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AHoMayuM 2,2-0unupuaniia B oopameHHo-¢pa3oBoii
BbICOK03 () (PeKTHUBHOM KUIKOCTHOH XpoMaTorpapuu

HUrops Feopruesuy 3enkesuu'™, lannaa Anexcanaposuy Bapanos!?,

Bepa Muxaiiiosna Kocvman?

!Cankr-TleTepbyprekuii rocy1apcTBeH bl yHUBEPCUTET, MHCTUTYT XuMuu, Cankr-Ilerep6ypr, Poccus,
izenkevich@yandex.ru®

2A0 «HIIO «Jlom dapmauun»», Jlennnrpazckas 06i1., Poccus

Annoranusi. Ha npumepe ocobenHoctel yaepxkuanus 2,2'-Ounupuiuia B oOpamieHHo-(pa3oBoli BOKX
BIIEPBbIE YCTAHOBIICHO, YTO HaOMI0JaeMble TIPH MaKCHUMalIbHOM COZEp KaHUH BOJBI B JIIOCHTE aHOMAJIUH 3a-
BHUCAT OT CKOPOCTH IIOTOKA MOJBHKHOM (a3bl. JIyis BEISIBICHUS TAKMX aHOMAJIMI UCIIONIb30BaHA PEKyppPEHTHAS
aNMpOKCUMAIIUs 3aBUCHMOCTH BpEMEH yJEpKHBAHUSA OT COJEPKAHUSA MeTaHoua B 3itoeHTe. [lockoibKy s
2,2'-0ounupuania u3BecTHO o0pa3oBaHKe ruapara, To Ha rpadukax peKyppeHTHOH aNlpOKCHMAIK ero Bpe-
MEH YJep:KMBaHUS IPU HCIOJIH30BAaHUH BOJHO-AIlETOHUTPUIBHBIX JIIOCHTOB TOUYKH, COOTBETCTBYIOIIHUE
HanOOINBIIEMy COACPIKAHUIO BOJIBI B AJTIOCHTE, OTKJIOHSIOTCS BHU3 OT JIMHUU perpeccuu. Takas 0cCOOEHHOCTh
THUIMYHA IS BCEX 00pa3yIoIUX THPaThl aHaIUTOB. [1o100Has ke aHOMAaHs HaOII0IaeTCsl P UCTIONB30Ba-
HHUH BOJHO-METaHOJIBHBIX 3JTI0OCHTOB TP MUHUMAIIBHOM pacxoze dmoenTa (0.7 mi/mun). OfHAKO NPH YBEIH-
YeHnH pacxoja »moenTa (0 1.0 cM®/MHUH) COOTBETCTBYIOIIHE TOYKH Ha rpaduKax peKyppPEHTHOM anmpOKCH-
Maluy BPEMEH YIECP)KUBAHUS OKa3bIBAIOTCSI PACIHOJIOKCHHBIMHU BBIIIE JIMHUM PETPECCHH, YTO HUKOTAA HE
HaOmromam panee. [IpemrosxkeHo Bo3MoxHOE 00BsicHeHHE d(PdekTa.

Ecnm oTkiioHeHMs Toyek Ha rpaduKax peKyppeHTHOW alllpOKCUMAIMK BHU3 OT JIMHUH PETPECCH 00YCIIOB-
JICHbI CBOMCTBaMHM aHAJIMTOB (00pa30BaHNEM THIPATOB), TO 3aBHCUMOCTh XapaKTepa HaOJIF01aeMbIX aHOMaIIN
0T Pacxo/a JII0EHTAa HUCKII0YAeT UX 00BSCHEHNE TOJIBKO 3TOH NpuuuHOi. I[Tpyn 3TOM HE00X0ANMO NPUHSTH BO
BHHMaHHe OoJibliiee BINSHUE PAcX0/la dJIFOCHTA Ha 3HaueHUs (PaKTopa aCHMMETPUHU XpoMaTorpapu4ecKux mu-
KOB 2,2'-OUnupuanIia Mpy UCIOJIb30BaHUK BOJIHO-METAHOJIBHBIX AJIIOEHTOB, YeM B CIIy4ae BOJIHO-alleTOHMT-
puibHbIX. CoueTaHue BYX BBISABICHHBIX aHOMAJIMii: K3MEHEHHE 3HaKa OTKJIIOHEHWH TOYeK Ha rpadukax pe-
KypPEHTHOH allpOKCUMALH U yBeTHUeHHe (GaKkTopa aCHMMETPHH IIPU YBETHUEHUH PAacX0/1a SJTFOCHTA MOXKET
OBITH MHTEPIPETHUPOBAHO KaK CIEJACTBHE HEPABHOBECHOTO XapaKTepa XpOMaTOrpaHuecKoro pas/ieieHus.
[Ipn yMeHbIIEHHN pacXo/a 3II0EHTA COCTOSIHUE CUCTEMBI 00JIee COOTBETCTBYET PaBHOBECHOMY.

Cronp JeTanpHOE PacCMOTpPEHHE OCOOEHHOCTeH Xpomatorpaduueckoro ynepxkuBaHus 2,2'-Onnupuiuia
MPE/ICTABISIETCS] OTHIO/b HE YACTHOW NPOOJIEMOM, MOCKOIBKY aHAJIOTMYHBIE AaHOMAJIMK MOTYT HaOJoaThCs
JUTSL COSAMHEHU WHOW XUMHYECKOH pupoasl. B pesynbrate 2,2'-OMnHpuInI He MOKET OBITh PEKOMEHIOBAH
B Ka4eCTBE TECT-KOMIIOHEHTA JUISl KOHTPOJISI HHEPTHOCTH XpoMaTorpapuIeckux CHCcTeM B oOpamieHHo-(a3o0-
Boit BOXKX.

KaioueBble ci10Ba: BHICOKOI((GEKTUBHAS KUJIKOCTHASI XpoMaTorpadusi, BApHaIlK cOcTaBa II0EHTOB, 2,2'-
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Anomalies of 2,2-bipyridyl in reverse-phase high-performance liquid
chromatography

Igor G. Zenkevich'®, Danila A. Baranov!, Vera M. Kosman?

Ist. Petershurg State University, Institute of Chemistry, St. Petersburg, Russia, izenkevich@yandex.ru®
2NPO Dom farmatsii, Leningrad region, Russia

Abstract. Using the example of the retention features of 2,2'-bipyridyl in reverse-phase HPLC, it was estab-
lished for the first time that the observed anomalies at the maximum water content in the eluent depended on
the flow rate of the mobile phase. To identify these anomalies, we used a recurrent approximation of the de-
pendence of retention times on the methanol content in the eluent. The formation of the hydrate is typical for
2,2'-bipyridyl, therefore the points corresponding to the highest water content in the eluent deviated downwards
from the regression line on the graphs of the recurrent approximation of its retention times when using aqueous
acetonitrile eluents. This feature is typical for all analytes forming hydrates. A similar anomaly was observed
when using water-methanol eluents with a minimum eluent flow rate (0.7 cm®min). However, with an increase
in the eluent flow rate (up to 1.0 ml/min), the corresponding points on the graphs of the recurrent approximation
of retention times were located above the regression line, which has never been observed before. We proposed
a possible explanation of the effect.

If the deviations of the points on the graphs of the recurrent approximation down from the regression line were
caused by the properties of analytes (formation of hydrates), the dependence of the nature of the observed
anomalies on the eluent flow cannot be the only explanation for the deviations. It was also necessary to take
into account the greater influence of eluent flow rate on the values of the asymmetry factor of chromatographic
peaks of 2,2'-bipyridyl when using aqueous methanol eluents as compared to aqueous acetonitrile. The com-
bination of two identified anomalies, a change in the sign of deviations of points on the graphs of recurrent
approximation and an increase in the asymmetry factor with an increase in eluent flow rate, could be interpreted
as a consequence of the nonequilibrium nature of chromatographic separation. With a decrease in eluent con-
sumption, the state of the system became more consistent with equilibrium.

Such a detailed study of the features of chromatographic retention of 2,2'-bipyridyl did not seem to be a par-
ticular problem, as similar anomalies could be observed for compounds of a different chemical nature. As a
result, 2,2'-bipyridyl could not be recommended as a test component for monitoring the inertness of chroma-
tographic systems in reverse-phase HPLC.

Keywords: high-performance liquid chromatography, variations in the composition of eluents, 2,2'-bipyridyl,
retention parameters, recurrent approximation, detection of anomalies.
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Cell COEAMHEHMH pa3IMYHOM XUMHYECKOU
IPUPOJIbI (PA3TUIHOMN MOJSPHOCTH) C IIENBIO

BBIABJICHU S IIMKOB

BBenenne

HcxonHas mochUIKa HACTOSAIIEH paboThI
MpeAcCTaBsuIa coO0M TOMBITKY XapakTe-
PUCTUKU HHEPTHOCTH XpOMaTOTrpapruuecKux
cucteM B oOpaiieHHO-(a30BOl BBICOKO-
b (heKTUBHONH  KUIKOCTHOH  XpOMaro-
rpadun (OO BDOXKX), xotopas Obuta ObI
OCHOBaHa Ha TeX K€ MPHUHLHMIAX, YTO W
XapaKTepUCTHKAa HWHEPTHOCTH  Ta30Xxpo-
marorpaduueckux cucrem. C Havama 1970
IT. pEmieHue HTOM 3aJayd B Ta30BOMU
Xpomarorpaduu npeanogaraeT aHaJInu3 cMe-

JTUCKPUMIHAIIHH
OTJIENBbHBIX KOMIOHEHTOB [1, 2] (mompol-
HbI OnGnuorpaduyeckuil CHUCOK NpUBe-
neH B pabore [3]). [locneanue pexomenaa-
UM BKJIIOYAIOT aHAIN3 0O0pas3IoB OJMHA-
KOBOTO COCTaBa C pa3HbIMU KOHIIEHTpa-
OHUSMHA KOMIIOHEHTOB [3, 4], 9TO MO3BOJIIET
KOJIMYECTBEHHO OIICHUTh TPAaHUII WHEPT-
HocTth. OJHAKO €ciau B ra3oBOiMl Xpomaro-
rpadun mepBasi CTaAusl STOW Omeparuu —
BBIOOp  TECT-KOMIIOHEHTOB  Pa3IMYHOMN
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MOJIIPHOCTU — HE MPEACTaBISET OCOOBIX
cinoxknocrel, To B O® BOXXX takoii BEIOOp
BecbMa HerpocT. [IpuunHoii 3Toro sBiseTcs
MHOT000pa3ue B3aUMOJICUCTBUI aHAIUTOB
HE TOJBKO C copOeHTaMu Xpomarorpa-
(UYEeCKNX KOJOHOK, HO U C KOMIIOHEHTaMH
JIOEHTOB, UYTO MOXET MAacKHUpOBaTh
OposIBICHUST  1eNeBbIX  3P(PEeKToB U
OCJIO’KHSET UHTEPIIPETALIUIO PE3YIIbTATOB.
Ha orame BbIOOpa MOTCHIMATBHBIX
KOMIIOHEHTOB TECT-CMECEW HJisi KOHTPOJIS
WHEPTHOCTH XPOMATOTPapUIECKHX CHUCTEM
B O® BOXXX mrobast orHocsIIasICs K dTOH
npobieme  WHpOpPMANUsA — TIPEACTABISIET
Oe3ycnoBHbIH HHTEepec. OOHUM U3 TaKUX
KOMITOHGHTOB  sIBJIIeTCSl  2,2'-OUMUpuUIuI

(CAS Ne 366-18-7, aGOpeBuarypa 2,2'-
biPy) (1):

—N —

I

\ /N4 M

Unrepec k 2,2'-biPy B O® BDXKX BbI-

3BaH ero ynomuHanuem B Wikipedia

(en.wikipedia.org/wiki/High perfor-

mance_liquid_chromatography) xak nores-
[IHAJTLHOTO TECT-KOMITOHEHTA IS ICTeKTH-
pOBaHUS MPUCYTCTBUSI CIIEIOB HIOHOB METaJI-
JOB B XpoMmaTorpaduueckux CHCTeMax B
BDXX. ITockoabky 2,2'-biPy obpasyer xe-
JIaTHBIE KOMITJIEKCHI C MOHAMH TIEPEXOTHBIX
METaJUIOB, TO MPE/IOIaraeTcs, YTo MpUcyT-
CTBHUE UX CIIeJIOB (HampuMmep, Ha MOBEPXHO-
CTHU CUJIMKAreJsi) I0JDKHO IPUBOINUTH K yBe-
JUYEHUI0 aCHUMMETPHH XpoMmaTtorpaduue-
CKHX TMHKOB (TIOSIBJIEHUIO «XBOCTOBY»), YTO
(aKTUYECKU COOTBETCTBYET MOHSITHIO «HE-
JIocTaTouHass MHEPTHOCTh». K coxkanenuro,
B Wikipedia sTa uHdopmaius npuBencHa
0e3 CCBHUIOK, a MONBITKH HAUTH ee 0oJiee «ce-
PBE3HBIE» UCTOUYHUKH OKA3aIIUCh Oe3pe3yIib-
TaTHBIMU. TeM He MeHee, TaKoe yImOMHUHa-
HUE 3aCIIy’)KHBaeT JOIMOJIHUTEIbHYIO TIPO-

BEPKY.

OU3UKO-XMMUYECKHE  XapaKTEPUCTUKH
2,2'-biPy: MOJIEKYJISIpHas bopmyna
CioHsN2, monekynspHas macca 156 [la,
HOpMaJbHast TeMIeparypa KHUIIEHUS
273.0+£0.7°C, TtemmepaTypa TUIABJICHUS
70.7£1.5°C, orHOCHUTENBHAS IUIOTHOCTD

1.10, mokazarens npenomienus 1.580, pKa
4.4140.1, pactBopumocTh B Bosie nipu 20°C
0.55 /100 cm®, mumospHbi Moment 0 D.
HyneBoili AumnoibHBII MOMEHT O3HAYaeT,
YTO ATO coelMHEHHE (IO KpailHel Mmepe, B
pacTBOopax B HEMOJISIPHBIX PACTBOPUTEISX)
HaXOJUTCS B TPAHCOUIHOU KOH(pOpMAIUU
(). Baxwo, uro ms 2,2'-biPy usBecren He-
CTaOWUIBHBIA MPU HOPMAIIBHBIX YCIIOBHUSIX
moHoruapat (CAS Ne 123333-55-1) [5]. Ta-
KM 00pa3oM, B AJIIOEHTaX — BOIHBIX pac-
TBOpax — CYIIECTBYET AMHAMUYECKOE paB-
HOBECHE MEX]Iy TUIPATUPOBAHHON 1 HETU]I-
parupoBanHou popmamu 2,2'-biPy (1), ox-
HAKO 3HaUYEHUE KOHCTAHTBI TUApATAIluH, KaK
Y JUISI MHOTUX JIPYTUX OPTaHUYECKUX COCITH-
HEHUI, HEN3BECTHO:
C10HsN2+H20 =—— Ci1oHsN2xH20 (1)

Kax OpUIO HemaBHO IIOKa3aHO, Takas
oOparumasi  TUApaTanus  aHaJUTOB B
ycinoBusix pazaenerus metoom Od BOXKX
MOKET OBITh BBISIBICHA B pe3yJbTaTe
PEKYPPEHTHOM anmpoKCUMAIMU UX BpeMEH
YAEP)KUBAHHUSL 1O OTKJIOHEHHUSM TOYEK,
COOTBETCTBYIOLIUX HauOOoJIbIIEMY
COJIEPKAHUIO BOJAbI B 3JIOCHTE, OT JIMHUU
auHeMHoON perpeccun [4-7]. BrisBieHue
3aBUCHMOCTEH MMapamMeTpoB YACpKUBAHUS
AQHAJMTOB OT COJEPKaHHUSI OPTraHUYECKHUX
pactBoputeneii B amwoeHrax, tr(C),
MPEACTABISIET COOOM OJIMH W3 OCHOBHBIX
Croco00B XapaKTePUCTHKU KaK aHAJIHTOB,
TaKk M COpPOEHTOB XpOMaTOrpapUUEecKUX
kojJoHOK B O® BOXX [8-11]. Hua
XpoMarorpaduueckux nmapaMmeTpoB (BpeMeH
yaepxkuBanusi, tr) B OD BIXX
PEKYPpPEHTHBIE  COOTHOIIEHUSI  TIEPBOTO
MOPSJIKAa UMEIOT CIISAYIOIINN BU:

tr(C + AC) = atr(C) + b, (2)

rae C — cogepxkaHue OPraHnYecKOro KOMIo-
HeHTa B »aroeHTe, AC=CONSt — 3amaHHBIA
MOCTOSHHBIA «IIar» ero Bapuanuu, a, b —
KOA((OUIIMEHTHI, BBIYUCISEMBIE METOJIOM
HaWMEHBIIINX KBaJIPaTOB.

Ecniu mnpu Bapuanmmsix  cojepkaHus
OpraHMYECKOT0  KOMIIOHEHTa  3JII0EHTa
AQHAJIUTHI HE MPOSIBIISIFOT HUKAKUX aHOMaJTHH
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Puc. 1. (a) I'paduk 3aBUCUMOCTH SKCIIEPUMEHTAIFHO H3MEPEHHBIX BPEMEH YCpP)KUBAaHHSA alle-
To(heHOHa (MUH) OT KOHIICHTpaluu (00beMH. %) MeTaHoua B amoenTe [6], tr(C): 32.464(30),
18.244(40), 11.230(50), 7.774(60), 6.052(70) u 5.226(80); (b) pexyppenTHOE IpEACTABICHHE

nannsix: (r(C 10%)=atR(C)+b. ITapamerps! muneiinoi perpeccun: a=0.4932+0.0005,
b=2.231+0.008, R=0.99999, S,=0.01
Fig. 1. (a) Graph of the dependence of experimentally measured retention times of acetophe-
none (min) on concentration (vol. %) methanol in the eluent [6], tr(C): 32.464(30), 18.244(40),
11.230(50), 7.774(60), 6.052(70), and 5.226(80); (b) recurrent representation of data:
tr(C+10%)=atr(C)+b. Linear regression parameters: a=0.4932+0.0005, b=2.231+0.008,
R=0.99999, S,=0.01

xpomatorpaduueckoro yaep;kupanus B OD
BOXX, TO pekyppeHTHbIE NpeACTaBICHUS
coBokymnHoctedl 3HadeHui (R(C) mast HuX
UMEIOT BHJl MNPAKTUYECKH «HICATBHBIX)»
JUHEHWHBIX  3aBUCUMOCTEH ¢  Ko3(pdu-
nueHtamMu Koppensuu 6onee 0.999. Ipu-
MEpPOM TaKUX COECAMHEHUH MOXKET CIYXHUTb
aretodeHoH (BOJAHO-METAHOJIBHBIE JIIIOCH-
ThI), U1 KOTOPOTO Ha pHC. 1a npencTaBieHa
Onmu3kasgs K THUNEpOONTMYECKON HCXOIHAsS
3aBucumocts tr(C), a Ha puc. 16 — ee pekyp-
penTHas anmpokcumarus [9]. Bpemena
yAEp)KUBAHUS U TapamMeTphl 3aBUCHUMOCTH
(2) yka3aHbl B OJIIIUCH K PUCYHKY.

Ecnu sxe 3aBucumoctu tr(C) mckaxeHsI
MPOSIBJICHUSIMH KaKHX-JTMOO OTTOTHUTEIb-
HBIX 3()()eKTOB, TO 3TO MPUBOAUT K OTKJIO-
HEHHSIM OT/ENIbHBIX TOYEK Ha TpaduKax mx
PEKYPPEHTHBIX aNMpOKCUMAIUN OT JIMHUN
JMHENHON perpeccuu. BBIABUTH Takue OT-
KJIOHEHHsI JJIs1 HMCXOJHBIX 3aBUCHUMOCTEH
tr(C) crmoxkHO. MakcuMasIbHbBIC OTKIOHCHHS
HaOII0AAI0TCS AUl DIIIOEHTOB € HauOOJIb-
MM COJIep)KaHHeM BOAbI. B cirydae rumpa-
TOB, KOTOpbIE IO CBOEH Mpupoje 6osee ru-
pOMUIBHBI MO CPAaBHEHHIO C HCXOIHBIMH
aHaJTUTaMH, Ha TpaduKax peKyppeHTHBIX
anMpOKCUMAaLUi TOYKH, COOTBETCTBYIOIIHE
MaKCHUMaJbHOMY COJICpP)KaHHIO BOIBI B

JNIOEHTE, OTKIIOHSIOTCS BHU3 OT JIMHUH pe-
rpeccun. B pabote [9] mist o60cHOBaHMS T10-
TO0OHBIX A(()EKTOB OBLI UCIIOIB30BAHBI pe-
3yJbTaThl YUCIIEHHOTO MOJEIUpoBaHus. B
KayecTBe HWILIIOCTPAllMd Ha PUC. 2 TMpHUBe-
JIeHbI TpadUKN pEKypPEHTHOH anmpoKcuMa-
IIUH JUTs IBYX 00pasios 2,2'-biPy ¢ koHI1eH-
Tpatmamu 216 u 21.6 mkr/cm®. Tpumeua-
TEJIbHO, YTO KO3(PPUIMEHTHI TUHEHHBIX pe-
KyppEHTHBIX ypaBHeHui (2) (6e3 yuera aHo-
MaJIbHBIX TOYEK) B 000OMX ClIydasx MpaKkTh-
YEeCKHU OJINHAKOBBHI.

OO6pa3oBanue THAPATOB AaHAJIUTOB B
ycnoBusix O® BOXKX B nenom Oomnee Tu-
MUYHO  JUII  BOJHO-alleTOHUTPHIIBHBIX,
HEKENU JUI BOJHO-METAHOJIbHBIX 3IIIOCH-
TOB. DTOT 3(pPeKT 00yCIOBIEH TEM, UTO ME-
TaHOJ oOpa3yeT ¢ BOAOH Oojee MpOUYHBIE
TUAPaThl, YeM COEAMHEHUS JPYTHUX KIIacCOB,
YTO MOXKET MPEMSITCTBOBATh UX THAPATALIUN
[8]. Tem HE MeHEee, BEISBIICHBI aHAJIUTHI, TSI
KOTOpBIX 00pa3oBaHME T'MIPATOB JIETEKTH-
pyeTcs U MpHU UCTOJNIb30BAaHUM BOJAHO-METa-
HOJIBHBIX JJIFOEHTOB [9].

UucneHHble YKCIIEPUMEHTHI B padoTe [9]
MTO3BOJIMJIY IIPEJICKA3aTh €11€ HECKOJIBKO I10-
TEHI[MAIIBHO BO3MOXHBIX aHOMaJlui mapa-
MeTpoB yaepxkuBanus B OD BOXX. On-
HaKO JaibHEeWIee pacUIMpeHue Kpyra xa
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Puc. 2. I'paduku peKyppeHTHOM anmpoKCUMAIlK BpeMEH yaepxkuBanus 2,2'-biPy B nuamnaszone
KOHIIeHTpaImi aretonutpuia ot 80 1o 20% 06. (koHueHTpaiwu 2,2'-biPy B pactBopax a) 216
u 6) 21.6 mxr/cm®). I[TapameTphl ypaBHeHHiA TUHEHHON perpeccuu (6e3 yyeTra aHOMaIbHbIX TO-
uek): a) =0.56+0.02, b=0.94+0.05, R=0.9993, Sp=0.02; 6) ¢=0.56+0.01, b=0.97+0.03,
R=0.9994, S,=0.01.

Fig. 2. Graphs of the recurrent approximation of the retention times of 2,2'-biPy in the range of
acetonitrile concentrations from 80 to 20% by vol. (concentrations of 2,2'-biPy in solutions a)
216 and 6) 21.6 pg/ml). Parameters of linear regression equations (excluding anomalous
points): a) a =0.56 + 0.02, b = 0.94 + 0.05, R = 0.9993, Sp = 0.02; 6) a = 0.56 + 0.01,
b=0.97 +0.03, R = 0.9994, So = 0.01.

paKkTEepU3yeMbIX AaHAIUTOB PA3IUYHOU XU-
MUYECKON MPUPOABI IPUBEIIO K BBISIBICHUIO
TaKUX OCOOEHHOCTEH yJep)KUBaHUS, KOTO-
pble HEe MOIJIU OBITh MpEACKa3aHbl B Pe3yJlb-
TaTe TOJbKO YMCIECHHOTO MOJEIUPOBAHUS.
OpHUM U3 TOJJOOHBIX COEMHEHUH OKa3acs
uMeHHo 2,2'-6unupuauin. PaccMotpenue
0COOEHHOCTE ero Xxpomarorpaguyeckoro
yAep>KUBaHUs B HacTosIled pabore mpen-
CTaBIIIETCS OTHIOAb HE YAacCTHOM mpoOie-
MO, TIOCKOJIbKY aHAJIOIMYHble aHOMaJIUH
MOTYT HaONIOAATbCA U U1 COEIMHEHUN U
WHON XMMHUYECKOU IPUPOJIBI.

3KCHepHMeHTaJ’lLHaH 4acTb

[purorosneHue pactBopos. Jlist mpuro-
TOBJICHUS KICXOTHOTO pacTtBopa (0) HaBecky
2,2'-ounupuguna  (2,2'-biPy; Reagent
Grade; «Peanan», bynmanemr, Benrpus)
Maccoii okos1o 1 Mr pacTBopsiiu B 5 cm® uso-
npormioBoro crupta (XY, «Kpuoxpomy,
Cankr-IlerepOypr), 4TO COOTBETCTBYET KOH-
nentparuu  2,2'-biPy okono 200 mxr/cm®.
PactBopst (i) — (iii) roToBMIN cepueii mocIie-
JIOBaTEJIbHBIX pa30aBJICHUI HCXOIHOTO pac-
tBOpa B 10 pa3 (3 0.5 cM® mpempimymero
pactBopa u 4.5 cM® H3OMPOMUIOBOTO

cnupTta). B onHoM ciydae (cM. fanee B TEK-
CT€) WCIOJIb30BAJIU CEPHUIO MOCIEI0BATEIb-
HBIX pa30aBieHUil B 1Ba pasa.

B nepBbix paboTax Mo XapakTepUCTHKE
BO3MOKHOCTEH PEKYPPEHTHOM amnIpoKCH-
Manuu BpeMmeH yaepkusanusg B OD BOKX
(mampumep, [6]) mnpoObI pacTBOpsSUIM B
amoeHTe. OJHAKO BIOCIEACTBUH OBLIO
YCTQHOBJICHO, YTO TPHPOJIA PACTBOPUTEIIS
HE OKa3bIBaeT BIIMSHUSA Ha HaOIrO/aeMble
3¢ @eKTh, YTO MO3BOJUIO HCIOIB30BAThH
U30TPOIUIIOBBINA CIIHUPT.

Ycnosus ananmza. BOXKX ananus obpas-
IIOB C MCIIOJIb30BaHMEM BOJHO-METaHOJb-
HBIX JJIOCHTOB TPOBOAMIM Ha TpudOpe
Shimadzu LC-20 (Prominence), ¢ geTekTo-
pom SPD-M20A Tuna «auojgHas MaTpuia»
(Prominence) u xomonkoii Luna 5u CI18
JUIMHOW 250 MM 1 BHYTPEHHHM JUaMETPOM
4.6 MM (pa3Mep dacTul] coOpOeHTa 5 MKM).
Hcnonp30BaHbl M30KPATHYECKUE PEKUMBI
JIIOUPOBAHUS TIPH BapHaLUAX COJCPKAHUS
meranona (YA, HIIK «Kpuoxpomy,
Cankr-IlerepOypr) ot 20 1o 80% 06. ¢ ma-
rom 5%. Temneparypa xononku 40°C, cko-
pocts roToka smoenta 0.7 u 1.0 ev®/vun, pH
amroeHTa 6.2-6.3, o6vem npob 10 mxit. B co-
CTaBe HJIIOEHTOB Obljla HCIIOJIb30BaHA Jie-
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MOHM3UpPOBaHHas Boja (yAeIbHOE COMpO-
tuBiieHne 18.2 MOMxcM), mosrydeHHasi Ha
ycranoBke «Milli-Q device» («Milliporey,
CHIA). Bapuanuu BpeMeH YIep KHBaHUS
KOMIIOHEHTOB OJIHUX M T€X K€ 00pa3lioB B
pe3yJibTaTe UX MOCIEeI0BATENBHOIO J03UPO-
BaHus He npesplanu 0.02-0.03 muH. Pac-
xon omoenta 0.7 cM/MuH BBIOpaH IS
YMEHBILEHNS 1aBJICHUS 3II0EHTA Ha BXOJIE B
XpomaTorpauueckyto KOJOHKY H3-3a yBe-
JIMYECHUS BSI3KOCTH CMECEH METaHoa C BO-
nou [8].

Ananmu3 00pasloB C UCHOJIb30BAHHUEM
BO/IHO-aIIETOHUTPUIIBHBIX DITFOCHTOB ITPOBO-
JIMITA Ha aHAJIOTUYHOM Xpomarorpade ¢ 1au-
OJIHO-MAaTPUYHBIM JIETEKTOPOM U aHAJIOTHUY-
HOM KOJIOHKOM M TPEAKOJOHKOW JJIMHOU
3 MM, 3alO0JHEHHOW TaKUM € COpOEeHTOM
(Phenomenex,  CIIA).  KomrmoHeHTHI
JJIOEHTA: BOJIA, OYHUIIEHHAs C HUCIOJIb30Ba-
HHEM CHCTEMBI BOAOMOAroTOBKH Simplicity
UV, Millipore, CIIIA, u arietoHUTpuI (COPT
«0», HIIK «Kpuoxpom», Cankr-Ilerep-
Oypr). Ucnonb3oBanu HU30KpaTUYECKUE pe-
JKUMBI DJIIOMPOBAHUS C COJEP’KAHUEM alle-
toHuTpuia ot 20 1o 80% 00. ¢ marom 10%,
CKOpOCTh TOTOKa dmoeHTa 1.0 cM®/MuH,
00BeM mpod 20 MKII.

OO6paboTka pe3ynbTatoB. Perucrpanmio
Y®-crieKTpoB U ONpeleIcHUE 3HAYCHUM
¢dakTopa acumMMmeTpuu Xpomarorpaduye-
CKUX MHMKOB MPOBOJMIIN C MCIIOJIB30BaHUEM
CTaH/IapTHOI'O MPOTPAMMHOI0 00ecTIeYeHH st
xpomarorpadoB. JlONOJHUTENBHO BbIUUC-
JISUTM OTHOCUTENbHBIE ONTUYECKUE TIOTHO-
cth Aorn=A(254)/A(220) nnst nuH BostH 254
u 220 HM, paBHbIE OTHOILIEHUIO IUIOIIAEH
NUKOB 1pu 254 n 220 HM, COOTBETCTBEHHO.
Jlns cratuctuueckoil 00paboTKH pe3ynbTa-
TOB U UX Irpa)uyecKoro NpeacTaBiIeHUs Uc-
nons3oBau [10 Excel (Microsoft Office
2010) u Origin (Bepcuu 4.1 u 8.1).

Heo0xo1umMo 0TMETUTh BaXKHYIO OCOOEH-
HOCTb PEKyppPEHTHOM anmnpokcumanuu. OHa
nenecoo0pa3Ha TOJNBKO i KOHKPETHBIX
HaOOpOB BpeMeH yJepKuBaHHUs 0e3 uX
MPE/BAPUTENLHOTO YCPEAHEHUS, KOTOpOe
MOYKET MPUBOAUTH K CHUKEHUIO TOYHOCTHU

pe3ynbratoB. Ponb cratucrtuyeckoit obOpa-
OOTKH B 9TOM CJIy4ae BBIMOITHSIET alpOKCH-
MaIusi HabOpOB JaHHBIX METOJIOM HaUMEHb-
LIUX KBAJIPaTOB.

O0cy:xnenne pe3yJbTaTOB

OCOOEHHOCTH XpOoMaTOrpapUIEcKuX ma-
pamerpoB 2.2'-0unupuania B CHCTEME alle-
TOHUTPUI/Bofa. [10CKOJIBKY M3BECTHO, UTO
2,2'-biPy oOpa3syer ruapar, To Ha OCHOBa-
HUM paHee MOJYyYCHHBIX JaHHBIX [6-9] C BbI-
COKOM BEPOSTHOCTHIO MOKHO OBLIO yTBEp-
XKJaTh, YTO Ha TpaduKax peKyppeHTHOM ar-
NPOKCHMAIIMA €Tr0 BPEMEH yJICPKUBAHUS
KaK (QYHKUIUH KOHLIEHTPALUNA KOMIIOHEHTOB
3JI0EHTa, OyIyT HAOJIIOAATHCS OTKIOHECHHS
TOYEK, COOTBETCTBYIOIIMX HauOOIbIIEMY
COJICPKAHUIO BOJIBI B STFOCHTAX, BHHU3 OT JIH-
HUN perpeccuu. DTO OTYETIMBO BUAHO Ha
puc. 2. OqHako B OTJIMYHME OT MPEABLAYLINX
pabort [6-9], 31mech Takasi IpOBEpPKa BBIMOJI-
HEeHa s 00pa3IoB He ¢ (PUKCHUPOBAHHBIM
cozxepkanueM 2,2'-biPy, a npu BapwsrpoBa-
HHUU €r0 KOHIIEHTpalluil B 108 pa3. C srou
EJBI0 OBUIH MTPOAHATU3UPOBAHBI PACTBOPHI
(0-iii) ¢ xonmentpammsmu 2,2'-biPy 216,
21.6,2.2 1 0.2 Mxr/cM® B tManazoHax coyep-
KaHUS alleTOHUTpUia B 3roeHTe oT 20 1o
80% o6bemH. ¢ marom 10% (tabnuma 1).
@®parmMeHThl XpoMaTorpaMM pacTBOpPOB 2,2'-
biPy ¢ xonmenTparusivu 216 u 0.22 MKT/MIT
MIPH COJICP’KaHUH allETOHUTPUIIA B DITIOCHTE
80% 00. npuBeeHkI Ha puc. 3.

Takue xpomMaTorpaMMbl WILTFOCTPHPYIOT,
uyro ¢opma (acummerpusi) mukoB 2,2'-biPy
CYIIECTBEHHO HE MEHSIETCSl TPH yMEHBIIIe-
Huu KonuuecTsa aHanuTa B 1000 pa3, Ho ipu
€ro MHHHMAJIbHOW KOHIICHTpAIlMH B pac-
tBOpe (0.22 MKr/cM®) perucTpanuu ero mm-
KOB Ha XpOMarorpamMmax 3aMeTHO MEIIaloT
CUTHaJIbl TipuMecel B pactBoputene. Ilo
9TOW MPUYHMHE Ha XpoMaTOrpaMMax ABYX
MOCTIEIHUX PACTBOPOB C HAMMEHBIIMMHU
KoHIeHTpanusamu 2,2'-biPy mpu conmepika-
uuu CH3CN B amoenTe 20 u 30% nuku 2,2'-
biPy MalOMHTEHCHUBHBI U CHJIBHO Pa3MbITHI,
YTO MPUBOJUT K OONBIIMM IMOTPEIIHOCTSIM
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Tabmuua 1. Bpemena yaepxuBanus 1 (pakTopsl aCHMMETPHH TTHKOB 2,2’ -Oupuania JJis ero pas-
HBIX KOHIIEHTpaIMi B pacTBOpax MPHU Pa3HbIX COAEPKAHUSAX allETOHUTPHUIIA B COCTaBE DJIFOEHTA
(M3MepeHBI PH JUIMHE BOJHEI AeTeKTHpoBanus 220 HM, pacxox »moenTa 1.0 cm®/Mun)

Table 1. Retention times and asymmetry factors of 2,2'-biPy for its different concentrations in
solutions and different content of acetonitrile in the eluent (measured at wavelength 220 nm, elu-

ent flow 1.0 cm*/min)

Konuentparnus 2,2'- Konuentpanus CpenHee 3HaYCHUE BpE- dakTop acuy-
biPy B no3upyemom aleTOHUTPUIIA MEHU YICPKUBAHHUS, A
pacTBope, MKI/MJI B DJIIOEHTE, 00.. % tr, MUH METPHH, As
80 2.368 1.93
70 2.578 1.91
60 2.895 1.98
216 50 3.452 1.91
40 4.496 1.82
30 6.879 1.72
20 14.758 2.18
Cpennee 3HaueHne AS 1.92+0.14
80 2415 7.6*
70 2.610 7.6
60 2.934 59-123
21.6 50 3.506 3.5-8.6
40 4.562 3.8
30 6.940 7.4
20 15.102 3.6
80 2.572 1.60
70 2.892 1.91
2.2 60 3.311 1.67
50 3.850 1.55
40 4.464 1.60
Cpennee 3HaueHue AS 1.67+0.14
80 2.573 1.74
70 2.894 1.85
0.2 60 3.310 1.60
50 3.845 1.68
40 4.456 1.69
Cpennee 3HaueHue AS 1.71+0.09

*CTaHaapTHBIN aIrOpUTM BhIUUCIeHHUS (hakTopa acuMMeTpuu As JUtst 00pasiia ¢ KoHieHTpanueii 2,2'-biPy
21.6 Mkr/cM® NPUBOJUT K aHOMAIIbHO BBICOKMM 3HAYEHHAM (KOMMEHTAPHHU CM. B TEKCTE).

MHTETPUPOBAHUS MX IUIONIAAEH U UCKIIIOYe-
HUIO 3TUX JaHHBIX 3 PACCMOTPEHHSI.

C nenbio BBISBICHHUS BO3MOKHBIX HCKa-
YKEHUH XpomarorpaduiecKux MIKoB B TadJI. 1
yKa3aHbl 3Ha4eHUsI UX (PAKTOPOB aCUMMET-
pun, As. Ilpu 3TOoM oTMeueHa cieayromas
ocobeHHocTh. [l pacTBOpa ¢ KOHIIEHTpa-
nueit 2,2'-biPy 21.6 Mkr/cm® 3Hauenus As
€ro MUKOB CYyIIECTBEHHO OoJbllle, YeM JUIs

Jpyrux o0pasloB Kak ¢ MEHbIIUMH (2.2 U
0.2 Mxr/cM®), Tak 1 ¢ Gonpmeii (216 Mkr/cvS)
KOHIIGHTpaLUsAMU. AHOMaUs 3HaueHUi As
B 3TOH ke 00JacTU KOHIIEHTpalUi aHaIuTa
BOCIIPOM3BOJUTCS. B CEPUU PACTBOPOB, IO-
JTydaeMbIX pa3zbaBienusmu He B 10, a B 1Ba
paza. OnHako u3 ATOro ¢axkra He CIEAYIOT
Kakue-mmbo BBIBOJABI O TpaHchopManusx
2,2'-biPy B pacTBOpax WM aHOMAIHAX

612



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 606-619.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 606-619.

A, OOT. e. 2,2" biPy

3.04
2.04

1.04

|

1.0 20 3.0 4.0

R, MHH

a

A, mAU

10.0

2,2' biPy

5.0 4

trR, MHH

10 20 30 40

0

Puc. 3. ®parmenTsl XxpoMaTorpaMm pacTBOPOB 2,2'-OUnupHInia ¢ KOHIEHTpausamMu 216
Mkr/cm® (a) u 0.22 mxr/cm® (6) (comeprkanue aleTOHUTpUIA B iroeHTe 80%).
Fig. 3. Fragments of a chromatogram of solutions of 2,2'-bipyridyl with concentrations of
216 pg/cm?® (a) and 0.22 ug/cm? (b) (acetonitrile content in the eluent 80%).

OnTuYeckan
ILTOTHOCTE, MAU

Jnuna
BOJIHBLI, HM

OnrTudeckas
1} mI0THOCTH, MAU

JnHa
~ BOJTHBI, HM

0

Puc. 4. [Ipaktiuecku uaentnansie Y O-crektpsr 2,2'-biPy obpasia (1) ¢ koHeHTpanuei
21.6 mMKr/cM®, 3amMCcaHHbBIE B X0/I€ MX XpOMATOrpadUUECKOro pasieieHus IPH COAEPKAHUM
areToHuTpua B amoeHte 80% (a) u 20% (0).

Fig. 4. Practically identical UV spectra of the 2,2’-biPy sample (I) with a concentration of
21.6 ng/cm?® recorded during their chromatographic separation with an acetonitrile content in
the eluent of 80% (a) and 20% (b).

ynepxuBanus 2,2'-biPy. Bo3moxHO, 3TO
00YCIIOBIICHO OCOOEHHOCTSIMH «TPaIUIINOH-
HOTO» aJTOPUTMa BBIYHCICHUS (PaKkTopa
acUMMeTpuu (OTHOIICHHE PAcCTOSHUHA OT
MEPIECHANKYIApa U3 MaKCHUMyMa IIMKa Ha
0a30BYI0 JIMHHUIO 10 3aJHETO U MEPEIHEro
¢ponToB nHKa Ha ypoBHE 10% OT ero BbI-
COTBI), KOTOPBI OKa3bIBACTCS AHOMAJBHO
«9yBCTBUTEIBHBIM» K (OpPME «XBOCTOBY
nuKkoB. bonee >pQexTHUBHBIM 31€Ch Tpea-
CTaBIISIETCSI AJITOPUTM, OCHOBAHHBIA Ha OT-
HOIICHUH IUIOIIA/eH yacTeil muka mocie u
JI0 TIepIIeHNKYJsipa. boinbmias gacte Bcex
OCTaNIbHBIX 3HaYeHUi As He mpeBbImaert 2.0,
YTO B XpoMmarorpaduyeckoil MpakTUKe cuu-
TAeTCs BIIOJIHE JOMYCTUMBIM.

Jls BBISIBIEHHUST BO3MOXXHOU TpaHchop-
manuu 2,2'-biPy B BOZHBIX pacTBOpax st
obpasua (i) ¢ kornenTpanuei 21.6 Mxr/cm®
ObutH 3amucaHbl Y D-CeKTphl (IuanazoH
190-310 uM) Tpu conmep>KaHUH aleTOHUT-
puia B amoerTe 80 u 20% (puc. 4), KOTopbie
OKa3aJMCh MPAKTHYCCKH WICHTUIHBIMHU.
Jlnst 00pasioB ¢ KoHIeHTpanusamu 2,2 -biPy
Mmenee 2.0 MKr/cm® Y®-cnekrpanbHble JaH-
HbIE, PEerHCTPUPYEMBIE C UCIOIB30BaHHUEM
NETEKTOpa TUIIA «JIUOJHAs MaTPULIa», HEHa-
TIEKHBI.

Cnenyetr ormeTuthb, uro Y d-crektp (0)
Ha puC. 4 COOTBETCTBYET aHOMAJIbHOM Kpaii-
Hel IpaBoi TOUKe Ha puc. 2, 00pa3oBaHHON
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Tabmuua 2. Bpemena ynepxuBanusi 1 (GakTOpbl aCHMMETPUH MUKOB 2,2'-OUMUpUANIA AJS €ro
pa3HBbIX KOHIIEHTpAlMM B pacTBOpax IPHU Pa3HbIX COJIEPKAHMUSIX METAHOJIA B COCTABE DJIFOCHTA
(M3MepeHsbI PH JUIMHE BOJHEI eTeKTHpoBanus 220 M, pacxoasl smoenta 1.0 u 0.7 cm/Mun)

Table 2. Retention times and asymmetry factors of 2,2'-biPy for its different concentrations in
solutions and different content of methanol in the eluent (measured at wavelength 220 nm, eluent

flow 1.0 and 0.7 cm®*/min)

K_OHueHTpaum 2,2'- Konuentparnus Cpenuee 3HaucHue 1R, tip;f;e&ji 2;1;;1/(1);
biPy B mo3upyemom MeTaHoIa B MmuH (AS), pacxon
pactBope, MKr/cm® 3III0EHTE, 00. % amoenTa 1.0 mii/MuH 0 37HIOC3HT3
.7 cM’/MuH
80 3.685 (1.56) -
75 3.915 (1.84) -
70 4.273 (1.93) 5.952 (1.64)
65 4.746 (2.09) 6.601 (1.61)
20 60 5.512 (2.13) 7.522 (1.59)
55 6.581 (2.21) 8.825 (1.60)
50 7.809 (2.57) 10.589 (1.69)
45 - 13.351 (1.87)
40 - 17.524 (1.65)
Cpennue 3HaueHust Ag 2.05+0.32 1.66 £ 0.10
80 3.714 (2.98) -
75 3.945 -
70 4.304 5.965 (2.08)
65 4.792 (2.97) 6.624 (2.11)
2.0 60 5.584 (3.38) 7.551 (1.92)
55 6.645 (3.14) 8.863 (1.90)
50 7.882 (3.63) 10.856 (1.84)
45 - 13.422 (2.22)
40 - 17.719 (2.03)
Cpennue 3HaueHus AS 3.22+0.28 2.01+£0.13

3HaYeHUsAMH trR IpU HaHOOJIbIIEM COJIEpHKa-
Huu BoJibI B dmmoeHTe (70 u 80%), kora pas-
HoBecue (2) MaKCHMaJIbHO CMEILEHO B CTO-
poHy oOpaszoBanusi ruapata. OgHaKo npu
sToM B Y D-criektpax 2,2'-biPy He Habmoa-
eTCsl HUKAaKuX U3MeHeHUH (puc. 4), a puBe-
JeHHbIe B Ta0. 1 3HaueHus pakTopa acuM-
MeTpuH (As) €ro MMKOB 3a UCKITIOUEHHEM OT-
MEYEHHOM aHOMAJIMH ISl POMEXYTOUHOU
koHnenTpanun C=21.6 Mxr/cm® mpaxTude-
CKU HE 3aBUCAT OT COJEpaHHs aleTOHUT-
puiia B AJIIOEHTE U BecbMa ciabo — OT KOH-
nentpauu  2,2'-biPy B  aHanmm3mpyembix
pactBopax. Cpennue 3HadeHus As (Tabm. 1)
BapbUpyIOT Beero ot 1.9 (C=216 mkr/mi) 110
1.7 (C=0.2 wmxr/cm®), mpHuyeM OHM He-
CKOJIbKO YMEHBIIAIOTCA IPHU 3HAYUTEIIbHOM
YMEHBUICHUN KOJMYECTBa aHAJINTA B IPooe.

C 1LIeTIbIO BBISIBIICHUS BO3MOKHBIX aHOMa-
mwii 2,2'-biPy 10moIHUTEEHO OBLTH BBHIYKC-
JIEHBI OTHOCHUTEIbHEIE ONTHYECKUE IIJIOTHO-
CTM J1d JInuH BoaH 254 wm 220 HM,
Aorn=A(254)/4(220). JIasi MalOHMHTEHCHB-
HBIX XpOMaTOrpauuecKux MUKOB 3HAYCHUS
Aors CUITBHO 3aBHUCSAT OT MOTPEIIHOCTSH WH-
TErpUPOBAHUSA, a TAK)KE OT IPUCYTCTBUS HE-
pazneneHubix ¢ 2,2'-biPy npumeceii. B Ta-
KHX CITydasix UCMOJIb30BaHUE ITUX MapaMeT-
POB He pekoMeHayeTcs. [10CKOIbKY MmoTIo-
IIEHHE TUIMYHBIX MPUMECed CyIIeCTBEHHO
BBIIIIE MTPH JAJTMHE BOJIHBI 220 HM, 3TO 00BsIC-
HSET YMEHBIICHHE 3HAYeHUH Ao NpHU
YMEHBIIICHUU  KOHIeHTpaiuu  2,2'-biPy.
Hanpuwmep, mpu coxepxkanun CH3CN B
smoeHTe 80% 3HaueHUS Aom COCTABIISIOT
0.25 (C=21.6 mxr/cm®), 0.18 (C=2.2 Mxr/CM’),
0.12 (C=0.22 mxr/cm®) 1 0.13 (C=0.2 mMxr/cv3).
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Puc. 5. I'paduk pexyppeHTHOII anmpoKcUMaluk BpeMeH yaepxkuBanus 2,2'-biPy B nnamnazone
KOHIIEHTpamuit Metanona ot 70 10 40% 06. (konuentpauus 2,2'-biPy B pacteope 2.0 Mxr/cm?).
Pacxon smoenta 0.7 cm®/mMun. TlapameTpsl ypaBHEHHs TMHENHOM perpeccun (6€3 yueTa aHo-
ManbHOU ToukM): ¢=0.714+0.007, b=1.22+0.08, R=0.9998, S;=0.06.

Fig. 5. Graph of the recurrent approximation of the retention times of 2,2'-biPy in the range
of acetonitrile concentrations from 70 to 40 % by vol. (concentrations of 2,2'-biPy in solutions
21.6 pug/cm?d). Eluent consumption 1.0 ml/min. Linear regression equation parameters (excluding
the anomalous point): =0.714+0.007, b=1.22+0.08, R=0.9998, S¢=0.06.

[Tpu conepxannu CH3CN B amoente 20%
JUarna30H BapHalllil 3TOro mapamerpa cMme-
mraercst 1o 0.19-0.07.

Takum o0pa3oMm, M3 TONYYCHHBIX JaH-
HBIX CIIEAYEeT, 4TO HU Y D-CIIEKTPBI, HU 3Ha-
yeHust (pakTopa acUMMETPUM, HU OTHOCH-
TEJIbHBIE ONTUYECKHE MIOTHOCTH HE MOTYT
CIIy>KUTh OATBEPKIEHUEM 00paTUMOi Tu-
paranuu 2,2'-biPy B xome ero BOXX ana-
au3a. OOyCIOBICHHbBIE 3TUM aHOMAJIUU MO-
IyT OBITH BBISIBICHBI TOJIBKO B pE3yJbTaTe
PEKYPPEHTHOM alNpOKCUMAIUU €T0 BpEMEH

yaepkuBaHus. Takoe ke yTBEpKICHHE
CIIPAaBEJINBO U1  BOJHO-METAHOJIBHBIX
DJTIIOEHTOB.

AHoManuu xpomarorpaduyeckux mnapa-
MeTpoB 2.2'-OMNHpUINIa B CUCTEME MeTa-
HoJ/Boga. (OCOOEHHOCTBhIO  BOJIHO-METa-
HOJIBHBIX 21t0eHTOB B O® BOXX no cpas-
HEHUIO C BOJIHO-all€TOHUTPUIIbHBIMH SBIISI-
eTcsd MX 3HAYUTEIbHO OOJbINas BSI3KOCTb
[14]. Tlo »TO¥ TpWYMHE TSI WCKITFOUCHHS
Ype3MEpPHOro NMOBBILIEHMS JABJIECHUS B XPO-
MaTorpauueckoi cucreMe M, Kak Clefl-
CTBUE, BO3MOYKHOI'O HECOOTBETCTBHUS 3a/1aH-
HOT'O ¥ YCTAaHOBJIEHHOT'O PACXO0B 3JIIOEHTA,
YacTh HKCHEPUMEHTOB OblIa BBIOJHEHA
npu pacxofe amoenta 0.7 cMY/MHH BMeCTO
1.0 cv®/muH. B Ta6i1. 2 npuBeIeHb! BpeMeHa

ynepxkuBanus 2,2'-biPy nnst ero pactBopoB
¢ koHneHTpanusamu 20 u 2.0 MKr/mMi B aua-
na30HaX COJIEP)KaHUsl METaHOJa B AJIIOEHTE
ot 40 1o 80% 06beMH. ¢ marom 5% mpu pac-
xomax amoenTa 1.0 u 0.7 cm®/mun. Jlomon-
HUTEJIbHO yKa3aHbl 3HaueHus (QaxTopa
acummerpuu, As.

Ipu pacxone smoenta 0.7 cvM>/MuH 3a-
MEHa alleTOHUTPUJIAa B COCTABE AIIOEHTA Ha
METaHOJI NMPAKTHYECKU HE U3MEHSET Xapak-
Tep PEKYPPEHTHOM anmpoOKCUMAIIMH BPEMEH
yaepxuBanus. Ha puc. 5 npuseneH takoi
rpaduk st o6pasiia ¢ KoHIeHTpanuei 2,2'-
biPy 2.0 Mkr/cm®, Ha KOTOpOM KpaiiHss mpa-
Bas TOYKA, COOTBETCTBYIOIIAs HauOOIb-
LIEMY COJIEpP KaHHIO BOJBI B DIIIOEHTE, 3aKO-
HOMEPHO PpACIIOJIOKEHA HECKOJIbKO HIXKE
JIMHUM PETPECCUH, YTO COOTBETCTBYET BUAY
3TO 3aBUCUMOCTU [6-9], TUNIUYHOMY ISt
o0Opa3oBaHMs THIPaTOB. JDTO MOXKET O3Ha-
4ath, uTo 2,2'-biPy 00Opasyer rumpar, cra-
OMJIBHOCTH KOTOPOTO COMIOCTaBUMA C yCTOM-
YUBOCTBIO THJIpaTa METAaHOJa WJIU IPEBbI-
11aeT ee.

OnHako peKyppeHTHasi anmnpoKCUMAIIUs
BPEMEH YJCPKUBAHHS, W3MEPEHHBIX MPH
pacxoje amoenta 1.0 CMS/MI/IH, MIPUBOJIUT K
HEOXHUAAHHOMY pe3ynbTary. Kpaiinss mpa-
Bas TOYKa Ha rpauke OKa3bIBACTCS BBIIIE
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Puc. 6. I'paduku pekyppeHTHOH anmpoKCUMaIK BpeMeH ynepxuBanus 2,2'-biPy B nuamna-
30HE KOHIeHTpaImii MetaHona ot 80 710 50 % 06. (konnenrpanuu 2,2'-biPy B pactBopax a) 20 u
6) 2.0 mxr/cm®). Pacxon smoenta 1.0 cm®/mun. TlapameTpsl ypaBHeHUit TMHENRHOI perpeccuu
(6e3 yuera anomanbHbIX Touek): a) ¢=0.68+0.01, b=1.01+0.05, R=0.9996, Sy=0.02;

6) ¢=0.69+0.01, b=0.99+0.07, R=0.9994, So=0.03.
Fig. 6. Graphs of the recurrent approximation of the retention times of 2,2’-biPy in the range of
acetonitrile concentrations from 80 to 50 % by vol. (concentrations of 2,2'-biPy in solutions a)
20 and 6) 21.6 ug/cm?). Eluent consumption 1.0 ml/min. Parameters of linear regression equa-
tions (excluding anomalous points): a) @=0.56+0.02, b=0.94+0.05, R=0.9993, So=0.02; 6)
a=0.56+0.01, b=0.97+0.03, R=0.9994, S;=0.01.

JUHUH PETPECCHM, YTO HUKOTJAa He HaOIo-
nanu panee [6-9]. B pe3ynbpTaTe 4ucCIeHHOTO
MojaenupoBaHus [9] ObUTO MOKa3aHo, YTO Ta-
K€ aHOMAQJIUU JOMYCTHUMBI JIUIIh TEOPETH-
YECKH, €CIIM NPU YBEIUYEHUHU COJEpIKaHUs
BOJIBI B DJIIOCHTE 00pa3yroTcs O6ojee Tuapo-
¢ oGHBIE (hOPMBI AaHATUTOB, YTO BPSIA JIU BO3-
MOXHO B ciydae 2,2'-biPy. Ha puc. 6 mpu-
BE€/ICHBI COOTBETCTBYIOIINE IPaPUKH PEKyp-
PEHTHBIX 3aBUCUMOCTEN I KOHUEHTPALHA
2,2'-biPy B o6pasmax 20 u 2.0 Mxr/cv°,

B Hacrosmmii MOMEHT 0JTHO3HAYHAsI MH-
TEPIIPETAIUsl 3TOTO HEOOBIYHOTO SIBICHHS
3aTpyAHMUTENbHA, HO Tepel O00CyXJIeHHEM
€r0 BO3MOJKHBIX TPHYWH, IEIecO00pasHo,
Kak M B CIIy4ae BOJHO-aIleTOHUTPUIBHBIX
DITIOEHTOB, YITOMSHYTH 0COOEHHOCTH TaKOTO
BCIIOMOTATEeNFHOTO XpOMAaTorpagpuueckoro
nmapamMeTrpa Kak acMMMETPHsI Xpomarorpa-
¢uueckux nukoB. CpenHue 3HaYeHUs (ak-
TOopa acumMMmeTpuu (Tabi. 2), Kak U B cllydae
BOJIHO-AIIETOHUTPHIIBHBIX 3JIIOEHTOB, CJ1ab0
3aBUCAT OT JIO3MPYEMBIX KOJIM4YECTB 2,2'-
biPy u conepkanus meranona. Tem He Me-
Hee, 3/IeCh CIIEyeT OTMETHTDH J[Ba BaXKHBIX
MoMeHTa. Bo-mepBbix, 3HaueHuss As 3a-
METHO YMEHBIIAIOTCS TIPU YMEHBIICHHU

pacxona amoenta ¢ 1.0 go 0.7 cM3/MuH (c
2.05 mo 1.66 npu kouueHtparuu 2,2'-biPy
20 mrr/cm® u ¢ 3.22 10 2.01 MpU KOHIIEHTpa-
mun 2.0 MKr/CM3). DTO MOXKET CBUIETEIIE-
CTBOBaTh O HEPABHOBECHOM XapaKTepe Xpo-
Marorpaduueckoro nmporecca B OO BOXKX
JUIS. pacCMaTpUBAEMOTO COEIUHEHUS TpU
OTHOCHUTEIIEHO OOJIBIIIOM PacxXojIe ITIOCHTA,
TOTJ]a KaK €ro YMEHbIIIEHUE COOTBETCTBYET
MPUOIMKEHUIO MpoIlecca K paBHOBECHOMY.
CpenHee 3HaueHHE OTHOIIEHUS (aKTOPOB
ACUMMETPUU TPU  pacxoiax dJIOSHTa
1.0/0.7 cm®/mun st KOHILIEHTpauuu 2,2’-
biPy 20 mkr/cm® paBHo 1.7£0.2, a 1151 KOH-
nentpanuu 2.0 mir/cm® — 1.34+0.12. Bo-
BTOPBIX, YMEHBIIIEHUE KOHIIEHTpauuu 2,2'-
biPy npu wucrons30BaHUU BOJHO-METAHOJIb-
HBIX JJIFOCHTOB 3aKOHOMEPHO YBEIHMYHUBACT
3HaueHus As B 1.2-1.6 paza (tabim. 2), Torga
KaK JUIsl BOJHO-AIlCTOHUTPUIBHBIX DITFOCH-
TOB TaKOTO YBEIMUEHUS HE HAOIIOaeTCsl.
Takum o0Opa3oMm, CMeIICHHE TOYEK Ha
rpadukax peKyppeHTHOW amnmpoKCUMAIluu
BpEMEH YJICp)KUBAaHUS BBEPX OT JIMHHH pe-
I'PECCUU He MOXKET ObITh 00YCIIOBIIEHO 00pa-
30BaHueM Oosee ruapodoOHbIX popm 2,2'-
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biPy B pactBopax. IIpeamnonoxenus 06 06-
pasoBanuu conbBatoB 2,2'-biPy ¢ merano-
JIOM, KOTOpPBIE MOTYT IIPe00IaaaTh IPH BbI-
COKOM COJICp)KaHUU METaHOJIa B DIIIOCHTE,
TaKk JX€ CIIeyeT OTKJIOHUTh, TaK KaK 3TO
NIPUBOIMIIO OBl K aHOMAJIMSIM B 00J1aCTH Ma-
JIOTO COZAEP)KaHUS BOABI B DIIIOEHTE, KOTO-
pble He HaOmoaarTcsa. B nureparype noa-
TBEpKJIeHUsT 00pa3oBaHUs CONLBATOB 2,2'-
biPy ¢ mpocTeiimimu ciupTaMyi HaWTH HE
yaanock. OJIHAKO TaKue JAHHBIE U3BECTHBI
JUIsE 0OJIee CIIOKHBIX CTPYKTYPHBIX aHAJO-
T'OB ATOT0 COCJMHEHUS C JKECTKO (hUKCHUPO-
BaHHBIMHU IOJIOKCHUSIMA aTOMOB a30Ta B
CTPYKType MOJeKyJ. Tak, H3BECTHBI TeMU-
conbBaT 4,7-mudennin-1,10-benanrponnna
(ctpyktypa Il) ¢ meranosniom [15] u MoHO-
COJIbBAT 1,10-penanTponun-5,6-1roHa
(ctpyktypa Ill) ¢ sTanonom [16], koTopsie
BIIOJIHE YCTOWYHMBBI M JIa)KC BBIJACICHBI B
KPUCTATNICCKOM BHUJIEC:

(I
_ (an
\’\{ \N/

Kak n npu ncnonp3oBaHUM BOAHO-ALETO-
HUTPUJIBHBIX DJIFOEHTOB 3HAYEHUsI OTHOCHU-
TEJIbHON ONTUYECKOU IJIOTHOCTH
Aorw=A(254)/4(220) nnst ayuH BonH 254 1
220 HECKOJIBKO BapbUPYHOT B 3aBUCHUMOCTH
oT koHieHTpanuu 2,2'-biPy B obpasmax, Ho
TakMe BapHalluM, CKOpee BCero, o0yclloB-
JIEHBl BJIIMSHHUEM INPUMECEH M TMOrPElIHO-
CTSIMU UHTEIpPUPOBAHUS IIOIAJeH MaTOWH-
TEHCUBHBIX XpOMaTOrpauuecKux MUKOB.

Takum oOpazom, pu 0ObSICHEHUHU paHee
HE HaOJI0JaBIIEHCs] 3aBUCUMOCTH OCOOEH-
HOCTE€ PpEKYppEeHTHOW amnmpoKCHUMAaluu
BpeMeH ynepxuBanus 2,2'-biPy ot pacxona
AIIIOEHTA CIIEyeT MPU3HATh, YTO OTKJIOHE-
HUS TOYEK, COOTBETCTBYIOLIMX HauOOIb-
HIEMY COJEP>KaHUIO BOJIbI B AJTIOEHTE, BBEPX

OT JIMHUM PErpeccuu He CBs3aHbl ¢ 00pa3o-
BaHMEM THJPATOB WU COJIbBATOB aHAIMUTOB.
B kauecTBe BO3MOXXHOM NPUYMHBI JIOKAJIH-
3alMU TaKUX TOYEK BBIIIC JIMHUU PEKYp-
PEHTHOM perpeccun OcCTaeTcsl HpPeAroio-
KHUTh HEPAaBHOBECHBIH XapakTep Xpomaro-
rpaguudeckoro mnpouecca. Ecnu st ruapa-
TUPOBaHHO (hopMbl aHanuTa (cxema 1) pas-
HOBECHE B XpoMaTorpauyeckoil cucreme
JOCTUTaeTCs MEJUIEHHEE, YeM I Heruapa-
TUPOBAHHOI, TO 30HA ruapaTa MOXXET He-
CKOJIBKO «OTCTaBaTh» OT 30HBI HETUPATH-
poBanHoro 2,2'-biPy, 4ro 3ameTHee Bcero
nposiBiseTcss Mnpu  OoJbIIeM — pacxoje
amoenTa. Torga ruapooOHOCTH aHaNHUTa B
MaKCUMyMe€ XpoMaTorpaguueckoro IukKa
MOJKET OKa3aTbCi OTHOCHUTEIBHO OOJIbLICH
IO CPABHEHUIO C €€ BEJIMYMHOU IPU MEHb-
IIMX pacxojax JJIIOEHTa, YTO B COOTBET-
CTBHH C pe3yJIbTaTaMU YUCIEHHOTO MOJEIIH-
poBaHus [9] U IPUBOAUT K CMEILIEHUIO TOUEK
BBILIE IUHUM perpeccu (puc. 6). Ecau tak,
TO YMEHBIIECHUE PACX0/Ia AIIOEHTA NPUOIIn-
&KaeT MPoLecC XpoMaTrorpapuueckoro pas-
JICJIEHUs] K PaBHOBECHOMY, IpPOSIBISIETCS B
YMEHBUIEHUH aCUMMETPHUM XpomaTorpagu-
YECKUX MUKOB, U OOBSICHIET 3aKOHOMEPHOE
CMEIIEHHE AHOMAJbHBIX TOYEK «BHH3» OT
auHuM  perpeccuu. IlogoGHble 3¢ deKTsl,
HECOMHEHHO, 3aCly’>KHBaIOT JajlbHEHIIEero
paccMOTpeHHUs.

Ecnu sxe BepHyTbCs K mpoOsieMe Xapak-
TEPUCTHKN WHEPTHOCTH Xpomarorpaduue-
ckux cucreM B OD BOXX, kotopast nociy-
JKUJIa OTIPABHOM TOYHOM HAcTosLIEH pa-
00TBI, TO MOXHO 3aKJIIOYUTH CIIEAYIOLIEE.
CroxHbIe MpoLecChl ¢ yyacTueM 2,2'-0unu-
puaniIa B COAEpKaIIMX BOAY IIIOEHTaX, M0-
BUJMMOMY, JIJIal0T €T0 HEMPUTOAHBIM B Ka-
YeCTBE TECT-KOMIIOHEHTA JIJIsl TAKUX LieJIei.

3aKJaouyeHue

Ha npumepe ocoGeHHocTel yaep>KuBa-
Hus 2,2'-Ounupunnia B oOpaiieHHO-(}az30-
Bori BOXKX BmnepBble yCTaHOBJIEHO, YTO HUX
QHOMAJIMH ITPY MaKCUMaJIbHOM COZECpKaHUU
BOJIbI B TOJBIKHOM (haze 3aBUCAT OT pac-
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xoJ1a droeHTa. J{Jisl BBIABICHUS TaKUX aHO-
MaJMi MCIONb30BaHa PEKyppeHTHas ain-
MPOKCUMAlIUs 3aBUCUMOCTU BpEMEH ynep-
KUBaHHUA OT COJEp)KaHHs METaHOla B
amoente. [lockonbky 2,2'-Ounupunun 00-
pa3yer rujjpar, To 3aKOHOMEPHO, YTO Ha Ipa-
(uKax peKyppeHTHOU anmpOKCUMALUU €ro
BpPEMEH YJEp)KUBaHUS MPHU HCIOIb30BaHUH
BOJIHO-AIIETOHUTPHIIBHBIX SIOCHTOB TOUKH,
COOTBETCTBYIOIIIME HAMOOJIBIIIEMY COJIEpIKa-
HUIO BOJIbI B 3JIFOEHTE, 3aKOHOMEPHO OTKJIO-
HSIOTCA BHU3 OT JIMHUU perpeccuu. Takas
0COOEHHOCTh THUIIMYHA JUI BCEX 00pa3zyro-
HIMX TUAPATHI aHanuTOB. [Togo0Has ke aHo-
Manus HabIroJaeTcst U P UCIOIb30BaHUU
BO/IHO-METAHOJIbHBIX AJIIOEHTOB MPU MUHU-
MaJTbHOM pacxoje amoenTa (0.7 CM3/MuH).
OpaHako mpu yBENIWYEHUH PacXoia dII0eHTa
(10 1.0 CM®/MMH) COOTBETCTBYIOIIHE TOUKH
Ha rpadukax peKyppeHTHOU amnmpoKcuMa-
UM BPEMEH YICpP)KMBAHUS OKA3bIBAIOTCS
BbIIlIE JTUHUU PETPecCHd, YTO HUKOTAA He
HaOJII0a)Iu paHee.

Ecnu oTkioHeHUs Touek Ha rpadukax
PEKYpPPEHTHOH anmpoKCUMAaIUY BHU3 OT JIU-
HUM perpeccuu o0YCJIOBJIEHbI CBOHCTBaMHU
aHaiauToB (0Opa3oBaHMEM THIPATOB), TO 3a-
BUCHUMOCTh HaOIMIOJaeMbIX aHOMAUN OT
pacxoja 3JII0€HTa HUCKIIIOYAeT UX OObsICHe-
HUE TOJBKO OJTOM mpuuuHOU. IIpm sTOM
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JKCIMEPUMEHTAIbHOE H TEOpPeTHYEeCKOe OIpe/ieieHue COPOIHOHHBIX
XapaKTEePUCTUK NMPOU3BOAHLIX 1,2,4-TpHa30/1a MEeTOIOM KHIKOCTHOMI
xpomaTorpagum u MoJIeKYJISIPHO-CTATUCTHYECKUM MOIeTHPOBAHUEM

I0us Iasnosna UBanosa™, Anekceii Koncrantunosua Bypsik
WuerutyT Gusndeckoid xumuu u snekrpoxumun uM. A.H. dpymkuna Poccuiickoii akaneMuu Hayk, T.
Mockasa, Poccus, yu.p.ivanova@mail.ru®

AHHOTAUHSA. A30TCOACPKAIINE T'eTCPOIMKINUCCKUEC COCAUHCHHS O0JaNaloT Pa3IUYHBIMH XHUMHUYECKHUMHU,
(PU3MKO-XUMUYECKUMHU 1 OMOJIOTMYECKUMHU CBOMCTBAMHU. DTO 00YCIIOBIMBAET MX IIMPOKOE IPUMEHEHHUE B Ka-
YeCTBE JICKAPCTBEHHBIX MPENaparoB, (yHTHUINA0B, MHTHOUTOPOB KOPPO3HH, KaTallu3aTopoB. Bo3MOKHOCTD
NPUCOETUHEHHS K T€TePOLUKIYy CTPYKTYPHBIX (DParMEHTOB C pa3IMuHBIMH (PYHKIMOHAIBHBIMU TPYyIIIaMH
MO3BOJISIET MPOBOAUTH HAlPaBIEHHBIN CHHTE3 U OTyYaTh BEIECTBA C 3alaHHBIMU CBoMcTBaMH. Takue coenu-
HEHUSI MOKHO paccMaTpuBaTh KaK MOJENBHBIE IS U3yUCHHUS BIMSHUS CTPYKTYPBI Ha (PU3UKO-XUMHIECKHUE
cBoiicTBa. Llenpro maHHOI PabOTHI ABIAETCS YCTAHOBJIECHHE B3aMMOCBS3U MEXIY CTPYKTYPHBIMH OCOOEHHO-
CTSIMH TIPOM3BOAHEIX 1,2,4-Tpra3oiia M X COPOIMOHHBIMHU XapaKTepUCTHKaMH B ycinoBusx BOXXX. B kaue-
CTBE cOpOeHTa BBHIOPAaH MOPHCTHII IpadUTHPOBAHHBIN YTIEPO, SITIONPOBAHUE OCYIIECTBIISUIOCH BOJHO-aIle-
TOHUTPHJIBHBIMU pacTBOpaMu. V3y4anoch BIMsSHNE Pa3IMYHBIX YCIOBUII Ha MapaMeTphl yIepKUBaHMs, yCTa-
HaBJIMBAJACh B3aUMOCBS3b MEXK/Ty COPOIMOHHBIMH M (PU3UKO-XUMHYECKUMHU XapaKTePUCTHKAMM, OIpeeNs-
JICh IKCIIEPUMEHTAIbHBIE 3HAUEHHUSI TEPMOANHAMHYECKUX ITapaMeTPOB U CPABHUBAINCH C TEOPETHIECKIMH.

Beutn paccMoTpeHs! npousBoaHbe 1,2,4-Tpua3oia, KOTOpbIe SABISUINCH Opmo- U napa-u3oMepamMu, TOMOJIo-
raMu, COJIePKali TUIPOKCHIbHBIE U KapOOKCHIIbHBIE (DYHKIIMOHAJIbHBIE IPYIIIBL. DKCIEPUMEHT MTPOBOAMIN
Ha JKHJIKOCTHOM Xpomatorpade co crnekTpopoToOMETpUIECKHM JETEKTOPOM. DIIOMPOBAHUE OCYILECTBISUIN B
M30KPAaTHYECKOM PEKHUME PACTBOPAMH, B KOTOPHIX KOHIIEHTPAIHIO alleTOHUTpriIa MeHstu oT 30 10 80% (06.).
U TIpH TpeX TeMIiepaTtypax. [Jis OlleHKH JOCTOBEPHOCTH KOPPEISIIMOHHBIX 3aBUCMOCTEH, KOTOPBIE OTPasKaroT
CBSI3b OKCIIEPUMEHTAIILHO MTOJYYEHHBIX COPOLMOHHBIX U TEOPETHUECKH PACCUMTAHHBIX 3HAUCHNH (PU3UKO-XHU-
MHYECKHX NTapaMeTpoB, HCIONB30BaJIca KoahpuuueHT koppessiunu [Tupcona.

W3BecTHO, 9TO B yCI0BHAX 00parieHHO-()a30B0oi KUAKOCTHON XpoMaTorpaduu mpomuecc copOIu BO MHOTOM
omnpezensercs (U3NKO-XUMHIECKUMH TTapaMeTpaMH MOJIEKYJ. Y CTaHOBJIEHO, HApUMEp, YTO yBEIHYECHHUE
JUTMHBI YTJIEBOJIOPOJHOTO pajiiKalla CIIOCOOCTBYET POCTY YHMCIIEHHBIX 3HAUECHHH JUIOPHUIBHOCTH M TOJISIPHU-
3yEeMOCTH, a 3TO IPUBOJIUT K YBEJINIECHUIO BPEMEHN KOHTAKTa MOJIEKYJI C TIOBEPXHOCTHIO copbeHTa. [TokazaHo,
NIPY HAJIWYHH TIOJIAPHBIX (PYHKIIMOHAIBHBIX TPYIII B NMPOW3BOAHBIX TPHA30Jia MMPOUCXOIUT Ooiee OBICTpoe
AITIONPOBAHHE COCTMHEHNH M3 KOJOHKH, BEPOSTHO, BCIEICTBHE 0O0Jiee BHICOKMX YHCICHHBIX 3HAUYEHHWH -
MOJIBHOTO MOMEHTa. IIpu ncciieqoBaHNM BIMSHUS TEMIIEPATypPhl Ha yAEPKUBAHWE OTMEYAETCs, YTO JaHHBIN
MIPOIIECC SIBISETCS] CAaMOTIPOM3BOJIEHBIM M 9K30TEpMUUECKUM, TaK Kak 3HaueHus sHeprun I nb0ca u cTanmapT-
HBIX MOJISIPHBIX SHTAJIBIIMU M YHTPONUH OTpULiaTeNbHbl. [IpoBeeHo cpaBHEeHHE KOHCTAHT [ 'eHpH, paccurTaH-
HBIX Ha OCHOBaHUH SKCIIEPUMEHTAIBHBIX JaHHBIX, M MTOJIYYEHHBIX C MCIIOIb30BaHUEM METO/a MOJIEKYJISIPHO-
CTaTHCTHYECKOTO MozenupoBaHus. OTMedaeTcs NpOCIeKUBAHUE CPEeTHEH MOJI0KUTEIBHOW KOPPEISLUH
MEKly STUMH 3HaYEHHUAMH, TaK Kak kodduiuent [Inpcona nexur B quanazone ot 0.25 1o 0.49 u cocrasisier
npumepHo 0.4.

KaioueBble ciioBa: npousBoznsie 1,2,4-tprua3ona, BeIcokodQdheKTHBHAs )KUAKOCTHASI XpoMaTorpadus, Hopu-
CTBIH TpaUTHPOBAHHBIN YIIIEPOA, TEPMOJHMHAMHKA COpOLIMH, KOHCTaHTa ['eHpH.

BaarogapHocTu: ucciaenoBaHUe BBITIOTHEHO MPH Moiepkke Poccuiickoro HaydHOTo (OH/IA 110 TPaHTy (TIpo-
ekt Ne 22-13-00266), nmpenocraiearoro UOXD PAH. ABTOpbI BeIpakaroT 0J1aroqapHOCTs Ipodeccopy Ka-
(henps! Heopranndeckoi xumMun CaMapcKoro HAIMOHAIHHOTO HCCIICAOBATEIILCKOT0 YHUBEPCUTETA M. aKaie-
muka C.I1. Koponesa, nokrtopy xumndeckux Hayk benmoycooii 3oe [leTpoBHE 3a mpemocTaBIieHHbIE 00pa3Ibl
MPOM3BOIHBIX 1,2,4-TpHazona.
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Original article

Experimental and theoretical determination of sorption characteristics
of 1,2,4-triazole derivatives using liquid chromatography
and molecular-statistical modeling

Yulia P. lvanova®™, Aleksey K. Buryak
AN. Frumkin Institute of Physical Chemistry and Electrochemistry Russian Academy of Sciences, Moscow,
Russia, yu.p.ivanova@mail.ru™

Abstract. Nitrogen-containing heterocyclic compounds has various chemical, physicochemical and biological
properties. This determines their wide application as drugs, fungicides, corrosion inhibitors, catalysts. The
possibility of attaching structural fragments with various functional groups to a heterocycle allows for targeted
synthesis and obtaining substances with desired properties. Such compounds can be considered as model com-
pounds for studying the effect of structure on physicochemical properties. The aim of this work is to establish
the relationship between the structural features of 1,2,4-triazole derivatives and their sorption characteristics
under HPLC conditions. Porous graphitized carbon was chosen as a sorbent, elution was carried out with water-
acetonitrile solutions. The effect of various conditions on retention parameters was studied, the relationship
between sorption and physicochemical characteristics was established, experimental values of thermodynamic
parameters were determined and compared with theoretical ones.

The derivatives of 1,2,4-triazole were considered, which were ortho- and para-isomers, homologues, contained
hydroxyl and carboxyl functional groups. The experiment was carried out on a liquid chromatograph with a
spectrophotometric detector. Elution was carried out in an isocratic mode with solutions in which the concen-
tration of acetonitrile was changed from 30 to 80% (vol.) and at three temperatures. To assess the reliability of
the correlation dependencies that reflect the relationship between the experimentally obtained sorption and
theoretically calculated values of physicochemical parameters, the Pearson correlation coefficient was used.
It is known that under the conditions of reversed-phase liquid chromatography, the sorption process is largely
determined by the physicochemical parameters of molecules. It has been established, for example, that an
increase in the length of a hydrocarbon radical promotes an increase in the numerical values of lipophilicity
and polarizability, and this leads to an increase in the contact time of molecules with the sorbent surface. It is
shown that in the presence of polar functional groups in triazole derivatives, the compounds are eluted more
rapidly from the column, probably due to higher numerical values of the dipole moment. When studying the
effect of temperature on retention, it is noted that this process is spontaneous and exothermic, since the values
of the Gibbs energy and standard molar enthalpy and entropy are negative. A comparison is made of the Henry
constants calculated on the basis of experimental data and those obtained using the molecular statistical mod-
eling method. It is noted that there is an average positive correlation between these values, since the Pearson
coefficient lies in the range from 0.25 to 0.49 and is approximately 0.4.

Keywords: 1,2,4-triazole derivatives, high-performance liquid chromatography, porous graphitized carbon,
sorption thermodynamics, Henry's constant.
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HaJIMYHUCM Y HUX NPAKTUYICCKH BAKHBIX XU-
MHYECKHX M OMOJIOTHYECKUX CBOMCTB. Jleii-

PazBuTne XMMHMH TIeTEpOLMKIMYECKUX CTBYIOIIHE BCIICCTBA MHOTIHX JICKApCTBCH-
apOMATUYECKUX COEAUHEHHM CBA3aHO C

BBeaenue
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HBIX IPENaparoB, IPUMEHSAEMBIX AJIA Jieye-
HUS BUPYCHBIX W TPHUOKOBBIX HHQEKIHH,
CEpIEYHO-COCY IUCTHIX, HEBPOJIOTUYECKUX U
OHKOJIOTMYECKUX 3a00JIeBaHUI COJepkKaTr B
CBOEM COCTaB€ a30TCOJEpPIKAIINE TIeTepo-
uukibl [1-5]. Hekoropsle coequHeHns 3Toro
KJacca 00J1a1al0T KaTaIMTUYECKUMU, HEJIH-
HEHMHBIMU ONTHMYECKUMU CBOMCTBAMH, CIIO-
COOHOCTBIO K WHIMOMPOBAHUIO KOPPO3HUHU
[6-9]. Asorcoaepkaiiyie  TeTEpPOLMKIIBI
YCIIEUIHO IPUMEHSIOTCS B (JapMaKoOJIOTHH U
CEJIbCKOM XO034HCTBE, KaTallu3e, ONTUKE U
MHOTUX JPYIHX OTpacisiX HayKu U IPOMU3-
BojcTBAa. CTPYKTYypHOE pazHOOOpa3ue 3TUX
COEMHEHUN 00YyCIOBIEHO BO3MOXKHOCTBIO
BapbUPOBAaHUS 4YMCIAa U MPUPOJBI TeTepo-
aToOMa, U3MEHEHUs pa3Mepa LUKJa U IIPUCOo-
€MHEHUsS K HeMy (parMEeHTOB C pas3jiny-
HbIMH  (YHKIMOHAJIBHBIMH  TPYIIaMH.
HamnpaBineHHBI CHHTE3 MO3BOJIIET IIOJIY-
YaTh BEILECTBa ¢ TpeOyeMbIMU (U3UKO-XU-
MHUYECKUMH CBOWCTBaMH, O00JaJal0NIMMU
CHOCOOHOCTBIO K Pa3IMUYHOTO POJIa MEXMO-
JIEKYJIIPHBIM B3aUMOJEHCTBUSAM.
VYcTaHOBIIEHHE  B3aUMOCBSI3U  MEXIY
CTPYKTYpOH COEAMHEHUH U UX (UIUKO-XU-
MUYECKUMH CBOWCTBAMU SIBJISIETCS aKTyallb-
HOM 3a/1a4eil COBpeMEeHHOM (pu3ndYecKoi Xu-
MHUH, KOTOPOM MOCBSIIEHO OOJIBIIOE KOJU-
YEeCTBO POCCHUMCKHUX M 3apyOeKHBIX MyOsH-
Karmmi. KoianmyecTBEHHO OIIEHUTH COOTHO-
LIEHUS] «CTPYKTYpa — CBOMCTBO» MOXHO IIPU
MOMOIIUA BBICOKOA((PEKTUBHON  KUIKOCT-
HoMl xpomaTorpaduu (BDXKX) na npumepe
paccMOTpeHHUsI Tpolecca alcopOIu reTe-
POLUKIMYECKUX COeIMHEHUH, O/THAKO HEOO-
XOJUMO YUUTBIBaTh MHOT000Opa3ne MeXMO-
JIEKYJIIPHBIX B3aUMOJEHCTBUI MEXIy COp-
OeHTOM, copOaTOM U ITHOEHTOM. AHATIU3 CO-
OTBETCTBYIOLIUX KOPPEISILIMOHHBIX 3aBUCH-
MOCTEHN IO3BOJIAET IPUUTH K ITOHUMAaHUIO
MEXaHU3MOB aJICOPOIIUH U, KaK CJIEJICTBHE,
MIPOrHO3MPOBAHUIO COPOLIMOHHOIO MOBE/e-
Hus. Cpenu myOnMkanuii, MOCBSIIEHHBIX
3TON mpobieme, He TaK MHOTO paboT, B KO-
TOPBIX PACCMaTPUBAIOTCS 3aKOHOMEPHOCTHU
copOLMYU MPOU3BOJAHBIX MATHWIEHHBIX a30T-
COJIepKalluX T€TEPOLUKIIOB, COAEpIKaIUX
HECKOJIBKO aToMoB a3oTa. [loaTomy neinsro

paloThI SIBJISIETCSI YCTAHOBIJIEHHE B3aMMO-
CBSI3U MEXIY CTPYKTYPHBIMH OCOOCHHO-
CTSIMM MOJIEKYJ a30TCOJEPKalIUX IeTepo-
LUKIOB U HUX COpPOLMOHHBIMU XapaKTepHu-
CTMKaMH B YCJIOBHUSX OOpalleHHO-(a30BOH
KHUJIKOCTHOM xpomarorpaduu. [ns noctu-
JKEHMS ITOCTABJICHHOM LIEJIM PEILUINCH ClIe-
NYIOIME 33Ja4l: U3YyUUTh BIUSHUE pa3Iny-
HBIX YCJIOBMM Ha IapaMeTpbl yACpKUBaHUA
npou3BOMHBIX 1,2,4-TpMa3ona W3 BOJHO-
ALCTOHUTPUWIIBHBIX PAacTBOPOB, YCTaHOBUTD
B3aMMOCBSI3b MEX]Ty COPOLIMOHHBIMU U (H-
3UKO-XMMHYECKUMHU XapaKTepUCTUKAMU
M3y4aeMbIX MOJIEKYJ, OIPEIEIIUTh IKCIEPU-
MEHTQJIBHBIE 3HAYEHHUsS TEPMOAMHAMMYeE-
CKHX [1apaMETPOB U CPAaBHUTh UX C TEOPETU-
YECKUMU.

3KCHepI/IMeHTaJIbHaﬂ 4acTb

Uccnenyemsle npousBoanbie 1,2,4-tpua-
3o7a (Tabmmma 1) CHUHTE3WpoBaIM Ha Ka-
denpe opraHuveckoi, OMOOPraHUYECKON U
MeUIMHCKOW XuMun CaMapcKoTro yHHUBED-
cutera [10]. DkciepuMEHT NPOBOAMIN Ha
XKHUIKOCTHOM xpomatorpade Agilent 1200
CO CHEKTPO(OTOMETPUUECKUM JIETEKTOPOM
MIpH ATUHE BOJHBI 254 HM. B kauecTBe cop-
OeHTa BBIOpaH MOPUCTBHIA TpadUTHPOBAH-
ueii yriaepon (Hypercarb Thermo Scientific)
C JAMaMEeTpOM YacCTHIl 3 MKM, pa3Mephl
cTanbHOM KoJoHku 2.1x100 MM. Dmroupo-
BaHUE OCYIIECTBISUIM B HM30KPATHUECKOM
pEeKUME BOJTHO-AIleTOHUTPUIILHON CMECHIO C
KOHIICHTpAIlMeH OpPraHMYeCcCKOro PacTBOPH-
tenst oT 30 1o 80% (mo o6wvemy). B pabote
WCIOJIb30BaIN areToHuTpuin Mapku HPLC-
Gradient Grade (99.8%, J.T.Baker). Cko-
POCTB MTOTOKA MOIBMKHOH (ha3bl COCTaBIISLIA
500 mxn/muH. O6bEM BBOAUMOI TPOOKI pac-
TBOpa HCCIEIyEMbIX COCIMHEHUH COCTaB-
75171 20 MKJL

Peructpamuto m 00paboOTKy Xpomato-
rpaMM OCYLIECTBISUIM C IOMOUIBIO TPO-
rpammbl ChemStation Software (Agilent).
3naueHus (axTopa yAep>KUBAHHS BEUIECTB
(k) B KOJIOHKE pacCUNUTHIBAIM 110 U3BECTHOM

dopmyne [11]:
tm

tr
= )
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Tabmuma 1. CtpykTypHBIE QOPMYIIBI HCCIEAYEMBIX COSTUHEHUI
Table 1. Structural formulas of the studied compounds

No CrpykTypHas ¢popmyna Hasganue
N=—
1 \% /NH 1,2,4 — Tpuazon
N==\
N—CH,
2 KN/ 2-(1H-tpuason-1-unMerin) GeHo
HO
N\
3 N—CH, OH 4-(1H-tpuazon-1-unmerni) GpeHon
el )
N\ -
\\ /N—CH2 \ /
4 N 1-[2-(6er3unokcu)atii|-1H-Ttprason
C,Hs—O0
NN\
5 \%N NCH, 0—C,H; 1-[4-(6ensunokcu)>ti]-1H-Tpuazon
N\
6 l\ /N—CHz@C2H5 1-[4-(6eusun)atui]-1H-Tprason
Sy
N=—
7 l\/\N —Cﬂz@—o_c3ﬁ7 1-[4-(6en3unokcu)mpormn]-1H-
\N/ TpHa30JI
N\
N—CH
8 l%N / 2 1-[2-(6en3unoken )0y THII -
1H-tpuazon
C4HQ_O
R
N—CH,
</
9 N 1-[2-(6ensunokcu)6en3mi]-1H-
O/O TPHUA30J1
N\
|\ N—CH,
=~/ 1-[2-(6en3umoKcH )0EH30TIPOITHII |-
10 N
@ 1H-tpuazon
(CHy);—0
0
—
11 I\E\N_CHz ‘@74\ 4-[1H-é,Z,4-”1;pHa30J‘I-1-HJ‘IMeTHJ‘I]
\N/ 0—H €H30MHasI KUCJIOTa
0
/ - - - - -
12 I\E\N—CHz OC// 4-[1H-1,2,4-tpuazon-1-unmeru]
~./ 0—CH, METUJIOEH30aT
rae tr — BpeMs yaepKUBaHUS UCCIIETyEMOTO Brruncienue TepMoIMHAMUYECKUX TTapa-

BEIIEeCTBa, MUH; tM — BpeMsl yJepKMBaHUS METPOB COPOLMU MPOU3BOAHBIX 1,2,4-Tpua-
HECOpOMpPYIOIErocsi KOMIIOHEHTa (HUTPUTa  30J1a OCYLIECTBIISJIM Ha OCHOBAHUU JKCIIE-

HaTpUs), MUH.

PUMEHTAIIBHO MOJIYUYEHHBIX IPU PA3IMUHBIX
TeMIlepaTypax KOJOHKM 3HauyeHuil (akxro-
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pOB yAepKuBaHUs. VM3BECTHO, YTO M3MEHE-
HHUE CTAaHAAPTHBIX MOJISIPHBIX SHTAJBIINU U
SHTPONHH IIepexo/ia MOJIEKYJI ajfcopdara u3
o0beMa MOABMKHOM (Pa3bl HA MOBEPXHOCTH
YacTHIl COpOEHTa, MOKHO ONPENeIUTh IO
ypaBHenuto Baut-T'odda [12]:

nk = -2 A5 ()

nk=-—5 + R +1Inp,

rie AH®— u3Menenue crangapTHON Momsp-
HOM »HTanbmuu, KJx/Monb; AS°— u3mene-
HUE CTAHJAPTHOM MOJIIPHOM DSHTPOIMH,
Jx/(monb-K); R — yHuBepcanbpHas razoBas
nocrostuHas, Jx/(mons-K); T — temmepa-
Typa konoHku, K; f — ¢a3oBoe oTHOIIEHHE
XpomaTtorpapuueckoil KOJIOHKH, paccuu-
TaHHOE o U3BECTHOI dbopmyiie

p = Tu [13], meptBEIit 00BeM V), ompe-
Ve-Vm

JISTISUTA TI0 METO/1y B3BemnBanus [14].

Pacuer sKcrepyMMEHTalbHBIX 3HauYeHHH
CTaHJApTHOW MoJsipHOW SHepruu [mbO6ca
AG°(xJI/MOJIb) OCYIIECTBIISIN 110 YpaBHE-
HUIO!

AG® = AH® — TAS®, (3)
XapakTep B3aMMOJICUCTBUS MOJIEKYJI Te-
TEPOLUKIIOB C IIJIOCKOW MOBEPXHOCTBIO COP-
OeHTa MOKHO OLIEHUTh C IOMOIIBIO KOH-
crantel I'enpu agcopbimu (K ). s aToro
BBIYHCIICHHBIE paHee 1o Gopmyiie (2) skcrme-
PUMEHTAJIbHBIE 3HAYEHUS CTAaHIAPTHBIX MO-
JSIPHBIX DHTAJBIIMKA W SHTPOIHHU IOJICTAB-
JSUTM B JIMHEHHOE ypaBHEHHME TeMIepaTyp-

HOM 3aBHCUMOCTH KOHCTaHTHI ['enpu [15]:
AH® AS° 4)

RT * R

Beruuciienne TEOPEeTHYECKHX KOHCTAHT
I'eHpHu OCYLIECTBIISAIOCH C UCIIOJIb30BaHUEM
MOJIEKYJISIPHO-CTaTUCTUYECKOTO aJIropuT™Ma
Mertpononuca [16]. DToT MeTOn paHee uc-
MOJIb30BAJICSL JJIE OLIEHKHM COOTBETCTBUS
BpPEMEH yIep’KUBAHUsL, TIOTYYEHHBIX B YCIIO-
BUSIX JKUJIKOCTHOM Xpomatorpaduu, ¢ KOH-
cTaHTaMH ['eHpH, pacCUMTaHHBIMU IS aJ-
copbumu u3 razoBoi (as3el Ha rpadUTHPO-
BaHHOM Tepmuueckoii caxxe (I'TC) [17, 18].
Teopernueckuii pacuet GU3NKO-XHUMHYE-
CKUX TapaMeTpOB MOJEKYJ HCCIeIyeMbIX
COEIMHEHUH BBIMIOJHSIICS paHee MOyIMIIH-
puueckuM MetogoM PM3 B pamkax meTona

ll’l Kl,C = -

Xaprpu-Poxka [19]. HagansHyro reoMeTpuio
UCCJICIOBaHHBIX COCMHEHHI BBIOMPAIIH 110
CIIPaBOYHBIM JIaHHBIM, 3QJI0KCHHBIM B CH-
cremy ACDLabs’12 free. [Tony4yenHbie naH-
HbIC W 3HaueHHs (akTopa yJep KUBAHHUSA,
BbIUMCIIEHHBIE TI0 (hopmyie (1), mpuBeneHb!
B Ta0uie 2.

O0cy:xaeHne pe3y1bTaTOB

W3BecTHO, UTO B YCIOBUSAX KMIKOCTHOM
Xxpomarorpaduu yaep>KuBaHue MOJIEKYJT afl-
copbaTa omnpenensercss pa3HOCTbIO KOHKY-
PEHTHBIX MEXMOJIEKYJISIPHBIX B3aMMO/ICH-
CTBUM MEXAy BCEMHM YYaCTHUKAaMH IIpO-
recca. B3anMocBs3p MEXKIAy CTPOCHUEM MO-
JEKYJ ¥ UX XpOMaTorpauyeckuM yaepxu-
BaHUEM ONpEICNSETCS Ha OCHOBE aHAIM3a
3Ha4eHUH  KOA(pPHUIMEHTa  KOPPEALHUU
IMupcona [20]. B oOpamenHo-dazoBom
(O®) Bapmante BDXKX B3aumopeiicTBus
copOaT-COpOCHT OMPEICIISIOTCS TUTO(DHITE-
HOCTBI0 (KO3 (HUIIMEHTOM pacIpeIeICHHS B
CHCTEME H-OKTaHOII — BOJIA) ¥ TIOJISIPU3YEMO-
CTbIO, a B3auMoJIeiicTBUA copOaTa ¢ moJsip-
HBIM D3JIOCHTOM — JIMIIOJBHBIM MOMEHTOM
MOJIEKYJI, TOCKOJBbKY MEXIY HOJISPHBIMU
MOJIEKyJIaMH copOaTa 1 pacTBOpUTEIIs 0Opa-
3YIOTCS CCOIMATHI 33 CUET JUTIOIb-TUTIOIh-
HBIX B3aMMO/IEHCTBHI, BOJJOPOIHBIX CBS3€EH.
VY nepkuBaHue HETIOISAPHBIX MOJIEKYJI Ha T10-
BEPXHOCTH copOeHTa OyjaeT onpenensTbes
JIMCTIEPCUOHHBIMHE CHJIAMH U CITOCOOHOCTBIO
K rJIpo(OOHBIM B3aUMOJICHCTBUSM.

Hccnenyemsle nponssBoansie 1,2.4-tpua-
30J1a SBJIAIOTCS CIOXKHBIMHU IMOJU(YHKIINO-
HAJIBHBIMUA COCAMHEHUSIMH C HECKOJIbKHMU
COpOLIMOHHO-aKTUBHBIMU IIEHTPAMHU, CIIO-
COOHBIMH B3aWMOJICHCTBOBATh C MOJIBUXK-
HOW M HemoABMKHOU (hazamu. IlepBbIM Ta-
KM [EHTPOM SBIISIETCS apOMaTHYECKOe
KOJIBLIO C TPEMS aTOMaMH a30Ta JIByX TUIIOB:
OJTMH aTOM a30Ta 00JIaJaeT OTHOCHUTEIHHO
CBOOOJHON 3JIEKTPOHHOM Napoif, 3a cyer
9ero SBISIETCS HYKICOPIIEHBIM IIEHTPOM;
Jpyrue aToMbl a30Ta, MPUHUMAIOLINE y4a-
cTHe B 00pa30BaHUU T-CUCTEMBbI LIUKIIA, Xa-
paKTepu3yoTCcs ACPUIUTOM SICKTPOHHOM
wiotTHocTH [21]. BropeiM 1ieHTpOM sBJISI-
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Tabmuta 2. Hexotopbie (pM3NKO-XUMUYECKHE TTapaMeTphl MOJIEKYJT IPOU3BOIHBIX 1,2,4-Tprazona
U 3HA4YCHHUA Q)aKTopa YACPKUBAHUA HCCIICOOBAHHBIX COCI[I/IHCHI/Iﬁ Oopu pasjinyHbIX COCTaBax
amoenTa (T=318 K)
Table 2. Some physico-chemical parameters of molecules of 1,2,4-triazole derivatives and the re-
tention factor values of the studied compounds with different eluent compositions (T = 318 K)

Ne | V,A* | logP | o,A> | p,D = K
’ ’ ’ 30 40 50 60 70 80

1 | 66.39 | -0.58 | 4325 | 296 | 093 | 118 | 1.5 | 103 | 1.31 | 1.81
2 | 17621 | 0.38 | 52.78 | 295 | 587 | 346 | 242 | 209 | 1.74 | 1.70
3 | 17760 | 0.38 | 52.86 | 450 | 435 | 271 | 194 | 1.83 | 158 | 1.60
4 |216.92 | 156 | 55.96 | 533 | 32.94 | 1759 | 9.27 | 558 | 4.30 | 3.46
5 |216.21 | 1.56 | 56.02 | 2.70 | 40.94 | 16.73 | 8.98 | 520 | 4.11 | 3.36
6 |207.02 | 211 | 55.18 | 3.50 | 29.99 | 16.06 | 876 | 5.37 | 4.13 | 3.39
7 | 23457 | 2.09 | 5749 | 474 | 60.74 | 2850 | 1440 | 755 | 544 | 4.20
8 | 25282 | 2.62 | 58.94 | 5.36 - 82.05 | 32.66 | 15.17 | 9.99 | 6.75
9 | 280.65 | 2.68 | 61.24 | 4.80 - - 163.26 | 72.35 | 42.67 | 28.14
10 | 31752 | 359 | 64.23 | 441 | 636 | 357 | 244 | 191 | 177 | 170
11 | 199.16 | 0.79 | 54.58 | 1.63 | 959 | 537 | 3.38 | 295 | 2.61 | 3.30
12 | 217.37 | 1.09 | 56.22 | 1.58 | 57.71 | 2454 | 1347 | 8.86 | 6.71 | 6.00

“KoHIeHTpamys aleTOHUTPIIIA B JIIOEHTE, % (00.)

I0TCS IPUCYTCTBYIOIINE B MOJIEKYJIE apUITb-
HbIE 3aMECTUTENIM U pa3IudHble (PYHKIHO-
HaJIbHbIE TPYMIbI, KOTOpbIE TaKxke OyIyT
CIOCOOCTBOBATh MOSIBICHUIO MEXMOJIEKY-
JSIPHBIX B3aMMOJAEUCTBUM C IPYTHMH y4acT-
HUKaMU XpoMaTorpaduyeckoil CUCTEMBI.

[IpencraBiennbie B Tabauie 2 JaHHBIE
CBUJIETEJILCTBYIOT O TOM, UTO COPOLIMOHHbIE
XapaKTEPUCTUKU CTPYKTYPHO MOXOXKHUX Te-
TEPOLUKIIOB 3aBUCIT OT MHOTMX (aKTOpOB
U, B 11€JIOM, UX OTJINYMSI COOTHOCATCS € 00-
MMM 3aKOHOMEPHOCTSIMU copOuuu B OD
BOXX.

[TokxazaHo, 4YTO yBeNMYEeHHE JUIUHBI yTIiie-
BOJIOPOJHOTO 3aMECTUTENS, HAXOIALIET0Cs
B opmo- (coenuaenus 4 u 8) wiu napa-no-
JIO’)KEHUU apOMaTUYECKOro KoJiblia (coenu-
HEHUs / U 5) NPUBOAUT K U3MEHEHUIO YHC-
JICHHBIX 3HAYeHUH TUNO(UIBHOCTH U TOJIS-
PU3yEMOCTH MOJIEKYJI, pACCUUTAHHBIX KBaH-
TOBO-XUMHUYECKUM METOJIOM, YTO CII0CO0-
CTBYET pocTy (akTopa yAepKuBaHus Oojee
KpPYIHOI'O TOMOJIOT .

B cinydae opmo- u napa-uzomepos,
HarpuMep coeMHeHus 4 u 5, copepxKamx
3TOKCHU-TPYIIY, TaKKe HaOI0JaeTCs He3Ha-
YUTEIBHO YCHWJIEHHE CcOpOuMu AN napa-

nzoMepa (OTINYHs MexX 1y (hakTopamu yaep-
KUBAHUS TOPSIKA SIUHUIIBI) TP KOHIICH-
Tpauuu auneroHutpuia 6oaee 40%. 3to Mo-
KET OBITh CBS3aHO C TEM, YTO MPH MPAKTH-
YECKU OJIMHAKOBBIX 3HAYCHHSIX OCTAIbHBIX
(PM3HKO-XMMHUYECKHUX IMapaMeTpPOB, PacCcuu-
TaHHBIN JUIONBHBIH MOMEHT uis 1-[4-(6eH-
3WI0KCH )3T |-1H-Tpuasona (5) mouru B 2
pa3a MeHbIIIe TUMOJLHOTO MOMEHTa ams 1-
[2-(6en3unoken)atun]-1H-tpuasona  (4),
BCJIC/ICTBUE YEro B3aHUMOJECHCTBUE opmo-
u3oMepa C TOJSIPHBIMH  MOJEKYJIaMu
JNMI0eHTa 00jiee BBIPAKEHO B TMOIBUKHON
daze, conepxamieit 6osee 60% BOJIBI.
W3menenne copOLMOHHOTO MOBEACHUS
MPOU3BO/IHBIX  A30TCO/CPKAIINX TETepPO-
[IUKIIOB 3aBUCHT KaK OT HATU4Us (QyHKITHO-
HaJbHOM TpyNIbl, TaK U OT ee Tuna. [Ipu
CpaBHEHHMH 3Ha4YeHM (akTopa yIepKUBa-
HUs coenHeHn 11 n 12, sBistrormxcs Kap-
OOHOBOI KHCJIOTOM U €€ METHJIOBBIM d(u-
POM, COOTBETCTBEHHO, 3aMEUYEHO CyIIe-
CTBEHHOE pa3jinuue B UX copobuuu. Bo-mep-
BBIX, MOJKHO MIPEAMOIOKHTE, 4TO 17151 4-[1H-
1,2,4-tpua3zon-1l-unmernn| 6eH30HHON KHC-
gotel (11) B pesxxume OD BDIKX Gonee xa-
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Puc. 1. 3aBucumocTs ¢akTopa yaepKuBaHus MPou3BoaHbIX 1,2 .4-Tpuazona mpu 318 K
OoT HHHO(bHHBHOCTH; SJIFOCHT alICTOHUTPUII — BOJa B PA3JIMYHBIX 00BEMHBIX COOTHOILIEHHIX
Fig. 1. Dependence of the retention factor of 1,2,4-triazole derivatives at 318 K
on lipophilicity; acetonitrile —water eluent in various volume ratios

pakTepHO 00pa30BaHUE aCCOIMATOB C TIO-
JSIPHBIMUA  MOJICKYJIaMM pacTBOPUTENS 3a
CYET BOAOPOIHBIX CBSI3€H, YeM JIJIsI €€ METH-
JOBOTO 3¢upa. ITO MOKHO OOBSICHUTH TEM,
YTO 3HAUCHUSI SHEPIUii 00pa30BaHUs BOAOPO/I-
HBIX CBS3€H MEXKTy MOJIEKYJIaMU BOABI U Kap-
6oxcumbHBIME rpynmamu (15-20 xJ[x/mMorb), a
TaKXKe MEeXJy MOJIEKyJIaMHu BOJIbl U KapOo-
HWIbHBIMU Tpymnmnamu (4-6 kJ{x/mMomnb) oT-
nanvarTes B ~4 pasa [22]. Bo-BTopbIX, uHcC-
JICHHBIE 3HAYEHUS JTUITOPHIEHOCTH U OIS~
PU3YEMOCTH ISl CIOXHOTO 3(upa BBILIE,
yeM y KapOOHOBOH KHCIIOTHI, M, CIIeIOBa-
TEeNbHO, B3aumosenctus 4-[1H-1,2,4-tpua-
3oi1-1-unmerwin| metusbensoara (12) ¢ cop-
OEHTOM JOJKHBI OBITH 0OJiee BBIPAKEHBI,
YTO W TIOATBEPKIAETCS SKCIEPUMEHTAIb-
HbIMU JaHHBIMU. O4YeBUIHO, HaJIMUUE Kap-
OOKCHIJIBHOM TPYMIBI B CTPYKTYpE MPOH3-
BOJIHBIX TPHA30JI1a CIOCOOCTBYET CHUKEHUIO
B3aWMOJICHCTBHSI C TIOBEPXHOCTBHIO MOPH-
CTOro rpaUTHPOBAHHOTO yIiiepoia u bosee
OBICTPOMY BBIMBIBAHHIO MIX U3 XpOMaTorpa-
(ruecKoil KOJIOHKH.

M3MeHeHrne TONIOKEHUS (YHKIIMOHAIb-
HOUW TPYIIIBI, HAIPUMED, Y COCTUHEHUN 2 U
3, TaKKe NMPUBOJIUT K HEKOTOPBIM Ppa3iu-
YusM B COpOLMH, OJHAKO Hambojee BbIpa-
JKEHbl OHU CTAHOBSTCS JIMIIb B PacTBOPax
TIOJIBMYKHOM (pa3bl, COJEPIKAIIIX 3HAYUTEIb-
HOE KOJINYECTBO BOJIBI.

Ha xpomarorpaduueckoe ynepxuBaHue
a30JI0B OKa3bIBAaCT BIHUSHHE HE TOJBKO

HaJIM4Ke, HO ¥ IPUPOa 3aMECTUTENEH B MO-
nekyne. Tak, HanmpuMep, 3aMeHa THIPOKCH-
rpynnbl B 4-(1H-tpuazon-1l-unmerni) ¢e-
noue (3) na atuia (coenunenus 3 u 6, cOOT-
BETCTBEHHO) IPUBOIUT K POCTY (PU3UKO-XH-
MUYECKUX TapaMeTPOB MOJIEKYJIbI, BHI3bIBAs
BBIPOKEHHBIA POCT XpoMaTorpaduueckoro
yAEP)KUBAHHS TIPU JIFOOBIX COOTHOIICHUSX
AIleTOHUTPHJIA U BOJIBI B DITFOCHTE.

B nienowm, B psigax roMoioroB ¥ N30MepoB
WCCTIEOBAHHBIX MPOU3BOJHBIX 1,2,4-TpHua-
30712 HAOIIOJAETCA CXOXKECTh B U3MEHEHUU
MapaMeTpoB, OTBETCTBEHHBIX 33 JTUCIIEPCHU-
OHHBIE B3aMMOJCHCTBUS U COPOIMOHHBIE
XapaKTePUCTHKH. ITO TMPOUILTIOCTPUPOBAHO
Ha IMpUMepe 3aBUCUMOCTH (pakTopa yepxu-
BaHUS OT JTUMO(DHIBLHOCTH MPHU Pa3THIHBIX
COOTHOIIEHUSX AalleTOHUTPUJIA U BOJBI B
amtoenTe (puc. 1). YcraHoBiIeHO, 4TO TIpH
W3MEHEHUU COCTaBa MOJIBMXHON (a3l 00-
U XapaKTep 3aBUCHUMOCTH HE MEHSICTCS, a
paccuuTaHHble 3HadeHHs Kod(dduimenrta
koppesiiuu [Tupcona rp ~ 0.4 (tab. 3). Ta-
KO pe3yNbTaT XapaKkTepHU3yeT B3aUMOCBSI3b
MEXTy TPAKTHICCKIMHE TTapaMeTpaMu copo-
MM U TEOPETUYCCKUMHU pacu€TaMu JIHIIO-
(UIBHOCTH KaK CPEIHIOI0 MOJIOKHUTEIBHYIO.
W3 sToro crienyert, 9To I MOCTPOSHUS 00-
Jiee TOYHBIX KOPPENAIMOHHBIX YPaBHEHHIA,
HEOOXO/MMO YBEJIHUYCHHE YHUCIIa MapaMeT-
POB, YUUTHIBAIOIIUX JOMOJIHUTEIHHBIE B3aH-
MOJIEUCTBHUS MKy YUaCTHHUKAMH XpOMaTo-
rpauuecKoro mporecca.
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Tabmuma 3. KoppensiuoHHsle ypaBHEHHs 3aBUCUMOCTEH (pakTopa yIep>KUBaHUS OT JHUIO(PUITH-
HOCTU TIPH PA3IUYHBIX COCTaBaxX MOIBMXXHOU (a3bl u Kod(hduimeHTs Koppensaiuu [lupcona

(T=318 K)

Table 3. Correlation equations of the dependence of the retention factor on lipophilicity for differ-
ent mobile phase compositions and Pearson correlation coefficients (T = 318 K)

MeCN-H,0 Koppensunonnoe " MeCN-H,0 Koppensunonnoe W
ypaBHEHHE ypaBHEHHE
3.7 k=198LogP+8.80 | 0.33 6:4 k=353LogP-0.90 | 0.39
4.6 k=4.26LogP+219 | 0.45 7:3 k=205LogP-0.41 | 0.39
1:1 k=8.09LogP-276 | 0.39 8:2 k=1.28LogP-0.16 | 0.37

4.5

4.0

3.5 A

3.0
Ink

1000/T
Puc. 2. 3aBucumocts sorapudma akropa yaepKUBaHUS MPOU3BOIHBIX 1,2,4-Tpraszona ot
TEMIIepaTyphbl; COACpKaHUe alleTOHuTpuIa B aroenTe 60 % (00.)
Fig. 2. Dependence of the logarithm of the retention factor of 1,2,4-triazole derivatives on
temperature; the content of acetonitrile in the eluent is 60% (vol.)

HccnenoBanue BIMSHUS TEMIEPATyphI
Ha copOLMIo MPOou3BOAHBIX 1,2,4-Tprazona B
ycnoBusax O® BOXX nokasano, 4ro mpo-
1[eCC Mepexoa MOJIEKYJ MeTepOLUKIIOB U3
00BbeMHOM (a3l Ha MOBEPXHOCTHBIN CION
copOeHTa, ABIISETCS SK30TEPMUUECKHUM U ca-
MOIIPOM3BOJIBHBIM, O YEM CBUJETEIBCTBYIOT
OTpULaTeNIbHbIE 3HAYCHHSI U3MEHEHUS YHEP-
run ['mb0ca, paccuutanHoi mo dopmyie
(3), u sHTANBINM (TA0I. 4).

VYcTaHOBIIEHO, YTO U3MEHEHUE TEMIIEpa-
Typbl HE OKa3bIBA€T CYIIECTBEHHOI'O BIIUS-
HUS Ha YyJIep)KUBaHUE NMPOU3BOAHBIX 1,2,4-
TpHa3oJia, Kak MOKa3aHo Ha rpaduke 3aBU-
CUMOCTH Jiorapupma ¢akropa yaepKHuBa-
HUS OT Temmepartypsl (puc. 2). Jus apyrux
COCTaBOB MOJBIKHOHN (ha3bl 3aBHCHUMOCTH
UMEIOT TIOXOKUH BUJ.

Mexly YMCIEHHBIMH 3HAUYEHUSMU KOH-
ctanT ['eHpu, paccuMTaHHBIMM Ha OCHOBa-
HUM HKCIEPUMEHTAIBHO MOJIYYEHHBIX JaH-

HBIX 0 copOuuu B ycioBusix BOXKX (dop-
MyJsbl (2) 1 (4)) 1 C TIOMOIIBIO MOJIEKY-
JSIPHO-CTATUCTUYECKOT0 METo/a i copo-
nuu Ha ['TC u3 ra3zoBoit (ha3el, HabMIOMaETCA
CpeAHss  MOJIOKUTENbHAass  KOppessuus
(Tabn. 4), Tak Kak 3HauUeHUs KorpuIueHTa
[Tupcona HaxoATCs B [Uana3oHe 3HAYCHUH
0.25...0.49. D10 OOBSICHSETCS CYyIIECTBEH-
HBIMU OTJIMYUSMH MEXaHU3MOB aJCOpOIMU
B YCIIOBUSX ra30BOM M KUAKOCTHOW XpoMa-
torpaduu (taba. 5), HanpUMep, BIUSHUEM
pacTBOPUTEISL, CIIOCOOHOTO  B3aMMOJCH-
CTBOBaTh € (DYHKIIMOHAIBHBIMU TpyHIIaMU
MOJIEKYJT T€TEPOIMKIIOB, YTO HE yYUTHIBA-
eTcsd B MOJIEKYJISIPHO-CTATUCTHYECKOM Me-
TOJIE.

MoneKynsIpHO-CTAaTHCTUYECKUM  pacue-
TOM, OCHOBaHHBIM Ha F€OMETPUYECKHX Ma-
pamerpax MOJEKyabl, i 1-[2-(Oen3u-
nokcu )oen3onponui|-1H-tpuasona (10) mo-
JYy4eHO MAaKCHUMajJbHOE 3HAUY€HHE KOH-
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Ta6mmma 4. 3HadeHnsT TePMOIUHAMUYECKHAX TTapaMeTPOB ITPOU3BOIHEIX 1,2,4-Tpraszoia IpH TeM-
nepatype 318 K u cogepkanun anetoHuTpuia B amoente 60% (00.), paccunTaHHbIe HA OCHOBA-
HUH SMIIUPHYECKHUX JTAHHBIX U MOJIEKYJISIPHO-CTATHCTHYECKOTO METO/Ia

Table 4. Values of thermodynamic parameters of 1,2,4-triazole derivatives at a temperature of 318
K and an acetonitrile content in an eluent of 60% (vol.), calculated on the basis of empirical data

and a molecular statistical method

—AHO,

—AG°,

Ne wIlonc oo —AS°, JDoic/(monsK) wITonc o In K7&™ In Kf’ 2@,_
1 7.45 23.78 -0.12 -1.30 1.78
2 2.55 5.68 0.75 0.26 11.84
3 2.55 5.68 0.75 0.26 12.15
4 4.50 3.46 3.40 0.44 16.99
5 5.55 7.20 3.26 0.10 15.84
6 2.90 -0.90 3.18 0.88 13.18
7 -0.03 -12.63 3.99 2.25 17.07
8 8.61 8.00 6.06 0.02 18.14
9 9.79 -0.85 10.06 0.70 22.80
10 1.80 3.79 0.59 0.45 24.76
11 10.75 27.89 1.88 -1.46 13.53
12 14.75 31.83 4.62 -1.58 13.34

Tabmuia 5. KoppensiinoHHbIe YpaBHEHHUs 3aBUCUMOCTH MEXy KOHCTaHTaMu [ eHpH, paccunTaH-
HBIMH MOJIEKYJIAPHO-CTaTUCTUICCKHUM METOAOM U Ha OCHOBAHHU SKCIICPUMEHTAJIBHBIX JaHHBIX
Table 5. Correlation equations of dependence between Henry constants calculated by the molecular

statistical method and based on experimental data

Temnepatypa, K KoppensiunoHnHoe ypaBHeHHE Ip
298 InKpg " =224 InK)E" +17.63 0.38
318 InK'2" =216 InKPE™ + 15.02 0.41
338 InK'¢" = 1.87 - InK{E™ + 13.57 0.37

CTaHTHl ['eHpU B psijly UCCIEIOBaHHBIX CO-
€IMHEHU, YTO JIOJDKHO CBU/IETEIbCTBOBATH
0 OoJiee BHICOKMX 3HaYEHUAX (hakTopa yaep-
YKUBAHUS JUTSI TAHHOTO BEIIECTBA HA TIOBEPX-
HOCTH runepkap0a B TOMOJIOTHYECKOM Py
coenunenuit (4), (8), (9), (10). Oanako Ha
npakThke copoums 1-[2-(6eH3unokcu)oeH-
sonpormi]-1H-Tpuazona (10) Ha moBepxHO-
CTH TOPHUCTOTO TI'paUTUPOBAHHOTO YIJie-
pola He TaK CWJIbHA, YTO, BEPOSITHO, 00Y-
CJIOBJICHO BBICOKMMM 3HAUCHHUSIMU JTUTIOIb-
HOTO MOMEHTa U 00beMa MOJIEKYJbl — (u-
3UKO-XUMHUYECKUMU TapaMeTpaMu CoeInHe-
HUSI, CIIOCOOCTBYIOIIMMHU 00Pa30BaHUIO ac-
COLIMATOB C MOJIEKYJIaMU PACTBOPHUTENS H,
KaK CIIE/ICTBHE, 0ojiee ObICTpOMY SITFOMPOBa-
HHUIO.

3aKjao4eHue
TakuM 00pa3oM, SKCIEPUMEHTAILHO
OTIpeNIeTICHBl  TTapaMeTPhl  yJIePKUBAHUS

pou3BOAHBIX 1,2,4-Tpra3zona B YCIOBHAX
oOpareHHO-(Pa30BON KUIKOCTHOM Xpoma-
Torpaduu Npyu pa3aIuyHbIX 0OBEMHBIX COOT-
HOILIEHUSX allE€TOHUTPUJIIA U BOJIbI, U3MEPEH-
Hble TIpU Tpex Temneparypax. [locTpoeHsl
KOPPEJSAIMOHHBIE 3aBUCIMOCTH MEXKIY 3Ha-
YeHUsIMU (PaKToOpa yIepKUBAHUS M JIMIIO-
(UIBHOCTH HCCIEyeMbIX T'€TE€pPOLUKIIOB,
MOKa3bIBAIOIIME, YTO MPOLECC COpOLUU BO
MHOTOM ompenensiercs (QU3NKO-XUMHUIe-
CKMMH IIapaMeTpaMu MOJIeKyJl. Tak, yBeJu-
YeHHEe JUIMHBI YTJIEBOJOPOJHOTO pajuKaia
CIOCOOCTBYET POCTY YHCIICHHBIX 3HAYCHHUN
JTUNO(QUIBHOCTU U MOJISIPU3YEMOCTH M, KaK
CJIEICTBUE, TIOBBILIEHUIO BPEMEHHU B3aHMO-
JIEUCTBUSA MOJIEKYJI C MOBEPXHOCTBIO COP-
6enrta. OTMEUEHO, YTO MPHUCYTCTBUE (YHK-
LUOHAIBHBIX TPYyNIl B CTPYKType TIeTepo-
LUKJIOB MPUBOJIUT K Oosee ObICTpOMY BBI-
MBIBaHUIO BEIIECTB U3 KOJIOHKH, YTO MOXKET
00BSICHATHCS 60JIee BEICOKUMH 3HAUCHHUSIMU
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JTUIIOILHOTO MOMEHTa MoJjiekyl. [Ipoananu-
3UPOBAHO BJIMSHUE TEMIIEpATyphl Ha COpO-
IIMIO a30JI0B HA MOBEPXHOCTHU TrUIepkapda u
[I0OKa3aHO, YTO JIaHHBIM IPOLECC CaMOoIpo-
U3BOJIbHBIN U 9K30TE€PMUYECKUI1, TOCKOJIBKY
3HaueHus dHepruu ['mbbca U cTaHIapTHBIX
MOJIBHBIX SHTAJIBIUN OTpUIATENbHBI. BbI-
MOJIHEHO CpaBHEHUE 3HAYEHUW KOHCTAHT
I'enpu apcopOumu npous3BoaHbIX 1,2,4-Tpu-
a30J1a, paCCYMTAHHBIX HA OCHOBAHUHU JKCIIe-
PUMEHTANIBHBIX JIAaHHBIX W BBIYMCIIEHHBIX
MOJIEKYJIIPHO-CTaTUCTUYECKUM MeTOoA0M. B
L[EJIOM MPOCIIEKHUBACTCS 00IIast KOPPEIAIHS
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Kpurnueckuii 0630p crnoco00B onpeaejieHusi MEPTBOr0 BpeMeHH (00bema)
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Benropockuii rocynapcTBeHHbIM HALIMOHAJIBHBIN UCCIIEA0BATENIbCKUN yHUBEpCUTET, benropoa, Poccus,
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AnHoTanus. B kputnueckoM 0030pe paccCMOTPEHBI M3BECTHBIE K HACTOAIIEMY BPEMEHH CIIOCOOBI OMpeielie-
HHSI MEPTBOTO BpeMEHH, HEOOXOUMBbIE ISl pacueTa (pakTopoB yJep)KUBAHUS U CBS3aHHBIX C HUMHU 3aKOHO-
MepHocTeil B Xxpomarorpaduu. OOpaiiaercss BHUMaHUe Ha TO, YTO (DaKTOp yJEep:KUBAaHUS, ONPEACIICHHBIN B
METOJIe TEOPETHYECKUX TapesoK MPUMEHUTEIBHO K XpoMmaTorpaduu n3HavaibHO Ha COpOEHTaX, B KOTOPHIX
HET TI0p, MOXKET OBITH MPeoOpa3oBaH B (JaKTOp yACPKUBaHHUS Ha TIOPHCTHIX COPOCHTAX, OTIMYAIOIINXCS HAJIH-
YHeM KOMIIOHCHTOB TOABIDKHON (ha3bl B 3aCTOMHBIX 30HAX — B Imopax copoOenTa. [Ipu 3TOM, 011HAKO, 30HA He-
yAEpKUBAEMOTo copbaTa mepeMernaeTcss MeUIeHHee HCTHHHOW CKOPOCTH TIEpPEMEIICHHUS TTOABIKHON (a3bl.
PaccmarpuBaroTcst HanOos1ee Moy sIpHbIC BApHAaHTHI U3 PaHee MPEI0KEHHBIX C YIeTOM HOBBIX IKCIIEPHMEH-
TANBHBIX JTaHHBIX. BO3MOXXHOCTh NMPHUCYTCTBHUA B COPOCHTAX TaJepeiHBIX MOP CTABUT IIOJ BOIPOC BECOBOI
meron. Kpome Toro, BecoBoit MeTOA1, Kak 1 MHOTHE APYTHE, HE YYUTHIBACT Pa3lIMuUe B YACPKUBAHUH BELIECTB,
COpOUPYIOMINXCS 10 aACOPOLMOHHOMY WIIN 10 a0COPOLIMOHHOMY MeXaHHu3MaM. Vcrosp30BaHne pacTBOpUTE-
Jiel, CMayMBaIOLIMX CTAlOHAPHYIO (ha3y, CKopee BCEero, MPUBOIUT K MPOHUKHOBEHUIO MOJIEKYJI paCTBOPHTE-
Jiel B IPUBUTYIO a3y U JOJKHO MPUBOJHUTH K MOJIyYEHUIO MEPTBOTO 00beMa, MPUMEHUMOr0 K a0COpOLMOH-
HOMY MeXaHu3My. Eciin pacTBOpUTEIb IIJI0X0 CMaYMBaeT CTAllMOHAPHYIO a3y, TO CMBICI HOJIYYEHHOTO MEpT-
BOr0 00bEMa CTAaHOBHUTCS HEONIPeIeNIeHHBIM. PacueT MepTBOTro BpEMEHH 110 YIePKUBAHUIO e TEepUPOBAHHOM
BOJIBI O0JIee IPUEMIIEM /IS OTIPEICIIEHUS MEPTBOTO BPEMEHH I10 YCPKUBAHUIO BEIIECTB IO aICOPOIIMOHHOMY
MEXaHU3MY, HO pe3yJbTaThl MOTYT OBITh 3aBBIIICHHBIMH M3-3a COPOIMHU BOJBI HA OCTATOYHBIX CHIAHOIBHBIX
rpynmax. Vcrnonp30BaHue OeHTepUpOBaHHBIX OPraHWYECKUX PACTBOPHUTEICH IS 3THUX XKe [eJiell BBI3BIBACT
MHOT'O BOIPOCOB. VcIonp30BaHNEe B Ka4eCTBE METYMKOB MEPTBOTO 00beMa HEOPTAaHWIECKHUX COJIEH MOXKET
JTaBaTh HE COBCEM TOYHBIC PE3YJBTATHI MO 3KCKIIFO3HOHHEIM (P PeKTaM, KOTOPBIE U B OCTAIbHBIX BapHaHTaX
CJIeZIoBao OBl YYUTHIBaTh. METO TOMOJIOTHIECKUX PAOB TAKKE HE SBISCTCS 0E3YCIOBHO KOPPEKTHBIM IO
pslly M3JI0)KEHHBIX B TEKCTE MPUYMH. METO/ CUCTEMHOTO MHKa TAKKe HE MOXKET UMETh OJHO3HAYHOTO IOJI-
TBEPIKJCHUS, TOCKOJIbKY MOXKET COOTBETCTBOBATH Y/AEPKUBAHHIO C HEOIIPEAEICHHOM JIOIeH SKCKII03MOHHBIX
s dexroB. CremoBaTensHO, TPoOIeMa OCTAETCsl K HACTOSIIIIEMY BpEMEHHU He pelieHHON u TpedyeTcs paspa-
00TKa HOBBIX CIELHUAIBHBIX [10JIX0/IOB.

KiwueBble ciioBa: MepTBOE BpeMs (00beM), CrIOCOOBI OIpe/eicH s, HOpMaIbHO-(a3oBas, odpameHHO-(a-
30Bas, ruapodunsHas BOXX.

Jns untupoBanns: [eitnexa B.M. Kputnueckuit 0030p crioco0OB orpeneeHuss MepTBOro BpeMeHH (00b-
ema) /I Copbyuonnvie u xpomamocpagpuueckue npoyeccor. 2024. T. 24, Ne 5. C. 631-642.
https://doi.org/10.17308/sorpchrom.2024.24/12503

Original article

A critical review of methods for the determination of dead time (volume)

Viktor 1. Deineka™
Belgorod State National Research University, Belgorod, Russian Federation, deineka@bsu.edu.ru®™

Abstract. The critical review examines currently known methods for determining dead time, which are re-
quired for calculating retention factors and related patterns in chromatography. Particularly remarkable is the
fact that the retention factor, determined using the theoretical plate method in relation to chromatography,
initially on sorbents that did not have pores, could be converted into a retention factor on porous sorbents,
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characterised by the presence of mobile phase components in stagnant zones, specifically in the pores of the
sorbent. However, the zone of unretained sorbent moved slower than the true speed of movement of the mobile
phase. The most popular options from those previously proposed were considered, taking into account new
experimental data. The possibility of the presence of gallery pores in sorbents called into question the gravi-
metric method. In addition, the gravimetric method, similar to many others, did not take into account the dif-
ference in the retention of solvents sorbed by adsorption or absorption mechanisms. The use of solvents that
wet the stationary phase most likely resulted in the penetration of solvent molecules into the graft phase and
should result in a dead volume applicable to the absorption mechanism. If the solvent did not wet the stationary
phase well, the meaning of the obtained dead volume became uncertain. Calculation of the dead time by the
retention of deuterated water was more acceptable for determining the dead time by the retention of substances
using the adsorption mechanism, although the results may be overestimated due to the sorption of water on
residual silanol groups. The use of deuterated organic solvents for the same purposes raises many questions.
The use of inorganic salts as dead volume markers may present not entirely accurate results on exclusion ef-
fects, which should be considered in other options as well. The homological series method was also not uncon-
ditionally correct for a number of reasons mentioned in the text. The system peak method also could not be
unambiguously confirmed, since it may correspond to retention with an indefinite proportion of exclusion ef-
fects. Therefore, the problem remains unsolved to date and the development of new special approaches are
required.

Keywords: dead time (volume), determination methods, normal-phase, reverse-phase, hydrophilic HPLC
For citation: Deineka V.l. A critical review of methods for the determination of dead time (volume).
Sorbtsionnye i  khromatograficheskie  protsessy.  2024.  24(5): 631-642. (In  Russ.).
https://doi.org/10.17308/sorpchrom.2024.24/12503

Nmenno daktop yaepKUBaHHs HCIOJb-

BBenenune o
3yeTcs Uil NalbHEHMIINX PACuE€TOB 3aBUCH-

B nacrosiiee Bpemsi — BpeMsi KOMIIbIO-
TEpPHOW 3alucu U 0O0pabOTKH XpoMmaTorpa-
(UYECKNX CUTHAJIOB K 3HAYMMBIM U HC-
TUHHO U3MEPSEMBIM IapamMeTpaM XpOoMaro-
rpauYecKOro MuKa SIBISETCS €ro MIMpUHa
Ha TIOJIOBUHE BBICOTHI M BpeMsl yAep>KUBa-
Hus (retention time), tr, mun. ITockosbky
BTOPOW MapameTp U3MEPSIOT MPHU 3aJaHHOU
CKOPOCTH TIOTOKa TOJBWXKHON (a3bl, U,
cM®/MHUH, TO BO3MOJKEH PacyeT yjaep:KuBae-
MOro o0bema:

Ve = u-tg, oM (1)

Ho u Bpems yaepxkuBanus, U yAep>K1UBa-
eMBbIii 00beM 3aBUCAT OT psAlia MapaMeTpoB
XpomaTorpaduueckoil KOJIOHKU U XpoMaTo-
rpaduueckoro npoiecca — Takux, Kak (mpu
3aJJaHHOW TeMIepaType) AJMHA U BHYTPEH-
HUN JuamMeTp Xpomarorpadudeckoil Ko-
JIOHKH, 3aTI0OJTHEHHON COpOEHTOM, a B ClTy4yae
MEpTBOro 00beMa — U OT 0OBEMHOM CKOpO-
CTH Tojayu MmoaBwKHON (a3bl. [TorTomy
Haubosee yAOOHBIM MapamMeTpoM YIepiKu-
BaHMs BeIIECTBA A CTaHOBUTCA (aKToOp
YAEpKUBAHUS, PACCUUTHIBAEMBIM MpPHU J10-
MOJTHUTEIbBHOM HM3MEPEHUH MEpPTBOTO Bpe-
menu (hold-up time), tv, ¢ KOTOpBIM CBsI3aH
MEpPTBBIN 00BeM, Vm:

k(4) = 22, 2)

tm

MOCTH YJIEpKUBAaHUS OT COCTaBa IMOJIBHXK-
HOM (pa3bl, 3aBUCUMOCTU yJAEPKUBAHUS OT
teMriepaTypbl. CieaoBaTelbHO, KOPPEKT-
HOCTh ONPEeNIeTICHUs MEPTBOTO BpEMEHH, twM,
onpenensieT KOPPEKTHOCTh MOCIETYHOIINX
pacyeToB.

s onpeneneHus: GU3NIECKOTO CMbBICTA
(hakTOpa yaAep>KUBAHUS BHITIOJTHUM CIEAYIO-
e mnpeobpazoBaHusi. BHawane paccmor-
pUM TIpoliecC XpoMarorpaduu Ha HETOpH-
CTBIX YacTHUIaX copOeHTa (KakK 3T0 ObLIO MpH
MMOCTPOCHUHM METOJIa TEOPETUUYECKUX Tape-
1ok [1]). CopOat A nepemerniaercs mo cior
copOeHTa, TOorJa M TOJBKO TOTNA, KOT/Aa
HaXOJUTCs B MOJBIXKHON (aze. Ecmu cko-
POCTh ABWKEHUS MOABUKHOM (ha3bl paBHa U
(MI/MUH), a BEPOSATHOCTh HAXOXKIEHUS COp-
0ara A B moaBmxkHOM ¢aze pasHa P(A)mp, TO
CKOPOCTb NE€PEMEIIECHHS LIEHTPa 30HbI COp-
0ara A, V(A), onpeiessieTcs 1o ypaBHEHHIO (3):

v(A) =u- p(A)mp- (3)

BepositHocTh 00HapyskeHus BemiecTa A
B MOABI)XHON (haze paBHA COOTHOIICHHIO
KOJIMYECTBa BeIlecTBA A B TOJABMKHOMI
dase, N(A)mp, MOJIb, K CYMME KOJIHUYECTB Be-
IECTB A, HAXOIAILIUXCS B CTAIlMOHAPHOM,
N(A)sp ¥ B MOABIKHON (pazax Ha Jr0OOM
y4acTKe KOJIOHKHU:
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n(A)mp (4)

p(A)mp - n(A)mp"'n(A)sp.
Paznenmum wucnuTens W 3HAMEHATEINb
nIpoOu (4) Ha ee YUCITUTEb:
1
p(A)mp = m (5)
3nech onpeaensiercs GU3NICCKHA CMBICI
daxropa yaepxxuanus K(A) kak cooTHorre-
HUE KOJMYECTB BelecTBa Ha (WM B) CTaIlH-
OHapHOH (pa3e MO OTHOIIECHHIO K €ro KOJH-
YECTBY B TMOJBIKHOW (haze Ha JTr000M
YYacTKe KOJOHKHU:
n(A
k) =5 (6)
Takum 00pazom, CKOPOCTb IIEPEMEIICHHUS
30HBI copOaTa A paBHa:

1
v =u s (D)
I[J'IH YCTAHOBJICHUS CBA3H MCIKY YPaBHC-

HusAMU (2) u (5) pa3aenum MepTBbI 00beEM

Ha JICBYIO U MIPaBYIO YaCTHU YpaBHCHUA (7)
VM VM
=1+ k(4)),

v(4) T u

W

tr(A) =ty - (1 +k(4)),  (8)
MOJIyYUB ypaBHEHUE, DKBUBAJICHTHOE ypaB-
HeHuro (2).

[IpuBeneHHbIE BHINIE ypaBHEHUS CIIpa-
BEJUIUBBI B TOM clly4ae, eclid pakTop yaep-
JKUBAHHS TIOCTOSTHEH IO BCEH JJIMHE KO-
noHKHU. [Tpy 3TOM MOJA CKOPOCTBIO ABUXKeE-
HUSA 30HBI copbara A HE0OXOAMMO TOHH-
MaThb CKOPOCTh JIBUJKEHHUSI MAKCUMyMa HH-
TEHCUBHOCTH 3TOW 30HBL. HO 10 mMepe mpo-
JBUKEHUSI 30HBI IPOUCXOJIUT €€ pa3MbIBa-
HUE, T.€. MEHSIOTCSI KOJIM4ecTBa copbara A
B eMHHIIE 00beMa KaK B MOJABUKHOM, TaK
B ctanmoHapHou (azax. [loaTomy cooTHo-
meHue (4) ocraercsi KOHCTAaHTOM TOJIBKO
MIPU MCTIOJIB30BAaHUHM MAJIbIX KOHIICHTPAIIUNA
copbara — eciii CUCTeMa HaxXOoJATCs B 00Ma-
CTH JINHEHHOCTHU H30TEPMBbI copOouuu. DTy
o0yacTh TPUHATO HAa3bIBaTh O00JACTHIO
I'enpu. OT™METHM, YTO U3HAYAIBHO ypaBHE-
Hue ['eHpu TMHENHO CBS3bIBAIO KOHILIEHTpa-
1110 BetmecTBa b B pacTBOpe, HaXoaAIuMes
B PAaBHOBECHH C Ta30BOH (a30i ¢ 3a1aHHBIM
napuuaibHbeIM naBieHueM b. T.e. cBa3bIBa-
JTUCHh a0CONIOTHBIC KOJIHYECTBA BEIIECTB B

obenx (azax. C apyroil CTOpoHsl, IpU U3Y-
YEHUU a/ICOPOLIMOHHBIX PABHOBECUI TPaJIH-
LIUOHHBIM CTaTHUYECKHMM METOJJOM MOKHO
OTIPENICNIUTH TOIBKO M30BITOUHYIO COPOLIUIO
BEIIECTB, HO 3TO YXe He Xpomarorpaduye-
ckas mpobaema. [Toaromy He MOHSATHO, 3a-
4YeM BBOAMUTH W30BITOYHYIO COpPOLHMIO [UIs
HCKaXEHUS CBS3M MEXIY (aKkTOpOM yuaep-
JKUBaHUS U KOHCTAHTOM pacnpeaeneHus [2],
€CIT 3TH 00a MOHATHUS OTHOCATCA K XpoMa-
tTorpadum.

PeanbHble COPOEHTHI B )KUIKOCTHOM XpO-
MaTorpaum — MOpUCTbIe YacTUlbl. B 3Tux
cllydasx NOJBMXKHas (a3a 3amoJiHSAET He
TOJIBKO Me4yacTH4HbId 00beM (Vo), HO U
0o0bem nmyctoT B HUX (Vi). CKkopocTh ypaBHO-
BEIIMBAHUS COCTaBa MOJABMKHOW (pa3bl
MEXJy dTUMHU 00BbEMaMu OIpeneiseT -
(eKTUBHOCTh XpoMaTorpauyeckoil cu-
cTeMbl (T.e. IIMPHHY NHKa HAa XpOMATO-
rpamme). [loaTomy ypaBHenue (4) HeoOXo-
JUMO MpeoOpa3oBaTh € YYETOM HaJIWYHUS
JIBYX THIIOB I10P, U3 KOTOPBIX TOJIBKO B MEX-
gactuyHoM (Vo) mpocTpaHcTBE HadIiona-
eTcs IMHAMHUYECKOEe JIBUYKEHHE MOABHKHON
¢a3zel BTOpas (aza (Vi) ocraeTcs 3aCTONHOM:

n(A)vo
PBmp = wremyinay O

OpHaKo eciiu NPUHATH cooTHOLEHHE (9),
HO 3aMEHUTh MEPTBBI 00BEM HA CyMMY
MEXYaCTUYHOTO (ABUXKYIIETOCs) U BHYTPH-
4aCTUYHOTO (3aCTOMHOr0!) 00bEMOB:

Vy, =V, +V,, (10)

a JuIst pakTopa yJepKUBaHHUs UCIOIb30BATh
GbopMyIy, YUYUTHIBAIONIYI0 CYMMY KOJH-
YeCTB BEIIECTB B 3TUX ke 00beMax:

k(A) — n(A)sp ’
n(A)mp(V0)+n(A)mp(Vi)
TO HETPYJIHO MOKa3aTh, YTO ypaBHEHHE (2)
octaercsi Heu3MeHHbIM. (CrenoBaTenbHO,
(akTop yAep KUBaHUS paBEH COOTHOIICHUIO
KOJIMYECTBA BemecTBa A Ha (MJIM B) CTaIlHO-
HapHOM (pa3e kK cymMMe KOJIMYECTB BELIECTBA
A B JIBWXKYyILIEHCA U 3aCTOMHON 4YacTAX ITO-
IBIKHOM (a3pl. OTMETUM TaKkke, YTO MpU
TaKOM 3aMEHe CKOpPOCTb IepEeMELICHUs
YCIIOBHO 30HBI MEPTBOT'O 00bEMa OKa3bIBa-
eTcs MEHbILE 33JaHHOW MPHUOOPOM CKOpO-
CTH MOJIa4X TIOJBMKHOM (hazbl.
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Hrak,

JUISL  TIOCJEIYIOIIMX PacyeToB
NPUHIUINHAIBHO BaKHBIM SIBJISETCS  KOP-
PEKTHOE OMpe/ielieHne MEPTBOTO BPEMEHHU.
Haubonee npocroe pemieHue 3agauud BO3-
MO’KHO B aJCOPOLIMOHHON Xpomarorpaduu,
T.€. P HOPMAJIbHO-()a30BOM UM B HEKOTO-
PBIX Ccllydasx — B 0OpaiieHHO-()a30BoM Xpo-
marorpaduu. B 3TOM ciyyae MOXHO CUH-
TaTh, YTO COPOLMS MPOUCXOJUT B HEKOTO-
POM COPOILIMOHHOM CJIOE — U JJI XpOMaTo-
rpadun HET HEOOXOAMMOCTH 3HATh TOJI-
HIMHY 3TOro ciosi. B nureparype umeercs
MHOTO 0030pOB MO ONPEENICHUIO 3TOTO Ma-
pameTpa — OCTaHOBUMCS Ha HEKOTOPBIX U3
Hux [3-8].

[Tpu onpenenennu tm HEOOXOIUMO B 00-
[IeM CITy4ae YYUTHIBATh, YTO B OOpAIIEHHO-
¢dazopoit BOXKX npusnaercs cyiiecTBoBa-
HUE JIBYX MPUHIUIHAIBHO Pa3INYalOIIUXCsI
MEXaHU3MOB yAEpKUBaHUS - aOCOpPOIMOH-
HOTO (pacipeeaTuTeIbHOr0) U aIcCOPOITHOH-
Horo [9]. Cnenuduka CTpoeHUS PUBUTOTO
OKTaJICIIUJIBHOTO CJIOS «MOHOMEPHBIX» 00-
pamieHHbIX (a3, COCTOMT B TOM, YTO 3TOT
CJIOH COZIepKUT HEIUIOTHO YIaKOBAaHHBIE aJjl-
KUJIbHBIE PAJMKAJIbI, MEXAY KOTOPBIMH IS
YIUIOTHEHHUSI MOTJI0O Obl TIOMECTUTHCS €lle
TaKO€ K€ KOJMYECTBO AJKWIBHBIX TPy
[10]. 3 sTOTO BBITEKAET OUEBHIHOE CIIE-
CTBHE - HEKOTOPbIE COPOAThI CIIOCOOHBI TIPO-
HUKATh JIMOO IMOJIHOCTHIO, TUOO YaCTUYHO,
KaK B «IIOIJIaBOYHOM MexaHu3Mme [11], B
IIPUBUTOM CIIOH, IOITOMY JUIsI HUX MEPTBBIN
00BbEM MOXKET OTIIMYATHCS OT MEPTBOTO 00h-
eMa, KOTOpBIH cleayeT HCIOJIb30BaTh JUIsS
pacuera (akTopa ynep>KUBaHHs COEIMHE-
HUM, rUAPOPOOHO BHITAIIKMUBAEMbIX Ha IO-
BepxHocTh  C18-daszpl.  CrnenoBarenbHo,
HE0OXO0JIMMO J0Ka3aTeJIbCTBO MPUTOAHOCTH
ornpenenseMoi BeIMuuHbl Vim A KaX0r0o
KOHKPETHOT'O CITy4Yasl.

Cnoco0 1. BecoBoii
(MUKHOMETPUYECKHNii) MeTox

s pacuera Vv mpeanaraercst ornpeje-
JUTH Maccel (M1 U M2) Xpomartorpaduue-
CKOM KOJIOHKH, 3aIlOJIHCHHOM IIOC/IeIOBa-
TEJIbHO JBYMsSI Pa3IMYHBIMH PAaCTBOPHUTE-

JSIMH, TIOJTHOCTBIO CMAaYMBAIOIIMMHU CTaIHO-
HapHy10 (a3y, HO UMEIOIUMHU Pa3TUYHYIO
IUIOTHOCTH (p1 U p2). B TakoM ciyuae Beien-
CTBUE paBEHCTBa 00BEMOB ITHX PACTBOPH-
TeJIed CIIpaBeUIMBO COOTHOILICHHE:

Vu(p2 — p1) = my —my. (12)

Meton Hanbosee mpuemsieMm sl HOp-
MasbHO-(ha3oBoil xpomarorpadguu. Ho B
JH000M Cilydae OH HE yUUTHIBAET BO3MOXK-
HOCTh CYIIECTBOBaHHS B COpOeHTE rae-
peiinbix mop [12]. JlelcTBUTENbHO, BBICOTA
JKBUBAJIECHTHOM TEOPETUYECKONH KOJIOHKH
(mpocTpaHCTBa, Ha KOTOPOM YCTaHaBJIMBa-
€TCsl pPaBHOBECHUE) COCTABIISIET HECKOJIBKO
MHUKpoMeTpoB [13]. B aTom oTHOIIEHUH Tpe-
6oBanue nponyckanus 10-20 o6beMOB HO-
BOI MoJBMXKHOHN (ha3bl, HEOOXOIAUMBIX IS
YpaBHOBEIIMBAHUS  XpoMaTorpaduueckoi
cucteMsl [14], roBOpUT O HEKOTOPOM JIpy-
IOM paBHOBECUHU. DTO MOXKET ObIThb, HANPHU-
Mep, paBHOBECUE MEXIy IBMXKYIIEHCS ya-
CTBIO TIOJIBMIKHOH (ha3bl 1 00BEMOM YacTu
rajepeiHbIx 1mop, HauOojee yAaJeHHbIX OT
noBepxHocTU. [loaTOMy He YyIUBHTENBHO,
4yTo B pabote [3] mpu3HaeTCs, YTO BECOBOU
METO/I IaeT MakcuMalibHoe 3HaueHue Vu. U,
CJIEOBATENILHO, ONPEIEIAEMbII 10 3TOMY
BapUaHTy MEPTBBIH O0BEM MOXKET IPEBbI-
1aTh MEPTBBIA 00beM, HEOOXOAMMBIN IS
pacuera (QaxTopa yAEpXKUBAaHUS IS Be-
LIECTB, YJIEPKUBAEMBIX JaKe 10 pacipene-
JIUTEJIbHOMY MEXaHU3My, HE TOBOPS yKe 00
copOaTax, y/ep>KUBAaeMbIX IO aJICOPOLINOH-
HOMY MEXaHU3MY.

B wMmertone mpeniokeHsl M BapHAHTHI
onpeneneHuss kak Vo, tak u Vi [15]. s
3TOr0 HEOOXOUMO:

a) 3aM0JIHUThH KOJIOHKY PacTBOPHUTENIEM C
W3BECTHOM IUIOTHOCTBIO P1, CMAYMBAIOLIUM
COpOeHT, HampuMep, U30IPONAHOIOM, TIPO-
ITyCKast ero co CKopocThio 0.2 cM>/MUH B Te-
yeHne 60 MUH W ONpPENeNIUTh Maccy Ko-
JIOHKH, M1;

0) 3amoJHUTH KOJIOHKY JPYTUM THAPO-
(OOHBIM pacTBOPUTENIEM TaKXKe C HM3BECT-
HOU TIJIOTHOCTBIO P2, KOTOPBIN yAEPKUBAJICS
Obl B mopax copOeHTa MpHU MPOIYCKaHUU
TUJIPOGUIBHOTO PAacCTBOPUTENS, IOJIy4UB
Maccy KOJOHKH My;
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B) TPOMYCTHTh Yepe3 KOJOHKY THIpPO-
¢wibHBI OydepHslii pacTBOp (CO CKOpPO-
ctbio 0.25 cM®/Mun, nponyctus 20 065eMOB
KOJIOHKH) C IJIOTHOCTBIO P3, KOTOPBIN BBbI-
TECHUT TPEIBIAYIIHA PAcTBOPUTENh U3
MEXYaCTUYHOTO TIPOCTPAHCTBA, IOJIYYUB
Maccy KOJIOHKH M3;

') 1751 HaJIeKHOCTH TOBTOPHUTH H3Mepe-
HUSI, 3aMCHUB HCIIOJIBb30BaHHBIC PACTBOPH-
TEJIM Ha JPYTUE C TAKUMH XKE CBOMCTBaMHU.

3areM Npou3BOIAT PACUETHI:

_ my—my

Vi = o=y (13)
_ mzg—m;

Vo= (p3—p2)’ (14)

[TockoNbKY OpraHUYeCKHE PACTBOPUTEIH
IIPOHUKAIOT HE TOJBKO B T'aJiepEeHHbIC IOPHI,
HO U B IPOCTPAHCTBO MCKIY aJIKWJIbHBIMU
pajuKallaMd MPUBUTOM (a3bl, TO PacCMOT-
PEHHBII CIIOCO0 TO3BOJIIET ONPE/CITHTh
YBEIIMYCHHBI Ha O0OBEM TaJepeiHBIX IOp
MEPTBBIH 00bEM KOJIOHKH ISl Pacipeieiu-
TEIHHOT0 MEXaHU3Ma yJIep>KuBaHus. BaxxHo
Tak)Ke M TO, YTO PACCMaTPHUBACMBIN CITOCOO
mpeJronaraeT, YTo MEpTBBI 00beM He 3a-
BHCHUT OT THIIA DIIIOCHTHON CHUCTEMBI U OT
KOHKPETHOTO COCTaBa MOJBIKHOM (hasbl,
XOTSI Ha 3aBUCUMOCTH HEOOXOIMMOIO JIs
pacueta TEPMOJAMHAMUYECKUX XapaKTepH-
CTUK MCPTBOI'O O6”I)€Ma OT TUIIa OpraHU4c-
CKOTO MOAM(UKATOpa U €ro KOHIICHTPAIHH
yKa3bpIBaJIH B padoTe [16].

Croco0 2. Ucnosib30BaHNe HEHTPAIb-
HOT'0 METYHMKA MEPTBOI0o BpEMEHHU

Jlis peanuzanuu 3TOro cnocoda B peab-
HBIX 9KCIIEPUMEHTAX MPEIIOKEHO OOIBIIOe
KOJIMYECTBO Pa3NUYHbIX BapuaHToB. Cpemau
MPEUIOKEHHBIX MAPKEPOB — ICHTEpHUPOBAH-
HBIC BOJ]a, METAHOJ WJIM AlleTOHUTPHI, He-
OpraHWYeCcKHe COJIM, OPTaHUYECKUE COCIIH-
HEHUS: Ypalui, UTO3MH, alleTOH, TUMETHII-
dbopMamMu], MOYEBHHA, THOMOYEBHHA, (JIO-
pormouuH [4]. B uutupyemoii pabore aB-
TOPBI KOHCTATHUPYIOT, YTO OIPEACICHUIO
«HCTUHHOTO» («lrue») odbema MemaroT 3¢-
(EeKTBI PKCKITFO3HMH T10 pa3Mepy W/WJTH TI0 3a-
Py, OTpULIATENbHAS aICOPOIHUs U cOpOIIHs
METYMKOB MepTBOro 00beMa. Eciu ¢ mepBoii

MPUYUHON MOXKHO MTOJTHOCTHIO COTIIACUTHCS,
TO OTpHIIATEIbHAsE COPOLUS A XpOoMaro-
rpaduy JIMIICHA CMBICIA, MMOCKOJBKY Tep-
MUH NPUMEHHM K HCCIICIIOBAHUIO COPOIIMU
CTaTUYECKUM METOJ/IOM, MOCKOJBbKY B XpO-
Matorpaguu MEpTBBI O0BEM OTHOCHUTCS
TOJILKO K YACPKUBAaHUIO BEIECTBA C HYyJIe-
BOI1 a0COIOTHOI (T.€. C OTpULIATEIBHOMN H3-
OBITOYHOM) cOpOIMe. A TPUMEHEHUE MET-
YHUKOB, YaCTUYHO YICPKUBAEMBIX COpPOCH-
TOM, MPUBOAMUT K OOJIBIIMM WM MEHBIIHM
omuOkam. [1o3TOMy BBIBOZI O TOM, YTO JIy4-
M BapUaHT onpeieneHus Vi — HCIoJb30-
BaHMM B Ka4eCTBE METUMKA JICHTEPUPOBAH-
HBIX KOMIIOHEHTOB TIOJIBMKHOU (ha3bl B 00-
pameHHo-¢a3oBoii  xpomarorpaduu  (He-
yI0OCTBO KOTOPOT'O CBSI3BIBAIOT C HEOOXO-
JMMOCTBIO HCIIOJIb30BaHUs pedpakTomMeT-
PUYECKOTO JIETEKTOpa) B 3HAYMTEIBHOM
Mepe ommbodeH. Bo-mepBbIX, XOpomo u3-
BECTHO, YTO OpPraHUYECKHue MOAU(DUKATOPHI
HaKaIuIMBaIOTCs B MpuBHUTOM cioe [17], T.e.
yIIeP>KUBAIOTCSI COPOSHTOM, IIOATOMY HE MO-
I'YT OBITh METYMKAaMU MepPTBOro 00bema. Bo-
BTOPBIX, OJIHO CTpaHHOE 3a0IyKIeHUE 4Ya-
CTO YHOTpeOsieTcsl B MyOIMKALUsIX O XpO-
Matorpaduu. ITo aToMy 3201y KI€HUIO CKO-
POCTh MepeMeIIeHus 30HbI copbaTa BMECTO
pocTor W HarisigHoi gopmyinsl (7) 3ama-

ercst uHave [18]:
F

= Vy+se (16)
rae U — oObeMHasi CKOPOCTh MepeMeleHus
30HBI copbara, F — oO0bemMHast CKOpoCTh Te-
peMereHus moABMKHOM ¢asbr, Vg u S’ —
0o0BbeM MOABMKHOM (ha3bl W yzAenbHas Io-

BCPXHOCTb COp6CHTa Ha €IMHUIY OJIMHBI KO-
dar o
JIOHKH, a ; — HpOU3BOJHAA M30BITOYHOM

copOLMU TO PaBHOBECHOW KOHIEHTpAIUU
copOarta B moaBMXkHOM (haze. [Tockonbky 10-
CTaTOYHO OBICTPO MpPH POCTE PaBHOBECHOU
KOHIICHTPAIIMU OPTaHHYeCKOro MOIM(HKa-
TOpa B MOJBIKHOM (a3ze mpou3BOgHAS TIPHU-
OMKaeTcsl K HyJI0, TO CO3/aeTCs UILTIO3US
O HYJIEBOM YJCpXKHBAaHUU OPTraHMYECKOTO
Monudukatopa. Ho Ha camom zgene 3To He
Tak. Bo-mepBbix, aBTOp pabotel [18] wuc-
MOJTB3YET TOHATHE HM30BITOYHON COpOIUH,
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HE IPUMEHHUMOE, KaK OTMEUaioch BbIIIE, K
xpomarorpaduu. Bo-BTOpBIX, CKOPOCTH Tie-
pemenieHusi copbara (MM OPraHUYECKOro
MouduKaTopa MOABMKHOMN (ha3bl) 3aBUCUT
HE OT HWCIIOJIb30BaHHOW B ypaBHeHHH (16)
IPOM3BOJIHOM, a OT COOTHOIIEHHUS KOJH-
YEeCTB BEIIECTB B CTAI[MIOHAPHOW U MOABUXK-
HOU (Dazax, ¥ ATO COOTHOILICHUE OTINYATCS
oT HyJs B JtoOoM ciyyae. [ToaTomy meron
OyZer naaBaTh 3aBBILICHHBIC PE3YJIbTATHI
Jake 17151 copOaToB, yAEPKUBAEMBIX IO pac-
IpeJeTUTeIFHOMY MEXaHU3MY, a HEITPUTO/I-
HOCTb B O0IlEM Cllydae Takoro mnapamerpa
JUTS BEIIECTB, YACPKUBAEMBIX 110 aIcOpOIH-
OHHOMY MEXaHU3MY, oueBHIHA. Heckonbko
WHasl CUTyalusi C WCIOJb30BAHUEM JICHTe-
PUPOBAHHOM BOJIbI, KaK BELIECTBA, HE YAep-
KMBAEMOTO PUBUTHIMHU paJKaiaMu oopa-
1ieHHOH ¢a3bl. OJHAKO BOJA YACPKUBACTCS
Ha OCTaTOYHBIX CHJIAHOJIBHBIX TPYIax, 4TO
TaK)K€ MOXKET YBEIMYUTh MEPTBOE BpeMs
YK€ /ISl BEIECTB, yJEP>KUBACMBIX MO a-
copOunoHHoMy Mexanu3my. Ho takas omnac-
HOCTB CYIIECTBYET ITPH UCTIOIb30BaHUH JTFO-
OBbIX MOJISIPHBIX METYMKOB.

Tem He MeHee, HCIIOJIb30BAaHUE «HECOP-
OMpYyeMBIX» METYHKOB SBISIOTCS HanboIee
IPOCTBIM U JIETKO Pean3yeMbIM CIIOCOOOM
OYeHKU MEPTBOTO BPEMEHH /ISl BEIIECTB,
yEp>KUBAEMBIX 0 aJICOPOLIMOHHOMY MeXa-
HU3MY, XOTSI HEONPEJCICHHOCTh B HaJIEXK-
HOCTH 3TOr0 crocoba ocraercs M Bpsij JU
yacTcs ee yCTpaHuTh. J{eno B ToM, 4To 1o
HallleMy OIBITY BOCIPOU3BOAMMOCTb Bpe-
MEH YJepKUBAHUS «HECOPOUPYEMBIX» MET-
YHUKOB JIOCTaTOYHO BBICOKA (PacxokKJIeHHE
He Oosiee Joiell CeKyH/IbI), HO CaMO BpeMs
SIBHO 3aBHCHUT OT COCTaBa MOJIBHKHOH (pa3bl.
Ckopee Bcero, AJ1s1 BO3MOKHOCTH COTOCTaB-
JIeHUsl pe3yJIbTaTOB, MOJYYEHHBIX pa3iny-
HBIMH HCCIIEJIOBATEISIMU CIIEAYET IOTOBO-
PHUTBHCS O TOM, KaK U JIJIsl KAKUX COCTAaBOB I10-
JIBUXKHOU (a3bl paccunThiBath tm. Heoauna-
KOBBIE BEJTMYMHBI 3TOTO MapaMeTpa Jyis pas-
JMYHBIX COCTaBOB MOJBMXHBIX (Da3 MOTyT
CBU/IETEJILCTBOBATH HE TOJIBKO O YaCTHYHOM
yACP)KUBAHUM METYUKA, HO M 00 OOBEKTHUB-
HBIX 3¢ deKTax B XpoMaTorpaduieckoil cu-
cteme. Ecnu onpenenennoe Takum oo6pazom

MEpPTBOE BpeMsl OKaKeTcs OoJblie, YeM
BpeMs yJIep>KUBAHHSI HEKOTOPOTO KOHKpET-
HOTO BEUIeCTBa, TO MPUYUHON MOTYT OBITh
9KCKJIIFO3UOHHBIE 3 (EKTHI IS ATOTO Belle-
CTBa.

W3 nornomaromux 3JeKTpPOMarHUTHOE
n3nydeHue B Y D-001acTu METYNKOB MEPT-
BOTO BPEMEHU /IS HOPMaIbHO-(a30BOi
B2XX pekomeHnyeTcs UCHOJIb30BAaHUE
OeH3oa uiK TeTpaxiopatiieHa. [lpu stom
00BbEM, OLIEHEHHBIH STUMH METYMKaM, OKa-
3BIBACTCSI MEHBIIIE, YEM IIPU HCIIOJIb30BAaHUN
NeUTepUPOBAHHBIX KOMIIOHEHTOB IOJBHK-
HOM (a3pl, IPUUUHON YEMY, 10 MHEHUIO aB-
TOpOB [4], ABISETCS AKCKIIO3US MO pa3Me-
pam, MOCKOJIBbKY pe3yJbTaT 3aBUCEN OT IO-
POBOTO pacmpeeneHusi copoeHTa. DTH pe-
3yJbTaThl OBLIN IIOJYyUEHbI COIOCTABIIEHUEM
yAEP>KUBAHHUSI METYUKOB (M MOTPELIHOCTEN
ompeneneHusi Vv) C MEpPTBEIM 00BEMOM,
ornpezeaeHHbIM 1o yaepkuBanuio CD2Clz
IIPU UCIIOJIb30BAaHUM IUXJIOPMETaHa B Kaye-
CTBE DJIIOEHTA. 3aMETUM, YTO JAUXJIOPMETAH
KaK JIEUTEpUPOBAHHBINA, TAK U HE JEUTEpH-
POBaHHBIH, SBISIOTCS MOJISPHBIMU COEIMHE-
HUSMHU (MMEIOT HEHYJIEBOW TUIONBHBIN MO-
MEHT), T.€. B HEKOTOPOH CTENIeHH yIeP>KUBa-
I0TCSl CHIMKareneM. MIMEHHO 1Mo3ToMy OHM
JIAlOT 3aBBIIIEHHOE 3HaY€HUE MEPTBOT0 00b-
ema. HyneBoe yaep)xuBaHue n-rekcaHa (Kak
OCHOBHOT'O HEMOJIIPHOTO KOMIIOHEHTa II0-
IBUKHOU (hazbl) MOKHO TPU3HATH JOCTa-
TOYHO OOOCHOBAHHBIM, T.€. €r0 YIEepKUBa-
HUE Ha cuiMkarene Oinu3ko K Hymo. [Tpu
3TOM HYJIEBOE YIEp>KMBaHUE JeiTepupo-
BaHHOU BOJIbI B HOpMallbHO-()a30BOM Xpo-
MaTorpa@uu — 3TO SIBHOE 3a0iIyXJEHUE,
0COOEHHO ¢ y4eTOM paboT, B KOTOPHIX OOHA-
PYXKE€HO TpU CJIOSl BOJABI Ha CUJIMKarene ¢
OOJBIIMMHU TIPOOJIEMaMU C yJIaICHHEM COp-
OMPOBAHHOW BOJIBI U3 TIepBOTO cios [19].

s oOpaiieHHo-(a30Boil XpomaTorpa-
¢un aBTOopamu paboThl [4] Takke mpesara-
eTcsd B KauecTBe TpeOyeMoro MeTyukKa Hc-
M0JIb30BaTh JIEUTEPUPOBAHHBIE OpraHHye-
CKHME MOIU(HUKATOPHI; MPU 3TOM IpHU3HA-
eTcsl, UTO UX YJep>KMBaHUE HalOiromaercs,
HO TOJIBKO NPH KOHILIEHTPAIUSIX OpraHuye-
cKoro MoaupuKaTopa B MOABMKHBIX (hazax
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Mmenee 20 00.%. M3 Y®d-nornomarommux
METYUKOB PEKOMEHJOBAaH HUTPOMETaH, HO
TOJIBKO €CJIM DJIIOEHTaMH SBJISIOTCS MeTa-
HOJI WM allETOHUTPUII TIPU UX COAECPKaHUU
100 00. %. I1pu ucnoap30BaHUU BOJHO-OP-
TaHMYECKHUX TOJBMKHBIX (a3 Ipu coiepika-
HUU BOJIbI OoJiee 5 00.% HUTpOMETaH HAYH-
TaeT Takxke ylepxkuBarbca. OTMeTHM
TaKke, 9To (popMaibHO B MUTHUPYEMOH pa-
0oTe cuMTaercs, 4YTO MEPTBbI 00bEeM HE
JIOJDKEH 3aBUCETh OT THIA MoauduKaropa u
€ro KOHIICHTPAIIUU B MOJBUKHOM ¢ase.

Cnoco0 2a. MeT4uKH —
HeOpraHu4vecKue coeJUuHeHns

OTOT coco0 MoIy4niI HUPOKOE MPaKTH-
YecKOe pacrpocTpaHeHe B 00pamieHHo-(a-
30BOM xpomarorpaduu [5] Gmarogaps npo-
CTOTE, NOCTYITHOCTH, BO3MOXKHOCTH Y D-J11e-
TEKTUPOBaHMS U pa3IMyMs 1O pa3Mepam.
OnHako, OCHOBHOM HEJIOCTATOK cIlocoba —
BO3MOXKHOCTh 3KCKIIO3UM 10 3apsny. s
MIPEOJIOJICHUST ATOTO d(PPeKTa MpeIoKEHO
UCIOJIb30BaTh Oy(hepHbIe pacTBOPHI WJIN BbI-
COKHE KOHIICHTpAlUU COJIeH MJIi MAacKH-
POBKM 3apsiia OCTATOYHBIX CHJIAHOJBHBIX
rpyni. Ilpu 3Tom ynepxuBaHue coieil Mo-
ket 3aBuceTb oT pH. Ho B nienom, pesynb-
TaTbl, MOJTy4YE€HHbIE PA3IIMYHBIMU aBTOPAMH,
HE COBIAJAIOT, U B PAJE MyOJMKAIUN, CM.
[5], ekt sxcKiIr03UH 10 3apsay He 0OHa-
PYXKEH, TO3TOMY PEKOMEHIOBAaHO HCIIOJIb-
30BaTh B KAYE€CTBE HA/IEKHOI'O METUMKA HUT-
paTt Wik HUTPUT HATPUSI.

Paznuuue B pe3ynbTaTax MCIOIb30BaHUS
HEOPTraHMYECKUX COJICH B Ka4eCTBE METUH-
KOB MEPTBOTO BPEMEHU HE YAMBUTENbHBI,
MIOCKOJIBKY B TEXHOJIOTUW TIPUTOTOBJICHUS
oOpamieHHbIX (a3 MPOU30LUIA CYIIECTBEH-
HbIE U3MEHEHHS, BKIIOYAIONINE HE TOJIBKO
ruipooOHBIN, HO THIPOPUIBHBIA SHKE-
nuHT. [Ipr 5TOM Hexenanue pa3ouparTscs B
MeXaHu3Max copOuuu (aacopOIMOHHOM
Wi abcopOIMOHHOM) CTaBUT MOJI COMHe-
HUE JI00bIe BHIBOJIBI O BIMSHUM METYMKA HA
MepTBBI 00BEM, a BONPOC O TOM Kakou
MEpTBBIA 00beM HEOOXOAUM JUISI KOHKpET-
HBIX PacueToB HU B OJHOM M3 HM3BECTHBIX
HaM paboT BOOOIIE HE TOTHUMAJICS.

Cnoco0 3. Ucnosib30BaHue HaOopa
cop0aToB M3 0IHOTO
U TOT'0 ’Ke TOMOJIOTUYeCKOro psijia

Cnoco0 ocHOBaH Ha MPEIOJIOKEHUU O
PaBEHCTBE CEJIEKTUBHOCTEN pa3zesieHus o-
ClleIoBaTeNIbHBIX ToMoJIoroB (N, N+1, n+2, ...)
B HEKOTOPBIX XPOMATOTPaPUIECKHX YCIIO-
BUSIX [4-8], KOTOpO€ BbIpa)kaeTcsi ypaBHE-
HueMm (17), mo3BOJISIIOIIUM pacCUUTaTh UC-
KOMOE€ BpeMs, tm:

th1—tm — tn+2_tM. (17)
tn—tm tny1—tm

[Ipu 3TOM M3BECTHO HECKOJIBKO OCOOEH-
HOCTEW MPUMEHEHUS STOTO0 METO/1a.

Bo-niepBBIX, W3 pacCMOTpECHHS yAalls-
I0TCA TIEpBBIE JBa TOMOJOra, OOBICHEHHE
4eMy MOJKHO TIOJTYYUTh, HCIIONB3YsI 3aKOHO-
MEPHOCTH KJacCH(PHUKAIUU aTOMOB IO THU-
naMm M BuzaMm, npemioxennon B.M. Tares-
ckuM (cm. [20]). Bo-BTOpBIX, B psiqy roMo-
JIOTOB B 3aBHCHMOCTH OT JUTHHBI IIPUBUTHIX
QIKWIBHBIX TPyl COpOEHTOB, HabIOa-
FOTCS M3JIOMBI TIPSIMBIX JTMHHNA Ha Tpadukax
3aBUCHMOCTH Jorapudma pakropa yaepxKu-
BaHHUA OT YHMCJIa aTOMOB YIJIEpOJia B YIJIEBO-
JOPOAHOM paauKaje romosioros [21]. Otot
3¢ (deKT CBA3BIBAIOT C KOHPOPMAIIMOHHBIMU
W3MEHEHUSMU MOJIEKYJ OOJBIINUX pa3MepOB
TOMOJIOTOB B MOABUXKHOM (ase.

lgk(i)=a+b-n. (18)

BceneactBue Takoro wusinomMa pasiuya-
I0TCA pe3yJbTaThl ompeneneHus Vm, Momy-
YEHHBIE C UCTIOJIB30BAHUEM CEPUI TOMOJIO-
TOB, TOCIIEJIOBATEIbHO OTPAHUYEHHBIX CO
CTOPOHBI TOMOJIOTOB MEHBIIIMMH N (HAYUHAS
¢ cepuun ot N =5 go n = 10). Taxoii skcne-
PUMEHT TPUBOJUT K 3aMETHO pa3IHyaro-
MCsT MEXIy co00l pe3ylbTraTaMu Ompe-
JNeTTeHus MepTBoro ookema - ot 0.842 cm®
JUIsL CEpUM M3 BOCbMH romoiioros 10 1.280
cM® JUIS TpeX, HeCMOTpPS Ha OYeHb BBICOKHE
KOd(ppULIHUEHTH Koppesiiuu (Oonee mATH
NEeBATOK [3]).

Jlyis Tpynmbl TOMOJIOTOB MEPTBOE BpeMst
MOXET OBITh ModydeHo [22] oOpaboTkoii
JKCIIEPUMEHTANbHBIX JaHHBIX MO ypaBHe-
Huro (19):

tr(n+ 1) =a-tg(n) + (1 —a) - ty,(19)
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IJIe COIOCTaBJISIFOTCS BpPEMEHa YJlep>KUBa-
HUs TOMOJIOTOB (N 1 N+1), @ — HAKJIOH JINHUN
TPEeHJa; IMpPU ITOM MCIOJIb3YEeTCd METOJ
HaMMEHBIINX KBA/IPATOB.

B TO ke Bpems JIMHEWHOCTh COOTHOILIE-
Hus (18) ne oueBuana. [lo MHEHUIO aBTOPOB
paboTel [21] ATO CBsI3aHO C HM3MEHEHHEM
KOH(OPMALIMOHHBIX COCTOSIHHIA 10 MEpe po-
CTa JAJIMHBI ATIKWIBHOTO pajgukana. B padore
[22] 6b110 0OpaIIeHo BHUMaHUE, 9TO AJIs TO-
MOJIOTOB TIpU HCKJIIOUEHUH TEPBBIX JIBYX
YJIEHOB TOMOJIOTMYECKOTO psifia IMHEHHOCTD
B HHTAJIBIIUU COPOLIMU BECbMa BEPOSTHA, HO
3TOrO HEJb3sl CKa3aTh MPO SHTPOIHIO 3TOTO
nporecca. Ho npeayiosxxenue TMHEHHOCTH B
ypaBHeHusax (18) u (19) ouensr mpuBneka-
TEJIbHO, B TAKOM NPHOIMKEHUH U1 METOoJla
onpezeneHuss Vm npeaocTaBisieT TepMOIu-
HaMH4yeckoe 000CHOBaHHME U METOJ NPHUIro-
JIeH JUIsl pacueTa SHTalbIIMM IepeHoca Be-
I1ECTB U3 NOJBMXXHOM (a3bl HE Ha, a 6 CTa-
MoHapHY0. [I0CKONBKY alIKUIIbHBIE PajIH-
KaJbl MPOHUKAIOT B CTallMOHApHYIO a3y,
BO3HHUKAIOT BOMPOCHI O MPUMEHUMOCTH Be-
J4uH VM, TOTyYeHHBIX € UCTI0JIb30BaHUEM
HECOpPOMPYEMBIX BELIECTB, €CIM MEXaHU3M
yACp>KMBaHUS HE YyCTaHOBJIEH. B pabote
[23] 6bUIO yCTAHOBIIEHO, YTO BpeMs yiep-
JKUBAHUS, ONPEEIIEHHOE M0 PSAAY TOMOJO-
r'OB, 0Ka3aJI0Ch MEHbIIIE, YeM 0 yJIepKUBa-
HUIO HEe copOupyemoro coenquHenus. Cueno-
BaTeNbHO, B 00palleHHO-(a30Boi Xxpomaro-
rpaduu nepen omnpenenenueM Vm, HE0OXo-
MO Pa300paThCsl C MEXaHU3MaMU yIePKH-
BaHUs I BbIOOpa criocoba orpeneiaeHus
ATOM XapaKTEePUCTHKH.

HaxoHner kpome OOBIYHBIX YKCKITIO3HOH-
HBIX 3P (PEKTOB CYIIECTBYET €lle OJUH 0CO-
ObIi ciTyyail. TOT ciyyail CBA3aH C yaepKu-
BaHHEM BEILIECTB, pa3Mep KOTOPHIX OOJIbIlIe
10% ot cpeanero pasmepa mop copOeHra, -
B JTOM Clydae, Hampumep, Uit 3¢upos
KCaHTO(WIIJIOB MEpPTBBII 00BEM, ompene-
JICHHBIH MO0 TOMOJIOTaM, OKa3bIBAETCs JIaXe
MEHBIIIE MEPTBOT0 00bEMa, ONPEeAeIEHHOTO
o HecopOupyeMoMy KOMIIOHEHTY [24].
Kpome Toro, mo ombiTy paboThl Hamiel ja-
0opaTopuu MEPTBOE BpeMsi, ONPENEICHHOE

[0 YJAEP>KMBAaHUIO TOMOJIOTOB, MOYKET OKa-
3aTbCs U MEHbBIIIE MEPTBOI'O BPEMEHH, OIIpE-
JICJICHHOr0 IO YJIEPKUBAHUIO BEIIECTBA C
OTHOCHUTEIIEHO HEOOIBIINMHU Pa3MEPaMHU.
NHKpeMEHTHBIE COOTHOLIEHUS MEXAY
yAEp)KMBaHUEM TPHUALWININLEPHUHOB YKa-
3bIBAIOT HA TO, YTO BMECTO F'OMOJIOTOB (TpH-
AIWITIUIEPUHOB, 00pa30BaHHBIX HACHI-
IICHHBIMU JKUPHBIMU KHCJIOTaMH) MO>KHO
BOCIIOJIb30BAaThCS PSIIOM IICEBIOIOMOJIOTOB,
HalpuMep, Cepue U3 YeThIpex TPUALMIT-
JUIEPUHOB: TPUJIMHOJIEaTa, JUIMHOJeaTa-

oJicaTa, auoJjicaTra-JIMHOJICATa W TpHOJICATA
[25].

Croco6 4. Meto BO3MYLIIEHUSA
NMOTOKA UJIH CHCTEMHOIr0 NUKA

EauHCcTBEeHHOE TOCTOMHCTBO MeToAa —
Kaxymiascs npocrora. B oOpamenHo-¢a3zo-
Boii BOXKX npenmnonaraer BBOJ B KaUeCTBE
mpoObl YHUCTOTO KOMIIOHEHTa C HaWMEHb-
MM yJIep>KUBaHUEM, T.e. Boabl. C TOYKH
3peHusi (pU3MYECKOro CMbIciia MPU TaKOM
crioco0e HaOI01al0T BO3MELICHUE HYJIEBOU
JIMHUM BCJIEACTBHE M3MEHEHUus Ko3(pduum-
€HTOB NPEJIOMJIEHUS PacTBOPOB, MOMAAar0-
LIUX B KIOBETY, IPUBOSAIINX K OTKIIOHEHHUIO
Jy4ya OT 3aJjaHHOro B IpuOope Harpasie-
Hus. COMHUTEIBHOCT KOPPEKTHOCTU JIaH-
HOTO crtoco0a MoATBEPKIAeTCsI TEM, UTO pe-
3yJbTaT 3aBUCHUT OT COCTaBa IOABM)KHOMN
da3el [5], mosTOMY paccMaTpUBAIOT BCIO
JIOEHTHYIO CHCTEMY U PacCUUTBHIBAIOT
cpenHee 3HaueHue. B HeygauHOM BapuaHTe
CUCTEMHBIN NHK MOXET IOKa3bIBaTh yAep-
KUBAaHUS TMpUMecell, He MOoNaJarlux B
MOpBl COPOEHTA MO MPUYMHAM IKCKIIO3UH.
Ho no nuTtepatypHbIM TaHHBIM PE3yJIbTaThl,
MIOJIyYEHHBIE 110 3TOMY METOAY OYEHb
OJIM3KHU K pe3yJbTaTaM, MOJy4YEeHHBIM C UC-
II0JIb30BAHUEM Dsi/ia TOMOJIOTOB, XOTSI IOSIB-
JIEHUE CJI0’)KHOTO MHOTOIUKOBOTO MPOQHIIs
OCJIOJKHSIET MHTEPIPETALNIO: TaK IPEAIoa-
raercsd, 4YTO MEpBBIH IHK COOTBETCTBYET
yIIep>KUBAHHUIO BOJIbI, @ BTOPOIl — BaKaHCH-
oHHbIN nuK. [Ipu BBOZE MpoObI TOTO k€ co-
CTaBa, YTO ¥ OJBKHAS (ha3a TaKoU MUK 00-
HapyXHUTh TPYIHO, MOITOMY MPUMEHSIOT
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npoObl ¢ M30TOMHO-MEUYEHHBIM KOMIIOHEH-
toM. D20 ynoOGHO wmcmonb30BaTh naxe ¢
Y®-nerekTopoM, HO, TOy4das CXOIAUMBIE
pe3yNbTaThl ISl CHCTEM «AleTOHUTPUI —
BO/Ia» U «METAHOJ] — BOJIay, HA MOJBUKHbBIE
¢da3pl Ha OcCHOBe TeTparuapodypaHa cie-
JyeT UCKITIOUYUTb.

B pabore [26] ompenenenue Vm Takxke
IpeyiaraeTcsl BHIIOJIHATH 10 CUCTEMHOMY
MUKy, HO TPU ITOM B KA4eCTBE KPUTEPHS
MPABUJIBHOCTH TIOMYy4YaeMbIX pPe3yJbTaTOB
NpeUIaraloT CONOCTABIATh X C 00BEMOM,
paccuutanHbiM 0 opmye (20) mis Koso-
HOK CO BHYTPEHHUM JHaMeTpoM 4.6 MM:

Vy =0.01-L, (20)
IJIc MEPTBBIH O00BEM HU3MEpSeTCS B MJI, a
JUTMHA KOJIOHKU — B MM. Tak, Hanmpumep, AJs
KOJIOHKU ¢ pasMmepamu 150%x4.6 MM mepT-
BEIi 06beM cocTaBuT 1.5 cM®, a U1 KOJOHKH
C Ipyrum auameTpom, d., 50x2.1 mm — 0.11
cM°, UCTIONB3YS ypaBHEHHE:
Vy =0.5-L-d%/1000. (21)

ABTOp CUHMTaeT, YTO €ClIH O0bEM OKa-
KeTcsl OOJIbIIIEe PAaCCUYUTAHHOTO, TO 3TO CBU-
JIeTeIbCTBYET O MPOOJIEMax CO CKOPOCTHIO
nojayn MoABMKHON (as3el. Ecnu o0bem
MEHBIIIE PACCUUTAHHOTO, TO JIMOO CHOBa
mpo0JieMbl C TTOTOKOM JJIFOE€HTA, MO0 BO3-
HUKAIOT YKCKJIFO3UOHHBIE 3P (DeKTHI (110 pas-
Mepy), TU00 1o 3apsmy.

MepTrBoe Bpemsi 1JIs1 KOJIOHOK
€ MCTUHHO NMOJHMEPHBIMHU COPOEHTAMH

HcTuHHO mosuMepHble cOpOEHThl — CO-
HOJMMEpBl CTUPOJIa M AUBUHWIOEH3071a U
CBEPXCIIUTHIE TIOJTUCTUPOIIBI, TIOTYIHIH 3a-
METHOE paclpoCTpaHEHHE B TOCIEIAHEE
BpeMsi Oyarofapsi TEXHOJOTHSIM >KECTKOU
CIIMBKH ¢ 0Opa3oBaHMEM HEHAOyXaroLIUX
(unmu Mano HaOyXarolMX B PACTBOPUTEIISAX )
yacTull. Takue COpOSHTHI 10 COPOIMOHHBIM
cBoiicTBaM OJM3KH K 00palieHHO-()a30BbIM.
Pazymeercsi, B 3TOM ciy4ae peanusyercs
TOJILKO aJICOPOIIMOHHBIA MEXaHW3M yep-
KUBaHUA TPU HUCKIIOUYEHHH abCOpOIMOH-
HOTO, YTO CYIIECTBEHHO YIPOIIAET HCCie-
JIOBaHHE CBOMCTB KOJIOHOK.

ComnocTaBiieHEe METOAOB ONPEACICHUS
MEpPTBOTO BPEMEHH BBIIIOJHEHO B pabote

[27]. B pabote wucnosp3oBagud KOJOHKY
4.1%x150 MM, 3aMOJHEHHYIO COMOJIUMEPOM
JTUBUHWIOEH30JIa M CTUPOJIa B MOABMXKHOMN
(aze, coneprxkaBIIeH alleTOHUTPII 1 Oy dep-
HbIA pacTBop aierata aMMmoHus ¢ pH 4.6,
npu ckopocTy nogadu 1 ev®/mun. Ipu sToM
JUISL Pa3InYHBIX MapKepoB Im MOIy4YeHBI
cienyromue pesyibTatel: 1.26 (Boga), 1.26
(NaNO:s), 1.30 (ypammn), 1.28 (MmoucBuHa),
1.32 ¢popmamug u 1.76 mun (aneron). Pac-
4yeT (BBIMIOJHEHHBIH B HACTOSIIECH paboTe)
10 TIPE/ICTABIICHHBIM B pabote [27] qaHHBIM
M0 yJIEPKUBAHUIO IBYX PSAAOB T'OMOJIOTOB
IpHUBEJI K CIEIyIIMUM pe3yibraram 1.26
MUH IS psiia aakuioen3omoB u 0.89 s 1-
anka”onoB. M3 »Toro cnemyer, 4dro ai-
KHJIOEH30IIbI IAI0T JIy4llle Pe3yJbTaT, ecliu
CUYHUTATh, YTO BHICOKO MOJISIPHAS BOJIa U HUT-
paT HaTpus He OyIQyT yIep>KUBAThCS HA HE-
NoJIApHOM  copOeHTe. Maioe 3HaueHue
MepTBOro o0beMa, pacCYuTaHHOTrO Mo (op-
Mmysie (18), MOXeT CBUIETEIbCTBOBATH O
TOM, YTO TIpU COPOIMHM aTKaHOJIOB Ha MO-
BEPXHOCTH COpPOEHTa MOSBISAIOTCS MOJISIp-
Hbl€ TPYMIbI, KOTOPbIE MOTYT JOIOJIHU-
TETHHO COPOMPOBATH ATKAHOJIBI BCIEICTBUE
MOJISIPHBIX B3aUMOJIEUCTBU, T.€. yIepKUBa-
HUE YJIEHOB T'OMOJIOTMYECKOTO psiJia yCUIIHU-
BaeTCsl HE TOJBKO BCJEICTBUE J100aBIIEHUS
METUJICHOBBIX T'PYII, HO U BCJIEICTBHE JI0-
TIOJTHUTENILHOU MOJIsipHOM copOrnu. Creno-
BaTeIbHO, K BEIOOPY PSAIOB TOMOJIOTOB IS
pacuéra MepTBOro BPEMEHH KOJIOHOK C TO-
JTUMEPHBIMH COpPOEHTaMHU CJIEyeT OTHO-
CUTBCSI C OCTOPOXHOCTb, IOHHMAas, YTO
copOumsi MPUBOAUT K MOAM(PHUKAIUU TIO-
BepxHOCTH copOeHTa. OTMETHUM, YTO B IIH-
TUpYyeMOi paboTe n3-3a OMUOKH B pacyeTax
aBTOPBI MPUTIUTH K 0OPaTHOMY BBIBOJTY O BBI-
60pe psI0B FTOMOJIOTOB.

MepTBoe Bpemsi KOJIOHOK
AJIsl THAPO(PUIBLHOI XpomaTorpaguun

OTOT NEPCIIEKTUBHBIN BaApUAHT XPOMAaTO-
rpadum, B KOTOPOM DJIIOUPOBaHKHE COPOATOB
MIPOUCXOJUT IO MEpe YBEIWYEHHUS UX IO-
JSIPHOCTH (KaK B HOPMaJIbHO-(a30BOH Xpo-
Marorpaduu). Meroa yHUKAJIEH TEM, YTO
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yAepKUBaHHE OOECIeUnBaeTCs TeHEepUpo-
BaHHBLIM IN Situ ciioeM, oOorameHHBEIM BO-
JIOM, U3 BOJHO-OPTaHUYECKOW IMOJBHKHOMN
¢a3pl, oOOrameHHol OpraHuYecKUM MOJU-
¢dbukatopom. I1o 3T0it MprUKMHE BECOBOI Me-
TOA OIpEACIICHUs] HE HMEET HHKaKOTro
cmbicna. Ilockonbky cranmonapHas asa
OKa3bIBAETCSl CYIIECTBEHHO OoJjee TUIpo-
(GUIBHON MO CpaBHEHHUIO C MOABMXKHOU (a-
300, TO HENOJISIPHbIE METYUKHU (C HU3KUMU
KHUCIOTHOCTBIO W OCHOBHOCTBIO) MOTYT
OBITH UCIIOJIB30BAHBI JJIA omnpenencHus V.
W netictButenbHO, B paboTe [28], moka3aHo
XOpollee COBMNAJCHUE YACPKUBAHUS TOIY-
0Jla, HMCIMOJIb3YEeMOro B KayecTBE METYMKA
VM, ¢ pacyeTHBIM 3Hau€HUEM Vm, OTy4YeH-
HBIM JJI1 TOMOJIOTHYECKOTO psijia OT TOJIY-
oJia 710 rentaaeunnodensona. [Ipasaa Hacro-
pakuBaeT TOT akT, YTO CPaBHUTEIbHBIE pe-
3yJIbTaThl 3aBUCEIU OT pa3Mepa rop copOeH-
TOB, YTO HAIIOMHHAET CUTYAIMIO C OIpeJe-
JICHHEM 3TOTO TapameTpa it 3pupoB KcaH-
TOQUIIOB, OCIOKHEHHBIE OONBIIUM COOT-
HOIIICHHEM pa3Mepa TECTOBBIX MOJIEKYJ K
pa3mepy nop [24].

B pabGore [29] onpenenunu MONHBIHA
00beM KOJIOHOK JJIs1 THAPOPUIBLHOM Xpoma-
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ConocrasieHue IByX CIOCO00B onpe/eieHius MEPTBOI0 BpeMEeHH
KOJIOHKH B 00paieHHo-¢a3zoBoit BO/KX

Buxrtop UBanosuu Jleiinexa™,
Benropockuii rocynapcTBeHHBIM HallMOHAJIBHBIN UCCIEN0BATENbCKUI YHUBEPCUTET, benropon, Poccus,
deineka@bsu.edu.ru®

AnHoTanus. B paboTe ObUTH cOnIOCTaBIICHBI MEPTBBIE BpEMEHa XpOMaTOrpaiuecKuX CUCTEM, OIIPE/IeIICHHbIE
JByMs pa3IHuHBIMU criocobamu. [1o onHOMY crioco0y B KauecTBe METUYMKA MEPTBOTO BPEMEHHU HCIIOIB30BAIN
ypatui. Ilo npyromy crocoby MepTBOe BpeMsl PacCUUTHIBAIU 110 yICPKUBAHUIO TOMOJIOTOB — I'€KCUIIOBOTO,
TeNTHIOBOTO, OKTHJIOBOI'O U HOHHJIOBOTO 3(HUPOB napa-HUTpoOeH30iHOM kucioThl. [IpoBeneHHbIe Hccneno-
BaHU MTOKa3alH, YTO Hali/IeHHbIe BpeMEeHa MOTYT CYIIECTBEHHO pa3anyaThes. Tak, B JIIOEHTaX C METaHOJIOM
B Ka4eCTBE OpraHMYecKOro MoaudukaTopa NOABMKHOM (ha3bl MEPTBOE BPEMsl, ONPE/ICIICHHOE T10 Y/IePKHUBa-
HUIO ypalnia, OKa3bIBaeTCs OOJBIIE TAKOTO IMapaMeTpa, PACCUMTAaHHOTO MO yJIep)KUBaHMIO TOMOJIOTOB. B TO
K€ BPeMsI, U1l JIIFOCHTOB Ha OCHOBE AllETOHUTPHIIA COOTHOLIEHHUE MOIyYCHHBIX [TapaMeTPOB NPOTHUBOIIOIOXK-
HOE — MEPTBOE BPEMS, PACCUNTAHHOE T10 yISPKUBAHHIO 3(PHPOB, OKa3aJI0Ch OOJIBIIE ONPEAEICHHOTO 10 ypa-
mty. [Ipu 3TOM MeTHIIeHOBas pa3HOCTb, IPU3HABAEMasl MOCTOSHHOM IJIs1 TOMOJIOTOB, COXPAHAETCS! TOJIBKO
P MCIIOIb30BAaHUU MEPTBOTO BPEMEHH, PACCIUTAHHOTO TI0 YEP)KUBAHUIO MCIIOIB30BaHHBIX B paboTe 3¢hu-
poB. 13 aTOTO ClieyeT, 4To MpH BeeX (PUBNKO-XMMHYECKHUX pacdyeTax Ul MOJIyYeHUs] KOPPEKTHBIX (aKTOpOB
yZepKUBaHHsI HEOOX0IMMO OIPENSIUTh MEXaHN3M YACPKUBAaHUS KaXK0ro copbaTa U BEIOPATH IOIXO IS
JUISL pacyeToB croco0 pacueTa (haKTOpOB yIEep)KUBAHUS M CBSI3aHHBIX C HUM MapaMeTpOB (HarpuMep, SHTab-
N1 IepeHoca copOaToB C MOIBMXKHOM (a3l Ha cTallMOHapHY0). JlJist peleHus Bonpoca o MeXaHu3Me yIep-
JKMBaHHS TIPEIVIOKEHO MCIIOJIB30BaHKUE JIBYX KOJIOHOK CO CTallMOHApHBIMH (ha3aMu OJHON Mapku, HO C pas-
JIMYHOW JUTMHOW mpuBHTOrO paaukaia. Eciu ucnonesyercs ¢asa C18, To ee 3amena, Hanpumep, Ha (azy C8
IIPU OJTHOM M TOM € COCTaBe IOJBIKHOHM (pa3bl M TeMmrepaType J0JDKHA MPUBECTH K CHIKEHUIO BPEMEHH
yZIepXKHUBaHMs Ooiee 4eM B JBa pas3a MMpH Pacpe/leNIUTEIEHOM MEXaHn3Me yAepKuBaHus. Paznuans B momy-
YEeHHBIX pe3yJbTaTax JUisl MOBIKHBIX (a3 Ha OCHOBE METaHOJIa C OHON CTOPOHBI M allETOHUTPHIIA — C IPYTON
TpeOyeT JOMOIHUTENBHBIX HCCIIEIOBAHMUH.

Karwuesblie ci1oBa: BOXX, MmepTBoe BpeMsi, CIOCOOBI OIIpeIeICHIsI, MEXaHI3MBI YICpKHUBaHUS.

Jns nutupoBanus: [eitnexka B.M. ComocraBieHne AByX CIIOCOOOB OIPENEICHUS MEPTBOTO BPEMEHH KO-
JIOHKH B 0OpanienHo-dazosoit BOXX // Copbyuonnvie u xpomamozpaguueckue npoyeccor. 2024. T. 24, Ne 5.
C. 643-651. https://doi.org/10.17308/sorpchrom.2024.24/12504

Original article

A comparison of two methods for the determination of dead time
of a column in reverse-phase HPLC

Viktor I. Deineka™
Belgorod State National Research University, Belgorod, Russian Federation, deineka@bsu.edu.ru®

Abstract. The dead times of chromatographic systems, determined using two different methods, were com-
pared in this work. For one method, uracil was used as a dead time marker. As for the other method, the dead
time was calculated by the retention of homologues — hexyl, heptyl, octyl, and nony| esters of para-nitrobenzoic
acid. The conducted studies showed that the resulting times could vary significantly. Thus, in eluents with
methanol as an organic modifier of the mobile phase, the dead time determined by the retention of uracil was
greater than the same parameter calculated by the retention of homologues. Meanwhile, for acetonitrile-based
eluents, the ratio of the obtained parameters was the opposite: the dead time calculated by ether retention was
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greater than the time determined by uracil. The methylene difference, which was recognised as constant for
homologues, was preserved only when using the dead time calculated by the retention of esters used in the
work. Therefore, for all physico-chemical calculations, it is necessary to determine the retention mechanism of
each sorbate and choose a suitable method for calculating retention factors and related parameters (for example,
the enthalpies of sorbate transfer from the mabile phase to the stationary phase) in order to obtain the correct
retention factors. To solve the issue of the retention mechanism, it was proposed to use two columns with
stationary phases of the same brand, but with different lengths of the grafted radical. If the C18 phase was used,
then its replacement, for example, with the C8 phase with the same composition of the mobile phase and tem-
perature should lead to a reduction in retention time by more than twice with a distributive retention mecha-
nism. The differences in the results obtained for mobile phases based on methanol on the one hand and ace-
tonitrile on the other require additional research.

Keywords: HPLC, dead time, determination methods, retention mechanisms

For citation: Deineka V.I. A comparison of two methods for the determination of dead time of a column in
reverse-phase HPLC. Sorbtsionnye i khromatograficheskie protsessy. 2024. 24(5): 643-651. (In Russ.).
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BBenenune

EQMHCTBEHHBIM — XapaKTEPHCTHYCCKHM,
HE BBI3BIBAIOIIAM COMHEHHsI (IIPH BBIBOJIC
xpomarorpada B CTAl[HOHAPHBIH PEXKUM),
HANPSMYIO H3MEPSIEMBIM IAPaMETPOM B
BOXX siBisiercst Bpems yIepKUBaHUS COP-
Oara i, tr(i). Eciu HamexHO ompenaecHa
CKOPOCTh TI0/Ia4d TOJABWXXHOHM (a3bl, TO
BpEMs yICPKUBAHHSI MOXKET OBITH MIEPeCUH-
TAHO Ha yaep)kuBaeMblii 00beM, VR(i). Ho
3TH TapaMeTpbl HEyAOOHBI Ui JalbHCH-
IIEr0 MCIOJIb30BAHUs BCICICTBIE MX 3aBU-
CHMOCTH OT Pa3MEpOB KOJOHKH, TEMIIEpa-
TYphl U (B Cilyuyae BPEeMEHHU Y/CPIKHBAHHS)
OT CKOPOCTH MOJa4M MOIBIXXHOU (ha3sl, a B
HEKOTOPBIX CIIydasX M OT JIaBJICHUS Ha
BXO/IC B KOJIOHKY HE TOJILKO MOJIEKYJI 6OJIb-
moro pasmepa [1, 2], Ho 1 OOBIYHBIX HU3KO-
MOJIEKYJISIpHBIX copOaTtoB [3-7]. st wuc-
NOJIb30BaHHsl B JAIbHEHIINX pacuerax
BpeMsl yICP)KUBAHUS TMEPECUMTHIBAIOT Ha
¢akrop yaepxusanusi, K(i), HO HaJIEKHOCTD
MIOJTyYCHHBIX JaHHBIX MPH 3TOM MpodiieMa-
THYHA, TOCKOJIBKY JUIi TaKOro pacyera
HEOOXOIMMO 3HAHHE MEPTBOTO BpPEMEHH
xpomarorpaduueckoi cucTemsl, tm:

k(i) = E 1)

tm

Ha mnpakTuke cymecTByeT HECKOIBKO
Pa3IMYHBIX MPHUHATHIX HAYYHBIM COOOIIe-
CTBOM CITOCOOOB M3MepeHus (WM pacyeTa)
MEpTBOTO BpemeHu [8-12], yacto marommx
paznuuHbie BenumuuHbl. OgHAKo, padoT, B
KOTOPBIX OBl OIICHUBAJIOCH CIIEJACTBHE MPU-
MEHEHMS TeX WJIM MHBIX 3HAYeHUH Ha
ypoBHE (PU3MUYECKOTO CMBICIIA B TUTEPAType

HamHu He HaiiieHo. OcoOEHHO 3TO OTHOCHTCS
K oOpameHHo-}pa3oBoii  xpomarorpadum,
JUI. KOTOPO# MPHU3HAIOTCS B CaMOM OO0IIeM
(HO MPaKTUYECKU HE YUUTHIBAEMOM B OOJIb-
IIMHCTBE COOTBETCTBYIOIIMX ITyOJUKAITHIN)
CMBICJIE JIBa MPUHIUIHAIBHO PAa3IUYHBIX
MeXaHH3Ma YACp)KUBaHUS CcOpOATOB: aj-
COpPOLIMOHHBIN (BKJIIOYas COJNBbBO(OOHYIO
TEOPHUI0) U aOCOPOIMOHHBINA (pacipeaciu-
TeabHbIN) [13, 14].

B nopmanbsHO-(ha3zoBol XpomaTorpaduu
yAep)KUBaHHE CHIbHOMOJSIPHBIX copOaToB
BCJIEJICTBUE  JIOKAJIW30BAHHOM  cOpOIUU
OTIPEACIISETCS YHCIOM CUJIAHOJIBHBIX TPy
Ha MMOBEPXHOCTH CHJIUKAreysl U YUCIIOM CH-
JAHOJBHBIX TPYIII, 3aHUMAEMBIX OJIHON MO-
nexynoit mpu copOuuu. Ilon He copOupye-
MBIM BEILIIECTBOM B 3TOM ClIy4ae MojpazyMe-
BalOT COPOEHT C HYJIEBOW abCOIIOTHOH (T.€.
C OTpHULIATENIHHON HM30BITOYHON) cOpOIuei.
[TockonbKy GakTop yaep>KUBaHUS PABEH CO-
OTHOILIEHMIO KOJIMYECTBa copbara B CTAIHO-
HapHO#, N(i)sp, ¥ B OIBIOKHON N(1)mp, pazax:

k(i) = 0% @
n(Dmp
TO JUIsl HE COPOMPYEMOro BellecTBa j 00s13a-
TEJIEHO BBITIOJTHEHUE YCIIOBUS:
k() =22 =—2—=0. (3)
n(J)mp n(JDmp

[To MonsipHO-00BEMHOMY MTOAXO.Y, TIPHU-
HSATOMY B Ha CTOSIIIEe BpeMsl B XpoMaTorpa-
¢uu (B KOTOPOM UCTIOIB3YIOTCS TaKKE MOHS-
TUsl, KaK MOJISIpHAs KOHILEHTPALUS U 00b-
€Mbl TOJBIKHOW M HEMOJBIKHOU (ha3),
ypaBHeHHe (2) mpeobpasyercs, eCii YUUThI-
BaTh MEXYACTHYHBIA 00BEM, Vo, 00HEM TIOP
copOeHra, Vp, 00beM afcopOIIMOHHOTO CIIOS,
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Va, ¥ KOHIICHTpAIHK copdara B 00enx (hazax
c(i)sp, C()mp:

N _ nsp Vg ¢(Dsp
k(l) o n(Dmp - Wo+vp—vga)-c(Dmp B
W Yo _ k(i) g, 4)

c(Dmp VotVp—Vq
rae K(i) — MossipHast KOHCTaHTa pacipese-
JeHus copbara MeXIy CTAIIHOHAPHOHN U TI0-
JIBIKHOM (pazamu, a ¢ — pa3oBOE COOTHOIIIE-
HUE KOJIOHKH.

Llens HacTOsMmIEH pabOTHI — COMOCTABIIC-
HUE BEJTMYMH MEPTBOTO 00beMa, pacCUnTaH-
HOTO MO YJEP>KUBAHUIO TOMOJIOTOB U IIO
yACP>KUBAHUIO HE COPOUPYEMOTO BEIIECTBA
(ypauuia) u OIEHKa CIEACTBHI HCIOIB30-
BaHUs 000X 00BEMOB IIpH pacuerax (hakTo-
POB YJEp>KUBAHUS U 3aBUCSIINX OT HUX Ma-
pameTpoB.

3KCHepHMeHTaJ’[bHaH 4acTb

B paborte B kauecTBe TECTOBBIX COEIUHE-
Hul ucnonsizoBanu ypauui (l), u cunTe3u-
poBanHble rexcuiobiil (ll), remTunosslit
(1), oxrtunoseiii (IV) u HOHHIOBHIHA (V)
3hupbl napa-AHATPOOSH30HHOM KHCIIOTHI.

Pasnenenue ocymecTisuin Ha 000pya0-
Banuu Agilent 1200 Infinity ¢ quonHo-mar-
PUUYHBIM JIETEKTOPOM. XpOMaTOrpaMMmBbl 3a-
nuceiBany npu 280 HM. B pabote ucnomnszo-
BalM  XpoMaTorpapuyeckue  KOJOHKU:
100%4.6 mm Kromasil 100-5-C18 u 100%4.6
mm Kromasil 100-5-C8. [lnst snroupoBaHust
BO BCEX CIyYasx NMPUMEHSUTH H30KpaTHye-
CKOE JJIIOMPOBAHHUE CO CKOPOCTBIO MOJAYU
noaBuxkHOU (a3zbr 0.8 cM3/MuH Mpy TeMIe-
parype 20 umu 30°C. XpomarorpamMmmsl pe-
TUCTPUPOBATM U 00pabaThiBalii TMpoOrpam-
moii ChemStation, He0OX0IUMBbIE pacUeThl
BoinostHs B MS Excel. Metunk MepTBOTO
BPEMEHU — ypaluJl.

O0cy:xaeHne pe3y1bTaTOB

Kak yka3piBasioch BbIIIE, B 0OpaIIeHHO-
dazoBoil xpomarorpapuu copdaTbl MOTYT
YAEPKUBATHCSI HE TOJIBKO MO aJICOPOIMOH-
HOMY, HO U 10 abCOpOIMOHHOMY MEXaHH3-
MaMm. B mepBoM ciyuyae ¢ HeEIOKaTU30BaH-
HO¥ (171 0OpareHHo-(})a30BOM XpomaTorpa-
¢bun) copOimeil onpenensonM sBIsSeTC,

KaKk U B HOpMaJIbHO-(pa30BoOi Xpomarorpa-
¢uun, mnIom@aak MOBEPXHOCTH copOeHTa
(TOuHEee COpOIMOHHBIA CJIOW HEKOTOPOM
TonuuHbl). W TpeboBaHME 1O METUUKY
MEPTBOTO 00beMa — HyJieBast copOuuu (Wi
OTpHIIATENIbHAS COPOLUS MPU CTATUYECKOM
croco0e OIEHKH COPOIMOHHBIX CBOMCTB)
MeTuuKa MepTBoro oorema. Ho, mouemy-to
B MHUPOBOI1 JIUTepaType HEe oOpallaiT BHU-
MaHUsI Ha TO, YTO Il BTOPOTO BapUaHTa Me-
XaHU3Ma YJIepP’KUBAHUS — PACIPEACTUTENb-
HOoro (u myig «morutaBouyHoro» [15]) mexa-
HU3Ma, TOJXOJ K OMNpPEICIIEHUI0 MEPTBOTO
BpPEMEHH JO0JDKEH U3MEHHUTHCs. B aTux ciy-
gasgx HE0OXOAMMO 3aMEHHTh aOCOpPOIMOH-
HBIN CJIOM HAa 00BEM MPOCTPAHCTBA MEKIY
MPUBUTHIMU AIKWIBHBIMH pauKaiamMH, Vin,
HOJTHOCTBIO JOCTYIHBIA JUIS pacrpeaesu-
TEIbHOTO MEXaHH3Ma WJIM YacTHYHO J0-
cTynHblid ¢ kKoaddunuentom a(i) Wit «mo-
IUIABOYHOTO» MeXaHu3Ma. B Takom ciydae
ypaBHeHHE (4) TOIHKHO OBITH H3MEHEHO:
k(l) — n(.l)sp — “(l)'”in'c(.l)sp — C('l)sp .
a(i).v;(l)mp (Wo+vp)-c(Dmp c(Dmp
wotvy — KD @@ (®)

B sTom ypaBHeHHM (a3oBoe COOTHOILIE-
Hue, O(i)*, TPUHIUMHAIEHO OTIMYHO OT
3TOrO MapameTpa B ypaBHeHUH (4). J{ns Bcex
BEIIECTB, COPOUPYEMBIX IO TIOJTHOCTHIO pac-
IpeIeUTeIbHOMY MEXaHU3My, MPU KOTO-
poMm copOaT pacrmpenensercss BO BceM 00b-
eMe Vin, (pa3oBOe COOTHOILIEHUE OCTaeTcs
OJTMHAKOBBIM, TIOCKOJIBbKY ai) = 1.

Jls BemiecTB, CONEpKaluX ANKUIbHBIE
palvKanbl, B HAYYHOU JIMTEpaType Mnpea-
raercs UCIoiIb30BaTh MPUHIIMITAATIHLHO HHON
CIOCO0 OTpeieNIeHus MEpTBOTO BPEMEHHU.
Tax, ny1st 10O0TO psiia TOMOJIOTOB MIPEIO-
Jaraercsi, YTo CBOOOIHAS YHEPTHS COPOIHH
JUHEWHO 3aBUCHT OT YHCIAa METHJICHOBBIX
TPy B AJIKWIHFHOM PaJIMKaJIe IO/ TIOPSIKO-
BbIM HOMepoM N B 3TOM psiay:

AGSorb (N+1) = AG.gorb (N) +
AGgorb (CHZ)- (6)
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Puc. 1. ComocTaBiienue yaep>kxuBanus 3pUPOB napa-HATPOOSH30WHON KUCIOTHI B IIFOCHTE
meranou — Boza (80 : 20) Ha kononkax A — Kromasil 100-5C8 u b - Kromasil 100-5C18.
CKopocThb ojauu noaBuskHoi (assl 0.8 cm®/MuH, TemnepaTypa TepmocTara Kononku 20°C.
Ddups! napa-HaTPUPOOESH30MHON KUCIOTHI | — H-TEKCHUIIOBBIN, 2 — H-TENTHIIOBBIN, 3 — H-OKTHIIO-
BbIA U 4 — H-HOHHUJIOBBIM.
Fig. 1. Comparison of the retention of para-nitrobenzoic acid esters in the methanol-water elu-
ent (80:20) on columns A — Kromasil 100-5C8 and B — Kromasil 100-5C18.
The feed rate of the mobile phase was 0.8 cm®/min, the temperature of the column thermostat
was 20°C. The esters of para-natrirobenzoic acid were 1 — n-hexyl, 2 — n-heptyl, 3 — n-octyl
and 4 — n-nonvl

B Takux yclIOBHSX BBIIOIHSACTCS COOTHO-
IHICHHE:
k(N+1) _ k(W) )
k(N) k(N-1)’
U3 KOTOPOTO BBITEKAET MPOCTOH Crocod
OIIpEeJICTICHNs] MEPTBOTO BPEMEHHU 110 YpaB-
HEHUIO:

_ trR(N+1)-tr(N—-1)—tg(N)-tr(N)

ty = . (8)
tR(N+1)+tr(N—-1)—2tr(N)

MOHO Tak)e BOCITOJIB30BaThCS U YIEp-

JKNBAHHUEM BCEX BCIICCTB HUCITIOJIB30BAHHOI'O

psia TOMOJIOTOB IO JINHEHHOMY YPaBHEHHUIO

[16]:

tg(N+1)=a-tzg(N)+b, (9

U3 KOTOPOTO MOJIydaT MPOCTYIO (hopMyJTy:
tM = E' (10)
Takum ob6pazom, nepes pacueToM (ak-
TOpa YAEpKUBaHUS HEOOXOIMMO OLEHHUTH
MEXaHHU3M, 10 KOTOPOMY BEILIECTBO YEPHKH-
BaeTcs B oOpanieHHo-(pa30Boi XpomaTorpa-
¢buu. Jlnsg OIEHKHM MeXaHu3Ma CopOuuu
MOYKHO TIPEJIOKHUTH COIMOCTaBJICHUE YAep-
JKUBAaHUSl COCAMHEHUN B OJHHMX M TEX XK€
DIIIOCHTaX Ha CTAllMOHAPHBIX (azax c pas-
JUYHON ITTMHON MPUBUTOTO ATKUIHHOTO pa-
JIMKaja Ha OJIHOW M TOW K€ MapKe CUJIMKa-
refis B KOJOHKAaX OJMHAKOBBIX pPa3MepOB
(100x4.6 mm Kromasil 100-5C8 u Kromasil
100-5C18). DTo mo3BOJISIET PacCUUTHIBATDH

Ha OJMHAKOBYIO BEJIMYMHY YJENBbHOU IO-
BEPXHOCTH COPOEHTOB B COIIOCTaBJISEMbIX
XpoMaTorpauIecKux KOJOHKAX.

W3 mpakTUKM 3KCTPAKLUU OPraHUYECKUX
COCAMHEHU B BOJHO-OPTaHUYECKIX CMECSIX
HOHATHO, YTO 4eM O0JIblIe 00beM OpraHnye-
CKOTO PacTBOPHUTEINS JOOABIISETCS B TaKyIO
CMeCh, TEM OOJbIIE HKCTPArupyeMoro Be-
IIECTBA OKaXETCS B OTOM PaCTBOPHTEIIE.
CoOTBETCTBEHHO, TPU AJICOPOLIMOHHOM Me-
XaHU3ME Y/ICPKUBAHUS BCIIEACTBUE OIU30-
CTH YJENIbHBIX MOBEPXHOCTEH 000MX COp-
OCHTOB BpeMeHa YJep>KMBaHUSA cOpOaTOB
JOJDKHBI ObITh Onm3kumu. Ecim ke Bele-
CTBa YAEpPXUBAIOTCA MO aOCOPOLMOHHOMY
MEXaHU3My, TO YAEpKMBaHUE Ha KOJOHKE
C18 momkHO OBITH BBIIIE OOJIEE YEM B IBA
pa3a, yeM Ha koJjioHke C8 (mpHu oAMHaKOBOH
IUIOTHOCTH TPUBUBKH). YMECTHO 0OpaTUTh
BHUMaHME Ha TO, YTO COPOLIUs TPH BEICOKON
CTETICHU NMPUBUBKH 3aBUCHT OT 00BheMa CBO-
00HOTO MPOCTPAHCTBA MEXKYy MPUBUTHIMU
ATKHIBHBIMU paJIMKaJIaMH 33IaHHOTO OKPY-
KEHHUs, a He OT YKcIia IPUBUTHIX PaIUKAJIOB
Ha EIWHUIy TMOBEPXHOCTH COpOCHTa, Kak
CUMTAIOT B psizie padot [17].

ComocTaBneHe yAepKABaHUS YETHIPEX
H-JIKWIIBHBIX 3(UPOB napa-HUTPOOEH30M-
HOM KHUCJOTHI NPEJACTaBICHO Ha puc. 1, a
pacueTHble JJaHHbIEe TPUBECHBI B Ta0. 1.
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Ta6nuua 1. [TapameTpsl yep>KkuBaHus ¥ BEIMYHHBI MEPTBBIX BpeMeH Ha KojioHkax Kromasil 100-
5C18 u Kromasil 100-5C8 mist moaBmkHOM (hasbl B dimoeHTe MeTaHol — Boga (80 : 20) mpu TeM-

nepatype 20°C

Table 1. Retention parameters and values of dead times on the Kromasil 100-5C18 and Kromasil
100-5C8 columns for the mobile phase in the methanol-water eluent (80:20) at a temperature of 20°C.

Tun craimoHapHoi ¢assl C18 C8 Kero/K
MepTBO€ Bpems, tu 1.0351 | 1.203% | 0.988' | 1.426 e
Jlorapudmsl (HhakTOpOB yIACPKUBAHUS IPHUPOB napa-HATPOOSH30MHOW KUCIOTHI, pacCyu-
TaHHBIC 10 IBYM BapHaHTaM {u

1 TeKCHJIOBBIN 0.996 0.923 0.745 0.549 1.78

2 TEHTHJIOBBIN 1.189 1.119 0.892 0.707 1.98

3 OKTHJIOBBIH 1.382 1.313 1.039 0.861 2.20

4 HOHWJIOBBII 1.574 1.507 1.186 1.014 244

WukpemenTsl (TTociiefoBaTeNbHBIH POCT Jorapu(MoB (haKkTOPOB yAEpKHUBAHHS)

1—2 0.193 0.196 0.147 0.158 -
2—3 0.193 0.194 0.147 0.154 -
3—4 0.193 0.194 0.147 0.153 -

[Ipumedanue: 1 - paccuuTaHo Mo yaep)KUBAHHIO BEIECTB TOMOJIOTUIECKOTO PSIIA; 2 — OMPEIENEHO T10 Yep-

YKUBAHUIO ypaiuia.

W3 npencraBieHHBIX JaHHBIX CIEAYET, U4TO
ynaepkuBaHue V Mnpu nepexojie oT KOJIOHKH
C8 x kononke C18 yBenmuumiioch Ooiee 4em
B 2 pa3a. OTO CBUAETENBCTBYET O paclpese-
JUTEIBHOM MeXaHu3Me copOuuu s¢upa B
paccMOTpEeHHBIX ycinoBHiX. OTMETUM, UYTO
yaile Bcero (Kak 1 B pacCMaTpHUBAEMOM CIIy-
yae) BeIleCTBa TOMOJIOTHYECKHUX PSAJIOB CO-
JepKaT U3MEHSIOUIYIOCS M0 JUIMHE JIUIO-
¢GWIbHYI0 YacTh (IKWIbHBIE paJUKajbl) U
TUAPOPMIBHYIO YacTh, HE CIIOCOOHYIO MPO-
HUKaThb B IIPUBUTOM clIoON. B sTOM cCitydae
a(i) B ypaBHeHHH (5) yBEIMYHMBACTCS IO
Mepe POCTa JUIMHBI aJKUIBHOTO paguKana
copbara. menHo moatomy B Tadi. 1 moy-
YeHbl Pa3/MYHbIe 3HAYEHUS COOTHOLICHHUS
(bakTopoB yaepKkUBaHUs YPUPOB napa-HUT-
poben3oitHol kucaoThl Ha ¢aze C18 k daze
C8 (ot 1.78 no 2.44). Ho nockonbKy npu
pacuere (axkTopa yAepKMBaHUS BceX HH-
POB HCIOJIb30BAJIM OJHO U TO K€ 3HAUECHUE
MEpPTBOTO BpeMeHH napametp o(i) Bomen B
UTOTOBOE 3HAUEHHE KOHCTAHTHI pacrpejie-
JICHUA.

PacueTHple 3HAYCHHUS MEPTBBIX BPEMEH
(Mo yInepKMBAaHUIO YJIEHOB TOMOJIOTHYE-
cKoTO psna), tm!, u onpenenenusIe Mo yuEp-
’KMBAHMIO yparuna, tm?, 3aMeTHO pasnuya-
I0TCS BO BCEX CIyvasX: ypalul OKa3bIBaeT
Oonbiue 3HaYeHus, Tadi. 1. Poct mepTBOro

BpPEMEHH 110 ypauuiy npu nepexoze ot C18-
¢a3bl k C8-(haze MOHITEH, TaK KaK OKTUJIb-
Hbl€ pajuKaibl 3aHUMalOT MEHBIIE Ipo-
CTpaHCTBa MOp COpOEHTa MO CPaBHEHHIO C
okTaseunabHbIMU. Ho oTHOcHTENnbHO He-
Gonbinoe najgeHue tm' MOKET OBITH CBA3aH-
HBIM C «IOIJIABOYHBIM» MEXaHU3MOM YAep-
KUBAHUS, TOCKOJBbKY BHEIPEHHE TMOJsIp-
HOTO napa-HUTPOOEH30MHOr0 (parMeHTa B
HETOJISPHYIO IPUBUTYIO (ha3y MaJIOBEPOSATHO.

[Ipu 5>TOM Ba)XHO, YTO TOJBKO IPH HC-
TONb30BaHKH tm' cOOMOaETCS COXpaHEHHE
MHKPEMEHTOB — IIOCTOSTHCTBO Pa3HOCTEH JI0-
rapumMoB (HaKTOpPOB yAepKUBAHUS TIPU TIe-
pexoje ot N-ro romosiora kK (N+1)-omy. T.e.
MEPTBOE BPEMS, ONIPENEIEHHOE 110 YAEPKHU-
BAaHUIO ypallWja, HE MO3BOJIAET MOJIYYUTh
COIJIACOBAHHBIE (C TOYKU 3PEHUSI TEPMOJIH-
HaMUKH) (HaKTOPbI yJIep>KUBAHUS.

[Ipu ananuze yaep>KuUBaHUS dTUX KE Be-
IIECTB B JIIIOEHTE, coaepxkaiiem 80 00. %
aneronutpuia u 20 00. % BOJBI IPH TEMIIE-
patype 30°C ObuM MOTyYEHBI 3aMETHO OT-
JMYAIOIINECs pe3ybTaThl, Tab. 2.

B 3TOM cityuae MepTBOe BpeMs tm! okaza-
JOCh CYIIECTBEHHO OOJbIlIe MEPTBOIO Bpe-
MEHH, ONPEIEIICEHHOTO M0 YyAEpPKUBaHHUIO
ypauuna. [Ipu sTomM W yaep)KuBaHUE WC-
MI0JIb30BAHHBIX B paboTe 3(hUpOB TaKKe 3HA
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Ta6unuia 2. [TapameTpsl yAep)KHUBaHHS M BEIMYMHBI MEPTBBIX BpeMeH Ha Kostonkax Kromasil 100-
5C18 u Kromasil 100-5C8 nuist moaBmxkHOU (ha3bl B dr0eHTe aleToHuTpri — Boaa (80 : 20) npu
temmnepatype 30°C
Table 2. Retention parameters and values of dead times on the Kromasil 100-5C18 and Kromasil
100-5C8 columns for the mobile phase in the methanol-water eluent (80:20) at a temperature of 30 °C.

Tun cranmonapHoi ¢assl

C18

C8

MeptBoe Bpemsl, tm

1.312¢

1.0762

1.116*

1.245?

Jlorapudmer GpakTopoB ynep:xuBaHus 3pUpPOB napa-HUTPOOESH30MHON KUCIOTHI, paCCUNTaH-
HBIC 110 JIBYM BapuaHTaMm tu

1 TE€KCHJIOBBII 0.488 0.599 0.394 0.326
2 TeNTHIOBLIN 0.651 0.752 0.507 0.444
3 OKTHJIOBBIH 0.814 0.912 0.620 0.561
4 HOHMJIOBEIH 0.975 1.069 0.734 0.677
HukpeMeHTHI (I0CIeA0BaTEeABHBIN POCT JorapudMoB (HaKTOPOB YACPKUBAHUS)
1—2 0.163 0.155 0.113 0.118
23 0.163 0.157 0.113 0.117
34 0.162 0.158 0.114 0.117

[Ipumedanue: ! - paccYMTaHO 110 YAEP)KUBAHUIO BEIIECTB TOMOJIOTUIECKOTO PAA; 2 — ONPEIETIEHO 1O Yep-

JKUBAHUIO ypanuia.

YUTEIBHO BO3PACTAJIO MPHU IEPEexose OT KO-
nouku C8 k kononke C18, HO 3TOT pocT oKa-
3aJICsl HECKOJIBKO MEHBLIMM I10 CPaBHEHUIO
C NOJBMKHOM (pa30il HA OCHOBE METaHOJAa,
XOTSI CTPOrO CpaBHHMBATh 3TH JIaHHBIE IPO-
OJIeMaTUYHO W3-32 PA3IMYHBIX TEMIIEPATYP.

Jlis KOpPpPEKTHOTO CpaBHEHUsI ObLI BbI-
MIOJTHEH OKCIIEPUMEHT TI0 OTPEICTICHUIO
MEpPTBBIX BPEMEH MU MOCTOSHHOW TeMIle-
parype, HO B pa3JIMYHbBIX TOABIKHON (a3ax,
OTJIMYAIOIIUXCS [0 COOTHOIIEHUIO KOHIIEH-
Tpanuii MeTaHoJa K alleTOHUTPHUITY, Pe3yJIhb-
TaThl KOTOPOTO MPUBEJCHBI B Ta0I. 3.

Okazanochb, 4TO NPHU OJHOM M TOU *Ke
TeMIepaType MOCTENeHHas 3aMeHa MeTa-
HOJIa Ha aleTOHUTPHI MPHUBOAHUT K POCTY
tml, @ BeHMUHHBI tm? IPU STOM MaJIo H3MEHs-
forcsi. CreioBaTeNbHO, IS alleTOHUTPHUIIA
XapaKTepHO HE TOJIBKO MEHbIIEE yIep>KUBA-
HHUE BCEX TOMOJIOTOB, YTO COBIANAET C 00-
el TeHJEeHLMeH /Ui TakuX 3aMeH B o0pa-
neHHo-(a3oBoit xpomaTtorpaduu [18], HO n
POCT MEpPTBOTO BPEMEHH, OIPENEIEHHOTO
0 yJIEP)KUBAHHUIO TOMOJIOTOB.

[TepBas unes, 00BACHSIONMIAS STH PE3YJIb-
TaThl CBOJMJIACH K U3BECTHBIM SKCIIEPUMEH-
TaNbHBIM (akTam. Tak, U3BECTHO, YTO MeTa-
HOJ (B OTJIMYME OT AlETOHUTPHIIA) C aJKa-
HaMH (C H-T€KCAaHOM) HE CMEILMBAETCs, HO
BCJIEJICTBHE PA3PsKEHHOI0 YaCTOKOJIA OKTa-
JEIWIbHBIX TPYII B IpUBUTOM cioe [19]

BO3MOJKHA UX CaMOCOJIbBaTalMs (MM U3Me-
HeHre MOOMIBHOCTH [20]) 3THX MPHUBHUTHIX
Ipynn W/WiH, Mo KpaiHeld Mepe, YacTUYHas
COJIbBATAIIUs PUBHUTHIX PAIUKATIOB METAHO-
JoM. B Takom ciyyae anKuiIbHBIE TPYMIIBI
UCIIOJIb30BaHHBIX Y(PUPOB UACATHLHO TTOIXO0-
IST JUIS 3alOJIHEHUSl MyCTOT B YacTOKOJIe
MPUBUTOTO CJIOSI C OTHOCUTEIBHO JIETKUM
BBITECHEHHEM METaHOJIa W3 MPUBUTOTO
CJ0s. AIICTOHUTPUI MOJTHOCTHIO CMAayuBaeT
QIKWIbHBIE pauKaibl IPUBUTOTO CIIOM, T.€.
yBEJIUYHBAET 00bEM BHEAPEHUsS CPEIU Ta-
KUX pPaJiKalioB M3-3a OTCYTCTBHUS HEOOXO-
JTUMOCTH UX CaMOCOJIbBATaIlMU, YTO TIPUBO-
JUT K POCTY MepTBOro oobema. Kpome toro,
KaK BEIIECTBO, TyUIlle COIbBATUPYIOIIEE ITH
MPUBUTHIE paJUKaibl, JIeTYe BHITECHSET Te-
CTOBBIE (PUPHI U3 ITOTO MIPOCTPAHCTBA, YTO
MPUBOJIUT K YMEHBIICHHUIO YACPKUBAHUSI.
Ho, xak moka3zan cieayroumi sKCHepu-
MEHT, 3aM€Ha METaHOJIa Ha XOPOII0 CMayH-
BAOIINE aJTKaHBI ATAHOJ M W30MPOTAHOII, U
Jake Ha JTWIAlleTaT He MpHBela K POCTy
MEPTBBIX BPEMEH, PACCUMTAHHBIX IO yIep-
’KHBAaHUIO TOMOJIOrOB, Taba. 4. DTo cBHJE-
TEIBCTBYET O TOM, YTO HEOOXOUMBI AOTOJI-
HHUTEIBHBIC HCCIIEAOBAHUS I OOBSICHESHUS
pasnuuus  MEXAy MEpPTBBIM BpPEMEHEM,
OTIPEICTICHHBIM TI0 yACPKUBAHHUIO TOMOJIO-
TOB B 3JIIOCHTAX HAa OCHOBE alleTOHUTPUIIA C
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Tabmuma 3. [lapameTps! yaep:KUBaHUS U BETUYUHBI MEPTBBIX BPEMEH Ha KOJIOHKE B TPEX COCTaBaX
moIBWXKHBIX (pa3 mpu temmeparype 20°C
Table 3. Retention parameters and values of dead times on the column in three compositions of
mobile phases at a temperature of 20°C

c _ | CH30H 40 60 80
OCTaB MOIBHKHOM
vt CH:CN 40 20 0
H20 20 20 20
MeptBoe BpeMms, tv 1.270* ‘ 1.199? | 1.208' | 1.220% | 1.035' | 1.203?

Jlorapudmer paxTopoB ynep:kuBaHus 3(pUpoB mapa-HUTPOOESH30HHON KHACIOTHI,
paccuuTaHHbIC MO JBYM BapHaHTaM tw

1 TeKCHJIOBBIN 0.758 0.787 0.858 0.853 0.996 0.923
2 TeNTUIIOBBII 0.943 0.971 1.049 1.045 1.189 1.119
3 OKTHJIOBBIN 1.129 1.155 1.240 1.235 1.382 1.313
4 HOHWJIOBBIT 1.314 1.340 1.431 1.426 1.574 1.507
WNukpemenTsI (TTocne10BaTebHbIH POCT Torapu(MoB (GaKkTOPOB yAECPKHUBAHUSA)
1-2 0.185 0.184 0.191 0.191 0.193 0.196
2—-3 0.185 0.184 0.191 0.191 0.193 0.194
3—4 0.185 0.185 0.191 0.191 0.193 0.194

[pumMeuanue: 1 - paccuMTano 10 yAEPKUBAHUIO BEMIECTB TOMOJIOTHYECKOTO PSfIa; 2 — OMPEIENEHO 110 YIep-

JKUBaHUIO ypaluia.

Note: ! — calculated by retention of homologous substances. 2 — determined by uracil retention.

Tabmuta 4. [lapameTps! yaepKrBaHUS U BETUYHHBI MEPTBBIX BPEMEH Ha KOJIOHKE B TPEX COCTAaBaX
MoBWXKHBIX (pa3 mpu Temmneparype 20°C
Table 4. Retention parameters and values of dead times on the column in three compositions of
mobile phases at a temperature of 20°C

CH3OH 40 40 60
CocTaB NOIBHXK- CoHsOH 40 0 0
HoH ¢a3ssl, 00.% MIIC 0 40 0
o CoHsOAC 0 0 20
H.0 20 20 20

MeptBoe Bpewms, tv 1.008' | 1.201%2 | 0.879' | 1.1852 | 0.936' | 1.1682

10 JIBYM BapuaHTaM tm

Jlorapugmsl GakTopoB yaepKkuBaHus 3QUPOB Mapa-HUTPOOCSH30HHON KHUCIOTHI, PACCUUTAHHBIC

0.707

0.589

0.418

0.791

0.677

1 T€KCHJIOBBII 0.796
2 TeNTUI0BBIN 0.967 0.882 0.715 0.555 0.937 0.828
3 OKTHJIOBBIN 1.137 1.055 0.841 0.688 1.083 0.978
4 HOHWJIOBBIN 1.307 1.227 0.967 0.820 1.230 1.127
MHKpeMeHTH!I (ITOCIIe0BATENBHEIN POCT JIorapr(MoB (haKTOPOB yACpKUBAHHS)
152 0.171 0.175 0.126 0.137 0.146 0.152
2—3 0.170 0.173 0.126 0.134 0.146 0.150
3—4 0.170 0.172 0.126 0.132 0.146 0.149

HpHMG‘laHI/ICI L. pacCHuTaHo 10 YACPKUBAHUIO BCHICCTB TOMOJIOTMYECKOI0 pAaa; 2_ OIIPEJACIICHO 11O yACp-

XKUBAHUIO ypaIuia.

Note: ! — calculated by retention of homologous substances. 2 — determined by uracil retention.

OJIHOI CTOPOHBI U Ha OCHOBEC CIIUPTOB — C

JIPYTOM.

bonee TOro, SKCIICPUMCHTAJIBHO YCTa-
HOBJICHO, 4YTO 2106aBKI/I TPpUITUIIAMHWHA Ha

YMCHBIIANOT YACPKUBAHUC Ypallnjia BO BCEX
HCCICAO0OBAHHBIX 3JIFOCHTAX, TOrAa Kak MEpT-
BOC BpCMs, paCCHUTAHHOC 110 YACPIKUBAHHIO
TOMOJIOT'OB, IIPpX 3TOM HECKOJIbBKO YBCIIMYU-

ypoBHe 0.1% B nmoaBmxHy0 ¢a3y 3aMeTHO
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Baercs. Ciie0BaTenbHO, KPOME y4eTa Mexa-
HU3Ma COpOIMH HEOOXOAMMO YUYHUTHIBATH U
BIIMSIHUE OCTATOYHBIX CUJIAHOJIBHBIX TPYIII
IIPU UCIIOJIB30BAaHUU YypalWia B KAadecTBE
METYMKA MEPTBOI'O BPEMEHH.

3akJjaroueHue

[IpoBeneHHbIE MCCIEIOBAHUS MTOKA3AIH,
4YTO MEPTBOE BpEMs, OIPEACIECHHOE II0
YVAECPKUBAHUIO ypaluja HE COBMAAACT C
MEPTBBIM BpPEMEHEM, OIPEACICHHBIM IO
YAEP)KUBAHUIO TOMOJIOTOB — alKMJIBHBIX
3pHUPOB napa-HUTPOOEH30MHON KHUCIIOTHI.
[Tpu 3TOM COOTHOIIIEHUE ITHUX MAPAMETPOB
MU3MEHSIETCSl TIPU MEepexo/ie OT METaHoja K
aneToHuTpuity. Ho Tonpko MepTBOe Bpems,
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pacCUMTaHHOE M0 YJEPKUBAHUIO TOMOJIO-
T'OB, [TO3BOJISICT COXPAHUTH IMOCTOSIHCTBO UH-
KPEMEHTOB (KaK pa3HOCTH JIOrapu(pmoB
(akTOpPOB yAEPKUBAHUS), HPUXOMSIIIUXCS
Ha OJHY METHJIEHOBYIO rpymnmy. Takum o6-
pa3oM, Ui BEIIECTB, YACPKUBAIOLIUXCS 10
aOCOpOITMOHHOMY W TIO aJCOPOITMOHHOMY
MeXaHU3MaM HeOoOXOJIUMO HCIOJIb30BaTh
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KBaHTOBOXMMHYeCKOe MOeJHPOBAHNE B3aNMO/IeiiCTBHS
nonoB Ca®" u Ni** ¢ KapGOKCHILHBIMH IPYNIIAMHA KATHOHUTA

Cepreii Uropesnu Kapros, Baagumup Anekcanaposuy MBanos™,

Exarepuna AnaroabeBHa Kapnwok, Osbra Tuxonosna I'aBimna
MockoBckuil rocynapcTBeHHbIN yHuBepcuteT uMeHu M.B. JlomoHocoBa, Mocksa, Poccus,
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AnHoTanus. VzydeHo B3anMoieficTBHE KATHOHOB KaJIbIMsI M HUKEJIS C alleTaT-, CYKIUHAT- U TIIyTapaT-aHu-
OHaMH, W PA3JIUYHBIMU KOJHUYECTBAMU MOJICKYJ BOJBI. JlaHHOE HMCCIIEC0OBAHHE CBS3aHO C YCTAHOBICHHBIMU
panee hakTaMu HEOOBIYHOTO MTOBEICHHS TOJHAKPHUIIOBBIX U MOJIMMETAKPUIOBBIX HOHOOOMEHHHUKOB, TAKHX KaK
JIOCTH)KCHUE PA3HBIX CTAIMOHAPHBIX 00BEMOB 3¢PCH B OJHUX M TEX )K€ PACTBOpAX MO Pa3IHYAIOIIAMCS Tpa-
CKTOPHSIM U TPOSIBJICHHUE TUNIACTHYHOCTH 3€PECH B PACTBOPAX COJICH BYX3apsIHBIX HOHOB.

Pe3ynbTaThl KBAHTOBO-XMMUYECKOTO MOJICTHPOBAHNUS MTOKA3aJIH, YTO ONTUMH3HUPOBAHHAS 10 SHEPTUU CTPYK-
typa komiutekca Ca(CH3COO),-(H20)4 ananoruuna crpykrype kommmiekca Ni(CH3COO),-(H20)4. O6a kaTu-
OHa HAXOJATCS B OKTaIPHICCKOM OKPY>KEHHUH U3 6 aTOMOB KHCIOPOa, IBa U3 KOTOPHIX MPEACTABIIIOT OO0
aTOMBI KHCJIOpO/1a KapOOKCHIIBHEIX TPYIII, [Ba — aTOMBI KACJIOPO/Ia HECBS3aHHBIX C alleTaT-MOHAMH MOJICKYJT
BOJIBI M JIBA — aTOMBI KHCIIOPOJa MOJIEKYJI BOJBI, BXOJSIINX B MOCTHKH MEXAY KaTHOHOM M aTOMaMH KHCJIO-
pona kKapOOKCHIBHEIX rpynit. OTHAKO pacCTOSHIS MEXIY KAaTHOHOM KaJblHsA W aTOMaMHU KHCIOPOAa CyIile-
CTBEHHO OOJIBIIIE, YeM COOTBETCTBYIOIINE PACCTOSHUS B KOMIUIEKCE HOHA HUKeIA. Jl00aBIeHHE ITOCIIE Iy OIINX
MOJICKYJT BOABI K alleTaTHBIM KOMIUICKCAM MPUBOIUT K BBITECHCHHIO aTOMOB KHCJIOpOAa KapOOKCHIHHBIX
IPYII BO BTOPYIO KOOPAMWHAIIMOHHYIO chepy B Cllyyae KOMIUIEKCA KaJbIUsA, HO B KOMIUICKCE MOHA HUKEJS
COXpaHETCS HETOCPEACTBEHHAS KOOPAUHAIIMS aTOMOB KHCJIOPOAa KapOOKCHIIBHBIX TPYIII K KATHOHY.

B cnyyae cyKiuHAT- U IIyTapaT-aHHOHOB, COJCPKAIIHMX MO JBE HOHM3HUPOBAHHBIC KAPOOKCUIILHBIC TPYIIIEI,
pa3zaenéHHbIe, COOTBETCTBEHHO, BYMS U TPEMS METHIICHOBBIMH IPYIIIIAMH, HX KaPOOKCHIbHBIC TPYIIIIBI Yepes3
OJIMH U3 JIBYX aTOMOB KHCJIOPO/Ia COXPAHSIOT HEITOCPESACTBCHHBIC CBA3U C IEHTPAILHBIMU KATHOHAMHU HUKEJISI
Y KaJBIUS TaKe B TIPUCYTCTBHU 8 MOJICKYJ BOJBI, U1 OOOUX LIEHTPAILHBIX KATHOHOB COXPAHAIOTCS KOO IH-
HanuoHHbIe yrcia 6. Mexaromubie paccrosiaus Ni-O u Ca—O Bo Bcex HCCIEOBAaHHBIX KOMILIEKCAX COXpa-
HSUTACH TIPAKTHYECKU OJMHAKOBBIMH.

Hown Hukens oOpasyer OoJiee MPOYHBIC OMHOTHITHBIE KOMILIEKCH C alleTaT, CYKIUHAT- U [IIyTapaT-aHHOHAMU
M0 CPABHEHHIO C HOHOM KaJIbIIHS, YTO COTIACYETCs C JAaHHBIMH O 00JIiee MTPOYHOM CBSI3HIBAHIUH HOHOB HHUKEIIS
C MOJMMETaKPHUIOBEIM KATHOHHTOM. Pe3yibTaThl MOJEIUPOBAHUS ITO3BOJISTIOT JOIYCTUTh, YTO B3aWMOJICH-
CTBHE KapOOKCUJIBHBIX TPYIII MOJIUMETAKPHUIOBOTO KATUOHUTA C MPOTHBOMOHAMY HHUKEJS U KAJIbIHS MOXET
TAKXKe MPOUCXOANUTH Yepe3 HEMOCPEACTBEHHYIO KOOPAWHAIIUIO aTOMOB KHCJIOPOJA 3THUX TPYII K MPOTH-
BOHOHY.

KiiroueBble €J10Ba: KBAHTOBO-XUMHYECCKOE MOICIIMPOBAHIE, KATHOHBI KaJIbIIM M HUKEJIS, alleTaT-, CyKI[HHAT-
U TJIyTapaT-aHHOHBIL.
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Quantum chemical modeling of the interaction of Ca?* and Ni?* ions
with carboxyl groups of cation exchanger

Sergey |. Kargov, Vladimir A. lvanov®, Ekaterina A. Karpyuk, Olga T. Gavlina
Lomonosov Moscow State University, Moscow, Russian Federation, minilana@mail.ru®

Abstract. The interaction of calcium and nickel cations with acetate, succinate and glutarate anions and dif-
ferent numbers of water molecules was studied. This study is related to previously established facts of unusual
behavior of polyacrylic and polymethacrylic ion exchangers, such as achieving different stationary volumes of
grains in the same solutions along different trajectories and manifestation of grain plasticity in solutions of
salts of divalent ions. The results of quantum-chemical modeling showed that the energy-optimized structure
of the Ca(CH3COO),(H20)4 complex is similar to the structure of the Ni(CHzCOO),:(H20)4 complex. Both
cations are in an octahedral environment of 6 oxygen atoms, two of which are oxygen atoms of carboxy! groups,
two are oxygen atoms of water molecules not bound to acetate ions, and two are oxygen atoms of water mole-
cules that form bridges between the cation and the oxygen atoms of the carboxyl groups. However, the dis-
tances between the calcium cation and the oxygen atoms in the Ca(CH3COO),(H20)4 complex are signifi-
cantly greater than the corresponding distances in the Ni(CH3COO),-(H20)s complex. The addition of subse-
quent water molecules to the acetate complexes results in the displacement of the oxygen atoms of the carboxyl
groups into the second coordination sphere in the case of the calcium complex, but in the nickel ion complex,
the direct coordination of the oxygen atoms of the carboxyl groups to the cation is maintained. In the case of
succinate and glutarate anions containing two carboxyl groups separated by two and three methylene groups,
respectively, their carboxyl groups retain direct bonds with the central nickel and calcium cations through one
of the two oxygen atoms even in the presence of 8 water molecules; the coordination numbers of 6 are retained
for both central cations. The interatomic distances Ni—-O and Ca—O in all the studied complexes remained
practically the same as in the acetate complexes. The nickel ion forms stronger similar complexes with the
acetate, succinate and glutarate anions compared to the calcium ion, which is consistent with the data on the
stronger binding of nickel ions to the polymethacrylic cation exchanger. The modeling results allow us to
assume that the interaction of the carboxyl groups of the polymethacrylic cation exchanger with the nickel and
calcium counterions can also occur through direct coordination of the oxygen atoms of these groups to the
counterion. Such a strong binding of polyelectrolyte chains by coordination bonds with nickel counterions
leads to the formation of a rigid structure with a reduced swelling degree, which is not capable of quickly
rearranging the conformational state in response to a change in external conditions or the imposition (or re-
moval) of a load. At the same time, the carboxyl groups fixed on the polymer chain of the ion exchanger are
conformationally in a more difficult position than in the anions studied. Therefore, it can be assumed that for
some of the carboxyl groups of the polymethacrylic cation exchanger, direct coordination to metal cations is
difficult. In the case of a more weakly binding calcium cation, the interaction occurs through water molecules.
Therefore, a change in external conditions, such as a change in the concentration of a solution, a change in
temperature, or the imposition (or removal) of a load, primarily causes changes in the number and mutual
arrangement of rapidly migrating water molecules.

Keywords: quantum chemical modeling, calcium and nickel cations, acetate, succinate and glutarate anions.
Acknowledgments: the work was carried out within the framework of the state task (topic No. 121031300090-2).
For citation: Kargov S.1., Ivanov V.A., Karpyuk E.A., Gavlina O.T. Quantum chemical modeling of the in-
teraction of Ca?* and Ni?* ions with carboxyl groups of cation exchanger. Sorbtsionnye i khromatograficheskie
protsessy. 2024. 24(5): 652-661. (In Russ.). https://doi.org/10.17308/sorpchrom.2024.24/12505

Bo-niepBbix, 01710 00HAPYKEHO, YTO TIO-

Beenenu .
cacHue auMeTakpuioBblii kKaTHOHUT Kb-4112, ciun-

BelnosiHEHHE [TaHHOTO HCCIENO0BaHUSA
CBSI3aHO C (paKTaMU HEOOBIYHOTO MIOBEJCHUS
MOJIMAKPWIIOBBIX W TOJUMETAKPHIIOBBIX
MOHOOOMEHHHUKOB, YCTaHOBJIEHHBIMU HaMH
B IIpeAbLAYIINX paboTax.

THIi TUBUHUIOEH30JI0M, B (OpME HOHOB
MAar"usi ¥ HUKEJIA 10CIIE MOBBIIIEHUS TEMIIE-
paTypsbl OBICTPO YMEHbBIIIAET CBOM 00BEM, HO
1OCIe MOCIEIYIOUIEro OXJIaXAeHHsI 00bEM
BOCCTAHABIIMBAETCSl KpaliHE MeIJICHHO, YTO
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HE MOXET ObITh OOBSACHEHO BIUSHUEM TEM-
nepaTypbl Ha KHHETHKY XUMHYECKOTO Tpo-
1ecca, UM BOOOIe HE BOCCTAaHABIMBACTCS
[1]. B To e Bpemst 00beM IpaHyIIbl HOHO00-
MEHHHUKa B HATPUEBOM M KalbIHEBOU (op-
MaX BOCCTAHABIIMBAETCSI JJOCTATOYHO OBICTPO.

Bo-BTOphIX, OBLIO OOHAPYXKEHO, YTO
OJIHA U Ta e TpaHyJia TOro K€ KaTHOHUTA B
Na-popme, B 0JHOM cilydyae B CyXOM U B
JIPYroM cily4yae B HaOyXIIIeM B BOJIE COCTOSI-
HUSX, TI0CJe MOMEILIEHUs B U30BITOK pac-
TBOpa XJIOpHUJA HUKENS, KaK B pa30aBlieH-
HBIi, TaK ¥ B IOCTATOYHO KOHIICHTPUPOBAH-
HBIH, (IPYU ’TOM MOHHUT BO BCEX CIIyyasix Ie-
pexoauT B opMy HOHOB HUKEJS ) JOCTUTAET
pa3HbIX cTarmoHapHbIX 00BEMOB [1]. Takoi
xe d(hdexT HabmomaeTcs U B cllydae pac-
TBOpA XJIOPUa KaJIbIIHsI, HO TOJILKO IIPH BbI-
COKOI KOHIIEHTPALIUH.

B-tpethux, ObUTO MMOKa3aHo [2], 9TO MOH-
Has ¢opMa MOTUMETAKPHUIOBOTO KaTHO-
HUTA, U KOHIIEHTpPAIMs BHEIIIHETO PacTBOpa
BJIUSIIOT Ha €ro YIPYro-IiacTUYecKue CBOM-
cTBa. B pa3z0aBieHHBIX pacTBOpax XJIOpUIa
HATpUS U XJIOPUJIA KaJIbLIUA 3€PHO HOHHUTA
Opy HAJIOKEHHM Ha HEro BEPTUKAIbHON
Harpy3kd ¥ TOCJIEAYIOIEM  CHATHUU
Harpy3KH BOCCTAHABIMBAET CBOH AHaMeTp,
MPOSIBIISAS YIIPYTHE CBOMCTBA. B KOHUIEHTpH-
POBAHHOM PAacTBOPE XJOPUAA KAIbIIHs AHUa-
METp TPaHyJIbl TTOCJIE CHITHS HArpy3KH BOC-
CTaHaBJIMBAETCS HE MOJHOCThIO. TakuM 00-
pa3oM, C yBEeJIMYEHUEM KOHIIEHTpAIlUU pac-
TBOpA XJIOpUJIA KaTbIIMs BEIUYNHA YIPYTOn
nedopmaluu yMEHBIIAeTCs, a OCTaTOYHBIE
(mmactudeckue) aedopManuu  yBEIUYUBA-
10TCs. B pacTBOpe Xopua HUKENs y MOJu-
METaKpHUJIOBOTO KaTHOHUTA BCErja MpOsB-
JISIeTCS 3HAYUTENbHAS OIS TUTACTUYHOCTH, a
yopyrue aegopmaiii HeBelInKu. B To xe
BpeMs B CIIydae MOJUCTHPOIBLHOTO CYIb(o-
katnoHuta KY-2x8 B aHanmoruyHeIX 3Kcre-
pUMEHTax Bceraa MpeoOagaroniuMu sBIs-
I0TCs yripyTue aedopmarmm.

Bce o1u siBieHUs Ha TOJMMETaKPUIOBOM
katnonute Kb-4112 npencrapnstoTcs: B3au-
MOCBSI3aHHBIMH U OTIPEJIEISIOTCS 0COOEHHO-
CTSIMU B3aMMOJICHCTBHSI TPOTHBOMOHOB C

KapOOKCHIIbHBIMHU
rpynraMu HOHUTOB.

Cy1ecTByeT MHOTO CBUAETENBCTB TOTO,
9T0 (DYHKIIMOHAJIBHBIE TPYMIBI MOJIHAKPH-
JaTa U MOoJIMMETaKpuiaTa B pacTBOpax B3au-
MOJIEUCTBYIOT C OJHO3apSIAHBIMH IPOTHU-
BOMOHAMH Yepe3 T'HpaTHbIe 000JI0UKH, a HE
HamnpsMYyI0 IyTeM OOpa30BaHMs KOHTAKT-
HBIX ap, ¥ IPHU 3TOM JIOMUHHUPYIOT 3J€K-
TPOCTaTUYECKUE CHJIBI [3-6].

MexaHu3M B3alMMOAEHUCTBUS PACTBOPU-
MOT0 B BOJIE IIOJIMAKpHUIIATa HATPUS C ABYX-
3apsAAHBIMA HOHAMH 0oJjiee CIIOKHBIH [7-9].
B 3TOM ciyuyae mosimakpuiar MOXET OcTa-
BaThCsl B pACTBOPEHHOM COCTOSIHMU, HO IIPU
OIIpe/IeNIEHHBIX YCIIOBUAX, KOTOPbIE OIIpeie-
JSIFOTCS. KOHLEHTpALMSIMU TOJIMaKpuiaaTa u
MOHA KaJbIHsl, IPOUCXOAUT €r0 OCaXKICHUE.
[Ipu 3TOM BOIIM3M IOPOra OCAXKICHUSI OJIH-
MEpHBIC IIeNH NPHOOpeTaroT 0oJiee KOM-
HaKTHBIE (POPMBI CTEPHKHEH, «KEMUY>KHOTO
OXepenbs» U CHEepUUYECKUX KIYOKOB. ITO
yKa3bIBa€T Ha TO, YTO JIByX3aps/IHbIE HOHBI,
CBSI3BIBASICH C KAPOOKCHIIBHBIMH TPYIIIIaMHU,
3¢ (GEeKTUBHO HEUTPAIM3YIOT MX 3apsabl. B
pabote [6] METOIOM MOJEKYJSPHOW JHHA-
MHKH OBLIO IIOKa3aHO, YTO B3aUMOJICHCTBYUE
nona Ca®" ¢ onmuromepom Na-monuaxpuiara
13 20 MOHOMEPHBIX 3BEHBEB B IPUCYTCTBUU
7900 MosieKyn BOABI CONPOBOXKAAETCA Jie-
rujpaTalel kKatmoHa W 00pa3oBaHUEM
TIPOYHBIX KOHTAKTHBIX MOHHBIX map Ca®' ¢
JIBYMsI COCETHUMHU KapOOKCHIIBHBIMH TPYTI-
namu. MoHbl Kanblus cToib 3((HEeKTUBHO
SKPAHUPYIOT OTPULIATENIBHO 3apsiKEHHbIE
KapOOKCHJIbHBIE IPYIIIbI, UTO J1ajiee OT/IeNb-
HbI€ 1IETH CTIOCOOHBI MPUOIMKATHCS APYT K
JPYTY, «CIAUMATHCS» WIN OCAXKIAThCA.

Bo3moxHocTell u3ydyeHus MeXaHU3MOB
B3aMMOJICHCTBHSI HOHOB METAJJIOB CO CILIH-
TBIMU TIOJIMYJICKTPOJIUTAMU MEHBIIIE, YeM B
cllyyae TOJIMAJIEKTPOIUTOB B PAacTBOpax.
HoBble BO3MOXXHOCTH OTKPBUTH METOIBI
KBaHTOBO-XUMHYECKOTO  MOJEIUPOBAHMUSL.
OnHako 1711 MOHUTOB C KapOOKCHIIBHBIMU
rpynmnamMu Takux padort HemHoro [10-12]. B
paborax [10,11] merogom ¢yHKUMOHANA
wiotHoct  (DFT) B mpuOmmkeHun

(byHKIMOHATBLHBIMU
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B3LYP/6-31++G(d,p) npoBenu onTuMu3sa-
U0 CcTpyKTypsl U pacuer HK-cnekrpa
CH3C(CH3)2COONa kak pernpe3eHTaTHB-
HOTO ()parMeHTa KapOOKCHUIBHOTO KATHOHO-
oOMenHuka. Okazanaoch, 4TO Ui THIPATo-
pa3/ieJIeHHON MOHHON Napbl pacCUYUTAHHBIC
OTHOUICHUSI YACTOT CUMMETPHYHBIX U aCUM-
METPUYHBIX KOJIEOAaHUH KapOOKCHIIbHOU
IPYHIBl XOPOIIO COTJIACYIOTCS C JKCIEepHU-
MEHTAIBHBIMU OTHOILICHHUSIMH YacTOT IS
MOJIMMETAaKPUJIOBOTO ~ KaTHOHOOOMEHHHKA
Kb-4, a 1u1st KOHTaKTHOM MOHHOM TTAaphl — He-
YAOBJIETBOPUTENLHO. Takoe cpaBHEHUE 1M03-
BOJIMJIO C/I€NATh BBIBO/I, YTO B IAHHOM HOHO-
oomennuke uoH Na* ormenen or kap-
OOKCHJIBHOM TPYIIIBI MOJIEKYJIAaMH BOJIBI,
TaKk)Ke KaKk M B cllyyae IMOJUMETaKpuiara B
pacTBope.

B pa6orte [12] meronom XapTtpu-Poka c
UCITIOJIb30BAaHUEM MHUHUMAIBHOTO 0Oa3uca
MINI ObltM  paccyuTaHbl ONTHMAJIbHBIC
CTPYKTYpPBI TIPH B3aMMOJCHCTBHH TIOJHAK-
PHJIATHBIX OJIMTOMEPOB, BKJIIOYAIOIIUX 0
18 MOHOMEpHBIX 3BEHBEB, C MOHAMH I1IE€J0Y-
HBIX, IIE€JI0YHO3EMENbHBIX U TSKENbIX Me-
TaJJIOB B IPUCYTCTBUH 10 MOJIEKyI BOJIBI HA
OJTHY KapOOKCWIIbHYIO TpyNiTy. BeiBo/ibI aB-
TOPOB O XapaKTepe B3auMOJICHCTBUS HOHOB
MIEJIOYHBIX METAJJIOB HE COBIIAJH C BBIBO-
JaM# Tpeapaynmx pador. OgHAKO Takoe
npuOIIMKeHNE TIPU  MOJACTHPOBAHUU CH-
CTEMbI, BKJIIOUAIOLIEH CBsA3aHHBIE BOJOPO/-
HBIMH CBSI3IMH MOJICKYJIBI BOJBI, BPST JIU
MO>KHO MPHU3HATH yIOBICTBOPUTEIBHBIM.

C y4eToMm CKa3aHHOTO BBIIIE B HACTOS-
el pabote MpeaNpPUHATO KBAHTOBO-XUMU-
YecKoe MOJICIMPOBaHUE B3aWMOJICHCTBUS
MpOCTEHINUX QparMeHTOB CTPYKTYpHI Kap-
OOKCHIIBHOTO HOHOOOMEHHHUKA C KATHOHAMU
KaJIbIUsl U HUKEIS.

Teopernyeckas 4acTb
Bb10op MeToaa u 6a3uca pacyera

MopnenupoBanu B3anMOJEHCTBUE KATHO-
HOB KaJIbLIMSl U HUKEJS C aleTaT-, CyKIIMHAT-
U TIyTapaT-aHWOHAaMHU, U Pa3IMYHbIMU KO-
JMYECTBAMU MOJIEKYJ BOJbl. BbIOOp Takux
AQHUOHOB B KauecTBe NMPOCTEUIINX pparMeH-
TOB OIPENENSIICS JOCTATOYHO OOJBIINMHU

BpeMeHamu cueta meronom DFT ¢ ucnomns-
30BaHHEM YKA3aHHOTO HIDKE THOPHIHOTO
(hyHKIMOHATA.

Pacuérel onTMMalbHBIX CTPYKTYp H
SHepruii csa3bIBaHMs KatnoHos Ca?t u Ni?*
MIPOBOJMIIA C HCIIOJIb30BAHUEM TPOTrpaMM-
noro nakera Firefly [13] meromom DFT ¢ ru-
OpunabM (yHkmonamom B3LYP [14, 15].
Hns atomoB H, C, O u Ca ucnonp3oBaiu Oa-
3uCHBIN Habop 6-31G, nomoHeHHBIH IUd-
(Gy3HBIMH U TOJISIPU3ALMOHHBIMU (YHKIU-
sIMU Ha Bcex siipax: 6-31++G(d,p). s ato-
moB Ni ucrnonb3oBaiu 6asuCHBI HabOp 6—
31G(d). Koppekiuio OmMOKH CyHepIo3u-
1uu 6aszucoB (BSSE) npoBoawiu cranmapt-
HBIM crocoOom (counterpoise correction)
[16, 17]. Bce pacy€Thl mpOBOIUIIN C TTOJTHOM
ONTUMU3AIMEN TeoMeTpuu 0Oe3 orpaHudye-
HUW 1O cuMmeTpuu. Ilouck ycToWumBBIX
CTPYKTYp KOMIUIEKCOB IPOBOJWIA B IPH-
ommxennn B3LYP/6-31G. [ns kaxaoro
KOMIUIEKCA W3 HECKOJBKUX YCTOHYHBBIX
CTPYKTYp BBIOMpaiu 00JIaJaronlyr0 MUHU-
MaJbHOM SHEPrUE€N W NPOBOIMIN €€ Jallb-
HEHIIYI0 ONTHUMM3AIMIO B TPUOIMKEHUSIX
B3LYP/6-31G(d,p) u B3LYP/6-
31++G(d,p).

Katunon Ni%" B cocTaBe KOMIIIEKCOB MO-
KET CYIIeCTBOBATh B COCTOSIHHSX C Pa3HOUN
MYJIBTUIUIETHOCTBIO — CHUHIJIETHOM U TpH-
metHoM [18]. TlosTomy nmist ero KOMILIEK-
COB HAYalbHBIE PACUYETHl MPOBOJIUIH Kak
JUISE CHHTJIETHOTO, TaK W JJIS TPUIUICTHOTO
COCTOSIHUM. Pacyé€rel mokaszanu, 4To KOM-
mtexchl ¢ katrnonom Ni%* B curTIIETHOM CO-
CTOSIHUM 00JafatoT Ooyiee BBICOKOW JHEp-
THEH, YeM COOTBETCTBYIOIINE KOMILIEKCHI C
kaTioHoM Ni?* B TPHIUIETHOM COCTOSHHH.
[ToaToMy B OOCYXKIACHHH PacCMaTPHBAOTCS
TOJIbKO O0Jiee cTaOMIIbHBIE KOMIUIEKCHI C Ka-
tnoroM Ni?* B TPUIIIETHOM COCTOSHHH.
PacuéThl 17151 KOMILIEKCOB ¢ Katuonom Ni*
B TPHUIUICTHOM COCTOSHUHU TPOBOJIMIA HE-
OTrpaHHYEHHBIM MeTO/1I0M XapTpu-Doxka.

O0cy:xaeHne pe3y1bTaTOB

ONTUMHU3HPOBAHHAS ~ CTPYKTypa KOM-
miekca Ni(CHzCOO)2:(H20)4 (puc. 1) oxa-
3a1aCh MOJ00HOM CTPYKType TeTparuapara
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Puc. 1. Ctpykrypa xommiekca

Ni(CH3COO);:(H20)a.
HI/I(l)paMI/I 3J1€Ch 1 Ha CJICAYIOINX PUCYHKAaX yKa-

3aHbl MCXKBAJACPHBIC PACCTOSHA B A

Fig. 1. Structure of the complex
Ni(CH3sCOO)2:(H20)a.

The numbers here and in the following figures indi-
cate the inter-core distances in A.

JaneraTa HUKENIs B KPHCTaJUIe, YCTaHOB-
JICHHOM METOJIOM PEHTTCHOCTPYKTYPHOTO
ananm3a [19-21].

B wacTHOCTH, B 00€MX CTPYKTypax OJUH
aTOM KHUCJIOpOoJa KapOOKCHUIIBHOW TPYIIIbI
KOOPJIMHUPYETCSI HEMOCPECTBEHHO K KaTH-
ony Ni?*, a Bropoii — k katuony Ni** mo-
CPEICTBOM MOCTHKAa BOJOPOIHBIX CBs3CH
4yepe3 0JIHy MOJIEKYITy BOABI. MexXbsIepHbIC
paccTosiHUST B ONTUMH3UPOBAHHOM KOM-
TUIEKCE COBMAMAIOT CO 3HAYCHHUSMH B KpH-
craimie Ni(CH3COO)2-4H.0, ycraHnoBieH-
HBIMU B pabote [21] MeTomoM peHTreHo-
CTpYKTypHOro ananusa. Kpome Toro, 01ms3-
KAMHU OKa3aJiCh W 3HAYEHHS PaCCTOSTHUN
Ni—O (2.047-2.056 A) B mepBoii KoopauHa-
LIMOHHOM cdepe aromMa HHKENs B HOHUTE
KB-4I12 B HukeneBoit ¢opme, NOITyUECHHBIE
MerogoM XAFS-cnekrpockonuu [22]. OT0
1oKa3ajlo, 4To pacyéT JOCTATOYHO aJeK-
BaTHO OTPa)kaeT CTPYKTYPHBIE OCOOCHHOCTH
KOMILIEKCa.

W3 puc. 2 BUAHO, YTO ONTUMH3HPOBAH-
Has TI0 DHEPrUM CTPYKTypa KOMILIEKCA
Ca(CH3COO)2:(H20)4 anamorum4yna cTpyk-
type kommekca Ni(CH3COO)2:(H20)s na
puc. 1. OHaKo paccTOSTHUSA MEXKIY KaTHO-
mom Ca’* u aTomMamm KHcIopoia B KOM-
wiekce Ca(CH3COO0)2:(H20)4 cymecTBeHHO
0oJIbIIIe, YeM COOTBETCTBYIOIIIIE PACCTOSHUS B
komruiekce  Ni(CHzCOO)2'(H20)s. Katuon
KaJbIUS B KOMITUIEKCE MIMEET KOOPANHAIHOH-
HOE 4ncIIo 6.

Puc. 2. CtpykTypa KoMIiekca
Ca(CH3COO0)2:(H20)a.

Fig. 2. Structure of the complex
Ca(CHsCO0O0),: (H20)a.

Craructuueckuii  anamm3z KemOpumxk-
CKOM CTPYKTYpHOU Oasbl JNaHHBIX, IpOBe-
JEHHBIN B pabote [23], mokaszan, 4To KOJH-
4YecTBa CTPYKTYp C KOOPAWHALMOHHBIMU
yrcaamu 6, 7 u 8, coctaBisaror 41, 26 u 20%,
COOTBETCTBEHHO, OT OOILIEro KOJIUYECTBa
CTPYKTYp JUISI COSAMHCHUN KaJIbIUs, TIPe/I-
CTaBJICHHBIX B 6a3e. Takum obpazom, Koop-
JTUHALMOHHOE YUCIIO 6 BcTpedaeTcs: Haubo-
nee yacto. B paborax [24-28] metomom DFT
HCCIIEIOBAJIM AaKBAaKOMILUIEKCHl MOHA Kallb-
musi ¥ ObUIO TOKa3aHO, YTO HaWMEHBIIeH
SHeprueil 00JaaaoT M30JIMPOBAHHbBIE Kila-
crepsl [Ca(H20)n]*" ¢ KoOpAMHALMOHHBIM
YHUCIIOM TIEPBOI THPATHOM Cephl, paBHBIM 6.

Jlo6aBneHne MATOH M IIECTON MOJIEKyI
Boxsl Kk Komimiekcy Ca(CH3COO)z2:(H20)4
MPUBEIIO K BHITECHEHHUIO aTOMOB KHCIOPOIa
KapOOKCHIIBHBIX TPYIIT BO BTOPYIO KOOP/IH-
HalMOHHY0 cdepy (puc. 3).

JloGaBnenue 7 u 8 MOJEKyJ BOJBI MpHU-
BeJO K ()OPMUPOBAHUIO BTOPOW KOOPJAWHA-
IIUOHHOM c(epbl, MOCKOJIBKY dHEPTHs 00pa-
3oBanus kommiekcos [Ca(H20)s](H20)* u
[Ca(H20)6](H20)22* Hinke, gem 3Heprus 06-
pa3oBaHUsT KOMIUIEKCOB, B KOTOPBIX HOH
KaJbIMsl HATIPSIMYIO CBSI3aH ¢ 7 ¥ 8 MOJIEKy-
JaMU BOJBI B IIEPBOM KOOPAMHAIMOHHOW
chepe [Ca(H20)7]*" n [Ca(H20)s]**. Oxn-
HaKO, HEOOJBIIHE PA3INIHs B SHEPTHIX 00-
pa3oBaHUsl TaKUX KOMILJIEKCOB TOBOPST O
TOM, 9TO KOMIUIEKCHI C KOOPHHAITMOHHBIM
YHUCIIOM 7 U 8 TaKXKe MOTYT 00pa30BBIBATHCS

656



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 652-661.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 652-661.

Puc. 3. Ctpykrypa xomiiekca
Ca(CHsCOO0),:(H20)s.

Fig. 3. Structure of the complex
Ca(CH3COO)2-(H20)6.

B pacTBOpax. Tem Ooiiee UTO pacueTHbIE Me-
TOJBI JAIOT JIUIIb YCPEAHEHHYIO MOJIENb, HE
MO3BOJIAIOIIYIO UMETh HECKOJIBKO CTPYKTYP
OJIHOBPEMEHHO, T. €. HE TIO3BOJISIOT YUUTHI-
BaTh BIUSHUE JAMHAMUKU. Tak Kak MO JlaH-
HeiM SIMP Bpemsi mpeObIBaHUS MOJIEKYJ
BOJAbl B IEPBOM THApaTHON cdepe HoHa
kanpnusa coctasaser 10711-107° ¢ [26], To
Takas ObICTpasi JUHAMMKaA IO3BOJIIET Me-
HATh KOOPJAMHALIMOHHOE YHCIO U TE€OMET-
PHIO KOMIUIEKCa B pacTBOpE.

bonee cyiecTBEHHO OT/IMUME B MOBEJE-
HUU KOMIIJIEKCOB HUKENS NMpHU J100aBIEeHUN
montekysn Boabl K Ni(CH3COO)2:(H20)a.
Tax, x0T Ipu A00aBIEHNUHN TATON U IIECTOM
MOJIEKYJI BOJbI CTPYKTYpa KOMIIJIEKCA UCKa-
JKaeTcsl u3-3a 00pa3oBaHUs JONOJHUTEINb-
HBIX BOJOPOIHBIX CBSI3€H, HO HENOCpE.-
CTBEHHAsl KOOPAMHALUS aTOMOB KUCJIOpOJa
KapOOKCHIBHBIX Tpynn K Katuony NiZ* co-
xpansiercst (puc. 4). [lpu nanpHeieM 1o0-
OaByieHUU 7-0¥ U 8-0i1 MOJEKYI BOJIBI are-
TaT-aHMOHBI TAKXKE PacIojiaraloTcst BO BTO-
pOi KOOPIMHALIMOHHOM cdepe.

HanpHelmme pacyeTsl ObUTH MPOBEICHBI
C CYKLIMHAT- U INIyTapaT-aHMOHaMH, COAep-
KAIUMU 10 JB€ HMOHU3WPOBAHHBIE Kap-
OOKCUJIbHBIE T'PYMIbI, pa3ieieHHble, COOT-
BETCTBEHHO, IByMs U TPEMSI METUIICHOBBIMU
rpynnamu —CHz—. Oxka3zanocs, 4To B ciaydae
OMIEHTAaTHBIX CYKIIMHAT- U TJIyTapar-aHho-
HOB UX KapOOKCHUJIbHBIE IPYTIIIbI Yepe3 OAUH
U3 JByX aTOMOB KHCIIOpPOJa COXPaHSIOT
HEIIOCPEICTBEHHBIE CBSI3H C LICHTPAJIbHBIMU
KaTHOHAMH HUKENS U KaJbLus J1aXe B Mpu-

Puc. 4. CtpykTypa KoMImiekca
Ni(CHsCOO)2:(H20)e.

Fig. 4. Structure of the complex
Ni(CHsCOO)2:(H20)e.

CYTCTBUU 8 MOJIEKYJ BOJBI, UIsl 000UX IICH-
TpaJIbHBIX KATHOHOB COXPAHSIOTCS KOOPIHU-
HAIMOHHBIC YUCia 6, 0 4 MOJIEKYJIbI BObI
OKa3bIBAIOTCS BO BTOPBIX KOOPIMHAIIMOH-
HBIX cepax. MeskaToMHbie paccTostHust Ni—
O u Ca—O BO Bcex HCCIEIOBAHHBIX KOM-
MJIEKCAaX COXPAHSIIUCH TPAKTUYECKU TAKUMHU
’Ke, YTO M B al[CTATHBIX KOMILUIEKCaX (pHc. 5-8)
Penpe3enTaTMBHOCTH BHIOPAHHBIX JOCTA-
TOYHO MAJIbIX KOMILJIEKCOB MOKET BHI3bIBATh
oTpeJieJICHHbIE COMHEHHS B TUIAHE TTIOHUMa-
HUS SIBJICHUN Ha MOJIMMEPHOM KaTHOHHTE C
KapOOKCWJIbHBIMU TpynmnamMu. Tem He Me-
Hee, IPUBEACHHBIEC BBILIE PE3YIbTAThl MOJ-
TBepKat0T, uTo Katuonsl Ni?* u Ca®* mpu
B3aMMOJECHCTBUH C KapOOKCHUIBHBIMU TPYII-
TaMH B MPUCYTCTBUU MOJIEKYJT BOJBI IIPOSIB-
JSIOT Kak 0OIue 3aKOHOMEPHOCTH, TaK U
pa3uyus, YTO MOXKET JIS)KaTh B OCHOBE pa3-
JUYHOTO TIOBEJICHUS MOJIMMETAKPUIOBOTO
KaTMOHUTA B KMHETHYECKUX, JUIATOMETPH-
YECKUX U JIBYXTEMIIEPATYPHBIX JKCIEPH-
MEHTaX, O KOTOPBIX TOBOPHJIOCH BHIIIIE.
Bo-niepBbiX, HOH HUKelNs 00pa3yeT Oolnee
MPOYHBIE OJHOTHITHBIE KOMIUJIEKCHI C arle-
TaT, CYKIIMHAT- W TIyTapaT-aHHOHAMH II0
CpPaBHEHHIO C WMOHOM Kajbllusa (TabmuIa),
YTO COTJIacyeTcs ¢ JaHHBIMU O OoJiee mpoy-
HOM CBSI3BIBAHUU MOHOB HUKEJSI C TOJTHME-
TaKpUJIOBBIM KaTuoHMTOM [29]. Ilpm sTOM
OCHOBHOM BKJIaJl B SHEPIHIO OOpa30BaHUS
BHOCUT B3aUMOJICHCTBHE C aHUOHHBIMHU
KOMILIEKCOO0OPa30BaTEISIMHU.
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Puc. 5. Ctpykrypa xommiekca
Ni(C2H4(COO0)z2)(H20)s.

Fig. 5. Structure of the complex
Ni(C2H4(COO0)2)(H20)s.

Puc. 7. CtpykTypa xoMImiekca
Ni(C3Hs(COO0)2)(H20)s.

Fig. 7. Structure of the complex
Ni(C3Hs(COO0)2)(H20)s.

Bo-BTOpBIX, MOKHO AOIYCTUTH, YTO B3a-
uMoJieicTBUE KapOOKCUIIBHBIX Py MOJIH-
MCTAaKpHJIOBOT'O KaTuoOHUTAa C IIpoTH-
BOMOHAMM HUKEJS ¥ KaJlbLUs MOXKET TaKKe
IPOUCXOUTh Yepe3 HEMOCPEICTBEH-HYIO
KOOPJIMHAIIMIO aTOMOB KHCIIOpOJa 3THX
TPYIII K MPOTUBOMOHY. Takoe nmpo4yHoe cBs-
3bIBAHME LIENEH MOJIMAIIEKTPOINTA KOOPIH-
HAallMOHHBIMHU CBA3AMHU C IPOTHBOMOHAMU
HUKEJS MPUBOJUT K 00pa30BaHMIO JKECTKON
CTPYKTYpBbI C IOHWKEHHOMN CTENEeHbI0 Ha0Y-
XaHHUs, HEe CIIOCOOHOI OBICTpPO mepecTpau-
BaTh KOH(GOPMAIIMOHHOE COCTOSIHUE B OTBET
Ha M3MEHEHHE BHEIIHUX YCIOBUN. 3epHO MO
CBOHMM CBOMCTBaM CTAaHOBHUTCSI OJMU3KHM K
TBEPJIBIM TeJlaM, /Uil KOTOPbIX IpU HaJloxkKe-
HUU OIIPENENIEHHBIX Harpy30K XapaKTepHBI
C/IBUTOBbIE JedopMaIiy, ONpeAeNsIonne
CBOMCTBO IUIACTMYHOCTH. Ecimm st kpu-
CTAJUIMYECKUX TeJ IUJIACTUYHOCTh CBSA3aHA
CO CABHUI'OM KPHCTANIMYECKUX CJIOCB WA
EJIBIX OJIOKOB KPUCTAJIIOB, AJIs1 aMOP(HOTO
3epHa  CJIa0OCIIMTOTO  MOHOOOMEHHHUKA

Puc. 6. CtpykTypa KOMITIeKca
Ca(C2H4(COO0)2)(H20)s.
Fig. 6. Structure of the complex

Ca(C2H4(COO)z)(HzO)s

Puc. 8. Ctpykrypa xomriekca
Ca(CsHs(COO)2)(H20)s.

Fig. 8. Structure of the complex
Ca(C3H5(COO)z)(H20)3.

MOKHO Mpcamnojiaratb CABUT HCI\/’ITpaJ'H/ISO-
BaHHBIX JIMHEHHBIX LENed IOIUdIEKTPO-
JIATA.

B-TpeTbux, kapOOKCHIIbHBIE TPYIIIIBI, 3a-
KPCIUICHHBIC HA HOHHMepHOfI ey NOHHUTA,
KOH(OpMaIIMOHHO HaxomsATcs B Oonee 3a-
TPYAHCHHOM IIOJIOKCHUH, YEM B HCCIICOO-
BaHHBIX HAMH aHHOHAX. MOYKHO JIOITyCTHTb,
qTO IJId 94aCTu Kap6OKCI/IJ'II)HI)IX TpyIIII IOJIH-
METaKPHUIIOBOTO KATHOHUTA HEMIOCPEICTBEH-
Hadg KOOpJAUWHAN WA K KATHOHAaM MCTAJIJIOB 3a-
TpyaHeHa. [loatomy B cimyuae Gosee cinabo
CBA3BIBAIOIICIOCSA KaTHOHA KaJbIUA B3au-
MOJICWCTBHE TPOUCXOJHUT YEPE3 MOJICKYJIbI
BOJbI U UBMCHCHHE BHCUIHUX yc.]'[OBPIfI, Ta-
KAX KaK W3MCHEHHE KOHILEHTpaluH pac-
TBOpa, UIBMCHCHHUE TCMIICPATYPhI UJIW HAJIO-
’KeHue (WM CHATHE HArpy3KH) BBI3BIBACT B
IIEPBYIO 0YEpPEIb U3MEHEHUS B KOJIUYECTBE
Y B3aUMHOM PAaCIIOJIOKEHUU OBICTPO MUTPH-
PYIOIIAX MOJIEKYJIT BOJIBI.
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Ta6mmira. DHeprun 006pa3oBaHUsI KOMITIEKCOB KIS U HUKENS (K [»K/MOJIb) paccanTaHHbIC IS

peaxkuuii

Table. Energies of formation of calcium and nickel complexes (kJ/mol) calculated for reactions
Me?* + 2Ac¢™ + nH,0 = MeAc;-(H20)n
Me?* + Suc*” + nH,0 = MeSuc-(H20)n
Me?* + Glu*” + nH,0 = MeGlu-(H20)x

nH,O Ca(Ac), CaSuc CaGlu Ni(Ac), NiSuc NiGlu
0 —2050 —2220 —2260 —2815 —2830 —2875
1 —2320 —2360 —2930 —3000
4 —2300 —2565 —2580 —2890 —3145 —3170
6 —2420 -2690 —2700 —2965 —3285 —3300
8 —2830 —2840 —3395 -3410
CTBCHHLBIC CBA3M C HCHTPAJIBHBIMHU KaTHO-
3akawuyeHue

TakuM 00pa3oM MPOBEAEHHOE UCCIEO-
BaHME TI0KA3aJI0, YTO MOH HHUKEIs 00pa3yer
0oJjiee MPOYHBIE OJJHOTUITHBIE KOMIUIEKCHI C
anerar, CyKUMHaT- U [JIyTapaT- aHHOHaMH
10 CPABHEHUIO C MOHOM KaJlbLUs, YTO COrJa-
CyeTCsl C JaHHBIMH O 00JIee TPOYHOM CBSI3bI-
BaHUH HOHOB HUKEJS C MOJIMMETAKPUIOBBIM
KaTHOHUTOM. PaccTosiHuS MEXly KAaTHOHOM
KaJIbLIMSI M aToMaMu KHUCJIOpoJAa cylle-
CTBEHHO OO0JbIlE, YEM COOTBETCTBYIOLIUE
pPaccTOsIHUSL B KOMIUJIEKCAX MOHA HUKens. B
clly4ae CyKLUMHaT- U IIyTapaT-aHuOHOB, CO-
Jiep KalUX 10 JIBe KapOOKCUIIbHBIE IPYIIbI,
pa3len€HHbIX, COOTBETCTBEHHO, IBYMs U
TpeMsi METUJICHOBBIMHU TpyNIaMu, UX Kap-
OOKCHJIbHBIE TPYIIIBI Yepe3 OJUH U3 ABYX
aTOMOB KHCJIOpPOJAa COXPaHSIOT HENOCpe.-
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HaMU HUKEJS U KaJblus JaKe B IMPUCYT-
CTBUU 8 MOJIEKYJ BOJbI, s 00OUX LIEH-
TpaJIbHBIX KATUOHOB COXPAHSAIOTCS KOOPAU-
HaIlMOHHbIE ynciaa 6. Pe3synpTaTsl Moaenu-
pOBaHUs MO3BOJISIIOT JOMYCTUTh, YTO B3au-
MOJIeicTBHE KapOOKCHIIBHBIX TPYIIT MOJH-
METaKpUJIOBOTO  KAaTHOHUTA C  MPOTH-
BOMOHAMU HUKEJS U KaJIbIUS MOXKET TAK)Ke
IIPOUCXOAUTH YEPE3 HETIOCPEACTBEHHYIO KO-
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Biusinue cTPyKTYpPbI IOJIUMEPHOI 0CHOBBI HA HA0yXaeMOCTh
U CeJIEKTUBHOCTH HOHOOOMEHHUKOB

AHaTosmii MuxaiisioBua Josironocos™
WNucTuTyT reoxumuu u ananutudeckoi xumun um. B.W. Bepuaackoro PAH, Mocksa, Poccusi,
amdolgo@mail.ru®

AnHoTanus. B pabote nony4mia nanpHeliee pa3BUTHE MO/IEIb HFOHHOTO OOMEHa, ONMPAIOIIascs Ha paciiy-
PEHHbIE MIPEICTABICHUS O B3aUMOCHCTBUSX HOHOB, BKIIOYAIOIIHMX B ce0s KYJIOHOBCKHE, JUITOJIBHBIE H BOJIO-
pozaHsle cBsi3u. brarogaps 6;1130cTH 3HaUSHUI MOHHBIX PAJMyCOB B MOJICTIH BEIBOAUTCS KAaHOHHYECKas hopma
YpaBHEHMS AT DHEPTUH CBS3U. YPaBHEHHE COAEPKUT MaJIbIi MapaMeTp, B KOTOPBIHA BKJIIOYEHBI PA3IUUUS B
pa3mepax u ruipoUILHOCTH HOHOB. Takue napaMeTpbl NPeICTaBIsIOT cOOOH IIIaBHbIE ()aKTOPHI, BIMSIOIINE
Ha BEIMYMHY KOHCTaHTHI HOHHOTO oOMeHa. Ha 06a3e Moneny, onuchIBaromeil B3auMoJeHCTBHE IPOTHBOMOHA
C MOHHUTOM, BBIBOJSTCS BBIPOKCHMS IUIS CBSI3M IAPAMETPOB CEIEKTHBHOCTH HOHHOTO OOMEHA C SBICHHEM
Ha0yXaeMOCTH MOJMMEpPHBIX HOHNTOB. ITokazaHo, 4To BKJIaA (akTopa THAPATAINN B SHEPTHUIO HOHHOTO 00-
MEHa ONpeAeNIAeTCs THAPATHBIM YHCIOM NIPOTHBONOHA B K03 durmenToM HabyxaHust noHuTa. PaccMorpeno
BIIMSTHAE CTPYKTYPHBIX XapaKTEPUCTUK CIIUTHIX MOJMMEPOB Ha 00beM HaOYyXIIEro HOHHUTA U BHIBE/ICHA 3aKO-
HOMEPHOCTB, CBS3bIBaIONIAsl KOI(PGHUIMECHT HAOYXaHHS U JIOJIO CIIMBAIOLIECTO areHTa. TeopeTH4ecKuil BEIBO
MOATBEPKIICH dKCIIEPUMEHTAIBHBIMU JaHHBIMU JUIS TTOJIMCTUPOJILHBIX HOHUTOB. BhIBEIEHbI ypaBHEHHUS IS
KOHCTAaHT HOHHOTO 0OMEHA CHIIbHBIX HOHHUTOB.

KiarwueBble c10Ba: HOHHBIA 0OMEH; KOHCTAaHTa OOMEHa; COPOIMOHHBIN MOTEHIMAI; THAPATAIlUs] HOHA; Ha0Yy-
XaHHE NOHHUTOB.

BaarogapnocTu: paboTa BBIIIOJHEHA 33 CUET CPE/ICTB OI0KETHOTO MHAHCUpOBaHKs VHCTUTYTa TeOXUMHUM
1 aHanuTuaeckor xumun uMm. B.. Beprnanckoro Poccuiickoit akageMun Hayk.

Jns uutupoBanus: JlonmroHocoB A.M. BiusHHE CTPYKTYpHI MOIUMEPHON OCHOBHI Ha HaOyXaeMOCTh U ce-
JIEKTUBHOCTh HOHOOOMeHHUKOB // Copbyuonnvie u xpomamozpaguueckue npoyeccol. 2024. T. 24, Ne 5. C.
662-671. https://doi.org/10.17308/sorpchrom.2024.24/12506

Original article

Influence of polymer structure on the swelling
and selectivity of ion exchangers

Anatoly M. Dolgonosov®™
Vernadsky Institute of Geochemistry and Analytical Chemistry of the Russian Academy of Sciences, Moscow,
Russian Federation, amdolgo@mail.ru®

Abstract. In the present work, the ion exchange model was further developed, based on expanded ideas about
the interactions of ions, including Coulomb, dipole, and hydrogen bonds. Due to the closeness of the ionic
radii, the model derives the canonical form of the equation for the binding energy. The equation contains a
small parameter that includes differences in the size and hydrophilicity of the ions. Such parameters are the
main factors influencing the value of the ion exchange constant. Based on the model describing the interaction
of the counterion with the ion exchanger, expressions are derived to relate the selectivity parameters of ion
exchange with the phenomenon of swelling of polymer ion exchangers. It is shown that the contribution of the
hydration factor to the ion exchange energy is determined by the hydration number of the counterion and the
swelling coefficient of the ion exchanger. The influence of the structural characteristics of cross-linked poly-
mers on the volume of the swollen ion exchanger is considered and a pattern is derived linking the swelling
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coefficient and the proportion of the cross-linking agent. The theoretical conclusion is confirmed by experi-
mental data for the polystyrene ion exchangers. Equations for selectivity coefficients for the strong ion ex-
changers are derived.

Keywords: ion exchange; selectivity coefficient; sorption potential; ion hydration; swelling of ion exchangers.
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Beenenune

VYike B mepBbIX paboTax Mo HCCIeNI0Ba-
HUIO CBOWCTB MOJMMEPHBIX HOHUTOB OBLIO
OTMEUYEHO, YTO UM CBOMCTBCHHO SIBIICHUE
HaOyxaHHs — yBeJIHueHue o0bema Mpu Io-
najaHud B BOAHYIO cpeny. HaOyxanwue
HACTOJIBKO SIBHO CBSI3aHO C CEIEKTUBHOCTHIO
WOHHUTOB, YTO 3TO SIBJICHHE CTaBUJIOCH BO
[JIaBy yriia B psae pazpabotanusix B 1950-
1960-x romax TEpMOJAMHAMUYCCKUX ITOIXO-
noB, 00BeAMHEHHBIX uaee ['peropa o mps-
MOM BJIMSTHUM OCMOTHYECKOTO JIaBJICHUS Ha
COpOIMIO THAPATUPOBAHHBIX MOHOB, pealu-
30BaHHOH B €ro OCMOTHYECKOW TEOpUHU
[1,2]. Ha npuHnune pa3anyHoil Habyxaemo-
CTH MIOHUTOB U HCHOHOTECHHBIX TTOJIUMEPOB B
pa3HBIX JEKTPOIUTAX OCHOBAH METO]] aHa-
nu3a pacTBOpoB [3,4].

TpyAHOCTH, BO3HUKAIOIIKE MPH TEPMO-
JTUHAMHUYECKOM OTTMCAHUH HAOyXaHUS ITOJIH-
MEpPOB, OTpPakeHbI B (OPMYIHUPOBKE Mapa-
nokca Ilpenepa: B OMMHAKOBBIX TEPMOJIH-
HAMUYECKHX YCIOBHSIX >KHIKOW cCpeibl U
PaBHOBECHOTO C HEH HACBHIIIEHHOTO TIapa
nonuMep uMeeT pasHbiii o0vem [5]. Ilapa-
nokc Illpexepa TOBOPUT O HEMOIHOTE Tep-
MOJIMHAMUYECKOTO  OMUCAHUS  SBICHUS
HaOyxaHus mosimMepos [6-9]. IlosTomy Teo-
pUH MOHHOTO OOMEHa, OCHOBaHHBIC HA Tep-
MOJIMHAMUKe, BKJTI09ast Teopuio ['peropa, He
CMOTJIH O0OWTHCH 0€3 MOATOHOYHBIX Mapa-
METPOB, YTO CHJIBHO CHM)KAET WX IICHHOCTD.
HampoTtuB, MoOJeKyIsIpHO-CTaTHCTUYECKAS
Teopus D3eHMaHa U JIp., XOTsS U CoAepKalia
YMIOUPUUYECKUE TAPAMETPhI, OHU UMEIN YeT-
kuit pusmueckuii cmpica [10,11]. Tem He me-
Hee, SMIIMPUYECKHE COOTHOIICHUS, CBS3bI-
BAIOMIHE ITapaMeTPhl TIOJIMMEPOB C SHEPTHEH

copOLMH, HOCUJIIM XapaKTep YaCTHBIX 3aKO-
HOMEPHOCTEH, IEUCTBYIOIINX B OTPAaHUYEH-
HOM 00J1acTH MapaMeTpoB.

Takum oOpa3oM, manpHeEiIIee pa3BUTHE
TEOPHH MOHHOT'0 OOMEHa HYy>KJaeTcsi B 000c-
HOBAaHHbBIX (PU3UKO-XUMUYECKUX COOTHOILIE-
HUSIX, COAEPIKALINX TOJIbKO (PyHIaMEHTalb-
HbIE XapaKTEPUCTUKH, TAKHE KaK: pa3Mephbl,
3apsabl, MOJIEKYJISIpHAs CTPYKTypa HOHOB,
COCTaB U cTpoeHue noaumepos. Hacrosmas
paboTta, MOCBsILEHHAas! UCCIIEA0BAHUIO 3aBH-
CUMOCTHU CEJIEKTUBHOCTH HOHHOTO OOMEHa
OT cTeneHu HalOyXaHMsl, KOTOpas, B CBOIO
ouepesb, ONpPeAeseTcs CTPYKTYpOil MOJH-
MEpHOW MaTpHUIlbl HOHOOOMEHHUKA, JIE1aeT
HOBBIE I1Iark B JIOCTH)KEHUU ITOH 1IEJIN.

Teopernyeckasi 4acThb

Teopernuecknili IMOAXOJ, Ppa3BUTHIM B
craTthax [12,13], ucxoauT U3 acUMNTOTUYE-
CKOTO OIMCAHUS B3aUMOJIEUCTBUS (QYHKIH-
oHanbHOH rpynmnsl (PI') HoHOOOMEHHMKa ¢
MIPOTUBOMOHOM JIJIsl ciiydasi pa30aBiI€HHBIX
pacTBOpOB. B 0011em ciyuyae sHeprus B3au-
MOJIEUCTBHUS COAECPKUT 3 OCHOBHBIX BKJIaJa
— cun Kynona, Ban-nep-Baansca n Bojno-
ponHbIx cBszert (H-cBsizeit):

U=Uc;+ AW + AH (1)

bruto mokazano, yto npsiMoe yyactue H-
cBsizedl B copOnuu uckiIoueHo. B mpoTus-
HOM clTydae BBHJly JUCKPETHOCTH Ipoliecca
BOJOPOJHOIO CBSI3BIBAHUS U CIMILKOM
OOJIBIIIOTO PHEPTETUUECKOT0 CKayka OT 00-
pa3oBanusi H-cBsi3u copOLIMOHHBIN mporiecce
uMen Obl JIOKHBIE TPU3HAKH: CIMILKOM
Oonpmioi sHeprerudeckuii 3dpdext Oornee,
yeM B 2-3 pa3a NPEBBIMIAONMINN peaabHbIe
3HAUEHUS, U OTCYTCTBHE DKBUBAJIIEHTHOCTHU
noHHoro oomena. Takum oOpa3om, TpeTuit
yjieH B BeIpakeHHH (1) B ciyyae MOHHOTO
obmeHa paseH Hymo (AH = 0).
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JlocTaTouyHO CHIIBHOE KOCBEHHOE BIIUS-
Hue H-cBs3eil Ha mapameTpbl HOHHOTO 00-
MEHa UMEET MECTO MPHU OMHCAHUU TUAPAT-
HOU 000s104uKkM HOHA. V3MeHeHue ee Hep-
UM TIpU copOLKK 0003HAYaeT BTOPOM uiieH
(AW). Tlpu Hanuuum y MOHA THIAPATHOM
000JIOUKH 3TOT BKJIAJ MUMEET MOJOXKHUTENb-
HOE 3HAYEHHUE, TaK KaK TUJIPATHOE YHUCIIO
MOHA mNpu 1mepexoae B a3y mnonumepa
yMeHbInaercsi. Takoe W3MEHeHue THjpaTt-
HOTO YHCJIa MOHAa 00O3HAYaeTCs Kak 2uo-
pammuwlil 0eghekm, a COMYTCTBYIOIIHE E€MY
paspylieHue u neperpynmnupoBka H-ceszeit
B TUJIPaTHOM 000JIOYKE MPUBOJUT K CHUXKE-
HUIO 3HepreTudeckoro 3¢dekra copOuum.
VYuactue H-cBs3eli BO3SMOXKHO TaKKe U B Ka-
yecTBe (haKTOpa, YCHIMBAIOIIETO COPOIIHIO,
YTO HarJsAHO MPOSIBIISIETCS B cliyyae copO-
uu TUIPO(POOHOrO0 HEMOHOTEHHOTO COp-
0aTa, BHITAJIKUBAEMOTO CHJION TTOBEPXHOCT-
HOTO HATSKeHHsI B MEHee IUIOTHYI0 mo H-
CBSI3SM CpeIy BHYTPH MOJUMEPHON (ha3bl.
Takoii "runpodoOHBIN" MEXaHU3M, CBs3aH-
HBIN C pa3pymenueM H-cBs3el npu pacTso-
peHuu TUAPoHOOHON MOJIEKYJIBI, XapakTe-
pU3yeTCsl OTPUIIATETLHBIM THAPATHBIM JIe-
(eKTOM; UM MOXHO OOBSICHUTH TaK Ha3bIBA-
€MyI0 HEOOMEHHYIO COpOLIMIO, HE TTOAYUHS-
IOLIYIOCS] CTEXMOMETPUH HOHHOTO OOMEHa.

TakxuMm 06pazom, OCHOBHOI BKJIa/1 B DHEP-
TUI0 HOHOOOMEHHOM COPOITMU BHOCHUT KYJIO-
HOBCKOe npuTskeHue. KyrnoHoBckoe B3au-
MOJICHCTBHE MPOTUBOMOHA C OHO3APSIIHON
@I B cimyyae pa30aBIEHHOTO pacTBopa, Ko-
rja B3aWMOJIEWCTBHEM HOHOB B PacTBOpE
MO>KHO MpeHeOpedb, UMEET BUI:

Ue == @

TA€ £y — AUAIEKTPUUECKasi KOHCTAHTA BaKy-
yMa, & — OTHOCHUTEJIbHAs TUAJIEKTpUYECKas
npoHunaemMocts cpeasl (JI31I1); e — snemen-
TapHbIN 3apsij; Z€ — 3apsii IPOTUBOHOHA (TI0
MOJYJII0); T — panuyc @I ¢ yueTom ruapa-
TallWu; 77 — paanyc npotuBonoHa. C nomo-
HIbl0 pa3ioxeHus B psan Teisopa mo ma-
JIOMy TapaMeTpy B BbIpakeHUU (2) yn00HO
BBIIETIUTH IOCTOSIHHBIN WIeH (CTaHIapTHBIN
MOTEHITHAI)

z

amege  rR+T[

e? 1
Up = — 3)
4meEgEe  Trt+a
1 MaJIbIi mapaMeTp
ri—a
§=——, (4)
rgt+a

3aBUCSIIMNA OT MaJbIX Pa3IMYuil B pPaBHO-
BECHBIX paccTosHUsIX. B Monens BBeneHa
npoOHasi KOHCTaHTa @, yCTaHaBJIMBAIOIIas
MacmTab pa3MepoB IPOTHBOMOHOB, Y/IOBIIE-
TBOpSIIOIIAs YCIOBHIO: 17— a << 1y + 4.
[MoncranoBka Beipaxkenuii (3) u (4) B ¢op-
Mysy (2) mpUBOIUT K (DAaKTOPU30BAHHOMY
BU]IY:
Ue = zUy(1 = 6).

Bropoii unen B (1) npeacrasnser co0oit
SHEPTUI0 JeTHApaTallid HOHA B MpPOIEcce
copOIMU TpU TepeceyeHUuu Mexda3zHOM
rpaHulbl. JTa BENWYMHA TMPUXOJIUTCS Ha Z
(YHKIIMOHATLHBIX TPYII, TOTOMY BKIA,
npuxoasumiics Ha onny @I, paBeH:

AW =2q, (5)

z
rac a,, — SHEPrus B3aMMOJCHCTBUS HOHA C

MOJIEKYJIOM BOJBI MEPBOTO TUAPATHOTO
CJ10s; N — TaK HAa3bIBAEMBbIN «TUAPATHBIN Je-
(deKkT» — YHCI0 MOJICKYJ IEePBOTO THUApAT-
HOI'O CJIOsl, 0 JHEPIUM OSKBHUBAJIEHTHOE
BOJIE, TEPSIEMOM TUIPATHOM 00O0JIOUKOHN TIPH
copOumu noHa. OTHOCUTENBHBINA BKIIAM -
TOJTBHBIX B3aUMOJICHCTBUHN B IHEPTHUIO COPO-
L1 MOHA OLICHUBAETCS KaK Masasi BEJIUYnHa

A LS ()

[Ucl - zed,, z
riae Uy, = 1.85/] — TumoabHBI MOMEHT MO-
nekynsl Bogsl, d,, = 2.7A — ee s pexrus-

HBIN auameTp, A = :TW = 0.142.

w
B pyciie npuBeaeHHBIX BbIIIE IPE0Opazo-

BaHUM HaMM OBIJIO MPEAJIOKEHO MaTeMaTH-
YecKu y/l00HOe JMHEeHHOoe MpUOIKeHue —
TaK Ha3blBaeMasi KaHOHuyeckas ¢hopma
9Hepeuu, KyJa BXOIUT 3apsij NPOTHBOMOHA
Z, CTaHJAPTHBIM MoTeHuuan uoHuta U, u
MaJIblii mapameTrp &, 3aBUCSIINN OT pa3Mme-
POB HOHOB U 3¢ dekToB ruaparauu [12]:
U=2zU,(1-56) (7)
371ech Majblil mapameTp AOMOJHUTEIBHO
K (4) BkItovaeT B ce0si mapameTp ruapara-
uu (6):

§="=+4> (8

rrt+a z
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YuuTeiBas XapakTep THAPATHOTO Jie-
dexra, ToapoOHO 00CYKIaeMblil HIKE, 3a-
METHM, YTO HaJAJIEKAalUM BBIOOPOM MpPOO-
HOW KOHCTaHTBHl @ TPAKTHUYECKU BCETIa
MOKHO J00uThCs yenoBus & << 1. Xopo-

. . d
1€} OLIEHKOU SBISETCH A = 7‘”

PaccmaTpuBast HOHBI aTOMHBIX pa3MepoOB
(~ 1 A), cnenyer npuHMMAarh B pacueT HEo-
CcTOsIHCTBO JokanbHOU JIDI1. luckpeTHOCTh
KUAKOM cpeibl 00yCIOBIMBAET YCPEIHEHNE
SHEPruu B3aUMOJICUCTBUS MOJIEKYJIbI CPEbl
C HOHOM Ha OTpE3KE, PABHOM TOJIIUHE MO-
HOcTosl. B cimyyae BoJIHBIX pacTBOPOB HEKO-
TOPBIE OLIEHKH UCTIOIb3YIOT JUCKPETHYIO 3a-
BHUCHUMOCTb, XapaKTEePHYIO ISl KpUCTaJIU-
YECKUX CUCTEM, COJEPKALIYI0 OJJHO ITPOMeE-
JKyTOUHOE 3HaYeHue mexay 1 nu g, = 81 —B
untepBasie 2-5 [14]. Onnako B amop¢HOU
cpele pacrpeiesieHue MEXMOICKYIIPHBIX
PacCTOSIHUN HENpPEPHIBHO U TAaKHE OLIEHKU
HeTO4YHBL. B psane paboT paccmaTpuBaroTCs
NpUOIMKEHUS, MPUBOJASIIUE K HENpPEpbIB-
HOM 3aBHCUMOCTH, OJIHAKO B CHJIY dMITHPH-
YECKOr'0 XapaKkTepa OHU He SIBJISIOTCS 10CTa-
TOYHO yHHBepcaibHbiME [15-18]. B pabore
[19] BBIBEZEHO HEIMITUPUUYECKOE BBIpAXKE-
Hue a1 3asucuMoctu [I3I1 ot paccrostHus:

€= s;_(r"/r)z, r>r,, (9
rae vy = d/2 — paanyc MOJEKYJIbI KHIKO-
CTH, I' — TIOJIOBUHA PaBHOBECHOI'O paccTosi-
HUS MexXay HoHaMu. Jlid OTHOLIEHUS
r/Try = 2, XapaKTepHOTO IS TIAPhI IIPOCTHIX
WOHOB, pAa3JIElICHHbIX OJHOW MOJEKYJION
BO/IbI, TOJIy4uM € = 27.

CenexkTuBHOCTb MOHHOTO obmeHa. KoH-
CcTaHTa OOMEHa — IJIaBHAs XapaKTepUCTHKA
paBHOBecHsi HMOHHOro ooOmena. CoriacHo
HuxkonbckoMy KOHCTaHTa OOMEHa 3amHChl-
BaeTcs JJIs peakuuu oOMeHa MOHOB Ha OJl-
Hou ®DI'. B Takoy 3ammMcu CTexuoMeTpuye-
CKHe KO3(PPUIMEHTH YpPaBHEHMsSI PEaKIU1
o0paTHBI 3apsaaM OOMEHMBAIOIIUXCS TPO-
THBOHOHOB.

[ToncranoBka dhopmyn (7, 8) B Tepmoau-
HAMHUYECKOE COOTHOIIEHUE ISl KOHCTAHThI
00OMEHa «BBITECHIEMOT0» HOHA «1» Ha «BbI-
TECHSIIOIUN» UOH «2» IaeT:

AU
anlZ = _—12 =~
. AlUol [1Uol np, N
N 7(7”1 — 1) + (2_1 - Z)]’(lo)

Ae?
rJic KOHCTaHTa B = m37.3 A-xJ[x/Momnb
0

(moxcraBneno A = 0.142, € = 27). Bripa-
)Kasl IPUPOCT PHEPTUU B MpoIecce copOuu
— JecopOIuu Yepe3 pasHOCTh MallbIX Mapa-
METPOB KaHOHMYECKOW (DOpMBI, MbI H30aB-
JsieMcsl OT MPOOHON BEJIMYUHBI, BBEACHHOM
B (4).

[Tomyunnu, 910 KOHCTaHTa OOMEHA SIB-
HBIM 00pa30M CBSI3aHA C Pa3HOCTHIO y/ETb-

nq np
HbIX THUAPATHBIX ,I[e(l)eKTOB, X =———

Z Z2
(runmpaTHBIi (PaKTOp), M PAa3HOCTHIO HOHHBIX
paanycoB MPOTUBOMOHOB, YV =T, — 1y (Ky-
JIOHOBCKHUH (haKTop).

B ciiyyae mpoTHBOMOJIOKHBIX O 3HAKY
(hakTOpoB BO3MOKHA WHBEPCUS CEJIECKTHB-
HOCTH. YpaBHEHUE JTUHUU UHBEPCUU CEJICK-
TUBHOCTH CJIEyeT U3 YCIOBHUS PaBEHCTBA
HYJIIO TIpaBoi yacTu Beipakenus (10):

B
Y= (11)

B [12] Obuti HaliieHbl CTaHIAPTHBIC T10-
TEHIIUAJIBI JJIsI UIOHUTOB, COJIEPIKAIIUX CYIIhb-
¢dorpynmer (CT): |Uy| = 7.6 x[x/Monb — u
YETBEPTUYHBIE aMMOHHUEBBIE OCHOBAHUS
(MAO): 5.4 xJIxx/Monb. IOHUTHI ¢ TaKUMH
TPYIaMi HA3bIBAIOT «CHUJIBHBIMU», OTMeE-
Yasi UX CIMOCOOHOCTh OBITh XOPOIIO JHCCO-
[UUPYIOMUMHU KUCIIOTaMH (KaTHOHUT B H-
¢dopme) u ocHoBanusimMu (annoHUT B OH-
(dhopme). ITO CBOICTBO 0OECTIEUNBACTCS OT-
HOCHUTEIHHO HEOONBIINMH CTaHJAPTHBIMH
noteHuaiamMu. COOTBETCTBEHHO, TEPMHH
«cnmabblii MOHUT» TOJIPa3yMeBaeT MOHUT C
0O0JIBIIMM CTaHJAPTHBIM MOTEHLIUAJIIOM (T10-
psaaka 20 k/[/MoOnb) U CBSI3aHHOUW C ATUM
ci1a0oi muccornuaneil KUCJIOTHBIX U OCHOB-
HBIX TPYIIIL.

B momHOM COOTBETCTBHMM C MpaKTHYE-
CKUM ombITOM M3 ypaBHeHus (10) crnexmyer,
uyro mpu pocre moreHnuana |Uy| B psmy
«HYAO — CT" — cnabble MOHUTHD) BIUSHUE
(haxTopa rugparamuu (X) Ha CETEKTUBHOCTH
MOHHOTO OOMEHa yMEHBIAETCsI, a BIUSHUE
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pasmepa mpotuBonoHa (Yy) pacrer. OObIU-
HBIM yCJIOBHUSAM ITPUMEHEHHSI HOHOOOMEHHH-
KOB OTBe4YaeT 00JacTh MKy JTUHUSMU UH-
BEpPCUU CIIa0BIX M CHJIBHBIX MOHHUTOB, TJIE
PSABl CEIEKTUBHOCTH Y CHJIBHBIX MOHHUTOB
ornpenensores d3pPexTamMu TuapaTalnm, a 'y
C1a0bIX MOHUTOB — MOHHBIMHU palycaMu,
BCJIEJICTBHE YEro 3TH PSAbl MPOTHBOIIO-
noxusel. [Ipu ycuienun ¢akropa rugpara-
UK (HarpuMep, B CIIyyae MOBBIIICHUS CTe-
MIEHU CIIMBKYU MOJIMMEPHON OCHOBBI HOHUTA)
PSIT CENIEKTUBHOCTU MEHSETCS B HaIlpaBlie-
HUU pPOCTa CpOJACTBa K TUIPO(HOOHBIM
MOHAM: JIMOTPOIHBIA P CEIEKTUBHOCTU
CUJIbHBIX HOHUTOB Pa3JIBUTaETCs (CEIEeKTHB-
HOCTh pacTeT), a oOpaTHBIN psJ y CiIa0bIX
MOHHUTOB CXKMUMAETCS, IEPEXO0/IsI Uepe3 TOUKH
oOpaleHus CeJIeKTUBHOCTH.

Ecnu npuHSATH, 4TO MOTEHIMA HOHUTA
3a1ad Tunom @I, a MOHHBIE PaAUYChl — 3TO
dbyHIaMeHTaNbHbIE KOHCTAHTHI, TO CO-
racHo (10) enMHCTBEHHBIM NapaMeTpoM,
YOPAaBISIONIUM CEJIIEKTUBHOCTBIO SIBIIIETCS
THIIPATHBINA Ae(eKT.

Cesa3b ruzpaTHoro jgedexra ¢ Habyxae-
MocThlo. OOBEM Tenna mojuMepa paBeH ero
00beMy B IIO0YJIIPHOM COCTOSTHUU — COCTO-
SHUU HeHaOyXx1ero nonumepa. Hurtu nomu-
Mepa He coJiepKaT BOJIbI, TO3ITOMY OOBEMBI
nonumepa (Vy,,, V5) B HaOyx1ieMm u HeHaOyX-
IIEM COCTOSHUSX PAa3IUYalOTCs Ha 00beM
BJIrOueHHOM Boel (V,): Vi, = Vi + V. Ko-
s dunment HaOyxanus onpenesnsercs popmy-

. V.
Joit: ¢ = % C nmoMo1ipro 3TOro mapamerpa
N

MOXKHO CBfi3aTh OObEM MoOJMMeEpa M 00beM
BKroueHHoi Boasr: V,, = Vg, (1 — ¢71). Pac-
CMaTpuBas TOXJIECTBO JUISI MAcChl BOJBI:
Cw,sVsw = Cw, L.V, TH€E ¢y 5 U €y, |, — KOHIIEH-
TpaluH BOJbI B TBEPIOM M XHUIKOU (hazax,
MOJIy4YUM
Cwr — Cws = CW,LC_l (12)
AHanornuHo 3akoHy HepHcra B Teopuu
AKCTPAKIUH 3aMETHUM, UYTO HAIlOJTHEHHUE THI-
paTHON 000JIOYKM MOHA MPONOPLHOHAIBHO
KOHLIEHTpALMU OKpYy»Katouiei Boabl. Cnenas
B (12) cOOTBETCTBYIOIIYIO IOJCTaHOBKY,

IMOJIYYHM CBA3b T'HAPATHOI'O z[e(beKTa C Irua-

paTHBIM YHCIIOM MOHA B )KHUIKOH (aze n® u
Kod(punreHToM HaOyXaHHs MTOTUMepa:
n=ndwlzows _ T (13
Cw,L S

IIpocToli CMBICII BBIBEJEHHOTO COOTHO-
IICHUSI B TOM, YTO 00151 2UOPAMHOU B00bl,
mepsemas UOHOM 8 ¢haze noaumepa, pasna
dolle  800bl, BbIMECHAEMOU NOAUMEPOM.
CToUT MOSICHUTD, YTO A0S BOJBI, BBITCCHS-
€MOIi OJIMMEPOM, paBHA OTHOILIEHUIO 00b-
ema 0e3BO/IHOTO MOIUMEpPA, K ero 00beMy B
HaOyxmieM coctostHuu. OOpaTHas BEIUMYUHA
paBHa KO3PPUITUEHTY HAOyXaHHUS.

l'unpaTtHOe yuClO WOHA SABJISETCS Tpen-
METOM MHOTHX JKCHEPUMEHTAIBHBIX U TEO-
PETUUYECKUX UCCIIEIOBAHUI U UMEET MPOTHU-
BOpeunBbIi xapaktep [20-24]. B aToii cBsizu
B pabore [13] ObL1a pe1I0KEeHa HEAMITHPH-
Yyeckass MOJIENb, YYUTHIBAIOLIAss OCOOCHHO-
CTH ONUCAHMS SJICKTPOCTATUKH HA MOJIEKY-
JSIPHOM MacITabe ¥ OMHCHIBAIOIIAsi KOH(H-
Typaluo MOJEKYyJl MEepBOro TUIPATHOTO
CIJIOSI B 3aBUCUMOCTH OT CIIOCOOHOCTH MOHA
cO3/aBaTh BOAOPOJHBIC CBsI3U. Mojenb
oTpeneNsieT THIPATHOE YHCIO Kak (yHK-
U0 TIPUPO/IBL, pa3Mepa U 3apsiia uoHa. s
KOHKPETHBIX IIPHUMEPOB OIpEIeIICHIS HOHO-
OOMEHHOI CEeJIEeKTMBHOCTH B 3TOHl pabote
OyAyT HMCIOJB30BAHBI PE3yJIbTATHI pacyera
10 YKa3aHHOW MOJIEJNIN: JUIsl HOHOB BOJIOPO/Ia
TUApaTHOE 4Yucio B (ase pa30aBICHHOTO
pactBopa paBHO 8.3, a ISl THAPOKCHII-
MOHOB — 3.8.

Hanee wuccienyercs Apyro mnapamerp
¢dbopmysl (13) — ko3P punrenT HaOyxaHus,
€ro CBs3b C JOJIeH CIIMBAIOIIETO areHTa mo-
JMMEPHOTO HOHUTA.

CBs3b HAOYXaE€MOCTH CO CTPYKTYPOi 1o-
auMepa. Boga sBisieTcss XOpoImmM pacTBo-
puTeneM s HOHUTOB, M UX HA0yXaeMOCTh
3aBHCHUT MTPEXKJIE BCETO OT MX THAPODUITBHO-
ctu. Jpyroii, MeHee CUIIbHBIN 3 eKT cBs-
3aH C HOHHOM (popMONt HOHOOOMEHHHKA — C
TEM, YTO COPOMPOBAHHBIE TPOTUBOUOHBI IO
pa3HOMY SKpaHHPYIOT CHITy B3aUMHOTO OT-
TaIKUBaHUs (YHKIIMOHATIBHBIX TpymIl. Yem
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Puc. 1. MOHCJ‘II/I 3BCHA U IMCPUOJ0OB BBICOKOOCHOBHOI'O aHMOHUTA Ha OCHOBEC COIIOJIMMEPA
CTHpOIIa ¥ TUBHHIIOEH30J1a C CO/IepyKaHUeM cIuBaromero arenra X=38.2%. [loka3zaHsl: 3BeHO
noyimMepa (crpasa), aluiaHapHas TolI-koHGopMaIus (HaBepxy) U IiaHapHas TpaHc-KoH(popMa-
ust (BHU3Y) EpHO/Ia oJIuMepa, coJeprkaiiero 4 3seHa M OKaH4MBaromerocst Mojekyioi /IBb

Fig. 1. Models of the link and periods of a highly basic anionite based on a styrene and divi-
nylbenzene copolymer with a crosslinking agent content of X=8.2%. Presented are: a polymer
link (right), an aplanar gauche conformation (top), and a planar transconformation (bottom) of a
polymer period containing 4 links and ending in a DVB molecule

CUJIbHEE MPU TEIJIOBOM JBUKEHUU OTKIIOHE-
HUE [IEHTPa 3KPAHUPYIOLIEro 3apsja OT JIu-
HUW, CBS3bIBAIOIIECH IIEHTPHl COCEIHMUX
(YHKIIMOHAIBHBIX TPYII, TEM CHIIbHEE HX
OTTaJKuBaHuEe. B OONbIIMHCTBE CiIy4acs
pa3Mepbl ¥ Macchl HOHOB TaKOBBI, YTO 00-
MEH OJIMHAKOBO THIPO(UIBHBIX MPOTHU-
BOMOHOB CJIa00 BIIMSET Ha SKpPaHUPOBAHUE.
Cuuraercs, 4T0O MUHUMAJIBHBIM JKpaHUPY-
fo1uM 3¢ (HEKTOM B Cilydae CUIbHBIX MOHU-
TOB 00J1a/1aI0T HOHBI BOJIOPO/IA U TUIPOKCHIIA.
PaccmoTpuM He CBSI3aHHBIM C MOJIEKY-
JSIPHOW JMHAMUKOM HWJICAIBHBIM CIydai
MakCHMajJbHOrO HaOyXaHus TMOJIMMEpa,
OIIPEEIIAEMOT0 TOIBKO €r0 CTPYKTYPOH.
CtpyKTypa BHICOKOOCHOBHOT'O aHHOHHUTA
— cononumepa ctupona (C) u AUBUHUIOCH-
3oma ([BB), moaudumupoBanHoro rpyi-
[IaM{ YETBEPTUYHOI'O AMMOHHEBOIO OCHO-
BaHus (YAO), cogep’UT paBHOE YUCIO MO-
JIEKYJI CTUPOJIA ¢ MPUKPEIJIEHHON TPyNIon
YAO u 6e3 nee [25]. [Tox meproaoM mosu-
Mepa MOHUMAETCss MUHUMANIbHBIN ero ¢par-
MEHT, COCTaB KOTOPOr0 B MacCOBBIX JIOJISIX
COOTBETCTBYET cocTaBy noiaumepa. Pac-
CMaTpUBaeTCs Ciydaid, KOrja OJIUH MEePUOJ
COIOJIMMEpPA COAEP>KUT 7 MOJIEKYJ CTUPOJIa
u moJiekyy JIBb, cBsI3bIBaroIyO ABE LIETIH.
OTHOLIEHHE TIOJIOBHHBI  MOJIEKYJISIPHON
Maccel /IBb kK cymMme 3TOH BEJIMYMHBI H
Maccel 7  MOJEKYyJ CTHpOJla  paBHO

65/793=0.082. Ha puc. 1 n300pakeHsl: OT-
JIeTbHOE 3BE€HO, COCTOAIIEE M3 MOJICKYJI CTH-
pona u ctupodia ¢ rpynmnoil YAO (cnpaa) u
BapuaHTHl (parMeHTOB COIOJIUMeEpa C
cummBkord 8.2% JIBb, paBHbIX mnepuogy
CTPYKTYDBI, Ui HEHaOyXIIEro COCTOSHUS
(BepxHUIl pUCYHOK) U HAOyXILIEro COCTOs-
HUS (HWKHUHN PUCYHOK).

Bo3moxHBI Ba BapuaHTa HPOCTpaH-
CTBEHHOT'O CTpoeHus ¢parMeHTa, oopasyro-
HIeTO MepHoJ oIUMeEpa - B BUJIE TpaHC- U
rour-koHpopmanuu. /s pa3smMepoB CETKH, B
KOTOPOM YKJIaJabIBaeTCa TpaHC-KOH(pOpMa-

IS, CIIpaBeIIMBO OTHouIeHHe a/b = /2.
[Toka3aHHas Ha BEPXHEM PHUCYHKE pelieTKa
JUIS IOCTPOCHMS Ha €€ JUaroHajsIX IeNy B
TONI-KOH(OPMALIUK HE SIBISIETCS PETYIIsIp-
HOU M3-3a OTJIMYMA YTJIOB MEXAy JMaroHa-
JSIMH TpaHe# B kyouueckoi pererke (120°)
OT TETPAdAPUIECKUX YTIIOB B MECTAX COCIIH-
HeHus 3BeHbeB (108°); B ee neopmupoBan-
HBIX sTYeKaxX COXpaHEeHa JINIIb JUTMHA JTHa-
TOHaJIeH, COOTBETCTBYIOIIUX 3BEHBSIM LIEITH.
O6nacth auH pebep PTOW PENIeTKH BhIpa-
KAeTcsi M3BECTHBIM HEPaBEHCTBOM IS

cpenaux BenmunH (c) < ./(a?+ b?)/2 =
1.22b; paBeHCTBO UMENO OBI MECTO TSI pe-
TyJIsipHOU KyOuueckod pemerku. Otcroaa
CIIEyeT, YTO OTHOIICHHE IEPUOJO0B IS
TpaHc- u roiui- Koupopmanuii a/{c) > 1.16.
Kak Obuto mokazano B [26], TpexmepHyio
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CETKY MOJMMepa MOXHO Pa3MeCTUTh B Ky-
OMUYECKOH pEIIETKE M0 HEllEepPECEKAOIIUMCS
JMaroHaJIIM I'paHel, JUIMHA KOTOPhIX paBHA
nepuoay InojimMepa. ITa BO3MOKHOCTH pe-
TYJIIPHON YKJIAaJKU NPUBOJUT K BBIBOAY O
TOM, YTO MUKPOCTPYKTYypa I10JIMMEpPA B IIPO-
necce HaOyxaHHsI COXpaHSeT reoMeTpHue-
ckoe nogobue. B 3Toii CBsI3U MOKHO YTBEp-
KJaTh, YTO MAKCUMaJIbHOE OTHOILIEHUE 00b-
€MOB Ha0YXIIIEro U HeHaOyXIIero moIuMepa
co cuuBKO# 8.2% paBHO KyOy OTHOIICHHS
JUIMH paccMaTpUBaeMbIX IMEPUONIOB, ¢ >
1.16% ~ 1.6.

s moucka 3akOHOMEPHOCTH, CBSI3bIBA-
fomeil kodpdunreHnT HaOyXxaHHus ¢ JOJCH
CUIMBAIOILIETO areHTa, pacCMOTPUM aHAJIO-
TUI0 U1 CTPYKTYypbl IOJMMEpa B BHJE
rpada, BepIIMHbI KOTOPOTO COOTBETCTBYIOT
HUTSM [OJINMEpa HEHYJEBOM TOJIIMHBI, a
pebpa — ToukaM B3aUMHOTO KaCaHHs HUTEH.
IIpn cimy4ailHOM pPAacHoJIOKEHUH J1OCTa-
TOYHO JUIMHHBIX HUTEW, KOTJa CpeJIHee pac-
CTOSHME MEXJYy COCEIHUMH  HUTSIMHU
HAMHOT'O MEHbIIIE UX JJTUHBIL, TH00as U3 HUX
¢ OOJBIION BEPOSATHOCTHIO IEPECcedercs ¢
KaXJOW M3 OCTalbHBIX HUTEW. B pamkax
paccMaTpuBaeMON aHAJIOTUU CTPOEHHUE J0-
CTaTOYHO IUIOTHOTO IOJIMMEpPA COOTBET-
CTBYET MOJHOMY Tpady, B KOTOPOM Jro0ast
napa BepIIH cBsizaHa pedpoM. Yucio pedep
MOJIHOTO Tpada paBHO MOJIYKBAApATy YHCIIa
BepunH. [Ionp3ysAch 9TOM aHAIOTHEH, TIOJTY-
YUM, YTO YHCJIO NEPECECYEHUN HUTEH MOJIH-
Mepa MpONOPLHUOHAIBHO KBaapaTy HX
ymcna. [lepexons K yieiabHbIM BETUUYUHAM,
HalJieM, 4YTO IJIOTHOCTb KOHTAaKTOB HUTEHN
IPONOPLUOHANIbHA KBaIpaTy MJIOTHOCTH I10-
auMepa. B HaOyxiem mnosmmepe OCHOBHas
4yacTh MepeceueHnil 00ycIoBlIeHa CIIMBKOM,
TaK KaK B XOpPOLIEM pacTBOPUTEIE MOJIUMEP
CTPEMHUTCSl 3aHATh KaK MOXHO OOJIbLINI
00beM (YMCIIO CIy4YaiHBIX TNepecedeHuit
CTPEMUTCS K HYJIO) U TOJBKO CHIMBKA Ipe-
ATCTBYET 3ToMy. IloaTomy KkBaapaT miorT-
HOCTH HaOyXIIero nNojmMepa npornoprroHa-
JIEH J0J€ CIIMBAIOIIEr0 areHTa. 3aMeTuM,
YTO, COTJIACHO OTPEACIICHHIO, KOdDPHUITUEeHT
HaOyxaHust ¢ O0OpaTHO NPONOPLUOHATIECH

IIJIOTHOCTH Ha6yxmer0 moJjmmepa. B wurore
oJIydacM CBA3b:

k
¢= \/_Y’ (14)
rae X — 107 cimMBaroniero arenra (B %);
koadunment K ompenensercs u3 CTPyK-

Typbl nojaumepa. B coorBeTcTBUM C pac-
CMOTpPEHHBIM NIPUMEPOM BBICOKOOCHOBHOTO

annonnta: k > 1.6v/8.2 ~ 4.6. Dra Benu-
YHHA COOTBETCTBYET IOJIHOMY MEPEXOAY OT
ckaTol (TOII-) K pacipsAMIIEHHON (TpaHc-)
KOH(OpMAaIUH 1eTiell MAaKpOMOJIEKYJIBI.

®dopmyna (14) momkHa YIOBIETBOPSTH
TPaHUYHOMY YCIIOBHIO, CBSI3aHHOMY C OT-
CYTCTBHEM HaOyXaHMs NPU MaKCUMAaJbHO
BO3MOXKHOU cimBKe (¢ = 1 npu X = X;p0y),
COI'JIACHO KOTOPOMY

k =/ Xmax- (15)

[IpenenpHas cuIMBKa NPH COXPAaHEHUH
€MKOCTH MOHHUTA PEaTu3yeTcsi B TOM BapH-
aHTE CTPYKTYphl, Korga mouiekynsl JIBb
HPUKPETUISIOTCS BMECTO MOJIEKYJ CTHPOJIA.
Takast cTpykTypa OJOKHpYET BO3MOXXHOCTb
U3MEHEHHS KOH(POpPMAalUU  MaKpoMoJe-
KYJIBl, T.€. COOTBETCTBYET HEHa0yXaoLeMy
comonuMepy. B paccmoTpeHHOM TpuMmepe
BBICOKOOCHOBHOT'O AHMOHHUTA C CLIMBKOW
8.2% Ha mepuoa mpUXOAUTCS 3 MOJEKYIIbI
crupona. Vicxons u3 3TOM CTPYKTYpBI, 3a-
MeHa C Ha /IBb mact npeaenbHO CHIMTBHIN
aHUOHUT, y KoToporo coxepxanue JIBb
Xmax = 8.2% X 4 = 32.8%, u u3 (15) no-
JTy4uM 3HadyeHue kodppunuenrta k = 5.7.

B nurteparype u3ywanach 3KClepUMEH-
TaJlbHAsl 3aBHCUMOCTh HAOyXaeMOCTH OT
crenenu cmuBku [27]. Touku Ha rpaduke,
MOKa3aHHOM Ha pHC. 2, OTPaKalOT COBMECT-
HYIO 3aBUCHUMOCTb JJISl Pa3HOMOJISPHBIX IMO-
JMCTUPOJIBHBIX HOHUTOB C «OJMHAKOBOW XH-
MUe»: cynbdokaTHOHUTA B (hopMe HOHOB
TETpaMETUIAMMOHHS M aHHOHHWTA C TPYyI-
MamMH YETBEPTUYHOTO aMMOHHEBOTI'O OCHO-
BaHUS B (hopMe MOHOB METHICYJh(OHATA.
JIunus noctpoeHa o ypasHeHuto (14) ¢ xo-
sa¢dunmentom 5.3. DMIUpHUecKoe 3Haue-
HUEe KO3(pPUIMEeHTa HECKOJIBKO OTIMYAETCS
OT TeopeTuyeckoro (5.7) BBUAY TOrO, 4YTO
yKa3aHHbIE ()OPMBI HOHUTOB HE JTAIOT MaK-
CUMaJbHOro HalyxaHus mnonumepa. Kax
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Puc. 2. 3aBucumocTb ko3 puIMeHTa HAOyXaHus OT JA0JU cimBaroiero arenra (%). Touku —
JKCIEPUMEHTAJIbHBIC TaHHbIC cTaThy [27]. Jlunus — rpaduk ypaBHenus (14) ¢ koadduirienTom 5.3.
Fig. 2. Dependence of the swelling coefficient on the proportion of the crosslinking agent (%).
Points — experimental data from [27]. Line — graph of equation (14) with the coefficient 5.3.

OBUIO CKa3aHO BBINIE, HA MPAKTHKE MaKCH-
MaJibHasE Ha0yXaeMOCTh COOTBETCTBYET BO-
JOPOJHOM (hOpME CHILHOKUCIIOTHOTO KaTH-
OHHUTA U TUJIPOKCUIILHOU (hOpME BBICOKOOC-
HOBHOTO aHMOHUTA. [ ATHX CiIy4aeB 3Ha-
yeHue Ko UIMEHTA MOMaIaeT B MUHTEPBAJ
5.5+ 0.2.

TakuM 00pa3oMm, BEIBEJICHHAS 3aBUCH-
MocCTh (14) mo3BoJisieT HauTH KO3 UITUECHT
MaKCHMaJIbHOTO HAOYXaHWS HOHUTA IO €T0
MOJIEKYJISIPHOM CTPYKTYpe.

O0cy:xaeHne pe3y1bTaToOB
[Toncranoska ¢popmyn (14) u (13) B ypas-
Henue (10) BbIpakaeT ruapaTHbI (pakTOp
yepe3 (pyHmaMeHTaIbHBIE CBOMCTBA — TUJ-
paTHOE YHCII0 MPOTUBOMOHA U CTPYKTYPHBIE
napamMeTpbl HOHUTA:

InK,, = Aol [M (h—m)+ %(:—f — :—f)],(lG)

RT B

VYpasuenue (16) conepkuT UH(OPMAIIHIO
0 TpeX B3aUMOJICHCTBYIOMNX OOBEKTAX:
pacTBOpuUTENb 3agaeTcs Kod(pUIHEHTaMU
A u B, nonur — norenimanom OI' u cTpyk-
Typoil OCHOBBI (4epe3 mapameTpsl K u X),
MIPOTHBOMOH — HOHHBIM PAJIIyCOM, 3apsIOM
U COJIbBaTHBIM uuciioM. Eciii pactBopuTens
— BOJa, @ OCHOBA HMOHHTa — COIOJHMEP
CJIBB, To:

— JUI1 BBICOKOOCHOBHOTO aHWOHHUTA B
THJIPOKCUIIbHOM (opme B ypaBHeHue (16)
HY>KHO nIoIcTaBUTh nmapamerpel: A = 0.142,
B = 37.3 A-xJx/Momb, k = 5.5, |Uy|=5.4
kJlx/Momb, 1, = 1.40 A, n? = 3.8, z, = 1:

0.767

InKip ~ ——

[0.145(1.40 —1) +
X (38~ ’Z‘—f)] (17)

— ISl CHJIbHOKHCIIOTHOTO KaTHOHHTA B BO-
nopoaHoit popme B ypaBHeHue (16) Hyx HO
nojctaBuTh mapamerpel: A = 0.142, B =
37.3 A-x/lx/mons, k =5.5, |Uy| = 7.6

kJlx/mMomb, ;= 037 A, nd =83,z = 1:

Ky, ~ 22[0.204(0.37 — 1) +

RT o
= (83- :—j)] (18)

Pacuer mo gopmyne (18) mist X = 8%,
JaHHBIN B crathe [13], moka3zan Xopolryro
CXOJIMMOCTh C IKCIIEPUMEHTOM IO MOHHOU
Xpomatorpaduu MeT0YHbIX KAaTHOHOB.

Crnenyetr UMETh B BUJIY, UTO MOJTyUYECHHBIE
(hopMyIIbI HEe YYUTHIBAIOT 3aBUCUMOCTh KOH-
CTaHThl OOMEHa OT MHUHEpaJIU3aIllMu pac-
TBOpa U UMEIOT CMBICH TOJIBKO JIJIsl CUCTEM C
pa30aBiieHHBIMU  pacTBOpamH. BrusiHue
KOHLIEHTpallul KOMIIOHEHTOB pacTBOpa Ha
KOHCTaHTY HMOHHOTO OOMEHa OIperenserT,
MIPEK/IE BCETO, BUJI ypaBHEHUs (2), TAe omy-
IIEH YJIeH B3aUMOJICHCTBUS WOHOB B pac-
TBOPE.

3aKJaouyeHue

PazpaboTtanHas MojJenb BbIpaXkaeT ce-
JIEKTUBHOCTh HOHHOT'O OOMEHa Yepe3 CyMMY
ANEKTPOCTATUUECKUX U COJIbBATAllMOHHBIX
a¢dexroB. Halinensl GakTopsl, BIUMIOMINE
Ha BEIMYMHY KOHCTaHTHl oOMmeHa. [loxa-
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3aHO, YTO MPH 33JaHHOM THII€ HOHUTA €JIUH-
CTBCHHBIM IMapaMCTPOM, YIPABJIAIOIIUM CC-
JEKTUBHOCTBIO SIBJII€TCSI TUAPATHBIM Jie-
¢exr. B pesynbrare npoBeseHHOTO Teope-
TUYECKOTO0 MCCJIEIOBAaHUS HalieHa CBS3b
THJIPATHOTO Ae(eKTa ¢ TUAPATHBIM YUCIOM
MOHA B BOJHOM pacTBOPE U CTENEHbIO Haly-
XaHUS UOHUTA, YTO KPATKO (popMynupyeTcs
B BUJIE [IPaBUJIA: J10JIS THAPATHON BOJIBI, Te-
psiemass WOHOM B (haze moiMMepa, paBHA
JI0Ji€  BOJbI, BBITECHSIEMOH MOIMMEPOM.
AHanorus CcTaTHCTHYECKOMU MOJACIHN ITOJIN-
Mepa B BUJI€ MaTeMaTH4ecKoro rpagda mos-
BOJIWJIA HAaWTU 3aBUCUMOCTh HaOyXaHus OT
CTETIEHU CLIMBKH MTOJIUMEpa, KOTOpas UMEET
XapakTep IPOCTOM TEOPETUYECKON 3aKOHO-
MEpPHOCTH, MOJATBEPXKIEHHON 3KCIEpPUMEH-
TaJIbHO.
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AnHoTanus. B Hactosimei paboTe nokazaHa BO3MOXKHOCTb PUMEHEHHS TeTEPOr€HHOT0 OMOKaTann3aTopa B
peakLysiX KaTaJUTUYECKOro IPEeBpalleHHs HWHYJIHMHCOJEpKalero coipbsi. CBsi3biBaHHE (QEPMEHTOB C
HOCHUTEJISIMH Pa3MYHON MpHUPOAbI 00YyCIaBIMBaeT MOTCHIMAJIbHBIE BO3MOXKHOCTH JJIS HCIIOJIB30BaHHS
HMMOOWJIM30BaHHBIX (EPMCHTOB B KAUeCTBC CHCHU(PHUCCKUX, PETCHECPUPYEMBIX, VYCTOHUYUBBIX K
JICHATYypUPYIOINUM (aKTopaM cpeabl OHMOKaTalm3aTopoB. B maHHOH paboTe B KadecTBE HOCHTENCH IS
aJCOpOIIMOHHON UMMOOWIIM3allMN WHYJIHMHA3El WCIOI30BaJHCh CTUPOIINBHHUIOCH30IBHBIC CBEPXCIITUTEHIC
MaKpOIOPHCTEIE COPOCHTHI: KAaTHOHOOOMEHHHUKM Ha OCHOBE crTupona u ameuHWiIOeH30ma — C100H
(cunpHOKHCHOTHBIH), C104 (cnmabokucinoTHbIN) U aHHOHOOOMeHHMKM — A100 (Hu3koocHOBHBIH), AS00R
(BBICOKOOCHOBHBIIA).

YCTaHOBIEHO, YTO KOJNWYECTBO (DEPMEHTA, CBSI3AaHHOTO C HOCUTEISIMH, a Takke aKTHBHOCTh
MMMOOWIIM30BaHHOW WMHYJIMHA3bl 3aBUCST OT KOHIIEHTpALMM WOHOB Bojopoaa. IlokazaHo, 4TO Benu4nMHa
COpOLMOHHOTO MapamMeTpa JOCTHraeT MakCUMaibHOro 3HaueHus npu pH 4.7-5.0. Haubombiiee konudecTBO
copbupoBanHOTO Genka oTMedeHo st katnonooomeruukoB C100H (0.95 mmons/r) u C104 (0.88 mmous/T).
AKTHBHOCTb TOJIy4EHHBIX I'€TEpOreHHBIX OMOKATAIU3aTOPOB NPHU JIAHHOM 3HAYEHHWU KUCIOTHOCTH CPEIbl
cocrasiser 64.8-83.5% ot akTUBHOCTH CBOOOJHOM MHYJIMHA3BI.

[IpoBeneHo nccnemoBanre BIUSHASA TeMIeparypsl (B auana3one 40-70°C) Ha ”HAKTHBALIUIO CBOOOTHON U CBSI-
3aHHOW WHYJIMHA3bI IPU ONTUMAIBFHOM 3HadeHnu pH cpenmpl. PaccunTanbl KWHETHYECKHE MMapaMeTphl IPO-
Iecca MHAKTHBAWH. BEISBICHO, YTO B pacCMaTpHBaeMOM TEMIIEpaTyPHOM HHTEpBaie KOHCTaHTHl HHAKTHBA-
UM ¥ SHEpPrus aKTUBAlMd MMMOOWIN30BAaHHON WHYJHHA3bl HMKE MO CPABHCHHIO C HATHBHBIM SH3UMOM.
HabmomaeMbie 3akOHOMEPHOCTH MTO3BOJISIOT PEKOMEHIOBATh TeTEPOTeHHBIN OMOKaTaIH3aTop I JalbHEH-
IIeTO U3YUYSHHS U MPAKTHISCKOTO UCTIONB30BAHMUS.

KaroueBble ciioBa: nHyJMHa3a, IMMOOMIM3ALIMSI, KaTAIUTUYECKAass aKTUBHOCTh, TEPMUUECKass HHAKTHUBALINS,
KOHCTAHTa WHAKTHBAIINH, SHEPTHsI AKTHBAIIHH.

BaaromapuocTu: paboTa BhINOJIHEHA MPH TOAEpKKe MUHUCTEPCTBA HAYKU U BBICIIETO 0Opa3zoBanus PO B
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Abstract. This study demonstrates the possibility of using heterogeneous biocatalysts in catalytic
transformation reactions of inulin-containing raw materials. Binding of enzymes to carriers of different nature
determines the potential for the use of immobilised enzymes as specific, regenerable, and resistant to denaturing
environmental factors biocatalysts. In this study, we used styrene-divinylbenzene hypercrosslinked
macroporous sorbents as carriers for the adsorption immobilisation of inulinase: cation exchangers C100H
(strongly acidic) and C104 (weakly acidic) based on styrene and divinylbenzene and anion exchangers A100
(low-basic) and ASOOR (highly basic).

It was determined that the amount of enzyme bound to the carriers as well as the activity of immobilised
inulinase depend on the concentration of hydrogen ions. It was shown that the value of the sorption parameter
reaches its maximum value at pH 4.7-5.0. We observed the highest amount of sorbed protein using cation
exchangers C100H (0.95 mmol/g) and C104 (0.88 mmol/g). The activity of the obtained heterogeneous
biocatalysts at this level of the medium pH is 64.8-83.5% of the activity of free inulinase.

We also studied the effect of temperature (in the range of 40-70 C) on the inactivation of free and bound
inulinase at the optimum pH of the medium. The kinetic parameters of the inactivation process were calculated.
We determined that in the considered temperature range, the inactivation constants and activation energy of
immobilised inulinase are lower compared to the native enzyme. The observed regularities suggest further
study and practical use of the heterogeneous biocatalyst.

Keywords: inulinase, immobilisation, catalytic activity, thermal inactivation, inactivation constant, activation
energy.
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¢bpykranoruapomnasza, Kd 3.2.1.7), mo cpas-

BBenenune
HCHHIO C KJIACCUYCCKHUM KHUCJIIOTHBIM FI/II[pO-

OpHolt U3 aKkTyaJlbHbIX U BOCTpeOOBaH-
HBIX 3a/1a4 B HACTOSLIEE BPEMS ABIIETCS CO-
3/1aHM€ MUILIEBBIX MPOJYKTOB HOBOT'O MOKO-
JIeHUS C BBICOKOA(P(HEKTUBHBIMU (DYHKIHO-
HaJIbHBIMM ~ cBoMicTBamMH. [IpuopurerHoe
3HAUEHUE B ATOM HANpABICHUM IPHUHAJIE-
JKUT JIOCTYITHOMY PacTUTEIbHOMY CBIPBIO, B
T.4., PACTEHUSAM C CaxapOCHMXKAIOIUM -
¢dexrom, pazpaboTKa U BHEJJPEHNE Ha UX OC-
HOBE TEXHOJIOTUM IIOJIyYE€HUS MHIIEBBIX
MIPOIYKTOB Ta0ETUYECKOTO B TPO(PHIIaKTH-
4yecKoro HazHaueHus. VHynmHconepikaiiee
pPacTUTEIbHOE ChIPhE CUUTAETCS OJHUM U3
HNEPCHEKTUBHBIX BO300HOBISIEMBIX HCTOY-
HUKOB TIOJYy4Y€HHUS TJIIOKO30(PYKTO3HOTO
CHpOIa C BBICOKUM cofiepkaHuemM (pyk-
T03bl. OCHOBHBIMHU MPEUMYILECTBAMU TPO-
1iecca NnpeBpalleHuss MHyJInHa BO (PYKTO3Y
C MOMOIIbI0 HHYIHHA3EI (2,1-B-D-ppykTan-

JU30M, SIBJISIIOTCS HCHOJb30BAHUE pPEaKLU-
OHHOM cpebl ¢ 60s1ee BHICOKUM 3HAUYEHUEM
pH u 6onee Huzkoii Temnepatypsi [1-5].

AKTyabHOCTh IaHHOW TEXHOJIOTHH 00Y-
CJIOBJIEHA IHMPOKHUM IpUMEHEHHEeM (pyk-
TO3bI B MUIIEBOH U (hapMalieBTHUECKOH Mpo-
MBIIIEHHOCTH. CyIECTBEHHBIM IPEUMY-
IIECTBOM JIaHHOTO MOHOCAXapH/a sBIISeTCS
TO, YTO OH IIOYTH B J[Ba pasa Cialle caxapa,
vMest TIPH 5TOM B JIBa pa3a MEHBIINN TITUKe-
MHUYECKUI HHAEKC, HE BBI3bIBAET aJlJiepruye-
CKMX peakIuii, XOpomIo ycBamBaercs 0e3
ydacTus uHcynuHa [6,7].

HeoO0xomuMbIiMH  TIPOM3BOICTBEHHBIMH
napameTpamu  (epMEHTAaTUBHOTO THJPO-
JH3a SBISIFOTCS ONTUMAJTbHAs CTETIEHb KOH-
BepcHuH cyOcTpaTta u obecrieueHrue OakTepu-
IHJIHBIX YCIOBUM PEAKIIMOHHON CMECH, KO-
TOpBIE BBINOJIHAIOTCS MIpH Temnepatype S0-
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55°C [8,9]. OgHako MOBBIMICHHE TEMIIEPa-
TYypbl MOXET OKa3aTh CYIIECTBEHHOE BIIUS-
HUE Ha KOH(OPMAIMOHHBICE W3MEHCHUS
CTPYKTYpBI OelKa, pe3ylbTaTOM KOTOPBIX
SIBIISICTCS MHAKTHBAIIUS DH3MMA.

Hcnonp30BaHWe TOJUMEPHBIX, Hepac-
TBOPUMBIX B BOJIE COPOEHTOB ISt a/ICOPOIIH-
OHHOW MMMOOWIM3anuu (PEPMEHTOB CUUTA-
eTcst OMHUM U3 3(PPEKTUBHBIX CITOCOOOB pe-
TYJSIUU 9yBCTBUTEIHLHOCTH (DEPMEHTOB K
U3MEHCHHIO (DU3MKO-XUMHUYECKUX CBOMCTB
cpeapl. B paborax [10-19] omwmceiBaroTcs
pas3Hble 10 CTPYKTYPE HOCUTEII U pa3jind-
HBIC TIPUMEPHl MOAM(PHUKAIUN WHYJIWHA3HI
(KOBaJICHTHOW HWMMOOWIU3AIMK, BKIIOYC-
HUS B CTPYKTYPY NOJUMEPHBIX Teliel, copo-
IIUHM Ha HOCUTEIISX U JIP. ), IPOBOJAMUTCS CPaB-
HEHUE YCTOWYUBOCTH K JICHATYPHUPYIOLITUM
(bakTopam cpeabl MOIU(UITUPOBAHHBIX TIPE-
1apaTtoB ¢ HATUBHBIM (pepmeHTOM. O1HAKO,
CJIEZyeT OTMETHTD, YTO B IPOMBIIIJICHHOCTH
MPEUMYIIIECTBEHHO TMPUMEHSIOTCS TeTepo-
TCHHbIC OMOKATaJIM3aTOPbl HA OCHOBE OHO-
MaKpOMOJIEKYJI, aICOPONPOBAHHBIX HA TBEP-
neIx copbentax [20,21].

B nannoit paboTe mpoBeIeHo uccie10Ba-
HUE BJIVMSIHHS TEMIIEpaTypbl Ha TIPOIECCHI
WHAKTUBAllMU CBOOOTHOTO W HMMOOMIIH30-
BAaHHOTO Ha CBEPXCIIUTHIX MOHOOOMEHHHKAX
depmeHTa ¢ 1eNbI0 BBIOOpa Ooliee ONTUMab-
HOT'O HOCHTEIIS [Tl OMOKATATUTUIECKOTO TH/I-
pOJTN3a UHYJIUHCOJEPIKAILETO CHIPHSL.

3KCl’lepI/IMeHTaJ'[I>HaH 4acTb

OO0BexToM ucciae1oBaHus B paboTe ABIs-
nace uHynuHaza Aspergillus niger (Sigma
Aldrich), B kauecTBe cybcTpara HCIOIB30-
Bayin uHyauH (Spofa). CopOeHTamu BhICTY-
najly CTUPOJAMBUHUIOEH30JIbHBIE HOHOO0-
mennuku (Purolite), umeronue ynenbHyo
noBepxHocTh 10 1500 M%/r U pa3BUTYIO CH-
creMy Makporop [22]: CHIbHOKHUCIOTHBIN
katuonoooOmMenHuk C100H c cynwsdorpyn-
mamu —SO3H; ¢11a00KUCIIOTHBIN KATHOHOO00-
meHHUK C104, comepkammii KapOOKCHIIb-
Hple rpynnsl —COOH; BBICOKOOCHOBHBIN
annoHooOMeHHUK A-500R ¢ wyerBepTHu-
HBIMH aMMOHHMEBBIMH OCHOBAaHWSIMH — —

N*(CHas)3; c1ab0o0CHOBHBIM aHHOHOOOMEH-
Huk A100, cogepkanuii npeuMyIieCTBEHHO
tpetnunbie amuHorpymnsl =N*(CHz)2. Kon-
JTUIMOHUPOBAHUE COPOCHTOB MPOBO WU TI0
METO/IMKE, YKa3aHHO# B [23].

NMMoOunu3anuo  WHYJIHHA3Bl  OCY-
IMIECTBISIN B CTaTUYECKUX  YCIIOBHUSX
(t=20+3°C), mpuBOAsS B KOHTAaKT HaBECKY
copbenrta maccoit 1.0000+0.0002 r u pac-
TBOp (epMEHTa Ha OCHOBE aLETaTHOro Oy-
(depa C koHneHTpanuei 2.0- 1072 mmouts/ M.
JHuamazon BenwuuH pH cocraBun ot 3.2 10
6.0. Bpems, HeoOxoaumoe ajisi yCTaHOBIIE-
HUS paBHOBecus, — 240 MuH.

KonnyectBo  copOupoBanHOro  Oenka
OTIpEeIeIISITH CHEKTPOOTOMETPHUECKU
(crrektpooromerp Shumadzu UV-2401) o
Pa3HOCTH €T0 COJICPIKaHUS B PACTBOPE JIO U
nocie copbuun  (S=0.01). B  xoxme
JKCIIEPUMEHTA OBLIO YCTAaHOBJIEHO, YTO
KOJINYECTBO JIECOPOMPOBAHHOTO (epMEHTA
B Oy(depHbIii pacTBOp HE mpeBbimaio 1.8%.

Karanutudeckyro AKTUBHOCTb
WCCIICJIOBAJIA METOJIOM CHEKTPO(hOTOMET-
pun (peakims CenuBanoBa [24]) B
TEPMOCTATUPYEMBIX YCIOBHSX MpPHU IMOCTO-
STHHOM TT€PEeMEIINBaHUH.

Jlns pacyera aKTUBHOCTH WHYJIMHA3bI
WCIIOB30BaIu GOpMYyITy:

a

= 180bt (1)
rje A — KartaJMTHYecKas akTUBHOCTb, E/MT; a
— KOJMYECTBO (PPYKTO3BI, MKMOJIB, D —
KOJIMYECTBO (epMeHTa B  PEaKIUOHHOU
cMecu, Mr/cM® Tuaponmsata; t — Bpems
ruaponu3a, MuH; 180 — MosekyssipHas macca

(pPYKTO3BI.
HccnenoBanne TepMOMHAKTUBALMK  (ep-

MEHTa (B HATUBHOM M UMMOOUJIM30BaHHOM CO-

crosiHusx) npoBoawin B 0.1 M aneratHOM Oy-
¢deprom pactBope (pH= 4.7, t=40-70°C) mo
CIIEAyIOIIe METOJIHKE:

arieraTHoro Oydepa, u pacTBOpa MHYJIHWHA3bI,
3aTeM J00aBIIsIM AECATUKPATHOE KOJIUYECTBO
MMMOOMIIN30BaHHOTO TipenapaTta. B  Bblme

MIPUBEICHHBIX YCIOBHIX MPOBOJIMIM MHKYOa-
3aT€M 4Yepe3 OIpeCIICHHbIE IpOMe-

o,
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JKYTKHA BPEMCHH OIPEICIISIIM OCTaTOYHYIO aK- Pl=7.42) (cxema, prc.2) OTHOCHTCS K apoMa-
TUBHOCTH 00pasloB (pacTBOp CPABHEHHMS — THYECKUM O.-AMHHOKHCIOTAM CO CJ1a00 BEI-

5-10*M unyHH).

O0cy:xnenne pe3yJibTaTOB

B mnponecce nMMmoOuIu3anuu ciaenyet
YYUTHIBATH OCOOCHHOCTH (pepMEHTA KaK aJi-
copbara, KoTopble ObUIM OTMEUEHBI, B 4aCT-
HOCTHU, U JUIsI MHYJIMHA3bl: HAJIMYHE HA I10-
BEPXHOCTH MOJIEKYJIbl (hepMeHTa pa3iuy-
HBIX IO CIHOCOOHOCTH K aJICOPOIMOHHBIM
B3aMMOJICHCTBHSIM Y4aCTKOB; BO3MOKHOCTh
(GbOopMUPOBaHHS B PACTBOpPax acCOIMATOB,
OTJIMYAIOIIUXCS TO KOH(UTYpallMi U BbI-
CTYIAIOMINX B POJIM aBTOHOMHBIX CyOBeIn-
HUI[ B COPOLIMOHHBIX TIporeccax [25].

W3BEeCTHO, UTO KHCIOTHOCTH CPEJIbI, B KO-
TOpOIl TpoTeKaeT B3auMOJAEUCTBUE dep-
MEHTa C HOCUTEJIEM, OKa3bIBACT BIUSHUE HA
MEXaHU3M CBSI3bIBAHUS, MOCKOJIBKY COJIEp-
JKaHUE TPOTOHOB B PACTBOPE OMPEICIISCT
3apsabl QYHKIMOHAIBHBIX TPy COPOEHTa,
Oenka u cyOcTpara, a, CJe0BaTeNbHO, U KH-
HETHKY Iu(p(y3MOHHBIX TMPOIECCOB C HX
y4acTUEM.

AKTHBHBIN I[IEHTP HUHYJIHHA3BI COJACPIKUT
KapOOKCUIIbHBIE TPYMIMbl TTyTAMUHOBOM U
aclaparvHOBOM aMHMHOKHCIIOT, a TaKkKe
rpynny MMHAa30ja B COCTaBe THUCTHAMHA.
AcnaparnHoBasi KHCJIOTa CHOCOOHa CyIie-
CTBOBaTh B (pOpME HECKONBKUX HOHOB C
pK1»=1.88, pK=9.60, pKr=3.65. H3o-
anekTpudeckas Touka pl (mpu kotopoit co-
Nep)KaHue IBUTTEP-MOHA MaKCHMAJIbHO)
JUTSL acllaparkiHOBOM KHUCIIOTBI HaXOAUTCS
npu pH=2.98 (cxema, puc.l). I'mctuaun
(PK2)=1.70, pK2=9.10, pPKr)=6.04,

0.8
0.6

0.4

paXKCHHBIMU OCHOBHBIMU CBOHCTBamMH, 00Yy-
CIIOBJICHHBIMU TIPUCYTCTBHEM B MOJICKYJIC
ocTaTKa MMHUJa307a.

Cxema. CtpykrypHbIe (DOpMYIIBI OHIIO-
JSIPHBIX UOHOB:

a) acraparuHOBOW KHUCIIOTHI;

0) rucTuMHA.

MakcumManbpHasi BeIWYMHA COPOIMOH-
HOTO TapaMeTpa MpH MOTJIOMIEHUN WHYJIIH-
Ha3bl HaOMIIO1aeTCsl B 00JIACTH U303JIEKTPU-
gyeckoi Touku Oenka npu pH ot 4.7 no 5.2
(puc.3), mpu KOTOPOM CBOAMUTCA K MHUHHU-
MYMY 3JEKTPOCTATHYECKOE OTTAIKHBAHHE
MeXIy Mojekynamu. Ilpu stom Oosnbliee
KOJIMYECTBO Oeka ajcopoupyercs Ha KaTh-
onoobmennnkax C100H (0.95 mmons/T) u
C104 (0.88 MMoOJIB/T), B TO BpeMst Kak Jiist
aanonoooMeHHnkoB A100, ASOOR pannas
3aBHCHMOCTH BbIpaxkeHa ciabee.

CopOLnOHHOE TOTJIONIEHUE WHYJINHA3bI
MaTpullel CBEPXCIIUTHIX COPOESHTOB COMPO-
BOKIAeTCs 0Opa3oOBaHMEM CYIpPaMOJIEKYy-
JSIPHBIX KOMIUIEKCOB C BO3HHUKHOBEHHEM
cBsi3eil paznuuHOi npuposl [26]. Cnemyer
OTMETUTH, YTO KOJIUYECTBO HMMOOWIN30-

Asp?

0 2 4

8 10 12 pH

Puc. 1. JIlnarpaMMa HOHHBIX OPM acrapariHOBON KHCIOTHI.
Fig. 1. Diagram of ionic forms of aspartic acid.
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0.8

0.6

0.4

His?

0 2 4

6

pH

8 10 12 14

Puc. 2. Jlnarpamma HOHHBIX OPM TUCTHIUHA.
Fig. 2. Diagram of ionic forms of histidine.

H Qe
MMOIIB/T
0.8 A

06 -

04 -

=

BN

pH

3 33 4

6,3

o

5 3.3

Puc. 3. 3aBUCHMOCTH KOJIHYECTBA COpOMpoBaHHON MHYHHA3bI (Q, MMoib/T) Ha C1O0H (1),
C104 (2), A500R (2), A100 (3) ot pH paBHOBECHOI'O pacTBOpA.
Fig. 3. Dependence of the amount of sorbedinulinase (Q, mmol/g) on C100H (1), C104 (2),
AB500R (2), A100 (3) on the pH of the equilibrium solution.

BaHHOTO (pepMeHTa 3HAYUTEIHHO IMPEBHI-
[IaeT YUCJIO COPOLMOHHBIX IIEHTPOB COp-
0ara, 4yTo 00YyCIIOBJIEHO (popMHpOBAHHEM
acconuaroB (Iu-, TPUMEPOB) B ero (ase.
JudunpHble penenTopsl, B MOJIEKYJIax KO-
TOPBIX COYETAIOTCS TMOJSIPHBbIE WM 3apsi-
JKEHHbIE YYacCTKU C TUAPOPOOHBIM OCTaT-
KOM, KOTOPBIH 3aIIMIIaeT UX OT THApaTaluu
U YCWIMBAET DJIEKTPOCTATUYECKOE TPHUTSI-
XKEHHEe, CIOCOOCTBYIOT MHOXECTBEHHOMY
pacno3HaBaHUO0 U (OPMHUPOBAHUIO B Mart-
pHIie HOCUTENs CTPYKTYpUPOBAaHHBIX (a3.
[Tpr mMMoOMIM3aIMY TS KaXKIOTO 3HAa-
yeHus: pH KoHTponMpoBaiach BeIMUMHA Ka-
TAIATUYECKON aKTUBHOCTH TETEPOTCHHOTO
onokaranmuzatopa (puc. 4). [Ipu pH 4.7 ak-
TUBHOCTh TIPEMAapaToB HHYJIWHA3bI, UMMO-
omwmmzoBannoii ©Ha C100H, cocrasiser
83.5%, na ASOOR — 78.4%, C104 — 71.8%,
A100 — 64.8 % oT aKTHBHOCTH HATHBHOM
unymmHaszbl (2500 E/r). Pa3peiB rimko3u-
HBIX CBsI3eH B MouleKyse cyOcTparta ocy-
niecTBisieTcss Onaronaps 31eKTpoUIbHO-

HYKJI€O(UIbHOW aTake CHUCTEeMOM Kap-
OOKCHII-UMU/1a30J1 UHYJIMHA3bl. 3HAYUTEIb-
HYIO POJIb TIPH 3TOM HTpaeT (HakTop rujapa-
Taluu/aeruapaTanud - QyHKIMOHAIBHBIX
rpymn pepmenta. [27].

HecmoTpss Ha TO, YTO JOCTYMHOCThH akK-
TUBHOTO IIeHTpa (epMeHTa Juis HHyJIWHA
nocjie ero MMMOMIN3alud Ha MOHOOOMEH-
HUKaX 3HAYUTEIBHO CHIKAETCS U MPOUCXO-
JUT YMEHbIIIEHUE MAaKCUMaJIbHOH CKOPOCTH
peaKIyy TUAPOSIN3a MHYJIWHA U KaTaJuTH-
YEeCKOM aKTHMBHOCTH IOJIyYEHHBIX OMOKaTa-
JU3aTOPOB, MX CYIIECTBEHHBIM MPEUMYIIE-
CTBOM (B CpPAaBHEHMH CO CBOOOJHOMN MHYIIH-
Ha30M) SBISETCS BO3MOKHOCTH MTOBTOPHOTO
MPUMEHEHHMSI, YTO MPUBOJUT K YBEIUUYCHUIO
KOJINYECTBA TOITyYEHHOTO MPOIYKTA.

TepmocTaOunbHOCTh (pepMeHTa — Baxk-
HeHmuii hakTop, onpeaenomui ero npak-
THYECKOE MPUMEHEHHE B MPOMBIIIJIEHHOM
MIPOU3BOJICTBE, TIOCKOJBKY B YCIIOBHUSX BbI-
COKHX TeMIIepaTyp 3HAYUTEIbHO BO3PACTAET
CKOpPOCTh pEaKIuH, MOHMKAETCS BSI3KOCThH
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pacTBOpa M BO3MOXKHOCTb €ro OakTepualb-
HOTO 3arpsi3HEHUS.

100+ A%

0 -+ T T T T T T T T T —
32 35 4 42 45 47 5 32 55 6

Puc.4. 3aBUCUMOCTb KaTaJIUTHUYCCKON aKTUB-

HocTH (A%, B IPOLIEHTAaX OT aKTUBHOCTH Ha-
TUBHOW WHYJIWHA3bI) UMMOOWIN30BaHHON Ha
C100H (1), C104 (2), AS00R (3), A100 (4)
MHYJIMHA36I 0T pH paBHOBECHOTO pacTBOpA.

Fig.4. Dependence of the catalytic activity
(A%, as a percentage of the activity of native

inulinase) of inulinase immobilized on C100H

(1), C104 (2), A500R (3), A100 (4) on the pH
of the equilibrium solution.

Jjis OLIGHKM TEPMOMHAKTUBAIIMH OBLI
BEIOpaH IpernapaT Ha OCHOBE HMHYJIHMHA3BI,
UMMOOMIIN30BAaHHOM Ha KATHOHOOOMCHHHUKE
C100H, obmagaromuii MAaKCUMAJILHBIM 3HA-
YeHHEM KaTaIUTUYECKON aKTUBHOCTH CPEIU
paccMaTpruBaeMbIX TeTEPOreHHBIX OMOKaTa-
nu3atopoB. Ha puc. 5-6 npeacraBneHsl Ku-
HETHUYECKHE KPHUBBIC TpoOIlecca MHAKTUBA-
U GepMeHTa B CBOOOTHON M UMMOOMIN-
3oBaHHO# popmax (t=40-70°C, pH 4.7). Ku-
HETHKa JaHHOTO TIpollecca YAOBIETBOPH-
TEIHHO OTHCHIBACTCS YpaBHEHUEM TIEPBOTO
nopsinka. KoHcTaHTa CKOpOCTH WHAKTHBa-
UM ABJISIETCA MEPOH, ONMPENEAIoNIel cTe-
MeHb CTAOMIILHOCTH MOJIEKYJIBI (pepMeHTa, U
MOJKET OBITh BBIYUCIICHA IO (popmyIie:

k=239 M’
[A]
rae K — KOHCTaHTa WHAKTHBAIUH, MHH
[Ao] — ucxomHash aKTUBHOCTh WHYJIWHA3HI,
npunstas 3a 100%; [A] — aKkTHBHOCTH
dbepMeHTa B MOMEHT BpeMeHU T, B % OT
WCXOJHOM; T — BpEMsl, MUH.

Hcnone3yss paccuuTaHHbIE KOHCTAHTHI
WHAKTUBAIlMW, HA OCHOBAaHWUU TEOPHH a0CO-
JIOTHBIX CKopocTel peakuuii [28,29] Obum

2

1.
1

OIICHCHBI 3HAYCHU DHEPIrun aKTUBAIUK aK-
TUBHOI'O KOMIIJICKCA ITPU PA3JIMYHBIX TCMIIC-

100
A
80 -
60 4

40 -

Q 10 20 30 40 30 60 70

Puc.5. Kunetnueckue kpuBble TEpMOUHAK-
TUBAIUHN CBOOOHON MHYIHHA3EL: 1 — 40;
2— 50;3-60; 4-65;5-70, °C. A — aKTuB-
HOCTh (% OT MakcUMaJIbHOM); t — BpeMs uH-
KyOarwu, MUH.

Fig..5. Kinetic curves of thermal inactiva-

tion of free inulinase: 1 —40; 2 —50; 3 - 60;

4-65; 5- 70, °C. A — activity (% of maxi-
mum); t — incubation time, min.

parypax (Tabn.):
Ear = 2.303 Rtga, (3)

[IpoBeneHHbIC MCCIENOBAaHHS MOKA3aJIH,
YTO BO BCEM M3yUYE€HHOM WHTEpBAJle TeMIIe-
paTyp HaO0aeTcss HeoOpaTumasi TePMOU-
HAKTHBAllMs UHYJIMHA3bI. Y CTAHOBIIEHO, YTO
B uarazone tremreparyp 40-60°C nmpoucxo-
JUT TIOCTETIEHHOE YMEHBIICHWE KaTaluTH-
YEeCKOM aKTHBHOCTH TIPEIapaToB Kak CBO-
00HOT0, TaK 1 UMMOOMIM30BaHHOTO (hep-
MEHTa, YTO CBSI3aHO, BEPOATHO, C pa3pyIie-
HUEM 3JIEKTPOCTATUYECKHX U BOJOPOIHBIX
csizedl. OIHAKO, NP COIMOCTABJICHUN 3Ha-
YEeHUI KOHCTAHT CKOPOCTH TePMOUHAKTUBA-
MU HATUBHOTO M WMMOOMIIM30BAHHOTO
OMoKaTanIu3aToOpa MOXKHO CJeNaTh BBIBOJL O
MTOJIOKUTEITHHOM BIIMSTHUM UMMOOMITU3AIIH
Ha CTa0MJILHOCTh MHYJIMHA3BI TP TeMIlepa-
Type, OTJIMYHON OT onTUManbHOU. Tak, mpu
60°C xoHCTaHTa MHAKTUBAIMHU TOCJE yaca
WHKYOanuu N1t *MMOOMIM30BaHHOTO (hep-
MeHTa B 2.5 pa3a HIKe, 4eM JJ1s1 CBOOOIHOTO
SH3UMA.

OueBUAHO, YTO TOBBIIICHUE TeMIepa-
TYpBI IPUBOJUT K CYIIECTBEHHBIM HM3MEHE-
HUSIM IIPOCTPAHCTBEHHOU CTPYKTYpHI O€Ka,
B CBSI3U C Y€M BO3pACTaeT dHEPTreTHYECKHM
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Puc. 6. Kunernieckue KpruBbie TEPMOMHAKTHBALMN MIMMOOMIIN30BaHHOM HHYMMHA3bL: 1 — 40,
2-50; 3—60; 4-65; 4—70, °C. A — aktuBHOCTb (% OT MAKCUMAJIBHOI1); t — BpeMst THKYOAITHH, MVH.
Fig. 6. Kinetic curves of thermal inactivation of immobilized inulinase: 1 — 40; 2 — 50; 3 - 60;
4-65; 470, °C. A — activity (% of maximum); t — incubation time, min.

Tabmuua. Kunerndeckue mnapaMeTps
OMoKaTanM3aTopoB

MHAKTHUBAIlMd CBOOOJHOIO U WMMMOOMIM30BAHHOIO

Table. Kinetic parameters of inactivation of free and immobilized biocatalysts

Temmnepartypa, °C WnynuHaza A, % k-103, mun * AEar, xJI5x/MOITB
40 CBobogHas 92 1.76 1665
MNMmoOuim3oBaHHas 97 0.84 147.8
50 CBobogHas 72 473 190.4
NMmoOnnu3oBanHas 87 2.08 156.7
60 CBobogHas 58 9.15 221.3
NMmoOnnu3oBaHHas 74 3.85 183.5
65 CBoOoaHas 18 25.82 325.9
NMmoOnim3oBaHHas 42 8.74 198.4
20 CBoOogHas 8 42.34 413.8
MNMmo0OWIM3oBaHHas 30 13.88 210.6

Oappep peakIuu KaTallu3a, MPETsTCTBYIO-
mui o6pazoBaHMI0 (pepMEHT-CyOCTpaTHOTO
KOMILIeKca. PaccuntanHOe 3HaYeHHE DHEp-
MM aKTUBALUU U1 MHYJIMHA3BI JUI1 HU3KO-
TeMIepaTypHoi obnactu (Tabin.), BEpOsTHO,
XapaKkTepu3yeT MpoLecc TUCCOLUANN OJIU-
TOMEPHOU CTPYKTYPHI Ha CyOBhEeTMHUIIBI.

3HaYUTENbHOE CHIKEHHE aKTHBHOCTH
depMeHTa OTMEYEHO TpU TEMIIepaTrype
70°C. Cnyctst 60 MuH nHKyOaruu cBoOO-
Hasi MTHYJIMHA3a COXPaHseT TOIbKo 8% oT uc-
XOJIHOTO 3HAYEHUsI aKTUBHOCTH, B TO BpeMs
kak mMMmooOum3oBanHas — 30%. [IpuunHoi
YMEHBUICHUSI aKTUBHOCTH MOXXET CIY>KUTb
pa3BepTHIBAHUE TTOJUTICIITHTHOH IIETIH B pe-
3yJlbTaTe paspbiBa TUAPO(OOHBIX CBs3el,
OTBEYAIOMMX 334 CTAOMJIBHOCTH OEIIKOBOI
rJ100YJIBI.

B ob6nactu remmnieparyp 65-70°C sHeprus
aKTUBaIMU (PepMEeHTa B CBOOOIHOM BHJIC
(414 x/Ix/Momb) Gosiee yeM B 2 pa3a OoJIbIIe
SHEPrHU aKTUBAIlMK CBSI3aHHOTO (hepMeHTa
(211 x/Ix/momnb). [TomoOHBIC 3aBUCUMOCTH,
IPOMCXOJIAIINE B MPOILIECCE MHAKTHUBAIUH,
XapaKTePHBI TSI UMMOOMIIN30BaHHON HHY-
nuHa3el 1 Apyrux mrammos [30,31]. MoxHo
moJjlaraTh, 4TO COPOIIMOHHOE MOTJIOIIECHHUE
(hepMeHTa IPUBOIUT K BO3PACTAHHIO YCTOM-
YUBOCTH €0 TPETHYHON CTPYKTYPHI, CHIKE-
HUIO BEPOSITHOCTH KOH(POPMAIMOHHBIX H3-
MEHEHHI OMOMaKpOMOJIEKYJIBI.

3akiaoueHue

ITpoBeneHo mccnenoBaHue aaCOPOITMOH-
HOTO B3aMMOJEUCTBHUS (epMeHTa HHYIH-
Ha3bl C MOJUMEPHBIMH HOHOOOMEHHHKAMH
pazmuunorr  mpuponsl  (C100H, C104,
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AS500R, A100), u3ydyeHo BIHSHUE TEMIIepa-
Typbl Ha aKTHBHOCTh WHYJIMHA3BI B CBOOO/I-
HOM 1 IMMOOMITN30BaHHOU (popmax.
[TokazaHo, 4TO ONTHMAJIHHBIMU YCIIOBH-
AMU  aacopOLMM  SBJISIETCS  3HAYCHUE
pH=4.7-5.0, congep:kanne MHyJIMHA3bI B pac-
TBOpE — 2.0-1072 Mmoub/nM®, mo3BoIsTIOLIHE
MOJTyYUTh MPOIYKT — FETEPOTEHHBIN OMOKa-
TaIU3aTOP C KaTaJUTHUYECKON aKTUBHOCTBIO
64.8-83.5% (ot axkTMBHOCTH (epMeHTa B
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Sorption of flavonoids and aromatic acids on hypercrosslinked
polystyrene in systems with addition of imidazolium ionic liquids
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Abstract. In this work the effect of the addition of five imidazolium ionic liquids (ILs) to the water-acetonitrile
eluents on the sorption of aromatic acids and flavonoids on hypercrosslinked polystyrene (HPS) was evaluated
by reversed-phase HPLC (RP HPLC). It was found that both the nature of the cation and the nature of the anion
of the used IL influence the retention of the studied compounds. The retention of aromatic acids and flavonoids
in the systems without and with the addition of trifluoroacetic acid (TFA) to the eluent was investigated. It was
shown that the addition of TFA to the water-acetonitrile eluent changes the mechanism of action of imidazo-
lium ILs on the retention of sorbates on HPS. In particular, the sequence of elution of ferulic acid, salicylic
acid and caffeic acid in the systems with addition of ILs to the mobile phase on HPS varies depending on the
pH of the medium (depend of the addition of TFA). The Snyder-Soczewinski and Soczewinski—Wachtmeister
models were used to evaluate the influence of water-acetonitrile eluent composition on the retention of studied
compounds. The angular coefficients of the corresponding models were calculated.

Keywords: imidazolium ionic liquids, hypercrosslinked polystyrene, reversed-phase high-performance liquid
chromatography, flavonoids, aromatic acids
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AnHoTauus. B gannoit pabote Mmetogom obpamnieHHO-(hazoBoit BOXKXX (0D BIXKX) oneHeHo BiusiHIE q00a-
BOK ITSITH IMHJIA30JIMEeBBIX HOHHBIX skuaKocTer (MXK) K BOMHO-aIleTOHUTPUILHOMY JJTFOSHTY Ha COpPOIIHIO apo-
MaTHIEeCKHX KUCIOT U (h1aBoHOMI0B Ha cBepxcimuToM nonuctupoiie (CIIC). beino yctaHoBIIeHO, 9TO Ha yAep-
JKUBaHHUE HCCIICYEMBIX COCTMHEHUH BIMSIOT KaK MPUPOJa KATHOHA, TaK M IPUPO/Ia aHUOHA HCIIOIh3yEeMOH
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WK. NzyueHo ynepkuBaHHe apoMaTHUECKUX KUCIIOT U (pJIaBOHOMIIOB B cUcTeMax 0e3 po0aBieHHs U ¢ 100aB-
JICHWEM B 3JTIOCHT TpuTOopyKCcycHO# KUCIOTH (TDY). [Tokazano, uto nobasnerane TOY B BOmHO-aETOHUT-
PUIBHBIN AITIOCHT U3MEHIET MEeXaHN3M JeiicTBus nmunazonneBsix MK Ha ynepxuBanue copbaros Ha CIIC.
B gactHOCTH, IOPSAIOK BBIXOAA (EPYIIOBOH, CAMINIIIOBON B KodeiHo# kucnoT B cucremax ¢ MK na CIIC
MeHseTcs B 3aBHcHMOCTH oT pH cpensl (B 3aBucuMocTH oT nodasneHus TOY). s OleHKH BIUSHAS COCTaBa
BOJHO-AIIETOHUTPHIIBHOTO 3JIIOCHTA Ha YACPKHUBAHUE HCCIEAYCMbIX COCIMHEHHI HCIIOIb30BAIN MOJEIH
Craiinepa-CoueBnackoro u CodeBuHCKOT0-BaxT™metictepa. beimn paccunrans! yrioBeie K03 UITHEHTH co-
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Introduction

Extracts of medicinal plants are complex
multicomponent mixtures, the main compo-
nents of which are biologically active com-
pounds (BACs), for example, flavonoids,
coumarins, aromatic acids. BACs exhibit a
number of important pharmacological prop-
erties, therefore they are widely used as the
main active pharmaceutical ingredients in
medicines [1-3]. One of the main methods of
dealing with extracts of medicinal plant raw
materials is reversed-phase high-perfor-
mance liquid chromatography (RP HPLC).
This method is based on different sorption of
substances depending on their structures on
nonpolar sorbents from water-organic solu-
tions.

The analysis of extracts of medicinal
plant raw materials is difficult because many
components in its composition have close
physical and chemical properties of mole-
cules, which leads to overlapping of chroma-
tographic peaks [4]. The choice of optimal
chromatographic separation conditions and
the development of techniques for qualita-
tive and quantitative determination of com-
pounds in plant raw materials is an important
and urgent task in this regard.

Alkyl-bonded silica gels are the classical
and most common sorbents in RP HPLC [5-
8]. However, they can work effectively in a
narrow pH range. Hydrophobic microporous
polymer sorbents, e.g., hypercrosslinked
polystyrene (HPS), are no less promising

stationary phases in RP HPLC [9-12]. In
turn, they are stable using water-acetonitrile
eluents of any pH [13]. Furthermore, HPS
does not contain residual silanol groups that
contribute to additional blurring of chroma-
tographic peaks [5, 14-16].

In addition to stationary phase replace-
ment, another way to influence the effi-
ciency of chromatographic separation is to
select the optimal composition of the water-
organic eluent. The nature and content of the
organic solvent, as well as various additives
in the water-organic eluent, are of great im-
portance. The analysis is often carried out in
the presence of buffer solutions and acids
that reduce the pH of the mobile phase and
inhibit the dissociation of analytes. lonic lig-
uids (ILs) are currently used as alternative
additives to the water-organic eluent. ILs are
low-temperature molten salts that have a
number of unique physical and chemical
properties and meet the requirements of
green chemistry [17]. ILs usually consist of
a bulk organic cation and an organic or inor-
ganic anion. ILs have a dual nature, therefore
they can interact with both the components
of the stationary phase and the components
of the mobile phase, forming ion pairs of dif-
ferent nature with the analyzed substances
[15, 18-19]. Thus, a complex mixed reten-
tion mechanism, involving various types of
interactions, can be realized in systems with
ILs. A number of works are devoted to the
study of the retention of alkaloids, herbi cides,
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aromatic acids and their isomers, antibiotics
and other substances in systems with addi-
tives of ILs to the mobile phase [6, 20-25].

The aim of this work is to study the effect
of additives of imidazolium ionic liquids to
the eluent on the sorption of flavonoids and
aromatic acids on hypercrosslinked polysty-
rene (HPS) by RP HPLC.

Materials and methods

Chemicals and reagents. All chemicals
and reagents used were of analytical grade.
Commercial standards of flavonoids and ar-
omatic acids («Sigma-Aldrich», «abcr» and
«BLDpharmy») were used as sorbates. Struc-
tural formulas and some physical and chem-
ical parameters of the studied compounds
are given in Table 1. Molecular parameters
of sorbates were calculated by quantum
chemical modeling of molecular structures
followed by additional processing of opti-
mized structures. Quantum chemical model-
ing was performed with Gaussian 09 soft-
ware using the hybrid density functional
B3LYP and the CC-pVDZ basis and taking
into account the solvent, acetonitrile, by the
SCRF method.

Structural formulas and some physical
and chemical parameters of the used imidaz-
olium ionic liquids are given in Table 2.

Deionized water obtained on a DME 1B
membrane deionizer (CJSC «BMT», Rus-
sia) and acetonitrile, puriss. («Component
reaktiv», Russia) were used to prepare mo-
bile phases and dissolve analytes.

Chromatographic conditions. The inves-
tigations were carried out under RP HPLC
conditions. All chromatographic experi-
ments were performed in the linear region of
the sorption isotherm (Henry region) using
extremely dilute solutions of the studied
compounds. A «Milichrom 1» liquid chro-
matograph with a UV spectrophotometric
detector and a Varian ProStar high-pressure
plunger pump were used. Detection was car-
ried out at a wavelength of 280 nm. Hyper-
crosslinked polystyrene «MMN1 Purolite»
(particle size of 5 um, specific surface area
of about 1000 m?/g) was used as a sorbent.

The chromatographic column was kindly
provided by Prof. V.A. Davankov. Hyper-
crosslinked polystyrene are characterized by
the presence of micro- and mesopores [11].
A solid-state electric thermostat was used to
temperature control of the column (column
size 150 mm-4.6 mm). Chromatographic ex-
periments were performed in isocratic elu-
tion mode. The volumetric flow rate of the
eluent was 200 pl/min. Water—acetonitrile
mixtures in different volume ratios were
used as water-organic eluents. Trifluoroace-
tic acid (TFA) was added to create the pH of
the mobile phase (pH=2.0). Commercial im-
idazolium ionic liquids (2.64 mmol/L) were
used as specific modifiers of the water-ace-
tonitrile solution (Table 2). Before starting
the chromatographic experiment, the eluents
were degassed on the ultrasonic unit
«MELFIZ».

Theory and calculation. Average reten-
tion times (tr) of sorbates from 5 parallel ex-
periments were used. Retention factors (k)
were calculated from the retention times of
sorbates (tr) and dead time (tm) determined
from the system peak. The error in the deter-
mination of retention factors was not more
than 2%.

In the semi-empirical Snyder-Socze-
winski model, the dependence of the reten-
tion factor (k) on the composition of the bi-
nary mobile phase is represented by the fol-
lowing equation [26-27]:

logk =a—n-logX, (1)
where n is a number of mobile phase mole-
cules that are displaced by one solute mole-
cule from adsorbent surface upon adsorp-
tion; Xm is a mole fraction of organic compo-
nent (acetonitrile) in the eluent.

The semi-empirical Soczewinski-Wacht-
meister retention model assumes a linear re-
lationship between the logarithm of the re-
tention factor (logk) with the volume frac-
tion of the organic modifier (¢):

logk = logk,, — So, (2)
where ky is the retention factor of com-
pounds at 100% water content in the eluent;
S is angular coefficient, numerically equal to
the size of the hydrophobic contact area of
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Table 1. Structural formulas and some physical and chemical parameters of the studied compounds
calculated by quantum chemical modeling method

Tabmuua 1. CtpykTypHBIe (OPMYIBI B HEKOTOpPBIE (PU3UKO-XUMUYECKUE TTapaMeTPhl HCCIIEAYEeMbIX
COEJMHEHHH, pACCUNTaHHbIE METOJOM KBAHTOBO-XUMHUYECKOT'O MOAEIUPOBAHMSI

. . Van der Van der
Dipole Mo- | Polariza-
o Waals vol- | Waals sur-
Ne Name Structural formula ment (), bility (a), f
Debye Bohr® ”mggv)' aceASS),
Flavonoids
1 (+)-Catechin m(j/ 6.89 207.32 251.12 284.13
i LT i .
2 Rutin i - 6.47 484.63 499.75 547.40
-qﬂ:(;If OH -
3 Cynaroside kO’Wé, 13.72 376.14 369.45 416.22
W™ EL on T
4 Hesperidin CR B @ 11.82 415.26 520.54 579.41
5 Quercitrin 11.56 369.71 371.26 416.74
e CI)H "oH
Aromatic acids
6 Gallic acid /E?\ 941 148.37 136.75 165.03
HO’ OH
OH
?Hg 0
7 Ferulic acid Oij/\\\/LOH 7.10 222.42 177.42 213.85
= O\ OH
8 Benzoic acid é 6.55 123.39 115.14 140.04
O OH
9 Salicylic acid 5/% 5.27 105.84 370.07 422.05
o]
10 | Caffeic acid ”ODA\)LOH 6.11 202.17 159.09 192.59
HO
i 5
17 | Chlorogenic . P L 7.07 286.07 300.56 345.90
acid 8 o o
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Table 2. Structural formulas and some physical and chemical parameters of the used imidazolium

ionic liquids

Tabmuua 2. CTpyKTypHBIE (GOPMYIBI H HEKOTOPBIE (PU3NKO-XUMHUYECKUE MTapaMeTphl UCIONb3Yye-

MBIX HMHUJIa30JIMEBBIX HOHHBIX JKUIKOCTEH

No Name Structural for- Mr, g/mol M_eltlrlg LogP
mula point, °C
/CH3
1-Butyl-2,3-dimethylim- i T BF,
1 idazolium tetrafluoro- )\ CH 240.05 38-40 5.30
borate [CsdMIM][BF4] N 3
C4H9
CH,
1-Butyl-3-methylimida- 7 R‘ Br
2 zolium bromide (} 219.12 65-75 3.59
[C:.MIM][Br] N
C,H
: g/CH3
1-Hexyl-3-methyl- N" g
3 | imidazolium bromide [ Y 247.18 -54.9 473
[CsMIM][BI] (lN: )
o,
1-Decyl-3-methyl- N g
4 | imidazolium bromide [) 303.28 30 7.00
[C1oMIM][Br] N
CioHa
,CeH17
1-Methyl-3-octyl- / N Br
5 | imidazolium bromide | { 275.23 619 5.87
[MCzIM][Br] N
CH,

the sorbate with the surface of the sorbent, ¢
is volume fraction of organic modifier in the
eluent [28-29].

Results and discussion

Influence of the structure of flavonoids and
aromatic acids on their retention in the systems
«hypercrosslinked polystyrene (HPS) — water-
acetonitrile solution without and with the ad-
dition of imidazolium ionic liquids (ILs)».
Figure 1 shows a comparative diagram of the
change in retention factors of the studied
compounds on HPS from water-acetonitrile
eluents.

It was found that strongly polar acids
(gallic acid, chlorogenic acid) are sorbed ra-
ther weakly on HPS. This is due to the pre-
dominance of strong specific interactions of
these molecules with the components of the

water-acetonitrile eluent. Diglycoside deriv-
atives of flavonoids are retained on HPS
weaker than monoglycoside derivatives. For
example, rutin is eluted much faster than
quercitrin. There is no correlation between
retention and their dipole moments and po-
larizability: the more polar and less volumi-
nous quercitirine molecule is retained much
stronger than the rutin molecule, character-
ized by low dipole moment and high polar-
izability value. A similar situation is ob-
served for the hesperidin — cynaroside pair.
It was shown that the sorption of these fla-
vonoids is strongly influenced by the volume
of the glycoside substituent, which makes an
additional contribution to intermolecular in-
teractions with the sorbent and components
of the polar eluent. Probably, a size exclu-
sion sorption mechanism of the studied com-

686



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 682-694.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 682-694.

8,00
2,00
6,00
= 4,00
3,00
2,00

gallicacid :maregenic rutin - (+)-catechin hesperidin

cid hydrate
0? OH
OH

"

0,00
HO'

@@%&5@?&
o

caffei citrin  ferulic acid benzoic acid salicylic aci

Fig. 1. Comparative diagram of flavonoids retention factors in systems without the addition of

0.1% TFA to the water-acetonitrile mobile phase (pH=5.7) depending on the structure of sorbates

Puc. 1. CpaBHuTenbHas auarpamma GakTopoB YACPKUBaHUS (IABOHOUIOB B 3aBUCHMOCTH OT
UX CTPYKTYpHI B cuctemax ¢ godasienuem 0.1% TFA B BoIHO-alleTOHUTPHIIBHYIO TIOJBHKHYIO

dazy (pH=5.7)

pounds on HPS cannot be excluded. How-
ever, the observed size exclusion effect is
not classical. In this interpretation, it is pos-
sible to consider the effect of penetration of
sorbate molecules into the nonpolar sorbent
pore and subsequent interaction with the ar-
omatic network of HPS. The networks of hy-
percrosslinked sorbents are rather flexible
and their porous structure may easily change
[12]. Dry hypercrosslinked polystyrenes
tend to increase in volume on contacting
with water-acetonitrile eluents. The size of
pores slightly increases in swollen (by a fac-
tor of 2-3) networks [12]. We hypothesize
that the nonpolar HPS surface can interact
with the flavonoid molecule through both
dispersion interactions and specific interac-
tions (with hydroxyl groups (—-OH) of glyco-
sides and with delocalized m-electrons of ar-
omatic rings). Thus, larger molecules con-
taining diglycoside substituents will not
fully penetrate into the pore of HPS, there-
fore, the intensity of dispersion interactions
with the aromatic network of the sorbent will
decrease. The nonpolar pore space will be
more accessible for polar monoglycoside de-
rivatives of flavonoids. This leads to an in-
crease in dispersion interactions and, conse-
quently, to an increase in retention.

Quite small molecules of ferulic acid,
benzoic acid and salicylic acid are character-
ized by the highest retention factors in the
system with HPS. They are probably able to

interact intensively and nonspecifically with
the aromatic structure of HPS, in particular,
in the pore space.

Influence of trifluoroacetic acid (TFA)
addition on the sorption of the studied com-
pounds in the system with HPS and imidaz-
olium ILs. Two systems, with and without
the addition of trifluoroacetic acid (TFA) to
the eluent, were investigated to study the ef-
fect of imidazolium ILs on the retention of
the studied flavonoids and aromatic acids on
HPS. HPS is a hydrophobic and nonpolar
sorbent, so the acid-free system allows us to
evaluate the true effect of ILs on the sorption
of the compounds.

Figure 2 presents comparative diagrams
of the retention factors of sorbates in the
considered systems with and without the ad-
dition of 0.1% TFA to the eluent. It was
found that the introduction of imidazolium
ILs leads to an increase in the retention of
flavonoids (except for hesperidin and mobile
phase, containing IL [C4sMIM][BTr]) in the
TFA-free systems in the mobile phase com-
pared to the system without ILs and without
TFA additives (Figure 2a). There is a ten-
dency to increase the sorption of most of the
studied flavonoids on HPS in the systems
with bromide ILs in series [CaMIM][Br] —
[CeMIM][Br] — [MCgIM][Br], and decrease
in the system with [C10MIM][Br]. The hy-
droxyl groups of flavonoids can be partially
ionized [30] in near neutral medium (pH=5.7
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without the addition of 0.1% TFA to the mo-
bile phase). This may lead to the formation
of ionic pairs between negative flavonoid
fragments and positively charged imidazole
fragments of the investigated ILs. Hydro-
phobic ion pairs are strongly sorbed on HPS.
However, the hydrophobic pair between the
flavonoid and the IL [C10MIM][Br] is bulky
and probably cannot penetrate deep enough
into thed (?) HPS pore. Thus, the intensity of
interactions with the aromatic sorbent net-
work decreases. Sufficiently high retention
of flavonoids is observed in the system with
tetrafluoroborate IL [C4dMIM][BF4].

The effect of adding bromide ILs on the
sorption of flavonoids in the system with
0.1% TFA (pH=2.0) in the mobile phase is
slightly reduced, but some patterns are ob-
served. It is noticed that the retention factors
decrease with the addition of all bromide ILs

@ without Ils
= [C10MIM][Br]

6.00 [CAMIM][Br]
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used compared to the system without ILs
(Figure 2b). Moreover, the sorption of flavo-
noids is slightly higher in the system with IL
[C1oMIM][Br] compared to other systems
containing additives of bromide ILs.
Thereby, it is shown that the effect of ILs on
flavonoids sorption will vary greatly de-
pending on the pH of the water-acetonitrile
solution. In this case, the opposite patterns
are observed. Probably, competitive sorption
at the interface, as well as a hydrophobic ef-
fect reduction, will be the predominant effect
of ILs in system with 0.1% TFA in the mo-
bile phase. It is also shown that the addition
of tetrafluoroborate IL [C4dMIM][BF4] sig-
nificantly increases the sorption of flavo-
noids on HPS. This is probably due to the
nature of the anion, which can strongly
change the structural self-organization of the
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)
= [C10MIM][Br] = [MCSIM][Br] ® [C4dMIM][BF4]
1,50
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Fig. 2. Comparative diagrams of retention factors of the investigated a, b — flavonoids and
¢, d —aromatic acids in the considered systems with imidazolium ILs; eluent: water/acetonitrile —
70/30 vol.% a, ¢ — without and b, d — with addition of 0.1% TFA.

Puc. 2. CpaBHuTENBHBIE TUArPaMMBbl (AKTOPOB YACPKUBAHUS HCCIIEyEMBIX a, b — QriaBOHO-
nI0B U C, d - aII)OMaTI/I‘IeCKI/IX KHUCJIOT B paCCManI/IBaCMHX CUCTeMax C UMHUIA30JIMCBBIMU I/I)K,
aroeHT: Boaa/atetonntpui — 70/30 00.% a, ¢ - 6e3 u b, d — ¢ gobasnenuem 0,1% TFA
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Fig. 3. Comparative diagram of retention factors of ferulic acid, salicylic acid and caffeic acid
on HPS in systems without and with 0.1% TFA addition to the mobile phase.
Puc. 3. CpaBautensHas auarpamma GpakTopoB YACPKUBaHUS (epyIOBOi, CATUIMIOBON U KO-
¢eitnoi kucnot Ha CIIC B cuctemax 6e3 u ¢ nodbasnennem 0,1% TFA B monBmxkHyI0 (hazy

hydrogen bond network of the water-ace-
tonitrile eluent and change the hydrophobic
effect. This is quite evident in the acidic me-
dium compared to the TFA-free system.

The bromide and tetrafluoroborate anions
are both chaotropic, however bromide anion is
more  kosmotropic  [31]. The IL
[C4sdMIM][BF4] contains two rather chaotropic
ions in its structure. Therefore, the retention in
this system should be comparable or slightly
lower than in the system with bromide IL un-
der the same conditions. Tetrafluoroborate
anion will affect the conformation of the ar-
omatic network of HPS by penetrating inside
the pores and destructuring the pore fluid.
Exposure of aromatic fragments of HPS may
occur due to this fact. This leads to the ap-
pearance of additional active centers of fla-
vonoid sorption.

Aromatic acids are also retained differ-
ently on HPS in the systems with imidazo-
lium ILs depending on the presence of TFA
in the eluent (Figure 2c, Figure 2d). It was
found that aromatic acids are strongly re-
tained in the system with IL [C1o0MIM][Br]
in the absence of TFA in the mobile phase
(Figure 2c). This is probably due to the for-
mation of hydrophobic ionic pairs between
positively charged imidazole fragment of
these ILs and negatively charged carboxyl
groups of the aromatic acids. This leads to an
increase in their sorption on HPS. Chloro-
genic acid begins to retain on HPS only in
systems with ILs [MCgIM][Br] and
[CioMIM][Br]. This fact can confirm the
possibility of formation of hydrophobic ion

pairs and realization of ion-pair mechanism
of acids retention on HPS in the systems
with some used bromide ILs. The lowest ar-
omatic acids retention is observed in the sys-
tem with tetrafluoroborate IL
[C4dMIM][BF4].

The effect of bromide ILs on the retention
of aromatic acids on HPS is slightly reduced
in systems with 0.1% TFA (Figure 2d). The
addition of 0.1% TFA to the water-acetoni-
trile eluent converts all aromatic acids to the
neutral form. Thus, the direct effect of ILs on
sorbates is reduced. The formation of ion
pairs is unlikely in this case. Competitive
sorption of bromide ILs and sorbates at the
interface is more probable. In this connec-
tion there is a slight decrease in the retention
of aromatic acids compared to the systems
without ILs. A significant increase in acids
retention in the system with tetrafluorobo-
rate IL [C4dMIM][BF4] is observed. The ex-
planation of this effect is discussed above.

The addition of 0.1% TFA to the water-
acetonitrile eluent significantly affects the
retention patterns of ferulic acid, caffeic acid
and salicylic acid. Figure 3 shows a compar-
ative diagram of the retention factors of
these three acids in different systems under
consideration.

It was found that salicylic acid retains
more strongly than the other studied aro-
matic acids in all chromatographic systems
with the addition of 0.1% TFA to the eluent.
If the water-acetonitrile eluent does not con-
tain 0.1% TFA (near neutral medium,
pH=5.7), salicylic acid begins to retain

689



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 682-694.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 682-694.

zwithout Ils
= [C10MIM][B1]
35

2
g
: A il

# [C4MIM]([Br]
u [MCSIM](B1]

[C6MIM][B1]
 [C4dMIM][BF4]

without Ils
m [C10MIM](B1]
5

= [CAMIM](Br]
= [MCSIM][B1]

”IE ||5

[C6MIM](B1]
# [C4dMIM][BF4]

[l

4;

5 1l
sl HVH
5 i
0 A | I 1]

Fig. 4. Comparative diagram of angular coefficients for studied flavonoids and aromatic acids
obtained from the a — Snyder—Soczewinski and b — Soczewinski-Wachtmeister models for inves-
tigated systems containing imidazolium ILs.

Puc. 4. CpaBHHTENBHAS qUarpaMMa YTIIOBBIX K03()PHUIIMEHTOB, IOTYYEHHBIX B PAMKaX MOJIEIH
a — CHaiinepa-CoueBunckoro u b — CoueBuHCKOT0-BaxTMeticTepa, s n3ydaeMbIX (hIaBOHOU-
JIOB M apOMATHYECKUX KHUCIIOT B CHCTEMaX, CoJlepKammx 100aBku nMuaa3onueBsix VK.

weaker than ferulic acid and caffeic acid in
almost all systems (except for the system
with [C10MIM][Br]). It is most likely that
specific electron density delocalization is re-
alized in dissociated forms of ferulic acid
and caffeic acid. Therefore, there is a possi-
bility to realize additional specific interac-
tions with the HPS network and, accord-
ingly, to enhance sorption. This effect is not
observed for salicylic acid even with the pos-
sible formation of intramolecular H-bond in
this molecule (between carboxyl and hy-
droxyl groups). For the system with IL
[C1oMIM][Br], patterns similar to those
found in systems with 0.1% TFA added to
the mobile phase are observed. The bulk im-
idazolium cation of this IL probably forms a
thermodynamically stable ion pair with these
aromatic acids. This prevents the occurrence
of specific electron density delocalization in
molecules of ferulic and caffeic acid.
Influence of water-acetonitrile eluent
composition on the chromatographic reten-
tion of studied compounds. The Snyder-
Soczewinski and Soczewinski-Wachtmeis-
ter models were used to study in more detail
the effect of imidazolium ILs on the chroma-
tographic retention of the investigated flavo-
noids and aromatic acids on HP. Concentra-
tion dependences of retention factors are
more informative when analyzing the reten-
tion of sorbates in different systems. Table 3

contains the equations obtained within the
models under consideration. The obtained
linear equations are characterized by excel-
lent correlation.

Figure 4 shows comparative diagrams of
the angular coefficients (n and S) found from
the equations derived from the Snyder-
Soczewinski and Soczewinski-Wachtmeis-
ter retention models.

It was found that the angular coefficients
vary greatly depending on the structure of
the ILs used. This is particularly pronounced
for aromatic acids. For example, the angular
coefficients decrease with the addition of
bromide ILs to the eluent, compared to the
system without ILs additives. A regularity of
decreasing angular coefficients with increas-
ing alkyl chain length at the same substituents
location in the IL cation is observed
([CaMIM][Br]HCsMIM][Br]-[C1oMIM][Br]).
The system with the addition of tetrafluorob-
orate IL [C4dMIM][BF4] is characterized by
rather high sorbates angular coefficients
within the corresponding models. This
seems to be directly related to the nature of
the anion, which is able to affect the HPS
network and increase the number of active
sorption centers for aromatic acids. A similar
trend is observed for flavonoids, but it is not
S0 pronounced.
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Table 3. Values of angular coefficients and coefficients of determination obtained within the
Snyder—Soczewinski and Soczewinski—Wachtmeister retention models (acetonitrile concentration

range 30+50 vol.%, 0.1 % TFA, t=65°C)

Tabnuma 3. 3HaueHns yrioBeIX KOX(QUIIMEHTOB, TOTYYeHHBIX B pamKkax moaenn CHaitnepa-Co-
yeBuHCKOro 1 CoueBHMHCKOTO-BaxTMmeiictepa (nnamnas3on coaepxkanus aneronutpuna 30-50 00.%,

0.1% TFA, t=65°C)

Snyder—Soczewinski | Soczewinski-Wacht- | Snyder—Soczewinski | Soczewinski—-Wacht-
No* meister meister

n [ R s | R n | R? s | R

Without ILs [C.dMIM][BF]
1 1.55 0.99 2.31 0.99 1.99 0.99 2.98 0.99
2 1.99 0.99 2.96 0.99 2.63 0.99 3.94 0.99
3 2.31 0.99 3.44 0.98 2.89 0.99 4.30 0.99
4 2.30 0.98 3.43 0.97 3.01 0.99 4.50 0.99
5 2.49 0.99 3.71 0.99 3.04 0.99 4.54 0.99
6 0.97 0.83 1.49 0.87 1.370 0.96 2.07 0.98
7 2.01 0.99 3.01 0.99 2.40 0.99 3.60 0.99
8 1.78 0.99 2.66 0.99 2.09 0.99 3.13 0.99
9 1.93 0.99 2.89 0.99 2.25 0.99 3.37 0.99
10 1.70 0.99 2.55 0.99 2.09 0.99 3.13 0.99
11 1.53 0.99 2.29 0.99 2.18 0.99 3.28 0.99

[C4AMIM][Br] [CsMIM][Br]
1 1.59 0.99 2.38 0.99 1.52 0.99 2.27 0.99
2 1.97 0.99 2.94 0.99 1.97 0.99 2.95 0.99
3 2.30 0.99 3.44 0.99 2.17 0.99 3.24 0.99
4 2.31 0.99 3.45 0.99 2.25 0.99 3.36 0.99
5 2.44 0.99 3.65 0.99 2.34 0.99 3.49 0.99
6 1.15 0.99 1.73 0.99 0.98 0.98 1.49 0.96
7 2.02 0.99 3.02 0.99 1.87 0.99 2.79 0.99
8 1.77 0.99 2.65 0.99 1.60 0.99 2.39 0.99
9 1.95 0.99 2.92 0.99 1.76 0.99 2.62 0.99
10 1.67 0.99 2.51 0.99 1.53 0.99 2.29 0.99
11 1.55 0.99 2.32 0.99 1.49 0.99 2.23 0.99

[C1uMIM][BI] [MCsIM][Br]
1 1.43 0.99 2.13 0.98 1.60 0.99 2.39 0.99
2 1.87 0.99 2.80 0.99 1.92 0.99 2.87 0.99
3 2.21 0.99 3.30 0.98 2.23 0.99 3.34 0.99
4 2.31 0.99 3.44 0.98 2.25 0.99 3.36 0.99
5 2.36 0.99 3.52 0.99 242 0.99 3.62 0.99
6 0.80 0.98 1.20 0.96 1.07 0.99 1.61 0.99
7 1.81 0.99 2.70 0.99 1.98 0.99 2.96 0.99
8 1.62 0.99 2.41 0.99 1.74 0.99 2.61 0.99
9 1.73 0.99 2.57 0.99 1.89 0.99 2.83 0.99
10 1.47 0.99 2.19 0.99 1.62 0.99 2.42 0.99
11 1.29 0.99 1.92 0.99 1.50 0.99 2.25 0.99

. (RP HPLC). It was shown that the mecha-
Conclusions

In this work the chromatographic behav-
ior of some aromatic acids and flavonoids on
hypercrosslinked polystyrene (HPS) in the
systems with water-acetonitrile eluents con-
taining imidazolium ionic liquids (ILs) addi-
tiveswas studied by reversed-phase HPLC

nism of action of imidazolium ILs additives
on the sorption of studied compounds de-
pends on the pH of the mobile phase. It was
found that the ion-pair mechanism of sepa-
ration of the studied sorbates is possible in
neutral medium. This is due to the possible
formation of stable ionic pairs between mol-
ecules of sorbates (flavonoids and aromatic
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acids) and the cation of imidazolium IL. In
acidic medium, retention is probably due to
competitive sorption between sorbate mole-
cules and ILs. All investigated compounds
are strongly sorbed in the eluent with the ad-
dition of 0.1% TFA and tetrafluoroborate 1L
([C4sdMIM][BF4]). The  semi-empirical
Snyder-Soczewinski and  Soczewinski-
Wachtmeister retention models were consid-
ered. It is noticed that the angular coeffi-
cients n and S of the corresponding models
decrease with the addition of bromide ILs to
the eluent compared to the system without
ILs additives. The decrease in the angular
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CopOunst HOHOB MeI¥ U3 BOJAHBIX PACTBOPOB BbICOKOAMCIIEPCHBIMH
(eppuramu Ko0aJIbTAa M UHKA
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Oubra Hukosnaesna Mosuanosa!, Ennsasera Anapeesna Kykosal,
Aunéna Baagumuposna Jlopomenko?, Exarepuna Asexcanaposna Tonuna
'Boponexckuil TocyiapcTBEeHHBII JlecoTeXHMUeCKuii yHuBepeuteT uM. I'.®D. Mopososa, Boponesx, Poccus,
yonk@mail.ru®
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3®I'BOY BO «Poccuiickuii XuMuKo-TeXHONMOrMueckuii yausepeutet um. JI.W. Menneneesa», Mocksa, Poccust

3

AHHOTanusi. MarHuTHbIe MaTepuajbl BOCTPEOOBaHbl B COPOIIMOHHBIX TEXHOJIOTHAX Pa3AeiIeHUs] U OYUCTKH
BelllecTB Oyaroapsi BO3MOXHOCTH OBICTpOi U 3(QEKTUBHOI MarHUTHOI cemnapaliy BHEIIHMM MarHUTHBIM
TIOJIEM IS TIOCIICAYIOIIEH pereHepaluy U UCIoIb30BaHus. [1epCreKTUBHBIMU JIsl CO3/1aHMsI HOBBIX MarHHT-
HBIX COPOCHTOB SIBIITFOTCS HAHOUACTHIHI (heppuToB MeTauioB (MeFe,O4), MarHUTHOM BOCTIPUIMYUBOCTBIO 1
(PM3UKO-XUMUYECKUMHU CBOHCTBAMH KOTOPBIX MOXKHO YNPABIATh, HCHONB3YsI pa3IndHbIe METOBI CHHTE3a. B
JaHHOW paboTe yCTaHOBJICHbI KMHETHUYECKHE M PAaBHOBECHBIC XapaKTEPUCTHKH COPOIIMOHHOTO M3BICUCHUS
HMOHOB MEJIU U3 BOJHBIX PaCTBOPOB 00pa3iaMy HaHOJUCTIEPCHBIX MOPOIIKOB (eppura kodansta (Co-F) u dep-
puta 1uHKa (ZNn-F), CHHTEe3npOBaHHBIX METOJOM LIUTPATHOTO TOPEHMS. Y IeNbHAs IIOBEPXHOCTD M IIOPHUCTOCTD
00pa3IoB OXapaKTepU30BaHa METOJOM H30TEPM ancopOImu-aecopoimu a3zota. CopOIMOHHAS CIIOCOOHOCTh
MarepualoB onpesesieHa B BOAHbIX pactBopax 0.005-0.075 v CuSQOs, npu BappUpOBaHUHM BPEMEHH COPOLIUU
0-120 mun, pH=2+5, maccel copbOenra u temneparype t=20°C. KosaudecTBeHHbII aHanu3 pacTBOPOB OCY-
MIECTBILUTH (POTOKOJIOPUMETPHYECKUM METOJIOM. MarHuTHbIE CBOWCTBA COPOECHTOB OLIEHEHBI KaYeCTBEHHO
NPY JeHCTBUY HEOJMMOBOIO MarHUTa Ha BOJIHBIE JIUCIIEpCHU (ePPUTOB. DKCIIEPUMEHTAILHBIE U30TEPMBI a1
copOrum-aecopomu azoTa obpaszuamu GeppuTOoB UMEIOT CUTMOHMIHBIN BHI, cOOTBeTCTBYIoUMi Tumy Il B
kinaccudukanmn MIOITAK, u y3kyro nemmo rucrepesnca, 00yCIOBIECHHYIO ITPUCYTCTBUEM BTOPUYHBIX ME3-
Onop B MaTepuanax. Y ieibHasi HOBEPXHOCTb H 06beM I0p 06pa3Los coctaBunu 26 Mm%/ (Zn-F), 16 m%/r (Co-
F) 1 0.106 cM%/r (Zn-F), 0.094 cm®/r (Co-F) cooTBeTCTBEHHO, IPH 3TOM AUAMETP IIOP cOCTaBUa 5.9 HMm (Zn-F)
u 21.4 am (Co-F). KuneTuueckue kpubble copbuuu noHoB CU?* mokasaiy, 4To aficopOLUOHHOE PABHOBECHE B
crcteMe copOeHT-pacTBop ycranasiusaercs B Teuerue 10 (Co-F) — 40 (Zn-F) munyt, mpu 31oM copOIMOHHAs
€MKOCTb (peppHuTa IMHKA B /IBA pa3a NPEBHIIAET EMKOCTh (heppuTa KobansTa. Moenb KHHETHKH TICEeBI0-BTO-
poro nopsnka agexsatro (R?=0.93+0.99) onuceiBaeT npomuecc copbuuu Ha Gpeppurax. PaccunuraHnble 3Have-
HUA KOHCTaHTh! ckopocTH (K2) ykas3biBaloT Ha Golee HU3KYIO CKOpocTh copouuu nonos Cu?* o6pasuom ¢ep-
pHTa [IHKA [10 CPABHEHHIO C (PepPUTOM KOOAIIbTA, YTO MOXKET OBITh 00YCIIOBIICHO OTIIMYHEM XapaKkTepa copo-
IIMOHHBIX LIEHTPOB MOBEPXHOCTU (hEPPUTOB BCIICACTBUE PA3IMYHOTO PAaCHpe/ielieHHs] KATHOHOB B KPUCTAILITH-
YEeCKOH pemieTke HopMaIbHOU ((eppuT nuHKa) u oOpamieHHoH (pepput kobanbra) mmuHeIH. V30TepMsl aj-
copOIMy MOHOB MeH onHcaHbl Mozessivmu Jlenrmiopa, @peiinymxa u BOT. Hannyumiee cooTBeTcTBHE 3KC-
MEepUMEHTAIBHBIX U30TEpM cOopOIMH JuIs 00pa3oB GeppuTOB IIMHKA U KOOAJIbTa ITOJIYYEHO B paMKax MOJICIH
Opeiinamuxa u BOT. [lapamerpbl Mosiesiell CBUAETENLCTBYIOT O MOBBIIEHHOM CPOJICTBE K copbary u Gsaro-
NPUATHBIX YCIOBUSX cOpOIMU B citydae (eppHTa IMHKA B OTIMYHME OT (heppHuTa KOOAIbTa, a TAK)Ke O CKIOH-
HOCTH COPOEHTOB K IOJIMMOJIEKYJISIPHOH cOPOIMM HOHOB MeJIM B 00JIaCTH CPEHUX U BHICOKMX KOHIIEHTpALHii
pactBopoB. [Ipu pH<3 copOuus menu Ha obpasue Co-F cHmxaercs, a juis odpasna Zn-F nmpoxoaut yepes
MakcuMyM npu pH=3, 4TO yKa3blBaeT Ha OJIHOBPEMEHHYIO COPOIMIO HOHOB T'MAPOKCOHHUs Hapsay ¢ Cu?, a
TaKKe pasnyHbIA 3apsi noBepxHocTH (hepputoB. COpOIMOHHAS CIIOCOOHOCTH COPOSHTOB COXpaHSETCs B Te-
YeHHe MATH-IIeCTH ((heppUT HUHKA) U TpeX-ueThIpex (heppuT KobambTa) IHKIOB COPOIH Oe3 pereHepanny.
Iocie perenepanuu pactsopom 0.1 M HCI otpaGorannsiii copOeHT Ha OCHOBE (eppHuTa IUHKA BO3OOHOBIIAET
U COXPAHIET EMKOCTh MOCTOSTHHOM, a (eppuT KobansTa TepseT eMKocTh. JleiictBre Nd-MarauTa npuBOIUT K
MOJTHOM MarHUTHOM cemapanny gepprrta KoO6aabTa M YaCTUIHOH B cirydae deppuTa IHHKA.

© Hosukosa JI. A., Tomuna E. B., Moiuanosa O. H., XXykora E. A., Jlopomenko A. B., Troruna E. A., 2024
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Sorption of copper ions from aqueous solutions
by highly dispersed cobalt ferrite and zinc ferrite
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Elizaveta A. Zhukova?, Alena V. Doroshenko?, Ekaterina A. Tyupina®

Voronezh State University of Forestry and Technologies named after G.F. Morozov, Voronezh, Russian Fed-
eration, yonk@mail.ru™

2\/oronezh State University», Voronezh, Russian Federation

3D.1. Mendeleev Russian University of Chemical Technology», Moscow, Russian Federation

Abstract. Magnetic materials are highly demanded in sorption technologies of separation and purification of
substances due to possibility of their fast and effective magnetic separation by external magnetic field for
further use and regeneration. Nanoparticles of metal ferrites (MeFe,O4) are considered perspective to fabricate
new magnetic sorbents as their magnetic susceptibility and physical-chemical properties can be tuned using
different synthesis methods. Present work establishes kinetic and equilibrium characteristics of sorption ex-
traction of copper ions from aqueous solutions by samples of nanodispersed powders of cobalt ferrite (Co-F)
and zinc ferrite (Zn-F) synthesized by a citrate burning method. Specific surface area and porosity of samples
was characterized by nitrogen adsorption-desorption isotherms. Sorption capacity of materials was determined
in aqueous solutions of 0.005-0.075 N CuSO; by varying time of sorption (0+120 min), pH=2+5, mass of
sorbent at temperature of t=20°C. Quantitative analysis of solutions was done by photocolorimetric method.
Magnetic properties of sorbents were qualitatively assessed by action of Nd-magnet on aqueous dispersions of
ferrites. Experimental isotherms of nitrogen adsorption-desorption by samples of ferrites observed sigmoid
shape corresponding to 11 type of IUPAC classification and a narrow loop of hysteresis caused by the presence
of secondary mesopores in the materials. The specific surface area and pore volume of the samples were 26
m?/g (Zn-F), 16 m?/g (Co-F) and 0,106 cm?/g (Zn-F), 0,094 cm®/g (Co-F) respectively, while the pore diameter
was 5.9 nm (Zn-F) and 21.4 nm (Co-F). The kinetic curves of Cu?* ions sorption revealed that adsorption
equilibrium in the system sorbent-solution established during 10 (Co-F) — 40 (Zn-F) min and lead to twice
higher values of zinc ferrite sorption capacity as one for cobalt ferrite. The pseudo-second order kinetics model
adequately (R?=0.93+0.99) described the sorption process on ferrites. The calculated values of the rate constant
(k2) indicated a lower rate of sorption of Cu®* ions by zinc ferrite sample as compared to cobalt ferrite that can
be caused by the diverse nature of sorption sites at ferrites surface due to different distribution of cations in the
crystal lattice of normal (zinc ferrite) and inverse (cobalt ferrite) spinel. The isotherms of copper ions adsorp-
tion were described by models of Langmuir, Freundlich and BET. The best fit of experimental isotherms for
zinc and cobalt ferrites were found within the frames of Freundlich and BET models. The models parameters
evidenced at a higher affinity towards a sorbate and favorable conditions of sorption for the case of zinc ferrite
in contrast to cobalt ferrite as well as the tendency of sorbents to polymolecular sorption of copper ions in the
range of medium and high solution concentrations. At pH<3 sorption of Cu?* by Co-F samples decreased,
while it passed through the maximum at pH=3 that testified to a simultaneous sorption of hydroxonium along
with Cu?* as well as to a distinct charge of the ferrites surface. The sorption capacity of sorbents retained for
five to six (zinc ferrite) and three to four (cobalt ferrite) sorption cycles without regeneration. After regeneration
of spent sorbents with 0.1 M HCI, zinc ferrite sorbent renewed and maintained its capacity constant, while
cobalt ferrite sorbent loosed its capacity. The application of Nd magnet resulted in complete magnetic separa-
tion of cobalt ferrite and partial separation in the case of zinc ferrite sorbent.

Keywords: cobalt ferrite, zinc ferrite, sorption, copper ions, kinetics, equilibrium, water treatment, heavy met-
als, magnetic separation.
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BBenenue

CoBpeMeHHOU TeHJACHIMEeH B o00jacTu
pa3BUTHS COPOLIMOHHBIX TEXHOJIOTHM pa3jie-
JICHUS I OYMCTKU BEILECTB SIBIISIETCSA IPUME-
HEHUE MarHUTHBIX MaTepUAIOB, MATHUTHAs
cemapanusi KOTOpPbIX IO3BOJISIET  Cylie-
CTBEHHO COKPATUTh M YIPOCTUTH ITAIl OT/Ie-
JeHUs1 COPOEHTOB OT XHUIKOH (Pa3sl (Ppuis-
Tpaluio, HeHTpUYTrupoBaHKE) U OBBICUTh
3pPEKTUBHOCTh TEXHOJOTHYECKOTO TIPO-
necca [1-4]. M3BecTHBIE CITOCOOBI CHHTE3a
MarHUTHBIX COPOEHTOB OCHOBaHbI Ha BBEJIE-
HUU B COCTaB KOMIIO3UTA YaCTHUI] MATHETHUTA,
HHKEJIS, KoOalIbTa, CIJIAaBOB Ha OCHOBE JKe-
Je3a, BKIItouYasi KapOuabl U MIPOMBIIIIJICHHBIE
oTtxozsl [5-8]. IlepciekTHBHBIMU AJ1 CO3/1a-
HUSl HOBBIX MarHUTHBIX MaTE€PHAJIOB U COp-
OEHTOB SIBJISIIOTCS HAaHOYACTHUIBI (EPPUTOB
MeTtaiios [9-11], mpossisoomue napamar-
HUTHBIE WU (EeppOMarHUTHHIE CBOICTBA.
[To ctpykType u coctaBy (GeppHUThl MeTaj-
JIOB TPEICTABIIAIOT COOOM CIIOKHO OKCHUJ-
HbIE MaTepuansl ¢ oOmel dopmynoit
Me?*Fe,Q4, KpruCTAIN3YIONHECS B 3aBHCH-
MOCTH OT yCJIOBUI CHHTE3a B KpUCTAJUIHYE-
CKYIO pElIeTKYy TWIa IINUHENIH (HOpMajb-
HOU, oOpaieHHOW wuiIu cMeraHHou) [12,
13]. B cTpykType HOpMaJbHOW IIMHHEIN
(bepput nuHka, pepput KaaMus) AByXBa-
nentHele kKaTHoHBl Me?* (Ni?*, Co?*, Mn?*,
Mg?*, Cu?*, Fe?*, Zn?*, Cd?*) 3anumarot TeT-
pasipuueckue (A-), a TpexBaJeHTHbIE KaTh-
onbl Fe®" oxtasnpuueckue (B-) mosunum B
MyCTOTaX TIpaHElEeHTPUPOBAHHON KyOuue-
CKOH sIYEMKHU U3 aTOMOB Kuciopona. B ciy-
yae oOpalleHHOM MIMUHENH (MarHeTHT, gep-
putsl Ni, Co, Mg, Cu), nonsl Me?* 3anu-
MaroT B-no3unmm, a nonst Fe®* paHOMepHO
pacripeniesieHsl My A u B-moszunusmu; B

(In Russ.). https://doi.org/10.17308/sorp-

cllyd4ae CMEUIaHHOW LINMUHENN pacrpezene-
are nouoB Me?* u Fe®* o A u B-nio3ummsm
IPOU3BOJIHHOE.

Hanoaucnepcubie mopouku (Geppurtos
METAJIJIOB MOTYT OBITh CUHTE3UPOBAHbI pa3-
JUYHBIMH METOJIAMH, TaKUMH Kak, 30Jb-
refib METOJI, COOCaXICHUE, THIPOTepMHYe-
CKHI U COJIbBBOTEPMUYECKHUI CUHTE3, TEPMHU-
YEeCKO€ pa3loKEeHUE, MUKPOIMYIbCHUOHHBIN
CUHTE3, COHOXUMUYECKUN METO[, a TaKXke
MeTtoJ nuTpatHoro ropenus [ 10, 14-16]. Ba-
phUpYs cOOTHOIIeHHe KaTnoHoB Me?*/Fe3*
IIPU CHHTE3€, BO3MOXKHO HAMPABIECHHO pery-
JUPOBaTH MOPQOIIOTHIO, (DU3UKO-XUMHUYIEC-
CKH€ CBOMCTBA MOBEPXHOCTH, a TAaK)KE Mar-
HUTHYI0 BOCHPUHUMYHBOCTH MAaTEpHAaJIOB,
JNEKTPUYECKHUE, ONITUIECKHE U JIP. XapaKTe-
puctuku [14, 15].

CopOunoHHble cBOMCTBa (PeppuUTOB Me-
TAJIJIOB MIPOSIBIISIFOTCS B OTHOIICHUH KaK He-
opranuueckux [11, 17], Tak u oprannueckux
[18, 19] BemecTB BO MHOTOM OJ1arojapsi pas-
HOOOpa3HON MpHpOJie AKTUBHBIX IIEHTPOB
IOBEPXHOCTH (KHCIOTHBIE, Fe*', u ocHOB-
uele, 07, 1ueHTpsl JIbronca, KaTHOHBI Me?*-
aKTUBATOPHI T-CBSI3€i), KOTOphIE 00YCIIOB-
JUBAIOT TaKXe MX KaTATUTUYECKYI aKTHUB-
HOCTh [9, 18-20]. Onnako, mopucTocTh hep-
PHUTOB HEBEJIMKA U YCTYNaeT ME30IOPUCTHIM
Y MHUKPOTIOPHCTBIM MaTepHuaiam (I[E€OTHTEHI,
AIFOMOCHJIMKATBI, YTIIEPOAHBIE MaTepUabl),
B CBSI3W C YeM HAHOYACTHUIIBI (EPPHUTOB Ya-
CTO BBOJSIT B COCTAaB KOMITO3UTHBIX MaTepH-
anos [6-8, 16].

Panee [4] mamm ObLIO MOKa3aHO, 4YTO
COpOITMOHHAsI CIIOCOOHOCTh W MarHUTHBIC
CBOWCTBAa KOMIIO3UTHOTO copOeHTa [[eo-
aum/ZnFe;04 TporopirOHATEHEI  KOJTHYe-
CTBY BBeIeHHOro (hepputa, mpu uyeM ¢asza
(beppuTa NpuUgaeT KOMIIO3UTHOMY COPOEHTY
MOBBIIIEHHOE CPOJCTBO K MOHAM MU U
o0ecnieunBaeT BBICOKYIO CTENEHb OYHMCTKH
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Bosbl. OJHAKO MarHUTHas BOCIPHHMYH-
BOCTh KOMIIO3UTa Ha OCHOBE (peppuTa IIHKA
OblJIa HEIOCTATOYHOM I OBICTPOU | 2(-
(eKTUBHON MarHUTHOM cenapauuu. B cs3n
C 3TUM, JiJ1s1 GOPMUPOBAHUS HOBBIX BBICOKO-
3¢ (HEeKTUBHBIX MATHUTHBIX COPOSHTOB OBLITN
CHUHTE3HPOBaHbl 00pa3ubl (depputa KO-
OanbTa, 00IaMaroe BRICOKOM MarHHUTHOM
BOCIIPUMMYHMBOCTBIO Oyiarogapsi ¢eppomar-
HUTHBIM CBOHCTBaM KoOanbTa. B oTimume
oT ¢eppuTa IMHKA (HOpMaJIbHas IITTHHEb),
KpUCTAIIIMYECKast perierka ¢eppura Ko-
0anbTa MPEICTAaBICHA THUIIOM OOpaIIeHHOU
mnuHeU. BeencrBrue pa3nuans B pacipe-
neneHun katnoHoB Me?*/Fe3* B kpucramm-
YECKUX pemIeTkax (eppuToB Kobambra W
[IUHKA, O’KUAETCS CYIIECTBCHHOE OTIINYHE
MOBEPXHOCTHBIX CBOWCTB W COPOIIMOHHBIX
XapaKTEPUCTHK JIAHHBIX MaTCPHAJIOB.
[lenbto naHHOM PabOTHI SIBUIOCH YCTa-
HOBJICHHEC KWHETHYECKHMX M PaBHOBECHBIX
XapaKTePUCTHK COPOIIMOHHOTO H3BJICUCHUS
WOHOB MEJM W3 BOJHBIX PacTBOPOB 00pa3-
namu (epputa KobanbTa U Qeppurta MUHKA
JUTSL CO3/JAaHHSI HOBBIX MAIrHUTHBIX COPOCHTOB
MIPOMBIIIUTIEHHBIX TOKCUKAaHTOB Ha UX OCHOBE.

3chepnMeHTaanaﬂ 4acTb

OObexTamMH UCCeI0OBaHMs SBUIMCH 00-
pas3ipl HaHOMOPOIIKOB (eppuTa KoOabTa
(CoFe20s4, Co-F) u ceppura uuHKa
(ZnFe20a4, Zn-F), cuHTE3UpOBaHHBIE METO-
JIOM LIUTPATHOT'O TOPEHHUSI U3 CTEXHOMETPH-
YECKHX KOJIMYECTB COOTBETCTBYIOIIUX pea-
rentoB. Conepxkanue Qasel ¢depputa Me-
TaJjla B COOTBETCTBYIOHIMX OOpasmax co-
cTaBisieT He MeHee 99%, ¢ yueToMm npumecu
rematuta (<1%). Pazmep gactuil B o6pasiax
HaHonopokoB coctaBuia 40-80 uwm [3, 4].

VYaenbHas MOBEPXHOCTb M IOPUCTOCTD
MOJYYEHHBIX 00pa3IoB OXapaKTEePHU30BaHbI
10 PKCTIEPUMEHTAIBHBIM U30TepPMaM HU3KO-
TeMIIepaTypHOM aicopOoIMu-aecoporu
azota ipu -196°C Ha ycranoBke QuadraSorb
Quantachrome Instruments (Boynton Beach,
FL, USA). O6pazen (150 mr) mpeasapu-
TesbHO BakyymupoBaics pu 100 °C B Teue-
Hue 12 yac. YaenpHas MOBEpXHOCTH 00pas-
110B paccuuTana 1o meroay bOT, 3Hauenus

o0BemMa U pazMepa 1nop OLEHEHbI IO METOLy
NLDFT (ancopbunoHHasi BETBb H30TEPMBI)
Ha MporpaMMHOM oOecriedennn Quanta-
chrome QuadraWin Software, version 7.1.

CopOLMOHHYI0 CHOCOOHOCTH HAHOCOP-
OCHTOB B OTHOIIIEHUU MOHOB MEIH Ompe/e-
JISUTA U3 MOJIeTbHBIX pacTBopoB CuSO4 pas-
JUYHOM  KOHUEeHTpauuu. KuHernueckue
KpuBBIe copbuuu noHoB Cu?* ompenesneHs!
u3 0,01 1 pactBopa CuSO4 B uHTEpBaJIE BpE-
MeHH 0-120 MUH TTpU MAaCCOBOM COOTHOIIIE-
HUU copbenm : pacmeop=1:100 (macc.4.) u
t=20°C. KomuyecTBeHHOE OIpeaCICHUE
MOHOB M€ B PaCTBOpax MpOBOIWIN (HOTO-
KOJIOPUMETPUYECKHM METO/IOM.

pH pacTBOpOB KOHTpOIHMPOBAIH MPUOO-
pom Yinkmik BLE-C600 instrument (Ji Nan
Runjie Electronic Technology Co., Ltd,
China) u BappupoBald B [IUAla30HE
pH=3.0-5.5, ucnons3ys pactBopsl 0.01 H
HCI u NaOH.

N3oTtepmbl ancopOuuu ompenessii B
CTaTMYECKUX YCJIOBHIX METOJIOM TepeMeH-
HBIX KOHUeHTpauud B juanazoHe 0.005-
0.075 1 CuSO4. HaBecky 0.2 r copbOenTa 3a-
muBamu 20 cM® paBHOBECHOTO pacTBOpa M
OCTAaBISLTM JUIsSI YCTaHOBJICHUS COpPOIMOH-
HOTO paBHOBECHS. 3aTeM COpOEHT OT(HUITb-
TPOBBIBAIH W OMNPEICISUIA KOHIICHTPAITHIO
nonos Cu?* B paBHOBECHOM pacTBOpe HOTO-
KOJIOPUMETPUICCKUM METOJIOM. Benmnuumny
aacopOuuu, ¢, MI/T, U CTENEHU OYHUCTKH

BOJIbI, R, %, BRIYUCIISUTH IO YPAaBHEHUSIM:
(Co—Ce)'V-Meqy1000
= , 1)

m
R, % = (C"C;C) 100%, @)

0
rne Co u Ce — Mcxo1HAs U paBHOBECHASI KOH-

IEHTPAllM} PacTBOPa, MOJTb-3KB/MMS; V —
o6beM pactBopa, AM>; Meq — MonspHas
Macca SKBHBaJIeHTa copOaTa, T-9KB/MOJIb; M
—Mmacca copOeHTa, T.

Perenepanuio copOCHTOB OCYIIECTBIISLITH
0.1 M pacrBopom HCI B Teuenne 30 muH
Mpu COOTHOIIeHnu copOeHt/pactBop 1:100
(mMacc.u.). 3areM COpOEHT IPOMBIBAIU M-
CTUJUIMPOBAHHON BOJOM, BBICYLIMBAJIM Ha
BO3/yX€ U TIOBTOPHO UCIIOJIb30BAIH.
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Puc. 1. U3otepmsl copbumu-necopommu azota (1a) u pactipenenenne mop mo pazmepam (16)
JUTst 00pa3ioB eppura IMHKA U heppuTa KobdaibTa
Fig. 1. Nitrogen sorption-desorption isotherms (1a) and pore size distribution (1b) for zinc
ferrite and cobalt ferrite samples

MarnuTHbIE CBOWCTBA COPOEHTOB U CIIO-
COOHOCTh OTPaOOTaHHBIX COPOCHTOB K Mar-
HUTHOW cenapauuv OT PaBHOBECHOTO pac-
TBOpa Ka4eCTBEHHO OIICHUBAJIM JICHCTBHEM
BHEITHETO MAarHUTHOTO TIOJII OT HEOJIMMO-
Boro marauta N42 (Shenzhen Wit Magnet
Co., Ltd., China) pasmepom 30*10 mm (ocTa-
TouHass MarHuTHas uHayknus 1.30-1.33 T,
KodpleTuBHas cuna 12 k0).

O6cyskaeHne pe3yJbTaToOB

Ha nepBom sTamne uccnenoBanus copOuu-
OHHasl  CIIOCOOHOCTh  CHHTE3UPOBAHHBIX
(GeppUTOBBIX MaTEepHaIOB OLEHUBAIACH 110
BEJIMUMHE UX yJIeTbHON MOBEPXHOCTHU U TO-
PHUCTOCTH, OINpPENETICHHBIX M0 JaHHBIM H30-
TepM agcopoumu-aecopobunu azota (puc. 1).

Kak crnenyer u3 puc. la, ancopOunonHas
U JIecOpOLIMOHHAs BETBU M30TEPMBI HCCe-
TyeMbIX MaTepHalloB MUMEIOT CUTMOHIHYIO
dbopMy, THTUYHYIO IS TTOJIMMOJIEKYIISIPHOM
ajzcopbumu copbata Ha MOBEPXHOCTH HETIO-
PHUCTBIX MaTE€pPHAJIOB, YTO B KJIaCCU(UKALIUN
HIOITAK cootBercTByer wusorepmam |l
tumna [21, 22]. Hanuuwe netiu rucrepesuca
00yCIIOBJICHO SIBIIEHUEM KaNWIIISIPHON KOH-
JneHcaluu copbara BO BTOPUYHBIX ME30I0-
pax copOenTa [23-25], 06pa3oBaHHBIX 3330-
pamMu MeXIy arjioMepaTaMHu 4acTHl] Qep-
puta. OIHAKO, OTHECTH JAaHHBIA BUA H30-
tepM K IV Tuny Henb3sl, MOCKOJIbKY B 00a-
ctu Beicokux P/Pg Ha M30TepMe OTCYTCTBYET
BTOpOE IUIATO HACHIIIEHUS, XapaKTEepHOE
JUTSI TIOBEJICHUS] ME30TIOPUCTHIX MaTePHAIOB

[22]. ®opma meTiu ructepe3nca Ha dKCIe-
PUMEHTANBHBIX U30TepMax OJHM3Ka K THITY
H3 [22, 26], nns koToporo aacopOImoHHas
U J1eCOpOIIMOHHAs BETBU CXOXH C H30TEp-
mamu |l Tuna (HemopucTsle MaTepuabl), a
CEeTh MOP BKJIIOUAET MAKPOIOPHI, TUITUYHbIE
JUIE HEKECTKUX arperaTtoB IUIACTHHYATHIX
yacTull. Y3Kas MeTisl ructepesnca, oopaso-
BaHHAs aJICOPOLIMOHHON U J1eCOPOIIMOHHON
BETBSIMH M30TE€PMBI BO BceM auarna3zone P/Po
yKa3bIBaeT Ha MIHMPOKOE pacTIpeie]ICHUE ITOp
no pasMepaM. [IpennosokuTeabHO Me30 U
MaKpOMOpBl MAaTEPHUATIOB MMEIOT IIEICBU/I-
Hy10 ¢opmy, OOYCIOBICHHYIO 3a30pamMH
MeXay dactuiiamu depputa. B cimydae o6-
pasua ¢eppuTa LMHKA BETUYMHA a7CcOpOu-
pOBaHHOIO 00BbEMa a30Ta BhIIIE, METIS TH-
cTepes3uca mupe, yeM y deppura KodaibTa,
YTO MOXET CBUIETEIbCTBOBATH O OOJbIIEH
yIIeBbHOM TIOBEPXHOCTH M OOJIBIIEM BKJIA/IC
MEe3010p B COpPOLMOHHBIN 00BEM A 00-
pasma Zn-F.

3HavyeHus y1eIbHON OBEPXHOCTH U 00b-
eMa Iop MCCIIeAOBaHHBIX MaTeprasoB (Tao-
auna 1) He BBICOKM B CPaBHEHUU C U3BECT-
HBIMH M€30IOPUCTHIMHU [27]) U MUKPOIIOpHU-
cTeiMu copbenTamu [28]. Cuctema mop B
CTPYKTYpe ¥ MOP(OI0THr HaHOoYacTHUII hep-
puTOB cnabo pa3BUTA, MOATOMY COPOIHS
a30Ta MPOUCXOJIUT HA BHEIIHEH MOBEPXHO-
ctu yactul. HecMoTps Ha TO, 4TO 3HaYEHUS
CYMMapHOTro 00beMa Mop UcciaenyeMbIX 00-
Pa3IoB COMOCTABUMBI, BEIMYMHA yIEIbHOM
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Ta6muma 1. TekcTypHBIE XapaKTepHUCTUKH COPOSHTOB Ha OCHOBE (heppHuTa KoOaIbTa i pepprTa ITHKA
Table 1. Textural characteristics of sorbents based on cobalt ferrite and zinc ferrit

06beM nop, cM/r

2 )

O6pasen Syn, M/T Voo Vaus Voo riop, HM
Zn-F 26 0.085 0.021 0.106 5.9
Co-F 16 0.076 0.018 0.094 21.4

q, mrir

40

————
* /

0 20

—-Zn-F

—~—Co-F

40 60 80

t, MUH

Puc. 2. Kunetnueckue KpuBble copOIIMU HOHOB Meiu 13 BoHOTO pactBopa 0.01 H CuSO4
copOeHTaMU Ha OCHOBE (eppuTa KoOaibTa U (heppuTa IUHKA
Fig. 2. Kinetic curves of sorption of copper ions from an aqueous solution of 0.01 N CuSO4
by sorbents based on cobalt ferrite and zinc ferrite

noBepxHocTH (eppura nuHKa B 1.6 pasa
BBIIE, a JuameTp mnop B 3.6 pa3a HUXKe B
cpaBaHeHHnH ¢ o6pasiom Co-F, 4to 00ycioB-
JIEHO MEHBIINUM pa3MepoM YacTull pepputa
[IMHKa U 0COOEHHOCTSIMU Mop(dosoruu uc-
crnenyembix (epputos [3, 4].

@opMUpPOBAHHE YaCTHUIl HEMPABHIBHOMN
¢dopmbl B mpouecce cuHTe3a Gpepputos [3],
OYEBHUIHO, OOBSCHSIET TETEPOTCHHOE pac-
npezeneHue nop no pazmepam (puc. 10), ko-
Topoe s oopaszna Co-F mpencrasieno ce-
pueit mezonop ¢ nuamerpom 12-15, 20-25,
30-35 uM u kpynHBIME Me3omopamiu ¢ d~70-
80 um. [{ns obpasua Zn-F ormedeno mnpu-
CYTCTBHE MEIKHX ME30IO0p C JUaMETPOM
~6 HM, Hapsy ¢ Oosiee KpyIHBIMU Me30110-
pammu.

BropeiM 3Tanom uccienoBaHus SBUIOCH
u3y4eHue copOLMOHHON criocoOHOCTH (ep-
PHUTOBBIX MaTEpUAJIOB B BOJIHOW Cpefie B OT-
HOIIICHWY MOHOB Menu. KuHetnveckne Kpu-
Bble COpPOLIMM MOHOB MU, IMpPEICTaBICH-
HBIC Ha PUC. 2, CBHJETEIBCTBYIOT O TOM, UTO
a/1cOpOIIMOHHOE PABHOBECHE B CHCTEME COP-
OCHT-pacTBOp YCTaHABJIHMBACTCS B TCUCHHE
10-40 mMuHyT, BO3pacTtas MpH IHepexojie OT
bepputa koOanbTa K PeppuTy IIHHKA.

CopbumonHnass emkocTh obOpasma Zn-F
B 2 pasa BbIlIe eMkocTu obpasma Co-F, uto
MO>KET OBITH 00YCIIOBJIICHO Kak 0o0Jiee BhICO-
KO yJenbHOH MOBEPXHOCTBIO U 0OBEMOM
nop obpasia, Tak U OOJIbIIIEH aKTUBHOCTHIO
MIOBEPXHOCTU COpOEHTAa. Y CTAaHOBJIEHO, UTO
AKTUBHBIC IICHTPBI TIOBEPXHOCTH (EPPUTOB
METaJIOB UMEIOT JIBOMCTBEHHYIO IPUPOY -
KHCIIOTHO-OCHOBHYI0 mo Jlptoucy (2O-
Me"™-0?"), BpeHCTeq0BCKYI0 KHCIOTHOCT
nmoBepxHOCTHBIX OH-rpynm, W OKuCIH-
TEJIbHO-BOCCTAHOBUTEJIbHYIO CIIOCOOHOCTH
kaTronoB Me" [18, 29, 30]. Okrasapuye-
CKHE NO3ULINHU (DeppUTOB-IINHHENEH JeMOH-
CTPUPYIOT OONBIIYI0O KaTaJTUTUYECKYIO aK-
TUBHOCTh B CpPaBHEHUU C TeTpadJpHue-
CKHMH BCJIEJICTBHE WX OOJBIIETO pa3mepa,
CTMOCOOCTBYIOILIETO JIy4lIeMy JOCTYIy dYa-
ctull pearedTa [31]. 3amena Tuma u moyioxe-
Hus katnoHos Me?*, Fe3* B cTpykrype xpu-
CTAJUTMYECKON pemeTku (eppuToB BIUSET
Ha poyHoCTh cBs13u Me™-0% 1 oTpaxaercs
Ha (U3UKO-XUMHYECKUX CBOMCTBA MOBEPX-
HoctH [31].

Jlns oneHKW BKJIaJa XUMHYECKOW peak-
MU B COPOIMOHHBIA MHpoIlecC KUHETHYe-
CKHE KPUBBIE OBUIH allTPOKCUMHUPOBAHBI IM-
MUPUYECKUMH MOJIEISIMA KUHETUKHU TICEBIO

700



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 695-710.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 695-710.

Ta6muua 2. Kunetnueckue napamerpsl copouun nonos Cu?* u3 0,01 u CuSO;4 o6pasuamu dep-

PUTOB MCTAJUIOB

Table 2. Kinetic parameters of the sorption of Cu?* ions from 0.01 N CuSO, by metal ferrite samples

[TapameTpsl MOIETT KHHETHUKH TICEBIIO 2° TTOpsIKa
Bpews Ancopb- Pasnosec- KoHcTanTta
OO0pa- | ycraHOBIIe- HOE KOJIH-
s, g, Kunernueckoe ) CKOPOCTH,
3el HUS PaBHO- R YECTBO
mr/t ypaBHEHHE ko,
BECHSI, MUH copOara, ) 4
I*MI ' *MHH
Qe, MI/T
Zn-F 40 36,7 | YTO0260x038121 593 | 576 0.0018
Co-F 10 18,9 y =0.053x + 0.098 | 0.99 18.9 0.0287

Iro u iceB0 2ro nopsiiKa, UCIOoNIb3ys COOT-
BETCTBYIOIIME ypaBHeHus [32, 33]:

kl't
log(qe — q¢) = logq, — (3)

2.303

G =t () @

rae Gt ¥ ge — noHoB CU?* (Mr/r copbenTa),
copOMpOBAaHHOE K MOMEHTY BpeMEHU t 1 Mo-
MEHTY PaBHOBECHS, COOTBETCTBEHHO; Ki —
KOHCTaHTa CKOPOCTU COPOIIUH TCEBAO-TIEP-
Boro nopsaka (rmr mun); Kz — koncranra
CKOPOCTH COPOIIMH TICEBI0-BTOPOTO  IIO-
panka (rmrimue?); V — 06BbeM pacTBopa,
amM>; m — macca copOenTa (T); t — Bpems KoH-
TakTa (MHH).

Hawrydmee cOOTBETCTBHE TONYYEHO
IpU anmpOKCUMAIUU AKCIEPUMEHTATbHBIX
3aBHCUMOCTEH MO/IeTIN KHHETUKH TICEBIIO 2-
r'0 MOPsIKa, OCHOBHBIE TApaMETPhl KOTOPOI
IpeJ/ICTaBIeHbl B TaOIHIIE 2.

PaccuntanHnoe 3HaYeHHsI KOHCTAHTHI CKO-
poctu (K2) copOumu HOHOB MeaH 00pa3oM
Zn-F B 16 pa3 Huke, 4eM B cirydae oOpasia
Co-F, uto yka3bpiBaeT Ha 60siee HU3KYIO CKO-
POCTh Ipolecca COpOIUM MPHU y4yacTUu 00-
pasua ¢eppura nuHKa. BeposTHO, XapakTep
COpPOLIMOHHBIX LEHTPOB MOBEPXHOCTH pPa3-
JUYHBIX (EPPHUTOB CYIIECTBEHHO OTIHYA-
€TCsl, B pe3yJbTaTe Yero JIeMEHTAPHBIN aKT
COpOIIMOHHOTO B3aUMOJICHCTBHUS HA TIOBEPX-
HOCTHU (peppuTa IIMHKA UAET MEJICHHEE, YeM
Ha TIOBEPXHOCTH (epputa kobdanbra. Kpome
TOT0, MIOCKOJIbKY CPETHUI THaMeTp Top s
Zn-F cymecTtBeHHO Hmke, deM s Co-F
(rabmuma 1), To Oonee HHU3Kas CKOPOCTH
copOruu it Zn-F taxoke csizana ¢ nuddy-
3MOHHBIMH OTpaHnueHusMu. Clenyer oTMe-
TUTh, YTO HCIOJB30BaHUE MPHOIMKEHHBIX

IMIUPHUECKUX MOJEICH SBISETCS T0CTa-
TOYHBIM TOJIBKO JUIsl T€PBOHAYAIBHOMN
OIICHKM KHWHETHYCCKHX 3aBHCHMOCTCH W
IpSIMOTO KaueCTBEHHOTO CPaBHEHHUs Mare-
pHAJIOB, UCIIBITHIBAEMBIX B OAHOM U TOU XKe
JKCIepuMeHTanbHON cucteme [34, 35]. B
Cllydae WCCIIEZIOBaHUSI MHOTOKOMITOHEHT-
HBIX CHUCTEM, B YCJIOBHUSIX OTJIMYHBIX OT
YCIIOBHI COPOLIMOHHBIX MPOIIECCOB B Orpa-
HUYEHHOM 00beMe, IIPH AU3aiHe MPOLIECCOB
pa3feneHus W peakTopoB, Oosiee Mpearo-
YTUTEIHHO HCIOIb30BaHUE (PEHOMEHOIIOTU-
4ecKux mMojenei [34].

DKcrepuMeHTAlIbHbIE HM30TE€PMBI  COPO-
mun noHoB Cu?* copOeHTamMM Ha OCHOBE
(depputa K0OaNBTa M IUHKA MPEICTABICHBI
Ha puc. 3.

[IpencraBieHHbIe U30TEPMBI UMEIOT S-
0o0pa3HbIii BUJ, a TakkKe 00JaCTH HaCHIIIIe-
HUS, CBUJETEIBCTBYIONINE 00 H3MEHEHHUH
XapakTepa COpOIMY TIPH MOBBIIICHUN KOH-
HEHTpalMu pacTBopa. HauanbHbIN yyacTok
M30TepMBI 00pasnia Zn-F siBisieTcsi BBIMYK-
JBIM U CBUAETEILCTBYET O MpeolialaHuu
B3auUMOJIEHCTBUIl copOeHT-copbaT, B TO
BpeMsi KaK BOTHYTHIN HaudalbHBIA y4acTOK
n30TepMEI s oopasia Co-F B obmactu Ma-
JIBIX KOHIIGHTPAIIWA yKa3bIBAET HA MPOsIBIIE-
HHe c1aboro cpojcTBa copOeHTa K copOary.
Kak cnenctBue 3toro, GpopmMupoBaHUs MO-
HOCJIOA copbaTa Ha TOBEPXHOCTH OOpasia
Zn-F 3aBepraercs paHblie, npu Oosee HU3-
KHX KOHIIEHTPAIHUSX pacTBOpa, MO CpaBHE-
HUlo ¢ obpasnom Co-F. JlanpHelmmii xox
M30TEPM OYEBUIHO CBUJIETEIHCTBYET O TIPO-
TEKaHUU TTOTUMOIIEKYJISIPHOU acOpOIIHH.
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—Zn-F ——Co-F

Ce, Monb-aks/am?

Puc. 3. U3oTtepmbl copOLIMu HOHOB MEAH U3 BOAHBIX paCTBOPOB 0Opa3naMu GeppuTa HUHKA
(Zn-F) u peppura xkobansTa (Co-F)

Fig. 3. Isotherms of sorption of copper ions from aqueous solutions by samples of zinc fer-
rite (Zn-F) and cobalt ferrite (Co-F)

3unadenus pH Boaubix pactBopoB CuSO4
uccienyembix konuentpauuid 0.005-0.075
MOJTb-3KB/IM° cocTaBuin 5.5+4.4, 4T0 COOT-
BETCTBYET CTENEHHU TUIPOJIH3a COIU MEHee
0.2%. CnenoBarenbHO, B IIpoliecce coponuu
Y4acTBYIOT B OCHOBHOM THJIpaTHPOBaHHbBIC
WOHBI MEJIM, a TAaK)Ke, B MCHBIIICH CTCIICHH,
WOHBI THUIPOKCOHHS, YTO MOJTBEP)KIACTCS
HEKOTOPBIM IMOBbILICHHEM 3HaUeHu# pH mo-
cie copomuu ot 4.53 o 5.60 nns Zn-F u ot
4.56 1o 6,10 mia Co-F. YuureiBas xumunue-
CKUI cOCTaB EPPUTOB U CTPYKTYPHBIN TUIT
NIMTUHEITH, BEPOSITHEE BCErO aKTUBHBIMHU
[EHTPaMU MOBEPXHOCTH COPOEHTOB OyIyT
CIIY)XHUTh THAPOKCHIIBHBIE TPYIIIHI, 00pa3o-
BaBIIMECS IpU MNpoTOHMpoBaHuu [19], a
TaKk)Ke€ THUIPATUPOBAHHH TTOBEPXHOCTHBIX
aTOMOB KHUCJIOPOJa KPUCTAIIIMYECKOH pe-
meTku pepputa Mpu KOHTAKTE C paBHOBEC-
HbIM pacTBopoM CUSOjs. Takum ob6pazom,
OCHOBHOUM MEXaHH3M COPOIMH PeaTu3yeTCs
TIOCPEJICTBOM B3aMMoJeHcTBHs MoHOB Cu?
copbara ¢ moBepxaHocTHbIMA OH-rpynmamu
copbenra. [Ipu ymenbmienuu pH paBHOBec-
HOT'O PacTBOpa TMOBBINIACTCS BKJIAJ] KOHKY-
PCHTHOW COpPOIMM TIPOTOHOB M3 PAcTBOpa
Hapsay ¢ nonamu Cu?*,

Jist  XapaKTepUCTUKHA  COPOITMOHHOTO
paBHOBECHS, PEATU3YIONIETOCS Ha MOBEPX-
HOCTH 00pa3ioB (epputa kobansTa u dep-
pUTa IMHKA, OKCIEPUMEHTaJIbHBbIE H30-
TEPMBI OBLIM aNMPOKCHUMHPOBAHBI JIMHEH-
HBIMH YPaBHEHHUSMHU MOJIENeH ancopOIrun

Jlenrmtopa (5), @peitnmxa (6) u BOT [36]
IUIs1 )KUIKUX cpell (7) B CICAYIONIEM BUJIC:
1

i1 1.1 (5)
q am'K Ce dm

logg = 1/nlogC + logKFr, (6)

Ce — 1 Ce'(Ks—KL) (7)
q-(1-Ky) Am'Ks Am'Ks

rae J — aacopOuMoHHasi eMKOCTh copOeHTa
IIPY paBHOBECHH, MMOJIB/T; Om - IIpeIeIbHAs
aacopOmust  (Mmoub/T), Ce -  paBHOBecHas
KOHIIEHTpaIus aacopbata (Mmons/mmS); K -
KOHCTaHTa paBHOBECHS Jlenrmropa
(mv3/Mmonb); K - KOHCTaHTa paBHOBECHS
®peitaamixa (Mvons/T)* (v /mMmons)M); C
n 1/n — xoHcTaHThl ypaBHeHus: DpeitHn-
nuxa; Ks— KoHCTaHTa COpOIMOHHOTO paB-
HOBecHsl (JOPMHUPOBAHUS MOHOCIIOS B YpaB-
weann BT, (mv>/mMmons); KL - KoHCTaHTa
COpPOLIMOHHOTO PABHOBECHS JIJIS TTOJIMMOJIE-
KyJIIPHOTO CJIOS, IM>/MMOJTb.

[Tapamerprl nuHENHHBIX ypaBHEHUH (5)-
(7), mpencraBieHHble B Ta0nuIe 3, onpee-
JCHBI TIPH TOCTPOSHUH SKCIEPUMEHTAIb-
HBIX U30T€PM B JIMHEHHBIX KOOpAUHATAX 1/a
ot 1/C nmns ypaBHenus JleHrmiopa (@max U
KoL) u loga ot logC nns ypaBuenus ®peitn-
nuxa (N u Kg) coorBetcTBeHHO. [lapameTpbl
ypaBHeHus bOT BbIUMCIEHBI COTIACHO Me-
TOJIUKE, HCIIOIb3yeMoii B [36-38].

Kak cnenyer u3 Tabmuisl 3, HAMITYUYITIM
o0pa3oM paBHOBecHE aJCOPOIMM HOHOB
ME/IM U3 BOJHBIX PaCTBOPOB HCCIIETyEMBIMU
obpasmamu (depputa 1uHKa U GeppuTa Ko-
0anbTa MOXKET OBITh ONUCAHO MOJEIBIO
O®peliHMxa, a Takke Moaensio bOT, o yem
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Ta6mmma 3. [TapamMeTpsl H30TEpPM COPOITIH MOHOB Mean (GpeppuToM ITMHKA U eppuTOM KOOaIbTa
13 BOJTHBIX PACTBOPOB I Mojenieli axcopoumu Jlearmiopa, @pertaamuxa u BOT

Table 3. Parameters of the isotherms of sorption of copper ions by zinc ferrite and cobalt ferrite
from aqueous solutions for the Langmuir, Freundlich, and BET adsorption models

Mouens JIenrmiopa Mojens @pelinanuxa Mogens BOT |
O6pa | Om | K Ke, O, Ki, Ks,
-3eny | mmon | mM3/m R? EkMMOJ;"/r) n R2 MMOITh bivy e/ R?
b/T MOJIb (m /f}ﬁM /r /MMOIb | MMOIIb
0J1b)
Zn-F | 118 | 0117 | 0.71 0.190 212 | 0.90 0.72 0.008 0.346 | 0.87
Co-F | 0.31 | 0.019 | 0.23 0.008 092 | 0.89 0.15 0.011 0.409 | 0.82

Ta6mmma 4. CopOunoHHass eMKOCTh COPOSHTOB B 3aBUCHMOCTH OT BETMYMHBI pH paBHOBECHBIX

pactBopoB 0.01 H CuSO,

Table 4. Sorption capacity of sorbents depending on the pH value of 0.01 N CuSO4 equilibrium

solutions
pH
OO0pas3ibl . P g, Mr/t
1.99 3.98 27.5¢1.1
Zn-F 3.07 4.39 49.9+1.3
4,53 5.60 40.2+1.2
2.00 2.37 1.9+0.2
Co-F 3.00 3.97 13.2+0.6
4.56 6.10 18.4+0.6

CBUJICTEILCTBYIOT BBICOKHE KOI(PPHUITCHTHI
JIeTepMUHAIUY. [Tpumensist MOJIeTTh
®peitHaInXa, MOKHO CHENIATh 3aKJIIOUYCHHE
0 TeTepOreHHOM, SHEPreTHYECKH HEOIHO-
POIHOM XapakTepe MOBEPXHOCTH HCCIIEIO0-
BaHHBIX 00pa3noB (eppuToB. 3HAYCHUS
KOHCTAHTHI n>1 yKa3bIBalOT Ha OJ1arompusT-
HBIE YCJIOBHsI COpOIIMM B ciiydae oOpasia
deppuTa MUHKA ¥ IPOTHBOIIOIOXKHBIC B CITy-
yae ¢eppura KobambTa. BenuumnHa KOH-
cranTbl Opeitnmxa, Kr, Takke CBUIETENb-
CTByeT o OonblneM cpojacTBe depputa
[IMHKa K copOary 1Mo CpaBHEHHIO ¢ (deppH-
TOM KOOanbTa.

3HaueHUs] KOHCTAHTHI COPOIIMOHHOTO
paBHOBecust Ks mpu ¢opMupoBaHMHM MOHO-
CJI0s Ha MOBEepXHOCTH oOpa3ua pepputa Co-
F nHeckompko BhITIE, yeM s oOpasma Zn-F,
YTO MOXET yKa3bIBaTh Ha 00Jiee BBICOKYIO
DHEPTUI0 COPOIMOHHOTO B3aWMOJICHCTBUS
MOHOCJIOsI copOaTa C aKTUBHBIMH IIEHTPaMHU
MOBEPXHOCTH (eppuTa KoOanbTa B CpaBHE-
Huu ¢ pepputom nuHkKa. [IpoBens HopMupo-
BaHWE 3HAYCHUS COPOIMOHHON €MKOCTH MO-
HOCJO051, Om, MMOJIB/T, OTIPEJIEIIEHHOE U3 U30-

tepmbl BOT, Ha BenuU4MHY yACIBHOU IIO-
BEPXHOCTH cOpOEHTa, Syx, M2T, MOJIyYUM Be-
NMYUHY (s, MMOJIB/M2, PaBHYIO JUI 00pa3-
o Zn-F u Co-F coorBercTtBenno 0.027 u
0.009 Mmomb/M%. TpexkpaTHOE TIpeBbIIIe-
HUe (s A7 QeppuTa HUHKA OTHOCHUTEIHHO
dbepputa K0OaNbTa MO3BOJISIET CHAENATH 3a-
KIIFOYEHHE O HEOIMHAKOBOW MJIIOTHOCTH pac-
TpeaeNieHus] aJiCOPOIMOHHBIX LEHTPOB Ha
MIOBEPXHOCTH HCCIIEAYEeMbIX 00pa3IoB, YTO
MOXET OOBSCHUTH OTJIMYHUE UX COPOIMOH-
HOU crocobHocTH. HecmoTpst Ha Onnskue
3HAYEHHs HOHHBIX PaJyCOB KaTHOHOB Zn2*
1 Co?*, ux pacnpesienieHne B CTPyKType KpH-
CTAJUTMYECKOM pemieTku (Qeppura IHHKA
(HopManbHas UINMHMHENb) W Qeppura Ko-
OanmbTa (OOpalieHHas IIMUHENIb) OTJIHYa-
€TCsl, UTO MPUBOJUT K PA3IMIUIO KaK KOJIH-
4YecTBa, TaK M Xapakrepa (Cujia WU THII)
COpPOIMOHHBIX IICHTPOB HMX TOBEPXHOCTH.
[TonoOHoOe moBeneHue COpOEHTOB OTMeua-
ercst B pabotax [39-41] npu uccnenoBaHuu
COpOIMH TSDKENBIX METAJIJIOB HaHOYACTH-
1aMu (heppUTOB METAIIOB M KOMITO3HUTAMHU
Ha UX OCHOBE.

703



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 695-710.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 695-710.

q, mrir
40

35

30

1 2 3 4 5 6 7

BZnF ®©&Zn-FR ®CoF ®Co-FR

a

Homep uukna

q, mrir R, %
80 r 70
L
60
50

40

30

20

0,1 02 03 04 05 06 07
o—Zn-F ——Co-F -©-ZnF -o-Cof m, 1

0

Puc. 4. CopOrimoHHast eMKOCTh eppHuTa IIMHKA U hepprTa KOOAIbTa B 3aBUCUMOCTH OT: @ -
KOJIMYECTBA IIUKIIOB copOLuu 0e3 U B ycioBusix pereHepauu (R),
6 — COpOLIMOHHAS EMKOCTh COPOCHTOB M CTETICHb OUMCTKHU BOJIBI B 3aBHCUMOCTH OT MacChl
cop6enra (Ce(CuS04)=0.01 monb-3k8/am>; Bpems copoumu — 20 Mun (Co-F), 40 mun (Zn-F)
Fig. 4. Sorption capacity of zinc ferrite and cobalt ferrite depending on: a — quantity sorption
cycles without and under regeneration conditions (R), b — the sorption capacity of sorbents and
the degree of water purification depending on the mass of the sorbent
(Ce(CuS04)=0.01 mol-eqg/dm?; sorption time — 20 min (Co-F), 40 min (Zn-F)

HccnenoBanue BnussHus pH paBHOBec-
HBIX PACTBOPOB Ha BEJIMYHHY COPOIIMOHHON
eMKOCTH copOeHTOB (Tabnuma 4) oOHapy-
KHUJIO  CHW)KCHHE  COpPOIMM  HMOHOB
Cu*(eppuToM KOOaIbTa HPU 3HAYCHHAX
pH Hmxe ucxomHoro, Toraa Kak it ¢ep-
pUTa IMHKAa OOHApYXEeH MaKCUMyM copO-
nuu npu pH=3. D10 yka3bIBaeT, ¢ OJHOU
CTOPOHBI, Ha OYEBHUJIHYIO KOHKYPEHIIHIO
noHoB H* 3a copOIMOHHEIE LIEHTPEI COPOEH-
TOB B CWJIbHO KHMCJION Cpefle, B pe3yJbTare
Yero OTPHUIATEIbHBIN 3apsi MOBEPXHOCTH
COpPOEHTOB CHMIKACTCS U TMOSBIISETCS MOJIO-
JKUTEJIBHBIN 3apsij, NPEIATCTBYOINAN 1ajb-
Heifmeii copouuu Cu?",

[lepe3apsaaka mnoBepxHOCTU (HEPPUTOB
npu u3MeHeHuu pH moaTBepikieHa 3Hade-
HUSIMU J13eTa-noTeHnnana. B [2, 14, 42] no-
Ka3aHO, YTO BOJHbIE JHUCIEepPCHU (eppHuTa
KoOajgbTa HMMEIOT IOJIOKUTEIBHBIN J3eTa-
NOTEHIMAN, a PeppUTHI IIUHKA, MEIU U Map-
raHia —OTpULATENbHbIN. Todka HyJIEBOTrO
3apsaa (TH3) st peppurta kobaabTa 10CcTH-
raetrcst mpu pH=6.5 [43], cnenoBarensHO, B
paBHOBecHOM pactBope CuSOs ¢ pH=4.5
noBepxHocTh dacTui CO-F momoxxutensHO
3apspKeHa, 4TO MPENsSTCTBYET copOLMu Ka-
THOHOB W TIOATBEPKIACTCS HSKCIEPUMEH-
TalbHBIMU pe3yipTaTamu. C Opyroi cro-
POHBI, HAIMYHE MaKCHMyMa COpOIMU TIpH

pH=3 nns peppura uHKa CBUIETEIHCTBYET
0 TOM, YTO OTPHIIATEIBHBINA 3apsi/l MOBEPX-
HOCTU COXPaHSETCS U CHOCOOCTBYET copO-
MM KaTHOHOB, Torna kak mpu pH<3 mo-
BEPXHOCTh copOeHTa Tmepe3apsKaeTcs Hu
copOIIMs KAaTHOHOB I1aJ1aeT.

JUisl OLIEHKU TEXHOJIOTHYECKUX XapaKTe-
PUCTHK COpOEHTOB Ha OCHOBE (eppuTOB
ObUIN OTpeJieNIeHbl COPOLIMOHHAS €eMKOCTh U
CTETIEHb OYMCTKH BOJIBI ITPH HCIIOJIb30BAHUN
COpOEHTOB B HECKOJIbKMX MOBTOPHBIX IIMK-
Jax copOuuu 6e3 IpOoBEICHUs pereHepaluu
cOpOEHTOB, a TaKKe Mocje UX pereHepanun
0.1 M HCI (puc. 4a).

Kak cnenyer u3 puc. 4a, copOLMOHHAs
€MKOCTb COpOEHTOB MpHU MOBTOPHOU COPO-
iy (6e3 pereHepalyn) MoCTeNeHHO CHIKa-
€TCs, OJTHAKO COXPAHSETCS JOCTATOYHO BBI-
COKOH B T€UEHHE MATU-ILIECTU IIUKIIOB COpO-
Uy s peppuTa IUHKAa U TpeX-4eThIpex
LUKJIOB JUIst deppuTa kobanbTa. Perenepa-
U COpOEHTOB PAcTBOPOM COJISIHOM KHC-
JOTHI CHMKAET eMKOCTh COpOeHTOB B 1.5-2
pasa o OTHOIIEHUIO K UCXOTHOM BEJIMYMHE.
[loBropHas pereHepauuss OTpabOTaHHOTO
copOeHTa Ha OCHOBE (peppUTa IMHKA MOCIIE
KaX/10T0 COpPOLMOHHOTO IMKJIa BO30OHOB-
JSIET ¥ COXPaHSIEeT eMKOCTh COPOCHTA MTOCTO-
SHHOM, YTO MOJKET YKa3bIBaThb Ha J0OCTa-
TOYHO XOPOUIYIO0 CTaOMIBHOCTh MaTepuaia
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Puc. 5. MarautHas cenapaiiis copOSHTOB Ha OCHOBE (heppuTa IMHKA (a, 0) U Geppura Ko-
6anbTa (B, T) U3 Boaubx gucrepcnit 0,01 # CuSO4 ¢ momornpsio Nd-maraurta
Fig. 5. Magnetic separation of sorbents based on zinc ferrite (a, b) and cobalt ferrite (c, d)
from aqueous dispersions of 0.01 N CuSO, using an Nd magnet

B YCJIOBUSIX COPOLIMOHHOTO PKCHEPHUMEHTA.
B cimydae ¢deppura kobambTa COpOIMOHHAS
€MKOCTh COpOEHTa TMOCJeI0BaTeNIbHO Ia-
naet Ha 30-40 % mpu npoBeeHUU MOBTOP-
HOM copOIMK U TMOBTOPHOM pereHepaluu,
YTO CBUJETEIBCTBYET O JC3aKTHBALUU IIO-
BEPXHOCTH COpOEHTA.

CpaBHEHHE 3HAYCHHUU CTENEHH OYHCTKU
BO/IbI, R, %, OT noHOB Menu (puc. 40) moxa-
3bIBaeT, 4T0 Oosiee A((PEeKTUBHBIM COpPOEH-
TOM sBIIsIeTCS peppuT 1mHKa. [Ipu yBenmue-
HUU Macchbl BBOJIMMOTO COpO€HTa, T.€. MpHU
MOBBIIICHUH COOTHOIIEHHUSI COpOeHT/pac-
TBOp, CTETIEHb OYMCTKH BOZBI CYIIECTBEHHO
noBsiaercs, oT 34 go 60% s obpasna
¢deppura muHKa. OHAKO, B CITy4ae UCTIONb-
30BaHuA  (Qeppura KoOanbTa  CTENEHb
OYHUCTKH BOJIbI TOBHIIIAETCS HE3HAUNUTEIIEHO
U He o0ecnieunBaet 3(h(heKTUBHOTO U3BJIEYE-
HUS NOHOB ME/JIH.

Ha puc. 5 npeacraBneHsl pe3yabTaThl Ka-
YECTBEHHOM OIIEHKM MAarHUTHBIX CBOMCTB
COpOEHTOB TpU JEHCTBMM HEOAMMOBOTO
MarHuTa Ha BOJHBIC AMCIEPCUU (eppura
IIUHKA U (eppuTa KodanbTa.

Kaxk cnenyer u3 Puc.5, ngeiictBue Maruur-
HOTO TOJII HEOJAMMOBOI'O MarHura obecre-
YUBAaeT TOJHYIO MarHUTHYIO Celaparuio
depputa KoOabTa W3 BOJHOW AUCIIEPCUU
PaBHOBECHOT'O PAacTBOpa W OUYHINECHHE KHI-
Ko# (ha3bl, Toraa Kak heppuT IUHKA CeTmapu-
pyercsa nuib yactuvHo (Puc. Sa, 6). ®eppur

KoOaJibTa SIBNISIETCS MAarHUTOTBEP/IbIM MaTe-
puasoM, JUIsl KOTOPOro KO3pLETUBHAs CHJIa
paBHa 5.3 kD, a HAMarHUYEHHOCTh HAChIIIIe-
HUs okosio 80 emu/g mpu HaNPsHKEHHOCTH
nons 15 kO [15]. ®@epput unHka siBiasercs
MarHUTOMSITKUM MaTepHaioM, HAMarHU4eH-
HOCTb €T'0 HACBIIIEHUS CYIIECTBEHHO HUXKE
(2,5 A-m%/kr, KodpruTuBHag cuia 15 k3 [4],
13.32 A-M?/KT IpH HaNpsKEHHOCTH TI011s 40
KD [44]), yTO HEe MO3BOJSET OBICTPO U -
(DEeKTUBHO OTIENATH COPOEHT OT pacTBOpa
NEICTBMEM BHEIIHET0 MarHUTHOTO MOJIS.
Tem He MeHee, KaXAbli U3 UCCIIEJOBAHHBIX
00pas3noB (heppuUTOB METAIIOB MOXKET OBITH
WCIIOJIB30BaH JUIsl CO3/IaHUS KOMITO3UTHBIX
COpOEHTOB, CLIOCOOHBIX MPOSIBJIATH B IIUPO-
KOM JIMana3oHe MAarHUTHYIO BOCIPHUHMYH-
BOCTb M COPOLIMOHHOE CPOJICTBO.

3akiaouyeHue

Hanonucnepcusie mopomku pepputa Ko-
OanmbTa U (eppuTa NUHKA, CHHTE3UPOBAH-
HBIE METOJIOM IIMTPATHOTO TOPEHHSs, OOHa-
PYXUJIM pazUuYHOE COPOLIMOHHOE TMOBEE-
HHC B OTHOIIICHUU HOHOB M€ B BOIHBIX
pacTBopax, 4To OOYCIOBIEHO pa3ildveM B
MOP(OJIOTHH YaCTHUIl COPOSCHTOB M Xapak-
TEpPe AaKTHUBHBIX I[EHTPOB MOBEPXHOCTH.
CopbOumonHoe paBHOBecHwe i deppura
[IMHKA YCTAHABIMBAETCS MEIJICHHEe, 4YeM
11 peppuTa K0OaIbTa, 4TO aIeKBATHO OTH-
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ChIBa€TCA MOJEIBI0 IICEBI0-BTOPOrO IO-
psAKa U NOATBEPXKJIAETCSl HU3KUMU 3Haue-
HUSIMHA KOHCTaHThI cKopocTH K. CopOIHroH-
Hasi eMKOCTh (heppHTa LIMHKA B /]BA pa3a Mpe-
BBIIIIAET €MKOCTh (peppuTa KOOasbTa, 4TO
00yCIIOBIICHO, Kak OoJiee BBICOKOW YHAEIb-
HOM MOBEPXHOCTHIO, TaK U OOJbIIEH IUIOT-
HOCTbHIO aKTHBHBIX LIEHTPOB Ha €UHULIE 10~
BepxHOCTH (eppura umHKa. Mojenb aj-
copobuun Opeitnamuxa u momenb bOT
HAWJIy4IIUM 00pa3oM OMUCHIBAIOT SKCIIEPU-
MEHTaJbHBIE M30TepMBbl ancopOuuu. ['ere-
pOTreHHas MOBEPXHOCTh COPOEHTOB obecrie-
YUBAET OJIATONPUATHBIC YCIOBHS COPOIHH
MOHOB MEJIH B cllyuae (peppuTa MHKA U He-
OnmarompusiTHBIE B ciiydae (epputa Ko-
Oanbra. B o6mactu cpeiHuX ¥ BBICOKUX KOH-
LEHTpaIuii pacTBOPOB COPOCHTHI CKIIOHHBI
K TOJUMOJICKYJSIPHOH COpOLMH HMOHOB
meau. [Ipu canxenun pH<3 copOuust HOHOB
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A comparison of published in 2018-2024 general-purpose models
for predicting gas chromatographic retention indices

Anastasia Yu. Sholokhova™, Dmitriy D. Matyushin
A.N. Frumkin Institute of Physical Chemistry and Electrochemistry of Russian Academy of Sciences, Moscow,
Russian Federation, shonastya@yandex.ru™

Abstract. Retention indices are widely used in gas chromatography and chromatography-mass spectrometry
as an additional factor in tentative identification (along with the mass spectrum). Reference data on retention
indices are available only for a limited number of molecules; in other cases, retention indices predicted by
mathematical models can be used. Models for predicting retention indices developed prior to 2018 mostly have
either very low accuracy or a very narrow domain of applicability. However, in recent years, starting from
2018, the situation has begun to change: the use of deep neural networks and large training sets (mainly differ-
ent versions of the NIST database) made it possible to build both accurate and general-purpose models for
predicting gas chromatographic retention indices, with the accuracy increasing over time. In recent years, at
least 7 deep learning-based models for predicting gas chromatographic retention indices have been released in
the public domain. The authors always declare that their model is more accurate than previous models, how-
ever, in all cases, there are no independent measurements of accuracy. This work aimed to objectively and
critically compare retention index prediction models and corresponding software using the same retention data
set that was guaranteed not to intersect with the training sets used by the authors of the models. Seven models
and corresponding software were considered, including MetExpert (2018), DeepRel (2021), SVEKLA (2021),
and AIRI (2024). It was shown that for the non-polar stationary phase (ZB-5MS), the accuracy of the newest
models gradually approaches the accuracy of the reference libraries and is quite high. The newer models are
indeed more accurate than the older ones. At the same time, for the polar stationary phase (SH-Stabilwax), the
accuracy (independent data set) is very low and significantly lower than that stated in the original papers de-
voted to the predictive models. For users with limited experience, the process of compiling and running soft-
ware can be challenging, particularly when attempting to do so several years after publication. This is often
due to incompatibility issues between model files and newer versions of the frameworks. It is not uncommon
for software authors to discontinue any support of the software after an article has been published in a journal.
Keywords: gas chromatography, retention index, neural networks, machine learning
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CpaBHeHue ony01MKOBaHHBIX B 2018-2024 rr. yHuBepcaJbHBIX MoJeJIeil
JJIS1 IPEICKA3aHUS ra30XpoMaTorpadgpuuecKkux HHAEKCOB yIep:KUBAHUS
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AHHOTanmsl. MIHIEKCH yiepKUBaHUS IIHMPOKO MCIIONIB3YIOTCS B ra30BOH XpoMaTorpaduu U XpoMaTo-macc-
CIIEKTPOMETPUH B KauecTBE JIONOJIHUTEIBHOTO (hakTopa MpH NpeBapUTEIbHON HIeHTH(GHKAIMK (Hapsiay ¢
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Macc-criekTpoM). CripaBouHble JaHHBbIE 00 MHAEKCAX YAEP>KMBAHUS IAOCTYIHBI JIMIIb U OIPaHUYCHHOTO
YHCIIa MOJIEKYJI, B OCTAIbHBIX CIydasX MOXKHO HCIIOJIb30BaTh MPEICKa3aHHBIE C IIOMOIIBI0 MaTEMATHIECKHX
MoJieTiel MHAEKCH! yAepKuBaHUs. Mozenn Ui npencKa3aHnsl HHAEKCOB yAEep)KUBaHUs, pa3paboTaHHBIE /10
2018 roma, B OCHOBHOM MIMEIOT WJIM OY€Hb HU3KYIO TOYHOCTH, FJIH OYCHb Y3KyI0 cepy nmpuMeHuMocTH. Ox-
HaKoO B MOCJeTHIEe Toabl, HaunHas ¢ 2018 roma, cutyarus Hadajia MEHATHCS: TPUMEHEHHE TITyOOKHX HEHpOH-
HBIX ceTed u OompImmx o0ydaromux HabopoB (B OCHOBHOM pasHbie Bepcuu 0a3bl qanHBIX NIST) mo3Bommto
MOCTPOUTH OJHOBPEMEHHO TOYHBIE M YHUBEPCATIBHBIC MOJEIH [UIS MPEACKA3aHNs [a30XpoMaTorpapuIecKux
MHJICKCOB YAEP>KMUBAaHUs, NPUYEM TOYHOCTH MOBBIIIAETCS C TEYEHHEM BPEMEHH. 3a MOCJIEIHHE TOJbI OBLIO
OITy0JIMKOBAHO B OTKPBITOM JIOCTYIE KaKk MHHUMYM 7 MOJiesiel, OCHOBAaHHBIX Ha IIyOOKOM OOy4YeHWH, s
NpeJ/IcKa3aHusl ra3oxpomMarorpaguyeckux HHICKCOB ylepKuBaHus. Bo Bcex ciydasx aBTOpBI ACKIApUPYIOT,
YTO TOYHOCTh MX MOJENH BBIIIE, YeM TOYHOCTh MPEIBLAYIINX MOJENEH, 0JJHAKO KaKHue-Inbo He3aBHCUMBIC
M3MEPEHUs] TOYHOCTH BO BCEX CIIydasiX OTCYTCTBYIOT. Llesibio nanHO# paboThl ObII0 0OBEKTUBHOE KPUTHYE-
CKOE€ CpPaBHEHHE MOAENEH IJIsl IpEeACKa3aHns WHIEKCOB yIEPKUBAaHNUA U COOTBETCTBYIOLIETO MPOTPAMMHOTO
obecrieueHns C NCHOIBb30BAHUEM OTHOTO M TOTO )K€ HabOpa JaHHBIX 00 yAEpKMBAaHHHM, 3aBEIOMO HE Iepece-
KaloIerocs ¢ 00ydJaromuMy HabopaMu, NCTIONB30BaHHBIMU aBTOpaMu Mozenei. beuio paccmoTpeno 7 Moze-
Jell ¥ COOTBETCTBYIOIIMX KOMIBIOTEPHBIX Mporpamm, B ToMm uucie monenu MetExpert (2018), DeepRel
(2021), SVEKLA (2021), AIRI (2024). TToka3aHo, 4TO Jyisl HENOISAPHOH HEMOABIKHO# (ha3sl (ZB-5MS) Tou-
HOCTh HOBEHIIMX MOJIENICH MOCTENEHHO MPUOIMKAETCS K TOYHOCTH PEPEpPEHCHBIX OMOIMOTEK M SBISIETCS
4Ype3BBIYAIHO BBICOKOI. bosiee HOBbIE MOJIENH IEHCTBUTENIBHO SABISIOTCS 00JIee TOYHBIMU, YeM OoJiee CTaphle.
B 10 e Bpems s mossspHO# HemoaBmkHOH (assr (SH-Stabilwax) Tounocts (He3aBHCHMBIiT HAGOD TAHHBIX)
OYCHb HU3Kad U 3HAYUTCIBHO HHKEC, UCM 3as4BJICHO B OPUTIMHAJIBHBIX CTATbIAX, MOCBALMICHHBIX MOACIAM IJIA
MpeacKazaHusd MHACKCOB YACPKHMBAHUA. OT[[eHbHOﬁ HpO6J’IeMOI>i JJIA HCOIIBITHOTI'O ITOJIB30BATCIIA ABJISCTCS
KOMITWJISILIMSL ¥ 3aITyCK ITPOTPAMMHOT0 0OeCTIeYeH s CITyCTsI HECKOJIBKO JIET Toclie My OIuKauy U3-3a HECOB-
MeCTUMOCTH (hailyIoB Moiesieil C HOBBIMU BEPCUSIMH (DPEHMBOPKOB; aBTOPBI OOBIYHO HE MOAJIEPKUBAIOT HUKA-
KM 00pa3oM IporpaMMHOE oOecIieueH e Tocie My OIMKannuy CTaThH B )KypHAJIE.

KaroueBble ciioBa: ra3oBas XxpoMmarorpadus, HHACKC yICp>KUBaHUs, HEHPOHHBIC CETH, MAIlIMHHOE 00yUYEHHE.
BuaropapHocTu: naHHas paboTa BEINOJIHEHA PH IOAAEpKKe MUHICTEPCTBA HAYKH M BBICILIETO 0OPa30BaHUS
Poccutiickoit ®eneparnun B paMkax rocOromxeTHoi Tembl Ne 124041900012-4.

Jns mutupoBanus: Sholokhova A.Yu., Matyushin D.D. A comparison of published in 2018-2024 general-
purpose models for predicting gas chromatographic retention indices // Cop6yuonnsie u xpomamoepagpuuecxue
npoyeccoi. 2024. T. 24, Ne 5. C. 711-722. https://doi.org/10.17308/sorpchrom.2024.24/12510

accurate, general-purpose (suitable for a
wide variety of chemical compounds) mod-
els for predicting RI based on the structure
of a molecule [2, 5-14], as well as the prac-
tical application of such models in the anal-
ysis of complex mixtures [15-16], in partic-
ular for the analysis of environmental ob-
jects [15] and in metabolomics [6]. In the
majority of cases, such works use neural net-
works [2, 5-11] to predict RI. In 2019, our

Introduction

Retention indices (RI) based on n-al-
kanes, i.e., relative retention times, can be
used in gas chromatography (GC) as an ad-
ditional factor that increases the reliability of
mass spectrometric (MS) identification [1-
2]. Since a reference value for the RI is not
available in databases for most of the availa-
ble chemical compounds, the prediction of

the RI based on the structure of the molecule
is of great importance. Early studies [3] on
RI prediction often considered very small
data sets; all compounds, for which the
model was built, belonging to one narrow
class, and such models were difficult to use
in practice. The first publicly published and
truly versatile model appeared back in 2007
[4], but the prediction accuracy was very low
and such RI were difficult to use for identi-
fication in practice [1].

Since 2018, there have been numerous
publications devoted to the development of

team was the first in the world to use deep
learning to predict RI [2]. Since then, deep
learning has become the main method for ac-
curate and versatile prediction of gas chro-
matographic RI.

A variety of neural networks are used for
RI prediction using deep learning: deep one-
dimensional convolutional neural networks
(1D CNN) using a string representation of
the molecule structure (so-called SMILES
strings [17]) as input [2, 9, 10], deep two-di-
mensional convolutional neural networks
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(2D CNN) of various types [9, 11], multi-
layer perceptrons (MLP) using molecular
descriptors (MD) or molecular fingerprints
(MF) as features [6, 9, 10, 13], graph neural
networks (GNN) processing the molecular
graph directly [5, 7, 8]. MF and MD are nu-
merical features characterizing the structure
of the molecule. An overview of MD is
given in many previous works [9, 18]. In ad-
dition to neural networks, other techniques
such as gradient boosting (GB) [9, 12] and
support vector regression [10, 13, 14] can
also be used.

Unfortunately, the authors of many such
works do not publish ready-to-use software
and trained parameters of the models in the
public domain [7, 12-14]. It is impossible to
apply such models in practice otherwise than
by reproducing the entire procedure for con-
structing the model as it was done by the au-
thors. In 2018-2024, 7 works were published
[2, 5, 6, 8-11] devoted to accurate and uni-
versal prediction of RI using models trained
on large and diverse data sets, in which the
resulting models and software are published
in the public domain [2, 5, 6, 9-11] or avail-
able online [8]. The majority of these articles
focus on standard and semi-standard non-po-
lar phases (polydimethylsiloxane, 5%-phe-
nyl-polydimethylsiloxane), only two of
them [8, 10] also contain models for predict-
ing RI for standard polar stationary phases
(polyethylene glycol).

In most cases, the authors of studies de-
voted to the development of new models for
predicting RI using machine learning pro-
vide a comparison of their model with previ-
ous ones in their publications. However, the
comparison is performed using different data
sets, and it is often difficult to be sure of the
correctness of such a comparison. The pub-
lished software in most cases [2, 6, 9, 11] is
not updated and not supported after the pub-
lication of the corresponding article, and a
compilation years after the initial publication
may be difficult due to outdated versions of
the frameworks and libraries used. There are
often no works independent of the authors of
the original model that use and critically

evaluate the accuracy. In other cases [5, 8],
on the contrary, the current version of the
corresponding software may differ from that
described in the journal publication.

The aim of the present study was to eval-
uate the accuracy and usability of a current
range of general-purpose models (and corre-
sponding software) for predicting gas chro-
matographic RI using the same independent
data set. For this purpose, we used a recently
published data set [19] of the RI of various
organic compounds for ZB-5MS and SH-
Stabilwax stationary phases.

Methods

Data set and accuracy evaluation. The
data set for the ZB-5MS stationary phase
was taken from the corresponding repository
[19]. The data set was divided into two sub-
sets. The first subset contained molecules for
which RI data for standard or semi-standard
stationary phases were available in the NIST
20 database. The second subset consisted of
molecules for which RI data for standard or
semi-standard stationary phases were absent
in the NIST 20 database. The first subset was
used to assess the accuracy of the Rl values
reported in the NIST 20 database. The sec-
ond subset was used to evaluate the predic-
tion accuracy of machine learning models.
Since 5 of the 7 machine learning models
considered were trained using the NIST da-
tabase of different legacy versions (from
NIST 08 to NIST 20), it was thus ensured for
these models that the molecules used to as-
sess the accuracy of the models were not part
of the training data sets used to train these
models.

The SH-Stabilwax stationary phase data
set was divided similarly. In this case, the
criterion for assigning a molecule to one of
the subsets was the presence of data for this
molecule in the NIST 20 database for stand-
ard polar stationary phases. The SMILES
strings, which encode the structure of the
molecule, were used without alteration as
they were provided in the repository [19].
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Table 1. Publicly available accurate and general-purpose retention index prediction models
Ta6mdua 1. O6HI€ILOCTyHHBIC TOYHBIC U YHUBECPCAJIbHLIC MOJAC/IN I NPCACKa3aHud MHACKCOB

JICPKUBAHUS
. . NIST o
Designation| Year . Model description Reference
version
MetExpert | 2018 - Two-layer perceptron, uses MD as input features [6]
JCA19 | 2019 | NIST 08 Deep 1D CNN using SMILES strings as input (2]
Four models that form the ensemble: 1D and 2D
Access 2020 | NIST 17 | CNN, deep MLP, GB; SMILES strings, 2D mole- [9]
cule sketches, MD, and MF are used as inputs
DeepRel | 2021 | NIST 14 Deep 2D CNN using SMILES strings as input [11]
Two models that form the ensemble: 1D CNN and
SVEKLA | 2021 | NIST 17 | deep MLP; SMILES strings, MD, and MF are used [10]
as inputs
GCMS-ID | 2023 | NIST 20 Deep attention-based GNN [8]
AIRI 2004 | NIST 23 Eight attention-based GNN (graph transformers) (5]
that form the ensemble

The parameters of the chromatographic
modes, the description of the experiment,
and the structural formulas of the molecules
are given in the repository [19].

When determining whether a molecule is
present in the NIST 20 database, stereoiso-
mers were considered to be the same com-
pound. The accuracy measures were root
mean square error (RMSE), mean absolute
error (MAE), median absolute error
(MdAE), mean percentage error (MPE), me-
dian percentage error (MdPE), and coeffi-
cient of determination (R?).

Models and software considered. The
considered machine learning models and the
designations are presented in table 1. For the
MetExpert model [6] (version v1), the ar-
chive was downloaded from the correspond-
ing repository [20]. The ANN folder con-
tains the neural network weights and all
other data necessary for reproducing the
model. The equations, by which the calcula-
tion should be performed, are contained in
the MetExpert_Pipeline.xlsb file (in the
source code of the script). We calculated the
MD using the command contained in the
MetExpert_Pipeline.xlIsb file, and we imple-
mented further calculations ourselves using

the neural network parameters given in the
ANN folder.

The source code for the JCA19 model
was taken from the Supplementary Material
of the corresponding article [2]; for the Ac-
cess model [9], the source code was taken
from the repository [21]. The source code
was compiled and executed in accordance
with the instructions provided with the
source code. The Java Development Kit
(version 11.0.23) and Maven (version 3.6.3)
were used. The SVEKLA [10] software (ver-
sion 0.0.2-alphal) was downloaded from the
repository [22] (ready-to-use binaries). The
graphical user interface (GUI) was not used,
but command line options were used to eval-
uate the accuracy. The corresponding com-
mand line options are described in the infor-
mation.pdf file in the repository [23]. For the
Access and SVEKLA models [10], a value
of 16 was used as the value of the stationary
phase type for both polar and non-polar sta-
tionary phases. Detailed information on the
stationary phase codes can be found in the
Supplementary Materials to the correspond-
ing articles [9, 10].

The GCMS-ID [8] model is available on
the website [24], but the website address has
changed over the last year and there is no
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Table 2. Comparison of retention index prediction models and corresponding software
Tabmuma 2. CpaBHeHHe MoOJIeJIel I NMpeJcKa3aHusl UHACKCOB YAEpKUBAHUA U COOTBETCTBYIO-

I1ee MporpaMMHOe oOecTieueHne

MetExpert | JCA19 | Access | DeepRel |[SVEKLA | GCMS-ID | AIRI
Gra}phwal user Yes No No Yes Yes Yes No
interface
Source code and
rnqdel are publicly Yes Yes Yes Yes Yes No Yes
available for down-
load
Batch prediction | Possible* | Yes Yes Yes Yes No Yes
leﬁqulty of instal- Unclear* |Medium|Medium| Hard Easy Easy |[Medium
lation and use
Ready-to-use bina-
ries or website Unclear* No No No Yes Yes No
available
Polar stationary No No No No Yes Yes No
phases support
Non-standard sta-
tionary phases sup- No No No No Yes No No
port
Persistent versions Yes Yes Yes No Yes No In part
Accuracy** Low Low |[Medium| Low | Medium High Highest

* — The MetExpert package contains a GUI (based on Microsoft Excel), ready-to-use binaries are publicly
available. However, we were unable to run them and achieve retention index prediction. The predictive
model can be very easily reimplemented independently, the parameters are published in a convenient form.

** _ Quantitative comparison is given below

guarantee that it will continue to be availa-
ble. The stationary phase type was selected
as either "semi-standard non-polar" or
"standard polar". The AIRI model [5] is im-
plemented in the masskit_ai package (ver-
sion 1.2.2, installed together with masskit,
version 1.2.2) [25]. The SMILES strings
were converted to .sdf format using the Open
Babel utility (version 3.1.1), and then the in-
structions from the NIST website [26] were
applied.

The DeepRel model [11] was installed
according to instructions from the corre-
sponding repository (version not specified).
The following software versions were used:
R 4.1.2, TensorFlow 2.0.0, Keras 2.3.1, and
Python 3.7.16. A conda virtual environment
was created with the appropriate versions of
Python and TensorFlow. All web resources

and repositories were accessed in July-Au-
gust 2024. Unfortunately, in the future, the
websites and repositories may be removed,
and the instructions given may no longer
work with newer versions of operating sys-
tems and software. A more detailed discus-
sion of the persistence of predictive models
is provided below. All calculations were per-
formed using the Linux Mint operating sys-
tem (version 21).

Results and discussion

Qualitative comparison of predictive
models and related software. Table 2 pre-
sents a qualitative comparison of the predic-
tive models and the corresponding software.
Each model is accompanied by a computer
program (script). Some of the models
(MetExpert [6], SVEKLA [10], DeepRel
[11], GCMS-ID [8]) are equipped with a
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GUI, while others are run from the command
line. However, only SVEKLA [10] and
GCMS-ID [8] have a built-in molecule edi-
tor; for other models, the user is required to
convert the structures to SMILES strings
[17] prior to use. For all models except
GCMS-ID, the weights (trainable parame-
ters) of the neural networks and the source
codes are available online. Thus, these soft-
ware and models are available for full study
and use in any way.

Not all software is equally easy to run and
use. For example, DeepRel instructions [11]
contain typos, and a user has to manually in-
stall many dependencies (not all of which are
mentioned in the instructions) to run and use
it. But the biggest difficulties for an inexpe-
rienced user are related to the fact that model
files are not compatible with modern ver-
sions of Keras/TensorFlow, and the required
versions of frameworks are not compatible
with modern versions of Python, while
DeepRel [11] itself is written in R, and Py-
thon dependencies are hidden behind R
wrappers. In addition, when something goes
wrong (e.g., the framework cannot load a
model due to a version mismatch), the
DeepRel GUI does not show any error mes-
sages, and RI prediction just does not work.

We were not able to achieve the predic-
tion of RI directly using the MetExpert pack-
age [6, 20] as published. However, the
model can be easily implemented inde-
pendently by a user with minimal program-
ming skills. Of all the software, only
SVEKLA [10, 16, 22] has compiled and
workable binaries that can be downloaded to
a computer and directly run without compiling.

The GCMS-ID model [8], while easy to
use and convenient, has important draw-
backs when used in research. The model is
not available for download, the prediction is
server-side, and the user has no control over
what happens and how well the model used
matches what is described in the original
publication [8]. There is no assurance that
the model will work after a certain amount
of time. Batch processing is not possible,

only prediction of one molecule at a time is
supported.

The persistence of models is an important
issue. If a version of the software and model
is available in an immutable repository (such
as Figshare [21, 23]), the results will be re-
producible even after a significant amount of
time. Content from websites such as Github
[22, 25] or a website owned by model crea-
tors [24, 26] can be removed at any time.
Calculations made with such a model may
not be reproducible at any point in time. In a
situation where authors do not make releases
with unambiguous version numbers, it may
not be clear which version the calculation
was made with. A significant challenge
when attempting to reproduce results from
articles published a considerable time ago is
the obsolescence of dependencies and the
necessity to utilize older versions. Neverthe-
less, at the time of writing this paper, we
have successfully run all 7 models.

Quantitative comparison of accuracy of
predictive models. In this section, we quan-
titatively compare the RI prediction accu-
racy of the 7 models listed in table 1 for the
ZB-5MS stationary phase using the pub-
lished data set [19]. This stationary phase is
a semi-standard stationary phase (5%-phe-
nyl-polymethylsiloxane). For 6 molecules
(3-(2-methoxyethyl)octan-1-ol, 2-hydroxy-
tyrosine, 6-methyl-2-pyridone, 3,6,9,12-
tetraoxotridecanol, 3,6-dimethylphthaloni-
trile, indole-3-carbinole), all models give an
error of more than 100 RI units. At the same
time, the predictions of the models are close
to each other. It is likely that the data set used
contains errors, for example, due to misla-
beling of samples. A simultaneous discrep-
ancy between the predictions of a number of
models and the experimental value may in-
dicate an error in the data set [27].

However, we have no certainty that it is
exactly an error in the data. An interesting
example of how many models can go wrong
simultaneously is 4-hydroxy-2-methoxyben-
zaldehyde. For this molecule, all but the two
most recent and most accurate models (AIRI
[5] and GCMS-ID [8]) give predictions that
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Table 3. Accuracy of published general-purpose models for predicting retention indices based on
the structure of a molecule (semi-standard non-polar stationary phase)
Ta6mx1ua 3. Tounocts 0Hy6J'II/IKOBaHHHX YHUBEPCAJIBHBIX MOI[CJ'IGIZ AJId IpeACKa3aHusa NHACKCOB

JACPKUBAHHUS Ha OCHOBE CTPYKTYPBI MOJICKYJIbI

Designation RMSE | MAE | MdAE | MPE, % | MdPE, % | R?
MetExpert 2425 | 1786 | 1316 | 1424 | 1014 | 0425
JCAL9 1015 | 768 | 57.2 | 535 442 | 0941
Access (1D CNN) 643 | 500 | 412 | 3.70 296 | 0.968
Access (2D CNN) 587 | 447 | 323 | 338 248 | 0.965
Access (MLP) 554 | 363 | 211 | 259 164 | 0.970
Access (GB) 902 | 630 | 464 | 446 394 | 0922
Access (Ensemble) 52.2 37.2 28.5 2.71 2.23 0.975
DeepRel 1472 | 737 | 407 | 5.14 346 | 0782
SVEKLA (1D CNN) 700 | 514 | 364 | 3.70 315 | 0.964
SVEKLA (MLP) 506 | 339 | 227 | 241 179 | 0.975
SVEKLA (Ensemble) 548 | 383 | 251 | 273 212 | 0976
GCMS-ID 370 | 251 | 176 | 197 123 | 0.987
AIRI 309 | 170 | 104 | 135 0.72 | 0.991
NIST 20* 564 | 229 | 73 | 197 0.66 | 0.966
NIST Zoréfrzztjgé;: outliers 250 | 140 | 69 | 135 0.61 | 0.993

* - A different subset of experimental retention indices was used.

** _ Discrepancy greater than 150 units.

are 100-200 units lower than the observed
experimental value. The prediction of the
two most accurate models coincides with the
experimentally observed value. We believe
that both an error in the data set and simulta-
neously equally incorrect predictions of a
number of models at once are possible. This
can be caused by an error in the training set,
e.g., an incorrect Rl value for a molecule
close to the one for which the prediction is
performed.

When calculating the accuracy measures,
6 molecules for which all models give an er-
ror of more than 100 R1 units were excluded
from the calculation. The contribution of
these molecules to accuracy measures such
as RMSE and MAE is too large and makes
the comparison less clear. After excluding
these 6 molecules from the data set, the ac-
curacy measures were calculated. The re-
sults are summarized in table 3. In addition,

accuracy measures are provided to compare
our observed RI with the NIST database (us-
ing a different subset of the data).

The accuracy of the AIRI model [5] is im-
pressively high. However, this model was
trained using NIST 23, and some of the mol-
ecules from the set used to assess the accu-
racy may have been present in the training
set. This makes such a comparison not en-
tirely correct. The GCMS-ID model [8] is
also highly accurate. The SVEKLA [10]
model developed at the A.N. Frumkin Insti-
tute of Physical Chemistry and Electrochem-
istry of the Russian Academy of Sciences
(IPCE RAS) ranks third in accuracy (an en-
semble of MLP and 1D CNN). Fig. 1 shows
how the accuracy of RI prediction increased
in 2018-2024. In just 6 years, spectacular ad-
vances have been made in this field through
the application of deep learning. Our team at
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IPCE RAS was the first to apply deep learn-
ing to this task [2].

R 03
L 2T o Y — s
g anada__| RAS':{::;‘S:A)W,
S 150+ 1
L 2 3
=
g 100
< @) @)
% 50
g L
2 00
@]
(s 1 1 I 1 1 1 1

Year
Fig. 1. Accuracy of general-purpose models
for predicting retention indices published in
2018-2024, with an indication of the three
most accurate models

Puc. 1. TouHOCTH yHUBEpPCAIBHBIX MOJIEIEN
JUTSL TIpe/ICKa3aHusl MHACKCOB yIepKUBaHuUs,
ormyonukoBaHHBIX B 2018-2024 1. ¢ ykaza-
HHEM Tpex HanboJjee TOYHBIX

The SVEKLA and Access models are en-
sembles of several models [9, 10]. Table 3
also provides a comparison of the different
models included in the ensemble. Interest-
ingly, for this data set, the 1D CNN gives
much worse accuracy than the MLP, while
for other data (essential oils, metabolites,
and NIST subsets) the accuracy of these
models is comparable [9, 10]. This shows
that the accuracy and the ratio of the accura-
cies of different models strongly depend on
the data used: there is no universally the
most accurate predictive model.

Fig. 2 shows the cumulative distribution
of prediction errors for different molecules.
It is evident that the threshold value of 70
used in the previous work [16] for rejecting
false candidates in tentative GC-MS identi-
fication is too low. Even for relatively accu-
rate models, more than 10% of candidates
will be erroneously rejected. In general, the
cumulative distribution can be used to select
a threshold value of the difference between
predicted and observed RI for rejecting false
candidates in tentative GC-MS identifica-
tion.

The authors of each subsequent work de-
voted to the prediction of RI declare that the

o
0.75}

0.5

0.25F

Fig. 2. Dependence of the fraction f of mole-
cules, for which the absolute error is not
higher than D, on the value of D for different
predictive models: 1 — AIRI; 2 - GCMS-ID;
3 — SVEKLA,; 4 — Access; 5 — DeepRel,

6 — JCA1L9; 7 — MetExpert
Puc. 2. 3aBucumMocTb 1051 MoJiekyi f, st
KOTOPBIX a0COTIOTHAS OMINOKA HE MPEBHI-
maet D, ot Benmnuwabl D 11 pa3znnyaaeix Mo-
nenen

achieved accuracy is higher than in previous
works. Table 3 and fig. 1-2 show that this is
generally true upon independent verifica-
tion. The results are generally reproducible.
Fig. 3 shows the correlations of predicted
and experimental RI values for different pre-
dictive models. It also shows the correlation
between the RI values from the repository
[19] and the RI values from the NIST 20 da-
tabase (another subset of molecules). The
MetExpert model demonstrates relatively
low accuracy when applied to these data
sets. This is due to the fact that it was trained
not on the NIST database, but on a small data
set containing metabolites and essential oils
[6]. For organofluorine compounds, it does
not give satisfactory predictions; in fig. 3,
the group of outliers (mainly organofluorine
compounds) is shown by an ellipse. The ac-
curacy of the model is very dependent on the
presence of compounds close in structure to
the predicted compounds in the training data
set [28]. Fig. 2-3 show all compounds [19],
including 6 molecules for which all models
give an error greater than 100 units.
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Fig. 3. Correlation between observed and predicted retention indices (semi-standard non-polar
stationary phase) for different predictive models; a group of molecules, mainly polyfluoro-substi-
tuted compounds, for which MetExpert gives highly erroneous predictions is highlighted; in the
case of NIST 20 (last subplot), library values are considered instead of predicted values; data for
a different set of molecules are considered

Puc. 3. Koppenauus Mexx1y SKCOEpUMEHTAIbHBIMU U MPEACKA3aHHBIMU HHACKCAMU yIEPIKU-
BaHUsI JUIS1 Pa3NIMYHBIX MOJICTICH; BbIJIeJIeHa TPYIINa MOJIEKYJI, B OCHOBHOM MoJH(TOp3aMeIeH-
HBIX COCMHEHUM, 7151 KOTOpbiXx MetExpert naet Gonpinme 3naueHus omubky; B ciaydae NIST 20
(mocnemuuii rpaduk) BMECTO MpeCKa3aHHBIX 3HAYEHUH pacCMaTPUBAIOTCS ONOIMOTeYHbIE 3HA-
4yeHus (TaHHBIC IS APYTroro Habopa MOJICKYI)
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Fig. 4. Correlation between observed and predicted retention indices (standard polar station-
ary phase) for different predictive models
Puc. 4. KOppCJ‘IHHHfI MCKOY Ha6J'IIO,HaeMBIMI/I " IpEACKa3aHHbIMU MHACKCAMU YACPIKUBAHUA
(CTaHILapTHaSI MoJIsIpHAaA HCIIOABUIKHAS (1)3.3&) AJIA Pa3JIMYHBIX MO,I[GJ'ICﬁ

The accuracy of the AIRI model [5] (dis-
crepancy values between observed and pre-
dicted RI) is comparable to the accuracy of
the NIST 20 RI reference database itself, as
shown in table 3. When comparing the ob-
served RI from the repository [19] with the
NIST 20 database, a perfect match is also not
observed. The NIST database is known to
contain a number of erroneous entries [27].

Prediction accuracy for polar stationary
phases. The RI prediction accuracy for the
polar stationary phase was estimated in a
similar manner. Of the 7 models considered,

only SVEKLA [10] and GCMS-ID [8] have
the ability to predict RI for the polar station-
ary phase (polyethylene glycol). Fig. 4
shows the correlation between the RI pre-
dicted by the two models and the observed
ones. The prediction accuracy is very low,
and the discrepancy is hundreds of units for
many molecules. Unfortunately, for the mol-
ecules considered (the structural formulas of
all molecules are given in the repository
[19]), none of the available models allow for
achieving satisfactory accuracy in predicting
RI for the polar stationary phase.
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Table 4. Accuracy of published general-purpose models for predicting retention indices based on
the structure of a molecule (standard polar stationary phase)
Ta6mx1ua 4. ToYyHOCTB OHy6HI/IKOBaHHI>IX YHUBCEPCAJIbHBIX MOI[CHCP'I AT TIpeACKa3aHusa MHACKCOB

JIep>KMBaHUsI HA OCHOBE CTPYKTYPBI MOJICKYJIbI (CTAaHIAPTHAS NOJSIpHAs HETOABXKHAS (hasza)
Designation RMSE | MAE | MdAE | MPE, % | MdPE, % R?
SVEKLA (1D CNN) 284.3 211.9 | 166.9 9.33 7.40 0.791
SVEKLA (MLP) 240.7 172.0 | 117.7 7.34 5.75 0.864
SVEKLA (Ensemble) 250.6 1854 | 133.7 8.05 5.89 0.847
GCMS-ID 329.5 2355 | 161.6 9.68 7.53 0.708
NIST 20* 102.7 35.9 14.3 1.84 0.75 0.960
NIST 20 (distant** outliers 34.9 22.3 12.0 1.22 0.70 0.995
removed)*

* - A different subset of experimental retention indices was used; ** - Discrepancy greater than 150 units.

At the same time, for those molecules for
which the reference RI value is contained in
the NIST database, there is a satisfactory
agreement between the values from the re-
pository [19] and the values from the NIST
database. It is also evident (fig. 4) that the
predictions of the two models differ greatly
from one another. Thus, namely the low ac-
curacy of RI prediction by published models
for polar stationary phases is observed. The
corresponding values of the accuracy
measures are given in table 4. Such low pre-
diction accuracy compared to that stated in
the publications devoted to the correspond-
ing models is because [28] the molecules, for
which we performed testing, differ signifi-
cantly in structure from most molecules for
which the NIST database contains RI data
for polar stationary phases.

Conclusions

In many areas of science, there is cur-
rently [29-30] a so-called “reproducibility
crisis”: when trying to repeat scientific re-
sults from publications, researchers are
faced with the fact that the results are not re-
producible. In each case, it is difficult to es-
tablish the reason why this happened: it
could be a mistake by the one trying to re-
peat, it could be a mistake in the original
work, or it could be the result of dishonest
actions by the author of the original work. At
the same time, this study shows that the ac-

curacy of models for predicting gas chroma-
tographic retention indices really behaves
exactly as the authors of the relevant papers
claim: each subsequent model is indeed
more accurate than the previous ones. While
the 2018-2021 models had much lower ac-
curacy compared to library retention indices
(the average absolute error is several times
higher), the accuracy of the latest models ap-
proaches the accuracy of experimental refer-
ence retention indices. Most likely, in the
coming years, it will be possible to use the
predicted retention indices as reference ones
in most cases, and the growth of the size of
retention index libraries will be of interest
only from the point of view of the growth of
training sets. At the same time, these opti-
mistic remarks apply only to non-polar sta-
tionary phases. The accuracy of the predic-
tion of retention indices for various chemical
compounds for the polar stationary phase is
very low, significantly lower than that
claimed by the authors of the predictive
models. We believe that the main reason for
this discrepancy is that the training set is not
representative and not diverse enough. How-
ever, it is to be hoped that in the near future,
accurate and free software for predicting re-
tention indices will be available for all sta-
tionary phases. “Raw” predictions of reten-
tion indices using all models considered
have been added to the repository with ex-
perimental data [19].
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HccnenoBanue BO3MOKHOCTH MOTJIONIEHUS U 1eCOPOIIUM HOHOB
MApraHia U ero aAMMHOKHCJIOTHBIX KOMILJIEKCOB AKPUJIOBBIM I'HAPoOresiemM

Anacracus Uropesna IOTkuna™, Ierp Oserosnu Kymes,
Baagumup ®enoposuu CesnemeneB, Bukrop HukonaeBuu CemeHnon
BopoHek)CKHi rocy1apCTBEHHbIN yHUBEPCUTET, Boponexk, Poccus, yutkina_aa@mail.ru®

AHHOTanus. B HacTosIIee BpeMs aKTyallbHOU 3a/1a4ei SBISIETCS MOUCK 3P (CKTUBHBIX METOI0B OPOIICHUS U
o0oraIeHusl MUKPO3JICMEHTAMH CEITbCKOXO03SIMCTBEHHBIX 3eMelb. OHUM U3 TaKUX METOJOB SIBISCTCS HC-
MOJIb30BaHUE CynepabcopOEeHTOB, MMOCKOJILKY OHU COYETAIOT B ce0e CIOCOOHOCTH YAECPKUBATh OOJIBITHE 00b-
€MBbI BOJIHBIX PACTBOPOB M MPOJIOHTHPOBAHO MOTJIOMIATE B IECOPOMPOBaTh ynoopeHus u ouonpemnapatsl. Of-
HUM U3 MHKPO3JIEMEHTOB, JOIIOJHUTEIHHO BHOCUMBIX B TIOYBY [UISI HOPMAJIEHOTO Pa3BUTHS PacTCHUM, sBIIS-
eTcs Maprasen]. B mocrieaane ros1 06110 J0Ka3aHO, 9TO 3(h(peKTHBHOCTE HCTIOIB30BAHUS OPTAaHHICCKUX KOM-
TUIEKCHBIX COSAMHEHUH MUKPOAJIEMEHTOB B Ka4eCTBE YJOOPEHUI HAMHOTO BBIIIE TI0 CPAaBHEHHIO C TIPHMEHE-
HHEM UX HEOPTaHMYECKUX COJICH.

Ienbro maHHOW PabOTHI ABISIIOCH PACCMOTPEHUE MPOIICCCOB MOTIIOMICHUS U JIECOPOIIMU HOHOB MapraHIa u
€ro aMHHOKHCIIOTHBIX KOMIUICKCOB M3 BOIHBIX PACTBOPOB aKpHIOBEIM ruzaporeneM. Metogamu UK criekrpo-
CKOIIMH H CIIEKTPO()OTOMETPUH OBUTH YCTAHOBJICHBI CIIOCOOBI B3aUMOICHCTBHUS HOHOB MapraHIla ¥ ero COe/Iu-
HCHHU C UCCIICAYEMBIM THIPOTENIeM, TIOTYYeHbI KHHETHYCCKIE KPUBBIC COPOIIMU U AECOPOIINH, a TAKKE OBLITH
OTIpEICIICHBI KOJTHMYCCTBEHHBIC MTOKA3aTEIH MOTJIOMICHUS M ISCOPOLIUH TIPU PA3ITHYHBIX THAPOTUHAMAICCKIX
peXUMaX U HaYaJbHBIX KOHIICHTPAIUSIX HOHOB MapraHIla B paCTBOPAX.

[Toka3zaHo, 9TO MOTIIOMIEHHE HOHOB MapraHIia 3 BOJHBIX PACTBOPOB KaK CyJb(arta, Tak M OMCTIIMIIHATA Map-
TaHIa IPOTEKaeT MPEHUMYIIECTBEHHO ITyTeM 00pa30BaHMs XEIaTHBIX KOMIUICKCOB C yJacTHeM (YHKIIMOHAb-
HBIX TPYHII THAPOTENS B Ka4eCTBE JINTAHIOB. DKCIEPUMEHTAIBHO OBUIM yCTAaHOBJICHBI ONTHMAJbHBIEC Mapa-
METPHI [UTS IPOBEACHUS COpOIIH (BpeMs Iporiecca, THAPOINHAMUIESCKAN PEeXIM, HadalbHAsl KOHIICHTPAITHS
pactBopoB). [IpH yBeNMYEHNT KOHIIEHTPAIIMA KOHOB MapraHIia CBBIIIE 15 MI/mIM® 10JIM TIOTJIOMIEHHOTO U BHI-
CBOOOTMBIIIETOCS. MapraHIla CHIKAIUCH, YTO CBHCTEIBCTBOBAIIO O JOMOJHUTEIHHOM CITUBAHUH THUAPOTEIIS.
IIponemMoHCTpHPOBaHA BO3MOKHOCTB TIOBTOPHOT'O BRICBOOOKACHHUS MapraHIla U3 MOJTUMEPHOH CETKH.
[Tomy4yeHHBIC pe3yNbTaThl YKa3bIBAOT HA MPUHIUITHAIHHYIO BO3MOXXHOCTH HCIOJIB30BAHUS HCCIICAOBAHHOTO
B paboTe THApPOTreNs Ha OCHOBE MOHOMEPOB aKpHIaTa KaJus, akprIaMUIa U aKPIIOBON KUCIIOTHL B KA4ECTBE
HCTOYHHKA OPOIICHHUS U JOMOJHUTEIBHOTO MUTAHUS PACTCHUH.

KuioueBble ci10Ba: cynepabcopOeHT, akpHITOBBII THIpOTeNb, copOiwst, Mapranern(1l), OucrnuimHaT Maprasua.
BaarogapHocTu: paboTa BHITONIHEHA MPHU MOAepKKe MUHHUCTEPCTBA HAYKH M BBICIIETO 0O0pazoBanusi PO B
pamKax rocyaapcTBeHHoOro 3amanus BY3am B cdepe HayuHol nmestenbHOCTH Ha 2023-2025 rompl, MPOEKT
FZGU-2023-0009.
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HOCTH TIOTJIONICHUS U AECOpOIMH HOHOB MapraHiia M €r0 aMUHOKHCIOTHBIX KOMIUIEKCOB aKPHUIIOBBIM THIPO-
reneM // Copboyuonnvie u xpomamoepaguueckue npoyeccol. 2024. T. 24, Ne 5. C. 723-734.
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Abstract. At present, the search for effective methods of irrigation and enrichment of agricultural lands with
microelements is an urgent task. One such method is the use of superabsorbents, as they combine the ability to
retain large volumes of water solutions and prolonged absorption and desorption of fertilisers and bioprepara-
tions. One of the microelements additionally introduced into the soil for normal plant development is manga-
nese. In recent years, it has been proved that using organic complex compounds of micronutrients as fertilisers
is much more effective compared to the use of their inorganic salts.

The aim of this study was to consider the processes of absorption and desorption of manganese ions and its
amino acid complexes from aqueous solutions by acrylic hydrogel. By IR spectroscopy and spectrophotometry,
we determined the mechanisms of interaction of manganese ions and its compounds with the studied hydrogel,
obtained kinetic curves of sorption and desorption, and quantified the absorption and desorption rates at dif-
ferent hydrodynamic modes and initial concentrations of manganese ions in solutions.

It was shown that the absorption of manganese ions from aqueous solutions of both manganese sulphate and
bisglycinate proceeds mainly by the formation of chelate complexes with the participation of hydrogel func-
tional groups as ligands. The optimal sorption parameters (process time, hydrodynamic mode, and initial con-
centrations of solutions) were determined experimentally. When the concentration of manganese ions exceeded
15 mg/dm’, the shares of absorbed and released manganese decreased, indicating additional cross-linking of
the hydrogel. We demonstrated the possibility of manganese re-release from the polymer mesh.

The obtained results showed that the hydrogel based on potassium acrylate, acrylamide, and acrylic acid mon-
omers studied in this work can be used as a source of irrigation and additional nutrition for plants.

Keywords: superabsorbent, acrylic hydrogel, sorption, manganese (II), manganese bisglycinate.
Acknowledgments: the study was supported by the Ministry of Science and Higher Education of the Russian
Federation within the framework of state order to higher education institutions in the sphere of scientific re-
search for 2023-2025, project FZGU-2023-0009.

For citation: Yutkina A.I., Kushchev P.O., Selemenev V.F., Semenov V.N. Study of the possibility of the
absorption and desorption of manganese ions and its amino acid complexes by acrylic hydrogel. Sorbtsionnye
i khromatograficheskie protsessy. 2024. 24(5): 723-734. (In Russ.). https://doi.org/10.17308/sorp-
chrom.2024.24/12511

KOJIMYECTBAX, B HECKOJIBKO COTEH pa3 Ipe-
BOCXOJAIIMX UX Maccy. Haubonee nepcnek-
TUBHBIMHU NIl MCIOJIb30BaHUS B CEIBLCKOM
XO34HCTBE SBIAIOTCA IOJyCHUHTETHUUYECKHE
CA, B cocTaB KOTOPBIX B pa3HbIX IPOIOp-
LUSAX BXOJAT NMPHUPOJHBIE NOIHCAXApUABI U

BBenenue

B cBoem nocnegnem otuere [ 1] kinumaro-
aoru BceMHpHON METpOJIOrMYECKON opra-
HU3AIMK TPEANONI0XKUIN, YTO ONvKanime
AT JIET C BEPOSITHOCTBIO 66% CTaHyT ca-

MBIMH apKUMH B UICTOPUU METEOHa0I0/1e-
HUH, a CPeTHEroJJ0Basi TEMIIepaTypa euie 10
2027 rona npesbicuT 1.5 rpagyca Llenbcus.
[Ipexxe Bcero ydeHble MPOTHO3UPYIOT pe-
KOPAHYIO ’)apy B TPOIIUYECKOU 30HE, TJIE CO-
CpeI0TOYEH OCHOBHOM 00beM IPOM3BOJICTBA
CEITbCKOXO35MCTBEHHBIX KYJIBTYP U CKOTA.

B cBs13u ¢ npoGiemMoii riiobanbHOTO Mo-
TEIJICHUs KaK HUKOTJJa OCTPO CTOUT BOIPOC
OpOLIeHHUS U OOOTalIeHUsl CEIbCKOXO3si-
CTBEHHBIX 3€M€JIb MUKPO3JIEMEHTaMH U MU-
HEepalbHBIMU yJI00peHusMH. TpaauioHHO
IIPUMEHSEMBIE METO/IbI HE BCEI /1A SIBIISIIOTCA
3¢ (EeKTUBHBIMU U DKOHOMHYECKH OIpaB-
JTAHHBIMU, OCOOCHHO ISl 3aCYLUIMBBIX paii-
OHOB. /111 ipeotoNieH st JaHHOM MPOoOIeMBbl
IPEJIOKEHO UCIOJb30BaTh cymnepadcop-
oentsl (CA) [2].

OT0 ceruaThle TUAPOPUIbHBIE MOJIU-
MepBbI, CIIOCOOHbBIE K TOTJIOIEHUIO BOJBI B

CUHTETHYECKHE MOHOMEPHI, TOCKOJIBKY OHU
COUYeTalOT B ceOe BBICOKHE TOTPEOUTEIh-
CKHE XapaKTEPUCTUKH U IKOJIOTUYHOCTE.
[TomuMo crmocobHOCTH TOTIOmMATh 00Jb-
e 00beMbl BOJHBIX PACTBOPOB, BaKHBIM
CBOWMCTBOM TAaKHUX THIPOTENICd SBISACTCS
BO3MOYXHOCTh TPOJIOHTUPOBAHHOTO BBICBO-
OOXIeHUs PA3IUYHBIX yI0OpeHud u Ouno-
MpemapaToB.

OaHMM M3 MHKpPOAJIEMEHTOB, JOMOJHU-
TEIHHO BHOCUMBIX B TIOYBY JJISi HOPMAJIb-
HOTO Pa3BUTHS pacTEHUM, SIBISETCS Mapra-
Her. OH aKTHBHO y4acTByeT B (DOTOCHHTESE,
a UMEHHO MIpaeT KIIIOYEBYIO poJib B Mepe-
HOCE 3JIEKTPOHOB, CUHTEe3€ BUTaMuHOB C, B,
E, monexkyn AT®, aktuBupyer GhepMeHTHI
6uocunresa xmopoduia. U.B. Muuypun
YCTaHOBUJI, YTO Y TUOPUHBIX CESHIIEB MUH-
Jans TOJ BIMSHUEM MaprafHiia CpokK Tmep-
BOT'O TUIOJIOHOIIIEHHUS yCKOpsieTcsl Ha 6 JIeT.
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OT1oT (hakT SBWICS MEPBBIM ONHCAHHBIM B
JAUTEpaType caydaeM 3HAUUMOTO YCKOPEHUS
pocTa W CO3peBaHUS PACTECHHH IO BIIHS-
HUEM MUKpodJeMeHToB. I[lpu nedunure
Maprafiia IMOHIKACTCS CHHTE3 OpraHHye-
CKHUX BEIIECTB, YMEHBIIACTCS COJCpPKAHUE
xjopoduiuia, HaOIOgaeTCs ciaaboe pa3BH-
THE KOPHEBOM cucteMsl|3].

B nouBe Mapraser; HaXOAUTCS B CPETHEM
B konmuectBe 0.085%. [TosTomy mmnst obec-
NICUYEHHUS] HOPMAaJIBHOTO Pa3BUTHUSI PACTCHHI
B TIOYBY BHOCSAT MapraHIEBbIe MUKPOY100-
penust (oObr4vHO B hopMe pazdaBICHHOTO
pacTBopa cyib(ara Maprasia).

B mocneaane roasl ObUIO YCTaHOBIICHO,
49710 3¢ (HEKTUBHOCTh UCIOIB30BAHUSI Opra-
HUYECKUX KOMIUICKCHBIX COCTMHCHUN MHK-
POAPJIEMEHTOB, B YaCTHOCTH aMHHOKHCIIOT-
HBIX XEJIAaTHBIX KOMIUJICKCOB, B Ka4yeCTBE
yA0OpeHU HAMHOTO BBIIIE IO CPABHEHHIO C
MPUMEHEHUEM HEOPraHUu4ecKux cojeu [4].
Hanpumep, O.A. [IlanoBan B cBoeli paboTte
[5] mokazai, 4To Mpu BHECEHHUH yI00pECHUI
HA OCHOBE PACTUTEIHHOTO IKCTPAKTa C JIO-
0aBIICHHEM BOJOPACTBOPUMBIX AMHHOKHC-
JOT ¥ MHUKPODJIEMEHTOB NMPHOaBKa ypoxKast
panHero kaprodens cocraBuna 39.5%, a
YPOBEHb PEHTA0EIBHOCTH BBIPAIUBAHHSI
BbIpoc Ha 89%.

Takum oOpazoM, B HacTosIIeil pabdore
OblIa TOCTaBJICHA IIENh KCCIIENOBaTh IPO-
IIECChl TOTJIONMICHUSI W JIeCOPOLIMU HOHOB
Mapraiiia U ero aMHUHOKHCIOTHBIX KOM-
TUIEKCOB U3 BOJHBIX PACTBOPOB aKPUIOBBIM
THIPOTEIIEM.

3KCHepHMeHTaJ'[LHaﬂ 4acTb

OOBexTOoM HCclenoBaHus B JAaHHOH pa-
00Te OBLT TUAPOTENTh HA OCHOBE aKPHUJIOBOM
kucioTsl (Acros Organics, CILIA) u akpuna-
muga (Acros Organics, CIIA), mosrydeHHBIH
METO/I0M PaIHKAIbHON COTIOIMMEPU3alIiH B
pacTBOpe B COOTBETCTBHHM C METOIUKOIA,
onucaHHo# B [6]. lis yBennueHust Habyxa-
€MOCTH aKpHJIOBasi KHCIIOTHI Iepes MpoBe-
JICHHEM CHHTe3a Obula HeHTpaln3oBaHa Ha
95% nipu oMoy ruApoKkcuaa Kanus. Jiis
NpUJAHUS THUAPOTEN0 OMOJerpagupyeMbIX
CBOMCTB HCIOJIb30BaIM Kpaxman (BekTow,

Poccust), komudecTBo mosmcaxapuaHbIX 3Be-
HbEB cocTaBisuio 5%. B kauecTBe cuimBaio-
IIer0 areHTa BBICTYTAJ METUIICH-OMC-aKpu-
namuj (Acros Organics, CIIIA), uaummarop
— nepcyabdar kanus (Bexkron, Poccus).

CuUHTe3UpOBaHHBIN TUAPOTETH OBLT OYH-
LIEH OT HENpPOpPEearnpoBaBIINX MOHOMEPOB,
BBICYIIICH JI0 IOCTOSTHHOM MacChl ¥ OCJIE0-
BATEJIbHO M3MEJIbYEH CHayala BPYYHYIO, a
3aTeM IpH MOMOIIY MEJIbHULBI. J{J1s mpoBe-
JI€HUsl SKCIEPUMEHTOB HMCIOJIb30BAIM Ipa-
HYJIBI TUApOTeNns pazmepoM d<1.2mm.

B kauecTBe aMHMHOKHCIIOTBHI IJIsl CO3/a-
HUSI XE€JaTHOTO KOMIUIEKCAa C MapraHiem
ObUT HCIHOJIb30BaH MPEABAPUTEIHHO OYH-
meHHBIN ruuH mapku 4. (PeaXuwm, Poc-
cusi). B cOOTBETCTBUU ¢ METOIMKOM, OIMH-
CaHHOH B [7], OBLIO MOJIy4YeHO OHOAOCTYI-
HOE, YCTOMYMBOE, BOJOPACTBOPUMOE KOM-
IJICKCHOE COeIMHEHNE — OUCTIIMIIMHAT Map-
raHua.

beu ycTaHOBIEHBI CIOCOOBI B3aMMO-
JNEUCTBUSI MapraHia C THAPOreJIeM IyTeM
CHEKTPOCKOMUYECKOT0 aHaim3a o0pasIoB
TUAPOreNs A0 W IOCJE NOTJIOLIEHUS Map-
ranna u3 BoaHbIx 0.1M pacTBopoB cyibdara
1 OuCriMIMHATa MapraHia Mpu MOMOIIU
HUK-®ypre cnekrpomerpa VERTEX 70v
¢upmel Bruker ¢ npucraBkoii HapyIeHHOTO
notHOTO BHYTpeHHero oTpakenus (HITBO)
A225/Q Platinum ATR B LlenTpe Kosuiek-
TUBHOTO mojb3oBanus BI'Y. O6pasiibl mo-
clie THIATeNbHON MPOOOMOATOTOBKU MOMe-
IIATMCh HA aJIMA3HEIA ONITHYESCKUH SJIEMEHT,
U PETUCTPUPOBAIUCH CIEKTPHI B IHAMA30HE
4000-400 cM™!' co criekTpanbHBIM paspelie-
uueM 4 cM ! 1 ycpenenuem no 64 ckanaw.

JInst u3y4yeHus: KOJIMYECTBEHHBIX MTOKa3a-
TEeJIEeH MOTIIONMIEHUS U IeCOPOINH MOTh30Ba-
JUCh METOJOM OrPaHWYEHHOro oObeMa:
HaBecKy maccoi 1.00 T ounuieHHoro ruipo-
reJisi CHavaja norpyskaiu B pacTBop, Colep-
xamuid mMaprasen, oosemom 1.0 aM>, a 3a-
TeM B JUCTWUIMPOBaHHYI Boay. [Ipomecc
KOHTPOJIMPOBAIN BO BpEMEHH ITyTeM 0TOopa
npo0 uepe3 OIpeneseHHbIE MPOMEKYTKU
BpeMmeHu. [lanHble poObl 0OpadaThIBaINCh
B COOTBETCTBUM C OTKOPPEKTUPOBAHHON M
0oTpaboOTaHHOW aTTECTOBAHHON METOIUKOM
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I'OCT 4974-2014. Onpenenenue coaepxa-
HUS Maprania (poTOMETpUYECKMMH METO-
namu (ISO 6333:1986, NEQ).

Jns nmpoBeaeHus ucciaeq0BaHuil TOTOBHU-
JIUCh BOJIHBIC PAaCTBOPHI CyJib(aTa U OUCTII-
[UIIIHATA MapraHiia pa3HbIX HAYaIbHBIX
KOHIIEHTpalluel, TeMIieparypa pacTBOPOB
paBHstack 20-22°C. Bpems mnpoBeneHus
9KCIIEPUMEHTOB COCTAaBIISJIO 2 yaca.

KonuuectBa copbupoBaHHOTO q. U Jie-
COPOMPOBAHHOIO (,; T'MAPOreIeM MapraHua
pacCcUUTHIBAIH 110 (POPMYIIaM:

(Co—C)*V
qc = %: (1)
CV
qp =~ (2)

Jloto copOMpPOBaHHOTO (. M IECOPOUPO-
BAaHHOT'O aﬂ MapraHia OTHOCUTCIIbBHO BCCTO
€ro COJEpKaHUs B CHCTEME OICHHBAIHU IO

bopmynam:

—
ay =22 3)
a, =2, 4)

qn
rae Co u C; — ucxoaHas ¥ paBHOBECHAs KOH-

LEHTpalys HOHOB MeTamna, mr/am’, V —
00beM aHATM3UPYEMOTO PacTBOpPa, M>; m —
Macca HaBeckH rujaporeds, r; qo= CoV — ko-
JIMYECTBO MapraHiia B MOJUMEPHOMN CETKE, MT.

O0cy:xnenune pe3yJibTaTOB

[Ipu obOcyxaeHun pe3yabTaToB, IOJY-
YEHHBIX 10 COPOIMH-IECOpPOIIUM HOHOB
maprarna (Mn?") akpuaoBBIM THApOTeneM
W3 PacTBOpPOB cyib(dara mapraHiia u OucC-
[NIMIMHATA MapraHiia, Mpexae BCEro cle-
IyeT MPEeACTaBUTh T€ BO3MOXKHbBIE (DHU3HKO-
XUMHUYECKHE B3aMOJICHCTBUS, KOTOPBIE 0Y-
IyT MPOUCXOIUTH MPU KOHTAKTe copbdara ¢
copbertoM. HeobxommMo OTMETHTh, 4YTO
MBI paboTaay C TeTEPOreHHON CHUCTEMOM,
I/ THIPOTeNlb B CBOEM MOJUMEPHOM Kap-
Kace COJEP>KUT MOJSPHbIE U HMOHOTCHHbIE
rpynmnsl (-COOH, -OH, -CONH, -C-O-C-),
CIOCOOHBIE K THUIpATallud, K MEXKMOJIEKY-
JISIPHBIM ¥ K MIOHHBIM B3auMOJIeHCTBUAM [6,9].

Hon mapranina BCTyHmaeT B PEAKIUIO C
TUAPOTEIeM B BHJE JIBYX3apsIHOTO KaTH-
oHa. [To reopun A. BepHepa nqaHHbINA KaTHOH
MOJKET BCTYMATh B XUMUYECKYIO PEAKIIHIO B
pOJIM LIEHTPAJIILHOTO aTOMa, MPUCOETUHSSA

OTpeIeIEHHOE YMCJIO JINTaHI0B U 00pa3ys
KOMIUIEKCHI pa3an4Hoi ycroitunsoctH [10].
PaccmarpuBas kaTHOH Mn”' kak KHCIOTY
(mo JIproucy), B3aMMOJEMCTBYIOIIYIO C KOM-
IJIEKCO00Pa3yIoIUMU JTUTaHJaMt, ero clie-
JyeT OTHECTU K KHUCIOTaM, 3aHUMAIOIINM
MIPOMEXKYTOUHOE MOJIOKEHHE MEXKITY «KECT-
KUMI» A-KaTHOHAMHU C DJIEKTPOHHOH 000-
JIOYKOM MHEPTHOTO Ir'a3a U «MATKuMm» b-ka-
troHamu ¢ 10 umm (10+2) snekTpoHamu Ha
BaJICHTHOI 000souke. CoeqnHeHne KaTHOHA
Mn?* ¢ annonom SO%~ mpescTaBiseTcs Kak
HMOHHOE 00pazoBaHue, B KOTOPOM HOHBI Me-
Tajyia MOXXHO paccMaTpuBaTh B TIEPBOM
MPUOIMKEHUH KaK <OKECTKHEe» HenedopMu-
pyemble mapuki (5):

2
o o 0
N \t/ %
2N AN N
o o’} o )
H,0
Cxema 5

[Ipu B3aUMOJIEMCTBUM C TAaKUMH JIUTAH-
JaMH, KaK IaBelieBasi KUCJIOTa, CAUIINIIO-
BbIi anpjaerun (O, O — peareHTsl), a TaKxKe
XUHAJIBIUTHOBAS KMCIIOTA, 8-OKCUXHHOJIMH U
nupuanH-2-KapooHoBas kuciora (O, N-
pearenTsl) HOHBI Mn?" BenyT cebs 10100HO
«MSATKAM» KHCJIOTaM (JIeTko nedopmupye-
MBIM IIapUKaM) U 00pa3yloT MPOYHBIE Xe-
JIaTHBIE KOMIUIEKCHI C KOBaJICHTHON COCTaB-
nsttomiet. B o6oux ciydasix KOOpAMHAITMOH-
HOE YuCIo st Mn?" paBHsieTcs 6, OJTHAKO C
O, O-nurannamMy MOH MapraHua obpasyer
OoJiee ycToiInBBIe KOMILIEKCHI, ueM ¢ N, O-
nurangamu [10, 12].

VY cTOWYNBOCTH KOMILIIEKCOB 0OecTieynBa-
€TCsl CTPYKTYpOH (YHKIIMOHATIBHBIX TPYIIT
JIUTaHJI0B U CTPYKTYpOH (pa3mMepoM) xenat-
HBIX 1UKIOB. [Ipu 3TOM mpouecc obpa3zoBa-
HUS XEJIATHOTO COEJUHEHUS MOXKET MpOoTe-
KaTh pa3IUYHBIMU MYyTSIMH, BKJIIOYAsl B3au-
MOJCHCTBUSA KOOPAUHAIMOHHOTO, HOHHOTO
TUMIOB W HAJU4Us BOJOPOJHBIX CBSI3EH.
HauOonpimas ycTOHYMBOCTD OKTadJpHUye-
CKUX KOMIIIEKCOB (B T.4. ¢ ydacTueM Mn?"),
B OTJIMYME WX OT JIPYTUX KOMILIEKCOB, J0-
CTUTaeTCs B CBSI3U C 00pa30BaHUEM ISATU- U
[IECTUWICHHBIX IUKIOB. [[eo B TOM, 4TO B
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ATOM CJIy4Yae HampsHKEHHUE, BO3HHUKAIOIIEee
npu nedopMalui BAJICHTHBIX YTJIOB B JIU-
rasje, MUHUMainbHO. OOpa3oBaHue XemaT-
HBIX KOMILJIEKCOB C MEHBIITUM UJIU OOJIbIINM
YHCIIOM YJICHOB B IIMKJIE BEAET K BO3pacTa-
HUIO B HEM HaMpPsIKEHUs, YTO CIIOCOOCTBYET
MOHWKEHUIO YCTOMYMBOCTH KOMILIEKCOB
[10]. Ecnu monuaeHTaHTHBIN TUTran oopa-
3yeT HECKOJIBKO IMKJIOB ¢ KOMILIIECO00pa3o-
BaTejleM, TO YCTOMYMBOCTb MOJYYEHHOIO
KOMILJIEKCa YBEJIMYUBACTCS €111e OOJIbIIIE.

Ucnonws3ys naHHbIE, MpEACTABICHHbBIC
BBIIIIE, MPEANOI0KUM BO3MOKHBIE KOM-
IUIEKCHBIE COeAMHEeHHs B (pase ruaporens
MpY KOHTAKTE ¢ pacTBOpoM MnSOq.

U3 cxemsl (6) caepyer, 4TO IpHU B3aUMO-
neiicteur Mn?* ¢ aMuaHBIMU rpynnamMy B
TUApPOTeNIe MOTYT O0Opa3OBBIBATHCS KOM-
MJIEKCHI ¢ 4-4JICHHBIMU LIMKJIAMU, YETHIPE U3
KOTOPBIX CYIIECTBYIOT 3a CUET BOJOPOAHBIX

CBSI3€M C yyacTHEM MOJIEKYJ BOABI. Y CTOM-
YUBOCTH 00PA3YIOUIMXCS KOMILIEKCOB (6) 1o
CPaBHEHHUIO C MCXOJHBIM HOHHBIM accOIu-
aToM (5) onpenensiercss «IHTPOIMHHHBIM (-
(heKTOM», OKa3bIBAIOIIUM CTaOMIN3UPYIO-
Iee BIUSHUE HA XeNaTHBIC IUKIBI C TI0-
JIMJICHTaHTHBIMU peareHtamu [10, 12].

[TonoOHBIN 3ddekT OyneT mposBiIseTCs
npu o0pa3oBaHMM KOMIUIEKCa MapraHiia c
aMUIHBIMU (IENTHIHBIMH ) TPYTITIAMU B TH/I-
porene. Ilpu stom kommuiekcy (7) xapak-
TEPHBI XeNaThl C 4-4JICHHBIMU [TUKIIAMHU.

O6pazoBanue 0osiee CTaOUIBHBIX COCTU-
HEHUI B THAPOTEIe MOKET OBITh CBSI3aHO C
HaJIMYMEM B MaTpule KapOOKCHIbHBIX
TPy

B aToMm ciydae (8) KoMIIIIEKC COMEPIKUT
YeThIpe 6-WICHHBIX I[UKJIA U J1Ba 4-4JIEHHBIX
LMKJIa, YTO 00ecreynBaeT B 3HAUUTEIbHON

i
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BonxHoBOE YMUCyIo, CM =
Puc. 1. UK cniekTpbl 00pa3noB akpuIOBOTo ruaporesst ucxonsoro (1) u mocne copduum mMap-
raHIla U3 pacTBOPOB Cyib(dara Mapranmna (2) u oucriauimHaTa Maparama (3).
Fig.1. IR spectra of acrylic hydrogel samples before (1) and after manganese sorption from
solutions of manganese sulfate (2) and maragnes bisglycinate (3).

Mepe OoJbIIyI0 CTaOUIBHOCTh COCTUHEHHUS
10 CpaBHEHHIO co ciryqasmu (6) u (7).

Eme Gonbmas ycTOWYMBOCTh KOMILIEK-
COB MOHOB MapraHiia MOKeT OBbITh pean3o-
BaHa B TOM ClTydae, KOr/ia B KaueCTBE JINTaH-
JIOB BBICTYHAalOT TOJBKO KapOOKCUIIbHBIE
rpynnsl uian ancam6nps 3 COOH- u OH-
rpynim.

HaubGonee BeposITHBIM M3 TPEICTABIICH-
HbIX ciaydaeB (9) u (10) sBaseTcs oOpa3oBa-
HUE YCTOWYMBOTO KOMILIEKCA C YEThIPhMS 6-
YWICHHBIMHM XeJIATHBIMU IMKJIAMH, KOTOpbIE
umeror B cocrae COOH- um OH-rpymnmsl
Crnenyer oTMETUTbh, YTO BO3MOXKHOCTD CYIIe-
cTBOBaHUs B (haze ruzporens komruiekca (10)
com3MeprMa ¢ TaKOBOM 15t Komruiekca (8).

JIist MOATBEPKACHUSI 3TOTO OBLIH TOTY-
yeHbl K-criekTpsl 00pa3ioB rugporess 10
copbuuu u mocne moromenus Mn?t us3
pacTBOpOB cyJib(aTa MapraHiia u OUCTIIUIIN-
HaTa Maprasua (puc.l, tabmn.1).

B HUK-cnekTpax HMCXOAHOTO THAPOTENs
MPUCYTCTBYIOT MOJIOCHI TPOMYCKaHUS TMPHU
1663 cm™!, xapakrepnbie konebanusm C=0
B -COOH u konebanusm C=0 B aMUHOKHC-
notax (Amup I). JlaHHBIE TONOCHI OTCYT-
ctByioT B UK-cmekrpax o0pasmnoB Tumpo-
relis, HACHIIIEHHBIX HOHAMU Maprasia mo-
cie KoHTakTa ¢ pactBopamMu MnSOs; mpu
3TOM TOSIBNISIOTCA MOJOCK mpu 1630 cm™,
xapakTepusytomue konebanus v,; COQO,

YTO CBUJAETEIBCTBYET O IPOLECCAX JEHPO-
TOHU3ALUU KapOOKCUIJIBHBIX TPy U B3au-
MozeicTBus o cxemam (9) u (11). Yuactue
CHUPTOBBIX IPYII B 00pa30BaHUN KOMILIEK-
COB C MOHAMH Maprasiia MOJTBEPKIACTCS
HaaM4yueM nuKoB npu 1298 u 3329 em!, 06y-
CIIOBJICHHBIX BAQJICHTHBIMH KOJICOQHHUSIMU
vsH,0 --- HO. Ilpouecc BXOXKIECHHS MOJie-
KyJ BOJBI B COCTaB KOMIUIEKCA XapaKTepu-
3yeTcsi cMelleHHueM KojebaHul (OTHOCH-
TEIbHO KOJIeOAHUM 1T UCXOJIHOTO THUAPO-
rens) ot 3205 10 3128 em!, a Taxxke ot 3089
10 3035 cm!. BzaumopeiicTBrE HOHOB Map-
TaHIla ¢ aMUIHBIMU TPYTIITUPOBKAMU THJIPO-
resist mo cxeme (9) HaXoAUT MOATBEPKIACHUE
1o cMereHuro konebanuii Amup II (ot 1556
k 1581 cm™), Amup 10T (ot 1318 x 1342 cm™)
1 Avug IV (ot 1038 x 950 em™!). TTpu sToM
nonoca Amun Il umeeTr napamienbHy0 KOM-
IIOHEHTY, a nojoca Amuz [V coorBercTByeT
IJIOCKOCTHBIM ~ CKEJETHBIM  KOJIeOaHUSIM
CONH [11, 12].

[TonydyeHHbIEe KOJNWYECTBEHHbIE MOKa3a-
TeNW TOrIoLmEeHus U aecopouuu Mn?t us
pacTBOpoB cynb(haTa Mapraiua U OUCIIILU-
HaTa Maprasiia MpuBeAEHbI Ha pHC. 2.

JlJiss JOCTHKEHHSI HAWTYqIlIuX MOKa3are-
Jeil copOIuu MOHOB MapraHiia TuporeyieM
9KCIIEPUMEHTHI 110 TMOTJIOMIEHUIO TIPOBOJIU-
JIUCh B TMHAMUYECKOM pEKUMe (TIpHU MOCTO-
SHHOM IepeMelIMBaHuM pacTtBopa). On-
HaKoO, 4TOObl OMNPENENIUTh ONTHUMAaIbHbIE
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Tabmvma 1. OtHecenue mosoc moromeHus B MK-criekTpax o0pa3IioB akpHiIOBOTO THAPOTENS 10 U
nocsie copOIMM HOHOB MapraHiia U3 pacTBOPOB cyib(ara n OucrimnuHaTa mapranua [6, 9, 11-13].
Table 1. Assignment of absorption bands in the IR spectra of acrylic hydrogel samples before and after
sorption of manganese ions from solutions of manganese sulfate and bisglycinate [6, 9, 11-13].

v, cm’!
HCXOJTHBIH r-n5-MnSOs r-mbt GlyMn OTtHeceHne KoaeOanuit
THIPOTEIb
i 3329 3327 vgH,0 - H,0 ¢ 3-m1 cBs3simu;
- - vgH,0:--H — N B amunpax;
3307 vsH,0--- HO B cuprax
3205 - - vsH,0--- HOOC —; pe3onanc
- 3128 3128 ®epmu (Amug [+Amunll)
3089 - - Pe3onanc @epmu 2x Amun Il ¢
- 3035 3035 vsNH; v;COO™ ---H,0
2946 2938 2936 v,sCHy;
2853 2857 2862 vsCH,
2350 2350 2350, 0s0H, ceszannas c COOH;
vC=20
1818 1818 1818 vC = O B kapOOHMJIBHBIX COETNHE-
HUSIX
vC = 0 (Amun D);
1663 ] - vC = 0 & COOH
vC = 0 (Amup I); v,,CO007;
- 1630 1630 6.H,0; GNH
v Amup I (coct. cNH u C-N);
1556 1581 1581 v.CO0~; cNH
- 1484 1484 oCH,; N - BUnMaabpHbII
1448 - - oCH,
- - 1432 oCH,; N u CO - BunuaibpHbI|
1398 1398 1392 Awmmp I1I; y,,CH,
1318 1342 1342 vsCOO™ B amuHOKHCTOTAX; Yy, CH,
- 1298 1298 U V¢ B3aumogeiictus ¢ Amug 111
- 1217 1217 C = O konebanus
1172 1172 1172 v(Cyq — N) mimm y,CH,
1109 1126 1126 v(C = (C); -C-0-C-
1038 950 952 Awmmnn IV; A(CONH); -C-OH
878 849 847 Y:CH,; N- unu CO- BULIMANBHBINA

THJIPOAMHAMHUYECKUE YCIOBUS IS TIPO-
1ecca aecopOIuu, ObUT MPOBEACH PsJ IKC-
NIEPUMEHTOB JJIsl PACTBOPOB OUCTIIMIIMHATA
Maprasua (puc. 3).

3aMeTHM, YTO B CTaTUYECKOM DEKHME
THIIporesb Aecopouponan 7.5% ot Bcero co-
JIepKaHWsI MOHOB MapraHIa B IMOJIMMEPHOM
cetke (0.15 mr Mn u3 2.00 mr), B AHAMHYE-
ckom pexume — 4.9% (0.15 mr Mn u3
3.05 mr). B oboux ciyuyasx necopOuus
NPaKTUYECKH TepecTaBajia MPOTeKaTh MpH-
MepHO Ha 50 MUHYTE OT Hayaja JKCIEepH-
MEHTa, TIPU 3TOM 3HAYUTENIbHAS JOJS Map-

raHiia mpojoJiKalia OCTaBaThCsl BHYTPH THI-
poreiJiA. Ha ocnoge MOJIYUYCHHBIX JaHHBIX
MO>KHO TPEATNOI0KUTh, YTO HATMUHE Mepe-
MCHIMBAaHUA HC OKa3bIBACT CYHICCTBCHHOIO
BIUSHUS Ha mpouecc. Takke Ba)KHO MOHU-
MaTb, 4YTO IIOCJIC BHCCCHHA TUAPOIrCIsd B
MOYBY IPOLIECC JeCOPOLIMY HOHOB MapraHia
B JMHAMHUYECKUX YCIOBHAX OyneT 3arpyn-
HEH, [TOCKOJIbKY MOJIEP’KUBATH TTOCTOSIHHOE
NnepeMCIIMBaHC IMOYBbI B IMCPUOJ BCTCTA-
MU pacTeHui HenenecoodpasHo. [loaromy
BCE JATbHEHIIINE SKCIIEPUMEHTHI 10 JecopO-
[IMM MapraHia U3 rujaporens ObUIH MpoBe-
ACHBI B CTATUYCCKUX YCIIOBUAX.
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Puc. 2. Kunetnueckas 3aBUCUMOCTE copOuu (a) u qecopOumu (0) HOHOB MapraHIia U3 pac-

TBOPOB cyJb(aTa Maprauiia (1) u OucriuiuHara Mapradna (2) aKkpuaoBbIM THAPOTEIEM.

Fig. 2. Kinetic dependence of sorption (a) and desorption (b) of manganese ions from solu-
tions of manganese sulfate (1) and manganese bisglycinate (2) with acrylic hydrogel.
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Puc. 3. Kunetnueckast 3aBUCHMOCTb JISCOPOIIMHA HOHOB MapraHiia FHJIporeieM, HaChIIIeH-

HBIM pacTBOPOM OMCTIIHITMHATA MapTaHIla, B CTAaTHYCCKUX (a) U TuHAMUYIECKUX (0) YCITOBHSX.

Fig. 3. Kinetic dependence of desorption of manganese ions by a hydrogel saturated with a
solution of manganese glycinate under static (a) and dynamic (b) conditions.

W3 mpencraBieHHBIX Ha pUC. 2 AHHBIX
clenyer, 4ro Hauboyiee MHTEHCHUBHO Kak
copbuuss uoHoB Mn?* wu3 pactBOpOB
MnSOs, Tak u uX gecopOuus U3 TUAPOTEIs
MPOUCXOAUT B miepBbie 40 MUHYT Mpolecca.
[Ipu 5TOM 10711 TIOTJIONICHHBIX HOHOB Map-
radna a. cocrasiser 60.1% (3.18 mr Mn u3
5.23 Mr) oT ero cofep>kaHusi B CUCTEME.

HecopOrus mapranmna u3 ¢asbl THIPO-
renst coctaisier 12.3% (0.39 mr Mn u3 3.18
Mmr). JlaHHBIN (paKT CBUAETEIBCTBYET O TOM,
YTO TpoIecC AecopOlrUr MOHOB MapraHIa,
HaXOJSIINUXCS B COpOEHTE B BUJIE KOMILIEK-
coB (8) u (10), sBHsieTCS MPOJOHTUPOBAH-
HbIM. JTO OCOOCHHO Ba)XKHO ISl MUTAHUS
pacTeHul Ha BECh BET€TALIMOHHBIN IIEPUOLI.

[IpuBenénnpie 3hdexTs XapaKTepHBI
JUIsE 00JIaCTH HU3KHUX KOHIEHTpAlUi pac-
TBOPOB, IO3TOMY HPEICTABIIAIO HHTEpEC
YCTaHOBJICHHE OCOOEHHOCTEH IMOTJIOIICHUS
U IecopOLIMY HOHOB MapraHiia U3 pacTBOPOB
MnSOs ©Gonee BBICOKMX KOHIEHTpAIUN

(Tabm. 2). YCcTaHOBICHO, YTO TIPH yBEJIHYE-
HUW KOHIICHTPAallU MOHOB MapraHia B MH-
TepBajie OT 5 10 15 Mr/am® KoIudecTBo mo-
[JIONIEHHOTO KOMIIOHEHTA YBEJIMYMBAETCS.
IIpu nanpHENIIEM YBEIIMYECHUU COAEPIKAHUS
Mn?* B HCXOIHBIX pacTBOpax HabIIOKANICA
oOpaTHBIi 3P deKT.

N3MmeHeHne B MOBEAEHUM THIPOTeEIs I0-
clle KOHTakTa c OoJjiee KOHIIEHTPUPOBAH-
HBIMH pacTBOpPaMHU HaOJIOJAUCh TaKXkKe
MIPU PACCMOTPEHHUH TPOLIECCOB AECOpOLUU
Mn?™. [Ipy KOHUEHTpalMK MapraHua
15 Mmr/aM® ¥ BhIIIE OTMEYANOCh pE3KOE
yMeHbIIEHHE J0IM HOHOB Mn?*, necopbu-
poBanHOro u3 ¢a3el moiaumepa (tadm. 2).
Mo:kHO monaratb, 4TO B 3TOM Clly4ae Ipo-
UCXOIUT JOINOJHUTEIBHOE «YIUIOTHEHHE»
CETKHM TUIporess 3a cuet peakiuii (8) u (10).

Crnenyer OTMETHTb, YTO COPOIMS HOHOB
Mn?* rumporesneM U3 pacTBOPOB OUCTIIHIM
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Tabnuna 2. JlaHHBIE O MOTJIONIEHUN HOHOB MapraHIla U3 PacTBOPOB cysib(haTa MaparHna u ouc-

TJIMIHAaTa Mapraiia akprujioBbIM THAPOTCIICM.

Table 2. Data on the absorption of manganese ions from solutions of manganese sulfate and man-

anese bisglycinate by acrylic hydrogel.

c(Mn)= c(Mn)= c(Mn)= c(Mn)=
10 mr/mm? 15 mr/mm? 150 mr/mm3 5500 mr/om3
$;r a., % $;r ae, Yo | Qe, MT/T | @, % | e, MT/T | ¢, Y0
MnSO, 6.74 67.5 12.69 | 834 108.23 72.2 | 3572.7 65.0
GlyMn 7.26 72.6 1296 | 84.2 99.46 66.3 | 3464.5 62.9
3 ' rnmn+* mn+- mn-
/CZZH +H,0, CZO c/o

Puc. 4. onubie (hopMbI MIIMIIMHA MPH PA3IHYHbIX 3HAYeHUAX pH.
Fig. 4. Ionic forms of glycine at different pH values.

HaTa Maprasna (1o CpaBHEHHIO C PacTBO-
pamu MnSO4) MOXeT UMeTh Oosiee CIOXK-
HBIM XapakTep. JTO CBSI3aHHO C TEM, YTO
TJIMIIMH B 3aBUCUMOCTH OT pH cpensr MokeT
CyIIIeCTBOBAaTh B KATHOHHOM, OMIOJIIPHON U
aHMOHHOU popmax (puc.4) [6, 15].
[ToaToMy B BOJIHBIX pacTBOpax MpH B3au-
MOJICWCTBHHU TJIMIIMHA C HOHAMU MapraHiia B
uaTepBasie pH ot 1.0 1o 7.9 o6pazyrorcst Kom-
IeKchl corsacHo cxemaM (11) m (12) [9, 10].
IIpu pH pactBopa Bbilie 8.0 cTpykTypa
XEJIATHOTO KOMIUIEKCA TIUIMHA C MOHAMU
Maprasiia cooTBeTcTByeT cxeme (13):
CpaBHeHUE JaHHBIX /I PacTBOPOB
MnSO4 u OGucrnnunHara maprasna (puc.2a)
MOKA3bIBAET, UTO B 000UX CITydasx MPOIEcC
nornomenus HoHoB Mn?* ruaporenem co-
noctaBuM. [Ipu 3TOM [0S MOTJIOLIEHHBIX
WOHOB JJI1 PacTBOPOB OWCIIIMIIMHATA Map-
ranmna cocrasiseT 64.4% OT Bcero ero co-
nepxkanust B cucteme (3.25 mr Mn u3 5.05
mr). Jlons necopobupoBanHOoro Mn (puc.20)
npu 3ToM coctasisa 7.1% (0.23 mr Mn u3
3.25 mr). [lonyueHHbIe TaHHBIE MOTYT CBH-
JETeIbCTBOBATh O TOM, YTO YacTh HOHOB

MapraHia HaXxoAWTCS B THUApOrese B BUIE
koMmruiekcoB (12) u (13) Hapsany ¢ xenatamu
(8) m (10). B cBsa3u ¢ 3THIM 1ecopOIvst HOHOB
MapraHiia IpOUCXOAUT MEJUICHHEE TI0 CpPaB-
HEHUIO ¢ 00pasllaMy TUIPOTeNsi, HaChIIEH-
HOTO HOHAMHM MapraHila H3 pPacTBOPOB
MnSOs.

W3 momy4eHHBIX JaHHBIX (Ta0J1.2) MOKHO
MPEANONIOKUTh, YTO MpPH KOHUEHTpPaLUU
OucriuiMHaTa Maprania meHee 15 mr/am>
yYBEJIMUYEHUE [I0JIU TIOTJIOIICHHBIX HOHOB
OOBSICHSIETCSI TIPUCYTCTBHEM B THAPOTENE
xenmatHbIX komruiekcoB (8), (10) u (13) [10,
13. 15]. B ompeneneHHoid mepe AaHHOE
MIPENIONIOKEHUE HAXOIUT IMOATBEPKICHUE
B OOJbIlIeli WHTEHCHUBHOCTH IOJIOC MOTJIO-
menuss B MK-crmekTpax oOpasmoB ruapo-
relisi, HACBHIIICHHBIX OWCTIIMIIMHATOM Map-
rafiia, o CpaBHEHHUIO ¢ 00pa3liaMu, HaChI-
menubiMu MnSOy (puc. 1), mpu 3035 cm’!
(veH,0 - HO); 1630 cm™! 1 1581 em! (co-
cTaBHbIC KoieOaHusi 0 N H; B aMUHOKHUCIIOT-
Hbix mosiocax | m Il cooTBeTcTBEeHHO), a
Taxoke HanmuuueM Makcumyma 1432 cm™! (N
n CO BunmaabHbIe CBSI3U B amuaax) [11-13].
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Ta6mmma 3. [TocTanuiiHas necopOIys HOHOB MapraHIla U3 THAPOTEIs, HACKIIICHHOTO OMCTIIUITH-

HaTOM MapraHna.

Table 3. Step-by-step desorption of manganese ions from a hydrogel saturated with manganese

bisglycinate.
Ne o6 1 mecopOnus 2 necopOnus 3 mecopOnus
- qC9 qﬂa 0 qC9 qﬂa 0 qCa qua 0
paslia MT/T MrI/T @y, Yo MT/T MI/T @y, Yo MI/T mrr | %o %
1 3.05 0.15 49 2.90 0.033 1.1 2.87 0.017 0.6
2 2.00 0.15 7.5 3.02 0.038 1.6 2.98 0.017 0.6

[Ipu paccMmoTpeHuu AecopOIMH HOHOB
Mn?* u3 rugporens Helb3s HE OTMETHT,
4T0 B 000UuX cirydasx (puc.20 u puc.3) mpo-
I[ECC MPAKTUYCCKH IMEpecTaeT MpOTeKaTh
npuMepHO Ha 50 MUHYTE OT Hayajia KCIie-
PUMEHTA, IIPH 3TOM, KaK OTMEYaJIoCh paHee,
B IOJIUMEPE MPOAOIDKACT HAXOTUTHCS 3HA-
YUTEIbHAS YacTh TOTJIONICHHBIX MOHOB. B
CBSI3W C OTUM ObLIa TpOBElEHA JOMOJTHH-
TEJIbHASI CEPHUS IKCIIEPUMEHTOB IO JIecopO-
UM MapraHila W3 HECKOJbKUX 00pa3IoB
ruaporess, paHee noraomasmux Mn?t uz
pacTBopoB OucriummHara mapranmna. [Ipo-
[ECC AECOPOIIMU OCYIIECTBIISIICS B TCUCHUE
Yaca, ¥ TI0CJIe TOBTOPHOTO JIOCTHKEHHS pPaB-
HOBECHSI THJIPOTeIIb BHOBD TOMEIIIAJICS B JTU-
cTuiuT (Tabn.3).

[Tonaraem, 4ro mocraguitHas 1ecOpOIIHs
MOHOB Maprasiia OOBSICHSIETCS 00pa3oBa-
HUEM B (pa3e THAPOTeIIs XeTaTHBIX KOMILIEK-
coB tuma (8), (10), (12) u (13). IIpu sTOM
YCTOWYMBOCTh KOMIUIEKCOB TJIMIIMHA C
wonamu Mn?* Gyner MeHbluas 1mo cpasHe-
HUIO C XeJlaTaMH, B 00pa30BaHUU KOTOPBIX
MPUHUMAIOT y4yacTHe (PYHKIIMOHATbHBIC
rpynmbl rugporens no cxemam (8) u (10).
[Toatomy mepBast necopOrust (Tabn.3) 00b-
SICHAETCS B OCHOBHOM BBITECHEHUEM U3 TU]I-
porenst komriekcoB (12) u (13).

3akao4YeHue

[TpoBeneHHBIC HCCIIETOBAHUS TO3BOIHIH
YCTaHOBUTh, YTO CHHTE3UPOBAHHBIA B pa-
60Te OuonerpaaupyemMblii THIPOTENb HA OC-
HOBE MOHOMEPOB aKpuiIaTa Kalus, aKpHia-
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MHUJIa ¥ aKPUIIOBOM KHUCIIOTHI SIBIIIECTCS TIEp-
CIIEKTUBHBLIM JUISl MCIIOJL30BAaHHUS B CEllb-
CKOM XO3SIICTBE B KAUECTBE HCTOYHUKA OPO-
[ICHUS U JOMOJHUTEIILHOTO MUTAHUS PacTe-
Huii. MK cnekrpockonuell yCTaHOBIICHO,
YTO COpOIMS MOHOB MapraHila MpOoTeKaeT
myTeM oOpa30BaHMsI HAa MOBEPXHOCTH TH]I-
porels XelaTHBIX KOMIUIEKCOB ¢ (hyHKITHO-
HaJbHBIMH TPYIIIaMU MTOJTMMEPA B KAU4ECTBE
aurangoB. CrekTpoGOoTOMETPHUECKUM Me-
TOJOM OIPEACIICHBl KOJUYECTBEHHBIC TIOKa-
3arenu COpOIUU W JeCOpOLUHU: YCTaHOB-
JIEHO, YTO MPOIECC TOTJIOMEHUS KakK JIs
cynb(ara Maprania, Tak ¥ s OUCTIIHIIN-
HaTa MapraHiia MpoTeKaeT MOX0XKUM oOpa-
30M, a KOJIMYECTBO JECOPOUPOBAHHOTO Map-
ranua ormmyaercs (s MnSO4 a,=12.3%,
A1 OMCIIMIMHATa Maparsua a,=7.1%) B
CBSI3M C T€M, 4TO Mpolecc copOuuu map-
raHia u3 pacTBopa OucrimmuHata Mn
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Pa3paboTka MeToaa mosiy4eHusi MMMYHOTJIO0yJIMHOB A 1 M
AJI51 CO3JaHUS KOMILJIEKCHOT0 MMMYHOTJIO0YJIMHOBOTIO Npenapara

Buxrtop Cemenosuu Kapaces'2%®, Oubra Ilerposaa Boukosal?,
Cepreii Muxaiisiosnu Craposepos'?, Anexcanap Bukroposuy Usanos?,
Hean Cepreesuy Ibiukmii’, Anexceii Koncrantunosuy Bypsik®

MockoBckuii rocyjapcTBeHHbIH yHuBepcuTeT MM. M.B. Jlomonocosa, Mocksa, Poccus, karasev@bcmst.ru™
2A0 «buoXumMak CT», Mocksa, Poccus

SHUucTuTyT Qusuueckoil Xxumuu u anektpoxumun uM. A.H. @pymkuna AH PAH, Mocksa, Poccust
4«HTIIO «Muxkporen», Ilepmckuii pumuan, HITO «Bbuomeny, Iepmp, Poccus

AnHoTanus. Pabota moCBsAIICHA UCCIICAOBAHUIO BO3MOKHOCTH MOJYUYCHHUS UIMMYHOTJI00YIMHOB A U M st
CO3JJaHUsI KOMIUIEKCHOTO MMMYHOTJIOOYJIMHOBOT'O IIpenapara, KOTOPBIH UCHONb3yeTcs Al TPO(UIAKTHKH U
JICYCHUS] OCTPBIX KHUINEYHbIX 3a0ojeBaHMH. DPQPEeKTUBHOCTh JAHHOTO Ipernapara MpoJeMOHCTPUPOBaHa B
XOZIe MHOTOUYHMCIICHHBIX KJIMHWYECKHX HCIIBITAHWI M OKa3aHa BPEMEHEM, OJHAKO IperapaT, OTBEYAIOIIUH
BCEM COBPEMEHHBIM TPEOOBAHUAM O YUCTOTE M BUPYCHOH O€30I1aCHOCTH, HE BBIITyCKaeTCsl y HAC B CTPaHE.
Panee HaMu pa3paboTaHa TEXHOJIOTHS MOITYYEHHS CBOOOIHOTO OT BUPYCOB HMMYHOTII00ymHa G, BKIIIOYat0-
IIas OYNUCTKY HHAKTUBUPOBAHHOW TTa3MbI KPOBH Ha Tpex copOeHTax: ruapododrom, DEAE u cynpdokaTro-
aute [1]. UccmenoBanus nmokasanm, yto Ha DEAE copOeHTe KOHIIEHTpHPYIOTCS UMMYHOTIIOOYTHHB A 1 M.
[Tocnie BHEpEHUST TEXHOJIOTHH TIOJIyYeHUs] IMMYHOTI00yinHa G BoIpoc n3BjiedeHus ppakuuy KIMMYHOTJIO-
OynuHOB A 1 M ctan 0cOOEHHO aKTyaJIbHBIM, TaK KaK MOXET IM03BOJIMThH OCYIIECTBISITh UX BBICICHHE B O
HOM TEXHOJIOTHH C TIOJIy4eHUEM UMMYHOIII00yMHa G, 4TO CHUKAeT IKOHOMHYECKUE U3JIEPIKKU U MO3BOJISIET
KOMIUIEKCHO pelaTh 3a/lauy nepepadoTKy I1a3Mbl KPOBH.

B pabore ucciieoBaHbl yCIOBUs 3IIOMPOBaHUs (hpakIUK UMMYHOTJIOOYJIMHOB A U M Juisi mocneayromniei
OYHCTKH Ha pa3IUIHBIX copOeHTax. [Tokazano, uro smroupoBanue ¢ DEAE kononust 0,075 M pacTBopoM XIto-
puna Hatpust B 20MM Hatpuii anieratHoM OydepHom pactBope nipu pH 5,65, mo3sonser ynamuts 6oee 60%
MOJIMMEPOB B chIpbe. [locienyonyo 04ncTKy OCYIIECTBISIIIM Ha HMIECTH PA3IMYHBIX COPOEHTaX, OTIMYAr0-
IIMXCST HOCUTENEM (arapo3a M MoJINMETaKpHiIaT) U (QyHKINOHAIBHBIMHA IpyNIaMH (CyIb()OKaTHOHUT, CITa0bIH
Y CHJIBHBIA aHHMOHHT) B 4eThIpeXx Oy¢epHbx cucteMax ¢ pH 5.0; 5.65; 6.8 u 7.4. [Toka3zaHo, 9TO Ha aHHOHOO0-
MEHHOM copbOeHTe Ha ocHOBe Metakpmiara Relisorb DA 400 npu pH 7.4 mocturaercst BBICOKHI BBIXOJ 10
uMmMyHorooyiuHaM (70% aust IgA n 80% aust IgM) ripu HU3KOM coJiep KaHUM MTOJIMMEPOB, YTO MO3BOJISET
MOJIyYUTh KOMIUIEKCHBIH MIMMYHOTJIOOYJIMHOBBIN Mpernapar, OTBEYarOLUi COBPEMEHHBIM TPEOOBaHUSIM.
KaroueBble ciioBa: nepepaboTKa I1a3Mbl KPOBH, MMMYHOTJI00y bl A, M, G, KOMIUIEKCHBIH HMMYHOTJIO-
OyJIMHOBBIII ITpenapar, FOHOOOMeHHas XpoMaTorpadusi, renb-xpoMarorpadus.

BaarogapnocTu: paboTa BhINIONHEHA B paMKax Npoekta MHUHOOpHAYKH 0 Pa3BUTHIO OTEYECTBEHHOIO HayY-
HOTO MpUOOpoCTpoeHUsl, IUPpP TeMbl: « XpomaTorpady.

Jsa nutupoBanns: Kapaces B.C., boukosa O.I1., Ctaposepo C.M., sanos A.B., ITemxuit U.C., Bypsax
A K. PazpaboTka MeTOo/1a NOTy4eHNs] IMMYHOTJIOOYJIMHOB A ¥ M /171 CO3/1aHMsl KOMIUIEKCHOTO HMMYHOTJIO-
OynmuHoBoro npenapata // Copoyuonnvie u xpomamozepaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 735-743.
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Abstract. The possibility for obtaining immunoglobulins A and M for create a complex immunoglobulin drug,
which is used for the prevention and treatment of acute intestinal diseases have been investigated. The effec-
tiveness of this drug has been demonstrated in the course of numerous clinical trials and proven over time, but
a drug that meets all modern requirements for purity and viral safety is not produced in our country. Previously,
we developed a technology for obtaining virus-free immunoglobulin G, including the purification of inacti-
vated blood plasma on three sorbents: hydrophobic, DEAE and sulfocationite. Studies have shown that immu-
noglobulins A and M are concentrated on the DEAE sorbent. After the introduction of the technology for
obtaining immunoglobulin G, the issue of extracting the fraction of immunoglobulins A and M became espe-
cially relevant, since it can allow their isolation in one technology with the production of immunoglobulin G,
which reduces economic costs and allows for a comprehensive solution to the problems of processing blood
plasma. The work studies the conditions for elution of the fraction of immunoglobulins A and M for subsequent
purification on various sorbents. It was shown that elution from a DEAE column with 0.075 M sodium chloride
solution at pH 5.65 allows removing more than 60% of polymers in the raw material. Subsequent purification
was carried out on six different sorbents that differed in the carrier (agarose and polymethacrylate) and func-
tional groups (sulfonic cation exchanger, weak and strong anion exchanger) in four buffer systems with pH
5.0; 5.65; 6.8; and 7.4. It was shown that on the anion-exchange sorbent based on methacrylate Relisorb DA
400 at pH 7.4, a high yield of immunoglobulins is achieved (70% for IgA and 80% for IgM) with a low polymer
content, which allows obtaining a complex immunoglobulin preparation that meets modern requirements.
Keywords: blood plasma processing, immunoglobulins A, M, G, complex immunoglobulin drug, ion ex-
change chromatography, gel chromatography.
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KJacca M, mpH MOCHEAYIONMX KOHTaKTax ¢

aHTUTeHOM cuHTe3upyrotes IgG u IgA [5].
B orimume oT KJ1acCMYECKOro MyTH HC-

MOJTb30BaHMSA B Ka4eCTBE CHIPhs ocanaka b o

BBenenune

JlexapcTBeHHBIE IIpemaparsl, MOJY4YEH-
HbI€ U3 IJIa3Mbl KPOBU YeJIOBEKa — OCOOBIN

KJIaCC TEPANEeBTHUECKUX CPEJNICTB, YACTO UC-
MOJIb3YEMbIX KaK €IMHCTBEHHBIH BO3MOX-
HBI BapHaHT B MPEJOTBPAIICHUH, PETYJIIH-
POBaHUM M JICYEHUHU YTPOXKAIOMIMX KU3HU
COCTOSIHMH, BBI3BaHHBIX TPABMOM, BPOXKICH-
HBIMHU HEJI0CTaTKaMU, MMMYHOJIOTHYECKUMU
paccrpoiictBaMu win uHpekusmu [1-4].
OnHMMH M3 BaXXKHEMIIMX NpenapaToB
KPOBH SIBJIIFOTCS MMMYHOTTIOOYHHBI. He-
CMOTps Ha pa3HooOpa3ue (QyHKUWH, TIaB-
HBIM Ha3HAYEHUEM HMMYHOTJIOOYJIHMHOB B
OpraHu3Me SIBJIISIeTCS paclio3HaBaHHE aHTH-
TCHOB, B CBSI3H C Y€M BTOPOE HAa3BAHUE ITUX
MOJIEKYJI — «aHTuTenay. [Ipu nepBoit aHTH-
TCHHOM CTUMYJISIIUHU JTUMQOITUTHI TPOIYITH-
PYIOT B OCHOBHOM HMMYHOTJIOOYJIMHBI

Kony MbI uccrienoBanu BO3MOXXHOCTh Hapa-
00TKM UMMYHOTJI00YIMHOB A 1 M 13 60ko-
BbIX (paKIMii HOBOW TEXHOJOTMU TOTyYe-
Hus IgG, KoTOpas mpomuia Bce CTaIuu TeX-
HOJIOTUYECKUX UCIIBITAHUHN, BKIIOYAI0 BaJU-
JIAIAI0 BUPYCHOM 0€30MacHOCTH M C yCIe-
XOM HUCIoNb3yeTcs s HapaboTku «KoBup
['moGynuHa» W3 1TIa3Mel JOHOPOB, Tepedo-
nesimx Kosua-19 [6, 7].

BKCHepI/IMeHTaJIBHaﬂ 4acTb

PacTBopuTeIN, peareHThl U CTaHIAPTHEIE
00pa3iibl. DKCIIepUMEHTATBHBIC HCCIIeI0BA-
HUS TIPOBOAWIHN ¢ ucnonb3oBanueM: TWIN
80 (Merck, I'epmanus), Tpubytundocdar
(Merck, T'epmanmusi), KHUCIOTBI YKCYCHOM
(u.m.a., Poccus), docdara Hatpus (4.m.a.
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Tabmmma 1. XapakTepruCTHKH HCCIICIOBAHHBIX COPOCHTOB

Table 1. Characteristics of the studied sorbents

Pazmep
HaumenoBanue cop- OYyHKIMOHAIbHAS Pazmep ua-
Martpuia nop,
OeHTa rpymnma CTHII, MKM i
DEAE Sepharose CL-6B CnaOb1ii aHHOHUT 6% araposa. 65-155 90
Relisorb DA 400 CrnaOblii aHHOHHT [TonmmeTakpuaT 50-150 90
ChromSpeed Q103 Cunbnbiit annonnt | Ilonumerakpuiat 60 50
ChromSpeed S103 CyabpdokaTHOHHUT IMommMeTakpuIaT 60 50
Huachep-AK-JIEAE CaOblii aHHOHHT [TonuMeTakpuaaT 100-250 100
Huachep-AK-CII Cynb(hOKaTHOHUT [TonumeTakpunat 40-120 60

Poccus), aunerara narpus (u.ng.a., Poccus),
xjiopuaa Hatpus (4.4.a., Poccust), ruapok-
cuna Hatpus (4.1.a., Poccms), ¢ochopHoit
KUCHOoTHl (4.n1.a., Poccus). UmmyHornooy-
JTMH A, IMMYHOTI00YyMH G, UMMYHOTII00Y-
auH M, anbOymuiH, a Takke o00pa3ibl
mwiasMel  KpoBu npepoctaBiensl  HIIO
«Mukporen». [leMOHM3UPOBaHHYIO BOJIY
MOJTyYalld C TIOMOIIBIO CUCTEMBI BOJIOMO/-
roroBku Milli-Q (Millipore, CIIA) u3 nu-
CTHJUTHPOBAaHHOW BObI. [lonBrxkHBIE (a3bl
U paboyue pacTBOpPHl FOTOBHIIM PacTBOpE-
HUEM HEOOXOJIMMBIX HABECOK B JIEMOHU30-
BaHHON Boje, ¢ mocienyroel ¢uibTpa-
et yepes 0.2 MKkM QUIBTP.

O6opynoBanue

B3BemmBaHus CyXux peareHTOB IPOBO-
aunmn Ha Becax ACCULAB VI (Sartorius,
I'epmanus). [Ans usmepenus pH ucnomszo-
Banu uoHomep «DxcnepT-pH» (Poccus).
lentpudyrupoBanue oO0pa3loB IIa3MBbI
KPOBH OCYIIECTBIISUIM Ha neHTpugpyre CM-
50 SkiLine (ELMI, JlatBus). s qo3upoBa-
HUS UCIOJIb30BAIM aBTOMAaTHYECKHUE J103a-
topamu 10-100 mxir, 20—-200 mxir, 100-1000
MKJI C TpeAesoM JIOIyCKaeMoil MOrperHo-
¢t u3Mepenus He 6onee £5% (LABMATE,
[Tonpma). @pakunoHUpOBaHUE  OEJIKOB
TUTa3Mbl KPOBH TIPOBOAMJIM Ha KOJIOHKAaxX
24x300 MM Ha xpomatorpade Axcroma-/le-
6101 (AO «buoXumMak CT») ¢ nerekropom
Y®-280 HM™.

CopOIMOHHbBIE MAaTEPHAIIBI M KX XapaKTe-
PHUCTHUKH:

DEAE Sepharose CL-6B (Cytiva), 6%
araposa. Pazmep uactun — 65-155 mxm. Paz-
mep mop 90 um. JInanazon padovero pH — 3-

9. EmMkoctp 1o 6enky — 170 mr/mn (HSA —
68 x/la).

Relisorb DA 400 (Resindion, Uramus).
[Tomumerakpunar. CnaObiii aHuonut. Pasz-
mep gactuil — 50-150 mxm. Pasmep mop 90
oM. /Imamazon pabodero pH — 1-14. Ewm-
KOCTBb 110 6e7Ky — 30 Mr/cm>(HSA — 68 x/1a).

ChromSpeed Q103 (Mitsubishi, Smo-
Hus). [lomumerakpunat. CUIIbHBII aHUOHUT.
Pazmep yactuir — 60 mxm. Pazmep nop 50 HMm.
JHuanaszon pabouero pH — 1-14. EmkocTs 10
6enky — 100 mr/em® (IgG — 170 k/Ta).

ChromSpeed S103 (Mitsubishi, Snoxus).
[Monmumerakpunar. CynbdoxaTruonut.Paz-
Mep yactul — 60 Mxm. Pasmep mop 50 Hwm.
Juamnazon padouero pH — 1-14. EMkocTb 1m0
6enky — 100 mr/em® (19G — 170 x/a).

Huacpep-AK-IEAE  (buoxummak  CT,
Poccus). [Tomumerakpumnar. CaOblii aHUOHMUT.
Pa3zmep uwacturr — 100-250 mxm. Pazmep mop
100 uM. [Inanazon pabouero pH — 1-14. Em-
KOCTb 110 Genky — 35 mr/em® (HSA — 68 k/la).

Huacdep-AK-CII (buoxummak CT, Poc-
cust). Matpuna — INomumerakpunar. Cyib-
¢doxatuonut.Paszmep gactui — 40-120 MkwM.
Pazmep nop 60 M. Jlnanazon padouero pH
—1-14. EmkocTs 1o 6enky — 50 mr/cm® (HSA
— 68 k/la).

OcCHOBHbBIE XapaKTEPUCTUKU HCCIENO0-
BaHHBIX COPOCHTOB IpEJCTaBIEHBl B Tald-
mune 1.

AHanuTHuecKas  BBICOKOA(EKTHUBHAS
JKUIKOCTHAsE xpoMarorpadus. BOXKX-ana-
JU3 B PEXUME SKCKIIO3MOHHON Xpomaro-
rpaduu TPOBOAMIM Ha Xpomarorpade
Smartline (Knauer, ['epmanus) ¢ neTexTupo-
BaHMEM Ipu AyIrHE BOIHBI 280 HM, neTis 20
MKJ. Mcnons3zoBanu konoHky 300x10 mm
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JUISL SKCKJIFO3MOHHOM XpomaTorpaduu Gen-
koB Superdex 200 10/300 GL (Cytiva). Ipe-
nen sxckmosnu 1.3x10°. OnrumansHo pabo-
taeT B auanazone Macc 10000-600000
JanpToH.
BOXX ananu3 npoBoauau B CIENYIO-
HIMX PEKOMEHJOBAHHBIX AIIOCHTAX:
Superdex 200 10/300 GL: 50 MM
Hatpuii-pocdar, conepxantuii 0.15 M NaCl
u 0.1% asuna natpusa, pH 7.2. CxopocTh
smonpoBanus 0.75 cM>/MuH.
MonekynsipHble MacChl WMMYHOTJIO0Y-
auHOB G ¥ M 3HAYUTENBHO OTJIMYAIOTCS:
1gG — 150 x/1 (pl 6.1-8.5); IgM — 950 /] (pl
6.6), 4TO MO3BOJISIET JIETKO MX Pa3feliiTh B
peXruMe BBICOKOI(P(PEKTHBHON IKCKITIO3U-
OHHOHU xpomaTorpaduu. UMMyHOTTO00YITMH
A 150 /I (pl 7.3) xapakTepuzyercsi o0pazo-
BanueM aumepoB (300 x/I), uTo Takxke cro-
cobctByet ero otaenenuro ot 1gG B ananmm3ze
METOJIOM SKCKJIFO3UOHHON XpoMarorpaduu.
[IpemapaTuBHas xpomarorpadus. Xpo-
MaTorpauio MPOBOAWIM B aleTaTHBIX H
docharabx OydepHbIX cucTemax ¢ YO nme-
TEKTUPOBAHUEM TIPHU JJIMHE BOJIHBI 280 HM.
Hcnonp3oBanu KosoHKH pazmepoM 24x300
MM. DITFOMPOBaHUE OCYIIECTBIISUIA CTYIEH-
YaThIM IPAIMEHTOM XJIOPHJIa HATPUS.
Pagmanpuas mmmyHOmuddy3us. Pamn-
QIbHYI0 UMMYyHOIU(Qy3u0 nmo MaHuMHU
IIPOBOJIMIIN C UCTIONB30BaHUEM Habopa pea-
reatoB D-tect-G, A, M, HI1O «Muxkporeny,
Poccus ¢ ncnonbp3oBaHWEM IIACTUH HMMY-
HOU(GY3HBIX I KOTMYECTBEHHOTO OTIpe-
nenenust 19G, 1gA, IgM genosexa.
HmmyHosnekrpodopes. UucToTy BhljIe-
JIEHHBIX (DpakKIii 6ETKOB ONPENEIISIIHN C 10~
MOILIbI0 UMMYHO3JEKTpodopesa. DIeKTpo-
dbope3 mpoBOaMIHM TpH cujie Toka 13 MA u
HanpsbkeHuu 100B B tewenue 1.5 4. (Bio
Rad POWER PAC 300). J{ns okpamuBaHus
OEJIKOB HMCIMOJIB30BAJIM PACTBOP KpacuTels
amuaouepHoro 10b.

Oo0cyxaenue pe3yJbTaToB

[IpenBapurtenbHbIE NCCIETOBAHUS HOBOM
TEXHOJIOTMYECKOM CXEMBI IIOKa3alld, 4YTO
UMMYHOTJIOOyIMHBI A u M Haxonsarcs B
OCaJKe IOCJE PacTBOPEHHs oOcaaka A IO

Kony u nearpudyrupoanus (dpakmous 1),
ocajZike Ha (UIbTPE MOCIE MPOBEACHUS BH-
PYCHON MHAKTUBAllMU U MpeABapUTEIbHON
(GUIbTpalluU CHIPBS MEpe] HaHECEHHWEM Ha
NEePBYIO KOJIOHHY C TUAPO(OOHBIM cOpOCH-
toMm (¢ppakmus II) 1 wa kononne ¢ JJEAE
copbenTom (ppaknus l1) (puc. 1 u Tadm. 2).

N3 Tabnumsl BHIHO, YTO HA copOeHTe
(ppaxuus 1) konuentpupyercs 6oaee 96%
IgA u oxosio 50% IgM. Ilpu sTom orceka-
I0TCA arperatbl UMMYHOTTIOOYJIMHOB U Oell-
KOB, a Taxxke accouuarsl IgM c Bupycamuy,
ocraBasich Bo ppakuusax (I u ).

BaxHO OTMETUTH, YTO MBI HE CTaBUJIH 3a-
Ja4y BBIJIEICHUS WHIUBUAYaTbHBIX UMMY-
HOroOyauHOB A u M kak 310 ObLIO B CIly-
yae ¢ uMMmyHornooyianHoM G. B coorser-
CTBHH C TpPeOOBaHMSAMH K KOMIUIEKCHOMY
npernapary HeoOXOoAUMO ObLIO U3YyUUTh BO3-
MOYKHOCTh HapaOOTKH MMMYHOTJIOOYJTHHOB
A u M unm ux cMecH ¢ KOHTPOJIUPYEMbBIM
COJIepKaHUEM TIOJIMMEPOB, (ParMEeHTOB H
UHBIX OEJKOB IIa3Mbl KPOBH.

OpueHTHpYSCh Ha XapaKTEPUCTUKH TIpe-
napara «llentarnooun» (I'epmanus, «buo-
tect Papmay) [8], OCHOBHBIE XapaKTepH-
CTMKM  pa3palaThlBaéMOro  Ipernapara
MOYHO OIPEJENIUTh CIEeITYIOIUM 00pa3oM:

o Konnentpanus 1gG — 50-70%

e Konnenrpamus IgM — 15-25%

¢ Konmnenrpamus IgA — 15-25%

¢ Kommmuectso monmumepos IgM, 19G, 1gA —
He 6onee 5%

¢ CropoHHHe OeKH T1a3Mbl — He Gonee 15%

e OparmMeHThl — He Oonee 2%

e Yucrora Ha UDP — He Gosee 2-X fo107-
HUTENbHBIX JUHUN Ha doperpamme

Mpsl cpa3dy mocTaBwiIM 0Ooyiee JKECTKHE
paMKH MO cojiepxaHuio nonumepoB (5%),
Torja kak B «lleHTarno0nMHe» OHU HOPMH-
pytorca B mpeaenax 10%, Tak kak moiu-
MEpHI, KaK MPABHIIO0, OMPEIEIISIOT OOIBIIYIO
4acTh MOOOYHBIX I(PPEKTOB.

Omoat, noiay4daemsiii ¢ JIDAE Ko10HHBI
C ucrnonb3oBanueM 20MM pacTBopa areraTta

738



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 735-743.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 735-743.

Pacteopenne ocanka A mo meTony Koma B
20 MM sarpi anetarHom Oydepe, pH 5,65

v
| Lentpudyruposanue npu 3000 06/ MuE ‘

Ocagok mociae
ueHTpH}YTHPOBAHHA

v

(dp D

BupycHHAZ HHAKTHBAIHA CYTICPHATAHTA
(TWIN 80 + tpudytrndocdar)

L
L &

DuIbTpanH

v

Ocazok Ha GHIBETpe

(@p m

v
Tunpododras xpomarorpadus Ha
copbente duacgep CT-75
(eBa3pmBatoTes: TpHOYTHAGOCHAT, THIHALD)

v

AnnoHo0GMeHHaA xpoMaTorpadus Ha
copbente Jnachep AK-JIEAE
(cBassmBarorea: IgM. IgA, ansbymuH u ap.

OemkH)

v
Karnonoo6mennan xpomaTorpadns Ha
copberte [Inacdep AK-CIT
(ceaseBarotea: IgG)

CMEIB ¢ copbenTa
Tnacdep AK-TTEAE
(ppaxums I1I)

Puc. 1. TexHonoruueckas cxema nojay4eHus UMMYHOTI00yauHa G

Fig. 1. Technological scheme for the production of immunoglobulin G

Tabmuua 2. CogepikaHre UMMYHOTJIOOYJIHHOB B PA3IMYHBIX OOKOBBIX (PaKIUSIX TEXHOJIOTHYE-

CKOH CXeMBbI IOJIy4YCeHHS UMMYHOTII00yiuHa G

Table 2. The content of immunoglobulins in various side fractions of the technological scheme for

obtaining immunoglobulin G

Konuenrpanus, mr/cm® ConepsKanue, T
Ppaius OGmen (nar’) IgA | 1gG | IgM | IgA | IgG | IgM
Opakmus [ 30.8 0.31 5.8 1.25 954 | 178.6 38.5
Opakrus 11 16.0 0.5 5.8 1.25 2.0 23.2 5.0
Opakius 111 8.2 36 10.9 531 295.2 | 89.0 43.5
Uroro: 306.7 | 290.8 87.0

ammonus u 1 M NaCl B pamkax TeXHOJIOTH-
YeCKOro IMpolecca NoayYeHUss UMMYHOTIJIO-
OymuHa G comep KUT 3HAYUTETHHOE KOJTHYe-
cTBO arperaroB (puc. 2). Heo6xoaumo cHu-
3UTh KOJIMYECTBO arperaToB M MOCTOPOHHUX
0EJIKOB MPHU COXPaHEHUHU COOTHOIEHHs IgA
u IgM B mpenenax ot 1:1.6 go 1.6:1. Oue-
BUJIHO, YTO CyMMapHoe ux coaeprxanue (30-
50%) HOpMUpYETCS MPOCTHIM J00aBIEHUEM
1gG, xoTOpHIii OTyYaeTcss B paMKaxX OCHOB-
HOM TEXHOJIOTHH NepepadoTKH ocaaka A.
[TockonbKy B TEXHOJIOTMYECKOM TIpO-
1iecce moay4YeHnuss UMMyHoTrno0yimmHa G ko-
nonHa ¢ DEAE copbentoMm oTcoenuHseTcs
U pereHepupyeTcsi He3aBUCUMO, MBI OITH-
MHU3UPOBAIN YCJIOBUS CMBIBA MMMYHOIJIO-
OynmuHOB A 1 M. M3yuenue yCcioBHii 2Ir0u-
pPOBaHUSI KOJIOHHBI PacTBOpaMHU C KOHIIEH-
tpammei xiopuma Hartpus 0.075; 0.1; 0.2;
0.3 u 1M moxkazano, yto Haubozaee dhdex-
TUBHBIM SIBJISIETCS TIPEBAPUTENbHAS TIPO-

MbIBKa KoJoHHBI (0.075 M OydepHbiM pac-
TBOpoM ¢ pH 5.65, koTopslii ynanser 6oiee
60% MOTUMEPOB C MOCIEAYIOIINM CMBIBOM
umMmyHornooynuHoB 0.3 M pactBopom ¢
TeM ke pH.

JlanbHelas ouncTka Hanboee MpoIyK-
TUBHO MOJKET OBITh pelleHa C MOMOIIbIO
MOHOOOMeHHON — xpomatorpaduu [9-11].
Jljig onTUMHU3AaMK TOTO MOJAX0Aa MBI U3Y-
YUIIU sl AHUOHO- U KaTHOHOOOMEHHUKOB,
OTIMYAIOIIMUXCS  TPUPOJOW  MaTpHIIbI,
CTPYKTYPHBIMH XapaKTEPUCTHUKAMH U HOHO-
oOMeHHOM emKocThiO (Tabxa. 1). B xauectse
JNIIOCHTOB HccienoBaHbl Na-aneratHele U
Na-hocdaTasie OydepHble pacTBOPHI € A1a-
nazoHoMm pH ot 5.0 no 7.4. DnroupoBanue
Benu cryneHyatbiM rpaguentom NaCl. Or
2.5 1o 15% war crynenu Ob11 2.5%, a nanee
5%. TakoW MmMOaXoJ, Kak MPaBWIO, MO3BO-
JSIET B IIMPOKUX MPEJENax BapbUpOBaTh ce-
JEeKTUBHOCTh. B Tabnuiie 3 mpenacTaBieHBI
XapaKTepUCTUKH Oy(epHBIX cHCTEM.
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Puc. 2. XpomaTtorpamma 3iroarta ¢ I[EAE KoJIOHHBI 1M OydepHbM pacTBopoM ¢ pH 5.65.
Fig. 2. Chromatogram of the eluate from the bottom of the column with 1M buffer solution
with pH 5.65

Tabmuma 3. Xapakrepuctuku 0y(hepHBIX PaCTBOPOB, HCITOIB30BAHHBIX ISl HOHOOOMEHHON XPO-

MaTtorpadu UMMYHOTIO0YITMHOB

Table 3. Characteristics of buffer solutions used for ion exchange chromatography of immuno-

globulins
H O0y- | DaeKTponpoBOIHOCTH DIEeKTPONPOBOJIHOCTH
Cocras 6ydepa p (’pepZ g/(bega, mS pH o6pasua ogpaslila, mS
20MM NaAc 5.0 1.58 4.99 1.2
20mMM NaAc 5.65 1.62 5.64 1.15
20MM Na;HPO4 6.8 1.65 6.8 1.1
20MM NayHPO4 7.4 1.64 7.4 1.2

KoHTponbp 3a cocTaBoM BBIIEISIEMbBIX
¢Gpakuuif BeTM KOMIUIEKCOM METOJIOB.
®paknuu aHATM3UPOBAINA Ha 0011Iee Coaep-
*KaHue OeNka, IOJMMEPOB, arperatoB H
¢parmenToB 3KcKiI03noHHON BOXKX. Pa-
IUabHON UMMYHOIU(dy3uelt onpenensim
KOHIEHTPALUI0 UMMYHOTJIO0YJIHMHOB, a IO
pPasHOCTH MEXAy OOLIMM CO/ep)KaHUEeM
Oenka U copiepKaHUEM UMMYHOTJI00YJIMHOB
OLIEHUBAJIN KOJTMYECTBO APYTUX OEIIKOB.

Ha ocHoBaHuuM pe3ynbTaToB aHANN3a 3HA-
YUTEIBHOTO Ynca Gppakiuii Ha colepkaHue
arperaToB M TOJMMEPOB MBI MTPHUIILIA K BbI-
BOJ1y, UTO IIPEJUIOKEHHBIN HAMU ITyTh BBIJIE-
JeHUs] UMMYHOTTI00yInHOB A 1 M > dek-
TUBEH, M TO3BOJISIET MOJIy4aTh MPOAYKT C
MeHbIuM, yeM B [leHTarmobune comepxa-
HUEeM 3THX npumeceld. IIpu 3ToM Kommue-
CTBCHHBIH W Ka4eCTBEHHBIN cocTaB (ppak-
Ul CYIIECTBEHHO 3aBHCUT OT COpOEHTA.

OKCHepUMEHThl TOKa3ajlu HeAoCTaToY-
HYI0  CEJIeKTHMBHOCTb Yy  COpPOEHTOB
ChromSpeed S 103 u Q 103. Ha stux cop-
OeHTax OEJKHU IMIOMPYIOTCS YXKe IpU HU3-
KON KOHIIEHTPAIMH COJIM, YTO HE MO3BOJISET

3G (PEKTUBHO OTIEIUTH UMMYHOTJIOOYIIHHBI
OT MOJIMMEPOB, arperaTtoB U APYrux OEIKOB.

WNsyuenue copbenta  uacdep-AK-
JIEAE nokasaino, 4To Ipy SII0UPOBaHUU 0Y-
depubivu pactBopamu NaCl 100 u 200 MM.
TpeOOBaHUSAM IO COJIEPKAHMUIO arperaToB
OTBEYAIOT HECKOIBKO (pakumii. OIHAKO CO-
JepKaHue MMMYHOIJIo0ynuHOB A U M B
ATUX (PPAKIUAX CIUIIKOM HU3Koe 26% 1o
IgM u 40% mo IgA.

KatnonnooOomenusiii copoent Juacdep-
AK-CII npu Hu3kux 3Hauenusx pH He npo-
SIBIISIET CEJIEKTUBHOCTH B OT/ICJICHUH arpera-
TOB OT UMMYHOITI00yJIUHOB. [Ipn BeICOKHX
3Ha4eHHsAX pH Oenku mpakTHdecku He cop-
O6upyrorcs ¥ 00JbIIas YacTh UMMYHOTJIO0Y-
JMHOB DITIOUPYETCST B HAYAJILHOM OOBEME.
Ora ¢pakuus npu pH 6,8 comepxur 52%
IgM, 61% IgA u 7% monumepoB. Dta (pak-
LU y’K€ MOXKET MPEJCTaBIATh HHTEPEC IS
MOJTyYeHHs KOMIUIEKCHOTO TIpernapara.

Copoent DEAE Sepharose CL-6B moka-
3aJ1 Xxoporue pe3ybratel pu pH 5.0, 6.8
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Mo ppatium

MPOCKOK 10% 20% 30% 100%
KoHuenTpams NaCl, %

Puc. 3. CocrtaB ¢pakiuii mpu pasaencaun cMecu Ha copoente Relisorb DA 400 npu pH 7.4.
1 — arperartsl, 2 — croponHue 6enku, 3 — IgM; 4 — IgA.
Fig. 3. Composition of fractions during separation of the mixture on the sorbent Relisorb DA
400 at pH 7.4. 1 — aggregates, 2 — sided proteins, 3 — IgM; 4 — IgA.

mv-
100

0 10 20 30 40 50 60 70 MHH

Puc 4. Xpomarorpamma c(opMHUpOBaHHOM CMECH KOMIUIEKCHOTO HIMMYHOTJIO0YJTHHA.
Kononna Superdex 200 10/300 GL. Dmoent: 50 MM natpuii-pocdar, conepxarmuii 0,15 M
NaCl u 0.1% asuna, pH 7.2. Ckopocts smouposanus 0.75 cm/mun. 1 — 1gM, 2 — IgA, 3 - IgG,
4 — anp0yMuH.
Fig. 4. Chromatogram of the formed mixture of complex immunoglobulin. Superdex 200
10/300 GL column. Eluent: 50 mM sodium phosphate containing 0.15 M NaCl and 0.1% azide,
pH 7.2. Elution rate 0.75 cm®min.1 — IgM, 2 — IgA, 3 —IgG, 4 —albumin.

Tabmuia 4. Conepxanue IgA u IgM, a Taxoke nomumepos (I1) u croponnux 6enkos (b) Bo ppak-
usix Ha copbente Relisorb DA 400 mpu pH 7,4

Table 4. The content of IgA and IgM, as well as polymers (N) and third-party proteins (B) in
fractions on the sorbent Relisorb DA 400 at pH 7.4

CroponHue

Opakuusa | [lomumepst, % G, % IgM, mr/dp IgA, mr/dp

[Ipockok 4 5 49 75
10% 4 15 8 18
20% 2 8 10 5

7.4. B nocnennem cinyuae (pH 7.4) Bo3-
MOYKHO O0OBEAMHEHUE TEpPBBIX Tpex (pak-
nuii. B pe3ynprate 3T0ro MOXHO MOJIyYUTh
yIOBJIETBOPUTEIbHBIE BBIXOABI 10 HMMY-
HOTJIOOyTMHAM — ropsiaka 60% mpu HU3KOM
COJIepKaHUU TIOJIMMEPOB.

Hawmnyumme moka3arenw 1O  BBIXOIY
(70% nnst 1A u 80% st IgM) mocTUrHY TBI
Ha copoente Relisorb DA 400 npu pH 7.4
npu 00BEIUHEHUHU TEPBBIX Tpex (paxiuit
(puc. 3 u Tabm. 4).

NmvmyHO1€KTpOdOope3 naHHOU (hpakiun
nepen jgo0aBiieHneM UMMYHOTIoOymHa G

741



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccol. 2024. T. 24, Ne 5. C. 735-743.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 735-743.

JEMOHCTPHUPYET HATMUUE YETKUX [0JIOC UM-
MYHOIJI00yIMHOB M 1 A.

®paknua no pesyiabratram PUJL conep-
KUT 8.2 mr/cM® HMMyHOrnoOyIuMHa A,
6.9 mr/cm® mvmmyHornooyimaa M. ITocne
nobaBneHuss MMyHorooynuaa G 1o 1o-
CTHXKEHUS KOHIICHTpanuu B 16 mr/em® G
chopMHpOBaHHAsT CMECh MPOAHATUIUPO-
BaHa SKCKI03HoHHON BOXX (puc. 4).

OpueHTHPOBOYHBIN MaTepUaJIbHBIN Oa-
JIAaHC CBHUJIETEIBCTBYET O TOM, YTO U3 OJHOMN
TexHoJoruueckon 3arpysku (170 mutpoB
wia3mel win 8.5-9.5 kr ocanka A) momyuya-
ercs 43-48 r IgM u 80-100 r IgA, uto co-
ctaBisier 30% IgA u 35% IgM u3 pacuera
Ha CpegHee CoJepKaHWe MMMYHOTTIOO0YIH-
HOB B IJ1a3Me KpoBu. [loiydeHHbIi pe3yib-
TaT JOCTaTO4eH JUIsi OOECTIeYeHHs HpPOH3-
BOJICTBA KOMIUIEKCHOTO HMMYHOTJIO0YIH-
HOBOTO TIpenapaTa W He TpeOyeT JOIOJIHU-
TEIbHBIX UCTOYHUKOB I1JIA3MBI.
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Juddy3uoHHasi NPOHUIIAEMOCTh reTeporeHHoi Mmemopanbt MK-40
C Pa3HbIM Pa3MepoOM YACTHII CYJIb(POKATHOHOOOMEHHOH CMOJIbI

SIna PomanoBHa Becnanoa™, CeerJiana BuxkrtopoBna /1o0pbiieHb,
Bepa NBanoBHa BacuibeBa
BopoHexCcKuil rocy1apcTBEHHbIN yHUBEpCeUTeT, Boponexk, Poccus, bespalova.yana2003@yandex.ru®

AHHOTanus. [ TaBHBIM CBOMCTBOM MOHOOOMEHHBIX MEMOpaH SIBIISETCS CENICKTHBHOCTD, OCHOBAaHHAs Ha CIIO-
COOHOCTH MEMOpaHbI MPOITyCKATh HOHBI OJJHOTO 3HAKa, 3a/IePKMUBasi HOHBI IIPOTHBOIIOJIOKHOTO 3HaKa 3apsa/a.
[TyTem BapbHUpOBaHHS COCTaBa U CTPYKTYpbl MEMOpPAH MOYKHO TOCTHYb CHYDKEHHUS NG PYy3nOHHOM MpoHHLa-
€MOCTH, YTO TIOJIOXKUTENILHO OTPA3UTCsl HAa UX CEJIEKTMBHOCTH B IIPOLIECCaX JIEKTPOMEMOpaHHOT0 00eccou-
BaHMs M KOHLEHTPUPOBaHUs. B paboTe BBINOIHEH CpaBHUTEbHBIN aHANIN3 PU3UKO-XUMUYECKUX U AU dy3u-
OHHBIX CBOMCTB AKCIIEPUMEHTAJIBHBIX 00pa3LOB reTepOreHHOH Cylb(oKkaTHOHOOOMeHHOW MeMOpanbl MK-40
(OO0 «VMuuoBanmonunoe npennpusarue «llleknHoaszor», Poccust). Lienb paboThl cocTosiia B M3y4eHHH BIIHS-
HUS U3MCHCHHUS pa3Mepa YacTUI] MIOHOOOMEHHOM cMouTbl Ha Au(Qy3uOHHBIC CBOiicTBa MeMOpaHbl. [lnameTp
YaCTHI TOMOJIa HOHOOOMEHHOI CMOJIBI, 3asBIICHHBIH 3aBOAOM-U3TOTOBUTENIEM, HAXOAMICS B TPEX IHAIa30-
Hax: <20 MxMm, 20-32 MKkM 1 56-71 MKM. Y CTaHOBIJICHO, UTO C YBEIMYCHAEM Pa3MEPOB YaCTUI] HOHOOOMEHHOM
CMOJIBI BIIArocoiepkaHue yMeHbInaercst Ha 12%, moiaHas oOMEHHast eMKOCTh NPaKTHIECKH HE M3MEHSETCH.
[Ipu 3ToM TONMmMHA MEMOpaH B CyXOM M HaOyXIeM cocTosHUM nagaeT Ha 4-5%. [lokaszaHo, 94To yBenuueHne
JFaMeTpa YacTHIl ITOMOJIa HOHOOOMEHHOI CMOJIBI BEI3BIBAET YMEHBIICHNE BETMYMHBI INIOTHOCTH AN HY3HOH-
HOT'O MOTOKa XJIOPH/Ia HATPHUs Yepe3 uccieayemMble MeMOpaHsbl. [1oydyeHs! JMHEeHbIe KOHIIEHTPAallMOHHbIE 3a-
BUCHMOCTH IUIOTHOCTH MOTOKA AU Py3uu coiu B OmiiorapuMuuecKux KOOpIHHATAX ¢ OJIM3KUMU K €ANHHIIE
3Ha4YeHUAMH K03 duimeHToB gerepmuHaiuu. C UCIOIb30BaHUEM MOTYUYEHHBIX JAHHBIX ONpEIENeH dMITUPH-
YEeCKUI KOA(PUIUEHT B, BEIMYMHA KOTOPOTO CBUJIETEIBLCTBOBANIA O BBIMYKJIOH ()OpMe KOHLEHTPAIHOHHOTO
npoduns xnopuna Hatpus B Gaze memOpansl MK-40. C pocToMm Juamerpa 4acTull IOMoJia HOHOOOMEHHOIA
cMoutbl oT <20 10 56-71 MkMm BenuurHa kodduirenta  Bozpacraer ot 1.14 1o 1.20. Ha ocHoBaHuM 3KcIie-
PUMEHTAJIFHO OMpE/IEIEHHBIX 3HAYCHUH MHTETpaIbHOr0 Kod(hduunenta 1uddy3nHoHHOW NPOHUIIAEMOCTH U
ko3 dunnenTa § paccuuTaHbl BeNHIHHEI A HepeHIINaTbHOT0 KodQunneHTa Tudy3noHHON IPOHUTIAEMO-
cti MeMOpaHbl. KoHeHTpannoHHbIe 3aBUCMMOCTH HHTETPAIBHOTO U TUddepeHransHoro ko3¢ GUuneHToB
T y3HOHHOH NPOHMIIAEMOCTH BCEX HCCIIEIYEMBIX 3KCIEpHUMEHTANIbHBIX 00pas3noB MemOpansl MK-40 B
pacTBOpe XJIOpHIa HaTpHsl UMEJH TPAIUIIMOHHbIA Bo3pacTatomuii xapakrep. C yBeIndeHHEM pa3Mepa YacTHIL
HOHOOOMEHHO! CMOJIBI YCTAHOBJICHO MaJIcHHE BeTHMIUHBI T (epeHInanrsHoro kKodgduuneHTa qudy3noH-
HOW IIPOHHUITAEMOCTH Oolee, yeM B 2 pasa.

KiroueBble cjioBa: reTeporeHHas KaTHOHOOOMEHHas MeMOpaHa, pa3Mep 4acTHI] HOHOOOMEHHOI CMOJIBL,
muddy3roHHas TPOHUIAEMOCTbD, PU3UKO-XUMHUUECKHE CBOICTBA.

BiarogapHocTH: HCCIeI0BaHKE BBIIOJIHEHO 3a cueT rpanta Poccuiickoro HayuHoro ¢onmga Ne 21-19-00397,
https://rscf.ru/project/21-19-00397/

Jast untupoBanus: becnanosa S.P., lo6psinens C.B., Bacunbsesa B.W. [Inddy3nonHas npoHUiaeMocTh re-
TeporeHHON MeMOpansl MK-40 ¢ pa3HbsIM pa3MepoM yacTull cyabhokaTHOHOOOMeHHO# cMmousbl /| Copbyuon-
Hole u xpomamoecpaghuueckue npoyeccol. 2024. T. 24, Ne 5. C. 744-752. https://doi.org/10.17308/sorp-
chrom.2024.24/12513
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Abstract. The main property of ion-exchange membranes is selectivity based on the membrane's ability to pass
ions of the same charge while delaying ions of the opposite charge. By varying the composition and structure
of membranes, diffusion permeability can be decreased, which will have a positive effect on their selectivity
in the processes of electromembrane desalination and concentration. The paper presents a comparative analysis
of the physico-chemical and diffusion properties of experimental samples of the heterogeneous sulphocation
MK-40 exchange membrane (Innovative Enterprise Shchekinoazot, Russia). The goal of the work was to study
the effect of changes in the particle size of ion-exchange resin on the diffusion properties of the membrane.
There were three ranges of diameter of the ion-exchange resin grinding particles as declared by the manufac-
turer: <20 pm, 20-32 pm, and 56-71 um. It was found that with an increase in the particle size of the ion-
exchange resin, the moisture content decreased by 12%, and the total exchange capacity practically did not
change. Meanwhile the thickness of the membranes in the dry and swollen states dropped by 4-5%. It was
shown that an increase in the diameter of the ion-exchange resin grinding particles caused a decrease in the
density of the diffusion flux of sodium chloride through the studied membranes. We obtained linear concen-
tration dependences of the density of the salt diffusion flux in bilogarithmic coordinates with values of deter-
mination coefficients close to one. Using the data obtained, we determined the empirical coefficient p, the
value of which indicated the convex shape of the sodium chloride concentration profile in the MK-40 mem-
brane phase. With an increase in the diameter of the ion-exchange resin grinding particles from <20 to 56-71
um, the value of the  coefficient increases from 1.14 to 1.20. Based on experimentally determined values of
the integral coefficient of diffusion permeability and the coefficient B, we calculated the values of the differ-
ential coefficient of diffusion permeability of the membrane. The concentration dependences of the integral
and differential coefficients of diffusion permeability of all studied experimental samples of the MK-40 mem-
brane in a sodium chloride solution had a traditional increasing character. With an increase in the particle size
of the ion-exchange resin, we found a decrease in the value of the differential coefficient of diffusion permea-
bility by more than twice.
Keywords: heterogeneous cation exchange membrane, particle size of ion-exchange resin, diffusion permea-
bility, physico-chemical properties.
Acknowledgments: the research was carried out at the expense of a grant from the Russian Science Foundation
Ne 21-19-00397, https://rscf.ru/project/21-19-00397/
For citation: Bespalova Ya.R., Dobryden S.V., Vasilyeva V.I. Diffusion permeability of heterogeneous MK-
40 membrane with different particle sizes of ion-exchange resin. Sorbtsionnye i khromatograficheskie
protsessy. 2024. 24(5): 744-752. (In Russ.). https://doi.org/10.17308/sorpchrom.2024.24/12513

B ocHoBe mporeccoB mepeHoca MOHOB
Jexar Tpu MexaHusma: auddysus, Murpa-
LMs U KOHBEKLMA. JIuTepaTypa no skcrepu-

MCHTAJIbHBIM MCTOAaM OIIPCACICHUA }11/1(1)-

BBenenune

Mexanusm u CKOpPOCTH NEPEHOCAa HOHOB B
MOHOOOMEHHBIX MeM6paHaX HUIparoT KJIHOYC-

BYIO POJIb B UX MPAKTUYECKOM NPUMEHEHUU
[1]. CenekTHBHOCTh MOHOOOMEHHBIX MEM-
OpaH sBJsieTCS] OJIHOM U3 OCHOBHBIX TE€XHO-
JIOTUYECKUX XapaKTEPUCTHUK, OIpPeAeIIso-
IIUX TEPCHEKTUBHOCTh U 3KOHOMHYHOCTb
JUATU3HBIX M 3JIEKTPOJUAIM3HBIX MPOIEC-
coB. [Ipu aHanu3e BO3MOXHOTO HCHOJIB30-
BaHUS MeMOpaH HEOOXOAMMO YUYUTHIBATH
TaKoe CBOMCTBO, Kak JU(y3HOHHAS TPO-
HULIAEMOCTh, KOTOpasi MOXET CHUXKaTh X
CEJIEKTUBHOCTh [2-6]. IlpumeHeHnue mewm-
OpaH ¢ 3aJaHHBIMH XapaKTEPUCTHKAMHU,
HaIpUMep, COCOOHBIX MPEJOTBpaIIaTh 00-
patHyto 11U} Py3HI0 BEECTB, MOXKET 3HAYH-
TEIbHO YBENUYUTHh 3(P(HEKTUBHOCTH DJIEK-
TPOMEMOPAaHHBIX MPOLECCOB U YMEHBIIUTD
MOTEPH 1IeNIEBbIX POIYKTOB.

(y3UOHHBIX XapaKTEPUCTUK MeMOpaHHBIX
MaTepuaioB JIOCTaToOYyHO oOmmupHa [7, 8].
Merton usyuenus 1uddy3un pacTBOpa 1eK-
TPOJIMUTA Yepe3 MEMOPAHY B «YUCTYIO BOIY»
SBIISIETCS OAHMM W3 Hanbojee MPOCTBIX U
YAOOHBIX MTOAXOA0B. DTOT METO/T TTO3BOJISIET
HaOmroate mnpouece Auddy3un HOHOB U
OlICHMBaTh JU(PQPY3UOHHBIE XapaKTEepH-
CTHUKU MeMOpaHbl 6e3 HeOOXOIUMOCTH HC-
MOJIb30BAHUS CJIOXKHOTO O0OpYAOBaHUSA U
SKCIEPUMEHTAIBHBIX METOJIUK [9].
Huddy3nonnsie cBolicTBa MEMOpaHbBI B
CTallMOHAPHBIX YCIOBUIX XapaKTEPHU3YIOTCA
Kak 4yepe3 1up @ y3noHHBIN MOTOK BELECTBA
yepe3 MeMOpaHy J, Tak U 4epe3 UHTErpajib-
HbIM KoapdunueHT 1uddy3noHHON MPOHU-
maemMoctd Pm. Benuunna P siBisieTcs Ooliee
MOKa3aTeJIbHON BEJIMYMHOW OIIEHKW WHTEH-
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cuBHOCTU J1((HY3NOHHOTO TpAaHCIOPTa ye-
pe3 MeMOpaHbl, TaK KaK YYUTHIBACT BIIUSHUC
TOJILIMHBI MEMOpaHbI HA MacCONEPEHOC:

J-d
Prn=—, (1)
Ci—C2

rae Pm— uHTETpanbHBIN KOG GUIHEHT aud-
(y3HOHHOI TPOHUITAEMOCTH, M%/C; J — IITOT-
HOCTh JU(PY3UOHHOTO TOTOKA 3JIEKTPO-
nuTa Yepes MeMopany, Mois/(M2-¢); d — Ton-
HIMHA MEMOPaHBIL, M; c1 — KOHIIGHTpAIUs UC-
XOIHOTO PAaCTBOPA 3JEKTPOIMTA, MOJbL/M,
C2 — KOHIIGHTpalUsi pacTBOpa IiepMeara,
MOITB/M .

WuTerpanbublit ko3pdunment auddysu-
OHHOM IMPOHULIAEMOCTH SIBJIsIETCS QyHKIMEH
BHEIIHUX KOHIEHTPalUuil pacTBOPOB (B CIIy-
4yae COOJIOJCHUSI CTAIlMOHAPHOTO COCTOS-
Husl). KoppekTHoil KomMyecTBeHHON Xapak-
TEepUCTHKOW U y3HOHHOTO TIepeHoca
JNIEKTPOIUTAa 4Yepe3 MeMOpaHy SBISETCS
muddepeHranbHbil K03 GUIment aud-
(y3uoHHON mponunaeMocTH Pm , KOTOpBIi
CBSI3aH C TUIOTHOCTBIO AU PY3UOHHOTO I10-
ToKa B MeMOpane J [9]:

1=-pp- &, @

dx
I/Ie€ ¢ — KOHILIEHTpAalMsl BEIlecTBa B BUPTY-
aTbHOM PacTBOpPE, TO €CTh B THIOTETHYE-
CKOM  DJIEKTPOHEUTpaIbHOM  pacTBOpE,
HAXOZIIEMCsl B JIOKaJbHOM PaBHOBECHU C
MaJibIM 00BEMOM MEMOpaHbl B TOUYKE C KO-
OpAMHATOM X.

Jlns onenku BenuuuHbl Pm’ C Hcmonb3o-
BaHWEM 3HaUYE€HUN MHTErpajgbHOro K03 hu-
nueHTta auQQGy3UOHHON MPOHHUIIAEMOCTH
Pm, U3MepeHHBIX HEMOCPEICTBEHHO B IKC-
NEPUMEHTE, UCIOIb3YIOT BhIpaKEHUE:!

P; =Pmn- Bl (3)
rae Pm” — nuddepennuansabiii kodhduim-
enT mudy3HOHHON MPOHUIIAEMOCTH, M%/c;
B — smnupuueckuit K03pPUIHMEHT (HAKIOH
3aBUCUMOCTH U (HY3HOHHOTO TTOTOKA KOM-
MIOHEHTA OT €ro KOHIIEHTPAIK B paCTBOPE B
omorapupMUIECKIX KOOPIMHATAX ).

CTOUT OTMETHTb, YTO HH(HOPMAITUS O Be-
anuuHax Pm u B HEOOXoaMMa AJisl pacdera
npelelbHON MIIOTHOCTH TOKa B MeMOpaH-
HOM cHCTEME MO YTOYHEHHOMY YPAaBHEHHIO

[Tupca mis yuera Bkiiaga oopatHoit nuddy-
31 U OIICHKH YU CEJI IEPEHOCa HOHOB B MEM-
OpaHe MpU COBMECTHOM HCIIOIb30BaHUU
JAHHBIX TI0 YJETbHON 3JIEKTPONPOBOAHOCTH
MeMOpaH u 1ip. [10].

Bricokass nmud¢y3noHHas IpoHMIAE-
MOCTb MEMOpaHbl MOXKET CHUXKATh €€ CeleK-
TUBHOCTb, YTO OCOOEHHO BaXHO B TaKUX
npoleccax, Kak 3J1eKTpOAUaIu3 U OOpaTHBIHI
ocmoc [11]. Oanako B mporeccax auann3a
OCHOBHBIM MEXaHHU3MOM IePEeHOCa SBISETCS
uMeHHO nuddy3us, U pas3leneHue KOMIIO-
HEHTOB MPOUCXOAUT Olarojaps ux pas3iuy-
HOW ckopoctr muddy3un. ITO pa3Iudne B
CKOPOCTH MOET OBITh 00YCJIOBIICHO Pa3HU-
el B MOJIEKYJISIPHBIX Maccax M pa3mepax
MOJIEKYJI, a TaKXKe UX 3apsiae u ¢popme [12].

D¢ dhekTHBHOCT, KOHKPETHBIX MeMOpaH-
HBIX [TPOLIECCOB Pa3/IeICHUS 3aBUCUT OT pas-
HOOOpa3HBIX (DaKTOPOB, Cpeard KOTOPBIX
HanboJiee BaXKHBIMHU SIBIISIIOTCS] CBOMCTBA UC-
noJIB3yeMbIX MeMOpad. Llens paboTsl cocTo-
sfla B U3yYEHUU BIIMSHUS M3MEHEHHS pas-
Mepa YacTHIl HOHOOOMEHHOW CMOJIBI B JKC-
NEPUMEHTATIBLHBIX TeTePOreHHbIX MeMOpaHax
MK-40 Ha ux nud@y3noHHbIE CBOUCTBA.

BKCHepHMeHTaJIBHaﬂ 4acTb

OO0nexThl HccnenoBanus. OOGbeKTaMu UC-
CJIEIOBaHMS SIBJISUIMCH SKCIIEPUMEHTAJIbHbBIE
00pa31bl reTepOreHHbIX CYIb(OKATHOHO00-
MeHHbIX MeMOpan MK-40 ¢ 3aganHsIM npu
IPOM3BOJICTBE Pa3MEpPOM YACTUL[ MOHOOO-
MEHHOM CMOJIBI B TPEX IMana3oHax: MEHbIIe
20 mxmMm, 20-32 mxm 1 56-71 mMxm. Hccneny-
eMble MeMOpaHbl ObLIM NPOU3BEJIEHBI Ha
OO0  «/IHHOBalMOHHOE  MPEANPUATHE
«IIlexunoazor», Poccus. Memopana MK-40
MPEJCTaBISAET COOOW KOMITO3UT TOHKOJHUC-
MEPCHBIX YaCTHUI] MOJMATHIIEHA (5 MKM) U
YacTUl] KaTHOHOOOMeHHOU cMonbl KVY-2.
[Tocnennsis mpeacTaBisieT coo60i cyabdupo-
BaHHBI COINOJUMEp CTHpOJa M JTUBH-
Hunoen3ona (8%). CooTHoleHHe MOHOOO-
MEHHOM CMOJIBI M TOJMATUIIEHA B COCTABE
JKCIIepUMEHTaIbHBIX MeMOpaH MK-40 sB-
JSUIOCh TPAJULMOHHBIM U COCTaBIIAIO 65 K
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Perentar

NaCl

M H0

Ilepmear

Puc.1. Cxema stueliku mi1st uamepenust auddy3nonHoi nponuaemocti MemOpan: 1 — otaa-
ronias CCKIus, 2— npruHUMaromasa CCKuus;, M - MeM6paHa
Fig. 1. Scheme of the cell for measuring diffusion permeability of membranes: 1 — giving
section, 2 — receiving section, M — membrane

35 macc. %. MemOpaHa U3roTOBJICHA BaJlb-
I[OBKOH1 C MOCIIEAYIOIINM IIPECCOBAHUEM I10-
JYYEHHBIX JIICTOB C apMHPYIOIICH TKaHBIO
(xampoH). UKCHUPOBAHHBIMU IPYIITIAMU BbI-
CTYMawT Cyabhorpymmsl. s Kaxmaoro u3
00pasoB MeMOpaH Oblia MpPOBEJACHA KHC-
JIOTHO-IIIEIOYHAs ITPEIIOAr0TOBKA, KOTOPast
OCYIIECTBIISIIACH IyTEM BBIJCPKUBAHUS 00-
pasiia B pacTBOpax XJIOPHUIa HATPHs, a 3aTEM
B PAacTBOpax COJSHOM KHUCIOTHI M IIEIOYH
pa3Hoii koHreHTpauuu [ 13].

Metonsl uccaenoBanus. OU3NKO-XUMHU-
YEeCKHe CBOWCTBA OMNPEIENSUI  COTJIACHO
CTaHJapTHBIM METOJaM HCIBITAaHUH HOHO-
obmeHHbIX MemOpaH [14]. U3mepenune mon-
HOM 00MeHHOI1 eMkocTu MeMOpaH Q mpoBo-
JTVIH B CTAaTHYECKUX YCIIOBUSAX METOJIOM
KHCIIOTHO-OCHOBHOTO TUTPOBAHUS C OTpe-
JefieHHeM OOIIero KOJUYeCTBa IPOTH-
BOMOHOB, BCTYIIUBIIUX B MOHHBI OOMEH IO
peakuuu HeWTpanuzauuu. Pacder momHoR
0OMEHHOUW €MKOCTH MPOBOAMICSA C y4E€TOM
Biaroconepxkanust W, xoropoe ompemens-
JI0OCh METOJIOM BO3JIyIIHO-TEIIJIOBON CYIIKU
00pasmoB MmeMOpan pu Temmeparype 100°C
JI0 TocTOsIHHOTO Beca. TommuHa | HaOyx-
mmx 00pa3oB MeMOpaH U3Mepsyiach MHK-
POMETPOM C TOYHOCTBIO 10 5 MKM TOCIe
yAQJICHUs] BOJBI C TIOBEPXHOCTH 00Pa3IoB C
MOMOIIBIO (PMIIBTPOBAIBHOM OyMaru.

Huddy3nonHas MNPOHUIIAEMOCTh MeEM-
OpaH W3yyanach TPAJUIIMOHHBIM METOJIOM
OIIEHKH KOJIMYECTBA DIICKTPOJINTA, TIepeHe-
CEHHOT'O M3 pacTBOpa COJIM 33JaHHON KOH-
[EHTpaIMU 10/ BIUSIHUEM JTU(HY3UOHHBIX

CHJI 4epe3 HMCCIEeLyeMYyl MeMOpaHy B Tak
Ha3bIBAEMYI0 «UUCTYI0 Boay» [13].

DKcrnepuMeHTallbHas 4acTb pabOTHI IO
U3YYEHUIO IIepeHoca XJIOpU1a HaTpusl yepes
MOHOOOMEHHbIE MeMOpaHbl Obla BBITOJ-
HEHa B JIBYXCEKLIMOHHOM JHMaJIM3aTope
HenpepbIBHOro neictBus (puc. 1). Beicota
paszenstoei CEeKLMH MeMOpaHBbI
cocranisiia 4.2 cM, riryouna cekimu — 0.6 ¢,
HMprHa padoueit yactu MmeMOpansl — 1.7 cm.

HcxonHslil pacTBOp XJI0pUAA HATPHS T10-
JlaBalld C TIOMOIIBIO PETryIUPYEMBIX 3aXKH-
MOB B CEKIMIO | JMamu3HOrO arnmapara
CHM3Y BBEpX, a Ue€pe3 CMEKHYIO IPUEMHYIO
CEeKIMIO 2 B PEXXHMME MPOTUBOTOKA TPOITYC-
KaJIM JUCTWITUPOBaHHY0 Boy. [To 06bemy
BBITEKAOIIEH YKUIKOCTH H3MEpsUIach 00b-
€MHasg W PACCUUTHIBAJIACh JIMHEHHas CKO-
POCTh MOJauu pacTBOPOB. JMCTUIIMPOBaH-
Has BOJA IOJaBajlaCh B CEKIUIO SUCHKHU ¢
nUHEHHOH ckopocThio 9-10° m/c. PacTBop
UIEKTPOJIUTA MPOMYCKAJICI CO CKOPOCTBIO
40-107° m/c.

W3MepeHus ocyliecTBIsUIN B CTallMOHAp-
HOM pEXHME, JTIOCTHKEHHE CTAIlHOHAPHOTO
COCTOSIHUSL OIPENEIISIIOCh 0 MOCTOSHCTBY
KOHIICHTPAIlM! KOMIIOHEHTOB B pacTBOpE
npueMHoi cexiuu (nepmeare). Konnenrpa-
WS XJIOpHJIa HATPUs B IEpMeaTe OTpeaes-
Jach C MOMOIIbIO METO/Ia MJIaMeHHO! (oTo-
METpHH.

Pacuer nu¢¢dysnonHoro moroka Belie-
CTBa 4epe3 MeMOpaHy U MHTETPAIHHOTO KO-
s dunmenta 1udpdy3MoHHON MPOHUIIAEMO-

747



ISSN 1680-0613

Copbyuonnvie u xpomamoepagpuueckue npoyeccol. 2024. T. 24, Ne 5. C. 744-752.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 744-752.

Tabmmma 1. ®u3uko-xuMudecknue cBoiicTBa MeMOpansl MK-40 ¢ pa3HBIM quaMeTpoM YacTHIL IT0-

MoJia CYIb(OKATHOHOOOMEHHOW CMOJIBI

Table 1. Physico-chemical properties of MK-40 membrane with different diameter of grinding par-

ticles of sulfonated cation exchange resin

Orovona , MKM Q, MMOJIB/Teyx W, % leyx, MEM liagyx., MKM
<20 2.544+0.02 40.4+0.6 400+20 525+9
20-32 2.52+0.02 38.4+0.9 384+19 51445
56-71 2.54+0.03 35.7+0.6 386+17 497+14

CTH TIPOBOJMJICS HAa OCHOBAHUHU DKCIICPH-
MEHTAJIBbHOTO OIPEIC/ICHHS] KOHIICHTPAIUU
XJIOpU/Ia HATPUS B IPHHUMAIOIICH CEKIIHH:
J= C vV 06. ’ ( 4)
S
rje J — IVIOTHOCTD MOTOKA XJIOPUa HATPHS
uepes MeM6pany, Moib/(M%-¢); S — mIomans
paboueii moBepxHOCTH MeMOpansl, M2, C —
KOHIICHTPAIIUS XJIOPUIa HATPHS B IPUHUMA-
foIeil cekiun, Moib/M>; Vos — 0ObeMHas
CKOpPOCTh PAacTBOpa B IPUHUMAIOIICH CEK-
mu, Mo/C.

OG6cyskaeHne pe3yJbTaToOB

DU3UKO-XHUMUYECKHE CBOWCTBA _MEM-
opanbl MK-40 ¢ pa3nuyHbIM pa3MepoM ya-
CTHII HOHOOOMEHHOM cMoubl. B xozxe ucce-
JIOBaHMsI DKCIIEPUMEHTAIbHBIX 00Pa3I0B Ka-
THOHOOOMeHHON MeMmOpansl MK-40 6bL10
BBISIBJICHO BIIMSIHUE WM3MEHEHMs AHaMeTpa
YacTUIl [TOMOJIa MOHOOOMEHHON CMOJIbI Ha
uX (pU3UKO-XUMHUYECKHE CBOMCTBa. YcTa-
HOBJIEHO, YTO C YBEJIMYEHHUEM pa3MepoB ya-
CTHI] MFOHOOOMEHHOM CMOJIBI TOJTHAs 0OMEH-
Hasi eMKOCTh Q MeMOpaH TPaKTHYECKH He
u3Mensiercs (Mmenee 1%), BnarocojepxaHue
W ymenspmaercs Ha 12%. Ilpu stom TOI-
IMHA MEMOpPaH B CyXOM U HaOyXIlIeM COCTO-
aHun nazgaer Ha 3.7% u 5.3% cootrBer-
cTBeHHO (Tabm.1).

CrnemyeTr OTMETHTh, YTO TIPE/ICTaBIICH-
HBIE Pe3yJIbTaThl MOJYYECHBI A7 00pa3IoB
MeMOpaH Tocjiie UX KHCIOTHO-IIETOYHOTO
KOHJIMIMOHUpoBaHus. Mcnonb3oBaHue co-
JIEBOYM TPEANOATOTOBKH MeMOpaH o0OyciaBs-
JUBAeT WX 3aHUKCHHbIE (DU3UKO-XUMUYE-
CKHE XapaKTEPHUCTHKHU, MPECTABICHHBIE B
pabore [15].

BrIsIBIEHHOE yMEHBIIIEHUE BJIArocojep-
JKAHUS HMCCIEAYEMBIX 00pa3IoB 00YCIOB-
JICHO 3HAYHMTEJIbHBIM NAJICHUEM MOPUCTOCTH

CyJb(OKAaTHOHOOOMEHHBIX MEMOpaH TpH
pocte pazMepa HOHOOOMEHHBIX yacTwil [ 16].

Juddy3uonnsie cBoWcTBa MeMOpaHbI
MK-40 ¢ pa3auyHbIM pa3MepoM YacTHIl
nOoHO0OMeHHO# cMouibl. [lonydeHHble B Ou-
jaorapu(pMHUUECKUX KOOpJAMHATaX KOHIIEH-
TPaLMOHHBIE 3aBUCUMOCTH IU(DPY3HOHHBIX
IIOTOKOB dYepe3 MeMOpaHbl C Ppa3IHYHBIM
pa3MepoM YacTUI[ MOHOOOMEHHOW CMOJIbBI
IPEJICTaBJICHbI HA PUC.2.

N3BecTHO, uTO BennuuHa audPpy3uoHHOTO
IIOTOKa 4epe3 MeMOpaHy JIMMUTHPYETCS IO-
TOKOM KOMHOB U 3aBHUCHUT OT KOHIICHTPAIHH
(GYHKIMOHANBHBIX Tpynm B MeMOpaHe Q u
KOHIIEHTpallud BHENIHEro pactBopa [8].
VY cTaHOBIIEHO, YTO C YMEHBUIEHHEM pa3Mepa
MOHOOOMEHHBIX YaCTUI[ MPU HPAKTHUYECKU
MIOCTOSIHHOM OOMEHHOW €MKOCTH JKCIIepH-
MEHTaJIbHBIX MEMOPaH U C YBEIUYEHHEM KOH-
LIEHTPALUK pacTBOpa XJIopuja HaTpus U Bia-
rocojiepxaHus MeMOpaH BeInuuHa JUPy3u-
OHHOTO MOTOKA pacTeT (puc. 2). Tak kak poct
BJIArOCOJIEPKAHMUsI CHIXKAET COOTBETCTBYIO-
1[1e CTepUYECKue 3aTpyAHeHus A 1uddyH-
JUPYIOIIMX YacTUI] U BBI3bIBAET OcCialieHne
UX B3aUMOJEHCTBHHM ¢ (DUKCUPOBAHHBIMU
rpynnamu memOpansl. B Ounorapugmuye-
CKUX KOOpJMHATaX BCE KOHIEHTPAallMOHHbIE
3aBUCUMOCTH AP HY3UNOHHOTO TOTOKA XapaK-
TEpU3YIOTCSl OJM3KUMHU K €MHUIE 3HAYECHU-
avu Ko>(hDUIMEHTOB AeTepmuHanuu R? u
UMEIOT JIMHEWHbIN Bun (Tabn. 2). Ilomyyen-
HbIE€ 3aBUCUMOCTHU OMMCHIBAIOTCS KOPPEISIIH-
OHHBIMH GyHKIUSIMEI BUIA -lg(Jd,
mois/(M?-¢))=B-(-1g(C, moms/am>)) + a.

BenunuuHa TaHreHca yria HakJioHa 3 mo-
JYYEHHBIX 3aBHUCHUMOCTEH H3MEHSETCS OT
1.14 no 1.20 B 3aBUCUMOCTH OT pa3Mepa ya-
CTHUIl HOHOOOMEHHOM cMobl (Tadu. 2). Ilo-
JTy4EeHHBIE BEJIMUUHBI [} COOTBETCTBYIOT JIna-
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6.3 1 56-71 MKM

20-32 MM

o
=1

<20 MEM
5.7 1

-lg (J, Mmoms/(M?-¢))

00 02 04 06 08 10 12
-lg (C, moms/aM?)

Puc. 2. KoHueHTparoHHble 3aBUCIMOCTH
I0THOCTH AU (Py3MOHHOTO MMOTOKA XJIOpHIa
HaTpus yepe3 MmemOparny MK-40 ¢ pa3sapim
JUaMETPOM YaCTHII TOMOJIa HOHOOOMEHHOH
CMOJTBI B Omtorapu()MUYIECKIX KOOPAUHATAX

Fig. 2. Concentration dependences of the
diffusion flux density of sodium chloride
through the MK-40 membrane with different
diameter of grinding particles of ion-ex-
change resin in bilogarithmic coordinates

12 9 P10t
me

——
<20 MKM

1.0 1

0.8 1
20-32 MkM

0.6 1
0.4 4 56-T1 MM

0.2 1

C, Mons/m?

0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Puc. 3. KonuenTpanuoHHbie 3aBUCUMOCTH
uHTErpansHoro Pm (1, 2, 3) m muddepennn-
anpHOTO PR (1, 2', 3") KO3 purrieHTOB MMUA-
¢y3roHHOM NpoHKTIaAeMocTH MeMOpaHs MK-40
C pa3HBIM TMAMETPOM YaCTHUI] TIOMOJIa HOHO00-
MEHHOW CMOJIbI B paCTBOPAX XJIOPUIA HATPUS

Fig. 3. Concentration dependences of inte-
gral P (1, 2, 3) and differential Pm* (1', 2/, 3)
diffusion permeability coefficients of MK-40
membrane with different diameter of grinding
particles of ion-exchange resin in sodium
chloride solutions

Tabmuia 2. XapakTepUCTHKH OWUIIOTaprU(pMHUUECKON KOHIICHTPAI[MOHHOW 3aBUCUMOCTH TUIOTHO-
cti nudPy3noHHOTO MOTOKA XIOpUAa HaTpua depe3 memOpany MK-40 ¢ pa3HBIM auaMeTpom

YACTHI] [IOMOJIa HOHOOOMEHHOM CMOJIBI

Table 2. Characteristics of the bilogarithmic concentration dependence of the diffusion flux den-
sity of sodium chloride through the MK-40 membrane with different diameter of grinding particles

of ion-exchange resin

dnomona , MKM 'IgJ = ﬁ(‘lgC) +a R2
<20 -lgJ =1.14-(-IgC) + 4.77 0.999
20-32 -lgJ =1.15-(-IgC) + 4.95 0.998
56-71 -lgJ =1.20-(-lgC) + 5.01 0.997

Na30Hy U3MEHEHUs 3TOW BEJIUYUHBI B 3aBU-
CUMOCTH OT THIa MEMOpaH U MPUPOJbI
anektposuta [17]. Hanmpumep, npu mpose-
neHuu 1ud@y3noHHOro Iuanu3a pacTBOPOB
XJIOpUJla HaTpus Yepe3 KOMMEPUYECKYIO
memOpany MK-40 Bennuuna napamertpa 3
cocraBisgeT 1.25 [18].

TeopeTnuecknii aHaIU3 KOHLIEHTPALlMOH-
HOTO TIpodmiast AU YHIUPYIOMIETO Belle-
CTBa B MeMOpaHe, CllelaHHBIH B paboTax
H.II. 'mycuna u ap. [17, 19], nokasain, uro
npu $>1 KOHLIEHTPAMOHHBIA TPOPUIL Be-
niecTBa B paze MeMOpaHbl BBHITYKJIbIH, a Be-
anuuHa Pm pacteT ¢ yBenMueHHeM KOHIEH-
Tpauuu pactBopa. [Ipu <1 KoHUeHTpauu-
OHHBIH MPO(UIIH BOTHYTHIH, IPU 3TOM BEJIH-
ynHa Pm yMeHbILIaeTcss ¢ poCTOM KOHIIEH-
Tpauuu JUPPyHAUPYIOLIETO KOMIIOHEHTA B

pactBope. Cnyuait =1 oTBeuaeT IMHEH-
HOMY XapakTepy KOHLEHTPALMOHHOTO Mpo-
¢uns, a BenuurHa Pm HE 3aBUCUT OT KOH-
[EHTPALINH.

BrisiBnienHoe 3naueHue napamerpa 3 s
KaXXJ0r0 U3 00pa3IoB dKCIIEPUMEHTAIBLHOM
KaTHOHOOOMeHHOH  MemOpansl  MK-40
0oJIbIlIe eAMHUIIBI M YBeInunBaeTcs Ha 5%
10 Mepe YBEIWYEHUS pPa3MEpOB UACTHUII
MOHOOOMEHHOM CMOJIBI.

H3BectHO, 9TO TUIOTHOCTH TUB(Y3HOH-
HOTO MOTOKA 3JIEKTPOJIUTA Yepe3 MeMOpaHy
C POCTOM KOHIICHTpAIlMHd PacTBOpa BCETIIa
yBenmuuuBaeTcs. OIHAKO HHTETPATbHBIA U
b depeHIMATbHBIA KOOPPUIMEHTH! (-
(y3UOHHON TPOHUIIAEMOCTH MOTYT TIpH
9TOM HE TOJBKO BO3pacTaTh, HO U yYMEHb-
IAThCS WJIK OCTaBaThCs MOCTOSHHBIMU [20].
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VYCTaHOBJIEHO, YTO BEJIMYMHA HHTETPAIb-
Horo u auddepenunansaoro kod3ddunmen-
TOB U HY3MOHHON TPOHUIIAEMOCTH HCCIIe-
TyeMBIX MEeMOpaH B pacTBOpax XJopuia
HATpHS C YBEJIMYEHHEM €ro KOHIIEHTpAIUH
pacrer (puc. 3). IloayueHHble pe3yabTaThl
COOTBETCTBYIOT PACCUUTAHHBIM BEIHYHMHAM
B>1.

HaiinenHsle 3HAa4YeHUS MHTETPAITBHOTO
kodpduumenta nuddy3nonHoil mpoHuae-
MOCTH TIPUHAJICIKAT AUATIA30HY U3MEHECHUS
JAHHOM BEJWYMHBI JJIS1 PA3IUYHBIX THUIIOB
HOHOOOMEHHBIX MeMOpan: 10?2 < Pp <
101% m?/c [21].

[ToydeHHbIE pe3yabTAThI COTTIACYIOTCS C
U3MEHEHHEM (U3NKO-XUMHUYECKUX U CTPYK-
TYPHBIX XapaKTEPUCTUK MOBEPXHOCTU HC-
CIIEZyeMBIX JKCIEPUMEHTAIBHBIX MeMOpaH
[16]. B pa6ote [15] nns oOpa3iioB MmeMOpaH
TI0CJIE€ COJIEBOM MPEAIIOATOTOBKY C YBEJIUYE-
HHEM pa3Mepa 4YacTUI] HOHOOOMEHHOM
CMOJIBI YCTAHOBJICHO YMEHBIIICHHE BIaroco-
JIepKaHUsS M TIOBEPXHOCTHOM MOPHCTOCTH,
BCJICJICTBHE 4Yero yMmeHbmaercs nudgysu-
OHHasl TPOHUIIAEMOCTb.

3akjaro4eHue

HccnenoBaHo BIMsSHUE pa3Mepa YacTHIL
cynb(hOKaTHOHOOOMEHHOW cMonbl Ha Gu-
3UKO-XUMHUYECKUE XapaKTEPUCTUKUA U -
¢dby3uonneie cBoiictBa MemOpan MK-40.
CpaBHUTENBHBIN 3KCIIEPUMEHTANILHBIN aHa-
13 PU3NKO-XMMUYECKHUX CBOMCTB MeMOpaH
C Pa3HBIM JAMAMETPOM YaCTHI] TIOMOJIa BBI-
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HE 3aBUCHUT OT pa3Mepa 4acTUIl HOHOOOMEH-
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Teopernueckasi MoJesIb BOJIbTAMIICPOMETPHH CEJICKTUBHOIO
PAaCTBOpPEHHUA CILIaBA ¢ Y4eTOM 3(PeKTOB paBHOBECHOU TBepaoPa3Hoit
aJcopOI UM U IEPOXOBATOCTH NOBEPXHOCTH

Outer Anexcanaposuyd Kosanepos™, I'puropuii Anaronbesnu Ky3nmenko,
®poJa Anekcanaposuyd Barosenkon
BopoHekCKHi rocy1apCTBEHHbIN yHUBEPCUTET, Boponex, Poccus, ok@chem.vsu.ru™®

AnHoTanus. [IpUMEHNUTENHHO K MOTEHIIMOAUMHAMHUYECKOMY PEXUMY MOJIAPU3ALUU IIPU aHOAHOM CEJICKTHB-
HOM PacTBOPEHHH OMHAPHOT'O FOMOTEHHOTO CIIIaBa YHMCJIEHHO pElIcHa 3a7ada HEeCTAllMOHApHOH ITuddy3um,
YUUTHIBAIOIIAs (PaKTATbHYIO W CTATHCTHYECKHA HEPETYNSPHYIO IIEPOXOBATOCTH IMOBEPXHOCTH 3JIEKTPOAA U
PaBHOBECHYIO TBepAO(a3HYyI0 afcOpOIMI0 KOMIIOHEHTOB CIUIaBHOW CHCTEMBI. PaccunTaHbl KOHIIEHTPANOH-
HBIC MIPO(UIN 3IEKTPOXUMHUYECKN AKTUBHOTO KOMIIOHEHTAa CIUIABA, AHOAHBIC IOJSIPU3AIIMOHHBIC KPHUBHIC,
(DYHKITHS IEpOXOBATOCTH. Y CTAHOBJICHO, YTO 3P (EKT HOBEPXHOCTHOM Cerperanuy He BIUIeT Ha (hopMy aHOA-
HOH BOJIbTaMIIEPOIPaMMBbl, HE MEHSIET KpUTEpHid TN PYy3MOHHOI KHHETUKH U MAaTEMaTHIECKH CBOIAMTCS K M3-
MEHEHHIO CHJIBI TOKA MPOMOPIIMOHATIBHO (PYHKIIUHU TBepao(a3Hoi ancopOiuu. BrisBieHa posb hpakTanbHOI
U CTaTHCTUYECKU HEpETyJIIPHOI IIEpOXOBATOCTH MEKTPOa B KPUTEPHAIHHOMN 3aBUCHMOCTH CHUJIBI TOKA MaK-
CUMyMa OT CKOPOCTH CKaHMPOBaHUS MOTeHIHana. BorbraMnepoMeTpudeckuil OTKINK JIMHEHHO 3aBUCUT OT
(hakTOpa MIEPOXOBATOCTH MOBEPXHOCTH IPH OTHOCUTENBHO OOJNBIIMX MM BEChbMa HU3KUX CKOPOCTAX CKaHU-
poBaHusl NOTeHIMaNa. [IpUYMHON TaKOro BIMSHHS SIBJISIETCS CYLIECTBEHHOE M3MEHeHHe AU((y3UOHHOTO
(poHTa OT HOBTOPSIOIIEr0 MPO(IIB MOBEPXHOCTH /10 MPAKTUYECKH IIOCKOTO. B yKa3aHHBIX cilydasx mapa-
Gosmueckuii kpurepuit AnpGy3MOHHON KHHETHKH BOJIbTaMIIEPOMETPUH He HapymiaeTcs. HaiineHsl 3aBucnmo-
CTH (pyHKIMH IIEPOXOBATOCTH OT BPEMEHH JIsl IOBEPXHOCTEH C pa3HBIMH (PAKTOPOM LIEPOXOBATOCTH M (ppak-
TaJIbHOH pasMepHOCThI0. OOHAPY)KEHO, YTO yBEINYECHHE JAHHBIX MOP(OIOTHUECKHUX TapaMeTPOB, KaK ¥ CHH-
JKEHHE CKOPOCTH CKaHMPOBAHWS MOTEHIIMAJA TOBBIIACT BEPOATHOCTh NCKPUBIICHUS 3aBHCUMOCTH Penmica-
[lleBunka. [lomy4eHHbIE TaHHBIE MOTYT OBITH HMCIIOJIB30BAaHBI IPH pa3pabOTKe CHOcoOa KOHTPOJISI COCTaBa
CIUIaBHBIX MOKPBITHH, B TOM YHCJE MOJYYEHHBIX METOJAMH XMMHUYECKOTO WMJIM 3JIEKTPOXHUMUYECKHOTO Oca-
JKIIEHHMS, & TAKOKE JUIS OLIEHKH (haKTopa HIEPOXOBATOCTH M PpaKTaIbHON Pa3MEPHOCTH UX MMOBEPXHOCTH C MPH-
MEHEHHEM HECTAIIMOHAPHBIX HIEKTPOXUMHUCCKUX U3MEPEHHH.

KaroueBble cjioBa: CIUiaB, CeJIEKTUBHOE PacTBOpEHHE, TBepAoda3Has ancopOiusi, HectaunoHapHas 1uddy-
3Hs, MaTeMaTHYECKOe MOJCITHPOBAHNUE.
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Abstract. The problem of unsteady-state diffusion was numerically solved for potentiodynamic polarisation
during the anodic selective dissolution of a binary homogeneous alloy. We considered the fractal and statisti-
cally irregular roughness of the electrode surface and the equilibrium solid-phase adsorption of the alloy’s
system components. The concentration profiles of the electrochemically active component of the alloy, anodic
polarisation curves, and roughness function were calculated. We determined that the effect of surface segrega-
tion does not affect the shape of the anodic voltammetry, does not change the criterion of diffusion kinetics,
and is mathematically reduced to a change in the current strength proportional to the function of solid-phase
adsorption. We revealed the role of fractal and statistically irregular roughness of the electrode in the criterion
dependence of the maximum current strength on the potential scan rate. The voltammetry response depends
linearly on the surface roughness factor at relatively high or very low potential scan rates. This dependence is
caused by a significant change of the diffusion front from repeating the surface profile to a nearly flat shape.
In these cases, the parabolic criterion of diffusion kinetics of voltammetry is not changed. The time depend-
ences of the roughness function for surfaces with different roughness factors and fractal dimensions were ob-
tained. We determined that an increase in these morphological parameters, as well as a decrease in the potential
scan rate, increases the probability of the Randles-Sevcik dependence curvature. The obtained data can be used
to develop a method of controlling the composition of alloy coatings, including those obtained by chemical or
electrochemical deposition, as well as to estimate the roughness factors and fractal dimensions of their surface
using unsteady-state electrochemical measurements.

Keywords: alloy, selective dissolution, solid-phase adsorption, unsteady-state diffusion, mathematical modelling.
Acknowledgments: the study received financial support from the Ministry of Science and Higher Education
of the Russian Federation within the framework of State Contract with universities regarding scientific research
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Horo pactBopenus (CP), kotopoe 3akitoua-
eTcsi B TOM, YTO MOHM3AIMH TIO/IBEPraeTCs

ITokphITHS CIUTABaMH, MOJYYaeMbIC XH-  TONBKO 3JIEKTPOOTPULATEILHBIA  MeTall
MHUYECKUM WM JJIEKTPOXMMHUYECCKMM oca- [10-12]:

JKIEHUEM U3 BOJHBIX PACTBOPOB AIIEKTPOIIH-
TOB, IIUPOKO MPUMEHSIIOTCS B Pa3THMUYHBIX
oTpacisx, o0ecrieurBas, B TOM 4YHCIE, 3a-
HIUTHYIO (QYHKIIMIO B TPOTUBOKOPPO3UOH-
HON mpakTuke [1-3] wnM 3IeKTpuyYecKuid
KOHTaKT MEXCOCIMHEHHI B MHUKPOIJIEKTPO-
Huke [4-6]. HezaBucuMo oT poiu pyHKIHO-
HAJbHOTO CIUIABHOTO MOKPHITHUS, OJTHUMH U3
BAKHEUILNX 3a/1a4 SBJISIETCS KOHTPOJIb XH-
MHYECKOI0 COCTaBa U MOP(QOIOTHYECKOTO
COCTOSIHHS OCaX/1a€MOT0 OKPBITHSL. BOIbT-
aMIIepOMETpHUsI TIO3BOJISIET pelaTh 00e 3Th
3a/1aud, TOCKOJBKY XapaKTepUCTUUYECKHI
napaMeTp JAaHHOTO HECTAIllHOHAPHOIO 3JIeK-
TPOXHMHMUYECKOTO METOJ]a — CUJIa TOKa Mpo-
MOPIIMOHANIbHA KOHIIEHTPAIIUU JJICKTPOXH-
MUYECKH akTuBHOTO auddyszanta u 1wIo-
11T TOBEPXHOCTH MOKPBITHS [7-9].

B ocHOBy BoOIbTAaMIEPOMETPUUYECKOTO
METOJla OMpEJeNIeHUs COoCTaBa M OLIEHKHU
TUIOMIA/IA TIOBEPXHOCTH OMHAPHOTO CIIIaBa
MOXXET OBITh TOJIOKEHO SIBJICHUE CEJICKTHUB-

BBenenne

—Zpe”
A—B—— A%A* + B,

Kuneruka cenekTHBHOrO pacTBOPEHHS
O6unHapHoro A,B-cruiaBa 3auactylo siBIsieTcs
TBepaodazHo-audHy3noHHON, TOTAa OC-
HOBHOM mapameTp MNOTEHLUOJMHAMHYE-
CKOTO METO0/Ia — TOK B MaKCHUMyMe€ IOJISIpH-
3aIMOHHOM KpHBOH (lamax) — OKa3bIBaCTCS
MPOIOPLIMOHAJIEH KOHIEHTPALUU (cA) IIEK-
TPOXMMHYECKH aKTUBHOTO KOMIIOHEHTa A B
COOTBETCTBUU ypaBHeHHEM Penica-Illes-
yuka [7-9], koTropoe A cruiaBa IpUHAMAET
BUJI:
Inmax = 0.611(24F)*2(Dy)"/*(RT) /2S5, cfv*/%(1)

3neck Da — koo duiinent TBepaodazHoii
mud¢y3un komrnoneHta A, F —gucno @apa-
nest, R — yHuBepcanbHas ra3oBas MOCTOSH-
Hasi, T — TeMriepatypa, Sq — reoMeTpudeckas
(BHIMMast) TUIOIIAJb IIOBEPXHOCTH, V — CKO-
pOCTh CKaHUpOBaHUs noreHnuana. CooTHo-
mienue (1) B mpuHIMIIE MO3BOJISIET 10 BOJb-
TaMIEPOMETPUUYECKOMY OTKIIUKY AJIEKTPOJI-
HOWM CHCTEMBbI CILIaB/pacTBOP B YCIOBHUSX

754



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 753-764.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 753-764.

aKTUBHOI'O PacTBOPEHMS CIUIaBa, T.€. B OT-
CYTCTBHE IPOLIECCOB aHOJHOT'O COJIe- U OK-
cu000pa3oBaHus, KOHTPOJIMPOBATh KOH-
HEHTPAIHIO JEKTPOXUMHUECKH AaKTUBHOTO
KOMITOHEHTa B cruiaBe. OJHaKO UCIIOJIb30Ba-
HUE 3TOT0 COOTHOUICHUS SIBJISIETCSI KOPPEKT-
HBIM, BOOOIIIE TOBOPSL, JIMIB B CIIydasx Hjie-
aIbHO TJIAAKUX IUIOCKUX JIEKTpoaoB. Kak
CJIEJICTBUE, OHO HE JJAeT BO3MOXKHOCTHU OIle-
HUTh UCTHHHYIO IUIOLIA b AJIEKTPOAHOM 110-
BepxHoctH S = Sgfy, rae fr — daxtop mepoxo-
BaTOCTH. B TO e Bpemsi MOBEPXHOCTH JTaXKe
MOJIMPOBAHHBIX TBEPIBIX SJIEKTPOAOB BCe-
raa siBisieTcs mepoxosaroi [13], a xumuue-
CKU U DJIEKTPOXUMHUYECKU OCAKICHHBIE MO~
KPBITUS 3a4aCTYI0 XapaKTEpU3YIOTCS HaJH-
yrieM MOP(OJIOTHYECKIX HEOTHOPOIHOCTEM
paznuyHOro Macmraba, (HOPMUPYIOMIHX
MHUKPO- U MaKpOILIepOXOBaThIe TOBEPXHOCT-
ueie ipoduiu [14]. Kpome Toro, ocobeHHO-
cthio CP crunaBa siBsieTCsl TO, YTO MPH OTpe-
JIETICHHBIX YCIIOBHUSX CTAaHOBUTCS BO3MOXK-
HBIM HapylieHHe MOP(POIOTUIECKON yCTOM-
YHBOCTH €TI0 MOBEPXHOCTHOTO ciiost [10-12].
[Tpu 5TOM UCKIIIOYUTH TaKOE PA3BUTHE IO-
BEPXHOCTH CILJIaBa MPU BOJIbTAMIIEPOMETPH-
YECKHX M3MEPEHHUSIX BO3MOXHO, HE MPEBHI-
mrasi KPUTHYECKUE MapameTpsl J1ecTaOuiu-
3anuu MOP(OJIOTHH TIOBEPXHOCTH (KPUTH-
YeCKUil TMOTEHIMAN U KPUTUYECKUI 3apsin),
B TO BpeMs Kak 3((eKT MIepoXOBATOCTH
MOKHO y4Ye€CThb, TOJBKO MPUHUMAsS BO BHU-
MaHHE TE€OMETPUYECKYI0 HEOJHOPOJHOCTb
MOBEPXHOCTHU BJIEKTPOAA MPU PELICHUH CO-
OTBeTCTBYIOLIEH AU(PPy3nOHHO-KUHETHYE-
CKOM 3a1aun. 9TO 0OCOOEHHO aKTyallbHO IIPU
OIIEHKE COCTaBa CIUIABHBIX IMOKPBITHH, IO-
Jy4aeMblX B  MHUKPOIJIEKTPOHUKE, IIO-
CKOJIbKY OCaKJ€HHE 3a4acTyl0 BeleTcs Ha
MIOBEPXHOCTH CO CJIO)KHON I'€OMETPUUYECKOM
koH(puryparmeii [15-17].

Kpowme Toro, HeoOXo1uM0o MPUHUMATH BO
BHUMaHue 3¢ (}eKT paBHOBECHOW TBEPAO-
dazHoit ancopOIuu (TOBEPXHOCTHOM cerpe-
raiuu), Tak Kak Ojarojapsi ocooomy sHep-
reTHYeCKOMY COCTOSIHUIO aTOMOB B ITOBEPX-
HOCTHOM CJIO€ CIIIaBa Jak€ B OTCYTCTBHE
CP mpu TepMOJIMHAMHYECKOM DPaBHOBECHUU

HOBEPXHOCTHAsL ¢, U 00BbEMHast ¢, KOHIICH-

TpaIiu I-ro KOMIIOHEHTA CIIJIaBa MOTYT pa3-
muyatbest [18,19] u cBsi3aHbl COOTHOIIIE-
HUEM:

o

_ AGads

eT R (2)

% _ b J5li
ca ca f3ri

3mecy f.' u f° —xo3ddumenTs aKTUB-
HOCTH I-r0 KOMIIOHEHTa B 00beMe CIuIaBa U
Ha €ro TMOBEPXHOCTH COOTBETCTBEHHO;
AG, ;s — crannaptHas sHeprus [ m60ca TBep-
nodaznoit agcopbrmu. Tak, mpu ycroBuH
AG,4s < 0 merarn B HakarumBaercst B 1mo-
BEPXHOCTHOM CJIO€ CILJIaBa.

Panee s dekr paBHOBecHOU amcopOIuu
B KuHeTHke CP Obl yu4TeH TOJNBKO AJIS TI0C-
KO Mex(a3zHOW TpaHUIBI SJIEKTPOj/pac-
tBOp [19], a addekT mepoxoBarocTu B 1Mo-
TEHIIMOANHAMHYECKOM PEKUME TOJIIpH3a-
UM [IPUHUMAJICA BO BHUMAaHME JIMLIb JUIs
MIOBEPXHOCTEH ¢ TapMOHUYECKUM THIIOM He-
poBHocTer [20,21]. B HacTosimeir pabote
00a ¢akropa yuTeHbl OJIHOBPEMEHHO, MPH-
4yeM BIEpBble — JUIs (PAKTAIbHBIX U CTATH-
CTHYECKH HEPETYJSIPHBIX TTOBEPXHOCTEH,
HanOoJiee MPUOIMKEHHBIX K PeabHBIM IPO-
(UM TBEpIBIX DIEKTPOJIOB.

Lenb paboTsl: ycTaHoBIIEHHE poin (hpax-
TaJbHOM WM CTATUCTUYECKH HEPETYJISAPHOU
IIEPOXOBAaTOCTH B TBepaodazHo-nupdy3u-
OHHOW KMHETHKE TTOTSHINOINHAMUYIECKOTO
CEeJIEKTUBHOTO  pPAcTBOPEHUsT OMHApHOTO
CIJIaBa, OCJIOKHEHHOW TPEATIOIIIPH3AIIMOH-
HOU ajcopOIrell KOMIOHEHTOB B IMOBEpX-
HOCTHOM CIIO€.

3KCl'lepI/IMeHTa.]'ll)Haﬂ 4acTb

MexdasHylo TpaHUIy CIUIaB/pacTBoOp
MPEACTABIISUIA B BHJIE IBYMEPHOTO MOBEPX-
HOCTHOTO Todpa. DpakTajgbHbIC MOBEPX-
HOCTHBIC TPO(QHIN MOJCTUPOBATH C HC-
MOJIb30BaHUEM TUANA30HHO OTPAHMYCHHOMN
HETIPEpPBIBHOW MOIU(PHIMPOBAHHON OJIHO-
MepHo# yHKImu Beiiepiirpacca [22-24]:

W, 6 (81 Amarr X) = ELQO (R -1y cos(b@ iixﬂ .(3)

max

755



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 5. C. 753-764.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 5. pp. 753-764.

. R=19
© f-434

Puc. 1. Ilpumepsl TOBEPXHOCTHBIX MPOGUIIEH, MOJETHUPYEMBIX () - MOAU(DHUIIMPOBAHHOM

bynxuneit Beitepmrpacca Wy o, (5, N X) npu Ri= 1.5 u b = 3; (6) - cyuwaiinoii Gpynxueit

Beiiepmrpacca-Mannens0pora
Fig. 1. Surface profiles modeled by (a) — a modified Weierstrass function WFef ab (5, W X)
at Rf = 1.5 and b = 3; (b) a random Weierstrass-Mandelbrot function

Omna xapakTepu3syeTcsi CpelHEN BBICOTOM
HEPOBHOCTEW € C MAKCUMAJIBHBIM PacCTOsI-

HHUEM MEeXIY HUMH A, , paKTaibHON pa3-

MepHOCThIO Rf (7151 ropupoBaHHBIX HpO-
¢duneit 1 <Rf<2)u npeacrasisier codoii cy-
neprno3unuio u3 ) WHIWBUAYAIBHBIX Tap-
MOHUK (B mpezene (2—o0) ¢ mapameTpoM
IIPOCTPAHCTBEHHO-BOJIHOBOTO ~ MacCIITa0H-
poBanust b>1 (puc. 1). Jannas ¢yHkuus
IPOSIBIISIET CBOMCTBO CAaMONIOJOOUS B ITpeIe-
Jax KOHEYHOI'o JHara3oHa pa3pelieHus
(puc. 2). HuauBuayanbHble TapMOHUKU
(dpakTanbHOro MpoQUIs XapaKTEPU3YyIOTCS

A
napIraTbHBIMU JJTMHAMH BOJIH % (€ =0,
¢

1,2, ...,Q), 3Ha4eHHS KOTOPBIX JIEKAT B UH-
yl
TepBane OT A2 =25 110 Ay
b min

CTaTuCTUYECKUN HEPETYJSIPHBIA  IIPO-
(Wb TOBEPXHOCTH MOAETHPOBAIU C MpPHU-
MEHEHHEM CcllydailHOl ¢pakTaibHON (DyHK-
iu Betiepirpacca-Manaens0pota [24-26]:

WR, Q5.6 (E, 8

_ p AR "2 Q-1
= 3{2][1 bf)om,-l) ]} |:Z B sin {b: iﬂ-*- ‘b.ﬂ
=0 ‘max , (4)

x)=

max >

B KOTOpOH (aza (I) MOIYUHSETCSI HOPMaJlb-

HOMY paclpe/ieIeHUIO C HyJIEBBIM MaTema-
TUYECKUM OKUIAHUEM M eIMHUYHOM Juc-
IepCuen.

OCHOBY 10JIX0/1a COCTaBJISIET MPEATOIIO-
KEHHE, YTO peasibHas TTOBEPXHOCTbH JIF0OOOTO
TBEPJIOTO 3JEKTPOJa SIBJISETCS CaMONoa00-
HOW M XapaKTepU3yeTcsi HEKOTOpou (pak-
TaJIbHOM pazMepHOCThIO Rf>2. OnTHueckue,
MHUKpOCKomueckue [27] u aacopOIuoHHbIE
UCCIIEIOBaHMS C IPUMEHEHNUEM MOJIEKYJT ajl-
copOeHTa pa3nu4yHoro pasmepa [28] moka-
3bIBAIOT, YTO peajibHble MOBEPXHOCTU IpPHU
MacmTabHOM Tiepexoje OT HEPOBHOCTH
HauMEHBIIETO0 pa3Mepa Amin K HEPOBHOCTHU
HanOONBLIEr0 pa3Mepa Amax AEHCTBUTEIBHO
MOTYT OBITh OXapaKTEPU30BAHBI C TOMOIIIHIO
€IMHCTBEHHOT0 MapameTrpa — 3¢ (HeKTuBHON
(bpakTaabHOI pa3MEepHOCTH.

OCHOBHOH 3a7a4ueil MOJEINPOBAHUS SIB-
JSUICS.  TIOMCK  TPOCTPAHCTBEHHO-BPEMEH-
HOTO KOHIIEHTPAIMOHHOrOo mnpoduist nud-
(y3aHTa — 3IEKTPOOTPULIATEIHHOTO KOMIIO-
Henta A,B-criasa ca(X,Y,z,t) BOmu3m mepo-
XOBaTOW rpaHullel pasznena. [Ipu pemenun
cooTBeTCcTByIOIEN U Yy3MOHHO-KUHETH-
YeCKOM 3aJjaud MCHOJIb30BAJIM YHUCIECHHBINA
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Puc. 2. MacmrabupoBanue ppakranpHoli pynkuuu Beitepirpacca
Fig. 2. Scaling of the Weierstrass fractal function

METO/1 KOHEUHBIX 3JIEMEHTOB [29] ¢ ucnosib-
30BaHMEM  MPOTrpaMMHON  TUIAT(HOPMBI
COMSOL Multiphysics [30-33].

B oO0mryto cxeMy KOMIBIOTEPHOTO pac-
YeTa BXOJIMIIU 3TAITBI 110 MOCTPOCHHIO pado-
4eil AByMEPHOU WJIK TPEXMEPHOU reoMeTpH-
Yyeckor 00J1acTH, B Mpeenax KoTopoi pea-
JIU3yeTcsl HeCcTalMoHapHbIH AuQdy3uOH-
HBII MacCOIEPEHOC; €€ TUCKPETU3aIUHU pa3-
JIO’)KEHHEM Ha MHOYKECTBO KOHEYHBIX 3Je-
MEHTOB, T.€. BECbMa MaJIbIX U KOHEYHBIX IO
pasMepy  mojaobnacTeil,  COeIMHEHHBIX
MEXIy COOO0H y3JIOBBIMHU TOUKAMU; 33]JTAHUIO
Ha4yaJIbHOTO Y TPAHUYHBIX YCIOBUI; KOMIIb-
I0TePHOMY (OPMHUPOBAHUIO CHUCTEMBI JIH-
HEHHBIX anredpandecKkux ypaBHEHHUI U re-
HEpalud WTOTOBOM MAaTpHUIbl YHUCIEHHBIX
3HAQYCHUI KOHIICHTPAllUM W HOPMAaJIbHOTO
MaccornoToka naudd@ys3anra B y3I0BBIX TOY-
Kax paboued 00JacTH IMyTEeM HTEpaIMOH-
HOTO peleHus 3ana4du. Pazmepsl paboueii
00J1aCTH M HEPOBHOCTEH MMOBEPXHOCTHU DJICK-
TPOJIa, a TAKKE KOJIUYECTBO KOHEUHBIX 3Je-
MEHTOB BBIOMPAJIH, B TOM YHCJIE, UCXOMS U3
YCJIOBHI ONTHMyMa MallMHHOTO BPEMEHHU.
Jnst momydenust 060j€e TOYHOTO PEIICHHS
BOJIM3M IIEPOXOBATOM TPaHMIIBI pa3jiena co-
3/1aBaJIM TIOBBIIIEHHYIO TIOTHOCTD Y3JIOBBIX
TOYEK.

B xauecTBe MOACIBHON IEKTPOXUMHYE-
CKOM CHCTEMBI pacCMAaTPUBAETCS JBYXKOM-
MMOHEHTHBI TOMOTE€HHBIM METALTUYECKUI
CIUTaB C OOBEMHOW MOJBHOU JIOJIeH dJIeK-
TPOOTPUIATEILHOTO KOMIIOHEHTA C,, TOJ-

BEPraroIuiics CeJIeKTUBHOMY PACTBOPEHUIO
B YCIIOBHSIX ITOTEHITMOJMHAMUYECKON aHO/I-
HOW monsipu3anuu. [IpuHumaercs, 4ro ju-
MUTHPYIOLIEN CTAJHUEN Ipolecca SBISETCA
o0beMHast Tuddy3ust aTOMOB IEKTPOOTPH-
[aTeJIbHOTO KOMIIOHEeHTa. KuHernueckue

craauu (TIepeHoca 3apsijia, XeMOCOpPOIIHH,
XUMHUYECKON PEaKIMN) IPUHUMAKOTCS OBICT-
pBIMH TI0 CpaBHEHUIO ¢ auddys3ueit B daze
CIUlaBa M CyuTarTcs obOparuMbiMu. KoH-
ICHTPAIHS 3JICKTPOOTPHUIIATEIIBHOIO KOM-
TIOHEHTA B CILIABE B TAKOM CJIy4ae yIOBJIe-
TBOpsET T PepeHIIMATLHOMY YPaBHCHHIO

5& = DAVZCA (5)

ot
C Ha4YaJIbHBIM YCJIIOBUEM

Calig =Ca {1+[@(0X?Kad )—1]-8(2)} (6)
Y TPAaHUYHBIM YCIIOBUEM

CA| e CX (7)

3nech t — Bpemsi, Z — TaHTeHIIMAbHAs KO-

opaunara. [Ipu Z = 0 eAUHUYHAS UMITYIIbC-

Hast pyakmust §(z) = 1, mOAITOMY COTJIACHO

yCI0BHIO (6) MOBEPXHOCTHASL KOHIIEHTPAIH
KOMITOHEHTa A NpPUHUMAET 3HAa4YeHHE, paB-

HOE CX(D(cX;KadS), rJe paBHOBECHas H30-

TepMa ajcoponun (D(cX;Kads) #1 BKIIIO-

4aeT KOHCTAHTY TBepAo]a3zHOro aacopoIu-
OHHOTO paBHOBecHs Kads U OTIpEessieT cTe-
MeHb 00OTaleHus] TMOBEPXHOCTHOTO CJIOS
CIJIaBa OJHHUM W3 KOMIIOHEHTOB €Ile JI0
Havauna nporecca CP [18].

JlomycTM, YTO BOJBTaMIIEPOMETPHUEC-
CKHMH OTKJIMK CIIJITABHOTO 3JIEKTPOJAA MPH €r0
CEJICKTUBHOM PACTBOPEHHU PETUCTPHPY-
€TCs MPH JIMHEWHOM HM3MEHEHHHU IMOTEHIIU-
ana crutasa E(t) Bo Bpemenu:

E(t)=E0)+v-t, (8)

WM B TEPMUHAX MTEPEHATPSKCHIUS

nt)=EX)—E0)=v-t. (9)
3necs E(0) — OecToKOBBIN MOTCHIIHMAI,
v =dE(t)/dt — ckopocTh CKaHUPOBAHUS TIO-

TEHI[MaJa; TPUHUMAETCs, 9To v = const. To-
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I/1a ¢ y4eTOM OOpaTUMOCTH CTaauu Mepe-
XO07Ia 3apsi/ia OBEPXHOCTHAS! KOHLIEHTPAIHS
nuddys3anTta OyeT yaoBICTBOPATH ypaBHE-
Huto Hepucra. Ilpu stom mns ywera a¢-
dekTa TBep10dha3HOM paBHOBECHOH a1copO-
I KOMITIOHEHTa A B COOTBETCTBYIOIIEM
FPaHUYHOM YCJIOBHM TaKXe HEOOXOAUMO

NPUHUMATh BO BHUMaHHE  (DYHKIIHIO
D(chiKy):
_ZaFv,
cj\:c,{-cp(cX;Kads)-e RT (10)

PacyeT MJIOTHOCTH TOKa Beld Mo (op-
MyJIe:

ia(t) = zaF - ja(©ls, (11)

TOe ja (t)|S — HOpMaJIbHBIN Iu(P(Y3UOHHBINH

IOTOK  aTOMOB  BJIEKTPOOTPHULIATEIILHOTO
KOMIIOHEHTa 4epe3 LIEpOXOBATYIO MOBEpPX-
HOCTb 3JICKTpOa, paccunTanHbii B Comsol
Multiphysics. ®yHkuusi mepoxoBaTocTu @
paccuMTaHa [0 OTHOUIEHHUIO IOTOKOB,
HalIEHHBIX JUIS IIEPOXOBATOI0 U IIOCKOTO
3JIEKTPOJIOB.

YUucneHHsl pacdeT MPOBEACH Ui MO-
JIENIHOTO CIIJIaBa C aTOMHOM J10JIei KoMIIo-
HeHTa A, paBHoit N, =78 a1.% B nHTEpBae

CKOpPOCTEW CKaHMPOBAHMS MOTEHIMAIa OT
10* 10 1 Ble. MonsipHblii 00BbEM CIUTIaBa
IpUHAMATH paBHBIM 10 cM>/MOJIB, K0d(hhHUITH-
et TBeprodasHoit maddysun Da=10"8 m?/c
(3HaueHHWE TO TOPSAKY BEJIWYHHBI Xapak-
TEPHO ISl TYTOILIaBKUX CIIaBoB [34, 35]) u
¢GyHKIMS paBHOBECHOM TBepao(a3HON aj-

copouuu @(CX;Kads):o'975 (moBepxHOCT-

HBIH CJIOH HE3HAYUTEIHLHO 00OTalleH dJIEK-
TPOIOJIOKUTETBbHBIM KOMIIOHEHTOM; 110100~
Hasl CUTyalus HaOJoJaercsi, Hampumep, B
cinydyae TomoreHHbIX AJ,AU-CIUIaBOB B Jie-
aBpI/IpOBaHHBIX BOIHBIX paCTBOan HOBer-
HOCTHO-UHAKTHBHBIX 3JIeKTpoiauToB [36],

IUIs KOTOPBIX B HMHTEpBAJIE ng =0.65+0.95
GyHKIHS @(cx; Kads)=0'96+0'99)' Pemenue

cucteMbl ypaBHennit (5)-(10) m pacuer
TI0THOCTU TOKa (11) BBIMOTHEHBI A7 HUfe-
aJBHO TJAJKON TTOCKOM TTOBEPXHOCTH pas-
nena; ppakTaabHBIX TOBEPXHOCTEH, OMUCHI-

BaeMbIX QyHKIHEH Beliepmrpacca ¢ mocro-
STHHOM (hpaKTajgbHON pazmepHOCThIO Ri=1.5
u napamerpamu b=3 u Q = 0+4; cratucTu-
YEeCKU HEperyJsipHbIX MOBEPXHOCTEH, OMu-
ceiBaeMbIX (yHkuuen Beliepmtpacca-Man-
IenpOpoTa ¢ BapbuUpyeMoil ¢pakTaaIbHOU
pa3mepHocThio Rf = 1.3+1.9.

O0cy:xaeHne pe3y1bTaTOB

PacuerHble BoJIbTaMIeporpammsl JIud-
(y3MOHHO-KOHTPOIIUPYEMOTO nporuecca
MIPUHUMAIOT XapaKTepHYIO (OPMY KPUBBIX C
MaKCHUMYMOM KakK JJIsl 9JIEKTPOJIOB ¢ (pak-
TajabHOM (pHC. 38), TaK U CO CTATUCTUYECKU
HeperyssipHoOit (puc. 3D) MOBEpXHOCTBIO.
BricoTa MakcumyMa, Kak U B Cilydae Hje-
alIbHO IJIAJIKOTO IUIOCKOro 3JekTpona [7-9],
pacTeT ¢ yBEIMYEHUEM CKOPOCTH CKaHUPO-
BaHMS NIOTCHIUATIA.

Omnpenensionyo poib B BOJBTAMIIEPO-
METPUYECKOM OTKJIHMKE HIPaeT COOTHOLIE-
HUE TONIUHBI TU(PGY3HOHHON 30HBI M Pa3-
Mepa HEPOBHOCTH. DTO NOATBEPKIAET BU3Y-
aIM3anusl KOHIEHTPAIIMOHHOTO TOJIS JJIEK-
TPOOTPHUIIATEILHOTO KOMIIOHEHTa, (HopMH-
PYIOLIETOCS K MOMEHTY JIOCTHKECHHU ST MAaKCH-
MaJIbHOW CUJIBbI TOKa AU (P PYy31MOHHO-KOHTPO-
JMPYEMOTo TIpolecca, pealln30BaHHAS B
paMKax KOHEYHO-3JIEMEHTHOI'O MOJEeTUpO-
BaHUSI.

AHanmm3 TOKa3bIBaeT, 4TO TpPU JOCTa-
TOYHO OOJIBIIMX V (OTBEYAIOIIUX MaJlbIM
BpEMEHaM) TOK B TIMKE BOJIbTaMITEPOTPAMMBI
Ha AJIEKTpojie C (PpaKkTaIbHOM MOBEPXHOCTHIO
B fr pa3 OoJblile, YeM Ha WICATBHO TIIAKOM
ANIEKTPO/IE C TOM e FreOMETPUUECKOM IIo1Ia-
TIbIO TIOBEPXHOCTH Sg (puc. 4). B Takux ycio-
BUSX ombiTa QpoHT JuD(dy3uu MpocTo mo-
BTOpSIET penbed MIepOXOBaTOM AMEKTPOIHON
MIOBEPXHOCTH (pHcC. Sa u 6a).

Korna »xe v Mana, To MaKCUMYM Ha BOJIb-
TaMIIeporpaMMe JIOCTHTAETCS TP OTHOCH-
TEJIbHO OONBIIMX BpPEMEHaxX, M TOK IHKa
OTIpeNIeNSIeTCS MAaKPOTEOMETPUIECKOH, a He
HWCTUHHOMW MJIOIIAJbI0 3ekTpona (puc. 4).
Pacder KOHIIEHTPAIIMOHHOTO TOJIS TTOKA3bI-
BaeT: 3TO CBSA3aHO C TEM, YTO CMEILICHHE
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Puc. 3. Bonsramneporpammsl auhdy3noHHO-KOHTPOIUPYEMOTo mporiecca () — Ha ppax-
TaJbHOMN MTOBEPXHOCTH, OMUCHhIBaeMO (hyHKIMeH Beliepinrpacca ¢ ppakTaibHON pa3MEPHOCTHIO
Ri=1.5,b=3 u Q =4, paccuntannbie [y CKOPOCTH cKanupoBauus nmotermmana 1 (1), 0.1 (2) u

0.01 (3) B/c; (b) — Ha cTatucTHUeCKH HEPETYIISPHOM MOBEPXHOCTH, OMMCHIBACMOM (YHKIIHEH
Beiiepiirpacca-Manenbs0poTa ¢ hpakTaibHOM pazMepHocThio R = 1.9, paccuntanubie s
ckopoctu ckanupoBanus notenimana 1 (1), 0.1 (2) u 0.01 (3) B/c

Fig. 3. Voltammograms of a diffusion-controlled process on a fractal surface described by the
Weierstrass function with fractal dimensions Rs = 1.5, b = 3 and Q = 4, calculated for potential
scan rates of 1 (1), 0.1 (2) and 0.01 (3) V/s; (b) — on a statistically irregular surface described by
the Weierstrass-Mandelbrot function with a fractal dimension Rs = 1.9, calculated for potential
scan rates of 1 (1), 0.1(2) and 0.01(3) V/s
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Puc. 4. 3aBucumocts Penjica-11leBunka uist nieaibHO TIIaKO#H IIOCKO# (6) U (8) —ppakTaib-
HBIX TIOBEPXHOCTEH, OTMChIBaeMbIX QyHKIHeH Beepinrpacca ¢ (hpakTaabHON pa3MepHOCTBIO Ry =
15b=3uQ=0(5),14),23),3(2)u4(1);(b)— cratucriyecku HeperyIAPHbIX TOBEPXHOCTEH,

ormMchIBaeMbIX QyHKIWMel Beliepmtpacca-Manaens0poTa ¢ hpakranbHOi pazMepHOcThio R = 1.1
(5),1.3(4),15(3),1.72u19(1)

Fig. 4. The Randles-Sev¢ik dependence for perfectly smooth flat (6) and (a) — for fractal surfaces
described by the Weierstrass function with fractal dimensions Rf=1.5,b =3 and Q=0 (5), 1 (4), 2
(3),3(2) and 4 (1); (b) — for statistically irregular surfaces described by the Weierstrass-Mandelbrot

function with fractal dimension R = 1.1 (5), 1.3 (4), 1.5 (3), 1.7 (2) and 1.9 (1)

¢ponTa nuddy3un conocTaBUMO WIH Ipe-
BOCXOJIUT PpACCTOSHUE MEXAY HEPOBHO-
cTsamu (puc. 5C u 6C). B mpomexyTouHom
MHTEPBAJIE CKOPOCTEW CKaHMPOBAHUS U CO-
OTBETCTBEHHO BPEMEH JOCTHUKEHHUS MaKCH-

MyMa Toka AP Py3UOHHBIN GPOHT UCKPUB-
JIeH, HO ero npoduib He WACHTUYEH LIEpPO-
XO0BaTOW MOBEPXHOCTH (pHc. 5b u 6b).
Taxkum oOpaszom, kputepuit 1udpPy3noH-
HOW KHHETHKH TIOTECHIMOJAWHAMHYECKOTO
npouecca dlamax/dvY? = const Bemonastercs
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Puc. 5. Konnenrpaunonnoe nozie auddysanra BOau3u GpakTaibHON TOBEPXHOCTH B pa3HbIE
MOMCHTBI BpEMCHHU.
Fig. 5. The concentration field of the diffusant near the fractal surface at different duration of
polarization.

TOJIbKO TpPU  OYEHb OOJBIIMX JMOO INpHU
OYEHb MAJIBIX CKOPOCTSIX CKAaHUPOBAHUS I10-
TeHIHAaJa, Koraa 3P QeKT IeKTPOTHOM 1ie-
POXOBATOCTH SABISAETCS (PAKTUUECKH JTHHEMH-
HbIM. JIeHCTBUTENBHO, B TaKUX Clydasx
| A max, VY/2-3aBHCHMOCTB CIIPSAMIISIETCS M SKC-
TPanoJIMPYETCsl B HAYaJo KOOpPJAUHAT (puC.
4). DddexkT paBHOBEeCHOW TBepaAO(Da3HOM
aacopOLMy He MEHSIET BHJI TaHHOTO KpHUTe-
pHs, TTOCKOJIbKY JTMHEHHO MEHSET 3HaYeHUe
TOKa MPONOPIUOHAIBHO byHKIUN
D(chiKy,)-

COOTBETCTBEHHO BO3MOXXHOCTH HCTIOJb-
172

Amax
MOCTHU Ha HPAaKTUKE B KAa4YCCTBC KPUTCPUIA

TU(GPY3MOHHONH KUHETUKH ONpeAesseTcs

30BaHUsA J'II/IHG&I)I/I?;OB&HHOﬁ -3aBUCH-

TEM, HACKOJIBKO HAaACKHO OLCHCHBI BPCMCH-
HbI€ TPAHHUIIBI IPOMEXKYTOUYHON 00JIaCTH Ha
KPUTEPUAIbHOM 3aBUCUMOCTH TOKA OT KBaJl-
PaTHOTO KOPHSI U3 CKOPOCTU CKaHUPOBAHUS.
OTH e IrpaHullbl OTBEYAIOT EPEXOIHOM 00-
JaCTH Ha 3aBUCUMOCTH (PYHKIIMH ILIEPOXOBa-
TOCTH OT BPEMEHH, MPEJICTABISIONICH OTHO-
IIEHHWE TOKOB Ha IIEPOXOBATOM U UJCAbHO
TJIaJIKOM TTOCKOM AJIEKTpoax (puc. 7).
Poct ¢pakranbHON pa3MepHOCTH, a 3Ha-
yuT, U (aKTopa IIEpOXOBATOCTH, KaK U
YMCHBIICHUE V, «pa3aABUTracT» rpaHUIBI I1C-
pexoHON 00JIACTH, OTBEYAIOLINE HEKOTO-
pBIM BpeMeHaM 11 1 to. OTcrona cienyer, 9to
C YMEHBIIIEHUEM V BEPOSTHOCTh MOMATaHUs
B HEIUHEHHYI0O 30Hy Ha  |amax,V/%-
3aBHCUMOCTH PE3KO BO3pacTaeT. ITo
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Puc. 6. Kornearpamumonsroe nojie auddys3anrta BOIN3H CTAaTUCTHYSCKH HEPETYSIPHON MMOBEPXHOCTH

B pa3sHbIC MOMCHTBI BpDEMCHU.

Fig. 6. The concentration field of the diffusant near the statistically irregular surface at different du-

ration of polarization.
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Puc. 7. OyHKIHS IIEPOXOBATOCTH IS 31€KTpoa (@) - ¢ PpaKTAILHOM HOBEPXHOCTHIO, OMUCHIBAC-

Moii ¢pyHKImer Beiiepmrpacca ¢ ¢ppakTansHOI pa3MepHOCTHIO Rf =

1.5, b=3 u Q= 1, paccunranuas

MIPY CKOPOCTSX cKkaHupoBanus noteHnmana 1 (1), 0.1 (2), 0.01 (3), 0.001 (4), 0.0005 (5), 0.0001 (6) B/c;
(b) - co craricTHYeCKH HepeTySIPHOMN MOBEPXHOCTHIO, ONHChIBaeMOi (yHKIHe# Beiiepirpacca-Man-
Iens0poTa ¢ ppakTadbHON pasMepHOCTRIO Rf = 1.1, paccunTanHas IPH CKOPOCTSIX CKAHUPOBAHUSI TO-

tennmana 0.01 (1), 0.001 (2), 0.0005 (3), 0.0001 (4) Blc.

Fig. 7. Roughness function for the electrode (a) - with a fractal surface described by the Weierstrass
function with fractal dimensions Rs = 1.5, b =3 and Q = 1, calculated at potential scan rates 1 (1), 0.1
(2), 0.01 (3), 0.001 (4), 0.0005 (5), 0.0001 (6) V/s; (b) - with a statistically irregular surface described

by the Weierstrass-Mandelbrot function with fractal dimension R¢ = 1.1, calculated at potential scan
rates 0.01 (1), 0.001 (2), 0.0005 (3), 0.0001 (4) V/s.
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KpaifHe HEeXXEeNaTeJbHO C TOYKU 3PCHHUS UC-
M0JIb30BaHUS BO3MOKHOCTEH TpauuecKoro
aHayM3a mpu 00paboTKe Pe3yIbTaTOB BOJIb-
TaMIEPOMETPUUECKUX H3MEPEHUN Kak st
YCTQHOBJICHHSI TPUPOJBI JIUMHUTHPYIOIICH
CTaJuU TIpoIlecca, OCIOXKHEHHOTo nuddy-
3MOHHBIM MacCOIIEPEHOCOM, TaK U JJIsi KOH-
TPOJIL COCTaBa CIIaBa MM MHTETPATBHBIX
dakTopoB (paktanbHOU (Rf) WM CTaTUCTH-
yecku HeperysipHoi (fr) mepoxoBaroctu. C
JPYTO# CTOPOHBI, IPH HEM3MEHHBIX T€OMET-
pPUYECKHX MapaMeTpax Kak (pakTaabHOM,
TaK M CTaTHCTUYECKU HEPETYyJSIPHOH II0-
BEPXHOCTH 00a BpEMEHHBIX Mapamerpa — t1
U t2 — YBEIMYMBAIOTCS TIPH YBEIUYCHUU V,
T.e. TepexoaHas o0JacTh Ha IA,maX,vm-
KPUBOU OyET MPOSIBIISATHCS BCE TIO3KE.

3akjaoueHue

C npuMeHeHHEeM YUCIEHHOTO MET0/1a KO-
HEYHBIX JJIEMEHTOB B KOMIIBIOTEPHOM Ia-
kere Comsol Multiphysics paccuntanbl KOH-
[EHTPalUOHHbIE TPOGUIH 3JIEKTPOOTPHUIIA-
TEJIbHOI'0 KOMIIOHEHTa FTOMOT€HHOT0 OuHap-
HOTO CIIaBa ¢ ppaKTalbHON U CTaTUCTHYE-
CKM HEPETyJIPHOW IIEPOXOBATOM MOBEPX-
HOCTBIO IIPU CEJIEKTMBHOM pacTBOPEHUH,
KOHTPOJIMPYEMOM HecTalluoHapHoOU tuddy-
3UeH U OCII0)KHEHHOM PaBHOBECHOM TBEPO-
da3zHoit azcopOIMeli KOMIIOHEHTOB B TIO-
BEPXHOCTHOM CJIO€ B YCJOBMSIX MOTEHIIHO-
JUHAMHUYECKON aHOJHOW MOJIIPU3ALIH.

BonbsTamneporpammsl nporecca NpUHHU-
MaloOT XapakTepHylo GopMy KpUBOH C Mak-
CUMYMOM, BbICOTa (CHJa TOKa) KOTOPOTO
NPONOPLUHOHATbHA (YHKIUU pPaBHOBECHOU
TBep10ha3HON aFCOPOIMH, HO B I[E€JIOM He-
JMHENHO YBEIWYMBAETCA C POCTOM CKOPO-
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IlepepaGoTka KMCJOTHBIX CTOYHBIX BO/I MPOU3BOACTBA BAHAAUS

lA.neKcam]p Huxkonaesuu Kopmon‘, Cepreii Anexceesny Jlo3a™,
Ha3zap Anexkcanaposud Pomanwok, Muxaunia Baagumuposuu Hlapadgan
Ky0anckuii rocynapctsenHsiil yausepeuret, Kpacuonap, Poccus, s_loza@mail.ru®

AHHoTanus. Banaauii u ero coeinHeHUs, HANIpUMep MEHTAOKCH]I, TOKCUYHBI U SAOBUTHI JUI OKpYy Karollei
cpelsl U uenoBeKka. Bananuit ABiseTcs OQHUM U3 BaXKHEHIIINX JIEMEHTOB B COBPEMEHHOM MHUPOBOM IPOMBIIII-
JICHHOM IpuMeHeHuu: 10 90 % ucnonb3yeTcs Kak JeTHPYIOMUI 3JIeMEHT B METaJLTyPruH, TakKe OH IpHUMe-
HseTcs B He(hTe00bIue, XUMHUUECKUX UCTOYHHKAX TOKa, aBTOMOOWIBHOH, a3pOKOCMHYECKOH, 000OpOHHOI 1
JIPYTHX OTpacisiX MPOMBIIUIEHHOCTH. PocT moTpebineHus pecypcoB NMPUBOIUT K YBEIWYECHHIO 00BbEeMa Mpo-
MBILLIEHHBIX KUCJIOTHBIX CTOKOB. B Mporecce MpOM3BOICTBa OIHOM TOHHBI BaHaaus obpasyercs 6omee 100 M3
KHUCIIBIX BaHAJAUNUCOAEPKAIUX CTOYHBIX BOJ C COAEPKAHUEM CEPHOM KUCIOTHI 20 kr/m, BaHagus 0.6 xr/mS.
HonooOMeHHBIE MEMOpaHbI IHPOKO HCIIOIB3YIOT B COBPEMEHHBIX TEXHOJOTHMAX BOAOOYMCTKH, MpoLeccax
YTHIN3AIMN CTOYHBIX BOJ. DJICKTPOIAHMAIN3 ¢ OMIOIAPHBIMA HOHOOOMEHHBIMU MEMOpaHaMH NPHMEHSIETCS B
nporeccax peKynepauuy KHCiIOT 1 OCHOBAHUH M3 COJIEBBIX CTOKOB. B HacTtosiieil paboTe ucclieJoBaHbl TPH
CXEMBI AJIEKTPOHAIN3HON MepepaOdOoTKK KHCIOTHBIX BaHaMHCOAEPIKAIMX CTOUYHBIX BOJ Ha JIAOOPATOPHBIX
sauelikax. Bee uccnenoBaHus MpoBOIMIN HA peaslbHON CTOUHON BOJIE POCCUHCKOTO METAJLUTyprH4ecKoro npes-
HPUSATHUS 110 TPOM3BOACTBY BaHaaus. [lokazaHo, 4TO MpH NPsSMOM dIEKTPOANATU3HOI NepepaboTke Oe3 npen-
BapUTEJIbHON MPEANOIrOTOBKH IPOUCXOJMT 3HAUUTEIbHOE OocaakooOpa3oBaHne Ha MemOpaHax. Haumbomee
3¢ GEKTUBHBIM SBISIETCS TPOIECC MPEIBAPUTEIBHOTO OCAXKICHUS MHOTOBAJICHTHBIX METAINIOB M3 CTOYHBIX
BO/I IIIEJIOYBIO C TTOCIIEIYIOIINM NPUMEHEHNEM 3JIEKTPOANAIIN3a ¢ OUITONIIpHBIMI MeMOpaHaMu. JlaHHas cxema
ObLTa mcciteJoBaHa Ha Ja0OpPaTOPHOW YCTaHOBKE C SJCKTPOIUATU3IHON SUCHKON ¢ 5 TPOHHBIMU KaMepaMu U
paboueii MIOIAABIO KAk 10 HOHOOOMEHHOM MeMOpaHb! 5x20 cM2. DKCIEPUMEHT IIPOBOAMIN IPU IIOTHOCTH
Toka 1-3 A/nm?. TToka3zaHo 4To PUMEHEHHE STOTO TIPOLECCA MO3BOJISET BBIIEIUT TSHKEJIBIE METAIUIBI B BHJIE
THJIPOKCHIOB TPH MX OCAKACHHUHM LIEJI0YbI0, BEPHYTh B TEXHOJOTMYECKUH UK CEPHYIO KHCIIOTY C KOHIIEH-
tpanueit 2.5-3.5 %, noay4uTh Wenoyb A1l 0OCAXKICHUS METAIJIOB M BEPHYTh OYMIIEHHYIO BOJLY B TEXIPOLIECC.
Takum oOpa3omM, pazpaboTana cxema O0e3peareHTHOW TEXHOJIOTUU MePEPadOTKH CTOYHBIX BOJ| IPOU3BOJICTBA
BaHA/MS C BO3BPATOM OYHIIECHHOH BOJIBI, CEPHOM KUCIIOTHI, BAHAAWA, IPYTHUX [IEHHBIX KOMIIOHEHTOB, II03BO-
JISFOINAs 3HAUNTENFHO YMEHBIINTH 3KOJIOTHYECKYI0 Harpy3Ky Ha OKpPY’KaloIIyIo Cpeny.

KiroueBble ci1oBa: BaHa Ui, HOHOOOMEHHAs MeMOpaHa, OUITOIAPHBIN 3JIEKTPOINANIN3, CTOUYHBIC BOJBI, PEKY-
nepauus CEpHOUN KUCIIOTBHI.
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Treatment of acidic wastewater from vanadium production
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Abstract. Vanadium and its compounds, such as pentoxide, are toxic and poisonous to the environment and
humans. Vanadium is one of the most important elements in modern global industrial applications: up to 90 %
is used as an alloying element in metallurgy, and it is also used in oil production, chemical power supplies,
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automotive, aerospace, defense and other industries. Increased resource consumption leads to an increase in
the volume of industrial acid waste. In the process of producing one ton of vanadium, more than 100 m? of
acidic vanadium-containing wastewater is generated with a sulfuric acid content of 20 kg/m? and vanadium 0.6
kg/md. lon exchange membranes are widely used in modern water treatment technologies and wastewater re-
cycling processes. Electrodialysis with bipolar ion exchange membranes is used in processes for the recovery
of acids and bases from salt wastewater. In this work, three schemes for electrodialysis processing of acidic
vanadium-containing wastewater using laboratory cells were investigated. All studies were carried out on real
wastewater from a Russian metallurgical enterprise for the production of vanadium. It has been shown that
during direct electrodialysis processing without preliminary pretreatment, significant sedimentation occurs on
the membranes. The most effective process is the preliminary precipitation of multivalent metals from
wastewater with alkali, followed by the use of electrodialysis with bipolar membranes. This scheme was stud-
ied on a laboratory setup with an electrodialysis cell with 5 triple chambers and a working area of each ion
exchange membrane of 5x20 cm?. The experiment was carried out at a current density of 1-3 A/dm?. It has
been shown that the use of this process makes it possible to isolate heavy metals in the form of hydroxides
during their precipitation with alkali, return sulfuric acid with a concentration of 2.5-3.5% to the technological
cycle, obtain an alkali for the precipitation of metals and return purified water to the technological process.
Thus, a scheme of a reagent-free technology for processing wastewater from vanadium production has been
developed with the return of purified water, sulfuric acid, vanadium, and other valuable components, which
can significantly reduce the environmental load.

Keywords: vanadium, ion exchange membrane, bipolar electrodialysis, wastewater, sulfuric acid recovery.
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HaunbGonee TOKCHYHBI COSTUHEHUS ITSTHBA-
JeHTHOro BaHamus, ero nmentaokcus (V20s)
IIpU [ONAJaHUU BHYTPb OpraHu3Ma U Ipu

BABbIXaHUN IIOPAKACT AbIXATCJIbHYIH) CH-

BBenenne

Paspa60TI<a U CO3JaHHC 0ECCTOYHBIX TEX-
HOJIOTHii BOOOIIOATOTOBKKW MW YTUJIM3AlIUH

CTOYHBIX BOJ B HAcTOsIee BPeMs OJHA U3
HanOoJiee aKTya bHBIX 32/1a4 B METAJUTyPTrH-
4yecKoW IpoMsliieHHoctu. bonee 90% no-
OBIBAEMOT0 BO BCEM MHUPE BaHA/IUS UCIIOIb-
3yeTcs B 4YepHOH MEeTaJUTypruM B KauyecTBe
nerupytomien nodasku. [IponsBoacTBo Ba-
Ha/Jusg Ha MHUPOBOM pBIHKE COCTAaBUJIO
110.53 thIC. TOHH B 2022 roay v 1o MpOrHo-
3am gocturaet 135.16 toic. TorH K 2028 1. [1].

B nponecce paboThl MeTaLITypruyecKux
npeanpusTHii obpa3yrorcs Ooibiune 00b-
€MBl BBICOKOMHHEPAJIMN30BAHHBIX TOKCHY-
HBIX CTOYHBIX BBOJ. Hanmpumep, npu npous-
BOJICTBE TOBAPHOTO BAaHAIMsI TOJIBKO HA OJI-
HOM TMpeanpusiTuu  oOpasyercssi OKOJO
100-120 M>/4 CTOYHBIX BOJ, C BEICOKOH KOH-
HEHTpaluell HMOHOB TSDKENBIX METANJIOB,
KHCJIOT, 1eJI04el u Apyrux npumecet [2,3].
COpochl TaKUX CTOYHBIX BOJ MOTYT HaHECTH
CYIIECTBEHHBIN BpE/ IKOCUCTEME H KH3HE-
nesitenbHOCTH denoBeka [4]. COpoc crou-
HBIX BOJ[, COJIEPKAIIUX BaHAJWNA, MOXKET
NPECTaBIATh YTPO3y JUIsl 310pPOBBS Yello-
BEKa M BIUATH HA OKPY’Kalollyto cpeny [5].

ctemy. Tak ke B IPOMBINUICHHBIX CTOYHBIX
BOJIaX BaHA/MEBOr0 MPOU3BOJCTBA COJEP-
KHUTCS CEpHas KHUCIIOTa, KOTOpas TaK Ke
OTIacHa JJIsl )KUBBIX OPTaHU3MOB.

[Tpu mpou3BOACTBE BaHAIMS U €TO CILIa-
BOB THAPOMETAUTYPTHYECKUM CIIOCOOOM
o0pasyeTcst CTOYHask BO/Ia, COCTaB KOTOPOH
npenacTaBieH B Tabnuie 1. B Hactosmiee
BpeMSI JIJISl YTHIIM3AIUN TaKUX OTXOJIOB HC-
MONIB3YETCS ~ pEeareHTHas  TEeXHOJIOTHS
HeWTpanu3auuu ¢ ucrnoias3oBanuem 10 %
U3BECTKOBOI'O MOJIOKA C IOBE/IEHUEM 3Hade-
Hust pH go 8.0-8.5. Tlonydyennas cycneH3ust
OTCTauBaeTCs B TepKoJsATopax (TpsMo-
yroJbHbIe 0acCelHbl) U jTajiee TOCTYIAET B
[IUIAMOHAKOTUTENb NI JAJbHEUIIero
ocBeTyieHUs1. KauecTBO OCBETIIEHHON BOJIBI
W3-3a BBICOKOTO cojiepxkanus Mg?*, Ca?*
SO4> He COOTBETCTBYeT TpeOOBaHHSAM,
MIPEeIbSABISEMBIM K TEXHUYECKOU BoJie (Tad-
nuna 1), uCcrmok3yeMoi Ha CTausIX MPUTO-
TOBJICHUS Cylb(ara MarHus U TPOMBIBKU
acThl NeHTaokcuaa Banaaus. [1o stoi nmpu-
YHHEe OpraHu3allvs BO3BpaTa 1TOH BOJBI B
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Tabnuma 1. CocTaB HCXOAHOM CTOYHOW M TEXHUYECKON BOJIBI, KOTOPYIO MOJKHO BEPHYTH B TEXHO-

JIOTHYECKHM mpoliecc

Table 1. Composition of initial wastewater and recycled water that can be returned to the process

Cyxoi Conepskanue*, r/am*
pH CUMIOCV:0s Mn | Al Si | Fe | Ca| Mg SO#
Crounas Boga | 1.05-1.54| 39.46 |0.63|5.04 1.3-10°| 0.23 | 3-10° |0.410 1.58 | 21.4
TexHuyeckas 6.5-85 | <1.7 — |<0.08] <0.01 |<6-103(<5-104|<0.25|<0.1| <1.0

*CopepkaHle pacCUNTAaHO HAa OCHOBAHHMW aHAIM3a CYXOTr0 OCTaTKa Ha SHEPrOAMCIIEPCHOHHOM PEHTTEHO-
¢yopecuentHoM criekTpomerpe Shimadzu EDX 800HS2
*Content calculated based on analysis of dry residue on a Shimadzu EDX 800HS2 energy dispersive X-ray

fluorescence spectrometer

IIPOU3BOJICTBO  SIBJISIETCSI  HEBO3MOXKHOM.
Taxxe, clielyeT OTMETHTb, YTO CO CIMBHOI
BO/I0OM 0€3BO3BPATHO TEPSIETCS B 4AaC OKOJIO
70 xr BaHaaus (B mepecyeTre Ha MEHTAOK-
cun), 9to cocrasisiet 6onee 600 TOHH B TOJI.

VYiydiieHue, ONTHUMH3AIUS JIeHCTBYIO-
IIMX U pa3pabdoTKa HOBBIX IHEPrO-pPeCypco-
cOeperampmux TEeXHOJOTUN mepepadoTKu
MPOMBIIUICHHBIX CTOYHBIX BOJ SIBISIOTCS
MPUOPUTETHBIMHU HampaBleHUsIMU. Tpaau-
IIMOHHO MPUMEHSIOTCSI pa3HOOOpa3HbIe Me-
TOABI U TEXHOJIOTHH: peareHTHhIE [6], copo-
uoHHbIe [7-9], duszuko-xumuueckue [10],
noHooOMeHHbIe MeTosl [11,12], dutoTanus
[13], ruGpuanasie crocoOsl U apyrue [14-
17]. K coBpeMeHHbIM METOAaM OYHUCTKH OT-
HOCSTCS HaHO(UIbTpalus, OOpaTHBIA OcC-
MOC, OMOXMMHUYECKNE METO/bI U AJIEKTPOXU-
Mudeckue (IeKTpodioTaius, IeKTPOKoa-
rynsnus, ekTpoauanus3). Haubomnee mep-
CIEKTUBHBIM METOJOM TepepaboTKu CTOY-
HBIX BOJI SIBJISIETCS AJIEKTPOAMATIN3, B KOTO-
POM HOHBI PaCTBOPEHHBIX BEIECTB MIEPEHO-
cATCS yepe3 MeMOpaHy HOJ JeHCTBHEM
anekTpudeckoro moss [18-20].

[lenpto Hacrosimield pabOThHI SABIAIACH
OIIEHKA BO3MOKHOCTH MTPUMEHEHUS pa3iny-
HBIX 3JIEKTPOJIMAIM3HBIX CXEM JJIs mepepa-
OOTKH KHUCIOTHBIX CTOYHBIX BOJ TPOMBIIII-
JICHHOT'O MTPOU3BOJICTBA BaHAIUS.

JKCNEePUMEHTAIbHAA YaCTh

Marepuansl M MeToabl. OOBEKTOM HC-
CJIEeIOBAaHMS SIBISIETCS peallbHasi CTOYHAas
BOJIa, 0Opa3yromiascs B TEXHOJOTHYECKOM
npoliecce MpOr3BOICTBA IEHTA0KCH/ 12 BaHa-
JIUsl, COCTaB KOTOPOH yka3aH B Ta0muie 1.

Jns uccnenoBanusi nepepabOTKU BaHa-
TUICONEpKAIIMX CTOYHBIX BOJ C IpUMEHe-
HUEM METO/a IEKTPoAnaIn3a pa3padoraiu
TpH pa3inuHble cxembl. B cxeme | ncnonb-
30BaH AJIEKTPOJMAIN3ATOP C MOHOIOJISP-
HbIMU MeMOpaHamu, B cxeme |l — anekrpo-
JMaTTN3aTOpP C OUTIONSIPHBIMUA MEMOpaHaMU C
JByXKAMEPHOM AJIEMEHTAapHOW SYEeUKOU, B
cxeme Il — anexrponuanuszarop ¢ dumnossp-
HBIMU MeMOpaHamMH C TpPeXKaMepHOM aiie-
MeHTapHOU sueiikoil. CoriacHo KaxJIou
cxeMe coOpaHbl M UCCIIeI0OBaHbI JJabopaTop-
HbI€ AJIEKTPOAMAIN3AaTOPbl C I'E€TEpOreH-
HBIMU MOHOIIOJIIPHBIMU HMOHOOOMEHHBIMH
meMOpanamu MK-40, MA-41 u Gunonsp-
HBIMU HOHOOOMEHHbIMH MeMOpanamu Mb-3
npouszBoactBa OO0 «MUII Illexnnoazor»,
Poccus.

JlaGopaTopHble  3JIEKTPOAUAIU3ATOPHI
COCTOSUIM M3 5 MapHbIX JMOO TPOMHBIX Ka-
Mep U umenu pabouuil pazmep MeMOpaH
5x20 cm?, Takue pazMepsl TabOPaTOPHBIX
siYeeK MO3BOJISIOT MAaCIITaAOUPOBATh PE3YJib-
TaThl UCCJIEI0BAHUS MIPOLIECCOB AIEKTPOIU-
JIM3HOM nepepaboTKH pacTBOPOB /ISl MO/Ie-
JUPOBAHUS XAPAKTEPUCTUK TPOMBIILIEH-
HBIX AJIEKTPOHAIN3aTOPOB. MexxMeMOpaH-
HOE PacCTOSIHUE B KaMepax KOHIIEHTPUpPOBa-
HUS U obecconmBaHus cocTaBisuio 0.9 M.
JIuHeiHbIe CKOPOCTH MPOTOKA pacTBOPA CO-
ctaBisuu 1.9 cm/c. Takoe 3HaueHHE CKOPO-
CTH XapaKTEePHO JJIs1 IPOMBIIUIEHHBIX 3JEK-
Tpoauan3aTopoB. CKOpOCTh MPOTOKA KU1~
KOCTH 4Yepe3 JJIEKTPOJHBbIE KaMepbl Oblia
nocTosHHO# (20 1M°/4). DKCIIepUMEHT Mpo-
BOJWJIM TPU IUIOTHOCTH TOKa 1-3 A/mvA.
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Puc. 1. Cxema nepepaboTKu pacTBOpa NEKTPOIUAITAZATOPOM C YePEAYIOIIIMHUCS KAaTHOHO- U

AHUOHOOOMEHHBIMHM MeMOpaHamMu: A — aHHOHOOOMeHHas MmeMmOpana; K — karmoHooOMeHHast
memOpana; KO — kamepa obecconuBanus; KK — kamepa KOHIGHTpUPOBaHHUS

Fig 1. Scheme of solution processing by an electrodialyzer with alternating cation and anion ex-
change membranes: A — anion exchange membrane; K — cation exchange membrane; KO — de-

salting chamber; KK — concentration chamber
!
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Puc. 2. Cxema niepepaboTKH pacTBOpa DICKTPOAHATH3ATOPOM C OUTOISPHBIMA U aHHOHOOOMEH-
HeIMH MeMOpaHamu: AK — Ounonsipaas MmemOpaHa; A — anHnoHooOMeHHast MeMOpana; KT — pac-
TBOp U3BJIe4eHHOU cepHOU kucioTel; LT — ucxoausiii pacteop
Fig. 2. Scheme of solution processing by an electrodialyzer with bipolar and anion-exchange
membranes: AK — bipolar membrane; A — anion exchange membrane; KT — solution of extracted
sulfuric acid; IIT — initial solution
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Puc. 3. Cxema nepepaboTKH pacTBOpa C MPUMEHEHUEM AJIEKTPOAHAIN3aTOPa-CHHTE3aTOpa ¢ Ou-
MOJIAPHBIMHA Y1 MOHOIIOJIAPHBIMH KaTUOHO- U aHMOHOOOMEHHBIMU M€M6paHaMI/IZ AK — 6I/IHOJ'I$Ip—
Has MeMOpana; A — annoHooOMeHHast MeMOpaHa; K — katnoHooOMenHas memOpana, KT — pac-
TBOP U3BJI€4eHHOU cepHOM kucioThl; LT — menounoit pacteop,
CT — nepepabaTbIBacMBbIi PacTBOP
Fig. 3. Scheme of solution processing using an electrodialyzer-synthesizer with bipolar and
monopolar cation- and anion-exchange membranes: AK — bipolar membrane; A — anion ex-
change membrane; K — cation exchange membrane, KT — solution of extracted sulfuric acid;
HIT — alkaline solution, CT — processed solution
[Ipy MeHBHIMX TJIOTHOCTSX TOKa DJIEKTPO- MOXKET IPUBECTH K MOBPEKICHUIO IIEKTPO-
JUATN3aTOP UMEET HU3KYIO MPOU3BOIUTEb-  aUain3aropa. B kadecTBe SJIEKTPOIHOTO
HOCTb, a TP OOJBIINX HAONIONACTCS CUITb- PAacTBOpa OBbUT  KCIOJNB30BaH  CyibdaT

HBIi OMMUYECKHMIi pa3orpeB pacTBOpa, YTO HATPHS C KOHIEHTparmeit 0.5 MOIb-9KB/IM .
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Cxewma |. bbli ucnionbp30BaH 3J1E€KTpoIna-
JIU3aTOP C YepenyoIUMHUCS MeMOpaHamu
MK-40 u MA-41, KOTOpBI TpagULIMOHHO
UCTIONB3YeTCs JIsi 00ECCONMBAHUS U KOH-
LEHTPUPOBAHUS UCXOJHBIX pacTBOpoB. Mc-
IBITaHUS IPOBOJWINCH B LIUPKYJISALIMOHHOM
peXHUME M0 cXeMe, U300pakKeHHON Ha pu-
cyHke 1.

[TepepabaTbiBaeMblii pacTBOP MOIAETCS B
KaMepbl 00ecCOMBaHUs 3JIEKTPOAHAIN3a-
TOpa, IA€ OH MOABEPraeTcs ICUOHN3AINH, a
CEpHas KHMCJI0Ta U APYTrrue HOHHBIE IPUMECH
KOHLICHTPUPYIOTCSL B KaMepax KOHUEHTPH-
poBaHus. B xozme skcmepumeHnTa ompene-
JISUTA COZIepKAHKE CEPHOM KUCIIOTHI U 00111ee
coJiepKaHue Cynb(}aToB B HUPKYIHPYIOIINX
pacTBOpax.

Cxewma |l. Vicnonbp3oBanu 31eKTpoAraIu-
3aTop ¢ aHKOHOOOMEHHBIMH MA-41 u Gurio-
JsipHBIMU MeMOpanamu Mb-3 ¢ nByxkamep-
HOM AJIEMEHTApHOU SYECUKON ISl U3BJICUe-
HUS CEPHOM KUCIIOTHI U3 CyJIb(aTHBIX BaHa-
auicoaepkaumx pactBopoB. Cxema mpo-
LIECCOB, IPOTEKAIOLIUX B AJIEKTPOAHAIN3a-
TOpE MPEJCTaBICHA HA PUCYHKE 2.

B xamepy, o0pa3oBaHHYI0 aHHOHHTOBOU
CTOPOHOU OUMOJIIPHON MEMOpaHbI U aHUO-
HUTOBOM MeMOpaHO# mojaercs mepepada-
ThIBaeMbIN pacTBOp. [lox nelictBuem aiek-
TPUYECKOTO TMOJsI HMPOUCXOOUT IEPEHOC
cyJib(daT NOHOB B COCETHIOID Kamepy, a Ha
UX MECTO U3 OUIONSPHOM MEeMOpaHbl MpH-
XOJUT SKBUBAJIEHTHOE KOJINYECTBO TUAPOK-
cusl MOHOB. TakuM 00pa3oM, NMPOUCXOAUT
HEWUTpalIu3alus CEpHOM KHUCIOTHI C OJHO-
BpPEMEHHBIM 00eccoMBaHUEM pacTBopa. B
KaMepe, KyJa NepeHOCHUTCs cyib(haT HOH
IPOUCXOAUT reHepanust H noHoB Ha Guio-
JSIpHOM rpaHulle MeMOpaHbl U TaKUM 00pa-
30M NIPOMCXOAWT KOHLEHTPUPOBAHUE CEp-
HOM KHUCJIOTBHI.

Cxewma lll. B nanHo# cxeme ObLT UCTIONB-
30BaH AJIEKTPOAMAIU3ATOP-CUHTE3ATOP C
TPEXKaMEPHOU JJIEMEHTAPHOM SAYEHKOH, CO-
nepkamuii MemOpansl Mb-3, MA-41 u MK-
40, KOTOpBIN OOBIYHO UCIIONB3YETCS TS pe-
KyIHepalud pacTBOPOB COJIEH B KHUCIOTY U
LIEJIOYb. JJIEKTPOAMAIN3ATOP HUMEN TPHU

TpaKTa — COJICBOM, KUCIOTHBIN U MIETOYHOM
(puc. 3).

BBIX01b1 110 TOKY KHCIIOTBI U IIEJIOYH ] B
3JIEKTPOIUAIIM3HOM  allllapaTe pPacCUUTHI-
Basu 110 opmyute (1)

1= () ®

rae | — Tok, nonaBaemsiil Ha anmnapar; Ny —
YHCJIO 3JIEMEHTAPHBIX SYeeK B MEMOPaHHOM
MaKeTe EKTPOJUAIM3HOIO ammapara; N —
YHUCIO MOJIEH MOJY4YEHHOW KHUCIIOTHI WU
LIEJIOYH; 7 — BpEeMs, MPOLIE/IIEe C Hayaja
sKcnepuMenTa; F — nocrosiHuas Papanes.

VYaenbHble 3Hepro3arpaThl, HEOOXOMHU-
MbI€ JUISI TOJTyYeHHsI KUCIOTHI U 1enoun, W
paccunTbiBanu 1o Gopmyie (2):

UF

W= e (@)

T 3600MNNy
rae U — HanpsbkeHue, I0JaBaeMoe Ha dJIeK-
TPOAUAIU3HBINA ammapar; M — MonspHas
Macca CEpHOW KHUCIOThl WM THUIPOKCHIIA
HaTpHsl.

[Ipsimas nepepaboTka pacTBOpOB, coep-
YKaAIIMX MHOT03apsiIHbIE KATUOHBI METAJLIOB
MO’KET MPUBECTU K 0CATKOOOPa30BaHUIO C
MOCJIETYOLUM BBIXOJIOM U3 CTPOSI SJIEKTPO-
nuanusaropa. Jins npeaoTBpalleHusi 3TOro
UCXOJIHBI  pacTBOp  IMPEABAPUTEIBHO
HEUTpaATU3yEeTCsl HATPUEBOH 1IETI0YbIO B pe-
aktope-ocagutene. Ilpu poctwxkenun pH
0cagKo00pa30oBaHMs COETMHEHUI METaJIJIOB
o0pasyeTcs 0ca/loK, COCTaB KOTOPOTO 3aBH-
cut ot 3HaueHus pH. [Ipu nobasnenun mie-
JIOUM CHayajia OCaKJarTCsl COEIMHEHHUS Ba-
HaJus, Jajiee TPEUMYIeCTBEHHO BhITIAJaeT
TUApAT OKUCH Mapranua. /[ns nonHoro oca-
KICHUST MarHus HeoOoxoaumo aoctuys pH
pactBopa 6omnee 12.4. [locne ocBeTiieHus u
(bunabTpauu pacTBOp MpEJCTaBIsIET cOO0OM
pacTtBop cynbdara HaTpus, KOTOPBIH dIeK-
TPOXHMHUYECKH PEKYIEepUPYyeTcs B HaTpue-
BYIO I1I€JIOYb U CEPHYIO KUCIIOTY B 3JIEKTPO-
TUaanu3aTope ¢ OWMOJSIpHBIMH MeMOpa-
Hamu. HatpueBas mienoup, mnoxyyaemas
HETOCPEACTBEHHO B 3JIEKTPOAHATIU3ATOPE-
CHUHTE3aTOpe ¢ OUIMONISIPHBIMU MEMOpaHaMu,
WCIIONB3YEeTC JJisl HEeUTpalu3aluu pac-
TBOpa B peakTtope-ocanutene. Takum obpa-
30M, CEpHas KUCIIOTa MOXET ObITh BO3Bpa-
IEHa B TEXHOJOTUYECKUA TIpOIEecC, a
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Tabmuia 2. CocTaB pacTBOPOB JI0 U TIOCJIE AIEKTPOIUAIN3HON nepepadoTku o Cxeme |
Table 2. Composition of solutions before and after electrodialysis processing according to Scheme |

DIIeKTPOIPO- Cyxoit Konmnentparus | KonrenTpanus
pH BOJTHOCTb, OCTAaTOK, H>SOq, SO4* Momb/am®
MCM/cMm r/n MOJIB/ M3
Hexommeti pac- |9 4q 31.0 36.79 0.13 0.204
TBOP
Obecconenmupiii | ) 57 230 1.36 1.1-10% 0.018
pacTBop
KonueHnrpar 0.70 65.8 98.60 0.40 0.526

HATpHUEBast UIENI0Yb BO3BPAIIACTCS B PEIIUKII
JUTSL OCAXKJICHUS COSJIMHEHU MHOTOBAJICHT-
HBIX METAJIJIOB.

KoHIIeHTpaluio cepHOi KHCIOTHI OIpe-
JENSTA  TPSMBIM  TOTCHIIHOMETPUICCKUM
TUTPOBAHHEM C HUCIIOJIb30BAHUEM aBTOTHUT-
paropa Mettler Toledo EasyPlus Titraion,
MIOTPEIIHOCTh ONPE/ICIICHUST HE MPEBbIIIaa
3%. KoHuenrpanuioo cyiab(ar-uoHOB, a
TaK)K€ HOHOB HATPHs, KaJIbIUs, MarHHs
OTIPEICIISITN METOJ0M HOHHON XpoMarorpa-
GuM ¢ TOMOIIBI0 MOHHOTO Xpomatorpada
Axsunon Craiiep.

Oo0cyxaenune pe3yJbTaToB

Cxema |. [Ipu npsamoit anekTponuamns-
HOM mepepaboTKe ynaeTcs BhIICIUTH Oosee
90% cepHOW KHCIOTHI M3 HMCXOJTHOTO pac-
TBOpa (Tabmuma 2). COBMECTHO € CEpHOI
KHCJIOTON B KaMepy KOHIICHTPHPOBAHUS Tie-
peHocsTca MoHbl MeTayuioB. [Ipu nposene-
HUH 2JIEKTPOTUATUZHON IepepadOTKU CTOY-
HOW BOJIbI B pacTBOpE KaMepbl KOHIEHTPH-
poBaHMs BbINai Oenblii 0CaZ0K, aHAIU3 KO-
TOPOTO IMOKa3aJl HaJIW4YMe KaJbIUs U Cepbl,
YTO COOTBETCTBYET COCTABY THIICA.

[IpobGnema ocankooOpa3oBaHus B KaMepe
KOHIICHTPUPOBAHUS, a TaKXe HEBO3MOXK-
HOCTB pa3JIeIeHUs] CEPHON KHUCIIOTHI M CO-
€/IMHEHUI MeTaJIJIOB MOKa3bIBAIOT, YTO JIaH-
Has cXeMa He MOIXOAMT JUIs TepepadOTKh
UCCIIETyeMbIX CTOUYHBIX BOJI.

Cxema |l. Ilpu mepepaboTke CTOUHOI
BOJIbI IO JAHHOM CXeMe IOocie MPOBEACHUs
ANIeKTpoanaIn3a ObUl OOHapyKeH OOUJIb-
HBII 0caZioKk Oyporo IBeTa Ha aHUOHUTOBON
CTOpOHE OHWMOSIPHBIX MeMOpaH. DTO CBs-
3aHO C JIOKaJIbHBIM HOBbIIeHHeM pH 3a cuer

MOTOKA T€HEPUPYEMBIX THUIPOKCUI HOHOB,
YTO MOKET MPUBOAUTD K OCAKICHHUIO COEIN-
HEHHI TSKEeNbIX MeTaioB. IIBeT ocajka,
M0-BUJIUMOMY, OOYCJIOBJIEH MPHUCYTCTBUEM
JTMOKCHJIa MapTaHIia.

Takum o6pazom Cxema |l mempurogna
JUIsl TiepepaboTKH pacTBOPOB JaHHOTO CO-
CTaBa, TaK KaKk OOMJIBbHOE OcaJKooOpa3oBa-
HUE MPUBEIET K OBICTPOMY BBIXOJTY U3 CTPOS
ANEKTPOAUATU3ATOPA.

Cxema lll. Bpimo npousBeneHo ocaxe-
HUE COCAMHEHUN MHOTOBAJICEHTHBIX MeETall-
JIOB THUJPOKCUIOM HATPHUS A0 JOCTUKEHUS
pH=12.5. B ocBeTiieHHOM M OT)UIBTPOBAH-
HOM pacTBOpE MpH aHaJIM3€ Ha XPOMAaTo-
rpade unonHoMm «Crtaifep» MTPOU3BOJACTBA
«AKBMIIOH» HaOMIOZalICA TOJBKO IIHK
HATpUs, OCTAJbHBIE KAaTHOHBI OTCYTCTBO-
Banu. [lomyuyeHHbli pacTtBOp cyJibdara
HaTpus ObUT epepadoTaH B NEKTPOAUAIHU-
3aTOpe B CEPHYIO KHUCJIOTY M THUIPOKCHUJ
HaTpusa. KuHeTnueckue 3aBUCUMOCTH KOH-
MEHTPAUA TPOAYKTOB TIPH PA3THIHBIX
TUIOTHOCTSAX TOKA IPUBEICHBI HA PUCYHKE 4.
[Tpu pabote amekTpoauaIn3aTopa-CUHTE3a-
TOpa Ha OCBETIICHHOM pacTBOpe cyib(dara
HaATpUs MOCIIE OCAXKIACHUS THAPOKCUIOB Me-
TaJUIOB M3 CTOYHOW BOJIBI ObLIa TMOJy4YeHA
cepHasi KHUCJIOTa C KOHUEHTpamuend 1o
0.36 momb/am°.

[To momy4eHHBIM JaHHBIM OBLITU paccyu-
TaHBl BBIXOJBI 0 TOKY, NIPHBEICHHBIC Ha
pUCYHKe 5. BBIX0OJbI IO TOKY YMEHBIIAIOTCS
o Mepe oOecconmBaHUs TiepepadaThiBae-
MOT0 pacTBopa B cosieBoil kamepe. CooTBeT-
CTBEHHO YBEJIMUMBAIOTCS YHEPro3aTpaThl HA
peKyIepanuo KUCIOThl U IIEeTOUH. Y Aelb-
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Fig.4. Dependences of the concentrations of sulfuric acid (a) and sodium hydroxide (b) during
the processing of sodium sulfate using EMF with three-chamber unit cells (according to scheme
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Fig. 5. Dependences of current efficiency when producing acid (a) and alkali (b):
1-1A/dm? 2 -2 A/dm?, 3 — A/dm?

HbI€ YHEPro3arparhl Ha PEKyNepauuio cep-
HOW KUCIIOTHI U TUAPOKCHIA HATPHUS BO3pac-
TAlOT TMPH YBEJIMYEHUH IIJIOTHOCTH TOKa
(tabmuma 3). st cepHOil KUCIOTHI MOIY-
yeHbl 3HaueHusa 197-263 Bt-y/Moib, 4TO B
nepecyeTe Ha rnepepadaThiBaéMblii pacTBOP
cocraBnser 26-34 Br-u/nm®. Taxum o6pa-
30M, npumeHeHue cxemsl |l ¢ mpensapu-
TEJBHBIM OCQXKICHUEM COCIMHEHUH MOJIH-
BAJIEHTHBIX METAJIJIOB MTO3BOJISET nepepado-
TaTh UCCIIEyeMble CTOYHbBIE BOJIbI C U3BIIE-
YeHHEM HeOOXOAMMBIX KOMIIOHEHTOB.

Ha ocHOBaHuU pOBEIEHHBIX UCCIIEI0BA-
HUI npe/uiokeHa Oe3peareHTHas TEeXHOJIO-
rudeckasi cxema nepepaboTKu Cyib(aTHBIX
BaHA/IMHCOEPKAILMX CTOYHBIX BOJI MPOU3-
BOJICTBa BaHaAMs, pUCYHOK 6. CyThb CXeMbI

3aKJIF0YAeTCsl B NPEIBAPUTENBHON HEUTpa-
JU3alUU CTOKOB TMJIPOKCHJIOM HaTpUs /0
pH 12.5, pa3neneHuu mNoiy4eHHOTo pac-
TBOpa Ha ocajok 1 GpuibTpat. [lonydeHHbIi
(GuIbTpaT HampaBiseTcs Ha BXOJ OUIONAP-
HOTO0 JIEKTPOANATIN3ATOpPA, I'/1€ TPOUCXOINUT
ero nepepaboTKa MpHU MIOTHOCTH Toka 1-3
A/mm?. TIomydeHHYI0 CepHYIO KHCIIOTY, BO3-
BpAIlalOT B IPOU3BOJCTBEHHBIM LMK AJIs
mpoliecca BBIIIETAYUBAHUS, a TUIPOKCHUT
LIEJIOYHOTO MeTaJljla, HAIpaBJIsOT B TEXHO-
JOTUYECKUM TPOIECC ISl HEUTpah3aluu
CTOYHBIX BoJ. OuMIeHHas Boja, 00pa3yro-
miasicst U3 pacTBopa cyibdaTa HaTpUs, MO-
&KeT OBbITh HallpaBlieHa Ha J0OYHCTKY, JUO0
BO3BpAIlleHa B IIPOU3BOJCTBEHHBIN MPOLIECC
JUISL IPUTOTOBJIEHUS TEXHOJIOTUUECKUX PaC-
TBOPOB.
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Ta6nnua 3. 3aBUCHUMOCTH YACIBHBIX OHEPro3arpar OT IJIOTHOCTH TOKA IPH IMOJTYYECHHUU KHUCIIOTHI

" CJI04Yn

Table 3. Dependencies of specific energy consumption (W) on current density when producing

acid and alkali

IT10THOCTD TOKa, A/M?

Wsto " Br-y/Monb

WnaoH, BT-u/M0b

1 197 101
2 248 128
3 263 140

pacteop NaOH

TEXHONOT MHECKIE
PacIEOp MIH
CTOHHAT EOMA Y

MPOHZEOICTEA

BaHATHA

PacTEOp

0CamoK,
COMepIKanm Mt
EdHATHIL, Mapraser;
Ha nepepaboTiy

HeHTpamI20EaHHERT

Bunomnsa prerit
3MEKTpoaMa-
IH3ATOP

B Texmonoriecknii
Tpaecc MO Ha
OOOTHHCTEY

v

B TexHOmOrImMecKmit
[IpoLecc

Puc. 6. bespearenTtHast anekTpoMeMOpaHHasi cxemMa NepepadOTKH KHCIOTHBIX CTOUYHBIX BOJI TIPO-
M3BOJICTBA BaHAIUS
Fig. 6. Reagent-free electromembrane scheme for processing acid wastewater from vanadium
production

3akjaoueHue

PesynbTaTsl uccnenoBanuii nepepaboTKH
KHCJIBIX BaHAAUKHCOIEpKAIIUX CTOKOB METO-
JIOM D3JIEKTPOJIMaIN3a IO Pa3IMYHBIM CXe-
MaM TOKa3aJii, 4TO MCI0JIb30BaHHE KOMOU-
HaIUil KAaTUOHO- U aHHOHOOOMEHHBIX MeM-
OpaH, a Takke OWIOJIIPHBIX U aHHOHOOO-
MeHHBIX (cxeMmbl | u |l) He mo3BosseT BbI-
HOJHUTh MPSIMYIO MepepaboTKy CTOKOB H3-
3a 0cagkooOpa3oBaHus. PemenneM qaHHOM
npoOJIeMbl MOKET CTaTh MpPEBapUTEIIbHOE
OCaXKJICHHE IIEJI0YbI0 COECIMHEHUN MHOTO-
BaJICHTHBIX METAJUIOB C IOCIEAYIOLIEH Ie-
pepaboTKkoi pacTBopa cyib(dara HaTpuUs Me-
TOJIOM OUMOJSAPHOTO DBJIEKTPOAUANIN3A C
TPEXKAaMEpPHON  DJIEMEHTApHOM  SYEHKOM
(cxema Ill). Harpuesas menous, HeoOX01u-
Masi JUIsl OCaKIEHHUS! TMAPOKCUAOB MeTal-
JIOB, TEHEPUPYETCS ANEKTPOXUMHUUECKU W3
cynbdaTa HaTpusi, 00pa3yrOIIETOCs B OCBET-
JIEHHOM pAacTBOpPE IOCIE OCAXACHUSA THI-
pokcunoB MmeramuioB. [lomyyaemas HaTpue-
Bas I1EJI0Yb HE BBOJUTCS B TEXHOJOIMYe-

CKUU TpoIlecc, a CIYXHUT TOJIbKO AJsl Oca-
XKJICHUS TUAPOKCUIOB. [Tpu 3TOM Takke 00-
pa3yeTrcs cepHas KHCIIOTa ¢ KOHIIEHTpaluen
2.5-3.5%, 9TO COOTBETCTBYET TPEOOBAHUSIM
JUISL BO3BpaTa B TEXHOJIOTUYECKUH MpoIiecc.

Onpenenenbl MacCOOOMEHHBIE U YHEpre-
TUYECKHE XapaKTePUCTUKHU Tpoliecca mepe-
paboTku pacTBopa cyib(dara HaTpus Hpu
IJIOTHOCTSX ToKa 1-3 A/aM2.

Ha ocHoBe npoBeIEHHBIX UCCIEIOBAHMI
npeIoKeHa TEXHOJIOTHYecKas cXema JUis
nepepaboTKH BaHAIUHCOIEPIKANTIX CTOKOB
0e3 o00pazoBaHUsT BTOPHUYHBIX CTOKOB H
I1aMa, ¢ BO3BPaTOM B MPOU3BOJICTBO CEp-
HOM KUCJIOTHI ¥ BOJIBI, @ TAK)KE KOHIIEHTpATa,
COZIEPIKAIIET0 BaHAIWI U IPYTHUE METAJIIbL.
JlanHasi cxema MO3BOJIUT pa3paboTaTh 3a-
MKHYTYIO0 O€3peareHTHYK TEXHOJIOTHYe-
CKYIO CXeMy MepepadOTKH BaHAIMS U 3HAYU-
TEJBHO YIIYYIITUTH SKOHOMUYIESCKUE XapaKTe-
PUCTHKH U SKOJIOTUYHOCTH MpoIiecca.

Kongaukr uarepecon

ABTOpBI 3aABJIAIOT, YTO Y HUX HECT HU3-
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Annotanus. [IpoBeneHO 3KCIIEpUMEHTAIBHOE HCCIIeIOBaHHE M TEOPETHUECKOe MOZEIMPOBaHUE Hpolecca
I dYy3MOHHOTO NIEpEeHOca IIPH AUATIH3¢ BOIHOTO PAaCcTBOpPA COJISIHOM KUCIOTHI U Xiopuna xenesa (111) ¢ mpu-
MEHEHHEM TeTePOreHHOM CUIILHOOCHOBHOI aHHOHOOOMeHHON MemOpanbl Ralex AMH-PP ¢ ueTBepTHYHBIME
AMMOHHEBBIMU (QUKCHPOBaHHBIMU TpyrmnamMu. Juddy3HoHHBII AHani3 IPOBOAMIN B IByXKaMEPHOM MIPOTOY-
HOM JIMaJIN3aTope B PSKUME PelHKiIa. PacueT HOHHOTO cocTaBa HCXOAHOTO MCCIISyeMOro pacTBopa IoKasall,
uro Fe** npencrasnen B Buze [FeCl]?*, [FeClz]* u [FeCls]. KoHTpoib KOHLIEHTpALUK CONSHON KMCIOTBI B IIEP
MeaTe ¥ PETEHTATe OCYIIECTBISUIN C UCTIONB30BaHUEM MOTCHIMOMETPHYECKOTO H THTPUMETPHIECKOTO METO-
JIOB, COJICpKaHHUE Kejle3a ONpeelisuii KOMIIEKCOHOMETPHYECKUM TUTpOBaHKeM. HaiiieHbl OCHOBHBIE Xapak-
Tepuctukd auddysnonnoro neperoca HCl u nonos skenesa (111) uepe3 annonooOMennyro memOpany Ralex
AMH-PP. Tuddysuonnsrii motok comsiHoi kucaotel B 20-100 pa3 mpepbimraet motok conu xenesa (111), e-
posiTHO, Giaroiapsi GoJiee BICOKO# ITOIBUKHOCTH HOHA BOJIOPO/IA Kak B PACTBOPE, TAK U B MEMOpaHe, a TakKe
MeHee BBIPaXKEHHOMY €r0 JJOHHAaHOBCKOMY MCKIIIOUeHHIO U3 (a3pl MeMOpanbl. [Ipu CHUKEHHH MOJIBHOTO CO-
OTHOLICHHS COJISTHOW KUCJIOTHI M Xyopuaa xenesa (111) B ucxognom pactBope anddy3HOHHBINA TUaIN3 CTaHO-
BUTCSI MeHee 3 dekTHBHBIM. UHCICHHOE MOJIenUpoBaHie nporecca Au(pQy3HOHHOTO THANU3a COJSHOKHUC-
noro pactopa xsopuna xenesa (I11) B nporpamme COMSOL Multiphysics ¢ npuBiedeHrneM AaHHBIX 0 KO-
¢unuentax auddy3un KOHOB B MeMOpaHe, ONpeeIeHHBIX MO 3JIEKTPONPOBOIHOCTH HOHOOOMEHHOM MeM-
OpaHbl, TIOITBEPKIAET PE3YIILTATHI IKCTIepUMenTa. HaiineHo, uto nonsl Fe3* yepe3 aHHOHOOOMEHHYIO MeM-
OpaHy IepeHocsATCA B OCHOBHOM B cocTaBe HoHOB [FeCly]*. Cumxenue momu [FeCl]?* u Fe®* B obuiem notoke
nonoB xeie3a (I11) Moxer 6bITh 00YCIOBICHO KaK MX HU3KOM KOHIICHTpPAIIHEH B MUTAIONIEM PacTBOpE, TaK U
MX BBICOKHM 3apsIOBBIM 4uciioM. [IpesioxkeHa Ook-cxema mpoliecca pereHepaliul KOMIIOHEHTOB 0Tpabo-
TaHHOTO COJITHOKHCIIOTO TPAaBHJILHOTO pacTBOpa ¢ NMprMeHeHHueM Au((Gy3MOHHOTO Analin3a, KOTOPbIH BKIIIO-
JaeT BO3BpAICHHE MONyYEHHOTOo B xoje auanusa pacteopa HCl Ha panHue cTaanu mpoiiecca, a Takke BO3-
MOYKHOCTb HCIIOJIB30BaHHs 06oTaneHHoro cobio skene3a (111) pereHrara 1y1s TpaBiieHNs METHBIX MEYATHBIX IUIAT.
KiroueBble cnoBa: nuhy3HOHHBIN qUanu3, reTeporeHHas aHnoHOOOMeHHass MeMOpaHa, TpaBJeHHE CTallH,
TpaBIJICHHUE TIEYATHBIX IUIAT, CONSHAs KHCIOTa, Xnopua xenesa (11).
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Diffusion dialysis of an aqueous solution of hydrochloric acid and iron (111)
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Abstract. An experimental study and theoretical simulation of the diffusion transfer process during dialysis of
an aqueous solution of hydrochloric acid and iron (I11) chloride using a heterogeneous strongly basic anion
exchange membrane Ralex AMH-PP with quaternary ammonium fixed groups has been carried out. Diffusion
dialysis was performed in a two-chamber flow-through dialyzer in the recycle mode. The calculation of the
ionic composition of the initial solution under study showed that Fe®* is represented as [FeClI]?*, [FeCl,]* and
[FeCls]. The concentration of hydrochloric acid in permeate and retentate was monitored using potentiometric
and titrimetric methods, the iron (I11) chloride content was determined by complexometric titration. The main
characteristics of the diffusion transfer of HCI and iron (111) ions through the Ralex AMH-PP anion exchange
membrane have been found. The diffusion flux of hydrochloric acid is 20-100 times higher than the flux of
iron (111) salt, probably due to the higher mobility of the hydrogen ion both in solution and in the membrane,
as well as to its less pronounced Donnan exclusion from the membrane phase. With a decrease in the molar
ratio of hydrochloric acid and iron (I11) chloride in the initial solution, diffusion dialysis becomes less effective.
Numerical simulation of the diffusion dialysis process of the solution of hydrochloric acid and iron (I11) chlo-
ride using COMSOL Multiphysics and the data on ion diffusion coefficients in the membrane determined by
the electrical conductivity of the ion exchange membrane confirms the experimental results. It was found that
Fe3* ions are transported through an anion exchange membrane mainly in the composition of [FeCl,]* ions.
Decrease in the share of [FeCl]?* and Fe®* in the total flux of iron (II1) ions may be due to both their low
concentration in the feed solution and their rather high charge. A block diagram of the regeneration process of
spent hydrochloric acid pickling solution using diffusion dialysis is proposed, which includes the return of HCI
solution obtained during dialysis to the early stages of the process, as well as the possibility of using iron (I11)
salt-enriched retentate for etching copper printed circuit boards.

Keywords: diffusion dialysis, heterogeneous anion exchange membrane, steel etching, PCB etching, hydro-
chloric acid, iron (111) chloride.
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HOCTH CTaJIln OT CJIOCB OKCHUJOB B XOAC XH-

Beenenune
MHUYCCKOTO TpaBJ'IeHI/IH, B TOM YHUCIJIC HpI/I n3-

ConsiHas kucinota u xmopun xernesa (I11)
HaXOJAT IIMPOKOE NMPUMEHEHUE B JIEKTPO-
HUKE B KayeCTBE KOMIIOHEHTOB AJIEKTPOJIU-
TOB JIJIs1 KATOJJHOT'O OCaK/IEHUSI MEU B IIPH-
CYTCTBUH XJIOPHU/I-MOHOB B paMKax TEXHOJIO-
rumn TSV (through silicon vias) [1] u cocra-
BOB Ju1s TpaBieHus CU-OKpBITHIA TIpH POp-
MHUPOBAaHNU KOHTAKTHBIX IUIOLIA/I0OK Ha Iie-
4yaTHbIX 1atax. Bogweni pactBop HCI wur-
paet 0coOyI0 poJib pu N30aBIEHUH TTOBEPX-

TOTOBJICHHH TE€YATHBIX IUIAT HA METAJIHYe-
CKOM OCHOBAaHHWH, UCITIOJIb3YEMBIX B CUJIOBOU
AIIEKTPOHUKE T 3(GEKTUBHOTO TEIIOOT-
BOJIA OT JIEKTPOHHBIX KOMIIOHEHTOB. [Ipen-
BapuTelbHAas  TepMHuYeckas  o00OpaboTka
CTaJILHOH IMOAJIOKKHW MOXKET MPHUBOIHUTH K
00pa30BaHUIO JKEJIE3HOW OKAJMHBI CIIOXK-
HOTro coctaBa [2] U, KaK CJIEACTBHE, CyIIe-
CTBEHHOMY  CHHKEHHIO  MEXaHHYCCKHX
CBOMCTB (IIPOYHOCTH, TBEPAOCTh, YIPY-
rOCThb, IUIACTUYHOCTD, yaapHas BSI3KOCTh U
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ap.) u anekrporpoBoanoctr [3]. CkopocTh
TpaBJICHUSI HE3aBUCUMO OT OOJIACTH MpUMe-
HEHUSl ONpeneNseTcs KOHIEHTpaluel u

TEMIIEpaTypoOd  TPaBWIBHOIO  PacTBOpA.
[Mpeumymecrsom HCl B cpaBHeHHMHM ¢ ajb-
TEPHATUBHBIMU  COCTAaBaMH  TPABHIbHBIX

pactBopoB Ha ocHOBe H2SO4 siBnsiercs 60-
jee BbICOKasi A(PPEKTUBHOCTh MPU KOHIICH-
tpauuu kuciaotel Beie 40% [4]. TTomumo
COJIIHOW M CEpPHOM KHUCJIOT HCIOJIb3YIOT U
JpyTue KUCIOThl. Tak, a30THas KUCIIOTa 00-
JagaeT BBICOKOM PEAKIMOHHOM CIIOCOOHO-
CThIO, OJTHAKO €€ KCIIOJIb30BaHHE TpeOyeT
coOnrofeHust O6osee JKECTKUX IMpaBUI TEX-
HUKKM Oe3omacHoctu [5]. B cBoro ouepens,
IUTABUKOBAsI KHUCJIOTA JIOMOJHUTEIHHO CIIO-
COOCTBYET PacTBOPCHHIO KpPEMHE3eMa, KO-
TOPBIA MOKET OCTAThCsI HA TOBEPXHOCTHU Me-
TaJIJIOB, M3TOTABIUBACMBIX JINTHEM, HO SIB-
asiercst 6osiee TOKCHYHOM U MOXKET OBITh HC-
M0JIb30BaHa TOJIBKO B TPaBHJIBHBIX amrapa-
TaX, M3TOTOBJICHHBIX C NPUMEHEHUEM CIie-
[HaIbHBIX MaTepuaos [4, 5].

OtpaboTaHHbIE pacTBOPbl TPABICHUS
BKJIIOYAIOT KHCIOTHI M COOTBETCTBYIOIIHE
UM COJIM JK€Je3a, a TaKKe HEKOTOphIE NHBIE
METaJUIbI, UCTIOJIb3YEMbIE JUTSl JIETHPOBAHUS
cranu. Ecnu ucxonHas konuentpanus HCl B
TPaBUILHOM PacTBOPE COCTABIISIET HE MEHEe
10% (macc.), TO mocie MPOJOIIKUTEIBEHOM
OKCIUTyaTallii BO3MOXKHO YMEHBIICHHE JI0
25-50 r-am 3. TTpu 3TOM cojiepsKaHue XIOpH-
JIOB JKeJie3a B OTPaOOTaHHBIX COJITHOKHCITBIX
TPaBUJIBHBIX pacTBOpax Jocturaer 160-
450 1-1v7 [6]. Tpu u3ydennn nporecca pe-
TeHepaliy B JIAOOPATOPHBIX YCIOBHSAX HC-
MOJIB3YIOT PACTBOPHI, COJEPIKAIIUE CONU U
KUCIIOTHI B JIOCTAaTOYHO IIMPOKOM JMara-
30HE KOHIIEHTpaIuii [7].

Jnst nepepa®OTKK MM YTHIIM3aLUH OTpa-
OOTaHHBIX TPABHJIBHBIX PAaCTBOPOB TpPHUMeE-
HSIOT pa3jM4yHbIE CIIOCOOBI: THAPOIN3 MPU
temneparype 200-250°C ¢ mocnemayromum
U3BJICUCHHEM OKCHJa JKelle3a M KOHJEHCa-
el CONsTHOM KucIoTh [8]; mpuMeHeHue B
Ka4ecTBe JT00aBKH ISl IEMEHTHBIX U3/ICTHI
[9-11] wam mpu MOJYYEHUH KOATYJIHUPYIO-
IIMX COCTABOB JUISI CTYIICHUS U 00€3BOXKH-
BaHUS OCAJKOB OMOXMMHYECKMX OYMCTHBIX

coopyskenuii [12]. Hambonee pacmpocrtpa-
HEHHBIM BapPHAHTOM B HACTOSIIIIEE BPEMS SIB-
JsieTcsl HeUTpanu3anus oTpadOTaHHBIX Tpa-
BHJILHBIX PACTBOPOB, COJIEPKAIINX KHCIOTY
U €€ COJIb, HerameHou u3BecThro. OIHAKO
9TO BENET K 3HAYUTEIHHBIM MOTEPSM KHC-
70ThL. [luporuaponuTuyeckue u THIPOTEP-
MasibHbIe criocoObl BeiaencHus HCI u3 xe-
JI€30COJIEpKAIIUX PACTBOPOB COJISTHOW KHUC-
JIOTHI SIBJISIFOTCSL MHOTOCTYTICHUYATBIMU U
9Hepro3aTpaTHbIMU. B cBsi3u ¢ 3THM mpen-
CTaBJISICT WHTEPEC MOMCK IKOJOTHYHBIX U
YKOHOMHYECKHU BBITOJHBIX METOJIOB, IT03BO-
JSIONIMX PEreHEepPUpPOBaTH OTpPabOTaHHBIC
TPaBUJIbHBIC PACTBOPBI, TPUYEM C BO3MOXK-
HOCTBIO BO3BpAaTa Ha CTAUIO TPABICHUS KaK
COJISTHOM KHCJIOTBI, TaK U XJIOPHJIOB JKeje3a.
[locneqnee OCOOEHHO BaXHO MPU KOM-
IUIGKCHOM PEIICHUU MPOOJIeMbl CO3IaHUs
XJIOPUA-COJCPKAIIX  DIIEKTPOIUTOB  JUIS
CO3JIaHUsI ¥ MOJIU(DUKAIIMN METALTHUYECKUX
MEKCOSAMHCHHUN B AJICKTPOHHKE.

O/IHUM W3 MTEPCIIEKTUBHBIX METOJIOB Pa3-
JIeTICHHsI KUCIIOT M COJIEH TMPEICTaBISETCS
muddysuonnsii guanu3 [13-15]. TTo cpas-
HEHUIO C aJIbTEPHATHBHBIMU MPOIECCAMHU
JUTSL HETO XapaKTEePHBI CIICIYIONIHE IPEUMY-
[IeCTBA: CPABHUTEIHLHO HHU3KOE SHEPrormo-
TpeOJICHNE; HEBBICOKAs! CTOUMOCTD JHAITN3-
HOM YCTaHOBKHM M €€ DJKCIUIyaTalluH; CTa-
OWJIBHOCTh, HAJEKHOCTh M TPOCTOTA IKC-
IUTyaTalllK;, OTCYTCTBUE 3arPSI3HEHUS OKPY-
xatomiei cpenpl. [IpumeHuTensHo Kk o6pa-
0O0TKE TPaBHIIbHBIX PAaCTBOPOB HEMATIOBaX-
HBIM JJOCTOMHCTBOM JTHAJIH3a SIBIISIETCS BO3-
MO>KHOCTb MOJYYSHHSI HEe TOJIBKO pereHepu-
POBaHHOMW KUCJIOTBI, HO M PACTBOPA XJIOPH/IA
xenesa. [[eno B ToM, 4TO MpH CENeKTUBHOM
nepeHoce Yepe3 MeMOpaHy COJISTHOW KHcC-
JOTHl U3 CMEUIAHHOTO PAacTBOpAa PETEHTAT
oOorammaercs xjiopuaoMm xenesa. [Ipumene-
HUE PETreHePUPOBAHHOTO XJIOpUIA JKeje3a
(1) TO3BOMUT YMEHBIIUTH TOTPEOICHUE
Kele3a, OKUCITUTENICH U CONSTHON KUCIOTHI,
KOTOpbIE OOBIYHO MPUMEHSIOTCS TIPH TIOJTY-
yeHuu ceipbeBoro FeClz mns mpurortosie-
HUS pacCTBOpa TPABIICHUS MEIHBIX TICUATHBIX
IJiar.
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Puc. 1. Cxema ycTaHOBKH 151 peanu3anuu Au(y3nOHHOTO TUanu3a CONTHON KHUCIOTHI 1
xopuaa xkenesa (I1I): 1 — muanmzaTop; 2 — MATAIONTNH pacTBOP; 3 — MPUHUMAIOIIHN pacTBoOp; 4 —
MIePUCTATBTHYECKIE HACOCHI, 5 — MarHuTHas Mermanka; 6 — pH-metp

Fig. 1. Installation diagram for the implementation of diffusion dialysis of hydrochloric acid
and iron (I11) chloride solution: 1 — dialyzer; 2 — feeding solution; 3 — receiving solution; 4 — peri-
staltic pumps; 5 — magnetic stirrer; 6 — pH meter

DKCHepUMEHTAbHbIC 3aa4H, CBSI3aH-
Hble ¢ AU((Y3HOHHBIM NEPEHOCOM 4Yepes
MOHOOOMCHHBIE MEMOpaHbI, 3a4acTyI0 MO-
T'YT OBITh PEIICHBI C IPUMEHEHHEM TEOPETH-
yeckoro moaenupoBanus [16-19]. [Tpu stom
pe3yNbTaThl MOJAEIBHBIX PACYETOB IOJY-
YEHBI NMPEUMYIICCTBECHHO JJIsI TOMOTECHHBIX
memOpan. Tak, B pabore [17] mposemeHo
MozenupoBanue nepeHoca nonoB Cl™ yepes
TOMOTE€HHYI0 aHMOHOOOMEHHYIO MeMOpaHy
Neosepta-AFN B cucremax HCl/mewm-
opana/H20 u HCI-FeClz/membpana/H20.
TIpeamnonarancs HyIeBoif moTok HoHoB Fe¥*,
YUUTHIBAJIMCh MOHHBIE PaBHOBECHUS B pac-
TBOPE ¥ MEMOpaHe, a TAK)Ke COMPOTHBIICHHUE
MaccornepeHocy B U (y3HOHHBIX TMOrpa-
HUYHBIX CJIOSIX ¥ PABHOBECHE PacTBOP/MEM-
Opana. [Tokazano, yTo 1 KO3 PUIMEHT 1ua-
nu3a, ¥ Kod()PUIMEeHT mMaccornepeHoca st
noHOB Cl™ CHIDKAIOTCS ¢ YBETHMUYCHUEM CO-
nepxanus nonos Fe* B cucreme. B pabote
[18] paccmotpen nudby3uoHHBIH aHANU3
COJISIHOW KHCJIOTBI B NMPHCYTCTBHU Pa3jiny-
HBIX COJICH METayUIOB, BBISBICHA POJIb
korona B Tpancrnopte HCl yepe3 ombITHBII
o0paser; aHHOHOOOMEHHOM MeMOpaHBbl, I0-
Jay4yeHHBIH B jaboparopuu. KommekcHas
MaTeMaTU4ecKasl MOJIeIb, MPEAJIOKECHHAs U
HOTBEPIKACHHAS SKCIIEPUMEHTATBHO B [19]
C UCIIOJIb30BAHUEM TOMOTEHHON MeMOpaHbI
Fumasep-FAD, yuuThiBaeT BIMSHHE KOH-
nenrpamuu HCI (0.1-3 M) u npucyTcTBus

Fe?* (mo 150 r/nm®) Ha > HeKTUBHOCTD BbI-
JeJIeHns] KUCIOoThl. HaiisieHo, 4To B IpUCyT-
crBum FeCl; cymiecTBeHHO noBbIIIaeTcs 3¢-
(EKTHBHOCTh BOCCTaHOBIICHHS KHCIIOTHI,
koTopas gocturaet 150% u3-3a Tak Ha3bIBa-
eMOro «coJeBoro 3¢dekray, KOTOpHIA cro-
COOCTBYET MPOXOXKIECHHIO KHUCIOTHI JaXke
IPOTHUB IPAMEHTa €€ KOHLICHTPALIUH.

Lenp HacTosIEel paboOTHI — SKCIIEPUMEH-
TabHOE HCCIIEJOBAHUE M TEOPETUYECKOE
MojenupoBanue (g Gy3uoHHOTO IepeHoca
coNstHOM KHUCIOTHI U xyopuaa xenesa (111)
pH Auanu3e oTpabOoTaHHOTO TPABHIIBHOTO
pacTBOpa ¢ TNPHMEHEHHEM TeTepOreHHOMN
aHHOHOOOMeHHOM MeMOpanb! Ralex AMH-PP.

3KC1’[epHMeHTaJ’ILHaﬂ 4acTb

Huddy3noHHbI AMAaTU3 TPOBOAMIN B
JIByXKaMEpHOM TIPOTOYHOM JHAlIU3aTOpe
(puc. 1) B pexxume perukia. [utaronmii u
NPUHUMAOIIUI pacTBOPHI MEepeKaunBaINCh
MEPUCTATBTUYECKUMH HAacOCaMU TI0 dJia-
CTMUYHBIM TpyOKaM M IMOJAaBAIHUCh B AUAIIH-
3arop cHHU3y BBepX. Kamepwr mmammzatopa
pa3zensula reTeporeHHasl CHJIbHOOCHOBHAs
aHMOHOOOMeHHass MemOpana Ralex AMH-
PP [20] ¢ yeTBepTHUHBIMH aMMOHHEBBIMH
¢ukcupoBanubiMu rpyrmamMu —R-(CHz)sN™,
CO CBSI3YIOIIMM Ha OCHOBE MOJUATUIICHA U
apMUPYIOIIEH CETKOW W3 TOJHIPONIIICHA.
PaGouass mmomaar MeMOpaHbI, Haxos-
1efics MeX Ty KaMepami, cocTapisua 13 cv?,
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Puc. 2. 1D-monens uccieayemMoii CUCTEMBI: 6 — ToimuHa nuddy3nonHoro cinos; M — Ton-
[IMHA HFOHOOOMEHHON MeMOpaHbI
Fig. 2. 1D-model of the system under study: o is the thickness of the diffusion layer; M is the
thickness of the ion exchange membrane

OOBbeKT HccneaoBaHus — PacTBOpP, BOC-
IIPOU3BOJSAIIMM O cOCTaBy OTpaOOTaHHBIN
TpaBUIbHBIN pacTtBop: 1.5 M comnsiHO# Kuc-
aotel 1 0.25 M xnopuna xenesa (111). B mpu-
EMHYI0 Kamepy HM3HadajbHO IMOJaBalu JU-
CTHJUIMPOBAaHHYIO BOXy. V3MeHeHWe KOH-
[EHTPALUU COJITHOM KHUCIIOTHI B IepMmeare
KOHTPOJIMPOBAIIM B TCUCHHE SKCIIEPUMEHTA
MOTCHLIMOMETPUYECKH C  MPUMEHEHUEM
CTEKJITHHOTO 3JeKkTpoma u pH-merpa pH-
150MMU. 1o okoHYaHUY SKCTIEPUMEHTA TTPO-
BOJIMJIM TUTPOBAHHUE PACTBOPOB IiepMeara u
pEeTeHTaTa IIEN0YbI0, a TAKXKe OMpeesiv
CoJIepKaHUe KeJie3a B PaCTBOPax KOMILIEK-
COHOMETPHUUYECKUM THUTpoBaHueM. M3Bieue-
HUE COJITHOW KUCIIOTHI U3 TPABUIILHOTO pac-
TBOpa MPOBOAWIM B Tpu craguu. Kaxnas
CJIEyIONIast CTa/IsI N3BIICUEHUS COTIPOBOXK-
Jlanach CMEHOM MMPUEMHOr0 pacTBOpa Ha HO-
BYIO MTOPIUIO TUCTHIUTMPOBAHHOHN BOJIBI. 3a-
MEHa MPOBOJAMIACH MOCIE MAaKCUMAaJIbHOTO
HACBIIICHNs IIepMeara COJITHOW KHCIIOTOM.
[Iuraromum pacTBOPOM Ka)J0i HOBOM CTa-
VW CIYXXHWJI PETEHTAaT MpeabIayIIel cra-
qun. CooTHOLIEHHE 00BEMOB MUTAIOLIETO U
NPUHUMAIOIIETO PACTBOPOB Opaiy paBHBIM
1:2. B Takux ycjoBuUsX B IEpMeaT TEOPETHU-
YEeCKM MOXKET mepeitu 2/3 consHoW KHc-
JOTHI, COJAEpIKaIlelcss B MHUTAIOIIEM pac-
TBOpE.

JUis KOJIMYEeCTBEHHOTO OIMUCAHMUSA KHC-
JIOTO-, COJICTIPOHUIIAEMOCTH U CEJICKTHBHO-
CTM aHMOHOOOMEHHOM MeMOpaHbl B MpO-
1[ecce pereHeparui KHCIOThI UCTIOIb30BaIN
koo Purment auamusza (U, m'c?) u paxrop
pasnenenust (Sr) [21]. Koaddumment nquanisa

n

(1)

T atac

BKJIFOYAET N — KOJIMYECTBO BEIIECTBA, Iepe-
HECEHHOI'0 B NPUEMHBINA pacTBOp (MOJb); A
—IIJI0MIAb MEMOpaHbI (MZ); t — nmpoaomKu-
TENBHOCTH Jauanu3a (c), a Takke AC — cpen-
HIOIO JIOTapU(PMHUUECKYIO Pa3HOCTh KOHIICH-
Tparmii (Mob M ):
cp-(cf-ca)

<}
(cf-ca)

Bmecy C% u CY — KOHIICHTpAIlUX Belle-
CTBa B PETCHTATE B HAYaJIbHBIA U BBHIOPAH-
HbIi MOMEHT BpPEMEHH COOTBETCTBEHHO
(Momb-M); C'y — KOHIIEHTpAIMS BEIIECTBA B
nepMeare B BbIOpaHHBIH MOMEHT BpEeMEHU
(Momb M),

dakTop pazAeNeHus KHUCIOTa/COllb Ke-
Je3a 3a7aeTcs CISAYIONIM 00pa3oM:

Sp = -1 3)

Ure
TTOTOKH CONAHOM KHCIOTBI U COMHU Ke-
neza (I11) gepes mem6Gpany (Momb-m2-c?)

paCcCUUTBhIBAIA 110 (bopMlee:
1 dn

]:Z'dt' (4)

MonenpoBaHue CTalMOHAPHOIO IEpe-
HOCa KOMIIOHEHTOB 4epe3 MOHOOOMEHHYIO
MeMOpaHy TMpOBOAMIM B  IporpamMme
COMSOL Multiphysics, pemast ypaBHeHUE
Hepncra-Ilnanka ¢ npuMeHEHUEM YHUCIIEH-
HOTO METOJla KOHEYHBIX 3JieMeHTOB. OHO-
MepHas Mozienb (puc. 2) Brirouana: auddy-
3MOHHBI TNOTPAHWYHBIA  CIIOM  peTeH-
tat/MmemOpana (0.1 MM), HOHOOOMEHHYIO
MeMmOpany tommmHoi 0.5 MMm; muddy3non-
HBI TMOTpPaHWYHBIA cJoW MemOpaHa/mep-
mear (o 0.1 mwm). [IprHUMaNM BO BHUMaHHE
Ha4yaJIbHOE YCJIOBHE, ONIPEIEISIOIIEE UCXO -
Hble KOHIIEHTpAllMd KOMIIOHEHTOB. Tak, B

AC = @)

In
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Puc. 3. I3MeHeHre KOHIICHTPAIMH COJISTHOW KUCIOTHI B IPUHUMAIOIIEH KaMepe (a) U TOTOKH

COJISTHOM KHCJIOTHI B IPUHUMAIOIIYIO Kamepy (0) B xoze Tpex cTaiauii Audy3noHHOTO Tuanm3a
Fig. 3. Changes in the concentration of hydrochloric acid in the receiving chamber (a) and the

flux of hydrochloric acid into the receiving chamber (b) during the three stages of diffusion dialysis

MUTAIOIEM PAaCcTBOPE HAYAIBHYIO KOHIICH-
TpalMI0 MOHOB BOJIOPO/Aa MPUHUMAIH PaB-
HOM KOHLIEHTpalUy COJITHOW KUCIIOTHI. Pac-
4YeT MOHHOTO COCTaBa HCXOAHOTO IMHUTAIO-
IETO PacTBOPA IMPOBEJICH 110 JAHHBIM O KOH-
CTaHTax o0Opa3oBaHUSl XJOPHUIHBIX KOM-
wiekcoB kenesa (1) [22] pemenuem cu-
CTEeMBbl YPaBHEHUI, OMHUCHIBAIOIIUX PaBHO-
BECUsI U MaTepUaIbHBIN OajJaHC B UCCIIEIye-
MoM pacTBope. Monsl Fe** mpencrapiens!
npeumyiectsenno B Buje [FeClz]™ (76%), a
take [FeCl]?* (10%) u [FeCls] (13%). B
CBOIO O4Yepe/lb, B HAYAIBHOM YCJIOBHH JIJIS
MPUEMHOTO pacTBOpa, W3HAYAlIbHO TMIpel-
CTaBISIONIETO COOOH TMCTHIUTMPOBAHHYIO
BOJY, a TakXe JJIsi MeMOpaHbl YYUTHIBAIU
TOJIBKO KOHIIEHTPAIIMIO HMOHOB BOJOPOJA.
HauanpHoe cojaepkaHue XIJIOpUI-HOHOB
OTIPENIeNISIIOCh TI0 YCIOBHIO JIJIEKTPOHEH-
TPaJIbHOCTH. AHAJIOTUYHbBIE 3HAYCHUS TPH-
HUMAJIM WCXOJIHBIC KOHIICHTPAIIMH KOMIIO-
HEHTOB Ha BHEIIHUX TpaHUIAX COOTBET-
cTBytomux auddy3noHHbIX cioeB. [lomHas
oOMeHHasi eMKOCTb aHHOHOOOMEHHOW MeM-
OpaHbl MMPU MOJICIMPOBAHUH TTPHHUMAJIACH
paBHoit 2500 MOJNIB'M™; 0OBbEeMHAs OIS
JJIEKTPOJINTA B MOPaX IeTePOTCHHON aHMO-
HOoOoOMeHHOI MeMOpanb! — 0.2; Temneparypa
— 298.15 K. Kosdpdummentsr mauddysznn
HOHOB B MeMOpaHe (1.4-10'10, 2.7-1010 y
0.5-10" wm%c mma HY, CI n Fe¥-

coJiepKaliX HOHOB COOTBETCTBEHHO) ObLIH
oTpezeNieHbl U3 TAaHHBIX IO AJIEKTPOIPOBOI-
HOCTH MOHOOOMEHHBIX MeMOpaH, HaieH-
HBIX KOHTAKTHO-Pa3HOCTHBIM METOJIOM C
npuBiiedeHreM YypaBHeHus Hepncra-OiinH-
mteitna [23]. 3HaueHus K03(HUIMEHTOB
i Qy3ur MOHOB B PAaCTBOPE NMPUHUMAIH
pasubivu 9.3-10°, 2.03-10° u 1:10° m%/c
mns HY, CI- u Fe¥ -conepskxanmx noHOB co-
OTBeTCTBEHHO [24]. Pacyer moTokoB Belie-
crBa nposoawarn B8 COMSOL Multiphysics
no mepBoMy 3akoHy Duka Ha BBIXOJE W3
MeMOpaHbl B 11 Py3MOHHBIN TOrPaHUYHBIN
cJIoil mpuHUMaromero pactsopa. Craumo-
HapHbIE KOHIEHTPAIlMd KOMIIOHEHTOB CH-
CTEMbl PACCUUTHIBAIN Ul MPUHHUMAIOIIETO
1 (Hy3MOHHOTO MOTPAHUYHOTO CJIOS B IIETIOM.

O6cyxaenne pe3yJbTaToOB

Ha puc. 3,a mokazaHo M3MEHEHHE KOH-
LEHTPALUU COJISTHONH KHCIOTHI B MPUEMHOMN
KaMepe B TEUEHHE TPEeX JKCIIEPHUMEHTOB. B
Tab1. 1 mpeacTaBieHbl KOJTMYECTBEHHBIC Xa-
PaKTEpUCTHKH TIpOIIECCca pa3felieHHs: CTe-
MeHb W3BJICYCHHS KUCIOTHI, (pakTop pasie-
JeHus consiHas kuciora/conb xernesa (I11)
(SF), xoaddumueHT auanuza Ui KUCIOTHI
(Uns+), otHOmEeHue KoHneHTpanuii Fe/H™ (r)
B IIepMeare I KaKIOW CTaIuH.

Ha nepBoii cranuu cTeneHb BBIICICHUS
KHCIIOTBHI U (paKTop pasaeseHus Hawmbosee
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Taomumua 1. KonnuecTBeHHBIE XapaKTePUCTUKU OTAEIbHBIX CTAIUM BBIICICHUS KUCIOThI
Table 1. Quantitative characteristics of individual acid release stages

Craaus BBIIETIEHUS KHCIOTEI [ I 1

CTeneHb N3BJICUCHUS KUCIOTHI, % 56.3 18.5 3.8

Se 42.3 28.8 13.7

DKCHEPUMEHT U, 107 m-c? 2.2 2.7 2.0
r(Fe/H") 0.0086 0.0101 0.0526

J(Fe), 10 monp-cm?-¢c? 2.9 2.4 4.0

Moemmposane C(FeCl3)/C(FeCl;") B mepmeare 0.40 0.38 0.19
r(Fe/H") 0.0101 0.0171 0.0305

BBICOKHE, YTO CBSI3aHO C BBICOKOM IBHIKY-
merd cwioil mponecca. Ha mocnemyrommx
CTaIUsIX KOHIICHTPALUSI KUCIIOTHI B MTUTAFO-
1IeM pacTBope 00JIee HU3Kasl, B CBS3U C ATHM
MOJTy4YarOTCS MEHBIINE KOHIICHTPAIlUH Iie-
JICBOTO TPOJYKTa B IiepMeare, ¢ HU3KUMHU
Kod(ppHUIMEeHTaMU pa3JeNeHus] KUCIOTHl U
comu. Jluddy3noHHBIE TOTOKH COJITHOU
KHACJIOTHl CO BPEMEHEM TaJaloT 3a CYeT
YMEHBIICHUS JBUKYIICH CHWIIBI Tpoliecca
(puc. 3,0), 9TO OCOOCHHO 3aMETHO B TPETHEM
cilydae, KOrJia KOHIIEHTPAIMH COJITHOW KUC-
aoTel U xyopuaa xenesa (I11) B perenrtare
CTaHOBATCS Onu3kuMu (puc. 4). 3HaYeHUs
napamerpa r(Fe/H") cBugerensctByor o
ToM, uTo oToK auddysun HCl npesbimaer
notok coimu xene3a (111) B 20-100 pa3 (tadu. 1),
BEPOSITHO, U3-3a 00JIee BEICOKOM MOJBUXKHO-
ctu H' B 06enx ¢azax (B pacTBOpe U B MEM-
OpaHe) u OoJyiee BBIPRKEHHOTO JIOHHAHOB-
CKOTO MCKJIFOUYEHUSI HOHOB JKene3a U3 (a3bl
meMmOpanbl. ConepxaHue ejle3a B IepMme-
aTe OT IepBOM CTaIMM K TPETHEN PACTET, TaK
KaK C KaXJOU MOCIEqYIOLENH CTaquen 10JIs
COJIM JKeJIe3a B OT/IAIOIIEM pacTBOPE BO3pac-
taeT. Koadduuments nuanmza ans Kuc-
JIOTHI UMEIOT HEBBICOKME 3HAUCHUS B CPaB-
HEHUU C JPYrUMH MeMOpaHaMu, HUMEIo-
IIMMH aHAIOTUYHBIE UCCIIeTyeMOl QyHKITH-
oHasbHble Tpymmbel [21]. OmnHako nocra-
TOYHO HU3KUU KOA(DPHUITMEHT auanusa s
coneit xkenesa (Il1) mosBossier moMy4yHTH
3Ha4YeHUs (aKTopa pa3/IeieHus, COIOCTaBH-
MBI€ C TOW XapaKTEPUCTUKON IS JPYTHX
KOMMEPYECKUX MeMOpaH, paCCMOTPEHHBIX K
IPUMEHEHHIO B TMAIM3HOM 00paboTke pac-
tBopa FeCls/HCI [21].

Teopernueckoe monenuposanue auddy-
3MOHHOT'O JIMaJI3a BOJHOTO PacTBOpa, CO-
JICPIKAILEr0 COJITHYIO KHCIOTY U XJIOPH[
xkenesa (111), mo3Bommio aeTaaM3UpOBaTh
TIEPEHOC JKelie3a, 3 UIMEHHO PacCMOTpPETh Xa-
PaKTEPUCTUKHA KOMILJICKCHBIX HOHOB, B CO-
CTaBe KOTOPBIX JKEJIE30 TPAHCHOPTUPYETCS
yepe3 mMemOpany. st Bcex cilydaeB KOH-
nenrpanuu [FeClz]™ B nuddysnonnom mo-
TPAaHUYHOM CJIO€ C OTAAIOMICH CTOPOHBI
MeMOpaHbl ObLIIM HaUOOJIBIINMHU 10 CpaBHE-
HUIO C JIPYTHMH HOHAMH, COJICPIKAIIMMHU
xene3o (I11). Ilpu 3TOM KOHIIEHTpAIUH
[FeCI]** u Fe®" npeneGpexumo Maibl, a
konneHtpanus [FeCls] B 2.5-5 pa3 menbie
xonuenrpanuu [FeClz]™ (tabn. 1). Orpanu-
yenne neperoca [FeCI]?" u Fe*" uepes mem-
OpaHy CBSI3aHO, BEPOSITHO, KaK C MX HH3KOH
KOHIEHTpAllMEl B MUTAOIIEM pPaCTBOPE
(puc. 4), Tak U ¢ UX BBICOKHM 3apsI0BBIM
qucioM. Bmecte ¢ Tem HeWTpaibHbIC Ya-
cruiel [FeCls], nmerorie comocTaBUMBbIE C
[FeCI]?" momu B IMTArOImEM pacTBOPE, TTOKa-
3BIBAIOT 3aMETHYIO KOHLEHTPALUIO B IPH-
eMHOM pactBope. OOmire MOTOKH JKenes3a
(1) uepe3 memOpaHy Hpu MOJCITUPOBAHUH
okasamuch B 33-100 pa3 meHsIle, yeM Io-
ToKH noHOB H*. 3akoHOMEpHOCTH HX HU3Me-
HEHHsS OT CTaJIMU K CTaJIMH XOPOIIO COrjia-
CYIOTCS C JaHHBIMH OJKcliepuMeHTa. Kak
CIIEICTBHE, HMMEET MECTO KOPPESIus
MEXKIy pacCUMTaHHBIM 3HAYCHUEM Tapa-
merpa r(Fe/H") u ero 3mauenuem, ompene-
JICHHBIM SKCIIEPHUMEHTAIBHO.

B03M0OHOCTH MPAKTUYIECKOTO TIPUMEHE-
HUS pe3yIbTaTOB ITPOBEICHHOTO HCCIIEI0BA-
HUSI TPOAHAU3UPYEM C HCIOJIb30BaHHEM
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Puc. 4. Coctas PaCcTBOPOB IIPU U3BJICYCHUUN COJISIHOM KMCJIOTHI METOAOM aAuain3a C MeM6pa-
moit Ralex AMH-PP: F — mmrarormmii pactBop; R — perenrat; P — mepmear; |, 11, 11l — cragum BeI-
ACIICHUA KUCIIOThI

Fig. 4. Composition of solutions for the extraction of hydrochloric acid by dialysis with a

Ralex AMH-PP membrane: F — feeding solution; R —

retentate; P — permeate; I, I1, 111 — acid sep-

aration stages

Ha Tpaenenue
neyaTHsIX nnart

Puc. 5. [lpuniunuansHas cxema opraHu3aliy mpolecca nepepadboTKu 0TpabOTaHHOTO TPa-
BUJILHOTO pacTBOpa MeToAoM auddy3nonnoro auanuza. O003HaUCHUS MPUBEACHBI B TEKCTE.
Fig. 5. Schematic diagram of the processing of spent pickling solution by diffusion dialysis.
The designations are given in the text.

NPUHIUIHAATIBPHON  CXEMBl  TEXHOJOTHYe-
CKOro Ipolecca mnepepaboTKu OTpaboTaH-
HOTO TPAaBUJIILHOTO PAacCTBOPA METOJIOM T (-
¢y3uonnoro auanusa (puc. 5). IToaroros-
neHHas cossiHas kuciora 15% (macce.) (cra-
s 1) mocTymaer Ha CTaaui0 TpPaBICHUS
cramu 2. OTpaOOTaHHBIN TPAaBWIBHBIA pac-
tBop HCI (10% (Mmacc.)) mocTymaer Ha KOp-
PEKTHPOBKY KOHIIEHTPAIIMH KUCIIOTHI 3, J1a-
Jee OH nojaercs Ha 00paboTKy 1 dy3noH-
HBIM Janu3oM 4. [Iponcxoaut mporecc u3-
Bieuenust HCI, xoropast Bo3Bpamaercs Ha
craauio 1 u mpuMeHsieTcst 1J1s pa30aBICHHs
KOHIIGHTPUPOBAHHON COJISTHOM KHUCIOTHI U
MIOJTYYeHHST TPABHIIBHOTO PacTBOpa HEOOXO-
JMMOM KOHIIEHTpaluu. PeTenTar, nmonydeH-
HBIU [TPH THANINA3€E, HATIPaBJISIETCs] HA TPaBJie-
HUE MEIHBIX MeyYaTHHIX IuIaT. Takum obpa-
30M, MPEIUIOKEHHBIA BapHAaHT OPTaHU3aIHN

nepepaboTku OTpabOTaHHOTO COJISTHOKHC-
JIOTO TPaBUJIBHOTO PAacTBOpPa IMOKAa3bIBAET
BO3MOYKHOCTh KOMITJIEKCHOTO HCITOJIb30Ba-
HUS OTXOJOB 3JEKTPOMETAILTYPrHUECKOTO
NPEIIPUATH.

3akjiaouyeHue

OmnpeneneHbl OCHOBHBIE XapaKTEPUCTUKH
TP PY3MOHHOTO TEpeHoca COJSHOW KHC-
notel 1 conu xenesa (111) gyepe3 annonooO-
MeHHyr MemOpany Ralex AMH-PP u3 cme-
IIAaHHOTO PacTBOpa: CTENEHb BBIJCICHHS
HCI, conepxanue xene3a B mepmeare, Io-
TOKM KOMIIOHEHTOB PacTBOpa 4epe3 MeM-
Opany, koa¢pdunmentsl quanuza. Haiineno,
Y10 AU(PPY3MOHHBIN MOTOK COJISHOM KHC-
JIOTHI B 1IEJIOM BBIIIIE 110 CPABHEHUIO C MOTO-
koM cosm skene3a (I11), aTo MoxkHO 00Bsic-
HUTH 00Jiee BBICOKOM MOJBHKHOCTHIO MOHA
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BOJIOPO/Ia KaK B (ha3e pacTBoOpa, Tak U B (hase
MeMOpaHbI, B KOTOPO# TaK)Ke MEHEe BbIpa-
KEHO €ro JIOHHaHOBCKoe wucKimodeHue. C
YMEHBIIICHHEM HCXOJHOTO MOJIBHOTO COOT-
nomenus HCI:FeClz sddextuBHocTs aud-
(Gy3MOHHOTO AMau3a CHUKACTCS.

Pe3ynbTaThl YHCIEHHOTO MOJCIMPOBaA-
HUs mokasany, uto Fe** uepes aHMoHO06-
MEHHYIO MEMOpaHy I€PEHOCHUTCS, B OCHOB-
HoM, B cocraBe MoHOB [FeCl2]". Orpanunue-
nue nepenoca [FeCl]?* u Fe®* cpsa3ano kax ¢
X HU3KOM KOHILIEHTpauuel B IUTAIOLIEM
pacTBope, TaKk M C UX BBHICOKMM 3apsiIOBBIM
guciioM. UncIieHHOE MOJEIHpOBaHue Tud-
(y3HOHHOTO MEpEHOCa CONITHON KUCIOTHI U
xmopuaa xenesa (111) uepes aHnoHOOOMEH-
HYI0 MEMOpaHy MTOJTBEPXKIAET MOTyYEHHBIE
9KCIICPUMEHTAIILHBIC PE3YIIbTATHI.

Ha ocHoBe 1abopaTopHOro 3KCIEPH-
MEHTa 0 JHATK3y U YKCICHHOTO MOJIEIH-
POBaHUS [IEPEHOCA COJISHOM KHUCIOTHI Yepes
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BbigeseHre HYKJIEHHOBBIX KUCJIOT U3 eKajaui
C IOMOIIBIO COPOCHTA HA OCHOBE TMOKCHIA KPEeMHHUSA
NJIS1 HACHTU(PUKANMHA HOBBIX NPOOHOTHYCCKHUX ATEHTOB

Exarepuna IOpbena Hecreposa'?, Mapus UBanosna Fiaakux?,

Annna Cepreesna 3asamoesa’?, Muxani IOpbesuy CoripomsaTHuKoB! 2™
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AnHoTtanusi. OTHUM U3 OCHOBHBIX 3TAIlOB MOJIEKYJIIPHO-TEHETHIECKUX NCCIIEIOBAHHUHN SIBIISIETCS SKCTPAKIIUS
HYKJIEHMHOBBIX KrciaoT. Meroauka Beienenns JJHK/PHK, ocHoBaHHas Ha copOIuH, 3apeKOMEHI0BalIa ceOst
Kak yCIeIIHas U NOIMyJIIpHAs TEXHOJIOTHA. BhIeneHne HyKJICHHOBBIX KHUCIOT U3 KOMIUIEKCHBIX CyOCTpaToB,
TaKUX Kak (pexanmu, MOXKET MPeICTaBIATh MpobieMy. M3BecTHO, 4TO (heKaluu COAepKaT B CBOEM COCTaBE
HOBBIC MPOOHOTHYECKUE areHThI, Takue Kak Faecalibacterium prausnitzii u Akkermansia muciniphila, koro-
pble 00J1a1al0T IUPOKKUM CIIEKTPOM OHOJIOTMYECKUX aKTHBHOCTeH. PaboTa mocBsieHa oreHke 3h(heKTHBHO-
ctu akerpakiun JJHK u PHK u3 dekanuii ¢ HOMOIIBIO CUTHKH (IMOKCHI KPEMHHES) Kak COpOeHTa sl HyKJIe-
MHOBBIX KHCJIOT C J00aBIEHHEM B KauecTBe JETEPreHTa B COCTAaBe JM3UpYomero pacteopa Triton X-100,
Tween 20, Tween 80 u Pluronic P123 B konuentparnusx 1, 3, 5 u 10%. Dnexrpodopes B arapo3Hom reie
MOKa3aJjl, 4YTO yBEJINYEHUE KOHIICHTPALUH JeTepreHTa MPOBOIPOBAIO POCT HHTEHCUBHOCTH CBEUSHHUSI IOJIOC,
cootBercTByromux kak JJHK, rak u PHK. Camsre 6onpmme 3nauenus konnenTpanun PHK 0pumn xapaktepHbt
qutst 10% Tween 80 u 5% Triton X-100. [Tpu 3ToM ¢ yBenMYeHHEM KOHIIEHTPALUH IeTepreHTa GUKCUPOBAIOCH
yBenmueHue Beixona PHK. MakcumanbHele 3HaueHus KoHneHTparn JJHK Oblm 3aperucTpiupoBaHb! IpH UC-
nonb3oBanuu Tween 20. JlaHHble COTacyoTcsl C pe3yJibTaTaMu, mojy4eHHbIMU Ha ocHoBe Real-Time PCR.
[okazano, yTo Mcnosk30Banue nerepreHra Tween 20 nanGosee onrumMansHO st Beigenenus JJHK u3 de-
KanbHbIX OakTepuii Faecalibacterium prausnitzii u Akkermansia muciniphila.

KitoueBsble ciioBa: sxcpakims JJHK, quoxcum kpeMHust, MpoOHOTHYECKHE areHTsl, Aeteprent, Real-time PCR.
BJiarogapHocTH: HCCIeI0BaHKE BBIIIOJIHEHO 3a cUeT rpanTa Poccuiickoro Hayunoro donma Ne 24-24-20036,
https://rscf.ru/project/24-24-20036.
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Original article

Isolation of nucleic acids from feces using a silica-based sorbent
for the identification of new probiotic agents

Ekaterina Yu. Nesteroval?, Maria I. Gladkikh!?, Alina S. Zavalyueva'?,

Mikhail Yu. Syromyatnikov®2®
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Abstract. One of the main stages of molecular genetic research is the extraction of nucleic acids. The sorption-
based DNA/RNA isolation technique has proven to be a successful and popular technology. The isolation of
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nucleic acids from complex substrates such as feces can be a problem. Feces are known to contain novel pro-
biotic agents such as Faecalibacterium prausnitzii and Akkermansia muciniphila, which have a wide range of
biological activities. The work is devoted to evaluating the effectiveness of DNA and RNA extraction from
feces using silica (silicon dioxide) as a sorbent for nucleic acids, with the addition of Triton X-100, Tween 20,
Tween 80 and Pluronic P123 as a detergent in the lysing solution in concentrations of 1, 3, 5 and 10%. Elec-
trophoresis in agarose gel showed that an increase in the concentration of detergent provoked an increase in
the intensity of the glow bands characteristic of both DNA and RNA. The highest RNA concentrations were
typical for 10% Tween 80 and 5% Triton X-100. At the same time, with an increase in the concentration of
detergent, a greater RNA yield was observed. The maximum values of DNA concentration were observed
using Tween 20 as detergent. The data are consistent with the results obtained based on Real-Time PCR. It has
been shown that the use of Tween 20 detergent is most optimal for DNA isolation from fecal bacteria Faecal-
ibacterium prausnitzii and Akkermansia muciniphila.

Keywords: DNA extraction, silicon dioxide, probiotic agents, detergent, Real-time PCR.
Acknowledgments: the research was carried out at the expense of a grant from the Russian Science Foundation
No. 24-24-20036, https://rscf.ru/project/24-24-20036.
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BBenenne

[ToBBIIIIEHHOE BHUMAHUE K METOOJIOTHU
nporecca dKecTpakiuu oakrepuansaoit JTHK
u3 (pekanmii uenmoBeKa CBA3aHO C BXKHOCTHIO
JAHHOTO JTarla MpH U3YYeHUH MUKPOOHOMa
C TIOMOIIBIO PA3TUYHBIX MOJIEKYJISPHO-TE-
HEeTHYeCKuX 1moaxozoB [1]. B 3aBucumoctu
OT BBIOPAHHOW METOJMKH BBLICIICHUS HYK-
JIEMHOBBIX KUCIIOT MOTYT PETyINPOBATHCA U
ONITHMH3UPOBATHCS KOJMUSCTBEHHBIC U Ka-
yecTBeHHble Xxapakrepuctuku JHK. Ilo-
CKOJIBKY B COCTaBe (peKaIUi MPUCYTCTBYIOT
KaK TpaMIOJIOKUTENbHbBIE, TAK U TPAMOTPHU-
HaTeJIbHbIE OaKTEpUH, a TAKXKE Pa3TUIHBIC
WHTHOUTOPHI, MPENSATCTBYIONINE JalIbHEN-
eMy aHaJIu3y 00pas3IoB, BEIOOP METOIUKH
BBIJICTICHUS] HYKJIEMHOBBIX KUCIIOT SIBISIETCS
BaXHBIM aCIIEKTOM TIPH MTPOBEICHUU UCCIIe-
JTOBaHUM TPOdUIS KHUIIEYHOTO MHUKPO-
ouoma [2]. Ha ceroamsimiauii aeHs cyiie-
CTBYET 0OJIbILIOE PA3HOOOPA3HE TEXHOIOT UM
9KCTPAKITUH HYKJICHHOBBIX KHCIIOT, HAYUHAS
¢ (eHon-xI0poOopMHOTO MPOTOKOA U 3a-
KaHYUBas METOJAMH BBIJICIICHUS Ha KOJIOH-
Kax ¢ CHJIMKarejaeBoi MmemOpanoii [3].

CocraB kiaccuyeckoro Habopa ajs dKc-
TPAKIUU HYKJIEHHOBBIX KHUCIIOT MPEICTaB-
JIEH PacTBOpPaMH, B YUCIIO KOTOPBIX BXOJST
JTU3UPYIONINH, TPOMBIBOYHBIN U ITIOUPYIO-
uid. OCHOBHBIM KOMIIOHEHTOM JIM3UPYIO-
[IETO0 pacTBOpa sIBISETCS TYaHUIUH THOIHU-
OHAT, KOTOPBI COBMECTHO C JETEPTEHTOM

786-794. (In

Russ.). https://doi.org/10.17308/sorp-

CHOCOOCTBYET pa3pyLICHHIO  KJIETOYHOM
MeMOpaHbI, OpraHe/ul M BBICBOOOKIACHUIO
HYKJIEMHOBOUM KHCIOTHI B Oydep. CampiMu
pacrpoCTpaHEHHBIMU JETEPreHTaMUu TpH-
HsaTO cunrath Triton, Tween, SDS u IITAB
[4-7]. OrmeiBka Beigensiemori JIHK/PHK
Yalre BCEro COCTOUT U3 HECKOJIBKUX ITAIlOB U
npe/ICTaBlIeHa HECKOJILKUMH PacTBOpaMH [8§].
B 3aBucHMMOCTH OT MeTOAa BBIJIEICHHS
HYKJIEMHOBBIX KHCJIOT MPOTOKOJI JKCTpPAK-
IIUY HYKJIEMHOBBIX KUCIIOT MOKET BKJIFOUATh
pactBop st nperunutanuu JJHK/PHK nnun
xe copOenT. [locnennuit mpeacraBnseT co-
001 TUOKCUJ] KPEMHUSI U MOXET OBITh HC-
MOJIb30BAaH Kak JJisl 3alOJIHEHUsI KOJOHKH,
TaKk ¥ B KadyecTBe B3BecH B pactBope. Cre-
JyeT OTMETUTb, YTO METO/ BbICIICHUS HYK-
JIEUHOBBIX KHUCJIOT, OCHOBaHHBIM Ha UX
COpOIIHH, SBJISIETCS CAMBIM PACIIPOCTPaHEH-
HBIM M 3apeKoMeHjoBaBiMM cebst [9].
[TpuHIMNI TexHOJIOTHUH TBepAO(Da3HOU HKC-
TPaKIMK 3aKJIIOYEH B CEJIEKTHBHOM CBSI3bI-
BaHUU BBICOKO aQ(UHHOTO OTPULIATEITHHO
3apspkeHHOoro octoBa Mojekyisl JJHK/PHK
C TMOJIOKUTEIBHO 3apsHKEHHBIM JHOKCUAOM
kpemHHs. Takast mpoyHasi CBSI3b HYKJIEHHO-
BOM KHCJIOTHI C HEOPTaHUYECKUM HOCUTEJIEM
CIOCOOCTBYET €€ XOpoIlled OTMBIBKE OT
npuMeceii W MHTUOUTOPOB. B KoHEeWHOM
WTOTE Ha BBIXOJE IMOITYYaeTCs BHICOKOOYH-
menHas monekyna JIHK/PHK, koropas mo-
KeT OBITh MCTOJB30BaHa IS adbHEHUITUX
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MOJIEKYJISIPHO-TEHETHUECKHUX UCCIIeI0BaHUI
[10-12].

[Ipu BblAECTEHUU HYKJIECHHOBBIX KHCIIOT
u3 Qexanuii BaKHOW 3agavyeld MOXKET SB-
narbest nomydenue [JHK u PHK HOBBIX 1ipo-
OMOTHYECKUX  areHToB,  TaKUX  Kak
Faecalibacterium prausnitzii u Akkermansia
muciniphila, BBumy ux 0co0oOl BakKHOCTH
KaK Mapkepa pa3JInyHbIX 3a00JieBaHUN KU-
meuynuka [13-16]. YBenuueHue 4mcieHHO-
ctu A. muciniphila cmoco6cTByeT HOpMaH-
3alKu MEeTaboIM3Ma y JTI0JIeH, CTPaJaroIuX
oxxupeHreM. bakTepun yuyBCTBYIOT B pery-
JSIAX YHIOKAaHHAOMHOHUTHOW CHCTEMBI, UYTO
MO3BOJISET MOJIOKUTETIHHO BIUATH Ha ITPOTE-
KaHHE€ BOCMAJIUTENbHBIX MPOLIECCOB B Opra-
HU3MeE, BBI3BAHHBIX CaXxapHbIM auadbeTom 2
tuna [14]. BeipabareiBaembiii F. prausnitzii
OyTtupar, Hajenser OakTepuu MPOTHBOBOC-
NATATEITPHBIMUA  (DYHKIIUSAMHU, TPUMEHsIC-
MBIMH TIpU JICYEHUU KoiuToB. I[loMumo
ATOr0, OAKTEPUU CIIOCOOCTBYIOT MOAIEPHKA-
HUIO IIEJIOCTHOCTH KHILEYHOTO Oapbepa Iy-
TEM BBIPAOOTKH OCOOBIX OEIKOB W CIIU3H
[13,15]. ITosTOoMy mpeamonaraercs, 4To Oax-
tepun A. muciniphila u F. prausnitzii sssi-
IOTCSl TMPOOMOTHKAMH HOBOTO ITOKOJICHHS.
[Tpu 3TOM MOJHOCTBIO OTCYTCTBYIOT ITyOJIH-
KaIli¥, TIOCBSIICHHBIC BBIACICHUIO HYKIICH-
HOBBIX KHCJIOT U3 3TUX OaKTepHil, YTO SBIS-
eTcsl HEOOXOIMMBIM 3TalloM JIFOOBIX MoJie-
KYJIIPHO-TEHETUYECKHX HCCIIEJOBAHUH.

[lenp Hamero ucciaenoBaHus — pa3pado-
TaTh HauOoJiee ONTUMAIBHBIN CIIOCO0 BbIJIE-
nenus JJHK u3 ¢exanuit Ha ocHOBE copO1U-
OHHOT'O METOJa, MO3BOJIAIOLIETO H30JUPO-
BaTh JIHK u PHK HOBBIX mpoOnoTHUYECKHX
areHToB.

:‘)KCHepHMeHTaJILHaH 4acTb

B xauecTBe 00bEKTa HCCIIEI0BAHUS OBLITH
HCIIOJIb30BaHbl (peKavy 4eloBeKa, B KOTO-
PBIX MPEABAPUTENBHO C IIOMOIBIO CEKBEHH-
poBaHMs (He OMYyOJIMKOBAHHbBIE JJAHHBIE)
ObuUIM  WAEGHTHU(PUUUPOBAHBl  OakTepuu
Faecalibacterium prausnitzii u Akkermansia
muciniphila.

JIvzupyromuii pacTBOp JJIsI SKCTPAKIUU
JAHK cocrtosn u3 ryaHuaMH THOLIMOHATA,

tpuc-HCI, DITA u nereprenra (CM. HHKE)
npu KUCIOTHOCTH cpensl 6.4 [17]. Panee
HaMH OBUIO MOKa3aHO, YTO ONTHUMAaibHas
KOHIICHTpaLUsl TYaHWJUH THOLMOHATa CO-
craBisier 5.0 M [18]. B kauectBe copOeHTa
HCIIOJIb30BAJIM  KOMMEPYECKH JIOCTYIIHYIO
cunuky  (mmokcua  kpemuus)  (Sigma-
Aldrich, CIIIA). B pamkax skcrnepuMeHTa
paccMmarpuBaiich 4 BapuaHTa JIeTEpPreHTOB,
OTHOCSIIMXCS K HEHOHOTEHHBIM IOBEpPX-
HOCTHO aKTHBHBIM BEILECTBaM: MPOU3BOJI-
HOe noJmdTWIeHrMKos Triton X-100, mo-
mucop6ater Tween 20 u Tween 80, paznuya-
IOIIMECS THUIIOM JXHPHBIX KHCIIOT, CBSI3aH-
HBIX C ()parMEeHTOM MOJTHOKCHITUIIEH COp-
OuTaHa, U OJIOKCOMOJIUMED MOIUITUICHOK-
CHU/I-TIOJIUTIPONUIICHOKCUI-TIOJTUAITUIICHOK-

cuna Pluronic P123. [lereprents! n00aBiis-
JIUCH B IM3UPYIOIIUNA PACTBOP € pa3HOM KOH-
nentpamueit — 1, 3, 5, 10%. Takum ob6pazom,
skcrpakiuda JJHK ocymectsisiiach 16 paznuy-
HBIMH BapHAHTAMH BBIICTTUTEIIBHBIX CHCTEM.

JHK, momy4eHHyI0 TOCJE SKCTpaKIuu,
BU3YAJIM3UPOBAIN C TIOMOIIBIO ANIEKTpodo-
pe3a B 2% arapo3Hom rene. MI3mepenue KoH-
[EHTpalMK MPOBOAMWIM € MOMOUIbIO (iyo-
pumetrpa Qubit 4 (Thermo Fisher Scientific,
CIIIA) B cOOTBETCTBUY ¢ MHCTPYKIUEH IIPO-
W3BOJIUTEIIS.

[Tonumepa3znas 1emHass peakiys MpoBO-
WIach C MCMOJIb30BaHUEM | ag-rojnumMe-
pasel Ha npubope Bio-Rad CFX96 Real-
Time System (Bio-Rad, CIHIA). Cwmemu-
BaJIM B IPOOUPKE CIETYIONINE KOMIIOHEHTBHI:
5X peakirionHas cmeck PCRmix-HS SYBR
(EBporen, Poccust) — 5 mxir; 5 MkM nipsimoit
npaiimep — 1 mxit; 5 MkM 00patHbIi ipaiimep
— 1 mxu; IHK — 2 MkJ; AeMOHU3MpPOBAHHAsS
Boja — 10 25 mki. Mcnonb3oBanmu ciienyro-
uwmii Temneparypubiid nukia: 94°C 4 mun, 40
ukinoB: 94°C 20 cex 59°C 30 cek, 72°C 30
cek. B kauecTBe mpaiiMepoB HCHOJIB30BATN
337F GACTCCTACGGGAGGCWGCAG u
518R GTATTACCGCGGCCTGCTGG [19].
Jlnst ananm3a oOpas3IoB Ha HaiauMuue OakTe-
puii BunoB Faecalibacterium prausnitzii u
Akkermansia muciniphila 61 HCTONTB30-
BaHbI crienuuuHbIe K OaKTEpUsIM 30HIBI U
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Puc. 1. DnexrpodoperpamMma pparMeHTOB HyKJICMHOBBIX KUCIIOT, TIOyYEHHBIX B pE3yIbTaTe
9KCTPAKIIMH C UCIOJIb30BaHueM aeteprentoB Triton X-100 1 u 3%, Tween 20 1 u 3%, Tween 80
1 u 3%, Pluronic P123 1 1 3% . M — mapkep M3BECTHOM JJINHBI.

Fig. 1. Electrophoregram of nucleic acid fragments obtained as a result of extraction using de-
tergents Triton X-100 1 and 3%, Tween 20 1 and 3%, Tween 80 1 and 3%, Pluronic P123 1 and

3%. M is a marker of known length.

R )
-

Puc. 2. DnexrpodoperpamMma GpparmMeHTOB HyKJIIEHHOBBIX KHCIIOT, OJIY4YEHHBIX B pE3yJIbTaTe
9KCTPAKIIMH C MCITOB30BaHueM ferteprentoB Triton X-100 5 u 10%, Tween 20 5 u 10%, Tween
80 5 u 10%, Pluronic P123 5 u 10% . M — Mapkep M3BECTHOM JITHHBI.

Fig. 2. Electrophoregram of nucleic acid fragments obtained as a result of extraction using de-
tergents Triton X-100 5 and 10%, Tween 20 5 and 10%, Tween 80 5 and 10%, Pluronic P123 5
and 10%. M is a marker of known length.

npaiiMepsl. CMeIIMBaIu B MPOOUPKE CIEdy-
IOIME€ KOMITOHEHTBI: 5X peaklMOHHAs
cmecs QPCRmMIix-HS (Esporen, Poccust) — 6
MKJI; 5 MKM npsimoit npaiimep — 1 mxi; S
MKM o6paTHslit npaiimep — 1 mxut; JJTHK — 2
MKJI; IEMOHU3UPOBAaHHAs BOJA — 0 25 MKIIL.
Hcnonp3oBanu  cleayrounmii  Temmeparyp-
Heii UKL 94°C 4 mun, 40 1uknos: 94°C 20
cek 58°C 30 cek, 72°C 30 cek. [lnsa pacueToB
OTHOCHUTEJIBHOTO ~ KOJIM4ecTBa  OakTepuit
ouenuBanu Ct monumepasHoii ienHo# peak-
U CO CHEU(PUIHBIMU K HOBBIM TTPOOHO-
TUYECKUM areHTaM OJIUTOHYKJICOTHAaMHU U
YHHUBEPCAIbHBIMU K OaKTEpUSAM OJIUTOHYK-
JeoTHaM, o Gpopmyie, pa3paboTaHHOH pa-
Hee [20].

Cratuctuyeckas o0OpabOTKa JaHHBIX
MIPOBOAMIIACH C HUCIIOIb30BaHUEM AUCIIEPCH-
onHoro ananuza ANOVA B mnporpamme
STATISTICA.

O6cy:x1eHne pe3yabTaToOB

Ha nepBom sTamne uccienoBaHusi Kaue-
ctBo 3kctparupyemoit /IHK Owuio mpose-
peHO ¢ IoMoIIIbIo eKkTpodopesa B 2% ara-
PO3HOM reiie. Y CTaHOBIJIEHO, YTO XapaKTep-
HbIi prucyHok JJHK npucyrcTBoBa Ha 3i1ek-
TpodoperpaMMax co BCEMH HCIIOJIb3Yye-
MmbiMu getepreatamu (Triton X-100, Tween
20, Tween 80 u Pluronic P123) (puc. 1). ITo-
Jy4YeHHBbIE pe3yJbTaThl yKa3bIBAlOT Ha
YCHENIHOE BBIJIEJIEHUE HYKJIEMHOBOW KHC-
J0THI HA0OpaMU CO BCEMHU JE€TEPreHTaMU U
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Puc. 3. DnekrpodoperpamMma ¢hparMeHTOB HYKIEUHOBBIX KHCIIOT, IIOJIYYCHHBIX B PE3YJIb-
TaTe PKCTPAKIUN O3 NCIIOBE30BAHMS IETEPIeHTOB. M — MapKep U3BECTHON JJTHHEI.
Fig. 3. Electrophoregram of fragments of nucleic acids obtained as a result of extraction
without the use of detergents: M - marker of known length.

BapHaHTaMU WX KOHIIEHTpalUUW. YCTaHOB-
JIEHO, YTO C YBEJIMYEHHEM KOHLEHTpPaLUU
JETepreHTa pocia MHTEHCUBHOCTh CBEUCHUS
[10JIOC, XapaKTEPHBIX HE TOJBKO JJIS MOJIe-
kyael JIHK, vHo u nng PHK (puc. 2). Ananus
aNIeKTpooperpaMM MO3BOJIMII C/IETATH BbI-
BOJ O TOM, 4TO HaboOp, B COCTaB KOTOPOTO
BXOJMI Jeteprent Tween 80 ¢ KOHUEHTpa-
uuamMu 1 1 3%, 1mo3BOJSET Jydlle APYruX
skctparuposats JJHK.

[IpumeuaTesnbHO, YTO HCIOJIb30BAaHUE
JTU3HUPYIOIIEro pacTBopa 0e3 100aBiIeHHS
JeTepre’ToB no3sosisieT Belaenuts JIHK, HO
He PHK. Pe3ynbTaThl 3KCTpakius HyKIJICH-
HOBBIX KHCJIOT C UCIIOJIb30BaHUEM I'yaHUIUH
TUOIIMOHATA Pa3IUYHOU MOJIsipHOCTH (3, 4, 5
u 6M), HO 6e3 no0aBJIEeHUS JIETEPreHTOB
MIPE/ICTABJICHBI HA PUCYHKE 3.

[Ipy wucnonb30BaHMKM B KAauyecTBE Xao-
TPOITHOTO areHTa ryaHuInH THOLIMOHaTa 0e3
no0aBlieHUs]  JeTepreHTa  KOHLEHTpaIus
JIHK BappupoBana ot 3.87+1.58 Hr/mxi
(pu KOHIIEHTPALIMU TYaHUIUH THOLIMOHATA
6M) no 7.3042.98 ur/mMxn (TIpu KOHIIEHTpa-
[IUU TyaHuIuH THormonara 3M). Takum 00-
pa3oM, OTCYTCTBUE JAETEPreHTOB B LEIOM
obecnieunBaer Bolnesnenue JIHK u3 dexa-
T, HO TIPH 3TOM HE TO3BOJISIET MU30JIUPO-
Batb PHK.

CrnenyronmM JTamoM aHaidu3a craja
onenka koHuentpaunu JIHK u PHK, koro-
pBI€ yIajgoch AKCTPArupoOBaTh C MOMOIIBIO
HaOOpPOB HAa OCHOBE COPOLIMHU C PA3TUUYHBIMU
BapuaHTaMu JaerepreHToB. Ha pucynke 4

Mpe/iCTaBjeHa TUCTOIPaMMa 3aBHCHUMOCTH
MPUMCHSIEMBIX JIETEPIeHTOB W WX KOHIICH-
TpallMM OT KOHIEHTPAlUU BBIICICHHON
JHK. YcranoBneHo, 4TO € pOCTOM KOHIICH-
TpalMu JIeTEPreHTOB HaOII0Aanach TEHACH-
nus ysenudeHus: koHueHtpauun JHK. B
npucytctBuu 10% gereprenta Triton X-100
konnentpanus JJTHK Ovbuta Beimre B 1.4 paza
[0 CPAaBHEHUIO C KOHIIEHTpALMEW TOTO e
nereprenra 1%. A B npucyrcteuu 10% ne-
teprenta Tween 80 konuentpamus JIHK
ObLi1a BhIlE B 1.5 pa3za o cpaBHEHUIO C KOH-
LeHTpanuen atoro xe aereprenta 1%. s
JIpyruX 00pasloB JOCTOBEPHBIX Pa3IHYHiA
yCTaHOBJIEHO He Obuto. Camble BBICOKHE
3Ha4YeHMs KOHILIEHTpauuu BelieneHHon [JHK
MOJIy4€HBI TIPU UCHOJIB30BAaHUU B KayeCTBE
nereprerra Tween 20. Bunumast TeHIeHIns
pocta xonnentparmuu JIHK npu ysenuye-
HUM TIPOIICHTHOCTU JIeTEpreHTa Oblia 3ape-
THCTPUPOBAHA B CITydYae UCIOIb30BaHus T ri-
ton X-100. Yto Kacaercs JeTEpPreHTOB
Tween 80 u Pluronic P123, To MOXHO cKa-
3aTh O HEOJHO3HAYHOCTH TOJYYCHHBIX pe-
3yJbTATOB, C POCTOM KOHIEHTpAIUU JIeTep-
renta ysennyenue konnentpanuu JJHK pe-
THCTPUPOBAJIOCH HE Ui BCEX OO0pasloB.
Hanpuwmep, mpu sxctpaxmmm ¢ 1% Tween 80
konuenTpanus JJHK cocrasumna 5.7 Hr/mki,
a ipu 5% Tween 80 — 5.4 ur/mMkJ, pu ToMm,
yro B ciydae npumenenus 3 u 10% Tween
80 3HaveHHs KOHIICHTPAIIUU COCTaBWIH 7.4
1 8.6 HI/MKJI COOTBETCTBEHHO.
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KonuenTtpauma IHK, Hr/mrn
(=]

Triton X-100

1%

Tween 20

Pluronic 123

Tween 80

Jeteprentsl

3% 5% m10%

Puc. 4. 3aBucuMOCTh KOHIIEHTpauH dKcTparupoBanHoit JJHK ot koHIIeHTpanmu nereprex-
TOB. *pa3ﬂ1/1q1/151 B KOHLCHTpaun I[HK OTHOCHUTENLHO 1% KOHICHTPAIMU TOI'O K€ JECTCPICHTA
CTaTUCTHYCCKU JOCTOBCPHLI

Fig. 4. Dependence of the concentration of extracted DNA on the concentration of deter-
gents. *differences in DNA concentration relative to 1% concentration of the same detergent are
statistically significant

Ha pucynke 5 n3zo0OpakeHa 3aBUCUMOCTb
KOHILIeHTpauui skcrparupyemor PHK ot
Pa3sHOBUIHOCTH JIeTEpreHTa U ero KOHIEH-
Tpauuii. YCTaHOBIIEHO, YTO HAOOp pearcH-
TOB JUIsl BBIJCJICHUS] HYKJIEUHOBBIX KHCIIOT
Ha ocHOBe copbiuu momumo JIHK sddek-
tuBHO 3kcTparupyer u PHK. bonee Ttoro,
3HAUEHUs KOHLEHTpalUui  3HAYUTEIbHO
Boie it PHK, wem niist JIHK. Tak, Hanpu-
Mep, Cpe/lHee 3HaUeHHE KOHIEHTPaluu JKC-
tparupyemoit PHK co Bcemu nereprentamu
cocTtaBuiio 14.5 HT/MKII, B TO BpeMsl KaK JJis
JIHK — 7.0 ar/mxn. Cambie OonbIve 3Have-
Hus kKoHueHTpauuu PHK 6b1u XxapaktepHsl
st 10% Tween 80 u 5% Triton X-100. Tlo-
Jy4yeHHbIe 3HadeHus cocTaBwin 22.8+0.5 u
20+2 Hr/Mk1 cooTBeTcTBeHHO. KOHIIEHTpa-
s PHK npu Beinenenuu ¢ 5% nerepren-
tom Triton X-100 6bu1a Beimie B 2.0 pasa 1o
CpaBHEHMIO C 1% KOHIIEHTpalel Toro xe
nereprenra. Konnenrpauns PHK npu Beine-
nenuu ¢ “10% nereprentom Tween 80 Obia
BbIlIE B 1.9 pa3a no cpaBHenuto ¢ 1% Kon-
LeHTpaluel Toro e aereprenra. [Ipu atom
3auxcupoBan 6ombmmii Beixox PHK mpu
YBEJIMYEHUH KOHIEHTpPAllUU JeTepreHTa,
YTO COIIACYETCS C pe3yjbTaTaMU dJIEKTPO-
dope3a.

Ha tpetsem stamne obpasus JHK, nomy-
YEHHBIE B XOJI€ 3KCTPAKIMH HYKJIEHHOBBIX
KUCIOT ¢ gereprentamu Triton X-100,
Tween 20, Tween 80 u Pluronic P123 B xon-

ueHTpanusx 1 u 5%, ObliIM HoABEPKEHBI pe-
aKIUM aMIUTM(QHUKAIMd B PeaJbHOM Bpe-
MeHH. Bbutu mosydeHsl 3HaU€HUS] OTHOCH-
TEJIbHOTO coJiepKaHus OaxTepuii
Faecalibacterium prausnitzii u Akkermansia
muciniphila B uccnenyembix o0pasmuax.

B Tabauue 1 npeacraBieHsl NoapoOHbIE
pe3yabTaThl aHAIHM3a MUKPOOHOTO COCTaBa
Kaja Ha HaJIn4yue Oaktepuii
Faecalibacterium prausnitzii u Akkermansia
muciniphila ¢ momomipto Real-Time PCR.

AHamM3 OTHOCHTENBHOTO COJICPYKAHHS
oaktepuii Faecalibacterium prausnitzii B
HCCIIeyeMbIX o0pa3iax Kaia Mmokas3al, 4To
HauOoJIblIee 3HaUeHUEe OTHOCUTEIBHOTO CO-
nepkaHusi OakTepuil ObLIIO XapaKTEepHO s
Habopa, B KOTOPOM B KauecTBE JeTepPreHTa
Beictynann 1% Tween 20 (0.10+£0.01%).
OcranbHble BapuaHTHl JETEPreHTOB MO3BO-
JIWITY TIOJTYYUTh PE3YJIbTAaThl, BAPbUPYIOIIHE
ot 0.01 o 0.08 %.

AHanorn4Has CUTyanus HaOIronanach u
npu HCCIIEIOBAHUH Akkermansia
muciniphila. Dxkcrpakuus Ha ocHoBe 1%
Tween 20 mno3BonmiIa 3aperuCTPUPOBATH
BBICOKHUH YPOBEHb OTHOCHUTEILHOTO COMAEp-
*KaHus OakTepuil B oOpasiax, YTo COOTBET-
cTBoBaiio 3HadeHHto 6.943.1%. Ilpm sToM
nereprentsl Triton X-100 u Pluronic P123
He obecrieunnu BeieneHue JJHK Gaxrepwmii
13 00pasioB.
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Puc. 5. I'uctorpamma 3aBUCMMOCTH KOHLIeHTpaluii a3kctparupoanHoil PHK ot konnen-
Tpamuu AeTepreHToB. ** - pazmuuns B koHueHTparun JJHK otHocurensro 1% 1 3% koHIeH-
Tpaluun TOTO K€ ACTCPreHTa CTATUCTUUCCKU )Z[OCTOBepHI)I; * - pasiinyrg B KOHOCHTPALUn
JHK otHOCHTENBEHO 1% KOHIIEHTpAITUU TOTO XK€ AeTepreHTa CTaTUCTUYECKU JOCTOBEPHBI

Fig. 5. Histogram of the dependence of the concentrations of extracted RNA on the concen-
tration of detergents. ** - differences in DNA concentration relative to 1% and 3% concentra-
tion of the same detergent are statistically significant; * - differences in DNA concentration
relative to 1% concentration of the same detergent are statistically reliable

Ta6muua 1. OTHOocuTeNBHOE conepikanue Oaktepuit Faecalibacterium prausnitzii u Akkerman-
sia muciniphila B o6pasuax, %

Table 1. Relative content of Faecalibacterium prausnitzii and Akkermansia muciniphila bacteria
in samples, %

Jleteprent KOHICHTDALIS Faecalibacterium Akkermansia
p HerTpat prausnitzii, % muciniphila, %
. 1% 0.08+0.01 -
Triton X-100 5% 0.010:£0.002 -
Tween 20 1% 0.10£0.01 6.9+3.1
5% 0.06+0.02 1.0+£0.9
Tween 80 1% 0.030+0.003 0.6+0.2
5% 0.030+0.003 5.1+£2.3
. 1% 0.030+0.002 -
Pluronic P123 50 0.0720.02 .
K TIdenIe nereprerra Tween 20. Dto cormacyercs ¢

B xone onieHk# 3 PpeKTUBHOCTH BBIIEITH-
TEJTBHBIX CHUCTEM Ha OCHOBE COpOIMHU C
BKJIFOUEHUEM B COCTaB JIM3UPYIOLLErO pac-
TBOpa aereprertos Triton X-100, Tween 20,
Tween 80 u Pluronic P123 B koHIieHTpa-
musx 1, 3, 5 u 10% 06110 yCTaHOBJIEHO, YTO
Tween 80 B xoHuentpamusax 1 u 3% B co-
CTaBe JIM3UPYIOLIETO PAacTBOpa MO3BOJISET
3 PeKTUBHEE OCTATBHBIX JIETEPreHTOB IKC-
tparupoBars J[HK. Ilpum stom ¢ yBennue-
HUEM KOHLIEHTPALIUU JIETEPr€HTOB Ha JJIEK-
TpodoperpaMmme HaOIIOAAIICS XapaKTePHBIN
pucynok PHK cosmectno ¢ JIHK. Makcu-
MaJIlbHbIE 3HAUEHUs KOHLIEHTPAllUU BbIJie-
nennoit JIHK xapaxtepHsl ipu 100aBIeHIH

pe3ysbTaTaMy, IOJIyYEHHBIMM Ha OCHOBE
Real-Time PCR. Bricokue mokasarenu ot-
HOCUTEJIBHOTO  COZAEp)KaHUsl  OakTepuid
Faecalibacterium prausnitzii u Akkermansia
muciniphila ObL1H MoTyYeHBI IPU KCIOIB30-
Baanu Tween 20. HaGop ans BbeiAeeHHs
HYKJIGMHOBBIX KHCIIOT Ha OCHOBE COPOIMH
nomumo /IHK sddextrBHO skcTparupyer u
PHK. Cawmble Oomnplnne 3HAYE€HUS KOHLIEH-
tpanmu PHK Opum xapakrtepusr s 10%
Tween 80 u 5% Triton X-100. ITpu sToMm ¢
YBEJIMYEHHUEM KOHLIEHTPALlUU JEeTepreHTa
3aukcupoBan nyumwuii Beixox PHK, uro
MOATBEPKIaeTCs pe3yIbTaTaMH 3JIEKTPOdo-
pe3a. IlpumeuaTenbHo, 4TO OTCYTCTBUE JiE-
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TEPreHTOB B JIM3UPYIOIIEM pacTBOpE B Iie-
nom obecrieunBaet Boienenue JJHK u3 de-
KaJIui, HO IIPU ATOM HE TTO3BOJIET U30JIUPO-
Bath PHK.

KoH(paukT nHTEpECOB

ABTOpBI 3ad4ABJIAIOT, YTO Y HHUX HCT HU3-
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1

AHHoTanus. bpomenyH — MUCTEMHOBAs MPOTEa3a PACTUTEIHLHOTO IIPONUCXOXKIICHHNS, IMEET BBICOKUE IIEPCTICK-
THUBBI IPUMEHEHHUS B MEANIMHE U IPOMBIIIIICHHOCTH. PacTBOoprMBIe (hOpMBI (hepMEHTa TTOIBEPKEHBI OBICTPOI
WHaKTUBALIMH BCIIEACTBHE KOH()OPMALMOHHBIX NIEPECTPOEK, BHI3BAHHBIX JICHCTBUEM MHOTUX XUMHYECKHX Be-
IECTB U GpU3N4ecKuX (HaKTOPOB, IOITOMY HX HCIOJIb30BaHUE orpannieHo. OTHUM 13 CIOCOO0B MPEOI0NIEHHs
Ha3BaHHbBIX 3aTPyJHEHHI SBISETCS aJcopOIHs OpoMeTMHA Ha Pa3iIMYHbIX OuonoiauMepax. AncopOuus siBis-
eTcsl HanboJiee NPOCTHIM METOI0M UMMOOHIM3aLUK (PEPMEHTOB, KOTOpas BIMSET HA aKTHBHOCTh OMOKaTalu-
3aTOpoB. B CBsI3M ¢ BbILIECKAa3aHHBIM, LIEIBIO HCCIIENOBAHUS OBUIO MOJyYEHHE KOMIUIEKCOB OpOMeNnHa C
MHKPO- ¥ HAaHOYACTUI[AMHU KapOOKCUMETHIIXUTO3aHa 0e3 U ¢ Jo0aBlieHHEM aCKOPOWHOBON KUCIIOTHI, ONpe/e-
JICHUE KaTAJIUTHYECKOI aKTHBHOCTH OMOKATaJIN3aTOPOB M OLIEHKA UX CTaOMIIBHOCTH NPH ONTHMAIIBHBIX yCIIO-
BUSIX (DyHKIIMOHUPOBAHMUSL.

B xoze paOoTh! ObIIIM CHHTE3UPOBAHBI MUKPO- M HAHOYACTHIIBI cpeHeMoteKysipaoro (200 k/la) u BbICOKO-
MonekyspHoro (350 k/la) kapOOKCHMETHIIXHTO3aHOB 0e3 U ¢ T00aBIeHneM aCKOPOWHOBOI KUCIIOTHI, a TaKKe
MOJTy4eHbl KOMIIEKCHI OpOMENINHA ¢ MHKPO- M HAHOYACTHUI[AMU KapOOKCHUMETWIXHTO3aHa. DYHKIMOHAIbHAS
AKTHBHOCTb IPETIapaToB CHIDKaJIAch B TEYEHUE CEMH CYTOK 3KcneprMeHTa. KaTanuruueckas criocoOHOCTh ac-
COIMAaToOB OpoMeNrHa ¢ MHUKPOYACTUIIAMU KapOOKCUMETHIIXUTO3aHa C MOJIEKYJIsIpHBIMU Maccamu 200 u 350
k/la yBenmumiacek Ha 63 1 52 % mo cpaBHEeHHI0 co cBOOOAHBIM (pepmeHTOM. [IpH MOMydeHHH 3THX K€ KOM-
TUIEKCOB B MPUCYTCTBUU aCKOPOUHOBOMN KHCJIOTBI, aKTHBHOCTh yYBEIMYMIACh HA 69 % I cpeIHeMOIeKyIIsp-
HOTO KapOOKCUMETHIIXUTO3a U Ha 55 % JIsl BRICOKOMOJIEKYJIIPHOTO KapOOKCUMETUIIXUTO3aHa.
KartanuTtrueckast CHOCOGHOCTH aCCOIATOB OPOMENHHA ¢ HAHOYACTUIIAMU KapOOKCUMETHUIXUTO3aHa C MOJIe-
kyssipaeiMu Maccamu 200 1 350 x/la mo cpaBHEHHIO cO CBOOOHBIM epMEHTOM yBenuumiach Ha 62 u 30 %.
[Ipn nobaBneHnn acKOPOMHOBOI KHUCIIOTHI, aKTUBHOCTh KOMIUIEKCOB yBEeIHUMIack Ha 65 % 1i1s cpeaHemorte-
KyJISIPHOTO KapOOKCHMeTHIIXnTo3a 1 Ha 50 % /11 BEICOKOMOJIEKYIISIPHOTO KapOOKCHMETHIIXUTO3aHa.
KaioueBble cjioBa: GpoMennH, KapOOKCHMETHIIXUTO3aH, HAHOYACTUIIHI KapOOKCUMETHIIXUTO3aHa, MHUKpPOYa-
CTHIIBI KApOOKCHMETHIIXUTO3aHa, aJICOPOIHSI.

BaarogapHocTH: HcciIe0BaHKE BBIMOJIHEHO 3a cueT rpanTa Poccuiickoro Hayuroro donza (mpoext Ne21-74-20053).
Jas uutupoBanus: Penpko F0.A., T'onuaposa C.C., Xomska M.T'., Jlapmuuckass M.C., Muxaiinosa A.A.,
Copokun A.B., KoraapatseB M.C., AptioxoB B.I'. PazpaboTka METOAMKY MOTYYEHHS aCCOITUATOB OpOMeTHa
C MHKpPO- M HaHOYACTHI[aMK Kapbokcumeruinxurozana /| Copbyuonnvle u xpomamozspaguueckie npoyeccoi.
2024. T. 24, Ne 5. C. 795-805. https://doi.org/10.17308/sorpchrom.2024.24/12518
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Abstract. Bromelain, a plant-derived cysteine protease, has great potential for medical and industrial applica-
tions. Soluble forms of the enzyme are subject to rapid inactivation due to conformational rearrangements
caused by the influence of many chemicals and physical factors, so their use is limited. One of the ways to
overcome these difficulties is to adsorb bromelain on various biopolymers. Adsorption is the simplest method
of enzyme immobilisation, which influences the activity of biocatalysts. Therefore, the aim of the study was
to obtain bromelain complexes with micro- and nanoparticles of carboxymethyl chitosan with and without
ascorbic acid, to determine the catalytic activity of the biocatalysts, and to evaluate their stability under optimal
functioning conditions.

We synthesised micro- and nanoparticles of medium molecular weight (200 kDa) and high molecular weight
(350 kDa) carboxymethyl chitosans with the and without ascorbic acid, and also obtained bromelain complexes
with micro- and nanoparticles of carboxymethyl chitosan. The functional activity of the preparations decreased
during seven days of the experiment. The catalytic capacity of bromelain associates with carboxymethyl chi-
tosan microparticles with molecular weights of 200 and 350 kDa increased by 63 and 52 % compared to the
free enzyme. When the same complexes were prepared with ascorbic acid, the activity increased by 69 % for
medium molecular weight carboxymethyl chitosan and by 55 % for high molecular weight carboxymethyl
chitosan.

The catalytic capacity of bromelain associates with carboxymethyl chitosan nanoparticles with molecular
masses of 200 and 350 kDa increased by 62 and 30 % compared to the free enzyme. When ascorbic acid was
added, the activity of the complexes increased by 65 % for medium molecular weight carboxymethyl chitosan
and by 50 % for high molecular weight carboxymethyl chitosan.

Keywords: bromelain, carboxymethyl chitosan, carboxymethyl chitosan nanoparticles, carboxymethyl chi-
tosan microparticles, adsorption.
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BBenenne

bpomenun (K® 3.4.22.4) — nporeonuTu-
yecKui (EepMEHT pacTUTEIBHOTO IPOUC-
XOXJIeHUs, BblIensgeMblii w3 Ananas
comosus. MounekysipHasi Macca OpoMesnHa
cocraBisieT 26-33 k/la. Monekyna dep-
MEHTa IPECTaBISIET COOON OAHY MOJIUTIEN-
TUIHYIO L€Nb, COCTOSIIYI0 U3 285 aMHHO-
KHCJIOTHBIX OCTaTKOB, CTA0MIN3UPOBAHHYIO
ISATHIO TUCYIIb()UIHBIMU CBSA3SIMUA U CBEPHY-
TYI0 B I7100yJTy, B KOTOPOM OTYETINBO BbIjIE-
JSOTCS J1Ba AoMeHa: L-momeH, conepika-
it Tpu a-crimpanu (ok1, al2, al3), u R-
JIOMEH, 00pa3yeMblii OJTHOU O-CIIHPANbIO U
B-cknaguatocthio (aR1 u BR). Ha ux cthike
oOpa3zyeTcss TOJOCTh  («KaTaIUTUYECKUN

KapMaH»), B KOTOPOW PAacIiOJIOKEH aKTHB-
HbIi LeHTp (epMeHTa, BKIIOYAIOIINN
Cys26, Bxogsmuii B coctaB al1-cnupanu, u
His158, otHocsmuiics k BR-ckiaagaTocTy.
Taxum oOpa3om, OpOMENINH CONEPKUT OJIHY
CBOOOJHYIO  CyNb()rUAPUIBHYIO TPYHILY
LUCTENHA, HEOOXOAUMYIO Ui ero pyHKIU-
onnpoBanus [1-3]. Haubonee Gmarompusrt-
HBIMH YCJIOBUSIMH ISl paOOTHI KaK HATHB-
HOT0, TaK 1 UMMOOMIIN30BaHHOTO (hepMeHTa
ABJISIFOTCS 3HadYeHue pH 7.5 m temneparyp-
HbIH nuana3on 50-70°C [4].

[ToMrMO CBOEro TPOTEOIUTHIECCKOTO
neiictBusi, OpoMenuH 00J1aaeT NPOTUBO-
BOCTIAJIUTEIIHHBIMH, KapIUOTPOTEKTOP-
HBIMH, UMMYHOMOJYJIMPYIOIIUMH U aHTH-
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OKCHJIaHTHBIMU CBOMcTBamHu [5]. U3 nurtepa-
TYpHBIX JaHHBIX H3BECTHO, YTO OpOMEIWH
3¢ (peKTUBHO BcachbIBa€TCs B OPraHU3Me U HE
BBI3BIBACT 3HAYUTENBHBIX MOOOYHBIX 3(-
dektoB [6]. CiocoOHOCTh OpomenuHa pac-
HICTUISATH OXKOTOBBIA CTPYI UCIOIB3YETCS B
cocTaBe JIeKapCTBeHHOro npenapara «Hek-
coOpuny», BXozsmero B I'ocy1apcTBEHHBII
peectp [7]. B EBpome 6pomenun ogoOpeH
JUIST TIPUMCHECHUS B JICUCHUH XHPyprude-
CKHUX paH, BOCMAaJieHWl, BbI3BAHHBIX TpaB-
MaMU ¥ XUPYPTHYECKUMH BMeEMIATEIIhb-
ctBamiu [8]. Ero mpuMeHeHus: He orpaHuyu-
BalOTCA TOJIBKO MEIUIIMHCKON 00J1aCThIO, HO
TaK)Ke PacpOCTPAHAIOTCS Ha MPOMBIIUICH-
HOCTh, HANPUMEpP, TEKCTHIIb, KOCMETHKY,
npoAyKThl nutanus. [IpousBoacTBO camoro
(depMeHTa BBICOKOIKOJOTUYHO, MOCKOIbKY
UCIIONIB3YIOTCS METOJBI LIEHTPU(PYTUpOBa-
HUS, YIbTpaQUIbTPAlUU U JTMOPHUIU3AIIH
0TX0/10B iepepaboTku ¢ppykToB [5,9,10].
W3BecTHO, 4TO Jake HA TICPBBIN B3I
HE3HAYUTeNbHbIE U3MEHEHHUs KOH(POpMAIUN
¢depmenTa, 0OyCIIOBIEHHBIE BO3JEHCTBHEM
bu3NYECKUX U XUMHUYECKUX (PaKTOPOB, MO-
YT CHUXaTh €r0 KaTaIUTUYECKYIO0 aKTHB-
HOCTb, YTO OIPaHUYMBAET c(hephl NCIOIIB30-
BaHUs OMOKaTanu3aTopa B MPOMBINIICHHO-
ctu u 6uomenunune [11-13]. Kommiekco-
o0Opa3oBaHue OpoMeNrHa SBISETCS OJHUM
U3 CIOCOOOB COXpaHEHUsl €ro CTaOUJIbHO-
CcTH. B oTiMume OT XUMHYECKUX METOOB
MMMOOMIH3AIUU aicopO1us GepMEHTOB Ha
MOBEPXHOCTH HOCHUTENIeH B MEHbIIEH cTe-
TICHU OKAa3bIBACT BIUSHUE HA KOH(DOPMAIIHIO
U aKTUBHOCTh OMOMaKOPOMOIIEKYJbBI, T.K.
CBs3bIBaHHE ()EPMEHTAa C HOCUTEIIEM OCY-
IIECTBIISIETCS B OCHOBHOM 3a cueT Bau-zaep-

Zunnn

BaanscoBBEIX B3aMMOJICHCTBHI,
HBIX U HOHHBIX CBs3el [14].

B kauectBe HOCHUTENEN TSI UMMOOMITI3A-
UM MOTYT OBITh MCIOJIb30BaHbI HaHOPA3-
MEpHBIE YaCTHUIIbI XUTO3aHa U €r0 POU3BO/I-
HbIX. XUTO3aH SIBIISICTCS OMOJIOTHYECKU aK-
TUBHBIM TOJUCaxapuaoM, pPAacCTBOPUMbBIM
TOJIKO B KHCIIBIX CpelIax, YTO OTpaHUYH-
BaeT €ro NpakTU4eckoe MPUMEHEHNE B BUJIE
pactBopoB [15]. i noBbIlLIEHUS pACTBOPH-
MOCTU B BOJIE, HEHTpPaIbHBIX U IIETOYHBIX
cpelax MPOBOISAT XUMUYECKYIO MOAM(UKA-
[IUIO XUTO3aHa MTyTEM BBEICHUS, HAITPUMED,
TUIPOKCHIIBHBIX M aMUHHBIX TPYIIIL. DTa MO-
nuduKalys YBEIHMYMBAET €ro pacTBOPH-
MOCTh B HEHTpPAJIbHBIX U OCHOBHBIX Cpeliax
U CYIIECTBEHHO YIydYIlaeT aHTHOaKTepu-
aJbHBIE CBOWCTBA mojumepa [16,17].

Kap6okcumermixuroszan (KMX; cxema
1) — 3TO KapOOKCHUMETHIMPOBAHHASI PACTBO-
pumas ¢opma xurosaHa. braromaps mpo-
CTOTE CUHTE3a, PACTBOPUMOCTH B BOJIE U aM-
(dbonuTHOMY XapakTepy KapOOKCUMETHIXU-
TO3aH MMEET IIMPOKOE MPUMECHCHHE B OMO-
MEJIMIIMHCKON U (hapMalleBTHUECKOoN 00a-
crax [18]. KapOokcuMeTHiIxuro3aH Takxe
0o0JaaeT BBICOKOW OMOJIOTMYECKOW aKTHUB-
HOCTBI0, OMOJIETpaiuPyEMOCThIO, MIICHKO- U
BOJIOKHOOOpa3yromield  CIOCOOHOCTBIO |
CIOCOOHOCTBIO K KOMITJIEKCOOOPa30BaHUIO
[19]. IIpu ymeHbLIEHUU pa3MEPOB YaCTHUIIbI
BO3HUKAIOT HOBBIE TOBEPXHOCTHBIE SIBJICHHS
W peaKIud, MPUBOJISIINE K BRICOKOW XUMH-
YeCKOM M OMOJIOTHYeCKON aKTUBHOCTH OHO-
noumepoB [20].

enpto Hamero uccienoBaHus ObLIO TMO-
JydyeHHUEe KOMILJIEKCOB OpOMeTrHa ¢ MUKPO-
(MY) u nanouactunamu (HY) kapbokcume-

BOJIOPOJI-

Z

Ha

Cxema 1. CxeMa (parMeHTa MaKpOMOJIEKYJIbI KApOOKCUMETHIIXUTO3aHa
Scheme 1. Scheme of a fraament of a carboxymethyl chitosan macromolecule
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THJIXWTO3aHa 0e3 U ¢ 100aBICHUEM acKop-
OMHOBOI KUCIIOTHI, OIPEACTICHHE KaTaInTH-
YEeCKOW aKTUBHOCTH (DEPMEHTOB M OIIEHKA
UX CTAOUIIBHOCTH 110 YPOBHIO (pepMEHTATHB-
HOW aKTUBHOCTH OMOKaTaJIn3aTOPOB.

JKCNepUMEHTAJIbHAA YaCTh

B kauecTBe 00BeKTa HCCIeI0BaHUS ObLT
BbIOpaH OpomenuH u3 crebnas aHaHaca
Ananas comosus (Sigma, CIILIA), cyGctpa-
TOM JUIS TPOTEOJNH3a CIYXKHJI a30Ka3eHH
(Sigma, CIIIA). [Ins cuareza KMX ucrosnb-
30BAIM XUTO3aH C MOJICKYJISIPHBIMH Mac-
camu 200 (cpennemonekymnsipubiii, CM) u
350 x/la (BeicokOMOJEKYIsIpHBIM, BM)
(BAO «buomnporpecc», Poccust). Mukpo- u
HAHOYACTHIIBI B CBOIO OYEpE/lb MOTyJaln U3
CM-KMX u BM-KMX.

ITomyuenne KMX ocymecTisinu o Me-
TOJAUKE, MOAPOOHO OMHCAaHHOW B padore
[21]. Cnoco® momyyeHuss MHUKPOYACTHIL
npuBeieH B pabote [22], Ui moay4YeHus Ha-
HOYACTHUI[ HAa MOCJEIHEM dTare 00paboTKu
BpeMsI BO3/ICHCTBHS yIIbTPa3BYKOM U €ro ya-
crota 6b1H yBenudeHsbl 10 10 mun (40 xI'm).

[TonyyeHue KomIuiekca OpoMenuHa ¢
MUKPOUYACTUIIAMH KapOOKCHUMETUIXUTO3aHa
(MY-KMX) ¥ HaHOYACTHIIAMH KapOOKCH-
metunxutozaHa (HUY-KMX) ocymiecTBisuin
1o CcJenyIoe MeToIuKe: pacTBop Gpome-
nuHa (2 mr/cm® B 50 MM TPUC-TITULHHOBOM
oydepe, pH 9.0) cmemmBanu B paBHBIX 00b-
emax ¢ pactBopoM MU-KMX u HY-KMX n
BBICP)KUBAIA TPU KOMHATHOW TeMIiepa-
Type B TeUeHue 2 u.

H3MepeHne npoTea3HOW aKTUBHOCTH
KOMILJIEKCOB TPOBOAMIM Ha cyOcTpare
azokazenne (Sigma) [23]. CTaOWIBHOCTH
KOMIIJIEKCOB OIIGHUBAJIM COTJIACHO METO-
JKe, onucanHoi B [24,25]. Paccuntannbie
BEJIMUMHBI XapaKTePU30BAIHCH HOpPMAaJlb-
HBIM pacIpeIelIeHuEM, IIO3TOMY IS X CTa-
TUCTUYECKON 00pabOTKM MpUMeEHsIH t-KpH-
tepuii CterogenTa (mpu p<0.05).

MonekyJisipHblii  JOKUHT. [loaroroBky
CTPYKTYpBl OpOMENHMHA IS JOKWHTa BHI-
NOJHSUIM 1O cTaHjmapTtHo ans Autodock
Vina cxeMe, ONMCAaHHOW aBTOpPaMHU TaKeTa
Ha caiite: u3 BXxogHoro (aina PDB 6bum

yAQJICHBl KOOPJIWHATHI aTOMOB (M CaMH
aTOMBI) MOJIEKYJI pPACTBOPUTENSI U UHBIX CO-
enquHeHui. L{eHTp MOJIeKyJbl U TapaMeTphl
0okca («TYEHKU») MBI 3aJaBalld BPYUYHYIO,
TO0OMBAsICh TOTO, YTOOBI MOJIEKYJia MPOTe-
a3bl TOJHOCTHIO ObLIa BHYTPH PACUYETHOM
00J1aCTH TPOCTPAHCTBA.

Monenb CTpyKTYpbl KApOOKCHMETUIIIIEI-
JII0J103b1 ObLJIa HAPUCOBAHA B MOJIEKYJIIPHOM
koHcTpykTope HyperChem, mocnemosa-
TEJIbHO ONTHUMHU3MpPOBaHA CHayaja B CHJIO-
BoM mojie AMBER, a moToM KBaHTOBO-XH-
Muuecku — B PM3. Jlurang B pacuerax n10-
KHHTa UMeJ MaKCUMaJIbHYI0 KOH(pOpMaIu-
OHHYIO CBOOOJy: JOIYCKajoCh BpalleHHE
(YHKIIMOHATLHBIX TPYII BOKPYT BCEX OJTHU-
HapHbIX CBs3eil. PaccTtaHoBKa 3apsioB Ha
MOJIEKYJIE MOJIUCAXAPUIA U €€ TPOTOHUPO-
BaHHE/ICTIPOTOHUPOBAHUE OCYILECTBIIsI-

nuch aBroMatuueckd B mmakere MGLTools
1.5.6.

O0cy:xaeHne pe3y1bTaTOB

YcTaHOBNIEHO, YTO MPHU CO3/IaHUU acco-
MaToB OpoMelMHAa C MHUKpPOYacTULAMU
CPEAHEMOJIEKYIIPHOTO KapOOKCHUMETHIIXH-
TO3aHa ¢ MoJeKyJsipHoil maccon 200 x/la
(MY-CM-KMX) 1 BBICOKOMOJIEKYJISIPHOTO
KapOOKCHUMETHIIXUTO3aHa C MOJIEKYJISIpHON
maccoii 350 k/Ila (MU-BM-KMX), nonyuen-
HBIMU 0€3 100aBlieHHs] aCKOPOMHOBOM KHC-
JIOThI, aKTUBHOCTh OEJIOK-TIOIMCaXapHIHbIX
KOMIIJIEKCOB MO CPAaBHEHHIO CO CBOOOIHBIM
(dbepmenTom yBenuuuiack Ha 63 u 52% co-
oTBeTCTBEHHO. [Ip1 00pa3oBaHNU KOMILIEK-
COB OpoMeNMHa ¢ MUKpPOYacTULIaMU 00OUX
TUIOB KapOOKCUMETUIXUTO3aHa, MOJIyYeH-
HBIMU C J00aBJIGHMEM acCKOpPOWHOBOM KHC-
aotel  (MY-CM-KMX-Ack u MY-BM-
KMX-Ack), ero akTUBHOCTb CTajia BbIIIE Ha
69 u 55% (puc. 1).

[Ipu kommiekcooOpa3oBaHuUU OpoMe-
JMHA C HAHOYACTUIIAMH CPEIHEMOJIEKYJISP-
Horo (HU-CM-KMX) u BbIcOKOMOJIEKYISIp-
Horo (HU-BM-KMX) kapOOKCHMETHIIXUTO-
3aHOB, TIOJYYEHHBIMU O€3 T0OaBICHUS ac-
KOpPOMHOBOM KHCIOTHI, aKTUBHOCTb THOPHU/I-
HbIX OMOKATaJIM3aTOpPOB IO CPAaBHEHHUIO CO
CBOOOHBIM (DEPMEHTOM YBEIMUYMIACH HA 62
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Puc. 1. KatanmuTudueckas akTHBHOCTh OpoMenuHa, ei1/mi (a) u e€ usmenenue, % (0): pacTBo-
puMblii 6pomenuH (1); Opomenun B komiuiekce ¢ MU-CM-KMX (2); 6pomenia ¢ MU-CM-
KMX-Ack (3); 6pomennt ¢ MU-BM-KMX (4); 6pomenun ¢ MU-BM-KMX-Ack (5); 6pomernnn
¢ HY-CM-KMX (6); 6pomenun ¢ HU-CM-KMX-Ack (7); 6pomenun ¢ HU-BM-KMX (8); 6po-
menun ¢ HI-BM-KMX-Ack (9). 3a 100 % npunsTa akTHBHOCTB CBOOOIHOTO Opomernuna (1)
I[IpU ONITUMAJIBHBIX YCIIOBUAX T'HAPOJIN3A.

Fig. 1. Catalytic activity of bromelain, units/ml (a) and its change, % (b): soluble bromelain
(1); bromelain in complex with MP-MM-CMCh (2); bromelain with MP-MM-CMCh -Asc (3);
bromelain with MP-HM-CMCh (4); bromelain with MP-HM-CMCh -Asc (5); bromelain with
NP-MM-CMCh (6); bromelain with NP-MM-CMCh-Asc (7); bromelain with NP-HM-CMCh

(8); bromelain with NP-HM-CMCh-Asc (9). The activity of free bromelain (1) under optimal
hydrolysis conditions was taken as 100%.

u 30% cootsercTBeHHo. [Ipu dhopmupona-
HUU KOMILIEKCOB OpOMeNIMHA C HAaHOYaCTH-
HaMM OOOMX THUIOB KapOOKCHMETHIIXMTO-
3aHa, MOJIyYEHHBIMH C 100aBJIEHUEM acKOp-
ounoBoit kucnotel (HY-CM-KMX-Ack u
HUY-BM-KMX-Ack), ero KaTaqiuTudeckas
crocoOHOCTh yBenuumiack Ha 65 u 50%
(puc. 1).

KommnekcoobpazoBanue OpomenuHa co
BCEMH U3y4aeMbIMH HAMH THITAMH MUKPO- 1
HaHOYACTHI] IPUBOINIIO K MOBBIIIEHUIO CTa-
OowibHOCTH (pepMeHTa, HauMHas ¢ 4 4acoB
nunkyOauu npu 37°C B 0.05 M Tpuc-HCI

oydepe (pH 7.5).

ITocne 168 yacos unkyOaruu npu 37°C B
0.05 M tpuc-HCI 6ydepe (pH 7.5) 6pome-
auH coxpaHsl 15% cBoel KaTaauTHUeCcKOn
aKTUBHOCTH, KoMIiekchl ¢ MU-CM-KMX u
MY-BM-KMX nposiBisiii COOTBETCTBEHHO
59 u 54% cBoeil kaTadUTHYECKOH crocoo-
HOCTH, a KoMmIniekcsl ¢ MU-CM-KMX-Ack
u MUY-BM-KMX-Ack coxpansiiu 69 u 62%
UX IPOTEOJIMTHUECKON aKTUBHOCTH (pHC. 2).
[Ipn strom xommnekcbl ¢ HY-CM-KMX u
HY-BM-KMX nposiBisii COOTBETCTBEHHO
51 u 57 % cBoelt KaTaIUTUYECKON CrIOCOO-
HOCTH, B TO BpeMs Kak accouuarsl ¢ HY-
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Puc. 2. Ocrarounas kKaTamuTHYECKass aKTUBHOCTh OpOMETHA ITOCIie HHKYyOaIrwu 00pa3Ios
npu 37°C u pH 7.5 B en/mi (a) u % (0) OT nepBOHAYATIBHOTO YPOBHS: CBOOOAHBIN OpomenuH (1);
opomenuH B komiuiekce ¢ MU-CM-KMX (2); 6pomennn ¢ MYU-CM-KMX-Ack (3); OpoMenuH ¢
MY-BM-KMX (4); 6pomenn ¢ MU-BM-KMX-Ack (5). 3a 100 % npunsita hepmeHTaTUBHAS
AKTHUBHOCTB O6paSI_IOB, Ha6m0;[aeMa$[ 0e3 ux Hpe,I[BapHTeHLHOﬁ I/IHKy6aLII/II/I U IIpU ONITUMAJIbHBIX
YCIIOBUAX T'HUAPOJIN3a.

Fig. 2. Residual catalytic activity of bromelain after incubation of samples at 37°C and pH 7.5
in units/ml (a) and % (b) of the initial level: free bromelain (1); bromelain in complex with MP-
MM-CMCh (2); bromelain with MP-MM-CMCh-Asc (3); bromelain with MP-HM-CMCh (4);

bromelain with MP-HM-CMCh-Asc (5). The enzymatic activity of samples observed without
prior incubation and under optimal hydrolysis conditions was taken as 100%.

CM-KMX-Ack n HY-BM-KMX-Ack co-
xpaHaau 58 u 61% ux mpOTEOTUTHIECKON
aKTUBHOCTH (pHC. 3).

Ha 3akmrountensHoM 3Tane paboThl MbI
CPaBHWJIM aKTUBHOCTh M CTAOUJIBHOCTbH IO-
Jy4YEHHBIX acCOLMaTOB OpOMENNHA C HaHO-
U MHKPOYACTHIIAaMU KapOOKCHUMETHIIXUTO-
3aHa C MpenaparaMd Ha OCHOBE XMTO3aHa,
II0JIy4€HHBIMM HamH paHee [ 1]. BHe 3aBucu-
MOCTH OT BBIOPAHHOTO JJISl MOJIy4EeHHUS Ya-
CTHIl TIOJMCaxapHuaa HaOJ0Jaloch IOBbI-
IIeHue CTaOUITLHOCTH (PEPMEHTA 110 CpaBHE-
HUIO C ero pacTBOpUMOi hopmoii. OtHaKo B
Clly4ae MCIOJIb30BAHUS XUTO3aHA MPOLEHT
COXPAaHEHHs KaTaJIMTUYECKONW aKTUBHOCTH
dbepmeHTa OBLT CYIIECTBEHHO HHUXKE, YeM

[IpY IPUMEHEHNH B Ka4yeCTBE HOCUTES Kap-
OOKCUMETUIIXUTO3aHa, COPOIIHS Ha KOTOPOM
MO3BOJISIET TOBBICUTH TMPOTEOTUTUYECKYIO
aKTUBHOCTH OpomenrHa Ha 69 % (st KOM-
wiekca OpomenuHa ¢ MY-CM-KMX-Ack)
110 CPaBHEHHUIO CO cBOOOHOU hopmoit dep-
MeHTa. DTOT pe3ybTaT o{4epKUBaET 1ielie-
Cc000pa3HOCTh MOJU(DHUKAIINN XUTO3aHA JIJIS
€ro JajbHEUIIEero MCHOJIb30BAHUS B Kaue-
CTBE HOCHTENS [MCTEHHOBBIX IpOTEa3s, a
TaKXKe PacHIUpsieT NepCHeKTHBBI paKTHye-
CKOTO MpUMEHEHUs1 OpoMenuHa.

J1st 00bsCHEHMS ITOJTyYeHHBIX Pe3yJbTa-
TOB 10 AKTUBAIIMH OpOMETHHA TPH UMMOOH-
JAM3allMd Ha KapOOKCHMETHJIXMTO3aHe (B
CpaBHEHHH C WCIIOJIH30BAHUEM XHTO3aHa B
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Puc. 3. Octarounas KaTalTuTHYeCKas aKTHBHOCTb OpOMEIHA IToclie HHKyOaIu 00pasios
npu 37°C u pH 7.5 B eni/mi1 (a) 1 B % (6) OT IepBOHAYATIBHOTO YPOBHS: CBOOOIHBIN OPOMEITHH
(1); 6pomenuu ¢ HH-CM-KMX (2); 6pomenun ¢ HI-CM-KMX-Ack (3); 6pomennn ¢ HH-BM-

KMX (4); 6pomenun ¢ HU-BM-KMX-Ack (5). 3a 100 % npunsta GpepMeHTaTHBHAS aKTHBHOCTh
00pa31oB, HaOIOJaeMast 0e3 UX MPEBAPUTEIIBHON HHKYOAIUY U PU ONTUMAJIBHBIX YCIOBUSIX
THJIPOJIN3A.

Fig. 3. Residual catalytic activity of bromelain after incubation of samples at 37°C and pH 7.5
in units/ml (a) and % (b) of the initial level: free bromelain (1); bromelain in complex with NP-
MM-CMCh (2); bromelain with NP-MM-CMCh-Asc (3); bromelain with NP-HM-CMCh (4);

bromelain with NP-HM-CMCh-Asc (5). The enzymatic activity of samples observed without
prior incubation and under optimal hydrolysis conditions was taken as 100%.

KayecTBe a/icopOeHTa) Mbl IPUMEHUIIU Me-
TOJ MOJIEKyJIsIpHOro nokuHra. Ha puc. 4
IPEJICTAaBICHbl  TOIMOJIOTUM  KOMILJIEKCOB
OpOMEIMH-XUTO3aH U OpOMETMH-KapOOKCH-
METHIXUTO3aH. MoJekybl 060ux mosuca-
XapuaoB JIOKAJIU3YIOTCA B IIOJOCTH TJIO-
OyJsbl, YKa3bIBasi Ha BO3MOKHOCTb X B3au-
MOJICHCTBUSL KaK C KaTAIUTUYECKH 3HAYU-
MBIMH @MHUHOKHCIIOTHBIMH OCTaTKaMHU, TaK U
C IPOYMMH MOBEPXHOCTHBIMU aMHUHOKHCIIO-
TaMH.

Jeranu3anus B3aMMOJEHCTBUM 10 TUIIAM
(Tabnuiia) moka3bIBaeT, yTO MpU 0Opa3oBa-
HUM KOMIUIEKca OpomenuH-KapOoKcume-
TUIXUTO3aH (opmupyercs 13 BOJOPOIHBIX

CBs3€H, TOrja Kak Impu aacopouuu ¢ep-
MEHTa Ha XUTO3aHe UX 12, mpuueM psija aMmu-
HOKUCIOTHBIX ocTaTkoB (Thrl5, Lysl8,
Glu51, Trpl61, Lys179) yuactByeT B 0Opa-
30BaHUH BOJOPOIHBIX CBsI3eH ¢ 000MMU TH-
MamMH IoJIMcaxapuoB. X0oTeloch Obl OTMe-
THUTh, YTO B KOMIUIEKCE OPOMEITHH-XUTO3aH
OJlHa U3 BOJOPOIHBIX CBs3el oOpaszyercs ¢
yuactuem His158 AMHHOKHCIIOTHOTO
OCTaTKa, HEMOCPEICTBEHHO BXOJIIEro B
aKkTUBHBIN 1eHTp depmenTa. [Ipu copbumu
Ha  MaTpuie  KapOOKCHUMETHIIXMTO3aHa
His158 oOpa3yer aBa COJNEBBIX MOCTHKA C
MaTpuleil Hocurens. BeposTHO, 3TOT (akt
1 00YCIIOBIMBACT BHIPAKECHHYIO aKTHBAIIHAIO
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Puc. 4. Tonosnorus KOMIUIEKCOB OpOMENMHA C XUTO3aHOM (CIeBa) U KapOOKCUMETUIIXUTO3aHOM (CIIpaBa).
Fig. 4. Topology of bromelain complexes with chitosan (left) and carboxymethyl chitosan (right).

Tabnuia. AMUHOKHCIIOTHBIE OCTATKH OpOMENHA, KOTOpBbIe 00pa3yIoT CBSI3U M B3aMMOJICHCTBUS
C XUTO3aHOM U KapOOKCHMETHIIXHTO3aHOM (B CKOOKaX yKa3zaHa MPHHAAICKHOCTh aMUHOKUCIIOT-
HOT'O OCTaTKa K YHOPSIOYEHHBIM 3JIEMEHTaM BTOPUYHOM CTPYKTYpPHI Oellka, eCi CKOOKH OTCYyT-
CTBYIOT, TO aMHUHOKHCJIOTAa BXOAUT B COCTAaB HEYNMOPAAOUCHHBIX YYaCTKOB MOJICKYJIbI 66]'[1(3.)
Table. Bromelain’s aminoacid residues interacting with chitosan and carboxymethylchitosan (the
assignment of the aminoacid residues with the ordered elements of the secondary protein structure
is indicated in brackets; if the brackets are absent, then the amino acid is part of the disordered
regions of the protein)

AMHUHOKHCIIOTHBIE OCTAaTKH, YYAaCTBYIOIIKE B 00pa30BaHUU

ruapodoOHBIX
. 3NEKTPOCTATUIECKUX 3¢ (hexToB, 00YCIOBICHHBIX
BOJIOPOJHBIX CBSI3€l, N o
B3aMOACUCTBUU (COJIGBI)IX JIOHOOHOBCKHMMH U BaH-ACP-
nmuHa, A
MOCTHKOB) BaaJbCOBBIMU
B3aMMOJICHCTBUSIMH
B KOMIIIEKCE OPOMENIMHA C XUTO3aHOM
Thrl5, 3.13, 3.13;
Lys18, 3.08, 3.42;
Glu51 (al2), 3.80;
Phe140, 3.12; Lys144 Ala33(aL1)

His158 (BR), 2.83; Thrl61
(BR), 3.15, 4.03;
Lys179, 2.92, 3.61;
Tyr185, 3.02

B KOMIIJICKCE 6p0MeJ]I/IHa C Kap6OKCI/IMeTI/IJIXI/IT033HOM

Thrl5, 3.83;
Lys18, 3.35;
Asnl9, 3.29, 3.49; GIn20,
2.99, 3.94; Asn21, 3.92;
Cys23, 3.09;

Glu51 (aL2), 2.87; Trpl6l
(BR), 3.85; Lys179, 2.90;
Trp180, 3.23;
Gly184, 3.58

Lys18;

His158 (BR, 2 moctuka) Proz2

OpoMesMHa B COCTaBe KOMIUIEKCa C KapOOK- MHUHHMAaJIbHOM KOJIMYECTBE B OOOMX KOM-
CUMETUIIXUTO3aHOM. mwiekcax. OTAETbHO CTOUT OTMETHUTbH, YTO

DJEeKTpOCTaTHUECKUE B3aUMOACHCTBUS U KOMIUIEKCOOOpa30BaHUE IMPOTEKaeT, B OC-
ruipo@oOHbie IPGEeKThl MpencTaBIeHbl B
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HOBHOM, 4epe3 B3auMOJICHCTBUSA C aMHUHO-
KHACJIOTHBIMH OCTAaTKaMH, OTHOCSIIMMCS K
HEYNOPSAAOYEHHbIM  00J7acTsAM  IJI00YJIbI
OpomenuHa, yTo 00YCIIOBJIEHO UX cTepuye-
CKOM JIOCTYMHOCTBIO, a TakKe C BOBJIEYE-
HUeM aMuHOKHCHOT oLl u al2-ciupaneii u
BR-cknamyarocTn B KOMIUIEKCE € XUTO3a-
HOM U olL2-criupanu u BR-ckiaggarocTu B
KOMILJIEKCE ¢ KapOOKCUMETHUIIXUTO3aHOM.

3akjarouyeHue

B xone npoxenanHoit pabOTHI HaM yJa-
JIOCh TTOJIYYUTh MUKPO- U HAHOYACTHUIIBI Kap-
OOKCHUMETUIIXUTO3aHOB C MOJICKYJISIPHBIMU
Maccamu 200 u 350 x/la 6e3 u ¢ moOaBiie-
HHUEM acKOpOWMHOBOH KHCIOTHL. benmok-mo-
JUCaxapuIHbIe KOMIUIEKChl OpOMENIMHA C
MHUKPO- U HAHOYACTUIIAMH KapOOKCUMETHJI-
XUTO3aHOB, C(POPMUPOBAHHBIMH KaK C JI0-
OaBJecHUEM aCKOPOMHOBOM KHCIIOTBI, TaK U
0e3 Hee, MPOSBISIIM MPOTEA3HYH AKTHUB-
HOCTbB B ~ 1.5-1.7 pa3 Beiiie, yem pepMeHT B
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AnHoTauus. PaGoTa nocssiieHa uccieoBanuio 00pa3iioB BOJOKHUCTHIX HOHOOOMEHHBIX MaTEPUaIoB MapKu
OUBAH kak copOeHTOB U3 BOAHBIX PACTBOPOB I'€TEPOAPOMATHYECKOM aMHHOKUCIOTH — Tpunrodana. s
MpeIBapUTEIHLHON OIIEHKH KHUCIOTHO-OCHOBHBIX CBOHCTB copbenToB ®UBAH A-1 u A-5 mpoBeneHo ux mo-
TEHIIMOMETPUYECKOE THTPOBAHUE METOJOM OTIENBHBIX HABECOK IPU HOHHOM CHIIE pacTBOpa
0.1 M. Paccumnrano o01ee KOJIM9ecTBO HOHOTEHHBIX TPYTI ¥ KOJIWYECTBO aMHHOTPYIIII, OTIIMYAIOIINXCS CBOCH
OCHOBHOCTHIO. Pemntenniem ypaBHenus ['ennepcona-I accens6axa rpaguaeckiM criocodoM paccuuTaHbl Kaxy-
muyecs KOHCTAHThI OCHOBHOCTH (DYHKIIMOHAIBHBIX I'PYIII UCCIEAYEMbIX BOJIOKOH.

JlaHa orieHka BO3MOKHOCTHU TpuMeHeHus BoJokoH @MBAH A-5 u A-1 11 u3BiiedeHus U3 BOJHBIX paCTBOPOB
reTepoapoOMaTHICCKUX aAMUHOKHUCIIOT Ha TIPUMeEpe B-HHI0IMIAMUHOIPOITHOHOBOM KUCIIOTHI (TpunTodana, Trp).
OTMeueHo, YTO MO OTHOIIEHHIO K TpunTodany Haubosee 3hHEeKTHBHBIM COPOSHTOM SIBIISIETCSI BBICOKOOCHOB-
HbIl aHnoHooOMeHHNK PUIBAH A-1, obecnieunBaroniuii yuyacTre B MOTJIONICHUH aMUHOKHUCIIOTH HE TOJIBKO
(YHKIMOHAJBHBIX TPYIMII, HO M YaCTUYHO MaTpHIbl copOeHTa. VccienoBaHue KOJMMYECTBA MOTJIONIEHHOTO
copOTHBa pH pa3nuyHbIX Temneparypax (293 u 323 K) yka3biBaeT Ha 9HIOTEpMHYECKHUIT XapakTep copOun
— YBEJIMUCHHE TEMIIEPATypPhl HOBBIIIAET CTENICHb M3BJICUCHHS 1P UCCIEAYeMbIMU BOJIOKHAMH.

B pabote nana oneHka rupaTaiOHHBIX CBOMCTB COPOEHTOB JI0 U MTOCIIE MOTIIOMIEHHUS TeTepOapOMaTHIECKOH
aMHMHOKHCIIOTHL. OTMedeHa eruaparaius copoeHTos nocne copoimn tpunrodana. CoriaacHo aHaIM3y H30-
TepM copOIMK apoB BObI 00pa3liaMn HOHOOOMEHHHUKOB, TaHHOE SIBJICHUE CBSI3aHO C yMEHBIIEHHEM KOJInye-
CTBa «CBOOOIHOW» BOJIBI B MaTpHIe cOpOEHTa.

KarwueBble ciioBa: noHooOMeHHbIe BoiokHa, PVUBAH, TpunTodaH, MOTCHIMOMETPUIECKOE THTPOBAHUE
HOHOOOMEHHHUKOB, COPOLIHS.
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Abstract. The work is devoted to the study of samples of fibrous ion—-exchange materials of the FIBAN brand
as sorbents of the heteroaromatic amino acid tryptophan from aqueous solutions. For a preliminary assessment
of the acid-base properties of the sorbents FIBAN A-1 and A-5, their potentiometric titration was carried out
by the method of separate weighed portions at the ionic strength of the solution 0.1 M. The total number of
ionogenic groups and the number of amino groups differing in their basicity are calculated. By solving the
Henderson-Hasselbach equation, the apparent basicity constants of the functional groups of the fibers under
study are calculated graphically.

The possibility of using FIBAN A-5 and A-1 fibers for the extraction of heteroaromatic amino acids from
aqueous solutions is evaluated using the sample of p-indolylaminopropionic acid (tryptophan, Trp).

It is noted that, in relation to tryptophan, the most effective sorbent is the strong basic anion exchanger FIBAN
A-1, which provides participation in the absorption of amino acids not only of functional groups, but also
partially of the sorbent matrix. The study of the amount of sorbed sorbtive at different temperatures (293 and
323 K) indicates an endothermic character of sorption - an increase in temperature increases the degree of Trp
extraction by the studied fibers.

The paper evaluates the hydration properties of sorbents before and after sorption of a heteroaromatic amino
acid. Dehydration of sorbents after tryptophan sorption was noted. According to the analysis of the isotherms
of water vapor sorption by ion exchanger samples, this phenomenon is associated with a decrease in the amount
of "free" water in the sorbent matrix.

Keywords: ion-exchange fibers, FIBAN, tryptophan, potentiometric titration of ion exchangers, sorption.
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YHUCIIO padoT MO UCCIEI0BAaHUIO OCOOEHHO-

BBenenune o
CTel copOLMKY AMHUHOKHUCIIOT MOCBSIIIEHO HC-

W3BecTHO, YTO COpPOLIMOHHBIE METOJBI,
IpeJloJiaratoliue MorjaoueHne KOMIOHEH-
TOB TBepJoW (a3oil (copOEHTOM), UCIOIb-
3YIOT JUIsl pa3[ielieHus, BbIIETICHUS U KOH-
LEHTPUPOBAHMS BEILIECTB U3 )KUJIKUX U Ta30-
BbIX (pa3. B xauecTBe COpOEHTOB MpHU ITOM
MPUMEHSIOT Pa3JIMYHbIE MaTepHUAIIbl: aKTHUB-
HBIE YTJIH, IIEO0JIUTHI, TTTMHUCTHIE MUHEPATBI,
CUJIMKAresb, OKCHJI aTFOMUHUS, MOTUDUITHU-
poBaHHbBIE COPOEHTHI Ha OCHOBE CHUJIMKAress
U LIEJUII0JIO3b], CAHTETUYECKUE HEOpPraHUve-
CKH€ M OpraHuuecKre HOHOOOMeHHUKH [1-7].

B uactHOCTH, MOHOOOMEHHBIE MaTepu-
ajbl MOTYT PeIIaTh Ba)XHBIE MPAKTUYECKUE
3a/1a4d MPU UX UCHOJb30BAHUHU B KaueCTBE
COpOEHTOB HEKOTOPBIX KJIACCOB OpraHuye-
CKHUX BEIIECTB, HAIIPUMEP, AMUHOKHCIIOT [8-
10]. 3BneyeHne Takoro pojaa CoeITUHEHUIH
COTIPSIKEHO C BO3MOXKHOCTHIO MMPOTEKaHUs B
cucTeMe HOHOOOMEHHUK — pacTBOp pa3iny-
HBIX B3aUMOJCHCTBUN C COpPOCHTOM Kak
HEMOCPEICTBEHHO 3a CYET HOHHOTO 0OMeHa,
TaK W HEOOMEHHBIX peakuuii. bombiee

MOJIb30BAaHHUIO TPAHYJIBHBIX MOHOOOMEHHHU-
koB. OJHaKO MOHOOOMEHHBIE MaTepHabl
MIPOU3BOIATCS M B BHJIE BOJIOKOH, B YAaCTHO-
ctH, BosiokoH Mmapok BUOH u ®UBAH [11-
13]. lenp HacTOsIIEH pabOTHI — HCCIIEA0BA-
HUE  HEKOTOPbIX  (PU3UKO-XMMHUYECKUX
CBOWCTB BOJIOKHUCTHIX aHHOHOOOMEHHHKOB
mapku OPUBAH kak copOEHTOB TpHUINTO-
(dana.

3KC1’[epl/lMeHTaJ1bHaﬂ HacTb

B kadectBe copOTHBa B HacTosIIEH pa-
00Te MCIOJIB30BATHM I'eTEPOAPOMATUICCKYIO
AMHHOKHUCIIOTY TpunTodaH — P-HHIOJMIA-
MHUHOIIPOITMOHOBYIO KuCioTy (X.4., Sigma
Aldrich), ocHoBHBIE CBOIiCTBa KOTOPOI MPH-
BEJICHBI B Ta0uIIe 1.

OmnpeeneHre KOHIIEHTPAIIMA aMHUHOKHC-
JIOTBI B PACTBOPE MPOBOIMIIH CIIEKTPOHOTO-
Metpuuecku Ha mpubope CD-2000 (OKb
«Cnextpy, Poccust) mpu iymiHe BOSTHBI 277 HM.
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Tabmuma 1. Hekotopsre pH3HKO-XUMHYECKHE CBOMCTBA aMHHOKHUCIIOTHI [14]
Table 1. Some physico-chemical properties of an amino acid [14]

XapaKTepUCTHKH Tpunrodan (Trp)
@]
CrpykrypHas ¢popMyia OH
’ NH
HN 2
MousipHast Macca, I/MOJIb 204.23

PactBopumocTts, 1/100rH,0O 1.06
pl 5.89
a-COCOH 2.38
PK o-NH,, 9.49

B kauectBe cOpOEHTOB UCIOIB30BAIIN HOHO-
oomennsie BosiokHa DPUBAH A-1 u A-5
(MHCTUTYT OU3UKO-OPTAHUYE-
CKU XUMHU HALIMOHAJIBHOM
AKAJZTIEMUU HAVYK BEJIAPYCH). [lan-
HbIe 00pa3lbl NPEACTABISAIOT cO00M MOJH-
IPONWJICHOBOE M IOJIMAKPUIOHUTPHIBHOE
BOJIOKHA, COOTBETCTBEHHO, C ()YHKIIMOHAIIb-
HbIMH aHHOHOOOMEHHbIMHU rpynnamu. Cop-
OCHTBI Iepe]1 UCCIIeI0BAHNEM ITEPEBOIIIIN B
OH-dopmy.

KucnoTHO-0CHOBHBIE CBOMCTBA HCCIIEY-
eMBIX 00pa3lloB MOHOOOMEHHHUKOB OIpe/ie-
JSUTA C TIOMOIIBIO TTOTEHIIMOMETPHYECKOTO
TUTPOBaHUS COPOEHTOB 100aBIEHUEM K OT-
JIeTbHBIM HaBECKaM COpOEHTa pa3iIMyHBIX
00beMoB 0.1 M pacTBopa COJISIHOM KUCIIOTBHI.
ITocTOsSIHHYI0O MOHHYIO CHIIy pacTBOpa CoO-
3naBanu nodasieHuem 0.1 M pactBopa uH-
maddepentaoro  snekrpommra —  KCL.
Bpemst ycTaHoBieHus paBHOBECHsS B CH-
creme copOeHT — pactBop tuTpanta (HCI)
cocraBisuio 5 cyrok. Janee usmepsuiim pH
pacTtBopa Ha pudope nonomep M-160MU n
CTPOMJIM KpPHBBIE MOTEHIIMOMETPUYECKOTO
TUTPOBAHUS.

CopO6muto Tpuntodana mpoOBOAMIN B CTa-
TUYECKUX YCIOBHUAX METOJOM OIpaHHYEeH-
HOTo 00beMa MPH KOHIICHTPAIUU COpOTHBA
B pactBope 0.01 M npu nepemenBaHuN
250 06/MuH Ha OpOUTATILHOM LIEHKEpe-UH-
kybatope BioSan ES-20/60 ¢ konTposem
Temneparypsl £2°C.

W3yueHnne B3auMOJCHCTBUS MOJEKYIH
BOJIBI C OOpa3liaMd BOJIOKOH JI0 W TIOCIHE
copOuuu TpunTodaHa MpoOBOIUIN METOJOM
M30MUECTUPOBAHUS pH TeMiieparype 298K.

CopOeHThI B pa3HbIX (popMax, BHICYIICHHbBIC
710 MOCTOsIHHOM Maccbl npu 298K, npuso-
JIWIA B KOHTAKT C IapaMH HAaCBIIICHHBIX
pactBopoB coneit K2Cr207, LIiCl, NaCl,
Ca(NO3)2, KCI, CaCl,, nmomemeHHbIX Ha
JIHO 3KCHUKATOPa U BBIACPKUBAIH 10 TOCTH-
’KEHHSI PABHOBECHOT'O COCTOSIHUSL.

O0cy:xaeHne pe3y1bTaToOB

B xoze uccrienoBanus onpeaeneHbl KUuc-
JOTHO-OCHOBHBIE, TUAPATAIIMOHHEIE U COPO-
IIMOHHBIE XapaKTEPUCTUKU 0Opa3IoB BOJIO-
koH ®UBAH A-1 u A-5.

MeToaoM KHCIOTHO-OCHOBHOTO IOTEH-
[IUOMETPUYECKOTO THTPOBAHUS TIOTYYEHBI
MHTETpajbHble U AuddepeHranbpHbIe 3aBU-
cumoctu pH-V(HCI), koTopsie mo3Bosniu
paccuMTaTh CyYMMapHyl0 OOMEHHYIO eM-
KOCTh M €MKOCTh IO OT/EITHHBIM HOHOTEH-
HBIM Tpynmnam o0pa3unoB BosiokoH. Ilpen-
CTaBJICHHE TTOJYYEHHBIX JaHHBIX B KOOP/IH-
Hartax ypaBHeHus [ eHnepcona-I"accenpbaxa
(1), MO3BONMIIO OLIEHUTH KaXKylIuecs KOH-
crautbl ocHOBHOCTH (PK'p) (YHKIMOHANB-
HBIX TPYII BOJIOKHUCTHIX MaT€pPHAaJIOB.

pH = pK), +nlg — (L)
TZie N — MapaMeTp, CBA3aHHBIN C AIEKTPOCTA-
TUYECKUM B3aUMOJCHCTBUEM; O — CTEIECHb
HWOHU3AINHN COPOCHTA.

Pe3ynbTaThl HcclieIOBaHUS! EMKOCTHBIX H
KHCJIOTHO-OCHOBHBIX CBOWCTB COpPOEHTOB
MPEJCTaBIICHbI B TAOIUIIE 2.

CornacHo MMoTy4YeHHBIM JTAHHBIM, MOKHO
NPUHUMATh, YTO TP MOHHOH CHJIE pacTBOpa
0.1 M uccnemyembie COpPOSHTHI OTINYAIOTCS
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Ta6mmma 2. EMKOCTHBIE M KUCIIOTHO-OCHOBHBIC XapakTeprucTuku BojokoH ®PUBAH
Table 2. Capacitive and acid-base characteristics of fibers of FIBAN

Bropuunas YerBepTUuHOE
TpernuHas aMuHOTrpynmna
aMUHOTpynna aMMOHHEBOE OCHOBaHUE
CopOeHTt 0 0 0
MMOJIB/T PK' n MMOJIB/T PK n MMOJIB/T PK' n
OUBAH
A-1 — — — — — — 24 6.1 15
PO 11 | 70 | 26 | 24 | 59 | 11| - .

10 CBOEH OCHOBHOCTH HE3HAUUTENIBHO U OT-
HOCSTCS K CpPEJHEOCHOBHBIM. B o0pasie
OUBAH A-5 Gonbiiee xonuyecTBo (GyHK-
[IUOHAJILHBIX TPYII MPUXOAUTCS HA TPETHY-
HBIE aMUHOTPYIIIBI M COCTABISET OT 00IIEro
KojuyecTBa 68%.

BBuay Toro, 4ro aMHUHOKHUCIOTHI CIIO-
COOHBI yIep)KUBAThCS HA TPAHYJIBHBIX aHU-
OHOOOMEHHHKAX Pa3InIHOM OCHOBHOCTH [9,
15], BBI3BIBAJIO MHTEPEC MOBEJACHUE BOJIOK-
HUCTBIX 00pa3lOB [0 OTHOIICHHUIO K JIaH-
HBIM coequHeHusiM. B pabote ompezaenena
BO3MOXXHOCTh TPUMEHEHHUS BOJIOKOH B Kaue-
CTBE COPOCHTOB JUISI W3BJICUCHHS TPHIITO-
dana u3 BoAHBIX pacTBOpoB. OmpenencHue
KOJIMYECTBA TOTJIONMEHHOW aMHHOKHCIIOTHI
JUISL  HCCIEeyeMOro psiia  BOJIOKHHUCTBIX
MOHOOOMEHHUKOB TIPOBOIMIIN TIPU Pa3HBIX
COOTHOIIIEHUSX KOHTAKTHPYIOHHX (a3 (puc.
1) u Temneparypax (puc. 2).

CornacHo OIIEHKE KOJMYeCTBa TOIJIO-
[ICHHOH aMWHOKHCJIOTHI BOJIOKHAMH IPH
pa3iau4yHOM OOBEMHOM COOTHOIICHHH (a3
COpOEHT — PacTBOp, YCTAHOBJIEHO Haubosee
ONTUMAIFHOE COOTHOIIEHUE. Tak, COOTHO-
menue 1 : 300 sBhsieTcs HEAOCTATOYHBIM
JUTSL CO3JIaHUSI M30BITOYHOW KOHIIEHTPAIIUN
copOTHBa B pacTBOpE, TOITOMY KOJTHYECTBO
COpOMpPOBAaHHOTO TpUNTO(AaHA HIKE, YEM B
npyrux ycnoBusix. Coornomenue a3 T : XK
=1 : 400 aBisercs HanOOJIEE OIXOIAIIIM,
00ecnevYnBaroIIUM, ¢ OJHOW CTOPOHBI, YCIIO-
BHE M30BITKA aMUHOKHUCIIOTHI B PacTBOpE, C
JIpYyroil CTOPOHBI — TIO3BOJSIET H30EXKATh
OOJIBIIMX TOTPEITHOCTEH P OTIPeACTICHUN
OCTaTOYHOM KOHIICHTPAIIUU COPOTHBA B PaB-
HOBECHOM PACTBODE.

Taxxe ormedeHo, uro oopasenn PUBAH
A-1 mposBnsieT 6onblee CPOACTBO K TPHUII-
To(any, 4TO, BO3MOXKHO, CBSI3aHO C TEM, UTO
B (pase JaHHOTO COpOEHTa MPOTEKAET Iepe-
3apsijika aMUHOKHCIIOTBI U €€ MOHOOOMEH-
HOE 3aKperieHne B a3e copOeHrTa.

Kpowme Toro, B pabote uccie0BaHo BIIu-
SITHUE TeMIIepaTypbl pacTBOpa Ha COpPOLUIO
TpunTopaHa aHMOHOOOMEHHBIMH BOJIOK-
Hamu (puc. 2). OTMEYeHO, YTO MOTJIONICHHE
amuHOKHCIIOTEl npu 323K yBenmnuuBaercs
Ha copOentax ®UUIBAH A-1 u A-5, 310 cBH-
JIeTeIbCTBYET 00 3HAOTEPMHUECKOM IIpO-
1iecce MOrJIoMeHNus CopOTHBa.

[Ipu 3TOM IMydImIMMHU COpOLIMOHHBIMU Xa-
paKkTEepUCTUKAaMH OTHOCUTEIBHO TPHUIITO-
¢dana obmnangaer copbent PMBAH A-1. Oto
CBSI3aHO HE TOJBKO C TE€M, YTO OCHOBHBIM
MEXAaHU3MOM B HEM MOYKHO CUMTaThb MOHO-
OOMEHHBI, HO U C OCOOEHHOCTSIMH MaAaT-
pHIbl. A IMEHHO — HAJIMYKUE B ITOJIMIIPOIIH-
JIEHOBOM BOJIOKHE COIIOJIMMEpa CTUpOJia U
JTUBUHUIOEH30J1a, 4TO 00ecreunBaeT U He-
0OMEHHOE 3aKperieHue apoMaTUYEeCKOU
AMMHOKHUCIJIOTHI 32 CYET CTEKUHI-3(deKTa,
CBSI3aHHOTO C BO3HMKHOBEHHMEM COIPSIKE-
HUS MEX]ly O€H30JIbHBIMH KOJIbI[aMH COpO-
THUBA U MaTpPUIIbI COPOEHTA.

OTMeTUM, YTO BaXKHBIMU CBOMCTBAMH
MOHOOOMEHHHUKOB JH000H HpUpOAbI SABIS-
10TCA THJIpaTalluOHHBIE, TaK KaK cojJeprKa-
HUE BJIarU ONpejessieT HabyXaeMoCTh Cop-
OeHTa U, COOTBETCTBEHHO, IIPOCTPaHCTBEH-
HYI0  JIOCTYNIHOCTh  (DYHKIIMOHAJIBHBIX
rpynn. U3 autepaTypHBIX HCTOUYHUKOB U3-
BECTHO, YTO IOTJIOLIEHUE AMHUHOKHUCIOT, B
0COOEHHOCTH apOMaTUUYECKUX U FeTePOINK-
JUYECKUX, TPaHYJIbHBIMH HOHOOOMEHHHU-
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Puc. 1. 3aBuCHMOCTD KOJIMYECTBA MOTJIOIICHHOM
AMHHOKHCIIOTHI BOJIOKHOM OT COOTHOIIICHUA KOH-
TaKTUPYONIKX (ha3 COPOCHT : PacTBOp
(Co=0.01M): 1 —1:1000; 2—1:400;3-1:300
Fig. 1. Dependence of the amount of amino
acid sorbed by the fiber on the ratio of the con-
tacting phases sorbent : solution (C,=0.01M):
1-1:1000;2-1:400;3-1:300
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Puc. 2. 3aBUCUMOCTE KOJIHWYECTBA MOTJIO-
IIEHHOTO COPOTHBA BOJIOKHAMH OT TeMIIepa-
Typsl (Co=0.01 M): 1 =293 K, 2 — 323K

Fig. 2. Dependence of the amount of sorbed
amino acid by the fibers on temperature
(Co=0.01M):1-293K,2-323K

2

Puc. 3. Bnaroconepxanue copoentos mapku ®UBAH B pasnnunsix gpopmax: 1 — OH-dopma;
2 — (hopma, HachILIEHHAS! TPUIITO(HAHOM
Fig. 3. Moisture content of FIBAN sorbents in various forms: 1 — OH-form; 2 — form satu-
rated by tryptophan

KaMd ¥ HOHOOOMEHHBIMH MEMOpaHaMH CO-
HPOBOXKIAETCSI MPOILIECCOM  JIeTHIpaTaluU
[16, 17]. B Hacrosieii pabote Takke oIle-
HEHO COJIep)KaHUE pacTBOpHUTENs B (ase
copOeHTa JI0 ¥ TOCIe TOTIOMICH S TPHIITO-
dana.

Ha puc. 3 npencraBieHo cpaBHEHHE Be-
JWYUH BIIATOCOZACP)KaHUS B COpOCHTax B
OH-¢dopme u hopme, HACHIIIEHHOW aMHHO-
KHACJIOTOH, TMOJYYEHHBIX ITyTEM CYyXO-BO3-
JYIIHOW CyIIKH 00pa3ioB IPH TEMIIEpaType
323 K 10 mMOCTOSIHHOM MacChl.

OTMe4eHO, 4To /sl BOJIOKOH, HACHIIICH-
HBIX TPUNITO()AHOM, MPOUCXOJNUT YMEHBIIIE-
HUE Biarocojaepxxanus. [ uapodobHOCTH

COpOEHTY TPUIAET MOJIEKYJIa TeTePOLIUKITHU-
YECKOM aMMHOKHUCIOTHL. [Ipn 3TOM CHuMXe-
HUE COAEpKaHHsI PACTBOPHUTENS MOYTH Ha
34%, ornocurensHOoe OH-popmbl, HanbO-
Jiee XapakTepHo st A-1 BcineacTBue TOro,
YTO JAHHBIA COPOEHT OOJIbIIIE BCETO IMOTJIO-
maer TpuntopaH M3 BOJHBIX PACTBOPOB.
Jnss ®UBAH A-5 ymeHslieHue BIaroco-
nepxxanusi He npesbimaer 10% ot ucxon-
HOTO 3HAYEHHS.

bonee derkyro KapTUHY HpPOLIECCOB TH-
paTanuu B COpOEHTE J1aeT ee OLeHKa 10 U30-
TepMaM COpOIMU MapOB BOABI HOHOOOMEH-
HUKaMH JI0 ¥ mocie copOuuu Trp (puc. 4)
MIPH Pa3IMYHBIX OTHOCUTEIHHBIX JABICHUSIX
HACBILIEHHOTO BOJSHOTO Mapa.

810



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 4. C. 806-813.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 4. pp. 806-813.

80

mmonb/r 70 7
60 - T
50
40
30 { B
20 4

10 A 2

O:,: T T

p/p0
a

Q,

Mmmonb/r

1
p/p0

Puc. 4. M3otepMbl copOmmm mapoB Bobl BoslokHaMu A-1 (a) m A-5 (0) B pa3znuaHbIX (op-
Mmax: 1 — OH-dopma; 2 — popma, HackIIEHHAS TPUITOPAHOM
Fig. 4. Isotherms of water vapor sorption by fibers A-1 (a) and A-5 (b) in various forms:
1 — OH-form; 2 — form saturated by tryptophan

N3BecTHO, 4TO 1O (OpME H30IHUECTHI
MOYKHO MPOCIEANTH (POPMUPOBAHUE B COP-
OEHTE CIJI0SI MOJIEKYJI «CBSI3aHHON» U «CBO-
0o1HOI» Boabl. IlepBoe maro Ha moryyeH-
HBIX 3aBUCHUMOCTSIX YKa3bIBaeT Ha COPOLIUIO
MOJIEKYJI pACTBOPUTEIIS, IIPOYHO CBSA3BIBAIO-
muxcst ¢ (yHKIMOHAJIbHBIMU TIpyHIamMu
MOHOOOMEHHUKA, Jajee UAET MOIJIOLICHHUE
y’K€ MEHee CBSI3aHHOM «CBOOOIHOW» BOIBI.

[To mosry4eHHBIM TaHHBIM MOKHO YTBEp-
K/1aTh, YTO MOCJIE OJIOMEHHsI TpUNTo(haHa
NPOUCXOTUT JETUApaTaus KaK BBICOKO-,
TaK ¥ HU3KOOCHOBHBIX BOJIOKOH. IIpu 3TOM
BIUSIHUE TUAPOPOOHOTro (hparMeHTa aMUHO-
KHCJIOTHI B O0JIbLIEH Mepe onpenensieT CHU-
KEHHE KOJIMYECTBA MOJIEKYJ «CBOOOIHOI»
BO/JIbl, YEM «CBS3aHHOW».

Taxum 00pa3oM, Kak U B ciIydae HOHOO0-
MEHHHMKOB B BHJIE I'PaHyJ U IJIACTUH (MEM-
OpaHbl), BOJIOKHA IOCE COPOLMU TPUITO-
¢dana mpuobperaroT ruaPoPOOHOCTb, YTO
CKa3bIBAETCS HA MX THIPATAIMOHHBIX XapaK-
TEPUCTHKAX.

3akiaouyenue

B pabote mpoBeneH aHanu3 KUCIOTHO-
OCHOBHBIX  CBOWCTB  BOJIOKOH  MapKu
®OUBAH. Ha ocHOBE TaHHBIX TOTEHIIMOMET-
PUYECKOTO TUTPOBAHUS OIIEHEHO O0IIee KO-
JMYECTBO HOHOTEHHBIX TPYIII, a B cOpOeHTE
OUBAH A-5 1 KOTUYECTBO OTIEIBHO Tpe-
TUYHBIX U BTOPUYHBIX AMUHOTPYTII, PACCUU-
TaHbI X KQKYIIUECS KOHCTAHTHI OCHOBHOCTH.

OTMmeudeHo, YTO MO OTHOIIEHHUIO K TPHUII-
todany Hambonee >P(HEeKTHBHBIM COpPOCH-
TOM SIBJISIETCS BICOKOOCHOBHBIN aHHOHOO00-
menHuk OPUBAH A-1, oGecneunBaronimi
ydacTue B MOIJIONICHUH TeTepoapoMaThye-
CKOW aMHHOKHCIIOTHI HE TOJBKO (PYHKIIHO-
HAJIBHBIX TPYMM, HO U YaCTUYHO MATPHUIIBI
copObeHTa. JTO TO3BOJSET Y4YacTBOBATb
cOpOTHUBY HE TOJIBKO B OOMEHHOM, HO U He-
0OMEHHOM MEXaHW3M€ TOTJIOIIEHHS.

HccnenoBanue ruipaTalliOHHbBIX Xapak-
TEPUCTUK COPOEHTOB /IO M TOCJEe COpOIHH
HNOJTBEPKJIAET, YTO MPHUCYTCTBUE AMUHO-
KHUCJIOT CHHXAeT HaO0yXaeMOCTh 00Opa3lioB
BoJIOKOH. IIpu 3TOM, coriacHo uccienoBa-
HUIO U30TE€PM COpPOLIMH TAPOB BOJIbI, HAOIO-
JlaeTCsl CHIDKEHHE KOJIMYEeCTBA «CBOOO-
HOW» BOJIBI B CTPYKTYpE COpOCHTA.

Takum 00pa3oM, BOJIOKHHCTBIE MaTepH-
aJIbl HE YCTYNAIOT IPaHYJIbHBIM B () PeKTHB-
HOCTH TPH UCIIOJIb30BaHUH B KAUECTBE COP-
OCHTOB aMHUHOKHCIIOT, B YaCTHOCTH, TPHII-
topana. Mx wuccnenoBaHue MOXKET OBbITH
MEPCIEKTUBHBIM JIJIsl TIPUMEHEHHsI B OHO-
TEXHOJIOTUH.

Kongaukr uarepecon

ABTOpBI 3asIBJISIFOT, YTO y HUX HET W3-
BECTHBIX (PUHAHCOBBIX KOH(IUKTOB HHTEPE-
COB WIH JMYHBIX OTHOUIEHWH, KOTOpBIE
MOrJId ObI TIOBJIHMSATH HAa padoTy, MPEACTAB-
JIEHHYIO B 3TOM CTaThe.
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Baagumupa ®@enoposuua CejiemeHneBa
¢ 3aMedaTeJbLHBIM I0011eeM!

20 okTs0ps ocHOBaTeIb U OCCCMEHHBIN TJIABHBIN
penaktop )xypHaia «CopOIMoHHbBIE B XpoMaTorpadu-
gyeckue nporeccel» npodeccop B.d. CenemeneB oTme-
4aeT CBOI FOOMJICHHBIN JJEHb POKICHUS.

:3 @ o bonee mecrtunecaTu Je€T XKU3Hb U JIEATEIBHOCTH
rf‘j lﬁ) Brnagumupa ®enopoBuua cBsizaHbl ¢ BopoHEKCKUM
/""k T rOCy/IapCTBEHHBIM YHUBEPCUTETOM, XUMHUYECKUM (ha-

KYJIBTETOM, KadeIpoil aHATUTHIECKON XUMHH.

B.®. Cenemenen poauics 20 okts6ps 1939 rona B
c. Benuko-MuxaitnoBka benropoackoit ob6mnacru.
B 1962 r. okonunn xumudeckuit gaxyiabter BI'Y n
HayvaJ noJi pykoBoacTBoM ipodeccopa B.I1. Menemiko
CBOIO HAY4YHO-TIEJaroru4eckyto paboTy, pe3yabTaToM
KOTOpOM siBUIUCH KaHauaarckas (1972 r.), a 3arem u
nokropckas (1993 r.) quccepranuu, cTaTbl, MOHOTpa-
¢un, naTeHTsl, yuyeOHbIe TOCOOUSI.

bosee 20 net paboras 3aBenyromumM Kadeapoil aHamuTHueckoi Xxumun, Binagumup
®enopoBrY NPOSIBUII ce0s KaK yMEJIbIil OpraHu3aTop yueOHOro mporecca 1 Hay4HbIX
uccnenoBanuii. [1o ero nHUIIMAaTHBE HA XMUMHUYECKOM (pakynbTeTe co3aH U paboTaeT
Hay4yHO-00pa3zoBaTeNbHbIN HEHTpP «IOHUTHI 1 MEMOpaHbI», MHOTHE I'0JIbI OH SIBJISIETCS
[Tpencenarenem oprkomurera Beepoccuiickux koHpepeHInit 1 NIKOI-CEMUHAPOB /TS
MOJIO/IBIX YUEHBIX B 00JIACTH HMCCIEI0BaHUN COPOLIMOHHBIX U XpOMaTorpapuyecKux
IPOIIECCOB, TPOBOIUMBIX Ka(eapoil aHaTUTHIECKON XUMUU.

B.®. CenemeHeB akTUBHO y4acTBYET B HayUYHO-OPTraHU3AllMOHHON J1€ATEIbHOCTH,
aBisiercs wieHoM Hayunoro cosera no aHamutuyeckoil xumun PAH, unenom O0b-
€IMHEHHON KOMUCCHUU 110 XpoMaTorpauu, WieHOM pelKosuieruu xypHana «Konaen-
CHUpOBaHHbIE Cpe/ibl U MeX(a3Hble I'paHUIb), 3aMeCTHTEIeM [ J1aBHOTO penakropa
xKypHana «BectHuk Boponexckoro rocygapctBeHHoro yHusepcurera: Cepusi Xu-
Mmusd. buonorus. @apmanus», WIEHOM AUCCEPTALMOHHBIX coBeTOB BI'Y mo 3ammre
KaHJIUAATCKUX U TOKTOPCKUX JUCCepTaluil mo XxuMuyeckuM Haykam. [lox ero pyko-
BOJICTBOM 3aIIUIIEHO 34 KaHAUJATCKUX U 9 TOKTOPCKUX AMCCcEepTalMii. 3a 3aciIyTu B
Hay4yHOU nearenbHocTH Bnagumupy denopoBudy nmprcBOEHO MOYETHOE 3BaHUE «3a-
CILy’KEHHBIN JiesTenb Hayku PDy», oH HarpaxaeH pa3iudHbIMU I'PaMOTaMU U JUILIO-
MaMH BBICOKOTO YPOBHSI.

Bce 3nator B.®. CenemeneBa Kak co3iareist U pyKOBOJIUTEINS MaTPUOTUYECKOTO
kiy0a «[lamsTh», Opranuzaropa CriopTUBHBIX MPOOEroB o MecTaM 00eBoH ciaBkl Be-
Kol OTeueCTBEHHO! BOIHBI.

Brnagnmup ®enopoBrd — 4enoBeKk MIMPOKUX MHTEpecoB! Beerna moATSHYTHIN U
00pHIi, OH SBIISETCS IPUMEPOM JUI CBOMX YUEHUKOB M KoJuter. Tak nepkaTh, mpo-
deccop Cenemenen!

O0benuHEeHHAst KOMUCCHS IO XpoMaTorpapuu
Konnekrus kadenps! ananmutuaeckor xumuu BI'Y
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XPOMATOIPADPUA - OBJTIACTb
HALLEWN KOMMOETEHLLWW

MHHOBAL MK, TEXHONOTNKN, 060pYyA0BaHNE
N pacxodHble maTepuaibl

PA3PABATbIBAEM:
TEXHOIOTUW OUNCTKM CyOCTaHLLMIA
METO/bl BblAEEHUS N OUNCTKM MPUMecen
COpBEHTbI AN BCEX BUAOB
YKUAKOCTHON Xpomartorpadum
MeTO/bl KOHTPONS 6e30MacHOCTM
M NOA/IMHHOCTMN NPOAYKTOB
NMUTAHNS U KOPMOB

NMPON3BOANM:

COp6eHTbI A8 XxpomaTtorpadun

KOHLLeHTpMpYyoL e NaTpoHbl «nanaks

aHanutnueckme BIXKX-konoHkn «nachep» n «Haytunyc»

aHanTUYeCcKme KOMNAEKTbl A1 3KOOrMYeCKOoro aHaansa

1 KOHTPO/IS NOAJIMHHOCTM 1M 6e30MacHOCTM NPOAYKTOB MUTaHUS U KOPMOB
npenapaTuBHble KOMIOHHbI AMHaMUUYecKoro akcnanbHoro okatns AXIOMA
ANaMeTPOM 100 1 200 MM A1 OYUCTKM CyBCTaHUMiA MeTogom BIXKX
CTEKNSHHbIE KOMOHKM aKCUA/TbHOTO CXKaThs AMAMETPOM OT 24 10 450 MM, 06beMOM 10 50 /1
aBTOMaTM3MpPOBAHHbIE XpOMaTorpapuyeckme KOMnaeKCcbl HU3KOro AaBaeHNs
AXIOMA a1 0unCcTKM CyBCTaHLUMIA C NOTOKAMM 3/TH0EHTA A0 1 IMTPa B MUHYTY

K Ham o6patuatotcs papmaLeBTMYecke KOMMaHUM 1 pyrue opraHu3almm Ans paspaboTku TeXHOMOorui
OUMCTKM CYBCTaHLMIA «MOA KIKU» M HapaboTKM CTaHAAPTHbIX 06pa3LoB WM NpUMeceid cybCTaHLuid,
KOrZa 3TO C/I0XKHO WM HEBBITOAHO AenaTb Ha COBCTBEHHOM NMPOU3BOACTBE. Mbl M3yyaem 1 CpaBHUBaEM
CYLLLECTBYIOLLLME METO/bI OUMCTKU, ONMPASCh HA 30-IETHWI OMBIT paboThl, L06MBAEMCS LieNeBbIX MOKa3aTesnei,
MacliTabupyem pesynsraTbl, nogbupaem 060pyLoBaHUE U paCXOHble MaTepuaibl, 0Byuyaem nepcoHan 3aKas-
umnka. He 3aHMMaeMcs TEXHOIOTMSIMU OUUCTKN B HOPMaJIbHO-(Pa30BOM peXMME C MPUMEHEHVEM OPraHUYECKNX
pacTBopuTe/eil B KAUEeCTBE 3/10EHTOB.

PaccmatprBaem paboTbl Kak Mo BblAENEHWUIO U OUMUCTKE HEBOMbLIMX KOMMUYECTB CybCTaHLUiA UKW npu-
Mecei, Tak ¥ TEXHOIOMMMW OYUCTKU MPOMbILLIZIEHHOTO MacliTaba. BHeApum TeXHONOrvio Ha Ballem npous-
BO/ZCTBE, UCMO/1b3ysl COBPEMEHHbIE HEMPEePbIBHbIE TEXHOMOMMU OUNCTKM U KOOHKM HO/BLLOTO inaMeTpa,
YBE/IMUUM NPOUN3BOAUTENBHOCTb, CHU3UM PUCK OWIMBOK, 06eCneynm yCcToiMunBOCTb TEXHOIOTMUYECKOTO
npouecca.
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EMOXMMAK

@ Ch C .
Biotage 53 e MKNAUEB Kremasil

NPEACTABNAEM MPOAYKUUIO:

Biotage AB (LLleeyus) — npo60MNoAroTOBKa, OpraHUYeckmnii v NENTUAHbIA CUHTE3
Chromacon (LLeeiiyapus) — npenapaTtnBHble CUCTEMbI 1S HEMPEPbIBHOM XpomaTorpadmm
Knauer GmbH (FepmaHug) — npenapaTtBHaa U aHanMTMyeckas xpomatorpadus
Nouryon (LLleeyus) — copbeHTbl M KONOHKM ANS XpomaTorpadpum

A.LT.France (PpaHyua) —o6opynoBaHue ana 6e30nacHoi paboTbl C pacTBOPUTENAMM

YBennusTe MNpOV3BOAWTENLHOCTL MEMTUAHOMO U
OpraH1yeckoro CMHTe3a, MCMosb3ysi MUKPOBO/IHOBbIE
peakTopbl Initiator+. 119 6bICTPO OUMCTKM MOAYYEH-
HbIX COEAUHEHWI CNONb3yNTe PaeL-xpomatorpadsl
Select. BbICOKOCKOPOCTHbIE ynapusaTenu Mo3BONST
BaMm MOJTy4mTb FOTOBOE BELLLECTBO U3 PacTBOPa 3a CUM-
TaHHble MUHYTbI.BbICTPOTA MOyYeHUs pe3ynLTaToB,
yA06CTBO paboThl U HaAeXHOCTb 060pya0BaHMA —
neBu3 komnaHuu Biotage.

Komnanmsa Chromacon ¢ npenapaTMBHOW Xpo-
matorpapuyeckoit cuctemoit Contichrom He nmeet
aHasnoroB B mupe. OHa Mo3Bo/sSeT B HeMpepbIBHOM
pexxume MCSCP HapabaTbiBaTb BbICOKOOUMLLEHHbIE
cy6cTaHumu, a B pexxume N-Rich — npumecn ¢ npo-
M3BOAUTENBHOCTBIO U KaUeCTBOM, He LOCTUXMMbIMUI
TPaAULMOHHBIMU METOAAMMU.

MpenapatuBHble xpomatorpaduyeckre CUCTEMbI
AZURA no3BonsoT Ha ofiHOM npubope u paspaba-
TbiBaTb, ¥ MacWTabupoBaTb METO OUMCTKM 3a cYeT
LUMPOKOrO AManasoHa CKopocTeid NoToka U pasHoo-
6pasms ncrnonbayembix Moaynei B 61okax Assistant.

ABTOMaTU3MpoBaHHOe obopyaoBaHne Biotage
[/19 NOATOTOBKU Np0o6 MO3BOMMUT CAENATb PYTUHHYIO
paboTy Nerkom 1 3aMMeT COBCEM HEMHOTO BPEMEHU,
a xpomartorpapuueckme copbeHTbl 1 BIXKX-konoHkm
Kromasil (Nouryon) HesamMeHUMbl, €CN BaxKHa MaKk-
CYMasibHas BOCMpPOM3BOAMMOCTb OT NapTK K NapTum
KaK B KOHTpone dapmMaLeBTUYECKUX NpenapaTos, Tak
1 B TEXHONOTUSIX OYNCTKH.

Mpoctoe o6opynosaHue A.lT.France obecneunt
6e30nacHyto paboty Ballero nepcoHana ¢ 3110eHTamm,
coziepXKallumMm TOKCMYECKe KOMMOHEHTbI U pacTBo-
putenu.

bcmst.ru
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