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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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Ienu. ITpou3go0Hble KOPUUHOU KUCSOMbL OMHOCAMCSL K OONbULOMY KAACCY (PeHONbHBLX CoOedu-
HeHUll, Komopble WUPOKO PpACNPOCMpPAaHEeHbl 8 pacmumenbHocmu U 06aadarom eblCOKUM NO-
MeHYUANOM OS5t NPUMEHEHUS 8 MeOUYUHE U npombluLieHHocmu. OHU obadarom pasiutHsulimu
npakmuuecku noJle3HbIMU ceolicmeamu, Hanpumep, AHMUOKCUOAHMHBIMU, NPOMUBO80CNANU-
MesnbHbIMU, AHMUARPE2AHMHBIMU U AHMUMENAAHO02EHHbIMU ceolicmeamu. OmoenbHblil uHme-
pec npedcmagasaiom OKCUKOPUUHbLE KUCZOMbL KAK (PeHUANPONAHOUObL, A8SI0ULUECS UCXOOHbL-
MU COEOUHEHUAMU AuUHUHA. Llenvto daHHOU pabombl sensiemcest UCCiedo8aHUe 9eKMPOHHOU
cmpyKmypsbl U AHAAU3 PEAKYUOHHOU cnocobHOCmuU npocmetiuux npedcmagumeneti (peHUnpo-
naHouoos, 06pPA3YyUUXCSL 8 npoyecce buocuHmesa: KYymapoeoil (N-0KCUKOpUUHOot), KogeliHol
(3,4-0uzudporcuropuuroii), pepynosoii (3-memorcu-4-2udpoxcuxopuuHotii), cuHanosoii (3,5-0u-
MmemoKrcu-4-2udporkcuKopuuHoii) u 3,4-oumemorcuKopuuHoil Kuciom. Omu KUC10mol s18As110m-
csi buozeHemuueckumu npedulecmeeHHUKamu 6onbuuHcmea opyaux PeHoNbHbLX CoeOUHeHUl
(KymapuHos8, MenaHUHO8, JUHUHA U (Pa8OHOUO08) U 8CMPEUAOMCSl NPAKMUUEeCcKU 80 8cex
8bICUULUX PACMEHUSLX.

Memoobst. B pamkax ozpaHuueHHo20 memooda Xapmpu Porxa u memoda 2ubpudHozo hyHKuuU-
OHAIA NIOMHOCMU ONMUMUSUPOBAHBLL Uccaedyemble mMorekyanl. Bece pacuemst npogodunuce ¢
ucnonwvzoeaHuem npozpammel Firefly.

Pesynemamet. [IpogedeH cpasHUMENbHbLU KE8AHMOBO-XUMUUECKUT pAacuem 2e0MempuuecKux
napamempos8 MoaAeKYJsl OKCUKOPUUHBLX KUCAOM 08YMS memooamu, npusedeHvl 3HaueHus 3a-
psidos Ha amomax no Mannukery. IIpu egedeHuU 2uOPOKCUNTBHBIX U MEMOKCUTbHBIX 3aMecmu-
meneil 8 M- U N-NOJIOIKEHUSL OMHOCUMENIbHO KaApOOKCUNBbHO20 (hpazmeHma Npoucxooum cmeuie-
HUe 3/1IeKMPOHHOT NJIOMHOCMU 8 CMOPOHY OEH30bH020 KObUA U, KaK credcmaeue, NOHU KeHue
cummempuu monekyavl. TaxkiKe 8 uccriedyemsvlx cmpyKkmypax umeemcest T,T-conpsarxKerue Kap-
6orxcunbHo20 ppaemerma monekysol —-CH=CHCOOH c¢ apomamuuecKum KOJbUOM, Umo cyuie-
CMBEHHO CKA3bl8AeMmCes HO 280MempuUUecKoli KOHpU2Ypayuu moneKkysl. MaxcumanoHblil NOS0HKU-
menbHbLil 3apsa0 cocpedomoueH Ha amome C,, a MAKCUMATbHBLUL OMPUUAMETIbHBLIL — HA AMOMAX
KUCIOPoOA, OMHOCAULUXCS K MEMOKCUNbHbIM 3amecmumenisim U 2UOPOKCUNbHOU epynne, umo
noomeeprkoaem posib KUCIOPOOHBLX AMOMO8 8 XUMUUECKUX NPESPAULEHUSIX KUCSIOM.

Bwieodsl. B pabome 08ymsi pasiuuHbiMu memodamu Oblil PACCUUMAHbL 2eoMempuiecKue,
S/IeKMPOHHblE U 9Hepzemuueckue napamempsl, a marKxke UHOeKCbl 31eKmpo@uibHOCMU

© 0.X. Kapumos, I'.}O. Koaunna, I''A. TenrrepeBa, U.A. YerBeprHeBa, 9.X. Kapumos, A.P. Banpernunos, 2020
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uccnedyemblx OKCUKOPUUHbLX KUCaom 8 2a308oli gpasze. IlonyueHHble 8eNUUUHBL CO2IACYIOMCSL 8
npedenax noepeutHocmeti ¢ 9KCNePUMEHMANTbHbIMU OAHHBbILMU, A MAKXKEe ONUCLIBAEMbIMU 8 PAH-
Hux pabomax npu pacuemax 0pyaumu mMemooamu.

Knroueewvle cnosea: OKCUKOpUYHblE KUCJ/IOMbl, KYmapoeast Kucsioma, K?OCI?eliHaﬂ rucsioma,
cuHanoeas Kucsioma, cpepyﬂoeaﬂ rucsaoma, dumemoxcu;copuuuaﬂ rucsoma.
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The reactivity of cinnamic acid derivatives as lignin precursors
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Objectives. Cinnamic acid derivatives belong to a large class of phenolic compounds, which
are widely distributed in plants and have high potential for use in the medical and industrial
fields. They have various useful practical properties, e.g., antioxidant, anti-inflammatory,
antiplatelet, and anti-melanogenic properties. Hydroxycinnamic acids are of particular interest
as phenylpropanoids, which are the starting compounds of lignin. The aim of this work was
to study the electronic structure and analyze the reactivity of the simplest representatives of
phenylpropanoids formed during the biosynthesis of the coumaric (p-hydroxycinnamic), caffeic
(3,4-dihydroxycinnamic), ferulic (3-methoxy-4-hydroxycinnamic), sinapic (3,5-dimethoxy-4-
hydroxycinnamic), and 3,4-dimethoxycinnamic acids. These acids are the biogenetic precursors
of most other phenolic compounds (coumarins, melanins, lignins, and flavonoids) and are found
in almost all higher plants.

Methods. Calculations with full optimization of the geometric parameters were performed using
the original Hartree—Fock theory and hybrid density functional method. All calculations were
performed using the Firefly program.

Results. A comparative quantum chemical calculation of the geometric parameters of hydroxycinnamic
acid molecules was conducted via two methods, and the values of the charges on atoms according to
Mulliken were determined. It was found that with the addition of hydroxyl and methoxy substituents
at the meta and para positions relative to the carboxyl fragment, the electron density shifts toward the
benzene ring, and the symmetry of the molecule decreases. Additionally, in these structures, there
is m,m-conjugation of the carboxyl fragment of the -CH=CHCOOH molecule with the aromatic ring,
which significantly affects the geometric configuration of the molecule. The maximum positive
charge is concentrated on the C, atom, while the maximum negative charge is on the oxygen
atoms belonging to the methoxy substituents and the hydroxyl group, which confirms the role of
oxygen atoms in the chemical transformations of acids.

Conclusions. Two different methods were used to calculate the geometric, electronic, and energy
parameters and electrophilicity indices of the studied hydroxycinnamic acids in the gas phase.
The obtained values were consistent (within the limits of error) with the experimental data as well
as the results described in earlier works’ calculations by other methods.

Keywords: oxy-cinnamic acids, coumaric acid, caffeic acid, sinapic acid, ferulic acid,
dimethoxycinnamic acid.

For citation: Karimov O.K., Kolchina G.Y., Teptereva G.A., Chetvertneva I.A., Karimov E.K., Badretdinov A.R. The
reactivity of cinnamic acid derivatives as lignin precursors. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(4):7-13
(in Russ.). https://doi.org/10.32362/2410-6593-2020-15-4-7-13
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0.X. Kapumos, I'.}O. KoaunHa, I'.A. TenTepeBa u Ap.

[Tpon3BonHbBIE KOPUYHOW KHUCIOTHI (OKCUKOPHYHBIE
KHCJIOTBI) OTHOCATCSI K OONBIIOMY Kiaccy (heHOIbHBIX
COETMHEHHH, KOTOPBIE IIMPOKO PacIpOCTPaHEHHI B pac-
TUTEJBHOCTH U O00JaJar0T BBICOKMUM IMOTEHIIMAIOM ISt
NPUMCEHEHUST B MEIUIMHE W IPOMBIIDIEHHOCTH. OHHU
MOT'yT BOBJICKATHCSI B TIPOIIECCHl OMOCHHTE3a JIMTHUHA U
(h1aBOHOMIOB, BCTYIIATh BO B3aNMOICHCTBHE C caXxapaMH,
MOJIMCaXapUAaMH KIETOUHBIX CTEHOK, AlIMKIMIECKUMHU U
AMUIAKINICCKIMA KUCJIOTaMH, TEpIIeHAMH, aMIHAMHU,
aJKaJOUIaMH U HEKOTOPBIMH JIPYTUMHU BEIIECTBAMH.

H3BecTHBI pa3HOOOpa3HbIe OWOJOTMYECKHE CBOM-
CTBa OKCHKOPUYHBIX KHCIIOT. Harmpumep, kymapoBast Kuc-
70Ta 00NamaeT aHTHOKCHIAHTHBIMHE, IIPOTHBOBOCIIAIIH-
TEJIbHBIMHU, aHTUATPEraHTHBIMUA M aHTUMEJIAaHOTCHHBIMU
corictBamu [1]. Jlpyras kuciora — kodeliHas Kuciora
— MPEACTABIACT COOO0M MONSIPHOE COSAUHEHHE C CHIIbHON
XeNaTUPYIOMIel CITOCOOHOCTHIO TI0 OTHOIICHHIO K METa-
JaM, TaKke OoONajaroliee AHTUOKCUIAAHTHON AaKTHUBHO-
cTeio [2, 3].

OTaenbHBI UHTEpEC MPEACTABISIOT OKCUKOPUYHBIE
KHCJIOTHI KaK (EHIUIIPOIaHOUIBI, SBILIOMINCCS HCXOMI-
HBIMU COEIUHEHMSIMH JIMTHUHA. B mponecce 6nocunTe-
32 OHHU TIOJIBEPTAIOTCSI BOCCTAHOBJICHHIO IO OKCHKOPHY-
HBIX CITUPTOB [4], KOTOpBIE CITy>KaT HEMOCPEICTBEHHBIMHU
MPEIICCTBEHHUKAMH JINTHIHA.

W3ydeHnto cTpoeHUs! U CBOICTB MIPEIIECTBEHHUKOB
JIMTHUHA TTOCBAIICHO HeMayio paboT. Hampuwmep, B pabo-
Te [5] MeTogaMu KBaHTOBOM XUMHHU M3Y4ajMCh aHTHOK-
CHUJAHTHBIE CBOMCTBA KyMapOBOM M CHHAIIOBOM KHCIIOT.
Pacueramn B paMkax TeopuM (PyHKIHOHANA IUIOTHOCTU
B3LYP B 0Oasuce 6-311+G(2d,2p) ans coenmuHEHWH B
BaKyyMe U BOJHOMH cpejie ObUIO TMOKA3aHO, YTO 3a AHTHU-
OKCcHJIaHTHEIE cBoicTBa oTBedaeT OH-rpymma. B apyroit
pabote [6] cTpyKTypa KyMapoBOH U KOpEeHHOW KUCIOTHI
CPaBHUTEIBGHO HCCIIENOBANACh  (DH3UKO-XHMMUYCCKIMHU
METO/IaMH aHaJIM3a U KBAHTOBO-XMMHUYECKUMH pacueTa-
M. [lomydeHHBIE pe3ynbTaThl, PACCUNTAHHBIC TAKKE B
pamMkax Teopuu ¢yHKIHOHaNa wiotHoctd B3LYP B Ga-
3uce 6-311G, XopoIo COrTacoBRIBAIUCH C AKCIIEPUMEH-
TaJbHO MOTYYEHHBIMU 3HAYCHUSIMH.

OrpaHndeHHBIM MeToioM Xaptpu-Doka B Habope
6-311G(d) uccnenosanuch NpoOU3BOHBIE KOPUUHOI KHC-
JIOTBI: 0O-KyMapoBasi, M-KymMapoBas, KodeiHas, ¢pepynoBas
U XJIOPOTEHOBasi KUCIOTa (ko(heusa-3-XUHHAsi KUCIIOTA)
[7]. TIponsBoaHBIE OKCUKOPUYHOM KHCIIOTHI, B KOTOPBIX
KapOOKCHJIbHASI TPYyIMIa OTAENCHA OT apOMaTHUECKOTO
KOJIBITa BHHIJICHOBBEIM MOCTHKOM, XapaKTepu3yloTcst 60-
Jiee BBICOKOIM aHTHOKCHUAAHTHOI aKTUBHOCTBIO, UM COOT-
BETCTBYIOIIHE MPOU3BOIHBIC OCH30MHON KHCIIOTHI.

Llenpto maHHOII pabOTHI SBIAETCS HCCIIEIOBAHUE
ANIEKTPOHHOM CTPYKTYPhI M aHATTN3 PEaKIIMOHHOM CIIOc00-
HOCTH TIPOCTEHINMX MpeacTaBUTeneH (hEeHMIMPOIaHOU-
JIOB, 00pa3yIOIIMXCs B TIpoliecce OMOCUHTE3a: KyMapOBOH

(n-oxkcukopuunoit) (I), xoderinon (3,4-TUTHIPOKCHKO-
puunoit) (II), depynoBoit (3-meTOKCH-4-THAPOKCUKO-
puunoii) (III), cunamomoit (3,5-auMeToKCH-4-THIPOK-
cukopuyHoit) (IV) u 3,4-TUMETOKCUKOPUYHON KHUCIOT
(V) (cM. pUCYHOK). DTH KHCIIOTBI SIBJISIFOTCS OMOTeHe-
THYECKUMHU MPEAIICCTBCHHUKAMH OOBIINHCTBA IPYTHX
(hEHONBHBIX COeNMHEHUH (KyMapHHOB, MEITAHWHOB, JIUT-
HHUHA U (TaBOHOM/IOB) U BCTPEUAIOTCS MIPAKTUUECKU BO
BCEX BBICIIUX PACTCHHSIX.

17
R,=H(I—1V),—CH;(V)

1314
R,=—OCH;(III—V), H(I, II)

1516
R3=H(I—III, V), —OCH;(IV)

OR,
11

CTpyKTypHBIE (POPMYIIBI OKCHKOPHYHBIX KHCIIOT.
Structural formulas of hydroxycinnamic acids.

MATEPHUAJIBI U METO/IbI

PacueTsl ¢ momHON onTMMH3anMEed TreoMeTpHuye-
CKMX TapaMEeTPOB BBHINOJHSAINCH C HCIOIB30BaHUEM
opurnHanpHo# Teopun Xaprpu—®Poka RHF u rubpun-
HOTO MeTofa (yHKIHoHaa motHoctd B3LYP B 6asuce
6-311(d,p) ¢ npumenennem nporpammsl Firefly!, mpen-
cTaBisitole coboit Bepcuto mporpammbl  GAMESS
(USA) [8] c HoBbIMM anropuT™Mamu Bbruucienuii [9, 10].

PE3YJIBTATBI U UX OBCYXKJIEHUE

Pacuer reomerpuyeckux mnapameTpoB (Tabm. 1)
MTOKA3bIBACT, YTO TIPH BBEACHUH THIAPOKCHIIBHBIX U Me-
TOKCHJIbHBIX 3aMECTUTEIICH B Mema- U napa-noJioKeHNs
OTHOCHTEJIBHO KapOOKCHUIIBHOTO (parMeHTa IMpPOHCXO-
JIMT CMEIIEHHE DIIEKTPOHHOI! IJIOTHOCTH B CTOPOHY O€H-
30JIHOTO KOJIBIIA U, KaK CIICICTBHE, TIOHIKCHUIO CHM-
METPHUH MOJIEKYIIBI. Takke B UCCIEyEMbIX CTPYKTypax
HMEETCsl T, T-CONPsHKeHUE KapOOKCHILHOTO (hparMeHTa
monekynsl -CH=CHCOOH ¢ apomaTiHuecKiuM KOJIBbIOM,
YTO CYIIECTBEHHO CKAa3bIBaeTCS Ha T'€OMETPUICCKON
KOH(UTYpaLUH MOJIEKYIL.

YuuThIBasg TEOPHIO BAJEHTHBIX CBSI3€H, YIJIbI
ZCCO mexay CBA3SIMH JOJKHBI COCTAaBJISATh HpPH-
MepHo 111°. Packpweitue ZCCO (117.74°-124.96°)

! Granovsky A.A. Firefly version 7.1.G. URL: http://classic.chem.msu.su/gran/firefly/index.html (mata o6pamenus 02.03.2020)
[Granovsky A.A. Firefly version 7.1.G. URL: http://classic.chem.msu.su/gran/firefly/index.html (Accessed March 2, 2020).]
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CBSI3aHO C BBEJICHHEM METOKCHJIBHBIX TPYII, W, KaK
CJIEJICTBHE, BO3HHUKHOBEHHUS CHIJIBHOTO HANpsDKEHUS W
MTOBBIIIICHHOW peaKIMOHHOM crtocooHocTH (Tad. 1). Hc-
kaxenue BanentHoro yra ZC.C.C, u ero yBenuuenue
CBSI3aHO C BIIMSHUEM KapOOKCHIILHOM TPYIIITBI.

B 1abn. 2 npuBeneHbl 3HaUE€HUS 3apsA0B HA aToOMax
o MaJTuKeHy, pacCYMTaHHbIC PA3INIHBIMH METOAMHU.
[TomyueHnbIe 3HAYEHUS TOKA3BIBAIOT, 4TO Ha aromax C u
C, KOHIEHTPHUPYIOTCS TIONOKUTENBHBIE 3HAYCHHS Y BCEX
HCCIIeyeMbIX coeuHeHui. [lonoxkurenbHble 3apsiibl
nanHbIX aromoB B uHTepBate ot 0.227 (C)) no 0.585 (C,)

YaCTUYHO CKOMIICHCHPOBAHBI c(epoil OTPHUIIATEIHHBIX
3apsA70B HA aroMax KHCIOPOAa TMIPOKCHIIBHBIX U Kap-
OokcwIbHBIX Tpym oT —0.394 no —0.461.
Pacnipenienenue ToueuHBIX 3aps/IOB HA aTOMaX TaKo-
BO, YTO MaKCHMAJIbHBIA MOJOKUTEIBHBIN 3apsij cocpe-
noroueH Ha atome C,, a MAKCUMAJIbHBINA OTPULIATENLHBINA
— Ha aToMaxX KHCIIOpPOAA, OTHOCSIIUXCS K METOKCHIIb-
upiM 3amectutensam (O, -V, O, O, ;) 1 THAPOKCUITEHOM
rpymme (O, — I-IV), 4ro moarsepxkaaeT poib KHCIIO-
POAHBIX aTOMOB B XMMUYECKUX MPEBPALICHUSIX KUCIOT.
Haubosbmiee cocpeioToueHue EKTPOHHOH IIIOTHOCTH

Taonuuna 1. 3Ha4eHus BaICHTHBIX U JH3IPATbHBIX YIIIOB MOJICKYI KHCIIOT,
paccuutanusie MmerogamMu RHF/6-311(d,p) u B3LYP/6-311(d,p)

Table 1. The values of the valence and dihedral angles of the acid molecules
as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods

Xgl';‘s I | 11 v v
Mertoa pacyera
Calculation RHF | B3LYP | RHF | B3LYP | RHF | B3LYP | RHF | B3LYP | RHF | B3LYP
method
Z0,CC, 117.744 | 117.580 | 120.141 | 120.438 | 119.909 | 120.521 | 120.205 | 120.871 | 124.959 | 124.853
ZCC,C, 123.346 | 123.277 | 122.761 | 122.761 | 122.915 | 122.500 | 122.559 | 122.528 | 122.998 | 123.012
ZCC.C, 124.675 | 125.259 | 124.802 | 125.473 | 124.678 | 125.483 | 124.786 | 125.503 | 124.520 | 125.181
£CLC0,, 117.582 | 117.471 | 117.639 | 117.542 | 117.577 | 117.539 | 117.649 | 117.571 | 117.491 | 117.410
Z0,C.C.C, —23.340 | —21.822 | —23.017 | —20.897 | —23.666 | —20.348 | —22.959 | —20.480 | —24.246 | —22.315
Taonaununa 2. 3HaueHus 3apsA10B Ha aTOMax 10 MaJsIuKeHy B MOJIEKY/Iax KHCIIOT,
paccuutannsie MmerogamMu RHF/6-311(d,p) m B3LYP/6-311(d,p)
Table 2. The values of the charges on atoms according to Mulliken in the acid molecules
as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods
X{g‘l"e's I | i v v
Mertox pacuera
Calculation RHF | B3LYP | RHF | B3LYP | RHF | B3LYP | RHF | B3LYP| RHF | B3LYP
method
C, 0.257 0.165 0.256 0.174 0.264 0.166 0.227 | 0.160 0.258 0.182
C. 0.133 - 0.141 - 0.143 - 0.110 - 0.133 -
C, —0.105 | —0.086 | —0.092 | —0.085 | —0.093 | —0.087 | 0.226 | 0.137 | —0.121 | —0.013
C, —0.060 | —0.061 | —0.075 | —0.061 | —0.065 | —0.054 | —0.090 | —0.049 | —0.075 | —0.065
C, —0.096 | —0.088 | —0.088 | —0.096 | —0.079 | —0.099 | —0.068 | —0.090 | —0.070 | —0.076
C, —0.062 | —0.047 | —0.103 | —0.052 | —0.068 | —0.071 | —0.122 | —0.068 | —0.072 | —0.032
C, -0.131 | —0.120 | 0.219 0.121 0.174 0.151 0.284 | 0.176 0.216 0.124
C, —0.016 | —0.047 | —0.013 | —0.046 | —0.016 | —0.042 | —0.016 | —0.043 | —0.021 | —0.050
C, -0.262 | —0.213 | —0.265 | —0.218 | —0.263 | —0.222 | —0.267 | —0.220 | —0.259 | —0.211
C, 0.583 0.377 0.584 0.378 0.583 0.378 0.585 | 0.379 0.582 0.377
m 0.314 - 0.321 - 0.318 - 0.308 - 0.300 -
0, -0.395 | —0.306 | —0.394 | —0.306 | —0.394 | —0.306 | —0.394 | —0.306 | —0.395 | —0.307
0, —0.443 | —0.349 | —0.450 | —0.347 | —0.450 | —0.345 | —0.458 | —0.355 | —0.461 | —0.344
0, —0.426 | —0.316 | —0.425 | —0.318 | —0.426 | —0.319 | —0.426 | —0.319 | —0.425 | —0.316
0, - - —0.495 | —0.406 | —0.520 | —0.405 | —0.523 | —0.411 | —0.485 | —0.363
O, - - - - - - —0.489 | —0.367 - -
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ormedaercs Ha arome C, (V) =—0.121 B Buay OmmxHero
PAcCIONIOKEHUSI METOKCUIIBHBIX TPYIII B 0- U M-IIOJIOXKE-
HHUAX OTHOCHTENIBHO HETO, YTO COOTBETCTBYET IIEHTPY
EKTPO(UIBHON aTaku B ApPOMAaTUIECKOM KOJIbIIE.

IIpn paccmorpennu atoma C,, cBA3aHHOTO ¢ (e-
HOJIBHBIM TUAPOKCHJIOM, 3HAUCHMS JIOKAJIBHOM 3JIek-
TPO(UIBHOCTH 711 TIOKA3bIBAIOT, YTO JIAHHBIC 3HAYCHHS
yOBIBAIOT MPU MEPEXOfie K METOKCHU-3aMEIIEHHBIM KHUC-
noram. CoemuHenus [V u V MeHee 2mekTpoGuiIbHbI, 4eM
(beHOIN1, B BULy BINSHUS METOKCHIIBHBIX 3aMECTHUTENEH,
HaXOISAIINXCS B O-TIONIOKEHUSAX K (PEHOIBHOMY THIIPOK-
cuy. CornacHo pabote [11] meron rubpuaHoro ¢pyHkK-
muoHaia iotaoctd B3LYP 3anmxkaer 3HaueHue moreH-
IIIAJIOB MOHM3aLuH, a MeToq XapTpu-Doka mpuBOAUT
3HAYEHHUSI, XOPOIIO COITIACYIONINECs C AKCIIEPUMEHTAIb-
HBIMH JIAHHBIMH.

C moMOUIbI0 TONYYEHHBIX PACYETHBIX JAAHHBIX
OBITM BBIYHMCIICHBI 3HAYCHUSI MHJEKCA AIEKTPO(PUIh-
HOCTH, NpHUBeNeHHbIEe B Ta0u. 3. Mcxond U3 paccum-
TaHHBIX JAHHBIX, O U1 peHona cocrannseT 0.244 3B
[12]. Bce nccnemyembie cCOCIMHEHUS SBISIOTCS OoJiee
3NEKTPOYUIBHBIMH, YeM (eHOoa. DTo sBIeHHE 00y-
CIIOBJICHO 3JEKTPOHOAKIENITOPHBIM BIHUSHUEM TPYIII
~CH=CHCOOH u —OCH,-rpynmn, HaxoasIuXcs B
N-TIOJIOKEHHUN K (DEHOTBHOMY THAPOKCHITY.

[Torenmman nonnsanuu (IP) onpenenser BocctaHo-
BUTEITbHYIO aKTHBHOCTH COEJMHEHHS — €r0 CIIOCOOHOCTh
JIETKO OT/AABAaTh JIEKTPOH. MuHMManbHOe 3HaueHue [P u3
paccMaTpuBaeMbIX KHUCIOT MMEET CHHAIOBas KHCIOTa,
YTO MOJATBEPKIAET €€ BHICOKHME aHTHOKCHIAHTHBIE CBOM-
ctBa [13]. Paa aHTHOKCHUIAHTHOW AKTUBHOCTU B TaKOM
cilydae CIICAYIOIINI: CHHAIoBas KUcioTa > (epysoBas
KHcIIoTa > KkodeliHas kuciora ~ 3,4-TMMEeTOKCUKOPUYHAS
KHCJIOTa > KymapoBast kuciiora. [IpuBeneHHbIe B TabiHIe
3HAUEHHsI XOPOILO COMIACYIOTCS C pacyeTaMH B JPYTHX
paborax, HarpuMep, TOTSHIMAT HOHH3AIUH KyMapOBOW
KHCIIOTHI B pabote [6] paBeH —6.4 3B, a cuHanoBoit Kuc-
noTe1 —6.1 3B.

3AK/IIOYEHUE

MeronaMu KBaHTOBOM XMMUHU MPOBEAEHA ONTHUMU-
3a11Msi MOJIEKYJT IPOU3BOIHBIX KOPUYHOM KHUCIIOTHI U pac-
CUYHMTAHBI TEOMETPUIECKHUE, DJICKTPOHHBIE U YHEPTeTHYIe-
CKHE XapaKTEPUCTUKHU UCCIIEYEMbIX MOJIEKYIL.

[Io pesynbraram JaHHBIX 3HAYEHUN BBICTPOECHBI
pAABl PEaKIMOHHOM CIOCOOHOCTH aTOMOB YyINIepoja
M KHCJIOPOJa HCCICAYEMBIX MOJIEKYJ B DIEKTPOPUIIb-
HO-HYKJICOPHUIBHBIX peakiusx. s KyMapoBOi KHCIIO-
THI TIOJIOKUTETHHBIA 3aps/l UMEIOT JIBa aToMa yIyepoa

Taoauna 3. 3Ha4eHNs] OCHOBHBIX YHEPTETHUECKUX XaPAKTEPHCTHK KUCIIOT,
paccuntanubie MerogamMu RHF/6-311(d,p) u B3LYP/6-311(d,p)*

Table 3. The values of the acids’ main energy characteristics

as calculated by the RHF/6-311(d,p) and B3LYP/6-311(d,p) methods*

Merton pacuera I 1I 11 v \%
Calculation
oot RHF | B3LYP | RHF B3LYP RHF B3LYP | RHF | B3LYP | RHF B3LYP
:g’ Z\B/ 8.559 6.424 8.445 6.252 8.498 6.148 8.341 6.106 8.416 6.254
:gA’ 23 —1.859 2.051 -1.752 2.081 -1.807 | 2.0122 | —1.803 2.005 —1.898 1.979
A’
2’ ZI\B] 10.418 4.373 10.197 4.171 10.305 4.136 10.144 4.101 10.314 4.275
g’ Z?f 0.096 0.229 0.098 0.240 0.097 0.242 0.099 0.244 0.097 0.234
Lo XIO:S’ °B —15.515 | —15.608 | —17.553 | —17.655 | —18.615 | —18.725 | —21.715 | —21.842 | —19.677 | —19.794
E_ . *x107, eV
: ﬁ’ Z\B/ 3.350 4.238 3.347 4.167 3.346 4.080 3.269 4.056 3.259 4.117
((:))’ 21\31 0.539 2.053 0.549 2.081 0.543 2.013 0.527 2.005 0.515 1.982
22))’ Z\B] 0.295 1.809 0.305 1.837 0.299 1.769 0.283 1.761 0.271 1.738

*IIpumeuanue: 1P — nOTEeHUMal HOHU3ALMH; £, — SHEPIUs CPOICTBA K DJIEKTPOHY; 1| — MHIEKC abCOIIOTHOH XUMMYECKOH
HKECTKOCTH; S — MHJIEKC a0CONFOTHON XMMUYECKOH MATKOCTH; £ . — MAHMMAJIbHAS SHEPIUsl COSIAMHEHUS; (L — SIEKTPOHHBIN XUMH-

YECKHUI MOTEHIUAT, ® — IOOATBHBIA HHICKC AEKTPOPHUIBHOCTH; A® = ® — ®

PhOH"

*Note: 1P — ionization potential; £, — energy of electron affinity; n — index of absolute chemical hardness; S — index of
absolute chemical softness; £, —minimum energy of matter; p — electronic chemical potential; o — global electrophilicity index;

A =0 — 0O, o
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HccaenoBanue peaxm{onnoi-i crnocobHocTH IIPOH3BOAHBIX KOpH‘!HOﬁ KHCAOTBI — IIPEAIIIECTBEHHHKOB AH'HHHA

C peaknnoHHol crnocobnoctero C, > C , B psIy aToMOB
C OTPULIATENBHBIMU 3apsJaMu peakluOHHAas CIoCo0-
HOCTH CJEAYIOmIas C8 > C6 > C4 > C2 > C3 > C7 = C5 n
0, >0,,>0,,. Hns kopelHOo! KUCIOTBI TIONOKUTEb-
HBIH 3aps UMEIOT TPH aroMa yIiepoAa ¢ PeaKIHOHHON
crocobnocteio C; > C, > C,; peakuroHHas CriocoOHOCTb
B PSITy aTOMOB C OTPHUIIATEIBHBIMH 3apsIaMH CIICTYTOLIAs:
C8>C14>C4>C2>C5>C3>C7H013>Oll>012>010'
Jl71s1 cHHAmOBOM KM CIJIOTHI TOJIOKUTENIBHBINA 3PSl UMEIOT
aToOMBI ¢ PEaKMOHHOM criocobnocteio C; > C, > C, > C,,
a OTPUIATEIbHBIH: CR > C14 > C16 > C4 > C5 > C3 > C7 u
0,>0,>0,>0,,>0,,. Hus 3,4-1MMETOKCUKOPHY-
HOU KHCIIOTHI BRICTPOCHBI CIEAYIOMINE PSABI PEaKIHOH-
HOW CITOCOOHOCTHU: MOJIOKUTENILHBIN 3apsi]i UMEIOT aTo-
MBI Cg > C1 > Cz, a aTOMBI C PEaKIIMOHHON CITIOCOOHOCTHIO
C8>C17>C14>C4>C3>VC7>C5>C2HOI3>OII >Ol2>010
HUMEIOT OTPHUIIATEIBHBIA 3aps.
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HanGonpmuii moIoXUTENbHBIHN 3apsiy] y BCEX HUCCIie-
JyEMBIX COEJUHEHUI COCPENOTOUEH Ha aTOME yIlIepona
KapOOHMILHOW TPYIIIBI, & HAWOOJIBIITHA OTPHIIATEIILHBINA
— Ha aTOMax KUCJI0POAA, OTHOCSIINXCS K METOKCUIIBHBIM
3aMECTUTEIISIM U THIPOKCUIIBHOM rpymIie.

Ioxazano, uto Gonbiue gehopMaIyi BaJIEHTHBIX

yrmos Z0,C C, u LC,C.C) npuBOAAT K BO3HUKHOBE-

HHUIO CIJIBHOTO HANpPsDKEHMS, YTO BEJET K IOBBIIICHUIO
PEaKIMOHHONH CIIOCOOHOCTH MOJEKYT OKCHKOPHYHBIX
KHCJIOT.

Ha ocnoBanum pacyera (pU3NKO-XUMUYECKHX MTapa-
METPOB COCTABJIEH PsIJl AaHTMOKCUAAHTHON aKTHBHOCTH
PacCMOTPEHHBIX COEIMHEHHH: CHHANoBas KHCIOTa >
(epynoBas kucnora > xodeitHas kuciora ~ 3,4-gumMe-
TOKCHKOPUYHAS KHCIOTa > KyMapoBast KHUCIOTa.

Aemopuwl 3aa61510m 06 omcymcemeuy KOHOAUKMa uHmepeca.
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OPUT'MHAJIBHAS CTATHA

JHeprocoepekeHue B IKCTPAKTUBHON PEKTU(PUKALUU CMECH
U300y THJIOBBIM CIIUPT—U300yTHIIALETAT ¢ Oy TUJINPONMOHATOM

II.C. Kaay3Hnep®, [.I'. PynakoB, E.A. AHoxHHa, A.B. THMOLIEHKO

MHPSA — Poccuiickuil mexHosioeuueckuil yHusepcumem (MHecmumym moHKUX XUMUUECKUX MEeXHO102UllL
umeru M.B. AomoHocosa), Mockea, 119571 Poccust
@ Aemop oss1 nepenucku, e-mail: paulklausner@mail.ru

ITenu. OnpedeneHue aghcheKkmusHoCcMU NPUMEHEHUST MENI08bLX HACOCO8 PA3AUUH020 MUNA 8
9KCMPAKMUBHOU peKkmuguKkayul cmecu u3obymunosslii cnupm-usobymunayemam ¢ H-bymus-
NpoNnuUOHAamMoM 8 Kauecmaee pasoessiriouiezo azeHma.

Memoout. OcHo8HOI MemOo0 UCCCO08AHUSL — MAMEMATNMUUECKOE MOOESUPOSAHUE 8 NPOZPAMMHOM
romnnerxce Aspen Plus V. 9. B kauecmee mo0esu ONuUCaHUsL NApOIKUOKOCMHO20 PABHO8ECUs. NPU-
MEHSNACL OCHOBAHHASL HO YPAasHEeHUU JIOKAbHbLX cocmagog mooesne UNIQUAC, dns yuema He-
udeanbHocmu napoeoii gpassvl — mooesb Pednuxa—Keorea. I[Ipu modeaupogaHuu mpaouyyuoHHOU
cxXembl IKCMpPaKmugHol peKkmugpuKkayuu NPousgoouNaCt NapamMempuuecKast OnNMuMU3ayus no
Kpumepuio CYMMAapHbLX IHEep2emuUeckux 3ampam 8 KUNSmulbHUKAX KONOHH. [l1sl 9KOHOoMUUe-
CKOU OUeHKU NPUMEHSLUCL UHCmpYmeHmblL Aspen Process Economic Analyzer V10.1.
Pesynomamelt. B cpagHeHUU ¢ MPAOUYUOHHOU CXemOol IKCMpAKmueHol pekmugukayuu pac-
CMOMPEHO MPU 8APUAHMA CXEeMbl C NPUMEHEHUEM MEeNnJslo8blX HACOCO08 OMKPbLMO20 muna — ¢
pasmeujeHuem mensiogozo HAcoCca HA KOJOHHE 9KCMpPAKMUEHOU peKmugurayuu, Ha KOJOHHEe
pezeHepayuu pasoessiiouLez0 azeHma U ¢ pasmeuieHuem 08yYx meniosesblx HAcoco8 Ha oboux Ko-
JNoOHHAax cxemol. Tarkike npedsorKeHa cxema ¢ BHYMpeHHUM Menio8blm HACOCOM, 8 KOMOPOU KOM-
npeccop mensogozo HACOCA PACNOJIOIKEH MeHOY CeKYUUSIMU IKCMPAKMUBHOU KOJIOHHbL, KOMopble
pabomarom npu paznuuHsblx oagaeHusx — 506.6 klla 8 ykpenasowell U 9KCMmpaKmueHol cek-
yusx u 101.3 8 omezoHHoll. Bolnia npousgedeHa 3KOHOMUUECKASL OUEHKA 8CeX PACCMOMPEHHBLX
cxem U 8bluUC/eHUEe NOJHbLX npugedeHHblx 3ampam. IlokazaHo, umo npumeHeHue cxem ¢ me-
NJ108bIMU HACOCAMU OMKPBLLMO20 MUNA No38osiem 3HauumesbHo, ensome 0o 39.6%, cHusume
9HepeemuuecKue 3ampamsl HA IKCMPAKMUBHYIO PEKMUPUKAYUIO, 00HAKO 3HAUUMENbHOE CHU-
JKEHUE NOSHBIX NPUBEOeHHbLX 3ampam 0oCmuzaemaest moibko npu 00cmamouHo 6016bULOM CpOKe
PYHKUUOHUPOBAHUSL YycmaHOo80oK. CHUXKeHUe IHepzemuueckux 3ampam 8 cxeme ¢ 6HYmMpeHHUM
menJsio8biM HACOCOM cocmasuno 44%, a nonHsulx npugedeHHblx 3ampam — 20.2-30.1% e 3asucu-
Mmocmu om 8pemeHu PYHKUUOHUPOBAHUSL YCMAHOBKU.

© I1.C. Kaayzuep, .. Pynakos, E.A. AnoxuHa, A.B. Tumornenko, 2020
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Bwbleoowl. IlokasaHo, umo npumeHeHue merJjioeblxX Hacocose 8 npoyecce sxcmpaxmueuoﬂ pexkmu-
qbwcau,uu cmecu u306ymLU'LOGbLl:Z cnupm—u306ymu.ilauemam C 6ymwmponuouamom 8 Kauecmese
pmdeﬂmowezo azeHma noseoJsisiem sHauumes/ibHO CHU3UMmMb sHepzemuuecKue sampameol. Haubo-
Jlee 9KOHOMUUHOUL U3 pPaccmompeHHblX siejislemcecst cxema ¢ npuMeHeHUuem sHYympeHHe20 merJio-
68020 Hacoca.

Knroueesle cnoea: sKxcmpaKkmueHas peKmugurkayust, meniogoli Hacoc, sHepeocbeperkeHue.

Jna yumuposanua: Knaysuep I1.C., PynakoB JI.I', Anoxuna E.A, Tumomenko A.B. DHeprocOepekeHne B SKCTPaKTHUBHOM pek-
TU(UKAIMY cMecU U300y TUIIOBBIH CLIMPT—U300yTUIALeTaT ¢ Oy THIIponHoHaToM. Tonkue xumuueckue mexnonoauu. 2020;15(4):14-29.
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RESEARCH ARTICLE

Energy saving in the extractive distillation
of isobutyl alcohol-isobutyl acetate with n-butyl propionate

Pavel S. Klauzner®, Danila G. Rudakov, Elena A. Anokhina, Andrey V. Timoshenko

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author, e-mail: paulklausner@mail. ru

Objectives. Determination of the effectiveness of using various types of heat pumps in the
extractive distillation of an isobutyl alcohol-isobutyl acetate mixture with n-butyl propionate as
the entrainer.

Methods. As the main research method, mathematical modeling was performed using the Aspen
Plus V. 9 software package. As a model for describing the vapor-liquid equilibrium, the local
composition equation-based UNIQUAC model was employed, and the Redlich-Kwong model
was adopted to examine the non-ideal vapor phase. When modeling the conventional scheme of
extractive distillation, parametric optimization was carried out according to the criterion of total
energy costs in the reboilers of the columns. For economical evaluation, Aspen Process Economic
Analyzer V10.1 tools were employed.

Results. In comparison with the conventional extractive distillation scheme, three variants of
schemes with vapor-recompression heat pumps were considered: with a heat pump placed on
an extractive distillation column, on an extractive agent regeneration column, and with two heat
pumps placed on both columns of the scheme. A scheme with an internal heat pump was also
proposed, in which the heat pump compressor is located between sections of the extractive column
that operate at different pressures: 506.6 kPa in the top sections and 101.3 in the bottom section.
An economic analysis was conducted for all the considered schemes to calculate the total annual
costs. It was shown that schemes with vapor-recompression heat pumps can significantly reduce
the energy costs of extractive distillation by up to 39.6%; however, a significant reduction in the
total annual costs is achieved only with sufficiently long operation periods of the plants. The
reduction in the energy costs in the scheme with an internal heat pump was 44%, and the total
annual costs were in the range of 20.2-30.1%, depending on the operating time of the plant.
Conclusions. It was shown that using heat pumps in the extractive distillation of the mixture
of isobutyl alcohol-isobutyl acetate with n-butyl propionate as the entrainer can significantly
reduce energy costs. The scheme with an internal heat pump is the most economical of all the
considered schemes.

Keywords: extractive distillation, heat pump, energy saving.

For citation: Klauzner P.S., Rudakov D.G., Anokhina E.A., Timoshenko A.V. Energy saving in the extractive distillation
of isobutyl alcohol-isobutyl acetate with n-butyl propionate. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(4):14-29
(in Russ.). https://doi.org/10.32362/2410-6593-2020-15-4-14-29
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BBEJEHUE'

Pextudukanus siBiseTcs OHUM U3 OCHOBHBIX TPO-
MBILUIEHHBIX HPOLIECCOB OYUCTKU M Pa3/ieieHHs CMe-
cell XMMHYECKUX KOMITOHEHTOB PA3JIMYHON MPUPOBI.
OHa xapaKTepu3yeTcsi BBICOKUMH YIEeJIbHBIMH 3aTpara-
mu sHepruu [1]. Huszkuit TepmoauHaMudeckuii Koag-
(UIHMEHT IOIE3HOTO ACHCTBHS 3TOTO MpoIlecca 3acTaB-
JIIeT UCCIIE0BaTeNel BECTU IOCTOSIHHBIN [TOUCK IyTel
YMEHBIIICHUS dHepronoTpedinenus. B Hacrosmee BpeMs
OCHOBHBIMH HAITPaBICHUSMH COBEPIICHCTBOBAHUS OT-
JIeJIbHBIX TPOLIECCOB U TEXHOJIOTMYECKUX CXEM SIBIIAIOT-
csl BHYTPEHHsIA [2] ¥ BHEWIHss TeruionHTerpanus [3], a
TaKXe MPUMEHEHHE TETTOBBIX HACOCOB [4, 5].

OkcrpakTuBHas pektudukanus (OP) — mporecc,
OCHOBAHHBIM Ha MPUMEHEHMM CIELUaTbHOIO J0MOJI-
HUTEIBHOTO areHTa, N3MEHSIOMIETO (YBEIHNUNBAIOIIECTO,
00pamrarIero) OTHOCHTEIBHYIO JIETY4eCTh KOMIIO-
HEHTOB HCXOAHOI CMECH, HCTIOIB3YETCsl KaK METOJ pas-
JIeJIeHHsI a3€0TPOIHBIX CMecel U cMeceil KOMITOHEHTOB
C OTHOCHUTEJIBHOH JIeTydecThl0 Onu3Kol K equHuIe. B
MIPOMBIIIJIEHHOCTH OHAa MPUMEHSETCA JJI BbLIEICHUS
Oenszona u3 ¢paknuil nuponusa U pudopmunra [6], a
Takke OyTaaWeHa M M30MpPEHA M3 MPOIYKTOB ITHPOIH-
3a, u peruapuposanus C,~C, dpaxuuit [7]. Hecmorps
Ha TO, 4To OP B pdane ciyuaeB XapakTepusyeTcs cy-
IIICCTBEHHO MEHBIINM YHEPToNnoTpedIcHUEM, YeM a3e-
oTpomHas pekTudukanus [8, 9] u MeToa pa3uencHus,
OCHOBAaHHBI Ha BapbupoBaHuu nasiaeHus [10-13],
CHMKEHHME PHEPreTHYEeCKHUX 3aTpar Ha e€ MpoBeIeHUE
SIBJISIETCSl aKTyaJbHOM 3a/adeil BCIeACTBUE MHOTOTOH-
HaXXHOCTH TEXHOJIOTUA OCHOBHOTO OPraHUYecKOro M
HE(TEXUMHUCCKOTO CHHTE3a, T/I¢ OHA, IIaBHBIM 00pa-
30M, npuMmeHsieTcs [14]. Tak e, kKak ¥ B OOBIYHON PeK-
TU(UKAIH, TPU COBEPIICHCTBOBAHUH ATOTO TpoIecca
MPUMEHSIOTCS BhILIeyKa3aHHbIe MoaXoAbl. CyliecTBeH-
HBIM OTJIMYUEM SIBIISIETCS TO, YTO €CIM UCTIOIb30BaHUE
BHCIIHUX TEIUIOBBIX HACOCOB UIS OOBIYHOU peKTH(U-
KallU{ yXe IIHPOKO PACHpPOCTPAHEHO, U IMPUMEPOM

TakOW TEXHOJOTHH SIBIISICTCS PEKTU(HUKAIMS TIPO-
MaH-MPOMMICHOBON (DpaKIiu, TO IS KCTPAKTHBHOMN
pexktudukanyu pazpadboTka TOJIbKO HaunHaeTcs [15].

Lenpro HacTosimiel pabOTHI SBISCTCS UCCIESIOBa-
HHUE IEIecO00Pa3HOCTH MPUMEHEHHs TEIUIOBBIX HACO-
COB Pa3JIMYHBIX THITOB JIJIsI TOBBIIICHUS YJHEPIeTHYECKOM
3((HEKTUBHOCTH 3KCTPAKTHBHON PEKTH(DUKAIIHH.

B kauectBe 00bekTa MCCIETOBaHHUS BHIOPAHbBI TEX-
HOJIOTHYECKHE CXEMBI JIKCTPAaKTHBHOHM peKTH(UKAINN
azeoTponHoi cMecu n300yTunoBeli cnupt (MBC)—u30-
oyrunanerar (MBA) ¢ v-Oyrunmponmnonarom (BIT) B ka-
YyecTBe dKCTpakTuBHOTO areHra (DA). [Tockonbky Mare-
MaTHYeCKOE MOICITUPOBAHIE XUMHIKO-TEXHOIOTHYCCKIX
MPOIIECCOB SIBISICTCS. MOIIHBIM COBPEMEHHBIM METOJIOM
pa3paboTKH HOBBIX U COBEPIICHCTBOBAHUS TPAIUINOH-
HBIX TexHoJoru [16], To Ans peuieHus 3a1add MOBbI-
meHus APPEKTHBHOCTH Pa3/ICICHUS BBINICYKa3aHHON
CMECH, UCIIOJIb30BAJICS MPOrPAMMHBIN KOMILIEKC Aspen
Plus Bepcuu 9.0.

MopeanpoBaHue TPAAMLUMOHHON CXeMbl
JIKCTPAKTHBHOI peKTH(UKANNHT

g MojenupoBaHUs MapOXKUIKOCTHOIO PaBHOBE-
cus ucnoib3oBann moaens UNIQUAC, napameTpsl Ko-
Topoii puBeaeHbl B Ta0n. 1. s cucrembr UBC-MBA
MCTIONB30BajIM BCTpoeHHble B Aspen Plus mapameTpbl
OMHAPHOTO B3aMMOJICHCTBHS, TaK KaK OHH oOecIieunBa-
10T O0JIee TOYHOE ONKMCAaHUE MTAPOKUIKOCTHOTO PaBHOBE-
CHsl [I0 CPAaBHEHMIO C MapaMeTpaMu, MPeICTaBIEHHBIMU
B [11]. At cucrem UBC-2A nu UBA-3A ucnosnb3oBanu
nanubie [11], Tak Kak BCTPOEHHBIE TapaMeTpPhI IS ATHUX
CUCTEM OTCYTCTBYIOT. CpeHIe OTHOCUTEIbHBIE OIIMO-
KM JUTSI KQKJI0W OWHApHOW Taphl MPU ONMHUCAHUH Tapa-
METpPaMH U3 pa3HbIX UCTOYHUKOB MPHUBEAEHBI B Ta0Md. 2.
Jliis ydyera HeHaeambHOCTH MapoBOM (a3bl HCIOIH30BA-
71 ypaBHeHUe cocTosiHus Pennmuxa—KBonra.

i pa3peneHus paccMaTpUBaeMOW CMECH MOYKHO
MCTIONB30BaTh KaK TPAJUIMOHHYIO CHUCTEMY JKCTpaK-
TUBHOW PEKTU(DUKAIIUY C TSOKETOKUTISINM DA (puc. 1),

Tabauua 1. [TapameTtpsl buaapHOTrO B3auMoaerictBus Monenrn UNIQUAC

Table 1. Binary coefficients of the UNIQUAC model

HMcTounuk / Source
Kommnonent / Component Jlurep. B/ Jlurep. Jlutep.
Liter. DB Liter. Liter.
Komnonent i / Component i HUBC /IBA HUBC /1IBA UBC /1IBA UBA /IBAC
Komnonenr j / Component j HBA /IBAC HBA /IBAC BIT/BP BIT/BP
i 0.26671 0 0 0
a, 0.22675 0 0 0
i —58.459 1.3501 —17.787 -65.929
. —182.110 —45.3251 —24.770 64.567

! BBezieHHbIE 0003HAYCHUS CMOTPUTE B CITHCKE COKpaleHui B koHIe cTath. / See the list of abbreviations at the end of the article

for the introduced designations.
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Taoaunna 2. CpeiHUue OTHOCUTEIIbHBIC OIIMOKY orrcanus [DKP

Table 2. Relative errors of the vapor—liquid equilibrium (VLE) modeling

KommoneHr i
Component i

HcTouHNK
Source

KomnoHeHT j
Component j

AYR % AT, %

Jlurep. / Liter. NBC / IBA

WBA /IBA 1.58 0.44

b/1/ DB HBC /IBA

HBC/IBA 1.37 0.36

Jlurep. / Liter. NBC / IBA

BIT/BP 1.82 0.11

Jlutep. / Liter. WBA /IBAC

BIl/BP 1.88 0.26

3

. S S

IK/EC PK/RC

@,

Puc. 1. TpaauipionHast cxema SKCTPAaKTHBHON peKTU()UKAIIIN
cmecu UBC-UBA c paznenstonium arentom BII.
OK — KoJIOHHA YKCTPAaKTUBHOW peKTH(UKALINH,
PK — xonoHHa pereHepanuu pas3aeisifoniero areura.
1 — Ucxonnas cmech UBC 1 IBA,
2 — pazpensitotuii arent BI1, 3 — UBC; 4 — UBA.

Fig. 1. Conventional scheme of the ED of mixture
IBA-IBAC with BP as the entrainer. EC is the ED column,
and RC is the entrainer regeneration column. (1) Feed,
(2) entrainer, (3) IBA, (4) IBAC.

TaK 1 CUCTEMBI, ICIIOIB3YIOIINE BHEIITHNE U BHYTPEHHHE
TEIJIOBbIE HACOCHI OTKPBITOrO TUMA. IlockonbKy cuctema
OKCTPAKTUBHOHN PEKTU(HKANN ONHAPHON CMECH Tpen-
CTaBIsIET COOOM IBYXKOJOHHBII KOMIIIEKC, TO TEILIOBBIE
HACOCHI MOTYT OBITH MPUMEHEHBI KaK 110 OTACIHEHOCTH
JUISL KaXI0M M3 KOJIOHH, TaK U AJISl IByX KOJIOHH OJHO-
BPEMEHHO.

s Bcex BapHaHTOB CXEM pacCMaTpUBAIM pas-
nenenue ucxonnot cmecu MBC-MBA ¢ konnmentpa-
nueit u3ooyTuioBoro cnupra 41 macce. %, CKOPOCTHIO
noxayu — 1500 kr/4, remneparypoit — 100 °C, nas-
nenueMm — 108 xlla. Konunentpauuto UBC u UBA B
MPOAYKTOBBIX MOTOKAX IMOAAECPKUBAIH ITOCTOSTHHON U
paBHoii 99.5 macc. %.

JAnst  TpaguIMOHHOTO BapHWaHTa OpTaHHU3AIUU
SKCTPaKTUBHOH pekTudukanuu (puc. 1) mo anropur-
My, IpeniaoxeHHoMy B [17], Op1mn mogoOpanHsl ONTH-
MaJbHBIC pabOYHe TapaMeTpHI.

JlaBneHue BBepXy KOJOHH OBLIO BBIOPAHO PABHBIM
101.3 kIla, paccmarpuBaIuCh TEOPETHUECKUE TAPEIKU C
TepernajioM JAasieHus 1o tapeinke, pasHbiM 0.1013 kIla.
PacueTsl BEIOMHSITICE B TIPOSKTHO-TIOBEPOYHOM BapH-
AHTC C 3aKPCIUICHHBIM Ka4€CTBOM MNPOAYKTOBBIX ITOTO-
KOB. B mporiecce onTUMH3AIUK OMPEaesuioch odree
YHUCIIO TapelioK B 00eMX KOJOHHAX, TapeNKH IMOJIauu
rmuranus B kojoHHy DK u PK, tapenxa momaum pasne-
JSIOMIETO areHTa B KoJoHHY OK, KOIMuecTBO MOTOKa
pa3meIsIonIero areHTa u ero Temmeparypa. Kpurepuem
ONTUMU3AIUN ABJIAJIACh CyMMapHas TCIJIOBas Harpys3ka
Ha KunATunbHukd Q. JIis onTMMH3anMK MCIONB30-
BaJli BCTPOEHHbIE MHCTPYMEHTHI IIPOrPAMMHOIO KOM-
miekca Aspen Plus, Takue kak NQ Curve, Sensitivity
Analysis u SQP Optimization. [Ipouenypa ontumunza-
UM BKJTFOYaia HECKOJIBKO TAIlOB.

Ha nepBom stane npu noMomu HHCTpyMeHnTa NQ
Curve mpu 3aKpeTuIeHHOM KOJHYECTBE MOTOKa pasfe-
nsrolero areHta, pasHom 3000 kr/4, Obuto ompene-
neHo obmiee yucio TeopeTudeckux tapenok (TT) B
xononHax: 66 u 48 B OK u PK, cooTBeTCTBEHHO.

Jlanee ObuTa HCCiieIOBaHA 3aBUCUMOCTh paboumx
napaMeTpOB JKCTPAKTHMBHON KOJOHHBI OT TeMmIiepa-
Typbl IOAA4Yu B HEE pas3fessrounero areHra. JJanusie
MpUBEACHBI B Ta0MI. 3.

Tabdauua 3. 3aBucuMocTh napameTpoB DK
OT TeMneparypsl nogauu PA

Table 3. Dependence of the EC parameters
on the entrainer temperature

R Qcond’ KBt Qreb’ KBT

TS, OC NS/NF cond’® kW Qreh’ kW
110 13/52 4.58 —533.7 611.7
120 13/52 4.78 —552.4 611.6
130 13/52 4.97 —571.2 610.9
140 13/52 5.17 —590.4 610.8
146 13/52 5.29 —601.4 610.6

W3 Tabnuiibl BUAHO, 4TO 3aTparhl SHepruu B Kyde DK
IIPAKTUYECKU HE 3aBUCAT OT TEMIIEpaTyphl 0auu B HEE
PA. ®niermoBo€ 4KCIIO ¥ TAPOBOIA MOTOK B BEPXHEW YacTu
KOJIOHHBI Nipu yBenmuenuu 7T, co 110 o 146 °C Bospac-
tator npumepHo B 1.15 pasa. Kak ormeuaercs M.K. 3axa-
poBbiM [20], yBenmuueHHe (IIETMOBOTO YHCIIA MTOBHIIIACT
BHYTpEHHEE 3HeprocOepekeHre MpHu pekThduKanmu, a
YBEIIMUCHHE ITapOBOTO MOTOKA MOBBIIIACT YPPEKTUBHOCTh

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(4):14-29
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HNPHMEHEHHS TEII0BOro Hacoca. C y4eToM BbIIIECKA3aH-
HOTo, HaMH Oblia BbIOpaHa TeMmeparypa nojgauu PA B
DK, pasnas 146 °C. Kpome Toro, momada PA nipu Takoi
TEeMIIEpaType N03BOJIAET HE OCIIOKHATh CUCTEMY JIOIIOJ-
HHUTEIBHBIM TETUIOOOMEHOM Ha JIMHHUH PEIUKIIa pa3aess-
IOLIETO areHTa.

Jus onpeneneHust MpeaeaoB BapbUPOBAHUS KOJIH-
4YecTBa pas3lessIOIIEro areHTa HaiJeHO MHHUMAJIbHO
HEOOXOMMO€ KOIMYECTBO Pa3/elAIONIero areHTa, mpu
KOTOPOM €I1I€ BO3MOYKHO IIOJIy4YeHHE IIPOLYKTOB 3a/laH-
HOT'O KauecTBa JJIs Pa3HbIX MOJIOKEHUH TapesoK MoAauu
nutanus N, u arenta Ng. Komruectso PA, ipu kotopom

" IOCTHraeT MHHUMAIIBHOTO 3HAYEHHUSL, ABJISETCS Oll-
TUMAaJIBHBIM. Pe3yabTaTsl IpecTaBiIeHb! B Ta0M. 4.

Ha ocHOBaHMM 3TUX PE3yIbTATOB AJI HOCIELYIO-
el ONTUMU3ALMOHHON MPOLENYpPbl JBYXKOJIOHHOTO
KoMIutekca DP ObutH BEIOpaHbBI IPAHUIBI BAPbHPOBA-
Hus pacxona PA ot 2450 xr/g4 go 3300 kr/4. lanee B
YCTAHOBJICHHBIX IIpeJieaax BappupoBaHus pacxona PA
METO/OM BBIUUCIUTEIBHOIO 3KCIIEPUMEHTA [I0Ka3aHO
OTCYTCTBME BJIMSHMSI 3TOr0 NapaMeTpa Ha ONTUMAIb-
Hoe noJjiokeHue tapenku nuranus B PK. Pesynbrarsl
MpeJCTaBJICHBI B Ta0JI. 5.

MuHIMYM 2HEpro3arpar HaOIomaeTesl IpH Toade
noroka nutanus B PK Ha 22-oi1 TT. B naneHelimem npu
OTIpEIeTICHUH ONITUMANIFHBIX TTapaMeTpoB KoMIutekca DP
B 1I€JIOM 3Ta TapeJika MMoJlauu MUTaHus B KOJOHHY pere-
Hepanuu OblIa 3aKpericHa.

[Ipy momomM OXHOBPEMEHHOIO  HCIOJB30-
BaHWS WHCTPyMeHTOB Sensitivity Analysis m SQP
Optimization ObUIO yCTAHOBJIIEHO ONTHMAaJIBHOE IO-
JIO’)KEHHME TapesoK Nojadd nutaHus u aredra B DK
U ONTUMAIIbHOE KOJMYECTBO IMOTOKA Pa3[esioIlero
areHra Juisl IByXKoJIoHHOTO KoMIuiekca JP. [Tpu stom
UHCTpYMEHTOM Sensitivity Analysis BapbupoBanuch
MTOJIOKEHHUS TapesioK nojadu nutanus u PA, a mpu mo-
Mot SQP ist kaxxnoro GUKCHPOBAHHOTO MOJIOXKeE-
HUSA NS/NF mo0upacss ONTUMAIIBHBIA pacxoll pasje-
JSAIOIIETO areHTa, Ipu KOTOPOM CyMMapHas Harpyska
Ha KUMATUIBHUKY KooHH O, = Ok +O8Y nocrtura-
€T MUHHUMAJBHOTO 3HAaUYCHHs. Pe3ynmpTaTsl mpeacras-
JIeHbI B Tabm. 6.

UroroBeie paboume mapaMeTphl TpPagUIIHOHHOMN
CXEMBbI IKCTPAKTUBHON PEKTU(PHUKALUU TPEICTABICHbI
B Tabn. 7. OnTuMaabHOE KOJUYECCTBO IOJAaBAEMOTO
PA — 2671 kr/u, Temnepatypa PA — 146 °C.

Taonnna 4. MunnManbHbIN 1 onTuManbHbIN (1 OK) pacxon PA

B 3aBHCHMOCTH OT TosioskeHust N /N,
Table 4. The minimal and optimal (for EC) entrainer rate
depending on the position of N/N,

NN S i KI/4 S“pt, KI/4 Q. upusS . kBr 0. ., npu S“pt, kBT
STF S . kg/h S0 kg/h 0. atS kW 0.,atS, ., kW
12/51 2390 3000 721.2 603.3
12/52 2360 3050 710.3 601.3
12/53 2340 3100 715.2 604.6
13/51 2400 3050 738.1 603.2
13/52 2370 3100 708.5 605.5
13/53 2350 3150 721.1 608.9
14/51 2450 3200 730.9 605.7
14/52 2420 3250 702.2 607.3
14/53 2400 3300 725.5 610.5
Taoauna 5. OnTruManbHOE TOJIOKEHIE TAPEIKH TUTAHUS B KOJIOHHE PEereHepaIiui
MIPH pa3IUIHOM pacxoje PA
Table 5. The optimal feed stage in the entrainer regeneration column
at various entrainer amounts
S, Kr/4 N 0. ., KBT 0.0 KBT R
S, kg/h F Q.. kW o KWV
2450 22 358.9 —354.5 3.6
2600 22 378 —373.5 3.9
2800 22 397.7 —393.1 4.1
3000 22 417.4 —412.8 4.4
3300 22 4372 —432.5 4.6

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(4):14-29

18



I1.C. KaaysHep, [.I'. Pyaakos, E.A. AHoxuHa, A.B. THMOIIEeHKO

Tadauna 6. OnpeneneHne ONTUMAIBHBIX PA00YNX TTAPAMETPOB
TPaJUINOHHON CXeMbI SKCTPAKTHBHON PEeKTH(HUKAIINT
Table 6. Determination of the optimal operation parameters
of the conventional ED scheme

N, N, ga E; ; ; QO » KBT Ona » KBT REC Ok » KBT Olons » KBT RRC Qo KBT
’ Ou kW | Oy kW Qe kW | Ol kW Q.0 KW
51 2732 630.8 —623.5 5.52 391.1 —386.5 4.04 1021.9
1 52 2733 628.8 —621.5 5.50 391.0 —386.5 4.04 1019.8
53 2635 635.3 —627.9 5.57 381.5 -377.0 3.91 1016.8
54 2638 639.1 —631.8 5.61 382.0 —377.5 3.92 1021.2
51 2747 623.8 —616.5 5.45 392.6 —388.0 4.06 1016.3
3 52 2747 620.5 —613.3 5.41 392.2 —387.7 4.05 1012.8
53 2671 627.3 —620.0 5.48 385.2 —380.7 3.96 1012.5
54 2672 632.3 —625.0 5.54 385.4 —380.9 3.96 1017.7
51 2842 618.8 —611.6 5.40 401.5 —396.9 4.17 1020.3
" 52 2690 628.6 —621.4 5.50 386.6 —382.0 3.98 1015.2
53 2657 632.3 —625.0 5.54 383.4 -378.9 3.94 1015.7
54 2643 639.1 —631.8 5.61 381.9 -377.4 3.92 1021.0
Tabauna 7. OntumanbHble paboune napameTpsl TPAIULIHOHHON CXEMbI SKCTPAKTHBHON PEKTH(UKALIIH
Table 7. Optimal operating parameters of the conventional ED scheme
Kosionnb1 9K PK
Columns EC RC
N 66 48
N, 53 22
Ng 13 _
0. KBt/ 0O kW 618.2 3943
0. .o KBT/0 kW =515.2 —389.8
R 5.39 4.08
T .°C 107.7 116.2
T, °C 137.5 146.5
P .xIla/P . kPa 101.3 101.3
P xlla/ P, kPa 107.9 106.1

MO}JCJ]P[pOBﬁHPle CX€E€M C TCIVIOBBIMH HACOCaMH
OTKPBLITOI0 THIIA

[Mnemy u ap. [18] npeanoxunu MeTon IUis pea-
BapHUTEIBHON OIICHKH I1eJIeCO00Pa3HOCTH MPUMEHEHHS
TEIJIOBBIX HACOCOB B peKTHU(HKAIMK HAa OCHOBE KO3(-
(pummenra spdexrnBrocTn C

— Qreb — T;eb
ef A (T T ) ’ (1)

reb ~ ¥ cond

rae O , — Harpy3ka Ha KMISITHIBLHUK KOJIOHHBI, 4 — Tep-
MomuHamudeckas pabora, 7, . wu T — abCOMIOTHbIE
TEMITepaTyphl B KOHICHCATOPE U KUIIATHIILHUKE PEKTH-
(bUKaIMOHHOM KOJIOHHBI, COOTBETCTBEHHO.

VYpaeuenue (1) nonydeno [liemy u ap. [18], ucxo-
I U3 ypaBHEHHUs Ui pacuera TeIloThl, TpeOyeMoi 1
paszeneHus, U BBIpaKeHUS I KOd(HUINCHTA MOTe3-
HOTO JeicTBus TeruoBor Mammubl Kapao. 1o qanabiM
[Tnemy, mpu 3Hayennn C > 10 npuMeHEHHUE TETIOBBIX
HACOCOB YKOHOMHUYECKH IeNIECO00Pa3HO B OONBIINHCTBE
ciayyaes, ipu 10 > C > 5 UCHOIB30BaHUE TEIUIOBBIX
HACOCOB OKAa3bIBACTCS IENEeCOOOpa3HbIM TONBKO MpPU
HEKOTOPBIX YCIOBUSAX, a TpHU 3HaueHun C < 5 mpume-
HEHHE TEIUIOBBIX HACOCOB Hemenecoodpasno. Heobxo-
MO OTMETHUTb, YTO JAHHBIH MOJXOM OBLT MPEIIOKEH
UL OLEHKH 3(P(HEKTHBHOCTH HPUMEHEHHS TEIUTOBBIX
HACOCOB P PEKTU(HUKAINHU 3€0TPOMHBIX cMmecelt. On-
Hako B pabotax [21-24] oH ObLT HCIIOIB30BAH IS OIICH-
k# 3(p(HEeKTUBHOCTH MPUMEHEHUS TEIIOBBIX HACOCOB B
Mpoueccax pasleieHuss a3eoTPOIHBIX CMecel, B TOM
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YHCIIC ¥ B OKCTPAKTHBHOM peKTH(UKAII. MBI perumm
MIPOBEPUTH MIPABOMEPHOCTh TAKOTO MOAX0/a B Clyyae
paznenenusa cmecu MBC-MBA skcTpakTUBHOM pEKTH-
¢ukanuei ¢ BIT.

Hcxons w3 naHHBIX TaOm. 7, A SKCTPAKTUBHOM
xonounbl C . paseH 12.76, a 17151 KOJIOHHBI pEreHEpaluy
— 12.83. Beicokue 3nadenus C . NpeArnonararoT momnyye-
HHUE CYIIECTBEHHOTO 3(pdekra OT MpUMEHEHHs TerIo-
BBIX HACOCOB Ha 00euX KOJIOHHAX. Takxke JTuTepaTypHbIC
JaHHbIe [4] CBUAECTEIBCTBYIOT O TOM, YTO MaKCUMAaJbHas
3(pPEKTUBHOCTh TEIUIOBOTO HACOCa IOCTHTACTCS IPHU
MHHUMAaJIbHON BO3MO)KHOM pazHUIE TeMIepaTryp B Te-
miooOMeHHuKe. Mcexons U3 3TuX JaHHBIX, JUI ONpere-
JICHUsI BBIXOJHOTO JABJICHHs KOMIIpeccopa OblLla 3ajJaHa
temrneparypHas pasauna A7 = 25 K. IIpu 3Tom, Komrpec-
cop oOecrieynBacT pacyeTHOE NaBJICHHUE TI0 TUCTIIUIATY

3K/EC PK/RC é%

9K/EC

SKCTPAKTHBHOH KONOHHBI PLe = 506.6 kIla, a mo juc-

comp
TUJUIATY KOJIOHHBI pEreHepariuu Pcffﬁp =456.0 xIla

Ha ocHoBe TpaauIIMOHHOW CXEMBbl SKCTPAKTUBHOMN
peKTH(UKAINN ¥ IPUBEACHHBIX BBIIIC MTPEATIONOKECHUN
00 3(pdexTuBHOCTH TpPUMEHEHHs TEMJIOBBIX HACcOCOB
OBITM CMOJETUPOBAHBI TPH BapHUaHTa CXEM, COnIep-
JKalIUX TEIUIOBBIE HACOCHI OTKPBITOro THma (puc. 2).
Bo Bcex cimywasix BBeICHHBIN B CXeMy TEIIJIOBOW HACOC,
YCTaHOBJIGHHBI Ha KOJIOHHY, MOJHOCTBIO HCIIONB3YeT
MapoBOM TIOTOK, BBIXOASAIINK CBEpXy KoJOHHHI. [locie
CKaTUsl B KOMIIPECCOpE € MOTPeOIsieMOil MOIIHOCTbIO
WComp 0 IaBJICHUS PCOmp M aanadaTHYecKoro Harpepa
MapoBOii MOTOK HANpaBiISIeTCsA B TEIJIOOOMEHHHK, 00e-
CIIeUMBas YaCTUYHBIA 000TPeB KyOa KOJIOHHBI (KOTMIECTBO
MEPEeJAaHHOTO B 3TOM TEINIOOOMEHHHKE Teria 0003HaYeHO

O,p)- Hanee MoTok NapoXKMIKOCTHON CMECH HANPABIISETCS

\% b
93K/EC PK/RC

II

PK/RC

%,

Puc. 2. CxeMbl 5KCTPaKTUBHOW PEKTU(UKALUK C BHEIIHIUM TETUIOBBIM HACOCOM OTKPBITOIO THUIIA.
YcranoBka kommpeccopa Ha mapoBoM motoke IK (I), Ha mapoom notoke PK (II), Ha mapoBBIX MOTOKax 00enx
xostonH (IIT). DK — komoHHa SKCTpaKTUBHOM pekThdukaimy, PK — KoloHHa pereHepaniy pa3aessiFoiiero areHTa.

1 — Ucxomnas cmeck UBC u UBA, 2 — pasaensromuii arent bII, 3 — UBC, 4 — IBA.
Fig. 2. Schemes of ED including vapor-recompression heat pumps.
The compressor installed on the vapor streams of (I) EC, (II) RC, and (III) both columns.
EC is the ED column, RC is the entrainer regeneration column. (1) Feed, (2) entrainer, (3) IBA, (4) IBAC.
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B JIpoccenb, Tae AaBinenune cHmxkaetrcs o 101.3 xIla.
Jiist TONHOM KOHIGHCAIMH TIOTOKA UCTIONb3YeTCsl BCIIO-
MorarejbHbII KOHJIEHCATOop, [TOCIIEe KOTOPOro MOTOK pas-
JensieTcsl Ha IPOAYKTOBBI U (hIIETMOBBIH.

Tak Kak B paccMaTpUBaeMbIX CXEMax 3aMeHa CTaH-
JApTHOTO TEMJIO000OMEHHOIo 000pYI0BaHUs PEKTU(HKA-
IIUOHHBIX KOJIOHH Ha OOBSI3KY, 00CCIICUYMBAIOIIYIO TIPH-
MEHEHHE TEIJIOBOTO HACOCA, HE BHOCUT 3HAUUTEIBHBIX
M3MCHEHHH B TEITIOMACCOOOMEHHBIE MPOIECCH BHYTPH
KOJIOHH, MOBTOPHAsl ONTHMHU3AIMS KOHCTPYKIIMOHHBIX
mapamMeTpoB KOJOHH He Tpebyercs. CliexyeT OTMETHTS,
4TO BO BCEX TPEX BapuUaHTaX OpraHU3alUM Impoluecca y
KOJIOHH C TEIUIOBBIMU HacOCaMHU IPUMEHSIOTCS OO0~
HHUTENbHBIC KyOOBbIE KUISITUIBHUKH U KOHJCHCATOPBI,
Harpy3Kd Ha KOTOpble 0003HadeHbl O 1 O . COOTBET-

cond
CTBCHHO. 3TO CBsA3aHO C TEM, YTO B pacCMaTpuBACMbIX

CXeMax He YJIaJIOCh ITOJTHOCTHIO OTKA3aThCs OT JIOTIOJIHH-
TENFHOTO MO/IBO/IA U OTBOJIA TEILIa, HECMOTPS Ha TO, YTO
COOTBETCTBYIOIIHE TEIJIOBBIC HATPY3KH, a, CIIe/I0BATEITh-
HO, PacXobl TPEIOIIETO TMapa U OXJIAXKIAIOIICH BOIHI,
Kak OyJieT MoKa3aHo HUXKEe, 3HAYUTEIIEHO YMEHBINAIOTCS
IO CPABHECHUIO C TPAJAUIIMOHHON CXEMOIA.

PaccunTanHbIe TapaMeTphl TPEX BAPHAHTOB CXEM C
TEIUIOBBIMU HacOCaMU MpHBe/IeHbI gajee (Tadm. §).

B TtexHonormveckue cxembl (puc. 2) MO CpaBHE-
HUIO C TPAIUIIMOHHON CXEMOW BHECCHBI CYIIIECTBEHHBIC
M3MCHCHHUS 3a CYET BKIIFOYCHHS B MX COCTaB JOIOJIHHU-
TEJILHOTO JIOPOTOCTOSIIIET0 000PYIOBAHMUS, TAKOTO KaK
«ropsYMe» KOMIIPECCOPHI, MOTPEONSIONINE MPH KOM-
MPUMHUPOBAHUK TIAPOBBIX IOTOKOB 3JCKTPOIHEPTHIO.
[TosTOMY HCITOJIB30BaHHE KPUTEPHSI IHEPTeTUUYCCKHUX
3arpar IUisl BHIOOpA ONTHUMAIbHOW TEXHOIOTMYECKON

Tabdauua 8. [TapameTpbl CXeM ¢ TEIIOBEIMU HACOCAMHU OTKPBITOTO THIIA
Table 8. Operating parameters of the schemes with vapor-recompression heat pumps

Cxema I (Puc. 2)
Scheme I (Fig. 2)

KoJionHbI 9K PK
Columns EC RC
0., KBt/ 0 kW 64.83 394.32
O, KBT/ O, ., kKW 568.82 -
0. .0 KBT/0 kW —163.51 —389.81
OodopynoBanue Komnpeccop Ha mapoBoMm noToke DK -
Equipment The compressor was installed on the vapor streams of EC
W xkBt/W__ kW 106.18 -
comp! comp
Py K2/ P, kP2 506.63 _
Cxema II (Puc. 2)
Scheme II (Fig. 2)
KoJsionHbI 9K PK
Columns EC RC
0., KB/ 0 kW 618.16 91.54
Oy KBT/ O, 1, kKW - 299.24
O .o KBT/ 0 kW -515.25 —150.15
Kommpeccop Ha napoBom notoke PK
OobopynoBanue .
Equipment - The compressor was installed on the vapor
quip streams of RC
W xBt/W.__ kW - 65.89
comj L()mp
P .o Ka/ P kPa - 455.96
Cxema III (Puc. 2)
Scheme III (Fig. 2)
KoJionHbI 9K PK
Columns EC RC
0., KBt/ 0 kW 64.83 91.54
O KBT/ O, kKW 568.82 299.24
0.0 KBT/0 kW —163.51 —150.15

OdopynoBanue
Equipment

KoMnpeccop ycTaHOBIICH Ha MAPOBBIX MOTOKAX 00CHX KOJIOHH
The compressor was installed on the vapor streams of both colomns

w__,xBt/W__ kW

comp comp’

106.18

65.89

P klla/P kPa

comp’ comp’

506.63

455.96
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CXeMbl HEKOPPEeKTHO. B TO ke Bpems sl mporecca
ONTUMHM3AIUH KXKIOW MHIMBUIYAIbHON TEXHOIOTHYE-
CKOM CXEMBI, IPUMEHEHHE ITOTO KPUTEPHUS IOMYCTUMO
U 1enecoodpasHo. st cpaBHEHUsI BApUAHTOB OpraHH-
311U [IPOLECCa, BKIFOYAIOIIETO Pa3HOPOJHOE TEXHOIO-
THYECKOe 000pYyIOBaHUE, IPUHSITO UCTIONH30BATh KPUTE-
puit monmHBIX rooBbIX 3arpar (TAC):

CcC

TAC=0C+—, Q)
oT

e OT — cpok skcrutyaranuu yctaHoBku B rogax; CC —
KanutaneHble 3aTpathl, USD; OC — sKcrmyaTaliioOHHbIE
3arparsl, USD/rog.

[TockonbKy M3MEHEHHE CPOKOB JKCIUTyaTalluH Cy-
MECTBEHHO BiMseT Ha BeymunHy TAC, TO ObUIH MPOBe-
JIeHbI pacueTsl kputepus A 10 u 20-1eTHero nepuoaos.
JIJI BBIUMCIICHUS] KAIUTAJIBHBIX W 3KCIDTyaTalldOHHBIX
3arpar ObLTM HCHOJB30BaHBI cpeicTBa Aspen Process
Economic Analyzer v10.1 (APEA). OcHOBHBIE 3KOHO-
MHUYECKHE IMapaMeTpsl puBeaeHsbl B Ta0n. 9 u 10, a pe-
3yJBTaThl SKOHOMHYECKOW OIEHKH — B Ta0. 11.

Taéauua 9. Llens! Ha sHEeproHocuTenu B goiutapax CIIA
Table 9. Utility costs (USD)

Juepronocuteu / Energy resource Croumoctb, no1apoB CIIA 3a equnuiy / Cost, USD per unit
DnexTpuuecTBo, KBT
Electricity, kW 0.0775
OOGopoTHas Boaa, T
Cooling water, t 0.03
I'peromnii map, kr
Steam, kg 0.017
Taomanna 10. Liensr o0opynoBanus B nosutapax CIIIA
Table 10. Equipment costs (USD)
Oo6mue TpagunHoHHAs cxeMa
OGopynoBanue General Conventional scheme
Equipment KoJionna ®DJj1erMoOBBIH HACOC OCHOBHOI KOHIEHCATOP OCHOBHOI KUNATHILHAK
Tower Reflux pump Main condenser Main reboiler
OK/EC 862500 4500 23600 21400
PK/RC 404000 5200 20400 18400
TenJoBoii Hacoc
OobopynoBanue Heat pump
Equipment Komnpeccop | Temnoo6mennnk | BenomorarenbHblii KoHaeHcaTop | BermomorareibHbIN KHNATHILHUK
Compressor Heat exchanger Support condenser Support reboiler
DK /EC 707400 15100 8600 18400
PK/RC 671000 11000 8500 12300

Taoauma 11. DxoHoMHYeCcKas OllCHKA

Table 11. Economical evaluation

IKOHOMHYECKHE IapaMeTpbl
Economic parameters

3arparsl Ha SHeproHocuten, goywapos CILIA/ro

Energy costs, USD per year

CHKeHue 3aTpaT Ha SHEProHOCUTEIH, %o
Energy saving, %

Croumocts 000pynoBanus, josiapos CIITA

Capital costs, USD

TAC10, nommapos CILIA/rox
TAC10, USD per year

TAC20, nomnapos CLLIA/ron
TAC20, USD per year

Cumxkenne TACI10, %

TAC10 saving, %

Cumwxkenne TAC20, %

TAC20 saving, %

Cxema I Cxema I1 Cxema III
Tpammumonnast cxema (Puc. 1) | gepeme 1 Scheme II Scheme I1I
Conventional scheme (Fig. 1) -
Puc. 2 / Fig. 2
334155 248718 291574 201721
0 25.6 12.7 39.6
1363800 2061400 2027100 2555800
470535 454858 494284 457301
402345 351788 392929 329511
0 3.3 =5.1 2.8
0 12.6 2.3 18.1
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Bunao, ato mpu 10-meTHEM nieprozie dKCIITyaTaun
UCIIOJIb30BaHUE TEXHOJIOTHYECKUX CXEM C TEIUIOBBIMHU
HACOCAaMH TIPHHOCUT OYCHb HE3HAYMTEIHHBIA 3KOHOMH-
yecKuil dP(EKT, ¥ MPAKTUIECKU ITH TEXHOJIOTHYCCKUE
peIICHUSI HaXOMATCS Ha TPaHH SKOHOMUYECKOW IIeNeco-
obpasHoctu. Takke BHIHO, YTO IUIS CHCTEMBI DKCTPaK-
TUBHON pekTH(UKAIMKU HAaHOOJbIICH 3(P(PEKTUBHOCTHIO
00J1aJat0T TEXHUYECKUE PEIICHHS, PELyCMaTPUBAIOIINE
YCTaHOBKY KOMITIpEccopa Ha MapoBOW MOTOK JUCTHILIIATA
KOJIOHHBI KCTPAaKTHBHOW pekTudukanmu. [IpumeHnenue
TETIIOBOTO HAcOCa TOJIHKO Ha KOJOHHE peTCHEpPAIINH YKC-
TPAaKTUBHOTO areHTa HeuenecoodpasHo. Cxema ¢ JAByMs
TETUIOBBIMA Hacocamu HamOonee 3(dexTrBHA 3HEpre-
tuuecku. Ilo xpureputo TAC npu cpokax 10 jer Oonee
BBITOITHOH SIBIISICTCS CXeMa C TEIUIOBBEIM HAacOCOM Ha JKC-
TPaKTHBHOM KOJIOHHE, OJTHAKO, KaK Y)K€ OTMEYAIOCH BBIIIEC,
sKOHOMHYECKHH ekt HesHaunTeeH. [Ipu cpokax 20 et
a¢dhekTHBHEE CXeMa C IByMsI TEIUIOBBIME HACOCAMEL

MO}]eHl/IPOBaHI/Ie CX€MbI C BHYTPCHHUM
TEMJIOBBIM HACOCOM

TernmoBo#l HAacoC MPH IKCTPAKTHBHOW peKTH(UKA-
IIUM MOXKET OBITh Pa3MEIICH HE TOJIBKO Ha TAPOBBIX TO-
TOKaxX JUCTUJUIATOB KOJIOHH, HO U Ha MapoOBBIX MMOTOKAaX
MEX]y OTACITHHBIMU CEKIUAMH KOJIOHH. Takoe penieHue
ObUT0 BrepBble npeanioxkeHo barucra u np. [19], HO 10
HACTOSIIIET0 BPEMEHU HE MTOABEPrajoch CPaBHUTEIHHO-
My aHaJU3y C JAPYTMMHU BapHaHTaMU OpraHU3aLUU Mpo-
necca. CxemMa ¢ BHyTPEHHHUM TCTUIOBBIM HACOCOM TIpe-
CTaBJIeHa Ha pHuc. 3.

B »710ii cXeMe KOJIOHHA 3KCTPAaKTHBHOM pPEeKTH(HKa-
LIUY pa3/ieieHa Ha JIB€ YacTH, paboTarolIye 0/ Pa3HbIM
nasinenneM — 101.3 kIla B ucuepnbiBaromieil cexknuu
(HC) 1 506.64 kIla B BepXHUX YKPEIUIAIOLIEH 1 SKCTpaK-
tuBHOU ceknusx (BC), mpuyem muTaHue momaeTcs Ha
MIEPBYIO TapesKy HUKHEH cekuuu. YacTuyHbli 000rpeB
KHITATWIBHUKA HIDKHEH ceKIuu obecrieunBaeTcs mapo-
BBIM [TIOTOKOM JUCTUJIISATA BEPXHEH CEKIUH.

BII/BP

ANy : y %
HUBC/IBA ( I )

WUBA/IBAC UBC/IBA

PK/RC

%,

Puc. 3. Cxema 5KCTpakTUBHOM peKTHPUKALIMN
C «BHYTPCHHUM» TEIJIOBBIM HACOCOM OTKPBITOTO THIIA.
BC DK — BepxHsisl ceKIus KOJIOHHBI SKCTPAKTUBHOMN
pexruduranun, HC K — HUKHSS CEeKIUS KOJIOHHBI
SKCTpaKTHBHOW pekTudukanun, PK — kononna pereneparym
pasnensitomiero arenta. 1 — Mcexonnas cmecs UBC u UBA,
2 — paznpensitouuit arent bI1, 3 — UBC, 4 — UBA.
Fig. 3. Scheme of ED including an “internal” heat pump.
TS EC denotes the top section of the ED column,
BS EC denotes the bottom section of the ED column,
and RC denotes the entrainer regeneration column.
(1) Feed, (2) entrainer, (3) IBA, (4) IBAC.

[Tpu nu3meHeHnn pabodero JaBJICHUS! B CUCTEME Me-
HSIETCSI BH]] TUArpaMMbI TAPOKUIKOCTHOTO PABHOBECHSI.
B nmanHOM cryuyae mpW yBeNMYCHHMH JABICHHS COCTaB
a3e0TpoIa CMEMIACTCsI B CTOPOHY YBEIHYCHUS B HEM
KOHIIEHTPAIIMK JICTKOKHUIISIIETO KOMITIOHEHTA, BIUIOTh
IO BBIPOXKICHUS a3€OTPOIUH B TAaHTCHIHAIBHYIO HPU
nasiienun 506.64 xlla. Ha puc. 4 (I) npeacraBieHs! au-
arpaMMbl JIMHUA OTHOCHTENIBHBIX JIETY4ECTEH 0., Taphl
UBC (1)-UBA (2) npu 101.3 xIla, a Ha puc. 4 (II) — npu
nasieaun 506.64 kI1a.

BII/BP

(1) VBA/IBA

Puc. 4. /luarpaMmbl TMHUH OTHOCHTENBHBIX JieTydecTelt o, mapbl MBC-MBA mipu 101.3 (I) n 506.64 (II) xIla
B IIPUCYTCTBUH Pa3/eNAIONIEro areHTa.
Fig. 4. Relative volatility diagrams (a.,) for IBA-IBAC with an entrainer at 101.3 kPa (I) and 506.64 kPa (II).
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BunHo, 4to nmpu yBeIMUYEHUU JABIECHUS B IIPUCYT-
CTBUM JKCTPAKTUBHOIO areHTa B paccMaTrpuBaeMoil cu-
CTEME OTHOCHTENbHAs JIETy4ecTh 0, mapsl MBC-BA
BO3pACTaeT, CIIEJ0BATEIbHO, pa3JeliecHue TPH IOBbI-
IIGHHOM JaBJICHUHU OOyerdaercss U TpeOyeT MEHBIIETo
KOJIMUECTBA pa3zeisitomero areura. [lonmyuyeHHple HaMu
pacyeTHbIe JaHHBIE TI0 YBEIMYEHHUIO OTHOCUTENBHOM J1e-
tydectd napsl UBC-MBA mpu NOBBIIIEHUH [1aBICHUS
MOATBEPIKIAIOTCS JaHHBIMU HaTYPHOTO JKCIIEPUMEHTA
MownToHa u ap. [25].

Jnst MozienMpoBaHUs CXeMbl C «BHYTPEHHUM) TEIUIO-
BbIM HacocoM HOTPe0OBAIOCH ONPENESUTh ONTHMAIIbHBIE
pabourie TapameTphl TPATUIIMOHHONW CXEMBI SKCTPAKTHB-
HOM peKkTH(HKaIiY, B KOTOpoi komoHHa DK paboraer mpu
IOBBILLEHHOM JaBiieHUu. [1py 5ToM NOSABIIAIOTCS 1ONOJIHU-
TENbHBIC 3aTPaThl TEIUIa Ha MOJAOTPEB UCXOIMHOTO CHIPhS U
TEMI000MEHHHUK JUTst TofiorpeBa. Takasi cxema Obla cMozie-
JIMPOBAHA ¥ ONTUMU3UPOBAHA IO YIIOMSHYTOMY PaHEe aJlro-
putmy [17]. OnTuManbHble paboune mapaMeTphl STOH CXEeMBbI
npezicTaBiaeHbl B Ta0n. 12. OnrtuMabHOe KOJMYecTBO Mofa-
Baemoro PA — 1312 kr/4, remneparypa PA — 146 °C.

Ha ocnoBe napameTpoB cxemsl ¢ DK, paboTarorieit
npu nasineann 506.64 klla U TpaAWIIMOHHONW CXEMBI
(mpu naBnenun 101.3 xI1a) 6pT0 MpOBEEHO MOIETH-
pOBaHME CXEMBI C «BHYTPEHHUM) TEIUIOBBIM HACOCOM.
[Tpu aTom napamerpsl BC 9K — obmiee ynucTo Tapenox,
HOMEp TapeliKy [101aul pa3felIaiollero areHTa 1 KoJju-
YECTBO MOTOKA Pa3CISIONIErO areHTa COOTBETCTBYET
rapaMeTpaM YKpEIUISIoNIe U SKCTPAKTUBHOM CEKIU
kojoHHBI OK B cxeme, padoTaroiei mpy NOBHIIIEHHOM
nasienud, a napameTpsl HC DK — mapameTrpam ucuep-
MBIBaOINEH cexiuu kojaoHHbl DK cxembl, paboTaromiei

npu atMocdepHOM naBieHUH. [lapaMeTpsl CXeMBI ¢
«BHYTPEHHHUM)» TEIUIOBBIM HACOCOM IIPEJCTaBIEHBI
B Ta0i. 13. OnTuManbHOE KOJIAYECTBO OIaBAEMOT0
PA — 1312 kr/4, Temnepatypa PA — 146 °C.

W3 npuBeneHHbIX Pe3ynbTaToOB BUHO, YTO IIPUMEHE-
HHUE BHYTPEHHETO TETIOBOTO HAacOca MO3BOJISIET OTKA3aTh-
Csl OT JIOTIONHHUTENFHOTO TOABOA TEIUIa B KyO KOJIOHHEI
OK 1 UCKITFOYHUTH BCIIOMOTATENBbHBIN KU TUIIBHUK.

s cxembl ¢ BHYTPEHHMM TEILJIOBBIM HAacoOCOM
TaKKe NMPOBEACHA SKOHOMHUECKAs OLEHKA U OTpeJiene-
Ha BenmurHa TAC. LleHsl 060pyioBaHUS TPUBEICHBI B
Tabi. 14, a pe3ynsraThl 5KOHOMUUECKOTO aHAJIM3a B CPaB-
HEHUW C TPAJMIIOHHOMN CXEMOM MPEICTaBIICHBI B TA0M. 15.

Kak MOXXHO BUJETh, UCTIOJIB30BAaHUE BHYTPEHHETO
TEIJIOBOI'0 Hacoca IO3BOJAET 3HAYUTENBHO CHU3UTH
sHeprerudeckue 3arparsl u TAC.

3AKJIIOYEHUE

B pesynbrare npoBeneHHOIO HCCIENOBAaHUS IIO-
Ka3aHO, YTO NMPUMEHEHHE TEIUIOBBIX HACOCOB B CXEMeE
AKCTPAKTUBHOM PEKTHU(PUKAIIUN CMECH HM300yTHIIOBBII
cnupT—u300yTunaneTar ¢ H-OyTHJINPONHOHATOM B
KaueCTBE PA3JICIAIONIETO areHTa MOXKET OBITh IKOHO-
MuYeckHu ompasraHo. Cpeau pacCMOTPEHHBIX CXEM C
BHELIHUM TEIUIOBBIM HAcCOCOM OTKPBLITOIO THIA Hau-
0OJbIIYI0 DHEpreTHYeckyto 3(P(EeKTUBHOCTh HUMEET
CX€Ma, B KOTOpPOW TEIJIOBbIE HACOCHI IPUMEHSIOTCS
Ha o0Oeux konoHHax. Takas cxema obecrieynBaeT CHUXKe-
HUE 3aTpar Ha SHEproHocuresu Ha 39.6% 10 CpaBHEHUIO
C TPaJMLHOHHON CXEeMOW AKCTPAKTHBHOM pPEKTU(UKALIUH.
Ilo xpuTepuro MONHBIX TONOBBIX 3aTpaT IPU pacyere, uc-
X0 U3 BpeMeHU (PyHKIIMOHUPOBaHMS yCTaHOBKH B 10 Jiet,

Taonauua 12. ITapameTps! KOJIOHH CXeMBI SKCTPAKTUBHON pEeKTU(DHUKAIINN

npu aasieHnu B kosonHe DK 506.64 kIla

Table 12. Operating parameters of the scheme of ED with EC,

at 506.64 kPa

KosioHHBI 9K PK
Columns EC RC
OOuee uncno Tapenok, N 56 50
Total number of stages, N,
Tapenka muranus, N,
Feed stage, N, 44 23
Tapenxa momaun PA, N / EA, N 13 -
, KBt/ , kW 4738 214.2
reb reb
, KBt/ , kW —408.9 -311.4
cond cond
R 4.2 3.1
T »°C 160.4 116.2
T, C 197.9 146.6
P _,xlla/P . kPa 506.6 101.3
P xlla/P kPa 512.2 106.3
Qnon. noforpesa nuTaHus’ kBt 76.6 _
additional feed heating”
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Tadnanua 13. ITapameTpsl CXeMbI ¢ «BHYTPEHHUM) TETIOBBIM HaCOCOM
Table 13. Operating parameters of the scheme with the “internal” heat pump

Kosonnbl / Columns 9K /EC PK/RC

Ntotal 56 50

NTS EC 43 _

NBS EC 1 3 _

N, 44 (1) 23

N 13 -

0., KB/ 0 kW 0 214.2

Oy KBT/ O, kKW 403.9 -

O oo KBT/ O KW —84.3 -311.4

R 42 3.1

T, .C 160.4 116.2

" C 130.8 146.5
P .xlla/P . kPa 506.6 101.3
P xlla/P_, kPa 102.5 106.1
Ooopynosanue / Equipment 9K /EC PK/RC
Wy KBT/ WKW 123.6 -
P xlla/P__,kPa 511 -
comj COEP
Taoauna 14. LleHbr 060pyToBaHUS IS CXEMBI ¢ «BHYTPESHHUMY) TETUTOBBIM HACOCOM
Table 14. Equipment costs for the scheme with the “internal” heat pump
OobopynoBanue Kosnonna ®nermoBeblii Hacoc | OcHoBHOM KOHAeHCATOP | OCHOBHOW KHIATHIbHUK
Equipment Tower Reflux pump Main condenser Main reboiler

BC 3K
TS EC 414000 5100 - -
HC 5K
BS EC 68800 - - -
PK
RC 605200 4500 21500 14600

OobopynoBanue Kommnpeccop Ten1000MeHHUK BcenomorarenbHbIN KOHIEHCATOP

Equipment Compressor Heat exchanger Support condenser

BC 3K
TS EC 727100 - 8300
HC 5K
BS EC - 12600 -

Taonauua 15. DxoHoMHuyeckas olieHKa
Table 15. Economical evaluation

JKOHOMHYECKHE MapaMeTPbI TpanunuoHHasi cxemMa | CxemMa ¢ BHyTPEHHUM TeIIOBBIM HACOCOM
Economic parameters Conventional scheme Scheme with the “internal” heat pump
3arpatsl Ha S3HeproHocuteny, aosnapos CLIA/roxn 334155 187266
Energy costs, USD per year
CHrKeHHe 3aTpar Ha SHEPrOHOCUTENH, %o 0 44.0
Energy saving, % )
Croumocts 000pynoBanus, aosapos CLIIA
Capital costs, USD 1363800 1881700
TACI10, nommapos CILIA/ron
TACI10, USD per year 470535 375436
TAC20, nonnapos CIIA/rox
TAC20, USD per year 402345 281351
Camxernne TACI10, %
TACI10 saving, % 0 202
Cuamxenne TAC20, % 0 30,1
TAC20 saving, % )
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"HanMenblee 3Hayenne TAC10 mocTturaercsa B CXeMe ¢
TEIUIOBBIM HACOCOM Ha KOJIOHHE DKCTPAKTHUBHON PEKTH-
(ukarun. Takas cxema obecnieurnBaet cHmkenue TAC10
Ha 3.3% 1o CpaBHEHUIO C TPAJUIMOHHON cxemoii. [Tpu
BpeMeHH (yHKIMOHUpOBaHUs B 20 JIeT HaWMEHbBIIUE
MIOJTHBIE TOJIOBBIE 3aTpaThl 00eCreynuBaeT cxeMa C JIBY-
M TertoBeIMU Hacocamu. TAC20 »Toit cxeMbl HIDKE Ha
18.1% 1o cpaBHEHHIO ¢ TpaAULMOHHON cxemou. [Ipen-
JIO)KCHHAs] CXeMa C BHYTPEHHUM TEIJIOBBIM HAacOCOM
SABIISIETCSI HanOosee SYKOHOMUYHON M3 PAacCMOTPEHHBIX

Obo3nauenusn
A — TepmonnHamuueckas padora / thermodynamic work;

B JJaHHOU paboTe, HeCMOTPsI HAa HECKOJIBKO HECTaHIaPT-
HyI0 KOH(urypamuto. ITa cxema o0ecrieqnBaeT CHUKE-
HUE 3aTpar Ha 3HeproHocurenu Ha 44%, camkenue TAC
co cpokamu (yHkuuronuposanus 10 jer Ha 20.2%, a co
cpokamiu 20 set — Ha 30.1%.

Takum 00pa3oM, MPUMEHEHUE CHCTEM C TCIIOBbI-
MH HAaCOCAMH B JKCTPAKTUBHOW pPEKTH(PHUKAIUU 00e-
CIICYMBACT CYIIECTBEHHOC CHIDKCHHE IOTPEOICHISI
SHEPTHH U MOXKET aTh 3HAUUTEIHBINH 9KOHOMHIYECKAN

s dexr.

a, b — mapametpsl ypaBHenuss UNIQUAC / parameters of the UNIQUAC equation;

C,;— koo pumment >pdexrusnoctn / efficiency coefficient;

CC — xanuranbHble 3aTparhl / capital costs;

N — Homep Tapenku / plate number;

OC — sKcrutyaTalliOHHbIE 3aTpaThl / operating costs;
OT — cpok 3KcILTyaTallul yCTaHOBKHU / operating time;
P — abcomotHoe nasnenue / absolute pressure;

O — TemnoBas Harpyska / heat duty;

R — ¢rermoBoe uucio / reflux ratio;

S — pacxon paszaenstontero areHra / flow rate of the extractive agent;

T — temneparypa / temperature;
TT / TP — teopernueckue Tapenku / theoretical plates;
TAC — nonHble rofoBbie 3arparhl / total annual costs;

TAC10 — nonHble TOA0OBBIE 3aTPaThl IpU cpoke PyHKIMoHuposanus B 10 seT / total annual costs with a 10-year operating life;
TAC20 — nonHble TOA0BbIE 3aTPaThl IpU cpoke GyHKIoHuposanus B 20 seT / total annual costs with a 20-year operating life;

W — notpebinsiemMasi MOIIHOCTB / power consumption;

Y — KoHLIeHTpalLMs KOMIIOHEHTA B IIapoBoil haze / component concentration in the vapor phase;
B/l / DB — 6a3a nanHbIX nporpamMmmMHoro komiuiekca / database of the software package;

BII1 / BP — u-6ytunnponuonar / n-butylpropionate;
BC /TS — BepxHsis cexuus / top section;

WBA /IBAC — u3zo0ytunanerar / isobutyl acetate;
WBC / IBA — n300ytunosslii ciupt / isobutyl alcohol;

Jlutep. / Liter. — naHHble U3 JIUTEpaTypHOro UcTouHuka / data from a literary source;

HC / BS — HmxHsAs cekius / bottom section;

IDKP / VLE — napoxunkoctHoe paBHoBecue / vapor—liquid equilibrium;

PK / RC — kos10HHa pereHepaly 3KCTPaKTUBHOIO areHTa / entrainer regeneration column;
PA / EA — pazaensromuii (3KCTpaKTUBHBIN) areHT / separating (extractive) agent;

OK / EC — konoHHa 9KCTpakTUBHOHU pextudukanuu / extractive distillation column;

OP / ED — skcTpakTuBHas pekrudukanus / extractive distillation;

Hnoexcol

comp — KOMIIPECCOp / compressor;

cond — xoHzeHcarop / condenser;

1,j — HoOMepa KoMIOHeHToB / numbers of the components;
F — nuranue / feed,

HE — ternooOmennuk / heat exchanger;

min — MHHHMaJIbHOE 3HaueHue / the minimum value;
opt — onTUMallbHOE 3HaueHue / optimal value;

reb — KUIATUILHUK / reboiler;

S — sKcTpaKTUBHBII areHt / extractive agent;

total — cyMMapHbIi;
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OPUT'MHAJIBHAS CTATbBA

HoBble moaxoabl K CTAHAAPTU3AIMU TPABHI MOHAP/BI Ay14aTOM

B.A. Kypkrun®, A.C. [lubuna

Camapckuii 2ocyoapcmaeHHblil mMeduyuHcKkuil yHusepcumem, Camapa, 443099 Poccust
@Aemop ons nepenucku, e-mail: kurkinvladimir@yandex.ru

IMenu. Cpedu 2pupomaciuuHblx JeKapCmeeHHblX pacmeHull, 001a0arouux WuUpoKum cnek-
mpom hapmarosnozuueckoll. axmusHocmu, ocobblil uHmepec npedcmassisem mpasa MOHAPObL
dyouamoti (Monarda fistulosa) cemeiicmaea ScHomikogoix. OOHAKO UHPOPMAYUUSL O HEKOMOpPbLX
prasoHoudax, cooeprKauiuxcst 8 Hell Hapsidy ¢ 9PUPHBIM MACSIOM, HOCUM NPOMUBOPEUUBDLLIL XA-
paxmep. HemouHocmu, 8blsi/leHHble 8 OMHOUWEHUU XUMUUECK020 COCMasa mpaessl, CMaHo8simcst
NPUUUHOT NOSIB/IEHUSL PA3NUUHBIX NO0X0008 K cmaHOapmu3ayuu, umo cozoaem mpyoHocmu. [lns
obecneueHust eOuHoobpasus Kaaccugurayuu 8 0aHHol pabome npedcmagsieHo 060cHo8aHUE HO-
8blX, paHee He NPUMEHSIBULUXCSL N00X0008 K CMaHOApmMuU3ayuu mpassbl MOHAPObLL 0Yyouamoti.
Memooutl. /s skempakyuu (paagoHOUO08 UCNONBL308ANU KOJIOHOUHYIO XPOMAmozpaduio Ha
cunukazene. HoeHmugpurkayuo oCYuecmsnsiu HA OCHO8AHUU OGHHBLX Yabmpaghuosiemosoil
CneKxmpocKkonuu, CneKmpocKonuu s10epHo20 MAZHUMHO20 PEe30HAHCA U MACC-CNeKmpoMempuu,
a makKKe pe3yabmamo8 KUCI0mHoz0 2uoposusa. OueHKy Kauecmaa npeodiosKeHHOU Memoouru
KosiuuecmeeHHo020 onpedeneHust CYmmbl paagoHOU008 NPOBOOUNU MemOodom OuhgepeHuuarb-
Holl cnekmpogpomomempuu npu 394 Hm 8 nepecueme HA U30POUPONUH.

Pesynomameot. O60cHo8GHBL NOOX00bL K CMaHOApMuU3ayuU mpassl MOHApPObL 0youamoti, 3aKiio-
uaroujuecs 8 onpedesieHuUU ee NOOAUHHOCMU nymem 0OHaAPYIKeHUSL MOHOMEePNeHo8blxX (DeHO108 U
prasoroudos, umerouux ouazHocmuueckoe sHaueHue. Paspabomara memoouxa KoauuecmeeH-
HO20 onpedeseHUsl CYMMblL h1a8OHOUOO8.

BobLeoost. H3yuerna 803MOKHOCMb onpedesieHust NOOJUHHOCMU Mpagbl MOHAPObL 0youamotl,
ucxo0s u3 ouazHOCMUUEeCKU 3HAUUMBLX (h1ABOHOUO08 — U30POUPONUHA U AUHAPUHA.

Knroueevle cnoea: gp1a80HoU0bL, MoHapoa oyouamast, Monarda fistulosa, usopougonur, nu-
HAapuH, cnexmpogomomepust, MOHKOCAOUHASL Xpomamozpagpust, CmaHoapmu3ayuust.

Jna yumuposanusn: Kypkun B.A., [lubuna A.C. HoBble moaxonsl K CTaHJapTH3aLMU TPaBbl MOHApAbl qyn4aToil. Tonkue
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New approaches for the standardization

of the Monarda fistulosa herb
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Objectives. The Monarda fistulosa herb of the Lamiaceae family is particularly interesting among
essential oils from medicinal plants that have a wide spectrum of pharmacological activities.
However, information regarding some of its flavonoids, which are found in the essential oil, is
controversial. Inaccuracies in identification of the chemical composition of the herb have led to
several different standardization approaches, which are cumbersome. To establish a uniform
classification, here, we present confirmation for new approaches for the standardization of the
Monarda fistulosa herb.

Methods. Silica gel column chromatography was used to extract the flavonoids. Identification was
based on ultraviolet spectroscopy, nuclear magnetic resonance spectroscopy, mass spectrometry,
and acidic hydrolysis. The quality of the proposed quantitation methodology for total flavonoids
was assessed by differential spectrophotometry at 394 nm, in isorhoifolin equivalent.

Results. We have verified new approaches for the standardization of the Monarda fistulosa herb.
The approaches can determine the authenticity of the herb by detecting monoterpene phenols
and flavonoids that have diagnostic value. We also developed a technique for quantitation of the
total flavonoids.

Conclusions. We investigated the possibility of establishing the authenticity of the Monarda
fistulosa herb based on the diagnostically significant flavonoids, isorhoifolin and linarin.

Keywords: flavonoids, Monarda fistulosa, isorhoifolin, linarin, spectrophotometry, thin-layer

chromatography, standardization.

For citation: Kurkin V.A., Tsibina A.S. New approaches for the standardization of the Monarda fistulosa herb.
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BBEJEHHE

B Hacrosiiee BpeMs B MEAHIIMHE IIUPOKO IIPHME-
HSIOTCS 9(UPOMACIHYHBIC JIEKAPCTBCHHBIC PACTCHUS,
KOTOpBIE 00Taaf0T IIMPOKAM CHEKTPOM (hapMaKOIOTU-
YEeCKOM aKTHBHOCTH 32 CYET MHOTO00PAa3ns XUMHUIECKON
IPUPOIBEl OMOTOTUYECKH AKTHBHBIX COCIMHCHHHU (Tep-
MIEHOU/IBI, APOMATHYECKHUE COeNUHEHMsSI U Jp.). OcoObIit
MHTEpEC NPEACTaBISIOT PACTEHUs, COAEpKaIIe MOHO-
TEpICHOBBIC (PCHOIBI — HAIPUMEP, TUMOJ U KapBaKpOJL.
B sToM oTHOLIEHHN HanOoJee U3BECTHBI TUMbSH IOJ3Y-
gnii (qabpen, Thymus serpyllum L.), TAMBSH OOBIKHO-
BeHHbIH (Thymus vulgaris L.) u nymuna oObIKHOBEHHAas!
(Origanum vulgare L.), KOTOpble OTHOCSTCSI K CeMEH-
crBy SIcHOTKOBBIX (Lamiaceae)'.

OJHUM M3 MEepCHEeKTUBHBIX I M3YyYCHHS pac-
TEHUH SIBISIETCS] TpaBa MOHAP/bI nya4datoit (Monarda

'TocynapcrBennas ~ ®apmakoness  Poccuiickoit ~ ®enepa-
mnn. XIV uspanme. M.: M3 PD; 2018. T. 4. 1832 ¢. URL:
http://www.femb.ru/femb/pharmacopea.php (mara oOparie-
Husg 09.09.2019) [The State Pharmacopeia of the Russian
Federation. 14th edition. Moscow: Ministry of Health of the
Russian Federation; 2018. (In Russ.). Available from:
http://www.femb.ru/femb/pharmacopea.php (Accessed
September 09, 2019).]

fistulosa L.) cemeiicTBa SIcHOTKOBBIE. DTa Tpa-
Ba npowuspactaer B CeBepHoli Amepuxe [1]. Tpasa
Monarda fistulosa conepxut cBbime 3% 3gupHOTO
Macja, KOMIIOHCHTHI KOTOPOTO (THMOI, KapBaKpOI
U Jp.) oOyCIOBIMBAIOT BBICOKYIO OaKTEpHIIMIHYIO,
(YyHTUIUIHYIO, TPOTUBOBOCHATUTECIBHYI0O W aHTH-
reJbMUHTHYIO akTuBHOCTH [1-3]. He menee unte-
PECHBIM MPEACTABIACTCS U TOT (PaKT, 4TO B dHUPHOM
macine TpaBel Monarda fistulosa TOMUHHUPYIOIIHM
KOMITOHGHTOM SIBIIICTCSI HE THMOJ, Kak B CiIydae
TUMbsIHA OOBIKHOBCHHOTO M uabpema, a KapBakpod,
IUTsL KOTOPOTO paHee Oblila TTOKa3aHa 0oJee SIPKO BBI-
paxxeHHasi aHTUMUKPOOHAsT aKTUBHOCTS [4].

C [emplo  OmpeneNeHHs MOMIMHHOCTH —TPAaBBI
Monarda fistulosa panee Obula TPEIOKEHA METOJU-
Ka ToHKoCJOMHON Xpomarorpadun (TCX) ¢ mucnonp3o-
BaHMEM CTaHJApTHOro obpasma Tumomna. [Ipu stom Ha
XpoMarorpaMMe aHaJH3HPYeMOTO JKCTPAKTa Ha ypPOB-
HE CTaHAApPTHOTO 00pasia TUMOJa JA0KHO HAXOAUTHCS
OpaHkeBOE MATHO ¢ Kod(puuuentom R, okono 0.9 [4].
[IpuHKMMas BO BHMMaHWE COBPEMEHHBIC TCHJIICHIIMU B
(apmaKxorieifHOM aHau3e, MpeayCMaTPHBAIOIINE OIpe-
JICTICHNE MOAJIMHHOCTH U KaueCTBa JIEKAPCTBEHHOTO pac-
tutenbHOro ceipbs (JIPC) He Mo oHOM, a, Kak mpaBuIlo,

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(4):30-38
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10 JIByM (HJTH OoJiee) TpyIiaM OHOJIOTHYECKH aKTHBHBIX
BEIICCTB?, M3ydeHHe (IaBOHOUAHOTO COCTaBa TPAaBbI
Monarda fistulosa npeacTapisieTcs aKTyaJTbHBIM.

Hapsiny ¢ a¢pMpHBIM MaciioM JJaHHOE pacTeHHEe CO-
JIepKUT U JPYyTHE IICHHBIE OMOIOTHYECKH aKTHBHEIEC CO-
€IMHEHUs, B YaCTHOCTH (riaBOHOU B ((pr1aBoHBI, (prraBo-
HOJIBI, (PJTAaBOHOHEI, aHTOIHAHBI), KOTOPHIC TAK)KE BHOCST
BKJIQJ] B (hapMaKoJIOrHYECKyI0 aKTUBHOCTS [5, 6]. B nn-
TepaType uMeeTcs HHPpOPMAITHs O COACPKaHUH B TPaBe
Monarda fistulosa cnenyoumux (IaBOHOUIOB: Tecre-
pUINHA, IMOCMHUHA, KBEPLIETHHA, JIIOTCONNHA, PYTHHA,
HApUHTEHUHA, [HMHApO3uaa (JIroTeonnH-7-O-IIroKo-
3U/a), TUIIepO3n/ia, KarexuHa [6, 7], omHAKO ATH JMaH-
HBIC HOCST MPOTHBOPEUYMBHIN XapakTep. DTO KacaeTcs
TaK)Ke METOAMYCCKUX U METOJOIOTHUECKUX MOIXOTO0B
K CTaHJapTu3auuu TpaBel Monarda fistulosa. Tak, cy-
IIECTBYeT METOANKA KOJHMUYECTBEHHOTO OIPEACICHUS
CoJIepKaHUsl CyMMbI (DIIAaBOHOUIOB C MOMOIIBIO IU(-
(depeHIMaNbHOM ClIEKTPO(GOTOMETPHUH TIPH JUTHHE BOJI-
Hbl 390 HM B niepecuere Ha pyTHH (0.48 £ 0.01%) [, 6].
B 3T0#1 MeTOMKE U3BIIEUEHUE U3 CHIPBS OCYILECTBISIN
MyTEeM TPEXKPaTHOM dKcTpakiuu 70%-HBIM STHIOBBIM
CIIFPTOM.

Ilo pesynbraram paHee OIYyOIUKOBAHHBIX PAaOOT
coJiepKaHue CyMMBbI (DIIaBOHOMIOB B TpaBe Monarda
fistulosa cocraBnsietr 2.14% B mepecdere Ha JIOTCONUH
[5, 6]. ABTOpaMu ObLIIa HCTIOIH30BaHA JIBOMHAS IKCTPAK-
st 70%-HBIM STHJIOBBIM CIIMPTOM B COOTHOIICHHUH ChI-
pwe : akcTpareHt = 1 : 30, a Taxke MeTon AuddepeHIn-
anbHOU crmekTpodoTomepun. Kpome Toro, npemioxena
METOJMKa KOJMYECTBEHHOTO ONpeNeNeHus (hIaBOHOU-
noB B TpaBe Monarda fistulosa mytem ABykpaTHOU (110
30 muH) skcrpakmmu coipbs (1 : 30) 50%-HBIM dTHITO-
BBIM CIHMPTOM (QHANIUTHUYECKAs JUIMHA BOJHBI 398 HM).
ConeprkaHre CyMMBI (pJIAaBOHOHMIOB B ITEpecdeTe Ha JI0-
TEOJMH COCTaBHIIO B 3ToM ciaydae 1.57 £ 0.02% [5, 6].

Panee mamm ObuTH pa3pabOTaHBI MOAXOAB K CTaH-
JapTu3auu TpaBel Monarda fistulosa, 3akitodaroniy-
ecsl B OTpENeNIeHNH CYMMBI (DITaBOHOMIIOB B TIepecueTe
Ha LUHAPO3UA U cojepkaHus >¢upHoro macna [7-9].
Br16op miuHapo3uia B Ka4ecTBe CTaHIApTHOTO oOpasia
00yCIIOBJICH TEM, YTO JMaHHBIA (DIaBOH, CYas MO JIUTE-
paTypHBIM MCTOYHUKAM, CONCPXKUTCS B TpaBe Monarda
fistulosa, nmeeT GapMaKoNeHHBIN CTATyC U IHUPOKO HC-
nosb3yercst st crangaprusamuu JIPC®. Kpome Toro,
MaKCHMYM B CIIEKTpPE MOIIOMICHUS] BOTHO-CIIUPTOBOIO
9KCTpakTa TpaBbl Monarda fistulosa (394 um) ObuUT OIHU-
30K K MaKCHUMyMY IOIJIOLICHUSI pacTBOpa IMHAPO3UIA

(oxoio 400 HM). OTHAKO B XOJI€ TATBHEHIIMX UCCIIeIOBa-
HUI HaMH He ObUIO TOATBEPIKICHO HATMIHE [IUHAPO3HIA
B PACTCHHH.

Takum 00pa3oM, HECMOTPsSI HA UMEIOIIHUECS B JIU-
TepaType JIaHHBIE OTHOCHUTEIBHO XHMHUYECKOTO COCTa-
Ba Monarda fistulosa, BbISBIEHBl HEKOTOpPBIE MPOTUBO-
peunsi, xacarommecs (pIaBOHOMIHOTO cocTaBa. JTO, B
CBOIO OUePElb, IPHUBOIUT K MOSBICHHUIO PA3IMIHBIX TTO]I-
XOJIOB K CTaHJapTH3alMU. B kayecTBe SKCTpareHTa Hc-
MOJIB3YEOT STHJIOBBIN CIHPT Pa3IUYHBIX KOHIICHTPALIHUIT;
OTCYTCTBYET CIMHBIH CTaHIAPT MPOJOJIKHUTEIHBHOCTH
IKCTPAKIIMU; HET €AWHOTO MHEHHs OTHOCHTEIIFHO aHa-
JTUTHYECKOHN JUTUHBI BOJHBI M BENIECTBA, TPUMEHSIEMOTO
B KauecTBa CTaHAApTHOTrO oOpasia. B aTom cBete cie-
JIyeT TIPEANPUHIMATh HOBBIC IIIATH JIJISl Pa3BUTHS METO-
JIYSCKUX MOIXOI0B K CTaHAapTU3aIiu TpaBsl Monarda
fistulosa, 9TO M CTAJIO TEIBI0 HACTOSIICH PabOoTHI.

MATEPHUAJIBI 1 METO/bI

OOBEKTOM HCCIIeIOBaHUsl OblIa TpaBa MOHAPIBI
nynuaroit (Monarda fistulosa), cobpaHHas BO Bpems
MaccoBoro IBereHus B borannueckom caxy Camapcko-
ro yauBepcuteTa B utojie 2016-2018 rr. u B Hukurckom
ooranmueckoM cany (Pecnyomuka Kpeim) B ntorie 2018 1.

@dnaBoHOUAHBIE COeTUHEHUS — n3opoudonnH (1) u
nuHapuH (2) (puc. 1) — BeIaENATN U3 TpaBbl Monarda
fistulosa Ha xpoMaTorpaduuecKoil KOJTOHKE C CHIIMKA-
reixem L 40/100. PasneneHue BemecTB KOHTPOJIUPO-
Banu ¢ nomoublo TCX-ananusa Ha miactuHax Sorbfil
[TCX-AD-A-YO (UMHUJ], Poccus). B kauectBe
9JI0€HTA BBICTYNAJIH CHCTEMBI XJIOPO()OpPM—ITaHOJI—
Boga (26 : 16 : 3) u n-OyraHoim—JieasiHas YKCyCHas
kucinora—Boga (4 : 1 : 2). JlerekrupoBaHue 3KcCTpa-
THPYEMBIX BEIIECTB OCYIICCTBISUIHN IIPOCBEUYNBAHUEM
XpomaTtorpaMm B yibTpaduonere npu 366 HM, B TOM
YHUCIJIE TIOCIe MPOSBICHUS PACTBOPOM XJIOPHIA aJfo-
MUHHS, a 3aT€M — HIEJOYHBIM PAcTBOPOM JIHa300€H-
3oscynbdorucnoTsl (JICK).

CriekTpbl S7epHOT0 MarHUTHOTO pe3oHanca (SIMP)
pEeTHCTPUPOBAIIN  ClIeAYIOIUM 00pazoM: 'H-crekrpsr
Ha Bruker AM 300 (Bruker, I'epMaHusi) mpu 4acToTe
300 MI'; C-criexrpsr Ha Bruker DRX 500 (Bruker,
I'epmanus) mpu yvactore 126.76 MI'. Macc-criekTpbl
peructpupoBanu Ha npubope Kratos MS-30 (Kratos,
BenukoOpuTanus), a CHEKTPHl MOMIONMICHUS B YIBTPa-
¢uonerororr (YD) obmactin Ha mpubope Specord 40
(Analytik Jena, I'epmanns).

2 TocynapctBenunast ®dapmaxones Poccuiickoit ®enepanuu. XIV uspnanne. M.: M3 Pd; 2018. T. 4. 1832 c. URL:
http://www.femb.ru/femb/pharmacopea.php (zara obpamenns 09.09.2019) [The State Pharmacopeia of the Russian Federation.
14th edition. Ministry of Health of the Russian Federation. Moscow; 2018. (In Russ.). Available from: http://www.femb.ru/femb/

pharmacopea.php (Accessed September 09, 2019).]

3TocynapctBennas ®apmakomnest Poccuiickoit ®enepannu. XIV nznanne. M.: M3 P®; 2018. T. 4. 1832 c¢. URL:
http://www.femb.ru/femb/pharmacopea.php (mara obpamenms 09.09.2019) [The State Pharmacopeia of the Russian Federation.
14th edition. Moscow: Ministry of Health of the Russian Federation; 2018. (In Russ.). Available from: http://www.femb.ru/femb/

pharmacopea.php (Accessed September 09, 2019).]
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OH O

Puc. 1. ®naBoHOM B, BBIENEHHBIE U3 TpaBbl Monarda fistulosa: R = H: mzopondomun; R = CH,: munapum.
Fig. 1. Flavonoids isolated from Monarda fistulosa herb: R = H: isorhoifolin; R = CH,: linarin.

H3opoudoann (7-O-pytunosun anurenuHa) (1).
Kpucrammmgeckoe BEmECTBO CBETIO-KEITOTO IIBETa
cocraga C,,H, O ; T 257-260 °C (Boaublii CriupT).
A, EtOH 270, 340 um; + NaOAc 270, 340 um; + NaOAc
+ H,BO, 270, 405 um; + AICL, 278, 308, 345, 384 uwm;
+ AICI, + HCI 278, 308, 345, 384 um; + NaOMe 254,
269, 400 um.

'H-SIMP cnextp (300 MI'u, AMCO-d,, 8, m.1., J/T'):
1.07 (3H, n, J = 6, CH, pamno3sr), 3.0-5.2 (10H pytuno-
3b1), 4.56 (1H, ymr. ¢, H-1""" pamHonupanossr), 5.07 (1H,
1, J =7, H-1" nmokonmpano3ssr), 6.46 (1H, o, J =2, H-6),
6.77 (1H, 0o, J = 2, H-8), 6.87 (1H, c, H-3), 6.93 (2H, &,
J=8.5,H-3’u H-5"), 7.94 2H, 1, J = 8.5, H-2’ u H-6"),
12.95 (1H, ¢, 5-OH rpymibr).

BC-AMP cnexrp (126.76 MI'n, IMCO-d, 5, M.1.):
C-2 (162.87), C-3 (103.11), C-4 (181.97), C-5 (161.17),
C-6 (99.54), C-7 (164.37), C-8 (94.79), C-9 (156.92),
C-10 (105.38), C-1°(121.03), C-2’u C-6’ (128.62), C-3°
u C-5’ (116.06), C-4’ (161.32), C-1"" miroko3sl (99.91),
C-27(72.06), C-3 (75.62), C-4 (70.74), C-57 (76.27),
C-6” (66.05), C-1"" pamuo3ssl (100.52), C-2”* (70.32),
C-377(69.57), C-4> (73.08), C-5 (68.31), C-6" (CH,
pamuo3si) (17.79).

Macc-cnektp (ESI-MS, 180 °C, m/z): m/z 579.1739
[M+H]*, m/z 601.1554 [M+Na]’, m/z 617.1285 [M+K]*.

Jlunapun  (7-O-pytuHO3mMI  akanerwHa) (2).
Kpucrannmueckoe BeliecTBO O€IOro I[BeTa COCTaBa
C,H,0, ;T 260 °C (pasn.) (Bomubri cmpr). A EtOH
272,330 um; + NaOAc 272, 330 am; + NaOAc + H,BO,
272, 330 nm; + AICI, 280, 384 nm; + AICL, + HCI 280,
384 um; + NaOMe 287, 372 HM.

'H-SIMP cnextp (300 MI', IMCO-d,, 8, m.1., J/T'):
1.07 (3H, n, J = 6, CH, pamno3sr), 3.0-5.3 (10H pytuno-
3b1), 3.83 (¢, 3H, CH,0), 4.54 (1H, ymr. ¢, H-1"" pamuo-
nupanossl), 5.07 (1H, x, J = 7, H-1"" mrokonupaHo3bi),
6.45 (1H, n, J = 2, H-6), 6.78 (1H, n, J = 2, H-8), 6.92
(1H, ¢, H-3), 7.14 (2H, 0, J=8.5, H-3’ u H-5"), 8.04 (2H,
I, J=8.5,H-2u H-6"), 12.90 (1H, ¢, 5-OH rpymrsr).

BC-AMP cnexrp (126.76 MI'n, IMCO-d, 5., M.1.):
C-2 (163.94), C-3 (103.80), C-4 (182.01), C-5 (161.13),
C-6 (99.65), C-7 (165.11), C-8 (96.45), C-9 (156.96),
C-10 (105.45), C-1° (122.66), C-2’u C-6’ (128.44), C-3°
n C-5’ (114.70), C-4’ (162.42), C-1" miroko3sl (99.94),
C-27(73.06), C-3 (75.66), C-4 (70.34), C-57 (76.24),

C-67 (68.31), C-1" pamuossr (100.51), C-2" (70.74),
C-3"7(70.25), C-4> (72.05), C-5°7 (69.60), C-6" (CH,
pamuossr) (17.79), CH,O (55.55).

Macc-cnektp (ESI-MS, 180 °C, m/z): m/z 593.1888
[M+H]", m/z 615.1710 [M+Na]".

MeToauka KOJHMYECTBEHHOIO OMNpeaeseHust
cymmbl (py1aBoHou10B B TpaBe Monarda fistulosa.
ChIpbe M3MENbUad TaK, 9TOOBI €T0 YaCTHUIBI IPOXO-
JIUJIU CKBO3b CUTO C OTBEPCTHUSMH ITHaMETPOM 1 MM.
TouHyI HaBECKY M3MEIBYCHHOTO CBIPhs (0KOIO 1 T)
nomeniaiu B kojady oobemom 100 mi u mpubasisiu
50 mur 60%-ro sTEmoBOTO criupTa. Kondy 3akpbeIBaiu
MpoOKOi ¥ B3BELIMBAJIIM Ha BECax C TOYHOCTHIO 10
0.01 1. KonOy nmprcoeiuHsIN K 00paTHOMY XOJIOAHIIb-
HUKY ¥ HarpeBaji Ha KUIALIEH BOJASHOU OaHe B Te-
yenne 60 muH. [locine KUMSTYCHUS KOJIOY OXJIaXKalu
B Teuenue 30 MUH, 3aKpbIBaJIU TOH e MPOOKOH, CHO-
Ba B3BCIIMBAIN W NO0ABISUIA DKCTPAreHT IO TEPBO-
HavyalbHOM Macchl. IlonydeHHBIN BOJHO-CHUPTOBOMN
AKCTPAKT (QUIBTPOBAIH 4Yepe3 OyMaKHbIH (HHIBTP
(kpacHas mosoca).

Ilpuzomoenenue ucnvimyemozo pacmeopa.
[Monyuennsiii skcTpakT (I M) mepenuBanu B Mep-
HyI0 K010y oobemom 50 mur, mobasmsau 2 mi 3%-ro
CIIUPTOBOTO PAacTBOPA XJIOpHUIa ATIOMUHHUS, 3aTEM J10-
BOJWIIM 00BEM pacTBOpa 0 METKH 96%-HBIM 3THIIO-
BBIM CIIUPTOM (MCHBITYeMBIH pacTBOp). ONTHYECKYIO
IUIOTHOCTH UCIBITYEMOTO PacTBOpa OMpEAEIIUIN depe3
40 MUH MOCJe MPUTOTOBJICHUS HA CIIEKTPOPOTOMETPE
MpU IJIMHE BOJHBI 394 HM (JIIS pacdeTa COoAepKaHUs
cyMMBbl (1aBOHOUAOB). PacTBOpOM cpaBHEHHs Ciy-
JKAJI pacTBOP, copepkamuid 1 MII BOJHO-CITUPTOBOTO
skctpakta (1 : 50) u 96%-HbIil STUIOBBINA CIIUPT, KO-
TOPBIM JTIOBOJIWIIM JIO METKH B KOJIOE 00beMoM 50 M.

Ilpuzomosnenue pacmeopa Gvl0eneHHO20 seuje-
cmea. Tounyro HaBecky (okono 0.02 T) mzopoudonu-
Ha moMelainy B Kosldy oobemMoM 50 MJI U pacTBOPAIU
B 30 mia 70%-ro 3TWIIOBOTO CHUpTAa NPU HArpeBaHUU.
[Tocie oxmaxkaeHus: 0 KOMHATHON TeMIepaTrypbl 00b-
€M pacTBopa AOBOAIH 10 METKH 70%-HBIM 3TUIIOBBIM
cnuptoM (pacTBop A m3opoucdonuna). 1 Ma pactBopa
A w3opoudonarHa TOMEeNaI B MEPHYI KOJIOy BMe-
CTUMOCTBIO 25 wmi, mpubasnsin 2 mi 3%-ro cnupro-
BOTO pacTBOpa XJIOPUAA AFOMHHUS U JTOBOIIIN 00beM
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pacTBOpa 10 METKH 96%-HBIM STHWIOBBIM CIHPTOM
(pactBop b m3opoudonnna). ONTHYECKYIO TIOTHOCTD
pactBopa b ompexmensuin Ha crnekrpodoTromerpe mpu
JUIHE BOJNHBI 394 HM. PacTBOpOM CpaBHEHUS CITY>KHUII
pacTBop, coaepxaniuii 1 M pactBopa A nzopoudom-
Ha U 96%-HBIA 3TUJIOBBIN CIUPT, KOTOPHIM JOBOAUIN
JI0O METKH B KOJIOe 00beMoM 25 Mt (pacTBOp CpaBHEHUS
b uzopoudonuna).

ConeprkaHre CyMMBI (pJITaBOHOMIOB B TIPOIICHTAX
(X) B mepecuete Ha N30poU(OIUH U aOCOIIOTHO CYXO€
CBIPbE BBIYHCILIA IO (OpMyIIe:

_ Dxmyx50x50x1x50x100x100
Dy xmx50x1x25x(100-W)

X

rae D — onTudeckas MIOTHOCTh UCTIBITYEMOTO PacTBOPa;

D, — onTuyecKas IIOTHOCTh PACTBOPA CTaHIAPTHO-
ro oOpasua uzoponudonnHa;

m — Macca CBIPbS, T

m, —Macca CTaHIapTHOro obpasua u30pouosuHa, r;

W — motepst B Macce MpH BHICYIIUBAHUH, Y0.

B cmyuae oTrcyTcTBHS CTaHAapTHOTO 0Opasma u30-
poudonuHa B Qopmyie s pacuera Ieaecoo0pa3Ho
HCTIONB30BaTh TEOPETHUECKOE 3HAYCHUE YCIBHOTO MO-

KazareJs omIoeHus1, papHoe 195:

_ Dx50x50x100
mx195x(100-W)

rae D — onTuuecKast INOTHOCTH HCITBITYEMOTO PacTBOPA;
m — Macca ChIpb4, T;
195 — ynenbHBIN NOKa3aTellb MOMIOLICHUS (E%’M)
n3opoudonuHa npu 394 Hm;
W — motepst B Macce MpH BBICYIIHBAHHH, Y.

PE3VIIBTATBI U UX OBCYXKIEHUE

C moMoIIbI0 KOJIOHOYHOM XpoMaTorpad iy Ha CHITH-
karene L 40/100 w3 tpaBbl Monarda fistulosa BriepBbie
BbIICJICHBI (raBoHOUAB! 1 U 2, uaeHTH()UINPOBaHHBIE
kak mzopoudonu (7-O-pyrunosun anwurenuna) [10] u
muHapuH (7-O-pytuHo3un akaneruna) [11-13]. Uaen-
TUUKAIUsI OblIa OCHOBaHA Ha JaHHBIX Y®D-CIEKTpOB,
'H-SIMP u BC-SIMP criekTpoB, Macc-CIeKTPOB, a TAKKe
KHCJIOTHOTO THPOJIH3a.

ITockonbKy BbIZCTICHHBIE BEIIECTBA SBISIOTCS JIO-
MUHHPYIOITUMH (DIIaBOHOWIAMH JaHHOTO PACTCHHUS, MBI
W3YYWIIA BOBMOYKHOCTB ONIPEACTICHHS TIOAJTMHHOCTH Tpa-
BBl Monarda fistulosa o HaANTWYIHIO HE TOJIHKO TUMOJA U
KapBaKkpoJia, HO ¥ JJMarHOCTUYECKH 3HAYUMBIX (DJIaBOHO-
nnoB — nzopoudonmna (1) u nuaapuna (2). Ipu sToMm,
Ha Hamr B3, TCX-ananu3 nenecoo0pasHo ocyIiecT-
BJISITH C MCIIOJIb30BaHUEM HE TOJBKO TUMOJIA [6], HO U

CTaHIApPTHOTO 00pa3iia pyTHHA, HarnboJiee MUPOKO TPH-
MeHsIeMOoTo0 B (papMmakoneiiHom ananuze JIPC*.
TCX-aHanmu3 BOIHO-CIIMPTOBOTO OJKCTPAKTA, TTOIY-
YEHHOTO C MCMONb30BaHUEM 60%-TO 3THIOBOIO CIHPTA,
TMIOKa3aJI, 9TO Ha XpOMarorpaMMe HCIBITYEMOTO pacTBopa
npu 366 HM OOHAPYKUBAIOTCS /1BA OJIM3KUX IO XPOMATO-
rpadugeckoii OMBIKHOCTH ()IABOHOMIA — M30POU(OITHH
(1) v ymuapun (2). Benmunba R OTHOCHTENBHO PYTHHA
Jst HuX cocTaisieT npuMmepno 1.15 u 1.30 coorset-
cTBeHHO (puc. 2 u 3). IIpu nocnenyromneM nposiBICHUH

366 nm

Puc. 2. Xpomarorpamma BoAHO-CIIPTOBOIO SKCTPAKTA
u3 TpaBbl Monarda fistulosa B cucTemMe pacTBOPUTEIICH XJI0-
podopm—aTaHon—Bozna (26 : 16 : 3). lerekuust pu 366 HM.

O0o3HaueHust: 1 —3KCTpaKT u3 TpaBbl Monarda fistulosa;

2 — u3opoudonuy; 3 — IMHApHH; 4 — PYTHH; 5 — TUMOJI.
Fig. 2. Chromatogram of the water-alcohol extract from

Monarda fistulosa in the chloroform—ethanol-water

(26 : 16 : 3) system. Detection at 366 nm. Designations:

1 — extract from Monarda fistulosa; 2 — isorhoifolin;

3 — linarin; 4 — rutin; 5 — thymol.

366 nm AlCl3

Puc. 3. Xpomarorpamma BOJHO-CIIUPTOBOTO IKCTPAKTa
u3 TpaBel Monarda fistulosa B cuctemMe pacTBOpUTEICH
xsopodopm—atanon—Boaa (26 : 16 : 3). Jlerexuust npu
366 um nocne 06paboTku cnupToBbiM pactBopoM AlCI..
O06o3nauenusi: 1 — skcTpaxt u3 tpaBbl Monarda fistulosa,
2 — uzopoudonus; 3 — IMHApHH; 4 — PYTHH; 5 — TUMOJL.
Fig. 3. Chromatogram of the water-alcohol extract from Monarda
fistulosa in the chloroform—ethanol-water (26 : 16 : 3) system.
Detection at 366 nm after treatment with AICL, alcohol
solution. Designations: 1 — extract from Monarda fistulosa;
2 —isorhoifolin; 3 — linarin; 4 — rutin; 5 — thymol.

‘TocymapctBennass ~®apmaxories  Poccumiickoit  Demepa-
mnu. XIV uzpanme. M.: M3 PO; 2018. T. 4. 1832 c¢. URL:
http://www.femb.ru/femb/pharmacopea.php (mara oOparue-
Hust 09.09.2019) [The State Pharmacopeia of the Russian
Federation. 14th edition. Moscow: Ministry of Health of the
Russian Federation; 2018. (In Russ.). Available from:
http://www.femb.ru/femb/pharmacopea.php (Accessed
September 09, 2019).]
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menousiM pactBopoMm JICK (puc. 4) Ha xpomaTorpam-
Me OOHapyKHMBaeTCs MATHO OpaH)XeBO-KPacHOTO IBETa
(TIMoOT + KapBaKpoII) HA YPOBHE MSITHA TUMOJIA.

Diazobenzensulfonic acid

1 2 3 4 5

Puc. 4. Xpomarorpamma BOJHO-CIIUPTOBOIO SKCTPAKTa
u3 TpaBbl Monarda fistulosa B cucteme pacTBOpUTEINEit
xnopodopM—aTanorBoza (26 : 16 : 3). JleTekms B BUAUMOM
cBeTe mociie 00padoTku menodHsM pactBopoM JICK.
O6o3HaueHus: 1 — skcTpakT u3 TpaBsl Monarda fistulosa;
2 — m3opoudonuH; 3 — TMHAPUH; 4 — PYTHH; 5 — THUMOJL.
Fig. 4. Chromatogram of the water-alcohol extract from
Monarda fistulosa in the chloroform—ethanol-water
(26 : 16 : 3) system. Detection in visible light after treatment
with the alkaline solution of diazobenzenesulfonic acid.
Designations: 1 — extract from Monarda fistulosa;

2 —isorhoifolin; 3 — linarin; 4 — rutin; 5 — thymol.

Jns pa3paboTKi METOIMKH KOIMYECTBEHHOTO OIpe-
JieTieHusi cyMMbl ()TaBOHOMIIOB B TpaBe Monarda fistulosa
MBI U3YUWJIM CHIEKTPBI HOIJIOILEHHUS! BOJHO-CITMPTOBOIO JKC-
TPAKTA, a TAKXE PACTBOPOB BBIJICIICHHBIX BEILIECTB — U30PO-
nQorHa 1 TMHAPUHA. MBI YCTaHOBIIIM, YTO BBIICICHHBIC
(bnaBoHOMIBI, B 4ACTHOCTHU M30poudoyiuH (puc. 5 u 6),
BO MHOIOM OIIPENEISIIOT Xapakrep KpHUBOM MNOMIIOLLEHUS
BOJIHO-CIIUPTOBOIO SKCTPAKTa, OCOOEHHO B YCIOBHAX IH(h-
(epernmaibHON YD-criekrpockor (puc. 7 u 8). B criek-
Tpe HaOmomaeTcsi GaTOXPOMHBIM CABHUT JJTMHHOBOJIHOBON
TIOJIOCKI TIOTJIOIIEHHS (PIIaBOHOMIOB (pHC. 7), KaK U B CITydae
n3opoudonmHa (puc. 5). M3yueHne cekTpoB NOMIOIIEHHUS
M30pOH(OITIHA W UCTIBITYEMOTO pacTBOpa MOKa3ajo, UTo B

200 250 300 350 400 450 nm

Puc. 5. CriekTpsl MOTIONIECHHS CHUPTOBBIX PACTBOPOB
nzopoudonuna. O603HaueHus: 1 — HICXOAHBIN pacTBOP;
2 — pacTBOp ¢ 100aBICHUEM XJIOPH/IA ATFOMUHUSL.
Fig. 5. Absorption spectra of isorhoifolin alcohol
solutions. Designations: 1 — initial solution;

2 — solution with added aluminum chloride.

000MX CITydasx B MPUCYTCTBUU XJIOPHIA UTFOMUHHS (H-
(hepeHnmanbHAs CEKTPOGOTOMETPHS) HIMEETCS MAKCUMYM
roromenwust mpu 394 um (puc. 6 u 8).

A

1.75
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Puc. 6. luddepeHnnanbHbI CIEKTP TOTIOMICHIS
pacTBOpa U30poudoIIHa.
Fig. 6. Differential absorption spectrum
of the isorhoifolin solution.

200 250 300 350 400 450 nm

Puc. 7. CriekTpbl MOMIONIEHHUS PACTBOPOB BOJHO-CIIUPTO-
BOTO DKCTpaKTa u3 TpaBbl Monarda fistulosa.
O0o03HaueHus: 1 — pacTBOp IKCTPAKTA; 2 — pacTBOP
9KCTPaKTa ¢ T0OABICHUEM XJIOPUIA ATFOMHUHHS.

Fig. 7. Absorption spectra of water-alcohol extracts from
Monarda fistulosa. Designations: 1 — extract solution;

2 — extract solution with added aluminum chloride.
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Puc. 8. IuddepeHnnanbHpIi CIIEKTP MOTIONICHAS
PacTBOpa BOIHO-CIIUPTOBOTO IKCTPAKTA U3 TPABEI
Monarda fistulosa.

Fig. 8. Differential absorption spectrum of the water-
alcohol extract from Monarda fistulosa.
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[IpuanMas BO BHUMaHHE TOT (DAKT, YTO MaKCHMY-
MBI TIOTJIOIICHUSI PACTBOPA BBIACICHHOTO ()NIABOHOU-
JIa ¥ BOJHO-CITUPTOBOTO SKCTpPaKTa W3 TpaBbl Monarda
fistulosa HaxomsTcs B obmactu 394 uM (quddepeniu-
AIBHBIA BapHaHT), [ENEeCO00Pa3HBIM SIBISUIOCH OTpeie-
JICHUE CONEPIKAHUSI CyMMBbI (hJIAaBOHOUIOB B MEpecUeTe
Ha m3opoudonud mpu 394 HM. B xone paspabotku Me-
TOAWKUA KOJIMYCCTBEHHOTO OIPEICICHUS CyMMBI (ra-
BOHOHJIOB MBI HCIIONB30BAJIM paHEe OIpeAeICHHBIC
ONTUMAJIbHBIC MMAPaMETPhl IKCTPAKIUK (HIABOHOUIOB
u3 TpaBbl Monarda fistulosa: sxctpareHT — 60%-HBIi 3TH-
JIOBBIY CIIMPT; COOTHOIIEHHUE CBIPhE : AKCTpareHT = 1 : 50;
BpeMsI OKCTPaKIuH — 60 MUH; SKCTPAKIIHIO OCYIIECTBIIS-
JY Ha KUIAIIed BoAsHOM Oane [7]. Merposoruueckue
XapaKTEPUCTHKA METONUKH KOIWYECTBEHHOTO OIIpe-
JIENICHUST COJICPXKAHUs CyMMBbI ()DIABOHOWJOB B TpaBe
Monarda fistulosa npencrapieHsl B Ta0M. 1.

Pesynbratel cratucTrdeckoir 00pabOTKU pe3ynbra-
TOB CBHIICTEIHCTBYIOT O TOM, YTO OIINOKA STUHUIHOTO
ompe/ieNicHus] CyMMbI ()MIaBOHOUIOB B TpaBe Monarda
fistulosa ¢ moBepuUTENBHOI BEepOATHOCTRIO 95% cocTas-
nsieT £4.65%. Takoke onpeneneHo, 4To CoAepKAHUE CyM-
MBI (pJTABOHOMIOB B TpaBe Monarda fistulosa Bappupyer-
cs1 0T 5.96 + 0.08% no 7.68 + 0.12% (Tabm. 2).

Banmnanuro pazpaboTaHHON METOIMKH MTPOBOIUITH
Mo TOKa3aTelasM CHenupUIHOCTU, JTUHEHHOCTH, Mpa-
BIJIBHOCTH ¥ BOCHPOM3BOAUMOCTH. CrenupuIHOCTH

METOIUKH TIONTBEP)KIANach COOTBETCTBHEM MAaKCH-
MYMOB TOIVIOIIEHHsT KOMILICKCa (IaBOHOUIOB TPaBbI
Monarda fistulosa w w30ponoIMHA ¢ PACTBOPOM XJIO-
puma amromuHus. JIMHEWHOCTh METOAUKH OIpPEACIs-
JH TSI CEPHH PacTBOPOB M30pOH(OJIMHA B THANA30HE
koHnexnTparuii ot 0.01272 1o 0.03816 mr/mi. Koaddu-
nueHT koppensiiuu coctaBui 0.99974. TlpaBunbHOCTH
METOJIMKH YCTaHABJINBAJIA METOIOM 0OABOK IPH OMO-
M JOOABIICHUS] PAaCTBOPa W30POU(OIIMHA C HM3BECTHOM
KoHLeHTparuei — 25%, 50% u 75% — k ucnsiryeMoMy
pactBopy. [Ipu 3TOM cpeaHNil NPOLUEHT BOCCTAHOBICHUS
coctaBui 98%.

3AKJIFIOYEHUE

O6ocHoBaHa  11€71€CO00Pa3HOCTh  OIpEeeNeHus
MO/UTMHHOCTH TpaBbl MOHApIbl Aym4atod (Monarda
fistulosa) ¢ MCTIONB30BaHUEM TOHKOCIIOHHOH XpoMaro-
rpagum 3a cueT OOHApYKEHHsI MOHOTEPIICHOBBIX (e-
HOJIOB (TMMOJIa U KapBakpoia), a TakkKe (pIaBOHOUIOB
n30pordoNvHA U JIMHAPUHA — JIOMUHUPYIOIIUX U JHa-
THOCTHYECKH 3HAUYMMBIX KOMIIOHCHTOB pacTeHus. [l
OIICHKH KauecTBa TpaBbl Monarda fistulosa npennoxeHa
METOJIMKA KOJMUYCCTBEHHOTO OIPEACICHUS CYMMEBI (hia-
BOHOHJIOB C MOMOIIIBIO U hepeHInanbHoi ciekTpodo-
TOMETpHH 1IpH 394 HM B miepecueTe Ha U30POUPOIHH.
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Taﬁ.]mua 1. MeTpOJ’IOFI/I‘IeCKI/Ie XapaKTECPUCTUKU METOANKU KOJITMYCCTBECHHOI'O OMPCACICHUSA

cozepxkaHusi cyMMbl (praBoHONI0B B Tpase Monarda fistulosa

Table 1. Metrological parameters of the quantitation technique for the total flavonoids

in Monarda fistulosa
f = S P, % () X E, %
(4HUCII0 CTeneHel (crangapTHoe | (1oBepUTeJIbHAS | (KPUTEpPHil | (IOBepUTENLHBIN (oTHOCHTETHLHAS
CcB0GOIBI / (cpennee | o1 nonenme/ | BeposTHocTh / | CThlomenta/| WHTepBan/ | OIMGKA CIMHEMHOIO
number SHatCHHE standard confidence Student credible onpenesieHust /
of degrees BbIGOpKH / deviate) figure) t-test) interval) relative
of freedom) sample error single
average) determination)
10 6.51 0.1332 95 2.23 +0.11 +4.65

Tadmmna 2. Coneprkanue cyMMBbI (pJIaBOHOMIOB B 00pasuax Tpassl Monarda fistulosa
Table 2. Content of the total flavonoids in the Monarda fistulosa samples

Coaepxanue cyMMbI (UIaBOHOHI0B B 20COJIIOTHO
No IIpoucxoxxaenue odpasua CYXOM ChIpbe B Iepecyere Ha H30pon(oInH, %o
: Sample origin Total flavonoid content in an absolutely dry
sample in isorhoifolin equivalent, %
1 Borarmuecknii cax Camapckoro yHuBepcenTeTa (HMrob 2016 1) 5971 0.08
Samara University Botanical Garden (July 2016) ' '
2 Borannueckuii caj Camapckoro yHusepcureta (uionb 2017 1) 768+ 0.12
Samara University Botanical Garden (July 2017) ' '
3 Boranmnyeckuii can Camapckoro ynuBepcuteta (utonb 2018 1) 6.61+0.10
Samara University Botanical Garden (July 2018) ' ‘
4 | Hukwrckuii 6oranmdeckuii can, Pecryommka Kpemv (o 2018 1) 5964 0.10
Nikitsky Botanical Garden, Crimea (July 2018) ’ '
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Objectives. There has been a rapid increase in the number of diabetic patients since the past few
decades in developed and developing countries. This rapid increase is accompanied by alarming
costs of treatment. a-Glucosidase inhibitors are one of the most effective drugs employed for
the reduction of postprandial hyperglycemia to manage Type 2 diabetes mellitus. Additionally,
flavonoids, a group of natural substances, which are widely distributed in plants and possess
variable phenolic structures, exhibit outstanding hypoglycemic activity and are considered
as potential a-glucosidase inhibitors. In Vietnam, Persicaria pulchra (Bl) Sojdk (P. pulchra) is
employed in traditional medications. It possesses high flavonoid contents and its anti-diabetes
ability has been hypothesized, although it has attracted less attention for investigation. Hence,
the aim of this study is to optimize the condition of the P. pulchra extract to obtain the highest
total flavonoid content and measure the bioactivities of P. pulchra, such as the anti-a-glucosidase
and antioxidant activities.

Methods. The effects of the extracting conditions, including the temperature, extraction time,
liquid-to-solid ratio (LSR), and ethanol (C,H.OH) concentration, on the total flavonoid content
are investigated via experiments and analyzed by the response surface methodology (RSM).
Concurrently, the optimal extraction also determines the anti-a-glucosidase and antioxidant
activities.

Results. The optimal extraction condition for the highest flavonoid content (530 mg quercetin/g) is
determined in 60 min, at 53°C, with LSR of 9.46 g/g and C,H,OH concentration of 62%. Moreover,
the optimal plant extract exhibits good a-glucosidase inhibition with a half~maximal inhibitory
concentration (IC,,) of 22.67 mg/mlL, compared to the positive control (acarbose —7.77 g/mlL).
Additionally, P. pulchra is proposed to be a potential antioxidant with an IC,, of ~12.68 ug/mL.

© Nga H.N. Do, Tan M. Le, Chinh D.P. Nguyen, Anh C. Ha, 2020
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Conclusions. The study confirmed the optimal extraction condition of P. pulchra that will obtain
the highest total flavonoid content and revealed the potentials of P. pulchra in a-glucosidase
inhibition and antioxidation.

Keywords: flavonoid, plant extraction, optimization, anti-diabetes, response surface methodology.
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OPUT'MHAJIBHAS CTATHA

OnTuMu3anus 001Iero coaepxaHus (WiaBOHOMIOB B CIIMPTOBOM
ykcrpakre Persicaria pulchra (Bl.) Sojak njisi uHruOMpoBanus
(pepMeHTA 0-INIIOKO3UIA3BI

H.X.H. Oo'?, T.M. Ae'?, 4.4.II. Hryen'?, A.K. Xa'2@

I Xumurko-mexHonozuueckuil paxysnroemem, TexHonozuueckuil yHusepcumem XouwumuHa,
268 Au TxvloHe Kvem ya., 2. Xowumur, BoemHnam

?BbemHamcKuil HQaUUOHANbHbLU YHugepcumem, PatioH Txék, 2. XowumuH, BeemHam

@ Aemop ons nepenucku, e-mail: hcanh@hcmut.edu.vn

IMenu. B nocnedHue decsimusiemust 8 pazeumbsblX U passusarouuxcs cmpaHax Habarodaemcest
b6vicmpulii pocm uucna 60nbHLIX duabemom, Komopbslii conpo8oIKOaemest pOCmoM CMoOUMOCmu
neueHust. UHeubumopbul a-2/n10Ko3udasbl Seasomest 00OHUM U3 Haubosiee aghheKkmusHblx npena-
pamos, npumeHaemblx OS5 CHUIKEHUSL NOCMNPAHOUANBHOU 2unepaiukemMuu npu JeueHul caxap-
Hoz20 duabema 2 muna. Kpome mozo, haiasoHoudbl, 2pynna NpupooHsblLX euiecms, UUPOKO pac-
NpoCMpaHeHHbLX 8 PACMEHUSX U COOePIRAUUX PA3UUHBLE NPOUBOOHBLE PEHONA, NPOSABAAIOM
3HAUUMENBHYIO 2UNOAUKEeMUUECKYI0 AKMUBHOCMb U MO2YM CAYMKUMb NOMEHUUANTbHbLMU UH2U-
bumopamu a-2nrorKo3udassl. Bo BoemHame Persicaria pulchra (Bl.) Sojdk (P. pulchra) ucnhonv3y-
emest 8 HapoOHoU meduyure. OH obniadaem 8blCOKUM coOeprKaHUeM PAaA8OHOUO08 U, NPeonoJio-
sKumenbHo, npomugoduabemuueckumu ceoticmeamu, xomsi uccnedosar mano. Taxum obpaszom,
Ueslbto HaCmMosAULe20 UCCAe008AHUSL ABNAALMCS onmuMu3ayust skempazuposarus P. pulchra ons
nosyueHust Haubosiee 8blcoK020 00ULe20 COOEPIKAHUSL PAABOHOUOO8, A MAKIKe onpedeseHue e20
buosioeuuecKkoli aKkmueHoCMuU — AHMU-0-21I0K03UOA3HOU U AHMUOKCUOAHMHOT.

Memoobl. DKcnepumeHmanbHo UCCAed08AHO BAUSIHUE YCM08UTL IKCMPAUPOBAHUS,, A UMEHHO
memnepamypbul, 8pemeHuU IKCMpPAaKyul, COOMHOWEHUSL JKUOKOCMb : meepdoe 8eu,ecmaeo U KOH-
UeHmMpayuu 9MaHoaad, Ha obuiee cooeprKarue haagoHoUd08 ¢ NOMOULLIO MEMOOOSI02UU AHANUSA
nogepxHocmu omxauka. ITokasaHo, 4mo onmumaibHble YCao8Usl IKCMPAKUUU ONpedesisitom aH-
mu-a-2/110K03U0A3HYI0 U AHMUOKCUOAHMHYI0 AKMUBHOCMb.

Pesynemamet. HaiioeHbl onmumaibHble YCao8Usl SKCMPAKYUU ONSL NONYUEHUSL MAKCUMATEHO20
codepokarust gparagoroudos (530 me keepuemuHa/2): epems skemparyuu 60 mur, memnepamy-
pa 53 °C, omHoweHue >xuokocme : meepooe geuwecmeo 9.46 2/2 u KOHUeHmMpayus. 3maHoNa
62%. PacmumenbHblil 9KCMpPaKm, NOAYUeHHbLU 8 ONMUMANTbHBLX YCIO8USLX, NPOsi8isilem xopoulee
uHaubuposamue o-2110K03Udasbl ¢ KOHUeHmpayueil NoAYMaAKCUMATbHo20 uHaubuposarus (IC,,)
22.67 M2/ MN NO CPABHEHUIO C NOSOXKUMENbHBIM KOHmMposem (akapbosza — 7.77 2/ mn).

BwbL800bl. HeenedogaHue 8blsi8Uslo ONMUMATIbHbLE Yenogus sxcmparyuu P. pulchra, nossossiiouwue
noayuume Hauboiee 8blcokoe obuiee cooeprkaHue haagoHouUodos8, U no0meepouslo nepcneKmuebl
npumereHrus P. pulchra 05 uHzUubUPOBAHUU 0:-27TH0K03UOA3bL U AHMUOKCUOAHMHO20 OKUC/IEHUSL.

Knroueevle cnoea: piagoHoUl, IKCMPAKYUSL pACMEHUT, ONMUMU3AUUSL, hpomugoouabemuue-
cKue cpedcmea, Memoooso2ust NOGEPXHOCMU OMKIUKA.

Mna yumuposanus: Do N.H.N., Le T.M., Nguyen Ch.D.P., Ha A.C. Optimization of total flavonoid content of ethanolic

extract of Persicaria pulchra (Bl.) Sojak for the inhibition of a-glucosidase enzyme. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2020;15(4):39-50. https://doi.org/10.32362/2410-6593-2020-15-4-39-50

40

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(4):39-50



Nga H.N. Do, Tan M. Le, Chinh D.P. Nguyen, Anh C. Ha

INTRODUCTION

Diabetes is rapidly becoming one of the most
severe diseases of the 21st century largely because of
current unhealthy lifestyles, like the consumption of
greasy food and lack of exercise [1]. Particularly, this
disease accounted for the deaths of about 4 mln people
in 2017, along with its accompanying huge cost of
treatment (about USD 850 mln, which is expected to
increase significantly by the year 2030 [2]. Moreover,
the prevalence of diabetes has increased sharply in recent
decades. In 1980, the number of diabetic patients was
about 108 mln, which increased to 425 mln in 2017 and
is predicted to be nearly 630 min by 2045 [2, 3]. The
disease is mainly divided into three groups: Type 1,
Type 2, and gestational diabetes [4]. Type 1 diabetes is an
autoimmune disease that is caused by the self-destruction
of f-pancreatic cells, which are key to insulin production
while Type 2 diabetes is caused by insufficient insulin
secretion or insulin resistance of cells [5, 6]. Actually,
Type 2 diabetes accounts for up to 95% of the cases,
thereby demonstrating its widespread prevalence. The
third form of diabetes is common with pregnant women
because of significant changes in their hormones during
pregnancy, which could manifest in an increase in the
blood glucose level [4]. According to a previous study,
diabetes mellitus is risky and can cause death because
of its life-threatening complications, such as coronary
artery disease, heart failure, retinopathy, nephropathy,
and atherosclerosis [4, 7].

Diabetes mellitus is generally caused by unhealthy
lifestyles and can be effectively treated by proper diets
and exercises. However, the utilization of medicine is
still the main therapy [8]. Some typical drugs that are
employed presently to treat the disease are sulphonylurea,
biguanide, thiazolidinediones, and «a-glucosidase
inhibitors [9—12]. Nevertheless, these drugs exhibit side
effects on the health of patients. For instance, biguanide
negatively affects the digestive system, kidneys, and
increases the risk of contracting ketone infection [13].
Thiazolidinediones are a new approach to the treatment
of insulin resistance but can cause heart failure, edema,
and weight gain [13]. Alternative therapy has been
developed so far and involves the utilization of bioactive
compounds, which are extracted from natural plants,
as a dietary supplement for the treatment of diabetes
mellitus. Some natural substances, such as polyphenols,
flavonoids, alkaloids, glycosides, and saponins, have been
demonstrated to cure the disease through their structure—
activity relationship (SAR) [14]. Therein, researchers
have invested much attention to flavonoids because
they exhibit diverse biological activities, especially their
ability to promote the treatment of Type 2 diabetes and
its resulting complications [15, 16]. Flavonoids have
demonstrated a wide range of hypoglycemic functions
and counteracted hyperglycemia by stimulating insulin

production and enhancing its absorption into cells and
inhibiting the enzyme, a-glucosidase, which is mainly
responsible for the breakdown of oligosaccharides,
trisaccharides, and disaccharides into glucose in the
mucosa [17, 18]. The enzyme is inhibited by flavonoids
via either competitive or non-competitive inhibition [17].

Amongst the anti-diabetic herbals, Persicaria plants
demonstrated their ability to combat diabetes with an
inhibitory capacity of ~70%, compared to rutin (86%)
[19]. Many species belonging to the Persicaria genus,
like Persicaria hydropiper and Polygonum perfoliatum
L. are biologically active and are employed in traditional
medicines because they include phenolics, flavonoids,
phenylpropanoids, steroids, and benzoquinones [20,
21]. Nevertheless, a lot of other Persicaria plants, e.g.,
P. pulchra, which is utilized frequently in Vietnamese
traditional medicine, have not been investigated for the
treatment of diabetes. Based on previous studies on the
bioactive compounds of other Persicaria plants, P. pulchra
is well expected to contain high flavonoid contents to cure
diabetes mellitus via a-glucosidase inhibition [22].

In this study, the optimal condition for the one-time
ethanolic extraction of P. pulchra to obtain the highest
flavonoid contents was determined by the response
surface methodology (RSM). The method was introduced
by Box and Wilson, in 1951, and has been applied to
the determinations of the best conditions of extraction
ever since [23]. The effects of the concentration of
ethanol (C,H,OH), the extraction temperature, extraction
time, and liquid-to-solid ratio (LSR) on the flavonoid
contents were comprehensively investigated. Finally, the
a-glucosidase inhibition and antioxidation of the optimal
plant extract were evaluated.

MATERIALS AND METHOD

Materials

P pulchra leaves were harvested from Binh
Chanh District, Ho Chi Minh City, Vietnam. The
plant was authenticated by the Department of Ecology
and Evolutionary Biology of the Faculty of Biology
and Biotechnology, Ho Chi Minh City University of
Science, Vietnam National University. The following
reagents were purchased from commercial suppliers
in pure grade: C;H,OH, methanol (CH,OH), distilled
water, sodium nitrite (NaNO,), sodium carbonate
(Na,CO,), sodium hydroxide (NaOH), aluminum
chloride (AICL,), and dimethyl sulfoxide (DMSO). The
Folin—Ciocalteau reagent, quercetin (QUE), gallic acid
(GA), para-nitrophenyl-o-D-glucopyranoside (p-NPG),
o-glucosidase,  and 1,1-diphenyl-2-picryhydrazyl
(DPPH) were obtained from Merck (Germany).

Preparation of the ethanolic extract

Freshly harvested leaves of P. pulchra were rinsed
with tap water to remove dirt and impurities. Thereafter,
the leaves were air-dried, pulverized, and stored in a
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sealed container for the experiment. Before the extraction,
the moisture content of the sample was determined by a
moisture analyzer Sartorius MB45 (Sartorius, Germany)
to be ~11%.

The extracts were prepared, at controlled
temperatures, extraction times, C,H,OH concentrations,
and LSR (Table 1). Next, 5.00 g of the dried sample was
extracted by aqueous C,H,OH in a 100 mL beaker, which
was assisted by an agitator (300—400 rpm). The primary
extract was filtered afterward, under vacuum condition,
followed by rotary vacuum evaporation, until the excess
solvent was completely removed. The extraction yield
was determined by Eq. (1):

m

H ==t 5 100% | (1)
msample

where m,_ is the weight of dry extract (g) and m is

sample

the weight of the dry leaf powder (g).

Determination of the total polyphenol content (TPC)

TPC in the extracts was determined, utilizing the
Folin—Ciocalteu colorimetric method, according to
Sanchez-Rangel [24]. Briefly, ~10 mg of the primary
ethanolic extract was dissolved in 1 mL of pure DMSO to
form a concentrated sample solution, which was diluted
to different concentrations before the measurement.
Next, 200 pL of the Folin—Ciocalteau reagent was mixed
with 40 pL of the sample solution. The mixture was
thereafter homogenized in a sonication bath for 5 min,
at room temperature. Afterward, 600 pL of 20% Na CO,
and 3.16 x 10° uL of distilled water were added to the
mixture. A homogenous solution was obtained in the
sonication bath after 30 min. Thereafter, the absorbance
of the mixture was measured, at a wavelength of 760 nm.
Moreover, GA was employed as a standard to depict the
calibration graph.

Determination of the total flavonoid content (TFC)

A colorimetric method was applied to measure
TFC [25]. Therein, ~10 mg of the extract was dissolved
in 1 mL of CH,OH to yield the mother liquor. To
measure the sample absorbance, it was diluted to
appropriate concentrations to obtain various sample
solutions. Further, 2 mL of distilled water, 0.5 mL of the
sample, and 0.15 mL of 5% NaNO, were mixed. After
5 min, 0.15 mL of 10% AICI, was added to the mixture.
Within 1 min, 1 mL of 1 M NaOH and 1.2 mL of distilled
water were added. The absorbance of the mixture was
measured, at a wavelength of 425 nm. QUE was utilized
as a standard to illustrate the calibration graph.

Experimental design
The experiments adopted the rotatable central
composite design (CCD) to determine the most suitable
regression equation [23]. Compared to a single-factor
optimization, this highly effective mathematical and

statistical technique exploits higher accuracy by
considering the interactions between variables. The
objective is to determine the relationship between
the factors and response values to determine optimal
conditions. The Design Expert® 11 software (Stat-Ease
Inc., USA) was applied to this study.

The design consisted of 36 experiments, including 12
replicates, at the center points. The center points defined
the experimental error and reproducibility of the data. The
independent variables in this study are temperature (X:
45-65°C), time (X,: 40-100 min), LSR (X,: 8-12 g/g),
and C,H,OH concentration (X,: 50-80%). The coded
and uncoded levels of the independent variables are
described in Table 1. The values of the independent
variables are expressed in codes, as —1, 0, and +1
interval, corresponding to the lower, center, and upper
levels of each variable, respectively. Each experiment
was performed three times to obtain the average TFC
value, which was expressed as a response, Y, variable.

In vitro o-glucosidase inhibitory assay

The investigation of the a-glucosidase enzyme
inhibitory activity of the extract was conducted following
Mahomoodally’s method [26]. The test was performed
on 96-well plates. The extract was dissolved in DMSO
before the test. Additionally, 40 and 20 pL of the sample
solution and a-glucosidase enzyme (1 U/mL) were added
to the well, respectively. Next, 100 pL of a phosphate
buffer (pH 6.8) was added to the mixture. Thereafter, the
plate was incubated for 5 min, at 37°C. After that, 40 uL
of 0.1 mM p-NPG was added to the reacting mixture.
Incubation proceeded for 30 min, at 37°C. Subsequently,
~100 pL of 0.1 M Na,CO, was added to terminate the
reaction, and the absorbance of the sample was measured,
at 405 nm. Acarbose was employed as a positive control.
The percent inhibition of the a-glucosidase reaction was
calculated as follows:

1%:[ ]x100%, 2)

A: absorbance, at 405 nm of the blank (a-glucosidase
and the substrate),

B: absorbance, at 405 nm of the subject (a-glucosidase,
the substrate, and the sample).

In vitro antioxidant assay

The antioxidant activity of the plant extract was
investigated according to Sharma’s method [27]. The
antioxidative substances in the extract neutralized the
DPPH radical by donating hydrogen. Thus, the reactive
solution changed from violet to light-yellow, and its
absorbance was measured, at 517 nm. Next, 180 puL of
DPPH, which was dissolved in 80% CH,OH, was added
to 120 pL of the sample. The mixture was incubated for
30 min, at 30°C, in the dark. This was followed by the
measurement of its absorbance, at 517 nm. Ascorbic acid
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Table 1. Rotatable CCD with four factors and TFC (Y)

Coded variables (Real variables)
No. TFCY
X, X, X, X,
1 ~1 (45) ~1 (40) -1(8) -1 (50) 469 + 14
2 1 (65) ~1 (40) -1 (8) -1 (50) 478 £ 15
3 -1 (45) 1 (100) -1 (8) —1(50) 460 £ 12
4 1 (65) 1 (100) -1 (8) —1(50) 467 +7
5 —1 (45) —1 (40) 1(12) -1 (50) 472 + 14
6 1 (65) —1 (40) 1 (12) -1 (50) 491 £ 11
7 ~1 (45) 1 (100) 1(12) -1 (50) 441 + 11
8 1 (65) 1 (100) 1(12) -1 (50) 444 + 11
9 -1 (45) —1 (40) -1 (8) 1 (80) 457 +£21
10 1 (65) ~1 (40) -1 (8) 1 (80) 461 +22
11 —1 (45) 1 (100) -1(8) 1 (80) 459+ 12
12 1 (65) 1 (100) -1 (8) 1 (80) 456 £ 16
13 -1 (45) —1 (40) 1(12) 1 (80) 444 £ 15
14 1(65) —1 (40) 1(12) 1 (80) 453 £ 11
15 —1 (45) 1 (100) 1(12) 1 (80) 424+ 13
16 1(65) 1 (100) 1(12) 1 (80) 431+ 15
17 -2 (35) 0 (70) 0(10) 0 (65) 437 + 11
18 2(75) 0 (70) 0(10) 0 (65) 440+9
19 0 (55) -2 (10) 0 (10) 0 (65) 449 £ 4
20 0(55) 2 (130) 0(10) 0 (65) 426 + 14
21 0(55) 0 (70) =2 (6) 0 (65) 504+ 10
22 0(55) 0 (70) 2 (14) 0 (65) 474 £ 14
23 0 (55) 0 (70) 0(10) -2 (35) 461 £ 12
24 0(55) 0 (70) 0 (10) 2 (95) 456+ 13
25 0(55) 0(70) 0(10) 0 (65) 534+ 10
26 0(55) 0 (70) 0(10) 0 (65) 529+9
27 0(55) 0 (70) 0 (10) 0 (65) 536+ 12
28 0 (55) 0 (70) 0(10) 0 (65) 521+ 14
29 0(55) 0(70) 0(10) 0 (65) 529+7
30 0(55) 0(70) 0(10) 0 (65) 521+12
31 0(55) 0 (70) 0(10) 0 (65) 528 +8
32 0 (55) 0 (70) 0(10) 0 (65) 530+ 7
33 0(55) 0(70) 0(10) 0 (65) 532+15
34 0(55) 0(70) 0(10) 0 (65) 536+7
35 0(55) 0 (70) 0(10) 0 (65) 522+ 10
36 0(55) 0 (70) 0 (10) 0 (65) 529+9
was employed as a positive standard. The percentage RESULTS AND DISCUSSION

inhibition can be calculated by the following equation: Extraction efficiency, TPC, TFC,

and a-glucosidase inhibition
Table 2 presents the bioactive compound contents in
the highly concentrated ethanolic (96%) extract with LSR
of 10 g/g, obtained after 60 min, at 50°C. TPC and TFC of
the plant are 388 mg GA/g and 423 mg QUE/g, respectively.
Interestingly, TPC and TFC of P. pulchra were much higher

A—B

1% = [ ] x100% 3)
A: Absorbance, at 517 nm, of the DPPH radical in CH,0OH,
B: Absorbance, at 517 nm, of the DPPH radical solution,
mixed with the sample.
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Table 2. Total polyphenol content, total poly flavonoids content and a-glucosidase inhibition

of P. pulchra compared to some bioactive plant extracts

Plant TPC, mg GA/g mngI(;iil/g I?l?il(i)li)‘ifi-()gllll,l;ogs/i:lfe
P. pulchra 388 £ 16 423 £16 33.53+1.25
P. odoratum 52.59 19.97 -
P. minus 174 53.19 -
N. mirabilis - - 32.7
P. urinaria - - 39.7
K. candel - - 354

than those of other plants in the Persicaria family,
such as P. odoratum and P. minus [28, 29]. The crude
ethanolic extract of P pulchra exhibited good inhibition
of a-glucosidase with IC, of 33.53 + 1.25 pg/mL, which
is comparable to those of some anti-diabetic Vietnamese
plants, like N. mirabilis, P. urinaria, and K. candel [30].
The extraction of bioactive compounds from dried
P. pulchra, employing 96% C,H,OH obtained the highest
yield, ~12%, in the one-time extraction. Figure 1 indicates
that the extract recoveries, at the 2nd and 3rd extractions,
decreased three to six times, compared to the 1st extraction,
along with a decrease in the TPC and TFC contents. This

20 300
BExtraction vizld
. 164 oTPC F 400 o
< @TEC 2
4 124 F 300 5
E g
ERE R L 200 2
2 2
=] o
2
1 L 100 &@
0

Ist extraction 2nd extraction 3rd extraction

Fig. 1. Extraction yield, TPC, and TFC content of the
ethanolic extract, at different extraction times.

was mainly caused by the reduced diffusivities of the
bioactive compounds with several extraction rounds. In
the one-time extraction, the substances in the plant readily
diffused into C,H,OH because of the large concentration
difference between the plant and the solvent. During
subsequent extractions, those compounds were hardly
extracted owing to their low concentrations in the plant.
Consequently, more extractions, resulting in the utilization
of more solvent and increase in the consumption of energy
and time, were conducted. Therefore, the objective of this
work was to investigate an optimal condition that would
obtain the highest TFC content in the first extraction.
Moreover, the a-glucosidase inhibition of the optimal extract
was evaluated based on SAR between the flavonoids and
diabetes treatment [31].

Effect of the extraction parameters on TFC

Some extraction conditions, such as the solvent
concentration (%), temperature (°C), time (min), and

LSR (g/g) exert significant impacts on flavonoid yields
of natural plants. The effects of the extraction parameters
on TFC are shown in Fig. 2. One of the important steps
to optimize the bioactive compounds obtained from the
plant is to select an appropriate solvent. CH,OH and
C,H,OH are “universal” solvents that could penetrate cell
membranes and extract compounds via hydrogen bonds
[32]. However, in the pharmaceutical industry, C,H,OH is
mostly utilized, compared to CH,OH, because it is less toxic.

Employing different solvent concentrations,
from 35 to 95% (Fig. 2a), TFC of the plant extract
peaked at 536 mg QUE/g with 65% C,H.,OH, which
is consistent with the result of previous studies [33].
It was predicted that the flavonoids in the plant were
highly polar while higher concentrations of C,H,OH
are averagely polar, thereby reducing its extraction
capacity. The 65% C,H,OH was utilized afterward
for the next experiments. As could be observed
from Fig. 2b, the temperature greatly influenced
the extraction of flavonoids from the plant. When
the extraction temperature increased from 35 to
55°C, a corresponding increase in TFC, from 437
to 529 mg QUE/g, was observed and followed by a
decrease in TFC, at a higher temperature, due to the
thermal degradation of the flavonoids. According
to the previous study, some thermally susceptible
flavonoids, such as myricetin, kaempferol, rhamnetin,
and QUE might be present in the plant extract [34]. A
similar phenomenon could be observed in Fig. 2¢ in
which TFC approached a peak of 534 mg QUE/g after
70 min. The temperature, at 55°C, and time, 70 min,
were applied to the next experiments to investigate
the effect of LSR on TFC. However, this factor did not
affect TFC as significantly as the others. TFC of the
extract was low at low ratios (6 : 1 and 8 : 1) because
the difference between the concentration of the plant
and the environment was not enough to induce the
diffusion of the flavonoids into the solvent. The TFC
value reached a peak of 532 mg QUE/g with a 10 : 1
ratio and decreased with increasing solvent. Other
compounds, like tannins and saponins, in the plant
could be extracted along with the flavonoids when a
higher amount of the solvent was utilized. Therefore,
TFC of the extract was reduced.
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Fig. 2. Effects of (a) C,H,OH concentration, (b) temperature, (c) time, and (d) LSR on TFC.

Optimization of TFC in the first-time extract by RSM

Because of the effects of the C,H,OH concentration,
time, temperature, and LSR on the TFC, those four factors
were selected, as variables, to determine the optimal
extraction condition. Generally, TFC of the ethanolic
extract ranged significantly, from 424 to 536 mg QUE/g.
Therein, the experiments at the center point resulted in
the highest TFC, thus strongly indicating that the optimal
point was close to the center (Fig. 3). Conversely, the two
experiments that obtained the lowest TFC were those at
the upper point (65°C, 100 min, and LSR of 12 : 1) because
of a combination of disadvantageous factors against the
extraction.

By applying the orthogonal planning method and
employing the Design Expert® software, the regression

coefficients of the objective functions were calculated.
The compatibility of the build model with the experiment
was validated via the coefficient of determination (R?
value). Table 3 presents the ANOVA analysis of the
response surface model, which was extracted from the
software. The F-value of the model, 106.10, implied the
quadratic model whose p-value of <0.0001 was adequate
to predict the TFC value. R? of 0.9861 indicated that
the regression model accounted for 98.61% of the total
variability.

The coefficients of the regression equation were
derived from the formula of orthogonal matrices, after
which they are tested to determine their significance
level. There was only a 0.01% chance that an F-value,
this large, could occur due to noise. p-Values, <0.0500,

300
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Fig. 3. TFC values of the plant extract, at 36 planning points.
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Table 3. ANOVA table for the effects of the extraction parameters on TFC in the P. pulchra extracts

Source 3FF§]:eedg:§f) Ssq(::::s;)f Mean square F-value p-value
Model 14 50341.02 3595.79 106.10 <0.0001
X, 1 168.13 168.13 4.96 0.0370
X, 1 1947.97 1947.97 57.48 <0.0001
X, 1 1162.04 1162.04 34.29 <0.0001
X, 1 900.38 900.38 26.57 <0.0001
XX, 1 66.53 66.53 1.96 0.1758
X X, 1 27.56 27.56 0.8132 0.3774
XX, 1 27.56 27.56 0.8132 0.3774
XX, 1 588.06 588.06 17.35 0.0004
XX, 1 175.56 175.56 5.18 0.0334
XX, 1 189.06 189.06 5.58 0.0279
X 1 16078.86 16078.86 474.41 <0.0001
X2 1 12832.51 12832.51 378.63 <0.0001
X2 1 3304.03 3304.03 97.49 <0.0001
X2 1 10105.48 10105.48 298.17 <0.0001
Residual 21 711.73 33.89 -
Lack of fit 10 400.82 40.08 1.42 0.2870
Linear 0.6789
Quadratic <0.0001
Cubic 0.2477
R? 0.9861
Adjusted R? 0.9768

indicated that the terms of the model were significant.
In this case, X1} X.Z’ X, X, X.X,, X.X,, X, X, X}, X?Z,
X2, X 2, were significant model terms. After the analysis,
the Design Expert® software results of the second-degree
regression equation for the virtual variables are as

described in Eq. (4).

Y =528.87+2.63X, —9.23X, —6.96 X, —
6.13X, —6.06X,X, +3.31X,X, -3.44X, X, - 4)
—-22.74X} —21.03X; —10.18X; —17.81.X;

As could be seen in Eq. (4), all the four variables
were captured in the equation, thus confirming the
influence of the investigated factors on the extraction
process. Additionally, the second-order regression
coefficients were negative, indicating that the response
surface was convex, and presented the maximum point.
The temperature and time variables possessed the highest
coefficients (22.74 and 21.03, respectively), proving that
they exerted significant impacts on TFC. Moreover, the
coefficient of the slope was close to the TFC value that
was measured in the experiments, at the center point, and
was significantly higher than the other coefficients in the
resulting equation. Therefore, the predicted maximum
point was around the center point and was approximately

the value of the slope. The response surfaces were plotted
from Eq. (2) to determine the optimal point and visually
evaluate the interactions of variables with TFC. Due to
the great impacts of the temperature and time parameters
on the response variable, they were selected, at different
LSR and C,H,OH concentrations, as illustrated in Fig. 4.
Generally, the peaks of the response surfaces were near
the center point of the temperature and time variables. At
an LSR of 8 g/g (Figs. 4a, 4b, and 4c), the highest TFC
was ~526 mg QUE/g with 65% C,H,OH, and the lowest
value was 505 mg QUE/g with 80% C,H,OH. It was
predicted that the optimal point of solvent concentration
was near the 65% C,H,OH concentration. Additionally,
the peaks of the response surfaces with LSR of 10 g/g
were all higher than those with LSR of 8 g/g (Figs. 4d, 4e,
and 4f). The TFC value simultaneously reached a peak
with 65% C,H,OH and hit the low with 80% ethanol.
With a higher LSR of 12 g/g (Figs. 4g, 4h, and 4i), a
decrease in TFC was observed, along with an increase
in the C,H,OH concentration. Therefore, it is possible
to predict that the optimal conditions were close to LSR
of 10 g/g and 65% C,H,OH. Summarily, the optimal
conditions were close to the center points of the
temperature (55°C), time (70 min), and C ,H,OH
concentration (65%) with LSR of ~10 g/g.
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Fig 4. 3D response surfaces, plotted at LSRs of (a, b, ¢) 8 g/g, (d, e, f) 10 g/g, and (g, h, 1) 12 g/g.

Employing the Design Expert® software, the optimal
extraction conditions to obtain the maximum TFC were
52.25°C, 59.76 min, LSR of 9.201, and with 61.17%
C,H.,OH. The predicted TFC was 528 + 11 mg QUE/g.
To verify the obtained result, three experiments were
performed, under the optimal conditions. As presented in
Table 4, the plant extract obtained TFC of 531 + 7, under
the conditions of 53°C, 60 min, LSR of 9.46, and 62%
C,H,OH, which is close to the predicted value. Generally,
the error between the experimental and calculated values

was <5%, indicating that the obtained model was reliable
and meaningful, in practice.

a-Glucosidase inhibition and the antioxidant activity
of the optimal extract

The crude extract of P. pulchra exhibited good
a-glucosidase inhibition with IC, of 33.53 pg/mL.
To determine the effect of the flavonoid content on
this bioactivity, the relationship between TFC and IC,
should be investigated. As shown in Fig. 5, when TFC
of the extract increased (from 423 to 526 mg QUE/g),

Table 4. Comparison of the experimental and predicted values, under the optimal condition.

Tempféature, T, it LSR, g/g conccz:ll-lltsglt{ion, Prlel:licted TFC, Engélgfntal Error witl:
% g QUE/g mg QUE/g the model, %
526 0.38
53+2 60 9.46 62+0.5 528 £ 11 539 2.08
529 0.20
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IC,, decreased (from 33.53 to 22.67 pg/mL), indicating
an increase in the a-glucosidase inhibition. Because of
the positive correlation between TFC and the enzyme
inhibition, the optimal extraction condition for the
highest TFC resulted in the best inhibitory capacity
without the optimization of the IC, value, thus reducing
the time and cost of the analysis.

800 100
BTEC @IC30
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600 -
526
491
161
= o F 60 ~
@ 423 I [ - 3
2 e )
E 100 B 2
2 : 5
a SIS B o 40 =
200
20
0

Crude extract  10th extract Gth extract Optimal extract

Fig. 5. Effect of TFC on the a-glucosidase inhibition
of the plant extract.

Moreover, the IC,  value of the optimal extract
(22.67 £ 1.00 pg/mL) is only triple of that of acarbose
(7.77 £ 0.36 pg/mL), which is a common a-glucosidase
inhibitor for Type 2 diabetes. It was safely claimed that
an optimal extract could be utilized as an alternative
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OPUTI'MHAJIBHAS CTATbS

KunkocrHast 3xcrpaknus esponusi(Il) 3 TeXHOreHHBIX PACTBOPOB
C UCIIOJIL30BAHUEM IOBEPXHOCTHO-AKTUBHOIO BEILIeCTBA

H.B. OxeBara, O.A. AobaueBa®

Canxm-Ilemepbypeckuii I'opHolii yHusepcumem, Canrxm-Ilemepbype, 199106 Poccus
@Aemop ons nepenucku, e-mail: Olga-59@yandex.ru

ITenu. AumepamypHble OaHHblE CEUOEMENAbCMEYIM O CJ0NHOCMU U38/eUeHUs U pa30eneHust
PpeOKo3eMeNbHbIX MEeMmalo8 SKCMPAKYUOHHLIMU Memooamu U 00Ka3blearom Heobxooumocms
MHO20CMOPOHHE20 U 0eMAalbHO20 U3YUeHUsl OaHHbLX npoueccos. IlepcnekmueHbim s1811emest 0Cy-
uiecmesieHue SKCMpaKyuu ¢ NpuUMeHeHUem NO8epXHOCMHO-AKMUBHO20 8euiecmea U mepmoou-
Hamuueckum o0b60CHO8AHUEM NOJYUEHHbIX MEXHON02UUECKUX 8enuduH. MHHO8AUUOHHOU udeell
HAYUHO20 UCCAE008AHUSL SI8SLeMCsl NPUMEHEHUE IKCMPAKYUUOHHO020 MemoOa Ol U38NAeUeHUsT U
pasdeneHus pedKo3emelbHbX MEMALI08 U3 HUSKOKOHUEHMPUPOBAHHbLIX PACMeEopos. DKcnepu-
MEHMAbHO U3YyUueH npoyecc useneuerust eaponusi(lll) uz azsomHoxucbix pacmeopos 8 ¢hopme 0o-
deyuncynvgpamos sxcmparyueti. Hecnedo8aHust opueHmupo8aHsbl HA U3yueHuUe 0CHO8HbIX U GJlb-
MepHAMUBHbLX UCMOUHUKO8 PeO0K03eMeIbHbLX MEMAI08, CNOCOO08 UX U38IeUeHUsl U pa30eneHUsl.
MemooeL. [Ipoyecc npoeodunu Ha eepxHenpugooHom skemparxmope ES-8300 D e meuerue 30 MuH co
ckopocmoto okoso 700 06/ muH. [lns onpedeneHust popMbl IKCMpazupyemoblx coneti 8 OpeaHUUecKoll
ase npumeHsU mMemood UHPPAKPacHOU cnekmpockonuu (cnexxmpomemp Nicolet 6700). Sxempark-
YU USYUAIU 8 PACMBOPAX C OUHUUHbIMU KAMUOHAMU U C KOMOUHAYUEll Uenegoe0 KOMNoHeHma u
uHmepgepupyrouUx KamuoHos. /I1st NOCIeOHUX PAcmeopo8 KOHUeHMpPAyUU SKCmpazupyemoblx a.e-
MEHMO8 8 COBMECMHOM NPUCYMCMBUU 8 BOOHOUL hasze onpeoesisiit Memooom ONMUUECKOU IMUCCUOH-
HOTl cCneKxmpocKkonuu ¢ UHOYKMUBHO-C813AHHOU naasmoll Ha cnekmpomempe ICPE-9000 (Shimadzu).
Kanubposkxa cnekmpomempa nposoousniace no cmaroapmHosim obpasyam onst ICP CertiPUR (Merck).
Pesynoemamet. [lonyueHsl 3a8ucumocmu KoaghguyueHmos pacnpedeneHus U pasoenieHus peo-
KO3eMeNbHbIX MEMALI08 8 NpoUecce IKCMPAKUUOHHBLX npoyecco8 om geauduHsl pH paesHosec-
HOUl BOOHOU (hasvl ¢ ycmaHosieHUeM U mepmoouHAMUUECKUM 000CHO8AHUEM POPMbL U3BEeKA-
eMmblx coeOuHeHUll. YcmaHOo81eHo, Umo 8 npoyecce IKCMpPaKyuUl MUHUMANbHAS KOHUEHMPAUUSL
ueseg020 KOMNoOHeHmMa 8 800HOU ¢paze Habnwodaemest npu pH = 4.0. B yesnom Ha ecem uHmepea-
Jle ucenedyemozo ouanazoHa pH eo0Holi ¢haszel 3asucumocme KoagpduyueHma pacnpeoeneHust
om 8eslUMUHbL KUCIOMHOCMU cpedbl gblpaxceHa caabo. ITo pesynbmamam aHAAU3A CREKMpPO8
ompabomaHHo20 U UUCMO20 U300KMUL08020 CNUPMA COENAHO 3AKIH0UeHUe, UMmO 000eyUlCylb-
hamol esponus useseKamest 6 opeanuueckyro gasy e sude conoeamos Eu(C, ,H, .0SO,),.
Bble00bl. IKCNepuMeHMAIbHO NOKA3AHA 803MOIHCHOCMb UssieueHus. esponus(Ill) us azomHoruc-
JlblX pacmeopos 8 ¢hopme dodeyuncyrbgpamos sxcmparyueti. IIpeumywecmeamu npedrazaemo-
20 Memooa SI8NSIIOMESL 803MOIKHOCMb U3OUPAMENbHO20 U38/eUEHUS. Uesle8020 KOMNOHEeHMA U3
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pas3basieHHbIX MexXHOZEHHbLX PACMB0OPO08 U UCNOb308AHUE NOBEPXHOCMHO-AKMUBH020 8eL4ecmasa
(0odeyuncynecpama Hampus). SgpgperxmusHocme usgaeueHUst 000eUUNCYbPamos eeponust npu
IKCMPAKYUU MAKCUMANBHA 8 uccriedyemom ouanasore pH om 2.0 do 7.5, umo omparxcaem caa-
6yro 3asucuMoOCcmsb OmM KUCJIOMHOCMU 800HOU ¢pasvl. Kpome mozo, 8 cunvHouiesiouHoll obracmu
PpH agppexmusHocms uzeneueHus skemparKyueti NOHUNIaemaest.

Knroueeste cnoea: sxkcmpaxyus,, peoko3emenbHsle d1emMeHmsl, 3pheKkmusHOCmsb U3BAEeUeHUS.,
KoagpdpuyueHmol pacnpedeneHust U pazoeneHus, 000eyuncyibgpam Hampusi.

/s yumuposanusn: J[xepara H.B., JlJobauesa O.J1. XKunkoctrast sxcrpakims esporusi(11]) n3 TeXHOT€HHBIX pacTBOPOB C HCTIONB30BAaHUEM
MOBEPXHOCTHO-aKTHBHOTO BelecTBa. JoHKue xumuyeckue mexronoeuu. 2020;15(4):51-58. https://doi.org/10.32362/2410-6593-2020-15-4-51-58
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Solvent extraction of europium(IIl) from technogenic solutions
with the use of surfactants
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Saint Petersburg Mining University, Saint Petersburg, 199106 Russia
@Corresponding author, e-mail: Olga-59@yandex.ru

Objectives. The extraction and separation of rare-earth metals is a complicated process that
requires a multidisciplinary and detailed investigation. Liquid-liquid extraction with the use of
surfactant, along with the thermodynamic analysis of the parameters is considered a promising
approach. The extraction and separation of rare-earth metals from low-concentration solutions
represents an attractive research opportunity. The extraction of europium(Ill) from nitric acid
solutions in the form of dodecyl sulfates has been experimentally studied. This work focuses on
the study of fundamental and alternative sources of rare-earth metals and their extraction and
separation.

Methods. The extraction was performed on a top drive ES-8300 D equipment for 30 min at
about 700 rpm. Infrared spectroscopy (Nicolet 6700 spectrometer) was used to determine the
type of salts extracted into the organic phase. Extraction was studied in solutions with single
cations and with a combination of the target element and interfering cations. For the latter, the
concentrations of extracted elements in the aqueous phase were determined by optical emission
spectroscopy with inductively coupled plasma on an ICPE-9000 (Shimadzu) spectrometer. The
spectrometer was calibrated using standard samples for ICP CertiPUR (Merck).

Results. The dependence of the distribution and separation coefficients of rare-earth metals
during extraction on the pH value of the aqueous phase at equilibrium was investigated. Moreover,
the form in which the elements are extracted was analyzed based on thermodynamic parameters.
The minimum concentration of the target component in the aqueous phase was observed at pH
4.0. In general, the dependence of the distribution coefficient on the pH value of the medium is
poorly expressed over the entire range of the pH range of the water phase. Based on the spectra
of spent and pure isooctyl alcohol, it was concluded that europium dodecyl sulfates are extracted
into the organic phase as Eu(C,,H, OSO,), solvates.

Conclusions. The extraction of europium(Ill) from nitric acid solutions in the form of dodecyl
sulfates was demonstrated. The advantages of the proposed method are the possibility of
selective extraction of the target component from dilute solutions and the use of an easily available
surfactant (sodium dodecyl sulfate). The efficiency of extraction of europium dodecyl sulfates was
maximal in the pH range from 2.0 to 7.5, which reflects a weak dependence on the acidity of the
aqueous phase. In addition, in the highly alkaline pH region, the extraction efficiency is reduced.

Keywords: extraction, rare-earth elements, extraction efficiency, distribution and separation
coefficients, sodium dodecyl sulfate.

For citation: Dzhevaga N.V., Lobacheva O.L. Solvent extraction of europium(IIl) from technogenic solutions with the use of
surfactants. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(4):51-58 (in Russ.). https://doi.org/10.32362/2410-6593-2020-15-4-51-58
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BBEJIEHHE

B mactosimiee Bpemsi 9KCTPAKIMOHHEBIE ITPOICCCHI
HAXOIIAT Bce OoJiee MIMPOKOE IIPUMEHCHUE B Pa3INIHBIX
oTpaciisiX HapoJgHoro xo3sicTea [1, 2]. D10 00BsICHsET-
cs1 M30MPAaTEIbHOCTRI0 U MPOCTOTOH Mpoliecca, BBICO-
KOW CKOPOCTBIO €T0 MpOoBeAcHuUs, 3P PEeKTUBHOCTRIO TPH
HU3KUX UCXOJIHBIX KOHIIEHTPALUSIX KATHOHOB METalIa.

MHorre aBTOpHI OCYIIECTBISIIOT H3y9YEHHE OHKC-
TPAKI[OHHOTO W3BJICUCHUS PEIKO3EMEIBHBIX METAJIOB
KapOOHOBBIMU KHCJIOTaMH, T. K. UX MPUMEHEHHE B Cep-
HOKHUCJIOTHOW M COJTHOKUCIIOTHOM TEXHOJIOTHAX Tepepa-
OOTKHU PEIKOMETAIBHOTO CHIPhS B KAYECTBE IKCTPATCHTOB
oKasbiBaeTcs A eKkTUBHEE, YeM, Harpumep, hocdopop-
raamdyeckux coemuHeHuit [1, 2]. CremeHb W3BICYCHHS
OpU  DKCTPAKIIMOHHOM PA3ICICHUH PEIKO3EMEITBbHBIX
anemeHToB (P3D) u anmoMuHMs OKTHII-(PEHOKCH H30TPO-
MHOHOBOM KucioTor (octyl-phenoxy-isopropionic acid
— OPIPA), mony4eHHas B padote [3], JOCTATAET BEIHYH-
HbI 86.43% ¢ uncTOTOl TIOTy4YaeMoro npoaykra 99.69%.
Pesynerate! axerpakiun nepusi(Ill) pactBopom oxcrHa U
2-METUIIOKCHHA B Pa3JIMYHBIX OPraHHMYCCKUX PACTBOPH-
TENSX B YCJIOBUSX, NPUOMIDKCHHBIX K MPOMBIIIICHHBIM
(CHIIBHOKHCIIBINA PACTBOP C CONEPIKAHUEM CEPHOM KUCIIO-
ThI 0.3—4.4 MOIB/KT), TIpEACTaBICHBI B padoTe [4].

ABTOopamu paboTel [5] BOcHONHEH TpoOen B HC-
CIICZIOBAHUHM XMMHUHM OSKCTPAKIMH HHUTPATOB JIAHTAHO-
unoB (lII) wHadreHarom TpHANKHIOCH3MIAMMOHUS.
CoortHomenne (a3 cocrapmwio 2 : 1. PenkozemernbHbIC
METaJUIbl U3BJICKAIOTCS B OPraHUYEcKyro (azy B BHIE
(R,N),[Ln(NO,),(RCOO),]. B psany nanran — moTenui
IKCTPAKIIHS CHIDKACTCS, IPU ITOM CTEIICHb H3BICUCHHUS
UTTPHS 3HAUYNTEIBHO HIDKE, YeM Yy JIAHTAHOMIOB. Bos-
MO’KHO HCIIOJIb30BaHUE HATCHATA TPUAIKWIOCH3MIAM-
MOHUS JJIS1 OTACICHUS JTAHTAHOUOB C MCHBIIINM MOPSII-
KOBBIM HOMEPOM OT JIPYTUX JTaHTAHOHMIIOB U B CUCTEMAax
OYHCTKH COCIMHEHUN UTTPUS OT JTAHTAHOHIOB.

[epcreKTUBHBIM SIBISIETCSI CIIOCOO SKCTPAKIUK JIAH-
TaHa, TOPHUS U UTTPHS KOMIO3WIIMOHHBIMH MaTepuaIaMu
Ha OCHOBE ITOPUCTHIX HOCUTENECH U YKUIKHX IKCTPATCHTOB.
[Ipu coBmecTHOM 3KkcTpakimu Topusi(IV), manrana(lll) u
uttpusi(Ill) U3 BogHO-CONEBBIX PacTBOPOB KOMIIO3H-
[IMOHHBIM MaTCpHAIIOM HAa OCHOBE CBEPXCIIMTOTO IIO-
JTUCTHUPOJIa TPHAIKWIAMAHOM HUTpaThl santaHa(lll)
u urtpusi(Ill) mpakTuyeckn He MOMIOIAIOTCS, a MPH
yBeanueHuu konuentpauuu gantana(lll) u urrpus(Ill)
B BOAHOI (haze MOBBIMIACTCS COAEP)KAaHUE HUTpATa TO-
pusa(IV) B paze koMo3uMOHHOTO Marepuaia [6]. DTy
CHCTEMY MOXXHO HCIOJB30BATh U OYNCTKU KOHIICH-
TPUPOBAHHBIX PACTBOPOB HHUTPATOB PEIKO3EMEITBHBIX
MeTasuioB ot npumeceid Topusa(IV).

HmeroTcst maHHBIE 1O YKCTPAKIUH PEIKO3EMEIb-
HBIX METAJIJIOB M3 A30THOKUCIBIX PAacTBOPOB C (TO-
pun-uonamu [7, 8]. B pabote [9] uccnenonaioch Kc-
TPAKIIMOHHOE W3BJICYCHUE KaTHOHOB UPKOHUA(IV) u3
COJITHOKHCIIBIX PAacTBOPOB B IMPHUCYTCTBUH (PTOpHIA

Kamust 1-okTaHONMOM. MeTon SKCTpaKIWH BO3MOXKHO
MPUMEHSATh 7S M3BJIEUEHUS KAaTHOHOB METAJJIOB M3
OTpa0OTaHHBIX IPOMBIIIJICHHBIX Pa30aBICHHBIX pac-
TBOPOB (mepepaboTka MOTUOJECHOBBIX, MEIHBIX, MEJl-
HO-HUKEJIEBLIX pyH, almaTUT-HE(EITHHOBHIX, IBIHAIH-
TOBBIX Py, KPACHBIX LIUIAMOB).

[IpencraBneHHbIe TUTEpaTypHBIE TaHHBIC CBUJIE-
TEJNBbCTBYIOT O CIIOKHOCTH M3BIICUCHUS U DPa3[eIICHUS
PEIKO3EMENBHBIX METAIOB AKCTPAKIMOHHBIMH METO-
JaMH U JIOKa3bIBaIOT HEOOXOAMMOCTh MHOTOCTOPOHHETO
U IETaJBHOTO M3YUEHHS JaHHBIX IporeccoB. Ilepcrmek-
TUBHBIM SIBIISIETCSI OCYILECTBICHUE HKCTPAKLUU C TIPHU-
MEHEHHEM IOBEPXHOCTHO-aKTHBHOTO BemiecTBa ([TAB)
U TEPMOIMHAMHYECKAM OOOCHOBAaHUEM TMOIYYEHHBIX
TEXHOJOTUYECKUX BEITUUNH.

[lepBocTenieHHBIMU 331a9aMU B paMKax JTaHHOH pa-
OOTEI SIBJISFOTCSI:

*  pa3paboTKa METOIOB M3BIICUCHUS U PA3JCICHUS
PEIKO3EMENBHBIX METAIOB AKCTPAKIMOHHBIMH METO-
Jamu ¢ ucnoiszoBanueM ITAB u skcriepuMeHTanbHBIM
00ocHOBaHMEM KOA(OHUITEHTOB pacIipeelieHus, pasie-
JICHUS U CTENICHH U3BIICUEHUS C TIOCTIEYIOIIUM UX BHE-
IpEHHEM B TPOMBIIUICHHYIO TEepepadOTKy HH3KOKOH-
LIEHTPUPOBAHHOTO MUHEPAIBLHOTO CHIPbS;

°  W3y4YCHHE 3aBUCUMOCTEH KOA(PPHUIIMEHTOB pac-
MpeJIeJICHUs] ¥ pasJieNieHus] PeAKO3EeMENbHBIX METaIOB
B IIPOLIECCE IKCTPAKIIMOHHBIX IpoueccoB oT pH BogHOM
(hazbl ¢ ycTaHOBIEHHEM M TEPMOAMHAMHYECKUM 000-
CHOBaHHEM (DOPMBI H3BICKAEMBIX COCTNHECHUI.

[Ipu wu3BIEUEHUHN PEAKO3EMENbHBIX METAJUIOB W3
BOJIHBIX PACTBOPOB INPEAJIaracTcsi B KaueCTBE TOBEPX-
HOCTHO-aKTUBHOTO BEIIECTBA HCIIOIB30BATh JIOJCIIMI-
cynbhat Harpusa (NaDS), u3BecTHbIN Kak BCIIEHUBATENb
U cobuparenb, KOTOpBI OO0NaJaeT MO CPaBHEHHUIO C
npyrumu [TAB psinom npenmyinects. Jlogenwicynbdar
Hatpus HetokcuueH (IV knacc omacHoctn), nemes. s
OCYIICCTBJICHUSI TMpoIecca HEOOXOMUMBbI KOJHUYECTBA
NaDS, cooTBeTcTByIOIINE CTEXHOMETPHH XUMHUYECKON
peakuuu. NaDS BO3MOXHO NPUMEHSTH B IIUPOKUX M-
arna3oHax KHCIOTHOCTH HIKOH (asbl. Ero MoxHO pe-
TeHepUPOBATh M3 MPOAYKTOB. [1o cpaBHEHHIO ¢ aHAalo-
ruunbiMy [TAB, creneHu n3BiaeyeHus peaKo3eMelbHbIX
METAIJIOB JOACHMICYTb()ATOM HATPHUS HWMEIOT MaKCH-
MaJtbHBIC 3HaueHms [10—12].

UccnenoBanus, npeacTaBlieHHbIE B JaHHOU padoTe,
B HACTOSIIEC BpEMsSi OPUEHTHPOBAHBI Ha M3Y4YCHHE OC-
HOBHBIX W QJIFTEPHATHBHBIX HCTOYHUKOB PEIKO3EMEINb-
HBIX METaJJIOB, CIIOCOOOB UX U3BJICUEHU U Pa3/eIeHNU.
ComacHo nuTeparypHbIM JaHHBIM [ 13—18] penTadens-
HBIMH HCTOYHHKAMHU PEIKOMETAJUIHHOTO CBIPBS SIBIIS-
torcst munepassl 6actesut Ln(CO,)F (70-75%), mona-
uut LnPO, (55-60%), nonapur NaCaLn(TiO,),(NbO,),
(30-35%), kcenotum (Y, Eu, Gd)PO, (55-60%). Amb-
TEPHATUBHBIMU MCTOYHUKAMHU PEIKO3EMENbHBIX METaJJIOB
SBIISIFOTCS OC/THBIC TEXHOTCHHBIEC OTXOIIbL, TOTydaeMble TIPU
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IIPOM3BOJICTBE IPOMBIIUIEHHBIX MaTe€pUalioB, KOHBEp-
TEpHBIE MBI, IUTAKH, KPACHBIE LIJIAMbI ATFOMUHUEBOTO
TIPOM3BOICTBA, OETHOE MUHEPAILHOE CHIPBE.

CoBpeMeHHbIE TEXHOJOTMU TMOMYYEHHS PEIKO-
METAJIJIBHOTO CBIPbsl OPUEHTUPOBAHbI Ha IIOJIy4YEHHUE
pelnKo3eMeNnbHBIX METAJUIOB U3 MHHEPAJIOB Pa3IUYHbIX
MECTOPOKJICHHIM TNOJIE3HBIX HCKomaembix. Ha cospe-
MEHHOM 3Tare pa3BUTHUS NPOMBINUIEHHOCTH Poccus He
pacrojaraeT COOCTBEHHBIMH 3arlacaMy YHCTOTO PEIKO-
METAJJILHOTO ChIPbs, TAKUMH KaK OAaCTHE3UT, MOHALIUT,
KCEHOTHM, Ha 0a3e KOTOpPBIX paboTaeT peaKo3eMelbHas
IIPOMBIIICHHOCTS 3a pyoexoM. B Poccuiickoit denepa-
I HanOoJiee TOCTYMHBIMU U 3()()EeKTHBHBIMHU IS TIe-
pepaboTKu SBISIIOTCSL OCHBIC JIOBO3EPCKUE JOMAPUTO-
BBIC, DBIUATUTOBBIC M XUOMHCKHUE allaTUT-HE(PETHHOBBIC
pyast Ha KonmsckoM nosryocTpose. PeikozemensHas mpo-
MBIIIICHHOCTh Poccnn B HacTosmiee BpeMs paboTaeT Ha
MIPOU3BOJICTBE PEAKO3EMENIBHBIX METAUIOB MU paspa-
0O0TKE HOBBIX MECTOPOXKICHHH, YTO TAJIEKO HETOCTATOU-
HO JUIs 00eceyeHus pacTyIIuX MOTpeOHOCTEH B PEAKUX
MeTaJulax M UX IPOU3BOAHBIX. (I pa3BUTHSA poccHil-
CKOIl pelKOMETalIbHOM MNPOMBIIUIEHHOCTH 0c000e
BHUMAaHME CJELYyeT YAEISTH IOIyTHOMY H3BICUEHHIO
WHAMBUYaJbHBIX PEIKO3EMETbHBIX METaIOB NpH IIe-
pepaboTKe OJTMKOMITOHEHTHBIX PY/I, a He Ha pa3paboTKy
HOBBIX MecTopoxkeHni. KoMIuiekcHoe ncnosibp3oBaHue
MUHEPAJIBbHOIO CBIPbsl — 3TO BayKHEMIlee HalpaBIeHUE
pecypcocOepeskeHUs: B HOBOM ThIcsiueneTHu. [1ockombky
0C00y10 IEHHOCTh UMEIOT pa3AeiIeHHBIC YNCTHIC PEIKO-
3eMeJIbHbIE METAIUIBI, TO aKTyallbHOU MPOOIeMON SIS
eTcsi NoBbIeHNe 3()(HEKTUBHOCTA W3BIICUCHHS M pas-
JieJIeHusT ONM3KHUX M0 (PU3MKO-XMMHYECKUM CBOMCTBaM
penKo3eMeIbHBIX METAIIOB, KOTOPOE IIO3BOJIUT CHU3UTh
ce0eCcTOMMOCTb WHAUBUYaTIbHBIX PEAKO3EMENbHBIX Me-
TaJUIOB M UX COEAMHEHUM M pacIIMPUTh BO3MOKHOCTU
ux npumenenus [ 13-18].

MHHOBanMOHHON uAeel MPEACTAaBIECHHOTO Hayd-
HOTO WCCIIENOBaHUS SBISIETCS NPUMEHEHHE JKCTpakK-
LIMOHHOTO METOAA JUIsl U3BJICUEHUS U pa3/ieeHus pel-
KO3eMEIbHBIX METaJIOB U3 HU3KOKOHIIEHTPUPOBAHHBIX
pactBopoB. IlpeumyliecTBamMu IpeajiaraéMoro MeToja
nepes CyLIECTBYIOUIMMHU aHAJIOTaMU  SIBIISIFOTCSL  BO3-
MOKHOCTH M30MpaTeIbHOTO U3BICUCHHS IIEJIEBOTO KOM-
MOHEHTAa U3 pa30aBlIEHHBIX TEXHOTCHHBIX PACTBOPOB U
HCIOJIb30BaHUE PACHPOCTPAHEHHBIX ITOBEPXHOCTHO-aK-
THUBHBIX BEILECTB.

MATEPHAJIBI U METO/bI

Bce pearentsl, ucrnonb3yeMbie B JAaHHOM paboTe, sB-
JSIFOTCSL XUMHUYECKU YUCTHIMU U UMEIOT CepPTU(HKAT Ka-
yecTBa. HuTparHelii pacTBOp €Bpomusi KOHIICHTpaLUEH
0.01 M ObL1 IPUTOTOBIIEH MTyTEM PACTBOPEHUS HABECKU
Eu(NO,),5SH,O uucroroii 99.9% nucTuinmpoBaHHOM
BOJI0H. 13 3TOTO pacTBOpa OBUIM MPUTOTOBIICHEI BCE TIO-
cleayromme pabovrne pacTBOPHI IyTeM pa30aBICHHS 10

kxonnenTpanuu 0.001 M. Tounoe 3HaueHUE KOHIIEHTpPA-
IIUM MCXOJHOTO PacTBOpa MPOBEPsUIM IMyTEM TUTPOBA-
HUs poOsl TprstoHoM b ¢ MHAMKATOPOM KCHIICHOJIOBBIN
opamkebiii. Pacteopsi Er(NO,),-5H,0, Ho(NO,),-5H,0
u Sm(NO,),"6H,0 nis cymmaproro ussnevenus P39
OBUIM TIPUTOTOBJICHBI W OTTUTPOBAHBI AHAJIOTUYHBIMHU
criocoOamu. B kauectBe [IAB wmcnons3oBanu goaemuii-
cynbbar narpus 1 6uoxumun (NaDS, C | H, OSO,Na)
npousBoacTBa Acros Organics (CLIA) auctoToit 99%.
B xoze skcniepumenTta k pabouemy pacTBOpy J100aBiisi-
mu HaBecKy cyxoro NaDS. A3oTHas KucioTa U THIPOK-
CHJI HAaTpPUsl, UCTIONB3YEMbIE J0 YCTAHOBIECHUS HYKHOTO
3HaueHHs pH, NCTIONB30BAIHCEH CBEKETIPUTOTOBICHHBIE.
M3ookTunoBbiil cnupT (2-3THi-1-rekcanon) 4uCTOTON
96%, 1cIoNp3yeMblil B KaueCTBE IKCTpareHTa, mponu3Be-
neH ¢upmoit Aldrich (CLLIA).

W3Bneuenne momemuicyab(paTtoB €BpONHs B Op-
raHUYeCcKyro ¢a3y MPOBOIWIA METOAOM >KUIKOCTHON
IKCTpaKIMU. B KadecTBe HKCTpareHTa HCIIOIH30BAIN
M300KTWIIOBBIA crupt. [Jopeuwmncynbdar HaTpusi Hc-
MIOJH30BAIM B KAaUECTBE «TPAHCIIOPTHOTO arcHTay Ka-
THOHOB €BpPONHS M3 BOAHOW (Da3bl B OpPraHUYECKYIO.
Joneunicynbdar HaTpus 100ABIISIN B PACTBOP B COOT-
BETCTBUH CO CTEXHOMETPHUEH peaKlnu:

Eu* + 3C ,H,.080,- = Eu(C ,H,.0S0,),

Ero xonnenrpanus pasasuiack 0.003 M. TloprimoHHBIM
nobaeneHneM pactBopa menourn NaOH 1 H. wim pas-
OaBJIEHHOM a30THOH KHCIIOTHI HNO3132136 noBomwu pH
JI0 OIpele’eHHOoro 3HaueHusd. Bemuunny pH BomHbBIX
pacTBOpOB onpenessid ¢ nomouibto pH-merpa «pH-150
MA» (AQUA-LAB, Poccusi).

OObemMbl BOJHOW M OpraHuveckoil ¢a3 cooTBeT-
cTBeHHO ObLM paBHbI 200 Mt 1 5 mut. [Iporece nmpoBo-
JWIM Ha BepXHENpuBOAHOM skcTpakTope ES-8300 D
(DKPOCXHUM, Poccusi) B Teuenue 30 MHUH CO CKOpO-
cthio okoJio 700 06/MuH. [TapameTpbl poBeCHUS TTPO-
1ecca HKCTPAKIMN YCTAHOBICHBI SKCIEPUMEHTAIBHO U
MO3BOJISIFOT JAOCTUTHYTh MAaKCHMAaJbHBIX PE3yJbTaToB.
MertomoM HH(pPAKPACHOH CHEKTPOCKOMHMH HA CHEKTPO-
meTpe Nicolet 6700 (Thermo Fisher Scientific, CILIA)
OTIpEIETSUTH (POPMY IKCTPArHpPYEMBIX CONEH B OpraHu-
yeckoii (paze.

DKCTpaKIMOHHOE M3BJIeUeHUe KaTnoHOB eBponwsi(11l)
B COBMECTHOM IPUCYTCTBUU C KarnoHaMu ronbmusi(11l),
apous(Ill) u camapusa(Ill) npoBoxmiam mO METOIMUKE,
onucaHHOU BbIlIe. Paboune pacTBOpBI, copepkalue B
coBmectHoM mpucyrctBuu Sm**, Eu**, Ho*" u Er*', ro-
TOBHJIUCH ITyTeM cMelnBaHust S0 MJI pacTBOpa KaskJ0ro
anemenTa koHmeHtpanueir 0.001 M. O6wvem pacTBopa
nutoroBoii cymmapHoii konrenrpanuu 0.001 M cocras-
nsi1 200 mur. Onipenenienne KOHIEHTPAIUU dKCTParupy-
€MBIX JIEMEHTOB B COBMECTHOM MPUCYTCTBUHU B BOAHOM
(haze MPOBONMIIM METOJIOM ONTHYECKOH SMHCCHOHHOM
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CIIEKTPOCKOIIMH ¢ MHAYKTUBHO-CBA3aHHOM IUIa3MON Ha
cunextpomerpe ICPE-9000 (Shimadzu, Slnonus). Kanu-
OpOBKa CIEKTPOMETPa IMPOBOAMIACH II0 CTAHAAPTHBIM
obpasnam juis ICP CertiPUR (Merck, I'epmanus).

ConeprkaHre KaTHOHOB €BPOIIHS, W3BICUCHHBIX B
OpraHUYECKyIO (pa3y B MPOIECCe 3KCTPAKIUKN U3 UHAU-
BUIyaJIbHBIX PACTBOPOB, ONIPEACIISUTH IT0 Pa3HOCTH KOH-
LEHTPALUI B UICXOJJHOM 1 paBHOBECHOM BOJHOM (hazax ¢
y4eTOM OTHOIICHHS 00heMOB (a3:

c., - & _VC s (1)

org

rae C, — HCXOIHOE COIEPKAHME KATHOHOB EBPOIMS B
BOJIHOH (a3e, MOJb/1; ng — KOHIIGHTpAIIHs KaTHOHOB
EBPOITHS B OPraHUIecKoi (pase, MOB/; C,, — KOHIICHTpa-
IHsT KATHOHOB €BPOITHS B BOJHOM (haze, MOJIB/I; I/;,g — 00B-
€M OpPraHIYIECKOH (pa3bl, MIT; Vaq — 00beM BOIHOM (pa3bl, MIL.

Koadumment pacmpenencHns KaTHOHOB €BpO-
nuA(Ill) B MHAMBUAYaATIbHBIX PacTBOPAx (Kpmp) U B
npucytcetBud ronsMusi(I1D), spousa(Ill) n camapus(Ill)
(K eqpy) BBIYHCIISIIM KAK OTHOLICHHE MOJIAPHBIX KOH-
[EHTPAIMA T[EJIEBOT0 KOMIIOHCHTa B OPraHUYeCKOW U
BOJIHO# (pa3ax coracHo [16].

CreneHb u3BJcUeHUSI ObllIa BBIYUCIICHA 110 ypaB-
HEHUIO:

C,. vV

org org

Caq ’ qu + COVg : VOVg

a -100% @)

PE3VJIBTATBI U UX OBCYXJIEHUE

B tabnuue 1 npeacraBieHbl pe3ynbTaThl IKCTPaKIU-
OHHOTO M3BJICYCHUS JIONCIMICYIb(ATOB €BPONHS U3 HHU-
TpaTHbIX pacTBOpoB B uHTepBase pH 2.0-11.0. Kak BugHo
W3 DKCIIEPUMEHTAIILHBIX JIAHHBIX, MAKCUMAIIbHBIH KO3(-
(bunMeHT pacrnpeneneHus Mpyu dKCTPaKIUKU HaOIroaaeTcst
npu pH =4.0.

CornacHo pesyneratam padot [11, 12] sHep-
rusi ['mb0ca oOpa3zoBaHUST MOHOTHUAPOKCOKOMIIEKCOB
Eu(OH)* i3 amemMeHToB A Gy 1 U3 HOHOB A, Gy CO-
crapisgeT 782.60 u 47.42 xJI»/Mojb, COOTBETCTBEHHO, IH-
apokcuna Eu(OH), 1199.11 k/lx/moms u 149.23 x]Hx/mMor,
COOTBETCTBEHHO; pH KoMmIIekcooOpa3oBaHus prmpl
cocransier 5.80, a pH ruaparoobpasosanust pH, .
6.52, 1. e. oT0 3HaYeHHs pH, Tpu KOTOPBIX HAYMHAETCS
obOpasoBanue ruapokcokomimiekcoB Eu (OH)?" u rugpok-
cunos Eu (OH),.

B mporiecce KCTpaKIMU MUHUMAJIbHAS KOHIICHTPA-
IIUsI TIeJIEBOT0 KOMITOHEHTa B BOJHOM (ha3e HaOmomaercs
npu pH = 4.0. B nenom Ha BceM HHTEpBAJIE UCCIIETYEMOro
JwarazoHa pH BomHOM (askl 3aBUCUMOCTD KO3 pHITHEHTa
pacrpenesieHns] OT BEIMYMHBI KHCIOTHOCTH CPEIbI BhIPa-
eHa ciabo. [lo pesynsraram aHajm3a CIIEKTPOB OTpado-
TAHHOTO M YMCTOTO M300KTUIIOBOTO CIUPTa yCTaHOBIEHO,
YTO TONCIIIICYITH(ATHI €BPOITHS H3BICKAIOTCS B OpraHnye-
ckyto (asy B Buzie conbsaros Eu(C ,H,.0S0,), (Puc. 1 u 2).
BzanMonelicTBre MOJIEKYJT CIUPTA ¢ KATHOHAMU E€BPOIIHS
MOITBEPIKIACTCST CIBUTOM YaCTOTHI BAaJICHTHBIX KoJieOa-
Huii v . [Ipr 5TOM B HUTPATHBIX pAacTBOpaAXx, HE COlepXKa-
X JOACIUICYIb(aT HATPHSI, U3BJICUCHUS KATHOHOB €B-
POTIHSL HE TIPOMCXOIUT U3-32 OTCYTCTBHS SKPAHUPOBAHHS
LIENICBOTO KOMIIOHEHTA HEMOJIIPHBIMHE YIIIEBOIOPOTHBIMU
paIrKaTaMIL.

O(heKTUBHOCTh U3BICUECHUS JIOACLUICYIb(ATOB
EBPOIIHA TIPH SKCTPAKIINHA MAaKCUMaJIbHa B UCCIECTYEMOM
muanazone pH ot 2.0 1o 7.5, 4yTo oTpaxkaer cnadyro 3a-
BHCUMOCTb OT KHUCIIOTHOCTH BOJHOH (a3bl. B cribHOIIIE-
nouHoit obnact pH 3(h(eKTUBHOCTL U3BIECUEHHS IKC-
TpaKLIHUEN MOHMKAETCA.

B Tabnuiie 2 mpencraBlieHbl Pe3yNbTaThl dKCICPHU-
MEHTAJIHOTO HCCIICIOBAHUS AKCTPAKIUH JONCTIHIICYIb-
(atoB eBpomHs M300KTHJIOBBIM CIHPTOM B KaueCTBE
JKCTpareHTa B COBMECTHOM TpucyTcTBuM ¢ 3pouem(Ill),
camapuem(II) u romemuem(I10)).

CornacHO TIOyYEHHBIM pe3ynbTaTaM, IMPH DKC-
Tpakiuu P3D W3 WHAMBHIyaTbHBIX PACTBOPOB Mak-
cuMaJibHbIe KOA((OUIIMEHTHI paclpe/elIeHUsT COOTBET-
ctByoT pH 4.0-4.5, nmpu xotopsix P32 u3Bnekarorcs

Tab6auua 1. Pe3ynbraTsl 9KCIEPUMEHTAIBHOIO UCCIICA0OBAHUS

SKCTpakiuy KaTrnoHOB eBporms(111)
Table 1. Europium(III) cation extraction

[Eu®]  x10* moas/kr [Eu®]  x10% Moab/Kr
pH [Eu],, x10* mol/kg [Eu*],. x10> mol/kg "
3.0 1.93 3.88 200.5
3.5 1.82 3.93 216.1
4.0 1.70 3.99 2339
4.5 1.84 3.92 213.8
5.0 1.97 3.86 196.3
5.5 1.94 3.87 199.4
6.0 1.93 3.88 201.5
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Puc. 1. CriekTp NoOmIomeHus: K300KTUIIOBOTO CITHPTA.
Fig. 1. Absorption spectrum of isooctyl alcohol.
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Puc. 2. Cnexrp nornomienus 3kcrpaxra Eu.
Fig. 2. Absorption spectrum of Eu extract.
Tadmuma 2. KoaguumenTs! pacripeeneHus KaTHOHOB peiko3eMelbHbIX aemMenToB (111)
B 3aBHCHUMOCTH OT pH pacTBopa B mporiecce SKCTpaKIuu B coBMecTHOM npucyteTBud (K acnpz)
1 MHIUBHUTyaJTbHO (Ip<paCll )
Table 2. Coefficients of distribution of rare-earth elements (I1I) cations depending on the pﬁ
for extraction in the presence of interfering cations (K, ;) and individually (K )
Sm Eu Ho Er
pH
pacnp), pacnp pacnp), pacnp pacnp), pacnp pacnp), pacnp
distr)’ distr distry’ distr distr)’ distr distry’ distr
3.0 1437.3 306.9 1355.6 200.5 1282.5 443.1 1355.6 122.9
4.0 1752.4 326.2 1690.9 233.9 1481.9 481.4 1752.4 163.0
5.0 1752.4 426.2 1690.9 196.3 1529.2 404.9 1818.6 147.7
6.0 3091.7 395.6 3300.0 201.5 3300.0 359.6 4512.2 132.1

B OpraHudeckyio a3y B BHIE CHHPTOBBIX COJBBATOB
cpenHuX poAeuuicynbdaros. B pesynbraTe KOHIIEH-
Tpanus Aomennicynbpara B PaBHOBECHOH BOJHON
¢aze HUYTOXKHO Mana. B COBMECTHOM MPHUCYTCTBHUH
ko3 dunuenTs! pacupenenenus P30 BospacTaror Ha
OpsiA0K U MakcuMalbHbl Ipu pH oxono 6. Ilpu sTom
3nadyeHuu pH P33 nHaxonsTcs B BOZHOM pacTBOpe B
3HAYUTENBHON CTETIEHH B (hOPME MOHOTHAPOKCOKOM-

miaekcoB Ln(OH)?* u u3BiIeKaloTCsS B BUIE COJNBBATOB
ocHoBHbIX coneit Ln(OH)(DS), nROH. Pacxon noxe-
OUJICYTb(aTa CHUKACTCS, H PABHOBECHE CMEIIACTCS B
CTOPOHY AKCTPAKIIHH.

3AK/IIOYEHUE

IIpoBeneHo ucciaeqoBaHUE IKCTPAKIMU KATHOHOB
esporusi(Ill) W3 WHIAMBUAYATBHBIX BOIHO-COJIEBBIX
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PacTBOPOB U B COBMECTHOM TIPHCYTCTBHH CO CTOPOHHH-
mu katuoHamu P33. CormacHO MOyYeHHBIM pe3yilb-
TaTam JiIs u3BJedeHus katnoHoB espornus(Ill) 3 pas-
0aBJICHHBIX PACTBOPOB IIPUMEHEHUE METO/1a IKCTPAKIINI
okas3biBaeTCs A((GEKTUBHBIM, HalpuMep, JJIS KOHIICH-
TPUPOBaHMs KOMIIOHEHTOB NMPH OYUCTKE CTOYHBIX BOJI.
‘YcraHoBII€HO, YTO:

a) npu pH = 3.04.5 makcuMabHOE U3BJICUCHUE Ka-
troHoB eporus(11) B mporiecce AKCTPaKIMU JOCTHTACT
92% c UCIIONB30BaHUEM B KaueCTBE HKCTPAreHTa M300K-
THJIOBOTO CIIUPTA;

0) TIpH SKCTPAKIIMOHHOM U3BJICUCHUH KO(DPUIHEHT
pacnpenenennss karuoHoB eBporusi(IIl) cymecTBenHo
BO3POC TPU MX SKCTPAKIUH B MPHCYTCTBUM CTOPOHHUX
HOHOB TI0 CPAaBHEHHIO C WU3BJICUCHUEM W3 WHIUBUTyaTb-
HBIX PAacTBOPOB, M pH MaKkCHMMaJbHOTO W3BJICUYCHHUS CMe-
CTHIICS B 00JTaCTh OONBIINX 3HAUYCHUH.
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OPUT'UHAJIBHAS CTATbS

CwmernieHne BeIMYMHBI pK. KHCJIOTHO-0CHOBHBIX HHTHKATOPOB,
BbI3BAHHOE MIMMOOWIH3AIMEeH HA TBEPIOH MOII0KKe

32 CYeT BOJAOPACTBOPUMOIO MOJIMKATHOHHOIO IOJIMMEpa,

Ha npumepe Konro Kpacxoro

A.O. HaymoBa®, I1.B. MeabHHKOB, E.B. [loaraHoBa, H.A. SimiTyaoB, H.K. 3aiineB

MHPSA — Poccutickuil mexHosozuueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHO02UTL
umeru M.B. Aomorocosa), Mockea, 119454 Poccus
@Aemop ons nepenucku, e-mail: alina.naumova. 92@bk.ru

ITenu. Llenvto Hacmosiwell pabomol 6bL10 USYUEHUE BAUSHUSL KAMUOHH020 NOAUINEKMPOAUMA
Ha ceolicmea KUC/IOMHO-0CHO8HBLX UHOUKAMOPO8 NPU UX UMMOOUNUIAUUU HA MBEPOOTL NOOOINK-
Ke U ycmaHoeleHUe 30KOHOMepHOCMell c08U2a UX CNeKMPAbHBLX U KUCIOMHO-0CHOBHbIX XApaK-
mepucmux.

Memooust. Cseolicmea uHOUKAMOpPa € pacmeope KAmuoHH020 NOAUINEKMPOSUMA U UMMOOUU-
3080HH020 HA NOBEPXHOCMU CUNUKARENSL USYUANU MEMOOAMU ABMOMAMUIUPOSAHHO20 homome-
MmpuUecKozo mumpo8aHusl 8 sUOUMOlL obaacmu, cneKmpoghomomempuu U ¢ NOMOULbIO Cneyua-
JAUSUPOBAHHO020 KOMNBIOMEPUIUPOBAHHO20 CMEHOA.

Pesynemameut. HsmeperHoe sHaueHue pK kpacumens npu sakpensieHuu Ha CULUKA2ENe CMe-
waemes Ha 3 eOUHUYbL 8 KUCYI0 obiacmb u 61usKo K sHaweHuto pK ons undoukamopa e pacmeo-
pe moouguyupyrowezo noaumepa. Habnodaemoe usmernenue sequuurol pK npu ummobunusa-
UUU U 8NUSIHUE UOHHOU CUJbL pACMEOPa OOBICHSIIOMCSL ¢ MOUKU 3PEHUsl 8USIHUSL JIOKAIbHO20
a7leKMmpuUUecKo20 NOMEHUUANA NOAUMEPHOU 2106ysibl. B omauuue om KO8ANEHMHOU UMMOOU-
AU3AYUUU, YMEHBULAEMCSL 8IUSIHUE UOHHOU CUbL pacmeopa Ha UHOUKAMOPHYH PeaKyuro, U OHO
MozKkem 6blmb S1le2Ko YumeHo NPU UMEepeHUSIX.

Bbteoowst. [1okasaHa NPUHYUNUAILHASL 803MONKHOCMb CO30AHUSL 0amuuKa OJisi HeNnpepbleHO20
susyanbHozo KoHmpoas pH nHa ocHoge KoHzo KpacHoz20, UMMOOUAUI08AHHO20 HA CUNUKA2ENE C
nepexoodom ygema 8 unmepaane 1-4 pH. Taxoli mamepuan moxem UCnoib308amoscst 0151 KOH-
MpOosisl 8 NPOUECCAX U3BNEUEHUSL MEMATLI08 U3 NPOMBLUIEHHBLX CMOK08 UL OJIsl ONMUMU3AUUU
u3eieueHusl YeHHbLX aKkmuHuoos. I[IpooemoHCcmpupo8aHHbsLil 8 Hacmosiuieli pabome nooxoo Mo-
okem Obimb NpuUMeHeH Ot UMMObUNUIAUUU OPpY2UX UHOUKAMOPO8, KaK 015 obecneueHust usme-
perus 8 Opyeux ouanasoHax pH, mak u oas co30aHust ceHcopos Ha Opyaue aHaiumeLl.

Knroueesvle cnoea: ummobunuzayus uHOUKAmMOpos8, KUCLOMHO-OCHO8HblE UHOUKAMOPbL,
onmuueckue cercopul pH, KoHzo KpacHblil, opeaHuueckue Kpacumenu.

Jna yumupoeanua: Haymosa A.O., MenbuukoB I1.B., [lonranosa E.B., fAmrtynos H.A., 3aiines H.K. Cmemenue Be-
JHYUHEI PK KMCJIIOTHO-OCHOBHBIX HHMKATOPOB, BBI3BAHHOE HMMOOMIIN3aMEN Ha TBEPAOH TOIOKKE 32 CIET BOJAOPACTBO-
PUMOTO TMOJIMKATHOHHOTO MojuMepa, Ha npuMepe Konro KpacHoro. Touwkue xumuuecxue mexwonozuu. 2020;15(4):59-70.
https://doi.org/10.32362/2410-6593-2020-15-4-59-70
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Shifts in the pK_ value of acid-base indicators caused
by immobilization on solid substrates via water-soluble
polycationic polymers: a case study of Congo Red
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Objectives. Herein, the effects of cationic polyelectrolytes on the properties of solid substrate
immobilized acid-base indicators are investigated to predict shifts in their spectral patterns and
characteristics.

Methods. The properties of the silica gel immobilized indicator dye in a solution of the cationic
polyelectrolyte were studied using automatic photometric titration in the visible region and
spectrophotometry using a specialized computerized setup.

Results. The measured pK_ value of the immobilized dye, which had shifted by three units to
the acidic region, was very similar to the pK_ value observed for the indicator in the modifying
polymer solution. The observed change in pK_ of the immobilized dye and the influence of the
solution’s ionic strength were attributed to the local electric potential of the polymer globule.
In contrast to the processes associated with covalent immobilization, the effect exerted by the
solution’s ionic strength on the indicator reaction diminishes, which, in turn, affects the measured
values obtained.

Conclusions. The creation of a sensor for continuous visualization of pH levels based on Congo Red
immobilized on silica gel was described. Here, a color transition was noted between pH 1 and 4.
These materials can be used to monitor metal extraction processes from industrial effluents or
to optimize the extraction of valuable actinides. The approach demonstrated in this work can
be applied to immobilize other indicators for pH level monitoring purposes or the production of
sensors for other analytes.

Keywords: immobilization of indicators, acid-base indicators, optical pH sensors, Congo Red,

organic dyes.

For citation: Naumova A.O., Melnikov P.V,, Dolganova E.V., Yashtulov N.A., Zaitsev N.K. Shifts in the pK_ value of acid-base
indicators caused by immobilization on solid substrates via water-soluble polycationic polymers: a case study of Congo Red. Tonk. Khim.
Tekhnol. = Fine Chem. Technol. 2020;15(4):59-70 (in Russ.). https://doi.org/10.32362/2410-6593-2020-15-4-59-70

BBEJTEHHUE

Wuaukaropsl, B 4aCTHOCTH, KHUCIOTHO-OCHOBHBIE,
MO3BOJISIIOT OBICTPO M JIOCTATOYHO TOYHO KOHTPOJIUPO-
BaTh COCTaB JKUJKUX WJIM ra3000pa3HbIX cpell, CIeIUTh
3a ero M3MEHECHUEM, I 33 IPOTCKAHUEM XUMHUYECKOM
peakunu, mpeoOpa3ys HHPOPMAIHIO O COCTaBe cpe-
IIBI B ONTHYECKUN CHTHAJ, M SBJSIFOTCS alIbTePHATHBOMN
ANEKTPOAHBIM WHIUKATOPHBEIM cucTeMaM. Mcmonp3oBa-
HUE WHIUKATOPOB B HEKOTOPHIX CIYYasX MOXKET OBITH
Oosiee TPEANOYTHTEIBHBIM, HANPUMEp, B CHCTEMax ¢
MOBBIIIICHHBIM JIABJICHUEM WU C BBICOKHUM YIIEIbHBIM
AIIEKTPUUYECKUM COTIPOTUBIICHUEM, T/Ie pa0d0oTa OOBIYHBIX
AIIEKTPOIHBIX CHCTEM JIaeT HEYCTOWYHBBIE MTOKA3aHUSI.

KucnoTHO-0CHOBHBIMH MHIUKATOPaMH, KaK MPaBUIIO,
SIBJISIIOTCS. OPrAHMYECKUE KPACUTENH, MOJIEKYJbI KOTOPBIX
coziep)Kar KUCJIOTHBIE MJIM OCHOBHBIE (DYHKLIMOHAJIbHBIE

rpynnsl. 3mMenenue pH npuBoauT k norepe wiu npu-
OOpeTeHUIO TPOTOHA XPOMOGOPHOM TPyHIIOH MoJe-
KyJbl, ¥ MPOLIECC MEepexosia MPOTOHA COMPOBOXKAACTCS
U3MEHEHHUSAMHU CIIEKTPOB IOIVIOLIEHUS (a B JIIOMUHEC-
IUPYIOMIAX CHCTEMaX M HCIYCKaHHs), CBA3aHHBIMH C
BO3HMKHOBEHHEM WJIM HCUYE3HOBEHHEM OIpPEIENICHHBIX
AJIEKTPOHHBIX TEpexonoB B Mosekyne [1, 2]. OObr4HO
MH/IUKATOPbI MCIIOB3YIOT B BU/IE€ BOJHBIX WIIM CIHPTO-
BBIX PacTBOPOB, J00ABISEMbBIX K aHAJIM3UPYEMOH MpPO-
Oe. M3BecTHB Takke MHAWKATOPHbIE TECT-CUCTEMBI, B
COCTaB KOTOPBIX BXOJST WHANKATOP UM CMECh MHIMKA-
TOPOB B aICOPOMPOBAHHOM COCTOSTHHH, MO3BOJISIOIINE
OBICTPO  ONPEIENATh KHCIOTHO-OCHOBHBIE CBOMCTBA
pacTBopoB [3—6]. JlaHHbBIC BApHAHTBI N3MEPEHUST UMEIOT
PSII HETOCTATKOB, TAKUX KAaK PAacXo/] MHIUKATOPa, HEBO3-
MOYKHOCTb IPOBOAMUTDH aHAJIN3 B HENIPEPHIBHOM PEKUME,
3arpsi3HCHUE WHAWKAaTOPOM HCCIETYEeMOTo pacTBOpa.
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AKTyaJIbHBIM SIBJICTCSI CO3/IaHHE CCHCOPOB C KpacH-
TeJSIMH, 3aKPEIJICHHBIMH Ha TMPOYHBIX MOIIOXKKAX, W
IpeHa3HAYCHHBIX JIT MHOTOPA30BOTO HCIIONB30BAHUS
in situ, IOCKOJIbKY HAaHECEHHBIM MHANKATOP HE PAacXOAdy-
ercs [6, 7]. OgauM 13 paHee HEAOCTIKUMBIX BAPUAHTOB
MIPUMEHEHHSI TAaKUX CUCTEM SIBISAETCS M3MEpPEHHE KHC-
JIOTHOCTH M COCTaBa CPEIbl BHYTPH KUBOH KIETKH [8].
Jpyrum MOTEHIMAIbHBIM MPUMEHEHUEM MOXKET CIIy-
JKUTH IepepaboTKa sSJepHOTO TOIUINBA, KOTopasi TpedyeT
MOHUTOPHHTA KOHLIEHTPALIUU a30THOHM KUCIIOTHI B PEKH-
M€ peaJbHOTO BPEMCHH JJISI ONTUME3AaINN U3BICUCHUS
IICHHBIX aKTMHUJIOB ypaHa u miyToHus [9]. He meHnee
BKHBIM SIBISIETCSI KOHTPOITb B IIPOIIECCaX HM3BICUCHUS
METaJIJIOB U3 MPOMBIIIIEHHBIX cTOKOB [10, 11].

CBoiicTBa pacTBOPOB KHCIOTHO-OCHOBHBIX HH-
JUKaTOPOB XOPOIIO M3Y4YECHBI paHee, OJHAKO MPOLEece
UMMOOWIN3AIMN MOXCET CYIIECTBEHHO H3MECHHTH, B
vacTHoCTH, Benuuuny pK, [9, 12-14], nostomy wuc-
CIIeZIOBaHUE MOJOOHBIX 3aKOHOMEPHOCTEH SIBIISETCS
aKTyaJlbHbIM. B KadecTBe MONJIOKEK IJIsi HaHECEHHs
WHINKAaTOPOB paHee MPEUIOKEHBI MOPUCTHIE MHKPOC-
¢eps! [15, 16] u me3onopucTeie MEMOpPaHBI, MOIydae-
MBI€ TI0 30JIb-T'eJIb Tiporieccy [8, 17, 18]. Onu oGnana-
10T psAJIOM TipeumMytiects [16], B 4aCTHOCTH, pa3BUTOM
MOBEPXHOCTHI0. OCHOBHO! CIIOKHOCTBIO SBISCTCS JO-
CTH)KEHHE PaBHOMEPHOM MMMOOHMIIN3AIMKA HHUKATOpa
Ha BCEH MOBEPXHOCTH MUKpOC(Ep I ME30IMOPUCTO-
ro Mmarepuajga, a TaKke MOCIeIyIollee PaBHOMEPHOE
NpOHUWKHOBeHHEe aHanmuta [13, 19]. Panee Hamu Oblna
pa3paboTaHa Hpoleaypa U3TOTOBIECHUS KOMIIO3UTHBIX
CEHCOPOB UISI OTIPEICICHUS MOJICKYIISIPHOTO KHCIOPO-
Jla METOZIOM TYIIEHHs BBICOKOTEMIIepaTypHoi (ocdo-
pecuentuu [20]. Marepuai cCOCTOUT U3 ME30IIOPUCTHIX
MHUKpPOYACTHI] ¢ UHIUKATOPOM, 3aKPETNIEHHBIX B MOJH-
MEpPHOH MaTpuIe u (GOPMHUPYIONINX CIUIONIHOE PaBHO-
MEpHOE MOKPBITHE. AHATIOTUYHBIN MOXO]T MBI PEIIUIN
IPUMEHHUTH U TIPH CO3TaHUHU KHCIOTHO-OCHOBHBIX WH-
JUKAaTOPHBIX CHCTEM.

B Hactosmield paboTte MccaeIoBaH MPOIece HMMO-
OuITM3aIK B KOMIIO3UTHON MaTpulle nHaAnKaTtopa KoHro
Kpacnoro, mo3Bosnsromuii co31aTe TPOTOYHBINA CEHCOP
cocTaBa BOJHBIX PAaCTBOPOB, HApPHUMeEp, B (pOpME OINTO-
BOJIOKOHHOTO 30HAa [14]. MccrnemoBano BIMSHHE HMOH-
HOM CHIIBI PaCTBOPA Ha BEIUYMHY PK, HECBA3aHHOTO W
MMMOOMIN30BaHHOTO HHANKATOPA, & TAKKe HHANKATOpa
B pPacTBOpe KaTHOHHOTO MOJIMAJIEKTPOINTA, UCIOJIB30-
BAHHOTO JIJIsI COPOIINH HHIUKATOPA.

MATEPHUAJIBI U METO/JbI
Peazenmut
B pabote HUCIIOJIb30BAIHU WHIHKATOP

4,4'-ouc-(1-amMmuHO-4-cynb(o-2-HapTHiazo) OupeHwI
— Konro Kpacusiit (KK) (JlenPeaxmus, Cankr-llerep-
oypr, Poccust) u cumkarens JIC 5/40 (FOCT 8984-75,
HesaPeaxmus, Cankr-IlerepOypr, Poccus). PactBop

nonramiuMetiiaMMonust - xiopuaa  (IT1IA) ¢
koHneHTpamuei 0.1% mnomydanu myTeM pa3z0aBIeHUS
ucxormuoro 20% pactBopa (Sigma-Aldrich, Muccypnu,
CIIA) muctumuposannoii Bomoit (I'OCT 6709-72).
i 3aKkpensieHust OKpalleHHbIX YaCTHLl CHJIMKAress Ha
MOJIOXKKE MConb3oBaics (propomtact 42 (D42, Tano-
ITonumep, Mocksa, Poccust). MoHHYIO Cruly pacTBOpOB
pEeryaupoBaii, HMCIONb3Yys XJIOPWA HATpUs U XJIOPHI
kamusi (JlenPeaxmus, Cankt-IletepOypr, Poccust). He-
00XoIuMBbIEe PAaCTBOPHI cojieil ¢ TpeOyeMoil KOHIIeHTpa-
U TOTOBWJIM M3 MCXOIHBIX CYXHX PEaKTHBOB O0B-
€MHO-BECOBBIM METO/I0M. PacTBOPBI KHCIIOT 3aJlaHHOM
KOHIIEHTPALMU TOTOBUJIM METOOM I10CIIEI0BATEIbHBIX
paz0aBiIeHM U3 UCXOJHOTO PacTBOPA, MPUTOTOBIEHHO-
ro u3 ¢pukcanana (Yparxumunsecm, Y da, Poccus). Bee
PEaKTUBBl UMENH KBATU(PUKAIMIO «X.4.» WIN «4.J1.2.»
M KCIIOJIB30BAJINCH O€3 JOIMOITHUTEILHOM OYMCTKU. Bee
9KCIIEPUMEHTHI IPOBOJIMIIN TpH TemIiepatype 25 + 2 °C.

Memoouka ummodunuzayuu unoukamopa

NmmoOumnuzanuio Konro Kpacnoro Ha moBepxHo-
cru SiO, ¢ MOMOLIBKO KaTHOHHOTO MOJM3JIEKTPOJIUTA
MIPOBOJIMIIN COIIACHO cxeme 1.

Cunukarens BwimepxkuBanmu B 0.1% pactBope
ITJIIA B Teuenne 30 MUH, IEPUOIUIYCCKHA TTOMEIITHUBASI.
[Tocie aToro obpaszenr MHOrokparHo (He menee 10 pa3)
MIPOMBIBAJIM JUCTUIMPOBAHHOW BOAOHM Ui yJaJleHUs
OCTaTKOB HEaACOPOMPOBAHHOTO TIONIUMEpa. 3aTeM B
TeueHre 30 MUH €ro BbIIEP)KUBAJIMW B PACTBOPE MHIU-
karopa ¢ Konuenrpauueit C . = 1.4 x 107 momb/am’,
KOTOpBIN roToBMIM pacTBopenueM Hasecku 0.1 r Konro
Kpacuoro B 100 cM® muctmmpoBarHo# Bombel. OKpa-
LIEHHBIM CHJIMKarelb CHOBAa MHOTOKPAaTHO NPOMBIBAIIU
JUCTUIUIMPOBAaHHON BOAOH, KOHTPOJMPYS WHTEHCUB-
HOCTh OKPAaCKH IPOMBIBHOH BOIBI (POTOMETPUYECKH.
[IpombIBKY 3aKaHUYMBAIU IPU JOCTUKEHUU ONTUYECKON
mwiotHocTH A < 0.001. Janee cunukarenb BbICYLIIHBAIN
B cymmibHOM mKady mpu 7 = 80 °C 1o MONHOTO BBI-
ChIXaHUS (JI0 MMOCTOSIHHOM Macchl oOpasma). [lomyueH-
HBIM MOPOIIOK SIPKO-KPACHOIO I[BeTa cMeluBaiu ¢ 5%
pactBopoM (roporuiacta 42 B alleTOHE M MMOMEIIAIN B
yABTPa3BYKOBYIO BaHHY Ha 10 MuH. 3aTeM HaHOCUIJIM 1I0-
JIy4EHHYIO CMECh Ha IMOJUIOKKY (MaTUPOBaHHOE CTEKJIO
WM TUICHKY M3 MONMATWICHTEepedTazaTa) ¢ IMOMOIIBI0
HOXEBOT'0 YCTpoiicTBa ¢ 3a30poM 300 MKM.

Memoouxa usmepenus

Onpenenenne pK, HeMMMOOHIN30BAHHOTO WH /M-
KaTtopa B BOJHBIX pacTBopax ¢ podaskoii [TJJIA npo-
BOJIMJIOCH C MPUMEHEHNEM aBTOMATHYECKOTO TUTPATO-
pa «Turpuon» (OO0 «Dxonukc-Oxcnepmy, Mocksa,
Poccust) B kommiiekre ¢ pH-metpom «Dxemept-001»
(000 «dronuxc-Dxcnepmy, Mocksa, Poccust), kom-
ounupoBanHbIM pH anekrpogom DCK-10601/7 (OO0
«Hszmepumenvnas mexuuxay, Mocksa, Poccust) u ¢o-
tomeTpoM «DkctiepT-003» ¢ hoTomMeTpudecKoi ssuei-
koui (OO0 «dronuxc-Oxcnepmy, Mocksa, Poccus).
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Cxema 1. Immobummsanus Korro Kpacxoro Ha mosepxnoctu SiO, ¢ HCIIONBE30BaAHAEM KATHOHHOTO TTOJMAJIEKTPOIATA.
Scheme 1. Immobilization of Congo Red on the SiO, surface using cationic polyelectrolytes.

Turpant — consHast KHCIIOTA Pa3THIHON KOHIIEHTPALIUU
(ot 1 x 107 10 2 MOJIB/AM?), KOHIIEHTPALHMS HHIUKATO-
pa 7 x 107 mons/am>. CrieKTpsl pacTBOPOB M3MEPSIIH
Ha MalorabapuTHOM KOMOMHUPOBAHHOM CIIEKTPO(HOTO-
metrpe DT-MINI-2-GS (Ocean Optics, Pouectep, mrar
Hrro-Hopk, CIIA). Onpenenenue pK, nMmo6uIM30-
BAaHHOTO Ha ITOUIOKKE HHIUKATOPa IPOBOAMIOCE C TI0-
MOIIBIO CMIENUAIILHON YCTaHOBKH (pucC. 1).

ITudposoit
TIK/ MHKPOFKOH/ Memamka/ pH-meTp/
PC Digital Stirrer pH meter

microscope

Puc. 1. Crenn juist onpenenenus pK,
“MMOOMITN30BaHHOTO MHUKaropa Konro KpacHoro.
Fig. 1. Setup for determining the pK, of the immobilized
Congo Red indicator.

M3menenwe 1igeta o0pasiia (GPUKCUpOBAIIH B BUIE IA(-
poBbIX Mukpogotorpaduii ¢ nomommeto USB Mukpockomna
eScope Pro DP-M17 (OiTEZ, 1arun, T'onkonr). Coorser-
CTBYIOILYFO OKpacke BenmuuHy pH ompenensm ¢ momo-
nipto pH-metpa «Oxenepr-001». Perucrparms 1 00padot-
Ka JJaHHBIX MMPOM3BOJMIIACH C ITOMOIIBIO Pa3pabOTaHHOIro
HaMH IIPOrpaMMHOTo obecrieueHus. KHCIOTHOCTE cperbl
M3MEHSUIM C TOMOIIBIO J100aBOK COJISTHOH KHCIIOTBI

pasnuyHoii Konnertparmu (ot 1 % 107 1o 2 Moms/mv?). Co-
XpaHeHHe POU3BOAUIOCH ABTOMATHYECKH MOCIIE CTa0u-
JIu3anuu nokasanui pH-metpa.

Kaxnprii nukcens 1u¢ppoBOoro  n300pakeHUs
MIPEICTABISET COBOKYIHOCTh M3 TPEX Oa30BBIX IIBE-
TOB: KpacHOTo, 3eieHoro u cuHero (red, green, blue
it RGB). [lockonbKy HMCTOIB30BAHHBIA WHIUKATOP
IpH Tiepexozie B 6osee KUCTYI0 cpelly JEMOHCTPUPYET
repexoj] U3 KpacHOro B CHHUM, aHAIUTUYECKUM CHI-
HaJloOM MOET CIy>)KUTh OTHOCHUTEJIbHOE H3MEHEHUE
MHTEHCUBHOCTEH KPacHOro U CHHEro LIBETOBBIX KaHa-
noB. [IpuueM Takasi oleHKa MOXET IMPOBOIUTHCS IS
KaXXIOTO ITUKCENsT N300pakeHHsT HE3aBUCUMO, J1aBasi B
MEPCIEKTHBE BO3MOXKHOCTh KOJTMYECTBEHHO OICHUBATh
JoKaJIbHbIE u3MeHeHus pH.

PE3VJIBTATBI U UX OBCYXKJIEHUE

WuaukaropHast peakius, PUBOISAIIAS K CMEHE I[Be-
Ta KpacuTelsl, OuchIBaeTcs cxeMoit 2 [21].

Jiis umMmoOunu3anuu B Hactosiieil pabore uc-
MOJIb30BaH MpUEM 00pa30BaHUs MMOBEPXHOCTHOM COJIU
MEXJIy MOJICKYJION MHJUKATOpa W IOJIUIICKTPOIIUTOM.
ITockonpky Monekyna Konro KpacHoro comeput B
CTPYKTYPE OTPHIATEIILHO 3apsHKEHHBIC CYIb(OrPYIIIbI,
JUTSI €€ 3aKPETUICHUS UCTIOIh30BAIH TTOJTUKATHOHHBIH T10-
mumep [TJIJIA, KOTOpEIi B CBOIO OYEpE/h XOPOIIIO a/ICop-
OupyeTcsl Ha TOBEPXHOCTH CTEKIJIA.

B nepByro ouepens ObLJIO M3Y4YEHO BIUSHUE TO-
JTUAJIEKTPOIUTAa HA ONTHYECKHE CBOMCTBA MHAMKATO-
pa. CrekTpsl BOJHBIX pacTBOPOB (3aBUCUMOCTH OITH-
YECKOW TUIOTHOCTH A OT JUTMHBI BOJIHBI A, HM) KoHTO
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Kpacuoro 6e3 I1/IJIA u B ero mpuCyTCTBHUU B 3aBUCH-
MocTu oT pH cpensl npencraBieHsl Ha puc. 2a u 2b,
COOTBETCTBEHHO.

MaxkcuMyMBbI MTHKOB MONJIONIEHHS] TPOTOHUPOBAH-
HOM (CHMHEH, monoca nomtomenus A, = 650 HM) u
UCXOIHOH (KpacHOi, A = 505 uM) dpopm uHaMKATO-
pa MpaKkTHYECKH HEe CMEIIAIOTCS, OHAKO 3HAYHTEIHHO
MEHSIETCSI COOTHOIIEHUE UHTCHCUBHOCTEH MUKOB JBYX
dhopm tipu m3meHennu pH. Y cBOOOIHOTO MHIMKATOpa
MaKCHMYMBI ITHKOB 00enux (hopM MEHSIOTCS aHTHOATHO
B NMPAKTHYECKN YKBHBAICHTHBIX COOTHOIICHHUSX, M YeT-
KO BBIpaXKGHa M3o0ecTHdeckas Touka. B mpucyrcTBun

C o<
M)A )
o’//S\

I[TIJIIA MHTEHCHUBHOCTH TOJOCHI cHHEH (opmbr [ .

CHH
3HAYUTEJIbHO MEHbIIE, U YETKON TI'paHUIIbl paszjese-
HUs MAKOB NMPaKTUYECKH HE HaOmrogaeTcs. 3aBUCH-
MOCTHU IKIMCH/ICHH ot pH cpensl npencrapisitor co0oi
CUTMOW/IAJIbHBIE KpHUBBIE (pUC. 3), W3 KOTOPBIX JIeT-
KO ompenessieTcss BenuuuHa pK —mepexoja 1o TOYKe
nepernba [22]. Ecnu nis cBOOOJHOIO WHIMKATOpa
Mpe/IeIbHOE COOTHOILIEHUE MaKCUMyMOB [ /I He

KpacH. CHH

npesblmaer 3.5, TO B IPUCYTCTBUU MOJIMKATHOHHOTO
MoJMMepa OHO yBeNHWuYMBaeTcs A0 29, T.e. MOYTH Ha
nopsaok. Ilpu 3TOM nuana3oH mepexona cMellaeTcs

Ha 3 equHULBI B O0Jee KUCIYI 00JacTh.

///
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Cxema 2. VlHaukatopHast peakuusi, IPUBOAIIAs K M3MEHEHHUIO [IBETa KPACHTEIIS.
Scheme 2. The mechanism governing the indicator’s reaction and the observed color changes.
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Puc. 2. Crrexktps! moriomenus pactBopoB Korro Kpacuoro (KK) B 3aBucumoctn ot pH cpensr:

a) 6e3 momuuannauMeTHIaMmmonus xnopuaa (IJIA) (C,

= 1.4 x 107 mons/nm*): (1) pH = 5.55,

(2) pH = 5.01, (3) pH = 4.52, (4) pH = 4.23, (5) pH = 4.09, (6) pH = 3.87, (7) pH = 3.70;

b) B mpucyrcteum 0.01% pactopa IIJIJIA (C,

=2.8 x 107 mons/nm?): (1) pH = 7.00, (2) pH = 2.48,

(3)pH=1.78, (4) pH=1.57, (5) pH = 1.44, (6) pH = 0.48, (7) pH = 0.18.

Fig. 2. The absorption spectrum of aqueous Congo Red solutions: (a) without polydiallyldimethylammonium chloride
(PDDA) (C,, = 1.4 x 107 mol/dm®) at pH = (1) 5.55, (2) 5.01, (3) 4.52, (4) 4.23, (5) 4.09, (6) 3.87, and (7) 3.70;
(b) in the presence of 0.01% PDDA solution (C,, = 2.8 x 10~ mol/dm’) at pH = (1) 7.00, (2) 2.48, (3) 1.78,

(4) 1.57, (5) 1.44, (6) 0.48, and (7) 0.18.
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Puc. 3. I3MeHeHue COOTHOLIEHHUSI UHTEHCUBHOCTEH
TIOTIIONICHUS KPaCHOW U cuHeH (popMm mHIMKaTOpa
cpacrl Lo B PACTBOPE TIpH M3MeHeHMK PH cpesbr:
(1) 6e3 IIOJA (Cy = 1.4 x 107 Mons/am’),

(2) B mpucyrcrBun 0.01% pactsopa ITAJA
(Cy = 2.8 x 107 Momw/mm?).

Fig. 3. Variations in the absorption intensity ratios
( /1., of the red and blue forms of the indicator in
aqueous solution based on the pH of the medium
(1) without PDDA (C_, = 1.4 x 107 mol/dm°)
and (2) in the presence of 0.01% PDDA solution
(Cpp = 2.8 X 107° mol/dm’).

Takoe peskoe usmenenue pK, nepexozia u CTpyKTy-
pBI CIEKTpa, IO HAllleMy MHEHHIO, BBI3BAaHO 3HAYHMTEIIb-
HBIM CMEILIEHUEM BJIEBO PaBHOBECHS B MHIUKATOPHOM pe-
aKIUH, BCJIEACTBHE (DOPMHUPOBAHMS BOKPYT MHIUKATOPA
TIOJIOXKUTEIBHO 3apsDKCHHOM ToMMepHO# Tito0yieL. [Torn-
TBEPIK/ICHUEM 3TOTO MOXKET CITYXKHUTh TIPAKTHYECKH TIOJTHOE
OTCYTCTBHE TPEThEH KOMIOHEHTHI (A, = 733 HM) CIIEKTpa,
OTBeUaroIeil KaTHOHHOH (opMe KpacuTesst, KoTopasi Ha-
OJroaeTcsl B CHIIBHO KHCIBIX pacTBopax [23]. B mpucyT-
ctBun [1JIJIA crenbl 3TON KOMITOHEHTHI BHIHBI JUIIb B
npeaebHO Kucoi cpene npu pH ~ 0 (puc. 2b).

Jis OlIGHKM BIMSHUS TIONHOTHI CONFOOMIIN3AIIUN
VH/IUKATOPa MOJIMMEPOM MbI OTIPE/IENTHIIN BETUYUHBI K
IIpU pa3auuHbIX cooTHoueHusx IIJIJTA : mHaukartop.
Ipu meGompmmx nobdaskax I1JIJIA snasenue pK, cHu-
KAETCSI He3HAYNTEIILHO, OAHAKO ITPU COJCP KAHIH TTOTH-
mepa 0.001 Bec. % u Bbiuie 3Ha4eHue pK, cMelnaercs B
KHCJIyI0 00J7aCTh M Jjajiee BBIXOAUT Ha MPEACTIbHOE paB-
HOBecHOe 3HaueHue ~1.5 (puc. 4), 9To CBUJIETEIBCTBYET
0 JIOCTUTHYTOH MOJTHOTE CBSI3bIBAHUS HHIUKATOPA MOJTH-
MepoM. OLeHKa METOIOM MOJIPHBIX OTHOLIEHHH (110
MEPECEUeHHIO JINHEHHBIX yUacTKOB Ha puc. 4) MOKa3bl-
BAET, YTO YK€ MPU COOTHOLLIEHUH CTPYKTYPHBIX 3BE€HbEB
B3aUMOJICHCTBYIONIUX 3apsIKEHHBIX MOJIEKYJ, PaBHOM
1 : 10, mOTMANEKTPOIUTOM (POPMUPYETCS 3HATUTEIHHOE
MOJIOKUTENBHO 3apsHKEHHOE MOJIE, CBA3BIBAIONICE HHTH-
KaTop U 3aTPyIHSAIOLIee ero NPOTOHUPOBAHUE.
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1.0 e — e
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Puc. 4. 3apucumocts pK, ot konuentpamuu [TIIA (%),
Cy = 7 x 107 moms/av’.
Fig. 4. The influence exerted on the pK_ value by the
concentration of PDDA (%) (C, = 7 x 107° mol/dm’).

HanbHedmmM sTanom ObuI0 u3Mepenue pK, WHIH-
KaTtopa, UMMOOWJIM30BAaHHOTO Ha TBEPIOHU IMOJIOKKE.
[Tpumepsl Gotorpaduii oOpasna mpu pa3IuIHBIX BEIU-
ypHax pH mpencrasiens! Ha puc. 5. B HacTosmem uc-
CIJICIOBAHUH HCIONTB30BATN CHIMKATENb, 3aKPETUICHHBII
B MOJMMEPHON Marpule Mo paHee oTpabOTaHHOW Me-
toauke [20], 0lHAKO B KaueCTBE HOCUTENS MOTYT OBITh
KCIIOJIb30BAHBI, HAIIPUMEP, M KBaplEeBbIE BOJOKHA WU
CTEKJISTHHBIE MUKPOChEpEI.

[Ipu ymensiienuun pH cpensl HaOmionaercs n3me-
HEHHUE [BeTa 00pasia ¢ KpacHOTo Ha TEMHO-CHHUM, aHa-
JIOTUYHO CMEHE OKpacKu pactBopa kpacureins. [locie
UPpoBoit 00pabOTKK M300paKEHUH TIOTydalld KPHUBHIC
TUTPOBaHMS B BHUJIE 3aBUCUMOCTH MHTEHCUBHOCTH CHUT-
HaJla B YCJIOBHBIX enuHuIax ot pH (puc. 6). OHU UMEIOT
TUIMYHBIA S-00pa3HbIil BUJ U MO3BOJIAIOT OIMPEACIUTH
pK, epexosia IMMOOHITH30BAHHOTO MHMKATOPA MO TOY-
ke nieperu0a [22]. KpuBbie SBISIFOTCS BOCIIPOU3BOUMBI-
MH TIpA MHOTOKPAaTHOM TUTPOBaHUH 00pasiia, KpacuTelb
HE BBIMBIBAETCS, MOCKOJIBKY MCXOAHAs (opMa MHIUKA-
Topa npouHo cBsizbiBaercs [1J/IA, a mpoTtoHupoBaHHas
HeHTpanbHO 3apsKeHHas sIBJsieTCsl HepacTBOpUMoii [23].
Taxum 06pa3oM, oKa3aHa BO3MOKHOCTD CO3aHUS OIITH-
YeCKOro jaryrka pH HenmpepbIBHOTO 1eHCTBUS.

Hecmotpst Ha TO, 9TO TPOBOAWMINCH YCIICUTHEIC
HCCIeIoBaHus 10 co3ianuio pH ceHcopoB ¢ He3Hauu-
TENTbHON YyBCTBUTEIBHOCTHIO K MOHHOU cuie [24, 25],
HCCTIeIOBaHUE BIUSHUS HMOHHOM CHJIBI pacTBopa Ha
cMmemienre pK OCTAeTCs TO-TIPEKHEMY aKTyalbHbIM.
Jnst Toro 4yTtoOBl MMETh HPEICTABICHHE O TOM, Kak
OyZeT CMemaThesl Mepexol OKPAacKHW HHIUKATopa IpHU
aHaJIM3€ PaA3IUYHBIX MPHUPOJHBIX OOBEKTOB, a TaKXkKe
OIICHUTHh BO3MOYKHOE MCKa)KEHHE TOKa3aHUH ceHcopa
C UMMOOMITU30BAaHHBIM KpPacHUTeNeM, ObIJIO BBITOJHEHO
CPaBHUTEIIEHOE MCCIICOBAHNE BINSHUS HOHHOMN CHIIBI
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pH=1.48

pH=1.21 pH=10.80

Puc. 5. Nzmenenne npera naankaropa Konro Kpacnoro, nMMoOMIN30BaHHOTO Ha CHIIMKArelse, mpu u3MeHeHnu pH cpenpl.
Fig. 5. Color changes in the silica gel immobilized Congo Red indicator as a result of pH changes.
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Fig. 6. Titration curve of Congo Red immobilized

on silica gel.

pacTBOpa Ha BENUYUHY PK B BOIHOM PacTBOPE MH/IMKa-
TOpa, B pacTBOpe MHAMKaropa ¢ podasnenneM [1JIJIA n
JUISL HHIMKATOpa, UMMOOMIIM30BAaHHOTO HA CUJIMKArerne.

W3menenue Buaa KpUBOW THUTPOBAaHUS pacTBOpa
UHJIUKATOpa MPHU YBEIUUYECHUH MOHHOW CHIIBI TTOKAa3aHO
Ha puc. 7. B orcyTcTBHE NPOYUX DIEKTPOIUTOB PACTBOP
Konro KpacHoro neMoHCTpuUpyeT NEpexoll OKpackd B
unrepsaie ot 3.0 10 5.2, u 3Hadenue pK cocraBiseT
4.3, 4ro coracyercs ¢ JIMTepaTypHbIMU JaHHbIMU [26].
OnHako ¢ yBEJIMYEHHEM HMOHHOM CHJIBI PacTBOpa BUJ
KPUBOW TUTPOBAHUS 3HAYMTEIHHO MEHSIETCS, U TIPU BbI-
COKHX 3HAYCHUSIX S-00pazHas (hopMa CTaHOBUTCS MEHEE
BBIPDAKCHHOMN, TaKKe YMEHBIIAETCSl O0IIas MHTCHCUB-
HOCTB OKpacKu pacTBopa. Touka rmepernda, oTBeqaromas
HaOJTI01TaeMOM KOHCTAaHTE paBHOBECHUs PK, CMEIIAETCS B
CTOpOHY OobIuX 3HadeHuid pH (puc. 8a).

BenencrBue mosHOM CHUMMETPUYHOCTH MOJIEKYJIbI
HMHAMKATOpa PEaKIMIO €ro NPOTOHUPOBAHUSA MOXKHO yC-
JIOBHO 3amucarb, kak [21, 23]:

B> +2H"  H,B
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Puc. 7. KpuBble TUTpOBaHUs PACTBOPOB UHIAMKATOPA
(Cy =7 * 107 momb/aM*) € pa3HOl HOHHOM CHITOH, MOIB/ /M
(1) 0; (2) 0.001; (3) 0.005; (4) 0.01; (5) 0.05; (6) 0.1; (7) 0.5.

Fig. 7. Titration curves of the indicator solutions
(Cp =7 % 107° mol/dm®) at various ionic strengths, as
measured in mol/dm?, at (1) 0, (2) 0.001, (3) 0.005,
(4) 0.01, (5) 0.05, (6) 0.1, and (7) 0.5.

BLIpa)KeHI/Ie JJIA KOHCTAHTBI JAHHOT'O PaBHOBECHU
HUMCCT BU:

(H,B]
[B*]H'T

OueBUJHO, YTO YBEJIUUEHUE UOHHON CUJIbI, BBI3bI-
BAIOILEE YMEHBIICHUE CPEJHEr0 HOHHOro Ko3(h¢uuu-
€HTa aKTUBHOCTH 7Y,, OyJeT NPUBOJMTH K yBEIUYEHHIO
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a

HAOII01aeMOM KOHCTAHTBI KHaﬁn = K x Ky. 3aBUCUMOCTH
BBIYMCIIEHHBIX 3HAUeHMH 1gy, Xopowo onuchiBaeTcs
ypaBHenueM Jlebas-XioKkKens ¢ mapamerpamu z, = 2,
z,=1,4=0.509, B=1, C=0.46 (puc. 8b), onna-
KO JI00aBJICHHE B PacTBOP IOIMKATHOHHOTO MTOJIMMEpa
MPUBOJAUT K 3HAYUTCIIBHOMY OTKJIIOHCHUIO OT TCOPETHU-
4eCKOU KpuBOH. JIyist HMMOOMIIM30BaHHOTO Ha TIOJIOXK-
Ke KpacuTess HaOmomaeTcs JIMHEHHas 3aBUCUMOCTD
cMmenieHus pK mepexoia MHAWKATOPHOW PEAKIHH OT
KOpHA WOHHOU CHUJIBI pacTBOpa AaXE NI BBICOKUX KOH-
neHTpanuii conmu (puc. 8a). Ilo-punumomy, HaOmrOMa-
eTCs KOHKYPEHIIMSI MEXJy aHHOHaMH J100aBisieMOTro
anekTponuta u moinekynamu Konro Kpachoro 3a ak-
TUBHBIE LeHTPbI copOuuu T1JI/IA [27], uTo mpuBOIUT
K YaCTUYHOHW KOMIIEHCAIMM IOJOXKHUTEJIBHOIO 3apsija
HNOJIUMEPHOH IOOYBI U 00JIETYCHHUIO TPOTOHUPOBAHHUS
MoJIeKyJbl kpacutens. [Ipy 3ToM BaKHO OTMETHUTH, YTO
B OTIMYME OT KOBaJICHTHON MMMoOmm3anuu [28], Bius-
HHUE MOHHOM CHJIbI pacTBOPA Ha MHAWKATOPHYIO PEaKLHIo
YMEHBIIIACTCSI.

SAKJIIOYEHUE

TakuM 00pa3oM, yCTaHOBICHO, YTO HHIMKATOP
Konro KpacHblii, ”MMOOMIN30BaHHBIH Ha CHJIMKA-
reje, TMpeABapUTEIbHO 00paOOTaHHOM KaTHOHHBIM
MOJIUDJIEKTPOIIUTOM, COXPAHSIET CBOIO CIHOCOOHOCTH K
KHCJIOTHO-OCHOBHOMY Tiepexofy. OmHaxko mpu nuMMoou-
TU3alMKM WHAMKATOpa MPOUCXOAUT 3HAYUTEIbHOE CMe-
menne (Ha 3 enununsl pH) 3nauenus pK wHANKaTOpa B
Oonee KUCITYI0 001aCTh O] BIUSHUEM JIOKAJIILHOTO T10-
TeHUMajna nojaudiekrpoiura. Ilokazana npuHIMIMANb-
Hasi BOBMOKHOCTB CO3/[aHUS IaTYHKa ISl HETIPEPBHIBHOTO
Bu3yansHOTO KOHTpOnst pH Ha ocHoBe Konro Kpacuoro,

0.0 0.2 0.4 0.6 0.8
0.00 ' : :
105, M5

-0.05
-0.10
$.0.15
k=
-0.20
0.25
-0.30 -

-0.35

-0.40

Puc. 8. (a) 3aBrucumocts pK, 06pasios nraukaropa Konro KpacHoro ot HOHHOMN CHITBI pacTBOpa:
I — Bonmsiit pacTBop nHAMKaropa (C,, =7 x 107 mons/mm?), 11— 0.01% pactsop ITJIJIA 1 pacTBOp MHAMKATOPA
(CKK =7 x 107 mosb/am?), 111 — HHAUKATOP, MMMOOWITH30BAHHBINA Ha TBEPIOH MOMTOKKE.
(b) 3aBHCHMMOCTB CpEJHETO HOHHOTO KO3 (PUINEHTA AKTUBHOCTH Y, OT HOHHOM CHJIBL:
1 —6e3 ITJJOA, 2 —80.01% pacteope ITJIJIA.
Fig. 8. (a) The relationship between the pK value of the Congo Red indicator and the ionic strength of (I) the aqueous
solution of the indicator (C,, =7 x 107 mol/dm’), (II) the combined 0.01% PDDA-indicator solution
(C =7 % 107 mol/dm?), and (III) the solid substrate immobilized indicator. (b) The mean activity coefficient (v,)
of the ionic strength (1) without PDDA and (2) in 0.01% PDDA solution.
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MMMOOMIIN30BaHHOTO HA CHJIMKATeNe C IePeX0a0M IIBe-
Ta B uHTepBane 1-4 pH. Taxoil marepuan MOXeT Hc-
II0JIb30BATHLCS JUI KOHTPOJIS B IpOILeccax HU3BICUEHUS
METAJUIOB U3 MPOMBIIIICHHBIX CTOKOB WU JUIS ONITHMU-
3allUM U3BJICUEHUS] LIEHHBIX aKTMHHUIOB. B ominume or
KOBAJICHTHOM MMMOOMIN3AIUU HAOII0AaeMOe BIIHSIHUE
COJIeBOTO ()OHA YMEHBIIICHO, U OHO MOXET OBITh JIETKO
YUYTEHO, TOCKOJIBKY 3aBHCHMOCTH SIBJISIETCSI JIMHEHHOM.
[IpoaeMOHCTpUPOBAaHHBIN B HACTOSIIEH pabOTe TIOAXO0]
MOXET OBITh MPUMEHEH Il UMMOOMIH3AIUU JPYTUX
WHINKATOPOB, KaK IJIsi oOecIeueHUs: M3MEPEHUS B

CIIMCOK JIMTEPATYPbI

1. Beiirc P. Onpenenenue pH. Teopust u npakrtuka. JL.:
Xumust; 1972. 400 c.

2. Ocrposckass B.M., 3anopoxen O.A., BygHukos
I'K., Yepnasckas H.M. Boga. naukatopHbIe CHCTEMBI.
M.: BUHUTU PAH, SKOHUKC, 2002. 265 c.

3. 3omotoB 0. A., UBanos B.M., Amenun B.I". Xumuue-
ckue TecT-MeToanl ananuza. M.: YPCC; 2002. 304 c. ISBN
5-354-00144-7

4. 3omn0t0B FO.A. Xumuueckuii ananu3 6e3 nabopatopuii:
TecT-MeTonbl. Becmuux PAH. 1997;67(6):508-513.

5. Amelin V.G. Chemical Test Methods for Determining
Components of Liquids. J. Anal. Chem. 2000;55(9):808-836.
https://doi.org/10.1007/BF02757845

6. Mopozko C.A., BanoB B.M. Tect-meTonsl B aHa-
nuTrdeckoil xumuu. MmmoOunuzoBanHblld 1-(2-nupuauia-
30)-2-Ha)TON KaK aHAJMTHYECKUW peareHT. JKypH. anaium.
xumuu. 1995;50(6):629-636.

7. Amelin V.G. Artificial and natural fibers fabrics with
immobilized di- and triaminotriarylmethane reagents in
chemical test methods. J. Anal. Chem. 2008;63(3):297-299.
https://doi.org/10.1134/S1061934808030192

8. Benjaminsen R.V,, Sun H., Henriksen J.R., Christensen
N.M., Almdal K., Andresen T.L. Evaluating Nanoparticle
Sensor Design for Intracellular pH Measurements. ACS Nano.
2011;5(7):5864-5873.
https://doi.org/10.1021/nn201643f

9. Noire M.H., Bouzon C., Couston L., Gontier J.,
Marty P., Pouyata D. Optical sensing of high acidity using
a sol—gel entrapped indicator. Sensors and Actuat. B-Chem.
1998;51(1-3):214-219.
https://doi.org/10.1016/S0925-4005(98)00193-2

10. Santos A.L., Johnson D.B. Design and Application
of a Low pH Upflow Biofilm Sulfidogenic Bioreactor
for Recovering Transition Metals From Synthetic Waste
Water at a Brazilian Copper Mine. Front. Microbiol.
2018;9:Article 2051.
https://doi.org/10.3389/fmicb.2018.02051

11. Nordstrom D.K., Alpers C.N. Negative pH,
efflorescent mineralogy, and consequences for environmental
restoration at the Iron Mountain Superfund site, California.
PNAS. 1999;96(7):3455-3462.
https://doi.org/10.1073/pnas.96.7.3455

JIPYTHUX IuanazoHax pH, Tak u uist cO3MaHusI CEHCOPOB
Ha JIpYTHe aHAJINTHI.

Bnazooaprocmu
Paboma evinonnena ¢ pamrax eocyoapcmeenio2o 3aa-
nus Poccutickoii @edepayuu Ne 13.3140.2017 / ITY.

Acknowledgments
This study was supported by the Russian Federation
under grant no. 13.3140.2017/PCh.

Aemopbi 3aa61410m 006 OMCYMCMEUU KOHPIUKMA UHMEPECO8.

The authors declare no conflicts of interest.

REFERENCES

1. Bates R. Opredelenie pH. Teoriya i praktika
(Determination of pH. Theory and Practice). Leningrad:
Khimiya; 1972. 400 p. (in Russ.).

2. Ostrovskaya V.M., Zaporozhets O.A., Budnikov
G.K., Chernavskaya N.M. Voda. Indikatornye sistemy (Water.
Indicator systems). Moscow: VINITI RAN, EKONIKS; 2002.
265 p. (in Russ.).

3. Zolotov Yu.A., Ivanov V.M., Amelin V.G. Khimicheskie
test-metody analiza (Chemical test methods of analysis).
Moscow: URSS; 2002. 304 p. (in Russ.). ISBN 5-354-00144-7

4. Zolotov Yu.A. Chemical analysis without laboratories:
test methods. Vestnik RAN = Herald of the Russian Academy
of Sciences. 1997; 67(6):508-513. (in Russ.).

5. Amelin V.G. Chemical Test Methods for
Determining Components of Liquids. J. Anal. Chem.
2000;55(9):808-836.
https://doi.org/10.1007/BF02757845

6. Morozko S.A., Ivanov V.M. Test methods in analytical
chemistry. Immobilized 1-(2-pyridylazo)-2-naphthol as an
analytical reagent. Zhurnal analiticheskoi khimii = J. Anal.
Chem. 1995;50(6):629-636 (in Russ.).

7. Amelin V.G. Artificial and natural fibers fabrics
with immobilized di- and triaminotriarylmethane
reagents in chemical test methods. J. Anal. Chem.
2008;63(3):297-299.
https://doi.org/10.1134/S1061934808030192

8. Benjaminsen R.V,, Sun H., Henriksen J.R., Christensen
N.M., Almdal K., Andresen T.L. Evaluating Nanoparticle
Sensor Design for Intracellular pH Measurements. ACS Nano.
2011;5(7):5864-5873.
https://doi.org/10.1021/nn201643f

9. Noire M.H., Bouzon C., Couston L., Gontier J.,
Marty P., Pouyata D. Optical sensing of high acidity using
a sol—gel entrapped indicator. Sensors and Actuat. B-Chem.
1998;51(1-3):214-219.
https://doi.org/10.1016/S0925-4005(98)00193-2

10. Santos A.L., Johnson D.B. Design and Application
of a Low pH Upflow Biofilm Sulfidogenic Bioreactor
for Recovering Transition Metals From Synthetic Waste
Water at a Brazilian Copper Mine. Front. Microbiol.
2018;9:Article 2051.
https://doi.org/10.3389/fmicb.2018.02051

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(4):59-70

67


https://doi.org/10.1016/S0925-4005(98)00193-2
https://doi.org/10.1016/S0925-4005(98)00193-2 

CMmellleHHE BEAHYHHBI pKﬂ KHCAOTHO-OCHOBHBIX HHAHKAaTOPOB, ...

12. El-Ashgar N.M., El-Basioni A.l., El-Nahhal .M.,
Zourob S.M., El-Agez T.M., Sofyan A. Taya S.A. Sol-Gel Thin
Films Immobilized with Bromocresol Purple pH-Sensitive
Indicator in Presence of Surfactants. ISRN Anal. Chem.
2012;2012(Article ID 604389):11 p.
https://doi.org/10.5402/2012/604389

13. Bacci M., Baldini F., Bracci S. Spectroscopic
Behavior of Acid-Base Indicators after Immobilizationon
Glass Supports. J. Appl. Spectros. 1991;45(9):1508-1515.
https://doi.org/10.1366%2F0003702914335472

14. Potyrailo R.A., Hieftje G.M. Use of the original
silicone cladding of an optical fiber as a reagent-immobilization
medium for intrinsic chemical sensors. Fresen. J. Anal. Chem.
1999;364(1-2):32-40.
https://doi.org/10.1007/s002160051297

15. Kashyout A.-H., Soliman H., Nabil M., Bishara A.
Impact of Congo red dye in nano-porous silicon as pH-sensor.
Sensors Actuat. B-Chem. 2015;216:279-285.
https://doi.org/10.1016/j.snb.2015.03.099

16. Yan R., Zhang Y., Wang X., Xu J., Wang D., Zhang W.
Synthesis of porous poly(styrene-co-acrylic acid) microspheres
through one-step soap-free emulsion polymerization: whys and
wherefores. J. Colloid Interface Sci. 2012;368(1):220-225.
https://doi.org/10.1016/j.jcis.2011.11.016

17. Pycanosa T1O., Jlesuna H.A., lIteixoB C.H. 3omb-rens
MarepHajIbl ¢ HMMOOHIM30BAHHBIMU KPACHUTEISIMHU TPU(EHHII-
METaHOBOTO psifia KaK YyBCTBUTEIBHBIC DJIEMEHTBHI OITHYE-
ckux ceHcopoB pH. Mzsecmus Capamosckozo ynusepcumema.
Cep. Xumusa. Buonozus. dxonozus. 2009;9(1):7-12.

18. Safronov V. V., Strelov VI., Krivonogova N.V.,
Velikotskaya 1.G., Khvostova A.A., Bocharova M.V. Sol-gel
films with immobilized acid-base indicators. J. Surf. Invest.
X-ray, Synchrotron and Neutron Tech. 2012;6(6): 985-989.
https://doi.org/10.1134/S1027451012120105

19. Roik N.V., Belyakova L.A., Dziazko M.O. Optically
transparent silica film with pH-sensing properties: Influence
of chemical immobilization and presence of B-cyclodextrin
on protolytic properties of alizarin yellow. Sensors Actuat.
B-Chem. 2018;273:1103-1112.
https://doi.org/10.1016/j.snb.2018.07.033

20. Melnikov P.V., Naumova A.O., Alexandrovskaya
A.Yu., Zaitsev N.K. Optimizing Production Conditions for a
Composite Optical Oxygen Sensor Using Mesoporous SiO,.
Nanotechnol. Russia. 2018;13(11-12):602-608.
https://doi.org/10.1134/S1995078018060083

21. Barkauskas J., Stankeviciene 1., Daksevic J.,
Padarauskas A. Interaction between graphite oxide and Congo
red in aqueous media. Carbon. 2011;49(15):5373-5381.
https://doi.org/10.1016/j.carbon.2011.08.004

22. Reijenga J., van Hoof A., van Loon A., Teunissen B.
Development of Methods for the Determination of pK Values.
Anal. Chem. Insights. 2013;8:53-71.
https://doi.org/10.4137%2FACI.S12304

23. Yermiyahu Z., Lapides I., Yariv S. Thermo-visible-
absorption spectroscopy study of the protonated Congo-red
montmorillonite complex. Appl. Clay Sci. 2007;37(1-2):1-11.
https://doi.org/10.1016/j.clay.2006.10.006

24. Staudinger C., Strobl M., Breininger J., Klimant I., Borisov
S.M. Fast and stable optical pH sensor materials for oceanographic
applications. Sensors Actuat. B-Chem. 2019;282:204-217.
https://doi.org/10.1016/j.snb.2018.11.048

11. Nordstrom D.K., Alpers C.N. Negative pH,
efflorescent mineralogy, and consequences for environmental
restoration at the Iron Mountain Superfund site, California.
PNAS. 1999;96(7):3455-3462.
https://doi.org/10.1073/pnas.96.7.3455

12. El-Ashgar N.M., El-Basioni A.l., El-Nahhal .M.,
Zourob S.M., El-Agez T.M., Sofyan A. Taya S.A. Sol-Gel
Thin Films Immobilized with Bromocresol Purple pH-
Sensitive Indicator in Presence of Surfactants. /ISRN Anal.
Chem. 2012;2012(Article ID 604389):11 p.
https://doi.org/10.5402/2012/604389

13. Bacci M., Baldini F., Bracci S. Spectroscopic
Behavior of Acid-Base Indicators after Immobilizationon
Glass Supports. J. Appl. Spectros. 1991;45(9):1508-1515.
https://doi.org/10.1366%2F000370291433547212.

14. Potyrailo R.A., Hieftje G.M. Use of the original
silicone cladding of an optical fiber as a reagent-immobilization
medium for intrinsic chemical sensors. Fresen. J. Anal. Chem.
1999;364(1-2):32-40.
https://doi.org/10.1007/s002160051297

15. Kashyout A.-H., Soliman H., Nabil M., Bishara A.
Impact of Congo red dye in nano-porous silicon as pH-sensor.
Sensors Actuat. B-Chem. 2015;216:279-285.
https://doi.org/10.1016/j.snb.2015.03.099

16. Yan R., Zhang Y., Wang X., Xu J., Wang D.,
Zhang W. Synthesis of porous poly(styrene-co-acrylic
acid) microspheres through one-step soap-free emulsion
polymerization: whys and wherefores. J. Colloid Interface
Sci. 2012;368(1):220-225.
https://doi.org/10.1016/j.jcis.2011.11.016

17. Rusanova T.Yu., Levina N.A., Shtykov S.N. Sol-
gel materials with immobilized triphenylmethane dyes as
sensitive layers of pH optical sensors. Izvestiya Saratovskogo
universiteta. Ser. Khimiya. Biologiya. Ekologiya. = Izvestiya
of Saratov University. Series Chemistry. Biology. Ecology.
2009;9(1):7-12. (in Russ.)

18. Safronov V.V., Strelov V.I., Krivonogova N.V.,
Velikotskaya 1.G., Khvostova A.A., Bocharova M.V. Sol-
gel films with immobilized acid-base indicators. J. Surf.
Invest. X-ray, Synchrotron and Neutron Tech. 2012;6(6):
985-989.
https://doi.org/10.1134/S1027451012120105

19. Roik N.V., Belyakova L.A., Dziazko M.O. Optically
transparent silica film with pH-sensing properties: Influence
of chemical immobilization and presence of B-cyclodextrin
on protolytic properties of alizarin yellow. Sensors Actuat.
B-Chem. 2018;273:1103-1112.
https://doi.org/10.1016/j.snb.2018.07.033

20. Melnikov P.V., Naumova A.O., Alexandrovskaya
A.Yu., Zaitsev N.K. Optimizing Production Conditions for a
Composite Optical Oxygen Sensor Using Mesoporous SiO,.
Nanotechnol. Russia. 2018;13(11-12):602-608.
https://doi.org/10.1134/S1995078018060083

21. Barkauskas J., Stankeviciene 1., Daksevic .,
Padarauskas A. Interaction between graphite oxide and Congo
red in aqueous media. Carbon. 2011;49(15):5373-5381.
https://doi.org/10.1016/j.carbon.2011.08.004

22. Reijenga J., van Hoof A., van Loon A., Teunissen B.
Development of Methods for the Determination of pK Values.
Anal. Chem. Insights. 2013;8:53-71.
https://doi.org/10.4137%2FACI.S12304

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(4):59-70

68



A.O. Haymosga, I1.B. MeasrHHukoB, E.B. [loaraHOBa H Ap.

25. Cai Q.Y., Grimes C.A. A salt-independent pH sensor.
Sensors Actuat. B-Chem. 2001;79(2-3):144-149.
https://doi.org/10.1016/S0925-4005(01)00860-7

26. Hunger K., Mischke P, Rieper W., Raue R., Kunde K.,
Engel A. Azo Dyes. In: Ullmann’s Encyclopedia of Industrial
Chemistry. Wiley-VCH Verlag GmbH & Co. KGaA; 2000. 93 p.
https://doi.org/10.1002/14356007.a03 245

27. Khan M.I., Akhtar S., Zafar S., Shaheen A., Khan
M.A., Luque R., Rehman A.U. Removal of Congo Red from
Aqueous Solution by Anion Exchange Membrane (EBTAC):
Adsorption Kinetics and Thermodynamics. Materials.
2015;8(7):4147-4161.
https://doi.org/10.3390/ma8074147

28. Savvin S.B., Kuznetzov V.V., Sheremet’ev S.V.,
Mikhailova A.V. Optical Chemical Sensors (Micro- and
Nanosystems) for Analysis of Liquids. Russ. J. Gen. Chem.
2008;78(12):2418-2429.
https://doi.org/10.1134/S1070363208120244

06 aemopax:

23. Yermiyahu Z., Lapides 1., Yariv S. Thermo-visible-
absorption spectroscopy study of the protonated Congo-red
montmorillonite complex. Appl. Clay Sci. 2007; 37(1-2):1-11.
https://doi.org/10.1016/j.clay.2006.10.006

24. Staudinger C., Strobl M., Breininger J., Klimant
1., Borisov S.M. Fast and stable optical pH sensor materials
for oceanographic applications. Sensors Actuat. B-Chem.
2019;282:204-217.
https://doi.org/10.1016/j.snb.2018.11.048

25. Cai Q.Y., Grimes C.A. A salt-independent pH sensor.
Sensors Actuat. B-Chem. 2001;79(2-3):144-149.
https://doi.org/10.1016/S0925-4005(01)00860-7

26. Hunger K., Mischke P., Rieper W., Raue R., Kunde
K., Engel A. Azo Dyes. In: Ullmann’s Encyclopedia of
Industrial Chemistry. Wiley-VCH Verlag GmbH & Co.
KGaA; 2000. 93 p.
https://doi.org/10.1002/14356007.a03 245

27. Khan M.I., Akhtar S., Zafar S., Shaheen A., Khan
M.A., Luque R., Rehman A.U. Removal of Congo Red from
Aqueous Solution by Anion Exchange Membrane (EBTAC):
Adsorption Kinetics and Thermodynamics. Materials.
2015;8(7):4147-4161.
https://doi.org/10.3390/ma8074147

28. Savvin S.B., Kuznetzov V.V., Sheremet’ev S.V.,
Mikhailova A.V. Optical Chemical Sensors (Micro- and
Nanosystems) for Analysis of Liquids. Russ. J. Gen. Chem.
2008;78(12):2418-2429.
https://doi.org/10.1134/S1070363208120244

Haymoea Anuna OnezoeHa, acnypaHTKa Kadeapbl JHEPTETHUESCKUX TEXHOJIOTHH, CUCTEM M YCTaHOBOK MHCTUTYTA
TOHKHX XuMHUeckux TexHomornii umenn M.B. Jlomonocoa ®I'6OY BO MUPDA — Poccuiicknii TEXHOTOTHYECKIH YHUBEPCH-
tet (119571, Poccusi, MockBa, nip-t BepHanckoro, 1. 86). E-mail: alina.naumova.92@bk.ru. Scopus Author ID 57191089401,

https://orcid.org/0000-0001-8021-4591

Menvrnurxoe Ilaeen BaneHmuHoeuu, Kanuaar GpU3MKo-MaTeMaTUYECKUX HAyK, JOLEHT Kapeapsl GU3MIECKON XU-
mun uM. S.K. Ceipknna UHcTHTyTa TOHKHX XUMUYecKuX TexHonornid nmeHu M.B. JlomonocoBa ®I'bOY BO MUPDA — Poc-
cuiickuii Texnonoruueckuit Yausepcuret (119571, Poccusi, Mocksa, np-t Bepranckoro, a. 86). E-mail: melnikovsoft@mail.ru.
Scopus Author ID 18042368100, ResearcherID D-9773-2014, https://orcid.org/0000-0001-8438-1952

[onzanoea Enerna BsauecnaeoeHa, nmxeHep kadeapbl SHEPreTHIECKUX TEXHOJIOTHIl, CHCTEM H YCTaHOBOK IHCTHTY-
Ta TOHKUX XUMHUUYecKkux Texnosoruit uM. M.B. Jlomonocosa ®I'6OY BO MUPDA — Poccuiickuii TEXHOIOTHUECKUH YHUBEPCUTET»
(119571, Poccusi, Mocksa, rip-T BepHajckoro, . 86). E-mail: elcorplus@mail.ru. https://orcid.org/0000-0001-5196-5919

Swmynoe Hukxonaii AHOpeesuu, 10KTOp XMMUYECKUX HAYK, Npodeccop Kadeapbl IHEPIETUIECKUX TEXHOIOTHI,
CHCTEM M yCTaHOBOK MHCTHUTyTa TOHKMX XMUMHYEeCKHX TexHoiornid mmeHun M.B. Jlomonocoa ®I'bOY BO MUPDA — Poc-
cuiickuii TexHonorudeckuit yausepcuret (119571, Poccust, Mocksa, np-t Bepnanckoro, 1. 86). E-mail: yashtulovna@mail.ru.
Scopus Author ID 6507694451, https://orcid.org/0000-0002-7709-4186

3Baitiyee Hurxonaii Konropouesuu, 10KTop XUMUUECKUX HAYK, Ipodeccop, 3aBeayromuuii Kadeapoil sHepreTuueckux
TEXHOJIOTUH, CUCTEM M YCTAaHOBOK MHCTUTYyTa TOHKMX XMMHUYECKUX TexHojoruil umenn M.B. Jlomonocosa ®I'6OY BO MUPDA
— Poccwuiickwuit TexHonmornueckuit yansepeuret (119571, Pocenst, Mocksa, ip-T Beprazckoro, 1. 86). E-mail: nk_zaytsev@mail.ru.
Scopus Author ID 57193485921, https://orcid.org/0000-0003-4132-0097

About the authors:

Alina O. Naumova, Postgraduate Student, Department of Energy Technologies, Systems and Installations,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: alina.naumova.92@bk.ru. Scopus Author ID 57191089401, https://orcid.org/0000-0001-8021-4591

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(4):59-70

69


https://doi.org/10.1016/S0925-4005(01)00860-7
https://doi.org/10.1016/S0925-4005(01)00860-7

CMmellleHHE BEAHYHHBI pf{m KHCAOTHO-OCHOBHBIX HHAHKAaTOPOB, ...

Pavel V. Melnikov, Cand. of Sci. (Physics and Mathematics), Assistant Professor, Department of Physical Chemistry,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: melnikovsoft@mail.ru. Scopus Author ID 18042368100, ResearcherID D-9773-2014,
https://orcid.org/0000-0001-8438-1952

Elena V. Dolganova, Engineer, Department of Energy Technologies, Systems and Installations, M.V. Lomonosov
Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: elcorplus@mail.ru. https://orcid.org/0000-0001-5196-5919

Nikolai A. Yashtulov, Dr. of Sci. (Chemistry), Professor, Department of Energy Technologies, Systems and Installations,

M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: yashtulovna@mail.ru. Scopus Author ID 6507694451, https://orcid.org/0000-0002-7709-4186

Nikolai K. Zaitsev, Dr. of Sci. (Chemistry), Professor, Head of Department of Energy Technologies, Systems and Installations,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow
119571, Russia). E-mail: nk_zaytsev@mail.ru. Scopus Author ID 57193485921, https://orcid.org/0000-0003-4132-0097

Tlocmynuna: 21.10.2019; nonyuena nocie oopabomku: 01.12.2019; npunama k onyonuxosanuio: 07.07.2020.
The article was submitted: October 21, 2019; approved after reviewing: December 01, 2019; accepted for publication: July 07, 2020.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(4):59-70
70



Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(4):71-81

CTPAHHIIBI HCTOPHH

PAGES OF HISTORY

ISSN 2410-6593 (Print), ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2020-15-4-71-81 [@)sr |
YK 929

UCTOPUUYECKUUN OYEPK

90-nemuro Hsanosckoeo 2ocyoapcmseenHo2o
XUMUKO-TNEXHONO2UYECKO20 YHUBEPCUMEMAa NOC8AWaemcs

Hayunas nesiteibHOCTB S1K. ChIpkuHa Ha XMMIUYECKOM (paKyJisTeTe
NBaHoB0-B03HECEHCKOIO MOJIMTEXHUYECKOI0 HHCTUTYTA
u BaHOBCKOM XUMMKO-TeXHOJIOTHYeckoM uHCTUTYyTE (1918-1932 1)

A.C. MaaacoBa'®, O.H. Koiadpmau'-?

HeaHoscKull 20cyoapcmaeHHblil XUMUKO-mexHol02uueckull yHusepcumem, Hearoego, 153000
Poccus

?HHecmumym xumuu pacmeopos um. I.A. Kpecmosa Pocculickoli akademuu Hayk, HeaHoeo,
153045 Poccus

@Aemop ons nepenucku, e-mail: bubnalla@yandex.ru

Iens. CoxpaHeHue npeemcmeeHHOCMU HAYUHBLX UKOJ, NO8blUUEHUEe MOMUBAUUU K HAYUHOMY
NOUCKY s18/151emest AKmyastbHol 3adavell B0cnumaHust Ho8blx nokosieHull uccnedosameneti. O0-
HUM U3 nymeil peueHus 9moil 3a0auu si8/1s1emest NPonazaHoa ucCmopuuecku 3HaUUMbLx 00cmu-
JKeHUTL 8bl0arOWUXCs. YueHblx, pabomarouwiux 8 obnacmu, 6e3 Komopot He MbLCAUMCS. pazgumue
pyHOaMEeHMANBHBIX OCHO8 MOHKUX XUMUUeCKUX mexHonozuli. Tarxoii obaacmsio 18a51acb U 8-
Jisilemest cetivac ¢pusuueckast Xumust, 8 pazgumue Komopoil 02pOMHbLI 8K1a0 8Hec npogpeccop
Sroe Kusosuu CeipruH. Hacmosiwee uccnedosaHue nocesuseHo ananusy cmarosnreHust A.K. Colp-
KUHA KAK YUeHOo20 U 00CYIKOEHUIO €20 OCHOBHbBIX HAYUHBLX Pe3yibmamos, UMeuUx NPUHYUNU-
anvHoe 3HaueHue 0151 passumust pusuueckoil U K8aHMOB8OU XUMUU.

Memoobt. I[Ipu nodzomogke cmambll UCNOJIb308AHBL APXUSHbLE Mamepuanst, bubnuozpaguue-
cKue cnpasku, OpuUHAlbHble mekemobl cmametl U HAYUHbLX 0muemos.

Pesynomamel. B cmamee nodpobHo paccmompeHrsbl U O0KYMEHMAIbHO noomaeeprkOeHbl OCHO8-
Hble HayuHble docmuskeHust 4. K. Coipkura 8 nepuod e2o pabomsl HA XUMUUECKOM haKkyibmeme
Hearoeo-Bo3HeceHCcK020 NOAUMexXHUUecko2o uHemumyma u 8 HearHo8ckom XumuKo-mexHo102u-
yeckom uHcmumyme (1918-1932 z2.), nokazaHo cmaHosaeHUe MOS00020 YUeHO020, e20 83aUM00ell-
cmeue ¢ yuumenamu u Koanezamu. Ilpedcmasnervl pe3yiemamosl UCCe008aAHUN XUMUUECKO20
pasHosecus;, Xumuueckol KUHemuKu; YCmaHo8AeHUSL C853U MeK0Y KUHEemuUKol U mepmoouHa-
MUKOU; KaMaaiu3a;, meopul pacmeopos; CoNb8AMHbBIX 3¢hPeKmos; KONNOUOHbLX cucmem U op.
Buteoodust. PempocneixmugHblil anaaus desmenvHocmu S1.K. ColpKuHA NoKasbleaem e20 CmaHos-
JleHue, Wupomy uHmepecos, ymeHue cesisamos, meopuecKu oyeHums U pa3sumos pyHoameHmasto-
Hble docmusKeHus 8eluKux npeduwecmaeHHurkos — 'ubbca, Banm-I'ochgpa, Apperuyca, Ocmsano-
oda, Heprcma u Opyeux. PazHocmoporHee uccnedogaHue (hyHOAMEHMANbHBIX U NPUKAAOHBLX
acnexmos ¢gusuueckoil xumuu npugeno 4.K. ColpkuHa K NOHUMAHUIO KAOUe80U PO CMpPoeHUs.
MOSEKYSL U NPUPOObL XUMUUECKOU C8513U 80 8CeX HAONI00AeMbLX XUMUUECKUX SI8EHUSLX.
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HayuyHnasa neaTeabpHocTh SI.K. ChIpKHHA Ha XHMHYECKOM (haKyAbTETE ...

Knroueevle cnoea: cpus’uuecnaﬂ xumust, pasHogecue zcemepoceHHblX cucmem, XumuuecrKast
KuHemurKka, kKamaJsaus, pacmeopdvl, KOJLIOUOHBLE cucmemuwl, pasdeﬂeHue COKUXKEeHHblX 2a30s,
KpauweHue mraHetl.

Jna yumuposanus: Manscosa A.C., Koitpman O.U. Hayunas nestenbHocTh S1.K. ChipkMHA HA XUMHUYECKOM (DaKyibTeTe
VBaHOBO-B03HECEHCKOTO MOJUTEXHUYECKOTO MHCTUTYTA U B MIBAHOBCKOM XHMHKO-TEXHOIOTHn4YeckoM uHctuTyTe (1918-1932 ).
Tonkue xumuueckue mexronoeuu. 2020;15(4):71-81. https://doi.org/10.32362/2410-6593-2020-15-4-71-81
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Dedicated to the 90th anniversary of Ivanovo State University of Chemistry and Technology

Scientific activity of Ya.K. Syrkin at the chemical faculties
of the Ivanovo-Voznesensk Polytechnic Institute
and the Ivanovo Institute of Chemistry and Technology (1918-1932)

Alyona S. Malyasova'®, Oskar I. Koifman!?

Tvanovo State University of Chemistry and Technology, Ivanovo, 153000 Russia

2G.A. Krestov Institute of Solution Chemistry, Russian Academy of Sciences, Ivanovo, 153045
Russia

@Corresponding author, e-mail: bubnalla@yandex.ru

Objectives. Preserving the continuity of scientific schools and increasing scientific motivation is
critical for educating new generations of researchers. One way to solve this problem is to promote
the historically significant achievements of outstanding scientists working in the field, without
which the foundations of modern chemical technologies cannot be imagined. The field of physical
chemistry benefited immensely from the contributions made by Professor Yakov Kivovich Syrkin.
This article is devoted to the analysis of the growth of Ya.K. Syrkin as a scientist and discusses
his main scientific contributions to physical and quantum chemistry.

Methods. The article was prepared using archival materials, bibliographic references, original
texts of articles, and scientific reports.

Results. The article details and documents the main scientific achievements of Ya.K. Syrkin
during his work at the Ivanovo-Voznesensk Polytechnic Institute and the Ivanovo Institute of
Chemistry and Technology between 1918 and 1932, showing his growth and development
as a young scientist through his interactions with teachers and colleagues. Syrkin’s research
on chemical equilibrium, reaction kinetics, thermodynamics, catalysis, solution theory, solvate
effects, and colloidal systems are presented herein.

Conclusions. A retrospective analysis of the career of Ya.K. Syrkin shows the scope of his research
interests and his ability to build on the foundations provided by great predecessors such as
Gibbs, Van’t Hoff, Arrhenius, Ostwald, and Nernst. A comprehensive study of fundamental and
applied aspects of physical chemistry guided Syrkin’s approach to understanding the importance
of molecular structure and the nature of chemical bonds in all observed chemical phenomena.

Keywords: physical chemistry, equilibrium of heterogeneous systems, chemical kinetics,
catalysis, solutions, colloidal systems, separation of liquefied gases, fabric dyeing.

For citation: Malyasova A.S., Koifman O.I. Scientific activity of Ya.K. Syrkin at the Faculty of Chemistry of the Ivanovo-
Voznesensk Polytechnic Institute and in the Ivanovo Institute of Chemistry and Technology (1918-1932). Tonk. Khim. Tekhnol. =
Fine Chem. Technol. 2020;15(4):71-81 (in Russ.). https://doi.org/10.32362/2410-6593-2020-15-4-71-81

SxoB KuBosnu CeIpkHH — Oyaynuii akageMuk Aka-
nemun Hayk CCCP, BBITyCKHUK XUMHUYECKOTO (DaKyib-
Teta VIBaHOBO-BO3HECEHCKOTO MOMUTEXHUYECKOTO WH-
cruryta — UBIIN — nepBoro, cCo3gaHHOTO B COBETCKOMU
Poccun TEXHHUECKOTO By3a, KOTOPBIM OH 3aKOHUMI B
centssope 1919 r. ¢ murumomom Nel. [Mociie monmydenus
qumiaoma o BelciieM obOpasoBanuu S.K. CelpkuH ObLI

n30paH MIIAANIMM acCHCTEHTOM Mpu Kadeape oOmei
xumud. OHaKo yx)e B OokTsa0pe 1918 . oH oOparuiics
¢ 3asBJIEHMEM Ha uUMA pekropa bepinosa Muxauna Hu-
KOJIaeBHYa C TMPOCHOOH O 3a4MCIEHUH B YUCIO COTPY.I-
HHUKOB 110 OpraHU3alllK Ja00paTOpUl HEOPTaHHUECKOM
XUMHAH. PyKOBOACTBO By3a MHOCUHTATIO HEOOXOIUMBIM
MPUBJIEYb CIIOCOOHOTO CTY/AEHTA B KaUECTBE COTPYAHUKA
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A.C. MaasacoBa, O.H. Koiidman

JUIST OpraHM3aliyd aHAIUTHYeCKoW nabopatopun. Bcee
9T0 roBOpUT 0 ToM, uTo S.K. ChIpKHH cpasy HpOsiBHII
ce0s KaK 4YeJIoBeK, CIIOCOOHBIA K CaMOCTOSTEILHON pa-
6ote. MbI He OyJieM OCTaHaBIMBAThCA Ha JESTEIBHOCTH
SlkoBa KuBoBmua B kadecTBe npenogasaresss. Ona moj-
poOHO omucana B OubnuorpadudeckoM ykasarene [1],
n3nanHoM K 120-neturo co musa poxaenus S.K. Ceipku-
Ha B cepuH «30J10TOH (HOH]T XUMTEXay.

Ienp HacTOsIIEW MyOIMKAIIMKM TTOKa3aTh HAYaIo
HAay4YHOH JesATeIbHOCTH OyIyIIero axaJeMHKa, €ro
MHOTOCTOPOHHHE Hay4YHBIE HWHTEPECH, CBSI3aHHBIC
KaK C MOUCKOM ce0si B HayKe, TaK U C MOTEHIHAb-
HBIMH BO3MOKHOCTSIMHU, KOTOPBIE OBUTH BUIHBI OKpPY-
KalmuM. B nepByro odepenb 34ech cleAyeT OTMe-
tuth Iletpa IlerpoBuua Bymuwmkosa', B maboparopun
kotoporo S.K. CelpkuH Hawan fenaTh TEepBbIEe IIATd B
Hayke. B ux mepBoit coBMecTHOU pabore [2] mposene-
HBI MCCJIEJIOBaHUSI CXBaThIBaHUs TuIlca. Kak M3BECTHO,
CaSO, xpucTajmM3yercs ¢ JABYMS MOJIEKYJIaMH BOJIBI,
00pasys mpu 3TOM YCTOHUMBBIHA, BCTpEYAIOMIUKCS B TIPH-
porne CaSO4'2H20 JIMTUIPAT, OJHAKO CYIIECTBYET €IIe
nonyruapar CaSO, 2H,0 u Gessoansiii CaSO, (pac-
TBOPUMBIA M HepacTBOpHUMEIi). Kak moka3amu aBTo-
PBI, paHee He ObLIIM YCTaHOBJIEHBI 00JIaCTH CYIIECTBO-
BaHUS TOTO WJIM HHOTO THAPATA, a TAK)KE HE H3BECTHEI
TOYKHM IE€pexojia OJHOTO THUApaTa B Ipyroil. B pesymnb-
Tare MpPOBEJCHHONH PaboThl OBUIO YCTAHOBIEHO, YTO
Ha 3aMeIJIEHHE CXBaThIBaHUs THIICA, MOJYyYEHHOTO
npu temmeparype Boime 400 °C, oka3pIBalOT BIUSHUE
POCT HEpacTBOPUMOU MOAM(PUKAIIUN, MEXaHUIECKUN
MIOMOJI, & TAK)KE HEBBICOKAsI CKOPOCTH MMPOTEKAHUS Ca-
MOTO Tpoliecca TUApaTallid HEPacTBOPUMOTO aHTH-
Ipuaa. Bce 3T0, HECOMHEHHO, UMEJIO IUPOKUH MpakK-
THUYECKUH UHTEpEC.

B ux padore 1923 1. [3] uccenoBana TUCCOITUAIIHS
CaSO,, 4To ObLIO 3HAYUMO ISl yCTAHOBJIEHHS IPUPOJIBI
ACTPHUXTHUIICA. DTOT BUA THIICA 00pa3yeTcs Mpu IpoKa-
musanuu CaSO, Beiuie 800 °C. [Jlo Temneparypsi 800 °C
B THIICE HAOIIOMACTCs] HECKOJIBKO aJUIOTPOIHBIX MOJAH-
(ukanuit (pacTBOPUMBIN, HEPACTBOPUMBIN aHTHIPUN),
IIPU STOM M3MEHEHHSI XUMHUIEeCKOoH (pOpMyITBI BemecTBa
He HaOmonaeTcs. OHAKO MPU MOBBIIICHHN TEMIIEPaTyphbl

oOpasyetcst BemiecTBo, coaepxkamee CaO m CaSO -
HMMEHHO 3Ta CMECh BXOJHUT B COCTAB CHIPOTO MaTepHa-
na acrpuxrurica. Llenpo ynmoMsHyTolH paboThl U CTANIO
YCTAQHOBJIGHHE BIUSTHUS TEMIEPaTyphl HA COCTAB MOIY-
YEHHOI'0 OCTaTKa.

INapannenbHO aBTOPBI 3aHUMAJIMCh UCCIEAO0BAHUS-
MH KaycTHnupoBaHus norama [4, 5]. B xone uccneno-
Banust paHoBecus K, CO, u Ca(OH), umu ycTaHOBIIEHBI
ONTUMAJIbHBIE TEMIIEpaTypa U KOHLEHTPALUU pearupy-
IOIIMX BEIIECTB JUI CMEILICHUS] PABHOBECUSI B CTOPOHY
MIPOAYKTOB peakimu. OmpeneneHsl ycaoBus o0pa3oBa-
HUSL U CTENCHb yCTOMYMBOCTH JIBOMHBIX cojei, oOpa-
3yIOLIMXCA B JaHHOM Iporiecce. Takxke IOKa3aHa BO3-
MokHOCTB 3aMenbl Ca(OH), npyrumu xaycruszaropamu
- Sr(OH), u Ba(OH),.

IepBas padota S.K. Ceipkuna «K Bompocy o pas-
HOBECHU B T'eTEPOTEHHOU cucteme» [6], B KOTOpO OH
SIBIISIETCS. €AMHCTBEHHBIM aBTOPOM, ObLIa OTIIPABICHA B
penakiuio «M3Bectuil IBaHOBO-Bo3HeceHckoro momu-
TEXHUUYECKOTO MHCTUTYTa» eime B Mapte 1921 . B Heit
27-JeTHUH CTapIIui acCCUCTEHT Kadeaphl 00Ie XUMUN
WBIIU f1.K. Ceipkun no npennoxkenuto W.I. 3akca, no-
neHTa kadeapsl aHanmuTraeckord xumun UBIIU, uccie-
nosan paBHosecue Mexy CaSO, u Na,CO,. Oro uccre-
JIOBaHUE WMEJIO OOJBIION MPAKTHUYCCKHA WHTEPEC IS
Ipoliecca OYUCTKH BOABL BbUIO yCTaHOBIEHO, 4TO 00-
PaTUMOCTb UCCIIEAYEMO peaklUy 3aBUCUT OT KOHLEH-
TpalLK PEareHToB, MpU4eM IpU HU3KOM TeMmIeparype ¢
pazbaBlieHHEM PacTBOPOB OOPATHMOCTH PaCTeT.

B smBape 1921 1. Ha XMMHMYECKOM KOJUIOKBUYME
xumpaka UBIINU S.K. CelpkuH caenan HaydHBIH J0-
ka1 «KuHetnueckas TeopHst U pealbHOCTh MOJIEKYIIbD».
K coxanenuro, Mbl He pacronaraéM TEKCTOM JOKJaza,
HO Jia’Ke U3 Ha3BaHUS CIIETyeT, YTO UHTEPEC K KMHETHUKE
XUMHMYECKUX PEAKLUH U CTPOCHUIO XUMHUYECKUX MOJIe-
Kya Obun y SlkoBa KuBOBHMYA B MPUOPUTETE C CAMOTO
Hayaja ero Hay4yHoll nestenpbHocTH. Kpome KMHETHUKH
XMMUYECKUX PEeaKLUil U UcclIea0BaHuil TUIca, HaydHble
naTepeck S.K. CripkuHa Ha XUMHYECKHUX (haKyIIbTeTax
VIBaHOBO-BO3HECEHCKOTO MOIUTEXHUUECKOTO HMHCTHUTY-
Ta 1 VIBaHOBCKOIO XUMHUKO-TEXHOJIOTHYECKOTO UHCTUTY-
ta (UXTH) B nepuox 1921-1931 rr. nposiBuInCSH emé u

'Tlerp MerpoBuy Bynnukos (1885-1968) — npodeccop MBanoBo-Bo3HeceHCKoro monuTexHudeckoro nHCTHTyTa ¢ 1918 mo 1926 rr.,

3aBefyroluil kadenpoit MunepanbHoro celpbst UBIIH, Brnocneactsuu uieH-koppecrnonenT AH CCCP,
akagemuk AH YCCP, nokrop TeXHUUECKUX HayK, Ipodeccop, 3aBeayroluil kageapoil oouei TexHo-
JIOTUM CUJIMKATOB MOCKOBCKOI'O XUMUKO-TEXHOJIOIHUecKoro uucturyra uM. JI.1. Menneneena
(c 1944 no 1968 rr). ITerp IlerpoBuu 6611 ynocroeH Tpex Cramuuckux npemuii (1942, 1950, 1952 rr),
narpaxzeH 10 opnenamu u menansamu CCCP. B 1965 1. emy npucsoeno 3Banue I'epost Connanucruue-
ckoro Tpyna, oH ObuI 3aciTy:KeHHbIM AesTeneM Hayku U TexHuku YCCP (1943 1) u PCOCP (1964 ).

HayuHble uHTEpechl: CO3aHME HOBBIX BHJOB BSDKYLIMX BELIECTB (aHTUIPUTOBBIH, aluTOBBIH,
Cyab(aTHpOBaHHbIH MIJIAKOBbIA EMEHT U T.I1.), OTHEYIOPHBIX (XPOMUTO-I0JIOMHUTOBBII, KOPYHI0-Kap-
OGOpPYHIOBBII U 1Ip.), U30JIALUOHHBIX, KEPAMUYECKUX U IPpoUuX MarepuanoB. Ocoboe BHUMaHUE Yels-
JIOCh UM IOTy4EHUIO TYTOIIABKUX MAaTepHaloB HA OCHOBE YUCTBIX OKCHJOB C TEMIIEpPATypoil Ij1aBIie-
nust Biute 2000 °C. ILIL Byauukos usyvan guarpammbl coctosuus cucreM Li,0-GeO,, A1,0,-Si0,,
Al 0,-8i0,-Zr0,, BeO-UO,, MgO-UO,, Sm,0,~Al O, u ipyrux, ocBeIas Npx 3TOM MHOTHE (PU3HKO-

XHMHYECKUE U KHHETHYECKUE OCOOCHHOCTH npeBpameHHﬁ B OTUX CUCTEMaAX, a TAKIKC MEXaHN3MbI CIICKaHU U PEKPUCTAJIIU3AlINN

TBEP/bIX (ha3 B HUX.
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B M3YUYEHUHU CTPOEHUS MOJIEKYJ, COJIbBATAL[MK MOJIEKYII,
a TaKXKe B IPAKTUIECKUX 00IacTX — KaTallu3e, paszierne-
HUU CKMD)KEHHBIX I'a30B U KPALIEHUU TKaHEH.

B nHos6pe 1921 1. B «M3Bectust MBanoBo-Bo3zHe-
CEHCKOTO TOJUTEXHUYECKOTO WHCTHUTYTa» OblIa Ha-
MIPaBJICHA, a B CICIYIOIIEM IOy OIMYyOIHMKOBaHA CTAThs
S1.K. Coipxuna «O Teopun conbBatoB» [7]. B Hell BbI-
CKa3aHbl OCHOBOIIOJIATAIOIINE COOOPAXKEHUS O TOHATUU
XUMHUYECKU YUCTOIO BELIECTBA, JIEMEHTa, COCTaBa IT'U-
JIpaToB, COJIbBATALIMU, KOTOPBIE aKTyaJbHbl M B HACTO-
s1ee Bpemsl.

B navane XX cronetus nepes y4eHbIMU-XUMUKAMH
BCTaJ BOIPOC 00 OMpeeTIeHNH TaKUX BAKHBIX ITOHATHH
KaK CMECh U XUMHUecKoe coeuHeHue. C TOUKU 3peHUst
Kakol Haykd OOBSCHHWTH CBOMCTBA PAacTBOPOB M IIPO-
LIECCHI, POUCXOAAIINE B HUX NPH WU3MEHEHUH BHEITHUX
YCIIOBUH, — C TOYKH 3pCHUS (PU3MKH WM XUMHHU? SKOB
KuoBuu nmcan: «B obnactu conbpbBaToOB OHU XMMHYE-
CKHe, KaK ¥ OJHH (M3WYECKHE METOIbI HEMPHUMEHHUMBI.
B conmpBarax Mbl ©MeeM, €CIIM MOKHO TaK BBIPA3UThHCH,
nomy(pu3mIecKre, MOTyXUMUIESCKIE CUCTEMEBD». MHoTHe
y4YeHBbIE TOTO BPEMEHH HX YXKe MPU3HABAIH, HEKOTOPHIE
3ayMbIBAJIUCh HaJ B3aMMOJEHCTBUEM MEXIY PAcTBOPHU-
TEJIEM U PAacCTBOPEHHBIM BELIECTBOM, HO TMOHSTHh M JIaTh
OIpeJesIeHHe JTOMY SBJIE€HUIO He Mord. [louemy sTO
npoucxoanio? «Mue kaxercs, — 00bscHs1 SkoB Kuso-
BUY, — YTO YUCTO XUMHUYECKHE, B KIIACCHYECKOM CMBICIIE
3TOTO CJI0Ba, METONBI HE JJAIOT TOYHBIX U OMPEIeNICHHBIX
OTBETOB Ha BOTPOCH], TIEpel KOTOPHIMH CTAaBHUT (aKT
cosbBaTanum». KoHeyHo, 4TOOBI OTBETUTH HA MHOTHE 3TH
BOIIPOCHI HEOOXOANMO TPHHATH TEOPUIO CYIIECTBOBAHHUS
COEIMHEHMH MEePEeMEHHOTO COCTaBa, K KOTOPBIM U OTHO-
CSITCS COTBBATHI BOOOIIE ¥ THAPATHI B 4acTHOCTH. OTHIM
u3 maBHbIX (hakTopoB, o MHeHuto S.K. CeipkuHa, yka-
3bIBAIOLINX Ha CYILIECTBOBAHUE THJIPATalliy, SBJISIETCS
W3MEHEHHE BHYTPEHHETO JJaBJIeHus, a TakxKe paboTa BHY-
TPEHHUX CHUJI, IPUPABHEHHAs UM K XUMHUYECKOMY CpOA-
ctBy. CaMu ke TH/IpaThl IPEICTaBICHBI 000JIOYKOH Mote-
KyJ1 BOZIbI, KOTOPBIE OKPYXKAIOT MOJIEKYJIbl pACTBOPEHHOIO
BEIECTBRA.

CHUMBOJIMYHO, YTO CTaTbsd O TEOPUU COJIbBATOB
«OIpenenuiia» BIOCIEACTBUH OOJbIIOE HAayyHOE Ha-
IpaBjieHHe VIBaHOBCKOTO XHMMTE€Xa, CYIIECTBYIOLIEE
JI0 HACTOSIIETO BPEMEHH, U OHA XK€ 3aJI0XKUIA ePBbIN
kameHb B co3ganue B 1980 r. ma 0Oaze UXTU ormena
xuMuu HeBoAHbIX pacTBopoB AH CCCP. B 1981 r. or-
nen OpuT mpeodpa3zoBad B IHCTHTYT XUMHUHM HEBOIHBIX
pactBopoB AH CCCP (B HacTosiiee Bpemst — MHCTUTYT
xumun pactBopoB uM. [.A. KpecroBa PAH), ocHoBHOI
3ajaueil KOTOPOro MepBOHAYANBHO SIBISUIOCH UCCIIEAO0-
BaHUE CTPOEHUS PACTBOPOB U MX HCIIOIb30BaHHUE B TEX-
HoJoTuU 00paboTKu TKaHed. OTaMHU-OCHOBATEISIMU
WHCTHUTyTa OBUTH JlaypeaTsl [ocyaapcTBEHHON IpeMUHu
B oOnacTu HayKu U TexHUKH (1987 I.) uneH-KoppecnoH-
nent AH CCCP I A. Kpectos, ipod. b.J1. bepesun n

npod. b.H. MenbHuKoB 3a 1iuki padot «Pa3paboTka Te-
OpPETHYECKUX OCHOB XMMHHU HEBOJIHBIX PACTBOPOB M UX
npakTudeckoe ucnonb3oBanue» (1962-1985).

B 1923 . B «M3Bectusix VMBanoBOo-Bo3HeceHcko-
IO MOJUTEXHIMYECKOTO MHCTHUTYTA) BBINLIA ITyOIUKAIINS
Ha Temy «KuHermueckoe OOOCHOBaHHE XMMUYECKOTO
cponctiay [8] (puc. 1, 2), B KOTOpOo# ObLIa MPEIIPUHSI-
Ta TIOMBITKA KOJMYECTBEHHO OIMHUCATh BBIPAXKCHUE IJIS
XHMHYECKOTO CpPOACTBA. B cBOMX paccyxneHusx fIkoB
KuBoBHY KpUTHYECKH MOAOHIENT K TPEM Ba)KHEHIINM,
110 €r0 MHEHMIO, IPUHLUIIAM B YYEHHH O XUMHUYECKOM
cporctBe — 310 mpuHLUI beptno, Teopus ['ynpabepra
u Boore u Teopema Heprcra. B nonydeHHOM UM ypas-
HEHUM MOJIOION y4YeHbIH BIepBble 00BEIUHII XUMHUYe-
CKYIO CTaTHKY Y KUHETHUKY:

4 VasmR"

9r  n!n,

(M

K

rne K — KOHCTaHTa PaBHOBECHS XMMHUYECKOH peak-
UU; ¥ — paanyc Bcel chepsl; R — ra3oBasi KOHCTAHTA,
n — CTEXHOMETPUYECKUH KOIPPUIMEHT, YUCIO MO-
nel; 0 — 00beM peakMoHHOM cdepsl raza; N — uucio
ABoranpo; M — MONEKyYISIpHBINA Bec Tra3a; I — Temmepa-
TYpa; ¢ — DHEPTHsI CAUHIUYHON MOJICKYJIBL.

| A Maghityd b ranvi-Yionkesnak

M3BECTHSI
HBAHOBO-BO3HECEHCKOIO

" EOIHTRXRHSECROTO HHCTHTYTA.

Tom Wil

Baamyin T-wi,
XHMHKO-$H3NYECKHHA,

e dhd BIIMLCERCE

1-d Fetyaapersesann Tessrpagan
1§31

Puc. 1. TurynsHelii nuct «3BecTuit
HBanoBo-Bo3HECEHCKOTO MOTUTEXHUYECKOTO HHCTUTYTa».
Fig. 1. Title page of the “Izvestiya
of Ivanovo-Voznesensk Polytechnic Institute.”
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Itllu'ruuutu oBOCHOBAMNE XHMHYECKOrD CPOACTEE
A K Cupumma.

<Mt azeres, PO Befla NM capamEMed crGa,

BONHMISY 18 WY, WIW B¢ SOEENSEN COUTBETCTRC RRGE
EANNCEOR EpEieAM, TO CNLCD BTG PP Tae
EOKE B SOCTOMNER I Nbd BOSTjRETL COMTRETCTRERNY
BENAMETCET S MOIRILE

B. Toscom o1 Keanmunp

Bampoe o xuMmieckon cpoteTie, sk uoBee - QESIEIMNNACCENE -
MeCH B ChCH PACIRATIEN DML e TR AHTPOMMORY RS, fbe
TS CTILIN, ROFE BPOGIENI POIBETER © KIAECTOERHOR | CTOPOIL . HyTes
UTHCERHEA O{SamE. DIpaETeREyRimers Swleiie o, musoHem, TemEph Ml
APIRCYTCTHYCN (T BTN ST SOIHROCTIN HEOP SR ERE L XANR-

WCROM pogeTis '),

Puc. 2. Crarbs S1.K. Coipkuna «KuHeTnyeckoe 000CHOBaHHE XMMUUECKOTO CPOJICTBAY.
Fig. 2. Ya.K. Syrkin’s article entitled “Kinetic justification of chemical affinity.”

OrmnuceiBas cBoe ypaBHeHue, SkoB KuoBud momquep-
KHBAJI, 9TO B HEM «BBIPAYKCHA BCS XUMUUCCKAsT THTHAMHKA
B 00111eii (hopMe TSt TTPOIECCOB JTFOOBIX TOPSIIKOBY.

VYpasuenwue (1), ABISACH CIIOKHBIM TSI TOHUMAHMS,
KaK MOXKET TOKa3aThCsl Ha MEPBBIA B3I, JIETKO Ipel-
CTaBHUThH B 0OJiee YIPOIICHHOM Buie (2), €Cly MPHHATH
BO BHUMAHHE, YTO JUIS KQKIOTO WHIUBHIYaJIbHOTO TPO-
1iecca epBasi 9acTh YPaBHEHUS SIBIISCTCS TOCTOSHHOM Be-
nnauHOM. O003HAYUB ATY BEIMUNHY OYKBOU A, MOTyYHM:

K = AJTe @

B pabGote [9] maHbl BBIpaXCHUsS I OMPEACTICHHS
abconoTHOW PHTpONUHU (3) U XUMHUYECKOW KOHCTaHTHI
rasa (4), He 3aBHUCSINUE OT CTEIIEHH CBOOOJBI JUISI KOH-
KPETHOTO rasa.

(27rka)g a’HVeI+E
Nh"

S, =kNlg )

n 1+ﬁ

(27rm)5 k 2a"’

C"=lg Iz

(4)

rae k — xoHctanTa bonbeiiMana, N — 4ucio ABorajipo,
m — Macca MOJIeKyibl, T — a0CONIOTHAs TeMIleparypa,
a — quaMeTp aroma, V' — obbem, i — noctosiHHas [1nanka,
1 — CTENEHDL CBOOOIBI.

K mnpeumymiectBaM MOJOXKEHUH, BbICKa3aHHBIX
aBTOPOM, MOXXHO OTHECTH CIICAYIONIHE: B BBIPAKCHUH
a0COJIIOTHOM AHTPOIMHU Ta3a yuTeHa PaBHO3HAYHOCTD
MTOCTYTIATENbHBIX U BPAIIaTEIFHBIX «KBAHTOB SHEPTUI,
a B BBIpKEHHE JJIsI XUMUYECKOM KOHCTaHThI KPOME YHHU-
BEPCATBbHBIX BEIMYMH BXOIAWUT TOJIBKO MAcca MOJCKYJIBI
u ee quamerp. B pabore npuBeneHO cpaBHEHHE BBIYHC-
JICHHBIX W HaWJCHHBIX ONBITHBIM ITyTEM XHMHYECCKUX
KOHCTaHT ra3oB. DKCIIEpUMEHTaJbHbIE JaHHbIE IOKa-
3aJIM YIOBIETBOPUTEIBHEBIC PE3YIIBTAThl, 0COOCHHO ISt
Takux Mounekyi, kak Cl,, Br,u L.

BypHoe pa3BuTHE IPOMBIIIICHHOCTH U CEIHCKOTO
X034HCTBA MPUBOJUIIO K IIOMCKaM HOBBIX CIIOCOOOB MO-
JTy4eHUs] XUMIYECKUX BEIIECTB U ynoOpenuii. Haumnas
¢ 1902 r., xorna ObUIM OTKPBITHI MIPOLECC U TEXHOJIOTHS
peKTHUKAIIMKA BO3yXa, MAaCIITa0HOE IPOU3BOICTBO
KHCJIOPOZIa HEYKIIOHHO POCIIo. B To jxe Bpemst 0cTpo CTo-
sTa TOTPEOHOCTH B A30T€, MIMPOKO HCIIOIB3YEMOM ISt
CHUHTE3a aMMHaKa, KaJbIUEBBIX yI0OpEHM, HUTPUIOB
u 1p. He ynuBuTensHO, 9TO 3Ta mpobiieMa He obormia
ctopoHoit SIkoBa KusoBuua. B 1925 1. B «Xypnane xu-
MHUYECKOH TpoMbITIICHHOCTH [10] uM ObLT Hccie10BaH
MPOLIECC TMONYYEHHs a30Ta M KUCIOPOIa U3 KHUIKOTO
Bo31yxa. Ha ocHOBaHMu aHanm3a aBTOp paspaboTai or-
TUMaJIbHBIE YCIIOBUS, IPU KOTOPBIX BBIXOJ AKHJIKOTO KHC-
JI0pOJIa 3HAYUTEIHHO TOBBITIANICA: 1aBieHue 325 arM. u
npeaBaputesbHoe oxyaxaeHue 10 —50 °C (tabm. 1).

K pannemy nepuomy HayqHOH OESTEIHHOCTH OTHO-
catcs 1 pabotsl K. CplpkrHa MO0 XUMHYECKOH KHHE-
trke [12-20], B OCHOBE KOTOPBIX JIeXKAT MPEACTABICHUS

Tabnuna 1. DkcriepIMeHTaIIbHBIE YCIOBUS MOTyYeH s KHUIKOro Kuciaopoza [11]
Table 1. Experimental conditions for obtaining liquid oxygen [11]

VnensHbIi BeC, KI/M?

Specific gravity, kg/m’ 479 445 421 402
Jasneine, kr/ou’ 325 356 372 382
Pressure, kg/cm?

Temmeparypa, °C _ .

Temperature, °C >0 20 2 +20
KonuuectBo kucnopoaa, kr

Concentration of oxygen, kg 15.6 12.4 10.4 9.1
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o cTpoeHuH Monekyn (puc. 3). B pabote «K Bompocy o
CKOPOCTH XUMHYECKUX peakuuit» 1926 . [15] npencras-
JICHBI BBIBOJIBI BBIPAKEHHUHN T KOHCTAHT CKOPOCTH pe-
aKIIMU TIEPBOTO, BTOPOTO U TPETHETO TOPSIIKOB.

Puc. 3. 51.K. Coipkun B naboparopun Xumdaxa UBIIN.
Fig. 3. Syrkin in the laboratory of the Chemical Faculty
of IVPL

[TokaszaHo, 4TO BEIpaKCHUE TSI KOHCTAHTBI CKOPO-
CTH MOHOMOJIEKYJISIPHBIX PEaKIni, copepikaliee Moie-
KyJISIPHBIC pa3Mepbl, MOKHO IIpeoOpa3oBaTh B BBIpaxke-
HUS, COJIeprKalllie XapaKTePUCTUICCKHE HHPpaKpacHbIe
gacToTel (5), a B ciy4ae OMMOJEKYISIPHOH peaKiuu
MIPUHUMAETCS JIOMYIIEHHEe, YTO PEAKIHs MPOUCXOJUT,
€CNI JIBE CTAIKUBAIONINECS MOJCKYIbl aKTUBUPYIOTCS
B MOMEHT CTOJIKHOBEHHMsI KBaHTOM cBeTa (6). KoHcraH-
Ta CKOPOCTH PEaKUUH TPETHEro IMOPsIKa BEIYHCICHA B
MIPE/ITIONIOKEHIH CTOIKHOBEHUS TpeX MOJIEKyd (7).

q

k="17.4ve T ®))
. N,oakT -2
k :—O‘Th" e 6)

(en) @

" Mo’ /cex

IIe m — Macca, v — JacTtoTa KojiebaHui, k — KoHcranra
ckopoctu, T — abcoroTHAs TeMIeparypa, 1 — KOHCTaH-
Ta [lnanka, N, — 4ucino ABOrajpo, ¢ — TeIioTa aKTHBH-
pOBaHUs, G — 00BEM C(epsl CTOIKHOBEHUS, ¥ — PajuycC
ctepsl.

B pabote [15] Taxxe oTMe4eHa BO3MOKHOCTh TIPO-
TeKaHUsl OBICTPHIX PEaKIUi, B pPe3ylbTaTe KOTOPBIX Ka-
JKJ0€ CTOIKHOBEHHE TNPUBOAUT K «PEarupoBaHHION.
SI.K. CplpkuH TIpUIIen K BBIBOAY, YTO HCIOJIb30BaTh
O6I>I‘IHI>I€ KHHETUYCCKHUE METOAbI B 3TOM CJIy4dac HEBO3-
MokHO. Korma peaxmmsi B3anMOAEHCTBHUS JBYX aTOMOB
TpeOyeT TpoiHOro cTonkHOBeHUs, SIkoB KuBoBHY mO-
TIBITAJICS] CPABHUTH, KAKUM 00pa30M COOTHOCSTCS YUCIIa
JBOMHBIX 1 TPOMHBIX CTOJKHOBEHUH.

B »stom ke romy B «OKypHaie XMMHUYECKOH MpO-
MBIIIJICHHOCTHW» BBIIJIN Cpa3y ABE CTATbU HA TCMY KaTa-
TM3a B XUMHAYECKHX peakiusx [21, 22]. B ator nepuon
SHAYUTCJIbHBIMU TEMIIAMH HapacTajlOo MNPUMCHCHHUEC Ka-
TaJNN3aTOPOB, OHU AKTUBHO HCIIOJIH30BAIUCH B CHHTE3E
KpacHTesel, Ipy CBA3BIBAHUU a30Ta, a TAaKXKe B pa3jiny-
HBIX XHMHUYECKUX TeXHONOTHAX. SlkoB KnuBoBHY B cBOECH
paboTe mbITaeTcs OOBSICHUTH JEHCTBHE KaTaIM3aTopa,
UCTIONB3YSl TEOPHIO KMHETHKH XHUMHUYECKUX PEaKlui, a
UMEHHO TOT (DaKT, YTO KaTaju3aTrop IJIaBHBIM 00pa3oM
BIIMSICT HA BPeMs MIPOTEKaHMs peakuuu. OH MHUIIET, YTO
«KaTajinu3aTop HEC BHOCUT MPUHIUIIMAIBHO HOBOI'O; OH
M3MCHSIET TONBKO YCJIOBHS IpoIlecca, OH KpaT4aiIimm
IyTEeM BEJIET K KOHEYHOM 11U, T.€. K TJOCTH)KEHUIO PaB-
HOBECHOTO COCTOSIHUSI PEarHpyIOMINX B 00pa3yIOmuXCs
BEIECTB. YTO AOCTUTACTCS ¢ MOMOIIBIO KaTalau3aTopa,
MOXeET OBITh JOCTUTHYTO M O€3 HEro, HO B MOCIEIHEM
ciydae morpeOyeTcst Oomnbliie BpeMEeHW». ABTOp Orpa-
HIYUBACTCS TIONBITKOW BBLICHUTH OCOOCHHOCTH U 3aKO-
HOMEpPHOCTH OTJAEJIbHBIX KaTaJUTHYECKUX peakuuil. B
KauecTBE IMpHMepa MPHUBOIHUTCS IPOIECC PA3IOKECHHUS
atunanerara. SlkoB KupoBud rokasbIBaeT, 4TO B 3aBUCH-
MOCTH OT HPUPOIBI KaTaJH3aTopa BO3MOKHO MPOTEKa-
HHE TPeX Pa3IMYHbIX peaknuii (tadm. 2).

TakuM 0Opa3om, MMOKa3aHO, YTO KaTalan3aTop Mo-
JKET HE TOJIBKO YCKOPATH MPOUECC, HO U BJIUATH HA XU-
MHUECKYIO PEaKIHio, MPUBOMANIYI0 K Hanbolee jkena-
TeJIBHBIM IpoaykTaM. OpHako Oonblnoe pazHooOpasue
KaTaJM3aTOpOB HE BCETNA MOKET OBITh NPHMEHHMO B
XUMHUYECKUX mpoueccax. B pabore [21] mpuBoautcs

Taéauua 2. [porecc pazioeHus STHIALeTaTa B 3aBUCUMOCTH OT KaTajlu3aropa
Table 2. Decomposition of ethyl acetate based on the type of catalyst used

Peakuusi
Reaction

Karanuzarop
Catalyst

CH,CO,C,H, = CH,COH + C,H,

OKHCh TUTAHA
Oxide of titanium

CH,CO,C,H, = C,H, + CO,

M3MmenpueHHBIN HUKEITb
Crushed nickel

2CH,CO,C,H, = CH,COCH, + C,H,OH + C,H, + CO,

Oxkwuch Topust
Oxide of thorium
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CpPaBHEHHUE BBIXO/a MPOAYKTOB peaKkLUM IpU MEPexo]e
OT OJJHOTO KaTaju3aropa K Jpyromy. Paccmorpeno Bnu-
SIHUE BHEIIHNX (DaKTOPOB (4yBCTBHTENHHOCTH K Biare,
YCTOWYHUBOCTD, CIIOCOO MOTyUeHH U JIp.) Ha 3(P(HeKTuB-
HOCTb KaTaJlu3aTopa.

[Ipusznanuem pabGoT B 0ONAacTH Karajausa CTalo
npemnoxenne S.K. Ceipkuny omyOnukoBath B 1929 1.
cratbio [23] B «TexHudeckod sHIUKIONEIUN». WH-
TEPECHO OTMETHTb, YTO cTaThs «Kartanus» coctout us
JIBYX pa3JeNioB, MEPBbIi HaKMCaH OyyIUM aKaJeMHUKOM
SlkoBom KuBoBnuem CripkuHbIM, a Bropoi «Karanmms B
TEeXHUKe» — akaJeMuKoM Briamumupom HuxomaeBuuem
NnarbeBbIM, KOTOPBIH CTOSI y HMCTOKOB 0Opa30BaHUS
xuMpaka MBaHOBO-BO3HECEHCKOTO MOIUTEXHUUYECKOTO
HUHCTUTYTA.

B cBoux paborax 1mo XMMHUYECKO KHMHETHKE SIKOB
KuBoBu4 uccienoBal He TOIBKO MPOLECCHI, IPOUCXOI-
e B ra3oBoil cpene. B 1927 r. B «OKypnane Pycckoro
(PM3UKO-XMMIUYECKOTO OOIIECTBa» BEHINUIA CTAThs, B KO-
TOpOI aBTOp MPUMEHW ypaBHEHHE XMMUYECKON KUHEe-
TUKH K UCITyCKAaHUIO AJIEKTPOHOB HAKaJEHHBIMU TEIaMU
[17]. IIpouecc ucmycKkaHust 31EKTPOHOB € OBEPXHOCTU
MeTajuia OB TPHPABHEH K aHAJOTWYHBIM TeTepOTeH-
HBIM peaKIusaM NIepBOro nopsaka. PeynpraroMm JaHHON
paboThI cTano BeIpakeHHe (8) IS ONpeneieHus Ynuciia
JJIEKTPOHOB L, UCITyCKAEMBIX B €MHUILY BPEMEHH €/I1-
HULIEH TOBEPXHOCTH HAKaJIEHHOTO Tea.

2rmy’
L:—Z;V e, ®)

TJIe 1 — Macca AIIEKTPOHA, V — XapaKTepucTHIecKas ya-
crorta, k — koncranTa bonbsiimana, T — aOcoIrOTHAS TEM-
neparypa, h — koncranra I ranka.

Hay4Hb1il BKIIa1 B MCCIEIOBaHUSI KHHETUKNA XUMHU-
YECKHUX PeaKINil ObLT OIEHEH PEIAKITMOHHON KOJIJIETHEH
«TexHnueckoll SHIUKIONEANU» M PE3YJIbTaToOM cTaja
crarbs «Kuneruka xumuueckas» (1930 r).

Haugano XX Beka — 3TO CTaHOBICHHE OCHOBHBIX
MIOHATHH, TEOPHIA, 3aKOHOB B Pa3IMYHBIX OOJACTIX Ha-
YKU. YUeHBIM CTalli Oosiee JOCTYITHBI MHOTOOOpa3HbIe
WHCTPYMEHTAIbHBIC ¥ SKCIIEPUMEHTAIBHBIE BO3MOXKHO-
ctu. Tak, B 001acTH XUMHUU Ta3bl, )KUJKOCTH U TBEPbIC
BEI[ECTBA HAudalll PAcCMaTPUBATh HE KaK OT/ICIbHBIC
MOJICKYJIbI, & C TOYKH 3PEHUS MEKMOICKYISIPHBIX CHII,
MIPOUCXOMIANIUX MEXKIY HUMHU. YUEHBIC CTAIA YYUTHI-
BaTh OPHCHTAIMOHHBIC W TIOJSPU3AIMOHHBIC CHIIBI,
KOTOpBIE 0oJiee SIPKO BBIPAXKEHBI JUISI MOJIEKYJ Ta30B U
skuakocted. [Ipu HecoBmaseHUN EHTPOB TKECTH TIO-
JIOXKUTENBHBIX U OTPUIATEIILHBIX 3aps0B B MOJIEKYIIE
HaOJIrOIaeTCs DIEKTPUICCKUI JTUTIONb, a B citydae Oolnee
BBICOKHUX JJIEKTPOCUMMETPUHN — KBaIPYIIOJb, OKTUIIONE
U T.J. IMEHHO HCCIeIOBaHUSIM TaKMX MOJICKYT W CHJI
MEXJy HUMH TOCBSIICHBI cienytone paborsr S.K.
CoipkuHa [24, 25]. AHanu3upys UCCIEIOBAHUS CBOUX

MPE/IIIeCTBEHHUKOB, SIkoB KMBOBUY BBIIEIHI sl pa3-
JUYHBIX CIOCOOOB, KOTOPHIMU PaHee OTpeAesIN 3HaUe-
HUS JIUTIONBHBIX MOMEHTOB: «3aBUCHUMOCTh JTUDIICKTPH-
YECKOM KOHCTAHTBI OT TEMIIEPATyphl, SIEKTPOCTPUKLIHS,
ANIEKTPOCTATHYECKUE BpalareIbHbIe OIS, IPUMEHEHNE
BUPHAIIBHBIX KOAPPHUIIMEHTOB U3 YPaBHEHUS COCTOSHUS
W 3aBHCHMOCTH JTUDJICKTPUYCCKON KOHCTAHTBI PACTBO-
POB OT KOHIIEHTPALUU». DTH CIIOCOOBI OBUIA MPUMEHHU-
MBI K OTPaHHYCHHOMY YHCITy HCCIIETyeMbIX 00BEKTOB 1
JIaBaJld pa3NIUYHbIe 3HAYEHUS TUTIOJIBHOTO MOMEHTA JIJIst
OJTHOTO W TOTO K€ BellecTBa. ABTOpP BBIBEJ BhIPAKCHHUE
JUIS OTTpeIeNIEHUs] AUMOILHOTO MOMEHTA 71 €JTMHBIM CIIO-
co0OM JUIS BCEX BEIIECTB, UCXOS TIIABHBIM 00pa3oM U3
3HAYEHUH OpUEHTAIIMOHHBIX cui (9).

0 1
m=1.66x10 N_@ (9)

JP,

Ecnu ke anmekTpuveckue IEeHTPhI TSHKECTH I0JI0-
JKUTENIBHBIX W OTPHLATEIBHBIX 3apsI0B COBIAIAOT, M-
MOJILHBI MOMEHT 00paniaeTcsi B Hyjlb, U MOJIEKYJIa yKe
HE MOXKET PacCMAaTPUBATHCS KaK JHUIOJb. Takue MOJIEKy-
JIBI SIBJISIFOTCSL KBAAPYTOIAME. B3aumomeiicTBiue MEKIy
HUMH OIPEICISETCS YKE OPUCHTAIIIOHHBIMU CHIamMu. B
pabote [25] BeiBeneHa hopMyIa JjIsl OTIpEIeIICHUs] KBa-
IpynosnbHoro MmomeHTa (10).

4/3

T
m=10.07x10* P*” (10)

5/6 °
Kp

rie T, — KpuTHYecKas Temieparypa; P — KpUTHYECKOe
JaBJICHUE.

Hcnonp3oBaHNE MAAHHBIX YPAaBHEHUIH MO3BOJIWIO
BBEIYUCIIUTH 3HAYCHUS IHITOIBHOTO W KBaAPYIMOIEHOTO
MOMEHTOB JUI OONBIIMHCTBA BEIECTB, U, KaK yKa3bIBa-
et SlkoB KMBOBUY, 3TH 3HAYEHUS XOPOIIO COTTIACYIOTCS
C JaHHBIMHY, MOJIY4YEHHBIMU JPyTUMH aBTOpamu. B pa-
00Tax Ha OCHOBAaHWHU IMOJYYEHHBIX PE3YJIBTATOB TAKKE
PacCMOTPEHBI HEKOTOPBIE 3aKOHOMEPHOCTHU B TOMOJIOTH-
geckux pspax. Tak, Hampumep, B aHAJIOTHYHO ITOCTPO-
CHHBIX TOMOJIOTHUECKUX PSAAAX C YBEJIUYEHHEM YHUCIIa
CH, rpynmn B MOJIEKyJIe 3HaYEHHE JIUIOILHOTO MOMEHTA
Ma/1aeT, a KBaAPYIOIbHbIH MOMEHT BO3PACTACT.

B nponomxenue K HUCCIETOBaHUSIM CBOMCTB JIUAIIO-
neit u kBaapymnoneit B 1930 r. B «Kypnane duznueckoit
XUMUM» OBbLTa omyoOnnkoBaHa cratbs «K amekTpocratn-
Ke KOIIouaoB» [26]. B paboTe paccMOTpEHB! yCIOBUS
YCTOWYMBOCTH KOJUIOMIHBIX PAacTBOPOB. JIEKTpHUE-
CKHE CHJIBI SIBJIAIOTCSl MPUYMHON BO3HMKHOBEHUS, CTa-
OWIM3aluy M Pa3pyIICHUS KOJUIOWIHOTO COCTOSIHUS
cucteMbl. KoJIouHbIC CUCTEMBI SBISIFOTCS CIOKHBIMU
00BEKTaMHU ISl MCCICAOBAHNS, 1 HE3HAUYNTEIbHBIC U3-
MEHEHUSI BHEUIHUX YCIOBUI IIyOOKO OTpakaroTcsl Ha
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uX cBoicTBaX. «M3 Beex obiacTelt PU3NKO-XUMHI», KaK
MUCal aBTOpP, «KOJUIOWABI OTIMYAIOTCS HAaUMEHBIICH
BOCIIPOM3BOANMOCTBIO OIBITOBY. B paboTe mpuBeneHs!
BBIBOJIbl YPABHCHUH, MO3BOJISIONINE J1aTh MPUMEPHBIN
pacdeT 3IEKTPOCTATHISCKUX CHII. DIIEKTPOCTATHICCKHE
YCIIOBUSI CTAOMIBHOCTU CHCTEMBI JOJIKHBI OBITh B TEC-
HOH CBSI3U C paJiiyCcoM M IDIOTHOCTEIO 3apsiia (ypaBHe-
Hus (11) u (12)).

1 (11)

43x10°"

Sen?
HOCTb 3apsija, y — SHEPTUS €AUHULbI IOBEPXHOCTH, C —

KOHIICHTpAIIUS, /1 — 3apsi/i NOHA.

Wy = 4.48x10°\/y~en’ (12)

[pu MaTbIX 3HAYCHUSIX 7 TPOUCKOIHUT MEPEXOJT K HC-
TUHHBIM PacTBOpaM (IUCIIepranys), a Mpyu YMEHBIICHHN
dw? Hactymaer koaryssius. KpuTudeckas IUIOTHOCTb
3apsima TeM OoJble, a, CIeNOBaTeIbHO, U PACTBOP TEM
HEYCTOHYMBEE, YeM BBIIIE MMOBEPXHOCTHOE HATSKEHUE,
KOHIICHTPAIHSI U 3apsiT HOHOB B PacTBOPE.

B »tom ke romy A.K. CeipkuH 3auHTEpecoBall-
Csl ONpPENETICHUEM YacTOT WH(PAKPAaCHBIX KOJIeOaHHH.
K »ToMy BpeMeHH ISl MPOCTBHIX MOJEKYT (METaNJIoB)
He OBUIO ONBITHBIX TAaHHBIX IS COOCTBEHHBIX HH(pa-
KpacCHBIX KOJICOaHUH, TTOTYYCHHBIX ONTHYECKUM ITyTEM.
YHuBepcanbHOCTh GopMmyibl (13), monydeHHO# B pabote
[27], onpenensieTcsi OTHOLLIEHUEM TJIOTHOCTH BEIIECTBA
K €10 aTOMHOH Macce, Toraa Kak 0oJee MHUPOKO HCIIOIb-
3yemasi popmyna JInagemanHa (4) BKIFOYAET elle U TeM-
neparypy IUIaBICHUS.

7€ d — TOMIMHA BHEIITHETO CII0s, d = , (0 — IJIOT-

d2/3

12

v, =198.8x10 ik (13)
v=2.8x10"T"M"°d"?, (14)

Tie v, — 4acTora nH(paKpacHbIX KoseOaHui, d — MiIoT-
HOCTb CO€AUHEHus, M — aToMHBbII Bec, T — TeMmepary-
pa mnaBneHus. B npeacraBineHHoil paboTe paccunTaHbl
9aCTOTHI KOIEOAHUH pa3IMIHBIX METALIOB (Zn, Ag, Al,
Cu, Pb, Hg, Cd), a Taxxe 3Ha4eHHUs v I psiia XUMH-
yecknx coeanHeHni. OgHAaKo B 3TOM CIydyae BMECTO
aTOMHOT'O0 Beca aBTOP HCIIOJIb30BaJl CpelHee 3Haye-
HHE aTOMHBIX MacC BXOJAIIUX B COCIMHCHUE aTOMOB,
nanpumep (M, + M,)/2. Pesynbrarel, nony4eHHbIE U3
ypaBHeHUs (13), XOpOIIO COTNACYIOTCSI C ONMBITHBIMU
JAHHBIMH.

[ToTpeOHOCTH  TEKCTWIIBHOW  TPOMBINIICHHOCTH
Kpasi, rae w1 u padotan S.K. CeipkuH, npuBenu ero K
COBMECTHOM paboTe ¢ OyIyIuM 3aBeAyONIHM Kadeapoit
XHUMHUYECKOH TEXHOJOTHH BOJOKHHCTBIX BEIIECTB
I1.B. MopeiranoBeiM. B 1aboparopuy KOJUTOMITHOM XH-
Mun B 1931 I. BBINOIHEHBI UCCIEOBAHUS, PE3YJIBTAThI
KOTOPBIX OBUIH OIyONMKOBAaHEI B JkypHane «lI3Bectns
XJIONTYATO-OyMaXxHOH mpoMsblnuieHHOCTHY [28]. B pa-
00Te PUBENICHEI TIEPBBIC PE3YIABTATHI IT0 KHHETHKE Kpa-
HICHUS XJIOMYaTOOyMaXXHBIX BOJIOKOH CyOCTaHTHBHBIMHU
KpacuTeasiMU. ABTOPBI MCXOAMIM M3 IPEAINONOKESHUS,
YTO B [IEPBOM MPUOIMKEHUH CKOPOCTh KpaleHHsI IPSMO
MIPONIOPLHOHAIbHA HEOHACHIILIEHUIO BOJIOKHA KpacuTe-
nem. Mcrone3ys psa AONYyLICHUH, OHU BBIBEIH ypaBHE-
HUE [IEPBOTro MopsKa 1Jis pacyeTa KOHCTAHThI CKOPOCTH
k nannoro npornecca (15):

=t A (15)
t A-C

e ¢ — BpeMs OT Haudaja onbiTa, C — KOHLEHTpaLus Kpa-
CHUTEJIs BO BpeMeHH ¢, 4 — MaKCUMaJbHasi KOHLEHTpaLMs
KpacuTeJs Ha BOJIOKHE (paBHOBECHAsl KOHLEHTPALIHS).

B kadectBe kpacuteneil ObLTH BBHIOpAHBI OpaHIKe-
BBIM ISl XJIONIKAa M OKCAaMHHOBBIA 4KUCTO TOoMyOoH. IIpn
WCTIONIB30BaHUHM 000MX KpacuTesel yxe dyepe3 15 mMuH.
HaOII0ANIOCh pe3Koe NajieHue k, a paBHOBECHOE COCTO-
SHUE, T.€. BPeMs, depe3 KOTopoe OOIbIe HE MEHSICTCS
KOHLIEHTpAIUs KPacUTeJIsA, HACTyNaslo B 000MX CIIydasx
gepe3 gac. B pabore Taxke mokazaHO BIMSHUC BBEICHUS
JJIEKTPOJIIMTOB B PacTBOp Kpacureneld. B xauecTse mpu-
mepa Ot BeiOpanbl NaCl n ZnSO,. [Tokazano, 4to 06a
JNEKTPOINTA AACOPOUPYIOTCS BOJIOKHOM (M3MEHEHHE
ANIEKTPOIPOBOAHOCTH PAacTBOPa) U KOHCTAHTa CKOPOCTH
B CJIy4ae MCIIOJIb30BAHUS AIEKTPOIUTOB MPAKTHUECKU B
JIBa pasa BhIIIE, YeM 0e3 HHX.

3a Bpemsa pabotsl B UBIIM-UXTU S.K. Ceipkun
omyonukoBan oonee 50 HayyHbIX padot. B 1931 1. SlkoB
KusoBuu nepeexan B MoCcKBy M TIOCTYIWI Ha padoTy B
MOCKOBCKHI MHCTUTYT TOHKOH XWMHWYECKOW TEXHOJO-
run (MUTXT), roe cran 3aBeayrommM Kadenpoit ¢u-
3UYECKOH XMMHHU, YJICHOM-KOPPECIIOHAEHTOM, a 3aTeM
neiicrBurensHbM wieHoM AH CCCP. MUTXT cran Ha-
cTosiuM toMoM A SlkoBa KuoBuua, He npeaaBLum
€ro B TPYJHbIE TOJbI «PE30HAHCHBIX» TOHEHUH.

B aT0ii cTarbe MBI NOCTapaguCh OCBETUTH OCHOB-
HbIE€ HAIIPaBJICHUs HAyYHBIX HHTEPECOB MOJIOIOTO yye-
Horo flkoBa KuBoBnua CeipkuHa. Ero mHOrOoTpannsie
MHTEPECHl MOCIYXHWINA MEePBbIM TOIYKOM K 3apoiKie-
HUIO B MHCTUTYTE LIEJIOrO Psifia Hay4dHbIX HCCIEN0Ba-
HUM, MHOrUMe M3 Kotopbix Omaromapsa SI.K. Ceipkuny
M €T0 COaBTOpaM IMEpepociH B OOJNBIINE HAYYHBIC Ha-
MPaBJICHUS U ILKOJIbI, CYIIECTBYIOIINE JJO HACTOALIETO
BpPEMEHU.
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Puc. 4. UYnensr Akagemun Hayk B J1eTONMCH XUMTEXa.
Fig. 4. Members of the Academy of Sciences of the Ivanovo State University of Chemistry and Technology.

Hawmstte 0 S.K. CeipkuHe coXpaHIeTCs B KOJUICKTH-
Be 1BaHOBCKOTO XMMHKO-TEXHOJIOTHUECKOTO YHHBEPCH-
teta (puc. 4).
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