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Hayuno-texHuueckuil pereHsupyemslil xypHai «ToHkHe XuMu-
YeCKHE TEXHOJIOTHID) OCBEIIIAeT COBPEMEHHBIE JIOCTIDKEHHS (QyHIa-
MEHTAJIbHBIX U NMPUKIAJAHBIX HCCIEIOBAHUH B OONIACTH TOHKHUX
XUMHMYECKUX TEXHOJIOIUM, BKJIIOYAs TEOPETUYECKHE OCHOBBI XUMHU-
YEeCKOHW TEXHOJOIHM, XUMHUI U TEXHOJOTHUIO JEKapCTBEHHBIX
TIperaparoB 1 OHOJIOTMYECKH aKTUBHBIX COSIMHEHHH, OpTraHUYeCKAX
BEIIECTB M HEOPraHUIECKUX MaTePHaJIOB, CHHTE3 H IiepepaboT-
Ky HOJIUMEPOB U KOMIIO3UTOB Ha UX OCHOBE, AHAJIMTUYECKHUE U Ma-
TeMaTHIECKHe METO/IbI M MH(POPMAIIMOHHBIE CHCTEMBI B XUMUHU U
XUMHUYECKOH TEXHOJIOTHH.
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O0s1acTH SHEPreTHYECKOTO MPEUMYIIIECTBA CXeM pa3/iesieH sl CMeceid,
colepKAIMX KOMIIOHEHTHI ¢ OJIM3KHMMU JIETY4eCTAMM

M.E. ITemrexonueBa, M.A. MaeBckuii, H.C. 'aranos, A.B. ®poakoBa®

MHPSA — Poccutickuil mexHoiozuueckuil yHugepcumem (MHcmumym moHKUX XUMUHECKUX MEeXHO02UTL
um. M.B. Aomorocosa), Mockea, 119571 Poccust
@Aemop ons nepenucku, e-mail: frolkova_nastya@mail.ru

Ienu. /[ns pekmugpurkauuu 4uemblpexKoMNnOHeHMHbLX 3e0MpPONHbLX cmecell, CO0ePIKAULUX KOM-
NOHeHMbL ¢ bAUSKUMU Jlemyuecmsmu, onpedesneHvl Ycaosust aghpghexmusHocmu npumeHeHUs:
NPOMEIKYMOUHO020 3a0aHH020 paszdeseHusl (npu omcymemeuu KOMNOHEeHMaA, pacnpeoeseHHo20
MeXK0Y oucmunnsimubim u Kybosoim nomoxkamu). Ha npumepe cucmemut smunayemam—6eH301—
moayon-bymunauemam evloesieHa 061acme dHEepemuueckoz0 NpeumMyuiecmeaa cxemol, OCHO-
B8AHHOU HA UCNOABL308AHUU NPedsapumesbH020 YpaKyUOHUPOBAHUSL CMECU, NO CPABHEHUIO CO
cxemotl, nepeasi peKmugpUKAUUOHHAsL KOJIOHHA Komopoli pabomaem no emopomy 3a0aHHOMY
pasdenenuro. IKoHomust saHepezozampam cocmasasiem 0o 20%. Peanusayusi nepgozo u 8mopozo
3a0aHH020 pa30esleHUsL MOXKem CMmams KOHKYPEHMHOU NPU PACNOSI0AKEeHUU MOUKU UCXOOHO20 CO-
cmaega 8bnusu eduHuuHslx K-nogepxrHocmetl unu e obnacmu ¢ Opyaum coomHouleHuem Kosgpgpu-
uuermos pacnpedenerust. [Ipomesxxymouroe pazoeseHue He moxem bbimb peKoMeHO08AHO 05
pasdeneHust cmecu ¢ 6uUsKoli K eOUHUYE OMHOCUMEeNbHOU lemyuecmsbio napbl KOMNOHEHMOo8 CO
CpedHUMU memnepamypamu. KUNeHusl.

Memoobt. B kxauecmee memooa ucciedo8aHust blopaHo MAMEMAMUUECKOe MOOEAUPOSAHUE 8
npozpammHom Komnnexce Aspen Plus V.10.0. ModenupogaHue 0CHO8bIBAIOCH HA YPABHEHUU J10-
KanwHozo cocmasa Wilson. OmHocumensHble oOWUbOKU OnuUCaHusl pa3o8020 pasHO8ecUst He npe-
svuwarom 3%.

Pesynemamet. Fccnedosara cmpykmypa ouazpammsbl NaporKUOKOCmHO20 pagHogecust u oua-
2pammbl nogepxHocmeil eOUHUUHBLX KO9ghuyueHmos pacnpedeseHust KOMNOHeHmMoas 0st cucmem
smunayemam-6eH3on-monyon—-odymunayemam U AUEMOH—MONYON-OYMUNAUemam—o-KCUNON.
IIpednorkeHsl cxembl, OCHOBAHHbBLE HA UCNOJIL308AHUU NPOMEIYMOUHO20, 8Mopoezo (0be cucmembl)
unu nepgoeo (emopast cucmema) 3a0aHH020 pasdenerus. IIpoeedeH pacuem npouecca pexmugpu-
Kayuu u nooobparsl napamempsl pabomsl KOJOHH, obecneuusaroujue noayueHue geuecms, Kaue-
cmeo kKomopbslx omeeuaem mpebdosarusim 'OCT npu MUHUMANBHBLX 9HEP203AMPAMAX.

Bwieo0dst. Ha ocHoge npogedeHHbLX UCCied08aHUN CPOPMYNUPO8AHBL PEKOMEHIAUUU NO UCNOTb-
308AHUI0 NPOMEIKYMOUHO20 PA30ENeHUSL NPU PeKMUPUKAUUL UeMbIPEXKOMNOHEHMHbLX cmecell,
€o0epIKAULUX KOMNOHEHMBL ¢ OAUSKUMU StlemyUuecmsimu.

Knroueevle cnoea: pekxmugurayus, Npomelymouroe pasoeneHue, pagHogecue JKUOKOCMb—
nap, OMHOCUMelbHAsL lemyuecms KOMNOHEHMOo8, KoaghguuueHmbL pacnpedeneHust KOMNOHEHMO8.

Jlna yumuposanus: Temexonuesa M.E., Maesckuiit M.A., ['aranos 1.C., ®ponkoBa A.B. O0nactu 3HepreTH4eCcKoro nNpenmyIie-
CTBa CXEM pa3/IeNCHHUs CMECEH, COllepIKaIlMX KOMIIOHEHTBI ¢ OJTM3KUMHU JICTy4ecTsIMU. ToHKue xumuueckue mexvonoeuu. 2020;15(3):7-20.
https://doi.org/10.32362/2410-6593-2020-15-3-7-20
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Areas of energy advantage for flowsheets of separation modes
for mixtures containing components with similar volatilities

Margarita E. Peshekhontseva, Mark A. Maevskiy, Ivan S. Gaganov,

Anastasiya V. Frolkova®

MIREA - Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),

Moscow, 119571 Russia

@Corresponding author, e-mail: frolkova_nastya@mail.ru

Objectives. The conditions for the effective application of the sharp distillation technique (without
a component distributed between the distillate and bottom flows) for the separation of quaternary
zeotropic mixtures containing components with similar volatilities were determined. The area
of energy advantage for the flowsheet based on the preliminary fractionation of the mixture,
compared with the flowsheet, the first distillation column of which works based on the indirect
separation mode, was identified for an ethyl acetate-benzene—toluene-butyl acetate system.
Energy savings of up to 20% were achieved. The direct and indirect distillation modes can become
competitive when the point of the original composition is located near single K-surfaces or in a
region with a different ratio of distribution coefficients. Sharp distillation is not suitable for the
separation of a mixture containing a pair of components exhibiting relative unity volatility with
medium boiling points.

Methods. The mathematical modeling in the Aspen Plus V.10.0 software package was chosen
as the research method. The simulation was based on the Wilson local composition equation. The
relative errors in the description of the phase equilibrium did not exceed 3%.

Results. The structure of the vapor-liquid equilibrium diagram and diagram of surfaces of the
unit component distribution coefficients were studied for the ethyl acetate-benzene—toluene—
butyl acetate and acetone-toluene-butyl acetate—o-xylene systems. Flowsheets based on the
sharp, indirect (both systems), or direct (second system) distillation modes were proposed. The
distillation process was simulated, and the parameters of the column work were determined (the
quality of the substances meets the State Standard requirements of the Russian Federation for
minimal energy consumption).

Conclusions. Recommendations regarding the use of sharp distillation for the separation of
quaternary mixtures containing components with similar volatilities were devised.

Keywords: distillation, sharp distillation, liquid-vapor equilibrium, components relative volatility,

components distribution coefficients.

For citation: Peshekhontseva M.E., Maevskiy M.A., Gaganov L.S., Frolkova A.V. Areas of energy advantage for flowsheets
of separation modes for mixtures containing components with similar volatilities. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2020;15(3):7-20. https://doi.org/10.32362/2410-6593-2020-15-3-7-20

BBEJIEHHME

Bonpoc BbIOOpa 3HEProdPEeKTUBHOIO BapHAHTa
CXEMBI Pa3[eNeHUs SIBISICTCS OMHUM M3 KIIOUCBBIX B
TEXHOJIOTUH OCHOBHOTO OPraHMYECKOTO M He(PTeXUMH-
YEeCKOTO CHHTE3a. B mepByIo ouepesp 3TO CBA3aHO C TEM,
4TO Ha OJNOK pa3[eNeHUs] PEaKIMOHHONW CMECH IpHUXo-
nutest ot 60 1o 80% Bcex aHeprosarpar [1-3]. Pa3zpa-
00TKa CXeMBbI Pa3AeICHUsI MHOTOKOMIIOHEHTHBIX cMeceit
SIBJSIETCS] TIONMBApUAHTHOHN 3a7adei, IIOCKOJIBKY ONHY 1
Ty € CMECh MOXKHO Pa3JeIUTh C UCIOIb30BAHUEM Pa3-
JIYHBIX BUIOB pa3IesieHus (IepBOe, BTOPOE HITH IIPOME-
JKYTOUHOE 33/JaHHOE Pa3/ieJICHNE) WU 3a CUET IPUMEHE-
HUS CTIENIMANBHBIX MEeTONO0B [ 1, 2, 4-8]. ®opmynupoBka
MPAaKTHYECKUX PEKOMEHJIAIUI [0 HCHOIb30BAHUIO TOTO

WITH UHOTO BUJIA MJIM METO/A TI03BOJIUT 3HAYUTEIBHO CO-
KpaTUTh BpeMsi Ha dTare MPEeInpOCKTHON pa3paboTKu
TEXHOJIOTUH Pa3/ICICHHUSI.

B pabote [9] npoBenieHa olieHKa BO3MOYKHOCTH UCTIOINb-
30BaHMUSI PEXKMUMA POMEKYTOUHOIO 33IaHHOTO Pa3/IeIeHHs
(mpH YCJIOBUH OTCYTCTBUSI KOMITOHEHTA, PACIIPEICIICHHOTO
MEXITy KyOOM ¥ JTUCTHIUISITOM) TIPH PEKTH(UKAIIAK YEThI-
PEXKOMITOHCHTHBIX HEUJCATBHBIX CMECeH, COIepIKaIINX
A3€0TPOIbI W/HITH KOMITOHEHTBI C OJIM3KHUMHU JICTYYECTIMH.
Ha ocHoBe aHanu3a quarpamm MOBEPXHOCTEH SIMHMHIIHBIX
KO3((DHUIMEHTOB PaCIpe/Ie/ieHUs] KOMIIOHEHTOB BBIICIICHBI
00JIaCTH COCTaBOB, /ISl KOTOPBIX HCIIOIB30BaHUE MPOMeE-
YKyTOYHOTO PA3/IENICHNsI HE TOJIKO BO3MOYKHO, HO U MOTEH-
[MAJIHO YHEPreTUYecKH OoJiee BBITOAHO 110 CPaBHEHHIO C
[IEPBBIM U BTOPHIM 33/IAHHBIM Pa3/IeiICHHEM.
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B pamkax Hacrtosimieil paGoThl TPOBEIICH CPaBHH-
TEJBbHBIM aHaIN3 CXEM IOJTHOTO Pa3/ieiIeHUss MHOTOKOM-
MIOHCHTHBIX 3€0TPOITHBIX cMeceil (comeprkamux Ou3Kue
IO JIETYYECTAM KOMIIOHEHTHI), OCHOBAaHHBIX Ha HCIIOJb-
30BaHUM pa3IM4YHBIX BUJOB pasaeneHus. OnpeneneHsl
YCIIOBHSI, IPU KOTOPBIX IPOMEKYTOUHOE 3aJlaHHOE pa3-
JICTICHAE SIBIISCTCSI DHEPTETUUECKU O0Jiee BBITOTHBIM TI0
CPaBHEHUIO C APYTUMH BHJIAMH pasJielieHUs, a TakkKe
OTpaHUYEHHUS IO €r0 MPUMEHEHHUIO.

OObeKTaMHu HCCIIEJOBaHUS BBICTYMAIOT YeThIpeX-
KOMITOHEGHTHBIE CHCTeMbl: ATHiarerar (DA)—OeH307
(b)—Ttonyon (T)-Oyrunanerar (bA) (cMech pacTBopuTe-
JIe Tpou3BoJICTBa OMopa3inaraeMpiXx mosmmepoB [10]),
anetoH (A)-romyon (T)-Oyrunauerar (BA)—o-xcumon
(0-K) (cmecw pacTBOpHMTENE TPOW3BOACTBA ATOKCHI-
HBIX TpYHTOBOK [11]). OGe cucTembl 3e0TpOIHBI U CO-
JiepKaT napbl KOMIIOHEHTOB € OJM3KUMU JIETY4YECTAMU:
STUIIALETaT—OEH30J1, TOIYOoI—OyTHUIameTar.

MATEPHAJIBI 1 METO/bI

MonenupoBanue (ha30BOr0 pPaBHOBECHS IPOBO-
IIIOCH B Cpeie MporpaMMHOro kKomruiekca AspenPlus
V.10.0 ¢ ucnonpzoBanuem ypaBHeHus: Bunbcona:

_ Z A;x;
EkA/'kxk

J

Iny,=1-1In

ZA”XJ
J

b, e,
rie 4, =a, +F’+cl.j In7+d,T +T—’2 , a, a, b, b, —mapa-

METpbI ypaBHeHUs BuibcoHa.

JanHOe ypaBHEHHE XOpPOIIO 3apEKOMEHOBAIIO
cebs mpH HcCieoBaHUHM (Pa30BOTO PaBHOBECHS TOMO-
TCHHBIX CUCTEM, B TOM YHMCIIC TIPH N3MEHEHUH BHEITHUX
ycnoBuit. Beioop moenu 00ycioBieH HeOOXOAMMOCThIO
MIPOBEICHNUS PacdeToB (Pa30BOrO PaBHOBECHS W MpOIIEC-
ca pCKTI/I(I)I/IKaL[I/II/I IpH MOHUKCHHOM J1aBJICHUU.

[TapameTpbl OMHAPHOTO B3aUMOJICHCTBHS ¥ ONTHOKH
onucanus (Ha30BOro paBHOBECHS ITPUBEICHBI B Ta0I. 1.

PE3YJIBTATBI U UX OBCYXKJIEHUE

Ha ocHoBe aHanm3a KpHUBBIX (Pa30BOTO PaBHOBECHSI
OMHAPHBIX CHCTEM 3THIIAIETaT—OCH30I1 U TOIYOJI—0y THII-
anerar [12—13] ObLI0 MOKa3aHO, YTO OTHEJIEHHUE dTUIAle-
Tara oT OEH30M1a ¢ MCIOIb30BAHIEM OOBIMHOMN peKTH(HKA-
LMY HEBO3MOYKHO HHU TPH KAKUX YCIOBUSIX. JlaHHBIH (hakT
HAKJIaJ[bIBACT OTpaHMUYCHHE Ha HCIOJIB30BaHUE IMEPBO-
r0 3aJaHHOTO DAa3IeJCHUS MPU PEKTUPHUKAMUK CMECH
DA-b-T-BA. Ortnenenue tonyona ot Oyrunarerara 0e3
MPUMEHEHHS CHELHAIbHBIX METOIOB BO3MOXKHO B PEK-
TU(UKAIMOHHON KOJIOHHE IPU TTOHKEHHOM JIABJICHUU
(naOmomaeTcsi  yBEJIMYEHUE OTHOCHTENIbHOM JIETY4eCTH
KOMITOHEHTOB Oosiee yeM B 1.5 paza). Takum oOpasom, Jyist
paznenenus cmecu DA-b-T-BA Ha nepBoM 3tare BO3MOXK-
HO MCIIOJTb30BaHUE MTPOMEKYTOYHOTO I BTOPOTO (IIPH T10-
HIKEHHOM JIaBJICHUH) 33/IaHHOTO Pa3leieHus, VIl CMECH
A-T-bA—0-K noTeHIman»HO BO3MOXEH JIF000i BapHaHT.

Onerka 3((GEKTUBHOCTH UCIIOIB30BAHHS TOTO FUIH
MHOTO BapuaHTa Pa3AeiICHUs MPOBOAMIACH I CMecei
Pa3IMYHOrO COCTaBa, XapaKTEPHU3YIOLIMXCS Pa3HBIM CO-
OTHOIIEHHEM KOX(P(UIIMECHTOB PACHPEICICHHIS KOMIIO-
HEHTOB. /{151 BbIOOpa MCXOAHBIX COCTABOB MOCTPOEHBI
JMarpaMMbl €MHUYHBIX TOBEPXHOCTEH KOd(hUIMEeH-
TOB pacIipe/ie]ICHUs] KOMITOHEHTOB (puc. 1).

OO61acTh COCTaBOB, B KOTOPOH KO3((PHUIMEHTHI
pacnpeseneHus ABYX KOMIIOHEHTOB XapaKTepU3YIOTCs
3HAYCHHEM OOJIbIIE CMHHUIIBI, & OCTAILHBIX — MEHbIIIE
€IMHULIbI, OJTAarONPUATHA TS pealln3allui IPOMEKYTOY-
HOTO paznenenus. [l cuctembl, MPUBEICHHON Ha pHC. la,
JaHHasg 00JacTh 3aHMMAaeT 3HAUUTENIbHYIO 4acThb KOH-
LEHTPAIMOHHOTO cuMILiekca. [{ns cucremsl puc. 1b ata
00IacTh JOCTAaTOYHO Y3Kasi, YTO CBS3aHO C OJH30CTHIO

Tadmuna 1. [Tapamerps! ypaBaenus Wilson juist OMHapHbIX cocTaBisitoinux cucrem 6enson (b)—romyon (T)—
stunanerar (DA)-Oyrunanerar (BA) u aneron (A)-rtomyon (T)-Oyrunanerar (bBA)—o-kcumnon (0-K)

Table 1. Wilson equation parameters for the binary constituents of the benzene (B)—toluene (T)—ethyl acetate
(EA)-butyl acetate (BA) and acetone (A)-toluene (T)-butyl acetate (BA)—o-xylene (0-X) systems

BHHapHaﬂ cucremMa
Binary system i @i ij i AT, % AE, %

Eﬂ ~1.5857 2.3275 634.7787 ~913.6505 0.17 1.06
B-DA
B EA 8.2122 ~11.6434 | —2841.5425 | 4010.0664 0.07 0.31
E:BBIZ 0 0 ~19.0272 54.5272 0.20 112
T-A*
T A% 5.10951 —4.14947 ~2010.08 1570.5 0.20 0.94

- *
LEAA* ~2.0001 1.53945 951.97 ~848.68 0.27 456
gﬁ:gﬁ 0 0 ~5.6575 ~15.65 0.37 1.67

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Taoauna 1. OxkoHuanue
Table 1. Continued

BHH.apHan cucreMa “ a " b AT, % AY, %
Binary system i i i Ji

::¥ 0.8857 -0.8619 —461.065 247.597 0.57 1.47
A-BA
A_BA 0 0 0.1353 87.2465 0.44 0.55
A—o0-K
Ao-X 0 0 163.265 96.3392 0.00 0.10
T—o-K*
Too-X* 0 0 151.016 126.916 - -
BA—o0-K**
BA—o-X** 0 0 245.808 409.273 - -

Ipumeuanue: *mapaMeTpbl OIICHEHBI 10 SKCIIEPUMEHTAILHBIM JTaHHBIM [ 12—14];

**[mapaMeTpbl OlICHEHBI ¢ uctoib3oBanuem Mozenn UNIFAC.

Note: *parameters are estimated from experimental data [12—-14];

**parameters were evaluated using the UNIFAC model.

DA /EA
Ky=1/K,=1

K)/\> 1/KEA> 1
Kh} I, BA <1 /K[L'I.li/\< 1

KE‘ 3/\> 1 /KB‘F.A> l
Kppa<1/Kppp<1

b/B

le')AA T > l /KB.]-//\. I'> 1
| Kia<1/Kgy<1

(17 Kpp ox< 1

K'I.b/\. U'|'\—< 14

Krpaox<1T
T, BA, 0-X {Kp=1

C3Kea= 1/ Kgp =1
0-K/o0-X

______

KA. I, BA > 1 /KAC]‘. BA > 1
K< 1/K,x<1

FA/BA
b

Puc. 1. [lnarpamMmel equHYHBIX K-ioBepxHOCTEH cuctem: stmnanerar (DA )-0en3on (b)—ronyorn (T)-Oyrunanerar (BA) (a),
anetoH (A)—romyon (T)—Oyrunanerar (BA)—o-kcunon (0-K) (b) mpu 760 MM pr. cT.

Fig. 1. Diagrams of the unit K-surfaces of the systems: ethyl acetate (EA)-benzene (B)—toluene (T)-butyl acetate (BA) (a)
and acetone (A)—toluene (T)-butyl acetate (BA)—o-xylene (0-X) (b) at 760 mm Hg.

JieTy4ecTell KOMIIOHEHTOB € MPOMEKYTOUYHBIMU TEMIIC-
parypamu KUIeHus (Toiayosa u OyTuianerara).

Hns cuctembl DA—b—T—-BA BBIOpaHBl TOYKH
HCXOAHBIX COCTaBOB, MpUHAANEKALIUE Pa3HBIM ce-
KymuM (cekyinasi 1 oTBe4aeT dKBUMOJISPHOMY COOT-
HOUIEHUIO OeH30a, ToJayoa 1 OyTuiialeTara; s ce-
Kymux 2, 3, 4 cocTaBbl 000TalEeHBI OyTHIIAIETATOM,
OEH30JI0M, TOJIYOJIOM, COOTBETCTBEHHO). [IJ1s1 Kax 101
CeKyIllel paccMaTpuBaeTcs MATh COCTABOB, OTBEYAr0-
mux cedeHusM (1-5) ¢ mocTossHHON KOHUEHTpauuei
stunanerara 0.05 (1), 0.25 (2), 0.45 (3), 0.65 (4),
0.82 (5). UcxoaHblli cocTaB cMecH 0003HAUYCH JIBYMSI
nudpamu, meppas U3 KOTOPHIX yKa3bIBaeT Ha HOMEP
cekyuiei, BTopasi — Ha Homep ceueHus. CocraB 2.1
(x,, = 0.05, x, = 0.05, x, = 0.3, x;, = 0.6 mon. nonei)
MIPUHAJICKUT 001aCTH, B KOTOPOU TOJIBKO OyTHIIaleTaT

SIBISICTCSl TSDKETIONETYYMM KOMIIOHEHTOM, OCTaJbHBIC
KOMITOHEHTBI — JierkosieTy4ne. OCTanbHbIC COCTABBI Xa-
PaKTEePU3YIOTCS CIEAYIONUM COOTHOIICHHEM KO3 HH-
uuenTos pacnpenenenus: K, > 1, K. > 1, K <1,K,, <1.

Hust cuctembl A—T-BA—0-K OynyT paccMoTpeHbI
JIBA HMCXOJIHBIX COCTaBa, IMPHHAICIKAIIUE OONACTIM C
pa3HBIM COOTHOIICHHEM KOA((HUIIMCHTOB pacrpesere-
Hust: SkBUMOIsIpHbl (K, > 1, K > 1, K, > 1, K  <1)
nx, =0.04,x.=032,x,, =0.32,x = 0.32 mon. nonen
K, >L,K>1,K,<1,K  <1).

JItst KaskJToM CHCTEMBI TIPEJIOKEHBI CXEMBI pasJie-
JICHUST Pa3IMYHON CTPYKTYpBI, MPOBEJACH pacdeT IIpo-
necca peKTuUKaIK U moo0paHbl apaMeTpbl padboThl
KOJIOHH, 0OCCIICUHBAIOIINC TIONyYCHHUE BEIICCTB, Kade-
CTBO KOTOpBIX oTBeuaeT TpedoBanumsiM [OCT (Genzomn
— Ne 5955-75, stunanerar, Oytunamnerar — No 8981-78;

K
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M.E. IlemexonueBa, M.A. MaeBckuii, H.C. 'aranoB, A.B. ®poaroBa

toimyon — Ne 14710-78; aneron — Ne 2768-84; o-xcwmon —
Ne 9410-78) nmpu MUHMMAaJbHBIX dHEprozarparax (pac-
CMaTpUBaeTCs TEIJIOBas Harpy3ka Ha KUISTHIbHUKU
KOJIOHH).

Cucmema smunayemam—0en30n—monyon—oymuiayeman

Juia pa3nenenus cMecedl npeasaralorcsl ABe MpUH-
[IUTNHAIIbHBIE CXeMBI (pHC. 2).

[TapameTpst pabotel komoHH (UTT — uwmcio Tte-
OPETHYECKUX Tapenok; P — naBieHue (MM pT. CT.);

F MCX/FWp — COOTHOIIIEHHE KOJIWYECTB MCXOIHOU CMECH
U 3KCTPAKTUBHOTO areHTa; T1l — HOMep Tapenku muTa-
HUs; R — (rierMoBoe 4uciio, a Takke dHepro3arpatsl (Q)
Uit o0enx cxeM u 20 MCXOTHBIX COCTABOB IPUBEICHBI
B TaOm. 2—5. Hymepanusi Tapejgok HaunHAeTCs ¢ Bepxa
KOJIOHHBIL. JlJis pa3jiesieHus napbl KOMIOHEHTOB THII-
areTaT—0eH30J UCTIONB3YEeTCS PEKOMEHAYEMBII B JIHTE-
parype [15] ¢enon, moBbImaoNMii 1eTy4ecTs OCH301a

10 OTHOIICHHWIO K STUJIALICTATY.

B/B  DA/EA
B/B A /EA T DA,B, T DAB
3AaB/EA,B EA,B,T fAiB i i
PA
SA
4| 2A.B.TBA
EA,B,T,BA| ! 2 3 4
<15
g
BA/BA T T T
T,BA /T, BA EA /BA A
a b

Puc. 2. Cxems! pa3nenenus cmecu stminanetar (DA)—0en3on (b)—roxyor (T)-Oytunanerar (BA), ocHoBaHHEIE
HAa HCITOJIB30BaHUH MIPOMEKYTOUHOTO (a) 1 BToporo (b) 3aqaHHOTO pa3aesieHus (IKCTPAKTHBHEIA areHT — PEHOM).
Fig. 2. Ethyl acetate (EA)-benzene (B)-toluene (T)-butyl acetate (BA) mixture separation flowsheets based

on the sharp (a) and indirect (b) distillation modes (separating agent (SA): phenol).

Tadnuua 2. [TapameTpbl pabOTHI KOJIOHH CXEM pa3eICHUs, IPUBEICHHBIX Ha pHC. 2

(s mexomgHbIX coctaBoB 1.1-1.5)

Table 2. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 1.1 to 1.5)

qTT T 0, qTT T 0,
(F, /F,) P cm/PA R KBT ¥, /F.) P cm/PA R kBT
Koaonna NTS FS 0, NTS FS 0,
Column (F../F.) mix/SA kW (F,./F.) mix/SA kW
IIpoMeskyTOoUHOE pa3iejieHne BTtopoe 3a1anHoe pa3iesieHue
Sharp distillation Indirect distillation
Hcxonneiit cocras emecn 1.1 (x,), = 0.04, x, = 0.32, x, = 0.32, x,, = 0.32 mon. noneit)
The original composition of the mixture is 1.1 (x_, = 0.04, x, = 0.32, x_ = 0.32, x,, = 0.32 mol. fract.)

1 34 760 14 2.7 1189.2 36 100 10 1.1 1551.0

2 24 (1/1) 760 13/6 1 766.6 34 760 18 1.7 850.1

3 36 760 6 4.8 222.0 24 (1/1) 760 13/6 1 766.6

4 32 110 10 3.5 1492.7 36 760 6 4.8 222.0

>0 =13670.5 >0 =3389.7
Hcxonneiit cocras emecn 1.2 (x,), = 0.25, x, = 0.25, x, = 0.25, x,,, = 0.25 mon. noneii)
The original composition of the mixture is 1.2 (x_, = 0.25, x, = 0.25, x_ = 0.25, x,, = 0.25 mol. fract.)

1 24 760 14 2 1346.9 24 100 9 1 1669.5
2 30 (1/1.7) 760 9/4 3 608.6 24 760 12 1.4 1064.2

3 22 760 9 3 987.4 30 (1/1.7) 760 9/4 3 608.6

4 24 110 12 3.8 1230.6 22 760 9 987.4

>0=4173.5 >0 =4329.7
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OGAACTH 3HEPreTHYECKOro MPEHMYIIECTBA CXEM Pa3ZlEACHHUSI CMECEH, ...

Tadnuma 2. OxoHyaHue

Table 2. Continued
qTT TII 0, qTT TII 0,
¥, _/F,) P cm/PA R kBT (F, /F,) P cm/PA R kBT
Kosionna S FS 0, NTS FS 0,
Column (F,./F) mix/SA kW (F,./F) mix/SA kW
IIpomeskyTouHOE pasjiejeHHe Bropoe 3aganHoe pasjiejieHue
Sharp distillation Indirect distillation
Hcxonnbiit cocras emecu 1.3 (x,,, = 0.46, x, = 0.18, x, = 0.18, x,, = 0.18 mMon. noneit)
The original composition of the mixture is 1.3 (x,, = 0.46, x, = 0.18, x = 0.18, x,, = 0.18 mol. fract.)
1 32 760 19 1.4 1413.6 28 100 8 0.4 1419.1
2 36 (1/3) 760 10/4 1.3 1417.2 32 760 21 1.2 1278.3
3 28 760 5 1.3 1172.5 36 (1/3) 760 10/4 1.3 1417.2
4 36 110 12 3.1 766.6 28 760 5 1.3 1172.5
>0 =4769.9 >0 =5287.1
Hcxonnbiit cocras emecn 1.4 (x,,, =0.64, x, = 0.12, x, = 0.12, x,, = 0.12 mMon. noneit)
The original composition of the mixture is 1.4 (x,, = 0.64, x, = 0.12, x, = 0.12, x,, = 0.12 mol. fract.)
1 36 760 23 1.3 1598.5 28 100 8 0.3 1417.1
2 36 (1/4) 760 10/4 1.3 1943.1 32 760 22 1.3 1582.6
3 32 760 5 1.6 1791.0 36 (1/4) 760 10/4 1.3 1943.1
4 32 110 11 3.5 559.7 32 760 5 1.6 1791.0
>0 =15892.3 >0 =6733.8
Hcxonnbiit cocras emecn 1.5 (x,,,= 0.82, x, = 0.06, x, = 0.06, x,, = 0.06 mon. noneii)
The original composition of the mixture is 1.5 (x,, = 0.82, x, = 0.06, x, = 0.06, x,,, = 0.06 mol. fract.)
1 36 760 24 1.2 1751.0 24 100 8 0.2 1339.1
2 32 (1/5.5) 760 11/4 0.9 2885.0 32 760 21 1.3 1821.2
3 32 760 5 2.1 2708.6 32 (1/5.5) 760 11/4 0.9 2885.0
4 32 110 11 3.6 285.9 32 760 5 2.1 2708.6
>0 =17630.5 >0 =8753.9

Tlpumeuanue: SKCTPAKTUBHBIH areHT — (GEHOI.
Note: the separating agent is phenol.

Tadaumna 3. [TapameTpsl pabOThI KOJIOHH CXEM pa3elieHus], IPUBEICHHBIX Ha PUC. 2
(st uCcXoMHBIX cocTaBoB 2.1-2.5)
Table 3. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 2.1 to 2.5)

YTT ™ 0, YTT ™ 0,
(F, /F,) p cm/PA R KBT ¥, /F.) P cm/PA R kBT
Koaonna NTS FS 0, NTS FS 0,
Column (F../Fs) mix/SA kW (F,./F) mix/SA kW
IIpome:kyTOYHOE pa3ieeHne Bropoe 3agaHHoe pa3jieieHue
Sharp distillation Indirect distillation
Ucxonnerii cocras cmecu 2.1 (x,), = 0.05, x, = 0.05, x, = 0.3, x,, = 0.6 Mon. nonei)
The original composition of the mixture is 2.1 (x,, = 0.05, x, = 0.05, x, = 0.3, x,, = 0.6 mol. fract.)
1 58 760 16 8 832.6 37 100 11 4.3 2296.7
2 33 (1/2) 760 11/6 0.5 175.7 36 760 15 4.6 509.8
3 28 760 6 1.3 125.9 33 (1/2) 760 11/6 0.5 175.7
4 37 110 12 6.1 2195.6 28 760 6 1.3 125.9
>0=13329.8 >0=3108.1

12
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Taoauua 3. OxoHyanue

Table 3. Continued
yTT TII 0, qTT T 0,
(F,./F,) P cM/PA R kBT (F,./F.) p cM/PA R kBT
Konouna NTS FS 0, NTS FS 0,
Column (F, . /F,) mix/SA kW ¥, /F) mix/SA kW
IIpomesxyTOoUHOE pa3eeHne BTtopoe 3aganHoe pa3aesieHne
Sharp distillation Indirect distillation

Hcxonnebiit cocras emecn 2.2 (x,), = 0.25, x, = 0.039, x, = 0.237, x;,, = 0.474 moun. noneii)
The original composition of the mixture is 2.2 (x_, = 0.25, x, = 0.039, x, = 0.237, x,, = 0.474 mol. fract.)

1 37 760 17 2.5 960.1 36 100 10 2.1 1900.8

2 32 (1/5) 760 11/5 0.5 882.2 33 760 20 1.9 767.9

3 33 760 5 2.1 818.2 32 (1/5) 760 11/5 0.5 882.2

4 40 110 12 5.7 1638.4 33 760 5 2.1 818.2
>0 =4298.9 >0 =4369.1

Hcxommprii cocras cmecn 2.3 (x,, = 0.45, x, = 0.029, x, = 0.173, x, = 0.348 moun. poneii)
The original composition of the mixture is 2.3 (x_, = 0.45, x, = 0.029, x, = 0.173, x,, = 0.348 mol. fract.)

1 36 760 21 1.6 1176.5 33 100 9 1.2 1689.8

2 33 (1/5.5) 760 13/5 0.4 1550.1 28 760 18 1.6 1131.9

3 28 760 5 2.2 1525.1 33 (1/5.5) 760 13/5 0.4 1550.1

4 37 110 12 6.2 1283.6 28 760 5 2.2 1525.1
>0 =55353 >0 =5896.9

Hcxonneiit cocras emecu 2.4 (x,), = 0.65, x, = 0.0184, x, = 0.1108, x;, = 0.2208 mou. noneii)
The original composition of the mixture is 2.4 (x,, = 0.65, x, = 0.0184, x, = 0.1108, x,, = 0.2208 mol. fract.)

1 37 760 25 1.4 1485.0 28 100 8 0.7 1519.8

2 32 (1/6.5) 760 12/5 0.5 2599.0 29 19 1.8 1686.3

3 33 760 5 2.6 2443.6 32 (1/6.5) 760 12/5 0.5 2599.0

4 37 110 12 6.1 810.9 33 760 5 2.6 2443.6
>0 ="17338.5 >0 =8248.7

Hcxonnbiit cocras emecn 2.5 (x,,, = 0.85, x, = 0.008, x, = 0.048, x;, = 0.094 mon. noneii)
The original composition of the mixture is 2.5 (x_, = 0.85, x, = 0.008, x, = 0.048, x,, = 0.094 mol. fract.)

1 36 760 25 1.3 1786.6 29 100 9 0.2 1172.9

2 33 (1/8) 760 15/8 0.4 4075.4 32 760 21 1.8 2152.2

3 36 760 5 3.2 3689.0 33 (1/8) 760 15/8 0.4 4075.4

4 33 110 12 7 395.0 36 760 5 3.2 3689.0
>0 =9946.0 >0 =11089.5

IIpumeyarue. SKCTPAKTUBHBINA areHT — ()EHOJI.
Note: the separating agent is phenol.

Ha puc. 3 mpuBeneHbl rpaduKy 3aBUCHMOCTH CYM-
MapHBIX HEPro3aTpaT CXeM pa3AeleHHs OT COIEPKaHUs
JTUIANeTaTa B UCXOMHON cMech (st cexynmx 1 u 2).
J1n1s1 cocTaBOB, PACMONOKEHHBIX Ha IBYX JIPYTHX CEKYIIHX,
aHAJIOTHYHBIC TpaUKH HE CTPOWIIUCH B BHIY TOTO, YTO
9HEPro3arparbl CXeMbl, OCHOBAaHHOW Ha HMCIIOJIb30BAaHUU
MIPOMEKYTOYHOTO pa3/ICICHUs], HIXKE M0 CPABHEHHUIO CO
CXEMOH, IepBasi KOJIOHHA KOTopoii padoTaet mo 11 3amgan-
HOMY pa3JIeJICHHUIO.

I'pacdmku, mpuBeeHHBIC Ha PUC. 3, OBITN UCITOIB30Ba-
HBI IS OTIPEeNieNIeHUsT KOOPIMHAT TOUEK MepeceueHust 3aBHU-
CHMOCTEH SHEpro3arpar cXeM OT COICPIKAHUS dTHIaleTara
B HCXOIHOM cMecH: Juts ceKytuei 1 Xy, = 0.17 mon. jorei,
JUISL CEeKyIen 2 Xy, = 0.29 momn. momeit. Ha puc. 4 xa-
YECTBEHHO IMOKa3aHa rpaHulla (IOBEPXHOCTH BhIJIENECHA
MTPUXOBKOW), HA KOTOPOH DHEpPro3arparsl paccma-
TPUBAEMBIX CXEM pa3JeleHHs MPaKTUYECKU OJIHMHA-
KOBBEI.
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OGAACTH 3HEPreTHYECKOro MPEHMYIIECTBA CXEM Pa3ZlEACHHUSI CMECEH, ...

Taoauua 4. [TapameTpbl pabOTHI KOJOHH CXEM pa3AeICHHUs, IPUBEICHHBIX Ha PHC. 2

(st mexomHbIX coctaBoB 3.1-3.5)

Table 4. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 3.1 to 3.5)

qTT T 0, qTT T 0,
S (Fﬁ ’SI/FS‘PA) p cnggA R Kg’T (F“cx/l;PA) P cn;:/gA R KS’T
Column (F,./F) mix/SA kW F,./Fs) mix/SA kW
IIpomeskyTouHOE paseeHHe Bropoe 3a1anHoe pa3jesieHue
Sharp distillation Indirect distillation
Hcxonnerii cocras cmecu 3.1 (x,,, = 0.05, x, = 0.6, x, = 0.05, x, = 0.3 Moxn. noneit)
The original composition of the mixture is 3.1 (x,, = 0.05, x, = 0.6, x, = 0.05, x,, = 0.3 mol. fract.)
1 30 760 15 1.8 1616.23 30 100 7 1.4 1745.58
2 30 (1/1) 760 14/7 1.2 1123.41 36 760 23 1 1318.31
3 32 760 5 6.2 359.27 30 (1/1) 760 14/7 1.2 1123.41
4 47 110 14 18.3 859.27 32 760 5 6.2 359.31
>0 =3958.18 >0 =4546.61
Hcxonnbiit cocras emecn 3.2 (x,,, = 0.25, x, = 0.474, x, = 0.039, x;,, = 0.237 mou. noneii)
The original composition of the mixture is 3.2 (x,, = 0.25, x, = 0.474, x, = 0.039, x,, = 0.237 mol. fract.)
1 30 760 15 1.4 1571.93 29 100 9 0.8 1629.03
2 22 (1/2.6) 760 10/6 2.4 1332.27 36 760 23 1 1606.97
3 24 760 5 4 1240.14 22 (1/2.6) 760 10/6 2.4 1332.27
4 47 110 14 18.5 671.34 24 760 5 4 1240.16
>0 =4815.68 >0 =5808.43
Hcxonnbiit cocras emecu 3.3 (x,,, = 0.45, x, = 0.348, x, = 0.029, x;,, = 0.173 mou. noneii)
The original composition of the mixture is 3.3 (x_, = 0.45, x, = 0.348, x_ = 0.029, x,, = 0.173 mol. fract.)
1 30 760 16 1.4 1745.25 28 100 9 0.6 1674.92
2 38 (1/2.4) 760 9/4 3.5 1218.12 33 760 21 1 1850.27
3 20 760 5 1.6 1275.53 38 (1/2.4) 760 9/4 3.5 1218.19
4 47 110 14 18.5 500.86 20 760 5 1.6 1275.58
>0 =4739.76 >0 =6018.96
Hcxonnebiit cocras emecu 3.4 (x,, = 0.65, x, = 0.2208, x, = 0.0184, x,, = 0.1108 mou. noneii)
The original composition of the mixture is 3.4 (x_, = 0.65, x, = 0.2208, x, = 0.0184, x_, = 0.1108 mol. fract.)
1 30 760 16 1.4 1901.95 28 100 10 0.5 1720.68
2 38 (1/4.4) 760 10/5 8.5 1616.26 34 760 21 1 2043.17
3 24 760 5 2.4 2326.96 38 (1/4.4) 760 10/5 8.5 1620.69
4 47 110 14 18.3 313.27 24 760 5 2.4 2327.07
>0 =06158.44 >0 ="7711.61
Hcxomnprii cocras cmecn 3.5 (x,,, = 0.85, x, = 0.094, x = 0.008, x_, = 0.048 moun. noneii)
The original composition of the mixture is 3.5 (x,, = 0.85, x, = 0.094, x_ = 0.008, x,, = 0.048 mol. fract.)
1 30 760 17 1.5 2128.95 27 100 10 0.5 1756.05
2 38 (1/5) 760 10/4 29 2159.29 36 760 23 1.1 2239.51
3 23 760 5 22 2893.40 38 (1/5) 760 10/4 29 2164.64
4 47 110 14 16.4 137.03 23 760 5 2.2 2893.40
>0 ="17318.67 >0 =9053.60

Tpumeyanue: SKCTPAKTUBHBIIN areHT — (PEHOIL.
Note: the separating agent is phenol.
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Taoauna S. [TapameTpsl paboTHI KOJIOHH CXEeM pasZelicHHs, TIPUBEICHHBIX Ha pHC. 2

(st ucxomHBIX cocTaBoB 4.1-4.5)

Table 5. Parameters of the columns work of the separation flowsheets shown in Fig. 2

(for the original compositions from 4.1 to 4.5)

qTT T 0, qTT T 0,
S (Fﬁ ’SI/FS‘PA) P cnggA R Kg’T ¥, /F.) P cn;/gA R Kg’T
Column (F,./F) mix/SA kW (F,./F) mix/SA kW
IIpomesxyTouHOE pasejeHne Bropoe 3a1anHoe pa3aesieHue
Sharp distillation Indirect distillation
Hcxonnerii cocras cmecn 4.1 (x,,, = 0.05, x, = 0.3, x,= 0.6, x, = 0.05 mMoxn. noneit)
The original composition of the mixture is 4.1 (x,, = 0.05, x, = 0.3, x, = 0.6, x,, = 0.05 mol. fract.)
1 36 760 17 4 1543.79 25 100 9 0.4 1406.04
2 29 (1/0.8) 760 13/5 1 503.63 32 760 15 2.1 1244.33
3 22 760 5 33 209.09 29 (1/0.8) 760 13/5 1.3 580.73
4 25 110 10 1.1 1094.80 22 760 5 33 212.09
>0 =3351.31 >0 =3443.19
Hcxonnsbiit cocras emecn 4.2 (x,,, = 0.25, x, = 0.237, x, = 0.474, x;,, = 0.039 mou. noneii)
The original composition of the mixture is 4.2 (x,, = 0.25, x, = 0.237, x, = 0.474, x,, = 0.039 mol. fract.)
1 32 760 16 3 1769.60 23 100 8 0.3 1405.04
2 33 (1/2.4) 760 9/4 3.1 767.02 29 760 14 1.7 1540.01
3 23 760 5 1.7 729.90 33(1/2.4) 760 9/4 3.2 788.41
4 25 110 10 1.1 864.99 23 760 5 1.7 730.26
>0 =4131.51 >0 =4463.72
Hcxonnbiit cocras emecn 4.3 (x,,, = 0.45, x, = 0.173, x, = 0.348, x;,, = 0.029 mou. noneii)
The original composition of the mixture is 4.3 (x_, = 0.45, x, = 0.173, x, = 0.348, x,, = 0.029 mol. fract.)
1 30 760 16 3 2270.55 22 100 7 0.2 1368.67
2 38 (1/3.2) 760 10/5 7.9 1182.36 24 760 13 1.2 1641.69
3 22 760 5 1.6 1276.29 35(1/3.2) 760 10/5 7.5 1109.44
4 25 110 10 1.1 634.97 22 760 5 1.7 1287.29
>0 =5364.17 >0 =5407.09
Hcxonnebiit cocras cmecu 4.4 (x,,, = 0.65, x, = 0.1108, x, = 0.2208, x,, = 0.0184 mou. noneii)
The original composition of the mixture is 4.4 (x_, = 0.65, x, = 0.1108, x_ = 0.2208, x, = 0.0184 mol. fract.)
1 30 760 18 2.8 2621.59 20 100 6 0.2 1408.87
2 38 (1/6) 760 9/4 17 1533.78 23 760 13 1.3 2008.85
3 22 760 5 32 2825.41 38 (1/6) 760 9/4 17 1528.09
4 25 110 10 1.1 402.88 22 760 5 3.2 2817.44
>0 ="7383.66 >0 ="17763.25
Hcxomnprii cocras cmecn 4.5 (x,,, = 0.85, x, = 0.048, x = 0.094, x_, = 0.008 moun. noneii)
The original composition of the mixture is 4.5 (x,, = 0.85, x, = 0.048, x, = 0.094, x,, = 0.008 mol. fract.)
1 30 760 18 2.6 2907.61 18 100 5 0.2 1376.49
2 40 (1/9.5) 760 11/5 50 1883.38 24 760 13 1.4 233991
3 24 760 5 4.9 5077.87 40 (1/9.5) 760 11/5 50 1887.00
4 25 110 10 1.1 171.47 24 760 5 4.9 5075.90
>0 =10040.33 >0 =10679.30

Ipumeuanue: SKCTPAKTUBHBIH areHT — (eHolL.
Note: the separating agent is phenol.
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Puc. 3. 3aBHCHMOCTH 2HEPro3aTpaT CXeM paseiICHHUs CMECH dTHIIAIeTaT—O0CH30J—TOIy0I—0y THIaleTar
OT cojieprkanus dTrianerara (JA) B ICXOIHON CMECH:
(a) cexymas 1 (cocrassl 1.1-1.5); (b) cexymas 2 (cocrassl 2.1-2.5).
Fig. 3. Dependence of the energy consumption of the ethyl acetate-benzene—toluene—butyl acetate mixture separation
flowsheets on the content of ethyl acetate (EA) in the initial mixture:
(a) secant 1 (compositions 1.1-1.5); (b) secant 2 (compositions 2.1-2.5).

DA /EA
NKs=1/Kg=1

Qupoven. = Cut
\\ Qshxrp: Qinair

\

Puc. 4. O6nactu 3HEPreTUICCKOTO MPEUMYIIIECTBA CXEM
pasJieNieHNs, OCHOBAHHBIX HA MCIIOIb30BAHUH POMEKY-
TOYHOTO pasjeneHus (HaJ MOBEpPXHOCTEI0 O =~ 0,) 1
I 3amanHOTO pazaeneHus (0] MOBEPXHOCTHIO anmm_: op-
Fig. 4. Areas of energy advantage of the separation
flowsheet based on the sharp distillation (above =0

sharp
surface) and indirect distillation (below O™ 9 dsrpurface).

indir

OO0nacTh YHEPTETHYESCKOTO MPEHUMYIIECTBA CXEMEI,
IIPEJCTABICHHON Ha PUC. 2a, PACIIOJIOKEHA BBILIE I10-
BEPXHOCTH anumem. =~ QH, CXeMBI prcC. 2b — HIDKE TOBEpPX-
woetn 0, =0,

Cucmema ayemon—monyon—0ymunayemam—o-KCunon

Jns pasneneHus JaHHON CMECH PaccMaTpUBAIOTCS
TPU CXEMBl PA3IUYHON CTPYKTYPHI: B MEPBON KOJOHHE
peanusyercs pexxuMm mepBoro (puc. 5a, 5b), Broporo
(puc. Sc, 5d) wu npomexkyTouHOTO (pHC. S€) 3alaHHO-
ro paznesnenus. Cxembl Ha puc. 5a U 5b u Ha puc. 5c
1 5d OoTIMYaroTCs MCMONIBb30BAHNEM MIEPBOTO M BTOPOTO

3aJJaHHOTO DPA3JENCHUs MpPU PEKTU(DHUKALUN TPOUHON
CMECH TOJYOII—0y THITAIIeTaT—0-KCHIION (alleTOH—TOTyOJ—
OyTunanerar).

[IpenBapuTesbHble pacyeTbl IOKa3ald, YTO MpPU
OT/ENEHUH TOIyoNna OT CMECH OyTHiIalneTaT—o-KCHIION
JOCTHYL TPeOyeMOro KadecTBa TONyolla HEBO3MOXKHO,
Jaske pu gasiaeHun 50 MM pT. cT. JlaHHbI (akT cBa3aH
C TE€M, UTO JIETy4EeCTh TOyoJIa TI0 CPAaBHEHUIO C Oy THII-
aleTaToM B TPOMHOM cMecH HIDKE, YeM B OMHapHOH.

Pesynprate pacuera mpouecca pexkTudukanmy (Ta-
paMeTphl paboThl KOJIOHH U SHEPro3aTparsl) AJIsl OCTalb-
HBIX CXEM IIPUBEICHEI B Ta0MI. 6.

[omy4eHHbIe pe3ynbTaThl MOKA3bIBAIOT, YTO /IS CU-
crembl A—T-BA—0-K ncrnons3oBanne mpoMexyTOIHOTO
pasneneHns NCXOTHOM CMeCH HEBBITOIHO (3Hepro3arpa-
Tbl Ha 20-30% BBILIE 110 CPABHEHUIO C APYTHUMHU PEXHU-
MaMH pa3zieNeHust).

3AKJIIOYEHUE

Ecmm mcxomHplif cOCTaB 4YeTHIPEXKOMIOHEHTHOM He-
uJIeaTbHOM 3e0TporHol emecH i——k—1 (17 < ];0 <T)<T)
MIPUHAJISKUT OOJIACTH, JUIT KOTOPOW COOIFOIaeTCs Co-
otHomenue K, > 1, Kj >1, K <1, K <1, To MOXHO
PEKOMEHIOBATh HCIIONIL30BaTh NPEABAPUTEIHHOE (paK-
[IHOHUPOBAHKE HA MIEPBOM dTare pasaencHus. O6macThb ¢
YKa3aHHBIM COOTHOIIICHUEM KO3 UITMEHTOB pactpesie-
neHus OyzieT 3aHUMaTh OOJIBLIYIO 4acTh 00beMa KOHIICH-
TPAIMOHHOTO CUMILIEKCA, E€CIIM CHCTEMa XapaKTepu3y-
eTCsI HATMYUEM KOMIIOHEHTOB € OJIM3KHMU JICTY4ESCTIMU
Jutst miap i—j w/vm k—I. Tlpu pasjeneHun cMecH cocrta-
Ba, MPHUHAJICKAIIETO TaHHON 001aCTH, UCTIONIB30BaHHE
MIPOMEKYTOYHOTO PAa3JeNIeHUus] OylAeT SHEPreTHYeCKH
0oJiee BBITOMHBIM TI0 CPABHEHHIO C PEKUMAMH MEPBOTO
M BTOpOTO 3amaHHOro pazaencHus (mo 20% skoHOMUHU
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A T FA/BA A T, BA T

T.BA,oX  BAoX oK/oX TBA ox oK/oX BA/BA
(a) (b)

A T AT T
2 3 2 3
T, BA
0-K/0-X T, BA BA /BA 0-K/0-X BA /BA A
(©) (d)
A BA /BA
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QS
<
by =S
T
0-K/o0-X

(e)

Puc. 5. Cxemsr pazzaenenust cmecu anetoH (A)—rtomyon (T)-Oyrunanerar (BA)—o-kennon (0-K),
OCHOBaHHBIC Ha UCIIOJIb30BaHNH 1epBoro (a)—(b), Broporo (c)—(d) 1 mpoMexyToUHOTO (€) 33/laHHOTO pa3/ICIICHHSI.
Fig. 5. Flowsheets of the separation of the mixture: acetone (A)—toluene (T)-butyl acetate (BA)—o-xylene (0-X),
based on the direct (a)—(b), indirect (c)—(d) and sharp (e) distillation modes.

Tabauna 6. [TapameTpsl pabOTHI KOJIOHH CXEM pa3/IeICHUs, NPUBEICHHBIX Ha PUC. 5
Table 6. Parameters of the columns work of the separation flowsheets shown in Fig. 5

0, 0,
Kosionna qTT P TII R KBT qTT p TII R KBT
Column NTS FS 0, NTS FS 0,
kW kW

HUcxonubiii cocras x, = 0.25, x, = 0.25, x,, = 0.25,x = 0.25 mouL. noseii
The original composition of x, = 0.25, x, = 0.25, x,,, = 0.25,x_, = 0.25 mol. fract.

[TepBoe 3amanHoe paznenenue (puc. Sb) [TpomexyTodHOE 3a7aHHOE pa3/eiieHue (puc. Se)
Direct distillation (Fig. 5b) Sharp distillation (Fig. Se)
20 760 11 0.6 491.3 48 760 16 4.6 2832.3
33 760 16 2.3 1687.3 24 760 18 0.7 388.6
36 110 12 44 1397.2 40 760 24 4.8 1476.6
>0 =3575.8 >0 =4697.5
Bropoe 3ananHoe pazzaenenue (puc. 5¢) Bropoe 3aganHoe pazaenenue (puc. 5d)
Indirect distillation (Fig. 5c) Indirect distillation (Fig. 5d)
36 760 17 1.2 1868.0 36 760 17 1.2 1868.0
2 25 760 11 0.6 424.5 33 110 10 1.2 1208.5
40 110 13 4.5 1422.9 28 760 22 0.6 368.0
>0=37154 >0 =13444.5

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Taoauna 6. OkoHuaHue
Table 6. Continued

0, 0,
Kosionna YyTT P T R KBT YyTT P TIT R kBT
Column NTS FS 0, NTS FS 0,
kW kW
Hcxonnwriii cocras x,= 0.04, x. = 0.32, x,, = 0.32,x = 0.32 mou1. moaeit
The original composition of x, = 0.04, x = 0.32, x,, = 0.32, x__ = 0.32 mol. fract.
ITepBoe 3amanHoe paznenenue (puc. Sb) [IpomexyTouHOE 3a7jaHHOE pa3esieHue (puc. Se)
Direct distillation (Fig. 5b) Sharp distillation (Fig. Se)
1 20 760 9 3.6 213.7 80 760 24 8 3260.0
2 33 760 16 22 2090.1 24 760 13 1.6 110.5
3 36 110 12 3.1 1363.6 40 760 25 4.8 1889.5
>0=3667.4 >0 =5260.0
Bropoe 3apanHoe pazaeneHue (puc. 5¢) Bropoe 3aganHoe pazaenenue (puc. 5d)
Indirect distillation (Fig. 5c¢) Indirect distillation (Fig. 5d)
38 760 18 1.8 2056.5 38 760 18 1.8 2056.5
25 760 11 32 177.3 33 110 11 2.7 1469.6
36 110 12 3.1 1363.7 24 760 13 1.6 110.6
>0 =3597.5 >0 =3636.7

sHeprozarpar). [locnemHre peKIMbI MOTYT CTaTh KOHKY-
PEHTHBIMH TIPH PACIIONIOXKEHHN TOYKH HCXOJJHOTO COCTa-
Ba BONM3M eNMHUYHBIX K-TIOBEPXHOCTEH MIH B 00JIacTH
C IPYT'HM COOTHOIICHHEM KOA(PPHUIIUEHTOB pacipeerne-
HUsL. JlaHHBIE 3aKOHOMEPHOCTH TPOMIITIOCTPHPOBAHEI
Ha MPHUMEpe CUCTEMBbI JTHIIaleTaT—O0eH30—TOIy0NI—0y-
THJIAIICTAT.

Ecin Onuska K eMHMIIE OTHOCHTEINbHAS JIETY4ecTh
Tapbl KOMIIOHEHTOB CO CPEIHUMU TEMITEPaTypaMi KHIICHUS
(7—k), obnacTb cOCTaBOB € COOTHOIIEHHEM KOI(P(DHUIIEHTOB
pacnpeenermi K> 1, K> 1K, <1,K <1 Oyznet HeOOITb-
HIOW M NPOMEKYTOUHOE pas/ielieHne He MOXET OBbITh
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CpaBHeHHUE CXeM IKCTPAKTUBHOU peKTU(PUKALMH cMecei
MeTaHoJI—-TeTparuapopypan—Boaa

B.M. PaeBa'®, A.M. [ly0opoBCKHii?

IMHPSA — Poccutickuli mexHonoeuueckuii yHusepcumem (HHcmumym moHKUX XUMUUECKUX MeXHO02ull
umeHu M.B. Aomorocosa), Mocksa, 119571 Poccust

28A0 «Mocdapmar, Mocksa, 125239 Poccust

@ Aemop ons nepenucku, e-mail: raevalentina l(@gmail.com

Ienu. Cunmes u cpagHUMenbHbli AHAIU3 CXeM IKCMPAKMUBHOU peKmupuKayuu 800HbIX cme-
cell pacmeopumeneil. papmayesmuuecKux npoussoocms Ha npumepe cucmemvl mMemaHo i—me-
mpaz2udpopypaH—800a pPaA3UUHO20 cocmasd. TpexKomMnoHeHmMHast cucmema cooeprkum 08a
MUHUMANTEHO KUNSAWUX A3€e0mpona, Komopble npucymcemeyom 6 ouanasoHe CYu,ecmeosaHust
naposKuo0KocmmHo20 pagHosecust. /s OueHKU ceseKmueHo20 0elicmaust 21uuepuHa UcCC1e008aHbL
gasosble pasHogecusl cucmem MemaHo-mempazuopopypaH—e00a U MemaHo—-mempazuopo-
pypar—soda—anuyepur npu 101.32 klla.

Memoobsl. BoiuuciumesbHslil 9KCnepumeHm eoblnosiHeH Ha naamdagpopme Aspen Plus V.9.0. I1po-
g8edeHbl pacuemsl ¢pazo8blx pasHosecull no ypasHeruto NRTL (Non-Random Two-Liquid) ¢ napa-
Mmempamu buHapHozo s3aumoodeticmeust 6asvl OGHHBLIX NPOZPAMMHO20 Komnaerca. [ns yuema
HeuodeanbH020 nogedeHust Naposoli hasvl UCNONBL308ANU YpasHeHUe cocmosiHust Peonuxa—KeoH-
2a. Pacuemul cxem sxcmpakmugHoil pekmugurayuu npogedervl npu 101.32 klla.
Pesynomamel. [IpedsiorkeHbl NPUHYUNUAIbHbIE MeXHo0euueckue cxemvl paszoeneHust (I-IV),
cocmosiugue uz mpex (I-11I) unu uemoipex (IV) pekmugpuKayuoHHbIX KOJOHH, padbomarouwux npu
ammocgpepHom dasneHuu. B cxemax I, II npogodunace skcmpakmueHadsl pexmugpuxayust b6a-
308blX cmecell ¢ pasiuuHbLM cooeprkarHuem 800l 01l 8bldesieHust 8 OUCMUIAMHOM NOMoKe
mempaezuopogypaHa. [anvHeliuee pazdeneHue 8 CXemax pasiuuaiocb ouepedHOCmblo 8bloe-
JIeHUSl 2AUYepuHa: 8 mpemuvelli KONOHHe cxembl I (MpaduyuoHHbLl MPEexKoNOHHBLIL KOoMNIeKe
9KCMPAKMUBHOU peKkmuguKkayul) uiu 80 8mopoii KosoHHe cxembl I (08YyxKoNOHHBLITL KoMNeKe
9KCMpaAKmMueHoOlU pekmugurayuu + KoJI0HHA pazoeseHust memaHoad U 800vl). B cxeme III npeo-
yoemompeHo nosiHoe obessorkusaHue 0a308blX MPEexXKoMNOHEeHMHbIX cmecell ¢ nocaedyrouieti
IKCMPaKmueHol pexmugpurayueil a3eomponHoil cucmemosl MEMAHON-MempazudopoPypaH mai-
oKke ¢ anuyepurom. Cxema IV cocmoum u3 KONOHHbL KOHUEHMPUPOBAHUSL (UACMUUHO20 YOaNeHUS
800bl) U MPAOUYUOHHO20 KOMNNEKCA IKCMPAKMUBHOU peKmupuKkayuu.

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2020;15(3):21-30
21


mailto:raevalentina1%40gmail.com?subject=

CpaBHEHHE CXEM 3KCTPAKTHBHOH PeKTH(HKALHH CMeceH MeTaHOA-TeTparuapodypaH-Boaa

Bbteoost. [1o Kpumepuro HAUMEHbULUX dHepeo3ampam HA pasdeseHue (CYMMAPHAsE HaZpY3Ka
KUNSIMUNbHUKO08 pEKMUPUKAUUOHHBLX KOJIOHH) pekomeHoosaHa cxema I (mpaduyuoHHbLil Kom-
nnekc sKkempakmueHol pexkmudpurxayuu). JonorHumenbHo npoeedeHO CpasHeHUe 3Hepz203a-
mpam cxemvl I npu pazdeneHulu cmecu 9K8UMONSIPHO20 COCMABA C OpY2UM CeNeKMUBHBIM
geu,ecmeom — 9musieHaiuKoem, NPeooIKEHHbIM paHee 8 kauecmee azeHma. [ iuyepuH se-
nsiemest 3¢ppeKmueHbiM IKCMPAKMUBHBIM AZEHMOM, NOCKONbKY obecneuusaem CHUXKEHUEe
sHepzo3zampam bosee uem Ha 5%.

Knroueesle cnoea: skcmpakmueHasi peKmuguKkayus,, cxema, OMHOCUMENbHAs Jemyuecms,
appexmugHbLlL azeHm, MemaHosl, mempazuopoypat, 800a, 2 UUEPUH.

Jlna yumuposanusn: Pacsa B.M., Jlyoposckuii A.M. CpaBHEHHE CXeM SKCTPAKTUBHOM PEKTU(UKALINHM CMECEi METaHOII-TeTpa-

ruapodypan—Bona. Toukue xumuueckue mexronozuu. 2020;15(3):21-30. https://doi.org/10.32362/2410-6593-2020-15-3-21-30

Comparison of extractive distillation flowsheets
for methanol-tetrahydrofuran—water mixtures

Valentina M. Raeva'®, Alexey M. Dubrovsky?

IMIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia

2MosFarma, Moscow, 125239 Russia

@Corresponding author, e-mail: raevalentina l@gmail.com

Objectives. Synthesis and comparative analysis of the extractive distillation flowsheets for
aqueous mixtures of solvents utilized in pharmaceutical industries using the example of a
methanol-tetrahydrofuran—water system with various compositions. The ternary system contains
two minimally boiling azeotropes that exist in a vapor-liquid phase equilibrium. To evaluate the
selective effect of glycerol, the phase equilibria of the methanol-tetrahydrofuran-water and
methanol-tetrahydrofuran-water-glycerol systems at 101.32 kPa were studied.

Methods. The calculations were carried out in the Aspen Plus V.9.0 software package. The
vapor-liquid equilibria were simulated using the non-random two-liquid (NRTL) equation with the
binary interaction parameters of the software package database. To account for the non-ideal
behavior of the vapor phase, the Redlich—-Kwong equation of state was used. The calculations of
the extractive distillation schemes were carried out at 101.32 kPa.

Results. The conceptual flowsheets of extractive distillation are proposed. The flowsheets consist
of three (schemes I-III) or four (scheme IV) distillation columns operating at atmospheric pressure.
In schemes I and II, the extractive distillation of the mixtures is carried out with tetrahydrofuran
isolation occurring in the distillate stream. Further separation in the schemes differs in the order
of glycerol isolation: in the third column for scheme I (traditional extractive distillation complex) or
in the second column for scheme II (two-column extractive distillation complex + methanol/water
separation column). Scheme III caters to the complete dehydration of the basic ternary mixtures,
followed by the extractive distillation of the azeotropic methanol-tetrahydrofuran system, also
with glycerol. Scheme IV includes a preconcentration column (for the partial removal of water)
and a traditional extractive distillation complex.

Conclusions. According to the criterion of least energy consumption for separation (the total load
of the reboilers of distillation columns), scheme I (a traditional complex of extractive distillation)
is recommended. Additionally, the energy expended for the separation of the basic equimolar
mixture using glycerol as the extractive agent was compared with that expended using another
selective agent: 1,2-ethanediol. Glycerol is an effective extractive agent because it reduces energy
consumption, in comparison with 1,2-ethanediol, by more than 5%.

Keywords: extractive distillation, scheme, relative volatility, effective agent, methanol,
tetrahydrofuran, water, glycerol.

For citation: Raeva V.M., Dubrovsky A.M. Comparison of extractive distillation flowsheets for methanol-tetrahydrofuran—water

mixtures. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(3):21-30 (in Russ.). https://doi.org/10.32362/2410-6593-2020-15-3-21-30
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BBEJEHMHE

Juis pasneneHusi TPEXKOMIIOHEHTHBIX a3e0TpOTl-
HBIX CMECEH, COleprKallluX BOAY, B MPOMBIIIICHHOCTH
WCTIONB3YIOT CHelUaIbHbIe PEKTU(UKAITMOHHBIE METO-
JIbI, B TOM YHCIIC SKCTPAKTHBHYIO peKTUUKaImio [ 1-7].
CTpyKTYpBl CXeM SKCTpakTUBHOW pekTudukanmu (OP)
TPEXKOMIIOHEHTHBIX CHCTEM Pa3HbIX THUIIOB MPHUBEICHBI
B [1, 8]. 3amaua cuHTE3a BO3MOXKHBIX CXEM Pa3/ieiICHUs
OP Moxer paccMarpuBaThCsi B JIByX BapuaHTax: s
HEKOTOPOTO MHOXKECTBA areHTOB, Pa3IMYarOIINXCs Ce-
JIEKTUBHBIM BIIMSHUEM, WIM Ul KOHKPETHOIO areHra,
Jo0aBJieHUEe KOTOPOTO K 0a30Bo (pasjensemMoii) cMecu
OJTHO3HAUHO ompenenseT pesyasrar OP [9, 10].

W3BecTHO, UYTO MpenBapUTENbHOE KOHIICHTPHPO-
BaHHE OMHAPHBIX BOIHBIX CMECEU IMO3BOJISICT CHIDKATH
SHEPrOEMKOCTh CXEM OJKCTPaKTHBHON peKTH()HUKAINN
[11-16]. B cBs13u ¢ 3TUM HEOOXOAUMO JIOTIOJHUTEIHLHO
OLICHUBATh 1EJICCO00PA3HOCTh MPEIBAPUTEIBHOIO Ya-
CTUYHOTO 00€3BOKHMBaHMsI (KOHIICHTPUPOBaHWUsI) 0a30-
BBIX TPEXKOMIIOHEHTHBIX CMECEH.

B nannoif pabore paccMOTpPEHBI CXEMBbl IKCTpPaK-
TUBHOW pEKTHU(HUKAINU CMecel MEeTaHOI—TeTParuapo-
(ypan—BOma, pa3OelCHHE KOTOPHIX  IPEICTaBILIET
UHTEpec Ui npoMbliuuieHHocTH [4, 17]. B xauectse pas-
JCTLTFOIIIETO areHTa BBIOpaH TITHIICPUH, IIOCKOIBKY OH pe-
KOMeHJyeTcs Uit DP BOAHBIX cMecel TeTparuapodypana
[18-20], a Taxcke mist OP cmeceit MeTaHOI—TETParuIpoO-
¢ypan—Bona [4, 21].

Tao6auna 1. CsolicTBa B

MATEPHAJIBI U METO/IbI

BazoBas cucrema comepKuT ABa azeorporna (puc. 1,
Tabm. 1). CBoiCcTBa BelmIeCTB, OIICHUBAEMBIC TPU IMITH-
pUYecKOM BBIOOpE IKCTPAKTHBHBIX areHTOB, MPUBEICHBI
B Tabm. 2. [MumepuH mMeeT HaOOIBIINE TEMIIEPaTypy
KUTICHUS ¥ SHTAJBIINIO TAp0o0Opa30oBaHus U HE 00pa3yeT
A3€OTPOIIBI C Pa3/ICIIEMBIMH BEIIIECTBAMH.

PacuéTpl (a3oBeIX paBHOBeCHU TPOBEACHBI Ha
mnardopme Aspen Plus V. 9.0 mo moaenm NRTL (Non-
Random Two-Liquid equation) ¢ mapamerpamu 0a3bl
JAaHHBIX ITIPOTPAMMHOTO KOMIUIeKca. HewnmeampHoe

1 > 2

Puc. 1. Xon IUCTHIISIIMOHHBIX TUHUNA B CHCTEME
metanon (1)—rterparunpodypas (2)—Boxa (3).
Fig. 1. Diagram of distillation lines in the methanol
(1)—tetrahydrofuran (2)—water (3) system.

CHICCTB, HeO6XOL[I/IMI>Ie JJIA BI)I60pa OKCTPAKTUBHOT'O arcHra

Table 1. Required properties of substances to be used as extractive agents

BemectBo Temneparypa kunenus, K MounsipHasi 3JHTAJIBINA AP000pa3oBaHus, kK/:k/MoIb
Substance Normal boiling point, K Vaporization molar enthalpy, kJ/mol

Meranon

Methanol 337.85 37.6+£0.5

Terparuapodypan

Tetrahydrofuran 339.15 32.0

Bona

Water 373.15 43.99

Lnauepitn 563.15 91.7+0.9

Glycerol

Tab6auua 2. PacuetHsie azeorponnbie ganubie mnpu 101.32 xlla

Table 2. Calculated azeotropic data at 101.32 kPa

A3zeoTpomnHasi cucTemMa
Azeotropic system

CocraB, MOJI.I.
Composition, mol. fract. Temmneparypa, K

Temperature, K

X ; x2 x3
MeTtaHon—TeTparuapodypas B
Methanol-tetrahydrofuran 0.4910 0.5090 332.90
Terparunpodypas—Bosa B
Tetrahydrofuran—water 0.8304 0.1696 336.59
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MOBEJICHNE TTapOBO (a3l YUTEHO ypaBHEHHEM COCTO-
staust Pennxa—KBonra.

JrarpaMMbl U30IMHUN OTHOCUTENBHOM JIETy4EeCTH
KOMITOHEHTOB 0a30Boii cucteMbl MeTanou (1)—Terparu-
npodypan (2)—Bona (3) nmpuBeaeHs! Ha puc. 2. OTHOCH-
TEeJbHBIE JIETYYECTH JUISl a3€0TPOIHBIX MMap PacCUuTaHbI
10 TaHHBIM TTAPOKUIKOCTHOTO PAaBHOBECHSL.

PE3VIIBTATBI U UX OBCYXKIEHUE

Jletydgects TeTparnapodypaHa OTHOCHTEIBHO Me-
TaHouna (0.,,) BO3PAcTaeT NP YBEIUYEHHH CONEPIKAHMSA
BOJIbI B 0A30BBIX CMECSX, T.€. BOJIA MPOSIBIISECT IKCTPAK-
TUBHBIA 3QdekT (puc. 2a). JleryuecTh TeTparuapody-
paHa OTHOCHMTENBHO BOIBI (Q,,) B TPEXKOMIIOHEHTHBIX
CMecCsX TaKkXKe yBelnauBaeTcs (puc. 2b).

3
6.6

21

177 135 1 2

a b

Puc. 2. JluarpaMMbI OTHOCHTEIBHO# JIETYyUECTH KOMIIOHCHTOB
Jutst cucteMbl Metano (1)—rterparunpodypas (2)—Bozxa (3)
npu 101.32 kIla (a: a,,; b: a,,).

Fig. 2. Diagrams of the relative volatilities of the components
of the methanol (1)—tetrahydrofuran (2)—water (3) system

at 101.32 kPa (a: a,; b: a,,).

s cpaBHeHHsI BBIOpaHBI COCTaBbl 0a30BBIX CMe-

ceif (x°)) ¢ pasIMYHBIM COZEPKAHUEM BOJBI, PAacHOJIO-
JKEHHBIE Ha cexymed x, : x, = 1 : 1 (puc. 3). OtHOCH-
TEJBHBIC JICTYYECTH B MPUCYTCTBUU Pa3HBIX KOJHUCCTB
areHTa (4) npuezieHbl B Ta0m. 3. CeleKTUBHOE BIUSHUE

BOZIBI M TVIMIIEPHHA OJHOHAIPABIEHO, IIPU IKCTPAKTHB-
HOW pekTu(dUKauu 0a30BBIX CMECEH MPOTHO3UPYETCS
KOHLIEHTPUPOBaHWE TeTparuapodypana B JUCTHIIIATE.
IIpu paznenenun 6a30BBIX CMECEH C BEICOKHM COZIEPXKa-
HHEM BOZbI MOTPeOyeTCst BBOAUTH MEHbBIIEE KOJITMIECTBO
areHra.

1 2

Puc. 3. CocraBsl (M. 1.) 6a30BBIX cMecCeit
Metano (1)—terparunpodypasn (2)—Boma (3):
I-x°(0.392; 0.408; 0.200); IT — x°, (0.333; 0.333;
0.334); I —x°, , (0.049; 0.051; 0.900).

Fig. 3. Compositions (mol. fract.) of the basic
methanol (1)—tetrahydrofuran (2)—water (3) mixture:
I-x°(0.392; 0.408; 0.200); IT — x°, (0.333; 0.333;
0.334); TIT — x°__(0.049; 0.051; 0.900).

F-IIT

OTMeueHO pa3InYHOC BIUSHHUE Pacxo/ia IIHIEPUHA
Ha JIETY4eCTh TeTparuapodypana: s 0a30BbIX COCTa-
BOB x| M X’ 3HAYEHHA O, M O, YBEIUYUBAIOTCSA, A
ans cocrasa x°, |, 000rallleHHOr0 BOJOH, — TOHHMIKA-
10TCs. B mocnenHem ciydae Ba)KHO TOYHO OMPEICITUTDH
HAMMCHBIICEe KOIWYECCTBO TSDKEIIOKHILAIIETO TIHIIEPHU-
Ha, 00ECHEeYMBAIONIETO JOCTATOYHBIA IKCTPAKTUBHBIN
3 QeKT, T.K. 3aBBINICHHBI PacXoJ areHTa MpPHUBEIET K
MOHIDKCHUIO CEJICKTHBHOCTHU TIIUICPHHA U YBEINYCHUIO
Harpy3KH KUISTHIBHAKA KOJOHHBI DP.

[puHIMIHATbHBIE CXEMBl JKCTPAKTUBHON pEK-
TH(UKAINHN TIPU UCIIOJIB30BAHUY TIIMIEPUHA TTOKa3a-
Hbl Ha puc. 4. [lockonpky npu DP 6a3oBbix cmeceil

Tabauua 3. OTHOCUTENbHBIE JIETYYECTH KOMIIOHEHTOB

B cucteme MetaHol (1)—terparuapodypan (2)—Boma (3)—mmuepun (A) mpu 101.32 x[1a

Table 3. Relative volatilities of the components

of the methanol (1)—tetrahydrofuran (2)—water (3)—glycerol (A) system at 101.32 kPa

F,:F* x, e o o
a21 a23 aZl u23 (l21 a23

0:1 0 1.33 2.90 1.64 4.05 6.64 35.8
0.1:1 0.09 151 4.56 1.77 5.63 5.00 275
0.25:1 0.2 170 7.04 1.91 7.86 3.89 217
0.5:1 0.333 1.90 10.6 2.06 10.9 3.10 17.75
0.75: 1 0.429 2.02 13.2 2.13 13.2 2.72 16.0

1:1 0.5 2.09 15.1 2.17 14.8 2.49 15.1
15:1 0.6 2.15 17.5 2.19 16.85 2.22 14.2

*COOTHOIICHHE KOJMYECTB IIIHAIepHHA U 0a30BO cMecH (KMOJIb).

*F, : F is the ratio of glycerol to the basic mixture (kmol).
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MIPOTHO3UPYETCS BBIJCICHUE a3e0TPOTIOOPA3YOIIETO
KOMIIOHEHTa — TeTparuapodypaHa, MOKHO paccMaTpu-
Bath cxembl | u [I. Cxema [ siBsieTcst TpaaAuIIOHHOM, C
pereHepanueil muueprHa B mocieHel kooHHe. B cxe-
Me II TsKenbIil areHT OTAENSIETCS BO BTOPOM KOJIOHHE.

B cxeme Il mpenycMOTpeHO MOJIHOE 00E3BOXKH-
BaHME 0a30BBIX CMECEH, IMociie 4ero npoBoauTcs JP
CMECH METaHOJ — TeTparuapodypaH Takxke C TJIH-
nepuHoM. TakuM 00pa3oM MOTYT OBITH pa3eleHbI
TPEXKOMIIOHEHTHBIE CMECH, PACIOJIOKEHHBIE ClIeBa
oT cexymeid x :x,=1:1 (puc. 3).

B cxeme IV mpoBomutcs mpenBapUTENbHOE KOH-
LEHTPUPOBaHUE (YaCTUYHOE 00e3BOKMBaHUE) 0Aa30BBIX
cMecel, T.e. BapHaHT Pa3[eNCHUS SIBISICTCS ITPOMEXKY-
TouHBbIM JuIst cxem [ u 111

Ontumuzanysi paboThl PEKTH(PHKAIIMOHHBIX KOJIOHH
MPOBOAMJIACH ITyTEM MHMHHMH3ALMKA HEPro3arpar KHIls-
THJIBHUKOB PEKTH(OUKAIIMOHHBIX KOJIOHH () JUTsl 3aIaHHBIX
COCTaBOB JIMCTUILIATHBIX TIOTOKOB (0.995 mor. nosneit), Ba-
PpBRHUPYEMBIii TapameTp — rierMoBoe guciio (R). J{is konoHH
OP Ha nepBoM 3Tarne ObLIN OIpEAeNcHb! HAUMEHbIIHE (-
(hbeKTUBHOCTH KOJIOHH (/N — YHCIIO TEOPETUYSCKHUX TAPEIIOK)

Puc. 4. [IpyHUMTHATTBHBIC TEXHOJIOTHYECKUE CXEMbI IKCTPAKTUBHOM pEeKTU(GUKALUH CMecel
Metano (1)—terparuapodypasn (2)—Boxa (3) ¢ mmuepuHOoM (A)
(a—cxema I; b — cxema II; ¢ — cxema III; d — cxema IV).
Fig. 4. Principal flowsheets for the extractive distillation of methanol (1)—tetrahydrofuran (2)—water (3)
with glycerol (A) (a: scheme I; b: scheme II; c: scheme III; d: scheme IV).
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1 KoyrdecTsa mmmuepyna (F,), mpu KOTOphIX KocTUraeTcs
3a/IaHHOE Ka4eCTBO IMPOAYKTOBBIX MOTOKOB. B pacueTHoM
OKCIIEPIMEHTE TSI SKCTPAKTUBHBIX KOJIOHH BapbHPOBATI
ypoBHH BBOJa IoToKoB rutanus (F) u arenra (A), T.e. oue-
HUBAJIM BIUSTHHAC BETMYMHEI M TTOTIOKEHUS DKCTPAKTUBHOM
YacTH Ha pe3yJIbTaThl pa3aeeHHs.

YcaoBus pacuera peKTH(GHUKAIUH COOTBETCTBY-
10T JaHHBIM [19]. [nuuepuH BBOOUIN NIPU TeMIlepa-
type T = 333.15 K aist cHIDKEHHsI €T0 BSI3KOCTH, a TI0-
TOKU MUTAHKS KOJIOHH — TIPH TeMIIepaTypax, ONU3KUX K
TEMIIepaTypaM KHUIICHUs pa3/ieiiieMbIX cMeceid. Pabodee
naBieHue Bcex kosoHH 101.32 kIla. B ta6n. 4-8 npu-
BEJICHBI MMapaMmeTphl aucTuiatHoro (D) u kyboBoro

(W) motokoB. CocTaBbl IPUBEIECHBI TOCIEI0BATEIIb-
HO IIJIsl METaHOoJa, TeTparuapodypaHa u BOJbI B MOJ.
JOJISTX, KOJTUYIECTBO MMOTOKOB — B KMOJB/4, dHEPro3a-
TpaThl KUISTUILHUKOB KOJOHH O — B KBT. [loToku
6azoBrIx cMeceit F — 100 kmounp/4.

Cxema I

PacueTs! mpoBeaeHBI 1151 COCTaBOB 0A30BBIX CMe-
ceii metanon (l)—rterparunpodypan (2)—Boma (3):
x%.,(0.392; 0.408; 0.2); x°, , (0.333; 0.333; 0.334) u
x°. ., (0.049; 0.051; 0.9).

YBeamueHne coaepsKaHus BOIBI B CMECSX MO-pas3-
HOMY BIIMSIET Ha DHEPro3aTpaThl PeKTHPUKAIUOHHBIX
KOJIOHH cXembl | (tabn. 4, 5). Ilpu skcTpakTHBHOU

F-11

Tadauna 4. Crarnueckyie napaMeTpsl ¥ pe3yibTaThl pa3/IelIeHNs] KOJIOHHBI 9KCTPaKTUBHOM pekTrdukarmu (cxemsl I u II)
Table 4. Static parameters and separation results for the extractive distillation column (schemes I and II)

ba3oBas cmech N,
Basic mixture N,/N, I 1 Xp T, Xw T, 0
0.0050 0.1865
30 0.9950 0.0007
0 5
Xy 221 150 1.82 0 338.6 0.0956 375.0 1753
0 0.7172
0.0050 0.1855
40 0.9950 0.0009
0 9
X b 223 110 1.52 0 339.0 0.1920 372.6 1158
0 0.6215
0.0039 0.0407
30 0.9961 0
0 El
X 221 25 4 0 339.1 0.7508 374.2 442
0 0.2085

Taoauna 5. CraTrmueckre mapaMeTpsl 1 pe3yasraTsl pazaeneans konoHH 11 u 111 (cxema I)
Table 5. Static parameters and separation results for columns I and III (scheme I)

ba3oBas cmech Ne kou1. N,
Basic mixture No. col. N, R *o T, Hw Ty 0
0.9951 0.0002
25, 0.0039 0
I 10 1.27 0.0010 3373 0.1174 485.0 1966
0 0.8824
XO
i 0.0019 0
25, 0 0
I 10 0.12 0.9950 421.5 0.0004 560.1 1059
0.0031 0.9996
0.9950 0
30, 0.0050 0
II 14 2.97 0 337.6 0.2361 443.0 1783
0 0.7639
xO
F-IT 0 0
10, 0 0
11T 5 0.2 0.9999 383.5 0.0001 560.8 1310
0.0001 0.9999
0 0
25, 0.9950 0
I 10 5.66 0.0050 3375 0.7825 381.0 338
. 0 0.2175
X F-111 0 0
10, 0 0
I 5 0.05 0.9997 390.1 0.0001 560.4 1441
0.0003 0.9999
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pektudukanuu (koJoHHA 1) W BBIIEICHUH METaHO-
na (xkomoHHa II) oTMeuYeHO 3HAYMTENbHOE CHUXKE-
HUE HArPy30K KHUISMTHIHHUKOB, a TPH pEeTeHEpaIuu
TIIMIEpUHA YHEPro3arpaThl, HANPOTUB, BO3PACTAIOT.
MakcuManbHBIM BKJaJ B DHEPro3aTparbl BHOCUT KO-
JIOHHA BbIJIeNIeHUs MeTaHona (cocTasbl x°, |, x° ) WK
KoJIOHHa perenepanuu arenta (x°, ). CymmapHoe
SHepromnorpedieHue TpaauuoHHON cxeMbl DOP mo-
Hwkaercs B paay (kBt): 4778 (x; — 0.2 mon. nonein
BOJIbI); 4251 (xIl — 0.334 mon. gonei Bojwl); 2221
()cHI — 0.9 moun. moneit BOH).

Cxema Il

B Tpamnunonnom Bapmante DP (cxema I) pere-
Hepalus areHTa MPOBOAMUTCS B MOCIEAHEH KOJOHHE,
a B kosloHHe Il mo mepBoMy 3aJlaHHOMY pa3[EJIeHUIO
BbIJENseTCs MeTaHoa (puc. 4). Perenepanus Tsoxeno-
KUIISIIeTro arenTa B kosionHe 11 mo BTopomy 3amanHo-
MY pa3leleHHI0 MOXKET CHUXKaTh CYMMapHO€ dHEPTro-
norpebiienne cxeMmul. B cxeme Il mpu oprannszanuu
BTOPOTO 3aJaHHOTO pa3zaeneHus B kojJoHHe Il cHayana
BBIBOJAUTCS TIIMIICPUH, @ MOTOM IMPOBOJUTCS PEKTH-
(huxanus 3¢0TPONHON BOIHO-METaHOJIBHOM CMECH.

Pacuetsl cxembr I mpoBeneHs! st 6a30BBIX CMe-
ceit cocrasos x| (0.392; 0.408; 0.200) u x°,  (0.049;
0.051; 0.900). Pe3ynbraThl pacyeToB JJisi KOJOHHBI DP
MpUBE/IEHBI B Ta0JI. 4, I KOJIOHH 2 U 3 — B TalI. 6.

MaxkcuManbHBIH BKIIAJ] B SHEPronoTpedieHne BHO-
cut kostoHHa Il perenepanuu arenta. Beigenenue rmuue-
pUHA M3 cMecel ¢ METaHOJIOM M BOJIOHW SBIISieTCs Ooliee
SHEProeMKUM, YEM pereHepalus areHTa u3 BOJAHbBIX CMe-
ceit (kononHa III, cxema I). Jlnst pasnmenenust 6a30BBIX
cMmeceil MeTaHosI—TeTparuapodypaH—Boaa C HU3KUM CO-
Jiep:kanneM Bonbl cxemy Il pekomeHj0BaTh HENb3SI.

OTMmeueHo OnaronpusaTHOE BIHMSHUE pa30aBieHUs
0a30BBIX CMecel BOJIOH BO BceX KOJOHHAX (Tadm. 4, 6).

CymmapHoe sHepromnoTpetienne cxemsl 11 3HaunTEB-
HO monmxkaercs: x’,  — 5098, x%,  — 2545 kBr.

Cxema 111

Bapuant pasneneHus mnpeaycMaTpUBaeT IOJHOE
o0e3BoxknBaHue 6a30Boii cmecH (puc. 4). PacueTs! mpose-
JICHBI TOJIBKO JUIS SKBUMOJIAPHOTO cocTapa x°, | (Tabu. 7).

[TockoyibKy M3 CMeCH BBIBOJHUTCS BOJA, YBEIH-
YUBAIOasi OTHOCUTENIbHYIO JIETy4eCTh TETParuipo-
(dbypaHna, pacxon runepuHa BozpactaeT: 150 KMob/9
Ha 66.6 KMOJIb/4 CMECH METaHOJIa ¥ TeTparuapodypana
(2.25 : 1) Bmecto 110 kmonb/4g Ha 100 kmoub/g (1.1 : 1)
B ciayyae DP TpeXKOMIIOHEHTHOM CMeCH TOro K€ CO-
craBa. CymMMapHasi Harpy3ka Ha KUTISTHIBHUKH KOJIOHH
cocraBisger 5325 kBt, uyro Ha 20% BBINIC, YeM s
cxemsl I (4251 kBrt). IlonHoe 06e3BOX)MBaHNE 0a30BOi
CMECH HeleNIeco00pasHo.

Taxum obpazom, rmmuepun s cxemsl 111 He sB-
asiercst d¢dexTuBHbIM areHToM. [lonsarue 3¢ddexrus-
HOTO areHTa OJIHOBPEMECHHO YYHUTHIBACT €r0 CeJeK-
TUBHOCTH (BJIMSHUE Ha MAPOXKUAKOCTHOE pAaBHOBECHE)
W TapameTpbl Tporecca (Harpy3kd KHIISTHIBHUKOB
KOJIOHH) [22]. DHepro3arpaTbl KOJIOHHBI pereHepalnuu
CEJICKTUBHOTO TIIHMIIEpPUHA COCTaBISIOT Oonee 51% ot
CyMMapHbIX sHepro3arpar cxemsl 1. IIpu ucnomnab3ona-
HUU 0OJiee CENIEKTUBHOTO areHTa ¢ MEHBIIUMHU, YEM Y
[IMLEepUHA, TeMIepaTypoil KHUIEHUS W HHTaJIbIIHEH
napooOpa3oBaHus (Tadiu. 1), BIUSIONIUMA HA YHEPTO-
norpediieHne peKTU(UKAIMOHHBIX KOJIOHH, cxema [I1
MOXKET OKa3aTbCsl KOHKYPEHTHOH. TakuM areHTomM Mo-
KeT OBITh, HATIPUMED, TUMETHICYIb(OKCHT [9].

Cxema 1V

Pacuetsl cxemsl [V He npoBoaunu. Ee MoxHO pac-
CMaTpHUBaTh KaK MPOMEKYTOUHBI BApUAHT Pa3ACICHUS
st cxem | m 1II: 6e3 mpeaBapuTEIbHOTO KOHIICHTPH-
poBaHUs (4aCTHMYHOTO YAalleHUS BOABI) U C TIOJTHBIM

F-IIT

Taoauuna 6. CraTmaeckue mapaMeTphl U pe3yasTarhsl pasaencHus komosH 11 u 11T (cxema 1)
Table 6. Static parameters and separation results for columns II and IIT (scheme IT)

ba3oBasi cmech Ne koa. N,
Basic mixture No. col. N, & *o T, Yw T, Q
0.6598 0
25, 0.0024 0
11 10 0.5 03378 351.8 0.0003 560.7 2813
0 0.9997
xO
F" 0.995 0.0046
25, 0.0039 0
1T 10 2 0.0011 337.7 0.9954 372.3 532
0 0
0.0514 0
25, 0 0
1I 10 0.5 0.9486 371.9 0.0001 560.9 1921
0 0.9999
x()
Fa 0.9950 0.0004
10, 0 0
11T 5 2.53 0.0050 337.9 0.9996 373.1 182
0 0
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Tabsmna 7. Cratuyeckue NapaMeTpbl M pe3yIbTaThl pasaeneHus kononH cxemsl 111 (6azopas cmech x°, )

Table 7. Static parameters and separation results for scheme III (basic mixture, x°, )
Ne kour. N,
No. col. N,/N, F, R x T, b T, 0
0.4995 0.0010
30, _ 0.5 0.9990
I 15 1.89 0.0005 3329 0 373 1773
0 0
0.0035 0.1795
40, 0.9965 0.0006
I 26 150 1.87 0 339.1 0.0002 379.3 810
0 0.8197
0.9964 0.0008
20, _ 0.0036 0
I 1 2 0 339.0 0.0002 374.2 2742
0 0.9990
Ta6smna 8. Cpasuenue 1,2-5Tananona u MMLepyuHa s cxemsl I (6azoBas cmech x°; )
Table 8. Comparison of 1,2-ethanediol and glycerol for scheme I (basic mixture, x°_ )
KauecTBO npoaykra
AreHT F Ne koa1. N, R Product purity 0
Agent £ No. col. N, /N,
x T
1,2-Drananon* 400 I 45,5/30 22 x,=0.9980 339.04 1928
1,2-Ethanediol* I 30,12 1.9 x,=0.9973 337.65 1548
I 13,6 2 x,=0.9991 373.04 1628
x, =0.9999 470.21
Cnunepun 120 I 40, 2/23 1.88 x,=0.9980 339.09 1306
Glycerol I 30, 14 3.96 x,=0.9980 337.65 2167
11 10/5 0.1 x,=0.9999 375.31 1360
x, =0.9999 560.84
* lannbie [19] — 1,2-3Tanauon, B HACTOSIIEH pabOTe — IIMLIEPUH.
* Data [19]: 1,2-ethanediol; in this study: glycerol.
ob6e3BokuBaHUEM 0a30BbIX cmeced (puc. 4). Ilpen- 3AKIIOYEHUE

BapUTeNIbHOE KOHLIEHTPUPOBAHUE Helesnecoo0pasHo,
T.K. HEU30EKHO OYJIET CONMPOBOXKIATHCS YBEIMUYCHHUEM
SHEPronoTpedsieHns: 3a CUeT BBEACHHS NONOJIHHUTEIb-
HOM KoJoHHBI. CpaBHEHHE HHEpro3arpaTr Ha pasjene-
Hue cxeM | u III (Tabn. 4, 5, 7) nokas3sIBaeT, 4yTo MpU
YMEHBIICHUH COJIEP)KaHUS BOABI B 0A30BBIX CMECSX
YBEJIMYMBACTCA PacXo]l INIMIEpHUHA H3-3a MOHMKEHUS
OTHOCHTEJIBHOM JIETY4eCTH TeTparuapodypaHa.

OP cmeceit Metanon—TerparuapodypaH—Boaa Mo-
KET MPOBOIUTHCS TaKkXke ¢ aTwieHrmukonem [4, 19].
J11st KoppeKTHOTrO cpaBHEHUs ¢ pe3ynbraTamu [19] mpo-
BEJICHBI JIOTIOJTHUTENLHBIC PacyeThl cXeMbl | ¢ momyye-
HUEeM 00JIee YHCTHIX IPOIYKTOB (Tabm. §).

Hcnonk3oBaHue mHilepuHa 00ecrieunBaeT CHUXKE-
HUE dHepronoTpediaeHus komiuiekca Ha 5.6%. Taxkum
o0pa3om, TuIeprH ABIsIeTCS 3(P(QEKTUBHBIM areHTOM
g cxeMsl 1.

s pasznenenHusi cMecel MeTaHosa, TETParuapo-
(dypaHa ¥ BOIBI PEKOMEHIYCTCSl TPAIMIMOHHAS CXeMa
9KCTPAaKTUBHOI pekTHduKanuu ¢ munepuHoM. IIpu He-
OOXOIMMOCTH pa3/eleHNs] CMECei ¢ HEBBICOKUM COJIEp-
JKaHHUEM BOJIBI MOJKHO BBOJIUTH B KOJIOHHY DP OuHapHBIi
areHT Boja—MIMLEpPHH. [IoMUMO yBETMUYEHUs CENEKTUB-
HOCTH 3TO 00CCIICUUT CHIDKCHHE TEMIIEPaTyphl B KOJIOHHE
OP u, Kak cleJCcTBHE, CHUJKEHUE SHEPro3arpar Ha pasze-
JIEHUE B CXEME.
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Objectives. Given that microorganisms can become resistant to certain groups of drugs and
considering also their ability to form biofilms, the development of new drugs that are active
against adapted microflora is required. This study focused on the development of a new method
for the synthesis of a promising compound, the branched hydrosuccinate oligophexamethylene
guanidine (OHMGsucc), with high purity that meets the standards of the 14th edition State
Pharmacopeia of the Russian Federation (SPRF). Previously proposed methods have managed
to isolate this product, which, however, complies with the requirements of the outdated SPRF.
Therefore, the main aim of this study was to update the regulatory framework for the indicated
OHMG salt for its further use in the pharmaceutical industry according to modern standards.
Methods. To control the residual impurities of hexamethylenediamine (HMDA) and guanidine
hydrochloride (GHC), high-performance liquid chromatography (HPLC) was applied using a
Thermo Scientific Dionex UltiMate 3000 chromatograph, and the chromatographic signals of
the test solution with those of a standard sample solution obtained by a previously published
conventional method were compared.

Results. The HPLC experimental data indicated a significant difference in the quantitative
content of HMDA and GHC observed for the new and older preparation method of the branched
OHMGsucc, suggesting that the method disclosed in this article can be used to obtain highly pure
OHMGsucc.

Conclusions. The specified compound was standardized with the parameter “related impurities”
according to the current (14th) edition of the SPRF. The effectiveness and reproducibility of
the proposed method was experimentally confirmed. In addition, a process diagram for the
preparation of the indicated OHMG salt was prepared.

Keywords: biocide, antibacterial agent, purification, related impurities, oligohexamethylene
guanidine salt, disinfectant.
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Ienu. Ha ¢oHe npuobpemeHust MUKPOOP2AHUIMAMU PE3UCMEHMHOCMU K onpedeseHHbM 2pyn-
nam silekapcmeeHHblX cpedcmas, a makske cnocobHocmetl 06pazosvieams buonnieHku, mpebyromest
Ho8ble npenapamel, AKMUBHbLE NPOMUE A0ANMUPOBAHHOU MUKpod.iopbl. Cmambs. nocesiueHa
U3bLICKAHUIO cnocoba NOAYUEeHUsT NePCneKmu8H020 COeOUHEeHUsT — PA38emesleHH020 2UOPOCYKYU-
HOMA 0AU202eKCAMEMUNEH2YAHUOUHA C 8blCOKOU CmeneHblo wucmomsl, coomeemcmeyrouseii
Hopmam ['ocydapcmeeHHolli Papmaroneu 14 uzdarus. Tarx Kakx npeodsiolxeHHble paHee Memo-
0blL NO3BONANU NOAYUUML NPOOYKm, yooesremeopsirowuii mpebosaHusm ycmapeswetil I'ocyoap-
cmeeHHoll Dapmaroneu, mo OCHOBHOU UEnblo SA8ANACL AKMYANUAYUSL HOPMAMUBHOU 6a3bl 8
OMHOWEHUU YKA3AHHOU CONU OSlU202eKcamemuieH2yaHUuoUuHa 05l ee OaslbHeliulez0 npumeHe-
HUsl 8 hapmayesmuueckoli Ompacau Co2ACHO CO8PEMEHHbIM CMAHOApPMAam.

Memoobt. /[/ist KOHMPOJISL NPUMECHBIX COCOUHEHUTL — 2eKCAMEMUNEHOUAMUHA U 2YAHUOUHA 2UOPO-
XNI0pUOA NPUMEHSIU 8bLCOK0IPPEXMUBHYIO IUOKOCTHYIO XPOMAMOPAPUI0, KOMOPYH NPOo8ooU-
au Ha xpomamoepagpe Thermo Scientific Dionex UltiMate 3000 memodom eHewHezo cmaHoapma.
Pesynemamut. Ha 0CHOBAHUU IKCNEPUMEHMANbHBIX OAHHBIX, NOJYUEHHBIX C NOMOULLIO 8blCO-
Ko3ghherxmueHoll. IKUOKOCMHOU Xpomamozpaguu, omodpareHa pasHUUd 8 KOJAUUEeCMEEHHOM
CO0EePACAHUL 0OCMAMOUHBLX NpuMmecell 8 cocmage cYocmaHyUU pa3gemeieHH020 2UOPOCYKYUUHA-
ma osuzozeKcamemuieH2yaHUOUHA, NOAYUEHHOU 08YMsi pasHbiMU cnocobamu. OmmeueHo, umo
€cnocob, NpeodloskeHHbLI asmopamu Hacmosuwieli cmambu, No380slem CHU3UMb UX COOepIaHUEe
Nno cpasHeHU0 ¢ KOHBEHUUOHANbHBIM MEMOOOM.

Buteoodust. Coz2nacHo npedcmaesieHHbiM 0AHHbIM NPo8edeHa CMaHOApMU3ayUs YKA3AHHO20 coe-
JuHeHus no napamempy «PoocmeeHHble npuMecu» 8 COOMme8emcmaul ¢ AKMyaibHbM HA OAHHBLU
MomeHm uzoaHuem I'ocydoapcmeerHoli Dapmaroneu. Bernedemeue mozo, umo agpgpekmueHoCms
NPeONIOAEHH020 MEMOOA IKCNEPUMEHMANTLHO NOOMBEPOUNACH, HA 3AKTIOUUMENbHOM Imane pa-
6omobL 6bLIa coCMagieHa MEexXHON02UUECKAs. CXemMa NOAYUeHUsT YKA3AHHOU CONMU ONuz0zerKcame-
museH2yaHuOuUHaA.

Knroueevle cnosa: 6uoyud, aHmubaxmepuaibHblil azeHm, OUUCmKa, pooCmeeHHble NPUMeCu,
COJlb ONlUROZEKCAMEeMUNIEH_2YAHUOUHA, 0e3uHgermaHm

Jna yumuposanusa: Ivanov 1.S., Shatalov D.O., Kedik S.A., Sedishev I.P., Beliakov S.V., Trachuk K.N., Komarova V.V.
An effective method for preparation of high purity oligohexamethylene guanidine salts. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2020;15(3):31-38. https://doi.org/10.32362/2410-6593-2020-15-3-31-38

INTRODUCTION

Infectious diseases are one of the most common
human pathologies in the modern world. At the beginning
of the last century, the fight against this group of diseases
was remarkably successful. However, an outbreak of
various epidemics is currently being recorded worldwide
[1], which is mainly associated with the tendency of
microorganisms to form biofilms and their increasing
resistance to various drugs [2]. In this regard, there is
a need to develop new pharmaceutical agents with

a wide spectrum of antimicrobial activity that could
serve as a basis for the development of effective drugs
against the highly resistant pathogenic microflora.
Oligohexamethylene guanidines (OHMG), which are
synthetic derivatives of the nitrogenous base guanidine,
are an example of such pharmaceutical substances.
Oligoguanidines are a class of polymeric biocides
that consist of repeating units of the macromolecular
chain of a positively charged guanidine moiety and
exhibit antimicrobial, antiviral, sporicidal, fungicidal,
insecticidal, pesticidal, and algicidal activity. In

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(3):31-38

32


mailto:ivan.ivanov1994%40gmail.com?subject=

Ivan S. Ivanov, Denis O. Shatalov, Stanislav A. Kedik, et al.

addition, they can be used against aerobic and anaerobic
microflora [3], while they can also destroy the biofilms
formed by pathogenic microflora [4]. It should be noted
that the biocidal properties of the OHMG derivatives are
significantly determined by their positive charge.

The mechanism of action of the OHMG derivatives
is activated after protonation of a guanidine molecule, as
shown in Scheme 1, which leads to the uniform distribution
of the positive charge throughout the molecule. These
polycations are then adsorbed on the cell membrane of
the pathogen, which is negatively charged due to the
phosphate groups. This, in turn, hinders the respiration
and metabolite transfer processes through the bacterial
cell wall, while the oligoguanidine macromolecules
penetrate into the cell, causing irreversible damage to the
cytoplasmic membrane and nucleotide structure, which
ultimately leads to cell death (Fig. 1).

Furthermore, the positive charge of the OHMG
derivatives enables them to act as organic bases or
form salts with various inorganic or organic acids such
as hydrochlorides, hydrocyrates, hydrosalicylates,
hydrosuccinates, etc. Especially the properties of the
branched oligohexamethylene guanidine hydrochloride
salt (OHMG-HC) have been earlier established [5, 6],

®
NH NH,

e

HN" NH, H.N" “NH,

Scheme 1. Protonation of a guanidine molecule.

protonated guanidine
molecules

indicating its low toxicity and antibacterial activity
against various bacteria and fungi [7]. Therefore,
it has been used as an active base for dental gels
[8] or for sprays to treat diseases of the oral cavity
[9]. Another promising OHMG salt is the branched
oligohexamethylene guanidine hydrosuccinate
(OHMGsucc), which exhibits modified activity. A study
conducted with a compound related to OHMG
showed that the succinic acid salt is similar to the
hydrochloric acid salt in the spectrum of antimicrobial
activities; however, succinate significantly exceeds the
hydrochloride in the disintegrating effect on the formed
biofilms of the microorganism P. aeruginosa [10]. This
is the modified activity of this compound. The branched
OHMGsucc can be used for the development of various
drugs, thus creating new possibilities in the medical
field to combat bacterial diseases. This salt has already
been synthesized with purity [11] that complied with
the earlier (12th) edition of the State Pharmacopeia of
the Russian Federation (SPRF). In this study, we aimed
to develop a new preparation method of this compound
with high purity and adapt its characteristics to the
requirements of the current 14th edition of the SPRF.

MATERIALS AND METHODS

Oligo(imnocarbonimidoylimino-1,6-hexanediyl)
hydrochloride was obtained from the [Institute of
Pharmaceutical Technologies (Russia). Chloroform
(GOST 20015-88), potassium hydroxide (GOST 24363-80),
and succinic acid (GOST 6341-75) were obtained from
CHIMMED (Russia). Ethyl alcohol (95%) was purchased

elimination of
proteins and
nucleic acids
from the cell

imbalanced i'unction of all
cellular systems and cell lysis

violation of thé cytoplasmic
membrane and nucleotide structure,
destruction of the cytoplasm

Fig. 1. Effect of OHMG on a bacterial cell.
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from Flora Kavkaza (Russia), hexamethylenediamine
(1,6-diaminohexane) from Acros Organics (Belgium),
and guanidine hydrochloride from Sigma-Aldrich
(USA).

The OHMGsucc samples were obtained using
a conventional (Method 1) and a novel (Method 2)
method, as described below.

Method 1. The conventional synthetic
methodology has been in detail described in ref. [11],
where carbon dioxide was used to fully saturate the
solution for the preparation of the OHMG base.

Method 2. For the preparation of the base, a
solution of potassium hydroxide (60 ml of 5-M KOH
solution) was prepared in ethyl alcohol, followed by
the addition of technical OHMG-HC (1 eq. per 1-4
eq. of solution). The resulting mixture was then added
upon stirring to 1 volume part of an aqueous solution
(40-60%) of OHMG-HC and the mixture was allowed
to stand for about 16 h, until the phases separated.
Afterward, 1-3 eq. of potassium hydroxide per 1
eq. of OHMG-HC were added to the phase with the
highest OHMG base content. The resulting mixture
was stirred for 3—4 h and then was allowed to stand for
16 h until phase separation. A portion of succinic acid
was subsequently added to the phase with the highest
OHMG base content until the precipitation stopped.
The precipitate was separated by filtration, the filtrate
was evaporated, and the dry residue of OHMGsucc
was dissolved in 1 mass part of water. Ethyl alcohol
and chloroform in a 2 : 1 ratio were then added to the
aqueous solution, followed by stirring for 1 h. After

phase separation, the lower phase, which contained the
purified OHMGsucc, was collected and evaporated to
afford the desired analogue as a solid salt. Its content
in impurities, i.e., hexamethylenediamine (HMDA)
and guanidine hydrochloride (GHC), was determined
by high-performance liquid chromatography (HPLC)
using a Thermo Scientific Dionex UltiMate 3000
chromatograph (USA), and the chromatographic
peaks of the test solution were compared with those
of the standard sample solution obtained by the
conventional Method 1.

RESULTS AND DISCUSSION

In this study, it was expected that the application
of Method 2 will provide better results and overcome
the significant disadvantages of the previously
developed Method 1 [11]. In order to confirm the
effectiveness of the proposed method, the OHMGsucc
salt was synthesized both by the conventional method
and the currently described method, which has not
been previously used in practice. Thus, a comparative
analysis of the amount of residual impurities
contained in the OHMGsucc salt was performed.
More specifically, the chromatograms of HMDA
(Fig. 2) and GHC (Fig. 3) were recorded to identify
the effectiveness of the proposed method (Method 2)
compared to the conventional process (Method 1). As
observed in Figs. 2 and 3, irrespective of the applied
method, the peaks of HMDA and GHC could be
detected at retention time ranges of 14.0—15.0 and
4.0-4.5 min, respectively. However, it is clear that

90 mAU
751

i — Method 2
63—: — Method 1

50

25

131

ol

WVL:264 nm

1-14.343

min|

-1+ 77
0.0 20 40 6.0 8.0

——7 7 T T T
10.0 12.0 140 16.0 18.0 20.0

Fig. 2. Chromatogram of the quantitative content of HMDA in OHMGsucc samples purified
by Methods 1 and 2.
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Fig. 3. Chromatogram of the quantitative GHC content in OHMGsucc samples purified
by Methods 1 and 2.

Method 2 was more efficient than Method 1, as the
respective HPLC peaks of the residual impurities
were lower in both cases.

Furthermore, to confirm the reproducibility of
the results, each purification process was performed
in triplicate, resulting in six batches. It is clear from
the data in table that the results of both methods were
reproducible, while the higher efficiency of Method 2
in purifying OHMGsucc compared to that of Method 1

was again indicated by the lower mol % values of the
residual impurities.

A process diagram of the proposed method was
also created, which shows in detail all the necessary
steps required for the implementation of Method 2 and
the acquisition of high purity OHMGsucc (Fig. 4).
This scheme clearly demonstrates the simplicity of the
proposed technology for obtaining compounds of high

purity.

Content of HMDA and GHC impurities

obtained after purification of OHMGsucc with Methods 1 and 2.

Batch Method HMDA, mol % GHC, mol %
1.1 0.076 0.18
1.2 Methtgdrelff‘[cfg]rding 0.071 0.17
1.3 0.077 0.16
2.1 0.048 0.14
2.2 Method 2 0.049 0.14
2.3 0.046 0.15
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Fig. 4. Process diagram of Method 2 for the preparation and isolation of high purity OHMGsucc.

CONCLUSIONS

A new synthesis and purification method was
developed to obtain the branched OHMGsucc salt
with high purity by limiting the content of HMDA
and GHC residues. The described method also
proved to be more efficient than an earlier reported
conventional method, as it can reduce the number
of toxic impurities in the composition of the target
compound, while complying with the requirements of

the most recent 14th edition of the SPRF. Therefore,
the suggested preparation process would be useful for
the effective production of highly pure OHMGsucc,
so that it can be further used in the pharmaceutical
industry to develop new drugs that can fight the
resistant harmful microorganisms.

The authors certify that they have no commercial or
associative interest that represents a conflict of interest in
connection with the manuscript.
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XHMHS H TEXHOAOI'SI AEKAPCTBEHHBIX ITPEITIAPATOB
H BHOAOT'HYECKH AKTHBHBIX COEJHUHEHHHU
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Onpenesienne npo¢puist (UiaBOHOUI0B B THIIOITIMKEMHUYECKOM cOope
METOA0M BbICOK0I((PeKTUBHOU KUAKOCTHON XpoMaTorpapuu

A.M. KyroBaa', B.H. [laBsLaoBa', H.B. [IepoBa?, K.H. daaep?®

!Bcepoccuiickuil HayuHO-Uccn1edo8amesnbCKull UHCmumym AeKapcmeeHHbX U ApoMamuUueckux
pacmeruti (BUAAP), Mockea, 117216 Poccus

2dedepanbHblil uccne0o8amenbCKull yeHmp numaHust, buomexHoioeuu u 6e3onacHocmu NUUWU,
Mockea, 109240 Poccust

@ Aemop osns nepenucku, e-mail: ellki42@yandex.ru

Ienu. I'unoznukemuueckue npenapamel pacmumenbH020 NPOUCXONKOEHUSL YcneulHO OONOSHSL-
rom cuHmemuuecKkue peyenmypHbsle JeKapcmea, UCNOoNb3yruiuecs 8 mpaduylloHHOM nooxooe
K sleueHuro caxapHozo ouabema 2 muna. OOHAKO HAYUHO 0O0CHOBAHHOE NPUMEHeHUe U CMAH-
dapmusayusi maKux npenapamoe 02paHuUueHbl U3-3a HeadeksamHoll u uacmo ycmapesuieti uH-
gopmayuu 06 ux xumuueckom cocmage. Hamu 6bin paspabomar eunoenukemuueckuii coop (I'TC),
cocmosiuuil u3 cmeopokx ¢haconu obvikHoseHHoU (Phaseolus vulgaris L.), nobezog uepHuxu obblkHO-
eeHHoll (Vaccinium myrtillus L.), mpassl 2anezu nekapemeernoti (Gallega officinalis L.), mpasust 20pua
nmuusezo (cnopsviuia) (Polygonum aviculare L.), kopHetll ionyxa 6oeuwozo (Arctium lappa L.), nnodos
WUNoBHUKA KopuuHozo (Rosa cinnamomea L.). I[To mHeHuto psida uccnedogameneti, anHmuouabde-
muuecKkue ceolicmea 8blULEYNOMSIHYMbIX PACMEeHUT 80 MHO20M 00YC08/1eHblL Npucymemauem 8
HUX NONUGDEHONIbHBIX COeOUHEHUTL, 0cobeHHO ¢hragoHoudos. Llenb daHHO20 uccriedo8aHus — onpe-
deseHue npoguns prasorHouoos 8 I'T'C u 8 cymmapHom cyxom skemparxme (CCO) na ocrose I'TC.
MemooelL. Hccnedosarue npoeoousu mMemodom obpauieHo-gpaso8otl 8bLcOK03PeKMmUEHOTL HUO-
KOCMHOU xpomamozpagpuil ¢ OUOOHO-MAMPUUHBIM U MACC-CNEeKMPOMEMPUUECKUM OemeKmupo-
saHuem.

Pesynemamet. B I'TC u CCO 6bL10 u0eHmugpuyupo8aHo 0essimsb UHOUSUOYANbHBIX (ABOHO-
2/1UK03U008 — NPOU3BOOHbLX MUPUUEMUHA, K8epuemuHa, Kemngepoaa u kemngepuoa. OcHos-
HbIMU (PNLABOHONRAUKOIUOAMU 8 Uccaredyemblx obbekxmax 6bliu pobuHUH U Kemngepoa-3-2ato-
KYypoHuo, codeprkarHue komopwvix 8 I'TC cocmasuno 2.09 u 2.22 mz/2, 8 CCO — 4.85 u 3.84 mz/ 2,
coomeemcmeaeHHo. OcmastbHble P1asoHOAUKO03UObL bbliu obHapyskerbl 8 I'T'C u CCO & cywe-
cmeeHHOo 60s1ee HUSKUX KOHUeHMPAUUSLX.

Bbleoowsl. Pesynbmamul pabombl moeym Oblmb UCNOL308aHbL npu cmanoapmusayuu ['TC u
OUeHKe e20 (hapmaKoi02UUecKoli aKkmueHOCMU.
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Flavonoid-profile determination for a hypoglycemic collection
by high-performance liquid chromatography

Angelina M. Kutovaya!, Valentina N. Davydoval, Irina B. Perova?,
Konstantin I. Eller?®

!All-Russian Scientific Research Institute of Medicinal and Aromatic Plants (VILAR), Moscow,
117216 Russia

?Federal Research Center of Nutrition, Biotechnology and Food Safety, Moscow, 109240 Russia
@Corresponding author, e-mail: ellki42@yandex.ru

Objectives. Herbal hypoglycemic drugs complement the conventional approach to the treatment
of type-2 diabetes based on the use of synthetic prescription drugs. However, their scientifically
based application and standardization are limited due to inadequate and often outdated
information on their chemical composition. Accordingly, we have developed a hypoglycemic
collection (HGC) consisting of common bean pods (Phaseolus vulgaris L.), bilberry shoots
(Vaccinium myrtillus L.), galega herb (Gallega officinalis L.), common knotgrass herb (Polygonum
aviculare L.), burdock roots (Arctium lappa L.), and cinnamon rose hips (Rosa cinnamomea L.).
According to a number of researchers, the antidiabetic properties of these herbs are largely due
to the presence of polyphenolic compounds, especially flavonoids. The aim of this study was to
determine the profile of flavonoids in the HGC and in its total dry extract (TDE).

Methods. The study was performed by reverse-phase high-performance liquid chromatography
with diode array and mass spectrometric detection.

Results. Nine individual flavonol glycosides—derivatives of myricetin, quercetin, kaempferol
and kaempferide—were identified in the HGC and the TDE. The main flavonol glycosides in the
studied objects were robinin and kaempferol-3-glucuronide, the contents of which in the HGC
were 2.09 and 2.22 mg/g, in the TDE 4.85 and 3.84 mg/g, respectively. The other flavonol
glycosides were determined in the HGC and its TDE at significantly lower concentrations.
Conclusions. The method developed in the study can be used to standardize HGCs and estimate
their pharmacological activities.

Keywords: flavonoids, hypoglycemic collection, total dry extract, high-performance liquid
chromatography, diode array detection, mass spectrometric detection.

For citation: Kutovaya A.M., Davydova V.N., Perova L.B., Eller K.I. Flavonoid-profile determination for a hypoglycemic
collection by high-performance liquid chromatography. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(3):39-46 (in Russ.).
https://doi.org/10.32362/2410-6593-2020-15-3-39-46

B mocnemnue rogpl quaber cral cephe3HON IMpo-
OmeMoil 31paBOOXpaHEeHHsI BO BCEM MHpE, 3aTparuBasi
JIFO7IEN BCEX BO3PACTOB, M0JIA, STHUYECKOM MPUHAICK-
HOCTH U pachl. YCTaHOBIIEHA TeCHAs CBA3b MEXKIY JHa-
0eToMm 2 TuIa, OTCYTCTBUEM (PU3NYECKOM aKTHBHOCTH,
n30BITOUYHON Maccoil Tena u nuetoit. s KynupoBaHus
HeratuBHBIX 3 (deKToB amabera pa3pabdoTaH IENbIH
pPAO CHUHTETHYECKHX MPOTUBOAUAOETUYECKHUX JIeKap-
CTBCHHBIX IPENaparoB, HAIPABICHHBIX HAa CHUKCHUE

YPOBHSI [JIFOKO3bI B KPOBH 110 PA3JIHYHBIM MEXaHU3MaM,
TaKHUX KaK MIPOU3BOTHBIC CYIb(OHUIMOYCBUHEI, OUTya-
HUJIUHBI, HHTHOUTOPHI O-TIIFOKO3UAa3bl 1 1p. Hapsiay ¢
9TUM, (hapMaIleBTUICCKUE MPEapaThl ¥ Hy TPUIICBTUKU
PacTUTEIBHOTO MPOUCXOXKACHHS YCICIIHO IOMONHSIIOT
CUHTETUYECKHE PELENTyPHbIC JEKapCTBA, UCIIONb3YIO-
HIMeCs B TPAAMIUOHHOM ITOJIXO/IE K JICUCHHIO TAaHHOTO
3aboseBanusl. V3-3a MEHBIIICH BEPOSITHOCTH MTOOOYHBIX
3¢ dekToB U Ooliee HU3KOH CTOMMOCTH JICKApCTBEHHBIC
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TpaBstHBIE COOPHI YacTO HAXOAAT NMPUMEHEHHE B KOM-
TUIEKCHOW Tepanuu OoNbHBIX Auaderom 2 Tuna [1, 2].
Takue cOOpHI SBIAIOTCS IICHHBIM UCTOYHHKOM OHOJIO-
TUYecKy akTUBHBIX BeliecTs (BAB), oqHako nx Hay4HO
000CHOBaHHOE TPUMEHEHUE W CTAaHAAPTH3ALHUs OTrpa-
HUYMBAIOTCS M3-32 HEAJCKBATHOM 1 4acTO ycTapeBIeit
nH(popMaIuu 00 UX XUMUIECKOM COCTAaBE.

Ha ocHOBE MHOTOYHCIICHHBIX JTUTEPATYPHBIX JaH-
HBIX 00 aHTHIMA0CTHYECKUX CBONCTBAX JIEKAPCTBECH-
HBIX pacTeHUil HaMmu ObLT pa3zpaboTaH cOOp C mpearno-
JaraeMbpIM rUNorTukeMudeckuM 3ddextom. B cocrar
cOopa BKJIIOUCHBI MOOErM YEPHHUKH OOBIKHOBEHHOM
(Vaccinium myrtillus L.) [3, 4], ctBopkH (acosiu 0ObIK-
HOBeHHOU (Phaseolus vulgaris L.) [4], TpaBa raneru
nexapctBeHHoU (Gallega officinalis L.) [5, 6], kopHu
nomyxa Oonbioro (Arctium lappa L.) [7], TpaBa Top-
1a nTuabero (cnopsima) (Polygonum aviculare L.) [8],
IUIO/bl IIUMIOBHUKA KOPUYHOTO (Rosa cinnamomea L.)
[9, 10]. ITo mHeHHUIO psia WccieaoBaTeNe, aHTHANA-
OeTHYecKre CBONCTBA BBIIICYIOMSIHYTHIX PACTCHUN BO
MHOTOM OOYCIIOBICHBI IPUCYTCTBHEM B HUX IosnQe-
HOJBHBIX COEAMHEHUl, ocobeHHO (hnaBoHOMAOB [11,
12].

Llenbto paboOTHI SBIIETCS ONpeAeracHue npoduist
(h1aBOHOWIOB B pa3pabOTaHHOM COOpPE W CyMMapHOM
cyxoM 3kctpakre (CCD) Ha ero ocHOBE METOAOM 00-
panieHo-($ha30Boil BBICOKOA(P(PEKTUBHON KHJIKOCTHOM
xpomatorpadun (BOXX) ¢ onnaiiH auonHo-marpud-
HBIM CIIEKTPO(OTOMETPHUECKAM JIETCKTHPOBAHUEM
(AMO) u macc-cnexrpomerpuueckum (MC) netexTu-
poBaHUEM.

MATEPHUAJIBI I METOJbI

O0bekThl MccIeq0BAHUA. [ UIOMTMKEMUYECKUI
coop (I'T'C), monmydeHHBIH W3 PACTUTEIBHOTO CHIPHS
npousBoactBa OO0 [IK «@Dumogapmy» (T. AHana,
Kpacnonmapckmii kpaii, Poccus) [13, 14]. CCD Ha oc-
HOBE cOOpa, MONYUYEHHBIN 10 CIEAYIOIIEH TeXHOJIOTH-
YeCKOM cxeMme: IKCTparupoBaHue cOopa (PKCTparcHT
— BOJIa OUMINEHHAs), (PMIBTPAIUS SKCTPAKTA, KOHICH-
TPHPOBAHUE DKCTPAKTA, CYIIKa, POCENBAHIE TOTOBOTO
MPOAYKTA.

CranmapTsl U pacTBOpHTeaH. B pabore Obum
UCIIOJIb30BaHbl KOMMEPUYECKHU JOCTYITHBIC CTAHJAPTHBIC
o0pasmpl: pyTHH (>94%, Sigma-Aldrich, CI11A), rume-
po3un (=95%, HWI ANALYTIK GMBH, Tepmanus),
M30KBepuuTpuH (>94%, HWI ANALYTIK GMBH, T'ep-
MaHus), aBukyiasipun (ChromaDex, CIUA), xemnde-
poi-3-rmoko3un (>95%, PhytoLab, I'epmanus), Mupu-
uetul (appr. 85%, Sigma-Aldrich, CILIA), xBepueTuH
(>98%, Sigma-Aldrich, CIIA), xemndepon (>99%,
Extrasynthese, ®paunnus). [Ipu npoBeeHUn HCCIIEO-
BaHUH OBITH NCTIOTBE30BaHBI CIIETYIOIINE PACTBOPUTEIH
U peaktuBbl: Bojga cBepxumcras (Milli-Q® Advantage

A10, Merck, Tepmanus), aneronutpun UPLC/HPLC
grade npousBoactea AppliChem PanReac (Japmiutanr,
I'epmanus), meranon UPLC/HPLC grade mpowussonu-
ctBa J.T. Baker (Avantor Performance Materials, Inc.,
[Mano Ansro, CIIIA), mypaBbuHas kuciora 98—100%
npousBoacTBa Merck (Japmmrant, I'epmanus).

IIpo6onoaroroska. ['TC: okosno 2.0 r (ToyHas Ha-
BECKa) MEPEHOCAT B KPYIJIOAOHHYIO KOJ0Yy BMECTHMO-
ctero 100 mi, go6asisaroT 50 ma 60% BOTHOIO METaHO-
Jla, HArpeBaroT Ha KUIISIIIEH BOSHOM OaHe ¢ 0OpaTHBIM
XOJIONUILHUKOM B TeueHue 1 4. Jlanmee om0y oxiax-
JIAIOT JI0O KOMHATHOH TeMIepaTyphl, TOMEIIAIOT B Yiib-
TPa3ByKOBYIO BaHHY Ha 5 MHH, DKCTPAKT IEPEHOCIT B
MEPHYIO KOJIOY BMECTHMOCTBIO 50 MII, TOBOJAT 10 MET-
ku 60% BOJHBIM METAHOJIOM, IEPEMENTUBAIOT. AJTUKBO-
Ty MEPEHOCAT B UEHTPUPYKHYIO TPOOHPKY BMECTHMO-
cteio 1.5 mu, nertpudyrupyror npu 15000 o6/muH,
HAJI0CAJ0YHYIO KHJIKOCTh IOMEIIAIOT B BHANYy IS
aBrocamruiepa. CymmapHbiii cyxoi 3kctpakt (CCD):
okono 0.5 T (ToyHas HaBecka) MEPEHOCAT B MEPHYIO
kon0y BMecTuMocThio 50 mut, mobasistor 30 mur 60%
BOJIHOT'O METAHOJIa, IIOMEIIAIOT B YJIBTPAa3BYKOBYIO BaH-
Hy "Ha 10 mMuH, 3arem noBomAaT 10 MeTku 60% BOIHBIM
METaHOJIOM U TMEepPEMEIIMBAIOT. AJTHUKBOTY MEPEHOCAT
B HEHTPUPYKHYIO MPOOUPKY BMECTHUMOCTBIO 1.5 M,
uenTpudyrupytotr npu 15000 o6/MuH, HaZOCAIOUYHYIO
JKUJKOCTh MTOMEIIAIOT B BUAJY JUIsI aBTOCAMILIepa.

OoOopynoBanme. VcciegoBaHue MPOBOAMIN C
MOMOIIBIO CHUCTEMBl JKHUIKOCTHON Xpomartorpaduu
«Ultimate 3000», ocHaIlEHHO# Jerasaropom, Tpexka-
HaJIbHBIM HAaCOCOM, TEPMOCTATOM KOJIOHOK, TEpPMOCTa-
TUPYEMBIM aBTOCAMILIIEPOM, IHOIHO-MATPUUHBIM CIIEK-
TpooTroMeTpuueckuM aetekropom (JAM/1) u TpoitHbIM
KBaIpYMOJIbHBIM MacC-CIEKTPOMETPUUECKUM JETEeKTO-
pom (MC) «TSQ Endura» (Thermo Scientific, CIIIA).

Venosus BOJKX: nenonBuxkHas (aza — KOJOHKA
Waters NovaPak® C18 ID 4 pum 4.6 x 150 mwm; mox-
BmwkHas ¢aza A — 0.1% BOIHBIA pacTBOpP MypaBbHU-
HOW KHCJOTHI, B — ameToHuTpus; CKOpocTh MOTOKA
MONBIKHOHM (a3bl 0.5 MI/MUH; IpaIueHTHOE DIIOU-
posanue 0-30 mun 10-25% B, 30-40 mun 25-50% B,
perenepauus kononku 4045 mun 50-10% B, 45-50 mun
10% B; temneparypa xononku 25 °C; 00beM BBOJUMOM
poOkI 10 MK, TeMnieparypa aBrocaminiepa 20 °C; netek-
TUPOBAaHUE MPOBOAMIIN MPU YETHIPEX 3HAYCHUSX aHAJIH-
traeckux e BoiH — 370, 350, 338 u 290 am. CriekTpbl
perucTpupoBaiy B auanazone ;uH BoiH 190400 am.

Yenosus MC: moHn3anusi nporpeBaeMbIM 3J1EKTPO-
cnpeeM (HESI) B pesxume peructpariiy HomoKUTEIbHBIX
nonoB HESI-MS" B nuanasone m/z 100-1000 [a; cko-
pocth ckanmpoBanus 100 [la/c; paspemieHue KBajapy-
ot Q1 0.7; pabourie mapaMeTpbl UCTOYHUKA MOHU3A-
uuu: HanpsbkeHnue Ha xkanuwuisipe 3500 B, nanpsiokenue
Ha ¢parmenTope 5 B, morok raza-ocymmredns (asor) 50
IPOM3BOIBHBIX ennuHUI (Arbitrary units), MoTok Bcro-
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MOTaTeIBHOTO Ta3a 15 MpOM3BOIBHBIX EIMHMII, TTOTOK
MPOyBOYHOTO Tra3a 2 MpOU3BOJIBHBIX EAMHUI], TEMIIC-
parypa TpyOku repeHoca noHoB 325 °C, Temmeparypa
ucnaputens 350 °C.

OO0OpaboTKa JaHHBIX MPOBOIWIACH TP TIOMOIIH
nporpammsl Thermo Xcalibur 3.0.63 Qual browser.

PE3VYJIBTATBI U UX OBCYKJIEHHUE

VnenTuduKanuio MUKOB Ha XpOMaTorpaMmax
MIPOBOJIUIIN IIyTEM CPABHEHHUS BPEMEH Y/AEpPKUBAHMS,
YABTPA(QHUONETOBEIX U MAaCC-CIEKTPOB C MCIOIH30BaH-
HBIMU CTaHAAapTaMH, a TAK)KE Ha OCHOBE JINTEPATyPHBIX
JaHHBIX O Tpoduie (IaBOHOMIOB BBINICYKA3aHHBIX
pacTeHuil.

a2
16000
i

13000
12000

AL

1

34
1383 1751
g "
wood gl (A B || G i oAl
E 1SBJ.|*| u-;IJI.LJ". \_/-\A'-\l"\\/v

21810 &
Naree (21080
i oy,

PR Y L W LV S L WL PR

Xpomarorpammsl m3Binedenuit uz I'T'C u CCD npen-
cTaBJIEHbl Ha puc. 1 u 2.

B I'T'C u CCD 06bu10 MICHTU(GUIIUPOBAHO JICBSIThH
WHJIUBUIYyaJIbHBIX (DIAaBOHOJIIIMKO3UIOB — MPOHM3BOJI-
HBIX MHPHUIICTHHA, KBEPIETHHA, KeMI(eposa U KeMII-
¢depuna (tabn. 1). CormacHo IUTEpaTypHBIM JaHHBIM,
pOoOWHUWH, 3-TIIFOKYpOHHIIBI KBEpLETHHA W KeMIde-
porna xapakTepHbl 11 (pacoau OOBIKHOBEHHOH [15].
3-IroKypoHHIBl MHUPHUIIETHHA, KBEPLETHHA, KeMIl(e-
pona u xemndepua, a Takxke 3-apadbuHO3U] KeMIipepo-
na ObUTH OOHApYXKEHBI HAMU paHee B CHOpbIIIe (TopIie
nTrybeM). Kpome Toro, 1o pesysisraram HallMx HCCIeno-
BaHWUH 3-DTIOKYPOHM/IBI KBEPIICTHHA W KeMII(epona Ipu-
CYICTBYIOT B moOerax uepHUKU. C OONBILIOI CTENEeHbIO

a 9

e

Tirmie (fvsie)

Puc. 1. Xpomarorpamma uzsiedenns u3 ['T'C npu A = 350 HM.
Howmepa mukoB Ha XpoMaTorpaMMe COOTBETCTBYIOT HOMepaM (piaBoHOUIOB B Ta0m. 1 u 2.
Fig. 1. Chromatogram of the HGC extract at A = 350 nm.
The peak numbers correspond to the flavonoid numbers in Tables 1 and 2.
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Puc. 2. Xpomarorpamma CCD npu A = 350 HM.
Homepa nmukoB Ha XpoMaTorpaMMe COOTBETCTBYIOT HOMepaM (h1aBOHOHUAOB B Ta0l. 1 u 2.
Fig. 2. Chromatogram of the TDE at A = 350 nm.
The peak numbers correspond to the flavonoid numbers in Tables 1 and 2.
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Taonnuna 1. Pesynsrarsl BOXKX-JIMJI-MC B I'TC u ero sxctpakre
Table 1. HPLC-DAD-MS results for the HGC and its extract

Ne D1aBoHOU] R, mun Ao HM m/z JleTekTHpyeMBblii HOH
: Flavonoid R, min 2,.o M Ion detected
1 | KBepuernH-3-poOUHO3UI-7-paMHO3H/T 13.6 255, 757 | [M+H]*
Quercetin-3-robinoside-7-rhamnoside 265, 611 [M — pamno3za* + H]"
355 [M — rhamnose* + H]*
449 | [M —pobunosa + HJ*
[M —robinose + H]*
303 | [M —pamHo3a — pobuHo3a + H]"
[M — rhamnose — robinose + H]*
2 | Kemndepon-3-poduHo3uI-7-paMHO3H (POOUHHUH) 15.5 265, 741 | [M+H]
Kaempferol-3-robinoside-7-rhamnoside (Robinin) 350 595 | [M —pamnoza + HJ*
[M —rhamnose + H]*
433 [M — pobunoza + H]*
[M — robinose + HJ*
287 | [M — pamHO3a — podunoza + H]*
[M — rhamnose — robinose + H]*
3 | MupunerrH-3-TIIOKypOHHAT 17.5 255, 495 [M+H]*
Mpyricetin-3-glucuronide 270, 319 | [M—omokypoHoBas krciora + H*
355 [M — glucuronic acid + H]*
4 | KBepuetnH-3-neHTO3MITITIOKYPOHUT 18,0 255, 611 [M+H]*
Quercetin-3-pentosylglucuronide 270, 435 | [M—mnmokypoHoBasi kuciora + H]*
355 [M — glucuronic acid + H]*
303 [M —nenTo3a + H]*
[M — pentose + H]"
5 | Kemngepon-3-podunosun 21.0 270, 595 | [M+H]*
Kaempferol-3-robinoside 345 433 [M — pamno3za + HJ*
[M — rhamnose + H]*
287 | [M —pobunoza + HJ"
[M —robinose + H]*
6 | KBepuernn-3-mitoKypoHus 22.1 255, 479 | M +H]
Quercetin-3-glucuronide 265, 303 | [M—nmrokypoHoBas kuciora + H]*
355 [M — glucuronic acid + H]+
7 | Kemniepos-3-miroKypoHu 26.5 265, 463 [M+H]*
Kaempferol-3-glucuronide 345 287 | [M —nmokypoHoBas krciota + H]*
[M — glucuronic acid + H]*
8 | Kemnpepon-3-apabunosu 31.5 265, 419 | [M+H]
Kaempferol-3-arabinoside 245 287 | [M —apabunosa + H]*
[M — arabinose + HJ*
9 | Kemnpepua-3-nmoKypoHu 359 270, 477 M+ H]J+
Kaempferide-3-glucuronide 345 301 [M — mroxyponoBast kuciora + H|*
[M — glucuronic acid + H]*

*30ecb u danee: NernapaTMpPOBAHHbIE YIJIEBOM WM IIIOKYpoHOBas kuciora (—H,0), Mosiexyna Bojibl TepseTcs npu 00pa3oBaHum

JIMKO3UHOM CBSI3H.

*Hereinafter: for dehydrated carbohydrate or glucuronic acid (-H,0), water is lost upon forming a glycosidic bond.

BEPOSITHOCTH KBEPIETHH-3-POOMHO3HU/I-7-PaMHO3U U
KBEPIIECTHH-3-TIEHTO3WITTIOKYPOHU/T SIBISIFOTCST  ()1aBO-
HOJITIMKO3HMIaMHU (pacoiiii OOBIKHOBEHHOM, O COICPYKAHUU
KOTOPBIX B HEW HE YIIOMHUHAIOCH paHee B JINTEPaType.

ConepxaHve HWACHTUQUIIMPOBAHHBIX (PIABOHOM-
JIOB OTIPE/ICISUTA METOJIOM BHEIIIHETO CTaHIapTa: TPU- U
JMTIAKO3U/Ibl KBEPIECTHHA IEPECUUTHIBAIM HA PYTHH,
3-DIIOKYPOHUIBI MUPUIICTHHA U KBEPIETHHA — HA U30-
KBEPIIUTPUH, DIUKO3UIBI KeMipepona — Ha Kemrde-
por-3-rroko3u (Tadm. 2).

Kak BumHO 13 Ta0II. 2, OCHOBHBIMHU (DIIABOHOUIAMH
B HCCIEIyeMbIX O00bEKTaxX ObUTM POOMHUH M KeMIde-
pon-3-mmoKypoHu, coaepkanue kotopeix B ITC co-
crasmiio 2.09 u 2.22 mr/t, B CCO — 4.85 u 3.84 mr/t co-
OTBEeTCTBeHHO. KBepreTnH-3-poOHHO3HI-7-paMHO3H]I,
keMnepon-3-poOuHO3UI, KBEPIETUH-3-TIIOKYPOHH]I,
KkeMnpepua-3-TIoKypoHH] U Kemrdepon-3-apabuHo-
3ua O6bun oOHapyxenbsl B I[T'C u CCD B cyliecTBEHHO
0osiee HU3KHUX MO CPAaBHEHHWIO C OCHOBHBIMHU (DIIaBOHO-
uaamu koHueHTpamusax (0.10-0.64 u 0.31-1.63 wmr/r,
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Tadauna 2. Coneprxanne ¢rasononnoB B [TC u s CCO
Table 2. Flavonoids content in HGC and TDE

Ne DnaBoHOM] Copnep:xanue, Mr/r
Flavonoid Content, mg/g
Irc CCH
HGC TDE
1 KgepiietuH-3-poOrHO31/1-7-paMHO3HU T 0.10 0.31
Quercetin-3-robinoside-7-rhamnoside
2 | PoOunun 2.09 4.85
Robinin
3 | MupuneTus-3-riroKypoHH T 0.07 0.16
Myricetin-3-glucuronide
4 | KBepueTuH-3-NeHTO3MINIIOKYPOHU 0.05 0.15
Quercetin-3-pentosylglucuronide
5 | Kemndepon-3-pobuHosun 0.33 0.93
Kaempferol-3-robinoside
6 | KBepuetun-3-TimroKypoHug 0.43 0.72
Quercetin-3-glucuronide
7 | Kemnepon-3-miroKypoHus 2.22 3.84
Kaempferol-3-glucuronide
8 | Kemndepon-3-apabunosun 0.64 1.63
Kaempferol-3-arabinoside
9 | Kemnepua-3-riroKypoHu 0.53 1.37
Kaempferide-3-glucuronide
CymmapHoe coaepsxanue ¢1aBoHOUI0B 6.46 13.96
Total flavonoids

COOTBETCTBEHHO). KomnvecTBO MHHOPHBIX (hIIaBOHOJI-
DJIMKO3HJI0B, K KOTOPHIM OTHOCSTCSI KBEPICTUH-3-TICH-
TO3WIITIIIOKYPOHU/T ¥ MUPHIIETHH-3-TIIFOKYPOHUI, OBLIO
MmeHee 0.10 mr/r B c6ope u menee 0.20 MI/r B 9KCTpaKTe.
CymMmMapHoe cojiepkanue (pIaBOHOMIOB B cOOpe cocra-
BWIO 6.46 Mr/t (wu 0.646%), B a3xcTpakre —13.96 mr/r
(mmm 1.396%).

3AKJ/IIOYEHUE

OnpenencHo coaepKaHue H COCTaB (pIaBOHOUIOB
B ITC u CCO merongom BIXKX-IMIA-MC. Unentu-
(UIHPOBAHO NEBATh WHAWBHUIYATBHBIX (DIIABOHOIIH-
KO3UJIOB — TPOU3BOJHBIX MHUPHUIIETHHA, KBEPIETUHA,
KeMIdepona U KeMI(pepuaa, SBISTIONIIXCS XapaKTep-
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HccaenoBanue MoOBEPXHOCTHOIO HATHAKEHUS U YIJIOB CMAYUBAHUS
NI co3MaHus 3P PEeKTUBHBIX MOJUMEPHBIX CBA3YIOIIUX
HA OCHOBE MOKCUIHBIX OJJMTOMEPOB ¢ AKTUBHBIMHU Pa30aBUTEISIMHU

A.O. Bpecckaa'®, .A. Tpobumosr!, H.[1. CumonoB-EmeapsaHOB!,
C.H. Illaarynor?, B.H. CokxoaoB?

IMHPSA — Pocculickuli mexHonoeuueckull yHugepcumem (MHcmumym moHKUX XUMUUEeCKUX MeXHO02Ull
umeHu M.B. Nomorocosa), Mockea, 119571 Poccus

2A0 «HIIO Cmerxnonaacmurxy, Mockoeckas obnacms, AHOpeeska, 141551 Poccust

@Aemop ons nepenucku, e-mail: angelinabresskaya@gmail.com

IMenu. OnpedeneHue NO8EPXHOCMHO20 HAMSIKEeHUS, CMAMUUecKozo U OUHAMUUECKO20 2,108 CMA-
UUBAHUSL NPU PA3HBIX memnepamypax 0Jst INOKCUOHbLX onuzomepos maporx 3/1-20 u DER-330;
011 aKmueHblx pasbasumenell — anugamuueckux coeOuHeHUl Ha 0CHO8e 2UYUOUNTO8bLX IPU-
poe — Aanpokcudog u Aanpoaama pasHoli cmpykmypsl, PYHKUUOHAALHOCMU, MONEKYJSAPHOU
MAcCChl, 8513KOCMU; A MaK>Ke 0l CUCmem, COCMOSULUX U3 INOKCUOHBLX 01U20MEPO8 U aAKMue-
Hblx pasbasumenell pasHozo cocmasa. Tarrke yenvto 1857106 co30aHue 3¢hPexmueHblx NOAU-
MEPHBLX C8S3YoWUX (Mampuy) 05l KOMNO3UMOS.

Memoost. B kauecmsge 066eKkmog uccaedoeaHust UCNoIb308aNU INOKCUOHbLE ONU20OMEPbL M-
pox B/1-20 u DER-330; axkmusHble pazbasumenu — Aanpokcuost (2015, I0I-1, 2-181, 703) u
Aanponam 301; a marike cucmemol INOKCUOHBLU onuzomep + Aanporcuod (Aanponam) pasHelx
cocmasgos. IlogepxHocmHoe HamsKeHue, cmamuueckull U OUHAMUUECKUT Ya/ibl CMAUUBAHUSL
onpedensniu memooom Bunveenomu u memoodom ompulea KoAbUA HA NOAYAEMOMAMUUECKOM
men3uomempe npu pasHelx memnepamypax (20-60 °C). Cmamuueckuil y2osi cmauu8aHus us-
Mepsilu Ha MOHKOU naiacmuHe U3 antomob0pocuNUKaAmMHO20 cmekaa. 3HaueHus OUHAMUUEeCKO-
20 Yena cmMauusaHusi onpedesisiiu Ha YycmaHoekKe O/t USMepeHUsT NOBEePXHOCMHO20 HamsioKe-
Hus, paspabomarHoii AO «HITO Cmekaonaiacmuic.

Pesynemamet. OnpedenieHbl 3HAUEHUSL NOBEPXHOCMHO20 HAMSIKEHUS,, Y2108 CMmamuuecKozo
U OUHAMUUECKO20 CMAUUBAHUSL 015l SNOKCUOHbLX onuzomepos B/1-20 u DER-330, Aanpokxcudos
201b, A452r-1, 2-181, 703 u Aanpoanama 301, a makxxe 051 CMEULAHHbLX cCUucCmem npu mem-
nepamypax om 20 0o 60 °C. PaccuumaHsbl CKOPOCMU NPONUMKU APMUPYIOULUX 80JIOKHUCTIBLX
HanonHumenel 3¢pPeKmueHbIMU CEA3YULUMU HA OCHO8e cMeulaHHblx cucmem. IlokasaHo,
umo npu 88edeHuUU 8 INOKCUOHbLE onuzomepsl Aanporcudos (Aanponrama), nogepxHocmHoe Ha-
msioKeHUue CHUXKAemcest, Yyasibl CMAUUBAHUSL YMEHBULAIOMCSL, MeMNepamypa nogblulaemest, 8 pe-
3ysibmame uezo ckopocms nponumxu gospacmaem 8 10-20 pas.
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Bwteoowt. [Tosvluwerue memnepamypst om 20 0o 60 °C npugooum K CHUIKEHUI NO8EePXHOCIMHO-
20 HAMSKEHUSL cUCMeM, COCMOSIULUX U3 SNOKCUOHBLX 01U20MEPO08 U aKMuUsHbIX pasbasumenetl,
npakmuuecku 8 2 pasa. Ya/ibl CMAUUBAHUSL USMEHSIOMCSL 8ce20 Ha 4°-7°, cyuiecmeeHHo Yayu-
waemest Kauecmaeo NponumKu, cKopocme nponumku yeeauuusaemest 8 10-20 pas.

Knroueevle cnoea: snoKCuoHble ONU2OoMepbl, aKkmueHble pazbasumenu, anugamuueckKue
CcOe0UHEeHUsl HA OCHOo8e 2/ UYUdUN08blx 3dhupos, Aanporcudsl, Aanpoaam, nogepxHOCMHOoe
HamsKeHue, cmamuueckKull U OUHAMUUECKUN Yabl CMAUUBAHUSL, NPONUMKA APMUPYIOULUX
80/10KHUCMBLX HANOJHUMEeNel.

Mna yumupoeanusn: bpecckas A.Jl., Tpodpumor JI.A., Cumonos-Emenssnos N.J1., llanrynos C.U., Cokonor B.U.

WccnenoBanre MOBEPXHOCTHOTO HATSDKCHHS M YIVIOB CMAa4yMBaHUA JUIs CO37aHUsl Y(P(PEKTUBHBIX MOJTUMEPHBIX CBA3YHOIIUX
Ha OCHOBE 3IMOKCHJIHBIX OJIMTOMEPOB C aKTHUBHBIMHU pazOaButensmu. Toukue xumuveckue mexvonozuu. 2020;15(3):47-57.
https://doi.org/10.32362/2410-6593-2020-15-3-47-57

Investigation of surface tension and contact angles for effective
polymer binders based on epoxy oligomers and active diluents

Angelina D. Bresskaya®, Dmitry A. Trofimov’, Igor D. Simonov-Emel’yanov’,
Sergey I. Shalgunov?, Vladimir I. Sokolov?

IMIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia

2NPO Stekloplastic, Andreevka, Moscow oblast, 141551 Russia

@Corresponding author, e-mail: angelinabresskaya@gmail.com

Objectives. This study focused on the quantification of the surface tension and the static
and dynamic contact angles of epoxy oligomers, active diluents, and their mixtures of various
compositions at different temperatures. The active diluents were aliphatic compounds based on
glycidyl ethers, namely laproxides and a laprolate of different structure, functionality, molecular
weight, and viscosity. Moreover, the preparation of effective polymer binders (matrices) for
composites was explored.

Methods. In this study, the epoxy oligomers ED-20 and DER-330, laproxides 201B, DEG-1, E-181,
and 703, laprolate 301, and their mixtures in various compositions were investigated. Their
surface tension and the static and dynamic contact angles were determined by the Wilhelmy
plate and ring methods on a semiautomatic tensiometer at different temperatures (20-60 °C). The
static contact angle was measured on a thin aluminum borosilicate glass plate, and the dynamic
contact angles were determined using an installation for measuring surface tension developed
by NPO Stekloplastik.

Results. The surface tension and static and dynamic contact angles were obtained for all epoxy
oligomers and active diluents, as well as for their mixtures at 20-60 °C. For binders based on
systems of epoxy oligomers and active diluents, the impregnation rate of fiber reinforcement was
also calculated. The introduction of laproxides or laprolates into the epoxy oligomers led to a
decrease in surface tension and contact angles, while the increase in temperature increased the
impregnation rate by 10-20 times.

Conclusions. The temperature increase from 20 to 60 °C resulted in a decrease in the surface
tension of mixed systems of epoxy oligomers and active diluents by almost two times. In addition,
the contact angles changed by only 4°-7°, while the impregnation was significantly improved
and the corresponding rate increased by 10-20 times.

Keywords: epoxy oligomers, active diluents, glycidyl ether-based aliphatic compounds,
laproxides, laprolate, surface tension, static and dynamic contact angles, impregnation of fiber
reinforcement.

For citation: Bresskaya A.D., Trofimov D.A., Simonov-Emel’yanov 1.D., Shalgunov S.I., Sokolov V.I. Investigation of surface

tension and contact angles for effective polymer binders based on epoxy oligomers and active diluents. Tonk. Khim. Tekhnol. = Fine
Chem. Technol. 2020;15(3):47-57 (in Russ.). https://doi.org/10.32362/2410-6593-2020-15-3-47-57
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A.. Bpecckas, [I.A. Tpodumos, H.[I. CHuMOHOB-EMeABSAHOB H Ap.

BBEJEHHME

IIpn co3paHuM CTEKIIOIIACTUKOB pa3jIMYHOIO Ha-
3HAUCHHS C IENBI0 PETYNHpOBaHUS (PU3NKO-XUMHUC-
CKHX, TEXHOJIOTHYECKHX W JKCILTyaTallMOHHBIX Xapak-
TEPUCTUK SIOKCUAHBIX CBA3YIOIIUX B COCTaB BBOJAT
pasnuuHble 1o mpupoae moaugukarops! [1, 2]. Heco-
MHEHHBIIl HHTEpeC NpeACTaBiIseT UCIIOJIb30BaHUE B Ka-
YeCTBE MOAM(PHUKATOPOB AMOKCUIHBIX OTUToMepoB (D0)
anmn(paTHIecKuX COCTUHCHUH Ha OCHOBE TIHIIHIHIIO-
BBIX D(HUPOB, COACPKAIIUX IMOKCHUIHBIC TPYMIbI. JTO
TaK HaspiBaeMble Jlampokcumsl, a Takke Jlampomarsr',
KOTOpBIE XOPOILIO COBMELIAIOTCS C MOKCUJHBIMU OJIU-
romepami [3, 4]. Jlanpokcuasr u Jlanponarer sBISIOTCS
aKTUBHBIMH pacTBOpuTensiMu—pazoasurensimu (AP) u
IIPU OTBEP)KACHUHU BCTPAUBAIOTCS B TPEXMEPHYIO CTPYK-
Typy SMOKCHJIHOTO TosiuMepa [5, 6], 4To UCKITIOYAET cTa-
JIUI0 YIAJIeHUsl pacTBOPUTENS (CYLIKH) MPU MOTYUSHUN
CTEKJIOIUIACTHKOB. B paborax [7—10] mokazaHo BiusHUE
JlanpokcnioB u JlanponaTroB Ha KHHETHKY OOBEMHON
yCaJKH ¥ HaNpsDKEHUH NpU OTBEpIKJIeHHH, (pU3ruecKkne
CBOHCTBa, Ae(hOpPMALIMOHHOE TOBEICHIE W MOJCKYJIIIP-
HYIO CTPYKTYPY 3MOKCHIHBIX MaTPHIL.

[Ipu nmpoekTupoBaHUM COCTABOB AMOKCHIHBIX CBS-
3YIOIIMX U MIPH PacyeTe MPOMUTKH apMUPYIOIIHX BOJIOK-
HUCTBIX HATIOJNHUTENEH HEOOXOIUMO MMETh TaHHBIC 00
yIjle cCMadMBaHUS U MOBEPXHOCTHOM HaTsbkeHuu [11].
OpHako B IUTEpaType OTCYTCTBYIOT CBECHHS O TIOBEPX-

HOCTHOM HATSDKCHHH M CTAaTUIECKOM YIJIE CMadHBAHUS
pa3U4HbIX MOBepxHOCTEel a1 AP u cucteM Ha OCHOBE
STIOKCHIHOTO OJMTOMEpa C aKTHBHBIMHU pa30aBUTEISIMU
(30—-AP). [lannbie 0 AMHAMUYECKOM YIJie CMauHuBaHHUS
JUTSI TIOJTMMEPHBIX SMOKCUAHBIX cBsi3yrommx, 30, AP n
cucreM DO—AP B nuteparype Takke OTCYTCTBYIOT.

Lenpro Hacrosmed pabOTHI SIBISICTCST UCCIISOBA-
HUE TIOBEPXHOCTHOTO HaTsDKEHHUs (o), CTaTUYECKOTO
(0.) m nuHamuueckoro (6 ) yrios cmaumsanus Jla-
npokcusioB u Jlampomaros, a takxke cucteMm DO—-AP
pa3HBIX cocTaBoB mpu Temmeparypax ot 20 mo 60 °C
JUtst co3fanus 9 (GEKTUBHBIX MOTMMEPHBIX CBSI3YIOMINX
Ha ocHoBe DO mapok IJ[-20 u DER-330 ¢ AP ¢ Brico-
KOH CKOPOCTBIO IPOTUTKH apMUPYIOIINX CTEKIOBOJIOK-
HUCTBIX CHCTEM.

MATEPHAJIBI 1 METO/IbI

B pabote rcrnons30BaHbL: SMOKCHTHBIE OIMTOMEPBI MAPOK
I-20 (3aso0 umenu A.M. Ceeponosa, Poccus) u DER-330
(DOW  Chemicals, CAS Number 25036-25-3/1330-20-7
(100-41-4), CHIA); Jlanpokcusr mapok 2015 (JI-2015),
A2r-1 (JI-A2r-1), 3-181 (JI-2-181), 703 (JI-703); Jla-
nponat 301 (JIT-301) (HIIIT «Maxpomep» um. B.C. Jle-
bedesa, Poccust). Taxoke ucrnonbpzoBainu cucreMbl DO
n Jlanpokcun (Jlanponar) pasHeix cocraBoB. B Ta6m. 1
MIPUBE/ICHBl OCHOBHBIC XapaKTEPUCTHKH HCXOMHBIX DO
u AP — Jlannpokcuos u Jlanponara.

Taonuna 1. Xapaxrepuctuku 20 u AP
Table 1. Characteristics of EO and AD

Conep:xanue
DOYHKIUOHATBHOCTD | 3MOKCHAHBIX | Bsiskocthb # mpu 25 °C,
Mapka 90 uiau AP? M_, r/moas | p, r/iem? N, en. rpynmim, mlla-c
Brand of EO or AD? »g/mol | p, g/lcm’ Functionality Mmacc. % Viscocity 7 at 25 °C,
N, units Epoxy content, mPa-s
wt %

Onokcnanmlii omuromep DER-330 %
Epoxy oligomer DER-330 340 1.16 2 23.2-24.4 5-7
OnokcuaHblii oauromep I/-20
(TOCT 10587-84%) g .
Epoxy oligomer ED-20 410 1.17 2 20.0-22.5 20-25
(GOST 10587-84%)
Jlanpokeun 201 b
(TY 2225-037-10488057-2007)
Laproxide 201 B 130 1.01 1 >25.0 <25
(TU 2225-037-10488057-2007)

! Karasor npoxykiun OOO «HIIIT «Makpomep» um. B.C. JledeneBa». URL: http://www.macromer.ru/product/him/komponenty-
dlya-lakokrasochnoj-promyshlennosti/aktivnye-razbaviteli-marki-laproksid/ (zata oopamenus 26.05.2019) [Catalogue of products.
NPP Makromer. Available from: http://www.macromer.ru/product/him/komponenty-dlya-lakokrasochnoj-promyshlennosti/
aktivnye-razbaviteli-marki-laproksid/ (Accessed May 26, 2019) (in Russ.).]

2 Karanor npoxykuun OOO «HIIIT «Maxkpomep» um. B.C. JleGenesa». URL: http://www.macromer.ru/product/him/komponenty-
dlya-lakokrasochnoj-promyshlennosti/aktivnye-razbaviteli-marki-laproksid/ (zata oopamenus 26.05.2019) [Catalogue of products.
NPP Makromer. Available from: http://www.macromer.ru/product/him/komponenty-dlya-lakokrasochnoj-promyshlennosti/
aktivnye-razbaviteli-marki-laproksid/ (Accessed May 26, 2019) (in Russ.).]

3TOCT 10587-84. CMOJIbI STIOKCHIHO-IMAaHOBbBIE HEOTBEPXKIeHHbIE. Texuuueckue ycnosus (¢ M3menennem N 1). M.: Usnaress-
cTBO cTanaapToB, 1989. [GOST 10587-84. Uncured epoxy resins. Specifications (amended). Moscow: Standard Publishing, 1989
(in Russ.).]
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Taoauma 1. OxoHyaHue
Table 1. Continued

Conep:xanue
DyHKIUUOHAIBHOCTD | 3MOKCHIHBIX | Bsiskocts 7 mpu 25 °C,
Mapxka 30 uan AP M_, r/moan | p, r/em3 N, en. Tpymi, mlla-c
Brand of EO or AD A/iw, g/mol | p, g/cm? Functionality Mmacc. % Viscocity # at 25 °C,
N, units Epoxy content, mPa-s
wt %
Jlanpokeun A2I'-1
(TY 2225-053-10488057-2010)
Laproxide DEG-1 218 1.02 2 >24.0 <70
(TU 2225-053-10488057-2010)
Jlanpoxeug 3-181
(TY 2225-058-10488057-2010) .
Laproxide E-181 222.5 1.25 2 25.0-30.0 <80
(TU 2225-058-10488057-2010)
Jlanpoxcun 703
(Ty 222.6_029_10488057_98) 434 1.09 3 13.6-16.5 90-160
Laproxide 703
(TU 2226-029-10488057-98)
Jlanpoaar 301
(TY 2226-303-10488057-94) -
Laprolate 301 230 1.04 3 2.5 <30
(TU 2226-303-10488057-94)

* BA3KOCTH, [1a-c / viscosity in Pas.

IToBepxHocTHOE HaTsbKeHUE ¢ s D0, Jlanpokcu-
1oB, Jlanponara u cucrem D0—AP onpenensiu MeTo10M
BunbrenbMu 1 METOZIOM OTPBIBA KOJIbIIA HA TIOJTyaBTOMA-
THYECKOM TEH3HOMETpE MPH Pa3HBIX TeMIepaTypax co-
onacao TOCT P 50003-92 (MCO 304-85)*. Craruueckuit
yron cMauuBanus 6 usmepsinn B cootserctBun ¢ FOCT
7934.2-74°. Jlns cMauMBaHHS HCIIOJB30BAJIM TOHKYIO
TUTACTHHY W3 AITIOMOOOPOCIITHKATHOTO CTEKJIa, KOTOPOe
MOJTHOCTBIO COOTBETCTBOBAJIO COCTABY CTEKJIIHHBIX BO-
JIOKOH, MICTIONB3YEMBIX IPU MOITYYEHHH CTEKIJIOIIIACTH-
KOB. 3HA4YCHUs NMHAMHYECKOTO yria cmadusanus 0
st 30, AP u cuctem D0—AP paccunrtsiBain no gan-
HBIM, TIOJYYEHHBIM Ha YCTAHOBKE JUISI MU3MEPEHHUs TO-
BEPXHOCTHOTO HaTshKeHwus, pazpadorannon AO «HIIO
Crexnorutactuk» [12].

B pabote ObUIH OIIpenesIeHBI TOBEPXHOCTHOE HATSI-
XKeHUe (0), CTATUIECKUHI yron cMaunBanus (0 ) n nuna-
Muyeckuii yron emauusanus (6, ) wist 90 u AP. Crout
OTMETHTb, YTO 3HaYeHUs O ObUIM yCTAHOBJICHBI UL
aHaNM3UPYEMbBIX BellecTB BrepBble. [lapamerp muna-
MHYECKOr0 yIila CMa4MBaHHUsS TO3BOJISIET PACCUUTHIBATH
CKOPOCTH TIPOITUTKH BOJIOKHHCTBHIX HAITOJHUTENCH, ITa-
KETOB M KapKacoB Ha UX OCHOBE B JMHAMHUYECKOM pe-
JKIME JIBIDKCHUS TOJTMMEPHOTO CBSI3YIOIIETO, HAIPHMED,
MeTonoM uH(py3uu. B Tabn. 2 mpuBeneHbl 3HAYCHUS O,

0., u0 s 30 mapok 9/1-20 u DER-330, a Takxke st
AP pazHoii cTpyKTyphl, (DYHKIIMOHAJILHOCTH, MOJICKY-
JISIPHOM MaccChl U BA3KOCTH.

DU3MKO-XUMUYECKUE XapaKTepucTuku (o, 0, n o, )
JlampokcuaoB pa3nu4Horo crpoenus, Jlamponara u 30
Mapok OJ1-20 u DER-330 cymiecTBeHHO pa3nnyaroTcsl.
DT0 MO3BOJSAET CO3/1aBaTh cUCTeMbl Ha ocHOBe DO ¢ AP
(JTarpoxcuamu mnm JlanponaTtoM) pa3HBIX COCTABOB U
B Oonee MIMPOKUX Mpesenax BapbUPOBATH XaAPaKTEPHU-
CTHKH ¥ ONTHMH3HPOBATH MPOLECCH MPOMUTKA BOJOK-
HUCTBIX HanonHuteneil. B Tabn. 3 npuBeneHs! 3HaYCHUS
MMOBEPXHOCTHOTO HAaTsmKeHUs 6 11 cucteM DO—AP pas-
JIMYHBIX COCTABOB.

C yBenn4eHHeM COICpKaHUs aKTUBHBIX pa30aBHUTe-
aeit B D0 10 40 06. % 3HaueHHE MOBEPXHOCTHOTO HATSI-
skeHus camkaercs ¢ 37.2 u43.0 MH/M no 11.6-25.6 MH/Mm
(B 1.5-4 paza) B 3aBucumoctu ot Mmapku AP. Hau6ob-
mee CHUWXXEeHUE o gocturaercs miast cuctem DER-
330-JI-201b (B 3 paza), a gus D/0-20-J1-201b B 4
pasa npu conepxxanuu 40 06. % JI-201b, uro cBs3aHO
C HU3KUM MNOBCPXHOCTHBIM HATSKCHUCM Hanpoxcnﬂa
mapku 2015. Beenenue 40 06. % JI-JI2T-1 B D0 Ttak-
KC NPHUBOAWT K CHMIKCHHIO MOBEPXHOCTHOIO HATSDKCHUS:
qurs cuctembl DER-330-JI-/12I'-1 mo 20.7 mH/™m, aas D/ -
20-JI-A3T-1 no 23.4 mH/m (mpumepHo B 2 pasa).

4TOCT P 50003-92 (MCO 304-85). BerecTBa MoBEepXHOCTHO-aKTHBHBIE. OTIpeiesieHre MOBEPXHOCTHOTO HATSHKCHHUS ITyTEM BBI-
TaruBaHust )UAKuX mieHok. M.: UTIK M3narensctBo crangaptos, 1992. [GOST P 50003-92 (ISO 304-85). Surface active agents.
Determination of surface tension by drawing up liquid films. Moscow: Standard Publishing; 1992 (in Russ.).]

STOCT 7934.2-74. Macna dacoBbie. MeTox orpesieNieHnst KpaeBoro yriaa cmaunBanust (¢ M3menennem N 1). C6. cTanmapTos.
M.: Crannapruadopm, 2006. [GOST 7934.2-74 Watch oils. Method for the determination of regional wetting angle (amended).

Collection of Standards. Moscow: Standartinform; 2006 (in Russ.).]
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Ta0nuna 2. [ToBepxHOCTHOE HaTsKeHHE U yIibl cMaunBanus 11t OO u AP mpu 20 °C
Table 2. Surface tension and contact angles for the EO and AD at 20 °C

ONOKCUIHbIE 0JIUTOMeEPbI Jlanpokcuabl Jlanposiat
ITapameTpsbI Epoxy oligomers Laproxides Laprolate
Parameters DER-330 I1-20 JI-201B JI-A2T-1 JI-181 JI-703 JIT-301
DER-330 ED-20 L-201B L-DEG-1 L-181 L-703 LT-301

o, MH/m 37.2 43.0 9.4 18.7 14.5 13.8 10.0

o, mN/m

90“’ o 37.0 38.0 7.0 21.0 20.0 18.0 11.0

st®
%{HH’ 57.8 58.7 27.0 39.8 36.5 33.0 314
dyn’
Taoaumna 3. [ToepxHOCTHOE HaTsDKeHHE s cucteM DO—AP mpu 20 °C*
Table 3. Surface tension of the studied EO—AD systems at 20 °C*
Conep:xanue AP, IloBepxHOCcTHOE HaTsIAKeHHE (), MH/M
00. % Surface tension (¢), mN/m
SADCRIUET JI-201B JI-J9T-1 JI-181 JI-703 JIT-301
vol % L-201B L-DEG-1 L-181 L-703 LT-301

10 24.0/16.0 34.7/24.8 31.3/29.1 28.3/22.4 26.4/19.5

20 16.0/13.3 29.8/21.9 26.0/27.6 21.2/18.2 19.5/14.5

30 13.1/12.8 26.0/21.0 22.5/26.8 18.0/15.9 16.3/13.7

40 11.6/12.0 23.4/20.7 20.0/25.6 16.0/13.8 14.5/13.1

*YucnuTelb MoKa3bsiBaeT 3HaueHus o 1ist cucteM JJ1-20—AP. 3namenarens nokaseiBaeT 3HaueHus o st cucteM DER-330-AP.
*The numerator in the ¢ values indicates the ¢ value obtained for the ED-20—AD systems, and the denominator indicates the

o value obtained for the DER-330—-AD systems.

Octanpubie JlanmpoKCHABI CHIDKAIOT MOBEPXHOCTHOE
HaTspkeHue DO mapok 3/1-20 u DER-330 npumepHo B
1.5 paza. Jlocratouno s3dgdexTuBHO (TI0YTH B 3 pasa)
yMEHbIIIaeTCA MOBEPXHOCTHOE HATsHKEHUE TPU BBeENe-
Huu B 30 Jlanpomnara 301. CHMKeHHE TOBEPXHOCTHOTO
HATSDKEHUS YITydIllaeT IPONUTKY BOJIOKHUCTOTO HAMOJ-
HUTEISI TTOIMMEPHBIM CBA3YIOMMM Ha ocHOBe DO—AP.
Ha puc. 1 nns cucrem DJ1-20—AP mokazaHa 3aBHUCH-
MOCTb TIOBEPXHOCTHOTO HATSDKEHHUS OT COZCpKaHUS

45
40
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25
20
15
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5
0 20 40 60 80

Conepxanue AP, 00. %
Active diluent content, vol %

o, MH/M
o, mN/m

h = W =

100

a

AP mipu 20 °C, a Takke noxysorapuMudeckas Bepcus
JTOU 3aBUCUMOCTH.

W3 mpencTaBneHHBIX Ha pHC. | KPUBBIX BUAHO, YTO
HaunOozee 3((EKTUBHO MOBEPXHOCTHOE HaTsxeHue D0
cHIbKaeTcs ipu BBeaeHun AP o 25-40 06. %. Oanako
U3BECTHO, 4TO BBeAeHue 6onee 20 00. % Jlampoxcuaos
(Jlanponara) B D0 HemnenecooOpa3Ho, TaKk KakK MPOHC-
XOAWUT PE3KOe CHIDKEHHE TEeMIleparyphbl CTEKJIOBAHMS
OTBEPKJACHHBIX SMTOKCUIHBIX cucTeM [8].

Inc

N\

2 T
0 20 40 60 80 100

Copep:xanne AP, 00.%
Active diluent content, vol %

1
2
3
4
5

b

Puc. 1. 3aBucHMOCTh TOBEPXHOCTHOTO HaTsDKeHUA ¢ (a) U Ino (b) mmsa cuctem D1-20—-AP ot comepxanns AP:
1) JI-D-181, 2) JI-IDI-1, 3) JIT-301, 4) JI-703 u 5) JI-2015 mpu 20 °C.
Fig. 1. Dependence of the (a) o and (b) Ino parameters of the ED-20—AD systems on the content
of 1) L-E-181, 2) L-DEG-1, 3) LT-301, 4) L-703, and 5) L-201B at 20 °C.
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JIuHeitHas 3aBUCUMOCTH lnHCT oT cozaepxxanusi AP
MO3BOJISICT MCIIOIB30BaTh MPABUJIO MOyIorapudmuye-
CKOM aJJTUTUBHOCTH:

Ino=¢,yIno,, +¢,,Inc,,, (1)

rae ¢, — o0beMHas 0N COMEPIKAHMS STOKCHIHOTO
omuromepa B cucreme D0-AP, ¢, , — o0bemMHas 10115 co-
JIep)KaHusT aKTUBHOTO pa3dasutens B cucreme JO—AP.
Hcnonb3ys ypaBHenue (1), MOXXHO pacCuUTaTh COCTABbI
cucteM DO—AP ¢ 3a1aHHBIM 3HaYE€HUEM [TIOBEPXHOCTHO-
rO HaTSKEHUSI.

VYMEHBIIEHUE CTAaTHYECKOTO yIila CMauyuBaHus 0,
KaK M CHHKEHUE NTOBEPXHOCTHOTO HATSKEHHS, yaydlla-
€T MPOIUTKY BOJIOKHUCTOTO HAITOJIHUTEIS TIOJTMMEPHBIM
cBsi3yomuM Ha ocHoBe DO—AP. B Tabn. 4 npuBeneHsl
3HA4YEHUsI CTaTHYecKoro yria cMaunsanus npu 20 °C nist
cucteM D0—AP Ha ocHoe D/[-20 u DER-330 npu pa3s-
HOM cozepkanuu AP.

Ha puc. 2 qns cucrem DJ1-20 + AP mokazaHa 3aBu-
CHUMOCTbD CTAaTHYECKOTO YIJIa CMaYMBaHHUS OT COACPIKAHUS

AP mipu 20 °C, a Taxxke nonynaorapudMudeckas Bepcus
3TOM 3aBUCUMOCTH.

W3 naHHBIX, IOKa3aHHBIX Ha pHC. 2, CIEAYET, YTO
CTaTUYECKUI yroj CMayMBaHUs YMEHBIIAETCS MPU BBe-
JICHUU aKTUBHBIX pa30aBUTENCH B ASTOKCHIHBIN OJIUTO-
Mmep, npuueM i cuctemsl JJ1-20-J1-201b npoucxoaut
cHIKeHue B 3.5 pasa npu cogepkannn 40 06. % JI-2015.
3HavYeHUs CTAaTUYECKOTO yIJIa CMauyuBaHMs JIJIsl BCEX UC-
cnenoBanHbIX Jlanpokcunos u Jlamposnara B cucremax
D0-AP nHaxonsatcs B mpenenax 7°-21°.

JIuneiiHas 3aBUCUMOCTH 1n0ﬂ or cozxepxkanusi AP
MO3BOJISIET UCIOJIb30BaTh MPABUIIO TMOJTyJorapudpmuye-
CKOM aJINTUBHOCTH, aHATIOTHYHO ypaBHeHuIo (1):

In6, =p,,In65, +¢,, n6;,, 2

e ¢, 1 ¢,, — oobemubie nomu D0 u AP B cucteme
50-AP.

Eme onHol BaHOW XapaKTEpUCTUKOM SIBISIETCS
JUHAMHUYECKUH yroi cMadMBaHMs. DTOT MapaMeTp OKa-

3bIBACT CYILECTBEHHOE BiMsiHUE Ha ponuTtky DO—-AP B

Tadauna 4. Crarudeckuil yron cmaunsanus (0, ) nis cucrem 90-AP npu 20 °C*
Table 4. Static contact angle (0 ) of the ‘studied EO-AD systems at 20 °C*

Conep:xanue AP, Craruueckuii yrosi cmauupanus 0_, °
00. % Static contact angle 0_, °
AD content, J1-2016 JI-JI9T-1 JI-181 JI-703 JIT-301
vol % L-201B L-DEG-1 L-181 L-703 LT-301
10 27/27 32/32 32/31 31/31 30/30
20 20/20 28/28 27/27 26/26 24/24
30 14/14 25/25 24/24 23/23 20/18
40 11/11 23/23 22/22 21/21 15/17

*YpCIUTENTh TOKAa3hIBAET 3HAUCHMS Qu it cucteM DJ1-20—-AP. 3HameHareIb MoKa3bIBacT 3HAYCHUS 6’“ nst cuctem DER-330-AP.
*The numerator in the 6 values indicates the ¢, value obtained for the ED-20-AD systems, and the denominator indicates the 6

value obtained for the DER-330-AD systems.
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.
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Puc. 2. 3asucumocts 0, (a) n Inf_ (b) nus cucrem DJ1-20-AP ot coneprkanus AP:
1) JI-A2I-1, 2) JI-5-181, 3) JI-703, 4) JIT-301 u 5) JI-201b npu 20 °C.
Fig. 2. Dependence of the (a) & and (b) Inf_ parameters of the ED-20~AD systems on the content
of 1) L-DEG-1, 2) L-E-181; 3) L-703, 4) LT-301, and 5) L-201B at 20 °C.
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apMUPYIONIMX cucTeMax. B Tabn. 5 mpuBeneHbl 3Haue-
aust O nipu 20 °C st cucrem SO-AP Ha ocHose D/I-
20 u DER-330 npu pa3znom conepsxkannu AP.

Ha puc. 3 mna cuctem DJ/1-20-AP nokazana 3aBu-
CHMOCTh JHHAMHYECKOTO yIIa CMAa4YWBaHUS OT COIEp-
skanust AP nipu 20 °C, a takke momynorapugmMuueckas
BEpCHSI 3TOM 3aBUCHMOCTH.

JHaMUYEeCKUIl YyroJl CMauyuBaHUsS CHUXKAETCS MPH
BBenenun JlampokcugoB u Jlanmpomara B 90, omHako
BCero ymib Ha 15°-20°. Jluneiinas 3aBucumocts Inf,
oT coxepkaHuss AP mMo3BOMIsIET MCIIONB30BaTh MPABUIIO
noJyJiorapuGpMuyecKoil aJINTUBHOCTHU:

In 0L[I/IH =050 OS5 + 0, IO 3)

Takum 00pa3zoM, >PPEKTHBHOCTH JCUCTBUS WU3Y-
YEHHBIX aKTUBHBIX pa30aBUTeNell Ha TMOBEPXHOCTHOE
HaTsDKEHHWE W yIIbl cMaduBaHusi B cucremax DO—AP
BO3pacTaeT B ciaeayromeM psay: JI-JA2I-1 — JI-O0-181
— JI-703 — JIT-301 — JI-201b.

Monexynsipaas noasmwkHocTh 90 u AP Bo3pacraer
IIPY MOBBIIICHUN TEMIIEPATYPhL, YTO IPUBOHT K U3MEHE-
HUIO (M3HMKO-XMMUYECKUX XapakrepucTuk (o, 0, u 6 )
JUTSL STIOKCUTHBIX OJIATOMEPOB, JIarpoKcHIoB u Hanpona—
Ta, a Tarke it cucteM DO—AP. B Tabn. 6 npencrasie-
HBI 3HAYCHUSI TIOBEPXHOCTHOTO HATSHKCHHUS, CTATUIECKOTO
U TUHAMUYECKOTO YTJIOB CMAaYMBAHUS ISl CHCTEM
3/1-20—AP npu Temneparypax 20 u 60 °C ¢ comepxa-
aueM AP 20 06. %. Beibop TemmepaTyp OCyIIECTBISLIIN
C YYETOM TEXHOJOTHUSCKHX PEKUMOB MPOITUTKU BOJIOK-
HUCTBIX HAITOTHUTEIIEH SMOKCHIHBIMHA CBs3ytommmMH [ 11].

IMoBeimenue Temmneparypst ¢ 20 go 60 °C npuso-
IUT K CHIDKCHHIO ITOBEPXHOCTHOTO HATSKEHUS B HC-
ciaenpoBaHHbIX cuctemax DO—-AP nmpumepHo B 2 pasza:
Ha 4—14 mH/m. Ha craTtiuecknii 1 JMHAMUYECKHNA YIITBI
CMaYMBaHUs TIOBBIIICHHE TEMIIEpaTypbl HE OKa3bIBa-
€T CTONIb CYNICCTBEHHOTO BIMSHUS, M OTH HapameTphl
YMEHBIIAIOTCS JIUIIB Ha 2°—7°.

Urto0bI o1ieHNnTh 3((HEKTUBHOCTh aKTHBHBIX pa30a-
BUTEJICH TIPU CO3JJAHUU HOBBIX STIOKCHTHBIX CBSI3YHOIIIX

Tabauua S. lunamngecknit yron emaunsanus (6 ) st cucrem DO-AP nipu 20 °C*
Table 5. Dynamic contact angle (9 ) of the studied EO-AD systems at 20 °C*

Conep:xanue AP, Junamudeckuii yroa emaunsanus 0, ©
00. % Dynamic contact angle 6, , °
AD content, JI-201B JI-JIT-1 JI-181 JI-703 JIT-301
vol % L-201B L-DEG-1 L-181 L-703 LT-301
10 51.1/50.0 55.7/55.0 54.0/54.0 53.2/53.0 52.0/52.0
20 43.5/43.0 52.2/51.5 50.0/49.9 48.9/48.6 47.0/46.6
30 39.0/38.0 48.7/48.0 46.8/46.0 44.7/44.2 42.0/41.3
40 36.0/35.0 46.3/45.4 44.0/43.1 41.0/40.4 39.0/38.0

*UKCIIUTENb MOKA3hIBAET 3HAUYCHUS 9 st cuctem OJ1-20-AP. 3namenareb NoKa3bIBACT 3HAYECHHS 9 utst cuctem DER-330-AP.
*The numerator in the 0, values indicates the 0,,, value obtained for the ED-20-AD systems, and the denominator indicates the

0,,, value obtained for the DER-330-AD systems.
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Puc. 3. 3apucumocts 0 (a) n1nd  (b) nmst cucrem SJ1-20-AP or conepxanust AP:
1) JI-10I'-1, 2) JI-5-181, 3) JI-703, 4) JIT-301 u 5) JI-2015 npu 20 °C.

Fig. 3. Dependence of (a) 0,

i and (b) Ind - for the ED-20—AD systems on the content

of 1) L-DEG-1, 2) L-E-181, 3) L-703, 4) LT-301, and 5) L-201B at 20 °C.
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Tadumma 6. [ToBepxHOCTHOE HATSHKEHUE U yIIbI cMaunBaHus aist cucteM O/1-20—-AP nipu 20 u 60 °C*
Table 6. Surface tension and contact angles of the ED-20—AD systems at 20 and 60 °C*

1-20-AP

IMapameTpsi ED-20-AD

Parameters J-2016 J-JI9T-1 J-181 J-703 JT-301

L-201B L-DEG-1 L-181 L-703 LT-301
o, MH/m 16.0/12.3 29.8/16.0 26.0/15.0 21.2/13.8 19.5/11.8
o, mN/m
%r’ . 20/18 28/24 27/24 26/23 24/21
O . 43.5/39.7 52.2/47.5 50.0/46.6 48.9/42.7 47.0/40.0
dyn’

*YycauTenb U 3HAMEHATeJIb T0Ka3bIBAIOT Moay4deHHble 3HaueHus npu 20 u 60 °C, coOTBETCTBEHHO.
*The numerators and denominators indicate the obtained values at 20 and 60 °C, respectively.

Ha ocHOBe DO—AP (C 1enbi0 NPOMUTKU apMUPYIOLUIUX
HaIOJIHUTENIeH HpU IOJYyYEHUM CTEKJIOIUIACTUKOB),
HaMM OblLIa paccuuTaHa ONTUMAJbHAS CKOPOCTH IPO-
nuTky. [Ipyu 3TOM HMCIOIB30BaIM METOAMKY MPOrHO3U-
POBaHMS CKOPOCTH NPOMUTKHU KAPKACHBIX HAIMOIHUTE-
JIel SMOKCUIHBIMHU CBSI3YIOLIUMH NPU MHKEKIMOHHOM
¢dopmoBanuu. dopmysa A pacueTa ONTUMAIBHOM CKO-
poctu npornutke W wcnonk3yer kputepuid lepsruaa
De, KOTOPBIH YCTaHABIUBAET CBA3b C MapaMeTpaMH I0-
JIMMEPHOTO CBSA3YIOIET0: IOBEPXHOCTHBIM HATSKEHUEM
0, BA3KOCTBIO 7], CTATUMECKUM 0 ¥ quHamMudeckum 0
yniaMu cMaduBanus. [1oaToMy onTUMaibHYO CKOPOCTh
MPONUTKU CTEKJISTHHOTO BOJIOKHMCTOTO HAIMOJIHUTENS
MTOJIMMEPHBIM CBsI3yrommM Ha ocHoBe DO—-AP paccun-
TBIBAJIU C UCTIOJIb30BAHUEM (hOPMYIIBI

2
0,,—0, |
De=W, xn/o=0045x| 2w _
180_9}1“]—[
2 N C)
60—0_ \i-0./150
=0.045x| ——=
120
2
Z.q
EER
SN
0 — T
12 13 14 s s
o, MH/M
o, mN/m
a

e W, — onTtumanbHas CKOPOCTb IPONUTKH, M/C; 1] —
BSI3KOCTh, MI1a‘c; 0 — TOBEPXHOCTHOE HaTsKeHUE, MH/M;
HMH — IMHAMUYECKUN YToJl cMauuBanus, °; 6 — craru-
YeCKHii yroa cMaunBanus, °. 3HaueHue 6 TpHHUMAIN
paBHBIM 60°, Tak Kak OHO HE JOJDKHO IMpeBbIIaTh 60°
MPU IPOMUTKE BOJOKHUCTOTO HarmomauTens [11].

Ha puc. 4 npencrasiieHbl 3aBUCUMOCTH ONTUMAJIb-
HOH CKOPOCTH MPOTIUTKH ITOITMMEPHBIMH CBS3YIOIINMH Ha
ocnoe JJI-20—AP c coaepxxanuem AP 20 06. % (JI-2015
niu JI-JI90-1) oT MOBEepXHOCTHOTO HATSHKEHUS TIPU W3-
BECTHBIX 3HAYCHUSIX BSI3KOCTCH U YIJIOB CMa4YuBaHUs.

Ha puc. 5 moka3aHbl 3aBUCHMOCTH ONTHUMAalIbHOM
CKOPOCTHU MHPONUTKH IOJUMCPHBIMU CBA3YIOIIMMU Ha
ocaoe JJ1-20-20 06. % AP (JI-201b wmu JI-IADI-1)
OT TEMIIEPATYpPbI IPU U3BECTHBIX 3HAYEHUSX BA3KOCTEH
(0.03-0.9 u 0.9-2.4, coorBeTcTBeHHO). M3 puc. 5 Bua-
HO, 4TO TIPH HOBBIIIEHUH TeMneparypsl oT 20 go 60 °C
MOYKHO TIOBBICUTH ONTHMAIIEHYIO CKOPOCTH IPOITUTKH B
10-20 pa3 1151 oNTUMaIbHBIX COCTaBOB CBS3YIOLIUX.

W3 ananm3a maHHBIX, MPUBEACHHBIX B Ta0l. 6 U
Ha puC. 5, CIEAYET, uTO NMpH Oosice BEICOKOM 3HAYCHUU
TEMITEPaTyphl TIOBEPXHOCTHOE HATSKCHHUE MOHIIKACTCS,

1

W MM/MHH
Wopts Mm/min
.y

~

—

0 *
16 20 24 28
o, MH/M
o, mN/m
b

Puc. 4. 3aBucumocts WonT 0T IOBEPXHOCTHOTO HaTsKeHUs i crcteM DJ1-20—-AP ¢ conepxanunem AP 20 06. %:
JI-2015 (a) u JI-IDT-1 (b) mpu M3BECTHBIX 3HAUCHUSX 7] 1 6.
Fig. 4. Dependence of WOpt on surface tension for the (a) ED-20-L-201B and (b) ED-20-L-DEG-1
systems with an AD content of 20 vol % and known # and 6 values.
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Puc. 5. 3asucumocts W_ ot Temneparypsl 1t cucteM OJ1-20-AP ¢ conepixannem AP 20 06. %o:
JI-2015b (a) m JI-.ABI -1 (b) mpu 3raueHmsx 7 0.03—-0.9 u 0.9-2.4, cCOOTBETCTBEHHO.

Fig. 5. Dependence of W, on the temperature for the (a) ED-20-L-201B and (b) ED-20-L-DEG-1
with an AD content of 20 vol % and # values of 0.03—0.9 and 0.9-2.4, respectively.

a 9TO, B CBOIO 0YEPEb, IIPHBOIUT K POCTY ONTHMAIBHOMN
CKOPOCTHU MPOMUTKH.

IIpoBenenHOe wHCCIeIOBaHHE IO3BONSIET CHENATH
BBbIBOJI, YTO MOBBIIICHUE TEMIEPATypPbl ONTHUMAIbHBIX
COCTaBOB CBS3YIOIINX HA OCHOBE CHCTEM JITOKCHIHBIX
OJINTOMEPOB C AaKTHBHBIMHU pa30aBHUTEISIMU Pa3HOH IPH-
pombl, (YHKIMOHATBHOCTH W MOJICKYJISIPHOW MAacChl
MO3BOJISIET PEryIMpOBaTh KOMIUIEKC TEXHOJIOTMYECKHX
XapaKTEPUCTHK MOITMMEPHBIX CBSI3YIOIINX, B YACTHOCTH,
MOBEPXHOCTHOE HATSXKEHUE, U yBEIMUYHBATh CKOPOCTh
IIPOIUTKY apMupyromux cucrem B 10-20 pas.

SAKJIIOYEHUE

B pesynbrare paboThl OIyYeHBI 3HAUCHUS TTOBEPX-
HOCTHOI'O HATSKEHUS, CTATUYECKOTO U JUHAMUYECKOTO
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VIJIOB CMAUUBAHMS JIJISI SMIOKCUIHBIX OJIMromMepoB, Jla-
npokcuoB U Jlanposnara, a Takxke A ux cmecei. Ilo-
Jy4CHHBIC JaHHBIC IMO3BOJSIOT B NIMPOKHX Tpeaerax
BapbUPOBATh CBOMCTBA CMECEH U HANPaBJIEHHO PEryiu-
pOBaTh COCTABBI AMOKCHJIHBIX CBS3YIOIIUX, UX TEXHOJIO-
TMYECKHEe CBOICTBA M MapaMeTpbl MPOMUTKH BOJOKHHU-
CTBIX HAITOJHUTETICH.

[NoBsiienue temneparypsl nponutku ¢ 20 go 60 °C
CHIDKAET TIOBEPXHOCTHOE HATSIKEHHE CHCTEM, COCTOS-
LIUX U3 SMOKCUJIHBIX OJINTOMEPOB U aKTUBHBIX pa30aBu-
TeJel, MpUMepHO B 2 pa3a. DTO MO3BOJISIET CYIIECTBEHHO
YAYYIIUTh KQYECTBO MPOIMUTKU BOJOKHUCTBIX U KapKac-
HBIX HATIOJIHUTEIICH, a TaKKe YBEIIMYUTh CKOPOCTh MPO-
nutku B 10-20 pas.
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AJTIOMOOKCHIHBIH HOCUTEJTH /IJI1 KATAJIM3ATOPA HU3KOTEeMIIePATYPHOM
HU30MepHU3alii YIJIEBOIOPOI0B

H. TaranaypasieBa®, H.B. MaabueBa, T.A. BunmrueBckasi, B.H. Hapaes,
A.IO. ITocTHOB

Canxm-Ilemepbypackuil 20cyoapcmeeHHblll mexHo/l02uUecKkull. uHcmumym (mexHuueckuil
yHugepcumem), Canxm-Ilemepbype, 190013 Poccust
@Aemop ons nepenucku, e-mail: jahana_18101993@mail.ru

Ilenu. OnpedeneHue Ycrosuil NoayueHus paqyauposarHozo n-Al,O,-Hocumens, uccnedogarue ezo
CMPYKMYpPHO-NPOUHOCMHBLX C80LICME U OUEHKA AKMUBHOCU 8 MOOe/TbHOM NPOUEcce U30MEPUIAUUL
H-6ymaHa.

Memoodst. O6pasubl, codeprkauue mpuzudporcud aoMUHUS 6aliepumHotl cCmpyKmypbsl, CUHMEsU-
po8aHbL ocarkoeHUuem U3 800OHbLX pacmeopo8 HUmMpama aOMUHUSL AMMUAKOM 8 US0MEPMUUECKUX
YCo8usiX NPU NOCMOSIHHOM 3HaueHUuu pH. SKkempy3uoHHbIM MEMOO0M NOAYUEHbL 00paA3UbL 2PAHYSIU-
POBAHHO20 HOCUMESL NPU BAPLUPOBAHUL COCMABA (POPMOBOUHBIX NACM: COOMHOUEHUS. KOUUEeCna
6atiepum- u n-Al,0,-co0eprKauux KOMNOHEHMOE U 66€0eHUSL NOSIUSUHUL08020 CNUPMA.
Pesynomamut. OyeHeHOo enusiHue YCrosull NpuzomosieHust Ha CmpyKkmypHo-npouHOCMHble C8oli-
cmea gparyn axmuerozo Al,O,. Ob6pasybl aNOMOOKCUOHO20 HOCUMENS UCbIMAHbL 6 MO0eNbHOU
peaxyuu HUsKomemnepamypHol usomepusayuu H-6ymara, nokasaHa ux 00CMAmouHO 6blCOKAs
ceneKkmusHoOCMb U NePCneKmu8HOCMb NPU NOAYUEHUU KAMAAUSAMOPO8 HUSKOMeMnepamypHoU U3o-
MepusayuUU Y2neeo0opooos.

Bwbieo0bl. YeesuueHue coOeprkaHus NOSUSUHUNL08020 cnupma 8 ¢popmogouroii nacme om 0.4
0o 1.8 macc. % conpogorxoaemest cmeueHuem npeodbaadarouux pasmepos Me3onop 8 uHmepaaie
10-50 Hm u nop 8 unmepsane 50-80 Hm 8 6OTLULYIO CMOPOHY, UMO 0OBSICHSIEM 8bICOKUE 3HAUEHUS
8cex pesucmpupyemblx nokasamenetl npoyecca U3omMepu3ayuu H-oymana.

Knroueevle cnoea: usomepusayus, H-GAKAHbL, HOCUMENL KAMAAUZAMOPA U30MepU3ayull,
oKcud antomuHus, batiepum.

Jna yumuposanusn: TaraunypasieBa H., Mansuesa H.B., Bumnesckas T.A., Hapaes B.H., [ToctaoB A.1O. AntoMooKCHHBIN HO-

CUTEINb IS KaTaau3aTopa HU3KOTEMIEPaTypPHOH M30MEpU3aLui yIIIeBOAOPOAOB. Toukue xumuueckue mexnonoeuu. 2020;15(3):58-69.
https://doi.org/10.32362/2410-6593-2020-15-3-58-69
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Aluminum oxide carrier for a catalyst for low-temperature

isomerization of hydrocarbons

Nurjahan Tagandurdyyeva®, Natalya V. Maltseva, Tatyana A. Vishnevskaya,
Vyacheslav N. Narayev, Arkady Yu. Postnov

Saint-Petersburg State Institute of Technology, St. Petersburg, 190013 Russia
@Corresponding author, e-mail: jahana_18101993@mail.ru

Objectives. Determine the necessary conditions for obtaining a granulated n-Al,O, carrier,

273

investigate its structural and strength properties, and evaluate its activity for the model n-butane
isomerization reaction.

Methods. Samples containing bayerite structure aluminum trihydroxide were synthesized
by precipitation from aqueous solutions of aluminum nitrate with ammonia under isothermal
conditions at a constant pH value. The samples of the granulated carrier were obtained using
an extrusion method when the composition of molding pastes was varied by tuning the ratio of
bayerite- and n-Al,0O,-containing components and introducing polyvinyl alcohol.

Results. The influence of the preparation conditions on the structural and strength properties of
the active AlL,O, granules is evaluated. Samples of the aluminum oxide carrier were tested for a
model reaction of low-temperature isomerization of n-butane, demonstrating a sufficiently high
selectivity and reasonable prospects for use as catalysts for low-temperature isomerization of
hydrocarbons.

Conclusions. Increasing the content of the polyvinyl alcohol in the molding paste from 0.4 to
1.8 wt % is accompanied by an increase in the predominant sizes of the mesopores in the range
of 10-50 nm and pores in the range of 50-80 nm, explaining the high values of all recorded

parameters for the process of isomerization of n-butane.

Keywords: isomerization, n-alkanes, the carrier of the catalyst for isomerization, aluminum

oxide, bayerite.

For citation: Tagandurdyyeva N., Maltseva N.V,, Vishnevskaya T.A., Narayev V.N., Postnov A.Yu. Aluminum oxide carrier for a
catalyst for low-temperature isomerization of hydrocarbons. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(3):58-69 (in Russ.).
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BBEJEHUWE

[Iponecc n3oMepr3ariy THHEHHBIX aJIKAHOB B IIPO-
M3BOJICTBE aBTOMOOMJIBHBIX TOILTUB SIBIISETCS KIIFOUEBOI
cTajivel, o0ecreynBaroIeil NpeBpalieHne HU3KOOKTa-
HOBBIX HEPa3BETBIICHHBIX MapaMHOB B BBICOKOOKTA-
HOBbIE DPAa3BETBIEHHbIE MOJEKyJbl. [loaTOMy naHHBII
MIPOLIECC MOXKET paccMarpuBarbes Kak 3()(EeKTUBHBIA 1
HKOHOMHYECKH TPUEMIIEMBIN CIIOCOO YBEIUYCHUS OK-
TaHOBOT'O YMCJIa MOTOPHOTO OEH3KMHA C MaJIOBEPOSATHBIM
00pa3oBaHUEM apOMaTHYECKUX COeIMHEHUH [1].

[Ipouecc wm3zoMmepuzaluM NPOTEKAET Ha KUCIOT-
HBIX KaTaJIM3aTopax W MOXKET WHUIIMUPOBATHCS CHIIb-
HbIMU Kkucnoramu Jlptonca, karanuzaropamu Dpune-
ns-Kpadrca, nmpu OTHOCUTENHHO HU3KUX TeMIIeparypax,
CYLIECTBEHHbIM HEJOCTATKOM KOTOPBIX SBIAETCS HX
HeCTaOMJIIBHOCTh W KOppoaupylomiee aercteue [2, 3].
IToaTOMy B NPOMBIIIJIEHHBIX MPOLIECCaX U30MEPU3aLUN
B KauecTBE KaTaJN3aTOPOB OOBIYHO HCIONB3YIOT TBEp-
JIble KHCJIOThI C HAaHECeHHOU miuartuHoi [4, 5]. [lnatuna,

HaHEeCEHHas Ha XJIOPUPOBAHHBIN OKCHJI aJIFOMHHUS WU
LICONHUT, SBIISICTCS HAaHOOJIee YacTo NCIONb3yeMO KaTa-
JUTUYECKON CUCTEMOM JIJIsl paccMaTpuBaeMoro mpouec-
ca [6]. LleonuTel MEeHEE KUCIOTHBI, Y€M XJIOPUPOBAHHBIE
OKCHJIbI QJIIOMHUHUS, M, KaK CICICTBUE, ISl IPOTCKAHUS
peaxknuy u30MepHu3anny TPEOYIOT BEICOKUX TEMIIEPATyp
(250-400 °C), uto MeHee OMaronpUsATHO AJIS MOTyYEHHs
Pa3BETBICHHBIX N30MepPOB [3, 7].

Hanbonee akTHBHBIMH KaTajlW3aToOpaMH H3 IIpEI-
JaraeMbIX B HACTOAIIEE BPEeMs JUIS IPOIEcca H30MEpH-
3alUM SBJSIFOTCS XJIOPUPOBAHHBIC aFOMOILIATHHOBBIC
karamu3aropsl (Pt/ALO,-Cl). [loBbleHHast aKTUBHOCTB
JAHHBIX KaTaJH3aTOPOB IO3BOJIICT BECTH H30MEpH3a-
nuro npu HU3KuX temreparypax 120-180 °C ¢ Bricokon
CTerneHblo npeBpamieHus (X = 28%) u celeKTUBHOCTbIO
(S = 98%) mo neneBomy mponykry [7, 8].

B xauectBe HOCHTENEH IS aFOMOILIATUHOBBIX Ka-
TaJIM3aTOPOB IIHPOKO HCTIONB3YSTCS] OKCHIT AFOMHUHUS, B
YACTHOCTU €ro Moju(uKkamu: y- u n-Ale3. OnHaKo OK-
cun N-ALO, B pszne ciydaeB 00nazaeT NPEUMyIIECTBAMH
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AAYOMOOKCHAHBIH HOCHTEAD OAS KaTaAH3aTopa Huaxo'remnepa'rypnoii H3OMEPH3aIlHH YyrA€BOAOPOAOB

no cpapHenuto ¢ y-Al,O,. I'paHyIMpOBaHHBIA OKCH
N-Al,O, xapakrepusyeTcst Kak BHICOKOW YIENbHOM T10-
BepXHOCTBIO (S, = 300-400 M?/T), TaK ¥ HAIHIHEM
obbemMa KpymHBIX ME30IOp ¢ pasMepoM Ooiee 25 HM
(V esonop = 0-10-0.25 cM’/T), a TakKe MOBBIIICHHON
JIbFOMCOBCKO# KUCITOTHOCTHIO [2].

Oxenn 1-ALO, monmy4aroT NpeuMyIIECTBEHHO
TePMHUUYECKON 00pabOTKOM TPUTHIPOKCHUIA aFOMHU-
HUs OaiiepuTHOU CTpyKTypbl. Hambomnee pacmpocrpa-
HEHHBIM METOJIOM TOJIy4deHHs OaliepuTa SBISETCS €ro
OCaXXJCHWE W3 BOIHBIX PACTBOPOB COJICH aNMIOMUHUS
pacTBopaMu ammuaka uiu menodei [9]. OcaxaeHue
TUAPOKCHIA aJIOMUHUS TIPOBOINAT TP 3HAUYCHUU
pH = 10-11, npu xotopom OailiepuT BhIIAAAET B BUIE
KPYITHBIX, MaJIOTHAPATHPOBAHHBIX M PHIXJIOYIIaKOBAH-
HBIX KPHUCTAJUIOB, IPOMEXYTKH MEXKAY KOTOPBIMU 3a-
IMOJHEHBI KOJUIOMIHO-CBSI3aHHON BOmon. OIHAKO CBI3b
ee B Oalfepure, B OTIMYUE OT ICEBJOOEMHUTA, MEHEe
npouna. [ToaTomMy ocanku Oaliepura 3HAYUTEIHLHO 0O-
Jee TUKCOTPONHBI M TIOA BO3IACHCTBHEM CIBUTOBBIX
Harpy30K, IMEIOMIHUX MECTO MPH IPUTOTOBICHUH (Hop-
MOBOYHBIX MACT U UX IKCTPYAUPOBAHUH, PE3KO Pa3KH-
JKAIOTCsI, a IPH CHIDKCHHUH CABHTOBBIX HAIPY30K TaK jKe
PE3KO CTPYKTYPHUPYIOTCS. DTO 3HAYUTEIHHO YCIOKHSAET
nporecc HOpPMOBaHUS pACCMATPUBAEMOTO TPUTHIPOK-
cuga [10]. O6HapykeHO, YTO ATO CBOMCTBO MPOSBIS-
eTCs B 3HAUMTENIBHO OoJbliel Mepe Y (HOPMOBOYHBIX
macT u3 Oaifepura, 0CaxkJ1aeMOro U3 cojei amroMUHUS
aMMHAaKOM, IO CPaBHEHHIO C TAKOBBIM, ITONyYCHHBIM
C HCIOJIb30BAHHEM THJIPOKCHIA HATPUS B KaueCTBE
ocamutens. OgHAaKo B TMOCIEIHEM ciydae TpeOyercs
THIaTeNbHAs OTMBIBKA OCaJKa BBUAY CYIECTBOBAaHUS
JKECTKUX OTPAaHWUYCHHH 10 MpuUMecH Hatpus (He 00-
nee 0.02 macc. %) st HOcUTeNel KaTanu3aTropoB U30-
mepuzaruu [11]. [TosToMy TpPHOPUTETHBIM SIBIISIETCS
ocaxJeHue OailepuTa aMMHUAKOM, IIPU STOM BBICOKAas
CTPYKTYPHUPOBAHHOCTH TACT, ITOIy9aeMBIX U3 THIPOK-
CUJia, OCIIOXKHSET IMpoLecC HX OSKCTPYAUPOBAHHS U
CTaBUT 3aJady HAXOKICHHS yCIOBHH IPUTOTOBICHUS
TpaHyIMpoBaHHOro okcuaa N-Al,O,, cooTBeTCTBYIOMIE-
ro TpeOOBaHMUAM TPUTOTHOCTH U KaTalnu3aTopa M30-
MepH3alluu YIIIeBOJOPOIOB, B TOM YHCIIEe TIO TPUMECH
HATpHSL.

[lepcneKTHBHBIM CIIOCOOOM PETYIUPOBAHNUS CBOHCTB
(OPMOBOYHBIX TACT B TEXHOJOTHH TPAHYITHPOBAHHBIX
HOCHUTeNel Ha OCHOBE OKCH/JIa aTFOMUHHUS SIBIISIETCS H3Me-
HEHHE CBOMCTB KaK JTUCIIEPCHOM (a3bl IyTeM BBEJCHUS B
KaueCTBE TeTEPOreHHON JOOABKU MOPOIIKA OKCUA AJIF0-
MuHUS [12], Tak 1 JUCTIEPCHOHHON CpEeJbl IyTeM BBEIe-
Hus B KauecTBe [IAB BomopacTBOpUMOIro OpraHu4ecKoro
nonumepa — nonuBuHIIOBOTO crimpta (IIBC). Tpu sTom
BOXHBIM (DaKTOPOM SIBIISIETCS CONIEpKAHUE JHCIIEPCHOM
¢aswl B cucteme [13].

Lenp HacTosIIEH pabOTHI COCTOSANA B ONPEACIICHHUN YC-
JIOBHH TOMy4eHHs: TpaHymMpoBatHoro N-Al O, -HocuTens,

HCCIICIOBAHNH €TI0 CTPYKTYPHO-IIPOYHOCTHBIX CBOWMCTB
U OIICHKE aKTUBHOCTHU B MOJICTIBHOM IPOIIECCE H30MEPH-
3amuu H-OyTaHa.

MATEPHAJIBI 1 METO/IbI

Tonyuenue sxcnepumenmanvhvlx  Oatiepumcooep-
JAHcauux 0opazyo8 MemoooM 0CaNCOCHUs.

OO0pasupl, copepIKanie TPUTHIPOKCUT ATFOMUHHUS
0aiflepUTHOW CTPYKTYPBI, MOTYYalld ITyTEM OCaXKICHHSI
U3 PacTBOpa CONM AJTIOMHUHHS PAacTBOPOM aMMHuaka. B
KaueCTBE MCXOTHOTO PEaKTUBA IS MPUTOTOBICHUS pac-
TBOpA COJIM KOHIIEHTpAIMEH 5 MOJIb/1 ObLI UCIIONB30BaH
9-ponnbiid HuTpar amomunus Al(NO,),-9H,O (I'OCT
3757-75, maprus 25, OO0 «HesaPeaxmuey», Poccus,
grctota 97%). s mpuroToBieHUs pacTBOpa aMMHa-
Ka KOHLIEHTpalue 5 mMonb/n ucnonb3oBaicsa 25% pac-
tBop ammuaka NH,-H,O (I'OCT 3760-79, naprus 49,
00O «HesaPeaxmusy, Poccus, uncrora 25%). Huke-
MIPUBE/ICHHBIC YCIOBUS TPUTOTOBICHHS OaiiepuTconep-
Kalux o0pa3loB 0OOCHOBAHBI Pe3yJIbTaTaMu UCCIIEN0-
BaHUH, N3JIO)KCHHBIMH B [14].

CwMmernieHre pacTBOPOB OCYLIECTBISUIM B CTEKJISAH-
HOM peakTope, cojiepkamieMm OydepHbIi aMMuadHBIN
pactBop ¢ pH = 10.3—10.5 mpu mOCTOSIHHOM TIEpEMETITH-
BaHWH (CKOPOCTH BpateHus Mermaiku ~ 300 06/mMuH). On-
HOBPEMEHHYIO IT0/Iaqy paCTBOPOB HUTpATA aJTFOMUHUS U
aMMHaka B PeaKkTOp OCYIIECTBISUIN TEPUCTATBTHUCCKUM
HAacoCoM ¢ pacxofoM | U 5 MIJI/MUH, COOTBETCTBEHHO.
[TocrosinHoe 3Hauenue pH = 10.5 + 0.1 peakunoHHOM
cpeabl KOHTPOIUPOBaJM ¢ WHTepBaioM 30 MUHYT. 3a-
nanHoe 3HaueHue pH coznaBanu 3a cueT S-KpaTHOTO U3-
OBITKa aMMHUaKa OTHOCHTEIIFHO CTEXHOMETPHUHU PEAKIINU:

AI(NO,), + 3NH,0H = AI(OH), | + 3NH,NO,

TemmepaTypy peakMOHHOW cCpeabl IpU €€ 3Hadye-
HuM (20 = 1) °C noanep>xuBaiy Npu MOMOIIY TEPMOCTa-
Ta. B n3orepMuuyecKux yCIOBUSX MPOAOJIKUTEIBHOCTh
npolecca OCAKACHUS COCTaBIsIA 2 4, a MPOAOIKUTEIb-
HOCTB TIPOIIEecCa CTAPSHMSI TOYYSHHOTO Ocaika — 24 9.

[oydeHHsbIi ocaok oTieNsu Ha BOpoHKe broxHepa
¥ TIPOMBIBAJIA JI0 HEUTpaNbHON peakiu cperpl. Ocamnok
BBICyIIMBany mpu Temmneparype 100-110 °C no mocross-
HoW Macchl. CosieprkaHne OadiepuTa B CHHTE3MPOBAHHOM
ocajike TUApOKCH A cocTaBmiio (85 & 2) macc. % [14].

Ilonyuenue cucmem, cooepocawux n-AL,0,

B xome paboThbI, SKCTPY3MOHHBIM METOJOM OBLIH
MOJTy4eHbl CepUr HocuTesel (Tadim. 1), paznuyaroniue-
Csl MEXKIY COOOH COOTHOIICHUEM KOMUYECTB BBOIMMBIX
Gaieput- u N-Al O, -comepammx KOMIOHEHTOB.

Juis moydeHus: TpaHyl HOCUTENeH ObUIM IMpH-
TOTOBJICHBI ()OPMOBOYHBIC MTACTHI C HCIIOIH30BAHUEM
MOPOIIKOOOPA3HBIX KOMIOHEHTOB: OalepUTCOIepKa-
mero rujapokcuaa (najsee OalepuT), BBHICYNICHHOTO
npu 110 °C; n-AIZO3-c0)lep>Kamero OKCHJa aJIIOMUHHUSI
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Tadauua 1. CoctaBsl (HOPMOBOYHBIX TTACT
Table 1. Compositions of molding pastes

Baﬁep.nT 1-ALO NBC, macc. %
Ne o6paszua Bayerite 23 Baaxkuocts,* macc. % (110 OTHOLICHHIO K GaiiepuTy)
Sample No. macc. % (10 AL,O,) Humidity,* wt % PVA**, wt %
wt % (according to ALO,) (in relation to bayerite)
1 20 80 49.5
2 40 60 51
3 60 40 52 2.7
4 80 20 55
5 100 0 56

*OTHOILICHNE CYMMBI MacC BOZbI, COAEPIKAILMXCS B KKIOM KOMIIOHEHTE, K CyMMe Macc BCeX KOMIIOHEHTOB / ratio of the total
mass of water contained in each component to the total mass of all components;

**PVA — polyvinyl alcohol.

(nanee n-AlO,), MOMY4EHHOrO MPOKATMBAHUEM CUHTE-
3upoBanHOro THaApokcuaa mpu 500 °C.

IIpu 3arBOpeHMH AMCTHWIIIMPOBAHHOM BOAOH IO-
pomka Oaifepura mim ero cmeceir ¢ 20-80 macc. %
MOpOIIKa OKCHJA, MX JaJIbHEWIIEHl TOMOTreHM3alu C
MIPUIIOKEHUEM CIIBUTOBBIX Harpy3oK, K COXKaJeHHIO, He
YAAJIOCH TOIyYUTh HMACThI, IPUTOIHBIC I SKCTPYAUPO-
BaHUsL.

Hcnonp3oBanue B KauecTBE IIacTHU(UKATOpa IIsi-
TUIPOLIEHTHOIO PacTBOpa MOJMBUHMUIIOBOTO CHHUpTa B
JUCTIUIMPOBAHHON BOJIE TIO3BOJIHIIO c(hOpMOBATh MOTY-
YEHHbIE TOMOT€HU3UPOBAHHbIE NACThl B ITHEKOBOM I'pa-
HYJISITOpE uepe3 GUIbepy AUAMETPOM 2 MM.

DKCTpyaarsl, ocie «mpopsuBanus npH (20 = 2) °C
B TeueHue 16—18 1 u BeicymmBanus mpu 100-110 °C go
TIOCTOSTHHOW Macchl, TepMooOpadareiBaiu mpu 280-290 °C
1 500-510 °C B TeueHune 4 4 npu Kaxaou Temreparype
(ckopocTh moabéma Temreparypsl 10 °C/MuH).

Memoowt uccneoosanus 0opaszyos

HuddepennmansHo-Tepmuuecknii (JITA) u Tep-
MOTIPaBUMETPUYCCKUAN aHAM3 CUHTE3UPOBAHHBIX 00-
pastoB OaiiepuTa MPOBOIWIN B aTMoc(epe BO3ayxa Ha
nepuBarorpadge SHIMADZU DTG-60H npu ckopoctu
HarpeBanus 10 °/MHH OT KOMHATHOW TEeMIIEPaTyphl IO
800 °C. Macca o6pa3uos cocraisiia =~ (15-50) mr. Tem-
neparypy OmpeAessii ¢ TOYHOCTHIO A0 1 °C, n3meHenue
Mmaccer J10 0.1 %. KonmuectBenHno a3oBbiii coctaB 00-
PAas3IoB OMpeeNsy, UCXOAs U3 HAOMIONaeMbIX MOTeph
MAacChI B Pe3yJbTaTe TEPMOJIN3a COSTUHEHUIMA, BXOISIINX
B cocTaB o0Opasia.

@Da30BbIil COCTaB BBHICYHIEHHBIX 00pa3LoB Oaiiepu-
Ta HCCIIEIOBAIN METOIOM PEHTIeHO(]a30BOTO aHAIM3a
(PDA) ¢ nomourplo MHOrO(YHKIHOHAIBHOIO PEHT-
reHoBckoro augpdpakromerpa «RigakuSmartLab 3»
(RigakuCorporation, Toxuo, SInoHus) ¢ UCTIOIB30BAHU-
eM CuKo-MOHOXpOMAaTHYECKOTO U3ITyYeHUs B HHTEPBa-
ne yrioB (10-80)° (20) co ckOpOCThIO CKAHUPOBAHHUS
10 °/muH. OOBEM 3arpykaeMoro oOpasia COCTaBIISIT
ne menee 0.1 cM’, yroBoe paspemienue pedaekcoB 10

0.01°. PacumudpoBka peHTTCHOTPaMM BBIMIOJHEHA C T10-
Mmomelo miporpammbl  Crystallographica Search-Match
v. 2,0,3,1 Oxford Cryosystems. Ilpu pactumdposke uc-
TIOJTH30BATH CTAHIAPTHYIO 0a3y TaHHBIX.

OpakLUOHHBIM COCTaB IIOPOUIKOB CHUHTE3UPO-
BaHHBIX 00pasioB Oaieputa u n-Al,O,, ncnonb3oBan-
HbIX I TIPUTOTOBJICHUSA q)OpMOBO‘IHI)IX nact, omnpe-
JIeTSUTH METOJIOM JIa3epPHOTO pacceMBaHUs Ha TpuoOope
SALD-2201 Laser Diffraction Particle Size Analyzer
(SHIMADZU, SIlnonus).

®DyHKIMA KUCIOTHOCTH NMOBEPXHOCTH (H) 06pas-
OB HOcHTeNeH ObUia ompeneieHa meromoMm pH-me-
TPpUHU C UCIIOJIb30BAHUCM pH—MeTpa—MI/IHHI/IBOHbTMCTpa
pH-673.M co creknsHHBIM 37ekTpogoM OBJI-1M3 B
BOJHO¥ cpente, umetoteit pH, ) | B uutepsase 6.4-6.6 1o
METOJIUKE, peACTaBIeHHOM B [15].

YaenbHas TOBEPXHOCTH (S ) TIpaHyIMPOBAHHBIX
SKCTIIEPUMEHTAIILHBIX 00pa3IoB OblIa OmpesiecHa o
TEIUIOBOM JIecOpOLIMHU a30Ta MO OJHOTOYEYHOMY METOILY
Bpronepa-Ommera-Temnepa.

VcnbITanust rpaHy/IupoOBaHHBIX 00Pa3L0B HA MPOY-
HOCTB MIPH Pa3IaBIMBAHKUK «I10 TOpIy» (P ) ObLIM mpo-
BEJICHBI ¢ MOMOIIBI0 Tpubopa skcTenzomerpa MII-2C
10 METOJIUKE, ONTMCaHHOM B [17].

Omnpenenenue cymmaproro oobema nop (V) rpany-
JHPOBAHHBIX 00PA3IOB IO BIArOEMKOCTH OBLIO TPOBeE-
JIEHO C MCTIOJIb30BAHUEM BOJIbI B KAY€CTBE TMKHOMETPH-
YeCcKo KuaKkocTH [18].

Hccnenosanus pacnpenenenus o0beMa Mop Mo UxX
pa3mMepaM MPOBOAMIM METOIOM a30THOM MOPOMETPHUH.
H3otepmbl  ajcopOIuu/qecopOoum  a3ota  onpeaess-
JUCh C MCIIONB30BAHUEM YCTaHOBKH «Autosorb 6iSA»
(Quantachrome Instruments, CILIA) nocne nerazanuu
o0Opa3noB B Bakyyme mpu 250 °C B Teuenue 1 gaca.
VYnenbHas MOBEPXHOCTb, YACTbHBIA 00bEM TOp (3aro-
HEHHE MOp aJcopOaToM MPH €ro OTHOCHUTEIILHOM JIaBlie-
HUU = 1) ¥ cpenHnil 3QPEKTHBHBIN pa3Mep Mmop orpe-
JEISUTUCh METOJIOM TeOpuHd (DYHKIIMOHANA TUIOTHOCTH
(DFT — density functional theory) [16].
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Jliis ompeiesieHHust OTHOCUTEIBbHON aKTHBHOCTH 00-
pasIoB HOCUTEJNIEH U OIICHKU TaKUM 00pa3oM MepCIeK-
TUBHOCTH TTOJYYCHHS HA MX OCHOBE d(P(hEKTHBHBIX KHUC-
JIOTHBIX KaTaln3aTOpOB N30MEPU3AINH, B COOTBETCTBUU
¢ pexomenaanusamu [ 19], mpoBoAMIIM TECTOBBIC UCTIBITA-
HUSI B PEAKIMU U30MEpU3aluu H-OyTaHa MO METOAUKE
HII® «OJIKAT». VicipITanust IPOBOAMIIN TIPH 3arPy3Ke
HOcHTeNs KaTanuzaropa 3.0 cM® mpu CIEAYIOMIHX yC-
JOBUSX: TEMIIEpATypa Ha BXOJE B PEaKTOP COCTABISLIA
75 °C, oObeMHast CKOPOCTh NoJa4u H-OyTaHa (B pacueTe
Ha JKUJKOCT) — 1 4!, MonbHOE oTHOIIEHHe H, : u-OyTtan
MOJIIEPKMUBAJIOCH paBHBIM | : 1. AHanu3 Ha coaepkaHue
M30Mepu3aTa B Ta30BOM CMECH Ha BBIXOJC U3 peakTopa
OCYILECTBIISTH METO/IOM ra3oBoii xpomarorpaduu [19].

HccnenoBanre TPOBOMMIN Ha HAyIHO-HCCIEIO-
BaTeNbCKOM OOOPYAOBaHUH, IpeJOCTaBICHHOM IH-
JKUHApUHTOBEIM ~ 1eHTpoM  Camkt-IletepOyprckoro
T'ocynapctBenHoro  TexHonorudeckoro  MuctutyTa
(Texamueckoro Yuusepcureta) u HIID « OJIKAT».

PE3VIIBTATBI 1 UX OBCYXKIEHUE

Pesynbratsl nccnenoBanus Gpa3oBoro cocraBa CHH-
TE3UPOBAHHBIX 00PA3LIOB I'MJIPOKCHIA ATIOMUHUS METO-
JIOM PEHTTeHO(a30BOTO aHAIN3a MPUBEICHBI Ha puc. 1.
Ha mpuBeneHHON peHTTeHOTpaMMe ONpenesieHbl aud-
PaKIIMOHHBIE MAKCUMYMBI, XapaKTepHBIE JJISI THIPOKCH-
JIOB aJIIOMUHHUA OaliepuTHOM U OEMUTHOM CTPYKTYPBHI.
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Puc. 1. PenTreHorpaMma CHHTE3UPOBAHHOTO 00pa3iia
Oaiiepura (¢ — GaiiepuT; + — OeMHT).
Fig. 1. X-ray diffraction pattern of the synthesized bayerite
sample (¢ — bayerite; + — boehmite).

UccnenoBanue oOpa3lnoB THAPOKCHUIA AJIOMHU-
HUs1 MeTooM JITA mo3Bonuiao KOJIMYECTBEHHO OIle-
HUTbH COAEpXkKAHME B HUX TPUTHIAPOKCHAA AJTIOMHU-
Hus OallepuTHoil cTpykTypsl. CornacHo pacuerawm,
BBIIIOJIHEHHBIM [0 IOTEPSAM MAacChl, OCAXKJIEHUE B
YCIOBHUSAX 3KCHEpUMEHTa (3a 2 u 24 4 MpOBeACHUS
IpoLecca OCAXKICHU U CTapEHUsI, COOTBETCTBEHHO)
NpPUBOAUT K oOpasoBanuio (85 + 2) macc. % Oaite-
purta. lepuBaTorpamMma IOJYy4E€HHOIO OcCajKa IpHU-
BEJl€HA Ha puc. 2.

—T
. --- TGA
TC ——DTA  TGA,mg DTA, uV

- -20

0 1000 2000 3000 4000
Bpewms, ¢ / Time, s

Puc. 2. [lepuBarorpaMmma CHHTE3MPOBaHHOTO 00pasma
Oatiepura.
Fig. 2. Derivatogram of a synthesized bayerite sample.

IIpu narpeBanuu Ha kpuBoil JITA HaOmomaroTcs
JBa PHI03PPeKTa ¢ MuHIMyMamu 1ipu 63 °C u 278 °C.
[lepBeIii U3 HUX CBsA3aH C ynajJeHUEeM GU3HYECKH aji-
copOupoBaHHOW BOABI. M3 JIUTEpaTypHBIX JaHHBIX
[9, 10, 20] uzBectHO, uTO (ha30BEIil nepexos Oaliepu-
Ta B N-Al,O, IPOUCXONUT B MHTEPBAIIE TEMIIEPATYD
250-350 °C, uTo 00BSCHSAET BTOPOH 3HAOTEpMHUUE-
CKui 3QDeKT.

Pe3ynbprarhl KOJIMYECTBEHHOW OLEHKH (ha30BOTrO
COCTaBa MPOAYKTA MPOKATUBAHNSA CHHTE3UPOBAHHOTO
nopoika 6aiiepura npu 500 °C mokaszanu copepxka-
nue 80 macc. % n-AlO, n 20 macc. % y-ALO, [14].

@pakIMOHHBIE COCTABBI TOPOIIKOB CHHTE3UPOBAH-
Horo obpasua Oaiiepura u M-AlO,, UCIONB30BAHHBIX
JUISL IPUTOTOBJIEHHS (POPMOBOYHBIX MACT, TIPE/ICTaBICHBI
Ha puc. 3, 4 u B Tabx1. 2.

Q3. %
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Particle Diameter (pm)

Puc. 3. luddepenunanpHas KkpruBas pacupeesieHns 4acTUll OpoIlKa daiiepuTa 1o pazmepam.
Fig. 3. Differential particle size distribution curve of bayerite powder.
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Puc. 4. Jlupdepennumanbhas kpupas pacnpeenenus yactull nopomika 1-Al,O, 1o pasmepam.
Fig. 4. Differential particle size distribution curve of n-AL O, powder.

Tabauna 2. ®pakuuoHHbIN cocTaB nmoponikos Oakiepura u N-Al O,

HCIIOJIb30BAHHBIX JI NPUT'OTOBJICHUA (bOpMOBO‘IHBIX nacTt

Table 2. Fractional composition of bayerite and n-ALO, powders

used for the preparation of molding pastes

Oopazen ®paxkuusa, MKM Conep:xanue, Mmacc. % IIpeodaanarommii pasmep*, MKM
Sample Fraction, pm Content, wt % Prevailing size,* pm
5 0.2-1 30.6 0.5
Ez‘;?r’;‘; 1-10 4.0 5
10-50 27.4 19
0.5-3 21.5
n-AlLO, 3-10 30.4 5
10-100 48.1 20

*HKBUBAJICHTHBIN HAMETP
*equivalent diameter

[To momyueHHbIM pe3ynbTaTaM BUIHO, YTO B MPOLEC-
Ce OCAXIICHUS B 33/IaHHBIX YCIOBHAX 00pa3yeTcs 0CaIoK
Oaiiepura ¢ pazmepom uactuil oT 0.2 1o 50 mxm. [Ipu-
4eM MpeodIaaroT YacTHIIBI pa3MepoM oT 1 10 10 MxMm
(42 macc. %). TepmooOpaboTka JaHHOTO OOpasia Mnpu
500 °C n nony4enne n-Al,O, NpUBOIUT K yBETHIEHHUIO
pasmepa yactui Jo 100 mxwm. [Ipu sToM HabmronaeTcs
YMEHbBIIICHHE KOTUYeCTBa yacTuI] ppakuu 0.5-3 MKM.

PesynbraTel mM3MepeHUil (YHKIHH KUCIOTHOCTH
MOBEPXHOCTH, YAETHHOH MOBEPXHOCTH, HapaMeTpPOB
MOPHUCTOH CTPYKTYPBI, IPOYHOCTH IPAHYJI Ha pa3IaBIiu-
BaHHE, a TAaK)KE CyMMapHOTO 00BeMa IOp TPaHyIHpoO-
BaHHBIX 00Pa310B HOCUTEJIEH MpeacTaBieHbl B Ta0. 3.

PesynwraTel ompeneneHUs MHTETPAIBLHOW Xapakx-
TEPUCTHKU KHUCIOTHO-OCHOBHBIX CBOWCTB HOCHUTENEH
CBUICTEIBCTBYIOT 00 OTCYTCTBHH BIHSHHS HCCIETye-
MBIX YCJIOBUH UX MPHUTOTOBJICHUS HA 3HAUCHHUE (PYHK-
uuu ['ammera, pasnoe H = 7.1+0.1.

C yBenuyeHueM JI0JM Mopolika Oaiieputa B popmMo-
BOYHOM Tacte (0T oOpasna 1 k obpasiyy 5) Habmronaercs
POCT 3HAYEHUH CIIENYIOMX TEKCTYPHBIX XapaKTEePUCTHK
TpaHyi HOCUTEIEH: Sy;l ot 285 110 365 M2/t Vot 0.68 o
0.76 cm’/r, P_ ot 0.6 10 2.0 MI]a.

Takue TEHIEGHIMH MOTYT OBITh OOBSICHEHBI CyM-
MapHBIM BIIMSHUEM HAa BTOPHUYHYIO MOPHUCTYIO CTPYK-
Typy ¥ TIPOYHOCTH TPaHyd CICIYIOIINX W3MEHEHHH,
KOTOpbIE TPOTEKAIOT MPH B3aMMHOHN yMaKOBKE YacCTHI]

B IIaCTax U rpaHyiax u GOPMUPOBAHUH MEKIACTUIHBIX
KOHTaKTOB, OOCCIICYMBAIONINX MPOYHOCTH ITOPHUCTOTO
Tesna. Bo-mepBeix, oT oOpasna 1 k oOpasiy 5 yBeiauuu-
BaeTCs N0 O0Iee MEITKMX YacTHII, TO €CTh BO3pacTaeT
YHCIIO SAUHUYHBIX KOHTAKTOB Ha CIUHUIY KOHTAKTHO-
TO CEUeHUs, a TaKkKe OIS PeaKIIHOHHOCIIOCOOHBIX Ya-
CTUI (TUAPOKCHUA 110 CPABHEHUIO C OKCHAOM), TO €CTh
MTOBBIMIACTCS] YHCIO KOHTAKTOB 0o0Jiee BBICOKOH CHIIHI,
YTO B COBOKYITHOCTHU CIIOCOOCTBYET YBEIMUYEHUIO TIPOU-
HOCTH M YMEHBIIICHHUIO pa3Mepa mop. Bo-BTopsix, poct
COZIEPIKAHUS BBITOPAIOIIEH T00aBKH — MOJUBHHUIOBOTO
CTIHPTa MPHUBOIHUT K (POPMHUPOBAHHIO TOTIOTHUTEIHEHOTO
00beMa BTOPUYHBIX MOP, YTO BIIEUET 32 COOOU pOCT CyM-
MapHOro 00bema 1nop ¥, ¥ CHUKEHNE MPOIHOCTH.

JlanHble 0 pacnpeneseHur oObeMa Mop Mo ux pas-
MepaM, paCCUUTAaHHBIC U3 HHTETPAIBHBIX U Ju(epeH-
LUATBHBIX KPHUBBIX, MOIYYCHHBIX M3 PE3YIBTATOB a30-
TOIIOPOMETPHH, TIPUBEICHBI B TA0M. 4.

Mo npuBeneHHbIM B TalI1. 4 pe3yasTataM BHIHO, YTO
yBEIIMUCHHE J0JTK Oalieputa B OPMOBOYHOM MMacTe MpH-
BOJIUT K CMEIIECHUIO TPe00Iajiaroniero pasmepa mop d_
B nuanazone 3—10 am ot 4.6 10 3.7 HM U HEKOTOPOMY
yBenmuenuio ux oovema ot 0.12 mo 0.14 cv’/r. M3mene-
HUE THUX ITOKa3aTelNeil COMPOBOKIACTCS BO3PACTAHHEM
IUIOIIAIN MOBEPXHOCTH MOP Kak B auamna3one 3—10 HM,
TaK ¥ «KCyMMapHO» Syﬂ 00pa3oB HocHuTeNeH (CMOTpPH-
Te Tabn. 3 u 5). OxpHoBpeMeHHO Habmomaercs (Tabim. 4)
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Taoanma 3. CoiicTBa 00pa3IoB HOCUTEICH
Table 3. Properties of carrier samples

XapakrepucTuKa Oopazen Hocuteas™ / Sample No.
Characteristics 1 2 3 4 5
DyHKIUS KNCTIOTHOCTH MOBEPXHOCTH H||
Surface acidity function H 71 71 71 7.0 7.2
YiiesnbHas NOBEPXHOCTE S, m2/r 285 290 300 310 165

Specific surface S_, m*/g

Cymmapnsrii o6bem mop ¥, eM’/r
Total pore volume V,, cm’/g

0.68 0.70 0.70 0.74 0.76

IpenenbubIii 06beM COPOIMOHHOTO IIpocTpancTsa W, cm®/r
Maximum volume of sorption space W, cm®/g

0.24 0.25 0.26 0.32 0.37

O6wem makporiop V=V, — W, cm’/r
Macropore volume le:m =V, W, emg 0.44 0.45 0.44 0.42 0.39
ITpoyHocTs Ha pa3naBnuBanue «mo Topiy» P_, MIla 06 07 1.6 20 20

Strength P_, MPa

HacebinHas mwioTHOCTb A, r/cm?
Bulk density A, g/cm?

0.57 0.57 0.54 0.54 0.53

*[IpencraBieHHbie B Ta01. 3 00pa3iibl OTIMYAKOTCS COCTAaBOM (POPMOBOUHBIX MACT: OT 00pasia | K 5 MOBBIIIAETCS COIEpIKaHKE

nopoiika rujgpokcuaa ot 20 qo 100 macc. % (B nepecuere Ha Al O.) ¥ MOJUBUHUAIIOBOIO CIUPTA (B 3aBUCUMOCTH OT COJIEPIKAHMS
273

NOpOIIKa THAPokcua) — B auanasone ot 0.0054 1o 0.027 r IBC na 1 r A1,0, B mucnepcHoii dase, 4T0 COOTBETCTBYET COAEPIKa-

auro [1BC B popmoBouHoii macte ot 0.4 1o 1.8 macc. %.

*The composition of the molding pastes differs for the samples presented in Table 3: from sample 1 to 5, the content of hydroxide
powder increases from 20 to 100 wt % (with regards to A1,0,) and the amount of polyvinyl alcohol (depending on the content of
hydroxide powder) increases from 0.0054 to 0.027 g of PVA per 1 g Al O,, corresponding to a PVA content of 0.4 to 1.8 wt %.

HEKOTOpOE yBeIWYeHHe MpeodiIalamux pa3MepoB
u 00beMOB TOp Oojee KPYMHBIX pPa3HOBHIHOCTEH, a
MMEHHO: Me30mop B uHTepsane 10-50 um (d ot 27.4
no 31.5 am n Vnop (0-s0) OT 0.16 mo 0.24 cM*/r) u op B
unrepsaie 50-80 um (d ot 65.2 10 77.8 HM u VHOp 50.50)
or 0.08 10 0.16 cM*/r). DTO OTpakaeT W3MEHEHHS, TIpe-
JKJIe BCET0, BO BTOPUYHON MOPUCTON CTPYKTYpE IPaHyIl
U MOXET OBITh OOYCJOBJICHO BIHSHUEM COACPIKaHUS
BhITOparomeil nodasku — [IBC (cMotpute Tabdm. 3 u 5).

W3zotepmsl ancopOuuu-necopOounn a30Ta CHHTE3U-
POBaHHBIX HOCUTEJIEH MpeACTaBICHBI HA PHC. 5.

Bce m3orepmbl copOIum 0Opas3IoB HOCHUTENCH,
MIPU HEKOTOPOM KOJMYECTBEHHOM Pa3JIMUUM B BEJU-
YUHAX acOPOLNU, JOCTUTAEMBIX IIPH ONPEAeTICHHBIX
3HAYEHUSIX OTHOCHUTEIBHOI'O JaBJIEHUS P/PO, (rne P u
P, — paBHOBECHOE JIaBJIECHUE U JIABJIEHUE HACHINIEH-
HBIX MTapoB ajcopbara mpu Temiepatype aacopommn),
UMEIOT OJWHAKOBYIO (hopmy. ['mcTepe3ucsr Bcex 00-
pas3noB MOryT ObITh OTHECEHBI K TUNy H3, nmsa koto-
poro, KaK MpaBUJIO, XapaKTEPHHI MIEJIECBUIHBIC TOPHI
C TIOYTH TUIOCKOMApaJIeIbHBIMU CTEHKaMHU. AcopO-
[IUOHHBIC BETBH ITUX M30TEPM UMEIOT TUIUIHYIO IS
Il Tuna mo knmaccudukanuu bpynayspa dopmy, uto
CBHJICTEIHCTBYET O HAJTHMYHH ITOJTHMOICKYIIPHON af-
copbiuu. Ha necopOLMOHHEIX ke BETBIX OTCYTCTBY-
IOT TOPU30HTAIBHEIC YIACTKH, a TOJIOKCHIE HIDKHEH
TOYKHU METIM THCTEepe3nca, He 3aBHUCSIIEe OT TEKCTY-
pBI 00pasma, a 3aBUCsLIee OT MPUPOABI ancopOTHBA,
COOTBETCTBYET 3Hauenuto P/P = 0.40 [16]. Tekcryp-
HBIC XapaKTEPHUCTHKU CHHTE3UPOBAHHBIX HOCHTEICH

MpPUBEICHBI B TaOl. 5, aHaIW3 IaHHBIX KOTOPOW CO-
IJ1IaCyeTCsl C BbIIIECKA3aHHBIM.

Takum 06pa3om, KCXOs U3 HAOTIOACHUN MTPHU IKC-
TPYAHPOBAHUU (POPMOBOYHBIX IACT, MOXHO CHENIaTh
BBIBOJ, YTO MIPUMEHEHHUE MOJHMBUHUIOBOTO CIIUPTA B
KayecTBE KOMIIOHEHTa AUCIEPCUOHHON cpelbl BeeT
K CHIDKCHHMIO CTEHEHHU pPa3zkIKEHHUs (hOPMOBOUHOI
acThl IPH JSKCTPYIUPOBAHHWH 3a CUET OOBOIAKHBA-
HUA yacTull OailepuTa, TEM CaMbIM MPEMSITCTBYET BbI-
JEJIEHUI0 KOJIJIOMAHO-CBSA3aHHON BOABI U IO3BOJISET
nosry4yars rpanyisl N-Al,0,-nocurens. Ilpumenenne
MOpOILKa OKCHJAA aJIOMHUHHUS NPU HPUTOTOBICHUU
(hOPMOBOUHBIX HACT MO3BOJISAET, B U3BECTHBIX Mpefe-
Jax, peryaupoBaTh HOPUCTYIO CTPYKTYpy HoJlydae-
MBIX HOCHUTEIEH.

Pesymeratel TecTrpoBaHUS 00pa3OB HOCHTENCH B
PEaKIUK HU3KOTEMIIEpaTypHOIl n30Mepu3anuu H-OyTaHa
TpecTaBiIeHsl B Ta0. 6. B kauecTBe o0pasia cpaBHEHUS
HCIIOJB30BaH HOCUTENb Ha ocHOBe M-Al,O,, nomy4en-
HBI U3 TOPOIINKA THAPOKCHIA ATIOMUHHS OalepUTHON
cTpykTypsl pousBozacTBa Pural BT (Sasol, 'epmanus).

W3 momydeHHBIX pe3yNbTaToOB WCIBITAHUH 00-
pas3IoB HOCHUTEIECH B PEAaKIMU HHU3KOTEeMIIEpaTypHOMN
n30MepHu3anuu H-0yTaHa BHUIHO, YTO HE3aBHUCHMO OT
COOTHOIIEHUS TPUMeEHsIeMBIX Oaiieput- u Al O,-conep-
JKAIIUX KOMIIOHEHTOB IMPH IIOJyYECHUH HOCHTENEH, 00-
pasIbl UMEIOT JOCTAaTOYHO BBHICOKYIO U COIIOCTaBUMYIO
CEJIEKTUBHOCTH C ATAJIOHHBIM 00Pa3IIOM U ITEPCIIEKTUB-
HBI TIPY TIOJIyYEHUH KaTaJIN3aTOpOB HU3KOTEMIIEparTyp-
HOI M30MepHU3aLuu yIIIeBOIOPOIOB.
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Taoauuna 4. Pacipenenenne o6beMa 1 TUTOIIAAN TIOBEPXHOCTH TTOP 10 pa3Mepam
Table 4. Size distribution of the volumes and surface areas of pores

Juana3oH pazvepa 1op, HM
Oo6pazen XapakTepucTuka Range of pore size, nm
Sample No. Characteristic
3-10 10-50 50-80
max’ HM
. nm 4.6 27.4 65.2
O6bem 1op, cM’/T
! Pore volume, cm’/g 0.12 0.16 0.08
[Lnomans NOBEpXHOCTH, M2/T
Surface area, m*/g 130 90 5
max’ HM
o M 4.4 30.5 67.2
Oo6beM mop, cm*/t
2 Pore volume, cm’/g 0.12 0.16 0.08
ITromaap MOBEPXHOCTH, M%/T
Surface area, m*/g 130 95 5
d_ ., HM
.nm 3.9 31.5 69.2
O6bem mop, cM>/T
3 Pore volume, cm®/g 0.12 0.18 0.14
[lnomans HOBEpXHOCTH, M>/T
Surface area, m*/g 100 125 10
dmax’ HM
oM 3.9 31.5 71.3
O6bem 1op, cM*/T
4 Pore volume, cm’/g 0.13 0.21 0.15
[Lnomans NOBEpXHOCTH, M>/T
Surface area, m*/g 110 150 10
d_ oM
o M 3.7 31.5 77.8
Oo6beM mop, cm’/t
> Pore volume, cm’/g 0.14 0.24 0.16
ITromaap MOBEPXHOCTH, M%/T
Surface area, m*/g 215 155 10

Tadnauua 5. CoxHas TabIUIIA JAHHBIX O TIOPUCTOM CTPYKTYPE CHHTE3UPOBAHHBIX HOCHUTEIEH,
HCCJICIOBAHHBIX METOJIOM a30THO# mopomeTpuu npu 77 K Ha ycranoBke «Autosorb 6iSA»
Table 5. Summary data table of the porous structure of synthesized carriers

studied by nitrogen porosimetry at 77 K using an Autosorb 6iSA unit

OnpenesieMblii mapameTp

Oo6pa3ubl HocuTeneii / Sample No.

Defined parameter 1 2 3 4 5
VienbHast OBEPXHOCTh, M2/T
Specific surface, m¥g 230 240 250 275 380
O6beM mop, cM>/T
Pore volume, cm®/g 0.39 0.48 0.38 0.54 0.53
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Puc. 5. Uzotepmsr agcopOmmm-aecopomwm azora pu 77 K cuHTEe3MpOoBaHHBIX 00pa3oB HOCHTENEH
(mdpamu Ha rpadukax 0003HAYESHBI HOMEpa MCCIeTyEMBIX 00pa3IoB).
Fig. 5. Nitrogen adsorption-desorption isotherms at 77 K for synthesized carrier samples
(the numbers on the graph corresponds to the sample number).

Tadsmna 6. Pesynbrarsl ncnbiTaHud 00pa310B HOCUTENEH
B PeaKIy HU3KOTeMIIepaTypHOH U30MepH3aluy H-OyTaHa

Table 6. Test results of the carrier samples
for the low-temperature isomerization reaction of n-butane

Iloka3atejib AKTHBHOCTH SRy Y BN
Ao AT Sasol
Activity indicator 1 3 4 5

I'my6una uzomepuzamuu 7, %
Depth of isomerization , % 17.0 20.5 20.9 21.3 21.4 21.8
Kousepcus n-6yrana K, %
Conversion of n-butane K, % 17.5 21.2 21.6 22 22.1 24.3
CenekTuBHOCTE S, %
Selectivity S, % 94.5 94.8 953 95.3 95.6 94.4
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VYBenuueHnue joau Oaiieputa B HOpPMOBOUHOM ma-
CTE MPUBOIUT K POCTY BCEX PETUCTPUPYEMBIX MMOKa3a-
TeNel mporecca H30MepH3aIiy H-0yTaHa. ITO MOXKET
OBITH OOYCJIOBIIEHO KaK POCTOM Y/EJIbHON MOBEPXHO-
CTH 00pa3IoB HOCHUTENICH, TaK M yBEJIMYCHHEM OO0be-
Ma KpYIHBbIX Me3omop B auanazone 2040 M. Takum
obOpazom, oOpasel 5 obecrieyuBaeT HAUOOJbIINE 3HA-
YCHUSI CEJIEKTUBHOCTH W KOHBEPCHU B IPOBOIUMOM
mporiecce.

3AKJIFIOYEHUE

HccnenoBano BnmsiHME YCIOBHH (POpMOBAHUS
N-aJIOMOOKCHIHBIX HOCHUTENIeH KaTajau3aTopa HH3KO-
TEMITepaTypHON M30MEpHU3aIlMu Ha UX TEKCTYpPHBIC Xa-
PAKTEPUCTUKHU U KATAIMTUYECKYIO aKTUBHOCTD.

OmnpeJernieHo, 4To B Ipoliecce OcaxaeHus daiiepu-
Ta U3 pacTBOpa HUTpaTa aJIIOMHHHMS aMMUAKOM B pa-
Hee 000CHOBaHHBIX ycloBUsX [14] oOpasyeTcst ocajok
¢ pazmepom uactuil oT 0.2 g0 50 MM, a ganbHEHIIas
TepMoobpadoTka obpasia npu 500 °C mpuBOIUT K yBe-
JUYeHUI0 pa3mepa vactuil 10 100 Mkm.

YcTaHOBIIEHO, YTO MPUMEHEHHE TTOJIMBHHHIIOBOTO
CIIUPTa B KaueCTBE KOMIIOHEHTa TUCIEPCUOHHON cpe-
I OPMOBOYHBIX MACT U3 MOPOIIKA OaliepuTa MpUBO-
JIUT K CHIDKEHHUIO CTENIEHH BBIJEJICHUS KOJUIOUIHO-CBS-
3aHHOM BOJIBI M3 MEKCIIOEBOTO IPOCTPAHCTBA DaiiepuTa
U 00ecreynBaeT BO3MOXKHOCTH MOJIYUEHHsI TpaHysl
N-Al,O, METOIOM IIHEKOBOW IKCTPY3HH.
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I'panysner n-Al,O,-HOCHUTENS, MOMYYEHHBIE SKCTPY-
JUPOBAHUEM MAacT u3 nopouika 6aitepura ¢ [IBC, umeror
CIIEYIOINE TEKCTYPHBIC XapaKTePUCTUKH: Sy;l =365 M/,
V., =0.76 em’/r, W = 0.37 eM'/T, meo = 0.39 cM/1, mexa-
HUYeCcKast povHocTs P = 2.0 Mna. Beenenne B popmo-
BOYHBIE TAcThl U3 OaifepuTa, miactdunmposanHbie [1BC,
nopouika N-Al,O; B Ka4ecTBE IeTEPOreHHON J00aBKH 10~
3BOJISIET PETYAUPOBATH IOPUCTYIO CTPYKTYPY MOTyYaeMbIX
HocHuTenen. VX TeKCTypHbIE XapaKTEPUCTUKH MEHSIOTCS.
INoBbIIeHrE MacCOBOH J0IM TMOPOIIKA B CMeCH ¢ Oaifepu-
toM 70 80 macc. % TPUBOAUT K YMEHBIIICHHUIO Sy}1 o
285 m/r, V, 1o 0.68 em’/r, W j10 0.24 cm’/r, yBeuyeHuio
Vmaxpo 10 0.44 cM>/r, omHaKo, TIPY 3aMETHOM CHIKCHHH Me-
XxaHu4eckor npounoctu P jio 0.6 MIla. Yeenuuenue co-
JepyKaHusI TIONMBUHIIIOBOTO CITPTa B (POPMOBOYHOM TTacTe
ot 0.4 10 1.8 macc. % corpoBoXkIaeTCs CMEIEHHEM MPeod-
JIa/IAfOIIIEro pasMepa BTOPUYHBIX TIOP B OONBIITYIO CTOPOHY
B auana3zoHax ux 3HadeHuit 10-50 u 50-80 um.

Ha ocHOBaHMM IIPOBEICHHBIX UCIIBITAHUN HOCUTE-
Jeil B MOJICIBHOM TIpoliecce M30MepU3aliy H-OyTaHa
BEISIBIICHO, YTO MOJYYCHHBIC OOpAas3Ibl aJIOMOOKCHI-
HOTO HOCHTENS, OTIMYAIOIIUECS COOTHOIICHHUEM HC-
XOJIHBIX OalepuT- u A1203—c0nep>1<a1u1/1x KOMIIOHEHTOB,
HMEIOT TPUOJIIM3UTENFHO OJWHAKOBYIO M JIOCTATOYHO
BBICOKYIO CEIIEKTUBHOCTD W TIEPCIICKTUBHEI B KaueCTBE
HOCHUTEJICH KaTalln3aTopoB HU3ZKOTEMIIEpaTypHOU H30-
MEpH3alNHU YIICBOIOPOIOB.
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Quantification of polysorbate 80 in biopharmaceutical
formulations implementing an optimized colorimetric approach
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Objectives. We hereby describe an improvement of a previously developed quantification
technique for polysorbate 80 in biopharmaceutical formulations (darbepoetin alfa and eculizumab)
and report the validation of the new approach.

Methods. Polysorbate was isolated from analyte samples by protein precipitation using an
organic solvent, followed by supernatant evaporation in vacuum. Polysorbate was derivatized
using a ferric thiocyanate reagent and extracted into an organic phase; the relevant optical
density measurements were performed.

Results. We established the optimal conditions for each step of the analysis procedure. The
accuracy was 97-102% in the tested analytical range, the relative standard deviation did not
exceed 5%, and the limit of quantification was 0.01 mg/mL.

Conclusions. The reported approach is highly sensitive; polysorbate isolation and quantification
do not depend on the matrix or, most importantly, the protein.

Keywords: validation, darbepoetin alfa, eculizumab, polysorbate, precipitation, ferric thiocyanate.
For citation: Seregin A.S., Orlova N.V., Askretkov A.D., Zybin D.I, Seregin Yu.A. Quantification of polysorbate 80 in
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2020;15(3):70-77. https://doi.org/10.32362/2410-6593-2020-15-3-70-77

Omnpenesienue nosmcopoara 80 B OnopapmManeBTHuecKux Mmpenaparax ¢
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Ilenu. B OoaHHOU pabome 6bLna ycogepuleHCmeo8aHa paHee paspabomaHHass memooukKa
onpedenieHust noaucopbama 80 8 buomexHosiozuuecKUx npenapamax (0apbsanosmuH ansvga,
aKkyausymab), a maxrke npogedeHa ee 8aUOAYUUSL.

Memoowut. [Tonucopbam ussrekaiu us npobbl ocarkoeHuem 6eaKa opeaHuUeckKum pacmeopume-
Jlem, 3amem 8blnapueanu cynepHamaHm 8 saxyyme. Ilonucopbam depusamusuposaniu onmu-
MUBUPOBAHHBIM IKENE30—MUOUUAHAMHBIM PedzeHmoM; 0epusam 9KCmpazuposaiu 8 ciol opea-
HUUYeCK020 pacmeopumeJisi U U3Mepsiiu ONMUUEeCKyt NA0MHOCMb.

Pesynomamet. Buui YCcmaHOo8/eHbL ONMUMAIbHblLE YCaA08USL Ot KAXKOOU cmaduu memoou-
Ku. IIpasunbHocme Haxooumest 8 ouanasoHe cmeneHu useneuerus 97-102%, omHocumesbHoe
cmarnoapmHoe OmKIoOHeHUe cocmaeasisiem He bonee 5%, npedes KoauuecmeeHHo20 onpeodeneHust
memoouru 0.01 mz/ man.

Buleooust. [IpedcmasnieHHas MemoouKa umeem eblCoKY uyecmeumenbHocms. Hseneuernue u
onpeodesieHue noaucopbama He 3a8Ucsm om mampurkca hpobsl — nperkoe acezo, 0mM NPUCYMCmay-
rowezo benka.

Knroueesle cnoea: sanuoayust, 0apbanosmuH anegpa, sKyausymab, noaucopbam, ocarxoeHue,

muoyuaHam sxkesiesa.

Jlna yumuposanus: Seregin A.S., Orlova N.V., Askretkov A.D., Zybin D.I., Seregin Yu.A. Quantification of polysorbate 80
in biopharmaceutical formulations implementing an optimized colorimetric approach. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2020;15(3):70-77. https://doi.org/10.32362/2410-6593-2020-15-3-70-77

INTRODUCTION

Polysorbates (PSs), especially polysorbate 20 (PS20)
and polysorbate 80 (PS80), are very common surfactants
in biopharmaceutical formulations, due to their low
toxicity, reasonably low cost, and high efficacy at low
concentrations. The addition of PSs to biopharmaceuticals
affords a mitigation of protein adsorption, denaturation,
degradation [2], and aggregation [3, 4] that may occur
in stress conditions, such as agitation [5], freeze—thaw
cycling [6], and contact with an air—water interface in
the course of downstream purification and storage [7]. In
the course of biopharmaceutical downstream production
and storage, PS concentration can significantly change
because they tend to be adsorbed onto surfaces and
filter membranes, so the target PS concentration, which
ensures protein stability, in intermediate downstream
products, drug substances, and drug dosage forms
must always be maintained. Therefore, in this context,
access to a simple and relatively fast method for PS
quantification is a necessity.

PSs are characterized by heterogeneous structures, a
lack of chromophoric groups, and a low tendency to bind
proteins [8, 9], so PS analysis is not a very straightforward
proposition. Numerous analytical methods have
been developed, including high-performance liquid
chromatography relying on spectrophotometry [10, 11],
mass-spectrometry [12], evaporative light scattering
[9], fluorometry [13], or gas chromatography [14] for
analyte detection. In these approaches, laborious and
time-consuming sample pre-treatment procedures, such
as alkaline or acidic hydrolysis, solid-phase extraction,
and protein removal, are usually required to obtain

reliable analytical results. Notably, complex sample pre-
treatment procedures represent a challenge also from the
standpoint of possible mistakes in experiment execution.

Since PSs are, in fact, a group of closely
related molecules lacking a well-defined structure,
their properties and chemical composition may
differ substantially from batch to batch. Therefore,
quantification methods that detect only some PS
components—e.g., oleic [10-12] or lauric acid, total
fatty acid content [9, 13], or ethylene glycol released
through hydrolysis [14]—often provide imprecise data.
Conversely, the results of detection methods that rely
on the ability of PSs to form micelles are not affected
by PS batch-to-batch variability or even by the use of
PS samples supplied by different manufacturers. A
commonly used analytical approach is colorimetry,
which is based on the formation of complexes between
PSs and iron, cobalt, or molybdenum thiocyanates
[15, 16], followed by extraction of the said complexes
into an organic solvent. Exploitation of the formation
of a polysorbate—iodine—starch complex has also
been suggested for PS quantification [17]. Another
possible analytical technique is based on the inclusion
of a fluorescent dye into PS micelles, followed by
fluorescence detection and quantitation [18, 19].

The aim of this work was to develop an optimized
spectrophotometric method for PS quantification that
relies on PS reactivity with ferric thiocyanate, so as to
improve the previously described technique [1]. We also
report the validation of PS80 analysis in the presence of
darbepoetin alfa and eculizumab, the drugs that appeared
to interfere with the results of the analysis performed
with the previously developed approach [1].
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MATERIALS AND METHODS

Chemicals and reagents

All reagents (analytical grade) were purchased
from Sigma-Aldrich, USA. Biopharmaceuticals were
drug substance solutions (or active pharmaceutical
ingredients) of darbepoetin alfa and eculizumab, both
manufactured by PHARMAPARK, Russia.

Assay procedure

The eculizumab drug substance, normally
containing a PS80 concentration of 0.02%, was diluted
five-fold before analysis. Conversely, the darbepoetin
alfa drug substance, containing 0.005% PS80, was
analyzed without dilution.

In detail, 1000 pL of acetone was added to 400 puL
of standard (0.002-0.008% PS80 solutions in ddH,O)
and sample solutions. The contents were briefly mixed
and centrifuged at 10000 rpm for 10 min in a 5417C
centrifuge (Eppendorf, Germany). Subsequently, 1000 puL
of each supernatant was placed in a fresh tube and the
solvent removed by evaporation on a vacuum rotary
evaporator RVC2-18HCL (Martin-Christ, Germany) for
2 h at 25°C. The dried samples were dissolved in 100 pL
of 2 M sodium chloride. To the obtained solutions were
then added 400 pL of freshly prepared derivatization
reagent, which consists of equal volumes of 1 M iron(I11)
chloride and 6.4 M ammonium thiocyanate. Finally, 500 uL
of dichloromethane (kept at —20°C) were added, and the
capped tubes were vigorously shaken for 5 min using a
Bullet Blender BBX24 (Biostep, Germany). The tubes
were then subjected to centrifugation at 10000 rpm for
10 min at room temperature. The optical density (OD) of
the lower phase (the organic solvent layer) was measured
at 510 nm on an Ultrospec 7000 instrument (General
Electric, USA) against a blank consisting of deionized
water. The concentrations of PS80 were determined by
linear regression using a calibration curve obtained with
the standard samples.
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Validation

All validation procedures were carried out
in accordance with the State Pharmacopeia of the
Russian Federation (14th edition) and the ICH Q2(R1)
guidelines. Specificity, linearity, analytical range,
precision, accuracy, limit of detection (LOD), and limit
of quantification (LOQ) were all evaluated.

RESULTS AND DISCUSSION

Specificity

To evaluate the analytical technique’s specificity,
we used pre-formulated PS-free protein substances of
darbepoetin alfa and eculizumab that were characterized
by concentrations of 2.1 and 15.1 mg/mL, respectively.
The values of the optical density of these solutions,
OD_ . ,werecompared with the OD of the PS80 standard
solution at the LOQ (ODLOQ), 0.01 mg/mL. The matrix
interference (MI) index can be used to quantitatively
appreciate interference from sample matrix on method
specificity. MI was calculated by the following equation:

Mlzmxloo%

LOQ

For darbepoetin alfa, the MI was 12.9%, and for
eculizumab it was 15.1%. Both values did not exceed the
MI limit of 20% [15].

Linearity

The relationship between the OD and PS80
concentration was evaluated forfive PS80 concentrations
in the 0.02—0.08 mg/mL range—each in triplicate. The
calibration curve thus obtained is reported in Fig. 1la,
and the residuals’ plot (the plot of the deviation of the
actual data points from the regression line) is reported
in Fig. 1b.
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Fig. 1. Regression of the optical density vs. the concentration of polysorboate 80 (a).
Residual values of the optical density plotted against polysorbate 80 concentration (b).
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As can be evinced from Fig. 1a, the value for the
correlation coefficient R? of the regression of the OD vs.
PS80 concentration is 0.9966. Based on this high value
and the fact that the residual values (reported in Fig. 1b)
do not depend on PS80 concentration, we conclude that
the method meets the linearity criterion.

Accuracy

For the estimation of the method’s accuracy,
darbepoetin alfa and eculizumab solutions, initially
PS80-free, were spiked with PS80 to reach the final
concentration of 0.02, 0.05, and 0.08 mg/mL, in
the case of darbepoetin alfa, and 0.08, 0.20, and
0.36 mg/mL, in the case of eculizumab. After PS80
quantification (as described), the recovery rate at every
concentration was calculated. In the case of darbepoetin
alfa, the recovery rate remained in the 98—102% range
for all concentrations; in the case of eculizumab, the
corresponding range was 97-100% (Table 1). The
recovery results for both drug substances were thus
narrowly scattered around the 100% value, and no
sample exceeded the recovery range limit of 85-115%j;
within this range, the values are considered to be free
of systematic error and provide true PS80 concentration
for the tested samples).

Repeatability and precision

The analytical technique’s repeatability was
assessed using the data of the linear regression (n = 3).
The relative standard deviation (RSD) was calculated
for each concentration. Since protein precipitation

could affect PS80 extraction and alter analysis
results, commercial samples of darbepoetin alfa and
eculizumab (already containing 0.05 and 0.2 mg/mL
PS80, respectively) were also analyzed (n = 6). For
the evaluation of the intermediate precision, the same
analyses were conducted in two additional replicates,
and the RSD values of overall PS80 concentrations for
each sample were compared. The relevant data are listed
in Table 2. In the case of no sample, the repeatability
limit of 5% or intermediate precision limit of 8% was
exceeded.

LOD and limit of quantification

The LOD and LOQ values were determined using
the standard deviation of the response, and the slope
of the calibration plot. The LOQ was determined to be
0.010 mg/mL and the LOD 0.003 mg/mL.

Robustness

In order to evaluate the analytical method’s
robustness, we analyzed the effect of varying the
following parameters (the usual value is shown in bold):

—evaporation temperature (25, 30, and 35°C);

—derivatization time (2, 5, 10, and 20 min).

Standard solutions of PS80, as well as darbepoetin
alfa and eculizumab drug substances spiked with
PS80, were analyzed. The recovery of eculizumab and
darbepoetin alfa was used as robustness criterion. One
should expect PS80 concentration differences of no
greater than 8% compared with the results obtained
using standard procedure.

Table 1. Accuracy estimation

T eoncentration. g, Concentration. mgmL, | Recovery rate, %

0.0202 101

0.02 0.0198 99

0.0196 98

0.0512 102

Darbepoetin alfa 0.05 0.0505 101
0.0511 102

0.0810 101

0.08 0.0817 102

0.0814 102

0.0802 100

0.08 0.0794 99

0.0788 99

0.1936 97

Ecuizumab 0.2 0.1952 98
0.1930 97

0.3531 98

0.36 0.3597 100

0.3553 99
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Table 2. Repeatability and intermediate precision

Sample RSD of repeatability, % RSD of intermediate precision, %
0.020 26 (n=3) 2.7
0.035 34(n=3) 3.1
PS80, mg/mL 0.050 1.6 (n=3) 1.8
0.065 1.2(n=3) 2.0
0.080 1.4(n=3) 2.1
Darbepoetin alfa, 2.1 mg/mL 25(m=06) 3.4
Eculizumab, 16.2 mg/mL 4.6 (n=16) 5.2

Note: PS80: polysorbate 80; RSD: relative standard deviation.

When the evaporation temperature was elevated
to 35°C, no effect was observed on the recovery of
darbepoetin alfa and eculizumab. However, the recovery
RSD value increased two-fold at this temperature with
respect to the 25°C case, which could be explained by an
increased rate of evaporation, splashing, and/or partial
loss of the sample. Changes in the derivatization time
did not have much impact on the recovery of the drug
formulations either. Notably, implementation of a 2-min
derivatization resulted in a decrease of the samples’ OD.

Subsequently, the stability of the polysorbate—iron
thiocyanate complex was monitored for 1 h. The PS80
standard and darbepoetin alfa drug substance samples
spiked with PS80 (at 0.02, 0.05, and 0.08 mg/mL final
concentrations) were analyzed at five time points: 10,
20, 30, 40, and 60 min. Between measurements, the
solutions were stored in polypropylene tubes at room
temperature. In Fig. 2 is reported the graph whereby the
OD is plotted against the incubation time. The OD values
did not differ from the initial value by more than 8% over
the 1-h period, for any sample.

1.5

513 —_— 5
—g 1.1

= b

é 0.9 © PS80 standard 0.05 mg/mL
7 © DEPO 0.05 mg/mL

= . ° ° ° °
% 0.7 PS80 standard 0.02 mg/mL
— DEPO 0.02 mg/mL
Sos @ PS80 standard 0.08 mg/mL.
=3 © DEPO 0.08 mg/mL
503
0.1
0 20 40 60 80

Incubation time before analysis, min

Fig. 2. Effect of incubation time on the optical density
of polysorbate 80 (PS80) standards at different
concentrations and darbepoetin alfa drug substance
samples spiked with PS80 to the specified final
concentrations (DEPO).

Analytical range

We have established the linearity, accuracy, and
precision of our technique to determine the concentration
of PS80 in the 0.02-0.08 mg/mL range. Therefore,

evidence indicates that the PS80 analytical range is
0.02—0.08 mg/mL when darbepoetin alfa is present.
However, we need to note that eculizumab was diluted
five-fold before analysis in all experiments; therefore, in
this case the PS80 analytical range is 0.1-0.4 mg/mL.

Selection of the derivatization reagent

PS80 is able to form colored complexes with
thiocyanates of transition metals, especially iron(III),
molybdenum(V), and cobalt(Il). Notably, PS80—metal
thiocyanate complexes are soluble in organic solvents
[16]. In non-polar organic solvents, furthermore, all
these complexes display absorbance peaks in the UV-Vis
spectrum. The PS80—cobalt(Il) thiocyanate complex
displays two UV-Vis peaks, at 320 nm (higher intensity)
and 620 nm; PS80-molybdenum(V) thiocyanate
displays two peaks, at 323 and 475 nm; and PS80-
iron(IIl) thiocyanate displays one peak at 510 nm. The
extinction coefficients of the peaks just listed decrease
in the following order: Fe (510 nm) > Co (320 nm)
> Mo (323 nm) = Mo (475 nm) > Co (620 nm). As we
previously discussed [1], the most useful complex from
the standpoint of our analysis is iron(Ill) thiocyanate
because its detection relies on a relatively long
wavelength; it interferes minimally with the background,
sample matrix, and the presence of UV-absorbing
impurities in reagents, and it is characterized by the
highest sensitivity among the tested metal thiocyanates.

A considerable issue associated with PS80
derivatization is the high volatility of dichloromethane,
which could result in quantification errors and increased
RSD values. Attempts to replace dichloromethane with
polar organic solvents (e.g., ethyl acetate, butyl acetate,
or their mixtures with acetonitrile) have failed due to
the intense color and almost opaque appearance of the
organic layer, even in the case of blank samples, which
is caused by the high solubility of the complexes in
these solvents. However, the use of non-polar organic
solvents, such as chloroform, carbon tetrachloride,
toluene, and benzene, yielded similar results to those
obtained using dichloromethane, although analyte
sensitivity was 2—4 times lower in all these solvents than
in dichloromethane. Moreover, collecting the toluene
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and benzene layers proved difficult, since these solvents’
densities were lower than that of the aqueous layer. In
order to minimize dichloromethane volatility, we cooled
the metal thiocyanate complex solutions to —20°C before
adding them to the PS80-containing solutions.

Cuvette fouling

The measurements of the OD were carried
out in quartz cuvettes. The cuvettes’ surfaces were
noticeably stained after 3—4 measurements. In order
to lessen cuvette fouling and maintain the stability of
the colored complexes, we added 10% sulfuric acid to
the derivatization reagent [16]. In our previous report
[1], we recommended rinsing the cuvettes with 96%
ethanol and dichloromethane after each measurement,
although complete stain removal was not achieved
by this approach. In the present study, we revised the
composition of the derivatization reagent.

According to some sources [20, 21], sodium and
potassium ions stabilize polyoxyethylene complexes with
iron(IlT) thiocyanate. To investigate the effect of such
ions on PS-based complexes, we added either sodium or
potassium chloride into the derivatization reagent to the
final concentrations of 0.1, 0.4, 1.0, and 2.0 M. To estimate
the stability of the complexes in quartz cuvettes, the
absorbance of derivatized 0.4 mg/mL PS80 samples was
determined in six replicates for all sodium and potassium
chloride ion concentrations. When a derivatization
reagent containing at least a 0.4 M concentration of
either sodium or potassium was utilized, the cuvette was
observed to be much cleaner than in the case whereby the
derivatization reagent contained no sodium/potassium
ions or a 0.1 M concentration of them. We conclude that
the addition of 0.4 M sodium chloride (or potassium
chloride) is useful for preventing cuvette fouling.

Removal of proteins from PS solutions

Our previous attempt to quantify PS80 in darbepoetin
alfa and eculizumab formulations using solid-phase
extraction [1] produced ambiguous results, due to PS80
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