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Ha UX OCHOBE, aHAJTUTHUECKUE U MaTeMaTUIeCKHEe METOJIbl U HH-
(hOpMaLIOHHBIE CHCTEMBI B XUMHUHU U XMMHYECKOI TEXHOJIOTHH.
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HAYUYHAS CTATbS
OCo0eHHOCTH CHHTE3A CJIOKHBIX I(PUPOB MEHTAIPUTPUTA
1 ATH(PATHICCKUX KAPOOHOBBIX KUCJIOT H30MEPHOI0 CTPOCHUS

B.B. EmeansHOB, E.A. Kpacubix™, [1.A. PeTucoB, C.B. AeBaHoBa, B.A. IllakyH

Camapcruii 2ocyoapcmeeHHblil mexHuueckull yHusepcumem, Camapa, 443100 Poccust
¥ Aemop ona nepenucku, e-mail: ekras73@mail.ru

AHHOMauyus

ITenu. CnosxHole aghupbl neHmaspumpuma 3a cuem ceoeil cmpykmyposl obnadarom psioom npu-
8/leKamesnibHblX C80UICME. 8blCOKUM UHOEKCOM 8A3KOCMU NPU UX UCNONb308AHUU 8 Kauecmee
Macen U OMAUUHOU COBMECMUMOCMBIO C NOAUBUHUNXAOPUOHbIMU (TIBX) noaumepamu npu ux
UCNONBL308AHUU 8 Kauecmae naacmugukamopos. IIpu smom uUcxo0HbiM Ccolpbem 015k NPouU3eoo-
cmea KaK neHmaspumpuma, mak U KapOOHO8bLX KUCIOM MOXKEem CAYsKUMb NPUupooHsblil 2as,
UMo aKmMyaibHO C MOUKU 3PEeHUsL CHUXKEHUSL 065eM08 2a3a, HaNPagasiemoz0 HA CaKuzarue, U e2o
ucnosb3oBaHue 8 npousgoocmee xumuueckol npooykyuu. Llenv pabomul — paspabomra HO8bLX
Memooo8 cuHmesa mempasgpupo8 NeHmaspumpuma U aauGamuueckux U3oMepHbLX KUCIom
C,—C,.

Memoowt. IIpouecc npogodunu 8 pesume CamoKamaiusa npu usbbimike KUCiomol 8 MOJbHOM
coomHouweruu 8:1, a maxrke 8 npucymemeuu pacmgopumenst (moayona) ~30% Ha peaKyuoHHYO
macey, obecneuusaroulezo pagHOMepHbLLL 0M2OH PeaKyUoHHOU 800blL NPU NOCMOSIHHOU memnepa-
mype 100-110 °C, ymeHbuweHUue NpoOyKmoe noboUHbIX peaKyull U nogbluleHue ceneKkmugHoCmu
npouecca. I[Ipodyxkmul U3 peaKyuoHHOU MACCbL 8bLOENSIU MEMOO0OM BAKYYMHOU pexmugpura-
yuu. Hoenmugurayust 8cex CUHmMe3upo8aHHblX mempaspupos nposeoulacs C UCNOb308aHUEM
XPOMAMOMACC-CNEKMPOMEMPUUECKO20 AHANU3A.

Pesynemameut. B pabome npeodsiorkeHbl 8apuaHmMbl ONMUMUIAUUU YCA08ULE MepMUUecKoll ame-
pugurayuu neHmaspumpuma U30MepHbIMU MOHOKAPOOHOBLIMU KUCAOMAMU (U30MACASIHOU,
U308aNEePUAHOB0L, NUBANEEOT, 2-9MmuUseeKcaHos8oll), 0baadaruumu 3a cuem ceoeli cmpyKkmypbl
PasauuHoOl peakyuoHHOU cnocobHocmbro. PazpabomaHsbl mMemoouKku gbloeseHuUs. mempasgpupos
nenmaspumpuma u coomeemcmayrouux Kuciom. IlonyueHsl xapaKkmepucmuKu OCHOB8HbLX ce-
puill uoHoe mempasgupos neHmaspumpuma u anugpamuueckux usomepHoix kucrom C,~C, e
Mmacc-cnekmpax.

© EmeargnoB B.B., Kpacupix E.A., detrcon [.A., AeBanoBa C.B., Illakyn B.A., 2022
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Bbleo0bl. B npediosKeHHbLX YCL08UsLX NPogedeHUsl NPouecca 8blxo0 mempaspupos cocmasu
95-96% om meopemuueckozo ¢ uucmomoii He meHee 99.6%. [lonyueHHble yesnesvle NPooyKmul
(mempasgupsl) xapakmepusyromest OMHOCUMENbHOU U8emocmabuibHOCMbIO: MAKCUMATLHAS
cmeneHb OKpauwleHHOCmuU nocae ouucmwku cocmaensiem He bonee 20 ed. no XaszeHny (Ons me-
mpa-2-smunzexcaroama — 180), umo coomeemcmayem I'OCT 29131-91 (MCO 2211-73). Konu-
yecmeeHHbsle 8blx00blL U30MepHbLX mempasgupos npu 100-110 °C docmuearomesi: 3a 12-15 u
O/151 UBOMACNAHOU U U308ANEPUAHOB80U Kucaomul, 25-27 u oaa 2-smun-zekcarosoil u ~40 u ons
nusanesoil Kucaomet.

Knroueesle cnosea: neHmaspumpum, KapboHo8ble KUC/IOMbL, CLOXHbBLE 3hUpbL, dSMepugpurkayus,
XPOoMaAmMo-macc CnNeKmpomempus

s yumuposanusn: Emenssanos B.B., Kpacusix E.JI., ®erucos [I.A., Jleanosa C.B., lllakyn B.A. OcoGeHHOCTH CHH-
Te3a CIOKHBIX 3QUPOB MEHTAIPUTPUTA U ATHUPATHICCKUX KAPOOHOBBIX KHCIOT H30MEPHOTO CTPOCHUS. TOHKUE XuMuueckue
mexwnonoeuu. 2022;17(1):7-17. https://doi.org/10.32362/2410-6593-2022-17-1-7-17

RESEARCH ARTICLE
Features of the synthesis of pentaerythritol esters
and carboxylic acids of aliphatic isomeric structure

Vladimir V. Emelyanov, Eugen L. Krasnykh*, Dmitriy A. Fetisov,
Svetlana V. Levanova, Vladimir A. Shakun

Samara State Technical University, Samara, 443100 Russia
“ICorrresponding author, e-mail: ekras73@mail.ru

Abstract

Objectives. Due to their structures, pentaerythritol esters have a number of appealing properties
such as high viscosity index when used as oils and excellent compatibility with polyvinyl chloride
when used as plasticizers. For the production of pentaerythritol and carboxylic acids, natural gas
can be used as a feedstock, which implies a strategic development of the petrochemical industry,
a decrease in the amount of gas used for combustion, and its applications for the production of
chemical products.

Methods. The synthesis process was conducted in a self-catalysis mode with excess acids in
a molar ratio of 8:1 and in the presence of a solvent (toluene) of ~30% per reaction mass. This
ensures a uniform distillation of the reaction water at a constant temperature of 100-110 °C, a
decrease in the side reaction products, and an increase in process selectivity. The products from
the reaction mass were isolated by vacuum distillation, and identification of all the synthesized
tetraesters was performed by chromatography—-mass spectrometry analysis.

Results. This work proposes options for optimizing the conditions of the thermal esterification
of pentaerythritol with isomeric monocarboxylic acids (isobutyric, isovaleric, pivalic, and
2-ethylhexanoic acids) that have different reactivities due to their structures. Methods for isolating
tetraesters of pentaerythritol and corresponding acids have been developed. The characteristics
of the main series of ions of tetraesters of pentaerythritol and aliphatic isomeric acids C,~C, in
the mass spectra were obtained.

Conclusions. The yields of tetraesters were at 95%-96% of the theoretical value, and product
purity was >99.6%. The resulting target products (tetraesters) were characterized by relative color
stability, where the maximum degree of color after cleaning was less than 20 units according to
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Hazen (180 units for tetra-2-ethylhexnoate), which corresponds to the standards in GOST 29131-91
(ISO 2211-73). The esterification rates were compared, and it was shown that the quantitative
yields of isomeric tetraesters at 100-110 °C were achieved in 12-15 h for isobutyric and isovaleric

acids, 25-27 h for 2-ethyl-hexanoic acid, and ~40 h for pivalic acid.

Keywords: pentaerythritol, carboxylic acids, esters, esterification, gas chromatography—-mass

Spectrometry

For citation: Emelyanov V.V, Krasnykh E.L., Fetisov D.A., Levanova S.V., Shakun V.A. Features of the synthesis
of pentaerythritol esters and carboxylic acids of aliphatic isomeric structure. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2022;17(1):7-17 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2022-17-1-7-17

BBEJEHHE

Crnoxnble 3¢upsl neaTaspurputa (I[13) u kap6o-
HOBBIX KHCJIOT anu(aTHYECKOH CTPYKTYPHI O0JIaJaroT
BBICOKOH TemmepaTtypoil Bcnbiiku (>200 °C), npusne-
KaTeJIbHBIMU 3HAYCHUSIMU MHjIeKca Bsi3kocTH (135) u Tem-
neparypoil Texkydectu [l, 2]. BaxHoil 0COOEHHOCTBHIO
ABISETCS MX  pabOTOCIMOCOOHOCTh  MPH  HU3KHX
TeMIepaTypax, B TOM YHCJIEe B apKTUYECKHX YCIOBHSIX
[3, 4]. CroiicTBa TeTpadhupoB 3aBUCAT OT XUMHUYECKOM
MPUPOJBI  KUCIIOTHOTO OCTaTKa M BO3MOXXHOCTH
KOMOMHHPOBAHMS PA3IMYHBIX KHCIOTHBIX OCTAaTKOB.
W3BecTHO [2], 4TO TBEp/bIe TICHTAPUTPUTOBBIC d(PUPHI
NMHERHBIX  KMPHBIX  Kuenor C, ~C, . Moryr ObITh
PEKOMEHJOBAaHBI B KAYECTBE KOMIOHEHTOB TEXHUIECKUX
CMa30K, KOCMETHYCCKHX HIH (hapMaleBTHUCCKUX
npenaparoB. Terpasduper [1D3 wu amudatmueckux
JIMHEWHBIX KUCIIOT CO CPeAHEN JIIMHOM LIENH aJIKHJIBHON
rpynmsl (C,~C;) 1m0 CBOMM CBOHCTBAM COOTBETCTBY-
10T 0a30BOil OCHOBE Je(UUIMUTHBIX CMa304HBIX Ma-
cen 5 rpymmsl M 00NagalOT MIACTU(UIUPYIOIIUMH
cBoiicTBamu [3, 5, 6].

Oco05Iit IHTEpEC BBI3BIBAIOT MPOIYKTHI, TOTyYCH-
HBIE C WCIIOJB30BAaHUEM HW30MEPHBIX KHCIOT IS
stepupukanuu  [1D9. Terpasdupsl  H30CTpOCHUS
¢ MoJekyisipaoit maccoir or 300 mo 900 r1/MOIB
00JJamaloT BBICOKOW TEPMOCTaOWIBHOCTBIO, a HX
wiactupuuupyrommii 3¢gdexr npeppimaer d3hdeKtT ot
MCIIOJIb30BaHUS HanboJiee paclpoCTPAaHEHHBIX B MUPE
MPOMBIIIJIEHHBIX ~ (PTajaTHBIX [JIACTH(QUKATOPOB B
1.5-2.0 paza [2].

K coxanenuto, nH(pOpMAIHs, TOCBSIIIECHHAS 3TEPHU-
¢ukanuu 15 n3oMepHBIMH KapOOHOBBIMH KHCIIOTAMH,
KOTOPYIO MOYKHO OBLITO OBI HICITOTIB30BATh IS pa3paboTKu
3 PEKTUBHBIX CIIOCOOOB TIONYUCHHS CIIOKHBIX 3(PUpoB
C 33/IaHHBIMU CBOWCTBaMH, JIOBOJIbHO CKYIHA.

AHanu3 KOHBIOHKTYPHI CHIpbsl MOKa3bIBAET, YTO
cyuiecTBytome B Poccu TEXHOJIOTMU OKCOCHHTE3a
Ha 0a3e NPUPOJHOTO Tra3a HaxXOAATCS Ha YpPOBHE
3apyOeKHBIX aHAJIOrOB W CHOCOOHBI 0O0ECIeYUTh
HUCXOJHBIM CBIPbEM — MHOT'OATOMHBIMU CIIUPTAaMU H
Kap6OHOBBIMI/I KHCJIOTaMU TMPOU3BOACTBO CJIOXKHBIX
a¢upoB. Muposoe mpomsBoacteo [19 B 20182021 0
coctaBuio 500 TeIC.T/TON; IOJISI TPOU3BOIAMMOTO
B Poccum cocraBmser 5% ot MupoBeIx 00meMoB. K
CO’KaJICHUIO, OCHOBHEIMH moTpebutensmu [1D B Ha-
cTosIee BpeMsi B Poccuu SBISIIOTCSI IPOU3BOIUTETH
HEJOpPOroi JIaKkOKpacoyHOH mpoaykuuu; ~60% poc-
cuiickoro IID oTrpyxkaercsa Ha HKCIIOPT B cTpaHbl EB-
porsl U Azun'.

31eck BaXKHO OTMETHTB, YTO IMTPOIECCH OKCOCHHTE3a
MIPU MPOU3BOJICTBE KUCIOPOJICOASPKAIIUX COSAMHEHUH
U3 IPUPOJHOIO ra3a OpPUEHTHPOBAHBI B OCHOBHOM Ha
MAaKCUMAJIBHYIO PETUOCCIIEKTUBHOCTL II0 IMPOAYKTaAM
auHelHoro crtpoeHus. [lons ux cocrasuser 70—75%,

' Tooosoui  omuem  xomnanuu  «Memagpaxcy.
2018. 124 c. URL: https://metafrax.ru/files/disclosure
documents/10_RU 1597244243 pdf. [latra oOpamenns:
10.12.2021. [Annual report of Metafrax company. 2018.
124 p. (in Russ.). URL: https://metafrax.ru/files/disclosure
documents/10_ RU 1597244243 pdf. Accessed December
10, 2021].
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OCTaIIbHOE — allbJCTHJIBI H30CTPOCHHS, KOTOPBIE MOTYT
OBITH MCIIOIH30BAHBI JJISI OMYYCHHS H30MEPHBIX KapOo-
HOBBIX KHCJIOT [7].

Takum oOpa3oM BechbMa aKTyaJbHOH 3ajaveit
SBISIETCST pa3padOTKa HOBBIX 0OoOJiee TEXHOIOTHYHBIX
BapuaHTOB cuHTEe3a TeTpardupos [1D n anudarmaeckux
uzomepusbix kucnor C,—C..

IKCHHEPUMEHTAJIBHASA YACTb

B kauectBe HUCXOAHBIX PCAr€HTOB UCIIOJIb30BAIMCH
KoMMepueckue ooOpasmpl [19 u m3omepHBIX amuda-
THYECKHUX KHCIIOT IMHOpTHOTO (Sigma-Aldrich, CILIA) n
otedyecTBeHHOTO (40 «Bexmony, Poccus) pou3BoCTBa,
¢ grcToTOH He MeHee 97 mac. %. (Tadm. 1).

[IpoexTupoBanne peakIMOHHBIX Y3JIOB Ipolecca
3aBHCHUT OT THIIA HCIIOJIB3YEMOT0 KaTaJln3aropa.

V3BecTHBI Tpu BapHaHTa MPOMBIIIIEHHOTO 0hopM-
JeHWs TIpouecca J3TepH(UKALUM: B PEXKHME CaMo-
KaTaJn3a, TOMOI'€HHOIO KaTaln3a B IPHCYTCTBUH MH-
HepaJIbHBIX KHUCIIOT ¥ C NPUMEHEHHEM HOHOOOMEHHBIX
CMOJI B YCJIOBHSIX T€TEPOTEHHOT0 KaTanusa [8].

Tabumua 1. XapakTepuCTUKU UCTIONIB3YEMBIX KUCIOT
Table 1. Characteristics of the acids used

Bo03MOXHOCTE MCTIONB30BAaHUS JIOOOTO M3 Tepe-
YUCJIEHHBIX BapUaHTOB  KaTajlu3a HEOJHO3HAYHa,
0COOCHHO TIPH HAJTMYUH B MOJEKYJaX HCXOMHBIX CO-
eIMHEeHNH (ParMEeHTOB, OTBETCTBCHHBIX 32 MOSBICHHUE
CTepHUYECKHUX ¥ (WIN) MHIYKIHOHHBIX d((PEKTOB, BIU-
SIFOIIMX Ha CKOPOCTH Iporiecca [9].

B ycioBusix camokataiMza Mbl UMEEM JEJ0 ¢
MEJUIEHHOH 00paTuMOM peakiueil, mporekarouiei mo
KapOOHMII-HOHHOMY MexaHu3My. [IpuMeHeHne MuHe-
paJIbHBIX KUCIOT MOXET YBEJIIUYUTh CKOPOCTh PEaKIuu
B JIECATKHU pa3 [9], 0HAKO [IPU ITOM IOSABISAIOTCS PUCKU
MOOOYHBIX pEeaKIUil: JCTHIpaTaIlii, OCMOJICHHUS, 4YTO
MIPUBOINT K 00Pa30BAHUIO OKpAIICHHBIX 00pa3IioB (1IBET-
HOCTh TI0 Xa3zeny gocrturaet 500 exn. mpu MakCUMalIbHO
nomyctuMbix 1o TOCT 29131-912 ot 20 g0 80—100 ex.
JUTst cTIoXHBIX 3upoB) [10, 11]. B cBsi3u ¢ aTuM Tpely-
eTcsl IPOBEICHUE KOMIUIEKCa MEPONPUATHI 110 OUUCTKE
LIEJIEBBIX IPOJIYKTOB, KOTOPBIN XapaKTepPU3yeTCsl CII0XK-
HOCTBIO TEXHOJOIMH M MPUMEHEHHEM JO0POTOCTOSIINX
pearenToB [10, 11]. [ereporenHslii kKaraau3 ¢ UCIOIb30-
BaHMEM KaTHOHOOOMEHHBIX CMOJ MMEET HEOCTIOPHMBbIE
TEXHOJIOTUYECKHE MPEUMYIIECTBA IO CpPaBHEHHUIO C

Ne Ha3BaHne KHCJIOTBI dopmyaa T_ ., °C | Koncranrel quccounanuu (pK)
: Acid name Formula Thp, °C Dissociation constants (pK)
HW3omacnsinas / 2-MeTHIITIPONaHOBast OH
! Isobutyric acid / 2-methylpropanoic )Y 1550 4.86
o]
o]
5 Maosanepnagosaa / 3-MeTHnnpongHOBa;1 1765 478
Isovaleric / 3-methylpropanoic
OH
O
TMusanesas / 2,2-TMMETHIIPOTIAHOBAS
3 Pivalic / 2,2-dimethylpropanoic >‘)‘\OH 163.8 5.05
o]
2-DTHunreKcanoBas
4 2-Ethylhexanoic /\/\i‘\OH 2270

IIpumeuanue: T — TeMneparypa KUICHHUSL.
Note: T, — boiling point.

2 TOCT 29131-91 (MCO 2211-73) IIpoAyKThl KUAKAEC XUMHUYECKHE. MeToj M3MEpeHUs IBETa B CIUHUIAX Xa3eHa
(rutatuHO-KOOanbToBas mkana). M.: UK M3parensctBo cranpaptos; 2004. [GOST 29131-91 (ISO 2211-73) Liquid chemical
products. Measurement of color in Hazen units (platinum-cobalt scale). Moscow: IPK Izd. standartov; 2004 (in Russ.).]
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TOMOTEHHBIM KHCJIOTHBIM KaTaju30M, OCOOEHHO st
HU3KOMOJICKYIISIPHBIX PEareHTOB: MEHBIIAs KOPpO3us,
IPOCTOTa OTHAENEHHS OT pPEaKIHOHHON Macchl, op-
raHu3anus HempepwiBHBIX mporieccoB [12, 13]. Hemo-
CTaTKOM TaKOI'0 IIOAXOAa SBITIOTCS OOJiee JKECTKUE
YCIIOBUSI TIPOBEICHUS IPOIIECca: IOBBIIICHUE TeMIIe-
paryphl peakiy M KOJM4ecTBa KaTaau3aTopa. JTo Be-
JIET K OCMOJICHHIO PEaKIIMOHHON MacChl U CHIKEHUIO
[BETOCTAOUJIBHOCTH IIENIEBBIX MPOAYKTOB, YTO PE3KO
OrpaHUYHMBAET BO3MOXKHBIE O0JIACTH UX TPUMEHEHHS.

AHanmm3 umMmerolieiics MHQOpMaIMi U Pe3yJbTaToB
TIPOBENICHHBIX TPEABAPUTENIHHBIX HUCCIICIOBAHU (KOH-
BEPCHH, BPEMEHH PEaKIINH, KaueCTBa TI0JTy4aeMbIX 00pa3IioB
M CTaOMJIBHOCTH PEAKIIMOHHOW MAacChl) IMO3BOJIMIIA HaM
cresaTh BHIOOpP B TMONB3Y pekUMa caMoKaraimmsa. JlaH-
HBIe, IPUBEICHHBIC B Ta0M. 1, TOKA3BIBAIOT, YTO KHUCIIOTHAS
CHJIa W30MEPHBIX KHCIOT OfuHaKoBa: pK OMI3KH MEXITy
co00 1 HaxosATCSI MKy | ¥ 2 CTYIEeHBIO UCCOMAINN
oprodochoproit kucnotsl (K, = 2.12; pK, = 7.2), xoropast
LIMPOKO MCHOJBb3YeTCs B MPOMBILIIIEHHOM TOMOI'€HHOM Ka-
Tause.

[Ipu cunTe3e wu3oMepHbIX TeTpadpupoB [1D 3a
OCHOBY MPUHSITA pa3padoTaHHasi HAMUA METOTUKA TEPMH-
YeCKOW 3Tepu(UKAINU B YCIOBHUAX CaMOKaTalM3a s
JMHENHBIX KapOoHoBbIX Kucnot C,—C_ [5].

Jns mpeomoneHnss TEPMOIMHAMUIECKOTO OTpaHH-
YEeHUS TPOLIECC MPOBOIMIN B §-KPAaTHOM MOJBHOM H3-
OBITKE KHCJIOT, 00ECIIeYHBAIOIINM HX ICEBIOHYICBOM
MOPSIIOK, B TIPUCYTCTBHH PACTBOPHTEINSI, TOJYyola
(~30% OT peakUMOHHOHM Macchl), IIi PaAaBHOMEPHOTO
OTTOHA PEaKIHOHHONH BOABI TpU TeMIepaType Ku-
neHust azeorpona 100—110 °C. Peakuus mnporekaet
6e3 CcKauKoOOpa3HBIX MOJBEMOB TEMIICPATyphl C BBI-
COKOM  CEJeKTHMBHOCTBhIO. MakcuMajbHas CTeleHb
OKPAllICHHOCTH  PEaKIMOHHOW  MacChl  COCTaBIISET
300-350 en. (o Xazeny) [12].

LleneBsle MPOYKTHI — TETpam300yTHpaTr U
TeTpanuBaiaT — TBEPHAbIC, KPHCTAIUINIECKUE BEIIECTBA.
[Tocne oTrona azeoTporna (TOyoa+B01a) H U30bITKA KHC-
JOT (BaKyyMHAsl PEKTHU(HKAIHSI) BBIICICHHE TBEPABIX
2(UPOB MPOBOIMIN METOAOM IEPEKPHCTAIIIA3AIIH,
UCHOJB3ysd MeTaHon (g TeTpau3o0yTuparta) U
AlEeTOHUTPUII (U151 TeTpamuBaiaTta). MarouHble pacT-
BOpBI Mociie (GUIBTPALUU YACTHYHO OTTOHSIN (METOJ
JPOOHO MepeKpUCTAIIM3AIMN ), YTO MO3BOJIHIO COKpa-
TUTbH MOTEPH LEJIEBBIX MTPOAYKTOB 10 5%.

AHanmu3 peakIMOHHOM MacChl  OCYIIECTBIISLIIU
CTaHJIAPTHBIMUA XUMHUYECKUMH U (U3NKO-XUMHUECKUMHU
MeTomamu [5].

O4ncTKy KHIKOTO TeTpam3oBajepuaTa MpPOBOIH-
JIU METOJIOM BaKyyMHO# pekTudukanuu (0Toop dhpak-
nuu npu 290-298 °C (26 mm.pT.cT)). s rerpa-2-
STUIIreKCaHoaTa, B CBSI3M C €r0 BBICOKOW TeMIepary-
POl KUINEHHUsI, TPUMEHSUIM METOJ HKCTPAaKIUU MeTa-
HOJIOM COOTBETCTBEHHO IIOCJIE€ OTTOHKHM B Bakyyme
HempopearupoBasieil kapOoHoBoi kucinoTsl. [locae

no0aBiIeHNs METaHONA TIONyYCHHYI0O CMECh Iepeme-
IIMBAJIM IPU IOBBILEHHBIX TeMIlepaTypax, IpU 3TOM
mo0OYHAs peaKIns Nepe’TepruUKaIig He HaOIr01al1ach.
[lanee cMmech BBLIEPKUBAIM MPU OTPULIATEIBHBIX TEM-
nepatypax B TeyeHuu 12 4. [Tocne paccioeHus npoayKT
OTJEJISUTN IeKaHTalKel ¢ mocaeIyouM BelapuBaHUEM
ocTaTkoB pactBoputens. IlocienHuit 3Tanm  OYMCTKH
LIEJIEBOTO MPOJYKTa MPU HEOOXOAUMOCTH — OCBETJICHUE
Ha OCHTOHHUTOBOH TJIMHE, MO METOJIUKE, MPUMEHEHHON
Hamu B padore [5].

Bosppaiienue B IMKJI pacTBOpUTENS U H30BITKA
KHUCJIOT CHOCOOCTBYET MHUHHMH3AIUK IMOTEPh B XOC
cuHTe3a. YuCToTa MosryuyeHHbIX TeTpa’spupoB >99%.

N neHTHOUKAINIO TOTYUYSHHBIX CMECEH U YUCTOTY
NPOAYKTOB  OHpEAENsUIM  XpOMaTOMacC-CIEKTPO-
METPUYECKHM METOJIOM Ha Ta30BOM Xpomarorpade
Agilent 6850 (Agilent Technologies, CIIIA), ocHa-
OICHHOM KamuUILIpHOW KonoHKoi Agilent HP-5MS
(30 m x 250 MM x 0.25 MKM) U Macc-CeJeKTUBHBIM
nerektopom Agilent 5975C VL MSD npu uoHu3u-
pytomiem HanpspkeHuu 70 5B u cHaOxeHHBIM 0a30i
nanHeix cnektpoB NIST 2017 v.2.3.

TemnepaTypy TUIaBJICHHS H3MEPsNIA B COOT-
BerctBun ¢ ['OCT 33454-2015°. M3MenbucHHBIE TBEP-
Jpie  00pasibl 3a0MBAMCh B KalWUIAP, 3alasHHBINA
C OTHOM CTOPOHBI, C BHYTPEHHHM JHaMeTpoM | MM
n tommuHOW creHku mopsaka 0.2-0.3 mm. YpoBeHb
HAIIOJIHEHUSI HCCIIEAYEMbIM BELLECTBOM HAaXOIWJICS Ha
ypoBHe 3 MM. DUKcaLMs TeMIIEpaTypbl IPOBOIMIACH PTYT-
HeIM TepmomeTpoM (morpemHocts 0.1 °C). M3mepenue
BBINOJHSAJIOCH B €MKOCTH, C LUPKYJIUPYIOIIUM TEIIOHO-
cureneM (monmumetwicuiokcad [IMC 200), B koTopyro
OBLT TOrPYXEH KOHYMK TEPMOMETpa, COJCpPKalIuil
mapuk pryTd. CKOpPOCTh HarpeBa COCTaBisijia IO-
psaaka 3 °C/MHH IO JOCTIKCHHUS TEMIIEPaTyphl, MCHb-
meit Ha 10 °C mpenamonaraemMoi TeMIiepaTryphl IJIaB-
JEHUA UCCIEAYEMOIO  COEOUHEHMs], I[IOCIE€  4YEero
CHW)KAJIM CKOpOCTh HarpeBa 1o 1 °C/MuH, Mpu 3TOM B
€MKOCTh MOTPYKATH KaITWUISP TAKAM 00pa3oM, YToObI OH
CONPHKACAIICS C CEPEANHON PTYTHOT'O LIIapHKa TEPMOMETPA.

JKunkwe oOpaslbl 3arpyxainu B TPOOUPKY U
MOMELIAId B €MKOCTh C XJIQAareHToM (MeTaHOJIOM),
KOTOPBIH MOJABEPTaId MOCTOSHHOMY IE€PEMEIIMBAHUIO.
s TepMOCTaTUpOBaHUS E€MKOCTH  HCIOJIBb30BAIU
norpy>xHoit  kpuoctar «Huber», ocHamieHHBIN pery-
JSITOPOM CKOPOCTH OXJIaXKACHHS. BelecTBo MocTOSHHO
nepeMenmBanock. Ilocie KpucTamI3anuy coeTMHEHIS
HaYMHAIIM MEJUICHHBII HAarpeB co CKopocThio 1 °C/MuH.

3 TOCT 33454-2015. MesKrocyaapCTBeHHbIIl CTaHAapT.
Mertoab! HCITBITAHUHA XUMHYECKON IPOAYKLIAY, IPEICTABIITIOIIEH
OIACHOCTB JUTS OKpYKatoIei cpepl. OnpeieneHue TeMIeparypal
IUIABJICHHS/ TEMIIEPATypPHOTO ~ MHTEpBaJia  IUIABJCHUS.  M.:
Cranpaptindopm; 2019. [GOST 33454-2015. Interstate Standard.
Testing of chemicals of environmental hazard. Determination of
the melting point/melting range. Moscow: Standartinform; 2019
(in Russ.).]
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HopmaribHasi TemrepaTypa KHUIICHHS OIpelensuiach
Meroziom CuBosoOoBa. M3mepsiemblii o0paserr 3arpyxam
B CTEKIITHHYIO IIpOOHpKy ¢ auamerpoM 0.5 cMm B pazmepe
0.3-0.5 mi1. B skuIKOCTB TIOTpYKajH 3arassHHbIN ¢ OJTHOTO
KOHIIAa KalWULIp C BHYTPCHHHM IHAMETpOM | MM.
YcTaHOBKa TOTpy’Kanack B €MKOCTh C TIEPEMEIIMBACMBIM
terwonocutenieM (IIMC 200). Cropocts Harpepa 1 °C/vuH.
TemmepaTypy H3MEpsUIH PTYTHBIM — TEPMOMETPOM.
3HaueHWE TEMIIEPATyPhl KHUICHUS HU3MEPSUIOCh IpU
MOsABJICHUN UHTCHCUBHOT'O BBIJACIICHUS IIYy3bIPLKOB I1apa
U3 Kamwuigpa. 3aTeM YCTAHOBKY OXJIQKIAJH, IOCIIe
Yero MCCIIeayeMast XKHIKOCTh 3aTATUBAIACH B KAUILISIP,
TEMIIepaTypy IpH 3TOM sIBICHHN (HUKcHpoBaiu. CKop-
PEKTHpOBaHHAS TEMIIEPaTypa KUIICHHUS BHICUNTHIBATIACH
HaMH KaK CperHee MEKIY STHMHU IByMs 3HAUCHHUSIMHU.

PE3YJIBTATBI U UX OBCYXKIEHUE

XapaKTepUCTUKH BCEX CUHTE3UPOBAHHBIX B JAHHOM
pabote TeTpardupos [1D npuseneHs! B Tadn. 2. 13 Bcex
coequHenuit B 6a3e manubix NIST 2017 umeercs Toib-
KO Macc-CIIEKTp ATl TeTpanuBanaTa neHra’purpura. Ha
puc. 1 mpeacTaBICH Macc-CIEKTP IEKTPOHHOTO yAApa,
MOJYYCHHOTO HaMHW TeTpamnuBajara MeHTadpPUTPHTA.
Nmeromumiicst B 6a3e CIEKTp NpECTaBICH Ha puC. 2.

Kak BUIHO M3 MpPWBEICHHBIX CIIEKTPOB (puc. 1 u 2),
MAacC-XapaKTepUCTMUECKE HMOHbl M HOH-paJMKajibl HWIEH-
THYHBI, OTIMYMS HAOMIONAIOTCS JIMIIb B MX MHTEHCUBHOCTH,
YTO OOBSCHSAETCS pa3IMuheM SHEPruM HMOHMZUPYIOLIMX
9JIEKTPOHOB U TEMIIEPATyPHBIM PEKUMOM HOHU3ALHH.

XapaKkTepUCTUKU MACC-CIIEKTPOB, CHHTE3UPO-BaHHBIX
namu  terpadpupos 15 C,~C, kapOOHOBBIX KHCIIOT,
npuBezieHbI B Ta0I. 3. M3 mpencraBaeHHbIX TaHHBIX, BUIHO,
9TO I Macc-CHEKTPoB TeTpaspupos [15 pa3BeTBIeHHBIX
C,~C, ¥ M3Y4EHHBIX paHee MacC-CIIEKTPOB TETpas(pupoB
I3 yuneiinbx C,—C. KapOOHOBBIX KMCIIOT [ 5] XapaKTepHBI:

Tabauua 2. CBoiicTBa MONTYYEHHBIX TPOTYKTOB
Table 2. Properties of the resulting products

* OTCyTCTBHE MOJICKYJISIPHOTO HMOHA, CBSI3aHHOE
¢ OBICTpBIM  OTHICTUICHHEM  (parMeHTOB
C,H,,05; CH,, O, a Takxke MOICKYIBI
BOJIBL.

* POCT MHTEHCHBHOCTH HOHOB [M“ — CZHZ,,,]OE]+
u M* fCnHZHO;;anHZ,HO]+ C yBeluue-
HUEM YHUCIIA aTOMOB yIJIEpojia B KapOOHOBOU
kucinore, ot C, x C,.

* 100% BenuuMHA OTHOCUTENILHOW WHTEHCHBHOCTH
nona C H, O mis Bcex paccMaTpHBaeMbIX
COEJMHEHUI, 32 UCKITIOYEHHEM TeTpanuBaiaTa
U TeTpa-2-3TUATeKcaHoaTa, B Macc-CHeKTpax
KOTOPBIX JIaHHAas WHTCHCUBHOCTH OcCjalblieHa
10 MPUIMHE PA3BETBICHUH B CTPYKTYPE OCTaT-
Ka KapOOHOBOW KHCIIOTHI, IPH KOTOPBIX MpPO-
ncxoauT paspeiB C—C cBsA3ei ¢ HHTEHCUBHBIM
BBIOPOCOM aNKUIBHBIX KapOkatnonos ( C,Hy
nns tepanusanara; C,Hy u C H,, nns rerpa-
2-3THJITEKCAHOATA).

* Cpemnsia Bemmuuna untencusnoctu C, H, . Or-
MEYEHO, YTO HAJIMYHE PA3BETBICHHS B OCTaTKe KapOo-
HOBOH KHCIIOTBI CIIOCOOCTBYIOT POCTY HHTEHCHBHO-
CTH ATOTO MOHA B CIIEKTpE.

* B Macc-criekTpe TeTpamuBaliaTa XapakTep-
HBIM OTJIMYHEM SIBIISICTCS TPHCYTCTBHE HOHA
M — CH;]+ W MaKCHMaJbHAs HHTCHCHBHOCTD
nona C,H;, uro oOBsCHsAETCS OSHEpreTHYE-
CKH BBITOAHBIMHU ITyTSMH paclaga TPETUIHOTO
OYTHJIBHOTO 3aMECTUTEIIS.

[omyuennple B HacTosmell paboTe NaHHBIE,
OBUIM WCIIOJB30BAHBI JJISI OLIGHKH CKOPOCTH 00pa-
30BaHMsI SGUPOB B H30BITKE H30MEPHBIX KHUCJIOT B
KMHETUYECKOM peXUMe, KOTOPhI obecrieunBanu -
(heKTUBHBIM IIEPEMEIINBAHUEM PEAKIIMOHHOM MaCCHI CO
ckopocThio ~1000 06/MUH U a3€OTPOITHBIM yIAaICHUEM
peakuuoHHOM Boabl ipu TemnepaTtype 100—110 °C.

Terpasgup I19 5 °C T °C LBeTHOCTH MO Xa3eHy Yucrora
PE tetraester bp? °C 0 °C APHA color Purity

Terpansobyrupar 3172 56 20+2 99.6
Tetraisobutyrate
TerpauzoBanepuar _
Tetraisovalerate 367 7 181 99:5
Terpanupanar 265 129 1942 99.8
Tetrapivalate
Terpa-2->Tunrexcanoar " _
Tetra-2-ethylhexanoate 493 ? 180+10 99.6

. *
Hpumeuanue: T, — Temneparypa kunenus, I, — TeMIeparypa KpHCTaJLUIM3ALKH, * TEMIEPaTypa, CIPOrHO3MPOBAHHAS HA
OCHOBaHMU KOPPEJLUY J0rapu(pMUUECKUX UHAEKCOB yaepxuBaHus Kosaua [15] u onpefeneHHbIX TeMnepaTyp KUIEHUs.

Note: T, — boiling point, T — crystallization temperature, * the temperature predicted is based on the logarithmic Kovacs

retention indices obtained in [15].
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Puc. 1. '’X-MC crniekTp NoTy4eHHOTO TeTpanuBaiaTa MeHTadpUTPHTA.

Fig. 1. GC-MS spectrum of the obtained pentaerythritol tetrapivalate.
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Taonamma 3. XapakrepucTHKa OCHOBHBIX CEPHil HOHOB B Macc-criekTpax Terpa3ddupos [15 C

Puc. 2. '’X-MC cnektp TeTpanuBajiara NEHTA3PUTPUTA CONIACHO 0a3e TaHHBIX.

Fig. 2. GC-MS spectrum of pentaerythritol tetrapivalate according to the database.

4

—C,-KapOOHOBBIX KHCJIOT

Table 3. Characterization of the main series of ions in the mass spectra of tetraesters of PE and C,—C, carboxylic acids

CoennHeHue OcHoBHasi cepusi HOHOB Macc-cniekTpa 70 3B, m/z, (cTtpykTypa, % OTH.)
Compound Main series of ions in the mass spectra, 70 eV, m/z, (structure, % rel.)
416 (M*, 0); 398 ((M*"*-H,0 ], 1); 329 (M " —C,H,0; ], 30);
313 ([M**-C,H,05 ;-CH,]", 3); 300 (| M**—C,H,05 ; —-CHO* ] **, 1);
TerpausoOyTupat . . . . . .
Tetraisobutyrate 259 ((M™-C,H,05 ;-C,HOT", 5); 257 ([M™*-C,H,05 ;-C H,OT", 20);
228 ((M**-C,H,0; ;—C,H,0; -CHO" | **, 10); 142 ((M**-C,H,05 ;—C,H,0; -CHO";—C ,H.O,] **, 44);
71 (C,H,0", 100); 43 (C,H; , 41)
472(M*, 0); 454 (M*-H,0]", 1); 371 ((M"-C,H,0; 1", 73);
355 ([M""-C,H,03;-CH,J", 47); 341 ([M"*-C;H,0;;-CH,0]", 1);
Terpausosanepuar o .. + . +e .. + .
Tetraisovalerate 287 ({M™-C,H,0;:;-C,H,O]", 63); 285 ([ M™*-C,H,0; ;—~C.,H, O’, 18);

256 (M**—C,H,0;;~C.H, 0;~CHO"]**, 16); 156 ([ M**~C,H,05;~C.H,0; ~CHO";—C.H.0,] **, 27);

57710 57710 57872

85 (C,H,07, 100); 57 (C,H; , 41)
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Taoaunma 3. OxoHuaHue
Table 3. Continued

CoennHeHue OcHoBHas1 cepusi HOHOB Macc-cniekTpa 70 3B, m/z, (cTpykTypa, % 0TH.)
Compound Main series of ions in the mass spectra, 70 eV, m/z, (structure, % rel.)
472 (M**, 0); 457 ([M™-CH; [, 13); 371 (| M**-C;H,0; 1", 92);
355 ([M*™-C,H,0;;=CH,]’, 37); 341 ({ M**-C,H,0; ;—CH,O]", 0);
Terpanusanat to .. " . to . . .
Tetrapivalate 287 ([M™-C,H,0;;-C,H,O]", 18); 285 ([ M™ -C,;H,07 ;-C,H, O, 14);

57710

256 ([M**—C,H,03;~C_H 0;-CHO" ] **, 8); 156 ([ M**~C,H,0; ;~C,H,,0; ~CHO";~C.H,0,] **, 48);

57710 557872

85 (C,H,0°, 51); 57 (C,H{ , 100)

481 [M™-C,H,.0O:;—CH,]",
Terpa-2-3TUirexcanoar (a CH,;03 A

Tetra-2-ethylhexanoate 371 ((M**—C{H,,05;~CH 0",

340 ((M™*-C,H,.0%;~C.H O;—CHO"]*", 8); 1

87716

640 (M™, 0); 497 ([ M**—C,H,;0;T", 100);

2); 468 (M**—C{H,,0;;—CH O], 16);
74); 369 ([ M**~C,H,,03;~C,H, O], 12);

98 (| M**~C,H,,03;-C,H, 0;~CHO"; ~C,H,0,] **, 22);

87716

127 (C,H, 0%, 34); 99 (C,H} , 26); 57 (C,H; , 50)
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Puc. 3. IIpespatenue [19 B MoHO- (0), 1- (A), Tpu- (X) 1 TeTpadpUPBI (X): a — peakiys 2-3TUIITeKCAHOBON KUCIOTHI U [10,
0 — uzomacmsiHoM KuCIoTH U [19, B — n30BanepranoBoit KUCIOTH U [19, r — nmuBaneBoii kucinoThl u [19. C — KOHIIEHTpatysl.

Fig. 3. Conversion of PE into monoesters (0), diesters (A), triesters (X),

and tetraesters (X): (a) reaction of 2-ethylhexanoic

acid and PE, (b) isobutyric acid and PE, (c) isovaleric acid and PE, and (d) pivalic acid and PE. C — concentration.
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Puc. 4. 3aBucuMocTh M3MEHEHHUS oM HenpopearupoBasnx OH rpynm Bo BpeMeHH: a — CpaBHEHUE JaHHBIX
HACTOSIIIEH cTaTbu (i peakuunii [19 ¢ n3oBasepnaHoBOH KUCIOTOH (©), MMBAIEBOM KUCIOTOM (X), H30MACISTHOM
KHCIIOTOH (A) M 2-3TUITEKCAaHOBOH KUCIOTOH (X); 6 — cpaBHeHne m3MmeneHust noiau OH rpynm as peakiuii [19
C BaJIEpUAHOBOM KHCIIOTOH (A), H30BaTEPHAHOBON KUCIOTON (©) M MHBAJICBON KHUCIOTOH (X)

Fig. 4. Dependence of the change in the share of unreacted OH groups as a function of time.

(a) Comparison of the data from this study (for reactions of PE with isovaleric acid (0), pivalic acid (x), isobutyric acid (A),
and 2-ethylhexanoic acid (X)); (b) comparison of the changes in the share of OH groups for the reactions
of PE with valeric acid (A), isovaleric acid (0), and pivalic acid (x).

Ha puc. 3 npencraBieHbl pe3ylbTaThl SKCIEPUMEH-
TOB, WITIOCTPUPYIOLIKE MOCIEA0BaTeIbHbIE MTPeBpallie-
Hus [1D B MOHO-, TU-, TPU- U TETPAdPUPHL.

W3BecTHO, uTO B cilydae OJIM3KUX 3HAYEHUH KHUC-
JIOTHOCTH, KaK B HallleM Cllydae, CKOpOCThb dTepuduxanun
3aBHCHUT OT 00bEMa aJKMUIIBHBIX OCTaTKOB, CBA3aHHBIX C
KapOOKCWIJIBHOW TPYIIION, & TaKkKe OT Pa3BETBIICHUS Y
O-YTJIEPOJTHOTO aToMa KapOOHOBBIX KUCIOT [ 14, 15].

Ha puc. 4 npuBeneHo cpaBHEHHE 3aBHUCHMOCTH
n3Menenust kousepcuu [1D (cymmapHasi momst HEmpo-
pearupoBasmux OH-rpymim) Bo BpeMeHH /1715t K30MEPHBIX
KHCJIOT.

KomraecTBeHHBIE BBIXOIBI H30MEPHBIX TETPAd(PHUPOB
(96%) mpu 100—110 °C nmocruratorcs: 3a 12—15 u mns
M30MaCIISTHOW ¥ N30BAJICPUAHOBOMN KHCIOTHI, 25—27 1 jijist
2-3TUI-TEKCaHOBON U ~40 U I MHBAJICBOM KHCIIOTHI,
CKOPOCTh 3TepU(UKAIIMK HOPMAJIBHOW BaJepUaHOBON U
W30BaJICPHAHOBOM KUCIIOT OJIM3KH.

3AKIIOYEHUE

B pabote pa3paboTaHbl METO/bI CHHTE3a M BBIICIICHHS
CIIOXHBIX TETPad(UpPOB MEHTAIPUTPUTA W H3OMACIISTHOM,
W30BATICPUAHOBOM, MUBAJICBOM M 2-3THUIITEKCAHOBOM KHC-
notamMu. YWCTOTa TMOJYYEHHBIX OOpa3llOB COCTaBWIIA HE
Mmenee 99.6% mpu Beixone 95-96% (0T TEOpeTHUECKOro).
st Bcex CHHTE3MPOBAHHBIX 3(HPOB OBUIM MOIYUCHBI

XapaKTePHUCTHKA OCHOBHBIX CEpHH HOHOB TeTpad(pupoB
MIEHTA’PUTPUTA B XPOMATO-MACC CHIEKTPaXx.

UccrnenoBanbl  KMHETHYECKHE 3aKOHOMEPHOCTH
TEPMUYECKOH STepu(UKALUN TEHTAIPUTPUTA HU30MEP-
HbIMH KapOOHOBBIMH KHCJIOTAaMH M TOKa3aHO, 4YTO
KOJINYECTBEHHBIE BBIXO/Ibl ©30MEPHBIX TETPAdPHUPOB MIPH
100—110 °C mocturarorcs: 3a 12—15 1 gig n3oMacisiHoOM
Y U30BaJIepUaHoBOM, 25—27 4 myist 2-3TUII-TEeKCAaHOBOW U
~40 4 11 TUBaJIEBONA KUCIIOT.

[Nomyuennpie B naHHOH paboTe pe3yiabTaThl MOYKHO
HCIIOJIb30BaTh Kak JJIsl NPOrHO3UPOBAHUSI CKOPOCTU pe-
AKX STepU(UKAIMI B CITydae HCIOIB30BAHMSI HOBBIX
peareHToB, Tak M KaKk MCXOJHYIO HH(opMaIuio s
CO3/1aHMsI TMOKOM (KOMIUIEKCHOH) TEXHOJIOTMM Ha OIHOM
ycraHoBke. [lepexo k ToM WM WHOM NPOAYKIMN JOJIKEH
OCYIIECTBIISITHCS 3aMEHOM ChIPbS U (MJIN) KOPPEKTHPOBKOM
PEXUMHBIX apaMeTpoB. Takol oAX0/ 1aeT BO3MOXKHOCTh
JBEpCU(UIIUPOBATE HOMEHKJIATYPY BBITyCKAaeMOM IPO-
JTYKITHH, TTOJICTPanBasiCh TIOJI KOHBIOHKTYPY PhIHKA.
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HAYYHAS CTATbBA

OuncTKa 0eH30JIbHOM (PpaKIUK U 0EH30J1a OT HellpeleJIbHbIX
U CEPHUCTBIX COeIMHEHUI HOBLIM MOIU(MUIIMPOBAHHBIM
a/ICOPOEHTOM HA OCHOBE IPUPOTHOH IVIMHBI

B.JO. MaasimukuH, H.II. Ceménon™, [1.C. CazoHoB, H.O. [IlyTeHHXHH,
E.I0O. CemenuxuHa

United Catalyst Technologies, Mockea, 117292 Poccus
MAemop oas nepenucku, e-mail: i.semenov@united-catalyst.com

AHHOMAyus

ITenu. CosdaHrue cnocoba ouucmru 6eH3016HOU hpakyuu (6eH301a) C NOMOULLH MOOUPUUUPO-
8aHH020 adcopbeHma HA OCHO8E NPUPOOHOT 2/IUHBL, KOMOPBLU NO380UM 00HO8PEMEHHO YOaNsIMb
HenpeoesibHble U cepHUCmble coeOuHeHUsl U3 beH301a unu 6eH30bHOU PpaKyuu, NOAYUeHHbBLX
NUPONUZOM HEPMEeXUMUUECKO20 CbLPbSL.

MemooOsl. AHAU3bL NOMOKOE 00 U NOC/Ee OUUCKU BbLNOJIHAIU XUMUUECKUMU U XPOMAMOZPa-
puueckumu memoodamu. TecmuposaHue NPo8OOUNU 8 YCNOBUSX, NPUOSUNIEHHBLX K NPOMBLULLEH-
HoM. PYHKYUOHANIbHBbLE XApAKmepucmuku adcopbeHmos (81a20cmotikocms, HACLINHASL Naom-
HOCMb) OUEHUBAU C NOMOULLIO UCNBLMAHULL HO NPOUHOCMb NOC/IE CMAUUBAHUSL 000Ul U MEMOOOM
838eULUBAHUSL PUKCUPOBAHHBLX NO 06bemy napmuil adcopbeHmos.

Pesynomamut. PaspabomaHvl mpu obpasua adcopbeHma HA OCHO8E 2/lUHbL, NPO8eOeHO UX me-
cmuposaHue 8 1abopamopHbLX Ycrioeusix, nocae uezo obpasey CS-Sorb-6890 (M) — adcopberm ¢
HaHeceHHbM Ni — npouwes UCNbIMAHUSL 8 ONbUMHO-NPOMbLULLIEHHbLX Ycrogusix. TlonyueH noso-
KumesbHbLlll 9gppexm, npedsorkeH cnocob ouucmru 6eH301bHol hparkyuu (6eHzona) om cepHu-
cmulx coeOuHeHUll U 01epuHos.

Bbteoowst. /JocmuzHymble pe3yibmambl C8UOemebCmayom 0 mom, Umo Co30AHHbLU MOOUPU-
uuposaHHwlil adcopbeHm HA OCHO8e AKMUBHOU 2UHbL YCheuHo yoansem 00HO8PEeMEHHO cep-
Hucmuole U HenpeodesibHble coe0UuHeHUs. U3 6eH301bHOU hparyuu. YoaneHue obuiell cepbl MaKCu-
MmanwbHo cocmasuio 90%, u ee KOHyeHmpayus muHumusuposaHa 0o 0.00004 mac. %. Konesepcus
HenpeodesibHblx coeduHeHull docmuana 100%.
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Purification of benzene fractions and benzene
from unsaturated and sulfur compounds
using a novel modified natural clay-based adsorbent
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Elizaveta Yu. Semenikhina

United Catalyst Technologies, Moscow, 117292 Russia
“Corresponding author, e-mail: i.semenov@united-catalyst.com

Abstract

Objectives. This study aimed to create a method for purifying benzene fractions using a modified
natural clay-based adsorbent, which removes both unsaturated and sulfur compounds from
benzene or benzene fractions obtained by pyrolysis of petrochemical raw materials.

Methods. Chemical and chromatographic methods were used to conduct flow analyses before
and after purification. Testing was conducted under conditions that were similar to industrial
conditions. The functional characteristics of the adsorbents (moisture resistance and bulk
density) were evaluated by strength tests after wetting with water and by weighing batches of
the adsorbents fixed in volume.

Results. Three clay-based adsorbent samples were developed, and tested under laboratory
conditions. Thereafter, the CS-Sorb-6890 (M) sample—an Ni-modified adsorbent—was tested
under experimental industrial conditions. A positive effect was obtained, and a method for
purifying benzene fractions (benzene) from sulfur compounds and olefins is proposed.
Conclusions. The obtained results revealed that the modified active clay-based adsorbent
successfully removed sulfur and unsaturated compounds from the benzene fraction
simultaneously. The total sulfur concentration was reduced to 0.00004 wt % after 90% of it was
removed. The conversion of the unsaturated compounds reached 100%.

Keywords: benzene, benzene fraction, adsorption, purification from impurities, modified clay-
based adsorbent

For citation: Malyshkin B.Yu., Semenov I.P., Sazonov D.S., Putenikhin 1.O., Semenikhina E.Yu. Purification of benzene
fractions and benzene from unsaturated and sulfur compounds using a novel modified natural clay-based adsorbent. Tonk. Khim.
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BBEJIEHUME

benszon sBiseTCs OAHUM W3 CaMBIX BOCTpeOOBaH-
HBIX BEIIECTB XUMHUCCKOH MMPOMBIIUICHHOCTH 1 IIHPOKO
UCTIONB3YeTCS B OpTaHMYECKOM crHTe3e. beHson momy-
YalOT HECKOJIBKHMHU CIIOCO0aMU: THPONN3 OCH3WHOBBIX
(bpakuii U pa3aeleHue MUPOKOHICHCAaTa, mepepadoTKa
MPOIYKTOB KaTaIUTUYECKOrO pU(OPMUHTA, KOKCOBAHUE
KaMEHHOT'O YIJIA.

O6BeM NPou3BOACTBA OEH30/Ia COCTABISIET OKOJIO
1.1-1.2 MaH TOHH/TOJ, IPUYEM OCHOBHBIM SIBIISICTCS
MPOLECC €ro MOJYYCHHS U3 HE(PTEXMMHUECKOTO CHI-
pes. Jlunupyromue koMnanuu B Mupe — ExxonMobil
Chemical (CIOA), Dow Chemical (CIIA) u Shell
Chemicals (CIIIA). B Poccun kpymHeHIIUMH TIpo-
W3BOJUTEISIMHU SIBISIIOTCS: «AHeapckuil 3a800 nonu-
meposy, «lasnpom negpmexum Canasamy, «Huowche-
xkamcxknegpmexumy [1].

OcHOBHOE HalpaBJIEHHE HCIIOJIb30BaHUS O€H-
3ou-Tostyout-keunnonbHoi (BTK) dpakuuu sxuakux mpo-
JYKTOB MHPOJIU3a — THAPOTeHU3AlMOHHAs epepaboTka
C IETBI0 MOTy4eHHs OEH30/1a B KAUeCTBE OCHOBHOTO TO-
BapHOro npoxykra [2]. CxemMa Npou3BOACTBA HEPTEXHU-
MHU4eckoro Oensona (puc. 1) mpeaycmarpuBaeT Bbiele-
Hue ¢pakmun BTK, mocnemoBarenbHy0 THIPOOYHCTKY
B JIBE CTaJWM OT HENPENENbHBIX M CEPHUCTBIX COCAH-
HEHHH, KaTATUTHICCKOC WIH TEPMHUYECKOE THApOIea-
KIIMPOBAaHUE, Pa3IelICHHe MPOAYKTOB B CHCTEME pPeK-
TU(PHUKAMUOHHBIX KOJOHH C IOCIIEAYIONeH KOHTaKTHOU
JIOOYHCTKON OCH30IBHON (Dpakiuu OT HENpeaeTbHBIX
coenMHEeHU U cmod [3].

HaubGonpmmii uHTEpEC ¢ TOUKH 3peHUs 3a7a4H UC-
CJeI0BaHUs MPEACTaBIIAET ACBATHINA amnmapar — aJcop-
Oep. VIMeHHO B HaHHBIHN anmmapar 3arpyKaioT TIIHHY IS
JIOOYMCTKHU OCH30JIbHOH (PpaKIuK OT OCTATOYHOTO KOJIH-
4eCTBa HEPE/eIbHBIX U CEPHUCTBIX COCANHEHHN'.

Conepkanue oOmieid cepbl B OEH30J€ COTIIACHO
I'OCT 58415-2019 ne momxuo nipesbimars 0.00005 mac. %.
[Ipu sTOM conepxkaHue HENpPeNeIbHBIX COCIUHEHUI B
HEe(PTEXHUMHUUECKOM OCH30JIe HampsSMYI0 HE periiaMeH-
THUPOBAHO: HOPMHUPYETCS JIUIIb IOKA3aTelb «OKpacka
CEpHOI KUCIOTB» U MO TpeOOBaHUIO MOTpeOUTeNs HOo-
Kazarellb «OpOMHOE YHCII0», KOTOPBIE M YKa3bIBaIOT Ha
coneprKaHue HempeneIbHbIX COSTHHCHHUIA'.

Hedtexumuueckoe chlpbe COACPKUT MEPKANTAHBI,
cynb¢uIbl, THOGECHBI U APYTHE CEpOCOAepKaIINe COoe-
JUHEHUs. B OeH301bHYIO (pakIiio MONagacT, Kak mpa-
BUJI0, 10 10% OT 00IIero KoMM4YecTBa NCXOAHOH Cephl.
CrnoxHee BCErO YAAISIOTCS MPOW3BOTHBIC THO(EHA.
OHU KOHIICHTPUPYIOTCSI B OCH30JIBHOW ()paKIMu H3-3a

'TOCT 58415-2019. HaumonanbHbIH cTangapT Poccuii-
ckoii deneparuu. benszon Herexumuueckuid. TeXHHUUECKHE
yenoBus. M.: Crangaprundopm; 2019. [GOST 58415-2019.
National Standard of the Russian Federation. Petrochemical
Benzene. Specifications. Moscow: Standartinform; 2019 (in
Russ.).]

CBOEH TemIlepaTypbl KUIIEHUS, COBIAJAIOLIEN ¢ UHTEp-
BAJIOM TEMIEPaTypbl KUIICHNS] OCH3UHA?.

Hecmotpst Ha TO, 4TO, Kak yKa3aHO BBILIE, CXEMOH
MIPOM3BOJICTBA OCH30Ia MIPEIYCMOTPECHA CTaIUs THIPO-
OYHCTKH OT CEPBI, B OcH30I1e 1 OCH30JbHOU (ppakiuu 00-
Hapy>KUBAIOTCSI COEIUHEHHUS Cepbl, KOTOPble HapyLIalOT
Ka4eCTBO TOBAPHOTO mponykra. OOBSCHIECTCS ITO TEM,
YTO B YCJIOBHUSX pEaKTOpa TMAPOJCAIKUINPOBAHUS Ce-
POBOIIOPOJ, MPUCYTCTBYIOIINUN B OCH30JIBHON (pakuun
HocJIe TUAPOOYUCTKH, B3aUMOJICHCTBYET C ONle(UHAMH U
napaguHamu, 00pa3ysi MEpKalTaHbI:

RCH=CH_+H_S «> RCH(SH)CH,

JanHast peakmus HyKJIeo()HUIEHOTO TIPUCOSTTHEHUS
SIBIISIETCST 0OpaTUMOM, HO PaBHOBECHUE ITPEHMYIICCTBEH-
HO CMEIICHO BIIPaBO, TaK KaK CEPOBOAOPOI OOIamaeT
BBICOKOH peakIMOHHO# crnocobHocThio [4]. Crnemosa-
TEJILHO, HEOOXOMMa TOHKas JIOOYUCTKA OeH30Ma M3-32
BHOBb 00Pa3yIOIIUXCsI MEPKANTAHOB, KOTOPhIC BbI3bIBA-
0T OTKJIOHEHHS 10 COACPIKAHUIO OOIIEH cepbl, YTO CTa-
BUT TIOJl YTPO3y CTAOMIBHBINA COBIT TOBAPHOM IPOTYK-
IIIH TPEIIPUITHEM.

Jns ymaBmuBaHUS SIIOB M IMPUMECEH TMPUMEHSIOT
croco0b1, 0a3upyromrecs Ha abCOpOIMOHHOM (IKCTpaK-
[IMOHHOM) M aJICOPOIIMOHHOM MeTomax. AOGCOpOIrOH-
HBIH WK SKCTPAKIIMOHHBIA METOJ TPUMEHSIIOT B CIIy4ae,
KOT/Ia KOHIIGHTpAIWs ITOTIONIAEMOr0 BEIISCTBA B HC-
XOJHOH CMeCH 3HAYUTEIbHA, IPUMEPOM MOXKET CIYKHT
cnoco6 ouncTku OeH3oia ot Tnodena [5]. B Hamewm ciy-
qae MprUuMeCH HCIPEACIbHBIX U CCPHUCTBIX COCHI/IHGHI/Iﬁ
B OCH30JIBHOH (hpaKLIHU MasIbl, TO3TOMY HauOoJIee Lerne-
c000pa3HbIM METOJIOM SIBIISICTCS aJcOPOIUs — MpoIece
MOTVIOINICHHUST BEIIECTBA U3 ra3a WU KUIKOCTH MTOBEPX-
HOCTHBIM CJIOEM TBEPJIOTO acopOeHTa.

CraHapTHBIM aICOPOCHTOM JIJISl OYUCTKH OCH30JIb-
HOU (ppakmuy OT HeNpeAeTbHBIX COCANHCHNHN SBISETCS
aKTHBHAS TJIMHA, HA KOTOPOU HIYT PEAKIUH ANKHIHPO-
BaHMS M OJIMTOMEPHU3AIIHH, 33 CUCT YETO HEeIPEIeIbHBIC
COCIMHCHMS IIPEBPAILAIOTCS B aJKHI3aMEIICHHBIC apo-
MATHYCCKUEC COCNUHCHUS WU B TSDKENBIE CMOJHCTHIC
COCIMHECHHUS, KOTOPBIE Cpa3y aicopOUPYIOTCS TIHMHOMN
WK OTICIISIIOTCS B KOJIOHHE BBIJCIICHUsT OCH30a.

[IpennpuHUMANNCh TOMBITKH MOAM(DUKAINKN af-
copOeHTa 17151 OUMCTKHU OeH30apHOM ppakunu. M3BecT-
HO, HAPUMEP, YTO CEPOYIIIEPOa BO3MOXKHO YIATUThH

2 TmoroB A.IL. O6eccepusaiowue 006asKu K KAMAIU3d-
mopam Kpekunea nHegpmsnozo cuipbsi: aproped. muc... KaHm.
xuM. Hayk. M.: MI'Y um. M.B. Jlomonocosa; 2016. 23 c.
[Glotov A.P. Obesserivayushchie dobavki k katalizatoram
krekinga neftyanogo syr’va (Desulfurizing additives to
catalysts for the cracking of petroleum feedstock): Cand. Sci.
Thesis. Moscow: M.V. Lomonosov Moscow State University;
2016. 23 p. (in Russ.).]
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Puc. 1. [lpuHimnuanbHas cxeMa yCTaHOBKH MONTYUYSHHUST HE(DTEXUMHUUECKOro OeH3011a.
(1) Peakrop runpupoBanus, (2) peakTop THAPOACANKIINpOoBaHus, (3) TpyOuaras neus, (4 u 5) TeriooOMeHHHUKH,
(6) xomogueHIK, (7) razocemaparop, (8) cradmmuzarop, (9) ancopbep, (10) xoonHa BeIIeNCHUS OCH301a,
(11) xononHa BbIeneHus Toayosna u audennna, (12) ycTaHoBKa KOHIEHTPUPOBAHUS BOIOPO/IA.
(D) Cripoe, (II) cBexwuit Bomopon, (I1I) ounmennsiit Bogopox, (IV) toxyor u nedunmn, (V) ra3, odorameHHbI METaHOM,
(VI) yrreBomopomsr C2+, (VII) TormusHsIi ras3, (VII) 6ersomn, (IX) cMOIBI 1 TSHKEBIE YTIICBOAOPOIBL.
Fig. 1. Schematic of the petrochemical benzene production plant.

(1) Hydrogenation reactor, (2) hydrodealkylation reactor, (3) tubular furnace, (4 and 5) heat exchangers, (6) refrigerator,
(7) gas separator, (8) stabilizer, (9) adsorber, (10) benzene recovery column, (11) toluene and biphenyl recovery column,
and (12) hydrogen concentration unit.

(I) Raw materials, (II) fresh hydrogen, (III) purified hydrogen, (IV) toluene and diphenyl, (V) methane-enriched gas,
(VI) C,. hydrocarbons, (VII) fuel gas, (VIII) benzene, and (IX) resins and heavy hydrocarbons.

Ha neonute CaA, a Tnoden Ha Ni- u Cu-3aMelIeHHBIX
neonutax CaX m CaA, momydaromuxcsi COrliacHO peak-
UU:

[eonut-Ca + NiSO, — Ileonut-Ni + CaSO, |

[lpu oOpaboTke ancopOeHTa CONbIO HHUKEIS -
(PEeKTUBHOCTH OYMCTKH OT THO(EHa Bo3pacTaeT ¢ 4% 1o
21.3%, a Mogu(UIIPOBAHIE CEPHON KHUCIOTOH HE AaeT
nonoxutenbHoro 3¢dexra [6]. Ognako HeT MHPOPMA-
LMK O TOM, 4TO Ha JIAHHBIX aJICOPOEHTaX YIaJSFOTCS He-
npe/iesbHbIEC COCANHEHHS BMECTE C CEPHUCTHIMHU.

M3BecTHO HECKOIBKO a/IcOPOCHTOB HAa OCHOBE TIIH-
HbI [7-9]. MonudunupoBaHue MpOUCXOIIO B PACTBOPE
cynbdara aromMmuHus. HecMoOTps Ha TO, 4TO 00Opa3Iib 1MO-
Ka3bIBAIOT BBICOKYIO aICOPOLMOHHYIO CIOCOOHOCTD IO
OTHOIICHUIO K HETPEICIbHBIM COCAUHCHUSM, YIAIUTh
CEPHHCTHIE COSIUHEHHS U3 OYMILAeMOro MMoToKa OeH30-
7a ¥ OEH30JIBHBIX (PPAKIMH OHH HE ITO3BOJISIOT.

Llenbro HACTOAIIETO HMCCIISIOBAHUS SIBISETCS pas-
paboTka ajfcopOeHTa Ha OCHOBE INIMHBI U CHOCO0a €ro

MIPUMEHEHUSI, KOTOPBIN 00€CHEeYNT OTHOBPEMEHHOE y/a-
JICHHE B OJIHOM afmapare MpuMecei HEMpeAeNbHBIX U
CCPHHCTHIX COCAMHEHNH U3 OCH30JIBHOM (hpaKIn.

IKCHHEPUMEHTAJIBHASA YACTb

IIpuroroBienue agcopéeHTa

CraHgapTHBIN aqcOpOCHT JOOYHUCTKH OeH307la |
OCH30JIbHONM (PPaKIMH TIONYYArOT ITOCIICIOBATEIBHOIM
00padOTKOW MPUPOAHON IITUHBI MYyTEM €€ CYIIKH, Mpo-
KaJlKd, BBIJCIICHHEM IeNIeBOM (pakiuu W aKTHBALUU
pacTBOpaMu KUCIIOT.

[IpuroroBieHne MOAU(UIUPOBAHHOTO aJCcOpPOCHTA
JUTSL OYMCTKU OT CEPHUCTBIX COSTMHEHHUN OCYIIECTBIISIOT
IIyTeM IPOIUTKY aKTUBHOM npupoaHoi runsl. Ilox ak-
TUBHBIMU INIMHAMU [1OAPa3yMEBAtOTCsI NIMHBI, IPOLLIEIINE
TIOJIHBIH IIMKJI TPOU3BOICTBA: CYLIKY, [PAHYJISLIUIO, aKTHBA-
LIMIO U ITPOKAJIKY. AZICOPOEHT Ha OCHOBE aKTUBHOM MpUpPOA-
HOW TIIMHEI ¢ pazmepoM rpanya 0.2-2.5 MM 3arpyskaercs
naptueil B NpONUTHIBAIOLIYIO €MKOCTh. i MPONUTKU
ajicopOeHTa TOTOBAT PacTBOP Ha OCHOBE PACTBOPUMBIX
HEOPraHW4YeCKHUX (HapuMep, HUTPATOB) WM OpraHuve-
CKUX (Hampumep, OKCajlaTOB MM JIAKTaTOB) COJICH Melu,
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[IMHKA, HUKels. PacTBOpBI MOATOTaBIMBAIOTCS B JIMC-
TUJUTMPOBaHHOU Bojie. KoHIleHTpamnusi pacTBOPOB MOA-
OmpaeTcs ¢ yIeTOM HKEITaeMOro CONepKaHUsI aKTHBHOTO
MeTajuia B TOTOBOM afcopOenTe. Konnentpannu mpomu-
TBIBAIOIINX BOTHBIX PACTBOPOB OPTaHMUCCKUX W/IITH HE-
OpPraHMYECKUX COJICH Me/IH, INHKA, HUKEJSI COCTABIISIOT
ot 5 10 400 r Ha 100 M1, 2 COOTHOIIICHHE MTPOIUTHIBAIO-
LIero pacTBOpa K Macce IIMHBI HAXOIUTCS B TUAIa30He
1:2-1:10. Conu moxOUparoTcsi TakKUM 00pPa3oM, 4TOOBI
[IPU HArPEBaHUU MTPOUCXOANIIO PA3JIOKEHUE KUCIOTHOTO
0CTaTKa ¢ OCaXKJIEHHEM MeTaJllla MM OKCHJIa MeTaia Ha
MTOBEPXHOCTH aJICOPOCHTA.

IIporuTka mapTum ancopOeHTa OCYIIECTBISCTCS B
teuenne 1-2 4 mpu temmeparypax 20—-80 °C B mpomu-
ThIBaroNIeN eMkocTh. [locie 4ero ocymecTBiIsOT CIIUB
MIPOTIUTHIBAIOIIETO PacTBOpa C IMOCICIYIONMIeH BBITPY3-
KoW ajcopOcHTa W3 OapabaHa. 3aTeM MPOW3BOIUTCS
CYIIKa U MpOKaJiKa aficopOeHTa B MEYH TP TEMIIepary-
pax 250-550 °C B Teuenue nepuona ot 30 MuH 10 4 u. B
X0JIe POKAJIKH NP JaHHOW TeMmIeparype MpOUCXOIUT
yaaJleHue W3JHUIIKOB MPOIHUTHIBAIOIIETO PacTBOpa C CO-
XpaHEeHHEM aKTHBHOTO METajlla UM ero OKCHAa Ha TOo-
BEpPXHOCTHU ajicopOenTa. [IpokaneHHbIl agcopOeHT Mpo-
CEUBAIOT Yepe3 CUTA C BBIJCICHHEM IeJICBOH (ppakiiuu
azcopOenTta ¢ pasmepom rpanyn 0.2-2.5 mM. JlaHHBII
pasMep rpaHyn o0ecIeurnBaeT ONTUMAIBHYIO YISIBHYIO
MIOBEPXHOCTH aJCOpOEHTA W HU3KHUI TIepera JaBIeHN,
noBbImast 3)(HEKTHBHOCTH UCIIONB30BAHMS acopOeHTa
TP €T0 3aChINKe B afcopoep.

HcnbITanusi NPUIroTOBJIEHHBIX 00Pa310B a/ICOPOEHTA

JlaGopatopHble HCHBITAHUS 00pa3IOB AKTUBHOMN
IJIMHBI IPOBOJMIIM Ha MIPOTOYHOM ycTaHOBKE (puc. 2).

VYcTaHOBKa COCTOMT M3 €MKOCTH IO/ MOJIENIBHBIN
pactBop (1), Hacoca (2), CTEKJISTHHOM aacOpOIMOHHON
KOJIOHKH (3) ¢ BHYTPEHHUM JHUaMeTpoM 14 MM u ¢ub-
tpoMm llloTTa B HIKHEW YacTW, WHEPTHOTO MarepHala
JUTS 3QITOJTHEHMST KOJIOHKH B BHIE CTEKIITHHOM HACAIKH C
pa3mepoM ¢pakiuu 2—3 MM U (PIIAKOHOB-TIPUEMHHUKOB (4)
Jutst oTOopa pod oobemom 10 mit. McnibITaHus pOBOJIH-
JIM TIpH KOMHaTHOU Temrieparype (23 £+ 2 °C). O0bem 3a-
rpy’)aemMoro o0pasia CoCTaBIsLI 5 MII ¢ pa3MepOM YacTHI]
0.5-1.0 mm. O6pa3zen npenBapuTEIbHO MPOKATUBAIM TIPU
temneparype 195 °C B teuenue 6 4, HarpeBast 30 MUH ¢
LeTbIo yraneHus Bnaru. CKopocTh MOTOKA HA BBIXOJIE CO-
craBmsuna 0.55 + 0.05 mu/muH. OTOOp MPOO TPOBOAMIH
1 pa3 Ha Kaxjple 8 MJI MPOMICAIIETO Yepe3 aaCcoOpOCHT
pacTBOpa. AHaIN3bl BBIMOJIHSIMCH TUTPUMETPHUYSCKUM
U ra3oxpomarorpapudeckuM Metomamu. B kagecTse mc-
XOITHOW CMECH HCIIONB30BATIH CMECh OCH3071a C TEKCEHOM
U TIPOTIAHTHOJNIOM. [ €KCeH M MpOIIaHTHON BHIOPAHBI B Ka-
YecTBe KOMIIOHEHTOB, MOJCIHPYIONINX MPUMECH HeTpe-
JETBHBIX ¥ CEPHUCTHIX COCTUHEHHH, COOTBETCTBCHHO.

[pu ucnbITaHUsIX ancOPOCHTA B OMBITHO-IIPOMBIIII-
JICHHBIX YCJIOBHUSX IMPUMEHSUIN YCTaHOBKY, CXeMa KOTO-
POt mpecTaBieHa Ha puc. 3.

—

2 g

Puc. 2. Cxema 1abOpaTOpHON yCTaHOBKH
JUISl TECTUPOBAHMS 00pasiioB ajcopOeHTa
(1) eMKOCTB C MOZICITEHBIM PACTBOPOM; (2) HACcOC;
(3) ancopOroHHas KOJOHKA; (4) TPUEMHHUK.
Fig. 2. Diagram of the laboratory setup for testing
the adsorbent samples: (1) The model solution container,
(2) a pump, (3) an adsorption column, and (4) a receiver.

Jura

bl
L ¢

Xl

Puc. 3. [InnoTHas ycTaHOBKA MCTIBITAHUS aIcOpOeHTA:
(1) ancopOep, (2a) oTcekaromuii KpaH Ha JIWHUH TTOJAYH
MMOTOKa B aicopoep, (2b) orcexarommii KpaH Ha JTHHAN
otbopa 1mpoo, (3) BO3AYIMIHBINA XOIOAWIHHIUK, (4) BEHTIII,
(5) cnmuBHAS €MKOCTB, (6) H3MEpHUTENbHAS €MKOCTb,
(7) BHYTpeHHHI KapMaH [T TePMOTIapHI.

(D) TTotox ¢ y3ma Bernenenus ¢paxmwm BTK,

(IT) ounmieHHBIH TOTOK OCSH30IBHOM (PpaKIim,

(IIT) moTok mst otdopa mpod mcxomHoit BTK dpaxrim.
Fig. 3. Pilot installation of adsorbent testing.

(1) Adsorber, (2a) shut-off valve in adsorber flow line,
(2b) shut-off valve in sampling line, (3) air cooler,
(4) valve, (5) drain tank, (6) measuring tank,
and (7) inner pocket for thermocouple.

(I) The flow from the BTX fraction extraction unit,
(IT) the purified flow of the benzene fraction,
and (IIT) the flow for sampling the initial BTX fraction.
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[IpuroroBneHHBIN anCcOPOCHT HA OCHOBE INHHBI B
konuyecTBe 550 MIT 3arpy’karoT B IPSIMOTOYHBIN aJ1COP-
oep (1), mocie 4ero momaeTcsi TOPSYMi IOTOK OEH30JTb-
HoW (pakiuu ¢ Temreparypoid 170-230 °C u naBieHnemM
7.5-28.0 krc/cm?. Ha nuHUM 1mogadm MOTOKa B aacopoep
YCTAHOBIICH OTCEKAIONUi KpaH (2a), TO3BOJISIOMINN OT-
KJIFOYHTH [0Jaqy OCH30JbHOM (pakiuu B peakrop. Ot-
cekaromii kpaH (2b) npeanasHaueH g oTOopa mpod
ucxomaHoil OenzonpHOU (pakiun. IToTox OeH301bHOM
(bpakum, mpoxoas yepe3 CIOH IVIMHBI, OYMINAJICA OT
OCTATOYHBIX CMOJI, HENpEeAeTbHBIX M CEPHUCTHIX CO-
enuHeHni. OUnIIeHHBIN TOTOK mocie ajacopoepa (1) ox-
JaXJaJICs B BO3MyIIHOM TeruiooOMeHHuke (3). Pacxon
MOTOKa PErYJIMPOBAICS BEHTHJIEM-pEryisiTopom (4),
YCTaHOBJIEHHBIM Ha JIMHUH BBIXO/A MOCTIC TEINIO0OMEH-
Huka. OuuieHHas OCH30JbHAsT (pakivs CIUBajiach B
pesepByap-kaHucTpy (5). B mpormecce orbopa mpod mimm

Tadoauua 1. XapakTepucTHKN 00pa3IoB aJcoOpOCHTOB
Table 1. Characteristics of the adsorbent samples

M3MEPEHUS Pacxo/ia CIMBHYIO €MKOCTh (5) 3aMEHSUTH Ha
HU3MEPHUTEIBHYIO EeMKOCTH (6).

PE3YJIBTATBI U UX OBCYXJIEHUE

Pe3yabrarsl 1a00paTOpPHBIX HCNIBITAHUT

Jlnst mabopaTOPHBIX UCCICIOBAHUN OBUTH CO3/IaHBI
Tpu oOpa3ua:

1. CS-Sorb-6891 (S) — agcopOeHT HAa OCHOBE aK-

THBHOH INIMHBI ¢ HaHECEHHBIMHU MeTautamu Cu, Zn;

2. CS-CL200X — agcopOeHT Ha OCHOBE aKTUBHOU

[JIMHEBI 0€3 METaIIIIOB;

3. CS-Sorb-6890 (M) — ancopOeHT Ha OCHOBE ak-

TUBHOU IJIMHBI C HAHECEHHBIM MeTasuioM Ni.

XapakTepucTuka 00pa3IoB HCIBITYEMBIX aJICop-
OCHTOB IpHBe/IcHA B TaOM. 1.

HcxomHblit cocTaB MOTOKA MPEJICTABICH B Ta0I. 2.

Doxasaren, CS-Sorb-6891 (S) | CS-CL200X | CS-Sorb-6890 (M)
Indicators

OCHOBHBIE METAJUIBI Cu, Zn _ Ni
Base metals
Conepxanue MeTaioB, % 10 _ 10
Metal content, %
Coneprxanue cBoboHOM Biary (mpokaiika mpu 105 °C), mac. % 1.0 25 49
Free moisture content (calcination at 105 °C), wt % ’ ’ ’
Maccogast noss Boabl (npokaiika npu 195 °C), mac. % 6.4 54 54
Mass fraction of water (calcination at 195 °C), wt % ’ ’ '
HacplnHas mioTHOCTh, I/cM?
Bulk density, g/lcm? 0.76 081 0.81

@pakIHOHHBIN cocTaB, %

Fractional composition, %
>2.0 MM
<30 mm 8.5 18.4 1.9
2.0-0.25 mm
2.0-025 mm 90.6 81.0 90.2
<0.25 mm
<0.25 mm 0.9 0.6 7.9

Taonmna 2. CoctaB HCXOHOTO MMOTOKA OeH30I1a (OCH30JIBHOM (hpaKiuu)
Table 2. Composition of the initial flow of benzene (benzene fraction)
HanMeHoBaHHe KOMIIOHEHTA KonuenTpanust
Component Concentration

Benzon 98.99 mac. %
Benzene 98.99 wt %
T'ekcen 1 mac. %
Hexene 1 wt%
2-ITponanTtHon 21-28 m.x.
2-Propanethiol 21-28 ppm
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Pesymprarel, mocTuraemsle B J1a0OpaTOPHBIX
YCIIOBUSIX ITPH OYMCTKE MIOTOKA OCH30J1a Ha aJIcCOpPOCHTAX,
MIPHUBE/ICHBI B TaOI. 3.

Kak BuiHO 113 Ta011. 3, 00pa3Ipl MOKa3aIu pa3IndaHy o
CIIOCOOHOCTh yNAISATh CEPHHUCTBIE W  HEMpeebHBIC
COCIMHEHHS TP OYHCTKE MOICIBHOW CMECH OT
npumeceii. [Tpu atom o6pazer; CS-Sorb-6891 (S) nposiBun
HauOONBIIYI0 AKTHBHOCTh B YHAJICHHH CEPHUCTHIX
COCIMHEHHH, HO MPAKTHUECKU HE OKA3bIBAJ BIMSHUS HA
KOHLIEHTpaluio HenpeaenbHbix. O6paszen CS-CL200X
(rmuHa 0e3 MeTaluloB), Kak WM OXHIAIOCh, HauMEHee
AKTUBEH B OYMCTKE OT CEPHUCTHIX coequHeHnid. OOpasen
CS-Sorb-6890 (M) moxaszanm HammydIIne pe3yibTaThl:
Ha HeM OJ(PQPEKTHBHO MPOXOAWJA OYHCTKA H  OT
HETIpeIeNbHBIX, M OT CEPHUCTHIX coenuHeHui. OmHako
AKTHBHOCTH OUYUCTKHA OT HEMPEACTBbHBIX COCAWHEHUH
OblIa HECKOJIBKO HIDKE, ueM y obOpasna CS-CL200X, a
DIyOWHA OYHCTKU OT CEPHHCTHIX HECKOIBKO HIDKE, YeM
y obpazua CS-Sorb-6891 (S) npu nanHoU Temmneparype.

Pe3y.]IbTaTbI ONBITHO-IMMPOMBIIIJICHHBIX UCNBITAHUM

IMockonbky CS-Sorb-6890 (M) mokasan xoporiue
pe3yabTaThl OYHUCTKM B MpoOIecce JIabopaToOpHBIX
MCCIICIOBAHNH, ObLJIO MPUHSTO PELICHHE HMCIOIb30BaATh

Tabauua 3. [Tokazarenu paboTsl 00pa3IoB aicopOeHTA

Table 3. Performance indicators of the adsorbent samples

€ro B ONBITHO-TIPOMBIIIICHHBIX HCIBITAHUSAX Ha OJHOM
nu3 mpennpustTuil orpaciu. CopepKaHUEe CEPHUCTHIX
COCJIMHCHUH B TMOCTyHaroled OeH30IbHOW (ppakiun
cocrapmsuio or 0.1 mo 3.2 m.a Jlng HammsgHOTO
MOATBEPXKACHUST  3(PPEKTUBHOCTH  oOpa3na  ObLIO
NPOBEICHO CpPaBHCHHE B MCHEE OJarompHUSITHBIX
YCIIOBUSIX C MPOMBILUIEHHBIMU ajcopbeHTamu R-01
u R-02. ITapamerpsl pabOThl MUIOTHOM yCTaHOBKH WU
MIPOMBIIIJIEHHBIX aJICOPOCHTOB MPHUBEIEHBI B Ta0I. 4.

OnBITHO-NIPOMBIIIIJICHHBIE WCTBITAHHUS MTPOBOIUIN
7 nmuer (3 mHA Ha OTIANKYy pexuma, 4 naHA Ha
CTaOMIN3UPOBAHHBIA PEKHM), B Pe3ylabTare KOTOPBIX
ObUTH TIOJYYEHBI CIEIYIONIUE JaHHbIE (CEphIM I[BETOM
OTMEUYEH CTAaOMIM3UPOBAHHBIN NPOOET M yCpeTHCHHBIC
JaHHbIe) (Tab. 5).

Ha puc. 4-6 npencraBieHo cpaBHEHUE MHIOTHOTO
U  TPOMBIIUICHHBIX  ancopOepoB IO  YHAJICHHUIO
HETIPEIEeNbHBIX 1 CePHUCTHIX COCAMHCHHH.

PesynbraThl HCTIBITAHUHN TOKA3aJIH, YTO aICOPOCHT
CS-Sorb-6890 (M) obGecrnieursi crabuiibHOE yaajIcHUE
CEPHUCTHIX COCIMHEHUN U HETPEIeNIbHBIX YTIIEBOI0PO-
JIOB 32 BeCh Mepuoj UcHbITaHui. OOIIyI0 cepy yaanoch
CHU3UTH 210 cpeaHeit konuentpauuu 0.41 m.x. s npo-
MBIIUIEHHBIX afcopbepoB R-01 u R-02 cpexnee 3Haue-
HUE KOHIICHTPAINH CEPHUCTHIX COCINHCHUN Ha BHIXO/IC

. 2 3 % 3
= g & z2 . E 5= _E 5 o F
- e 5% 2 =E%= =, %3¢
= S |- BT} o, 5 (2] g - (THN--BR Q = 9 g =)
> en o = o s = o =2 S5
5% g o £=235°% 2258 SE2E%
O6pa3e =% 2 = 5% T XEE2 NE =2
P 15 = oL & o= ::,2: =° o= 2 S E%w 2
Sample 2223 5253 EE55 8BSoF -
=3%3 SESE 22 Sz2s SEE2%
g 2 AR E5EE ZE5s ZE5EE
S = g g £§g5° ESz = E $7 3
= E O =7 g I = 5
= 2 O 3 g
0.00 27.30 0.23 -
98.5 0.65 0.22 26.65 0.02
CS-Sorb-6891 (S)

150.8 0.53 0.22 26.77 0.02

216.3 0.57 0.23 26.73 0.00

0.00 22.99 0.20 - -

85.0 10.95 0.08 12.04 0.12

CS-CL200X

98.0 12.26 0.10 10.73 0.10

131.4 16.72 0.14 6.27 0.06

0.00 28.04 0.34 - -

98.4 1.24 0.22 26.80 0.12

CS-Sorb-6890 (M)
150.1 2.56 0.24 25.49 0.10
196.4 3.93 0.21 24.11 0.10

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):18-29

24



B.IO. MaasimkuH, H.II. CeméHoB, [1.C. Ca30HOB H Ap.

Taonanua 4. [TapameTpsl Ipu MPOBEICHUN UCTIBITAHUN aKTUBHOM ITTMHBI

Table 4. Parameters during active clay testing

B npomblinuieHHOM ajcopoepe
e IMapameTtp R-01/R-02 B nniiorHom ajcopoepe R-1
: Parameter In the industrial adsorber In the pilot adsorber R-1
R-01/R-02
1 Pacxon OeH3051bHON (QpaKIy Ha OIMH azcopoep 7500 kr/4 1200-1500 mi1/a (20-25 mut/MuH)
Consumption of benzene fraction per adsorber 7500 kg/h 1200-1500 mL/h (20-25 mL/min)
5 O06bem asicopbeHTa B 0JIHOM ajicopoepe 22.7wm? 550 cm?
Adsorbent volume in one adsorber 22.7 m? 550 cm®
3 OObeMHasi CKOPOCTh TTOTOKA 0.4 q’! 22274
Volumetric flow rate 0.4h" 2.2-2.7h"
4 Temneparypa B agcopbepe >170 °C 3545 °C
Temperature in the adsorber >170 °C 3545 °C
5 JlaBnenwue B agcopbepe 7.5-28 xrc/cm? 7.5-8.5 krc/em?
Pressure in the adsorber 7.5-28 kgf/cm? 7.5-8.5 kgf/cm?

MoaHoe uncno, r/100 mr / Todine number, g/100 mg

1.0

0.9 OTnaaka /
Refinement
0.8

0.7
0.6
0.5
0.4
0.3
0.2
0.1

—

R-1 Bxoa
R-1 inlet

R-01 BbIx0oA
R-01 outlet

CTabusbHbIN pexumM /
Debugging mode

YnaneHue onecgpunHOB Ha ypoBHe C
NpPoMbILWNEeHHbIMU afacop6epamu unu Huxe /
Olefin removal at or below
the industrial adsorbent level

/

A {

R-02 BbIx0oz
R-02 outlet

R-1 BbIxoa
R-1 outlet

e

00:00 10:00 20:00 30:00 40:00 50:00 60:00 70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

Puc. 4. VoHoe 4mcIo B OTOKE Ha BXOJIE M BBIXOJIE U3 a7ICOPOEPOB.
Fig. 4. lodine number in the flow at the inlet and outlet of the adsorbers.

Copep>xaHue cepbl, ppmw / Sulfur content, ppmw

OTtnagka /
Refinement

~

R-1 Bxoa
R-1inlet

CTabunbHblii pexum /
Debugging mode

CrtabunbHoe yaaneHue cepbl Ao
KOHLIEHTPaLUUn HUXe
NPOMBbILWIIEHHbIX agcopbepoB /
Stable removal of sulfur to concentrations
below industrial adsorbents

R-01 BbIX0A
R-01 outlet

R-1 Bbixoa
R-1 outlet

R-02 BbIXOA
R-02 outlet

VARG Ed IS

00:00 10:00 20:00 30:00 40:00 50:00 60:00 70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

Puc. 5. Coneprkanue cepsl B IOTOKE Ha BXOJIE U BBIXOJIE U3 aJcOPOCPOB.
Fig. 5. Sulfur content in the flow at the inlet and outlet of the adsorbers.
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Copepyxanue cepbl, ppmw / Sulfur content, ppmw
35

CtabunbHoe yaaneHue cepbl A0
KOHUeHTpauum Huxe 0.5 ppm /
3.0 Stable removal of sulfur
to concentrations below 0.5 ppm

2.5

2.0

1.5

1.0

0.5

70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

R-1 Bxoa R-1 BbIx0A
R-1 inlet R-1 outlet

Puc. 6. Yoanenue cepsl Ha oopasue CS-Sorb-6890 (M) nmocie ctadunm3annuu pesxuMa.
Fig. 6. Removal of sulfur by the CS-Sorb-6890 (M) sample after regime stabilization.

Tadaumna 6. JlocTurnyThie nokasareiu aJcopOeHTOB PH ONBITHO-IPOMBIIIICHHBIX UCTIBITAHHUSIX

Table 6. Achieved adsorbent indicators during pilot tests

Pe3yabTarsl 1J1s 00pa3na
CS-Sorb-6890 (M)
B MWJIOTHOM ajacopdepe R-1
Results for the

Pe3yabraThl 1151 CTAaHAAPTHOIO a/IcCOPOEeHTa
B NIPOMBILILJIEHHOM a/icopoepe
Results for a standard adsorbent
in an industrial adsorber

IToxa3aTenn CS-Sorb-6890 (M) :
Indicator AR BEANTDLE
in the R-1 pilot adsorber R-01 R-02
Cpennue Juana3zon Cpennue JAuana3zon Cpennue JAuanazon
Average Range Average Range Average Range
ConeprkaHne HenpeIeTbHBIX
coenuHeHNH (oqHOe
4yrcio), Mr/100 Mt B . B
Content of unsaturated 100 40-180 100 40-250 80 40-210
compounds (iodine
number), mg/100 mL
Conepxanue oouiei
cepsl, M. 1. (Mac.) _ _ _
Total sulfur content, 0.41 0.2-1.0 1.86 0.2-4.3 0.61 0.1-1.0
ppmw

cocraBmio 1.86 u 0.61 M.11., cooTBeTCTBEHHO (Tab. 6).
ConeprkaHue HeTpeIeTbHbIX COSIMHEHNI Ha BBIXOME U3 aJI-
copOepa onpeiernsieTcsi mokasareneM iomHoro yrca. [Toka-
3atenb onHoro uncia coctaBmi oT 40 qo 180 mr/100 r
(cpennee 3nauenue 100 mr/100 r) Ha BBIXO#E. AnCOp-
oenT CS-Sorb-6890 (M) B ycioBusx MeHee O1aronpusT-
HBIX [T0 CPAaBHEHUIO C MPOMBIIIICHHBIME a1copoepaMu
R-01 u R-02 (oObemHasi ckopocTh B 5.5—6 pa3 BhIIe,
temrieparypa Ha ~130 °C HIKe) moKa3aia aHAJIOTHIHYIO
3P PEKTUBHOCTD IO YIAJICHHIO HEMIPEICIbHBIX COCIHHE-
HUI 1 OoJyiee BBICOKYIO 3(P(PEKTUBHOCTH MO yAAJICHHIO
CEPHUCTBIX COCAMHCHHUH.

3AKJIFOYEHUE

Coznan MoauUIIMPOBAHHBIN aJICOPOSHT HA OCHO-
Be akTUBHOM THBI CS-Sorb-6890 (M), TecTupoBanue

KOTOpPOTO TIPOBOAWIOCH B JAOOPAaTOPHBIX M OIIBIT-
HO-TIPOMBIIJICHHBIX YCIOBUsAX. Pesynbrarel nmabopa-
TOPHBIX HUCHBITAHUN CBHICTEIBCTBYIOT, YTO HCCIIEC-
JIOBaHHBIE 00pasubl 001aal0T pa3sHON COPOIMOHHON
CIIOCOOHOCTBIO MO OTHOIICHHUIO K CEPHHCTHIM U He-
pPEACIbHBIM COCIMHECHUAM. B yCIOBHSAX OMBITHO-IIPO-
MBIIJICHHOTO TECTUPOBAHUS I0Ka3aHO, YTO aCOPOSHT
CS-Sorb-6890 (M) ycmemHo oyuIIaeT OCH30JIBHYIO
(dpaknuio oT 0JIeUHOB M CEPHHUCTHIX COCTUHEHHUH O1-
HoBpeMeHHO. ConeprkaHue 00IIeit cepbl mocie OYiCT-
ku coctaBmwio 0.41 M.z1. B MOTOKEe, MUHUMAJIbHOE 3HA-
yenue noguoro uucia — 40 mr/100 .

Pe3ynbraThl CBHICTEIBCTBYIOT O PeaTbHOW BO3MOK-
HOCTH OYUCTKH OCH30JBbHOW ()PaKUUM OT CEPHHUCTHIX U
HETPeIeNbHBIX COCTUHEHHI TOJIHKO B OIHOM armapare,
YTO MO3BOJISET TapaHTUPOBAHHO IOJYyYaTh TOBAPHBIN
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O€H30JI 3aIaHHOr0 KadyecTBa 0€3 U3MEHEHUS TEXHOIOIU-
YEeCKOU CXEMBI IIPOU3BOICTBA, UCIIOIB3YSI TOIBKO CYIIIe-
cTBytOIIee 000pyIOBaHHUE.
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AHHOMAQyuUs

IMenu. BospacmaHue 00aU 8blCOKO8SA3KOU U OUMYMUHOSHOU Hegmu siensilemcest xapaKmepHoU
ocobeHHocmblo coepemeHHOU Heghmedobbiuu. B Poccuu npu ee 00b6blue npumeHstom mexHoa02ul,
OCHOBAGHHbLE HA UCNONBL308AHUU 800s1HO20 napa. IIpumeHeHUue maKux mexHo0eull npugooum K
momy, umo npooyKmoeasblii NOMOK, 8bIX00AULUT U3 0obblearouell CKBAIUHDBL, MOoKem codeprkamb
b6onbuwoe Koauwecmao 800bl. [Io0eomoeka Hedhmu K nepepabomke npeonosazaem ee cmabuau-
3ayuro, obecconusaHue u obesgorkusaHue. Benedcmeue mozo, umo niomHocms 006bieaemot
Hedhmu u codeprkauieticst 8 Hell 800blL conocmagumbl, MPAOUYUOHHbLE CXeMbl N0020MO8KU K he-
pepabomike 8blcOK0853KOU U OUMYMUHO3HOU Hehmu sieasitomest manosgpgpexmusHoimu. OOHUM
U3 BO3MOIKHBIX peuleHUll npobaembl 8o8reUueHuUst maKkol Heghmu 8 MONAUSHO-IHepeemuuecKull u
Hegpbmexumuueckuli 6anaHcC s8aemest UCNOb308aHUE HA Nepeom amane ee nepepabomrKu npo-
uecca KokcosaHusl. ns peaausayuu amoii udeu Heobxo0umo Uusyuums eAustHUe YCio8Ull KOKCO-
8AHUSL 8blLCOK08SI3KOUL 06800HEHHOU HEhMU HA 8bIX00 U XapaKmepucmuku obpasyrousuxcs npo-
dyxkmos.

Memoodut. O6bexmom uccnedosarus bolia Hedpmov ¢ naomHocmuio npu 50 °C 1.0200 2/cm?,
codepokawias 18 mac. % eoovl. KokcosaHue npogoounu Ha nabopamopHoll ycmaHoske 8 «kyben.
B kauecmee peaxmopa UCNOlb308A/CSL NYCmMomenvlili YuAuHOpuuecKull annapam, pasmeuiae-
Mol 8 neuu. Temnepamypa e peaxkmope sapvuposanace om 500 do 700 °C, oasneHue om 0.10
0o 0.35 MIla.

Pe3synomamel. [IpogedeHHble UCCAe008AHUSL NOKA3AIU, UMO NPU 803PACMAHUU memnepamypbl
KOKCOBAHUSL 8bIX00 2a3000pA3HbIX NPOOYKmMoe8 yeesuuusaemes,, obpasosaHue Kokca YymeHbula-
emest, a 3a8UCUMOCTb 8blX00A JKUOKUX NPOOYKMOo8 Umeem IKCMmpemanbHblil xapaKkmep ¢ MaK-
cumymom 8 obracmu memnepamyp 550-600 °C. Temnepamypa npouecca nrusiem HA cocmag
Kuoxux npooyrxmos. Ilpu 6onee HU3KOU memnepamype 8 KUOKUX NPoOYKmax evlule cooepika-
Hue 6eH3uHo80l U KepocuHogol hparyull. ITogbluueHue 0asieHuUst NPUEOOUM K 803PACMAHUIO
8blx00a 20:3000pA3HBLIX NPOOYKMO8, KOKCA U COOEPIKAHUSL 8 HUOKUX NPOOYKMAX HUSKOMONEKYNSPHBLX

© HukonaeB A.U., [lemtneB B.B., Eroposa E.B., 2022
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paxyuii yanesodopoodos. Obpasyrowulicss 8 npoyecce KOKC no ceoum xapakmepucmuxkam oau-
30K K NPOMBLUNEHHO 8blnycKaembim mapkam. OmmeueHo, umo npu KoKco8aHuu 06800HeHHOU
Hegpmu 0o 98% 800HOU IMYysbCUU YXo0um ¢ KUOKUMU NPOOYKMAMU KOKCO8AHUS,, U JUUb He-
6osbUoe Koauwecmao 800blL 0CMaemest 8 00pa308a8ULEMCSL KOKCe.

Buteoout. [Ipedcmasnertble pe3yibmambl NOKA3bIBAIOM 803MOIKHOCTb UCNOJIb308AHUSL NPOUEC-
€A KOKCOBAHUSL HO HAUANLHOM amane nepepabomiu 8blCOK08A3KOU U bumymuHosHol Hecpmu. B
amoMm cayuae CyuyeCmeeHHo ynpouwaemest npogedeHue cmaouu ee 06e380:KUBAHUSL, MAK KAK &
MEexXHON02UUEeCKOU cxeme 3amedsIeHH020 KOKCO8AHUSL npedycmompeHo omoeneHue 6eH3UH080l
pparxyuu om 800bL.

Knroueesle cnoea: KOKCOBAHUE, 8blLCOKOBSA3KUE U OUMYMUHO3HbLe Hedhmu, 06800HEHHbLe Heg-
mu, nepepabomka Hecpbmu, cnocob nepepabomrku Hecpmu

Jna yumupoeanus: Huxonaes A.1., Ilemnes b.B., Eroposa E.B. KokcoBaHne BbICOKOBSI3K0I 00BOHEHHOH He(TH. ToHKUE
xumuueckue mexronozuu. 2022;17(1):30-38. https://doi.org/10.32362/2410-6593-2022-17-1-30-38
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Abstract

Objectives. A characteristic feature of oil production is an increase in the volume of high-
viscosity bituminous oil. In Russia, technologies based on the use of water vapor are used for
their extraction. The use of such technologies leads to a large amount of water in the product
stream from the production well. Preparation of oil for processing involves its stabilization,
desalination, and dewatering. Since the densities of the extracted oil and the water contained in
it are comparable, traditional preparation schemes for processing of high-viscosity bituminous
oil are ineffective. One of the possible solutions to the problem involving such oil in the fuel,
energy, and petrochemical balance is to use a coking process at the first stage of its processing.
This aim can be achieved by studying the influence of the process conditions of coking high-
viscosity water-containing oil on the yield and characteristics of the resulting products.
Methods. Coking of oil with a density of 1.0200 g/cm?® at 50 °C and with 18 wt % water content
was carried out in a laboratory installation in a “cube.” A hollow cylindrical apparatus was used
as a reactor and was placed in a furnace. The temperature and pressure in the reactor were
maintained at 500-700 °C and 0.10-0.35 MPa, respectively.

Results. An increase in the coking process temperature results in an increase in the amount of
gaseous products, a decrease in the amount of the coke generated, and a higher dependence
of the amount of liquid products on temperature with a maximum yield at 550-600 °C. The
process temperature also affects the composition of liquid products. At a lower temperature,
the amount of gasoline and kerosene fractions in liquid products is higher. With an increase in
pressure, a higher amount of gaseous products, coke, and low-molecular-weight hydrocarbon
fractions in liquid products could also be obtained. The characteristics of the coke produced in
the coking process are similar to those of commercially produced grades. It is noted that when
coking water-containing oil, up to 98% of the emulsion water goes with liquid products, and the
remaining amount of water remains in the formed coke.
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KokcoBaHHe BHICOKOBSI3KOH O0OBOXHEHHOH HedTH

Conclusions. Results showed the possible application of the coking process at the initial stage
of processing high-viscosity bituminous oil. In this case, the dewatering stage is significantly
simplified since the technological scheme of delayed coking allows the separation of the gasoline

fraction from water.

Keywords: coking, high-viscosity bituminous oil, watered oil, oil refining, oil refining method
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BBEJIEHHME

XapaxkTepHoil 0COOGHHOCTBIO HePTEAO0OBIYH TIO-
CIIeJIHUX JIeT ABJISIETCS BO3pacTaHue B o01eM oobeme
JIOJIN BBICOKOBSI3KOM M OMTyMHHO3HOM HEe(TH, KOTO-
pas xapakTepu3yeTcsi MOBBIINICHHBIM COJEpKaHUEM
cMonucTo-acanbreHoBbix BemecTB (CAB), BICOKH-
MU 3HAYEHUSIMU IIOTHOCTH M BSI3KOCTH. TEXHOIOTHS
JIOOBIYM TaKOW HE(PTH TPEAIoiaraeT UCIOIb30BaHUE
pacTBOpPHUTEIICH, BRITECHEHHE HCKOMTAEMbIX YTJIIEBOJIO-
pOIOB BOJOW (Tak Ha3biBaEMOE XOJOJIHOE H3BJICUC-
HHE) WA OPTaHU3AIHI0 BHYTPHUIIJIACTOBOTO TOPEHHUS,
B pe3yJbTaTe KOTOPOTO, BCIEICTBHUE MOBBIIICHUS TEM-
nepaTypbl, CHUKaeTCs BI3KOCTh He(TH, a Ta3000pas-
HbI€ MPOAYKTHI TOPEHHUS CO3/AI0T JlaBJIeHHE, HE00XO-
JIMMOe NI BeITecHeHHs HeTu u3 macta [1-11]. B
Poccuu ipu 100BIYe BHICOKOBSI3KOM M OMTYMHHO3HOM
He(TH MPUMEHSIOT TEXHOJOIUH, OCHOBAaHHbBIC Ha WC-
MOJIb30BaHNM BoJsgHOTO mapa [8—11]. Tem He meHee,
WCIIOJIb30BaHUE IS BBITCCHEHHsI HE(DTH BOABI WU
BOJSTHOTO Tapa MPUBOAUT K TOMY, 4TO TPOJYKTOBBIN
MOTOK, BBIXOJSAIIUN M3 JTOOBIBAIOIIEH CKBAXUHBI, MO-
JKeT conepxkarb 10 95% BOJIBL.

IToaroToBka HehTH K mepepadOTKe Mpeamnonara-
€T ee cTabMIM3aIuio, o0eccoanBanne U 00e3BOKHIBA-
Hue [12, 13]. B ocHOBe mocieaHeil onepanuu JeKUT
Pa3HOCTh TUIOTHOCTEH HE(TSAHBIX YTIEBOIOPOIOB
u Boawl. M3-3a Toro, uro miaotHocty CAB u BOjbI
OJIM3KM, WX pa3jielICcHHe TPaBUTAIMOHHBIMU METOa-
MH TIPAKTHYECKH HEBO3MOXXHO, & BBICOKAas BSI3KOCTh
CAB mnpenstctByeT 3(GEKTUBHOMY TPHUMEHCHHIO
JIEIMYJIBTaTOPOB JUISI pa3pylIeHUs BOJOHEDTIHBIX
aMynbcHil. B pesynprarte, TpaAuIIMOHHBIC CXEMBI O/ -
TOTOBKH K TepepadOTKe BBICOKOBA3KHX, OMTYMHHO3-
HBIX eCKOB Manod(dexTuBHsbl [14].

Bo03MOXHBIM penieHueM MpoOiIeMbl BOBIICUCHUS
TakOW He()TU B TOIUIMBHO-IHEPTETUUCCKUN U HedTe-
XUMHUYECKUM OallaHC SBJISETCS HCIIOJIb30BaHUE Ha

HEepBOM 3FTale ee nepepadoTKH Npolecca KOKCOBAHUS
[15]. B HacTosiee Bpems 3TOT NPOLECC MUPOKO HC-
MOJIb3YETCs AJIS MOBBIMICHUS IMyOUHBI IepepaboTKu
HEe(TU — MOYUCHUSI U3 TSKENBIX HE(PTIHBIX OCTATKOB
(Ma3yTOB, KPEKMHI-OCTAaTKOB, T'YAPOHOB) AUCTHIIIAT-
HBIX ¢pakiuii. [Ipn ’TOM 0CHOBHBIMU KOMIIOHEHTaAMHU
Takux ocrtarkoB saBisitoTcss CAB, a TexHOJIOTHS €ro
POBEJIEHHUs IPEATNONATaeT UCITOJIB30BAHNE BOJSHOTO
mapa JuIst IpeoTBPALIeHNs 3aKOKCOBBIBAHUS TpyOUa-
TOW TIEYH.

MATEPHAJIBI 1 METO/bI

B pabote mpuBeneHbl pe3ynbTaThl HCCIIEIOBA-
HUS KOKCOBAaHUS BBICOKOBS3KOH 00BOAHEHHOH He(DTH,
BJIUSIHUE YCJIIOBUN MPOBEACHHUS TPOI[ECCa HA BBIXO U
XapaKTePUCTHKU 00Pa3yIOIUXCs MIPOIYKTOB.

OObeKTOM HCCIieoBaHus Obla yCTOHYHBAs BOJOHE-
(drsiHAs SMynbeHs (HE MOJIaromascs 00e3BOKUBAHHMIO),
XapaKTePUCTUKU KOTOPOH MPEICTaBICHEI B Ta0M. 1.

ITo mrorrocT (FTOCT 31378-2009') Takast oMyJib-
CHUSI COOTBETCTBYET IISITOMY THITY HEe(PTH (OMTYyMHHO3-
Hast), 110 coneprkanuio mapaduHoB (OCT 38.01197-80°) —
nepBoMy BUAy (MasiomapauHUACTAs), HO COAEpIKaHUEe
Boabl (6onee 1.0 mac. %, HOpMa I TpeTeil TPyMIbl)
U MexaHuudeckux npumecei (ceeime 0.05 mac. %)
HE MO3BOJISIIOT CYUTATH €€ TOBAPHBIM MPOAYKTOM
(FOCT 31378-2009), nomyckaemMbIM K mnepepaboTke.

' TOCT 31378-2009. MexrocynapCTBEHHBI CTaHAApT.
Hedts. Obmue texnuueckue ycnoBus. M.: CranmapTunpopM,
2019. [GOST 31378-2009. Interstate Standard. Crude Petroleum.
General Specifications. Moscow: Standartinform; 2019.]

2 OCT 38.01197-80. OrpacneBoii cranmapr. Hedru
CCCP. Texuonoruueckass unaekcauus. M.: MuHHCTEpCTBO
HedTenepepadarbIBaroIel 1 HeTEXUMHUYECKOH ITPOMBIIIUICH-
Hoctu CCCP. 1980. [OST 38.01197-80. Industry standard. Oil
of the USSR. Technological Indexing. Moscow: Ministry of
Oil Refining and Petrochemical Industry of the USSR; 1980.]
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Tadauna 1. XapakrepucTuku BoIOHEPTSIHON SMYIbCUT
Table 1. Characteristics of oil-water emulsion

XapakTepucTHKA 3HauyeHne

Characteristics Value
ITmotHOCTH, 50 °C, r/em?
Density, 50 °C, g/cm? 10200
Junamuueckas Bsi3koctb pu 50 °C, MIla-c 20557
Dynamic viscosity at 50 °C, MPa-s
MornekysipHasi Macca, r/MOJb 520
Molecular weight, g/mol
CopneprkaHue MEXaHIHYECKUX IIpUMeceit, Mac. % 0.72
Content of mechanical impurities, wt % ’
Conep:xanue BoJibl, Mac. % 18.0
Water content, wt % '
Conepxanue cMol U ac(habTeHOB, Mac. % 42.0
Resin and asphaltene content, wt % '
Coneprxanue napaduaos, Mac. % 1.0
Paraffin content, wt % ’

KoxkcoBaHwue mpoBo/Ivv Ha 1a00paTOPHON yCTaHOB-
Ke B «kyOe»® [16]. B kauecTBe peakTopa MCIIOIb30BAIICS
MyCTOTENBIN [MJIMHIPUYCCKUHN armapar, CHaOKeHHBIN
«KapMaHOM» [UId XpOMEIb-aJIIOMEJIEBOI TepMoIapbl
U marpyOKoM Uit ycTaHOBKM MaHomerpa. ChIpbe 3a-
rpy’kajoch B PEaKTop, COCIUHEHUsI COCTABHBIX YacTel
YCTaHOBKH MPOBEPSUINCH HA FepMETUYHOCTh. Harpes pe-
aKTopa JI0 3aJJaHHOI TeMIepaTypbl OCYLIECTBIISUIN C MO~
MOIIBIO JIeKTporeur. Temmeparypa mpoiecca Bapbupo-
Basack oT 500 1o 700 °C, naBnenwue ot 0.10 go 0.35 MIla.
B xone skcriepuMeHTa KOHTPOJIMPOBAJIM TEMIIEpaTypy U
JIABJICHUE B PEAKTOPE, a TAKKe 00bEeM OTXOJISIIETO rasa,
KOTOPBIH (PUKCHPOBAIN C ITOMOIIBIO TA30BOTO CUETINKA
mapku I'Ch-400 (HUH Dnexmpomepa®, Poccus). 1o 3a-
BEPIICHUIO AKCIICPUMEHTA OIIPEAEISUTH KOJIIMIECTBO 00-
Pa30BaBILIMXCS KUAKUX IPOJYKTOB U KOKCA.

Omnpenenenue copepkaHus B ra3ax yIIeBOJOPOIOB
MPOBOJMJIM METOJOM Ta30aJCOPOLMOHHOM Xpomarorpa-
(un Ha xpomarorpade moaenu 3700 (Xpomamsxk, Poccus),
CHAa0XXEHHBIM JIETEKTOPOM TI0 TEIUIOIPOBOJHOCTH. YCIO-
BUSI MIPOBEJICHUS aHalM3a: TOK MocTa jierektopa 90 MA;

> BukOymatoBa A. M. Dmanst cmanoeienus u pazeumust
OMeyecmeenno20 npou3so0CBd HeQmaHO20 KOKCA MemoooM
3ameoneHHo2o Koxkcosanusi: Ha npumepe Hoso-Ypumcroeo HIT3:
JTCC. .. KaHJI. TeXH. HayK. ¥Yda;2002. 104 c. [Bikbulatova A.M.
Etapy stanovleniya i razvitiya otechestvennogo proizvodstva
neftyanogo koksa metodom zamedlennogo koksovaniya: Na
primere Novo-Ufimskogo NPZ (Stages of formation and
development of domestic production of petroleum coke by the
method of delayed coking: a case study of the Novo-Ufimsky
refinery): Cand. Sci. Thesis. Ufa; 2002. 104 p. (in Russ.).]

4 https://electromera.ru/. Jlata obpamenus: 23.10.2021 /
Accessed October 23, 2021.

Ta3-HOCHTEIh — a30T C PacxolioM 25 MII/MHH; TeMIleparypa
tepmocTara koimoHok 70 °C; miamHa KOJOHKHA — 7 M,
nuameTp — 2 MM; xpomarorpapudeckas dasa — Al O,
¢paxmaueii ot 0.15 mo 0.25 MM, TPOMOTHPOBAHHBIN 5%
pactBopom NaOH. Jl1ist MOBBIIIEHUST 9yBCTBUTEIHHOCTH,
VIIPOIICHUS KATHOPOBKH U 00pabOTKH XpOMaTorpaMM B
ra3oBOi JIMHUM XpoMarorpada, Mex 1y Xxpomarorpadude-
CKOIl KOJIOHKOW M JIETEKTOPOM, YCTaHaBJIMBaJM o0Oorpe-
BAaCMYIO PEaKIMOHHYIO KOJIOHKY JJIsi KOHBEPCHH yTIie-
BOZIOPOJIOB JI0 BOAOpoda. Temmeparypa peakIMOHHOM
konoHkH — 850 °C; jutnHa peakiimoHHOM KomoHKH — 0.2 M, in-
amMeTp — 5 MM; HacaJika peakIMOHHOW KOJIOHKH — OKHUCh
MEIU | KEJEe3Hasl CTPYKKa (pacIiooKeHBI TTOCIIeI0Ba-
TEJIBHO). Perucrparuro curnaia aerekropa u o00padoTky
XpOMaTorpamMM IIPOBOAMIIH C IIOMOIIBIO arapaTHO-TIPO-
rpammHOr0 KoMiuiekca « 9KOXPOM».

[ KHIKUX TPONYKTOB OMIpeAciieHue (pak-
LHMOHHOTO COCTaBa OCYUIECTBISAIOCH MO METOAH-
ke TOCT 2177-99° na ammapare mapku APHII-1
(IIpomxumnpubop, Poccus), a NUKHOMETPHUUECKOIL
mtotHocTH cormacHo TOCT 3900-85°.

5 TOCT 2177-99. MexrocynapcTBeHHbBIH CTaHIApT.
Hedrenpoaykrel. MeToasl omnpeaeseHus QpakiuOHHO-
ro coctaBa. M.: AO «Koxekc»; 2001. [GOST 2177-99.
Interstate Standard. Petroleum products. Methods for
determination of distillation characteristics. Moscow:
Kodeks; 2001 (in Russ.).]

® TOCT 3900-85. MexXrocyaapCcTBeHHBIH CTaHIapT.
Hedts u HedrenpomykTsl. MeTonsl ompeneneHus IIOTHO-
ctu. M.: Crannapruadopm, 2006. [GOST 3000-85. Interstate
Standard. Petroleum and petroleum products. Methods for
determination of density. Moscow: Standartinform; 2006 (in
Russ.).]
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OmnpezeneHre 30JbHOCTH YIIIEPOIHOTO MaTepualia
nposoxwi 1o meromauke ['OCT 22692-777, a MmaccoBoit
JIOJIM JICTYYWX BEIICCTB B COOTBETCTBUU C METOIUKON
I'OCT 22898-788.

PE3YJIBTATBI U UX OBCYXKIEHUE

BrixogHble TOKazaTenn mpolecca NPUBEIEHBI B
Tabm. 2.

BuaHo, 4TO NpW yBENMYEHUM TEMIIEPaTypbl BBIXOJ
ra3000pa3HbBIX TPOIYKTOB YBEIMYMBACTCS, 00pa30BaHUE
KOKCa YMEHBIIIACTCS, & 3aBUCUMOCTD BBIXOIA KHUAKUX MPO-
JTyKTOB UIMEET IKCTPEMANbHBIA XapakTep ¢ MaKCHMyMOM B
obmactu temmieparyp 550-600 °C. [loBbiiieHue JaBIeHUS
TIPABOMIHUT K BO3PACTAHHIO BBIXOIA Ia3000pa3HBIX MPOIYK-
TOB U KOKCQ, & BBIXOJI KMJIKMX IIPOYKTOB YMEHbBILIAETCS.

OtMmeueno, 9To ~98% BOABI IMYIBCUU YXOAWUT C
JKUAKUMH TPOIYKTaMHU KOKCOBAHUS M BIIOCIIEACTBUU
JIETKO  OTJENWIOCh TPaBUTALMOHHBIM METOAOM, a
ocTallbHas UX 4acTh (~2%) «KarcyInpoBantacky» o0pasy-
FOLIIMCS KOKCOM.

BunsiHne ycnoBHi KOKCOBaHHUSI Ha BBIXOJ JKHJKHX
YIJIEBOJIOPOJIOB TIOKA3aHO Ha PUCYHKE.

XapaKTepuCTUKHA ONPENEISUTUCh TOJIBKO ISl TPO-

BBIX0/1 )HUIKUX YTICBOAOPOIOB, %o /

Yield of liquid hydrocarbons, %

70
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40

1 ./ ’\
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/l/_ '\./X’

X | |
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500 550 600 650 700

Temneparypa, °C / Temperature, °C

BrnustHue ycinoBHii KOKCOBaHUS Ha BBIXOJ KHJIKHUX
nponykroB. [lanenne kokcoBanus: (1) 0.10 MI1a,

(2) 0.20 MTla, (3) 0.35 MITa.

Effect of the coking process conditions on the yield

of liquid products. Coking pressure is at (1) 0.10 MPa,

(2) 0.20 MPa, and (3) 0.35 MPa.

Tabauna 2. BiausHue ycinoBuil mporecca KOKCOBaHHsI Ha BBIXO ITPOIYKTOB
Table 2. Influence of coking process conditions on product yield

YciioBusi mpoBeeHHusl Mporecca Beixon, mac. %
Process conditions Output, wt %
Temneparypa, °C Jasiaenue, MIIa I'a3 Kunkne Koxkc
Temperature, °C Pressure, MPa Gas Liquid Coke
0.10 1.7 79.2 19.1
500 0.20 6.5 72.8 20.7
0.35 8.4 68.5 23.1
0.10 22 82.8 15.0
550 0.20 7.0 76.4 16.6
0.35 8.9 72.1 19.0
0.10 29 85.2 11.9
600 0.20 7.7 79.0 13.3
0.35 9.7 74.9 154
0.10 5.1 83.2 11.7
650 0.20 11.4 75.8 12.8
0.35 14.6 70.9 14.5
0.10 10.3 78.4 11.3
700 0.20 19.9 67.8 12.3
0.35 25.5 60.7 13.8

7 TOCT 22692-77. MexrocynapcTBEeHHBIH CTaHaapT. Matepuals! yriepoaHbie. Meton onpenenenus 3oapHocTH. M.: UIIK
WznarensctBo cranpapros, 2001. [GOST 22692-77. Interstate Standard. Carbon materials. Method for determination of ash.

Moscow: IPK Izd. standartov; 2001 (in Russ.).]

8 TOCT 22898-78. MexrocynapcTBeHHblH cTanaapT. Kokcel HedTsiHbie MacnocepHucTbie. Texunueckue ycnosus. M.: UTTK
WznarensctBo crannaptos, 2004. [GOST 22898-78. Interstate Standard. Low-sulphur petroleum cokes. Specifications. Moscow:

IPK Izd. standartov; 2004 (in Russ.).]
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JIyKTOB, TIOJIYYCHHBIX B YCIOBHAX MAaKCHMAaJbHOTO BBI-
xoma — 500 °C (MakcuMalIbHBIN BbIXOJ Kokca) u 600 °C
(MaKCHUMaTbHBIN BBIXOM KHUIKUX IIPOTYKTOB).

[I1oTHOCTE KUAKHUX TPOMYKTOB (YIJIIEBOAOPOIOB)
BapbupoBaiack ot 0.8977 1o 0.9346 r/cm®. Ee 3HaueHune
BO3pacTajo IMpH MOBBIIIEHNH TeMmeparypsl (¢ 500 mo
600 °C) u cHMKEeHUU AaBieHUA. V3MeHeHHe IJIOTHO-
CTH 00yCJIOBJIEHO M3MEHEHUEM (DPaKIIMOHHOTO COCTaBa
JKUJIKUX YIIeBOAOPOI0B (Tabm. 3).

BunHo, uyTo npu 6osee HU3KOM Temreparype u Io-
BBIIICHUH JIABJICHUSI KOKCOBAHHUS B KHUJIKHUX TPOTYKTaX
comepkaHne OCH3MHOBOII M KEpOCHHOBOM (hpakumit
BBIIIIE, YTO KOPPEIHUPYET CO 3HAYCHUSMHU ILIOTHOCTEH
3TUX MPOIYKTOB.

XapaKTepUCTUKN KOKCOBOTO OCTaTKa IIporecca
MpeCTaBIICHBI B Ta0I. 4.

o mnoTHOCTH, COMEp KaHMIO JICTYUHX BEIICCTB U BJa-
I'H, TTOyYCHHBIC OCTaTKH COOTBETCTBYIOT TPEOOBAHMSIM,
TIPEBSIBISIEMBIM K KOkcaM B cooTBeTcTBrM ¢ [ OCT 22898-78.
B cBA3M ¢ BBICOKMM COAEp)KaHHEM MEXaHWYECKUX IMPH-
Mecei B ChIpbE, a TAKXKE TeM, YTO OHO HE MOJBEPraioch

00eCCOIMBAHHIO, 30JIbHOCTh TIOJYYSHHOIO KOKCa CyIIe-
CTBEHHO BBIIIE, YE€M JIOMYCKACTCS ISl KOKCOB KOHCTPYK-
IHOHHOTO Ha3HaueHuUs (He 6onee 0.8 mac. %).

I"a3p1 KOKCOBaHMs coneprkaiti Bomopor (20 £ 5 06. %),
meTaH (45 + 5 00. %) n ymmepogoponsl C,—C,. ITopbimienue
TEMITEpaTyphI ¥ IABICHHUS KOKCOBAHUSI TIPUBOJIHIIO K TIOBBI-
LICHUIO KOJMYECTBA BOIOPOIA B Ia3e M CHIDKCHHIO JIOJU
MeraHa. ConepkaHue OCTAIBHBIX KOMIIOHCHTOB W3MCHSI-
JIOCh HE 3HAYUTEITHHO.

XapakTepHOIl 0COOEHHOCTBIO 00PA3yIOLIErocs ra3a
SIBJISICTCSL OYCHb HU3KOE COfIepKaHHMe ajKeHOB. B razax
KOKCOBaHUs NNPAMOTOHHBIX OCTATKOB KOJIMYCCTBO HECIIPEC-
JICNTBHBIX  YTJIEBOJIOPOAOB MOXKeT jocturath 50 00. %,
B TO BpeMs Kak B HaIleM CIy4dac OHO HE MPEBHIIIATI0
7 06. %. OueBHAHO, 3TO OOYCIOBICHO TPYNIIOBEIM CO-
CTaBOM CBIPBSI — HU3KUM COJIEP’KaHHEM aJIKaHOB M BBI-
COKHM COIEpIKaHUEM CMOJ M ac(albTCHOB — TOIHIU-
KIMYECKUX apOMaTHYECKUX CTPYKTYP.

3AKVIIOYEHHUE

Tadauna 3. Bausaue ycnoBuid KOkcoBaHUsI Ha (PPaKIIUOHHBIN COCTAB KUIKHUX ITPOTYKTOB
Table 3. Influence of the coking process conditions on the fractional composition of liquid products

Yei0BusE KOKCOBAHUS Coaep:xanue ¢ppaxuun, 00. %
Conditions of carbonization Fraction content, vol %
Lo KepocunoBasi Jun3enbHast
Temneparypa, °C | JdaBiaenune, MIla (T,,,— 180 °C)* P " Ocrartok
Temperature, °C Pressure, MPa ! Petrol (II;(;!I;:?)I:’%) @ 4(]))_1 ;;31°C) Residue
(len — 180 °C)*
0.10 12.4 34.3 28.8 24.5
500 0.20 14.7 38.9 27.7 18.7
0.35 25.0 40.0 25.2 9.8
0.10 11.3 26.4 30.3 32.0
600 0.20 13.9 30.0 29.3 26.8
0.35 22.3 315 27.3 18.9

*
T, — TemIeparypa Ha4yaaa KUIEHHUS.
* T, is the initial boiling point.
P

Ta6auua 4. BimsiHue yclioBuii poiecca Ha XapakTePUCTUKH KOKCOBOIO OCTaTKa
Table 4. Influence of the coking process conditions on the characteristics of the coke residue

YcaoBusi KOKCOBAHUS MaccoBasi 101
Conditions of carbonization IlnoTHOCTH KOKCA, 301bHOCTD, JIETYyYHX BelleCTB U BJIAru,
npoxasensoro npu 1300 °C, r/cm? mac. % mac. %
Temneparypa, °C | JTasnenue, MIIa Density of cooke calcined Ash CO‘I)lteIlt, M'ass fraction
Temperature,°C | Pressure, MPa at 1300 °C, g/cm wt % of Volatl!e substances and
moisture, wt %
0.10 2.10 2.51 10
500 0.20 2.11 2.54 9
0.35 2.12 2.57 8
0.10 2.11 2.82 9
600 0.20 2.12 2.85 8
0.35 2.13 2.87 7
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IIpencraBieHHble pe3ynbTaTbl [1OKa3blBalOT BO3-
MOYKHOCTb MCIIOJIb30BaTh IIPOLIECC KOKCOBaHMsA Ha
HayaJbHOM JTare mnepepaboTKh BBICOKOBSI3KOH W Ou-
TyMHUHO3HOH He(TH. B 3TOM citydae cymecTBeHHO yIpo-
L1aeTcs MPOBEJCHHUE CTA UK €€ 00e3BOKUBAHUS, TaK KaK
B TEXHOJIOTHYECKOH CXeMe 3aMeIJICHHOTO KOKCOBaHUs
MPEIyCMOTPEHO OTACICHUE OCH3MHOBOHM (pakiuu OT
BoJbl. Tak ke MpOBEJEHHbIE MCCIICAOBAaHMS MOKa3alu,
YTO MPH YBEJINYCHUU TEMIIEPATYPbl KOKCOBAHUS BBIXOJ
ra3zo00pa3HbIX MPOIYKTOB YBEIUYUBACTCS, 00pa3oBaHue
KOKCa YMCHBIIACTCsA, a 3aBUCUMOCTH BbIXOAA XHUIKHUX
MIPOIYKTOB MMEET 3KCTPEMalbHBIN XapaKTep ¢ MaKCH-
MyMoM B obmactu Temmeparyp 550-600 °C. Temnepa-
Typa Ipolecca BIUAET Ha COCTaB JKUAKHUX IIPOAYKTOB.
[Ipu Goree HU3KOW TemIIepaTrype B KUIKHX MPOTYKTax
BBIIIIE COZIEp)KaHHEe OCH3MHOBON M KEPOCHMHOBOW (hpak-
uuii. [loBbilleHHe AaBIeHUS MPUBOAUT K BO3PACTAHHUIO
BBIXO/1a ra3000pa3HbIX NPOLYKTOB M KOKCA U yBeJIHye-
HUIO COAEPIKAaHUS B KHUAKHUX MPOAYKTaX HU3KOMOJEKY-
napHbIX (pakuuii yrneBonoponos. OOpasyromuiics B
MpoIecce KOKC MO CBOMM XapaKTepUCTHKaM OJIM30K K
IIPOMBILIIEHHO BBITYCKaeMbIM MapkaM. OTMEUYEHO, 4TO
pHU KOKCOBaHMU 00BOJHEHHOH HedTH 10 98% BoAHOM
OMYJIbCHUHU YXOOUT C )KXUJAKHUMU IIPOAYKTaMH KOKCOBaHUA,
U TOIBKO 2% KOJIMYECTBO BOJBI OCTACTCSI B 00pa30BaB-
ieMcs KOKce.
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Abstract

Objectives. Polysorbate 80 (PS80) quantification in biopharmaceutical products has always
been challenging owing to its minute content, absorption to the protein backbone, lack of specific
chromophoric PS80 groups, and heterogenic nature. This work is aimed at developing an express
method for PS80 analysis in biopharmaceutical products using hydrolysis and subsequent high-
performance liquid chromatography analysis with ultraviolet detection that does not consume
substantial amounts of sample (235 uL).

Methods. Five therapeutic protein formulations were chosen as model proteins. Alkaline hydrolysis
formulation was applied, without protein precipitation and with a range of precipitation techniques
to remove protein from the test solution and hydrolyze PS80, to free fatty acids. The obtained
hydrolysate was analyzed using reverse-phase high-performance liquid chromatography.
Results. As a result of the high protein content of monoclonal antibody formulations, preliminary
proteinremoval was required, which was achieved by precipitation with organic solvents. A specific
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precipitant ethanol-isopropanol mixture (1:1 volumetric ratio) was developed to efficiently remove
antibodies while keeping PS80 in the solution. The PS80 quantification method was developed
for monoclonal antibody drugs. For three monoclonal antibody drug products (adalimumab,
infliximab, and eculizumab), method validation was performed according to the International
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use, the
United States Pharmacopeia, and the State Pharmacopeia of the Russian Federation guidelines.
Conclusions. The optimal assay conditions for each group of recombinant monoclonal antibody
substances were chosen. Protein precipitation with ethanol or ethanol-isopropanol mixtures
before hydrolysis was introduced, allowing for a substantial reduction of sample to 35 uL or even
less if PS80 content is higher than 0.05 mg/mL. Accelerated hydrolysis (90 min) is preferable to
slow hydrolysis (4-18 h). Method validation for protein products such as adalimumab, infliximab,
and eculizumab was demonstrated for the first time. Both methods were validated for each drug
product. The coefficients of variation for method specificity and high precision were <6.0% for
3 analyses. The accuracy of the methods ranged from 96% to 109% for all of the tested drug
products.

Keywords: polysorbate 80, hydrolysis, HPLC, oleic acid, therapeutic proteins, spectrophotometric
detection
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AHHOMAyus

IIenu. Onpedenerue noanucopbama 80 & npenapamax mepane8muuecKux peKombuHaHm-
Hblx benkog ecezda s18/10Cb MpPYOHOU 3adauell, 88UJY HU3K020 COOEPIKAHUSL, 2emepozeH-
HOU npupoodsl, npucymcmaust benKka 8 npenapame, a marKxkKe omcymcmeust XpomogpopHbLX
epynn y oarHHozo aHaauma. Llenvro danHHol pabomul aeasinace paspabomiKa 3KCnpeccHol u
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9KOHOMUUHOU MemoduKu onpedeneHust noaucopbama 80 8 npenapamax peKomMOUHAHMHBLX
MOHOKJIOHATIbHBLX AHMUME C UCNONBb308AHUEM 2UOPOAU3A C NOCAEOYUWUM onpedeneHuem
8bLc80060IKOEHHOU 01eUHO080T KUC/IOMbL MEMOOOM 8blLCOK0IPPeKMmUBHOU HUOKOCMHOU Xpo-
mamoepagpuu (BOXKX) ¢ YD demexmuposaHuem.

Memoowut. B kauecmsee mMo0esibHbLX 00pa3yU0e blOpaHbL NSLMb MEepaneemuueckux peKomOuHaHmM-
Hblx 6eskos. Hcnonw3oeaH wenouHol 2udponus b6e3 yoaneHus beska u ¢ e2o yoaneHuem pasauu-
HblMU cnocobamu ocarkoeHust 0151 8bl0esieHUsL CBOO0OHbBIX JKUPHBbLX Kuciom. ITTonyueHHbLl 2udpo-
AuU3am npoaHaIU3IUpo8aH memooom BOXKX.

Pesynemamel. /lns cybcmaHyuli MOHOKIOHAIbHBLX aHMUMes, 88UJY BblCOK020 COOepPIKAHUSL
besnka, mpebosanoce ezo yoaneHue. B kauecmee Haubosee npocmozo cnocoba yoaneHus ebul-
bpaHa deHamypayus u nocriedyrouias npeyunumayus benxa, umo 00cmuzaiocs nymem ocarK-
deHusi aHmumena opeaHuuecKum pacmeopumenem. Boin eblbpar yHugepcaibHblil ocaoumessb
(cmecb smaHona u U30NPoOnaHoaa 8 obvbemHom coomHoweHuu 1:1), ucnonvzogarue KOMopozo
No360asN0 3hheKmuU8HO Yoansims MOHOKJIOHAIbHOE AHMUMENO, HO 8 MO JKe 8pemst He 0ony-
ckxams nomepo noaucopbama 80. Bouia pazpabomaHa IKCNPecCHas: MemoourKa onpeoeseHust
noaucopbama 80 dnsi cybecmaHyuii MOHOKNOHANIbHbLX aHmumes. Memooduka onpedeneHust no-
aucopbama 80 eanuduposaHa coanacHo mpebosaHusm International Council for Harmonisation,
United States Pharmacopeia u I'ocyoapcmeeHHotli ¢papmaroneu Pocculickoii Pedepayuu.
Bbteoodst. BoLiu npogedeHbl UCbIMAHUSL YCA08ULL NPob60onod20moeKu 0/t MOHOKIOHAIbHBLX
anmumesn. Bnepevle 66110 eHedpeHOo ocaxcOeHue benKa IMAaHONOM UNU CMECbH 9MAHOJ-U30-
nponaHon neped npogedeHuem sudpoiu3a U aHAIU3oMm noaucopbama 80. Omo no3eonuno sHa-
YUMENbHO YMeHbWUMb mpebyemoe Koauwecmeo obpasya 0isi aHaausa — 00 35 mra, npu
KoHyeHmpayuu noaucopbama 80 — 0.05 mz2/ M unu ewe meHbule Npu ez2o boabuwem cooep-
JKaHuu. YckopeHHwlll eudposus noaucopbama 80 8 meueHue 90 muH siensiemest 6onee npeo-
noumumesibHbM NPU NPOBEOEHUU AHANU3A 8 CPABHEHUU C NPOOOSIKUMENbHBIM 2UOPOSUIOM 8
meueHue 4-18 u, onucaHHbiM 8 umepamype. Bnepsvle 6blia npogedeHa 8anUOAUUSL MEMOOU-
KU npobonodzomosKu U aHAIU3A 0158 MOHOKJIOHA/IbHbLX aHMumesn adaiumymad, sKyausymad
U uH@urkcumab. Bblcokasi NpeyusuoHHOCMb MemoouKu (cpedHeKkeaopamuuHoe OMKJIOHeHUe
<6.0%), cneyuguuHocms U yoosriemeopumesibHble 3HAUEHUS. NPABUIbHOCMU (harkkmop omikau-
Ka om 96 0o 109%), zoeopsim o npuzo0HOCMU MEMOOUKU Ot onpedeneHust noaucopbama 80 &
JIeKapCmMeeHHbLX Cpedcmeax Ha 0CHO8e PEeKOMOUHAHMHBIX MOHOKJIOHANbHBLX AHMUMeJl.

Knroueenvle cnosa: nosucopbam 80, 2udponus, 8blcokodahgpeKxmusHast IKUOKOCMHASL XPOMAMO-
epagpus, oneurosas Kucaioma, peKombuHaHmmble mepanesmuueckue benxu, cnekmpogpomonme-
mpuuecKoe oemexmupogaHue

s yumupoeanusn: Askretkov A.D., Shatalov D.O., Orlova N.V., Zybin D.I., Nikolaeva V.V., Klishin A.A., Tuzova E.S.,
Minenkov D.S., Kedik S.A., Seregin Y.A. Quantitation of polysorbate 80 in recombinant protein formulation using
high-performance liquid chromatography. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2022;17(1):39-49. https://doi.

org/10.32362/2410-6593-2022-17-1-39-49

INTRODUCTION

PSs consist of sorbitol core bound to oxyethylene
units, with one molecule of sorbitol containing one
molecule of oleic (PS80) or lauric (PS20) acid. Its
heterogenic nature [8], lack of chromophoric groups,
and a tendency to bond with proteins present in
formulation make it difficult to analyze [9]. Thus, several
analytical approaches have been developed, including
spectrophotometric detection, which is based on the
extraction of PSs complexes with transition metals
thiocyanates into organic solvent [10, 11] or inclusion
of a fluorescent dye into PS micelles, followed by

fluorescence detection and quantification [12, 13] and
gas chromatography [14, 15]. The given methods are
relatively free of systematic error owing to differences
of PSs lot and manufacturer, but their laboriousness and
low precision make them unsuitable for routine quality
control.

High-performance liquid chromatography (HPLC)
is another approach. There are multiple methods,
each with its level of sensitivity, sample pretreatment,
and detection. Reversed-phase (RP) HPLC of native
PSs is conducted using evaporative light scattering
detection (ELSD), and PS chromatograms appear as
a collection of peaks [9, 16]. The detection of one of
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the PS components, mostly commonly liberated fatty
acid, is based on HPLC with mass spectrometric [17,
18], fluorometric [19], or spectrophotometric [20—22]
detection, or gas chromatography with flame ionization
detector [23]. Although sample pretreatment is required,
most of these approaches are less laborious than other
quantitation methods. Currently, the presented methods
require a substantial amount of sample for analysis or
a prolonged hydrolysis time. Both of these conditions
complicate routine PS80 analysis in TPs, which should
be solved.

It should be noted that not every laboratory has
the necessary equipment for analysis, thus HPLC with
spectrophotometric detection is the most preferred and
available, despite the following disadvantages:

Oleic acid (OA) extraction methods described in
[21, 22, 24-26] require a substantial amount of sample
(200300 pL), which can be problematic in downstream
technology development or drug product stability
estimation.

Poor sensitivity, prolonged incubation time, or
inability to quantify PS80 in high protein content
formulations [20, 25].

Thus, the development of the low-demanding PS80
quantitation method is of interest.

In this work, a modified HPLC method for PS80
quantification was developed. The method begins with
a protein precipitation stage using ethanol-isopropanol
mixture, followed by fatty acid hydrolysis and ultraviolet
spectroscopy with HPLC analysis. The developed
procedure uses 5 to 6 times fewer samples than others
presented in scientific literature and can quantify PS80
concentrations as low as 0.005 mg/mL. Monoclonal
antibody (MAD) precipitation was performed in an ethanol—
isopropanol mixture. The method was approbated for three
recombinant MAb formulations with a protein content
of about 10 mg/mL or more, validation was performed
according to the International Council for Harmonization
(ICH) of Technical Requirements for Pharmaceuticals for
Human Use!, the United States Pharmacopeia (USP), the
United States Food and Drug Administration’, and the
State Pharmacopeia of the Russian Federation®.

"ICH Q 2 (RI) guidance. Validation of Analytical
Procedures: Text and Methodology. EMEA. URL: https:/www.
ema.europa.eu/en/documents/scientific-guideline/ich-q-2-r1-
validation-analytical-procedures-text-methodology-step-5_en.pdf.
Accessed January 13, 2022.

> Analytical Procedures and Methods Validation for
Drugs and Biologics. U.S. Department of Health and Human
Services Food and Drug Administration. 2015. URL: https://
www.fda.gov/files/drugs/published/Analytical-Procedures-
and-Methods-Validation-for-Drugs-and-Biologics.pdf.
Accessed January 13, 2022.

3 State Pharmacopeia of the Russian Federation, 14th
edition. URL: https://gmpreg.com/en/documentos/marco-
normativo/state-pharmacopoeia-russian-federation-edition-
xiv. Accessed January 13, 2022.

MATERIALS AND METHODS

Materials

PS80 [the USP and the National Formulary (NF)], OA
(65.0%—88.0%), formic acid (98%—100%), phosphoric
acid (85%), and potassium hydroxide (>85%) were
purchased from Sigma-Aldrich (USA). Acetonitrile
and isopropanol (UHPLC grade) were purchased from
PanReac  AppliChem  (Spain). HPLC-grade water
(18.2 MQ/cm) was obtained using the Millipore
Milli-Q Advantage A 10 system (USA). The
monoclonal  antibodies, eculizumab (ECZB),
adalimumab (ADMB), and infliximab (INFL), were
manufactured by Pharmapark (Russia); 15.1 mg/mL
for ECZB and INFL and 60.5 mg/mL for ADMB.

Method optimization

Method optimization was performed using the central
composite design, which was done using the design of
the Minitab19 experiment software (Minitab, USA).

Volume V, of precipitation reagent [X, % (v/v)
isopropanol solution in ethanol] was mixed with 35 pL
of ECZB substance with a 0.22 mg/mL PS80 content and
Milli-Q water. After 10 min incubation at 80 °C, volume
V, of supernatant was added to 35 uLL of 0.5 M potassium
hydroxide and incubated for 1.5 h at 80 °C. After the
reaction was stopped with 35 uL of 4% formic acid in
acetonitrile, 40 pL of the sample was injected. Input
varied parameters (factors) are shown in Table 1.

All other parameters remained constant.

As criteria, recovery of PS80 in ECZB and signal to
noise (S/N) ratio of the OA postpeak was chosen.

Sample preparation

PS80 standard solutions in Milli-Q water were
prepared in seven concentrations ranging from 50% to
150% of the nominal PS80 concentration (NC) for each
drug product.

ECZB (NC 0.22 mg/mL), ADMB (NC 1.00 mg/mL),
and INFL (NC 0.05 mg/mL) formulations were prepared
as follows. Followed by vortexing, sample incubation at
80 °C for 10 min, and centrifugation for 10 min at RT,
35 pL of standard or test sample were added to 20 pL
of 1/1 (v/v) isopropanol/ethanol mixture. Twenty plLof
obtained supernatant was mixed with 35 pL of 0.5 M
potassium hydroxide solution. Subsequently, the mixture
was incubated at 80 °C for 90 min, followed by addition
of 35 uL of 4% formic acid in acetonitrile. All mixtures
were transferred into chromatographic vials.

Chromatography

HPLC was performed on the Ultimate 3000 system
(Thermo Fisher Scientific, USA), which included a
quaternary gradient pump (LPG-3400SD), a split loop
autosampler (WPS-3000), a column oven (TCC-3000),
and an ultraviolet detector (DAD-3000). A C18 stationary
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Table 1. Design of experiment variable parameters to optimize method

Value
Input parameter
Low level High level
X (isopropanol concentration in ethanol), % 25 65
V, (volume of precipitation reagent), pL 20 40
V, (volume of supernatant), pL 20 40

HPLC column [YMC-Pack ODS-AQ, 150 x 4.6 mm,
3 wm particle diameter (YMC, Japan)] with end-
capping was used. The mobile phase consisted of
an 80:20 (v/v) mixture of acetonitrile and 0.85%
phosphoric acid. The analysis was performed using
isocratic elution for 13 min at a flow rate of 1.2 mL/min,
a column temperature of 30 °C, and a detection
wavelength of 195 nm (the choice of that wavelength
was based on low absorption at high wavelengths). The
injection volume was set at 40 pL.

Each injection in process of analysis or validation
was derived from a separate vial containing a sample that
had been prepared separately.

All validation procedures followed the ICH Q2
(R1), ICH, and USP guidelines. Selectivity, linearity,
analytical range, precision, accuracy, limit of
detection (LOD), and limit of quantification (LOQ)
were evaluated.

Specificity
Specificity was evaluated by analyzing the pre-

formulated PS80-free drug product, PS80 spiked drug
product, Milli-Q water, standards of PS80, and OA.

Linearity

Linearity was analyzed in triplicate by preparing
seven PS80 standards in Milli-Q water: 0.02, 0.05, 0.1,
0.2,0.5, 1.0, and 1.2 mg/mL. Linear regression was used
to plot the OA peak area against PS80 concentration, and
the correlation coefficient (R?) was determined.

Accuracy

For the estimation of accuracy, each PS80-free
recombinant protein solution was spiked with PS80 to
obtain a final concentration of 100% and, at least 80%
and 120% of the nominal PS80 concentration while
containing protein at the level present in the substance.
Sample pretreatment and analysis were performed in
triplicate for each concentration level. Following PS80
quantification, the recovery (R, %) at every concentration
level was calculated for each replica using the formula:

R= S x100,
C

t

where C, is the obtained PS80 concentration and C, is
the calculated PS80 concentration.

Repeatability and precision

The repeatability of the analytical technique was
assessed using the accuracy assessmentresults (n=3). The
coefficient of variation (CV, %) was calculated for each
concentration level. For evaluation of the intermediate
precision, the same analyses were conducted in two
additional days, and the CV values of the overall PS80
concentration for each sample were compared.

LOD and LOQ

LOD and LOQ values were determined using
consecutive injections of standard sample dilutions and
estimation of the S/N ratio.

RESULTS AND DISCUSSION

Method development

This study aimed at developing a simple and repro-
ducible PS80 quantification method for biopharma-
ceutical formulations of recombinant monoclonal
antibodies protein products that require a relatively
small amount of tested sample. The approbation of
the method [18] showed relatively accurate PS80
quantification results, although it possessed certain
drawbacks such as a large sample amount (200 pL)
and difficulty in phase separation after hydrolysis.

The use of RP chromatography in analyzing
nonhydrolyzed PS80 with spectrophotometric detection
at 234 nm revealed multiple PS80 peaks, as indicated
in previous works that used HPLC ELSD detection [8,
13]. PS80 quantification using a sum of multiple peak
areas demonstrated reasonable method accuracy, but
PS80 concentration had gradually increased over long-
term TP stability assessment, making the method unfit
for quantifying PS80 in long-term storage [20].

To develop the method, OA, which was the main
fatty acid component, was chosen as the analyte,
and hydrolysis with potassium hydroxide at a final
concentration of 0.1 M was carried out without protein
precipitation, followed by neutralization of the solution
with 4% formic acid in acetonitrile. MADb preparation
showed a tailing peak over all chromatograms owing to
high concentration (>10 mg/mL) and high tendency to
aggregate in the presence of organic solvents, without
protein removal (Fig. 1), resulting in OA quantification
errors and column degradation with the MAD
precipitate.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):39-49

43



Quantitation of polysorbate 80 in recombinant protein formulation ...

To remove MADb from test solutions, multiple
methods, such as precipitation with organic solvents
and heat denaturation, or both, were used. Heat
denaturation of the test solution at 80 °C for 10 min
resulted in protein precipitation, although further
assessment the accuracy of the method revealed a
decrease in PS80 content from 20% for ECZB and
ADMB to 40% for INFL. For MADb precipitation,
ethanol, isopropanol, and a 20% 1-butanol solution
in ethanol were used at an initial volumetric 1:1
ratio (Fig. 2).

Chromatograms revealed the presence of close-
eluting to the OA postpeak for all samples (standard
PS80 solution, protein formulation, and water) with
20% butanol precipitation and, to a lesser extent,
isopropanol, resulting in a loss of specificity and
misestimation of PS80 content. The OA postpeak

was due to the extraction of leachables from the
Eppendorf tube. There was no close-eluting peak for
the ethanol when compared to OA. The preliminary
results of the accuracy assessment are shown in
Table 2.

Using ethanol precipitation, the method
demonstrated satisfactory accuracy for ADMB, but
not for ECZB or INFL.

The central composite design method was used
to optimize the method for ECZB, resulting in 15
experiments with 3 variables. Contour plots were
used to assess the optimum recovery (95%—105%),
and the absence of OA postpeak (S/N = 0) was
determined. The results of each experiment are
depicted in Table 3.

The most ideal conditions, according to the
obtained data, were X = 50% and V, = V, = 20 L.

400 mAU \J
30.0 PS80 solution,
containing ECZB
20.0
10.0
PS80 standard solution
v\_J without ECZB
0.0
8.0 min
0.3 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Fig. 1. Representative chromatogram of a 0.22 mg/mL PS80 solution. The OA retention time is 10.3 min.

200 mAU OA
R . Co-eluted to OA
V)
15.0 Precipitation with 96% ethanol A peak
\— ,
Precipitation with 20% butanol J \K/
100N~

5.0

A

\
-0.6

Milli-Q water with isopropanol precipitation

PS80 standard with isopropanol precipitation

>\

N

/

min

6.13 7.00 8.00

9.00 10.00 11.00

Fig. 2. Chromatograms obtained after PS80 solution hydrolysis and protein precipitation with organic solvents.
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Table 2. Preliminary testing results of different precipitation reagents

Precipitation reagent Recovery, % OA postpeak
ECZB ADMB INFL presence
Ethanol 96% 84 102 82 -
Isopropanol 103 105 112 +
20% 1-butanol solution in ethanol —* —k _* +

*The results were incorrect owing to interference from a large postpeak presence.

Under the given conditions, recovery was about 99%,
and there was no OA postpeak.

Under the given conditions, INFL substance testing
demonstrated the same level of accuracy.

Method validation

The developed method demonstrated specificity.
No peaks with OA retention time were observed in the
Milli-Q water and PS80-free protein product. ECZB
specificity assessments are shown in Fig. 3.

The method used for other drug products also
demonstrated specificity. The correlation coefficient,
R?, of the regression line was 0.996, obtained R* values
were >0.99, and the linearity of the methods was
demonstrated. Accuracy estimation results for each
biopharmaceutical are depicted in Table 4.

As a result, the recovery results for each
biopharmaceutical were narrowly scattered around the

Table 3. Method condition screening results

100% value, and no sample exceeded the 90%—110%
recovery range limit. If the same PS80 lot was used
as standard, the obtained values are considered free of
systematic error and give actual PS80 concentration for
the tested sample.

Repeatability and  intermediate
assessment results are presented in Table 5.

No sample exceeded the repeatability limit of
5% or the intermediate precision limit of 8%. In
the one-day and day-to-day analyses, results obtained
using both methods demonstrated narrow result
distribution across the calibration range. Positive
linearity, accuracy, and precision assessment results
indicate that both methods are capable of persistently
producing correct results in the range of 80% to 120%
of nominal PS80 concentration. The LOQ was found
to be 0.005 mg/mL (S/N = 3.4) while the LOD was
found to be 0.002 mg/mL (S/N = 11.2).

precision

Criteria
Ot I§0pr0panol content | Volume of precipitation | Volume of su‘pernatant Recove SN
in ethanol (v/v), % reagent (V)), pL for hydrolysis (V,), pL o Yy
%o of OA postpeak
1 25.0 20.0 20.0 84 0.0
2 25.0 20.0 40.0 85 0.0
3 25.0 40.0 20.0 92 0.0
4 25.0 40.0 40.0 93 0.0
5 65.0 20.0 20.0 99 0.0
6 65.0 20.0 40.0 98 32
7 65.0 40.0 20.0 102 52
8 65.0 40.0 40.0 104 6.1
9 11.4 30.0 30.0 85 0.0
10 78.6 30.0 30.0 103 15.2
11 45.0 13.2 30.0 98 0.0
12 45.0 46.8 30.0 99 52
13 45.0 30.0 13.2 97 0.0
14 45.0 30.0 46.8 96 0.0
15 45.0 30.0 30.0 96 0.0
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20.0

PS80

0.0

OA solution

OA

standard solution

-20.0

ECZB drug product

A
N

Milli-Q water

ECZB PS80-free drug product

446

min

Tl U

0. 2.0 3.0 4.0 5.0

6.0

7.0 8.0 9.0 10.0 11.0 12.0

Fig. 3. Chromatograms of specificity assessment of PS80 determination in the ECZB substance.

Table 4. Accuracy estimation results

PS80 content from nominal Recovery, %
concentration*, % ADMB ECZB INFL
NC, mg/mL 1.00 0.22 0.05
50 99.9 104.1 96.7
100 98.0 103.8 98.7
150 99.6 106.6 100.5

* Accuracy, precision, and repeatability for INFL and ECZB were assessed in the range of 40% to 160% and 80% to 120%,

respectively.

Table 5. Repeatability assessment

Parameter PS80 content fr.om nominal CV, %
concentration*, % ADMB ECZB INFL
50 2.6 1.0 3.0
Repeatability (n = 3) 100 0.5 0.5 1.2
150 2.5 3.9 29
50 5.4 43 3.5
Intermediate precision (n = 3) 100 2.7 34 1.9
150 4.8 5.6 23

*Accuracy, precision, and repeatability for INFL and ECZB were assessed in the range of 40% to 160% and 80% to 120%,

respectively.

CONCLUSIONS

An HPLC method with spectrophotometric
detection was developed for PS80 determination in
TPs. The method is based on the hydrolysis of PS80 to
free fatty acids, with OA as the main constituent being
detected using RP HPLC. For monoclonal antibody
removal, an additional step with organic solvent mixture
precipitation was developed, while PS80 remained in
solution, ensuring method accuracy. The method was

approbated and validated for 3 therapeutic monoclonal
antibody  substances. The accuracy assessment
demonstrated recovery ranging from 96% to 109%. The
repeatability and intermediate precision values (n = 3)
were less than 4.0% and 6.0%, respectively. The LOQ
was 0.005 mg/mL. The current method requires minor
quantities of protein products (<35 pL). The method is
also dependent on PS80 lot-to-lot variability, although
the PS80 lots from a single manufacturer within two years
of manufacture can be used as a standard to determine its
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content in drug formulation. Since the method was only
tested on 3 monoclonal antibody drug products, others
may require sample pretreatment optimization, which
can be achieved by varying the isopropanol/ethanol ratio
or adding precipitants, such as sulfosalicylic acid, which
was tested in another method for filgrastim analysis.
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CuHTe3 NPOU3BOJHBIX AMUHOKHUCJIOT HA OCHOBE TUITAHOJAMUHA
C CHMMETPHUYHBLIMHU M ACHMMETPUYHbIMHU PATUKAJIAMH
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AHHOMAyus

ITenu. PesucmernmHocmes K aHmubuomukam u opyeum aHmMuMUKpoOHbIM Npenapamam ses-
emcst ocmpoti npobnemoii coepemeHHocmu. ITouck Ho8bLX aHMUOAKMEPUAIbHbBLX A2eHMOo8, npe-
000/1e8AI0ULUX PE3UCMEHMHOCMb NAMOEHHBLX UUMAMMO8 baxmepull, s81s1emest 80cmpedo8aH-
HbLM 8 XUMUKO-(hapmayesmuueckoll npomoluuneHHocmu. Ha ce2o0HAWHUT 0eHb U38eCmHOo, Umo
MoNleKYabl, obadarouiue AHMUMUKPOOHOT AKMUBHOCMbI0, O0/KHbL Obimb amMpupuiIbHOU Npu-
poobL, umems HebONbUWLOU pasmep, Hecmu OOUH UNMU HECKOJbKO NOJ0XUMENbHbIX 3apsi008, a
marxoke obnadamsb Heobxooumolli cmeneHbio 2u0podobHOCMU, 8bIPAIKEHHOU BESIUUUHOU 2UOPO-
¢dunvHo-1unogunbHozo banarca. TaKumu cmpyKkmypamu mo2ym eblcmynams GHMUMUKPOOHbLE
nenmuodslL unu nenmudomumemuru. Llenvto 0aHHo20 uccnedogarus dblia paspabomra yHusep-
CANbHOU cxembl U npogedeHue cuHmesa psoa NPouUsBo0HbIX AMUHOKUCIOM HA OCHO8e OUIUPO8
OUIMAHONAMUHA C CUMMEMPUUHBLMU U ACUMMEMPUUHBIMU PAOUKAIAMU 8 2UOPOobHOM bi0Ke
€ NOMEeHYUANbHOU aHMUOAKMepualbHOU AKMU8HOCMbIHO.

MemooOsl. AHAU3 XUMUUECKUX peaKyull, 8bl0esieHUe U OUUCMKY NOJYUEHHbLX COeOUHEHUTL Npo-
800UNU C NOMOULLIO MOHKOCAOUHOU U KONMOHOUHOU Xxpomamoepaguu. ObHapyrKeHue seuiecma
oCywecmensiiu MemoooM MOHKOCAOUHOU XpomMamozpagpuil ¢ UCNONb308AHUEM HUH2UOPUHOBOU
peakyuu 015 UX 8U3YAAU3AUUU HA haacmuHax. Cmpykmypsbl NOAYUeHHbLX coeOuHeHUl noo-
meepokoanu memooom ' H-SIMP cnexmpockonuu.
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Pesynomamel. [IpogedeH pacuem 8euUuH 2u0POPUIbHO-TUNOPUNBHO20 baniaHca NPOuU3BO00OHbLX
OUIMAHONAMUHA U 8bLOPAHBL 06pa3ybL 051 nociedyrougezo cunmesa. PaspabomaHsl cxemvl Noay-
UYEHUSL NPOU3BOOHBLX AMUHOKUCTOM HA OCHO8e OUIPUPO8 OUIMAHONAMUHA C CUMMEMPUUHBIMU
U ACUMMEMPUUHBIMU PAOUKAIAMU 8 2UOPOPOOHOM OOMeEHE U NPO8eOeH CUHME3 NSIMU HO8bLX CO-
eoduHeHull, 8 cocmag 2u0poPuUIbHbLX 6710K08 KOMOPbLLX 8X00siM OCMAMKU MAKUX AMUHOKUC/IOM,
KaK 2AUyuH, B-anaHuH, L-opHumun u L-1usuH.

Bbreoodslt. [IpoussedeHa oueHKa NOMeHYUAbHOU AHMUMUKPOOHOTL AKMUSHOCMU CUHME3UPO8aH-
HbLX NenMUOOMUMEMUKO8 NO 8eAUUUHE UX 2UOPOPUALHO-TUNOPUNILHO20 6ANAHCA C NOMOULLHO
npoepammol ACD/Labs Log P. Cunme3upoeaHsblL Ho8ble ampugpunibl HA OCHO8E AMUHOKUCIOM U
OUIMAHONAMUHA, CMPYKMYPbL KOMopblLx noomeeprkoeHbl 0aHHbimU 'H-SIMP cnekmpockonuu.

Knrwoueevle cnoea: anHmubaxmepuaibHble azeHmMbl, AHMUMUKPOOHbLE nenmuobl, pesu-
CmeHmMHOCMb, 2UOPOPUALHO-AUNOPUNLHBLU banaHe, ampuduaibl, aMUHOKUCAOMbL, OUIDPU-
pbl OUIMAHOAAMUHA

s yumuposanus: Koporkun M.JI., @unarosa C.M., Jlenuena 3.T., Bynanosa Y.A., Ce0sikun F0.JI. CuHTE3 MPOU3BOIHBIX
AMHHOKHCIIOT Ha OCHOBE I TAHOJIAMUHA C CHMMETPHYHBIMH M ACHMMETPHYHBIMH PaIuKaJIaMH B THAPO(GOOHOM TOMEHE C TOTEeHIMATbHON
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Abstract

Objectives. Resistance to antibiotics and other antimicrobial drugs is an acute problem in the
world today. Therefore, the chemical and pharmaceutical industries are still in search of new
antibacterial agents that can overcome the resistance of pathogenic bacterial strains. To date, it
has been established that molecules with antimicrobial activity must have an amphiphilic nature,
a small size, one or more positive charges, and the required degree of hydrophobicity, that is,
a significant hydrophilic-lipophilic balance (HLB) value. Some examples of such structures are
antimicrobial peptides or peptidomimetics. This study aimed to develop a universal scheme for
synthesizing several amino acid derivatives based on diethanolamine diesters with symmetric
and asymmetric radicals in a hydrophobic block and potential antibacterial activity.

Methods. The progression of chemical reactions was analyzed using thin-layer
chromatography (TLC) on Sorbfil plates. The obtained compounds were isolated and purified
using preparative TLC on Kieselgel (Merck) 60 F254 plates and column chromatography on
Merck silica gel 0.040-0.063 mm. The TLC method was used to detect substances using a
3% ninhydrin solution, followed by heating to 70 °C. The structures of the obtained compounds
were confirmed by hydrogen-1 nuclear magnetic resonance (H NMR) spectroscopy on a Bruker
WM-300 pulse NMR spectrometer, with hexamethyldisiloxane serving as the internal standard.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2022;17(1):50-64
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Results. The HLB values of the diethanolamine derivatives were calculated, and samples were
selected for subsequent synthesis. A scheme was developed for preparing amino acid derivatives
based on diethanolamine diesters with symmetric and asymmetric radicals in the hydrophobic
domain, and five new compounds were synthesized. The hydrophilic blocks of these compounds
included residues of amino acids such as glycine, 3-alanine, L-ornithine, and L-lysine.
Conclusions. The potential antimicrobial activity of the synthesized peptidomimetics was
assessed by their HLB values using the ACD/Labs Log P program. New amphiphiles were
synthesized using amino acids and diethanolamine, and their structures were confirmed by
TH NMR spectroscopy data. The synthesized compounds were prepared for antibacterial activity
analysis.

Keywords: antimicrobial peptides, antibacterial agents, resistance, hydrophilic-lipophilic
balance, amphiphiles, amino acids, diethanolamine esters

For citation: Korotkin M.D., Filatova S.M., Denieva Z.G., Budanova U.A., Sebyakin Y.L. Synthesis of
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BBEJEHHE

CepbesHylo mpobieMy UIS  3IpaBOOXPAHEHHS
MIPEACTABIIAIOT IITAMMEI [TATOT€HHBIX MUKPOOPTaHU3MOB
C MHOYKECTBEHHOU JIEKapCTBEHHOW PE3UCTEHTHOCTHIO.
JluHaMuKa PacmpOCTpaHCHUSI aHTHOMOTHKO-YCTOWYH-
BBIX OaKTEepHil MoKa3aja HACKOJIBKO BaKHO MPOBOAUTH
pa3padoTKy HOBBIX IPOTUBOOAKTEPUAIIbHBIX IPETIApaToOB
[1, 2]. B Mupe npoBOAMTCS MHOMXECTBO MCCIEIOBAHHIMA
U OKCHEPUMEHTOB, CBSI3aHHBIX C IIOMCKOM HOBBIX
OMOJIOTHYCCKH AaKTHUBHBIX COCAUHCHHM, CIIOCOOHBIX
MOpaXkaTh pa3NuYHble OakTepHaibHbIC HH(EKIUH U
rpruOKOBBIC 3200JIE€BAaHMSA, OJHAKO KOJHMYECTBO HOBBIX
0JI0OpPEHHBIX MpernapaToB 3a nocieanne 20 JIeT CHIIBHO
cokparmioch [3—5].

AHTAMHUKPOOHBIE MENTHIIBI SHIOTCHHOTO MPOMCXOXK-
OCHUS  SIBILTIOTCS.  BOKHCWIICH YaCTBIO  BPOXKICH-
HOro mmMmyHutera [6]. OHM 007amarOT BBICOKOW 3¢b-
(DEeKTUBHOCTHIO OAKTEPULMIHOTO ACUCTBHUS, a TaKKe
MIPOTUBOBUPYCHBIMHU, MPOTHUBOIPUOKOBBIMH, MPOTHBO-
OIyXOJICBBIMH ¥ aHTUOKCHIAHTHBIMH CBOWCTBAMHU
[7, 8]. Omnako HuU3Kas W30MPATEIHLHOCTH, BBICOKAS
TOKCUYHOCTb i1 Vivo, TIOTCHIIUAIbHAS HMMYHOT€HHOCTb,
JIOPOTOBHM3HA M CIIOKHOCTh KPYMHOMACIITAOHOTO CITO-
coba MOTyYeHHUs] B MPOMBIIUICHHOCTH HE TO3BOJIIN
3TOMY KJacCy COEAWHEHUH MIIMPOKO MPUMEHSATHCS B
MEUIIMHCKOM npakTuke [9].

OTH HENOCTATKH TOCTYXWIM CTUMYJIOM JUISL pa3-
pPabOTKM CHHTETHYECKUX CTPATCTi MOJMydeHUs aHTH-
MHKPOOHBIX ~ HHU3KOMOJICKYJSIPHBIX ~ TTENTHIOMIMETHKOB
[10—13], koTOpble UMHUTHPYIOT (PH3MUECKUE CBOWMCTBA
MPOTOTUTIOB. BaXHEUIIMMH CTPYKTYPHBIMH OCOOCH-
HOCTSIMH MOJIEKYIIBL, O0Jafaromeil aHTHMHKPOOHON
AKTHBHOCTBIO, SIBIAIOTCS ampudmibHas mpupona,

CTENeHb THAPO(POOHOCTH, HATUYUE OJHOTO MU
HECKOJIbKUAX IIOJIOKUTENIBHBIX 3apsioB, HEOONBIION
pasmep.

[eiicTBre KaTHOHHBIX MENTUIOMHUMETHKOB HaIpaB-
JICHO Ha pa3pyIlIeHHE KIIETOYHOW MEMOPaHbI TOCPEICTBOM
oOpasoBanus nop [14]. HapymieHne 1ei1ocTHOCTH MeM-
OpaHbl OakTepwii BEAECT K YTEYKE BHYTPUKICTOUYHOTO
COJIEPKUMOIO M HOCJIELYIOEMY JIM3UCY KIIETKH
[15, 16]. Kpome TOrO, MENTHIOMUMETHKH CIOCOOHBI
MOTCHIUPOBATh ICUCTBHE W3BECTHBIX AHTUOHOTHUKOB
IIPU COBMECTHOM UX npuMmeHeHuu [17]. Ecte naHHble,
YTO Ui JOCTHXKEHHUsS] BBICOKOW aHTHOAKTEepHaIbHON
AKTUBHOCTH HEOOXoIuMMa TOporoBasi TUAPOPOOHOCTH,
OITHAaKO OECKOHTPOJBbHOE yBEeIHUeHHE THApodoOHOCTH
IIPUBOJUT K YCHJIEHUIO TOKCUYHOCTH [12].

HoBpiii KiacC KaTHOHHBIX aMQPUPHIOB HUMEeT
eMHOO0pa3HOe CTPYKTYpHOE OQOpMIICHHE, COCTOS-
mee W3 TUAPO(GOOHOTO JOMEHA, dYalle BCEero Mpe-
CTaBJIAIOLIET0 COOON HACKHIILIEHHBIE WM HEHACHILLCHHbIE
anmupaTrIecKue IIeMH, apoOMaTHYECKUe COCIANHCHUS,
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rUApO(GUIBHON YacTH, HECYIICH OJMH WM HECKOJIBKO
MOJIOKUTEIBHBIX 3apsI0oB. B kauecTBe rHAPOGIIHEHOTO
OJI0Ka WCIIONB3YIOT pa3IMdHbBIe TMPHPOAHBIE AMUHO-
KHCJIOTBl WJIM HWX ToclemoBaTeasHocTs [18, 19].
CrelicepHblii  (hparMeHT, COCIUHSIONMKA 00a 3THX
JIOMEHAa, MPEACTaBIEeH aMUJHOM CBS3bIO, HAUYUE KO-

TOpoii  00yCHaBIMBAeT BBICOKYIO OHOIOCTYITHOCTH
MOJIEKYJI.
UccnenoBanuss T1OKa3bIBAlOT, 4YTO 3HA4YCHHUE

MUHUMAaJIbHOW MHTHOUPYIONICH KOHIIEHTPAIlMH HaXo-
JIUTCS B OTIPEJICICHHON 3aBUCUMOCTH OT CTPYKTYPHBI U
JUTHHBI YTIEBOIOPOIHBIX PAUKAIOB B THAPOGHOOHOM
nmomene [20].

enpro maHHOW pabOTHl SBISETCS CHUHTE3 psijia
MPOM3BOAHBIX TJIMIUHA, B-anaHwHa, L-mu3una n L-op-
HU-THHA HA OCHOBE CUMMETPUYHBIX U ACUMMETPHYHBIX
IudGUPOB  IUATaHONAMHHA B ruIpodoOHOM Oioke
JUIS  TIOCJIEAYIOLIET0 HW3YYeHUs HX OHOIOTHYecKOn
AKTUBHOCTH.

IKCIHHEPUMEHTAJIBHASA YACTb

JwsTanonamMuH, THUAPOKCHA HATpus, CyibdaT
HATpPHSL, TUMOHHAS KHCJIa, KapOOHAT KaJIusl, HOANI KaJus,
1-OpomoKTaH, TpPUPTOPYKCYCHAsI KHCIOTa, AU-mpern-
OytunaukapOoHat, auMmermnamuHorpuand (JAMAIT),
JUIUKIIOTEKCHITKAPOOTUUMUL (AIK), OKTaHOBas
KHUCJIOTa, OKTHJIOPOMMJ M THOHWIXJIOPUZ MapKd X.U.
(Komnonenm Peaxmue, Poccus) ObLTH HCIOJIB30BAHBI
JUTSL CHHTE34, BBIJICIICHUS M OUUCTKH Psia MPOU3BOIHBIX
TIIUIWHA, B-ananuHa, L-mn3uHa u L-opHuTHHA.

Bemnmunny ruapodmisHO-TUIOGIIEHOTO OanaHca
(I'JIB) cTpyKTyp pacCYHMTHIBAIIN, HCIIONB3YS IPOTPAMMY
ACD/Labs Log P (Bepcus 14.0.1.11391). 'H-SIMP
CIEKTPHl PETHUCTPUPOBATN B JACHTEPHPOBAHHOM XJIO-
popopme (CDCL,) na wnmmynscaom SMP-cnektpo-
merpe WM-300 (Bruker, I'epmanms) c paboueit
yactotor 300 MI'[ ¥ reKcaMeTUIIUCHIIOKCAHOM B Ka-
YEeCTBE BHYTPEHHEIo CTaHAapTa. TOHKOCIOMHYIO XpoO-
matorpaduto (TCX) npoBoaunu Ha mnactuHkax Sorbfil
(UMU]], Poccus) ¢ pazmepom vactull 0.005-0.015 mm.
[IpenapartuBayio TCX ocymiecTBIsUIM Ha TUIACTUHKAX
Kieselgel 60 F,., (Merck, I'epmanus). Kononounyro
xpoMaTtorpadHio MPOBOAMIM Ha cuiamkarene 60 A
0.040-0.063 MM ¢ mem 230—400 (Merck, I'epmanus).
PacTBOpUTENN HCHONB30BAUCH MAapoK X.4. W 4Y.1.a.
(Komnonenm Peaxmug, Poccust). CUCTEMBI 3ITIOEHTOB:

(A) xnopoopm : metanon =1 : 1

(b) Tomyon : atTunanerat =1 : 1

(B) rexcas : AudTHIIOBBIN 2¢up =4 : 3

(') romyon : atunanerat = 20 : 1

(/1) Tosryon : sTunanerar =5 : 1

(E) rekcan : muaTHNOBBIH 3hup =2 : 1

(°K) Tomxyon : atmanerar = 10 : 1

(3) xnopodopm : meranon = 20 : 1

(1) rekcan : nuaTHIIOBBIN 3dup = 15 : 1.

OOHapy)XeHHe BEIIECTB TNPU  HCIOJIb30BAHHUU
merona TCX mpoBoaunmu 3%-HbIM pacTBOPOM HUHTHI-
puHa (Acros Organics, benbrus) ¢ MOCIEAYIOIIHM
Harpesanuem 110 70 °C.

PacTBopuTen® OTTOHSIIM HA BAKYYMHOM POTOPHOM
ucnapurtene RV 3 (IK4, I'epmanus).

N-mpem-0yTOKCUKAPOOHII-TUITAHOJIaMuH (2) [21]

K pactBopy 0.75 r (7.14 Mmonb) musTaHonmamuHa 1
B 20 mu terparuapodypana (TI'®D) B teuenne 1 d
npukaneiBany pactsop 2.34 1 (10.7 MMmos) iu-mpem-
oytmwinukapoonara B 35 man TI'®, nmonnepxusas 4 M
pacTBOpOM runpokcuia Hatpus yposeHs pH ~ 8. Peak-
OUOHHYIO MacCy NepPEeMeIInBain 3 4 MPU KOMHATHON
TeMIiepaType. X0oJa peakIuu KOHTPOIHPOBAIH METO-
oM TCX B cucreme amioeHToB coctaBa (A). Ilo-
clle TPOBEACHHS pPEaKIUH PACTBOPUTENb YIaJIsLIN
B BaKkyyMe, MOJIy4eHHYI0 cMmech noaxucmsuu 20%
pacTBOpOM JIMMOHHOM KHMCJIOTBHI H SKCTparupoBajin
srunaneratoMm (3 pasza mo 75 mur). OpraHuyeckyro
a3y ocymanu O€3BOIHBIM CyJIb(paToM HATPUA C
nocnenyromnieit puiabtpanueid. [lomyvanu 0.77 r mpo-
IyKTa 2 ¢ BBIXoaoM 52.6%.

'H-SIMP cnexrp (CDCI,, 8, m.11.): 1.48 (¢, 9H, CH,),
3.31 (1, 4H, NHCH,CH,), 3.86 (t, 4H, NHCH,CH,).

N-(mpem-0yToKcuKapo0Hu1)-0,0’-ATHOKTUI-
amTanonamun (3) u  N-mpem-0yToxcukapoo-
HUJI-0-0KTHI-Tu3TaHoaamMuH (13)

K pactBopy 0.15 1 (0.73 mmomnb) N-mpem-0yTOKCH-
kapOoHmn-nudTanonamuaa 2 B 20 M TI'® noGasisim
0.42 t (2.2 mmonb) 1-6pomokrana, 0.40 r (2.9 MMmoIb)
KapOoHaTa Kajus M KaTaIUTHYECKOEe KOJIMIECTBO HOIM-
Ja Kayius. PeakMOHHYI0 Maccy INepeMellnBajld B Te-
yenue 24 4 npu 80 °C. Xop peakumy KOHTPOIUPOBAIA
merogoM TCX B cuctemax amoentoB (b) u (B). 3arem
pacTBOpUTEIb YAAISUIM TMOJ BaKyyMOM, IOJYyYEHHYIO
CMECh dKCTparupoBaiu dtunanerarom (3 pasza mo 75 mui).
Oprannueckyo (azy ocymanu 6e3BOJHBIM Cyb(aTom
HAaTpus C TOcienymoomei ¢uipTpanyeit. OTunaneraTt
BBIMMAPUBAIM HAa POTOPHOM wHcmapurene. CoennHeHHs
3 u 13 BBIAETSUIM U3 CMECH METOIOM KOJOHOYHOM
xpoMaTorpaduu, TOCTEIICHHO NOBBIINIAS IIOJISIPHOCTH
anroupyromeit cuctemsl (I) o cuctemsr (). [Tomyyanu
39 mr coenuuenus 3 (12.5%) u 92 mr coenunenus 13
(39.7%).

'H-SIMP cnekrp coenunenust 3 (CDCI,, 6, m.n.):
0.88 (6H, T, CH,CH,); 3.40 (4H, =, “CH,); 1.54 (4H, n,
°CH,); 1.27 (20H, m, CH,); 3.40 (2H, T, NCH,CH,0);
3.51 (2H, T, NCH,CH,0); 3.51 (4H, T, NCH,CH,0); 1.48
(%9H, ¢, C(CH,),).

'H-SIMP cnexrp coenunenus 13 (CDCL,, 6, m.z.):
0.87 (3H, T, CH,CH,); 3.44 (2H, m, *CH,); 1.57 (2H, n,
’CH,); 1.27 (10H, m, CH,); 3.44 (4H, T, NCH,CH,0);
3.69 (4H, T, NCH,CH,0); 1.45 (9H, ¢, C(CH,),); 3.57
(1H, ¢, OH).
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Tpudropauerar 0,0’-IMOKTHI-IMITaHOIAMHUHA (4)

K mpenBaputensuo oxnaxaenHomy g0 0 °C
pactBopy 39 mr (0.09 mmons) coequrenuss 3 B 10 mu
xyopodopma 100aBns 1 Ma TpUGTOPYKCYCHON KHC-
JIOTBI, IIOCJIE YEro MepeMeLIBaId PEaKIIMOHHYIO Maccy
B TeueHne 20 MuH. XOA peakUMH KOHTPOIMPOBAIU
MetogoM TCX B cucreme smtoeHToB coctaBa (E). 3arem
YAAISUIA PACTBOPUTENh M OCTATOK TPU(DTOPYKCYCHOU
KHMCIIOTHI 1oJT BakyyMoM. [Tomyyanu 37 mr coennenus 4
¢ BbIxoaoM 92.3%.

N-(mpem-0yToKCMKApPOOHUI)-TJIMIMH (62)

K pactBopy 1.00 r (13.33 MMoup) mmnmHa Sa
B 20 MJ OUCTMJUTMPOBAHHOW BOABI B TeUeHHWE | U
npukanbsBanmu pactBop 5.81 T (26.66 MMOIB) 1U-
mpem-0yTunukapoonata B 30 MJI H30MPOMUIOBOTO
criupra, noanepxkuBas 4 M pacTBOpOM TUAPOKCHIA
HaTpust ypoBeHb pH ~ 8. Peakumonnyro maccy mepe-
MEWUBAIX 3 4 IpH KOMHATHOW Temmeparype. Xoj
peakiuu KoHTposnupoBanu Mmerogom TCX B cucreme
amoeHToB coctaBa (A). Ilocme mpoBemeHusT peakuuu
pacTBOpHUTENH yAasUIH moJ BakyyMoM. [lomydeHHyio
cmech nogkuciasm  20%  pacTBOpOM  JIMMOHHOM
KHCIOTBl W TPOBOMWIH SKCTPAKIHIO JTUIALETATOM
(3 paza mo 50 mur). Opranumdeckyro (asy ocymiainu
0e3BOHBIM CyIb()ATOM HATPUS. DTHIAIETAT OTTOHSITN
Ha poropHoM ucnapurene. [lomyyanu 2.13 r npoaykra
6a c BeixoaoMm 91.4%.

'H-SIMP cniextp coenunenns 6a: 1.48 (9H, ¢, C(CH,),);
12.26 (1H, ¢, COOH); 6.85 (1H, T, NHC(R)CO); 4.33
(2H, n, NCH,CO).

N-(mpem-6yToxkcukapoonu)-f-aganut (6b)

IMonyduenune N-(mpem-06yTokcukapOoHum)-B-ana-
HUHA 6b TPOBOIMIIN aHATOTHYHO COeTUHEHUIO 6a. 13
1.00 r (11.24 mmonp) B-ananunaa Sb moxyvanu 1.85 r
npoaykta 6b ¢ Beixogom 87.1%.

'H-SIMP cniexrp coemnenus 6b: 1.49 (OH, ¢, C(CH,),);
12.21 (1H, ¢, COOH); 6.80 (1H, T, NHC(R)CO); 3.21
(2H, ¢, NCH,CH,CO); 2.35 (2H, ¢, NCH,CH,CO).

No,No-ouc(mpem-oyroxcnkapoonuwt)-L-opaurus (10a)

[Tonyuenue N,N’-nu(mpem-0yTokcukap0o-
Hui)-L-opautnaa  10a  mpoBOAMIM  aHAOTUYHO
coenuHenwnto 6a. 13 1.00 r (7.58 mmons) L-opautuna
9a nomyvanmu 1.96 r (5.90 mmons) mpoxykra 10a c
BbIXO/10M 77.8%.

'H-SIMP cnextp coenunenust 10a: 1.47 (9H, c,
C(CH,),); 12.27 (1H, ¢, COOH); 5.12 (1H, T, NHC(R)CO);
4.01 (1H, o, NCH(R)CO); 3.02 (2H, x, NCH,CH,CH,C);
1.62 (2H, n, NCH,CH,CH,C); 1.84 (2H, n, NCH,CH,CH,C);
4.21 (1H, x, NHCH(R)CO).

Na,Ne-onc(mpem-oyroxkcuxapoonmn)-L-muzun (10b)
[Tonyuenue N,N’-nu(mpem-0yTokcukapOoHm)-L-
nmu3nHa 10b mpoBOAMIM aHAIOTUYHO COEIUHEHHUIO 6a.

N3 1.00 r (6.85 mmons) L-nmuzuna 9b momyvanu 1.99 ¢
(5.75 mmons) mpoaykra 10b ¢ Berxomom 83.9%.

'H-SIMP crmiektp coemmuenust 10b: 1.48 (9H, c,
C(CH,),); 12.25 (1H, ¢, COOH); 5.14 (1H, T, NHC(R)CO);
4.03 (1H, 1, NCH(R)CO); 3.09 (2H, x, NCH,CH,CH,CH,C);
1.63 (2H, n, NCH,CH,CH,CH,C); 1.32 (2H, m,
NCH,CH,CH,CH,C); 1.83 (2H, m, NCH,CH,CH,CH,C);
4.76 (1H, x, NHCH(R)CO).

N-((mpem-0yTOKCHUKAPOOHUJI)-TIUIHI)-
0,0’-muoKkTUI-audTaHoaamMuH (7a)

K npensapurensno oxnaxaenaomy g0 0 °C pact-
Bopy 37 wmr (0.08 mmonb) coemamHeHuss 4 B 20 M
XJIopoopMa JTOOABISUTA KAaTaIUTHICCKOE KOJIHYECTBO
JAMAIIL, 28 mr (0.16 mmoinb) N-(mpem-0yTOKCH-Kap-
Ooonmn)-rmunuHa 6a u 49 mr (0.24 mmouns) LK.
PeakunoHHyl0 Maccy TiepeMelIMBald B TEUYECHHUE
48 4 mpu KOMHATHOH Temmeparype. XOA peakiuu
KOHTposupoBanu MerogoM TCX B cucreme 3IIOCHTOB
coctasa (E). IlomyueHHy10 cMeCh IIEHTPU(YTHPOBAIH C
MOCJIEYIOIIeH ekanTanuel pacteopa. Ocagok NpoMbl-
BaJIM XJOPO(OPMOM, MOBTOPHO ICHTPUPYTUPOBAIH H
JEKaHTHPOBAIU pacTBop. IlomydeHHbIe pacTBOPEI 00Be-
JHSITH, TIOCTIE YeTO OTTOHSUTH XJI0pO(pOpPM Ha POTOPHOM
ucnapurene. CoenuHeHHE 7a BBIOCISUIN U3 CMECH
merogoM npenapatuBHod TCX B cucreme 3JI0€HTOB
cocraa (0K). Ilomywamu 22 Mr mnpoMeXyTOYHOTO
npoaykra 7a ¢ BeIxogoM 53.6%.

'H-SIMP cnextp coeaunenus 7a: 0.86 (6H, T,
CH,CH,); 3.74 (4H, T, “CH,); 1.65 (4H, m, "CH,); 1.26
(20H, m, CH,); 3.74 (4H, T, NCH,CH,0); 4.17 (4H, T,
NCH,CH,0); 1.50 (9H, ¢, C(CH,),); 4.48 (2H, c,

27=2

NCH,CO); 5.23 (1H, ¢, CONHCH,CO).

Tpudropauerar rI-0,0’-TNOKTHI-IMITAHOJ-
ammHa (8a)

K mpensaputensHo oxnaxnaeHHomy g0 0 °C
pactBopy 22 wmr (0.05 mmoisb) coenuHeHuHst 7a B
10 M3 xJIOpUCTOTO MeTWJIeHa J00aBisiii 1 i
TpU(TOPYKCYCHOM KHCIOTHL. PeakunoHHyl0 Maccy
nepememnBany B teueHue 20 muH. PactBoputens u
OCTaTOK TPUPTOPYKCYCHON KHCIOTHI YAAISIN IO
BakyymoMm. [Tomyuanu 21 mr coenunenust 8a c BbI-
xo1a0M 93.3%.

N-(mpem-0yToKcUKapOOHUI)-0-0KTUI-0-
OKTaHOWJI-AMITaHOIaMuH (14)

K npeaBaputensHo oxnaxaenHomy go 0 °C
pactBopy 92 mr (0.29 mmornb) coequnenns 13 B 20 mi
xyopodopMa J00ABISAIN KATATUTHYECKOE KOJIMYECTBO
JIMAIIL 0.13 1t (0.87 MMOIIb) OKTaHOBOW KHCIIOTHI U
0.12 t (0.58 mmomnp) JAIK. Peakiimonnyro maccy mnepe-
MelmmBanu B TeueHue 48 4. 3aTemM MoJydyeHHYI0 CMECh
(UIBTPOBATH, OTTOHSIIH PAaCTBOPHUTEND ITOJT BAKyyMOM
U TPOBOAWIM JKCTPAKIMIO dTHiAneraTtoM (3 pasa 1o
50 wmur). Opranudeckyro (asy ocymanu Oe3BOJHBIM
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cynb(haToM HATpHsl. DTUIIANETAT OTTOHSITN HA POTOPHOM
ucnapurene. CoenuHenue 14 BbIETSIIM U3 CMECH
Meronom mnpemnaparuBHoii TCX B cucteme 3II0CHTOB
cocraBa (E). IMomywanmu 103 ™Mr mnpomexyTOUYHOTO
npoaykra 14 ¢ Berxogom 80.3%.

'H-AAMP cnekrp coeaunenus 14: 0.89 (6H, T,
CH,CH,); 3.42 (2H, T, “CH,); 1.56 (2H, m, "CH,); 2.31
(2H, T, *CH,); 1.63 (2H, 1, "CH,); 1.28 (18H, m, CH,);
3.42 (2H, T, NCH,CH,0); 3.51 (2H, T, NCH,CH,0); 3.51
(4H, T, NCH,CH,0); 1.48 (9H, ¢, C(CH,),).

Tpudropauerar O-okTHiI-0’-0KTAHOWI-THITAHOJI-
amuHa (15)

K mnpenBapurensno oxnaxaeHHomy g0 0 °C
pactBopy 103 wmr (0.23 wmmonw) coenunenust 14
B 25 M XJOpUCTOrO MeTWiieHa poOaBisu | mi
TPpUPTOPYKCYCHON KHUCIOTHL. PeaknuoHHyl0 Maccy
nepememnBaa B tedyeHue 20 muH. PacTBopuTens u
OCTaTOK TPUPTOPYKCYCHON KHUCIOTHI YAAIAIN TOJ
BakyymoM. [Tomyuanu 99 mr coenunenust 15 ¢ Berxoiom
93.1%.

N-((mpem-6yTOKCUKAPOOHUJ)-TIANLMI)-0-
OKTHJI-0’-0KTaHOUJI-AUAITaHoaaMuH (16)

K oxmaxpennomy nmo 0 °C pacrBopy 99 wmr
(0.22 mMmonw) coemuuenus 15 B 25 mu xmopodopma
JI00aBISIN KaTamuTudeckoe konmdectBo JIMAIL, 77 mr
(0.44 wmmonb) N-(mpem-0yTOKCUKapOOHUI )-TIUIHU-
Ha 6a u 136 mr (0.66 mmons) UK. Peakunonnyto
Maccy nepemMemBain B TedueHue 48 4. XoJ peakiuu
KoHTposupoBanu MeronoM TCX B cucteme 2I10€HTOB
cocraBa (B). [lomydeHHy cMmech HEHTpUPYTHpOBa-
W ¢ Toclenylonel nekanranueid pactsopa. Ocaok
MIPOMBIBAJIA XJIOPOPOPMOM ¥ MOBTOPHO HEHTPUPYTH-
poBanu. [lomyueHHBIE pPacTBOPHI OOBEAWHSUIH, IMOCIE
4ero BBIAPHBAIHN XJIOPO(GOPM HA POTOPHOM HCIIAPH-
tene. Coenunenue 16 BBIACNAIM U3 CMECH METOAOM
KOJIOHOYHON Xpomatorpauu B CHCTEME D3JIIOSHTOB
coctaBa (0K). Ilomywamu 72 Mr mHpOMEXYTOYHOTO
npogykra 16 ¢ BeixogoM 66.4%.

'H-SIMP cnexrp coeaunenus 16: 0.87 (6H, T,
CH,CH,); 3.78 (2H, 1, “CH,); 1.53 (2H, m, "CH,); 2.35
(2H, T, *CH,); 1.63 (2H, 1, "CH,); 1.25 (18H, m, CH,);
3.78 (4H, m, NCH,CH,0); 4.11 (4H, m, NCH,CH,O);
1.51 (9H, ¢, C(CH,),); 4.34 (2H, ¢, NCH,CO); 5.23 (1H,
¢, CONHCH,CO).

Tpudropauerat riamuui-0-okTI-0’-0KTaHOWI-
amTanonamuna (17)

K mnpenBapurensno oxnaxaeHHomy g0 0 °C
pactBopy 72 wmr (0.14 mmonb) coeaunenus 16 B
20 M) XJIOpUCTOTrO MeTuieHa JoOaBimsuim 1 M
TPUPTOPYKCYCHOH KHUCIOTHL. PeakIMoHHYI Maccy
nepememuBanu B TeueHnne 20 muH. XOJ peakiuu
KoHTpoaupoBanu MeronqoMm TCX B cucTeMe AIIOCHTOB
cocrasa (B). PactBoputens u octarok TpU(TOPYKCYCHOM

KHUCJIOTHl yIAAJsiIu 1moj BakyyMoM. llomywamu 67 mr
coequHenust 17 ¢ Beixoom 90.3%.

N,N-nqu(2-xjop3tui)amus (18)

K pactBopy 5.10 r (42.9 MmMOnb) THOHMIXTIOpUAA B
10 MJ1 XJIOPUCTOTO METUIIEHA TPUKAIBIBAJIN B TEUEHHE
1 u pactBop 1.50 r (14.29 mmonb) coenuHenus: 1
B 40 ma xuopuctoro metwinena npu 0 °C. 3arem
PEaKIMOHHYI0 MacCy MPOAOJDKAIN NepeMeIInBaTh Ipu
KOMHATHOM TeMriepaTtype B TeueHue 48 4. XoJ peakuu
KoHTposupoBanu MeronqoM TCX B cucreMe IIOEHTOB
cocraBa (A). PacTBopuTens M 0CTaTOK THOHWIXJIOpHJA
yaamsuin - nox  BakyymoM. IlomyueHHylo — cMech
noanienaynBain 15% pacTBopoM kKapOoHaTa Kaius JI0
3HayeHus pH 7—8, mocie 4ero NpoBOAMIIM KCTPAKIUIO
strnaneTaroM (3 pasza mo 50 mr). Opranudeckyro ¢asy
ocymaian 0e3BOJHBIM cyib(aroMm HaTpus, (QUIBTPOBA-
71, PacTBOPHUTEIh OTTOHSAJIM HAa POTOPHOM HCIIapHUTEle.
[Momyuanu 1.30 r coequnenus 18 ¢ Beixonom 64.0%.

'H-SIMP cniextp coenunenus 18: 1.7 (1H, ¢, NH);
2.92 (4H, m, NHCH,); 3.55 (4H, m, NHCH,CH,).

0,0’-nuoKTHJI-1u3TaHoIaMuH (19)

K pactBopy 1.00 r (7.04 Mmmons) N,N-nu(2-xy10p-
stun)amuaa 18 B 40 M1 ameToHMTpHiIa J100ABISUTA
4.5 mi oktanona-1, 3.89 r (28.16 monp) kapOoHara
KaJusg M KAaTAIUTHYCCKOS KOJIMYESCTBO HOMUNA KaIus.
PeakuuonHyro Maccy mepeMellnBaiy B TeueHue 24 4
mpu 80 °C. Xoa peakiuu KOHTPOIHUPOBAIN METOJOM
TCX B cucreme 2:1r0eHTOB coctaBa (3). PactBop ¢uib-
TPOBaJM, TIIOCJIEC YEro yAalsuld aleTOHUTPUI TOJ
BakyyMOM. OCTaTOK 3KCTpParupoBaJIM OSTHIANETATOM
(3 paza no 50 mm). OpraHumdeckyro ¢a3y OcCyIIaau
0e3BOJIHBIM CYJIb(aToOM HATpHs, (PUIBTPOBAIIN, PACTBO-
PHUTENb OTTOHSUTH Ha POTOpHOM mcnapurene. [lomygann
1.60 r coenunenus 19 ¢ Berxomom 69.1%.

'H SAMP cnektp coeaunenust 19: 0.99 (6H, T,
CH,CH,); 0.99 (1H, ¢, NH); 1.32 (20H, m, CH,CH,);
1.53 (4H, m, OCH,CH,); 2.81 (4H, T, NHCH,CH,); 3.40
(4H, , OCH,CH,); 3.52 (4H, m, NHCH,CH,)).

N-((mpem-6yTokcuKkapoOHUI)-TANINI)-0,0’-
JUOKTHJI-AMITaHodaMuH (20a)

K npenapurensno oxnaxxknenHomy 0 0 °C pactBopy
0.24 t (0.73 mmomb) coemuaennst 19 B 30 mit ximopucToro
METIJICHA JOOaBILUIM — KATAJIUTHYECKOE  KOIMYECTBO
IMAIL 0.26 r (1.46 mmonb) N-(mpem-OyTokcukap0o-
Hun)-muHa 6a u 0.45 r (2.19 mmone) LK. Peakumon-
HYIO Maccy NiepeMelInBajIi B TeueHune 24 4. Xoj peakiuu
KkoHTpospoBanu MeronoM TCX B cucreMe 3IIIOEHTOB
cocraBa (B). 3arem XJIOPHUCTBI METHJICH YAAISUTU TIOJ
BakyymoM. [lomyuennyro cmech mnpombBami 20 M
reKCaHa, MOCJIe Yero pacTBOpP IEHTPH(YTHPOBAIN U Jie-
KaHTHpOoBaiX. OCaTIOK TIOBTOPHO NPOMBIBAIN TEKCAHOM C
TIOCTICAYIOIMMI [EHTPU(YTUPOBAHUEM W JEeKaHTAIHEH
pactBopa. [lomydeHHBIE  pacTBOPHI  OOBEIUHSIIH,
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MOCTIe Yero BBIMAPUBAIM PACTBOPHUTEIH Ha POTOPHOM
ucnapurene. CoemuHenue 20a BBIACIAIN W3 CMECH
METOJIOM KOJOHOYHOW XpoMaTorpa(uu, MOCTCIICHHO
noBeImasl nossipHocTh cucteMsbl (M) mo cucremsr (E).
[Momywanmu 0.31 r nmpomexyrodnoro mpoaykra 20a c
BBEIXOOOM 87.4%.

'H-SIMP cnekrp coenunenust 20a: 0.87 (6H, T,
CH,CH,); 3.62 (4H, T, “CH,); 1.55 (4H, n, "CH,); 1.26
(20H, m, CH,); 3.62 (4H, T, NCH,CH,0); 4.11 (4H, T,
NCH,CH,0); 1.49 (9H, ¢, C(CH,),); 4.48 (2H, ¢, NCH,CO);
5.23 (1H, ¢, CONHCH,CO).

N-((mpem-0yTokcukap0oOHuI)-P-aiannI)-
0,0’-puokTHin-qu3TanonamuH (20b)

M3 0.240 r (0.73 mMmomnb) coenuunenust 19 ana-
JOruyHbIM oOpazom mnonydanud 0.267 © npoMexyTou-
Horo npoxaykra 20b ¢ Beixogom 73.2%.

'"H-AIMP cnekrp coeaunenust 20b: 0.87 (6H, T,
CH,CH,); 3.62 (4H, T, “CH,); 1.60 (4H, m, "CH,); 1.25
(20H, m, CH,); 3.62 (4H, 1, NCH,CH,0); 4.06 (4H,
1, NCH,CH,0); 1.41 (9H, ¢, C(CH,),); 2.49 (2H, T,
NCH,CH,CO); 3.35 (2H, x, NCH,CH,CO); 5.02 (1H, c,
CONHCH,CH,CO).

No,No-(ouc(mpem-6yTokcuxkapoonu)-L-
opHUTHN)-0,0’-TNOKTHUI-AUITAHOJIAMUH (22a)

M3 0.240 r (0.73 mmounb) coenuHeHus 19 ana-
noruyHbeIM oOpazom nonyvanud 0.340 r mpomexyTou-
HOTO MpoayKTa 22a ¢ BeIxogoM 72.5%.

'H-AIMP cnektp coemunenust 22a: 0.84 (6H, T,
CH,CH,); 3.42 (4H, T, “CH,); 1.50 (4H, m, "CH,); 1.26
(20H, m, CH,); 3.42 (4H, 1, NCH,CH,0); 4.08 (4H,
T, NCH,CH,0); 1.40 (18H, ¢, C(CH,),); 4.23 (IH, k,
NCH(R)CO); 5.07 (1H, ¢, CONHCH(R)CO); 3.10 (2H,
x, NCH,CH,CH,C); 1.60 (2H, m, NCH,CH,CH,C); 1.79
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(2H, M, NCH,CH,CH,C); 4.61 (1H, ¢, NH(CH,).C).

Na,No-(ouc(mpem-0yTokcukapoonu)-L-
Jau3nd)-0,0’-TnoKTHI-IudTaHoJaMuH (22b)

N3 0.240 r (0.73 mMmonb) coenuuHenus 19 aHa-
JOTHYHBIM 00paszom mosydanu 0.282 T mpoMexyTod-
HoOro npoaykra 22b ¢ Beixogom 58.8%.

'H-SIMP cnekrp coenunenus 22b: 0.87 (6H, T,
CH,CH,); 3.46 (4H, T, “CH,); 1.48 (4H, M, ’CH,); 1.25
(20H, m, CH,); 3.46 (4H, , NCH,CH,0); 4.10 (4H,
1, NCH,CH,0); 1.42 (18H, ¢, C(CH,),); 4.24 (IH, k,
NCH(R)CO); 5.08 (1H, ¢, CONHCH(R)CO); 3.09 (2H,
k, NCH,CH,CH,CH,C); 1.61 (2H, m, NCH,CH,CH,CH,C);
1.36 (2H, u, NCH,CH,CH,CHC); 1.78 (2H, wm,
NCH,CH,CH,CH,C); 4.58 (1H, ¢, NH(CH,),C).

Tpudropauerar rimummi-0,0’-THOKTHI-THITAHOJI-
amuHa (21a)

K mnpeasapurensno oxnaxnennomy g0 0 °C
pactopy 0.310 t (0.64 mmonw) coenuuenust 20a
B 30 M XJOpUCTOrOo MeTHJIeHa no0aBisiy 1w

TpU(PTOPYKCYCHOH KHCIOTHL. PeakumoHHyl0 Maccy
nepememuBany B TedeHue 20 muH. XOJ peakiuu
koHTponupoBanu merogoM TCX B cucTeMe 3IIIOCHTOB
cocraa (B). PacTteoputens u ocratok TpupTOpyKCYyC-
HOW KHCJIOTHI yassum noj Bakyymom. [Tomydamu 0.296 ¢
LIeJIEBOTO MpoaykTa 21a ¢ BeixogoM 92.8%.

Tpudpropauerar p-anauuna-0,0’°-1U0KTHII-
au3TaHoaamMuHa (21b)

N3 0.267 r (0.53 wmmomb) coeaunenust 20b
aHAJIOTUYHBIM o0pazom monydanu 0.248 T 1eneBoro
npoaykra 21b ¢ Beixomom 90.3%.

Tpudprtopanerart L-opuutna-0,0’-1H0KTHII-
audTaHoJdaMuHa (23a)

N3 0340 r (0.53 mmomnb) coemuHeHus 22a
aHAJIOTMYHBIM oOpazom mnonyyanud 0.316 r© meneBoro
npoaykra 23a ¢ BerxoaoM 89.0%.

Tpudpropanerar L-nu3na-0,0’-1noKTHI-
audTaHosamuua (23b)

U3 0282 r (0.429 wmmomab) coeauHeHus 22b
AHAJIOTHYHBIM o0pazom monydaim 0.259 T 1eneBoro
npoaykTa 23b ¢ Beixomom 88.1%.

PE3YJIBTATBI U UX OBCYXKJIEHUE

[ToreHuManbHyl0 aHTUMHUKPOOHYIO aKTHBHOCTb
MNENTUJOMUMETHKOB MPEBAPUTEIILHO MOYKHO OLICHUTD
no BenuuuHe ux I'JIb [22]. Dror mapamerp BO MHO-
TOM OINpenensieT BO3MOXHBIC 3JIEKTPOCTATHUCCKHE
B3aMMOJICHCTBUSIME U 00pa3oBaHHE  BOJOPOJHBIX
CBsI3€H MOJIEKYJIbl ¢ KOMIIOHEHTaMH KJIETOYHOIN CTEHKHU
OakTepuii.

s BeIOOpa Haumbosiee 3()(HEKTHBHBIX CTPYKTYp
Obu1 mpousBeneH pacueT BenuuuH ['JIb mpou3BogHBIX
nuatanonamuaa (DEA) u psaia aMUHOKHCIIOT, TAKMX Kak
ruuuH (Gly), B-ananun (BAla), L-¢penunananun (Phe),
L-tuposun (Tyr), y-amunomacnsnas kucinora (GABA),
L-tpuntodan (Trp), L-mu3un (Lys) u L-opautun (Orn),
C JUIMHOM ankuibHbIX panaukanoB C .—C , yriepoaHbix
aTOMOB (PHCYHOK).

B nyx#seiii gwmamazon [JIb 5-8 mnoman psn
MIPOM3BOJAHBIX AMHWHOKHCIOT Ha OCHOBE IUAI(PHUPOB
audTaHogaMuHa. CTPYKTYpbl 1L€JIEBBIX COEIUHEHUIN
NPUBEICHEI B TaOIHIIE.

[IpousBoaHble rIMLKHA U [-alaHuHaA BBIOPaHBI €
LEJbI0 HM3y4YeHHs] 3aBUCUMOCTH aHTHOAKTEpUaTbHOMN
AKTUBHOCTH OT JUIMHBI YTJIEPOAHOTO CKeJeTa, Torja
Kak Ipou3BojHble L-opHruTHHA 1 L-nnu3uHa 1715 OlleHKU
BIMSIHUS KOJIMYECTBA METUJICHOBBIX TPYII OOKOBOTO
pazukana aMuHOKHCIIOT.

g ocyuiecTBieHMsT — CHHTE3a
coeIMHEeHNH pa3paboTana cxema 1.

Jns dhopmupoBaHus THIPOPOOHOTO OJIOKA COEIH-
HEeHHUE 2 00pabaThIBaIM OKTHIIOPOMUZIOM B MPUCYTCTBUU

BBIOpaHHBIX
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BAla-DEA-6
BAla-DEA-8
BAla-DEA-10
BAla-DEA-12
Phe-DEA-6
Phe-DEA-8
Phe-DEA-10
Phe-DEA-12
GABA-DEA-6
GABA-DEA-8
GABA-DEA-10
GABA-DEA-12
Trp-DEA-6
Trp-DEA-8
Trp-DEA-10
Trp-DEA-12
Orn-DEA-6
Orn-DEA-8
Orn-DEA-10
Orn-DEA-12

Pucynoxk. 3aBucumocts 3HaucHuil ['JIb oT cTpykTyphl ampudmia ¢ CHMMETPUYHBIMU ATKHIBHBIMHA 3aMECTHTEIISIMU
B HenossipHOM O1oke. Cokparnienus B HazBanusix: DEA — nuatanonamus; 6, 8, 10, 12 — KOTHYECTBO aTOMOB yIiiepona
B HACBIIICHHOH annpaTn4ecKon emnH.

Figure. Dependence of HLB values on the structure of amphiphiles with symmetrical alkyl substituents in the nonpolar
block. DEA stands for diethanolamine, while 6, 8, 10, and 12 represent the number of carbon atoms
in the saturated aliphatic chains.

Tadaunua. 3nauenue ['J1b BEIOpaHHBIX COCMHEHUI
Table. HLB value of the selected compounds

Coeannenue CTpykrypa 3nayenne I'JIb
Compound Structure HLB value
o
8a (21a) H’NVU\ N OSSN 6.56

(0]
8b (21b) HZN/\)J\ N/\/O\/\/\/\/ 6.73
0\/\/\/\/
o
H,N N/\/ O
12a (23a) O 6.62
H;N
(0]
HN N e VY

12b (23b) K/O

6.65

NH,
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~_-OH
HN _BocO
k/OH 4M NaOH k/OH
1

OH
Boc,O BocN/\/

2
C8H17Br K2C03 (0}
o 80°C | KI H,N
OH
N OH R
C;H
" BocN/\/O\/ 7H1s 9ah
5a-b -
en = C7H15 a:R= (CH2)3NH2
a:n =1 O b: R = (CH,);NH,
b:n=2 3
Boc,O l 4M NaOH CF;COOH l Boc,0 l 4M NaOH
BocHN @ C-H BocHN
(\%J\OH HZN/\/O\/ 7His on
6a-b O\/C7H]5 R'
an=1 4 10a-b
b:n=2 a: R = (CH,);NHBoc
b: R = (CH,)4NHBoc
DCC, DMAP DCC, DMAP ‘
(o) (0]
BocHN C-H BocHN C-H
@fJ\N/\/O\/ 7815 N/\/O\/ 7815
k/O\/C7H15 R' k/O\/C7H15
Ta-b 11a-b
an=1 a: R = (CH,);NHBoc
b:n=2 b: R = (CH;)4NHBoc
CF;COOH l CF;COOH l
CF;C00 CF;CO0O
e 0 e 0
@ €]
HsN(\aJ\ N/\/O\/C7H15 H3N N/\/O\/C7Hls
n
O C7Hs R’ k/o\/cﬂ'lls
8a-b 12a-b
an=1 a: R=(CH;);NHj3;
b:n=2 ] e
CF;CO0O
b: R = (CH,)4NH3
@
€]
CF;CO0O

Cxema 1. [ToixydeHue npou3BOAHBIX AaMUHOKHCIIOT Ha OCHOBE TMA(UPOB ANITAHOIAMHHA.
DCC — N,N-munmknorekcunkapoomimmu, DMAP — 4-auMerriaMuHONMpHIHH,
Boc — mpem-0yTokcnkapOOHWIbHAS 3aIUTHASI TPYIIIIMPOBKA.
Scheme 1. Preparation of the diethanolamine diester-based amino acid derivatives.

DCC - N,N'-dicyclohexylcarbodiimide, DMAP — 4-dimethylaminopyridine, Boc — fert-butoxycarbonyl protecting group.
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Kap60HaTa KaJud W KaTaJIUTHYECKOIO KOJIHYEeCTBa
onmuaa kamust B cpeae TI'd. Anamms mpomyKkToB
METOJaMH TOHKOCJIOWHO#N xpomarorpaduu u 'H-SIMP
CHEKTPOCKOIIMM ITOKa3ajJ, YTO IO JaHHOW METOIUKe
IPEHMYIIECTBEHHO oOpasyercss MoHod(up 13, comep-
KAl CBOOOJHYIO THIPOKCHWIIBHYIO TPYIIy M OJUH
ankuibHbIK panukai. Coequnenus 3 u 13, BbIX0J KOTO-
poix coctaBui 12.5 1 39.7%, COOTBETCTBEHHO, BBIJIEIISUIH
U3 CMECH METOJIOM KOJIOHOYHOU Xpomatorpaduu.
3auMTHYIO0 TPYNIUPOBKY COCAMHEHUS 3  yIassuid
neiictBueM TpH(pTOpyKCcycHOM KucnoTel. [locie mpose-
JIEHUsl peaKLMU PaCTBOPUTEIIb M OCTATOK KUCIJIOTHI Yalsin
II0/1 BAKYYMOM, HIOJTy4asi coilb 4 ¢ BbIx0ooM 92.3%.
Konbroraiuto nosisipHoit yact 6a u ruipodhoOHOro
O0moka 4 TPOBOAWIM TIO KapOOTUMMUIHOMY METOLY
B npucyrctBun JIMAII. Tlocne ynaneHus 3aruTHON
TPYHIIKAPOBKH MOJIyYadd LEIeBOH aMpudui 7a, BbIXOI
KoToporo coctasui 53.6%.
CTpyKTypbl MPOMEXKYTOUYHBIX M LEJEBBIX COEHMHE-
Hui oarBeprknam ganubivu 'H-SIMP criektpockomnuu.
[ToGounsnii mpoaykT 13, moaydeHHBIH B X0€ AaH-
HOTO CHHTE3a, KOTOpBI coctapisut 39.7% ot obmei
PCaKIMOHHONW MAacChl, OBUIO pEIIeHO WCIIONB30BATh
Ui TonydeHust  aM(UGUIBHOTO  MPOU3BOHOTO
mdTanonamuHa 17, comepskariero THOpUIHBIC alIKAI-
AIIIBHBIC PAIUKAIEI B THAPOPOOHOM OJI0KE, 1Mo cxeme 2.

Peaknuro B3auMoneclcTBusa coeauHeHus 13 ¢
OKTaHOBOW KHCIIOTOW mpoBoawan B mpucytcTBuu (1K
n JIMAII B cpene xmopodopma. IIpomexyTouHbIid
nponykT 14 ¢ Berxogom 80.3% BBIIEISIIN U3 CMECH Me-
tonom nipenaparuBHoit TCX. CtpykTypy coenunenus 14
noarBepskaaay fanaeiMu 'H-SIMP crieKTpOoCKOIHH.

HeiictBueM TpuTOPYKCYCHONH KHCIOTBHI B Cpefe
XJIODUCTOTO ~ METWJICHA  yNAsid  mpem-0yTOKCH-
KapOOHUJIBHYIO TPYIIY aJIKUII-alUIBHOTO MPOU3BOI-
Horo paudtaHojamuHa 14. Beixon coeaunenus 15
coctasui 93.1%.

AMopudpun 16 monydanm ¢ HCIOJIB30BAaHHEM
KapOOAMUMUIHOTO MeToja B mnpucyrctBum JIMAIL
B cpele xyopodopma B TedeHHE 48 U aHAIOTHYHO
peakuuy KOHBIoraluu, mnpoBoaumoi mo cxeme 1. Ilo
OKOHYaHWU B3aUMOJEHCTBUS PACTBOPUTEND YyIAJIAIN
mox BakyymoM. IlpomykT 16 BBIIEISIIM METOAOM
KOJIOHOYHOH XpoMaTorpaduu Ha CHITUKarese ¢ BIX0A0M
66.4%. CrpykTypy moarBepskaanu nanHeiMu 'H-SIMP
CIEKTPOCKOIINH.

Ilocne ynmamenus mpem-0yTOKCHKAPOOHIIBHOM
TPYNIBl  TONydaid TPUPTOPYKCYyCHYH coib 17 ¢
BeIxoz10M 90.3%.

[Momydenue 1eNEBBIX MPOM3BOAHBIX IHAI(UPOB
mudtanoamuaa 8a-b u 12a-b o cxeme 1 okasanoch
Hed(P(QEKTUBHBIM ~ BCICICTBHE IPEUMYIICCTBEHHOTO

BocN/\/O\/C7H15 C-H;5COOH BocN/\/O\/C7H15 (0]
OH DCC, DMAP k/WC7HIS HZN\/lkOH
13 14 (0] 5a
CF3COOH1 Boc,0 | 4M NaOH
CF;CO0
€]
9 C-H
HZN/\/O\/ 7Hs o
C;H BocHN\)k
K/W 7H15 OH
15 6a

(0]

DCC, DMAP

0 o
H N\/lL CsH \/U\
3@ N/\/O\/ 7H15 CF;COOH BocHN N/\/O\/C7H15

-

S
CF;C00 K/WC7H15
17 0

K/WC7H15
16 (0]

Cxema 2. [Toixyuenue coequaenus 17 ¢ acCUMETPUYHBIME PaUKaIaMH B THAPOGOOHOM OIIOKe.
DCC — N,N-muknorekcmikapoomuimvu, DMAP — 4-numeTriiaMiHOIAPUITHH,
Boc — mpem-0yTokcukapOOHWIbHAS 3aIUTHAS TPYIIAPOBKA.
Scheme 2. Preparation of compound 17 with asymmetric radicals in the hydrophobic block.

DCC — N,N'-dicyclohexylcarbodiimide, DMAP — 4-dimethylaminopyridine, Boc — tert-butoxycarbonyl protecting group.
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o0OpazoBaHusl TOOOYHOTO MPOIyKTa — MOHO3(upa 13.
Jlns peneHusi JTaHHOM TipoOnieMbl Oblia pazpaboTaHa
cxeMa 3, OTIMYAIOMIAsCS CPAaBHHUTEIBHO OoJiee BBICO-
KHUMH BBIXOJIAMHU NPOMEKYTOUHBIX COCIUHEHHH 3a CyeT

YBEJIIYCHNS PEAKIMOHHOI CIIOCOOHOCTH AMATaHOJIAMUHA,
a TaKkXKe OTCYTCTBHEM HEOOXOIMMOCTH HCIIONB30BAHUS
mpem-0yTOKCUKapOOHMIHHON 3alIUTHON TPYIIIHPOBKH,
YTO 3HAUUTEJIBHO YIPOILAET CUHTES.

OH
HN/\/
_on
1 (0]
it HZN\(U\OH
HZN\GaJ\ SOClzl
n OH R
/\/Cl 9a-b
Sab 1 HL a: R = (CH,)3;NH,
s Cl b: R = (CH,)4NH,
18
Boc,O | 4M NaOH Boc,0 | 4M NaOH
C3H170Hl K,CO3
()
o 80°C | KI o
BocHN C;H BocHN
MfJ\OH NS Ot OH
6a-b O\/C7H15 R'
a:n=1 10a-b
b:n=2 19 a: R = (CH,);NHBoc
b: R = (CH,);NHBoc
DCC, DMAP DCC, DMAP ‘
(0] (0]
BOCHNM%\ N/\/O\/C7H15 BocHN N O -Gt
O\/C7H15 R’ K/O\/C7H15
20a-b 22a-b
a:n=1 a: R = (CH;);NHBoc
b:n=2 b: R =(CH,)4,NHBoc
CF;COOH l CF;COOH l
CF;CO0 CF;CO0
e 0 e 0
€] €]
H3N C;H H;N C;H
3 (\afLN/\/O\/ 7His 3 N/\/O\/ 7His
O _ C7His R’ K/O\/C7H15
21a-b 23a-b
a:n=1 a: R =(CH;);NH;
b:n=2 ] o
CF;CO0
b:R= (CH2)4NH3
D
€]
CF;CO0

Cxema 3. [oyueHue 1eneBbIX MPOU3BOIHBIX TUI(OUPOB AUITAHOTAMHUHA.
DCC — N,N-munuknorekcunkapooauumug, DMAP — 4-aumeTunaMuHOMPH/IHH,
Boc — mpem-0yTokcnkapOOHHMITbHAS 321U THAS TPYIIIIMPOBKA.
Scheme 3. Preparation of the target derivatives of diethanolamine diesters.
DCC — N,N'-dicyclohexylcarbodiimide, DMAP — 4-dimethylaminopyridine, Boc — fert-butoxycarbonyl protecting group.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):50-64

60



M.O. KoporkuH, C.M. ®uaaToBa, 3.I'. [leHneBa H ap.

PactBop nmmdTaHomamumHa 1 B xyopodopme
JO0aBILLIM 10 KaluIIM K THOHWIXJIOPUIY. Brixon
N,N-mu(2-xnopatum)amuna 18 coctaun 64.0%. K mu-
(2-xnopatrn)-amuny 18 moGaBisiin okTaHoN-1 B TpH-
CYTCTBHMH KapOoHaTta Kaiusi U uoauaa kamus npu 80 °C
B cpelne aneroHuTpuia. Ilocne ouncTky moayyaiu mpo-
nykT 19 ¢ Berxogom 69.1%.

Konbtorammo — mpem-0yTOKCHKapOOHUIT-3aIUILIECH-
HBIX aMuHOKHCIOT 6a-b u 10a-b u coenunenns 19
MIPOBOJIMIIA aHAJIOTHYHO MPEBPALEHUIO 110 cxeme | u 2.
IIponyktel peakuuii 20a-b u 22a-b, BbIXOABI KOTOPBIX
COCTaBWIIM COOTBeTCTBeHHO 87.4, 73.2, 72.5 n 58.8%,
BBIJCISIM U3 CMECEW METOAOM KOJIOHOYHOW XpOMATO-
rpapun Ha cuiukarene. CTPYyKTYphl IPOMEKYTOYHBIX
U LEJEeBBbIX COCJUHEHUH MOATBEp)KIAANN JaHHBIMHU
"H-SIMP CrieKTpOCKOITHH.

Katuonnsie ampudunsr 21a-b u 23a-b ¢ Bexogamu
cootBerctBeHHO 92.8, 90.3, 89.0 u 88.1% mnomyyanu
00pabotkoil coeaunenuii 20a-b u 22a-b TpugTtopyk-
CyCHOH KHCJIOTOH C TMOCIEOYIOIIMM  yAaJleHUEM
PacTBOPUTEIIS TIO] BAKYYMOM.

3AKJIIOYEHUE

Pazpaborana cxema mOJydeHHS HPOHU3BOAHBIX
AMHUHOKHCIIOT Ha OCHOBE AMA(UPOB IMITAHOIAMUHA.
IIpoBeneH cUHTE3 ISTH HOBBIX COEAMHEHUH, B COCTAB
TUIPO(PUIBHBIX OJIOKOB KOTOPBIX BXOJST OCTATKU TaKUX
AMHMHOKHCJIOT, KaK TJMIUH, [-anaHuH, L-opHUTHH
u L-muzun. CTpyKTypbl MOJIyY4EHHBIX COEAMHEHUI
noATBepkaeHsl  ganHbiMu  'H-SIMP  cmekrpocko-
nuy. CHUHTE3UpPOBAHHBIE COEIUMHEHUS IOArOTOBIIE-
HBl A TIepeadd Ha aHalu3 AaHTHOAKTepHaIbHOMN
AKTMBHOCTH B OTHOILIEHMH TPAMIIOJIIOKUTENBHBIX U
rpaMOTPULIATENBHBIX —INTAMMOB. /[l coelMHEHUi-
JIUJEPOB C MAaKCHUMalbHOW aHTUOAKTEPUAIbHON aKTHUB-
HOCTBIO IUIAHHPYETCS HU3Y4YUTh MX OE€30MacCHOCTh B
OTHOUICHUH OO0ILEeH U TeMONUTHYECKOI TOKCHYHOCTH.
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AHHOMAQuust

Ifenu. Paboma nocesujeHa U3YUeHUID 803MOAIHOCMU UCNOJB308AHUSL ONMUKO-NONSPUSAUUOH-
HblX Memo008 O/isl KOAUUECMBEHHOU OUEHKU HANPSIAEHHO20 COCMOSIHUSL U OCMAMOUHbBIX HANPS-
JKeHUll 8 NOAUKAPOOHAMHBIX MOHOAUMHBLX AUCMAX. OMU HANPSAIKEHUS S8SHOMCSL OCHOBHbLMU
NPUUUHAMU PACMPECKUBAHUSL TUCMO8 NOAUKAPOOHAMA U U30enUll U3 HUX.

Memoodust. O6bexmamu UCCIeO08aHUSL SENSIUCL 00PA3UbL NOJUKAPOOHAMHBLX MOHOJUMHBLX JIU-
cmos pasnuuHsblx npouszsooumeneil ((Monogal u «Novattro»). [lns uccnedo8aHus HANPSAKEeHH020
cocmosiHUsL 06pa3yo8 UCNob308aANU MeMOO0blL 080UIH020 AYUENPEeSOMAEHUS U AHANU3 UHMepge-
PEHUUOHHBbLX U300parKeHUll 06pasyos8, NONYUEHHBIX 8 NONASPUI08AHHOM C8EME 8 CKPEULeHHBIX
nossipoudax.

Pesynoemamet. [lokazaHa a¢hheKmusHoCms UCNONb308AHUSL ONMUKO-NONSAPUIAUUOHHBLX Memo-
0oe uccnedo8aHus: 080TH020 NYUENPEsoMAeHUSL U AHANU3A XapaKkmepucmuk 06be0uHeHH020
cnexkmpa uHmepgepeHyuUoOHHbLX U300parxceHuUll Hanpsi>keHHblx 06pasyoe noaukapborama. Ilpo-
8e0eHa OUEeHKA 0CMAMOUHbBLX HANPSIKEHUT 8 MOHOAUMHBIX NOJAUKAPOOHAMHBLX TUCMAX PA3AUYU-
HblX npousgodumenell.

Bbleoodsl. YcmaHoe/ieHa KOAUUECMBEHHAS. C8sA3b MeXKOY HAMSKEHUAMU, O0elicCmeylouumu Ha
obpasybl noaurxapboHama, ux 080UH020 AYUenpesoMaAeHUs U XapaKmepucmuKam 06beouHeH-
H020 cneKkmpa uHmepgepeHUUOHHbBIX U300parKeHUTl HazpYsKeHHbLX 06pasy08, NONYUEHHBbLX 8 No-
JISIPUSOBAHHOM c8EME 8 CKpeuleHHblLX noaspoudax. IlokazaHa 803MOIKHOCMb KOAUUECMBEHHOU
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OUEHKU 3HAUEeHUTI OCMAMOUHbIX HANPSIPKEHUU 8 MOHONUMHbBLX AUCmax noaukapboHama Ha oc-
HO8e aHAU3a UX CneKmpo8 uHmepgepeHyuoHHblx usobparkeruil. HamepeHHble ocmamouHble
HanpskeHus He npegoicunu 1 MIla.
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Abstract

Objectives. The study assessed the possibility of using optical-polarization methods to test
quantitatively the stress state and residual stress in polycarbonate (PC) monolithic sheets. This
stress is the leading cause of the cracking of PC sheets and the products made of them.
Methods. The objects were samples of monolithic PC sheets made by various manufacturers
(Monogal and Novattro). The birefringence method was used to study the stress state of the
samples, and the interference images obtained in polarized light in crossed polaroids were
analyzed.

Results. The efficiency of optical-polarization research methods, such as the birefringence and the
analysis of the interference images of stretched PC samples combined into an additive spectrum,
was shown. The residual stress in the monolithic PC sheets made by various manufacturers was
estimated.

Conclusions. The quantitative relationship between the stress acting on the PC samples, their
birefringence, and the characteristics of their additive spectrum of interference images of stressed
samples obtained in polarized light in crossed polaroids was established. The possibility of a
quantitative assessment of the residual stress in monolithic PC sheets based on an analysis of
their additive spectrum of interference images was shown. The measured residual stress did not
exceed 1 MPa.

Keywords: monolithic polycarbonate sheets, stretching, residual stress, crack resistance,
birefringence, interference image
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BBEJIEHUE

HccnenoBanue HanpspKEHHOTO COCTOSHUS Opra-
HUYECKUX CTEKOJ M U3JICIUH U3 HUX HEOOXOIUMO IS
0onee TOYHOTO NMPOTHOZHPOBAHUS UX CPOKA CIIYKOBI
[1, 2]. [IoMrMO BHEIIHUX HANPSIKEHUH, YCKOPAIOLINX
pacTpecKMBaHUE CTEKOJI, KOTOpPble BO3HUKAIOT IpHU
WX DKCIUIyaTalld, HampuMmep, MeXaHW4YecKux (mpu
MOHT@)K€ OCTEKIEHHUsI) WU TePMHUYECKHX (TIPH €ero
HEOJHOPOJTHOM HAarpeBaHUM), «BPEAHBIMHY SBIIS-
I0TCSl TaK)K€ BHYTPCHHHE OCTATOYHBIC HAIPSIKCHHS,
HaIpuMep, BO3HHUKAIONINE B mporecce (HOopMOBaHUS
oprcrekon [3]. MOXHO BBIAEIUTH CIEIYIONINE
TEXHOJIOTHYECKUE YCIOBUAMHU BOSHUKHOBEHUS M1OBbI-
HIEHHBIX OCTATOYHBIX HAIPSIKEHUN IPU U3TOTOBJICHUHT
SKCTPY3UOHHOTO MOHOJIUTHOTO TOJHUKApOOHATHOTO
(IIK) nucra:

*  BBICOKas BSI3KOCTb MoJMMepHoro paciasa [TK

pu GOPMOBAHUH 3aTOTOBKH;

*  HHU3KHE TeMmmeparypsl npu kanudpoBanun I1K

JHCTA;

*  BBICOKHE Jedopmamuu

kanmubposanuu [1K nmucra;

*  BBICOKHE cKopocTH Kanmoposanus [1K mucra;

*  BBICOKHE ckopocTu oxnaxaenus 1K nucra;

*  HEOJHOPOJIHOCTh HarpeBa W oxyaxjaeHus [IK

JHCTA;

* HekauecTBeHHas pe3ka 1K mucra;

» HemnpasuiabHOe XpaHeHue IIK nucra.

QOusnKo-XxMMUYecKass MPUPOJIa BIUSHUS BHEII-
HUX W BHYTPEHHUX HAIPSOHKEHUH Ha YCKOpPEHHE
pacTpecKUBaHUsI OPTaHMYECKUX CTEKOI U U3JICIIHIA U3
HUX OAMHAKOBA — 3TO Je(OPMaMOHHOE BO3ICHCTBIE
Ha MOJIEKyJspHble cCBA3M noaumepa. Ilpouecc
pacTpecKMBaHUS MOYKET pacCcMaTpUBATLCA B paMKax
Teopuu gonrosedHoctH JXKypkosa [2, 4]:

3aroTOBKHN npu

T, =T,ep(——) (1)

U-vo
RT

re T — BpeMs J0 Hayajga pacTPECKHBAHHUA HOJIH-
kapOonara (c); U — JHeprus akTUBAIHHU pas3py-
HICHHUS MaKpOMOJIEKYJ MOJUMepa, CBs3aHHAS C
NPOYHOCTHI0O XUMUYECKUX CBs3eH moankapOoHaTa,
paBuaa 150—160 x/x/(mons-K), [5]; o — npumno-
xkeHHoe HampspkeHue (Ila); 7 — temmepatypa (K);
T, — TOCTOsSIHHAsA, CBA3aHHAsA C 4acTOTOW Kojeba-
HUIl aTOMOB MOJIEKYJ IIPU MX TEIJIOBOM JIBH)KCHUH
(t, = 107=107"* ¢); v — akTUBaUMOHHBIH 00BEM
pa3pymieHusT WIH CTPYKTYPHO-UYYBCTBUTEIBHBIN
napametp, (M*); R (8.314 I -K'-monp™') — yHusep-
cajpHas ra3oBas MOCTOSTHHAS.

CyIecTBYIOT METOJWKH OIEHKH HANpPSHKEHHOTO
COCTOSIHUSI B OPICTEKJIaX W M3ICIHIX U3 HHUX', OCHO-
BaHHBIC Ha BBIBOJaX Teopuu JKypkoBa (ypaBHeHHE 1) 1
CBSI3aHHBIE C YCKOPEHHEM PaCTPECKUBAHHSI OPICTEKOI
P MOBBILIEHHBIX TeMIlepatypax [6] ¥ HanpsKEeHUIX
[1, 2], a Takke OpU KOHTAKTE HMX MOBEPXHOCTH C
aJCOPOIIMIOHHO AKTUBHBIMU TECTOBBIMH JKHUAKOCTSIMHU
[7, 8]. VM3BecTHBI TOIBITKA KOJIMYECTBEHHO CBS3aTh
BpPEMEHA YCKOPEHHOT'0 PAaCTPECKUBAHHSI C BETUYMHAMHU
ocrarouHblx Hampspbkennid B IIK nwmcrax. OpnHako
WCTIOJIh30BAHNE OTMCAHHBIX BBHIIIE METOJUK MPUBOIUT
K pa3pylIeHHIO u3aeiuii. TecToBbIe KUIAKOCTH® MOTYT
OBITH MIPUMEHEHBI TONBKO IS BBEIXOJHOTO KOHTPOJIS
TFOTOBBIX H3JEJIMH, YKa3blBAalOILEro Ha JONYCTUMbIH
ypoBeHb Hamnpspkerwnii B [1K mucrax [8].

HepaspywaromuMy MeTogaMu OLIGHKH — Harlpsi-
JKEHHOTO COCTOSIHUA B OPICTEKIaX MOTYT SBIATHCS
ONTUKO-TIOJIAPU3AIIMOHHBIE METOJbl, 2 UMEHHO METOJ
u3MepeHus ABoiHoro gydenpenomiuenus (JJII), a Taxke
aHaJIN3 MHTEPPEPEHIMOHHBIX H300pakeHHH 00pa3loB
B ckpemeHHbIXx nomspounax (MUCII), momydeHHBIX B
nossipuzoBanHoM ceete [9, 10]. CyTs mocneanero merona
3aKJII0YaeTCsd B TOM, YTO MPU Harpy>KEHUM BCIIEACTBUE
BosHukHoBenus JIJIIT B wmarepuane HaOmromaeTcs
LUKIMYECKOE U3MEHEHNE HHTEHCUBHOCTHU MTPOXOSILET0
MOJIAPU30BAHHOTO  OEJIoro CBeTa, MpUBOJAIIEE K
MOSIBJIGHUSIM  MHTEP(EPEHLIMOHHOTO H300paxeHus ¢
YepeAyIOUIMMHUCS BETHBIMU MOJIOCAMH — U30XPOMaMHU
[9-17]. Toukum Ha 3TUX H30XPOMAaxX COOTBETCTBYIOT
onpeneneHHbM 3HaueHusM JUJIIT n Hanpsoxkenuit. J{is
OJTHOOCHOTO HATPYKCHHUS 3TH HANPSHKCHUE MOTYT OBITh
paccuuTaHsl cieayrommuM oopazom [13]:

N = C(5§ (2)

rae ¢ — aeicTBytouiee Hanpsokenue (I1a); N — mopsigox
(uucino) mosoc nzoxpom Ha MUCII; & — TonmuHa (M),
A — umHa BoOnHBI cBeta (M); C — onTHYECKas
YYBCTBUTEIILHOCTh MaTepuana rno Hanpsokeruto (1/11a).

"TOCT P 51372-99. TocynapcTBeHHBIH cTanmapt Poc-
cuiickoii @exepannn. MeTosbl yCKOPEHHBIX MCTBITAHUN Ha
JOJITOBEYHOCTh M COXPAHAEMOCTh IPH BO3ACHCTBHM arpec-
CHBHBIX W JIPyTUX CIEHHUATIBHBIX CPel A TEXHUUCCKUX H3-
JIeii, MaTeprasoB U cucteM Marepuanos. M.: [occranmapr;
2000. [GOST P 51372-99. State standard of the Russian
Federation. Accelerated life and storable life test methods
in special aggresive and other special media for technical
products, materials and systems of materials. Moscow:
Gosstandart; 2000 (in Russ.).]

2 Ckneusanue u obwue Oauuvie no kKiesim. PykoBom-
CTBO IO TpaKTHUecKoif paboTe kommanun EVONIK-ROHM
GmbH; 2011. URL: https://orgsteklo-shop.ru/articles/ [Bonding
and general data on adhesives. Practice Guide of the
EVONIK-ROHM GmbH company; 2011 (in Russ.).
URL: https://orgsteklo-shop.ru/articles/]
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B Hactosiiee BpeMsi 3TH METOAMKHA HCIONB3YIOT
B TPOMBINUICHHOCTH I OIEHKH KadecTBa IOJIU-
KapOOHATHBIX OOJBAHOK I JIa3epHBIX JUCKOB [13].
O/1HaKO OHU MOTYT OBITh HCITOJIb30BaHbI 00JIee MIUPOKO,
B TOM YHCJIC JUTS OIICHKU OCTATOYHBIX HanpspkeHui B [TK
JUCTax U u3fenusax u3 Hux [14-20].

Lenpto maHHOW pPabOTHI SBISIOCH H3yYCHHUE
BO3MOKHOCTH HCIIOJIb30BAHUS ONMTUKO-MOISAPU3AIIH-
OHHBIX METOAOB IS  KOJMYECTBEHHOM  OLIEHKHU
HAMPSDKEHHOTO COCTOSHUSI U OCTATOYHBIX HANPSHKCHUN
B MOJINKAPOOHATHBIX MOHOJHUTHBIX JICTAX.

IKCIIEPUMEHTAJIBHASA YACTb

OOBEeKTaMU HCCIICIOBAHNUS SIBIISLIHCH 00Pa3IIbl JIHC-
TOBOI'O MOHOJIMTHOTO OECLBETHOIO CBETOCTAOMIU3UPO-
BaHHOTO MojukapOoHaTa TonmmHOW 3 MM «Novattroy
(Cagpl Inacm, Kazanb, Poccust, TY 2246-03-81057157-2008), a
TaKXkKe JIHMCTOBOTO MOHOJHMTHOTO OECIBETHOTO CBETO-
CTaOUIN3UPOBAHHOTO TMOJHMKAPOOHATA TONIIMHON 3 MM
«Monogal» (Ilonueans Bocmox, Kyposckoe, Poccus,
TV 2246-02-93726592-2008). O6pa3ib! 1k HCIIBITAHUI
MpEACTaBIsUA co0OM TuracTHHBI JuHOW 100 + 1 MM,
tommuHo# 3.0 £ 0.1 MM 1 mmpunOoi 30 £+ 1 MMm.

OKCIepUMEHTHl 0 HarpyxeHuro obpasmos [IK
MIPOBOJIMIIM HAa YHUBEPCAIbHON NCTIBITATEILHON MaIlInHE
AI-7000-LAS (Instron) (GOTECH Testing Machines
Inc., TaiiBanb). Kpemnenue o0pasnoB B 3axumax
WCTBITATEIbHONW MAalIWHBI OCYLIECTBISUIA C MOMOIIBIO
JTUHAMOMETPUYECKOTO  KIIoYa, 4YTO  00ecredusio
MIOCTOSIHCTBO M PABHOMEPHOCTD JABIICHUS HA TSHYIIUX
32)XMMOB Ha KOHIBI HCIBITYeMBIX 00pa3moB [2].
HarpysxeHue 00pa3ioB cOnmpoBOKAATOCH HETPEPHIBHON
(ukcamuelt TeKymmx 3HaueHWH ymuHeHuE (L, M)
v Harpy3ok (P, H). Jlnmna paGowero yuactka 110
Harpyxkenus (L)) cocrasisia 60 MM, OTHOCHTENbHBIE
nedopmarmu (g) u Hanpsprenwus (o, MI1a) paccunTtriBanu
ABTOMAaTUYECKHU (HAMPSDKEHUE G — C yYETOM YMEHbILICHUS
HA4aJIbHOTO MOIEPEYHOro ceueHus (s, M*) obpasia npu
ero nehopMUpOBaHIH):

Gr:Pr(l_gr)/SO’ (3)
e =(L —-L)/L,. 4)

Jnsi OLIEHKM HAmNpsDKEHHOTO — COCTOSIHHSI 00paslioB
Merogom JJIII mo TOCT 3519-69° wucnoas3osanu

3 TOCT 3519-69. Tocynapcteennsiit cranmapt CCCP.
Crekiio ontudyeckoe. MeTon u3MepeHus: JBOMHOTO JTydernpe-
JoMJIeHHs Ha mossspumetpe. M.: M3naTenscTBO CTaHAApPTOB,
1969. [GOST 3519-69. USSR State Standard. Optical glass.
Method for determination of stress birefringence on polarimeter.
Moscow: Izd. Standartov, 1969 (in Russ.).]

TIOJISIPU3ALIMOHHBII MHKPOCKOIT MMHH-10
(l'eonoeopaszeeoka, Poccust) ¢ TIOBOPOTHBIM KOMIICH-
catopom [3]. M3mepuB KOMIEHCHUPYIOIIHE YIIBI TIO-
BOpOTa ATOro KoMIieHcatopa (o ¥ [), pacCUUTHIBAIN
napameTp F, mponopUMOHANIBHBIA BEJIMYMHE JBOIHOIO
aydernpenomienus (An) obpasna:

F= d(“T_B)e (5)

rjie I — mapamerp JBOWHOTO JIydernpeaoMIIeHHs 00pasiia
(HM); o ¥ B — ymIBl TIOBOpOTa KOMIIEHCATOpa OTHO-
CUTEJNIBHO HEUTpambHOro ToNOXKeHUs (rpan); d u e —
KOHCTaHTBI npubopa (d = 3.085 um, e = 1.985) [2, 3].
3aTeM pacCUUTHIBAIN BEITHYUHY A7 C YUSTOM TOJIIUHEI
ucnsITyeMoro oopasua (8) mo crneayromien popmyse [3]:

An=F/§. (6)

Ucneityembie obpasusl Harpyxkanu npu 20 °C
IO IOCTIDKEHHsI 3aJaHHOTO HANpsDKCHUs, Kak u
panee [1, 2], u BELAEpKUBAIH JIO U3MEPEHUS BEJIMYUH O
u [} B Harpy>xeHHOM coctosiHuu 600 c. 3aTeM npoBOAUIN
U3MEpPEHHE C HCIOJIb30BAHUEM MOJSPU3ALUOHHOTO
mukpockona MIH-10.

Hna ¢uxcarmm MUCII HarpykeHHBIX 0OpasloB B
HPOXOMAIIEM MOJISIPU30BAHHBIM  CBETE  HCIOJIB30BAIH
poByIO POTOKAMEPY C MUKPOOOBEKTHBOM, HACTPOCH-
HYIO Ha NEPHOIMUYECKYIO (DHKCAIMIO M300paKeHHUS Yepes
3aJJaHHBIE TIPOMEXYTKH BpeMeHH (5 ¢).

PE3YJIBTATBI U UX OBYXKJIEHUE

HccnenoBanuss Obuin HavaTtel ¢ onenku JIJIIT
MCXOJIHBIX HEHarpy>KeHHbIX MOHOIMUTHBIX [IK muctos.
[IpenBapurenbHo 1o Beeit mmpune gucta (2000 Mmm) Ob11n
BBIpE3aHbl TIOMEPEYHBIC MOJOCKI, TEPICHIUKYIISPHBIC
HalpaBJIECHUIO KCTpy3uu. Bennuunsl An usmepsnu 1o
NIMPUHE JIMCTOB (H) IEHTPAIBHON YacTH TMOJIOC uepes
kaxaple 20 MM, 9TOOBI M30EKaTb BIMSHUS KPAacBBIX
3(h(}HeKTOB, CBI3aHHBIX C PE3KOiA.

Pe3ynbTaThl 3TUX MCHBITAaHUNH MPEACTaBIECHBI
Ha puc. l. Ciaegyer OTMETHUTb, YTO HCXOAHBIE 00-
pasupl  00MAJAlOT  ONTHUYECKOH  aHM30TpONHEH,
CBSI3AHHOM € OKCTPY3MOHHBIM U KaJaHJIPOBBIM
sdpdexramu, ¢ BenuunHol An,. OIHAKO 3TH TaHHBIE
o HeonHopoaHoctu JJIIT pasusix monomuTHbx [TK
JUCTOB HE CBHJICTCIIBCTBYIOT O «IIJIOXOM» KauecTBe
HCCIIEJOBAHHBIX MaTEPUAJIOB, TAK KaK BEIMYMHBI ATOI
HEOJHOPOJHOCTH MaJlbl 110 CPAaBHEHUIO C MPEAEIbHO
BO3MOXXHOW BETHUNHO IS TOTUKapOOHAaTa, KOTOpas
cocrasnset 0.106 [3].
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Puc. 1. I3meHeHue BeaMurHbl An 110 LIMPUHE
MOHOJUTHBIX [IK IHCTOB 1 ABYX MPOMBIIIIEHHBIX
00pa3moB 6e3 yKa3zaHHs WX IPOU3BOIUTEIS.
Fig. 1. Change in the value of An along the width
of monolithic polycarbonate sheets for two industrial
samples without specifying their manufacturer.

Oco00 oT™MeTHM, 4TO 3a()UKCUPOBAHHBIC H3MCHEHUS
JUIIT HampsiMyro HE CBSI3aHBl C Pa3sHOTOJIIMHHOCTHIO
00pasIoB, Tak KaK BEJIMYUHA TOIIIUHEI () YIUTHIBACTCS
npu pacuere BenuuuHbl An (ypaBHenue 6). OnHa-
KO W caMa Pa3HOTOJIIMHHOCT MOXET KOCBEHHO
ABIIATHCSl NPUYMHON BO3HMKHOBEHUS TEPMUYECKOM U
JnedopMalMOHHON HAaIPsDKEHHOCTH. SIBHBIE KpaeBbie
3¢ HEKTHI CBA3aHBI C OCOOBIMH YCIOBUSIMHU (POPMOBAHHUS
KpaeB JIMCTa M WX MEXaHWYECKOH 00pabOTKOH, B TOM
YHUCIIE PE3KOMU.

bouln mpoBeneHbl HCCIIEOBaHUS HAINPSHKEHHOTO
coctossHu  00pasmoB  [IK  MOHONMUTHBIX — JIHCTOB,
MOJIBEPTHYTHIX BHEIIHEMY OJHOOCHOMY Harpy>KeHHIO,
ONTUKO-TIOJIAPU3ALMOHHBIMU MeToiaMu. Ha HauanbHOM
sTame OblIa MCCIEAOBaHA 3aBUCUMOCTE G = f(g)
IIK o06pa3ioB B IIHMPOKOM JMaNa3oHE HampsDKEHUN
u gedopmarmit. Ha puc. 2 mpuBeneHa auarpamMma
OJTHOOCHOTO HarpyxeHws (kpuBas 1), omuchiBaromas
3aBucuMocTh 6 =f{g) [IK 06pa3moB. XapakTep HapacTaHus
HalpsOKEHUs TUIMYEH [JIs JuarpaMM Harpys>keHus
JKECTKOro  aMop(dHOro  mojuKapOOHaTa:  ympyroe
nedopmupoBanue mpu ¢ jgo 20—30 Mlla monomnHseTcs
3aMETHBIMH IUIACTUYECKUMHU JAe(OpPMALUSIMA TIPH G
6osee 30 Mlla, koTopbie 3aKaHYMBAIOTCS pa3pyLICHUEM
00pas1oB MpU HANpPSHKEHUU TIPU o, = 61.5 MIla.

Ilpu aHanM3e HANPSDKEHHOTO COCTOSIHUSI HArpy-
JKaeMBIX 00pa3LOB CIIEIyeT yUUTHIBATh XapaKTEepHOE JUIs
MONNMEPOB PETAKCAIIMOHHOE CHIKEHHE JIOCTUTHYTOTO
npyu  J1epOPMUPOBAHMN HATPSDKEHHUST TIPU  BBIIEPIKKE
obpa3sma B TEUYEHHE HEKOTOPOTO BPEMEHH IIpH
MOCTOSIHHOM JIOCTUTHYTOW Jnedopmanuu. B cBs3u ¢
9TUM B JalbHEHIIMX pacuerax ObUIM HCHOJIb30BAHBI
paBHOBECHBIE HampspDKeHust (KpuBasg 2 Ha puc. 2),

60 1

A
A/

o, MIla/ MPa

Puc. 2. [lnarpammsl HarpspkeHHE — AeopMariys
ronukapOoHaTa (CkopocTH aedopmMupoBanust S0 MM/MUH):
(1) m3mepenne B mporiecce Harpy>KEHHS,

(2) m3mepenne mocne peraxcauu B Teuerne 600 c.
Fig. 2. Stress—strain diagrams for polycarbonate (strain
rate 50 mm/min): (1) measurement during deformation
and (2) measurement after relaxation for 600 s.

YCTAHOBUBINKECS TOCIE BBIOCP)KKH  HArpy>KEHHBIX
00pasIoB MpPHU ITOCTOSIHHON JeopMaIin (TI0JI3y4ecTH)
B teuerue 600 c (puc. 3). OT™MeTum, 4TO MPU UHTE-
pecyromux Hac HanpspkeHusx meHee 30 MIla srto
pEeNaKCalluOHHOE CHUXKEHHE G HEBEIHMKO, KpuBble 1
U 2 Ha puc. 2 IpU 3TUX HANPSDKEHUSAX COBIANAIOT.
IIpu nHanpspkeHusx, npessimaromux 30 Mlla,
peNTaKCallMOHHBIM XapakTep 3aBHUCHUMOCTEH G = f(1)
Ha pHc. 3 CTAaHOBUTCSA Ooyiee BHIPAKCHHBIM, a MpPH
HanpspkeHusix O6osiee 50 MIla oOpasiel pa3pyiarTcs
3a Bpemst meaee 600 c (Ha puc. 2 3TUM 3HAYCHUSIM
HaNPsDKEHUH COOTBETCTBYET IYHKTHPHBIA yJacTOK Ha
KpUBOH 2).

[pyr nanmpHEHIINX ONTHKO-MONSPH3AIMOHHBIX HCITbI-
TaHUAX 00pa3oB HanpsbkeHus He npesbimaiu 30 MI]a.
B nporiecce npoBeeHNst JaHHBIX SKCIIEPIMEHTOB CKOPOCTh
nedopmupoBaHus Obla yMeHblIeHa 40 1 MM/MuH,
9TOOBl YCTPAaHUTH HEOINPEICICHHOCTh, CBA3aHHYIO C
MPOTEKAHUEM DEIAKCAIIMOHHBIX TPOIECCOB (3HAUCHHUS
3a(DMKCUPOBAHHBIX TPH ATOM HANPSHKCHUH (KpuBas 2
Ha pHUC. 2) COBHAJNHM C BEIMYMHAMH HAINPSHKCHUI Ha
kpuBoit 1. Jlepopmarmu € He mpeBbrmamu 0.5%, 4To
MUHHMHU3UPOBAJIO BIMSHHE MOJ3ydecTH. B Takmx
YCIOBUSIX CKOPOCTh HATPY)KEHHS IPAKTHYCCKA HE
BJIHSLIA HA BEJIMYMHBI HATIPSDKCHUH.

Beimie yka3blBasoch, 4TO Haubosee OTpabOTaHHOI

M YacTO UCHOJb3YyeMOW ONTHYECKOM METOAUKOMN
uccie0BaHust (GOTOYNPYTOCTH TOJIMMEPHBIX MATEPUAIIOB
SABJISIETCS.  METOJ  JIBOMHOTO  JIy4eTlpesOMIICHUSI.

Ha puc. 4 mpencraBneHsl pe3ynbTaTbl W3MEPEHUS
cTanaaptHoi BemuuuHbl An obpasinos (I'OCT 3519-69),
HaXOJSIIMXCS IO ACHCTBUEM Pa3NUYHBIX 110 BEITHIHHE
3aJaHHBIX BHEIIHUX HampsDKeHWid. B mpormecce 3THx
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Puc. 3. 3aBucuMocTy HampspKeHUH (G) OT BpeMeHH (T)
pelaKcaIyy Ipy TOCTOSHHBIX Ae(opMaIisaX 00pasIos €:
(1) 0.0015, (2) 0.003, (3) 0.005, (4) 0.007, (5) 0.010,
(6) 0.015, (7) 0.020, (8) 0.028, (9) 0.039, (10) 0.050,
(11) 0.063.

Fig. 3. Stress (o)-relaxation time (t) dependences
at constant deformation of samples &: (1) 0.0015, (2) 0.003,
(3) 0.005, (4) 0.007, (5) 0.010, (6) 0.015, (7) 0.020,
(8) 0.028, (9) 0.039, (10) 0.050, and (11) 0.063.
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Puc. 4. [lnarpamma, onmceiBaromiast ¢Bs3b Benmauab! JIJITT
B HarpyxeHHBIX [IK o0pa3max (ycmoBus, aHaTOTHIHEBIE
pHcC. 2) ¥ IPUIIOKEHHOTO K HUM Hampspkerns (o, MI1a)

(mrTprxoBast JIMAKS — 3HA9EHUA An, IpUBENEHHBIE K An__ = 0).
Fig. 4. Diagram describing the relationship between the

birefringence value in the loaded polycarbonate specimens

(conditions as in Fig. 2) and the stress applied to them
(o, MPa). The dashed line indicates the An values reduced

toAn._ =0.
res
WCTIBITAHWNM ~ MCXOJHBIM oOpaszenr (C  OCTAaTOYHBIM
IBOWHBIM  Jydenpenomiaenuem An - = 0.00039)

CTYIIEHYaTO Harpykajcs JO 3aJaHHbIX BHELIHHUX
HanpsbkeHUH.  HarpyxeHume — ocTaHaBiIMBalu — [pHU
3a[IaHHOM G, ¥ MPOBOJIUIM U3MEPEHHUE BENHYHMHBI An.

3areM Harpy»KeHue MpOAOJDKAIM JI0 G, U ONpPEAEIIsIn
3HAaYEHUE Anm, u tak gaiee no 30 Mlla.

AHamM3 3aBUCHMOCTH (POTOYTIPYTOCTH MO3BOJISIET
clenaTh BbIBOJ O JIMHEMHON B3aMMOCBSI3U BEJIMYMHBI
An o0pa3ua v HanpspKEHUs, NPUIOKEHHOIO K HEMY, B
uccieoBaHHOH oOnactu HanpspbkeHui. LltpuxoBas
npsiMas JIMHUS Ha pUC. 4 ONMMCHIBAET CBSI3b BHELIHETO

Hanpspkenus u An ipu An, = 0.

T

c'=a;An (7)

rae ¢’ — Hanpsokenue B obpasue npu An, = 0 B Mlla;
a,— xoncranra (a, = 11000 MIIa). ®opmyia (7) MoxeT
OBITh HCIIONB30BaHA B KAaueCTBE TAPUPOBOYHOH MpHU
OLICHKE HAMNPSKEHHOT'O COCTOSIHUSI B MCCIIEAOBaHHBIX
IIK mMoHOMUTHBIX I1CTOB. C y4EeTOM JONOJHUTEIEHOTO
OCTaTOYHOTO HAMNPSDKEHUs MCXOAHOro obpasua (o),

KOTOpoe J00aBIsIeTCs] K MNPUIOKCHHOMY BHEIITHEMY
HaNPSDKCHUIO MOKHO 3aIIACaTh:

6—0,, =a(An—An_,) (®)

II€ G — HANpPsUKEHUE, NPUIIOKEHHOE K 00pasiy; 6 |
An__ — BEMMYMHBI OCTaTO4YHOTO Hanpshkenus (MIla) u
ucxojHoro 3nauenus JIJII1 B HeHarpy>keHHOM HCXOTHOM
obpasue (An = 0.00039).

B cooTBeTcTBHY ¢ ypaBHEeHHEM (8) Ha pHc. 4 TOUKa,
cootBercTBytomas JIJII1 HeHarpyxeHHOTO o00pasia,
pasMemiaercss Ha JIMHAM TPEHJA, ONUCHIBAIOLICH
THHEHHYI0 QYHKIHIO An = f{G) B SKCTpaIoInpoOBaHHON
B 001acTb  OTpULATENIbHBIX  HaNpsHKeHUH.  ITo
OoOBsICHSIETCS TEeM, 4YTO OCTarOYHOE HamlpsHKeHUe
B oOpasle sBJseTCd CXKUMAIOIIUM, B OTIHYHE OT
pacTiaruBaroniero HanpsHKCHUA, MPUIIOKEHHOT'O K
oOpasiyy. B coorBerctBumM ¢ ypaBHeHWeM (8) IS
HCCIIeZIOBAaHHOTO OOpasna B Touke uiaMepenus JIJII1
BEJIMYMHA G COCTaBjsieT npubmusutensHo 0.9 Mlla
(medpopmarmst o6pasna meree 0.05%).

Takum o00pa3oMm, [maHHAas METOJHWKA OICHKH
HaNPsSKEHHOTO COCTOSHHSI IMO3BOJISET KOJIMYECTBEHHO
0XapaKTepU30BaTh KAYECTBO H3JENHUs, OJHAKO y 3TOr0
METOJIa €CTh HeJJOCTaTKH:

— puckperHocts u3mepenus JJIII u crnoxHOCTH
OLICHKW HECOAHOPOAHOCTU HA OYCHb MaJbIX U OOIBIINX
TUTOIIAJISIX U3JENUs (IMaMeTp JTy4a MPOXOASIIETo Yyepes3
oOpa3zerr cBeTa cocTaBisieT ot 1 10 3 MM);

— HWCTBITaHUSI Ha OONBIINX TUIOMIAISIX TPYIOSMKH
U JUIMTEJbHBI, a TAKKe BO3HUKAIOT CJIOYKHOCTH OLIEHKHU
3TUM METOJOM HM3MEHEHHUI HalpsDKEHHOCTH U3IENus B
IpoLecce ero HarpyKeHus;
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— HEO0OXOIMMOCTH
U3JeNns;

— YyBCTBHTEJIFHOCTH JTOTO METOAa B 00JacTH
MaJIbIX HalpsKeHUH HEBBICOKA.

Ssnenue ¢dotoynpyroctd, BbizbiBacMoe JJIIT B
MOJIMMEPHBIX U3JENUSIX MOJ JACHCTBUEM HaNpsKeHUS,
MOXKHO HCIIOJIb30BAaTh HE TOJBKO JIA U3MepeHus An.
IIpumeHeHne HepaspylIAlOLUIETO METOoJa aHajau3a
HNUCII oOpa3iioB, OCHOBaHO Ha TeX ke (hU3HMUECKHX
MPUHIIMIAX, HO MPU OTOM aHaJIM3UpyeMas JaHHBIM
METOJIOM TUIONIa/b O0pa3lia OrpaHUYMBACTCS TOJIBKO
pasMepoM mossgpu3aTopa (Kak yKa3blBaJOCh BBIIIC, B
HalleM cllydyae MCTOYHUKOM IOJIIPU30BAHHOTO CBETa
CIYXWI MOHUTOpP KOMIIbIOTEpA, HACTPOEHHBbIM Ha
Oenplii cBET). DTO TO3BOJSIET B PEAIbHOM BPEMEHHU
HETPEPBIBHO HAa OONBIINX IUIOMAISIX (DUKCHPOBATH
W3MEHEHHE HANpPsDKEHHOTO  COCTOSIHUS, B TOM
qyclie B MPOLECCe BHEIIHEr0 MEXaHWYEeCKOTO WU
TEPMHUUYECKOro BO3/eicTBUs Ha uzaenue. [Ipu stom He
TpebyeTcsi pa3pe3aTh U3JeNue Ha 00pasibl AN TaKhX
HUCTBITAaHUMN.

Ha puc. 5 npeacrasieno MUCII nenarpyxeHHoro
obpasna [1K moHonutHOrO nucra. Hanmuune mpera Ha
NUCII ucxomnoro obpasmna npu ¢ = 0, 00yCJIOBICHO
CYILLIECTBOBAaHHE B HEM JBOWHOIO Jy4elnpesoMIICHUs
M, CJIEJI0BATENIbHO, OCTATOYHBIX HANPSKEHUH O .
OTMeTHM, 4YTO HTOT LBET 3aBUCUT HE TOJBKO OT
BEJIMYKMHBL G, HO ¥ OT Ttomumuel K scra. Ilpu
noiaHoM orcytctBun JUJIIT y obpasua noasipu3oBaHHBII
CBET HE JIOJDKEH MPOXOAUTH Yepe3 aHalM3aTop,
PaCIOIOKEHHBIA TIEPIICHAUKYISIPHO K TIOJSIPU3ATOPY,
MOATOMY 00pa3Ibl JOIKHEI OBITH YEPHBIMH, KaK U (OH
Bokpyr MUCII ucxomnoro odpasna Ha puc. 5.

BbIpe3aHusi  00pa3loB W3

Puc. 5. VaTepdepeHimonHoe modpaxkeHie
B CKPEIIEHHBIX MOJIPONIIaX UCXOmHOro obpasiia (¢ =0 MITa)
U HHTep(EePEHINOHHOTO CIIEKTPa ero HarpyKeHUs
(cTpenka yka3pIBaeT HaIpaBICHUE HATPYKCHHUS).
Fig. 5. Interference image in crossed polaroids of the
initial sample (¢ = 0 MPa) and the interference spectrum
of its loading (the arrow indicates the direction of loading).

HeomHopomHOCT  OKpalMBaHUS  MCXOJHOTO
obpazia mpu ¢ = 0 Mlla (mosiBIEHHE KEJNTOTO
orrenka B mpaBor uwacth WUCII wHenarpykeHHOTO
HCXOTHOTO 00pasla), yKa3blBaeT Ha HEOIHOPOTHOCTH
ero An,_ n o . Kpome 3TOH «CaHTHMETPOBOW» HEOJ-
HopogHoctu okpawmuBanuss WHWCIT MokHO 3aMeTUTh
«MUJUITUMETPOBYIO» HEOAHOPOAHOCTb, & HUMEHHO W3-
MEHEHUE 1IBeTa (OT 3eJIeHOT0 K CUHEMY U Jlanee K po30-
BOMY IIBETY) Ha OOKOBBIX Kpasx 00pasia. ITo BBISBISCT
OCTaTOYHbBIE HAMPSHKCHUS, BOSHHUKIINE TIPU PE3KE JINCTA
Ha TIOJIOCHI, KOTOpBIE HEBO3MOXXHO 3a()MKCHPOBAThH
npu usmepenun JUJIII, uto criemyer y4uThIBaThH NpHU
uccienosauuu UCII.

Jlanee OBIIO TPOBEOEHO CTYNEHYATOE HArpy-
JKEHUE 00pa3IoB C OTHOBPEMEHHOH (Qukcanueit
3HAYEHUH HanpsKeHuH (G,) U HHTEP(EPEHIMOHHBIX
n3obpaxkeHnit obOpasua (aHAJIOTMYHO OMUCAHHOMY
BBILIE CTYIIEHYATOMY HArPY>KCHHIO TP ONpeaeIeHUN
An). B OCHOBE OLEHKH U3MEHEHHs (HOTOYNPYrocTH
B MpOIECCe HATrPYyXKEHUS MPUHATO TPOBOJUTH
U3MEpPEHHUE KOJIMYECTBA HM30XPOMATHYECKHX II0JIOC
(N) Bozaukaromux Ha MW CII 06pa3nos. Hanpsoxkenue
6 B paboueil wacTu oOpa3na pacCYUTHIBACTCS IO

dbopmyie [13]:

G_ﬂ 0
= ©

S0

rae 0 — TONNIMHA JINCTa; G, — MacmTabHas IeHa
nenennst osocel Ha MUCII, xotopast omnpenensiercs B
TApUPOBOYHBIX OINbBITAX MPU CPAaBHEHUH BBIYUCIECHHBIX
HANPSOKEHWH ¢ HAOII0JaeMBIM ONITHYCCKUM 3(PPEKTOM.
3arem ObLTH pa3paloTaHsbl MaTeMaTH4YecKue
MIPOrpaMMBbl, KOTOPbIE MOTYT OBbITh HCIIOJIBb30BAaHBI JJIS
unrepnperanuu UUCIT o6pasmos [13].

B nameii pabote MBI HCHOJB30Bald METOAUKY
COBMEIICHUS OJMHAKOBBIX HM30XPOMHBIX JIMHUW MHO-
xectBa ¢ororpaduit MVCII narpyxaemoro obpasua,
CICNIaHHBIX TMPH PA3IUYHBIX TPUIOKEHHBIX K HEMY
HaIPsDKCHUSIX B HanboJiee HHTEepeCyoIel Hac 00J1acTh
ot 0.3 mo 5 MIla. Bce Touku Ha mzoxpomax MUCII
HMEIOT OJIMHAKOBbIE 3HaueHue An. DTO IMO3BOJIWIO
O0OBEMHUTHh BCE TOJY4YEHHBbIE IPU PA3JIMYHBIX Ha-
npsokerusix MUCII uccnenoBanHoro obpasua B €ro
euHBIN crekTp u3zoxpoMm. Ha puc. 5 mnpusenena
0000IIeHHAasT KapTUHA OKPALICHHBIX IOJOC (CHIEKTp
WUCII). B xaugectBe npumepa B cnekrpe WHCII
OeJIbIM KOHTYpPOM BbIjIeNieHa HajloxkeHHas yacTh MU CIT
obOpasua npu HanpspkeHun 4.5 MIla. OnmHako 3TOT
MIPOIIECC MOKET OBITh aBTOMAaTH3NPOBaH. OTMETHM, UTO
noxosxuit ciektp MU CII ipu paznuaHbIX HAIPSHKEHUSIX
MOJKHO TONyYUTHh B 00paslle JTOCTaTOYHOU TOJIIUHBI
IIpH NONEpeYyHOM U3ruoe.

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(1):65-75

71



OueHka HaIIPAXKEHHOI'0 COCTOSAHHSA nomxapﬁona’rnmx MOHOAHTHBIX AHCTOB ...

IIpn HarpyXeHUM 4YETKO BBIPAKCHHBIC OKpa-
LIEHHBIE H30XPOMHBIE II0JIOCHI IOSABIJISIIOTCS IPU
BHemHeM HanpspkeHun | MIla u Beimie (y mCXOmgHBIX
00pa3oB OHU He BeIpaXkeHbl). Ha puc. 5 ykaszaHsl pe-
aJpHBIC pa3Mepsl 00pa3a U MOTYyYUBIIETOCS CIIEKTPa
NUCII. [Tonocsl OpHEeHTUPOBAHBI BIOJIb HAITPABIECHUS
pacTshKeHUs Harpys>kaeMbIX 00pa31oB, ¢ yBEIHYCHUEM
HaNpsOKeHUST U30XPOMBI «IIEPEMELIAI0TCS» TMepIeH-
JUKYJISIPHO TOMY HaIPaBJICHUIO, & TAK)KE MOSBIISFOTCS
HOBBIE U30XpOMHBIE IMHUU. Takxke Ha puc. S TPUBEIEHbI
3HAYEHMs TNPHUIOKEHHBIX BHEIIHMX HANpPsKEHUH O,
(B MIIa) n COOTBETCTBYIOLINE UM BETMIHHBI A7 .

Bbruto ycraHoBIEHO, YTO pacCTOSHUS (IIEPHOJIBI)
MEXJly M30XPOMHBIMH JIMHUAM Pa3HOro mopsiaka A,
(rme i yka3pIBaeT Ha BENWUYWHY HampspkeHus 1, 2, 3,
4 u 5 Mlla) na cnexrpe MUCII (puc. 5) cyxkawoTcs
C yBEIWYEHHEM [JEHCTBYIOIIMX HANpsHKEHUH B
COOTBETCTBMU C ypaBHeHueM (9). Ha puc. 6
MpUBE/JeHa 3aBUCUMOCTh pa3Mepa 3THUX PacCTOSHUI
OT JelcTByOHMX Ha oOpasern HampspkeHuid. OnHa
3aKOHOMEpHa W aJIeKBaTHO OIHMCHIBACTCS THIEP-
Gonuueckoi pynkumneii o, = f{1/A)).

OTO MO3BOJIMJIO  HCHOJb30BaTh  3aBUCHUMOCTH,
ananorununble ypaBHenuto (8) miast JUJITI, u osxctpa-
MOJMPOBATh WX 3HAYCHHUS B 00JAaCTh OTPHUIATEIHHBIX
3HAUYEHUH OCTaTOYHBIX HampspkeHuil. Ilpm  sToM
¢byukuo 6 = f{1/A) MOXKHO omucarh CISIYIOUM 00-
pasom:

0.08

0.06

0.04

/A, v/ mm!

0.02
/
0.00 /,

-1 0 1 2 3 4 5
o, MIla/ MPa

Puc. 6. Jluarpamma, onmuchIBaIOIIAs CBS3b BETUYMH A
B MM Ha criektpe MUCII narpyxennsix [IK o0pasuos un
MPUIOKEHHOTO K HUM HanpspkeHui (o, MIla) (turpuxosas
JIMHUS — TUTIOTETHYECKUE 3Ha4eHns /A, ipusesiennbie k 1/A ).
Fig. 6. Relationship between the A values in mm on
spectrum of interference images of samples in crossed
polaroids of the loaded polycarbonate samples and the
stress applied to them (o, MPa). The dashed line indicates
the hypothetical 1/A values reduced to 1/A .

07GOCT =a2(1/A71/AOCT) (10)

A€ G — HaAIPsDKCHUEC, MPUITOXKCHHOEC K 06pa3uy; c "

ocT
A . — BenuuuHA OCTarouHoro Hampsokenus (MIla) u
nepuosiel A B HCXOAHOM 00pasiie; k, — kodhduimenrt,
3aBUCAIIMI OT MacmTaba u300pakeHUs (B Halem
ciayqae a,= 0.014 MIla). B paccmatpuaemom ciydae
Ha puc. 6 npu Hanuuuu G BenuuuHa 1/A  # 0. s
VHUBEpCAITM3AIMA ATOW 3aBUCHMOCTH MOXKHO HCITOJIb-

30BaTh OTHOCUTENBHBIE €ANHUIIBI, HATIPHIMED, AI/A:

G_GOCT:a3(A1/A_AI/AOCT) (11)

rae A, — pacuernoe 3Hauenue A =78 mm ot 0 10
o, = 1 MIla na puc. 6, a, = a,A| npUGIU3UTEILHO
pasen 1 (a, = 1.1 MIla). B stom ciiyuae npu o, = 1 Mlla
B ypaBHenun (1) Benmnmumna A /A pasna 1. Oxnako
pe3yJsbTaT aHajau3a IpU TOM HE U3MEHUTCH.

JluneliHOCTH  3TOM  3aBUCHMOCTH  IO3BOJISIET
OLICHHUTH BEIMYHHY OCTATOYHOTO HAINpPSDKEHUS B 00pas-
e, Kak M paHee MpH aHaIu3e 3aBHCUMOCTH An = f(0),
SKCTpanojsiiued B 00JacTb OTPULATENbHBIX 3HAYe-
HUll ¢ (HanpsbkeHud cxatus). [Ipu >TOM BenMuMHA
o, cocrapuna 0.7 MIla, 4ro 6iU3KO K BEIMYUHE G,
MOJYYEHHON TpW aHalu3e HaNpsHKEHHOTO COCTOSHUS
¢ ucnonb3osanuem JUII semmuuner An (0.9 Mlla).
Cpennssa BenuuuHa dTuX HanpspkeHuit 0.8 £ 0.1 Mlla
HEBEJIMKA ¥ COOTBETCTBYET YHpyrou medopmaruun
noiukapOonatHoro smcra MeHee 0.05%. Dto He
MPEBBINIACT OOBIYHBIX TEPMHUYCCKUX  JepopMaruii
[IK nucToB mpu MX 3KCIUTyaTallMd, KOTOPbIE MOXHO
cuntath Oe3omacHeiMu. Panee [1, 2] Obuto moKa3za-
HO, 4YTO Oe30macHble HaIpsLKEHUs, oOecrednBarole
JUIMTENBHYIO SKCIUTyaTalUI0 OJIUKAapOOHATHBIX JTUCTOB
W U3ICIUN U3 HUX, cocTaBistoT MmeHee 10 MIIa.

ITomyuennsiii ciektp MM CII MOKHO HCIIOIB30BATH
JUTSI OTIPEICIICHUS HAMTPSHKSHUH B HCCITe Ty eMbIX 00pa3iax
I[IK mo wux wuHTepPEPECHINOHHBIM H300paKCHUSAM.
1 3TOro 10CTaTOYHO COBMECTUTH OJMHAKOBBIE M30-
xpomubie uEIA UUCIT o6pasua u crekrpa UUCIT n
OTIPEICTTUTH KOOPAWHATY IIEHTPa HCIBITYEMOT0 00pasia
no juinHe criektpa UM CII, xoTopas paBHa cymme:

ko1
xp=20=2() (12)

n=1 N

rme X — KOOpAMHATa WCHBITYyeMOro o0pasma Ha
criektpe UUCIT n = 1, 2, 3 u T.7., 9TO COOTBETCTBYET
o B Mlla Ha puc. 6; a — mokasareib CTEIEeHU, IPUOIN-
3uTenbHO paBHbd | (¢ = 1.1). Bo3moxkHo, oTiuune
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MoKasaTenss a OT 1 CBs3aHO C HaTUMYHUeM B oOpasie
OCTaTOYHBIX HampspkeHui. Ha puc. 7 nmpuBenena nua-
rpamMma, TpauuecKkd OmHChIBaromas ypaBHeHue (12).
Ee MOXXHO MCIIONIB30BaTh AJIS OINPENEJICHUS] HallpshKe-
Huii npu ananu3e crekrpa MUCTI, npuBeneHHoro Ha
puc. 5. YpaBuenue (12) mo3BojsieT 3KCTparnoJIupoBaTh
9Ty JuarpaMmy A0 Oosiee BBICOKUX HAaNpsDKEHUR B
obrnactu ynpyrux aedopmanuu. Ha puc. 7 3aBUCUMOCTH
skcTpanonupoBana 1o 10 MIla. Panee Obii0 mokazano
[1, 2], uTo HampspKEHUS MEHEe 3TOW BEIMYUHBI MOYKHO
CUYHTATh JIOMYCTUMBIMH B TCUEHHE TApaHTHIHOTO CPOKa
CITyKOBI TTOTUKAPOOHATHBIX JIUCTOB.

10 O
i
%

<
s VA
e
6 3 /
2 e
1 f/
0 //
i
0 50 100 150 200 250
X, MM / mm

Puc. 7. luarpamma, rpau4ecKy OMHCHIBAIOIIAS
ypaBHeHue (12) (TOYKH — SKCTICpUMEHTAIbHbIC 3HAYCHHS).
Fig. 7. Graphic depiction of Eq. (12). The dots are the
experimental values.

OpHako cienyeT y4uThIBaTh, YTO KapTHHA H30XPOM
MUCII 3aBucUT HE TOJBKO OT HAMPSHKEHUH B HEM, HO
U OT ApYyrux (aKTOpoB, HAIIPUMEDP, OT TOJNIIMHBI JIHCTA
U ero pa3HOTOJIIMHHOCTH, HAKJIOHA YYaCTKOB M3AEIIHs
W TaKk jaiee. DTO MOXET CHIKATh JOCTOBEPHOCTH
KOJIMYECTBEHHON OILIGHKH €ro HaIpsDKEHHOIO COCTO-
sHusa. Ho sta mpolGiiema JUisi MCXOAHBIX JIMCTOB HIIN
KOHKPETHBIX MJCHTUYHBIX APYT IPYTy U3ICIHNA U3 HUX
MOJKET OBITh pelieHa pPa3padOTKON 0a3bl ATAJOHHBIX
criektpoB MUCII kauecTBEHHBIX W3JENHHA, KaK 93TO
y>ke ObUIO CHIEJIaHO Ul aBTOMAaTU3MPOBAHHOM OLIEHKU
HAINPsDKEHHOTO COCTOsTHMSL JUTheBBIX [IK GomBaHOK
KOMITaKT-TUCcKOB [13].
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3AK/IIOYEHUE

Ha ocHOBaHWU NMPOBEICHHBIX UCCIICIOBAHUA ObLIA
nmokasaHa 3((EKTHBHOCTh HCIOJB30BAHUS  ONTHKO-
MOJIIPU3ALIMOHHBIX METOJIOB TP OLIEHKE HAIPSYKEHHOTO
COCTOSIHUSL TIOJMKApOOHATHBIX MOHOJMUTHBIX JIHCTOB
pasnuuHbIX npou3BoauTene Poccuiickoit @enepanun.

YcTaHOBIEHA KOJMYECTBEHHAs CBSI3b  MEKIY
HaNPsSOKEHUSMH, ACHCTBYIOIIMMU HA 00pa3Ilbl OJIUKAP-
OoHara, BEJIMYMHAMH WX JBOWHOTO Jy4eNpesOMIICHHS
U XapaKTepPUCTUKaMU OOBEJIMHEHHOTO CIIEKTpa WHTEp-
(hepeHIIMOHHBIX H300paKEHNH HArPyKEHHBIX 00Pa3IoB,
MIOJIy4YEHHBIX B MOJIIPU30BAHHOM CBETE B CKPELIEHHBIX
MOJIAPOUAAX.

[ToxazaHa BO3MOKHOCTh KOJMUYECTBEHHOH OLIEHKU
3HAYEHUH OCTATOYHBIX HANpSHKEHUH B MOHOJIMTHBIX
JUcTax MOJMKapOOHaTa Ha OCHOBE aHallu3a CHEKTPOB
X UHTEePPEPEHIMOHHBIX H300paskeHUH. V3mepeHHbIE
OCTaTOYHbIE HaNpspKeHus He npesbicuiau 1 MITa.
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IIpaBHAA OASI aBTOPOB

PenensupyeMsblii HaydHO-TeXHUYECKUN KypHal «Tonkue xummuueckue texHosornu = Fine Chemical
Technologies» BbIXomuT 6 pa3 B TOJl Ha PYCCKOM M aHTIIMICKOM si3bIkax. JKypHan myOnukyeT opurnHaibHbIe
9KCIIEPUMEHTANIbHBIE U TEOPETHYECKHe paboThl, aBTOPCKHE 0030phI M MPOTHO3HO-aHATMTHYECKNE CTaThH, a TaK-
e KpaTKre COOOIIEHNS TI0 aKTyallbHBIM BOIIPOCAaM XUMHYECKOI TEXHOJIOTHH W CMEXHBIX HayK B COOTBETCTBHH
C OCHOBHBIMHU PYOpHKaMHU:

* Teopernueckue OCHOBBI XUMHUECKON TEXHOJIOTHH;

*  XUMU U TEXHOJIOTUSI OPTaHUYECKUX BEILECTB;

*  XUMUsI U TEXHOJIOTHUS JICKAPCTBEHHBIX MIPENapaToB U OMOJIOTHYECKN aKTUBHBIX COCTUHEHUI;
*  buoxumust 1 OMOTEXHOIOTHS;

*  CuHTe3 1 nepepadoTKa MOJTUMEPOB M KOMIIO3UTOB Ha UX OCHOBE;

e XUMHS U TEXHOJIOTUS HEOPraHMYECKUX MAaTEPHAJIOB;

*  AHamuTHYECKHE METOABI B XUMHUHU M XUMHYECKON TEXHOJIOTHN;

*  MaremaTuueckue MeTObl U HH(POPMALMOHHBIE CUCTEMbI B XUMUUECKON TEXHOJIOTHH.

C 2021 rona xxypHan «Toukue xumudeckue texHosaorun = Fine Chemical Technologies» BkitoueH B
MesxayHapoHyI0 HayKOMETpUUecKyto 0a3y naHHbIX Scopus. XKypHan pedepupyeTcst B MexXIyHapoIHOW Oa3e
nanublx Chemical Abstracts, Bxonut B simpo Poccuiickoro unjaexca nayuyHoro uutuposanus (PUHL),
BKIIIOYECH B 0a3y JNaHHBIX HaydHbIX KypHaioB Russian Science Citation Index (RSCI), pasmemennyo Ha
mwiatpopme Web of Science; B MexayHapoHbiid katanor nepuoandeckux uzganuii Ulrich u B JupexToputo
oTKpbITOTO AocTyna DOAJ; BXOUT B IepedeHb peleH3upyeMbIX HayuHbIX n3nannii BAK, B koTopsix myOmnu-
KYIOTCS OCHOBHBIE HAay4YHbIE Pe3yibTaThl AMCCEPTANN HA COMCKAaHUE YYEHBIX CTENEHEH KaHIuJara HayK |
JIOKTOpa HayK.

Bce pykomnucu nprHUMAOTCS K I€4aTH Ha OCHOBAHUM PE3yJIbTaTOB UX peleH3MpoBaHus. B xxypHase npu-
HSTO JByCTOPOHHEE «CJIETOe» PELEeH3MPOBAaHHE OBYMsI HE3aBUCHUMBIMM 3KCIEepTaMu. [IpHHIUINBI, KOTOPHIMU
JOJDKHBl PYKOBOJCTBOBATbCS aBTOPBI ITyONMKalMi, B IOJIHOM OOBEME NpeACTaBlIeHbl B pasaene «ITHKa
myOJIMKaIuin»y Ha caliTe KypHaa.

IIpaBuia npexocraB/ieHUus: CTaTeld B PeJaKLHIO

Pykonuce HampaBisieTcss B pelakiinio uepe3 BeO-Gopmy, pa3sMelieHHy0 Ha caiite https://www.finechem-
mirea.ru/jour/about/submissions, mocJje MpeBapUTEIbHON PErUCTPALINU.

Pykonucn mnpuHHUMarOTCd Ha PYCCKOM WM AHIVIMWCKOM s3blkax. [[ns craredl Ha pycckoM S3bIKe
OCYHICCTBIIACTCA TIIEPEBOA Ha AHTIINHCKUNA  SI3BIK KBaHI/I(bI/IHI/IpOBaHHBIMI/I NEpEeBOAUYNKAMU-XUMUKaAMH C
MOCTIEAYIONINM PETaKTHPOBAHUEM HOCUTEIISIMH aHTIIMHACKOTO SI3bIKA.

O0beM HaydHBIX cTaTel He JoipkeH npeBbimath 27000 3Hak0oB ¢ nmpodenamu. Pasmep 0030pHOIT cTaTbn He
noibkeH rpebiath 60000 3HaKOB ¢ Tpodenamu (BKITk0Yas TA0IHIIBI K CTUCOK TUTepaTypsl). KpaTkue cooOmieHus
Y MIHCHhMa B PEJaKINio He JOJDKHBI TpeBbimats 8000 3HaKoB ¢ mpobenamu. Eciu Bamia pyKoOmUCh BBIXOAMT 32
yKa3aHHbIE TPe/ICibl, OKOHUATEILHOE PELUICHUE O BO3MOKHOCTH €€ My OIMKaluy NpuHUMaeT [ TaBHbIA peaakTop.

Texct pykonucu oopMIIsieTcs: B COOTBETCTBHU € aKTyanbHOH Bepeueil [IpaBui, mpeacTraBieHHbIX B pas3ierie
«IIpaBuiia 1J151 aBTOPOB» Ha caiiTe )KypHaia.

IloaroroBka ocHOBHOIO (haiijia cTaTbu

JlokyMeHT J0JbKeH OBITh TIOATOTOBJICH B mporpamMe Microsoft Word u coxpanen B dopmare *.doc wimm
* docx. Hymeparus ctpanur ckBo3Has. OcHOBHO#M TekcT: mpudt 12 Times New Roman, momyTOpHBIA WH-
TepBaJl, IMOJIS IO 2 CM CO BCEX CTOPOH, BHIPABHUBAHWE TI0 MIMPHUHE. BhieneHus B TeKCTe MOAYEPKUBAHUEM He
JIoIrycKaeTcsi (KpoMe MEeCT TJie 3TO HeoOxoumo — Harpumep, SIMP-criektpsr). Bo3M0OXHO BEIIETICHHE KYpCUsom
WM MOJTYKUPHBIM PU(TOM.
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MIOYTOBOTO MHJIEKCa U cTpaHbl. Eciiu opranu3zanuii 18e u 6osiee, He0OX0 MO HUPPOBBIME HAJICTPOYHBIMH
WH/ICKCAMHU CBSI3aTh HAa3BaHUE yUPEKJICHHUS U (paMUINU aBTOPOB, B HEM paboTaIONINX;

* e-mail aBTopa, Bexyuiero nepenucky (““ABTop /s epenucku, e-mail);

°  CTPYKTYPHpPOBaHHYI0 aHHoTauuio B ¢opmare «llenn. Meronsl. Pesynbrarel. BeIBOIBL», KOTOpas
JIOJDKHA COOTBETCTBOBATH CTPYKTYPE CTAThU M a/IEKBATHO TMPEJICTABIIATH COMIEPKAHUE U PE3YIBTAThI CTaThH
(oopemoM o1 250 o 350 cioB); st 0030pHBIX cTaTel momycTuM dopMmat «Llemwn. PesynpTaTel. BeIBOIABD).

*  KJI0YeBbIe cj10Ba (0T 5 10 10 cITOB WIIM CJIOBOCOYETAHHN).

Jlanee HEOOXOIMMO ITOMECTUTH HA AHTJIMIICKOM SI3bIKE OJTHIUM OJIOKOM:

° Ha3BaHHE CTATHH;

* uMA 1 (AaMUJIHIO ABTOPOB NPHUBOASAT MOJHOCTHI0, OTYECTBO COKPAIIAIOT 10 OJHOH OYKBBI,
(B OTIEJBHBIX CJIy4asiX 0 ABYX) (OTBETCTBEHHOCTb 3a MPAaBUIBLHOCTh HAITMCAHUS HECYT aBTOPHI);

e adgdumanuu aBTOpPoOB (Ha3BaHUE OPraHU3aIUH, IIe PA0OTAOT aBTOPHI, C YKa3aHUEM ropo/ia, TOYTOBOTO
WH/IEKCA U CTPaHbI);

e e-mail aBropa nis nepemmucku (“‘Corresponding author, e-mail);

°* CTPYKTYPHPOBAHHYI0 aHHOTALMIO HA aHTIMICKOM s3bIke (Abstract), COOTBETCTBYIONIIYIO OCHOBHBIM
pasnmenam ctatbu (Objectives. Methods. Results. Conclusions.), o6semom ot 250 g0 350 cios. IlepeBon
AHHOTAIIMY Ha aHTIMACKHUNA S3BIK JTOJDKEH OBITH TIOJHBIM, HO HE 00SM3aTeNFHO JOCIOBHBIM MEPEBOIOM
PYCCKOSI3BIYHOM BEpCHUH;

* kuo4eBbie cjoBa (Keywords).

Hanee cnenyror pa3aensl:
BBenenmne (3arojoBok HeoOsI3aTEIIEH).

IKCMEePUMEHTAILHAS YACTh WK MaTepuaibl i METOABI: YKa3bIBAIOTCS BCE METOAMKH SKCIIEPUMEHTOB,
HCIIOJB3yeMOe 000PYIOBaHHE C yKa3aHHEM MOJICJIM, MApPKH U CTPaHbI MPOM3BOJAMUTENS, UCIIOIb3yeMbIe
pPEaKTUBBI W WX YHUCTOTA. J[aHHBIE O XapaKTEPUCTUKAX COCJAMHEHUN M JIOObIC CBSI3aHHBIC CCBHIJIKH Ha
JUTEPATYPy MOJDKHBI OBITh yKa3aHbl B SKCIEPUMEHTAJIBHON YacTH PYyKOMHCH. MeToabl HEO0OXO0IUMO
OMHCaTh JOCTATOYHO MOAPOOHO, YTOOBI JAPYrHe MCCIACAOBATEIM MOTJIM MOBTOPHTH SKCHEPUMEHT. IIpu
HEOOXOAMMOCTH DKCIEPUMEHTATbHAS YaCTh MOXKET OBITH pa3MelleHa Tociie pasjeia Pe3ynabTaThl U UX
00CyKIICHHUE.

Pe3ynbTaThl M HX 00CYIKIEHUE.
3ak/ao4yenue i BeIBOAbI.

BaarogapHocTH: ciioBa 0IaroJapHOCTH OPraHU3AIMsIM WM YYPSKICHHUSIM, HAYYHBIM PYKOBOJUTEISM
U JPYTHM JIMIaM, OKa3aBIIMM MOMOIb B TOJrOTOBKE CTaTbH. Takke MOTYT OBITh MPHUBEICHBI CBEICHUS O
MPOEKTaX, HAYYHO-HCCIISIOBATEILCKUX PabOTax, Mo pe3ynbTaTaM KOTOPBIX OMYyOJIMKOBAHA CTAThsI: CBEJCHHUS
0 TpaHTax WX APYTHX HCTOYHUKAX (PUHAHCHUPOBAHUS, pa3fesl AyOJHpPYyeTcs Ha aHTIMHACKOM S3BIKE O]
Ha3BaHUEM 0] Ha3BaHueM «Acknowledgmentsy.

Bkiaa aBTOpoB: HE0OX0AMMO yKa3aTh BKJIAJ KaXJ0r0 aBTOpa B JaHHOE UCCIIEI0BaHUE (€CIIU B CTAaThe
Oonee ogHOrO aBTopa). [locne MHUIIMANIOB U (aMUIIUU aBTOPa B KpaTKOK (hopMe OMUCHIBACTCS €0 JIMYHBIH
BKJaJ, B MOATOTOBKY cTaThu. Pazgen myOnupyeTcs Ha aHTIMMCKOM fA3bIKE IMOJ Ha3zBaHueM «Authors’
contributions».

CaeeHusi 0 KOHQJIMKTe HHTEPECOB: 3asBJICHUE O €ro OTCYTCTBUM WIIN JCTaU3alMs TAKOro KOH(IMKTA B
ciyuae ero Hamnuust. Madopmanus 1yonupyercst Ha aHTTTHICKOM SI3BIKE.
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Author Guidelines

Cnucok JUTEPaTyphl: CIHCOK JUTEPATYpPhl MOMEMIACTCS B KOHIIE CTaThbW (C HOBOW cTpanwmibl). [lpu
0(hOpMIICHUH CITUCKA JTUTEPATy Pl HCTIONB3YeTCs « BaHKYBEpCKHI CTHIIh IUTHPOBAHUS C yKa3aHueM cchutok DOI
Ha [IUTHPYEMBbIe pPabOTHI. J|0TTOTHUTETEHO IPUBOIAT CITMCOK HCTOYHHKOB Ha TaTuHHIE — «Referencesy. Penakims
KypHaJla TIPOCHUT TIPUIEPIKUBATHCS CIEAYIONINX PEKOMEHAANNN TI0 KOJIWYECTBY IIUTUPYEMBIX NCTOYHUKOB: IS
opuruHaiIbHOHU cTaThi OT 20 10 40 cchIIOK, A1t 0030pHOM cTathh — oT 50 110 150 ccpumok. CaMoIIMTHPOBAaHUE HE
JIOJDKHO TpeBbImaTh 20% OT 00IIero KoJm4ecTBa HICTOYHUKOB. L{uTupyemast nureparypa HyMepyeTcst B IOPSIKe
YIOMUHAHUS B TEKCTE, TOPSAKOBBII HOMEP CCBUIKH 3aKIIF0YaeTCs B KBajJpaTHbIe CKOOKU. CIHCOK JINTEPaTyphI
JIOJDKEH OBITh C(OPMHUPOBAH BPY4UHYIO, 0€3 McmoJib3oBaHusl pynkmun «Crmcok». [Ipumepsr odhopmieHus
Crucka nurepaTyphl pecTaBieHbl Ha cTpanulie «IIpaBuia aJisi aBTOPOB» Ha calTe )KypHaia.

Paznen «O6 aBTope (O0 aBTOpax)»: IPUBOIATCS TOTIOTHUTEIBHBIC CBEICHUS O KAXKIOM aBTOPE — WICHCTBO
B aKaJIEMUsIX HayK, yYCeHOE 3BaHUE, YUCHAS CTETICHb, JOJDKHOCTh U O(UIMAIBHOE Ha3BaHNUE OpraHu3aliy (MecTa
paboThI), TOTHBIA aapec OpraHnu3aluy, MEKTPOHHBINA aapec, Scopus Author ID, ResearcherID, ORCID u npyrue
MEXKyHApOIHbIE WICHTH(OUKAIMOHHBIC HOMepa aBTopa. 1o JKeNaHWI0 MOXKHO TIPEJIOCTABUTH CBEJCHUS O
YJICHCTBE B OPTaHU3aIMsIX, HArpaaax u T. 1. Pasmen ay0maupyeTcs Ha aHTIHICKOM si3bike («About the authorsy).

HNudopmanuss 00 aBTOope A5 MepemuCKU: HAa OTACIBHOW CTpaHHIE HEOOXOAMMO YKa3aTh (haMHIIHIO,
UMsl, OTYECTBO, AIICKTPOHHBIN a/ipeCc U KOHTAKTHBIN TeleOH aBTOpa, C KOTOPBIM CIIeAyeT BECTH IIEPETOBOPHI 110
BOIIPOCY My OJINKAIIH.

I'noccapmii: Bce cTaThy XKypHaja MEPEBOIATCS HA AHTIIMHCKUN S3BIK U MyOJUKYIOTCS B aHTJIOS3BITHOU
BEPCHH KypHaja. B CBsI3U ¢ 3TUM JUIA IPaBUIIBHOTO HAYYHOTO NIEPEBOIa HEOOX0IMMO TIPEI0CTaBUTH [ moccapwit,
CoJleprKaIInid BCe MCIIONBb3YEeMbIE B CTaThe HayYHbIE TEPMUHBI HA PYCCKOM M aHTJIMHCKOM SI3BIKAX.

Highlights: nonomauTensHO K ocHOBHOMY (paiiimy crathu HeoOxoammo mpenoctaButh Highlights — Tpu-uetsipe
KIIIOYEBBIC MJEH HCCIICJOBAHMS Ha PYCCKOM M AHIJIMICKOM SI3bIKax ¢ HauOoJee BaKHBIMH WUTIOCTPALMSAMU B
¢dopmare *jpg s pasMenieHus Ha caifte kypHana. Highlights momkubl packpeiTh HOBBIE pesynbraTsl Bamiero
MCCTIEIOBAHMSL, @ TAKYKE HOBBIE METO/IbI, KOTOPBIE OBLITH UCTIOIB30BaHbI BO BPEMsI HCCIIEZIOBAHHS (€CITH TAKOBBIE IMEIOTCS).

TpeGoBanusi kK 0(pOPMJIEHHIO TEKCTA, PUCYHKOB, IpaUKOB, TaOJIHII, CIIEKTPAIbHBIX JaHHBIX HAXOISTCS
B pazgene «[IpaBuina Juis aBTOpPOB» Ha caiire xypHana. Jlomyckaercsi apXMBUPOBATh TEKCTOBBIC JOKYMEHTHI H
pucynku (RAR, ZIP).
IIpu oopmiTeHIH PYKOTTUCH PEKOMEHIYETCS COONIONATh CIEAYIOIMNE TPEOOBAHNS:
*  HE UCIOJB30BaTh (PYHKINIO AaBTOMATHYECKOI PacCTaHOBKH NEPEHOCOB;
*  HE UCIOJB30BaTh (QYHKINIO aBTOMATHYECKOI HyMepanuw;
* 3HAaK «» (THpe) OTOMBAeTCs MpOOeNaMH, 3HAKM «MHUHYC», «MHTEPBAI) WM «XHUMHYECKAs CBS3b)
npoOenamMu He OTOMBAIOTCS;
* B JIECATHYHBIX JPOOSX MO TEKCTYy, B PHUCYHKAaX HCIIOJIb30BaTh TOUYKY JUIS OTAEJICHUS IIeJ0H 4acTH OT
npo6Hnoit (0.25, a ue 0,25);
* B (hopMyJax MCHOIB30BaTh OYKBBI JATHHCKOTO (Kypcug) 1 rpedeckoro (mpsMoit mpudT) andaBuToB;
*  Ipu BBIOOpE AMHUI] U3MEPEHUSI TPUEePKUBaThc MexayHapoHoi cuctembl enuaui CH;
*  HCHOJB3yEMbIE B CTAThE COKPAIICHUS CIIEIyeT paciiupoBbIBATh MPH IIEPBOM YIIOMHUHAHUH B TEKCTE;
*  He JOIycKaeTcs XyOiMpoBaHHe NaHHBIX B TEKCTE, TAOIHUIAX M PUCYHKAX.

Kpome ocHoBHOrO ¢aiina pykonucu, OTBETCTBEHHBIH 3a MEPEIUCKY aBTOP NpPU HOAA4Ye CTaTbU JOJIKEH
3arpy3uTh 4epe3 JUIEKTPOHHYIO DPEJaKIMI0 OTACIbHBIMU (ailllaMd BCE OCHOBHBIE U JIONOJHUTE/bHbIE
MaTepHaJIbl, a TAKXKE MOANUCAHHBIE CKAHBI CIEYIOIUX COMPOBOANTEIbHBIX JOKYMEHTOB:

*  OKCIEPTHOE 3aKIIIOYCHUE O BOBMOKHOCTH OTKPBITOHN MyOiIMKauuu uist crateit u3 PO;

*  CONPOBOJAUTENHHOE MUCHMO OT OPraHU3aIMH, B KOTOPOH BBITIONIHEHA PaboTa;

* aBTOpHI MyOsukauui, padotaromue B PTY MUPDA, n0mKHBI MpeACTaBUTh BBIMHMCKY M3 MPOTOKOJIA
3aceqaHus Kagenpsl ¢ peKOMEH IAIe CTaThbH K OMYyOINKOBAaHHUIO;

*  3asBJICHHME aBTOPOB O PACKPBITUHM KOH(IUKTa HHTEPECOB;

*  aBTOPCKHUH IOTOBOp O Mepeaade NpaB Ha HCIOJIb30BaHUE TPONU3BEICHUS;

*  JIOBEPEHHOCTH OT KaXKJOTO wWIEHa aBTOPCKOI'O KOJUIEKTHBA, O(QOPMIICHHBIE HAa OTBETCTBEHHOIO 3a
NEepenucKy aBTopa o Mpase NoJAayl PYKOIHMCH Ha IyOIUKAIHIO.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):76-79
78



IIpaBHAa ZAST aBTOPOB

BHUMAHUIO ABTOPOB!!!

Crarbs, HampaBjCHHash aBTOpaM Ha JOpaOOTKy, NOJKHAa OBITh BO3BpAllleHa B HCIPABICHHOM BHIE B
MaKCHUMaJbHO KOPOTKHE cpokd. K mepepaboTaHHON pyKONMUCH HEOOXOAMMO HMPUIIOKUTH MMCHMO OT aBTOPOB,
coJiepXKalliee OTBETHl Ha BCe 3aME4YaHHMs M KOMMEHTAapuH, MOSACHSIONINE BCE BHECEHHbIE M3MeHeHns. CTaTbu,
3ajiep:KaHHble aBTOPAMHU Ha MCIIPAaBJIeHUH (0JIee IBYX MecseB HIIN TpeOylolue MOBTOPHOI IepepadoTKH,
OyAYT OTKJIOHEHBI U MOTPeOyI0T MOBTOPHOII MOJa4H.

[Tocne npuHSTHS PYKONKCH K MyOJIMKAIUU PEAaKLUs BBICHUIACT aBTOPaM AJIs IPOBEPKH CBEPCTAHHBIN
3K3eMIUISAp cTaTbu. ABTOP(BI) TOKEH(BI) B KOPOTKHI CPOK BEPHYTH CTaThlO B PEAAKIMIO C BHECEHHBIMU
UCTIpaBiIeHUsIMH (TMpU HEOOX0oauMOCTH). KOppeKTopcKyr mpaBKy HEOOXOAWMO MPOBOJIUTH B PEXKHME
peuensupoBanus B ¢popmare PDF. Bo3moxkHO mpencTaBieHrne KOPPEKTYpPHl B BUJIE COMPOBOAUTEIHLHOTO
nuceMa B popmare Word. Eciiu aBTop 1o He3aBUCSAIIMM OT peAaKLMU NPUIMHAM HE IPHUCIIal B YKa3aHHBIH
B CONPOBOAMTEIIBHOM NMHCbME CPOK 3aMEUYaHUsl K BEPCTKE CTAaTbM, PENaKIUs OCTaBIsAET 3a co00il mpaBo
HaIlpaBJICHUA €€ B I1€YaTh.

YBAJKAEMBIE ABTOPDI!

Bbl Bcerma moxere 0oOpaTHTBCSA 3a MOMOLIBIO B peAakuuio. J(OMONHUTENbHYI0 HH()OPMAIMIO MOKHO
MOJYYHTh y cexpeTaps penakuuu Cepeaunoii ['anunsl JImurpueBHsl o tenedony +7 (499) 215 65 65 (n06. 288)
WJIW TIO JIEKTPOHHOH mouTe seredina@mirea.ru

Caiit )xypHaia https://www.finechem-mirea.ru

[@)or |

Konrent nocrynen mox nuriensueit Creative Commons Attribution 4.0 International License.
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