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B 0630pe npoaHanu3upoBaHbl MccaenoBaHus mociaenaux 20—25 jieT B o6sacty GU3NKOXUMUU KOMITJIEK -
€c000pa30BaHKSI T'YMUHOBBIX KMCJIOT C KATUOHAMM, BKJII0UASI X PaIUOHYKJIMAbI, B BOOHBIX pacTBOpax. Bui-
SIBJIEHBI IIPOOJIEMBI ONMCAHUS PeaKIIMOHHOI CITOCOOHOCTY T'yMaTHBIX KOMIUIEKCOB C Y4ETOM OOBEKTUBHOMN
CJIOXKHOCTU XMMMYECKOM MPUPOIBI TYMUHOBBIX KMCJIOT KaK OIHOIO M3 OCHOBHBIX KJIACCOB IIPUPOTHOIO
OpraHM4yecKoro BenlectBa. PaccMoOTpeHBl OCHOBHBIE METOIBI MOIETUPOBAaH KOMILIEKCOOOPa30BaHMSI C Ty-
MMWHOBBIMM KHCJIOTAMU, SKCIIEPUMEHTAIbHBIE METOIbI Pa3Ae/IeHUsI KOMIUIEKCOB T'yMaTOB M HECBSI3AHHOTO Ka-
THOHA (YIbTpaduibTpalus, 1Uaanu3 1 Ap.), MpsIMble MTHCTPYMEHTAJIbHbIC METOIbI OOHAPYXEHMUsI KOMIUIEKCOB
(371eKTpOXMMMUECKHUE, CIIEKTpOCKoIueckre). Takke yaeleHO BHUMAHUE MPAKTUYECKOMY ACIIEKTY UCIIOJIb-
30BaHMsI TYMUHOBBIX KMCJIOT JIJISI OYMCTKM NPUPOIHBIX M CTOYHBIX BOJI OT 3arpsi3HSIIONINX BEIIECTB — TS~
KeJIbIX METAJUIOB U paguoHyKiIuaoB. [IpoaHalin3upoBaHbl JUTEpPATypHBIE JaHHbBIE O COPOLIMOHHON CIIO-
COOHOCTH TYMHHOBBIX KMCJIOT Pa3JIMYHOTO MPOUCXOXKIEHMS ITO OTHOIIEHUIO K KATUOHAM TSIXKEIBIX MeTaJl-
JIOB, a TaK>Ke KOJIMYECTBEHHBIE JaHHbIE, XapaKTepU3yIolllie YCTONUYNBOCTh TYMATHBIX KOMILIEKCOB.

Kinouesbie cii0Ba: TyMUHOBBIE KUCJIOTBI, KOMIUIEKCOOOPAa30BaHNUE, MUKPOJIEMEHTBI, PAAVOHYKIIMBIL, METODL.
DOI: 10.31857/S0044450223120228, EDN: YXOLYV

I'ymubukanys — KOMILUIEKC OMOXUMUYECKUX peaK-
LU, TPOUCXOISAIINX C YYACTUEM MUKPOOPTaHU3MOB,
BOJIbI M KMCJIOPO/Ia, KOTOPbIE PUBOIST K PA3IOKEHUIO
MEPTBOI'O OPraHMYECKOro Marepuajga — OCTaTKOB pac-
TeHWI1 1 XUBOTHBIX. B pe3ynbraTe rymudpukanmum o0-
pasyrorcst rymuHoBbie BemecTBa (I'B) — monmmpuc-
MEPCHBIE U TETEPOTreHHbIE CMECU BBICOKOMOJIEKY-
JIIPHBIX OpTaHUYECKUX MOJeKyd. s omnucaHus
MeXaHM3Ma TyMU(DUKAIIMKU CYIIeCTBYET HECKOIbKO
TUITOTE3, HanboJiee 3HAYMMBIMH M3 KOTOPBIX CUUTA-
IOTCSI TIOJIMKOHJIEHCAIIMOHHASI U TUIIOTE3a OKMUCIIM-
TeJIbHOTO KHCIoTooOpa3oBaHusi [1, 2]. B ienoMm ¢ xu-
MUYECKOI TOUKHU 3peHUs pa3jioXeHue U TyMudu-
KaIlMI0 MOXHO YCJIOBHO OTHECTM K IIpolieccam
MEIJIEHHOTO OKHMCJICHUSI U B3aMMOACUCTBUS MEXIY
000 IIPOAYKTOB pacraga OpraHn4IeCKOro MaTepmra-
Ja ((beHOJBbHBIX COeAMHEHNIT, XUHOHOB, aMUHOKIC-
JIOT) ¢ 0Opa3oBaHMEM TEMHOOKpAIlIEHHBIX BEILIECTB.
B cBs3u ¢ aTuM I'B cocTaBasIIOT MoaaBIISIONIYIO TOTIO
(80—90%) dopM opraHMUYECKOro yriiepoja B IOYBe,
TPYHTOBBIX 1 moA3eMHBIX Bomax. Kpome toro, I'B He
SIBJISIFOTCSI CaMU I10 ce0e CTaOMIbHBIMHU IIPOAYKTaMU
ryMU(pUKAIMUA U TTOABEPraoTCs JaIbHEUIeMy pas3-
JIOXXEHUIO, HO CO CKOPOCTSIMU €ellle 0oJjiee HU3KUMMU,
yeM HeTYMUHU3UPOBAHHbIE OPTaHUYECKHUE OCTATKU.
C 3TuM CBsI3aHa KaK CJIOXHOCTb OIIMCAaHUS COCTaBa 1

CTPOEHUSI JAHHBIX COCAUHEHUI, TaK U MHOXECTBO
IIPOTUBOPEYMii B X B3aMMOIEHCTBUSIX C OKPYKalO-
e cpenoii, HeopraHMIYEeCKNMHU BenlecTBaMu. B re-
TEPOTeHHBIX peaKLMsIX YYaCTBYIOT BXOMSIIME B UX
COCTaB TUAPOPUIbHBIE W TUAPO(POOHBIC TPYIIIIL,
CIIOCOOHBIE pearupoBaTh U C MIOHAMU METAJJIOB, U C
oprannyeckuMmu Mosiekynamu [3]. Cumraercs, 4TO
MoJiekyasipHas macca I'B MoxxeT ObITh pacrpeneieHa
B IOBOJIBHO LIMPOKOM auarasoHe — ot 10° no 106 da
(aTOMHBIX enMHUII Macchl) [1, 3, 4].

I'ymMuHOBBIE BelllecTBa MOAPA3NAESIOT Ha TyMU-
HoBble kKuciaoThl (I'K, HepacTBOpUMBI B KHMCJION cpe-
ne), GyIbBOKUCIOTH (paCTBOPUMBI BO BCEM aMaria-
30He pH), rumaTroMesiaHOBbIE KMCJIOTHI (CIIMpTOpac-
TBOPMMasl 4aCTh) U TYMUH (HEPACTBOPUMBIA OCTaTOK).
I'ymatel (conu I'K) m3BiaexaioTcss B OCHOBHOM U3
Topa U1 KAMEHHOTO YIJISI C IIOMOIIBIO BOTHBIX pac-
TBOPOB Liejioueit. IIpy MoAKMCIEHUN TTOTy4EeHHbIX
mpu 3ToM pactBopoB 'K 0Opa3zyroT TeMHOOKpaiiieH-
HBI 00BEMUCTHIN ocanokK. M3BeCTHO, 9TO ITO0 CBOECH
xuMmnyeckoi cTpyktype 'K sBiasiioTcst BBICOKOMOJIe-
KYJISIDPHBIMUA KOHAEHCHUPOBAaHHBIMU apOMaTUUYECKHU-
MU COEAVUHEHWSIMU MEPEMEHHOIO COCTaBa, B KOTOPbIX
YCTaHOBJIEHO Hajuyue (PEeHOJbHBIX TMAPOKCUJIOB,
KapOOKCUJIbHBIX, KAPOOHWJIbHBIX U alleTOTPYIII, MPO-
CTBHIX 3(UPHBIX CBA3eii [5].
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Puc. 1. @parMeHT runoOTETUYECKOM CTPYKTYPhI TYMHHOBBIX KUCIOT o Kiteitnxemmnenio [6].

IIpemioxkeHHBIE K HAacTOSIIEMY MOMEHTY Bapu-
aHTBhl MHTepnperauun cocraBa 'K kak cocraBHOIA
yactu ['B umeror runoreTnyeckmii XxapakTep, TaK Kak
WHCTPYMEHTaJbHBIMU METOIaMU ITOKa HEBO3MOXKHO
TOYHO OIPENeIUTh PAacoJOXeHe aTOMOB U aTOM-
HBIX TPYIIIl B HEOMHOPOMHOM cMecu IpuponHbix I'B.
Hawuboree cioxkHast 1 MHOTO(MYHKIIMOHAIbHAST CTPYK-
typa 'K mzobpaxkena Kieitaxemnenem [6]. dpar-
MEHT OaHHOI CTPyKTyphl IpuBencH Ha puc. 1. Co-
mracHo Kieiinxemmnemno, Makpomosekyiaa 'K mmeer
“IUIOCKYI0” OCHOBY M3 OEH30JIbHOTO KapKaca, O0OMJILHO
MIpeaCcTaBICHHOIO KOHIIEBBIMU (DYHKIIMOHAIBHBIMU
rpynmamMu. B kagecTBe nmpumMmepa BHyTpUchEepHOTO
KOMILIeKca Ha puc. 1 MOXHO OTMETUTh KOOpAMHA-
mnn O—Si—0O, O—Fe—OH. I'maBHOIT 0COOEHHOCTBIO
JTAaHHOM CXeMBbI SIBJISIETCS TMOKa3aHHBIM crocod “ripu-
KperieHus:” makpoMosekyjbl 'K kK moBepxHocTu
AJIFOMOCHJIMKATHBIX MUHEPAJIOB (JIeBast YacTh puc. 1).

Takum ob6pa3zoM, MonMPYHKIMOHAIBHBINA XapaK-
Tep, CoUyeTaHWE TUIPOJM3YEMBIX U HETUAPOJIMN3Ye-
MBIX (parMeHTOB, 1, KaK CIEACTBUE, HAIMYKME HEOD-
MEHHBIX 1 OOMEHHBIX IPOTOHHBIX TPYHIT pa3InIHOMN
KHMCJIOTHOCTH HalT Bo3MOXHOCTh, 'K mpmHMMaTh
y4acTHe B ITOBEPXHOCTHBIX XMMUYECKUX B3aUMO/ICIi-
CTBUSIX W OBITh OMHUM U3 PEryJIsITOPOB MaccoIllepe-
HOCa MOHOB METAJUIOB B BOIHBIX U ITOYBEHHBIX KO-
cuctemax [7—11]. T'ymMruHOBBIE KHUCITOTHI O0JIamalOT
BBICOKMM CPOACTBOM K OOJIBIIMHCTBY MOHOB METaJI-
J0B. OHU CBS3BIBAIOT MX B IIPOYHBIC TYMAaTHBIC KOM-
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TUIEKChI, 00Jamarone coOCTBEHHOI COpOLIMOHHOMN
aKTUBHOCTBIO B BOJHBIX CUCTEMaX U B3aUMOIECHCTBY-
IolIMe C MUHEPAJTbHBIMU B3BECSIMM, KOJJIOUIAMU,
ouotoit [12—18]. ['yMHMHOBBIE KUCIOTHI MOTYT BJIUSITh
Ha (hOPMbI COCTOSIHUSI U TOABUKHOCTb UOHOB MeTaJl-
JIOB MPUPOIHOTO U AHTPOIOTEHHOTO MPOUCXOXKIE-
Hus. [lociaenHee urpaet pojib peryasitopa B CHUXKe-
HUU TOKCUYHOCTU U PATUOTOKCUYHOCTHU 3arpsi3HU-
Tejeit Boabl U TouBbl [19—25]. BaxHas poyib B
MMMOOMIM3AllMM U TPAHCIOPTE MOHOB MUKpPO3IJie-
MEHTOB OJaronapsi KOMILIEKCOOOpa30oBaHUIO, UOH-
HOMY OOMeHY, aacopOIMU MO3BOJISIET UCTIOIb30BaTh
I'K B KauecTBe MOIEIBHOM TPYIIIHI IIPUPOTHOTO Opra-
HUYeckoro BellecTBa. OMHAKO MeXaHU3M 3TUX ITPO-
1IECCOB HEJIOCTAaTOYHO U3Y4YeH U3-3a TPYAHOCTEM, CBSI-
3aHHBIX, MIPEXIIE BCEro, C YyBCTBUTEIILHOCTBIO CTPYK-
typsl 'K K nusmenenuio pH [26].

PaznmuyHble aHaJIUTUYECKWME METOABI YacTo
JIal0T MIPOTUBOPEUMBYI0 MH(MOPMALIMIO O COCTaBe U
pa3mepe yactull rymatoB. [Iponoskaercs AMcKyccust
00 UCTUHHOIW MpPUPOJE CTPYKTYpP U MOJIEKYJISIPHO-
MmaccoBoro pacnpeneinenuss K. Kiaccuueckmit
MOJAXOM, COIJITACHO KOTOPOMY YacTWUIbl TYMaTOB B
pacTBOpE SBIISTIOTCSI MOJTHOLIEHHBIMUA MaKpOMOJIEKY -
nmamu [2, 3], ocTaeTcs mIaBHBIM B Hayke o I'B. bonb-
LLIYIO TMCKYCCUIO BBI3bIBAET UHTEPIIPETALIUS TYMATOB
KaK COYETaHUS MaJIbIX MAaKPOMOJIEKYT U CyTIpaMo-
JIEKYJISIPHBIX accollMalnuii, corjacHo kotopoit I'B
MpPEeaCTaBIISAIOT COO0I YaCTUILIBI C U3HAYATIBHO HU3-
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KOi1 MoJieKyJsipHo#i Maccoii (10% [1a), cmocoOHBbIE K
arperaiuy ¢ TOMOIIbIO BOJOPOIHBIX M KOBAaJICHTHBIX
cBs3eii [27, 28]. ITpu atom 'K B pacTBOpax aieKkTponm-
TOB (DOPMUPYIOT MULIEIUILI, HAPYKHBIE 000JIOYKU KO-
TOPBIX COCTOSIT U3 TUAPOMWIBHBIX (parMeHTOB, a
BHYTpeHHUE — U3 ruapodoOHbIX. [IpemtoxkeH u dojee
0000LIEHHBIN MOAXO0M, B KOTOPOM MaKpoMOJeKyJa
paccMaTpuBaeTCd B COYETAHUU C COPOUPOBAHHBIMU
Ha HEW MaJIbIMU OpraHUYeCKUMU MoJieKyaamu [29].

CuuTaeTcsi, YTO KHUCJIOTHbIE (DYHKIMOHATbLHEIE
rpymrsl 'K B3aMoaeincTByIOT ¢ MUKPO3JIEMEHTAMM
B OCHOBHOM JIBYMSI ITyTSIMU: MIOHHBIM OOMEHOM U 10~
BEPXHOCTHBIM KOMILIeKcooOpa3oBaHueMm [30]. MoH-
HBIIf 0OMEH MPOUCXOOUT U3-3a JIEKTPOCTATUIECKO-
ro MPUTSDKEHUST MEXKIy OTPULIATEILHO 3apsiKeHHBIMU
(GYHKIMOHATBHBIMU TpyIIaMy (Harpumep, KapOoK-
CWJIBHBIMHU ) U TIOJIOKUTETBHO 3apsKEHHBIMU KaTUOHA-
Mu. [ToBepXHOCTHOE KOMILJIEKCOOOpa3oBaHue Mpourc-
XOJUT 32 CYET XMMUUYECKOI KOOpAMHAIIUM KATUOHOB
Mexny (PyHKIIMOHAJIbHBIMU TPYINaMU U, B OTJINYUE
OT MOHHOTO OOMeHa, SIBJIsIeTCsl HEeOOpaTUMBbIM MPO-
neccoM. Kpome Toro, mociemHuii TN B3auMoeii-
CTBUS YaCTO HA3BIBAIOT CIIEIM(PUIESCKUM, a MOHOO0-
MEHHOE B3aUMOJCUCTBUE — HECTIEIM(PUUESCKUM.

B cBs13u ¢ yBeIMueHEM KOJIMYECTBA MyOIMKALIAi
10 TeMe KOMILJIEKCOOOpa3oBaHUsI TPUPOIHOTO Opra-
HUYECKOTO BEllleCTBa BOZHMKIIA HEOOXOMMMOCTD C1-
CcTeMaTU3ali MOJEIbHBIX MOIXOI0B U aHAJUTHYe-
CKUX METOJOB M3yYeHUs] B3aUMOACHCTBUS MUKPO-
snemenToB ¢ 'K. CornacHo JaHHBIM 3JIEKTPOHHBIX
omoimoTek ScienceDirect m Springer Link, 3a 10-
cliemHue Toabl B 2—3 pa3a yBEJIMUMIIOCH YMCJIO My0-
nukanuii mo xumuu 'K, DTo BI3BaHO HAKOIJIEHUEM
GOJIBIIOTO KOJIMYECTBA JAHHBIX MO COPOLIMOHHBIM
npoieccam ¢ yyactrueM I'K u nx Komrmiekcooodpaszo-
BaHUIO C MUKPODJIEMEHTAMU U PaAUOHYKIUAAMU
(puc. 2). IloBbIllIeHHBIII MHTEpPEC HCCaemoBaTeIei
CBSI3aH TaKXe C BO3MOXHOCTBIO HCIIOJb30BaTh HO-
Bble (U3HYecKre U (PUBUKO-XUMHUYECKHE WHCTPY-
MEHTaJIbHbIE METOAbLI MMPUMEHUTEIBHO K paguoXu-
MUM, TEOXUMUHU, PATUOIKOJIOTUN U APYTUM IOrpa-
HUYHBIM OucHumianHaM. HecMoTps Ha 6olblnoe
KOJIMUYECTBO UWH(OpMALIMK, JOCTYITHOM 10 TeMaTUKe
B3anMoeiictBust 'K ¢ MUKpoaneMeHTaMu, B 3TOM
00J1aCTH BCE €llle OCTAETCSI MHOTO BOIIPOCOB.

MOJEJINPOBAHUE
KOMITIIEKCOOBPA3OBAHWA T'YMHWHOBBIX
KHNCIOT C MUKPOSJIEMEHTAMUA

IIpencraBiseT MHTEpeEC MIPOTrHO3UPOBAHNUE XUMMU -
YecKoro cocraBa moHoB B mpucyrctsun I'K. fIcHo,
YTO MX BJIUSTHUE BaXKHO YYUTHIBATh IPU MOJEINPOBa-
HHUU MacCoIepeHOoca MUKPORJIEMEHTOB U PAINOHYK-
JIMIOB B OKPYXKaIOIei cpee.

3a nociaegHue 20 JeT IPOoU30IIe]l 3HAUYUTEIbHBII
mporpecc B MOHMMAaHUM TETEPOTEHHON HPUPOIbI
cBsI3U QyHKIMOHAIBHBIX rpyTit I'K ¢ monamu metain-
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600

@ KomruiekcooGpazoBaHue
& CopOuust

W
el
(=}

(9%} B

(e (]

S S
T T

|\

=

o
T

Yucio nyoaukanuii

=
o
T

(e
T

2000 2005 2010 2015 2020

Puc. 2. Poct yucna nmy6aukanmii ¢ 2000 mo 2020 rox, mo-
CBSILIEHHBIX KOMILJIEKCOOOPAa30BaHUIO U COPOLIMY C yua-
CTUM TYMUHOBBIX KUCJIOT, MO IaHHBIM 3JIEKTPOHHBIX
o6ubauorek ScienceDirect (6esible Touku) 1 Springer Link
(4epHbIE TOUKH).

JIOB (MUMKPOBJIEMEHTHI, paquoHYKIuabl). HakoruieH
OOJIBIIOI PKCIIEPUMEHTAIBHBINA ONBIT IO U3Y4EHUIO
MOTJIOIIEHUST KaTHOHOB MeTaitoB 'K criekTpocko-
MUYECKUMU  MeTOJaMU, METOJaMU  MOHHOTO
oOMeHa, yabTpaMWIbTpalluK, SKCTPAKIIMU, XpPOMa-
Torpacduun, auanusa. PazpaboraH psii MOIENTbHBIX
noaxomoB, onuckiBaomunx BausHue I'K Ha murpa-
LIAIO Y TPAHCIIOPT MUKPOBJIEMEHTOB U PaIUOHYKIIN-
noB. HeonpeneaeHHOCTH B pacnpeaeeHUN MOJIEKY-
JIIpHOM Macchl M pa3zMepa MakpoMmosiekyn 'K rmo-
pa3sHOMY YYMUTHIBAIOTCSI B 9TUX IIOAX0aX — M I10 aHa-
JIOTUU C OOBIYHBIM HU3KOMOJIEKYJIIPHBIMU JIMTAHIa -
mu [31, 32], 1 ¢ ydeToM aaeKTpocTaTudecKux 3 dek-
TOB, XapaKTEPHBIX IJIsI TTOJUIAEKTPOJUTOB [33—35].
INpennoxeHo HECKOJIBKO MOJeNeil B3auMOACHCTBUS
I'K ¢ nvoHamMu MUKpPO3JI€MEHTOB, B KOTOPHIX OTpazka-
eTCsI XUMUYeCKasi pa3HOPOOHOCTb AKTWUBHBIX IIEH-
TPOB, M B HEKOTOPBIX U3 HUX YYUTHIBAKOTCS SJIEKTPO-
cratndeckue 3(p@PeKThl, CBI3aHHBIC C OTPUILIATE/Ib-
HBIM 3apsiioM MakKpomoJiekyld. brnaromapst 3Tum
roaxoAaM yaydIIMIoCh MIOHUMaHUEe CTPYKTYphl I'B,
YTO ITOMOIJIO OOBSICHUTh YaCTO CJIOXHOE IMOBEICHUE
3TUX CUCTEM.

Mogens 1 : 1. PaccmorpuMm oOpa3oBaHnE KOM-
TUIeKca MOHOB MeTalia M ¢ MaKpOMOJIEKYJIOH TyMU-
HoBoI KucjioTel HA, KoTopast o06J1agaeT HEeCKOJIbKM -
MU (#) aKTUBHBIMU [IeHTpaM1 KOMILIEKCOOOpa30oBa-
HUsI. Monelb 3a1aeTcs CIAeAYIONINM YPpaBHEHUEM:

_ _nK[M]
1+ K[M]

VYpaBHeHue (1) BeIpaxaeT paBHOBeCHE, ITPU KOTO-
POM MPOUCXOANUT 0Opa3oBaHUE T'YMAaTHOTO KOMILIEK-
ca coctasa 1 : 1 u 110 cyTH IIpeAcTaBisieT coO00i MO-
nenb JIeHrMiopa, KoTopasl yaille MCIOJIb3yeTcsl s
ornucaHus aacopOiuy. B naHHOM ypaBHEHUU BEJIMUU-
Ha @ — KOJIMYECTBO CBSI3aHHOTO KaTUOHA (MOJIb/T), 1 —

(1)
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colepXaHWe aKTUBHBIX LIEHTPOB (MOJIb/T), K — KOH-
CTaHTa KOMILIEKCOOOpa3oBaHUs (JI/MOJIb).

ypaBHeHI/IC TAaKXKE€ MOXKHO IMMPEACTABUTDL B BUEC

42— K(n-a). 2
] (n—a) 2
Bripaxxenue (2) HaszbiBaeTcst ypaBHeHUeM CKeT-
yapna [31], a rpaduK, TOCTPOEHHBII B KOOpAMHATAX
a/[M]—a rpadpukom CkeTtdyapaa, KOTOPBINA SIBISIETCS
OIHUM U3 CaMbIX PACIPOCTPAHEHHBIX METOJOB JIM-
Heapuszaluu ypaBHeHuUs (1). Takass Monesib Iipume-
HUMa, TOJIBKO €CJIM BeJIMYUHEI @ 11 [M] mocTaTouHo Ma-
JIbl, TIOCKOJIbKY OHa HE€ YYWUTBIBAET HEOTHOPOMIHOCThb
akTUBHBIX LIeHTpoB I'K. ITpu cobmoaeHnn 3Toro ycio-
BUSI, BEJIMUMHA # TIpuoOpeTaeT (hU3NYECKUl CMBICI
MakcuMaibHoi emKkocTy I'K 1o OTHOILIIeHNIO K HOHaM
M, a BenruunHa K — KOHCTAHTBI YCTOMYMBOCTH TYy-
MaTHOTO KOMILIeKca.

Mogens 1 : 2. IIpu Hanuyuu IBYX U OoJiee TUIIOB
aKTUBHBIX IEHTPOB, HE B3aUMOICHCTBYIOIINX MEXIY
coboii, ypaBHeHue (1) mpeoOpasyeTcss agguTHUBHO.
Hanpumep, Ha mpakTukKe Hanbojee pacipocTpaHeHa
MOJEIb C IByMsI BUAAMU aKTUBHBIX LIEHTPOB (A 1 B):

A Ky [M] ng Ky [M]
1+ K, [M] 1+ Kz[M]

Kak npaBuiio, B KaueCcTBE IBYX TUTTOB aKTUBHBIX
nentpoB 'K paccmarpuBaloT KapOOKCUIIbHBIE
(—COOH) u denonvHbie (—ArOH) rpyniisl.

Mogaens HeliTpaau3anuu 3apsaga. JlaHHass Moaelb
MO3BOJISIET YYUTHIBATh BJIUSHUE TOIIOJTHUTEIHHOIO
KOHKYpHUpYIOIlIeTro KaTuoHa [32] 1 BeIpaxkaeTcs ciie-
JIYIOIINM YpaBHEHUEM:

It
_[HA(2)], aB[M* ]
1+B[M* ]
[MHA(z)] — koHLIEeHTpal1sl MeTajljla B BUJe TymMar-
HOT'0 KOMILIEKCA; 3 — KOHCTaHTa KOMILJIEKCO00pa30-
Banust; [HA(Z)], = [MHA(2)] + [HA(z)] — obmas
KOHIIEHTpaLMs (DYyHKIIMOHAIBLHBIX TPYITI FyMara, CIo-
COOHBIX HEUTpaAJIM30BaTh 3apsil KATMOHOB, 0L — €M-
kocth 'K, paBHas OTHOIIEHUIO MaKCUMAaJbHO BO3-
MoxkHoro [MHA(z)] Kk mpoTOHOOOMEHHOI €MKOCTHU
Cy- llonyyeHHOE ypaBHEHUE SKBUBAJICHTHO ypaBHE-
Huio (1), ecau ydyects, uto n = [HA(2)],01, a K = B.
ITpu sTOM BeaMUMHA O, KaK MPaBUIO, OIPEIEIsIeTCs

ITYTEM n0ﬂ6opa SKCIICPUMEHTAJIbHbLIX JaHHbIX, a CH —
IIOTCHIMOMECTPUYICCKUM TUTPOBAHUCM.

JdaHHas Mozenb IpeAroaaraeT, YTo KOJUYeCTBO
(GYHKIMOHANIBHEIX TPYII, COCTaBJISIOIINX AaKTUB-
HeIi neHTp 'K, paBHO 3apsiamy KaTroHa Z, a KOHIIEH-
Tpalusl BceX (PYHKIMOHAJIBbHBIX TPYIII, Y4acTBYIO-
II1X B KOMILJIEKCOOOpa30BaHMM, 3aBUCUT OT CTEIICHU
JIVCCOLIMAlINM ITPOTOHOB. TaknMM 00pa3oM, Kak U B
npocteieit monenu (1), 3mech TakKe mpeamnosara-
eTcsi 00pa3zoBaHME KOMILIEKCOB cocTaBa 1 : 1, omHako
C YY4E€TOM TOIO, YTO KOJIMYECTBO CBSI3aHHOTO KaTMOHA

3)

a:aA+aB:

[MHA (z)] 4)
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onpenaensietcs yepe3 oL u Cy. [Tpu o0 = 1 moaydyum Bbi-
paxkeHue ISl MaKcuMalibHO eMKocTh: Cyy/Z.

Tunnuxr [34] yKa3bIBaeT, UYTO HEAOCTATKOM MO-
JeJIN SIBJISIETCSl MPEeAIoioKeHe 00 9KBUBaJIEHTHO-
CTH 3apsiia KaTuoHa 1 neHTtaTtHocThio 'K, ocobeHHOo
C YYETOM TOTO, YTO AOITYCKaeTcCsl MaKCUMaJIbHOE 3a-
MOJIHEHWE aKTHUBHBIX LIEHTPOB, BIUIOTH A0 O = 1.
IIpennonaraercs, 4To KaTUOHbI HE MOTYT BBITECHSITh
MPOTOHBI C UX TTO3ULINIA, & MOTYT JIMIIb MPUCOSANHSITCS
TOJIBKO K CBOOOMHBIM aKTUBHBIM LieHTpaM. OmHako
MpakTUKa TIOKa3bIBAET, 4YTO J00aBJIeHWE KaTMOHa-
KOHKYPEHTAa BBITECHSIET MPaKTUYECKU BCE MPOTOHBI.
HakoHel1, kak u B ciy4yae ¢ Moaenbio (1), ectecTBeH-
HbIM OTPAaHUYEHUEM SIBJISIETCS MPEATIOJOXEHUE 00
OQHOPOOHOCTU aKTUBHBIX ILIEHTPOB, a TIPUMEHECHUE
MOJIeJIU PEKOMEHIYeTCsI MPY HU3KUX 3HAUEHUSX CL.

Moaenb cpeaHeiit MoJeKyasapHOii Maccbl. B ocHOBY
MOJIeJIU MOoJoXeHa ofHa M3 xapakTepuctuk 'K —
CpenHsisl MoJieKyJsipHast Macca (My,). BBuny ciox-
HOCTH yyeTa HeOJTHOPOIHOCTH pa3Mepa yactull 'K,
JlaHHasi MoJieNIb paccMmarpuBaeT crpoeHue 'K Kak equ-
HOI TMITOTETMYECKOH MaKpOMOJIEKYJIbl C MOJIEKYJISIP-
HOI Maccoi, paBHOIM CpeaHeil MOJEKYISIpHOM Macce
CMECH COCTABJISIIOIIMX €€ PealbHbIX MOJIeKY. Mozesb
CpelHeil MOJIEKYJISIPHOI Macchl M3JIOXKeHa aBTOpamMu
pa6ortsl [36], tne My, npunaTa pasHoit ~10* a, u
MPUBOAATCS IKCINEPUMEHTAIbHbIE 3HAYEHUSI KOH-
CTAHT KMCJIOTHOM TUCCOLMALIMU ABYX TUIIOB KapOOK-
CWJIBHBIX IpYMII U (heHOJbHBIX IpyTi. [TokazaHo, 4TO
CUJIbHOKHUCJIOTHbIE KApOOKCUIIbHBIE IPYIIIbI MOJIHO-
CThIO AuccoluupyroT npu pH = 4, c1aboKMCIOTHbBIE
npu pH = 7, a nuccoumnanusi (peHOAbHBIX TUAPOK-
CWIbHBIX TPYII HE3HAUYUTEbHA U TPOUCXOAUT MPU
pH < 8.5.

INpenmnonaraercst, YTO KOMILJIEKCOOOpa3oBaHue
ITPOMCXOINT TOJIBKO C TUCCOLIMMPOBAaHHBIMU KapOOK-
CUJIbHBIMM TPYIIIaMU. BeTnynHbI UX 3apsiioB MOX-
HO pacCUmMTaTh CJIEAYIOIIM 06pa3oM:

L MO MOy )
1+ K| H'] 1+ Ky |[H" |
IJe # U m — 3apsiibl CWIBHBIX (€ 60Jiee BHICOKOI CcTe-
MeHbIO JUCCOLMAallMM) U CclabblX KapOOKCHIbHBIX
TPYII COOTBETCTBEHHO; Og U Oy, — 00I111e KOHIIEHTpa-
LIUM CWJIBHO- U CJTAOOKUCIBIX KAPOOKCUIBHBIX TPYIII
(Monb/KT). Kg U Ky — KOHCTaHTBI YCTOMYMBOCTU COOT-
BETCTBYIOLLIMX KOMILIEKCOB. MakcuMayibHble 3Haue-
HUSI CTEXUOMETPUYECKUX KO3 GUILIMEHTOB TTpU Ka-
TOHE M?" paBHEI 1/7 ¥ m/Z 110 aOCOTIOTHOM BEJINYN-
He. TakmMm o6paszom, 3apsn I'K 3aBucut ot pH 1 Biuster
Ha 3HAYeHUsI CTEXMOMETPUYECKUX KO3(P(PUIIMEHTOB.
TakumM MoAenbHBIM IOAXOAOM HauboJiee yI0OHO
MOJIb30BAThCS TIPU JOCTATOUHO HU3KUX KOHIIEHTpa-
LIMSIX KAaTMOHOB METAJIOB (MUKPORJIEMEHTOB) IO
CcpaBHeHU1o ¢ KoHLeHTpanuei 'K, yto MoxHO cunTath
HenocTaTkoM. [IpeumyIiecTBoM Xe SIBJISIETCS y4eT
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cpenHero 3apsiga Makpomonekyibl 'K (Z= m + n), xo-
TOPBIiA ITO TaHHBIM [36] MOXeT mocTuraTh 50 € /MOJIb.

Mogaens V y9uUTBIBACT 3JEKTPOCTATUUECKOE B3al-
MopaeicTBre MeXTy akTuBHbIMU HleHTpamu I'K. Ha-
IpUMeEp, BIUSHUE TaKOro B3aIMOIECTBUS Ha OUC-
COLIMAIIMI0O MPOTOHOB MOXHO IIOHSTH CJAEAYIOIIUM
ob6pazom. Korna nzHavyaiabHO He3apsiKeHHasi MHOTO-
NPOTOHHAsI KUCJIOTa AUCCOLMUPYET C BbIICICHUEM
MPOTOHOB, €€ CYMMAapPHBIii 3apsi1 CTAHOBUTCS BCe 00-
Jiee oTpulaTebHbIM. TakuM o0pas3oMm, TepBble Bblae-
JISIFOIIECS ITPOTOHBI MICTIBITHIBAIOT MEHBIIIYIO CyMMap-
HYIO KYJIOHOBCKYIO CHJTy IIPUTSDKEHMSI, YeM MOCIEIyIO-
IIMe, YTO O3HayaeT, 4yTo 3(PdeKTUBHasT KOHCTaHTa
JIMCCOLIMALIMM YMEHBIIIAETCS U KMCIOTa CTAHOBUTCS
ciadee. KonnmyecTBeHHO Takoit 3(phEeKT MOKHO OIH -
caTh ¢ MomMolbio ypaBHeHus Tandopaa [37]:

K = KineZWZZ’ (6)

rae Z — cpenHuit 3apsin MakpomoJiekynbl 'K, z — 3a-
psin KatroHa (st mpoToHa: +1), K — KOHCTaHTa Auc-
couuanuu (TIpy OrpeAesieHHOM 3HaueHuu Z), K, —
coOCTBeHHasI KOHCTaHTa guccouuanuu (nmpu Z = 0),
a w — mapamMmeTp, BbIpaXeHHe IIJISI KOTOPOrOo MOXKHO
BbIBeCTU 13 Teopuu Jlebas—Xiokkenss (3aBUCUT OT
MPpUPOALl MAaKpPOMOHA, MOHHOM CHUJIbI U TEMIIEpaTy-
psl). TakuM 0Opa3oM, TI0 Mepe TOTO KaK Z CTAHOBUT-
csl Bce 0oJjiee OTpULIATEIbHBIM, 9KCIIOHECHIINAIbHBIA
YJIeH yMeHbIIaeTcs, Kak 1 BeanunHa K. [1pu nssecr-
HBIX 3HAYCHUSIX W MOXHO OLICHUTD BIIMSIHUE 3JICKTPO-
cratndeckux 3¢pdekToB. Takme xKe MTPUHIIAITHI ITPUMe-
HUMBI HE TOJIbKO K KMCJIOTHOM AUCCOLAlM, HO U K
B3aMMOJIEUCTBUSIM C y4acTHEM KaTUOHOB METAJLJIOB.

ABTOpBI JaHHOU Monenu [34] onpenessid Belu-
YUHY W U3 YOPOIIEHHOTO SMIUPUIECKOTO BhIpaXKe-
aust w= Plgl, roe I — noHHas cuia pacTtBopa, P — aek-
TPOCTAaTUYECKUIA ITApaMETP, KOTOPBIA YYUTHIBAECT MTPU-
TITUBAIOIIME WM OTTAJIKMBAKOIIME B3aUMOIECHCTBUS
MeXIy MOHAMU U 3apsSKEHHOM MaKpOMOJIEKYJI0M.

Pacrnipenenenue 3apsiga mpuOIM>KeHHO OIMChIBA-
eTcsl ¢ MoMollblo Moaenu JloHHaHa, Korjaa BOJIU3U
LIEHTpaJIbHOTO aHMOHAa MaKpomoJieKyjbl 'K mpeo6-
JIafaloT IPOTUBOMOHEI (KaTMOHBI). Pasmep 30HBI, B
KOTOPOI MPOUCXOAUT HAKOIJICHUE MPOTUBOMOHOB,
omnpeensieTcs MOJeKYISIpHbIM panuycoM (R), momy-
YEeHHBIM 13 IUIOTHOCTY YaCTHLI, IIPEAroaraeMoii Mo-
JIEKYJISIPHOI MacChl, TONIIMHBI AU dy3HOTOo cost. st
I'K npuHsgTO 3HaueHue R = 1.72 HM MoJIeKy/lasIpHast
Mmacca 15000 da u muotHocth 1.2 r/cm?®. Kaxmomy
IIPOTUBOMOHY COOTBETCTBYET KO3(M(PUIIMEHT CEIeK-
TUBHOCTH (K)).

IIpeanomaraercsa, yro I'K cocTosAT M3 KeCTKUX
chep ommHakoBoro pasMepa. MoHooOMeHHEBIE TPyII-
bl PACIIOJIOXEHBI CIydaliHbIM 00pa3oM Ha MX IO-
BepXHOCTH. Jluccouuaiust OCyIIEeCTBIISICTCS 3a CYET
BOCBMM KHCJIOTHBIX TPYII pa3andHou cuiibl. Hanbo-
Jiee CWJIbHbIE KUCJIOTHbBIE TpyMIibl 1—4 (rpynribl TUma A)
MIPEACTaBIISIIOT CO00Il B OCHOBHOM KapOOKCUILHEIC
TPYMIIBI, B TO BpeMsI Kak rpynmnsbl (Turia B) oTHocsTCS

KYPHAJI AHATUTUUYECKON XUMUU

BOJIKOB, ITOJIAKOB

K Oosiee ciabbIM KHUCIOTaM, HarpuMep (HeHOJIbHbIM
coenuHeHUsIM. Kaxmoit rpyrire Tuna A nmprucBauBa-
eTcs coaepxkaHue n,/4 monb/t 'K, a kaxnoii rpymnmne
tuma B — conepxaHue n,/8 Monb/r. TakuM o6pa3om,
B IIpeiesiax CBOETO TUIIA Kaxasi TpyIira MpUcyTCTBY-
€T B paBHBIX KOJMYECTBax, a rpymnm Tumna B Bcerma
BIIBOE€ MEHbIIIE, YeM TPpyMIl TUIla A. YcTaHOBJIEHHAas!
TaKMM 00pa3oM PEryJasspHOCTb IPYIIN YIIPOIIAET OMU-
caHue MYJIbTUICHTATHBIX AKTUBHBIX LIEHTPOB IpPU
KOMIIJIEKCOOOpa3oBaHUM C KATUOHOHAMU METAJIJIOB.

KaTtroHs! 1 TpOIyKTHI UX TUIPOIN3a KOHKYPUPY-
IOT APYT C IPYTOM U C IIPOTOHAMMU 3a (DYHKIIMOHAJIb-
Hble rpymnibl Tuna A 1 B. MoHogeHTaTHOE KOMITJIEK-
coo0pa3oBaHUE C TpyIaMu TUIla A (popMyIrpyeTcs
KaK 0OOMEH ITpOTOHA U KaTUOHA:

(HumAH)” + M*" = (HumAM)***" + H",
(HumAH)” + MOH*"' = (7)
= (HumAMOH)***7? + H'.

AHaJIOTUYHBIE PEAKIUU TPOUCXOAIT IJIsI TPy
tuna B. KoHcTaHTa paBHOBeCHUSI U151 aKTUBHBIX 1IEH-
TPOB TUIA A OTIpeessieTcsl Kak

[HumAM][H"| [HumAMOH][H" |
" [HumAH]|[M]  [HumAH][MOH]

U CYLIECTBYET aHAJIOTUYHASI KOHCTAHTA JIJISl LIEHTPOB
tumna B. TakuM ke oO6pa3oM 3alIUCHIBAIOTCS U KOH-
CTaHTBl KOMIUIEKCOOOpa30BaHUSI C JIEIPOTOHHUPO-
BaHHBLIMHU TPYHITAMU.

bunenratHble 1IeHTPBI 00OPa3ylOTCS ITyTeM OO0b-
€AUHEHNSI MOHOOOMEHHBIX TPyl B Iapbl U MOTYT
ObITb, HaNIpUMeEp, LUeHTpaMu Tumna A—A uiu A—B

, (8)

MHA

zZ Z+z-2

AHY .
Hum( + M = Hum(_M +2H". (9)
BH B
KoHcTaHTaMu paBHOBECHS SIBJISTIOTCSI ITPOM3BEIe-
HUST KOHCTAHT [JIs1 OTAEIbHBIX TPYIIIL:

(10)

CrniapuBaHue OOMEHHBIX LIEHTPOB BBITIOJHSIETCS
TaKUM 00pa3oM, 4TO BcCe OMIEHTATHBLIE LIEHTPBI
MpPEeaCTaBJICHBI B PABHOM KOJIUYECTBE, HO UCIOIb3Y-
I0TCS TONBKO 12 13 36 BO3MOXHBIX KOMOWHALIMIA.
Tonbko 0OMEHHEIE TPYNIIEI, KOTOPEIE HAXOASITCS 0~
CTaTOYHO OJIM3KO APYT K APYTY, CIOCOOHBI 00pa3o-
BBIBaTh OMJIEHTaTHbIE LIEHTPHI. bIM30CTh OlicHUBA-
€TCsI CTATUCTUYECKH, IIPEAITojiarasi, YTo IpyIIbl pac-
MMOJIOKEHBI CIydYallHBIM 00pa3oM Ha ITOBEPXHOCTU
cepnl. HarmpuMep, rmapsl MOTYT 0Opa3oBaTh OMaeHTAT-
HbIE LIEHTPbI, €CJIM HAXOISITCS HA PacCTOSTHUM MEHee
0.45 am. Takue LIeHTPBI YIaCTBYIOT TOJIBKO B OMIEHTAT-
HBIX peaKIIUsIX ¢ KATUOHAMM U HE MOTYT 00pa30BhIBaTh
MOHOJICHTaTHbIE KOMIUIEKCHI. J10110 OOMEHHBIX LIeH-
TPOB, CITOCOOHBIX 00pa30BLIBaTh Maphl, B JAHHOM MO-
JEeJT IPUHATO 0003HAYATb f,.

2
KMH2A2 = Kyvinas KMHZAB = Kyina Kuvns-
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KOMITVIEKCOOBPA3OBAHUE IT'YMHWHOBbBLIX KUCIOT

MakcuManbHOE YHUCJIO0 TTapaMeTPOB B JAHHOM MO-
JIeJIN COCTABJISIET IIECTh JIJIsl AMCCOLIMAIIUY TPOTOHOB
U TPU JJIs1 KAXKIOTO KaTUOHA MeTajiia. Tpu mapaMer-
pa (paguyc, MOJEKyIsIpHasE Macca 1 KO3(pUIIMeHT
01M30CTH) NOIKHBI OBITH 3aaHbl 3apaHee. Ha mpak-
TUKE YCTAHOBJIEHO, YTO Pa3yMHBIE PE3YJILTATHl MOTYT
OBIThH TTOJIyYE€HBI ITyTEM YCTAHOBJICHUSI B3aUMOCBSI3U
MexXny PKypa 4 PKyvipg, @ IUIS1 JOCTATOYHO pa3das-
JICHHBIX CUCTEeM 3HauyeHUs1 K, MOXHO MPUHSTH 3a
enuHUIly. Monenb V He paccyUTaHa Ha MaJloe YUCIIO
CUJIBHBIX COPOLIMOHHBIX LIECHTPOB, IIO3TOMY €€ HEeJ0-
CTaTKOM SIBJIIETCSI HepaboOTOCOCOOHOCTh MPU HU3-
KUX KOHLIEHTPALIMIX KaTUOHA MeTaJlJIa. DTO YUYTECHO B
Mogenu VI.

Monaenp VI siBiisieTcsl pa3BUTHEM MOAeIU V U OT-
JIMYAETCSl MEXaHU3MOM PeaKIIMy KOMITIEKCO0Opa3oBa-
Hus [34]. BMecTo KOHCTaHT peakiinii ooMeHa “KaThOH
MeTaUTa—TIPOTOH” MCIONIB3YIOTCS TOJIBKO KOHCTAHTBI
PaBHOBECHST PEaKIIMii TIPUCOESTUHEHNSI KATHOHOB JIe-
MMPOTOHUPOBAHHBIMU LIEHTPaMU, T.€. MOHOIEHTAT-
HOE KOMILIEKCOOOpa3oBaHUe MPOUCXOIUT B COOT-
BETCTBHMH C OOIIIEH peaKInei

Hum” + M® = (HumM)*% | (11)

a KOHCTaHTbI paBHOBECHUA 3aJaroTCsda CICAYIOLINMU
BBIPpa>kKCHUAMMU

2i =5

st i =1-41gK (i) = 18Ky, + ALK,,,

2i—13 (12)
mst i = 5-81gK (i) = 1gKyg + %ALKBI,

rne ALK, u ALKy, — COOTBETCTBYIOIIME “KOHCTAHThI
pacIpoCTpaHEHHOCTH , KOTOPhIE MOKHO OLICHUTD all-
MMpOKCcUMalIMei JaHHbIX. TaKuM 00pa3oM, BETMYMUHEI
IgK(i/) paBHOMEpHO pacHpenesieHbl BOKPYT CpPEOHEro
3HAYEHUs KOHCTaHThbI paBHOBeCHs (1g Kyia vp)-

st GuaeHTaTHOrO LIEHTPa, COAEPKAIEro OTACIb-
HBbIE TPYIIILIj U k, KOHCTaHTa accoumnaumu K(j,k) 3aga-
€TCA KakK

1gK (j.k) =1gK (j) +1gK (k) + xALK,, ~ (13)

rie ALK, — napaMmeTp, KOTOPBIM 3a0aeTCsI JOTIOTHU -
TeJIbHasi FETePOreHHOCTh aKTUBHEIX LIECHTPOB. 3Ha4Ye-
Hue koadduumenra x pasHo 0 111 90.1% ueHTpos, 1
g 9% u 2 gna 0.9%. Takum obpa3oM, 3amaeTcs
omnpeercHHas HEOMHOPOIHOCTh C HEOOJBIINM KO-
JIMYECTBOM CHJIBHBIX IIEHTPOB, OOJBIINM KOJHWYe-
CTBOM IIEHTPOB CpeIHEil CUJIBI U OOJBIIMHCTBOM
ciaobix. B Monenun VI KaTHOHBI MeTalJIOB U UX MpPO-
IYKTBI THAPOJIN3a MOTYT IIPUCOEINHSITLCS KaK K OM1-
JIEHTaTHBIM, TaK 1 K TPUACHTATHBIM LIEHTPaM:

18K (I,m,n) = 1gK () + 1gK (m) +
+ 1gK (n) + yALK,.
3nechy paBHo 0, 1.5 unu 3 1151 COOTBETCTBYIOIIETO

conepkanust eHTpoB: 90.1, 9 u 0.9%. Kaxnawlii noH
MeTajljla UMeeT CBOit mmapameTp ALK,, oTBeyalonmit

(14)
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32 CKJIOHHOCTb K B3aMMOJIEUCTBUIO C a30T- WU Cepo-
coacpXKallMU JIMraHaaMu.

KonmyecTBo OMAEHTATHBIX M TPUAEHTATHBIX IIEH-
TPOB Ha MoBepxHOCTU MoJiekyibl I'K paccuuTbiBaeTcs
BEPOSITHOCTHBIM METOIOM (aHAJIOTMYHO Momein V).
Hony oTHenbHBIX TPYIII, KOTOPbIe BHOCAT BKJIAI B
TaKue LEHTPbI, ONpPEASSIIOTCS U3 TIPEANOIOXEHMS,
YTO OHHM PACITOJIOKEHBI CITyJaifHBIM 00pa30oM Ha cde-
PUYECKON ITOBEPXHOCTH MAaKPOMOJEKYIBI. Jloms
I'PYIII, 00pa3yrolux OuaeHTaTHBIE LIEHTPbI, 0003Ha-
4aeTcA f,p, @ TPUIEHTATHLIE — f, 1, TPUHUMAIOLINE
CTAaTHUCTUYECKH YCpEeTHEHHBIC MOMIEIbHBIC 3HAUYSHUS
0.50 u 0.065 mra I'K [34]. TTokazaHO TakxXe, 4YTO CO-
IepkaHue HanboJjiee pacIpocTpaHeHHBIX (MOHOIEH-
TaTHBIX LIEHTPOB TUMa A) cocrasisieT 4 X 10~ Mosb/T,
a caMBIX penKHUX (TPUIOCHTATHBIX IIEHTPOB, COCTOSI-
X 13 tpex rpynn tuna B) — 9 x 10~° monb/r. TTo-
cjleqHee COOTBETCTBYET MPUOIU3UTEIBHO OTHOMY
ueHtpy Ha 7500 monekyn aist I'K ¢ MonexynsipHoit
maccoit 15000 Ha.

B Mogenu VI Bkjan KaxIoro kaTuoHa MeTajlia
(TLTIOC €To TIEPBBIN TPOAYKT TUAPOIN3a) MOKHO ONTH-
MM3UPOBaTh C MOMOIIbIO 1ecTU (Kya, Kyp, ALKy,
ALKy, ALK,, K ) mapamerpoB. Ha mpakTuke 370
KOJIMYECTBO MOXHO CYIIIECTBEHHO YMEHbBIUTh. Ha-
npumMep, B padote [38] mpemimaraeTcd egnmHOE YHU-
BepcasibHOe 3HaYeHue misd ALK, n ALKg, a Takxke

ALK, B Buzne npubnvkenust ALK, = 0.58IgKyy, , e

Ky, — KOHCTaHTa 006pa3soBaHKsi aMMHUAYHOTO KOM-
riekca. [To ananoruu ¢ mozenbio V K MOXHO MpU-
HSITh 32 €IUHULLY U MCTIOIb30BaTh KOPPESILUIO MEX-
1y Kya 1 Kyp.

B wTore mist MomenupoBaHUsSI SKCIIEPUMEHTAIb-
HBIX TaHHBIX TOCTATOYHO JIUIITb KOPPEKTUPOBKU Ky
[39]. Bricokue 3HaueHus Ky, O3HAYAIOT, UTO KATUOH
MeTaJljia IPOYHO CBSI3aH pacpOCTpaHEHHBIMU CJjia-
ObIMU 1leHTpaMmu. Beicokue 3HaueHust ALK, o3Haya-
IOT, YTO METaJUTy OTHAIOT IIpEedIOYTeHHEe MaJjiopac-
MpoCTpaHeHHBIE CUJIbHBIC LIEHTPHI, CBSI3aHHBIE CO-
macHo moaenu ¢ aromaMu N wiu S. Ecnu ALK, man,
CWJIBHBIC LEHTPHI HE SIBJISIOTCS MPeArOYTUTEIbHbBI-
MU, W KOMIIJIEKCOOOpa30BaHME IIPOMCXOIUT IIpe-
MMYILIECTBEHHO 3a cueT CBsI3bIBaHUsI O-coaepxKalm-
MU LOEeHTPaMU.

Mogaens VII. Ilpumenenue monenu VI K onuca-
HIIO KoMIUIeKcooopazoBaHus 'K ¢ maHTaHOMIamMm,

Co*, UO%Jr BBISIBIJIO HOBBIe maHHEIe [40, 41], uTo
MOTPeOOBaI0 M3MEHUTH TIpearnojaraeMbiii cocTaB
aKTUBHBIX LIeHTPOB. CTajlo OYEBUIHO, YTO MOJENb
HEIpaBUJIbHO OLIEHWBAET 3aBUCMMOCTb KOMILIEKCO-
obpaszoBanusg ot pH mipu pH > 7, 9To MOXHO 00BsIC-
HUTb TIPEAIoJiaraeMbIMU MYJIbTUAEHTATHBIMU 1I€H-
TpaMHu ¢ 6oJjiee YeM OIHUM TUIIOM CJIabO0KUCIOTHOIO
Jmranga (HaonpuMep, peHoJIbHOro ruapokcuia). OT-
Juuune monenu VII 3akioyaercss B UBMEHEHHOM pac-
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MOJIOXKEHUU MYJbTUAEHTATHBIX IEHTPOB 1 UCKJIIOYE-
HUU HEKOTOPBIX apamMeTpoB (ALK, ;, ALKg,).

TurnmuHar [34] oTMeTHI1, YTO COOTHOLIECHUE MEXKITY
Ig Kya 1 1gKyp, T.€. CPEIHUMU KOHCTAaHTAMU KOM-
IUJIeKCooOpa3oBaHUsI C OoJjiee ciaadbbiMu U Oosee
CUJIBbHBIMU KUCIIOTHBIMU LIEHTpaMM, ObUIO HMpUMEp-
HO TaKMM, KaK OXWAAJI0Ch U3 TaHHBIX IJIST TIPOCTHIX
JIMTAHIOB, T.€. CPOACTBO JAHHOTO MeTaljla K cJiabo-
KHUCJIOTHBIM TPYIIIaM MOXKET OBbIThb CUJIbHEe, 4eM K
KapOOKCUJIbHBIM. BO3HUKIA uaess O B3aMMOCBSI3U
JIaHHOTO KaTWOHA MeTaJjljia ¢ pasnuyHbiMu O-coaep-
KaIIUMU JIMTaHIaAMMU:
lgKyp = 1gKya pAy .
pK,
JpyrumMu caoBaMH, OTHOCUTEIbHASI CUJIA CBSI3bI-
BaHUS U1 JAHHOTO KaTMOHA MeTaJjlla TaKas ke, Kak
U JUISI TIPOTOHA. ABTOPBI paboThI [39] MpUMeHUIN 3Ty
UJIIEI0 TAaKXKe K “KOHCTaHTaM paclpOCTpaHEHHOCTH”
ALK, 1 ALKy, 1 oOOHapyXWJIM, YTO UX MOXKHO TMOJI-
HOCTBIO UCKIIIoUnTh. IlpenmoururensHee GUKCUPO-
BaTh OHO U TO Xe 3HaueHue 1gKy, 1151 KaXIoro us
YeThIpeX HEHTPOB TUIa A 1 IgK) 5 C TEM ke 3HAYCHU -
eM JJIsI KaXKIOTO U3 YeThIpeX LIEHTPOB Tulia B.

(15)

I[MpeumymectBoMm Mogeneit V—VII saBisiercs mpa-
BUJIbHASI C XMMWYECKOM TOUKHY 3peHUs HOPMYITUPOB-
Ka peakluili KOMIUIEKCOOOpa30BaHUs, OCHOBaHHas
Ha 3aKOHE AeCTByOIIMX Macc. PaccMoTpuM apyroit
MOAXOH, TAKXE YYWUTHIBAIOLINN HEOTHOPOMTHOCTh U
aniekTpoctaTndeckue adexTol 'K, HoO ocHOBaHHbIH
Ha MPUHIUIIE PACTIPENECITICHUS.

Mopaenb HeMIeaNbHOH KOHKYPEHTHOM aJCOPOLUH.
DOMIUPUYECKOE YpaBHEHHME HEUIACATbHOM KOHKY-
pentHoii ancopouu (HUKA, [42]) BeIIISIAUT Cemy-
IOLIMM 00pa3oM:

_ (Ke)' [ZKe)]
S(Ke)" 1+ [S(Ke)" |

HaHHast Mmofiesib ObuUTa MIPU3BaHA CKOHCTPYUPOBATh
YHUBEpCcaTbHOE MaTeMaTUYECKOe BhIpaXkeHue, couera-
Iolllee TIpeuMylliecTBa Teopuu JIsHrMIopa st SHepre-
TUYECKU HEOTHOPOIHBIX COPOIIMOHHBIX LIEHTPOB 1 M-
MMPUYECKOro ypaBHeHUs amcopormm PpeitHmmmxa,
MpEAIoJaraloiero CylnecTBOBaHWE 3SKCIOHEHIIU-
aJIbHOTO pacIipeie/ieHUsI COPOLIMOHHBIX LIEHTPOB 110
SHEPTUsIM (0 — CTeITeHb 3aIOTHEHUSI aKTUBHBIX IICH-
TpoB). B Beipaxkennu (16) ncIioabp30BaHbl ABa Mapa-
MeTpa HEOJHOPOJHOCTU: H; — TOKa3aTesb, OTHOCS -
uiica K oraeapbHoMy MoHy (HY wim xatnoHy meran-
J1a), p — KO BceM MoHaM. 7151 BBIUMCIICHUSI KOJIMYeCcTBa
CBSI3aHHBIX MOHOB Kaxmoro twma (Q,, MOib/T), 0,
YMHOXAa€eTcsl Ha coAepXaHue aKTUBHBIX LIEHTPOB
Omax: Qi = 0,0, [Ipennonaraercs, 4To i-e 4aCTULIbI
pearupyooT ¢ onHUM 1LeHTpoM. [To3nHee ObLIO Mpen-
CTaBJICHO YTOUHeHME [43]

(16)

i
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0 = 0,20 s (17)

Ny

Tl Ny — 3HAYEHME 71 [UI TIPOTOHOB, Oy, iy — MaKCHU-
MaJjibHasl IpOTOHOOOMeHHasi eMKOoCTb. [IpuMeHeHue
monenu K 'K TpebyeT mapamerpuzalimu ABYX Kjac-
COB aKTUBHBIX LIEHTPOB JIJIs IPOTOHOB U UIOHOB Me-
TajaoB. TakuM 00pa3oM, JOIKHBI ObITh ONITUMU3M-
poBaHbl 3HAYEHUS O oy g U Opaxo - Kaxmomy kiac-
Cy COOTBETCTBYET 3HAUE€HUE p, a IJISI KaXXIO0To MOHa
ecTb 3HaueHus K, K, n, u n,. B pabore [43] ny1st onu-
CaHUs DJEKTPOCTATUYECKUX B3aMMOAECHUCTBUIA UC-
noJb30Banachk Moaelb JlonHaHa. B cirydae mpoToHOB
ONTUMUBUPYIOTCSI MPOU3BENCHUSI 1\p; U Hyp,. His
MOHOB METaJVIOB, KOTOpbIe BcCeria KOHKYPUPYIOT C
MPOTOHAMM, NOJKHBI ObITh HaiJieHbl YHUBEpPCab-
HbI€ 3HAYEHUS p; U p,, a 3aTeM U crieludUuIHbIe 115
MOHOB 3HAYEHUS 1, U H,. JlaHHas MoJeb YCTEelIHO
o0ecrieuMBaeT COOTBETCTBME HEKOTOPBIX IKCIIEpU-
MEHTaJIbHBIX JaHHBIX MO KOMILIEKCOOOPa30BaHUIO.

Monenb MOBEPXHOCTHOTO KOMILIEKCOOOPA30BAHHUSA
u merox IIlyGepra. JlaHHBIN ITOAXOm OCHOBAaH Ha
3JIEKTPOCTATUYECKON MOJesu NBOMHOro nuddy3Ho-
ro ciost [44] n onuchIBaeT COPOLMOHHBIE TTPOLIECCHI
C TIOMOIIILIO PABHOBECHUST TIOBEPXHOCTHBIX PEAKITUIA:

{= XOH} = {= X0} + H',
{= XOH} + M*" + (n—1)H,0 =
={=XoM(on)"""],

{2 HA} + M*" = {= MHA}.

(18)

TpoitHast yepTa 3mech 0OO3HA4YaeT MPUHALIEK-
HOCTb K MOBEPXHOCTU OKCUTUIPATHOTO MUHepayia X
WIM TyMUHOBOM KucioTel HA. B yciioBusix siBHO
KOHKYPEHTHOM crucTeMbl (Hampumep, ripu pH > 7) u
MpY 1OCTATOYHO MaJIoii KOHIIEHTPpAllu1 MeTajljla BbI-
paxkeHue st By, B IaHHOI MO UMEET BUI:

Bra =

n+l
OxoH 7 [Hﬂ

(19)

— Pay, |/P[= HAJ,

rae P — oTHOIIeHME KOHLIEHTPAllMu COPOUPOBAHHO-
ro KaTMOHAa MeTajla K o0IIeil KOHIIEHTpalluu B pac-
TBOpPE, Oy — KOO UIIMEHT, yUUTHIBAOIINI (DOPMBI
HeopraHM4YeCcKux KomijekcoB, C — MpOTOHOOOMEH-
Hasl eMKOCTh COpPOEHTa, Oxoy = 1/(1 + K[H*]™) —
KoHcTaHTa KuciaoTHocTr =XOH rpynm. TaknM o6pa-
30M, BEJTMUYUHY ;4 MOXHO OLICHUTh, Mcxos u3 pH,
pu KOTOpoM He mpoucxoauT copouus I'K mosepx-
HOCTBIO MUHEpaJa.

Boiiee mpocCTBIM IOAXOJOM K MOACIMPOBAHUIO
peaxkuuii MOBEPXHOCTHOIO KOMILIEKCOOOpa30BaHUSI
cuuraetcs ypaBHeHue Illy6epra [45]:
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0
lg| oy %—1
d

= nlg[= HA] + IgBya, (20)

VILS KC? U K; — k03bbULIMeHThI pacipeaeaeHus KaTu-
OHa MeTajla MeXIy COpPOEHTOM U BOIHBIM PACTBO-
poM B otcyTcTBUE U B IipucyTctBuu I'K. VX onpene-
JISTIOT 3KCIIepUMeHTallbHO, a [=EHA] Kak npou3sBese-
HUe KOHILIeHTpaluu (B T/1) Ha MPOTOHOOOMEHHYIO
emkoctb I'K. Tlomb3ysick ypaBHeHueM (20), Bpya
OTpeNesIioT U3 rpadrka, MIOCTPOEHHOTO B KOOPA-

HaTax lg[ocM(Kg/Kd — 1)] — log[=HA].

TakuMm 00Opa3oM, pacCMOTPEH pSa MOAEeH s
OIMMCaHUs B3auMOAeCTBUS MUKpo3sieMeHTOB ¢ ['K.
JBe U3 HUX CUMTAIOTCd HanboJjiee yCITeITHbBIMU 1 Ha-
[IUTH IIMPOKOe IIpuMeHeHue. 9t1o — moaeib VI (VII),
KOTOpasi UMUTHPYET XUMUUECKYI0 HEOMHOPOTHOCTh
C KOHEYHBIM YUCJIOM AVCKPETHBIX aKTUBHBIX LIEH-
TPOB, U MOJEeIb HEUIeaTbHOII KOHKYPEHTHOM aji-
copOILIMM, OCHOBAaHHASI HAa TMOIXOJe HENPEephIBHOTO
pacmipenenaeHuss. C nx IMMOMOIIBI0O OOHAPYXKEHO, 4TO
CBS3bIBAHUE MOHOB METAJIJIOB B 3HAYMTEILHOM CTe-
IIEHU HEe 3aBUCUT OT IIpoucxoxaeHus: rymara. Onpe-
JIeJIeHbI OOlLLMe NapaMeTpPhbl, XapaKTepHbIE IS JIIOObIX
obpaszuoB 'K. ITpeumyiiiecTBo 3THX MoJeJieii Takke B
TOM, YTO OHU ObUIM BKJIIOUEHBI B KOIbI FEOXUMUYECKO-
ro TpOrpaMMHOIO oOecrieueHust ISl OmnpeacaeHUs
¢dOpM coCTOSTHUSI MUKPODJIEMeHTOB [46—49]. [Tomu-
MO ompeneaeHUsT (GOopM COCTOSTHUSI 3TU MOIEIU
VIYYIIWIM MOHMMAaHUE MapaMeTPOB KOMITJIEKCOO00-
pa3oBaHUsl, TAKUX KaK JEHTATHOCTb WJIM KOOPAUHA-
LUOHHOE YKCJIO JJjIs1 TYMATHBIX KOMITJIEKCOB.

OnHako He IOTEPSUIA aKTyaJlbHOCTU U Topas3no
OoJiee ympolleHHBIe momxonbl. Hampumep, MHOTHE
aBTOPBI MCITOIB3YIOT MOJEIbh HEUTpalIn3aluy 3apsi-
na, B kotopoii 'K paccmaTrpuBaeTcs Kak CMeCh IIpO-
CTBIX JINTAHIOB, UMEIOIINX OOHY M TY € KOHCTaHTY.
B otomume ot 0osee CIOXKHBIX ITOAXOI0B, BIEKTPO-
cratndeckue 3(p@PeKTH 31eCh He YIUTHIBAIOTCS, I10-
CKOJIbKY MOJIe/Ib TIpearoJjaraet, 4To 0oJblas 4acTh
TYMMHOBBIX BEILIECTB COCTOUT U3 OTHOCUTEJILHO He-
OOJIBIIMX MOJIEKYJ C MOJEKYJSIpHBIMU MaccaMH B
paitone 500 Ja u umeromux B cpeaHeM 3—4 eTMHULIBI
3apsiia Ha MOJIEKYJTy. 3HaUUTEIbHbIC 3JIEKTPOCTATH -
yeckue 3(hGheKThl y TAKMX YaCTHUI] HE MPEIroaratoTcs.
VpaBHeHMe (2) TaKKe CUMTAETCs TTOJIC3HBIM 1 HaIVISII-
HBIM METOJIOM I'pahUUeCKOTo MOJIETMPOBAHHUS 3aBUCH -
MOCTH MEXAY KOJIMYECTBOM CBSI3aHHOTO MMKpPO3Jic-
MeHTa a (MOJIb/T) 1 €T0 OTHOIIEHUEM K KOHLICHTpAaLK1
a/[M]. Otki1oHeHUs1 OT JTUuHeHHOCTU rpacuka CkeT-
yapaa IIPUHSITO OTHOCUTh K HAJIMYMIO aKTUBHBIX
LEHTPOB, 00JIaNAIOIIMX PA3JIMYHBIM CPOJICTBOM K HC-
cJIelyeMOMY KaTHOHY.
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Paccmorpum i Hadana meTonbl (hM3MIECKOTO
OTIEJICHUS TyMaTHBIX KOMILUIEKCOB OT HECBSI3aHHOIO
MukpoaneMeHTa. I[locne gocTukeHus: (bU3MIECKOTO
pazaeiaeHuss OOBIYHO TPeOyeTCsT MHCTPYMEHTaIbHOE
omnpeneleHe XMMHYECKOIro ajieMeHTa. B cBs3u ¢
9THUM MOAXOAbI, IPUMEHSIEMbIE B 9KCIIEPUMEHTAX IO
KOMILIEKCOOOpa30BaHUIO, COYETAIOT B ceOe pas3imd-
HbI€ METOIbl XMMUYECKOTO pas3ae/ICeHUs, HAIIpUMeEp
9KCTPAKIUIO, MOHHBIA OOMEH, YIbTpaduibTpalniio
WJIN OCaXACHUE, C YyBCTBUTEIIbHBIMMU METOIAMMU Je-
TEKTUPOBAHUS 2JIEMEHTOB — CIIEKTPOCKOMNMUEH I10-
IIolleHUsI B MH(ppakpacHoil obiactu, diayopec-
LIEHTHOM CIEKTPOCKOIMUEN, MAaCC-CIIEKTPOMETPUEH.
Jwvara3oH uccienyeMbIX KOHIIEHTpallMii 3aBUCUT OT
YYBCTBUTEJIILHOCTU aHaIUTU4YecKoro Mmetona. Cospe-
MEHHOE€ 000pyIOBaHME MO3BOJISIET OPEIEIUTD KOH-
HeHTpauy MUKPO3JIeMeHTOB Ha ypoBHe 1 HM. OdeHb
HU3KWE KOHLIEHTPAUWU MUKPOIJIEMEHTOB MOXXHO 00-
HapyXUTh C TIOMOIIbIO PAION30TONHBIX MHINKATO-
POB C U3BECTHOM YI€NbHOM aKTUBHOCTBIO.

PaBHoBecHbIii AMam3. MeTo paBHOBECHOTO /11a-
JIN3a 3aKJII0YAETCs B UBMEPEHUM pactipenesieHus Gopm
MUKPO3JIEMEHTOB MEXIY BHYTPEHHUM W BHEUIHUM
pacTBOpaMu, paslieJIleHHbIMU TOJYNPOHULIAeMOt
MeMOpaHoii. JlaHHas TeXHMKa OCHOBaHa Ha TpuMe-
HEHUM U3AeI1i U3 MeMOpaHHOIo MaTepuaja — qua-
JIM3HBIX MAKETOB WJIU TPYOOK, KOTOpbI€ MOMEIIAIOT
BO BHEIIHUM pacTBOp. PazmMepnl mop MeMOpaHbI Ta-
KOBbI, UTO MPEMNSITCTBYIOT MPOXOXIEHUIO MAaKpOMO-
sexkyn 'K, a HecBsI3aHHbIE KATUOHBI MUKPOBJIEMEH -
TOB JIMOO APYrve HU3KOMOJIEKYISIPHBIE KOMITOHEHTHI
CIIOCOOHBI CBOOOAHO MPOXOAUTH Yepe3 MeMOpaHy.
Ilpu uccienoBaHUM KOMILJIEKCOOOPA30BaAHUSI MUK-
poanemMeHTOB ¢ I'B yaliie Bcero Mcnosb3yoT BapuaHT
PaBHOBECHOTO IMaJIN3a, MPU KOTOPOM B CUCTEMY J10-
MOJIHUTEBLHO BBOASAT HU3KOMOJIEKYJISIPHBII OpraHu-
YeCKUI I HEOPraHUYECKUI JIUTaH I C U3BECTHBIMU
xXapakTepuctTukamu. Takoil MeTod MPUHSTO Ha3bi-
BaTb MOHOOOMEHHBIM PAaBHOBECHBIM JUATTU30M.

Ha HayanbHOM 3Tane B AMAJU3HbIN MTaKeT BBOAST
KaTUOHBI MeTajlla, KOHKypupylomuii auranm (L),
WHEPTHBIN JIeKTpoauT uiu 0ydep. B kauectse L uc-
MOJIb3YIOT OpraHWYecKue XesaaTbl, KapOOHAT-MOHBI
[40], DOTA [50]. Bo BHelIHMIT pacTBOpP MOMEIIAIOT
I'K 1 Bce Te ke KOMIIOHEHTHI (B TeX e KOHIIeHTpa-
LIUSIX, YTO U BO BHYTPEHHEM PacTBOpPE), KPOME KaTHO-
Ha. CucrteMy NpUBOISAT K PABHOBECHOMY COCTOSIHUIO,
HarpuMep, ¢ TIOMOIIIbIO JJAOOPaTOPHOTO Iieiikepa. Ta-
KHUM 00pa3oM, pacTBOpuMbIe (hOpMbl MeTallJIa TIpel-
CTaBJIEHbl CBOOOAHBIMU KATUOHAMMU,, KOMILJIEKCAMU C
I'K 1 KOHTpOIBHBIM TUTAaHAOM L. BO BHYTPEHHEM U
BHEIIIHEM pacTBopax. B paBHoBecuM L-KoMruieKchl
pPaBHOMEPHO paclpeesssioTcs 1o 06€ CTOPOHBI OT Aua-
JIN3HOI MeMOpaHbI, B TO BpeMsl KaK T'yMaTHbIE KOM-
TJIEKChI OCTAIOTCSI CHAPYKU, TOCKOJIBKY OHU CIUIIIKOM
BEJIMKU, YTOOBI 1M(OYHIMPOBATE Yepe3 MeMOpaHy.
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Konnenrpanum 'K Bo BHyTpeHHeM M BHEITHEM
pacTBOpax MOXHO OIPEIeIUTh CIIEKTpodoTOMeTpUYe-
cku. KoHIlgHTpaliuy ryMaTHBIX KOMILUIEKCOB OIpeze-
JISIIOT IO Pa3HOCTU KOHILIEHTPalMii BO BHYTPEHHEM
(L-KoMIuIeKChl ¢ KaTMOHaMy MeTajljla) M BHEIIHEM
(oO11Mit MeTaLT) pacTBOpax:

[MHA] _ [M“l(mem.) - [Mﬁl(mym,)
[ML] |:Mz+:'t(BHyTp.) |

YcnoBHBIE KOHCTAHThI KOMITJIEKCOOOPA30BaHUS
onpenelrsTioT 1Mo popmyite [40]:

K = Qo (22)

[HA]t( ) - [HA]t(BHyTp.) (Q + 1) ’

Tae O — IIOJISI, OTBEYAloIIas 3a KOMILIEKCO00pas3o-
BaHusga c Lu OH™.

Ha puc. 3a npuBeaeHa cxemMa JaHHOTO MeTola B
COCTOSIHUM paBHOBecHsi. L-koMriekcol (Menkue
TOUKHM) CHOCOOHBI MPOHMKATh 4Yepe3 MEeMOpaHy U
InddyHaAMpOBaTH B 00€ CTOPOHBI, OTHAKO T'yMaTHbIE
KOMIIJIEKCHI (KPYITHbIE TOYKU) CIMIIKOM BEJIUKMU U
ocTaloTcs BO BHelIHeM pactBope. Ilpu nuainzHoMm
paBHOBECUU KOHIIEHTpalMU L-KOMIUIEKCOB BO BHYT-
DPEHHEM U BHEIIIHEM pacTBOpax BbIPABHUBAIOTCSI.

HenocratkamMmm Metoma Ha TIPAKTUKE SIBIISIETCS
criocobHocTh 'K nuddyHaupoBaTh uepe3s MmeMOpaHy
1 BO3MOXHOE 00pa3oBaHMWe TPOMHBIX KOMIUIEKCOB.
Taxxe makpomoiiekyna I'K MoxeT 3akpbITh cO0Oi
yacTb MeMOpaHbI, 1U3-3a Yero BO3HUKHET HECKOM-
neHcupoBaHHLBIN 3apsan (3ddexr JonHana). Bepo-
SITHOCTB TaHHOTO 3(deKTa BO3pacTaeT C yBeINICHM -
eM KoHleHTpaluu 'K u co cHukeHreM MOHHOM CU-
JIBI pacTBOpa.

VasTpadmabrpanus. B taHHOM MeTOIE MCTIONB3Y-
I0TCSI (OUIBTPYIOLIME 3JIeMEHThI, U3TOTOBJICHHBIE 13
MeMOpaHHOTO MaTepuajia, KOTOpble MOTYT yIepXKU-
Bath 'K M rymMaTHbIe KOMIUIEKCHI, MO3BOJISSI MPU
5TOM TIPOXOJIUTHh HU3KOMOJICKYISIPHBIM BEIICCTBAM.
Kak mpaBuio, muamerp mmop MeMOpaHBI, ITOIXOIsI-
i I 3Tux neneit, coorsercTyeT 0.01—0.1 MKM.
PactBop mnm cycrieH3usi, coiepKallue M3BEeCTHBIC
koHleHTpauuu 'K 1 MukposjseMeHTa B COCTOSIHUU
paBHOBecHSsI, GUIBTPYIOTCS JTUOO 3a CUET IMPUITOXKEH-
HOTO JaBJICHUSI, TUOO CIIOCOOOM BaKyyMHOU (pUJIb-
TpalUU, KOraa pa3pexXeHne CO3IaeTcs B IPUHUMAIO-
el GUIbTpaT €MKOCTH ITyTeM OTKAYKU BO3IyXa
(puc. 30). KomnuyecTBO CBSI3aHHOTO B TyMaTHBIN
KOMIUIEKC MUKPO3JIeMEHTa OIpeAesieTCsl pa3HULIei
MEXIY ero MCXOQHOM KOHLIEHTpaLeil 1 KOHLIEHTpa-
uueit B punbTpate [S1].

VabrpadunbTpalivisi HE CHMXAET UYyBCTBUTENIb-
HOCTh aHAJIUTUYECKOTO METOAA OMNpelae/ieHUsI MUK-
poajieMeHTa B puiabTpaTre (aTOMHO-3MUCCUOHHAS
CTNIEKTPOMETPUSI, MaCC-CIIEKTPOMETPUST). YHUKATb-
HBIM TIPEMMYIIECTBOM METOIa SIBIISIETCS BO3MOXK-
HOCTh (PpaKLIMOHUPOBAHUS T'YMATHBIX KOMILJIEKCOB

0= (21)

BHEII.
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MO MOJIEKYJISIpHOM Macce [52]. DKcrnepuMeHTHI 10
yIbTpaUIbTpaLIAM YaCTO IIPUBOIAT K BO3pPaCTaHUIO
CJIy9aiiHBIX OTPEIITHOCTEM, TIOCKOJIBKY OIPEIe/ISIOT
TOJIBKO KOHIIEHTPAIUIO0 CBOOOMHBIX KAaTMOHOB Me-
TaJ1a (KOHIEHTPALWSI KOMITJIEKCHBIX MOHOB BBHIYHC-
JISIETCSI IO Pa3HOCTH OT OOIIEeil KOHIIEHTpALU), 1 Ha
Hee OKa3bIBaIoT BIMSHHE 3P(EeKThl amacopOIMM Ha
GuUIBTpe U MonajgaHue B GUJIBTPAT TYMATHBIX KOM-
IUICKCOB MaJjioro pasMmepa. B I1ieioM HemocTaTku
MeMOpaHHO MIBTpALIK T€ XKe, YTO W Y IPEabIIy-
IIeTO MeTOola: MPOXOXISHUE TyMaTOB 4epe3 IOpHl,
3acopeHre MeMOpaHbl, 3(G@EKThl IECKTPUICCKOTO
3apsiga Ha MeMOpaHe.

KunkocTHasg 3KcTpakums. MeTom OCHOBaH Ha
pacnpenenenuu I'B Mexmy 1ByMsT HeCMEIIMBAIOIIM -
MUCS XUAKUMU (pa3zamu. MIcxonHyro cMech MPUBO-
JISIT B KOHTAKT C OPraHMYECKUM DKCTPAreHToOM U Tepe-
MEIIIMBAIOT B 3aKPBITOM COCy/ie (IeauTesIbHasi BOpOH-
Ka, MpoOupKa Wi Jobast apyras ynoOHasi eMKOCTh).
ITocne oTrcTanBaHusI IPOUCXOAUT pa3aeeHre Ha Op-
raHn4eckylo asy, Kyaa mepexoisiT ryMaTHble KOM-
IUIEKCHI, ¥ BOOHYIO a3y (BHU3Y), KOTOPAs OTACISICT -
csI TIyTEM CJIMBa Yyepe3 KpaH JIn00 oTOMpaeTcs ¢ 1mo-
MOIIIBIO OCTPOKOHEYHOTro no3aTtopa (puc. 38). BogHas
¢aza cogepKUT OCTaBILIMECS B paCTBOPE CBOOOIHBIE
KaTUOHBI MeTaJlJIa.

B kauecTBe 3KCTpareHTOB NMPUMEHSIIOT KaK MHO-
TOKOMITOHEHTHBIC CUCTEMbI (HarTpuMep, pacTBOp CMe-
cu TpubyTuidocdara 1 TCHOMITpU(PTOpalleTOHA B
noaekaHe [53]), Tak 1 OMHOKOMITOHEHTHBIE (Harpu-
Mep, uzodytaHou [54]). J1ast onpeneneHusi KOHCTaHT
YCTOMUMBOCTU TYMaTHbBIX KOMILJIEKCOB MPOBOMSIT IKC-
MEPYMEHTHI MO SKCTPAKLIMKU B TIPUCYTCTBUM U B OTCYT-
ctBue I'K. KoadhduimeHT pacnipeneseHust MUKpOdJie-
MeHTa B otcyTcTBUe (Dy) 1 B ipucytctBum (D) 'K
ONpEAENSIOT MO OTHOIIEHUIO KOHLEHTpaluii MUK-
podaJieMeHTa B OpraHMYeckKoii M BOOHOI (pazax
(Copr/Croms)- CunTaeTCH, YTO NMPU KOHUEHTpauuax 'K
1o 10 mr/n paznuuue mexay D u Dy HecyllleCTBEHHO, U
KOHCTaHTbl YCTOMYMBOCTU T'YMaTHbIX KOMILJIEKCOB
yA0OHO ONpeAesisiTh U3 CJASAYIOLIETo BblpakeHus [53]:

gD =1gD, — 1g(1 + B[HA]"). (23)

Kanunnsipabliii asekrpodopes. PazneneHue rymar-
HbIX KOMIUIEKCOB MUKPO3JIEMEHTOB 1 UX HEOpraHU-
YyecKUX (OpM METOIOM KaNMJIISIPHOIO 3JIEKTPOPO-
pe3a OCHOBaHO Ha Pa3jMuuM B KUHETUKE UX MU-
rpaliiu BHYTPM TOHKOTO KBaplLeBOTo KaIuuisipa,
3aIl0JIHEHHOTO pacTBOpPOM 3JjieKTposiauTa. Cxema-
TUYECKU YCTPOHUCTBO METOJa M300pakeHO Ha puc. 3r.
Ha noaBusXHOCTh YacTUll B KalWJUISIpE OKa3bIBaIOT
BJIMSIHUE JBa TMOTOKa — 3JeKTpOoDOpEeTUYEeCKUil u
BJIEKTPOOCMOTHYECKHU. DIEKTPOOCMOTUYECKU I TTO-
TOK oOpasyeTcs npu ABUXKeHUU nuddy3HON JyacTu
JIBOMHOTO 2JIEKTPUUYECKOTO CJI0Si BOJIM3U CTEHOK Ka-
MWUISIpA U UMEET HaNpaBJIEeHUWE OT aHOAA K KaTo.y.
Takum 06pa3zoM, HEMTpaabHbIE TyMaThl U CBOOOIHBIC
KaTUOHBbI META/UIOB HauboJjiee aKTUBHO JIBUXKYTCS B
Ne 12
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Puc. 3. [IpuMepsl METOIOB pa3neeHUsI TYMAaTHBIX KOMIUIEKCOB M CBOOOIHBIX KATHOHOB MUKPO3JIEMEHTOB (CXeMaTUYECKM):
(a) — paBHoBecHbIi nuanu3 (PI), (6) — ynerpadunsrpanus (Y®P), (B) — kuakocTHas akcTpakuus (2KD), (r) — KanuIsspHbILA
anekrpodopes (KD), (m) — BeicokoaddekTnBHas xkuakoctHast xpomarorpadust (BOXKX). YHacTuiibl ryMaTHBIX KOMIUIEKCOB
MUKPO3JIEMEHTOB U300pakeHbl KPYITHBIMU TOUKaMHU, CBOOOIHBIC KATHOHBI — MEJIKUMU TOYKaMu. D — 0603HadyeHne IeTeKTopa.

CTOPOHY KaTojia, B TO BpeMsl KaK OTpULIaTeJIbHO 3a-
psoKeHHbIe MakpoMoJieKyJibl 'K (aHMOHBI) epemMe-
LIAIOTCS K KATOAHOMY KOHILy TOpa3i0o MENJIEHHEE 3a
CUET UX COOCTBEHHOM 3JIeKTpOdOpeTUYEeCKO Mmo-
JIBUXKHOCTH B IIPOTUBOIIOJIOXKHYIO CTOPOHY. B coBpe-
MEHHBIX UCCJIEOBAHUSIX JTAHHBII METO UCTIONIb3YETCS
B COYETAHUU C MacCC-CIIEKTPOMETPUYECKUM JIETEKTU-
pOBaHWEM YaCTUIL, TPOXOASAIIMX Yepe3 Kanusp. Ka-
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MULISPHBINA 371eKTpodOpe3 U MacC-CIEKTPOMETPUS
C UHIYKTUBHO CBsI3aHHOI1 m1a3moii (KD-MC-MCII)
IIUPOKO MCMHOJIb3yeTCs il OoNpenesieHus: GopM co-
CTOSTHUSI MUKPO3JIEMEHTOB ITPU U3YYEHUH KOMILIEK-
coobpaszoBaHusi ¢ I'K. OcHOBHbIE IperMylleCcTBa
METOJa BKJIIOYAIOT CKOPOCTh aHajIn3a, MaJible 00be-
MbI 00pas3loB U BO3MOXHOCTb KOHTPOJUPOBATh He-
CKOJIBKO 3JIEMEHTOB U M30TOITOB B PEXKMME PeATbHO-
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ro BpeMEHU MpU HU3KUX Mpeaesax oOHapyXeHUs
(Sppb). PazneneHre MeTomoM KalmWJUISIDHOTO 3JI€K-
Tpodope3a obecrieurnBaeT OQHO3HAYHOE OOHapyXe-
HUYEe Kaxoil GopMbl 2jieMeHTa KaK B COCTaBe rymaT-
HOTO KOMILIEKCa, TaK U BHE €ro, Torna Kak MeMOpaH-
Hble METOAbl pasfesieHUs IO3BOJISIIOT OMpenessiTh
TOJIBKO OO0IIIME KOHIIEHTPAIlUU DJIEMEHTA.

B pabote [55] mist Macc-CrieKTpOMETPUIECKOTO
nerektupoBaHus B 'K BBoguim cTaOMIbHbBIE U30TO-
bl 2’1, B pesynbrate curdHan 2] mokasbiBas 30HY
MUTPALlMM OTPULIATEIbHO 3apsKeHHBIX T'yMaTHBIX
KOIIMJIEKCOB. B KadecTBe MHIMKaTOpa He3apsKeH-
HBIX YaCTUIL] UICOJIb30BaIU 1-OpommpomnaH. 1o cur-
Haiy 8 Br onpenessiiv 31eKTpOOCMOTUYECKUNA IIOTOK
BO BpeMs pasaeiacHus. B padote [50] moTok BHyTpH Ka-
MAUISIPA KOHTPOJIUPOBAJIA JETEKTUPOBAHMEM HMOHOB
Na™ B o6pasuax u 6ydpepHoM pactBope. Takum o6pa-
30M, CUTHaJbl OT pa3JIMYHbIX M30TOMNOB B CIIEKTPE
MOTYT OBITb OTHECEHBI K COOTBETCTBYIOIINM (hopMaM
MUKpPO3JEMEHTA.

3HaYeHMs YCIOBHBIX KOHCTAHT YCTOMYMBOCTHU [3
HaXOIST CJCAYIOIIMM 00pa3oM:

5o [MHA]
[M“]f ([HA], - [MHA])

, [HA], = —C“f;C“ . (24)

Konuenrpanuio rymatHoro komiuiekca [MHA]
OTIPENeNSICIOT MAacC-CIEKTPOMETPUUYECKN (IT0 CUTHATY
OT Macchl a7ieMeHTa M). ¢y, — KoHueHTpauus ['K (r/m1),
cy — TpoToHooOMeHHasi eMKocTbh 'K (Moiib/T),

[M%*] — KOoHLIEHTpaLis CBOOOIHOTO KaTnoHa M, 7 —
3apsI KaTHOHA.

BricokoaddekTuBHAs KUAKOCTHASI XpoMaToTpa-
¢uss — coBpeMEHHBIII MeTOlI KOJTOHOYHOM XpOMAaTO-
rpadum, oouH M3 HaMOOJIee YACTO MCITOIb3YEeMBIX
MeTonoB Wit aHanu3a ['B. C momotbio BOXKX rymu-
HOBBIE€ BEIIECTBA MOXHO pa3deinTh Ha (PpakiluuU C
pa3sHBIMM CTPYKTYPHBIMH OCOOCHHOCTSIMH. MeTon
TaK>K€ MOXKET OBbITh MOJIe3¢H MPU CPaBHEHUU T'yMU-
HOBBIX (DpaKIiInii, MOJYICHHBIX U3 Pa3HBIX UICTOYHU-
KoB. CxemMa MeTopa IpeacTansieHa Ha puc. 3a. Ha pu-
CyHKE M300paxkeHbl JIBE €MKOCTU C MOABUKHBIMU
¢dazamu (3JIIOCHTHI), KOTOPBIE HACOC IIOAeT Ha MH-
XKEKTOp HpoOblI, OTKyda Iajee CMEeCh IOCTYIaeT B
XpoMaTorpaduueckyr KOJIOHKY.

Pa3paboranbl xpomartorpadnyeckmue METOIbI, B
KOTOPBIX TYMaTHbIE KOMIUIEKCHI MMKPO3JIEMEHTOB
MPOXOIST Yepe3 MOAXOISIIYIO KOJIOHKY, a CBOOOIHbIE
KaTHUOHBI YJIaBIMBAIOTCS HETTOABMKHOM (ha3oii. 3aTemM
KOJINYECTBO CBSI3AHHOT'O 3JIEMEHTA MOXKHO OMPENeIUTh
aHaIM30M aJoaTa. Hampumep, MeTon 3KCKITHO3UOH-
Holt xpomartorpadum (9X) B cOYeTaHUM C MacC-CIeK-
TpoMeTpuel No3BoJIsieT 3(pHEKTUBHO OMPEALIsSITh CBO-
6omHble U cBsa3aHHbIe ['K KaTMOHBI MUKPO3JIEMEHTOB
[56, 57]. B naHHOM MeTOone CBOOOIHbIE KATUOHBI U
ryMaTHbIE KOMIUIEKCHI IIPOXOISIT Yepe3 DKCKII031-
OHHYIO KOJIOHKY 3a pa3jn4yHoe BpeMs Giaromaps
pa3HUIIC B pa3Mepax MOJIEKYIL.

KYPHAJI AHATUTUUYECKON XUMUU

BOJIKOB, ITOJIAKOB

Paznenenue 1o MoJIeKyISIpHOM Macce, KakK U MIOHO-
00OMEHHOE, OCHOBaHO Ha TOM, YTO I'yMaTHbIE KOMIIJIEK-
Chl B 3HAYUTEJILHOM CTENEHU HE OUCCOLMUPYIOT BO
BpeMsI dionpoBaHus. Yepe3 xpoMaTorpapuuecKyro
KOJIOHKY, 0OBIYHO 00eCIIeUNBAIOIILYIO pa3iejJeH1E 10
pa3Mepy MOJIEKY/, IPOITyCKalOT pacTBOP MHTEPECy-
IOIIEero MeTajula ¢ U3BECTHOI KOHILIEHTpALMEei, o~
cJie 4eTo BBOASIT TYMUHOBOE coenuHeHre. HamonHu-
TeJIeM KOJIOHKHM, KaK IIPaBUJIO, CIIY>KUT MaKpPOIIOPHU-
cthiit Si0,. OnpenensitoT KOHLUEHTpaII0 MeTalJIa BO
dpakiusgx amoata. B pesynsTupyoniem npoduie mo-
SIBJISIETCSI TIMK CBSI3aHHOT'O KaTHMOHA 1 BITaJHA, BO3HU -
Karolast 6;rarogapsi CBOOOITHOMY KaTUOHY, HE CBSI3aH-
Homy ¢ I'K.

I[Muku ryMaToB IIpu 3TOM (PUKCHUPYIOT C IIOMO-
b0 Y®-gereKkTopa Npu AJIMHE BOJHBI 254—270 HM
(BX-YO-UCII-MC). CraHmapTbl MOJIEKYJISPHBIX
Macc mis I'B ompenensioTcss mo ITOJIMCTUPOJICYIIb-
¢onaram (mo 80000 Ha). i DOCTOBEpPHOM pe-
TMCTPallMM TYMaTHBIX KOMILJIEKCOB TaK:Ke UCIOIb3Y-
10T [56, 58] MeTon nonoooMmeHHoit BOXKX B coueTa-
HUU C aTOMHO-(JIyOPECLIEHTHOM CIEKTPOMETPUEH C
obpazoBanueM ruapunoB (BOXKX-ADC). OgHako B
pabote [56] ykaspIBaeTcsl, 4TO, B OTJHMYHME OT DX,
JTaHHBIM METOJOM HE yIaJoCh BBISIBUTH I'yMaTHBIE
koMmruiekchl As(IIT) uz-3a Toro, 4To oHU 3aIepPKUBa-
IOTCSI aHUOHOOOMEHHOM KOJIOHKOIMA.

Konuenrpanuio cBsI3aHHOTO KaTHMOHA MeTajlia
ONpeesIioT MO IUIOLIAAM ITMKAa T'YMAaTHOIO KOM-
TJIEKCA U OTHOLIEHWIO KOHIIEHTPAIlMM JAaHHOTO Ka-
THoHa (CcTaHmapTa) K IUtomany nuka. M3 GamaHca
Macc Mexay oOllleii KOHIIeHTpaliMeil KaTuOHa Me-
Tajula U CBSI3aHHOI B TyMaTHBIM KOMIUIEKC OIpe/e-
JISTIOT TabuIIbHYI0 KoHIIeHTpannio [M']. EMkocts 'K
M KOHCTaHTy KOMILJIEKCOOOpa3oBaHUsI MOXHO pac-
cumnTaTh U3 ypaBHeHU:I (2) 1100 rpaduka, IoCTpOeH-
Horo B koopauHarax ([M']/[MHA])—[M']. Dkckimo-
3UOHHAasI XxpoMmaTorpadusi odecrieunBacT HEIpepPhIB-
HOE€ MOJIEKYJISIPHO-MaCcCOBO€ pacmpelecHue 13-3a
TETePOreHHOIO COCTaBa OPraHMYECKOTO BEIEeCTBa,
MpeaCcTaBICHHOTO T'yMaTaMu.

DjeKTpoxumMudecKne meroapl. M3 siekTpoxumu-
YeCKMX METOJOB Haubosiee pacrpocTpaHEeHbl METO-
JIbI BOJIETAMIIEPOMETPUM, B KOTOPBIX MOHEI METaJIJIOB
CHavaJjia IIoIBepPraloTCs 3JIEKTPOOCAXKICHUIO 1 3aTeM
BOCCTaHaBJIMBAIOTCSI HA PTYTHOM 3JeKTpoAe. TakuMm
oOpa3oM, JaHHBIE METOABI JIyYIlle BCETO ITOAXOIST
JIJIST OTIpeieIeHNSI KATUOHOB METAJLIOB, 00pa3yIOLInX
amaJibraMy CO PTYThlO, HAIIpUMep Medb, IIUHK, KaJl-
MUii, cBUHEL. B coBpeMeHHBIX MeTOIaX BOJIbTaMIIe-
POMETPHUH UCIIOJIB3YeTCsI MTOTEHIIMOCTAT C TPEMSI dJIeK-
TpooaMu: pabO4YMM, BCIIOMOTaTEeIbHBIM U 3JIEKTPOIOM
cpaBHeHMs1. CyTh TaHHBIX METOHAOB 3aK/IIOYACTCS B 13-
MEHEHUM ITOTeHIIMaja pabodyero 3jeKTpoaa OTHOCH-
TeNbHO B3JIEKTpona cpaBHeHHMs. Ha pabouem aiek-
TPOJe IIPOUCXOAUT OKUCJICHUE aHA/IUTa, B pe3y/bTaTe
Yero MOTOK 3JIEKTPOHOB IBIDKETCSI B CTOPOHY BCIIOMO-
raTeJIbHOro asjekTpona. MaMmepsiercs: TOK, IpoTeKaro-
Ne 12
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1005071 MEXIY pa6quM 1 BCITOMOTIaTCJIbHBIM 3JICKTPO-
JaMu.

HuddepeHianbHast UMITYJIbCHAsI BOJBTaMIIEPO-
METpUsI — JOCTAaTOYHO YYBCTBUTEIBHBIA METOH MC-
cJIeIOBaHUS B3aMMOICCTBUS MEXIY NOHAMMU TSIKE-
JeIx MeTaioB U 'K 1 olIeHKM KOHCTaHT YCTOMYMBO-
CTU TYMaTHBIX KOMITIEKCOB [59, 60]. JaHHBI MeTOx
OTJIMYAETCS TeM, YTO HAa MEMJIEHHO M3MEHSIOIICEeCs
M0 JMHEMHOMY 3aKOHY IIOCTOSIHHOE HaIlpseKeHue
HaKJIaAbIBAalOT KpaTKoBpeMeHHbIe (1—3 c) paBHEIC
nMItysibehl (20—100 MB). Tok m3MepstoT ABakKabl —
JI0 MoJayM UMMNYJIbCa 1 B KOHIIE AeHCTBUS UMITY/IbCa.

B pabote [59] ucnoab3oBagin BUCSIIYIO PTYTHYIO
KaIlUII0 B Ka4eCTBE pabodyero 2JICKTponaa, XJIOPpHUACEe-
PEOPSIHBIN 3JIEKTPOJ CPaBHEHUSI, BCIIOMOTaTeJIbHBIM
9JIEKTPOJ U3 CTeKJIoyTriiepoaa U Oy(depHBIil pacTBOp
cocraBa Na,HPO,/NaH,PO,. Ha nepBom artare uo-
HBI METaJIJIOB IIpeABapUTEIbHO KOHLICHTPUPOBAIU B
KaIuIlo pPTYTU ITyTeéM BOCCTaHOBJIEHUS Tipu —1.2 m
—1.0 B. 3aTeM nocite neproda mokost B reueHue 20 ¢ mo-
JIaBaJIA MOJIOKUTEIbHBIN MOTEHIIMA I PETUCTPUPOBa-
JIM TOKU OKHMCJICHUSI MeTau10B. TuTpoBaHue IMTPOBOIU -
JIM TIPSIMBIM 100aBJIEHUEM PacTBOPOB, COIAEpPXKaIIMX
KaTHOHBI METAJUIOB, B TYEUKY C (DOHOBBIM 3JIEKTPO-
JuToM, oydepHbIM pacTBopoM 1 I'K. [ onpenere-
HUSI KOHCTAaHT YCTOMYMBOCTU I'YMATHBIX KOMIUICKCOB
HMCHOJIb30BaIX MOJeb 1 : 1, pacyeT mpoBOIWIIN, MC-
XOJIsl U3 yriIoBbIX Koa(dduumenTos (k, u k,) 3aBUCHU-
MOCTH TOKa MUKa OT OOIIeil KOHIIEHTpaluu 100aB-
JIeHHOTO KatuoHa: B = (k,—k,)/kn, TIe KOMIUIEKCO06-
pasyromast eMkocTb 'K 7 ompenenstercss u3 rpaduka
Kak abcuucca TOYKU U3jioMa KpuBOii. 31ech k| — KO-
addunmeHT, monyyeHHslit B ipucyrcteuu I'K. Tpsi-
MblI€ C k| UMEIOT MEHbIINI HAKJIOH, YeM TMOJTyUYeHHbIE
B OTCYTCTBHE KOMILIeKCooOpa3oBaHus (T.e. 6e3 I'K)
k, [59].

Pa3pabarbiBaroTcsl Takxke AMHaAMUUYecKue (Ipo-
TOYHBIE) METOIBI MCCIIEAOBAaHNSI KOMILIEKCOO0Opa30-
BaHMs C TymMaTaMy Ha OCHOBE BOJIBTAMIIEPOMETPUM.
B paGore [61] npemioxeHa Ipoleaypa nociaeaoBa-
TEJIbHOM MHXCEKIIWU U1 ompeneacHUsT Ko3(huUIm-
eHTOB mudPy3nn 1 ImapaMeTpPOB KOMIIJIEKCO00pa3o-
BaHuus prytu(Il) c I'K. B KOHCTpyKIMIO MPOTOYHOMN
SYEHKM BXOIMT 30JIOTOU 3JIEKTPO/l, BbIIOJHEHHBIN
O TEXHOJOTUU TpadapeTHOM IeyaT, cepeOpsTHBIN
2JIEKTPOJI CpaBHEHUS U TpaUTOBBII BCIIOMOIaTe b~
HEI1 271eKTpon. [Tomo6GHbBIe cucTeMbl MHXKEKIIMK Ja-
JOT BO3MOXXHOCTb BapbMPOBaTh 00BEM MPOOHBI I CKO-
pOCTb MOTOKA, YTO ITO3BOJISIET 6€3 MHCTPYMEHTAJIb-
HOro BMeEIIATEJIbCTBA ONTUMAJbHO IOJICTPanBaTh
CUCTEMY JUISI JOCTVDKEHUSI HEOOXOMMMBIX aHAIUTH-
YeCKHUX IapaMeTpPOB.

Henocratki METOIOB BOJBTAMIIEPOMETPUM CBSI-
3aHBI ¢ TPYIHOCTIMM BOCCTAHOBJIEHUNS MeTajlla U3
KOMILIEKCOB, a TakxKe MX auccounauneir. OgHo u3
[JIAaBHBIX TIPEUMYIIECTB METOJA — MWCITOJIb30BaHNE
HEIOPOTOTO M ITOPTATUBHOTO O0OpPYIOBaHMS, KOTO-
pOe MOXHO IIPUMEHSIThH B IMOJIEBBIX YCIIOBHSIX.
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CneKTpocKonu4ecKHe METOIbl OCHOBAHBI HA U3Me-
HEHMU CIIEKTPOCKONMNYECKOIO CUTHala XUMMWYECKUM
3JIEMEHTOM WJIM TYMUHOBBIM BEILIECTBOM, YTO MOXKET
OBITh CBSI3aHO ¢ KOMIUIEKcooOpa3zoBaHueM. Diryopec-
HeHuMst U Y®- u BUIMMAST CIHEKTPOCKOIIUS —
KJIACCUYECKHE METOMbI, MCCIEIOBAHUS CIIEKTPalb-
HBIX cBoiicTB I'K, BKMoO4as pasmuaHoro poxa 3@d-
dexTHI [62], a TaKKe B3aUMOIEICTBIE C HOHAMU Me-
TaJJIOB. YCTAHOBJIEHO, YTO TaKMe ITapaMeTphl CITeK-
TPOCKOIIMYECKUX METONOB, KaK /JIMHA BOJIHBI
BO30YKIEeHMsI, MHACKC (DIIyOpEeCEeHLIMM, UHACKC Ty-
MU(DUKALIMA W TOJIOKEHUE ITMKOB (PIIyopecLieHIIuN
3HAYUTEIIHBHO PA3INIAIOTCS B 3aBUCUMOCTH OT MOJIEKY -
JISIpHOM Macchl [63].

OauM M3 caMbIX AOCTYITHBIX CIEKTPOCKOIUYe-
CKMX METOJIOB — CIIeKTpOcKonus B Y®O- U BUIUMOIL
obJtactgx cnekrpa [64, 65]. MeTon oCHOBaH Ha 3KC-
MepUMEHTAIbHOM perucTpalluy TOJOChHl MOTJIOoNIe-
HUSI TYMaTHOTO KOMILJIEKCAa UCCIISIyEMOIO DJIEMEHTA.
B mpucyrctBuun I'K HabmomaeTcss cMmeleHue xa-
pakTepHOTO NMuKa nomiolieHus. [1pu aToM Hanu-
yre YCTOMUYMBOM M300€CTUYECKOI TOUKM YKa3bIBaeT
Ha oOpa3oBaHMe TOJBKO OJHOM HOBOM (DOPMBI MUK~
po3JieMeHTa. YCJIOBHbIE KOHCTAHThl KOMILIEKCOO0-
pa3oBaHMsI MOXHO PacCYMUTaTh, MCXOMOS U3 IIPEAIIO-
JIOKEHMSI, YTO HOBBIM MUK TIPEACTaBISICT COOO0M Ty-
MAaTHBIN KoMIieKc coctaBa 1 : 1. IIpuMeHssT 3aKOH
Bbyrepa—Jlam6epra—bepa, onTu4ecKyro IMIOTHOCTb A
B CICTEME MOXXHO BbIPa3UTh CJICIYIOIIUM 00pa3oM:

A =¢g,[M]+¢[MHA], (25)

TIe € U €, — MOJISIpHBIE KO3(DDUIIMEeHTHI TToTIoNe-
HUS.

3HavYeHUs €, U € MOXKHO OIPEICIUTD IO OTHOIIIE-
HUIO A X 00lleil KOHIEHTpalui KaTUOHA IS HYJIe-
BbIX 3HaueHnit [MHA] u [M] cooTrBercTBeHHO. O0-
paszoBaHue KoMiuiekca [MHA] 3amaercsa cienmyro-
LM BBIpaXKeHUEM:

b= [MHA]
[M](cuacu — [MHA]),

rae cya — KoHueHtpauus 'K (r/n) u ¢y — ee npoTto-
HOOOMEHHAas eMKOCTh (MOJIb-3KB/T). [JIsT JaHHOTO
cooTHouleHust [M]/[MHA] u u3BecTHOro 3HayeHust
Cyy COOTBETCTBYIOIIIEE 3HAUEHUE Cryp MOXKET OBITH BbI-
4HMCICHO Kak yHKIus .

IIIupoko MPUMEHSIIOT METO/I ralleHust iyopec-
neHuu ((QIyopecieHTHOro TUTpOBaHUs) [66—68].
Oo6HapyXeHBI 3aMeTHBIE 3P MEKThI TyIIEHUS (Iyo-
pEeCUEHIUN TIpU CBI3BIBAHMU MOHOB TSDKEJIBIX Me€-
TajuioB pazaunaHbiMu ¢paknusvu K. OgHako B He-
KOTOPBIX CJIydasix YCTAaHOBJIEH IIPOTUBOPEYMBBIIA Xa-
pakTep Takux 3¢ dekToB. 111 HEKOTOPBIX TSXKEIbIX
METAJUIOB KOPPEJISIIINS MEXIY UX KOMIIEKCOOOpas3y-
JOIEe CITOCOOHOCTRIO M (hIIyOpeClieHIINEH TyMaToOB
He noaTBepxkaaeTcs [69]. B ciydyae BO3HUKHOBEHUS
TaKMX IIPOTUBOPEYMNI BO3MOXKHO IIPUMEHEHIE KOM-
OMHAILIMM METOIa TYIIeHUS (JIyOPECLUEHINU U MOJIe-

(26)
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JIMPpOBaHUS, HAIPUMEDP, C IOMOIIBIO MOIEIN HENIC-
aJlbHOIt KOHKYpEeHTHO ancopobiiuu. Takoit momxon
JaeT Jydilee IMOHMMAaHUE MEXaHM3Ma CBSI3bIBAaHUS
kaTtoHOB 'K pa3nmmyHBIX 10 MOJIEKYJISIDHOIT Macce
dpaxuuii [70].

DKCIIEPUMEHTHI II0 TUTPOBAHUIO IIPOBOOSAT, KaK
npaBmIo, IIst ceprm pactBopoB 'K ¢ ipemycTaHoBIIeH-
HbIM pH, K KOTOpbIM 100aBJsIOT HeOOombIIoi (1 M)
00BEM pacTBOpa TUTPAHTA — COJIM MCCIEAYEMOTO Me-
Tajula. 3aTeM B pacTBOpaxX CO30al0T PAaBHOBECHBIE
YCIIOBUSI, HAITPUMED, ITyTEM BCTPSIXMBAHUS B IIIEHKe-
pe B TedeHue 00 24 4 [70]. Jdns nzMepeHuii 0OBIYHO
HMCHOJIb3YIOTCS MHOTOKaHaJIbHbIE JTIOMUHECLICHTHHIC
cnekTpomeTphl. [TpoucxoxneHue KoHTypa dJiryopec-
LeHUUHU BOOHBIX pacTBopoB 'K 0bycioBieHO BKJIa-
JIOM OT (PryopoOpOB, NMEIOIINX PA3JTNYHYIO XUMU-
YEeCKYIO MPUPOIY U BXOASIIIUX B COCTAB pa3HbIX MaK-
POMOJIEKYJI M, COOTBETCTBEHHO, (hJIyOpeCLUPYIOLINX
Ipu pa3HbIX MJIrMHax BoJH. CoBpeMeHHBbIe CHUCTEMBbI
obecrneuynBaloT U3MEPEHUE CIIEKTPOB (QIIyOPECIIEHT-
HOM 3MUCCUM IIPU pa3IUYHBIX IIMHAX BOJH, YTO
MO3BOJISIET CTPOUTH TPEXMEPHBINA CHEKTP BO30YXKIe-
HUsI—aMUCCUU (dayopecleHIn (excitation-emis-
sion matrix, EEM) [71—73], ucnonb3yeMblii Ij11 UaeH-
KA GayopodopoB 1 BEIOOPA ONTUMAITBHBIX
yCJIOBUM uX peructpanuu. st o0padboTKM JaHHBIX
WCHOJIB3YIOT CIEAYIOILINE MOJEIbHBIC TIOIXOIbI:

VYpaBHenue LltepHa—®onabMmepa [74, 75] yuuThiBa-
eT aBe ppakiumu hiryopodopoB — MOABEPKEHHBIX BO3-
TEHACTBUIO TOOABIISIEMOTO KaTHOHA M HEMOCTYITHBIX:

D, 1 1

Dy - fB S
rae @, u ® — uHTErpaIbHbIE UHTEHCUBHOCTU (hITyO-
pecuenuyy I'K B oTcyTcTBHE M B IPUCYTCTBUU KaTH-
OHa MeTaJTa-TYIIUTEN, fr; — HOJIS JOCTYITHBIX K TY-
IIEHUIO KaTMOHaMU MeTaliia hayopodopos,

Mopennb Paitana—Be6epa [66]:

- ) a= ) (28)
1+ B(CM - acHA) D) — Dypu

rae ¢y = [M] + [MHA], ¢y, = [HA] + [MHA] — 06-
1€ KOHIIEHTpallui MOHOB MeTajlla U rymara, a —
KOJIMYECTBO CBsI3aHHOTO MeTayia, Oy, — 3HAUCHUE
MpeaeabHO MHTEeHCUBHOCTU (TIpU KOTOopoM ¢iyo-
pecueHuus 'K nmpexkpaliiaeT yMeHbIIAaThCs TIPU 10-
OaBJIeHUM KaTMOHA MeTalla-TyluuTess). PerreHue
MEePBOTO BBIPAXXKEHUSI OTHOCUTEJIBHO @ U er0 KOMOU-
HUPOBaHUE CO BTOPBHIM JAaeT BO3MOXHOCTb ONpee-
JIMTh KOHCTaHTY KOMILIEKCOOOPAa30BaHUS a TaKXe
emkoctb ['K (¢; /[HA]).

st onpenesieHUs TyMaTHBIX KOMIUIEKCOB TaKXe
LIMPOKO PACMPOCTPAHEH METOJ Jia3epHOM (iryopec-
LIEHTHOM CIIEKTPOCKOIIUU C pa3pellieHUEM BO BpemMe-
Hu (JI®C-PB). B ocHOoBe MeTona JeXUT Ja3epHast
YCTaHOBKA C HEOJIMMOBBIM TBEPIOTEIbLHBIM J1a3epPOM
[76—79]. MeTom 1T03BOJIAECT G€3 UCITOIL30BAHUS pa3-
JleJIEeHUsI OLIEHUTb KOJUYECTBO MOHA, CBI3aHHOTO C

(27)
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I'K, u tmddepeHimpoBaTh ero okpyxxeHue. Harmpu-
Mep, LI Bo30yxneHus (iayopecueHun noHos Eu®t
BBIOMpAIOT AJUHBI BOJH B muana3zoHe 250—400 HM.
YCTaHOBIIEHO, YTO NPU B3aUMOAEIUCTBUU HOHOB Eu?*
¢ I'K tymienue payopecueHIMM IIPOUCXOIUT I10 CTa-
TUYECKOMY MEXaHU3MYy, T.€. ¢ oOpa3zoBaHreM HedIIy-
opecuupyolero komiviekca [ 77]. Cnekrpbl BO30yK-
JNIEHUSI—3MUCCUU 00padaThIBAIOT ITyTEM Pa3I0KEHMUSI
Ha COCTaBJISIONINE C IOMOIIBIO aJITOPUTMOB I1apaji-
snensbHOro ¢dakropHoro aHanu3a (PARAFAC) [80].
Taxk, mag eBponusi oOHapy>XeHbI BKJIAAbl TpeX pas-
JIMYHBIX (D)aKTOPOB, XapaKTepU3YIOIINX TpU (OPMBI:
katuoH Eu’* u 1Ba TMna ryMaTHBIX KOMITIEKCOB [81].

CIeKTpOCKOMUYECKEe METOAbl HE BBI3BIBAIOT
BO3MYIIIEHUsI MCClIenyeMoii cucteMbl. OCHOBHBIMU
HEIIOCTaTKaMU SIBJISTIOTCS HEBBICOKAsT YYBCTBHUTEIIb-
HOCTb U HEOOJIBIIION TUaIa3oH OIpeaesseMbIX KOH-
neHTpanuii. Kak 1 B MeTomax BOJIBTaMITIEpOMETPUH,
HeoOXomnMa MHTepIIpeTalis CUTHAJIOB, 1 IIJIS TTOJTY-
YeHUsT KOJMYECTBEHHBIX JAaHHBIX HEOOXOAUMO Clie-
JIaTh HEKOTOpBIe TpenroioxkeHnst. Hampumep, Tyrre-
HHE TYMHHOBOI (DITyopeceHIINM KaTHOHOM MeTajlla
YacToO TPUHUMAIOT TPOIOPIIMOHATIBHBIM KOJTUYECTBY
CBSI3aHHOTO MeTaJlIa.

KOMINIEKCOOBPA3OBAHHE
B BOAHbIX PACTBOPAX

IMonudyHKIIMOHATBHOCTb U CTPYKTYPHOE MHOTO-
obpazue no3BosisieT I' K nmpuHuMaTth yyactve B roMO-
U T€TePOTeHHbBIX MIOHHBIX, MOJIEKYJIIPHBIX U OKUCIIU-
TeJIbHO-BOCCTAHOBUTENILHBIX Mpolieccax. PacTBopbl
I'K paznnyHbie aBTOPBI OTHOCSIT U K MOJIEKYJISIPHBIM,
U K KOJUIOMUIHBIM pacTBOpaM, OJHAKO CYIIECTBYET
TPETUI MOAXO0d, B KOTOPOM CBOICTBA ryMaTHOI CU-
CTeMbl OMPENESIOTCSl CTENEeHbIO MPOTOHUPOBAHUS
¢dyHKIIMOHANIBHBIX Tpyni. KuciaoTHoOCTh cpenbl u
B3aMMOJENCTBUE C KATUOHAMU 3JIEMEHTOB BIUSIOT
Ha (popMUpOBaHUE MULET WJIU UCTUHHO PacTBO-
peHHBIX MoJieKy [82, 83]. Takum oOpa3om, o6pa3o-
BaHME KOMIUIEKCHbIX coenuHeHuii 'K ¢ moHamu
MUKPO3JEMEHTOB U PAIUOHYKIUIOB MOXET Cylle-
CTBEHHO BJIMSITb HA UX KOHILIEHTPALIMIO B BOAAX, Bbl-
MOJIHSIS POJIb XMMUUYECKOTO peryisTopa. Paccmor-
pYM JaHHBbIC MCCJIeNOBaHUs OoJiee TTOAPOOHO C pas3-
JeJIeHUEM XUMHUUECKUX JIEMEHTOB T10 CEMEMCTBaM.

Honnl d-anementoB. HauboJbliiee KOJIUYECTBO
JaHHBIX ITO0 KoMILIeKcoobpa3zoBaHuio ¢ I'K Hakormie-
HO 115 TIEpeXOMHbIX MeTaJu1oB (d-MeTasioB). Byact-
HOCTH, OIIpeJeJIEHbI ITapaMeTPhl CBSI3bIBAHUS NOHOB
menu(1l) pazmauabivu dppakumsmu 'K, BelmeaeHHBIX
M3 TOHHBIX OTIIOKeHMH [72]. C ITOMOIIBIO JBYXCOPTO-
Boit Moaeu JIeHrMIopa yCTaHOBIJICHBI BEJIMYMHEI KOH-
CTAHT YCTOMYMBOCTH, COOTBETCTBYIOIIVE CUJIBHBIM U
CJTa0bIM aKTHMBHBIM IIeHTpaM, paBHbIe 3283 1 0.87. Pa-
00Ta TpagUIIMOHHO ITOATBEPKAAECT BIUSIHIE KapOOK-
CUJIBHBIX U (DEHOJIBHBIX TPYMII, COAepXaHHe KOTO-
puix Bo ppakuusax 'K urpaert onpenessiioniyio poib B
Ne 12
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KOMIUIeKcooOpa3oBaHuu. BzaumoneiicTBue MOHOB Me-
U ¢ 'K mmyOMHHBIX MOA3eMHBIX BOI M3y4YaJlld METOAOM
KaJIOPMMETPHUYECKOTO TUTPOBAHMSI, T.€. ITyTeM IPSIMO-
ro U3MepeHus TeIUIOThI peakiuu [84]. OTMedeHa oco-
OCHHOCTh KOMITJIEKCOOOPA3yIOIIMX CBOMCTB JaHHOTO
tuna I'K, KoTopas 3akimrouyaercs B caaboM MOJIU-
DJIEKTPOJIUTHOM 3(h(PeKTe M HU3KOH TeTepOreHHO-
ctu. braromapst aTomy KoMmruiekcooopaszopanue ¢ I'K
IIYOMHHBIX IIOA3EMHBIX BOI, IIOJTHOCTBIO OTJIMYACTCS
ot TummmaHbIX 'K mouB, TopdoB, HarpuMmep, IIpakTH-
yecKr He 3aBUCUT OoT pH. ABTOpHI mpenrionaraior,
YTO OTPULIATE/ILHBIN 3apsii Ha MOBEPXHOCTU MOJIEKY-
JIbI, BOBHUKAIOIIMI B Pe3y/IbTaTe TUCCOLMAK (DYHK-
LIMOHAJIbHBIX TPYIII, HEBEJIUK M3-3a 0oJiee MPOCTOM
CTPYKTYpHI, XxapakTepHoii 111 'K ¢ MonekynsipHoii
Maccoiif <1000 Ja. YcraHoBiIeHHOE B 3TOM HMCCIIEIO-
BaHuu 3HaueHue 1gf mist [K nmom3emMHbIX Boa oka3a-
JIoch paBHBIM 2.9, a miis nmouBeHHo 'K 4.5, yTo B Lie-
JIOM COINIACyeTCsl C KOHCTaHTaMU, OIIpeAcIeHHBIMU
paHee [85—88]. M3BecTHO TakXKe, UTO B YCJIOBUSIX
KOHKypeHIUu ¢ noHamu kesne3a(I1l) 3HaueHne KoH-
CTaHTHI YCTOMYMBOCTU I'yMaTHOIO KOMILJIEKCa Meau
okasanoch paBHbIM Igf} = 1.82 (pH 4) [89].

Mopnenb HeuaeaabHOW KOHKYPEHTHOU anacopO-
oy 1 Monens VII mpuMmenstim nisg oopaboTKM 3Kc-
TeprUMEHTaIbHBIX JaHHBIX 110 B3auMoeiicteuio 'K ¢
noHamu Ni(Il) u Co(Il), mory4eHHBIX B YCIIOBMSIX
Boicokoro cojieBoro ¢oHa (NaCl + NaClO,) u nipu
pH 6 [90]. HaGmomaemast TeHOEHLIMST YMEHBLICHUS
KOHCTaHT KOMILJIEKCOOOpa3oBaHUs C POCTOM HOH-
HOIi cuJjibl 10 4 MOJIb/KT COIJIacyeTcsl C SKCIEPUMEH -
TaJIbHBIMU pE3YyJIbTaTaMU KakK IPpU HU3KOM, TaK U MIPU
BBICOKOII MCXOJHOI KOHILIEHTpallMM KaTuoHa. Mo-
nenb VII nepeonieHnBaeT koMruieKcoodpazoBanue Co
1 Ni MaKCUMyM Ha OIHY JIOTApU(PMUUIECKYIO SOUHUILY
U MOCJIeA0BATENIbHO MPEACKa3bIBAET YMEHbBIIIEHUE KOH-
CTaHT C POCTOM MOHHOI cwibl oT 0.3 1o 1 MoJb/KT, a
rpu [ > 1 MOJb/KT Mpeacka3aHHble KOHCTaHTHI TSI
Co u Ni pacxonsitcs. TeM He MeHee, HECMOTpPSI Ha
MOTEeHILMAJIbHYIO HEOIpeleJIeHHOCTh B 0as3ax JaH-
HBIX, B 1I€JIOM ITPOrHO3UpyeMblii addekT I oTHOCH-
TEJIbHO HEBEJIWK TMPU 3HAYEHUSIX Bblllle 1 MOJIb/KT Kak
1st Ni, Tak u st Co, 4To comiacyercsl ¢ 9KCIepruMeH-
TaJIbHBIMU PE3YJIbTaTaAMH.

CpaBHeHUE KOHCTaHT YCTOWYMBOCTU C MpUBE-
JNIEHHBIX B IPYTMX UCTOYHUKAX MOKA3bIBA€T HEKOTO-
pO€ HECOOTBETCTBME MOJIyYEHHBIM paHee BeTMUYrHaAM
1gB = 2.8 wist koGasbTa ripu 1= 0.1 M [40, 86]. B ykazaH-
HbIX paboTax MPUBOMASTCS TakXe 3HaUeHUs] KOHCTaHT
YCTOMYMBOCTY T'yMaTHbIX KoMIuiekcoB HuKes1(I1) mpu

pH 6 (Ig = 4.0) [40] u pH 3.5 (IgB = 3.20) [86].

MeTogaM1 B3KCKIIIO3MOHHOI Xpomarorpadum B
COYETaHUU CO CHEKTPOCKOTMEN B YIbTpahuoIeTo-
BOi1 00JIACTU OLICHUJIN YCIOBUST KOMITJIEKCOOOpa3o-
BaHus noHoBs xkeje3a(lll) ¢ 'K B BomHoii cpene [91].
CunbHoe BausiHMe pH Ha KomIuieKcooOGpa3zoBaHUE
BBI3BaHO AerporoHupoBaHreM ['K u rumponmnzom
xene3a(Ill). KommiekcooopazoBanue kenesa(ll) c
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I'K npu 25°C u pH 6 nocturaetr makcumyma. Cuena-
HO TIPEATNOJIOXEHUE, YTO TyMaTHbIE KOMITJIEKCHI Ke-
Jie3a B mpupojie 00pasyroTcsl BOCHOBHOM B ITPECHOBO/I -
HBIX BOJOEMAX, UX MaKCUMaJIbHbI€ KOHLIEHTPAIIU 10~
CTUTAIOTCSI B JIETHEE BpeMsl Troja MNpu YMEpPeHHOi
cofiHeyHoit paauauuu. [lpuBeneHbl TaHHbBIE O CO-
craBe komiuiekca xene3a(lll) B mpecHbIX Bomax
BenukobputaHuu, mojaydeHHbIE C ToMollbio Moje-
gu VI [89]. Takxke B pesynbTaTe o0pabOTKU psia
IaHHbIX 10 Monenu VI ycTaHOBJIEHBI Haujydllive
3HaueHus napameTpoB cBsa3biBaHus Fe(I1l) u Fe(II)
[89, 92].

MexaH3M KOMIIJIEKCOOOpAa30BaHMSI MOHOB Ke-
nesa(Il) ¢ I'K usyyanu Metonamu hJryopeclieHTHOMN
u UK-cnekrpockomnuu, a Takxke METOI0M KOoaryJsi-
nuu [73]. O6HapyxeHo, yro 1mpu pH 5 nipeobmamaer
OuJeHTAaTHBIN (XeJaTHBIN) pEeXUM KOOPIWHAIINU,
Torga Kak npu pH 7 npeobiagaeT MOCTUKOBBIN pe-
KUM. KOHCTaHTBI YyCTOWYMBOCTA TyMaTHBIX KOM-
TUIEKCOB XeJje3a, OoNpeAeIeHHbIE C TTOMOIIbIO MOJIE-
Ju dayopecueHuuu Paitana — BeGepa, mpuHuManu
OJM3KMe 3HAYCHUs] MU HaxXOMWINCh B mpexaenax Igf
5.01-5.35 (pH 5u 7). Ilpu pH 5 rymaTHbIe KOMILIEK-
Chl 3XeJie3a TOJHOCTbIO PACTBOPUMBI TMPU KOHIIEH-
TpalMU XeJje3a, KOTopasi MOJOXUTEJIbHO KOppean-
poBaina ¢ cogepxkanuemMm COOH u OH-rpynn B I'K,
YTO CBUAETENBCTBYET O 3alIIMTHOM BJIMSTHUU OTpULIA-
TEJIbHO 3apsLKeHHBIX (PYHKIIMOHAJBbHBIX TPYIN Ha
cTabmJIbHOCTB pacTBopa. I1pu pH 5 nectabunuzanus
CUCTEMbl MPOUCXOAUT TIPU HEUTpanu3alluu 3apsi-
KeHHbIX cTpYKTYp 'K KaTuoHaMu xkeye3a u cxaTueM
JIIBOMHOTO 3JIEKTPUYECKOrO CJI0sI. YCTaHOBJIEHO, YTO
npu pH 5 6omblrasg 4acTh Keje3a OCTaeTCs B BUIC
PAaCTBOPUMBIX TYMaTHBIX KOMILIEKCOB, a npu pH 7
oOpazyoluiicss TUAPOKCU NEHUCTBYET KakK (DIOKY-
JITHT U JeCTaOUIN3UPYET PacTBOP 3a CUET COOCaAXKIE-
HUS C HUM T'yMaTHBIX KOMIIJIEKCOB XKeJie3a.

Taxkoil XMMHUYECKHUI 3JIEMEHT, KaK KagMUl TOK-
CUYEH Oaxe IpY BeChbMa HU3KMX KOHIEHTpALUSIX,
CKJIOHEH K 3aMEIIECHUIO IIMHKA U HAKOTJIEHUIO B XXM -
BbIX opraHusMax. st 6ojiee riyboKoro IoOHUMaHMUsI
MMOABVKHOCTU Pa3IMYHBIX (POPM KaIMUSI B OKpyKa-
IOLICH Cpelie MCCIEAYIOT €ro B3auMONECHCTBUE C
I'K. Tak, MeTomoM nuddepeHInaTbHON UMITYIbC-
HOI1 BOJIBTaMIIEpOMETPUH N3ydaand KOMILIEKCOO0pa-
3oBaHue Zn(Il) u Cd(Il) ¢ I'K mouB Amxupa [59]. B
OIHOM U3 3KCIIEPUMEHTOB ITOJIy4YeHHbIe IIpu pH 7 1
I=0.1 M (KNO;) 3HaueHus1 1gP} 11s IMHKA ¥ KaaMust
okazanuch paBHbIMH (5.08). B cimyyae Broporo o0-
pasua I'K naHHbIe BeIMYMHBI TAKKE JOCTATOYHO OJIN3-
KW. DTU JAaHHBIC COIVIACYIOTCS C MOJIYYEeHHBIMU paHee
st kanmusi(IT) ipu pH 8, 1gB = 5.04 [85]. CxonctBo
koMrIiekcooopazoanust Zn(I1I) u Cd(IT) moareepxna-
eTcs Takke ripu pH 3.5: moirygeHHBIe B paboTte [86] Be-
nuuunHbl 183 paBHbI 2.74 1 2.78 COOTBETCTBEHHO.

MeTtonom (ryopeclieHTHOTO TUTPOBAHUS U3y4da-
JU cBsi3biBaHUe MOHOB Kaamus I'K necHbix mouB Ku-
Tas [70]. DkcneprnMeHTaAIbHbIE KOHCTAHTHI KOMILIEK-
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co00pa3oBaHUs OMNpPENesan ¢ TOMOIIbIO MOIEIU
I tepHa—®PosbMepa M CpaBHUBAIM MX C JaHHBIMU
MoneaupoBaHusi (Moaenu JIeHrMioopa u Heujaeasb-
HOM KOHKYPEHTHOI1 agcopOumu). YCTaHOBJIEHO, YTO
cpenu ¢ppaxkuuii 'K ¢ pocToM MoJIeKyIsIpHOI MacChl
€MKOCTh MO OTHOIIEHWIO K MOHaM KaaMus (JoJist
¢bayopodopoB, y4acTBYIOIIMX B KOMILIEKCOOOpa3oBa-
HUU) CHMKAETCS U3-32 BO3BMOXKHOTO YMEHBILIEHUS KO-
JinyectBa peHoIbHBIX rpyril. OmHaKO CpoACTBO (Besu-
YUHBI KOHCTaHT KOMILIEKCOOOpa30BaHus) K MOHaM
KaJMUS B 3TOM Psily YBEJIMUMBAETCS, IOCTUTasl 3HaYe-
Hust IgB = 3.47 s dpaximu >30 k1a (pH 6, 7=0.01 M
(KNO,)). Metonamu BOJIbTAaMIEPOMETPUU U BbI-
COKO3((PEKTUBHOM 3KCKIIIO3MOHHOMN XpoMaTorpa-
¢duu moay4eHsl ropasno 0osee BHICOKUE 3HAUYCHUS
(IgB,., = 8.31 1 8.02, 1gB,., = 6.97 u 6.18) w151 MOYBEHHOI
I'K, cocroseit u3 ¢ppaxmuii 52, 4.5 u 0.9 x/1a [57].

B cBs31 ¢ mpobGeMoii ToragaHus pTyTH Ha MOJIM -
TOHBI TBEPABIX OBITOBBIX OTXOMOB U €€ JajibHeiulei
MUTpallii B MOYBY UM TOA3EMHbIE BOJbl METOIOM
(yopeclieHTHON CHEKTPOCKONMUU U3y4Yald KOM-
riekcooobpazoBaHue MOHOB pTyTU(Il) ¢ ryMHUHOBBI-
mu BeniectBamu [93]. st paznuuHbix oopasuos 'K,
5KCTParMpoBaHHBIX U3 IOYB MTOJUTOHOB, yCTAHOBJIE-
Hbl 3HAYeHUSI KOHCTAHT YCTOMYMBOCTU T'yMaTHBIX
KOMIUIEKCOB pTyTH B nipenenax IgP 4.7—5.17 (pH ~ 6,
1=10.01 M (KNO,)). C 3TMH1 3HaYEHUSIMU XOPOIIIO
comiacyeTcsl TOJydeHHasl BOJIBTaMIIEpOMETPUYECKUM
METOIOM B aHAJIOTMYHBIX yctoBusix Igf = 4.2 [61].

OmmcaH 3KCIEepPUMEHTAIbHBIIT METOH OIpeaee-
Hus (popmM coctosiHust Hf 1 Zr B BODHBIX pacTBopax,
OCHOBaHHBI Ha COBMECTHOM ACHCTBUU ABYX KOHKY-
PUPYIOIINX IMTAHAOB — I'yMaTa U 3TUJICHINAMUHTET-
paauerara (DJATA) [50]. as onpenesieHUsT coaepka-
Husl TymaTHbIX U BDJITA-KOMIIJIEKCOB HCHOb30BaIN
METOJI KaIIMJUIIPHOTO 3yeKTpodopesa. Pe3ynbraTh
MIPOBEPSIM METOJIOM PaBHOBECHOIO Juajn3a C HC-
MOJIb30BaHMEM 3KCKJIIO3MOHHON MeMOpaHbl C pa3-
MepoM nop 1 xJla. DKcrmepMeHTHI BHITIOJTHEHBI TIPU
pH 3.5—7 ¢ pactBopamu, coaepKaiiuMu OTUH KaTu-
oH Metaiuia, 'K u DATA. Oba MeTona maidu ITOYTH
WICHTUYIHBIE KOHCTAHTHI IJIsi TYMaTHBIX KOMIUIEKCOB
meTtasioB ripu pH < 7. JlanHas padoTa IoaTBepKIaeT
o0Opa3oBaHME TYMAaTHBIX KOMIUIEKCOB C 4YeThIpexBa-
JICHTHBIMY KaTMOHAMU, KOHCTAHThI YCTOMYMBOCTH KO-
TOPBIX Ha HECKOJIBKO TOPSIIKOB BbIllIe KOHCTAHT KOM-
TJIEKCOB C peaKo3eMeTbHbIMU 35ieMeHTaMu (P3D).

Honbl s-3nementoB. [TpucyTcTBre B MPUPOIHBIX
BOIAaxX OJHOBPEMEHHO OOJIBIIIOTO YKCJia MOHOB Me-
TaJUIOB TIOPOXIAET KOHKYPEHTHBIE pEakluU MpU
¢opMHUpoOBaHUYM paBHOBECHOIO cocTosTHUSI. KOHKY-
PEHTHOE KOMILIEKCOOOpa30BaHUE KAaTMOHOB Kajlb-
s, HUKeas U anromMuHus ¢ I'K mpoaHann3npoBaHO
B paMKax MOJIeJIY II0BEPXHOCTHOI'O KOMILJIEKCOOOpa-
3oBaHus [94]. OTmeueHa cuIbHAsE KOHKYPEHIIUS
Ni(IT) u Ca(Il) B peakuusix ¢ I'K: KoHCTaHTBI TOBEPX-
HOCTHOI'0 KOMIUIEKCOOOpa30BaHUsI, OIpeIcIcHHbIS
JUUISI CUCTEMBI C OMHUM KaTHOHOM, IIOKa3aJu OTJINY1E

KYPHAJI AHATUTUUYECKON XUMUU

BOJIKOB, ITOJIAKOB

OT TaHHBIX 1T cMecH. [1oka3aHo, YTO BRICOKME KOH-
LIEHTpAllUd MOHOB KaJbLiMsl B 3arpsI3HEHHBIX IO/ -
3€MHbBIX BOJIaX MOTYT MOAABJISITh KOMILJIEKCOOOPa3o-
BaHWeE IPYTHUX SJIEMEHTOB, a yBeJmdeHue pH 1 KoHIIeH-
tpauuu I'K cmocobHo 0cnabuTh Takre KOHKYPEHTHBIS
B3anMonecTBUsI. Heo6XomMMOCTh yYUTHIBATH IT0-
MOOHBIE KOHKYPEHTHBIE B3aUMOIENCTBUS C OCHOB-
HBIMHW PACTBOPEHHBIMU KOMITOHEHTaMU B BOAaXx Mo-
Ka3zaHa Takxke B paboTax Mo KOMILJIEKCooOpa3oBa-
Huto noHoB Kanblusa ¢ I'K [40, 95—97]. Hanpumep,
METOJIOM YJIbTpaUIbTpAllM U3ydaiu CBSI3bIBAHUE
CTPOHIIMS U KaJIbLIMSI B CUCTEMax, MpelHa3HauYeHHbBIX
IIJIST MOACTMPOBAHMST YCIIOBUM BBIMIIEIAYNMBAHUS STUX
KaTMOHOB U3 MOYBHI [98]. DKkcniepuMeHThl TPOBOIM-
JIM B IIMPOKOM Auana3oHe KoHueHTparuii NaCl u
CaCl, npu pH 4—7. OGHapyXeHO, YTO B HEUTpasb-
HBIX ¥ CJTA0OKUCIIBIX paCTBOPaXxX yBeIUUEeHUE CTEIEHU
MOHU3ALIMN KapOOKCUJIbHBIX TPYII YBEJIUYMBAET CBSI-
3pIBaHMe MU cTpoHLus (~60% mipu pH 7). Komrmek-
coo0Opa3oBaHUE CTPOHIMS B NPHUCYTCTBUM KaJIbIIUS
U3y4aliu B YCJIOBUSIX UBMEHEHMSI KOHLICHTPALIUM Me-
tayuioB ipu pH 5 u /= 0.1 M (NaCl), npyuMeHUB MO-
IeTb HeiiTpanu3anum 3apsnaa. OnpeneeHbl eMKOCTh
(oko10 40%) ¥ KOHCTaHTHI Igf 17151 MOHOB CTPOHLIKS
(3.51) u kanpous (3.10). JImHEMHEBIN XapakKTep 3aBU-
CHMMOCTHA KOHIICHTPAIlUM CBOOOMHOIO MeTauia OT
MOJIbHO# 1071 (ODYHKUMOHAIBHBIX TPYII MOATBEP-
XmaeT 000CHOBAHHOCTH Modeu (12).

JlaHHbIe 1151 Kanblus [98] cornacyrorcs co 3Hade-
HUAMU, NOJTYYEHHBIMU B JIPYTMX HUCCIENOBaHMSIX:
2.94 ipu pH 4.70 u 1 = 0.1 mons/n (NaCl) [96]; 3.32
npu pH 5.0 u 7= 0.1 M (NaClO,) [95]. ITpu aTOM He-
KOTOpbIE MCTOYHUKU TMPUBOASAT 0ojiee HU3KYIO 10
CPaBHEHUIO C YKa3aHHBIMM BbIllle BeqUIuHy 1gf,
paBHyio 0.8—1.5 [40]. M3BecTHA TakKe €IMHCTBEH-
Hasl OLIEHKAa KOHCTAHTBI YCTOMYMBOCTM T'YMATHOTO
KOMILJIEKCa MarHus, onpeacacHHass MOHOOOMEHHBIM
metomoMm: 1g3 = 2.35 (pH 3.5) [86].

HNonbl p-anementoB. KommimekcoobpazoBaHue
ceuHa(Il) ¢ I'K, nonydyeHHoii n3 Topha CeabCKOro
nocenenust llepoBa (CnoBakust) npu pH 4—5 u
noHHoit cune I = 0.1 M (NaClO,), uccienoBaHo B
pa6ore [99] MeTomoM ynabTpaduIbTpaluu. ABTOPBI
BBIOpaiu Mojaenb HeliTpanu3zauuu 3apsiga (12). Ilo-
JIydeHHOE 3HAYe€HHMe KOHCTAHThI ycTohymBocTh 1gf3
coctaBmiio 5.20; mpemmojiaraeTcsd 4TO B3aMMOICH-
ctBue ¢ I'K MoxkeT momaBisiTb TMAPOINU3 KaTUOHA.
JaHHas oOlleHKa HE coIlacyeTcsa C BEJIMYMHOM
1gB = 3.66, momy4yenHoii pu pH 3.5 1151 mouBeHHO
I'K [86].

YcTaHOBJIEHO, YTO CBSI3BIBAHWE WOHOB Aallio-
muHusg 'K mpoucxomutr Hambojee aKTHUBHO MIpU
pH 4—6[100]. Ha ocHOBE COBOKYITHOCTU UMEIOLLINX~
csl B IUTepaType SKCIIePUMEHTAIIBHBIX JaHHBIX O (hop-
MaX COCTOSAHMS MOHOB aJTIOMUHUSA B IIPUPOOHBIX BOAAX
MoJIydyeHa OlIeHKa KOHCTaHThl KOMILIEKCOOOpa3oBa-
HUSI TYMaTHOTO KOMIUIEKCA aJllOMUHUSI, paBHas
logKy4 = 2.6 [89]. C momorbio Monenu VI moarsep-
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Puc. 4. I'paduku Ckeryapna (ypaBHeHUe (6)) IJIsT KOM-
IiekcoobpaszoBaHus Mblbsgka(lll) ¢ ryMmuHOBOI Kuc-
soroii (Aldrich, CIIIA) o manabIM [58] (UepHBIE TOYKHN)
u [56] (Geible TOUKH), TMHEIHO 0OpaboTaHHbIE MO ABYX-
copToBoii Monenu. [lepecedyeHust MPSIMBbIX U UX YIJIOBbIC
KO3 GUIMEHTHI COOTBETCTBYIOT NOBYM TUMaM (ist
“CWJIBHBIX” M “clIabbIX” aKTMBHBIX LIEHTPOB) KOHCTAHT
YCTOMYMBOCTU TYMaTHBIX KOMILIEKCOB Mblbsika(lll) u
MaKCUMaJIbHOM €MKOCTU T'YMUHOBOM KUCJIOTHI.

X1eHo, uro 1ipu pH 4—9 amioMuHMii, Hapsioy C XKeje-
3oM(III), ABASIIOTCS KOHKYPEHTaMU IPY KOMILJIEKCO-
00pa3oBaHMM MUKPO3JIEMEHTOB, 001agaiommnx 00-
Jee BbICOKUM cpoactBoM K I'B (Cu, Zn), Tak Kak
3aIlOJHSIIOT TIPEUMYILIECTBEHHO “CUJIbHBIE” aKTUB-
HEIE LIeHTPHI. [1p1 3TOM B Ipyrux ncciiefoOBaHUSIX OT-
MedaeTcs, 9To yxke 1mpu pH 5 Bcinencrsue rumponmsa
1 OCaXXIECHUS aTIOMUHUI Cc1a00 BAMSICT Ha KOMILIEK-
coob6pazoBanue Hukemrs1(1l) c 'K [94].

HMonbl Mmbiibsika As(IIT) u As(V) obpasyior ry-
MaTHBIE KOMILJIEKCHI B BOIHBIX pacTBopax [58]. Dkc-
MeprvMeHTaIbHbIE TaHHbIE 10 KOMILJIEKCOOOpa3oBa-
HUIO TOKa3bIBAlOT HAJMYME IBYX OCHOBHBIX TUIIOB
akTUBHBIX 1IeHTpoB 'K, yyacTBylomux B KOMILJIEK-
coobpaszoBaHuu ¢ MbibIkKoM(III, V). KoHcTaHTh
YCTOMUYMBOCTU KOMILJIEKCOB, pacCCUUTaHHbBIE U3 rpa-
¢uka CkeTuapmaa I10 IByXCOPTOBOI1 Monaenu (puc. 4),
coctaBuiu 2.5 ang As(IIl) m 3.8 maa As(V) mis
“CHJIBHBIX” LIEHTPOB, a IS LIEHTPOB CJ1abOro KoM-
miekcoobpaszoBanusa — 0.02 u 0.03 cOOTBETCTBEHHO.
OxHako B pabore [56] METOIOM B3KCKITIO3MOHHOMN
xpoMatorpaduu ¢ YP-aeTeKTUpOBaHUEM TTOJTyUYEeHbI
3HaueHus 1gf s “cunbHBIX” U “c1a0bbix” aKTUBHBIX
LEeHTpOB, paBHbIe 7.1 u 4.7. TakuMm oOpa3oM, Ha TIpU-
Mepe MoHOB Mbllbsika(Ill) MoXXHO Moka3aTh BbICO-
Kyl0 CTelleHb HECOOTBETCTBHUS PE3yIbTaTOB pa3anu-
HBIX UCCIIEIOBAHUI, YTO MOXHO OOBSICHUTb BICOKU-
MU HaYaJIbHBIMU KOHLIEHTPALIMSIMU MBIIIbsSIKA B
pa6ore [58]. CHMKeHME KOHCTAaHTBI YCTOMYMBOCTU
BbI3BAHO OOWJIbHBIM 3aloOJHEHUEM “ciabbiX” 1LEeH-
TPOB OCHOBHBIM KOJIMYECTBOM MBbIIIIbsSIKA TPU YBEIU-
YeHUU ero KoHleHTpauuu. Xapakrepuctuku I'K on-
Horo tuna (Sigma-Aldrich) 1o oTHOIIEHUIO K MOHAM
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mbibsaka(1Il) B cxoxux ycnoBusix (pH 7—7.5) moryt
MPOTUBOPEUUTH Apyr Apyry. [ToaydyeHHbIe B JAHHBIX
paboTax 3HayeHUs1 MakcuMaibHOIt emKocTu I'K mo
oTHoIIeHMIO K noHaMm Mblbsaka(IIl) nus “cunbHbIx”
1 “ciabbix” 1IEHTPOB COCTaBWJIM COOTBETCTBEHHO
0.012—0.27 u 0.18—2.51 mxkmounb/n. Ha npumepe 'K,
MOJIyYEHHBIX U3 PEUYHBIX U 03€pHbIX BOA bpasuiuu,
MOKa3aHOo, YTO MX €MKOCTb IO OTHOIIEHUIO K MBbI-
wbsAKy(IIT) coctapnsier 0.32 mmonb/T ipu pH 4.5 u
CHMKaeTcs 10 Hyas ¢ poctoM pH mo 9 [101].

HNounl  f-anemenToB. Axmunudsi. W3BecTHO,
yroB3zaumozeiicteue I'K ¢ panuoHykinumaMu BoBJie-
KaeT MocjeHUE B KPYTOBOPOT OPraHUYECKOTO yTIJjie-
pona [102]. Psa ucciienoBaHuii NOCBSILEH OIpeaesie-
HUIO KOHCTAHT YCTOMYMBOCTU TYMaTHBIX KOMILJIEK-
COB aKTUHUIOB PA3JIUYHBIMU IKCTIEPUMEHTAIbHBIMUA
MeronaMu. MOHOOOMEHHBIM METOAOM OMpeIeaeHbI
KOHCTaHThl YCTOMYMBOCTH KoMmiuiekcoB ypaHa(VI) c
I'K npu pH ot 4.0 5o 5.0 B 0.10 M NaClO, [103].
YcranoBieHo, yto moaenb IllyGepTa maet npoOHoe
YUCJIO JIMTAHAOB, CBSI3bIBAIOIIMX WOH YpaHWIa, 4TO
yKa3bIBaeT Ha 0oJiee CJIOXKHYIO MO CPABHEHUIO C HU3KO-
MOJIEKYJIIPHBIMU OPTraHUYECKUMU KUCIOTAMMU CTE-
XHOMETPUIO KOMILIeKcoobpaszoBaHusi. CaenaHo mpe/-
MOJIOXEHUE, YTO MOHOOOMEHHAs1 CMOJIa MOXET COpOU-
pOBaTh CMECh KOMITLJIEKCOB ypaHwiI—ymrang 1 : 1u 1 : 2.
YKkazaHO Ha HEOOXOIMMOCTb YYeTa OrpaHUYEHHOTO
Yyucjaa COPOLIMOHHBIX 1IEHTPOB C BBICOKHMM CpPOJ-
CTBOM K YpaHWJI-UOHY, 00pa3ylolInX KOMIUIEKC CO-
craBa 1 : 1. ABropnl pabot [53, 104] ucciemoBanu
KoMmIuiekcooOpazoBanue amepuumsa(Ill) mpm pas-
JuyHabix pH B 0.1 M pactBope NaClO,. KoHcTaHTBbI
YCTOMUYMBOCTU TYMaTHBIX KOMILUJIEKCOB aMepuIlUs
Takxke onpeneasyim meronoM Illybepra. IlokazaHo,
4yto BeauuuHbl I1gB;.; u 1gB;., He3HAYNUTETHLHO MTOBBI-
marTcs ¢ yBennyenrueM pH ¢ 4 1o 6 u cocraBistioT
cooTBeTcTBeHHO 6.9 m 11.6 ipu pH 5. 3HaunTenbHO
0oJiee BBICOKME 3HAUYE€HUSI KOHCTAHT HalIeHbl METO-
JIOM >KMIKOCTHOI 3KCTpakuuu. Bo3aMoXHO, 3TO BbI-
3BaHO B3aMMHOI PacTBOPMMOCTbHIO (a3 U B3aUMO-
NEeUCTBUSIMU Ha TpaHUllE pasliesia. DTU pe3yabTaThl
He mpoTuBopedaT gaHHBIM [105, 106] mo u3ydeHUIO
cesa3biBanus amepunusa(Ill) 'K B peuyHoii Boge Ha
OCHOBE aHajlM3a MOJIEKYJISIPHO-MacCOBOTO pacmpe-
JeJIeHUsI MOJIeKyJl o pa3Mmepy. [ YMUHOBYIO KUCJIOTY
BBIIEJISIIM M3 PEUHBbIX BOA Pa3jIMYHOIO KayecTBa
(pH 3.9—8.0, KoHIIEeHTpaLXsl PpaCTBOPEHHOIO Opra-
Huuyeckoro yrjaepona 2—40 Mr/ia) v KUCHOJb30BAIU
IUJIsl CPAaBHEHUS UX BJIUSIHUSI HAa CBSI3bIBAHUE aMEpU-
musa(I1I). B nmpucyrcrBuu I'K KonmyecTBo pacTBOpeH-
Horo amepunust(I11) yBenmuunBaeTcst 3a cueT oOpa3oBa-
HUs1 KoMIuieKcoB. Cpeay r'yMaTHbBIX KOMILIEKCOB aMme-
punsi(III) mpeobGnamanu MonekynsipHble (pakiuu
pa3mepoM 450 M (10—100 kda). ABTOPEI clieIaau Bbi-
BOJl, UTO CBOICTBa T'yMaTHBIX KOMILJIEKCOB aMepu-
s (I1I) B Bogax 3aBUCAT OT comepXKaHMUSI B pacTBOpPE
I'K u yrneBonoB, mpoToHooOMeHHOU emkoctu I'K.
I[pucyrcrBue I'K Bamser Ha (QOPMBI COCTOSTHUS
MukpokoysmuectB Topusa(IV) B IpupomHBIX Bomax
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[107, 108]. OmipeneneHme KOHCTAHT KOMIIJIEKCOOOpa-
30BaHUSI i1 TYMATHBIX KOMILIEKCOB Topus(IV)
MIPEACTABIISIET CIAOXKHYIO SKCIEPUMEHTAILHYIO 3a/1a-
Yy B CBSI3U C HM3KOI pacTBOPMMOCTBIO OKCHIA TO-
pusa u copbuueit noHoB Topus(IV) crenkamu cocy-
mos [109].

Jlokazano, yto I'B Bimstior Ha OKMCIMTETLHO-BOC-
CTaHOBUTEJIbHOE NoBeaeHNe panroHyKimnoB [107]. TK
SIBJISTFOTCSI HE TOJIbKO 3(P(EeKTUBHBIMU BOCCTAHOBUTE-
Jsavu st mectuBasieHTHBIX Np(VI) 1 Pu(VI), Ho
TakXe 00pa3yloT yCTONUNBbIE KOMILJIEKChI DTUX dJie-
MEHTOB CO cTeneHsIMU okucieHus: IV u V, uro npe-
MSATCTBYET 00Opa30BaHUIO UMY KapOOHATHBIX KOMILIEK-

coB [40, 110—113]. Kommekcst NpO; ¢ 'K cymectsy-
IOT B HEUTpaJIbHOM M 1UEJOYHOM cpenax, rae
MOABMKHOCTh T'YMaTHBIX KOMILIEKCOB aKTMHUIOB CO
creneussmu okucieHus 1V, V u VI onpenensercs 1mo-
nBrkHOCThIO cammx K. B wmccinemoBanum [114]
¢GOpM COCTOSTHUSI HENTYHUSI B Pa3IMUHBIX CTEIICHSIX
okuciieHust Np(I'V, Vu VI) u ux MUrpalinoHHOro no-
BEISHMSI MOKAa3aHO, YTO MOIIOIEHUE PaTUOHYKIIMIA
MOYBOIT CMIBbHO 3aBuUcUT oT pH, a KoadpdummeHr
pacrpenejaeHnss YMEHbBIIAeTCsI B IIPUCYTCTBUM Opra-
HU4YeCcKUX JIMrangoB. @opmel HenTyHUsI (V) SIBIISIIOT-
csl HanOoJiee MOABVIKHBIMU, U UX ITIEPEHOC BO3pacTaeT
B nipucyrctBun ['K. OxkucImTe1bHO-BOCCTAaHOBUTEIb-
Hble 3(MdEeKTHl Takke MOIYT HMETb pellaloliee
3HaYEeHME IJII MHOTMX PagUOHYKJIMIOB, BKJIIOYAsl aK-
TUHUABI. MexaHU3Mbl TAKMX B3aMMOJICICTBUIA 10 KOH-
11a He M3YYEHBbI, XOTSI ObUIM AOCTUTHYTHI HEKOTOPHIC
ycriexu [115].

B 1ie1oM nmMmeeTcst focTaTOYHOE KOJIMUYECTBO JIaH-
HBIX MO KOMILJIEKCOOOPa3oBaHUIO aKTUHUIOB B pas-
HbIx creneHsx okucaeHus ¢ 'K: Am(III), Th(IV) u
U(VI). MmeroTcsi HEKOTOPbIE PAaCXOXIECHUS B JaH-
HBIX, MMOJIyYEHHBIX B OMHOM U TOM 3Ke nuana3oHe pH,
(10 Tpex MOPsIIKOB BEIMYMHBI), KOTOPbIE 0 CUX ITOP
oCTaloTCs MpeaAMeToM obcyxkaeHuii [ 116]. IpuanHoit
HECOOTBETCTBUII MOTYT OBITh pa3iMyusl B aHAJUTU-
YeCKMX METOlaX M YCJIOBUSIX IKCIIEPUMEHTOB (pas-
HbI€ KOHIIEHTpaluu KaTuoHOB) [99]. s yeThIpex-
BaJIEHTHBIX 3JIEMEHTOB JaHHBIX 3HAYUTEIbHO MEHb-
e, U BBINISIAST OHU JOBOJILHO pa3dpo3HeHHOo |50,
108, 111, 117, 118]. Taxk, A1 KOMILIEKCOOOpa30BaHUS
noHoB Topus(IV) xapakTepHO cTaOUIbHOE COBHAE-
Hue BenuumH 1gf [50, 108], a mwis MOHOB IUIYTO-
Husa(1V) — 3sHauuTenbHOE pacxoxmeHue: ot 3.9 [111]
Io 6.4—8.4 [110] (o6a mccnemoBaHUsI IPOBOIVIN B
kuciyioit cpene npu pH < 3). YcraHoBieHHOEe paHee
[119] oTcyTCTBHME pa3nnumii MeX Iy KOHCTaHTaMU ISt
ypaHWJI-MOHA CEeTOAHS TakKe He TMOATBEPKIAAETCH.
Hanpumep, cpenu BHIOOPKM NaHHBIX MO KOMIUIEKCO-
oopaszoBanuto ypaHa(VI) ¢ I'K [40, 78, 103, 117, 119],
BCTpevaroTCcs Takue 3HaueHwust 1gP, kak 5.49, 8.2, 14.89,
MOJIydeHHBIE TIPU OTHOM U TOM ke 3HadeHum pH 7.
Takum oOpa3zoM, MpsIMO€ CpaBHEHME NAaHHBIX IS
BCEX aKTMHUJOB MO-TIPEXXHEeMY HelleJlecooOpas3Ho.

KYPHAJI AHATUTUUYECKON XUMUU

BOJIKOB, ITOJIAKOB

Jlanranuppl. Illupokoe IpuMeHEHHE peaKo3e-
MEJIbHBIX METAJJIOB B TEXHUKE IPUBEIO K Hapyllle-
HUIO UX OMOTCOXMMMYECKMX LIUKIJIOB. MMUKPOKOIM-
yectBa P39 perymsipHo oOHapyXKMBAIOT B CTOYHBIX
BOIax M BOIHBIX 3Kocuctemax. Ilpu cmelieHuun c
IMOYBOIM YacTh PENKO3eMEIbHBIX 3JIEMEHTOB MOXKET
OCTaBaTbCS B pacTBOPUMOIT (pOpMe M MIPOIOJLKATh
murpuposath [120]. Monsr P3D B mpupomHbIX Bogax
pacrpeneaeHbl MeXIy pacTBOPEHHBIM M KOJIJIOMII-
HBbIM OPraHMYECKMM BEILIECTBOM, TMIPOKCUIAMU,
DJIMHUCTBIMU MUHEpajaMU U HEOPraHUYECKUMU JIM-
rangamu. Komnounnas dpaxkuus (1o 0.45 MKM) BOIbI
pPeK U pydbeB mpeobiaamaeT cpear (opM COCTOSTHUS
P33 [121]. I'ymaTHBIC KOMIIJIEKCHI SIBJISIOTCSI OCHOB-
Hoit (hopmoii HaxoxaeHust P3D B Topdax u OypbIx yr-
nmax [122]. Takke penko3eMebHbIE KATHMOHBI TIpe-
CTaBJISIIOT CO0OIT aHAIOTU TPEXBaJEHTHBIX aKTUHUIOB,
YTO TIO3BOJISIET MO UX MoBeaeHuo cyautb o Am(III),
Cm(II1) 1 HeKOTOPBIX APYTMX paguOHYKINAOB [123].

B pa6ote [36] uccenoBaHO KOMITIIEKCOOOpa30Ba-
Hue eBponusa(Ill) ¢ 'K mnoHooOMeHHBIM METOIOM C
KCIOJIb30BaHUEM cMOJibl AMOepauT IR-120 B mmpo-
koM uHtepBaje coorHomeHuit Eu(I1l)/I'K nmpu pH 4 n
7. DKcnepruMEHThI TPOBOAVIIN IIJISI TIPOBEPKHU MTPEIJIO -
JKEHHBIX aBTOpaMu ypaBHeHMi (17). Bzaumoneii-
cTBUMe penkodeMeabHbIX KaTuoHoB Sc(1Il) n Y(III) ¢
I'K usyyanu ¢ moMoInpio KOHKYPEHTHOIO KOMILIEK-
coobpazoBaHus ¢ BATA, npu 3TOM KOMILIEKCHI
pasaesisiivi MeTOA0M KaIlWJUISIPHOTO 3J1eKTpodope-
3a [124]. g 'K peyHOro u mo4yBeHHOTO ITPOUC-
XOXIEHMUSI OTIpeaieIeHbl KOHCTAHTBI KOMITJIEKCO00-
pa3oBaHMsA B ClIeAyOIMUX yciaoBusax: pH 6—9, [ =
=0.001—0.1 M (NaNO,), KOHLIEeHTpall1sI UCCIENY-
emoro katuoHa 1—1000 HM, a koHueHTpauus 'K —
10—20 Mr/71. YcTaHOBJIEHO, UTO KOHCTaHThI BApbUPY-
I0TCs B Tipeneiiax 8.9—16.5 B 3aBUCUMOCTU OT TUIA
I'K. U3MeHeHne KOHCTaHT YCTOMYMBOCTU B psIIy Ka-
TUOHOB comiacyeTcsl ¢ 3(pHeKToM JaHTAaHUTHOTO CXKa-
TS — HabOJrogaeTcs ux yBeamdeHnue ot Lak Lu, T.e. ¢
yMEHbIIIEHeM MOHHOTO0 paauyca KatuoHa. Ha ocHo-
BE KOppEJSILIMU MEXIYy 3HAUEHUSIMU KOHCTAaHT KOM-
IUIEKCOOOpa30BaHMs U JEHTaTHOCThIO OPraHUYeCKUX
KHMCJIOT aBTOphl Mpenmnoioxwii, yro 'K obGpasyior
TPU- W TETpaleHTaTHble KOMIUIEKCHI B MPUPOIHBIX
yciaoBusx. CUJIbHOE KOOPAUHALIMOHHOE B3aUMO/IE -
CTBHE PEIKO3EMEIbHBIX KaTUOHOB C T'YMUHOBBIMU
KHUCJIOTaMU TMOKa3bIBaeT, UTO ITOCJEeIHNE, HapsSay C
TaKMMU HEOPraHWYEeCKWMU JIUTaHIaMU, KakK TUJI-
POKCUJIbHbIE U KapOOHAT-HUOHBI, SIBJISIIOTCSI OCHOB-
HbIMU KOMILJIEKCOOOpa3oBaTeassMU B TPUPOAHOMN
Bone [125]. 'ymaTHBIE KOMIUIEKCHI SIBJISTIOTCSI OCHOB-
Hot popmoii cocTossHUS MOHOB P30 B “cpemHemMu-
poBoOIi peuHoii Boge” (5 MI/n pacTBOPEHHOIO opra-
HUYECKOTO yIiilepoja, u3 Kotoporo 80% — 31o dyib-
Bokucnotel 1 20% — I'K) ipu pH ot 5 mo 8 [34, 126],
YTO HAXOAUT IKCIIepUMEHTaIbHOE MonTeepxkacHue [41].

KoHcTaHThl KOMILIEeKcooOpa3zoBaHust I'K koppe-
JIMPYIOT C aHAJIOTUYHBIMY KOHCTaHTaMU JIJISI MOJIOY -
HOW KUCJOTHI 110 IIPUHLMUITY JUHEHHOTO COOTHOIIE-
Ne 12
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Puc. 5. /IBa Buma fparpaMM KOHCTaHT YCTOMYMBOCTH Ty~
MAaTHBIX KOMILUIEKCOB PEIKO3EeMEIbHbIX 2JIEMEHTOB. [ —
MOHOTOHHBIN pocT oT La k Lu (3¢pdexr manranumHoro
cxatust) [124]; 2 — ¢ BorHyToCThIO B cepenune [131].

HUSI CBOOOMHOM 3HEpPTruM [127], 4TO MOXKET OBITH TTO-
JIE3HO JJI51 UX OLIEHKU TPU OTCYTCTBUU JOCTATOUYHOIO
KOJIMUYeCTBa 3KCHEPUMEHTAIbHBIX NaHHbIX. [Tprume-
HEHMeE 3TOro MoAX0Aa J1s1 OLIEHKU MMapaMeTPOB B3au-
MoneiictBusi noHoB Eu(Ill), Tb(III) u Dy(II) c
I'K [126] moaTBepKmaeT, YTO ryMaTHbIE KOMILIEKCHI
npeobnanaroT cpean popMm coctosiHUs P3D B peuHbIX
BOJIaX C HEMTPAJIbHOM peaKLIMEN CPENbl, HO IIPU 3TOM
B TPYHTOBBIX BOJIaX Mpeo0iaialoT HEOpraHuueckre
GopMBI. DKCNIEpUMEHTAIBHBIC YCIOBUS B3aMOICH -
CTBUSI KOJUTOMIHbIX (hpakumit 'K, oTBeTCTBEHHBIX 3a
00pa3oBaHME KOMIUIEKCOB C PEIKO3eMeIbHBIMU KaTU-
OHaMM, IO CHX IIOp He ompeneneHbl. B padote [128] B
pa3BUTHE TaHHBIX, ITOJIYYeHHBIX paHee [ 124], BoITON-
HEHBbI DKCIIEPUMEHTHI MO KOMIJIEKCOOOPa30BaAHNUIO
I'K ¢ 14 penko3zeMelbHBIMU KaTMOHAMU OIHOBpE-
MeHHoO. Mcnonab3oBaH MeToa yabTpaduibTpaluu u
MozearpoBaHue ¢ moMolnpio Mogeneit V—VI. Dkc-
MEPUMEHTHI MO KOMIIJIEKCOOOpa30BaHUIO BHITOJ-
Hensl ipu pH ot 2 no 10.5 MeTomoM orpaHUYeHHOTO
oobeMa. ITokaszaHo, YTO KOJIMYECTBO CBSI3aHHBIX Ka-
TUOHOB CUJIBHO BO3pacTaeT ¢ yBeJnyeHueMm pH. Dkc-
NneprvMeHTalbHble 3HAU€HUsI KOHCTAHT KOMILIEKCO-
obpazoBaHus (IgKya) HaxonaTcs B npeaenax ot 2.40
10 2.80 u 3HaYUTESILHO OTJIMYAIOTCSI OT paHee OIy0-
JIMKOBaHHBIX [124]. YcTaHOBIEHO, YTO U3MEHEHUE
KOHCTaHT T'yMaTHBIX KOMIUIEKCOB B TaHHOM Ciyyae
aHaJIOTUYHO M3MEHEHUWI0 KOHCTAaHT KOMILIEKCOB C
YKCYCHOM KUCJIOTOM, YTO MOATBEPXKIAET OCHOBHYIO
poJib KapOOKCUJIBHBIX TPYMIT B CBSI3bIBAHUM MOHOB
P3D. INonydyeHHbIe 3HaUeHUSTI KOHCTAHT KOMILJIEKCO-
0o0pa3oBaHUsl He KOPPEJUPYIOT C PSIOM JaHTaHW/I -
HOTO CXKaTusl.

IIpoBeneHo cpaBHeHUe [129] sKcnepuMeHTaIBLHO
HatineHHBIX [128, 130] yCIOBHBIX KOHCTaHT KOM-
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miekcoobpa3oBanus noHOB P30 ¢ 'K u paccuuran-
HBIX o Monenu 1 : 1 [124]. st u3MepeHust pacnpe-
nelieHus1 KaTuoHoB Mexny 'K u KoHKypupyommum
murangoM (BTA) B ycnoBusix, IPpUOMDKEHHBIX K
npupornasM (pH 6—10, /= 0.1 M (NaNO,), KoHIIeH-
Tpauust kKatnoHa 100 HM, koHueHTpauust ['K 10 mr/i)
HCIIOJIB30BaJI METOM KaJUISIPHOTO 3JIEKTpodope-
3a. PesynbraThl moarBepxkaaloT 3¢G@MEKT JaHTaHUI -
HOTO CXKaTusl IJIsl TyMaTHBIX KOMILIeKCcoB. [TomyueH-
HBbIE€ BEJIMYMHBI KOHCTAHT HAXOIWINCH B IIpeAesiax OT
9 1o 16, 4TO yKa3bIBaeT Ha CUJIbHOE CBSI3bIBAHKE PEl-
KO3eMEeJIbHBIX KAaTUOHOB BHE 3aBUCUMOCTU OT MpPO-
ucxoxneHusa I'K. YcranosiieHo, 4To B JTaHHBIX YCJIO-
BUSIX TTpeo0IafaloT CJILHO CBSI3BIBAIOIINE LICHTPHI
I'K, Takme kak (eHOJbHbIe, aMUHO-KapOOKCUJIb-
HbIe, KapOOKCHUJIaTHEHIE.

Oco0eHHOCTU U3MEHEHUST KOHCTAaHT YCTOMYMBO-
ctu ot La K Lu mokaszaHbl Ha puc. 5. BelgensioT asa
TUIIA CTPYKTYP TYMaTHBIX KOMITJIEKCOB. OnHA M3 HUX
UMeeT TEHACHIINIO K MOHOTOHHOMY pocTy oT La k Lu
[124, 129], npyrast — uMeeT XapaKTEpHYIO BOTHYTOCTb
[128, 131]. OT™MeuaeTcs, YTO JAHHBIC SKCIIEPUMEHTBI
BBITIOJTHEHBI TIPU PA3IMYHOM COOTHOLIIEHUU KOJINYe-
cTBa penko3eMelbHOro asjneMeHTa K ['K: B mepBoM
CJIy4ae 3TO COOTHOIIIEHNE ObLIO BBICOKMM U COCTABIISLIIO
1—15 Mo katnoHa Ha 1000 MoOJIb OPraHUYECKOTO YIJIe-
pona, Bo BTopoM — HamHoro MeHsbiie (1 : 10000) [132].
Jpyrue mpuyMHBI pacXOXIEHUSI MTaHHBIX MO KOH-
CTaHTaM YCTOMUYMBOCTU TYMaTHBIX KOMILIEKCOB peli-
KO3eMeJIbHBIX KaTUOHOB Y pPa3jIUYHbLIX aBTOPOB IO
CHX IOp HE BBHISICHEHBI.

HaHHbIe 00 YCIIOBHBIX KOHCTAaHTaX KOMILJIEKCO00-
pa3oBaHUs pa3IUIHbIX KaTHOHOB ¢ 'K mpuBeneHbI B
TaOi. 1. BOABIIMHCTBO pe3yIbTaTOB MHTEPITPETUPO-
BaHO Kak oOpa3oBaHue KoMIuiekcoB 1 : 1 u 1 : 2, roe
OpraHWYECKUI JIUTaH I IIPEACTABIISIET COO0I aKTHUBHBIN
LIEHTP-KOMILIEKCooOpa3oBaTesib. OMHUM U3 pacapo-
CTpaHEHHBIX CITOCOOOB OIpeNeIeHUST KOHCTAHT KOM-
IJIeKCO00pa3oBaHMs OCTaeTCs TpapMIeCKUii METO
o ypaBHeHUIO (2), B KOTOPOM pas3lnyaroTcsa “cia-
Oble” U “cusibHBIE” HEHTPHI. [Ipr 3TOM BO3MOXKHBI
pa3HEbIe TIPEAITOI0XEHHS 00 X XUMIYECKOM IIPUPOIE:
HampuMep, CIa0bIMU CUMTAIOTCSI KapOOKCHUJIbLHBIE
TPYIIIbI, a CUJIbHBIMU — (hbeHombHbIE [ 128, 133], a uHO-
IIa KapOOKCHIIbHBIE U (DEHOJIBHBIE TPYIITHI OTHOCST K
KaTeropuu ciaadbix [58]. @akTop MHOXECTBEHHOCTHU
TaKMX aKTUBHBIX LIEHTPOB, KaK MPaBUJIO, HE YYUThHI-
BaeTCs 1 ONpeeisieTcs o0Iasi KOHCTaHTa KOMILIeK-
co00pa3oBaHU AJIsI TYMAaTHOTO KOMILJIeKca.

ITo-tipexxHeMy ocTaeTcsi MHOTO TMPOTHUBOPEUMIA,
Kacamluxcs BiavMsHus pH Ha KOHCTaHTbI KOMILIEK-
coobOpazoBanusg. Habmomaemeie panHee [102] pac-
XOXIEHUS B UX UyBCTBUTEJILHOCTU K U3MeHeHuIo pH
OOBSICHSIM B OCHOBHOM BJIMSTHUEM Pa3JIMUYHbIX KC-
MepUMEHTAIbHBIX MeTOMOB. CerogHsl Xe NoKa3aHa
kimtoueBas poiib pH B pacnipenenennu I'B mo pa3me-
paM MoJIeKyJl, TIPU 3TOM CUUTAETCS, UTO CHUXKEHUE
pH oTpuuiarenbHO cKa3bIBaeTCs Ha acCOLMALIMU Ty-
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Tab6muma 1. YcioBHBIE KOHCTAHTHI YCTOIZHHBOCTH KOMIIJIEKCOB MHUKPOS3JIEMEHTOB N PaIMOHYKIMIOB C T'YMHWHOBBIMUA

KHCJIOTaMU
Mpoucxoxnenue | Kucroriocrs, DieMeHT IgP Merto Monenb H LM Jluteparypa
'K MMoJb/T/pK, g A A P ’ patyp
Topd pK,=6.1 Au 4.4 no 1:1 5 — [134]
Pd 4.7
Rh 3.4
Zg5 Cu 5.73 T 1:1(1) | — — [88]
COOH 4.0
PKcoon =41 |Al M5 P/ Monens VI| 4 | 0.1 NaNO; [89]
PKaron = 8.8 @0.46
Fe(I1I) (OLX
2220
26.12 Y 5.27 O, YO MH3 5 0.1 NaClO, [99]
Am 5.93
ITounBa 2407 Cd 3.47 T; ®C 1:1; 6 0.01 KNO;, [70]
COOH 5 g¢ HUKA
ArOH 118
2576 Fe(II) 5.32 dC 1:1 7 — [73]
COOH 4’22
£9.25 Zn 4.83 T; BA 1:1 7 0.1 KNO;4 [59]
COOH 4 10 Cd 4.98
ArOH 5.15
pK,=9 Th 18.72 KD 1:1 59 |0.1 NaNO; [50]
Hf 23.66
Zr 22.71
Th 19.78 P 6.9
Hf 25.96 6.8
Zr 24.47 6.7
578 Tb M10.8 o 1:1; 9.06 0.1 [135]
(2)14.2 1:2
Gd M10.2 8.99
@12.4
Yb M10.2 8.98
@11.8
2596 Y 5.53 o, YO MH3 5 0.1 NaClO, [99]
Am 6.18
Pb 5.20
I'pyHTOBBIE Boabl | COOH 4 71 Cu 4.5 T 1:1 4 0.01 NaClO, [84]
ArOH 1.5
’ Ui 4.2
— Cd 5.04 T 1:1 8 — [85]
Pb 5.20 6
Cu 5.47
KYPHAJI AHAJIUTUYECKOM XUMUMU  tom 78 Ne 12 2023



KOMITJIEKCOOBPABOBAHHUE 'YMHWHOBBIX KUCJIOT 1083
Taomuua 1. TlponomkeHue
Hponc;(;zkﬂeﬂne ];I;CS;T/];?;Z’ DJIEMEHT 1gP Merton, Mogens | pH I, M Jlutepatypa
®upma “Sigma — |5 Eu 6.33 K9 1:1 5 ]0.01 NaClO, [55]
Aldrich” (CIIIA) Gd 6.33
29 Hg 4.2 BA 1:1 6 0.02 NaNO;, [61]
COOHj
— As(IIT) M9 61 BOXX DOC 1:2 7.5 — [58]
20.02
As(V) 13,96
20.03
— Ca 0.8 P 1:1 7 0.1 NaClO, [40]
Np(V) 1.4
Co 3.2
Ni 4.3
Ui 8.2
Eu 8.0
pK,=4.52 Th 19.3 o MIIK 7.9 |0.1 NaClO, [90]
%54
COOHy g
ArOH) 26
COOH 4 7 Am M6.9 o 1:1; 5 0.1 NaClO, [53]
116 1:2
10.7 ) €] 1:1 4
(1) COOH3 ()3 Eu 753 o MCMM | 7 0.1 NaClO, [36]
(2) COOH) 22 9.34
ArOH) 26
256 Ca 3.10 o, YO MH3 5 0.1 NaCl [98]
Sr 3.51
Am 5.27 [99]
Peunast Boma COOHy g Ul 7.57 no 1:n 5 0.1 NaClO, [85]
538 [
2959 1:2
7.64 1:1
Hckomaemsrit pPKcoong =4.1 |FedD) M2.19 O, YO Mogpens VI| 5.9 — [92]
yroipb PKaron = 8.8 24.46
JoHHbIe oTiioxXe- | Z6.06 Cu M3 .51 no 1:1; 5 0.01 KNO;s [136]
HUSA COOH{ ¢ @_0.06 1:2
ArOHY4 46
pK,=7.0 Au 6.0 1o 1:1 5 — [134]
Pd 5.0
Rh 3.2

Hcnoavsyemoie cokpawerus: 1O — noHHbiit ooMeH; YO — ynbrpadunbrpanus; ®C — duyopeciieHTHas ciekrpockonusi; T — moTeH-
muoMeTpuyeckoe tTutpoBaHue; BA — BombrammepoMmerpus; KD — kammmisipHbIil 21ekTpodopes; P — paBHOBECHBIN IWAIN3;
BB2XKX — BbIcOKO3 (b eKTUBHASI XKUIKOCTHast XxpoMaTorpadust, 2KD — xxuakocTHast akcTpakims. MH3 — Moznens HeliTpanu3anuu 3a-
psina, HUKA — momenb HewpaeaabHOM KOHKYpeHTHO# amcopouuu, MITK — mMomenb moBepXHOCTHOTO KOMILIEKCOOOpa30BaHMUS,

MCMM — Monenb cpenHeit MOJIEKYJIIPHOI MacCHhI.

Obosnauenus: pK, — oTpuLIaTeNIbHBII Jorapiudm KoHCTaHThl KUCIOTHOCTH; COOH — KHCITOTHOCTB 110 KapOOKCUIBHBIM rpynmam; ArOH —
KMCJIOTHOCTB IT0 (DEHOIBHBIM TUAPOKCUIIAM; Y, — CyMMapHasi KUCJIOTHOCTB; (1), (2) — KOHCTAHTHI IJIs IBYX TUTIOB COPOIIMOHHBIX LIEHTPOB.
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Tabomuna 2. [IpenenbHO OOMMYCTUMBbIE KOHIIEHTPALIMU TSXKEJIbIX METAJUIOB B MUTHEBOI Boae (Mr/JI) U B BOJIe BOJOEMOB

PBIOOXO3SCTBEHHOTO TTOJIb30BAHUS

Hopmarus Menb CBuHeIn Kanmuii
Bcemupnas opranuzauus 3apaBooxpaHeHus [137] 2.0 0.01 0.003
CanlluH 2.1.3684-21 [138] 1.0 0.03 0.001
J1st BOmoeMoB prIO0OX035IMCTBEHHOTO MOJib30BaHus [ 139] 0.001 — —

MAaToOB, NeCTAOMIIM3UPYET UX CTPYKTYPY U IPUBOIUT
K 000TallleHUIO MOJIEKYJIAMU C OTHOCUTENILHO MaJloi
MoJieKyasspHoit Maccoit [132]. IIpoTuBopeuns, cBs-
3aHHbIC C PA3JIMYHBIM BIIMSIHUEM MOHHOM CHIIBI pac-
TBOpa, OOBSICHSIOTCS, IIO-BUIUMOMY, COACPKAHUEM
MmukpoanemeHToB B camux I'K. JIpyroii cepbe3Hoit
mpo0JIeMOoil, BOZHUKAIOWIEH pH ONpeaeicHUN KOH-
CTaHT YCTOMYMBOCTU KOMILJIEKCOB, SIBJISIETCST OLICHKA
KOHIIEHTpAllMM JIMTaHaa, KOTOpasi MOXET ObITh BbI-
paxeHa B BUJE MaccoBoil KoHueHTpauuu 'K, mMo-
JISPHOCTU WJIW B BHUIE COIOepKaHUS (YHKIIMOHATb-
HBIX Tpynn (Moyb-3KB/n). TTocnenHsst MOXeT ObITh
MojaydyeHa M3 IIPOTOHOOOMEHHOII €MKOCTH WJIM U3
COpPOLIMOHHOM €MKOCTH — MaKCUMAaJIbLHOTO KOJINYe-
CTBa CBSI3aHHBIX KATUOHOB (MOJIb/T WU MT/T TYMU-
HOBOTO BEIECTBA).

MPUPOJA COPBLIMOHHOM EMKOCTHU
I'YMHWHOBBIX KHUCIIOT

3arpsi3HeHrEe BOIBI MOHAMM TSIKEJIBIX METAJIOB
MPOJOIKAET OCTaBAaThCS OCTPOM MpOOIEeMOI IS
OKpyxXarouieit cpenbsl. Menb, KaIMU, CBUHEL, IMHK
Y MHOTHE IPYTUe BJIEMEHTHI TP ITOBBIIIICHHBIX KOH-
LIEHTPALMSIX MOTYT OBITh UYpE3BbIYaifHO TOKCUYHBIMU
1 UMEIOT TEHICHLIMIO HAKAIJIMBAThCS B XKMBBIX Opra-
Hu3Max. B Ta0i. 2 mpuBeneHsl pekoMeHayembie Bee-
MUpPHO# opraHu3anueil 3apaBooxpaHeHUusS 1 MuH-
3apaBoM Poccum TpeboBaHUS K COAepKaHUIO MEIIH,
KaaMus M CBUHIIA B muTheBoOi Bode [137, 138]. Eme
OoJsiee cTporue TpeOOBaHUS TIPEIBIBISIOTCS K POC-
CUICKVIM PBIOOXO3SCTBEHHBIM BogoeMaM. [1penens-
HO JOITyCTMMAasl KOHIIEHTpaLs MOHOB MEIU B TaKMX
BoJax ycraHoBieHa Ha ypoBHe 0.001 mr/mx [139].

B cBg3M ¢ pocTOM 3arpsi3HEHHOCTHU TSKEJIBIMU
MeTaJUIaMU IIPUPOTHBIX BOI X TOCTOSTHHBIM YKECTO-
yeHueM TpeOoBaHUI K UX Ka4eCTBY TEXHOJOTUU BO3-
OOHOBJICHUSI TIMThEBBIX PECYPCOB BBIHYXIEHEI TIPU-
MEHSITh Hegoporue 1 3deKTUBHBIE METOIBI yaajle-
HUST MOHOB-3arpsi3HUTENICH, TaKue KaK aJacopOnus 1
WOHHBIN oOoMeH [140, 141]. JJlaHHbBIE METOIbI UMEIOT
MIPEUMYIIECTBO IIPU padbOTe ¢ HU3KMMHU OCTATOYHBI-
MU KOHLIEHTPALUSIMU TSKEIBIX MeTa/lIoB [ 142—145].
Kak nokasaHno Bbiire, I'K nMerT BbICOKYIO cITOCO0-
HOCTb K KOMILUIEKCOOOPa30BaHUIO C MIOHAMM MHOTHX
anemMeHTOB. B cBs3u ¢ atum 'K 1 Marepuansl Ha ux
OCHOBE paccMaTpUBaIOTCS KaK MEpPCIICKTUBHbBIC ajl-
COpOEHTHI U MPUBIEKAIOT BCce OOJIbllIee BHUMAaHUE.
AKTUBHO M3y4aeTcsl COpOIMsl UOHOB TSIXKEJIbIX Me-

KYPHAJI AHATUTUUYECKON XUMUU

TaJUIOB TYMUHOBBIMM KHUCJIOTaMU. TeM He MeHee
BCTpEYAIOTCS HEKOTOPBIE TPYAHOCTH MPU UCTIONB30-
BaHuu 'K B KauecTBe copbeHTa 13-3a UX JOCTATOYHO
BBICOKOII pacTBOpUMOCTU B Boje mpu pH > 4—5
[146—149]. YcraHOBJIEHO, UTO COPOLIMOHHASI CITO-
cobHocTh 'K B OTHOIIIEHMM MOHOB MUKPOBJIEMEH-
TOB-3arpsi3HUTeJIell 3aBUCUT OT XUMHUUECKOTO COCTa-
Ba, (PYHKIMOHAJBHBIX TPYyMI, OCOOEHHO KapOOK-
CUJIBHBIX, M BHEIITHUX yCIOBUil (Temmnepatypa, pH,
noHHas cuia) [150, 151]. bonsmuscTBo 'K, ncnoab-
3yeMbIX B COPOLIMOHHBIX UCCIEA0BAHUSIX, TTPEICTaB-
JISTIOT co0oit ipuponHbie 'K, n3BIeuyeHHbIE U3 MOY-
BbI, OypbIX yrjei (TUTHUTA) WIN JOHHBIX OTJIOKEeHU !
[152—168]. B 1aGa. 3 nmpuBeaeHa moadopKa JaHHBIX
1o cop6bumroHHoi emkoctu I'K paznuyHoro mpouc-
XOXIEHUSI M0 OTHOIIEHUI0 MUKPO3JEMEHTaM U pa-
JTUOHYKJIUIAM.

ITouBeHHBbIe U TOP(PsIHBbIE KOJJTOUIHbBIE YaCTULIbI
I'K mMeroT BBICOKOE CPOICTBO K KaTMOHAM MHKPO-
2JIEMEHTOB U SIBJISIIOTCSI BaXKHBIMU TTOIIOTUTESIMUA
TSIKEJIbIX METAJIJIOB Y PAIMOHYKJIUIIOB B BOJAX U MOY-
Bax. YCTaHOBJIEHO, 4uTO mpu copouuu xpoma(lll)
dpakumssmu Topdsiabix I'K camast menkas hpakuums,
Haubosiee Ooratass KapOOKCUJIbHBIMU TIpYyINamu,
MPakTUYECKU HE ydyacTBOBaja B MPOLIECCE, a MOHBI
XpOMa OKa3aJIuCh IMPEUMYIIIECTBEHHO CBSI3aHHBIMU C
HEeruapoIn3yeMoil opraHn4eckoii yacteo [154]. Ha
MpUMepe PUCOBOM COJIOMKM TMOKa3aHO COPOLIMOHHOE
noseneHue 'K, odpaszyrommxcs mpu pa3aioxkeHU pac-
TUTEILHOTO ChIpbd [163]. VX copOLMOHHAS eMKOCTh
o oTHolIeHuIo K noHam meau(1l) u ckopocTs copO-
1IMM BO3PACTAIOT C YBEJIMYEHUEM MPOIOJLKUTEILHO-
CcTU pasnoxeHus copdeHTa ¢ 1 mo 12 mecsuen. Mc-
cjieoBaHa TEpMOJMHAMMKa Mpoliecca. YCTaHOBJIe-
HO, 4TO COpPOILIUSI MEIU SIBJISIETCS 9HAOTEPMUYECKUM
U CaMOIIPOM3BOJILHLIM MpolieccoM. BBumy Hu3Koit
BEJIMUMHBI AECOPOILIMU CAEaHO MPEATOJOXKEHUE O
MPEUMYIIIECTBEHHOM 00pa30BaHUU BHYTPUCHEPHBIX
KOMIIJIEKCOB B pe3yibTare copoumnu. KoHueHTpupo-
BaHMe OJIAaTOPOIHBIX MeTAUIOB ¢ TToMoIbio I'K m13y-
yaeTcs IJIs MOHMMAaHUS MeXaHU3MOB (OopMUpOBa-
HUSI MECTOPOXIEHUI Ha paHHUX cTaausix. [lokasa-
Ho, uyTO 'K Topda o6amaroT BEICOKOI COpOIIMOHHOM
€MKOCTbhIO MO OTHoIlleHUI0 K noHam 3oiota(lll) u
HEKOTOPBIX METAJUIOB IUIATMHOBOM Tpynmsl [152]. B
npolieccax maccoriepeHoca ¢GopM 3070Ta BOJIU3H
CYJIb(UIHBIX MUHEPAJIOB BbI3bIBAET MHTEPEC IMOBE-

3—
JIIEHUE TaKUX KOMITJIEKCOB, Kak Au(S,0;); . B cBa3n
C 9TUM U3y4yeHa copO1rs noHOoB 3oJioTta(l) MmouBeH-
Ne 12
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Tabomuna 3. CopOioHHasi eMKOCTh TYMUHOBBIX KUCIIOT
KucnotHocTs,
ITpoucxoxnenue I'K MMos/T /pK, BOnemeHt | EMKocCTb, Mr/T pH I, M Jluteparypa
Au 320
Pd(II) 100 5.0
Rh 11
pK,=6.1 — [152]
Topd Ru(IV) 16—19 2.2
Pt 100
2.9
Os 23
— Cr(I1T) 299 4.0 — [154]
— Au (I, TIT) 0.17 4.0 0.01 NaNO; [153]
2439 Cs 3912
COOH 3 49 6—8 - [155]
AOH | g Ba 19400
pKCOOH =5.74
18.7 5.0 0.01 NaNO 163
PKron =9.08 Cu } L1631
ITouBa 18.0
_ 3.0—-3.1 HNO; 0.001 [166]
Zn 10.2
¥ =55 Nd 753.75 5 [161]
pk, = 5. -
‘ Dy 667.97
Th(IV) 17.63
— 3.0 0.1 NaClO, [162]
Ui 16.44
PKcoon = 3.1
B 2.0 9 0.15 NaCl 169
PKpron = 8.4 L169]
Cr(VI) 133.12 1 0.01 NaCl [170]
Kommepueckue mpe-
rmapatsbl Sb(I1I) 2.8—6.45 4.0 — [171]
B Se 0.014 5-6 - [172]
VV) 861 7 0.01 NaNO; [173]
pPKcoon =3
Co 6.5—36.5 4.65 — 174
PKyron = 8.4 74l
Cr(VI) 20.8—33.3 3.2 0.1 NaNO;, [156]
3.07 3.0 — [151]
- 0.73 1.55
— [159]
2.62 2.89
Cu
HckonaeMblit yrojib 0.3—1.05 4.48 — [160]
55 186 4.5 — [155]
37.5
Pb 352
1—4 — [152]
— Zn 28.1
Cd 62.9
Mn 8.2—25.3 4.61 — [164]
JKYPHAJT AHAJIUTUYECKOU XUMHUUN  Tom 78 Ne 12 2023
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KucnaoTHocTs,
Ipoucxoxnaenue 'K wMoITB/T /pK, BOnemeHt | EMKoCTb, MI/T pH I, M JIuteparypa
27.59
COOHy 73 89.5 4.0 0.1 NaNO, [158]
ATOH3 36 Cu
2013.5
JIOHHBIE OTJIOXEHUSI - Zn 2597.9 5.5 - [165]
Cd 1633.5
Au 351
Rh 11.6

Obo3nauenus: pK, — oTpuLiaTebHbli JJorapudm KoHcTaHThI KUca0THOCTH; COOH — KMCIOTHOCTB 1O KapOOKCUIBHBIM
rpynmaM, ArOH — K1CIOTHOCTE 10 (peHOJIbHBIM THIPOKCUIIAM, Y. — CyMMapHasi KUCJIOTHOCTb.

Hoit I'K [153]. PaccunTanHas nmo ypaBHeHUIO JIeHT-
MIOpa MakcuMalibHasi COpOLIMOHHAs EMKOCTb COCTa-
Buja 0.17 Mr/r, 4To pe3Ko OTJAUYAETCS OT 3HAYeHUit
IUIST TpexBaJIeHTHBIX (popm 3oi10ta (320 Mr/T), ITONTY-
yeHHbIX paHee [152]. Ynanenune Nd(11I) u Dy(I1I) u3
otpaboTaHHBIX pacTBopoB HCI ¢ moMol1lbIo TOYBEeH-
Hoii 'K mponeMoHCTpupoBaao TOBOJIBHO BBICOKUE
3HAUYE€HUsI COPOLIMOHHOI €MKOCTHU MO JaHHbIM KaTu-
oHaM: 753.75 1 667.97 Mr,/T COOTBETCTBEHHO.

Bricokast MOHHAsI I KOJIJIOMIHAS PACTBOPUMOCTD
I'K B 111 TOYHBIX ¥ HEUTPAILHBIX PACTBOpaX IIPEIsIT-
CTBYET UX MCIIOJIb30BaHUIO B KaUY€CTBE AMCIIEPCHBIX
copOeHTOB. /IJ1s1 TIepeBoda B MOPOILIKOOOpPa3HOE CO-
CTOSTHHE TPeOyeTCsI MX COOTBETCTBYIOIIAsi 00padboTKa
[143, 167], mocie xotopoit 'K mpuobperaror Kade-
CTBa HEPACTBOPUMBIX MOHOOOMEHHBIX MOJIMMEPOB.
Tsepapie 'K acddhexTrnBHO yoaassioT KaTHOHEI MeTa-
JIOB B KOJIOHOYHOM cucrteme. IlokazaHa BO3MOX-
HOCTh yIaJIeHUsI MOHOB CBUHIIA, HUKEJSI U IPYyTUX
TsKeIbIX MeTaiuioB [143, 148, 150, 167, 171] u3 Bon-
HBIX PacTBOPOB IIyT€M COpPOILIMM HEepPacTBOPUMOI
dopmoii I'K ipu BappupoBanuu pH 1 TemnepaTypsbl.
IMToxazano, uro copoums Th(IV) u U(VI) HepactBo-
pumoii popmoii I'K cunbHo 3aBucur ot pH, a umeH-
HO: yBeIn4uBaeTcs ¢ poctoM pH u nocturaet Makcu-
myMa 1ipu pH 3 B o6oux ciydasix [162]. ITouBeHHBIE
I'K, mepeBeaeHHBIC B HEpAaCTBOPUMYIO GOPMY, MOTYT
OBITh UCITOJIb30BaHbI B KauecTBE 3(h(HEKTUBHOIO COP-
6eHTa 1151 yoaieHus: paguonyxinnos 'Cs u 4°Ba u3
BonoHbIX cpen [157]. Ilpu nepeBeneHUM B HEPACTBO-
pumMyIo (hopMy KOJIMYECTBO COPOIIMOHHBIX IIEHTPOB
(kapOOKCUIIbHBIE Y (DEHOJIbHbBIE TPYIIIIHI) 10 TaHHBIM
UK- u BC IAMP-cnekrpockonuu ymeHsluaercs. Mo-

Hbl Mn(II), Co(NH; 2+ u Hg(II) copbupoBanu B TeM-
nepatypHoM auana3oHe 10.0—50.0°C B kucioii cpe-
ne nopomkamu 'K, BeineieHHBIMUY 13 MOYBHI [175].
M30TepMBI COPOIIMM COOTBETCTBOBAIM ypaBHEeHUIO (1),
a TepMOJMHAMUYECKHME TaHHbIE CBUIETEIbCTBOBAIN
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O CXOACTBE COPOLMOHHBIX LeHTpoB 'K paznnyHoro
npoucxoxneHus. CaenaH BbIBOI O TOM, YTO AECOJb-
BaTalys KaTUOHOB U COPOIIMOHHBIX IEHTPOB MPU UX
IMOBEPXHOCTHOM KOMILIEKCOOOpa30BaHUU Mpeoda-
JIal0T B MEXaHU3ME CBSI3bIBAHUSI MOHOB METAJJIOB
TBepabiMu I'K.

Hannsblie 110 TepmoanHamuke coponuu 'K y pas-
HBIX McclieoBareyieii UMEIOT HEKOTOPBIE pacXoxe-
Husi. Hanmpumep, npu copoumu Mmeau(Il) ryMuHoBBI-
MU KHUCJIOTaMU, 9KCTparupoBaHHBIMU U3 TOP(PSIHOTO
CJI0S1 TYHIIPOBOM TTOYBBI, MTOJY4Y€HbI U3MEHEHUS SHEP-
run [u66ca, aHaIOrMYHbIE MOJy4eHHBIM paHee [163],
OIIHAKO U3MEHEHME DHTAJbIIUU COPOIINMU 0Ka3aJloCh
oTpuLAaTesIbHbIM [166]. B n1pyrux uccienoBaHusax us-
MEHEHUE SHTAJIbIIUU COPOILINU 0Ka3aJI0Ch MOJOXM-
TeJIbHBIM, UTO TOBOPUT 00 3HIOTEPMUYHOCTHU TIPO-
1ecca. [lojioxxureapbHOe 3HaUeHUE UBMEHEHUSI DHEP-
run ITmb66ca cOopOLIMOHHOIO Mpoliecca MOJyYeHO B
pa6ote [162]. B 60NbIINHCTBE UCCAEAOBAHUIMA TEPMO-
JTUHAMUWYECKUe MapaMeTpbl MOKa3bIBalOT, YTO TPO-
LIeCC COpOIIMHU SIBJISIETCS OJIATOTIPUSITHBIM, 4 COPOLIUS
MOHOB METAJIJIOB SIBJISIETCSI SHAOTEPMUUYECKUM MPO-
1IECCOM. YCTaHOBJIEHHbIE MapaMeTpbl aKTUBAlLUU TO-
BOPSIT O (PU3UKO-COPOLIMOHHOM MEXaHU3ME.

I'ymMuHOBBIC BelllecTBa SIBISIOTCSI KOMIIOHEHTaMU
Oyporo yrisi, OTHOTO M3 O0oraTeMImmx MprupPOTHBIX pe-
CYpCOB, ajJbTepHATUBHbIC BUIbI €r0 MCIOJIb30BaHMS
M3y4aloTCsl B TeYeHME nocienqHux aecatwietnii. [1po-
JIEMOHCTpPHMpPOBaHa 3HAaYMTENbHAasI crmocoOoHocTh 'K,
MOJIyYEHHBIX U3 YIJIsI, CBSI3bIBATh KATUOHbI MeTall-
JI0B. B 3KcriepuMeHTax 1o cTaTU4eCKOi COpOLIMM Ka-
TUOHOB METAJUIOB TYMUHOBBIMU KUCJIOTaMU, 9KCTpa-
TMPOBaHHBIMU U3 OypbIX yriei (Kak MpaBujo, Bbl-
IIeJJaYUBaHUEM ), BeIMUMHA COPOLIMY YMEHbIIAIach
¢ ymenbieHneM pH [153]. CopOumnoHHast eMKOCTb
BapbupoBanuck ot 0.4 mmons/r (Fe, Ni, Zn) no
1.7 mmons/T (Pb). I3 Bcex pacCMOTPEHHBIX KaTHO-
HOB CBMHEII COPOMPOBAJICS JIydllle Bcero. Te ke aB-
Ne 12
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TOPBI IIPOBEJIN PsIL IKCIIEPMMEHTOB Ha KoJIoHKax [176],
KOTOpbIE MOATBEPAWIN BO3MOXHOCTb TPUMEHEHMUSI
maHHbIX 'K 111 BBIOEIEHUS TSDKEIbIX METaJlJIOB U3
CTOYHBIX BOI. DM(PEKTUBHOCTh COPOINM 3aBHCEIIa
oT cocTtaBa pactBopa 1 pH. Ilpu aTom copbupoBaH-
HBI€ MOHBI MOTYT OBITh BEITECHEHBI IPYTUMU KATHO-
HaMU ¢ OOJIbIIEe COPOIMOHHOI CITOCOOHOCTHIO JIN0O
nporoHaMu. Pe3yibTaThl 9KCIEPUMEHTOB ITOATBEP-
JIVJIA peajbHyl0 BO3MOXHOCTh IIPaKTUYECKOTO IIpU-
meHeHusa 'K mis ymaaeHMsT MOHOB METaUIOB U3
cTouHbIX BoA. CeJIeKTMBHOCTh COpPOLIMM CBUHIIA
TBepnoii popmoii 'K moarBepkaeHa Takke B paboTte
[177]. T'eneBrie hpopmur 'K, ipencrapasgronine codooi
0CanoK IMOocJe MOAKUCISHUS 9KCTpaKTa OyphIX yIIei,
MPOSIBJISIIOT CEJIEKTUBHOCTh ITO0 OTHOIICHUIO K MOHAM
Cr(I1I) u Al(I1T). Jannsre UK -cnekTpocKoImmu ImokKa-
3BIBAIOT, 4YTO ¢ pocToM pH pacTBopa 6oabme COOH-
TPYIII YYacCTBYET B CBSI3bIBAHUU MOHOB MeTayuToB. Mc-
kmoueHnue — Pb(II), Ag(l), Hg(II) u Cu(ll), Tak xKak
naxe npu pH < 5 3T MoOHBI MOryT 00pa30BLIBATh
KOMIUIEKCHbBIE COeIMHEHUS ¢ (DEHOJIbHBIMU IPYyIINa-
MU.

I'yMuHOBBIE KMCIOTHI OYPBIX YIJIei paccMaTpuBa-
IOTCSI B KAUeCTBE HEIOPOTOro 6apbepHOTo MaTepuaa
JJ1s1 321U ThI OT ToKcuHOoro xpoMa(VI) [156]. Cop6-
us ecTUBaJIeHTHOTo XpoMa Takumu 'K yBeamun-
BaeTcs ¢ yMeHbllleHueM pH 1 KOHLIeHTpalluM KaTuo-
Ha. YCTaHOBJIEHA MaKCUMabHasl COPOLIMOHHAS eM-
KocTh, paBHas 33.3 Mr/r (mocturHyra nipu pH 3.2).
OTtMeuaercst, 4YTo coporuoHHass eMKocTh I'K mo or-
HomleH1Io K noHaMm xpoma(VI) mmouTu takast ke, Kak y
KOMMEPUYECKOTO aKTMBUpOBaHHOro yrisd. Ilpu stom
I'K Oypsix yrieii nerenie 1 6ojiee ToCTyIHbI. [Toka-
3aHO, YTO B COPOIIMIO KATHOHOB MeIN M KOOaIbTa Iy-
MUHOBBIMU KMCJIOTaMU, BBIICJIEHHBIMU U3 OyPBIX yT-
Jieit, 3HaUMTEeIbHBIN BKJ1aJl BHOCUT ITPO1IECC MIOHHOTO
oOMeHa, KOTOPBIIA COIPOBOXIAIOTCS OOpa3oBaHUEM
KOMIUJIEKCOB € pa3IMYHBIMU (DYHKIIMOHAIbHBIMU
rpymmamu [ 159, 160, 174]. 3ydeHne TMHaAMUKHN COpO-
mun noHoB Meau(ll) B kucioil cpege TyMUHOBOIA
KHMCJIOTOM, MepeBeAeHHOI B HEPaCTBOPUMYIO (hopMy,
MO3BOJIWJIO TIPEAJIOKUTD MEXaHU3M CITeIu(pUIECKO-
ro cBsi3bIBaHwms [ 151]. YcTaHOBIIEHO, UTO YBEIMUCHNE
pH pactBopa ¢ 1 1o 3 crroco6¢TBYeT OoJiee aKTUBHOM
COpOLIMM MOHOB Meu, a eMKoCTh I' K nocturaer cBo-
€ro MakCHMaJbHOro 3HadeHHus. AHanmu3 rpaduka
CkeT4yapza BbISIBUJI IBA TUIIA B3aUMOACMCTBUSI: C BbI-
COKMM CPOJCTBOM M HU3KON COPOILIMOHHOI €MKO-
CTBIO; ¥ C HU3KMM CPOACTBOM U BEICOKOI €MKOCTHIO.
I1pu pH 1.0 B3auMoneiicTBe HOCUT HecTieuduye-
CKUi1 xapaKTep W He TTOTUYMHsIeTCS Moaeau JIeHrMIo-
pa. B npyrom uccienqoBaHUM ABYXCOPTOBAasT MOIETh
MpeajgaraeTcs ¢ y4YeTOM BBIAEIECHUS IIPOTOHOB KUC-
JIOTHBIMU (PYHKIIMOHAJIbHBIMUY TPYIIIIAMU BO BpPeMs
IMOBEPXHOCTHOM peaKInu IIPU COpOIUN MOHOB Me-
mu(ID) [155]. BropeiM TUIIOM akTUBHBIX 1IeHTpoB 'K
MOTYT OBITh, HAIIpUMEp, HETUIPOIU3YEeMEBIC apoMa-
TUYECKHE CTPYKTYpHL. Takoii criocod omucaHust copo-
LIMY MIOHOB MeIU T'YMMHOBOI KucioToit (L-H-Monens)
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IOATBCPXKIACH pe3yjibTaTaMM KHMHETUYCCKUX IKCIIC-
PUMCHTOB.

I'yMUHOBBIE KUCIOTHI, BbIACJAECHHbBIE U3 MOPCKUX
OTJIOKEHMI, Mpu3HaHbI 3 (EKTUBHBIMU ITPH TTOTJIO-
IIEHUNU Pa3JIMYHbIX MOHOB METAJIOB IMYTEM KOM-
TJIEKCOOOpa3oBaHUsI, KATUOHOOOMEHHOM U MOBEPX-
HoCTHOI ancopouuu. ITpu copobuum nonos meau (1)
takoi 'K Takke moaTBepKIaeTcsl MPUCYTCTBUE IBYX
¢dpakumii ryMaTHOTO KOMILJIEKCa Me: MIOHOOOMEH-
HOIi 1 MOBepXHOCTHOIA [158]. O6paboTKa JTaHHBIX MO
JIBYXCOPTOBOI MOJENM MOKa3blBaeT, 4To (ppaxkius
MOBEPXHOCTHOTO KOMILIEKCOOOpa3oBaHUsI 001agaeT
0OoJiee BBICOKMM COPOLIMOHHBIM CPOACTBOM ITO OTHO-
meHuio K noHaMm Meau(Il). Jomu obeux dpaxkimii,
KakK 1 cOpOLIMOHHAasI eMKOCTb B 11€JIOM, BO3pacTaloT B
2—3 paza ¢ yBeandyeHueM pH ot 2 mo 4. OrmedeHo,
yrto 1ipu pH > 4.5 MmexaHu3M copOIIM HETOCTATOYHO
U3y4eH, TaK KaK OH YCJIOXHSeTcs obpa3zoBaHUEM
TUAPOKCOKOMILIEKCOB Menu, auccouuaiueit oe-
HonbHBIX OH-rpynmn u pactBopuMocTthio camoii I'K.
Jpyrast oTKphbITast mpoodjemMa — COpOLIMOHHOE MOBEAC-
HME TSDKEJIBIX METa/UIOB Ha BHEKJIETOYHBIX IOJIMMep-
HBIX KOMITOHEHTaX CTOYHOro wia [165]. YcraHnoBieHo,
yto 'K Kak omvH M3 TaKux KOMIIOHEHTOB OOJagaeT
OrPOMHOIT COPOITMOHHOM €EMKOCTEIO TI0 OTHOIIIEHWIO K
noHam Cd(II), Cu(Il) u Zn(Il), Ha 1—2 nopsinka npe-
BBILIAIOLIEN 3TY BETUUUHY IJIS IPYTUX TUTIOB TOHHBIX
omioxeHuit. [lokazaHa pasinyHasi crerieHb yBeauye-
Hust C-moteHumana 'K (mo 42%) B 3aBUCHMOCTH OT
COpPOMPOBAHHOIO KATUOHA, YTO TOBOPUT O CYIIECTBEH-
HOIt pOJIN 3JIEKTPOCTATUYECKOTO B3aMOICCTBUSI.

KommMmepueckue 'K B kauecTBe peareHTOB HaXo-
IISIT BCce OOJIpIlIee TIPUMEHEHME B MCCIIEIOBATEIBCKOM
MpakTUKe 6Jarogapsi CBOei JOCTYIHOCTH U yI0OCTBY
ncrionb3oBanus. Hammpumep, ¢ momomeio 'K dpup-
MBI “Aldrich” B 1a00paTOpPHBIX YCIOBUSIX CMOJIEIM-
pPOBaHO B3aMMOJIEICTBME BOTHOIO pacTBopa dopa c
nouBamu [169]. MakcuManbHBIE BETMYMHBI COPOIIUN
obHapy:xkeHbl Tipu pH 9.5—10 (MakcuMaibHBINA KO-
3¢ OUIIMEeHT pacnpeneyieHusT MEXIy COpOCHTOM M
BOIHBLIM pacTBopoM paBeH 40). [TokazaHo, 4To cop0O-
ust 6opa TYMUHOBOM KMCJIOTOM BBI3BIBAeT (DpaKIm-
OHUPOBaHMe n30Tonos (o6exHeHue 1o ''B ipu pH ot
5 mo 9). IlpuBoauTcs oleHKa, U3 KOTOPOI ClIemyerT,
YTO IIpU KOHIEHTpal1 00pa B IIOYBEHHLIX PACTBO-
pax ot 5 go 10 MKr/m u 3HaYeHUM KO3 UIMeHTa
pacnpeneiaeHus, paBHoM 10 (pH 7), normomenue 60-
pa OpraHMYeCKMM BEIIECTBOM JOJ/DKHO BbI3HIBATh
M30TONHBIN caBUr Ha 16—20%0 B pacTBOpe. OgHAKO
coJiep>XKaHWe OPraHMYECKOro BellleCcTBa B peYHOM BO-
ne (~10 Mr/n) SBHO HETOCTAaTOUYHO JJIsI 00eCIIeYeHUSI
TaKOI'0 M30TOIMHOIO CABUTA. ABTOPHI ACJIal0T BBIBO/,
YTO B3aUMOACHCTBUE IMTPOUCXOINUT UMEHHO C YJacTH-
€M ITOYBEHHBIX ryMaToB. TakuM oOpa3oM, caeaaHo
BaXKHOE MPEATIOIOKEHUE O MUTPALIMU COPOMPOBAHHO-
T0 OPraHUYECKMMM KOJUIOMIAMU 00pa, KOTOPOE MOXKET
OOBSICHATB 0OOTAIIIEHNE PEYHBIX BOI M30ToroM ' B.
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Ha nmpumepe I'K pupmser “Sinopharm” mmonrsep-
JKIIEH CYILIECTBEHHBIN 2(pheKT caepKMBaHUSI MUTpa-
LIMM LIeCTUBaJIEHTHOTO Xpoma B 1ouBe [170]. O6Ha-
pyxeHo, uto Bzaumonericteue xpoma(VI) ¢ I'K npouc-
XOIUT 3a CUeT MPOLIECCOB MOHOOOMEHHOI COpOluu,
KOMILIEKCOOOPa30BaHUSI U BOCCTAHOBJICHUSI 10 XPO-
ma(1Il). MeTomom peHTIre HOBCKOM (hOTORIEKTPOH-
HOM CHEKTPOCKOIIMM YCTAaHOBJIEHO, YTO KapOOK-
cuiibHbIe Tpyraibl 'K mpu 3ToM He OKUCISIOTCS, a
oOpa3syroT KoMIuieKc ¢ xpoMoM(VI), KOTopriii 3aTeM
BOCCTaHaBJIMBAETCS 32 CUYET APYTUX (PYHKIMOHAIb-
HBIX TPy — JOHOPOB 3JIEKTpOHOB. Pa3pabortaHa
KMHeTn4YecKass Moaeisib Bzaumoneiictsusa 'K ¢ xpo-
MaT-MOHaMU C Y4eTOM BCeX TpeX CTaauii, OIHAaKo,
IMOCKOJIbKY 3KCIIEPUMEHTHI IIPOBOIWJINCH B KUCIION
cpede, ocraercs IIpobiaeMa IIPOBEPKM MeXaHHU3Ma B
cpene, OJIM3KOM K HeHTpaibHOIM. MexXy TeM yBeJIu-
yenue pH mo 7 mpakTuyecku He BIUSIET HA COPOIIU-
oHHyio emkocTb 'K mo oTHolleHuio K BaHamaT-
noHaM [173]. MakcuMaibHOE KOJIMYECTBO COPOUPO-
BaHHBIX MOHOB BaHamus(V) coctaBisuio 861.17 mMr/r
(xkonueHTpauusa 'K 200 mr/n, HayanbHass KOHIIEH-
tpauus BaHaaust 500 mr/m) mpu pH 4 1 cyliecTBeHHO
cHuKanoch mpu pH > 7 n3-3a yCuieHUsI 3J1eKTpoCcTa-
TUYECKOIO OTTaJIKMBAaHMS MEXIy OTpUIIATEIbHO 3a-
PSKEHHBIMM KoJUTOUAHBIMU yactuliamMu 'K n aHu-
OHHOI1 (popmoii BaHaaus. B nenom I'K MoryT crioco6-
CTBOBaTh CHIDKEHUIO MMWIpPAllUM COPOMPOBAHHOTIO
MOHA U1 ero (hMKcalluu B MOYBE, YTO UMEET KIII0UeBOE
3HAYEHME JJIsI IIOHMKEHUSI €r0 OMOIOCTYITHOCTU.

I'YMHHOBBIE KMCIOTBI MOTYT OBITH CHHTE3MPOBa-
HBI C TIOMOIIIBI0O A0MOTUYECKOTO Mpoliecca TyMudm-
Kaluu, T.e. 3a CUeT KaTaJIMTUUEeCKOTo MpeBpalleHus
TaKMX COCOIWHEHWM, KaK aMUHOKHUCIIOTHI, caxapa u
XUHOHBI B TYMMHOBBIC BEIlIeCTBA 0€3 yJ4acTusl MUK-
poOpraHu3mMoB. JJist 3TOro UCIMOJIb3YIOT KaTanu3aTo-
pbl Ha OCHOBE OKCUAOB MeTauioB: MnO,, Fe,O; u
AlL,O;. TK, cuHTE3UpYyEMble TAKUM METOJIOM, Ha3bI-
BalOTCSI CMHTETMYECKUMHU WJIM TYMUHOTIOZOOHBIMM
[178—180]. MakcuManbHasi COpOLIMOHHASI €MKOCTD
takoii I'K mmo otHomenuio Kk nonam meau(1l) cocra-
Buna 46.4 mr/r (tipu 45°C — 58.8 mr/r) [181]. Ilo
cpaBHeHMIO ¢ TpupoaHbIMU ['K mpenmyInecTBo crH-
TETUYECKOM 3aKII0yaeTcsl B BOSMOKHOCTH YITpaBJIe-
HUS €€ CTPYKTYPHBIMM XapaKTepUCTUKAMU, U3MEHSISI
COOTHOIIIEHHE IPEKYPCOPOB 1 TUI KaTan3aTopa.

%k ok ok

DdyHgaMeHTaIbHAS POJb XUMUUYECKON MPUPOIbI
B3auMoAeicTBus MukpoajgemeHToB ¢ I'K B mporec-
cax MX MaccomepeHoca B 0OBbEKTax OKpYyKaroleit
Cpelbl, B peain3allii OMOTreOXUMMNYEeCKMNX (PYHKIIMIA
MMOYBHI BbI3bIBAET PACTYIINI UHTEPEC B CBSI3U C 3aja-
YaMU MOBBILIEHUS IJI0A0POAMS MOYB, PaIUOIKOIIO-
TUYeCcKoii 6€30MaCcHOCTH, B LIEJIOM ITPUPOAOIIOIb30-
BaHMS U 3alMThI OKpYy>XKaltollei cpeapl. JlaHHbII 0030p
SIBJIISIETCS TOMBITKOI 0XapaKTepU30BaTh COBPEMEHHBIE
SKCIIepUMEHTaIbHbIE U MOJEIbHBIEC MPEACTABICHUS
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BOJIKOB, ITOJIAKOB

0 TaKWX B3aMMOIEMCTBUSX, MOKa3aTh TEKYILEE CO-
CTOSIHME MCCJIeOBaHMit B 00JIaCTU KOMILIEKCOO0Opa-
30BaHUSI U COPOLIMOHHBLIX ITPOLIECCOB C T'ymMaTaMMU.
HecmoTtps Ha cymecTtBeHHyro poab 'K B ¢pm3nkoxu-
MUU reTepOreHHbIX MPEeBpaIeHUN ¢ ydacTHUEM MUK-
pPO3JIEMEHTOB U PagUOHYKJIMIOB U OOUJINE DKCIIEPU-
MEHTaJIbHBIX JAaHHBIX, TH(MOPMALIUSI IT0 YCTOMYNBOCTU
MX TYMaTHBIX KOMILIEKCOB ITO-TPEXKHEMY COTKaHa U3
MPOTUBOPEYMIA, a MEXaHU3M 3TUX IIPOLIECCOB ILJIOXO
M3y4eH BBUIY CJEOYIOIINX CTPYKTYPHBIX OCOOEHHO-
CTeli, MEepevYUCJCHHBIX B IIOPSAKE YMEHbBILICHUS
CIIOXXHOCTHU WX UCcenoBaHus: 1) OoJblioe pa3HO00-
pasme aTtoMoB W QYHKUMOHANBHBIX Tpyrn [K;
2) OoJIBILIION AMAra30H MOJIEKYISPHBIX Macc; 3) Xu-
MU4YecKasl CBSI3b MEXIY TYMUHOBBLIMU KUCJIOTAMHU U
¢yJIBLBOKMCIIOTAMY, pa3IndHasl CTEeHb I'yMupuKa-
Uu; 4) YyBCTBUTEJILHOCTh CTPYKTYpHI K pH.

Takum o6pa3zom, 1oae3HbIe NOJUPYHKIMOHAJIb-
Hble cBoiicTBa 'K oCHOBaHbI Ha X CIIOCOOHOCTH 0Opa-
30BBIBaTh MOJICKYJISIDHBIE PACTBOPBI, @ TAKXKE MCTHUH-
Hble U afacopOLuoHHbIe Kosutouabl. Crpykrypa 'K
onpenensieTcsl X MPOUCXOXIASHUEM U BO3PacTOM U
MOXET pa3iandaTbCsl 110 MOJIEKYJISIPHO-MacCOBOMY
pacripeieJIeH!I0, XapaKTepy YIJIEpOIHOrO CKeJeTa, TH-
ram, IIO3ULMSIM I OTHOCUTEIEHOMY KOJIMYeCTBY (hyHK-
LIMOHAIBHBIX TPYIII. JIOTMYHO MPEeArnonaoXuTh, YTO Ta-
KU XMMHUYECKU pa3HOOOpa3HbIe MOJIEKYJIbl 001a1al0T
TaKKe pa3IMYHOM CIIOCOOHOCTBIO K KOMILIEKCOOOpa-
30BaHMIO, JaXXe B OTHOIIEHMU OTHOTO U TOTO K€
MuKkpoasiemeHnTa [106]. Tem He MeHee UMEIOTCS TaH-
HBIE O OJIM3KMX KOMILIEKCOOOPa3yIoInX CBOMCTBax
I'K He3aBucumMo ot ux npoucxoxaeHus [119].

MHoro paboT ITOCBSIIIEHO 00pa30BaHUIO aacopO-
LIMOHHBIX KOJUIOUAOB C HEOPraHWMYECKUMU KOMIIO-
HEHTaMM, TIOCKOJIbKY Ha COPOLIMOHHYIO CIIOCOOHOCTh
I'K MoryT BIusTh TaK1i€ KOMIIOHEHTHI ITOYB, KaK IJI1-
HUCTbIE MUHepaJibl. OueBUAEH pOCT MHTEpeca K IIPO-
meccaM, CBSI3aHHBIM C XMMUYECKIMHU PEeaKIIUSIMU I'y-
MaTOB, OTHAKO MCCJIEA0BaHMs B OCHOBHOM BEAYTCS B
HamnpaBJIEHMM MaccollepeHoca BogHas da3a — MU-
HepaJi/copoeHT. IIpoiiecchl B 0OpaTHOM HallpaBlie-
HUU ITPaKTUIECKU HEe U3y4eHHbI. B 11e710M MOXHO BbI-
JIeIUTh IBa B3MIsAAa HAa XMMHUIO U PeaKIIMOHHYIO
crnocobHocTh 'K, KoTOpbIe TOBOPST O TOM, YTO HC-
clienoBaTesieii MHTEepEeCyeT MpexIe BCero B3anMO-
JIeficTBUe MaKpOMOJIEKYJBI i) ¢ HIOHOM B pacTBOpE
KaK KOMILIEKCOOOpa30oBaTenb (TpagulMOHHbIA IO -
XOI) M ii) ¢ TBepmoii MUHEpaJIbHOI (ha3oil, TIe OHA
paccMaTpuBaeTcs KakK JIMTaHA, KOOPAUHUPYIOIINA
noBepxHocTHble OH-rpynmel. [1pu 3ToM mpakTude-
CKH1 OTCYTCTBYIOT JaHHBIE O BO3MOXKXHOCTH B3aMMO-
JIEMCTBUIA, TIPU KOTOPBIX KOOPAMHUPOBAHHBIE MOHBI
MOTYT OTPBIBAThCS U IIEPEXOAUTH OOPATHO B paCTBOP
B BUJIe TyMaTHOTro Komrekca [182—185].

IlepeuyncieHHbie TTPOOJIEMBI TIPETISITCTBYIOT MO-
JIeIMPOBAaHUIO SIBJICHUII MaccollepeHOCa T'YMaTHBIX
KOMILJIEKCOB PaIMOHYKJIMIOB M1 MUKPO3JIEMEHTOB B
CJIOXKHBIX TEXHOTEHHBIX 00BbEKTaX, IMPUPOIHON BOJI-
Ne 12
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Hoii cpene. IMonyyeHne mHOpMaLMU O COCTaBe U
yCTOﬁ‘{MBOCTM I'YMaATHBIX KOMIIJIEKCOB COCTaBJISACT
3JIEMEHT OLICHKM peaKIIMOHHOM CIIOCOOHOCTH T'yMa-
TOB, KOTOpasi Heo0XxoauMa Npyu OIIMCAaHUU UX COpO-
LIIOHHOTO U OMOCOPOILIMOHHOTO MOBEICHUS TI0 OT-
HOIIIEHUIO K KOJUIOUIAaM, B3BECSIM HEOpPraHMYeCKOM
Y OPraHUYECKON IIPUPOIBLI.

s permieHUs1 3TUX MPOOJEM Ha COBPEMEHHOM
YPOBHE TIPUMEHSIIOTCSI BHICOKOUYBCTBUTEJIbHbIC aHA-
JIMTUYECKUE METOJIbI, MPEXIe BCEro, XpomMaTo-mMacc-
criekrpoMetpust, SIMP-criekrpockorst, MeToabl pa3-
JIeJIeHWsI, BKJIIOYasi COPOLIMOHHBIE METOABI, METOIBI
yabTpauIbTpallui, 3KCTpaKLUU, DJICKTPOXUMMU.
3HaYUTENBHO, HO MaJIO MCClIeNOBaHO BiMsHUE (o-
TOKATAIUTUYECKUX MTPEBPALLIEHUIA TIPYA BO3IECUCTBUU
MOTOKOB BUIUMOTO CBETA, IPYTUX TUIIOB U3JTyYEHUS,
panuaiMoHHOro ¢oHa, paauOHYKJIMUIOB B COCTaBe
aurannos (PH, “C u npyrue) Ha peaKLIMOHHYIO CIIO-
cobHocTh 'K 1 ryMaTHBIX KOMILIEKCOB. anbHei-
1Iee pa3BUTHE TEOPUM CTPOEHUSI, GYHKIIMOHATbHBIX
CBOWCTB, MIPUPOJbI CEIEKTUBHOCTHU KOMITJIEKCOOOpa-
30BaHUS TTO3BOJIMT ONUCATh OCHOBHBIE XapaKTepu-
CTUKU U XUMMYECKUE CBOMCTBA MOJICKYISIPHBIX U
KOJUTOUIHBIX (POPM I'yMaToOB B BOAHBIX pacTBOpaXx.

Paboma evtnoanena no naanam QhyHoamenmanbHblx
uccnedosanuilt UXTT YpO PAH, memot HUP No AAAA-
Al19-119031890028-0u FUWF-2024-0012.
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