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Hayuno-texunueckuit penenzupyemsiii xkypHan «ToHkne Xxumu-
YEeCKHE TeXHOJIOTUI» OCBEIIACT COBPEMEHHBIC TOCTIKEHHS (PyH-
JTAMEHTAIIbHBIX ¥ MPUKJIAJHBIX UCCIEOBAHMH B 00IACTH TOHKHX
XAMHYECKAX TEXHOJIOTHH, BKIIOUAsi TEOPETUUECKHE OCHOBBI XH-
MHYECKOH TEXHOJOTHH, XMMHIO M TEXHOJIOTHIO JICKAPCTBEHHBIX
IpernapaToB U OMOIOTHUECKH aKTHBHBIX COEIUHEHMH, OpraHude-
CKHX BEIIeCTB M HEOPTaHMYECKNX MaTepHaIoB, OMOXUMHIO U O1o-
TEXHOJIOTUIO, CHHTE3 W MepepadoTKy MOINMEPOB W KOMIIO3UTOB
Ha MX OCHOBE, aHAJINTHYCCKHE M MAaTeMaTHIeCKHe METO/IBI U MH-
(hopManMOHHBIE CHCTEMBI B XMMHH H XUMHYECKOH TEXHOJIOTHH.
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AHHOTaUuS

Heaun. XMMHKO-TEXHOJIIOTHIECKHE CUCTEMBI B CHITY CIIOKHOCTH CBOETO ITOBEICHNS BO MHOTHX CIIyJasX XapaKTePH3yIOTCS MOIUCTAIHO-
HApHOCTBIO, TO €CTh HATNYHEM MHO)KECTBECHHBIX CTAIIMOHAPHBIX PEKUMOB PAOOTHI IPH OTHOM M TOM ke Habope pabourx mapaMeTpoB.
JlaHHBIE CTAI[MOHAPHBIE COCTOSHHS OTIMYAIOTCS KOHBEPCHEH, CETEKTHBHOCTHIO, COCTABAMH MIPOAYKTOBBIX MOTOKOB U YCTOHUHBOCTBHIO.
B cBs13u ¢ 3TnM, aKkTyalbHOW 3a1adeil sIBIAETCS BBIIBICHHE BCEX BO3MOMKHBIX CTAIIMOHAPHBIX COCTOSHHN XHMUKO-TEXHOIOTHYECKUX
CHCTEM JUIsl TOTO, YTOOBI B AanbHEHIIEM OblIa BO3MOXKHOCTB BHIOOpA COCTOSHMS C HAWIYYIIMMH TEXHOJIOTHIECKAMHU MTOKA3aTeISIMU.
Lenp paboThl — MONCK BCEX BO3MOXKHBIX CTAIIMOHAPHBIX COCTOSHUN MPOTOYHOTO PEaKTOpa NACAITLHOTO CMEIICHHUSI Ha IPUMEpPEe peak-
UM TUMEPU3aLUH U aHAIN3 BIUSHNS Pa3IMIHBIX TAPAMETPOB Ha TEXHOIOTHYIECKUE TIOKAa3aTeNN PeakTopa sl HaliAEHHBIX COCTOSHHIA.

Metoapl. PaboTta BBIMONHSIACE METOIOM MaTeMaTH4eCKOTO MOAEIMPOBAHMUS C HCHOJIB30BAHUEM MaTepHaIbHBIX OaNaHCOB IO BEIlle-
CTBaM M 3HEPreTHUecKoro OanaHca peakTopa. KonuuecTBO CTallMOHAPHBIX COCTOSIHUM OIEHHBANOCH IO YHCTY TOUYEK MepecedeHHs
(yHKIIMM HEBA3KH SHEpreTudeckoro 6amanca ¢ ocbto Ox. Henuneiinsle anrebpanyeckue ypaBHEHH MaTepHalIbHOTO OajaHca peakropa
peuranuch MetogoM Heiotona B cpene Microsoft Excel. HauanbHoe npuOimkeHre 1Mo mpon3BOANTEIFHOCTH BHIOUPATIOCH B JIHAITa30He
OT HyJIs1 10 KonudecTBa peareHTa 100 KMONIb/4 B MUTAHUH PEAKTOPA.

Pe3yabrarsl. B xone paboThl yCTaHOBIIGHO, YTO B 3aBHCHMOCTH OT 00beMa peakTopa, TeMIIepaTypbl U COCTaBa BXOMSLIEIO MOTOKA
U pacxoja TEIJIOHOCUTENS B IPOTOUHOM PEAKTOPE MICAIIBHOIO CMELICHUSI MOXET PEaIn30BbIBATLCS 10 TPEX CTALMOHAPHBIX COCTO-
SIHUH, KOTOPbIE OTIIMYAIOTCSI IPOU3BOIUTEIILHOCTBIO PEAKTOPa M TEMIIEpaTrypoil B HeM. Pe3ynbrarsl HacTosiiei paboThl CorlacyoTcs
C JMTepaTypHBIMU JTaHHBIMH, ITOJYUYSHHBIMH paHee JUlsl ClydaeB HeOOpaTHMbIX PEaKIHi, NPOTEKAIOUIMX B a1MabaTHYeCKOM PEKHME.
Kpome 3Toro, nposeseH aHaau3 ycTOHYNBOCTH CTALIMOHAPHBIX COCTOSIHUI IIPU MaJIbIX H3MEHEHHAX IapaMeTpPOB, KOTOPBIN [IOKa3all, 4TO
XapaKTePUCTUUCCKHE KOPHH B CTALMOHAPHBIX COCTOSHUSX JCHCTBUTEINBHBI, CIISOBATEIbHO, KoJieOaHus pu paboTe peakTopa He pea-
JIU3YIOTCS, U B OKPECTHOCTH YCTOMYMBOIO COCTOSIHUS XapaKTep U3MEHEHUsI IapaMeTPOB aCUMIITOTHYECKHH.

Bl)IBO)IbI. Pa3pa60TaHa METOAMKA, KOTOpas MO3BOJIACT BIABUTH BCE BO3MOXKHBIC CTALIMOHAPHBIE COCTOSIHUS MTPOTOYHOI'O pE€aKTOpa Uae-
aJIbHOTO CMEIIEHUS C BHEIIHUM TEITOOOMEHOM. MeTOI[I/IKy, MPUMEHCHHYIO B ﬂaHHOﬁ pa60Te, MOXXHO HCIIOJIB30BaTh JJIs1 aHaJIn3a CTa-
IUOHAPHBIX COCTOSIHUI PEUUPKYISIMUOHHBIX XUMHUKO-TEXHOJIOTUYECKUX CUCTEM, BKITIOUAIOIUX PEAKTOP UI€AJIbHOTO CMEIICHUS U 0J10K
pa3aciicHus.

KnioueBble cnoBa MocTtynuna: 27.07.2025
PeakTopbl, SK30TEPMUYECKUE PEAKLIUH, CTALIMOHAPHBIE COCTOSIHMUS, AopaGoTaHa: 09.09.2025
YCTOWYHUBOCTb CTAL[MIOHAPHBIX COCTOSIHUI, MaTeMaTUYeCKOE MOZICIUPOBAHUE MpuHsTa B nevyatb: 17.02.2026
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Abstract

Objectives. Due to the complexity of their behavior, chemical process flowsheets are characterized by steady state multiplicity, in other
words, the presence of multiple steady state operating modes having the same set of parameters. The steady states differ from each
other in terms of their reagent conversion, selectivity, product flow composition, and stability. Therefore, in order to be able to identify
the steady state having optimal technological indicators, the objective of searching all steady states of a chemical process flowsheet
is relevant. The aim of the study is to research all possible steady states for a continuous stirred tank reactor (CTSR) according to the
exothermic dimerization reaction and investigate the influence of different operation parameters on the technological indicators of found
states.

Methods. Mathematical simulations of material and energy balance equations for reactor were used. The quantity of steady states was
estimated by the number of energy balance discrepancy function intersection with the Ox axis. The Newton method in Microsoft Excel
was used to solve nonlinear material balance equations of the reactor. The initial value of productivity was in range from zero to feed
rate value of reagent of 100 kmol/h.

Results. It is shown that up to three steady states may exist for the reactor in dependence on the reaction volume, composition, and
temperature feed flow, as well as the heat carrier flow rate. The results of this study correspond with earlier obtained results, which were
obtained for irreversible reactions in adiabatic conditions. These states differ in productivity, internal reactor temperature, and stability.
Steady state stability analysis of small parameter deviations was carried out. The analysis demonstrated that real characteristic values
are in all found steady states of the reactor. Therefore, no oscillations in stable steady states of reactor and asymptotical operating time
dependencies are implemented.

Conclusions. The technique of steady state analysis of a continuous stirred tank reactor developed over the course of this study, which
reveals all steady states of the reactor with heat exchange, can be used to perform steady state analysis of recycled chemical process
flowsheets, including continuous stirred tank reactors and separation blocks.
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AHaNM3 CTauMoHapHbIX COCTOSIHWUIA MPOTOYHOI0 peakTopa naeanbHOro CMeLleHus

Ha NpUMepe 3K30TePMUYECKON peakumn auMepusaumm

H.A. KoponbkoBa,
C.J1. HazaHckuin, M.A. ConoxuH

BBEOEHUE

Jiobas XMMUKO-TEXHOJIOTHYECKasi cucTeMa BHE 3aBU-
CHMOCTH OT €€ MAacHITabOB M HOMCHKJIATYPHI BBIMY-
CKaeMOl MPOAYKLMH COCTOUT U3 MOCIEI0BaTEIbHOCTH
B3aMMOCBSI3aHHBIX TEXHOJIOTMYECKHUX MIPOLIECCOB: MPH-
€Ma U IOJATrOTOBKU ChIPbs, XUMUUYECKUX IIPEBPALLEHUN,
pasfesieHns peakMOHHONW CMECH C LIEJIbI0 IOJy4YeHUs
LEJIeBOr0 MPOAYKTa ©U 00pa3oBaHUS PELUPKYIALU-
OHHBIX IOTOKOB IO HEMPOPEArupoOBaBIIEMY CHIPBIO.
OnbIT HKCIUTyaTallMd XMMHYECKUX IPOU3BOACTB IOKa-
3bIBAET, YTO OCHOBHOH BKJIaJ B DKOHOMHYECKHH KpH-
Tepuit 3((HEKTUBHOCTH BHOCST 3aTpaThl HA MPOIECCHI
XUMHYECKOTO TPEBpAIICHUsT (pPEakTOpHAs ITONCUCTE-
Ma) U pa3le’eHHs] peakKlMOHHOW Macchl (MojacucTemMa
paznenenus) [1]. Onenka 3pPEeKTUBHOCTH OTACIBHBIX
JTAloOB Ipoliecca MOMUMO OOLIUX SKOHOMHUYECKUX
MoKa3aTesield BKJIIOYaeT U Takue Kpurepuu 3pdexTus-
HOCTH, KOTOpBIE O0JIee MOITHO OTPAKAIOT XUMHUIECKYHO
U (PM3UKO-XMMHYECKYIO CYIIHOCTH SIBJICHUH, TPOUCXO-
JALIMX B OTAETBHBIX allaparax TeXHOJIOTMYeCcKOH cu-
creMbl. OJIHUMH U3 TaKUX BaKHEHUIIUX KOJIMYECTBEH-
HBIX KPUTEPHUEB, KOTOPHIC OTPaxkaroT 3(PPeKTUBHOCTH
paboThl XUMUYECKOTO PEaKTopa, SBIAIOTCS yAeJdbHas
MIPOU3BOJUTEILHOCTh M CEIGKTUBHOCTD IpoIiecca.

B cnydae KuHETHYECKH OOpaTHUMBIX peakIui
10 Mepe NMPOTeKaHUsI XUMHYECKOTO MpeBpauieHus oo-
asi CKOpOCTh PEAKIMKM CHUXKAETCS 3a CUeT BO3pacTa-
HUSI CKOPOCTH OOpPATHBIX MPOIIECCOB, M B pE3yabTaTe
MPaKTUYECKH JOCTUTAeTCsl COCTOSIHUE PaBHOBECHS.
Hanuuue xumuuecku PaBHOBECHOI'O COCTOSHUA AB-
JA€TCd OCHOBHBIM TEPMOAMHAMUYECKUM OIpaHHYe-
HUEM, KOTOPOE€ IMPENsATCTBYET IOJIHOMY IpeBpalie-
HUIO PEareHTOB B MPOJYKTHI 3a OIMH MPOXOJ 4epes
XUMHuIeckuil peaktop [2, 3]. Hns MHOTHX peaxknui
M3-32 KUHETHYECKUX 3aTPYIAHEHUH (HU3KOM CKOPOCTH
peaKHI/II/I) JJIL TIPAKTUYCCKOTO AOCTUIKCHUSA XUMHYC-
CKOTO PaBHOBECHS HEOOXOOUMO IIUTEIBHOE BpEMs
KOHTaKTa M, COOTBETCTBEHHO, OOJIBIION 00BEM peak-
TOpa. B IpOMBIIIIEHHOCTH IPOLECC IPUXOAUTCS IIPO-
BOIUTH B YCIOBHUSX, HE OOCCIEUMBAIOMINX JIOCTIIKE-
HUSl PAaBHOBECHOI'O COCTOSIHUS XMMHUYECKOW peakiui,
4YTO NPUBOAUT K €II€ MCHbBIIEMY BBIXOAY HNPOAYKTOB.
JlaHHBIE KHHETUYECKUE 3aTPYAHEHHUS U TEPMOJUHAMU-
YyecKue OrpaHMyYEHHUs Ipoliecca MPUBOAIT K HEOOXO-
JUMOCTH HCIIOJIB30BaHHUA XHUMHUKO-TCXHOJIOIMYCCKHUX
IIPUEMOB, IIO3BOJISIOIIMUX NIPEOJO0JIETh 3TU CIO0KHOCTH.
OaHUM U3 TaKUX XUMHUKO-TEXHOJOTUYECKUX MPUEMOB
ABJIACTCA OpraHu3alusad pCHUPKYIALNUOHHOTO IMOTOKa,

COCTOSIIIIETO M3 HEMpPOpPEarupoBaBIIEro CHIPHS, B pe-
akrtop. TakuM o0Opa3oM, BpeMs NpeObIBaHHS pearcH-
TOB B PEAaKIMOHHON 30HE CHUXKAETCS, CIIEJOBATEIIb-
HO, CHIDKACTCSl KOHBEPCHUSI B PEAKTOPE, YTO MPUBOTUT
K YBEJIMYEHUIO KOHLIEHTPALlUU PEareHToB U, COOTBET-
CTBEHHO, CKOPOCTH XUMHUYECKOM peakiuu U MIpous3-
BoAUTENbHOCTU [4]. Jlns opraHuzalud peLupKysIs-
UOHHOTO TIOTOKa XUMHYECKHH peakTop HEOoOXOIMMO
JOTIOJIHUTH €lle OAHUM OJOKOM pasfesIeHus, B KOTO-
POM HETPOpPEarupoBaBIIEEe CHIPbE M MPOAYKTHI peak-
uu OyayT paszesieHbl. B perupKyIsSIuOHHONW CUCTEME
BO3MOXHO JOCTH)KEHUE KOHBEPCUU BBIIIE XUMUYECKU
paBHOBecHOU. IlockonbKy peLUpKYJIALMOHHAs CH-
cTeMa SIBJISIETCS CAMOCTOSATENLHOW CHCTEMOM, Ooiee
CIIO’KHOM, 4eM peaxTop, TO JUIsl Hee HE CYLIECTBYET
TEPMOIMHAMHUYECKIX OTPaHHYEHUIl Ha IpeIenbHOe
3HaYCHHE KOHBEPCHH. B ciydae 0OpaTUMBIX XUMHUYE-
CKUX peakluil, IPUMEHEHUE PELUPKYISILUY TO3BOIS-
€T JIOCTHYb CTCIECHU KOHBEPCHM CBIPBS, MPEBBIIIAIO-
el npeaenbHo JOIYyCTUMOE 3HaYeHHUe NI peakTopa
aro6oro tuna. TeopeTHueckd BO3MOXKHO JJOCTHUb KOH-
Bepcun 100%. Takum 0Opa3om, HECMOTPST Ha HU3KYIO
CTENEHb IpEBpalleHUs] PEareéHTOB 3a OAMH MPOXO[,
OpU MCHOJIb30BAaHUM PELUUPKYIALUU 3HAUUTEIbHO
BO3pAcTaeT MNPOM3BOAUTEILHOCTh peakTopa. Takxke
IIpU [PaBUIBHOM OpraHU3alMM PEUUPKYIUPYIOLIUX
MIOTOKOB, MOYKHO CHMU3HUTb CKOPOCTH MOOOYHBIX pe-
aKIUi, a CIEJOBATCIbHO, MOBBICUTH CEICKTUBHOCTD
nporecca [5].

[Ipu HaMMUUKM PEeLUPKYIUPYIOLIUX IOTOKOB B CUCTE-
Me BO3HHKAaeT oOpaTHasi CBSA3b, YTO MOXKET NPHBOIUTH
K TOSIBJIEHUIO MHO)KECTBEHHBIX CTALlMOHAPHBIX COCTOS-
HUH TIPH OTHUX U TeX ke pabodmx ImapamMerpax CHCTe-
' [6]. B HEKOTOpBIX ClydasX B PEHUPKYIAIHOHHBIX
PCaKIIMOHHO-PEKTH(PUKAIIMOHHBIX MpoIeccaX MOTYT
pean30BbIBATECS KOHTHHYYMBI CTallMOHAPHBIX COCTO-
SITHAH, KOTOpBIE MCUE3al0T NPH MEepexoe 0T OeCKOHEU-
HOW pa3AeIuTeIbHON CIIOCOOHOCTH K KOHETHOMY YHCITY
Tapenok [7, 8]. B cBs3u ¢ 9TuM, ABISETCS aKTyalbHbIM
HCCIICIOBAHNE SBOJIOIMM CTALMOHAPHBIX COCTOSIHUMN
XUMHKO-TEXHOJIOIMUECKOM CXEMBI IPY U3MEHEHUU KOH-
CTPYKTHUBHBIX U PEXKUMHBIX MapameTpoB. Kpome Toro,
IIPU HAJUYUH MHOXKECTBEHHBIX CTAIMOHAPHBIX COCTO-
SHUN BO3HMKAET 3a/laya aHaJu3a yCTOHYMBOCTU COCTO-
M. OT pe3ynbpTrara peleHus JaHHOH 3a/1a41 3aBUCHUT
CTpaTerus Imycka XUMHKO-TEXHOJOTMYECKOTO Mpolecca
1 BO3MO>KHOCTb MOAJePKaHU 3aJaHHBIX JUIs XKeJIaeMOo-
rO CTAI[MOHAPHOTO COCTOSIHUS 3HaYeHUH pabodux mapa-
METpOB.

MBI

braro C.A. Pa3paboTka MeTola aHain3a CTAalMOHAPHBIX COCTOSHUI PELUPKY/ISALHOHHBIX PEaKIHOHHO-PEKTH()UKALIMOHHBIX IIPOLEC-

coB. Asmopee. ouc. xkano. mexn. nayk. M.: MUTXT; 1999, 195 c. [Blagov S.A. Razrabotka metoda analiza statsionarnykh sostoyanii
retsirkulyatsionnykh reaktsionno-rektifikatsionnykh processov (Development of a method for analyzing stationary states of recirculation
reaction-distillation processes). Cand. Sci. Thesis. (Eng.). Moscow: MITHT; 1999, 195 p.]
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on instance exothermic dimerization reaction
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B cBsi3u ¢ M310)KEHHBIM BBIIIE, IIENBI0 HACTOSIIEH
paboTHI SIBISIETCST aHANN3 CTAIIMOHAPHBIX COCTOSIHUH pe-
aKTOpa C y4eTOM TEeIIO0OMEHA U U3MEHEHHUSI KOHCTPYK-
THUBHBIX U PEKMMHBIX TAPAMETPOB, a TAK)KE COCTaBa IMO-
TOKA NMUTaHMSL.

MATEMATU4YECKAA MOAEJIb
PEAKTOPA

Ha mepBom »sTame pacueTHOM duacTu pabOTHl OBLIO
MPOBEICHO HCCIIECIOBAHUE CTAIlMOHAPHBIX COCTOSHUHN
MIPOTOYHOTO peakTopa uaeanbHoro cmemenus (PUC),
B KOTOpPOM HpOTEKaeT >kuaxodaszHas obparumasi 3K30-
TepMHuuecKasi peaknusi aumepmsaru 2A«>B. Peaknus
paccMaTpuBaiach Kak TMIIOTETHYECKas, MPU ITOM Te-
I0(QU3NIECKUE CBOMCTBA KOMIIOHEHTOB (TEIUIOEM-
KOCTB, TUIOTHOCTH), KOTOPBIE MCIIONB30BAINCEH UIS HC-
ClIelyeMOW peakIMH, COOTBETCTBOBAJIM aueToHy (A)
U uaneToHoBomy criimpty (B).

Ha puc. 1 mpuBemeHa cxema MOTOKOB MPOTOYHOTO
PUC nannoro nporiecca.

0 0 |
np > Mg 5 Z:ax JONRL:S T
—_—
/\V/\
pANY
BH.
a4

Puc. 1. Cxema notoxoB npotounoro PUC (Bce 0603HaueHN
MIPUBE/ICHBI B KOHLIE CTAThH)

Fig. 1. Flow diagram of continuous stirred tank reactor
(all designations are given at the end of the article)

DU3UKO-XUMHUYECKHE CBOWCTBA KOMIIOHEHTOB pEak-
IIMOHHOM CMECH, TaKHe KaK TEINIOEMKOCTb, OBLTH B3STHI
u3 crpaBouHoit nureparypsl [9]. TemnoBoi addexT pac-
CMaTpUBAEMOI PEeaKIUK PACCYUTHIBAJICS C YIETOM H3Me-
HEHUS TETUIOEMKOCTH peaknnoHHoi cmecu [10]:

AHyp = AHJoq 15 +AC, (T -298.15), (1)

rae AH; — TemnoBoi >ddext peakunm, kJK/KMONIb;
AH 398.15 — CTaHJAPTHBIN TEIUI0BOM 3PdeKT peakuun
npu 7' = 298.15 K, xJ[>/kMomnb; ACp — U3MEHEHUE Te-
IUIOEMKOCTH peakLuy NPy NPeBpallieH!H aleToHa B 11~
arneToHOBbIN crupT, kKJDx/kmonbK; 7' — abconmoTHas
temneparypa, K.

CraHaapTHBIH TeIIoBOH A(PQEKT peakiuu Tpu
T = 298.15 K Obul paccuuTaH Ha OCHOBaHHMM 3Haye-
HUHM CTaHIAPTHBIX TEIJIOBBIX 3((EKTOB 00pa3oBaHUS
BEIIECTB, MMeromleiics B 0Oase ganmueix NIST TDE?
Aspen Plus u paBer —95000 xI>x/KMOJTB.

W3MeHeHne TEmI0eMKOCTH B XO/I€ XUMUYECKOU pe-
aKIMH PACCYUTHIBACTCS IO (hOpMyIIe:

AC, =Cp ~Cp,. @)

rme C X C Ry TEIUIOEMKOCTH KOMITOHEHTOB A 1 B
COOTBETCTBEHHO B JKUJKOM cOoCTOsTHUM, KJIk/(kMomb-K).

3aBHCHMOCTb TEIUIOEMKOCTH OT TeMIIepaTyphl BbIpa-
JKAETCS CTCTIEHHBIM PSIIOM:

C,=a+bl +cT? +dT3, (3)

Koaddummentst a, b, ¢, d ypaBaenus (3), npeacras-
JeHsl B Ta0. 1.

Taomuua 1. KoaddunmeHTs TemMepaTypHOii 3aBHCUMOCTH
TEII0eMKOCTH (3) [UIs KOMITOHEHTOB A 1 B

Table 1. Coefficients of the temperature dependence (3) of heat
capacity for components A and B

Kommonent
a b c d
Component
A 135.6 —0.177 |2.837-107*| 6.890 - 1077
B 59.7 0.542 0.00 0.00

s mpomecca auMepu3anuy ObUIO MPUHSTO JIOIY-
LIEHUE, YTO CKOPOCTh XMMHUYECKOH peaklUH MOAYUHS-
eTcs 3aKOHY JCHCTBYIOIIMX Macc U, TaKUM 00pasoM,
CKOpOCTh peakiuu W umeer Bun [12]:

W=kt C3 -k -Cg, “)

e k" u kK~ — KOHCTaHTBI CKOPOCTH TIPSAMON M 0bpar-
HOH peaKkIMH COOTBETCTBEHHO, M-/(KMOTb-4) M 4 |;
C N CB — KOHIIEHTpAIMu KOMIIOHEHTOB A u B coot-
BETCTBEHHO, KMOJIB/M>.

3aBHCHMOCTh CKOPOCTH PEAaKIUM OT TEMIIEPATyphl
MOJUMHSCTCS 3aKOHY APpPEHHYCa, COMTaCHO KOTOPOMY
JUTSE KOHCTAHTBI CKOPOCTH PEAKIINH CIIPABEIITUBO CIIETY-

foree Beipaxkenue [11]:

Ea
k=Ae RT, %)
e A — TPEIIKCIIOHEHIHATILHBIA MHOXKUTEND; £, —
SHeprust aktuBauuu, JIk/Monb; R — yHHBepcajbHas

rasoBas noctostaHast, Jx/(Monb'K); T — aOcomroTHas
TeMIeparypa, K.

Ha orane mpenBapuTeNbHBIX pacyeToB OBLIH I10-
JIOOpaHbl 3HAYCHUS KOHCTAHT CKOPOCTH, OOeCIieYHBa-
JOLME JOCTAaTOYHO BBICOKYIO CKOPOCTb B JHama3oHe
300-400 K. IlapameTpsl TeMIepaTypHOHl 3aBUCHUMO-
CTH KOHCTAaHT (IPEIIKCIIOHCHIHATBHBIE MHOXHUTEIN A
Y DHEPTUU aKTHBaLUuU £) npuBeneHs! B Ta0II. 2.

2 NIST Standard Reference Data (SRD); © 2022 by the U.S. Secretary of Commerce on behalf of the United States of America.
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Tadmuua 2. Kunetnueckue napaMmeTpsl ypaBHeHUsI AppeHuyca

Table 2. Arrenius law parameters

A" E* A 8=

5.00- 107 60000 2.67-1010 63200

Maremarndeckas monens PUC, mpencraBieHHOTO
Ha puc. 1, COCTOUT M3 ypaBHEHHI MaTrepuaibHOro Oa-
JIaHca:

0 —
ny —ny —2P=0, (6)
0 —
ng —ng + P =0, (7)
e ng u ng — CKOpPOCTH TOJIa4¥d HCXOJHOTO CHIPhsI

B PEAKTOP, KMOJIB/Y; 71, U 7y — CKOPOCTH MPOTYKTOBBIX
MIOTOKOB, KMOJIB/4; P — IPOU3BOAUTEIFHOCTE PEAKTOPa,
KMOJIb/Y.

ITpou3BOIUTETBHOCTE PEAKTOpa 3aBHCUT OT O0Be-
Ma V' PUC u ckopocTtn xumudeckoit peakiuu W. Takum
o0Opasom, ucnomn3ys Gopmyny (4) s W, noinydaeM Ku-
HETUUYECKOE YpaBHEHUE AJISl IPOU3BOAUTENBLHOCTH [12]:

P=w-V=(k*-CX -k -Cg)7, (8)

e V— o0beM peaktopa, M>; k" 1 k™ — KOHCTaHTHI CKO-
pOCTH TIPSIMOI M 0OPAaTHON peaKIuu COOTBETCTBEHHO.

Jiist TOro 4TOOBI MPUBECTH PEIIACMYIO 33/1a4y K Of-
HOMY HCU3BECCTHOMY IIapaMETpPy, CBAKEM MOJIbHbBIC KOH-
[ICHTPAIIIH B PEAKTOPE C MOJIBHBIMHA JTOJSIMA M MOJBHBI-
MU ITOTOKaMHU COOTHOIICHHSMH Yepe3 MOJBHBIA 00beM
CMECH.

[TpumeM, 9TO MONBHBIN 00BEM CMECH TTOTIUHSICTCS
3akoHy Amara [9]:

V=V,aX T VX, )

TJIe V, M Vg — MOJIbHBIE 00bEMbI KOMIIOHEHTOB A 1 B
COOTBETCTBEHHO B CMECH, M>/KMOJIb; X, U X — MOIIb-
HbIE JIOJIM KOMIIOHEHTOB A U B COOTBETCTBEHHO.

MonbHBIH 00b€M KOMIIOHEHTA 3aBHCHT OT TeMIlepa-
TYPBI M PACCUUTHIBACTCA IO (hopMyIIe.

=1.J“[I‘Zﬂ

a

,i=A, B. (10)

Koapduuuenrsr a, b, ¢, d 6 ypaBaenuu (10) mpuse-
JIEHBI B TA0I. 3.

MornbHBIE KOHIICHTPAIlMH B PEaKTOpEe CBS3aHBI
C MOJIBHBIMH JIOJISIMA COOTHOILIEHUSIMU:

X
C, =42, 11
AT, (11)
X
C,=-8. 12
B=T, (12)

Taomuua 3. KoahdummeHTs! 17151 pacyeta MOJIBHBIX 00EMOB
o ¢popmyste (10)

Table 3. Coefficients for the mole volume calculation by (10)

Kommnonent
a b @ d
Component
A 1.2298 0.2576 508.2 0.29903
B 0.6727 0.2603 606 0.2511

MoinbHbBIE 0K CBSI3aHBI C MOJIBHBIMU ITOTOKaMH
B PCAKTOPC COOTHOUICHHUAMMU:

LN
Xp =—, 13
ATy (13)
!
X =2, 14
B~y (14)
N=n,+ng. (15)

W3 ypaBHEHUH TOKOMIIOHEHTHOTO MaTepHallb-
Horo OamaHca peakTtopa (6) u (7) BbIpa3sUM MPOAYK-
TOBBIE MOJIbHBIC TIOTOKM 4epe3 H3BECTHBIC BXOJI-
Hbl€ IIOTOKM W HEU3BECTHYIO IPOU3BOAUTEILHOCTh
peakropa P:

ny =nQ —2P, (16)
ng =n3 + P. (17)

Takum o6pazom ucnoib3ys (9), (11)—~(17), momy-
YUM COOTHOLICHHUS, OTPa)KAIOUIHE CBSA3b MOJIBHBIX
KOHHGHTpaHHI’I C MOJIBHBIMU JOJISIMHU U MOJIBHBIMHU I10-
TOKaMH B PEaKkTope yepe3 OAHY HEM3BECTHYIO BEIHIH-
Hy P:

A
A var, vy v,.'a L, "B
A B
N N
0 _
_ N _ ny —2P a8
VAl + Vi vA(ng—2P)+vB(ng+P)
B
VAXs +VRpX n n
A*A T VBB VA'*A"‘VB‘*B
N N
0
n np + P
_ B B .19

VAl Vg vy (n —2P)+vg(n +P)

Jid HaxoXAEHUS MPOU3BOIUTENILHOCTH PeaKTopa
IIpoBeeM MpeoOpa3oBaHMs ypaBHEHHUS (8), UCIOIB3YS
MTOTyYEHHBIC BBIPAKEHUS I CKOPOCTH XHUMHYECKON
peakuuu (4) u MoJIbHBIX KoHIIeHTpauui (18) u (19).
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B pesynbrare npeoOpazoBaHUW TONXYYUM HEITUHEH-
HOE ypaBHEHHE, BBIpa)Kalollee MaTepHaJIbHBIA OaiaHc
PUC yepes oHy HEM3BECTHYIO BEJIMUHUHY P:

kt (ng - 2P)2
(VA (ng —2P)+VB (nl% +P))2 20)
k™ ~(ng + P)

- VA(ng—ZP)+vB(ng+P)

P-V

Taxxe B Maremarmdeckyro moneinb PUC Bxomut
ypaBHEHHUE TETIOBOTO OanaHca peaktopa (AQ — HeBsI3-
Ka TeIIoBoro Oananca, kJ[x/4a):

A0 =} -Cy )t -
21
~(np Cp, +1g-Cp )T =AMy P40, =0,

e C}‘il’: u Cl‘i]’;' — TEIUIOEMKOCTD KHIKOCTH KOMITOHEH-
TOB A ¥ B COOTBETCTBEHHO MPH BXOJHOU TeMIIeparype,
kJx/(kmonp-K); T, — Temmeparypa Ha BXOJIE B PEaK-
Top, K; O, — KOIMYeCTBO Tera, MOJBOAMMOE 38 CUET
BHEIIHETO TeI1000MeHa, KJ[K/4.

Jst ynpouenust ucenenosanust npumem, uro PUC
UMeeT MUIHMHIPUICCKYI0 (POpPMY C IIIOCKHM JTHOM, KO-
TOpBIN 3akifodeH B pyoOaiiky. Ilpemmonaraercsi, uTo
B pyOallke peakTopa CTPyKTypa MOTOKa COOTBETCTBYET
naeanbHOMy cMemieHuio. KommaectBo Tera, mogBoan-
MO€ 3a CYET BHENIHEro TeIuI000MEHa, PaCCUMTHIBACTCS
Ha OCHOBE Pa3HOCTH TEMIIEpaTyp B peakTope W pyoari-
ke [13].

VpaBHeHuUe Jyisl pacyeTa KOJIMYeCcTBa Teria, TOJBO-
JIMMOTO 3a CYET BHEIIHETO TEIIO00OMEHA:

O, =K, F(T-T"), (22)

rie K, — K03 QUIHUEnT TemnonepeayH, kJlx/(a-m?K);
F — mmomniane MOBEPXHOCTH TEIUIOOOMEHa, M2; T —
TemIieparypa B peakrope, K; 7" — temmeparypa xiaaa-
reHTa B pybOamike, K.

s permeHus 3aauMl aHANIHM3a CTAMOHAPHBIX CO-
CTOSIHUH B yCJIOBHUSX BHEIIHETO TEIIOOOMEHa HEeoOXO-
JIUMO 3a/1aTh KOHCTPYKTHUBHbBIE XapaKTEPUCTUKU — IH-
aMeTp ¥ BBICOTY PeakTopa, MOBEPXHOCTDH TETI00OMEHa,
a TaKKe KOJNMYECTBO XJIaJarcHTa, MMOJaBacMOro B Py-
Oarky, ero Temreparypy Ha BXOJI€ U €ro Teruodu3nye-
CKHE CBOMCTBA.

YpaBHEHHE TEILIOBOTO OanaHca I XJIaJdareHTa BbI-
pakaeTcs CIeIyIOINUM 00pa3oM:

Gx Cp -T'=Gx-Cp -T"+K,-F(T=T")=0, (23)
rae GX — pacxop xyajarenra, kmoib/4; C p, — TEIIo-

eMKOCTh XJanarenta, kJ[x/(kmonp-K); 7" — temmnepary-
pa xyajgareHTa Ha Bxoze, K.

Ilpu pacyere MarepuanbHOro OamaHca peakTopa
U HEBSI3KH TEIUIOBOTO OajlaHca B KaYeCTBE BXOMHBIX ITa-
paMeTpOB 3aJaBajJMCh 3HAYCHUS [MOTOKA IHTAHHS, €TO
COCTaB M TEMIIEpaTypa, a TaKKe Pacxoj XJaJarcHTa
U €ro TeMIieparypa Ha Bxoze. M3yJanocs BIusSHHE BXOI-
HBIX [MapaMEeTPOB MOTOKA HA MOJOKCHUE CTAIIHOHAPHBIX
COCTOSIHUHM IIpY BapbUPOBAaHUM TEMIIEPATYPbl U COCTa-
Ba MCXOTHOTO CEHIPBS, & TAKKE BIUSHHE TEIIOOOMEHA.
3aaBasIuCh CIEAYIOUINE MapaMeTpbl: 00bEeM peakTopa,
KOJIMYECTBO XJIaJareHTa 1 ero TeMIeparypa.

Takum 00pa3zoM, MOJYYWIN 3aJlady B KOTOPOH W3-
BECTHBIMU TTapaMETPaMH SIBJISIOTCS: 00beM peaktopa
CKOPOCTB MOJIAYU UCXOHOTO CHIPhsI ng u ng; Temmepa-
Typa BXOJHOTO T0TOKa 7', ; CTaHIapTHBIA TETIOBOM 3(-
(bexT peakuuu AHgg&1 5; pacxon xmanarenta G; TeM-
neparypa xjazareHta Ha Bxoje 1'. HeusBecTHbIMuU
SIBJISTIOTCSL: TEMITEpaTypa B PeakToOpe M COCTaB IMPOTYKTO-
BOT'O MOTOKA.

Jnis pemeHust 3Toi 3a1a4M 3a7aBaiikl TEKyIIee 3Ha-
yeHue Temieparypsl B PUC u pemanu ypasaenue (20),
HaXOZsl 3HauCHHE MPOHM3BOAUTEIHLHOCTH PEaKTOpa, H,
ucnois3ys popmynsl (16) u (17), paccuuthiBaid Ma-
TEepHANIbHBIM OalaHC peakTopa MpHU 3aJJaHHOW TeM-
neparype. [ns pemenus ypaBHenus (20) ucrosns3o-
Bascs MeTol HeloTOHA, KOTOpBIH peann3oBaH B cpeae
Microsoft Excel B monyie «[louck perienus». [lanee
Ha OCHOBE IIONyYCHHOH HH(OpPMAINHU, BBIYUCIIIACH
HEBs3Ka TEIUIOBOro OanaHca peakropa (21). [Tyrem rpa-
(pmaeckoro nmocrpoenus 3asucumoctu AQ = f(T) 1o ko-
JMYECTBY TOYEK MEPECEUCHHs MTaHHOW 3aBHCHMOCTHU
¢ ocbkio Ox ONpeaensIoch YUCIO CTAIlMOHAPHBIX COCTO-
STHAW peakTopa. s 3TOro HeBsi3ka TEIUIOBOTO OayiaHca
paccuuThiBajach B uHTepBasie Temmneparyp 200-500 K.
IIpn BBIOOpE aManazoHa TeMIeparyp YYUTHIBAIACh
BO3MOJKHOCTh TOHIDKCHHS TEMIIEPaTyphsl B pPEaKTo-
pe 3a cueT OTBOJA TEIUIa BHEIIHUM TEIJIOHOCUTENIEM,
a TakKe pa3orpeBa peaklMOHHONW MacChl 3a CYET TEIIo-
BOTO 3¢ hekra.

AHanuns ctauMoHapHbIX COCTOSIHUN
npoTo4yHoro agnab6artuyeckoro PUC
npu pasfindHbIX TeMnepartypax
BXOAHOI0 NOTOKa peareHToB

PaccMoTpuM BiMSIHHE BXOTHOW TEMITEPATyphl MOTOKA
Ha MapaMmeTpbl CTallMOHAPHOTO cocTosHUsA. [y 3Toro
3aJ1aJIMM KOHCTPYKTHUBHBIC ITapaMeTphbl peakTopa M Co-
CTaB MOTOKA PEareHTOB, a €ro Temrieparypa Oy/leT BbI-
CTyIaTh B KaU€CTBE MEPEMEHHOW BETMYMHBI.

WcxonHble NaHHBIC Ui pacueTa: o0beM peakTopa
V=14 M3; o7ia4a UCXOIHOTO ChIPhsI ng =100 KMoOJIb/4;
ng =0; Buemmuii Tenoo6men orcyTcTByeT, O, = 0.

Jlasiee moiryduM 3aBUCHMOCTH HEBSI30K TEIIOBOTO
OamaHca aaMabaTHYEeCKOro peakTopa OT TEeMIepaTypbl
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MIPHU PA3JIMYHBIX 3HAUYCHUSIX BXOJHON TEMIIEpaTyphl MO-
TOKa. Pe3ynbrarsl pacueToB IpUBEIEHBI Ha puC. 2.

AQ, xJlx/4 — T, =313K/T,,=313K
AQ, kl/h —o T =293 K/ T}, =293 K
4000000 T, =263K /T, =263K
3000000 e Ty =243K/ T, = 243K
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~
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Puc. 2. 3aBHCHUMOCTH HEBSI3KM TEILJIOBOIO OajaHca
anrabaTHYeCKOro peakTopa OT TeMIIEPaTyphl B peakTope
MIPY pa3IMYHBIX 3HAYCHHUSIX BXOJHOMN TeMIepaTypbl MOTOKa

Fig. 2. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different feed
temperature

Ha ocHOBaHUM MOTyYCHHBIX JaHHBIX HEBSI30K TEILIO-
BOTO OaJlaHca OT TEMIIEPATyPHI, OTPEEITHIN TapaMeTPhI
CTALlMOHAPHBIX COCTOSIHUII peakTopa, pe3ynbTaThl KOTO-
PBIX IPUBEEHBI HA pUC. 3.
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Puc. 3. 3aBucuMocTh TEMIEPATYPhI B PEaKTOpe
OT TeMIIepaTypbl BXOSIIETO MOTOKA

Fig. 3. Feed flow temperature dependence of the internal
reactor temperature

W3 nomy4yeHHBIX pe3yabTaToB Ha pUC. 2 BUAHO, YTO
IIPY CHW)KEHUU BXOJIHOW TeMIIepaTypbl OTOKA, HaYWHAas
C ONPEIETICHHOI0 3HAYEHU s BXOHOH TeMIepaTypbl (HUXE
248 K), Bo3HUKaeT BO3MOKHOCTh pean3aliuy Tpex cra-
[IMOHAPHBIX COCTOSHUH, OTIMYAIOIINXCSI TEMIepaTypoi
B PEaKkTope U MPOU3BOAUTENBbHOCTHIO. Hampumep, npu
T, = 243 K peanusyrorcs Tpu CTAlMOHAPHBIX COCTOS-

mus: T = 244.70 K, P| = 0.229 kmonw/u; T, = 274.79 K,
P,=4.545 xmonb/am T3 =432.46 K, P;=37.263 xMOJIb/4.

[IpoBeneHHble pacyeThl IOKA3aiH, YTO TEMIEparypa
B PEAaKTOpE BO3pACTaeT MPH YBEIUUYEHUM BXOIHON TEM-
MepaTypbl MOTOKa, a MPOU3BOAUTEILHOCTh CHIKACTCH.
CHIDKEHHE IPOU3BOIUTEILHOCTH CBA3aHO C TEM, UTO IIPH
YBEJIMUYEHUM TeMIepaTypbl B PEaKTOpe HauMHAeT Ipe-
00J1a1aTh KOHCTaHTa CKOPOCTH OOPaTHOM peakiyu, 4To
MPUBOIUT K 3HAYUTECITHHOMY YBEJIMUCHHIO €€ CKOPOCTH.

AHanu3 cTauMoOHapPHbIX COCTOSAHUIA
npoTo4yHoro aguab6artuyeckoro PUC
npu pasJiIndHbIX 3HA4YEHUNAX ero oorema

Paccmorpum Biusaue o6sema PUC Ha mapameTps! cTa-
LIMOHAPHOIO COCTOSIHUA. {7151 9TOro 3a1auM BXOJHbBIE
3HAYEHHUS TIOTOKA PEareHToB (ero COCTaB U TeMIIepaTy-
py), a 00beM peakTopa OyneT BapbUpOBATHCS.

Hcxonnble naHHble AJIs pacyera: TemIeparypa BXoa-
Horo noroka 77, = 263.15 K, momaua uCXomHOIO ChIpbst
ng =100 KMOJIb/Y; ng =0; 0,,=0.

[asiee moiydyuM 3aBUCHUMOCTH HEBSI30K TEILIOBOTO
OanmaHca aanabaTUYecKOro peakTopa OT TeMIepaTypbl
TIpU Pa3IHYHBIX 3HAYEHUSX ero 00bema, M. Pesynbrarsl
pacdeToB IpUBE/IEHBI Ha pHC. 4.
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Puc. 4. 3aBUCHMOCTH HEBA3KHM TEIIOBOIO OajlaHca
a7MabaTHIecKoro peakTopa oT TEMIEPaTyphl B peakTope
l'lpl/l paSJ’lH'—leIX 3HAYCHUAX €TI0 061)eMa

Fig. 4. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different
reaction volumes

W3 puc. 4 MOXXHO cienaTh BBIBOJI, YTO MPH YMEHbIIIE-
HUHM 00beMa peakTopa BO3HUKAET BO3MOKHOCTH peajv-
3alMU TPeX CTAlHOHApHBIX cOCTOSHUM. [Ipu Gonbmx
3HAYCHHUSAX 00BEMa peanu3yeTrcs OIHO CTallMOHAPHOE
COCTOSIHHE ¢ OOJIBIIION TeMITepaTypol B peakTope, OKOJIO
450 K. Ilpu HU3KUX 3HAYCHUSIX 00BEMa MOSIBIISIETCS €I1le
JIBa CTAIIMOHAPHBIX COCTOSHUS ¢ OOJIee HU3KOM TeMIiepa-
TYpOU ¥, COOTBETCTBEHHO, C 00Jiee HU3KOW MPOU3BOJIN-
TEJBHOCTBIO peakTopa.
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AHanns ctauMoHapHbIX COCTOSHUN
npoTo4yHoro aguad6arnyeckoro PUC
npu pasJIn4yHbIX COCTaBaxX BXOAHOIO
noToka

PaccMoTpuM BIMSHHE COCTaBa BXOJHOTO IIOTOKA
Ha TapaMeTphl CTAI[MOHAPHOTO cocTostHus. [l 3To-
ro 3aJaJlM KOHCTPYKTHUBHBIE IapaMeTpbl peakTopa
U TEMIIEPaTypy BXOJHOIO IOTOKA, a €ro cocTaB Oyner

BapbUPOBATHCA.
Hcxomuple naHHBIE JUIsI pacdeTa: 0o0bEM peak-
topa V = 1.4 M3, Temmeparypa BXOZHOTO MOTOKA

T, =263.15 K, O, = 0. Pe3ynbrarsl pacueToB Ipuse-
JICHBI Ha puC. 5.
AQ, xJx/a

AQ, kl/h
2500 000

2000 000
1 500 000
1 000 000
500 000

0

-500 000
—1 000 000
—1 500 000
—2 000 000
—2 500 000
-3 000 000

AQ=/AT)
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K

. x(A) = 0.9 mon.a. L x(A) = 0.8 mom.z.
x(A) = 0.9 mol. fr. x(A) = 0.8 mol. fr.

. x(A) = 0.6 mou.n. x(A) = 0.5 Mo
x(A)=0.6mol. fr. ~* x(A)=0.5mol. fr.

Xx(A) = 1.0 mos.n.
7 x(A) = 1.0 mol. fr.

x(A) = 0.7 moi..
7 X(A) = 0.7 mol. fr.

x(A) = 0.4 mom.x.
7 x(A)=0.4 mol. fr.

Puc. 5. 3aBHCHUMOCTH HEBSI3KH TEILIOBOrO OajaHca
aMabaTHYecKOro peakTopa OT TEeMIIepaTyphl B PEakTope

MIPH Pa3IMYHBIX COCTaBaX BXOJHOTO MOTOKA. X(A) — MOIIbHAS
JI0JIs1 KOMIIOHEHTa A B UCXOQHOM cMecH

Fig. 5. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different
composition of feed flow. x(A) is the mole fraction A

in the feed flow

[To momy4eHHBIM AaHHBIM (pHC. 5) BUIHO, YTO TPHU
yMCHI)HIeHI/II/I CO,Z[Cp)KaHI/ISI KOMIIOHCHTA A BO BXOJHOM
MOTOKE, KPUBasi HEBA3KHM TEIUIOBOTO OajlaHCa CHUXKAET-
cst oTHOCcHUTenbHO ocu Oy u cripsimisieTcs. Temmieparypa
158 HpOI/ISBO,Z[I/ITeJILHOCTI) peaKTopa nagact HpI/I yMeHLHIe—
HUW MOJIBHOM oM A B HCXOHOM cmecu. Kpome atoro,
MIPU MU3MEHEHUH COOTHOIICHHSI PEAareHTOB CYIIECTBYET
nuana3oH 3HaueHui (0.65-0.80 mon. nonell KOMITIOHEH-
Ta A), B KOTOPOM peaju3yeTcsl TPH CTAllMOHAPHBIX CO-
CTOSIHUS.

AHanuns ctauMoHapHbIX COCTOSIHUIA
NPOTO4YHOro naorepmmyeckoro PUC
npu pas3JiM4HOM KoJinyecTBe
OTBOAMMOIO Ternaa

W3 pesynpraToB aHajM3a CTAllMOHAPHBIX COCTOSHUN
aanadaTH4ecKoro peakTopa BHUJIHO, YTO CYIIECTBYET
BO3MOKHOCTb pe€aju3allMd TPeX TOYEK IIepeceueHust
kpuBoit AQ(T) ¢ ocbto Ox, U, CIe0BaTEIbHO, BO3MOX-
HOCTb peaji3aliy TPeX CTAIMOHAPHBIX COCTOSIHUN pe-
aKkTopa. MOXHO MpPEIONI0KUTh, YTO MHOMKECTBEHHbIE
CTallMOHApHBIE COCTOSHUS MOTYT PEaM30BbIBATHCS MPU
HaJIMYUU 0TBOZIA Temia Q) , MOCKOJbKY Hanuuue B (21)
JIOTIOJTHUTEILHOTO OTPULIATEIBHOTO CJIaraéMoro mpuBe-
JeT K TMOSIBIICHUIO HOBBIX TOUEK IMEPEeCEUeHUs KPUBOU
HEBs3KH C 0cbio Ox. B cBsI3U ¢ 3TUM, OBLIM TPOBEICHEI
pacueTsl MaTeMaTHYECKOW MOJIEH pPeakTopa ¢ OTBOIOM
TeruIa.

PaccmoTpuM BiMSIHME KOJNMYECTBa TeIJia, MOJaBa-
eMoro B pyOamky XjajareHra, Ha HapaMeTphl CTalu-
OHApPHOTO COCTOsIHMA. /{11 9TOro 3amauM KOHCTpPYK-
TUBHBIC TIApaMETPbl PEaKTopa, TEeMIIEPaTypy M COCTaB
BXOIHOTO TIOTOKA, @ CKOPOCTH MO/IauH XJIaJareHTa OyneT
BapbUPOBATHCH.

HcxonHple paHHBIC I PEIICHHS 3a/1aud: TemIepa-
Typa BXOJIHOTO T0TOKa pearenTos I, =263.15 K, 00bem
peaxtopa V = 1.4 M3, muamerp peakropa d = 1.2 M, BbI-
cora peaktopa 7 = 1.24 M, moga4a UCXOIHOTO CHIPbHS
ng =100 KMOJIB/U; ng =0.

Kosdpuuuent tennonepenaun K, B oOmem ciy-
yae 3aBUCUT OT THUJIPOJAMHAMUYECKOM OOCTaHOB-
KH B peakTope W pyOalike W cocTaBa PEakIMOHHON
maccel. Jlynst ympouieHus pacuetoB mpumem K, mo-
CTOSTHHBIM B COOTBETCTBUU peKoMeHnauusmu [13]:
K, = 5400 kJIx/(a-M2-K). TemnoeMKoCTh XJIajareHTa
C [ 83.4 x/Ix/(xmonp-K). Bxomnas temmeparypa
xnanarenta 1" = 250.15 K.

[Tnomrans MOBEPXHOCTH TEILIOOOMEHa F paccyuTta-
eM, 3Has JuaMeTp d U BBICOTY peakropa /:

2 .
andh+%=3.14-1.2.1.24+w

=5.80 M2,

g pacdera BBIXOJHOM TeMmIepaTypbl XJaJareHTa
M KOJIMYECTBa OTBEIACHHOTO TEILIa BOCIIONB3yeMes (op-
mynamu (22) u (23). Micionb3yst MOAEb peakTopa, moiy-
YUM 3aBUCUMOCTH HEBS30K TETNIOBOTO OallaHca M30Tep-
MHYECKOI0 peakTopa OT TeMIIepaTyphl MpU Pa3IndHON
CKOPOCTH TMOJIauu XJIaJjareHTa. Pe3ynbTaTel pacuyeroB
IIPUBEJIEHBI Ha pUC. 6.

Ha ocHOBaHuMU IOJy4eHHBIX 3aBUCUMOCTEH He-
BA30OK TEIUIOBOrO OajaHca OT TeMIlepaTypbl, MbI
OTIPENeHIIA TIapaMeTPbl CTAIMOHAPHBIX COCTOSTHUI
HM30TEPMHUUECKOIO peaKkTopa, pe3yiabTaTbl KOTOPBIX
TPUBEICHBI B TA0IM. 4.

150 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):143-156



AHaNM3 CTauMoHapHbIX COCTOSIHWUIA MPOTOYHOI0 peakTopa naeanbHOro CMeLleHus

Ha NpUMepe 3K30TePMUYECKON peakumn auMepusaumm

H.A. KoponbkoBa,
C.J1. HazaHckuin, M.A. ConoxuH

AQ, xJIx/4
AQ, kl/h
2500 000
AQ=71(T)
2000 000
1 500 000
1 000 000
500 000
0 50 100 150 200 2507300 350\400 430 500
—500 000 _,_ Gx=0xmon/y I,K
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~1500000 G,or = 200 kmol/h
—2 000 000 G, = 400 xmor/a
~2 500 000 Gt =400 kmol/h

Puc. 6. 3aBHCHUMOCTH HEBSI30K TEILUIOBOIO OajlaHca
HU30TEPMHUUECKOT0 PEaKTopa OT TEMIIEPATYPhl B peaKkTope
[IPY pa3IMYHON CKOPOCTH I0/Iauu XJIalareHTa

Fig. 6. Reactor temperature dependencies of the energetic
balance discrepancy for isothermal reactor with different flow
rates of heat carrier

Tadmuua 4. CranuoHapHble COCTOSHUS H30TEPMUYECKOTO
peaxkTopa IpH pa3IM4HOM KOJIMYECTBE [101aBaEMOTI0 XJIaJareHTa

Table 4. Steady states of the isothermal reactor with different
flow rates of heat carrier

G, KMOIIB/4 P, xmons/a | O, kJlx/4 »
G,.p kmol/h LK P, kmol/h Oy kKI/h s
0 445.07 37.06 0.00 -
267.60 2.48 1.90-10° | 261.53
200 271.22 3.40 2.29-10° | 263.90
388.78 38.01 1.51-10° | 340.59
260.75 1.30 1.71-10° | 255.28
400 282.60 7.98 524-10° | 265.86
369.94 37.95 1.93-10° | 308.14

W3 nosmydeHHBIX pe3ysibTaToB BUAHO, YTO B Clydae
TerI000MeHa TPH YBEIWICHIH KOJMYECTBA XJIaJareHTa
CYIIECTBYET TPU CTALMOHAPHBIX COCTOSHUS PEaKTopa,
OTJIIMYAIOIIKECS] TEMIEpaTypod M TMPOU3BOIUTEIHHO-
cThto. Hasinune HecKoIbKUX CTallMOHAPHBIX COCTOSHUI
peanu3yercs MpH 3HAYCHUSAX MOTOKA XJIAJareHTa CBBI-
mre 200 KMOouB/4.

Taxum 00pa3oM, YHCICHHOE MOICTNPOBAHUE PEAKTOPa
MIO3BOJIJIO BBIIBUTH €r0 BO3MOXKHBIE CTAllMIOHAPHBIE CO-
cTostHUs. Eciii pennonokuTh, 4To paccMarpuBaeMbii pe-
AKTOp SABJIAETCS DJIEMEHTOM PELMPKY/ISILIMOHHOM CUCTEMBI,
TO TOTOK ITUTAHUS peakropa (GpOopMUPYETCs] CMEIICHUEM

HEKOTOPOTo BHEIITHETO MOTOKA C MOTOKOM permkia. Torma
MOKHO TIPEATIONIOKHUTD, YTO PEIUPKYILIIHOHHAS CHCTEMA,
BKJTFOUAIOIIAsT PEAKTOP U OJIOK Pa3ICIICHNUs, TAKIKE MOKET
pean30BbIBaTh HECKOJIBKO CTAIlMOHAPHBIX COCTOSHHUN
C Pa3IMYHON MPOU3BOIUTEIFHOCTBIO PEaKTOpa, a CIIeNo-
BaTeJIbHO, U KOHBEPCHEH 10 BCel cucTeme.

YcTOMYNBOCTb CTaLMOHAPHbIX COCTOSIHUN
peakTopa auMepusauum rnpu Masbix
N3MEeHEeHUusIX NnapamMmeTpoB

st PUC, MmaTemarndeckast MOJIeN b KOTOPOTO MTPEICTaB-
JseT co0oii cucTeMy OOBIKHOBEHHBIX AU depeHImanb-
HBIX YPaBHEHUI, POJIb IEPEMEHHBIX UIPAIOT KOHLIEHTPa-
LMY Pearupyrolrx BeecTB U TeMIIEpaTypa B peakTope.
[ToBenenne oObekTa omuchiBaeTcs cuctemon audde-
peHIMAaTIBHBIX YpaBHEHUH NepBoro nopsiaka [14]:

ﬂ:m_yﬁ

— % C} +2k=Cy = £,
dCqy ng—qCB D e
oy PTGk (24)

dr (”XCPA +n3Ch, )TBX. g7 AHp(KC} -k Cy)

ar _ £
dt - p(CyCp +CCpy )V CaChy *CaChy

e ¢ — OOBEMHBII PAcXoll CMECH, M>/4, KOTOpBIH pac-
CUUTBIBACTCS 110 BBIPAIKCHHIO:

q = (Vpx, +vpxp)L, (25)
rme L — CKOpOCTh IMOTOKAa Ha BBIXOAE M3 PEaKTopa,
KMOJIB/.

Koapduumenramu cucremsl (24) SBISIOTCS 3HAUeE-
HUS YaCTHBIX TPOM3BOJHBIX OT MPaBbIX YacTel ypaBHe-
HUH, COOTBETCTBYIOIINE KOOPIUHATAM TIOJIOKEHUS PaB-
HOBecCHsl, a IMEHHO MaTrpula B:

9 9 %
ac, oCy or
po| 2 % P (26)
ac, oCy T
T WY
ac, oCy oT

YpaBHeHue cuctemsl (24) OTHOCUTENBHO XapaKTepH-
CTUYECKHUX KOpHEH A MMeeT BHJ MOJMHOMA 3-# cTere-
mu [15]:

MB+oA2+AL+0=0, (27)

K03 PHUIIMEHTBI KOTOPOTO BBIYMCISIOTCS B COOTBET-
CTBHU C HIDKECIICTYFOIIMMU BBIPaKCHISIMU:

G, % %
oC, 0Cy oT

, (28)
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o Ao | |9 |
oc, oC
A |%Ca A+6CA acA+acB oCy 29)
G Dl K% &
oCg dCx| |or or| |or or
% o Y
oC, 0Cg OT
9 9 9
e:—i L é (30)
oC, oCy oT
o o
oC, oCg oT
Q =—-02A2+ 40630 + 4A3 — 186A0 + 2762, (31)

Jlns perenust cuctembl (24) BBIpa3uM 4acTHBIE TIPO-
W3BOJIHBIE MaTPUIIBI B AHAJTUTUYECKOM BU/IE:

P N5 _
oT AT
(41)
_jg(cAS;c Ts +0.001) = /5 Ca 3 Cp i T )
- 0.001 '
3necs C Ag u CBS — KOHIICHTPAIUM KOMITOHEH-

TOB A 1 B B cTanimoHapHBIX COCTOSIHUSX, kmo/m3; T, s —
TeMIreparypa peakropa B CTalldOHaApPHBIX COCTOSHUAX, K.

HpOBeHeM aHaJIu3 TMOJYYCHHBIX CTAllMOHAPHBIX CO-
CTOSTHUM aina0aTuv4ecKoro peakropa Ha YCTOWYHBOCTH;
MmapaMeTpbl CTAlMOHAPHBIX COCTOSHUM IPUBEIACHBI
B Ta0I. 5.

Tadmuua 5. CranmoHapHbIE COCTOSHUS PeakTopa

Table 5. Steady states of the reactor

No vom® | T, K | x,, mom 1 K P, KMOJIB/q
v, m3 T, K x,, mol. fr. ’ P, kmol/h
1 1.4 253.15 1.0 439.89 37.18
2 1.4 263.15 1.0 445.07 37.06
3 1.4 273.15 1.0 492.98 35.72
4 265.22 0.30
T 0.2 263.15 1.0 302.73 6.31
T 44422 36.88
7 266.85 0.75
T 1.4 263.15 0.7 299.77 7.90
T 34427 18.99

Jl1st TaHHBIX 3HAYEHUH MPOBEIEM aHaIN3 Ha YCTOM-
YHBOCTH CTAIIMOHAPHBIX COCTOSTHHI B MajIOM. Beraucinm
3HAYEHUS POU3BOAHBIX 10 popmyrnam (32)—(41) u Haii-
JIeM 3HadeHUs KOA((OHUIIMEHTOB XapaKTEPUCTHUECKO-
ro ypaBHeHus (27), ucnonb3ys ¢opmynsl (28)—(31).
[TomyueHHbIe pe3ynbTaThl MpeacTaBIeHbI B Ta0I. 0.

Tadauua 6. 3HaueHNs KOIPPUIUCHTOB XapaKTEPUCTUIECKOTO
ypaBHeHus (27)

Table 6. Coefficients of the characteristic Eq. (27)

d
4 gec, (32)
d
G =2k, (33)
0Cy
o, ok+ ok~
“L-_2¢? +2C, —, 34
oT Aor B or (34)
o,
2 _2k*C,, 35
ac, A (35)
d
L=_1_k—’ (36)
ocyg V
o, ok* ok~
2 =0 —-Cp—, 37
or Aor Bor 37
,Ea
0| A-eRT
ok P 38
—=———"—==4-eRT —.
or oT RT? 38)
IIpousBomHbIe GyHKIMH f; BHIDA3UM B BUJIE:
o _ M _
aCy  AC,
(39)
_f3(CAS +0.0015Cy 375 | = f3(Ca g5 g7y |
0.001 ’
o M _
0Cy  ACy
(40)

£3(CagiCag +0001T | = 13 Co 5Ty |

0.001

No G A 0 oA - 0 Q

1 6020 | 2.11-10° | 1.19-107 | 1.27-10'0 | -1.16- 1020
2 7270 | 3.07-106 | 1.75-107 [2.23-10'0 | -3.64 - 1020
3 8800 | 4.47-10°|2.58-107 [3.93-1010 | -1.14- 102!
4 119 4670 59900 | 498000 | —224000
5 153 —4510 | —136000 | 67300 |-4.13-10!0

152

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):143-156



AHaNM3 CTauMoHapHbIX COCTOSIHWUIA MPOTOYHOI0 peakTopa naeanbHOro CMeLleHus

Ha NpUMepe 3K30TePMUYECKON peakumn auMepusaumm

H.A. KoponbkoBa,
C.J1. HazaHckuin, M.A. ConoxuH

Tadmuua 6. [Ipomomkenne
Table 6. Continued

No G A 0 oA - 0 Q

6 6990 | 1.76-10° | 5.99-107 [ 1.23-10'0 | —6.14- 10%°
7 20.3 135 293 2440 -22.9

8 4.78 -157 -925 172 -5.98-10°
9 52.8 —-1340 | —10400 | —60300 |-3.11-10'0

U3 ycnosuit Payca-T'ypBuna, cieayer, 4To uccieny-
€MOe€ ITOJIOKEHUE PAaBHOBECHUS YCTOMYHMBO, €CIIN BBIIIOJ-
HSIIOTCS HepaBeHcTBa [15]:

6>0;A>0;0>0,0A-6>0. (42)

N3 3Toro MOXXKHO c/ienaTh BBIBOJ, YTO CHUCTEMBI, Xa-
PaKTEepU3YIONINECS] OTHUM CTAITMOHAPHBIM COCTOSTHUEM,
ycroituuBbl. Tak, Hampumep, CTalHOHApHBIE COCTOA-
Hus 1, 2 u 3, SBISIFOIIMECsS] SMHCTBEHHBIMU (KaK IMOKa-
3aJ1 KQUE€CTBEHHBIN aHANM3), XapaKTepHU3yIOTCS YCTOM-
yuBOU paboToii peaktopa. B ciydae ke peanuzauuu
HECKOJIbKMX CTaIlMOHAPHBIX COCTOSIHUW HE BCE M3 HHUX
COOTBETCTBYIOT YCTOMYHWBOMY COCTOSTHHIO pPEaKTopa.
B peaxtope ¢ o6bemom 0.2 M? peanusyercs TpH cTaly-
OHAPHBIX COCTOSIHUSA, Tae JBa U3 HUX (Ne 4, No 6) ycToi-
quBbl, a omHO (Ne 5) sBisercst cemiom [15]. B ciryuae,
KOTJia B PeakTop MOAAETCs CMECh KOMIIOHEHTOB A u B
B cootHomennu 0.7/0.3 Taxke CyIIECTBYET BO3MOXK-
HOCTh pealli3alfy TPEX CTAIIMOHAPHBIX COCTOSIHHM, T/Ie
OJTHO COCTOSIHUE SIBJISICTCSI YCTOWYUBBIM y310M (Ne 7),
a iBa 1pyrux — ceia (Ne 8, Ne 9).

0O603HaueHus

A, B — KOMIOHEHTHI pEaKIIMOHHOW CMECH;
Cj, Cg — KOHIEHTpaluK KOMIOHEHTOB A u B coor-
BETCTBEHHO, KMOJIB/M-;
, CBS — KOHIEHTpalMu KOMMOHEHTOB A u B
B CTallMOHAPHBIX COCTOSIHUSX COOTBET-
CTBEHHO, KMOJIB/M>;

CAS

Cp , Cp — TEMIOEMKOCTH KOMIOHEHTOB A u B
A B
cOOTBeTCTBEHHO, K/Ik/(kMoib K);
c p, — TeINIOEMKOCTD XJIajareHra, k/Jx/(kmoinbK);
E, — oHeprus aktuanuu, JHk/MOIb;
F —  TIOmAjb MOBEPXHOCTH TEIIOOOMEHA, M2;
GX — pacxol XJaJareHTta, KMoJb/4;
AHT — W3MEHEHWE DOHTAJbIIUU B XOJIE PEaAKIUH,
KJK/KMOJTB;
k — KOHCTaHTa CKOpPOCTH;
K, — xo>pduuuenHT Teronepeaam, kJlx/(a-m?-K);
L — IIOTOK Ha BBIXOJIC U3 peaKkTopa, KMOJIb/;

OBCYXAEHUE PE3YJIbTATOB
N BbiIBOAbI

[Iyrem pacuyera HEBSI30K TEIUIOBOTO OajlaHCa BBISBIC-
Hbl BO3MOXHBIE CTAl[MOHAPHBIE COCTOSIHUS MPOTOYHOI'O
PUC. PaccMmoTpeHO BIHMSIHHE BXOJHOW TeMIIEpaTypbl
U COCTaBa MOTOKA PEareHTOB, 00bEMa PEeaKkTopa, TEeTIo-
o0MEHa M COCTaBa BXOIHOTO TIOTOKA Ha MapaMeTphl cTa-
LIMOHAPHBIX COCTOSIHUH, a TAKXKe ONPENIEICH UX THIL.

[Ipu yBenuyeHMH Temrmeparypbl MMOTOKa Ha BXOJE
TeMmIeparypa CTAallMOHAPHOI'O COCTOSIHUS TaKXkKe YBe-
JMYUBAETCS, a MPOU3BOAUTENBHOCTh CHUXKAETCA. DTO
CBSI3aHO C TEM, YTO ITPH YBEITUYCHUH TEMIIEpaTyphl B pe-
aKTOpe HAaYMHACT YBEIHMUYHBATHCS CKOPOCTH OOpaTHOI
peakuuu.

YMeHbIIeHHEe 00beMa peakTopa MPUBOAUT K TOMY,
YTO pealn3yeTcsi TPU CTAIlMOHAPHBIX COCTOSHUS (IpU
o6Beme peakTopa MeHbie 0.6 M), UTO MOXKET PUBECTH
K HEYCTOHUMBOH paboTe MM HU3KUM 3HAUCHHUSM MPOU3-
BOJIUTEJILHOCTH.

[Ipu yBenuyeHUn copep)kaHusl MPOAYKTa B MOTOKE
MUTAHUSA H3-32 TPUOIIDKEHHsS] COCTaBa K XHMHYECKH
PaBHOBECHOMY IIPOMCXOAUT CHI)KEHUE IPOU3BOAUTENb-
HOCTH PEaKTOpa, a TaKKe MOSABIISIOTCA ellle JIBa CTallu-
OHapHBIX cocTosiHUs B auanazone 0.65-0.8 momn. moneit
KOMITOHEHTa A.

[Ipu aHanmu3e cTaMOHAPHBIX COCTOSHHUM Ynaioch
YCTaHOBUTb, 4YTO peaau3yeMble CTAllMOHAPHBIE CO-
CTOSIHUSI SBJISIIOTCSl YCTOMYMBBIMM y3J1aMU U CEIUIaMHU.
W3 storo cnenyer, 4yTo KosieOareNbHbIE PEXUMBI IS
paccmarpuBaeMoit peakiun B PUC He peanuzyrorcs.

Symbols

A, B — reaction mixture components;

C,,Cg —  concentrations of components A and B,

respectively, kmol/m?;

C Ag? Cg. — concentrations of components A and B
at steady states, respectively, kmol/m?;

C P, C R heat capacity of components A and B,
respectively, kJ/(kmol-K);

C Py heat capacity of refrigerant, kJ/(kmol-K);

E,  — activation energy, J/mol;

F — surface area of heat exchange, m?;

G,; — refrigerant consumption, kmol/h;

AH[ — change in enthalpy during the reaction, kJ/kmol;
k — speed constant;

K,  — heat transfer coefficient, kJ/(h-m?K);

L — reactor outlet flow, kmol/h;

nQ and n} — feed rate of raw material into the reactor,
kmol/h;
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ng u l’lg - CKOpOCTHU T1oAa4u HMCXOOHOTO ChIpbA
B PEAKTOP, KMOJIb/U;

N, U Ny — CKOPOCTH MPOYKTOBBIX IIOTOKOB, KMOJIB/4;

P — mpou3BOAUTENBHOCTH PEAKTOPA, KMOJIB/U;

g — OOBEMHEIH pacXoy CMecH, M>/d;

O, — OTBOJ TeIUIa OT peaKTopa, KJK/4;

AQ — HeBs3Ka dHEpreTHYecKoro Oamanca, kJx/4a;

R — yHmEBepcanbHas ra3oBasi IOCTOSHHAS,

8.314 ixx/(monb K);
— TeMmIeparypa IoToka Ha BXozie B peakrop, K;

T — remmeparypa XJaJarcHTa Ha BXOJC B pyOamKy
peakropa, K;
T" — Temneparypa XjaJareHTa Ha BbIXOJE
u3 pybamniku peakropa, K;
T — Ttemneparypa B peaktope, K;
Ty — Temmeparypa peakTopa B CTallHOHAPHBIX
cocTostHUSAX, K;
V' — o0beM peakropa, M;
vV — MOJBHBI 00beM CMeCH, M3/KMOJB;
V) M Vg — MOIBHBIE OOBEMBI KOMIIOHEHTOB A u B
COOTBETCTBEHHO B CMECH, M>/KMOJIb;
X, M Xg — MOJIbHBIE JI0JIM KOMIIOHEHTOB A 1 B B cMecH
COOTBETCTBEHHO, MOJIbHBIE JI0JIH;
W  — CKOpOCTH XHMHYECKOM pEaKIHH.
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n, and ny —  product flow rates, kmol/h;

P — reactor performance, kmol/h;

g — volume flow rate of the mixture, m3/h;

0., — heat removal from the reactor, kJ/h;

AQ — energy imbalance, kJ/h;

R — universal gas constant, 8.314 J/(mol-K);

T., — inlet flow temperature to the reactor, K;

T" — refrigerant inlet temperature, K;

T" — refrigerant outlet temperature, K;

T — reactor temperature, K;

Ty — reactor temperature at steady states, K;

V'  — reactor volume, m3;

v — molar volume of mixture, m3/kmol;

v, and vy — molar volumes of components A and B,
respectively, in the mixture, m3/kmol;

x, and x; — molar fractions of components A and B
in the mixture, respectively;

W — chemical reaction rate.
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HedTEenpoAayKTOB NoA BO3AEeNCTBMEM KaBUTaLumn

A.M. Huxonaes, b.B. llemnen, A.H. Koposies™, JI.B. Hukumun

MUPDA — Poccutickuii mexnono2uueckutl ynusepcumem (Mucmuniym moukux xumudeckux mexronozuti um. M.B. Jlomonocosa),
Mockea, 119454 Poccus

™ demop onsa nepenucku, e-mail: waterpolist2000@yandex.ru

AHHOTaUus

esn. HTEpEeC K NPUMEHEHHIO SBICHHS KaBUTALMH JUIs 00pabOTKH yIJIEBOJOPOIHBIX CMECei, B 4aCTHOCTH HeTH U HeTEPOIYKTOB,
U OTCYTCTBHE B JINTEPATYPE CHCTEMHOT'O IO/IX0/1a K MPOBEACHHUIO MOJ0OHBIX UCCIIEIOBAHNI OTKPBIBACT HEOOXOAUMOCT Ooliee rTyOoKo-
O U3Y4YCHHMS BIMSHUSA 3TOr0 (PU3MYECKOr0 BO3ACHCTBHS HA XapaKTEPUCTHKHU U JICTaIbHbIH YIJICBOLOPOAHBINA COCTaB HEQTIHOTO CHIPbS.
B cBsi31 ¢ 9TUM, LieJIb JaHHOW paboThI 3aKIIF0YACTCS B M3yYCHUH BIMSHUS YCIOBHIA, IPU KOTOPBIX BO3HUKAET KABUTALMS, HA N3MCHCHHUE
(PU3UKO-XMMUYECKUX CBOMCTB U YIIICBOAOPOAHOTO COCTaBa HE()TH U HEPTEITPOLYKTOB.

Metoapl. B kauectBe 00BEKTOB HCCIICJOBAHUs OBUTH B3sTHI [Ba 00pa3ua He(TH U YeThIpe MPSMOTOHHBbIE (GpaKkuuu — OCH3MHOBAs,
KepPOCHHOBAs, IM3ENIbHAS U Ma3yT, 00J1a1atolue Pa3IMYHbIMH XapaKTEPUCTHKAMU H YITIEBOIOPOIHBIM cocTaBoM. KaBuTalonuyo o0-
paboTKy IpOBOIMIN B THAPOANHAMUYECKOM pexuMe Ha anmapare JloHop-2 B Auamna3oHe nepenanos gasiaeHus ot 20 go 50 Mlla. Konu-
YeCTBO IIUKJIOB 00pabOoTKH cocTaBisio oT 1 10 20. IIMoTHOCTS onpenensiiii MMKHOMETPHYECKIM METOI0M, TIOKa3aTeb MPEIOMICHUS —
Ha pedpakTomerpe Tha AOGe, a HpaKIMOHHBIH COCTaB MM BBIXOA (paKiuil — MEeperoHKoON Mpu arMoC(GEepHOM HIIM MOHIKEHHOM
JIABJICHUM COOTBETCTBEHHO JUISl CBETIIBIX MJIM TEMHBIX HE(TEHPOTYKTOB. YIIIEBOAOPOAHBIH COCTaB OCH3MHOBOH (hpaKuuu onpeaensiu
XPOMATO-MacC-CIEKTPOMETPUUECKUM METO/IOM.

Pe3ynbrarel. B pabote mokasaHo W3MEHEHHE TUIOTHOCTH U (PPAKIIMOHHOTO COCTaBa OOBEKTOB MCCIICMIOBAHUS [TOCIC X 00pabOTKU PU
Pa3IMYHBIX YCIOBHSX. YACICHO 0c000¢ BHUMAHUE YIICBOAOPOJHOMY COCTaBy OCH3MHOBOH (DpakKilMu: MOKA3aHO YBEIMYCHHE COICP-
JKaHHs B HEl HOPMAJIbHBIX AJIKAHOB 3a CYET YBEJIMYCHMs KOJMYECTBA CTPYKTYp, O0JIaJAIONMX MEHBIICH JIMHON YIIIEPOIHOM e,
I10 CPaBHEHUIO C KOMIIOHEHTAMH CbIPbs, HE INOABEPIrHYTOI'O KABUTALIUOHHOMY BO3ﬂeﬁCTBM}O.

BeiBoabl. [IpesicTaBieHbl pe3yabTaThl HCCICAOBAHMUS BIUSHHS KABUTALIHOHHOM 00paboTKK HE()TH 1 ee OTICIbHBIX (pakiuii Ha u3Me-
HeHHe (PU3MKO-XUMHUYCCKUX XapaKTePHCTHK OOBEKTOB MCCIICAOBAHMS. YCTAHOBIICHO, YTO XapaKTep M3MEHEHHIl 3aBHCHT OT YCJIOBHI
00paboTKH U HCXOHBIX XapaKTepUCTHK 00pasiia. BrICKa3aHO MPEAOIOKEHHE O TOM, YTO B PE3yJbTaTe KaBUTAL[IOHHOTO BO3/ICHCTBHS
MOTYT MPOTEKaTh MPOLECChl KPEKHHTa W YIUIOTHEHHS. BO3MOKHOCTh MPOTEKaHMSI PEaKInii KPEKHHra MOATBEPIKACHA PE3ysbTaTaMu
Xpomarorpahuu ¥ OnpeeNeHus IPYHIOBOro YIIEBOAOPOAHOIO COCTaBa 00pasLoB.
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Abstract

Objectives. While the phenomenon of cavitation is of interest for treatment of hydrocarbon mixtures, in particular crude oil and petroleum
products, the literature lacks a systematic approach to conducting such research. This gap stimulates the need for a more in-depth study
of the influence of this physical effect on the characteristics and detailed hydrocarbon composition of petroleum feedstock. Thus, the
present work set out to explore the influence of the conditions leading to cavitation on the physicochemical properties and hydrocarbon
composition of crude oil and petroleum products.

Methods. The objects of the study were two crude oil samples and four straight-run fractions—gasoline, kerosene, diesel, and fuel
oil—having different characteristics and hydrocarbon compositions. Cavitation treatment was carried out in a hydrodynamic mode
using a Donor-2 apparatus within a range of pressure changes from 20 to 50 MPa. The number of treatment cycles was from 1 to 20.
The density was determined by pycnometry using the refractive index, an Abbe refractometer, and the fractional composition or fraction
yield, as well as by distillation at atmospheric or reduced pressure for light or dark petroleum products, respectively. The hydrocarbon
composition of the gasoline fraction was determined by chromatography and mass spectrometry.

Results. Changes in the densities and fractional compositions of the objects of study following their treatment under various conditions
were recorded. Particular attention was paid to the hydrocarbon composition of the gasoline fraction: an increase in the content of normal
alkanes was shown to be due to an increase in the number of structures with shorter carbon chains in comparison with the components
of raw materials not subjected to cavitation.

Conclusions. The results of the study of the effect of cavitation treatment of crude oil and its individual fractions on their physicochemical
characteristics showed that the nature of the changes depends on the treatment conditions and the initial characteristics of the sample.
It is suggested that cavitation treatment causes cracking and compaction processes. The possibility of cracking reactions was confirmed
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BBEOAEHUE

UYepenoBanue obmacTell BBICOKOTO M HU3KOTO JIaBJICHUN
B KMJKOH cpesie IPUBOAUT K BO3SHUKHOBEHUIO SIBIICHUS
KaBUTALUH — OOPA30BaHHIO U CXJIONBIBAHUIO ITy3BIPb-
koB raza [1, 2]. 3yuenue 3Toro sIBJIEHHS MO3BOJUIO
paccMaTpuBaTh €ro He TOJNBKO KaK pa3pymiaroniee rped-
Hble BUHTBHI CYJOB M JIONATKU TYPOUH THIPOIIEKTPO-
CTaHIUH, HO U 3()(HEKTUBHO HCIOJIB30BATH B CEIHCKOM
xo3stiicTBe [3], Mmeanumae [4], MUIEBOI MPOMBITIIIEHHO-
ct [5], ctpoutenbeTse [6] v HedTIHOH oTpachu [7-9].

B HedrenoObiBatomield u HedTenepepadaThiBato-
LIIMX OTpAacisAX SBJICHHWE KaBUTALlMU HCIOJNB3YIOT s
HU3MCHEHHS PEOJIOTHIECKUX XapaKTePUCTHK HEPTU U ee

(dpaknuii, 9To o0ecreYyrMBaeT CHU)KEHUE BS3KOCTH He-
(TSHBIX AMCHEPCHBIX CHUCTEM M, COOTBETCTBEHHO, 3a-
Tpar Ha UX TpaHCIOPTUPOBKY [10], noBsiIeHNE BBIXONA
cBeTbIX (paknuii [11] m KadecTBa YITICBOIOPOIHBIX
toruB [12]. Yka3piBaeTcs Takke Ha BOZMOXKHOCTb MC-
TOJTb30BAaHMS KaBUTAIUU U1 MHTEHCU(PUKAIIMA XUMUKO-
TexHoJoruuaeckux mporeccos [13]. Bmecte ¢ Tem, npu
BCEM MHOToo0pa3uu myOlIMKalui, MOCBSILIEHHBIX HC-
MOJTb30BAHUIO KAaBUTALMKM B Ipoleccax HedTenepepa-
0OTKH, B HUX HE MPOCICKUBACTCS CUCTEMHBII MOAXO],
MO3BOJISIONIMKA CBSI3aTh YCJIOBHUS, NMPUBOIAIIME K BO3-
HUKHOBEHHUIO KaBUTALIMOHHBIX SIBICHHUHA, W (UKCHpYe-
MBIC W3MECHEHHS XapaKTCPHCTHK CBHIPbS, OCOOCHHO €ro
YIJIEBOJOPOAHOTO COCTABA.
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nop, BO3AENCTBUEM KaBUTaLMN
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n op.

Lenbro qaHHOM PaOOTHI SBJISICTCS U3YyUCHHUE BIUSHUS
YCIIOBHH, TPUBOJSIINX K BO3HUKHOBECHHUIO KaBUTAIIHMH,
Ha M3MCHEHHE XapaKTEPUCTUK U YIJIICBOJOPOTHOTO CO-
cTaBa HE(pTH U HEPTETIPOAYKTOB.

OKCNEPUMEHTAJIbHASAA YHACTb

B kadectBe 00BEKTOB HCCIIEJOBAaHUS B pabOTE UCIIOJNb-
30BasIMCh 00pasnbl Tskenoit (H1) u nerkoii (H2) ned-
i Uneckoro mectopoxknaenus (KpacHomapckuii kpaif,
Poccust), mpsimoronneie Ocu3uHOBas (b), kepocuHO-
Bas (K), nuzenbHas () ¢dpakuuu Hedhtu u mazyt (M),
npenocraBieHubie  AO  «lasnpomnedpmo-MHII3
(Poccwst), HEKOTOpBIE XapaKTEPUCTUKHA KOTOPBIX MPUBE-
neHnl B Ta0m. 1.

Tadmuua 1. XapakTepucTUKU 0OBEKTOB UCCIICIOBAHMS

Table 1. Characteristics of research objects

KaButanmonnyio 00pabOTKy NpOBOIMIN B amma-
pare mapku JloHop-2 (Poccus) [14, 15]. B nmannom
ammapare KaBHTAIlMsS BO3HUKACT B TUAPOIUHAMHUYC-
CKOM TIIOTOKE IpU IEPEeTeKaHUH HE(TEIPOMYKTa MO
JICHCTBHEM IOBBIIICHHOTO JaBICHHS Yepe3 TudQy3op.
JlaBieHue B HAarHETATENHFHOM IMJIMHIPE BapbHPOBAIU
ot 20 no 50 MIla, a KOJIMYECTBO LIMKJIOB BO3JICHCTBHUS
mmensu ot 1 go 20. Temrieparypa, npu KOTOpO# Mpo-
BOIIIIACH 00pabOTKa, ONpENeNsUIach BSI3KOCThIO 00pa3-
1oB. O6paboTky oOpasuoB b, K u /| npoBoaunu mnpu
20°C, H1 u H2 — nipu 50°C, a o6pasiia M — mipu 70°C.

[TnoTHOCTE 00pa3LOB ONPENCSIH THKHOMETPUYE-
ckuM MeToz1oM B cooTsetctBr ¢ TOCT P 50.2.075-2010.

OpakIMOHHBI COCTaB CBETIBIX HEPTENPOIYK-
TOB ompefensncs B cootBerctBun ¢ TOCT 2177-992,

OOBEeKT UcCIIeI0BaHUS
[Moka3arensb Research object
Indicator H1 H2 B K I M
o1* 02 G K D F
III0THOCTB, T/cM3
. 0.9693 0.8810 0.7112 0.7880 0.8333 0.9684
Density, g/cm?
[Toka3zaresns npenomiieHus
Refractive index - - 1.4345 1.4501 1.4709 -
Temneparypa Hauasna kunenus, °C
. O . 160 56 40 144 175 290
Initial boiling point, °C
Temneparypa Beikumnanus, °C
Distillation point, °C
10 06. % / 10 vol % - - 71 162 213 -
50 06. % / 50 vol % 116 192 280
90 06. % / 90 vol % 186 218 335
Beixon ppaxmwmii, mac. %
Yield of fractions, wt %
Jlo 160°C / Up to 160°C - 11.9 -
160-230°C 0.5 19.2 -
230-350°C 5.2 19.5 - - - 49
350-400°C 93.4 49.4 9.3
400-480°C 934 49.4 27.9
Beimre 480°C / Above 480°C 934 494 57.9

* 01, heavy crude oil; 02, light crude oil; G, gasoline; K, kerosene; D, diesel; and F, fuel oil.

T'OCT P 50.2.075-2010. TocynapcrBenHas cuctema obecnieueHus: equHceTBa uzmepennit. Hedrb u nedrenponyxrsl. JlaboparopHsie MeTob!
M3MEpEHUs IUIOTHOCTH, OTHOCHTENIFHO TUIOTHOCTH U IUIOTHOCTH B Tpanycax APL. M.: Crannaprundopm; 2011. [GOST R 50.2.075-2010.
State system for ensuring the uniformity of measurements. Crude petroleum and petroleum products. Laboratory methods for determination
of density, relative density and API gravity. Moscow: Standartinform; 2011.]

I'OCT 2177-99. MexrocynapcTBeHHblii  cranmapt. Hedrenponykrel. Metonsl  onpeneneHus  (pakIHOHHOTO —cocraBa. M.:
Cranpnaprundopm; 2006. [GOST 2177-99. Interstate Standard. Petroleum products. Methods for determination of distillation characteristics.
Moscow: Standartinform; 2006.]
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Mg storo ucnosp3oBaincs annapar mapku APHII-1
(HIII «CKU®D-TIPUFOPy, YxkpanHna). Beixon TeMHBIX
¢dpakumii He(hTH U MazyTa ONpEesIn Pa3rOHKON oA
BaKyyMOM IIpH OCTaTOYHOM JIaBJIEHUU ~2 MM.pPT.CT. [16].

VYIIIeBoIOpOHBI  cOCcTaB OCH3MHOBOW  (ppaKiuu
ONpenessicss ¢ HCIOJIb30BaHUEM Xpomarorpada map-
ku Agilent GC 7890 Ha kBapreBOH KamwJUIAPHOH KO-
nouke HP-5MS (30 m x 0.25 mm % 0.25 MKM) Gupmbl
Agilent Technologies (CILIA) ¢ monubuuupoBaHHOM
METHJICWIIMKOHOBOH (5% (EHUIMETUIICHINKOHA) KH/I-
KOW HermoaBMXHON (azoil. Xpomartorpad oOopyaoBaH
Macc-CelIeKTUBHbIM JeTekropoM MSD 5975C (Agilent
Technologies, CIIIA) ¢ kBagpyIOIbHBIM aHATH3aTOPOM
Macc. Macc-CieKTphl MOTy4Yaiad MOHM3alHue METOAOM
9NIEKTPOHHOTO yhapa ¢ sHeprueil monuzauuu 70 5B
U PEerucTpupoBalu B auanaszoHe macc 29-550 a.e.M.
VYeoBUS IPOBENICHUS aHAJH3a: TeMIIepaTypa HCrapuTe-
151 — 320°C, oObeMHasi CKOPOCThb IOTOKA ra3a HOCUTENs
(renust) — 1 Ma/MuH.

PE3VJIbTATbl U UX OBCYXXAEHUE

Haubornee HamsaAHO U3MEHEHNE XapaKTepUCTUK HedTe-
MPOAYKTa TMOJ BO3ACUCTBUE KaBUTALMM MPOSIBIAETCS
B U3MEHEHHUH IJIOTHOCTU obOpasna (puc. 1) u ero ¢pax-
IIMOHHOTO cocTaBa. Hampumep, Temmeparypbl Hadania
kurieHus oopasuos H1, M u b nocne 5 uuknos o6pador-
ku nipu gasnennn 50 MIla nonusunuce Ha 30, 25 u 8°C
COOTBETCTBEHHO. [Ipy 3TOM TpocCieXHuBacTcs Cleayro-
I1asi 3aKOHOMEPHOCTh: YeM BBIIIC HAYAIBHBIC 3HAYCHUS
IUIOTHOCTH He(TEnpoayKTa, TeM OoJyiee 3aMETHBI H3Me-
HEHHS eT0 (PH3UKO-XUMHUCCKUX XapaKTCPHCTHK (ILIOT-
HOCTH, PPAaKLIMOHHOTO COCTABA U T.II.).

OTMEUYeHO CYIIECTBEHHOE BIMSHUE NPUPOIBI 00-
pasma Ha XapakTep H3MEHEHHS ero IoKasaTeled mpu

B/G K/K JA/D H2/02 M/F H1/01

Ob6pasen
Sample

1.00 ¢
095t
090+
0.85}
0.80F
0.75¢
0.70
0.65

I1n0THOCTS, I/cM3
Density, g/cm3

Puc. 1. BiusiHue KaBUTAIIMOHHOM 00pab0TKK Ha INIOTHOCTH
00pa3uoB. 5 k0B o6padotku pu 50 MIla. (/) [TnotHOCTH
oOpasna 10 00padoTku; (2) IIoTHOCTH 0Opasna mocie
00paboTKH

Fig. 1. Influence of cavitation treatment on the density
of samples in five treatment cycles at 50 MPa: sample density
(1) before and (2) after treatment

W3MEHEHHHU YCIOBUH 00pabOTKH. YBETUUCHHUE JaBICHUS
W KOJIMYecTBa IMKIOB 00paboTku (10 10) obpasma M
MPUBOMIIO K CHIDKCHUIO TEMIICPATyPhl Hauaa KUIICHUS,
IUTOTHOCTH U YBEIHUCHUIO BHIXOA (PPAKIIHiA, BHIKHITAIO-
mmx 110 400°C. Berxos! (hpakiivii, BEIKHITAIONINX BBIIIE
400°C, npu 3TOM cHHUXKanuch. Hanpumep, nocie oqHoro
ukia o6padorku mpu gasnenun 20 Mlla, Temmeparypa
Havayia Kunenus oopasia M causmiack ¢ 290 no 287°C,
a BeIxon (paxuuii, Beikunamomux g0 400°C, Bo3poc
¢ 14.4 no 14.8 mac. %. Ilocne 10 nuxioB 006paboTKH
9TH TIOKa3aTelld COCTaBsUIM COOTBETCTBEHHO 273°C
u 23.4 mac. %. Ecnu sxe o0paboTka MpoBOAMIACE TIPU
50 MITa, To nocne 10 nukiI0B BO3AEHCTBUS TEMIIEpaTypa
Hauaja KUTMeHUs MoHu3MIach J10 257°C, a BBIXOA Ppak-
nui, Beikumnatomux 110 400°C, Bo3poc a0 29.2 mac. %.
IIpn panpHeileM yBEJIMYEHUH KOJIMYECTBA LUKIIOB
00pabOTKH CYyIIECTBEHHBIX M3MEHEHUH HE (PUKCHPOBa-
JI0Ch.

ITpu o6padotke cBeTnbix ppakuwmii (b, K, /1) Temme-
parypa Hadasia X KHIICHUS TaKkKe CHIDKAIAch IO Mepe
MTOBBIIICHUS JaBJICHHUS U KOJIHYESCTBA IUKIOB 00paboT-
KH. XapakTep M3MEHEHHUS IJIOTHOCTH 3THUX 00pPa3IoB
OT JaBJIeHHs 00paOOTKM OB aHAIOTHYCH 3a(pUKCH-
poBaHHOMY Uit 00pa3ia M — MOBBIIICHUE NABICHUS
OPUBOIWIO K OOJBIIEMY CHIDKCHHIO HX IJIOTHOCTH.
B 10 xe BpeMmsi OBUIO OTMEYECHO CYIIECTBEHHOE OTIIH-
4Hpe XapakTepa U3MCHEHHUsS IUIOTHOCTH CBETIBIX IIPO-
JYKTOB OT KOJIMYECTBA IMKJIOB 00paboTKu. B oTnmnune
oT 00pasna M npu MOBTOPHBIX 00pabOTKaX MIOTHOCTh
CBETIIBIX HE(PTENPOAYKTOB HAYMHAIA YBEIHYHBATH-
cs (puc. 2).

0.78

0.76

0.74

ITnotHOCTS, T/CM3
Density, g/cm3

0.72

0.70

068 1 1 1 1 J
0 5 10 15 20 25

Yueno nukinoB 06paboTKH
Number of processing cycles

Puc. 2. BiusiHue ycnoBHid KaBUTAMOHHOH 00paOOTKH
CBETJIBIX HE(TENPOAYKTOB HA M3MEHEHHE UX IUIOTHOCTH:
obpasusl (1, 2) b, (3, 4) K, u (5, 6) 1 npu naBieHnn
obpabotku (1, 3, 5) 20 u (2, 4, 6) 50 MIla

Fig. 2. Influence of conditions of cavitation treatment of light
petroleum products on their density: Samples G (7, 2),

K (3, 4), and D (5, 6) at treatment pressures of 20 (Z, 3, 5)
and 50 MPa (2, 4, 6)
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KonmyectBo HUKIOB 00pabOTKH, TOCHE KOTOPBIX
(PUKCHPOBAJIOCH BO3pacTaHWE IUIOTHOCTH, 3aBHCENO
OT IpUPOJIBI 00pa3iia (€ro UCXOAHOHU IIIOTHOCTU) U JIaB-
nenust 06padotku. Hanpumep, npu naBiaeHnu o6padboT-
ku 30 MIla y o6pa3noB b u K mioTHOCTh yBeIHIuiIach
nociie 10 muknos. s oopasna [| roBoputh 00 U3MeHe-
HUM IDIOTHOCTH Ttoctie 10 MuKiIoB 00paboTKH P TaKOM
JaBieHuH 3arpyaHutenbHo. [locme 10 mukiioB oOpa-
GOTKH ero MIoTHOCTH 6buIa paBHa 0.8293 r/cM3, mocne
20 — 0.8295 r/cm?. Onuako MIPY TIOBBIIICHNH JIABICHUS
00padoTku o6pasna [ no 40 MIla, yxe nocie 10 rukios
00paboTKH, (PUKCUPOBATIOCH YBEIMYEHUE €T0 INIOTHOCTH
(nocsie 5 MKJIOB MIOTHOCTH ObLia paBHa 0.8298 r/cm?,
noce 10 — 0.8294 r/cM?, a mocie 20 — 0.8301 1/cm?).
IIpu naBnenun o6padotku 50 MIla yBenuueHue mioTHO-
cti oOpasna /[ ObII0 OTMEUEHO yIKe TIOCHIE TMATOTO [TUKIIA.

AHaNOTUYHBINA XapaKTep W3MEHEHUN XapaKTePUCTHK
CBETIIBIX HE(TEIIPOLYKTOB IIPU YBEIMUCHUN KOJTHICCTBA
[IUKJIOB O0pa0OTKHM OTMEYEH W U1 MX KOAPQHIIHEH-
TOB pedpakiuii. Y obpasnoB b u K yBenudenue ywmc-
na uuKioB oopadorku mo 10 (mpu maBnenunu 30 Mlla)
NPUBOAMIO K CHIDKCHHIO Kod(duiuenta pedpakuuu
o 1.4185 u 1.4408 coorBercrBenno. [locie 20 ukioB
00pa0oTku 3TH 3Ha4eHus1 ObuIK paBHbI 1.4205 u 1.4422.
IIpu maBnenuun 50 MIla xospdunment pedpaxuu 06-
pasua b mocite 5 nukioB 00paboTku ObUT paBeH 1.4205,
anocye 10 nukmnoB oH yBenuumics o 1.4225.

JlocToitHO BHUMAaHUS BIMSHHUE YHCIA IIUKIOB 00pa-
00TKHM Ha (PAKIMOHHBI COCTaB CBETIBIX HedTErpo-
IYKTOB M TEMIIEPATypPhl BBIKATIAHUST COOTBETCTBYIOIIUX
00beMOB 0oOpasna. Temneparypbl Hadajga KUIEHUS 00-
pasuos b, K u /| cHmxanuch Kak mpy yBETHYEHUH JIaBiIe-
HUSI, TaK M IIPH YBEJINYCHUH YUCIIA IIUKIOB 00pabOTKH.
IIpu oOpaboTke 3THX 00pazos mpu gasiaeHuu 20 Mlla
[0 Mepe YBEIMUYCHUS YMCIia IUKIOB BO3ACHCTBHS CHU-
JKaJIKCh TakxKe Temreparypsl orrona 10, 20, ..., 95 06. %
3arpy3ku. Ecim ke 00paboTka mpoBOMIach MpH OOJIb-
MIAX JaBICHUSAX, TO TTOCIE TIEPBOHAYATIHLHOTO CHIKCHUS
(mocite 1-5 1mKIOB), mOCIEAyIOMmAas 00paboTKa IPUBO-
JIUJIa K TIOBBIIICHUIO TeMIepaTyp BeIkumanus 40% u 6o-
nee obpasua (puc. 3).

Hns obpasna /I mOBBIIIEHUE TEMIIEPaTyp BBIKHIIA-
HUSI (PUKCHPOBAIOCH TOJIBKO MPH JABICHUAX 00padOTKU
40 u 50 MIla, u yem BbIIIEe OBLTO aBICHUE 0OPAOOTKH,
TEM paHbIIIC HAYMHAIOCH TO MOBHIIICHUE TEMIIEPATYP.
Taxk, ecin 06paboTka npoBoauiacek npu 40 MIla, mocne
10 muKI0B BO3AEUCTBUS OBLIO OTMEUEHO [OBBIIIEHHUE
TeMIepaTypbl BEIKUIIAaHUA Mociie oTroHa 60% obpasua.
Ecnu sxe 00paboTka npoBoaunacek npu 50 MlIla, To mo-
cie 10 OMKITOB MOBBINICHWE TEMITEPATypPhl BHIKUIIAHUS
obL10 3aduKcupoBaHo mocie orrona 40% obpasia.

Bnusinue ycnoBuii npoBenaenus o0padboTku Ha Gpak-
IIMOHHBINA cocTaB 00pa3ioB b u K ObIJI0 aHAJOTHYHBIM.
[Ipu >TOM MOBHINIEHNE TEMIIEPATYpP BBHIKUIIAHUS TIOCIE

360

320

280

240

200

Temmnepatypa, °C
Temperature,’C

160

120 1 1 1 1 )
0 20 40 60 80 100

Jlons oTroHa 3arpysk, 06. %
Fraction of distillate loading, vol %

Puc. 3. BiusiHue KonuyecTBa UKIOB 00paboTKH (1aBlieHHE
50 MIla) na ¢pakuronnsiii coctas obpasua . (/) Mcxoqusiii
obpasers; (2) 10 muxiio o6padotku npu nasnerun 50 MIla;
(3) 20 nuknoB obpabotku npu gasiaeHuu 50 MIla

Fig. 3. Influence of the number of treatment cycles (pressure
50 MPa) on the fractional composition of Sample D: (/) initial
sample and the sample after (2) 10 and (3) 20 treatment cycles
at a pressure of 50 MPa

otroHa 40% 3arpy3ku (PUKCUPOBAIOCH U TIPU JABICHUH
obpabotku 30 MITa.

CHIKEeHHE TUIOTHOCTH OOpasloB B pe3ysbTaTe UX Ka-
BUTALIMOHHOI 00pabOTKH, TeMIeparyp Hadaja KHUIICHHS,
(bpaKIMOHHOTO COCTaBa MOXKET OBITh OOBSICHEHO TIPO-
TeKaHHEM peakLuii KpeKMHra MOJ BO3/AEHCTBHEM Teruia,
BBIJICJIAIONICTOCS TIPU CXJIOTIBIBAHUM TTy3bIPHKOB KaBUTa-
1w [ 17]. O6pa3oBaBIIHECS TIPH TOM YIIIEBOIOPO/IH MEHB-
el MOJNIEKYJIIPHON MacChl CHHIKAIOT BCE MEPEUHUCIICHHBIE
HoKazareny. B3anMozeicTBre JOMTOXKUBYIIUX PAANKAIIOB
MIPUBOIUT K OOPa30BAHHUIO TPOIAYKTOB C MOJEKYILIPHON
Maccoil OoIblLeid, YeM y UCXOIHOro chipbs. [IposBisercs
9TO B MOBBIIICHUH TEMIIEPATYP BHIKUIIAHUS COOTBETCTBYIO-
mHX 00bEMOB 3arpy3Kd U Haubosee 3aMeTHO MpH 00padoT-
Ke JISTKUX HU3KOKUIIIMX (ppakimii. B ciryyae 00paboTku
TEMHBIX He(TEPOIYKTOB TAKUE N3MEHEHUS HE (PUKCHPY-
I0TCSI, HO JUTST (DpaKIiii, BEIKUITAIOIINX TIPU TeMIepaType
Bbiie 480°C, 0TMEUEHO yBEeJIMUEHUE TIOTHOCTH ITOCTIe Ka-
BUTAITMOHHOTO Bo3/eiicTBus [ 14, 18].

B ta6m. 2 w1 Ha puc. 4 PUBECHBI IaHHBIE O TPYIIIO-
BOM YIIIEBOJIOPOAHOM cocTaBe oOpasua b u konudyectse
aTOMOB yTJICpOJa B MOJICKyJIaX aJKaHOB JI0 U Tocie 00-
pabotku (5 nukinoB npu aapnerun 50 MIla), monTBepx-
Jarolire NpoTeKaHue peaKuii KpEeKuHTa.

Crout OTMETUTH, YTO B PE3Yy/bTaTe KaBUTALIMOHHOMN
00paboTku B 00pa3iie M3MEHUIIOCHh COOTHOIICHHE all-
KaHOB HOPMAaJIbHOTO, U30CTPOEHUs U HadTeHOB. Jloms
H-aIKAaHOB yBEIMYMIIACh, A COJAEPKAHUE M30aJIKaHOB
1 HaTEHOB CHHM3WIOCH. 3a(h)MKCUPOBAHO YBEINYCHHE
COZIEp)KaHUsI HACHIIICHHBIX YIJIEBOAOPOIOB ¢ 6—8 aro-
MaMM YIIepoia B MOJIEKYJIE€ U CHIDKCHHE CTPYKTYp
¢ 10-12 aromamu yrnepona. M3menenus copepaHus
apeHOB HE OTMEYCHO.
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under the influence of cavitation etal.
Tadmuua 2. Biusane 06paboTKy Ha TPYIIITOBOI o 25
YIJIEBOAOPOAHEIN cocTaB oOpasua b. YenoBust 00paboTkm: g
5 ko nipu paBieHnn 50 MIla = i 20 | \
g =
Table 2. Effect of treatment on the group hydrocarbon S
composition of Sample G after 5 treatment cycles at a pressure § £ 15 -
o 9
of 50 MPa 83 \
S8 10tk - u
['pynmnoBoii yrieBoJopoIHbli coCTaB 2 § T /0
obpasua b, mac. % § 5 ;@
VIIIeBOLOPOLIBI Group hydrocarbon composition § M
0, o
Hydrocarbons ol smipls €, 6l © 0 . 7 8 9 1'0 1'1 ]'2
Jlo o6padotku | [Tocie o6paboTku
Yuciio aToMOB yIjIepoJa BMOJIEKYIe
Before treatment | After treatment Number of carbon atoms in a molecule
Bceero ankanos
alk 75.0 73.9 Puc. 4. Pacripenienenue aqkaHoOB 110 YUCITy aTOMOB yTiiepoia
Total alkanes B obpasie b 10 1 nocie o6padorku. (1) o 06padboTku;
H-ATTKAHDI (2) mocne o6padoTku (nasnenue 50 MIla, 5 nukioB)
22.6 25.8
n-Alkanes Fig. 4. Distributions of alkanes by number of carbon atoms
in Sample G (7) before and (2) after treatment in 5 cycles
U30-AJNK2HbI 20.0 18.0 at a pressure of 50 MPa
iso-Alkanes
Iuknoankausl
324 30.1
Cycloalkanes B.B. [leumHeB — aHaIu3 JIUTEPATYPHBIX HCTOYHHKOB, HAITHCAHUE
U PeIlaKTUPOBAHKE TEKCTA CTAaThbH, pa3paboTka METOI0IOTHH, aHa-
ApeHbl 205 2.6 JIU3 U NIPEJICTABIICHUE TTOJIyYEHHBIX PE3yJIbTaTOB.
Arenes A.H. KopoJsieB — mpoBe/icHHE 3KCIIEPUMEHTOB, aHAM3 U 00pa-
He 60TKa MOJYyYCHHBIX SKCIIEPUMEHTAIBHBIX JAHHBIX, PEIAaKTHPOBa-
T y— 55 15 HHE TEKCTa CTAThH.
Not identified JI.B. HUKHIIMH — KOHCYNIBTAIHs 110 BOIPOCAM METOHOJIOTHI
W TPOBEICHMS HCCIENOBaHMs, obecriedeHue 000pyIOBaHHEM
1 KOHCYNbTallMs MO NMpUOOpHOH 0ase, peqakTHpOBaHHE TEKCTa
CTaThH.
SAKJTOMEHUE

[puBeneHHbIE pe3yNbTaThl MMOATBEPIKIAIOT TPOTEKAHHE
peakiuil KpeKUHra npu KaBUTALHOHHONW 00paboTke yriie-
BOZIOPOZIOB. B pesynmbrare 00pa3yrorcs MpOTyKThl MEHb-
el U OONbIIeH MOJIEKYJISIPHOH MAacChl, YeM HCXOIHOE
cbipbe. OHU TaKXkKe MO3BOJSIOT MPEANONIOKUTh, YTO HaU-
Oomblmasi cTaOMIBHOCT B YCJIOBUAX KaBUTALUM MPHUCYINA
YIIEBOIOPOAM apEHOBOTO PSIfIa, B TO BPEMs KaK AJIKaHBI
M30CTPOEHHs M HahTeHBI O0JIee MOBEPIKEHbI ECTPYKIHH.
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Abstract

Objectives. The study set out to develop a stable lyophilized formulation of the monoclonal antibody Eculizumab, comprehensively
characterize the resulting material, and assess its stability for qualifying it as a reference material. This involved developing a matching
placebo formulation, determining the optimal lyophilization conditions, and conducting a rigorous stability study.

Methods. In the development of the formulation and lyophilization conditions for Eculizumab, we tested various buffer systems and
cryoprotectants. The residual moisture content in the resulting lyophilized samples was determined by Karl Fischer titration. Peptide
mapping was performed using reversed-phase high-performance liquid chromatography (RP-HPLC) following enzymatic hydrolysis
with trypsin. The structural, physicochemical, and biological properties were analyzed using various analytical methods, including
RP-HPLC, high-performance liquid chromatography mass spectrometry, capillary sodium dodecyl sulfate electrophoresis, size-exclusion
high-performance liquid chromatography, and enzyme-linked immunosorbent assay.

Results. A placebo solution for lyophilization of Eculizumab was selected with the following composition: 20 mM sodium phosphate,
4% trehalose, 0.2% polysorbate 80, pH 7.0. The results demonstrated a high degree of similarity between the candidate reference
material and Eculizumab EU. Stability studies under storage conditions at 2-8°C demonstrated the material’s stability for one year, with
control points at 3, 6, 9, and 12 months.

Conclusions. The absence of any effect of the drying process on the primary and spatial structure, post-translational modifications,
content of related impurities, composition of isoforms, and specific activity was confirmed. Furthermore, stability studies demonstrated
no significant changes in protein quality during storage at 2-8°C for at least 12 months, which represents the entire available data period
at the time of manuscript preparation. The results indicate that the developed lyophilized material is a viable candidate for an international
reference material, although its official qualification would require additional collaborative trials and long-term stability data.
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nnobunnnsnpoesaHHon popmbl IKyMaymaba onqg
MCNOJZIb30BaHNA B Ka4eCcTBe cTaHAapTHOro oopasua
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AHHOTaUuS

ean. Lenpro nanHOTO HCCIERO0BaHMS ObLIA pa3paboTKa CTAOMIBLHON JIMOMMIH3HPOBAHHON (POPMBI MOHOKIIOHAJIBHOTO aHTUTENA DKY-
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1. INTRODUCTION

A biosimilar medicinal product is defined as a biological
product that has no clinically significant differences in
purity, safety or efficacy as compared to the reference
medicinal product [1]. The scale of application of
biosimilars is increasing every year. The increasing
number of biosimilar monoclonal antibodies (mAbs)—
both registered and mAbs—currently under development

dictates the necessity for primary reference materials.
The National Institute for Biological Standards and
Control (NIBSC) is the official laboratory in the
United Kingdom approved by the World Health
Organization (WHO) for performing the control of
biological medicines. This institute is the world’s
largest manufacturer and distributor of international
reference materials (supplying more than 95% of WHO
standards worldwide). However, due to the current lack
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of an international reference material of Eculizumab,
we publish for the first time in this paper the conditions
of lyophilization technology, the results of the stability
study, as well as the methods for validation of the
authenticity of the reference material of the Eculizumab
monoclonal antibody. Both the aim and the number of
the studies involving the use of reference samples (RSs)
depend on the type of the sample and the purposes of
its use. RSs can be categorized as primary or secondary
depending on the certification procedure. In addition,
there are RSs of the following categories: international,
interstate (regional), state, pharmacopeial, industry
RSs, as well as enterprise RSs!. Each RS is limited to
a specific area of application and cannot be used for
other purposes.

Eculizumab is a recombinant humanized 1gG2/4k
monoclonal antibody in which the CH1 and hinge regions
are related to IgG2, while the CH2 and CH3 regions are
related to IgG4, and the complementarity determining
regions (CDRs) are murine [2]. Having an approximate
mass (including glycosylation) of about 148 kDa,
Eculizumab contains two light chains of 214 amino
acid residues and two heavy chains of 448 amino acid
residues with a conservative N-glycosylation site at the
Asn297 position in both heavy chains. Eculizumab,
which inhibits the terminal lytic pathway of complement
by blocking of the enzymatic cleavage of complement
factor 5 [3-5], is used to treat patients with paroxysmal
nocturnal hemoglobinuria (PNH) [6-8], atypical
hemolytic uremic syndrome (aHUS) [9-14], refractory
generalized myasthenia gravis (gMG) in patients aged
6 years and above [15-17], and neuromyelitis optical
spectrum disorder (NMOSD) [18-21]. The wide
range of biosimilar drugs of Eculizumab approved for
the use in Europe and Russia includes: EPYSQLI™
(Samsung Bioepis, South Korea) and Bekemv® (4mgen,
USA), which was approved in Europe by the European
Commission in 2023; Elizaria® (licensed by GENERIUM
in the Russian Federation in 2019 and in Turkey in 2022);
Eculizumab (licensed by PHARMAPARK in the Russian
Federation in 2024).

Both the Soliris® (the original product developed
by Alexion Pharmaceuticals, USA) and the various
biosimilar products are supplied as the concentrates
for solution for infusion. Although liquid forms of
Eculizumab demonstrate high stability during the storage
at 2-8°C for at least 2.5 years, they have a number of
limitations that make them less suitable for the use
as international reference materials. The use of liquid

1

Geneva: World Health Organization. 2007.

2 Molecular weight cut-off.

forms in international practice is significantly limited
by their sensitivity to temperature fluctuations and the
requirement of strict cold chain conditions at all stages
of transportation and storage. Here, it can be noted
that the instructions for medical use of all Eculizumab
preparations explicitly prohibit state freezing, which may
indicate potential instability of the molecule as a result of
freezing and thawing (e.g., aggregation or denaturation).
This is a particular problem in the course of developing
reference materials due to the requirement of optimal
resilience to external influences and consequent suitability
for long-term storage. Typically, WHO international
standards produced by NIBSC are supplied as lyophilized
material in hermetically sealed glass ampoules under
nitrogen. The absence of a lyophilized form of the
Eculizumab protein to date is likely due to the sensitivity
of the molecule to freezing and drying stress. However,
our data demonstrate that optimal formulation and correct
selection of the process parameters provide effective
lyophilization of Eculizumab without loss of structural
integrity and biological activity. Thus, the present study
describes for the first time the production of a lyophilized
form of the Eculizumab monoclonal antibody. In addition,
an assessment of the stability of the obtained material for
12 months at a temperature of 2-8°C and 2 months at
25°C was carried out along with a study of its structural,
physicochemical, and biological properties.

2. METHODS

2.1. Preparation of the formulation

Two of the most widely used buffer solutions [22] were
tested, namely 20 mM phosphate buffer solution, pH 6.0 and
30 mM histidine buffer solution, pH 7.0 in combination with
different cryoprotectants, such as sucrose, trehalose, and
mannose. After concentrating the samples of Eculizumab
(PHARMAPARK, Russia) (to a concentration of 12 mg/mL)
using the concentrator Vivaspin 20 with polyethersulfone
membrane (MWCO? 30000 Da; Sartorius, Germany), the
buffer solution was exchanged using Slider-A-Lyzer dialysis
cassettes (MWCO 10000 Da; Thermo Scientific, USA) for
24 h. The concentration after the dialysis was measured
using UVS Nano ultraviolet (UV) spectrophotometer
(Mettler Toledo, Switzerland) at 280 nm. The content of
Eculizumab in the samples was normalized to 10 mg/mL
and 1 mL of the solution was transferred into 2R vials
(SCHOTT Pharma AG & Co. KGaA, Germany) for
lyophilization.

World Health Organization. WHO good practices for pharmaceutical reference standards. Annex 3, WHO Technical Report Series, No. 943.
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2.2. Freeze-drying process

The samples were placed into a metal rack and pre-frozen
for 4 h at the temperature of —30°C. Then they were
transferred to a shelf of a laboratory-scale freeze-dryer
Christ Beta 1-8K (Martin Christ, Germany) at a pre-
equilibrated shelf temperature of —30°C. Primary drying
was performed at the pressure of 0.10 mbar and a shelf
temperature of —30°C for 20 h. Secondary drying was
carried out at the pressure of 0.05 mbar with a gradual
increase of the shelf temperature from —30 to 0°C for 3 h
and from 0 to 25°C for 3 h. Desorption was carried out
at the temperature of 25°C at the pressure of 0.05 mbar
for 4 h.

2.3. Estimation of residual moisture content

The residual water content was estimated using
V20 volumetric titrator (Mettler Toledo, Switzerland)
using the Karl Fischer method according to the
manufacturer’s recommendations. The results were
calculated as relative water content (w/w).

2.4. Peptide mapping by reversed-phase
high-performance liquid
chromatography (RP-HPLC)

The test samples were denatured with 6 M guanidine
hydrochloride and reduced with dithiothreitol
followed by alkylation with iodoacetic acid.
Excesses of reagents were removed and samples
were re-buffered into ammonium bicarbonate using
Vivaspin 500 microcentrifuge concentrators retaining
the particles with a MWCO 10000 Da (Sartorius,
Germany). Trypsin proteolysis was carried out at 37°C
for 16 h. Analysis of the hydrolysates was performed
using Aeris WIDEPORE XB-C18 chromatography
column (250 x 4.6 mm, 3.6 pum, purchased from
Phenomenex, USA) with Vanquish Flex system
(Thermo Fisher Scientific, USA). The flow rate
was 0.5 mL/min, mobile phase A: HPLC-grade
water containing 0.1% formic acid, mobile phase B:
acetonitrile containing 0.1% formic acid. Separation was
performed in a gradient mode (¢, min / content of mobile
phase A, %): 0/100, 4/100, 60/64, 62/50, 65/0, 66/100.
Detection was performed at wavelength of 214 nm.

2.5. Mass spectrometric studies

A Bruker Q-TOF Maxis Impact mass spectrometric
detector (Bruker Corporation, USA) with electrospray

3 Ultra-high-performance liquid chromatography.

ionization and qTOF Control data management and
processing software was used to study the protein
structure. To remove N-linked glycans, 1 pL of PNGase F
solution (NVEB, USA) was added to 100 puL of 0.5 mg/mL
sample and incubated at 37°C for 4 h. The end groups of
cysteine were protected by addition of 4 pLL of 500 mM
iodoacetamide solution to 100 puL of 0.5 mg/mL sample
followed by incubation in the dark for 30 min at 25°C.
For heavy and light chain analysis, disulfide bonds were
reduced by addition of 5 uL of 100 mM dithiothreitol to
100 pL of 0.5 mg/mL sample, followed by incubation
for 30 min at 56°C. In order to analyze the full-length
protein and the protein following removal of N-linked
glycans, heavy and light chains, the samples were
diluted with 0.1% formic acid to a concentration of
0.1 mg/mL. High-performance liquid chromatography
mass spectrometry (HPLC-MS) was performed using an
Elute liquid chromatograph (Bruker Corporation, USA)
onaBIOshell 400A Protein C4 UHPLC? chromatographic
column (100 x 2.1 mm) at a column temperature of 80°C.
The following parameters were applied: mobile phase A:
0.1% formic acid in water, mobile phase B: acetonitrile,
mobile phase flow rate: 0.3 mL/mL. Separation was
performed in a gradient mode (¢, min / content of mobile
phase A, %): 0/80, 1/80, 2/50, 3/10, 4/80, 7/80. Mass
spectrometric detector settings for full-length protein
analysis were: desiccant gas flow rate, 8 L/min; gas
pressure in the nebulizer, 26.1 psi; conductive capillary
temperature, 220°C; capillary voltage, 4500 V. Detection
in full ion current scanning mode with ion registration
was carried out in the m/z range from 400 to 5000 21amu
with positive ionization.

In order to determine the position of disulfide
bonds, enzymatic hydrolysis in the presence of
trypsin was performed using the SMART Digest
Trypsin Kit (Thermo Scientific, USA). Separation of
peptide fragments was performed on a Chromolith®
Performance RP-18 end-capped chromatographic
column (100 x 2.0 mm). The column temperature was
40°C. Mobile phase A: 0.1% formic acid in water,
mobile phase B: acetonitrile, mobile phase flow rate
0.3 mL/mL. Separation was performed in a gradient
mode (¢, min / content of mobile phase A, %): 0/95,
1/95, 24/30, 25/10, 27/10, 28/95. Settings for peptide
analysis were as follows: desiccant gas flow, 6 L/min;
gas pressure in the nebulizer, 29.0 psi; temperature
of the conducting capillary, 220°C; voltage on the
capillary, 4500 V. Detection in AutoMS mode with
registration of precursor ions and fragment ions was
carried out in the m/z range from 150 to 2200 amu with
positive ionization.
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2.6. Size-exclusion high-performance
liquid chromatography (SEC-HPLC)

The analysis was performed using TSKgel G3000SWxI
at 300 x 7.8 mm with a 5 pum chromatography
column (7osoh, Japan) with the Vanquish Flex system
(Thermo Fisher Scientific, USA) in isocratic mode. The
flow rate was 0.5 mL/min, mobile phase: 20 mM solution
of sodium hydrogen phosphate, 150 mM solution of
sodium chloride, pH 7.0. Elution time was 35 min.
Detection was performed at wavelength of 214 nm.

2.7. Capillary electrophoresis sodium dodecyl
sulfate (CE-SDS) in non-reduced form

CE-SDS in non-reduced form was performed using
PA 800 Plus Pharmaceutical Analysis System (SCIEX,
USA). Bare-fused silica capillaries, SDS-MW gel buffer,
acidic and basic wash solutions, Tris/SDS sample buffer
(pH 9.0) were purchased from SCIEX (USA). Separation
was performed using a capillary with a total length of
30 cm (effective length 10 cm). Samples were injected
from the short end of the capillary for 20 s at 5 kV
(normal polarity). Separation was performed at 15 kV
(normal polarity) for 25 min. Detection was performed
using a UV detector at 214 nm. The capillary temperature
was 25°C.

2.8. Capillary isoelectric focusing (clEF)

cIEF was performed using PA 800 Plus Pharmaceutical
Analysis System (SC/EX, USA). Pharmalyte 5-8 carrier
ampholytes were purchased from Cytiva (USA); neutral
capillary, pl marker set and ready-made gel for cIEF
were obtained from SCIEX (USA). Phosphoric acid,
sodium hydroxide, iminodiacetic acid, acetic acid,
L-arginine, and urea for electrophoresis were purchased
from Sigma-Aldrich (USA). Separation was performed
using the capillary with a total length of 30 cm (effective
length 20 c¢cm). 200 mM phosphoric acid solution was
used as anolyte, 300 mM sodium hydroxide solution
was used as catholyte, 350 mM acetic acid solution was
used as chemical mobilizer. The sample focusing stage
was carried out at 25 kV for 13 min, while chemical
mobilization was carried out at 30 kV for 25 min.
Detection was performed using UV detector at 280 nm.
The capillary temperature was 20°C.

2.9. Cation-exchange high-performance
liquid chromatography (CEX-HPLC)

Analysis of Eculizumab charged forms distribution
was performed using a YMC BioPro SP-F
chromatography column (100 X 4.6 mm, 5 pm,

purchased from YMC, Japan) with the Vanquish Flex
system (Thermo Fisher Scientific, USA). At a flow
rate of 0.5 mL/min, the following parameters were
applied; mobile phase A: 20 mM MES, 0.02%
isopropanol, pH 5.7; mobile phase B: 20 mM solution
of sodium hydrogen phosphate, 100 mM solution of
sodium tetraborate decahydrate, 0.05% isopropanol,
pH 9.0. Separation was performed in a gradient mode
(¢, min / content of mobile phase A, %): 0/100, 5/85,
35/50, 40/50, 41/0, 43/0, 50/100. Detection was
performed at wavelength of 280 nm.

2.10. C5-binding specific activity
by ELISA (C5-ELISA)

In order to analyze the specific activity of Eculizumab,
an enzyme-linked immunosorbent assay (ELISA) was
used. Eculizumab specifically forms a complex of
C5-Eculizumab, for the detection of which secondary
antibodies to the Fc fragment of human IgG4 are
subsequently  introduced. = Detection  of  the
formed complex C5-Eculizumab-IgG4 HRP was
performed by introducing a ready-made solution of
3,3’,5,5 -tetramethylbenzidine  containing hydrogen
peroxide (Sigma-Aldrich, USA). The reaction was
stopped with 0.5 M sulfuric acid. Data were read
using an Infiniti M200 Pro plate spectrophotometer
(Tecan Austria GmbH, Austria) at a main wavelength
of 450 nm and a reference wavelength of 650 nm. The
dependence of Eculizumab concentration on the obtained
optical density was approximated using a 4-parameter
logistic curve in GraphPad Prism 6.0 software
(GraphPad Software, Inc., San Diego, CA, USA).
A detailed description of the method was previously
published along with the validation results in [23].

3. RESULTS AND DISCUSSION

Lyophilization is widely used to increase the stability
and shelf life of biopharmaceutical products. In the
freeze-drying process, a protein solution is successively
subjected to freezing, primary drying (mainly to remove
ice by sublimation) and secondary drying (to remove
the retained water) [24, 25]. It is evident that protein
molecules undergo significant environmental effects
during both the freezing and the drying processes.
Typically, even minor changes in the compositional
characteristics of a drug solution, such as pH, buffer
capacity, and drug or excipient concentration, lead to
striking differences in the behavior of molecules during
the freezing and freeze-drying.

The main object of the study was Eculizumab,
a recombinant humanized monoclonal antibody
of IgG2/4k subclass that specifically binds the
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Table 1. Characteristics of the studied formulations
Abbreviations PhT PhS HisT HisS PhSN PhSM

Buffer solution 20 mM NaPh | 20 mM NaPh 30 mM His 30 mM His 20 mM NaPh | 20 mM NaPh
Trehalose + - + - - -
Sucrose - + - + + +
Mannose - - - - - +

NacCl, 0.9% w/v — - - _ + _
Polysorbate 80, % w/v 0.2

pH 7.0

Eculizumab, mg 10.0

Note: PhT—phosphate buffer with trehalose; PhS—phosphate buffer with sucrose; HisT—histidine buffer with trehalose; HisS—histidine
buffer with sucrose; PhSN—phosphate buffer with sucrose and NaCl; NaPh—phosphate buffer; PhSM—phosphate buffer with a mixture

of sucrose and mannose; His—histidine.

protein C5 of the complement to inhibit its cleavage.
The initial preparation of Eculizumab produced by
PHARMAPARK (Russia) as part of the development of
a biosimilar drug (hereinafter referred to as Eculizumab
Lyo) was subsequently lyophilized. The stock solution
(bulk drug substance) at a concentration of 12 mg/mL
and pH 7.0 contained 20 mM sodium phosphate and
0.2% (w/v) polysorbate 80. Prior to lyophilization, the
sample was dialyzed to change the buffer solution and
brought to a concentration of 10 mg/mL. The resulting
solution was poured into 2R vials and lyophilized.
All physicochemical and biological studies within
the framework of the work were carried out using the
samples obtained from the same batch. This sample is
not certified as an RS, but is considered in this study as
a preparation potentially suitable for the use as a national
or international RS after passing of the appropriate
qualification procedures.

The preparation was supplied as a concentrate for
obtaining an infusion solution (300 mg/30 mL) and
stored according to the manufacturer’s instructions.
It is should be noted that, unlike classical studies on
the biosimilarity of drugs, for example [26], the main
emphasis was placed in this study on the development
of a lyophilized form of Eculizumab for possible use
as a national or international standard sample.

To assess the structural and physicochemical
comparability, the original drug Soliris® (Eculizumab,
Alexion Pharmaceuticals, approved for use in the
European Union (EU), hereinafter referred to as
Eculizumab EU) was used. The substance was supplied
as a concentrate for the preparation of an infusion
solution (300 mg/30 mL) and stored in accordance with
the manufacturer’s instructions.

3.1. Determination of the optimal
composition of the formulation buffer
solution

In order to select the composition of the formulation
buffer solution for lyophilization, we applied two widely
used buffer systems based on phosphate and histidine.
Selection of the appropriate composition was carried out
at pH value of 7.0. This value was chosen taking into
account our previous study of the stability of Eculizumab
protein under various stress conditions [26], as well as
the results of a study of the long-term stability of the
protein in solution carried out as part of the development
of the drug Eculizumab (licensed by PHARMAPARK
in the Russian Federation in 2024). Trehalose and
sucrose or mixture of sucrose and mannose were used
as cryoprotectants. Mannose was included in one of
the formulations during the screening phase due to its
use for stabilizing of glycoproteins as it was described
earlier [27-29]. Furthermore, an effect of sodium chloride
adding to the formulation buffer solution was studied.
As reported in [27], the addition of sodium chloride
ensured a decrease in the residual water content and the
formation of an optimal cake shape. The formulations
shown in Table 1 were considered in the primary
screening stage, whose purpose was to quickly identify
the acceptable options in terms of moisture content and
physical characteristics.

In the first experiment, combinations of phosphate (Ph)
and histidine (His) buffer solutions with trehalose (T),
sucrose (S), and a mixture of sucrose and mannose (SM)
without the addition of sodium chloride were compared.
Cryoprotectant/protein ratio was 5 : 1 in all cases. With the
exception of the formulation with the addition of sucrose
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Table 2. Compositions of the studied variants of the formulation buffer solution in the experiment with variation of the cryoprotectant content

Abbreviations T2 T3 T4 S2 S3 S4 T4N S4N

Buffer solution 20 mM NaPh

Trehalose, % w/v 2 3 4 - - - 4 _
Sucrose, % w/v - - - 2 3 4 - 4
NacCl, 0.9% w/v - - - — - — + +
Polysorbate 80, % w/v 0.2

pH 7.0

Eculizumab, mg 10.0

Note: T2—phosphate buffer with 2% trehalose; T3—phosphate buffer with 3% trehalose; T4—phosphate buffer with 4% trehalose;
S2—phosphate buffer with 2% sucrose; S3—phosphate buffer with 3% sucrose; S4—phosphate buffer with 4% sucrose; T4AN—phosphate
buffer with 4% trehalose and NaCl; S4N—phosphate buffer with 4% sucrose and NaCl.

and mannose (PhSM), where the value was 3.7%, the
residual water content in the samples after freeze-drying
varied from 1 to 3%. Due to the high residual water
content, this formulation was excluded from the further
studies. Changes in the protein activity and increase in the
number of aggregates were not detected in all of the studied
formulations. According to WHO recommendations®,
satisfactory long-term stability is demonstrated by the
preparations with a residual water content of less than
1% wi/v, although higher values are acceptable in some
cases. Inanumber of studies, the authors predictably pointed
out the detrimental influence of low moisture content (less
than 1% residual water) on the protein stability [28].

The next experiment was carried out to optimize the
cryoprotectant/protein ratio and to evaluate the effect of
addition of sodium chloride to the formulation. The content
of cryoprotectant was varied only in the phosphate buffer
solution. The use of this buffer solution was determined
by the absence of significant differences between the used
buffer systems in the first experiment, the relatively low
cost, as well as the obtained data relating to the stability
of Eculizumab during the development of the Eculizumab
drug (licensed by PHARMAPARK in the Russian Federation
in 2024). The compositions of the studied variants of
the formulation buffer solution in the experiment with
variation of the cryoprotectant content are given in Table 2.

The obtained (with varying cryoprotectant content)
lyophilizates were evaluated for cake appearance,
residual water content, pH shift, and changes in the
protein purity and activity (using SEC-HPLC and
CS-ELISA).

4

The samples containing sucrose demonstrated higher
levels of residual water (2.0-2.7%) in comparison
with the trehalose-containing formulation (1.0-1.5%).
The addition of 0.9% w/v sodium chloride resulted
in a number of cake defects as compared to other
formulations. No pH shift or changes in the protein
purity or activity were detected.

A scaled-up series of the samples of Eculizumab Lyo
was prepared using the formulation buffer containing
20 mM sodium phosphate, 4% trehalose, 0.2%
polysorbate 80, pH 7.0 (Fig. 1).

(a)

(b)

Fig. 1. An appearance of the cakes after drying of the samples.
(a) 4% trehalose with NaCl; (b) 4% trehalose without NaCl

World Health Organization, Recommendations for the preparation, characterization and establishment of international and other biological

reference standards (Revised 2004), WHO Tech. Rep. Ser., no. 932, Geneva: WHO, 2006.
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The scaling up process presupposed use of the
maximal number of available vials in the laboratory’s
equipment. Thus, to evaluate the stability and impact
of the lyophilization process on the physicochemical
and biological properties of Eculizumab, more than
400 vials filled with the same bulk solution were
prepared. Analysis of the resulting samples confirmed
the absence of pH shift, as well as the retention of the
protein purity and activity. To analyze the residual water
content, the samples were taken into vials from both the
central part and the edges of the lyophilizer shelf. This
approach ensured the data representativeness insofar as
the distribution of temperature and heat transfer might
differ between the center and the periphery of the shelf.
The residual water content in the selected samples did
not exceed 1.1 = 0.2% (& standard deviation (SD),
n = 5). Although the scalability of the process was
limited in our case by the capabilities of the laboratory
freeze drying plant, the used process can be directly
transferred to a pilot plant providing the required drying
parameters.

3.2. Study of physicochemical
and biological properties

The study of the effect of lyophilization on the
physicochemical and biological properties of
Eculizumab Lyo was performed using various
complementary analytical methods. The corresponding
methods and the results of analysis of the structural,
physicochemical, and biological properties are as
presented in Table 3.

The intact protein mass before and after N-glycan
removal, as well as the mass of the light and
heavy chains of the antibody after disulfide bond
reduction, were estimated using reversed-phase liquid
chromatography with mass spectrometric detection.
The average isotopic molecular mass of the main
glycoform (GOF) of the studied protein was shown
to be 147875 Da. The intact and subunit molecular
mass, amino acid sequence, disulfide bonds positions,
and glycosylation site corresponded to theoretical
expectations.

Table 3. Methods used to assess the structure, physicochemical and biological properties of Eculizumab Lyo

Characteristic

Parameter and research method Results

Intact molecular weight (HPLC-MS)*

GOF/GOF: 147875 + 1 Da
GOF/G1F: 148037 = 1 Da
G1F/G1F: 148199 + 1 Da

(HPLC-MS)*

Intact molecular weight of deglycosylated molecule

144987 £ 1 Da

GOF: 50817 + 1 Da

Primary structure

Molecular weight of the heavy chain (HPLC-MS)*

G1F: 50979 + 1 Da

Molecular weight of the light chain (HPLC-MS)* 23130+ 1 Da
Free thiols content (HPLC-MS) 0.2%
Glycosylation site (HPLC-MS/MS) Asn298

Isoelectric point (cIEF)

Main form: 6.1

Product-related substances
and impurities

Size variants (SEC-HPLC)

HMW: 0.3%
Monomer: 99.6%
LMW: 0.1%

Non-reduced CE-SDS

Monomer: 98.5%

Charge variants (CEX-HPLC)

Acidic form: 12.2%
Main form: 82.7%
Basic form: 5.1%

Biological activities

C5-component binding by ELISA

1053321 U/mg

*Data were expressed as mean + SD, n = 3. HMW—high molecular weight, LMW-—low molecular weight.
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Peptide mapping of the protein after deglycosylation
was performed by RP-HPLC with UV detection (Fig. 2).
The query cover of amino acid sequence (obtained using
mass spectrometric identification of peptides) was 100%.
The chromatographic profile of the studied sample
completely coincided with the RSs. The content of
oxidized formsin Eculizumab Lyo, which was comparable
to that of the reference product (Eculizumab EU), did not
exceed 2% in either sample. Oxidation is presented as
the most illustrative and representative post-translational
modification (PTM), while the full range of PTMs was
assessed during the studies.

The monomer of Eculizumab (recombinant
IgG2/4k antibody) consists of two heavy and two light
chains linked by disulfide bonds. As such, protein
fragmentation and aggregation may occur during the
production and storage. CE-SDS is typically used to
assess the protein fragmentation, while size exclusion
chromatography is used to determine the relative content
of various aggregated forms. The profiles of high- and
low-molecular impurities were obtained as a result of
analysis of the sample after freeze-drying using such
methods as SEC-HPLC and CE-SDS in non-reduced
form in comparison with the RSs (these are shown
in Figs. 3 and 4). The results demonstrated a high
degree of similarity between the Eculizumab Lyo and
Eculizumab EU, not only in the chromatographic profiles
of the peptide map, but also in the relative content of
aggregates and fragments. No statistically significant
differences were observed between the two materials,
thus confirming the compossibility of the candidate
material with the reference product.

Charge heterogeneity is a consequence of post-
translational modifications of a protein. As a rule,
monoclonal antibodies have three groups of isoforms:
the main isoform, as well as acidic and alkaline forms.
Acidic isoforms have a different nature; the most
common mechanism of their formation is deamidation

of asparagine or glutamine residues, oxidation, and
sialylation. Alkaline forms are mainly formed due to
incomplete hydrolysis of C-terminal lysine residues by
the action of carboxypeptidases. During the biosynthesis
of heavy chains of antibodies, each chain has one lysine
residue at the end, some of which are subsequently
removed by the action of carboxypeptidases during the
secretion and incubation in culture fluid. As a result,
the purified antibody contains three forms having O,
1, and 2 lysine residues [29]. In our studies, we used
a cation exchange chromatography (CEX-HPLC)
method to assess the charge heterogeneity in the sample.
The obtained data confirmed the comparability of the
profile of charged forms between Eculizumab Lyo and
Eculizumab EU.

A comprehensive study of Eculizumab Lyo was
carried out using complementary analytical methods
(HPLC-MS, cIEF, SEC-HPLC, CE-SDS, CEX-HPLC,
CS5-ELISA, and RP-HPLC with UV detection).
Figures 3 and 4 represent the quality attributes that are
most relevant for assessing the lyophilization process
and formulation, while the results from additional
complementary methods are summarized in Table 3.
The study demonstrated a high degree of comparability
between Eculizumab Lyo and the reference product
(Eculizumab EU). No statistically significant differences
were observed in high molecular weight impurities,
fragments, charge variant profiles, or specific activity.
These results confirm that the lyophilization process does
not affect the physicochemical or functional properties
of Eculizumab Lyo.

3.3. Study of stability

The stability of medicinal products depends on many
factors, such as storage temperature, illumination,
composition of the surrounding atmosphere, technology
of manufacturing of the dosage form, presence of

400 1
2 200 1
£
5
S 200 1 2
£
<
~400 1
668 ++ . : : . : : . : : :
9.5 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0

Time, min

Fig. 2. Peptide mapping of Eculizumab samples. (/) Scaled up series of Eculizumab Lyo, (2) Eculizumab EU
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Fig. 3. Results of the study of Eculizumab using SEC-HPLC (a) and CE-SDS (b) in non-reduced form methods. (/) Scaled up series
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Fig. 4. Chromatograms of Eculizumab Lyo and Eculizumab EU (the last one is given for comparison) obtained by the CEX-HPLC
method

174 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):165-178



PaspaboTka, xapakTepusauus 1 oueHka cTabuibHOCTU TMOPUIM3NPOBaAHHON GOPMbI 3KYIM3ymabda

[0J19 UCMOMb30BaHNA B KAYeCTBE CTaHOapTHOro obpasua

O.U. 3bibrH
nap.

excipients, type of dosage form, and especially their
aggregate state, nature of material and method of
packaging, etc. Classical programs for studying of the
stability of biological medicinal products envisage long-
term-, accelerated-, and stress tests, including assessment
of photostability. Thus, the stability of a drug is
a characteristic of a biologically active substance, which
describes the degree of preserving of physicochemical
properties and pharmacological activity during the
established shelf life.

When determining the storage temperature, we
wanted to avoid the necessity of the use of low and ultra-
low temperatures (from —18 to —30 or —80°C), as this
significantly complicates the transportation of the RS.
Both the original Soliris® preparation and biosimilar drugs
are supplied as a concentrate for solution for infusion at
a storage temperature of 2—8°C. Based on the instructions
for Eculizumab preparations, which were approved for
the use in Europe and Russia, the storage temperature
of 5 £ 3°C was identical for all manufacturers. The
data regarding obtained by us regarding the stability of
Eculizumab during the development of the Eculizumab
drug (licensed by PHARMAPARK in the Russian
Federation in 2024) confirm the absence of significant
changes in protein quality over 3 years of storage. In
view of this, additional stability studies at low and ultra-
low temperatures were not performed.

Long-term stability of the scaled-up series was
studied at the temperature of 2—8°C, protected from light,
with checkpoints every 3 months during the first year
and every 6 months thereafter. At the time of submission
of the publication, the study had been carried out at four
checkpoints: 3, 6,9, and 12 months. Accelerated stability
was studied at a temperature of 25 + 2°C and humidity of
65 + 5%, quality control of parameters was performed at

Table 4. Results of the stability study

checkpoints of 3 and 6 months. Stress stability tests were
not performed due to the well-described degradation
profile of Eculizumab in the scientific literature [26]. The
results of stability assessment are presented in Table 4.

The data on stability at 25°C confirm that the sample
retains its physicochemical properties and activity for at
least 6 months. It suggests that short-term transportation
and storage outside the cold chain is acceptable, for
example, when moving between laboratories or under
conditions of temporary lack of temperature control.
The observed slight increase in the proportion of acidic
isoforms (about 1%) is consistent with the expected
degradation processes [26, 30] and is not accompanied by
a decrease in biological activity. At the same time, when
the preparations are stored at 2—-8°C, all the monitored
parameters remained stable for 12 months, confirming
the suitability of this form for long-term storage under
standard refrigeration conditions. Despite the advantages
of lyophilization for long-term storage, the process
carries inherent risks, such as protein denaturation
during freezing and the potential possibility of oxidation
or aggregation upon removal of the hydration shell.
Although our data (e.g., SEC-HPLC, ELISA) confirm
the structural and functional integrity of the protein
after lyophilization and throughout the studied period,
continuous monitoring of these quality attributes is
essential to mitigate potential long-term risks associated
with the mentioned degradation pathways.

CONCLUSIONS

The development of biosimilar medical preparations
based on monoclonal antibodies represents a complex
multistage process. The critical parameters of quality,
such as primary and spatial structure, post-translational

Long-term stability, months Acceleratedhstablhty,
Quality parameter Zero point D
3 6 9 12 3 6
Residual moisture, % 1.1 1.2 1.2 1.2 1.2 1.2 1.2
SEC-HPLC
. 99.5 99.5 99.5 99.5 99.5 99.2 98.9
(Eculizumab monomer), %
Non-reduced CE-SDS
. 98.5 98.5 98.4 98.4 98.4 98.1 97.8
(Eculizumab monomer), %
Acidic form, % 12.3 12.3 12.4 12.5 12.5 12.6 13.5
CEX-HPLC Main form, % 82.6 82.6 82.5 82.4 82.4 82.4 81.5
Basic form, % 5.1 5.1 5.1 5.1 5.1 5.1 5.0
CS5-ELISA, U/mg 1052213 1 046 524 1053314 1052 781 1053 256 1042 249 1 041 994
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modifications, product isoforms, and biological activity,
must be studied in detail at each step of this process.
When considering several products supplied by different
manufacturers, there is always a risk of discrepancies in
the results of determination of quality indicators between
the biosimilar drugs and following their comparison
with the reference preparation. The availability of an
international reference material permits independent
assessments of the quality of biosimilar preparations
worldwide. The use of certified international reference
materials thus facilitates the introduction of uniform
quality standards for the production and registration of
biosimilar preparations.

Currently, although a wide range of biosimilar
Eculizumab drugs are approved for use worldwide, no
international standard sample of Eculizumab has yet
been released. In our study we obtained a lyophilized
form of the monoclonal antibody Eculizumab, which was
characterized by the following formulation buffer solution
composition: 20 mM sodium phosphate, 4% trehalose,
0.2% polysorbate 80, pH 7.0. The absence of any effect
of the drying process on the primary and spatial structure,
post-translational modifications, content of related
impurities, product isoforms and biological activity was
rigorously demonstrated. Furthermore, stability studies
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AHHOTaUus

Iean. B HacTos1Iee BpEeMs THAPOIN3ATHI COEBBIX OCIKOB HAXOIAT IIMPOKOE IPUMEHEHHUE B IIMIICBO IPOMBIIIJIEHHOCTH, MEIULIHHE,
PBHIOOBONICTBE, MTUIIEBOACTBE U JKUBOTHOBOACTBE. Hanbonee s eKTHBHBIM cITOCOOOM MX MOIYYCHHUS SBISICTCA (HepMEHTATHBHBIN
ruaponus. OHAKO AaXke IPH ONTUMAJIbHBIX apaMeTpax NPOTEoIn3a He BCETrIa BO3MOXKHO J10CTHYb TPeOyeMOil CTEeIeHH THIPOIIN3a,
[03TOMY J1st 60JIee MHTEHCHBHOTO PACIICIUICHUS COCBBIX OEIIKOB HCIIOIb3YIOT PA3JINYHbIC TEXHOJIOTHUCCKHE MOIX0/IbI: BHECCHUE HE-
CKOJIBKUX (DEPMEHTHBIX MPENapaToB U NpeABAPUTEIbHYI0 00paboTKy OenkoBoro cyOcTpata. 3-KOHIMMIMHIHE — OIUH U3 OCHOBHBIX
OCJIKOB COM — IIPEJICTABIISET COOON MIMKOIPOTEHH, YIIICBOJHAS YaCTh KOTOPOTO COCTOMT IIPEUMYIIECTBEHHO U3 MaHHO3HBIX OCTAT-
koB. IIpeamosnaraem, 4To ACNIMKO3MINPOBAHUE B-KOHIIMINHUHA ()EPMEHTHBIM IIPENapaToM ¢ MaHHAHA3HOW aKTHMBHOCTBIO B Kaye-
CTBE MPEIBAPUTEIBHON 00pabOTKH COEBOTO CyOCTpaTa MpUBEAET K M3MEHEHHUIO CTPYKTYPHI €r0 OEIKOBOW YaCTH 3a CUET pa3pyIICHUs
YIJICBOJHOTO KOMIIOHCHTA M [O3BOJIUT HOBBICUTH AOCTYHHOCTD MENTHIHBIX CBA3EH K ACHCTBHIO MPOTECONUTHYECKHUX (hepMeHTOB. Ta-
KHM 00pa3oM, [eNIbl0 paboThl SBISAETCS U3yYEHHUE BIUSHUSA (PEPMEHTATUBHOTO ACTIMKO3MIMPOBAHUS Ha YPPEKTUBHOCTH THAPOIU3A
COEBBIX OEIIKOB.

Mertoasbl. [leruKO3HIMPOBaHHE [-KOHIIMIHUHMUHA, THUIPOJIM3 MOJUCAXAPUJIOB M JIMIKJIOB HPOBOAWIN (DEPMEHTHBIM Ipernapa-
ToM «Kommekc-konuentpar»y (OO0 «Depmenm», Pecnybnuka benmapycs). ['maponn3 OenkoB ocCymecTBISIM (PEPMEHTHBIM
npenaparoM «lIporosum C330» (OO0 «Depmenmy», Pecmybnuka benapycs). OOpazoBaHHe pelylMPYIOLIMX CaxapoB MOATBEP-
Kaanu MetogoM Muiuiepa. CreneHb ruponu3sa 0eskoB onpenensiin pH-cTaTnyeckuM MeTonoM. MoneKyIspHO-MaccoBOe pacrpe-
JielieHe TeNTUAHBIX (PaKIUi aHATM3UPOBAIN METOJOM XKUIAKOCTHOH reb-XpoMaTorpauu HU3KOTO JIaBJIeHHs Ha KOJIOHKE C rejieM
Sephadex® G-50 Medium. KommproTepuyto 06paGoTKy mpoduis 3MoupoBaHus MENTHAHBIX (GPAKIUH BHIMOJHAIA B TIPOrpaMMe
OriginPro 8.5.1 ¢ momompio GyHkimu ['aycca.

Pe3yabrarpl. YcraHoBieHO, 4TOo 00paboTka coeBOM MyKu (epMeHTHbIM mpenapatoMm «Kommiekc-koHueHTpaT» (pepMeHT-
cybcrparHoe cootHomieHue 1 @ 40, ruapomoayis 1 : 10) ctocoOCTBYET pacuierICHU O Kak CBOOOIHBIX OJIMTO- U OJHCAXapHI0B, TaAK
U YIJICBOAHOTO KOMIIOHEHTa [-KOHIIHIKMHKHA. [Iporeonns dhepmenTHbIM mpenaparoM «IIporosum C330» (pepmeHT-cyOCcTpaTHOE
cootHomenue 1 : 20, pH 7.5, 50°C, 3.5 4) nocne 20-4acoBOro JEeNIUKO3WINPOBAHUS NPUBOAUT K MOJIYUYCHHIO IPOLYKTa CO CTele-
HbI0 ruapoausa 56.3%. IIpu 3ToMm copep:kaHne HU3KOMOJIEKYJISAPHBIX NENTHIOB B COEBOM Iruaposinsare cocraniuser 83.9%. [loxka-
3aHO, YTO MpOoTeoNn3 Oe3 (epPMEHTATHBHOIO Pa3pyIICHHs YIIIEBOJHOM YacTh B-KOHIIHIMHNHA XapaKTepU3YeTCsl CTEIICHBIO THPO-
nu3a 9.2%.

BbIBOIIbI. HpI/IMeHeHI/Ie Q)epMeHTaTI/IBHOFO JACTIIUKO3UJIUPOBAHUSA B-KOHFJ'II/IL[I/IHI/IH& B KaQUY€CTBEC Hpel[BapHTCHBHOfI O6pa6OTKI/I TIO3BOJIACT
CyHIE€CTBEHHO IMMOBBICUTH CTEIIEHL r'MAPOIN3a COCBbIX OEJTIKOB.

KnioueBble cnoea MNocTtynuna: 22.05.2025

coeBast MyKa, (PepMEHTHBIH Ipernapar ¢ MAaHHAHA3HOW aKTUBHOCTBIO, LopaGoTaHa: 03.12.2025
JIETITUKO3UIINPOBAHUE B-KOHTIIMIIMHUHA, IPOTCOIU3, CTCIICHb MHIPOJIH3a,

HHM3KOMOJIEKYJIIPHBIE MENTHbI, Telib-XpoMaTorpadus Mpunsta e nevars: 13.02.2026
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Abstract

Objectives. Soy protein hydrolysates are now widely used in the food industry, fish farming, poultry farming, livestock farming,
as well as in medical preparations. The most effective method for their production is enzymatic hydrolysis. However, even with optimal
proteolysis parameters, it is not always possible to achieve the required degree of hydrolysis. For this reason, various technological
approaches are used to more intensively break down soy proteins, including the addition of enzyme preparations and pretreatment
of the protein substrate. B-Conglycinin, one of the main soy proteins, is a glycoprotein whose carbohydrate portion consists primarily
of mannose residues. We hypothesize that deglycosylation of B-conglycinin by an enzyme preparation with mannanase activity
as a pretreatment of the soy substrate will lead to change in the structure of its protein portion due to the destruction of the carbohydrate
component to increase the accessibility of peptide bonds to proteolytic enzymes. Thus, the work sets out to study the effect of enzymatic
deglycosylation on the efficiency of soy protein hydrolysis.

Methods. Deglycosylation of B-conglycinin, hydrolysis of polysaccharides and lipids were performed by the Complex-concentrate
enzyme preparation (Ferment, Republic of Belarus). Protein hydrolysis was carried out by the Protozyme C330 enzyme preparation
(Ferment, Republic of Belarus). The formation of reducing sugars was confirmed by the Miller method. The degree of protein hydrolysis
was determined by the pH-stat method. The molecular weight distribution of peptide fractions was analyzed by low-pressure liquid
gel chromatography on a column with Sephadex® G-50 Medium. Computer processing of the elution profile of peptide fractions was
performed in the OriginPro 8.5.1 program using the Gauss function.

Results. It is established that the treatment of soy flour by the Complex-concentrate enzyme preparation (enzyme-substrate ratio
1 : 40, hydromodule 1 : 10) promotes the breakdown of both free oligo- and polysaccharides, as well as the carbohydrate component
B-conglycinin. Proteolysis by the Protozyme C330 enzyme preparation (enzyme-substrate ratio 1: 20, pH 7.5, 50°C, 3.5 h) carried
out following 20 h of deglycosylation results in a product with a degree of hydrolysis of 56.3%. The content of low-molecular-weight
peptides in soy hydrolysate is 83.9%. Proteolysis without enzymatic destruction of the carbohydrate part of B-conglycinin is shown to be
characterized by a degree of hydrolysis of 9.2%.

Conclusions. A pretreatment approach involving deglycosylation of enzymatic 3-conglycinin can be used to significantly increase the
degree of hydrolysis of soy proteins.
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BBEAEHUE

B Hacrosiee BpeMsi THAPONN3ATHl COEBBIX OCITKOB, 00-
Jafalole  aHTHMOKCUIAHTHBIMHM, THIIOTEH3WBHBIMU,
UMMYHOMOIYTUPYIOIIIMH, aHTHMUKPOOHBIMH, IMPOTH-
BOBOCIAJHUTEIbHBIMU U IPYTMMHU CBOMCTBAMHU, HAXOIAT

HIMPOKOEC MNPUMEHCHUC B HI/IHICBOfI TPOMBIIIJICHHO-
ctu [1], meaunmHe [2], ppiooBoacTBe [3], MTHIIEBOMI-
ctBe [4] u xuBoTHOBOACTBE [5]. benku cou nmo Guono-
TUYECKOW IEHHOCTH ONM3KHM K OenkaM msica ¥ MOJIOKa
1 Oorarbl He3aMEHUMBIMH aMHHOKHCIIOTaMH, 0COOCHHO
JIU3UHOM, JIAMHUTHUPOBAHHBIM B JPYTHX PACTHTEIBHBIX
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depmMeHTaTUBHOE AErNMKO3UIMPOBAHNE COEBbIX OENKOB
Kak cnocob noBbILLEeHNA 9DDEKTUBHOCTU UX TMAPOIN3a

B.H. JleoHTbEB,
0O.W. Nasosckas

Oenkxax. Oxomo 70% coOEBBIX OENKOB IPEACTaBICHBI
3amacHbPIMA OCNKaMH TIUIMHUHOM U [-KOHIJIMIINHH-
HOM. [TTUIIMHUH COCTOUT M3 OCHOBHOTO monunenTuaa B
¢ MoJieKysipHor Maccoil okoiso 20 xJla u Kucioro mo-
munenTuaa A ¢ MonekyasipHod Maccoil okono 38 k/la,
COCIMHEHHBIX AUCYIb(PHUIHON CBA3BI0 U O0Pa3yIOMIUX
MHIUBHUIyalbHyI0 cyObenuumiy AB. YerBepruunas
CTPYKTypa DIMLMHUHA 3aBUCHT OT pH 1 MOHHOU CHIIBI
pactBopoB. [Ipu yMepeHHBIX TeMIepaTypax U HeUTpab-
HBIX 3Ha4eHUsAX pH mmMuIuMHUH 00pa3yeT rekcaMepHbie
KOMIIJIEKCHI ¢ MOJIEKYIsipHO# Maccoi oT 320 mo 375 k/la,
COCTOSIIIIUE M3 TETePOreHHbIX CcyObenauHul. Kaxabrit
rekcamep COACPKUT OKoJo 2 cBoOomHbIX SH-rpymm
n 18-20 nucynbduaHpIX cBsizeil. f-KoHNIMIMHWH ¢ MO-
nekynsipaorr maccoir 150—180 k/la sBisieTcss Tpumep-
HBIM TJIMKOIIPOTEHHOM, COCTOSAIIMM W3 3 CyOBeIUHUIL:
o (72-76 xa), o' (68-72 kJla) u B (52-53 k/la), xo-
TOpble 00pasytoT 7 m3oMepoB. CyObeIUHUIIBI CBS3aHBI
MPEUMYIIECTBEHHO TUAPO(OOHBIMH B3aUMOACHCTBHU-
MU WIN BOAOPOIHBIMU CBSI3IMH M HE COIEp)KAaT CBO-
6oxubix SH-rpynn [6]. YrieBomHas 4acTh OAHOM MoO-
JeKyJbl [-KOHDIMIIUHUHA COCTOMT M3 38 MaHHO3HBIX
1 12 mIrOK03aMHUHHBIX OCTaTKOB [7].

HauGonee >pQekTHBHBIM €IOCOOOM TOTYYCHHS
OCJIKOBBIX THAPOJIM3ATOB SIBIsETCS (DepMEHTATUBHBIHI

Taosmmua 1. [TapameTps! GepMEHTATUBHOTO THAPOIIN3a COEBBIX OCIKOB

Table 1. Parameters of enzymatic hydrolysis of soy proteins

TUAPOJIN3, KOTOPBIM MO3BOJISAET N30UPATEIBHO Pa3phl-
BaTh MENTHUAHBIC CBS3M Ojaromapsi Cenu()UIHOCTH
nporeonuTuyeckux QgepmentoB. B Tabi. 1 mpusene-
HBI MapaMeTpbl THAPOIN3a COEBBIX OCIIKOB C MpUMe-
HEHHEM HEKOTOPHIX (hepMEeHTHBIX mpenapaToB [8—13].
Jns Gonee MHTEHCUBHOTO paclIeIIeHUs] OENKOB HC-
MOJIB3YIOT JABYXCTAIUUHBIA Mpoliecc rujponnsa. Tak,
B pabote [9] moka3zaHO, YTO MOCIEIOBATEIBHOE MPH-
MEHEHHE aJikayia3bl W (iaBo3uMa IO03BOJIIET B JBa
pasa yBEIHUYUThH CTENEHb THAPOJIN3a OCIKOB COCBOTO
M30J15Ta [0 CPAaBHEHMIO C OAHOCTAAMMHBIM IpoLec-
COM TPOTEeOoNu3a IMOA AecTBHEM ankanaszbl. Kpome
TOTO, CYIIECTBEHHOMY IOBBIIICHUIO 3(PPEKTUBHO-
CTH (EPMEHTATHBHOTO THJIPOJU3a CIOCOOCTBYET
npeaBaputenbHas o0paboTka OelkoBoro cybcrpa-
ta [14-16] (Tabdmn. 2).

ABtopamu paboTel [17] TOKa3aHO, YTO YIJICBOA-
HbIi KOMIIOHEHT [-KOHIIMLMHUHA OOJNajaeT BbI-
paxenHoir IgE-peaktuBHOCTBIO ®  0OyciaBnuBacT
aJJIepreHHbIe CBOMCTBA COeBBIX OeiKoB. [Ipu aToM ycra-
HOBJIEHO [ 18], 4T0 JerUKO3UINPOBaHUE B-KOHIIULMHU-
Ha nenTua-N-mmko3ujaa3on F He TOIbKO CHMIKAeT ero
AQHTUTEHHOCTb 110 CPAaBHEHHMIO C HAaTUBHBIM IJIMKOIIPO-
TEUHOM, HO U MPUBOJUT K 3HAUYUTEIbHBIM U3MEHEHUSIM
BTOPUYHON M TPETHYHOH CTPYKTYpHI OCITKOBOW HacTH.

DepMeHTHBI VenoBust THAPOH3a CremneHb THAPOIN3a ¢ o
Cybcrpar npermapar Hydrolysis conditions Degree of hydrolysis E 5
Substrate Enzyme DCC** . e T, 4 % Meron onpenenenus é 3
preparation E:Sratio** | © 7,h ° Method for determining
Onnocraauitaeiii mpouecce / One-step process
CoeBblit Tencun )
e Pepsin 1:20 1.6 39 5 60.5 | Meron bopmomsHoro
S ) THTPOBAHHS (8]
isc())}lfalsergtem ?nnc%m 1:30 7.8 39 5 55.7 |Formol titration method
rypsin
Auxanasa 4% 8.0 5 3 |45 |pH-crammueckuii
CoeBblit Alcalase ’ | MeTon  MeTox
KOHIIEHTpaT* Hanans ¢ 2,4,6-TpuHATPOOCH30II-
S e Pavai 4% 8.0 50 1.5 14.5 | cynbp(hOHOBOW KHUCIOTOIT [9]
Sorpron, | P prostmenodimd
Heiirpaza 4% 70 45 125 79 2,4,6-trinitrobenzenesulfonic
Neutrase ' ' ' acid method
CoeBbiii Ankanaza
H30IIAT Alcalase 1% 8.0 50 3 80 | Merox ¢ o-granessin
. aNBJICTHIOM [10]
issc())}l]alt);mem Prasosum 1% 7.0 50 3 10.0 | o-Phthalaldehyde method
Flavourzyme
CoeBslit
H30JIAT draBo3uM Y 70 55 4 570 buyperosslit MmeTon (1]
Soy protein Flavourzyme ’ ’ " | Biuret method
isolate
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Taomuua 1. [Iponomkenne

Table 1. Continued

DepMeHTHBI VYenoBus runposnza CreneHp ruponmsa v @
Cybctpar npernapar Hydrolysis conditions Degree of hydrolysis E %
=
Substrate Enzyme DCC** - ;o0 T, 9 % Merton onpeneneHus E '%
1 . ) .. &
preparation E : S ratio** . 7, h ’ Method for determining =
Aunkanaza
- 8.0 40 8 35.1
Alcalase
CoeBast Mmyka* dnaBo3um HunrunpuHoBslii MmeTon
- 8.0 40 8 39.5 . . [12]
Soy flour* Flavourzyme Ninhydrin method
Hoso3zum
- 8.0 40 8 333
Novozym
JIByxcranmiinsiit mporecc / Two-step process
o Ilericun
CoeBuiii . 1:20 1.6 Mertoz hopmMosIEHOTO
U30JIAT Pepsin
S tei T 39 8 88.2 TUTPOBAHUA [8]
. O}l’ protemn PHIICHH 1:20 7.8 Formol titration method
isolate Trypsin
Anxanaza
Alcal e
calase H- i
5 7.0 50 25 | 300 e o
= JTAaBO3HM
Coenuiii 4% ¢ 2,4,6-TpHHATPOOEH301-
KOHIIEHTPAT Flavourzyme o .
) - CyIB(OHOBO KUCIOTON [9]
S;)I}I/CI;;’:;Z Heiirpasa 4% pH-stat method and
Neutrase 2,4,6-trinitrobenzenesulfonic
7.0 50 2.75 14.0 .
dnaBo3um acid method
4%
Flavourzyme

* CoeBast MyKa conepxuT 50% Oenka B mepecdeTe Ha CyXoe BEIECTBO, COEBBIH KOHIIEHTpaT — Ooiee 65% Oernka, coeBbIil m30iT — Ooree
90% 6Genxa / Soy flour contains 50% protein on a dry matter basis, soy protein concentrate contains more than 65% protein, soy protein
isolate contains more than 90% protein [13].

** OCC — ¢epment-cyocTparHoe cooTHomeHue / E @ S ratio is the enzyme-substrate ratio.

Taéanna 2. BausHue npeaBapuTensHON 00pabOTKN COEBOTO U30JISITA HA CTENIEHb THIPOIH3a

Table 2. Effect of pretreatment of soy protein isolate on the degree of hydrolysis

DepMeHTHbI YenoBus rugponusa CreneHp ruponusa M o
I[TpenBapuTensHas 00padboTKa npernapar Hydrolysis conditions Degree of hydrolysis E §
Pretreatment Enzyme dCC ° | soc T, 9 % Mertoz onpeneneHus E "%
1 9 ) o o ~
preparation | . § ratio | ¥ T, h * | Method for determining =
- 0.9
[Tanaun pH-craruueckuii meton
VnberpasBykoBas 006padotka 600 Bt . 0.5% 7.0 55 3 [14]
Papain 1.86 pH-stat method
Ultrasound pretreatment 600 W
- 9.6
ITankpearun pH-craruueckuii meton
DKCTpy3HOHHast 00paboTka . 2% 7.0 55 3 [15]
. Pancreatin 16.4 pH-stat method
Extrusion pretreatment
_ 13.7
Tepmuueckas oopaborka 90°C,
10 mun 16.9
Th | pretreat 90°C. 10 mi Bpovenaui Mertox hopMOITBEHOTO
ermal pretreatmen , 10 min . 120 70 55 3 THTpOBAHHS [16]
Tomorenusaus BhICOKHM Bromelain Formol titration method
nasinenueM 30 MIla 235
High-pressure homogenization '
30 MPa
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Hcxonst u3 3TOr0, mpearnonaraeM, 4To HCIOIb30BaHUE
(hepMEHTATUBHOTO JCTIMKO3WIMPOBAHUS B Ka4eCTBE
peaBapuTeNbHON 00pabOTKM coeBoro cyobcrpara Imo-
3BOJIUT Pa3pyLIUTh YIICBOAHYIO YacTh [3-KOHIIMIIMHIHA
U TIOBBICUTH ITOCTYITHOCTh TENTHIHBIX CBS3eH K Oei-
CTBHUIO IpoTeonuTHYecKuX (pepmentoB. Crenyer oTMe-
TUTh, YTO TMPEIUIaraeMblil TOIXOJ MPEIBAPUTEIHHOTO
JETIIMKO3IITNPOBAHIS COCBBIX OCITKOB JUISl YBEIMUCHHUS
BBIXOJ]a HU3KOMOJICKYJISIPHBIX TENTHIOB B JIHTEPAType
HE OIHUCaH.

Takum 00pa3zoM, IO HACTOSIICH padOThI SBIIS-
eTCs UCCIICIOBAaHKE BIUSHUS (PEPMEHTATUBHOTO JCTIIU-
KO3WIIUPOBaHHS Ha 3(PPEKTUBHOCTh THAPOIHM3a COEBBIX
0eJIKoB.

MATEPUAJIbI U METOAbI

B pabote ncnonb3oBaign 00€3KUPEHHYIO COEBYIO MYKY
(comepxxkanue Oenka — 48%, xupa — 1%, yrieBo-
0B — 35%; OO0 «HpKrymcKuil MacaioncupkomMoOuHam,
Poccust), depmentnslii mpenapar «IIpotozum C330»
Ha OCHOBE HEUTpalbHOH mpoTeassl (>250 exn/r, 30-50°C,
pH 6.0-7.5; OO0 «Depmenmy», Pecniybnuka bemapycs),
(hepMeHTHBIN npenapar Ha OCHOBE LIEIOYHON POTeasbl
(204324 en/r, 40-50°C, pH 9.0-11.0; Beijing Donghua
Qiangsheng Biotechnology Co., Kutait) nu depmeHnT-
HBIH TpenapaTr «KomIuiekc-KoHIEHTpaT, 001aaaromuit
nesmronasznoit (1452 en/r), kemnanasnoit (21256 en/r),
B-rroxanaznou (16415 en/r), mekruHasHoi (2152 en/r),
¢urasnoii (1550 en/r), mannanasuoii (10586 en/r) u nu-
nazHoii (1080 en/r) aktuBHOCTBIO (OO0 «Depmenmy,
Pecniy6nmuka benapych).

Jeruko3unupoBaHue  [-KOHIMLMHUHA,  THUOPO-
U3 TOJHMCAXapUJ0B W JIMIUAOB MPOBOAMIN dep-
MEHTHBIM TIperapaToM «KoMIuIekc-KOHIICHTpaT» TpH
®CC 1 :40 u rugpomojyine coeBasi MyKa : OUHIIEHHAs
Bojga = 1 : 10 B Teuenue 20 4. ['maponu3 OesnkoB ocy-
MIECTBISUIA TIPOTEOTUTUIECKAM (EPMEHTHBIM IIperia-
parom mipu ®CC 1:20 u pH 7.5. Ilo okoHUaHUM MPO-
Teonn3a (hepMEHT WHAKTHBHPOBAJIM TPU TeMIleparype
100°C B Teuenue 10 MuH.

Crenenp runponmsa OenxoB onpenersiin pH-craTmye-
ckuM MetonoM [19]. 3nauenue pH peaxkumoHHON cpezbl
KOHTpOIMpoBait ¢ iomonisio pH-merpa HI 83141 (Hanna,
T'epmanus). [loctostHcTBO pH momnepkuBanu myteM J10-
6aBnenus 1 M pacTBopa rHApOKcH A HATPHSL.

Creniens ruaponmsa (CI, %) 0enkoB pacCIUTHIBAIN
o opmyne:

Cr=v-N-——.—. 100, (1)

rae V' — o0beM pacTBOpa TUAPOKCH A HATPHUs, 100aBJIeH-
HOTO B XOJI€ THAPON3a, MiT; N — MOJIsIpHast KOHIICHTpa-
U1 TUIPOKCUIA HATPHS, MOJIB/J; m — macca OeJika, T;

h — KomM4ecTBO MENTHAHBIX CBSA3€ll B 1 I' COEBBIX
0enkoB, & = 7.8 MMOJIB/T; 0. — CTEIEHb JUCCOIMALNH
o-amMuHOTpynn npu pH ruaponmsa:

B 10(PH-pK)
RS <2>

[Tpu sTom pK oOpasyrommxcss a-aMHHOTPYTII 3aBH-
CHT OT TeMIeparypsl rugponnsa 7 B rpagycax KensBuna
CIIETYIOIIM 00pa3oM:

(298-7)
(298-T)

OnpezeneHue peaynUpyoOIUX caxapoB MPOBOIMIN
mo metoxy Mumnepa [20] ¢ HEKOTOPBIMA W3MEHEHHUS-
mu. CyTh METONIA 3aKJIFOYAETCSI B TOM, UTO IIPH B3aHMO-
JISUCTBUU pEAyLHUPYIOLIUX CaxapoB ¢ 3,5-TUHUTpOCA-
JIMAJIOBON KHCIIOTOM IIOCJEIHSS BOCCTAHABIMBACTCS
B 3-aMUHO-5-HUTPOCAIUIIUIOBYIO KUCIIOTY, UMEIOILYIO
JKEITO-OPAHIKEBYIO OKPACKY.

B mipobupky k 0.5 M ruziposmsara yriaeBoioB 100aB-
st 1.5 M IMHUTPOCAUIIIIOBOTO peaktuBa U 1.0 mi
JUCTUITMPOBaHHON Boxbl. [IpoOMpKy 3akpbiBaju Bat-
HOW TIpOOKOW ¥ TIOMEINAIH B KHUIISIYIO BOJSHYIO OaHIO
Ha 15 muH. 3atem npodupky oxnaxaanu g0 20°C u s
crabmimzaiuu okpacku npwimBamd 0.5 mi 40%-Horo
pacTBOpa CerueToBoil comu. ONTHYECKYIO IUIOTHOCTD
pactBopa m3Mepsun npu 582 HM Ha criekTpodoTomMeTpe
Specord 200 Plus (Analytik Jena, l'epmanus) IpOTUB KOH-
TposibHOM 1po0Obl. CoracHo 3akoHy byrepa—Jlambepra—
Bepa onrtudeckass IUIOTHOCTh — MPOHOPIUOHATBHA
KOHIIEHTPALMU PEAyIHUpYIOMHX caxapoB. [ns mpwuro-
TOBJICHHS TUHUATPOCATHIINIOBOTO PEAKTHBA B3BEIIHBAIN
1 r 3,5-IMHUTPOCATUITMIIOBON KUCIIOTHI, | T THAPOKCHIA
Harpus, 0.05 r cynabdara Hatpus, 0.2 T heHOMa U pacTBo-
PSUTH B AUCTWIIMPOBAHHON BOZE TIPU HETIPEPHLIBHOM IIe-
pemelmBanuu, 10Bos 00beM pactBopa 10 100 mir.

MornekynsipHO-MaccoBO€ paclpeieiieHie MenTHIHBIX
(bpakiii aHATM3UPOBATA METOIOM KHMJKOCTHOW Tellb-
xpomarorpadun HU3KOTO TABJICHHS B CTCKISTHHOM KOJIOHKE
1.8 x 35 cm c renem Sephadex® G-50 Medium (06macts pas-
nenenvist 1.5-30 x/la; Pharmacia Fine Chemicals, 111enus),
MPEIBAPUTEIFHO OTKAJIMOPOBAHHOW [0 CTaHIAPTHBIM
BemectBaM (puc. 1): tpuncuny (24 x/a; Sigma-Aldrich,
CIIA), muroxpomy C (12.3 x/la; Serva Fein Biochimica,
Iepmanust), utamuny B, (1.36 x/la; Sigma-Aldrich,
CIHA). CBoGoaHBI 00BEM KOJIOHKH, KOTOPBIA COCTaBUI
32.5 £ 0.1 muI, ompenemsuii MO0 00bEMY 3ITFOUPOBAHUSI
ronyboro mekcrpana 2000 (2000 xa; Sigma-Aldrich,
CILHA). ITepen HaHeceHHWeM Ha KOJOHKY PacTBOpP THUAPO-
nu3ara (QUIBTpOBaNM Yepe3 MeMOpaHHBIH (QMIBTP
(pa3mep nop 0.2 mxm; Agilent Technologies, CILIA). B ka-
yecTBe oeHTa ucroibzoBamn 0.025 M tpuc-HCI Gydep-
Helid pactBop (pH 8.0). JleTekTrpoBaHue OCYIIECTBIISIIN
mipu 280 HM.

pK =7.8+ 400. A3)
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[MocTpoenne rpaduKOB BBHIMONHAIM B MPOTrpaMMe
Microsoft Office Excel 2010. KomnbrotepHyto 06pabor-
Ky TpOo(mIs dIIOMPOBAHMS TENTHIHBIX (PpakIuid ocy-
niectBisu B niporpamme OriginPro 8.5.1 ¢ momonipio
¢ynkuuu [aycca.

6 -
51 y=-0.0304x + 5.6568
R2=0.9994
3 4
2 . . . . : .
30 40 50 60 70 80 90

O06beM ITHOUPOBAHUSL, MIT
Elution volume, mL

Puc. 1. Kanu6GpoBounslit rpaduk Ist KOJIOHKH € TeJIeM
Sephadex® G-50 Medium. M — MorekyispHas macca

Fig. 1. Calibration curve for a column with Sephadex® G-50 Medium.
M is a molecular weight

PE3YJIbTATbl U UX OBCYXXAOEHUE

BriOop mnporeosuTHYeckoro ¢epMeHTHOro mpe-
napara. ['unponu3 OenkoB MPOBOJWIM MPOTEOJUTH-
geckuM (epMeHTHBIM mpemnaparoM npu 40°C mocne
MPEIBAPUTEIFHOTO JETIINKO3WINPOBAHUS [-KOHTIIU-
LMHUHA TIpU TOH ke Temmeparype. M3 puc. 2 Bua-
HO, YTO TP HCIOJB30BaHUM (PEpPMEHTHOIrO mpemapa-
ta «[Iporozum C330» 3HauuTenbHOE OOpa3OBaHUE
npoaykroB mnpoteonuza (CI7 = 55.5%) mpoucxoaut
B TeYeHue 5.5 4, a Mpu BHECEHHH (PEPMEHTHOTO Tpe-
mapaTa Ha OCHOBE IIEJOYHOM MpOTea3sl HaWOOIbIIas
crenenb ruaponnsa (CI'= 43.3%) nocruraercs 3a 5 4.
Jia nanpHEHIIMX HCClenoBaHUM BhIOpanu (epMeHT-
He1i ipenapat «IIporozum C330».

70 4
60
50 |
40 4

30 —o— [Iporozum C330
20 . Protozyme C330

—o—[I{enounas npoteasa
Alkaline protease

Crenenp rupoinsa, %
Degree of hydrolysis, %

10 |
0

0 1 2 3 4 5 6 7 8
Bpewms, u
Time, h

Puc. 2. BiusiHre npoTeonuTHYECKHX (EPMEHTOB Ha CTETIEHb
THIPOHN3a OEIKOB

Fig. 2. Effect of proteolytic enzymes on the degree of protein
hydrolysis

Bausinue Ttemmepatypbl. ['mapomns OenkoB mpo-
Boqwid (epMeHTHBIM miperniaparoM «IIporo3um C330»
mpu 40 u 50°C (nuamazoH Temmeparyp HauOOJbIIen
KaTaJUTHYCCKON aKTUBHOCTH HEUTpPAJIbHONW IpPOTEa3bl)
[OCJIE NPEABAPUTEIBHOIO PACIICIUIEHUS YIIIEBOAHOIO
KOMITOHEHTA [IIMKOMPOTEHHA MPH TeX Ke TeMIleparypax.
Kax Bunno u3 puc. 3, nporeosnns npu 40°C nossosser
MOJYYUTh NPOLYKT CO CTENEeHbIO ruaponusa 55.5% B te-
yenue 5.5 4, a nporeonu3 npu 50°C — npoaykT ¢ Takon
ke creneHbro ruaponusa (CI'= 56.3%) 3a 3.5 4. 13 no-
JYYEHHBIX PE3YyJbTaToOB CIIEAYET, YTO MPEeINOUYTUTEIb-
HOM Temneparypoii ruzponusa 6enkos sBisercs S0°C.

70
60
50
40
30

201 —e—40°C

Crenens Tunponusa, %
Degree of hydrolysis, %

10 —=—50°C

0 1 2 3 4 5 6 7 8
Bpewms, u
Time, h

Puc. 3. BiusiHue TeMneparypsl Ha CTEIIEHb THAPOIN3a OSTKOB
(hepmentabM npenaparoM «IIporosum C330»

Fig. 3. Effect of temperature on the degree of protein
hydrolysis by the Protozyme C330 enzyme preparation

Bimsinue npenBapuTeJIbHOIO paciliellJIeHus! YI1eBo-
HOT0 KOMIIOHEHTAa DIMKonpoTenHa. (depMeHTaTHBHOE
JEDIMKO3WINPOBaHUE  B-KOHDIMIMHMHA M THIPOJIU3
noJcaxapuaoB TnpoBoawin 1pu Ttemneparype S50°C.
Kunernaeckast kpuBasi 00pa3oBaHUs PeOyIHPYIOMNX ca-
XapoB IpezacTaBieHa Ha puc. 4. I[lockonbKy coeBas Myka
M3HAYAIBHO CONEPXKUT PEeayLHpYyOMHUe caxapa (IITIOKO3Y,
(dpykrosdy) [21], TO Ha KHHETHYECKOW KPUBOW B Hadasb-
HBIIl MOMEHT BPEMEHH X KOHLIEHTPALMs OTIIMYHA OT HYJIA.
Uepes 15 muH mocie BHeceHUs! (PepMEHTHOTO Tpernapara
«KoM1ieKe-KOHIIeHTpaTy B CYCIICH3HMIO COCBOH MyKH Ha-
Omronaercs 2.5-KpaTHOE YBEIMUEHUE KOHIIEHTPALUU pely-
IMPYIOIINX CaXapoB 3a CYET THAPOIIN3a CBOOOJHBIX OJIUIO-
1 nonucaxapuoB. JlanbHelee Bo3pacTaHue KOHLIEHTpa-
MM PeNyLHPYIOLIMX CaXapoB OOYCIIOBICHO MEICHHBIM
pacIieryieHUeM yITIeBOAHOM YacT! NIHMKOIPOTEHHA.

I'iapou3 GelTkoB NPOBOMMIM (PEPMEHTHBIM TIperiapa-
ToM «IIporozum C330» npu 50°C ¢ npumMeHeHueM Npea-
BAPUTEIILHOTO JIEIIMKO3WINPOBAHNS B-KOHIIMIIMHUHA TIPH
TOH ke Temrieparype u 6e3 Hero. YCTaHOBJICHO, UTO paspy-
[ICHUE YIICBOJHOTO KOMITOHEHTA IIMKOIPOTEHHA CII0C00-
CTByeT O-KpaTHOMY YBEIHMUYCHMIO CTETICHH TMApOin3a Oen-
koB (CI" = 56.3% 3a 3.5 49) 10 CpaBHEHHUIO C MPOTEOITH30M
B OTCYTCTBUH Ipeoopadotku (C1'=9.2% 3a 3.5 u) (puc. 5).
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1.5
1.2 4
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.=
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a @
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< 0.6
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0 : . . . ; )
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Time, h

Puc. 4. Kunernueckas KpuBasi 00pa30BaHUs peAyLUPYIOMINX
caxapoB

Fig. 4. Kinetic curve of reducing sugars formation

C [IerIiKO3MINPOBAHIEM B-KOHITIMIHHIHA
With deglycosylation of B-conglycinin
be3 nernmko3nnmupoBanus B-KOHIIHIMHUHA

70, Without deglycosylation of -conglycinin

60 -
50
40
30
20 4

Crenenb ruiponusa, %
Degree of hydrolysis, %

0 1 2 3 4 5 6
Bpewms, u
Time, h

Puc. 5. BnusiHue npenBapuTeabHOro pacilerieHus
YIJIEBOAHOM YacTH [-KOHIIMIMHMHA HA CTEIICHb THAPOIN3a
6enkoB GepmeHTHBIM npenaparoM «IIporozum C330»

Fig. 5. Effect of preliminary cleavage of the carbohydrate part
of B-conglycinin on the degree of protein hydrolysis
by the Protozyme C330 enzyme preparation

Taéanna 3. Xapakrepructrka Qpakiuii B COSBOM THAPOIH3aTEe

Table 3. Characterization of fractions in soy hydrolysate

AHAIM3 MOJIEKYJISIPHO-MACCOBOI0 pacmpeeie-
HUS NeNTUAHBIX (PPAKLUil OCJIe POTE0JaU3a ¢ Ipe/-
BapUTEJbHBIM JIENINKO3MINPOBAHHEM [ -KOHIJIH-
HMHUHA. AHAMNU3 TPO(GUIS SITIOUPOBAHUS MEITHAHBIX
(dpakmumii (puc. 6) mokaszall, 4TO B COCBOM THIPOJIM3ATE
cogepxkutcs 83.9% nenTuIoB ¢ MOJICKYJISIPHOM Maccoit
<6 x/la, KOTOpBIE MOTEHIIMAIBHO MOTYT 00JanaTh OHO-
JOTUYECKOW akTUBHOCTHIO [22, 23]. [Ipu sTOM menTua-
Has ppakuus ¢ MosiekyssipHoii Mmaccoit <1.0 k/la sBister-
csi mpeobnagaroniert (58.6%), 4To BIOJNHE COTIACYETCs
co crenenbto ruaponusa (CI' = 56.3%). [loaunentuasl
C MOJIEKYyIsIpHON Maccor >32 k/la u He moABeprimecs
THAPOJIN3Y OCIIKU BBIXOIAT B CBOOOTHOM 00bEME KOJIOH-
ku (Tadm. 3).

CBOOOIHBII
0.7 00bEM KOJIOHKH =B
Void volume Elt Eealli ;
0.6 of the column ” Fﬁ PZ:k ;
1 v 4\ Fit Peak 4
0.5 4 r', Fit Peak 5
( | —— Cumulative
| Fit Peak

Azsoa OTH. e]I.

20 40 60 80 100 120 140
O0OBeM MMIOUPOBAHMUS, MIT
Elution volume, mL

Puc. 6. Pa3noxenne MUKOB rayCCOBBIMU KPHBBIMH B IIpOQHIIe
SITFOMPOBAHMS TTENTUIHBIX (QpaKIuit

Fig. 6. Decomposition of peaks by Gaussian curves
in the elution profile of peptide fractions

HaumvenoBanue nuka | ITnomans nuka | O6bem smonpoBanus, M | MonekynspHas Macca dpakuun, k/la | Coneprxanue dpaxiuu, %
Name of peak Peak area Elution volume, mL Molecular weight of fraction, kDa Fraction content, %
CBOOOIHBIM
00bEM KOJIOHKH
] 2.7 32.5 >32.0 13.6
Viod volume
of the column
1 0.5 38.0 31.7 2.5
2 1.9 61.5 6.1 9.6
3 3.1 75.6 2.3 15.7
4 7.1 87.5 1.0 359
5 4.5 98.8 0.5 22.7
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SAKJIIOMEHME

B pesynbrare ucciiesoBaHuii yCTaHOBJIEHO, YTO MPUMe-
HCHHEC q)epMeHTaTI/IBHOFO ACTIIMKO3UIINPOBAHUA B Ka-
YeCTBE MPENBAPHUTEIBHON 00pabOTKH COCBOH MYKH
3HAYUTENILHO YBEIMYUBAET CTENEHb IHJIPOJIN3a OEIIKOB.
BeposiTHO, 4TO paclieruieHle yIIeBOIHON YacTH 3-KOH-
[JIMIIMHUHA TIPUBOAMT K MOTEepe OCIKOBOW MOJIEKYIIOH
KOH(OPMAIIMOHHON CTa0MIBHOCTH M TIOBBIIIAET JO-
CTYNMHOCTbH MENTHUIHBIX CBsI3ed K JEHCTBHUIO MPOTEOJIU-
trdyeckoro (epmenra. [TomoOpaHbl yCIOBUS THIPOIM3a
COEBBIX OeNKOB (DepMEHTHBIM MpernapaToM Ha OCHOBE
HEUTpambHOM mpoTeasbl. PaspaboTaHHBINH MOAXO Hpe-
BapUTEIHHOTO ETIIMKO3MINPOBAHNS [-KOHITHIIMHIHA
MOXET OBbITh UCIIOJIb30BaH AJISl YBEJIIMUCHHUS BBIXO/Ia HU3-
KOMOJICKYJISIDHBIX MEOTUAOB MPHU NPOU3BOJACTBE COCBBIX
TUIPOJIU3ATOB.
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AHHOTauunA

Iesan. PazpaboTarh TEXHOIOTUIO XPOMATOrpahUIECKON OYMCTKH JUISl ITPErapaToB Ha OCHOBE MOAM(PUIIMPOBAHHBIX OJHOJOMEHHBIX aH-
tuten, cretupudHbix K Bupycy SARS-CoV-2. TTogoOpars onTuManbHbIe HapaMeTphl MPOLEcca OYUCTKYA U MaCIITabupoOBaTh JaHHYIO
TEXHOJIOTHIO Ha TIPOU3BOJICTBE.

Mertonsl. MccnenoBanue npoBoAnMIOCh Ha KYJIbType KIETOK SUYHUKOB KuTaickoro xomsiuka CHO GAMP2CS kion 78, CHO BS kioH 4,
CHO B10 xiioH 4, mpoayuupyroumx MoauduIpoBatHbie ogHogoMeHHbie antuTesa GAMP2CS5, GAMBS, GAMB10 cooTBETCTBEHHO.
Xpomarorpaduueckas OuMCTKa MPOBOAMIack ¢ npuMeHeHnem xpomarorpagoB AKTA Pure 25 u AKTA Pilot 600s. Kontposns kauectsa
MOJTyYEHHBIX MPENapaToB ObLT OCYIICCTBICH MPH MOMOIIM BBICOKOI(P(PEKTUBHOMN KUIKOCTHON Xpomarorpaduu, KamuUIIPHOTO Tellb-
anekTpodopesa, TMHAMHUECKOTO PACCESHUS CBETA, UMMYHO()EPMEHTHOTO aHaIM3a, MTOJUMEPA3HOM IIETHON PEaKIHH.

Pesynbrarel. Mynstumonanbhas xpomarorpadus ¢ npumenenuem copoenta Ca*"Pure-HA (TOSOH, Slnouust) Ha OCHOBE KepaMmu-
YeCKOro THpoKcHanaTuTa | Tumna mo3soisieT 3 QeKTHBHO N30aBIATHECS OT arperupoBaHHEIX (opM aHTHTena. [Ipenaparsl, momy4yeH-
Hble nocsie xpomarorpaduu ¢ npumenenuem copbenta Ca* Pure-HA Ha 0CHOBE KEPAMUUECKOTO THAPOKCUANATUTA |, MMEIOT YMCTOTY
6omnee 97%. PazpaboranHast TEXHOJIOTHsI OYMCTKHY ObLIa MAacIITaOUpoBaHa J10 04UCTKH 00beMoM 200 J1 KyJIbTypabHOI )KUIKOCTH MOCIIe
KynbTHBHpOBaHus B 6nopeakrope STR 200.

BriBoabl. Pa3paboTana TEXHOIOTHS OYNCTKU MOAM(MHUIMPOBAHHBIX OXHOIOMEHHBIX aHTHUTEN ¢ IIPUMEHCHNEM MYIBTHMOAIBHOTO COp-
Genra Ca™"Pure-HA Ha 0CHOBE KEpaAMUYECKOrO IMApOKcHanaTura | Tura, no3sousiomas >pHEKTHBHO U30aBIATECA OT HU3KOMOJIEKY-
JISIPHBIX IPUMECEeH 1 arperupoBaHHbIX (GopM aHTHTENA. [lomydeHHbBIe ¢ TOMONIBIO Pa3pabOTaHHON TEXHOJIOTHUH aHTHUTENA XapaKTepH-
3yIOTCSI BEICOKOH CTETIEHBIO YHCTOTHI, OTCYTCTBHEM pPA3IMYHBIX HMpHMeced (O0CTaTOYHOTro Oellka ITaMMa IIPOAYIEHTa, OCTaTOYHOTO
6enka A u octaroynoro JJHK mrramma npomyneHTa), a Takxke 001a1a10T THIPOANHAMIYECKAM PATHYCOM MOJIEKYI, COOTBETCTBYIOIIHM
TEOPETUIECKOMY 3HAUCHUIO MOHOMEPHOH (hOpM aHTHUTEI.
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Abstract

Objectives. The work set out to develop a chromatographic purification technology for drugs based on modified single-domain antibodies
specific to the SARS-CoV-2 virus, as well as to select the optimal parameters for the purification process and scale up this technology
for production.

Methods. The study was conducted on a culture of Chinese hamster ovary (CHO) cells GAMP2CS5 clone 78, CHO B5 clone 4, and
CHO BI10 clone 4, which were used to produce modified single-domain antibodies GAMP2CS5, GAMBS, and GAMB10, respectively.
Chromatographic purification was performed using AKTA pure 25 and AKTA Pilot 600s chromatographs. Quality control of the obtained
drugs was carried out using high-performance liquid chromatography, capillary gel electrophoresis, dynamic light scattering, enzyme-
linked immunosorbent assay, and polymerase chain reaction.

Results. Multimodal chromatography using CA**Pure-HA (TOSOH, Japan) resin based on type 1 ceramic hydroxyapatite can
be effectively used for the removal of aggregated antibody forms. The drugs obtained after chromatography using CA**Pure-HA resin
based on type 1 ceramic hydroxyapatite have a purity of more than 97%. The developed purification technology was scaled up to purify
200 L of culture fluid after cultivation in an STR 200 bioreactor.

Conclusions. The described technology developed for purifying modified mono-domain antibodies using the CA*"Pure-HA multimodal
resin based on type 1 ceramic hydroxyapatite allows for the effective removal of low-molecular-weight impurities and aggregated forms
of the antibody. The antibodies obtained using the developed technology are characterized by a high degree of purity and the absence
of various impurities (residual protein of the producer strain, residual protein A, and residual DNA of the producer strain), as well
as offering a hydrodynamic molecular radius corresponding to the theoretical value of monomeric forms of antibodies.
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Development and scaling of a chromatographic purification technology
for single-domain antibodies fused to the Fc fragment of human IgG1

Dmitry S. Polyansky,
etal.

BBEAEHUE

B nacrosmiee BpeMs MHOTHE (papMaLieBTHYECKHE KOMITa-
HUYW UMEIOT B CBOEM IMOpTdeiie pa3padOTKH psijia MOHO-
KJIOHAJIBHBIX aHTUTEII, TOCKOJIBKY OHU HAXOIST MIHPOKOE
MIpUMEHEHHE B Tepanuy U Npo(uIaKTHKe pa3InyHbIX 3a-
6oneBannii. Ilomumo 100 3aperucTprupoBaHHBIX Tpera-
paToB HAa OCHOBE aHTHUTEI, OKOJIO 250 HAaXOATCS HA pa3-
JUYHBIX ATanax KIMHUYEeCKUX ucciepoBanuii [1-11].
[TockonbKy TepaneBTHUYECKUE aHTHTENa BOCTPEOOBAHBI
B KJIIMHUYCCKOW NMPAKTUKE M TOIXOIBI UX NPUMCHECHUS
MIOCTOSIHHO PACHIUPSIOTCS, LEIeCO00pa3HbIM SBISET-
Csl ONTHUMU3AIMS ¥ YCOBEPIICHCTBOBAHME TEXHOJIOTHUU
X TONyYeHHs. TexXHOIOTHS MPOM3BOICTBA MOHOKJIIO-
HaJIbHBIX aHTUTEJ BKIIIOYAET 2 OCHOBHBIX 3Tama: KyJb-
TUBUPOBAHMUE KIIETOK U XpoMaTorpaduueckas O4HCTKa.
[Mpumep pa3pabOTKN TEXHONOTHUH KYyIGTHBUPOBAHUS
KIeTok Obul ommcaH panee [12]. Ilpomecc oumcTku
aHTHUTE] Ha4YMHAeTCs ¢ (uIbTpamuu KylbTypajibHOU
JKHIIKOCTH C WCTIOJIB30BAaHUEM DITyOWHHBIX U MEMOpaH-
HBIX (DIIBTPOB Ui OTHEJCHHUS CpPEHbl, COIeprKariei
MOHOKJIOHAJILHBIE aHTUTENA, OT KIETOK Xo3suHa [13].
Knaccuueckast ~ TeXHONOTHS — XpoMaTorpaduaecKoit
OYUCTKH CTOUT U3 3-X oTanoB. CTaHIapTHBIM MEPBBIM
9TANoOM MPU OYMCTKE MOHOKJIOHAJIBHBIX aHTHUTEIN SIBIISI-
ercs apduHHAs Xpomarorpadus Ha Oelke A WM pexe
Oenke G, koTOpas MO3BOJSAET M30ABUTHCA OT OOJbIIEH
YacTH MpHUMECEH 3a CYET BHICOKOM CEIEKTUBHOCTH COp-
OcHra. [IpuHIMIT MeToZa OCHOBAaH Ha B3aUMOJICHCTBUU
Fc-dparmenTa antutena ¢ 6emkoM A ¢ BBICOKOH CelleK-
TUBHOCTBIO. TakuM 00pa3oM, MOHOKJIOHAJIbHBIC aHTH-
Tela, HaXOMAIMINECS B KyNbTypalbHON JKUIKOCTH, CBS-
3BIBAIOTCS C OCTKOM A M OCTalOTCsl Ha COpOCHTE, B TO
BpeMsl KaKk BCE TPUMECHBIE KOMIIOHEHTBI OCTAaIOTCS
B HECBSI3aHHOM BHJIC U BEITECHSIOTCS IIPH IIPOMBIBKE KO-
JOHHBL. OTHUM U3 BO3MOXKHBIX 3TAlOB MIPOMEKYTOUHON
OYUCTKH aHTUTEJ SBJIACTCS aHUOHOOOMEHHAsI XpOMaTo-
rpadus. JlaHHBIN dTanm HEOOXOAMM JIIsi BEICOKOI(D(hEeK-
TUBHOUN ouncTku npenaparoB ot JHK, Bupycos, sH0-
TOKCHHOB M KHCITBIX OEJKOB KJIETOK-X03suHa. [Iporecc
OCYIIECTBIISICTCS 33 CUET B3aNMOACHCTBHS 3apsiOB MO-
JIEKYJ pa3aesisieMbIX BELIECTB U IPOTUBOIMOJIOKHBIX 3a-
PSZI0B aKTHBHBIX TPYII COpOCHTa, KOBAJIEHTHO CBSA3aH-
HBIX C XpoMaTorpapudeckoi marpuriei [14].

Jnst toro utoObl MpoBecTH (UHAIBHYIO CTaaUIO
«TIOTUPOBKUY» OT OIM3KOPOJICTBEHHBIX IpUMecei (arpe-
raToB, MPOTCOJUTHYECCKUX PACIICIICHHBIX (hparMeH-
TOB aHTHUTENA, 3apsHKEHHBIX (POPM LIEJIEeBOrO aHTUTEINA)
O0OBIYHO TIPUMEHSIOT HKCKIIO3UOHHYIO WM MYJIBTHMO-
JaNbHYI Xpomarorpaduu. JlaHHBIH MeTOx pasnesnser
aHTHUTENla B 3aBHCHMOCTH OT UX pa3Mepa U IMO3BOJIS-
€T BBLICTUTh MOHOMEpPHYIO (pakiuio, OTJEICHHYIO
OT arperaroB, a Tak)Xe OT PACIHICIICHHBIX (hparMeH-
ToB aHTUTeNn. OJHAKO MAHHBIA THIT XpoMaTorpaduu

(3KCKITIO3MOHHAsT XpomMaTorpadus) sBISETCS TPYAHO
MacmTabupyeMBIM B paMKax Ipon3BoncTsa. [lpm mac-
Ta0UPOBAHUU TEXHOJOTUU OYUCTKUA OOBIYHO MpUME-
HSIOT MYJIbTHMOJAalbHbIe cOpOeHThl. OTHUM W3 Hau-
Oosee mHTEpECHBIX copbenToB aBnsercs Ca’ Pure-HA
(TOSOH, Slnonus) Ha OCHOBE KEPAMUYECKOTO THAPOK-
CUaraTuTa, KOTOPBIA TMO3BOISET pAa3NeNsiTh arpera-
TBI OT MOHOMEPOB Ha OCHOBaHHH HX 3apsna, a TaKkKe
BaH-/IeP-BaJIbCOBBIX CHJL.

B HanunonansHOM HcCIe10BaTENbCKOM LIEHTPE JIH-
JEMHUOJIOTHH W MuKpoOuonorun uMm. H.®D. [amanen
MunncrepcTBa 31paBOOXpaHEHHS Poccuiickoi
Oenepanuu (HULDM um. H.®. amanen Mun3apasa
Poccum) ObIIM TOMyYeHBI pa3HYHBIC OJHOJOMECHHBIC
aHTHUTeNa, ciuThle ¢ Fc-hparmMeHTOM YenoBedecKoro
umMMmyHornmoOynuHa knacca G1, obnanmaromiee Imupo-
KUM CIEKTPOM BHUPYCHEWUTPAJIU3YIOIIEH AaKTUBHOCTH
B OTHOLIGHUHU PA3NUYHBIX BUpycoB [15-23]. B nan-
HOW CTaThe OMmHcaHa pa3padOTKa TEXHOJIOTHH XpOoMa-
TOrpaIeCKOf OYUCTKH IUISI aHTHTEN CIEIH(PUIHBIX
Kk Bupycy SARS-CoV-2. beutn nmogo0paHbsl OnTUMalb-
HBIC YCIIOBHSI JIISl OTACTICHHS 1eJIeBOM (DpaKiyu aHTH-
Tela OT MpHUMeced M pa3paboTaHa cHCTeMa NPOBEPKU
YUCTOTHl TMOJYYEHHBIX IpenaparoB. Paspaborannas
TEXHOJIOTUSI XpOMAaTOTrpaQuueckod OYUCTKH MOXKET
OBITH IPUMEHUMA IS pa3HBIX OTHOJOMCHHBIX aHTHTET,
cojiepKalux BapualOesnbHble JOMEHbI C pa3HbIMU CIICL-
UUIHOCTSIMU. briaromapst TEXHOIOTHH OYUCTKH TPH
pasnuuHbIX mpemnapara npoTuB Bupyca SARS-CoV-2
MoKasanu 9uctoty Oosee 98% u HaXOAATCs HA pas3iuy-
HBIX CTaJIMsIX KIMHUYECKUX UCTIBITAHUH.

MATEPUWAJIbl U METOAbI

Kneto4yHaqa nuHua

B pabote ObLIN HCTIONB30BAHBI CIEAYIOMINE KICTOUHBIC

JIMHUH:

e KyIbTypa KJIETOK SMYHUKOB KHUTaHCKOIO  XO-
Mmsuka (Chinese hamster ovary (CHO) cells)
GAMP2CS (xi10H 78), MpoayUpyFOIIas OJJHOJTOMEH-
HOe aHTuTeno, cauroe ¢ Fe-gpparmenrom IgG1 ueno-
Beka P2C5;

e kymerypa CHO cells GAMBS (kmon 04), mpo-
JyLmupyromas OfHOAOMEHHOE aHTUTENO, CIUTOE
¢ Fe-dparmentom IgG1 yenoseka BS5;

e kymerypa CHO cells GAMBI10 (kmon 12), mpo-
JyLUpyromas OfHOAOMEHHOE aHTUTENO, CIUTOE
¢ Fc-pparmentom IgG1 yenosexa B10.

Bce Tpm kieTOuHBIE JMHUM TIONYYCHBI B Jia-
Ooparopun UMMYHOOHOTEXHOJIOTUH HULIDM
uM. H.®. T'amanen Munsapasa Poccuu Ha ocHOBe Kile-
tok CHO-K1 (Komnekuus kyneryp u Tkaneir HUL[OM
nM. H.®. 'amanen Munsnpasa Poccun).
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XpomaTtorpadus

Jist 6yhepoB ObLIH B3ATHI CIEAYIOIIUE BEIECTBA: XJIO-
PHI HATPHSA, XJIOPH KaTbLus, TTUIKH, Tpuc U Tpuc-HCl
(Neofroxx, I'epmanus); moHodochaT HaTpus, TUTHIPO-
tdhocdar narpus, nonucopdar 80 (PanReac, Ucnanus).
Bydeps! a1t pa3auIHBIX TUIOB XpoMaTorpaduu ykasa-

HEI B Ta0I. 1.
Addunnas

xpomarorpadmusi: I
HUSL  Xpomarorpaduu

poBesie-
1a00paTOPHBIX  YCIOBHSIX

ucnons3zoBamn xpomarorpap AKTA Pure 25 (Cytiva,
[IBerust). KynmbTypadbHYH KHIKOCTH 00beMOM 1 J1
OCBETJISUTM MyTeM LeHTpudyruposanus npu 200g B Te-
yeHne 10 MHH M HOCIEAYIOIIEro IEeHTPU(YTHPOBAHUS
5000g B Teuenme 20 muH. [lanee cymepHaraHT mporry-
CKaJIM 4epe3 IIIPHLEBble (PUIBTPBI C TUAMETPOM TIOP
0.8 mxmMm. Ilepen nanecenuem pH ocBemieHHON Kyiib-
TYpPaJIbHOM JKHUJKOCTH cocTaBisut 7.1. OOpaser; HaHO-
cun Ha konmouHy XK 16/20 (Cytiva, 1IBenus), cop-
oent RUselect-P (I punesn, Poccus) odbemom 20 mil.

Tadmuua 1. Bydeps! 11 pa3TMYHbIX 3TAOB XpOMATOrpadUueCKOil OUMCTKH

Table 1. Buffers for different stages of chromatographic purification

Hazpanue H Cocras Buper xpomarorpadum OyHKIMN
Designation g Compound Types of chromatography Functions
Xnopun Harpust 150 MM Addunnas
Monodocdar narpus 15 MM DKCKIIIO3UOHHAsI
72 Juruapodocdar Harpust S MM Affinity CBsi3bIBaHUC
IMomucopoar 80 0.01% Size exclusion Omronus
Sodium chloride 150 mM Binding
Monosodium phosphate 15 mM K 6 Elution
5.0 Sodium dihydrogen phosphate 5 mM aTH.OHOO CMHHaA
Bydep A Polysorbate 80 0.01% Cation exchange
Buffer A
Xnopun Harpust 1000 MM
Momnodocdar Harpus 15 MM
Jurnapodocdar Harpust 5 MM CBsi3pIBaHNUE
IMomucopodar 80 0.01% FM}lpO(bcz6Hoe Omonus
7.2 B3auMojeiicTBue
Sodium chloride 1000 mM Hvdrophobic interaction Binding
Monosodium phosphate 15 mM yarop Elution
Sodium dihydrogen phosphate 5 mM
Polysorbate 80 0.01%
Inunua 200 MM
Xnopun Harpus 150 MM
Bydep b 10 [Moncop6ar 80 0.01% Adounnas Dmrorus
Buffer B ' Glycine 200 mM Affinity Elution
Sodium chloride 150 mM
Polysorbate 80 0.01%
Bydep B 8.5 Tpuc-HC1 1 M Addunnas Josenenue pH
Buffer C ’ Tris-HCl 1 M Affinity Adjusting pH
Tpuc 20 MM AHnoHooOMeHHast VYpaBHOBEIINBaHUE
Bydep I' 6.8 Xnopun Harpus 150 MM MynsTMoOaNbHas IIpombiBKa
Buffer D ' Tris 20 mM Anion exchange Equilibration
Sodium chloride 150 mM Multimodal Flushing
Mownodocdar marpust 75 MM
Juruapodocdar narpus 25 MM 3apsin
Bydep A 75 Xnopup Kaneius 4 ppm MynsrumonanbHas Omonus
Buffer E ’ Monosodium phosphate 75 mM Multimodal Molecule charge
Sodium dihydrogen phosphate 25 mM Elution
Calcium chloride 4 ppm
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[lepen HaneceHneM o0pasiia KOJOHHY ypaBHOBEIITHBAIN
5 xonoHO4HBIME 0ObeMamH (asee 1o Tekcty KO) Oyde-
pa A. Xpomarorpaduro MpOBOAWIN B PEKUME HaHECE-
HUSI-CHSTHUS CO CKOPOCTHIO 2 Mii/MuH. [locnie HaHecenus
oOpasina kosonHy npombiBasid 5 KO Oydepa A. Jlanee
oOpaszell AronpoBaiu ¢ moMousio Oydepa b ¢ kucibm
pH. Ilocne amonuu NMpoBOIWIM BUPYCHYIO MHAKTHBaA-
U0 MTONyNpoaykTa adhGUHHON XpoMaTorpaduu B BHJIEC
uHKyOanuu B TeyeHue 30 MUH IPU HHU3KOM 3HAYEHUU
pH (pH 3.0), 3arem noBoaumu pH ¢ momoisio Oydepa B
110 3HaueHusa 6.8-6.9.

[Mpu MacmTaOMpPOBaHUN TEXHOJOTHH KYyJIbTypPailb-
HYIO JKHIKOCTh TMPEABAPUTEIHLHO (GHIBTPOBAIH TMPHU
MTOMOIIM TIIYOMHHOW M OCBETISIONMEH (UIBTpAIUH.
OO0BbeM KyJIBTypaIbHON JKHUJIKOCTH 10 (QUIBTpAIUU
coctasnsan 200 n. [ns mpoBeaeHust XxpoMaTtorpapuu
B IIPOM3BOJCTBCHHBIX YCIOBHSX HCHOJIB30BAIN XPO-
matorpad AKTA Pilot 600s (Cytiva, lllBeuus) u xo-
nouny AxiChrom 100/300 (Cytiva, lllBenus), copObeHT
RUselect-P (I punesn, Poccus) oobemom 1 1. O6bem
OCBETIICHHON KYJIBTYPAIbHOHN MKHUIKOCTH MOCIE (PHIIb-
TpallMM U TIPOMBIBKH (HIBTPOB Oy(hepHBIM pacTBO-
pPOM IS BBITECHEHHUS OCTaTOYHOTO 00BeMa MaTepH-
ana coctaisia okoio 230 . ITomyueHHBIH Marepuan
pasfensiii Ha JBE NapTHU B PaBHBIX COOTHOIICHHSIX
u npoBoawsid ahGUHHYIO XpoMaTorpaduio Mmocieno-
BaTEIbHO. XpOMaTOrpa(uio MPOBOAMUIN B MOJOOHBIX
na0OpaTOPHBIM YCIOBUAX 32 HMCKIIOYEHHEM OObeMa
M CKOPOCTH HaHeceHus (Tabi. 2). MakcuMallbHO JI0-
MycTHMasi Harpy3ka Ha COpOCHT, pacCUMTaHHAsl MCXO-
ISl U3 DKCTIIEPUMEHTANBHBIX JaHHBIX (B JAHHOM CTaThe
He TpexacrtaBiieHbl) coctarisuia 30 r/n. [locie mpoge-
nenus adphuHHON XpoMarorpapuu IPOBOIMINA BHPYC-
Hyto uHaktuBanuo (pH 3, 30 mun). [Janee o6e maptuu
MONYTIPOAYKTa OOBEOUHSIN W TIPOBOAMIN CIEAYIO-
IIYIO CTAJIHIO OYUCTKU.

Anunonoo6MenHasi xpomarorpadusi: B 1adoparop-
HOM MacIiTabe mporecc MpOBOAMIICS Ha XpoMaTorpade
AKTA Pure 25 (Cytiva, UIBenus). ns qaHHOM Xpomaro-
rpagun ucnonb3oBaau konoHHEI Cytiva XK 16/20 ¢ cop-
oenroM Q Sepharose™ Fast Flow (Cytiva, l11Benns) 00b-
emoM 5 mi. Kononny ypasnosemuanu 5 KO Oydepa I
Xpomatorpaduio MPOBOAMWIN B MPOCKOKOBOM PEKUME.
O06paser HaHOCHIH cO ckopocThio 0.5 mi/mMuH. [1pu 3Ha-
yengun ontudeckoro nornomenus 20 mAU Ha 280 M
HaunHAICsA coop (dpakuuu. [1o OKOHUAHMH HAHECCHUS
oOpasia KoJIOHHY BHOBbB MpoMbIBaiii Oyhepom [ no ma-
JIEHHSI TMKa ONTHYeCcKoro noriomenus 10 20 mAU.

Jus  npoBemenust xpomarorpaduu B [IPOH3-
BOJICTBEHHBIX  YCIIOBHSX  HCIIOJNIB30BAaJM  XpPOMATO-
rpa¢p AKTA Pilot 600s (Cytiva, lllBenunsi) u KOJOH-
Hel AxiChrom 70/300 (Cytiva, UlBenwms), copOeHT
Q Sepharose™ Fast Flow (Cytiva, IllBenus) oObe-
MoM 1 1. Xpomarorpadurio NPOBOIWIN B IOJOOHBIX

nabopaTOpPHBIM YCIIOBHSIX 3a HWCKIIOYeHHEeM o0beMa
Y CKOPOCTH HaHeceHwus (Tal. 2).

DKCKJII03HOHHAS XPOMATOr paus: IpoLecc XxpoMa-
Torpadun B 1a00PaTOPHBIX yCIOBUSIX IIPOBOANIHN C II0-
mosto xpomarorpadpa AKTA Pure 25 (Cytiva, lllBerus)
¢ wucnonb3oBanveMm KkoimoHHBl XK26/100 (Cytiva,
[Berus), 3amonHeHHON copOerToM Superdex™ 200
(Cytiva, llIBenus), xpomaTtorpadus MpoOBOIUIIACH B ITPO-
CKOKOBOM peskume. OOpazel] HAaHOCHIIM CO CKOPOCTBIO
5 mi/muH. B kauecTBe 0CHOBHOTO Oy(depa NCTonbh30BaH
oydep A.

Xpomarorpadgusi ruapododHoro B3aumMo[eii-
CTBHSI: TIPOLIECC TIPOBOUIICS B JIAOOPATOPHBIX YCIOBU-
sx Ha cuctreme AKTA Pure 25 (Cytiva, lBennst) ¢ nc-
nosib3oBanueM kojoHHbl XK 16/20 (Cytiva, lllBeuus),
copbent Phenyl Sepharose™ (Cytiva, 1lIBenus) oObe-
MoM 5 Mi. B obpasier oobemom 30, 34 u 35 mi1 aHTH-
ter GAMP2C5, GAMBS, GAMBI10 cooTBETCTBEHHO,
KOTOpbIE IPOIIIN CTAIUI0 AHUOHOOOMEHHON XpoMaro-
rpaduu, 100aBISUN XJIOPUA HATPHUS 10 KOHIICHTPAINN
1 M muia obecriedeHus JIydIIero CBsi3bIBaHUs ¢ COpOeH-
ToM. Xpomarorpauio MPOBOAMIN B PEKUME HaHECE-
HUSA-CHATHUSA Ha ckopocTh 1 mMi/MuH. KonoHHY ypaBHO-
BemmBain 5 KO Oydepa A ¢ KOHIEHTpauei xjiopuia
Hatpus 1 M. [lanee Hanocunu oOpasel 1 CHOBA MPOMBI-
BaJIM KOJIOHHY C TTOMOIIIbIO Oydepa A ¢ KOHIICHTpaIuei
xyopuaa Hatpus 1 M 10 majeHus ONTUYECKOH IUIOT-
Hoctu 70 10 mAU. I[Tocne 3TOro mpoBOJUIHN 3IIOLHIO
B JIMHEHHOM rpajaueHTte 10 100% koHneHTpanuu oyde-
pa A 6e3 xnopuzaa Harpus B Teuenue 10 mun. LleneBoit
6enox (MoHOMepHas (hopMma) BEIXOAUT B MEPBHIX (ppak-
LUK, 3aTE€M IO MEpe YBEIWYCHUS KOHLIEHTpAIUu Oy-
(depa A BBIXOAMIN OJIUTOMEPHBIC U arperatHbie (POPMbI
antutes. O0beMbl LeeBbIX (ppakuuid coctapuiau 17.0,
27.5 u 19.8 man gna antuten GAMP2CS5, GAMBS,
GAMBI10 cooTBEeTCTBEHHO.

KarnonoodMennas Xpomartorpadus: po-
[ecc MPOBOIWICS HA XpoMarorpauueckoil cucreme
AKTA Pure 25 (Cytiva, llBenus) ¢ MOMOILBIO KO-
nounel XK 16/20 (Cytiva, llBenms) c copOeHTOM
SP Sepharose™ (Cytiva, IllBenusi) B odbeme 5 M.
Xpomarorpaduio IPOBOIIIN B IPOCKOKOBOM PEIKHME
co ckopocThio 1 mi/muH. KonmoHHY ypaBHOBEIIMBaIl
5 KO o6ydepa A ¢ nmonmwxkennsiM pH (pH 5). [Tocie sto-
T'O HAaHOCHITH Ha KOJIOHHY 00pa3ubl antuten GAMP2CS,
GAMB5S, GAMBI0, nepenanHple ¢ aHHOHOOOMEHHOM
xpomarorpaduu, oobemom 40 Mt kaxnuenid; pH oOpas-
[IOB TaKXe IMOHMKANH 10 3HadeHus 5. Llemenast ¢pax-
Ul colepkana MOHOMepHble (Gopmbl anTuTen. Jlanee
ucnonp3oBaiu 0ydhep A ¢ pH 5 u xoHNeHTpanmen Xo-
puma Hatpust | M st CHSATHSL arperaTHbIX (OopM aH-
tuten. OO0beMbl LeneBbIX (pakuuii cocrapunu 18.0,
35.5 m 23.0 mn gna aatuten GAMP2C5, GAMBS,
GAMBI10 coOTBETCTBEHHO.
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MyasTuMOAaIBHAsE XpoMaTorpadus: XpomMarorpa-
(uro npoBoamim Ha Xxpomatorpade AKTA Pure 25 (Cytiva,
[Benus) ¢ momouipo kooHHBI Cytiva XK 16/20, ynako-
BanHoM 5 M copbenta Ca™ Pure-HA (TOSOH, Slnowns)
B JlaboparopHoM MacmTabe. ONTUMaTbHON Harpy3koi
JUISL OYHCTKH B JIAOOPAaTOPHOM MAacIiTade SBISETCS KO-
JMYECTBO TOJIYIPONYKTa aHHOHOOOMEHHOH XpOMaro-
rpadum, cootBercTByromero 100 M1 KymbTypaJbHON
JKUIKOCTH Ha 1 M1 copOenTa. KonoHHy ypaBHOBEIIHBAIN
oydepom I, nanee mpombiBaiu Oydepom I. JoBomumm
pH oOpasna 1o 3HaueHus 6.8, 3aTeM HAHOCHJIH 00pasell
Ha KOJIOHHY B PEKHME HAHECCHUSI-CHSTHUS CO CKOPOCTHIO
2 mir/muH. [locne HaHeceHns 00pasiia KOJIOHHY IPOMbIBa-
m Oydepom T, 3areM 1Is1 AIMIOIIUE MOHOMEPHOH (hOpMBI
aHTHUTEJ UCTIOBh30BaH Oydep A.

B mnpousBoicTBeHHOM Macimitabe xpomarorpaduro
MPOBOIIMIT € HKCIONIb30BaHHWeM xpomarorpada AKTA
Pilot 600s (Cytiva, lIBerws) u kononusl AxiChrom 140/300
(Cytiva, I1Benus ), ymakosauHoi copoentom Ca™ Pure-HA
(TOSOH, Snonus). Xpomarorpaduro MPOBOAWIN B aHa-
JIOTUYHBIX YCIOBHSX 32 MCKIIOUYCHHEM 00beMa U CKOPO-
cTu HaHeceHwst. [lapameTpsl mporieccoB xpomarorpaduu
yKa3aHbI B TaOII. 2.

MacwTtabupoBaHune

I'ny0uHHast ¢uiabTpanusi OpOBOJUIACH HA YCTAaHOB-
ke g TiyOmHHOH QuisTpaiuu 3M™ Zeta Plus™

Encapsulated System EZP (3M, CIIA) c ¢uasrpa-
Mu 3M™ Zeta Plus™ Encapsulated System Capsule
1.6 M2 (3M, CIIIA).

OcBerisiomas (QUJIBTPAIUs IPOBOANIACE C HC-
MTOJIH30BaHMEM arlnapara CTajJbHOTO (DUIIBTPAIIHOHHOTO
ACD-006 (340 «Bnaoucapmy», Poccus) ¢ 0CBETIISIFOIIH-
MH KarcynsHbeIMH (puisTpamu Sartoguard PES 0.2 pm
(1.6 M?) (Sartorius, Tepmanmus).

KonunenTpupoBanne u aguaguibTpanusi: KOH-
[ICHTPUPOBAHUE MOJIYYEHHOTO0 (UIBTpaTa IpPOBO-
IUJIOCH  METONOM (DUIIBTpallii B TaHTCHIMATEHOM
motoke. DunpTpanyio NPOBOAWIM Ha yCTaHOBKE
AKTA Flux 6 (Cytiva, llIBenusi) ¢ ynbTpaduibTpaluoH-
HbIM KapTpumkeM SARTOCON Slice Cassette 30 k/la
(Sartorius, T'epmanus).

IIpornBoBupycHas ¢uibTpanms: A Ipolecca
HCTIOJIH30BAIM TIPOTHBOBUPYCHBIN (mibTp Virosart HF
200 cm? (Sartorius, Tepmanus).

AHanutTnyeckue metoabl

KonueHTpanuss aHTUTEN B KyJAbTYypalbHOM >KUIKOCTU
W TIOJYTIIPOJYKTaX OINPENEIUTA METOJOM OHOCIONHON
uHTEepPEepOMETPHH KaK OomucaHo panee [12].
BbicokoddpdexTBHAST  KUAKOCTHAsE  XpoMa-
Torpadpuss (BIXKX): ompenenenue MOMIMHHOCTH
ucciexyemMoro o0paslia MPOBOAMIM METOAOM  3KC-
kmo3nonHo BOXXX. Jlna aHanmmza MCTHOIB30BAIH

Taéauua 2. [Tapamerpsl 1u1s pa3ianuHbIX 3TanoB XxpoMarorpadpuyeckoit ounctku (KK — KynprypanbHas )KUIKOCTB)

Table 2. Parameters for different stages of chromatographic purification (CF — culture fluid)

Tun xpomarorpaduu O6pem KK, i Komornna | Ckopocts, Mi/MuH | O6BeM copbeHTa, M | Bpewms koHTakTa, MUH
Type of chromatography | Volume of CF, L Column Speed, mL/min Resin volume, mL Contact time, min
JlaGoparopuslit MacmTab
Laboratory scale
Addunnas
(N). XK 16/20 8 20 2.5
Affinity
AHHMOHOOOMEHHAs
i 1 XK 16/20 0.5 5 10
Anion exchange
MynbTuMoanbHas
i XK 16/20 2 5 2.5
Multimodal
[Tpon3BoacTBEeHHBIN MaciiTab
Production scale
Addunnas i
li . Axichrom 400 1 25
Affinity 100/300
AHHMOHOOOMEHHAs i
, 200 Axichrom 100 1 10
Anion exchange 100/300
M oJlaIbHa i
yﬂl?Tl/lM JajIbHas Axichrom 400 1 25
Multimodal 100/300
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xpomarorpad Agilent 1260 Infinity Capillary LC System
(Agilent Technologies, CIIIA), KOJIOHHA!
Phenomenex SEC-s3000 (pa3mep gacTuil 5 MKM, pa3mMep
nop 290 A, reomerpus 300 x 7.8 MM). Xpomarorpaduro
MIPOBOIMIIA B M30KPATHUECKUX yCIOBUsAX. OOBEM BBO-
qumoi mpo6s! 20 mii. [IpomomKUTeIbHOCTE aHalIn3a
35 mun. O0paselr HAaHOCHIIH cO CKOPOCThIO 0.5 MIiI/MUH.
Y®-nerexkrop paccunTaH Ha IJIUHY BOJIHEI 214 HM.

OcratouHblii 0eJloK A: A ONpelesIeHUus] KOJIH-
4ecTBa OCTaTOYHOro Oelka A HCHONb30BaIM HaOOp
Immunoenzymetric Assay for the Measurement of Prote
in A F400 (Cygnus Technologies, CIL1A) coriiacHO mpo-
TOKOITY TTPOU3BOIUTEIIS.

Ocrarounasi JIHK mrramma-npoaynenTa: s orpe-
nenenust kommdectsa ocrarouHoro JIHK mrramma-npo-
JylileHTa ucnonb3oBaiu Habopbl PrepSEQ™ Residual
DNA Sample Preparation Kit (Thermo Fisher Scientific,
CIIIA) u resDNASEQ™ Quantitative CHO DNA Kit
(Thermo Fisher Scientific, CI1IA), a Takxe HaOOp /115 BbI-
nenenust JIHK cormacHo mpoTokoiam mpon3BOIUTENEH.

OcTarouHbIi 0€JI0K IITaMMAa-TIPOAYIEHTA: JIJIsI OTIpe-
JIeTICHHST KOJIMYECTBA OCTATOYHOro Oejika ITamMMa-Tpomy-
IIEHTa HCIIONB30BAM HaOopbl Immunoenzymetric Assay
for the Measurement of Chinese Hamster Ovary Host Cell
Proteins F550 (Cygnus, CILIA) cormacHo mpoTOKOTy Mpo-
H3BOIIUTEIIS.

Pa3mep yacTui: m3MepeHue pa3Mepa 4acTHIl B pac-
TBOPC BBIMOJHAIA METOAOM JUHAMHUYECKOTO CBETOpAC-
CesHUS C TIOMOIIbI0 o0opynoBanus Zetasizer Nano ZS
(Malvern, BenuxoOpuTaHHs) B COOTBETCTBHM C UH-
CTpyKLUEN ITpousBoauTes [24].

Kanunasipuelii  reab-diiekropgopes:  maHHBIN
aHaJM3 MPOBOAMIM C IOMOIIBIO CHUCTEMBI KaIJLIIP-
Horo anekTpodopesa Beckman/PA80O plus (Beckman,
CIIIA). UcnbITyeMblit M CTaHIApTHBIE 00pa3Ibl pa3Bo-
I BOJIOM, OYHMIICHHON O KOHLIEHTPALIUU, COOTBET-
CTBYIOIIEH KOHLEHTpaluu aHtutena. [[ns storo B Mu-
KpOLEHTPU(DYKHYIO MPOOUPKY BMECTHUMOCTBIO 0.5 M
nomMeniany 12 Mk oOpasiia 1 00beM BOJIbI OUHIICHHOM,
paccuntanHslii o popmyne: V=15x C—12,tne C —
KOHIIEHTpaIusi Oenka B oOpasie (mr/mi). Kamumursap
o0pe3anu TakuM 00pa3oM, 9TOObI 00IIast TMHA COCTaB-
nsima 30.2 oM, o dexkTuBHAS ATTUHA TOIKHA COCTABIAThH
okono 20.2 cm. Kanumisip ycTaHaBIMBaid B KapTPHIK
B COOTBETCTBHU C MHCTPYKIIMEH MO AKCILTyaTallly MpH-
6opa, aneptypa 100 x 200 MKM.

PE3VJIbTATbI U UX OBCYXXAEHUE

B ®I'BY «HUIIDM nm. H.®. T'amanen» Munzapasa
Poccun Ha OCHOBE T'yMaHM3MPOBAHHBIX MOHOKJIOHAJIb-
HBIX aHTHUTEN ObUT CO3/1aH JIEKAPCTBEHHBIH Mperapar
I'amKoBuMa6 s paHHEl 3THOTPOIHON Tepanmvu Ko-
POHABUPYCHOW MH(EKLUMHU, BbI3BIBAEMON  BHPYCOM

SARS-CoV-2. JleficTByIOIMM BELIECTBOM Ipenapara
SIBIISICTCS TSDKEIONETIOUCYHOE MOHOKIIOHAIEHOE aHTHTE-
10 GAMP2CS, npezacrasistoliee co60ii 0JHOIOMEHHOE
antuteno P2CS, ciutoe ¢ Fe-pparmentom IgGl ueno-
Beka [20, 21]. B manpHE#IIEM 13-3a TOSBICHUS HOBBIX
BapuanToB BUpyca SARS-CoV-2 O6bumn paszpaOoTaHbl
2 HOBBIX TSXKEJIOUCIIOYCYHBIX MOHOKJIOHAJIBHBIX aHTUTC-
n1a (GAMBS 1 GAMBI10) [12] (puc. 1).

OJIHOJOMEHHbIC aHTHTEIA
Single domain antibodies

P2C5 B5 B10

Fe-dparment IgG1
Fc fragment of IgG1

Puc. 1. CxemarnuHOe N300pa)keHHE OJHOJJOMEHHBIX aHTHTEII,
cmuteix ¢ Fe-dparmentom IgG1 wenosexa

Fig. 1. Schematic representation of single-domain antibodies
fused with the Fc fragment of human IgG1

B nanHOM HccnenoBaHnn Oblia pa3paboTaHa M Mac-
MTA0UPOBAHA TEXHOJOTHS OYUCTKH TSDKEJIOLENOouey-
HBIX AHTUTCJI C HCHOJB30BAHHUCM MYJILTUMOAAJIBLHOTO
copOeHTa Ha OCHOBE KEPaMHUYECKOTO THIPOKCHAIIATHTA.
KynerypanbHas KUAKOCTh JUIS MPOBEICHUS XPOMATo-
rpauuecKoil OUUCTKU OBbLIa MOJydeHa IyTeM KyJIbTH-
pupoBaHus ki1etok CHO, cTaOMiIbHO TIPOIYIIHPYIOIIHX
antutenia GAMP2CS, GAMBS u GAMBI10. Jlannbie
KJICTOYHBIC JIMHUU KYJIBTUBUPOBAJIUCH IO TEXHOJIOTHH,
paspaboranHoii panee [12]. M3HayanbHO abopaTopHas
TEXHOJIOTUSI XPOMAaTOrpauiIeckoil OYHCTKH COCTOsIIA
U3 TPEX ATaroB (puc. 2).

Addunnas xpomarorpadus
Protein A chromatography

N
AHHOHOOOMEHHast XpomaTorpadus
L Anion exchange chromatography )

v

e N
DKCKITIO3MOHHAs XpOMaTorpadust

Size exclusion chromatography

Puc. 2. JlaboparopHas cxema xpoMarorpaduuecKoil O4MCTKH
OJTHOJIOMEHHBIX aHTHTEI, CIIUTHIX ¢ Fc-pparmentom
IgG1 uenosexa

Fig. 2. Laboratory scheme for chromatographic purification
of antibodies fused with the Fc fragment of human IgG1
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AddunHHaa xpomaTorpadpus

Kitaccuueckum mnepBbIM 3TaroM AJ11 OYMCTKH MOHOKJIO-
HaJBHBIX AaHTUTEI ABJIsieTCS adPuHHAS XpoMaTorpadusi.
OnroupoBaHue LENeBOH (pakiuu, KOTOpas COHECPIKUT
MOHOKJIOHAJIbHbIE aHTHUTENA, BO3MOXKHO IIPU CHIKEHUU
pH amoupyromero Ooydepa mo 3.0-4.0, B pesynbrare
9ero MPOUCXOANT pa3pylIeHHE B3aUMOICHCTBHS MEKIY
Fc-dbparmenTom u Genkom A. TTockonbKy Uccienyembie
anturena GAMP2C5, GAMBS u GAMBI10 conepxar
Fc-dparmenT IgG1 yenoBeka, Ipu €ro OYUCTKE TAKKE
BO3MOXKHO MpHUMEHeHue apPUHHON Xpomarorpapuu
Ha Oenke A. ApdunHas xpomarorpadus Mo3BOISLET MO-
JTy4yuTh npenapar ¢ 95-99% uucToThl, OJHAKO B IIpemna-
pare MoryT mpucytcrBoBaTh octarounas JJHK kierok
MPOAYIICHTOB, a TaKkKe OeNOK A, KOTOPBIA MOXET IO0-
MasiaTh B AMI0AT B IIPOIECCE IMONUN MOHOKIOHAIBHBIX
AHTHUTEJL.

CyMMapHbIe KOJIMYeCTBa aHTHUTEIN C MOTYIIPOAYKTOB,
NepeslaHHbIX co cragnu adpuHHONH Xpomarorpaduw,
yKa3aHbl B Ta0II. 3.

Jlanee momynpoayKThl ObLIM MEpeJaHbl Ha CTaIUI0
aHMOHOOOMEHHOU XpoMmarorpaduu.

AHNOHOOOMEeHHasa xpomaTtorpadus

IIpornecc mpoxoaun B MPOCKOKOBOM PEXHME. 3a CHET
B3aUMOJICHCTBUSL  3apsAJIOB  OTHEISIEMBIX IpUMecei
Y TPOTHUBOMOJIOKHBIX 3apS/I0B aKTHBHBIX TPYTMII, KOBa-
JICHTHO CIIUTBIX C MaTpHIel COPOCHTA UIIM MEMOPaHbI,

[IPUMECH OCTABAIUCH CBSI3aHHBIMHU C aKTUBHBIMU TPYII-
MIaMH, TOTJa KaK IeJIeBble OSNKN MPOXOAMIN Yepe3 KO-
JIOHHY.

CyMMapHbIe KOJTMYeCTBa aHTUTEJ C TIOTYIPOLYKTOB,
MepelaHHbIX CO CTAJANU aHHOHOOOMEHHOM XpomaTorpa-
(um, ykazansl B Ta0I1. 4.

Jlanee momynpoxyKThl OBUTH NEpeAaHbl HAa CTAIMIO
IKCKJTFO3UOHHOM XpoMaTorpapum.

AKckNo3noHHasa xpomaTtorpadpusa

B kauectBe pedepeHCHON CTamuu il OTIACICHUS Iie-
JeBol (pakiMM OT arperaroB, a TaKKe pa3IUYHBIX
HE TOJTHOPa3MepHBIX (opM, JTabopaTopueld HCIOJb3y-
eTCsl SKCKITIO3HOHHAsT XpoMarorpadus ¢ IPUMEHCHUEM
copbenTa Superdex™ 200. Pa3neneHue MONeKyn Xpo-
MarorpapupyeMoil CMECH MPOUCXOANUT B COOTBETCTBHU
C HX pa3MepoM 3a CUCT Pa3liuuus B MX CIOCOOHOCTH
MPOHUKATh B MOPHI cCOpOeHTA. B mepBhIX (Ppakiusax BbI-
XOIISAT arperatHbie (OpMbI, 3aTeM JUMEpHBIC (HOPMBI,
a IIeJIeBbIe MOHOMEPHBIC (POPMBI BBIXOIST ITOCICIHIMHU.
JUist rosTy4eHust JOCTaTOYHOTO pa3pereH st IPpU IPoBe-
JICHUH SKCKIFO3MOHHOM Xpomarorpadun odpaserr mepe
HAHECEHUEM IPEIBAPUTEILHO KOHIICHTPUPYIOT HA I[CH-
Tpu(yXHBIX GuisTpax ¢ guamerpom orcedenus 30 kDa
C TIeNbI0 00eCTICYeHHS ONITUMAIBHOTO 00beMa o0pasia
He 6onee 10% ob6bema KOJIOHHHBI.

CyMMapHble KOJIM4ECTBA aHTUTEJ ¢ IOIYIIPOLYKTOB,
MIepelaHHbIX CO CTAOHH IKCKIIO3MOHHON XpOMaTorpa-
(um, IpencTaBIeHsI B TA0M. 5.

Tadmuua 3. CymMmmapHbIe KOTHUECTBA QaHTUTEN Mocie cTaauu adGuHHON XpoMarorpadun

Table 3. Total amounts of antibodies after the affinity chromatography stage

AHTHTETO CyMMapHOe KOIM4ecTBO aHTUTena nepen ahuHHON CyMMapHOe KOJIM4eCTBO aHTHUTeNa rnocie ahGuHHON
] Xpomarorpadueit, Mr Xpomatorpaguu, Mr
Antibody Total amount of antibody before affinity chromatography, mg | Total amount of antibody after affinity chromatography, mg
GAMP2C5 350.0 £ 10.0 320.0 +10.0
GAMB5 400.0 = 10.0 360.0 + 10.0
GAMBI10 480.0 = 10.0 415.0+10.0

Tadanna 4. CymmapHble KOJIMUECTBA aHTUTEI [10CJIE CTAJIMH aHHOHOOOMEHHOI Xpomarorpaduu

Table 4. Total amounts of antibodies after the anion exchange chromatography stage

. CyMMapHOe KOJIMYECTBO aHTHTENa OCIIe
CyMMapHOe KOJIM4ECTBO aHTHUTeNa rocie ahGUHHON .
AmnTHTEN0 AQHMOHOOOMEHHOHU XpOoMaTorpaduu, Mr
i Xpomarorpaduu, Mr ) '
Antibody Tootl sz it oty v iy ety i Total amount of antibody after anion exchange
chromatography, mg
GAMP2C5 320.0+10.0 302.0+10.0
GAMBS 360.0 +10.0 340.0 +10.0
GAMBI10 415.0+10.0 390.0 +10.0
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Taéauua 5. CymmapHbie KOIHUECTBA AHTUTEI TOCIIE CTAANH IKCKITIO3UNOHHON Xpomartorpadun

Table 5. Total amounts of antibodies after the size exclusion chromatography stage

CyMMapHOe KOJIMYECTBO aHTUTEIIA ITOCIIe CyMMapHO€ KOJIMYECTBO aHTHUTEJIA IIOCIIE SKCKIIO3MOHHON
AHTHTENO AQHMOHOOOMEHHOM XpomaTorpaduu, Mr Xpomarorpaduu, Mr
Antibody Total amount of antibody after anion exchange Total amount of antibody after size exclusion
chromatography, mg chromatography, mg
GAMP2CS5 302.0 +£10.0 264.0£10.0
GAMBS 340.0 +10.0 300.0 +10.0
GAMBI10 390.0 +10.0 340.0 +10.0
3axBar
Capture Addunnas xpomarorpadust
Protein A chromatography
IIpomeskyTodHass OUUCTKA v
Intermediate
AHHOHOOOMEHHast XpoMaTorpadus
Q Sepharose™ Fast Flow
ITonuposka
Polishing v
T'unpodobHas xpomarorpadust KarnoHHOOOMeHHast Xxpomartorpadust MybsriuMozabHast XpomaTorpadus
Hydrophobic interactin chromatography Cation exchange chromatography Multimodal chromatography

Puc. 3. Cxema noxbopa copOeHTa il PUHATBHON CTaIHU «IIOJTAPOBKAY

Fig. 3. Scheme for selecting a sorbent for the polishing final stage

ITockonbky abopaTopHas TEXHONOTHUSI C MCHONb30-
BaHMEM SKCKJIIO3MOHHOTO COpPOEHTa CIIOKHO MacIITa-
Oupyema /s IPOM3BOACTBEHHBIX 00BEMOB, ObLIa MPO-
u3Be/ieHa pa3paboTKa TEXHOJOTUH C HCIOIb30BAaHHEM
Pa3IUIHBIX cCOpOeHTOB. CXeMa HCCIIeTOBAHUS TIPEICTaB-
JIeHa Ha puc. 3.

OHUM U3 TIEPBBIX MCCIIEMYEMBIX COPOCHTOB OBLI I'H-
npodoOHsIi copoeHT Phenyl Sepharose™, mpuHimi neii-
CTBHS KOTOPOI'O OCHOBaH Ha 00paTUMOM B3aUMOICHCTBUI
0enKoB ¢ TUAPOGHOOHBIME JIUTaHAAMH, UMMOOMIU30BaH-
HBIMH Ha TIOBEpXHOCTH copOeHTa. llemeBpie anTHTENa
B3aMMOJICHCTBYET 3a CUeT TUAPOPOOHBIX aAMUHOKHCIIOT.
Jis yBenuueHus CHibl B3auMOAEUCTBUs (THIpodoOHO-
ro 3¢dexra) ObUIa TOBBINICHA KOHIICHTPAIHMS XJIOPHJIA
Hatpus B Oypepe A mo 1 M. KononHy ypaBHOBeHIHBaIN
3 KO 6ydepa A. B ucneityemMoM o0paslie Takxke J0BO-
JIWJTM KOHIICHTPAIMIO XJiopuaa Hatpust 1o 1 M u 3atem
HAHOCWIIM Ha KOJOHHY. [locne HaHeceHuUst oOpasia cop-
OeHT BHOBB NpoMbIBanH Oydepom A ¢ 1 M xmnopuna Ha-
Tpust. Jlanee mpoBOIIIIH SMIOIHIO B JIMHEHHOM I'paiieHTe
1o 100% xoumentpamuu Oydepa A 6e3 xopruaa HaTpHs
B Teuenue 10 mun. LleneBoii 6enok (MoHOMepHast (hopma)
BBIXOAWI B TIEPBBIX (DPAKIHAX, 3aTeM C YMEHBIICHHEM
KOHIICHTPAIMH COJIH BBIXOMIUIIA arperarHas popma.

CyMMapHble KOJTMYECTBA aHTUTEIN C TONYTPOLYKTOB,
MepeJIaHHbIX CO CTaguu THAPOoPOOHOW Xpomarorpa-
¢un ¢ ucronn3oBanueM copbenra Phenyl Sepharose™,
Ipe/ICTaBICHHI B TA0. 6.

Taxoke i1 pasgeneHusT MOHOMEPHOH (paxmmn
OT arperaroB Mbl HCIOIb30BAIM KAaTHOHOOOMEHHYIO
xpomarorpadmuio. g maHHON Xpomarorpaduu cBoOi-
CTBEHHO B3aMMOZICHCTBHE 3apsIOB MOJIEKYN pa3ierse-
MBIX BEIICCTB U MIPOTUBOIMOJIOKHBIX 3aPsI0B AaKTHBHBIX
rpynn copbeHTa. B Hamem nccrnenoBaHuM MBI HCIOMNb-
30BaJIM KaTHOHOOOMEHHBIH copOeHT SP Sepharose™.
AKTUBHOI I'pynIoil JaHHOrO coOpOeHTa SBJISETCA CYIlb-
(hompomnuIt, KOTOPBIH 3apsKEH OTPHUIIATENILHO. ATrperarbl
O0OBIYHO WMEIOT CYMMAapHO OOJIBIIHIA IMOJOKHUTEIHHBIN
3apsAa M, COOTBETCTBEHHO, OHHM JOJDKHBI CBS3BIBATh-
csl C COpPOGHTOM CHJIbHEE, YeM MOHOMepHas ¢opma.
XpomoTtorpaHro TPOBOIMIN B TIPOCKOKOBOM PEKHME.
B mepByro odepenb ypaBHOBEIIMBAIU KOJIOHHY Oyde-
pa A, mpensaputenbHo noHusus pH pactBopa mo 5.0.
3aTeM mepes HaHECCHHWEM 00pasila MMOHMKAIH 3Hade-
nue pH pactBopa antutena a0 5.0. LleneBas dpaxus
cozieprkajia MOHOMEpHBIE (POPMBI aHTUTET, a 3aTEM C TIO-
MOIIBI0 BhIcOKOcoeBoro Oydepa (1 M NaCl) caumanu
arperatable (popMbl aHTUTel. CyMMapHBIE KOJTHYICCTBA
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Tadmauua 6. CymMmMapHBIE KOTHUECTBA aHTUTEN MOCTE CTaaun TuApodoOHOI XpoMarorpaduu ¢ HCIONE30BaHHEM COpOeHTa

Phenyl Sepharose™
Table 6. Total amounts of antibodies after the hydrophobic chromatography stage using Phenyl Sepharose™ resin
CyMMapHOE KOJIMYECTBO aHTHTEIIA II0CIIEe CyMMapHOe KOJIM4eCTBO aHTHUTENA 11ocie ruipodoOHoit
AHTHTEINO AQHHOHOOOMEHHOH Xpomarorpapuu, Mr Xpomarorpaduu, Mr
Antibody Total amount of antibody after anion exchange Total amount of antibody after hydrophobic
chromatography, mg chromatography, mg
GAMP2C5 302.0+10.0 150.0 £10.0
GAMBS 340.0£10.0 198.0 £10.0
GAMBI10 390.0£10.0 220.0 £10.0

Ta6aumna 7. CyMMapHI)Ie KOJIMYECTBa aHTUTEJI IOCJIE CTaAUn KaTHOHOOOMEHHOMN XpOMaTOFpaQ)I/II/I C UCIIOJIB30BaAHUEM cop6eHTa

SP Sepharose™
Table 7. Total amounts of antibodies after the cation exchange chromatography stage using SP Sepharose™ resin
CyMMapHOe KOJIMYeCTBO aHTHUTENA ITOCIIe CyMMapHOe KOJIMYeCTBO aHTUTeENA TT0CiIe
AHTHTEIO aHMOHOOOMEHHOW XpomaTtorpapuu, Mr KaTHOHOOOMEHHO# Xpomarorpaduu, Mr
Antibody Total amount of antibody after anion exchange Total amount of antibody after cation exchange
chromatography, mg chromatography, mg
GAMP2C5 302.0 +10.0 170.0 = 10.0
GAMBS5 340.0 £ 10.0 214.0+£10.0
GAMBI10 390.0 + 10.0 268.0 = 10.0

Tabaumna 8. CyMMapHLIe KOJIMYECTBA aHTUTEJI IOCJIE CTaAuKn MyHLTI/IMOZ[aHBHOi/’I XpOMaTOFpa(i)I/II/I C UCIIOJIb30BaAaHUEM cop6eHTa

Ca™"Pure-HA

Table 8. Total amounts of antibodies after the multimodal chromatography stage using Ca*"Pure-HA resin

CyMMapHOe KOJIMYECTBO aHTHUTENIA ITOCIIe CyMMapHOe KOJIMYECTBO aHTUTENa TI0CIIe
AHTHTEIIO aHMOHOOOMEHHOH XpoMaTorpaduu, Mr MYJIBTEMOAAIIBHOM XpoMaTorpaduu, Mr
Antibody Total amount of antibody after anion exchange Total amount of antibody after multimodal
chromatography, mg chromatography, mg
GAMP2CS5 302.0 +10.0 260.0 £ 10.0
GAMB5 340.0 £ 10.0 301.0 +10.0
GAMBI10 390.0 £ 10.0 344.4 £10.0

AHTUTEJI C MOJYIPOAYKTOB, NIEPEAAHHBIX CO CTAANU Ka-
THOHOOOMEHHOM Xpomarorpauu ¢ HCIOIb30BaHHEM
copbenta SP Sepharose™, npencrapieHsl B Ta0. 7.
Kpome Toro, mns mpoBeneHus (UHAIBHOM cTa-
OUM MBI WCIIONB30BATH MYJIBTHMOJAIBHBIN COpOCHT
Ca™"Pure-HA Ha 0CHOBE KepaMHUYECKOTO THAPOKCHAIA-

TuTa 1 THNA.

I'mppoxcuanarut 1 TMIa UMEET TP IPyIIIbI B3aUMO-

JICUCTBHUS:
1) Ca®;

2) docoarnbie rpymmsl PO3;
3) ruapoxcunHbie rpynnsl OH™

CaxapodocdaTHblii 0CTOB HyKJIEHHOBBIX KHCJIOT pea-
THPYET C KabINeM U THAPOKCHIIBHBIMH IPYTIIIAMH, & AHTH-
Tela B3aUMOJICHCTBYIOT C KaJIbIIUEM Yepe3 KapOOKCHIIbHYIO

rpymy —OOC u ¢ dochaTHpIMU TpynIaMH yepe3 aMu-
HOTPYIIITBI +H3N. CHauana TIpOBOAMIIM XpOMaTorpa-
¢uro B abopaTopHOM MacIiiTade ¢ MOMOIIBIO KOJOHHBI
Cytiva XK16/20, ynakoBaHHOW 5 MI THApOKCHAIaTUTa
1 tuma. Ilepen HaneceHmeM oOpasma KOJOHHY IMOCIENO-
BarenbHO mpoMbIBaim Oydhepom [ u Oydepom I Ilepen
HaneceHneM pH oOpasua noBogwiam 70 3HadeHHs 6.8,
3aTeM HaHOCHJIM 00Opasel] Ha KOJIOHHY. Xpomartorpaduro
MIPOBOAMII B PEKHUME HAHECCHHS-CHITHUSI CO CKOPOCTBIO
10 ma/muH. Ilocne HaHeceHus 00pasna KOJIOHHY IPOMBI-
Baym Oyepom I. 3aTem 15t SIFOIIMU MOHOMEPHOM (POpMBI
aHTHTEN Hcroib3oBa Oydep A. CymmapHbIe Koimde-
CTBa aHTHTEI C TIONYIPOIYKTOB, IEPEJAHHBIX CO CTaIUH
MYJIBTEMOZIAIBHOW XpoMaTorpaduu ¢ HCIIONB30BAHUEM
copGenra Ca™Pure-HA, nipesicrasiens B Tad. 8.
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OueHkKa cTeneHu YNCTOThbI

g BeiOopa uroroBoro copdeHTa /i UHAIBHOU CcTa-
UM OYUCTKHU TMPEJCTOSIIO ONPEACTUTh MOJJIMHHOCTh
U YMCTOTY MOJIyYE€HHBIX IpenapaTtoB. s moaTBepxkie-
HUS YHMCTOTHI IPENaparoB HCIIOIb30BAIM aHAJIUTHYE-
CKHE€ METOJIbI, BKIIFOUasl aHajM3 Ha OCTaTOYHBINH Oelok
mramMma npojayienrta, ocrarogHoe JIHK mramma-mipo-
JIyLIeHTa, OCTaTOYHOe KonmuecTtBo Oenka A. s moa-
TBEPXKJCHHUA TIOMJIMHHOCTH TIperapara IMPOBOIUIN
aHaJN3 TTOIBMKHOCTH MOJICKYJI C IIOMOIIBIO T'eIh-(hHITb-
Tparuu MetoioM BOXKX, KanmuuisipHOTO Tellb-3IIEKTPO-
¢dopesa Oernka, a TAKKE ONMPEEISIIN pa3Mep YaCTHIl Me-
TOJIOM TMHAMUYECKOTO cBeTopaccesHus (puc. 4).

B2XX
HPLC
(Yucrora
Purity)

Ao

Kam/mnslpm,m TClIb

anekTpodopes NDA
CGE ELISA
(Yucrora (Ocrarounslii 6eok
Purity) Residual protem)

=
PCR

Jlnnamugeckoe
CBeTopacces{Hne
DLS
(T'uaponuHaMUYeCKuil paanyc (OCTaTquasl JIHK
Residual DNA)

Hydrodynamic radius)

Puc. 4. MeTo/p! OLICHKM YHCTOTHI OYUIIEHHOTO aHTHTEA.
BDXX — BbIcokod(QeKTHBHAS KUKOCTHASI XpOMATOTpadus;

DA — nmmynodepmenTHsrit anamms; [ILP — nonumepasnas
nenHas peaxknust; JJHK — ne3okcnpnOonykienHoBast KHCJIOTa

Fig. 4. Methods for assessing the purity of purified antibodies.
HPLC — high-performance liquid chromatography; ELISA —
enzyme-linked immunosorbent assay; PCR — polymerase
chain reaction; DNA — deoxyribonucleic acid; CGE —
capillary gel electrophoresis; DLS —dynamic light scattering

B pesynprare ananuza mammuus ocrarounon JJHK
mramma-npoayuenta kiaetok CHO metogom nonume-
pa3HOM LENMHONM peakuuu B peanbHOM BPEMEHHU B 00-
pasuax ouunieHHbx antuten GAMP2CS5, GAMBS nu
GAMBI10 Ha Tpex uccieayeMblx copOeHTax ObLIO
YCTAHOBIIEHO, 4YTO KojuyecTBo ocrtarounoir JIHK
HE IpEeBbIIIAET JOMYCTUMBIX TPAaHUL U COCTaBJISET

1

He Gomee 10 mnr/mr Genka'. MmmyHOohepMeHTHBIH

aHanu3 oOpasloB ovHINeHHbIX aHTHTen GAMP2CS,
GAMBS5 u GAMBI10 Ha Tpex uccienyembix copOeHTax
[OKa3aJi, 9YTO OCTATOYHbIC OCIKHU IITaMMa-IPOIYIICHTA
HAXOJATCS B TIpefesiaX AOMYCTUMBIX KOHIICHTpAIUil
U cocTaBisilOoT He Oosiee 1 Mkr/mr Oenka, a cojuep-
JKaHWE OCTATOYHOro Oenka A cocTaBiseT He Ooiee
25 Hr/mr Oenka.

Hdus  wcciaemoBaHuWs — MOAJHMHHOCTH — Iperapa-
TOB ObUIa MpPOBEACHA Trelib-QUIBTPALUS METOI0M
BOXX. IlomydyeHHbIC pe3yabTaTbl OBUIM SKCIIOPTH-
poBaHbl B mporpammHoe obOecrneuenne Chromeleon
Bepcuu 7.0 (Thermo Fisher Scientific, CIIA) nns
00paboTKM JaHHBIX. B pesynbrare ycTaHOBIECHO,
YTO HCCIEAyeMbIC aHTUTENa Iocjie Xpomarorpadu-
geckoi ounmcTku Ha copbente Ca™Pure-HA umeror
quctoty 99% 11 BceX Tpex 0oOpasloB, B OTIHYHE
OT aHTHUTEI, NEePeJaHHbIX HA aHAIHU3 IOcie CopOeH-
ToB Phenyl Sepharose™: 80% nmas GAMBS, 94%
s GAMBI10 u 60% nngs GAMP2CS. Yucrora 1o-
cie xpomarorpaduu ¢ HCIONB30BaHUEM COpOeHTa
SP Sepharose™ cocrtaBuina 95% nins GAMBS, 98% nuist
GAMBI10 u 79% nna GAMP2CS. B npenapare, noiy-
YEHHOM Mociie ourcTKH Ha copOente Ca™Pure-HA,
HAOJIOMAICS MPEUMYIIIECTBEHHO OIWUH MUK U OTCYT-
CTBOBAJIM KaKHe-TH00 3HAYUMBbIC IpUMecH (puc. 5).

I[MomMumo MeToma Tenb-(UIBTPALMU TS OIpereiie-
HUSI YUCTOTHI UCCIICAYSMbIX aHTHTEN OBbUT HCIIOTb30BaH
METOJ KaIMIILIPHOTO AIIEKTpodope3a, KOTOPHIH OCHO-
BaH Ha Pa3[eliCHNH KOMIIOHCHTOB CMECH B KBapI[CBOM
KaluULIpe MOJ] BO3ACHCTBUEM 3JJIEKTPHUYCCKOTO OIS,
[TommydeHnHbie 3eKTpOdoperpaMMbl OBIITH  DKCIIOPTH-
poBanbl B mporpammuoe obecnedenune Chromeleon
Bepcun 7.0 s oOpa®oTku gaHHBIX. st momydeH-
HBIX aHTHUTEN OBUIO ITOKa3aHO, YTO IIOCIE HCIIONb30Ba-
Hust copbenra Phenyl Sepharose™ wmcrota 00pa3nos
coctaBuna 83% mma GAMBS, 83% mns GAMBIO0 u
90% nnst GAMP2CS. Tlocie ucrnonb3oBanus copOeHTa
SP Sepharose™ uncrora 06pa3noB cocraBmia 82% s
GAMBS, 81% mis GAMB10 u 86% nist GAMP2CS.
YucroTa nocine ucrnonb3opanus copoenra Ca*Pure-HA
cocraBuina 97% mrs GAMBS, 97% mis GAMBI10 u
99% s GAMP2CS (puc. 6).

[Tocie mpoBeneHNsT OYMCTKU HA Pa3THIHBIX COpOCH-
TaX B KauecTBe HamOoliee MEPCIEKTUBHOTO COpOCHTA
Juis (pUHATBHON CTaJM OYUCTKH BBIOpAH THUAPOKCH-
armaTuT | THIA, TOCKOIBKY Ha APYTHX COpPOCHTaX HaM
HE YIAIOCh TONOOpaTh YCIOBHS UL pa3leliCHHs Iie-
JeBOil (hpakIUU OT OCTATOUHBIX KOJIUYECTB arperatoB
U HEIIeJIeBBIX (POPM aHTHUTEI.

Note for Guidance on Production and Quality Control of Medicinal Products Derived by Recombinant DNA Technology, 3AB1A. Production

and Quality Control of Medicinal Products Derived by Recombinant DNA Technology. 1995. P. 214.
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Fig. 5. Evaluation of the degree of purity by gel filtration after the final stage of purification
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Fig. 5. Evaluation of the degree of purity by gel filtration after the final stage of purification (continued)
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Fig. 6. Evaluation of purity by capillary gel electrophoresis after the final stage of purification
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Fig. 6. Evaluation of purity by capillary gel electrophoresis after the final stage of purification (continued)
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Fig. 6. Evaluation of purity by capillary gel electrophoresis after the final stage of purification (continued)

202

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):188-211



PaspaboTka 1 macliTabnpoBaHne TEXHOOrMK XpomMaTorpadnuieckon 04NCTKN
OJHOAOMEHHbIX aHTUTEN, CNNTLIX ¢ Fc-dparmeHTom IgG1 yenoBeka

A.C. NMonaHckunin
n op.

0.06

GAMP2C5
0.051 Phenyl Sepharose™

0.04 1

0.03 1

0.02 A

0.01 {

Absorption intensity, mAU

MaTtencuBHOCTH NoromieHus, mAU

90%

—-0.01

0 1 2 3 4 5 6 7 8 9 10

0.09

12 13 14 15 16 17 18 19 20 21 22 23 24 25
Bpewmsi, mun
Time, min

0.08 { GAMP2CS5

SP Sepharose™
0.07
0.06
0.05
0.04
0.03

0.02

Absorption intensity, mAU

0.01

HuTencuBHOCTS noromenus, mAU

—0.01

0 1 2 3 4 5 6 7 &8 9 10

12 13 14 15 16 17 18 19 20 21
Bpewmsi, mun
Time, min

22 23 24 25

Puc. 6. Ouenka 4icTOTH METOIOM KaITWJUIIPHOTO Tellb-31eKTpodopesa nocie GUHAIBHON CTa N OYUCTKH (TIPOLOIHKEHHE)

Fig. 6. Evaluation of purity by capillary gel electrophoresis after the final stage of purification (continued)

JlomOMHUTENBHO MAJI1 OLEHKM KayecTBa IOJIy4eH-
HBIX AHTHUTENl WCIOIB30BaJIM METOI JUHAMHYECKOTO
paccestHusl CBeTa, MO3BOJISIIOLIUN OMPEAENIUTh pa3Mep
MOJIEKYJT ¥ HAJIMYME KPYIHBIX aryIoOMEpaToB YacTHIL], KO-
TOpBIE HE MOTYT OBITh OIPEJCIICHBl METOMOM 3JIEKTPO-
(opesa u BOXKX. Bpiio mokazaHo, 4To MOCIE OUUCTKH
Bcex Tpex anturen GAMP2CS, GAMBS u GAMBI10
Ha MYJIBTUMOJIAILHOM COpPOEHTE Ca*"Pure-HA nerek-
TUPYETCSl MPUCYTCTBHE OJHOTO OCHOBHOIO IHKA, CO-
OTBETCTBYIOILIETO MOJIEKYJlaM CO CPEIHUM JTUaMETPOM
7.6-7.8 M (puc. 7).

MacwTtabupoBaHune

Ilocne mpoBeneHHs SKCIEPUMEHTOB B JIaOOPaTOPHOM
MaciTabe M MOATBEPXKACHUS TMOIJIMHHOCTH, a TaKKe
YHCTOTHl TIpemapara OBIJIO TPOM3BEACHO MAacIITa-
OupoBaHHE [AHHOM TEXHOJIOTMM Ha IPOU3BOJICTBE

B YCJIOBUSIX HaJyIexkKalllell IPOU3BOJCTBEHHOM IIPAKTUKHU.
Cxema OYNCTKM MPH MACIITAOMPOBAHWH TIPEICTaBICHA
Ha puc. 8.

INocne mnpoBemeHus MaciiTaOMpPOBaHUS Tpolecca
KyJAGTHBHPOBAHMS W OYHCTKH CYMMAapHOE KOJIHYECTBO
LEJICBOTO TIPOAYKTa OCTANOCh MPAKTHYCCKU HEU3MCH-
HbIM. Pa3HuIa B KoM4ecTBe MONYNPOAYKTa, IMOTy4eH-
HOTO TIPH WCTIOJNB30BaHUM J1TAa00PaTOPHON M MaciTabu-
POBaHHOH IMPOM3BOACTBCHHON TEXHOJOTHH, COCTaBHIIA
He 6onee 10%. JlaHHbIe IpeCcTaBIeHBI B Ta0. 9.

Taxoke py MacIITaOMPOBaHWUU OBLIO TIPOBEJICH aHa-
JH3 HA COIECpPIKaHUE OCTATOYHBIX OENKOB IITaMMa-TIpo-
IylieHTa (colaepaHue COCTaBHJIO He Oonee 1 MKr/mr
Oenka), ocratounoir JIHK mramma-niponynenTa (He
oonee 10 mr/Mr Genka), OCTaTOYHOTO COAEpKaHUs Oell-
ka A (He Oonee 25 Hr/mr Oenka). Copepikanue npumecei
B 3aBHCHMOCTH OT MacmiTada IpOW3BOJCTBA YKa3zaHO
B Tabm. 10.
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Taomuua 10. Coneprxkanue npuMeceil mpu MacTabupoOBaHUT
Table 10. Impurity content at scaling
JlaGoparopHslit MaciiTab IIpon3BoacTBEHHBIN MacITab
Laboratory scale Production scale
A OcTaTouHbII OcTtaToyHbIi
HT?ITGHO 0eJIoK mTamMmma OcTarouHbIi Ocrarounas JIHK, OCJIOK mITaMMa OcTaTo4yHbIi Ocrarounas JIHK,
Antibody | nponynenta, Mxr/mMr | Gemox A, Hr/mr r/mr HPOJIyLIeHTa, MKI/MI | 6enok A, Hr/mr r/mMr
Residual protein Residual Residual DNA, Residual protein Residual Residual DNA,
of the producer protein A, ng/mg pg/mg of the producer protein A, ng/mg pg/mg
strain, 1g/mg strain, pug/mg
He onpenensercs He onpenensercs
GAMP2C5 0.111 2.85 0.241 3.29
Not defined Not defined
He onpenensercs
GAMBS5 0.029 4.62 32 0.107 2.85
Not defined
He ompenensiercs | He onpenensercs
GAMBI10 0.036 0.022 2.0 4.0
Not defined Not defined

Jis MOATBEpKAEHHsT YUCTOTHl MPENaparoB IpU
MacIITa0MpPOBAaHUN TEXHOJNOTHH Oblla  HpPOBEACHA
renb-QuibTpanus merogom BOXKX. Conepxanue mpu-
Mecelt coctaBuiio He Oonee 5%. CTeneHp YMCTOThl yKa-
3aHa B Tabxn. 11. XpomarorpamMMsl ISt Ka>KI0TO aHTUTE-
JIa TIPEJICTaBJICHHI Ha puc. 9.

Jlns uccnenoBaHMs U3MEHEHUs! pa3Mepa U CTPOSHHUs
MOJIEKYJ IIPU MacIITaOMpPOBAaHUM TakKe OBUT MPOBEACH
KamWULIPHBINA  2nekTpodopes. IIpomeHT comepxanus
HeNneBoro Oelika B MONMYMPOAYKTe yKazaH B TalOm. 12.
XpoMaTorpaMMBl JUIs Ka’KA0TO aHTUTENA IPECTABICHBI
Ha puc. 10.

JUist 1OTIOTHUTENBHOTO MOATBEPKICHHS YCHELIHOTO
MacIITaOMpPOBaHUs TEXHOJIOTHH XpOMaTorpapuueckoit
OYHCTKH MOAN(UIIMPOBAHHBIX OJHOJOMECHHBIX aHTUTEI
ObUI MCHONB30BAH METOJ JUHAMUYECKOIO PacCCEsHUs
ceera. Ilocie oumcrku Bcex Tpex anturen GAMBS,
GAMP2C5 1 GAMB10 Ha MyJIBTUMOIATTEHOM COPOCHTE
Ca""Pure-HA Ha IpOM3BO/CTBE B COOTBETCTBHH C [IPUH-
nunamu GMP (Good Manufacturing Practice — napye-
JKamasi MPOW3BOJACTBEHHASI TPAKTUKA) JCTEKTHPYIOTCS
3HAUEHMs1, KOTOpPbIE COOTBETCTBYIOT MOJIYUECHHBIM paHee
IIPU OYUCTKE B JabopaTopHoM MacmTtade (puc. 11).

Taéanua 11. Copeprxanue neneBoro Oeixa
B nonynpoxykre (B2XKX)

Table 11. Target protein content in the intermediate
product (HPLC)

Tonympomgykr Cozepxanue neneBoro oenka, %

Intermediate product Target protein content, %

GAMP2C5 96.1
GAMBS 98.9
GAMBI10 99.89

Ta6auua 12. [IponeHT coneprxanus meIeBoro oerka
B TOJIYHPOAYKTe (KaMMJUIIPHEIH 31eKTpodopes)

Table 12. Percentage of target protein content in the intermediate
product (capillary electrophoresis)

Tonympongykr Cozepxanue neneBoro oenka, %

Intermediate product Target protein content, %

GAMP2C5 923
GAMBS5 94.0
GAMBI10 95.8
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Puc. 9. XpomarorpaMmbl MOJIYTIPOLYKTOB, TIOJYYEHHBIX METOIOM Ielib-(PUIIBTpaIu mocie GUHAIBHON CTaJui OYMCTKH; COICPIKaHUE
neneBoro oenka: (a) 96.1% GAMP2CS, (b) 99.8% GAMBS u (c) 99.89% GAMB10

Fig. 9. Chromatograms of semifinished products obtained by gel filtration after the final stage of purification; the target protein content:
(a) GAMP2CS, 96.1%; (b) GAMBS, 99.8%; (c) GAMBI10, 99.89%
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Puc. 10. XpomarorpamMMsI OITYMPOIAYKTOB, ITOIYyYCHHBIX
METOIOM KalMJULIPHOTO AIeKTpodopesa moce GUHAIBHOH
CTaI! OYHCTKH; COZIEP KaHHe [IEIeBOTO OelTKa:

(a) 92.3% GAMP2CS, (b) 94.0% GAMBS5 u (c) 95.8% GAMBI10

Fig. 10. Chromatograms of semifinished products obtained

by capillary electrophoresis after the final stage of purification;
the target protein content: (a) GAMP2CS5, 92.3%;

(b) GAMBS, 94.0%; (c) GAMBI10, 95.8%

SAKJTIOMEHMUE

B pesynbrare mpoBeAEHHOIO HUCCIEIOBaHMS pa3pado-
TaHa JabopaTopHas TEXHOJIOTHSI OYUCTKU JUIS OJHOJO-
MEHHBIX aHTUTEN, MOAH(UITHPOBaHHBIX Fe-pparmenTom
IgG1 ugenoseka, cneuuduynsix k Bupycy SARS-CoV-2.
Ha mepBoit cragun xpomarorpapuyeckoil OUHMCTKU HC-
MOJIK30BalI COPOSHT Ha ocHOBe Oenka A. J[ist mpome-
JKYTOYHOU CTaIu¥ TMPUMEHSUIN aHHOHOOOMEHHBIH cop-
OCGHT Ha OCHOBE UYCTBEPTHYHOIO aMMHA. B kauecTBe
copOeHTa A5 GPUHAIBHOU XpomaTorpadudecKoi cTaun
OYHCTKU OBLT BBHIOPAaH KePaMUYCCKUI THIAPOKCHAMATUT

Puc. 11. Ouenka pa3mepa 4acTuil mocie GUHaIbHOM
CTaJMU OYUCTKHU METOJIOM JUHAMHYECKOTO PACCEesTHUS
cBeTa B IIPOM3BOJACTBEHHOM MaciuTabe: (a) GAMBS,
(b) GAMP2CS5 u (c) GAMBI10

Fig. 11. Evaluation of particle size after the final stage
of cleaning using dynamic light scattering at the industry scale:
(a) GAMBS, (b) GAMP2CS, and (c) GAMB10

1 tumna. [lociaennuii ONTUMAIBHO TOAXOTUT TSI pas3-
JMYHBIX OJHOIOMCHHBIX aHTUTEN, MOIH(DUIIIPOBAHHBIX
Fc-dparmentom IgG1 yenoBeka, MOCKOIBKY MO3BOJISIET
pa3nenuTh (PaKIHIO IEJIEBOTO aHTHUTENA OT OCTaTOY-
HBIX TIPUMECEH arperaTtoB U HELEIEBhIX (OPM aHTHTEIL.
Ilocne ouncrTku TPEX Pa3JIMYHBIX AHTUTEJI YAaJIOCh I10-
JTY9NTH Ipenapar BEICOKOH CTETIeHH YHCTOTEL. KoHTpos
KauecTBa IMONYYCHHBIX TpermapatoB Metomamu BIXKX,
KallWIISIPHOTO  Tellb-3JIeKTpodopesa, ITUHAMHYECKOTO
paccesHUS CBeTa, NMMYHO(EPMEHTHOTO aHaJi3a U I10-
JMMEpPa3HOU MEMHOH peaklnuy MOKa3al, 4YTo ObLI IOITy-
YeH Mpenapar ¢ YucTotoit 6oaee 95%.

PaspaboTtanHass TEXHOIOTHS XpoOMaTorpaguuecKon
ounctku anturea CHO-GAMP2C5, CHO-GAMBS u
CHO-GAMBI10 Obiia mepeHeceHa Ha MPOM3BOJICTBO.
JlaHHast TEXHOJOTHS IO3BOJSIET TONydaTh MOIYIPO-
JYKTBI U3 KYJIBTypambHOU KuUAKOCTH oObemom 200 1.
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Jlist TIOJyYeHHBIX MOJIYIIPOAYKTOB MPOU3BENCH KOH-
TPOJIb Ka9ecTBa B COOTBETCTBUH C HOPMATHBHOH JOKY-
MeHTanuel. JlaHHbIe penapaTbl UMEeNN XapaKTePUCTHKI
Ka4yecTBa M YUCTOTHI, COIIOCTABUMBIE C XapaKTePUCTHKA-
MU TIperapaToB, MONYyYCHHBIX B Jabopatopuu. Creman
BBIBOZI, uT0 copOent Ca™ Pure-HA (TOSOH, SInouus)
Ha OCHOBE KePaMHYECKOTo THIpOKcHanarira 1 Tuma si-
JSIETCSl ONTUMAJIBHBIM COPOSHTOM ISl (PUHATBHOM CTa-
JUM OYMCTKU OJHOJOMEHHBIX AHTHUTEN, MOAU(UINPO-
BaHHBIX Fe-pparmentom IgG1 venoBeka, crieruduaHbIx
K Bupycy SARS-CoV-2.
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CTpykTypa, cBOicTBa U HPOTOAECTPYKLUS NOSIMMEPHbIX
6MOKOMMNO3ULMOHHBLIX MaTepnasioB Ha OCHOBE
nonAnNaKkTnaa, HanoNHEHHOro TePMonNAacTUYHbIM
komnayHaom A-Len®

HN.IO. Bacuiases!™, B.C. Ilerpenko!, B.A. Pox!, JI.A. l'os1060k0B2
! Mockosckuii nonumexnuveckuii ynusepcumem (Mocnonumex), Mockea, 107023 Poccus

2 Uncmumym cunmemuueckux nonumepuvix mamepuanos um. H.C. Enuxononosa Poccuiickoii axademuu nayx, Mockea,
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™ demop onsa nepenucku, e-mail: iljanaras@ya.ru

AHHOTauunA

ean. M3yunTh BIMSHUE PELIENITYPHO-TEXHOIOTMYECKHUX TapaMeTPOB MOIMMEPHBIX OMOKOMITO3HIIMOHHBIX MAaTEPHAIOB Ha OCHOBE IO~
nunakruaa (T1JIA), HanOTHEHHOTO TePMOTITACTHYHBIM KommayHioMm A-Len® (Alen), Ha cTpyKTypHbIe, Temnopu3nueckue 1 aedopMarii-
OHHO-TIPOYHOCTHBIE CBOMCTBA, a TAKXKE ONPEEIUTh MEXaHNU3M JIECTPYKIMH TI0J ACHCTBHEM YIbTPa()HOIETOBOIO H3ITyUCHHS.

Mertoasl. B pabote nccnenosanu mieHku Ha ocHose [TJIA u Alen, a Taxoke nonumepHsie komnosunnu Ha ocHoBe [TJTA u Alen (ITJIA/Alen),
KOTOPBIC TOJTyYalIi Ha IIOCKOIIEIEBOM 3KCTpynepe pupmbl «Mawd Inacmy (Poccust). st BblllieyKa3aHHBIX 00bEKTOB OMPEICIISIIH CTPYK-
TypHO-MOp(]oIOrHyecKue CBONCTBA Ha CKaHUPYIOIIEM IEeKTPOoHHOM MuKpockone JCM-6000 PLUS (JEOL, Akucuma, Tokuo, Snonust),
teriodusnyeckue cBoiicta Ha kanopumerpe DSC 204 F1 (NETZSCH, I'epmanust). XUMHYECKHI COCTaB, a TAKKE ONPE/ICIICHUE MEXaHN3-
Ma JISCTPYKLHU OCYLIECTBIISIIN METOIoM HH(ppaKkpacHoii criekrpockonuu Ha pudope @CM-1201 (Poccust) ¢ nprcTaBKoii HapyIICHHOTO
HOJIHOTO BHYTPEHHEro oTpaxkeHus1. J[e(hopMarmoOHHO-POYHOCTHBIE CBOWCTBA MCCIIeNOBaIn Ha pa3pbiBHOM Mammue Z010 ZwickRoell
(Tepmanwust). BozzeiicTBue ynbsTpadroneToBoro U3iy4eHus! Onpeaessiii ¢ IIOMOIIBIO YIIBTPa(rOoIeTOBON KaMephbl.

Pesyabrarsl. [lokazano, uto Alen B cmecsx ¢ [1JIA BiusieT Ha 00pa3oBaHKHE I'eTEPOTCHHON CTPYKTYPBI BCICICTBUE HATMYHS B €rO
cocrage nommTIIeHa ([19). DTHM onocpenoBano cHkeHne Moxyis yrnpyroctd Ha 34% (1050 MIla) B cpaBHeHUH ¢ HCXOTHOH BeJ-
yuHoit [IJIA — 1600 MITa. IIpn sTom must dassr [TJIA B monnMepHBIX KOMITO3HIMSX OCYIIECTBISICTCS] MEPEKPHCTAILIH3AIMS ¢ Oolee
IUTOTHBIM YIOPSAOYMBAaHUEM HaIMOJEKYIISIPHOI CTPYKTYpHI, a a1 (as3sl [1D mponcxoanT CHMKEHHE CerMEeHTAIbHON ITOABHKHOCTH
MaKpOMOJIEKYJI ¥ 3aTpyAHEHHUE Mpollecca KPUCTAUIN3ANH BCICACTBHE UX Pa3HOW MOISIPHOCTH C (POPMHUPOBAHHEM I'PAHUIBI pa3jera
(a3 Mex Ty HccleTyeMbIMH KOMITOHEHTAMH.

BeiBoabl. Mexann3m ¢GoTonecTpyKIuy NoauMepHbIX kommosunuid [TJIA/Alen ocymecTBiseTcs 3a cUeT HAJIMYUS B COCTaBE TEPMOILIA-
CTUYHOTO KOMITayH/1a IPOOKCHIAHTHOH 00aBKH, HHUIUHPYIOIIEH MPOIEeCC OKUCIICHHS, TI0CTIE Yer0 MPOUCXOUT Pa3pyIIeHIe HI3KOMOIIe-
KynsipHOH paknmu [1D ¢ mocnemyromeit ee dpparmentarmein. Hapsimy ¢ atum, dotonectpykmust marpuist [LUIA mpoTekaeT 1o MEXaHU3MY
Hoppwumra 11, 3axmogatomnemMcs: B OKHCJICHIN TTOJIMMEPHBIX IeTIeH Mo paJuKaabHOMY THITy ¢ oOpasoBanneM C=C-cBs3u. Takum oOpasom,
pa3paboTaHHbIE OHMOKOMIIO3HIIOHHEIE MTOIMMEPHBIE MaTepUaibl SBIAIOTCS MEPCIEKTUBHBIMHA JUIST N3TOTOBJICHUS TTOJIMMEPHBIX M3/eInit
13 HUX, XapaKTePH3YIOTCsl ONTUMAIIBHBIMHA KCIUTYaTal[HOHHBIMH CBOHCTBAMHU U YCKOPEHHON KMHETUKON (DOTOXMMUYECKOI AECTPYyKIHN.

MocTtynuna: 11.08.2025
Oopab6oTaHa: 20.11.2025
MpuHata B neyatb: 13.02.2026
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CTpykTypa, CBOMCTBA 1 HGOTOAECTPYKLMS NOANMEPHBIX GIOKOMMO3MLIMOHHBIX MaTEPUAsoB M.10. BacunbeB
Ha OCHOBE NOMNNAKTUAA, HAMONHEHHOrO TEPMONNACTUYHBIM KOMAayHaoM A-Len® nap.

Anga uMuTnpoBaHusa

Bacunses U.10., [Terpenxo B.C., Pox B.A., Tono6okos I.A. CtpykTypa, CBOICTBa U (HOTOACCTPYKIHS MOTUMEPHBIX OMOKOMIIO3UIIHOH-
HBIX MaTepHaIoB HAa OCHOBE TIOJHIAKTH/IA, HATIOHEHHOTO TEPMOTIACTHIHEIM KoMmayHaoM A-Len®. Toukue xumuueckue mexronozuu.
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filled with A-Len® thermoplastic compound
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I Moscow Polytechnic University (Mospolitech), Moscow, 107023 Russia
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Abstract

Objectives. The work set out to investigate the influence of the compounding and technological parameters of polymer biocomposite
materials based on polylactide (PLA) filled with the A-Len® thermoplastic compound (Alen) on their structural, thermophysical, and
mechanical properties, as well as to determine the mechanism of their destruction under the impact of ultraviolet radiation.

Methods. Films of PLA and Alen, as well as polymer composites based on them (PLA/Alen), were obtained using a flat die extruder
(MashPlast, Russia). The structural and morphological properties of the films were determined with a JCM-6000 PLUS scanning electron
microscope (JEOL, Akishima, Tokyo, Japan); their thermal properties were obtained using a DSC 204 F1 calorimeter (VETZSCH,
Germany). The chemical composition and degradation mechanism were analyzed by infrared spectroscopy with an FSM-1201
spectrometer (Russia) fitted with an attenuated total internal reflection attachment. The mechanical properties were examined using
a Z010 ZwickRoell tensile testing machine (Zwick Roell Group, Germany). The effect of ultraviolet radiation was assessed using
an ultraviolet chamber.

Results. It was shown that the presence of Alen in mixtures with PLA affects the formation of a heterogeneous structure due to the presence
of polyethylene in the Alen composition. This mediated a reduction in Young’s modulus by 34% (to 1050 MPa) in comparison with the
initial value for PLA (1600 MPa). In the polymer composites, the PLA phase recrystallizes to yield a denser-ordered supramolecular
structure, while in the polyethylene phase, the segmental mobility of macromolecules decreases and crystallization process is hindered
by their different polarities to form an interface between the components under study.

Conclusions. The photodegradation mechanism in PLA/Alen polymer composites is shown to be primarily due to the presence of a pro-
oxidant additive in Alen, which initiates the oxidation process to degrade and subsequently fragment the low-molecular fraction
of polyethylene. In addition, the PLA matrix photodegrades through the Norrish Type II mechanism, which describes the oxidation
of polymer chains by a radical mechanism to produce C=C bonds. The developed polymer composites are promising for the fabrication
of certain polymer products due to their optimal performance characteristics and accelerated photochemical degradation kinetics.
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Structure, properties, and photodegradation of polymer biocomposites

based on polylactide filled with A-Len® thermoplastic compound

llya Yu. Vasilyev,
etal.

BBEAEHUE

Bospacratomasi akTyallbHOCTb HCIOJBb30BaHUS OHO-
paziaraeMbpIX TIOJMMEPOB BBI3BaHA BO3MOXKHOCTBIO
CO3JaHUS TIEPCICKTUBHBIX JKOJOTUYECKH Oe30MacHBIX
MaTepHalioB Ul CHIDKEHHMS HKOJIOTHYECKON Harpys3ku
C BO3MOXXHOCTBIO IPHMEHEHHUS B YIAKOBOYHOH, Me-
JIUIIUHCKOM W CEeIBhCKOXO3SUCTBEHHOW oTpacisix [1].
Jlupupyronye MO3UIMKU CUHTETUYECKUX TEPMOILIACTOB
U YCTOHYMBOE UX Pa3BUTHUE B YIIAKOBOYHOM MHAYCTpUU
COMNPSDKEHBI C HEKOHTPOJIMPYEMbIM KOJIMUYECTBOM I10JIU-
MEpPHBIX OTXOJIOB, OCHOBHAsl Macca KOTOPBIX 3arps3Hsi-
eT OKPY’KaIOIyI0 Cpely, HAKAIUTMBASACh Ha MOJUTOHAX.
B monapmnsromeM OOJMBITMHCTBE CIyYaeB IS MPUIaHUS
cBOicTBa OMOpa3/IaraeMOCTH TOJIMMEpPbI, CHHTE3HpYye-
MBIC U3 HE(TEXUMHUUECKOTO CBIPbs [2—4], Momuduimpy-
10T HAITOJTHUTEISIMU ITPUPOIHOIO IIPOUCXOXKICHUS.

B xauectBe MOAM(PULIUPYIOUHMX J0OABOK HUCIOIB3YIOT
Kpaxmad [5], xutuH [6], xuTo3aH [ 7] 1 Apyrue npupoIHbIe
nosuMepsl [8—10]. MoaudunupoBaHue CHHTETHISCKHX
MOJIMONE(PUHOB TMOIUMEPAMH TPUPOJHOTO TPOUCXOXK-
JICHUSI YCKOpsIET TMpolecc (parMeHTalMy IoIuMepa-
MAaTpHIIBL, 32 CY4ET OBICTPOrO OMOPA3IIOKEHHUS HATIOIHUTE-
ns1. OnHako npouece GopMUpPOBaHHS TAKMX KOMIIO3UTOB
MOXET OBITh 3aTPYJHEH, YTO CBA3aHO C HENOCTATOYHOMN
aare3uel CHHTETUYECKOM MaTpULbl K HAIOJIHUTENIO [IPU-
POAHOTO NPOUCXOKICHUS. JOTIOIHUTEIBHBIM OCIIOKHSIO-
MM (aKTOpOM SIBIISIETCS] MAaKCHMaJIbHAsT KOHIICHTPALUS
HarroiHuTeNs (daine Beero 10 30 mac. %), 94To CBSI3aHO
C TEXHOJIOTHYECKOH CIIOKHOCTBIO MOTy4eHHs TUCTIEPCHO-
HAITOJTHEHHBIX CUCTEM. YBETIMUYCHHUE COMIePIKaHUsI TPUPOI-
HOTO TOJIMMEpa B MaTpUIle CHHTETHMYECKOIO IOoIuMepa
cebite 30 Mac. % MPUBOIUT K (POPMHUPOBAHHIO OONBIIOrO
KOJIMUECTBA aIrIOMEparoB, YTO BIMSACT Ha 0Opa3oBaHUE
JeeKToB Mpu uX mpou3BoxacTee [11-13].

B nocnennue rofpl akTyaabHBIM SBISIETCA CO3aHUE
OuopasznaraeMbIXx MaTepHajoOB Ha OCHOBE ITOJHUMEPOB,
CHHTE3UPYEMBIX U3 BO30OHOBIISIEMOTO CHIPHS, B YACTHO-
cty, nomunaktuaa (IUIA), uro cHmkaeT 3aBUCUMOCTH
OT MOJINMEPOB, TIoTy4YaeMbIx u3 HeTu [14—-16]. [TJIA —
9TO CHHTETHYECKUH IOJUMEpP, MOHOMEpP KOTOPOro —
JAKTHJl — MOMKET CYIIECTBOBATh B JIByX ONTHYECKHU aK-
TUBHBIX M30MEpHBIX (popmax: L- u D-maktua, a takxe
B OIITUYECKHU HEAKTUBHOM: Me30-naktu. [1IJIA aBiasercsa
MIPOYHBIM U KECTKUM IMOJIUMEPOM, MO IKCIUTyaTallHOH-
HBIM CBOWCTBaM COIMOCTAaBUM C TOJNUAITHIECHTEpedTaa-
TOM, TIPY COOTBETCTBYIOIIECH ITaCTH()UKAIINN COTIOCTa-
BuM ¢ nonaTueHoM (I19) n mommBuaMmITXITOpUIOM [ 17].
ITJIA BO3MOXHO mepepabaTbiBaTh Kak 3KCTPY3HEH,
noiy4asi THOKME TUICHKH, TaKk ¥ TepModopMoBaHUEM,
M3roTaBlIMBas >kecTKyto Tapy [18]. Hecmorps Ha TO,
gyro [IJIA sBusgercs OuopasznaraeMbiM MOJIHMMEPOM,
BOXHO OTMETHTH, YTO €Tr0 OMOpa3IOKeHHE MPOTEKAeT
IIpU OIPEJENIEHHBIX YCIOBUAX (BBICOKas TeMIleparypa,

pH u BnaxxsHocts cpensl). B cBsas3u ¢ atum IJIA, Tak
JKE Kak W JIPyrHe MOJUMEph, MOAU(DHIUPYIOT 100aB-
KaMH Pa3jIuvHOTO MpoucxokaeHus [19-21], npu stom
HE BCerna ynaeTcsl TOCTHYb 3a/JIaHHBIX CBOHCTB B BHILY
HHU3KOW WX TEXHOJOTHYECKOH COBMECTUMOCTH [22].

Emwe omauM crioco6oM MOIM(HULIMPOBAHUS CUHTETH-
YECKMX TEPMOIUIACTOB SIBJISACTCS HCIIOJIB30BAHUE MPOOK-
CHUJIAHTHBIX J00ABOK, MPEICTABISIONMX COOOM cTeaparbl
niepexoaHbIX MeTauioB (Mn, Fe, Mg), THUIIMUPYIOIINX pa3-
JIOYKEHHE TOJIMMEPHOM MaTpHIIbl M CIOCOOCTBYIOIIUX YCKO-
peHHOI okucnuTensHON nectpykiuu [23]. IpenmytecTso
HCIIOJIb30BAHMUS CTE€APaToOB IMEPEXOAHBIX METAUIOB CBA3a-
HO C BO3MOYKHOCTBEO MOJM(DHIIMPOBAHUS IIMPOKOTO psijia
TEPMOIUIACTUYHBIX MOJIUMEPOB, B ToM uucie u IIA, ne-
pepaboTKoi Ha CyILIECTBYIOLIEM OOOPYIOBaHUH, MPEAHA-
3HAYEHHOM JIJISl TEPMOIUIACTOB, HU3KOM MX TOKCUYHOCTBHIO
U HETIPOAOKUTENIBHBIM CPOKOM OKUCIIMTEIBHOM ECTPYyK-
LUM TIOJIMMEPHBIX MaTepUalioB PH HEBBICOKOM MX Macco-
BOM COJICp)KaHUM B O0BbEME CHHTETHUYECKOTO IOJIMMEpa,
B OTJIMYHE OT MPUPOIHBIX HAIOIHUTEIEH [24].

Takum 00pazoM, MpeaCTaBlseT Hay4yHO-IpaKTH4e-
CKUI MHTEpeC NpOaHAIU3UPOBaTh CBOWMCTBA TPOMHBIX
kommo3unuii Ha ocHoBe [IJIA, HamomHeHHOTO TEepmo-
mnacTHaHeIM KommayHaoMm A-Len® (Alen) ¢ onpenene-
HUEM MeXaHU3Ma UX JIECTPYKIIUH, YTO B HACTOSIIICE Bpe-
Ms pa3paboTaHO HEJ0CTATOUHO U TpeOyeT MabHEHIIIero
U3yYEHHUS.

MATEPUAJIbl U METOAbI

MaTtepuanbl

B kauecTtBe moJIMMEpPHON MAaTPULbI Ul W3TOTOBJICHUS
TMOJIMMEPHBIX KOMHO?)I/IL[Hﬁ HUCITIOJIB30BaJIN aJII/I(l)aTI/I-
yeckuit momddup — [JIA mapku 524 (Kuraii). B ka-
yecTBe 100aBKM, MHULMUPYIOUIEH NECTPYKLHIO TOJNH-
MEpPHOW MaTpUIbl, HCIONb30BAIA TEPMOIIACTUUHBIN
KoMTayH Toprooii mapku A-Len® TECH BDOOTY
(Munus) ¢ conepkaHueM JAeHCTBYIOLIErO (OpraHuYecKo-
ro) BemiectBa 10 mac. %. B Tabxn. 1 npuBeeHbI Xapakre-
PHUCTHKHU HCXOIHBIX KOMIIOHEHTOB.

MeToabl nccnegosaHug

CwMelieHre KOMIIOHEHTOB, IJIACTULIMPOBAHUE U MOCTEY-
IOIIMH OTIIUB TOJMMEPHBIX KOMITO3UIIUK OCYIIECTBISIIH
Ha IJIOCKOIIEIEeBOM 3KcTpyaepe Gupmbl «Mawd Inacmy
(Poccust), Bapprpys coneprkanme Alen ot 5 mo 20 mac. %
B cMmecax ¢ IIJIA. Ha BeIXoze nosyyayu IOJIMMEPHbIE
KOMITO3UIIMA B BHUJE IUIEHOK TommHOM 60 £ 3 MKM.
TemneparypHble peKUMBI MOTYUEHUs] UCXOJHBIX MJIEHOK
IIUIA u Alen, a Takxke OIMMEPHBIX KOMITO3UIIMN Ha MX
OCHOBE TpeJIcTaBieHbl B Ta0M. 2. CocTaBbl MOJMMEPHBIX
KOMIIO3UIMIA TIPE/ICTaBIIeHBI B Ta0. 3.
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Ha OCHOBE MOMUNAKTMAA, HAMNOJHEHHOTO TEPMOMIACTUYHBIM KOMNayHaoM A-Len® n ap.
Tadmuua 1. XapakTepuCTUKN HCXOAHBIX KOMIIOHEHTOB
Table 1. Characteristics of the initial components
KOMIOHEHT IToxazaresnb TeKy4ecTH Movits vibvroct. Mila OTHOCHUTEIIbHOE YUTHHEHHUE IT10THOCTS,
pacmmasa (I1TP), r/10 mun AYIE YTIPY ’ NP paspeiBe, % /e’
(Snlsmital Melt flow index (MFI), g/10 min Young’s modulus, MPa Elongation at break, % Density, g/cm?
IJTA
. 8.7 1600 42 1.24
Polylactide (PLA)
Alen 17 600 32 0.97

Tabmuua 2. TemneparypHble pe:KUMBbI OTy4€HHs IOJIUMEPHBIX
KOMIIO3UIUH

Table 2. Temperature conditions to produce polymer composites

TemmeparypHble Pe)KHUMbI 30H II0OCKOIIETEBOTO
[TommepHas SECIpyAIEp; SC
KOMITO3HITUSI Temperature conditions of flat die extruder
Polymer zones, °C
composites | 13oma | 230ma | 330Ha | 430Ha | 530Ha
Zone 1 | Zone?2 | Zone3 | Zone4 | Zone 5
IUIA
165 168 170 173 175
PLA
Alen 120 125 130 135 140
TIJTA/Alen
165 168 170 173 175
PLA/Alen

Tabauna 3. CocTaB NOJIMMEPHBIX KOMIO3UIIUN

Table 3. Compositions of polymer composites

Konnenrparms, mac. %
CocraB HOJ’II/IMCE)HLIX Concentration, wt %
KOMITO3UIUI
. TUTA
Polymer composites Alen
PLA
TIJTA
100 -
PLA
Alen — 100
T1JIA/Alen5
95 5
PLA/Alen5
TTIJTA/Alen10
90 10
PLA/Alenl0
I1JIA/Alenl5
85 15
PLA/Alenl5
I1JIA/Alen20
80 20
PLA/Alen20

BosneiictBue yasrpaduoneroBoro (Y®) uzinydcHus
Ha 00pa3Libl ONPEAEISUIN C MOMOLIbI0 Y®D-Kamepsbl, BHY-
TPU KOTOPOH pa3MeIIeHBl JBE KBapIEBbIC (PTyTHHIC)
nammbl PRK-4, obecrnieunBaronye H3JIydeHUE C JUTH-
HOU BONHBI A = 254 HM. M301upoBaHHbIE OT BHEIIHETO
HCTOYHHKA M3TydeHust 00pasiel mwieHkn 150 x 150 mm
pasmemanu Ha pacctossHu 30 cm o1 YD-1amn u dKcrio-
HUpoBanu B TeueHue 150 y ¢ BBIOOPKON KOHTPOJIBHBIX
00pasIoB yepes3 Kaxpie 25 .

Teropusndyeckue CBOWCTBA 00Pa3IoOB OMPEaeIsI
¢ TOMOLIBI0 JU(QepeHINaTbHON CKaHUPYIOIEeH Kao-
pumerpun, Ha kanopumerpe DSC 204 F1 (NETZSCH,
I'epmanus) B nnTepBane temreparyp ot 20 mo 200°C
CO CKOopocThiO ckanupoBaHus 10°C/MHH W HaBecke
obpasma 10 + 1 Mr B TOKe MHEPTHOTO ra3a — aproHa.
HUccnenys teruiodpusndyeckue CBOMCTBA, OTPEICIISIIN 3H-
Tanbnuio mnasnenus AH  (Jx/r), Temneparypy mias-
nenus T (°C), Temneparypy creknosanus 7, o (°C). At
OTIpeZIeTICHUST CTETIeHH KpuctamumuaHoctd o (%) Alen
u IJIA, a Taxke MOJTUMEPHBIX KOMIIO3UIUI Ha UX OC-
HOBE, MCIONb30BAIM SHTAIBINIO IUIABICHUS IOJHO-
CThIO KpucTaiumdeckoro 13, paBayro 293 JIx/T, a Tak-
ke TIJIA — 93.7 Jx/r cornacao ISO 11357-1:2023
«[lmactmaccsl. Juddepenimanpaas cKaHUpYIOIas Ka-
nopumerpust (JICK). O6mue npuHIuIsD. !

HAns  uaeHTHGUKAIIMA —~ XUMHYECKOTO  COCTaBa,
a TaKKe OINpENeNCHUs MeXaHH3Ma (HOTOAECTPYKLNH,
ncrionp3oBau  Meron MK-Dypee  crmexTpockonuu
C MPHUCTABKOH HAPYLIEHHOIO IIOJIHOTO BHYTPEHHETO
otpaxkeHus Ha npudope PCM-1201 (Poccus), ¢ paspe-
menneM B 1.0 cM ! (CreKTpaibHBIA JMANA30H BONHO-
BbIX uncen 4000-375 cm 1) mpu Temneparype 23 + 2°C
no FOCT 57939-20172.

OKCITyaTalliOHHBIE CBOMCTBA OMpPENEsUId B COOT-
BercTBUM ¢ [SO 527-3:2018 «ITnactmaccrl. Onpenenenue
MeXaHMYECKHX CBOHCTB MPHU pacTskeHH» . McrpITanus

1 SO 11357-1:2023. Plastics — Differential scanning calorimetry (DSC). Part 1: General principles. https://www.iso.org/standard/83904.html.

Jara obpamienus 22.01.2026. / Accessed January 22, 2026.

T'OCT 57939-2017. Hatmonansuslii cranpapt Poccuiickoit @eneparnuu. Komnosutsl nonuMepusie. Mudpakpachas cnekrpockonus. O0ue

npuniunel. M.: Crangaprungopm; 2019. [GOST 57939-2017. National Standard of the Russian Federation. Polymer composites. Infrared

spectroscopy. General principles. Moscow: Standartinform; 2019.]

3 IS0 527-3:2018. Plastics — Determination of tensile properties. Part 3: Test conditions for films and sheets. https:/www.iso.org/standard/70307.html.

Jara obpamenust 22.01.2026. / Accessed January 22, 2026.
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Structure, properties, and photodegradation of polymer biocomposites

based on polylactide filled with A-Len® thermoplastic compound
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MpoBOAMIN Ha paspbiBHOM Mammue Z010 ZwickRoell
(Zwick Roell Group, T'epmanus). OOpasubl JUisi HC-
cienoBaHus  1e(hopMaMOHHO-IIPOYHOCTHBIX CBONCTB
MOJTydYalId C MOMOIIbIO BBIPYOHOTO YCTpPOWCTBAa B CO-
orBercTBuM ¢ tunom 1B (EN ISO 527-3:2018) u pa3s-
Mepamu 50 X 10 mwm. Tlpexen momycTUMOro 3HaueHUs
MOrPELIHOCTY U3MEPEHMsI Harpy3Ku He npesbiman 1%.
[IpenenbpHOE OTKIOHEHHUE IO MIMpPUHE 00pa3na cOCTaBU-
mo £0.1 mM. Cpennee 3HaueHue onpenessiu no 10 uz-
MepeHusiM. McnbITaHus NPOBONMIM TMPH  CKOPOCTH
nedopmanmu odpasnos 50 mm/mMuH. B KauecTBe mpod-
HOCTHBIX CBOHCTB ONPEAEIISUI MOAYJIb YIPYTrocTH (Ep)
U pa3pyLIAIOLIEe HANPSIKEHUE IPU PACTKEHUU (cp),
a e(OpPMaIMOHHBIX CBOWCTB — OTHOCHTENHHOE YIUIH-
HEHUE TIPU pa3pbiBe (sp).

CTpyKTYypHO-MOP(OIOrHYECKUE CBOMCTBA 00PA3IIOB,
MIPEIBAPUTEIHHO MTOABEPTHYTHIX 30JI0TOMY HAITBIICHUIO,
WCCIICIOBANIM, HCIIONB3yd CKAaHUPYIOLIYIO 3JIEKTPOH-
HYI0 MHUKpOCKOIuio, Ha Mukpockone JCM-6000 PLUS
(JEOL, Axucuma, Tokuo, SoHHS) ¢ AETEKTOPOM BTO-
PUYHBIX AJIEKTPOHOB NPU YCKOPSIOIIEM HaNpsKCHUN
10 m 15 kB.

PE3YJIbTATbl U UX OBCYXXOAEHUE
Tennodpusnyeckme xapakTepucTuKun

Ha Tepmorpamme IIJIA (puc. la) mpuCyTCTBYIOT JBa
MUKa: MEPBbI COOTBETCTBYET TEMIIEpaType CTEKJIOBa-
Hus U cocraBisieT 65°C, BTOpOl — MO3BOJISIET WJEH-
TUGUIUPOBATh HAJTMYUE KPUCTALTHYECKOU  (a3bl
¢ temmneparypoi tuaenenus 157°C. Ha puc. 1b Bua-
HO HaJHYUEe XapaKTEPHOTO DHIOTEPMHUECKOTO ITHKa
miaBjieHus ¢ Temneparypoil 125°C, koTopblil cooT-
BETCTBYET TeMmIeparype IulasieHus IID, Bxoxdie-
0 B COCTaB TEPMOIUIACTHYHOTO KommayHma. Ha tep-
MorpamMMe nonuMepHoit kommosuiuu [1JIA/Alen,
B KOTOpOW a0js mociieqHero coctapisier 20 mac. %
(puc. lc), IpUCYTCTBYIOT JBa SHAOTEPMHUUECKUX ITHKa,
COOTBETCTBYIOIIME TemnepaTtype miasneHus 119 118°C
u [IJTA — 153°C.

[Tpu BBeiennu Alen B [TJIA B kosmmuectse 20 mac. %
HaOmoaeTcs  yBEIMYEHUE HHTAJIBIUM  IUIABJICHUS
u kpuctananuHoctu (assl [1JIA (tadn. 4). 310 cBA3aHO
C TIPOIIECCOM TEePEKPHUCTAIUIN3ANH, B PE3yIbTaTe KO-
TOPOTO OCYILIECTBIsAETCS OoJiee TUIOTHOE YIOPsII0unBa-
HHUE HaMOJIEKyIsIpHOil cTpykTypsl ITJIA, o0ycnoBnen-
HOE HallM4yueM Kpucraumdeckor dassl [19 B cocraBe
MoMMMEepHON Komno3unuu. CMmelieHue >HA0TepMU-
4Yeckoro nuka miuasieHus [1D B nuanazoH Oornee HH3-
koit Temnepatypsl 118°C cBuaerenbcTByeT 00 00Opa-
30BaHHH OoJyiee NEPEKTHBIX MEITKHX KPUCTAIUIOB, YTO
00yCIIOBJIIGHO CHIDKEHHEM CEeTMEHTaJbHOW MMOJBUXK-
HocTtu Makpomonekyn [1D m 3arpyaHenuem mpomecca
KPUCTAJUTH3ALNH.

0.04 2K30 T
€X0

50 100 150 200
Temneparypa, °C
Temperature, °C

(2)

00 3K30 T
exo

////////////////////%

20 40 60 80 100 120 140 160
Temmneparypa, °C
Temperature, °C

(b)

BKSOT
_o1]|ex0

MBT/MI
mW/mg

50 100 150 200
Temneparypa, °C
Temperature, °C
©
Puc. 1. Tepmorpammer miasnenus (a) [1JIA, (b) Alen
u (c) [1JIA/Alen20

Fig. 1. Thermal analysis curves of melting of (a) PLA,
(b) Alen, and (c) PLA/Alen20

ITocne 150 4 skcnioHupoBanus npu YOD-u3imyueHun
TETIO()N3NIECKNE CBOMCTBA TUIEHOK Ha OCHOBE HMCXOJ-
HBIX KomroHeHTOB [IJIA um Alen, a Takxke monumep-
Heix Kommosuiuil [IJIA/Alen wmsmensitorcs (puc. 2).
Jst imenkn Ha ocHoBe [1JIA, B cpaBHEHHMH C MCXOIHOM,
Ha TepMOrpaMMe IMOSBIAETCS NMHUK XOJOIHOM KpHCTal-
muzaiuu ipy 105°C, a sHTanIbNUA TUIaBJICHUS YBEINYH-
Baercsi Oosiee, yeM B 3.5 pasa. IIpu sTtom Temmeparypa
IJIaBJIeHUs CHIDKaeTcs Ha 5.2°C. YBenuueHne SHTaIbINN
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Ha OCHOBE nonuiaktnga, HanoJIHEHHOro TePpMOnNJ1IaCTUYHbIM KOMMAayHO0M A-Len® nnaop.

TiaBieHust npu YOD-uzinydeHnn 0OyCIIOBICHO YacTHY-
HBIM paspyiieHreM amopdaoii ¢aser [1JIA, B pesysbrare
4yero Kpucrawmueckas (aza mperepreBacT H3MEHEHHE
HAIMOJICKYJIIPHOTO CTpoeHHss — oOpa3syrorcsi Oonee
IUIOTHBIE U KpyIHbIe KprcTauibl. CylIecTBYeT U Apyroe
OOBSICHEHUE: HAIUYUe METACTAOMIBHOM KpUCTaIude-
ckoil crpykrypsl IIJIA npu Y®-uziayuyeHuu, BEpOsTHO,
CIIOCOOCTBYET MPOJIOJDKCHUIO KPUCTAJUTM3AMU 33 CUET
Pa3pbIBa HANPSDKEHHBIX MPOXOAHBIX LIETEH, B CBA3U C YEM
U YBEJIMUUBAETCS €r0 CTENEHb KPUCTALIMYHOCTH [25].

0.0 3K30T
01 exo

0.2
-0.3
-0.4
0.5
-0.6
0.7
0.8

MBT/MP
mW/mg

50 100 150 200
Temnepatypa, °C
Temperature, °C

(a)
0.0 BKBOT
02 €xo
-0.4
-0.6
-0.8
-1.0
-12
-1.4
-1.6

MBT/Mr
mW/mg

20 40 60 80 100 120 140

Temneparypa, °C
Temperature, °C

(b)

0.0 3K30T
0.1
0.2
—0.3
0.4
0.5
0.6
0.7

MBT/Mr
mW/mg

20 40 60 80 100 120 140 160 180

Temmnepatypa, °C
Temperature, °C

(©)

Puc. 2. Tepmorpammer asnenus (a) [TJIA, (b) Alen,
(c) [VTA/Alen20 nocne 150 1 sxcriormpoBanws py YO-u3mydeHnn

Fig. 2. Thermal analysis curves of melting of (a) PLA, (b) Alen,
and (c¢) PLA/Alen20 following 150 h of UV irradiation

Jus tutenkn Ha ocHoBe Alen (puc. 2b) sHTanbnus
niaBiaeHust cHkaeTcs Ha 12%. PasHuna B Temneparype
IUTABJICHUS 10 ¥ mociie YD-U3ImydeHus: He MpeBhIlaeT
1°C. VnenbHast 3HEpPrus 3HIOTEPMHUYECKOTO MpoIec-
ca nonumepHor kommosurmu [1JIA/Alen20 (puc. 2c¢),
B CpPaBHGHUH C WCXOJHOH, TaKKe YBEINYHBACT-
cs (tabn. 4). Tak, st [1D sHTaNBNNS MTaBICHUS yBEIHU-
yuBaeTCs B /1Ba pasa, a aus [IJIA — B 1.7 pa3. [1pu aTom
TeMIiepaTypa miaBieHus it ¢Gasel [13 yBenuuuBaercs
Ha 3°C, nns daser [IJIA camkaercs Ha 1.6°C.

Tadmuua 4. Termopusmyeckre CBOHCTBA MTOTUMEPHBIX
KOMIIO3UIUH

Table 4. Thermophysical properties of polymer composites

SISO O6paser AH_, Jlk/v
poBaHue, 4 T,°C AL T/ a, %
Exposure, h sialts m /8
ITJIA
157 8.7 9.3
PLA
0 Alen 125 176 60.0
T1JIA/Alen20
153/118 | 14.5/5.9 15.5/2.0
PLA/Alen20
TJTA
152 30 32
PLA
150 Alen 125 155 52.9
TIJIA/Alen20
151/121 | 23.9/12.0 | 25.5/4.1
PLA/Alen20

Xapaktepuctuku UK-cnektpa

Hamume naTeHcnBHBIX nonoc nomtouienus Ha MK-criekrpe
ILJIA (puc. 3a) B o6mactu 1180-1077 cm ™! cBunerens-
CTBYIOT O HAJIMYNU MAasSTHUKOBOTO KOJICOAHUS METHIIb-
Hoi CH;-rpymnibl, 4TO MO3BOJISET HACHTUPUIUPOBATH
BBICOKOMONEKYIIpHBI  IIJIA, mnonydeHHbI IyTeM
MTOMTMMEPHU3AINH C PACKPBITHEM IHKiIa. TakuM obpa-
3oM, [TJIA mpencrapisieT co00W ONTUYECKU aKTUBHBIN
nonu(D,L-naxtua). Ha HK-cnektpe Alen (puc. 3b)
MPHUCYTCTBYIOT IIOJIOCH TOIJIOMIEHHST B  00JacTh
2914 u 2847 cM!, cBHIETENLCTBYIONIME O HAIMYHH
B cocTaBe Alen acCUMETPHUYHOM M CHMMETPUYHOI
CH,-rpynmpl, a TakKe MoJ10ca MONIOIEHHs B 001aCTH
1462 cm™ !, xapakTepHast 171 HOKHUYHOM CH,-rpynmbl.
Ha HK-cnexkrpe Takike IPUCYTCTBYET BbIPAKEHHAs
nosioca moriomenus B oonactu 1740 CM_l, HE Xapak-
tepHas A [19, Ho mo3BosAIoIIas UIEHTU(DUIUPOBATH
B cocTaBe Alen HaaM4Kue BTOPOTO KOMIIOHEHTA, B KOTO-
POM TPHUCYTCTBYeT (PyHKIIMOHANbHAS KapOOHWIbHAS
C=O-rpymmna.
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BoIHOBOE YHCIIO, CM ! BOIHOBOE YHCIIO, CM !
Wavenumber, cm™! Wavenumber, cm™!
4000 3500 3000 2500 2000 1500 1000 600 4000 3500 3000 2500 2000 1500 1000 600

IIponyckanue
Transmission

(a)
BonnoBoe uncio, cm—
Wavenumber, cm ™!
4000 3500 3000 2500 2000 1500 1000 500

1

IIpomyckanue
Transmission

(b)
Puc. 3. UK-cnextps! (a) IIJIA u (b) Alen
Fig. 3. IR spectra of PLA (a) and Alen (b)

CornacHo uctoynukam [26], Hammume [1D u kap-
oonmbHOM C=O-rpynmsl MPEACTaBISIOT COO0H J10-
0aBKy — CYyNEpKOHIICHTPAT, B COCTaBE KOTOPOIo CO-
JIepKaTcs aKTUBHBIE JIEMEHTBI NEPEXOIHBIX METAJIOB
(Mn, Fe, Mg), unuuuupytomue pacnaja HOJIUMEpHOI
MaTpHIlbl TOCPENCTBOM MpOIecca OKUCIUTENBHON Jie-
crpykiun. Takum oOpasom, Alen npeacrasisier coOoit
[19-xoMIO3ULIKIO ¢ TPOOKCUAAHTHON 100aBKOM B BUJE
CTEapaTOB MEPEXOIHBIX METAILIOB.

[lo-BumumomMy, MeXaHH3M (OTONECTPYKINH IIO-
nuMepHbIx  Kommosunuii  [1IJIA/Alen ocymecTBisieT-
cs 32 CYET Halu4us B cocTaBe Alen MpooOKCHIAHTHOMN
I00aBKH, IOCIE YEro OCYMIECTBIACTCS pa3pyIIcHHE
HU3KOMOJIEKYIsipHOW  (ppakumu [15 ¢ mocienyromeit
ee (pparmentanueit. [na marpunst I[TJIA ¢otonecTpyk-
1M mpoTekaeT no mexannsmy Hoppuma 11 [27], 3akimio-
YalolieMcsi B MPOLEcce OKUCICHUS MO PajuKaIbHOMY
Tuny ¢ obpasoBanneM C=C-CBsi3H, NpOSBISIONICHCS
B BHJIE TI0JI0CHI TomtorieHus: Ha MK-criekrpe B oOmactu
1654 cm ! (puc. 4), Ha KOTOPOM TaKe 3aMETHO H3Me-
HEHHE MHTEHCHUBHOCTH XapaKTePUCTUYECKUX IMOJIOC TO-
mIomeHnuss nojauMepHor kommosuiuu [1JIA/Alen, uto
TaKXe MOATBEePIKIaeT Mporece (OTOAECTPYKIINH.

CKaHI/IpyIOLI.I,aﬂ AJIeKTPOHHass MUKpocKonusa

IToBepxHOCTH AKCTpyAUpoBaHHOH meHku IIJIA (puc. 5)
XapaKTEepPU3yeTCsl MHMHUMAJbHBIM KOJIMYECTBOM Jie-
(EKTOB, MPEATIONIOKNUTETBHO CBSI3aHHBIX C HPOIECCOM

IIponyckanue
Transmission

Puc. 4. UK-criextps! nonnmepHoi kommosuin [1JIA/Alen20:
(1) ucxonnas, (2) nocne 150 u Y®-uznyuenus

Fig. 4. IR spectra of the PLA/Alen20 polymer composite:
(7) initial and (2) after 150 h of UV irradiation

High-vac. | SED PC-std. 10KV 3/5/2025' | 000987

50/ pm:

5/29/20251 000972

High-vac. SED PC-high 15KV, X500
(®)

Puc. 5. Mopdosorust noBepxsocty rureHku [1JTA:
(a) nucxonnasi, (b) nocne 150 4 YO-u3myueHus

Fig. 5. Morphology of the surface of the PLA film: (a) initial,
(b) after 150 h of UV radiation

ee uzroroBiieHus. Ilocie obmyuyenus Y®-uzinydeHuem
B TeueHue 150 4 MOBEpXHOCTh HE M3MEHMIIACH, YTO CBU-
JETENLCTBYET 00 OTCYTCTBUH BUANMBIX TPU3HAKOB (ho-
TOJIECTPYKIIMH B TCUEHHE BCETO BPEMEHH HKCIIEPUMEHTA.
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Ha OCHOBE NOMNNAKTUAA, HAMONHEHHOrO TEPMONNACTUYHBIM KOMAayHaoM A-Len® nap.

Ha moBepxHocTu rieHku Alen (puc. 6a) BUIHBI apa-
MIHHEL, 00Pa30BaBIIHECS TPEIIONIOKHUTEIFHO B MPOIIeC-
CE IKCTPY3HH, U 3aMETHBI CPepOTUTHI (pHC. 6b) (cpeanuit
pasmep 1o u3o0paxeHuto ~ 7 MkMm). [lo mpomrectBun
150 4 npu Y®-uznydyeHnrn Ha MOBEPXHOCTH TUJICHKH
00pa3zoBaIyCh MIMPOKHUE CKBO3HBIC TPEMIUHBI (pUC. 6¢),
KOIMMYECTBO JC(EKTOB YBEIMYMIOCH, a C(HEpoTUTHAs
CTPYKTypa cTalla MeHee 3aMeTHOH (puc. 6d), 9To siBis-
eTcsl pe3yabTaToM (OTOAECTPYKIIUH.

Mopdororust MOBEpXHOCTH MOJIUMEPHON KOMITO3H-
uu [1JIA/Alen npencrasinena na puc. 7. [Ipu nomyue-
HUH TaKOH KOMITO3HLIH SKCTPY3HOHHBIM CII0c000M (hop-
MHpYETCS CTPYKTYPHO HEOJHOPOIHAS IUICHKA (puC. 7a).
IIpu Gosbmiem yBenwdeHuH (puc. 7b) BHIHBI JTOMEHBI,
4yTO CBA3aHO ¢ (a3oBbIM pazzaenenueM [1JIA u Alen.
ITocne 150 u skcnoHupoBanust B YdD-kamepe, Ha IO-
BEPXHOCTH 00PA3YIOTCSI MEKPOTpEIIUHBI (puc. 7¢ u 7d),
YTO CBHJIETEILCTBYET O (POTOAECTPYKIHH, ITPUYEM, Be-
posiTHee Bcero, o ¢ase Alen.

2
; 9 —_ 200 um
High-vac. SED PC-high 15KkV. x 100 <

5/29/2025 000959

—_— 200 pm

High-vac. SED PC-std. 10KV X100

MexaHu4yeckune xapakrepucTuku

Juia ucxonusix miaeHok [IJIA u Alen pa3pyiuatomiee Ha-
MpsKEHUE MPU pacTskeHUH coctapisieT 67.2 u 19.2 MIla
COOTBETCTBEHHO, MoOayab ympyroctu — 1600 u
600 MITa. I[1pu yBenmuenuu copepkanus Alen B cMecsx
¢ TJIA nmo 20 mac. % paspymaroriee HanpspkeHUe MpH
pactspkeHnn cHrpkaercs Ha 53% (31.5 Mlla), otHocu-
TEeNIbHOE YIJIMHEHHE IpHu pa3psiBe — Ha 29% (3.0%),
MOy yripyrocta — Ha 34% (1050 Mlla) (puc. 8), uyto
00yCIIOBJIICHO 00pa30BaHUEM TE€TEPOTCHHON CTPYKTYpBI
M3-32 HU3KOTO MEXMOJEKYISIPHOTO B3aUMOACHCTBUS
BCJICJICTBHE Pa3HOW MOJSIPHOCTU MCXOAHBIX KOMIIOHEH-
ToB. [Ipy 3TOM OTHOCHTENBHOE YIUTHHEHUE TIPU Pa3phl-
Be J1s1 ucxonHou miaeHku ITJIA cocrtasnset 4.2%, a qis
mwieHku Alen — 3.2%.

ITocne 150 g Bo3aelicTBus YD-u3IydeHus: pa3py-
[Iaroliee HanpsHKCHUE IPU PACTSHKCHHU IS IUICHKU
IJTA cHuxkaercst Ha 67%, OTHOCUTEIBHOE Y/UTMHEHUE
npu paspsiBe — Ha 33%, Moaynb ynpyroctu Ha 50%

20/pm

High-vac. SED PC-high 15kV x 1000 5/29/2025 000962

20/ pm
10 kV/ x 1000

(d)

5/29/2025 000942

Puc. 6. Mopdonorus noepxHocty mieHkn Alen: (a) u (b) ucxoxguas, (c) u (d) mocie 150 u YO-uznyyenus

Fig. 6. Surface morphology of the Alen film: (a) and (b) initial, (c) and (d) after 150 h of UV radiation
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20 jim 5
x 1000 5/2812025° 000982,

Aol edddy
(d)
Puc. 7. Mopdomnorust noepxuoctn mrenku [1JIA/Alen20: (a) n (b) ncxoanas, (c) u (d) mocne 150 a YO-u3mydenus

Fig. 7. Surface morphology of the PLA/Alen20: (a) and (b) initial, (c) and (d) after 150 h of UV radiation

u cocrapisier 800 MIla (tabmn. 5). [lns nieHkn Ha oc-
HOBe Alen ompenenuTh 3HAYCHUS MEXaHUYCCKHX

CBOWCTB HE IIPEJICTABISICTCS BO3MOXKHBIM H3-332 Ha- » 1700

JTUYUs OONIBIIOTO KOMHWYECTBA CKBO3HBIX OTBEPCTHI, Eﬂg 16008 _ -

KOTOpBIE, K TOMY e, SIBJISIOTCA KOHLEHTPAaTOPaMu § E 1500 NS

HanpsokeHus. 18 NOMMMEPHON KOMIIO3UIMU Ha OC- =g 1400 sl -

nose ITJIA/Alen20 paspymiaroiiee HanpsOKeHHE MPH EE 1300 &< -

pacTsHKCHHHM, KaK M MOXIYJIb YHPYTOCTH CHMXKACTCs 5%" 1200 = ~ .

Ha 82% OT UCXOIHON BEIUYUHBI, TPEUMYIIECTBEHHO g = 1100 RN

paspymiascek Ha rpanune pasaena ¢asz [TJIA/ID. Ipu 1000 !
0 5 10 15 20

9TOM OTHOCHUTCJIBHOC YIJIWHCHUC IMPU pa3pbIBC MpaK-
TUYCCKU HE UBMCHACTCA B CPABHCHUMU C HCXO)]HOﬁ BC-

TUYUHON mosimMepHOr kommosumuu [1JIA/Alen20 un
cocTanJiiseT 2.8%. Puc. 8. Biusinne koHueHTparmu Alen Ha MO/ b YIPYTOCTH
nonumepHoi komnosuimu [TJIA/Alen

Konnentpanus Alen, mac. %
Alen concentration, wt %

Takum 00pa3zoM, pa3paboTaHHbIE OHMOKOMIIO3UIINOH-
HBIE TTOJIMMEPHBIE MaTE€pUaibl SIBISIOTCS IEPCIEKTHUB- Fig. 8. Effect of the Alen concentration on the Young’s
HBIMU JIJIS U3TOTOBIICHUS IOJMMEPHBIX H3IEIUH U3 HUX, modulus of the PLA/Alen polymer composite
XapaKTepU3YIOTCS ONTHMAJIbHBIMH JKCIUTyaTallHOHHBI-

MH CBOMCTBaMHU M YCKOPEHHOM KHHETHKOW (POTOXUMH-
YECKOU ECTPYKIIH.
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Tadmuua 5. JIeopManmoHHO-TPOYHOCTHBIE CBOHCTBA MTOJTMMEPHBIX KOMIO3HITHHA

Table 5. Deformation and strength properties of polymer composites

JedopMannoHHO-IPOYHOCTHBIE CBOHCTBA
Kommosmuis Deformation and strength properties
Composites Pazpymaromee HanpsokeHue OTHOCHUTENBHOE YIUIMHEHNE Nommempyrocny Mlla
nipu pactsikenuun, MIla IpH pas3peise, %
Tensile stress at break, MPa Elongation at break, % sz s redils, B
0 9 KCTIOHUPOBAHHUS
0 h of exposure
IJIA
67.2 4.2 1600
PLA
Alen 19.2 32 600
TIJTA/Alen5
55.1 3.8 1451
PLA/Alen5
T1JIA/Alen10
44.0 34 1292
PLA/Alen10
TTJIA/Alenl5
37.8 32 1181
PLA/Alenl5
TIJIA/Alen20
31.5 3.0 1050
PLA/Alen20
150 4 s3xcrIOHUpPOBaHUS
150 h of exposure
IJIA
22.4 2.8 800
PLA
Alen - - -
I1JIA/Alen5
19.8 3.0 660
PLA/Alen5
TTJIA/Alen10
12.6 2.9 421
PLA/Alenl0
TJIA/Alenl5
7.2 2.9 239
PLA/Alenl5
TJIA/Alen20
5.7 2.8 189
PLA/Alen20
SAKJTIOSMEHUE KOMTIIO3HUIIMI BIHSIOT HA CHIXKEHUE MX DKCIUTyaTallMOH-

B paboTe mpoBeneHO MCCiICIOBAaHNE, HANPaBICHHOE
Ha ompejencHrue (pOTOXMMUYECKON NECTPYKIUH MONHU-
MEpHBIX KoMro3unnii Ha ocHoBe [1JIA, HamomHEeHHOTO
TepMoMIacTHUHBIM KomnayHaoM A-Len®. Tlpu k-
TPY3UH MOJIMMEpPHBIX koMmosuimii ¢asza I1JIA B cmecn
¢ Alen mnpereprieBacT HM3MEHEHHE HAJIMOJICKYISIPHON
CTPYKTYpBI, MNPOSIBISIOIIEECS] B YBEIUYECHUM CTEIEHU
KPUCTAUIMYHOCTH. DTO BBI3BaHO HamumuueM dassl [13.
g Hee, B CBOIO ouepellb, CHU)KAETCSl CerMEHTalIbHas
HOABMKHOCTh MAaKpOMOJIEKyJ, 4TO BIUsET Ha 00pa3o-
BaHME Oojee Ae(DEKTHBIX M MEIKUX KPUCTAIOB M, KaK
CIIE[ICTBHE, HA CHM)KEHUE CTENEHU KPUCTAIIIMYHOCTU.
BerLsBrIEHHBIE CTPYKTYpHBIE OCOOEHHOCTH MOJIIMMEPHBIX

HBIX CBOWCTB, BCJIEICTBHE Pa3HOW TOJISPHOCTH HCXOJ-
HBIX KOMIIOHEHTOB.

BozneiictBue Y®-nznydennst Ha Alen u ITJIA/Alen
MIPUBOJIUT K 00pa3oBaHUIO JIEPEKTOB CTPYKTYPHI, & TAKKE
CHIDKCHUIO 1e(popMalmOHHO-TIPOYHOCTHBIX  CBOMCTB.
Haunbonee BeposTHBIM 00BACHEHHEM (OTOACCTPYK-
[IUH SBISICTCS HAJW4IHE B cocTaBe Alen MpoOKCHIaHT-
HOM n00aBKkH. B TakoM ciyyae cHayana JECTPYKTHPY-
eT HU3KOMOJNeKyisapHas ¢pakuus [1D ¢ mocnenyromeit
¢parmenranueit [19-matpunel, a s [TJIA ocymecr-
BISIETCS. (POTOXMMUYECKAsT JCCTPYKIHS IO MEXaHU3MY
Hoppuma 11, 3akmtouaromascs B MpOTEKaHUN OKHUCIIH-
TENBFHOHN ECTPYKILIUH 0 PAIUKAIHLHOMY THITY ¢ 00pa3o-
BaaneM C=C-cBsi3H.
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YcTaHOBIICHHBIC 3aKOHOMEPHOCTH MOTYT OBITH HC-
MOJIb30BAHBI MPH pa3paboTKe OMOKOMITO3UIIMOHHBIX Ma-
TEpHAJIOB C YCKOPEHHOH KMHETHKON (DOTOXMMHYECKOW
JIECTPYKLHUH.

bnaropapHocTun

HccnenoBane METONOM CKaHUPYIOLIEH 3IEKTPOHHOMN
MHUKPOCKOIIMM MaTepuajoB, HCIOJb30BaHHbIX B JaH-
HOIi paboTe, BBINOIHEHO Ha oOopyaoBaHuu B LleHTpe
KOJUIEKTUBHOTO Tonib3oBaHusi «lleHTp wuccnemnoBanuit
oJauMepoB» MHCTUTYTa CHUHTETMYECKUX IOJUMEPHBIX
marepuaiioB umenn H.C. EnwuxonmomnoBa Poccuiickoit
aKaJIeMUH HayK.
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AHHOTaUud

Lean. Mccnenoars 3G GeKThl MOIOKUTEIFHOTO U OTpHLATeNIbHOTO TemneparypHbix kodddunuentos (IITK u OTK coorBeTcTBEeHHO)
Ca)KCHAIOJIHEHHBIX JJIEKTPOIPOBOIHBIX MOJMMEPHBIX KOMITO3HIIMOHHBIX MaTepHaOB HA OCHOBE ITOJMATUIICHA BBICOKOH IJIOTHOCTH
Mapku 277-73 u nonunponmieHa Mmapku 01050, rie B kauecTBe HAOIHUTEIS UCIOIB30BAIN TEXHUYECKUH YIIIepOo]] CIeLIUaIbHON dJIeK-
TponpoBoHoit Mapku Omcarb C-140 (YM-76).

Metoapl. [lyist vcciie[oBaHUS NIEKTPUIECKUX XapaKTEePHCTHK KOMITO3UIMI OBUIM OTIPECCOBAHBI IUIACTHHBI C 3aI[PECCOBAaHHBIMU Ha
KOHIIaX KOHTAKTHBIMH 2JIEKTPOJIaMU U3 00€3)KUPEHHOH JIATYHHOH CETKM, MOJEIHPYIOIINE TTOJMMEpHbIe HarpeBaTen. DIeKTPUIeCcKoe
CONPOTHBIICHHE 00PA3I0B OLEHUBAJIH C ToMolnbio ommerpa DT9208A (PECAHTA, Jlarust). McnibITaHus IPY MOBBIIICHHBIX TEMIIEPATY-
pax npooxmiu B repmornkady CHOJI 3.5 (HII® TepmHKC, Poccust) co ckopoctbio HarpeBanus ~3°C/MuH. CTeneHb KPUCTAUTMYHOCTH
00pasIoB py HarpeBaHWH OLIEHUBAIIM METOIOM JH(depeHIanbsHoi ckanupyomei kanopumerpun Ha npudope DSC 204F1 Phoenix
(NETZSCH, Tepmannsi) co ckopocTbio HarpeBanus 3°C/MuH.

PesyabTarsl. [lokazano, uto Mexanm3Mmel [ITK 1 OTK B cMeceBBIX MOTMMEPHBIX KOMITO3UIUSAX HOCSAT KOMIUICKCHBIA XapakTep U He
CBsI32HBI TOJIBKO C TEIUIOBBIM PACIIMPEHUEM U TUIABICHHEM MonMepa. MI3MeHeHne SIIeKTPHUECKOTO COTIPOTHBIICHUS CayKeHATIOTHEHHBIX
MTOJTMMEPHBIX KOMITO3HIIUI TIPOUCXOUT M3-32 HANMYHS NePEKTHBIX KPUCTAUTHNUECKUX yJacTKoB. Ha paHHHMX cTajmsx Hadaia IuiaBie-
HUS TIOJIMMEpa TOKOTIPOBOJISIIIE KAHAITBI Pa3pyIIaroTCs 3a CUET IMOSIBIICHUS PACIIUPSIONIAXCS aMOP(HBIX «MIUKPOKAIIEIb» €ro paciijiaBa.
J11s ca)KeHATTOTHEHHOW 3JIEKTPOIPOBOTHOM CMECEBOI KOMIIO3HITNH MOJIUATHICHA W TIOJIUIPOITHIICHA BETMYHHA U XapaKTep H3MEHEHUS
muka [ITK 3aBucAT OT Temmeparypbl Hadalia IIaBJIeHNs] HanOoliee HU3KOTUIABKOM (a3l MoMu3THIICHA. [Ipi 3TOM reTeporeHHOCTh CMe-
cell KpUCTAIUT3YOIIIXCS TOJTMMEPOB C TEXHUYECKUM YIIIEPOIOM MOBBIIIAET TEPMUIECKYIO YCTOHUMBOCTh MaTepHala 3a CYeT paciiupe-
Hust 30HBI [ITK B 00macTh turaBiieHust 6oiee BEICOKOTUIABKOH (ha3bl OMUTIPOITIIIeHA. J{JTst SIeKTPOIIPOBOIHBIX KOMITO3UIIHI JIBYX TTOJTH-
MEpOB C Pa3IMYHON TeMIEepaTypoil MIaBJICHUS U TEXHHYECKOTO YIIIepo/ia IIOKa3aHo, YTO HU3KOIUIABKUI ITOMMEp 33aJaeT TeMIeparypy
«camoperymupoBanusi» u xapakrep IITK, B To BpeMst Kak BBICOKOIUTABKHIA MTOJIMMEP CMEIIAET CKaYOK IEKTPUIECKON MTPOBOAUMOCTH
Marepuraa B 00IacTh MOBBIIICHHBIX TEMIIEPATyp.

BbIBOABI. YCTAHOBIICHO, YTO SHEPIHH AKTUBAINH CMECEBBIX CA)KCHAINOIHEHHBIX KOMITO3HIMI TTOMUATUIICHA ¢ HOIUIPONIICHOM Mallo 3a-
BHUCAT OT CHOCOOOB CMEIICHHUS B cOCTaBILIOT 44 + 3 k/[x/Monb. [lomydeHHbIe BEMYUHBI COBIAAAIOT CO 3HAYCHUSMU SHEPTHH aKTUBALIU
TIpoIiecca BA3KOTO TeUEHNUSI PAacIliaBa. YCTAHOBIICHO, YTO CIIOCO0 COBMEIICHHSI KOMITOHEHTOB CMECEH Ca)KeHANOITHEHHBIX KOMITO3UIIIH Ha OC-
HOBE KPHCTAJUTH3YIONUXCS MOIMMepoB Maito BiuseT Ha 3¢ dekt [ITK. YeranoBneHo, 9To HCIONB30BaHNE CAKEHAIOTHEHHBIX TTIOTUMEPHBIX
KOMITO3UIIMI CO CMECEBOIT MaTpHLIEH MONMMATHIICHA M TIOJHUITPOITIJICHA TIO3BOJISIET PErynnupoBaTh HHTEeHCUBHOCTB dddexroB [ITK u OTK.
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Abstract

Objectives. The effects of positive and negative temperature coefficients (PTC and NTC, respectively) in carbon black-filled conductive
polymer composites based on high-density polyethylene grade 277-73 and polypropylene grade 01050 were investigated. Carbon black
electrically conducting grade OMCARB C-140 (UM-76) was used as the filler.

Methods. To study the electrical characteristics of the compositions, plates were pressed with brass contact electrodes at the plate ends
to simulate polymer heaters. The electrical resistance of the samples was evaluated using an ohmmeter DT9208A (RESANTA, Latvia).
Tests at elevated temperatures were carried out in an SNOL 3.5 heat chamber (NPF TherMIX, Russia) with a heating rate of ~3°C/min.
The crystallinity of the samples during heating was assessed by differential scanning calorimetry on a DSC 204F1 Phoenix device
(NETZSCH, Germany) with a heating rate of 3°C/min.

Results. The complex PTC and NTC mechanisms in mixed polymer compositions are not solely related to thermal expansion and
melting of the polymer. While changes in the electrical resistance of carbon-filled polymer composites are associated with the presence
of crystalline regions with defects, the destruction of the conductive channels occurs at the earliest stages of polymer melting due to the
formation of expanding amorphous “microdroplets” of the hot melt. For a carbon-filled, electrically conductive mixture of polyethylene
and polypropylene, the magnitude and nature of the change in the peak temperature of the PTC depends on the melting onset temperature
of the lowest-melting phase of polyethylene. At the same time, the heterogeneity of the mixtures of crystallizing polymers with technical
carbon increases the thermal stability of the material by expanding the PTC zone into the melting region of the higher-melting phase of
polypropylene. When comparing electrically conductive compositions of polymers with different melting points and carbon black, the
low-melting polymer determines the temperature of self-regulation and the nature of PTC, while the high-melting polymer shifts the
jump in electrical conductivity to the region of elevated temperatures.

Conclusions. The activation energies of carbon-filled mixtures of polyethylene and polypropylene, which are weakly dependent on the
mixing method, are approximately 44 + 3 kJ/mol. The obtained values are consistent with the activation energy values for the viscous
melt flow process. The method of mixing the components in mixtures of carbon-filled compositions based on crystallizing polymers was
found to have little effect on PTC. The use of carbon-filled polymer compositions with a mixed matrix of polyethylene and polypropylene
allows for the regulation of the intensity of PTC and NTC.
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conductive polymer composites, positive and negative temperature coefficients, polyethylene, Revised:  27.11.2025
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ToHkune xumunyeckue TexHonorum = Fine Chemical Technologies. 2026;21(2):226-236 227


https://doi.org/10.32362/2410-6593-2026-21-2-226-236
mailto:azmonst@gmail.com

Features of changes in the electrical resistance of mixtures of crystallizing polymers

with carbon black upon heating

Anatoly V. Markov,
etal.

For citation

Markov A.V., Zverev A.E., Kalugina E.V., Markov V.A. Features of changes in the electrical resistance of mixtures of

crystallizing polymers with carbon black upon heating.
https://doi.org/10.32362/2410-6593-2026-21-2-226-236

BBEAEHUE

DddexTsl aHOMATBHO BBICOKOTO TIOJIOKHUTEIBHOTO U OT-
pHIaTesIbHOro TemreparypHbix kodddurmentor (ITTK
1 OTK cOOTBETCTBEHHO) B MOJUMEPHBIX KOMITO3UIIMOH-
HeIx Marepuanax ([IKM) mauamm m3y4ars ¢ cepeanHbI
XX Beka [1-3], omHaKo M0 CHIX TOpP MCCIENOBATENN HE
NPUILUIM K €IMHOMY MHEHHMIO O MPUYMHAX BO3HUKHO-
BEHUS MOJOOHBIX sIBICHUH. B TO ke BpeMs cyiecTByeT
MHOYKECTBO TATCHTOB C TPHMCHECHHEM Ca)KEHAIlONTHEH-
HBIX 3JIEKTPONPOBOIHBIX TOJTUMEPHBIX KOMITO3UIIMOHHBIX
marepuanos (JI1IKM) ¢ a¢pdexramn IITK n/mmn OTK
B Ka4deCTBE PAa3IMYHBIX HArpeBaTENbHBIX U TEPMOCTa-
TUPYIOLIUX YCTPOICTB, TEPMOPEIYIUPYIOIIMX HarpeBa-
TEIBHBIX 3JIEMEHTOB, CaMOpETyIUpyIomuxcs Kabemei
U 1p. [4-16]. OOnire NaTeHTOB W HAyYHBIX ITyOITUKAIi
TOBOPHUT O NMEPCIEKTUBHOCTH MPOMBIIIJIEHHOTO TPUMEHe-
HUS TIONOOHBIX MaTrepualioB W TpeOyeT MPOBEJCHUS HO-
BBIX McciienoBanuii B ooiracty DITKM ¢ menbro nmoHuMma-
HUS MexaHu3Ma Bo3HHKHOBeHwMs dpdektoB [ITK u OTK.

TunuyeeiM HanonHuteneM i nonydeHus OIIKM
sBIsieTcsl TexHndeckuit yrepoa (TY). Beibop cnenm-
ajbHbIX Mapok TY B KauecTBe 3JIEKTPOIPOBOJHOTO
HanonHuTeNst B OIIKM cBsi3aH ¢ 0COOEHHOCTBIO CTPYK-
Typsl TY, B arperarax KOTOpOro npoBOAUMOCTb AOCTH-
raet 2.4 Cm/cm [17]. Ilpu 3TOM BIEKTPOIPOBOIHOCTH
noJauMepHbIX komnosuuuil TY ocyuecTsisdercs 3a cuer
o0Opa3oBaHusi B 00beMe MaTPHUIIBI CTPYKTYPBI TOKOIPO-
BOJSIIIMX KAaHAJIOB, 10 KOTOPBIM MIPOTEKAIOT JIEKTpHYe-
ckue 3apsaabl [18-21]. Tok 21eKTpOHOB Uepe3 CONpsKEH-
HBIC MEXITy COOOH yIIIepOoIHbIe YaCTHIIBI U X arperaTsl
MOXET OCYHIECTBIATHCA MO MEXaHU3MY DJIEKTPOHHOMN
nposoaumoctu [18, 22]. Tlomumo 3TOrO, B MOIUMEpP-
HBIX KOMIIO3UTaX, HANOJHEHHBIX TY, BO3MOXHO TyH-
HEJIMPOBAaHUE 3JIEKTPOHOB 4Yepe3 TOHKUE MPOCIONKH
JIUDTIEKTpUKa (TIONMMEPHOM MaTpHIIbl) HA PACCTOSHHIX
~5-10 um [18, 22, 23].

CTOUT OTMETUTB, UTO B CIIy4yae KPUCTAJUIN3YIOIINXCS
MOJTMMEPOB, CHEPOIUTHI KOTOPBIX COCTOAT M3 IUIOTHBIX
KPUCTAJUIUTOB M aMOpP(HBIX 0o0JacTeld MEXIy HUMH,
HaOromaerca JokaidbHas armiomepauus TY [24]. Tax
nmokaszano, 4yto B nonmdtuieHe ([19) B mpouecce pocra
c(epoUTOB YIIEPONHBIE YACTHIEI KOHIICHTPUPYIOTCS
MeXy Kpuctamuramu [24-27]. B cBoro ouepenp, 3TO
MIO3BOJISICT JOCTHYB O0JIee BHICOKUX 3HAYCHUI 3IEKTpHU-
YeCcKoM mpoBoAnMOCTH 110 cpaBHeHnto ¢ [IKM Ha ocHo-
Be aMOP(HBIX ToarMepoB [28].

Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2026;21(2):226-236.

3aMeTHas DdJeKTpUYecKass NPOBOAUMOCTb IIOJNH-
MEPHBIX KOMIIO3UTOB JOCTUTAETCs MPU OIpPEaeIEHHOM
cogepxkanuu TY, KOTOpoe Ha3bIBAETCs [IOPOTOM IEPKO-
JISIMM, @ COOTBETCTBYIOLIEE EMY COZIEpP)KaHUE, IIPU KOTO-
pom mipoucxonut nepexon IITKM ot qusnekrpuka K 1mo-
TYTIPOBOJHUKY U Jlajiee K MPOBOIHUKY, HOCUT Ha3BaHUE
MepKOJSIIMOHHOTO Tiepexona [29]. Ilpu manpHeimem
yBesnndyenuu coaepxkanus TY B OIIKM pocrt anexrpuue-
CKOW TIPOBOJIMMOCTH 3aMEIISieTCs B CBSA3U C (popMupo-
BaHMEM B 00bEME ITOJTMMEPHOTO KOMITO3UTa YCTOHIHBO-
'O 3JIEKTPOINPOBOJIAIIETO KIIACTePa C IPEUMYILIECTBEHHO
KOHTaKTHOW MPOBOJUMOCTBIO. DTOT Kiactep Haubomee
CcTaOWJICH W YCTOWYHMB K BHEITHEMY BO3JICHCTBHIO, HO
py MeHbLIUX copepkaHusix TY 10 ero mnosBieHus
CHUCTEMa TOKOTIPOBOJASAIINX KAHAIOB MPOSIBISET He-
YCTOWYIHMBOCTB, pearupys Ha TepMuueckoe u aedopma-
LIUOHHOE BO3JEHCTBHE PE3KUM POCTOM DIEKTPUUYECKOTO
conpotuiieHus. imenHo ¢ atum cBsizano ssnenue [1TK
B MCCJIEJOBAHHBIX HAMU IIOJIMMEPHBIX KoMmo3uTax ¢ TY.

B cmeceBbIX NOMMMEPHBIX KOMIIO3ULMAX SJIEKTPH-
YECKUE XapaKTEPUCTUKU 3aBUCAT OT pacIpeesieHHs
AIICKTPOIIPOBOIHOTO  HAMONHUTETST MeXIy (azamu
nonumepoB. Apropsl [30] uccienoBanu KOMIIO3UIIUU
1D BeIcOKO# ToTHOCTH (IIDBII) c¢ monmmpomnuie-
aoMm (I1I1), nanonuennsie TY ¢ AmamMeTpoM MEpBUYHBIX
yactul] 27 HM. bbuto ycraHoBineHo, uto TY KOHIICH-
Tpupyercsi B MaTpuiie Oonee HuskorutaBkoro 113 [30].
KoHueHTpupoBaHue »3IeKTPONPOBOAHOIO HAMOJHUTE-
7 Ha TpaHuLe pas3znena (a3 AByX MOJUMEPOB MOXKET
HOBbIMIATh AJeKTponposBoaHocts JIIKM [30, 31]. Ha
npumepe cmeceit [19 ¢ TII1 nokazano, 9To HECMOTpPS Ha
TO, YTO yIIepox KoHIEeHTpupyercs B ¢aze I1D, mopor
MIEPKOJISIIH KOMITO3UITUN OCTAETCS MPAKTUYESCKU HEM3-
MEHHBIM TI0 CpaBHEHHWIO ¢ HamosHeHHbIM [1D [30, 32].
Pacnpenensisice o rpanune paszaena ¢as, TY obpasyer
ANEKTPOIPOBOJIAININE KaHATbl TIPU MEHBIIEM COAEpKa-
Hun HaroraUTeNs [30, 31].

AHamu3 HayYHO-TEXHHYCCKOH WH(MOpPMAIMH YKa-
3bIBAET HAa YCKOPEHHBIN €XKETOIHBIA POCT B IMOCIIEIHEE
JIBQINATHIICTHE YUCIIa IMyOIMKAIMA W HOBBIX pa3pado-
TOK B 3TOi oOnactu. OMHAKO JOJI B HUX IyOIHKAIHH,
packpeiBatomux Mexanusm sBieHust [ITK B cmecsx
MOJIMMEPOB, CPAaBHUTENbHO HeBenmuka. JlanHas pabora
MOCBSIILIEHA HCCIIEIOBAHUIO OCOOEHHOCTEH MexaHu3Ma
nposieneHust siBieHus IITK B cmecsx Kpucrtamiuzyro-
mmxcst mosmmepoB (115 u I1IT), mpuroToBIeHHBIX pas-
JUYHBIMU CIIOCOOaMHU.

228 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):226-236
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OCc06EeHHOCTN N3MEHEHMS 3N1EKTPUHECKOT0 COMPOTUBIEHUS CMECe

A.B. Mapkos

KPUCTaNININBYIOLLMXCS NMOSMMEPOB C TEXHUYECKUM Yr1epoAoM MpU HarpesaHnum nap.

OKCMNMEPUMEHTAJIbHAA YACTb

OObexTamMu uccaenoBanus sApisiucy [I9BIT 277-73
Crasponen (I'OCT 16338-85') u IIIT 01050 Banen
(TY 2211-074-05766563-2015%). B KkauecTBe diek-
TPOIIPOBOJHOIO HAIOJIHUTENS HCHONB30BAIKA TY Map-
ku Omcarb C-140 (YM-76) (OOO «Kapbomny», Poccus,
TV 38-10001-94). IlpurortoBieHrne CMECEBBIX KOMIIO-
3UIHN TPOBOIIIIH TIPH TEX XK€ YCIOBHUSX, YTO U B pabo-
Te [33], HO MCTOJIB30BAIM HECKOJILKO CIIOCOOOB COBME-
menust TY ¢ [19 u II1. Cymmaproe conepxanne TY Bo
Bcex kommosutax coctaBwio 20 mac. % (11.7 06. %).
CoBMelieHHe KOMIIOHEHTOB TPOBOAMIIM, Kak M pa-
Hee [33], HO B JBa dTama: cHa4ajga TOTOBWIJIM JIByXKOM-
noneHTHBIe cMecu T1D/TY, TII/TY wmm I[T3/I111, a 3arem
OCYIICCTBISIM BBelleHHE TpeTrbero kommoHenrta (110,
[T wmm TY) wnm coBmemieHne ABYX cMmeced. Takum
00pa3oM, ObUIM TONY4YEHBl Pa3IUYHbIE CMECEBbIE KOM-
no3utel  (IID/TY)/II, (III/TY)IID, (II3/II)/TY
u (II/TY)/(I13/TY) ¢ coorHomenusimu 115 u 111 pas-
HbIM | K 1.

OO0pasiibl a7 uccnenoBanus AuHON L = 120 + 2 MM,
nmpuaor b = 10 = 0.5 MM 1 Tommmaol & = 1.0 + 0.05 MM
C 3alpPECCOBAHHBIMU Ha KOHIIAX KOHTAKTHBIMH DIICK-
Tponamu u3 naryuuoii cetkn JI-80 (TOCT 6613-863)
npeccoBasiv ipu 180°C B TeueHne 3 MUH W OXJIAXKIATN
B mpecce 10 50°C. DTo crmocoOCTBOBANIO CTAOMIH3ANNT
KPUCTAJUIMYECKON CTPYKTYphl 00pas3IioB W TPEAOTBpa-
IaJI0 TTOSIBJICHHUE «KaJIaHIPOBOTO» 3 deKTa.

DJeKTpUYecKoe COMPOTUBIEHUE 00Pa3LI0B U3MEPSIIN
¢ nomotneto ommerpa DT9208A (PECAHTA, JlatBus).
VcribITaHust Ipu MOBBIIICHHBIX TEMITEpaTypax MpoBOAN-
mu B epmorukady CHOJI 3.5 (HII® TepmHKC, Poccust)
co ckopocThio HarpeBaHus ~3°C/MuH. TemnepaTypHbIit
ko3 duImeHT anekTpudeckoro conporusieHus a (1/°C)
paccuuThIBaiy mmo dpopmyie (1):

A
a=—r, ()
PoAT
e p — H3MEPEeHHOE YIAeIbHOE OOBEMHOE DJICKTPH-
yeckoe compotuBieHne (Om-cM); Ap — U3MCHEHHE

YAEABHOTO OOBEMHOIO AIEKTPUUYECKOTO CONPOTHUBIE-
Hust (Om-cMm) mpu m3MeHeHun temmeparypsl AT (°C);
Py — YIEIBHOE OOBEMHOE OIIEKTPUYECKOE CONPOTHB-
nenue o0pas3noB (OM:cM) MpU HOPMAJIBHBIX YCIOBHSIX:
I[I9/TY =32.5 Om-em u HIII/TY = 11.5 Om-cMm.

H3meHeHue creneHu KPUCTAJIIMYHOCTU TOJIMMEPOB
MpY HarpeBaHWUM WCCIeNoBad MeTonoM auddepeH-
IUABHON CKaHHUPYIOIICH KaIIOPUMETPUU Ha mpudope
DSC 204F1 Phoenix (NETZSCH, I'epmanus) co ckopo-
cThto HarpeBanusi 3°C/muH. CTeneHb KPUCTAUIMIHO-
ct D (%) paccuuThIBaIl, UCTIONbB3Ys ypaBHEHHE (2):

AH
D =100 AH“” , (2)
Kp
e AH_ ~— SHTaJbIUs [UIABJICHUS KPUCTAJUINYECKON
(da3pl oOpasna, paccuyMTaHHass C YYETOM MAaCCOBOM
gomu TY (x/x/monb); AHKp — DHTaJbOUS IIJIABIIE-
HUS KpucTaumyeckor (aszsl monmmepa (k/[x/mounb).
3HayeHuss D Tpu HOpMalbHBIX ycioBusx: I19/TY —
70.5%, II/TY — 48.5%.

PE3YJIbTATbl U UX OBCYXAOEHUE

Ha puc. | mpuBeneHs! 3aBHCUMOCTH YACTBHBIX 00BEM-
HBIX 9JIEKTPUYECKUX COIPOTUBICHUH HCXOOHbIX 11D
n 1T komnozunmii ¢ TY npu HarpeBaHud. XapakTep
W3MEHEHHUs 3TUX 3aBUCHMOCTEH aHAJIOTMYE€H U COOT-
BETCTBYET OIIMCaHHBIM BO BBeleHMM. Hanuuume nukoB
Ha KPHUBBIX O0€CMEYHMBaeT CaMOPErYJIMpPOBAaHHE MOIL-
HOCTHM HarpeBaTeliell NMpHU IMOBBIIICHUH BHEIIHEH TeM-
nepatypsl. MexXaHn3M 3TOTO SBJICHUS MOAPOOHO OMICaH
Hamu panee [33]. Pa3Huua B mporekaHMH NPOLIECCOB
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Q I

. I

20 60 100 140 180 220
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Puc. 1. I3MeHeHNE MPUBEICHHBIX BEJINYHMH YACIbHBIX
OOBEMHBIX JIEKTPUIECKUX COMPOTHBIEHUH (p/p))
xomnozutmi (/) I19/TY u (2) [IIVTY npu varpeBanuu [33]

Fig. 1. Change in the specific volume electrical resistances (p/p,)
for compositions of (/) polyethylene (PE) / carbon black (CB)
and (2) polypropylene (PP) / CB when heated [33]

T'OCT 16338-85. MexrocynapcTBeHHbIH crannapt. [lommstuinen Huskoro nasineHus. TexHnmueckue ycnoBusa. M.: Crarmaprundopm; 2005.

[GOST 16338-85. Interstate Standard. Low-pressure polyethylene. Specifications. Moscow: Standartinform; 2005 (in Russ.).]

2 https://polimermsk.ru/image/catalog/product/passport/TU%202211-074-05766563-2015.pdf. Jlara obpamenus 21.01.2026. / Accessed

January 21, 2026 (in Russ.).

T'OCT 6613-86. MexrocynapcTBeHHbI cTaHAapT. CeTKH NPOBOJIOYHBIC TKAHBIC C KBAAPAaTHBIMU SUCHKAMH. TeXHHWUYecKne YCIoBUsA. M.:

Crannaprungdopy; 2006. [GOST 6613-86. Interstate Standard. Square meshed woven wire cloths. Specifications. Moscow: Standartinform; 2005

(in Russ.).]
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Features of changes in the electrical resistance of mixtures of crystallizing polymers

with carbon black upon heating

Anatoly V. Markov,
etal.

KpUCTAJUIM3alUU NpUBOIUT K cmenieHuto nuka IITK
IIT orHOCHTENRHO TIHKa [1D B 00macTs Goiee BRICOKHX
TEeMIepaTyp, a TAKKe PaCHIMPEHUIO TEMIIEpaTypHOM 00-
nmactu OTK TIIT.

SBneane OTK (cHmKeHME >MEKTPUUECKOTO COTIPO-
TUBJICHHUS) MOKET BBI3BaTh PE3KOE YBEIUUYCHHUE MOIIHO-
CTH HarpeBaTeJIsl U BbIXO/] €0 U3 CTPOsi, U AaKE BO3ropa-
Hue. B HacTos1ee BpeMs ero ycTpaHsoT paJialliOHHbIM
WM XUMUYECKUM CITMBaHUEM monumepa [28].

Jlst Oonblielt HADISJHOCTH 3THUX OCOOCHHOCTEH
u nmoHumanust Mmexanmsma siginennst I1TK na puc. 2 npu-
BEJICHBI TpaUKH 3aBUCUMOCTEH MTPUBEJCHHOHN CTETIeH!
KpUCTA/UTMYHOCTH D/D,) (1) ¥ IPUBENEHHOM IIEKTpUYE-
CKo# poBomuMOCTH 6/6, (2) I3 (a) n IIIT (b) xommo-
sunuit ¢ TY npu HarpeBanuu. Cienyer OTMETHTb, YTO
HarpeBanue 00pas3noB DITKM npoBomuiIock ¢ moCTosH-
HOW CKOPOCTBIO HarpeBaHus ~3°C/MUH. DTO MO3BOJISET
CYMTATh JaHHble KUHETUYECKUMH, T.K. U3MEHEHHs Bpe-
MEHU U TeMIIEpaTypbl IPONOPLUOHAIbHBI. XapaKTep u3-
MeHeHus 3Tux 3aBucumocteit y [19- u [MI1-xommo3utnit
TaK)Xe CXOXK, HO IPU ITOM IOKa3aTeNId AIEKTPHUECKON
MIPOBOJIUMOCTH CHIIKAIOTCSI C POCTOM TEMIIEPATypHI.
VY IIIT DI1KM BcnesictBre Ooliee BBICOKOH TeMIieparTy-
pBI IJIaBJIEHUS] ATa 3aBUCHUMOCTH CMeIlleHa B 001acTh
0osiee BBICOKMX TeMIEpaTyp. DTO yKa3bIBaeT Ha CBS3b
[ITK ¢ mpomeccoM CHMXEHUS CTENIEHU KPUCTAILUTAIHO-
CTH, UAYILIUM MapajulebHO C YMEHBIIEHUEM UX DJIeK-
TPUUYECKON MTPOBOAUMOCTH JI0 Hauasa ASHCTBUS dPPek-
ta OTK.

[Ipu wuccrnenoBaHHBIX Temmeparypax s cTere-
HM KPHUCTAJUIMYHOCTH XapaKTEpPHO HaJIW4YME IIEpHU-
0lla MEJUIEHHOTO €€ CHUKEHHs, IOCJIe KOTOPOro Ha-
CTyHaeT yCKOpAIIIeecs €€ CHHXKEHUE 10 TOJHOMI
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(2)

aMopduzanuu monuMmepa. B oTamdyme OT cremeHu
KPUCTAJNIMYHOCTH, DJJIEKTpUYECcKas MPOBOAUMOCTD
OIIKM HauMHaeT 3aMETHO CHUIKAThCS YXKe MpHU 3Ha-
YUTEJIbHO MEHBIIMX TeMIleparypax. JDTO MeIJIEHHOE
CHIDKEHHUE dJeKkTpudeckoir mnposogumoctu IIIKM
MO’KHO YaCTHYHO CBSI3aTh C TEIIOBBIM paclIupeHUEM
MIpU HAarpeBaHUU MOJMMEPOB, CBSI3aHHBIM C UHTEHCHU-
(bukanuen MOJIEKYJISIPHOTO TEIIOBOTO JBMKeHUs. Ho
U Jajiee, Npu OpUOIMKEHUU K TeMIlepaTypaM Hauasa
MJIaBJICHUS KPUCTANIMYECKUX 00pa30BaHUM, MMOSBHB-
LIMXCS Ha 3aBEPLIAIOIIMXCS CTaUAX KPUCTAIIU3ALI
MOJIMMEPOB MPU HUZKUX TeMIIepaTypax, 3TO NajeHue
3aMETHO OTEPEKAET MPOIECC CHUKEHUSI CTETIEHU KPHU-
CTAJUIMYHOCTH. B oTiamume oT cTeneHu Kpucraind-
HOCTH, KOTOpas Ha pUC. 2 CHWXKAETCS 10 HYJS, CTaIus
IITK yckopeHHOro najgeHus 31eKTPUIECKOM MPOBOIU-
moctu DIIKM mnepexonut B craguto OTK, B koTopoi
3JEKTpUYECKasi MPOBOJUMOCTh HAUNHAET MOCTENIEHHO
pacrtu.

[IpuBenenHsle BbILIE PE3yJIbTAThl HCCIEIOBAHUS
BIUSHUS HarpeBaHusi Ha cBoiictBa DIIKM mnoarsep-
JKIat0T BBIBOABI [28] o Tom, uTto MexaHu3Mbl [ITK
u OTK He cBsi3aHBI TOJIBKO C TEMIOBBIM PacCHIUPEHUEM
n mnapneHueM JIIKM. Jlns yTouyHEHHUs ONMHMCAHHBIX
0COOCHHOCTEH U3MEHEHUS SJIEKTPUUCCKOTO COMPOTHUB-
neHust B cmeceBbix DIIKM ObutH OTIpeiesieHbl dHEp-
UMY aKTUBALlMK ONMCAHHBIX MIPOLIECCOB B TEMIIEPATyp-
Hoil 30He IITK. Ha puc. 3 npuBeneHsl 3aBUCUMOCTH
W3MEHEHHUS BEIUYMH TEMIIEPaTypHBIX KOAPPHUIIHCH-
TOB JJIEKTPUYECKOIO CONPOTUBIIEHHUS O OT TEMIIepa-
Typbl B KOOpPJIMHATaX, COOTBETCTBYIOLIUX YPaBHEHUIO
Appennyca (temmneparypras oonacte [ITK cMmeceBbix
KOMITO3HUIIMH BbIJI€JIEHA TYHKTHPOM).
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Puc. 2. CpaBHeHUE 3aBHCUMOCTEH TPUBEECHHON CTENEHN KpUCTATUYHOCTH D/D) (1) 1 NpUBEICHHOMN SNEKTPUIECKOH
HpPOBOIMMOCTH G/, (2) kommosunmii (a) II3/TY u (b) III/TY npu Harpesanuu

Fig. 2. Comparison of the dependence of the reduced degree of crystallinity D/D,, (1) and reduced electrical conductivity /6 (2)
for (a) PE/CB and (b) PP/CB compositions when heated
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OCOBEHHOCTU N3MEHEHUS 3NIEKTPUYECKOIO CONPOTUBIEHUS CMECE A.B. Mapkos
KPUCTaTNIYIOLLIMXCS NONMMEPOB C TEXHUYECKUM Yrepoa0oM NPy HarpeBaHnmn n ap.
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Puc. 3. 3aBucuMocTh BenuuuH In ol 0T 00paTHOI TeMIepaTypbl
(1/T, K1) DIIKM: (IT/TY )/ (m), (TII/TY)/IID (A)

u (II9/TIIVTY) (e)

Fig. 3. Dependence of In o on the reverse temperature

(1/T, K1) for conductive polymer composites (CPCs):
(PE/CB)/PP (m), (PP/CB)/PE (A), and (PE/PP/CB) (e)

Oxkazajoch, 4YTO pacCUYMTAHHBIE PHEPIUN aKTHBALUU
HCCIICIOBAaHHBIX CMECEBBIX KOMITO3UIUI Maslo 3aBUCAT
OT croco0OB CMEMICHUS] KOMIIOHEHTOB U COCTAaBISIOT
44 + 3 kJI/MOJb. ITH BEITMYUHBI OTJIHMYAOTCS OT dHEP-
U aKTUBALMH UX MJIABJICHUS, HO COBIAAAIOT CO 3HAYE-
HUSIMHU SHEPTUH aKTUBAIMK MPOIecca BS3KOTO TEUCHHUS
paciapos (£, ) ¥ SHEPIUM paspylIEHHs] TOKOIPOBOJIS-
uux kananos B 30He IITK (£, ) uccnenyempix 119BII
u [1I1 [28]. D10 Mo3BOMNSAET TOBOPHUTH 00 UX 0O0IIEM Me-
XaHU3ME.

Takum 00pa3oM, CKOPOCTb POCTa IEKTPUUECKOrO
COIMPOTHUBIICHUSI B CMECSX IOJMMEPOB B TeMIIEeparyp-
Hoii obmactu [1TK 3aBuCcHT OT HaJMYMs B TOJMMEpPax
JeeKTHBIX KPUCTANIMYECKUX Yy4yacTKoB. BcieactBue
KOHIIEHTpUpOBaHUs yacTHll TY B HauMeHee TeTI0CTON-
KHAX MEXC(PEPOIUTHBIX 00IACTAX KPHUCTAUTH3YIOMINXCS
MOJIMMEPOB M UX CMECEil, pa3pylIeHNe TOKOIIPOBOIAIINX
KaHaJIOB MPOUCXONT Ha CaMbIX PAHHUX CTAIUSIX HavYasa
IUTaBJIEHUS IIOJIMMEpa 3a CUeT IOSBJIEHUS PaCLIMpSIO-
mMxcst aMOp(HBIX «MUKPOKAIIEIb) €ro paciJiasa.

OCOOCHHOCTH BIIMSHUSI HarpeBaHWsi HA U3MEHEHHE
AIIEKTPUYECKOTO COMPOTHBICHUS HccieayeMbix DKM
9THM HE OrpaHuunBarorcs. Ha puc. 4 mpuBeneHsl 0600-
IICHHBIC PE3YNIBTAThI AIEKTPUUECKUX UCIBITAHUH, MPO-
BE/ICHHBIX CO BCEMH OITMCAHHBIMH BEINIE 00pa3maMu
cMmeceil. 371ech UM Janee MyHKTUPHBIMU JIMHHUSMHU BbI-
JISJICHbl WCTIOJIb3yeMble i CPaBHEHUS 3aBUCUMOCTH
JIBYXKOMITOHEHTHBIX kKomrio3utoB (I13/TY, II/TVY); atn
3aBHCHUMOCTH ObUIH MOIPOOHO HccieaoBaHbl paHee [33].
ChjiouiHple JIMHUU HWCIOJb30BaHBl JJISI  TPEXKOMIIO-
HeHTHbIX kommosutoB: (IID/TY)/TIII, (IIII/TY)/TID,
(IID5MIL)/TY, IY/TY)/(TID/TY).

[lepBoe, Ha 4YTO MOKHO OOPATUTh BHUMAHHUE, 3TO CO-
BIIaJICHUE BCEX JIMHUNA CMECEBBIX KOMIIO3ULIUHI B TEMIIE-
parypaoit oomactu [1TK ¢ myakruproii muaueit [19/TY,

Puc. 4. VI3MeHeHne MPUBEICHHBIX BETUYNH YASIbHBIX
00BEMHBIX TEKTPHYECKUX CONPOTHBIICHHH (p/p,) MpH
Harpesanuu DITKM: TID/TY (1), TIIV/TY (2), (II3/TY)/III (3),
MIVTY/IIS/TY) (4), (TIS/TI)/TY (5) n (IIII/TY)/TID (6)

Fig. 4. Change in the specific volume electrical resistances (p/p,)
when CPCs are heated: PE/CB (1), PP/CB (2), (PE/CB)/PP (3),
PP/CB/(PE/CB) (4), (PE/PP)/CB (5), and (PP/CB)/PE (6)

a TaKKe TMOSBICHUE JOMOJHUTENBHBIX MUKOB Pa3jiny-
HOHM BBICOTBI B TemmeparypHod obOmactm OTK cme-
ceBbix kommosunuii [III/TY. Cnemyer OTMETHTH, 4TO
B omnuue ot siBienus I1ITK y nmonmumepHoro narpesa-
TenpHOTO ycTpoiicTBa sBienne OTK sBrisiercst Hexena-
TelbHBIM. [Ipy BBICOKHX TeMmIepaTypax SKCIUlyaTaluu
HarpeBareJIbHbIX 351eMeHToB 13 DKM nanenue conpo-
TUBJIEHHUS MOXKET BbI3BaTh PE3KUH CKAYOK MOLIHOCTH
U pa3pylieHue HarpeBatens. Kak ynmoMuHanaoch BbIIE,
B Hacrosiee BpeMs s ycrpanenus sdpdexra OTK
MMOJIMMEPHBIE HarpeBarenu, u3rotosiaeHuble n3 DI1KM,
MOJIBEPraloT paJuallMOHHOMY MJIM XUMHUYECKOMY CILIHU-
BaHUIO [28]. DTO TEXHOJOTUYECKH CIOXKHBIN IMpoIlecc,
TpeOYIOINH CIIEIUANIBHOTO 000pYAOBaHUS M PEaKTH-
BOB. OJTa OCOOEHHOCTh H3MEHEHHUS 3JIEKTPUUYECKOTrOo
conporusieHusa y cMeceBblx DIIKM yka3biBaeT Ha BO3-
MoxxHOCTh cHU3HUTH Biusinne OTK. Onnako Ha puc. 4
B TemmeparypHblx obnactax OTK Bce nuHuMH pacxo-
JIITCSL U TEPEIIeTAIOTCs, YTO 3aTPYJHSIET MPOBEICHUE
aHaJIM3a BJIMSAHUSA COCTaBa CMECEBBIX KOMIIO3UTOB Ha
U3MCHCHUE HX YACIBHBIX OOBEMHBIX AJICKTPHYCCKHIX
conporuienuit (p/p,). [losromy nanee 3aBucuMOoCTH,
MpUBEIEHHBIC Ha 0000IMeHHOM puc. 4, OyayT pasjele-
HbI Ha TPU TPYNIHI ¢ YYETOM WHTEHCUBHOCTHU BIUSHUS
¢azer I (Hymepanus TUHUN cOXpaHeHa Ha BCEX pH-
CYHKaXx).

Hauwmenbliiee BiAMsHHE Ha XapakTep HW3MEHEHHUs
YAETBHOTO 00BEMHOTO MEKTPUUECKOTO COMPOTUBIICHUS
oxumaemo HaOmomaercs y kommosuta (I13/TV)/MIII,
B koropoM TV mnepBoHayanpHO cMmemmBaercs ¢ 110,
3aTeM KOHLEHTpHpoBaHHas komnosuius II9/TY cme-
muBaetcst ¢ [1I1. M3-3a nmoBsimennoro coaepxanus TY
B (haze [13 Bricora nuka [ITK ymenbiiaercs.
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with carbon black upon heating

Anatoly V. Markov,
etal.

Ha puc. 5 npezacrasiieHbl pe3ynbTaThl HCCIIEI0BAHUS
W3MECHEHHS 3JIEKTPHICCKOTO COMPOTUBIICHUSI TIPH Harpe-

Banuu DIIKM (I13/TV)/TIIIL.
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Puc. 5. VI3mMeHeHne NPUBEICHHBIX BEJIMYHMH YISIbHBIX
00BEMHBIX SIEKTPHYECCKUX CONPOTUBIICHUH (p/p;))
nipu Harpesanuu DIIKM: T1D/TV (1), IIII/TY (2)

u (IID/TVY)/TIII (3)

Fig. 5. Change in the specific volume electrical resistances (p/p;)
when CPCs are heated: PE/CB (7), PP/CB (2), and (PE/CB)/PP (3)

Crnenyer OTMETUTh, YTO NMPU CMEIIEHUH pPACIUIaBOB
¢ ommkumu conepkanusivua 119 u TIIT dopmupyrorcs
reTepo(asHble CHCTEMBl C IByMsl HETPEPHIBHBIMH MH-
KpOBONMOKHUCTEIME  (pazamu® [34]. KonunenTtpuposanue
gactuil TY B Hu3KomaBkoi dase (I19) cmecu mpusoauT
K YBEITUUEHHIO CTAOMIIBHOCTH CUCTEMbI TOKOITPOBOASALIMX
KaHaJIOB B €€ BOJIOKHAX U, KaK CJIEJICTBUE, K CHIXKEHUIO
BoicoThl mmka [ITK wmarepmana. Temmeparypnas 3oHa
OTK »toii cMecu paciupsiercst B 00acTh 0oliee BhICO-
KHX TeMIIeparyp, 4acTU4HO 3axBarbiBas 30Hy OTK cmecu
[ITI/TY. IlogoOHoe mosBiIeHNE B cMecsax «cienosy 11
4acTo OOBSICHSAIOT MUrpalel B ero ¢asy yactun TY u3
¢aswr 11D [31, 32]. DTO HE UCKITIOYEHO, OJTHAKO TPHYMHOM
9TOTO MOXKET OBITH ONMMCAHHOE BHIIIC HAYAIO MTOSBICHHUS
pacmmpsiroruxcst Mukpoydactkos I1I1 amopdHoro pac-
1aBa. Tem He MeHee, 3TOTO MOBBIIICHUS (P YBETHUMIOCH
MIPUMEPHO B 2 pa3a) HeJOCTATOYHO /IS TOJTHOTO yCTpaHe-
Hus HexxenarenbHoro apieHus OTK y 1ol koMno3unuu.

Ha puc. 6 mnpencraBieHbl pe3yabTaTbl HCCIENO-
BaHUS M3MEHEHHUS 3JIEKTPUYECKOIO CONPOTHBIICHUS
JIBYX CXOXKUX I0 MOBeAeHUI0 npu HarpeBanuu JIIKM:
(II2/TY)/M/TY) u (II/III1)/TY.

B stix komnosunusix cogepxanne TY B I111 yBennun-
Baercs, «cien» I B remmeparypnoii 30He ero ITTK cra-
HOBHTCS OOJIee 3aMETHBIM U YETKUM. JTO 03HAYAET, YTO
nannabie DITKM OynyT Goliee yCTOMYUBHI K TIEPETPEBY.
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Puc. 6. VI3MeHeHNe TPUBEICHHBIX BEINYHH YICIBHBIX 00bEMHBIX
NEKTPUIECKHUX COMPOTUBIIEHHH (p/p)) Mpu Harpesarnn DITKM:
II/TY (1), IVTY (2), (ID/TY)IIIVTY) (4) u IS/ TY (5)

Fig. 6. Change in the specific volume electrical resistances (p/p;)
when CPCs are heated: PE/CB (/), PP/CB (2), (PE/CB)/(PP/CB) (4),
and (PE/PP)/CB (5)

C toukw 3peHus cradbminbHoN padoTsl JITKM npu mo-
BBIIICHHBIX TEMIIEPATypax HAMITYUIICH SBISETCS KOMIIO-
sunms ([T TY)/TID (puc. 7). I'paduk naMeHeHHS yIeib-
HOTO 00OBEMHOTO JNIEKTPHUYECKOTO CONPOTHBIIEHUS (/)
npu HarpeBanuu JIIKM ¢akTuuecku cOCTOUT U3 ABYX
coceactpytonux mukoB [ITK: nuka [19 n muka 111, xo-
TOpBIE OXBAaThIBAIOT IIMPOKYIO 00JacTh TeMIeparyp —
ot 120 go 160°C. D10 pemaet nocinenauii DIIKM nau-
OoJree yCTOWIHNBEIM K TIEPETPEBY.

Takum 00Opa3oM, croco0 COBMEIIECHUS KOMITOHCH-
TOB CMECEH KpHUCTAJUIM3YIOUIUXCS MoJuMepoB ¢ TY
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Puc. 7. lI3MeHeHre NpUBEICHHBIX BEJIMYMH YIEIbHBIX
OOBEMHBIX JIIEKTPHYECKHX COMPOTHBICHUH (p/p)
nipu HarpeBanun DITKM: TID/TVY (1), ITUTY (2) u (II/TY)IID (6)

Fig. 7. Change in the specific volume electrical resistances (p/p;)
when CPCs are heated: PE/CB (7), PP/CB (2), and (PP/CB)/PE (6)

MapxoB A.B. TeXHOJIOTHSI OPUEHTHPOBAHHBIX MHOTOKOMIIOHCHTHBIX ITOJMMEPHBIX IUICHOK. ABTOpedepar auc. A.T.H. M.: MockoBckas rocy-
JIapCTBEHHAs akaJleMHsl TOHKOH Xxumuueckoit Texxonorun um. M.B. Jlomonocosa; 2006. [Markov A. V. Technology of oriented multicomponent
polymer films. Dr. Sci. Thesis (Eng.). Moscow: Lomonosov Moscow State Academy of Fine Chemical Technology; 2006 (in Russ.).]
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OCc06EeHHOCTN N3MEHEHMS 3N1EKTPUHECKOT0 COMPOTUBIEHUS CMECe

A.B. Mapkos

KPUCTaNININBYIOLLMXCS NMOSMMEPOB C TEXHUYECKUM Yr1epoAoM MpU HarpesaHnum nap.

Masio Biusier Ha nonoxenue nuka I[ITK. Bennuuna
n xapaxrep mamenenus nuka [ITK cmeceit kpucran-
nu3yromuxces noauMepos ¢ TY omnpenensiercs: TeMIie-
paTypoil Hayana muaBleHUs Hanbojee HU3KOMIABKON
dazwr (I19).

T'eteporeHHOCTh cMecell KpPUCTAJUIU3YIOLIUXCS ITI0-
auMepoB ¢ TV MOBBIIAET UX TEPMUYECKYIO YCTONYH-
BOCTb 3a cueT pactmpenus 30Hb1 [ITK B o0nacTp mias-
nenus 6onee BeicokoruiaBkoit (azer (ITIT).

SAKJTIOMEHME

Hcnons3zoBanue JIIKM co cMmeceBoii mosimMepHoi Ma-
TPUIIEN, COCTOSINIEN U3 IBYX MOJUMEPOB € PA3TUYHBIMHU
TeMIleparypamu IuiaBienus (Hanpumep, [19 u I1I1) no-
3BOJISIET PeryaupoBaTh MHTCHCHUBHOCTH 3ddekra [1TK
n OTK. I1pu 3ToM HU3KOIUTaBKKH Tomumep (I19) sBms-
ercs komnonentoM JIIKM, KoTophlii 3a7aeT Xapakrep
IITK u Temneparypy «caMOperyJIMpOBaHUs Harpepa-
Tensi, a 0oJiee BBHICOKOIUTABKUHU MOJIMMEp ¢ OoJiee BBI-
cokuM I[ITK u OTK (IIII) cmemaer ckauok dj1eKTpuye-
ckoii mpoBonumMocTu cMeceBoro JITKM, napymaronuii
paboty HarpeBaress, B 00JIaCTh MOBBINIEHHBIX TEMIIC-
paryp. Pe3ynbrarsl paboThl TO3BOJIUIIN YCTAHOBUTD P
SIBJICHUH, IPOUCXOSIINX B cakeHanoHeHHbIX DKM
¢ apdexramu IITK u OTK. C menpro naapHEHIux
HcceoBaHui Heooxoaumo pacemotpeth [IKM ¢ ah-
¢exramu IITK u OTK ¢ ToukH 3peHUST HANOTHUTEIS,
B YaCTHOCTH F'€OMETPUUECKUX mapameTrpoB TY crenu-
aJbHBIX MapOK.
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HAYYHAA CTATb4

UccnepoBaHne KOPPO3UOHHOIO BO34eMCTBUSA O30HA
Ha BYJIKAHN3aThbl

C.B. Meanukos™, IL.JI. KpaBuens, A.C. ITonomapes, O.0. Tyxukon
Bonzoepaockuii cocyoapcmeennulii mexuuueckuu ynusepcumem, Boneoepao, 400005 Poccus

™ demop ona nepenucku, e-mail: mednikovl 7@yahoo.com

AHHOTaUus

Heaun. O30HHAS KOPPO3Hs BYIKAHW3aTOB MOAENUPYETCS KaK MEPKOISIIMOHHBIN (ha30BBIil MEpPeXol, aHATOTHYHBINA 10 CXeME Pa3BUTHS
KOHTHHYaJIbHOM MEPKOJIAIIIH Ha IUIOCKOCTH, B IIPOIEcce KOTOPOU pazpacTaroniecs 00IacTu HOBOH (a3bl 00pa3yroT eNUHbIN «IIepeKu-
JibIBaroIuicsy kiaactep. [Ipouecc 030HHONM KOPPO3UN NPEACTABISAETCS pa3AeeHHbIM Ha J1Be cTaauu. Ha nepBoit craguu npouecce 030-
HOTOIIOMIEH!ST TPOMCXOANT Ha TPAHMIAX KOPPOIUPOBAHHBIX YIACTKOB C OKPYIKAIOIIEH MOBEPXHOCTHIO BYJIKAHH3aTa, TIO3TOMY IIOTTIO-
meHre 00pa3oM 030Ha BHAaYasIe BO3PACTAET, 3aT€M YMEHBIIAETCS 10 MEpPe CMBIKAHMS yJaCTKOB yBEIHUHBAIOIIEHCS KOPPOIUPOBAHHON
MOBEPXHOCTH. [Ipy COMPUKOCHOBEHUH COCEAHHX YIACTKOB IIOBEPXHOCTH, COCTOSIIINX U3 MIPOAYKTOB 030HOJIH3A, TI0]] BO3ACHCTBHEM JBY-
MEPHOTO HANpPsDKEHHS Ha MOBEPXHOCTH HAYMHAIOT MOSBIISTHECS KOPPO3HOHHBIE TPpeIIUHEL. Ha BTOpoii cTaany KOPPO3HOHHBIE TPEIIHHBI
MIPOHUKAIOT B INTy0b MaTepuaa u3-3a €ro HanpsKeHHOTO COCTOSTHUS, COTIPOBOXK/IAsICh TPOHUKHOBEHHEM 030HA BO BHYTPEHHHE 00IaCTH
obOpasma. M3smeHeHue B poriecce 030HOIM3a 00IIeH JIMHBI IHHAN KOHTaKTa o0acTel MpoayKTOB 030HONN3A C TOBEPXHOCTEIO, eIIe He
MIO/IBEPTHYTOH 030HHOH KOPPO3MH, OTPakaeT 00IIee 030HOMOMIOIEHNE KOPPOAUPYIOmEero oopasia. Llenpio naHHol paboTHI sBASETCS
9KCIIEPHMEHTAILHOE HCCIIEIOBAHNE U KOMITBIOTEPHOE MOAEINPOBAHNE MIPOLECCOB 3aPOXKICHHUS TPEIIUH B 00pa3Iax TEXHUUECKUX BYII-
KaHM3aTOB, HAXO/SIIUXCS B TNIOCKOM HANPSKEHHOM COCTOSTHUH, BCIEACTBHE BO3CHCTBHUS 030HA.

MeTtoasbl. KomnproTepHOE MOZIETUPOBAHIE BPEMEHHOM 3aBUCUMOCTH OOIIeH JUTHHBI KOHTAKTa 001acTel MPOIyKTOB O30HHOM KOPPO3UU
1 UCXOIHOTO ByJKaHHM3aTa OCYIIECTBISIIOCH C TOMOIIBIO pa3paboTaHHOM aBTOpaMu MPOrpaMMbl Ha s3bike C++. PeanbHble sKcriepuMeH-
ThI 10 PETUCTPALIMHY KHHETUKU 030HOIOIVIOICHHS 030HA IIMHHBIMY BYJIKAaHM3aTaMU MPOBOIMINCH Ha ycTaHOBKe TOM-1000. O6pa3iist
st ucenenosanuii o Metoxy TOM! (TexHnueckas 030HOCTOWKOCTh MaTepHAIOB) MPEACTABIAIOT COGOM TOHKHE AUCKH, 3alleMIEHHbIE
10 KOHTYPY U MOABEPraeMble OTHOCTOPOHHEMY JBYMEPHOMY PACTSKEHUIO JABIEHHEM CXKaToro Bo3ayxa. Co CTOPOHBI MPOTHBOMOTIOK-
HOH TJI0CKOCTH 00pasel] moJBepraeTcs BO3EHCTBUIO TOTOKA 030HA. YCTAHOBKA €T BO3MOXKHOCTH CO3/[aHHA B 00pa3Iie OTHOCHTENbHOM
nedopmaryu 10 100% yBenudeHus MIomau NoBEpXHOCTH.

Pe3ynbrarnl. KoMmboTepHOE MOICTHPOBAHKE MIO3BOJIMIIO, B COUCTAHUH C MPSIMBIMH H3MEPCHUIME BPEMEHHOM 3aBUCHMOCTH 030HOIO-
DJIOLICHMSI, HCCIIEI0BATh IMHAMMKY IIPOLIECCa JECTPYKIUH BYJIKAHU3ATOB B Cpejie 030HA. [Ipe/isioykeH YnCIeHHbIH napaMeTp 030HOCTO#-
KOCTH BYJKaHHU3aTOB — KOG PHUIUEHT 030HOCTOUKOCTH, KOTOPBIN MPAKTHUCCKH JIMHSHHO CBSI3aH C BPEMEHEM JI0 Havyalia TPEInHOoOpa-
30BaHMs1, OJJHAKO OOJIee TOUYEH, T.K. He TpeOyeT BU3yaJIbHOTrO HAOIIONSHHUS 32 IPOLIECCOM 030HOIN3A.

BeiBoabl. Pe3ynbrarbl MAIIMHHOTO MOJICIMPOBAHUS HAXOSTCS B XOPOIIEM COITIACHU C PE3YJBTaTaMH PEealbHBIX 3KCICPUMEHTOB 110

perucTpanny KMHETUKH 030HOIOIIOMIEHNST 00pa3IoB MIMHHBIX BYJIKAHH3aTOB B IPOIECCE O30HOIN3A, YTO CBU/CTEILCTBYET B ITOJIB3Y
[IPaBOMEPHOCTU MOJEIH ABYXCTaAUHHON KOPPO3UH BYJIKaHU3AaTOB B CPEJEC 030HA.

1 TOM (TCXHI/I'{eCKaH 030HOCTOMKOCTh MaTepI/IaJ'[OB) — 3araTeHTOBaHHBII aBTOpaMU METOJ TECTUPOBAHHUS BYJIKAHHU3AaTOB Ha 030HOCTOUKOCTh

B YCJIOBHSX IUIOCKOro HampspkeHHOro coctosHus. [TOM (technical ozone resistance of materials) is a method patented by the authors for
testing vulcanizates for ozone resistance under flat stress conditions.]
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Abstract

Objectives. The work sets out to model the ozone corrosion of vulcanizates as a percolation phase transition, similar in the scheme of
development of continual percolation on a plane, during which the growing regions of the new phase form a single “spanning” cluster.
In this case, the continuity of the sample is broken, being divided into two parts. In the presented model, the ozone corrosion process
is divided into two stages. At the first stage, ozone corrosion of the material occurs mainly along the perimeters of already ozonized
surface areas, which leads to their growth and subsequent merging. Upon contact of adjacent surface areas consisting of ozonolysis
products loaded with two-dimensional tension, corrosion cracks begin to appear on the surface. At the second stage of the corrosion
process, corrosion cracks that grow deeply into the material due to its stress state lead to the penetration of ozone into the internal regions
of the sample. The article presents the results of computer-simulation and real experiments carried out on ozone corrosion of technical
vulcanizates in a plane stressed state.

Methods. Computer simulation of the time dependence of the total contact length of the areas of ozone corrosion products and the initial
vulcanizate was carried out using a C++ program developed by the authors. Real experiments were carried out on a TOM-1000 setup.
Samples for research by the TOM (technical ozone resistance of materials?) method comprise thin disks, which are clamped along the
contour and subjected to one-sided two-dimensional tension by compressed air pressure. From the side of the opposite plane, the sample
is exposed to the ozone flow. The installation makes it possible to create in the sample a relative deformation of up to 100% increase in
the surface area.

Results. Computer simulation allowed, in combination with direct measurements of the time dependence of ozone absorption, the
dynamics of the destruction of vulcanizates in an ozone environment to be investigated. A numerical parameter of the ozone resistance
of vulcanizates—the coefficient of ozone resistance—is proposed. This coefficient is almost linearly related to the time before the onset
of cracking, but it is more accurate because it does not require visual observation of the ozonolysis process.

Conclusions. The results of computer simulation are in good agreement with the results of real experiments.
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VlccnepoBaHme KOPPO3MOHHOIO BO3AENCTBUSA 030HA
Ha ByJIKaHN3aTbl

c.B. MegHunkoB
n op.

BBEOEHUE

Heo0xoauMocTh TeOpeTHYEeCKIX UCCIE0BAaHUH pa3ud-
HBIX ACTIEKTOB KOPPO3WH MaTepHalioB B arpeCCHUBHBIX
cpefax HE BBI3BIBACT COMHEHHUH, BBHIY MHOTOOOpa3us
KaK KOPPO3UOHHBIX Cpell, TaK U MarepualioB, paboTato-
IIMX B THUX cpefax. B Hacrosimieil pabore MBI yaensiem
OCHOBHO€ BHHMaHHE ONMCAHUIO MOBEJEHUS MEXaHUue-
CKU Harpy>K€HHbBIX TEXHHUYECKUX BYJIKAHHU3ATOB (PE3UH)
B CpeJie 030Ha, JUIs KOTOPOTO CYIIECTBYET YCTOSBIIMHCS
TEPMHUH «O30HHASI KOPPO3Us» (030HOIH3).

ConpoTUBISIEeMOCTh arpecCUBHOMY  BO3ACHUCTBUIO
030Ha, IPUBOJISIIEMY K paCTPECKUBAHUIO IO/ HATPY3KOH
JIeTalIell U3 PE3UH, SBJIAECTCS OJHUM U3 BaXKHEHUIIUX DKC-
IUTyaTallMOHHBIX TOKa3arenel 3Tux marepuanon [1-3].
OOIIEeNPUHATHIM YUCICHHBIM KPUTEPHEM O30HOCTOM-
KOCTU BYJIKAQaHU3aTOB, IPEIIMCHIBAEMBIM K IpUMEHeE-
HUIO CTaHJapTaMd MHOTHX CTpaH, SBJseTCA IOKa3a-
Telb «BpPEMsl A0 MOABICHUS IIEPBOM KOPPO3HMOHHOM
TPEIIMHBl Ha MOBEPXHOCTH 00pasla ByJIKaHW3aTa, Of-
HOOCHO HAarpy>k€HHOro B cpene o3oHa» [4-5]. DtoT
MOMEHT BpeMeHH (uKcupyercsi BuszyansHo. C pa3Bu-
THEM SKCIEPUMEHTAJIbHON TEXHUKU B IIPAKTUKE U3MeE-
peHMi 030HOCTOMKOCTH TMOSBUJIMCH Pa3HOBUIHOCTHU
JIMHAMUYECKUX UCIBITaHUM [6], KOTOpBIE MO-TIPEKHEMY
HE JUIIEHBI (paKTopa BU3yaJIbHOH (DUKCalu MOMEHTa
TpeluHooOpa3oBanusi. Ho ocHOBHOW MHTEpeC B BONPO-
Ce TIOBBIIICHUSI 030HOCTOMKOCTH BYJKAaHH3aTOB BBI3bI-
BacT B HACTOAIIEE BpeMs pa3paboTKa HOBBIX COCTABOB
1 Moau(duUKaus cylecTByommx [7-9].

B nocnennee BpeMs mporneccs 00pa3oBaHUs U 3BOJIIO-
LMY TPELIUH B MaTepuaax MoJ BO3AEHCTBUEM IIPEEIIb-
HBIX HArpy30K NpoaHaJU3UpOBaHbl B TEPMHHAX TeoMe-
Tprueckux ($a3oBbIX MepexonoB (mepkosinuii) [10—-14].
He 3arparuBast BO3MOXXHBIX MHKPOCKOIIMYECKHUX MeXa-
HU3MOB TPELIMHOOOPAa30BaHUS B O30HHPYEMBIX BYIIKa-
HU3aTax, Mbl B JJAHHOH paboTe paccMmaTpuBaeM O30H-
HO€ TOBPEXIEHHUE BYJIKAaHU3aTOB KaK I€OMETPHUUYECKHUIl
(hazoBBI TIEpexoi, Ppe3yJbTaTOM KOTOPOIO SIBISETCS
3apOXKICHNE KOPPO3UOHHBIX TPEIIUH B MOBEPXHOCTHOM
CJ10€ MaTepualla, HaXOAIIErocs B JIOCKOHAIIPSKEHHOM
COCTOSIHHH.

M3BecTHO, 4YTO TMpoIlecC arpecCUBHOTIO BO3JEH-
CTBUSI O30Ha Ha IIOBEPXHOCTb PE3UH, HaXOAALIMXCS
B MEXaHHYECKH Harpy>KeHHOM COCTOSIHUHM, HAYMHAETCS
Ha TeX y4acTKax, IJIe CTPYKTypa MOBEPXHOCTH HCKa-
JKeHa KaKUMU-TTHO0 JedeKTamu, HallpuMep, HaTuIneM
YaCTULl HAINOJHUTENS, Y4acTKaMU C HEPaBHOMEPHBIM
pacrpenereHueM HalOIHUTENS B MaTepuaie, HepaBHO-
MEpHOCTSIMU (POPMHUPOBAHHOHN BYIKaHU3AIIMOHHON CET-
K [15]. [loBepXHOCTHAs MJIOTHOCTh TAKUX UCKAKEHHBIX
Y4aCTKOB, MHHUIUUPYIOIIUX TMPOLECC B3aUMOACHCTBUS
030HA C BYJKaHM3aTOM, BapbUPYETCS B 3HAUUTEIIbHBIX
npeenax, B 3aBUCUMOCTH OT TEXHOJOTHH IOJIy4YeHUs

BYJIKAHM3aTa U €ro KOMIIOHEHTOB [16], a UX HaualbHbIE
IUTOIIAAN OOBIYHO CUUTAIOTCS COMTOCTABUMBIMH C pa3Me-
paMM KOMIIOHEHTOB HamojHuTeneil. BosaelicTBue o030-
Ha TPOMCXOINT, IIABHBIM 00pa3oM, IO TPaHMIAM «Jie-
(DEKTHBIX» YYaCTKOB C OKPYKaIOIIEH IMOBEPXHOCTHIO,
MO3TOMY IO MEpe pa3BUTHUs IIPOIlecca B3aUMOACHCTBUS
BYJIKaHM3aTa C O30HOM IUIOIIAN STHX YYacTKOB YBe-
mmauBatoTcsi. COOTBETCTBEHHO YBEIMYHBACTCS IIOTIIO-
LICHUE 030HA, CKOPOCTb KOTOPOro MPONOPIMOHATIbHA
o0ImeMy mepuMeTpy IUIOMAAeH IpopearupoBaBIINX
YYaCTKOB 030HHpYyeMoi moBepxHocTH. Jnddysus o3oHa
B 00bEM BYJIKaHM3aTa CKA3bIBACTCs HAa OOLIEM O30HOIO-
TJIOIICHHUH B HE3HAYUTEILHOMN CTEIICHU.

B nmanpHeleM M301MpOBaHHBIE YHACTKHU MTPOpPEAru-
pOBaBILIEH TUIOIIAM HAYMHAIOT CMBIKAThCs JIPYT C Apy-
TOM, 4TO NMPUBOAUT K YMCHBIICHUIO UX O6I_HGFO nepu-
MeTpa W, COOTBETCTBEHHO, K YMCHBIICHHIO CKOPOCTH
030HOMNONIOLIECHNUS.

Korma mpopearupyer Bcs MOBEpXHOCTH 0OpasIa,
JlabHeIIee pa3BuTHE O030HHON KOPpO3uU OyAeT IMpo-
TEKaTh TOJBKO BelencTBue AU((dy3uu 030Ha BOBHYTPH
BYJIKQHM3aTa, YTO HHUIIUUPYET 00pa30BaHUE U PA3BUTHE
TPEIIMH Ha IOBEPXHOCTH, ITOBEPracMOil O30HOIHU3Y.
B ycioBusix HampspkeHHOTO COCTOSHUS MaTepHalia 3To
MPUBOJIUT K UX PACKPBITUIO U MPOPACTAHUIO, [IPH ITOM
PEaKIIMOHHOCIIOCOOHAS TUIOMIAb BYyJIKAaHM3aTa HETpe-
PBIBHO YBEJIMYUBAETCS, YTO NMPHUBOAUT K AalibHEHILIEMY
POCTY O30HOIOIVIOIIEHHS BIUIOTH O MOMEHTa 00pa3o-
BaHMA B 00pasIie CKBO3HOH TPEIINHEIL.

Takum 06pa3zoM, B3aUMOJCHCTBUE 030HA C MOBEPX-
HOCTBIO BYJKaHHM3aTa MOXHO pa3JeiuTh Ha JABE Bpe-
MEHHBIX CTaJWU — JO W TOCIe MOMEHTa 00pa30BaHMUs
Ha TIOBEPXHOCTHU MEPBBIX KOPPO3SHOHHBIX TPELIUH.

IlepBast cramgmst — mporecc paszpacTaHust U TIO-
CIICIYIOMIETO CIUSHUS KOPPOAMPOBAHHBIX — YIACTKOB
MOBEPXHOCTH BYJIKaHMU3aTa — aHAJOTMYHA IO CXeMe
Ppa3BUTUA KOHTHHyaJILHOﬁ TICPKOJIAIIU Ha IMITOCKOCTHU —
abCTPaKTHOMY TEOMETPUYECKOMY (ha30BOMY IEPEXOY,
KOTOPBIM 3aKaHUMBaeTCs OOpa3oBaHUEM «IIEPEKUJIbIBA-
IOIIETOCs» KJlacTepa, Pa3AeisIoNIero MOBEPXHOCTh Ha
nBe gactu [17, 18]. Hanpumep, mpu mocienoBareaIsHOM
BbIpyOaHUM B TOKOIIPOBOZSILIECH IUIACTMHE OTBEPCTUH
HEKOTOPOTO 33/IaHHOTO JUAMEeTpa, MOJTOKEHUE KOTOPBIX
BBIOMpAETCs CITy4aifHbIM 00pa3oM, AIIEKTPOIPOBOTHOCTh
IUTACTUHBI YMEHBIIACTCS 10 KPUBOH, XapaKTePHOU ISt
TEPMOTUHAMHYECKUX  (Da30BBIX IEPEXOJOB BTOPOTO
pora [17]. Tlpm mpomomKUTEIHLHOM TPOBENCHUU 3TOU
MIPOLIECAYPHI B IUNITACTHHE 00pa3yeTcsl IEMoYKa OTBEPCTHI,
CBSI3aHHBIX MEXy CO00I TakuM 00pa3oM, 4TO OHH (hak-
THUYCCKH TIEPEpe3atoT INIACTHHY B KAKOM-TO MECTE Ha JIBe
gacti. TOK Yepe3 IUIACTHUHY IMPEKPamaeTcs, JJIEKTPO-
IPOBOJHOCTb CTAHOBUTCSA PABHON HYJIO. DTOT Y4acTOK
IUTACTUHEI, IT0 KOTOPOMY OHA pa3NeisieTcsl Ha IBE YacTH,
U TIOJYY/IT Ha3BaHHE «IICPEKHUIBIBAIONICTOCS KIlacTepa.

ToHkune xumunyeckue TexHonorum = Fine Chemical Technologies. 2026;21(2):237-246 239



Study of the corrosive effect of ozone
on vulcanizates

Stanislav V. Mednikov,
etal.

Hactyruienne mnepkonsnnoHHOTO (Da3oBoro rmepe-
X0a, B OTIAMYHE OT TEPMOAWMHAMHYECKOTO (ha30BOTO
nepexoja, HanpuMmep, nepexoqa GpeppomMarHeTuk—mnapa-
MAar"He€TukK, 3aBUCUT OT BPEMCHHU, TOrga Kak BO BTOPOM
cllydae — OT TeMITepaTypsl (a3bl BEIICCTBA.

Ominyue Hameld MOJEIH COCTOMT B TOM, YTO IPO-
HCXOJUT HE TOCIJIEIOBATEIbHOE T00aBIEHNE y9acTKOB
HOBOW (ha3bl (OTBEPCTHI), a MOCIEIOBaTCIILHOE yBe-
JUYECHHUE Pa3MEPOB YYACTKOB HOBOU (ha3bl (IIPOAYKTOB
030HOJIN3a), UCXOJHO CYNIECTBYIOLIUX B BHJIC H30IUPO-
BaHHOH CHCTEMBI AC(PEKTOB CTPYKTYpHI BYJIKaHM3AaTa.
[Ipn cMBbIKaHUM pa3pacTaroMIMXCs Y4acTKOB MPOIYK-
TOB 030HOJIM3a MPOUCXOIUT OOpa3oBaHWE TPEUIUH Ha
030HUPYEMOIl ITOBEPXHOCTH, T.K. MaTepHaJl HAXOIUTCS
B HaIpsDKEHHOM COCTOSIHWH, M HAacTyNaeT BTopas CTa-
JUsT — TIPOPacTaHne KOPPO3UOHHBIX TPEIIUH B 00beM
oOpasra.

OKCNEPUMEHTAJIbHAA YACTb

Jis  TOATBEpXKICHHUS TEPKOSIIIMOHHOTO —XapakTepa
M3MEHEHHs IUJIOIIAAN IIpOopearupoBaBliell ¢ 030HOM
MOBEPXHOCTH BYJKAHHW3aTa HAaMU OBLIO MPOBEICHO
MAIIMHHOE MOJICITUPOBAHHE W3MEHCHHS BO BpeMe-
HY TUIOLIAJIM TOBEPXHOCTH o0pasua, elie He MOojaBep-
JKEHHOH KOPPO3WH, OT YHCIJIA IIAr0B MOJETHPOBAHHUS
(T.e. OT BpEMEHHN).

3amanuM KBaJpaTHYIO IIACTHHY HEKOTOPOU ILIO-
maan S. Ha miacTuHe pa3MecTUM KBaJpaTHYK CETKY
M3 PaBHOOTCTOSAIIMX KPYTOB PajMyCaMH 7, KOTOPbIE
MOJICTHPYIOT Ne(EKThl HUCXOJHON CTPYKTYpPhI MOBEPX-
HOCTH BYJIKaHHM3aTa, HHUIHUHUPYIOILIHE 030HOJH3 110 HX
nepuMmerpam. Ha kakqom mare MoJeTHpOBaHUs MEpH-
METPBI KPYTOB YBCIMYUBAIOTCA HA HEKOTOPYIO BEJINYIN-
Hy. Jlasiee paccunTaeM HOBBIC PaJIMyChl KPYTOB, OOIIYIO
IUIOINA/Ib, 3aHUMAeMYI0 KpPYraMu, IUIONIA[b, €I He

Ipouecc koppo3uu, mar = 100
Process of corrosion, step = 100

IIPOPEarupoBaBIIyi0 ¢ 030HOM U OOIIyI0 IIHHY BCEX
OKPY)KHOCTEH KpyroB ceTKH (0OLIWii mepumerp Tpa-
HULBI C €lle He NpopearrupoBaBIlel MOBEPXHOCTHIO).
CKOpOCTh O30HOIIOIVIOIICHUSI B PaMKax 3TOW MOJIETH
CUHMTAETCSl TMPOIOPIIMOHAILHON OOIIEeH JUIMHE 3TOTO
CYMMapHOT0 IepuMeTpa.

B mporecce paboThl mporpaMMBbl TUIOIMIAIH KPYTOB
yBesnnuuBaroTcsa. HakoHel, Kpyru Had4MHAIOT NEPEKphI-
BaThbcdA, U OOIIAs JUIMHA MEpUMETpa KOHTaKTa Ipopea-
THPOBABIIEH ¢ 030HOM MOBEPXHOCTH C €Ie He Ipopea-
TUPOBABIIEH ITOBEPXHOCTHIO yMeHbIIaeTcs. [Iporpamma
paboraer 10 Tex MOp, MoKa oOIas IUIOIAb, 3aHATas
MpopearnupoBaBIlIel TOBEPXHOCThIO, HE CTAHET PAaBHOMN
o01Ieit ToImaaN IIIaCTHHEL S.

Ha puc. 1-4 npencraieHsl STanbl MOAESIUPOBAHUS
JUISL 4eThIPEX MOMEHTOB BPEMEHH, COOTBETCTBYIOIIMX
nomepam mraros: 100, 280, 320 u 400. Ha puc. la—4a
TEMHbIe O0JIACTH COOTBETCTBYIOT TEKYIIMM 3HA4Y€HU-
M pa3MEpoB IMPOPEArHpOBaBIIMX YYACTKOB IMOBEPX-
HOCTH BYJNKaHH3aTa (B JaJbHEHIIEM — KIACTEepPOB),
Ha puc. lb—4b mnokazaHel BpeMeHHbIE 3aBHUCHUMO-
CTH CYMMapHOH JUIMHBI TEPUMETPOB KJIACTEPOB,
a Ha puc. lc—4c — BpeMeHHBIC 3aBUCUMOCTH 0OMIeH
TUIOLIAIM TOBEPXHOCTH, elIe He TpopearupoBaBLIei Ha
9TOT MOMEHT BpeMeHH. Bce BETMYHHBI IO OCSIM MPUBE-
JI€HBI B YCIIOBHBIX €MHHIIAX.

B mpouecce Bo3pactaHusi pa3MepoB KJIaCTEpOB yBe-
JTUYMBACTCS UX OOIIUI MEpUMETP U, CIIEOBATENBHO, CKO-
poctb o3oHOTIOTIONICHNUS (prc. 1). Jlo 280 nara moemnu-
POBaHUS U3MEHEHHUE IO BO BpDEMEHH HAallOMUHAET
MIEPKOJISIIMOHHOE MTOBEJICHHE, XapakTepHoe, HarpuMep,
JUISL DKCIIEPUMEHTOB II0 PErucTpalyy TOKa B IIPOBOAS-
IeH JIGHTE NMpH BHIpyOAaHWU B HEH OTBEPCTHH CO CIy-
JaifHBIM 00pa30M BBEIOpaHHBIME KoopauHaTamu [ 19, 20],
WIM B CHUCTEME MapauleJbHBIX TOKOIPOBOISLIMX
IIMH OpU OOpBIBAaHMM UX B cilydailHOM mopszake [21].
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Puc. 1. MozpenmmpoBanne Ha BpeMEHHOM HHTEPBaJIC H30IMPOBAHHBIX KJIACTEPOB KOPPOAUPYIOIIEH TTOBEPXHOCTH

Fig. 1. Simulation on a time interval of isolated clusters
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VlccnepoBaHme KOPPO3MOHHOIO BO3AENCTBUSA 030HA c.B. MegHunkoB
Ha BYJIKaHN3aTbl nnaop.

TIpouecc koppo3uw, mar = 280
Process of corrosion, step = 280
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Puc. 2. MOMEHT B3aIMHOTO COTIPHKOCHOBEHHSI KOPPOAUPOBAHHBIX KIIACTEPOB, COOTBETCTBYIOMINI MAKCHMAILHOW CKOPOCTH
030HOIOIIOIIECHUS

Fig. 2. Moment of mutual contact of corroded clusters, corresponding to the maximum rate of ozone absorption
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Puc. 3. MOZ[eJ'[I/IpOBaHI/Ie Ha BPpEMEHHOM YYAaCTKE COCJUHUBIINXCS KIIACTEPOB npopeaerOBaBmef/'I TOBEPXHOCTHU

Fig. 3. Simulation on a time section of the connected clusters of the reacted surface
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Puc. 4. 3aBepmienne MoaenupoBaHus. Best moBepXHOCTH MOIBEPIIACH KOPPOZUH

Fig. 4. Completion of the simulation. The entire surface is corroded
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Study of the corrosive effect of ozone
on vulcanizates

Stanislav V. Mednikov,
etal.

MakcuMyM CKOPOCTH O30HOIIOTVIONIEHHUSI B PaMKax
JTAaHHOM MOJEJIM COOTBETCTBYET MOMEHTY JOCTUKEHUS
MakCUMyMa CyMMapHOTO IMEpHMETpa BCEX pa3pacTaro-
IIMXCS KJIACTEPOB M HAOJIFOIAaeTCsl B MOMEHT MX COTPH-
kocHoBeHMsI Ha 280-M mrare mozaenupoBanus (puc. 2).
B TeopuM KOHTHHYaJbHOM MEPKOJSLUH STOT MOMEHT
COOTBETCTBYET OOpPa30BaHHIO «IEPEKUIBIBAIOIIECTOCS)
knacrepa [20]. B ycnoBusx Hamel mojenu B AaslbHEH-
IeM IPOUCXOIUT YMEHbIIEHHE CYMMapHOTO IIEpUMETpa
TpaHUIl C HEMPOpEearupoBaBIeil TOBEPXHOCTHIO, UTO CO-
OTBETCTBYET YMEHBILIEHUIO CKOPOCTH O30HONOIIOILEHUS
(puc. 3). IMocne Toro, Kak BCsl TIOBEPXHOCTH MPOKOPPO-
JIUPYET, MOJICTIMPOBaHKE IpeKpamaercs (puc. 4).

CKOpOCTh 030HHOW KOPPO3HWH H, TAKUM 00pazoMm,
030HOCTOHMKOCTh BYJIKaHM3aTa Hauboyee aJeKBaTHO
MOXKET 6LITI) paccunTaHa U3 aHaJIn3a KWHETUKU I1OTTI0-
LIEHUS] 030HAa €ro MOBEPXHOCTHIO. MBI HCCieN0BaIu
3TOT IpoLecc ¢ NMOMOIIbI0 ycTaHOBKM TOM (TexHu-
4yecKast 030HOCTOWKOCTh MaTepuajoB), pa3paboTaHHON
B BoarorpaackoM rocyaapcTBEHHOM TEXHHUYECKOM
yuuepcutete (Poccus) [22, 23] ansg ucnblTaHUN ByII-
KaHM3aTOB Ha 030HOCTOWKOCTh B YCJOBHSX IUIOCKO-
IO HAaINPsSKEHHOTO COCTOSHMA. BozmelcTBhue 030HA
OCYILIECTBIIACTCS Ha OAHY M3 MOBEPXHOCTEH oOpasua
B (hopMe TOHKOTO IJIOCKOTO JHMCKA, 3aIeMIICHHOTO 0
KOHTYpPY ¥ 1e()OpPMUPOBAHHOTO C IPYTO¥ CTOPOHHI JaB-
JIEHUEM C)KaToro Bo3zayxa. YeranoBka TOM no3Bosisier
pEerucTpUpOBaTh B MPOIECCE O30HONM3a KOJIMYECTBO
MOTIIONIEHHOTO 00pa3noM (T.e. TpopearupoBaBIIe-
ro C BYJIKaHMU3aTOM) O30HA, MOCPEACTBOM H3MEpPEHUI
KOHIICHTPAIIMM O030Ha B COCTaBE O30HO-BO3IYIIHOH
CMeCH, BO3JICHCTBUIO KOTOPOU IMOJIBEpraeTcs oopaserl,
Ha BXOJIE U Ha BBIXOJIE U3 PEaKLMOHHOM KaMephbl ycTa-
HOBkM. Ha puc. 5 npuBegeHbl TUIIMYHBIE PE3YIbTaThl
perucTpauuy BPEMEHHOH 3aBUCUMOCTH W3MEHEHUs
CKOPOCTH 030HOMOMIONIEHHS (MOJIB/C) B IpOLEecce Uc-
IBITAHUH CepUH 00pa3lloB LIMHHOTO ByJIKaHH3aTa Ha
ycranoBke TOM. Ilpu comnocrtaBieHuu TpaduKoB Ha
puc. 1-4 u puc. 5 HabnogaeTcs Xopollee Coriacue Mo-
JIeJN ¢ pe3ybTaTaMy pealbHOTO Mpoliecca 030HOIN3a
Bynkanmu3ara. OOpa3oBaHHE MEPBBIX KOPPO3MOHHBIX
TpPELINH, T.e. YBEIWYEHHUE IUIOLIaAM PEaKIMOHHO-aK-
TUBHOW MOBEPXHOCTH, HAYMHAETCS y JIAHHOTO COCTaBa
ByJIKaHM3aTa MPUMEPHO Ha 24 cexyHJe mpolecca 030-
Honu3a (puc. 5). B manpHeitmem, kak BUIHO U3 Tpadu-
Ka, CKOPOCTbh O30HOTIOITIONIEHUS HAYMHAET CHOBA BO3-
pacTaTh, 4TO CBUAETENIBCTBYET O HACTYIUIEHUH BTOPOM
CTaJuu O030HOJM3a — MPOpPAcCTaHUU KOPPO3UOHHBIX
TpemuH B o0beMe o0Opasia.

B npaktuueckoM OTHOLIEHUHM IPENCTABIAET HHTE-
pec uccieoBaHue TUHAMUKH yXYIIIEHUS (Jerpajalim)
(u3MKO-MEXaHMYECKUX CBOMCTB Marepuaja B mpolecce
TIEPBOH CTalMU 030HOJN3a, 3aBepiaronieiics oopa3osa-
HHUEM Ha €ro MOBEPXHOCTH KOPPO3UOHHBIX TPELIMH.
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Puc. 5. Tunuunast BpeMeHHas 3aBUCUMOCTb CKOPOCTH
030HONOIVIOUICHUS IIMHHBIX BYJIKAHU3aTOB

Fig. 5. Typical time dependence of the ozone absorption rate
of tire vulcanizates

PE3YJIbTATbl U UX OBCYXAEHUE

OCHOBHBIM MapaMeTPOM, PETUCTPHUPYEMBIM B MpoIec-
C€ HCIBITAHWM BYJIKAHW3aTOB HA O30HOCTOMKOCTH IIO
merony TOM, siBisieTcsl naBieHUE HA 0Opasell BO3IY-
Xa B Har"eraTelbHOM KaMepe ycTaHOBKHU. O30HOIM3
MIPUBOINT K YMCHBIICHHUIO JKECTKOCTH 00pasla M €ro
JanpHedel nedopmManyu, 4YTO PErHUCTPUPYETCS 110
YMEHBLIEHUIO 1aBlIeHUs. TUIIMUHBIN BUJl BDEMEHHOM 3a-
BHUCUMOCTH JaBJI€HUsI B HarHETaTeIbHOM Kamepe B Ipo-
1ecce 030HONM3a 00pasiia mpeacTaBieH Ha puc. 6 [24].
MoMeHT Havyalia TPEHIMHOOOPa30BaAHUS PETUCTPUPYETCS
metonoMm TOM kak Hav9asio TMHEWHOTO yJacTKa Ha Bpe-
MEHHOHM 3aBUCHUMOCTHU CHIDKEHHSI JIaBJICHUSI B HarHera-
TEJNbHOM KaMepe yCTaHOBKU.

3aKkpeIicHHBI 0 TEepUMETpy oOpaser, IoaBep-
raeMblif BO3JCHCTBHIO CXKATOrO BO3AyXa CO CTOPOHBI
HarHeTaTeIbHOM KaMepsbl, IPECTaBIACT CO00 ynpyruii
AIIEMEHT, B 00IeM cirydae HenuHehHbId. Jledopmarius
9TOTO AIIEMEHTAa MOXKET OBbITh OXapaKTepH30BaHa BEJH-
YMHON Nporuda w, €ro UEHTpa (BEpIIMHEI Kynosa). [Ipu
MAJTBIX 3HAYEHUSX IPOTHOOB €T0 MOYKHO CUUTATH JINHEH-
HBIM YIIPYTHM 3JIEMEHTOM — IPYKHHOM, oOnanaromeit
JKECTKOCTBIO k, U K HEMY MOKHO IPUMEHUTH 3aK0H ['yka

P-B=k-w, )

rae P — Tekylee 3HaUYCHNE JaBICHUS CKaToro BO3AyXa
Ha oOpasen, B — BennuuHa d3QGEKTUBHOM TUTOMAIN 00-
pasiia, 3aBUCSIIasi OT €ro TUaMeTpa U KOHCTPYKTHBHBIX
ocobennocreii ycranopku TOM, w, — nporu6 Bepuu-
HBI KyTI0JIa 00pas3Iia, Harpy>KeHHOTO JaBJICHUEM CYKAaTOTO
BO3/[yXa HATHETATEIbHOU KaMEephbI.

Ha nepsoii craguu 030HOIM3a BO3LEUCTBUIO O30HA
MOJIBEPTraeTCsl TOHKHUI TIOBEPXHOCTHBINA CIIOW MaTepuaa,
U YMCHBIIICHHE JKECTKOCTH 00pa3Iia IMPOUCXOIUT, 110 CO-
BPEMCHHBIM NPEACTABICHHAM, TOJIBKO 3a CUET yXyALle-
HUA  (U3UKO-MEXaHHMYECKUX CBOMCTB 3TOTO  CIIOS.
[pencraBum Mozmenb o0Opasiia B BUE ABYX MapalICIbHO
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Fig. 6. Time dependence of pressure in the injection chamber.

forack 18 the moment of the onset of crack formation

in the sample

COCIUHCHHBIX YIIPYTHUX 3JIEMEHTOB TOJIIIMHAMUA hl u h2 u
KECTKOCTAMHU k; U k,. JKecTKoCTb k; yMeHbIIAETCs MO
Mepe YMEHbBIICHUSI HE TPOPEarnpoBaBIICi ¢ 030HOM IO~
Ia/T1, KECTKOCTb K, yMEHBIIIAETCS B POLIECCE 030HOJIHM3A
ropasio Me/uieHHee. B MOMEHT Havyasia 030HOJIM3a Mare-
pHA TOBEPXHOCTHOTO CJIOSI HACHTHYCH OCTaJbHOMY Ma-
Tepuasly o0pasia, I09TOMY COOTHOILICHHE HayallbHBIX
JKECTKOCTEH TTOBEPXHOCTHOTO CIIOS klo U OCTAJIBHOTO Ma-
Tepuana kg PaBHO OTHOIICHHIO MX TOJIIINH, T.C.

h—h

k) = p kP, )
1

r/€e /1; — TOJIMHA MOBEPXHOCTHOTO CJIOSL, 1 — TOJIIMHA

oOpasa.

[Tockonbky oOLIMI mNepuMeTp B Hamed Moaenu
MIPE/ToNaraeTcs JTUHEWHO BO3PACTAIOIIAM BO BPEMEHHU
(To MoMeHTa Havalla CJIMSHHUS KIACTEpPOB), TO oOmmIas
IUIOIIAJb O30HMPOBAHHOW MOBEPXHOCTH BO3pacTaeT
BO BPEMEHHU KBaJIPATUYHO, NIOPTOMY BPEMEHHOH 3aKOH
YMEHBIICHHS KECTKOCTH ITOBEPXHOCTHOTO CIIOS MOYKHO
3aImucarh B BUJIC

k() =k —k't?,

31ech k' XapaKkTepHu3yeT CKOPOCTh YMEHBILICHHUS KECTKO-
CTH IOBEPXHOCTHOTO CJIosi 0o0pasiia B IPOIEcce 030-
Honm3a. OOpaTHasi eil BeJIMYMHA, TaKUM 00pa3oM, SB-
asieTcss OOBEKTUBHBIM KPHUTEPHEM O30HOCTOWKOCTH
Mmarepuana obpasna (Ha MEpBOH CTaJuM O30HOIM3A).
OO01mas )keCTKOCTh 00pasia

kogu (1) =k =K't +ky (2). (3)

3neck k,(f) yuuTbiBaeT Oonee MEICHHBIH IPOLEce
muddy3un 030Ha yepe3 MOBEPXHOCTHBINA CIIOH B IITyOb
oOpasna.

Jis maneix mporuGoB oOpasuoB (mMeHee 0.4 pa-
aryca o0pasiia) MojaydeHa 3aBHCHMOCTh JaBieHus P

B Har"HeTaTeJIbLHOU KaMepe OT BEJIMYNHBI MaKCUMAJIbHO-
ro nporu6a w,, (B BEPIIMHE Kymosa 1e€(GOpMUPOBAHHOTO
oOpasna) B BUjC

P(r)=—0_

B (1) @)

npejcTapmstonias codoi 3akon boitns—Mapwuorra (Tipo-
1ecc 030HOJM3a BYIKaHM3aTOB Ha ycTaHoBke TOM siB-
JIAeTCs U30TepMUUECKUM). 3neck Py u V) — nasienue
U 00bEeM C)KATOTO BO3MlyXa B HATHETATEILHOW Kamepe
B MOMEHT Hayajia 030HONIM3a, B — BBEICHHAs paHee d(-
(hexTrBHas TIOIIA/H OOpa3Ia.

3anmumem 3akoH ['yka (1) B Buze

P()B = ko (1) wy (1) =
= [klo —k't? +k, (t)J -wy (2).

Beoipasus u3 (4) nporud w, u 1moacrasus B (5), mo-
Jy4lM BPEMEHHYIO 3aBUCHMOCTh M3MCHEHUS JIaBICHUS
B HAarHeTaTeJIbHOW KaMepe BCICACTBHE yMEHBIICHUS
JKECTKOCTH 0o0pa3lja Ha BPEeMEHHOM HMHTEpBajie OT Ha-
YaJia 0O30HUPOBAHUA JI0 MOMEHTa 00pa30BaHuUs MEPBBIX
KOPPO3MOHHBIX TPEIIHH

oo (1) BV [klo —k't? +k2(t)]POV0
s = s . (5a)
Hawunyumee cornacue MmonydeHHOTO COOTHOIICHUS

C OKCIEPUMEHTAILHBIMU pe3yJIbTaTaMU Ha yCTaHOBKE

TOM nHaOromaeTcs B MPEIOIOKEHIH JTHHEHHOTO 3aKO0-

Ha YMEHBUICHUS KECTKOCTH k,(7), T.€.

®)

KO —k't? + kY — k't Ry,
P(t)= [ S ] : (6)

OTpunarenbHbIH KOpeHb B (6) COOTBETCTBYET OTPH-
[aTeIbHOMY W30BITOYHOMY JABICHHIO B HAarHETATENb-
Hoit kamepe. B yctanoBke TOM 3TOT BapuaHT Harpysxe-
HUsI 00paslia He HCIOIb3yeTCsl.

[IpeneOperas Ha TIEpBOI CTAJMK 030HOIN3a U3MEHE-
HUEM JKECTKOCTH k", mepemnuiieM BelpaskeHue (6) B BUJE

K~k [ Ry )
e (62)

CootHoruenue (6a) Mo3BONISIET PACCUNTATh KOHCTAHTY k'
13 SKCIEPUMEHTATBHBIX PE3YIbTaToB PadOTHl yCTaHOBKU
TOM, e ompemernsieTcss MOMEHT Havalla TPEIIMHOO00pa3o-
BaHMA f ., M Ha4aIbHAS KECTKOCTh 00pasia k?, xoropas
paccunthiBaercs 1o Gopmysie (1), HCXOMst U3 yCIIOBHUS, YTO
npu ¢ = 0 P = P,. Habop 9KCriepMMEHTAILHBIX PE3YIIETATOB
TpeJICTaByIsAeT COOOHM ABYMEPHBIN MAacCUB «BpeMs ¢ — JaB-
JeHre P» U BBIpaXKaeT, B COOTBETCTBUH C (OpMYIIoi (6a),
KBaJ[PaTUYHYTO 3aBUCHMOCTD JIABIICHIS Ha 00pasel] OT Bpe-
MEHHM Ha IIepBOi CTaaNK 030HOIM3A. 711 MOTyueH s 3Hade-
HUI k' U3 DTUX JAHHBIX MOYKHO BOCIIOJIB30BAThCS JIFOOOM
BBIYHCIIUTENBHOHU cpenoit, Harpumep, MATHCAD.
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Study of the corrosive effect of ozone
on vulcanizates

Stanislav V. Mednikov,
etal.

Kpome Toro, M3 sKcnepuMEHTabHBIX PE3yJbTaTOB
MOYKHO paccuuTarh TOJIIMHY ITOBEPXHOCTHOIO CJOf,
MIOBPEXKJIAEMOr0 Ha IIEpBOM cTaguu O30HONM3A. Tak,
JUISL CEpUH UCTIOJIb30BAaHHBIX B JaHHOW pabore oOpas-
LIOB LIMHHBIX BYJIKAHW3aTOB TOJIIMHA [TOBEPXHOCTHOIO
CJ10s1, IIOBPEXKJAEMOI0 Ha IIEPBOM CTAaIuU O30HOJIU3A,
cocTasisuia NpuMepHO 50 MKM.

Ha puc. 7 nokazana B3auMOCBS3b IPELJIaracMoro
Ham# k03(duLmeHTa 030HOCTOMKOCTH U CTaHJAPTHOTO
napaMeTpa 030HOCTOMKOCTU — BPEMEHHU J0 Hauaja Tpe-
MMHOOOPa30BaHUS B 030HHPYCMOM BYJIKaHHU3ATE.
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Puc. 7. B3aumocBs3b ko3 duirenta 030H0CTORKOCTH
U BPEMEHH JI0 Havyajia TPEIUHO00pa3oBaHus B 00pasuax
LIMHHOTO BYJIKaHHU3aTa

Fig. 7. Relationship between the ozone resistance coefficient
and the time before crack formation in tire vulcanizate samples

I'paduk moctpoeH Ha pe3ynbTarax CTaTUCTHYECKON
00pabOTKH FKCTIEPUMEHTOB IO 030HHOI KOPPO3UH CEPUU
u3 17 00pa31oB MHWHHOTO ByJKaHu3aTa. KoHIeHTpaIus
030Ha B 030HO-BO3JYLIHOM CMECH Ha BXOAE B peakKlu-
OHHYIO KaMepy BO BCEX JKCIIEPHMEHTaX COCTaBsiia
12 mr/n £+ 10%.

Kak BumHo n3 rpaduka, kod3p@UIHEHT 030HOCTOM-
KOCTH XOpOUIO KOPPENUpyeT C YIOMSHYTBIM paHee
CTaHIAPTHBIM KPHUTEPHUEM O30HOCTOMKOCTH BYJIKaHM3a-
TOB — BpEeMEHeM 10 00pa3oBaHusl B oOpasle nepBoi
KOPPO3UOHHOM TPEIIMHBI, OJHAKO JIUIIEH CYOhEeKTHBHON
CTOPOHBI MTOCTICTHETO, T.K. CTAHIAPTHBIH METO] HCTIONb-
3yeT BU3YaJbHYIO PETUCTpAlMIO BpEMEHH 00pa30BaHUs
KOPPO3UOHHBIX TPEIIHH.

SAKJIIOMEHME

1. TpemmHooOpa3oBaHre, BO3HUKAIONIIEE HA MOBEPXHO-
CTU BYJIKQHH3aTOB, HAXOJSIIMXCS B MEXaHUYCCKU Ha-
HPSDKEHHOM COCTOSIHMM B TPOLIECCE KOPPO3UOHHOTO
BOBJICHCTBHUS, MOKET PAacCMaTpUBAThCSI B TEPMHHAX

MEPKOJBIIMOHHOTO (ha30BOTO Iepexosa, ONMHM3KOro TI0
XapakTepy MPOTEKaHNs K KOHTHHYIBHOH TTIePKOJISIIHH.

2. IlpemnoxkeHa Mopaenb YMEHBIIEHUS MEXaHUYECKOW
JKECTKOCTH B TMpoOLiecce O30HHPOBaHUS 00pasia,
Ie(OpPMUPOBAHHOTO OJHOCTOPOHHUM [aBJICHUEM,
paccMaTpuBaeMOro Kak CUCTeMa JBYX IapauIeibHO
COCAMHCHHBIX YIIPYTUX JJIEMEHTOB, KCCTKOCTU KO-
TOPBIX YMEHBINAIOTCS B TPOILECCEe TEPBOH CTaIuH
030HOJIM3a C CYIIECTBEHHO Pa3IMYarolIMMHCS CKO-
POCTAMMU. MOJIGJ'H) HaxXoAUTCA B XOPOIIEM COINIaCuu
C DKCIICPUMCHTAIEHBIMH PE3yIbTaTaMHt, OTy9IaeMbI-
MU Ha ycraHoBke TOM.

3. TlpeanoxeHHBId B pa0dOTe YHCICHHBIN IOKa3aTeib
COTIPOTHBIIIEMOCTH  BYJIKAaHH3aTOB arpeCCHBHOMY
BO3/IEHCTBHUIO 030Ha — KOA((OUINEHT 030HOCTOHKO-
CTH — NPAKTUICCKHU JIMHEIHO CBSI3aH C O6HlerI/IHH-
TBIM B HACTOSIIEE BPEMsI TapaMeTPOM 030HOCTOIKO-
CTH — BPEMEHeM JI0 HaJaja TPeLIMHOOOpa30BaHHs,
ofHako Oojee TO4YEH, T.K. HE TPeOyeT BH3YyaJILHOTO
HaOITIOICHNS 32 Pa3BUTHEM IIPOIIECCa 030HOIH3A.

Bknapn aBTopos

C.B. MeanunkoB — pa3paboTka IPUMEHEHHSI TEOPHU TMEPKOIIS-
UM B TEOPETUUECKON MOJEIH 030HHON KOPPO3UH BYJIKAHH3ATOB,
ydJacTHe B pa3pabOoTKe METOAWKM MAIIHMHHOTO MOJEIMPOBAHHUS,
ydJacTHe B 00CYXKJICHUH Pe3yIbTaToB.

I1.J1. KpaBuenst — pa3paboTKa mIporpaMMbl MAIIMHHOTO MOJIEITH-
POBaHUSI KOPPO3UH BYJIKAHU3ATOB, IPOBEACHIE MAINHHOTO MOJIE-
JMPOBAHMSA, yUacTHE B 00CYKICHUH Pe3ylIbTaToOB.

A.C. IloHomMapeB — MpOBEICHUE SKCIIEPUMEHTAIBHBIX HCCIIe-
JIOBaHMI1 030HOCTOMKUCTH LIMHHBIX BYJIKAaHHU3AaTOB HAa YCTAaHOBKE
TOM, yuactue B 00CYKACHUH PE3YIbTaTOB.

0.0. Ty:xkukoB — pa3paboTKa TEOPETUUCCKON MOJICIN 030HHON
KOpPpPO3HUH BYJKAHU3ATOB, y4acTHE B pa3pabOTKE METOIMKH Ma-
IIMHHOTO MOJICTIMPOBAHNUS, YUaCTHE B OOCY)KICHUH PE3YJIbTATOB.
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