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Hayuno-texunueckuii penensupyemsiii xxypHai « ToHkue Xumu-
YEeCKHe TeXHOJIOTUI» OCBEIIAeT COBPEMEHHBIE TOCTIDKEHHS (QyH-
JAaMCHTAIBHBIX U MPUKIJIATHBIX HCCISTOBAHUH B 00IACTH TOHKHX
XMMHUYECKHX TEXHOJIOTHH, BKIIOUAsl TEOPETUIECKHE OCHOBBI XH-
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CKHX BEIIECTB ¥ HEOPTaHMIECKNX MaTepHaIOB, ONOXUMHIO U OHO-
TEXHOJIOTUIO, CHHTE3 H MepepadoTKy MOIMMEPOB M KOMIIO3HTOB
Ha UX OCHOBE, aHAINTUYECKIE U MaTeMAaTHIECKHE METOABI U UH-
(hopManMOHHBIE CHCTEMBI B XMMHH M XUMUYECKOH TeXHOJIOTHH.

Yupeaurenb u U31aTe b

(enepaabHOE TOCYIAPCTBEHHOE OIOKETHOE
o0pa3oBaTeIbHOE YIPEKICHHE BBICIIEr0 00pa3oBaHUs
«MHPIA — Poccuiickuii TEXHOTOTHYECKUN YHUBEPCUTET»
119454, P®, Mockaa, rip-t Bepnajckoro, 1. 78.
IleproauyHOCTB: OAMH pa3 B JBa MecsLa.

XKypran ocnosan B 2006 roxy. Jlo 2015 roga uspasaics
oy HazBaHueM «Bectank MUTXTy» (ISSN 1819-1487).

Kypnan Bxoqut B Ilepeuens Beaymux pereH3upyeMbIxX
Hay4dHBIX KypHas0B BAK P®, B Equnslii rocynapcTBeHHBII
TepedeHb HayyHbIX m3naHuil — bensrit ciucok (K1).

HUnnpexcupyercs: SCOPUS, DOAJ, Chemical Abstracts,
PUHII (Science Index), RSCI,
Ulrich’s International Periodicals Directory

I'naBubIii penakrTop:

Tumomenko Anapeii BceBo1onoBuy — 1.T.H., K.X.H., podeccop,
MUPDA — Poccniicknii TEXHOIOTHYECKHAI YHUBEPCHUTET,
Mocksa, Poccniickast @eneparmst. Scopus Author ID 56576076700,
ResearcherID Y-8709-2018,
https://orcid.org/0000-0002-6511-7440,

timoshenko@mirea.ru

3aMecTHTe/Ib ITIABHOTO peJaKTopa:

®omunués Banepuii BsiuecsaBoBu4 — 1.X.H., mpodeccop,
MUPDA — Poccuiickuii TEXHOIOTHUECKUI YHUBEPCUTET,
Mockaa, Poccuiickas @eneparms. Scopus Author ID 57196028937,
http://orcid.org/0000-0003-4840-0655,

fomichev@mirea.ru

Pepakuus:
3aB. penakuuei k.T.H. [ ]I. Cepenuna
Penaxrop C.M. Ma3una

Beiyckarommii pegaxkrop  EJ. Kypudesa

Hayunsie penakropsl n.x.H., mpod. T.M. Bycnaesa
IL.X.H., Ipod. A.A. menxo
I.T.H., mpod. A.B. Mapkos
I.X.H., mpod. B.A. TBepckoit

Kommerorepnas Bepctka  C.B. Tpodumon

PO, 119571, Mockga, nip. Beprazackoro, 86, o¢. P-108.
Ten.: +7 (499) 600-80-80 (#31288)
E-mail: seredina@mirea.ru

Perucrparmonsslii HoMep U JaTa NPUHATUA pelenus o perucrpanun CMU:
TT Ne ©C 77-74580 ot 14.12.2018 r. CMMU 3apeructpupoBano deniepanbHoi
ciyx0Ooil 10 Hamzopy B cdepe CBA3M, MHPOPMAIMOHHBIX TEXHOJIOIMi
1 MaccoBbIX KOMMyHHKali (PockomMHanzop)

MNupexe no O6benuHenHOMy Katasory «IIpecca Poccum»: 36924
Jlata onyosiukoBanus 31.12.2025 r.

MHeHue pelakIIMi MOKET He COBNAJIaTh ¢ MHEHHEM aBTOPOB
ny0JIMKYeMbIX B JKypHaJie cTaTeii.

© MIREA - Russian Technological University, 2025


https://orcid.org/0000-0002-6511-7440
mailto:timoshenko@mirea.ru
http://orcid.org/0000-0003-4840-0655
mailto:fomichev@mirea.ru
mailto:seredina@mirea.ru
https://orcid.org/0000-0002-6511-7440
mailto:timoshenko@mirea.ru
http://orcid.org/0000-0003-4840-0655
mailto:fomichev@mirea.ru
mailto:seredina@mirea.ru
https://doi.org/10.32362/2410-6593-2025-20-6
http://www.finechem-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@jigic.ras.ru.

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

MIREA — Russian Technological University, Moscow,
Russian Federation.

Scopus Author ID 34770109800, ResearcherID I-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.

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.

PEOAKUUOHHASA KOJUJIEINNA

Baoxun Anapeii BuktopoBu4 — 1.X.H., mpodeccop
Benopycckoro rocynapcTBeHHOTO YHUBEpCHTEeTa, MUHCK,
benapycs.

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

blokhin@bsu.by.

Bepépxun Cepreii [lerpoBud — 1.7.H., mpodeccop
Yuusepcurerta . Poctok, Poctok, ['epmanusi.

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

Kuxun Koncrantun FOpbeBu4 — uieH-kopp.
Poccuiickoii akamemun Hayk (PAH), n.x.H., mpodeccop,
WHctutyT 0011eii 1 HeOpraHUYeCKOH XUMHN

uM. H.C. KypnakoBa PAH, Mocksa, Poccuiickast @enepariusi.
Scopus Author ID 6701495620, ResearcherID C-5681-2013,
http://orcid.org/0000-0002-4475-124X,
kyuzhizhin@jigic.ras.ru.

HBanoB Urops BaagumupoBuy — 1.X.H., mpodeccop,
MUPDA — Poccuiickuii TEXHOIOTUIESCKIA YHUBEPCUTET,
Mocksa, Poccuiickas @enepanusi.

Scopus Author ID 34770109800, ResearcherID I-5606-2016,
http://orcid.org/0000-0003-0543-2067,
ivanov_i[@mirea.ru.

Kapnona Kapioc Apmas — PhD, npodeccop
Harmmonansnoro ynusepcutera Komym6un, Manusarnec,
Komym6usi.

Scopus Author ID 7004278560,
http://orcid.org/0000-0002-0237-2313,
ccardonaal@unal.edu.co.

KpyTtbko DabBupa TuxonoBHa — J1.T.H., ipoeccop
Benopycckoro rocy1apcTBEHHOTO TEXHOIOTHYECKOTO
yHHuBepcureTa, MuHCK, benapycs.

Scopus Author ID 6602297257,

ela_krutko@mail.ru.

MupomnukoB AHaroauii UBanoBuy — akamemuk PAH,
I.X.H., mpodeccop, MHCTHTYT OGHoOpraHmyeckoi

XUMHUH UM. akagemMukoB M.M. Illemsaxkuna

u FO.A. OBunnnankoBa PAH, unen [pesnanyma PAH,
npeacenarens Ipesunnyma [lymuHckoro HayqyHOro
nentpa PAH, Mocksa, Poccuiickas @eneparus.

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

Mysadapos Azu3z MancypoBuu — akagemuk PAH,

J.X.H., npodeccop, MHCTUTYT 351eMEHTOOPTaHUUECKIX
coenuHenuii uM. A .H. HecmessnoBa PAH, Mockaa,
Poccuiickas ®enepanus.

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. 2025;20(6)


https://orcid.org/0000-0003-4778-5872
mailto:blokhin@bsu.by
https://orcid.org/0000-0002-0957-5594
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
mailto:ela_krutko@mail.ru
mailto:aiv@ibch.ru
https://orcid.org/0000-0002-3050-3253
mailto:aziz@ineos.ac.ru
https://orcid.org/0000-0003-4778-5872
mailto:blokhin@bsu.by
https://orcid.org/0000-0002-0957-5594
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
mailto:ela_krutko@mail.ru
mailto:aiv@ibch.ru
https://orcid.org/0000-0002-3050-3253
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 [-4668-2015,
http://orcid.org/0000-0002-0980-6591,
president@vstu.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 [-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, ResearcherlD 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.

HoBakos Ban Asiekcanaposuy — akaaeMuk PAH,
I.X.H., Ipodeccop, mpe3naeHT Bonrorpaackoro
TOCYIapCTBEHHOTO TEXHUIECKOTO YHUBEPCUTETA,
Bonrorpan, Poccuiickast ®denepanusi.

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

O3epun Anexcanap Huxkundpoposuu — wies-xopp. PAH,
J.X.H., npoeccop, HCTUTYT CHHTETHYECKUX
nonuMepHbix MatepuaioB uM. H.C. Enuxononosa PAH,
Mocksa, Poccuiickas @eneparusi.

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

ozerin@ispm.ru.

Iaxkanen Tananu — PhD, npodeccop, lenaprament
XUMUH, YHUBepcuTeT BocrouHoit OuHIAHIUY, ﬁoeHcyy,
DungHIn.

Scopus Author ID 7102310323,

tapani.pakkanen@uef.fi.

IMomGeiipo Apmanao — akageMuk AKaJeMUH HayK
Jluccabona, PhD, mpodeccop, npesunent Llentpa
CTPYKTYPHOH XUMHU BhICIEro TeXHUYECKOTO HHCTUTYTA
Yuusepcurera Jluccabona, [Topryramus.

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

Ieiunei JIMutpnii Baagumuposuy — uneH-kopp. PAH,
J.X.H., npoeccop, MHCTUTYT XUMHUUECKOH OMOTIOTHI

1 (yHIaMEHTATBHON MeuiHbl Cuoupckoro otneneHust PAH,
HoBocubupck, Poccuiickast @enepanusi.

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

CuroB Anexkcanap Cepreesuy — akagemuk PAH,
I.¢.-M.H., mpodeccop, mpe3uneHT MUPIA — Poccuiickoro
TEXHOJIOTHYECKOTO YHUBEpcUTeTa, MOCKBa,

Poccuiickas ®enepauus.

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

Toiikka Ajiekcanap MaTBeeBUu4 — J1.X.H., ipodeccop,
Wucturyt xumunn, Caakt-IlerepOyprekuii rocyaapcTBEHHBIH
yausepcureT, Cankr-IlerepOypr, Poccuiickas @eneparus.
Scopus Author ID 6603464176, Researcher ID A-5698-2010,
http://orcid.org/0000-0002-1863-5528,

a.toikka@spbu.ru.

Tpoxumuyk AHAp:Kei — 1.X.H., mpodeccop, XMMUIECKUH
(bakynsTeT BpOIIaBCKOTO MOMMTEXHIIECKOTO YHUBEPCHUTETA,
Bporas, [Tonbma.

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

Husanze Acaan IOcynosuu — akanemuk PAH, n.x.H.,
npodeccop, MHCTUTYT PU3NIECKOI XUMUAH U SIIEKTPOXUMUHN
mm. A.H. ®pymxraa PAH, Mocksa, Poccriickas @eneparms.
Scopus Author ID 7004245066, ResearcherID G-7422-2014,
tsiv@phyche.ac.ru.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6)


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

20(6) | Tonkie Khimicheskie Tekhnologii
2025 | Fine Chemical Technologies

Contents

THEORETICAL BASIS OF CHEMICAL TECHNOLOGY

Boris V. Alekseev, Vladislav Kh. Fedotov, Nikolay I. Kol tsov
53 1 Solution of the inverse problem for chemical reactions with chaotic dynamics

CHEMISTRY AND TECHNOLOGY OF ORGANIC SUBSTANCES

540 Olga M. Larina, losif I. Lishchiner, Olga V. Malova, Yulia M. Faleeva
Synthesis of methanol from gaseous products of pyrolysis of sewage sludge

CHEMISTRY AND TECHNOLOGY OF MEDICINAL COMPOUNDS
AND BIOLOGICALLY ACTIVE SUBSTANCES

Daria V. Nebesnaia, Ekaterina S. Terendiak, Olga A. Legon’kova, Stanislav A. Kedik,

5 5 5 Aleksey V. Panov, Elena S. Zhavoronok

On the stability of characteristics of cellulose diacetate solutions with an iodine-containing
radiopaque substance and solid emboli on their basis

BIOCHEMISTRY AND BIOTECHNOLOGY

Ivan V. Maksin, Darya I. Polyakova, Viktoriia A. Kesareva, Alexander A. Sysuev,
Viadislav S. Ivanov, Evgeniia 1. Simonova, German A. Khunteev, Yuliya G. Kirillova
5 6 5 Development of immunochromatographic assay for simultaneous detection

of tetracyclines and streptomycin in milk

Ekaterina I. Ryabova, Artem A. Derkaev, llias B. Esmagambetov, Mikhail A. Dovgiy,
Anton A. Blinov, Roza M. Hossain, Oleg E. Dmitriev, Dmitry S. Polyansky,

582 Anatoly N. Noskov, Dmitry V. Shcheblyakov, Denis Y. Logunov, Alexander L. Gintsburg
Comparative analysis of three genetic constructs for delivery and expression

of a modified single-domain antibody gene in rAAV

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

Boris A. Buravov, Ali Al-Hamzawi, Rashid B. Gadzhiev, Svetlana A. Orlova,
Lyubov Yu. Donetskova, Semyon M. Solomakhin, Sergey V. Borisov, Olga S. Fomenko,
Stanislav A. Trubachev, Aleksander A. Paletsky, Andrey G. Shmakov, Oleg I. Tuzhikov,
59 4 Oleg O. Tuzhikov

Influence of the structure of phosphorus(I1I)-containing oligoester(meth)acrylates
on the physical and mechanical properties, thermal stability, and combustion mechanisms
of cured polymers

Ksenia V. Sukhareva, Igor A. Mikhailov, Bekzod B. Khaidarov, Anastasia D. Buluchevskaya,
6 1 2 Igor N. Burmistrov

Surface treatments of nitrile butadiene rubber to enhance wear resistance

and mechanical properties

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6) 529



20(6)
2025

531

540

995

965

582

594

612

TOHKME XMMmnmyeckme TEXHOOrnm
Fine Chemical Technologies

COAOEP>XXAHUE

TEOPETUYECKUE OCHOBbI XUMUYECKOWU TEXHOJIOTUMN

b.B. Anekcees, B.X. @eoomos, H.U. Konvyos
Pemrenne oOpatHo# 3a1auu ISl XUMUYECKUX PEAKIUH ¢ XaOTUIEeCKOM TMHAMHUKON

XUMUA N TEXHOJTIONNA OPTAHUYECKUX BELLLECTB

O.M. Jlapuna, U. 1. Jluwunep, O.B. Manosa, FO.M. ®aneesa
CuHTe3 MeTaHoa U3 ra3000pa3HBIX MPOILYKTOB MUPOIN3a 0CAKA CTOYHBIX BOJ

XUMUNA U TEXHOJTOINNA IEKAPCTBEHHbDIX NMPEMAPATOB

U BUOJIOFTMYECKU AKTUBHbIX COEAUHEHUN

Il.B. Hebecnas, E.C. Tepenosix, O.A. Jleconvkosa, C.A. Keoux, A.B. Ilanos, E.C. JKasoponox
O cTaObUIBLHOCTH XapaKTEPUCTUK PACTBOPOB JHAIETATA [IEJUTIONIO3BI C HOACOAepKAIIIM
PEHTTEHOKOHTPACTHBIM BEIIECTBOM M TBEPJIBIX IMOOJIOB Ha HX OCHOBE

BUOXUMUA U BUOTEXHOJ10TNA

U.B. Maxcun, /[.U. Ionsakosa, B.A. Kecapesa, A.A. Cvicyes, B.C. Heanos, E.H. Cumonosa,
I'A. Xynmees, FO.I" Kupunnosa

PazpaboTka umMmmyHOXpoMaTorpaduueckoro aHaau3a s OAHOBPEMEHHOTO OOHAPYKEeHUs
TETPALMKINHOB U CTPENTOMUIIMHA B MOJIOKE

E.U. Pabosa, A.A. /lepxaes, U.b. Ecmacambemos, M. A. Jloseuil, A.A. brunos,

PM. Xoccaun, O.E. [Imumpues, /1.C. Ionanckuii, A.H. Hockos, /[.B. [l]ebnsxos,

HIO. Jlocynos, A.JI. I'unybype

CpaBHUTENIbHBIN aHATU3 TPEX TEHETUYCCKUX KOHCTPYKIIMU JIJIs1 JOCTaBKH M SKCIIPECCUH
reHa MoAU(UIIMPOBAHHOTO OJJHOJIOMEHHOTO aHTUTEINA B cocTaBe rAAV

CUHTE3 U NEPEPABOTKA NOJIMMEPOB N KOMNO3UTOB HA UX OCHOBE

b.A. Bypasos, A. Anb-Xamsasu, P.b. I'aoicues, C.A. Opnosa, JI.IO. /loneyxosa,

C.M. Conomaxun, C.B. Bopucos, O.C. @omenxo, C.A. Tpyoaues, A.A. [laneyxuti,

Al UImaxos, O.U. Tyscuxos, O.0. Tyscukos

Bnusaue ctpoenus dpocdop(Ill)-conepxkamux onuro3pup(MeT)akpuiiaTon

Ha (PU3MKO-MEXaHNYECKHUE CBOUCTBA, TEPMHUUECKYIO CTAOMIBHOCTh M MEXaHU3Mbl TOPEHHUS
OTBEPKIACHHBIX MOJIUMEPOB

Ksenia V. Sukhareva, Igor A. Mikhailov, Bekzod B. Khaidarov, Anastasia D. Buluchevskaya,
Igor N. Burmistrov

Surface treatments of nitrile butadiene rubber to enhance wear resistance

and mechanical properties

530

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6)



Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2025;20(6):531-539 ISSN 2686-7575 (Online)

Theoretical basis of chemical technology

TeopeTnyeckne 0CHOBbI XUMUNYECKON TEXHOI0I N

UDC 541.124/128

https://doi.org/10.32362/2410-6593-2025-20-6-531-539 [(cc)
EDN AQQOLQV
RESEARCH ARTICLE

Solution of the inverse problem
for chemical reactions with chaotic dynamics

Boris V. Alekseev, Vladislav Kh. Fedotov™~, Nikolay 1. Kol’tsov
LN. Ulyanov Chuvash State University, Cheboksary, Chuvash Republic, 428015 Russia
™ Corresponding author, e-mail: foh@inbox.ru

Abstract

Objectives. To develop and test a method for solving the inverse problem of chemical kinetics for estimating the frequencies of elementary
stages of complex chemical reactions occurring in a chaotic regime.

Methods. The method is based on the representation of nonstationary experimental data on reagent concentrations and the rates of their
change in the form of a matrix of a particular structure.

Results. The effectiveness of the method is demonstrated by examples of reactions proceeding according to stage schemes similar to the
Willamowski—Rossler mechanism, characterized by undamped aperiodic oscillations.

Conclusions. The method allows the frequencies of stages for reactions proceeding according to mechanisms with non-monotonic
dynamics of any complexity to be determined with high accuracy.
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AHHOTaUuS

CTAX UX UBMCHCHUA B BUJIC MAaTPHUIIbL CIIeIUAIEHON CTPYKTYPBI.

HOTOHHOM JMHAMHUKON JTH000H CII0KHOCTH.

KniouyeBbie cnoea

HECTAIlMOHAPHBIC DKCIICPUMCHTAJIbHBIC JaHHBIC,
KOHIICHTPAIlNX PCarcHTOB U CKOPOCTH UX U3MECHCHUA

Anga uMTupoBaHus

06paTHa;1 3a7a9a XUMHYECKOH KMHCTHUKH, XaOTHYCCKasA AMHAMHKa,

He.Jm. Pa3pa60TKa u anpoGauHﬂ METOZa peHICHUsL O6paTHOfI 3a1a4un XUMUYECKON KMHETUKH TI0 OI[EHKE YaCTOT SJIEMCHTAPHBIX CTaZ[I/Iﬁ
CJIOKHBIX XUMHWYECCKHUX peaKL[PIﬁ, HNPOTEKAIINX B XaOTHUYICCKOM PEIKUME.

MeToabl. MeTog OCHOBAH Ha MPEACTABIICHUN HECTAIMOHAPHBIX SKCIIEPUMEHTAJIbHBIX NAHHBIX O KOHHEHTPAUAX PearcHTOB U CKOPO-

Pe3yabrarsl. Oh(heKTHBHOCTH METOA MOKa3aHA HAa MPUMepax Peaknuii, MPOTEKAIONIHNX 110 CTaJUHHBIM CXeMaM, aHAIOTHIHBIM MeXa-
HU3My Bumamoscku—Pocciepa, 1 XapakTepHu3yomuxcs He3aTyXaloIIMI allepUOANIECKIMH KOIeOaHNIMU.

BeiBoabl. MeToz NO3BOISIET C BHICOKOW TOUHOCTBIO ONPEAEIUTh YaCTOThI CTAAUH U1 peaKLni, MIPOTEKAIOIIMX [0 MEXaHU3MaM C HEMO-

MocTtynuna: 05.03.2025
Aopa6oTaHa: 05.05.2025
MpuHara B neyatb: 07.11.2025

AxnexceeB b.B., ®enoros B.X., Konbrio H.U. Pemenne o6parHoii 3a1auu U1 XUMUUYECKUX PEaKUi C XaOTHYECKON TMHAMUKOH. Tonkue
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INTRODUCTION

Currently, there exist a number of methods for solving
the inverse problem (IP) of chemical kinetics based on
nonstationary data for chemical reactions proceeding in
a monotonic mode [1-3]. However, methods for solving
the IP for chemical reactions with non-monotonic
behavior, such as critical phenomena in particular, have
not been studied in practice [4, 5]. Itis also known that the
IP is incorrect, and its solution is usually ambiguous [6].
Possible approaches to overcoming these difficulties and
improving the accuracy of the IP solution were presented
in [7—-11]. The study [12] considered an IP solution for
the Gray—Scott self-oscillating reaction [13] based on
experimental amplitude—frequency characteristics. The
authors in [14] developed an alternative method for
solving the IP for the same reaction and demonstrated that
the use of nonstationary values of reagent concentrations
and their rates of change allows the uniqueness and
accuracy of the solution to be increased.

The earliest examples of chemical reactions whose
dynamic models describe chaotic oscillations within
the framework of the law of active masses (LAM)

were demonstrated by Rossler [15]. Among them, the
Willamowski—Rossler mechanism was the simplest
[16-18]. In these works, the kinetic parameters of
stage diagrams were determined numerically based on
the conditions of instability of solutions of ordinary
differential equations (ODEs) describing nonstationary
models of the corresponding reactions and known
criteria of chaos in dynamic systems (Lyapunov
exponents, etc.) [19-20].

In this article, we present a method for solving the
IP for chemical reactions with unpredictable chaotic
dynamics based on data on reagent concentrations and
their rates of change.

EXPERIMENTAL

The mechanism of a complex chemical reaction is
described by a set of elementary stages

Zb+ikAk +Za+inj © Za_inj +beikAk’

i=1,..,8j=1,...,n

(M

wherein b, a 4 are the stoichiometric coefficients
of reagents A, and X, respectively, in the forward
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and reverse directions of stage i. Let A, be reagents
whose concentrations remain virtually unchanged
during the reaction (referred to as non-key, slow
reagents in terms of the Bodenstein—Semenov quasi-
stationarity principle [21]); X; are the key reagents
whose concentrations change during the reaction
(essential reagents in terms of A.M. Zhabotinsky [22]).
The dynamics of such a reaction in an isothermal zero-
gradient reactor, according to LAM, is described by the
ODE system [1]:

r_ _ atij a—ij
X; _Z(a—ij a+l-j)(wil_ljxj w_il_ljxj ),

J=1...,n, ()

wherein X;= xj(t) are the concentrations of key reagents X;
(dimensionless, dim.); ¢ is time (s); xj(to) = ij are the
initial conditions (i.c.); f is the initial moment of time (s);
w; = k11 kAg*’k s ow =k I kAg_’k are the frequencies
of forward and reverse stages, including concentration
multipliers of non-key reagents (s™'); k;, k_; are the
constants of stage velocities in the forward and reverse
directions (s ).

In the presence of experimental data on concentrations
and rates of change of reagent concentrations, system (2)
is a linear system of algebraic equations with respect to
stage frequencies, which can be written as

v =Z(a_l.j _a+ij)(wirzj —w_rg).j =1, 3)

wherein v; are the rates of change in the concentrations
of key reagents; Fip Iy are the monomials of the stage
rates, i.e., the stage rates at single values of the stage
frequencies. Dividing the right-hand side of system (3)
into monomials and frequencies is convenient, since
the numerical values of the monomials are known from
the experiment at each time point (they are equal to the
product of the concentrations of key reagents), and the
values of the frequencies of the stages are the desired
parameters of the IP.

System (3) typically includes identical stage velocity
monomials with different stage frequency values. Let us
combine such monomials (bring similar ones together)
and write down system (3) modified in this way in
a concise (matrix) form

v=Rw, (3*)

wherein R is the matrix of various monomials of
velocities (after reduction of similar ones), w is a vector
of stage frequencies.

The best solution to such a system is provided by
methods for minimizing the error function f{w) (penalty
function), e.g. , in the form of a sum of squared deviations

f(w)=Rw-v)T(Rw-v), 4)

wherein T is the transpose sign. This solution can be
written using the pseudo-inverse matrix R* [23]:

w=R"v. ®)

In a special case when the original matrix R is square
and non-degenerate, the pseudo-inverse matrix coincides
with the inverse R" = R™!. In the general case, when
the number of experimental points is not equal to the
number of desired stage frequencies, the matrix R has
an incomplete rank. Then, if the product of the matrices
RTR is not degenerate, then

R* =(RTR)"IRT, (6)

wherein RT is the transposed matrix. If the product RT
R has an incomplete rank, then

R* = lim (RTR +8E)"'RT, (7)
5—0

wherein E is the identity matrix. Calculations performed
in computer algebra systems [3, 24] have shown the
insufficiency of formula (6) to determine the frequencies
of the stages.

For comparison, we also use the penalty function,
i.e., the maximum of deviation modules.

f(w) =max(abs(Rw —v)). ®)

Function (8) is a composition of functions max and
abs, having kinks, and its analysis is more complicated
than the analysis of function (4). The minimum
of function (8) can be found by dividing the entire space
of possible values of the vector w into regions
of smoothness (8), finding the minimum in each of these
regions and then selecting the global minimum from
these local minima. Obviously, the minimum points
of functions (4) and (8) are different, and these minima
correspond to different values of the vector w.

RESULTS AND DISCUSSION

Let us apply the method described above to
reactions proceeding according to stepwise schemes
similar to the Willamowski—Rossler mechanism,
characterized by continuous aperiodic (chaotic)
oscillations [15-18, 25, 26].

Example 1. Let us consider the homogeneous
reaction A + 2B — C + D proceeding according to the
scheme [25]:

DA+X<2X,2)B+X+Y - 2Y +A, O
3)Z+Y—>D,4)A+B>Z+C. (1.0

wherein A, B, C, and D are the non-key reagents (can be
any); X, Y, and Z are the key reagents. According to this
scheme, the reaction CO +2NO — N, O + CO, can occur:
1) CO + CO* <> 2CO*,

2) NO + CO* + NO* — 2NO* + CO, (1.2)
3) N*+NO* - N,0, 4) CO + NO — N* + CO,.
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An unsteady kinetic model of reactions proceeding
according to schemes (1.1) and (1.2), under the

assumption of quasi-stationarity for non-key reagents, is
described by

r_ _ 2
X' = WX — W X5 — WXy,

y'=wyxy —wyyz,
Z'=-wyyz +wy,,

(1.3)

wherein w;, w_; are the frequencies of steps in the forward
and reverse directions, including the concentrations
of non-key reagents; x, y, and z are the concentrations
of key reagents X, Y, and Z. It was shown in [25] that
system (1.3) exhibits chaotic oscillations at certain values
of the frequencies of stages and current levels (Fig. 1).

The concentrations of key reagents and their rates of
change, selected for calculations at certain time points
from dependencies x(¢), y(¢), z(f) (Fig. 1), are shown
in Table 1.

Equations (1.3) contain five different monomials
of velocities 1, x, x2, xy, yz. They form a matrix R of
size 5 x 3n, made up of triples of rows [0, x, —x2, —xy, 0],
[0, 0, 0, xy, —yz], and [1, 0, 0, 0, —yz] for reagents X, Y,
and Z, respectively, calculated for each experiment. The
results of the IP solution for two variants of the penalty
function (4) and (8) are given in Table 2.

It can be seen from Table 2 that the errors in
determining the frequency of stages by the method
described above are small for both methods of selecting
the penalty function.

4.0
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3.0

2.5

2.0

1.5

|
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|
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/

|
1.0 [\
0
0

10

20 30
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80 90 100

Fig. 1. Dependencies x(), y(¢), z(¢) in the reaction
A+ 2B — C + D described by model (1.3)
atw, =3, w_ =075 w,=18, w; =10, w, =1 s,
andx,=0.1,y,=0.2,2z,=0.3

Table 1. Concentrations of reagents and rates of their change* in the reaction A + 2B — C + D, proceeding according to scheme (1.1)
atw; =3, w_ =075, w, =18, w3 =10, w, = 1, 5!

ts 0 5 10 15 20 25
X, a.u 0.1000 0.2480 0.1663 1.3908 3.0491 0.0127
y,au 0.2000 1.0100 0.4738 0.0000 0.0000 0.0009
z,a.u 0.3000 0.5827 0.6112 2.2368 3.3339 1.0031
X, 57! —0.0675 —3.8114 —0.9403 2.7217 2.1732 0.0376
Y, 5! —0.2400 —1.3758 —1.4775 0.0000 0.0006 —0.0088
2, 57! 0.4000 —4.8852 —1.8960 1.0000 0.9991 0.9910
* The rates of change of reagent concentrations x', y', z' are calculated using equations (1.3).
Table 2. Accuracy of the IP solution for reaction (1.1) depending on the penalty function
Stage frequencies wy, s Wy, s Wy, 1 wy, s w_p,s !
Penalty function
The exact value 3.00 18.00 10.00 1.00 0.75
Estimated value 3.0008 18.0031 9.9998 0.9998 0.7504
@ Error rate, % 0.0267 0.0172 0.0020 0.0200 0.0533
Estimated value 3.0004 18.0029 9.9989 0.9994 0.7503
® Error rate, % 0.0133 0.0161 0.0110 0.0600 0.0400
534 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):531-539
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Example 2. Let us consider the heterogenecous
catalytic reaction of 2NO + CO — N, O + CO,, occurring
on platinum metals according to the step scheme [26]:

1) CO +Q + QCO «> 2QCO,
2) NO +QCO + QN — 2QN + CO,,
3) QNO + QN — 2Q + N,0, 4) NO + Q - QNO,

2.1)

wherein the key reagents are QCO, QN, and QNO are the
catalyst surface centers occupied by carbon monoxide
and nitrogen, and Q are free catalyst centers. Briefly,
without the non-key reagents NO, CO, N,0, and CO,,
scheme (2.1) takes the form

HQ+Xo2X,2) X +Y > 2Y,

3)Z+Y —>2Q,4)Q—Z, (2:2)
for which the kinetic model (2) can be written as:
x'=wxq — w_1x2 — W)Xy,

V' =wyxy —wyyz, (2.3)

Z'=-wyyz + wyq,

whereinx, y, z, and g are the dimensionless concentrations
of key substances QCO = X, QN =Y, QNO = Z and
free centers Q on the surface of the catalyst, with
x+y+z+q=1(thelaw of conservation ofthe catalyst). It
should be noted that the concentrations of key substances
and free centers on the surface of the catalyst cannot be
measured even by modern physicochemical research
methods. It was shown in [26] that the ODE system (2.3)
describes chaotic oscillations at certain values of the
frequencies of stages and initial conditions (Fig. 2).

0.7

0.3

0.2

0.1 +

0 VUMY

10 15 20 25
ts

(=)
W

Fig. 2. Dependencies x(t), y(¢), z(¢) in reaction

of interaction of nitrogen and carbon monoxides described
by model (2.3) at w, = 50, w, = 200, w; = 100,

wy=w =1 sfl,x0=y0=zo= 0.1

The values of reagent concentrations and their rates
of change, selected for calculations at certain time points
from dependencies x(7), y(?), z(¢) (Fig. 2), are shown
in Table 3.

Equations (2.3) contain five different monomials of
velocities xq, xy, vz, ¢, x°. They form a matrix R of size
5 x 3n, composed of triples of rows [xg, —xy, 0, 0, —x7],
[0, xy,—yz, 0, 0], and [0, 0, )z, g, 0] for reagents X, Y, and Z,
respectively, calculated for each experiment. The IP solution
for penalty functions (4) and (8) are given in Table 4.

Table 3. Concentrations of reagents and rates of their change in the reaction of interaction of nitrogen and carbon monoxides,
proceeding according to mechanism (2.1) at w; = 50, w, = 200, w; = 100, wy,=w_, = 1 57!

ts 0 1 2 3 4 5
X, a.u 0.1000 0.0000 0.3869 0.4011 0.0000 0.0002
y,au 0.1000 0.3701 0.1965 0.0047 0.0044 0.0640
z,a.u. 0.1000 0.0156 0.2543 0.2714 0.1935 0.0787
X, s 1.4900 —0.0001 —12.2097 5.9310 0.0018 0.0057
¥, st 1.0000 —0.5788 10.2050 0.2518 —0.0853 —-0.5017
2,5 —0.3000 0.0353 —4.8335 0.1940 0.7167 0.3530

Table 4. Dependence of the IP solution accuracy on the choice of the penalty function for the reaction of interaction of nitrogen

and carbon monoxides, proceeding according to scheme (2.1)

Stage frequencies wy,s ! W,, 7! Wy, s w,, st w8
Penalty function
The exact value 50.00 200 100 1 1

Estimated value 49.9728 199.9172 99.9609 1.0020 0.9986

4)
Error rate, % 0.0544 0.0414 0.0391 0.2000 0.1400
Estimated value 49.9533 199.9042 99.9130 1.0085 0.9953

(3)
Error rate, % 0.0934 0.0479 0.0870 0.8500 0.4700
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It can be seen from Table 4 that the errors in
determining the stage frequencies for both variants of
penalty functions (4) and (8) are quite small. The found
values of the stage frequencies for different penalty
functions are almost the same.

CONCLUSIONS

A method for solving the inverse kinetic problem for
reactions proceeding by mechanisms with chaotic
dynamics is proposed. This method is based on the
use of experimentally measured values of reagent
concentrations and their rates of change. The proposed
approach differs from the previously known methods in
the isolation of different stage velocity monomials and
the method of forming the experimental data matrix.

REFERENCES

1. Ismagilova A.S., Spivak S.I. Obratnye zadachi khimicheskoi
kinetiki (Inverse Problems of Chemical Kinetics). Saarbrucken:
Lap Lambert Academic Publ.; 2013, 125 p. (In Russ.).
ISBN 978-36593118474. https://www.elibrary.ru/glykiv

2. Yagola A.G., Yanfei V., Stepanova [.EH., Titarenko V.N.
Obratnye zadachi i metody ikh resheniya. Prilozheniya
k geofizike (Inverse Problems and Methods of their Solution.
Applications to Geophysics). Moscow: Laboratoriya znanii;
2021, 217 p. (In Russ.). ISBN 978-5-93208-555-4

3. Leonov A.S. Reshenie nekorrektno postaviennykh obratnykh
zadach: ocherk teorii, prakticheskie metody i demonstratsii
v MATLAB (Solution of ill-Posed Inverse Problems. Outline of
theory, Practical Methods and Demonstrations in MATLAB).
Moscow: Librokom; 2024, 368 p. (In Russ.). ISBN 978-5-
9710-9965-9

4. Pisarenko E.V., Pisarenko V.N. Analysis and simulation
of the nonlinear kinetics of reacting chemical
systems. Theor. Found. Chem. Eng. 2013;47(2):128-135.
https://doi.org/10.1134/S004057951302005X
[Original Russian Text: Pisarenko E.V., Pisarenko V.N. Analysis and
simulation of the nonlinear kinetics of reacting chemical systems.
Teoreticheskie Osnovy Khimicheskoi Tekhnologii. 2013;47(2):
173-181 (in Russ.). https://doi.org/10.7868/S0040357113020061 ]

5. Shatalov M.Y., Fedotov S.I., Shatalov Y.M. New methods of
determination of kinetic parameters of the theoretical models
from experimental data. Theor. Found. Chem. Eng. 2013;47(3):
207-216. https://doi.org/10.1134/S0040579513020097
[Original Russian Text: Shatalov M.Yu., Fedotov S.I.,
Shatalov Yu.M. New methods of determination of
kinetic parameters of the theoretical models from
experimental data. Teoreticheskie Osnovy Khimicheskoi
Tekhnologii. 2013;47(3):260-270 (in Russ.).
https://doi.org/10.7868/S0040357113020103 ]

6. Gorsky V.G. 4 prior parameter identifiability analysis of fixed
structure models. In: Letzky E.K. (Ed.). Design of Experiments
and Data Analysis: New Trends and Results. Moscow: Antal;
1993. P. 92-131.

According to the conducted analysis, the described
method makes it possible to accurately determine
the frequencies of stages for reactions proceeding
through mechanisms with dynamics of any complexity
(monotonous, non-monotonous, periodic, and chaotic).

Authors’ contributions

B.V. Alekseev—development of methods and algorithms for
solving inverse problems, software development, planning and
conducting computational experiments, analysis of results.

V.Kh. Fedotov—problem statement, planning and conducting
computational experiments, analysis of results, writing the text of
the article.

N.I. Kol’tsov—statement of the research goal and objectives,
analysis of the obtained results, writing the text of the article.

All authors approved the final version of the article.

The authors declare no conflict of interest.

CMUCOK JINTEPATYPbI

1. UcmarmnoBa A.C., CmmBak C.U. Obpammuvie 3ada-
yu  xumuueckou Kkunemuxu. Saarbrucken: Lap Lambert
Academic Publ.; 2013, 125 c. ISBN 978-36593118474.
https://www.elibrary.ru/glykiv

2. Slrona A.T., Slugeit B., Crenanoa MN.D., Tutapenko B.H.
Obpamuvie 3a0auu u Memoovl ux peuienus. lIpunooicenus
Kk eeogusuxe. M.: Jlaboparopust 3uanwmii; 2021, 217 c.
ISBN 978-5-93208-555-4

3. JleonoB A.C. Peuierue HeKOppeKMHO NOCMAGIEHHbIX 00-
PAmubIX  3a0au: O4epK Mmeopull, NPaKmuyecKue Memoobsl
u oemoncmpayuu ¢ MATJIAB. M.: Jlubpokom; 2024, 368 c.
ISBN 978-5-9710-9965-9

4. INMucapenko E.B., IMucapenko B.H. Ananus u moaenuposa-
HHE HEJIMHEHHOW KUHETUKU XMMHYECKUX PEardupyromux CH-
creM. Teop. ocrosvl xum. mexnonoeuu. 2013;47(2):173-181.
https://doi.org/10.7868/S0040357113020061

5. lllaramoB M.IO., ®emoto C.U., IllaramoB KO.M. HoBsrit
METOJl ONpEIeeHNss KHHETHYECKUX IapaMeTPOB Teope-
THYECKUX MOJIEJIEd Ha OCHOBE ODKCIIEPUMEHTAIBHBIX JaH-
HBIX. Teop. ocrosewl xum. mexnonocuu. 2013;47(3):260-270.
https://doi.org/10.7868/S0040357113020103

6. Gorsky V.G. 4 prior parameter identifiability analysis of fixed
structure models. In: Letzky E.K. (Ed.). Design of Experiments
and Data Analysis: New Trends and Results. Moscow: Antal;
1993. P. 92-131.

7. ®enoroB B.X., Kombmos H.M. Pa3paborka mertoma perie-
HUsE OOpaTHOW 3a]a4d XUMHYECKOW KHHETHKH JUIs Kara-
JUTHYECKUX PEaKIUil ¢ yYacTHEM OCHOBHBIX BEIIECTB
B Kaxmou cramun. Xum. ¢usuxa. 2016;35(10):9-15.
https://doi.org/10.7868/S0207401X1610006X

8. Kombrio H.M. Meton periieHust oOpaTtHOM 3aa9u XUMHYECKOU
KUHETMKA MHOTOCTQIMUHBIX peakimil. Kunmemuka u xamanus.
2020;61(6):783-788. https://doi.org/10.31857/S0453881120040127

9. KonbuoB H.U. Meton ornpenenenust KOHCTaHT CKOPOCTEH cTa-
I XUMHYECKUX PEaKIMil B 3aKPBITOM 0€3rpaJeHTHOM pe-
aktope. JKyph. npuxnaonou xumuu. 2020;93(10):1474-1481.
https://doi.org/10.31857/S0044461820100096

536 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):531-539


https://www.elibrary.ru/glykiv
https://doi.org/10.1134/S004057951302005X
https://doi.org/10.7868/S0040357113020061
https://doi.org/10.1134/S0040579513020097
https://doi.org/10.7868/S0040357113020103
https://www.elibrary.ru/glykiv
https://doi.org/10.7868/S0040357113020061
https://doi.org/10.7868/S0040357113020103
https://doi.org/10.7868/S0207401X1610006X
https://doi.org/10.31857/S0453881120040127
https://doi.org/10.31857/S0044461820100096

Solution of the inverse problem
for chemical reactions with chaotic dynamics

Boris V. Alekseev,
Vladislav Kh. Fedotov, Nikolay I. Kol’tsov

7.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

Fedotov V.Kh., Kol'tsov N.I. Method of solving the inverse
problem of chemical kinetics for catalytic reactions in which each
step involves main reactants. Rus. J. Phys. Chem. B. 2016;10(5):
753-759. https://doi.org/10.1134/S1990793116050195

[Original Russian Text: Fedotov V.Kh., Kol’tsov N.I. Method
of solving the inverse problem of chemical kinetics for
catalytic reactions in which each step involves main reactants.
Khimicheskaya  Fizika. 2016;35(10):9-15 (in Russ.).
https://doi.org/10.7868/S0207401X1610006X ]

. Kol’tsov N.I. Method for Solving the Inverse Problem of the

Chemical Kinetics of Multistage Reactions. Kinet. Catal.
2020;61(6):833-838.https://doi.org/10.1134/S0023 158420040096
[Original Russian Text: Kol’tsov N.I. Method for Solving
the Inverse Problem of the Chemical Kinetics of Multistage
Reactions. Kinetika i Kataliz. 2020;61(6):783—788 (in Russ.).
https://doi.org/10.31857/S0453881120040127 ]

. Kol’tsov N.I. Method for Determining the Rate Constants

of Chemical Reaction Stages in an Enclosed Gradientless
Reactor. Russ. J. Applied Chem. 2020;93(10):1544—1552.
https://doi.org/10.1134/S1070427220100092

[Original Russian Text: Kol’tsov N.I. Method for
Determining the Rate Constants of Chemical Reaction
Stages in an Enclosed Gradientless Reactor. Zhurnal
Prikladnoi  Khimii. 2020;93(10):1474-1481 (in  Russ.).
https://doi.org/10.31857/S0044461820100096 ]

Kol'tsov N.I. Solving the Inverse Problem for Chemical Reactions
Occurring in a Plug-Flow Reactor. Theor: Found. Chem. Eng.
2021;55(6):1238-1245. https://doi.org/10.1134/S0040579521050237

[Original Russian Text: Kol’tsov N.. Solving the
Inverse Problem for Chemical Reactions Occurring
in a Plug-Flow Reactor. Teoreticheskie =~ Osnovy

Khimicheskoi Tekhnologii. 2021;55(6):772-779 (in Russ.).
https://doi.org/10.31857/S0040357121050043 ]

Kol’tsov N.I., Fedotov V.Kh. Invarianty i obratnye zadachi
khimicheskoi kinetiki (Invariants and Inverse Problems of
Chemical Kinetics). Cheboksary: Chuvash University Publ.;
2022, 240 p. (In Russ.). ISBN 978-5-7677-3431-3

Katsman E.A., Sokolova I.V., Temkin O.N. Solution of reverse
kinetic problem for oscillatory reactions. Theor. Found.
Chem. Eng. 2014;48(2):175-179. https://doi.org/10.1134/
S0040579514020067

[Original Russian Text: Katsman E.A., Sokolova V., Temkin O.N.
Solution of reverse kinetic problem for oscillatory reactions.
Teoreticheskie Osnovy Khimicheskoi Tekhnologii. 2014;48(2):
190195 (in Russ.). https://doi.org/10.7868/S0040357114020067 ]
Gray P., Scott S.K. Chemical Oscillations and Instabilities.
Non-linear Chemical Kinetics. Oxford: Clarendon Press;
1994, 470 p.

Alekseev B.V., Fedotov V.Kh., Kol’tsov N.I. Solution of the
inverse problem of chemical kinetics for oscillatory reactions.
Theor. Found. Chem. Eng. 2025. (In press).

Rossler O.E. Chaotic behavior in simple reaction system.
Z. Naturfosch. 1976;A(31):259-264. https://doi.org/10.1515/
zna-1976-3-408

Willamowski K.D., Réssler O.E. Irregular oscillations in a
realistic abstract quadratic mass action system. Z. Naturforsch.
1980;35a:317-318. https://doi.org/10.1515/zna-1980-0308
Gaspard P. Rossler systems. In: Encyclopedia of Nonlinear
Science. New York: Routledge; 2005. P. 808-811.

Stuckil., Urbanczik R. Entropy Production of the Willamowski-
Rossler Oscillator.  Z.  Naturforsch. 2005;60a:599-607.
https://doi.org/10.1515/zna-2005-8-907

Shuster G. Determinirovannyi khaos: Vvedenie (Deterministic
Chaos: An Introduction): transl. from Engl. Moscow: Mir;
1988, 248 p. (In Russ.). ISBN 5-03-001373-3

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kompuos H.U. Pemenne oOpatHOW 3amauu JiIsl XUMUYECKHAX
peaKIuii, MPOTEKAIOMIUX B PEAKTOPE HACAIBLHOTO BHITECHE-
Hus. Teop. ocnoevl xum. mexuonoeuu. 2021;55(6):772-779.
https://doi.org/10.31857/S0040357121050043

Kompos H.M., ®enoroB B.X. Hueapuanmuvr u obpamuvle
sadauu xumuveckou kunemuxu. Yedokcapsl: M3n-so Uysam.
yu-Ta; 2022, 240 c. ISBN 978-5-7677-3431-3

Kamvan E.A., Cokonosa U.B., Temkun O.H. Pemienune 06-
paTHOM KHHETHYECKOW 3agaun Ui KoneOaTeNbHBIX peak-
uuit. Teop. ocnosvl xum. mexnonoeuu. 2014;48(2):190-195.
https://doi.org/10.7868/S0040357114020067

Gray P., Scott S.K. Chemical Oscillations and Instabilities.
Non-linear Chemical Kinetics. Oxford: Clarendon Press;
1994, 470 p.

AnekceeB b.B., ®enoros B.X., Koasios H.W. Pemenne 06-
paTHOH 3a/a4M XUMHUYECKOH KMHETHKH Ul KOIeOaTeNbHBIX
peaxuuii. Teopem. ocHogwl xum. mexnonozuu. 2025 (B neyarn).
Rossler O.E. Chaotic behavior in simple reaction system.
Z. Naturfosch. 1976;A(31):259-264. https://doi.org/10.1515/
zna-1976-3-408

Willamowski K.D., Réssler O.E. Irregular oscillations in a
realistic abstract quadratic mass action system. Z. Naturforsch.
1980;35a:317-318. https://doi.org/10.1515/zna-1980-0308
Gaspard P. Rossler systems. In: Encyclopedia of Nonlinear
Science. New York: Routledge; 2005. P. 808—811.

Stuckil., Urbanczik R. Entropy Production ofthe Willamowski-
Rossler Oscillator.  Z.  Naturforsch. 2005;60a:599—-607.
https://doi.org/10.1515/zna-2005-8-907

Wycrep I. Hemepmunuposanuwii xaoc: Beedenue: Ttep.
¢ arnL. M.: Mup; 1988, 248 ¢. ISBN 5-03-001373-3
KysnenoB C.I1. JJunamuueckuii xaoc. M.: ®uzmarmut; 2006,
356 c. ISBN 5-94052-100-2

Kunepman C.JI. Ocnoger xumuueckoti Kunemuxu 6 2emepozen-
nom kamanuze. M.: Xumus; 1979, 352 c.

Kaboruackuit A.M. Kouyemmpayuonuvie asmoxoneOaHusi.
M.: Hayka; 1974, 179 c.

Brrroackuit M 5. Cnpagourux no evicuieti mamemamuxe. M.:
ACT; 2019, 703 c. ISBN 978-5-17-117741-6

AnanseB B.3. Cucmemvr xomnvromepnoti aneebpuvi: Maple:
HUckyccmso npoepammuposanus. M.: Jlabopatopus ba3oBbix
3nannit; 20006, 792 c. ISBN 5-93208-189-9

Kompmos H.M. Xaormueckue koneOaHWs B TpOCTEHIIEH
XUMHYECKOH peaKIuu. H36ecmus GulCUUX YUeOHbIX 3a-
6edenutl. Xumua u xum. mexnon. 2018;61(4-5):133-135.
https://doi.org/10.6060/tcct.20186104-05.5654

Kompuos H.U, ®enotor B.X. Xaorndeckne koneOaHus B Mpo-
CTOM TeTepOreHHO-KaTaJUTUYECKON peakunu. bymaeposckue
coobwenus. 2017;50(6):30-33. https://elibrary.ru/zefnpr

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):531-539

537


https://doi.org/10.1134/S1990793116050195
https://doi.org/10.7868/S0207401X1610006X
https://doi.org/10.1134/S0023158420040096
https://doi.org/10.31857/S0453881120040127
https://doi.org/10.1134/S1070427220100092
https://doi.org/10.31857/S0044461820100096
https://doi.org/10.1134/S0040579521050237
https://doi.org/10.31857/S0040357121050043
https://doi.org/10.1134/S0040579514020067
https://doi.org/10.1134/S0040579514020067
https://doi.org/10.7868/S0040357114020067
https://doi.org/10.1515/zna-1976-3-408
https://doi.org/10.1515/zna-1976-3-408
https://doi.org/10.1515/zna-1980-0308
https://doi.org/10.1515/zna-2005-8-907
https://doi.org/10.31857/S0040357121050043
https://doi.org/10.7868/S0040357114020067
https://doi.org/10.1515/zna-1976-3-408
https://doi.org/10.1515/zna-1976-3-408
https://doi.org/10.1515/zna-1980-0308
https://doi.org/10.1515/zna-2005-8-907
https://doi.org/10.6060/tcct.20186104-05.5654
https://elibrary.ru/zefnpr

Solution of the inverse problem
for chemical reactions with chaotic dynamics

Boris V. Alekseev,
Vladislav Kh. Fedotov, Nikolay I. Kol’'tsov

20

21.

22.

23.

24.

25.

26.

. Kuznetsov S.P. Dinamicheskii  khaos (Dynamic Chaos).
Moscow: Fizmatlit; 2006, 356 p. (In Russ.). ISBN 5-94052-100-2
Kiperman S.L. Osnovy khimicheskoi kinetiki v geterogennom
katalize (Fundamentals of Chemical Kinetics in Heterogeneous
Catalysis). Moscow: Khimiya; 1979, 352 p. (In Russ.).
Zhabotinskii  A.M.  Kontsentratsionnye  avtokolebaniya
(Concentration Self-Oscillations). Moscow: Nauka; 1974,
179 p. (In Russ.).

Vygodskii M.Ya. Spravochnik po vysshei matematike
(Handbook of Higher Mathematics). Moscow: AST; 2019,
703 p. (In Russ.). ISBN 978-5-17-117741-6

Alad’ev V.Z. Sistemy komp 'yuternoi algebry: Maple: Iskusstvo
programmirovaniya (Computer Algebra Systems: Maple:
The Art of Programming). Moscow: Laboratoriya Bazovykh
Znanii; 2006, 792 p. (In Russ.). ISBN 5-93208-189-9
Kol’tsov N.I. Chaotic oscillations in the simplest chemical
reaction. ChemChemTech = Izv. Vyssh. Uchebn. Zaved.
Khim. Khim. Tekhnol. 2018;61(4-5):133-135 (in Russ.).
https://doi.org/10.6060/tcct.20186104-05.5654

Kol’tsov N.I., Fedotov V.Kh. Chaotic oscillations in a simple
heterogeneous catalytic reaction. Butlerovskie soobshcheniya =
Butlerov Communications. 2017;50(6):30-33 (in Russ.).
https://elibrary.ru/zefnpr

About the Authors

Boris V. Alekseev, Cand. Sci. (Phys.-Math.), Associate Professor, Department of Physical Chemistry and Macromolecular
Compounds, [.N. Ulyanov Chuvash State University (15, Moskovskii pr., Cheboksary, 428015, Russia). E-mail: a402539@yandex.ru.
Scopus Author ID 7005563886, ResearcherID GNO-9997-2022, RSCI SPIN-code 7478-3333, https://orcid.org/0000-0003-1971-0806

Vladislav Kh. Fedotov, Cand. Sci. (Chem.), Associate Professor, Department of Physical Chemistry and Macromolecular
Compounds, I.N. Ulyanov Chuvash State University (15, Moskovskii pr., Cheboksary, 428015, Russia). E-mail: fvh@inbox.ru.
Scopus Author ID 8863837600, ResearcherID B-6529-2017, RSCI SPIN-code 5111-9580, https://orcid.org/0000-0001-8395-6849

Nikolay I. Kol’tsov, Dr. Sci. (Chem.), Professor, Head of the Department of Physical Chemistry and Macromolecular Compounds,
IN. Ulyanov Chuvash State University (15, Moskovskii pr., Cheboksary, 428015, Russia). E-mail: koltsovni@mail.ru.
Scopus Author ID 7003771176, ResearcherID O-1354-2017, RSCI SPIN-code 4229-2226, https://orcid.org/0000-0003-2264-1370

538

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):531-539


mailto:a402539@yandex.ru
https://orcid.org/0000-0003-1971-0806
mailto:fvh@inbox.ru
https://orcid.org/0000-0001-8395-6849
mailto:koltsovni@mail.ru
https://orcid.org/0000-0003-2264-1370
https://doi.org/10.6060/tcct.20186104-05.5654
https://elibrary.ru/zefnpr

Solution of the inverse problem Boris V. Alekseev,
for chemical reactions with chaotic dynamics Vladislav Kh. Fedotov, Nikolay |. Kol’tsov

006 aBTOpax

AuekceeB bopuc BacuiabeBuy, K.Q.-M.H., IoueHT Kadenpbl (QHU3NYECKOW XHMHH M BBICOKOMOJCKYISPHBIX COCIMHCHHH,
OI'BOY BO «Uysamckuii rocynapctBeHHbll yHuBepeuTeT nmeHn V.H. YipsHoBay (428015, Poccus, . Uebokcappl, MOCKOBCKUIA Mp-T,
1. 15). E-mail: a402539@yandex.ru. Scopus Author ID 7005563886, ResearcherID GNO-9997-2022, SPIN-kox PUHIL] 7478-3333,
https://orcid.org/0000-0003-1971-0806

®enoroB BiagnciaB XapuToHOBHMY, K.X.H., JOLEHT Kadeapsl (HU3NYECKOW XUMHUH U BBICOKOMOJIEKYJISIPHBIX COCIUHEHHI,
OI'bOY BO «Uysarickuii rocynapctenHblid ynusepeuter numenn W.H. VibsnoBa» (428015, Poccust, . UeGokcapbl, MOCKOBCKHIA TP-T,
n. 15). E-mail: fvh@inbox.ru. Scopus Author ID 8863837600, ResearcherID B-6529-2017, SPIN-xox PUHII 5111-9580,
https://orcid.org/0000-0001-8395-6849

Koabnor Hukounaii BanoBu4, 1.X.H., podeccop, 3aBenyomunii kadeapoit Gunyeckoil XMMHN 1 BBICOKOMOJIEKYISIPHBIX COSIMHEHHI,
OI'BOY BO «Uysackuii rocynapcTBeHHbli yHuBepcuteT nmenn M.H. VibsHoBa» (428015, Poccnst, . YeGokcapsl, MOCKOBCKHUI TIP-T,
n. 15). E-mail: koltsovni@mail.ru. Scopus Author ID 7003771176, ResearcherID O-1354-2017, SPIN-kon PUHII 4229-2226,
https://orcid.org/0000-0003-2264-1370

Translated from Russian into English by N. Isaeva
Edited for English language and spelling by Dr. David Mossop

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):531-539 539


mailto:a402539@yandex.ru
https://orcid.org/0000-0003-1971-0806
mailto:fvh@inbox.ru
https://orcid.org/0000-0001-8395-6849
mailto:koltsovni@mail.ru
https://orcid.org/0000-0003-2264-1370

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2025;20(6):540-554 ISSN 2686-7575 (Online)

Chemistry and technology of organic substances

XMUS N TEXHONOINS OPraHNYeCKUX BELLLECTB

UDC 66.092-977,544.473

https://doi.org/10.32362/2410-6593-2025-20-6-540-554 S)sy |
EDN NAQGZO
RESEARCH ARTICLE

Synthesis of methanol from gaseous products
of pyrolysis of sewage sludge
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Abstract

Objectives. To study the influence of compositional variability (different ash and organic matter contents) of sewage sludge on the
characteristics of synthesis gas (syngas) and to determine the yield of products in the entire chain of conversion of sewage sludge
to methanol through the stage of syngas production by two-stage pyrolysis.

Methods. Syngas was produced by a two-stage pyrolysis method. After heating sewage sludge from 20 to 1000°C in an oxygen-free
medium, heterogeneous thermal cracking of the volatile products was carried out in a biochar medium at 1000°C. The syngas was
converted to methanol on a CuZnAl catalyst in an isothermal flow heat-pipe reactor at a feedstock feed rate of 600 h™!, an internal reactor
pressure of 5 MPa, and temperatures in the catalyst bed of 205, 215, and 225°C. The resultant syngas having a CO, content of less than
0.5 vol % and a H,/CO ratio of 1.8 was used as feedstock for methanol production.

Results. The experimental studies of syngas production from sewage sludge demonstrated the active formation of syngas during two-
stage pyrolysis in the temperature range of 140-600°C regardless of the ash content of the sludge. The H,/CO ratio in the syngas
produced by two-stage pyrolysis of sewage sludge was shown to depend on the H/O atomic ratio in the sludge composition. Crude
methanol was obtained at maximum yield and purity at a temperature of 225°C in the catalyst bed. The overall conversion of carbon
monoxide was 43.6%.

Conclusions. Variability in the composition of sewage sludge significantly influences quantitative parameters to a large extent in terms
of the specific volume yield of syngas and insignificantly terms of its composition. No qualitative influence was exerted by the difference
in the types of sewage sludge on syngas production. The experimental studies showed that 1 kg of sewage sludge with a relative moisture
content up to 5 wt % can produce 1.1 nm? of syngas and a further 220 g of pure methanol.
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AHHOTaUuus

HCJII(I. I/ICCJ'ICZ[OBaTI) BJIMSAHHUE HCIIOCTOAHCTBA COCTaBa (pa3J’[I/I‘{HOC COCPIKAHUE 30JIbHOCTU U OpFaHquCKOﬁ ‘{aCTI/I) ocajJika CTOYHbIX
BOJI (OCB) Ha XapaKTEPUCTUKU CUHTE3-ra3a, OIPECACIINTh BIXOA ITPOAYKTOB BO BCeit LCIIOYKE HpeBpaH_[eHI/Iﬁ ocCaJika CTOYHBIX BOJ B M€-
TaHOJI 4EPE3 CTAAUIO [IPOU3BOACTBA CUHTE3-Ira3a METOAOM Z[ByXCTaZ[PIfIHOFO UpoJImr3a.

MeTtoabl. CuHTe3-Ta3 OBLT MOMYyYSH METOIOM JIBYXCTaIUIHOTO MTUPOJIH3a, 3akimtodarommmMcs B Harpeee OCB ot 20 mo 1000°C B Gec-
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1000°C. KonBepcust cuHTe3-ra3a B MeTaHol npoxoamna Ha CuZnAl-karanus3aTope B IPOTOYHOM H30T€PMHIECKOM PEAKTOPE Ha TETlIo-
BBIX Tpy6ax ¢ 0ObeMHON CKOPOCTBIO Mosiady chipbs 600 u™!, mpu japneHuy BHYTpH peaktopa 5 MIla, Temneparypax B clloe KaTaju-
3atopa 205, 215 n 225°C. B kadecTBe ChIpbs ISl NPOU3BOJICTBA METaHoa ObLT UCTIONB30BaH CUHTE3-ra3 ¢ copepxkannem CO, Menee
0.5 06. % n ornomenuem H,/CO, papnbv 1.8.
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temneparyp 140-600°C. Ornomenne H,/CO B cunTe3-rase, NpOM3BENEHHBIM METOIOM AByXCTaauiHoro nupommsa OCB, 3aBuceno
ot aromHoro otHoueHust H/O B cocTaBe ocaaka. MakcUMaIbHBII BBIXO/ M YHCTOTA METaHOIA-ChIPLa ObUTH MOJIYYEHBI IPH TEMIIEparype
B cII0€ Karanu3aropa pasHoi 225°C. Ob6mias KoHBepcus OKcuaa yriaepoaa cocrauiaa 43.6%.

BeiBoasl. HenocrostHeTBO cocraBa OCB BIMsUI0 HAa KOIMYECTBEHHBIE TIOKA3aTeIN B 3HAYUTEIBHON CTEIICHH 110 Y/IeIbHOMY 00bEMHO-
MY BBIXOJy CUHTE3-Ta3a U HE3HAUMTEIBHO 110 €ro cocTaBy. KaueCTBEHHO Ha NMPOTEKaHUE Mpollecca MOMyUeHHs CHHTEe3-ra3a pa3indue
B Buax OCB BiauaHuS He OKa3bIBajo. Pe3ynbTarsl SKCIIepUMEHTANBHBIX HCCIeJOBaHUHN MoKa3anu, 4yTo U3 1 kr OCB ¢ oTHOCHTENbHOH
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INTRODUCTION

The 2015 Paris Climate Agreement aims to limit
global temperature rise to 1.5-2°C above pre-industrial
levels [1]. This is to be achieved primarily by reducing
greenhouse gas emissions (CH, and CO,), of which
Russia, along with China and the USA, is a leading
producer [2, 3]. CO, emissions can be reduced by
partially replacing fossil fuels with carbon-neutral ones,
e.g., biomass [4, 5].

In recent years, Russia has been actively
developing a Gas-To-Liquid (GTL) technology for
producing synthetic liquid hydrocarbon products. The
main stages of this technology are the production of
synthesis gas (syngas) and its catalytic conversion
to motor fuel components [6]. In the classical

process, syngas is formed by steam reforming of
natural gas [7]. However, for catalytic conversion to
synthetic hydrocarbons, it is of no importance how
syngas is produced so long as it meets requirements
for composition, impurity levels, etc. In the carbon
footprint reduction paradigm, biomass can be used to
produce syngas using a two-stage pyrolytic conversion
method [8, 9]. An alternative to the conventional
Fischer—Tropsch process can be a two-stage catalytic
synthesis of liquid hydrocarbons in the first stage of
which syngas is catalytically converted to methanol,
which is then catalytically converted to components of
liquid motor fuels [10].

In this paper, sewage sludge is considered as
a feedstock for the production of syngas for the subsequent
synthesis of liquid hydrocarbons. Over 100 min m3
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of sewage sludge with an average moisture content of
96% is generated annually in Russia. After dewatering,
sewage sludge is transported from wastewater treatment
facilities (WWTFs) to sludge piles. This stage can often
mark the end of its useful life since its use as a fertilizer
in agriculture is limited by the presence of heavy metal
ions in its composition [11, 12]. In European countries,
more than 20 sewage sludge processing approaches are
used, including landfill, use as fertilizer, incineration,
pyrolysis, and others [13]. Despite limitations, the
primary use of sewage sludge is in agriculture; of the
thermal processing methods, incineration is the most
widely used [14]. Incineration can significantly reduce
sewage sludge volume while generating thermal energy,
but this is accompanied by such significant problems as
the formation of sulfur oxides [15]. In addition, thermal
energy cannot be transferred over long distances.
However, if sewage sludge can be converted to some
final or intermediate product that can be used, e.g., in the
chemical industry, then it is transformed from a liability
into an asset.

The aim of the present study is to investigate the
effect of variability in the sewage sludge composition on
the yield and properties of syngas, as well as to trace the
entire chain of conversion of sewage sludge to methanol,
an intermediate product of a two-stage catalytic synthesis
of liquid hydrocarbons.

MATERIALS AND METHODS

This study examined sewage sludge samples from three
different WWTFs in Russia: (1) Lyubertsy WWTF
(Moscow oblast); (2) Togliattikauchuk WWTF (Samara
oblast); (3) Almetyevsk WWTF (Republic of Tatarstan).
The samples consisted of a gray-brown, loose material
containing organic fiber impurities (Fig. 1).

Preliminary preparation of feedstock included
drying at a temperature of 105°C to reduce the relative
humidity to values not exceeding 3—5 wt %. Technical

@

analysis (determination of ash content 4, volatile
matter VM, and fixed carbon FC) was performed using
a NETZSCH STA 2500 Regulus thermogravimetric
analyzer (NETZSCH Group, Germany). The heating rate
of feedstock was 20°C/min. The elemental composition
(C, H, N, S) of the samples was determined using
a vario MACRO cube elemental analyzer (Elementar
Analysensysteme GmbH, Germany). The oxygen
content (O) was calculated as a residual. The higher
calorific value HCV was calculated from the elemental
composition data. Table 1 presents the results of the
technical analysis and elemental analysis of feedstock
samples on a dry basis.

Table 1. Characteristics of sewage sludge samples (dry basis)

Sample
Parameter | Unit of measure
1 2 3

C 27.33 14.88 3591
H 3.60 3.31 5.15
N 3.59 1.76 6.33
S o 1.26 0.78 0.86
0 wt% 1834 | 2821 | 24.03
A 45.88 51.06 27.72
FC 9.74 5.70 13.23
VM 4438 43.24 59.05
HCV MlJ/kg 11.11 6.21 16.12

Conversion of sewage sludge samples into syngas
by two-stage pyrolysis was performed in a laboratory
setup described previously [16]. The method involved
heating the feedstock (sewage sludge) from room
temperature 20°C to 1000°C at a rate of 10 deg/min
in an oxygen-free medium (pyrolysis). The formed
volatile products passed through a thermal cracking
zone filled with biochar, a solid residue from the
pyrolysis of the same type of sewage sludge that

(©)

Fig. 1. Sewage sludge samples: (1) Lyubertsy WWTE, (2) Togliattikauchuk WWTF, and (3) Almetyevsk WWTF
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was present in the pyrolysis zone. The temperature
in the cracking zone was maintained at 1000°C
throughout the experiment. The volatile components
were decomposed by various chemical reactions to
form syngas. Biochar was previously obtained by
pyrolysis of sewage sludge to 1000°C. The biochar
layer height in the cracking zone was identical for all
sewage sludge samples and was 10 cm. The relative
moisture content of the feedstock samples did not
exceed 1%. The syngas composition was determined
using a Vario Plus Industrial flow gas analyzer
(MRU, Germany) after sampling from a gas holder
(NPF Politekhnika, Russia) in which the syngas
was collected during the experiment. The volume
was measured using a Shinagawa WS-1A gas meter
(Shinagawa Corporation, Japan); the specific volume
yield was determined as the ratio of the volume of
all syngas released from the sewage sludge to the
mass of the sample used in the experimental study.
The lower calorific value LCV of the syngas was
calculated using the volume fractions and the calorific
value of the combustible gas components under
standard conditions (20°C, 101.325 kPa) using the
formula

LCV=102-(11.78 - [CO] + |
+10.05 - [H,] +33.367 - [CH,]), M
where [CO], [H,], and [CH,] are the contents of the
respective gases in the mixture, vol %.

Crude methanol was synthesized from syngas in
an isothermal catalytic heat-pipe reactor (R-1) [17].
Syngas was fed into the flow-through methanol
synthesis reactor at a flow rate of 60 L/h from a cylinder
in which a mixture of the desired composition had been
previously prepared (Table 2). The volumetric syngas
feed rate was 600 h™!. The content of CH,OHandH,Oin
the raw methanol was determined chromatographically
using the NetChrom hardware and software system
(NPF META-KHROM, Russia); the content of dimethyl
ether (DME) was measured using a Model 3700
chromatograph (KHROMATOGRAF, Russia); the
content of trace impurities in methanol was determined
chromatographically using a Khromos GKh-1000
chromatograph (at the laboratory of Khromos,
Dzerzhinsk, Nizhny Novgorod oblast, Russia). The
volumetric composition of the syngas at the outlet of

the R-1 reactor was measured using an MRU Vario Plus
Industrial gas analyzer.

To evaluate the methanol synthesis efficiency, the
following metrics were calculated.
1. Overall CO conversion K, %:

CcO -100
K, = [COlreact >3 -100%, 2)
G-[CO]. -——
(€O 24.04
where [CO],,, . is the mass flow rate of reacted

CO, gh; [CO],, is the CO content of the
feedstock, vol %; 28 is the molar mass of CO, g/mol;
24.04 is the molar volume of CO at a temperature
of 20°C, L/mol; and G is the volume flow rate of
syngas, L/h.

2. Carbon efficiency of CO conversion to methanol,
K, %:

12
[CH3OH] >
K, = -100%, ©)

12
[Co]in,m ) ?8

where [CH;OH]J; .~ is the mass of methanol
formed, g; [CO]injm is the mass of the initial
carbon monoxide, g; 12 is the molar mass
of carbon, g/mol; and 32 is the molar mass of
methanol, g/mol.

3. Carbon efficiency of CO conversion to DME, K, %:

12
H6O]f0rrn ’ R
K3 = B -100%, 4)
[Co]in,m ) ?8

where [C,H O]y, is the mass of DME formed, g.
4. Carbon efficiency of CO conversion to CO,,
K, %:

12

[COZ ]foml a
K4=—12‘100%, &)

[Co]in,m %

where [CO,]¢ - is the mass of carbon dioxide
formed, g.

Table 2. Composition of syngas fed to methanol production reactor, vol %

co H, co,

N, CH, Total

34.30 61.95 0.40

2.70 0.65 100
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Table 3. Conditions of experimental studies of the synthesis of components of liquid motor fuels from syngas

Parameter Unit of measure Reactor R-1
Temperature inside reactor °C 205, 215, 225
Pressure inside reactor MPa 5
Volumetric feedstock feed rate h! 600
Feedstock - Syngas
Catalyst - Cu0O-ZnO/Al, O metal oxide catalyst (GL-7, Siid-Chemie, Germany)
Catalyst properties - Loading 100 cm?, fraction 1.5-2 mL
Catalyst bed height mm 221

Table 3 presents conditions of experimental studies
of the synthesis of methanol from syngas.

RESULTS AND DISCUSSION

Feedstock properties

Asasecondary biomass, sewage sludge has characteristics
related to its origin. For all types of sewage sludge, the
ash content varies from 28 to 57 wt %, the volatile matter
content is 38—60 wt %, and the fixed carbon content is
3—11 wt % [15]. The total carbon content of sewage
sludge, recalculated on an ash-free basis, is on average
approximately 50%, which is comparable to the carbon
content of sawdust (53 wt % [18]), and slightly lower than
that of lignite (65-70 wt % [18, 19]). This fact allows for
a higher calorific value of sewage sludge (on a dry basis)
of22 MJ/kg. In comparison, the corresponding parameter
for wood sawdust is in the range of 18—-20 MJ/kg; that of
rice husks, 15-16 MJ/kg; lignite, 11.8-21.9 MJ/kg [15].

The samples taken for analysis in this study were
typical representatives of sewage sludge. Sample 3
stood out from the previously presented ranges in terms
of its ash, volatile matter, and fixed carbon contents. In
particular, its fixed carbon content FC was 2.2% higher
than the typical range (Table 1). Among the samples,
were included a high-ash sample (51.06 wt %, sample 2)
and a sample with an ash content close to the lower limit
of the typical range (27.72 wt %, sample 3), indicating
different organic matter contents in the samples.

Based on the composition of the syngas, the main
elements determining its H, and CO contents were
carbon, oxygen, and hydrogen. Sample 3 had the
highest volatile carbon content (the difference between
total C and FC) at 22.68 wt %, as well as the highest
contents of volatile components and hydrogen, the

lowest ash content, and a slightly lower oxygen content
as compared with sample 2 (Table 1). Therefore, under
identical experimental conditions, this sample was
expected to produce the maximum syngas volume.
In comparison with sample 1, sample 2 contained less
volatile carbon (9.18 vs 17.59 wt %), but more oxygen
(28.21 vs 18.34 wt %). Since the contents of volatile
components and hydrogen for these two samples were
very close (Table 1), at that stage, it was impossible to
predict which of samples 1 and 2 would give a higher
syngas yield.

Syngas production

Figure 2 shows the dependence of the specific volume
yield of syngas and its formation rate (the temperature
derivative of the specific volume yield of syngas) on the
temperature in the pyrolysis zone for three sewage sludge
samples. Syngas production began at a temperature of
140-160°C, which was due to the release of physical
moisture from the samples and the subsequent formation
of syngas in the cracking zone filled with biochar
according to the reaction

H,0 + C = H, + CO. (6)

The intense release of syngas from sample 1 was
in the temperature range of 160-600°C; from sample 2
at 150-600°C; from sample 3 at 140-600°C. Since
sample 3 had the maximum content of organic matter
among the considered sewage sludge, the earlier (lower-
temperature) release of syngas from this sample may be
associated with the presence of lighter compounds—for
example, methanol—in the volatile products [20]. For
sample 1, the peak rate of syngas formation was observed
at a temperature of 375°C; for sample 2 at 345°C; for
sample 3 at 347°C. Thus, regardless of the mineral
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matter content of the sewage sludge, the maximum
rate of syngas release was in the temperature range of
340-380°C; by the time a temperature of 600°C was
reached, the intense release of syngas had ended. It was
shown in [21] that, in the composition of the volatile
products of pyrolysis of sewage sludge, the mass of
pyrolysis liquid consisting of water and organic matter
in the temperature range of 200-600°C is four times
larger than the mass of the formed incondensable gases.
For this reason, the main feedstocks for syngas from
the composition of the volatile products of pyrolysis
are tars and water. The maximum rates of formation of
tars and water are in the temperature ranges of 300-350
and 290-380°C, respectively [21]. Pyrolysis tars contain
oxygen-containing compounds (the main ones are acids,
ketones, phenols, alcohols, saccharides), aromatic
and aliphatic hydrocarbons, and nitrogen-containing
compounds (nitriles, pyridines, pyrroles, amines,
amides) [22]. All of these are converted to syngas during
thermal cracking. The higher the organic matter content
of sewage sludge, the higher the mass yields of water and
tars, and the higher the specific volume yield of syngas.
Sample 3 had the maximum organic matter content,
which favored the maximum specific volume yield of
syngas among the samples studied. Sample 2 had the
maximum ash content, which affected the quantitative
characteristics of the syngas (Fig. 2).

Figure 3 shows the results of thermogravimetric
analysis (TGA) of sewage sludge samples 1-3 in an inert
medium in the temperature range of 150-900°C. The
intense release of volatile products from these samples
began at 200°C. The end of the range of active mass
loss of the samples was at 550 + 5°C. The two peaks in
the rate of mass loss occurring at 290 and 340°C within
this temperature range for sample 3 were associated
with the decomposition of hemicellulose and cellulose
components in the sewage sludge [23]. For sample 1,
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Fig. 2. Specific volume yield and formation rate of syngas
from sewage sludge samples 1-3 vs temperature
in the pyrolysis zone

in the temperature range of hemicellulose decomposition,
a shoulder was observed in the range of 294-314°C. This
was a combination of several peaks responsible for the
decomposition of complex organic compounds with
different temperatures of the onset of destruction. The
second peak was observed at 344°C, which is within
the temperature range of cellulose decomposition [23].
For sample 2, the first peak was observed at 299°C with
a shoulder in the range of 329-340°C instead of the
second peak. For samples 1 and 2, in the temperature
ranges of 394-464°C and 399-419°C, respectively,
a shoulder-like structure was also observed on the mass
loss rate curve. Due to the overlapping peaks of several
reactions, the peak for sample 3 had a shoulder structure
over a wide temperature range. Lignin, which is also
present in the sludge, is known to actively decompose in
this temperature range [24, 25]. Sewage sludge samples
were studied by thermogravimetric analysis at different
heating rates [26]. According to the presented data, the
presence of shoulders on the mass loss rate curve of
sewage sludge samples is a typical pattern.

The presence of peaks in the temperature range of
715-750°C for samples 1-3 (Fig. 3) may be due to the
decomposition of inorganic carbonates, which are actively
formed at temperatures up to 700°C by the interaction
of CO, from volatile pyrolysis products with CaO from
the sewage sludge ash [27, 28]. At temperatures above
700°C, the reverse reaction of CaCO; decomposition
to form CO, occurs [29]. Sample 2, which had the
maximum ash content, had the highest peak of the mass
loss rate in this temperature range.

The TGA results for the sewage sludge samples
under study (Fig. 3) correlated well with the results of
measurements of specific volume yields and calculations
of syngas formation rates for these samples (Fig. 2). The
highest syngas formation rate among the studied samples
was obtained for sample 3, which exhibited the highest
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Fig. 3. Results of thermogravimetric analysis of sewage sludge
samples 1-3: mass loss (left) and mass loss rate (right)
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mass loss rate during thermogravimetric analysis. The
data for samples 1 and 2 similarly agreed. The temperature
range of intense syngas production for all three samples
was 140-600°C, while the range of intense mass loss
during thermogravimetric analysis was determined to be
200-550°C. The difference in the earlier onset and later
end of the syngas release in comparison with the TGA
data was explained by the difference in the masses of the
samples used for the two types of analysis (10-20 mg
for TGA vs 10-15 g for experimental studies), as well as
by a small time delay in the determination of the volume
yield of syngas in the gas meter in comparison with the
measurement of the temperature inside the pyrolysis
zone during the experimental study. It is worth noting the
increase in the syngas formation rate for samples 2 and 3
at temperatures of 789 and 761°C, respectively (Fig. 2).
A fourth peak of the mass loss rate observed in the
temperature range of 670-800°C was associated with
the formation of CO, by the decomposition of inorganic
carbonates. During thermal cracking in the presence of
carbon, CO, was actively converted to CO. It has been
shown that H, formation actively increases at a sewage
sludge pyrolysis temperature above 550°C with the peak
occurring at 680°C [21]. Furthermore, throughout the
heating of the sewage sludge sample in an oxygen-free
medium, the volatile products contained water with one
of the peaks of its formation rate at a temperature of
710°C. According to reaction (6), water is converted to
syngas by thermal cracking in a charcoal medium. All
these circumstances led to the increase in the syngas
formation rate for samples 2 and 3 in the temperature
range of 760-790°C.

Production of syngas from sewage sludge with
an ash content of 22.7% by two-stage pyrolysis was
studied [30]. The results were identical to those obtained
in the present study: the intense release of syngas
continued up to 570°C. The two-stage pyrolysis method
was applied to plant biomass [31]. The results showed
that the temperature range of intense release of syngas
from plant biomass was 200—480°C.

Table 4 presents the main characteristics of the syngas
obtained from three types of sewage sludge. The key
parameters of the syngas that must be taken into account
for its further conversion to liquid products are the
H,/CO ratio and the specific volume yield. For all three
sewage sludge samples, the H, and CO contents were
in the ranges of 57-60 and 3741 vol %; this indicates
the sufficient homogeneity of the syngas composition
regardless of the different origin of the sewage sludge
and the organic matter content. In addition, the syngas
from all three sludge samples had a lower calorific value
of 12 MJ/nm3, a CO, content less than 0.5 vol %, and
a CH, content less than 1 vol %. The organic matter
content of sewage sludge determines the specific volume

yield of syngas: for sample 3, this metric was maximum,
while for sample 2, it was minimum, which correlates
with the mineral matter contents of these samples.

Table 4. Characteristics of syngas obtained by two-stage
pyrolysis of sewage sludge

Unit Sample
Parameter of measure
1 2 3

Specific volume yield m3/kg 0.8 0.7 1.1
H, 59.6 | 57.2 | 60.9
CcoO 39.2 | 41.6 | 379

vol %
Co, 0.4 0.5 0.2
CH, 0.8 0.7 1.0
H,/CO ratio - 1.5 1.4 1.6
Lcv MJ/m3 11 11 11

The H,/CO ratio was in the range of 1.4-1.6.
The maximum H,/CO ratio, as well as the maximum
H, content, was obtained for sample 3. It was assumed
and experimentally proven [32] that the H,/CO ratio in the
composition of syngas obtained by two-stage pyrolysis
depends on the H/O atomic ratio in the original biomass:
the higher the latter ratio, the higher the former. For the
sewage sludge samples used in this study, the H/O atomic
ratios were 3.1, 1.9, and 3.4, respectively (Table 1). The
data in Table 3 show that the H,/CO ratio was maximum
for sample 3 and minimum for sample 2. Based on the
obtained experimental data, it can be stated that the
assumption [32] is also valid for the sewage sludge
studied.

The total content of hydrogen and carbon monoxide
in the resulting syngas, as well as their ratio, depends on
the type of biomass processed. Two-stage pyrolysis of
various samples of primary and secondary biomass was
previously studied (Table 5) [30, 32]. Syngas produced
from wood biomass (sawdust, not bark) had an H,/CO
ratio close to 1. Syngas obtained by the thermochemical
conversion of birch and aspen bark had an H,/CO ratio
of more than 2. The behavior of secondary biomass
(chicken litter and sewage sludge) differs during two-
stage pyrolysis. Chicken litter has a specific volume
yield of syngas and an H,/CO ratio similar to those of
plant biomass (except for bark samples), whereas sewage
sludge has a lower specific yield, but a higher H,/CO
ratio (Table 4).
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Table 5. Characteristics of syngas obtained by two-stage pyrolysis of various types of biomass
Material Specific volume yield, m3/kg H,/CO Reference

Wood sawdust 1.3*% 1.1 [32]

Birch bark 1.3* 3.0 [32]

Aspen bark 1.3* 2.1 [32]

Chicken litter 1.2 1.2 [30]

*

Specific volume data are presented on a dry ash-free basis.
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Fig. 4. Mass balance of two-stage pyrolysis of sewage sludge
samples 1-3

Figure 4 illustrates the mass balance of two-stage
pyrolysis of samples 1-3. For each of the samples, the
left column represents the sum of the mass of the test
material in the pyrolysis zone and the mass of charcoal
in the cracking zone before the experiment. The right
column shows the mass distribution of the two-stage
pyrolysis products relative to the total mass of the
materials before the experiment. The discrepancy in
the mass balance is due to the error of the measuring
instruments (scales, gas meter, flow gas analyzer), as
well as the unaccounted-for mass of pyrolytic carbon
deposited on the inner surface of the reactor during
the homogeneous cracking of volatile products, which
occurs simultaneously with the heterogeneous cracking
in the biochar medium in the high-temperature region.
However, this discrepancy does not exceed 4.2%. In
addition, during the thermal cracking of the volatile
products of sewage sludge pyrolysis, nitrogen- and
sulfur-containing components are present in the
syngas [33]. While this study did not determine
nitrogen and sulfur dioxide impurities in the syngas,
these factors could also have contributed to the mass

balance discrepancy. The resulting syngas contained
no liquid fraction, indicating complete conversion of
all volatile pyrolysis products to syngas. Thus, unlike
conventional methods of syngas tar removal (using
cyclones, filters, and scrubbers), two-stage pyrolysis
technology preserves the chemical energy contained
in the tars, converting it to the calorific value of the
syngas.

Methanol synthesis

The error in the volume content of components during
the preparation of the gas mixture in the cylinder
is 15%. Syngas obtained from sample 3 was used for the
preparation of the mixture. Taking into account the error
in the component contents, the H,/CO ratio in the syngas
mixture from the cylinder used for methanol synthesis
was overestimated at 1.8.

Figure 5 presents the composition of the methanol
synthesis products. The mass yield of crude methanol
was 9.6, 10.3, and 12.3 g/h at catalyst bed temperatures
of 205, 215, and 225°C, respectively.

The syngas leaving the methanol synthesis reactor
had lower contents of carbon monoxide and hydrogen,

00 03 0.3 0.4
90 | Ay 0s 20.2
= 804 08 09—t}
s 709 % 34
2 60 I H,0
= ] CH;0H
5 50 / [ DME
S 40 CICH
o 4
= 5
2 30 //5@ EZN,
E ) =3 CO,
O 29.4 28.9 275 |ZJH,
10 4 C31CO
0 : . .
205 215 225

T,°C

‘ Fig. 5. Composition of methanol synthesis products
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which were consumed in the main reaction of methanol
synthesis:

CO+2H, — CH;OH. 7

The H,/CO ratios in the gas mixtures also decreased
to 1.71, 1.69, and 1.61, respectively, at different catalyst
bed temperatures. The carbon dioxide content increased
in comparison with that in the feed gas due to the water-
gas shift reaction

CO+H,0 - CO,+H,. ®)

Nitrogen and methane were ballast gases and
did not participate in the chemical reactions. Therefore,
their volume flow rates remained unchanged, but their
contents in the effluent increased due to some of the
syngas being converted to methanol. This led to an

Table 6. Microimpurities in methanol, wt %

overall decrease in the volume of reaction products. In
this case, DME was a byproduct formed by the methanol
dehydration reaction

2CH;0H — CH,0CHj, + H,0, ©)

which reduced the methanol yield. With increasing
temperature inside the catalyst bed, the contents of
unreacted CO and H, decreased and the DME content
increased. At the same time, the methanol yield increased.
The maximum methanol yield (38.2% of the mass of the
synthesis products) was observed at a temperature inside
the catalyst bed of 225°C (Fig. 6a). At temperatures of
215 and 225°C, the crude methanol consisted of more
than 98.9% pure methanol (Fig. 6b).

Table 6 presents the contents of impurities in the
composition of methanol.

Temperature in catalyst bed
Component
T, =205°C T,=215°C T,=225°C
Acetaldehyde 0.20997 0.00457 0.03351
Formic acid 0.04779 0.01956 0.04226
Acetone 0.00073 0.00020 0.00176
Methyl acetate 0.00387 0.00145 0.00120
Ethanol 0.15065 0.08668 0.04937
Propan-1-ol 0.03830 0.02716 0.01452
n-Butanol 0.00583 0.00415 0.00175
Butan-1-o0l 0.03662 0.01756 0.01321
Acetic acid 0.00457 0 0
Total 0.50 0.16 0.16
Crude methanol 9H,0
[T Gas 1.97 107 1.06 H.OH
100 + 100+ / / \ (¢ 30
90 - / 904
S g0l < 80
z 2
= 70 = 70 A
£ 5
2 60 2 60
8 50 S 50| 9803 98.93 98.94
5 5
g 4041 01 68 61.8 g 409
g 30+ g 30
8 20 8 20
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0 ' ; : 0 : : .
205 215 225 205 215 225
T, °C T, °C
(a) (b)

| Fig. 6. (a) Mass balance of methanol synthesis and (b) the composition of crude methanol at various temperatures in the catalyst bed
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The impurity content of methanol decreased with
increasing catalyst bed temperature. The water, acetone,
formic acid, and ethanol contents of technical methanol
were monitored. After reducing the water, formic acid,
and ethanol contents, the resulting methanol can be
classified as technical grade B methanol in accordance
with GOST 2222-95'.

Figure 7 shows the dependence of the CO conversion
on the catalyst bed temperature. With increasing
temperature inside the catalyst bed, the conversion
of CO to CO, decreased, and the conversion of CO to
DME and methanol increased. The maximum overall
carbon monoxide conversion was 43.6% at a catalyst
bed temperature of 225°C. Currently, under industrial
conditions, the conversion of syngas to methanol in
a single pass does not exceed 20% [34].

The syngas from the cylinder that was used for
experimental methanol production studies had a higher
H,/CO ratio than that obtained experimentally from
sewage sludge (Tables 2 and 4, respectively). A decrease
in the H,/CO ratio in the syngas led to a decrease in the
CO conversion and, consequently, to a decrease in the
mass yield of methanol and to an increase in the content
of organic impurities [35].

The studies showed that, at a volumetric syngas
feed rate of 600 h™!, the maximum methanol yield and
maximum CO conversion to methanol were achieved at
a catalyst bed temperature of 225°C.

Currently, research is actively being conducted
worldwide into methods for producing methanol as an
intermediate product for the further synthesis of motor
fuels. However, in the context of decarbonization
policies, the focus of research has shifted toward the

1

production of biomethanol [36]. Depending on the
equipment design, all processes are divided into three
groups: high-pressure synthesis on Zn/Cr catalysts
(370-420°C, 20-35 MPa), low-pressure synthesis
on Zn/Cu/Cr or Zn/Cu/Al catalysts (210-270°C,
5-10 MPa), and synthesis in a gas—liquid—solid three-
phase system [34]. In addition, not only experimental
studies but also process simulation using various
software packages are actively conducted. For
example [37], the Aspen Plus software was used to
simulate the catalytic conversion of syngas to methanol
in a continuous stirred-tank reactor at a temperature of
270°C and a pressure of 40 bar. The simulation results
showed that hydrogen recycle to the system provided
an increase in methanol production by 50.4% in
comparison with the results of the process without H,
recycle. The conversion of CO, CO,, and H, was 50.4,
99.8, and 100%, respectively. One of the feedstock
options for methanol production is syngas mixed from
separately produced hydrogen and CO, captured from
locally available point sources. In this regard, studies
are being conducted to assess the role of CO and CO,
in the methanol synthesis reaction catalyzed by Cu. It
has been shown [38] that the rate of methanol synthesis
from CO, is more than an order of magnitude higher
than the rate of synthesis from CO, which helps to
substantiate that CO, is a direct source of carbon for
methanol on a Cu-containing catalyst. The role of CO
is to bind water formed during methanol synthesis to
form CO, via the water-gas shift reaction. Typically,
to initiate the reaction of methanol production from
syngas, the CO, content in the gas mixture must be at
least 5 vol %. A method for increasing methanol yield

GOST 2222-95. Interstate Standard. Technical methanol. Specifications. Moscow: Izdatelstvo standartov; 2000, 19 p. (In Russ.).
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by creating a cascade of three flow-through catalytic
reactors was presented [39]. Syngas unreacted in the
first reactor is fed to the second, then to the third. At
each stage, crude methanol is collected.

In the present study, the results of which are presented
above, the syngas used for conversion to methanol had
a CO, content of 0.4 vol % (Table 2). The novelty of
the obtained results is determined by the apparent lack
of publicly available publications on methanol synthesis
from syngas at a low CO, content (less than 0.5 vol %).
The use of sewage sludge as a feedstock for methanol
production further underlines the relevance of the
research.

CONCLUSIONS

The results of the experimental studies presented in this
study confirm that sewage sludge is a suitable feedstock
for methanol synthesis. Regardless of the ash content
of the sewage sludge, intense syngas production by
two-stage pyrolysis began at 140°C and continued
until 600°C. The pattern of syngas formation from the
sewage sludge samples under study correlated well with
the results of their thermogravimetric analysis. With
increasing ash content of the samples, the specific volume
yield of syngas decreased. The H,/CO ratio in the syngas
obtained by two-stage pyrolysis from the sewage sludge,
as well as that obtained from plant biomass, depended
on the H,/O atomic ratio in the sludge. The sample with
the lowest H,/CO atomic ratio yielded syngas with the
lowest H,/CO ratio. The same analogy was observed
for the sample with the highest H,/O atomic ratio. Thus,
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Abstract

Objectives. Among the materials used for embolization, liquid embolizing agents based on solutions of biocompatible polymers attract
particular interest. Such compositions are capable of targeting and reliably occluding a branched vascular network by forming solid emboli
directly in the patient’s body. The safety and effectiveness of such materials are determined by the stability of the initial composition and
the resulting emboli. This article presents a long-term study of the stability of embolizing solutions of a polymer (cellulose diacetate) and
a radiopaque additive iohexol in dimethyl sulfoxide, as well as emboli based thereon, in aqueous media.

Methods. The stability of the initial solutions exposed to 60°C for 45 days (“accelerated aging” corresponding to three years of storage
at 23 +2°C) was studied by rotational viscometry using a Brookfield DV2T RV rotary viscometer equipped with a working unit in the form
of two coaxial cylinders and by ultraviolet-visible spectrophotometry using a Cary 60 UV-Vis spectrophotometer. The long-term stability
of emboli in aqueous media was studied by gel permeation chromatography using a Gilson chromatograph (Japan) with refractometric
detection and by gas chromatography using an Agilent 6890N chromatograph with a DB-5MS column (30 x 0.25 x 0.5 pm), equipped
with an Agilent 5973 N mass spectrometric detector.

Results. During “accelerated” storage of cellulose diacetate and iohexol solutions in the dark, no changes in the viscosity coefficient
(0.268 + 0.0049 Pa-s at 25°C) and the quantitative content of bound iodine (50.1 + 1.0 mg/mL) were observed. However, when iohexol
solutions in dimethyl sulfoxide were stored under daylight, free iodine was separated in minor quantities. When emboli consisting
of cellulose diacetate were stored in an aqueous medium for eight years, the molecular weight of the polymer (60 kDa) remained
unchanged. The degradation products of cellulose diacetate, expected in the aqueous extract, were also absent.

Conclusions. The model embolic composition consisting of cellulose diacetate and iohexol in dimethyl sulfoxide is stable when stored
in the absence of light. The as-formed solid emboli remain stable for at least eight years when stored in an aqueous environment.
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AHHOTaUuS

Hesu. Cpeut HCMONB3yeMbIX MAaTEPUAIOB [Tk SMOOIU3aIUK GOJIBIION HHTEPEC MPEICTABIISIOT KUIKAEC SMOOIU3UPYIOLINE areHTHI Ha OC-
HOBE PacTBOPOB OHOJIOIHYECKH COBMECTHUMBIX TOJTUMEPOB. Takie KOMIO3HIMH CIIOCOOHBI OCYIIECTBISITh HAJCKHYIO IPEIHAMEPECHHYO
OKKJTFO3HIO Pa3BETBIICHHOMN CoCyancTol cetn Oraromaps (JopMHpOBAHHIO TBEPAOr0 MO0 HETTOCPEICTBEHHO B OpraHu3Me namueHTa. Js
obecredens 6e30macHoCTd U 3QPEKTHBHOCTH TAKOTO MaTepHalia BaKHbI CTaOHIBHOCTh HCXOAHOTO COCTaBa M HTOrOBOro amobora. 1{esbto
PpaboTBI SIBISUIOCH JOITOBPEMEHHOE H3YUCHHE CTAOMIIBHOCTH SMOOIM3UPYOIIHX PACTBOPOB TTONHUMEpA ([IHaleTaTa [EJUTII03bI) i PEHTIe-
HOKOHTPACTHOM J00aBKH HOTreKCcoia B IMMETHIICY/Ib(OKCUIE, a TAKKE SMOOJIOB Ha X OCHOBE, BBIJICPIKAHHBIX B BOJTHOH cpele.

Mertoasl. MccnenoBanue cTaOMIBHOCTH HCXOIHBIX PACTBOPOB, BBIICP)KUBAEMBIX B TedeHHe 45 cyTok mpu teMneparype 60°C («ycko-
PEHHOE CTapeHHe», COOTBETCTBYIOIIEE TPEM rofaM XpaHenus rnpu 23 + 2°C), mpoBOAUIN METOJOM POTAI[OHHOI BUCKO3UMETPHHU Ha Po-
TalMOHHOM BHUCKo3uMeTpe Brookfield DV2T RV ¢ pabounm y3710M B BUJIE IBYX KOAKCHAJIBHBIX IIIHHAPOB H METOIOM CIIEKTPO(OTO-
METPHHU B YIbTPA(QHOIETOBOM M BUAMMON 00JacTIX cHekTpa Hpu romolnu crexrpodoromerpa Cary 60 UV-Vis. [lonroBpeMeHHYIO
CTaOMIBHOCTH YMOOJIOB B BOAHBIX CpEiaX MCCIEe0BAIN METOIOM TelIb-IIPOHUKAIOIISH XpoMarorpadun Ha xpomarorpade Gilson (Smo-
HUS) C pe()paKTOMETPUISCKUM JETEKTHPOBAHIEM M METOJOM ra30BOH xpomarorpaduu Ha xpomarorpade Agilent 6890 N ¢ konoHKoH
DB-5MS (30 x 0.25 x 0.5 MKM), CHa0XEHHBIM MacC-CHEKTPOMETPUIECKIM JIeTeKTopoM Agilent 5973 N.

Pesyabrarsl. [TokazaHo, YTO MPH «YCKOPEHHOM» XPaHCHHHM PACTBOPOB JHMAIeTaTa IEJUTIONO3bI U HOrekcosla B TEMHOTE He HaOIio-
nmanuchk m3MeHeHus kodddummenta Bsaszkoct (0.268 + 0.0049 Ila-c mpu 25°C) u KOMMUECTBEHHOTO COAEPKaHUS CBA3aHHOTO iona
(50.1 £ 1.0 mr/mi). OmHAaKO IPU XpaHESHUH PAaCTBOPOB HOTEKCONa B TUMETHIICYIb(OKCHIE ITPH €CTECTBEHHOM OCBEIICHUN OTIIETIISIICS
CBOOOHBIN MO B MasbIX KojnuecTBax. [Ipy XpaHeHHH SMOOJIOB, COCTOSIIMX M3 JHAlleTaTa LEeUIFONO03bl, B BOAHOH Ccpesie B TEUCHHUE
BOCBMH JICT, MOJICKYJIsIpHasi Macca nonumMepa (60 k/{a) He H3MEeHHIach. B BBITSDKKE BOIHOM CpeJibl Takyke OTCYTCTBOBAJIHM Mpe/roarae-
MbI€ TPOAYKTHI IECTPYKIIMN JUALETATa [EITIONO3BI.

BsiBoabl. MonenbHbIi SMOOTM3UPYIOMINI COCTaB, COCTOSAMINI U3 AUAIETATa LEJUTION03bl U HOTeKCona B TUMETHIICYAb()OKCHIE, SBIIA-
eTcsl CTaOMIIBHBIM NP XPaHEHNH B OTCYTCTBHHM cBeTa. CHopMHUpOBaHHBIE TBEPABIE SMOOINBI IPH XPAaHEHUH B BOAHOM CPelle OCTAIOTCS
cTaOWIBHBIME 10 KpalfHel Mepe B TeYeHUE BOCHMHU JIET.

KnioueBble cnosa Moctynuna: 14.03.2025
5MO0JM3ALHS, SMOOTU3UPYIONIHiL areHT, CTaGHIIbHOCTD, AIIETAT LEJLTION03bI, Horekcos, Aopa6oTaHa: 05.05.2025
AMMETHICYIbDOKCHL MpuHsaTta B neyatb: 11.11.2025
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On the stability of characteristics of cellulose diacetate solutions

Daria V. Nebesnaia,

with an iodine-containing radiopaque substance and solid emboli on their basis etal.

INTRODUCTION

Embolization ofblood vessels is defined as their targeted
blockage by specially injected substrates, referred to
as emboli [1, 2]. The objective of this procedure is to
obliterate a specified area of arteriovenous discharge
without compromising the circulation of normal
tissues. Embolic vascular closure can be performed
at any level, ranging from large arteries or veins to
capillaries [3].

Embolization represents a contemporary trend
in the management of a wide range of clinical
conditions, including angiodysplasia (congenital
vascular abnormalities), aneurysms, varicose veins,
etc. Moreover, embolization plays a pivotal role in the
treatment of oncological diseases, being an efficacious
method of preoperative preparation of patients for
subsequent surgical intervention with minimal blood
loss [4—7]. Such a procedure is minimally invasive,
which is a great advantage. The safety and effectiveness
of embolization depend primarily on the surgeon’s
experience, optimal technical equipment, and, to
a lesser extent, on the characteristics of embolizing
drugs [8].

Today, there exist various types of embolizing
agents [9, 10], including initially solid substrates (gel
foam, microparticles, etc.) and structures (spirals,
cylinders, occluders), or liquid agents. Among the
latter are sclerosing (ethanol, sotradecol, etc.) and
polymerizing (cyanoacrylates and other acrylic
monomers) substances as well as non-adhesive
polymer solutions that are converted into solid
emboli already in the patient’s body. These agents
offer significant advantages due to their capacity to
penetrate complex vascular branches, successfully
blocking blood vessels in the very center of the
vascular lesion without damaging these vessels.
As stated in [11], the primary components of such
formulations are biologically compatible elements,
namely polymer, water-soluble solvent, and
radiopaque substances.

The works [12—14] demonstrated the potential of
utilizing cellulose acetate—a natural and biologically
compatible polymer—as a polymer base for liquid
embolizing agents. Its clinical use in the composition
of liquid embolizing agents was described, e.g.,
in [15—17]. Dimethyl sulfoxide, a well-known nonpolar
aprotic solvent with anti-inflammatory, antioxidant, and
analgesic properties, is widely employed as a solvent
for such systems [18, 19]. The radiopaque component is
typically composed of a metal powder, most commonly
micronized tantalum particles [20, 21], or organic iodine-
containing substances, either aliphatic or aromatic in
nature [21, 22].

Metal powders ensure effective visualization
of the embolus; however, they are an insoluble
dispersed phase in a relatively low-viscosity polymer
solution. This phase is known to settle readily and is
distributed unevenly in the embolizing agent when
injected into a blood vessel, resulting in artefacts
during subsequent visualization of the embolus in the
patient’s body [20, 21]. Conversely, iodized aliphatic
derivatives demonstrate limited solubility in water
and are characterized by a gradual absorption rate
into the tissues of living organisms. However, when
administered in conjunction with dimethyl sulfoxide,
these derivatives exhibit the capacity to liberate
free iodine, a process that has been shown to exert
deleterious effects on living tissues [23-25]. For
comparison, commercially available aromatic iodine
derivatives are water-soluble substances, capable of
penetrating the extracellular space relatively easily
without causing significant complications [26]. In
view of that, we employed an iodinated aromatic
derivative as a contrasting agent for polymer solutions
in dimethyl sulfoxide, a method which provides
temporary radiopaque emboli.

When evaluating the efficacy of embolizing
pharmaceuticals, the stability of the initial liquid
formulation during storage and the behavior of the
emboli formed therefrom under conditions analogous
to those encountered within a living organism are
critical aspects. These parameters determine the
shelf life of the liquid embolizing agent and the
duration of contact of the hardened embolus with the
patient’s body. In light of this, our objective was to
study the long-term stability of solutions of cellulose
diacetate and iohexol in dimethyl sulfoxide, as well
as emboli formed on their basis, aged in an aqueous
medium.

MATERIALS AND METHODS

The research objects were solutions of Xeniton cellulose
diacetate (Institute of Pharmaceutical Technologies,
Russia) in dimethyl sulfoxide (chemically pure) (7ula
Pharmaceutical Factory, Russia) with the addition of
radiopaque substance 5-[acetyl(2,3-dihydroxypropyl)
amino]-N,N'-bis(2,3-dihydroxypropyl)-2,4,6-triiod-1,3-
benzenedicarboxamide (iohexol) (Zhejiang Haichang
Pharmaceutical Co., China), CAS 66108-95-0.
Modified polyethylene glycol-4000 (up to 4.5 wt %)
cellulose diacetate of the Xeniton brand with an average
molecular weight of M, = 60 + 2 kDa and an average
content of acetyl groups of 2.2 £ 0.1 mol/unit was used
as a polymer. The structural formulas of the repeating
unit of the polymer and the iohexol molecule are shown
in Fig. 1.
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‘ Fig. 1. Structural formulas of the main components of the studied systems: (a) cellulose diacetate unit; (b) iohexol

The research solutions were prepared by long-
term (2-3 days) dissolution of cellulose diacetate in
dimethyl sulfoxide at 23 + 2°C until a homogeneous
transparent solution was formed. After that, iohexol
was added to the solution upon thorough mixing.
The component ratio was polymer/iohexol/dimethyl
sulfoxide = 6 : 10 : 84 wt %. The resulting solutions
were purged with an inert gas (argon) or left in contact
with air, hermetically sealed and kept in a thermostat at
60.0 £ 0.1°C. The solutions were examined (each time
a new sample was taken) every 7.5 days for 45 days
by rheoviscometry using a Brookfield DV2T RV
rotary viscometer (Brookfield Corporation, Canada)
and ultraviolet—visible (UV-Vis) spectrophotometry
using a Cary 60 UV-Vis spectrophotometer
(Agilent Technologies, USA). In addition, the state of
iohexol in solutions kept in the natural diffused sunlight
was studied by UV—Vis spectrophotometry.

The as-obtained solutions were used to fabricate
emboli models by means of a 1-mL syringe without
a needle. The solution was compressed into
20-mL distilled-water buckets, which were obtained
via a water distilling apparatus. The exposure time
in water was approximately three days, with the
water being changed twice. Following a period of
three days, the resulting embolus was extracted and,
without undergoing desiccation in the atmosphere, was
subjected to a process of lyophilization. The resulting
dry embolus was crushed, dissolved in tetrahydrofuran
(Merck, Germany), and examined by gel permeation

Table 1. Sample lyophilization mode

chromatography. The aqueous medium from the embolus
was lyophilized; the resulting dry residue was dissolved
in n-hexane (LenReactive, Russia) and studied by gas
chromatography with mass spectrometry. Emboli for
long-term storage in an aqueous environment (for eight
years) were prepared using a similar method, although
without the addition of iohexol.

The viscosity characteristics of polymer and iohexol
solutions in dimethyl sulfoxide were determined
using a Brookfield DV2T RV rotary viscometer
equipped with a coaxial cylinder working unit
(Brookfield Corporation, Canada). The measurements
were carried out at a constant temperature of 25.0 £ 0.1°C,
maintained by a TC-505MX-230 liquid thermostat
(Brookfield Corporation, Canada), in the modes of
stepwise increase and decrease of the shear rate.

The concentration of bound iodine was determined
by UV-Vis spectrophotometry in accordance with
the established procedure [23]. Spectra were obtained
in quartz cuvettes within the wavelength range of
190-600 nm. Pure dimethyl sulfoxide was utilized as
a reference sample. For the purposes of analysis, the
initial solutions were subjected to dilution with dimethyl
sulfoxide, yielding concentrations of 0.25 mg/mL.

Freeze-dried emboli or aqueous media were obtained
using a Harvest Right freeze dryer (USA). For the
purpose of lyophilization, the samples were subjected
to a freezing process followed by drying; the process
was executed in accordance with the scheme described
in Table 1.

Stage 2 3 4 5 6
Temperature, °C —40 —20 ) 0 10 20
Vacuum pump on/off + + + + +
Time, h 5 5 10 10 6
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The molecular mass characteristics of the emboli
polymer were studied by gel permeation chromatography
using a Gilson chromatograph (Japan) with refractometric
detection. The analysis was performed at a temperature of
25°C in tetrahydrofuran with a flow rate of 1.0 mL/min. To
separate and identify polymer fractions, an Agilent PLgel
5 pwm MIXED B column (separating capacity
500-3000 kDa) was used, which was calibrated according
to polystyrene standards with molecular weights of 2940,
10110, 28770, 74800, 230900, and 1390000 g/mol and
a polydispersity index of less than 1.12. A solution of
embolus lyophilizate in tetrahydrofuran with a polymer
concentration of 0.7—10 mg/mL was prepared for analysis.

Gas chromatography experiments were
performed using an Agilent 6890N chromatograph
(Agilent Technologies, USA) with a DB-5MS column
(30 x 0.25 x 0.5 um) equipped with an Agilent 5973 N
(gas chromatography—mass spectrometry, GC-MS)
mass spectrometric detector. Helium was used as the
carrier gas, with a feed rate of 1 mL/min. Injection was
carried out at 250°C. A solution of aqueous lyophilizate
over an embolus in n-hexane with a lyophilizate
concentration of 1 mg/mL was prepared for analysis.

RESULTS AND DISCUSSION

At the first stage of analysis, we investigated the stability
of the initial solutions of the polymer with iohexol
in dimethyl sulfoxide. The control was carried out
according to two main indicators—the dynamic viscosity
of the solutions and the content of bound iodine in these
solutions. It was previously shown that all the studied
solutions exhibit Newtonian flow under the conditions
studied and can be characterized by a constant coefficient
of Newtonian viscosity.

Characteristic dependencies of the Newtonian
viscosity coefficient (0.268 + 0.0049 Pa-s at 25°C) and
the bound iodine content (50.1 £+ 1.0 mg/mL) are shown
in Fig. 2. It can be seen that exposure for at least 45 days
at a temperature of 60°C does not lead to changes in
these parameters. In other words, the studied solutions
of polymer with iohexol in dimethyl sulfoxide are stable
under the conditions of exposure to a thermostat (in the
dark). The contacting gaseous medium (argon or air) had
no effect on the results. According to GPM 1.1.0009.15',
for climate zone II, this corresponds to three years of
storage under natural conditions (25°C at a relative
humidity of 60%).

Conversely, our preliminary observations indicated
that iohexol solutions in dimethyl sulfoxide exhibit

a yellowing tendency in the presence of light over
time (a phenomenon not observed when stored in
the dark). The investigation focused on the behavior
of iohexol solutions in dimethyl sulfoxide, utilizing
UV-Vis spectrophotometry (Fig. 3). The study revealed
the separation of a minimal amount of iodine during
a week-long storage period in natural ambient light. It is
possible that iodine is converted into an inorganic form,
which can be assessed using inversion voltammetry [27].
Consequently, the storage of embolizing formulations
with iohexol should be conducted in a dark environment,
avoiding exposure to light.

n, mPa-s ¢ (Iyong)» mg/mL
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Fig. 2. Dependencies of the dynamic viscosity coefficient 1 (/)
and the content of bound iodine ¢ (2) on exposure duration
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Fig. 3. Typical UV-visible spectra of iohexol solution
in dimethyl sulfoxide under storage in the light
for 0 (1), 6 (2), and 24 days (3)

At the second stage of the work, we obtained
solid emboli from polymer solutions in water and
investigated their stability during long-term exposure to
an aquatic environment. The differential curves of the
molecular weight distribution calculated on the basis of
chromatograms are shown in Fig. 4.

I GPM 1.1.0009.15. Expiration dates of medicines. The State Pharmacopoeia of the Russian Federation, 13th edition (SP RF XIII). URL: https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-13/1/1-1/1-1-9/sroki-godnosti-lekarstvennykh-sredstv/. Accessed September 24, 2025. (In Russ.).
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Fig. 4. Characteristic differential molecular weight distribution
curves M, for the original polymer (/) and the polymer aged
in water for eight years (2)

All the distributions obtained are monomodal,
which makes it possible to calculate the values of the
number-average molecular weight M, and weight-
average molecular weight M , as well as the ratio
M, /M, (Table 2). Figure 4 and Table 2 show that the
molecular weight distributions are almost identical,
with the average molecular weights and polydispersity
coefficients M, /M, being close. This finding indicates
a negligible degradation of cellulose diacetate in the
aquatic environment over a period of eight years

Furthermore, we employed the GC-MS method to
analyze the aqueous medium from samples of the same
emboli. A typical GC-MS chromatogram is shown

in Fig. 5; the analysis of the results using the NIST?
GC-MS database revealed the presence of 2-pentanone
(degree of coincidence 98.0%), dimethyl sulfone
(degree of coincidence 92.8%), and glycerin (degree
of coincidence 91.2%) in the sample. At the same time,
the expected degradation products of the polysaccharide
chain were absent. It can be argued with a certain
degree of confidence that 2-pentanone and glycerin can
be considered as products of thermal degradation of
polyethylene glycol, a modifier of cellulose diacetate,
and dimethyl sulfone as a product of the transformation
of a solvent, dimethyl sulfoxide, from which emboli are
formed.

A significant increase in storage time does not lead
to fundamental changes in the observed pattern. Thus, it
appears safe to conclude that cellulose diacetate exhibits
long-term stability (for at least eight years) when exposed
to an aqueous medium.

CONCLUSIONS

Our study has addressed the stability of cellulose
diacetate and iohexol solutions in dimethyl sulfoxide,
which are utilized as liquid embolizing agents. It is
shown that these solutions, when stored in the dark,
do not change their rheoviscometric characteristics
and the content of bound iodine for at least 45 days
at 60°C, which corresponds to three years of storage

Table 2. Molecular weight characteristics of the initial polymer and the polymer aged in water for eight years

Sample M, kDa M, kDa MM
Initial polymer 116.4 1.96
Polymer stored in water for eight years 124.8 2.17

* Determined from the gel permeation chromatography data.
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Fig. 5. Characteristic GC—MS chromatogram for a solution of lyophilized aqueous extract from a solid embolus

2 NIST Chemistry WebBook. URL: https://webbook.nist.gov/chemistry. Accessed September 22, 2025.
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under natural conditions. It is demonstrated that the
contact of the solution with an inert gas (argon) or
air during storage does not fundamentally affect these
results. However, in order to avoid yellowing of the
composition, it is recommended that the solution be
stored in the dark.

The long-term study of the behavior of solid
polymer emboli in contact with an aqueous medium has
demonstrated that the molecular weight characteristics of
the polymer and the composition of the filler fluid remain
constant over an eight-year period. This observation
suggests the utilization of such emboli as products of
prolonged contact with the patient’s body (category C).
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Abstract

Objectives. To optimize indirect antibody immobilization on gold nanoparticles (GNPs) using anti-species antibodies for enhanced
conjugate stability and to develop an immunochromatographic assay (ICA) for antibiotic detection in milk.

Methods. The GNPs were synthesized by reduction of tetrachloroauric acid in the presence of seed particles. The size of GNPs was
determined spectrophotometrically according to literature data using a Thermo Fisher Scientific Varioskan LUX instrument. Monoclonal
mouse antibodies to tetracycline and streptomycin were immobilized on the surface of the GNPs via anti-mouse antibodies. Conjugates
of' bovine serum albumin with tetracycline and streptomycin were obtained through Mannich reaction and click-reaction, respectively. The
coupling ratio was determined by MALDI-TOF mass spectrometry on a Bruker RapifleX instrument. Immunoreagents were dispensed
onto a nitrocellulose membrane using a BioDot ZX1010 dispenser. The assembled multi-membrane composite was cut into test strips
using a KinBio ZQ4500 guillotine cutter. The test results were interpreted visually and using an A/lsheng TSR-100 test strip reader.

Results. Following conjugate formation via indirect immobilization using anti-species antibodies, it was necessary to block residual
binding sites on the anti-species antibodies in order to enhance solution-phase conjugate stability. As a result of optimizing the
concentrations of immunoreagents, an ICA was developed for the simultaneous detection of streptomycin and tetracyclines in milk.
The detection limit of the optimized ICA for tetracyclines and streptomycin was 2—7.5 and 25 ng/mL, respectively, for visual result
interpretation, and 0.29-2.15 and 1.34 ng/mL, respectively, when using a test strip reader.

Conclusions. It is shown that the stability of the resulting conjugates in solution can be enhanced by blocking the free binding sites of the
anti-species antibodies to prevent cross-linking of the nanoparticles caused by anti-species antibody binding.
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AHHOTaUuS

Hean. OntuMu3zanyst CTaOMIBHOCTH KOHBIOTATOB, TTOJYYEHHBIX METOJIOM HENPSIMOI NMMOOHIN3AINY CIeU()UUSCKUX aHTHTEI HA Ha-
Houactunax 3osora (HY3) npu nomomnn aHTHBUIOBEIX aHTHTEN, ¥ pa3paboTka Ha MX OCHOBE MMMYHOXPOMATOrpaHueckoro aHaJu-
3a (UXA) nist onpenienieHust aHTHOMOTHKOB B MOJIOKE.

Metoasl. HY3 cunTe3mpoBaii BOCCTAHOBICHHEM 30JI0TOXJIOPUCTOBOIOPOAHON KUCIOTHI B TIPUCYTCTBHUH 3apojbimeii. Pazmep ompere-
JISUTH CTIEKTPO(OTOMETPUYICSCKH T10 JINTEPaTyPHBIM JTaHHBIM Ha nipubope Thermo Fisher Scientific Varioskan LUX. MoHOKIIOHATBHBIE
MBIIIUHBIE aHTUTENA K TETPAIMKINHY U CTPENITOMUIIMHY IMMOOIIIN30Ban Ha moBepxHocTn HY3 mocpeacTBoM aHTH-MBIIINHBIX aHTH-
Tern. Konblorarsl OBIYbET0 CHBIBOPOTOYHOTO AIBOYMHHA C TETPAIUKIMHOM M CTPEIITOMUIIMHOM ITOTydYasi peaknueid MaHHNXa ¥ KITUK-
peakmueii coorBeTcTBeHHO. CTenens konbloranuu onpeesumy npu nomonm MALDI-TOF macc-criekrpomeTpun Ha nipudope Bruker
RapifleX. ImMyHOpeareHTsl HAHOCHIIM Ha HUTPOIIEJUTIONO3HYI0 MeMOpany Ha aucrneHcepe BioDot ZX1010. CoOpaHHBI MyTbTHMEM-
OpaHHBII KOMIIO3UT Hape3aJIl Ha TECT-MOJIOCKU Ha THIIBOTUHHOM pesunke KinBio ZQ4500. Pesynsrarel UXA WHTEpIPETHPOBATH BU3Y-
QJIBHO, @ TaKKe TP MOMOIIH CIUTHIBATENS TeCT-1IoN0cok Allsheng TSR-100.

Pesyabrarsl. [locne nmomydeHnss KOHBIOTATOB MOCPEACTBOM HEMPSIMOH MMMOOMIN3AINH TIPU TIOMOIIN aHTHBUIOBBIX aHTUTEN HEOOXO-
JMMO TPOBOAUTH OJIOKMPOBKY OCTABIIHMXCS! HE3aHATHIMH CAHTOB CBA3BIBAHMS AHTHBUAOBBIX aHTHTEN, YTOOBI TIOBBICUTH CTAOMIBHOCTD
KOHBIOTAaTOB B pacTBope. B pesysnbrare onTUMH3aluy KOHICHTPALM UMMyHOpEareHToB ObuT pazpadotan XA 11t oqHOBpEMEHHO-
ro 0OHApyKEHMSI CTPENITOMUIIMHA ¥ TETPAIUKINHOB B Mosoke. [Ipenen oOHapyKeHHsI ONTHMU3HPOBAHHOTO aHATIHM3a TETPALUKIMHOB
U CTPENITOMHLIMHA COCTABMI 2—7.5 ¥ 25 HI/MJI IpH BU3yaJIbHOI HHTEpIIpeTauu pe3ynsraToB, 0.29-2.15 u 1.34 Hr/Mi npu HCTIONIB30Ba-
HHUH CIUTHIBATENS TECT-TIOIOCOK COOTBETCTBEHHO.

BobiBOabI. YCTaHOBJ'IeHO, 4YTO 6HOKI/IpOBKa CBOGOI[HLIX CaliTOB CBSI3BIBAHUS BTOPUYHBIX AHTUTEJ IOBBLIIIACT CTaOUIBHOCTh nony-
YEHHBIX KOHBIOIaTOB aHTUTEJI B PACTBOPE, NMpEeAOTBpallass KpPOCC-CHIMBKHM HAHOYACTUILI, BbI3BIBAEMBIC CBA3BIBAHUEM AHTUBUIOBBIX
AHTUTE]I.

KnioueBbie cnoBa Moctynuna: 30.04.2025
aHTHOMOTHKH, DKCIPECC-TECT, HAHOYACTHIIBI 30J10Ta, TETPAIUKINH, CTPEITOMHIIH, Dopa6oTaHa: 07.08.2025
NMMOOMIH3ALHS MpuHsaTa B nevats: 11.11.2025
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INTRODUCTION

Detecting antibiotics in food products is a critical task
for ensuring food safety and protecting public health.
The wuncontrolled use of antibiotics in veterinary
medicine leads to their accumulation in animal products,
potentially posing a threat to human health due to
increased antibiotic resistance in microorganisms and
occurrence of allergic reactions.

Highly sensitive and specific physicochemical
analysis methods, including high-performance liquid
chromatography and mass spectrometry, are effectively
used for antibiotic detection. However, due to their
reliance on expensive equipment and the expertise of
highly qualified specialists [1], these methods are used
only in large laboratory centers.

Efficient testing in non-laboratory settings is based
on the use of simple and accessible methods such as
immunochromatographic assay (ICA). The principle
of ICA is based on a highly specific antigen-antibody
interaction followed by separation of the resulting
immune complex as the fluid moves along a porous
membrane. ICA is characterized by its simplicity and
rapidity, allowing for a qualitative assessment of the
presence or absence of a target compound in a sample
without using additional equipment [2].

However, one of the main factors hindering
the widespread use of ICA is its relatively low
sensitivity [2, 3]. Traditional approaches to increasing
ICA sensitivity include the use of high-signal-intensity
labels, such as quantum dots [4], signal enhancement
by coloring with silver salts [5], analyte concentration
using functionalized magnetic nanoparticles [6], and
preincubation of the sample with the antibody-label
conjugate before adding it to the test strip [7]. In
applying these approaches, it is important that the key
advantages of the method, i.e., its speed and ease of
use, are not sacrificed in the pursuit of a low detection
limit.

Orienting specific antibodies on sensor surfaces in
order to maximize the exposure of binding sites is a
relatively new and promising approach in immunoassay,
allowing for a significant reduction in the detection limit
of immunosensors. Numerous approaches aimed at
targeted immobilization of antibodies have been recently
reviewed [3, 8]. For example, the research group led
by B.B. Dzantiev has developed a number of highly
sensitive test systems [9-11], including those with the
simultaneous detection of multiple analytes on a single
test strip [12, 13]. Nevertheless, the development of
new systems remains relevant and requires an expanded
scope of application.

The present work sets out to develop an immunoassay
for the simultaneous determination of streptomycin

and tetracyclines in raw milk with instrument-free
interpretation of the results. To achieve a low detection
limit of the ICA, we used secondary antibodies specific
to the Fc fragment of mouse immunoglobulin G to
immobilize mouse antibodies to tetracycline and
streptomycin on the surface of gold nanoparticles (GNPs).
We also applied the approach of preincubating the sample
with the antibody-label conjugate before adding it to the
test strip.

MATERIALS AND METHODS

Materials, reagents and solutions

The following reagents were used: bovine serum
albumin (BSA), fraction V5 (Proliant, New Zealand),
streptomycin sulfate (PanReac Applichem, Spain),
propynyloxypropionic acid hydrazide, y-azidobutyric
acid oxysuccinimide ester (Primetech, Republic
of Belarus), aurichlorohydric acid (Aurat, Russia),
tetracycline hydrochloride (Biotopped, China), HEPES
((4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), sucrose, tris(hydroxymethyl)aminomethane
(Dia-M, Russia), tris-hydroxypropyltriazolylmethyl-
amine (THPTA) (Lumiprobe, Russia), guanidine
hydrochloride, sodium citrate (Helicon, Russia),
L-ascorbic acid (Sigma-Aldrich, USA), hydroxylamine
hydrochloride  (Panreac, Spain), formaldehyde
(neoFroxx, Germany). The following state standard
samples were used as analytes to determine the
detection limit and cross-reactivity: streptomycin
sulfate, tetracycline hydrochloride, doxycycline
hyclate, chloramphenicol (VGNKI, Russia), as well
as oxytetracycline hydrochloride (7Thermo Fisher
Scientific, USA), penicillin G sodium salt (Biotopped,
China), chlortetracycline hydrochloride, cefoperazone
sodium salt (Molekula, United Kingdom), gentamicin
sulfate, kanamycin sulfate (reoFroxx, Germany). The
remaining reagents used were of Russian manufacture
and had a qualification of at least chemically pure. Milk
samples with a fat content of 3.2% were purchased from
a retail network in Moscow. When preparing standard
solutions of antibiotics in milk, the concentrations were
calculated based on the pure active substance, taking
into account the molecular weight of the corresponding
salts. In addition, polyclonal goat antibodies to
chicken egg antibodies, polyclonal goat antibodies to
mouse antibodies, chicken egg IgY antibodies (Arista
Biologicals, USA), mouse monoclonal antibodies to
tetracycline, and mouse monoclonal antibodies to
streptomycin (Eastmab, China) were used. Deionized
water (Milli-Q®, Millipore, USA) was used to prepare
solutions, GNP preparations, and conjugates based on
them.
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Thin-layer chromatography (TLC) was performed
on RP-18 F254s reverse-phase aluminum plates (Merck,
Germany).

SM31-40 adhesive backing (KinBio, China), 70CNPH
analytical nitrocellulose membrane, FR-1 sample
membrane, and AP45 absorbent membrane (Advanced
Microdevices, India) were used to manufacture ICA
strips.

Preparation of BSA—streptomycin (STR)
conjugate

Preparation of STR—alkyne conjugate. Streptomycin
sulfate (408 mg, 0.56 mmol) and propynyloxypropionic
acid hydrazide (30 mg, 0.21 mmol) were added to
0.85mLof0.45 M Na,COj, solution. The reaction mixture
was incubated for 24 h at 4°C. Reaction completion was
monitored by TLC in a methylene chloride/methanol =
40 : 1 system based on the disappearance of the starting
material (retention coefficient R.= 0.3). After elution, the
plates were treated with ninhydrin solution and heated
for visualization. The STR—alkyne concentration in the
solution was assumed to be 0.247 M.

Preparation of BSA—-azide conjugate. To a
solution of 3.2 mL of BSA with a concentration of
20 mg/mL (0.962 pmol) in 0.1 M sodium bicarbonate,
pH 8.5, 0.6 mL of a solution of y-azidobutyric acid
oxysuccinimide ester with a concentration of 6 mg/mL
(15.91 pumol) in dimethyl sulfoxide was added. The
reaction mixture was then incubated for 24 h at 4°C. The
conjugate was purified by dialysis against deionized
water. After dialysis, the protein concentration
was determined by ultraviolet—visible (UV-Vis)
spectrophotometry on a UV5Nano instrument (Mettler
Toledo, Switzerland). The resulting conjugate was
stored at 4°C.

Preparation of BSA-STR conjugate (copper
reducing agent—IL-ascorbic acid). To a solution of
0.5 mL BSA-azide with a concentration of 8.46 mg/mL
(0.063 umol, 1 equiv.), 0.1 mL of a 1 M HEPES solution
with pH 7.2 and 13 pL of STR—alkyne (3.211 pmol,
50 equiv.) were added. In a separate test tube, solutions
0f 6.25 puL of 20 mM CuSO,, (0.125 pmol, 2 equiv.) and
12.5 pL of 50 mM THPTA (0.625 umol, 10 equiv.) were
mixed. Next, the entire volume of the resulting solution
was transferred into a mixture of BSA-azide and
STR-alkyne. Then 25 pL of 100 mM guanidine chloride
(2.5 pmol, 40 equiv.), 25 pL of 100 mM L-ascorbic acid
(2.5 pmol, 40 equiv.), and 25 pL of 100 mM NaOH
(2.5 umol, 40 equiv.) were added. The test tube was filled

1

with argon and left under stirring for 24 h. The conjugate
was purified by dialysis against 10 mM phosphate-
buffered saline (PBS), pH 7.4. This conjugate is referred
to hereinafter as BSA-STR.

Preparation of BSA-STR conjugate (copper
reducing agent—hydroxylamine). To a solution
of 0.5 mL BSA-azide with a concentration of
8.46 mg/mL (0.063 pumol, 1 equiv.), 0.1 mL of a
I M HEPES solution with pH 7.2 and 13 pL of
STR—-alkyne (3.211 pmol, 50 equiv.) were added. In
a separate test tube, solutions of 6.25 uL of 20 mM
CuSO, (0.125 pmol, 2 equiv.) and 12.5 pL of 50 mM
THPTA (0.625 pmol, 10 equiv.) were mixed. The
entire volume of the resulting solution was transferred
into the mixture of BSA-azide and STR-alkyne.
Then 50 uL of 100 mM hydroxylamine hydrochloride
(5 pmol, 80 equiv.) were added. The test tube was
filled with argon and left under stirring for 24 h. The
conjugate was purified by dialysis against 10 mM
PBS, pH 7.4. After dialysis, the protein concentration
was determined by UV—Vis spectrophotometry using
a UV5Nano instrument (Mettler Toledo, Switzerland).
The prepared conjugate was stored at 4°C.

Synthesis of BSA-tetracycline (TET)
conjugate

BSA-TET conjugate was prepared using a published
method with modifications [14]. 8 mL of a solution of
18.75 mg/mL of BSA, 2 mL of a 3 M sodium acetate
solution, and 12 mL of a water solution of 8.3 mg/mL of
tetracycline hydrochloride were mixed. Then, 3.75 mL
of a 37% formaldehyde solution were added dropwise
with stirring. The container was protected from light with
foil. The reaction mixture was stirred for 6 h at room
temperature (20-22°C). Dialysis was then performed
against 10 mM of PBS, pH 7.4.

MALDI-TOF! spectrometry

Mass spectrometric analysis was performed in positive
ion registration mode on a RapifleX instrument
(Bruker, Germany) at the Skolkovo Institute of
Science and Technology, Advanced Mass Spectrometry
Shared Use Center. A solution of HCCA (o-cyano-4-
hydroxycinnamic acid) matrix was used for the analysis:
a weighed portion of dry HCCA matrix (Sigma-Aldrich,
USA) was dissolved in 50% aqueous acetonitrile with
0.5% of trifluoroacetic acid with a concentration of
20 mg/mL. Samples (1 pL) were applied on a Ground

Matrix-activated laser desorption/ionization, MALDI is a process in which the analyte is ionized by a laser in the presence of a special matrix.

After ionization, the ions are separated by time-of-flight (TOF), allowing the molecule to be identified according to the thus-determined

mass-to-charge ratio.
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Steel target (Bruker, Germany). Following desiccation
of the droplet, 1 pL of the matrix was applied over
the sample. Crystallization of the sample and matrix
occurred at room temperature in a laminar flow hood.
Each sample was analyzed in a single technical replicate
in positive ion measurement mode. The m/z measurement
error was no more than 500 ppm (up to 35 Da at a mass
of 70000 Da). Spectra were visualized using Origin 9.8
(OriginLab, USA).

GNP synthesis

GNPs were synthesized according to the procedure [ 15].
First, a seed solution was prepared. 100 pL of a 5%
tetrachloroauric acid solution was added to 50 mL of
deionized water while stirring at 700 rpm. The mixture
was brought to a boil. Then 1.5 mL of a 1% sodium
citrate solution was added, and boiling was continued
for 15 min. The prepared seed solution was brought
to room temperature prior to use. Then, 1 mL of the
resulting GNP seed solution, 0.5 mL of 1% sodium
citrate solution, 0.1 mL of 5% tetrachloroauric acid,
and 0.25 mL of 0.5% hydroquinone solution were
added to 49 mL of deionized water with stirring at
700 rpm. The resulting sol was stored at 4°C for two
months.

Test strip preparation

A ZX1010 dispenser (BioDot, USA) was used. After
applying BSA-STR and BSA-TET conjugates to the
test zone of a nitrocellulose membrane, chicken egg
immunoglobulins IgY were applied to the control zone.
The membrane with the applied reagents was dried in an
oven at 45°C for 1 h. The multimembrane composite was
cut into 4 mm wide test strips using a ZQ4500 guillotine
cutter (KinBio, China) and stored at room temperature in
a sealed bag with silica gel.

Selection of the optimal pH and protein
concentration for sorption on the GNP
surface

The selection was performed according to the method
described in [16]. The optimal antibody concentration
and pH values for the conjugation were determined
on the basis of the nanoparticle conjugate stability
to the strong electrolyte (10% NaCl solution). The
selection was performed using spectrophotometry on a
Varioskan LUX instrument (Thermo Fisher Scientific,
USA). As the nanoparticle sol aggregates, the peak in
the solution’s absorption spectrum broadens along with
a decreased optical density (OD) of the solution at the
wavelength of maximum light absorption and increases

in the long-wavelength region. Therefore, the degree
of aggregation can be measured using the conventional
spectral coefficient K = ODy;,/0OD,5,, which reflects the
degree of aggregation (aggregation coefficient). As the
sol aggregates, the K value will decrease.

Conjugation of antibodies with GNPs

20 pg of polyclonal goat antibodies to mouse
immunoglobulins were added to 10 mL of GNP solution
adjusted to pH 8. The mixture was incubated for 1 h
on an orbital shaker. Then, following the addition of
0.4 mL of 10% BSA solution, the mixture was further
incubated for an additional 30 min and centrifuged for
30 min at 5000g. The supernatant was collected and
the pellet resuspended in 0.5 mL of 4 mM tris buffer,
pH 8, containing 5% of sucrose and 0.1% of BSA. The
resulting conjugate was designated as GNP—anti-mouse.
A conjugate of GNPs with polyclonal goat antibodies
to chicken IgY antibodies was prepared similarly and
designated as GNP-anti-IgY. The resulting conjugates
were stored at 4°C.

Antibodies to streptomycin or tetracycline were
added to the GNP-anti-mouse conjugate, and the mixture
was incubated on an orbital shaker. After 10 min, mouse
immunoglobulins were added to block the remaining
binding sites. The resulting conjugates were designated
as GNP—anti-STR and GNP—-anti-TET, respectively. The
prepared conjugates were stored at 4°C.

Conducting ICA

A solution of the GNP-anti-TET, GNP-anti-STR, and
GNP-anti-IgY conjugates was mixed with 200 pL
of milk sample in a well of a microtiter plate. The
milk was used without prior treatment or dilution.
The range of immunoreagent concentrations tested
is shown in Table 1. The well was then placed in a
preheated 40°C incubator for 5 min. A test strip was
then immersed in the well for 5 min. The test strip
was removed from the solution along with the sample
membrane to stop the reaction. The color intensity of
the test strip line was read using a TSR-100 reader
(Allsheng, China).

Processing ICA results

Origin 9.8 software (Origin Lab, USA) was used to
analyze the relationship between signal intensity (y)
and analyte concentration in the sample (x). A sigmoid
function was used to approximate the concentration
dependencies:

y=(a—-b)/[1+(x/c)¥]+b,
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where a is the maximum signal; b is the minimum signal;
c (or ICs) is the antigen concentration at which the
signal decreases by 50% of its range of changes; d is the
slope of the approximating dependence at point c.

The instrumental detection limit was defined as the
analyte concentration causing a 10% decrease in the
recorded analytical signal [17]. The visual detection limit
was defined as the minimum concentration of the analyte
at which the intensity of the test line coloring will be
weaker than the intensity of the control line coloring or
will be comparable.

RESULTS AND DISCUSSION

To achieve the aim of this study, several tasks had to be
completed: (1) synthesize streptomycin and tetracycline
conjugates with a carrier protein for immobilization
on the analytical membrane; (2) optimize the
immobilization of specific antibodies to antibiotics on
the GNP surface mediated by secondary antibodies;
(3) determine the detection limit of the ICA using the
obtained immunoreagents.

Synthesis of BSA conjugates with
antibiotics

BSA-STR conjugate 1 was obtained using a click
reaction (Fig. 1) [18]. BSA was pre-conjugated with the
oxysuccinimide ester of y-azidobutyric acid to obtain
BSA-azide conjugate 2. According to MALDI-TOF
mass spectrometry, the conjugation efficiency was

o
o
ONHZ ,NJ\/\/Ne
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H,0, pH 8.5

. OH \,;‘/
; OH
T o
OH

OH OH OH O O
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- OH SN
5 _OH
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@+ LI
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14 azide groups per one BSA molecule. Alkyne
adduct 3 was prepared by reacting streptomycin
with propynyloxypropionic acid hydrazide to form
the corresponding hydrazone 3. The reactivity of
streptomycin with adipic acid dihydrazide has been
described previously [19]. This formed the basis for the
procedure used in this study.

Sodium L-ascorbate is typically used as a copper
reducing agent in the click reaction. It has been
reported [18] that the dehydroascorbate oxidation
byproduct can interact with protein side chains
(primarily arginine). For this reason, it is recommended
to add a dehydroascorbate trap (“scavenger”) into
the reaction mixture, for example, aminoguanidine.
To protect the guanidine groups of streptomycin
from the undesired reaction, we performed the click
reaction using two different copper reducing agents:
sodium L-ascorbate with the addition of guanidine as
a “scavenger” and hydroxylamine. Conjugation results,
according to MALDI-TOF mass spectrometry, were
6.0 and 5.6 hapten molecules per 1 BSA molecule
when using sodium L-ascorbate and hydroxylamine,
respectively (Fig. 2). In a comparative experiment in the
ICA, the conjugates were no different from each other
in performance (data not shown). We subsequently
used a conjugate obtained by reduction in the presence
of hydroxylamine alone.

The BSA-TET conjugate 5 was obtained under
standard conditions using the Mannich reaction [14].
The conjugation efficiency was 1 tetracycline molecule
per 1 BSA molecule (Fig. 2).

N=N o
TTHPTA, Cu2* 9 A o N~
H Y \g/\/ A HO

L-ascorbic acid/NH,-OH /N,,Q\
OH

HO P
OH

1

Fig. 1. Scheme of the synthesis of BSA-STR 1 and BSA-TET 5 conjugates
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BSA-TET BSA-STR (hydroxylamine)
66883 71983

BSA-azide BSA-STR (ascorbic acid)

68124 7227

Intensity, a.u.

T 1 T T T 1
64000 66000 68000 70000 72000 74000 76000 78000
mlz

‘ Fig. 2. MALDI-TOF mass spectra of the BSA conjugates

Synthesis of GNPs

According to UV-Vis spectrophotometry data, the
wavelength of maximum light absorption of the obtained
sol is 536 nm, which corresponds to an average particle
size of approximately 55-60 nm (Fig. 3) [20].

Scheme of competitive ICA
for the determination of tetracyclines
and streptomycin

The ICA strip for tetracycline and streptomycin
detection was designed as follows (Fig. 4). BSA-TET,
BSA-STR, and chicken egg immunoglobulin IgY
conjugates applied to a nitrocellulose membrane formed
two test lines (TL) and a control line (CL), respectively,
on the assay membrane. After mixing the analytical
GNP-anti-TET, GNP-anti-STR conjugates and the
control GNP—anti-IgY conjugate with the sample in a
microwell immediately before analysis, the mixtures
were incubated for 5 min. The time of antibodies
interaction with the analyte increases due to the stage
of their incubation with the sample. This results in a
decrease in the detection limit [7] since providing better
kinetic conditions for the formation of the antibody-
antigen complex as compared to the traditional ICA
format: the reaction in this format is limited by the
diffusion of immunoreagents in the porous structures of
the test strip membrane [21].

Following immersion of the test strip in the sample
mixed with the GNP conjugate, the mixture moves along
the test strip coated with the reagents due to capillary
action. If there are no analytes in the sample (Fig. 4a),
antibodies will bind to the analytes attached to BSA.
This will lead to the accumulation of gold particles on
the TL and the appearance of a characteristic color. If one

1.0 b 536
/

Optical density, a.u.

0 1 1 1 1 1

450 500 550 600 650 700 750
Wavelenght, nm

‘ Fig. 3. Light absorption spectrum of the colloidal GNPs

or both analytes are present in the sample (Fig. 4b), it (or
they) will prevent the binding of the GNP conjugate to
the BSA-conjugated analyte on the TL. As a result, the
color of the TL will be dim or absent.

Since the assay conditions and milk sample composition
can affect the visual interpretation of the result, we
considered it necessary to use a control line as a standard
for comparing coloring intensity. Therefore, the CL is
colored due to the specific binding of the GNP—anti-IgY
to chicken egg immunoglobulins IgY. Thus, the coloring
intensity will be constant and independent of the fraction
of the analyte conjugate retained on the CL.

The assay result is determined by comparing the
brightness of the TL and CL. If the TL is brighter than
the CL, the result is negative. If the TL is less bright than
the CL, or their brightness is comparable, the result is
positive. We considered the chosen method of result
evaluation to be more acceptable taking into account
the subjectivity of visual interpretation. This makes
it possible to lower the detection limit of the assay
when visually interpreting results, since a result will be
considered to be positive not only in case of complete
disappearance of the test line (typical for high analyte
concentrations), but even in the case of a visible decrease
in its intensity for relatively low analyte concentrations.

Conjugation of antibodies to GNPs

Secondary antibodies were conjugated to GNPs by
physical adsorption at pH 8 and a concentration of 2 pg/mlL.
The selected parameters were obtained on the basis of an
experiment to select optimal conditions (Fig. 5).
Preliminary experiments with the immobilization of
antibodies to streptomycin on GNPs using secondary
antibodies showed that the resulting conjugate was
unstable. Within 24 h of conjugate preparation,
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\
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ﬁ *
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(©

O Streptomycin

Tetracycline - + - +

Streptomycin = - - + +

Fig. 4. Schematic diagram of the developed competitive ICA of tetracyclines and streptomycin.
(a) Negative sample; (b) positive sample; (¢) result interpretation scheme

a statistically significant loss of activity was observed
(Fig. 6, striped column, p < 0.05) along with significant
aggregation, as evidenced by a decrease in the
aggregation coefficient of the conjugate solution. When
using two conjugates in the assay (GNP—anti-TET
and GNP-anti-STR), an increase in the intensity of
tetracycline coloring was observed upon the addition
of streptomycin to the sample. We assume that both of
these phenomena are due to the formation of nanoparticle
aggregates caused by cross-linking via the binding of
secondary antibodies carrying both streptomycin and

12

tetracycline antibodies at the same time. As a result,
when the sample contains streptomycin, the portion of
the resulting polyvalent conjugate that was retained on
the streptomycin line may migrate to the tetracycline line.

To prevent aggregation and the formation of
polyvalent aggregates, we considered it rational to
block unoccupied secondary antibody binding sites
by using nonspecific mouse immunoglobulin G.
A model experiment without specific antibodies
to streptomycin and tetracycline showed that the
dependence of aggregation on the amount of mouse

—_
(=
T

Aggregation coefficient, a.u.

0 1 1

0 2

4 6 8
Concentration of secondary antibodies, pg/mL

Fig. 5. Selection of optimal conditions for the sorption of antibodies to mouse immunoglobulins. The arrow indicates the selected

concentration and pH value
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antibodies administered was nonlinear and had a
distinct minimum (Fig. 7). An increase in the degree of
aggregation was observed in the concentration range of
1-7 pg/mL. This can be explained by the fact that, at
low concentrations, the number of secondary antibody
binding sites significantly exceeds the number of
mouse antibodies, while the mouse antibodies
themselves bind adjacent nanoparticles. Starting at a
concentration of 9 pg/mkL, a stabilizing effect occurred,
which can be explained by the fact that the amount of
mouse antibodies is now comparable to the number
of secondary antibody binding sites to prevent the

400

formation of large aggregates. When a concentration
of 20 ug/mL was achieved, some aggregation was still
observed (p < 0.05), but we considered it acceptable
for further use (Fig. 7). The selected concentration
was used to synthesize the GNP-anti-TET and
GNP-anti-STR  conjugates. The GNP-anti-STR
conjugate prepared using blocking antibodies at a
concentration of 20 pg/mL retained its functionality
24 h after preparation (Fig. 6, grey column). The next
stage of work was to select the optimal concentrations
of the test system immunoreagents to achieve the lowest
detection limit.

39 (O8] [9%)
% (= W
(=] (=] (=]
T T T

—_

W

[l
T

Line coloring intensity, a.u.

[ Blocking mouse IgG added

VA No blocking mouse IgG added

200 -
100
50 +
0
0

|

Time passed since preparation, h

Fig. 6. Activity of the GNP—anti-STR conjugate

in the presence and in the absence of blocking immunoglobulins (20 pg/mL)

5 I Iy
= %0 o

o
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Normalized aggregation coefficient, a.u.
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Fig. 7. Selection of the optimal concentration of mouse immunoglobulins for blocking free binding sites of secondary antibodies

of the conjugate
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Optimization of the detection limit Table 1. Selected immunoreagent amounts
. . .. Studied
To achieve a low detection limit, we used well-known . Selected
X A K Immunoreagent concentration t
methodological approaches [22], which involved range amoun
selecting the antibody-to-label ratio and immunoreagent
concentrations (Table 1). Visual interpretation of the BSA-TET 0.5-2.0 mg/mL 1 mg/mL
result involves comparing the brightness of the test
lines with the control line. Therefore, when selecting the BSA-STR 0.1-1.0 mg/mL | 0.2 mg/mL
immunoreagent concentration, we aimed to ensure that ]
the brightness of the control line was significantly lower. GNP-ant-TET 10-20 uL 20t
The . detectlf)n limit of the? developed' assay anq a GNP_anti-STR 10-20 L 20 4L
comparison with some previously published studies
are presented in Table 2 and Fig. 8. According to the GNP-anti-IgY 1-5 uL 3.5ul
Technical Regulations of the Customs Union “On the
Safety of Milk and Dairy Products” (TR CU 033/20132), Anti-TET antibody 2-9 ug/mL 4 pg/mL
the maximum permissible concentrations of streptomycin . .
and tetracycline antibiotics are 200 and 10 ng/mL, Anti-STR antibody 2-9 pg/mL 5 pg/mL
respectively. The achieved detection limits, which are M ) lobuli 090 we/mL 20 we/ml
. . ouse Immunoglo m —. m m
deemed sufficient for use of the test system in accordance B Hnogiobd He He
with TR CU 033/2013, are at the same level as previously
published studies (Table 2).
Table 2. Comparison of the developed ICA with published methods. Instrumental limit of detection (iLOD),
visual limit of detection (vVLOD)*
Antibiotic Detection method Sample type iLOD, ng/mL vLOD, ng/mL References
Water 750 - [23]
Fluorescence analysis
Buffer 2.86 - [24]
High performance liquid Milk 1 B [25]
chromatography
Enzyme-inked Milk 1Cs,=0.72 - [26]
immunosorbent assay 50
© Colorimetric paper-based
% sensor with signal detection Milk 0.5 - [27]
2 via smartphone imaging
]
©
= Human serum 0.4 11 [28]
Milk - 0.8 [29]
Chlortetracycline
ICA
2.15 7.5
Milk This work
Oxytetracycline
0.29 2

2 Technical Regulations of the Customs Union “On the safety of milk and dairy products” (TR CU 033/2013) (as amended on June 23, 2023)
(in Russ.). URL: https://docs.cntd.ru/document/499050562. Accessed June 14, 2025.
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Table 2. Continued

Antibiotic Detection method Sample type iLOD, ng/mL vLOD, ng/mL References
Doxycycline
Q
=
5 0.78 6
g ICA Milk This work
= Tetracycline
=
1.27 4
Surfacg-enhanced Raman Milk 213-10°3 B [30]
scattering
Aggregation-based
L-histidine functionalized Milk 0.66 - [31]
=
g GNP assay
=
% Electrochemical sensor Milk 0.33-1073 - [32]
[
=
n Resolved fluorescence .
of nanoparticles in ICA Milk 1.10ng/g B (331
Milk 0.4 50 [34]
ICA
Milk 1.34 25 This work

* The table does not aim to provide a comprehensive overview and includes only selected examples from the literature.
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Fig. 8. Calibration curves showing the dependence of the test line color intensity on the concentration of streptomycin and tetracyclines
in milk, and photographs of ICA results for the detection of (a) streptomycin, (b) chlortetracycline, (c) oxytetracycline, (d) doxycycline,
and (e) tetracycline. The numbers above the photographs indicate the tested concentration of the corresponding analyte
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Fig. 9. (a) Assessment of the test system’s cross-reactivity; (b) evaluation of the effect on the signal caused by the simultaneous

presence of tetracycline and streptomycin in the sample

Additionally, the specificity of the developed assay
to otheraminoglycosides—gentamicin and kanamycin,
as well as penicillin and chloramphenicol—was tested.
No statistically significant effect of cross-reagents
at a concentration of 1000 ng/mL in milk on the
signal was demonstrated (Fig. 9a). The lack of cross-
reactivity with aminoglycosides can be explained by
the high specificity of antibodies to streptomycin and
the more significant differences in the structures of
the antibiotics under study. There was also no mutual
interference between streptomycin and tetracycline
(Fig. 9b).

CONCLUSIONS

A test system for the simultaneous detection of
tetracyclines and streptomycin in undiluted milk has been
developed. The visual detection limits for streptomycin,
chlortetracycline, oxytetracycline, doxycycline, and
tetracycline are 25, 7.5, 2, 6, and 4 ng/mL, respectively.
By blocking the free centers of secondary antibodies,
it becomes possible to improve the stability of the
conjugates. The developed test system meets regulatory
requirements and can be recommended for practical use
in monitoring milk contamination with antibiotics. The
methodological approaches used in this study for the
simultaneous detection of tetracyclines and streptomycin
are suitable for use in the development of a test system
for the simultaneous detection of three or four groups of
antibiotics.
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Abstract

Objectives. To obtain and compare the efficiency of three recombinant adeno-associated virus (rAAV) variants expressing the gene of the
modified single-domain antibody B11-Fc specific to botulinum toxin type A (BoNT/A): rAAV-DJ-CMV-B11-Fc, rAAV-DJ-CASI-B11-Fc,
and scAAV-DJ-CMV-B11-Fc.

Methods. The AAV-DJ Packaging System (Cell Biolabs, USA) was used to create target constructs and obtain rAAV. Expression of the
B11-Fc antibody gene in the obtained rAAV was assessed in vitro (HEK293, CHO-S, and C2C12 cell lines) and in vivo (BALB/c mice)
using biolayer interferometry. The protective properties of the drugs were investigated on the model of lethal intoxication of mice with
BoNT/A.

Results. The rAAV-DJ-CMV-B11-Fc drug demonstrated a high level of B11-Fc antibody production both in vitro and in vivo
without a significant decrease in concentration for at least 6 months. Comparable levels of B11-Fc production were demonstrated
by rAAV-DJ-CASI-B11-Fc and scAAV-DJ-CMV-B11-Fc drugs in both in vitro and in vivo studies, with the exception of C2C12 cells,
where rAAV-DJ-CASI-B11-Fc demonstrated the highest efficacy. When investigating the protective activity of the drugs against
a lethal dose of BONT/A, it was found that rAAV-DJ-CASI-B11-Fc possessed more pronounced activity in the first two days following
administration as compared to rAAV-DJ-CMV-B11-Fc. However, at later stages, starting from 3 months, the rAAV-DJ-CMV-B11-Fc
drug product demonstrated the most pronounced protection against high doses of BoNT/A.

Conclusions. The obtained data show that rAAV-DJ-CASI-B11-Fc should be used for the induction of protection against BoONT/A
at early stages (2448 h) after administration, whereas for protection against the highest doses of BoNT/A in the long term,
rAAV-DJ-CMV-B11-Fc should be used. Studies into the specific activity of the drugs at later stages after administration are still
ongoing.
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AHHOTaUus

Hean. [TomyunTs 1 cpaBHUTH 3QPEKTHBHOCTD TPEX BapHAHTOB A AV, SKCIIPECCHPYIOMNX I'eH MOIU(UIIMPOBAHHOTO OJHOIOMEHHOTO
anrurena B11-Fe, cneruuunoro k 6orynuamdeckomy Tokcuty tana A (BoNT/A) — rAAV-DJ-CMV-B11-Fc, rAAV-DJ-CASI-B11-Fc
u scAAV-DJ-CMV-B11-Fc.

Metoasl. st co3nanust HesIeBBIX KOHCTPYKIUH 1 norydenus rAAV ucnonsizosamu cucreMy AAV-DJ Packaging System (Cell Biolabs,
CIIA). Dxcnpeccuto rena anturena Bl1-Fe B cocraBe momyueHnsx rAAV onenuBainu in vitro (knerounsie muaun HEK293, CHO-S
n C2C12) u in vivo (Mbimm muann BALB/c) npu moMormmu 6uocioitHoii naTepdepoMeTpru. 3alUTHBIE CBOICTBA IIPErIapaToB H3ydan
Ha MOJIEJIH JIETAIbHON MHTOKCHKAIuu Mbleii BoNT/A.

PesyabsTarsl. [lpemapar rAAV-DJ-CMV-B11-Fc mokazan BbeIcOKHMId ypoBeHb mpoxykmuu antutena Bll-Fc kak in vitro, Tax
U in vivo 0e3 3HAYMMOTO CHIDKCHHS KOHIICHTPALlMM B TEYCHHE Kak MUHHMYM 6 MecsueB. [Ipemapater rAAV-DJ-CASI-B11-Fc
u scAAV-DJ-CMV-B11-Fc nmokazanu cpaBHUMBIA ypoBeHb nponykunu B11-Fc kak in vitro u in vivo, 3a uckmoderneM kietok C2C12,
rae rAAV-DJ-CASI-B11-Fc nmoka3zan camyro BEICOKYIO 3G GeKTUBHOCTD. [1pn H3ydeHNnH 3aUTHON aKTUBHOCTH NPEMapaToB MPOTHB Jie-
TabpHOM 10361 BONT/A mponemMoHcTprpoBaHo, 9To B niepBbie 1Boe cyTOK TAAV-DJ-CASI-B11-Fc un scAAV-DJ-CMV-B11-Fc o6nanaror
0oJtee BBIPAKCHHON aKTHBHOCTHIO MO cpaBHEHHIO ¢ TAAV-DJ-CMV-B11-Fc. Onnako Ha Ooee MO3IHAX CpOKaxX, HAYWHAs ¢ 3 Mecsia,
npemnapar rAAV-DJ-CMV-B11-Fc nemoHcTpupyeT Hanboiee BEIpaKEHHYO 3alIUTy POTHB BEICOKUX 103 BONT/A.

BouiBoabl. IlomyueHHbsle B XOz€ HCCIENOBAHUS JAHHBIE MOKA3BIBAIOT, YTO U1 MHAYKUWH 3ammThl oT BONT/A Ha paHHHX Cpokax
(24-48 4) mocne BBeneHuA cieayeT npuMeHaTh npenapar rAAV-DJ-CASI-B11-Fc, Torna kak 11 HHAYKIUH 3aIMTHl OT MAKCHMaIbHO
BbICOKHX 7103 BoNT/A B monrocpoyHoii mepcnekTuse cieayeT ucnonb3osarb TAAV-DJ-CMV-B11-Fc. UccnenoBanus crnenududeckoi
aKTUBHOCTH NIPENapaToB Ha 0ojee MO3AHUX CPOKAX MOCIIE BBEACHNUS MPOTOIIKAIOTCSL.

KnioueBble cnosa MocTtynuna: 03.09.2025
rAAV, a1eH0aCcCOLMHPOBAHHBII BUPYC, OHOIOMEHHBIE AHTUTENA, GOTYIIH3M, Aopa6oTaHa: 23.09.2025
I1ACCHBHAS MMMYHM3aLMsl, IPO(QHIAKTHKA MpuHsaTa B nevats: 11.11.2025

Anga uuTnpoBaHusa
Ps6osa E.U., [epkaece A.A., EcmaramberoB N.B., Hdoeruit M.A., baunoB A.A., Xoccaun P.M., Jmutpues O.E., INomsuckuit [.C.,
HockoB A.H., llle6mnsxo /1.B., Jlorynos [1.1O., TnHuOypr A.JI. CpaBHUTENBHBIN aHAM3 TPEX FEHETHYECKUX KOHCTPYKIMH JUIS JOCTaBKU
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Ekaterina I. Ryabova,
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INTRODUCTION

Recombinant adeno-associated virus (rAAV) vectors
are an excellent tool not only for developing gene
therapy agents, but also for creating preventive
measures against infectious diseases based on passive
genetic immunization. This principle is based on the
delivery and long-term expression of neutralizing
antibody genes specific to a particular pathogen. This
approach has proven effective in creating preventive
measures for influenza, COVID-19, HIV infection and
other diseases [1, 2]. The effectiveness of rAAV-based
passive genetic immunization drugs depends
significantly on the design of the genetic construct used
to ensure the expression of the neutralizing antibody
gene.

In a previous study, we obtained an rAAV that
provides long-term expression of the gene for the
neutralizing modified single-domain antibody B11-Fc!
(rAAV-B11-Fc). It was experimentally established
that a single administration of rAAV-B11-Fc provides
complete protection to animals from a lethal dose of
botulinum neurotoxin serotype A for at least 120 days [3].
This study is a continuation of the aforementioned article
and focuses on selecting the optimal genetic construct
for delivering and expressing the B11-Fc antibody gene
within an rAAV and developing a prototype candidate
drug for genetic passive immunization and botulism
prevention.

Thus, the aim of the present study is to obtain and compare
the effectiveness of three rAAV constructs expressing the
B11-Fc antibody gene, which is specific for botulinum
toxin type A (BoNT/A): rAAV-DJ>-CMV-B11-Fc,
rAAV-DJ-CASI-B11-Fc, and scAAV-DJ-CMV-B11-Fc.
For convenience and clarity, rAAV-DJ-CMV-B11-Fc
is used to refer to the previously used construct [3] for
carrying the gene for the modified B11-Fc single-domain
antibody [4] under the control of the CMV promoter
(Cytomegalovirus promoter). rAAV-DJ-CASI-B11-Fc
is a construct similar in structure but including the
CASI3-promoter, representing a synthetic hybrid
promoter that contains elements from CMYV, chicken
B-actin, and the UbC (Ubiquitin C) intron, as well as the
woodchuck hepatitis virus (WHV) posttranscriptional
regulatory element (WPRE), which enhances mRNA
stability and expression levels. scAAV-DJ-CMV-B11-Fc
is a self-complementary form of the vector expressing
the B11-Fc gene under the control of the CMV promoter.

shuffling from eight different natural AAV serotypes.

MATERIALS AND METHODS

Obtaining rAAV drugs. The rAAV-DJ-CMV-B11-Fc drug
was obtained using plasmids as previously described [3].
The rAAV-DJ-CASI-B11-Fc drug was obtained using
pAAV-CASI-B11-Fc, pAAV-DJ-vector (Cell Biolabs,
USA), and pHelper Vector (Cell Biolabs, USA) plasmids.
The pAAV-CASI-B11-Fc construct was obtained by
synthesizing the CASI promoter sequence along with
cloning sites and the WPRE sequence and polyadenylation
signal at Furogen (Russia), followed by cloning of the
synthesized sequence between the left and right inverted
terminal repeats (ITR), with replacing the existing
expression cassette. The scAAV-DJ-CMV-B11-Fc¢ drug
was obtained using the plasmids pscAAV-CMV-B11-Fc,
pAAV-DIJ-vector (Cell Biolabs, USA), and pHelper Vector
(Cell Biolabs, USA). The pscAAV-CMV-B11-Fc¢ plasmid
was obtained by cloning the B11-Fc gene sequence into the
pscAAV-MCS plasmid (Cell Biolabs, USA).

To obtain rAAV vectors, the Human Embryonic
Kidney 293 (HEK293) cell line (from the cell culture
collection of the N.F. Gamaleya National Research Center
for Epidemiology and Microbiology of the Ministry of
Health of Russia) was used. Cultivation and transfection
were performed as previously described under adherent
conditions at 37°C and 5% CO, [3, 5]. Viral products
were purified using affinity chromatography (AC)
on the POROS CaptureSelect AAVX Affinity Resin
sorbent (Thermo Fisher Scientific, USA) according to
the manufacturer’s instructions. Further purification and
buffer exchange were performed using size exclusion
chromatography (SEC) on an XK 26/100 column
packed with Superdex 200 sorbent (Cytiva, USA). Final
formulation of the drugs was performed using 100 kDa
Amicon Ultra-15 centrifugal concentrators (Merck,
USA). The quantity and quality of the obtained drugs
were studied as described in [5].

The specific activity of rAAV drugs in vitro.
HEK293 cells, CHO-S (serum-free suspension-adapted
Chinese hamster ovary cells) (Thermo Fisher Scientific,
USA, Cat. No. R80007), and C2C12 (a mouse C3H
myoblast cell line) (ATCC® CRL-1772™) were
transduced at a dose of 10° vg/cell. Culture fluid samples
were collected at 96 and 144 h. The concentration
of B11-Fc in the culture medium was determined by
biolayer interferometry (BLI) using an OctetRED96e
System (Fortebio, USA) and Anti-Human IgG Fc
sensors (Fortebio, USA).

B11-Fc is a single-domain antibody modified with a human IgG1 Fc fragment.

rAAV-DJ is recombinant Adeno-Associated Virus (rAAV) with a DJ-type capsid, which is a synthetic (chimeric) serotype created by DNA

CASI-promoter is a synthetic (chimeric) promoter. It consists of the CMV enhancer, the chicken B-actin promoter (CAG), and the UbC enhancer.
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Specific activity of rAAV drugs in vivo. Female
BALB/c inbred mice (6 weeks old, 18-20 g) (Scientific
Center for Biomedical Technologies of the Federal
Medical Biological Agency of Russia, Andreevka
branch) were administered rAAV at a dose of
10! vg/animal intramuscularly. Blood was collected at
key time points. The concentration of B11-Fc in serum
was determined similarly to the in vitro experiment. The
protective activity of the drugs against BoNT/A was
studied as described in [3, 6]. The study was conducted
in a vivarium under standard conditions: polycarbonate
cages, stocking density up to 5 animals per cage. Feeding
was carried out with complete pelleted feed (ad libitum)
with access to water. All procedures were performed
in accordance with the protocol approved by the
local ethics committee of the N.F. Gamaleya National
Research Center for Epidemiology and Microbiology
(protocol No. 11 dated June 25, 2021).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 9.0 software (Dotmatics, USA).
Survival was analyzed using the Kaplan—-Meier method
with the log-rank test. Significance level p < 0.05.

RESULTS AND DISCUSSION

Design of genetic constructs
and production of rAAV drugs

The desired level, stability, and specificity of tissue
expression are determined by cis-acting elements of
rAAV vectors, including promoters. In this study,
we investigated the efficiency of BIl1-Fc antibody
expression within rAAV vectors carrying three
different genetic constructs: rAAV-DJ-CMV-B11-Fc,
rAAV-DJ-CASI-B11-Fc, and scAAV-DJ-CMV-B11-Fc.

The CMV promoter is widely used due to its high
expression in various cells (e.g., human colon carcinoma
HCT116, colorectal adenocarcinoma DLD-1, and brain
and liver cells) [7]. However, it is subject to epigenetic
silencing in vivo, particularly in muscle and liver cells,
which limits its long-term activity and can trigger an
immune response [8—11].

The CASI promoter is a synthetic hybrid type (CMV,
B-actin, UBC), whose methylation resistance ensures
stable expression. In studies of induced pluripotent stem
cells differentiated into retinal pigment epithelium cells
(iPSC-RPE) [12], as well as in gene therapy for colorectal
cancer using the drug AdC68-cetuximab [13], the CASI
promoter demonstrated high and stable expression both
in vivo and in vitro [14]. Thus, according to the literature,
the CASI promoter is an effective means for delivering
and expressing a transgene in muscle tissue.

Self-complementary adeno-associated virus (sSCAAV)
vectors contain double-stranded DNA, which, according

to the literature data, allows for faster and higher levels
of transgene expression [15-17]. However, scAAV
elicits a more pronounced immune response against
the transgene [18, 19]. It should also be noted that the
scAAV-DJ-CMV-B11-Fc construct carries the core CMV
promoter sequence without an enhancer, as the effective
packaging capacity of AAV is limited to approximately
5000 nucleotides; when packaging self-complementary
SCAAV particles, this capacity is effectively reduced
by almost half due to the packaging of both sense
and antisense DNA together, which necessitates the
shortening of regulatory element sequences in the
construct.

Furthermore, all three constructs contain different
introns that contribute to increased transgene expression:
the human B-globin intron in the pAAV-DJ-CMV-B11-Fc
construct, the human ubiquitin C intron in the
pAAV-DJ-CASI-B11-Fc construct, and the SV40 small
intron in the pscAAV-DJ-CMV-BI11-Fc construct. The
WPRE located downstream of the transgene in the
pAAV-DJ-CASI-B11-Fc construct helps to stabilize
mRNA and increase transgene expression.

Thus, we selected the three most promising genetic
constructs for delivering and effectively expressing
the Bll-Fc antibody gene within rAAV. The study
used the synthetic serotype rAAV-DJ, which is capable
of transducing a wide range of different cells and
tissues [10, 20] and which have been previously used
for delivering and expressing neutralizing antibody
genes [2, 3].

The corresponding plasmid constructs
pAAV-DJ-CMV-B11-Fc, pAAV-DJ-CASI-B11-Fc, and
pscAAV-DJ-CMV-B11-Fc were used to obtain three
rAAV drugs. Schematic diagrams of the genetic
constructs are shown in Fig. 1.

The rAAV-DJ-CMV-B11-Fc, rAAV-DJ-CASI-B11-Fc,
and scAAV-DJ-CMV-Bl1l1-Fc drugs obtained from
HEK293 cell culture were purified using affinity and
size exclusion chromatography. The quality of the
drugs was assessed using SDS-PAGE electrophoresis
in polyacrylamide gel, Western blot, and electron
microscopy. The rAAV preparation scheme and typical
quality control results are presented in Fig. 2.

Comparison of B11-Fc expression
in the obtained rAAV drugs in vitro
and in vivo

To assess Bl1-Fc expression, HEK293, CHO-S, and C2C12
cell lines were transduced with rAAV-DJ-CMV-B11-Fc,
rAAV-DJ-CASI-B11-Fc, scAAV-DJ-CMV-B11-Fc, and
rAAV-DJ-CMV-EGFP (as a control). The drug was added
at a rate of 100000 genomic copies per cell. Culture fluid
samples were collected 96 and 144 h after transduction.
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Fig. 1. Schematic representation of the obtained genetic constructs containing the gene of the modified antibody B11-Fc.

A: pAAV-DJ-CMV-B11-Fc scheme, CMV is a sequence of the full-length CMV promoter with enhancer; hfG intron is an intron

of the human B-globin gene; B11-Fc is a sequence encoding the antibody B11-Fc; hGH poly A is a polyadenylation signal of human growth
hormone; ITR are inverted terminal repeats.

B: pAAV-DJ-CASI-B11-Fc scheme; CASI is a synthetic hybrid promoter containing the CMV enhancer and CBA (chicken B-actin);
UbC intron is an intron of ubiquitin C; B11-Fc is a sequence encoding the antibody B11-Fc, fused with the Fc fragment; WPRE is

a woodchuck hepatitis virus post-transcriptional regulatory element; poly A is a synthetic polyadenylation signal; ITR are inverted
terminal repeats.

C: pscAAV-DJ-CMV-B11-Fc scheme, CMV is a CMV core promoter sequence without enhancer; SV40 small T is a small intron

of SV40 virus; B11-Fc is a sequence encoding B11-Fc antibody; SV40 poly A is an SV40 polyadenylation signal; ITR ATRS is a modified
ITR with nickase site deletion, required for formation of self-complementary structure of vector DNA
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\; Characteristics of the obtained rAAV preparations /

Fig. 2. Brief scheme of the rAAV preparation process. AC is affinity chromatography, SEC is size-exclusion chromatography,
SDS-PAGE is polyacrylamide gel electrophoresis, VP1, VP2, VP3 are structural proteins of adeno-associated virus,
TEM is transmission electron microscopy
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No cytotoxic effect was observed when the drugs were
transduced at the selected dose. Analysis using biolayer
interferometry (BLI) showed that the production level of
B11-Fc depends on the promoter and cell line (Fig. 3a).

The rAAV-DJ-CMV-B11-Fc construct provided high
expression in CHO-S cells (up to 69.2 ng/mL by 144 h),
while the level was lower in C2C12 cells (6.13 pg/mL
at 96 h). The CASI promoter (rAAV-DJ-CASI-B11-Fc)
provided stable expression (Fig. 3a), particularly in
C2C12 myoblast cells (up to 19.5 pg/mL), which
indirectly confirms its effectiveness for muscle tissue.
scAAV-DJ-CMV-BI11-Fc provided a moderate level of
antibody expression in CHO-S and HEK293 cells, but
the lowest level in C2C12. However, antibody expression
was not shown when transduced with the control vector
(rAAV-DJ-CMV-EGFP). Thus, therAAV-DJ-CMV-B11-Fc
drug provides a high level of B11-Fc expression in CHO-S
and HEK293 cells, and the rAAV-DJ-CASI-B11 drug
provides a high level of expression in C2C12 cells, while
the scAAV-DJ-CMV-B11-Fc¢ drug provides a moderate
level of expression in CHO-S and HEK293 cells and
a low level of expression in C2C12 cells.

The choice of cell lines was based on the fact that,
due to the low mitotic activity of muscle tissue, genetic
passive immunization drugs based on rAAV are usually
administered intramuscularly to ensure long-term
antibody production in the body. The less intensely
the cells divide, the longer rAAV is able to persist as
episomes and express the transgene [12, 16, 17].

Thus, C2C12 myoblast cells were chosen as
a model for muscle tissue for the indirect assessment of
the effectiveness of the constructs in vitro. The HEK293
cell line was used as an alternative model to study the
expression level of the obtained rAAV constructs in
other cell types, particularly epithelial cells. CHO-S
cell line was selected based on its high efficiency for

75 - == rAAV-DJ-CMV-B11-Fc
s rAAV-DJ-CASI-B11-Fc
scAAV-DJ-CMV-B11-Fc
— 60 .
g = Negative control
&
Ed
o 45
.2
5
= 304 N
5 N
g \
© 15 N
N
NS
N
0 b 2
96 144 96 144 ' 96 144

HEK293

CHO-S
Time after transduction, h

@

C2C12

antibody production, including modified single-domain
antibodies [6, 21].

During the experiment, it was shown that the
rAAV-DJ-CASI-B11-Fc construct had the highest
efficiency in myoblast cells, which is consistent
with the literature data [14, 18]. At the same time,
despite the expectation of higher expression for the
scAAV-DJ-CMV-B11-Fc construct due to more efficient
transduction, the rAAV-DJ-CMV-B11-Fc construct
produced the highest expression in HEK293 and CHO-S
cells. Since the scAAV-DJ-CMV-B11-Fc construct
provided the lowest level of B11-Fc antibody production,
the hypothesis about the advantage of self-complementary
rAAV in our experiment was not confirmed; however,
this outcome may be due to the absence of an enhancer
sequence in the construct.

To assess Bll-Fc expression in vivo, BALB/c
mice were injected with 10" vg of rAAV constructs:
rAAV-DJ-CMV-B11-Fc, rAAV-DJ-CASI-B11-Fc,
SscAAV-DJ-CMV-B11-Fc, as well as a negative control
rAAV-DJ-CMV-EGFP (8 animals per group). Serum was
collected on days 1, 2, 3, 7, 14, 21, 28, 56, 62, 84, 112, 120,
140, 149, 168, and 184 after injection with various rAAV
variants. The dosage of the drugs was chosen based on data
from previous studies [3]. B11-Fc expression began within
24 hin all groups. The maximum concentration was observed
in the CMYV vector group and was more than 250 pg/mL on
day 120, with approximately 230 pg/mL maintained up to
day 184. The CASI vector provided up to 120 pg/mL (peak
on day 56), followed by stabilization at a level of ~80 pug/mL.
The concentration of scAAV reached ~75 pg/mL by day 120
and remained stable (Fig. 3b). In the group of animals injected
with the control vector (rAAV-DJ-CMV-EGFP), no specific
BLI signal was detected (not shown in the graph).

Thus, in vitro data from C2C12 cell studies may not
fully reflect transgene expression from rAAV following
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‘ Fig. 3. Concentration of B11-Fc antibodies (pg/mL): (a) in culture fluid after rAAV transduction;

(b) in mouse serum, at different time points after rAAV injection
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intramuscular administration in vivo. However, based on
the combined in vivo data presented above, a preliminary
conclusion can be drawn about the promising nature of
the rAAV-DJ-CMV-B11-Fc construct for delivering and
expressing the B11-Fc antibody gene.

As a result, all the constructs studied provide
a significant level of gene expression and Bll-Fc
antibody production both in vitro and in vivo. However,
the TAAV-DJ-CMV-BI11-Fc construct shows the best
results, which correlates with the data on the protective
activity of the drugs in vivo, described in the next section.

Evaluation of the protective capacity
of rAAV-B11-Fc in vivo

The experiment evaluated the ability of various rAAV

constructs expressing the BIl11-Fc single-domain
24 h after rAAV administration
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75
=
E s0-
g
254
o 10 LD5§
Dose of BONT/A
(a)
10 days after rAAV administration
1001 RS Y NN
YW S S
IN| N N\
"NV NV N
S N4 NG| NV
3 N N | NV
N N N
: Nl N NV
2 INA!| NV | NV
N N N
>N | N | NV
N N N
N N N
N N | N7
50LD50 | 100LD50 | 150 LD50

Dose of BONT/A
(©)
rAAV-DJ-CMV-B11-Fc¢ rAAV-DJ-CASI-B11-Fc¢

= Positive control = Negative control

antibody to protect mice from BoNT/A toxin. The
effectiveness of the therapeutic antibodies was evaluated
based on the survival rate of the animals after toxin
administration. Mice were injected with 10! vg of
rAAYV, followed by different doses of BoNT/A toxin
administered intraperitoneally at various intervals. The
research results are presented in Fig. 4.

Within 24 h, rAAV-DJ-CASI-B11-F¢  and
scAAV-DJ-CMV-B11-Fc provided 100% survival from
5 and 10 LDs,, while rAAV-DJ-CMV-BI11-Fc showed
~60% survival. After 48 h, all constructs, including
rAAV-DJ-CMV-BI11-Fc, provided 100% protection at
doses up to 20 LDy, but at 30 LD, rAAV-DJ-CMV-B11-Fc
only protected 80% of the animals. On the 10th day after
administration, all drugs provided complete protection
at doses up to 150 LDy,. After 78 days, the CMV vector
maintained 100% protection even at 1000 LDy, while
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100 4 Pk

NNA NN \%
51NN | | NN NN\A
N | NV N
= 1IN Z :\%/ \%/
= . INW | i NV | | N\
2 NV | N | | N\W?
- "IN N N
s N NG| NV
N\ | N N\
N7 B\ 7| BN\
N NN
AN L NAL NG
10 LD50 20 LD50 ' 20 LD50
Dose of BONT/A
(b)
ministration
1001 ry :
75
7 ]
254

{ 600LD50 | 800 LDS0
Dose of BONT/A
(d)
scAAV-DJ-CMV-B11-F¢

1000 LD50

n=>5
% Symptoms of botulism

Fig. 4. Protective activity of rAAV drugs expressing neutralizing antibody B11-Fc when different doses of BONT/A were administered
at different times. The survival rate of animals (%) is shown when intoxicated with different doses of BoNT/A (in LDy) 24 h (a),
48 h (b), 10 days (c), and 78 days (d) after rAAV administration. The groups with botulism symptoms are marked with an asterisk (*);

the number of animals was n = 5 for each group
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rAAV-DJ-CASI-B11-Fc and scAAV-DJ-CMV-B11-Fc
were only effective against 800 LDy,

Positive controls were animals that received
purified B11-Fc intramuscularly at a dose that provided
protection against BONT/A toxin [6]. Administration of
the rAAV drugs under study resulted in a pronounced
protective effect against intoxication, as evidenced by
animal survival and the absence of intoxication signs.
At the same time, in the negative control groups (saline
administration), there was 100% animal mortality.

The obtained data confirm the possibility of inducing
long-lasting protection against BONT/A with a single
intramuscular administration of rAAV drugs expressing
the B11-Fc antibody gene. At the same time, it has
been shown that rAAV-DJ-CMV-B11-Fc exhibits more
pronounced activity against extremely high doses
of botulinum toxin starting from 2-3 months after
administration. Less encouraging data on the protective
activity of rAAV-DJ-CMV-B11-Fc [3] may be due to
differences in the drug purification scheme, as described in
the previous chapter. In turn, the rAAV-DJ-CASI-B11-Fc
and scAAV-DJ-CMV-B11-Fc drugs can potentially be
used, among other things, for emergency prophylaxis of
botulism, since they provide protection as early as 24 h
after administration.

CONCLUSIONS

In this study, a comparative analysis of three rAAV
constructs expressing a modified single-domain antibody
B11-Fc against botulinum neurotoxin type A (BoNT/A)
was conducted.

The obtained data demonstrate that the rAAV
vector design (including genome shape and promoter
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Abstract

Objectives. The work sets out to investigate the influence of the structure of spacer in structure of phosphorus(Ill)-containing
oligoester(meth)acrylates on physical and mechanical properties of polymers and their combustibility.

Methods. The physical and mechanical properties of polymers were determined using the following: DMA 242 E Artemis dynamic
mechanical analyzer (VETZSCH, Germany); universal testing machine for standard tests on materials (ZwickRoell Group, Germany);
GT-7045-HMH(L) impact test machine (Gotech Testing Machines, Inc., Taiwan); Q-1500 D derivatograph of the Paulic—Paulic—
Erdey system (thermogravimetry, /OM, Hungary); Oxygen Index Module device for determination of burning behavior by plastic
flammability testing according to oxygen index (Concept Equipment, United Kingdom); GT-7045-HMH(L) device for determination
of the Vicat softening temperature (Gotech Testing Machines, Inc., Taiwan); SET-110XW supercritical fluid extractor (Supercritical
Fluid Technologies, Inc., USA) for supercritical fluid extraction with carbon dioxide.

Results. The influence of the spacer structure in the structure of phosphorus(Il)-containing oligoester(meth)acrylates on the dynamic
mechanical and physicomechanical properties of polymers was established. Comparative assessment of the impact of the spacer structure
on properties of polymers was carried out in terms of their heat stability (thermogravimetric analysis) and combustibility (measurement
of limited oxygen index). It is established that polymers having balanced physical and mechanical properties can be obtained by introducing
spacer characteristics into the oligomer structure. Polymers obtained on the basis of phosphorus(I1l)-containing oligoester(meth)acrylates
with spacers demonstrate considerable resistance to impact strength tests.

Conclusions. The achieved results testify to the possibility of obtaining polymers on the basis of phosphorus(Ill)-containing
oligoester(meth)acrylates with spacer attributes that possess increased resistance to impact strength and thermal stability tests at an
insignificant decrease in their combustibility.
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AHHOTaUus

Henn. ccnenoBanue BIUsHUS cTpoeHHs crieiicepa B crpykrype dochop(Ill)-coneprkanmx onurosdup(Mer)akpuiaaToB Ha GHU3NKO-
MeXaHHYECKHE CBOIMCTBA MOJIMMEPOB H X TOPIOYECTb.

Metoapl. Pu3nKo-MexaHHYECKHE CBOICTBA IIOIMMEPOB OMNPENCISIM C MOMONIBI0 AMHAMHYECKOIO MEXAaHWYECKOTO aHallH3aTo-
pa DMA 242 E Artemis (NETZSCH, I'epmanust); yHUBepcaIbHOI MamnHbl Ui ucnsltanuil (ZwickRoell Group, I'epmanust); xorepa
GT-7045-HMH(L) (Gotech Testing Machines, Inc., TaiiBans); nepusarorpada Q-1500 D cuctems! [Taymux—ITaynmuk—Opneii (Tepmo-
rpaBuMeTpuueckue nccienosanus, MOM, Benrpus); ycranoBku «Oxygen Index Module» st onpezneneHnst KHCIOPOAHOTO HHAEKCA
mtactmacce — Fire Testing (Concept Equipment, Benmukoopuranus), npubopa Komep GT-7045-HMH(L) st onpenenenust Temrepa-
Typhl pa3msiruenust o Buka (Gotech Testing Machines, Inc., TaliBanb); cBepXKpUTHIECKOTO (uronaHoro skcrpakropa SFT-110XW
(Supercritical Fluid Technologies, Inc., CILIA) st (IiongHON SKCTPAKINK CBEPXKPHUTHUECKAM JHOKCHIOM YITIEPOAaA.

Pe3ynbTarhl. YcTaHOBIEHO BIMSHHE CTPOCHUS crieiicepa B cTpykrype dochop(Ill)-coneprkammx omurospup(MeT)aKpuiaToB Ha AH-
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Influence of the structure of phosphorus(lll)-containing oligoester(meth)acrylates on the physical

Boris A. Buravov,

and mechanical properties, thermal stability, and combustion mechanisms of cured polymers etal.

INTRODUCTION

A compendium of research into the synthesis of
phosphorus-containing  acrylates, including the
characteristics of their curing and an assessment of
the properties of the resulting materials can be found
in [1]. Further development of the described direction
is presented in the works [2—4]. However, a more recent
round of research is associated with establishing the
possibility of synthesizing monomers with spacers,
which in turn determines the relevance of publishing
a series of articles on this topic.

In a previous publication, the results of a study on the
synthesis of spatially separated phosphorus-containing
oligoester (met)acrylates (a phosphorus-containing
polymerizable compound, PPC) were presented along
with an evaluation of the effect of the spacer structure on
the kinetics of their photo-curing [5].

The materials presented in the present article,
which are a continuation of earlier research based
on B.A. Buravov’s dissertation!, are devoted to the
study of the physical and mechanical properties of
cured  phosphorus-containing  oligomeric(meth)-
acrylates with spacers based on trivalent phosphorus.
The synthesized monomers are envisaged for use as
raw materials for the manufacture of products having
reduced flammability by laser stereolithography (LSL)
and digital light processing (DLP), as well as
3D printing methods used e.g. in automotive,
aviation and railway technology applications. In this
connection, it is important to evaluate the effect of the
spacer structure on the physicomechanical properties
of cured materials in order to predict possible options
for the use of end products. Therefore, the effect of
the spacer and its structure on the properties of cured
polymers was evaluated using the dynamic mechanical
analysis (DMA) method.

The present study investigates the temperature
variation of the complex dynamic mechanical modulus
of phosphorus(Ill)-based polymers containing oligoester
methacrylates. The influence of the spacer structure on
the modulus of accumulation of mechanical losses is
estimated along with the damping factor of polymers.
As a rule, these results on temperature changes in the
plastic-elastic properties of the material allow us to
get an idea of the structure of the formed polymer and
assess the boundary conditions of its application. The
establishment of these areas has been facilitated by the
implementation of Cole—Cole diagrams, a method that
has been instrumental in the analysis of the balanced
properties of cured polymers.

1
Thesis (Chem.). Volgograd; 2020, 161 p. (In Russ).

EXPERIMENTAL

The properties of polymers were studied using PPCs that
differ in terms of their structure, in particular, concerning
the presence of a spacer in the structure of the initial
monomer. The chemical formulas of compounds PPC-1,
PPC-2, and PPC-3 are shown in Fig. 1.

The structure of PPC-4 is similar to that of PPC-2 and
PPC-3, but one of the functional ether methacrylate
groups has been replaced with an allyl group. The
synthesis of PPC-4 was carried out similarly to that of
PPC-2 and PPC-3, but in this case, when loading the
reagents, one mole of glycidyl methacrylate (GMA) out
of the four used in the synthesis of PPC-3 and PPC-4 was
replaced with one mole of allyl glycidyl ether [6].

The synthesized compounds are summarized in
Fig. 2, which shows the differences in the structure of
the compounds, as well as the types of compounds used
in the synthesis to form a particular functionality in the
product.

Polymer samples used later for testing were obtained
inmolds by curing PPCs in the presence of 0.5% by weight
of the photoinitiator phenyl-bis(2,4,6-trimethylbenzoyl)-
phosphine oxide (phenyl-bis(2,4,6-trimethylbenzoyl)-
phosphine oxide (BAPO) under the influence of
ultraviolet (UV) radiation in the UV Exposure Lab
Chamber (SPDI UV, USA). Here, the radiation range
of the mercury lamp is 200—400 nm, while the power is
62 W/cm? at a curing time in the chamber of 25 min. The
exposure time of the samples following extraction from
the molds is 10 min.

UV-cured polymer samples were subjected to
sol-gel analysis by fluid extraction with supercritical
carbon dioxide (using a supercritical fluid extractor
SFT-110XW, Supercritical Fluid Technologies, Inc.,
USA). The results of the analysis indicate almost complete
binding of monomers during polymerization (Table 1).
The degree of curing was 100.0, 99.4, 98.0% for PPC-1,
PPC-2, and PPC-3, respectively.

Table 1. Sol-gel analysis results

Gel fraction content, wt %
Samples
At 18°C At 40°C
PPC-1 100.0 —
PPC-2 99.4 99.98
PPC-3 98.0 100.00

Note: the ratio of PPC/BAPO = 99.5 : 0.5 wt %. Conditions:
pressure is 1300 psi, time is 3 h.

Buravov B.A. Synthesis and properties of polymerization-capable phosphorus-containing oligomers with a spacer in the structure. Cand. Sci.

596 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(6):594-611



Influence of the structure of phosphorus(lil)-containing oligoester(meth)acrylates on the physical
and mechanical properties, thermal stability, and combustion mechanisms of cured polymers

Boris A. Buravov,

etal.
CH3 CH3 CH3
o o) o)
CH> H,C CH,

S H\ .
o. O OIO cl cl OIO
CH, NCH, HsC” SCH, HsC” SCH,
(@) (b)
HsC_CHy
- I
c o~ o
Hzc%%o N
o HsC  CHs HasC. CHs cl
o)
c LT SAOBEY:
o___0O o
Al i :
o)
n
o — - HZCYKO
H3C CHs
o
CH,

Fig. 1. Structure of (a) PPC-1; (b) PPC-2; (c) PPC-3

"ot ey,
v e,
ey e,

e,

C—P—Cl :
&

3 o
e, o
“eossanret®

LTI
o .,

"

s

1
£o
£

N
—/

Fig. 2. Generalized structural chemical formulas and the starting reagents for their production:
(a) PPC-1, without spacer; (b) PPC-2 and PPC-3, with the different spacer structure

The results of the sol-gel analysis indicate that
the presence of spacer in the structure of the initial
compound practically does not limit the conversion of
the oligomeric methacrylate fragment into a spatially
cross-linked material.

The study of the effect of the spacer and its
structure on the properties of cured polymers was

2

carried out under dynamic loading in accordance with
GOST R 57916-2017> using the DMA method on
a DMA 242 E Artemis device (NVETZSCH, Germany)
under double-arm bending conditions using the
equipment and techniques supplied to the device.

GOST R 57916-2017 (ISO 6721-5:1996). National Standard of the Russian Federation. Plastics. Determination of dynamic mechanical

properties. Part 5. Flexural vibration. Non-resonance method. Moscow: Standartinform; 2017 (in Russ.).
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RESULTS AND DISCUSSION

Dynamic flexural modulus of elasticity (E')

The dynamic modulus of elasticity (E£') is a storage
modulus that represents the energy stored in a sample
under sinusoidally applied load. According to
GOST R 56801-20153, the modulus of elasticity, which
is proportional to the maximum energy stored during
the loading cycle, serves as a measure of the stiffness
of a viscoelastic material. The temperature dependence
of changes in the stiffness of the studied cured polymers
with and without different spacer structures is shown in
Fig. 3. The summarized data is presented in Table 2. The
analysis of the above data makes it possible to compare
the rigidity and degree of structuring of the polymer
matrix [7, 8].

4500
4000
3500
3000
2500
~ 2000
1500
1000
500

0

E', MPa

20 0 20 40 60 80 100 120 140
T,°C

Fig. 3. Temperature dependence of the modulus
of elasticity £": (1) PPC-1; (2) PPC-2; (3) PPC-3; (4) PPC-4

The elastic modulus of all materials studied has three
temperature-dependent areas:

e low-temperature area of the vitreous state;

e temperature area of the transition period, i.e., the area
of rapid relaxation processes in the polymer matrix
under the influence of applied loads, indicating that
the material is in a transitional glassy-viscoelastic
state;

e high-temperature area representing a plateau of
highly elastic state of the material.

It can be seen from the presented data that the PPC-1
sample having the highest rigidity (£’ = 4200 MPa) at
atemperature of —25°C is the one whose monomer does
not contain a spacer in the structure. The RPC-2 sample
containing an aliphatic spacer (product residue E-181)
is characterized by a slightly lower initial hardness
value (£’ = 4120 MPa). The PPC3 polymer, containing
an aromatic spacer (ED-20 epoxy residue), has even

Table 2. Results of dynamic mechanical analysis of structured
samples

Parameter PPC-1 PPC-2 PPC-3 PPC-4
E} oxs MPa 4200 | 4120 | 3090 | 2000
E} i, MPa 88 12 30 9
Tg o °C 140 70 140 120
Ty, °C, Ernax -5 -20 35 0.0
E,, kJ/mol 283.0 | 5688 | 2837 | 2034

Note: E' is the dynamic modulus of elasticity under bending; £y,

ax>

E};, is the maximum and minimum value of the dynamic

modulus of elasticity under bending; T  is the temperature at
min

the minimum value of the modulus of elasticity under bending;
T,, °C, E] . is the glass transition temperature determined at the
maximum temperature of the dynamic modulus of elasticity; £, is
the activation energy of the viscous flow.

lower rigidity (E' = 3090 MPa). A significantly lower
initial stiffness value (£’ = 2000 MPa) is obtained in
the cured product sample (PPC-4) with an aromatic
spacer in which one of the four methacrylate groups
is replaced by an allylic one. This group, which is
characterized by a lower reactivity compared to
methacrylates, probably does not fully enter into
photopolymerization reactions that act as a defective
group, which ultimately leads to a decrease in
crosslinking density. The compound PPC-4 (Fig. 4)
was additionally synthesized by us under conditions
similar to the preparation of PPC-1, PPC-2, and
PPC-3 to identify the effect of defect formation in the
structure of crosslinked polymers.

We should note significant differences in the response
of material properties to the effect of temperature
(Fig. 3). The sample without a spacer (curve /) probably
has a homogeneous globular supramolecular structure,
which determines a monotonous decrease in the value
of the dynamic modulus of elasticity in the temperature
range from —25 to +114°C. At the same time, the slight
inflection in the region of 60°C is probably due to the
release of interglobular bonds of the cured material,
which differ little in terms of structure and chemical
nature of the formed chemical bonds inside the globules.

The introduction of a soft spacer into the structure
of the PPC-2 polymer, consisting of an aliphatic low-
molecular-weight unit with oxygen in its main chain
(Fig. 3, curve 3), has practically no effect on the initial
value of the dynamic modulus of elasticity compared

3 GOST R 56801-2015 (ISO 6721-1:2011). National Standard of the Russian Federation. Plastics. Determination of dynamic mechanical
properties. Part 1. General principles. Moscow: Standartinform; 2016 (in Russ.).
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Fig. 4. Structure of PPC-4

with the PPC-1 sample without a spacer (Fig. 3, curve /).
However, with a relatively small increase in temperature,
the soft spacer exerts a plasticizing effect, which
manifests itself in a fairly active and significant decrease
in the dynamic modulus of elasticity of the PPC-2
sample without any observed transient phenomena [9],
as is observed in other samples (PPC-1, PPC-3, PPC-4).

The dependence of the dynamic modulus of
elasticity on the temperature of a polymer containing
a volumetric hard aromatic spacer (PPC-3), a residue
from ED-20 epoxy resin, has a pronounced bend
in the range of 40°C (Fig. 3, curve 2), which can be
explained by an increase in the mobility of the globules
of the formed matrix of the crosslinked polymer
connected to each other an aromatic structure spacer.
Accordingly, the £’ value of the PPC-3 polymer matrix
at temperatures from —25 to +40°C is determined by
the combined effect of the spacer structure and the
crosslinked globular structure of the polymer. An
increased effect of the presence of a spacer above the
specified temperature is expressed by a significant
decrease in £’ compared to the indicator of the PPC-1
polymer without a spacer.

The replacement of one of the four methacrylate
fragments with a less reactive allylic fragment (Fig. 4,
dotted line) significantly affects the elastic properties
of the polymer matrix at low temperatures from —30 to
+20°C. This effect, which is determined by a lower
conversion of allyl groups during their polymerization,
is confirmed by calculations of the crosslinking density
shown below (Table 4). The introduction of a less
reactive group leads to a decrease in the stiffness of the
globules and consequent reduction in the initial values of
the modulus of elasticity to 2000 MPa at —25°C, which
shifts the transition state characteristic of PPC-3 to 0°C.

H3C CHj

This assumption is confirmed by the values of the
activation energy £, of the viscous flow of polymers,
which are determined by the results of DMA studies
(Table 2). PPC-1 and PPC-3 have almost identical
values of activation energies (283.0 and 283.7 kJ/mol,
respectively). The increased activation energy of the
viscous flow of PPC-2, which is almost twice as high as
that of PPC-1 and PPC-3, can probably be explained by
the flexibility of the spacer containing articulated oxygen
in the main chain and presence of a polar substituent in
the side chain [10].

For the PPC-4 polymer, there is a decrease in the
activation energy from 283.7 to 203.4 kJ/mol, which
indicates a significant decrease in the packing density of
the globules of the resulting material. This was confirmed
by calculations of the total crosslinking density of cured
polymers (Table 4).

Dynamic loss modulus (E")

The dynamic loss modulus (£") is the energy dissipated
as heat during the test cycle, and is determined by the area
under the temperature dependence curve (Fig. 5) [11]. In
fact, this is a characteristic of the mechanism of diffuse
relaxation.

The investigated temperature dependence of the loss
modulus of samples with spacers of different structures
contained in the initial products retains the tendency of
stiffness changes discussed above. Table 3 summarizes
the research results.

The graphical and tabular data show the effect of the
spacer in the polymer matrix on the value of the loss
modulus and the temperature change of its maximum,
which characterize the structural changes of the
polymer.
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Fig. 5. Temperature dependence of the dynamic loss
modulus E": (1) PPC-1; (2) PPC-2; (3) PPC-3; (4) PPC-4

Table 3. Summary data by loss modulus

Parameter PRC-I PRC-2 PREC-3 PPC-4
E .« MPa 195 340 208 222
T, °C, Efay 69 -12 60 17

The results obtained indicate that the polymer PPC-1,
which does not have a spacer, has minimal dissipation
of loading energy, characterized by a high packing
density of polymer chains of the methacrylate fragment.
Polymers having a volumetric aromatic spacer (PPC-3
and PPC-4) have relatively little difference in
E} .« value. The presence of an aliphatic spacer in
PPC-2 significantly increases the amount of stress
energy dissipation during bending (E” = 340 MPa) at
sufficiently low temperatures characterized by a phase
transition at lower temperatures (7 . —12°C), which is
probably due to the plasticizing effect of the mobile
aliphatic spacer.

It should be noted that the shape of the temperature
dependence of the loss modulus of the spacer samples
differs significantly from the shape of the temperature
dependence of the loss modulus of the comparison
sample. The dependence of the loss modulus of PPC-1
has the form of a large halo over a wide temperature
range. This behavior of the material can be explained
in terms of a set of structures having a wide range of
molecular weight distribution of polymer globules,
as well as close values of strained interglobular and
intraglobular chemical bonds, which are comparable
both in terms of nature and strength.

The introduction of a low-reactive allyl group (PPC-4)
has a significant effect on the properties of the material.
As compared to PPC-3, the temperature of the maximum

loss modulus decreases from 60 to 17°C, while the value
of £" increases from 208 to 222 MPa.

Thus, the introduction of spacers into the oligomer
structure has a significant effect on the loss modulus.
Polymer globules without a spacer have low mobility
and consequently reduced tendency to dissipate energy
from the applied load, which ultimately should make the
material brittle. The presence of an aliphatic spacer, which
likely acts as a soft crosslinking between the resulting
high-molecular globules, significantly increases the loss
modulus due to the plasticizing effect. The presence of
a hard aromatic spacer exerts a negligible influence on
the value of the indicator, concurrently constraining the
temperature range of its maximum. This phenomenon
can be elucidated by the diminished values of the
molecular mass distribution of interconnected globular
structures, which are circumscribed by the size of the
monomer molecule.

Damping factor (tg6;)

The magnitude of the values of the damping coefficient
tgd, (damping factor) is an indicator of the relationship
between the formed polymer phases of the material.
The interaction, adhesion (penetration) between the
phases, including their compatibility, as well as the
effect of the curing method of the composite material,
can be determined by the temperature dependencies
of the indicator, whose maximum is used to determine
the temperature (7 g) of the transition of the material to
a viscoplastic state [12].

Figure 6 shows the temperature dependencies of the
damping coefficient tgd,. From the presented data, it can
be seen that tgd, takes on large values with increasing
temperature to reach a maximum in the region of the
phase transition to the viscoelastic state.

It should be noted that tgd, has lower values at
temperatures below T o for all samples, since the segments
of the chain of the cured material are not in a labile, but
in a sedentary state. As the temperature increases, the
chain segments, while maintaining the overall structure,
become more mobile, which leads to an increase in the
values of the indicator. Thus, the higher the extreme value
of tgd;, the higher the degree of molecular mobility [12].

Comparing the maximum values of tgd,of the studied
samples of cured polymers based on PPC-1 (0.376) and
PPC-3 (0.381), it is possible to make an assumption
about their almost equal molecular mobility and
relatively close values of phase transition temperatures
(127 and 114°C, respectively). Considering the structure
of the compounds, it can be stated that the aromatic
spacer is inactive in polymer structures, which provides
them with rigidity by limiting the mobility of globular
segments [13].
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Fig. 6. Temperature dependence of tgd, structured
phosphorus-containing oligomers: (/) PPC-1; (2) PPC-2;
(3) PPC-3; (4) PPC-4

The temperature dependence of the PPC-4 damping
coefficient, which is characterized by a lower crosslinking
density (Fig. 6), has the maximum indicator value (0.6)
compared to the others; this maximum manifests at
a temperature of 50°C, which is 77 and 65°C lower than
that of the samples PPC-1 and PPC-3, respectively. This
may be attributed to the lower density of intra-globular
PPC-4 crosslinking.

The crosslinking density [14, 15] was calculated
according to the formula (1):

Ey

- 1
CIRT (1)

where v is the crosslinking density, mol/m?; E| is the
value of the dynamic modulus of elasticity under
bending £’ (J) at Tg + 30°C, the index r means the
rubbery (elastic) state/area; 7, is the absolute
temperature corresponding to T e T 30°C; R is the
universal gas constant, J/(K-mol).

The results of calculating the total crosslinking
density are presented in Table 4.

Table 4. Summary data on the damping factor

Parameter PPC-1 PPC-2 PPC-3 PPC-4
204 axe 0.38 0.26 0.38 0.60
Tg, °C, tgd; 127 60 114 50
v, mol/m? 15473 10129 8018 4510

The temperature dependence of the PPC-2 damping
coefficienthasaratherblurredhalooverawidetemperature
range (from —30 to +140°C), while it practically does

not change at temperatures from 20 to 110°C, having
a slightly pronounced maximum at 60°C. This indicates
the high viscoplastic properties of the polymer, which
should provide high values of impact resistance as
confirmed by additional studies (Fig. 7).

1000 2000 3000 4000 5000
E', MPa

Fig. 7. Cole—Cole diagrams of UV-cured composites:
(1) PPC-1; (2) PPC-2; (3) PPC-3; (4) PPC-4

The Cole—Cole diagram

Figure 7 shows the Cole—Cole graph, a tool for studying
structural changes occurring in crosslinked polymers,
which is important when comparing the effect of a spacer
on the viscoelastic properties of polymer materials [16]
since ultimately determining their physicomechanical
properties. The semicircular character of the Cole—Cole
graph, which is constructed in coordinates of the change
in the loss modulus from the modulus of elasticity, can
be used to characterize the degree of balance of the
properties of the crosslinked polymer composite [17].
The imperfection of the semicircular shape indicates the
structural heterogeneity of the formed material. On the
other hand, the proximity of the shape of the dependence
to the ideal sector of the circle indicates the balance of
the structures composing the polymer matrix [14] over
a wide temperature range. The summarized data is given
in Table 5.

From the presented graphical data, it can be seen that
the shape of the dependence of the loss modulus on the
elastic modulus of a polymer containing no spacer is
far from the shape of the ideal sector of a circle, whose
maximum is shifted to the region of large values of the
elastic modulus (Fig. 7, curve /). The introduction of
a spacer of different structures brings the Cole—Cole
diagram to a more perfect form (curves 2 and 3), shifting
the maximum of the loss modulus to the region of
lower values of the elastic modulus close to its average
value. Since the diagram characterizes the interaction
of the structures of the formed crosslinked polymer, the
introduction of a spacer can be concluded to leads to the
formation of a more perfect structure [ 18] and consequent
improvement in  physicomechanical  properties,
including resistance to shock loads. This assumption
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was confirmed by further comparative tests of the studied
materials (see below).

Table 5. Summary data obtained from the Cole—Cole diagram

Parameter PPC-1 | PPC-2 | PPC-3 | PPC4

Efax (Cole—Cole), MPa 206 | 344 | 214 | 232

E' at Ey, (Cole-Cole), MPa | 3056 | 1612 | 1943 | 1125

1E . MPa 2100 | 2060 | 1545 | 1000

The replacement of one methacrylate group
with an allyl group that is relatively less reactive to
polymerization under the studied conditions [19] leads
to a significant change in the Cole—Cole diagram (Fig. 7,
curve 4) and a decrease in characteristic parameters
(Table 5). The shape of curve 4 deviates towards a less
perfect one compared to the analogues of PPC-2 and
PPC-3 (curves 2 and 3), while the maximum loss modulus
decreases and shifts to the region of lower values of the
modulus of elasticity. This indicates an increase in the
defect structure of the formed polymer matrix of the
crosslinked material when a less reactive allyl group is
introduced into the oligomer.

Summarizing the above and comparing the results
of the DMA studies, we can conclude that the elastic
properties of cured polymers are significantly affected by
the introduction of a spacer into the oligomer structure.
While the introduction of an aliphatic spacer leads to the
formation of a material with increased elastic properties
without changing the modulus of elasticity at low
temperatures, it also provides greater globular mobility
of the cured material. The introduction of an aromatic
spacer leads to a decrease in the modulus of elasticity
at relatively low temperatures, while maintaining the
rigidity of the cured polymer at higher temperatures.
In both cases, a more balanced structure of the cured
polymer is formed.

The incorporation of low-reactive functional groups
has been demonstrated to exert a substantial influence
on the supramolecular structure of the material,
consequently affecting the physicomechanical properties
of the formed crosslinked matrix of the cured polymer.

The findings suggest that the incorporation of spacers
within the structures of cured compounds facilitates the
intentional fabrication of materials having predetermined
viscoelastic properties, which is a process of particular
significance for brittle phosphorus-containing materials.

Impact of spacer composition

and morphology on a polymer material’s
physicomechanical properties, its heat,
and fire resistance

In order to compare the results of DMA with the
physicomechanical properties of polymers obtained
in the presence of initiators of UV-cured materials
based on PPC-1, PPC-2 and PPC-3, their strength
under static bending, resistance to shock loads, heat
resistance and fire resistance were investigated. In
addition, decomposition models of PPCI1, PPC-2,
and PPC-3 and kinetic parameters of the ongoing
macrostage reactions were obtained. The results of
the conducted studies are shown in Figs. 8-10 and
Tables 6-10.

Impact strength test results

The study of the effect of a spacer in the structure of
oligomers on the impact resistance of polymers based on
them was carried out using the incised iodine method in
accordance with GOST 19109-2017 (ISO 180:2000)*.
The obtained values of impact strength (Fig. 8) are
fully consistent with the results of the conducted DMA
studies.

It can be seen from the presented data that the cured
polymer containing a soft aliphatic spacer (PPC-2) is
characterized by higher values of impact resistance than
the sample containing a hard spacer comprising the
remainder of the ED-20 epoxy resin (PPC-3), which is
probably due to the greater dissipation of impact energy
by the moving part of the spacer.

30
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| Fig. 8. Impact strength PPC1, PPC-2, and PPC-3

The introduction of spacers into the structure of
oligomers is shown to increase the impact strength
of cured polymers by 2.5-3 times, with the soft
spacer having a more significant effect. This fact is in

4 GOST 19109-2017 (ISO 180:2000). Interstate Standard. Plastics. Method for determination of Izod impact strength. Moscow: Standartinform;

2018 (in Russ.).
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good agreement with the results of the DMA studies
presented above.

The values of the modulus of elasticity determined
in the study of the resistance of materials to static
bending showed compliance with the DMA studies
(Table 6) subject to consideration of the compliance of
the temperature of the physicomechanical tests.

Table 6. Resistance to bending stress

Parameter PPC-1 PPC-2 PPC-3
E, GPa 2.57 0.49 1.92
dl at fracture, % 2.6 8.4 2.4
Firea» MPa 60 29.5 40.5

Note: E is Young’s modulus; d/ is elongation at fracture, %;
F\ reax 18 breaking load, MPa.

breal

RRS-1, which is characterized by a maximum value
of Young’s modulus £ at bending (2.57 GPa), collapses
with significantly greater applied forces (60 MPa) at
the lowest deflection value (2.6%). The introduction of
a soft spacer (PPC-2) leads to a decrease in the Young’s
modulus to 0.45 GPa (more than 5.5 times), a decrease
in destructive loading to 29.5 MPa; at the same time,
deflection increases by more than 3 times (8.4%)
during fracture. The introduction of a hard spacer into
the structure of the material (PPC-3) is accompanied
by a decrease in its Young’s modulus to 1.92 GPa with
a 30% decrease in fracture stress and increased deflection
values (3.4%).

The results confirm that the plastic properties of
cured materials can be significantly enhanced by the
introduction of spacers. Thermoplastic properties of
polymers determined by the Vicat method according to
GOST 15088-2014° (Table 7) also indicate an increase in
the viscoplastic properties of cured samples containing
a spacer in the oligomer structure. Increasing the load
does not significantly change the softening temperature
of PPC-1, while a decrease in softening temperatures is
observed with increasing load for samples with a spacer
(PPC-2 and PPC-3).

The results obtained indicate that the introduction of
a spacer into the oligomer structure makes it possible to
obtain a polymer material with enhanced viscoplastic
properties, which is not typical for phosphorus-containing

5
Standartinform; 2014 (in Russ.).

polymer materials and usually restricts their use in
compounds.

Table 7. Vicat softening temperature

PPC-1 PPC-2 PPC-3
Test conditions
Softening point, °C
Load 10H 231 242 (0.5 mm)* 243
Load 50H 228 170 121

* Immersion of the indenter 0.5 mm into the sample at a temperature
of 242°C.

Thermal stability

Considering that phosphorus-containing oligoester
methacrylates should have a reduced flammability, it
is of interest to evaluate the effect of the spacer on the
thermal stability and flammability of polymers.

The thermal stability of the cured samples was
evaluated using a Paulic—Paulic—Erdey derivatograph
Q-1500 D (/OM, Hungary). The research results are
shown in Fig. 9 and in Table 8. It can be seen that the
samples differ in terms of heat resistance, the dynamics
of the destruction process, and the amount of coke
residue at 400°C. The presence of an aliphatic spacer
in the PPC-2 sample slightly reduces the temperature of
the beginning of decomposition of the material (~140°C)
compared with PPC-1 (~145°C). The increased
temperature of the onset of decomposition to ~190°C
caused by the introduction of an aromatic spacer into the
structure of the oligomer (PPC-3) indicates an increase
in its heat resistance.

It is noted that the thermal degradation of
PPC-1 and PPC-2 polymers proceeds by similar
mechanisms. This is evidenced by similar dynamic
processes occurring in the first stages of the destruction
of materials, with the initiation of the process at
temperatures of 140-150°C. A similar stage for the
PPC-3 sample begins only at 160°C. In this case, the
peak of the maximum decay occurs at 320°C, whereas
for samples of PPC-1 and PPC-2 it occurs at 260°C.
The observed fact indicates an increase in the thermal
stability of the polymer when an aromatic spacer is
introduced into it.

GOST 15088-2014. Interstate Standard. Plastics. Thermoplastic materials. Determination of Vicat softening temperature (VST). Moscow:
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Fig. 9. Derivatograms of cured materials: (a) PPC-1; (b) PPC-2; (c) PPC-3. Heating rate 10°C/min. DTA — differential thermal
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Table 8. Results of derivatographic studies

Samples Tipisiar °C T, °C Ty °C T, °C Coke at 400°C, wt %
PPC-1 150 200 236 305 29
PPC-2 140 207 248 300 34
PPC-3 190 249 289 330 44

Note: T, ;i 1 the temperature of the beginning of destruction; 75 is the temperature of 5% mass loss; T is the temperature of 10% mass loss;

T, is the temperature of 50% mass loss.
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Table 9. Scheme of the polymer degradation model of PPC-1, PPC-2, PPC-3 and kinetic parameters of the proceeding reactions
of macrostages
Reaction A, 1/s E,, kJ/mol n Comment Range T, °C
PPC-1
RPC-1 — a-liquid - - - Phase change ~140-300
a-liquid — 0.84 b-liquid + gas 6-1012 156 0.32 Pyrolysis and evaporation 215-290
b-liquid — 0.29 c-liquid + gas 1-1013 168 0.42 Pyrolysis and evaporation 240-325
c-liquid — 0.1 a-char + gas 1-102 75 1.1 Degradation 330-685
PPC-2
PPC-2 — 0.98 a-liquid + gas 5-100 77.7 2.96 Phase change 120-300
a-liquid — 0.82 b-liquid + gas 1-1013 155 0.3 Pyrolysis and evaporation 217275
b-liquid — 0.23 c-liquid + gas 1-101 186 0.65 Pyrolysis and evaporation 250-315
c-liquid — 0.1 char + gas - - - Degradation ~400-600
PPC-3
PPC3 — a-liquid - - - Phase change ~150-250
a-liquid — 0.44 a-char + gas 5-108 124 0.03 Evaporation 250-325
a-char — 0.1 b-char + gas 8.6:10% 115 2.89 Degradation 430-700

It should be noted that the thermal degradation
of the PPC-3 polymer, which is characterized by
a single stage without the formation of intermediate
intermediates, probably occurs due to a more
thermostable aromatic spacer. The greater heat
resistance of PPC-3 is also evidenced by the amount
of coke residue formed at a temperature of 400°C and
amounting to 44% of the initial mass. For samples
PPC-1 and PPC-2, this indicator corresponds to
29 and 34 wt %, respectively.

The study of thermal decomposition processes of
PPC1, PPC-2, and PPC-3 at temperatures up to 800°C
was carried out according to thermogravimetric analysis

6

using the Reaxfire/gpyro program (2023)% within the
framework of a decomposition model followed by the
release of decomposition products into the gas phase
(evaporation/sublimation). The scheme of the PPF
decomposition model and the kinetic parameters of the
ongoing macrostage reactions are presented in Table 9.
The model considered four (for PPC-1 and PPC-2) and
three (for PPC-3) sequential reactions (macrostades)
of thermal decomposition of a pseudocomponent (in
Table 9 they are designated a-, b-, c-liquid) along with
the formation of new unidentified pseudocomponents.
In this model, liquid can be understood as the solid
state of a pseudocomponent that is consumed without

Generalized model of pyrolysis of combustible solids. URL: https://github.com/reaxfire/gpyro. Accessed July 07, 2024.
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forming a liquid layer (sublimation). Figure 10 shows
the nature of the main peaks of the reaction rates of
the second and third stages of the decomposition of
PPC, comprising an acute peak and a sharp front of the
termination of the reaction.
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Fig. 10. Comparison of experimental data and simulation
of thermal degradation kinetics:
(a) PPC-1; (b) PPC-2; (c) PPC-3

The simulation results satisfactorily describe the
experimental data presented in Fig. 10. The reaction rate
is represented as:

da n
o ey, )

where a is the fraction of the product formed; # is the
reaction order; the reaction rate constant k is represented
in Arrhenius equation k=4- exp(—Ea / RT )(A is the
preexponent, £ is the activation energy of the reaction).

From formula (2), it can be seen that weakly
concentration-dependent reactions occur when the
reaction index is fractional (n = 0-1). An example is
the thermal decomposition of minerals [20]. At n = 0,
evaporation occurs, while at n = 1, a reaction involving
one component occurs. When n > 1, reactions involving
several components occur, as is often observed during
the thermal decomposition of polymers [21]. Kinetic
parameters for the first stage of decomposition of PPC-1
and PPC-3, which proceed at a low rate, have not been
determined. The first stage, according to the proposed
model, is associated with a change in the phase of matter
and a small gas output (mass loss). It can be assumed
that the first stage is associated with the transition of the
polymer from a solid state to a softened one, in which
the process of surface destruction of the interglobular
region takes place. In the case of PPC-1 and PPC-2, the
second and third stages are characterized by significant
weight loss (60 wt %). In the framework of the proposed
model, this is most likely due to the decomposition of the
polymer and the formation of a monomer (for example,
methyl methacrylate), which enters the gas phase without
decomposition (evaporation) and involving partial
decomposition of the spacer. This assumption is based
on the low values of the reaction index for PPC-1 and
PPC-2 (0.32-0.65). In the case of PPC-3 in the second
stage, n=0.03 is very close to zero, i.e., the main process
of mass loss is evaporation.

The obtained kinetic data can be used to create
a combustion model for the samples studied.

Determination of the flammability of cured
phosphorus(lll)-containing polymers

The thermal decomposition curves PPC-1 and PPC-2
(Fig. 10), showing the release of combustible products
into the gas phase and the process of flame propagation,
are close to each other and thus should not affect the
values of the limiting oxygen index (LOI). However,
with approximately the same phosphorus content, the
chlorine content in PPC-1, which is a halogen and acts
as a flame retardant, is significantly higher (1.45 times)
than in PPC-2, which reduces the LOI for PPC-2 from
28 to 24 units. The amount of phosphorus and chlorine
in the PPC-2 and PPC-3 polymers is very close, but the
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Table 10. Results of flammability studies of photocured
polymers

Wt %
System components LOI, %
P Cl

BAPO

PPC-1 (0.5%) 5.5 18.7 28.0
BAPO

PPC-2 (0.5%) 5.7 12.9 24.0
BAPO

PPC-3 (0.5%) 52 11.8 27.0

LOI of PPC-3 is 3 units higher than that of PPC-2, which
can be explained by the higher thermal stability of the
aromatic spacer in PPC-3 (the maximum decomposition
temperature of PPC-3 is 20°C higher than that of PPC-2)
and smaller quantity of gases released (the remaining
gases are larger at 400°C).

The flammability of crosslinked polymers
was assessed by the LOI determination method
(GOST 21793-767). The results are presented in Table 10.

It can be seen from the presented data that the polymer
without a spacer has the maximum LOI value. Samples
with spacers have slightly lower LOI values.

Thus, it was found that the introduction of a spacer
into the oligomer structure has a significant effect on the
course of thermal degradation of cured polymers. The
introduction of an aromatic spacer into the oligomer
structure significantly increases the thermal stability
of polymers. The presence of an aliphatic spacer in the
structure of the oligomer reduces the temperature of the
beginning of decomposition of the material, but leads to
an increase in the coke residue in the end compared with
the PPC-1 polymer.

CONCLUSIONS

It has been established by DMA that the introduction
of an aliphatic spacer is accompanied by a decrease in
the glass transition temperature of polymers from —5 to
—20°C, the introduction of an aromatic spacer increases
the glass transition temperature of the polymer to 35°C.
The aliphatic spacer reduces the transition temperature
to the viscoelastic state by 67°C, and the aromatic

state by 13°C. The impact strength of the samples with
spacers in the structure is 2.5-3 times higher than the
impact strength of the reference sample without a spacer.
Polymers with an aliphatic spacer have the most balanced
properties, as confirmed by the Cole—Cole diagrams.

Derivatographic studies have established that the
aliphatic spacer in the PPC structure increases the
temperature of loss of 5% of the mass by 7°C, while the
aromatic space leads to a corresponding loss by 49°C,
as well as increasing the coke residue from 29 to 34 and
44 wt %, respectively. The LOI of polymers containing
an aromatic spacer is 27, while that of the aliphatic
spacer is 24.

Thus, it has been established that the introduction
of spacers into the structure of phosphorus-containing
polymerizable oligomers makes it possible to obtain
polymers with reduced flammability and enhanced
viscoelastic characteristics providing high resistance to
shock loads.
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Abstract

Objectives. The aim of this work is to investigate rapid surface treatment methods of nitrile butadiene rubber (NBR) using an elastomer
composition based on fluoropolymer FKM-32 and fluoroplastic F32L. The article presents new methods for enhancing the mechanical
and wear properties of NBR by applying surface coatings.

Methods. Abrasion tests were conducted using an MI-2 tribometer; determination of the tensile strength properties of the samples
was performed using a DVT GP UG 5 universal testing machine (Devotrans, Turkey). Hardness was ascertained using a Shore A type
durometer. Samples were cut out on a pneumatic punching press GT-7016-AR (GOTECH Testing Machines Inc., Istanbul, Turkey).
Microstructure and elemental composition studies were carried out using a Vega 3 scanning electron microscope (TESCAN, Brno, Czech
Republic) equipped with an X-Act (Oxford Instruments, High Wycombe, United Kingdom) energy-dispersive analysis attachment.

Results. The immersion of NBR in a 10% solution of poly(vinylidene fluoride-co-chlorotrifluoroethylene) (fluoroplast F32L) in
1,1,2-trifluoro-1,2,2-trichloroethane was found to result in the formation of a uniform fluoropolymer-based coating on the rubber surface.
This coating results in a decrease in the abrasion value from 0.046 to 0.005 m3/TJ, corresponding to an increase in abrasion resistance.
Furthermore, for rubbers coated by immersion in the fluoroplastic solution, the modulus at 100% and 300% strain increases by 86% and
44%, respectively, while the tensile strength increases by 20%, and the hardness increases by 9 units compared to the as-obtained NBR.

Conclusions. Regardless of pre-soaking in methyl ethyl ketone, the wear resistance of the synthetic rubber is not increased by surface
treatment with elastomeric composition based on fluororubber FKM-32 grade followed by thermostating. However, surface-modification
of NBR using the M3 method demonstrates better tribological performance and mechanical performance than the untreated sample.
A complex of enhanced properties of surface-modified NBR-M3 can be effected by the presence of halogen atoms on the surface layer
of the rubber sample.
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AHHOTauus

Instruments, Xaii-Baiikom6, BenmukoOpuranus).

CBOWCTB MMOBEPXHOCTHO-MoAUpurtpoBanHoro NBR-M3.

KniouyeBbie cnoea

MEXaHHUYECKHE CBOMCTBA

Anga uuTnpoBaHua

OyTaaueH-HUTPUIIBHBIN KaydyK, ropmonumep, GToporiact, U3HOCOCTONKOCTb,

Iean. Pa3paboTraTs HOBbIE METObI NOBBIICHNSI MEXAaHHYECKUX U N3HOCOCTOMKNX CBOWCTB OyTaanMeH-HUTPHIBHBIX KaydykoB (nitrile
butadiene rubber, NBR) nmyTem HaHeceHNsI ITOBEPXHOCTHBIX MOKPHITHH M HCCIEI0BATh METOBI ObIcTpoli 00padoTku moBepxuoct NBR
C HCIIOJIb30BaHUEM JJIaCTOMEPHOI KOMITO3UIMU Ha ocHOBe (ropnonmmepa PKM-32 u gpropomacra F32L.

Mertoaspl. McnbITanus Ha HCTHPaHUE TIPOBOIIIH C TIOMOIIEBI0 Tpubomerpa MI-2, onpernenenue MpOYHOCTHBIX CBOICTB 00pa3moB —
¢ MOMOIIBI0 YHUBepcanbHON ncnbitarenbaod Mammusl DVT GP UG 5 (Devotrans, Typrms), TBepAOCTh — C TIOMOIIBIO TBEpIOMEPA
tuma [llop A. O6pa3ius! ObIIH BEIpE3aHbI Ha MTHEBMaTH4ecKoM mramroBodHoM npecce GT-7016-AR (GOTECH Testing Machines Inc.,
Cram6yn, Typuns). MccnenoBanne MUKPOCTPYKTYPBI M SJIEMEHTHOTO COCTaBa MPOBOAMIIN C TIOMOIIBIO CKAaHUPYIOIIETO 3IEKTPOHHO-
ro mukpockomna Vega 3 (TESCAN, bpro, Uexust), OCHaIIIeHHOTO SHEProICIEPCHOHHON aHanuTHIeckoi npucraBkoi X-Act (Oxford

Pe3yabrarsl. YcranosneHo, uro morpyxenne NBR B 10%-Hb1it pacTBop mommBuHMIHAeH(TOpHAa-TpUdTOpXIOpITHIEHa (PTOpO-
mwracta F32L) B 1,1,2-tpudrop-1,2,2-TpuxiopaTaHe NIPUBOIUT K 00pa30BaHHIO HA IOBEPXHOCTH PE3MHBI PABHOMEPHOTO MOKPHITHA Ha
OCHOBE (hTOPIIONMMEpA U BBI3BIBAET CHIKEHHE BETHUMHEI aGpa3uBHOr0 U3HOCA (HeTupaeMocts) ¢ 0.046 10 0.005 M3/ T]Ixk, 4To COOTBET-
CTBYET CyIIECTBEHHOMY MOBBIIICHUIO a0pa3uBHOIi cToiikocT NBR. /11151 KaydyKoB, MOKPBITHIX ITOTPY>KEHUEM BO (PTOPOILIACTOBBIN pac-
TBOP, Moayns ynpyroctu npu 100 1 300%-Hb1x 1edopmanusax yBennauaeTcs Ha 86 u 44% COOTBETCTBEHHO, B TO BPEMsI KaK IIPOYHOCTD
Ha pacTsbkeHne yBennuusaeTcst Ha 20%, a TBEpAOCTb yBEIHINBAETCS HAa 9 AMHMIL IO CPABHEHUIO ¢ omydeHHbIM NBR.

BruiBoabl. O6paboTka noBepxHoctu NBR anacromepHbiM cocTaBoM Ha ocHOBeE (Topkaydyka Mmapku @PKM-32 ¢ nociaeayomum TepMo-
CTaTHPOBAHHEM HE MO3BONSET CHU3UTh N3HOCOCTOMKOCTh PE3MHBI HE3aBUCUMO OT ITPE/IBAPUTENHHOTO 3aMauMBaHUS B METHIIITUIIKETOHE.
Moaudununposannsiii o noBepxuHoctd NBR (metomom M3) nmokassiBaet sydiire TpUOOJIOrHUeCKHe U MEXaHNIECKHE XapaKTePUCTUKH,
yeM HeoOpaboTaHHBIN oOpasen. Hanmnune aToMOB raqoreHoB Ha MOBEPXHOCTHOM cjioe oOpa3iia OTBEYaeT 32 KOMIUIEKC MOBBIIICHHBIX
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INTRODUCTION

In order to achieve the desired surface characteristics
of rubber materials, various techniques have been
developed. Of particular importance 1is surface
modification, which can significantly change the
material’s friction characteristics, permeability, thermal
stability, and mechanical properties. Methods used for
surface modification purposes include those aimed at

improving wear resistance and mechanical properties of
rubber materials. These include surface irradiation [1],
laser manipulation [2], corona discharge [3], plasma
treatment including [4], photochemical modifications [5],
and surface etching with an oxidation solution
such as concentrated sulfuric acid and zirconium
phosphate [6-8], as well as magnetron-sputtering [9, 10].
However, the mentioned technologies are typically
complex and expensive. Therefore, the aim of the present
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work is to explore a cost-effective and efficient approach
to improving the tribological characteristics of rubber
materials.

Surface halogenation effects are achieved on
vulcanized rubber through chemical treatment using
free halogen in organic solutions or the gaseous phase,
and/or inorganic and organic halogenating agents.
The foundation for priority research on polymer
halogenation processes, including chlorination and
fluorination of rubber surfaces, was established by
studies conducted as far back as the 1960s. Significant
contributions to the development of halogen-based
modification of elastomers were made by researchers
such as A.A. Dontsov [11], V.S. Yurovsky [12],
Z.N. Nudelman [13-15], [.A. Tutorsky [16], and others.
One method described involves chlorinating the surface
of SBR using an organic liquid (1,3,5-trichloro-1,3,5-
triazinane-2,4,6-trione, TCICA) in ethyl acetate [17].
Surface modification methods of rubber with halogen-
containing compounds also include surface treatment
using aqueous chlorinating agents, such as HCl-acidified
sodium hypochlorite solution in both aqueous and
ethanol solutions [18], and organic chlorine salt (sodium
dichloro-isocyanurate) [19]. Here, poly(vinylidene
fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE)
powder was used as a friction-modifying additive for
rubber matrices. The study [20] describes a developed
approach to obtaining neoprene- and silicone-based
elastomers with a low coefficient of friction. The
described rubbers were characterized by low physical
and frictional properties due to poor compatibility
of PVDF-CTFE powder. Recycled poly(vinylidene
fluoride-co-chlorotrifluoroethylene) (r--PVDF-CTFE) was
employed to prepare nitrile rubber (NBR)/r-PVDF-CTFE
composites, characterized by increase in modulus at
300% and 27.8% and decrease in swelling index. Direct
fluorination by F, has been employed to fluorinate
a broad range of polymer materials, improving the
hydrophilicity, surface tension, friction coefficient,
and scratch resistance of rubber materials by attaching
fluorine elements onto the rubber surface, forming —CF,
~CF,, or —~CF; groups [21-26]. Direct fluorination can
also lead to an increase in the crosslinking density of the
fluoroelastomer film on the rubber surface. By increasing
the contact angle it is possible to reduce wettability and
surface tension while improving chemical resistance and
adhesive properties of polymers. Direct fluorination can
also be used to reduce the wear properties of rubbers
over the course of repeated abrasion [27]. However, one
of the main disadvantages of these methods is the high
aggressiveness of the halogenation reagent, high labor

input, undesirable presence of toxic byproducts, and
complex technical design of the production process.

The present work sets out to enhance the wear
resistance of synthetic rubber through surface
modification with a fluoropolymer-containing solution
treatment. The developed technology is characterized by
a reduction in production stages through the treatment of
the rubber surface with a fluorine-containing compound,
as well as the exclusion of aggressive fluorine-containing
modifiers from the formulation.

MATERIALS AND METHODS

Materials. NBR (BNKS-18 grade, KZSK, Krasnoyarsk,
Russia) was used as a basic raw material. Synthetic
butadiene-nitrile rubber is a copolymer of acrylic acid
nitrile (17-20%) and 1,3-butadiene produced by emulsion
polymerization at a temperature of 32°C. The main NBR
characteristics and those of the rubber formulated based
on NBR are presented in Tables 1 and 2.

Table 1. Properties of BNKS-18

Parameter Value

From light-yellow

Appearance to dark-brown color
Mooney viscosity 40-70

Mass fraction of acrylonitrile, % 17-20

Glass transition temperature (7, g), °C —47 ...-50
Density, kg/m* 943

Table 2. Formulation of studied samples in parts per hundred (phr)
of rubber

Materials Compound, phr

Nitrile butadiene rubber (BNKS-18) 100

Zink oxide 3

Sulfur 1.50
Stearic acid 1
Carbon black (P-324) 40
N-tert-butyl-benzothiazole sulfonamide 0.70
Total 146.20

The rubber mixes were prepared according to
ASTM D 3184! using a two-roll mill at a temperature of
50°C. The vulcanization of rubber blends was conducted

I ASTM D 3184. Standard Test Methods for Rubber-Evaluation of NR (Natural Rubber) (Reapproved 2001).
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at 170°C for 15 min. Table 2 sets out the parameters of
the formulation used.

Fluoropolymer (FKM-32 grade, HaloPolymer,
Kirovo-Chepetsk, Russia) is a copolymer of vinylidene
fluoride and chlorotrifluoroethylene. Fluoroelastomers
such as FKM-32 are distinguished by their ability to
co-vulcanize with NBR due to the presence of active
functional groups in their structure. This enables the
formation of an integrated coating layer that is chemically
and physically bonded to the rubber substrate, resulting
in a unified material with enhanced surface mechanical
properties. Unlike rigid polymer coatings, FKM-32 is
characterized by significant elasticity. This elasticity
allows the protective layer to maintain its integrity under
repeated bending, stretching, and other mechanical
stresses. FKM-32 is compatible with specific vulcanizing
agents, such as p-quinone dioxime derivatives, which
create crosslinks within the coating that not only enhance
its mechanical strength, but also promote the formation of
strong adhesive bonds with the rubber surface, improving
the coating’s resistance to delamination and mechanical
damage. The main properties of the fluoropolymer are as
presented in Table 3.

Table 3. Properties of FKM-32

Parameter Value

White crumb with individual

Appearance semitransparent particles
of the product
Mooney viscosity MB (4—4) 70-95

160°C

Thermal stability
(mass loss at 270°C), wt %, 0.15
no more than

Tg, °C -17
F content, wt % 54-55
ClI content, wt % 14-16

This polymer was used in combination with the
vulcanizing agent (quinol ester of p-quinone dioxime)
and the dithiophosphate accelerator for application onto
the surface of NBR rubber. The quinol ester of p-quinone
dioxime (trade name EH-1 Minkar, Russia) appears in
the form of a powder having a light-yellow to dark-
yellow color. The p-quinone dioxime derivative was
used as a curing agent for fluoroelastomers (FKM) due to
its effective promotion of the formation of a crosslinked
structure, which enhances the adhesion of the coating
to the substrate and improves its mechanical strength.
EH-1 acts not only as a vulcanizing agent but also as an
adhesion promoter for the coating to NBR, owing to its

chemical reactivity and ability to form strong bonds with
the substrate surface. The dithiophosphate accelerator
(trade name Kvalaks C1, NPP Kvalitet, Moscow, Russia)
is a transparent liquid ranging from yellow to brown in
color with a zinc mass fraction of 8.8% and a kinematic
viscosity at 100°C of not less than 6 cSt. The final
formulation of the composition based on fluoropolymer
is presented in Table 4. Quinol ether was chosen as
the vulcanizing agent, which is capable of structuring
halogen-containing—in our case, fluorine-containing—
rubbers. Accelerator and the vulcanizing agent dissolve
well in methyl ethyl ketone (MEK).

Table 4. Formulation of the composition based on fluoropolymer
(FKM-32)

Materials Compound, phr
Fluoropolymer (FKM-32) 100
Dithiophosphate accelerator 2
The quinol ester of p-quinone dioxime 6

The elastomeric composition of this formulation
(Table 4) is prepared as a 10% solution in methyl ethyl
ketone. Rubbers based on NBR have a high ability to
swell in MEK, which in turn facilitates the penetration
of fluoropolymer into the rubber sample structure for
the purpose of creating a surface-modified layer of NBR
rubber.

Poly(vinylidene fluoride-co-chlorotrifluoroethylene)
(fluoroplast grade F32L, HaloPolymer, Kirovo-Chepetsk,
Russia), representing a copolymer of trifluorochloro-
ethylene and vinylidene fluoride, is a chemically
resistant polymer that dissolves well in ketones,
complex esters, Freon-113, and tetrahydrofuran.
Fluoroplasts, including grade F-32L, are characterized
by an extremely low coefficient of friction against steel,
which allows for a significant reduction in the surface
friction of rubber coated with such materials. As a result,
the wear resistance and durability of rubber products
operating under conditions of friction, sliding, and
abrasive stress are greatly improved. The copolymer
based on vinylidene fluoride and chlorotrifluoroethylene
exhibits excellent chemical resistance to aggressive
environments, oils, solvents, and chemical agents.
This material may be applied as a surface coating to
create a protective barrier that prevents the penetration
of aggressive substances into the rubber bulk, thereby
preserving its original performance characteristics.
Fluoroplast F-32L also features relatively high hardness,
resulting in the formation of a rigid and wear-resistant
surface layer on the rubber. This protects the softer NBR
substrate from damage during contact with hard abrasive
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surfaces, preserving its mechanical properties and
extending the service life of the product. Being soluble in
a number of organic solvents (e.g., 1,1,2-trifluoro-1,2,2-
trichloroethane), fluoroplast F-32L can penetrate into the
rubber surface during application due to partial swelling
of the elastomer. After solvent evaporation, a uniform,
thin, and mechanically strong coating is formed, which is
firmly bonded to the substrate at the molecular level, thus
ensuring high resistance to delamination and mechanical
stress. The main properties of the fluoropolymer are as
presented in Table 5.

Table 5. Properties of fluoroplast F-32L

Parameter Value

Appearance Coarse-grained powder of white
pp or slightly yellowish color

Density, kg/m? 1920-1950
Thermal stability
(mass loss at 270°C 5h), 0.1-1.0
wt %, no more than
T w °C 30
Coefficient of friction 0.04
on steel
Brinell hardness, MPa 29-39

As asolvent for the fluoroplastic, 1,1,2-trifluoro-1,2,2-
trichloroethane (CFC-113) was used. This compound
is highly volatile and is classified as a low hazard
(hazard class 4), meaning it does not necessitate specific
protective measures for personnel due to its low toxicity.
These attributes make it suitable for this application.

Modification. Various approaches have been proposed
for improving the surface properties of NBR-based
rubbers through the application of functional coatings. In
the present study, samples of NBR rubber were prepared
as dumbbell-shaped specimens (for tensile testing)
and square-shaped specimens (for abrasion tests) were
subjected to different types of surface treatments. The
specific surface treatment methods applied to the rubber
samples are summarized in Table 6. According to these
methods, the developed compositions are intended to
form a uniform coating on the rubber surface, which
creates a stable surface layer after drying and thermal
exposure. This coating is likely to reduce wear rates and
the friction coefficient by reinforcing the surface without
altering the bulk structure of the vulcanizate.

2
standartov; 1977.

Table 6. Specific surface treatment methods

Moilf;jnon Description of the modification method
An elastomer composition of the following
content: FKM-32, quinol ester of p-quinone
dioxime and dithiophosphate accelerator
(10 wt % solution in MEK) were applied to the

M rubber surface using a brush (7'=25 + 0.5°C).

The total number of applied layers was 4,
with 24 h of drying time between layers.
The sample with the dried coating was
thermostated at a temperature of 150°C
for 10 min.

Pretreatment of NBR rubber was conducted

by immersing in MEK for 10 min.

An elastomer composition of the following
content: FKM-32, quinol ester of p-quinone
dioxime and dithiophosphate accelerator

M2 (10 wt % solution in MEK)) were applied to the
rubber surface using a brush (7= 25 £ 0.5°C).
The total number of applied layers was 4,

with 24 h of drying time between layers. The
sample with the dried coating was thermostated
at a temperature of 150°C for 10 min.

Samples of NBR were immersed

in a 10% solution of fluoroplast F32L

M3 in 1,1,2-trifluoro1,2,2-trichloroethane and kept
for 6 h (T'=25 + 0.5°C), after which they were
dried to a constant weight.

Experimental methods. The abrasion tests were
conducted using an MI-2 tribometer, designed for assessing
rubber wear, according to the method for determining
abrasion resistance under sliding against rigidly fixed
abrasive particles according to GOST 426-77%. The abrasion
resistance was calculated under a load of 26 N and a disk
sliding rate of 40.0 rpm, with the test samples securely
fixed in a holder. An abrasion disc made of stainless steel
grade 25 (SS) and chrome nickel steel (CrNi) served as
the abrasion surface. Volume abrasion was assessed every
five minutes by weighing the samples and calculating the
subsequent mass loss. The samples for the wear resistance
test, with a wearing surface in the form of a square (each
side measuring 20 mm), were equipped with tabs of 4 mm
width and 3 mm height for attachment to the holder frame.
Based on the experimental data, the following indicators
were calculated.

The volume loss of the rubber (AV) in cm for the two
tested samples is calculated using Eq. (1):
Ay ="17" 1)

p

GOST 426-77. Interstate Standard. Rubber. Method for determination of abrasion resistance under slipping. Moscow: IPK Izdatelstvo
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where m, is the mass of the two samples before the test
in kg, m, is the mass of the two samples after the test
in kg; p is the density of the rubber in kg/m>.

The abrasion resistance (o) in cm3/kW-h is calculated
using Eq. (2):
AV 1
=—x—. 2

VR )
The formula for converting abrasion values from
cm3/kW-h to m3/T]J is as follows:

Abrasion (m3/TJ) =

= [Abrasion (cm*/kW-h) - 1076]/(3.6 - 1073), 3)
where 1 cm?® = 10°m?, 1 kW-h = 3.6 - 100 J =
=3.6-103TJ.

Abrasion resistance was calculated as loss in weight
after 200 and 3000 abrasion cycles.

Determination of the tensile strength properties of the
samples was performed using a DVT GP UG 5 universal
testing machine (Devotrans, Turkey) in accordance with the
ISO 37:2024 Standard’, at a testing rate of 100 mm/min.
Samples were cut out on a pneumatic punching press
GT-7016-AR  (GOTECH Testing Machines Inc.,
Istanbul, Turkey). Each data point was corroborated
with five measurements. Hardness was ascertained using
a Shore A type durometer, adhering to the testing method
outlined in the ASTM D2240-2015 (R 2021) Standard*.
Shore hardness tests were carried out on specimens with
a thickness of 6 mm.

The study of the microstructure and elemental
composition of modified NBR rubber was carried out
using a Vega 3 scanning electron microscope (TESCAN,
Brno, Czech Republic) equipped with an X-Act (Oxford
Instruments, High Wycombe, United Kingdom) energy-
dispersive analysis attachment.

RESULTS AND DISCUSSION

The abrasion test was employed to evaluate changes in
abrasion resistance and the average friction coefficient
of both the as-received and surface-treated NBR samples
(Table 7).

Analysis of the performance of samples modified
using methods M1 and M2 confirms that their abrasion
resistance and friction behavior remains comparable
to those of the unmodified (as-received) rubber.
Pretreatment involving soaking in MEK had a negligible
effect on the efficiency of surface treatment.

When chrome-plated steel was used as the
counterbody material, a decrease in wear resistance was
observed along with an increase in the friction coefficient,
indicating less favorable tribological performance. The
limited effectiveness of the M1 and M2 methods may be
explained by insufficient interfacial bonding between the
NBR surface and the applied fluoroelastomer layer, likely
due to the inherently low adhesion of the fluoroelastomer
to the rubber substrate.

In contrast, the sample modified via the M3 method
demonstrated a significant (nearly two orders of decimal

Table 7. Friction coefficient and abrasion of as-received and modified rubbers

Abrasion, m3/TJ Friction coefficient
Grinding metal Rubber Abrasion cycles
200 3000 200 3000
SS* as-received NBR 0.046 0.043 0.92 0.90
CrNi** as-received NBR 0.032 0.027 0.93 0.89
SS NBR-M1 0.048 - 0.95 -
CrNi NBR-M1 0.027 - 1.55 -
SS NBR-M2 0.045 - 0.80 -
CrNi NBR-M2 0.028 - 1.41 -
SS NBR-M3 0.0005 0.0004 0.50 0.49
CrNi NBR-M3 0.0004 0.0003 0.47 0.45

* S8 is stainless steel grade 25;

** CrNi is chromium-nickel steel.

3

ISO 37:2024. Rubber, vulcanized or thermoplastic—Determination of tensile stress-strain properties.

4 ASTM D2240-2015 (R 2021). Standard test method for rubber property. Durometer hardness.
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magnitude) improvement in abrasion resistance,
decreasing from 0.046 m3/TJ for the as-received NBR
to just 0.005 m3/TJ. This enhancement is attributed to
the formation of a uniform fluoropolymer-based surface
coating as a result of immersion in a fluoroplast F32L
solution.

The application of the fluoropolymer coating also led
to a marked reduction in the initial friction coefficient
against metal substrates. This effect is primarily
associated with a decrease in adhesive interaction at the
sliding interface, which is a well-known characteristic of
perfluorinated polymer surfaces. The deposited surface
layer exhibits properties similar to those of highly
fluorinated polymers, which are distinguished by their
extremely low surface energy and exceptional anti-
adhesive performance. Fluoropolymers, including the
one used in this study, typically demonstrate ultra-low
friction coefficients (as low as 0.05 against steel).

The influence of each surface treatment method on
the mechanical properties of NBR according to collected
and analyzed mechanical test data is summarized in
Table 8.

Table 8. Mechanical properties of the initial and modified
rubbers

Properties As'ﬁgived NBR-M1 | NBR-M2 | NBR-M3
If?é%%f‘ffﬁi“s 2.05 268 | 3.03 | 382
;egzge/mff;;us 6.83 829 | 850 | 9.87
{j;‘;“e strength, | 1 17 1081 | 1061 | 12.29
ok o ss0 | 530 | 490 | 490
Slzlngof,s«ﬁual ? 12 9 6
gzg(?;eis), a.u. 7 61 63 68

As shown in Table 8, the mechanical properties
of surface-treated NBR—including tensile modulus
at 100% and 300% strain, as well as tensile strength
and hardness—show improvements compared to
the as-received NBR. For samples modified using
methods M1 and M2, the tensile strength remains
comparable to that of the unmodified rubber, indicating
that the bulk integrity of the elastomeric matrix is
preserved. Notably, the hardness of NBR-MI1 and
NBR-M2 samples increased by 4 and 6 Shore A units,
respectively. This change can be attributed to the

formation of a stiffer surface layer due to the application
of the fluoroelastomer-based composition. However,
this increase in hardness is superficial in nature and
not associated with a measurable increase in cross-link
density: no experimental data (e.g., swelling tests or
NMR-based analysis) confirm changes in the network
structure of the vulcanizate. For the M3-treated rubber
samples, which were immersed in a fluoroplast solution,
the modulus at 100% and 300% strain increased by 86%
and 44%, respectively; the tensile strength improved by
20%; and the hardness rose by 9 Shore A units compared
to the as-received NBR. These findings are in line with
previous studies suggesting that increases in hardness
correlate with higher values of elastic modulus.

The observed hardness enhancement—particularly
in the NBR-M3 sample—is due to the presence of
a rigid fluoroplastic surface coating, which reduces the
indentation depth during Shore A hardness measurements.
This effect, which is mechanical rather than chemical, does
not reflect an actual increase in cross-link density within
the rubber bulk. Accordingly, the abrasion disc penetrates
less deeply into the harder surface layer, which contributes
to improved wear resistance. Moreover, it is well known
that the friction coefficient of harder rubber is generally
lower than that of softer rubber when sliding against rough
surfaces [28]. Therefore, the observed decrease in friction
for M3-modified samples is consistent with the formation
of a rigid, low-energy fluoropolymer surface layer.

The depth and uniformity of the applied surface
coating in the M3-modified NBR were evaluated using
Scanning Electron Microscopy combined with Energy
Dispersive X-ray Spectroscopy (SEM-EDX), as shown
in Figs. 1 and 2.

+

100 pm

Fig. 1. SEM micrographs of NBR rubber
after M3 modification (NBR-M3)
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Fig. 2. Energy dispersive X-ray analysis (EDX) spectrum
of NBR-M3

The EDX spectrum of the NBR rubber surface after
immersion in 1,1,2-trifluoro-1,2,2-trichlorethane was
used for quantitative elemental analysis (Figs. 1 and 2).
The analysis confirmed the presence of fluorine
(52.4 £ 0.4 at. %) and chlorine (18.2 + 0.1 at. %) in the
surface layer of the polymer. Moreover, pointwise EDX
measurements indicated a uniform distribution of these
halogen elements across the surface, suggesting that the
applied fluoropolymer coating is continuous and well-
adhered (Fig. 2).

CONCLUSIONS

In this work, new methods of enhancing the surface
properties of NBR rubber through fluoropolymer-
based coatings are proposed and evaluated. The
study considered three surface treatment approaches.
Methods M1 and M2 involved applying an elastomeric
composition based on FKM-32 and a vulcanizing agent
to the rubber surface, with method M2 additionally
including a pre-swelling step in MEK for 10 min to
facilitate deeper penetration of the composition into the
rubber matrix. Method M3 consisted of immersing the
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