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OBIIAA XAPAKTEPUCTUKA PABOTHI

AKTyaJIbHOCTb 1pobsieMbl. M3BecTHa oOmmpHeimas xumusa QeppoiieHa,
MO3TOMY HECKOJBKO HEOXHUJAAHHBIM SBIISIETCS MPAKTUYECKU IMOJHOE OTCYTCTBHE B
JUTEepaType NAaHHBIX MO OKHUCICHHUIO MPOU3BOIHBIX (eppoleHa MOJEKYISPHBIM
KHCIIOPOJIOM U MepoKkcuaamMu. J[ocTaTouHO OTMETHTh, YTO K Hadally UCCIEeI0OBaHUMN
B paMKax HacTosiel paboThl He ObLUTIO HU OJHOM MyOJMKAIIMK 110 OKUCIECHHUIO 3TUX
METaJUIOKOMIUIEKCOB, B KOTOPBIX Kak-TO OBl 3aTparuBajuch BONPOCHl HX
PEaKIMOHHON CMIOCOOHOCTH M ME€XaHU3Ma B3aUMOJEHCTBUS C KUCIOPOAOM, KpoMe
KOHCTaTaluu (bakToB OKHUCJICHUS (beppoLeHNITYKCYCHOM KHUCIIOTHI,
rupokcudepporueHa U - QeppoleHunaneTroHa. Mexay TeM  crocoOHOCThb
T-KOMIUIEKCOB TEPEXOAHBIX METAJJIOB K B3aMMOJIECHCTBUIO C MOJIEKYISIPHBIM
KHCIJIOPOJIOM MOKHO pacCMaTpUBaTh Kak OAHO U3 (PyHIAMEHTAJIbHBIX CBOWCTB 3TUX
coenuHeHu. ECTeCTBEHHO, YTO OTCYTCTBHME CBeACHUH 00 0COOEHHOCTIX
OKHUCJICHHMSI TPOU3BOIHBIX (eppolieHa SBISETCS OCHOBHBIM CAEPKUBAIOIIUM
(GakTopoM MO NPAKTUYECKOMY HCIIONB30BAaHUIO pEaKIMi TaKoro THUMA, XOTs
MIPaKTUYECKOE MPUMEHEHHE MPOU3BOJIHBIX (eppolieHa B pa3IUYHBIX 00IaACTAX
HAayKH U TE€XHUKHU OYEHb OOIIMPHO: TOCTATOYHO OTMETUTh, UTO 3TO MOATBEPKIECHO
6onee uwem 1000 mnarentoB. He MeHee 3HaUMMBIMH TPENCTABIAIOTCS MU
TEOPETUYECKHE AaCMEeKThl IMPOILIECCOB OKUCIEHUS TPOU3BOAHBIX (heppolieHa,
KOTOpBIE B CUIIy OCOOEHHOCTEHN CBOET0 MOJIEKY/ISIPHOTO U 2JIEKTPOHHOTO CTPOEHUS,
BO3MOXKHOCTH IIHPOKOTO BAapbUpPOBaHUS MNPUPOABI 3amecTuTens ¢ Cp-iauraspe,
UCIIOJIb3YEMOTO PACTBOPUTENSE M KUCIOTHI SIBJISIOTCS YpPE3BbIYAHO YAOOHBIMU
oOBbEKTaMU I HW3YYEHHMsS] TaKUX OCHOBOMOJAraromMX BOMPOCOB XHMHH
T-KOMIUIEKCOB TEPEXOIHbIX METAJIOB, KaK HUX YCTOMYMBOCTh M PpPEaAKIMOHHAS
CIICOOHOCTh IO OTHOILIEHHUIO K OKHCIMTENSIM, XapaKTep CBSI3bIBAHUSA aTaKYIOLIUX
YacTHIl M MPUPOJA JUMUTHUPYIOLIEH CTaauu Mpoliecca, NMOBEICHUE M-CBA3aHHBIX
JUTAHJIOB B IMPOLIECCE OKHUCICHHUS KOMIUIEKCOB mepexoaHblx metamioB (KIIM),
OCHOBHbBIE MapIIPyThl TEHEPUPOBAHUS U COCTAB PA3IMUYHBIX BHICOKOPEAKIIMOHHBIX
MHTEPMEIMATOB PAAUKAJIbHOM, MEPEKUCHOW U HEMEePEeKUCHOW MPUPOIbI, KOTOPHIE
MOTYT OBITh HCIOJNB30BaHbl JUJISi KAaTAJUTUYECKUX W HWHBIX MpeBpalieHui
pa3nuuHbIX cyocTparoB. Takum oOpa3oM, H3ydeHHE OCOOEHHOCTEM OKHUCIIEHUS
pa3IMUYHBIX MPOU3BOAHBIX (PeppolieHa MOJIEKYISIPHBIM KHUCIOPOAOM, O€3yCIIOBHO,
ABJISICTCS AKTYaJIbHBIM.

Ilens pabGotel. [IpoBecTH cHucTeMaTHYeCKOE MCCIEAOBAaHUE IPOLECCOB
OKHUCJICHHS TOCIEA0BATEIBLHOIO psijja MPOU3BOAHBIX (eppoleHa MOJEKYISIPHBIM
KHCIIOPOIOM B Cpele OpPraHUYeCKUX pacTBOpUTEIEH B NPUCYTCTBUM U B
OTCYTCTBUE OpPEHCTEJOBCKUX KHUCIOT U Ha OCHOBE COBOKYIHOCTU MOJYYEHHBIX
pE3YIbTaTOB BBISIBUTH OOLIME U crenupUuuecKrue 3aKOHOMEPHOCTH HCCIEeTYyeMBbIX
MPOLIECCOB U TMPEIJIOKUTh HUX BEpPOSATHbIE MeEXaHU3Mbl. B cooTBeTCTBUU C
IIOCTABJIEHHOW LIEJIbI0 IPEACTOSIIO PELIUTh CIAEAYIOUINE 3a1a4H:

* VYCTaHOBUTH COCTAaB MPOMEXYTOYHBIX M KOHEYHBIX MPOAYKTOB OKHCICHUS

MPOU3BOJIHBIX (heppOLIeHA C PA3TUYHBIMU 3aMECTUTEISIMU;

* V3yuuTh KMHETHYECKUE 3aKOHOMEPHOCTH OKUcIeHUs BbiOpanHbix KIIM;
* YCTaHOBUTH BIMSHUE MPUPOIBI PACTBOpUTENEH M OPEHCTEIOBCKUX KHUCIIOT

Ha PEaKIMOHHYIO CIOCOOHOCTh OKHUCIIIEMBIX METANIOKOMILIEKCOB;
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* VYCTaHOBUTH POJb 3aMECTUTENI B TIPOIECCE OKHUCICHHUS HCCIETYEMbIX
METAJUIOKOMIUIEKCOB M €ro BIWSHHUE Ha PEaKIMOHHYI CIIOCOOHOCTH
MOCTICAHUX;

* Ha ocHOBaHMM COBOKYITHOCTH TOJIYYEHHBIX PE3yIbTaTOB BBIABUTH OOIIHE U
crienupuyeckue 3aKOHOMEPHOCTH TPOILIECCOB OKHUCIEHUS TPOU3BOIHBIX
dbeppolieHa € pa3IUYHBIMU 3aMECTUTEISIMAU M TPEIJIOKUTh BEPOSTHHIC
MEXaHU3MBI TUX MIPOIIECCOB;

* IlpoBecTH KMHETHYECKHUUA W TEPMOIMHAMUYECKUN aHANN3 MPEITI0KEHHBIX
MEXaHU3MOB Ha npeaMer ux COOTBETCTBUS MOJIYYEHHBIM
AKCIIEPUMEHTAILHBIM JJAHHBIM.

OObekThl ucciienoBanus. M3yuaBmmmucs B paboTe BEIIECTBAMU SIBISIOTCS
MPOU3BOAHBIE (EeppolleHa, COACpXKAIUEe B ITUKIONEHTAJIUCHWILHOM JIUTAHIe
3aMEeCTUTENN c Pa3IMYHBIMU (GyHKIIMOHAIBHBIMHU IpyIIamMu:
dbeppouenmnykcycHas kuciora (DOYK), merunomeiit spup DOYK (MedVYK),
dbeppouenmikapoonoBas kuciora (OKK), merunomwit a¢pup KK (MedKK),
dbopmundeppouer (OD), anermndeppoueH (AD), deppouenunmeranon, (OM),
STUIOBBIN 3pup Pepporenmnmeranona (OTdOM), 1,1'-nudrtundepppornen (D).
OYHKIMOHAJIBHBIC TPYIIBl B 3aMECTUTENAX MOTYT pacCMaTpUBAThCS B KauyeCTBE
openctenoBckoro kuciiotHoro mneHTpa (bKL) unu neroncosckoro (JIKLI), koToperit
o0nasaer oONpeAeN€HHbBIM CpPOJACTBOM K KHUCIOPOLY B HEUTpalbHOH W
BOCCTAHOBJICHHBIX (hopMaxX. ITO yKa3bIBACT HA BO3MOKHOCTb MX MPSIMOTO Y4acTHUs
B IIPOIIECCE OKUCIICHMS] METAJUIOKOMILJIEKCOB, YTO Aa€T OCHOBAHUS paccMaTpUBaTh
MOCJEAHUE B KA4eCTBE MOJEIU MpOCTeHIUX OudyHKIMOHATBHBIX (depMeHTa-
TUBHBIX CHUCTEM. YKa3aHHbIE KOMIUJIEKCHl YCTOWYMBBI K KHCIOPOAY B TBEPIAOM
COCTOSIHMH, HEJIETYYH U MOT'YT OBITh MOJYUYCHBI B UHIUBUYaJIbHOM BHUJIE.

Mertonbl wuccienoBanus. I[lpu BBITIONHEHWH HACTOsIIEH pabOThl ObLIN
WCIIOJIb30BaHbl KUHETUYECKHE METOIbl HW3YYEHHUS CKOPOCTEH HCCIeAyeMbIX
peakiuii (BakyyMHasl CTaTH4ecKash yCTaHOBKA JJii OKHCJICHHS), JOTOJHEHHBIC
MeTogaMu xumudeckoro ananuza, KX, xpomarto-macc-cnexkrpomerpun, TCX,
Y®-cnektpodoromMeTprun,  pacu€THBIMU  METOJaMH  C  HCIOJIb30BaHHUEM
TEPMOJIMHAMUYECKUX JTAaHHBIX.

HayuHast HOBU3HA M IpaKTUUYECKas IIEHHOCTh PAOOTHI.

 BmepBele u3yueHbl oOmue U crnenuduUecKue - 3aKOHOMEPHOCTHU
aBTOOKHUCJICHUS psja TMPOU3BOIHBIX (eppolieHa ¢  3aMECTUTEISIMU,
conepxanumu ¢pynkuuonanbasie rpynmsl Fc-CH,COOH, Fe-CH,COOCH;,
Fc-COOH, Fc-C(O)OCH;, Fc-C(O)H, Fc-C(O)CH;, Fc-CH,OH wu
FC-CH20C2H5 1.

* [lokazano, uto okucieHue wucciaenoBanupix KIIM mnporekaer kak
MOCJIEA0OBATEIBHOCTD JBYX MaKpOCTaIMi, TepBas U3 KOTOPHIX MPEJCTABIACT
MOJICKYJISIPHOE  OKHUCJIGHHE  METaJUIOKOMIUIEKCOB,  MPUBOJAIIEE K
TCHEPUPOBAHUIO TIEPOKCUIHBIX paJUKAJIOB, a BTOpas — HUX paJUKaJIbHO-
IIETTHOE OKHUCJICHUE, MHUIIUUPYEMOE TTOCIICTHUMU.

* [lomydyeHsl mnpsMbIE T0Ka3aTelbCTBA Yy4dacTUsl (PYHKIMOHAJIBHBIX TPYIII
3aMEeCTUTEeNI Kak B Tpoiiecce MosekyasipHoro okucienus KIIM, Tak wu

! 351ech u nanee HCcnoJb3yroTes cienyrommue cokpamenus: Fc — CsHsFeCsHy- Fc" — CsHsFe CsHy-.
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paaukanbHO-1IenHOTO. Ha  OCHOBaHMM  pe3yJabTaTOB  KMHETHYECKHUX
WCCIICIOBAaHUM M JaHHBIX O  COCTaB€  IMPOAYKTOB  OKHCJIEHUSA
METaJIJIOKOMIUIEKCOB MPEJIOKEHBI BEPOSITHBIC MEXAHU3MbI MOJICKYJISIPHBIX U
paauKaIbHO-LIEMHBIX MAKPOCTAAUN MpoIecca, MPOBEAEH UX KUHETUUECKUMN
aHaJIN3 HA COOTBETCTBUE IIOJIYYCHHBIM PE3yJibTaraM IPOBEAEHHBIX
KMHETUYECKUX UCCIIECOBAHUM.

* [Ipoananu3upoBaHa peakIMOHHAas CHOCOOHOCTh uccienoBaHHbIX KIIM B
KadecTBe OM(YHKIIMOHAIBHBIX PEareHTOB C MO3ULMKM TposBieHus: ddexra
CONMKEHHSI U OpUEHTAIUH, KaK (DaKkTopa, ONMPEAeIISIOIIEro aKTHBAIlMOHHbIC
apaMeTpsl (AS# , AG#) MOJICKYJISIPHOTO OKHMCJIEHHS METAJUIOKOMIUIEKCOB H
UX PEAKIIMOHHYIO CTIOCOOHOCTb.

* [lokazaHa mepcrneKTUBHOCTH UCIIOJIB30BAHHOTO B pab0OTe METOIa MOJIETBLHBIX
peakumii [Ji1 TEPMOAMHAMUYECKOTO aHaliu3a BEPOSTHBIX MEXaHU3MOB
OKUCJICHUS U3YYEHHBIX METANIOKOMIUIEKCOB.

« Ha mnpumepe MMA mnokazano, uto cucremMol CsHsFeCsHsR—-O,—HX
SBIISIIOTCS.  TIPUHIUIIUAIBHO HOBBIMH  3(PGEKTUBHBIMU ~ MHUIIMATOPAMHU
pPaIuKaJIbHO-LIETTHOW IMOJUMEpPHU3allid BHUHUJIOBBIX MOHOMEPOB B MSTKHUX
TEMIIEPATYPHBIX YCIOBUSIX.

Ha 3amurty BbIHOCSATCA pe3ynbTaThl paldoThl, CHOPMYIHPOBAHHBIE B
BBIBOJIAX.

AnpoOanusa pa6otel. OCHOBHBIE pe3yibTaTbl paboThl npeacTaBieHsl Ha X,
XII u XIII HUXKEropoACKUX CECCHUSIX MOJOIBIX YYEHBIX (€CTeCTBEHHOHAYYHbIE
mucuuruivebl, . Taruden) m Ha IX, X HayyHBIX HIKOJaX-KOHPEPEHIUAX IO
oprannueckorr xumun MOX PAH (r. Mocka) u MOX VHII PAH (r. Voa).
HazBanus u ¢paMuinuu aBTOpOB J0KJIA0B IPUBEICHBI B JUCCEPTALUH.

[ly6nukanuu. ITo pe3ynbraTram npoBeAEHHBIX UCCIEAOBAHUM OMYOINKOBAHBI
7 crareil B pelieH3upyeMbIX *KypHaiax (1 cTarbsd HAXOAUTCS B 1eyaTH) U 9 TE€3UCOB
JOKJIAJIOB.

Crpykrypa nuccepraiuu. JluccepranvoHHas pa0oTa H3JIOKEHA Ha
160 cTpanunax, COCTOMT U3 BBEAECHUS, TPEX MIaB U BBIBOAOB. ConepKuT 32 cXeMsl,
36 pucynkoB u 1 Tabmuiyy. CHOUCKM LHUTHPYEMOW JIUTEPATYyphl BKIIOYAIOT
140 HanmMeHOBaHUI.

B I'maBe 1 paccMOTpeHBl UMEIOIIMECS B IUTEPATYpPE CBEAEHHUS O MpPOLEccax
okucnenna KIIM. InaBa 2 comepXUT ONHWCAHUE METOAUK MPOBEICHUS
skcriepuMeHToB. OOCYKIeHNE OYYeHHBIX Pe3ylIbTaToB NMpuUBoaAUTCs B [1aBe 3.

OCHOBHOE COAEP/ KAHHUE PABOTbI
1. Oxuciienune peppoueHKaApOOHOBBIX KHCJIOT M UX METHJIOBBIX 3()POB
DeppouennnykcycHas  kucnora  (OYK). UMsBectHo, uro deppoleH
HCKIIFOUATENIBHO YCTOMYMB K JEHCTBUIO KUCIOPOAA W OKMCISIETCS MM JIMIIb B
NPUCYTCTBUM CHUJIbHBIX KHUCIOT bpenctema. [losTtomy noruuHo ObUIO HaydaTh
UCCJIE[IOBAaHUE MPOLIECCOB ABTOOKUCIIEHMs MTPOU3BOAHBIX (PEPPOLIEHA C M3YUCHUS
0COOEHHOCTEN B3aMMOAEUCTBUS KUCIOpoAa ¢ (GeppOLIEHKapOOHOBBIMU KUCIOTaMH
U UX METWIOBBIMH 3(HpaMH, TNOCKOJIbKY KHCIOTHBIA 3aMECTUTENb BXOIUT
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HEIMOCPEJICTBEHHO B COCTAB TAKUX KOMIUIEKCOB U BaKHO YCTAHOBUTH €TO BIHMSHUE
Ha Ipolecc MX OKUCIeHUs. B kauecTBe mepBoro oObEKTa HCCIETIOBaHHUS HaMU
obuta BelOpana OVYK. MHTepec kK 3TOMY COEIMHEHUIO OOYCIIOBIEH TEM, YTO OHO
JIETKO OKHUCISIETCS KHCIOPOAOM B OPraHMYECKUX PACTBOPUTENSIX B OTCYTCTBHUE
CWIbHBIX OpPEHCTENOBCKUX KUCIOT. BeposTHBI MexaHW3M 3TOro Impolecca
npuBenéH Ha cxeme 1 .

Cxema 1
K
OVYK + 02 <« C5H5FCC5H4CH2C(O)O
L (A)

K, [@ S —— H

%C5H5FC+C5H4CH2C(O)07 =+ HOQ. (a)
A p—
ki

——b>[C5H5Fe+C5H4CH2C(O)O'] OOH — Fe(O)OH + CO; + opr.npon. (b)

B npuBenéHHoll cxemMe COMHEHHME BbI3bIBaeT MapupyT (b), MOCKOJIBKY
sHeprun paspbeiBa cBsizu O—H B kapOokcunpHOM Tpynne u B anuoHe HO,
coctaBistoT ~ 448 u 277 xJ>/Moab cooTBeTCTBEHHO. [103TOMY, HCIIONB3YST METOA
MOJIETIbHBIX PEAKIUN, Mbl OIICHWIH BEPOATHOCTh KaXKJOT0 U3 3TUX MapuIpyToB. B
ATOM CIIy4yae MOJEIbHbIE PEAKIIMU UMEIOT BUJI:

PhCH,COOH + O3 — PhCH,COO + HO,", AH,° (1)

PhCH,COOH + O; — PhCH,COO' + HO, , AH,° ()

Boruutass ypaBHeHue (2) wu3 ypaBHeHuss (1) momydyuMm ypaBHEHHE
pe3ynbTupytoliei peakiuu (3)

PhCHzCOO. + H027 — PhCH2C007 + HOQ., ArH3o (3)

OHTanenus peakuuu AH;° paBHa pazHocTH 3HTaNbnui AH\° — AH,°. Oty
Pa3HOCTb MOXKHO TNPUHATH PAaBHOW Pa3HOCTU SHTAIbNUN AH,° — AH,°. MOXHO
nmokasath, uto AH3° = AH,° — AH,° = —228 x]JIx/Monb. bornbiiioe orpuiiareabHoe
3HaYeHUE HTOW BEIUYMHBI OJHO3HAYHO YKa3blBa€T HA TO, YTO MapupyT (a)
SBIISICTCS DHEPreTUUECKU Oosiee BBITOAHBIM, YeM MapuipyT (b). DTOT pesynbrar
CBUJICTENICTBYET Takke O TOM, 4To mnossieHue CO, B MNpPOAYKTax peakUu
oOycnosieno okucienneM OVYK no apyromy mexaHusmy.

IIpuBenéuublii 1puéM B  pa3IMYHBIX BapUaHTaX MCIIOIB30BAJICA B
JaJpHEWIIEM [JJs aHajlu3a aJbTEPHAaTUBHBIX MEXAHU3MOB MOJEKYJISPHOIO
OKHCJICHMSI IPYTUX UCCIIEOBAaHHBIX IPOU3BOIHBIX (heppolieHa.

B peakuuto ¢ kucnopogom ODYK Berynmaer kak OupyHKIUMOHATBHBIN
peareHt, 4to U OO0yCIaBIMBAET €€ BBICOKYIO PEaKUHOHHYIO CIOCOOHOCTh. ITO
0COOEHHO HAIJISATHO MPOSBISETCS B UHEPTHOCTH (peppolieHa B MOJIETLHOM cucTeMe
(ypaBuenue (4))

Cp,Fe + O, + PhCOOH —<— Cp,Fe’ + PhCOO + HO,’ 4)
B KOTOPOU TE 7K€ CaMbl€ PEAKIIMOHHBIE LIEHTPHI BXOJAAT B COCTAB Pa3HBIX MOJEKYIL
[lonydyeHHbId pe3ynbTaT — TUNHYHOE TMposiBieHue »Hddexra cOMDKEHUs u
OpUEHTAllMK, OOYCJOBIEHHOTO TEPMOJWHAMHUYECKH HEBBITOAHBIMH MOTEPSIMHU
SHTPONHUHU AKTUBAIMU, CBOWCTBEHHBIMH MEKMOJIEKYISIPHBIM B3aUMOIECHCTBUAM

' ®omun B.M., ITyxosa U.B., Cmupros A.C. // JKOX. 2003. T. 73. Ne10. C. 1756.
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BBICOKOTO KMHETHYECKOTro nopsiaka. B pepMenTatuBHOM Karaninse, CBOMCTBEHHbBIN
eMy 3Q¢eKT cOMMKEHUs U OpPUEHTAIMU OLIEHWBAETCS BEITUYMHON AG#C@MOPH@HT.
paBHoil 10-11 kkan/mMoJb.

Panukan HO,', oOpasyromuiics mo MapmpyTy (a), crioco0eH HHHUIUUPOBAThH
PaIUKAIBHO-LIENIHOE OKUCJIEHUE METAJJIOKOMIUIEKCA, YTO HE YYHUTHIBAIOCH B
npuBeAEHHOM MexaHu3me. [losToMmy HamMu ObLT JIeTalbHO M3Y4Y€H COCTaB
npoayktoB okucieHuss @YK, kotopsiii npuBeaéH B Tadbnuue 1.

Tabnuua 1. CocraB npoaykroB peakuuu npu okuciaeHun ®YK npu 7=50 °C B orcyrcrBue HX
(mpoutecc 1) u B € mpucyrctBum (mporecc 2). s ®M, @D u CO, npuBoAsATCSA UX BBIXOHI (B
MOJIb Ha MOJIb HcxoaHoro KITM)

[TpomykT [Tpomecc 1 * | Ilpomecc 2 ** [Tpomecc 2 ***
OM 0.28 CJeIbl CIeIbl

OO 0.11 0.30 CJIITBI

CO, 0.24 0.15 0.62
CsHsFeCsH4C(O)COOH CJICIIBI HE3HAYUTEIbHBIC KOJTMYECTBA —

OKK CIIEbI — —

CO CJIITBI CJIITBI CJIITBI

* — nomnoe okucienme OYK (N, = 1.3); ** — N, =1.2; *** — monHoe oOKucneHne
DOYK (Ny = 4)

KpomMe TOro, cpeam mTPOAYKTOB pEaklMUd  HAWIEHBI  MPOIYKTHI
OKHCITUTENIBHON JECTPYKIMU KaTHOHA (eppuiuHus (IUKIONEHTAINCH, IUMEp
[IUKJIONIEHTAANCHOHA, U COSAMHEHNUE, JAlollee KaueCTBEHHYIO PEaKIHI0 Ha MOHBI
Fe’"). O6pamaer Ha ceGs BHHMAaHHE, YTO YCTAHOBICHHBI COCTAB MPOXYKTOB
OKa3aJicsl 3HaYUTENIbHO OoJjiee O6OrarbiM, 4YeM ObUIO YCTAHOBJIEHO paHee, U KpoMe
TOTO, W3 HEro BHJHO, YTO pPaTUKaJbHO-IEITHOE OKHUCIIEHWE 3aTparuBaeT Kak
METHJICHOBYIO TPYIITY, TaK U KapOOKCHIBbHYIO. Ba)KHO OTMETHTH, YTO MPOTYKTHI
OKHCITUTEIBHON  JACCTPYKIIMM  COOTBETCTBYIOIIUX  KaTHOHOB  (heppUIIUHUS,
OOHApy)XeHbl W TPH OKHCICHUH BCEX IPYTUX HCCIECAOBABIIUXCS B HACTOSMICH
paboTe MeTaUIOKOMIUIEKCOB, O YéM B JIalIbHEHIIIEM yIIOMUHATHCS HE OyJIeT.

JIpyrum MOATBEPKICHUEM paTuKaibHO-TIeTHOTO okuciaeHus OYK sBusercs
TOPMOXKEHHE peakinu gooaBkamu o-penmwieHauamuaa (OD/IA), mpu 5ToM TOTHOM
OCTaHOBKH IIPOLIECCAa OKUCIICHUs HE TPOUCXOAMWT HW3-32 3aMETHOH poiu B HEM
MOJIEKYJIIPHOTO MapIIpyTa OKHCICHHUs MeTaJulIoKoMILIiekca (puc. 1).

Ha ocHoBaHMHM Bc€ii COBOKYIMHOCTH OKCIEPHUMEHTAIbHBIX JTaHHBIX
npeiaracTcsl  CISAYIONIMA  BEPOSTHBIA ~ MEXaHWU3M  PaguKaJbHO-IEITHOTO
okucnenuss @YK, orpakaromuii TMIIb €ro OCHOBHBIE CTAIUU:

Cxema 2

dYK + 02 — C5H5FC+C5H4CH2C(O)07 + HOQ.

L] 2-0
dYK + HOQ. — H202 + C5H5FCC5H4 C HC(O)OH ( )

(R




Puc. 1. Bnusnue o-¢penuneninamuna (In)
Ha okucinenue OYK. 1 — 6e3 unruduropa,
2 — ¢ UHTUOUTOPOM.

C’oyi = 0.005 MOJIB/II;

C’1(2) = 107 mous/m,

Po, =0.42:10° IMa, T=50 °C

3nece u pmamee: N, — uMCIO MONb

KHCJIOPOJIA, MOMIOIEHHOTO PEAKIUOHHOU
CMECBI0O B Dpacyére Ha OAWH MOJIb

HUCXOAHOTO MCTANIOPraHu4€CKOro Cocau-

HCHUA.
t, min
R*+0, > RO; (2.1)
ko, ROOH+ R* (2.2)
RO + ®VK
k3 ROOH + C5H513E€35H4CH2' + CO, (2.3)
(R7)
R;+0, > R,0; (2.4)
—~3 R,O0H+R' 2.5)
R,0; + dYK—
ks R,O00H+R;+CO, (2.6)
RO} + ®YK—%213[C.H Fe*C,H,CH,C(O)OH]JOOR @2.7)
(Fc*OOR ")
R,0; + ®YK —2—[C,H Fe"C;H,CH,C(O)OH]JOOR (2.8)
(F¢'OOR,")
> H20 =+ C5H5FCC5H4-C(O)-C(O)OH (29)
ROOH |
L C5H5FCC5H4-CHO + H2C03 — Hzo + COZ (2 10)
(OD) '
R,00H — CsHsFeCsH,-CHO + H,0 @.11)
(OD)
®YK + R,00H — CsHsFe CsH,CH,COO + R,0° + H,0 (2.12)
— SH —
RIO°T>RIOH (2.13)
(OM)



H. _CHFeCH,

F800R1:2F8~Q‘3C3 " FEOH + O (2.14)
0" H
H. CHFeCH, _CH,FeCH,
FEOOR =F¢-0_© C —%R&U—C (2.15)
0" "COOH d “cooH

[IpuBenéHublii MexaHu3M oTpaxaer okuciaenne OYK mno aBym
¢byHkmoHanbHbIM Tpynnam. B HéMm peakmuu (2.0) — cTagusi MOJEKYJISIPHOTO
okucinenuss OYK (cragum reHepupoBaHMs pajvKalia, HAYMHAIONIETO IIeMb),
peakuuu  2.1-2.6 — peakuuum nOpomoikeHuss nenu. Peakuum  2.7-2.8
paccMaTpuMBarOTCS KaK CTaaud OOpbIBa LeNel, MOCKOJIbKY HW3BECTHO, YTO
deppolileH M €ro MPOM3BOIHBIE JIETKO B3aUMOJEHUCTBYIOT C TEPOKCUAHBIMU
pamukagamu (k ~ 10° 1/MOJbC) B COOTBETCTBHE C yPaBHEHHUEM

CsHsFeCsHyX + RO, —5— (CsHs)Fe* (CsHyX)OOR, (*)
rne X=H, ankwi, CHO, COOH, CN, COR. Ksagparnunpslii OOpBIB Iiemeil Ha
HEPOKCUAHBIX panukanax RO, He ydUTHIBAETCS, MOCKOIBKY KOHCTaHTa CKOPOCTH
ux pekomOuHanuu (k) cousmepuMma 1Mo BEJIMYHUHE C k (a 3HauMT U C ky7, kag) B TO
BpeMsi KaK KOHIIGHTpALMs MeTaJuToKkoMIuiekca (~107° Moib/m) MHOro Gosblie
koHmeHTpanui RO, (10°+10™° mons/1), Tak uto ky /[PYK][RO,] >> 2k[RO,T".
Toxxe camoe miisa peakuuu (2.8).

Peakiiuu (2.9) — (2.15) onuChIBalOT OCHOBHBIE NYTH MPEBPAIICHUS

TUAPONIEPOKCUIOB EOOH, ﬁlOOH ¥ MOH-paguKanbHbeIX coneit Fc OO R u

+ __
Fc'OOR ', Bexymme k 06pa3soBaHMIO yCTAHOBIEHHBIX METAJUIOKOMILIEKCHBIX

MPOYKTOB pajuKalibHO-1IeMHOro okucieHus OYK.

[IppuHuMass BO BHHMaHHE, YTO BKJAJBl CKOPOCTEH MOJICKYISIPHOTO U
panukanbpHO-1lenmHOro okucieHuss @OYK B oluryto ckopocth mporecca (w)
COM3MEpPUMBI MEXKIYy CO0OH, €€ MOXKHO MPEICTaBUTh KaK CYMMY CKOpOCTeH
okucnenus YK no kaxmaoMy u3 MapupyToB

W= kg [PYK][O2]= wo + w, (%)

B cootBercTBUM co cxemoit 1 wy = kK [OYK][O;]. UTOOBI BBHITIOIHSIIOCH
cooTHoIIeHHe (5) HEO0OXOMUMO, YTOOBI aHAJIOTUYHAs 3aBUCHUMOCTH BBITIOHSIACH
s wp. Pe3ynpratel KMHETHYECKOrO aHajiM3a CXeMbl 2, OCHOBAHHOIO Ha
KBa3UCTAIMOHAPHOM TPHUOIMKCHUN MPUBOIAT K CICAYIOIIEMY BBIPAXKEHUIO IS
Wp.

_ (kZ.Z + k2.3 )kaK
" K,

Torna BeIpakeHue sl OOIIEH CKOPOCTH pPeakiuu OyAeT OINHUCHIBATHCS

ypaBHEHUEM

[PYK][O:] (6)

1+ k2.2 + k2.3 7
W=wotw,= —k27 kg K-[®YK][01]=kpp [PYK][O2] (7)

KOTOPOE TIONHOCTBIO  COOTBETCTBYET OKCIIEPUMEHTAIBHO  YCTAHOBICHHOMY
KHHETHYECKOMY 3aKOHY IIPOTEKaHUs UcclielyeMoro mpoiiecca (ypaBHeHue (5)).

—9_



[TockonbKy reHepupoBaHUE NEPOKCUAHBIX PAAUKAIOB IPU MOJEKYISIPHOM
okucinennn OYK npoucxoauT npu HEMOCPEACTBEHHOM YYacTHU KapOOKCHIIbHOMN
IPYIIIbI 3aMECTUTENS B 3TOM IPOLIECCE, TO MPEICTABISIIO HECOMHEHHBIN UHTEPEC
YCTAaHOBHUTH, KAKO€ BIMSHUE OKa3bIBAIOT JOOABKU PA3IMYHBIX MO CUIJIE KUCIOT Ha
CKOPOCTb OKHCIICHUS METAJUIOKOMILIEKCa. B MNpUCYTCTBUM XJOPHOW KHUCIOTHI
HaOmoaeTcss cuibHoe mnpoToHupoBanne @OYK, koropoe HakiagbIBaeTcs Ha
MpoLecC €€ OKUCIEHHMS, MO3TOMY HM3YYEHUE BIUSHUS KUCIOT HA MCCIENYEMBIN
mpolecc NPOBOAMIOCH C HCIOJb30BaHUEM Ooliee cllaboil TPUPTOPYKCYCHOM
kucnotsl (TOYK). U3 puc. 2 BugHO, 4TO J0OABKU KUCIOTHI MPUBOAST K CUIBHOMY
yckopeHnto okucieHus OYK B pa3nnyHbIX pacTBOPUTENSAX M OJHOBPEMEHHO K

YBCIIMYCHUIO KOJIMYICCTBA MOMJIOIIEHHOTO Kucjopoaa no NOZ ~ 3.

OTOT pe3yabTaT Hapsay ¢ TOPMO3AIIUM JeHCTBUEM O-(peHUIeHIuaMUHA U
TOPMOXKEHUEM pEaKUUU NPU 3aMEHE IUOKCAHA HA 3TAHOJ CBHUAETEIBCTBYET O
CYILIIECTBEHHOM BO3pacTaHUM POJIM PaJUKAJIBLHO-IIEITHOIO HAalpaBjeHUs B OpyTTO-
npouecce okucienuss PYK.

£ 18.0 ] ro.0 &
N 3 3
o, 516.() 1 8.0 E
7.0 7 '2'14.0 ] - T_()°g
2120 Fo0 B
6.0 - B
10.0 7 5.0
07 8.0 4.0
40 6.0 F3.0
407 r20
30 1
2.0 r1.0
2,0 1 0.0 ' ' 0.0
1 0 0.001 0.002  0.003 0.004  0.005 0. 006
1,0 A C pyic, MOTB/T
/—/—*—/_,_‘/’/’2 r 7 |V |V |V 7‘ ] 1 7
0,0 0 0.01 0.02 0.03 0.04 0.05 0.06
0 5 10 15 20 Crapyvi, MO/
 min , ; - | : —
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
pOZ' 10 ,1Ia
Puc. 2. BnusiHue npupoipl pacTBOPUTEIS Ha Puc. 3. 3aBucumocTb HadajgbHOM CKOPOCTHU
okucinenue @YK B orcyrctBue TOVK (1,2) 1 okucnenus ®YK or e€ xonuenrpauuu (1),
B € nmpucyrctBuu (3-5). 1, 4 — quokcan; koHneHTpauu  TOYK (2) wu  gaBnenus
2, 3 —3TaHom; 5 — MEeTUIIMETaKpuUJIaT. kucioposa (3) B muokcane. 7=50 °C.

C’oyk = 0.01 Momb/m; C'royic = 0.05 Momb/m; 1— Cdyyy 0.01 momn/m, Po, 0.41-10° IIa
Po. = 0.42:10° ITa, T=50 °C 5
0 2 — Cayy 0.01 Moms/, p, 0.41-10° ITa
3— Cyyx 0.01 Mmonb/n, Cyyyy 0.01 Mo/
Pesynprarbl ucciieqoBaHUs KUHETUYECKUX 3aKOHOMEPHOCTEHM OKUCIICHUS
O®YK B mnpucyrctBun TOYK roBopsaT o TOM, 4YTO i1 HadaJbHOM CKOPOCTH
mporiecca HaOIIOaeTCs TEPBBIA TMOPSAOK MO HCXOAHOW KoHIeHTpauun DYK,
KHCIIOpOZia U KUCIOTHI (pHC. 3), YTO COOTBETCTBYET CIEAYIOUIEMY KUHETHYECKOMY

YPaBHEHHUIO:
Wakcn.=k3q)q). [CDYK] [02] [HX] (8)
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XapaktepHo, uyTo 3aBUCUMOCTh W; — f(Cux) BBIXOOUT HE W3 Hayaja
KOOPAMHAT, & W3 HEKOTOPOM TOYKM HA OCU OpJAHUHAT, KOTOpas COOTBETCTBYET
ckopoctu okucieHuss ®YK B OTCYyTCTBHE KHUCIOTHI, OJHAKO B ATOM clly4yae €€
BKJIQJI B CKOPOCTh OpYTTO-TIpoliecca B I1eJI0M He3HauuTeseH. [loaTomy ypaBHeHUE
(8) xapakTepu3yeT B OCHOBHOM PaJuKaJIbHO-IIETTHOU MapuipyT okuciaeHus OYK.

CpaBuenune coctaBoB npoaykroB okucieHuss OYK B orcyrcrBue TOYK
(npontecc 1) u B €€ mpucyTcTBUH (TIporiecc 2) CBUACTEIBCTBYET TOM, YTO B IIEJIOM
OHM AHAJIOTUYHBI, OJHAKO HMMEIOTCA CYIIECTBEHHBIC OTIWYMSA B HX BBIXOJE.
Haunb6onee noka3arenbHBIM B TOM IJIaHE SABIsSCTCA M3MeHEHHE Bhixoga ®M, OD u
CO,, 4TO WILTIOCTPUPYETCS JAHHBIMU TaOIUIBI 1.

CunbHoe yckopenue nporecca okucienuss YK nopg aeiictBuem TOYK u
€ro NPEUMYILECTBEHHOE MTPOTEKAHUE 10 PAIUKAIBHO-IETHOMY MEXAHU3MY B 3TUX
YCIIOBHUSIX CBHUJETEIBLCTBYET O TMIOSBICHUU HOBOTO, Oojiee MOIIHOrO KaHaja
TeHEPUPOBAHUS PAJAUKATIOB, (YHKIIMOHUPYIOIIETO TOJIBKO MIPU HEMOCPEACTBEHHOM
Y4aCTUU KUCIIOTHI:

Cxema 3
P
@YK + HX — FcCH,COOH (3.1)
by ©)
: //O
¢ <==CH,COOH ,, <=—=>CH,C_
(CO)+0,== Fe-..- —>  Fet X 00 +H,0 (3.2)
2 =0, =
(D) ([R,C(O0)O°]")

HNmenno npu takom criocode koopauHanuu YK u kuciorsl 006pasyromuics
KOMIUIEKC ~MOXET TMpOSIBISATh CBOM  OU(YHKIMOHANIbHBIE CBOWCTBAa IpHU
B3aMMOJICHCTBUU C KHCIOPOAOM, CIOCOOCTBYyIOIIME TposiBIeHUI0 3ddekra
COJIMKEHUS! U OPUEHTALIMK U YBEJIMUEHHUIO €r0 peakliMOHHOM ciocoOHocTu. Kpome
TOTO, TPOAYKTOM PpEAKUHUHU SBISETCA TNEPALWIbHBIA  paauKajl, KOTOPBIU
3HAQYUTEIbHO AKTHUBHEE B MHULHMHPOBAHMM LIEMHOTO OKHUCJIEHUS OPraHUYECKHUX
coenuHenui, yeM pagukan HO, .

MexaHnu3Mbl paaukaibHO-1IenHOro okuciaeHuss PYK B orcyrcTtBue um B
MPUCYTCTBUU CUIIBHOM KHUCIIOTHI IPUHUUIIHAIBHO HE OTIMYAIOTCS, XOTS TOCIEIHSISA
MOXKET BIUATH Ha HaNpaBlIEHWE pacnaja o0pa3yloIuXcs TUAPONEPOKCHUIIOB,
COOTHOILIEHUE U BBIXOJI 00pa3yIOLIUXCs MPOIYKTOB PEAKIUH.

VYyactue kucnotel B npouecc okuciaeHus OYK uzMeHseT KuHEeTH4yecKue
YPaBHEHUS [JI1 MOJEKYJISIPHOW M PaJuKaJIbHO-LIEMHOW MaKpOCTaJIHui, KOTOPHIE B
sToM cirydae umerot Bu (9) u (10) COOTBETCTBEHHO:

Wo'zkl 'K] 'Kz'[CDYK] [02] [HX] (9)
' —k3'2 + k3'3 ' ' ' 10)
W,'= k.. KK, [®YK][O,][HX] (
k3.2 + k3.3

Torxa W=W, + W,=| 1+ P kK"K, [®YK][O,][HX] (11)
3.7
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VpaBuenue (11) wmaentuuno ypaBHeHuto (8) (oOo3HAU€HHE U CMBICI
KOHCTAHT CKOPOCTH MNPHUHITHl TaKUMHU XKe, Kak U mnpu okucieHun OYK B
OTCYTCTBUE KHUCHOTHI). Takum 00pa3oM, MeXaHU3Mbl MOJICKYISIPHOTO H
paaukaibHo-LenHoro okucienuss GOYK B3auMHO DOMOMHSIOT ApPYr Apyra U B
COBOKYITHOCTH  MPEACTABISIOT  €AUHBI  MEXaHM3M  OKUCIEHHUS  3TOro
MeTaJIIOKOMILIEKCA.

B cBere mnonyyeHHBIX pe3yNbTaTOB CTAHOBUTCS TMOHSTHBIM BIUSHUE
pacTBOpUTENST Ha pa3Hble MaKpOCTaJAMM Ipoliecca 3a CUET chelupuyeckol u
Hecrienuduueckod  conmbBaranuu. Tak  TOpMmo3simiee  ACHCTBHE  ATaHOJA
OOBSICHSIETCS €T0 CIOCOOHOCTHIO 00Pa30BBIBATh MPOYHBIE BOJAOPOJHBIE KOMILJIEKCHI
¢ pagukanamu RO,

Metunogsiit a3¢pup YK (Me®dVYK). 3aMmeHa THAPOKCUTPYTIIHI 3aMECTUTES
B ®YK Ha METOKCH- NPUBOAUT K CYIIECTBEHHOMY CHI)KEHHUIO PEaKIMOHHOW
CIIOCOOHOCTH METAJNIOKOMILJIEKCA MO OTHOILIEHHUIO K KHUCJIOPOAY B HIECHTHUYHBIX
YCJIOBHSIX, TTOCKOJIBKY OH TE€PSET CBOIO CIIOCOOHOCTh KOOPAMHUPOBATHCS ¢ MeDYK
Tak, kak 310 xapakrepHo mit DOYK. Ilo sroit mpuunne Me®YK okucnsercs c
BUJIMMOM CKOPOCTBIO JIUIIb B IPUCYTCTBUU CHIIbHBIX KHCIIOT (puC. 4).

]
N, & 127 .
S0 A g
= 10 2
4.3 0 2 \°3
1 S i
10 z 8
o 3
35 A 6 o
; 4 o
3.0 - 4
2,5
[l 24
2.6 -
)
0 T T 1
15 1
. 0 0,005 0,01 0,015
L4
1.0 4 y 05 Cyvieovir Crayis MOTB/I
35 410 {J T T T T 1
1—e0 0 2 4 6 8
0.0 € 2 103 g Sy aomSum h 4 D B
0 5 015 330 Po 10, 1la
t, min

Puc. 4. CpaBHutenbHble KuHeTHYecKue kpuBble Puc. 5. 3aBUCHMMOCTb HayallbHON CKOpPOCTH
okucinenus OYK (1,2) u MedYK (3-6) B oxucinenuss Me®dYK or koHueHrpauuu

nuokcase. 1, 3 — 0e3 KUCIIOTHI; komriekca (1), kucinorel (2) U JaBlieHUs
2, 4 — B mpucyrcTBUn KUCIOTH TOVYK; kucioposa (3) mpu 7' = 50 °C.
5 — B mpucyrcTBuu 6eH30iHOM Kucinotel (bK); 1-— COchyK =0.01 mons/n, p, = 4.1-10* Ila;

6 — c no6askoit OD/IA B ycnosusx (4) B _ A 1108 T
Cayxaeak — 0,005 MO/, 2 — CMeavk = 0.01 Mots/1, po, = 4.1-10° Ta;

Cux= 0.05 Mons/n, CODIA)=2.5-10" mom/n, 3 — Cmeovk =0.005 woms/m,  Coravk
T=50 °C, p,, = 0.41-10* Ia =0.01 mMosb/n

Kak u B ciyqae ¢ @YK, ODJIA oka3piBaeT MHTHOUpYIOIIEE JEHCTBUE Ha
CKOPOCTh pEaKIMH, YTO TOBOPUT O MPeo0IaIatolIeM BKIaJle paIuKaIbHO-I[ETHOTO
OKHCJICHHsI B OpyTTO-TIpo1ecc.
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[Iponykramu oxucienus Me®VK sasmstorcs: CsHsFeCsH4C(O)COOCH;,
CsHsFeCsH4,CH(OH)COOCH;, ®®, CH;0H, CO, CO,. Bpixog mMeTaHojia TOYHO
YCTaHOBUTH HE ynasioch, MakcuMaiibHble BbIXoAbl CO u CO, cocrasmstor 0.07 u
0.35 monp Ha Monb okuciaeHHoro KIIM coorBerctBeHHO. COCTaB 3TUX MPOAYKTOB
TOBOPUT O TOM, YTO paauKajlbHO-LenHoe okuciaenne Me®PVYK 3arparuBaer
UCKITIOYUTENIbHO METUJICHOBYIO TPYIIITY.

[IpuBenéHHbIE JaHHBIE B COBOKYIMHOCTH C pe3yJbTaTaMu KHWHETUYECKHUX
uccienoBaHuil (mepBble NOpAIKH 1O KoHueHTpauusm Me®VYK, kucnopona u
TOYK) mno3BoisiioT NpeaCcTaBUTh BEPOSTHBIE MEXaHU3Mbl MOJIEKYISPHOTO |
pagukaibHO-LenHOro okucieHuss Me®VYK. MonekynsipHblii MEXaHU3M aHaJOTHYEH
Mexanu3my okucieHuss GYK B npucyTCTBUM KUCIOTHI C TOW JHIIb Pa3HULIECH, YTO
BMECTO BOJIbI oOpa3yercst meTaHon (cxeMa 3). PaaukaiabHO-LEMHOE OKUCICHUE
METUJIEHOBOM I'PyIIIBI MPUBOAUT K 00OPA30BaHUIO CIEAYIOUIUX MPOITYKTOB:
> C5H5FCC5H4C(O)C(O)OCH3 =+ H20
CsHsFeCsH,CH(OOH)COOCH; _HX |
—> C5H5FCC5H4CHO =+ HOC(O)OCH3

HOC(O)OCH; — CH;0H + CO,

[HosiBnenre CO MOKHO OOBSICHUTH OKUCIeHUEM DD.

Kunernueckuit aHaian3 MEXaHU3MOB MOJIEKYJISIPHOTO M pauKaIbHO-IIEITHOTO
OKHUCJICHHS IPUBOAUT K CIEIYIONIEMY BBIPAXKEHHIO JJIsI CKOPOCTH PEAKIINH, T11e

lelKZ
W=k, B [Me®YK][O,][HX] (12)
t
(k1, K1, K, umeror TOT ke cMbICl, 410 | k', Ki', K' ; k, — KOHCTaHTa CKOpPOCTH
JTUMUTHUPYIOIIEH CTaauyd TMPOAOJKEHHUs IIeNu, ki — KOHCTAHTa CKOPOCTH €&

oOphbIBa).

Takum oOpa3zom, pe3yabTaThl MPOBEIEHHBIX MCCIEAOBAHUIN MPOIECCOB
okucinennds YK n Me®VK B npucyTrcTBuM U B OTCYTCTBHE KHCIOT bpéHcrena
MO3BOJIIOT CHENATh JIBa BaXKHBIX BBIBOJAA, MOAUYEPKUBAIOLIMX UX crenupuuecKue
ocoOeHHOCTH: 1. YKa3aHHbIE MPOIIECCHI MPOTEKAIOT KaK MOCIEI0BAaTENBHOCTh ABYX
MaKpOCTaJui, IepBasi U3 KOTOPBIX MPEACTABISIET COOOM MOJEKYIIPHOE OKUCIICHHE
METAJUIOKOMIUIEKCOB, MPUBOJSAIIEE K TECHEPUPOBAHUIO MEPOKCUIHBIX PAJUKAIIOB, a
BTOpasi — UX PAJAMKAJIbHO-IEMHOE OKUCIEHHUE, NHULIMUPYEMOE 3TUMU PATUKATIAMHU.
IIpy paguKaIbHO-LIEMHOM OKHCJIEHHH METAJUIOKOMIUIEKCHl  OJHOBPEMEHHO
BBICTYIAIOT M KaK MHUIMATOPBI MPOLECCa, U KaK €ro MHICUOUTOPHI; 2. BBICOKAs
peakuuonHas cnocoOHocth OYK mo orHomenunio k O, TO CpaBHEHHUIO C
MonenbHOU cuctemor {®@I] + cmabas xkapOoHOBasi KHUCIOTa} OOYCJIOBICHA
nposiBieHueM 3P ¢eKra cONMMKEeHUsT 1 OpUEHTAIMH, YTO MO3BOJIIET paccMaTpUBaTh
ATOT METAUIOKOMIUIEKC KaK MoJeidb Ou(YHKIHUOHATBHBIX (PEPMEHTATUBHBIX
CUCTEM B Ipolieccax okuciieHud. Kak Oyner mokasaHo HUXKE, 3TH OCOOCHHOCTH
XapaKTEPHBI U 111 OKUCIICHUS APYTUX METAJUIOKOMILIEKCOB.

®epporienkapOonoBas kuciora (PKK) u e€ merunossiii 3dpup (MedKK).
[Ipogomkast ucciaenoBaHHe OCOOEHHOCTEH OKUCIEHUSI KapOOHOBBIX KHUCIOT
dbeppouenoBoro psga, Mbl u3ydmwin asrookucienne ®KK u Me®KK. Oty napy
METAJUIOKOMIUIEKCOB omnyaeT oT nmapbsl ®YK-MedVYK orcyrcTBHE METHIEHOBOTO
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(dbparmeHnTa Mexy KapOOKCWIBbHOW rpynmnoil u Cp-JTUraHoM M BBITEKAIOIIHE W3
3TOTO SIPKO BBIPAKEHHBIC AJIEKTPOHOAKIETITOPHBIE CBOMCTBA 3aMECTHUTENEH, YTO
0€3yCIIOBHO JIOJDKHO CKa3aThCsl HA UX PEaKUHMOHHOM CIOCOOHOCTH M MEXaHU3Max
OKHUCIICHUS.

®OKK B ornuuue or ®YK, obnamaer 3ameTHO OONBIIEH YCTOWYUBOCTHIO K
JNEUCTBUIO KUCITOPOJAa U OKHUCISIETCS UM C 3aMETHOW CKOPOCTBIO B OPTraHUYECKHX
pacTBOPUTENSAX JIMIIL B TPUCYTCTBUU CWIBHBIX OPEHCTEIOBCKUX KHCIJIOT
(puc. 6, 7). CKOpOCTh OKHCIIEHHUS METAJJIOKOMIUIEKCOB CYHIECTBEHHO 3aBHCHUT OT
MPUPOABLI PACTBOPUTENS U MPHUPOABLI KUCIOTHI, IPU aHAJIU3€ KOTOPOro odparmiaroT
Ha ce0s BHUMaHHE OYeHb HM3Kas ckopocTh okucieHus GKK B nuokcane B
MPUCYTCTBUU XJOPHOM KUCIOTHI U HAJIMYUE MEPUOJA UHAYKIIUM HA KUHETUUYECKUX
KPUBBIX OKHUCJICHUS B TUAPOKCUIICOAEPKAIUX PACTBOPUTENSX.
NO2 N 0,

354 2,0 1

304
254

204

0,8 1

0.5+

0 10 20 :0 4‘0 ;O 6‘0 7‘0 8‘0 9‘0
t, min 0 5 10 15 20 25 30 35 40

t, min

Puc. 6. Biusaue npupozs! pactBoputens Ha Puc. 7. BnusHue no6aBok HMHrHOUTOPOB Ha

okucinenne OKK MonekymsapasiM  kucio- okuciieHne ®KK B nuokcane B npucyrcrBuun

pPOJIOM B MPUCYTCTBUHU XJIOPHOH KHUCIOTHI (1- TOYK:

6) u TOYK (7, 8): 1 — AM®A; 2, 7 — sranon; 1 — 6e3 uarudurtopa; 2 — ¢ 700aBKOW HOHOJIA;

3, 8 — muokcan; 4 — JIM®A-Boma (1:1); 5 — 3 — ¢ nobaBkoii o-(penmnenmuamuaa. Cloxx =

sranon-oma (1:1); 6 — muokcan-soma (1:1). 0.01 moms/m; Coroyk = 0.2 Moms/m; C', = 4107

T=50 °C, Clox=0.01 Moms/n, Cux=0.214 woms/i; p,. = 0.67-10° ITa, T=50 °C

= . 5 = o
MOTB/T, po, =0.67-10 ITa, 7=50 °C Kpusas (4) orHocutcs k okuciennto OYK B
AQHAJIOTUYHBIX YCIOBHSIX 32 MCKIIOUEHHUEM TOTO,

4qTo COTc])yK = 0.05 momnp/1

TopmoxkeHue peakuuu 100aBKaMu MHTHOMTOpPA TOBOPUT 00 OMpeestoIieM
BKJIaJie paaukaibHo-LenHoro okuciaeHuss ®KK (puc. 7). OCHOBHBIM HPOAYKTOM
okucnenus DOKK, Hapsamy ¢ mNOpoaykramMu €ro OKHCIUTEIbHOW JeCTPYKIIHH,
apisieTcss CO,, BbIXon KoTOoporo Mmoxker nocturath 30%. OOpa3zoBaHHE 3TOTO
NpOAYyKTa  CIEAyeT  paccMarpuBarb  Kak  pe3yJlbTaT  OKHUCIHUTEIbHOIO
nexapookcunupobanus OKK.

IIponiecc oxucnennss OKK omnuchiBaeTcss KUHETHYECKHM YpaBHEHHEM
nepBoro mnopsaka no xkoHnentpauun MOC u kucinopona (puc. 8). 3aBUCUMOCTb
CKOPOCTH OT KOHIIEHTPAIIMM KHUCIIOTHI UMEET dKCTpeMalbHON xapakTtep (puc. 9) u
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JUHEHHAs 3aBUCHMOCTH HAOJIOMAaeTCS JIMIIh B 00JIACTH MAJIBIX KOHIICHTpAIlUd
KHCIIOTHI. [IpWYWMHOM TaKoW 3aBUCHMOCTH SBJISICTCS CHJIBHOE NPOTOHHPOBAHUE
METaJNTOKOMIUIEKCA KUCIIOTaMH, 0COOESHHO XJIOPHOH ¢ 00pa3oBaHWEM YCTOHYHUBOTO
K OKHCJICHHIO (peppOIIeHIITANINEBOTO KaTHOHA.

Mexann3m MolekynspHoro okwuciienns DOKK aHanmorudyeH MexaHU3My
okuciennss ®YK B npucyrcTBun KUCIOTH (CM. cxemy 3). OTaenbHOro BHUMAaHHUS
3aCIy’)KMBACT paguKaIbHO-IIeTHOW MapmpyT okucieHus DPKK, mockoinbky oH
UMeEEeT psiJl 0COOCHHOCTEH (cxeMa 4), 0OOBSICHAIONIUX 00pa3oBaHUe €IMHCTBEHHOTO

npoaykra okucienus — CO,.
25.0

©
o
|
©
o

7.0

¥
6

Wo- 108, MOJIB/J1° ¢

6
Wo-10", moaw/a-c
N
o
o

Wo-10", moan/mn-¢
~
o
.

o
o
|

F 6.0

o
o
|

r5.0

! 40 1 o , L 40
10.0 -
3040 L 3.0
504 2.0 \40 L 20
1.0 | 1.0
0.0 : ; ; ‘ ‘
0.00 0.20 0.40 0.60 0.80 1.00 0.0 ; ; : : . 0.0
. 000 005 010 015 020 | 025  0.30
P 107, T
0.000 0005 0.010 0015 0020 0025 0030 0.035 0.00 0.10 020 030 040 0.50
C i » MOIB/JT C Lo MOJIB/JT
Puc. 8. 3aBucumoctb ckopoctu okucieHuss Puc. 9. BnusHue KOHIICHTpaluu XJIOPHOU
OKK B JM®A 0T KOHUEHTpAlMM KUCIOTHl Ha cKopocTh okucieHus DOKK B

MeTaokoMIiekca (1) u 1aBieHus Kuciaopoa
(2) B mpucyrctBuu xiopHoit kuciaotel (HX).
Cux (1, 2) = 0217 wmoms/n. T=50 °C

JAM®A (1) n nuoxcane (2).
Cloxk = 0.02 mom/n, p, (1)=0.66-10° Ila,

T(1)=50 °C, T(2)=60 °C

Po, (1)=0.66:10° Ia, C’aicc (2) = 0.05 mosb/n

Cxema 4

®KK + 0, + H" —2%" 5 Ec'C(0)00" + H,0
Fc'C(0)00" + ®KK —2° 5 Ec'C(O)OOH + FecCOO’ (4.0)

FcCOO™ —222 5 CsHsFeCsHy + CO,

CsHsFeCsHy + O, —— FcOO' 4.1)
FcOO' + ®KK —2— FcOOH + FcCOO’ 4.2)
FcCOO" —&— CsHsFeCsHy + CO, 4.3)
FcOO' + ®KK —%— FcOO + Fc'COOH (4.4)
FcCOO" + ®KK —&— FcCOO™ + F¢'COOH 4.5)
Fc"COOH (FC+C(O)OOH) — MPOIYKTHI OKUCIIUT. IECTPYKIIUU (4.6)

Oco0eHHOCTh MEXaHU3Ma 3aKJII0YaeTCs B TOM, UTO MPOIECC TeHEPUPOBAHUS
nensBenymero pagukana CsHsFeCsH, Bimouaer B ceGsS HECKONBKO CTaauMi,
00yCJIOBJICHHBIX CBOWMCTBAMHU OOpPa3yIOMIUXCS MPOMEKYTOUHBIX YacTHIl. TOYHO
TaKKe 3BEHO IIEMU BKJIIOYAET B ceOs TpW 3jieMeHTapHbie ctamuu (4.1) —(4.3),
HEOOXoAUMBIE ISl OOecredeHUs IMUKIUYHOCTH CTaAui MPONODKCHHS IemnH, 0e3
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Yero pajguKaibHO-IETHON mporecc HeBO3MOxeH. OOpBIB 1ENH NMPOTEKAET MO ABYM
peakuusim (4.4), (4.5). Jlumutupyromei craaueit nmpouecca sipnsiercs craaus (4.2).
NMenHO Takol MexXaHW3M O0eCIeurnBaeT B3aUMOJIOMOIHSIEMOCTh MOJIEKYJIIPHON U
panukanbHO-1IemHOM  MakpocTamuii okucienuss OKK, dyrto BeITekaeT wu3
COOTBETCTBUS JKCIIEPUMEHTAIIBHO YCTaHOBJICHHOTO KHWHETHYECKOTO YPaBHECHUS
W sken =koxern, [ PKK][O,][HX] 1 ypaBHEHUS, TOTYYEHHOTO KHHETUUYECKUM aHATU30M
o0enx MakpocTaaui mpoiiecca

kz ‘kl "Kl "Kz'
W= P [OKK][O,][HX]. (13)
4
(cmbIch k', by, Ki', K3' — cM. cxemy 3).
Ilo cBOeH pEaKIUOHHOU N 0,

criocooHoctu Me®KK Omu3zok k KK 254
(puc. 10). B mpoaykrax peaxiuu
naiinensl CsHsFeCsH4,C(O)OC(O)H, a
taxxke metanoi, CO n CO,. KuneTtuka
ATOM pEeakiMu HE H3ydasiach, OHAKO
anpuopyd MOXKHO TMPEAINOJIOKHUTh, YTO
MOJICKYJISIPHBI MEXaHU3M OKHCJICHUS
METaJNIOKOMILIEKCA aHaJIOTHYCH
mexanu3my  okucienuss DOKK, a
pPaIuKaJIbHO-LIETTHOW MEXaHU3M WHHU-
nunpyetcst pagukanoM Fc' C(0)O0™ u . ‘
0 10 20 30 40 50 60 70 80
3aTparuBaeT METUJIBHYIO TPYIIY, O t, min
YéM CBU/JIETEIILCTBYET COCTaB
MPOAYKTOB  peakuuu, oOpazoBaHue Puc. 10. BnusHue npuponsl KHCIOTHI Ha

KOTOPBIX MOHO HpeACTaBUTh B Buje Okucienue Me®KK B oranmone (1, 3) u B
CIEyIOIIEil CXeMBI muokcane (2,4): 1,2 — TOVK; 3, 4 — HCIO,.
' Medkk =0.01 Momw/11, Cyx= 0.2 MoJb/11,

Po, = 0.47-10° Ta, T=50 °C

Cxema 5
FcC(O)OC'H, + O, — FcC(O)OCH,0,’ (5.1)
FcC(0O)OCH,0;" + FcC(O)OCH;3 — FcC(O)OCH,00H + FcC(O)OCH, (5.2)

FeC(0)OCH,00H —X— FeC(0)OC(O)H + H,0 (5.3)
FcC(O)OCH;+FcC(O)OCH,0,” — Fc'C(O)OCH; OH + FeC(O)OC(O)H  (5.4)
FcC(O)OCH,0, +FeC(0)OC(0)H—FcC(0)OCH,00H + FeC(0)OC=0  (5.5)

FcC(0)0C=0 ——5—> FeC(0)0" ——g5—> CsHsFeCsHy (5.6)

Bropuunsie peakuun CsHsFeCsHy He npuBoasTes.

2. Oxucaenune popmmi- (PP) u anerniadeppouena (AD)
Bpi6op »THX coeauHEHH B KadecTBE OOBEKTOB HCCIEIOBAHUS ObLI

OOYyCTIOBJIEH OXHUJA€MbIM OTIMYMEM B MEXaHH3MaxX HMX OKHUCICHHS OT paHee
— 16—



M3YYEHHBIX KapOOKCUIPOU3BOAHBIX U UX 3(UPOB, KOTOPOE JOIKHO HAOIIONATHCS
KaK CIJIEJCTBUE PA3IMYHON NPHUPONbl (PYHKIMOHAIBHBIX TPYIMI 3aMECTUTENeH B
CPaBHUBAEMbIX METAJUIOKOMILIIEKCAX.

OO u AD ycTOHYMBBI K JCHCTBUIO KHCIOPOJAa B OpPraHUYECKUX
PacCTBOPUTENSAX U OKUCISIOTCS UM JIUIIb B MPUCYTCTBUU OPEHCTEIOBCKUX KHUCIOT,
YTO OOYCJIOBJIEHO CHJIBHBIMH JJIEKTPOHOAKLENTOPHBIMU CBOWCTBAMHM 3aMec-
TUTENE B HUX. BIusHHME NpUpPOABI PACTBOPHUTENS M KHUCIOTHl Ha OKHUCJIEHUE
woctpupyercs Ha npumepe OD (puc. 11, 12).

NO2 No2

34 3.

0 5 10 15 20 25 30 35 35
t, min t, min

Puc. 11. Bousnue npupoas! kucinorsl (HX) na Puc. 12. BiusHue npupoipl pacTBOpUTeNs Ha
okucinenne P B muokcane: 1 — bK, okucienne OO B NPUCYTCTBUU XJIOPHOHU
2 —HCIOq4, 3 — TOYK. Cyx=0.2 monb/1, kucnotsl (HX): 1 — nuokcan, 2 — JIM®A, 3 —
Co0=0.01 Monp/n, p, = 0.46:10° [Ta, 7=50 °C  sranon. Cuyx=0.2 mons/n, Cee=0.025 mMoms/m,
2 Po, = 0.45:10° Tla, T=50 °C

BBejnenue B peakiiMOHHYIO CMECh 100aBOK O-(peHUICHIUaMUHA, TIPUBOIUT K
CYLIECTBEHHOMY TOPMOXKEHHUIO TIpollecca OKUCIEHUs KoMIulekcoB (puc. 13).
Kunetnueckue 3akoHoMepHOCTH okuciaeHusas @O nu A® B npucyrcrBun TOYK u
HClO4 ananoru4yubl yCTaHOBJIEHHBIM paHee I JPYyruX METaJNIOKOMIIJIEKCOB
(mepBBIM MOPSAOK MO HAYaJbHOW KOHIEHTPAIMHM KaXXJOTO U3 PEareHTOB IpHU
MaJIbIX ~ KOHIEHTpAlMsIX KHUCJIOT). 3aBUCUMOCTh CKOPOCTH pPEaKIUu OT
KOHILIEHTPALUU XJIOPHOM KHUCJIOTBI B IIMPOKOM HWHTEPBAIE €€ 3HAYEHUHM HUMEET
AKCTPEMAaJIbHBIM XapakTep, 4T0 0OYCIOBICHO BBICOKOM cocoOHOCThI0O DD u AD k
nporonupoBanuio (puc. 14). Oxucnenne ®D mpuBoaut k ob6pazoBannio OKK,
okucienne AP — ITOM  KEe  KHUCIOTBI U (DeppOLCHUITITHOKCATSA
CsHsFeCsH4C(O)CHO, xpome Toro, B nponykrax peakuuu Haijgensl CO u CO,.
(@D — Nco=0.1 1 N, =0.15; AD — Nco=0.07 1 N, =0.11).

Ha ocHOBe NOIy4eHHBIX JaHHBIX NpeaaraeTcs Mexanu3M okucieHus O u
A®, BKIIOYAOIIHMA MOJEKYISIPHYIO W PaJUKaJIbHO-LENHYI0 MAaKpPOCTaauU
npouecca. MoONEKyISIpHbII MEXaHW3M YYHUTBIBA€T CIMOCOOHOCTH KapOOHWJIBHOU
IpyHmbl 3aMECTUTENS] KOOPAMHUPOBATH HYKICOPUIbHBIE PEareHTbl IO aToMy
yriieposaa 1 Kuciotsl bpéHcrena no aromy Kuciaopoaa.

—17 -



Wycn.a ]VO2 .c_l
4 - 0,014 1
0,012
0,010

0,008 4

]
0,006 4 1
0,004 ® 2
0,002
0,000 T T T T
0 20 40 60 80 0.0 0.5 1.0 15 2.0
1, min
Chx, MOJB/T
Puc. 13. Bnmusane O®DJJA (In) Ha okucnenne Puc. 14, 3aBUCHMMOCTH  MaKCHMalbHOM

O B npucyrctBun xinopHoi kucinotel (HX) B ckopoctu peakuuu (1) OT KOHIEHTpanuu
stanose (1, 2) u B nuokcane (3, 4): 1, 3 — 6e3 XJIOpHOW KHUCIOTHI Tpu  OKHUCIeHHH DD
uHrubutopa, 2, 4 — ¢ uUHrMOMTOpOM. KHciIopogoM B auokcaHe. Cepep=0.01 Moinb/m,
Co0=0.025 mo1B/1, Cux=0.2  momp/n, p, =052:10° Tla, C,;,=0.55 momb/m.

_ -4 _ 5
Cin=2.5-10 MO/, po,=0.46-10°  Ila, 750 oC, KpuBas (2) oTHOCUTCS K OKUCIIEHHUIO

7=50 °C 1,1'-gquaneTundepporiena B aHAJOTUYHBIX
YCIIOBUSIX.
Cxema 6
K
Fc-C(O)R + HX <— FcC(R)=0--HX (R=H, CH;) 6.1)
(B)
L0---HX

K} ©-_'°C\R

B)+0,= é-oz (6.2)
| ()

(') —~— [Fc'C(OH)(R)OO'TX" (6.3)

NuunuupyeMoe Ha MOJIEKYJISIPHOM CTaauu paJuKalbHO-IIEMTHOE OKUCICHUE
OO® u AD nporekaeT B IEJIOM aHAJIOTMYHO OKUCICHHUIO aJbACTHUI0B U KETOHOB
COOTBETCTBEHHO U 3/I€Ch HE paccMmarpuBaeTcd. Paznmuune MexAy OKHUCICHHEM
MOCTEAHUX M METAJIOKOMILJIEKCOB OOYCJIOBJIGHO pa3iMuyueM B MEXaHU3Max
oOphIBa IIETICH, KOTOPHIA B ClIydyae OPraHUYECKUX COCIMHEHUN OCYIIECTBISCTCS
nmyTéM pEeKOMOWHAIIMM TEPOKCUIIHBIX paaukanoB. KuHeTnyeckoe ypaBHEHHE
peakiuy, BKIOHaroniee e€ 00€ MaKpoCTaauM, aHaJOTUYHO YypaBHEHHIO (12)
okucieHuss Me®YK.

3. Okuciaenue deppoueHmwimeranona (®M) u ero 3tuaoBoro 3¢gupa
OTdPM)

Nzydenue nponeccoB okuciaeHuss @M npeciieoBaio ciaeayouyo 1elb:

1. ConocTaBieHue MONIYYEHHBIX PE3YyJIbTaTOB C UMEIOIIMMUCS B JTUTEPAType
JaHHBIMM 10 OKucieHuto ruapokcudeppouena (I'®L)) u deppouena, uyto B
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COBOKYITHOCTH TIO3BOJISIET OLICHUTh M3MEHEHUE MEXAHU3Ma OKHCIICHHS B pALY
n-KoMIuiekcoB ¢eppoiieH — ['OL] — OM.

2. ComnocraBieHrue ¢ OCOOCHHOCTSIMH OKHUCIEHHUS JpPYyTUX METaIo-
KOMILUIEKCOB.

W3BecTHO, YTO MOHO- U JAUTHIPOKCU(PEPPOLEH JETKO OKHUCISIOTCA
KHCIIOPOJIOM BO3JlyXa Kak B cpele 3pupa, Tak U B KPUCTAJUIMUECKOM COCTOSTHUU
Py KOMHATHOM TeMIlepaType B OTCYTCTBHE KaKHX-JTHMOO NMPOTOHHBIX KHUCIOT C
pa3pyleHueM UX CIHIBUYEBOMN CTPYKTYphl U 00pa30BaHHEM B KaU€CTBE OCHOBHBIX
MPOAYKTOB  pE€akUMM JIUMEpPAa UUKIONEHTAJUEHOHA UM  HEOPraHUYECKOIrO
npomssoHoro Fe’ .

Bricokasi peakiMoOHHasi CITOCOOHOCTh 3TUX COECAUWHEHUN MO OTHOILICHHIO K
KHUCIIOPOY MOXET ObITh OOBsicCHEHa UX OU(YHKIHOHAJIBHBIM XapaKTEpoM,
CIOCOOCTBYIOIIMM MPOsIBICHUIO 3 deKxTa cOMMKEeHUs U OpUEHTALMU, YTO paHee
ObL10 0TMeueHo npu okucieHuu OYK.

Cxema 7
<——=>-0H OBICTPO @‘OH
Fe +0, —— Fe—(Q;” (A)
e———>" <"

A —* CsHsFe'CsH,CH,O + HO,

CsHsFeCsH,-OH + HO,” — [CsHsFe'CsH-OH]JOOH —%— P
P — nmpoayKThl OKMCIUTENBHON AECTPYKLIUHA METAJUIOKOMILIEKCA

OM omnunyaercs or ['®L] HanuuueM METHJIEHOBOTO (parMeHTa MeEexAy
OH-rpynmnoii u Cp-IMrasjiomM, 4to NPUBOJUT K PE3KOMY CHUKECHUIO PEAKIMOHHOMN
cnocoOHoctd OH-rpymnmbl Kak KUCJIOTHI U YBEIIMUEHHUIO AJIEKTPOHOAKIIETITOPHBIX
cBoucTB 3amecturend. 1lo aton mpuuuHe oxkucienue @M mporekaeT Ul B
MPUCYTCTBUM OpeHCTeNOBCKUX KuchoT, Takux kak TOYK u BK. B npucyrctBun
HCIO4 cunbHO cKka3biBaeTcsi mpolecc NpoToHupoBaHuss PM, mnostomMy 3TOT
npolecc He u3ydancs. BiusHue npuposl KUCIOThI, PACTBOPUTENSI U UHTHOUTOpA
s nanHoro MOC mnokazano Ha puc. 15, 16. CocTtaB mpoayKTOB paauKaIbHO-
uenHoro okucieHuss ®M (OD, ®KK, CO, CO;) roBopUT 0 NpeUuMyLIECTBEHHOM
OKHCJIEHUH METWJIIEHOBOU TPYNIbI, a pe3ylbTarbl KUHETUYECKUX HCCIENOBAHUMN
CBUJICTEIILCTBYIOT O TEPBOM MOpsAKE peakuuu 1Mo koHueHTtpauuun MOC,
KHCJIOPOJA U KUCIIOTHI:

W = ko[ PM][O2][HX] (14)

HaubGonee BepoATHBIH MeXaHM3M  MOJIEKYIsIpHOTrO  okucieHus OM
npeanonaraeT kKoopauHauui O, € aroMoM MeTaula MU aroMOM  yITIEpoJa
METUJIEHOBOM I'PYIIbl U KOOPAUHAIIMIO KUCJIOTHI C THAPOKCUTPYITION (cxema §).

Bo3moxHocTe koopauHamuu O, ¢ aroMOM ymiepoaa 3aMECTHTENS
(ypaBuenue (8.1)) oOycnoBinena 3HauuTeNbHOW moJsipHOCTHIO cBs3u C—OH, B
T0JIB3y YEr0 TOBOPUT BBICOKHIl 3apsig Ha atome yrrepoxa (+0,401)' u nérkocts
npoToHrpoBaHuss @M CUIBHBIMM KHCJIOTaMU C 00pa3oBaHHEM KapOOKaTHOHA B
3amectuTesne. PanukanbHo-LienmHOE OkuciieHne OM 1mo METUIIEHOBOM TIpyIE 10
OD u OKK, CO u CO, onuceiBacTCs KIACCUMYECKOM CXEMOM M 3]I€Ch HE

1
PacueTts! BeimonHens! 4.X.H. MruatoseiM C.B.

— 19—



npuBoauTcs. OOpBIB IENMU OCYIIECTBIACTCA MO peakiuu ®@M ¢ mepoKCHUIHBIM
paauKaIoM, BEIYIIUM LEIb.

No,
Ny,

2,5 - 2.0 7

2,0 4 1.5 7

1.5+ 1.0

1.0 0.5

0.5

0.0

£, MUH

0,0

0 13 20 30 40 50 60
t. MHH

Puc. 15. CpaBuutenbHple kuHeTnueckue Puc. 16. Bnusnue o-dpennnennnamuna (In) Ha
kpuBble okucieHuss ®M B mnpucyrctBun bK cxopocts oxucinenns @M B npucyrcrsun bK
(1-4) u TOYK (5,6,7) B pasmmunsix (1,2) u TOYK (3,4). C'op=0.02 moumb/m;
pactBoputeisix: 1,5 — B ngumokcane, 2 — B =410 MOJIB/JI, C%=0.55 MOJIB/JI,
ToiIyoie, 3,6 — B CMeCH AMOKCAaH-BOAA, 4 — B (Prgy=0.2  Mons/i; Po =0.47-10° Tla,
sranoine, 7 — B MMA. C’om=0.02 MOJB/1I, 7=50 °C ’

C°:=0.55 MOJIB/JI, ° Toyk=0.2 Mo/,

Cy.0=2 moms/n. p, =0.47-10° ITa, 7=50 °C

Cxema 8
Kl
®dM + HX <:> C5H5FCC5H4—CH2—O"'HX
| (A) (8.1)
H
K, <=——=>-CH,O~HX
A+ O2 P —t Fe- O; H
- (8.2)
(B)

(B) — [Fc'CH,00']X + H,0 (8.3)

VYpaBHEHHE CKOPOCTH PEAKIUH, MOJYYEHHOE NPH KUHETHUYECKOM aHAJIN3E
MexaHu3Ma OKHucieHuss PM, BKIIOYAIOLIET0 MOJEKYISPHYIO U pPaJauKaJbHO-
LHEMHYI0  MakKpoCTaJWM, HMEET BHJ, AHAJIOTUYHBIA  AKCIEPUMEHTAIBHO

k, k-K K,
k

t

YCTAHOBJIICHHOMY W= [®M][HX][O,] (kp, ki — KOHCTaHTBI CKOPOCTH

peaKkIuii MPOJOJIKEHUSI U 00OpbIBA IIEMH COOTBETCTBEHHO).

3amena aroma Bozpopoaa B ®M Ha 3TUIIBHYIO TPYMITY Majo CKa3bIBAE€TCS Ha
AIIEKTPOHOJJOHOPHOM CIIOCOOHOCTH 3aMECTHUTENS, U PEAKUUOHHON CIOCOOHOCTH
METaJIIOKOMILIEKCOB (pHUC. 17), HO MpH 3TOM B HEM COXpaHSIETCs AMEKTPOOUIBHBIN
aroM yriepoaa W JOMOJHUTENIbHO MOSIBISIETCS enlé OfHAa PEeaKIMOHHOCIIOCOOHAs
JUISL paJIuKaJIbHO-IIETHOTO OKHCIIEHHUS METHJIEHOBas TpYINa, YTO MPUBOAUT K
Oorsee IMIMPOKOMY pa3HOOOpPA3HIO0 YCTAHOBJIEHHBIX MPOAYKTOB PpPEAKIUU TI0

—20—



cpaBuennto ¢ ®M: CsHsFeCsHy4-C(O)O-CoHs (OT1DKK), OO, OKK, srtanodn,
C5H5FCC5H4-C(O)-O-CHO, C5H5FCC5H4-C(O)-O-COOH, CO, C02 Kak u B
ciaydyae ¢ ®M, cyliecTBOBaHUE PaJUKAIBbHO-LIIETHOTO MapuIpyTa IpU OKUCICHUU
O1®M OBUIO YCTAaHOBIECHO METOJOM MHTHOUTOPOB, a TAKXKE XapaKTEPOM BIUSHUS
pacTBopuTeseH Ha CKOPOCTh mporiecc (puc. 18).

N 0, Ny

2

3.0

1o

t, MHH

£, MEH

Puc. 17. CpaBuutenbHple kuHeTHnueckue Puc. 18. BiusHue npupospl pacTBopuTens Ha
kpuBble okucienuss ®M (1,3) u O1dM (2,4) B ckopocth okucieHuss I1®M B npucyrcTBUU
npucyrctBuu kuciotr TOYK (1,2) u BK (3, 4) B TOVYK. 1 — auokcas,

IHOKCaHE. o toyk(1,2)=0.05 MOJIB/JI, 2 — nuokcaH-3TuIoen3om (1:1),

C5(3,4)=0.55 Mo/, 3 — muokcan-Boaa (1:1), 4 — sTunGenH3oi1,
omrrom=0.01 Momb/m, 5 — sranoi, 6 — MMA.

Po, = 0.47-10° ITa, T=50 °C C'5100=0.01 Mosb/11, Craic=0.1 Mob/,

Po, = 0.42:10° Ma, T=50 °C

Pesynprarel aHanmusa cocraBa NPOAYKTOB, JAaHHBIE O 3HAYEHUSIX DHEPIUU
CBA3€U B METWJICHOBBIX I'PYyIIIIaX U aHAJIU3 CKOPOCTEH OTPhIBA aTOMa BOAOPOAA OT
HUX TMEPOKCHIHBIM pPaAuKaIOM C Hcnoib3oBaHueM Merona [lomsau—CeméHoBa
rOBOPST O TOM, YTO CHayajda OKMCISETCS METWJICHOBas TIpylna B aibda-
nosiokeHuu K Cp-uraHay, a 3aTeéM — BXOJAIAsl B COCTaB ATWIBHOM Tpynnbl. B
LIEJIOM K€ MOJEKYISIPHBIA M PaJUKAIbHO-IIENHON MEXaHU3Mbl OKHCIEHUs OTOM
aHaJOTMYHbl TakoBbIM Mg PM, yTo HaONIOMaeTcs, B YACTHOCTH, B CXOXKEM
XapakTepe 3aBUCMMOCTEH CKOPOCTH peakUu OT KOHIIEHTpPAIlMd pPEarcHTOB
(nepBble MopsAKA peakuuu 1o koHueHTpauusMm KIIM, kucinoTel U Kuciaopona).
Pe3ynprarbl IpoBEAEHHBIX UCCIIEIOBAHUN CBUAETEIBCTBYIOT O TOM, YTO MEXaHU3M
OKHCJICHHS] METAJUIOKOMILIEKCOB KapJIMHAIbHO MeHsieTcs B psaay gepporeH—I OL-
—O®M, 410 00YCIOBIEHO Pa3INYMEM B MIPUPOAE 3aMECTUTENS B HUX.

B 3axntoueHne He0OXOAMMO MPOKOMMEHTUpPOBaTh okucienue ®M u 31dOM
(puc. 15, 18), a Takxke Apyrux MerajuiokomiuiekcoB B MMA. DTu mporecchbl
XapaKTepU3yIOTCA  BBICOKMM  pacxXxoIOM  KHUCJIOpPOAA,  COIPOBOXKIAAEMbBIM
nonuMepuzauuet MMA, KOTOpbIE MOXHO OOBSCHUTH €ro BCTpauBaHUEM B
MOJIMMEPHYIO 1ellb, 4YTO JOKHO MPUBOIUTH K OOpa3oBaHUIO MOJIMMEPOB C
NEePOKCUIHBIMU (parMeHTamMu. VX Hanmuuue moATBEPKIEHO HU3KOM TepMHUYECKON
CTaOMIIBHOCTBIO 00pa3yromIerocs: noauMepa, 4ro aokasaHo meronom JTA, a Taxxke
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€ro CrnoCOOHOCTHIO MHHUIIMMPOBATH MOJMMEPU3AIMI0 HOBBIX MOPLHI MOHOMEpa
npu 7=50 °C, uro MOXeT OBITh HCIOJB30BAHO ISl TOJYYECHHS Pa3IuYHBIX
cononumepoB.  Takum  ob6pasom, cucrembl CpFeCpR-O,-HX  moxHO
paccMarpuBaTh KAaK  HOBBIE  OpWUTMHAJbHBIE  HWHUIUMUPYIOLUIME  CUCTEMBI
MOJIMMEPU3allU  BUHUJIOBBIX MOHOMEPOB, TpEOYIOIIUME CaMOCTOSITEIBHOTO
UCCJIEI0OBaHUS.

4. Oxucaenue nmytuiageppouena (JII3D)

JNDO®  sgBusercs  €IUHCTBEHHBIM  MPOM3BOIHBIM  (eppoueHa  u3
HCCIIEOBAaHHBIX HAaMH METAJUIOKOMIUIEKCOB, B KOTOPOM 3aMECTUTENN MPOSBIISIOT
SABHO  BBIPA)KCHHBIE  DJIEKTPOHOAOHOPHBIE  CBOWCTBA M HE  COAEpXKar
(YHKIIMOHANBHBIX ~ TPYMN, CHOCOOHBIX HEMOCPEACTBEHHO Yy4acTBOBaTh B
MOJIEKYJIIPHOM OKHCJIEHHH MeTaiokoMiuiekca. IlepBoe oOycnaBiuBaer Ooiee
BBICOKYIO PEaKIIMOHHYIO CIOCOOHOCTHh D@ mo cpaBHEHHIO C QEeppOIEHOM, YTO
MPOSIBISIETCS B BO3MOXHOCTH €T0 ABTOOKHCJIEHHS HE TOJNBKO B NPHUCYTCTBUHU
CUJIBHBIX, HO U CJIA0BIX KUCJIOT, HarpuMep OeH3oiiHoi (puc. 19).

B mpucyrctBun TOYK J[D® KOIMYECTBEHHO OKHUCISAETCS [0 KaTHOHA
beppulIMHHS W paJuKalbHO-IIEMTHOM IpoliecC HE pa3uBaBaeTcsi, 0 Y€M TOBOPUT
sHayenne N, ~0.3+0.5. B mpucyrcteun bK panukanbHO-I€NHas MakKpOCTaaus

BHOCHUT OMpENEAIONINi BKIag B Opyrtro-miporiecc okucieHuss 2D (puc. 19),
npuuéM N, MOXKET JOCTHIaTh 3HA4YECHHMH, OONbIIMX eAuHuLBL IIpomykramu

peakiuu B a3toM  ciaydae  sBiusitoress  CoHsCsHiFeCsH4,C(O)CH; m
C,H5CsHyFeCsH,CH=CH,. Pe3ynbrarbl NpOBEAEHHBIX HUCCIECIOBAHUN MO3BOJSIOT
MPEACTAaBUTh MEXaHU3M MOJIEKYISIPHOTO OkucieHuss J[Od B mnpucyrcTBuUH
CUJIBHBIX KHCJIOT B BHJIE CXEMbl 9, KOTOpass UMEET OMNpPEeNETEHHOE CXOJACTBO CO
CXeMOM OKHCIIeHUs (peppolieHa.

Cxema 9
—H+9 (C2H5C5H4)2FC—+H O
- . .
(C.HsCsHy)Fe 4 0, . > (CHsCsHy) Fe™ + HO,
— (C2H5C5H4)2FC'02
(C2H5C5H4)2FC + HOQ. — (C2H5C5H4)2FC+OOH7

(C,HsCsHy),Fe 'OOH + H™ — (C,HsCsH,),Fe” + H,0,

IIpu okucnennn [12@ B npucyrcrBun bK peakuus MoXeT npoTeKarh JUIIb
yepe3 oOpazoBanue TpoitHoro komiuiekca (C,HsCsHy),Fe-O,-HX mockomnbky
cnabas KUCJIOTa HE COCOOHA MPOTOHUPOBATh METAIIOKOMILIIEKC, KaK MOKa3aHo B
cxeMe 9. IIpeBpalieHue 3TOro KOMIUIEKCA MPUBOAUT K T€HEPUPOBAHUIO paJHKaja
HO,, KoTOpbIii  HWHHIMHPYET  paJdKalbHO-IENHOe  OKucieHne JIDD,
3arparuBaroliee METUICHOBYIO TPYNIY U NPUBOJsIIEE K 00pa30BaHUI0 YKa3aHHBIX
BbIllle MpoaykToB. OOpsIB 1enu no peakuuu JO®d ¢ nepokCUIHBIM PaaUKAIOM
MOJATBEP)KIACTCSI TOPMO3AIIMM BIMSIHUEM J100aBOK (¢eppoleHa Ha CKOPOCTh
peaKkuuu, OKACIEHHE KOTOporo B npucyrcTBuu bK nckmroueHo.

O6pazoBanne C,HsCsH,FeCsH4,CH=CH, MoxeT OBITb OOBSICHEHO
MIPOTEKAHUEM CJIEYIOIINX PEAKIIUI:
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2 C2H5C5H4FCC5H4C.HCH3 — (C2H5C5H4)2FC + C2H5C5H4FCC5H4CH=CH2
HOO
C2H5C5H4FCC5H4CHCH2 — H202 + C2H5C5H4FCC5H4CH=CH2

N Puc. 19. Oxkwucnenne 2O (1-6, 8) wu

0: deppouena (7) B Tomyone (1, 5, 8), auokcane
= (3,4,6, 7) u meranone (2) B NPUCYTCTBUU

TDYK (1-3) u BK (4-6, 8).

(6) — ombIT ¢ pobGaBkoil QeppoueHa (Con =

0.16 monb/n); (8) — onbIT ¢ 10OAaBKOM MOHOINIA

(Ci=1.6:10" moub/1)

C159=0.082 monb/n, Creyk=0.4 Momb/11,

Csk= 0.05 mons/1; p,, = 0.66-10° Ia, 7=50 °C

KpuBbie  (1-3) momydeHbl  aMITyIbHBIM

04 4

0.3 1

0,24

0,14

7l METOJAOM, OCTaJIbHbBIE — Ha CTAaTUYECKOU
0,0 B— YCTaHOBKE.

4

T, 1aChl

BbIBO /I bl

1. BnepBble NpOBEIEHO CHUCTEMAaTHYECKOE KCCIIEIOBAaHUE MPOIIECCOB
aBTOOKHUCJICHUS psifa TMPOU3BOAHBIX (eppolleHa, H3yuyeHbl HX oOmue u
crienupuIecKkue 3aKOHOMEPHOCTH.

2. Tlokazano, 4to okucieHue wuccienoBanupix KIIM mporekaer Kax
MOCJIEAOBATEIBHOCTh JIBYyX MAaKpOCTaJHi, TepBas M3 KOTOPHIX TMPEACTaBISET
MOJICKYJISIPHOE OKHMCJICHHE METaJUIOKOMIUIEKCOB, MPUBOASAIIEE K T€HEPUPOBAHUIO
MEPOKCUIHBIX PpaJHUKajIoOB, a BTOpas — WX pPaJUKAIbHO-IIETHOE OKHUCJIEHUE,
WHULIMEpYeMOe TocieaHumMu. VckiroueHne coctapisieT Toiabko ¢epporieH. [pu
PaIUKaJIbHO-LIETTHOM OKHCJICHHUH METaJJIOKOMIUICKCHI OJTHOBPEMEHHO BBHICTYMAIOT
Y KaK WHUILMATOPHI MpoIecca, U Kak €ro HHrHOUTOPHI.

3. IlonyueHbl mpsiMble JOKa3aTelbCTBA Y4acTUs (PYHKIMOHAJIBHBIX TPYIMIl
3aMEeCTUTENII B TMpolecce OKuciaeHus wuccienoBanHbix KIIM, uto mo3Bossier
paccMarpuBarh MOCJEIHUE Kak OU(PYHKIIMOHAJIbHBIE pEareHThl M KaK MOJeNb
(hepMEHTAaTUBHBIX CUCTEM B IIPOIECcCcaX OKUCIICHUS.

4. Ha OCHOBaHHMHU pPE3YJbTaTOB KMHETUYECKUX HCCICIOBAHUN, NaHHBIX O
COCTaBe MPOAYKTOB PEAKIMH W BIMSHUU TMPUPOILI PACTBOPUTEIIS MPEITIOKEHBI
BEPOSITHBIE MEXaHU3MbI MOJICKYJISIPHBIX M PaJUKAIBbHO-IEIHBIX MaKpPOCTaIUuN
W3Y4YEHHBIX MIPOIIECCOB, MOITBEPKIEHHBIC 150:¢ KUHETUYECKUM 5
TEPMOJIMHAMUYECKUM aHAJIU30M.

5. Jmg TepMOAMHAMUYECKOTO aHajdu3a MEXaHU3MOB MOJEKYISIPHOTO
okucnenus wuccienoBaBmuxcs KIIM  mnpenjmokeH © UCHONB30BaH  METOM
MOJICJIBHBIX PEaKIHUM, IMO3BOJISIONIUN BHIOpaTh ONTUMAJBHBIM C TOYKH 3pPEHUS
OHEPIreTUKHU MYTh MPOTEKAHUS PEAKIIMH U3 PsiJia BO3MOXKHBIX.

6. Ilpoananu3upoBaHa peakIMOHHAs CIIOCOOHOCTH HccienoBaHHbix KIIM
KaKk OM(YHKIIMOHAIBHBIX PEareHTOB C MO3UIMI TposBieHUS ddPekra cOmmKeHus
U OpHUEHTAIMU, Kak (aKTopa, OMPEACIISIONIEr0 AaKTHBAIIMOHHBIC IapaMeTphl
MOJICKYJISIPHOTO OKHUCJIEHUS MeTauIoKOMILIEKCOB. ChopMylIHpoBaHbl OCHOBHBIC
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KpUTepuu mposiBlieHus dPdekra COMMKEHUS U OPUEHTAIMHU TIPU MOJIEKYJISIPHOM
oKHuciaeHnM uccaeaoBanubix KITM.

7. YCTaHOBIEHO CYUIECTBEHHOE BIUAHUE HAa CKOPOCTh OKHCJIEHUS
MeTaJUIOKOMIUIEKCOB (kpome J[O®d) mnpoiecca NPOTOHUPOBAHUS CHIBHBIMU
KHCJIOTaMH 10 (YHKIIMOHAIBHOM TpyIIIe 3aMEeCTUTENs, BEAYIIET0 K 00pa30BaHUIO
YCTOMUYUBBIX K KUCTOPOAY O-PeppOoleHIIIKAPOCHUEBBIX HOHOB, UYTO TIPOSIBIISIETCS B
SKCTpPeManbHOM XapakTepe 3aBucumoctu W= C’yx).

8. Ha mpumepe MMA mnokazano, uto cucrembl CsHsFeCsH4R—O,—HX
SIBJISIFOTCS IPUHIIMITNATIBHO HOBBIMHU 3 ()EKTUBHBIMH UHUIIMATOPAMH PaIUKaIHHO-
LEMHON TMOJIMMEpPU3allud BUHHJIOBBIX MOHOMEPOB B MSATKHUX TEMIIEPATyPHBIX
YCJIOBUSX.
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