinations of all factors
at a certain number of levels, an equal number
of times) (Table 2). To check hypothesis validity,
the extraction coefficient (R) was used, which
should lie within 10% for the test experimental
points [14]. Having chosen the optimal purification
method, the relative standard deviation for the
quality indicators of OHMG-HS (Table 1) obtained
during the measurements of 5 samples should not
exceed 5%.

During the experiment, 20% aqueous solutions
of the OHMG-HS salt were prepared, followed by
the addition of the required amount of one of
the solvents in accordance with Table 2 at room
temperature (25°C). The solutions were thoroughly
mixed and left to settle. After that, the target
solutions were decanted and evaporated on a
Laborota 4000 rotary evaporator (Heidolph, Germany)
at 100°C

Indicator

Requirement for the content of residual admixtures, no more %

Hexamethylenediamine (HMDA) admixture 0.0500
Guanidine hydrocarbonate (GHC) admixture 0.0500
Sulfate ash 0.1000
Heavy metals 0.0010
Chloroform 0.0060
Acetone 0.5000
Carbon tetrachloride 0.0004
Methylene chloride 0.0600
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Table 2. Conditions of the salt purification process of OHMG-HS

No. Solvent Added, mL Settling time, h
1 30 8
2 35 12

Chloroform
3 40 18
4 45 24
5 30 8
6 35 16
Carbon tetrachloride
7 40 24
8 45 28
9 30 16
10 35 24
Methylene chloride
11 40 28
12 45 36
13 40 1.5
14 45 1
Acetone
15 50 2
16 55 2.5
RESULTS AND DISCUSSION z
Z norm S — (2)
z

During the preliminary experiments, the following
data were obtained on the content of impurities
in samples of OHMG-HS (Table 3).

To carry out mathematical calculations, it is
necessary to normalize the obtained data. Data on
the quantity of solvents (x) and the settling time
of the mixture (y) are normalized according to the
formula (1):

X _ min _ y_ymin . (1)

norm >/ norm
i ymax - ymin

Data on residual impurities (z) are normalized
in such a way (2) that the value of 0 coincides with
the actual value of 0 and that the value of 1 corresponds
to the maximum permissible concentration (in the
graphs, everything below the line y = 1 is acceptable):

maximum allowed

Normalized data are presented in Table 4.

Next, the response surface was constructed
(approximation). In accordance with the full factorial
design, the dependence of criteria on factors has
the form (3):

F(x,y)=4+ Bx+ Cy+ Dxy, 3)

where x is the amount of solvent; y is settling time
A, B, C, and D are regression coefficients. The term
Dxy corresponds to the mutual influence of factors.
According to the experimental data, the value
of the coefficients 4, B, C, and D can be accurately
determined. For the F(x,y) dependence, the
standard deviation was considered, after which it
was differentiated by each of the coefficients. The
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Table 3. Quantitative values of quality indicators after cleaning

No. Solvent Amount after cleaning, % | HMDA, % | GHC, % Sulfate ash, % Heavy metals, %
1 0.016 0212 0.150 0.02 0.0017
2 0.007 0.138 0.076 0.04 0.0011

— Chloroform
3 0.008 0.094 0.048 0.03 0.0008
4 0.006 0.066 0.091 0.03 0.0009
5 0.076 0212 0.149 0.03 0.0013
6 0.059 0.178 0.110 0.04 0.0012
Carbon
hlori
7 | tetrachloride 0.043 0.121 0.076 0.04 0.0009
8 0.032 0.177 0.092 0.14 0.0010
9 0.094 0.146 0.171 0.02 0.0014
1 . 112 . 0 .00
0 | Methylone 0.059 0 0.057 0.03 0.0008
jp | chloride 0.061 0.060 0.054 0.05 0.0005
12 0.058 0.051 0.046 0.02 0.0006
13 0.067 0.092 0.05 0.02 0.0009
14 0.024 0.062 0.048 0.04 0.0006
— Acetone
15 0.015 0.047 0.051 0.03 0.0008
16 0.013 0.049 0.046 0.03 0.0007

resulting system was equated to zero and solved
with respect to the coefficients 4, B, C, and D.
Thus, an approximation was constructed for the
dependence of the amounts of each of the residual
impurities on the normalized factors x and y.
The plot of this fitting function comprises the
response surface.

Processing of experimental data and mathematical
modeling by multivariate analysis of multicriteria
optimization was carried out using Wolfram
Mathematica software (Wolfram Research, USA).

Carbon tetrachloride

According to the calculations for the carbon
tetrachloride solvent, the following dependencies (F)
of the impurity residues on the amount of added
solvent (x) and settling time () were obtained.
Figure 2 shows the level lines for each impurity.

The solid line indicates the limit value, while the dotted
line indicates the permissible values. Optimal points
should be located in the area of intersection of lines of
all colors:

1. F_,. (xy) = (341.25 = 191.25x — 109.375y +
+39.375%) - 0.0004%;

2.F, . ()=
= (~18.19 +40.77x — 11.795y — 7.245xy) - 0.05%;

3. Fuc(x,y) =
=(-1.49 +9.63x — 7.875y + 1.575xy) - 0.05%;

4. Fsulfate ash(x’y) =
= (=11.5 +20.25x — 6.125y — 1.575x) - 0.1%;

5.F () = (-3.8+9x — 1.05y — 3.15xy) - 0.001%.

* 7 heavy metals
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Table 4. Normalized experimental data

No. Solvent Normalized added volume Normalized settling time
1 0.67 0.33
2 0.78 0.50

Chloroform
3 0.89 0.75
4 1.00 1.00
5 0.67 0.29
6 0.78 0.57
Carbon tetrachloride
7 0.89 0.86
8 1.00 1.00
9 0.68 0.44
10 0.78 0.67
Methylene chloride
11 0.89 0.78
12 1.00 1.00
13 0.73 0.60
14 0.82 0.40
Acetone
15 0.91 0.80
16 1.00 1.00

Time, h

54 55 56 57 58 59
Solvent. mL

I Solvent residue
s HMDA impurity
S GHC impurity
s Amount of sulphate ash
B Amount of heavy metals

Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 2. Results of OHMG-HS optimization
with carbon tetrachloride.

50

As can be seen from the traces of residual
impurities, the amount of residue after cleaning can
fall below the maximum allowable values given
the correct solvent ratio and sufficient time. This area
on the chart marked in dark blue and purple is
bounded by red, pink and green solid charts. Within
this allowable area, 3 optimal points for the reaction
were found (red dots on the graph) with integer
values of the added amount of solvent (mL) and
settling time (h, min):

l.x=57mL, y=47 h;
2.x=55mL, y =49 h 20 min;
3.x=57TmL,y=51h.

Methylene chloride

Similar calculations were carried out for the
methylene chloride solvent (Fig. 3):

I.F

solvent

(xy)=(4.1-x—83y+6.17xy) - 0.06%

2. Fupa(xy) = (13.6 = 19x + 0.67y + 5.8xy) - 0.05%;
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Time, h

41 42 43 44 45 46
Solvent, mL

s Solvent residue
e HMDA impurity
[ GHC impurity
S Amount of sulphate ash
IS Amount of heavy metals

-:| Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 3. Results of OHMG-HS optimization
with methylene chloride.

3. F,, (xy) = (15.1 - 7.82x — 30.88y + 24.53x) - 0.05%;

4' Fsulfate ash(x’y) =
= (—4.17 + 7.84x + 1.16y — 4.63xy) - 0.1%;

5. F ey e X)) = (7.8 = 9x = 6.3y + 8.1xy) - 0.001%.

Residual impurities plots show that, given
the correct solvent ratio and sufficient time, the
amount of residue after cleaning can fall below
the acceptable limits (purple area bordered by
orange, green, and red solid graphs). Within this
allowable area, 3 red dots characterize the optimal
(integer) values of the added amount of solvent
and the settling time for carrying out the
reaction:

l.x=44mL,y=34h;
2.x=43 mL, y =32 h 20 min;
3.x=45mL, y=35h 40 min.

Chloroform

Figure 4 shows the dependencies (F) of impurity
residues on the amount of added solvent (x) and
settling time (y) for the chloroform solvent in
accordance with the calculations:

Time, h

50 55 60 65 70 75 80 85
Solvent, mL

. Solvent residue
s HMDA impurity
S GHC impurity
[ Amount of sulphate ash
S Amount of heavy metals

-] Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 4. Results of OHMG-GS optimization
with chloroform.

1.F_(x,y)=(26—48x+ 32y — 9xy) - 0.006%;

solvent

2. F 0 (6) = (17.28 = 21.24x — 0.48y + 5.76xy) - 0.05%;
3. Fy (ry) = (16.4— 17.1x = 23.04y + 25.56xy) - 0.05%;

4. F fate ash(x’y) = (_36 + 8.1x — 6y + 18xy) . 01%’

sul

5.F (x,) =(6.9 —7.2x — 6y + 7.2xy) - 0.001%.

© 7 heavy metals

In Fig. 4, the blue triangle (the darkest of those
present), bounded by orange, green, and pink solid
graphs, indicates the area where the amount of
residue after cleaning can fall below the limit values
at the desired ratio of solvent and time. Within this
allowable range, the optimal (integer) values for
the solvent amount added and the settling time are
indicated by a red dot:

x=41mL, y=15h 20 min.
Acetone

Similar calculations for the acetone solvent are
shown in Fig. 5:
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Time, h

50 55 60 65 70 75 80 85
Solvent, mL

s Solvent residue
e HMDA impurity
[ GHC impurity
[ Amount of sulphate ash
IS Amount of heavy metals

Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 5. Results of optimization of OHMG-GS
with acetone.

LLF . (x))=(1.05—1.27x— 0.62y +0.86x)) - 0.5%:

solvent
2. F, 0 (60) = (11.32— 12.41x— 8.3y + 10.37xy) - 0.05%;
3. F ) = (=0.71 + 1.92x + 2.7y — 2.99xy) - 0.05%;

4. F (x,)=(=0.3+1.1x—0.5y) - 0.1%;

sulfate ash

5. Fheavy metals(x’y) =
= (=0.29 + 0.63x + 3.5y — 3.14xy) - 0.001%.

As can be seen from the graphs of residual
impurities, acetone is the best solvent, as it
requires less settling time compared to chloroform,
carbon tetrachloride, and methylene chloride.
Four optimal points were proposed and approximated:

1.x=55mL, y =108 min;
2.x =60 mL, y =120 min;
3.x=71mL,y =156 min;
4.x=70mL, y = 140 min.

Table 5 indicates the values of the acceptance
criteria calculated for points that meet the criteria.

From the data obtained by MAMO, it can be
seen that the optimal points for OHMG-HS along
with those for chloroform and methylene chloride
solvents are on the border of the acceptance
criteria in terms of HMDA and GHC impurities. From
the location of the remaining proposed points for
carbon tetrachloride and acetone solvents, it can
be seen that the settling time of the mixture is
reduced several times when using acetone in
comparison with the use of carbon tetrachloride,
which belongs to hazard class 1—highly toxic
solvents (according to the State Pharmacopeia of
the Russian Federation of the Russian Federation,
carbon tetrachloride 1is wused in pharmaceutical
production in exceptional cases, when it is
impossible to refuse its use). In this connection,
the optimal method for purifying OHMG-HS is
reprecipitation with acetone at the appropriate
ratios of added solvent and mixture settling time:

1. 55 mL — 108 min;
2. 60 mL — 120 min;
3.71 mL — 156 min;

4. 70 mL — 140 min.

After carrying out mathematical calculations,
it was decided to reproduce control experiments that
check the correctness of the obtained data (optimal
points) (Figs. 6 and 7). The obtained experimental
data are presented in Table 6.

Thus, based on a comparison of the experimental
data with the MAMO data, the advanced hypothesis
can be confirmed as valid, since for the methods
of quantitative determination, the recovery factor (R)
corresponds to an interval from 90% to 110%.

The precision of the technique was determined
by the parameter of convergence (repeatability).
For OHMG-HS, after selecting a single optimal
point and performing the required number of
experiments, the standard deviation and dispersion
values were calculated for the results of HMDA,
GHC, sulfate ash, and heavy metal impurities
(Table 7).

The characteristics presented in the table indicate
the compliance of the obtained results with the
established acceptance criteria  (Table 1) and
the reproducibility of the technological stage of
purification of OHMG-HS under the conditions
selected using MAMO.

CONCLUSIONS
The obtained results were interpreted using
MAMO according to the described algorithm.
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Table 5. Acceptance criteria at the optimal points for the OHMG-HS

Amount of solvent, mL, Amount Sulphate Heav
Solvent and settling mixture of solvent after | HMDA, % | GHC, % P y
. . ash, % metals, %
time cleaning, %
Chloroform 41 mL, 15 h 20 min 0.0000 0.0490 0.0490 0.0990 0.0007
44 mL, 34 h 0.0590 0.0480 0.0700 0.0320 0.0005
Methylene
chloride 43 mL, 33 h 20 min 0.0590 0.0490 0.0470 0.0390 0.0005
45 mL, 35 h 40 min 0.0590 0.0480 0.0490 0.0230 0.0006
57mL, 47 h 0.0000 0.0100 0.0430 0.0870 0.0001
Carbon
tetrachloride 55mL, 49 h 20 0.0000 0.0160 0.0210 0.0170 0.0003
57mL,51h 0.0000 0.0110 0.0110 0.0120 0.0004
55 mL, 108 min 0.0000 0.0200 0.0500 0.0440 0.0006
60 mL, 120 min 0.0000 0.0090 0.0470 0.0500 0.0005
Acetone
71 mL, 156 min 0.0000 0.0290 0.0280 0.0600 0.0000
70 mL, 140 min 0.0000 0.0050 0.0350 0.0630 0.0000

Table 6. Experimental (practical) and calculated (theoretical) data obtained during the OHMG-HS purification of in acetone

Specifications No. 1 No. 2 No. 3 No. 4 HCEIVT G BT
theor./pract.

Volume of added
solvent (mL) 55 mL, 108 min | 60 mL, 120 min | 71 mL, 156 min | 70 mL, 140 min -
and settling time (min)
Amount of solvent
after cleaning, theor, % 0.0000 0.0000 0.0000 0.0000

100%
Amount of solvent after 0.0000 0.0000 0.0000 0.0000
cleaning, pract., %
HMDA, theor., % 0.0200 0.0090 0.0050 0.0290

91.3%
HMDA, pract., % 0.0210 0.0070 0.0090 0.0320
GHC, theor., % 0.0500 0.0470 0.0280 0.0350

98.2%
GHC, pract., % 0.0410 0.0390 0.0420 0.0410
Sulphate ash, theor., % 0.0440 0.0500 0.0600 0.0630

96.4%
Sulphate ash, pract., % 0.0460 0.0510 0.0630 0.0650
Heavy metals, theor., % 0.0006 0.0005 0.0000 0.0000

100%
Heavy metals, pract., % 0.0005 0.0003 0.0002 0.0001
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Fig. 6. HPLC analysis results for the content of acetone (A), HMDA (B), and GHC (C) admixtures for OHMG-HS samples No. 1-2.
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Fig. 7. HPLC analysis results for the content of HMDA (A) and GHC (B) admixtures for OHMG-HS

obtained in the convergence study (5 repeats).

Table 7. Results of the convergence method checking

Cleaning conditions Quality criteria
No. .. . Sulphate Heavy
solvent, mL Settling time, min HMDA, % GHC, % ash, % metals, %

1 0.011 0.045 0.063 0.0002
T 0.012 0.044 0.059 0.0001
T 70 140 0.007 0.043 0.062 0.0003
T 0.008 0.042 0.063 0.0001
T 0.009 0.041 0.061 0.0002

Ato 0.009 £0.002 | 0.043 £0.002 | 0.061 =0.002 | 0.0002 =+ 0.0001

* A + ¢ — Standard deviation and dispersion.
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As a result, dependencies of the influence of the
ratio of the added amount of solvent and the
settling time of the mixture on the final content of
impurities in the target product were revealed. For
the highest quality purification of OHMG-HS, the
use of acetone solvent is advisable, since this reduces
the process time to several hours while minimizing
the quantity of impurities. Using statistical methods,
the wvalidity and repeatability of the proposed
algorithmic model was substantiated. The use of
MAMO for predicting the results and plotting the
dependencies of the parameters and criteria of the
reaction confirmed its feasibility as a means of
reducing the time and material costs involved in
experiments.

REFERENCES

1. Singh K.S., Anand S., Dholpuria S., Sharma J.K.,
Shouche Y. Antimicrobial Resistance Paradigm and One-
Health Approach. In: Panwar H., Sharma C., Lichtfouse E.
(Eds.). Sustainable Agriculture Reviews 46. Mitigation of
Antimicrobial Resistance. 2020. V. 46. P. 1-32. https://doi.
org/10.1007/978-3-030-53024-2 1

2. La-Rosa R., Johansen H.K., Molin S. Persistent
Bacterial Infections, Antibiotic Treatment Failure, and
Microbial Adaptive Evolution. Antibiotics. 2022;11(3):419.
https://doi.org/10.3390/antibiotics 11030419

3. Davydov D.S. The National Strategy of the Russian
Federation for Preventing the Spread of Antimicrobial
Resistance: Challenges and Prospects of Controlling One
of the Global Biological Threats of the 2 1st Century. BIOpreparaty.
Profilaktika, diagnostika, lechenie = BIOpreparations. Prevention,
Diagnostics, Treatment. 2018;18(1):50-56 (in Russ.). https://doi.
org/10.30895/2221-996X-2018-18-1-50-56

4. Kedik S.A., Shatalov D.O., Norin A.M., Belyakov S.V.,
Ivanov LS., Aidakova A.V. Method for the separation of branched
oligohexamethylenguanidine salts for their use as pharmaceutical
substances (variants): RF Pat. RU2750869. Publ. 07.05.2021 (in Russ.).

5. Shatalov D.O., Kedik S.A., Belyakov S.V., Ivanov L.S.,
Aidakova A.V., Sedishev 1.P. Method of producing branched
oligohexamethylene guanidine salts having degree of purity
sufficient for use thereof as pharmaceutical substance: RF Pat.
RU2729421. Publ. 06.08.2020 (in Russ.).

6. Shatalov D.O., Kedik S.A., Ivanov L.S., et al. Development
of a Promising Method for Producing Oligomeric Mixture of
Branched Alkylene Guanidines to Improve Substance Quality and
Evaluate their Antiviral Activity Against SARS-CoV-2. Molecules.
2021;26(11):3472. https://doi.org/10.3390/molecules26113472

Authors’ contributions

D.O. Shatalov - study concept;

K.N. Trachuk - writing and editing the text of
the article, implementation of the analytical stage in the
experimental studies, literature review;

A.V. Aydakova — conducting experiments;

D.A. Akhmedova — conducting experiments, writing
and editing the text of the article;

LS. Ivanov - conducting experiments;

D.S. Minenkov — processing experimental data;

I.Yu. Blazhevich — processing experimental data;

S.A. Kedik - developing a technological base for
research.

The authors declare no actual or potential conflicts of interest
in relation to this article.

CIIMCOK JIMTEPATYPbI

1. Singh K.S., Anand S., Dholpuria S., Sharma J.K.,
Shouche Y. Antimicrobial Resistance Paradigm and One-
Health Approach. In: Panwar H., Sharma C., Lichtfouse E.
(Eds.). Sustainable Agriculture Reviews 46. Mitigation of
Antimicrobial Resistance. 2020. V. 46. P. 1-32. https://doi.
org/10.1007/978-3-030-53024-2 1

2. La-Rosa R., Johansen H.K., Molin S. Persistent
Bacterial Infections, Antibiotic Treatment Failure, and Microbial
Adaptive Evolution. Antibiotics. 2022;11(3):419. https://doi.
org/10.3390/antibiotics 11030419

3. Haseinos JI.C. Harmmonansnas ctparerust Poccuiickoit
Qemepann MO MIPEAYNPEKICHUIO  PACHPOCTPAHEHHS
YCTOWYMBOCTH TMATOT€HHBIX MHKPOOPTaHU3MOB K aHTHU-
MHUKPOOHBIM ~ IIpenaparam: TPYAHOCTH U  IEPCIIEKTHBEI
CHEPKUBAaHMS OTHOW M3 TIIO0ATBHBIX OHMOJOTHYECKHX YIpo3
XXI Bexa. bHUOnpenapamoi. Ipoghunakmuxa, ouaznocmuxa,
neuenue. 2018;18(1):50-56. https://doi.org/10.30895/2221-
996X-2018-18-1-50-56

4. Kemuxk C.A., UlaramoB H.0., Hopun A.M.,
Bensixor C.B., UBanos U.C., AiinakoBa A.B. Cnocob nonyuenus
conetl pazeemenéHHo20 ONUe02eKCaMEeMuiLeH2yaHuOuUHa OJis Ux
npumenenus 6 Kauecmee ghapmayesmuyeckux cyocmanyuil
(6apuanmur): nat. 2750869 PD. 3asska Ne 20201195; 3assi.
12.06.2020; omry6. 05.07.2021. brom. Ne 19.

5. Illaranos J1.0., Kemuk C.A., bensxor C.B., Banos N.C.,
AninakoBa A.B., CenumieB W.II. Cnoco6 nonyuenusi conetl
PA36EMBNIEHH020  ONULO2EKCAMEMUICHSYAHUOUNA, UMEIOUUX
cmenenb 4ucmomaul, 0OCMAMOUHYIO Ol UX NPUMEHEHUs 8
Kawecmee ghapmayesmuyeckoli cyocmanyuu: nar. 2729421 PO.
3asBka Ne 2019122256; 3asB1. 15.07.2019; omy6. 06.08.2020.
bron. Ne 22.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):265-279

277


https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.3390/antibiotics11030419
https://doi.org/10.30895/2221-996X-2018-18-1-50-56
https://doi.org/10.30895/2221-996X-2018-18-1-50-56
https://doi.org/10.3390/molecules26113472
https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.3390/antibiotics11030419
https://doi.org/10.3390/antibiotics11030419
https://doi.org/10.30895/2221-996X-2018-18-1-50-56
https://doi.org/10.30895/2221-996X-2018-18-1-50-56

Implementation of pharmaceutical development using multivariate analysis ...

7. Belyakov S.V., Kedik S.A., Krupenchenkova N.V.,,
Demenyuk P.Yu., Shatalov D.O. The effect of branched
oligo(hexamethylene)guanidine hydrochloride against
clinically significant pathogens. Biofarmatsevticheskii zhurnal
= Russ. J. Biopharml. 2019;11(6):28-37 (in Russ.).

8.Kedik S.A.,ShatalovD.O.,PanovA.V.,AidakovaA.V.,
Ivanov 1.S., Belyakov S.V. Combined drug preparation in
form of solution for preparing spray for treating diseases
of oral cavity: RF Pat. RU2687745. Publ. 16.05.2019
(in Russ.).

9. Kedik S.A., Shatalov D.O., Kovalenko A.V., Aidakova A.V.
Ophthalmic preparation in the form of eye drops for
preventing and treating infectious conjunctivitis caused by
bacteria and viruses: RF Pat. RU2699377. Publ. 09.05.2019
(in Russ.).

10. Akhmedova D.A., Shatalov D.O., Ivanov I.S.,
Aydakova A.V., Herbst A., Greiner L., Kaplun A.P,
Zhurbenko A.S., Kedik S.A. The use of microfluidic
hardware in the synthesis of oligohexamethylene
guanidine derivatives. Tonk. Khim. Tekhnol. = Fine Chem.
Technol.  2021;16(4):307-317 (Russ., Eng.). https://doi.
org/10.32362/2410-6593-2021-16-4-307-317

11. Braun D., Sherdron G., Kern V. Prakticheskoe
rukovodstvo po sintezu i issledovaniyu svoistv polimerov
(A Practical Guide to the Synthesis and Study of the Properties
of Polymers): transl. from German. Moscow: Khimiya; 1976.
256 p. (in Russ.).

[Brown D., Sherdron G., Kern V. Praktikum der
Makromolekularen Organischen Chemie. Heidelberg: Alfred
Huthig, 1971.]

12. Efimov K.M., Gembitskii P.A., Martynenko S.V.
Method for purification polyguanidine disinfecting agent
from parent monomers: RF Pat. RU2237682. Publ. 10.10.2004
(in Russ.).

13. Antony J. Design of Experiments for Engineers
and Scientists. First edition. Elsevier Science & Technology
Books; 2003. 156 p.

14. Grzhibovsky A.M. The choice of a statistical
criterion for testing hypotheses. Ekologiya cheloveka = Human
Ecology. 2008;(11):48-57 (in Russ.).

About the authors:

6. Shatalov D.O., Kedik S.A., Ivanov LS., ef al. Development
of a Promising Method for Producing Oligomeric Mixture
of Branched Alkylene Guanidines to Improve Substance
Quality and Evaluate their Antiviral Activity Against
SARS-CoV-2. Molecules. 2021;26(11):3472. https://doi.
org/10.3390/molecules26113472

7. bemsxoB C.B., Kemux C.A, KpymnenuenkoBa H.B.,
Hemenrox [LIO., I[llaramoB J[.O. Bmmsane pa3BerBicH-
HOTO  OJIMTOTEKCAMETWJICHTYaHWAMHA THAPOXJIOpHIa Ha
KIMHUYECKH 3HAYMMBle MAaTOTCHHBIE MHKPOOPTaHU3MBEIL.
buopapmayeemuueckuii scypuan. 2019;11(6):28-37.

8.Kemuk C.A., llaranos /1.0., [TanoB A.B., AlinakoBa A.B.,
WBanos U.C., bensixor C.B. Kombunuposannoe nexapcmeen-
HOe cpedcmeo 6 eude pacmeopa OJis NOLydeHus cnpes OJis
Jevenus 3abonesanull pomoeot norocmu: nar. 2687745 PO.
3asBra Ne 2018109980; 3assn. 21.03.2018; omy6. 16.05.2019.
Bron. Ne 14.

9. Kemux C.A., Iaramor J[.O., Kosamenko A.B.,
AininakoBa A.B. Opmansmorocuueckuii npenapam 6 popme
2NA3HBIX Kanenb O NPOPUAAKMUKY U e eHUs. UHPEKYUOHHBIX
KOHBIOHKIMUBUMOS, GbI36AHHBIX OAKMEpUAMU U  BUPYCAMIL:
mar. 2699377 P®. 3asska Ne 2019113050; 3asBi. 26.04.2019;
omy6. 05.09.2019. Brom. Ne 25.

10. AxmemoBa JI.A., IllaramoB J[.O., HeanoB W.C,,
AiimakoBa A.B., Tepoer A., TIpaiinep JI., Kammyn AL,
Kypoenko A.C., Kequk C.A. [TpumeHeHnE MUKPOQITFOUIHOTO
annapaTHOrO OCHAIICHHWS B CHHTE3€ IMPOMU3BOIHBIX OJIATO-
reKCaMeTHIICHTYaHUIuHA. TOHKuUe XuMuuecKue mexuonio2uu.
2021;16(4):307-317. https://doi.org/10.32362/2410-6593-
2021-16-4-307-317

11. bpayn ., Wepapon I., Kepu B. Illpakmuuecxoe
PYKOBOOCHIBO NO  CUHME3Y U UCCTe008AHUIO  CBOUCTE
noaumepog: niep. ¢ Hem. M.: Xumus; 1976. 256 c.

12. Epumon K.M., I'emOuukwuii I1.A., Mapteiaenko C.B.
Cnocob ouucmku NoAUSYAHUOUHOB020 Oe3UHDUYUPYIOU e20
cpedcmea  om  UCXOOHbIX MOHOMepog. mar. 2237682 Pd.
3asBka Ne 2003117422/04; 3as81. 16.06.2003; omy©6. 10.10.2004.

13. Antony J. Design of Experiments for Engineers
and Scientists. First edition. Elsevier Science & Technology
Books; 2003. 156 p.

14. Tpxubosckuit A.M. BbIOOp CTaTHCTHYECKOTO
KpUTEpHUsI Ui TPOBEPKH THIOTE3. DKono2us uenogexd.
2008;11:48-57.

Denis O. Shatalov, Can. Sci. (Pharm.), Associate Professor, Department of Biotechnology and Industrial Pharmacy,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: shat-05@mail.ru. ResearcherID H-9408-2013, Scopus Author ID 57060435900,
RSCI SPIN-code 3453-9987, https://orcid.org/0000-0003-4510-1721

Kirill N. Trachuk, Student, Department of Biotechnology and Industrial Pharmacy, M.V. Lomonosov Institute
of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571, Russia).
E-mail: trachuk98@yandex.ru. RSCI SPIN-code 9210-8024, https://orcid.org/0000-0002-2061-0274

Anna V. Aydakova, Technologist, Institute of Pharmaceutical Technologies (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: ann.reznikova2012@yandex.ru. RSCI SPIN-code 9925-5381, https://orcid.org/0000-0002-2560-5028
Diana A. Akhmedova, Postgraduate Student, Department of Biotechnology and Industrial Pharmacy, M.V. Lomonosov

Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: akhmedova.diana.a@gmail.com. Scopus Author ID 57218775331, https://orcid.org/0000-0002-0951-939X

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2023;18(3):265-279

278


https://doi.org/10.32362/2410-6593-2021-16-4-307-317
https://doi.org/10.32362/2410-6593-2021-16-4-307-317
https://doi.org/10.3390/molecules26113472
https://doi.org/10.3390/molecules26113472
https://doi.org/10.32362/2410-6593-2021-16-4-307-317
https://doi.org/10.32362/2410-6593-2021-16-4-307-317
mailto:shat-05@mail.ru
https://orcid.org/0000-0003-4510-1721
mailto:trachuk98@yandex.ru
https://orcid.org/0000-0002-2061-0274
mailto:ann.reznikova2012@yandex.ru
https://orcid.org/0000-0002-2560-5028
mailto:akhmedova.diana.a@gmail.com
https://orcid.org/0000-0002-0951-939X

Denis O. Shatalov, Kirill N. Trachuk, Anna V. Aydakova, et al.

Ivan S. Ivanov, Technologist, Institute of Pharmaceutical Technologies (86, Vernadskogo pr., Moscow, 119571, Russia).
E-mail: ivan.ivanov1994@gmail.com. Scopus Author ID 57372716000, RSCI SPIN-code 1899-6495, https://orcid.org/0000-0002-
1346-7588

Dmitry S. Minenkov, Cand. Sci. (Phys.-Math.), Ishlinsky Institute for Problems in Mechanics, Russian Academy
of Sciences (101, Vernadskogo pr., Moscow, 119526, Russia). E-mail: minenkov.ds@gmail.com. ResearcherID M-8037-2015,
Scopus Author ID 36010696700, RSCI SPIN-code 6424-1334, https://orcid.org/0000-0001-6432-8134

Igor Yu. Blazhevich, Student, Faculty of Mechanics and Mathematics, Lomonosov Moscow State University
(1, Kolmogorova ul., Moscow, 119234, Russia). E-mail: blazhevich-igor@mail.ru. https://orcid.org/0000-0002-3217-473X

Stanislav A. Kedik, Dr. Sci. (Eng.), Professor, Head of the Department of Biotechnology and Industrial Pharmacy,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia); General Director of the Institute of Pharmaceutical Technologies (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: doctorkedik@yandex.ru. Scopus Author ID 7801632547, https://orcid.org/0000-0003-2610-8493

06 aemopax:

IITamanoe eHnuc Onezoeuu, x.hapMm.H., JAOICHT, JOUCHT Kadeapbl OMOTEXHOJOTHHA M TPOMBIIUICHHON (apMaryn
WuctutyTa TOHKHX XuMH4YeckuX TexHojorui um. M.B. JlomonocoBa ®I'6OY BO «MUPDA — Poccuiickuii TEXHOIOTHUECKAN
yauBepcutet» (119571, Poccus, Mocksa, np-T Bepnazackoro, a. 86). E-mail: shat-05@mail.ru. ResearcherID H-9408-2013,
Scopus Author ID 57060435900, SPIN-kox PUHLI 3453-9987, https://orcid.org/0000-0003-4510-1721

Tpauyrx Kupunn Hurxonaeeuu, ctyieHt, kagenpa OMOTEXHOJIOTHHU U MPOMBIIITICHHOU (apMmariui MHCTUTYTa TOHKHX
XUMHYECKHUX TexHosoruil um. M.B. JlomonocoBa ®T'BOY BO «MUPOA — Poccuiickuii TexHonorndeckuit yausepeutem (119571,
Poccusi, Mocksa, nip-t Beprazckoro, a. 86); E-mail: trachuk98@yandex.ru. SPIN-kon PUHI] 9210-8024, https://orcid.org/0000-
0002-2061-0274

Ailidaxoea AHHa Buxmopoena, texuonor, AO «uctutyT (apmaneBTuueckux texHonorui» (121353, Pocews,
Mocksa, nip-T Beprazckoro, a. 86). E-mail: ann.reznikova2012@yandex.ru. SPIN-kox PUHI 9925-5381, https://orcid.org/0000-
0002-2560-5028

Axmedoea JuaHna AnexcanHOpoOeHa, aciupanrt, kadeapa GUOTEXHOIOTHH U IPOMBIILIEHHON (papmanun UHcTUTyTA
TOHKUX XUMUYecKUX TexHonorui um. M.B. Jlomonocosa ®I'BOY BO «MHPOA — Poccuiickuil TeXHONOTMUECKUN YHUBEPCUTET
(119571, Poccus, Mocksa, rip-t Beprazackoro, a. 86). E-mail: akhmedova.diana.a@gmail.com. Scopus Author ID 57218775331,
https://orcid.org/0000-0002-0951-939X

Heanoe Hean Cepzeeeuu, texnoinor, AO «HCTHTYT (apmaneBTHueckux Texnoiorui» (119571, Poccus, Mocksa,
np-T Bepranckoro, a. 86). E-mail: ivan.ivanov1994@gmail.com. Scopus Author ID 57372716000, SPIN-xon PUHL] 1899-6495,
https://orcid.org/0000-0002-1346-7588

Munenxoe mumpuii Cepzeeeuu, X.p.-M.H., CTapIIMii Hay49HBIH COTPYIHHK, VIHCTUTYT IpOONEM MEXaHHKA
M. A.JO. Nnumsckoro Poccwiickoii akanemun Hayk (119526, Pocensi, Mocksa, 1ip. BepHasckoro, 101, . 1) E-mail: minenkov.ds@gmail.com.
ResearcherID M-8037-2015, Scopus Author ID 36010696700, SPIN-kox PUHLI 6424-1334, https://orcid.org/0000-0001-6432-8134

Bnaceeuu Heopov FOpveeuu, cryicHT, MexaHHKO-mMaremaruueckuii (dakynsrer OI'BOY BO «MockoBckuid
rocyfapcTBeHHbIi yHuBepeuter um. M.B. JlomonocoBa» (119234, Poccusi, Mockaa, yi1. Konmoropoga, 1). E-mail: blazhevich-igor@mail.ru.
https://orcid.org/0000-0002-3217-473X

Kedurx Cmanucnae Anamonsveeuu, 1.1.H., mpodeccop, 3aBeayroiuil Kageapoii GHOTEXHONIOTUH ¥ MPOMBIIUIEHHOMN
(dapmanu MHCTUTYTa TOHKMX XHMHUYeckuX TexHojorud um. M.B. JlomonocoBa ®I'BOY BO «MUPDA — Poccuiickuit
TexHosornyeckuil yausepcuret» (119571, Poccust, Mocksa, np-T Bepnaackoro, a. 86); I'enepanbnbiii qupekrop AO «MucTn-
TyT (apmaneBTudeckux TexHojorui» (119571, Poccus, Mocksa, np-t Bephnanckoro, a. 86). E-mail: doctorkedik@yandex.ru.
Scopus Author ID 7801632547, https://orcid.org/0000-0003-2610-8493

The article was submitted: December 15, 2022, approved afier reviewing: January 12, 2023; accepted for publication: May 24, 2023.

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

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):265-279
279


mailto:ivan.ivanov1994@gmail.com
https://orcid.org/0000-0002-1346-7588
https://orcid.org/0000-0002-1346-7588
mailto:minenkov.ds@gmail.com
https://orcid.org/0000-0001-6432-8134
mailto:blazhevich-igor@mail.ru
https://orcid.org/0000-0002-3217-473X
mailto:doctorkedik@yandex.ru
https://orcid.org/0000-0003-2610-8493
mailto:shat-05@mail.ru
https://orcid.org/0000-0003-4510-1721
mailto:trachuk98@yandex.ru
https://orcid.org/0000-0002-2061-0274
https://orcid.org/0000-0002-2061-0274
mailto:ann.reznikova2012@yandex.ru
https://orcid.org/0000-0002-2560-5028
https://orcid.org/0000-0002-2560-5028
mailto:akhmedova.diana.a@gmail.com
https://orcid.org/0000-0002-0951-939X
mailto:ivan.ivanov1994@gmail.com
https://orcid.org/0000-0002-1346-7588
mailto:minenkov.ds@gmail.com
https://orcid.org/0000-0001-6432-8134
mailto:blazhevich-igor@mail.ru
https://orcid.org/0000-0002-3217-473X
mailto:doctorkedik@yandex.ru
https://orcid.org/0000-0003-2610-8493

MIREA - Russian Technological University MU POA - PoccuiicKmit TeXHOTOTMYECKIIT YHUBEPCUTET

78, Vernadskogo pr., Moscow, 119454, Russian Federation. 119454, P®, Mocksa, ip-T Bepragckoro, f1. 78.
Publication date June 30, 2023. Ilata ony6mukosanua 30.06.2023.
Not for sale He ma mpopaxn

www.finechem-mirea.ru


http://finechem-mirea.ru




