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AnHoTanus. B cratee paccMaTpuBaroTcs Moaxosl K MaTeMaTHUECKOMY MOJIEIMPOBAaHUIO IIPOIiecca CUHTE3a OyTalleH-CTHPOIIbHBIX CTATHCTUUECKUX
conomumepos ([JCCK), moiydeHHBIX PAacTBOPHOH IMONMMEpH3alMeld B NPHCYTCTBUM HHHUIMHPYIOIIEH CHCTEMBI («IHTHHAIKWI-MOIH(PHKATOPY.
OOBEKTOM HCCIICNOBaHMS SBISUICS (DYHKIMOHAIM3HPOBAHHBIM CTaTHCTHYECKHH OyTaaueH-cTHpoibHBIH Kaydyk JICCK-25600, moxydeHHBII
cornonumepusanueit Oyraauena-1,3 co CTUPOIOM MEPHOAUIECCKUM CIOCOOOM, IIPH ITOM HHHLHUUPYIOLIHI KOMILIEKC «H-OYTHIUTHTHI + MOAU(DHUKATOP)»
obpa3syercst B pexxume in Situ B mpucyrctBur MoHOMepoB. IIpoiiecc CHHTE3a cOIoJIMMepa MPOBOMIN IIPU MIOCTOSIHHOM TeMieparype. Konsepcuio
MOHOMEPOB OIIPE/CIISIIN METOJOM CyXoro ocratka. C y4eToM TOTo, YTO CTaTUCTHYECKOE pacIpesielieHHe CTUPOJia B COIOIMMEPE ONpeiemseTcs
cooTHOIeHHeM Me/Li B HHUIMHPYIOIIEH cucTteMe, pa3paboTaHa KMHETHYECKasi CXeMa MPOLecca CHHTE3a CTATHCTUYECKOro OyTaIieH-CTHPOILHOTO
Kaydyka. JIs nmpesiokeHHOW KHHETHYECKOH CXeMbl IPECTaBIIeHa CHCTeMa OeCKOHEUHBIX I epeHIHalbHbIX ypaBHeHnH. C HCIIoIb30BaHuEM
MeTo/la MOMEHTOB OeCKOHEeUHast CHCTeMa ypaBHEHHMIT cBeleHa K KoHeUHOH. C HCII0Ib30BaHUEM NIOTyIEeHHOH CHCTEMBI ypaBHEHHI IPOBEIeHa OIIeHKa
CTEIICHM NPEBPAIEHHs MOHOMEPOB, 3HAUCHHUIT CPETHEUHCICHHON, CPEHEMACCOBOI MOJIEKY/IIPHONH Macchl M Kod((uIMeHTa TOINIUCIIEPCHOCTH B
3aBHCHMOCTH OT YCJOBHII CHHTE3a B IIEpHOJMYECKOM mporecce. KuHeTHdyeckue IapameTpbl MOAENIH OLIEHEHBI C HCIIOIb30BAaHHUEM IIPOLELYD
HEJOKAIbHOW ONTHMH3alMU. B pesynpraTe MOeHTH(UKAMU MapaMeTpOB MaTEeMaTHYECKOH MOJENH PacCUUTaHbl 3HAUCHHUS KOHCTAHT CKOpPOCTEeH
dlIeMEHTapHbIX peakuuid. [Toryuens! aHaTUTHYECKUE 3aBUCHMOCTH, ONUCHIBAIOIIHNE BIMSHUE TEMIIEPATyphl OIUMEPH3alui Ha CTENIeHb KOHBEPCHU U
MOJIEKYJIIPHO-MAacCOBBIE XapaKTePHCTUKH Kaydyka. Pa3paboTaHHas MaTeMaTHYeCKasi MOJIEIb MOXET OBITh HCIIOIB30BaHA B TEXHOJIOTHH ITOIyYCHHS
PacTBOPHBIX OyTaJHeH-CTHPOIBHBIX CTaTUCTHYECKHX COIOJIMMEPOB, I7l€ B Ka4eCTBE MHHIIMUPYIONIEH CHCTEMBI BBICTYIAIOT AJITOIAT HATPHSA U H-
Oyrwiutuid. [IlpuMeneHne pa3paboTaHHONW MaTeMaTHYECKOW MOJIENH TO3BOJIUT YCTAHOBHUTH BIMSHUE TEXHOJIOTMYECKUX AapaMeTpoB (TeMIeparypsbl,
COOTHOIICHHSI KOMIIOHEHTOB HHHIIHUPYIONIEH CHCTEMBI) Ha MOJIEKYJIIPHO-MACCOBbIE XapaKTEPHCTUKH II0Jy4aeMOro Kaydyka.
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Abstract. The article considers approaches to mathematical modeling of the synthesis of butadiene-styrene random copolymers (DSSK). These rubbers
are obtained by solution polymerization in the presence of an alkyl lithium modifier initiating system. The object of the study was the functionalized
random butadiene-styrene rubber DSSK-2560F. The rubber was obtained by copolymerization of butadiene-1,3 with styrene in a periodic manner. The
initiating complex (n-butyl lithium + modifier) is formed in situ in the presence of monomers. The synthesis temperature was constant. The conversion
of monomers was determined using the dry residue method. It was taken into account that the random distribution of styrene in the copolymer is
determined by the Me/Li ratio in the initiating system. A kinetic scheme for the synthesis of random butadiene-styrene rubber has been developed. A
system of infinite differential equations is presented for the proposed kinetic scheme. Using the method of moments, an infinite system of equations is
reduced to a finite system of equations. The degree of monomer conversion, the values of the number-average and weight-average molecular weight,
and the polydispersity coefficient are estimated depending on the synthesis conditions under batch conditions. The kinetic parameters of the model are
estimated using nonlocal optimization procedures. The values of the rate constants of elementary reactions are calculated. Analytical dependences of
the effect of polymerization temperature on the degree of conversion and molecular weight characteristics of the rubber are obtained. The developed
mathematical model can be used in the technology of producing solution-based butadiene-styrene random copolymers, where sodium alcoholate and n-
butyl lithium act as the initiating system. Application of the developed mathematical model will allow us to determine the influence of process
parameters (temperature, ratio of components of the initiating system) on the molecular weight characteristics of the resulting rubber..
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BBenenue

[Tpu mpOU3BOJCTBE «3EICHBIXY IIIMH HAILTH
MIpUMEHeHne OyTaJIneH-CTUPOIbHBIE KAYIyKH aHU-
orHor moimmepm3aruu (JJCCK), B ocobenHOCTH
¢ (OyHKIIMOHAJIBHBIMU TPYIIIAMU B «TOJIOBE» U «XBO-
CTe» TOJMMEPHON LeNH, NPUMEHEHHE KOTOPHIX
00ecIieunBaeT MOy4eHre MIMH C BBICOKHM CIIeTIIe-
HHEM C CyXHM H MOKPBIM JIOPOXKHBIM TTOKPBITHEM,
a TAKOKE C YIYYIICHHBIMH TTOKa3aTesIMU yCTONYU-
BOCTH TIPOTHB 3aHOCa 0€3 TOBBIIIEHHSI COTIPOTHBIIE-
HISI KAYEHHIO M CHIDKEHIS M3HOCOCTOMKOCTH [1-2].

CornacHo mociaeIHuM JaHHbIM 58% mupo-
Boro ricnions3oBanust JICCK nprxoauTces Ha IIMHHYIO
MIPOMBINIIICHHOCTh, a y)KEeCTOUeHHe TpeOoBaHU
K 3MMHHM IIIUHAM TIPUBEACT K YBEIMUYCHHUIO WC-
nonb3oBanus JJCCK emie na 20% [3]. Pactymmit
CIpOC aBTOMOOWMIIBHOTO CEKTOpa Ha BHICOKOA(]-
(eKTHUBHBIC HIMHBI OOYCJIOBJIEH MOTPEOHOCTHIO
B CHUJKCHHUMN COIIPOTHUBJICHUA KAaUCHUIO IIPpHU HC-
MOJIb30BaHUU B NpOoTeKTOpHbIX pe3uHax HCCK
B COYETAHUH C AUOKCUAOM KpeMHUs. B 310 cBsI3n
0c00yI0 aKTyalbHOCTh MPUOOPETAIOT UCCIEI0Ba-
HUS1, HAlpaBJICHHBIE HA YCTAHOBIICHHE ONMTHMAIb-
HOTO COYETaHUS MY OCHOBHBIMH 3KCILTyaTaIli-
OHHBIMU XapPaKTCPUCTUKaAaMU MIWH, HAIIPUMCED,
IJI CHMOKCHUS CONPOTHUBJIICHHUE KAYCHUTIO HCO6XO-
JTUMO TIpUMEHEHHE KayTyKOB C BRICOKMMH MTOKa3a-
TEJSIMH ITACTUIHOCTH 110 OTCKOKY, B TO YK€ BpeMsl
ITI0Kas3aTeiin YCTOP'IHHBOCTH npu JABUXKCHUU
IO MOKPOH JTIOpOTe, KOTOPBIE SBIISIFOTCS PE3yTETATOM
BBICOKOYACTOTHOTO JIeOPMHUPOBAHUS  CKOJIB3S-
el MOBEPXHOCTH, ONPEACISIIOTCS THCTEpe3nc-
HBIMH CBOMCTBAMH IMPOTEKTOPHBIX pe3uH [4—6].
[ToaToMy B cocTaBe MPOTEKTOPHBIX PE3WHOBBIX
CMecell MPUMEHSIOTCS pa3HbIle MapKH Kay4dyKoB,
BToMm umcie JICCK st moctwxkeHust OasiaHca
MEX/Ty TAKUMH ITPOTUBOPEYHBBIMH XapaKTEPHUCTH-
KaMH, a TaKKe I BO3MOXKHOCTH PETYITUPOBAHUS
MOJICKYJISIPHO-MACCOBBIX XapaKTEPUCTHK U KOJIHU-
yectBa 1,2 — 3BeHbEB OyTaJMEHOBOU YacTH COIIO-
JIUMEPA, YTO BIUSAET HA TEMIIEPATYPY CTEKIOBAHUS
W CTENEHb Pa3BETBICHHOCTH MAaKPOMOJIEKYIL.

B nacTosiiee BpeMs riiaBHOM 3a1a4ei sIBJIA-
€TCSl ONTUMH3AIMS 3TUX XaAPAKTEPUCTHK C IEIBI0
YIIy4IlIEHHUs] KOMIDIEKCA 3KCIUTyaTallMOHHBIX CBOKCTB
MPOTEKTOPHBIX PE3WH HA €r0 OCHOBE, OJHUM H3
MyTel pereHns KOTOPOH sIBIIIeTCS PYHKIIMOHAIH-
3anus Kayuyka. llonydenne (QyHKIIMOHAIH3UPO-
BAaHHBIX IIOJIMMEPOB BO3MOXKHO C IIPUMCHCHHUEM
aMUHOCOJISPKaIINX HHUITUATOPOB, KOTOpEIe 00pa-
3YIOTCSL B pe3yJIbTaTe B3aUMOJCHCTBUS H-OyTHII-
JIUTHS. W MOJU(HUKATOPa, COICPXKAIIETO B CBOEM
coctase >NH rpymmy [7]. Takum o6pa3om, 4acth
TOJIMMEPHBIX TIeTIel COJICPIKUT B «TOJIOBEY» aMHUHHYIO
(hYHKITMOHAIBHYIO TPYIIITY.
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Maremarideckoe MOJIETMPOBaHIE POLIECCOB
MOJIUMEPHU3AIIHU U COTIOTUMEPH3AI[HMU HTPACT BaXK-
HYI0 pOJIb B HM3y4YCHHH pA3JIMYHBIX AaCHEKTOB
UX MPOTEKAHMS, 4, COOTBETCTBEHHO, U B ONTHMH3a-
MM paccMaTpHBaeMBbIX HpoueccoB. VccnenoBaHus
Ha OCHOBE MOCTPOCHUSI MaTeMaTHUUSCKOH MOJIEIN
OPHEHTHPOBAHBI Ha BBIYHMCICHUE XapaKTEPUCTHUK
(opMUpyEeMOro comoIMMepa 1 MpoAyKTa, morydae-
MOTO Ha €r0 OCHOBE, Ha MOMCK PEKHUMOB OITHMH3a-
MM YTIPABJICHUS TapaMeTpaMHU MPOLIecca U aHAITN3
UX B3aHMHOT'O BIIMSIHUS B YCIIOBUSIX IPOMBIIILICH-
Horo nmpou3BocTea [8-10].

Iean uccaenoBaHuii — pa3paboTka mare-
MaTHUYECKON MOJENU CTaTUCTUYECKON COMOJIMMe-
puzanuu OyTajueHa CO CTHPOJIOM B HPHCYTCTBHU
WHULIMUPYIOIIEH CHUCTEMBI (JIMTUHAIKUI-MOAN(HUKa-
TOPY, MO3BOJISIFOLLICH YCTAHOBUTD BIIMSIHAE TEXHOJIOTH-
YECKMX TapaMeTPOB — TEMIIEPATYpPbl, COOTHOLICHHS
KOMIIOHEHTOB ~ HMHHULHUHPYIOLICH  CHCTEMBI —
Ha  MOJICKYJIIPHO-MacCOBBIC  XapaKTEPUCTUKHU
HOJIy4aeMOr0 Kay4yKa.

MaTepHaJ’IBI U METOJbI

OO0BEKTOM HCCIeTOBAHUS ABISIICS (BYHKIIH-
OHAJIM3UPOBAHHBIN CTATUCTUYECKUH OyTaaneH-
ctuponbHbI kayayk JJCCK-2560D, nomxy4eHHBbIH
comonuMepusanueit Oyramuena-1,3 co ctuposom
B aTMocepe a3oTa B TEKCAaHOBOM PacTBOPHUTEIIE.
Cunte3 ombiTHBIX 00pasioB JCCK25600 ocy-
IIECTBIISUTH IEPUOANICCKIM CIIOCOOOM B PeaKTope
e€MKOCTBIO 13 J1, CHa0)KEHHOM MEIIATIKOH, pyOari-
KOW JUISl TEIUIOHOCHTEIIS, CUCTEMOM JI03MPOBaHMUS
KOMITOHEHTOB W BBITPY3KH NoJMMepa. B kauecTBe
pactBopuTess ucnoiab3oBanu Hedpac I11-65/75.
B peakrop 3arpyxaiu HIMXTY C KOHIEHTpaIen
MoHOMepOB 13 £ 1%, 3aTem moaBaiiv mocienoBa-
TEJBHO MOIU(HUKATOP U H-OyTHIUHTHH. MHHINH-
PYIOIINI KOMILIEKC «H-OyTHIITUTHH + MoauduKa-
TOp» 00paszyercs B pexume in Situ B MpUCyTCTBUN
MoHoMepoB. [Iporiecc cuHTe3a comonmmMepa mpoBo-
JWJIA TIPU TIOCTOSIHHOM Temmieparype. Koneepcuio
MOHOMEPOB OIPEIEISLTA METOIOM CYXOr0 OCTaTKa.

Pe3yJII)TaTLI H oﬁcy)wle}me

IIpy aHMOHHON CONOJMMEPHU3ALUU C HC-
M0JIb30BaHUEM JIUTHUHOPTAaHNYECKUX HHULIMATOPOB
B COYETAaHWH C AIKOTOJSTAMU MIENIOYHBIX | IIe-
JIOYHO3EMEJBHBIX METAJUIOB MOXKHO IOJIy4aTh
JIMHENHbIE noauMepsl ¢ y3kuM MMP 1 3aganHOi
MOJIEKYJISIpHOW Maccod. Beaenmne momucukaro-
POB PE3KO TMOBBIIIAET CKOPOCTh MOJMMEPHU3AIUU
OyTajueHa U CTUpOJIa, KOTOpask 3aBUCUT OT TeMIlepa-
TYpbI TIpOIIECcca, THIAa MOHOMEpA, MPUPOIBI IIEN0q-
HOIo MeTajla, MOJISIPHOTO OTHOIIEHUS! KOMIIOHEHTOB
HHUOUUpYone cucremsr [7, 11]. ANKOTONATHI
MeTauioB (coeauHeHus Tuna R-OMe) npu no6as-
JIEHUH B HEOOJBIINX KOJTUYECTBAX K aKUJUINTHIO,
o0ecrieynBal0T 00pa30BaHUE CTATHCTHYECKOTO



Karmanova O.V. et alProceedings of VSUET, 2025, vol, 87, no. 4, pp. 212-218

COTIONIUMEPA, TIPH 3TOM CTPYKTypa OyTaareHOBON
4acTu MeHsieTcsl HesHaunTenbHO [12]. [Tpu ucrnons3o-
BaHWH WHHIIHAATOPA, KOTOPBIA MPENCTaBISIET COOOM
CMECh AIIKMJUTUTHS ¥ AJTKOTOJISITA IETIOYHOTO MeTaslia,
LIEHTP POCTA [IeTTN HAXOIUTCS B IMHAMHUYECKOM TayTO-
MEPHOM PaBHOBECHH C JBYMSI MeTalIaMH, CTaTH-
CTHYECKOE PacIIpe/Ie]ICHe CTUPOIIa B COIIOJINMEPE
ompenenseTcs cooTHomeHneM Me/Li B uHUIMUpY-
romieii cucreme [13]:

P—Li P---Li P Li
o = | + |
Me—OR K----OR Me: OR

rae P — monmuMepHas menb, Me — KaTHOH MeTalla
(natpus, Kanblus), R — aymmm.

Kunernueckyro cxemy Ipolecca MOXHO
MPEICTaBUTH KaK:

ki
LiBu+B— LiBBu,

kz

LiBBu+MeOR ~ MeBBu + LiOR,

<
k3

Ky
LiBBU + B> LiB,BU, (1)
ki
LiBu + B—> LiBBu,
K,
MeBBu + St — MeStBBu,

ks
MeBBu + B — MeB,Bu,

e B — 6yramuen, St — crupor, LiBu-# — Oy TrynmiTHii.

[IpeniokeHHOM KMHETUYECKOM CXEME COOT-
BETCTBYyeT OeckoHeuHas cuctema auddepeHiu-
aNBHBIX ypaBHeHHH (2). beckoHeuHyr0 cucTemMy
muddepeHInanbHbIX YPaBHEHUH MOKHO CBECTH
K KOHE4HO#H (3), Mcrosb3ys MeToji MOMEHTOB [14].

d[LiBu]

=k [LiBu][B]

d
d([th]:—kz[B]ZLiPi —kl[B][LiBu]—kS[B]ZMePi
dgft]:kA[St]iZMePi
d [LO::)R] =k, [MeOR]> LiP, -k, [LIOR] > MeP
% =k, [l\/leOR]iZLiPi + kS[LiOR]ZMePi
d [;tipl] _ K, [MeOR][LiR] + k; [LIOR][MeR] -
K [B][LiR]+k,[LiBu][B]
d[LiR,]

=—k,[MeOR][LiP, ]+ k,[ LIOR][MeP, ] -

dt
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g [B][LiR,] K, [LiR][B]

d [;iPn] = —k, [K =MeOR][LiP, ] + k, [ LIOR][MeP, ] -

—k, [B][LiR,]+k, [B][LiP,,]

% =k, [LiP,][MeOR] -k, [LIOR][MeP, ] -

—k, [St][MeR,] -k, [B][MeR ]

d [l\;l:aPz] —k, [LiP, ][MeOR] -k, [LIOR][MeP, ] -

—k, [St][MeP, ] -k, [B][MeP, ] +k,[St][MeP, ] +
d[MeP, ] _

(2)

+k;[B][MeR ] k,[LiP,][MeOR] -
—k,[LIOR][MeP, |- k, [St][MeP, ] -k [B][MeP, ] +

+k, [St][MeP, ,]+k, [B][KMe]

0
dgél — —k, [NaOR] z® + K, [LiOR] 22

0
%: k, [NaOR] 0 —k, [LiOR] 12

1
dgt‘l = —k, [NaOR] 4 +k, [LiIOR] 13 +k, [B] 1]

dg
dt

+k, [St] g +ks[B] g (3)
d(ﬁlz — K, [NaOR] 42 +k, [LiOR] 12 +
+kl[B](2yl1 +/110)
dgf — k,[NaOR] 2 — k, [ LIOR] 12 +
+k, [St](Z,ué +,u§)+ K [B](Z,u; + yg)
HauanbHble yciI0BHS ONpEIEEHBI KAK:

1 =[LiBu]

— k,[NaOR] 1t — k, [LIOR] 12 +

0 1 2 1 (4)
quzluzz,uzzlulzo

rae 44 =Y K'LiP, u u) = k'NaP,
k k

B pesynbrare nomyuena cucrema (3), cocto-
sias U3 mectd auddepeHuanbHbIX YpaBHEHUH
C IIATHIO HEW3BECTHBIMU KOHCTaHTaMHu Ki, i = 1,5.
C HCTIONB30BaHMEM TIONTyYeHHOW CHCTEMBI YpaBHEHHI
MOXKHO OLICHHBATh CTEIICHb MPEBPAILICHASI MOHOMEPOB
(X) 1 3HaueHws1 cpenHencIieHHO (Pn), cpeHeMacco-
BoM (Pw) CTeneHH ToMMEpU3aliii | Kod(duimeHTa
noymcnepcHoctd (Kn) B 3aBUCHMOCTH OT YCIIOBUIA
CHHTE3a B TIEPUOIMUESCKOM IIPOLIECCE:

(8L, [sU[B]
(6], +[54],
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[B], +[St], -[B]-[st]

R = [LiBu], ©)

p_thtHy _ R .

" T[] (st -] s]
MW

Kn_M_ (8)

[Napametpuueckast naeHTH(PUKALUST MOIEITH
CBOAWIACH K OLICHKE 3HAYECHUN 5 KOHCTAHT. YcCTa-
HaBJIMBAIM 3aBUCHMOCTbh CYMMAapHOH CTEIEeHU
npeBpalleHus OyTaJueHa U CTUPOJia OT BPEMEHU
MOJIMMEPU3ALIY TIPY U3BECTHBIX 3HAUCHHSIX KOHLICH-
Tparmu MoHoMepoB 1 uHuimatopa (LiBu u MeOR).

Kunerndeckue napameTpsl OLICHUBAJIH C UC-
MOJIb30BaHUEM TPOLENYp HEJIOKATbHOW ONMTHMHU-
3aruu [14]. B kadecTBe KpuUTEpHss MHUHUMHU3AIUN
HCIIONb30BaH MOIYJIbHBIA KPUTEPHIA:

n
2.

i=1

— min

JKC! ac’
X —xP

rjie N — KOJUYECTBO AKCIIEPUMEHTAIBHBIX TOYCK.
B pesynbrare maeHTuUKanUM MaTeMaTH-
YeCKON MOJIENTU MOJTyYCHBI CIEAYIONINE 3HAUCHHS
MapamMeTpoB (KOHCTAHTBI CKOPOCTEH BIeMEHTapHBIX
peakiuii), mpeacTaBicHHbIe B Ta0wmIe 1.

Tabnuma 1.
3HaueHus KOHCTAHT CKOpOCTeﬁ SJICMCHTAPHBIX
peaxuuit (M3 MOJIb - MHH)
Table 1.
Rate constants of elementary reactions
(dm3/molxmin)

T, K K k. Ks Ka ks
313 2407 | 226,14 | 240,32 | 55253 | 1,/8
333 | 360,92 | 291,52 | 480,92 | 3358,54 | 8,24

KoHcTaHTBI CKOpOCTEH 3NIeMEHTApHBIX Peak-
LM OMMCHIBAIOTCS COITIACHO 3aKOHY AppeHuyca:
(%)
W RT
K, =K,Je 9)
rae Koj— npeapKeionenTa; Ej— sHeprus akTHBaluu
peaxuuy; R — yHuBepcanbHas ra30Bast IOCTOSTHHASL.

[Nomyuensr CIIeIyFOIINe 3HAYCHHUS:
E1 =115,28 xJIx/mons; Ex= 109,82 x/[x/Moib;
Es=32,18 x/x/momp; Es= 72,22 x/[x/MoIb;
Es = 65,36 x/[»x/Monb.

[IpuMEHUMOCTh IONYYEHHOW MaTemMaTH4e-
CKOM MOJIeNIM OIICHMBAJaCh IIyTEM CpPaBHEHUS
AKCIIEPUMEHTAJIBHBIX JIAHHBIX KOHBEPCUH C COOTBET-
CTBYIOLIUMU  XapaKTEPUCTUKAMHM, ITOJyYCHHBIMU
10 MOJIEJIH.
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Ha pucynkax 1-2 npencraBieHsI SKCIIeprMeH-
TAIbHBIC J@HHBIC W PE3YNbTaThl BBIYUCIUTEIHLHOTO
SKCTIEPUMEHTA TI0 MOZICTM IS CIIEYIOIIEro Habopa
WCXOJIHBIX JAHHBIX: Temriepatypa cuntesa T = 313 K;
KoHIEeHTpamus ctupoina [St]o = 0,41 Monb/am® Kon-
uenTpamms Oyraguena [Blo = 0,95 mons/mv®; KoHIIEH-
tpays #-0ymuwmamus [LiBulo = 1,37x10° moms/nv3,
KOHLICHTpAIHS Mo upuKaTopa [NaOR]o =
=8,55x10°° mons/nm3; cyxoii ocratok Go = 15,3% mac.
08

06

04 + 1

i

0,2

il

[B] u [St]. mmon/mm®
[B] and [St]. mmol/dm3
By B

1] I I i
0 10 20 30
T, min

Pucynok 1. Kunermka comoimmepu3aiy OyTajucHa
CO CTHUPOJIOM Y Pe3yJIbTaThI BBIYHCITUTEIIHHOTO
sKcrieprMenTa 1o mogenu cuntesa JJCCK-2560D: 1, 2-
M3MEHEHHE KOHIEHTpalmu OyTaauena [B] oT Bpemenu T,
3, 4 — M3MeHeHre KOHIEHTpaLMH CTHposa [St] oT BpeMeHH T,
1, 3 — pacuer; 2, 4 — 3KCTIEpUMEHT

Figure 1. Kinetics of copolymerization of butadiene with
styrene and results of computational experiment using the
model: 1, 2 — change in butadiene concentration [B] over
time t; 3, 4— change in styrene concentration [St] over
time t; 1, 3 — calculation; 2, 4 — experiment

X, o 80
1
60 | 2
40 -
20 +
O 1 1 1 1 ]
0 5 10 15 20 25 30
T, min

PucyHok 2. 3aBHCHMOCTH M3MEHEHHs KOHBepcuH (X)
or BpemeHH cuHTe3a (T) kKayuyka JICCK-25600:
1 — sxcniepuMeHT; 2 — pacueT

Figure 2. Dependences of the change in conversion (x)
on the synthesis time (t) of rubber DSSK-2560F:
1 — experiment; 2 — calculation

Cpenusisi ommOKa OTKJIIOHEHHSI PacdeTHBIX
3HAYEHHUH CTENEHU IIPEBPALLECHUS MOHOMEPOB
OT DKCIIEPUMEHTAJIBHBIX HE IpeBbilaeT 5% oTH.,
YTO C OJHOM CTOPOHBI HE MPEBHIMIAET TOYHOCTH
W3MEPEHHsI JTAaHHOM BEJIMYMHBI, & C IPYrol — 3TO
OTKJIOHEHHE OOYCIIOBJIEHO HapyIICHUEM HU30TEPMHUY-
HOCTH IIPOLIECCA U HAJIMYUEM HEKOHTPOIMPYEMBIX
BO3MYIIIEHUH, BO3JIECTBYIOIINX HA MPOLECC.
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Pesynbrarel ncciei0BaHus BIUSHUAS TEMIIC-
patypsl TOJMMEPHU3allMK Ha KHHETHKY TMpoliecca
U TIapaMeTphbl MOJICKYJISIPHO-MaCCOBOTO pacipe/ie-
nenus (Pn, Pw, Kr) npeicrasieHs! B Tadnuie 2.

Tabnuna 2.
Brnmsiaue TemmepaTyphl HOIMMEpH3ain
Ha CTETNICHb KOHBEPCUHU U MOJIEKYJISIPHbIC
napameTpsl kayayka JJCCK-2560D

Table 2.
The influence of polymerization temperature on
the degree of conversion and molecular
parameters of rubber DSSK-2560F

T, K T X, % anlo-3 Pwx 103 Kn
313 100 50 1,7 2,9 1,7
323 100 88 2,9 3,8 1,3
333 47 100 3,3 44 1,3
343 13 100 3,3 52 1,6
353 10 100 3,3 6,2 19

HOHy‘-ICHHI)Ie OaHHBIC CBUACTCILCTBYIOT
0 TOM, YTO C POCTOM TeMIIepaTypbl HaOmogaeTcs
CYIIECTBEHHOE IIOBBIIIEHUE CKOPOCTH Ipolecca
Y BBIPaBHUBaHHE CKOPOCTEW pacxojoBaHHs OyTa-
JueHa U ctupoda. OnTuManbHOM TeMmIepatrypou

post@uestnik-vsuet.ru

C TOYKH 3PCHUS OJTHOBPEMEHHOI0 HCcUepranus 0y-
TaJMeHa W CTUpOJa sBisiercs: Temreparypa 343 K.
OIHOBPEMEHHO C POCTOM TEMIIEPATyp MPOHCXOIUT
BO3pacTaHUe CPEIHEMACCOBOW W CpelHEUHCIICHHON
CTETICHEH TToNMMepr3anyy, Ko3(h(GHUIUEHT Ke TTONH-
JIUCTICPCHOCTH B AMana3oHe temreparypsl [313+333 K]
Tajiaer, a 3aTeM Bo3pacrtaer B quarasone [313+333 K.

3akiaouenue

Pa3paborana maremaruueckas MOAeNb CO-
MOJIMMEpH3alui OyTagreHa CO CTHPOJIOM B MPH-
CYTCTBUH MHUIUHUPYIOMIEH CHCTEMBI «H-OyTHILIHN-
THI + MOAN(HUKATOP» TNPH TONYyYCHUH Kaydyka
JCCK-2560d. Kunernueckue napameTpbl CUCTEMBI
OILICHEHBI C UCTIOIB30BaHUEM TIPOLIEAYP HETOKATBHON
OITTUMI3AIIHH, TIPeoOpa3oBaHue OECKOHEIHOH CHCTEMBI
T hepeHINATFHBIX YPaBHEHNH OCYIIECTBIICHO C HC-
HOJIb30BaHUEM METO/Ia MOMEHTOB.

PazpaboranHas monenp MOXET OBITH HC-
MOJIb30BaHA JIUISI UMUTAIMOHHOTO MOJICITHPOBAHHUS
C BBIOOPOM ONTHMAJIBHBIX MapaMeTPOB Ipolecca
B TEXHOJIOTUH TIOJTydEeHUsI pACTBOPHBIX OyTa/neH-
CTHPOJIBHBIX CTATHCTHYECKHX COIOJIMMEPOB, IIE
B Ka4€CTBEC I/IHI/IHI/II/IpyIOHlCﬁ CHUCTCMbI BBICTYIIAIOT
ANTOJISIT HATPHUSA U H-OY THIUTUTHIA.

Jlureparypa

1 Kynepman @.E. HoBble kayuayku juist muH. M.: Anbsiae Ipece, 2005. 329 c.

2 baxdum K., Xaiinn JI. HoBas kaura o muHnax. CnpaBouHoe nzfanue. M.: M3natensctBo Actpens, 2003. 303 c.

3 Solution Styrene Butadiene Rubber Market Size, Share, Growth, and Industry Analysis, By Type (Oil-filled, Non-oil
Filled), By Application (Tires, Footwear, Polymer Modification, Adhesives & Sealants, Others), Regional Insights and Forecast
to 2037. URL.: https://www.industryresearch.biz/enquiry/request-sample/100788 (mara o6pamenus: 06.03.2025).

4 Ansari A., Mohanty T.R., Ramakrishnan S. et al. Design of Silyl Functionalized Emulsion SBR and its Application
in Green Tire // Industrial & Engineering Chemistry Research. 2025. V. 64. Ne 7. P. 3795-3809.

5 Kporosa O.A., beno6ioukas H.I'. Yrpyro-rucrepe3ucHsie CBOWCTBa MPOTEKTOPHBIX PE3HUH ¢ KPEMHEKHCIOTHBIMU
HanonHuTensIMu // Kutalicko-poccuiickuii KOHKypC MHHOBAIMi U npexnpuHuMarenbctBa-2020, FOro-3amaaubiii peruon:

¢6. marepuanos. 2021. C. 121.

6 Kapmanosa O.B., Illyrunun 10.®. Bynkanuzupyroniue cuCTeMBI B peLENITYpe Pe3nH Ha OCHOBE cMeceil KayayKoB //

WmxenepHsle TexHonoruu. 2024. C. 71.

7 BbepmaukoB B.B., KapmanoBa O.B., ®upcoBa A.B. HccrenoBanue cBOWCTB MOAW(DHIMPOBAHHBIX OyTaIveH-
CTHPOJIBHBIX Kay4yKOB IS IIMHHOM MPOMBIIIICHHOCTH // TeXHOIOTHS OpraHMYecKUX BEemecTB: MaT. 89-if Hayd.-TeXH. KOH(.
npodec.-TIperno. CocTaBa, Hay4. COTPYJHHKOB M aCIUPAHTOB (C MEeXAyHap. yyacTieM), MuHck, 3-18 despans 2025 r. MuHck:

BI'TY, 2025. C. 146-148.

8 Muxaiinosa T.A., Mycraduna C.A. KomrbloTepHOE MOJIEIMPOBAHKE MPOIEcca CHHTE3a OyTaueH-CTUPOIIbHOIO KaydyKa:
BIIMSTHHE TTOZIA4H PETYIITOpa Ha XapaKTepUCTHUKU npoaykTa / Tonkue xumuueckue Texnonoruu. 2024. T. 19. Ne 6. C. 555-564.
9 Schmid F. Understanding and modeling polymers: The challenge of multiple scales // ACS Polymers Au. 2022. V. 3.

Ne 1. P. 28-58.

10 MudraxoB 3.H., Muxaiinosa T.A., Mycrapuna C.A. MoaenupoBaHHe MPOLECCOB CHHTE3a MOJIMMEPOB C IIEJIBI0
OILIEHKH MOJIEKYJSIpHO-MaccoBoro pacmpeneienus // Becthuk MI'TY um. H.D. baymana. Cep. EctecTBennbie Hayku. 2024.

Ne 5 (116). C. 110-126.

11 ®enoceer M.C., lepxaBunckas JI.d. Ternocroiikue monuMepbl 1 KOMIIO3UTHI HA OCHOBE AMIOKCHIHBIX CBSA3YIOINX
pasnu4Hoi xuMu4deckoi npupoasl // Becthuk [epmckoro ®ULL. 2022. Ne 2. C. 17-26.

12 Capacexo E.I'. Kparkuii CIpaBOYHHK IO OCHOBHBIM IIOHATHSM OpPraHHMYECKOW M CIENHANBHON XumHU //
VHHOBaIIMOHHOE pa3BHTHE HAYKH: (yHIaMEHTAIbHBIC U pUKiIaanble mpobnemsl. 2020. C. 287-356.

13 Nonrommock B.A., Tunskosa E.W. Merannoopranmdeckuii karanus B rporieccax nomumepusanun. M.: Hayka, 1982. 511 c.

14 Kagapo B.B., Beroxun B.H., Tuxomupos C.I. MogenupoBaHue KHHETHKH Ipolecca IOJIUMEpU3ANU
noJiMu3onpeHoBoro kayuyka // Jloknaast Akagemun Hayk CCCP. 1989. T. 305. Ne 6. C. 1425-1429.

15 Mudraxos 2.H., Kybpsk A.U., Mycrapuna C.A. u ap. MccnenoBanue (HU3NKO-XUMHYECKUX 3aKOHOMEPHOCTEH
IIPOLIECCOB CHHTE3a MOJMMEPOB METOAaMHU MaTeMaTH4ecKoro MozenupoBanus // Marepuanst noxnanoB XX VII Hayd.-nipakT.
KOoH(. «Pe3nHOBasi IPOMBIIIIEHHOCTh: CHIPbE, MaTepualbl, TexHoaorum». Mocksa, 2023. C. 35-37.



Kapmanoea O.B. u op.Becmuux BTYHIIL, 2025, III. 87, Ne. 4, C. 212-218 post@uvestnik-vsuet.ru

16 Kashnikova A., Miftakhov E., lvanov D. Modeling and Optimization of Butadiene—Styrene Copolymerization Using
a Kinetic Approach and a Genetic Algorithm // 2025 7th International Conference on Control Systems, Mathematical Modeling,
Automation and Energy Efficiency (SUMMA). IEEE, 2025. P. 112-116.

17 Bronskaya V., Smirnova L., Matyukhina A. et al. Copolymerization of butadiene and styrene under the influence of
N-butyllithium // Arabian Journal of Chemistry. 2023. V. 16. Ne 11. P. 105205.

18 Datta S., Kao N., Bhaskar T. et al. Mathematical function using mechanical properties to calculate chain scission as
a function of radiation dose in electron beam treated styrene-butadiene-styrene block copolymer // Express Polymer Letters.
2024. V. 18. Ne 9. doi: 10.3144/expresspolymlett.2024.68

19 Renteria-Baltiérrez F.Y., Reyes-Melo M.E., Martinez-Gonzalez C.L. et al. Effect of 3D Printing Parameters on the
Viscoelastic Behavior of Acrylonitrile Butadiene Styrene: Fractional Calculus Modeling and Statistical Optimization //
Polymers. 2025. V. 17. Ne 12. P. 1650. doi: 10.3390/polym17121650

20 Miftakhov E., Mustafina S., Akimov A. Application of Heuristic Methods for Polymer Synthesis Process
Optimization // Journal of Engineering. 2024. V. 2024. Ne 1. P. 5900477. doi: 10.28991/ESJ-2024-08-06-023

21 Pianese G., Milani G., Milani F. Kinetic mathematical model with induction and reversion for the vulcanization of
natural rubber and ethylene propylene diene monomer blend // Polymer Testing. 2024. V. 131. P. 108339.
doi: 10.1016/j.polymertesting.2024.108339

22 Rodriguez-Guadarrama L. Modeling of batch production of high vinyl styrene/butadiene copolymers for high
performance tires // Journal of Applied Polymer Science. 2020. V. 137. Ne 45. P. 49415. doi: 10.1002/app.49415

23Wang Y., LiR., Qiao J. Study on the diffusion behaviour of styrene-butadiene rubber modifier and asphalt components
based on molecular dynamics simulation / Road Materials and Pavement Design. 2024. V. 25. Ne 10. P. 2225-2241.
doi: 10.1080/14680629.2024.2302806

References

1 Kuperman F.E. New Rubbers for Tires. Moscow: Al'yans Press, 2005. 329 p. (in Russian).

2 Bakfish K., Hajnc D. New Book about Tires. Reference Edition. Moscow: Izdatel'stvo Astrel’, 2003. 303 p. (in Russian).

3 Solution Styrene Butadiene Rubber Market Size, Share, Growth, and Industry Analysis, By Type (Oil-filled, Non-oil
Filled), By Application (Tires, Footwear, Polymer Modification, Adhesives & Sealants, Others), Regional Insights and Forecast
to 2037. Available at: https://www.industryresearch.biz/enquiry/request-sample/100788 (accessed: 06.03.2025).

4 Ansari A., Mohanty T.R., Ramakrishnan S. et al. Design of Silyl Functionalized Emulsion SBR and its Application
in Green Tire. Industrial & Engineering Chemistry Research. 2025. vol. 64. no. 7. pp. 3795-3809.

5 Krotova O.A., Beloblotskaya N.G. Elastic-Hysteresis Properties of Tread Rubbers with Silica Fillers. In: Sino-Russian
Innovation and Entrepreneurship Competition-2020, Southwest Region: Collection of Materials. 2021. p. 121. (in Russian).

6 Karmanova O.V., Shutilin Yu.F. Vulcanizing Systems in Rubber Formulations Based on Rubber Blends. Engineering
Technologies. 2024. p. 71. (in Russian).

7 Berdnikov V.V., Karmanova O.V., Firsova A.V. Investigation of the Properties of Modified Styrene-Butadiene
Rubbers for the Tire Industry. In: Technology of Organic Substances: Proceedings of the 89th Scientific and Technical
Conference of Faculty, Researchers, and Postgraduates (with international participation), Minsk, February 3-18, 2025. Minsk:
BSTU, 2025. pp. 146-148. (in Russian).

8 Mikhailova T.A., Mustafina S.A. Computer Modeling of the Styrene-Butadiene Rubber Synthesis Process: The Effect
of Regulator Feed on Product Characteristics. Fine Chemical Technologies. 2024. vol. 19. no. 6. pp. 555-564. (in Russian).

9 Schmid F. Understanding and modeling polymers: The challenge of multiple scales. ACS Polymers Au. 2022. vol. 3.
no. 1. pp. 28-58.

10 Miftakhov E.N., Mikhailova T.A., Mustafina S.A. Modeling of Polymer Synthesis Processes to Assess Molecular
Weight Distribution. Bulletin of the Bauman Moscow State Technical University. Series: Natural Sciences. 2024. no. 5 (116).
pp. 110-126. (in Russian).

11 Fedoseev M.S., Derzhavinskaya L.F. Heat-Resistant Polymers and Composites Based on Epoxy Binders of Various
Chemical Nature. Bulletin of the Perm Federal Research Center. 2022. no. 2. pp. 17-26. (in Russian).

12 Saraseko E.G. Brief Guide to Basic Concepts of Organic and Special Chemistry. In: Innovative Development of
Science: Fundamental and Applied Problems. 2020. pp. 287-356. (in Russian).

13 Dolgoplosk B.A., Tinyakova E.I. Organometallic Catalysis in Polymerization Processes. Moscow: Nauka, 1982. 511 p.
(in Russian).

14 Kafarov V.V., Vetokhin V.N., Tikhomirov S.G. Modeling the Kinetics of Polyisoprene Rubber Polymerization
Process. Proceedings of the USSR Academy of Sciences. 1989. vol. 305. no. 6. pp. 1425-1429. (in Russian).

15 Miftakhov E.N., Kubryak A.l., Mustafina S.A. et al. Study of Physicochemical Regularities of Polymer Synthesis
Processes by Mathematical Modeling Methods. In: Materials of the XXVIII Scientific and Practical Conference "Rubber
Industry: Raw Materials, Materials, Technologies". Moscow, 2023. pp. 35-37. (in Russian).

16 Kashnikova A., Miftakhov E., lvanov D. Modeling and Optimization of Butadiene—Styrene Copolymerization Using
a Kinetic Approach and a Genetic Algorithm. In: 2025 7th International Conference on Control Systems, Mathematical
Modeling, Automation and Energy Efficiency (SUMMA). IEEE, 2025. pp. 112-116.

17 Bronskaya V., Smirnova L., Matyukhina A. et al. Copolymerization of butadiene and styrene under the influence of
N-butyllithium. Arabian Journal of Chemistry. 2023. vol. 16. no. 11. article 105205.

18 Datta S., Kao N., Bhaskar T. et al. Mathematical function using mechanical properties to calculate chain scission as
a function of radiation dose in electron beam treated styrene-butadiene-styrene block copolymer. Express Polymer Letters. 2024.
vol. 18. no. 9. [Online first]. doi: 10.3144/expresspolymlett.2024.68.

217



Karmanova O.V. et alProceedings of VSUET, 2025, vol, 87, no. 4, pp. 212-218

post@uestnik-vsuet.ru

19 Renteria-Baltiérrez F.Y., Reyes-Melo M.E., Martinez-Gonzélez C.L. et al. Effect of 3D Printing Parameters on the
Viscoelastic Behavior of Acrylonitrile Butadiene Styrene: Fractional Calculus Modeling and Statistical Optimization. Polymers.
2025. vol. 17. no. 12. article 1650. doi: 10.3390/polym17121650.

20 Miftakhov E., Mustafina S., Akimov A. Application of Heuristic Methods for Polymer Synthesis Process
Optimization. Journal of Engineering. 2024. vol. 2024. no. 1. article 5900477. doi: 10.28991/ESJ-2024-08-06-023.

21 Pianese G., Milani G., Milani F. Kinetic mathematical model with induction and reversion for the vulcanization of
natural rubber and ethylene propylene diene monomer blend. Polymer Testing. 2024. vol. 131. article 108339.

doi: 10.1016/j.polymertesting.2024.108339.

22 Rodriguez-Guadarrama L. Modeling of batch production of high vinyl styrene/butadiene copolymers for high
performance tires. Journal of Applied Polymer Science. 2020. vol. 137. no. 45. article 49415. doi: 10.1002/app.49415.

23Wang Y., Li R., Qiao J. Study on the diffusion behaviour of styrene-butadiene rubber modifier and asphalt components
based on molecular dynamics simulation. Road Materials and Pavement Design. 2024. vol. 25. no. 10. pp. 2225-2241.

doi: 10.1080/14680629.2024.2302806.

Caenenns 00 aBTopax

Cepreii I'. TuxomupoB 1.17.H., npodeccop, kapenpa uadpopma-
LUOHHBIX U YNPABIAIOIINX CHCTEM, BopoHeKckuii rocynapcTBeH-
HBII YHUBEPCUTET HHXKEHEPHBIX TEXHOJOTHIA, Tp-T PeBoumomuu, 19,
r. Boponesx, 394036, Poccust, tikhomirov_57@mail.ru
https://orcid.org/0000-0002-8192-0049
Oubra B. KapmanoBa 1.1.1., 3aBenyromuii kadeapoit, kadenpa
TEXHOJIOTHY OpPTaHMYECKUX COECAMHEHUH, MepepaOOTKU IMOIMMEPOB,
Boponexckuil TocyaapCTBEHHBI YHHUBEPCUTET HHKEHEPHBIX
TexHomorui, np-t Pesosmormu, 19, r. Boponex, 394036, Poccwusi,
kaf-tospp@vsuet.ru
https://orcid.org/0000-0003-2226-6582
AJjena B. ®@upcoBa K.T.H., 3aBeYIOIINI JabopaTopHeH, 1adopa-
TOpHsL PACTBOPHOH IoJIMMepH3aly, BopoHexckuil ¢umman
HUUCK um. Axkagemuka C.B. Jlebenesay, yn. Menzneneesa, 30,
394014 r. Boponex, Poccus, firsova_alen@mail.ru
https://orcid.org/0000-0001-8175-6210
Butanuii K. ButiokoB a.7.H., mpodeccop, kadeapa npodeccop,
kapenpa HMHPOPMAIMOHHBIX M YIPABISIIONIUX  CHUCTEM,
BopoHexckuil rocyapcTBEHHBIH YHUBEPCHUTET HHXKCHEPHBIX
TexHoJyorui, mp-t Pesomronuu, 19, r. Boponex, 394036, Poccus,
kaf-ius@vsuet.ru
https://orcid.org/ 0000-0003-1439-9318
Hrops A. XaycToB 1.T.H., 3aBemyronuii kapeapoi, kapenpa
MHGPOPMAIMOHHBIX U YIPABISIOMNX cHcTeM, Boporexckmii roc-
YIAPCTBEHHBIN YHUBEPCUTET MHXKEHEPHBIX TEXHOJIOTWH, mp-T PeBo-
mroumn, 19, r. Boponex, 394036, Poccus, kaf-ius@vsuet.ru
https://orcid.org/0000-0002-8897-5763

Bkiag aBTopos

Bce aBTOPHI B paBHOﬁ CTCIICHU IIpUHHUMAJIA Yy4aCTUEC B HallMCaHUU
PYKONIHMCH K HECYT OTBETCTBCHHOCTH 3a IJIaruat

Konduukt narepecon
ABTOpBI 3a5IBJISIIOT 00 OTCYTCTBUM KOH()IMKTA HHTEPECOB.

Information about authors

Sergey G. Tikhomirov Dr. Sci. (Engin.), professor, information
and control systems department, VVoronezh state university of
engineering technologies, Revolution Av., 19 Voronezh, 394036,
Russia, tikhomirov_57@mail.ru
https://orcid.org/0000-0002-8192-0049
Olga V. Karmanova Dr. Sci. (Engin.), head of department,
technology of organic compounds and processings of polymers
department, Voronezh state university of engineering technologies,
Revolution Av., 19 Voronezh, 394036, Russia, kaf-tospp@vsuet.ru
https://orcid.org/0000-0003-2226-6582

Alena V. Firsova Cand. Sci. (Engin.), head of the laboratory,
solution polymerization laboratory Voronezh branch of the Institute
named after Academician S.V. Lebedev, Revolution Av., 19 VVoronezh,
394014, Russia, firsova_alen@mail.ru
https://orcid.org/0000-0001-8175-6210

Vitaly K. Bityukov Dr. Sci. (Engin.), professor, information and
control systems department, Voronezh state university of
engineering technologies, Revolution Av., 19 Voronezh, 394036,
Russia, kaf-ius@vsuet.ru

https://orcid.org/ 0000-0003-1439-9318

Igor A. Khaustov Dr. Sci. (Engin.), head of department, infor-
mation and control systems department, VVoronezh state university
of engineering technologies, Revolution Av., 19 Voronezh,
394036, Russia,kaf-ius@vsuet.ru
https://orcid.org/0000-0002-8897-5763

Contribution

All authors are equally involved in the writing of the manuscript and
are responsible for plagiarism

Conflict of interest
The authors declare no conflict of interest.

IMocrynuaa 03/11/2025

Mocue pexakun 17/11/2025

Ipunsra B neyars 08/12/2025

Received 03/11/2025

Accepted in revised 17/11/2025

Accepted 08/12/2025

218



