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B 0630pe Ha ocHose ananuza co6cmeenHbIX U TUMepamypHuLx OAHHbIX npeo-
crmassnenvl U 00CyH0aomcs memoovl UCCIe008aHUSL CIMPYKMYPbL, KonuYe-
CMBEHH020 XUMUHECK020 U MUHEPATIOZUYECKO20 AHANU3A MOUEBDIX KAMHell U
CBA3U PUIUKO-XUMUMECKUX XAPAKMEPUCMUK KOHKPEMEHINOE C UMEUUMU
Mecmo 07T KOHKPeMH020 nayuenma Gaxmopamu pucka mouekameHHoti 60-
JIe3HU, MeMABONUUeCKUMU U 2eHemuyecKumu HapyuweHusmu. Ilokasano, umo
MOUeBble KAMHU UMEION CTIONCHYI0 OP2AHUBAUUI0, MOZYI COOEPIHATL MHONCE-
Kniouesvie cnosa: CBO XUMUUECKUX COeOUHEHUT, Uenbiil Psi0 Komopuix 00pasyem ycmoiuusuie
MoueKxamennas 6onesny, Buico-  MuHepanozuveckue gasvl onpedenenroii cmpykmypol. Paccmompetivt 0cHo6-
Kas peuudueHoCmy, Knaccugy-  Hoe MUNbL MOUeBDLX KAMHEI U OTMMEUEHO, Himo MemoObl aHATUMUYECKOL XU-
KAUUS 1L COCTAB MOUeBbix Kam- MUl SEMEHIMHO20 U PEHM2EHOCNEKMPANLHOZ0 MUKPOGHANIU3A MOZYm Obimb
Heil, Memodbl aHANU3A Munepa-  UCTIOTb308aHbI 0717 UCCTIE008AHUS CIPOEHUS MOUEBbIX KamHell, 00HAKO He
T02UMECKO020 U XUMUHeCKo20 Co-  TO3B0TTIOM NOYyUUMb C6e0eHUll 00 UX MUHEPAZOZUMEeCKOM COCHABe U MUK-
CMaea KoHKpemeHmMos DOCMpPYKmYype, 4mo 8axcHO 0N OUAZHOCMUKU HPU4UH 3a60nesarust. Memoovt
cKaHupyowjeti I1eKMPOHHOTE MUKPOCKONUL, 4 MAKHE MeMO0bl NONAPUSAYU-
oHHoil muxpockonuu, VIK-Qypve cnekmpockonuu u penmeeHodazo6020 aHa-
JIU3A UMEIM HeOCHOpUMble NPeUMyuecmea npu aHanuse Mo4esbix KOHKpe-
MEHMO8 U NO3B0TAIOM HALTAOHO NOKA3AMb KAKUM 00pa3om ceedeHus 0 mek-
cmype N06ePXHOCINYU KAMHET U HAUYUU 6 HUX ONpedeNeHHbIX MUHEePAoU-
ueckux pas no3eoNAIOM NPOACHUMb NPUHUHY KAMHeOOPA308aHUL U HAZHA-
4UMb COOMBEMCMBYIoU4ee eHeHue.
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BBengenue

Mouekamennas 6omesup (MKB), cBsi3aHHast ¢ 06pa3oBaHMeM U POCTOM OPraHO-Heopra-
HIYECKUX JITIO3VITOB B MOYEBBIJE/UTETbHON CHUCTEMe, MPOMIO/DKAET OCTABATbCHA BAXKHON
MeJIIKO-COLMAIbHOI MPO6IeMOTl, 3aTparnBaolieli, Kak cauTaercs, ot 1 1o 20% HaceneHMs
3emHoro mapa [1]. Bo MHOIMX MHyCTpUanbHO pasBUTHIX cTpaHax EBpombl 3a60/1eBaeMOCTh
MKB mpesspiuraer 10% [1, 2], a smmeMuonorndeckye ucciefoBaHus IOC/IefHUX JIeT OTMEeYaroT
CTOVIKYIO TEH/ICHIINIO K POCTY YaCTOTHI BBIABJICHNA MOYEBBIX KaMHeT cpefiv HaceneHys. B gact-
HOCTH, YMC/IO BIIepBbIe BbIsAB/IeHHBIX crydyaeB MKD Ha 100 Teic. yenoBek Hacenenus B Poccuii-
ckoit Pepepanyu 3a nepuop ¢ 2002 o 2014 rop Bospocno Ha 25% [2], a B CIIA, 3amagHoit
EBpomne 1, ocob6eHHO, B cTpaHax bkHero BocToka oHo eme 3HaunTenbHee [1, 3]. YBenmnuenne
3aboneBaemoct MKD u pocT peunauBHOCTHI, COCTaBIARIINI 32 10-71eTHUI TePUOL B Cpen-
HeM 50-75% [1, 4], oIyTNMO yBe/MIMBAIOT PacXO/bl Ha aMOyTaTOPHOE ¥ CTAlMIOHAPHOE Jieye-
HIIe IIAL[IeHTOB, B3bIBas K KOHLIENITYya/IbHBIM M3MEHEHVSIM B CTpAaTeryuy Te4eH)si MOYeKaMeH-
Hoit 6one3un. [lpunumas Bo BuuManue, yto MKD nmeeT matoreHeTndeckyo cBssb ¢ Hedpo-
KaJIBIIVTHO30M, ;1abeTOM, aTepOCKIePO30M [5], a, Cyzsi IO IOCTIEAHNM JJAaHHBIM, I C OIIYXOJIAMU
MOYEBOTO IY3bIPs [6], OTCYTCTBYE POCTHIX ¥ 9PPEKTVBHBIX TOJXO0B K AMAarHOCTUKE U KOH-
CepBATVBHOJN Tepanuy ypoauTiasa, OCHOBAHHBIX Ha CBEJEHMAX O MMHEPAIOTNYeCKOM U XU-
MIYECKOM COCTaBe KaMHell, 0COOEHHOCTSX UX CTPYKTYPHOI OpraHM3alyi, CyTOYHON 9KCKpe-
I[VY MHTMOUTOPOB ¥ IIPOMOYTEPOB KaMHEeOOPa3oBaHus, CO3/1aeT OO'beKTUBHBIE CIOKHOCTY B
YCTQHOBJIEHUM IIPUYMH 3a00/IeBaHNsA, Ha3HAYEeHM aJleKBaTHOTO ITO/IXOa K JIeYeHMIO U KOp-
PEKLIMY MMEIOIIVX MEeCTO MeTaboIMYeCKX HapyLIeHNTT ¥ paKTOPOB PUCKaA C IIe/IbI0 CHIDKEHVA
4aCTOTBI PELIMAMBHOTO KAMHEOOPa30BaHMs 1 YTPO3bI Pa3BUTHA [IePEUVICIEHHBIX BbIIIIe KOMOP-
OMIHBIX ITATOIOIMYECKUX COCTOSHMII [5].

KpaeyronpbHbIM KaMHeM BCeX AMAarHOCTUYECKMX MEPOTIPUATII CIMTAETCS KOIMYEeCTBEH-
HOe OIIpefie/ieHlie COCTaBa KaMHs [7], KOTopoe B OTe4eCTBEHHBIX KIVHMKaX 1100 He IPOBO-
IUTCA, MO0 OTpAaHMYMBAETCSA IOTYKOMMYECTBEHHBIM OIpefie/IeHNeM OCHOBHBIX aHUOHOB
(pocdarer, okcanatel, ypaTbl), COCTaBIAIINX KaMeHb conell. Kak MoKas3bIBaloT pe3y/nbTaThl
MHO>XeCTBa VCC/IeIOBAHWIA, /I YCTAHOBJIEHN A IPYYMH KaMHEe0Opa3oBaHA U Ha3HAYEeHUA CO-
OTBETCTBYIOIIETO MeTa(pMIaKTUYECKOTO JIedeHMsI 9TOr0 B OOJBIIMHCTBE C/Iy4aeB HeEOCTa-
TOo4HO [1, 7]. Bo-nepBBIX, KaK BUJHO U3 TaOIMIbIl, B KAMHIX MOXXeT HaXOJUTbCS OTHOBpE-
MEHHO HeCKO/IbKO MHEPAJIOB, JAIOIUX B pacTBOpe ypat-, Gocdar- mim oOKcanaT-uoHsL, I, Ta-
KIM 00pa3oM, yCTAaHOBUTD COCTaB COJIN, 3HAs JIMIIb aHVOH, HEBO3MOXXHO.

Bo-BTOpBIX, ke 3HaHNME XMMUYIECKOTO COCTaBa KOHKPEMEHTa OYeHb Majlo TOBOPUT O
MeTabomyeckux HapyumeHusx u ¢akropax prucka MKD, Bpi3BaBmux o6pasoBaHMe KOHKpe-
MeHTOB. [leiicTBMTeIBHO, PocdaTHbIe KaMHU Ha OCHOBe ruppokcunanaruta (I'A) obpasyrorces
IPeVIMYIIEeCTBEHHO B CTAOOKVIC/ION WM HEMTPATbHOM MOYe VM YacTO CBA3AHBI C IIOYEYHBIM
KaHaJIbIMEeBBIM anujjo3oM [7, 8]. Hao6opoT, cTpyBUTHBIE 1 KapOOHATaNaTMHbIE KAMHU (TaKoKe
¢docdatsr), obpasyommecss Mpy CUIbHOM 3allfe/IauyMBaHNY, BbI3BAHHOM MHQUIVPOBaHNEM
MOYEBBI/Ie/TUTEIBHOTO TPaKTa OaKTepusMu, IpoAyLupyoyMu ypeasy [7,8]. He cnoxxuo mpo-
IIeMOHCTPUPOBATD, YTO aHATIOTMYHAsI KApTVHA MMeeT MeCTO [P aHa/IM3€e YPATHbIX Y Ka/IbIINil-
OKCaJIaTHBIX KaMHei1 [9-12].
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Munepan XuMmyeckoe Ha3BaHMe Dopmyna
MoueBas KUCIOTa CsH4N4O;
Juruapar Mo4eBoit KUCTOTbI CsH4N,0;-2H,0
AMMOHUA IUTUPOTEHypaT CsH7N50;
Hatpusa rugporenypar MOHOTUApar NaCsH;N,O;-H,O
Huctun CeH12N04S,
Kcautun CsHuN,O,
2,8 - pUTUAPOKCUATNEHNH CsHsN,O,
Besennur Kanbums okcaaT MOHOTHAPAT CaC,0+H,0O
Begmennur Kanpuus okcanat gurngpar CaC,042H,0
Butnoxut Tpuxansuus pocdar Ca3(POy);
I'ippoxkcumanaTur [Menrtaxanpiys rugpokcudocdar Cas(PO,4);0H
KapboHaTHbIi antaTut OcHoBHoi1 KanbLus pocdar ¢ Cay75(POy)2s6s
Kap6oHaTOM (OH) 055(CO2)o35
Okrakanbiys gocdar CasH,(PO4)¢-5H,0
Hbrobeput Maruusa rugpodocdar Tpurngpat MgHPO43H,0
CrpyBut Maruus ammoHus ¢ocgar rekcarnppar MgNH,PO,-6H,O
Marnus aMMoHus pocdar MoHOrMApaT MgNH,PO,-H,O
Bbpymmt Kanpuusa rugpodocdar nurnppar CaHPO,-2H,O
Kanmpuut, BaTeput, aparoHUT Kanbuusa xapbonar CaCOs
Omnarn, TpUAUMUT Juokcuy KpeMHMA SiO,
I'mnc Kanbuusa cynsdar gurupgpat CaSO42H,0
Bobuepnt Tpumaraus ¢pocdar okTarugpat Mg3(PO4),-8H,O
Tomeur Iinuka ocdar rekcarnppar Zn3(POy),-4H,0
Mounetnt Kanbuusa rugpodocdar CaHPO,
Tpumaraus oprodocdar neHTarngpar Mgi(PO4)-5H,O
l'anHanT Tpumaraus aMMmoHuA gocat oKTarngpar Mgi(NH,),
H4(PO4)+8H.0
MOHOTUAPOKCUKANTBIIUT Kanbiusa kapboHaT MOHOTUApAT CaCO;-H,O
T'ymbonbarun JKenesa okcanar gurngpat FeC,042H,0

Ilannble mocnenHux et (cM. [10-12] u ccbUTKyM Tam), BKTIOYAs M HAIlM COOCTBEHHbIE K-
HUKO-71a00paTOpHbIe MCCIefoBanys [12], MOKasbIBalOT, YTO CBS3b LIE/IOTO psifia MeTabonmye-
CKMX HapYLIEHUI ¢ MUHEPATOTMYECK/M COCTAaBOM M TEKCTYypOil KaMHeil Ha OCHOBE MOHO- U
JUTYPATOB OKCa/aTa Ka/lbllMsl yCTaHAB/IMBAETCs BIIOJIHE OIpefie/ieHHO. B acTHOCTH, B IIpo-
BepeHHbIX Bo @pannuy, Vitanuu u Poccun nccnefoBanmsAX HaJieXXHO YCTAHOBJIEHO, YTO KaMHI,
cofieprKarie 60sblie KOIMYeCTBa AUTH/PATa OKCa/laTa KaIbLiMs XapaKTepPHBI AL 60iee Mo-
JIOZBIX IALIMEHTOB 1 aCCOLMMPOBAHbI C BBIPA)KEHHOI I'MIIePKa/IbLypyeil X TUIOLUTPATypueit
(6BICTpast KpUCTANINM3ALM), B TO BpeMs KaK y IAIVIEeHTOB C KAMHSIMY Ha OCHOBE MOHOTH/IpaTa
OKcajlaTa KajbliMisi OTKIOHEHMVsI OT HOPMBI BBIpaXKeHbI 3aMeTHO cr1abee (MeljIeHHast KpUCTal-
NM3aLyA) Y 9acTO CBsI3aHBI C IMIlepoKcanypueil. TakuM o6pa3oM, O4eBMIHO, YTO KOJIMYe-
CTBEHHOE OIIpefie/ieHe BCeX MIHepaIornuecKux (a3 KaMHs 4pe3BbIYaiiHO BaXXHO I IIpa-
BIIBHOJI IMATHOCTVIKY NPUYMH KaMHeoOpa3oBaHUA U BBICTpauBaHMs 9QQPEeKTUBHON CXeMbI
MeTa(VIAKTUYeCKOII Tepanui C 1ie/blo pefoTBpaleHns peruansos MKB.
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I{}Iaccmlmxam/m " CTPOE€HNE MOYE€BbIX KaMHe

JTak, MOYeBble KaMHM IIPEACTAB/IAIOT CO00IT TBEpAbIE OPraHO-HeopraHYecKue oopaso-
BaHMsI 6MOJIOTMYECKOTO IPOVCXOX/IEHNS, TOKAIV30BaHHbIE B MOYEBbIJICIUTEIBHOI CHCTEMe
(8, 13-15]. ITopaBnsromiee 60IBIIMHCTBO MOYEBBIX KAMHEI COCTOUT M3 KPYUCTA/UIOB OpraHuye-
CKOJI VIV HEOPTaHUYeCKOJI IPUPOJBI, CKPEIIEHHBIX TaK Ha3bIBaeéMbIM MaTpUKCOM [8, 15, 16],
COCTOAIIVIM U3 PaCTBOPUMBIX B MOYe OPTaHNYECKVX BEIeCTB — IPOTEMHOB, IIMKO3aMUHIIN -
KaHOB, Pocommmupaos u T.4. [13-16]. O6bIYHO OIS MaTpUKCa, JOMOTHUTENBHO CKPEIUISIO-
I[eTO KPYICTA/UINTBI, KOJIeO/IeTCst Ha YpoBHE 2-5% OT MacChl KaMHS U OYeHb PefIKO JOCTUTAET
60/bIMX 3HaYeHuit 15, 16].

XOTs B 0T€UeCTBEHHOI KIMHIYECKOJT IIPAKTHUKe [JO CUX IIOP MCIIO/Ib3yeTCsl YIPOIeHHAs
TePMMHOJIOTNA, KTacCUUIPYIoasg KOHKPEeMEHThI 110 aHMOHAM COJIeli U Jie/sAIas UX Ha OK-
canatbl, pocdatsl, ypaTsl ¥ ux cMecu (cM. Boiwe) [2, 8], B HacTos1Iee BpeMs 00LeIIpy3HaHHOM
SBJIAETCS MUHEpaIorndecKas KaccuyKanysa MOUYeBbIX KOHKpeMeHTOB [13-15], cornmacHo ko-
TOPOI KaMHM pasfie/IAI0TCA 110 OCHOBHOMY MIHepay, cofepkaiieMycsi B kamHe. Hamboree
Y4aCTO BCTpeYaIoLINecs XMMUIeCKIie COeITHEHsI OPTaHNYeCKO ¥ HeOpraHWYeCKOJI TPUPOLbI,
KOTOpbIe SAB/IAITCA CTPYKTYPHBIMM 3/IeMEHTaMM MOYEBBIX KaMHeJl 4eloBeKa, IPUBENEHBI B
Tabmue 1. OgHMM U3 BeAyIIMX CIIEMaNUCTOB B MICC/IELOBAaHUM CTPYKTYPbI AEeIO3UTOB MOYe-
BbIfe/mTenbHOrO TpakTa I. lllybeprom 6b1 mpoBeeH ananus 6oee 100 000 MOYeBBIX KaMHeN
U oOHapyXeHO 145 pasnuMyHBIX KOMOMHANVI MuHepanoB [13, 15], cocTaBIAOLINX KOHKpe-
MeHTbl. OJJHaKO OKa3ajoch, YTO TOJBKO 25 KOMOVWHAIMil (TMIIOB) KaMHE VMMEIOT YacTOTY
Boimre 0,1% u nmuub 13 Boire 1% [15]. B uenoBeueckoit momysiuym Hauboriee pacpoCTpaHeHbI
KaMHJ Ha OCHOBe TMJ[PaTOB OKcajlaTa Ka/IbIyis, YaCTO MMEOIIVe IIPUMech allaTUTOB. VIX o
OYeHb Be/IMKa — OHY OIpefensoTcsa Oojee 4eM y 75% mnanuentoB ¢ MKB. B ocHoBHOM 3TO
KaMHJ /1100 13 YMCTOr0 MOHOrMzpara okcanarta kanpuys (KOM), mnbo moHoruapara ¢ npu-
MeCBI0 OIIpeJie/IeHHOTO KoMm4ecTBa AuruapaTa okcanata Kanbuys (KOJI) n/umm ruppoxcnna-
HaTuTa.

2.1. Kamuu u3 zudpamoé oxcanama xanouus (Kanoyuii-okcanammole KaMHu)

KaMHM 13 ruapaToB OKcamaTa Kaablys sB/ISIOTCS Haubosiee paclipOCTPaHEHHBIM TUIIOM
MOYeBBIX KOHKpeMeHTOB. Kak BujHO puc. 1 g, 6, KOHKpeMeHThI JaHHOJ PasHOBMIHOCTU Xa-
PaKTepu3yITCAd Ha OIIYNb IVIOTHOW CTPYKTYpOJ, MMEIOT OKPYIIYI0 WIM HeNpaBUIbHYIO
¢dbopMy, 4acTo ¢ MOBEPXHOCTHIO B BUJIE LINIIOB, IIPY 3TOM Y MHOTMX ITall/I€HTOB OHV OKpAIlleHbI
BCJIEICTBME /ICOPOLIMM COTEPIKAIMXCs B MOYe IIPOAYKTOB Pas3/ioXKeHNs reMa KPOBIL.

Cpenyt ruapaToB OKcajaTa KalbLMs IPUHATO BBIAEIATH ABe GOPMBI MUHEPANOB (CM.
Ta611. 1): BeBe/umuT (Kanbuus okcanat monoruzapar, KOM, CaC,04+H,0) u BegaemmuT (kanbuys
okcanat guruapat, KO, CaC,0,-2H,0). B psje nccnenoBanuit coob1jaoc 0 HaIM4nm B psife
KaMHell Tpurnapara okcanara kanpius (KOT), ogHako aTa TOYKa 3peHMsI 10 CUX ITOP He SABJIA-
eTcs obwenpusHanHoit [15]. Tem He MeHee, py peHTreHO(])a30BOM aHa/IM3€e OJHOTO KaMHSA Y
nmanyenTa 13 VIBaHOBCKON 06/1acTy Mbl OTYET/IMBO HAO/II0a/IM JOCTATOYHO OOIbIIOE KOIMYe-
crBo KOT B cMelllaHHOM Ka/lbIIUI-OKCATATHOM KaMHe.

ITo pactipocTpaHeHHOCTY [IBYX (POPM KayIbLIMii-OKCATaTHBIX KaMHell 3aMeTHO IIpeobia-
naer TepmopmHamudeckyu ctabwipHblit KOM. Yacto B cmemannbix KOM+KO]] kamusx
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HabmofaeTcss cutyanuus, korga HecrabunbHbi KOJl co BpeMeHeM TepsieT OJHY MOJIEKYITy
BOJIBI, TIOCTEIIEHHO Iepexofs B 6onmee crabuapubi KOM. Takas TpaHchopmanus MOXeT B
OIIpe/ie/IeHHOII CTeTIeH) OCIOXKHUTD UATHOCTUKY MeTab0/IMYeCKIX HapyIleHII, OCHOBAaHHYIO
Ha MIHEPaIOrM4ecKoM COCTaBe KaMH:, ITIOCKOJIbKY 3a popMupoBaHue kaMmHeit Ha ocHoBe KOM
u KOJJ oTBeTCTBEHHBI B IpUHIIE pa3Hble MeTabomyeckye Hapyuenus [10-12].

2.2. Kamtu Ha ochoge hochamos kanvuus u mazHus

Cpenu ¢pocdaTHbIX KaMHel IPUHATO BBIIE/IATh KAMHY, aCCOLMMPOBAHHBIE Y He aCCOLY-
MpOBaHHBIe C MOYeBOl MHGeKuei [7, 8, 15, 17]. Hanbonpuyo omacHOCTb I OPTaHOB MO-
4eBBIJIe/INTENBHOTO TPAKTa IPeJCTaB/IAT NHPUIMPOBAaHHbIe KAMHY 13 cTpyBuTa (puc. 1, 2),
9aCcTO B CMeCH C KapOOHATHBIM aIlaTUTOM, 00pasyoIecs BCIeCTBIE IeATe/IbHOCTI 60/Ie3He-
TBOPHBIX MUKPOOPTIaHM3MOB, KOTOpPbIe IPOAYLMPYIOT ypeasy U PacliellIAI0T HaXOAAIYIOCs B
MOYe MOYEBUHY.

CrpyBuTHDBIe KaMHV (OPMUPYIOTCS MCKTIOUUTEIBHO NPY IIETOYHOI PeaKLny Cpefibl,
xorga pH Moun He omyckaetcs Hioke 6 [8, 17]. BenencrBue nH$ekuy Moya oKa3bIBaeTcs Ie-
PecCBILIeHHOJT MarHueM, aMMOHMeM, GpocdaToM 1 4acTo KaapiyeM. 110 IpuyunHe CyijecTBeH-
Horo casura pH B mmeno4Hyio 0671acTh, IPOMCXOAUT OCAXK/ICHNE NEII03UTOB B BIJIe KPUCTA/IOB
$bochopHOKNMCIION COMM MarHus ¥ aMMOHMsSI — CTPYBUTA, YaCTO COBMECTHO C KapOOHATHBIM
amatutoM [17, 18]. CTpyBuTBI 06pa3yoTcs TOMBKO B MHPUIMPOBAHHON Mode (Hanbosiee moJ-
HBIJI CIIVICOK I'PaMIIOJIOXKVTE/IbHBIX, ITPaMOTPULIATE/IbHBIX OaKTePUil 1 IPOXKKeil IPUBENieH B
pabore [17]), o4eHb OBICTPO YBEMIMYMBAIOTCA B pa3Mepax, 4acTo 0Opasys KOpalIOBUIHbIE
KaMHU (cM. puc. 1, ¢). VIHOTa Ipy ANTENbHOM HaXOXK/I€HUY B MOYEBBIIe/IUTEIBHO CHCTEMe
CTPYBMT YaCTMYHO VIV ITOJTHOCTBIO TpaHChopMmupyeTcs B Hplobepput [15]. OTMedeHO MHOXe-
CTBO K/IMHMYECKMX C/TyYaeB, KOTIa aKTMBHO IPOAYLPYIOIe ypeasy 6akTepuu IPUBOSVIINA K
00pa3oBaHNI0 KOPA/UIOBUIHBIX KaMHell, 3aHMMAIOIIMX BCIO II0YEYHYIO JIOXaHKY, B TeYeHNe Ofi-
HOTO — JIByX MecsleB [17]. JledeHue CTPYyBUTHOTOYpOIUTHA3a, Hapsy ¢ aHTUOMOTUKOTEpa-
nyeit u anuauuKanye Moy, pefycMaTpyuBaeT o0s3aTe/IbHOE yaleHue BceX GpparMeHToB
KaMHS 13 MOYEBBIJIe/INTE/IbHOTO TpakTa [7, 8, 17]. Hamnbonee pacmpocTpaHeHbl CTPYBUTHBIE
KaMHM B BenmkoOputanum u, Kak Hu cTpaHHo, B benmapycn [3].

Yro KacaeTcsi KApOOHATHOTO AIIATHUTA, TO €r0 Ha/lM4ulie B KOHKPEMEHTaX He BCer/ia CBs-
3aHO C MOYeBOJ MHQEKIMeN I MOXKeT OBITh C/IEACTBIEM AMCTA/IBHOTO TOYEYHOTO KaHa/IbIye-
Boro anupo3a (IIKA) [8, 18]. Tem He MeHee, TpOBe/ieHHbIE He TaK JABHO MCCIELOBAH ITOKa-
3amu [18], 4To cyljecTByeT MMHeHast B3aMMOCBSI3b MKy CTEIIeHbI0 KapOOHM3aIMy allaTuTa
Y KOJIMYEeCTBOM OaKTepMalbHBIX VIMIIPVHTOB Ha eVHMIlE IIOBEPXHOCTM KOHKpeMeHTOB. Bo
MHOTMX CIy4asx aBTopaM [18] ymamoch uaeHTHGULIMPOBATh M CaMyl MUKPOOPTaHU3MBI, CIIO-
coOcTByMOLIVIE 0Opa3oBaHMIO KaMHell. B yacTHOCTH, 0Kasanock, 4To E. coli, X0Ts 1 He paciier-
JIsIeT MOYEBJHY 1 He 3allje/ladBaeT MOYY, O/JHAKO IPYUCYTCTBYE OAKTepUil CYIleCTBEHHO CHM-
XKaeT YpOBEHb LUTPAT-MOHOB B MOYe I CIIOCOOCTBYET IOSIB/ICHUIO KPUCTA/UIOB TUAPOKCII- U
kap6oHaramatuta [18]. Cnenan BbIBOJ, 4TO OakTepuanbHas MHQEKLNs, 9aCTO IpOTeKaBIIas
JIATEHTHO B IIPOILIOM, HE3aBYCUMO OT CIIOCOOHOCTM GaKTepuil MPOAYLUPOBATh ypeasy, CIo-
cobcTByeT 06pasoBaHMIo GochaTHHIX KaMHell Ha OCHOBE allaTUTOB C Pa3INYHON CTEIEeHbIO
KapOoHM3anyu. ITUM BO MHOTOM 1 OOBsCHAETCA TOT (aKT, YTO alaTUTHBIe KaMHM 3HAYM-
Te/IbHO Yallle BCTPEYAIOTCS Y )KEHIIVIH, 4eM Y MY>KUMH, Y KOTOPBIX MOYeBasi MH(EKIVs IPOCTO-
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HanpocTo BcTpevaercs pexxe [18]. Takum o6pa3oMm, IpUCYTCTBME KapOOHATHOTO alaTUTa B
KaMHe BO MHOTYUX CTy4asiX CBUIETENbCTBYET 00 MMEBIIIEN MECTO PaHee M CYLeCTBYIOLIei Ha
[laHHBIIT MOMEHT MOY€eBOI MHEKINH, YTO [ie/laeT HeOOXOVMbIM MCCTIEOBATH [TOCEB MOYM Ha
Ha/IM41e MaTOTeHHON MUKPOQIOPHL.

Puc. 1. Mop¢onorus Hanbosee pacpocTpaHeHHbIX MOUeBbIX KamHelt: a — KOM; 6 - KOJI; 6 - 6pymnT; ¢ — Kopa-
JIOBU/HBII KAMEHb Ha OCHOBE CTpyBuUTA 1 KapboHaTHOTOo amaruta (KA); 0 — kamens ModeBoit kucaorsl (MK) [15]

I'mppokcunanaTuTHble, 1 0COOEHHO OpYIINTOBBIE, KaMHM (CM. puc. 1, 8) obpasyoTcs B
6ornee kucnoit Mmoue (6pymuT BooOIie B y3koM nHTepBane pH=6.4-6.8 [8]) 1 06bI4HO He CBs-
3aHBI C MOYEBOJI MHPEKIelT, XOTs KaK ObIIO OTMEYEHO BbILIIe, KMIIeYHas ITa/l0YKa CII0COOHA

13



OT XUMHUHW K TEXHOJIOTUH TILARRTRTIEANI TOM 2, BbIMYCK 1, 2021

BBI3BIBATb HYK/ICALVIO ¥ arperalyio KPUCTA/UIOB IMApoKcyuIanaTuTa. Hanbonee BeposTHBIMU
npryyHaMy o6pasoBaHys KaMHelt u3 OpyumTa (cMm. Tabn. 1) apsatorcs [IKA u runepmaparu-
peos [7]. ObpasoBaHe aIaTUTOBBIX ¥ CMEIIAaHHBIX POCPaTHO-OKCATTATHBIX KaMHEI B ITOCTIefI-
HIe TOfIbI CTAJI0 MOJHO OOBSICHATH JIesATeIbHOCTbIO HaHOOakTepuit (cM. [8, 19, 20]), XoTs 31O
00BbsICHeHMe coBceM He OeccriopHo. bpylmnToBble KaMHY 0OHApPY>XMBAIOTCA BCero y 1-2% ma-
I[VI€HTOB, OJHAKO UX YaCTOTa IPOJo/DKaeT HapacTarthb (8, 15] u, r/maBHOE, 3T KOHKPEMEHTHI
OOHapY)XMBAIOT KpajlHe BBICOKYIO PELIMAVBHOCTb. B 3TON CBsA3M, Ha/mume gake HeOOIbIINX
KO/INYeCTB OPyIINTa B COCTaBe KaMHA JJOJDKHO CITY>KUTb IIOCBUIOM K ITPOBEIeHNIO PaCIIVpeH-
HBIX JIMATHOCTMYECKNX U MeTapUIAKTYeCKMX MepONPUATUI, HAIIPAaBJIeHHBIX Ha IpefyIpe-
xpenne pernuarsa MKB [7]. Ocranphbie pocdatHbie MuHEpaIbl, IpUBeeHHbIE B Ta0M. 1, ca-
MOCTOSITe/IbHBIX MOYEBBIX KaMHell IIPaKTIYeCK) He 00pasyIoT U BCTPeYaroTcst b0 Kak Ipo-
IYKTBI TpaHCopManyy, ONMMCAaHHBIX BBIIIE XMMIYECKUX COeAVHEHMIT, MO0 KaK HeboblIe
IPUMeECH K allaTUTaM MM TUApaTaM OKcasaTa KalabIvis.

2.3. Kamnu mouesoii Kucnomol u ee npou3e00HvIx

KoHKpeMeHTBI, KOTOpbIe COCTOAT 113 MOYEBOJ KIC/IOTBI, €€ TMAPATOB WM COIel IIPYHATO
Ha3bIBaTb ypaTamu. KamanHa ocHoBe MK (cM. puc. 1, 0), HabmogatoTcs y 10-15% manyeHToB
M OTHOCATCA K JENO03MTaM OPTaHMYECKOil IPUPOJBI, TOCKOIbKY BHE OpraHu3Ma IOJ0OHOrOo
poza oTo>keHui He Habmoaercs [8, 13, 15]. OCHOBHBIM MUHepaoM YPaTHBIX KaMHell sIBJIs-
eTCsl Mo4eBas KVICTIOTa; ee MOHOTMAPAT BCTpedaeTcst KpaitHe penko [21]. Kamum us gurnppara
MK wmm gamie ¢ mpyuMechlo guruapata k 6essogaoit MK o6pasyioTcsa B 04eHb KUCTION MOYe
[22]. KaMHU U3 coseit MO4eBOJT KIC/IOTBL, 3a MCK/II0OYeHMeM MHUIVPOBAaHHOTO ypaTa aMMo-
Hus [8, 15], mo4TM He BCTpeYarOTCs; MHOTAA COMMY MOYEBOI KMC/IOTHI NPUCYTCTBYIOT B BUIE
nepudepuitHbIx mpumecet B KaMHAX 13 MK. ITocKo/IbKy KpUCTa//Ibl MOYEBOJ KIC/IOTBI YacTO
BBICTYIIAIOT MaTpuUlleil Ipy 06pa3oBaHMy KaMHel 13 TUAPATOB OKcajaTa KalbLusA, IPOMOTH-
pys ocaxxperrie KOM, ModeBas K1C/IoTa WM €€ COMM 9acTo OOHAPY)XMBAETCA B sIpe KaIbIIVii-
OKCa/IaTHBIX KOHKPEeMEHTOB [23].

B 6onpumMHCTBe CIy4yaeB ypaTHble KaMHU IIPEICTaBJIAIOT COOON >KEITOBATOTO VN
JKEJITO-KPAcHOTO I[BeTa OKpYIJIble, MMEIOIyie C/IeTKa LIePOXOBATYI0 ITOBEPXHOCTb, KOHKpe-
MEHTBI, [JOCTATOYHO IUIOTHOJ KOHCYUCTEeHIUN. VIHOTIa OHM 06pasyioT KOpa//IOBUIHbIE CTPYK-
Typbl. O6uMy npuarHaMu GopMupoBaHMs HeMHDUIMPOBAHHBIX YPATHBIX KAMHeI sIB/IACTCS
IOBBIIIEHHAs] SKCKpeIVsi MOYeBOJ KMC/IOTHI (HapylleHMsI IYPUHOBOTO OOMeHa), BBICOKAs
OCMOJIAPHOCTb MOYM U, IJIABHOE, €€ Pe3KO CMEIeHHBbIIT B KICTYI0 00/1acTh cyTouHbI pH-11po-
¢bunb (Movekmcblit fuates) [24].

2.4. lucmunosvie kamHu

[lucTnHOBBIE KaMHH, MMelolIVe OeKOBYI0 IPUpPOAY, BecbMa pegku. OHM 0OHapyXuBa-
I0TCS IPUO/IM3NTENBHO Y 1% MalMeHTOB 11 0OBIYHO BBHIABIAIOTCA Y>Ke B IETCKOM Bo3pacTe [3,
27]. OtuonormdeckuM GpakTopoM 06pasoBaHNA IMCTMHOBBIX KAMHE ABJISIETCS TeHETYECKOe
HapyIIeHNe — Hac/le[CTBEHHOe HapyILIeHNe KaHajblleBOil peabcopOuyy JeThIpeX OCHOBHBIX
aMMHOKMCIIOT: UMCTVHA, OPHUTUHA, TM3MHA U apruHuHa [8, 25]. OpHUTHH, TN3MH U apTUHUH
0671a1al0T XOpOLIell pacCTBOPUMOCTBIO, @ IVMCTVH PACTBOPUM IUIOXO, YTO NPV HAIMIMA COOT-
BETCTBYIOLIEl TUIEPKATbLMYpUM U UUCTUHYpuM 6onee 200 MI B CyTKM CIYy>KUT OCHOBHON

14



OT XUMHUHW K TEXHOJIOTUH TILARRTRTIEANI TOM 2, BbIMYCK 1, 2021

IPUYMHOI 00pa3oBaHNs LMCTVHOBBIX KaMHeil [8]. 3aboneBaHMe HaclIe[yeTcst 110 ayTOCOMHO-
pelieccMBHOMY TUITY 1 60jlee XapaKTepHO Hys MyxuuH (70% 6onbHbIX) [8]. Boicokas mmot-
HOCTb MO4YM, O0JIBIIOE YIIOTpe6/IeH e >KMBOTHOTO Oe/IKa M COIEHOI MMM ITOBBILIIAI0T MOYe-
BYIO 9KCKPEILMIO IMCTUHA.

2.5. Kcanmunosvie u 0uzudpoxcuadeHuHo8vle KAMHU

OCHOBHOIT COCTaB/IAOIIEN 9TUX KpaliHe PeKOo Hab/II0JaeMbIX KOHKPEMEHTOB SIBJISIOTCS
KCaHTUH ¥ JUTHAPOKCUA/IEHNH — IIPOAYKTHI IYPMHOBOTO 0OMeHa B opranmsme. lBet kamMmHen
OT CBET/IO-KOPMYHEBOT'O JI0 TEMHO-KOPUYHEBOTO. VI Te, U pyrue KOHKpPEMEHTHI 00pasyIoTcs
BCJIEICTBMIE HApYIIEHMII OOMeHa ITyPUHOB, HaC/IeAyeMbIX II0 ayTOCOMHO-PELieCCUBHOMY TUITY
(reHeTMYecKoe HapyleHMe). B 0601x cydasx BO3MOXKHBI ceMeliHble IMarHossl [8].

2.6. Kamnu, o6pasosasuwuecs 6cnedcmeue npuema npenaparmos

[TocnegHMM TUIIOM KaMHejl, KOTOPBII Mbl pacCCMOTPMM B JJAHHOM 0030pe, SIBIIAIOTCS
KaMHM, copMupoBaBIIecs IO AeVICTBYEM IPUHIMAEMbIX JIEKAPCTBEHHBIX IIpenaparos [8,
26]. OHu TaxoKe JOCTATOYHO PEIKY VM BCTPEYAIOTCA MeHee 4eM Y 2% manueHTos [26]. [IBa me-
XaHM3Ma NPUBOAAT K 00pa3s0BaHNIO IMTOJOOHBIX KOHKPEMEHTOB. B 1epBoM cirydae KaMHM CO-
CTOAT /160 13 CaMOro IPYHMMAEMOT0 IIpelapara, HalpyMep, MHAVHABUPA WIN TPUaMTepeHa,
mbo ux MetabomnToB. Bo BTOpOM cydae HaOMIOAAOTCS ETIO3UTDI, He COflepyKalljye Ipera-
para W ero MeTaboINTOB, HO COPMMPOBABIINECS B pe3y/IbTaTe CABJUIA TOMeOCTasa IO fieli-
CTBUEM IPUHVMMaeMBbIX leKapcTB. Hanpumep, cumraercs, 4YTO AIMTENIbHBIN IIpyeM O60/IbIInX
103 aCKOPOMHOBOJ KUCIOTHI — 607Iee 4 T B JleHb MM KalbLinil/BuTaMuH D-comepsxaiyx 6yo-
106aBOK MPUBOAKUT K 00pa30BaHNIO KaMHEN U3 TUPAaTOB OKcamaTa Kaapius [26]. Haubomnee
HOAPOOHDII CIVCOK MEVIIVHCKYUX IIpelapaToB, OOHAPY)XEHHBIX B MOYEBbIX KaMHAX, IIpVBe-
TieH B pabote [26].

AHanmm3 cocraBa 1 CTPYKTYPbI MOYE€BbIX KaMHeN

[l Ka4eCTBEHHOTO M ITOTYKOIMYEeCTBEHHOTO aHAIM3a XMMIYECKOTO COCTaBa MOYEBBIX
KaMHell U3[JaBHa MCIIO/Ib3YI0TCSA K/IaCCMYecKyie MeTOAbI aHA/IMTIYeCKOl XuMMIL. B yacTHOCTH,
OIVH M3 ONVICAaHHBIX B JIMTEPAaType METOMOB IPeIycMaTpUBaeT IIPOBeeHIe MIHepaI3aliuu
JacTy MPOAYKTa METOIOM 'CYXOTo" 030JIEHNA C L[e/IbI0 OT/Ie/IEHNs OPTaHNIECKOI COCTABIIAI0-
1[ell, MOC/IeAYIOIIeTo BU3YaTbHOTO aHa/IM3a OCTaTKa KaMHS M OIpeJie/IeHNs alTOpUTMa Jieil-
CTBUII IO OIIpeie/IEHNI0 OPraHNYeCKMX VMY HEOPTaHMIeCKUX CyOCTaHINT KOHKpeMeHTa [8].
Bo3Mo)xHBIE METOBI KaueCTBEHHOTO OIIpefie/IeHNs BEIIeCTB, HaXOMAIMXCA B MOYEBBIX KaM-
HSIX HOAPOOHO M3/I05KeHbI B paboTe [8], ¥ MbI Ha HUX OCTAHAB/IMBATHCA He OyfieM. DTU METOHBbI,
XOTS 10 CUX IIOP VICTIONIb3YIOTCA B OT€4eCTBEHHO K/IMHIYECKOI TPAKTHKe 1 JAIOT OIIpefieieH-
HYI0 MHPOPMAIVIO O COCTaBe KOHKPEMEHTOB, He TI03BOJIAOT MOTYyINTh HeOOXOAMMBIE CBefie-
HUA O KOMMYECTBEHHOM MUHEpATOrM4eckoM aHammse KamHA [13, 15]. B wacTHOCTH, OHM He
II03BOJIAIOT Pas/IM4NTh MOHO- VI OIUIMAPAT OKCa/laTa KajIbIlVsl, MOYEBYIO KIC/IOTY OT e COIei
VIV TUAPATOB, MHPUUINMPOBAaHHbIE (CTPYBUT, KApOOHATHBIN ANIATUT) OT He MHPUIMPOBAHHBIX
(6pymnTt, rumpokcunanatut) gocdaros u T.4. [lake UCIoNb30BaHe COBPEMEHHBIX aHa/IM3a-
TOPOB ¥ aTOMHO-a0COPOLMOHHBIX CIIEKTPOMETPOB, CIIOCOOHBIX KOIMYECTBEHHO U C BHICOKOI
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TOYHOCTBIO OIIPeie/IATh COflepXKaHMe XMMIYECK)X 9JIEMEHTOB B Pa3/IMYHbIX 00pasliax, He pe-
IIaeT 3a[aYy 110 KOIMYECTBEHHOMY aHA/IN3y XMMMYECKOTO ¥ MUHEPAIOTMYECKOMY COCTaBa
KOHKPEMEHTOB.

JeiicTBUTENbHO, YUNCIIO XMMIYECKUX 37IEMEHTOB, 113 KOTOPbIX IIOCTPOEHbI MaTepUa/IbHbIe
TeJIa, OTPAaHMYEHO KOIMYECTBOM, IMILIb HEHAMHOTO ITPEBBIIIAOLINM COTHIO. B cirydae MoueBbIX
KaMHeJl MX 9JIC/I0 BOOO1IIe He ITpeBbIiaet fecAty. OfHaKO CJI0XKHbIE BelljeCTBa, 00pasyolyecst
B pe3y/IbTaTe COeAVHEHM 3/1eMEHTOB MEXIy o001, MCUMCIIAIOTCA, KaK BUIHO 13 TaOMUIbI 1,
HEeCKOJIbKMMH JIeCATKAMH, a €C/IU YIUTBIBATh COe[IMHEHN A OPTaHMYeCKOT0 MaTPUKCA, MIOHDI Me-
TAJUIOB ¥ JpyTyie MUHOPHbIe KOMIIOHEHTBI - COTHAMU. DTN CJIOXHbIE BellleCTBa 00/1afaioT ca-
MBIMJ Pa3HOOOPA3HBIMU CBOJICTBAMM, IIPUYeM pasjnylie STUX CBOVICTB OOYCIOBIMBAETCS He
TOJIbKO PasNMyYMAMY XMMUYECKOTO COCTaBa BEIECTB, HO M Pa3IN4YUAMA BO B3aVIMHOJ YIIaKOB-
KelX aTOMOB U ()parMeHTOB B KOHJIeHCHpPOBaHHOI ¢ase. Takum obpasom, #jis Xapakrepu-
CTMKJM MOYEBBIX KaMHeJl, 9aCTO IPe[ICTaB/IAIOIINX CO00 CMeCh PasHBIX MMHEPATOIMYEeCKIX
a3 ¢ pasTMIHBIMU BUJAMI MOJIEKY/LAPHON YIIAaKOBKM, HEOOXOVIMbBI METO/bI, CIIOCOOHBIE VIC-
C/IelOBAaTh He TOIbKO aTOMHBIN COCTaB, HO U HAIMOJIEKY/IAPHYIO CTPYKTYpY.

Puc. 2. Pa3uble Tunsl kamHelt Ha ocHoBe KOM [11, 27]: a - MefleHHas1 KpUCTA/UIM3ALVsI BCIE[CTBYE BBICOKOI
OCMOJIAPHOCTY MOYM; 6 — ObICTpast MHTPATyOyIsIpHas KPUCTA/UIM3ALMA BCIEACTBIE TUIlepoKcanypuu 1 tuma;
a, 6 — BHEIIHWIT BUT, 8, 2 — faHHble COM
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MeTtozp! cKaHMPYIOIell 37IeKTPOHHO MUKpocKommy (COM) 1 peHTreHOCIIeKTPaTbHOTO
MukpoaHam3sa (PCA) no3BonAmoT uccienoBaTb MOPQOIOINI0, TEKCTYPy U COCTaB IIOBEPXHO-
CTM MOYEBBIX KaMHell. Pe3y/IbTaTel 3TMX MCCIeOBAHNUII 9acTO OBIBAIOT BeCbMa II0/Ie3HBI I
IOHVMaHNA IPYYNH, BBI3BABIINX 00pa3oBaHMe KaMHs, a TAK)XKe [JIA HallpaBIeHHOTO ofi6opa
JIUTONMNYIECKNX PACTBOPOB C L[€/IbI0 PaCTBOPEHNA KOHKPEMEHTOB (CM., B YacTHOCTH, [11, 27-
31]). JeitcTBUTENBHO, OTHOCUTE/IPHO HEJaBHO ObIJIO 0OHAPY>KEHO, UTO TsKeI0oe TeHeTUIecKoe
3aboneBaHye runepokcanypus I Tmma compoBokmaeTcss oOpa3oBaHMeM KaMHeEll Ha OCHOBE
KOM coBepiiieHHO ompefie/leHHO MUKPOCTPYKTYpSHI [11, 27]. boicTpast KpucTammsanuns npn-
BOJMT K 00pa3oBaHMIO CTabOyIOPATOYEHHBIX KPUCTA/UIUTOB, YTO YeTKO BUIHO IIPY aHA/IN3e
KaMH: MetogoM COM (puc. 2, 2). DTo M03BOJIAET UCIONb30BaTh faHHBle COM 11 6BICTPOTO
BBISIBJICHNS 9TOTO 3a00JIeBaHs, He Ipuberas K KpaiHe MHBA3UBHO OMOIICUY ITeYEeHN.
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Puc. 3. COM kaMHs 13 TMIPATOB OKcajaTa KanbLus ¢ npumechio ['A (cooTHoueHne okcanar/docdar ~ 3):
a — VICXOJIHBIN o6pasel; 6 — II0oc/Ie 4-4acOBOTO TpaBjIeHN % BOIHBIM pacTBOPOM AuHaTpueBoil comu SATA
[28]. CumBonbt C n P obosnagaror obmacty ¢ 6ompmum copepxanmem KOM u T'A, coOTBeTCTBEHHO;
8, 2 —MICCIIeTOBAHME COCTaBa MOBEPXHOCTM KaMHeil meTogoM PCA [30]: 6 - ckaHMpoBaHMe HOBEPXHOCTH 00-
pasija KambLuii-oKcamaTHOro KamMHsA. CTpeKoll TOKasaHa rpaHuiia MeXXAy HeobpaboTaHHOI 1 06paboTaH-
Holt Na,H,Edta o6mactsimu, rie pesko mamaer xoHuentpauus Ca; 2 — CKaHMpPOBaHME paspes3a ypaTHOTO
KaMHsl, MIMEIOLero BHYTPY C/IOM M3 TUAPATOB OKCanaTa KaabLys (II0Ka3aH CTpeKaMim)

CoBMecTHOe Mcnonb3oBanye COM n PCA njia nsydeHMss MeXaHU3MOB JIMTO/IN3A OKCa-
naTHO-pocdaTHbIX 1 (ochaTHO-OKCANATHBIX KaMHeI invitro MO3BOMNIO BBIIBUTH MHTEPEC-
Hble 3aKOHOMEPHOCTM B VX CTPYKType 1 ee TpaHCHOopMaLuy IOf, AeVICTBUEM JIUTOMNYECKUX
pearentoB [28-30]. Kax BmpgHO m3 puc. 3, d, IOBEPXHOCTb OKcanmaTHO-(docdaTHOrO
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KOHKpeMeHTa KpajiHe HeofHOpopiHa. [lanHble PCA 103BOJIAIOT BBIAE/IUTD Ha Hell 00/1acTH, CJ10-
YKEHHBIe N0 IpeyMYIIeCTBEHHO I'MpaTaMy oKcanara Kaapiys (cumson C), mnbo IuipoKcn-
manmatuToM (cuMBOn P). DTa HEOTHOPOZHOCTH CYIIECTBEHHO BIMAET HAa B3aMMOJEVICTBUE
JIUTONMUTUYECKMX PacTBOPOB Ha ocHoBe Na,H,Edta ¢ moBepxHocThIO KamHei1 [28]. Ha puc. 3, 6
II0Ka3aHO, YTO PacTBOpeHMe KOHKPEMEHTa IIPOTeKaeT MPeNMYIIeCTBEHHO 110 00/1acTAM, CJIo-
xeHHbIM ['A. ITpy 3TOM B KaMHe 00pasylOTCs BU3YaIbHO 3aMeTHbIE TPELIVIHbBI ¥ KaBEepHBI,
yMeHbIIAOMINe TBePAOCTh KOHKPEMEHTa 1 00/IeTJalolyie er0 pa3pyIleHyie BOTHAMY BBICOKOI
sHepruu. KoHIleHTpanysa NOHOB KaiblMs Ha moBepxHoCcTH o naHHbIM PCA B o6mactu C mo-
HIDKaeTcsa ¢ 9 1o 4% ar., a B obmactu P ¢ 18 1o 7% ar. [28]. OpHako ompenennTb, CKOJIBKO U
KaKoro MuHepaia 6bUI0 [0 U 1ocie TpasieHus, faHuble PCA u COM He nossossT. bonee
TOTO, JaHHasA MH(OPMAIVA 0OBIYHO OTHOCUTCS JIMIIb K MOBEPXHOCTY KOHKPEMEHTA, COCTaB
KOTOPOJI MOXeT CYIL[eCTBEHHO OT/IMYATbCA OT COCTaBa KaMHs B LieloM. B yacTHOCTH, 1 25%
MOYEBBIX KaMHell AP0 KaMH:A MIMeeT COCTaB OT/IMYHBIN OT nepudepun [15].

Mertons! nuddepeHNaNTbHOTO TEPMUIECKOTO aHANMN3A, AUPPAKINY 3/IEKTPOHOB, MUK-
PO3OHAVPOBaHME C IOMOILBIO JIA3€PHBIX 1 3/IEKTPOHHBIX ITyYKOB, METO/bI IIOJLIPU3AL[IOHHOI
MuKpockommy, VIK-®ypbe criekTpockonmm 1 peHTreH0(a30BOro aHa/IN3a I POKOTO MCIIONb-
30B/IVICh M MCIIONB3YIOTCS [ MCCTIeNOBAaHNA MOUYeBBIX KaMHeil [15]. OgHako muib mocies-
Hlle TPY, a TAK)Ke METOJ HeMTPOHHO A paKumy JoKasany cBow 3¢ PeKTMBHOCTD IIPY KO-
YeCTBEHHOM MMHEPa/IOrNYeCcKOM aHajI3e CoCTaBa KOHKpeMeHToB [11, 15, 31-33].

MerTop, ONAPU3aLMOHHON MUKPOCKOINM 0as3upyeTcs Ha B3aVIMOJEVICTBUN IIOIAPU30-
BaHHOTO CBETa C KPYMCTA/UIAMI, BXOJAIIVMI B COCTaB KaMHA [15], 1 T03BOJIA€T NOTy4aTh MH-
¢dbopmarnyio o MOpQoIOruy 1 MIHEPAIOTMIeCKOM COCTaBe KOHKpeMeHTa (cM. puc. 4, a, 6). Ipe-
VIMYIL[eCTBA IAaHHOTO METOJa COCTOAT: B (4) OTHOCUTETBHON OBICTPOTE aHa/MN33a; (6) MajIoil CTO-
MIMOCTY VICCTIENOBaHMIL; (8) BO3MOXKHOCTY aHAIVM3MPOBATh COMlep)KaHue MUHOPHBIX KOMIIO-
HEeHTOB B oOpasiax [15]. B cBoo oyepenp, HeJOCTATKM METO/A 3aK/TI0YAIOTCS B HEOOXOAVMOCTY
Ha/IM4ys OOJIBIIIOTO OIIBITA B IIPOBEICHNM OKOOHBIX MICCTIeIOBAHNUI, TPYAHOCTY KOTMYECTBEH-
HOTO OIIpefie/IeHNsI COCTaBa MHOTOKOMIIOHEHTHBIX KaMHell, 0COOeHHO, B ClIy4ae cMecell Moye-
BOI KICJIOTBI U €€ TULPATOB.

Meron VIK-®ypbe cnekrpockommy 6asupyercsi Ha aHaau3e B3auMOJeiicTBUA MHPpa-
KPacHOTO CBeTa M MOJIEKYJ/I, BXOASAIMX B cocTaB KaMHell [15]. CBeT BO30y>XaeT pasmimyHOro
BUfa Ko/leOaHMs B MOJIEKY/IaX U MX (PparMeHTax, YTO BBI3bIBAET YMEHbIIEHe€ IHTEHCUBHOCTY
U3JTy4eHs, Ipolefiero Yepes oopaser;. Habmomaemoe moromenye NpoucxXoanuT He BO BCEM
CIIeKTpe MafAoIIero U3/Ty4eHns, a JUIIb IPK TeX AJIMHAX BOJH, S9HEPTUA KOTOPBIX COOTBET-
CTBYeT 9HepruAM BO30yX/jeHMsI KomeOaHNII B M3y4aeMbIX MoJeKynax. CrreoBaTe/IbHO, I/IHBI
BOJIH, IIpM KOTOPBIX HAO/IOfaeTcsa MaKcuMaabHOe mornomenne VK-usnyuenns, cBuperenn-
CTBYIOT O HA/IMYMM B MOJIEKy/IaX oOpasiia olpefeneHHbIX (PYHKIMOHAIbHBIX IPYII U IPYTUX
VICKOMBIX ()ParMeHTOB, YTO LIMPOKO VICIIONIb3yeTCsA B PA3/IMYHBIX 00/IaCTAX XMMUU IJIA yCTa-
HOBJIEHUA CTPYKTYPbI COeINHeHNIL. VcIionb30BaHMe MeTOa IIO/THOTO OTPa’KEeHN s B COBPEMEH-
HbIX Mogenax VIK-Dypbe crieKTpoOMeTpOB CYIIECTBEHHO YIPOCTUIO IPOLIECC aHANIN3a MOYe-
BBIX KaMHeil [15], ofHaKo BO MHOTMX CIy4asx B jpabopatopusax ucnonbsywrcsa VIK-@ypobe
CIIEKTPOMETPBI CTAPBIX 00Pa3LI0B.

[TpenmymecrBa Metosa VIK-®ypre ciekTpockomnmu, crefyonye: a) HebonbLIas CTON-
MOCTb aHa/M3a; 6) ObICTPOTA OIpeJie/IeHNsA COCTaBa IPY JCIIO/NIb30BAHNN aBTOMATIYECKOTO
dypbe-npeobpa3oBaHMs CIEKTPa; 8) BOSMOXXHOCTD MCC/IEJOBAHMS MaJIbIX KOJIMYECTB 00pasia
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U, 94YTO Ba’>XKHO, aMOp(beIX (bas. TeMm He MEHEE, METO UMEET U PAL OIIPENE/IEHHDbIX HENJOCTATKOB,

TaKX KakK: 1) TJINTEIBbHOCTD IIOATOTOBKU 06pa311a IIpn MCIIO/Ib30OBaHUU OOBIYHBIX CIIEKTPO-

METPOB; 2) TPYAHOCTDb OIIpEAE/IEHNA COCTaBa KaMHI B C/Iydae€ aHajll3a CMEIIaHHbIX KOHKpeE-

MEHTOB, COEPIKalInNx O/1M3KMe 10 CTPYKTyp€ KOMIIOHE€HTBI, B 9aCTHOCTH, cMmeceinn Pa3IMIHbIX

(bOC(baTOB VI ITpOU3BOOHBIX MK. Sany;E[HeH AHa/IN3 TaKXKE B C/Tydae€ Ha/IM4Ms B KaMHE MaJIbIX

KOJIM4YECTB MMHepaHOFI/I‘{eCKOﬁI (I)a?)bl, KOTOpaA CTPYKTYPHO HE3HAYUTETIDHO OTINYIAETCA OT OC-

HOBHOTO KOMIIOHEHTa KaMHsl, HanmpuMep, Maybix fo6aBok KOJI k xkamHAM Ha ocHoBe KOM
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Puc. 4. ViccnepoBanue cocTaBa KaMHeil pU3MKO-XMMuYecKuMu Metogamu [15, 18, 30, 31]: a, 6 -nonsapusanuoH-

Has MUKpocKomnuA kaMmHell Ha ocHoBe KOM u MK, coorBeTcTBeHHO; 6 — VIK-criekTp kamHeit, cnoxxeHHbx KO/

(BepxHsasa kpusas) u KOM (uyxHss KpuBas); ¢ — oudpaxuus HeMTPOHOB Ha oOpasliaX KaMHell 13 CTPyBUTA

(Bepxusist kpuBasi) u KA (HiokHss KpyBast); 0 — KOnuuecTBeHHbIT POA aHamu3 TPEXKOMIIOHEHTHOTO KaMHsI U3
MK (78% mac.), ee gpuruppara (5% mac.) u KOM (17% mac.)

19



OT XUMWUU K TEXHOJIOTUW ptIEARETNITEYIV TOM 2, BbIMYCK 1, 2021

Meron pentreHorpagudeckoro anamsa (POA) saxmodaeTcss B MCCIe[OBAaHNN B3aVIMO-
IeVICTBMSI PEHTTEHOBCKOTO U3JIYYeHMs C KPUCTAUIMYECKOI pelIeTKol u3ydaeMoro obpasia
[15]. Kaxxpoe KpucTa/mmdeckoe BeleCTBO XapaKTepu3yeTcst CBOell PeIIeTKOI, OTpe/ie/IeHHbIM
XMMMIYECKMM COCTaBOM U OIIPEE/IEHHBIM pacpeie/ieHNeM aTOMOB 110 97IEMEHTApHOM S4eliKe
peuretku. ['eomeTpust mo6071 pelieTKy onpeznenser codoil Habop MeXXIIOCKOCTHBIX PacCTos-
HUII U, CJIe[JOBATe/IbHO, OPAITOBCKYUX YITIOB Ipy AUPAaKLMU PeHTTeHOBCKIX JTydeil, 9/1eKTPo-
HOB VIV HEJITPOHOB Ha 3aJJaHHOI JiIHe BOJHBI (puc. 4 ¢, 0). VIHauBUAYyanbHOCTD U pacipee-
JIeHJie aTOMOB OIIpefie/IAeT MHTEHCUBHOCTD AU parnpoBaHHbIX nydeil. Takum o6pasoM, am-
(bPpakIOHHAA KapTIHA SABIAETCA KakK OB CBOCOOPA3HBIM «IIACIOPTOM» XMMMIYECKOTO COefM-
HEeHMA, 10 KOTOPOMY MOXXHO YCTaHOBMTb, KAKOMY M3 YK€ M3BECTHBIX paHee COeVHEHMII COo-
OTBETCTBYET IIO/Ty4Y€HHasA PEHTTEHOTPaMMa.

[Tpenmymectsa Metoga POA BroHe O4eBUAHBI M COCTOAT B CIEAYIONIEM: d) IpemapaT
JIETKO ITO/ITOTaB/IMBAETCA ¥ He Pa3pylIaeTcs IPY aHa/IN3€e, KOTOPbIil BHIIIOTHAETCA aBTOMATH-
4yecKy; 6) s aHanu3a TpebyeTcss HeOOobIIoe KOMMYeCTBO BEI[eCTBa; 8) OTCYTCTBYeT HEOOXO-
JIVMOCTD BBIPAIVBAHMVA ¥ OPMEHTVPOBKY MOHOKPUCTA/UIOB COeMHEHN; 2) VICIONIb30BaHIe
COOTBETCTBYIOIUX KOMIIBIOTEPHBIX POTpaMM 1 0a3 TaHHBIX MTO3BOJIAET IIPOBOANUTD KOMI4e-
CTBEHHBII aHa/MM3 IMPPAKTOrPaMM JaXke B ClIydae CJIOXKHBIX cMecell. KouecTBeHHbIN peHT-
reHO()a30BBIN aHA/IN3 C MCIOTb30BaHMEM HpPOLeAyphl PUTBeIba ¥ COOTBETCTBYIOLIETO IIPO-
TPaMMHOTO 00ecTIedeH s II03BOJLAET OIIpe/ie/IATh KOMMIeCTBa TeX VIV MHBIX KPMCTA/UINIECKIX
a3 B cmecu (cM. puc. 4, 0); ycTaHaBIMBATb CPefHUE pa3Mepbl KPUCTA/UIUTOB, GYHKLIMK pac-
Ipefie/leHNs MX MO pa3MepaM, [0 aHAIM3Y MPO(WIA IMHNUIL M3Y4aTh TEKCTYPUPOBaHNE, T.e.
XapaKTep IpeMMYIeCTBEHHO opueHTanun Kpucrtammros. Hegocratku merofa POA 3axmo-
YalOTCs1 B BBICOKOJI CTOMMOCTY 0OOPYZOBAaHNsA Y HEBO3MOXKHOCT aHA/IM3MPOBATh aMOpQHbIe
MaTepuaIbl.

Bce Tpu oncaHHbIe BbIllle METOAA MMEIOT CBOM ITpeNMYyILecTBa U Hepoctatku. Hanbornee
4acTo MCIOJIb3yeMble B HayYHBIX MccnefoBanuAax MeTonbl VIK-®Dypbe ciexkTpockonuy u POA
MPaKTUYECKN UEHTUYHBI [0 TOYHOCTH, XOTA IS aHa/IN3a CMECeN Pas3/IM4HbIX KPUCTa/UI4e-
ckux ¢as Metop PO A 6onee npegnoururenet [15]. B upearne o ananmsa cocraBa KOHKpeMeH-
TOB B JTab0OpaTOpMM JO/DKHA OBITH BO3MOXKHOCTD JICIIONb30BaTh BCe TPM METOMA, XOT:, Ode-
BUJIHO, 9YTO 3TO BO3MOYXHO JIMIIb B KPYIIHBIX JMAarHOCTUYECKNX IIEHTpax.

Yro Kacaercs uccnejoBaHNsA OPTaHMYECKOTO MaTPUKCa KaMHs, COCTOSAIIETO U3 ININTIOB,
IIMKO3aMUITIIOKAaHOB U OEJIKOB, TO, KaK y)Ke OTMedyajioch, OH OOBIYHO cOCTaBiAeT 2-5% OT
Macchl cyxoro obpasma. bonee 60% MaTpuKca COCTaB/IAIT pasHble O€IKM MOYM, KOTOPBIX IO
2004 roga HacuUTHIBAIOCH He Ooitee 30 [16, 34]. C mosABIeHNEM HOBBIX METONOB MCC/IENOBAaHMS,
TaKUX KaK BBICOKOO(PEeKTMBHAs KUAKOCTHAsI XpoMaTorpadus ¢ TaHeMHON Macc-CIIeKTpo-
MeTpUelN, BpeMANPONETHAasA MaTPUYHAs MACC-CIEKTPOMETpUA C JIa3€pPHOV MOHM3anyen
(MALDITOF) n noHMaHueM AMarHOCTUYeCKOJ POy IIPOTEVTHOB MOYM, KaK MapKepoB pas-
JIMYHBIX 3a007I€BaHNII, MX YVCIIO BCETO 32 HECKOIBKO JieT Bo3pocio o 70. HecomHeHHO, 4TO
MaTpUKC UTPaeT BaKHYIO POIb B GOPMUPOBAHNI MOYEBBIX KaMHell, TP 3TOM OHI I Te >Ke
IPOTEVHBI B 3aBMICIMOCTY OT M3MEHEHNA CTPYKTYpPbI O€TIKOBOI ITIOOY/IBI MOTYT BBICTYIIATDb U
KaK IIPOMOYTepbI, ¥ KaK MHIMOUTOPbI 00pa3oBaHMs U POCTa KOHKPEMEHTOB [34], a mpukpern-
TIEHM € JIETIO3UTOB K IOYEYHOMY SMNUTENINI0 IPOMCXOSUT INLIb IIOCIIE €T0 MOBPEXIEHM, TO €CTh
flecTabWIM3alMy JWIM paspylieHVs] ABOJMHOTO JIMIMAHOTO cnosi. TakuMm o00pasoM, Mbl
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IPUXOJVIM K TOHMMAHWIO BaYKHO PO/ aKTUBHBIX POPM KIUCTIOPO/a B IPOILIeCcax «IIpejopra-
HU3aI[UV» MaTPUKCA KaK OJJHOTO M3 «CIYCKOBBIX KPIOYKOB» KaMHEOOpa3oOBaHMs U, €CTb YBe-
PEHHOCTD, 9TU VICC/IEJOBAHM SODKHBI B Oy/IylleM BHECT) 3aMeTHBIV BK/IaJ] B IOHMMaHIe Ia-
torenesa MKB.

BriBoabl

3a mocneHNMe TPUALATDH JIET COBEPIIEHCTBOBaHME METOMIOB AVMCTaHIMOHHONM Y[apHO-
BOJIHOBOJ V1 KOHTAKTHOJ 71a3€pHOM IMTOTPUIICUM, COBPEMEHHBIX SIHLOCKONMYECKUX TEXHOIIO-
TUI M SKCITY/IbCMBHOM T€panuyi B 3HAYNTE/IbHOI CTEIIEH) OTPAHMYM/INA OTKPBIThIE XMPypruye-
ckue BMemartenbcrsa npu medernry MKDB. B aroit cBs3u 11 MHOIMX HmanyeHTOB ObICTpoe U
MaJIOVHBAa3MBHOE yJa/lieH/ieé KOHKPEMEHTOB OKa3ajoCh INPEeANOYTUTENNbHEE, YeM JIIUTE/IbHAA
MeTa(MIaKTUKa IOBTOPHOTO KaMHEOOpa3oBaHs, CBS3aHHAs C UI3MEHEeHeM IIPUBBIYHOTO 00-
pasa KU3HY, MUIEeBBIMI OTPAaHNYEHMAMI U IPUEMOM COOTBETCTBYOIX Iperapatos [7]. On-
HaKoO He ycTpaHeHHbIe QakTopsl pucka MKD, oTAromeHHble TeMn WM MHBIMU MeTabommde-
CKMIMM HapYLIEHUAMIY, 9aCTO IPUBOJAT K BeCbMa HeO/IaroNnpyATHBIM IIOCTeACTBIAM, CBA3aH-
HBIM He TOJIbKO C 00pa3oBaHIeM HOBBIX KOHKPEMEHTOB B MOYEBBI/Ie/INTE/IBHOM TPaKTe, HO I,
KaK y>Ke OTMeYaJIoCh BBIIIIe, C IOABJIEHNEM 1[e/I0r0 OyKeTa KOMOPOVTHBIX ITATOTOTMYECKUX CO-
crostHui [5]. Kpome Toro, cuntaercs, 4To mout y 20% ManyeHTOB ¢ pelUANBIPYIOIUM ypPO-
JINTNA30M CO BpeMeHeM Pa3BUBAIOTCS HePOKANTbLMHO3 VI XPOHNYECKas oYeyHasl HeflOCTa-
TOYHOCTD [1]. O4eBUHO, YTO 3aTpaThl Ha JIeYeHNe TAKMX TPO3HBIX OCTIO>KHEHMIT Hecou3Me-
puMo 6osblile, YeM ITpOBefieHe ITYCTh U YTOMUTENbHBIX, HO KpaliHe HeOOXOIVIMbIX JUAaTHOCTM-
yecKux 1 Metaduiaktndeckux Meponpustuit npu nedenun MKB (7, 33, 35, 36]. Ognako npo-
BeJleHMe STUX CAMBIX MEPOIIPUATUI B 3HAYUTEIbHON CTEIIEHN «3aBA3aH0» Ha KOIMYECTBEHHOE
OIlpefie/ieHNe BCeX MMHEePaIorNYecKux ¢as KaMHA, a B psAje CIydaeB M Ha MCCIIeOBaHME ero
MUKPOCTPYKTYpHL. J/Iunib B 3TOM C/Iy4ae MOABIAETCA BO3MOXXHOCTb YCTAaHOBUTb VICTVMHHBIE
IPUYVMHBI KAMHEO0Opa3oBaHNsA, CHU3NUTD peryayBHOCTh MKD, yrydmuTh ka4ecTBO U IpOJOI-
JKUTEIbHOCTD 3J0POBOJ YKM3HM MHOXKECTBA ITALIIEHTOB.
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MHCTUTYT XMMUM M XMMMWYECKOM TEXHONOIMM, ApOCIaBCKMII TOCYlapDCTBEHHBIN TEXHUYECKUI YHUBEPCUTET,
MockoBckuii mmp., 88, AApocnasnb, Poccuiickaa ®enepanns, 150023

e-mail: filimonovsi@ystu.ru

Kniouesvie cnosa: Paspaboman ynpoujeHnoili 08YXCMAOUTiHbIL Memo0 NOLyHeHUs
6pomuposarue, 6pom, 2-apun-3-6pomMuH00n-5,6-0uKapboHUMpPUnIos u3 2-apun-1-2uopox-
N-6pomcyxyunumud, CUUHOOTI-5,6-0UKAPOOHUMPUTOB, OCHOBAHHDLIL HA NPAMOM OpoMu-
I-2udpoxcundon-5,6-0uxkapboHumpu, posanuu 6pomom u nocnedyuem 0e2udpoKCUNUPOBAHUL 00pA30-
3-6pomundon-5,6-ouxapborumpurn 8ABUUXCST UHMEPMEOUANOB.

BBenenmne

BpomupoBaHHble VHJOMbI SAB/ISAIOTCSA BOXHBIMY IPOAYKTaMM OPTaHMYECKOTO CUHTe3a.
OHU TPOSIBIAIOT Psifi 6MOTOTUYECKUX CBOWICTB, @ UMEHHO: SIB/IAIOTCS MHTMOUTOPAMU MOHO-
ammHookcupas A u b (MAO A u B) [1, 2], ctumynaropamu pocra pactenuit 3], coctaBHOM
YaCThI0 HEKOTOPBIX MPUPOAHBIX coefuuennit [4]. Kpome Toro, rereporjukinyeckme 6pomco-
filep>Kallye CoeTHEHS MOTYT OBITh MCXOXHBIMM OVUIAMHT-6/10KaMu 11 fanbHemel QyHK-
[MOHAM3ALNHA C UCIIO/Ib30BaHIEeM MeTa/ioKaTaimusa [5, 6]. Takke Hafo OTMETUTD, YTO apO-
MaTu4ecKye COefVHEHNs C ABYMs Opmo-LMaHOTPYIIIaMy SIB/IAIOTCS OCHOBHBIMM IIPEKYpPCO-
paMy I MOTyYeHMsI MaKpOLVIK/IOB [7, 8] u pa3BeTBIeHHBIX OMMMeEpPOB [9]. B cBsA3M ¢ aTMM
pa3paboTKa HOBBIX METOJOB CHHTe3a 3-OpOMIH0/-5,6- IMKapOOHUTPUIOB SIB/ISETCA aKTYallb-
HOI1 3ajavern.

VI3BecTHBI pasHble MeTOAbl INoOnydeHus 3-6pommuponos [10-12]. Hambonee wacro
VICIIOJIb3YEMBIM B IIpellapaTMBHON IIPaKTHKe CIIOCOOOM SIB/IAETCA METOZ OpOMMPOBaHMS
VIHJI07IOB B 3 IOJIOXKeHMe € Ucnonb3oBanueM N-OpoMcykuyHumuya [13,14]. Mbl panee npume-
HSUIU €TO IJIs1 MOMy4deHNs 3-0poMIugpoKcumHoIoB 3 [2,15], a TakXe MCIOIb30BaIN LOIO/-
HUTETbHO METOJ HeTMAPOKCUIMPOBAHNS I CHHTEe3a COOTBETCTBYIOIINX 3-OpOMMHIONOB 4
[16]. Hamo orMeTuTh, yTO rUipoKcuH0NbI 1 B pucyTcTBum N-OpOMCYKIMHUMUA OpOMUPY-
I0TCSL CeJIEKTUBHO C 0Opa3oBaHMeM B OCHOBHOM 3-6poM-1-rugpokcungona 3. [Ipu atom mep-
BOHAYa/IbHO, KaK IIPaBIJIO, IIOTy4Yal0TCA HEYCTONuMBbIe 3,3-1n6poMmHA0m-N-OKCUABI 2, KOTO-
pble TpaHCcPOpMUPYIOTCA B Oojiee cTabMIbHbIE 3-OpOMIMIPOKCUMHAONBI 3, @ X Y>Ke MOXHO

peo6pa3oBaTh B 3-OpPOMUH/IONEI 4 COTTIACHO CXeMe:
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N N Br g ] B N-dehydro
r
X NBS X ' NS xylation N B
N R _» Rl A\ R — » A\ R
= N Z N N
NZ OH NZ ) NZ o NZ N
1(a-d) 2(a-d) 3(a-d) 4(a-d)

a - R=C¢Hs; b - R=4-MeC¢Hy; ¢ - R=4-MeOCsH,; d - R=2-Tuenun

Hamu ycTaHOBIIEHO, 4TO IIpsiMOe OpOMMPOBaHME XXUAKUM OPOMOM B YKCYCHOM KUCTIOTE
VLU IVIOKCaHe IIPOXOANT He CeJIEKTUBHO I, KaK IIPAaBIUIO, IPUBOJUT K CMeCH IIPOLYKTOB Opo-
MypoBaHus 2-4. OIHAKO IOTyYeHHbIe CMeCy OPOMIHJ0IOB 2-4 6e3 JOIOTHUTETbHOI OYMCTKI
MOXXHO TpaHC(GHOPMUPOBaTh B 3-OpOMMHIOMBI 4, VCIONb3Ys METOJ, AeTUMAPOKCUINPOBAHNS,
COIJIACHO CJIeAyIOLeil cxeMe. DTO IO03BOJIAET YIPOCTUTD CIIOCO0 MOTyYeHNs Le/IeBbIX 3-6poM
VMHJIO/IOB 4, a TAK>XK€e VICK/IIOYNTD 3TAIlbl OYMCTKY U BbIE/IEHN COeAVIHEHUN 2, COKPATUB TaKUM
00pa3oM o011iye 3aTpaThl Ha MCIIO/Ib30BaHVe PeareHTOB U paCTBOPUTEJIEIL.

NS Br, N B Br NS i AN i
N_R —» R T N_Rr + N_R
N N N
—
1(a-d) 2(a-e) 3(3-6)N_ dehydro 4(a-e)
| | xylation |
Br
N
X
N_R
N
N// H
4(a-e)

a — R=C¢Hs; b - R=4-MeC¢H,; ¢ - R=4-MeOCsHy; d — R=2-Tnenun

Hawryumme pe3ynbTaThl ObUIM JOCTUTHYTHI TPV HarpeBaHMM PEAKLVOHHON CMeCU JI0
110 °C ¢ gByKpaTHBIM U30BITKOM OpOMa B YKCYCHOJT KIIC/IOTe B TedeHMe 3-4 yacoB. [To maHHbIM
SAMP 'H 651710 yCTaHOBJIEHO, YTO CMECh IIPOAYKTOB COCTOUT B OCHOBHOM U3 COefiiHeHN1 3 1 4,
C cofiep>KaHueM IieneBoro npopaykra 5o 20-30%. I[Ipu sTom cymmaphbiii BeIXof, gocturan 78%.
[TonBITKY ONTUMU3NPOBATD YCIOBMS PEAKIM C [[e/IbI0 CeJIEKTUBHOTO MOTy4YeHus 3-0poMMH-
o71a 4 He yBEHYA/INCh YCIIEXOM U 4aCTO IMIPUBOAVIIN K 3HAUNTE/TbHOMY CHVUYKEHWIO OOIIIeTo BbI-
XOfla IPOYKTOB, @ TAKXKe YaCTMYHOMY TM/PO/IN3y IVIAHOTPYIII 13-3a BBIIE/IAI0IeTroCcs 6poMI-
croro Bogopopa. IToaroMy 66110 IpenIo>KeHO MCIIOIb30BaThb HOIIOTHNUTEIbHYIO CTAINIO TIeTH -
POKCUIMPOBAHMA I NIPpEBPAIleHNsA CMECU B OTHOPOJHBIN IPOAYKT 4. [l 3TOTO CMech, Co-
CTOAIIYIO IPEUMYILIECTBEHHO U3 IPOAYKTOB 3 U 4, HarpeBa/ay B M3ONPONNMIOBOM CIUPTE B
HPUCYTCTBUY SKBUMOJISIPHOTO KOIMYecTBa eHariopoMna 1 TpUITUIAMIHA 110 paspabo-
TaHHOJI paHee MeTOfuKe. B pesynbrare 1eneBoit IPOAYKT 4 OBUI IIOTyYeH C BBIXOHOM 89%, 4TO
HEMHOTO 0OJIblle, YeM IIPY PeaKIMU C YUCTHIM 3-0poM-1-IMAPOKCHHAONIOM 3, 4TO BEpOATHO
CBA3aHO C HAZIMYMEM B CMeCH 1iefieBOTo 3-6poMuH/ona 4.

DOusnMKO-XMMIIECKIE XaPAKTEPUCTUKI LI€JIEBOTO COeMHEHNA 4, IIOTyYEeHHbIE 10 peak-
oy ¢ 6poMoM, He OT/INYAIUCh OT IIPOAYKTOB, CUHTE3UMPOBAHHBIX C JCIIOJIb30BAaHVEM
N-6pomcyknyaumuga [2]. CrnemyeT OTMETUTb, YTO IIPU MCIOIb30BAaHMM coefuHeHMs lc
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OpOMMPOBaHNIO TOABeprajics U THodeHOBON VK. B pesynbraTe ¢ BeIxogoM o 30% mpomc-
xomuno obpaszoBaHye 3-6poM-2-(5-6pomtnoden-2-un)-1H-uHA0N-5,6-AuKapOboHUTpUIa 4C.
BbienuTh NpoayKT AOpOMUPOBAHNA YAAIOCh IPOOHON KPUCTA/IM3ALIMEN U3 CIMPTA, TaK KaK
OH HaKaIUIMBaJICA B paCTBOPUTETIE.

SKCHCPI/IMCHTa}IbHa}I qacTh

VK cnextpel 3ammceiBamy Ha npubope @yppe RX-1 Perkin Elmer ¢ pmmHOM BOMHBI
700-4000 cMm™'. AHanmsupyeMble BelleCTBa HAXOAVINCh B BUJie CYCHEH3VUN B Ba3eIMTHOBOM
macne. Cnextpel IMP perucrpuposanu Ha npubope «Bruker DRX-400» mmm «Bruker DRX-
500» g pactBopoB IMCO-ds mpu 30 °C. B xauecTBe 3Ta/OHa /1 OTCYETA XMMIYECKIX C/IBU-
TOB VICIIOJIb30BA/IM CUTHAJIBI OCTaTOYHBIX MPOTOHOB pactBoputend B IMP 'H (6u 2,50 m.p.)
win B SIMP BC (8¢ 39,5 M.11.), B KauecTBe MapKepa UCIIOIb30Ba/IU CUTHAT TeTPaMeTHU/ICUIaHA.
Macc-creKTpbl perucTpupoBam Ha xpoMaro-Macc-crekrpomerpe « FINNIGAN MAT.INCOS 50»
IIpY MOHM3aLMOHHOM HanpsbkeHuy 70 3B u temnepatype B kamepe nonHmsanum 100-220 °C.
OeMeHTHBIN aHamu3 mpoBopmics Ha mpubope Perkin Elmer 2400. Temnepartypy rmiaBneHus
OIIpeJie/IsIN Ha allrapare I OIpefie/leH)s] TOUKM IU1aBiens u Kunenus Biichi M-560.

O61as MeToamKa cuHTe3a coefnyuennit 2 (a-c) u 3 (a-d) (obmas meroauka). K pactsopy
1 mmonb coepuHenus 1 (a-d) B 10 M1 efisAHOI YKCYCHOI KMCIOTBI JOOABIS/IN 2 MMOJIb OpoMa.
Peakunonnyro maccy Harpesamu npu temneparype 80-100 °C B Teuenue 4-8 4. 3atem e€ oxsia-
KA ¥ pasOaB/sUIN JeCITUKPATHBIM M30BITKOM XOONHON BoAbl. OO6pasoBaBLIMIICS KPU-
CTUIMYECKNIT 0CafiloK OT(UIbTPOBBIBAIN, NEPEKPUCTAUIN30BBIBAIN U3 STWIOBOTO CHNPTA
(mns monmydyenus coepyHeHui 4 (a-d) n cymmn Ha Bo3myxe.

Cuntes coenunaenuii 4 (a-d) (o6mas metopuka). K momydeHHoit Ha mpepIAyIeit CTagum
cMecn coepuHeHmit 2 (a-c) un 3 (a-d), gobasmsum 3 M cnupra, 1 MMonb dpeHanmUnOpomMusa,
2.5 Mmmonb TOA n nepememBany npu temueparype 40-65 °C B TeueHue 2—-8 4. 3aTeM peaxiy-
OHHYI0 MAacCy OXJIaXIalnM ¥ BbIepXMBaaM IpY KOMHATHOI TeMIlepaType B TedeHMe
24 4. ITocne oxonyauus peakuy (KoHTposb o TCX) nobassanm 3 M1 Bofbl, 06pa3oBaBIIMIICST
0CaZioK OTQIIBTPOBBIBAIMN, TIIATE/TbHO IPOMBIBATIM BOXON U II€PEKPUCTA/UIN30BbIBAIN W3
EtOH. Cymmnmn Ha Bo3gyxe.

3-bromo-2-phenyl-1H-indole-5,6-dicarbonitrile (4a):

Cepurit moporok 228 mr (71%), T.1u1. 273-275 °C. VIK (Umas 0il): 3278 (NH), 2238, (CN),
1608 (Ar), MS (EL 70 eV): m/z (%): 323 [M]* (99), 321 [M]* (100), 215 (22). IR (Vpmax, 0il): 3267
(NH), 2238, (CN), 1605 (Ar), 'H NMR (400 MHz, DMSO-d;s) § ppm 7.54 (¢, J=7.5 Hz, 1 H,
7-H), 7.60 (t, J=7.5 Hz, 2 H, 3,5-H), 7.91 (d, J=7.5 Hz, 2 H, 2’,6-H), 8.17 (s, 1 H), 8.22 (s, 1 H,
4-H) 13.13 (br. s., 1 H, NH). Haitneno, %: C, 59.43; H, 2.48; N, 13.01. C,HsBrNs. Beruncneno,
%: C, 59.65; H, 2.50; N, 13.04.

3-bromo-2-(p-tolyl)-1H-indole-5,6-dicarbonitrile (4b)

Cepblit TOpomoK 261 Mr (78%), T.11L.. 286-288 °C. IR (Vmay, 0il): 3283 (NH), 2242, 2222
(CN), 1571 (Ar). MS (EI, 70 eV): m/z (%):337 [M]* (98), 335 [M]* (100), 254 (14).'"H NMR (400
MHz, DMSO-ds) § (ppm): 2.40 (s, 3H, Me), 7.41 (d, 2H, J=8.0 Hz, 3’,5’-H), 7.81 (d, 2H, J=8.0
Hz, 2’,6’-H), 8.13 (s, 1H, 7-H), 8.20 (s, 1H, 4-H), 13.02 (s, 1H, NH).*C NMR (126 MHz, DMSO-
ds) 6 (ppm): 20.9, 88.7, 104.7, 106.0, 117.1, 117.2, 118.6, 125.6, 126.3, 128.1 (2C), 129.4 (2C),
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130.0, 135.5, 139.5, 140.7. Haiigeno, %: C 60.48; H 2.98; N 12.46. C;7H,0BrNs. Boruucneno, %:
C, 60.73; H, 3.00; N, 12.50.

3-bromo-2-(4-methoxyphenyl)-1H-indole-5,6-dicarbonitrile (4c)

Cepblit Topowok 267 Mr (76%), T.1o1. 300-302 °C. VIK (Umas, 0il): 3274 (NH), 2240, 2222
(CN), 1604 (Ar), 1247, 1182, 1081(OCHs), MS (EI, 70 eV): m/z (%): 353 [M]* (100), 351 [M]*
(99), 338 [M-Me]* (24), 336 [M-Me]* (25), 310 (11), 308 (11).'H NMR (400 MHz, DMSO-d6)
8 (ppm): 3.85 (s, 3H, OMe), 7.16 (d, 2H, J=8.8 Hz, 3’,5-H), 7.87 (d, 2H, J=8.8 Hz, 2,6’-H), 8.12
(s, 1H, 4-H), 8.18 (s, 1H, 7-H), 12.98 (s, 1H, NH). *C NMR (126 MHz, DMSO-ds) 8 (ppm):
55.4, 88.1, 104.7, 105.8, 114.3 (2C), 117.2, 117.3, 118.3, 121.3, 125.3, 129.6 (2C), 130.0, 135.4,
140.6, 160.3. Haitneno, %: C 57.76; H 2.84; N, 11.89. C,;H,,BrN;O. Beruncneno, %: C 57.98; H
2.86; N 11.93.

3-bromo-2-(thiophen-2-yl)-1H-indole-5,6-dicarbonitrile (4d)

Cepoiit mopomok 140 mr (43%), T.11. 307-309 °C. VIK (Umax 0il): 3270 (NH), 2239, 2225
(CN), 1590 (Ar), MS (EL 70 eV): m/z (%): 328 [M]* (100), 326 [M]* (99), 248 (11), 165(11),.
82(11). 'H NMR (400 MHz, DMSO-d6) & (ppm): 7.37 (dd, J=4.9,3.9 Hz, 1 H, 7.59 (d, J]=3.9 Hz,
1 H), 8.01, (d, J=4.9 Hz, 1 H), 8.27 (s, 1 H), 8.61 (s, 1 H), 13.0 (s, 1 H, NH). Haitneno, %: C,
51.07; H, 1.82; N, 12.77. C14HsBrNsS 328,19. Berancneno, %: C 51.24; H 1.84; N 12.80.

3-bromo-2-(5-bromothiophen-2-yl)-1H-indole-5,6-dicarbonitrile (4e)

Ceppurit nopourok 118 mr (29%), T.iwr>300 °C ¢ pasnosxxenneM. VIK (Umax, 0il): 3268 (NH),
2240, (CN), 1593 (Ar)MS (EI, 70 eV): m/z (%): 409(43), 406 [M]* (76),405 (37) 344 [M]* (19),
343 (100), 344(94), '"H NMR (400 MHz, DMSO-d6) & (ppm): 7.51 (d, J=4.0 Hz, 1 H), 7.44
(d, J=4.0Hz, 1 H), 8.29 (s, 1 H), 8.63 (s, 1 H), 13.1 (s, 1H, NH). IR (VUmas 0il): 3268 (NH), 2237,
2227 (CN), 1596 (Ar). Haitgeno, %: C 41.23; H 1.22; N 10.29.C,4sHsBr,N;S. Borancneno, %:
C41.31; H 1.24; N 10.32.
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IIpusedén 0600uieHHbLIL ONbIM CO30AHUS U IKCHILYAMAUUU IKCHEPUMEHMATIDHOTE U NPO-
MbIUAEHHOL YCMAHOB0K 071 PA3BONOKHEHUS MAMEPUAZIo8 HA OCHOBE UETION03bl.
JKcnepumeHmanvHas YycmaHoeka c030aHa Ha 0cHo8e Obimosoti 3epHoOpobUnKy u 00-
NONTHEHA CMEHHBIM KOTIKOBBIM POTMOPOM, 0becneuena pezynupyemvim npusooom u cHao-

HeHA 8CACLIBAIOULUM NHEBMOMPAHCNOPIMOM PA360NI0KHERH020 nPodykma. IIpusedenvt
Kniouesvie cnosa: .
npumepuvt 8bINOTHEHHBIX UCCTIE006AHULL NPOYECCA PA3BOTIOKHEHUS PASTIUMHBIX MANePU-
Uennono3a
’ a7108 — OPeBecHbIX U XTIONKOBbIX UeIII0NI03 PASTIUMHBIX MOBAPHBIX (POPM U MAPOK, MAKY-
usmenvuumens yoap-
dei NIAMmypol, 1a60PAMOPHBIX ONbIMHBLX 00pa3 06 uennono3vt. CHopmynuposanvt pexomen-
HO20 Oelicmeus,
T 0ayuuy no KOHCMPYKMUBHBIM NAPAMEMPAM U PEXHUMAM NPOUECCa PA3BONIOKHEHUS yel-
nHesMamuuecKkuti 3 3 . .
TI07I03HOUL NANKU 6 TUCMO80Ti hopMe U3 CYNbPUMHOLL OpeBecHOL eINI0NI03bl PASTUUHBIX
mparcnopm, .
P P npoussodumerneii. Pexomendyemcsi — ylenvHas npouszsooumenvHocmo 2,5 xe/(m’-c).
MexaHuueckas Knac- B}
é Yoenvnas anepeoémrocmov npouecca paseonokHenus — 75 k[u/xe. Koapduyuenm 3sa-
cupukayus ;
’ naca mougnocmu anexmpoosuzamens — 1,5. OkpyiHas ckopocmv eHeuwtHell KPOMKU po-
B0IOKHUCHIbIE MATE-
mopa - He meHee 45 m/c. Kpynnocmo sueex pewsema 5 mm. Y0envHas npoussooumens-

puanuvi, ) . 5
HOCMb MexaHuueckoll Knaccudukayuu paseonokHéHHol uennwonosvt 1,5 ke/(m’-c).
npedsapumenvHas . 5
Hacoimnas nnomuocme pazeonokHénHozo npooykma — om 30 0o 120 ke/m’. Dkcnepu-
obpabomxka pacmu-

" MEHMANLHAS YCMAHOBKA MONEN OblMb UCNONb308AHA OIS NPOBEOEHUS PASTIUUHBIX IKC-
MenvHO20 CoLPDST

’ nepUMEeHMANbHBIX UCCIe008AHUL NPOUECCO8 PA3BONOKHEHUS UENIINIO3HbIX MAnepUua-
aKcnepumMeHmany-

7108 U 071 HAPABOMKYU HEOOX00UMBIX ONIMHBLX 00pPA3U08 68 IAO0PAMOPHBLX YCTOBUSX.

Hble UCCIe008aHUS, .

Iloxasan npumep co30anus HA 0CHOBe OAHHDIX PEKOMEHOAUUTI U AHANU3A Pabombl IKC-

npomvluineHHoe npo- . .

5 NepUMEHMAnbHOU YCMAHOBKYU NPOMBIUIEHHON YCMAHOB8KYU NPOU3E00UMENbHOCIDIO

13600CcMB0 . )

500 Ke/u OnA NPOU3BOOCINBA MeXHUHECKOL HAMPUTI-KAPOOKCUMEMUTILETIIIO3bL

pasnuurvix mapox. [IpomvineHHAS YCMaHo6Ka c030aHA HA OCHOBe MOTIOMKOB0L Menlb-
HUUbL U 000py006aAHA 6CACHIBAIOUUM NHesMOmparcnopmom. IIpomviuinenHas ycma-
HOBKA UCNONb3Yemcst O PA36ONOKHEHUS UeIONO03HOL Nanku 078 HyHO NPOMbIUUTIEH-
HO020 NPOU3600CHBA NPOUIBOOHBIX UETITIONIO3bL.
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BBengenue

B nocnegHue rofibl aKTMBHOE BHUMAaHMe yAe/AeTCA LeJUII0/I03€ Y TUTHOLEIIIO3HOMY
coipblo. Ilenmonosa, Kak pacTUTe/NbHBIN, HATypaAbHbIIl TOIMMep, HAXOAUT IIMPOKOe IIpIMe-
HeHle BO MHOTUX OTPac/AX IPOMbIIIeHHOCTH. OIpe/ie/leHHbli MHTepeC MPeCTaB/IAT IIPO-
M3BOJHbIE 1[eJUTI0I03bI, HAIIPVIMep, IIPOCThbIe 3PMPHI Ie/Ti0103bl. OTHMM 13 Hanbosiee pacipo-
CTpPaHEHHBIX ¥ BOCTPEOOBAHHBIX SIB/IACTCA 3(UP LIE/UII0NO03bI U IIMKOIEBOJ KUCTIOTHI — Kap-
6oxcumerunenonosa (KMII). B nmpoMbinuieHHOCTM OOBIYHO MCIONB3YIOT €€ HAaTPUEBYIO
conb — HaTpuii-KMI.

Texunueckas HaTpuit-KMLI, HapsARy ¢ OCHOBHBIM BellleCTBOM — HaTpueBoii conbio KMII,
COZIEP>XXNUT M BOCTaTOYHO 6osbinoe (o0 50%) KOoMu4ecTBO MOOOYHBIX IIPOAYKTOB, IPEUMYIIe-
CTBEHHO XJIOPYMCTOTO HATPUs. B IPOMBIIIIEHHOCTY BOCTPe6OBaHbI ¥ O0jIee YNCThIe IPOAYKTHL.
9710, HanpuMep, nomannonHas nemtonosa (ITALL). ITALT npexcTaBiseT Ty )ke CaMyIo HaTpUii-
KMII, HO ¢ BBICOKOII CTENEHbIO COflep>KaHMA OCHOBHOTO BellecTBa. [IpuMeHsaemMas MpOMBbIII-
neHHas TexHonorusA npousBoycTsa [TAL] peanusyercs Ha OCHOBE CyCIIEH3VIOHHO TeXHOIOTUM.
B To Bpems kak 6asoBas IIPOMBIIUICHHAs TeXHOJOTrMA IpomsBopcTBa Hatpuit-KMIJ - rtax
HaspiBaeMas TBEéppodasHas [1]. Peanmusanus cycneH3MOHHOI TeXHOMOIMM [2] TO3BOJIsAET 3HA-
YJTe/IbHO IIOBBICUTD COJlep>KaHyie OCHOBHOTO BElleCTBA M YCTPAHUTD Ha/I4ye T0O0YHOTO X/I0-
pucroro HaTpus. B m060M 113 IPOM3BOACTB Le/UTIONIO3bI VTN IPOV3BOJHBIX LI€/UTI0NIO3bI Tpe-
OyeTcsl IOATOTOBUTD L[EJUIIONIO3HOE CHIPBE MM CaMy IIeJUII0NIO3Y K TeXHOIOTMYecKol obpa-
6ot1ke [3].

Lennonosa, Kak U3BECTHO, ABAETCA IPUPOAHBIM NOMMMepoM D-rmroko3pl. VIcXogHbIM
37IEMEHTOM LIe/I/TI0NIO3bl, KaK MO/IMMepPa, ABJIAETCA MOHOMEPHOE 3BeHO. ITO 3BE€HO IpefiCTaB-
€T co00J OCTATOK VMCXOHOI ITIIOKO3bl. MOHOMEpHbIEe 3BeHbA 00be[HEHBl B MaKpOMOJIe-
KyJTy TOCpeficTBOM [3(1-4)-IMKO3MAHBIX CBsA3ell. MaKpOMOJIeKy/Ia 1ie/ITI0/I03b MeeT IIPaKTH-
JecK IHEITHOe CTpoeHye. [IIHa MaKpOMOJIeKY/IbI (CTelleHb OMMMepU3ayi) ONpefie/iAeTcs
IPOUCXOXKJEHMEM 1Ie/UII0/I03bl — BUJIOM pacTeHNs, fiepeBa WM APYroro XMBOTO OpraHM3Ma.
Crenenb nonuMepusalMy MCXOFHON ILI€/ITI0NO3bI COCTaB/IAEeT OT HEeCKOTbKUX COTEeH IO He-
CKOJIbKUX TBICAY.

I[Tpu sTOM LIE/UII0/103 VIMEET U CTI0XKHYIO, VIePapXITIecKyI0 HaZIMOIEKY/IIPHYIO CTPYKTYpY [4].
MaKpoMOJIeKy/Ibl IIe/UTI0NO3B], B KOMNYECTBE HECKOIBKUX JEeCATKOB, IEPBIYHO 00be[THEHBI
Mexy co6oit B Mukpodu6bpummisl. OCHOBOJ 00befMHEHNUA SBIIACTCS OCOOEHHOCTD IieTIII0-
703bl. B MOHOMEpPHOM 3BEHe IIe/UTIONIO3bI COMIEP>KMUTCA IO TPU CBOOOMHBIE THJIPOKCHIbHbIE
rpynmsl. TakuM 06pa3oM, B MAKpPOMOJIEKY/IaX 11e/UTI0IO3bI CONEP>KNUTCS OTPOMHOE KOTMIeCTBO
TU/IPOKCU/IBHBIX TPyMIL. [MAPOKCHIbHBIE TPYIIIBI COCETHUX MAaKPOMOJIEKY/I 00pa3yloT BOJO-
POZHBIE CBsA3M MeXXAy coboit. BomoponHble CBA3Y M3HAYAIBHO CTabbl 1o cBoeit npupoge. Ho,
06pasysach B OTPOMHOM KO/IMYECTBE, OHY CO3/al0T BeCbMa IIPOYHYIO CBA3b MEXIY COCETHNMU
MaKpOMOJIEKY/IaMI LIeJITI0NI03bl. MUKpodUOpIIIa 11e/UII0/I03bI SIB/IAETCS BeCbMa YCTONYMBBIM
obpasoBaHueM. YUacTKy MUKPOPUOPMIIIBI C 60/IBIINM KOIMYECTBOM BOJOPOHBIX CBsI3ell 00-
MaflaloT CBOVICTBAMI KPMUCTA/UIMYECKIX MaTepuanoB. Takas CTpyKTypa Lie/I/II0/I03bl OYeHb BbI-
COKoymopsziodeHa. Taxke IPUCYTCTBYIOT 1 aMOp(HBIE YYaCTKM, C MEHBIIVM KOMNIeCTBOM
WIN OTCYTCTBMEM BOIOPOJHBIX CBSA3€IL.
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KpoMe 11e/1/1107103BI, B L|e/UIIOJIO3HOM CBIPbE COZEPXKUTCS U PAR SPYTUX COeNVHEHMUIL.
[TpuCyTCTBYIOT T€MUILIE/UTIONO3bI, WV CBA3YIOIIME T/IMKAHbI, 1 TUTHVHBL ['eMMIIe/UI0I03bl I
JIMTHUHBI TalOKe ABJIAIOTCA NPYPONHBIMU HOMMMepaMy. ['eMMIIe/UIIoNI03bl — 3TO IOMMMepPHI
IIEHTO3 ¥ reKco3. J/INTHMHBI — IO/MMMepBI IPOU3BOHBIX GeHNIIponaHa. TakKe IpUCyTCTBYIOT
HEKTUHBI ¥ HEKOTOPOE KOIMYECTBO MIHEPAIbHBIX KOMIIOHEHTOB.

B pacTurenpHOI TKaHU 06pasyrTCs PuOPUIIIBL, IpefCTaB/IAIe COO0TT COBOKYITHOCTD
MUKPODUOPIIIT U CBA3YIOIUX KOMIIOHEHTOB — CBA3YIOIIUX ITIMIKAHOB, INTHVHOB U B HEKOTO-
PBIX C/Iydasx NeKTMHOB. OUOPWMIIIBI 1[e/UTI0NI03bl, HApsAY ¢ APYTMMM KOMIIOHEHTaMU, obpa-
3YI0T B I[eJUIF0JIO3HOM CBIpbe KJIETOYHYIO CTeHKY PAacTUTE/IbHBIX TKaHeil. Takum o6pasom, Kie-
TOYHAasI CTEHKA IIPefICTaB/IAeT COO0II IIPUPOSHBI KOMIIO3UTHBI MaTepuall.

Takke CTOMT OTMETUTD, YTO HApAMY C OOBIYHBIMM KIeTKaMM B PacTUTEIbHbBIX TKAHAIX
€CTb ¥ 0cOObIe K/IeTK). ITO TaK Ha3blBaeMble PacTUTebHbIE BOIOKHA. OHM IPeJCTaB/IAIOT CO-
6011 ya/mMHEHHDIEe KIIeTKY C O4eHb OOJIBIION JIMHON. DTY KJIETKM YCIOBHO HAa3bIBAIOT BOJIOK-
HaMu. KiieTku-BOIOKHa BBIIIO/THAIOT POJIb IIPOBOAALINX COCYAOB. TakKe K/IeTKI-BOJIOKHA MO-
TYT BBICTYIIaTh KaK CHJIOBBIE 3JIEMEHTBI B PACTUTENbHOI TKaHU [4].

CyTb npeiBapuTe/IbHON 00pabOTKM KaK IIe/UTIOIO3HOTO CHIPbS, TaK U CAMOJI LIe/III0/IO3bI
JUIs TIOATOTOBKY K TE€XHO/IOTMYECKOMY BO3JEVICTBMIO COCTOUT B 00eCIeYeHNM TOCTYITHOCTY
MaKpOMOJIEKYJT 1[eJ/UTI0IO3bI U IIPOYMX KOMIIOHEHTOB K BO3JIEJICTBUIO XMMITIECKIX PEareHTOB.
OO6bIYHO TTOATOTOBKA LIE/UTIONO3bI U 1[e/UII0IO3HOTO CBHIPhS 3aK/II0YAETCS B M3MeIbueHNN [6].
OpnHako pedb NAET HE O KJIACCUIECKOM M3MeIbYeHNU, IIPY KOTOPOM IIPOVMCXOANT YMEHbBIIeHNe
pasMepoB M3MenbuaeMbIxX qacTul]. CKopee, MOXXHO TOBOPUTD O HEKOTOPOM Pa3yHOpPsIiOYeHNN
HaJMOJIEKY/IIPHO CTPYKTYpBL. JIJIsl 3TOTO HY)XHO paspyIIUTh HEKOTOpPOe KOMIMYECTBO BOJO-
ponHBIX cBA3eil. [Ipy MeXxaHMYeCKOM BO3felicTBMM Oy/ieT IIPOUCXOAUTD U HeIIOCPEACTBEHHO
u3MeJIbYeHNe — YKOpPOYeH)e MaKpOMOJIEKY/I B cocTaBe MUKpodubpimir. OfHaKo poib 9TOro
Ipoliecca CPaBHUTETbHO HEBE/MNKA IPY OTPaHNYEHHOM BO BpeMEH) MEXaHUYeCKOM BO3Jieil-
CTBUIL.

MexaHudeckoe BO3JENCTBUU JIOKUT M B OCHOBE TaK Ha3bIBAeMOI MeXaHOAKTVBALIII
I1eJUTI0NO3bl. MeXaHOaKTMBAaIVsl XapaKTepu3yeTCsl MHTEHCUBHBIM VM 3a4acTYIO JUIMTETbHBIM
MeXaHM4YeCKIMM BO3[IeJICTBMIEM Ha oOpabaThiBaeMoOe IeJUII0JIO3HOE VIV JIMTHOLEUTIONIO3HOE
cbIpbé [7-9]. B HeKOTOpPOII CTeNeH! Pa3BOMOKHEHME Le/UTI0NIO3HBIX MaTepUaIoB MOXKHO CUM-
TaTh IEPBOII CTYIIEHbIO MEXaHOAKTHMBALIMM, TaK Ha3bIBaeMOJI IIpefiBapUTe/IbHOI 06pabOTKOM
1IeJUII0IO3HOTO MaTepuasa. I[Ipy pasBONOKHEHUM MMeeT MeCTO, BO-IEPBBIX, MEXaHMYEeCKOe
BO3JIeJICTBME Ha 0OpabaThIBaeMblll MaTepuasl ¢ IOABOLOM SHepruy. Bo-BTOpPBIX, IIOC/IE 9TOTO
BO3/IeVICTBYISA YBE/IMUMBACTCA JOCTYIIHAS IS TOC/IEAYIOIIeT0 KOHTAKTa C peareHTaMy IIoBepX-
HOCTb. VI, B-TpeThuX, IpM Pa3BOTOKHEHNY TOBApHOI (HOPMBI LIe/ITI0I03BI OBICTPee IPONCXO-
[T yBeMYeHNe YNCIa AeeKTOB (arperaTol Lie/UTI0JI03HOTO MaTepuIa Ae3arperupyoTcs), 4eM
UICYe3HOBeHNe leeKTOB (arperarys OT/ebHBIX BOJIOKOH 11eJIII0IO3HOTO MaTepuaa, pyuBo-
fsmas K o6pa3oBaHMi0 KOMKOB). TakuM 06pa3oMm, Ipy pa3BOIOKHEHUY VIMEIOT MECTO OCHOB-
Hble IIPU3HAKY MeXaHOAKTVBALIMN.

MexaHndeckoe BO3JieiiCTBIE IPy0O II0 CBOEI IPUPOZE, IOCKONbKY paboune OpraHbl U3-
Me/TbYMTEe/IbHBIX MAIIVMH HECOIIOCTaBUMO BE/IUKM IO CPAaBHEHMIO C 0OpabaThIBaeMbIMI MaTe-
puanamyu - MUKpoduOpwIIaMu Le/Uion03bl. CTOUT OTMETUTb, YTO JIy4IIEero pes3yabTaTa
MOXXHO OBUIO OBl ZOCTMYb, €C/IU MOXKHO OBIIO OBl 3a/IefiCTBOBAThb APYIMe MEXaHU3MBI, 110
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MacITady CBOETo BO3/Ie/ICTBIS COIIOCTABMMBIE C pa3dMepaMy MUKPOGUOPIIT LIe/ITI0N03bL. ITO
MOT/I OBITh, HAIIPUMEP, MUKPOBUXPY TYPOY/IEHTHOCTY, BOSHMKAIOIIYE IIPY IUAPOHAMMYE-
CKOM BO3JIeICTBMM. B CBA3M € 9TMM BHMMAHMA 3aCTy>KMBAIOT MAIIVHBI IYIPOAVHAMIYECKOTO
U3Me/bYeHNUA — KOJUIOU/IHbIe MeTbHMIBI I POTOPHO-IY/IbCAL[MOHHbIE allllapaThl. B TexHuKe
M3BECTHBI YCIIEIIHbIE pe3y/IbTaThl VICIIO/Ib30BAHMA TAKMX MAIINH /i1 TOHKOTO BO3/IEICTBIA Ha
1[e/UTI0I03HbIe MaTepuaisl [10].

OpHako ruipoArHaMIYecKoe BO3/ieliCTBIe IIPeJIoaraeT «<MOKPY0» 00paboTKy 1je/ITio-
JIO3BL VIV LI€JUTIONIO3HOTO ChIpbs [11]. [Inst aTOr0 morpedyercst MPUroTOBUTH CPABHUTEIBHO
HU3KOKOHIIEHTPMPOBAHHYIO BOJIHO-BOJIOKHIICTYIO CycnieH3uI0. VIcXo/a 13 peoornyecKmx xa-
PaKTEepPUCTUK TAKON CYCIIeH3UM, KOHLEHTpAusA TBEPAOIl (asbl COCTaB/IAET OT HECKOIbKUX
IPOILIEHTOB /10 AeCSATH-ABeHAALaTy IPoLeHTOB. To ecTh moTpebdyeTcst 06pabaThIBaTh ¥ OIPOM-
HO€ KO/IMYEeCTBO TPAHCIOPTHON KMUIKOCTY, YTO CHIDKAeT SKOHOMUYHOCTH Ipouecca. Kpome
TOTO, He JI/I1 BCEX TEXHOJIOTMII IepepabOTKM >Ke/lTaTe/IbHO VMCIIONb30BaHMe >XUJKOCTEN Ipu
MIOJTOTOBKE I[€/UTI0I03bI MJIN 1Ie/TI0JIO3HOTO ChIpbs. I109TOMYy 4acTO MCIONMB3YIOT U «CYXOil»
cr1oco6 06pabOTKY 11e/UTI0IO3bI MY L[eJITII03HOTO ChIpbs [12, 13].

IKCcIepUMeHTAaIbHAs 9aCTh

Il 06paboTKM B TaOOPATOPHBIX YCTOBYAX KaK I[eJUTIOIO3HOTO ChIPbS, TaK U FOTOBOII
L[€JI/TI0I03BI MICIIONIb30Ba/IM CIELVa/IbHYI0 MAIUVHY /I pa3sBONOKHeHMs. CXeMa MaIlMHbI I10-
Ka3zaHa Ha puc. 1. 9Ta MalIMHa co3laHa Ha OCHOBE JOPabOTaHHOI OBITOBOJ POTOPHOII 3ePHO-
npo6uiky. MalyHa yMeeT Ba 3arpy304HBIX OKHA, KaMepy /IS Pa3BOIOKHEHM S, IIPUBOJ, U pe-
meTto. B kauecTBe pabodero opraHa MCIOIb3yeTCA BPAIAIOIINIICA POTOP. DTOT pOTOP IIpef-
craByseT coboli cTanbHyI0 IIacTuHy. Ha miactiHe B IIaxMaTHOM IOPsAZIKe C ABYX CTOPOH II/Ia-
CTUHBI YCTaHOBJIEHBI KoNkM. Konku nmerot popmy koHycos. [Iis cobmropenns 6amaHCHPOBKYI
poTopa Macca pabodero KoOHyca KOJIKa ypaBHOBellIeHa IpOTuBoBecoM. PoTop ABsgerca chém-

HbIM.

AB

C

Puc. 1. CxemMa MaIInHbI 4711 pa3BOZIOKHEH 1I€/UTI0/IO3HbIX MaTe€PHaIoB: 1 — 3arpy304HOe OKHO; 2 — 37IeKTPOJBI-
ratesb; 3 — KOJIKOBBIII pOTOp; 4 — XOMYT; 5 — peleTo; 6 — cOOpHUK; 7 — BCacblBaiolljas kamepa: 8 — puabtp;
A - XJI0TIBSA LIeTITIONIO3HOTO MaTepuana; B — Bosyx 13 armocdepsr; C — oTpaboTaHHbI BO3AYX; D — pa3sBoOKHEH-
HBI/I MaTepuan
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Pemmero o6pasyer TopleByio 1 G0OKOBYIO CTEHKM KaMepbl /i1 pasBONIOKHeHMA. Pemrero
TaK>XXe AB/AETCA ChEMHBIM. OTBEPCTHA B pellleTe ABIAITCA KPYT/IBIMY Y PACIIONIOXKEHBI B IIaX-
MaTHOM IIOpAZIKe. PagMep 0TBepCTHil B CMEHHBIX PELIeTaX COCTAB/IAET OT IATHU O JEeCATU MUJI-
nmumeTpoB. Ha ofHOM peleTe Bce OTBEPCTHA MMEIOT OAVHAKOBBIN pasMmep. Ha HekoTOpoM yza-
JeHNM OT GOKOBOJ IOBEPXHOCTM pellleTa YCTAHOBJIEHA KOJIbIleBasA OTOONHAA fleKa. JTa Jeka
CITY>KUT JUIsI UCKTIOYEHNs 0TOpOoca IPOAYKTOB Pa3BOJIOKHEHNS.

OpHO M3 3arpy30YHBIX OKOH IIPEACTAB/IAET cOO0M Y3KYIO LIeTb M CIY>KNUT AJIA TIOfjauy
JMCTOBBIX MAaTE€PUAJIOB, HAIIPUMeEp, LIe/UIIOIO3HON Hanku. [Ipyroe 3arpyso4Hoe OKHO MMeET
KPYI/IyI0 pOpMY U CITY>KUT /IS TIOflauyl IIPOYMX BUIOB MaTepyasa — KOMKOB VIV X/IOIIbeB IIe/l-
JTIOTIO3Bl, CTe6IeNl PaCTUTEIBHOTO ChIPbS U T.II.

ITpuBOJ MalIMHBI /I Pa3BOJIOKHEHNS perynupyeMblii. KonneKTopHblil 31eKTpudecKmii
[BUTATe/Ib IUTAETCA MOCTOSAHHBIM TOKOM. CXeMa IUTaHMA 3/IEKTPOJIBUTaTeNld IOKa3aHa Ha
puc. 2. [ u3sMeHeHN A Be/IMYIHBI IUTAIOIET0 HAIIPsKEHA UCIIONIb3yeTCs TabOpaTOPHBIIL aB-
torpancpopmarop (JIATP). Dnexrpuyecknit Tok nocne JIATPa seinpsamisercs. B enu nura-
HIA 3JIEKTPOJBUTATEIA TAK)KE YCTAaHOBJIEHBI aMIIEpMETP M BOJIbTMETP [IJI ONIpeMie/IeH A CHIIbI
TOKA ¥ BE/IMYMHBI IATAOIIETO HAIIPSKEHNA.

Puc. 2. Cxema 3KCIIepyMEHTATbHON YCTAaHOBKM /I Pa3BO/IOKHEHNA LI€/UTI0/IO3HBIX MaTepMaios: 1 — MalmHa i
Pa3BOIOKHEHMS; 2 — BOIBTMETP; 3 — aMIepMeTp; 4 — BBIIPSMUTEIb; 5 — BO3AYXOAyBHAsI MallNHa; 6 — maboparop-
HBIIT aBTOTPAHCPOPMATOP; A — X/IOIbS LIe/UTIONIO3HOT0 MaTepuaia; B — Bosgyx n3 armocdepsy; C — orpaboTaHHBII
B037lyX; D — pasBonOKHEHHDIN MaTepuan

B cocras SKCHCPMMCHTaHbHOﬁI YCTaHOBKM TAKJK€ BXOIUT YCTpOﬁICTBO AJL BBITPY3KU pa3-
BOJIOKHEHHOTO MaTtepuaia. Kak 6b1/10 0OTMeUeHO BbIIIE, B LIE/UIIOJIO3€ JIETKO N 6bICTpO 06pa3y—
I0TCA BOOOPOIOHBIE CBA3N MEXIY MAaKPOMOJIEKY/IaMIL. HOSTOMY LE/TI0/103a JIETKO YIUIOTHAA-
eTcs1, KOMKYeTCs, arpernpyer 1 o0pasyeT CBA3HYIO cpefty. I/l IpegoTBpalle s 9TOr0 HY>KHO
OBICTPO OTBOANTD PaspbIX/IEHHBIN IPOAYKT. [I/IsI 9TOTO MCII0/Ib30BaH ITHEBMATIYECKIIT TPaHC-
IIopT. Bo nsbexxanne 9pEe3MEPHOTO IIbUIEHUA IIPU PBIXJIEHNN HPI/IMeHéH BcaCbIBaIOH_[I/[ﬁI ITHEB-
MOTPpaHCIIOPT. ,H)'IH 9TOTO IIOC/IE pEllI€Ta YCTPOE€HA BCAChIBAIOIIasA KaMepa. JTa KaMepa coenn-

HE€Ha C BOSHYXOI[YBHOﬁ[ MamuHou. B ponn BO3I[YXOI[YBH017'I MAIlVHbI KCIIO/Ib30BaIN OBITOBOI
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nbtecoc. BenencrBue Takoro pemeHua BO3NYyXOAyBHas MallMHA VMMEET [JOIOIHUTE/IbHbBIE
BCTPOEHHBIE (PM/IBTPHI /I OYMCTKY OTPabOTaHHOTO BO3yXa.

[l TOoro 4TO6BI pa3sBOTIOKHEHHAS LIE/III0/I03a He YHOCH/IACh IIOTOKOM BO3/yXa B BO3JY-
XOJYBHYIO MAIlMHY, MeX/y PEIIeTOM U BCAaChIBAOIEll KaMepoil paclonoXkeH COOpHUK. DTOT
COOPHMK IIpefiCTaB/IAeT COOO0IT MEIIOK 13 TKaHM C YaCTBbIM IlepeIUIeTeHMeM HuTell. ['opoBrHa
MellIKa CHab)keHa yIpyroit MaHeToil. [Op/IoBMHa MellKa ¢ MaH)XeToll HafieBaeTcsl Ha 0TOOII-
HYIO JIEKY U JOIIOJIHUTENbHO KPENUTCA ChbEMHBIM XOMYTOM. [I/11 OIIOTHUTENBHOTO MPEefIOT-
BpallleHNsA IO0TePh PasBOJIOKHEHHOIO MaTepuasa BBIXOJ M3 BCAChIBAIOIEN KaMepbl 3aKPbIT
¢unbTpoM. PUIBTP CIYXKUT [I4 YIaBIVBAaHUA MEIKMX YaCTHI Pa3BOIOKHEHHOTO MaTepHaa.

Taknum 06pa3oM, BO3AYLIHbI TPAKT IHEBMOTPAHCIIOPTA BK/IIOYAET OJHO M3 OTKPBITBIX
3aTPY30YHBIX OKOH, KaMepy /I Pa3BOJIOKHEHN:, pelIeTo, COOPHUK, BCAChIBAIOLIYI0 KaMepy,
¢unbTp, BO3AYXOMPOBOJ BO3AYXOAYBHON MAIIVHBI, BO3AYXOAYBHYIO MallINHY. Taxoke nMeeTcs
MMHVMYM TPU CTYIIEHM OYMCTKM Bo3fiyXxa. [lepBas cTyneHb — IpOHMIjaeMble CTEHKM COOPHMKA,
BTOpas CTYIIeHb — (MIbTP Ha JHE BCACBHIBAIOIIE) KaMepbl, TPETbs CTYIIeHb — BCTPOEHHBIN
GUIbTP BO3AYXOAYBHON MAlVHBL

Paboraer ycraHoBKa cnefyomumM o6pasoM. B paboraroinyio MalHy Ajsl pa3BONIOKHe-
HIIA 4epe3 OJJHO M3 OKOH IOJAETCA MaTepyall, IOJIeXallnii pasBONIKHeHNIO. Hencnonbsyemoe
3arpy304HO€e OKHO BO 130eXKaHye BBIOpOca Yepe3 Hero IPOJYKTOB PBIXJIEHNs IPeABAPUTE/IbHO
sarmymaerca. Marepuan B KaMmepe i pa3BO/IOKHEHN A IIOABEPTAeTCA MHTEHCUBHOMY BO3JIEN -
CTBUIO POTOPA C KOJIKaMM U paspbixifgerca. [IoToK Bo3fgyxa IIpocachiBaeTcss BO3JYXOMYBHOM
MaIIVHO, 00pa3ys B KaMmepe paspexxeHue. TpaH3UTHBIN IIOTOK BO3/[yXa 3aXBaTbIBaeT IIPO-
IyKTbI Pa3BOTIOKHEHMS U BBIHOCUT VX 4Yepe3 peleTo B cOOpHUK. [lasee BO3MyX yepe3 CTEHKY
cOOpHMKa IIPOHMKAeT BO BCACBIBAIOLIYI0 KaMepy. PasBOTOKHEHHBIE YacTUIIBI OCENAIOT Ha
cTeHKe cOopHUKa. IIpy 3TOM 006pasyeTcst HOMOMHUTENIbHBIN CIOV, 3a/iepKMBAIOLIVIT OCTAIb-
Hble Pa3BOJIOKHEHHbIE YaCTHUIIBL. VIMeeT MecTo cuTyanys, ogo6Has GUIbTPOBAHNIO CO CTTIOEM
HaMbIBaeMoro ocagka. O6pa3oBaBIINIICS CIOJ Pa3BOIOKHEHHOTO II€/UIIOJIO3HOTO MaTepuana
BBIIIOTHAET POJIb JOIOTHNUTEIbHO (QUIbTpyowIell neperopofku. OTpabOTaHHBI BO3YX BbI-
OpacbiBaercs B arMocdepy. Menkue pa3BOTOKHEHHBIE YACTUIIBI MOTYT CIYYalfHO MPOCKAKM-
BaTb Yepes IPOCBETHI B CTeHKe COOPHNKA MM Yepe3 HeIJIOTHOCTY B MeCTaxX KpelieHus coop-
HUKa Ha OTOOWHOM Jeke. Takye yacTUIbl 3a/iep)KUBAIOTCS PUIBTPOM Ha JIHE BCAChIBAIOIIEN
KaMephl.

YcTaHOBKa I Pa3BOJIOKHEHMS paboTaer nepuopndeckn. [To Mepe HanonHeHns c6op-
HJKa IIPUBOJ, MAaLVHbI I pa3BO/IOKHEHM A, a 3aTe€M ¥ BO3/IyXO/lyBHasl Malll{Ha, OCTaHaB/I/Ba-
foTcsl. COOpPHMK CHMMAeTCs ¢ OTOOIHOM JeKM ¥ ONOpo>KHsAeTcs. a1 yckopeHusa paboThI Mic-
HIO/Ib3YIOTCA J1Ba COOPHYIKA, VI 3alI0JTHEHHDII COOPHMK 3aMeHs1eTCsl Ha IycToit. Taxke ounmina-
ercst punbTp. [Ipy HeoO6XomMMOCTY, HalIpUMep IpK Ilepexofie Ha APYroil Bup obpabdaTbiBae-
MOT0 MaTepyasa VI IPYTroro ONBITHOTO 00pasiia, TPOM3BOAVITCS OYNCTKA KaMeph /1A pa3Bo-
NOKHeHuA. [l 9TOro eMOHTUPYETCA U OYMIaeTcsa penlero. Jlanee penero BHOBb MOHTUPY-
eTCsl Ha IIpe>KHee MeCTO, YCTAHAB/IMBAETCS IOPOXKHII COOPHMK, IPUCOEANHACTCS BCAChIBAIO-
as KaMepa, 1 paboTa npopospkaercs. Ilepuoamyecky TpebyeTcst 04MCTKAa BCTPOEHHBIX (HUIIb-

TpOB BOSI[YXOI[YBHOﬁI MalINHBbI.
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Pe3ynbTaThl M UX 06Cy)KaeHMe

OmnncaHHas yCTaHOBKA Pa3BOIOKHEHNA LIeJITI0/IO3HBIX MaTepyanoB Oblla MICIOIb30BaHa
BO MHOTMX CAMOCTOSITE/IbHBIX MCC/IEJOBAaHNAX, KaK ONyOIMKOBaHHbIX [14-16], Tak u Heomry0-
JIMKOBaHHBIX. B Imoc/eiHeM ciydae BBIIIOHS/IVCD Pa3/IuHble 3aJaHNs IPOMBIIICHHBIX ITapT-
HEPOB.

Ha paHHOIT ycTaHOBKe IPOBOAM/IACH IIpeABapuTeNbHasg 06paboTKa Iepef; OCHOBHOI TeX-
HOJIOTMYECKOJT 00pabOTKOI pas/IMYHBIX BOTOKHUCTBIX 1[€/UTI0/IO3HBIX MaTepuaaoB. JTO Ape-
BeCHbIE I[eJITI0NI03bI — CynbduTHaA O6enéHas u Heben€Has pasHbIX Mapok. [IpoBoanmacs o6pa-
00TKa U X/IOIIKOBOII 1Ie/UTI0I03bl. Takxke 06pabaThIBaIy MaKyIaTypy B Lie/IAX MIOTyYeHN pac-
HyLIEHHOI LIe/UII0IO3BI, ajlee UCIIOIb30BaHHO I IOMydeHnsA 9KoBaTbl. O6pabaThiBamiCch
pasMYHbIe TOBapHbIe (JOPMBI LIe/UTIONIO3HBIX MaTepUajIoB, a TAKXKe LIe/UII0NI03Hble Momydat-
puxarsl [17]. B wacTHOCTH, 06pabaThIBay X/IOMbs LI€/UII0NI03b], CIIPECCOBAHHON B KUIBL. ITO
K/Iaccudeckas (popMa yIIaKOBKM LIe/UTI0IO3HbIX MaTepuanoB. Takxe 06pabaThiBamy COBpeMeH-
HYI0 pOPMY LIe/I/TIOJIO3HOTO ChIPbS — L[e/UTI0I03HYI0 Hanky [18, 19]. LlenmonosHas nanka mpo-
M3BOJVTCS Ha 1Ie/TI0/I03HO-0yMaXK HBIX KOMOMHATAX I10 TEXHOIOT MM IIPOU3BOJICTBA KAPTOHA U
MOXXET VMeTb Pa3JINYHYyI0 MTOBEPXHOCTHYIO IUIOTHOCTH [20]. IToBepXHOCTHas IUIOTHOCTD —
Macca, IpUXOAAMAACA Ha eAVHUYHYIO IUIOMIA/lb IIe/UTI0/IO3HOM MANKY — I 00paboTaHHBIX
MaTepuajoB cocTapyia oT 600 go 1200 r/m>. VI3 me/mwtono3HbIx nonydpadpukaToB 06pabarTsl-
BaJIM LIE/UTIOIO3HYIO CEUKY Pa3IMYHbIX GopM U pasMepoB. Takxe o6pabaTbIBamy OIBITHBIE 00-
pasubl IeJUTI0NO3b], IOTy4eHHbIe B TA0OPATOPHBIX YCTOBUAX IPY IIPOBENEHNM PasINIHBIX
9KCIIepPUMEHTAIbHbIX MICC/IETOBaHMIL.

[Tpu paboTe TpebyeTca HeKOTOpas SOIOTHUTE/IbHAS IIOTOTOBKA LIe/UII0JIO3HBIX MaTepu-
aJIOB K Pa3BOIOKHEHNIO. JINCTBI LIe/UTI0/I03HOM ITAIIKM PeXKYTCA Ha y3KIe TIOJIOCHI INVPWHOM OT
25 1o 40 mM. LlemnronosHable MaTepyabl B KUIIAX BPYYHYIO PaspbIBAIOTCA HA XJIOIbA IOIIepey-
HUKOM He 60ree 30 MM. Takue pUEMBI SABJISAIOTCS CTIEACTBUEM MalorabapuTHOCTH SKCIepu-
MEHTAa/IbHOV YCTAaHOBKI.

O6pabaTbIBaii LeJUII0NI03HOE ChIpbe Pa3/INYHbIX IIpoN3BoANTeNeil. Vicronbp3opamm fpe-
BECHYIO IIeJUTI0JI03y MPpou3BojcTBa CsChCKOTO IIe/UII0/I03HO-0yMaxkHoro kombuHara (11BK),
bparckoro u Ycrb-Vnmumckoro IIBK rpynmner «Mnum», Apxanrensckoro IJBK u psapa ppyrux.
O6pabaTbIBa/y XJIONKOBBII IMHT IIPOM3BOJICTBA Pa3/IMYHBIX XJIOKOOYMCTUTETbHBIX 3aBOJIOB
Peciy6rmiku Ys6ekncran, Pecrrybmmkm Tamxmkucran, Pecy6mky KasaxcraH, XJI0IKOBYIO
I1eJUTI0I03Y Pas3/IMYHBIX IPOM3BOUTEIE.

[Tory4eHHbBIe TapTUY Pa3BOTOKHEHHOI LIe/UII0IO3bI OBV MCIIONb30BaHbI /I Iiepepa-
OOTKM M HONTy4eHNs PasJIMYHBIX BUIOB IIe/UTIOIO3HBIX NPOAyKToB. Hampumep, 6pum nomy-
JeHbI pasmuyHble Mapky Hatpuit-KMLI, o6/maroposkeHHaA Ie/UI0I03a Ay XMMIYEeCKO Iiepe-
paboTKM, 9KOBaTa U T.II. VICII0/Ib30Ba/IN SKCIIEPUMEHTATBHYIO YCTAHOBKY UL IIOATOTOBKY MO-
Jle/IbHBIX Cpefi [V IPOBeIeHNA APYTUX 9KCIIepYMeHTaIbHbIX MCcCIenoBanmit [15].

[TomyMo HapabOTKM HEOOXOAVMBIX APTHIL IIeJUTI0I0O3HBIX MAaTEePIa/IOB YCTAaHOBKA pas-
BOJIOKHEHM s ObITa VICIIOIb30BaHa ¥ /IS IPOBEIeHNA CAMOCTOATE/IbHBIX 9KCIIePYMEHTa/IbHBIX
uccnegoBanmit. Hanpumep, mpoBoanm yccnefoBaHue yaenbHBIX 3aTpaT MOIHOCTY Ha Pa3Bo-
JIOKHEHNe Pa3/MYHbIX 1[e/UTI0JIO3HBIX MaTepuanos [14]. Onpenensm yenbHY0 IpOU3BOAMN-
TEJIbHOCTb JJAHHOJ KOHCTPYKIVIV IO Pa3BOJIOKHEHMIO PAa3/IMYHbIX 1[eJUTI0JIO3HBIX MaTePHaJIOB.
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Omnpepensiny HeoOXOUMBIe YCIOBUS pabOTHI, B YaCTHOCTY, MYHMMAJIBHYIO Pab0OYyI0 OKPYX-
HYIO0 CKOPOCTB BpallleHVs POTOPA, pe3y/IbTaThl 00pabOTKY Lie/UTI0I03HBIX MaTepUaIoB pasind-
HOII BIaXXKHOCTU. [IpakTudeckyio 3HaUMMOCTb Pe3y/IbTaTOB TAKUX MUCCAeJOBAHNI TPYSHO IIe-
PEOLIeHUTb. DTV MCC/IeOBAaHNs Ayl BaKHbIE CBEJIeHNsA O HEeOOXOAMMBIX YCIOBUAX pabOThI
YCTaHOBKU Pa3BOJIOKHEHMS.

bbumn ncnonb30BaHbl pasinyHble KOHCTPYKIIMYM POTOPOB — KaK IJIOCKOTO HOXKEBOT0, TAK
U KOJIKOBBIX, C KOJIKAMJ Pa3/IMyHoi (GOPMBI, Pa3MepOB I B3aMHOTO PAaCIONI0XEH S 10 OTHO-
HIEHUIO APYT K APYTY.

Psap mccmepoBaHmiT Kacancsi OLIEHKY ITapaMeTpOB KadecTBa IIpefBapuUTeIbHON oOpa-
OOTKM LIe/UTI0NIO3HBIX MaTepuanoB. VIcronp3oBamich Takue GU3NKO-MeXaHdecKue 1 GpusnKo-
XMMMYeCKYe TapaMeTphl, KaK HACBINHAs IVIOTHOCTD, IVIOTHOCTD IIPY YIVIOTHEHUY, YAe/lbHaA
MOBEPXHOCTD, JUCIEPCHBIN COCTaB, IIOKa3aTeb cMauMBaeMoCcTu U pAf Apyrux. OfHako stu
VICCTIeJOBaHM s ITOKA He Jaly OfHO3HAYHBIX pe3ynbTatoB [16]. [Toka Hambosee HaféXHBIM I10-
KasaTe/lleM KadecTBa IPefoOpabOTKM IIe/UIIONIO3HBIX MAaTepUaNoB sIBJIACTCS IIONyYeHMe 00-
paslia KOHEYHOTO NMPOAYKTa. I10 MOHATHBIM NPUYMHAM JJAaHHBI IpUEM He 06/IafiaeT BO3MOX-
HOCTSIMMU 9KCIIpeCC-aHa/IN3a, IIyCTh 1 AaéT HaféxHyo nHpopmanuio. [TosTtoMy Bonpoc Ber6opa
IapaMeTpa Il 9KCIIpecc-aHaIn3a KauyecTBa IpeiBapUTe/IbHOI 00pabOTKY 1[e/UII0IO3HBIX Ma-
TepUAIOB JIO CUX IIOP OCTAETCA OTKPBITHIM.

BpImy ycTaHOB/IEHB! palyioHaIbHbIE TApaMeTPbl KOHCTPYKLUY ¥ YCIOBMSL paboThl 0060-
PYAOBaHNMs, IO3BOJIAOIINE OTYYaTb OFHOPOAHBIN ¥ Ka4eCTBEHHBIN IIpeIBapUTeIbHO 00pa-
OOTaHHBIIT IPOAYKT. TI JaHHbIE IPUBEEHbI B TabmuIe 1.

Ta6muma 1. PekoMeHTyeMble KOHCTPYKTVMBHBIE TapaMeTPbl 000PYIOBaHNA 1 IIapaMeTphbl IIPoliecca pa3BoIOKHe-
HIIA 1eJITI0ONI03HOI IAIIKY U3 IPEeBECHO 1I€/I/TI0/I03bI

ITapamerp En. nsm. Bennunna
YnenbHas MPOU3BOLUTENBHOCTD kr/(c-m®) 2,5
YnenbHas sHeprusA pasBoNIOKHEHUA KJDX/Kr 75
KoaddunmenT 3amaca MOLIHOCTY 37IEKTPOJIBUTATEA - 1,5
MunyMmanbHas OKPY)XHast CKOPOCTb Pab04nx OpraHoB Mm/c 45
Ba>KHOCTb 11eJUTI0JIO3HOTO MaTepuaa % (OTH.) or 5 o 10
YnenbHas IpoU3BOAUTENbHOCTh MEXaHMYECKOI Kaccudukanum pas- kr/(oad) 15
PBIXJIEHHOM LI€JIII0/I03bI
HacpinmHas I0THOCTD Pa3phIXIEHHO LEITI0N03bI Kr/m’ ot 30 go 120

OI[HI/IM 3 Hambosee CYIIECTBEHHDBIX PE3Yy/IbTATOB I/ICCHe,‘E[OBaHI/Iﬁ ABJIACTCA CO3OaHUE
HpOMbIIHHCHHOf/i YCTaHOBKI pPa3BOJTOKHEHNA OJIs1 OJHOTO M3 IMPOM3BOACTBEHHDBIX HapTHépOB.
JTa YCTaHOBKa Obl1a co3faHa C MCIIO/Ib30OBAaHNEM PE3Yy/IbTaTOB HpOBCI[éHHbIX Ha )Ia6opaT0p—
HOII MOJ€EMN pa3/INIHbIX I/ICCHC,‘E[OB&HI/If/I. HPOMI)IH_UICHHaH YCTaHOBKa [/ pa3BOJIOKHEHN A 11€JI-
JIIOJIO3HBIX MAaTE€PUATIOB COCTOUT U3 MOJIOTKOBOM MEC/IbHUIIBI U O6CHY)KI/IBHIOIJ.[€I‘O eé pa60Ty
ACIINPALIMOHHOTO ITHEBMOTPAHCIIOPTA, KaK 3TO IIOKa3aHO Ha puC. 3.

IIo Tp€6OBaHI/IHM 6e301macHOCTI YCTaHOBKa PAa3BOJTOKHEHUA PACIIONIOKEHA M3O0INPO-

BaHHO OT OCHOBHOTO IIpoM3BojcTBa. [Ipu paboTe yCTaHOBKM IIPOMCXOAVT BBIfie/IeHNE TIBIIN,
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ABJIAIOLENICA TOPIOYEN Cpeioii. Y9acTOK pasBOIOKHEHMS PACIIONIOKEH B IIOMEUIEHN KaTero-
pun «b» 10 B3pBIBONO>KapHOII U MOXKaPHOJ OITACHOCTIL.

[IpombllIeHHass YCTaHOBKA ObITa MCIIONb30BaHA I NPeRoOPabOTKY IIe/III0NI03bI
B IIPOM3BOACTBE pasmMyuHbIX Mapok HaTpumit-KMII mo tBépmodasnoit TexHonorun Ha OAO
«ITomaxkc» [3]. O6pabaTbiBanuch pasmMyHble MAapKIU LIE/UIIOIO3BI, [PEBECHOI Y X/IONMKOBOIL,
Pas/INYHBIX IPOU3BOANTEIE. Bce BUIBI 11e/III0/I03HOTO CBhIPhs OBUIN YCIIEITHO IepepadoTaHbl
U VICIIOJIb30BAaHBI /ISl IPOM3BOJCTBA KaK YCTAHOBOYHBIX, TaK U CEPUITHBIX, TOBAPHBIX apTHUIL
IPOAYKTOB — TexHn4ecKoit Hatpuii-KMI u ITAIT pasnu4HbIX MapoK.

Puc. 3. CxeMa IIPOMBIIIIEHHON YCTAHOBKY PasBONIOKHEHMA: 1 — MOJIOTKOBasA MENIbHUIIA; 2 — MaTepHalonpOBO;
3 — IMK/IOH-PasTPysuUTeNb; 4 — QUABTP; 5 — BEHTWIATOP; A — JIMCTHI LIE/UTIIO3HON Manky; B — Bo3ayx us aTMo-
cdepsr; C — oTpaboTaHHBI BO3AYX; D — pa3sBOTOKHEHHBIN IPOTYKT

BriBoabl

PaspaboTana u anmpo6upoBaHa 1ab60paTopHas SKCIIepMMeHTa/IbHASA YCTaHOBKA /IS pas-
BOJIOKHEHVA I]eJUTI0IO3HBIX MaTep1aoB Ha OCHOBE POTOPHOI 3epHOApoOIIKNA. [laHHaA ycTa-
HOBKa 0a3upyeTcsa Ha JOCTYIIHOM OOOPY[IOBAaHUY M SB/IAETCA MalOOIOPKETHON. YCTaHOBKA
MOXXeT OBbITb MCIIO/Ib30BaHa KaK /IS IPOBeIEHVS 9KCIIePUMEHTAIbHbIX VICCTIETOBAHMIL IO pas-
BOJIOKHEHMIO I1eJTIOJIO3HBIX MaTepUaIOB, TaK U J/IA HAPAOOTKM TPpeOyeMbIX KONMNYECTB Pa3Bo-
TIOKHEHHOTO I[e/UTI0JIO3HOTO MaTepuaia.

[Tomy4eHbI KOHCTPYKTUBHBIE ¥ SKCIUTyaTaIlVIOHHBIE ITapaMeTphl YCTAaHOBKY /I pa3Bo-
JIOKHEHUA IeJUII0IO3HBIX MaTepyuanoB. ONTUManbHaA yAe/bHaA MPOM3BOANTE/IbHOCTD yCTa-
HOBKJ Pa3BOJIOKHEHIV COCTaB/IACT 2,5 Kr/(c-M?). YIenbHast MOITHOCTD NPV PhIXJIEHNY Hanbo-
7iee IVIOTHOTO 11e/UII0JIO3HOTO MaTepyaa — Ie/ITI0NI03HO IAMKM — COCTAaBIIACT 10 75 KIK/KT.
MuHuManbHas OKPY>KHasi CKOPOCTb Pab0UyX OpraHOB JO/DKHA OBITh He MeHee 45 M/c. Yenb-
Hasl TIPOM3BOAUTEBHOCTh MEXaHMYECKON KIAacCUPUKALMY Pa3phIXIEHHO LIe/UTI0NO03bI Py
KPYIHOCTM si9eek 5 MM coctasiAeT 1,5 kr/(c-m?). HacblHaA INIOTHOCTD Pa3pbIX/ICHHON IIe/l-
JTIOTIO3BI, B 3aBMICUMOCTH OT peXXMa pa3BOIOKHEHNs, cocTaByaeT oT 30 1o 120 xr/m’.

Ha ocHoBe copMympoBaHHBIX peKOMEHAALNIT pa3pabOTaHO TEXHIYECKOe 3a/laHMe Ha
IPOMBIIUIEHHYI0 YCTaHOBKY /ISl Pa3BOIOKHEHMA IIPOU3BOANTENBHOCTBIO 500 KI/4 IO roTo-

BoMy monydpabpuxary (pasBoloKHEHHOI ULe/vtonose). Ilogo6pano obopynmoBaHyme u
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ornpefeneHa YyCTaHOBOYHaA MOITHOCTD IPMBOAHOTO 3JIEKTPOABUTATENA METbHUIIBI. HPOMI)IIJ_I-

JICHHAas YCTaHOBKa pa3BOJIOKHEHMA CO3[aHa, MCIIbITaHa U VICIIO/Ib3OBaHa /1A IIpEeABaApUTE/Ib-

HOJ1 IIO/ITOTOBKY 1I€/III0JIO3HOTO ChIpbs B NMPOM3BOJACTBe TexHudeckoil Hatpuit-KMII. Ilpo-

MbIIIJICHHAs YCTAaHOBKaA obecrieunBaeT CTadMIbHOE KAYeCTBO Pa3BOJIOKHEHN LE€JII0/IO3bI C 3a-

,'E[aHHof;[ IIPpON3BOAUTE/IPHOCTDIO.
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Knroueswvie cnosa:

H/D-uzomononoeu
8000bL, ANPOMOHHbLE
OunonspHvle opeaHu-
uecKue pacmeopu-
menu, cmaxoapmHuole
MOJIAPHBIE IHMATD-
nuy pacmeopeHus u
conveamayuu, u3o-
montvie sgpPpexmol,
8000p0OHAS CB513D,
0OHOpHO-AKUenmop-
Hble Xapakmepu-
CmuKu

B 0630pe Ha ocHOBAHUU AHATIU3A UMEIOUAUXCS 68 TUMEPAMmYpe MepMOXUMULECKUX OaH-
HbLX, 6K/II0UAS ONYONUKOBAHHbIE ABINOPAMU Pe3yNbMambl COOCMBEHHbIX KAopUMen-
puteckux usmepenutl, no UCCne008aHUI0 COCMOAHUA U conveamanuu monexyn H,O u
D;0 6 anpomonHbix OUNONAPHBIX CPeOAx OpeaHu4eckoli Npupoobl 6viA6/eHbl MPU
epynnoL pacmeopumereti, pasnu4AOULUEcs HO Xapakmepy cneyudu1ecKoeo 63aumooeti-
cmeus ¢ H/D-usomononozamu 600bL. Ilepeyio epynny cocrnasnsiom ymepeHHo dneKmpo-
HodoHopHoie mempazudpopypan (TT'D), napa-ouokcan (JO) u auemon (Auy), o6pasyro-
wiue ¢ pacmeopeHHoll 60001 6000pOOHbIE CA3U, KOMOPble N0 IHepeemuKe HeHaMHO20
yemynarom maxosoti mexcoy monexynamu HO unu D;0. Spdexmupt 06pazosanus ee-
mepokxomnonenmnvix H(D)-cesaseil 6 npeumyuiecméeHHo neKmpoHOAKYeNnMOpHbIX
pacmeopumensx émopoti epynnvt - nponunenxapéoname (I1K), auemonumpune (AH)
u Humpomemane (HM) - 60 MHO20M onpedenaomcs mepoti 00CHYNHOCHU UX OOHOPHO-
AKYeNnMopHbLX UeHMPOs 071 63AUMOOTICINBUS ¢ MOZIEKYNAMU U30MONnonoea 600bL. Ecnu
IIK 6 amom cmuicrie 60nbULe COOMBEMCIMEYem PACINEOPUNENAM Nepeoli 2pynnbvl, 1o
cmepuueckue Hecoomeemcmeus npu ssaumooeticmeun AH u, ocobernrno, HM c monexy-
namu H>O unu D,0 secoma 3amemuo ymeHvuiaom 6Kkaao 6000poOHbIX c6:3el 8 npo-
yecce 06pA308aHUS «CONbBAMOKOMNEKCA» 600bL. [Ipoyecc conveamavuu monexyn H,O
unu D,0 6 pacmeopumensix mpemveti epynnot - N,N-dumemungopmamude (JM®DA),
N,N-oumemunavemamude (JJMAA), cexcamemungocpompuamude (ITMDPTA) u oume-
muncynvgoxcude (IMCO), snexmpoHodOHOPHAS CNOCOOHOCHL KOMOPHIX BblULe, HEM Y
800bL,~ HANPOMUS, CONPOBOHOaeMcs 00pA308aHUEM IHepeemuecKU 6oriee cmabuny-
Hblx 2emepokomnonenmubix H- unu D-ceésseli, no cpasHeHUrO ¢ Cyuecmeyouumu 6
«yHapHoti» 600HO1 cpede. Ycmanosnero, umo D,O-H,O-usomonnovie spgpexmuv (13) 6
CMaHOapmHoLl IHMANLNUU CONbEAMAUUYU 6006l JOCHMAMOUHO KOPPEKINHO COOMHO-
cAMCA ¢ IHepeueti 8000po0HoT ces3u H,O - anpomonnwiii OunonspHovLii pacmeopurmens.
Ykasautvie IHManvnuiiHo-u3omontuie ddexmol conbeamayuy 6 Ueaom Koppenu-
Pytom u ¢ nonycymmoti 00OHOPHbIX U akuenmopHoix wucen (no 'ymmany) 0ns cpasHusa-
eMblX ANPOMOHHBIX OUNONAPHbIX cped. TIokA3aHA 603MOMCHOCHb NOCHPOEHUS KOp-
pexmuoti 3asucumocmu VO 6 snmanvnuu conveamayuu 600vl 6 amudax om napa-
Mempa cmpykmypuposarnHocmu pacmeopumens (no Omaxu).
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BBengenue

JI3BeCTHO, YTO YHUKATBHOCTD XKUIKOJ BOABI KaK «4MCTOr0» (YHAPHOIO) PacTBOPUTEIIS
oIpefie/sieTcsl CIOCOOHOCTBI0 ee MOJIEKY 00pa3oBBIBaTh TpexMepHylo (3D) HempepbIBHYIO
VIV KOHTVHYaJIbHYIO CETKY BOJJOPOZIHBIX CBsI3eil pasnin4Hoil KoHdurypanuy. C TOUKM 3peHus
IIPOSIB/IEHNS OCOOEHHOCTEN IMPOCTPAHCTBEHHO-KOOPAVHNMPOBAHHON CTPYKTYpPhI BOZBI KaK B
crienduyeckux (depes odbpasoBanye H-cBsseit) MeXXMOIEKY/LIPHBIX B3aVMOAEICTBUAX, TaK U
B ripodoOHbIX 3¢ deKTax, K HaCTOAIIeMy MOMEHTY CO3/JaHa BeCbMa BHYLINTe/IbHAs 6a3a JaH-
HBIX II0 CBOJICTBaM pa30aB/IeHHbIX BOJHBIX PacTBOPOB OPTAaHMYECKNMX HE3NIeKTPOINUTOB.
OpHako MMeroIecs B IUTepaType CBefieHNs 00 VICCTIeOBaHNY BOZIBI KaK paCTBOPEHHOTO Be-
I[ecTBa B OPraHNYECKUX cpefjaX (BK/I0Yas MpeCTaB/IAoIe B HaCTOALIee BpeMs 0COObI MH-
Tepec VIOHHBIE >KMUAKOCTY) Pas3INIHON IPUPOJBI ITOKa KpailHe orpanmdeHs! [1-35]. Bmecte ¢
TeM, pacCMaTpuBasi HEBOJHBIN (OpraHMYecKMil) pacTBOPUTENb KaK OFHO 13 3P (eKTUBHBIX
CPeICTB YIPaB/IeHVsI TOHKUM XMMWYECKUM IIPOLIECCOM, CIefiyeT UMEThb B BUAY, YTO (aKT Ipu-
CyTCcTBUA (@ MHOTJA U OTCYTCTBMA) MMKPOIIpYMECell BOAbI B PEaKIIOHHON cpefie BIedeT 3a
co00J1 TOCTAaTOYHO Cepbe3Hble MOCNIEeCTBS, 3aKaHUMBAOIIMECs, B TOM 4MCTIe, M 3aMEHOII ca-
Moro pactBoputens [7, 11]. [TockonbKy Bopia, pacTBOpeHHasi B MUKPOKOJIYECTBAX B Cpefie Op-
TaHMYECKOTO PACTBOPUTEIIS, TePsET CBOI0 XapaKTePUCTUYECKYIO (XKYPHYI0) CTPYKTYpPY U BMe-
CTe C Hell MHOTVe YHVKaJIbHble CBOJICTBA, ee MOJIEKY/IbI (JVIMepbl, K/TacTepbl) OKa3bIBAIOT Cy-
I[eCTBEHHOE BO3MYIIaolljee BIMsIHIE Ha «CONbBATHOE OKPY>KeHMe». DTO IPUBOJUT K BOSHUK-
HOBEHMIO Ka4eCTBEHHO HOBOTO PAaCTBOPUTE/IA C MHBIMMY, YeM Y 6€3BOHOTO YHAPHOTO KOMIIO-
HeHTa, GU3NKO-XUMIYECKVMMI Y TePMOJVHAMUYECKVIMI CBOVICTBaMu (4, 6-8, 11].

C #pyroit CTOPOHBI, CTPYKTYPHOE ITOBEfieHe BOJBI B C/Ty4ae 9KCTPEMaIbHO HU3KOTO CO-
lep>KaHUA ee B OPTaHNIeCKOM pacTBOPUTeJIE, Ifie OTCYTCTBYeT XapaKTepHas /IS BOJHO CPeIbI
TpexXMepHas CeTKa BOLOPOJHBIX CBs3€ll, OCTaeTCsl MoKa MaousydeHHbIM. [loaTomy mccneno-
BaHJe COCTOAHMA V1 COMbBATAL[VY MOJIEKY/I BOAbI B KMAKIX CpeflaX OPTaHMIeCKOTO IIPOVICXOXK-
JleHMs1, @ TAK)Ke XapaKTepa MX BO3JEVICTBUA Ha CTPYKTYPY ¥ TepMOAMHAMIUYECKIIe XapaKTepu-
CTUKI OKPY>KaIOIIeTO PacTBOPUTENA ABJIAETCSA BAXHON 3amadell Kak GU3MKOXVMUM PacTBO-
POB, TaK U COBPEeMEHHBIX TEXHOJIOTHII, 6a3VPYIOLIMXCSA Ha MCII0/Ib30BaHN HEBOTHBIX CUCTEM.
K TakoBBIM crlefiyeT OTHeCTH, IpeXK/ie BCETO, TEXHOIOTMYECKIe IIPOLIeCChl TOHKOTO OpraHuye-
CKOTO CHHTe3a VI pasfie/IeHNA/3KCTPAKIUI )KMIKIX CICTEM, @ TaKoKe IIPOIIeCChl, HaIlpaB/IeHHbIE
Ha II0/Ty4eH1e 0co00 YNCTHIX COefVIHeHN [4, 6, 8].

JI3BeCTHO, YTO «/JeTONIMIMepU3aIVA» BOIbI HAIIPAMYIO CBSA3aHa C XMMIYECKOII IIPYPOJOI
pacTBoOpsioIell (MM CONMbBATUPYIOLIEN) OPraHNIECKOV CPefibl, TO eCTh C €€ MOJIEKY/IAPHOI
CTPYKTYPOI ¥ JOHOPHO-AKI[EITOPHO CIIOCOOHOCTBI0. C 9TOI TOUKY 3PEHMsT 3HAUMUTE/IbHBIN
VHTEpeC IPeICTAB/IAIT anpomoHHvle OUNONAPHble PAacTBOPUTENN, 0OO3HAYaeMble fjajiee B
¢dbopMynax NOACTPOYHBIM MHAEKCOM «1». DOpManmbHO K JAHHOMY KJIAacCy pacTBOpUTeENIeN
OTHOCSATCS XXUJKOCTH, Y KOTOPBIX OTHOCUTE/IbHAsl AMINIEKTpUYecKas HMPOHMIIAeMOCTb €& U
JUATIONIBHBIVI MOMEHT MOJIEKY/IBI [; COCTaB/ISIOT He MeHee 15 emmuun u 2,5 [e6as (M), win
~8,3-10%° Ki-M, coorBeTcTBeHHO [36-38]. MoseKynbl Takux >KUAKO(A3HBIX COeVIHEHMII He
CITIOCOOHBI OBITH JTOHOPAMU BOJJOPONHBIX CBA3€I, IOCKO/NbKY MMetomyecs B Hux cBasu C-H
HEJOCTaTOYHO CM/IHO NOJApu30oBaHbl. OJHAKO 13-3a HA/IMYN HETIOfIe/IeHHBIX 37IeKTPOHHbIX

Iap y aTOMOB KNCTIOPOJa, a30Ta, pocdopa, cepsl 1 Ap. B MOTEKYIaX TAKOTO POfA, OHM MOTYT
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BCTYNIaTh B JOCTATOYHO CU/IbHBbIE CIlenuguiecKre B3anMOAeicTBUA (depe3 obpasoBaHIe
npouHbIX H-cBsA3ei) ¢ MojeKy/iaMy pacTBOPEHHOI BOZBI, KOTOpPble 00J1afjal0T BBIPa>KeHHON
3JIEKTPOHOAKI[EIITOPHOT CIIOCOOHOCTHIO [38-40]. OTHOCAIMECS K alIPOTOHHBIM AUTIOJIIPHBIM
PacTBOPUTENAM CTPYKTYpPHBIE M TEPMOJMHAMIYECKIE CBOVICTBA HEIIOCPE/ICTBEHHO CBSA3aHbI C
X CBOJICTBaMM B IIPeZIe/IbHO MM BHICOKO pa30aB/IeHHBIX OTHOCUTE/IbHO BOABI pacTBopax [11].
ITockonbKy paccMaTpyuBaeMble OPTaHMYECKNE CPEbI MCIIONIb3YIOTCS B MHOTOYMC/IEHHBIX IIPO-
I1eccax M 9KCIIePYMEHTATbHBIX YCTPOICTBAX, KOTOPbIe COIPSKEHBI C MIPUCYTCTBMEM BOAbI (Ja-
CTO B Bufie aTMOC(EPHOII BJIary), Ha/lm4e JOCTOBEPHBIX TEPMOAVHAMUYIECKUX 1 (PU3UKO-XU-
MMYEeCKUX TAHHBIX JyIA TaKUX BOJOCOMEP)KAIINX PacTBOPUTeETIell AB/AeTCS aOCOMIOTHO Heoo-
XO/IMMBIM YCTIOBMEM JI/ISl YCIIEHIHONM peanusaliy IOCTaB/I€HHbIX IPAaKTUYECKNX U TeOpeThye-
ckux 3agad. [Tpn aTOM, Kak y»e 6bUIO TOJYEPKHYTO BBIIIE, MHTEHCYBHOCTD VI HAIIPAaB/IEHHOCTD
CTPYKTYPHBIX M3MEHEHUI Y MEXMOJIEKYIAPHBIX B3aMOMAEVICTBAI B KaXK[0il allpOTOHHOM
IUTIOJNIAPHON Cpefie MO BANAHNEM MUKPOZO0OaBOK BO/IbI B 3HAYNTETbHOI CTEIIEHN 3aBYICAT OT
TOHOPHO-AKI[€ITOPHBIX CBOJICTB COIbBATHOTO OKPY>KEHNA.

Pe3ynbpTaThl IPOBEEHHBIX B 9TOI 00/1aCTV PU3UKOXMMUM PACTBOPOB MCCIEOBAHNI IT0-
Ka3bIBaIoT, 4TO, HapsAay ¢ VIK-crekTpockonmyeckum anamsom [4-6, 8-10, 17], maHHbIe O cTaH-
JIAPTHBIX MOJIAPHBIX TEPMOJMHAMUYECKUX XapPAKTePUCTUKAX PACTBOPEHMA BOJbI JAIOT He3a-
MEHUMYI0 MHPOPMAIVIO KaK O B3aVIMOJIe/ICTBIAX PaCTBOPEHHOTO BOTHOTO KOMIIOHEHTA C pac-
TBOPUTEJIEM, TaK U O CTPYKTYPHBIX OCOOEHHOCTAX 0bpasyroleiicss 6MHapHON CHCTeMBI. YKa-
3aHHbBIE XapaKTePUCTUKI, KaK U3BECTHO, HeCYyT MHPOPMALINIO TOIBKO O CTPYKTYPHO-YCpeTHEH-
HBIX VIV HAOMOJIEKYIAPHBIX CBOMICTBAX >KuaKodasHoi cucreMsl [6, 7, 11]. [TosTromy Heob6xo-
[IVIMble CBEJIEHMA O CTPYKTYPHBIX U SHEPTeTMYECKUX ACHEKTaX MEXMOJIEKY/IAPHOTO «TeTepo-
KOMITOHEHTHOTO» B3aJMMOJENICTBUA Ha MUKPOYPOBHE MOTYT OBITb IOTy4eHBI JIVIIb KOCBEH-
HBIM IIyTE€M C IPUBJIEYEHNEM Pa3IMYHOIO POJia IMIOAXONOB I npubmkennit [11, 15-18]. On-
HaKo L[eJIOTO psifa IpobseM ymaeTcss M30eXaTh IPU MCCIEJOBAaHUM TEPMOIMHAMMIYECKUX
csoitcts H/D-n3oronueix anamoros Bogpsl (H,O u D,O: ganee B popmynax - «2») B OGHOM U
TOM >K€ allPOTOHHOM AMIIO/IAPHOM OPTaHMYECKOM pacTBopurtesne. VIsBnekaemble IIpyU 3TOM
D,0-H,;0-nusoromnnsle a¢exTs! (VI3: §) pacTBOPEHHOTO BelleCTBa, B CUIy CBOEJ KBAaHTOBOI
IPUPOJBI MPOUCXOXKAeHNs [1, 41-44], maroT mOpoIt He3aMeHNMY0 MHPOPMALNIO O XapaKTepe
ME>XXMOJIEKY/IAPHBIX CIIeNU(UIeCKIX B3aUMOJENCTBUIL U CTPYKTYPHBIX IIpeoOpa3soBaHMiT BO
BHOBb C()OPMIPOBAHHOM «COTbBATHOM KOMIIIEKCE» BOJja ~ OPTaHIYECKIIT PaCTBOPUTEIb.

Haub6onee nHPOpMAaTUBHBIMM B 9TOM CMBIC/IE OKa3aluch JaHHbIe 00 VIO B 00beMHBIX
Y SHTAJIBIUIHBIX XapaKT€PUCTUKAX COMbBATAllMy BOJbI B pacCMaTPUBAEMbIX OPTaHNMYECKUX
cpenmax. Bmecte ¢ TeM, ecnmu BceCTOpOHHEMY OOCYXKIEHUIO 00BEMHO-U30TONHBIX 3 deKkToB
PacTBOPEHMA M CONbBATAlMM BOJBI B AlIPOTOHHBIX [JUIIONAPHBIX PaCTBOPUTENAX OTBENEHO
3HAYUTENbHOE MECTO KaK B OTHE/NbHBIX 0030pax [11, 45], Tak U B NepuOANYECKUX M3TAHNUAX
[12-15,22, 24-28, 46-50], nMetomtyecs B IUTEPAType CBEAEHNA O IIOO0OHBIX SHTAIBIINITHO-U30-
TONHBIX 9¢PexTax BecbMa pasoOIIeHbl U paHee He CUCTeMaTU3VPOBAINCH. BerencTBue aToro
HEKOTOPbI€ BOIIPOCHI, Kacarolyecs TEPMOJMHAMIYECKOTO COCTOSIHMA PacTBOPEHHON BOJbI,
BCe elle ocTaTcA 6e3 oTBeTa. ONUH U3 HUX, TOXKaITYli, Hanbosiee BayKHBbII, CBA3aH C yCTaHOB-
JIeHueM 0COOEHHOCTE! B3aMOIEVICTBSI MOJIEKYI BOJBI C COTIbBATUPYIOLIEN CPEeSOI B 3aBUCH-
MOCTH OT CTPYKTYPHOI! (3/1eKTPOHHOIT) KoHuryparyy mnocnegHeii. O6o6muias mpepbiayiye
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Halllnm NCCjI€egoBaHNA N pa60Tb1 APYIruX aBTOpPOB, B TaHHOM KpPaTKOM 0630pe MbI IIOCTapaanchb
3aIIOJIHUTD 3TOT «npo6en» Ha OCHOBE€ aHa/IMi3a JaHHbIX I10 W3 B sHTaNbIINU COJIbBaTall i1 BOJbI

U X B3aJ¥IMOCBSA3M CO CBOJICTBaMM 0OCY>KaeMOTO0 K/Iacca pacTBOPUTEIEIL.

CpaBHuTenbHasa xapakrepuctuka H/D-m30Tononoros Boabl 1 apOTOHHBIX JUIIO-
JAPHBIX PACTBOPUTETIEN OPTraHNMYECKOI IIPUPO/DI

AHamu3 CTPYKTYPHO-9HEpPreTMYecKMX IpeoOpasoBaHMil, MPOUCXOIAIMX B OKMIKON
cpefie allpOTOHHOTO JUIIOAPHOTO OPTaHNYEeCKOTO pacTBOPUTEA IOJ, BAMAHNEM PacTBOpPEH-
HbIX B HeM Mosiekyn H,O Ha D,O, HeBo3MOXXeH 6e3 puBIedeHNs JaHHBIX O PU3UKO-XMMUYe-
CKUX CBOJICTBaX KOMIIOHEHTOB O0Opasymollerocst cmaunoapmrozo 6unapHoro pactsopa. Co-
rmacHo pekomeHpauyaMm MIOITAK [51, 52], 3a crangapTHOE COCTOSIHVE PACTBOPEHHOTO Bellle-
cTBa (2) B pacTBOpe MIPMHATO €r0 COCTOSIHME B ITUITIOTETMYECKY M/eaIbHOM PacTBOpe eMHIY-
HOJI KOHIIeHTpanuu (¢;° = 1), B KOTOPOM MOJIEKY/IbI HAXOMATCS B TOM K€ 9HEPreTIYeCKOM CO-
CTOSIHMM, YTO U B O€CKOHEYHO pa3baB/IeHHOM II0 KOMIIOHEHTY 2 pacTBope. CTaHHApPTHBIM CO-
crosiHueM pactBoputesi (1) B pacTBOpe ABJIAETCS COCTOSIHUE YMCTOTO PACTBOPUTE/IS IIPY IaB-
nenun ~ 0.1 MIIa n «rexyueit» TeMneparype. ViHade roBops, cTaHAApPTHOE COCTOAHME ITOCTY-
NMPYeT TUIOTeTNYeCKOoe CYIeCTBOBAHIE MOJIEKY/I pACTBOPEHHOTO BelljeCTBa (B HallleM CIydae
- BOJIbI) MCK/TIOYMTE/IBHO B MOHOMEPHOIT pOpMe B OKPY>KeHUY OeCKOHEYHO 60/IbIIOT0 KO-
YyecTBa MOJIeKy/ pacTBoputesisa. OueBUAHO, 4YTO B TAKOM PacTBOpPE O/KHBI IOTHOCTBIO OTCYT-
CTBOBATb 3aBUCAIINE OT €T0 KOHIIEHTPaLuM 2-2-B3aMIMOJIeMICTBYA. DTO HOMYLeHe BO MHOTOM
obJerdaeT MHTEPIpeTalNI0 TEPMOAMHAMIYIECKUX 3P PeKTOB, MHAYIVIPOBAHHbBIX 1-2-B3auMo-
IeVICTBUIMM B BOJOCO/iep Kalliell opranmdeckoit cpese [11, 16, 45].

Hernb3s octaBuTh 6€3 BHMMAHMA M BeCbMa Ba>KHBIN BOIIPOC O HOMEHK/IAType M30TOITHBIX
dopm peiiTeposamMenieHHbIX coepyHenuit. Vicxops us npuusaron MIOITAK tepmuHonornn
[53], n3oMepHbIe coefMHEHNS, MEIOLIe OJVHAKOBOE YMCIIO M3O0TOIHBIX aTOMOB KaXK/[OTO
BUfa B OpyTTO-QOpMy/ie MOJIEKY/IBI, Ha3bIBAIOTCA u3omonomepamu. K TakoBbIM, Hampumep,
otHOCcATCcA MeTa”onbl CH;OD n CH,DOH nmn CD;OH n CHD,OD. B cBoo odepenb, Mose-
KY/Ibl, KOTOpbIe OT/IMYAIOTCA APYT OT J[pyTa TOJIbKO M30TOMHBIM COCTaBOM, IPUHATO HAa3bIBATh
usomononozamu. K mocnemganM oTHOCATCA U usoronojoru Boasl — H,O u D,O, uTo gaer Ham
OCHOBaHNe UCII0/Ib30BaTh 3TV HaVIMEHOBAHUA B JNJIbHENIIEM IIPYU OOCY>KIEHUY SHTA/IbIINII-
HBIX 3¢ ()eKTOB CoMbBaTaALNM B AIIPOTOHHBIX AUIIOJIIPHBIX OPTaHNYECKUX CPeiax ¢ M30TOIIHO-
pasnuyanImuMucs GopMaMy pacCTBOPEHHOTO BOJHOTO KOMITOHEHTA.

[TockonpKy B JTaHHOM 0630pe pedb UJIeT O TepPMOAVHAMIYECKUX XapakTepuctukax H/D-
M30TOIOJIOTOB BOABI KaK PAaCTBOPEHHOT'O BellleCTBa, HeT He0OXOAMMOCT! (OKYCHPOBAThCS HA
aHa/M3e CTPYKTYPHBIX U MHBIX Pa3/INunil CpaBHMBaEMbIX BOJHBIX cpefi. VIHpopmanmio o cBoit-
crBax monekyn H,O n D,O moxHO HaitTy, Hampumep, B paborax [11, 42, 54]. [Tokxasano, 410
H/D-u3oTononory BOfbl COCTOST U3 CKIIOHHBIX K SP>-IMOpuM3anyy aTOMHBIX OpOuTanei Mo-
JIeKy/ ¢ OONbIINMY, HO He3HAYNTE/IbHO PA3IMYAIOLIVIMIICA MOMEHTaMM JUIONA Yy (Tabm. 1).
OpHOJT 3 OCHOBHBIX IIPUYMH M3MEHEHMS 4, SIB/ISAETCS KBAaHTOBBIN 9 eKT, KOTOPHIl Olpese-
JISIeTCS pa3HOCTBIO aMIUINTY], AaHTAaPMOHMYHBIX HY/IeBbIX Konebaunit Mmonekyn H,O n D,O. ITo-
clieHee 06CTOATENbCTBO BBI3bIBAET TAKXKE IBMEHEHVIE MEXXbSIEPHBIX PACCTOSHNIT B MOJIEKYIIe
BOJIBI U, KaK C/IEfICTBIIE, €€ BaH-JIeP-BaalbCOBOTO 00beMa Viyo. 1k, 3aMemenne O-H > O-D
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VHJIYLIPYeT COKpallleHye cBsi3y Ha ~3% [44], a BeMIMHBI Vi, ~ Ha 0,07 HM® [11, 55]. B cBoIO
o4epenb, 3TO IPUBOAUT K M3MEHEHNI0 JOHOPHO-aKI[eIITOPHBIX CBOVICTB MOJIEKY/IBI BOJBI, TO
€CTb ee CIIOCOOHOCTY 00Pa30BBIBATh BOOPOJHbIE CBA3M C COCETHUMY MoteKyntamu. CoracHo
BbIBOZaM [11, 56], cmefcTBMeM Iepepacrpefie/ieHNs 3/IeKTPOHHON ITIOTHOCTY B MOJIEKY/IApP-
HBIX KBAHTOBOXVIMITYECKVX KOMIDIeKcax Boabl pu 3amemntenun H,O wa D,O saBnsercs ycne-
HIle 3/IEKTPOHOAKIIENITOPHOI ¥ OCTabeHNe 3TeKTPOHOJOHOPHON CIOCOOHOCTM (COOTBET-
CTBEHHO, 3HaueHus1 AN, u DN, B Tabnuiie 1) y feiiTepypoBaHHOTO M30TOIOIOTA. [JaHHBI (hak-
TOP, HAPAIY CO CHVDKEHMEM YacTOT mmbpanyiil (KpyTWIbHBIX Ko/ebaHmiT) ¥ BaJleHTHO-edop-
MalYOHHBIX KO/leOaHN1 BHYTPUMOIeKy/sipHoli cBsi3u O—H npu 3amenieHnny npoToHa eiiTpo-
HOM, IIpefiolpefie/isieT BO3pacTaHue SHEPIUM JYICCOLVIALMY BOJJOPORHBIX CBsI3ell B TSKEJION
Bojie [11, 41-43]. ITo pesynpratam mccnegoBanuii [42, 57] VIO B sHepruy BOZOPOLHOI CBA3YU
Boja - Bofja OF:.,2(H.0->D,0) cocrasmser -(1,2 + 0,2) x/I)x-Monb! Ha «oHe» XOpOILIO CKOp-
penMpoBaHHOTO 3HaYeHus sHepruyu H-cBsselt B cpefie 0ObIYHON (IIPOTOHMPOBAHHON) BOZDL:
Eic22=-(15,5 + 16,0) x/I>x-Mmonp™! [8, 11, 15, 58].
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Puc. 1. CtpykTypHbIe POpPMY/IBI MOIEKY/I AIIPOTOHHBIX AUIIOIAPHBIX PAaCTBOPUTEIEN

O630p MuTEPaTypHBIX UCTOYHUKOB 10 00CYX/JaeMoit IpobieMe BbIABII HalTN4ye CBefie-
HUJ O CTaHJAPTHBIX SHTAIBIMITHBIX Xapakrepuctukax pacrsopenus H.O u D,O (A H:°) B
IeCSATH AIIPOTOHHBIX JUIOSIPHBIX PACTBOPUTE/ISIX OPTaHNYECKON pUpoabl (puc. 1): aneToHe
(Any) [59, 60]; aneronutpune (AH) [46, 61]; N,N-gumernnaueramupe (IMAA) [62]; N,N-
rumernnpopmamuge (JM®PA) [62]; pumeruncynpdoxcuae (JMCO) [62]; napa-(1,4-)-nmok-
cate (J1O) [60,63]; rekcametnndochorpuammpe, wim rekcameranone (TMPTA) [62, 64]; aut-
pometane (HM) [61,64]; nponmnenkapbonare (ITK) [61] u Terparngpodypane (TTD) [60, 65].

44



OT XUMHUHW K TEXHOJIOTUH TILARRTRTIEANI TOM 2, BbIMYCK 1, 2021

[Tpu sTOM IpUBefeHHBIE B YKa3aHHBIX paboTax sHaueHuA A,H>° B 60/IbIINHCTBE CBOEM OTHO-
caTcs uckmounTenbHo K T = 298,15 K kak Hambosee 4acTo ucnonbayemoit («pedepeHcHOI»)
TeMIlepaType B TepPMOXMMMYECKNX MCCIeJOBAHUAX XUAKOPasHbIX cructeM. CpaBHNUTE/IbHAS
XapaKTepICTHKA IIepedNiC/IeHHBIX pacTBOPUTeEIell IpuBefieHa B Tabmuie 1.

Tabmuua 1. PusyMKo-XMMMYECKe CBOVICTBA allPOTOHHBIX JUIOMAPHBIX pacrBoputeneil 1 H/D-usoTtomnonoros
BOZbI, 00YCITOBNMBAIOLINE UX CIIOCOOHOCTH K MEXXMOJIEKY/IAPHOMY B3auMogerictauio, pu T =298,15Ku p = 0,1
MlIla

Cpepna DN AN Sp € Y
TTr® 20,0 8,0 7,16 7,58 1,75
oo 14,8 10,8 10,0 2,21 0,45
Axp 17,0 12,5 5,48 20,6 2,69
HM 2,7 20,5 24,0 38,0 3,56
AH 14,1 18,9 12,5 36,0 3,44
ITK 15,1 18,3 12,4 65,0 4,98
OMCO 28,9 19,3 13,7 46,7 3,96
IM®DA 26,6 16,0 12,5 36,7 3,86
OIMAA 27,8 13,6 16,6 37,8 3,72
I'MOTA 38,8 10,6 0,39 29,6 5,54
H,O 18,0 54,8 19,3 78,4 1,84
D,O <(1M > (1) 20,7 78,2 1,86

ITo obmwenpuHaAToO Knaccudukanmu, 6a3upyroLeiicss Ha TEOPUYU KUCIOT Y OCHOBaHMIA
JIviouca n mpoTonuTudeckoit reopun bpéncmeda-J/Ioypu, opranndeckyie pacCTBOPUTENN B Tab-
nuie 1 yCIoBHO JienATcs Ha Tpu Kateropun [36, 40]. dto: anpomonmvie npomogobvie (A,
AH, HM u I1K), anpomonnvie npomogunvrvie (TMOTA, IMAA, IM®A n IMCO) u doHoput
a7IeKMPOHO6 ¢ HU3KOT Ouanekmpuueckoi nponuyaemocmoto (JO u TT®). Cnenyer oT™MeTUTD,
YTO ITOC/IEf{HIIE IBa PACTBOPUTEIIA 110 POPMATBHO YCTAaHOB/ICHHBIM YCTIOBUAM (CM. BBIIIE) HE
CTIe0BaIo ObI OTHOCUTD K KJIACCY AallPOTOHHBIX JUIIOIAPHBIX XXIJKOCTEN 13-3a CIVIIKOM HU3-
KUX 3HAUEHMIT AV3/IeKTPUIECKON IPOHMI[AEMOCTI Cpefibl (€1) ¥ AUIIONIBHOTO MOMEHTa MOJIe-
Kynbl (y41). OfHAKO, MCXOAA U3 ILie/lell JaHHOTO 0030pHOTO MCC/IeOBAHMs, CTIeflyeT OCHOBBI-
BaTbCA Ha IPYTUX, 60r1ee MHGOPMATUBHBIX PU3NKO-XMMUIECKIX CBOVICTBAX, IPEROIpe/eIi0-
VX CHOCOOHOCTD Ka)XK/JOTO U3 IIepedMC/IeHHBIX B Tabmu1e 1 pacTBOpuTeell B3auMOJeiCTBO-
BaTh C MOJIEKY/IaMV pPacTBOPEHHOro m3orornosnora Bojsl. CornacHo BeiBofaM [36-40], cpemu
HOTYy3MIMPUYECKIX [TApaMeTPOB, OTPAXKAMOIMX Ha MOJIEKY/LIPHOM YPOBHE 06a/laHC KIMCIOTHO-
OCHOBHBIX CBOJICTB PacTBOPUTENA B XMMUYECKUX IIPOL[ECCaX, OCHOBHBIMM SIBJISIOTCS 97I€K-
TPOHHBIE IOHOPHBIE U aKL[eNTOpHbIe yncia. B Tabmuie 1 oHY IpefcTaBieHbl 3HaYeHUAMU AN
u DN no mxkane 'ymmana [38-40]. CornacHo onpenenenuto [39], AN - 6espasmepHas Benu-
4JHa, a 3HaueHNsA DN, usMepseMble B KKaJI-MOJIb ', He IIPMHATO BBIPAXXATD B CUCTEME eVHNL]
CI, u, KaK IpaBUJIO, OHY MIOCTY/IVPYIOTCS OBITH YCIIOBHO Oe3pa3MepHBIMIL. TaKOBBIM ABJISETCA
u 6e3pasmepHnblit mapamerp Omaxu [40, 66] (3HaueHus S,, HeneHHble Ha KI>K-MOb™', B TaOI.
1), KOTOPBIT UAEHTUYEH SHEPTUYU MEXXMOJIEKY/LIPHOTO B3aMOMEIICTBYSA P TUIIOTETIYECKI
«TpeXMEPHOM MOJIEKY/IAPHOM YIOPAZOYMBAHUU» B XXUAKOCT: Sp = AunH - DA - VDW,
rae AunH - 9HTanbIUA UCHapeHns XUAKoCcTH, a DA u VDW - sHeprum JOHOPHO-aKLeNToOp-
HOTO M JPYIuX (BaH-Zep-BaalbCOBBIX) B3aMOMENICTBUII COOTBETCTBEHHO. BemmumHa DA
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paccunTbiBaeTcs Kak 4,184:102fps-DN-AN, rae fpa = 1 (1 Bopsl: fpa = 0,5, jist AH: fpa = 0,8),
a VDW =0,222V (rge V — MmonsapHbIil 00beM pacTBopuTesia). HamoMHMM TakKe, 4TO 3HAUEHNS
p B Tabmuie 1 Boipakensl B ebasx (1 I = 3,33564-10°° Ki-m).

AHanu3 JaHHBIX TaOMMIBI 1 ¢ TOYKY 3peHMs Bapyaliy «IIapaMeTPOB B3aVIMOJEICTBIS»
PacTBOPUTEIS TO3BOJISIET BBIIEIUTD TPY OOIye TPYIIIBI allPOTOHHBIX AMUIIO/LIPHBIX Cpef, B
KOTOPBIX HAOTIONAIOTCA XapaKTepHble TeHaeHuyy usMenennsa DN, u AN,. B nepsoit n3 Hux
cobpansl A1, 1O u TT'® - ymepeHHO 371eKTPOHOIOHOPHbIE PACTBOPUTENN, 3HaYeHns AN, Ko-
TOPBIX HIDKE, 4YeM Y M30TOIOIOTOB BOABI M IPYIMX pacTBOpuUTenell B Tabmuie 1 (McKmodas
IM®TA). Bropyto rpynmy cocrasnsaioT AH, HM u 1K, aBndmoniecs IperMyIecTBEHHO 3/IeK-
TPOHOAKL[EIITOPHBIMM pacTBOpuTesiMy, Torga kak JMAA, IM®A, IMCO u TM®TA obpa-
3yI0T TPETBIO TPYIITY - IPEVMYIIeCTBEHHO 3/1eKTPOHOLOHOPHBIX PaCTBOPUTETIe (MX 3HAUeHM S
DN Bblllle TAKOBBIX Y U30TOMOIOTOB BOJBI M APYTUX XKMAKOCTel B Tabmuie 1). XoTs Takoe pas-
JleJIeHNe U SABJIAETCA BeChbMa YCIIOBHBIM, OHO IT03BOJISIET BBIABUTH HEKOTOPbIE 3aKOHOMEPHOCTH
B uaMeHeHnu Kak Ap,H,°(H,O) u A,H>°(D;0), Tak 1 coorBeTcTByIOIMX VI3 B 3aBUCKMOCTY OT
JIOHOPHO-AKIeITOPHOI IPUPObI COMbBATUPYIOLIEI CPefibl.

IHTAIbNINITHbIE XapAKTePUCTUKN pacTBopenus u conbBaranuu H,O n D,O

Kak yxe ormeuanoch Bbime, H,O/D,O-usoTonHoe 3aMelienne, ABAmwIeeca 0 CBOeN
CyTU KBaHTOBBIM 3 PEeKTOM, 3TO - BeCbMa «TOHKMIT» MHCTPYMEHT /I aHA/IN3a U3MEHEHNUN B
CTPYKType ¥ MeXMOJIEKY/IAPHBIX B3aMMOJENCTBUAX, BKIoYas 3¢ ¢exTol «H-cBA3bIBaHMAY,
MHYLVMPOBaHHbIe IIPUCYTCTBMEM PACTBOPEHHBIX MOJeKy! Bofbl. Iloatomy npu 3amene H,O
Ha D,0 B opraHnmnyecknx cpefjax nIpecTaB/isaeTcsl BAXKHBIM IPOBOJUTD KaTOPMMETPUYECKIE U3-
MepeHus [67] B OBHUX U TeX Ke YCIOBMAX Y C ONHUM U TeM >ke HabOpOM pacTBOPUTETIEN.

B Tabmmie 2 cKOMIMIMPOBaHBI MIMEIOLINECs B uTepaType faHHble 0 A,H,° mins H,O u
D,O Kak pacTBOpEHHBIX BEIEeCTB B allPOTOHHBIX AUIIONAPHBIX pacTBOpUTeNAX. B ocHoBHOM
IpUBeJEeHHbIEe CTAHIAPTHBIE MOJIAPHBIE SHTA/IbINITHbIE XaPAKTePUCTUKY ObIIM OIpefie/leHbl
IIyTeM YCpe[JHEHNs Pe3yNnbTaTOB KaIOPMMETPUYECKOTO M3MEPEHN MHTETPa/IbHBIX TENJIOBBIX
3¢ dexTOB pacTBOPEHNMs M30TOIIOIOTOB BOABI B MCCIefyeMbIx cpepax mpu 1 = 298,15 K. [lna
CpaBHEHNA B TabJuIle 2 COflepKaTCs TaKXXe OT/eNbHbIe TMTepaTypHble 3HadeHua AH° misa
00b19HOI Bozibl. KpoMe TOTO, BBIZIe/IeHHBIE KYPCUMBOM JlaHHbIe 110 A,H,° (cM. Tab1. 2) 6b1y 1o-
JIydeHbl HaMM B pe3y/IbTaTe SKCTpamonanuy (Ha OecKOHeYHoe pasBefieHMe) 3aBUCUMOCTEN
IPUBENEHHOV MOJISIPHON SHTAIBINMM CMelleHNsI H'/X, OT MONAPHO-IO/IEBOTO COMepKaHM
M30TOIIOJIOTA BOZBI X, B pa30aB/IeHHBIX OTHOCUTEIBHO €r0 pacTBopax [46, 59, 65]. ITockonbky
CTATHUCTUYECKasi BBIOOPKA MMEIOIMXCS 9KCIIepMMEHTAIbHBIX JaHHBIX 110 HE(x,) 6bL1a IBHO He-
JIOCTaTOYHOI JIs afleKBaTHOTO MaTeMaTVYeCKOTO ONMCAaHNsA 00/1acTy COCTaBOB cMecH, bora-
TOII OpraHN4YecKuM pactBoputeneM (x; < 0,05 M.Z1.), FOCTOBEPHOCTD ITOTY4E€HHBIX TAKIUM 00pa-
30M (T.e. yepe3 M30bITOYHBIE IHTATBINI) Be/IMINH ApH,® B I1€/IOM OCTaB/IAET XKeJIaTh JI4IIero
(cM. Tabm. 2). s psija cucreM, OfHaKO, BeCbMa 3aMeTeH pa3dpoc 3HaueHmit A,H,°, momydeH-
HBIX U «IpAMBIM KaJIOpUMeTpUpoBaHMeM» 3((HeKTOB pacTBOPEHNA M30TOIOIOTOB BOJBL
ITpe>xe Bcero, 3T0 OTHOCUTCS K 00CY>KIaeMbIM TaHHBIM 11 BoffocopepKamux cpexn 1O, HM,
IIK u JIMAA. Bmecte ¢ TeM OIpeme/sIolVM 3[ieCh sBIAeTCI He caM (akT pasmmams
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abcomoTHBIX 3HadeHMit A H,°, a TO, KaK IpPU 3TOM COOTHOCATCSA COOTBETCTByMoIue JIO:
8APH2°(H209D20).

YunteIBas 910, lasiee OyAYT pacCMaTPUBATHCS TONIBKO Pe3y/IbTaThl KaIOPYMETPUUECKUX
u3MepeHuil, monydeHHble panee corpynuukamu VIXP PAH (VBaHOBO), @ MMEHHO, OJHUM U3
aBTOPOB 3TOr0 0030pa coBMecTHO co Cmuprosvim [60-62], a Takke faHHble bamosa pus cu-
creM {IMAA + H,O (D;O)} n {HMPT + H,O (D,O)} [64] (pe3ynbTaTsl, BbIie/leHHbIE TIOITY-
JKUPHBIM 1IpudToM B Tabnuie 2). [Ipnunna Takoro BeI60pa, KakK MBI y>Ke OTMeYasIy BBIIIE, 3a-
K/TIOYAETCS B «’KECTKOM» COOJIIOJIEHUY OMHAKOBBIX 9KCIIEPYMEHTA/IbHBIX YCIOBUIL IIPY TIPO-
BeJICHI VICC/IeIOBAaHNIT ¥ CMCTEMHOTO aHa/IN3a B YKa3aHHBIX paboTax.

Ta6muua 2. CrangaprHble MosipHble sHTanbmmu pacrBopenus H,O u D,O, A H>° (k[Ix-Monb™t), B cpas-
HMBAaeMbIX allpOTOHHBIX JUIIOJAPHBIX pacTBoputeax npu T = 298,15 Ku p = 0,1 MIla

Cpena A,H>°(H,0) A H>*(D,0)
TTO 4,28 + 0,04 [60] 4,84 + 0,02
4,59 + 0,09 [65] 5,03 £ 0,09
4,36 + 0,03 [68] -
oo 6,09 + 0,04 [60] 6,47 + 0,02
6,29 + 0,02 [63] 6,62 + 0,02
6,08 + 0,17 [68] -
Ar 4,33 + 0,05 [60] 4,76 + 0,04
3,68 £ 0,11 [59] 3,91 £0,10
4,39 + 0,05 [69] -
HM 12,82 + 0,02 [61] 13,85 + 0,03
12,63 + 0,03 [64] 13,47 £ 0,04
AH 7,92 + 0,05 [61] 8,63 + 0,06
7,80 + 0,02 [46] 8,58 £ 0,03
7,91 + 0,05 [69] -
IIK 8,25 + 0,06 [61] 8,60 £ 0,05
8,19 + 0,05 [69] -
8,08 + 0,08 [70] -
IMCO -5,38 + 0,05 [62] -5,24 £ 0,04
-5,44 + 0,05 [8] -
-5,40 + 0,04 [70] -
IM®A -3,55 + 0,04 [62] -3,47 £ 0,04
-3,60 + 0,04 [69] -
IMAA -5,61 + 0,03 [62] -5,45 + 0,03
-5,92 + 0,03 [64] -5,75 + 0,07
-5,65 + 0,05 [69] -
ITM®TA -7,40 £ 0,05 [64] -7,50 £ 0,02

CormacHo faHHBIM TabmuIs! 2, pouecc pactBopenusa H,O n D,O B pacTBopurensx nep-
BOI1 11 BTOPOJI U3 BbIJieJIEHHBIX HAMI TPYIII COITPOBOXKAETCA MOIIONeHNeM Tellsla. DHA0Tep-
MMIYHOCTb paccMaTpuBaeMoro a¢pdexra cTaHOBUTCS B Ije/IoM 6o0Jiee BBIPaXKEHHOIT IIpy Iiepe-
xoxe oT (TT®, Ay u [1O) x (AH, IIK 1 HM). B Tperbeii rpymie anpoTOHHBIX AMUIIONSAPHBIX
pacTBoputeseit (CM. Tabl. 2), HAIPOTUB, M30TONOJIOTY BOJBI PACTBOPSIOTCS C 9K30TepMMUe-
ckuM 3¢ deKToM, KOTOPBINI CTAHOBUTCA Bce Ooree 3aMeTHBIM Ipu Iepexope ot JIM®DA x
IMCO m JIMAA wu pamee x I'MOTA. Cnemyer Takxe OTMeTUTb (aKT HaIN4MA
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comoctaBuMocTy A H,° (B Ipefenax sKCIiepuMeHTaTbHO IIOTPEITHOCTH) B TeX CIy4asx, KOIza
paccmaTpuBaloTcs 1o oraenbHocTy nmapbl TT'® n A i AH un ITIK B kauecTBe conbBaTupylo-
muX Boay cpen. To e camoe KacaeTcs u napsl pactsopureneit IMCO/IMAA, rpe pasnudne
B A H,° cocraBnser mumb 0.2 + 0.3 x[x-Monp ™ (cM. Ta61. 2). C gpyroit CTOpOHBI, SHZOTEPMUY-
HOCTb IIpollecca pacTBOPEHM S M30TOIO/IOTA BO/IbI BO3pacTaeT MOYTHU BABOe IIpY Ilepexofie OT
IIepBOJI TPYIIIIBI PACTBOPUTE/IEN KO BTOPOIL, @ B IIpefie/iaX KaXK/[0ii 13 3TUX IPYIII HaO/IofaeTcst
yBemmdyeHne A H,° (mouTtu B monTopa pasa) B cinydae nepexosa K 1O wmm HM (cm. Ta6n. 2). B
TpeTbeil IPyIle pacTBOPUTETIEll HEOPANHAPHBIM ABJIAETCA PaKT pasnnuns 3¢¢deKToB pacTBo-
pernsa H,O u D,O B N,N-gumMeTnizamelleHHbBIMY aMIfIaX, KOTOpOe COCTaBIIAET ~2 K/ K-MO/Ib
!, HECMOTps Ha OYEBUJHOE CXOJCTBO IIPVBEIEHHDIX B Tab/muIje 1 XapaKTepuCTUK B3auMOzeli-
ctBusa JMOA u [IMAA. IIpu 3TOM 3K30T€pPMUYHOCTDb IIPOLI€CCa PACTBOPEHMUS M30TOIOIOTA
Bojpl B TM®TA 6onee uem BiBoe BbIlIe, 4eM B [IM®DA, 1 nmpeBbIlIaeT COOTBETCTBYIOIMI 3¢)-
dexr g H,O u D,O B IMCO wn JMAA Ha Te xe ~2 kJ[>x-Monb™ (110 abCOMIOTHO Ben-
yyHe).

[ly1A Toro 4To6B! NOHATH NPUYNMHBI M3MeHeHuA A,H>° Ipy Iepexosie OT OFHOI TPYIIIbI
pacTBOpuTeIeit K Apyro (1 BHYTpY Ka>KION IPYIIIBI) HEOOXOAMMO NMeTb B BUJY, YTO 3Ta Xa-
pakTepucTuKa GaKTMIECKN OTpakaeT PasHUIlY B 9HepreTuke B3ammMopeiicTeua monekyn H,O
wm D,O ¢ conpBaTHBIM OKpY>KeHMEM U ¢ cebe MoJoOHbIMM, COOCTBEHHO, B BOJIHOIT cpefie (in
bulk) [11, 16, 68]. [leiicTBUTEIbHO, SHTAIBIUIHBIN 3P (dEKT PaCTBOPEHNS M30TOIOJIOTa BOMIBI
(ApH,°) MOXeT OBITh IIpeCTaB/IeH B BUJIE IBYX COCTABIISIOLINX:

ApI_IZ0 = AHy® + AmanZ* =AH,° - AKOHJIHZ*) (1)

rge AH,° - cranpgaprHas MoyspHas sHTanbmys combBatauyy H,O mmm DO, a AuwH: u
AvonyH2 (5 ~AucnH,") - MONsIpHBIE 9HTAIBINITHBIE XapPAKTEPUCTUKYU MPOIIECCOB UCTIAPEHUs U
KOH/IEHCAIIMM M30TOII0/IOra BOIbI COOTBETCTBEHHO. T0O €CTh CObBATAI[MIO BOIBI MOYKHO OTOX-
JIeCTBUTD C KOHJEHCAI[Veil OJHOTO MOJIA ee Ta3000pasHbIX MOJIEKY/I B O€CKOHEYHO 0OJIBIIOM
KO/IMYEeCTBE AIPOTOHHOTO JUIIONAPHOTO pactBoputens. OTCIOfa MOIOXKUTENbHbIN/OTpUIIa-
Te/IbHBII 3HaK Y BemunHbl A H,° ipenosnaraer, 4to 2-1-B3auMofieiCTBYE JODKHO OBITH C1a-
Oee/cunbHee, 4eM B3auMopeiicTBye Mexay Monekynamu H,O mmm D,O B n3oTonHo-pasmmya-
IOIMXCS BOAHBIX cpefax. [Ipy aToM ocHOBHOM BKaf B ApH,° BHOCAT [iBa 9pdeKTa, CBSI3aHHBIX
c (i) 3aTpaTamMy SHepruM Ha CO3[jaHIe COTTbBATHO IIOJIOCTY B pacTBOpHUTeJIe (II0/I0>KUTE/IbHBIN
BK/Iaz) u (ii) BeIgeeHMeM Telia B Ipoliecce 00pasoBaHMA «COMbBATHOIO KOMIUIEKCa», MU MO-
JIEKY/IIPHON acconyanyy OOBIYHON VIV TSDKETOV BOABI C OKPY’KAIOIIVIM PacTBOPUTENIEM 32
cuet H- vmn D-cBsseit (oTpunjaTenbHbiil Bkaang) [60-62, 65]. OTciofa 3HaK 1 YMCTIEHHOE 3HaYe-
Hue A H>° B Tabnulie 2 OnpenensioTcs TeM, KaKoil U3 9TUX ABYX 9HTATbIMITHBIX 9P PEeKTOB 5B-
JISIeTCSL JOMUHUPYIOIIVM.

Bmecre ¢ TeM HeOOXOAVIMO VIMETb B BUAY, YTO 3HaYeHMs A,H,® 1 cooTBeTcTByM0mMe /13,
0A,H,°(H,0->D,0), He MOryT #aTh MOMHON MHGOpMALUY 06 SHEPreTNYecKNX M3SMEHEHUAX B
CTPYKTYpe pacTBOPUTELA, MHAYLVIPOBAHHBIX IIPOLIECCOM COJIbBATALIMU MOJIEKY/ BOABI, M3-32
CYILIeCTBYIOLIEN pasHUIbI B BermumHe Ay’ 1711 m3orononoros Bopsl B ypasHeHuu (1). ITo-
CKOTBKY B crrydae 3ameHsl H,O Ha D,O A,oH,' Bospactaet ¢ 44,00 o 45,39 x[Ix-monp! mpu T
= 298,15 K [11, 42], ata pasHuna cocrasnser nmouryu 1,4 xIx-monp(!). Vinaue roBops, mis
cpaBHeHus 3¢ dexToB conpBatanyy H,O Ha D,O B OZHOM U TOM ke aTPOTOHHOM AMUIIOISIPHOM
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pacTBopuTeNE CeNyeT yYUThIBaTh BEIMYNMHY SHEPIUH, 3aTPadMBaeMOI Ha pa3pyIlleHe CTPYK-
TYPHOI YIIAKOBKM KaXK/IOTO 13 MI30TOIIO/IOTOB BOJbI:

SACHZO(Hz()%DzO) = 5APH2°(H209D20) - SAuanz*(HzoﬁDzo). (2)

Tabnuua 3. Cranpaprable MOsipHble 9HTanbImn conbBaranyy H,O n DO, AH,°/(xIx-Monb™), B cpaBHUBae-
MBIX allpOTOHHBIX JUIOMAPHBIX pacTBoputenax npu T = 298,15 Ku p = 0,1 MIla

Cpepna -AH,°(H,0) -AH;*(D,0)
TTr® 39,72 + 0,04 [60] 40,55 + 0,02
oo 37,91 + 0,04 [60] 38,92 £ 0,02
Axp 39,67 + 0,05 [60] 40,63 + 0,04
HM 31,18 £ 0,02 [61] 31,54 £ 0,03
AH 36,08 + 0,05 [61] 36,76 + 0,06
ITIK 35,75 + 0,06 [61] 36,79 £ 0,05
OIMCO 49,38 + 0,05 [62] 50,63 + 0,04
IM®DA 47,55 + 0,04 [62] 48,86 + 0,04
OIMAA 49,61 + 0,03 [62] 50,84 + 0,03
49,92 + 0,03 [64] 51,14 + 0,07

ITM®TA 51,40 + 0,05 [64] 52,89 £ 0,02

B Tabnuie 3 npuBefeHbl pacCYMTAaHHBIE 0 YpaBHeHMIO (1) 3HaYeHMsT CTAaHAAPTHO MO-
JIIPHOT SHTA/IBIINM COIbBATALIMY 30TOIIO/IOTOB BOAbI A H>° B allpOTOHHBIX AMIIO/IAPHBIX pac-
TBOPUTE/IAX, OTHECEHHBIX K PA3/IMYHbIM IPYIIIaM OPTaHMYECKUX Cpef 10 XapaKTepy UX B3au-
MOfieiicTBUA ¢ pacTBopeHHbIMI Monekynamu H,O un D,O. AHanns faHHBIX Tabmuibl 3 03BO-
JISIeT CHie/IaTh BBIBOJI, YTO BO BCEX pPAacCMATPMBAEMBIX HaMM CHCTEMax B LIEJIOM JMIMeeT MeCTO
yCUJIeHVe CONbBAaTallMy BOJBI B pe3y/IbTaTe fieliTepupoBanus ee Monekyi (T.e. SA.Hy° < 0). [Ina
leTa/IM3aLyy TeHAeHI M M3MeHeHNs VD B CTaH/JapTHBIX S9HTA/IBIIMAX PACTBOPEHNS I CO/IbBA-
Tauyy Bogbl, 0AH>°(H,0->D>0) u §AH>°(H0->D,0), Heo6xoxuMo IpoBeCTy COMOCTaBIIeHe
YJC/IEHHBIX JJAHHBIX II0 9TUM TePMOJAVHAMUYECKVMM XapaKTEePUCTUKAM B KOPPeIALMA UX CO
CBOJICTBaMM KakK pactBoputens (cM. Tabi. 1), Tak u pacTBopa. Takue faHHBIE COflePXKATCSA B
Tabmuie 4, HapsAAy ¢ MMEIOLIMMUCS B IUTepaType cBefieHyssMu 06 sHeprum H-cBssu Bopa -
OpTaHMYECKNI PAaCTBOPUTEND, Eycz 1, OTHECEHHOI K MOJIIO BOTOPOJHbIX CBA3EI.

Ta6mmma 4. D,0-H,O-usoronHble 35¢dekrbl B CTaHZAPTHBIX MOJIPHBIX SHTAIBIVMAX  PACTBOPEHMS,
OAH*/(x[Ix-Monp™), u conbBaraumy, SAH,°/(k[I>x-Mob ™), BOBI B CPaBHMBAEMBIX AIIPOTOHHBIX AMUIOJISAPHBIX
PacTBOPUTEIIAX, @ TAK)Ke 3HaUeHNs 9Hepruy H-cBsi3yu MeXy KOMIOHEHTaMy pacTBopa, Euco.1/(kx-Monp ), mpn
T=298,15K

Cpena 0AH,°(H,0~ D,0) 0AH,° Eicaa
TTO 0,56 + 0,04 [60] -0,83 -13,0
oo 0,38 + 0,05 [60] -1,01 -13,8
An 0,43 + 0,06 [60] -0,96 -13,5
HM 1,03 + 0,04 [61] -0,36 -8,8
AH 0,71 + 0,08 [61] -0,67 -12,3
IIK 0,35 + 0,08 [61] -1,04 -14,0
IMCO 0,14 + 0,06 [62] -1,25 -17,2
IMOA 0,08 + 0,06 [62] -1,31 -16,8
IMAA 0,16 + 0,04 [62] -1,23 178
0,17 + 0,08 [64] -1,22
ITM®TA -0,10 £0,06 [64] -1,49 -18,8
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3ameTum, 4To coOpaHHble B Tabmuiie 4 3Ha4eHUs Egc,1 3aMMCTBOBAHBI U3 HECKOTIBKUX
JINTEPATYPHBIX MCTOYHNMKOB, aBTOPBI KOTOPBIX, B CBOI0 O4Yepefb, MCIIO/NIb30BAMN Pa3lINIHbIe
9KCIIepMMEHTa/IbHbIe (TepPMOAMHAMIYECKIIE, CTIEKTPOCKOIIMYECKE U T.I1.) IOAXOZBI [Is OTIpe-
Jle/IeHVs] pacCMaTpUBAaeMOii XapaKTepUCTUKY. BereicTBre 3TOTO, [T LIe/Ioro psija M3 Ipef-
CTaBJIEHHBIX B Tab/mile 4 allpOTOHHBIX AMUIIONIAPHBIX CPell MMeeT MEeCTO CYIIeCTBEHHBIN pas-
6poc maHHBIX 10 Eyc).1. [JOCTaTOYHO CKa3aTh, YTO OlleHEHHBIe B paboTax [4, 58] 3HaueHUs Eic-
1 i cucreMsl (An + H>O) neMOHCTpUPYIOT OYTH ABYKPATHOE pas3inyye, USMEHAsACh oT -11,3
o -20,2 k[>x-Monb ™. HeHaMHoOTO nyuiiie cutyanus u jjis pactBopos Bozbl B JO u AH: B niep-
BOM C/Iy4ae pacCMaTpUBaeMbIll ITapaMeTp «YK/IafblBaeTcs» B AuamazoHe (-10,5 + -13,8)
kJ>x-monp™ [1, 4, 8, 69, 70], a BO BTOpoM - nsmeHsiercs ot -9.6 go -15.0 x/Ix-monp™ [1,4, 70].
YunuThIBas JOCTaTOYHO OOJBIIYI0 HMOTPEIIHOCTH ompefeneHns Eyoa (1 + 2 x[bx-momp!),
B KauecTBe «pemepHbIX» ObUIM BbIOpaHbl OcHOBaHHbIe Ha SIMP- u VIK-crmekTpockomuueckux
usMepeHusx [1, 4, 70] sHadenus Esc1 mns An, 10, HM u IMCO (cm. Tabn. 4). AHamorngHoe
3HaYeHe JyIs CTaHJapTHOTO pacTBopa Bojsl B AH monydeHo myrem ycpeHeHUs JaHHBIX [1, 4,
15, 69]. Equnnunbie cBemenus o 3HayeHUAX Eq.o mia cucrem (TT® + H,O) u (IIK + H,0)
copiepkaTcs B paborax [25, 65]. UTo kacaeTcst COOTBETCTBYIOIMX JJAHHBIX [ BOJBI B aMUIaX
(IMOA, IMAA 1 TM®TA), TO TakOBbI€ ABAITCS Hanbojiee CKOPPENMPOBAaHHBIMI B IMEIO-
1iericsl BBIOOpKe MUTepaTyPHBIX ICTOYHUKOB [8, 69-71].

B mutepartype mpakTUYecKu OTCYTCTBYIOT ZaHHBIE 10 V1D B 9Hepruy BOZOPOAHBIX CBs3el
BOJ]a — allpOTOHHBIN AUIOJAPHBIN pacTBOPUTEND (OE:.21). [IoaTOMy B KauecTBe Takoil MepbI
IIPe/ICTaB/IAeTCs JIOTMYHBIM MCIIOIb30BaTh fanee sHaYeHus A H,°(H.O->D,0) (cm. Tabn. 4).

D,0-H;O sHTanbnmnitHo-n30TonHbie 3¢@eKThl COMbBATANNN B AIPOTOHHBIX AUIIO-
JIAPHBIX PACTBOPUTEAX OPTaHIIECKOI MIPHPODBI

Kak cremyeT 13 JaHHBIX TAOMNIIBI 4, TOJIOXKWTE/IbHBIN 9HTA/IBIINITHO-M30TOHBIN 9 dexT
Ipoliecca pacTBOPEHNUA BOABI (C y4€TOM IIOTPEIIHOCTH eT0 OIpefieIeH 1) BO3pacTaeT B IOCIe-
nosatenbHOoCTY: IM®A < IMCO = [IMAA < IIK = 1O < Ay < TT® < AH < HM. 3necp o6pa-
I[AIOT Ha ce0s BHUMaHuUe IBa MOMeHTA. Bo-niepBbIX, NCXO/s U3 TeHeHIMIT u3MeHeHus ApH>°
B TabmuIle 2, U3 PacCMaTpUBAEMOTO Psifia «BBINAIAIOT» ABa LMKINdeckux apupa - 1O u IIK.
Hespicokme nonoxurenbublie 3Ha4eHNA VIO B A H,° B YyKa3aHHBIX PaCTBOPUTEIAX, YIUTHIBAA
0COOEHHOCTY MX CTPOEHUs ¥ CBONCTBA (CM. puc. 1 1 Tabm. 1), MOXXHO OOBACHUTDL OOJIbLIEN
JIOCTYITHOCTBIO 3/IEKTPOHOIOHOPHBIX IIeHTPOB B MOJIEKY/LIPHOM LIVIK/IE i1l 0Opa3soBaHMs BO-
JIOPOIHBIX CBsA3€ll C MOJIEKy/IaMI M30TomoIora Boabl. HanpoTus, crepiyeckue adpdekxTst cro-
cobcTByIOT Ocmabnenuto conpBatanuu H,O u, ocobernno, D,O B mpenMyiiecTBeHHO 371€KTpO-
HoaknentopaoM HM o npuanHe o6pasyromieiicss KOHGOPMAIUY ¢ aHTUIIAPA/UIe/IbHBIM pac-
HOJIOXKeHMeM cXoxux 1o reomerpun cssazeit H-O—-H n O-N-O [5, 61]. B njenom aro npen-
oIpefie/isAeT «YUCTO AUIOJIAPHBI» XapaKTep B3aMMOJENCTBUA MeXJy KOMIIOHEHTAaMU pac-
TBOpa. Bo-BTOpPBIX, BecbMa HEOOBIYHBIM B TabmuIje 4 BBIIIAAUT (PaKT yMEHbIIEHNS 9K30Tep-
MUYHOCTY PAacTBOPEeHMA BOJABI IIpU JieliTepupoBanuy ee MoneKkyn B cpegax JMCO, IM®DA u
IMAA, 9TO IPOTUBOPEUNT «KITACCUIECKMM» MIPEeACTaBIeHNAM 0 AuddepeHupyomeM Bas-
Hyy H/D-usoronHoro 3aMeleHys Ha SHTanbIuiiHble 3¢ deKTsl B pacTBopax [46, 48, 56, 59-
65]. B wacTHOCTHM, eCM Takoe JOHOPHO-AKI[ENTOPHOE COeAMHEHNe KaK BO#a PacTBOPSETCS C
ak303ddekrom, BemmunHa V19 A, H>°(H,O->D,0) gomkHa 6bITh OTpULIATEIbHOI, KaK B CTy4ae
obpazoBaHus conmpBaToKoMIUleKca Boasl B IMOTA (cm. Ttabm. 4). OueBugHO, 4YTO
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Hab/ofgaeMas MHBepcys 3Haka 0A,H,° B psAfly allpOTOHHBIX IIPOTOQIIIBHBIX PACTBOPUTENIEN U3
TpeTbell TPYMIIBL B Tab/miIle 4 TOXe CBsI3aHa C Pa3/IMYHON criocobHoCcThI0 Motekyn H.O u D,O
BCTPaMBaTbCA B MICXO/IHYIO CTPYKTYPHYIO MAaTpPULy CO/bBaTUpyIoleii cpefbl. Of[HAKO 3T pas-
MYV BeCbMa He3HaYMTe/IbHBI, YIUTBIBAsI TO, YTO paccMaTpyuBaeMslii V1D 1160 B 11e710M coro-
cTaBuM c oumnbkoii ero onpenenenns (B IM®DA), mu60 npeBsIiIaeT MOCIETHION 0 a0COMIOT-
HOJI BeIM4yHe nuilb He 6ojee yeM BaBoe (B JMCO u TMOTA).

Tenpennyy namenenns 0AH>° B Tabmuiie 4 HEITOCPEACTBEHHO CBSI3aHBI C XapaKTepPOM
9BOJIIOLIMY SHTA/TBIIMITHO-M30TOMHBIX 3Q(PEeKTOB COMbBATAINN BOJBI, KOTOPBIE, KaK y>Ke ObITI0
YIIOMSIHYTO BbIllle, HeCcyT Oojee MONHYI MH(OpManmio 06 3HEpPreTMYeCKUX M3MEHEHMSIX B
CTPYKType allpOTOHHOTO AUIIOJIAPHOTO pacTBOpUTENA Hoj BausaHueM Monekyn H,O u D,O.
[Tpexpe Bcero, HEOOXOAUMO OTMETUTB, YTO abconmoTHbIe 3HaYeHUs1 SAH>°(H.O->D,0) Bo3pac-
TAalOT B HAaIIpaBJIeHUM, IIPSAMO IPOTUBOIIOIOKHOM BhILIIeyKa3aHHOMY pAny V19 B A H,°, ¢ Mak-
cumymoM jyis cucteMel (TM®TA + Bopa). [TonbITky ycTaHOBNIeHMs B3auMocBsasu 6AH,° ¢ jo-
HOPHBIMM, aKIIeNITOPHBIMU WM/ APYTMMM CBOMICTBAMM PACTBOPUTEIEN BCEX TPeX paccMaTpu-
BaeMbIX IPYIIII B Lie7IoM (cM. Tab/1. 1) He IpuHeC/IN yAOBIeTBOPUTEIBHOTO pe3yabTaTa. B To sxe
BpeMsi, aHAIM3UPYS JaHHbIe TaO/IUIIBI 4, MOXKHO IIPUITY K BBIBOAY O HAIMYUY QYHKIVIOHAIb-
HOTO cooTBeTCcTBMA MexXay V19 B AcH,° 1 BenmmunHo Esc».1, XapakTepusymwolei IpoYHOCTD re-
TEePOKOMIIOHEHTHBIX BofopopHbIX (H- mnm D-) cBsi3eit B conbBaTOKOMIUIEKCe BOJBL. BO3MOXK-
HOCTb IIOCTPOEHUA TaKO¥ KOppenAluu, HeCMOTPsS Ha CyOBEKTMBHOCTb OLIEHKM HEKOTOPBIX
3HaueHMIl Exco.1 B TabmuIe 4, WITIOCTPUPYETCS PUC. 2.

A J(H,0-D,0) / (&Jbx-monb™)
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Puc. 2. KoppenaunoHHOe COOTHOLIEHNE MeX/y Heprueli BOJOPOIHOI CBA3M BOAA ~ allpOTOHHBIN JUIIOMAPHBIN
pactBoputens u H/D-u3oTonHbIM 3G PeKTOM B CTaHAAPTHON MOJIAPHOI SHTA/IBIINYU CObBATALIMU BOTHOTO KOM-
noHenTa: 1 - HM, 2 - AH,3-TI'd,4 - Ay, 5 - 1O, 6 - IIK, 7 - IM®A, 8 - IMCO, 9 - IMAA, 10 - TMOTA (T
=298.15K)

B anammtudeckoit ¢opme IpUBEfEHHYI0 Ha PUC. 2 KOPPEALVOHHYIO 3aBMCUMOCTD
MO>KHO BBIPasuTh B BUJIe YPaBHEHNS IIePBOTO MOpsifika (0003HaUYEHO IITPUXOBOIL JIMHNEI):

Esert/(kIlk-Momp™) = -5,6 (£0,8) + 8,9 (20,7)-0AH% 7* = 0,94. (3)

I3 cootHOmeHns (3) clemyeT, 4YTO B aTPOTOHHOI ANUIIOIAPHOI PacTBOPAIONIEN Cpefie C
Hy/ZIeBbIM 3HTanbIuitHO-n30TonHbIM (H,O->D,0)-3ddexkroM compBaTanyuy BOALI 3HAYEHINE

Esc.1 cocTaBuiio 661 MeHee 6 kJ[>K-Mo/Ib ™ B a0COMIOTHOM BBIpaXKeHNM. B cBOI0 04epenb, B clIydae
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TUIOTETNYECKOTO COCTOSHNUA CTAaHIAPTHOTO PacTBOpa BOABI 6e3 crennduaeckux B3auMoeit-
CTBMIL, T.e., IpK Ey» = 0 B ypaBHenun (3), V19 B AcH>° umesn O6bI IONMOXNUTENbHOE 3HAYCHIE
(= 0,6 x[I>x-Monb ™). [Ipyroit BayKHOI 0COOEHHOCTBIO M300paXKEHHOI Ha PUC. 2 KOPPeALUN sB-
JISIeTCSl HamM4ue IBYX OTYET/IMBO BBIPAXKEHHBIX O0/IacTell, pasfe/aioluX MCcCaeyeMble pac-
TBOPUTE/IN II0 UX CIIOCOOHOCTY B3aMMOJEVICTBOBATh C MOJIEKY/TaMV BOZbI {ITyHKTVIPHBIM JIU-
HUSIM OTBeYaloT 3HaueHUs Euczo 1 0F;c22(H,0->D,0)}. B Tom ciyyae, xorpa Exco.1 > Escz-2, 3Ha-
yeHye 0A,° mpeBbIlIaeT 0 a6COMOTHOI BenmumHe VIO B 9Hepruy BOZOPOJHON CBA3YU BOJA —
Bozia. Crofa otHocATca IMCO, IM®A, IMAA u TM®TA - npenMyliiecTBeHHO 37€KTPOHO-
JIOHOpPHBIE pacTBOpUTENN, y KOTopsix DNi >> DN, (cMm. Tabn. 1). VI Hao6opoT, «ceMeiicTBO»
CONbBATUPYIOINX CPeR € Eycr1 < Esco2 U |0Esc22| > |0AH:°| 06pasyoT pacTBOpUTENN BYX Iep-
BBIX Ipynn B Tabmmiax 1-4 (cM. puc. 2). Vinade roBopsi, oOHapy>XeHHble HaMM O0II[yie 3aKOHO-
MEPHOCTY B MI3MEHEHVM HePreTUIeCKIX XapaKTePUCTUK B3ayMOEVICTBIA MOJIEKYJI 30 TOIO-
JIOTOB BOJIBI C COIbBATHBIM OKpPY>KeHMEeM MOATBEPKAAIOT VIMEIOLINECs B IUTEpaType MPefIo-
noxxenus o Tom, 4to HM, AH, TT®, An, 1O u ITIK o6pasyrot ¢ HO u DO cBs13u MeHee npoy-
Hble, YeM CYIIEeCTBYIOIIVEe B BOGHOI cpefe.

Kak y»xe oTMedanoch Bblllle, HaM He YAa/I0Ch YCTAHOBUTD KOPPeIAUMOHHOI ((prsmaeckn
000CHOBAHHOIT) B3aMOCBSI3Y MEX/y SHTA/IbINITHO-U30TOIHBIMY 3 deKkTaMy compBaTaIIn
BOJIBL ¥ OTZENbHO B3ATbIMU JOHOPHBIMU (DNi) u akuentopubiMy (AN;) XapakTepUCTUKaMU
aIlPOTOHHBIX AMUIIOJLIPHBIX PAacCTBOPUTENIENT 13 BBIOOPKM, IIPefiCTaB/IeHHOI B Tabmmuax 1 u 4.
BmecTe ¢ TeM M3BECTHO, YTO M3MEHEHME MHOTVX CBOJICTB PacTBOPOB HE3TEKTPOIUTOB (1
VIOHHBIX COe[IMHEHNII) IpY BapbUpPOBAHUN CTPYKTYPHOI IPUPOABI PACTBOPUTENIA XOPOIIO
KOppenupyeT ¢ MOIYCyMMOJ JJOHOPHOTO ¥ aKLENTOPHOTO 4YMCe/l COTbBATUPYIOLIEN Cpembl:
0,5(DN: + ANy) [72, 73]. YuntbeiBass akT M3MeHeHMsI TOHOPHBIX U aKIIENITOPHBIX CBOVICTB
BOJIbI KaK PaCTBOPEHHOTO BellleCTBa MPU JieliTepo3aMellieHnN B ee MoteKynax [11, 56], Hamu
6bUIa IOCTpOEHa KoppensauynoHHas 3aBucumMoctb 6AH°(H.O->D,0) or 0,5(DN; + AN:) (cm.
Tab11. 1 1 4), KoTOpas oTobpaxkeHa Ha puc. 3.
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Puc. 3. KoppensanmonHoe cootHomenne Mexay H/D-usoTonHbIM apdeKkToM B CTaHapTHON MOJIAPHON S9HTa/Ib-
Iy COoNMbBaTAalINI BOOBI U HO}IyCyMMOI/vI AOHOPHBIX M aKLIENITOPHBIX YNMCEJI AIIPOTOHHOTO AUIIOIAPHOIO pacTBO-
purens: 1 - HM, 2 - 10, 3 - TT®, 4 - An, 5 - AH, 6 - IIK, 7 - [IMAA, 8 - IM®A, 9 - IMCO, 10 - TMOTA (T
=298.15K)
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Kak Mo>xHO HabmofaTh Ha puc. 3, oBefieHye OOMBIINMHCTBA U3 00CY>KIaeMBIX 371eCh He-
3/1eKTPOINTHBIX CHCTEM BIIOJTHE KOPPEKTHO OTBeYaeT IpefiCKa3aHHOI B3aIMOCBA3M MEX/Y Be-
manHamy 6AH,°(H.O->D,0) ot 0,5(DN; + AN,). VIcknodeHne cOCTaBIAIOT, ITOXXATYA, TUIIb
3¢ deKThl B3aMMO/eIICTBIA N30TOIIOJIOTOB BOABI C COMbBATHBIM OKpy>keHueMm B HM, AH, 1O
un IMCO. OpHako, Ha Halll B3IJIA/l, YKa3aHHbIe OTK/IOHEHMA OT pacCMaTpyBaeMoll KOppeaLmn
(cM. puc. 3) UMEIOT CBOIO CTPYKTYPHO-0O0CHOBAHHYIO HTEPIIPETALINIO.

Tak, BBefileHMe BTOPOTO aTOMa KMC/IOPOJia B IIATHYWICHHBII IIVIK/I MOJIEKYIIBI MOHOIPUpa
(TT®) ¢ obpasoBaHMeM CUMMETPUYHOI MOJIEKY/IbI IIECTUYWICHHOTO LIMKINIECKOTO 0uagupa
(1,4-10) oObycnoBnuBaeT 3aMeTHOE CHIVDKEHME SHIOTEPMMYHOCTY IIPOL[ecca PacTBOPEHMUS
BOJIBL I JIeMITePUPOBAHN ee MOeKyNl (cM. Tabim. 2 u 4). Bo3Hukimas cutyauns cBsA3aHa C
B3aMMOB/IMAHMEM [IBYX NApa-KOOPAUHUPOBAHHBIX aTOMOB KMCIOPOZA, KOTOPOe BbI3bIBaeT
ocnabnenne KoOHPUrypanyoHHsx 3¢ ekToB mpu nepexope K cTaHAapTHOMY pactBopy D,O B
JO [5]. 9To KpaitHe BaKHO AJI1 YMEPEHHO JJOHOPHBIX pacTBOpuTeseit nepsoi rpymmsl (TTO,
IO, An) B cy4ae MX B3aMMOJENCTBYA C 6ojiee 31eKTPOHOAKIENTOPHBIM D-130Tononorom
Bojpel [1, 11, 14, 15, 22, 28, 60]. Crout Tak)Ke 0OpaTUTh BHUMaHMe Ha JOCTATOYHO OOJIbIINe
sHaueHusa 0A.H,°(H,O->D,0), 6nmmskue B 11e710M k VI3 B Eic2 (cM. Tab11. 4), B alpOTOHHBIX I~
HOJIAPHBIX CpefiaX HaHHOI I'PYIIIbI, YTO YKa3bIBaeT Ha X CIIOCOOHOCTb 0Opa3oBbIBATh BeCbMa
IIPOYHbIEe BOJOPOMIHbIE CBA3Y C pacTBopeHHbIMM Monekynamu H,O 1 D,O.

To >xe camoe MOKHO CKa3aTb U O CTAaHAAPTHBIX pacTBopax H/D-m3oromnonoros Boabl B
IpeuMylecTBeHHO aneKkTpoHoakuenTopHoM 1K (cm. tabn. 1 u 4). B aTom crnydae BenmumHa
O0AH,° = -1.04 x]])x-Mob ! HaXOAUTCSA B XOpolIeM coriacuy ¢ Beiogamu u3 IMP- u VIK-crek-
TPOCKOIIMYECKUX M3MepeHun [74] o TOM, 4TO MOJApHAsA SHTAIbINA AVMEPU3ALVM BOZBI
TOJIbKO Ha ~15% IpeBbIIIaeT MOIAPHYIO SHTA/IbIINIO acconanyy Monekyn sogbl u I1K. B ceoro
o4epenib, ABa APYrUX pactBoputesnsa us Bropoit rpynns (HM u AH B Tabi. 4), KoTOpBIe «BBI-
Ha» U3 TPeJCTaBIeHHON Ha PUC. 3 KOPPeALVIN, U300UdIeKMPUUHbL IO CTPOEHUIO (B CUITY
UIEHTMYHOCTY VX 3HAYeHMI () U € B Ta011. 1). OpHaKo, B OT/IMYMeE OT JaHHBIX 110 Ay H,° B HM,
sHTaNbIMITHbIe 3 eKTs! pacTBopenus u conbBaranuy HO n D,O B AH paxe conmocraBuMel
¢ takoBbIMH B I1K (cMm. Tab. 2 u 3), mockonbky 3HaueHuss DN, 1 AN, yka3aHHBIX pacTBOpUTe-
el pa3IuMYaloTCs HesHaumTenbHO (cM. Tabm. 1). Kak ymoMmHanmoch HaMy BbIlIe, OCHOBHOI
IPUYVMHOM CTOJIb 3HAYMTENbHBIX pacxoxpennit B 0A.H,°(H,O->D,0) spech Takxke ABIAeTCA
KOHQUTYpaLMOHHBIN (GaKTOpP, 00YCTIOBIMBAIOIINIL MEPY ZOCTYITHOCTY JOHOPHO-AKIIeITOPHBIX
nentpos Monekyn HM, AH u IIK pna ux B3ammopeiictBua ¢ monexkynamu H,O uwmm D,O.
B Haubosnee BeipaskeHHOIT popme crepudeckye 3¢ eKThl TOKHBI IPOSABIATHCS IIPU PACTBO-
pernn H/D-nsorononoros Bogsl B HM [75]. ITo muenuto bounepa u Yos [5], BcnencTBue mo-
no6us reomerpun csaseit H-O-H n O-N-O, Morekya BOfibl 3aHMMaeT TaKoe ITOJI0XKEeHMe, TIPU
KOTOPOM TpU IIPOTMBOIIO/IOXHO 3aps>KeHHbIX aToMa Kaxoii u3 Mmonekyn H,O n CH:NO, npu-
MBIKAIOT APYT K APYTY B BUJie IBYX HaJOXKEHHBIX APYTr Ha Apyra «V». Orcrofa obpasoBaHme
rerepokoMnoHeHTHON H- wm D-cBsA3u sABnAgerca mpoOneMaTMYHBIM U B3aVIMOJEVCTBME
mMexxy HM 1 130Tomos1oroM Bojbl HOCUT IOYTH AUTIO/IAPHBIN XapaKTep.

Heckonpko nHast cutyauus HabmogaeTcs pyu cpaBHeHnu sHadenuit 6A.H,°(H,O->D,0)
B IMCO n N,N-gumeTnn3aMellleHHbIX aMMAax (TpeThbs IPyIa PacTBOpPUTENeN B Tabm. 1).
C offHOJI CTOPOHBI, HeOXKUIAaHHO OonbuIas pasHuna B AH° mss IM®A u IMAA (cMm. Tabn. 3)
MOXeT ObITb 00yC/lIOB/IeHa TeM, 4To npucoennHeHHass K >C=0 MeTwnpHaa rpymma 6oree
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NO/APU30BaHa U CTabWmMsupyer pesoHaHcHylo popmy “O—C=N* B Gonblueii cTeneHu, 4emM
dbopMumbHBIT aToM Bojopoxna B Monekyne [IM®A [27, 62, 76]. Bmecre ¢ Tem, Oynyun Ooree
CUJIBHBIM IOHOPOM IIPOTOHOB (cM. Tab11. 1), cpema IM®A cniocobcrByet o6pasosannio ¢ H/D-
M30TOoIOoI0oraMy Bofbl B ToM uucie u C—H--O-cBsseit (Yepe3 METMHOBYIO TPYIILY), aBast TEM
CaMBbIM JIOTIOJTHUTE/IbHBI OTpULaTe/IbHbIN BKIa B 0AH,°, 10 CPaBHEHNIO € TAKOBBIM IS CITy-
vast conbBatanyy H,O wmm D,O B IMAA (cM. Ta6:. 4). IIocKoIbKy ZOHOPHO-aKI[eIITOPHbIE
YJIC/Ia AIIPOTOHHOTO AMUIIOJIIPHOTO PACTBOPUTEIIS SIB/IAIOTCS OCHOBHBIMY COCTABIAIOIIVIMY I1a-
paMeTpa ero CTpyKTYpUpPOBAaHHOCTY S, (CM. TabL. 1), BpAX MM MOXXHO CUUTATh HEOXXVJAHHBIM
TO, YTO 9TOT Iapamerp, nogobuHo Benmunue 0,5(DN; + AN;) Ha puc. 3, HAXOAUTCS B XOPOLIEN
koppemaunu ¢ A.H>°’(H,O->D,0) B amupax paccMaTpuBaeMoro psaga (puc. 4). 3aMeTnM, 4To
IOJZOOHOTO COOTHOIIEHMSI He OOHApY)XVMBAETCs, eC/IM aHaIM3MpoBaTh 3HaYeHus SAH,® u S,
JUISL pacTBOpUTENIeit U3 apyrux rpymni, rae DN, < DN (3a nckmouenuem TTO).
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Puc. 4. KOPPCHHI_U/IOHHOC COOTHOLIEHME MEXAY M30TOIITHBIM 3(1)(1)CKTOM B CTaHI[apTHOf/I MOTIHPHOf/{ SHTAJIbIIUN
COompBaTallyit BOIObI 1 «IIapaMETPOM CTPYKTYPUPOBAaHHOCTI» [40, 66] AlIPOTOHHOT'O AUIIO/TIAPHOTO PaCTBOPUTELA:
1 - IMAA, 2 - IM®A, 3 - TM®TA, 4 -]MCO

Hab6mopaemble Ha puc. 3 u 4 otkinoHeHys ganHbIX it JMCO oT «imHuyu aMuioB» 00y-
CTIOBJIEHBI, IIPEXK/Ie BCETO, HA/IMYMEM Y MOJIEKY/I TOTO PACTBOPUTEIS CYIbPOKCUTHOIN IPYIIIIBI
(>S=0). BnusaHue nocnenHeil Ha 97eKTPOHHYI0 KoHurypauio Monekynst JMCO o6ycnos-
NMBaeT BO3pacTaHMe KaK OCHOBHOCTM, TaK ¥ KMCIOTHOCTU COIbBAaTUPYIOLIEil Cpefibl, IO CpaB-
Henuio ¢ semmunuamu (DN) u (AN;) mis IMAA u IM®A (cm. Ta6m. 1). bonee Toro, IMCO
u TMOTA nmeror no-cymecrBy conoctaBumMbie 3HadeHus 0,5(DN; + AN;) (cM. puc. 3), 4To
yKa3bIBaeT Ha BBICOKYIO BaprabenbHOCTDb >S=O-rpymmsl B creuduyeckux KOHTaKTax C MOJIe-
Ky/IaMI paCTBOPEHHOTO M30TOI010Ta Boasl [77]. IIpu aToMm, cornmacHo [26], cTpykTypa conbBa-
tokomivtekca H,O nim D,O B [IMCO 6071ee 10THO yIIakoBaHa, 4eM B pPacTBOpax CpaBHMBae-
MBIX aMy10B. OTCI0fIa MOXKHO IIPEATIONOXNTb, 4YTO 00Cy>KaeMast HeOpAMHAPHOCTD IIOBeIeHIS
H/D-usorononoros Bozbl B cpefie IMCO Bo MHOrOM CBA3aHa C OTHOCUTENbHBIM yMEHbIIIe-
HJEM 3aTpaT 9HEPTUM Ha CO3/IaHle COIbBATHO ITOJIOCTY B 9TOM PacTBOPUTEIE.
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BriBonb1

PestoMupys m3no>keHHbIe BBIIIE COOOPaKEHMS, C/IEAyeT OTMETUTDb, YTO CUCTeMaTude-
CKOe MCCIIefJoOBaHle SHTA/IBIINITHBIX XapaKTePUCTUK PaCTBOPOB BOJbI B ATPOTOHHBIX AMUTIOJIAP-
HBIX WM JPYTUX IPOTOHOAKI[EIITOPHBIX CPeax SAB/IAETCS HeOOXOAVIMBIM IIIaTOM B IIOHVMAHUY
He TO/IbKO CTPYKTYPHO-3HEpreTH4ecKux 3pQPeKkToB B pacTBOpUTENIE, HO M TePMOAVHAMIIYE-
CKOTO COCTOSIHUA PACTBOPEHHOTO KOMIIOHEHTA, MMIIEHHOTO YHUKATbHON TPEXMEPHOI CeTKN
H-cBs3eit, mpucyTCTBYyIOIE B KUAKON Bojie. Pe3ynbraTsl 006CyX/jeHNs 3aTPOHYTOI B 0030pe
1po6IeMbl IPMBEIN HAC K BBIBOAY O TOM, YTO KOMOMHVMPOBAHHOE MCIIO/Ib30BaHUE METONOB
(Mukpo)xanopumerpun pactsoperns u H;O/D,O-n3oronHoro 3aMeljeHns B MOIEKy/IaX BOJDI
IpeJiCTaB/IACTCA OFHMM U3 Harbosiee MHPOPMATHBHBIX TePMOANHAMIIECKVIX IIOJIXO/I0B, OCHO-
BaHHBIX Ha MMHVMAaJIbHOM «BO3MYILEHUI» CTPYKTYPBI pacTBOPUTEIS (pacTBOpa).

[Toxanyit, Hanboee BayKHbIM MTOTOM HAIIIETO MCC/IeNOBAHMA ABIIACTCSA 3aK/I0UeHne 00
OIIpefieIAIoNIel POV JOHOPHO-AKIIeIITOPHBIX B3aMMO/IeJICTBUIL, B TOM uncie 3¢ dekros obpa-
30BaHMA TeTePOKOMIIOHEHTHBIX BOJJOPOJHBIX CBs3ell, B IIpollecce COMbBATAL[UU BOJbI B CPaB-
HIBaeMbIX al[POTOHHBIX AMUIIONAPHBIX cpefiaX. VICXOs U3 3TOTO, BBIABIEHBI TPY TPYIIILI pac-
TBOPUTEJIEi, pasIMyalolecs II0 XapakTepy cHenu@UYecKoro B3aMMOZENCTBUA C
H/D-usorononoramu Bopbl. IlepBylo Ipynmy cOCTaBIAIOT YMEPEHHO 3/1eKTPOHOIOHOPHbBIE
napa-muoKcaH, TeTparufipogypaH 1 aleToH, obpasyollue ¢ paCTBOPEHHON BOJOI BOLOPOJ-
HBle CBA3M, KOTOpbIe 110 HepreTyKe HeHaMHOro (Ha 2 + 3 K/DK-Monb!) yCTymarT TaKoBOI
mexpy monekynamu H,O wmm D,O. 9¢dexter obpasoBanms rerepoxomnoneHTHbx H(D)-
CBsI3€l B IIPEMMYIIECTBEHHO 3/IeKTPOHOAKIIENITOPHBIX PAaCTBOPUTE/IAX BTOPOIL TPYIIIIBI — HUT-
pomerane (HM), anerountpune (AH) n npommnenkap6bonare (IIK) - Bo MHOrOM ompepens-
I0TCSL MepOII JOCTYITHOCTY X TOHOPHO-aKI[eNITOPHBIX I[EHTPOB /I B3aNMOJEVICTBIUA C MOJIe-
kynamu H- mim D-usorononora Boast. Ecn IIK B aToM cMbIcie 607blire cOOTBETCTBYET pac-
TBOPUTE/ISIM IIepBOJI TPYIIIBI, TO CTepUYecKre HeCOOTBETCTBYA Ipy B3anmopeiictsum AH n,
ocobenHo, HM ¢ monexynamn H,O unu D,O 3aMeTHO yMeHbBLIAIOT SO0 BOZOPONHBIX CBsI3€N
B 0011eM sHTaIbINITHOM 3¢ dexTe 06pasoBaHMs CONMbBaTOKOMIUIEKCca BoAsl. [Tporjecc conbBa-
tauym Monekyn H,O wm D,O B pactBoputenax tperbeii rpymmsl - N, N-gumermidopmamuse,
N,N-gumernnaneramuse, rekcamermipocorpuamuze n gumermicynbpokrcuge (IMCO), ¢
6071e€ BHICOKOII 3/IEKTPOHOJOHOPHOI CIIOCOOHOCTDBIO, Ye€M Y M30TOIOIOTa BOAbI, ~ COIPOBOX-
flaeTcst 0OpasoBaHMeM SHepreTudecky Oojee CTaOMIBHBIX reTepOKOMIIOHEHTHBIX H- mmm D-
CBsi3€ll, 110 CPAaBHEHMIO C CYLIeCTBYIOLIVIMM B «<yHApHOYI» BOZHOM cpefe. Hamune cynbdoxcua-
Hoit rpynnbl B Monekyre JJMCO o6ycnoBnyBaeT HeOpAMHApHOCTb moBefeHus H/D-
130TONO/I0r0B BoAibl B cpefie JIMCO, 1o cpaBHEHUIO CO CTaH/JaPTHBIMIU pacCTBOPaMM UX B aMU-
flax.

YcranoseHo, uto D,O-H,O-nsotomnnsie apdexrs! (V) B cTaHAapTHOI MOJAPHOI 9H-
TaJIbIIMM COMbBATALY BOMbI JOCTATOYHO KOPPEKTHO COOTHOCATCA C 9Heprueil BOJOPOTHON
cBa3y H,O - anpoTOHHBII ANIIONAPHBLI pacTBOPUTENb. Y Ka3aHHBIE 9HTA/IBIINITHO-U30TOIIHbIE
3 PeKThI cONMbBAaTALNN B IIe/IOM KOPPEMPYIOT I C IMOTyCYMMOJ JOHOPHBIX U aKIeNITOPHbBIX
yycen (o I'ymmany [39]) mia cpaBHMBaeMBIX allpOTOHHBIX AUIIONAPHBIX cpefl. Kpome Toro,
uMeeT MecTo (YHKI[MOHA/IbHASA B3aMOCBA3b MeXAYy VIO B sHTa/mbIum conmbBaTaliuy BOALI B
aMmpaax u npeyioxxeHHsIM Omaxku [66] mapaMeTpoM «CTPYKTYPUPOBAHHOCTY PAaCTBOPUTEIA».
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Yemanoenerno, umo ona K-f'Fe;Os makcumanvHa 6epossmHocmv  peanusayuu
AKMUBHBIX UEHMPOS, NPedCcmasaAousux co601i Knacmep, COCOAULULL U3 UOHOB KANUS,
wenesa 3+ u 2+, kucnopooa. Heomwvemnemvim ampubymom K-f3"Fe.Os kax enasnozo
KAMAnUumu4ecku aKkmuHo20 KOMNOHEHMA SB/ISIEMCST CHOCOOHOCY K CAMOBOCHPOU3-
800CBY U CAMOPeyNIAYUY 8 YCTIOBUIX PeakUloHHOU cpedvl. Paccmampusaempiii mun
Kamanu3amopos MOIHO HA38AMb «KAMANUZAMOP ¢ NOCOTHHO MUZPUPYIOUUM NPO-
MOMOPpoOM».

ITonugpeppum cnysncum nposoOHUKOM uenouHozo npomomopa. Vcmounukom xanus
Mmoxcem Obimb MOHOPeppUm, cocpedomoueH bl 8 enybune epamnyn xamanusamopa,
Hanpumep, Ha 6HympeHHeli nosepxHocmu 3axpuimuolx nop. Ionudeppumot A671T0MCA
meepobIMU S7IEKMPONUMAMU C KAMUOHHBIM MUNOM NPOBOOUMOCHU U 00ecneuieartm
He MOonbKo 00CMABKY NPOMOIOPA 8 3a0aHHOe MECIO NO BCHIPOEHHBIM 8 KPUCMATUYe-
CKYI0 CIIPYKMYpPY KAHALAM, HO U €20 pe2y/IsIpHOe pasmeuseHue 6 cocmase aKmueHbix
Kacmepos.

K-B"Fe;0s cnocober pasmewamo 8 céoeii cmpykmype nezupyroujue 006asxku. Tonvko 6
aMOM CyHae KpaliHe Masnbie KOIUYECBA 6600UMO20 A2EHMA MOZYM CUNIbHO MEHAIMDb
ceoticmea cucmemot. Ecnu nosepxnocmuv K-B"FeOs; nodsepeaemcsi xumuueckom ouc-
nepeuposanuio 8 peakyyuoHHot cpede, 06PA3Ys NPU FMOM KAMATUMUYECKU AKMUBHYIO
KOPOMKONUBYULYIO CYOCMAHUUIO, HAHOZEMEPOZEHHYI0 CMeCh MOHOPeppuma u mazHe-
muma, mo nepecmpotika npomexaem He XaomuuHo. VIcxoOHas cmpykmypa-mampuuya
cnocobcmeyem pezynspHOMY PasMeUeHUI0 HAHOPASMEPHBIX KOMNOHEHNO8, COCMABIIS-
OWUX KAMATUMu4ecky akmueHyo cy0cmaniuio, 4mo no3eosiiem cOXpaHump 8bico-
Ky10 KOHUEHMPAuuio aKxmusHvlx UeHmpos npu I0KAnbHOM usMeHeHUU Hasos02o co-
cmasa.

BBenenne

Ha Ka>1<;£[0171 us3 CTEl,‘E[I/If/I C/HTE€3a IIPOMOTUPOBAHHOTO JKE€/I€300KCUIHOIO KaTa/jin3aTopa

IeTYpMPOBaHMA 3TUIOEH30/Ia, Ha STalle aKTVBALMOHHOM pa3paboTKY U B IIpoljecce SKCIIIya-

TaI[My KOHTAKTa IIPOMCXOAUT MI3MEHEeHNe ero XMMIYEeCKOTo 1 pa3oBOro COCTaBa, CTPYKTYPhI U

CBOJICTB. BOIBIIMHCTBO MCCIeOBAaHMII B 9TOII 00/IACTI HAIIPAB/IEHO Ha MI3Y4YeHNe WM CBeXKe-

IIPUTOTOBJICHHOTO KOHTAKTA, MM Y>Ke OTPab0TaHHOTO KaTam3aTopa. B KakmoM cirydae cocras

KaTa/jm3aTopa HE 6YI[€T COOTBETCTBOBATb COCTOAHNIO KOHTAKTa, HAXOIAIIETOCA B IIpOLIECCE
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9KCIUTyaTaluy. ITO 0ObACHAET OTCYTCTBUE B JIUTEPAType HOCTOBEPHBIX HAHHBIX O CTPYKTYpe
KaTa/IM3aTOPOB B YCTIOBUAX PEaKIMOHHOI CPefibl ¥ paclpelie/leHN I BBeJeHHbIX KOMIIOHEHTOB
MeXny ¢asaMy KOHTAKTa.

BbIsicHeHMIO IPUPOJBI AKTYBHOTO COCTOSIHUA KaTa/ly3aTopa MOCBsIIeHa cepysl my0mm-
Kaluil yueHbIX u3 ['epmanuy. JIro00mbITHA 9BOMIOINSA B3IIALOB MCCIefoBareneil. B paHHux
CTaTbsX aBTOPbI YKa3bIBAIOT HA VIEHTMYHOCTb aKTVBHBIX LIEHTPOB /IS IPOMOTMPOBAHHBIX U
HEIIPOMOTVPOBAHHBIX )XeTIe300KCU/HBIX KaTalIN3aTOPOB, IPUTOTOB/IEHHBIX B BUJE IUICHOK.
ITo pansbM [1] obpasier Fe;O, (111) mposBiany He3HAYNTETbHYI0 KaTaTUTUYECKYI0 aKTUB-
HOCTb B peakIy OeTMApUpOBaHus U3-3a HU3Koro cogepxanns Fe**. Ha Fe,O; (0001) mpowuc-
XOJW/IO yBe/IVYeHMe BBIXOZIAa CTMPOJIA, M HIPU 3TOM KOHI[eHTpalysa AedeKTOB IOBEPXHOCTU
TaKxoke ObUIa BbIle [1]. ABTOpPBI OIIpeRe/sIoT TOBEPXHOCTHBIE aTOMHBIE eeKThl B KauecTBe
KaTa/JMTVYECK) aKTVBHBIX IIeHTPOB. AKTVMBHBIE LIeHTpbl Ha noBepxHocTy ¢aspl KFeO, — ak-
TUBHOII (a3bl IPOMBILUICHHOTO KaTaI/3aTOpPa, HO/DKHBI IMETh aHAJIOTMYHBIe CBOJICTBA, TaKlie
Kak aToMHble ledekTsl Ha Fe,Os (0001).

Ile3akTuBaIMs KaTanmsaTopa MIPOVICXOAUT NPY 00pa3oBaHUM YITIEPOLHBIX MOMIMEPOB,
IIPY 9TOM MCK/TI0YaeTcsA 13 paboTHI KaTaau3aTopa 4acTh IOBEPXHOCTH. BIo/iHe BepoATHO, 4TO
IIepPBOHAYAJIBHO YITIEPOJHBIE OTIOXKEHUA 00Pa3yloTCsA Ha MPOTSDKEHHBIX JleeKTaX, KOTopble
He COBIIQJJAIOT C aTOMHBIMU JieeKTaMy, Ha KOTOPBIX 00pasyeTcst cTupoi [1].

[To3nHee Te >Ke aBTOPBI YTBEPKAAIOT [2], YTO Ka/muil yBeMu4MBaeT akTMBHOCTD >KeJle30-
OKCHUJIHBIX KaTa/IM3aTOPOB, XOTS 3HAUEHVSI SHEPTVM aKTVMBALVIV IETVPUPOBAHNA OMIM3KI IJIA
IIPOMOTVPOBAHHHBIX J HEIIPOMOTMPOBAHHBIX KajIlieM KaTanu3aTopoB. BeposaTHo, pocT akTuB-
HOCTH CBA3aH C TeM, YTO Ka/IMi1 YBeM4IMBAET YMC/IO aKTVBHBIX LIeHTPOB [2].

VccnepoBarenmu [3] ykasbIBaloT Ha paclpocTpaHeHMe Kaaus B IIy0b 3epHa IPY ITOBBI-
IIEHHBIX TeMIlepaTypax. IIpu stoM popmupyercs HecTexuoMeTpudecKasi CTPyKTypa, COCTOSI-
mas nocnoitHo u3 K,O/K:Fe»0s4/FesO4 (111) ¢ yMeHbIIAIOUIMIMCSA COfep)KaHMeM Kanus 110
Mepe IIPOABIDKEHMs B ITTy0Ob 3epHa.

CpaBHUTe/IbHOE M3y4eH)e IPOMOTMPOBAHHbIX Ka/liieM /1 HeIIPOMOTVPOBAaHHBIX KaTa/Iu-
3aTOpPOB [4] OKa3as10, YTO P YBEIMYEHUY COJleP>KaHVs KAl YMeHbIIaeTcsl HadaIbHas CKO-
POCTDb peakLuy AeTUPUPOBAHNA U YBEINYMBAECTCA BpeMsA aKTUMBHOI pabOTHI KaTamu3aTopa.
ABTOpHI [4] 00BACHAIOT 9TOT BAKT TeM, YTO BBeAEHMEe KA/l IpeJOTBPAILaeT /ie3aKTUBALII0
KaTa/JM3aTopa M 3aKOKCOBBIBAaHNE, HO BMeCTe C TeM OJIOKMpPYeT aKTMBHBbIE IIOBEPXHOCTHBIE
LIEHTPbI ¥ YMEeHbLIAeT UX KOHIeHTpauyio. [Ipy yBenmudeHnn cofepkaHns Kajusi, IOBEPXHOCTbD
Bce 6oee u 6oee nokpeiBaeTcsi KFeO,, KOTOPBIT He AB/IsETCA KaTaTUTUYECKU aKTUBHON da-
3011. OHAKO €ro MPICYTCTBYE MOXKET 3aMe/JIATh Ie3aKTBALNIO.

HauanpHble 3HaYeHVsI KOHBEPCUY Ha IPOMOTMPOBAHHBIX Ka/lyeM U HeIPOMOTVPOBaH-
HBIX KaTa/IN3aTOpax MMeIoT 61m3Kye 3HadueHnA. Ha HenmpomotuposanHoM Fe,Os resakTnBamnysa
IpoTeKaeT OBICTPO, U BbI3BaHa OHa BoccTraHoBNIeHMEM Fe,Os no FesO, m 3aKOKCOBBIBaHMEM.
Bopa, mo6aB/ieHHas K peareHTy, OTBETCTBEHHA 3a ra3yMKAIUIO YIIEPOSHBIX OTIOXEHMIA, U
TaKMM 00pa3oM OrpaHMYMBaeT UX KOMu4ectBo. KpoMe aToro, oHa orpaHm4mBaeT BOCCTAaHOB-
nenne Fe,Os no Fe;O4 1 mpeoTBpaliiaeT ganbHeiiliee BOCCTAHOB/IEHIE IO METa/UIYECKOTO XKe-
nesa [4].

Bo BpeMs peakiuy IpONCXOAUT HeIpepbIBHAA IOTEPs K, BEPOATHO, OH YA/ACTCA
B popme KOH. ITo MHeHMI0 MccnenoBateneit [4], moreps Kamus IpONCXOAUT ObICTpee, eciu
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rasoBas CMeCb COZIEPXKUT TOJIBKO BoAy Oe3 arwnbensona. Ilpenmnonaraercs, 4To sTMIOEH3OT,
CTUPOJI ¥ IPOAYKTHI X Pa3/IOKeHUA pearnpyroT ¢ KajmeM ¢ oOpa3oBaHMeM KapboHaTa Kans.
[TponapuBaHus KaTanusaTopa HeoOXoaMMO n3beratp [4].

ABTopsl pabot [5-10] yKaspIBarOT, YTO aKTMBHBIM KOMIIOHEHTOM JaHHOTO KJIacca KOH-
TakTOB sAB/sieTcss MoHOpepput Kamus KFeO,. B karanusarope, HaxopsmeMcsi B aKTBHOM CO-
CTOSIHIY, YCTaHAB/IMBAETCs paBHOBecKe Mexy (asamu karanusaropa K,Fe;;Oss m KFeO,. Bo-
Ilopox, 06pa3oBaBIINIICA KaK OfMH 13 IIPOAYKTOB peaKIUy AeTH/PYPOBAHI, YMEHbIIAET aK-
TUBHOCTb KOHTAKTa, IpUBOAUT K oOpasoBanuio KOH u marnernta Fe;O, [5].

K,Fe»0s4 ieficTByeT Kak TeHepaTop MOHOB Kayus, HocTasnAeMbix B Fe;O, misa obpasosa-
HIIS1 aKTUBHOI assl [6]. ITo TpebyeT onpe/ie/IeHHO CTeNIeH) HeCOBEPILIEHCTBA PeIeTKM MaT-
PUIIBI, KOTOpast 3aBUCUT OT CIIOC00a IPUTOTOBJIEHNA U JOOABOK IPOMOTOPOB, KOTOPBIE BJIN-
SI0T Ha PelIeTKy OKCUJA >Kelesa 0OJbllle, 4YeM Ha XVMMIO HOBEPXHOCTU. VimeHTuuKanys
KFeO, B xauecTBe akTUBHOI (a3bl OblIa MOATBEPK/IeHa HEe3aBUCYMbIM CMHTE30M 9T0M (as3bl
U CPaBHEHNEM ee aKTVBHOCTM C aKTMBHOCTbBIO IPOMBIIIICHHOTO KaTajy3aTopa [6].

ViccnemoBaHMsA 3MUTAKCUATbHO BBIPAIlEeHHO MOMENM KaTalu3aTopa B pealibHbIX YCIIO-
BIUAX peakluu geruapuposanus [11] mokasamy, uro:

- camble aKTUBHBIe MOHBI Fe’* B coctaBe Fe,Os mmn KFe,O,;

- Fe;O,4 ABnAeTcsa MeHee aKTMBHBIM, BEPOATHO M3-3a CIMIIKOM CUIBHOTO B3aMMOJei-
CTBUA C 9TMIOEH30/IOM U CTUPOJIOM;

- Ae3aKTUBaLVA HEIIPOMOTMPOBAHHBIX KaTalIM3aTOPOB IPOMCXOAUT IPU BOCCTAHOBJIE-
Huu Fe;Os 1o FesO4, u pu 06pazoBanuy kokca. CrejoBaTeIbHO, Ie3aKTUBALMS MOXKET OBITh
IpefjOTBpallleHa IIofjaueil HeOOIbIIOr0 KOMNYeCcTBa KUCTIOPOJia;

- Ka/Init He AB/IAETCA aKTMBHBIM, HO TIOfIaB/IsIeT BOCCTAaHOBJIEHNE U KaTa/lM3MUPYeT yyjase-
HII€ YITIEPO/IHbIX OT/IO>KEHUIA;

- ycroiruuBbiMu ¢aszamu saBnsaoTcs KoFe»Oss m ocobenno KFeO,, oHM e sABIAIOTCA pe-
3epBYyapoM [ Ka/lus;

- KOKC 00/1ajiaeT 3aMeTHOJI KaTaIUTUYEeCKOIl aKTUBHOCTBIO;

- "mpomnapuBanue” (peakiys B BOJASHOM Iape 0e3 aTMI0eH30/1a) 3HAYNTEIbHO YCKOPSIeT
notepro Kamms [11].

[ToBepXHOCTHaA CTPYKTYpPa M COCTAB XKe/Ie300KCUHOTO KaTalIn3aTopa, IpOMOTHPOBaH-
HOTO KajIMeM, IIOATOTOBIEHHOTO B BUJIE€ SIMTaKCUaIbHbIX ITeHOK Fe;O4 (111) Ha Ru (0001),
VICC/IE[OBAHbI METOIOM PEHTT€HOBCKOI (HOTO3/IEKTPOHHOI criekTpockomnueit (XPS) B couera-
HUM C TeIUIOBONM [JecopOumoHHON crekrpockonmeit (TDS) u  TepMmopuHaMudeckumu
U3MEpeHUAMY, a Taloke MeTOJaMy CKaHMpYIOIlell TYHHenbHON Mukpockommy (STM),
HI3KO3HepreTnyeckoil anekrpoHHon gudpaxuuy (LEED) m 3/meKTpoHHON CHEKTPOCKOINN
Auger (AES) [12].

ITpu 700 K 6112 upentnduumposana dasa KFeO,, koTopas npu 60j1ee BBICOKUX TeMITe-
parypax npeo6pasossiBanach B K.Fe»;Os4 (0,67 < x < 4). DopMupoBaHie MOHOKPUCTA/IAYE-
ckoro cnos KiFe»Os4 (x = 0,67), KOTOPBIiT OrpaHuyeH CyOMOHOCTIOEM Kayist, IPOUCXOAUT Py
970 K. [Ins onpesieieHHOTO cofep>KaHMs Kajlisi, 3Ta HOBEPXHOCTb GOPMUPYETCS KaK XOPOLIO
ynopspgodeHHas (asa ¢ CYyIepcTpyKTypoii (2x2). VccmegoBaTeny Ha3bIBAIOT aKTUBHOI (a3oir
Karanmmsaropa KFeO,, Trorma xkak KoFe»Os, ABnA€TCA pesepByapoM mid XpaHeHNA KamuAa. OHU
yTBepXanT, 4yTo cTpyKrypa KFeO, dopmmpyerca Takke Ha IIOBEPXHOCTM IUICHKM IIpK
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OOBIYHBIX TEMIIePaTypaxX IPOKAIMBAHNA, COOTBETCTBYIONUINX PEXNMY IPUTOTOB/IEHNS IIPO-
MBIIIIEHHBIX 00pas1oB KaTam3aropa. O6paboTka Bojjoil Jja>ke IpY MOHV>KEHHOM JIaBIeHUN
IPUBOANT K ITOTepe Ka/IusA ¢ HOBEPXHOCTY obpasia. [lesakTuBanys, cBa3aHHas ¢ GopMMUpoOBa-
HueM a3 Fe;O, m KOH, oueBngna. OgHako mpoiiecc upeT MepyieHHo. Ilo MHeHM0 aBTOpOB
[12], 3amuToit OT MOTEPM Ka/Mus CIY>KAT OT/IOXKEHM yITIepofia Ha IOBEPXHOCTY KOHTAKTA.

AsTopsI paborsl [13] mokasanu, 4To 60sblioe BausHue Ha popmrpoBanme GpazoBoro co-
CTaBa KaTa/3aTopa OKa3bIBaeT aTMocdepa, B KOTOPOI KaTanmn3aTop GopMmUpyeTcs 1 PyHKIU-
onnpyer. Ilnenxu KFeO, 6bmn monmydeHsl B BakyyMme 1 B aTMocepe kucnopopa mpu 870 K.
[Torepst xanmus u Tpancopmanus B K Fe»Os4 (0001) Habmofanach B Bakyyme, B KUCIOPOTHON
atmMocepe KFeO, octaBancs ycTOMIMBBIM. ABTOPBI YKa3bIBAIOT, YTO AMAMIA30HbI CTAOVMIBHO-
cT peppuUTOB 3aBUCAT OT NAPIMAIBHOTO JJaB/IeHNA KICTOPOJa.

Vccneposarenu [13] ycraHoBWM, 4T0 ToHKME ITeHKN KFeO, popMupyroTcs Ha moBepx-
HocTi K. Fe;0s4 (0001) BMecTo kpymHbIx Kpuctaumros KFeO,. 910 noaTBepsxaaeT mpepmo-
TIOK€HMe, clie/TaHHOe 110 TaHHbIM XPS, 94To yroH4YeHMe NIeHKN UJET OTHOBPEMEHHO C YMEHb-
IIEHVEeM COfiepXKaHMs Kamusi B oObeMe, TOra KaK IOBEPXHOCTb OCTAaeTCsl OOraToil KalmeM.
O6e (a3bl IPUCYTCTBYIOT HAa IIOBEPXHOCTH 00pas1ioB. [laHHbIE IVIEHK! JOBOILHO XOPOIIO MO-
[e/IVPYIOT KaTaTUTUYeCK) aKTVMBHYIO ¢asy. [lomyueHHbIe JaHHbBIE COITIACYIOTCA C pe3yIbTa-
TaMI UCCIeOBaHN IPOMBIIIEHHOTO KaTaa3aTopa, cocrosAmero us deuryn KFeO,, popmn-
pytomeiics BOKpYT sAnpa KyFe»;Os,.

[Tpepio>keHHYI0 MOfie/lb ©€30TOBOPOYHO IOJJEP>KMBAIOT IIOJIbCKME MCCIIeOBATENN
[14, 15], xoTopble COOOIAIOT, YTO OCHOBHBIMM (pasaMy KaTaaM3aTOPOB HETMAPUPOBAHNSA
atunbensona B ctupon ApnATca FesOu Fe,Os m depputer xammsa KFeO,, KoFe;Oss. b
oIlpefie/ieHbl dHepruM akTuBanuy gecopbouym K u K* mpy remMneparype fernapupoBaHus [
Kaxyoi u3 ¢as. [TokaszaHo, 4To akTMBHOe COCTOsHME KaTamm3aropa B Bufe K,Fe;,Os, oTBeT-
CTBEHHO 3a BBICOKNe NoTepy kamyiA. [IpennonaraemMas onTuManbHast MOpQOIOTYA TPaHyT Ka-
TanmsaTopa coctout u3s Axgpa KoFe»Oss, okpyxeHHOro ToHKOI yemryelt KFeO,, B To BpeMs Kak
MOJIe/Ib sA7pa Y TPECHYTON CKOPJIYIBI OblIa IPUMeHeHa /I pacyeTa JaHHBIX IO JlecopOrum
Ka/Iyisl C TOBEPXHOCTY PeaIbHBbIX KaTaIn3aTopoB [14].

HecoMHeHHO, 4TO M3y4yeHMe TOHKMX I/IEHOK TeMaTuTa VI MarHeTUTa, OpYMeHTUPOBaH-
HBIX B BBIOPaHHOM KpUCTa/UIOrpadieckoM HaIlpaB/IeHNN SAB/IAETCA OfHUM 13 Hanbosiee mep-
CIIEKTUBHBIX CIIOCOOOB MCC/IEIOBAHMS COCTOSHNUA KaTaIM3aTOpa B YCIOBUAX PEeaKLMOHHON
cpenbl. BBefieHNe B IUIEHKY COeVIHEHWIT I[/IOYHOTO MeTa/Ula M MOoCeRyonas o6paboTka B
cpelie YI/IeBOLOPOJa IPUBOAUT K 00pa30BaHMIO METACTaOVIIbHBIX COEIMHEHNI, COOTBETCTBY-
IOIMIX COCTAaBY IIOBEPXHOCTM KaTanu3aTopa B yCIOBUAX 9KCIUTyaTaluu. MBI cumMTaeM, 4To s
[IAaHHOTO KJIacca KaTa/l1M3aTOPOB ITOBEPXHOCTb He/lb3sl pacCMaTpUBaTb aBTOHOMHO, B OTPbIBE
OT BHYTpPeHHel1 CTPYKTYpbl KOHTAaKTa. ITO IPUBOANT K M3/IUIIHEMY YIIpolieHNIo moaxona. O6-
pasymolyecs IOBEPXHOCTHbIE COSAVHEHNA MIN MHTEPMeVAThI ABJIAITCA HeCTaOMIbHBIMU U
KOPOTKOXXMBYIyMU. HenpepsiBHOe BO30OHOBJIEHVE IOBEPXHOCTHBIX C/I0€B, HEOOXOAVMMOE
U1 0becIiede s JOITOBPEMEHHOT0 QYHKIMOHMPOBAHMA KaTa/IN3aTOPa, IOfiepXKaHNA HyX-
HOJI KOHI[€HTPALM} AKTUBHBIX LIeHTPOB, BO3MOXXHO JIMIIb IIPY MCIIOTb30BaHIY PECYPCOB TIIy-
OVHHBIX CJIO€B WJIV BCEro 0O'beMa IPaHyIIbl.

ITo HameMy MHEHMIO, 0COOOTO BHMMAHUA 3aCTyXIBaeT PeIKO YIIOMIHaeMas B INTepa-
Type MOJe/b aKTMBHOTO IIEHTpPa, CO3JaHHAs KUTAMCKMMU Yy4eHbIMM. B paborax [16]
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CMOJIe/TMPOBAH aKTUBHBIN L[EHTP, ¥ PACCMOTPEH C 3TUX IO3ULIMIT MEXaHN3M PeaKI[UN IeTUs-
pupoBaHus 3TUAOEH30/1a B CTUPON Ha OKCHUJe >Keje3a, IIPOMOTUPOBAHHOM KajlMeM.
AKTVBHBIN IIEHTp IpencTaBisieT coboil KaacTep, cocTosmmii u3 ogHoro aroma Kamus (Ky),
nByx aToMoB xenesa (Feio 1 Fey) u ogHoro - xucnopopa (O23), Kak mokasaHo Ha puc. 1.

Puc. 1. AToMHBIII K1acTep A/ aKTUBHOM ¢aspl Ha m1ockocty 110 [16]

ITo MHeHMIO KMTAJICKMX McCenoBaTeneit [16], aTunbenson obpasyer G-m-KOOpAWHAIM-
OHHBIIT KoMITIeKC ¢ noHaMmu Fe?*, Fe’ ¢ mocmeytomum sMMMIHIPOBaHMEM (L.-aTOMa BOZOPOZia
acopOMpPOBaHHOTO 3TNUIOEH30/a 1 00pa3oBaHueM OeH30bHO-(eHonbHOrO pagukana u OH-
TPYIIIBI ITyTeM CynepKoHbloraunu. ITocie aToro -aToM BOJOpOAa MpUCOEANHAETC K COCef-
HeMY JMOHY XeJie3a c 06pa3oBaHueM afcopOupoBaHHOTO cTHpoa. [To HalmeMy MHeHNIO, BeCbMa
IpUMeYaTe/IbHO, YTO B COCTaB aKTMBHOTO K/IacTepa BXOAUT pasHO3apAmHOe >kene3o. Kammit
MOHIDKAET KIMC/IOTHOCTDb KaTa/M3aTopa, NoAas/ad mobounsle peakunu. Kpome toro, npucyrt-
CTBME Ka/Ms CTaOWIN3UpyeT aKTUBHYIO a3y U yBeIMINBAeT KOINYECTBO aKTVBHBIX IIEHTPOB
[16].

Bompocs! 0 MexaHM3Me KaTaIMTUIeCKOro Ipoliecca, MexaHn3Me popMupoBaHuA aKTUB-
HOTO COCTOAHNA KaTa/lN3aTopa, IpUpoje KaTATUTIIECK! aKTVBHOTO KOMIIOHEHTa, (Pa30BOM I
XUMIYECKOM COCTaBe KOHTAKTa B YC/IOBUAX PeaKLMU AeTHPUPOBAHMA, B3aMHOM PacIIOJIO-
YKEHUU U B3aVIMOJIeiicTBYM (pa3, COCTAB/IAIOMINX KaTaIUTUIECKY aKTUBHYIO CUCTEMY, T.e. (pa3o-
BOJI CTPYKType KaTan3aTopa, CHoco0axX TPaHCIOPTA LeJIOYHOTO IIPOMOTOpA U €r0 ICTOYHM-
Kax (pe3epByapax) OCTAIOTCA IPEAMETOM AVCKYycCUI. B To >ke BpeMs OTBeTH MMEHHO Ha 9T
BOIIPOCHI ABJIAIOTCA HEOOXOAMMBIMI /TSI KOPPEKTHOM (POPMYIMPOBKYM HepeyHs XapaKTepu-
CTUK, KOTOPBIMMU JIO/DKEH 00/TafIaTh IIe/1eBOI IPOAYKT TBepA0(a3HOTO CUHTe3a — KaTa/lInu3aTop.

Taxum o6pasom, pobremMsl MojempoBanys Ga3oBOro ¥ XMMUYECKOTO COCTOSHMS Ka-
TaM3aTopa B aTMocdepe ¢ MOHVDKEHHBIM ITapIMaIbHBIM JaBJIeHVEeM KVCIOpOAa U Koyde-
CTBEHHOJ HTEPIPeTAIy B3aUMO/IEICTBIIL B CJIOXKHOJ reTepOreHHOM (peppUTHOI KOMITO3M-

Iy OCTATCA BECbMa aKTya/IbHbIMIUL.
MCTOI[I/IKa IKCIIEpUMEHTA

VcxopmHble cMecu MOHOGeppUTa Ka/lis, TeMaTUTa X META/UINYECKOTO XKejle3a, IIOTydeH-
HOTO KapOOHWIBHBIM CIIOCOOOM, TOTOBW/IM TILIATE/NTbHBIM II€peTHpPaHIeM B araTOBOI CTYIIKe
TIOJ] CTI0EM JAMITUIOBOTO 3dupa B OOKCe, 3alI0THEHHOM OCYIIeHHBIM BO3[yXoM. IlomydeHHbIE
cMecH, He BBIHOCS U3 60Kca, Tab/IeTHpoBaM ¢ IOMOIIBIO TabOPaTOPHOTO Ipecca. VIcXomHbIi
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MOHO(}EPPUT FOTOBMIN OTXKUTOM CMecy KapOOoHaTa Kamus ¢ OKCUJIOM JKele3a B 9KBUMOJISAP-
HOM cOOTHoIIeHNM nipu Tremiepatype 970 K B TedeHne 4 gyacoB. VIcxonHble BelllecTBa /1A Ipu-
rOTOBJIEHV TabIeTOK Opany B IPOMOPINAX, YKa3aHHBIX B Tabymie 1.

Ta6nuua 1. Konmuecrso Bemjecrsa (Monb) B ncxogubix cmecsax (Fe,O; + Fe + KFeQ,)

Ne o6pasna Fe,0s Fe KFeO, u t
1 0,793 0,023 0,230 0,230 0,070
2 0,760 0,040 0,280 0,280 0,120
3 0,740 0,060 0,320 0,320 0,180
4 0,720 0,080 0,360 0,360 0,240
5 0,640 0,110 0,470 0,470 0,330
6 0,607 0,127 0,520 0,520 0,380
7 0,560 0,140 0,580 0,580 0,420
8 0,583 0,033 0,450 0,450 0,100
9 0,333 0,033 0,700 0,700 0,100
10 0,467 0,067 0,600 0,600 0,200
11 0,500 0,100 0,600 0,600 0,300
12 0,833 0,033 0,200 0,200 0,100
13 0,867 0,067 0,200 0,200 0,200
14 0,900 0,100 0,200 0,200 0,300
15 0,833 0,133 0,300 0,300 0,400
16 0,633 0,133 0,500 0,500 0,400
17 0,767 0,167 0,400 0,400 0,500
18 0,900 0,200 0,300 0,300 0,600
19 1,000 0,200 0,200 0,200 0,600
20 1,100 0,200 0,100 0,100 0,600
21 0,910 0,010 0,100 0,100 0,030
22 0,967 0,167 0,200 0,200 0,500
23 0,933 0,133 0,200 0,200 0,400

IMpumevanne: u u t — nugexcer B popmyne K,Fe?*Fe’*;.,Oziry

TabneTnpoBaHHBIe CMecK TTOMEIAIN B KBapIleBble aMITy/Ibl ¢ BHYTPEHHUM JUaMeTPOM
12 MM. AMnynbl ¢ o6pasiiaMy BaKyyMMPOBaIU € IOMOIIBIO 1A00PaTOPHOTO BaKyyM-IIOCTa
(maBnenue 1-10° ITa) u 3anmamBanu. OT>xur ammy ¢ obpasuamu nposogwu npu 870 K B Teye-
Hue 36 gacoB. [Tocie oTxura o6pasubl 3aKanuBam, OBICTPO MEPEHOCS aMITY/Ty € TabIeTKaMu
U3 MyQenbHOIT Ileyy B BOAy. BCKpbITIe aMIIy/ IPOBOAM/IN B TepMETYHOM OOKCe, 3aII0/THEeH-
HOM OCYIIeHHBIM a30TOM. [Toc/te BCKpBITIIS aMITy/IbI TAOIETKY IIEPEHOCHIIN B araTOBYIO CTYIIKY,
TI[ATe/IbHO NepeTUPAIN C Ba3eMHOM 1 IPOBOAMIN peHTreHo¢as30Bblil aHamu3. [lepetupanne
C Ba3e/IVMHOM MCIIO/Ib30BAHO JJIA NIPEOTBPalleHNA KOHTaKTa 00pasIia ¢ KMCIOPOIOM I B/IATON
BO3/yXa.

PentreHorpapuyeckuit aHams ob6pasnoB mnomudeppura MpoBOAMIM Ha HpuboOpe
IPOH-YM1; usnyyenne Coxa (A = 0,17902 HM).

VcnpITaHUA KaTaIUTUYECKOI aKTMBHOCTY MOJIe/IbHBIX (PepPUTHBIX CUCTEM B peaKIuy
IeTYPUPOBaHMA STUIOEH30/1a B CTUPOJI IPOBOAMIN B TAOOPATOPHOM peaKTOpe IPOTOYHOTO
Tuna npu arMocdeproM pasnaeHuu u 600 °C. O6beMHass CKOPOCTb TOfauM 3THIOeH30/1a (@)
cocraB/siia 1 4!, MaccoBoe COOTHOIIIEHNEe ITUIOEH30/T: BOAsAHOM map - 1:3 [17].
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Pe3ynbTaThl M UX 06Cy)KaeHMe

dopmupoBanme nonudepputa Kammsa co cTpykrypoit tuma B”-rmmHosema (K-B"Fe,Os)
IpY BOCCTAaHOBJIEHMV IPOMOTVMPOBAHHOTO >KE/Ie300KCUIHOTO KaTajamsaTropa B aTMmocdepe
3TUI0eH3071a ¥ BOSIHOTO IIapa BIepBble ObUIO OOHAPY)KEHO HaMM METOIAaMy PEHTTeHOBCKOI
nudpakromerpun 1 MeccbayspoBckoii criekTpockonuu [18]. Bbio BbICKa3aHO MpeAIIonoxKe-
Hue, yTo uMeHHO K-B"Fe;O; BpImonHAeT (PyHKINIO OCHOBHOTO KaTaIUTWYECKM aKTVBHOTO
KoMIoHeHTa. O6paboTKa PpeppUTHOI CHCTEMBI B aTMOC]epe IapoB YIIEeBOZOPOAa U BOJBI 00y-
CTIOB/IMBaeT HEPABHOMEPHOCTD ()a30BOTO COCTaBa KaTaIM3aTopa Mo 06beMy I'paHyIIbl, COIIPO-
BO>KZIAeTCsl OT/IOXKEHMEM KOKCa Ha IIOBEPXHOCTH. DTH 3P PeKThI CO3AI0T IPAKTIYECKY Hellpe-
OoNIMMBble IIPO6/IEMBI /1A KOMMYECTBEHHOTO OIVICaHMA (a30BOTO COCTaBa KaTaln3aTopa.

Crana 04eBMIHOI HEOOXOAMMOCTD Pa3paboTKM HOBOTO ITO/IX0/a K MOZIe/TMPOBaHuIo ¢a-
30BOTO COCTaBa KaTa/lmsaTopa B aTMocdepe ¢ HU3KUM NapLMaIbHbIM JaBIeHIeM KUCTOPO/a.
ITOT c11oco6 JOKEeH MpeofoIeTh M3T0>KeHHbIe BBIIIe OTPAHNYEHM S, IPUOIN3UTD YCIOBIA
BOCCTAaHOBJ/ICH)sI K PaBHOBECHBIM, VICK/TIOUMTD BJIVSIHYME IOCTOPOHHUX IpuMeceit U obecre-
YJMTh BO3MOXKHOCTDb OIIEPYPOBAHNA Pe3y/IbTaTaMy, JOCTOBEPHOCTb KOTOPBIX He BBI3BIBAET CO-
MHEHWI], T.€. IPOBOUTD PEHTI€HOBCKYIE I3MEPEH s Ha BO3JIyXe.

JliA DOCTVDKEHWA IOCTaB/ICHHON Il HaMM BIIepBbIe Ipe[JIo’KeHa MeTOHONOIV,
IpefycMaTpyBaloljasi BBeJleHNE B CYICTEMY BHYTPeHHero BocctaHoButens [19]. B aTom kave-
CTBe MCIIO/Ib30BAIN YIbTPAUICIIEPCHOE META/UINYECKOe >Kele30, TOTy4YeHHOe KapOOHMIbHBIM
crtoco6oM. Takoii KOMIIOHEHT OpTaHMYHO BIIVICBIBAeTCSI B QEePPUTHYIO CUCTEMY, He SIBIIACTCS
3arpssHNUTeNeM, pABHOMEPHO pacIpefie/sieTcst o o6beMy obpasiia U B Ipoljecce TepMoobpa-
OOTKI B3aMIMOJIEJICTBYET C TeMaTUTOM, 00pa3ysl MarHETHUT, MOAEIUPYS IPU 3TOM BOCCTAaHOBM-
TenbHYyI0 aTMocdepy. [Ipokanka B yC/IOBMAX, IpeJOTBPAIAIOIINX ONIA/JaHNe B CUCTEMY KIIC-
JIopoja M3BHE, IO3BOJIAET 33/]aBaTh B CHCTEMe COfiep>KaHNe ABYX3apsALHOTO JKele3a, KOTOpoe
CTPOTO COOTBETCTBYET KOMNYECTBY BBEIEHHOTO MeTalIa.

B03MO>XXHOCTb HEIIOCPE,CTBEHHOTO KOHTPOJIA COCTaBa, COOTHOLIEHN A MCXOJHBIX KOMIIO-
HEHTOB, aHa/I13a IIPOAYKTOB TBEPA0(a3HOTO B3aVMOEIICTBIAS, IIPOBEEHHOTO B PABHOBECHBIX
YC/IOBUAX, IefIaeT 3TOT METO/, MOZIe/IPOBaHMA BIIO/IHE aleKBaTHBIM JIJI pEelLIeH I IOCTaB/IeH-
HOI1 3aja4n.

Anipo6anyio IpeIoXeHHBIN ITOAXOJ TIPOLIeNl B CEpUM SKCIEPVIMEHTOB, IIPOBE/IeHHBIX
JUISL TIOTy4eHUs VHAMBYAYaIbHOTO momudeppura co CTpyKTypoit tuma B"-IiMHo3eMa U Io-
cTpoeHus $pa3oBoil fuarpaMMBbl CUCTEMBbI KaJIUII — JKele30 — KUCTIOPO/,.

Vmeromuecs B nmurepatype peHTreHorpaduyeckme panusie jisa K-fB"Fe,Os orHocsATcs K
COEIVHEeHMsIM, ITOJTYYEHHBIM B YC/IOBMAX, HE COIIOCTaBUMBIX C T€MMU, YTO MMEIOT MEeCTO IIpyU
cuHTe3e KatamsaTopa. "-IlomideppnuTtsl nomydeHsl TBepHOda3HBIM CUHTE30M IIPY TeMIIepa-
Typax Bbime 1400 K v Beipamensr u3 pacmasa [20]. Ilepex Hamm BcTana 3agaya cuaTesa K-
B"Fe,Os mpu temmeparype Hixe 1000 K, koTopas cOOTBETCTBYeT YCTIOBMAM CUHTe3a U 9KCIUTY-
aTaIyM KaTaamsaTopa. ITO HeoOXOAMMO [yIA OIpefeeHNs KPUCTAIOrpadpuIecKmx, peHTre-
HOBCKUX ITaPaMeTpPOB, II03BOJIAIOINX O0/ee YBEPEHHO UeHTUPULNPOBATh CTPYKTYPY B XOfie
IPefICTOSANINX 3KCIIEPUMEHTOB, OIpeeIeHNsI COCTaBa MHAVBYAYATbHON (aspl, ob6/macTy ee
YCTOMYMBOCTY M XMUMUYECKIX CBOICTB.
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Ha panHMX craguax skclepuMeHTa Ta0/lIeTVPOBaHHbIE CMECU OTXKUTA/IN B BaKyyMUPO-
BaHHBIX 3aIIasIHHBIX KBapPLIEBBIX aMITy/IaX, YTO YCIOXKHSIO POIecc U TpebOBaIo MCIOIb30Ba-
HUS PeareHTOB, B3aMIMOJEVICTBME KOTOPBIX He NPMBOAMUT K BBIIE/IEHMIO Ia3000pasHbIX Be-
IIeCTB. B CBsA3M ¢ 9TVM [Is1 CMHTe3a UCIIOIb30BaIN He KAPOOHAT I1Ie/IOYHOTO META/IIA, & IPef-
BapUTe/IbHO HOTyYeHHbII MOHOGeppuT. CMech MOHOQEpPUTa, reMaTUTa ¥ MEeTa/UINIEeCKOTO
Kejle3a 3aJaHHOTO COCTaBa IIPOKA/IMBA/IY B aMITyJIe B TeUeHMe IPOMEXYTKa BpeMeHM, Heo0Xo-
JIVIMOTO /IS IOCTVDKEHUS paBHOBecus. B manbHerieM 6bUI0 yCTaHOB/IEHO, YTO HEOOXOMIMO-
CTU MCIIO/Ib30BaHMs aMITysT HeT. [TpoKanKy Tab/lIeToK IpOBOAVIIN B 3aChIIKe TOTO XKe COCTaBa,
4TO 1 06pasIibl, B aTMOC(epe MHEPTHOTO Tasa.

Metoponorusa, OCHOBaHHAsA Ha IeJIEHANPAaB/IEHHOM M3MEHEHMM COCTaBa MICCIENYEMBIX
00pas1ioB, T03BOJIAET BBLICHUTD XMMWYECKIIT COCTAB ¥ 00/1aCTh TOMOT€HHOCTY MeTacTabu/Ib-
HOTO KOMIIOHEHTA, OTIpefle/INTDb ONITMMAa/IbHbIEe YCTIOBMA €ro CHTe3a. IIp1 5TOM OCHOBHBIM Me-
TOJOM aHa/nu3a Beictynaer POA, mpu 1cnonb3oBaHUM KOTOPOTO PYKOBOJCTBYIOTCA NPUHIIN-
noM: «PeHTreHo(a3oBbIl aHaMN3 HEJOCTATOYHO TOYEH, YTOOBI KOMMYECTBEHHO OIPEee/NTh
KOMITOHEHT MHOTO(a3HOI CHCTEMBI, HO JOCTATOYHO YYBCTBUTENIEH, YTOOBI YOEAUTHCS, YTO VIC-
KOMOI'O KOMIIOHEHTA B CICTEME HET».

OtBeT Ha BoIpoc 06 061acTy yCTOMUMBOCTY ONMM(EPPUTOB Kamys B aTMocdepe ¢ 110-
HIDKEHHBIM IIapLiMa/JbHBIM JIaBJIeHMEeM KMC/IOpOja JaeT IOCTpOeHHass Hamu ¢asoBas Aya-
rpaMMa CUCTE€MBbI KJIUil — >KeJle30 — KUCIOPOJ.

ITponecc B3auMOJEICTBYS B CUCTEMe Ka/IUil — JKele30 — KIUCIOPOJ, MOKET OBbITh Ipef-
CTaBJIEH CIIeIyIOLIEl CXEMOI:

K2C03 + F6203 = 2KF€Oz + COz (I)
XKF602+ (1 - X)F€203 = KxFez.xO3.x (II)
Tepmmueckas gucconyanus obpasua cocrasa K.Fe;..Os.« onmucpiBaeTcsl ypaBHeHNEM
o o3 y
K Fe, O,, —502 =K Fel'Fe;' O, ,, rmed = > (ITT)

Taxum obpasom, npopykT Tepmmdeckort aucconmanunu cucreMbl KFeO, - Fe,Os; moxxer
6b1Tb npescTaBneH ¢popmynont KiFe** Fe*; . ,Os..yn. I onpenenenus BeMM4MHBI O 0OBIYHO
UCTIONIb3YIOT HarpeBaHue MCC/IeAyeMOTO BellecTBa B IMOTOKe Tasa ¢ (MKCHMPOBAaHHBIM HapIy-
aJIbHBIM JIaB/IEHJEM KIIC/IOPOZia B T€UeHIe BpeMeHM, HeOOXOMIMOTO ISl JOCTVDKEHNA PaBHO-
Becysl. OTIBIT 3aBepLIaeTCA 3aKaIKOIl 06pasIioB C IOCIEAYIIM IPOBefieHneM (pa3oBOro U X1-
MIYecKOTro aHam30B. OTHAKO YKa3aHHbIN MeTOJ TpeOyeT CII0KHOTO anapaTypHoro opopm-
NeHus. B cBA3M C 9TUM, IpUMeHAACh C/IelyIollas MeTOIMKA U3y4eHMs COCTaBa CUCTEMBI Ka-
nmit — Xenes3o — Kucnopop: aucconyanuio cmecu K.Fe, O3 . Mogennposany BBefieHMEM B UC-
XOJHbIe 00pasI[bl OIPe/ie/IeHHOTO KOMMYeCTBa META/UINIECKOTO XKejle3a, KOTOpoe B IIpoljecce
OTKITA CMeCH B 3allassHHOI BaKyyMMPOBaHHOI aMIIyJle B3aIMOJelICTBOBAJIO C TeMAaTUTOM:

4Fe,O5+ Fe = 3Fe;0. (IV)

CremoBaTenbHO, COCTaB MICXOHBIX CMECel MOYKET ObITh OIMCAaH KaK

uKFeO, + tFe;O4+ (1 - u- t) Fe,Os = KuFe,HFe;tuOm,u (V)
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[Tepexon x popmyre, yuntsiBatomeit gucconnanuio B cucreMe KFeO, — Fe,Os ocymecTs-
JISE€TCS C IIOMOIIBI0 COOTHOILIEHMIT

_ 2u
=S (1)
2
Y ot (2)

Ha puc. 2 nmpencraBjaeHa M30TEpMUUIECKAA IIPOEKIUA (1)&130130171 AyarpaMMbl CUCTEMbBI
Fezo3 - FC304 —KF602 (T =870 K)

]-'1'33{_)4

Fe0, A KFeO,

Puc. 2. sorepmmueckoe (T = 870 K) ceuenne ¢pasopoit guarpammsl cucteMbl Fe;Os - Fe;O4 — KFeO,

Touka A orBedaer upeanbHOMy coctaBy nonudeppura kamusa K-BFe,Os, T.e. KFe ;017
TOYKa B IIpaKTNYecKy COOTBeTCTBYeT uaeanbHoMy cocTaBy K-f3"Fe,Os, K,O-FeO-5Fe,0s. Otpe-
30K, coefuHsIomMiI Touku A u B, xapakrepusyer cucremy nomugeppuros K-(B+3")Fe,Os.
Toukn A u B onpepenstor rpaHuibl obmacty romoreHHocTy cucremsl K-(B+p")Fe,Os B atmo-
cdepe ¢ MOHVDKEHHBIM IapIMaJbHBIM faBjieHueM Kucnopopa npu 870 K. B cBsasu ¢ tem, 4to
CTPYKTYpa nonudeppuTOB XapaKTepuU3yeTcs, II0-BUANMOMY, TOCTOMHBIM YepeJOBaHNeM CHH-
TaKCMAIbHO cpocimxcs 6710koB B- u B”-¢aspl, To 061Mit cOcTaB 06pas3LoB nonudeppUTHON
cucTeMbl MoXeT ObITh ommcaH popmynont Ki..Fe**.Fe**;,..0y;. Kak BugHO 13 puc. 2, pasosas
AxarpaMMa CoAep KUT 4 moJs.

1. Tematur + MarHeTuT + [P-momMQeppuT; pacdeT COOTHOLIEHVS KOMIIOHEHTOB OCY-

IIeCcTB/IsIeTCs 110 popmyrie

KxFei+Feztx_yO3_ y = (1 - 6x — 1,5)/)F6203 +yF6304 + xKFe 1017 (VI)
2

2. B-llomudeppur + maruerur + B"-nonmupepput

KXFej*Fegtx,yOS_xl = @ KFe; 017+ 2~ 1213;+ 11y Fe;04+ 12 +1 iy ~2 K,Fe*'Fe;;0,, (VII)

3. Marnerur + B"-nomidepput + MoHOpeppuUT

K Fe’Fe;' O  =2X19Y72 Fe;0,+ 27273V K, Fe* Fe; O, +3X 3V =2 KFeO, (VIII)
- 3

3 x—E 6 6
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4. B-Ilonmudeppur + B"-nonmudepput + MoHopeppur

K, FeXFe) O =(02-0.2x-09)KFenOp+yK,Fe’ Fej O, + (12 x-1,1y- 0,2)KFe0;  (IX)
i 3x—=
2

CnenyeT OTMETUTD, YTO M3MEHEHNE TEMIIEPATYPhl B ITpefienax oT 870 mo 920 K He okasbI-
BAJIO 3aMETHOTO B/IVISIHVS Ha (Pa30BbIIl COCTaB IPOAYKTOB GpeppuTO0OpasoBaHu.

[Tomidepput Kanus co CTpyKTypoii timna ”-I1mHo3eMa 1jeanbHOTO coCTaBa ObUI IOJTy-
YeH IIpU CAeAyIolieM MOIIPHOM COOTHOILIEHNY NCXOJHBIX KOMIIOHEHTOB: 0,65 MOJIb reMaTnTa,
0,05 mosp MeTaumaeckoro xenesa u 0,30 Mo MOHOdeppuTa Kans.

OnementapHas suerika K-B"Fe;O; comepxut Tpm mmmHenenofoOHbIX 6710Ka COCTaBa
{Fe";Fe 0016}, cBA3aHHBIX C IOMOIIBIO BUHTOBOI OCY TpeThero nopsAaka. IlpasBuibHee 65110
6b1 onuceiBaTh coctaB K-f"Fe,Os dopmynoit KeFe'sFe'sy0s1, HO MBI OyeM mpupep>XxuBaThcs
o6o3nauenns K,Fe"Fe'' 0,7, xapakTepusytomiero mpocrermuii cocraB. Kaxxapiit 6710k ob6paso-
BaH 4eThIpbMA IVIOTHOYIIAKOBAaHHBIMM C/IOSIMM MIOHOB KMC/IOPOAia. YacTh TeTpaspuiecKux u
OKTaspUYeCKIX ITyCTOT B O/10Ke 3aHATHI MoHamu Fe**. Vlons! Fe?* pacrionaratorcst B okTasgpu-
YeCKUX ITyCTOTaX, IPYMBIKas HEIIOCPEACTBEHHO K INTOCKOCTAM, pasfersatomyM 61oku. 1o gas-
HBIM Mecc6ayspoBCKOJl CHEKTPOCKOINY TPOUCXOAUT MHTEHCUBHBIN 9/TE€KTPOHHBII 0OMeH
Mexy nonamu Fe** ut Fe’*, HaxopAmMucs BO/I3M MOHOB Ka/IuA.

[TnockocTy, pasgendmouye 6I0KM, He SAB/IACTCSA IVIOTHOYIAKOBAaHHBIMM M 3aIlOJTHEHBI
moHamu K* mumb Ha 70%, MoHaMM KMCTOpOAa - Ha 82% 13 4McIa JOCTYIHBIX no3uuuit. CTonb
MajIoe 3aIl0JTHEeHNe INTOCKOCTY, a TaKkoKe O0JIbIas I pyHA MeXX0/I0YHOTO IIPOCTPAHCTBA ABJIA-
eTcsA MPUYMHOI Ype3BbIYaliHO BHICOKON MOABMKHOCTY MOHOB K* B HampasieHuy, neprexHan-
Ky/IIpPHOM OCU CMMMETPUM.

Huarpamma cucremsl Fe,Os — Fe;O4 — KFeO,mo3Bons€eT MomyunTh NpaKTUIECKY ITOTHYIO
nHpOpManyio o Ga3oBOM ¥ XMMIYECKOM COCTaBe KAaTaIM3aTOpa B YCIOBUAX PEeaKIVIOHHON
cpenbl. [I0cTaTOYHO IPOaHAIN3MPOBATh OTOOPAHHYIO IPOOY KOHTAKTa Ha COfiepyKaHMe 1IieI0Y-
HOTO MeTa/UIa U1 JBYXBaJIEHTHOTO JKeJle3a, ONpefeNTb KOa(PUIMEHTHI «X» 1 «y» B (HopMyIIe
K.Fe** Fe’*54yOs.xy, M paccunMTaTh HA OCHOBE IIOTYyYEHHBIX AHHBIX COOTHOLIEHNE COefIHe-
HUJ B aKTUBHOI GepPUTHOI crcTeMe. ITO ITO3BOJIAET BBIAE/INTD U3 BCET0 HAOOpa MapaMeTpoB
MIMEHHO COfiep>KaHMe Ka/lus U IByXBa/IeHTHOTO JKe/le3a B KauecTBe MIPeJCTaBUTe/IbHbIX, Ha OC-
HOBe KOTOPBIX CTPOMUTCS CXeMa YIpaBiieHuA (a3oBbIM COCTaBOM KaramusaTopa. COOTHOCH
IIpefiCTaBIUTe/IbHbIe TapAMeTPBI C IIOKa3aTe/IAMU JeTMAPUPOBAHMS, BBIOVPAIOT ONTHMAaIbHbIE
PEXMMBI KaTaTMTUYECKOTO IPOoIjecca.

MonuTopuHr ¢$a3oBOro cocrasBa faeT BO3MOXXHOCTb ONEPAaTMBHOTO pearnpoBaHMs Ha
M3MEHEeHNe COCTOSIHUA KaTaau3aTopa, ¥ YIPaB/IATb TEXHOJIOIMYECKMMU IapaMeTpaMy Ipo-
Iecca JernApMpOBaHNA, U3MEHAA TeMIIepaTypy, pasbaB/ieHie BOAAHBIM I1apOM, BapbIPOBATh
CKOpOCTb TOofiaun yraesofopona. Kpome toro, orcinexmnBaHmne nsMeHeHNs (pa3oBOTO M XVMHI-
YeCKOTO COCTaBa IT03BOJIAET M30eXXaTh HeoOpaTUMBIX (pa30BBIX IPeBpalleHNIT, IPeOTBPATUTD
00pa3oBaHNe Ma/IOAaKTVBHBIX KOMIIOHEHTOB KaTanm3aTopa [21], moamepXKuBaTh ONTYMATbHYIO
KOHI[€HTPALMI0 LJ€eHTPOB JETUPUPOBAaHUA M OTXKUTa KOKCa, MUHMMM3MPOBATh KOHIIEHTpPa-
VIO IIEHTPOB KPeKMHTa ¥ KOKCO0Opa3oBaHuA [22], CHPOTHO3MPOBATh AHAMUKY [e3aKTVBa-
VIV ¥ pacCYMTATh CPOK CITY)KOBI KaTa/ln3aTopa.
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[TpoBeneM aHanu3 BbIPAKEHNSA, OMPENE/AIOIIETO COOTHOLIEHNME KOMIIOHEHTOB IS
noys 3. [To HameMy MHEHMIO, MMEHHO 3TO II0JIe ONMCBIBAeT COCTOSIHYE KaTalu3aTopa B peak-
LIIOHHO cpefe:

Marnerut + "-nomdeppur + Monodepput

K FeXFe;’ O = 2X*9=2 Fe;,04+ M‘T_W K,Fe*Fell0,, +% KFeO, (VIII)

2-x-y v
3x—2
X 2 6

1) Ecnn B cucremMe IIpOMCXOANT HOTEPS 1Ie/IOYHOTO MeTajlIa, HallpuMep, 13-3a BbIILeIa-
uyyBanusa K-B"Fe,Os, To 3T0 NIpUBOAUT K YMEHbILIEHNIO IIapaMeTpa «Xx». B maHHOM criydae dep-
PUTHas cuCTeMa HayMHaeT BhIpabaTeiBath B"-¢dasy u3 MarHeTnTa M MOHOQEPPUTA, COTepKa-
HIIe KOTOPBIX YMeHbUINTCA. TakuM 06pasoM, MOHODEPPUT He TONBKO IpefoTBpaIaeT KOKCO-
obpasoBanue. KFeO, - 310 cBOoeoOpa3HbIil 6ydep, MCTOYHNUK Kamus, MOJJep>KUBAIOLINIL TO0-
CTOSTHHOE COJlep>KaHMe ILIeJIOYHOTO MeTa/la B OCHOBHOM KaTaIMTUYeCK) aKTMBHOM KOMIIO-
HEHTe.

2) IloBbIlIeHNe MapIyaabHOTO HABJIEHNA KMUCIOPOZAa B PEaKI[MOHHOI Cpefie BBI3OBET
OKIIC/IeHMe KaTa/lIn3aTopa B KBa3¥paBHOBECHBIX YC/IOBMSX, YTO OY/eT CONPOBOXKAATHCS YMEHb-
IIeHyeM napamerpa «y». Cofep>kaHyie MarHeTTa ¥ MOHOQeppUTa YMEHBIIUTCS, HO YKe B py-
TOJi IIPOTIOPINY, YeM B IIepBOM ciydae. CaMoe BayKHOE, YTO OCHOBHOJ KOMITOHEHT IIpaKTuye-
CKM He ITOCTpajaeT, B HeM He M3MeHATCs BakHelme cooTHouenus K, Fe?* u Fe**, obecneun-
BaloII/e KaTIMTINYECK) aKTUBHOE COCTOSHIIE.

3) ITonm>KeHMe TapuManIbHOTO JaB/IeHNs KVICTTOPO/a IPUBERET K BOCCTAHOB/ICHNIO KaTa-
NM3aTOpa — MOBBILIEHNIO ITapaMeTpa «y». MarHeTUT IpuUMeT yiap Ha cebs: oH OymeT BoccTa-
HaB/IMBaThCA B 3 pasa OpicTpee, 4eM ["-dasa yosiBaTh. EC/tu M3MeHeHNe BOCCTAaHOBUTEIbHBIX
CBOJICTB PeaKIMOHHOI cpefibl OyeT HeOOMbLINM, KaTaM3aTOp HEMHOTO TIOHU3NUT aKTUBHOCTD,
HO pa3jIoXKeHMsI aKTUBHOI (a3bl He IPOU30IifieT.

MarHeTuT BBIIONHACT PYHKLMIO TeTTEPa — TBEPHOTO OKCU/A, IO/ AePXKIBAIOIETO XVMM-
JecKIi1 MOTeHIMa/l KICIOpofa B cucteMe. IIpu aToM crefiyer y4ecTb, YTO MarHeTUT oOIajiaeT
IIVPOKOIT 0671acTbio roMoreHHOCTH Fes 5Oy, Tie § mpuHMMaeT MakcuManbHoe sHadeHue 0,175,
TO €CTb OH CAMOCTOATE/IbHO MO>KET XeMOCOPOMPOBATh KMCTIOPOJ, VN TePMIYECKI AVICCOLIMN-
poBatb ¢ BoifienieHeM O,, He HapyIlas COOTHOUIEHV APYTYX TBePA0(da3HBIX KOMIIOHEHTOB. B
COCTaBe KaTa/ln3aTopa OOBIYHO NPUCYTCTBYIOT U JIpyTMe CTabuUIM3aTopbl MOJOOHOTO pofia,
HaIpyMep, COeAVHEeHN XPOMa, BaJICHTHOE COCTOSIHIIE KOTOPOTO MEHAETCS B IIMPOKMX IIpefie-
nax ot +3 po +6. [To-BuarMoMy, aHaIOrMYHBI 3G PEeKT OKasbIBAIOT U JOOABKM OKCHUOB MO-
nnobneHa.

B mporecce akTMBaLMOHHON pa3pabOTKM KaTa/lIu3aToOp 1 PeaKL[MOHHasA cpefia mpupabda-
TBIBAIOTCA JIPYT K APYTY, YCTaHABMBAIOT B3aMOOTHOIIeH ). [Ipy BhIXOfie Ha CTaIIOHAPHBIN
PeXyM paboThI 3aJaHHBIX 3HAUEHMII JOCTUTAET TEMIIEPATypa, CKOPOCTD MTOJA4YN YI/IEBOOPOL-
HOTO CBIPbsI, COOTHOIIEHNE YIJIEBOIOPOZA U BOJAHOTO IIapa, 4To obecIieuynBaeT Olpesie/IeHHOe
HapluagbHOe JaBjIeHre Kucnopona. K sToMy MOMEHTY KaTanmsaTop M peaKLMOHHasA Cpefia,
CBOJICTBA KOTOPOJI 3aAI0TCSI PEXKVMMOM IIPOBeieHN s AeTUPUPOBAHYIA, JO/DKHBI JOCTUYb IIO/T-
HOTO «B3aMIMOIIOHMMaHUs». TOJIbKO B 9TOM CTy4ae BO3MOXXHO 3 deKTUBHOe PYHKIMOHNPO-
BaHMe CUCTeMBI. DTO YKa3bIBaeT Ha TO, YTO >KeTe30KaTMeBbIil OKCUIHBIN KaTaan3aTop Mpef-
CTaB/IAeT CO0OJ CaMOpPa3BMBAIOLIYIOCA M CaMOPErYIMPYIOIIYIOCA CHUCTEMY, CIIOCOOHYIO
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IPOTUBOCTOATD HEOIArONPYATHBIM BHEIIHUM BO3[IE/ICTBMAM U ITOATBEPIKAAET HAIlle IIPeJiIo-
JIO>KEHNE O TOM, YTO OCHOBHBIM JIeJICTBYIOLIMM KOMIIOHEHTOM pacCMaTpyBaeMOro Kjacca Ka-
TaIM3aTOPOB ABJIsIETCS MommbeppuT Kanys tina "-rimHoseMa.

Takyum o6pasom, HaMmu BIIEpBbIe SKCIIEPUMEHTANBHO [OKa3aHO, YTO I 0Opa3soBaHNsA
K-B"Fe,Os B BoccTaHOBUTEIBHON aTMocdepe focTaTogHO Temueparyps 870 K, koropas coor-
BETCTBYET TEMIIEPATYPHBIM YCIOBVAM aKTMBAILMOHHON pa3paboTKM ¥ (YHKUVMOHMPOBAHNS
KaTamusaropa. I[To3gHee 3TOT GakT ObUT IKCIIEPUMEHTATBHO TIOATBEPXK/IEH HEMELIKMMIU y4e-
HeiMK [13]. CefyeT OTMeTUTD, YTO YacTO IpuUIMCbIBaeMas nomudeppury kams Gopmyna
K>Fe 40, Ha caMOM fieJie OTpakaeT COCTaB MOMMpEePPUTHOI CUCTEMBI, B KOTOPOI IMeeT MECTO
HIOCTIONHOE YepefioBaHye 6/10k0B B- u B"-das.

K-(B+B")F€203I K2F622034+ K6F63Fe30051 = K3F€55035 (CpaBHI/ITe K2F€14022).

1)1 BBIACHEHN A BK/Iala KOMIIOHEHTOB B aKTVIBHOCTD (PePPUTHOI CHCTEMbI ObUIN CUHTE3M-
POBaHBI MHVBU/yaIbHbIE (a3l U OIpefe/eHbl X KaTaIMTUIeCKIe XapaKTepUCTUKY (Tabm. 2).

Taﬁimua 2. y;[e]'[bHaH CKOpPOCThb 06paSOBaHI/IH CTUPpOJIa 1 CEJIEKTUBHOCTD Ha MHIAVBUAYa/IbHBIX COEAVHEHNAX

Cocras ¢ass W-108, Mmonb-m2-c’! CenekTMBHOCTD, MO %
KFeO, 25,4 93
KFe;;017 (K-pFe,03) 34,2 67
FesO4 32,5 48
K;Fe'"Fe}017(K-p"Fe;05) 86,8 95,6

Opnodasusi B-omidepput, nonydeHHs1 npu teMmueparype 1200 K, mokasan ynens-
HYI0O CKOPOCTb HeTMAPUPOBAHNA 3aMETHO MEHBINYI0, YeM noiaudepput tuma P'-ramHoseMa.
MarHeTuT KaTammM3upyeT peakLUIo JeTMAPUPOBAHMs IPY HU3KOI M30MPaTEeNbHOCTH, HO €ro
aKTMBHOCTD OBICTPO IaJjaeT ¥3-3a MTHTEHCYBHOTO 3ayIIepOXXBaHus. VIHTepecHo, 4TO MOJeb-
Has CMecb MOHOQeppyUTa ¥ MarHeTUTa II0Ka3asia JOCTATOYHYIO YAelIbHYI0 CKOPOCTh 06pa3oBa-
HIISI CTUPOJIA TIPY BBICOKOJ CeeKTUBHOCTY. KaTamuTudeckass akTMBHOCTD VIHAVIBUYaTbHOTO
MoHOQeppuTa HeBbicOKa. ObpaiaeT Ha cebs1 BHUMaHMeE BBICOKAsl CENEeKTUBHOCTD JEVCTBUS
MoHo(pepputa u K-B"Fe;Os. [Tpn atom nomudeppurt tuna B'-rmuosema (K-B"Fe,Os) obnapgaer
Hay6o/IbIIell aKTVBHOCTBIO B PEAKIVI IeTVAPUPOBAHNA.

OCHOBBIBasICh Ha pe3y/IbTaTaX HallMX VCCTIeOBAHNII U aHA/IM3€e INTePaTyPHbIX JAaHHBIX,
MOXXHO 3aKmounTh, 4To M K-B"Fe;Os; MakcumanbHa BepOSTHOCTD peanyu3aluyl aKTVBHBIX
LIeHTPOB, IPeICTAB/IAIONIX CO00TI KIacTep, cocrosamuit u3 noHos K+, Fe’* n Fe**, O [16]. 3na-
YJTe/IbHO MEHbIIIeN, HO JOCTATOYHOI1, BO3MOXXHOCTBIO (POPMIPOBAHNA IOLOOHBIX K/IACTEPOB
ob/1azaeT HaHOTeTepOreHHAasA CMech MOHOGeppuTa KamuA U MarHetuTa. Emje ofHMM HeoTheM-
nembiM atpubyroM K-B"Fe,O; kak OCHOBHOTO KaTaIMTUYeCK) aKTMBHOTO KOMIIOHEHTA SIBJIA-
eTCsl CIIOCOOHOCTh K CaMOBOCIIPOM3BOJCTBY ¥ CaMOPETY/IALMYN B YCIOBUAX PeaKIVIOHHON
cpenbl. PaccMaTpuBaeMblil THI KaTalM3aTOPOB MOXKHO Ha3BaTh «KATaIM3aTOP C IOCTOSHHO
MUTPUPYIOIUM IPOMOTOPOM». CKOPOCTBIO MUTpallMy IIPOMOTOpa (TPaHCIOPTa) MOXKHO
yIpaBiATh [23, 24].

Mpb1 nonnaraeM, 4To NOMMQEPPUT He MOKET OBITh HI TeHepaToOpoM [6], Hi pe3epByapoM
JUIs XpaHeHVsI MOHOB Kaius [13] (mpocThle cTeXmoMeTpuyecKye paciyeTbl OIPOBEPraoT STOT
Te31IC), @ BOT MPOBOJHMKOM LIEJIOYHOTO IIPOMOTOpa — MOXeT [23, 24]. VicTouHuKOM Kamms
MOXXeT ObITb MOHO(EPPUT, COCPETOTOUEHHBIIT B ITyOMHe I'paHy/I KaTa/lInu3aTopa, HaIpuMep, Ha
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BHYTpPEHHelI TOBEPXHOCTY 3aKpbIThIX op [25]. Juddysnsa kams n3 obbemMa K MTOBEPXHOCTH,
KOHEYHO, MO>KeT IIPOTeKaTb IO MeXO/IOYHBIM I'PaHUI]AM, OfHAKO II0 CBOEN cyTu monudep-
PUTDI ABJIAIOTCA TBEPABIMU 37EKTPOIUTAMM C KaTMOHHBIM TUIIOM IPOBOAMMOCTU. BecbMa
YMECTHO BBIIJIAANT IIPEAIIONIOXKEHNE O TOM, YTO MoMudepputs! B- 1 B"-Tuna cay>xaT IpoBOJ-
HIKaMM K/l ¥ 00ecIIedyBaloT He TOIbKO JOCTaBKY IIPOMOTOPA B 33/JaHHOE MECTO II0 BCTPO-
€HHBIM B KPMCTA/UINIECKYIO CTPYKTYPY KaHaIaM, HO ¥ €TO Pery/IsIpHOe pa3MellleHle B COCTaBe
aKTVBHBIX K/IaCTE€POB.

K-B"Fe,Os criocobeH pasmeiath B CBO€N CTPYKType Jerupyomue fo6aBku. Tonbpko B
3TOM CITy4ae KpaliHe Majible KOJM4YecTBa BBOAMMOIO areHTa MOTYT CUIbHO MEHATb CBOJCTBA
cucreMsl. [l06aBKY, KOTOpBIE B IIpOIiecce CMHTEe3a KaTaaM3aTopa 0O6pasyloT CaMOCTOATETbHYIO
¢asy, 6ecrionesHbl C TOUKY 3pEHM 1je/IeHAIIPaB/IeHHOTO M3MEHEHVIA XapaKTepUCTHUK JIeTMpye-
MOJ CUCTEMBI.

Ecm nosepxHocTh K-B"Fe,O5 moaBepraeTcss XMMu4eckoMy JVCIEPTMPOBAHUIO B peak-
IIVIOHHOJI cpefie, 06pa3ys IIpy 3TOM KaTaJIUTUYECKV aKTVBHYI0 KOPOTKOXXMBYIIYIO CyOCTaH-
IVI10, HAHOT€TEPOTEHHYIO CMeCh MOHO(eppuTa I MarHeTNTA («TPeCHYBIIAs CKOP/IYIIA Opexan),
TO TIepecTpoliKa MPOTeKaeT He XaOTNYHO. VIcXxoHasA CTPyKTypa-MaTpuIia CHOCOOCTBYeT pery-
JIIPHOMY pa3MeIl[eHNI0 HaHOPa3MepPHBIX KOMIIOHEHTOB, COCTAB/IAIOIINX KAaTaIMTUYECKN aK-
TUBHYIO CyOCTaHIINIO, YTO ITO3BOJIAET COXPAHNUTD BBICOKYIO KOHIIEHTPAIIMIO AKTUBHBIX IIEHTPOB
IIpY IOKAJIbHOM MI3MeHeHNN (pa3oBOro cocTasa.
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Knrouesvie cnosa:

IIposedero Kk6aHMOBO-XUMULECKOE MOOeTUPOBAHUE 00pa306aHUs 3-peHun-5-

1,2,4-oxcaduason, ayunupo-
memun-1,2,4-oxcaduaszona. Memooom AM1/SM2.1 paccuumanvt napamempuol

8aHue, YUKAUIAUUS, K6aH-

NPOMENYMOUHBIX HACHULY, U NEPeX00H020 COCMOAHUA. Paccmompenot Hanpas-

M060-XUMU1eckoe Mooenu-
JIeHUS AUUTUPOBAHUT AMUOOKCUMA.

posanue

BBengenue

3amelnennpie 1,2,4-0Kcaanasoybl IPUMEHSIOTCS B KauecTBe OMOMOTMYECcK) aKTUBHBIX
BellecTB. VI3BeCTHO HECKOIBKO METONOB CUHTe3a 3,5-m3aMen]eHHbIX 1,2,4-0Kcaana3onoB Ha
ocHOBe aMujoKcuMoB [1-9]. Hamu 6pi1a nccimenoBana peakuyst obpasoBanus 1,2,4-okcamma-
30108 1ipu B3aumogeiictBun N-ruppokcnbensamuguta (N-TBA) ¢ xmopanruapugamu kapbo-
HOBBIX Kucior [10, 11].

B ynmrepaType MMeEOTCA NaHHbBIE OTHOCUTENBHO KBAaHTOBO-XMMMIYECKOTO MOJIENMPOBa-
HUA 3,5-IuapuisaMelleHHbIX-1,2,4-0kcagnasonos. Pacyérel BpimonHAmm mertogamy PM3,
AM1 n HF/6-31G (raso¢asnoe npubmxenue) [12]. [TomydeHHble TapaMeTpbl TeOMETPUN MO-
JIEKY/I COOTBETCTBYIOT SKCIIEpMMEHTATIbHbIM Be/IYMHAM, OIIpeie/IEHHBIM ¢ ToMolbio PCA.

OcHoBHasA YacTh

[l mpOBepKY CHeTaHHBIX MIPEAIIONIOKEHN O MeXaHu3Me obpasoBanus 1,2,4-okcagua-
30/I0B HaMU IIPOBE/IEHO KBaHTOBO-XMMMUYECKOE MCCIEJOBaHME PEeAKIUM B3aMMOJENCTBUA
N-TBA cauermnxnopunom (AX). Hamm pacyeTs! BBIIOTTHEHBI C IOMOIIIbIO IIPOTPAMMHOTO I1a-
keta AMSOL merogom AM1/SM2.1 (AMSOL 7.1 B xxupxodasaom npubmokenun: SM5.42,
pactBopuTens nupuauH) [13, 14]. IIpoBeneHa nomHass ONTUMU3AIA TeOMETPUM BCEX PACCUM-
TaHHBIX MOJIEKY/I ¥ KOMIUIEKCOB. IlepexofiHble COCTOSAHMSA HaXOU/INUCh C IOMOILbIO CTaH/APT-
HOJI METOIMKY - MMHVMMM3AIVs HOPMbI I'PAZiYIEHTa SHEPTUM C IOCTIEAYIOLIM PelIeHeM KOJle-
OaTe/IbHOI 3a7a4M I pe3y/IbTHUPYIOLIel CTPYKTYPbI (TeCT Ha OFHO IICeBJjOKOIebaHme C OTpu-
IJaTe/IbHOJI CUJIOBOJ KOHCTaHTOI). B 6O/bIIMHCTBE C/Ty4aeB MCIOIb30BAIOCHh MPUOIVKEHIEe
orpanndenHoro Meroaa Xaprpu-®oka (RHF), Ho B psafe ciy4daes, Iy CpaBHEHN S, BBITIO/THEHBI
pacdeTsl ¢ CIOIb30BaHMEM METO/I0B HeorpaHmdeHHOro Xaptpu-Poka (UHF).
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OuTtanbnus obpasoBauns AHy = AH+ AG;, The AH’ — pacyeTHas CTaHAAPTHAS SHTA/Ib-
st o6pasoBanus, AGs — pacdeTHast CBOOOIHAs 9HEPTrMs CoNMbBaTanyi. IlorpeHocTs B mpes-
CKa3aHUY TeIUIOT COIbBATAI[MV HeITPATbHBIX MOJIEKYJI COCTABIIAET B cpefHeM 1,7 K]I/Morb,
MoHOB — 17,6 xJI>x/monb [13-15].

Hamu 6611 paccMOTpeH crefyIouyii BO3MO>KHBIN IYTh IPOTeKaHus peakuuu (puc. 1).
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Puc. 1. Bo3MO>XHbIiT IyTh MPOTE€KAaHUA PeaKLINN

OHTa/IBIMM 00pa30BaAHNA UCXONHBIX U KOHEYHBIX IIPOJYKTOB, @ TAK)XKe IIPOMEXKYTOYHBIX
KOMIIEKCOB, JISKAIUX Ha IYTU UX 00pasoBaHs, IpUBeeHbI B Tabmue 1.

Tabnuna 1. DHTanbnyy 06pa3oBaHysl COEAVHEHMI U KOMIITIEKCOB

AHj, x]I>x/Monb
I 57,27
II -151,05
111 -87,36
v 16,57
\% -54,85
VI 254,50

AX B monekyne N-I'BA (I) Mo>xeT aTakoBaTbh aTOM a30Ta WJIN KICTOpoAa (puc. 2).
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Puc. 2. Cxema o6pasoBanus coegunennit ITT n VIII
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IIButTep-noH II aBnsaercsa npoxykrom B3anmopeiicteust N-I'BA n AX (puc. 3). Vismene-
Hue sHepruu cynepmonexynbsl (N-TBA u AX) npu ob6pasoBanunu II npusenenst B Tabmuie 2.

H
N
N—Q CI*
2t
2 —
/] CH3
HN o
5

Puc. 3. Cxema cynepmonexynsl (N-IBA n AX)

Tabnuna 2. VIsMeHeHne sHeprum cynepmosexynsl oT paccrosaus O(3)-C(2)

10(3)-C(2), A AHj, x]I>x/mMonb 10(3)-C(2), A AHj, x]I>x/mMonb

3 -151,05 2,2 -116,69

2,9 -149,00 2,1 -104,42

2,8 -146,61 2 -89,29

2,7 -146,86 1,9 -71,57

2,6 -143,59 1,8 -53,00

2,5 -139,40 1,7 -37,50

2,4 -133,79 1,6 -48,06

2,3 -126,37

YcTaHOBIIEHO, YTO MaKCMManbHOe 3HaueHne AHy coorBeTcTByeT paccrosaamio O(3)-C(2)
= 1,64 A. [TapameTpbI IEPEXOZHOTO COCTOSIHVS NIPUBEEHBI B TabmuIe 3.

Ta6mmma 3. IlapaMeTpsl epeXOfHOTO COCTOSHMA

Tlopsapoxk | ITopsmok [Topsamok Hopspox
ST S S
IO(S)—C(Z): AHf, lc<z)-c1(4), q q q CEHBI/I CEHSM lO(lS)-H(lS)’ CEHSM q CBA3N
o o Cl(4) 0@3) 0(5) o H(18)
A / A A C(2)-
i/ voms C(2)=0(5)|C(2)-0(3) 0(3)-H(6) @)
Cl(4)
1,64 -32,14 2,15 |-0,718/-0,274}-0,510 1,87 0,50 0,96 0,89 0,423 0,352

/13 monmyueHHBIX JaHHBIX BUAHO, cBsi3b C(2)-Cl(4) pasopBanack, a MOpPARKOK 0Opasyo-
meiics csasu C(2)-0(3) pasen 0,5. 3apsy Ha atome Cl(4) Bospacraer o -0,718 e, a paccrossHne
C(2)-Cl(4) Bospacraer mo 2,15 A. [TepexomHOE COCTOsIHME XapaKTepU3yeTcsA CUIOBOI KOH-
craHTo k = -45,82 H/M, 9HTanbIMsI 06pa30BaHS IEPEXOTHOTO COCTOSHISI (OTHOCUTETBHO WC-
XOJIHBIX PeareHTOB) AAH]? = 128,51 x/Ix/monb. Casp O(3)-H(6) npakTtnyecku He U3MEHMU-
J1ach.

Pacyernble suTanbmmu obpasosanms coegyHenuit III n VIII (cm. puc. 2) cocraBumm
-163,95 n -145,81 x]JI>k/M0/1b, 4TO yKa3bIBaeT Ha OO/BLIYIO CTAOVIBHOCTD IIPOMEXXYTOYHOTO CO-
equHenns III, koropoe moxxeT o6pasoBbiBaThCsl B mporecce O-armmupoBanus N-TBA. 9to
OBIIO IIOATBEPXK/ICHO IKCIIepMMeHTanbHO. HamMy ObIIO BBIIE/IEHO IPOMEXYTOYHOE COefiHe-
HUe, UMerolliee cTpoeHne cnoxxHoro adupa (III), yto nogrBepavnm fanueie VIK (Hanmane no-

nocsl cnoxHoro adpupa >C=0 = 1723 cm™) u I[IMP ciekrpockomnun.
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IIpespamenne coemuuenus III B mpogykr VI nmporekaer cornacHo cxeMme, IpefiCTaB/I€H-

HOII Ha puC. 1, 4epe3 BHYTPUMOJIEKY/IIPHOE HYK/IeOpIIbHOE 3aMelleHNe IpU KapOOHMIbHOM

aToMe yIJIepofia C IOCTEAYIONM MIepeHOCOM IIPOTOHA M 0Opa3oBaHMeM 5-MeTuI-3-deHnI-

4,5-muruppo-1,2,4-okcaguaszon-5-ona (V), KOTOpPBIN, Tepsisi BOAY, NEPEXOAUT B NPOIYKT —

5-metun-3-dennn-1,2,4-okcaguason. Ilepenoc nporona B IV u obpasoBanue V mpoucxoput

IpaKkTU4YecKyu 6e3 akTHBAIVIOHHOTO 6apbepa (cM. puc. 1).
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Knroueswvie cnosa:

MazHemum, Mmemanypautde-
CKAST Nbilb, 0MX00 mexyere-
poda, ocadox crmanyuu obes-
JHcene3usanus 600vl, MazHum-
HAs HUOKOCMb

Ha ocHosanuu ananusa numepamypHoix OGHHbIX onpedesieHo, 41mo 6 pe3yib-
mame pacuiuperus HANPAseHUTE NPUMEHEHUS MAZHUMHOT HUOKocmuy mpe-
6yemcst éce 6onvuse maznemuma 0na eé nonyuenus. Haubonee pacnpocmpa-
HeHHDbLEl CHOCOO NONYyueHUsT MAZHEMUMA XUMU1eCKoll KoHOeHcayueli denaem
MAZHUMHYI0 HKUOKOCMb 8eCbMA 00PO2OCHOAUeli: 00UH TUMP U3 XUMUYECKU
HYUCBIX KOMNOHEHIN06 Pednu3yemcs no cHoumocmu, npesviuiaruieti copox
moicay py6neii. [Ins eé yoeuiesneHusi npeonoieHvt cnocobbl 8biCOKOMeMnepa-
mypHo2o 8occmanoenenus xenesocodepicausux omxodos (XKCO) do mazme-
muma. B xauecmee JKCO 603MOMHO UCNONb306aAHUE MeMANNYpeUtecKol
NbLIU, YI087IEHHOT S7IeKMPOPUALMPAMY, 4 60CCMAHOBUIMENEM MOZYM CILy-
HUMb 0MX00bl AKMUBUPOBAHHO20 YerIsl U MeXHU®eckozo yenepooa (caxu),
K00l KOmMopvix eKmoueHvl 6 DedepanvHviii KNACCUPUKAUUOHHBITI KAManoz
omxo0006 (PKKO) u ompasicarom 3nauumenvHoe KOIU4eCma0 ux 06pasosanus.
Iocne cmeuieHUs sHcene30co0epHaux omxo006, 0mxo006 AKMUBUPOBAHHO20
YT U MEXHUUECK020 Yenepoda OHU N00B8ep2amcst NocmeneHHOMy Hazpesy 00
memnepamypot 900 °C. Ykasanuvie ycnosus co30aim 603MONHOCHb NOT6IIe-
HUS UOHO6 0BYXBAJIEHINHO20 Henle3d, KOopble, 3AHUMAS 6AKAHMHblE MECA 6
Kpucmannuieckoti peuwiemxe oxcuoa sxenesa (III), cnocob6cmeyrom o6pasosa-
Huto maznemuma. Ox udeHMuPuUUUPosar peHmeernozpaduecKy U oyeHeH no-
Kasamesnem HAMAZHUYEHHOCIU HACLIUEHUS NO CPABHEHUIO C NPUPOOHBIM Ma2-
Hemumom, Komopuiti OKA3AICA 1O IMOMY NOKA3AMENI0 NPAKMUHeCKU UdeH-
muuen. [lonyueHHble MaZHeMUMbL PACMBOPANUCD 6 CONAHOU KUCTIOME U Nepeo-
caxcoanuce 2udpoxcudom ammonus. Ilosmopruie onpedenenuss HaMaeHUHEHHO-
CHU HACLIWEHUS NO CB0EMY YPOBHIO He nokasanu pasnuuus. B cycnensuio mae-
Hemuma npu Hazpese U nepemeriusan il 6600UIICS OUCHEP2AMOp 6 8Ude OleU-
HOB01i KUCTIOMDbL U OUCNEPCUOHHAS cpeda — KepocuH. HamaenuuenHocmp Hacoi-
WeHUST U CTMAOUNIbHOCb NOJLYHeHHOU MAZHUMHOTE HUOKOCHU YO0BIEMBOPATIU
YCTOBUAM €€ NPUMEHEHUST O7IA 0OHUCKU 800bl O PA3nuea Hedmu u Hedme-
npodyxmos.
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BBengenue

[TorenumanbHas MOTpeOHOCTL B MarHuTHON Xupkoctu (MJK), a cnemoBaTenbHO, U B
MarHeTuTe CBsI3aHA B IIEPBYI0 odepenb ¢ e€ 3(p(PeKTUBHOCTDIO IIpY yHaneHuu Hepty 1 HedTe-
IPOZIYKTOB C TOBEPXHOCTY BCe Oojiee 3arpsA3HAIONXCS UMY BoffoeMoB [1-6]. Becbma nmpoayk-
TUBHBIM ABJIAE€TCA VCIIO/Ib30BaHME MaTHUTHOM XUAKOCTY JI/IA CeIapaluy CMeCU MaTepuanoB
C Pas/IMYHOI IVIOTHOCTBIO, MOCKONMbKY MJK yBenmumBaeT CBOIO IVIOTHOCTb IPY yBEIMYEHUN
HAIIPsDKEHHOCTH BHEIIHET0 MarHUTHOTO nojA (7, 8]. MK HaxomuT npuMeHeHue B aMOpTH3a-
TOpax aBTOMOOW/IbHOJ IPOMBILIZIEHHOCTH; 3aMeHa OOBIYHBIX Mace/l Ha MarHUTHYIO >KUIKOCTD
Ha OCHOBe Mac/ia obecrieuyBaeT 6oree KOMGOPTHYIO e3[4y IpU HalIM4My HEPOBHOCTEN Ha
JIOpoTe 3a CYeT CHYDKEHVS aMIUIMTY/bl IBVDKEHUA KOJleC B BepPTUKAIbHOMN Itockocty (9, 10].
[IInpokoe pacrnpocTpaHeHue MOAYIMIA MarHUTOXNUKOCTHbIE T€PMETU3AaTOPbI, KOTOPbIE AB-
JIAI0TCA Haubosee pacIpoCTpaHEHHBIM TeXHIYeCKUM ycTpoiicTBoM ¢ MJK, koTopas yaepsxn-
BaeTCsi B 00/IaCTV CM/IBHOTO MarHUTHOTO IIO/IA ¥ 00pas3yeT >XMAKOCTHYIO IPOOKY, pasiersiio-
I[yI0 ABa 00beMa C pasHBIMU cpefilaMy M faBneHusaMu. Hanbomee 9acTo MarHUTOXNUAKOCT-
Hble T€pMEeTM3aTOPbI VICIIONIb3YIOTCA JI/IA pasfie/ieHN [a30BbIX Cpef M/IM Ta30BOM Cpefibl U Ba-
kyyMma [11, 12]. C uenbio 9KOHOMUY MCIIO/Ib3YeMOJ MarHUTHOM >KUAKOCTY IIPEAIIPYHIMAINCH
HOMBITKY e€ pereHepany [13], ojHaKo 9T0 TpebOBAIO CO3/jaHNe CUTBHBIX MaTHUTHBIX IT0/IEN
U OBUIO CBSI3aHO C He BCerja IPeojOIVMMBIMY TeXHOMOTMYeCKUMM TpysHOcTsAMU. [ToaTomy,
HalpuMep, yJIOBJI€HHble OMAarHNYeHHble He(TeIPOAYKTH HALUIM IPVMEHEHUEe B KadyecTBe
KOMIIIEKCHOTO MHTPefVIeHTa Pe3NHOBBIX cMeceit [14, 15]. HaxoguT npuMeHeHe MaTHETUT U
JUI TIPUTOTOBJIEHNA MarHUTHBIX JKMIKOCTE)l Ha OCHOBE JIeueOHbIX CyOCTaHIMIT — IeKCTpaHe,
pacTBope NEHMUM/UIMHA U PAfla IPYTUX C Le/IbI0 JOCTaBKM UX IIOJ, JEVICTBMEM IIOCTOSHHOIO
MarHuTa B 30Hy nopaxenus [16, 17].

Crob MpoKMe BO3MOXXHOCTY IPMMEHEH A MaTHUTHOM XUJKOCTY OTPAaHNYMBAIOTCA €€
BBICOKOJ1 CTOMMOCTBIO (0K0710 40 ThIC. py0. 3a 1 im?). TTomck feneBOro MCXOLHOTO CHIPbS AL
ITO/Ty4eHMA MarHeTUTa, COCTABJIAIOIIETO OCHOBY CTOMMOCTY MarHUTHOM XUIKOCTY, IIPEMCTaB-
JIsIeTCsl BeChbMa aKTyaIbHOM 3amadveit [18].

B nHacroseit craTbe IpeIaraeTca OfVH U3 BAPMAHTOB €€ pellleH) A IIyTeM 3aMeHBI CII0-
co6a MoTyYyeHNsI MarHeTUTa XMMIUYeCKO KOHeH Caluell coleil IBYX- ¥ TPEXBaJIeHTHOTO JKe-
7ie3a Ha TEPMOBOCCTaHOBJIEHME C YITIEPOIOM OKCHUIA TPEXBAJIEHTHOTIO JKe/le3a, COfleprKalllerocsa

B OTXOfIaX.
Meroauka 3KCcnepuMMeHTa

[l moTy4eHuss MarHeTHTa B OV CepHOIT Me/TbHNUIIe TOTOBUTCS KOMIIO3UT: MeTa/UTypriude-
CKasl MbUIb C 371eKTpoPuIbTpoB (Tabmuia 1), BOcCTaHOBUTENb U KapOOHAT HATPUS B COOTHO-

menuu 1:0,5:0,3.
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Ta6muma 1. CocraB MeTa/TypridecKoit bl

OTHOCUTENNbHASA
Ne Hamnmenosanne Pesynbrar
MIOTPELTHOCTD TP Meropauka UsMepeHus
n/m KOMIIOHEHTA U3MepPeHNs
P=0,95

1 Keneso obiee, % 56,000 + 22,000 [MHO®D 16.3.24-2000

2 MaccoBas gons Bnaru, % 0,630 + 0,120 MHOD 16.1:2.2:2.3:3:52-08

3 Menp, % 0,123 + 0,040 IMHAO® 16.3.24-2000

4 Hedrenponykrsr, % 0,080 +0,170 IMHO® 16.1:2.2:2.3:3:64-10

5 pH, en. pH 11,30 + 0,100 MHOD 16.2:2.2:2.3:3:33-02
6 Xpowm, % 0,110 + 0,020 IMHAO® 16.3.24-2000

7 Huuk, % 18,800 +4,100 IMHAO® 16.3.24-2000

OrtceB Ha cuTe C YEKON
8 1,500 + 0,200 -
63 MKM, %

BoccraHOBUTED — OTXO/bl AKTYBMPOBAHHOTO YIJIA U OTXO/bI TEXHMYECKOTO yITIepojia U3
®KKO - ®epnepanpHOro knaccudmKanyoHHOTO KaTtanora otxofoB. Kapbonar HaTpus cos3faer
IIpY OCTIENYIoLeM IPOKaIMBaHIM MHEPTHYIO CPEly B BIJIe YITIEKMCIOTO rasa. Bpemsa nepeme-
myBaHuA 20 MuHyT. IlonyuyeHHDBII KOMIIO3UT 3arpy’kaeTcsl BO BPAIIAIOIIYIOCSA TPEX30HHYIO
IIPOKA/IOYHYIO I1eUb: 1-51 30Ha — HarpeB 10 TeMiiepaTypbl He MeHee 900 °C; 2-4 30Ha - BbIJIep>KKa
IpY SOCTUTHYTOI TeMIIepaType He MeHee OJHOI0 Yaca; 3-5 30Ha — OX/IaKeHMe.

Oxkcup TpexBaseHTHOrO >Xene3a Fe;O; coxpaHsAeT KpUCTAIMYECKYIO CTPYKTYpPy [0
1565 °C, 4To Ha 26° BbIllIe TeMIepaTypsl IaBieHns >xenesa (1539 °C). OH MoXeT BBICTYIIaTh
B KayecTBe PAcTBOPUTENA NpYU 0Opa3soBaHUM TBEPAbIX pacTBOPOB BHexpeHus. [Ipu arom
aTOMBI PaCTBOPEHHOTO BelllecTBa (B JAHHOM CITy4ae — YIJIepofa) MOTYT paclloflaraTbCA B IIy-
OuHe KpucTa/Mdeckon pemerkn (o6beMHas iud¢ysnus), BOIb IpaHeil KpUcTaia (C BHYT-
PEHHell CTOPOHBI) ¥ BJJOJIb TPaHell KpMUCTajUla C BHEIIHEV CTOPOHBI (moBepxHOCTHas [uddy-
3us).

Marble aToMHBIe papnycsl MeTautonpa (i yrinepopa 0,077 HM) II0 CpaBHEHMIO C aTOM-
HBIMU pagmycamu kenesa (0,126 HM) U KpaT4yailliIM pacCTOSHMEM MEXAY AApaMy COCeHUX
aToMoB 0,249 HM C VIOHHBIM TUIIOM XVMUYECKUX CBsI3€il IO3BOJIAIOT 00pa3soBaThCs TBEPOMY
pacTBopy.

Fe,0s, cocTasiAomuii OCHOBHYIO 4acTb MeTa/UTypPIM4ecKoil IblIN, MMeeT FaMMa-MOJ1-
dbuKkaumio, KpUCTA/UIN3YeTCs B KyOnueckoil pemetke ¢ napamerpom a=0,832 HM n obnmajaet
(dbeppOMarHNTHBIMY CBONICTBaMu. IIpy BBICOKOTeMIIEpaTypHOM BO3/IEVICTBUY Ha KOMIIO3UT U
Ha/IMYMY BOCCTAHOBUTEIBHOM Cpefibl BO3MOXKHO nosiBiieHne Maruetnta Fe;O,4 (Fe,Os-FeO), ko-
TOPBIIT TakKe obpasyer ¢ Fe,Os TBepzble pacTBOPBI.

Pe3ynbrarhl 1 ux 06CyKaeHIe

[Tpenmomnaraercs, 4TO B pe3y/IbTaTe ONVCAaHHOTO MeXaHM3Ma IpolieccoB auddysnn aTo-
MOB yTJIEPOJia B KPUCTA/UINYECKYIO pelieTKy Fe,Os, MMeoyo IVNIOTHYI0 IPaHeleHTPUpPOBaH-
HYIO YIIaKOBKY OTPUIJATe/TbHBIX KMCTOPOJHBIX IOHOB, MEXTy KOTOPBIMI 00pa3yIoTCsl OKTas-
pUUecKye U TeTpasipyuecKye MPOMEXYTKI, CO3[AI0TCs OIaroNpyUATHBIE YCIOBUS IJIS IIPOTe-
KaHMA CIeNYIOIIX peaKil:

81



OT XUMHUHW K TEXHOJIOTUH TILARRTRTIEANI TOM 2, BbIMYCK 1, 2021

OKINCIIEHUA:
C+ Oz = COz; 2Fe + Oz = ZFCO; 4FeQO + Oz = 2F6203,
BOCCTAHOBJ/ICHUA:

CO; + C=2CO0O; FeO + C = CO + Fe; 3Fe;05 + CO = CO; + 2Fe;0y4,
Fe;04 + CO = CO; + 3FeO; FeO + CO = CO, + Fe

V3 mpencTaBlIeHHBIX peakLuil BULHO, YTO B pe3y/lIbTaTe OKVCIUTETbHO-BOCCTAHOBU-
Te/IbHBIX IIPOL[eCCOB 00eCIedNBAETCs BO3MOXXHOCTD IIO/TyYEeHVIsI MATHETUTA.

[Tony4yeHHble 00pasLpl ObUIM IMOJABEPTHYTHI PEHTTEHOIPapUUECKUM MCCIeOBAHUAM
C IIOMOIIBIO0 HACTOJIbHOTO Iopouikosoro andpakromerpa Bruker « DZ Phaser» ¢ ko6anbToBsIM
aHoyioM. PesynmbpTaThl MAeHTM(MKALMY MarHeTUTa, IONTYYeHHOTO IIpYM IPOKaIVBAHUU
MeTa/UTypIU4ecKoil bl ¥ aKTMBMPOBAHHOTO YITIA C KAPOOHATOM HATpUs, NPEACTABICHBI B
Tabnuie 2.

Tabmmma 2. Pe3ynbTaThl [UPPaKTOMETPUIECKOTO UCCIIENOBAHNA IIPOKAIEHHO CMeCU MEeTaJlTypri4ecKoil IbIIn
¥ aKTMBJMPOBAaHHOTO YIJIA

OTHOCUTENbHAS BBICOTA
N Ppanyc v Bemectso XumMudaeckas Gpopmymna IIMKOB PEHTIE€HO-
n/m | ocm abcumcc
TpaMMBbI

1 32,400 Temartur a- Fe,Os 11,29

2 35,410 MarneTur, reMaTuT Fe;04 a-Fe,O; 30,98

3 41,656 MarseTur, reMaTuT Fe;04 a-Fe, 05 100,00

4 50,700 MarneTur, reMaTuT Fe;04 a-Fe,O; 19,41

5 63,720 MarueTur, reMaTuT Fe;04 a-Fe,O; 14,13

6 67,820 MarseTur, reMaTuT Fe;04 a-Fe,O; 15,78

7 74,800 MarseTur, reMaTuT Fe;04 a-Fe,O; 25,09

V3 Tabmuipl 2 BUAHO, YTO IPOIUIO BOCCTAHOBJIEHNE OKCHJA >Kele3a /O MarHeTUTa, a
MMeeTCsl HeKOTopas 4yacTb HegeppoMmarunTHou dassl a-Fe,Os. OpHako maHHbIe IO HAMarHM-
YEeHHOCTY HaCBIIeH, IIpeCTaB/IeHHble B TabuIle 3, MOKasaay BeJIMYNHY 9TOTO IIOKa3aTess
JIMIIb HEMHOTO HVDKe, YeM Y IPYPOJHOTO MarHeTUTa, YTO TOBOPUT O 3HAUUTEIBHOM ITpeobia-
nanun ¢dassl Fe;O,.

Taﬁimua 3. HamaramyeHHOCTb HaCbIIICHUA 06pa3ua, IMOTYy4€HHOTO BOCCTAaHOB/ICHMIEM MeTannypquecxoﬁI IbUIN
AKTVMBMPOBAaHHBIM YITIEM

Obpaszern O6pasigsl, 0TOOpaHHbIE U3 OTHOI TAPTUN
Bupsl 06pasuos .
U3 IPUPORHOTO MarHeTUTCOZepIKalley KOMIO3ULIMN
IJISL VICTIBITAaH S
MarHeTuTa 1 2 3 4 5
HamaranmyeHHOCTD
406,80 396,50 398,20 386,40 389,30 392,20

HacChII[eHMs, KA/M

Pe3ynbTaThl AU paKTOMETPUIECKOTO MCCIE[OBAHNA 00paslia, II0Ty4eHHOTO IIPOKaINBa-
HJ/EM CMeCU MeT/UTyprMYecKoll IbUIM ¥ OTXOJOB TEXHUYECKOTO YITepoja ¢ KapOOHAaTOM
HaTpusl, IpUBeLeHHbIe B Tab/uIle 4, TOKa3bIBAIOT Haymm4ye TOMbKO ¢assl FesO,.
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Ta6muua 4. PesynbraThl 1udpakTOMETPUIECKOTO MCCIe[OBAHNA IPOKAICHHON CMeCH MeTa/UTypriudecKol IbIIN

" OTXO[a TEXHNYECKOTO YITIEpOoaa

Ne I'panyc OTHOCUTebHAs BHICOTA TMKOB
Bemectso Xumndeckas popmyna
n/m Ha ocu abcrmcc PEeHTTeHOTpaMMBbl
1 17,962 Marnerur Fe;04 9,91
2 29,579 Maruerur Fe;04 28,54
3 34,842 Marnerur Fe;04 100,00
4 36,452 Marnerur Fe;04 7,88
5 42,321 Marnetur Fe;O, 22,11
6 52,500 Marnerur Fe;04 6,87
7 55,958 Marnerur Fe;04 25,41
8 61,442 Marunerur Fe;04 29,35
9 72,650 Maruerur Fe;0, 3,99

Taxke cHAT MEccOayspOBCKMII CIEKTp. SgpaM >kenes3a, HAXONAIMMCA B OKTas[pude-
CKOM TIOJIO’KEHNY, COOTBETCTBYET CeKCTeT ¢ mapameTpaMu 3¢p(peKTMBHOTO MaTHUTHOTO MOJIA
36,8 KA/M, nsomepunim cipurom 0,64 mm/c; B TerpasgpuydeckoM — 39,2 kA/m u 0,32 mm/c. Co-
OTBETCTBEHHO, 3HaYEHIIE 130MEPHOTO C/IBUTA OTPaXaeT BAJIEHTHOCTD >KeJle3a, OTKYHIa C/IefyeT,
YTO B OKTA3/IpMYECKOM II0JIOKEHNN HaXO#ATcA noHsl Fe’" n Fe’*.

Borplrasg 1mMoMTHOTa BOCCTAaHOBJIEHNA OKCHUIA TPEXBAJEHTHOTO JKejle3a [0 MarHeTUTa B
3TOM CJIy4ae CBA3aHa, 04€BUIHO, C T€M, YTO HAHOMETPOBBIE YaCTUIbI META/TYPIUIeCKOI IIbLIIN
KOHTaKTMPYIOT C HAHOMETPOBBIMI YaCTUIIAMY TEXHUYECKOTO yITepofa, obecreunsas 60b-
IIyI0 IOBEPXHOCTD B3amMogielicTBus. [1o pesynbraTtam, IpuBejeHHbIM B Tab/IIIe 5, BUTHO, YTO
B 3TOM C/Ty4ae HaMarHIYeHHOCTb HACBIIIEHNA JJaKe HeCKO/IbKO IIPEeBbIIIAeT 3TOT I0Ka3aTe/lb
JUTS IPYPOJJHOTO MarHEeTHTA.

Taﬁimua 5. Hamaram4yeHHOCTb HaCbIIICHUA 06pa3ua, IMOTYy4€HHOT'O BOCCTAaHOB/IEHNIEM MeTaTI}'IypI‘I/I‘{eCKOIZ IbUIN
OTXOJIOM TEXHMNYIECKOTO yIiIepoja

Buppr 06pasnos O6pasigsl, 0TOOpaHHbIE U3 OFHOI IIAPTUY MarHETUTCOEPIKALILEN KOMIO3UIUN

JUUTSL ICTIBITAaHU I 1 2 3 4 5
HamaruuyeHHOCTD
400,20 401,13 405,20 407,10 402,30
HAaCBIIIeHNs, KA/M

C o6pasuamy MarHeTuTa 000MX TUIIOB ObLIA IPUTOTOBIEHA MarHUTHASL XUAKOCTb. [/
3TOTO OHU PACTBOPS/INCD B COMAHON KIC/IOTE C OTPUIbTPOBAHNMEM HEKOTOPOTO HEPAaCTBOPY-
MOTIO OCaJiKa U IepeocaXalIuch aMMuayHon Bopoit. IIpombitas fo pH=8-9 cycnensusa cme-
HIMBanach npyu temmeparype 95 °C ¢ 0/1eMHOBON KMCIOTOM U KUAKOCTbIO-HOCUTETIEM, B Kaye-
CTBe KOTOPOJT B JAHHOM CiTy4ae OblT KepocuH (puc. 1). XapakTepucTuKa I0Ty4eHHO MarHnuT-
HOJI KMJIKOCTY IIpMBefieHa B Tabnu1ie 6.
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| MarHeTuT |
cTabunmsartop 1’ XMAKOCTb-HOCUTEND

CuHte3s MX
t=95°C,
NoCToAHHOE
nepemellmBaHue
B TeYeHne 2 Y

|

| rotosas M} |

Puc. 1. briok-cxeMma cHTe3a MarHUTHON KMIKOCTH

Tabnuna 6. Xapakrepuctuku MXX

O6bemHas
JKnpgkocrs- HamaruumyeHHOCTH
Ne obpasna Boccranosurenb oA
HOCHUTEIh HaChII[eHNs, KA/M
MarHeTtura, %
MXK-1 AKTUBMPOBaHHBIN yTOIb Kepocun 5,10 15,6
OTX0[ TEXHMYECKOTO
MX-2 Kepocun 6,00 16,81

yIiepona

MarHuTHbBIE XMUIKOCTM C TaKOM BEIVYMHOM HAMAarHMYEHHOCTM HACBHIIIEHMA BIIOJIHE
IPUTOJHBI /IS OYVICTKY IIOBEPXHOCTY BOJBI OT 3arpA3HeHNIT HepThIo ¥ HepTePOLyKTaMI.
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B pabome npusedena mamemamuueckas MOOeIbNyIbCAUUOHHO20 KPUCMANIIU3A-
mopa, 6 KOMoPy1o 6x005M Mennoeoli u eudpasnuteckue paciemot. Tennosoii pac-
uem c800uUmcs K onpedeneHuto pacxooa xnadazenma (0X1ax0eHH020 pacmeopu-
Mens u punvmpama emopoti crmynenu) 0N KAN00t cekyuu annapama u MUHU-
MATLHO20 00BeMA CEKUUU UCXO0S U3 NPed8apumenvHo onpedensiemvlx IKCHepu-

Kniouesvie cnosa: MEHMANbHO NOCEKUUOHHO20 MeMNePamypHo2o NPoPusis  CKOPOCHIU OXNANOEHUST

MAeMAmuieckas Mo- CoIPLeBO20 NOMOKA, 3A0AHH020 PACX00d CLPbA U XnAddeeHma, d Makie Ux

denv, cmpykmypa nomo- HauanvHotl memnepamypot [1]. Pacuem nposooumcs maxum o6pasom, 4mo 6 ciy-
bl

K08, nynbCayUoHHbLE Kpu- 43¢ Heo6X00UMOCU KOPPeXMUPyemcs npedeapumenvHo NPUHAMOe KOIUHeCH 0
cmannusamop, mennosoi cexyuii kpucmannuzamopa. Tennosoii pacuem Kpucmaniuzamopa nposooumcs
pacuem, zudpasnuyeckuii  10CTe onpedeneHUs MeXHOI0ZUHECKUX NAPAMEmPos npoyecca 0enapaPuHusayuu.
pacuem IIpuuem nposodumuiii no ONUCAHHOL Memoduke Mennosoti pacuem A6ITeMCs
npedsapumenvHoiM, M.K. 8 HeM He yHUumvleaemcs 0opammoe 0susicerHue nomoKa 6
annapame npu nynvcayuu. B pesynvmame eudpasnuueckoeo pacuema onpeode-
JIAI0M: 00BeM, HACHOMY NYAbCUPYIoOu,ez0 NomoKa, HeoOX00UMY MAccy HUoKo-
Cmu, pasmep cones, CKOPOCHb CbiPbeBOTl CMECU 8 CONTIAX, YACOMmY nyLbCauuu u

COOMmHouieHue npobonmumeﬂbHocmu umnyznvca u 8vlxsiond.
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BBengenue

ITpouecc npousBoacTBa 6a30BBIX HEPTAHBIX Macel U MapadyHOB IpefCTaBIAeT OO0
IIOCTIEfOBATe/IbHOCTh MacCOOOMEHHBIX IIPOLIECCOB Yja/IeHNA U3 ChIPbs TPYIIH YITIEBOJOPOLIOB
VI COeVHEHMIA, IPYCYTCTBYIE KOTOPBIX B Macjle HeXKeJlaTe/IbHO (achalTbTOCMOMNCTBIX COeiHe-
HI, HOMMIVKINYIECKIX apOMAaTHNYeCKIX YITIeBOZOPOJOB C HM3KIM VHIEKCOM BA3KOCTH, TBEP-
IIBIX apaHOBBIX yI/IeBofoponoB) [2]. Hanbonee 3HaunMMa cTafus BblJe/leHNs TBEPAbIX yTI-
NIeBOROPO/OB (mapadyHa I Ijepe3yHa), KOTOpbIe 0C/Ie COOTBETCTBYIOIIEN OUMCTKI TAKXKe MO-
TYT CTY>KUTh TOBAPHO IIPOYKIIVIEN.

TexHonorus fenapapuuusanny padpuHaToOB 1 06€3MaCIMBaHNUA radell, OCyLeCTBIIsIeMast
Ha TUIIOBBIX YCTAaHOBKAX, TaK XK€ KaK ) alllapaTypHoe oopM/IeHNe 3TOro Ipoliecca, He Ipe-
TepIe/y IPUHLIVIINAIbHBIX M3MeHeH 3a nocneguue 30-40 net. [JnurenbHas IpOMbIIITIEHHAA
9KCIDTyaTaluA 3TUX YCTAaHOBOK II0Ka3ala pAJ HEJOCTATKOB IIPYMEHAEMOI TeXHOJIOTUY U VIC-
II0/Ib3yeMOro 060PyHZOBaHNA.

KoHKypeHIMIO K/IaccuyecKoil fAemapadMHU3anNM, OCHOBAHHON Ha KPUCTAIIM3ALUN
C mocnenyomyM GUIbTPOBaHMEM, MOXET COCTABUTD JIMIIb KaTaIUTUYeCKas JenapapyHmsa-
. OfHAaKO OHa XopouIo ce6s 3apeKOMeHIOBajIa JIMIID 10 OTHOIIEHUIO K CHMHTETYeCKUM
MaciaM, IPOV3BOACTBO KOTOPBIX ellje He JJOCTUIJIO B Hallleil CTPaHe >KelaeMOro YPOBH pas-
BUTHSL.

Vcnonp3yemoe B mpoueccax genapaduHnzanmm paduHATOB U 06e3Mac/IMBaHNs Travel
KPUCTA/UIM3aLMOHHOE 000pyLoBaHMe (pereHepaTBHBIE 1 MCIIAPUTE/IbHbIE CKPeOKOBbIE KPH-
CTa/UIM3ATOPBI) X COOTBETCTBYIOIASA TEXHOJIOTNA MOTyYeHNUA NMapadUHOBBIX CYCIIeH3MIT CIIO-
COOCTBYIOT 00Pa30BaHMIO BHICOKOAMCIIEPCHON KPUCTA/UINIECKON CTPYKTYPbI BBIfIe/IAIOLIENICS
TBepyoit Ppas3pl. OUIbTPALOHHBIE XapaKTePUCTHNKI TAKUX CYCIIeH3WIT OIPe/ie/IAI0T IIOHVDKEeH-
Hble 0TOOPBI ferapadMHMU3MPOBAHHOTO Mac/ia ¥ IOBBILIEHHOE COfiepKaHue Macia B napadu-
Hax 1 nepe3uHax. CBA3aHHAsA C 3TVM HEOOXOAVIMOCTD YBeMYEHNA KPAaTHOCTI PaCTBOPUTEIIA K
CBIPBIO /IS JOCTVDKEHNS 3aflaHHbIX ITOKasaTesieil IPUBOAUT K POCTY 9HEPros3aTpar Ha ero pe-
TeHepaIyio.

[Tpumenenve npu penapadpuuHmsauyuy u obe3MacnyBaHMMOApaOAHHBIX BaKYYMHBIX
GUIBTPOB He I03BOJIAET MHTEHCUUIMPOBATD 3Ty CTAAVIO YKa3aHHBIX NporeccoB. KauecTBo
U CKOPOCTD OT/Ie/IEHNA >KMAKON (a3l IOTHOCTDIO OIpPefe/IATCA (PUIbTPALIOHHBIMY XapaK-
TePUCTMKAMU CYCIIeH3NUY, 3aBUCSIIVMIY OT IPebIAYILeil CTafuy IPOollecca — KpUCTa/UI3aI .
[TonpITKM MOJepHM3aLMU 3TOTO O0OOPYHOBaHMA, ONTUMU3AIVM peXuMa (UIbTPOBAHUA U
IPYMeHEeHsI HOBBIX QIIBTPYIOLINX MaTepyajioB He IPUBEIN K CYILleCTBEHHOMY ITOBBIIICHIIO
0T60pOB HenapadHU3MPOBAHHOTO Macja 1 YIYYIIeHNIO KayecTBa IMapapyHOB (1[epe3nHOB).
Kpome aToro, npumMeHsieMoe B HacTosllee BpeMs KPUCTAUIM3ALVOHHOE U (UIbTPOBAIBHOE
obopynoBaHMe ABAETCA CJIOXHBIM II0 KOHCTPYKIIMM, METa/UVIOEMKIM ¥ TPeOYIOIMM 3HA4N-
Te/IbHBIX 3aTPAaT IIPY SKCIUTyaTalVN, OOCTY>KMBAaHUU M PEMOHTE.

[TepcrieKTMBHBIM HaIlpaBieHMEM II0 IIPaBy CIefyeT CYUTATh paspaboOTKy KpUCTalIn3a-
IIVIOHHOTO 00OPYIOBaHM C MMOHVKEHHBIM PAacXo/IoM XJIafjoareHTa, obajariero 6oee mpo-
CTOJI KOHCTPYKI[¥elT, KOTOpOe MO3BOISIO ObI GOpMIUPOBATD B CYCIIEH3UM JIETKO BBIfje/IsieMble
KpucTaisl [3-5]. JIOTMYHBIMM CT/IV OTKa3 OT CJIO>KHBIX CKPEOKOBBIX BAaJIOB U COCPeJOTOYEHIEe
BHJIMaHN Ha allllapaTaxX KOJIOHHOTO TUIIA.
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Tak, ofHUMM 13 IepBBIX BHe[peHMe Ha MPAaKTMKe HAIIM KOJIOHHBI, B pabodeM IIpo-
CTPaHCTBE KOTOPBIX PACIIONIOXEHBI CUTYAThIe TAPEIKV IIPOBAIbHOTO THma (6e3 mepeMBHBIX
NaTPyOKOB), @ ABVDKYIMMCS IIOTOKaM >KUIKOCTEN COOOIaeTcsl JOIIOTHUTE/IbHAS SHepIus 3a
CYeT MCII0/Ib30BAHNA ITy/IbCALIMIOHHBIX YCTPOJICTB MM BO3AYIIHOTO IepeMernyBanus [6]. [Tpu
oleHKe 3¢ (eKTUBHOCTY MCIIOb30BaHMS TOTO WIM MHOTO CIocob6a MHTeHCMUKALNU TIPO-
Ijecca B3aVIMOJIEVICTBYSI B Tape/Ib4aThIX KOJIOHHAX Ba)XXHO OIpeie/INTh, Kakoit adpdexT gocTn-
raeTcsi [0 CPaBHEHUIO C Tape/Ib4aToil KOJIOHHOV aHAJIOTMYHOI KOHCTPYKLMH, HO 6e3 Impume-
HEH TOIIO/IHUTE/NbHO 9Heprun [7]. B cBs3u ¢ 9TMM HE0OXOAIMO PaCCMOTPETD SBJIEHNS T -
POAMHAMUKM ¥ MaccOOOMeHa B KOJIOHHE € ITPOBA/IbHBIMM Tape/IKaMy IIPU YCIOBMM, YTO BEJIN-
YJMHA CWI VMHEPUUM, APOOSLINX KAIUIM XXUAKOCTE, OIpefe/sieTCsi B OCHOBHOM Pa3HOCTBIO
yIeTbHBIX BeCOB KMAKOCTeI [8].

[TynbcanoHHbIE KPYMCTA/UIM3ALMIOHHbIE KOIOHHBI — OJVIH 13 OCHOBHBIX TUIIOB aIlIIapa-
TOB, Ha KOTOPBIX 0asMpyeTcsi COBpPEMEHHasI TeXHOJIOTUS IPOV3BOACTBA YVICTBIX BEIECTB, HE
CoJiep>KaIIMX BBICOKO3aCTBIBAIOIINX KOMIIOHEHTOB. II0CKOIBKY CIIpOC Ha TaKye BeljecTBa BO3-
pacTaeT, eCTECTBEHHO, YBe/IMUMBAETCA M VIHTEpeC K Iy/IbCAllIOHHBIM KOJIOHHBIM aIllapaTaM.
OpHaKo JOBOJIBHO IIVPOKO PACIPOCTPaHEHO NpefybexIeH e IPOTUB KOJIOHH, OCHOBAaHHOE Ha
HEKOTOPbIX COMHEHMAX B 9 (PEeKTUBHOCTI allapaToB IPOMBIIIIEHHOTO MaciTaba. ITO BbI-
3BaHO TeM, YTO I'MPOJMHAMMKA KOTIOHH OO/IBLIOTO YiaMeTpa OT/INYAeTCs OT TUAPOAVIHAMIKI
abOpaTOPHBIX YCTAHOBOK VI He MOZIe/IMpyeTcs MMM, Bce 3To uIb oiorpeBaeT MHTepec K MO-
Jle/IPOBAHMIO NIPOLIECCOB B MY/IbCALMOHHBIX allllapaTax ¢ HOMOIIbIO IPOrPaMMHO-BbIYVIC/IN-
TE/IbHBIX CPEfICTB — IVIABHOTO HAIE€)KHOTO MHCTPYMEHTA YVICTIEHHOTO aHA/IN3a.

ITynbCcalliOHHBI KPUCTA/UIN3ATOP — Ta30)KMIKOCTHAS KOJIOHHA, MaTeMaTudeckas Mo-
Jie/Ib KOTOPOJI CTPONUTCS Ha 6aTaHCOBBIX YPaBHEHMSAX.

TemnnoBoit pacueT KpUCTaIM3aTOpa CMEIIEHNA CBOAUTCA K OIPefie/IeHNI0 pacxofia XIa-
flareHTa (OX/IQXK[JEHHOTO PAacTBOPUTEN U PUIbTpaTa BTOPOIL CTYIEHM) I KaKJO CEeKIL[UN
amnmapaTa ¥ MMHUMAQJIBHOTO OObeMa CeKLMM MCXOMsA U3 IIPefBAapUTEIbHO OIpefieisieMbIX
9KCIIEPUMEHTAIPHO MOCEKIMIOHHOTO TeMIIepaTypHOTO NPO(UIA M CKOPOCTU OXIaKHEHNA
CBIPbEBOTO TIOTOKA, 33JaHHOTO PacXo/ja ChIPbs U XTafIaTeHTa, a TAKoKe X Ha4aIbHOI TeMIIepa-
TypsI [1].

Pacder mpoBopuTCcA TakuM 006pasoM, 4TO B CIydae HEOOXOAVIMOCTY KOPPEKTHpPyeTcs
IpefiBapUTETbHO IPUHATOE KOMMYECTBO CEKIMIT KPUCTA/IN3ATOPA.

IKCIepUMEeHTATbHAS 9aCTh

YnenbHasA TEIIOEMKOCTD CBIPbEBOII CMeCH AB/IAeTCA PYHKIMET IBYX IepeMeHHBIX: KOH-
LEHTPalluy ChIPbA B PaCTBOpE M TEMIEPATYphl. XapaKTep 3TOV 3aBMCUMOCTY OJJMIHAKOB JJIA
BCeX BU/JOB Napa(IHCOEPIKAIIETO ChIPbs, OTHAKO KOHKPETHbIe 3HAYEHA 3aBIUCAT OT COfiep-
»KaHMA MapadUHOB B ChIpbe, €ro (PPaKIMOHHOTO COCTaBa ¥ MCIONIb3yeMOro B IIpoIlecce pac-
TBOpUTe/A. [I03TOMY HEOOXOAMMBII A1 pacdyeTa HaOOp JAHHBIX 110 TEIVIOEMKOCTY ChIPbeBOI
CMeCH OIPEJENAETCA SKCIEPUMEHTAIbHO B KOKIOM CIIydae.

CxeMa ceKIMM KpUCTa/UIM3aTopa ¢ 0003HAYeHVEM OCHOBHBIX ITOTOKOB IIOKa3aHa Ha
puc. 1.
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TennoBoi1 Oalauc i-i1 CEKLMM 3aMMILEeTCA B BUJE
Gi—q- C(x' T)x:xi—l T + Gx,i Cx Ty =G; - C(xr T)x:xi - Ty, (1)

rae G;_1, G; — pacxof CbIpbeBOJ CMeCH Ha BXOJie ¥ BBIXOJie i-J1 CeKLIMM, KT/C;

C(x,T)x=xi—1,C(x, T) y=yi — yHeNbHAS TEIVIOEMKOCTD CHIPEBOIT CMECU HA BXOJI€ U BBIXOJIE
i-J1 CeKI[Y TP COOTBETCTBYIOIIEN KOHIIEHTPAaLlM ChIpbA U TeMIeparype, [hx/(kr-°C);

T;_1, T; - Temmeparypa Ha BXOfe ¥ BbIXofe i-it cexiuu, °C;

Gy ; — pacxof xmajjareHTa (pacTBOpUTe/A MM GUAbTPATa BTOPOIL CTYIIEHN) B i-10 CEKIUIO,
KI/c;

C, - TerioeMKOCTh xmagaredTa, I/ (kr-°C);

T, — Temneparypa xnagarenra, °C.

KoHILeHTpauyy cpIpbsi B CMeCH Ha BXO/i€ U BBIXOJIE B i-Ji CEKLIMM PaBHBI:

Xio1 = Go/ (G + X127 G ), 2)
(i =1,2,3, ...,M)
j=12,3,..,i
x; = Ge/ (G + X125 Gy ), (3)

rae G, — pacxof CbIpbs, KI/c;
M — KOonu4ecTBO CeKLMI B KPUCTA/IN3aTOPE.

TennmoeMKOCTb CbIpbeBOII CMeCH MY Pa3IMYHBIX TeMIEPATypax ¥ KOHIEHTPalUAX Chl-
pbs IPENCTABIAETCA B BUJE JBYXMEPHOro mMaccuBa. II0CEKIMOHHBIN pacxof, paCTBOPUTENA
OIIpefieNAeTCsl CTIeAYIOUIM 00pa3oM: 110 NPeABAPUTE/IbHO IPUHATON Be/IMYMHE Pacxofa Xya-
narenTa Gy ; 0 ypaBHEeHMIO (3) PaCCUMTBIBAETCA KOHIIEHTPALMA X;, COOTBETCTBYIOIEee 3Hae-
HIE TEIJIOEMKOCTU OTPEJIETISIETCA U3 YKa3aHHOTO MACCUMBA MHTEPNOJALNEN; SHaYeHUA Gy j
MOZCTABIIAITCA B ypaBHeHnme (1). lanpHeimmit pacdeT BeeTCsl METOHOM IIOC/Ie0BATeIbHBIX
NpUOMVOKEHNIT IO TOCTVDKEHUS 3aJAHHOTO PAcXOXKJEeHMsI MEX/y JIeBOJ M IPaBOil 4acTsAMU
ypaBHeHns (1).

Gi =Uj + Gx,j 4 C(xr T)x:xi- (4)

i+1 |

i-1 |

Puc. 1. Cxema CeKMM KpUCTA/UIN3aTOpa ITyJIbCAalIOHHOTO CMEIIEHNA C 0603HaY€eHEM OCHOBHBIX IIOTOKOB
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TennoBoii pacueT KpUCTaAIM3aTOPa IPOBOAMUTCSA MOCTIE OIPE/le/IeHNA TEXHOMOTMYECKIX
IIapaMeTpoB Ipoliecca AenapaduHusanyy. IIpndeM IpoBOAMMBIN IIO OIVICAHHO METORMKE
TEIUIOBOJ pacyeT SABJIACTCS IpeBapUTE/NIbHBIM, T.K. B HEM He YIUTBIBaeTCA 0OpaTHOE JIBIDKe-
HIle NTI0TOKA B allapaTe Ipu myabcaunun. IIoTok cbipbeBoll cMeck B ceKUMAX G IPUHAT OJHO-
HarpaseHHBIM. Koppekijua TeMIiepaTypHOTo npoduid B KPUCTAUIN3aTOPe C YI€TOM BIIUA-
HJIS1 BO3BPATHO-IIOCTYIIaTeIbHOTO ABVKEHNUsA, OOYC/IOBJIEHHOTO Iy/IbCaliyiell Cpefibl B allla-
paTe, IPOM3BOANTCA IOC/IE TMPABINYIECKOTO pacyeTa, B pe3y/lbTaTe KOTOPOTO OIPENENAT
06'beM I YaCTOTy Iy/IbCUPYIOLETro MOTOKA. B mpoljecce ruipaBmmdeckoro pacuera Takxe oIpe-
fiesAeTcss HeoOXoMMas Macca KUKOCTY, COBepIIaolell KonebaTebHble ABVYDKEHUA B ITy/Ib-
CAaLIMOHHOJ KaMepe, pasMep COIEN M CKOPOCTY ChIPbEBOJ CMECH B COIUIAX MICXOMA U3 3aJlaH-
HOTO PacXxofia ChIpbSl M PACCYMTAHHOIO IMOCEKIIMOHHOTO PacxXojija PacTBOPUTENSA, YaCTOTHI
ITyZIbCALIY ¥ COOTHOIIEHN S IIPOJO/DKUTEIbHOCTY IMITY/IbCA Y BBIXJIONA.

CKOpOCTb IBMKEHMA CMECH B COIUIAX M IIPOM3BOANUTENbHOCTD IY/IbCALlVIOHHOM CYCTEMBI
JIO/DKHBI TPV 3TOM ofecHeuynBaTh TpeOyeMylo MHTEHCHBHOCTb IepeMelIVBAHUA B CEKIVIAX
KPUCTA/UIN3ATOPA.

CxeMa ammapata JjIs TUAPAaBIMIECKOTro pacyeTa ¢ 0003Ha4eHVEM COOTBETCTBYIOIINX I10-
TOKOB IIpMBEJieHa Ha pucC. 2.

G. M G, =M,

M G A,
.. K‘GﬁfM G, =M-lt,
= “G, =M1t

o |
G, =M-1 G_=M-2t

=M-2 : G, =M,

T Gx:izzri(
= G, =2,
G =1 =
( i.d
i G, =2 G, =i,
o -ax i=1?5
G +Gi :
( HI [
Gs:rl Gs.i=1
&‘\.— Gi( n .
: L G{: FH

———

Q G{: FB

Puc. 2. Cxema IIOTOKOB B KPYCTA/UIM3AaTOPE IIY/IbCALIIOHHOTO CMEIIeHNA IJI TUIPaBINIecKoro pacyera (060-

3HAYCHUA B TCKCTC)
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Insa cosganuA BO3BPAaTHO-IIOCTYIATEIbHOTO MABVDKEHMA B COIUIAX Macca ChIPbEBOI
CMecH, BBIXOJSILelT IIPU MUMITy/Ibce U3 M-Ji CeKIuM, JO/KHA OBITh TaKOJi, YTOOBI pa3Max KoJie-
6aHuIl B BepXHeJl YacTy alllapaTa COOTBETCTBOBA/I CYMMe MacC CyCIIeH3UM, BBIXOJSIIIEN Yyepes
CIIMBHO IITyLlep KPUCTA/UIN3AaTOPa, PABHOV CYMMapHOMY IOCTYIUIEHUIO ChIPbA M PACTBOPU-
Te/IA B KOJIOHHY 3a IIOJIHBII VKL ITynbcaunu t, + t; (t,, t; — IPOLO/DKUTEIBHOCTD MMITY/IbCA
U BBIXJIOIIA, COOTBETCTBEHHO

(GC + 2%1 Gx,i)(tn + tB)’ (5)

¥l HEKOTOPOJI MUHMMA/IbHOI BeMMINHBI Gy min (KT), IPEeBOCXOAAIIEN B 3aJlAHHOE KOMNIECTBO
Pas Maccy pacTBOPUTEA, IIOCTYIAIOLIEr0 B M-10 CEKLIMIO 3a BpeMsA BhIXIona Gy = ty. OTU IBa
yCmoBuA 06eCIedrBaioT TO, YTO 32 BpeMsA MMITY/IbCa IPOMCXOAUT BBIXOJ, 13 KPUCTAIIN3ATOPA
KOJIMYEeCTBA CYCIIEH3MY, COOTBETCTBYIOIETO IIPOU3BOAUTEIbHOCTY allllapaTa 32 IOIHbIV LMK
Hy/IbCallNM, A 32 MEePUOJ, BBIX/IONA IPOVCXOAUT OOpATHBIN MEPeTOK >XMIAKOCTY B BEPXHEM
comle, B 3aJJaHHOE KOJIMYECTBO pa3 IPeBOCXOIAIINIT MAacCy pacTBOpuTes (HarbOONIbLIyIO U3
BCeX CEeKIIMit), TIOCTYIIAIOLIETo B 3TO COIIO. BTOpoe ycroBue BBIOPaHO C y4eTOM TOTO, YTO IIPU
BBIXJIOIIE Macca IepeTeKarollell yepes COoIla XXUAKOCTY HapacTaeT BHU3 OT CEKLIUM K CEKLINM,
a KOJIMYeCTBO PacTBOPUTeIA, IIOAABaeMOT0 B 9T CEKLNM, CHIDKAeTCs (3To OyfeT MoKasaHo B
IpVBEIEHHBIX HIDKE pe3y/IbTaTaX TeIVIOBOTO pacyeTa).
CrnemoBaTenbHO, 3a7IaBIINCh

GB,min = k'Gx,i=M'tB’ (6)
HOTyINM
M
Gn,i:M ' GB,min + (Gc + Zi:l Gx,i)(tn + tB)’ (7)

rie Gy j=p — Macca CyCIeH3MM, BBIXOMIAIEN IPY MMITy/Ibce U3 M-ii CeKIum, Kr.

Torpma HeoOxomyMMas Macca >KUAKOCTY, BHITECHAEMOI U3 IIy/IbCALMOHHOI KaMepbl Ipyu
VIMITY/IbCE, YAOB/IETBOPAIOIIAs IIPYBELCHHBIM BbIIIE YCIOBMAM (C y4€TOM TOTO, YTO Macca IIe-
peTeKarolleil yepes CoIIa CyCIeH3MM HapacTaeT CHU3Y BBEPX OT CEeKINM K CeKLIMN), KT, paBHa

Gn,n = Gn,i:M - (Gc + Z{\il Gx,i)tn- (8)

COOTBETCTBYIOIINIT 06BEM KUIKOCTH, COBepIIaoleli KoneGaHus B My/IbCAllMOHHOI Ka-
Mepe, M
Vin = Gunl/ps (9)

Ijie p — CPeAHsAs IOTHOCTD ChIPhEBOJ CMECH B almapare, KI/M>.
Macca neperekxaroliei yepes coIlla CyCIIeH3UN B i-J1 CeKLIUM, KT, paBHa

— i
Gui = Gun + (Ge + X2y G j) by (10)
IIpm BpIXJIOIIE Macca MepeTeKALEeN Yyepe3 COIIa CYCIIEH3UN B i-1 CEKLIMM PaBHA

Gy = GB,min+Z§‘=M Gy,j " Lo (11)

»
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Macca KNMIKOCTH, HOCTyHaIOH_[eIU/[ B HyHbCﬁH]/IOHHyIO KaMepy HPI/I BbIXJIOIIE, KT
GB,]'[ = GB,i=1 + GC * Ly (12)

Bomonnenne ycnosusa Gy, p= Gy ABNAETCA MOATBEPXK/IEHMEM CIIPABEIIMBOCTY IIPOBE-
[IeHHBIX pacyeToB. Tak Kak Hanbo/IbIIasg Macca IepeTeKarolleil B COIIe CMeCH MIPUXOANTCS Ha
M-10 CexIyIo IpY VIMITY/IbCe, IUIOLIATb CEYeHNA COIUIA PACCUNTHIBAETCS IO (popmyrte

F. = Gn,i:M/(tn P * Whax)s (13)

roe E; — ITomagb CEYCHUA COIlIA, MZ;

Winax — MaKcuMasbHas JOIYCTUMas CKOPOCTb IBVKEHMS IIOTOKA B COIUIAX, M/C.
Torma pagnyc nmaTpy6ka corvia, M, paBeH

R, = 0,5(F./0,39). (14)

CKOPOCTb IOBVDKCHUA CprbéBOf/’I CMECH B i-M COILIe HPI/I I/IMHY}Ibce U BBIXJIOIIE paBHa
Wii = Gui/ (Fe - p - ty). (15)
Wai = Gypi/ (o p- ty). (16)

[TynbcanoHHOE IepeMelnBalollee YCTPOICTBO HO/DKHO 0becrednBaTh 3aJaHHYI0 VH-
TEHCMBHOCTb Il€pEMENINBaHNA. B clydae ceKIMOHMPOBAHHOIO alllapaTa MHTEHCUBHOCTD IIe-
peMelINBaHNA, C, MOXKeT OBITh OlleHeHa CKOPOCTBIO T€UEHNS XXVUAKOCTI B COIUIE U OTHOIIe-
HJeM 00'beMa CEeKIUM K IIPOM3BOAVTEIbHOCTY IY/IbCALIIOHHOTO IIepeMELINBAIOLIEr0 YCTPOl-
CTBa:

I= VO/(VI/I,H “f)s (17)

rie f- 4acrora mynbcanuu (Komeb6aHuil ypOBHS B Iy/IbCAI[MOHHOM KaMmepe), 1/¢;
Vo — 06'beM ceKIMy anmapara, M>.

B criydae HeBBINIOTHEHVS YC/IOBYSA 3aJaHHO MHTEHCUBHOCTY TlepeMelBaHNsI KOPPeK-
TpyeTcs o6beM V;; ; ¢ mocnenyomum pacyeToM mo Gopmynam (6)-(16). 3HaueHNA JaCTOTHI
Hy/IbCAlUY f I COOTHOIIEHNS TPOJO/DKUTEIBHOCTI MMIY/Ibca ¥ BBIX/IONA ty, U t, IPUHUMA-
I0TCS TI0 PeKOMEH/JALIMSAM i1 ITy/IbCAIIIOHHOTO IIepeMeIlBaHys B KOJIOHHBIX alllapaTax. Be-
muuHa k (B popmyre (6)), MakCUMaTbHast CKOPOCTD JBVDKEHUSI CMeCU B COIUIAX Wiy .y U KpU-
TepUil UHTEHCUBHOCTY TTepeMellNBaHs I OIpee/saIoTCs 9KCIIePUMEHTAIBHO.

Pacxopbl TOTOKOB B CeKIUY IPUHMMAIOTCS 110 JAHHBIM TeIIoBoro pacyera. K ruppas-
JIMYECKOMY pacyeTy OTHOCUTCS pacdeT Iy/IbCalIOHHOI CUCTeMbl KpucTammsaropa. Cxema
IUIA pacdeTa IMy/IbCallMOHHO CUCTeMBI ITOKa3aHa Ha puc. 3. [l obecrieueHns TpebyeMoro pe-
JKUMa KOJIe6aHMil XXUJKOCTY B CHcTeMe (Iy/IbcalliOHHasl KaMepa, COeIHUTEe/NbHBI TPyOo-
IIPOBOJ, KPMCTA/UIM3ATOP) Pa3HOCTb YPOBHEI! B alIiapare 1 My/IbCAlIOHHO KaMepe JO/DKHA
obecrieunBaTh IepeMellleHye CBIPbeBOJl CMeCH B TedeHue BpeMeHu Bbixiona t,. Gopmyrna as
OIIpefie/IeHsI Be/IMYMHBI Pa3HOCTY YPOBHEN! MO/Ty4eHa U3 COOTBETCTBYIOIVX YPaBHEHMIL:
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Her = Y01 G2/ 2gMp?t,?) [1/ (e - 0)? + 1/ (1 - 0,)2 1+ W2/(2g) 1+ A L/d +
2 9), (18)

TZe Uy U Wy — K09 UIMEHT pacXofia CoIUIa U TePeToKa;

W, U W, — IIONIAJb COTUIA ¥ IEPETOKA COOTBETCTBEHHO, M2;

W — ckOpoCTb IBUKEHNSA XUAKOCTI (BO BpeMsI BBIX/IONA) B TPYOOIIPOBOIE, COEMHIIOLIEM
Iy/IbCAL[IOHHYIO KaMepy C KPUCTA/IN3aTOPOM, M/C;

g - YCKOpeHye CBOOOIHOTO MajieHus, M%/c;

A - koaddunmeHT TpeHMS;

L - pyyHa TpyOOIIpOBOZA OT IY/IbCALIMOHHON KaMepbl JO KpPUCTAIN3ATOPa, M;

d - nuametp TpyOOIIpOBOAA, M;

Y. @ - cymMmma K03 PUIMeHTOB MECTHBIX COIIPOTHUBIIEHNUI B TPYOOIIPOBOTIE.

|—| H}mﬁcarh

J‘:'IIII
'

HI:‘I‘

___/

Puc. 3. Cxema KpHUCTa/yIN3aTopa Iy/IbCAfMOHHOTO CMEIIEHNA [I/IA pacdeTa HY}IIJC&LU/IOHHOIZ CUCTEMbI

OcranbHble 0603HaYeHNs IPUBEAEHBI paHee. To ecTb oTeps HAaIlOpa Py MepeMeleHUN
CMeCU U3 KPUCTA/UIN3aTOPa B ITy/IbCALIIOHHYIO KaMepy B TeYeHMe BbIX/IONA CK/Ia/IbIBAE€TCA U3
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IIOTEPY HAIopa Ha MCTeYeHNe Yepe3 «HACaIKu» — COIUIA M «OTBEPCTUS B IVIOCKOM CTEHKe» —
IIepEeTOKM B IIEPETOPOIKaX U IIOTEPM HAIIOpa B TPYOOIIPOBO/ie, COEAVMHAIOIEM ITY/IbCAIIVIOHHYIO
KaMepy U KpUCTaIIn3aTop.

CnenyeT OTMETUTD, YTO JIaB/IEHNE HAJ, YPOBHEM XUIKOCTY B KPUCTA/UIN3ATOPE U JIaBJie-
HII€ B BBIXJIOITHOI IVTHUY IPMHUMAIOTCS paBHBIMYU aTMOchepHOoMYy. JlaB/ieHre MHEPTHOTO rasa
JUTS TIepeMelleHIIS CBIPbeBOI CMeCH BBepX M0 KPUCTA/IIN3ATOPY (BO BpeMs NMIIY/IbCa) JO/DKHO
OBbITh He MeHbIIIe Be/IMIVMHBI IaB/ICHN CTON0A KUAKOCTY, 00yC/IOBJIEHHOTO Ha/IM4YeM pasHo-
CTM YPOBHEN B KOPIIyCe M Iy/IbCALIMOHHOV KaMepe U IOTepell Hallopa Ha MPeooIeHe T l-
PaB/INYECKUX COIIPOTUBIEHUI CUCTEMBI.

[laBneHne Ha Ipeofio/ieHNe COPOTHUB/IEHNA TPYOOIIPOBO/a I KOPITyca pacCIMTHIBAETCS
10 aHAJIOTUY C OIIpeJie/IEeHNEM 3TON BEIMYMHBI BO BPEMA BBIXJIONA:

B=p g{Z1Gui’/ (2 g -M-p* ) [1/(y - 0)? + 1/(1y - wp)?] +

W2/(29) (1 +AL/d +3 ), 1)
Torza maBieHre UMITy/Ibca JO/DKHO OBITh He MEHbIIIE
Fi=Fh +pg - He (20)
O6mmit pacxop rasa (Kr/4) Ha Iy/IbCAIUIO ONIPefennTCs 1Mo popmyrte
Qu = 3600p, * f[Vixp (Pnax/100 = 1) + Vi * Prmax/100], (21)

T/Ie Py, — IVIOTHOCTD Ta3a IPU HOPMAJIbHBIX YCIOBUAX, KI/M> (/11 MHEPTHOTO Ta3a yCTaHOBOK
nermapadMHUBALMU U 00€3MAC/INBAHNSA, BKIIOYAIONIET0 B OCHOBHOM a30T U YITIEKUCIIBII Tas,
pacyeTHas IIOTHOCTD 1,4 Kr/M>;

Virp — 06'beM TTyNIbCallIOHHOTO TPAKTA, M3;

Vmn — 00BEM MIMITy/IbCa B IY/IbCAL[MIOHHO KaMepe, m3;
Prax — abcomoTHOe jaBieHue mynabcanuy, Klla.
[Tpmuem P, HaXOANUTCS Kak cymMMa aTMocepHoro gasnenns (B kIla) u masnenus B,

omnpepensiemoro o ¢popmyrne (20):
Prnax=F + By (22)
O6bem nmnynbca paBeH (cM. puc. 2):

Vi = 0,785-A-DZ, (23)

rie A - pasmax KonmebaHmit Cpepl B IIy/IbCAl[IOHHO KaMepe, M;
Dy — ByiaMeTp My/IbCallVIOHHON KaMephl, M.
O6BbeM My/IbCalIOHHOTO TPAKTA OIIpefieNsieTcs Kak CyMMa 00'beMa y/IbCopoBofa (Tpy-
601pOBOJIA, COENVHSIIONIETO MY/IbCATOP C MY/IbCAIMIOHHON KaMepoil) M cBOOOJHOro o6beMa
Iy/IbCAIIVIOHHOJ KaMephl, He 3alI0/THAEMOT0 XXIKOCTbIO:

Vorp= 0,785 (Lyy - dity + H,, » D), (24)
rae Ly, dyy — AMVHA U JuaMeTp My/IbCOIPOBOAA, M;

HH — BBICOTA He3aMOJIHAEMON YaCTU HyanﬁH]/IOHHOf/I KaMepbl, M.
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Takum 06pa3oM, pacyer Iy/IbCAIIOHHON CUCTEMBI, SIBJIAIOIIEICS YacThIO TUIpaByIye-
CKOTO pacyeTa, BBIIIOTHSETCS /IsI OLIPe/ie/IeHNsI TaB/IeHsI MTHEPTHOTO ra3a, He0OXOMMOTO /IS
OCYILIeCTBIEHNUS Y/IbCALINIA, ¥ BBICOTBI YCTAHOBKM IY/IbCAIMIOHHOT KaMepsl (II0 OTHOIIEHNIO
K YPOBHIO CYCIIEH3MU B KPUCTA/IN3ATOPE).

Vicxonst u3 moTped/IsieMOro Komn4eCcTBa MHEPTHOTO Tasa @, JaBeHNs rasa Ha Imy/bca-
1o P, 1 9acToTHI My/nbcanuu f pacCUNTHIBAIOTCS IApaMeTPsl Iynbcatopa. st OLleHKM SHep-
ro3aTpar Ha IIy/IbCAllMIO ONIPEMe/IAIOT YeIbHBI PACXOf SHEPIMYU Ha CXKaTue rasa ¥ PacyeTHYI0
MOIIIHOCTbh Ha HarHETaHIe.

YnenpHBI pacxo/] SHepruu Ha aguabaTudeckoe cxxartue rasa [4], I>kx/kr, paBeH

P

k-1
Loy = kI RTy [(2) © = 1], (25)

rae k= C,/Cy, nns asora k =1,4;
R - yHUBepcanbHas ra3oBas IMOCTOSIHHAS, [y a30Ta R = 297 [hx/(kr-K);
T, - Temneparypa rasa, K;
P,, P; — abcomoTHOE aB/ieHNe Ha BBIKIE U ITpyeMe KOMIIPeccopa COOTBETCTBEHHO, Klla.
Torpa pacyeTHass MOIJHOCTb Ha HaTHeTaHMe ras3a, KBT:

N = Qy-La,/(3600-1000-1), (26)

rzie 1 — K03 UIMEHT I0/Ie3HOTO [IeJICTBIA KOMIIPECCopa.

Kak ykasbIBa/moch Bblllle, ITOC/IE TMAPABINYECKOTO pacyeTa MPOU3BOANUTCS YTOYHEHUE
TeMIIEPAaTYPHOTO IpO(MIA B KPUCTA/UIN3ATOPE C yIeTOM ITy/IbCalluM CpPefibl B HeM. Temrepa-
Typa B i-11 CeKLIMY OIpefie/IsIeTCsI U3 YpaBHEHMsI ee TEeIUIOBOTO OaaHca 3a HEKOTOPBIIL IIEPUOT,
t (ypaBHEHNE OTyYeHO ITOC/Ie HEKOTOPBIX YIIPOLIEHNI):

Ti=(Gpis1 " Tivr " [+ Guicg "Ticq " f + Gy " T/ [f (Gui + Gpi)ls (27)

rpe T, ; — TeMnepaTypa X/Iaflar€HTa, II0JjABAEMOTO B JAHHYIO CEKIIMIO.
OcranpHble 0003HaYeHNsI IPYUBELEHBI BBILIE 110 TEKCTY M Ha puc. 2 u 3. [I1s1 mepBoii cex-
1y i=1 TeMIiepaTypa omnpefensaeTcs o popmyie

Tic1 = (GeTo + GonTicaf)/ (Gun - ), (28)

rge T, — TeMInepaTypa CbIpbsl.

Pacyer Befierca oT cexuuu i=M, rjie TeMIepaTypa He 3aBUCUT OT ITyJIbCaljy IIOTOKA U
OmpefenAeTcsa TOMbKO KOHEYHBIM KO/IMYECTBOM X/Iaflar€HTa M €r0 TeMIIEPATypol, B0 CEKLIUN
i=1. MeTozoM IOCTIeZOBATENbHBIX NPUOMIVDKEHNIT pacdeT TeMIIEPATYPhl OT CEKIVM K CeKIIVN
MIOBTOPSIETCA [0 TeX MOP, IOKA pa3HOCTb MEX/y II0C/IeJ0OBaTe/IbHO OIpe/ie/IeHHbIMI 3HAaYeH N -
AMU TEMIIEPATYPBI B 1-11 CEKIIMM HE CBOANUTCA K 3a/JaHHOI Be/INYMHE.

ITo nmpuBeeHHBIM MeTOAVKAM TEIUIOBOTO M TMIPaBIMYECKOIrO pacyeTa KpMUCTajIn3a-
TOpa, OCHOBAaHHBIM Ha pa3pabOTaHHBIX MaTeMaTHUYeCKMX MOJE/ISIX COOTBETCTBYIOLINX IIPOLiec-
COB, OIPeZeNAITCA ONTUMAa/lbHblE pasMepbl CeKLUI almapara ¥ UX KOIUYECTBO, PeXUMBbI
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Imojga4u xjagareHTa B allliapaT U Iy/IbCallnn, O6€CH€‘H/IB&IOHH/I€ 3aJaHHYI0 CKOPOCTDb OXJ/IaXE-
HUs ChIPbE€BOI'O IIOTOKA M MHTECHCUBHOCTD IIE€EPEMEIIVIBAHNA B CEKIIMAX.
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This review deals with the analysis of our own and most important published data,
focuses on physical chemical methods for studying the structure, quantitative
chemical and mineralogical analysis of renal stones and the relationship of their
physicochemical characteristics with the risk factors of urolithiasis, metabolic and

Keywords: genetic disorders occurring for a particular patient. We have shown that renal

stones reveal a complex organization, can contain many chemical compounds, a

urolithiasis, high recur- number of which form stable mineralogical phases of a certain structure. The main

rence, classification and types of urinary stones are considered and it is pointed out that the methods of

composition of renal analytical chemistry, elemental and X-ray spectral microanalysis can be used for

stones, methods of analy-  ¢;,dying the structure of renal calculi. However, they do not provide the infor-

sis of mineralogical and mation about their mineralogical composition and microstructure, which is im-

chemical composition of 5 tant for diagnostic tasks. In contrast, the methods of scanning electron micros-

calculi copy as well as the methods of polarization microscopy, FTIR spectroscopy and
X-ray phase analysis reveal undeniable advantages for analyzing these species and
allow to show how the information of texture of the stone surface and the appear-
ance of certain mineralogical phases helps to clarify the cause of stone formation

in the body and prescribe an appropriate treatment.
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Introduction

Urolithiasis or kidney stone disease (KSD), associated with the formation and growth of
organo-inorganic deposits in the urinary system, continues to be an important medical and
social problem, affecting, it is believed, from 1 to 20% of the world's population [1]. In many
industrially developed countries of Europe, the incidence of urolithiasis exceeds 10% [1, 2], and
epidemiological studies in recent years have noted a persistent trend towards an increase in the
incidence of urinary stones among the population. In particular, the number of newly diag-
nosed cases of kidney stone disease per 100 thousand people in the Russian Federation in the
period from 2002 to 2014 increased by 25% [2], and in the USA, Western Europe and, especially,
in the countries of the Middle East, it is still even more significant [1, 3]. An increase in the
incidence of urolithiasis and an increase in recurrence, averaging 50-75% over a 10-year period
[1, 4], significantly increase the costs of outpatient and inpatient treatment of patients, calling
for conceptual changes in the strategy of treatment of urolithiasis. Taking into account that the
kidney stone disease has a pathogenetic relationship with nephrocalcinosis, diabetes, athero-
sclerosis [5], and, judging by recent data, with bladder tumors [6], the absence of simple and
effective approaches to diagnosis and conservative therapy of urolithiasis, based on information
about the mineralogical and chemical composition of stones, features of their structural organ-
ization daily excretion of inhibitors and promoters of stone formation, creates objective diffi-
culties in identifying the causes of the disease, prescribing an adequate approach to treatment
and correction of metabolic disorders and risk factors in order to reduce the frequency of re-
current stone formation and the threat of development of the above comorbid pathological
conditions [5].

The cornerstone of all diagnostic measures is the quantitative determination of stone
composition [7], which in domestic clinics is either not performed or limited to semi-quantita-
tive determination of the main anions (phosphates, oxalates, urates) that make up the stone
salts. As the results of many studies show, in most cases it is not enough to establish the causes
of stone formation and prescribe the appropriate metaphylactic treatment [1, 7]. Firstly, as can
be seen from Table 1, the stones may contain several minerals simultaneously giving urate,
phosphate or oxalate ions in solution, and thus it is impossible to establish the composition of
salt, knowing only the anion.

Secondly, even knowledge of the chemical composition of the concrement tells very little
about the metabolic abnormalities and KSD risk factors that caused the formation of the con-
crement. Indeed, hydroxyapatite (HA)-based phosphate stones form predominantly in slightly
acidic or neutral urine and are often associated with renal tubular acidosis (7, 8). In contrast,
struvite and carbonatapatite stones (also phosphate) formed in severe alkalinization caused
by infection of the urinary tract with urease-producing bacteria [7,8]. It is not difficult
to demonstrate that a similar picture is observed in the analysis of urate and calcium-oxalate
stones [9-12].
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Table 1. Varieties and chemical composition of the main minerals most commonly found in urinary stones [3]

Mineral Chemical Name Formula
Uric acid CsHyN4O5
Uric acid dihydrate CsHuN403-2H,0
Ammonium dihydrogenurate CsH;N50;
Sodium hydrogenurate monohydrate NaCsH3N,05-H,O
Cystine CsH1N204S;
Xanthine CsH.NLO,
2,8 — dihydroxyadenine CsHsNO,
Whewellite Calcium oxalate monohydrate CaC,0,H,O
Weddellite Calcium oxalate dihydrate CaC,042H,0
Whitlockite Tricalcium phosphate Ca3(POy);
Hydroxyapatite Pentacalcium hydroxyphosphate Ca;(PO,);0H
Carbonate apatite Basic calcium phosphate with Cay75(POy)ass
carbonate (OH) 085(CO2)0.35
Octacalcium phosphate CasH,(PO4)¢-5H,0
Newberite Magnesium hydrophosphate trihydrate MgHPO,-3H,0
Struvite Magnesium ammonium phosphate hexahydrate MgNH,PO46H,O
Magnesium ammonium phosphate monohydrate MgNH,PO4H,0
Brushite Calcium hydrophosphate dihydrate CaHPO,2H,0O
Calcite, waterite, aragonite Calcium carbonate CaCO;
Opal, tridymite Silicon dioxide SiO;
Gypsum Calcium sulfate dihydrate CaS0O42H,0
Bobierite Trimagnesium phosphate octahydrate Mgi(PO4),-8H,O
Gopeite Zincphosphate hexahydrate Zn;3(PO,4)»-4H,0O
Monetite Calcium hydrophosphate CaHPO,
Trimagnesium orthophosphate pentahydrate Mgi(PO4)-5H,0
Gannaite Trimagnesium ammonium phosphate octahydrate Mgi(NH,),
H4(PO4),-8H,0
Monohydroxicalcite Calcium carbonate monohydrate CaCO;-H,0O
Humboldtite Ironoxalate dihydrate FeC,042H,0

Recent data (see [10-12] and references there), including our own clinical and laboratory

studies [12], show that the relationship of a number of metabolic disorders with the mineralog-

ical composition and texture of calcium oxalate mono- and dihydrate-based stones is estab-

lished quite definitely. In particular, studies in France, Italy and Russia have reliably established

that stones containing large amounts of calcium oxalate dihydrate are typical for younger pa-

tients and are associated with severe hypercalciuria and hypocytraturia (rapid crystallization),

whereas in patients with calcium oxalate monohydrate stones the deviations are markedly

weaker (slow crystallization) and are often associated with hyperoxaluria. Thus, it is obvious

that the quantitative determination of all mineralogical phases of calculi is extremely important

for proper diagnosis of the stone formation causes and development of an effective scheme of

metaphylactic therapy to prevent recurrence of urolithiasis.

Classification and structure of urinary stones

So, urinary stones are solid organo-inorganic formations of biological origin localized in

the urinary system [8, 13-15]. The vast majority of urinary stones consist of crystals of organic
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or inorganic nature, bound by the so-called matrix [8, 15, 16], consisting of organic substances
soluble in urine - proteins, glycosaminoglycans, phospholipids, etc. [13-16]. Usually, the pro-
portion of matrix, additionally binding crystallites, varies at the level of 2-5% of the stone weight
and very rarely reaches higher values [15, 16].

Although in the domestic clinical practice the simplified terminology is still used, classi-
fying the concrements according to the salt anions and dividing them into oxalates, phosphates,
urates and their mixtures (see above) [2, 8], nowadays the mineralogical classification of urinary
concrements is generally recognized [13-15], according to which the stones are classified by the
main mineral contained in the stone. The most common chemical compounds of organic and
inorganic nature, which are the structural elements of human urinary stones, are listed in Table
1. One of the leading experts in the study of the structure of urinary tract deposits H. Schubert
has analyzed more than 100 000 urinary stones and discovered 145 different combinations of
minerals [13, 15] that make up the concrements. However, it turned out that only 25 combina-
tions (types) of stones have a frequency above 0.1% and only 13 above 1% [15]. Calcium oxalate
hydrate stones, often with an admixture of apatite, are the most common in the human popu-
lation. More than 75% of patients with KSD have them. Most of these stones are either pure
calcium oxalate monohydrate (COM) or monohydrate with some amount of calcium oxalate
dihydrate (COD) and/or hydroxyapatite.

2.1. Stones based on calcium oxalate hydrates

Calcium oxalate hydrate stones are the most common type of urinary stone. As seen in
Fig. 1 a, b, this type of stones has a dense touch, round or irregular shape, often with a spiky
surface, and in many patients, they are stained due to adsorption of blood heme decomposition
products in the urine.

Among calcium oxalate hydrates it is customary to distinguish two forms of minerals (see
Table 1): Whewelite (calcium oxalate monohydrate, COM, CaC,0,-H,O) and weddellite (cal-
cium oxalate dihydrate, COD, CaC,0,-2H,0). A number of studies have reported the presence
of calcium oxalate trihydrate (COT) in a number of stones, but this view is still not generally
accepted [15]. Nevertheless, in the X-ray phase analysis of one stone in a patient from Ivanovo
region, we clearly observed a sufficiently large amount of CCH in a mixed calcium-oxalate
stone. Thermo-dynamically stable COM. Often in mixed COM + COD stones there is a situa-
tion where the unstable COD loses one water molecule over time, gradually changing to the
more stable COM., markedly dominates the prevalence of the two forms of calcium-oxalate
stones. This transformation can to some extent complicate the diagnosis of metabolic disorders,
based on the mineralogical composition of the stone, because different metabolic disorders are
responsible in principle for the formation of stones based on COM and COD [10-12].

2.2. Stones based on calcium and magnesium phosphates

Among phosphate stones there are stones associated and not associated with urinary
infection [7, 8, 15, 17]. The most dangerous for the urinary tract is infected struvite stones
(Fig. 1, d), often mixed with carbonate apatite, which are formed due to pathogenic microor-
ganisms that produce urease and break down the urea in the urine.
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Struvite stones are formed only in an alkaline environment, when the pH of the urine
does not fall below six (8, 17). Due to infection, the urine is oversaturated with magnesium,
ammonium, phosphate and often calcium. Because of a significant shift in pH to the alkaline
region, deposits are precipitated as crystals of phosphorus- and ammonium salt - struvite, often
together with carbonate apatite [17, 18]. Struvite is formed only in infected urine (the most
complete list of gram-positive, gram-negative bacteria and yeasts is given in [17]), it increases
in size very quickly, often forming coral stones (see Fig. 1, d). Sometimes when staying in
the urinary system for a long-time struvite is partially or completely transformed into newber-
rite [15]. There have been many clinical cases in which urease-producing bacteria have led to
the formation of coral stones occupying the entire renal pelvis within one to two months [17].
Treatment of struvite urolithiasis, along with antibiotic therapy and urine acidification, involves
the mandatory removal of all stone fragments from the urinary tract [7, 8, 17]. Struvite stones

1.

are most common in Great Britain and, oddly enough, in Belarus [3

€

Fig. 1. Morphology of the most common urinary stones: a - KOM; b - KOD; ¢ - brushite; d - coral-shaped stone based
on struvite and carbonate apatite (CA); e - uric acid stone (AK) [15].
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As for carbonate apatite, its presence in concrements is not always associated with urinary
infection and may be a consequence of distal renal tubular acidosis (RCA) [8, 18]. Nevertheless,
recent studies have shown [18] that there is a linear relationship between the degree of carbon-
ization of apatite and the number of bacterial imprints per surface unit of concrements. In many
cases, the authors [18] managed to identify the microorganisms contributing to stone for-
mation. In particular, E. coli was found not to break down urea and not to alkalize the urine,
but the presence of bacteria significantly reduces the level of citrate ions in the urine and con-
tributes to the appearance of hydroxyl and carbonate apatite crystals [18]. It is concluded that
bacterial infection, often latent in the past, regardless of the ability of bacteria to produce urease,
contributes to the formation of phosphate stones based on apatite with varying degrees of car-
bonization. This largely explains the fact that apatite stones are much more common in women
than in men, in whom urinary infection is simply less common [18]. Thus, the presence of car-
bonate apatite in the stone in many cases indicates a pre-existing or current urinary infection,
which makes it necessary to investigate the urine culture for pathogenic microflora.

Hydroxyapatite, and especially brushite stones (see Fig. 1, ¢) are formed in more acidic
urine (brushite in general in a narrow range of pH = 6.4-6.8 [8]) and are usually not associated
with urinary infection, although as noted above, E. coli can cause nucleation and aggregation
of hydroxyapatite crystals. The most probable reasons of bruchite stones formation (see Table
1) are PKA and hyperparathyroidism [7]. It became fashionable to explain formation of apatite
and mixed phosphate-oxalate stones for the last years by nanobacteria activity (see [8, 19, 20]).
Brushite stones are found in only 1-2% of patients, but their frequency continues to increase
[8, 15] and, most importantly, these concrements show an extremely high recurrence rate. In
this regard, the presence of even small amounts of brushite in a stone should serve as a trigger
for extended diagnostic and metaphylactic measures aimed at preventing recurrence of KSD
[7]. Either the other phosphate minerals listed in Table 1 practically do not form independent
urinary stones and occur as products of transformation of the chemical compounds described
above, or as small admixtures to apatites or calcium oxalate hydrates.

2.3. Stones of uric acid and its derivatives

Concretions consisting of uric acid, its hydrates or salts are commonly referred to as
urates. Urate stones (see Fig. 1,e) are observed in 10-15% of patients and belong to organic de-
posits, because there are no such deposits outside the body [8, 13, 15]. The main mineral of
urate stones is uric acid; its monohydrate is extremely rare [21]. Dihydrate stones or stones with
dihydrate admixture to anhydrous uric acid are most common in very acidic urine [22]. With
the exception of infected ammonium urate [8, 15] stones from uric acid salts are very rare;
sometimes uric acid salts are present as peripheral impurities in stones from uric acid. Because
uric acid crystals often act as a matrix for the formation of calcium oxalate hydrate stones, pro-
moting the precipitation of COM, uric acid or its salts are often found in the core of calcium
oxalate concretions [23]. In most cases, urate stones are yellowish or yellow-red, round, slightly
roughened stones of dense consistency. Sometimes they form coral-like structures. The com-
mon reasons for the formation of uninfected urate stones are increased excretion of uric acid
(disorders of purine metabolism), high osmolarity of urine and, most importantly, its daily pH
profile sharply shifted to the acidic area (uric acid diathesis) [24].
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2.4. Cystine stones

Cystine stones, which are of protein nature, are very rare. They are found in approxi-
mately 1% of patients and are usually detected in childhood [3, 27]. The etiology of cystine
stones is based on a genetic disorder, a hereditary disorder of the tubular reabsorption of four
major amino acids: cystine, ornithine, lysine and arginine [8, 25]. Ornithine, lysine and arginine
are highly soluble, whereas cystine is poorly soluble, and in the presence of hypercalciuria and
cystinuria over 200 mg per day is the main cause of cystine stones [8]. The disease is inherited
by autosomal recessive type and is more typical for men (70% of patients) [8]. High urine den-
sity, high intake of fatty protein and salty foods increase urinary cystine excretion.

2.5. Xanthine and dihydroxyadenine stones

The main constituents of these extremely rare observed concrements are xanthine and
dihydroxyadenine, products of purine metabolism in the body. The color of the stones varies
from light brown to dark brown. Both stones are due to an autosomal recessive type of purine
defect (genetic defect). In both cases family diagnoses are possible [8].

2.6. Stones formed due to medication

The last type of stone we will consider in this review is stones formed under the influence
of medications taken [8, 26]. They are also quite rare and occur in less than 2% of patients [26].
Two mechanisms lead to the formation of such concrements. In the first case, the stones consist
of either the drug itself, such as indinavir or triamterene, or their metabolites. In the second
case, there are deposits that do not contain the drug or its metabolites, but formed as a result of
a shift in homeostasis under the influence of the drugs taken. For example, long-term intake of
high doses of ascorbic acid (more than 4 g per day) or calcium/vitamin D-containing supple-
ments is thought to lead to stone formation from calcium oxalate hydrates [26]. The most de-
tailed list of medications found in urinary stones is given in [26].

Analysis of the composition and structure of urinary stones

For qualitative and semi-quantitative analysis of the chemical composition of urine stones
classical methods of analytical chemistry have been used for a long time. In particular, one of
the methods described in the literature stipulates mineralization of a part of a product by the
method of "dry" ashing in order to separate an organic component, the subsequent visual anal-
ysis of a stone residue and determination of an algorithm of actions to define the organic or
inorganic substances of a stone [8]. Possible methods of qualitative definition of substances
present in urine stones are described in detail in the work [8], and we are not going to dwell on
them. Although these methods are still used in the domestic clinical practice and give some
information about the composition of concrements, they do not allow to obtain the necessary
information about the quantitative mineralogical analysis of a stone [13, 15]. In particular they
do not allow to distinguish mono- and dihydrate calcium oxalate, uric acid from its salts or
hydrates, infected (struvite, carbonate apatite) from non-infected (brushite, hydroxyapatite)
phosphates, etc. Even the use of modern analyzers and atomic absorption spectrometers capable
of quantitative and highly accurate determination of the content of chemical elements in
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various samples does not solve the problem of quantitative analysis of the chemical and miner-
alogical composition of concrements.

Indeed, the number of chemical elements of which material bodies are constructed is lim-
ited to a number only slightly exceeding a hundred. In the case of urinary stones, the number
does not exceed ten. However, complex substances formed as a result of combining the ele-
ments with each other, as can be seen from Table 1, are counted in tens, and if we consider
compounds of organic matrix, metal ions and other minor components - in hundreds. These
complex substances have very diverse properties and the difference of these properties is due
not only to the differences in the chemical composition of the substances but also to the differ-
ences in the mutual packing of their atoms and fragments in the condensed phase. Thus, to
characterize urinary stones, which are often a mix of different mineralogical phases with differ-
ent types of molecular packing, it is necessary to use methods capable to study not only the
atomic composition but also the supramolecular structure.

Fig. 2. Different types of stones based on COM [11, 27]: a - slow crystallization due to high osmolarity of urine;
b - fast intratubular crystallization due to type I hyperoxaluria; a, b - appearance, ¢, d - SEM data

Scanning electron microscopy (SEM) and X-ray microanalysis (XRM) can be used to
study the morphology, texture and surface composition of urinary stones. The results of these
studies are often very useful for understanding the causes of stone formation, as well as for the
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targeted selection of litholytic solutions to dissolve the stones (see, in particular [11, 27-31]).
Indeed, relatively recently it has been discovered that severe genetic disease of hyperoxaluria I
type is accompanied by formation of stones on the basis of COM of a completely definite mi-
crostructure [11, 27]. Rapid crystallization leads to the formation of weakly ordered crystallites,
which can be clearly seen in the analysis of the stone by SEM (Fig. 2, d). This makes it possible
to use SEM data for rapid detection of this disease without resorting to an extremely invasive
liver biopsy.
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Fig. 3. SEM of calcium oxalate hydrate stone with an admixture of HA (oxalate/phosphate ratio ~ 3):

a - the initial sample; b - after 4-hour etching with % aqueous solution of dinatrium salt of EDTA [28]. Symbols C
and P designate areas with high content of COM and GA, respectively; c, d - study of stone surface composition by
PCA method [30]: ¢ - scanning of calcium-oxalate stone sample surface. The arrow shows the boundary between
untreated and Na,H,Edta-treated areas where Ca concentration drops sharply; d - scanning of a section of urate
stone having a layer of calcium oxalate hydrates inside (shown by arrows)

The joint use of SEM and PCA to study the mechanisms of litholysis of oxalate-phosphate
and phosphate-oxalate stones allowed us to reveal interesting law-determinants in their
structure and its transformation under the action of litholytic reagents [28-30]. As can be seen
from Fig. 3, a, the surface of the oxalate-phosphate nodule is extremely heterogeneous. The data
allow to distinguish on it the areas composed either mainly by hydrates of calcium oxalate (sym-
bol C), or by hydroxyapatite (symbol P). This heterogeneity significantly affects the interaction
of Na,H,Edta-based litholytic solutions with the stone surface [28]. Fig. 3, b shows that the dis-
solution of the concrement proceeds predominantly along the regions composed of HAs. In
this case, visually noticeable cracks and caverns are formed in the stone, reducing the hardness
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of the stone and facilitating its destruction by high-energy waves. The concentration of calcium
ions on the surface according to PCA data in the C area decreases from 9 to 4% at., and in the
P area from 18 to 7% at. [28]. However, the PCA and SEM data do not allow to determine how
much and what mineral was before and after etching. Moreover, the given information usually
concerns only to a surface of a concrement which composition can essentially differ from com-
position of a stone as a whole. In particular, for 25% of urinary stones, the core of the stone has
a different composition from the periphery [15].

Methods of differential thermal analysis, electron diffraction, laser and electron beam mi-
crozoning, polarization microscopy, FTIR spectroscopy and X-ray phase analysis were and are
widely used for investigation of urinary stones [15]. However, only the last three, as well as the
neutron diffraction method, proved to be effective for quantitative mineralogical analysis of the
composition of concrements [11, 15, 31-33]. The method of polarization microscopy is based
on the interaction of polarized light with crystals included in the stone [15], and allows one to
obtain information on the morphology and mineralogical composition of the concrement (see
Fig. 4,a,b).

Advantages of this method are: (a) relative speed of the analysis; (b) low cost of research;
(c) possibility to analyze the content of minor components in the samples [15]. In turn, the
disadvantages of the method are the need for extensive experience in such studies, the difficulty
of quantitative determination of the composition of multicomponent stones, especially in the
case of mixtures of uric acid and its hydrates. The method of IR-Fourier spectroscopy is based
on the analysis of the interaction of infrared light and the molecules that make up the stones
[15]. Light excites various kinds of oscillations in molecules and their fragments, which causes
a decrease in the intensity of radiation that has passed through the sample. The observed ab-
sorption does not occur in the entire spectrum of incident radiation, but only at wavelengths,
whose energy corresponds to the excitation energies of vibrations in the molecules under study.
Therefore, wavelengths at which maximum IR absorption is observed testify to the presence of
certain functional groups and other required fragments in the sample molecules. This is widely
used in various chemistry fields for the structure identification of compounds. The use of the
total reflection method in modern models of FTIR spectrometers has greatly simplified the
analysis of urinary stones [15], but in many cases laboratories use FTIR spectrometers of old
samples.

Advantages of the FTIR spectroscopy method are: a) low cost of analysis; b) rapid deter-
mination of composition using automatic Fourier transform of the spectrum; c) the possibility
of studying small quantities of the sample and, importantly, amorphous phases. Nevertheless,
the method has a number of certain drawbacks, such as: 1) duration of sample preparation when
using conventional spectrometers; 2) difficulty in determining the composition of stones in the
case of analysis of mixed concretes containing close structure components, in particular mix-
tures of different phosphates or derivatives of KSD. The analysis is also difficult in the case of
small amounts of mineralogical phase, which structurally insignificantly differ from the main
component of the stone, for example, small additions of COD to COM-based stones (see, for
example, Fig. 4, ¢).

The method of radiographic analysis (XRF) is the study of the interaction of X-rays with
the crystal lattice of the studied sample [15]. Its lattice, a certain chemical composition and a
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certain distribution of atoms on the lattice unit cell characterize every crystal substance. The
geometry of any lattice defines a set of interplanar distances and, hence, Bragg angles for dif-
fraction of X-rays, electrons, or neutrons at a given wavelength (Fig. 4d, e). Individuality and
distribution of atoms determines the intensity of diffracted rays. Thus, the diffraction pattern
is a kind of "passport” of a chemical compound, which can be used to determine which of the
previously kn
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Fig. 4. Study of stone composition by physical and chemical methods [15, 18, 30, 31]: a, b - polarization micros-
copy of stones based on COM and HA, respectively; ¢ - IR spectrum of stones composed of COD (upper curve)
and COM (lower curve); d - neutron diffraction on stone samples from struvite (upper curve) and CA (lower
curve); e - quantitative XRD analysis of three-component stone from KSD (78 % wt.), its dihydrate (5% wt.), and
COM (17% wt.)
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Advantages of the XRF method are quite obvious and include the following: a) the prep-
aration is easily prepared and is not destroyed in the analysis, which is performed automatically;
b) a small amount of substance is required for the analysis; c) there is no need to grow and
orient single crystals of the compound; d) the use of appropriate computer programs and data-
bases allows for quantitative analysis of di-fractograms even in case of complex mixtures. Quan-
titative X-ray diffraction analysis using Rietveld procedure and appropriate software allows: de-
termining quantities of crystalline phases in a mixture (see Fig. 4, e); determining average crys-
tallite sizes, functions of their size distribution, by analyzing the profile of lines; studying tex-
turing, i.e., the nature of preferential orientation of crystallites. The disadvantages of the RFA
method are the high cost of equipment and the inability to analyze amorphous materials.

All three methods described above have their advantages and disadvantages. The most
commonly used in scientific research methods of FTIR spectroscopy and XRD are almost iden-
tical in accuracy, although for the analysis of mixtures of different crystalline phases the XRD
method is more preferable [15]. Ideally, the laboratory should be able to use all three methods
to analyze the composition of concrements, although this is obviously possible only in large
diagnostic centers.

As for research of an organic matrix of a stone, consisting of lipids, glycosaminoglucans
and proteins, as it was already noted, it usually makes 2-5 % from weight of a dry sample. More
than 60% of the matrix consists of different proteins of urine, of which there were no more than
30 until 2004 [16, 34]. With the advent of new methods of investigation, such as high-perfor-
mance liquid chromatography with tandem mass spectrometry, time-of-flight matrix mass
spectrometry with laser ionization (MALDITOF) and understanding of the diagnostic role of
urine proteins as markers of various diseases, their number has increased to 70 in just a few
years. There is no doubt that matrix plays an important role in the formation of urinary stones.
Depending on the change of protein globule structure the same proteins can act both as pro-
moters and inhibitors of concrements formation and growth [34], and attachment of deposits
to the renal epithelium occurs only after its damage, that is destabilization or destruction of the
double lipid layer. Thus, we come to an understanding of the important role of active oxygen
species in the processes of "pre-organization" of the matrix as one of the "triggers" of stone for-
mation. We are confident that in the future this research will con-tribute significantly to the
understanding of the pathogenesis of urolithiasis.

Conclusion

Over the past thirty years, improvements in remote shockwave and contact laser litho-
tripsy techniques, modern endoscopic techniques and expulsive therapy have largely limited
open surgical interventions in the treatment of KSD. In this regard, for many patients, rapid
and minimally invasive removal of concrements proved to be preferable to long-term metaphy-
laxis of recurrent stone formation associated with changes in lifestyle, dietary restrictions and
taking appropriate drugs [7]. However, unrepaired KSD risk factors aggravated by certain met-
abolic disorders often lead to very adverse consequences associated not only with the formation
of new concrements in the urinary tract, but also, as noted above, with the appearance of a
whole bouquet of comorbid pathological conditions [5]. In addition, almost 20% of patients
with recurrent urolithiasis are thought to develop nephrocalcinosis and chronic renal failure
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over time [1]. Obviously, the cost of treating such severe complications is disproportionately
higher than the tedious but essential diagnostic and metaphylactic measures for the treatment
of urolithiasis [7, 33, 35, 36]. However, carrying out of these measures is largely "tied" on quan-
titative definition of all mineralogical phases of a stone, and in some cases on research of its
microstructure. Only in this case there is an opportunity to establish the true causes of stone
formation, to reduce the recurrence of urolithiasis, to improve the quality and duration of
healthy life of many patients.
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Keywords: A simplified two-stage method was developed for the preparation of 2-
bromination, brom, N-bromosuccin-  aryl-3-bromoindole-5,6-dicarbonitriles from 2-aryl-1-hydroxyindole-
imide, 1-hydroxyindole-5,6-dicarboni-  5,6-dicarbonitriles, based on direct bromination with bromine and sub-
trile, 3-bromoindole-5,6-dicarbonitrile ~ sequent dehydroxylation of the resulting intermediates.

Introduction

Brominated indoles are important organic synthesis products. They exhibit a number of
biological properties, namely: they are inhibitors of monoamine oxidases A and B (MAO A and
B) [1, 2], plant growth stimulators [3], and an integral part of some natural compounds [4]. In
addition, heterocyclic bromine-containing compounds can be initial building blocks for further
functionalization using metal catalysis [5, 6]. It should also be noted that aromatic compounds
with two ortho-cyano groups are the main precursors for the preparation of macrocycles [7, 8]
and branched polymers [9]. In this regard, the development of new methods for the synthesis
of 3-bromoindole-5,6-dicarbonitriles is an urgent task.

There are various methods known of obtaining 3-bromoindoles [10-12]. The most fre-
quently used method in preparative practice is the method of bromination of indoles at position
3 using N-bromosuccinimide [13, 14]. We previously used it to obtain 3-bromohydroxyindoles
3 [2, 15], and additionally used the dehydroxylation method to synthesize the corresponding
3-bromoindoles 4 [16]. It should be noted that hydroxyindoles 1 in the presence of N-bromo-
succinimide are brominated selectively with the formation of mainly 3-bromo-1-hydroxyindole
3. In this case, initially, as a rule, unstable 3,3-dibromoindole-N-oxides 2 are obtained, which
are transformed into more stable 3-bromohydroxyindoles 3, and they can already be converted
to 3-bromoindoles 4 according to this scheme:

N N Br g Br N-dehydro

X NBS X ' NS xylation Ny d

e~ | = O — G

NZ OH NZ o NS NbH NZ N
1(a-d) 2(a-d) 3(a-d) 4(a-d)

a - R=C¢Hs; b - R=4-MeCsHy; ¢ - R=4-MeOCsH,; d - R=2-thienyl
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We have found that direct bromination with liquid bromine in acetic acid or dioxane is
not selective and, as a rule, leads to a mixture of bromination products 2-4. However, the re-
sulting mixtures of bromoindoles 2-4 without additional purification can be transformed into
3-bromoindoles 4 using the dehydroxylation method according to the following scheme. This
makes it possible to simplify the method for obtaining the target 3-bromo indoles 4, as well as
to exclude the stages of purification and isolation of compounds 2, thus reducing the overall
cost of using reagents and solvents.

N Br Br Br
X Br, Ng Br NS NS
N N N
~ N
NZ oH NZ o NZ bH NZ H
1(a-d) 2(a-e) 3(a-e)

N-dehydro 4(a-¢)
| | xylation |

Br
N
I
N_R
N
Z H

4(a-e)

N

a - R=C¢Hs; b - R=4-MeCsHy; ¢ - R=4-MeOCsH,; d - R=2-thienyl

The best results were achieved by heating the reaction mixture to 110 °C with a twofold
excess of bromine in acetic acid for 3-4 hours. According to '"H NMR data, it was found that the
mixture of products consists mainly of compounds 3 and 4, with the content of the target prod-
uct up to 20-30%. In this case, the total yield reached 78%. Attempts to optimize the reaction
conditions in order to obtain selectively 3-bromoindole 4 were unsuccessful and often led to a
significant decrease in the overall yield of products, as well as partial hydrolysis of cyano groups
due to the released hydrogen bromide. Therefore, it was proposed to use an additional stage of
dehydroxylation to convert the mixture into a homogeneous product 4. For this, the mixture,
consisting mainly of products 3 and 4, was heated in isopropyl alcohol in the presence of an
equimolar amount of phenacyl bromide and triethylamine according to a previously developed
method. As a result, the target product 4 was obtained with a yield of 89%, which is slightly
higher than in the reaction with pure 3-bromo-1-hydroxyindole 3, which is probably due to the
presence of the target 3-bromoindole 4 in the mixture.

The physicochemical characteristics of the target compound 4, obtained by the reaction
with bromine, did not differ from the products synthesized using N-bromosuccinimide [2].
It should be noted that when compound 1c¢ was used, the thiophene ring was also brominated.
As aresult, 3-bromo-2-(5-bromothiophen-2-yl)-1H-indole-5,6-dicarbonitrile 4c was formed in
a yield of up to 30%. The dibromination product was isolated by fractional crystallization from
alcohol, since it accumulated in the solvent.

Experimental part

IR spectra were recorded on a Fourier “RX-1 Perkin Elmer” instrument with a wavelength
of 700-4000 cm'. The analyzed substances were in the form of a suspension in liquid paraffin.
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NMR spectra were recorded on a “Bruker DRX-400” or “Bruker DRX-500” instrument for
DMSO-ds solutions at 30 °C. The signals of residual protons of the solvent in 'H NMR (8w 2,50
ppm) or in “C NMR (8¢ 39,5 ppm) were used as a reference for counting chemical shifts; the
signal of tetramethylsilane was used as a marker. Mass spectra were recorded on a ,, FINNIGAN
MAT.INCOS 50” gas chromatography-mass spectrometer at an ionization voltage of 70 eV and
a temperature in the ionization chamber of 100-220 °C. Elemental analysis was performed on
Perkin Elmer 2400. Melting points were determined on a Biichi M-560 melting point and boil-
ing point apparatus.

General method for the synthesis of compounds 2 (a-c) and 3 (a-d) (General method).
To a solution of 1 mmol of compound 1 (a-d) in 10 ml of glacial acetic acid was added 2 mmol
of bromine. The reaction mixture was heated at 80-100 °C for 4-8 h. Then it was cooled and
diluted with a tenfold excess of cold water. The formed crystalline precipitate was filtered off,
recrystallized from ethyl alcohol (to obtain compounds 4 (a-d), and dried in air.

Synthesis of compounds 4 (a-d) (General method). To the mixture of compounds 2 (a-c)
and 3 (a-d) obtained at the previous stage, 3 ml of alcohol, 1 mmol of phenacyl bromide, 2.5
mmol of TEA were added and the mixture was stirred at 40-65 °C for 2-8 h. Then the reaction
mixture cooled and kept at room temperature for 24 h. After completion of the reaction (mon-
itored by TLC), 3 ml of water was added, the formed precipitate was filtered off, thoroughly
washed with water, and recrystallized from EtOH. Air dried.

3-bromo-2-phenyl-1H-indole-5,6-dicarbonitrile(4a)

Gray powder 228 mg (71%), temp. 273-275 °C. IR (vmax, 0il): 3278 (NH), 2238, (CN), 1608
(Ar), MS (EI, 70 eV): m/z (%): 323 [M]* (99), 321 [M]* (100), 215 (22). IR (Vmay 0il): 3267 (NH),
2238, (CN), 1605 (Ar),'H NMR (400 MHz, DMSO-ds) 6 ppm 7.54 (¢, ]=7.5 Hz, 1 H, 7-H), 7.60
(t,J=7.5Hz,2H, 3°,5-H), 7.91 (d, J=7.5Hz,2 H, 2’,6’-H), 8.17 (s, 1 H), 8.22 (s, 1 H, 4-H) 13.13
(br. s., 1 H, NH). Found, %:C, 59.43; H, 2.48; N, 13.01. C;sHsBrNs. Calculated, %: C, 59.65; H,
2.50; N, 13.04.

3-bromo-2-(p-tolyl)-1H-indole-5,6-dicarbonitrile(4b)

Gray powder 261 mg (78%), temp. 286-288 °C. IR (Vmax, 0il): 3283 (NH), 2242, 2222 (CN),
1571 (Ar). MS (EIL, 70 eV): m/z (%): 337 [M]* (98), 335 [M]* (100), 254 (14)."H NMR (400 MHz,
DMSO-ds) § (ppm): 2.40 (s, 3H, Me), 7.41 (d, 2H, J=8.0 Hz, 3’,5’-H), 7.81 (d, 2H, J=8.0 Hz, 2’,6 -
H), 8.13 (s, 1H, 7-H), 8.20 (s, 1H, 4-H), 13.02 (s, 1H, NH)."*C NMR (126 MHz, DMSO-d;) 6
(ppm): 20.9, 88.7, 104.7, 106.0, 117.1, 117.2, 118.6, 125.6, 126.3, 128.1 (2C), 129.4 (2C), 130.0,
135.5, 139.5, 140.7. Found, %: C 60.48; H 2.98; N 12.46. C;;H;,BrN;. Calculated, %: C, 60.73; H,
3.00; N, 12.50.

3-bromo-2-(4-methoxyphenyl)-1H-indole-5,6-dicarbonitrile (4c)

Gray powder 267 mg (76%), temp. 300-302 °C. VIK (Vma 0il): 3274 (NH), 2240, 2222
(CN), 1604 (Ar), 1247, 1182, 1081(OCH;), MS (EL 70 eV): m/z (%): 353 [M]* (100), 351 [M]*
(99), 338 [M-Me]* (24), 336 [M-Me]* (25), 310 (11), 308 (11). 'H NMR (400 MHz, DMSO-d6)
d (ppm): 3.85 (s, 3H, OMe), 7.16 (d, 2H, J=8.8 Hz, 3°,5’-H), 7.87 (d, 2H, J=8.8 Hz, 2’,6’-H), 8.12
(s, 1H, 4-H), 8.18 (s, 1H, 7-H), 12.98 (s, 1H, NH). *C NMR (126 MHz, DMSO-d;s) § (ppm):
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55.4, 88.1, 104.7, 105.8, 114.3 (2C), 117.2, 117.3, 118.3, 121.3, 125.3, 129.6 (2C), 130.0, 135.4,
140.6, 160.3. Found, %: C 57.76; H 2.84; N, 11.89. C,7H,,BrN;O. Calculated, %: C 57.98; H 2.86;
N 11.93.

3-bromo-2-(thiophen-2-yl)-1H-indole-5,6-dicarbonitrile (4d)

Gray powder 140 mg (43%), temp. 307-309 °C. IR (Vmax, 0il): 3270 (NH), 2239, 2225 (CN),
1590 (Ar), MS (EI, 70 eV): m/z (%): 328 [M]* (100), 326 [M]* (99), 248 (11), 165(11),. 82(11).
'"H NMR (400 MHz, DMSO-d6) 6 (ppm): 7.37 (dd, J=4.9, 3.9 Hz, 1 H, 7.59 (d, J=3.9 Hz, 1 H),
8.01, (d, J=4.9 Hz, 1 H), 8.27 (s, 1 H), 8.61 (s, 1 H), 13.0 (s, 1 H, NH). Found, %: C, 51.07; H,
1.82; N, 12.77. C1sH¢BrN;S 328,19. Calculated, %: C 51.24; H 1.84; N 12.80.

3-bromo-2-(5-bromothiophen-2-yl)-1H-indole-5,6-dicarbonitrile (4e)

Gray powder 118 mg (29%), temp>300 °C with decomposition. IR (Vmax, 0il): 3268 (NH),
2240, (CN), 1593 (Ar), MS (EL 70 eV): m/z (%): 409(43), 406 [M]* (76),405 (37) 344 [M]* (19),
343 (100), 344(94), 'H NMR (400 MHz, DMSO-d6) 6 (ppm): 7.51 (d, J=4.0 Hz, 1 H), 7.44 (d,
J=4.0Hz, 1 H), 8.29 (s, 1 H), 8.63 (s, 1 H), 13.1 (s, 1H, NH). IR (Umay, 0il): 3268 (NH), 2237, 2227
(CN), 1596 (Ar). Found, %: C 41.23; H 1.22; N 10.29.C,4H;sBr,N;S. Calculated, %: C 41.31; H
1.24; N 10.32.
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The article summarizes the first effort of research in creating and operating experimental
and industrial installation for garnetting of cellulose-based materials. The experimental de-
vice was created on the basis of a household grain crusher, supplemented with a replaceable
pegboard rotor, provided with an adjustable inlet and equipped with a suction pneumatic
transport of the unfolded product. The device performs garnetting, mechanical grading, and
pneumatic transportation of cellulose materials. The article provides examples of garnetting
process studies of various materials, such as wood and cotton celluloses of various commod-
ity forms and brands, waste paper, cellulose laboratory prototypes. Recommendations are
formulated on the design parameters and garnetting process methods of pulp lap from sulfite
wood cellulose from various manufacturers. Recommended specific capacity is 2.5 kg/(m?-s).
The specific energy intensity of the garnetting process is 75 kJ/kg. The power reserve coeffi-
cient of the electric motor is 1.5. The circumferential speed of the rotor’s outer edge is at least
45 m/s. The moisture content of the initial pulp ranges from 5 to 10% (rel.). The size of the
sieve cells is 5 mm. The specific productivity of mechanical classification of loosened pulp is
1.5 kg/(m?-s). The bulk density of the unfolded product is from 30 to 120 kg/m’. The experi-
mental setup can be used for carrying out various experimental studies of the cellulose gar-
netting processes and development of the necessary experimental samples in the laboratory.
The article provides an example of creating an industrial plant with a capacity of 500 kg/h
for the production of technical sodium-carboxymethyl cellulose of various brands based on
these recommendations, followed by an analysis of the experimental unit operation. The
industrial plant is based on a hammer mill and is equipped with a suction pneumatic
transport. The industrial plant is used for the cellulose folder garnetting for the needs of
industrial cellulose derivatives production.

Introduction

Cellulose and lignocellulosic raw materials saw a rise in usage in recent years. Cellulose, a
plant-based natural polymer, is widely used in many industries. Cellulose derivatives such as
cellulose ethers are of particular interest. One of the most widespread and demanded is the ether
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of cellulose and glycolic acid — carboxymethyl cellulose (CMC). The industry usually uses so-
dium-CMC.

Technical sodium-CMC, along with the main substance - the sodium salt of CMC, also
contains a fairly large (up to 50%) amount of by-products, mainly sodium chloride. The indus-
try is also in demand for impurity-free products, such as polyanionic cellulose (PAC). PAC is
mostly the same sodium-CMC, but with a higher content of the basic substance. The applied
industrial technology for the production of PAC is implemented on the basis of suspension
technology. The basic industrial technology for the production of sodium-CMC is the so-called
solid-phase [1]. The implementation of the suspension technology [2] can significantly increase
the content of the basic substance and eliminate the presence of by-product sodium chloride.
In any production of cellulose or cellulose derivatives, it is required to prepare the cellulosic raw
material or the cellulose itself for technological processing [3].

Cellulose is known to be a natural polymer of D-glucose. The starting element of cellulose
as a polymer is a monomer unit. This link represents the remainder of the original glucose.
Monomer units are combined into a macromolecule through p (1-4)-glycosidic bonds. The cel-
lulose macromolecule has an almost linear structure. The length of the macromolecule (degree
of polymerization) is determined by the origin of cellulose (the type of plant, tree or another
living organism). The polymerization degree of the starting cellulose ranges from several hun-
dred to several thousand.

Furthermore, cellulose also has a complex, hierarchical supramolecular structure [4]. Cel-
lulose macromolecules (in the amount of several dozen) are primarily combined with each
other to form microfibrils. The basis of the combination is based on cellulose features. The
monomer unit of cellulose contains three free hydroxyl groups. Thus, cellulose macromolecules
contain a huge amount of hydroxyl groups. Hydroxyl groups of neighboring macromolecules
form hydrogen bonds with each other. Hydrogen bonds are inherently weak in nature. How-
ever, due to the fact that they are being formed in huge quantities, they create a very strong
bond between neighboring cellulose macromolecules. Cellulose microfibril is a very stable for-
mation. Areas of microfibrils with a large number of hydrogen bonds have the properties of
crystalline materials. This cellulose structure is very highly ordered. There are also amorphous
regions with fewer or no hydrogen bonds.

In addition to cellulose, cellulose raw materials contain a number of other compounds.
Hemicelluloses, also known as binding glycans, and lignins are present. Hemicelluloses and lig-
nins are also natural polymers. Hemicelluloses are polymers of pentoses and hexoses. Lignins
are polymers of phenylpropane derivatives. Pectins and some mineral components are also pre-
sent.

Fibrils are formed in the plant tissue, which are a combination of microfibrils and binding
components, such as binding glycans, lignins and, in some cases, pectins. Cellulose fibrils, along
with other components, form the cell wall of plant tissues in the cellulose raw material. Thus,
the cell wall is a natural composite material.

It is also worth noting that along with ordinary cells, plant tissues also contain special
cells. These are the so-called plant fibers. They are elongated cells with a very long length. These
cells are conventionally called fibers. Fiber cells play the role of conducting vessels. Also, fiber
cells can act as power elements in plant tissue [4].

The essence of the pretreatment of both cellulosic raw materials and cellulose itself to
prepare for technological exposure is to ensure the availability of cellulose macromolecules and
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other components to the effects of chemical reagents. Usually, the preparation of cellulose and
cellulose raw materials consists comes down to grinding [6]. Grinding in this context does not
refer to classical grinding, in which the size of the particles is ground is reduced, but rather, it
refers to partial disordering of the supramolecular structure. In order to achieve this, a certain
number of hydrogen bonds have to be broken. Under mechanical action, grinding will also oc-
cur, resulting in shortening of macromolecules in the composition of microfibrils. However,
the role of this process is comparatively insignificant with a time-limited mechanical action.

Mechanical action also underlies the so-called mechanical activation of cellulose. Me-
chanical activation is characterized by intense and often prolonged mechanical action on the
processed cellulosic or lignocellulosic raw materials [7-9]. To some extent, the garnetting of
cellulosic materials can be considered the first stage of mechanical activation, the so-called pre-
treatment of cellulosic material. There are multiple stages of garnetting, firstly, a mechanical
effect on the processed material with the supply of energy takes place. Secondly, the surface
available for subsequent contact with reagents increases after the exposure. And, thirdly, with
the garnetting of the commercial form of cellulose, the number of defects increases faster (ag-
gregates of cellulosic material are disaggregated) than the disappearance of defects (aggregation
of individual fibers of cellulose material, leading to the formation of lumps). Thus, the main
signs of mechanical activation take place during garnetting.

Mechanical impact is coarse in nature, since the working bodies of grinding machines are
incomparably large in comparison with the processed cellulose microfibrils. It is worth noting
that a better result could be achieved if other mechanisms could be used, the scale of their effect
being comparable to the size of cellulose microfibrils. For example, these could be turbulence
microvortices arising under hydrodynamic action. Hydrodynamic grinding machines, such as
colloidal mills and rotor-pulsating devices, are examples of this. There are successful results of
using such machines for fine impact on cellulosic materials [10].

However, the hydrodynamic action involves “wet” processing of cellulose or cellulose raw
materials [11]. The preparation of a relatively low-concentration water-fiber suspension is re-
quired. Based on the rheological characteristics of such a suspension, the concentration of the
solid phase ranges from a few to twelve percent. That is, it will be necessary to process a huge
amount of transport fluid, which reduces the efficiency of the process. In addition, not all pro-
cessing technologies require the use of liquids in the preparation of cellulose or cellulosic raw
materials. Therefore, the "dry" method of processing cellulose or cellulosic raw materials is often
used [12, 13].

Experimental procedure

For laboratory processing of both cellulosic raw materials and finished cellulose, a special
machine for garnetting was used. The schematic illustration of the machine is shown in fig. 1.
This machine is based on a modified household rotary grain crusher. The machine has two
loading windows, a garnetting chamber, a drive and a sieve. A rotating rotor is used as a working
body. This rotor is a steel plate. Pegs are installed on the plate in a staggered manner on both
sides of the plate. The tuners are shaped like cones. To maintain the balance of the rotor, the
mass of the working cone of the splitter is balanced by a counterweight. The rotor is removable.
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Fig. 1. Schematic illustration of a garnetting machine for cellulosic materials: 1 - loading window; 2 — electric
motor; 3 — peg rotor; 4 — clamp; 5 - sieve; 6 — collecting vessel; 7 — suction chamber; 8 - filter; A - cellulosic flakes;
B - air from the atmosphere; C - exhaust air; D - garnetted material

The sieve forms the end and side walls of the garnetting chamber. The sieve is also remov-
able. The openings in the sieve are round and staggered. The size of the holes in the replaceable
sieves is from five to ten millimeters. On one sieve, all holes are the same size. At some distance
from the side surface of the sieve, an annular baffle deck is installed. This deck is used to exclude
the waste of garnetting products.

One of the loading windows is a narrow slot and serves for feeding sheet materials, for
example, a cellulose folder. Another feed port has a round shape and serves to supply other
types of material, such as lumps or flakes of cellulose, stems of plant materials, etc.

The drive of the fiberizing machine is adjustable. The collector electric motor is powered
by the direct current. The electric motor power circuit is shown in Fig. 2. A laboratory auto-
transformer (LATR) is used to change the supply voltage. The electric current after the LATR
is rectified. An ammeter and a voltmeter are also installed in the power supply circuit of the
electric motor to determine the current strength and the magnitude of the supply voltage.

Fig. 2. Schematic illustration of an experimental setup for garnetting of cellulosic materials: 1 - garnetting ma-
chine; 2 - voltmeter; 3 - ammeter; 4 — rectifier; 5 - blowing machine; 6 — laboratory autotransformer; A - cellulosic
flakes; B - air from the atmosphere; C - exhaust air; D — garnetted material
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The experimental setup also includes a device for unloading the garnetted material. As
noted above, hydrogen bonds between macromolecules are easily and quickly formed in cellu-
lose. Therefore, cellulose easily compresses, crumples, aggregates and forms a cohesive me-
dium. To prevent this, the loosened product must be quickly removed, so pneumatic transport
was used. In order to avoid excessive dusting during loosening, a suction pneumatic transport
is used. For this, a suction chamber is arranged after the sieve, which is then connected to the
blower. A household vacuum cleaner was used as a blower. As a result of this solution, the
blower has additional built-in filters for cleaning the exhaust air.

To prevent the fluffed cellulose from being carried away by the air flow into the blower, a
collector is located between the sieve and the suction chamber. This collector is a cloth bag with
frequent weave texture. The neck of the bag is equipped with an elastic cuff. The neck of the bag
with the cuft is put on the baffle deck and is additionally secured with a removable clamp. To
further prevent the loss of loose material, the outlet from the suction chamber is covered with
a filter. The filter is used to capture fine particles of loose material.

The air path of the pneumatic transport includes one of the open loading windows, a
garnetting chamber, a sieve, a collector, a suction chamber, a filter, an air duct of a blower and
a blowing machine. There are three stages of air purification. The first stage is done through the
permeable walls of the collector, the second is the filter at the bottom of the suction chamber,
the third is the built-in filter of the blower.

The setup works as follows. The material is fed through one of the windows in a working
garnetting machine to be garnetted. The unused loading window is pre-muffled to prevent the
ejection of loosening products through it. The material in the garnetting chamber is subjected
to intense action by the rotor with splits and is loosened. The air flow is sucked in by the blower,
forming a vacuum in the chamber. The transit air flow captures garnetted products and carries
them through the sieve into the collector. Then the air enters the suction chamber through the
wall of the collector. The loosened particles settle on the collector wall. An additional layer is
formed, which retains the remaining loose particles. This is similar to filtration with a layer of
alluvial sediment. The resulting layer of fibrous cellulose material acts as an additional filtering
partition. Exhaust air is discharged into the atmosphere. Small loose particles can accidentally
slip through gaps in the wall of the collector or through leaks in the places where the collector
is attached to the baffle deck. Such particles are retained by the filter at the bottom of the suction
chamber.

The garnetting setup works at intervals. As the container fills up, the drive of the fiberizing
machine stops, followed by the blower itself. The collector is removed from the baffle deck and
emptied. To speed up the work, two collectors are used, and the filled collector is replaced with
an empty one. The filter is also cleaned. If necessary, for example, when switching to another
type of processed material or another prototype, the chamber is cleaned for fiber separation.
For this, the sieve is dismantled and cleaned. Then the sieve is reassembled in its original place,
an empty collector is installed, the suction chamber is connected, and the process is resumed.
Cleaning of the built-in filters of the blower is required periodically.
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Observation and evaluation

The described setup for garnetting cellulose materials has been used in many independent
studies, both published [14-16] and unpublished. In the latter case, various assignments of in-
dustrial partners were carried out.

This setup was used for carrying out pre-treatment before the main technological pro-
cessing of various fibrous cellulosic materials, such as wood pulp (bleached sulphite pulp and
unbleached pulp of various grades) and cotton cellulose. Waste paper was also processed in
order to obtain fluff pulp, then used to obtain cellulose ecowool. Various commercial forms of
cellulose materials were processed, as well as cellulose semi-processed materials [17]. In partic-
ular, pulp flakes compressed into heaps were processed. This is a traditional form of packaging
for cellulosic materials. A modern form of cellulosic raw materials — a cellulose folder [18, 19]
— was processed as well. The cellulose folder is produced at pulp and paper mills using the tech-
nology of cardboard production and can have different surface density [20]. The basis weight
(the mass per unit area of the cellulose folder) for the processed materials ranged from 600 to
1200 g/m?. From cellulose semi-processed products, cellulose sections of various shapes and
sizes were processed. The prototypes of cellulose obtained in laboratory conditions during var-
ious experimental studies were processed during the experiment as well.

Some additional preparation of cellulosic materials is required before the garnetting pro-
cess can be started. The sheets of the cellulose folder are cut into narrow strips with a width of
25 to 40 mm. Cellulosic materials in heaps are manually torn into flakes with a diameter of no
more than 30 mm. Such measures are a consequence of the small size of the experimental setup.

Cellulose raw materials from various manufacturers were processed. We used wood pulp
produced by the Syassky Pulp & Paper Mill (PPM), the Bratsk and Ust-Ilimsk PPM of the Ilim
Group, the Arkhangelsk PPM and a number of others. We processed cotton lint produced by
various manufacturers of the Republic of Uzbekistan, the Republic of Tajikistan, the Republic
of Kazakhstan, as well as cotton cellulose from various manufacturers.

The resulting batches of garnetted cellulose were used for processing and obtaining vari-
ous types of cellulose products. For example, various grades of sodium-CMC, refined cellulose
for chemical processing and ecowool were obtained. An experimental setup was used to prepare
a model environment for other experimental studies [15].

In addition to the production of the necessary batches of cellulose materials, the garnet-
ting unit was used for independent experimental studies. For example, a study was carried out
to determine the specific power consumption during the garnetting of various cellulose mate-
rials [14]. Another study determined the specific productivity of this unit for the garnetting of
various cellulosic materials. The necessary working conditions were defined; in particular, the
minimum working circumferential rotation speed of the rotor, and the results of processing
cellulose materials of different moisture content. The practical significance of the results of such
studies can hardly be overestimated. These studies provided important information about the
necessary operating conditions for the garnetting unit.
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Multiple designs of rotors were used, including flat knife rotors, and peg rotors, with pegs
of various shapes, sizes and relative positions in relation to each other.

A number of studies have dealt with the assessment of quality parameters for the pretreat-
ment of cellulosic materials. We used such physicomechanical and physicochemical parameters
as bulk density, compaction density, specific surface area, dispersed composition, wettability
index, and a number of others. However, these studies have not yet yielded definitive results
[16]. Thus far, the most reliable indicator of the preprocessing quality of the cellulosic materials
is to obtain a sample of the final product. For obvious reasons, this technique does not have the
capabilities of express analysis, although it gives reliable information. Therefore, the question
of choosing a parameter for the express analysis of the preprocessing quality of the cellulosic
materials still remains open.

Recommended design parameters and equipment operating conditions were established,
allowing to obtain a homogeneous and high-quality pre-processed product. These are displayed
in Table 1.

Table 1. Recommended design parameters of equipment and process parameters of garnetting a cellulose folder
made of wood pulp

Parameter Unit of measure Value
Specific output kg/(s-m?) 2,5
Specific garnetting energy kJ/kg 75
Power factor of the electric motor - 1,5
Minimal peripheral speed of working bodies m/s 45
Moisture content of cellulosic material % (rel.) 5to 10
Specific output of mechanical fluff cellulose breakdown kg/(s-m?) 1,5
Bulk density of fluff cellulose kg/m’ 30 to 120

One of the most significant research results is the creation of an industrial garnetting unit
for one of the production partners. This unit was created using the results of various studies
carried out on a laboratory model. An industrial installation for garnetting cellulosic materials
consists of a hammer mill and an aspiration pneumatic transport serving its operation, as shown
in Fig. 3.

According to safety requirements, the garnetting unit is isolated from the main produc-
tion. During the operation process of the unit, dust is emitted, which is a combustible medium.
The garnetting section is located in a room of category "B" (explosion and fire hazard).

The industrial unit was used for the preprocessing of cellulose in the production of vari-
ous grades of sodium-CMC using solid-phase technology at JSC "Polyex" [3]. Various grades of
cellulose, wood and cotton, provided by various manufacturers, were processed. All types of
cellulose raw materials have been successfully processed and used for the production of both
developmental and commercial batches of products, such as technical sodium-CMC and poly-
anionic cellulose.
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Fig. 3. Schematic illustration of an industrial garnetting unit: 1 — hammer mill; 2 — material line; 3 — cyclone
unloader; 4 — filter; 5 — fan; A — cellulosic folder sheets; B — air from the atmosphere; C — exhaust air; D — garnetted
material

Conclusion

The article summarizes the first effort of research in creating and operating experimental
and industrial installations for garnetting of cellulose-based materials. The experimental device
was created on the basis of a household grain crusher, supplemented with a replaceable peg-
board rotor, provided with an adjustable inlet and equipped with a suction pneumatic transport
of the unfolded product. The device performs garnetting, mechanical grading, and pneumatic
transportation of cellulose materials. The article provides examples of garnetting process stud-
ies of various materials, such as wood and cotton celluloses of various commodity forms and
brands, waste paper, cellulose laboratory prototypes. Recommendations are formulated on the
design parameters and garnetting process methods of pulp lap from sulfite wood cellulose from
various manufacturers. Recommended specific capacity is 2.5 kg/(m?*-s). The specific energy in-
tensity of the garnetting process is 75 kJ/kg. The power reserve coefficient of the electric motor
is 1.5. The circumferential speed of the rotor’s outer edge is at least 45 m/s. The moisture con-
tent of the initial pulp ranges from 5 to 10% (rel.). The size of the sieve cells is 5 mm. The specific
productivity of mechanical classification of loosened pulp is 1.5 kg/(m?*s). The bulk density of
the unfolded product is from 30 to 120 kg/m®. The experimental setup can be used for carrying
out various experimental studies of the cellulose garnetting processes and development of the
necessary experimental samples in the laboratory. The article provides an example of creating
an industrial plant with a capacity of 500 kg/h for the production of technical sodium-carbox-
ymethyl cellulose of various brands based on these recommendations, followed by an analysis
of the experimental installation operation. The industrial plant is based on a hammer mill and
is equipped with a suction pneumatic transport. The industrial plant is used for the cellulose
folder garnetting for the needs of industrial cellulose derivatives production.

An experimental laboratory unit for the purpose of garnetting cellulose materials was de-
veloped and created, based on a rotor grain crusher. The design uses household equipment as
a base, and is low-budget in nature. This unit can be used for carrying out various experimental
studies of the cellulose garnetting processes and development of the necessary garnetted cellu-
lose material.
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Recommended design parameters of equipment and process parameters of garnetting a
cellulose material were established. Optimal specific output equals 2,5 kg/(s-m?). Optimal spe-
cific garnetting energy during processing most dense material (cellulose folder) is up to 75
kJ/kg. Minimal peripheral speed of working bodies should not exceed 45 m/s. Specific output
of mechanical fluff cellulose breakdown is 1,5 kg/(s-m?). Bulk density of fluff cellulose, depend-
ing on the garnetting mode, ranges from 30 to 120 kg/m’.

On the basis of the recommendations formulated, a technical specification was developed
for an industrial garnetting installation with a capacity of 500 kg/h for the finished semi-pro-
cessed product (garnetted cellulose). The equipment and the installed power of the mill drive
motor were determined. An industrial garnetting unit has been created, tested and used for
preliminary preparation of cellulose raw materials in the production of technical sodium-CMC.
The industrial installation provides a stable quality of garnetted cellulose with a specified
productivity.
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Based on the analysis of thermochemical data on the study of solvation of H,O and D,O
molecules and the state of them in aprotic dipolar organic media, being available in the
literature including the results of own calorimetric measurements by the authors, three
groups of solvents were identified in the given review. They differ in the nature of spe-
cific interaction with water H/D isotopologues. The first group consists of moderately
electron-donating tetrahydrofuran (THF), para-dioxane (DO), and acetone (Ac), sol-
vents whose hydrogen-bonds with the solute water are not much inferior in energy to
those being formed between H,O or D,O molecules. The effects of heterocomponent
H(D)-bond formation in the solvents of second group consisting of the predominantly

Keywords: electron-accepting propylene carbonate (PC), acetonitrile (AN), and nitromethane
water H/D isotopo- (NM) are largely caused by the availability of their donor-acceptor centers to interact
logues, aprotic dipo- with water isotopologue molecules. In this sense, PC corresponds in overall to the sol-
lar organic solvents, vents from first group, while steric inconsistencies for the interaction of AN and, espe-

standard molar en- cially, NM with H,O or D,O molecules decrease appreciably the hydrogen-bonding
thalpies of dissolution contribution to forming the water-containing “solvation complex”. The process of
solvation of H,O or D,O molecules in solvents of the third group, namely, in N,N-di-
methylformamide (DMF), N,N-dimethylacetamide (DMA), hexamethylphosphotri-
amide (HMPT), and dimethylsulphoxide (DMSO), where electron-donating abilities
are higher than that of water, on the contrary, is accompanied by the formation of en-

and solvation, isotope
effects, hydrogen-
bonding, donor-ac-

ceptor properties
ergetically more stable heterocomponent H- or D-bonds, compared to those existing

in the “unary” aqueous medium. It was found that D,O-H,O isotope effects (IE) in the
standard molar enthalpy of water solvation are in rather good correlation with the en-
ergy of hydrogen bonding between H,O and an aprotic dipolar solvent. The specified
enthalpy-isotope effects of solvation are also correlated in overall with the half-sum of
donor and acceptor numbers (according to Gutmann) relating to the aprotic dipolar
organic media being compared. The possibility of plotting the correct dependence of
IE in the standard molar enthalpy of water solvation in amides on the solvent struc-
turedness parameter (according to Ohtaki) was illustrated, too.
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Introduction

It is known that the uniqueness of liquid water as a "pure” (unary) solvent is determined
by the ability of its molecules to form a three-dimensional (3D) continuous or continuum net-
work of hydrogen bonds of different configurations. From the point of view of the manifesta-
tion of water space-coordinated structure features both in specific (through H-bonds for-
mation) intermolecular interactions and in hydrophobic effects, a rather impressive database
on the properties of diluted water solutions of organic non-electrolytes has been created up to
the present moment. However, the information available in the literature on the study of water
as a dissolved substance in organic media (including ionic liquids, which are of particular in-
terest at present) of different nature is still extremely limited [1-35]. At the same time, consid-
ering non-aqueous (organic) solvent as one of the effective means of controlling a fine chemical
process, one should keep in mind that the fact of the presence (and sometimes absence) of water
micro-impurities in the reaction medium entails rather serious consequences, which end,
among others, with the replacement of the solvent itself [7, 11]. Since water dissolved in mi-
croquantities in an organic solvent medium loses its characteristic (openwork) structure
and with it many unique properties, its molecules (dimers, clusters) have a significant perturb-
ing effect on the "solvate environment". This leads to a qualitatively new solvent with physico-
chemical and thermodynamic properties different from those of the anhydrous unary compo-
nent [4, 6-8, 11].

On the other hand, the structural behavior of water in the case of extremely low water
content in an organic solvent, where the three-dimensional hydrogen bonding network char-
acteristic of the aqueous medium is absent, remains poorly understood. Therefore, the study of
the state and solvation of water molecules in liquid media of organic origin, as well as the nature
of their effect on the structure and thermodynamic characteristics of the surrounding solvent is
an important task of both solution physicochemistry and modern technologies based on the use
of non-aqueous systems. These include, first of all, technological processes of fine organic syn-
thesis and separation/extraction of liquid systems, as well as processes aimed at obtaining high-
purity compounds [4, 6, 8].

It is known that the "depolymerization" of water is directly related to the chemical nature
of the solvent (or solvating) organic medium, i.e., its molecular structure and donor-acceptor
capacity. From this point of view the aprotonic dipolar solvents, denoted further in the formulas
by the subscript "1", are of significant interest. Formally, this class of solvents includes liquids
that have a relative dielectric permittivity €, and the dipole moment of the molecule y; of at least
15 units and 2.5 Debye (D), or ~8.3-10* Kl-m, respectively [36-38]. Molecules of such liquid-
phase compounds are not able to be hydrogen bond donors because their C-H bonds are not
strongly polarized enough. However, due to the presence of undivided electron pairs at atoms
of oxygen, nitrogen, phosphorus, sulfur, etc. in molecules of this kind, they can enter into suf-
ficiently strong specific interactions (through the formation of strong H-bonds) with molecules
of dissolved water, which have a pronounced electron acceptor capacity [38-40]. The structural
and thermodynamic properties of aprotonic dipolar solvents are directly related to their prop-
erties in solutions extremely or highly diluted with respect to water [11]. Since the organic
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media in question are used in numerous processes and experimental devices, which involve the
presence of water (often in the form of atmospheric moisture), the availability of reliable ther-
modynamic and physicochemical data for such water-containing solvents is an absolute pre-
requisite for the successful implementation of the practical and theoretical tasks set. Moreover,
as was already emphasized above, the intensity and direction of structural changes and inter-
molecular interactions in each aprotonic dipolar medium under the influence of water micro-
additions depend largely on the donor-acceptor properties of the solvate environment.

The results of studies conducted in this field of solution physicochemistry show that,
along with IR spectroscopic analysis [4-6, 8-10, 17], data on standard molar thermodynamic
characteristics of water dissolution provide indispensable information on both the interactions
of dissolved aqueous component with solvent and on the structural features of the resulting
binary system. These characteristics are known to carry information only about the structural-
average or supramolecular properties of the liquid-phase system [6, 7, 11]. Therefore, the nec-
essary information on the structural and energetic aspects of intermolecular "heterocompo-
nent" interactions at the microlevel can be obtained only indirectly, using various approaches
and approximations [11, 15-18]. However, a number of problems are avoided when investigat-
ing the thermodynamic properties of H/D-isotope analogues of water (H,O and D,O: hereafter
in the formulas - "2") in the same aprotonic dipolar organic solvent. The D,O-H,O-isotope ef-
fects (IE: 0) of dissolved matter, due to its quantum nature of origin [1, 41-44], provide some-
times indispensable information about the nature of intermolecular specific interactions and
structural transformations in the newly formed "solvate complex" water - organic solvent.

The most informative in this sense were the data on IE in the volumetric and enthalpy
characteristics of water solvation in the organic media under consideration. At the same time,
while a considerable amount of space has been devoted to a comprehensive discussion of the
volume-isotope effects of water dissolution and solvation in aprotonic dipolar solvents both in
separate reviews [11, 45] and in periodic publications [12-15, 22, 24-28, 46-50], the information
available in the literature on such enthalpy isotope effects is rather fragmented and has not been
systematized earlier. As a consequence, some questions concerning the thermodynamic state of
dissolved water still remain unanswered. One of them, perhaps the most important one, is re-
lated to the establishment of peculiarities of interaction of water molecules with the solvating
medium depending on the structural (electronic) configuration of the latter. Generalizing our
previous studies and the works of other authors, in this brief review we have tried to fill this
"gap” based on the analysis of data on IE in the enthalpy of solvation of water and their relation-
ship with the properties of the discussed class of solvents.

Comparative characterization of H/D-isotopes of water and aprotonic dipolar
solvents of organic nature

The analysis of structural-energetic transformations occurring in the liquid medium of
aprotonic dipolar organic solvent under the influence of H,O molecules dissolved in it on D,O
is impossible without involving data on the physical and chemical properties of the components
of the formed standard binary solution. According to IUPAC recommendations [51, 52], its
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state in a hypothetical ideal solution of unit concentration (c;° = 1), in which molecules are in
the same energy state as in an infinitely diluted by component 2 solution, is taken as the stand-
ard state of the dissolved substance (2) in solution. The standard solvent state (1) in solution is
the pure solvent state at pressure ~ 0.1 MPa and "current" temperature. In other words, the
standard state postulates the hypothetical existence of molecules of the dissolved substance (in
our case - water) exclusively in monomeric form surrounded by an infinitely large
number of solvent molecules. Obviously, in such a solution the concentration-dependent
2-2-interactions should be completely absent. This assumption greatly facilitates the interpre-
tation of thermodynamic effects induced by 1-2-interactions in a water-containing organic me-
dium [11, 16, 45].

The very important question of the nomenclature of isotopic forms of deuterosubstituted
compounds also cannot be ignored. Based on the IUPAC terminology [53], isomeric com-
pounds that have the same number of isotopic atoms of each species in the gross formula of the
molecule are called isotopomers. These include, for example, the methanols CH;OD and
CH,DOH or CDsOH and CHD,OD. In turn, molecules that differ from each other only by their
isotopic composition are commonly referred to as isotopologues. The latter include water
isotopologues — H,O and D,O, which gives us a reason to use these names further in the dis-
cussion of enthalpic solvation effects in aprotonic dipolar organic media with isotope-different
forms of the dissolved water component.

Since this review deals with the thermodynamic characteristics of H/D-isotopes of water
as a dissolved substance, it is not necessary to focus on the analysis of structural and other dif-
ferences of the compared aqueous media. Information on the properties of H,O and D,O mol-
ecules can be found, for example, in [11, 42, 54]. The H/D isotopes of water have been shown
to consist of sp>-hybridizing atomic orbitals of molecules with large but insignificantly different
2 dipole moments (Table 1). One of the main reasons for the change in y» is the quantum effect,
which is determined by the difference in amplitudes of the anharmonic zero oscillations of mol-
ecules H,O and D,O. The latter circumstance also causes a change in the inter-nuclear distances
in the water molecule and, as a consequence, its van der Waals volume vyqw.. Thus, O-H > O-
D substitution induces a ~3% bond reduction [44], while the values of vyqw, 2 are 0.07 nm? [11,
55]. In turn, this leads to a change in the donor-acceptor properties of the water molecule, i.e.,
its ability to form hydrogen bonds with neighboring molecules. According to the findings [11,
56], the consequence of electron density redistribution in molecular quantum-chemical com-
plexes of water when H,O is replaced by D,O is the enhancement of electron acceptor and at-
tenuation of electron donor ability (AN, and DN, values in Table 1, respectively) in deuterated
isotope. This factor, along with a decrease in the frequencies of librations (torsional vibrations)
and valence strain vibrations of the intramolecular O-H bond during the proton replacement
by a deuteron, predetermines an increase in the dissociation energy of hydrogen bonds in heavy
water [11, 41-43]. According to the results of [42, 57], the IE in hydrogen bonding energy of
water-water 6Ey.22(H.0->D,0) is -(1.2 £ 0.2) kJ-mol™ in the "background" of well correlated H-
bond energy value in a medium of ordinary (protonated) water: E> = -(15.5 + 16.0) kJ-mol!
(8, 11, 15, 58].
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Fig. 1. Structural formulas of aprotonic dipolar solvent molecules

The review of literature sources on the problem under discussion revealed the infor-
mation on the standard enthalpic dissolution characteristics of H,O and D,O (A,H>°) in ten
aprotonic dipolar solvents of organic nature (Fig. 1): acetone (Ats) [59, 60]; acetonitrile (NA)
(46, 61]; N,N-dimethylacetamide (DMAA) [62]; N,N-dimethylformamide (DMF) [62]; dime-
thyl sulfoxide (DMSO) [62]; para-(1,4-)-dioxane (DO) [60,63]; hexamethylphosphotriamide,
or hexametapol (HMFTA) [62, 64]; nitromethane (NM) [61,64]; propylene carbonate (PC) [61]
and tetrahydrofuran (THF) [60, 65]. At the same time, the values of A H>° given in the above
papers mostly refer exclusively to T = 298.15 K as the most frequently used ("reference") tem-
perature in thermochemical studies of liquid-phase systems. Comparative characteristics of the
listed solvents are given in Table 1.

Table 1. Physico-chemical properties of aprotonic dipolar solvents and H/D-isotopes of water that determine
their ability to intermolecular interaction at T'=298.15 K and p = 0.1 MPa

Medium DN AN Sp £ Y
THF 20.0 8.0 7.16 7.58 1.75
DO 14.8 10.8 10.0 2.21 0.45

Ac 17.0 12.5 5.48 20.6 2.69
NM 2.7 20.5 24.0 38.0 3.56
AN 14.1 18.9 12.5 36.0 3.44
PC 15.1 18.3 124 65.0 4.98
DMSO 28.9 19.3 13.7 46.7 3.96
DMFA 26.6 16.0 12.5 36.7 3.86

DMAA 27.8 13.6 16.6 37.8 3.72

HMFTA 38.8 10.6 0.39 29.6 5.54
H,O 18.0 54.8 19.3 78.4 1.84
D,0 <M > (1) 20.7 78.2 1.86

According to the generally accepted classification based on Lewis's theory of acids and
bases and Bronsted-Lowry's protolytic theory, the organic solvents in Table 1 are
conventionally divided into three categories [36, 40]. These are: aprotonic protophobic (Ac, NA,
NM and PC), aprotonic protophilic ( HMFTA, DMAA, DMFA and DMSO) and electron donors
with low dielectric constant (DO and THF). It should be noted that the last two solvents under
the formally established conditions (see above) should not be referred to the class of aprotonic
dipolar liquids because of too low values of dielectric permittivity of the medium (e;) and dipole
moment of the molecule (¢1). However, based on the objectives of this review study, other, more
informative physico-chemical properties that predetermine the ability of each of the solvents
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listed in Table 1 to interact with dissolved water isotope molecules should be relied upon. Ac-
cording to the conclusions [36-40], among semiempirical parameters reflecting at the molecular
level the balance of acid-base properties of the solvent in chemical processes, the main ones are
electronic donor and acceptor numbers. In Table 1, they are represented by AN and DN values
on the Gutmann scale [38-40]. According to the definition [39], AN is a dimensionless quantity,
and DN values measured in kcal-mol ™" are not commonly expressed in the SI unit system, and,
as a rule, they are postulated to be conditionally dimensionless. This is also the dimensionless
Otaki parameter [40, 66] (S, values divided by kJ-mol?, in Table. 1), which is identical to the
energy of intermolecular interaction in a hypothetical "three-dimensional molecular ordering"
in aliquid: S, = AeyH - DA - VDW, where A.,H is enthalpy of liquid evaporation and DA and
VDW are energies of donor-acceptor and other (van der Waals) interactions respectively. The
value of DA is calculated as 4.184:10%-fpa-DN-AN, where fps = 1 (for water: fp4 = 0.5, for AN: fpa
=0.8), and VDW = 0.222V (where V is the molar volume of solvent). Note also that y in Table
1 is expressed in Debyes (1 D = 3.33564:10°° Cl-m).

The analysis of the data in Table 1 in terms of the variation of solvent "interaction param-
eters” allows us to distinguish three general groups of aprotonic dipolar media in which char-
acteristic trends of DN and AN, are observed. The first of these contains Ac, DO, and THF,
which are moderately electron-donating solvents whose AN, values are lower than those of the
water isotopologues and other solvents in Table 1 (excluding HMFTA). The second group con-
sists of AN, NM and PC, which are predominantly electron-accepting solvents, while DMAA,
DMFA, DMSO, and HMFTA form the third group - predominantly electron-donating solvents
(their DN values are higher than those of water and other liquid isotopes in Table 1). Although
such a division is rather tentative, it allows us to reveal some regularities in the variation of both
ApH>°(H,0) and A,H,°(D,0) and the corresponding IEs depending on the donor-acceptor na-
ture of the solvating medium.

Enthalpy characteristics of dissolution and solvation of H,O and D,O

As mentioned above, H,O/D,O-isotope substitution, which is inherently a quantum ef-
fect, is a very "subtle" tool for analyzing changes in structure and intermolecular interactions,
including "H-bonding" effects induced by the presence of dissolved water molecules. Therefore,
when replacing H,O with D,O in organic media, it seems important to perform calorimetric
measurements [67] under the same conditions and with the same set of solvents.

Table 2 compiles available data in the literature on A,H,° for H,O and DO as dissolved
substances in aprotonic dipolar solvents. Basically, the given standard molar enthalpy charac-
teristics were determined by averaging the results of calorimetric measurements of the integral
thermal effects of dissolution of water isotopes in the studied media at T = 298.15 K. For com-
parison, Table 2 also contains selected common values of A,H>° for ordinary water. In addition,
the data in italic on A H.° (see Table 2) were obtained by extrapolating (to infinite dilution) the
dependences of the reduced molar enthalpy of mixing H*/x, on the molar fractional content of
the water isotope x; in the solutions diluted relative to it [46, 59, 65]. Since the statistical sample
of available experimental data by H*(x;) was clearly insufficient for an adequate mathematical
description of the organic solvent-rich mixture composition region (x, < 0.05 m.p.a.), the
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validity of the data obtained in this manner (i.e., through excess enthalpies) of A,H,° values in
general leaves much to be desired (see Table 2). For a number of systems, however, the scatter
of Ap,H,° values obtained and "direct calorimetric" dissolution effects of water isotopologues is
very noticeable. First of all, this applies to the discussed data for water-containing media DO,
NM, PC and DMAA. At the same time, it is not the difference in absolute values of A,H,° that
is decisive here, but the way in which the corresponding IEs are related: A, H>°(H.O->D,0).

Taking this into account, only the results of calorimetric measurements obtained earlier
by the staff of ICR RAS (Ivanovo), namely by one of the authors of this review together with
Smirnov [60-62], as well as data of Batov for the systems {DMAA + H,O (D,O)} and {HMPT +
H,O (D,0O)} [64] (results marked in bold in Table 2) will be discussed further. The reason for
this choice, as we have already noted above, is the "strict" observance of the same experimental
conditions in conducting research and system analysis in the mentioned works.

According to Table 2, the dissolution
process of H,O and DO in the solvents of the
first and second groups we identified is ac-

companied by heat absorption. The endother- | Medium A,H,*(H;0) A,H,°(D;0)
micity of the effect in question becomes gen- THE 428 +0.04 60] 4.84£0.02
- 4.59 +0.09 [65] 5.03 +0.09
erally more pronounced at the transition from 436 £ 0.03 [68] _
(THF, Ac, and DO) to (AN, PC and NM). DO 6.09 + 0.04 [60] 647 £ 0.02
In the third group of aprotonic dipolar sol- 6.29 +0.02 [63] 6.62 +0.02
vents (see Table 2), on the contrary, water iso- 6.08 +0.17 [68] -
topes dissolve with an exothermic effect, Ac 4.33 £ 0.05 [60] 4.76 £0.04
which becomes more and more noticeable at 3.68+0.1159) 31 £0.10
4.39 + 0.05 [69] -
the transition from DMFA to DMSO and NM 12.82  0.02 [61] 13852 0.03
DMAA and further to HMFTA. It should also 12.63 + 0.03 [64] 13.47 + 0.04
be noted that A H,® is comparable (within the AN 7.92+0.05 [61] 8.63 +0.06
experimental error) in those cases where THF 7.80 £ 0.02 [46] 8.58+0.03
and Ac or AN and PC pairs as solvate media 7.91 £0.05 [69] -
, , PC 8.25 +0.06 [61] 8.60 +0.05
are considered separately. The same is true for 8.19 £ 0.05 [69)] _
the DMSO/DMAA solvent pair, where the dif- 8.08 + 0.08 [70] -
ference in A H,° is only 0.2 + 0.3 kJ-mol (see DMSO -5.38 £ 0.05 [62] -5.24 +0.04
Table 2). On the other hand, the endothermic- -5.44 £ 0.05 [8] -
ity of the dissolution process of the water iso- -5:40 0,04 [70] -
. . ... DMFA -3.55 £ 0.04 [62] -3.47 £ 0.04
tope increases almost twofold in the transition 3,60 + 0.04 [69] j
from the first solvent group to the second,and [ pyiaa 561 £ 0.03 [62] 545+ 003
within each of these groups there is an in- -5.92 +0.03 [64] -5.75 + 0.07
crease in A4H,° (almost 150%) in the case of -5.65 £ 0.05 [69] -
transition to DO or NM (see Table 2). In the | HMFTA -7.40 £ 0.05 [64] -7.50 £ 0.02

Table 2. Standard molar enthalpies of H,O and D,O
dissolution, A,H>° (kJ-mol), in comparable apro-
tonic dipolar solvents at T'=298.15 Kand p = 0.1 MPa

third group of solvents, the fact that the dissolution effects of H,O and D,O in N,N-dime-
thylsubstituted amides differ by ~2 kJ-mol™, despite the obvious similarity of the interaction
characteristics of DMFA and DMAA given in Table 1, is unusual. At the same time, the exo-
thermicity of the dissolution process of the water isotope in HMFTA is more than twice as high
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as A H>° in DMF, and exceeds the corresponding effect for H,O and D,O in DMSO or DMAA by
the same ~2 kJ-mol™ (in absolute value).

In order to understand the reasons for the change of A¢H.° in the transition from one
solvent group to another (and within each group), it is necessary to keep in mind that this char-
acteristic actually reflects the difference in the energy of interaction of H,O or D,O molecules
with the solvate environment and with their own similar ones in the aqueous medium itself (in
bulk) [11, 16, 68]. Indeed, the enthalpic dissolution effect of the water isotope (AaH,°) can be
represented as two components:

AH>® = AH,® + AepyHy' = AHS® = AcondHa', (1)
where AH,° is the standard molar enthalpy of H,O or D;0O, and A«p,H," and AconaH: (= -
AepHa') are the molar enthalpy characteristics of water isotope evaporation and condensation
processes respectively. That is, the solvation of water can be identified with the condensation of
one mole of its gaseous molecules in an infinitely large amount of an aprotonic dipolar solvent.
Hence, the positive/negative sign at the value AaH,° suggests that the 2-1-interaction should be
weaker/stronger than the interaction between H,O or D,O molecules in isotopically divergent
aqueous media. The main contribution to A,H.° is due to two effects related to (i) the energy
input to the solvate cavity in the solvent (positive contribution) and (ii) the heat release during
the formation of the "solvate complex", or the molecular association of ordinary or heavy water
with the surrounding solvent due to H- or D-bonds (negative contribution) [60-62, 65]. Hence,
the sign and the numerical value of A¢H,° in Table 2 are determined by which of these two
enthalpic effects is dominant.

At the same time, it should be kept in mind that the values of A¢H,° and the corresponding
IE, 6AsH>°(H,O->D,0), cannot provide full information on the energy changes in the solvent
structure induced by the solvation process of water molecules due to the existing difference in
the value of A.,,H," for water isotopes in equation (1). Since the replacement of H,O with D,O
AepH,' increases from 44.00 to 45.39 kJ-mol ™ at T'=298.15 K [11, 42], this difference is almost
1.4 kJ-mol''(!). In other words, to compare the solvation effects of H;O on D,O in the same
aprotonic dipolar solvent, the amount of energy expended to break the structural packing of
each of the water isotopologues should be considered:

6A5H2°(H209D20) = (SAde"(HzO%DzO) - 5Aeva2*(H209D20). (2)
Table 3. Standard molar enthalpies of H,O and D,O solvation, AH,°/(k]-mol ™), in comparable aprotonic dipolar
solvents at T'=298.15 K and p = 0.1 MPa

Medium -AH,°(H>0) -AH,°(D,0)
THF 39.72 + 0.04 [60] 40.55 + 0.02
DO 37.91 £ 0.04 [60] 38.92 £ 0.02

Ac 39.67 + 0.05 [60] 40.63 £ 0.04
NM 31.18 + 0.02 [61] 31.54 £ 0.03
AN 36.08 £ 0.05 [61] 36.76 £ 0.06
PC 35.75 £ 0.06 [61] 36.79 £ 0.05
DMSO 49.38 £ 0.05 [62] 50.63 + 0.04
DMFA 47.55 + 0.04 [62] 48.86 + 0.04
DMAA 49.61 +0.03 [62] 50.84 £ 0.03
49.92 £ 0.03 [64] 51.14 £ 0.07

HMFTA 51.40 + 0.05 [64] 52.89 +0.02
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Table 3 shows the values of the standard molar enthalpy of solvation of water isotopes
AH,° in the aprotonic dipolar solvents, calculated from equation (1), assigned to various groups
of organic media according to the nature of their interaction with dissolved H,O and D,O mol-
ecules. Analysis of the data in Table 3 allows us to conclude that in all systems under consider-
ation, in general, there is an intensification of water solvation as a result of deuteration of its
molecules (i.e., AH,° < 0). To detail the trends of IE in the standard dissolution and solvation
enthalpies of water, AaH,°(H.O->D,0) and 6AH,°(H,O->D,0), a comparison of numerical data
on these thermodynamic characteristics in correlation with their properties as solvent (see Ta-
ble 1) as well as the solution. Such data are contained in Table 4, along with information avail-
able in the literature on the H-bonding energy of water - organic solvent, E..-1, referred to the
mole of hydrogen bonds.

Table 4. D,O-H,O-isotopic effects in the standard molar enthalpies of dissolution, 6AsH>°/(kJ-mol™*), and solva-
tion, 6AH,°/(kJ-mol™), of water in the compared aprotonic dipolar solvents, and the H-bond energy values be-
tween solution components, Ey-1/(kJ-mol™?), at T = 298.15 K

Medium 0AqH,°(H,0~ D,0) 6AHy° Evp21
THF 0.56 + 0.04 [60] -0.83 -13.0
DO 0.38 £ 0.05 [60] -1.01 -13.8

Ac 0.43 + 0.06 [60] -0.96 -13.5
NM 1.03 £ 0.04 [61] -0.36 -8.8
AN 0.71 £0.08 [61] -0.67 -12.3
PC 0.35 £ 0.08 [61] -1.04 -14.0
DMSO 0.14 + 0.06 [62] -1.25 -17.2
DMFA 0.08 £ 0.06 [62] -1.31 -16.8
DMAA 0.16 £ 0.04 [62] -1.23 -17.8
0.17 + 0.08 [64] -1.22
HMFTA -0.10 £0.06 [64] -1.49 -18.8

Note that the values of Ew2.1 collected in Table 4 are borrowed from several literature
sources, the authors of which, in turn, used various experimental (thermodynamic, spectro-
scopic, etc.) approaches to determine the characteristic in question. As a consequence, for a
number of the aprotonic dipolar media presented in Table 4, there is a significant scatter in the
E.21 data. Suffice it to say that the Ey,,.1 values estimated in [4, 58] for the system (Ac + H,O)
show almost two-fold difference, changing from -11.3 to -20.2 kJ-mol™". The situation is not
much better for water solutions in DO and AN: in the first case, the considered parameter "fits"
in the range (-10.5 + -13.8) kJ-mol™ [1, 4, 8, 69, 70], while in the second case it changes from -
9.6 to -15.0 kJ-mol [1, 4, 70]. Taking into account the rather large error in the determination
of Eywpz1 (1 + 2 kJ-mol™?), Ew.1 values based on NMR and IR spectroscopic measurements [1, 4,
70] for Ac, DO, NM and DMSO were chosen as the "reference" values (see Fig. tab. 4). A similar
value for a standard solution of water in AN was obtained by averaging the data [1, 4, 15, 69].
Single data on the values of E,..1 for the systems (THF + H,O) and (PC + H;O) are contained
in [25, 65]. As for the corresponding data for water in amides (DMFA, DMAA and HMFTA),
these are the most correlated in the available sample of literature (8, 69-71].
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In the literature there are practically no data on IE in the hydrogen bonding energy of
water - aprotonic dipolar solvent (8Ewb2-1). Therefore, it seems logical to use further the values
of 6A;H,°(H,O->D,0) as such a measure (see Table 4).

D,0-H.O enthalpy-isotope effects of solvation in aprotonic dipolar solvents of or-
ganic nature

As follows from the data in Table 4, the positive enthalpy-isotope effect of water dissolu-
tion process (taking into account the error of its determination) increases in the sequence:
DMFA < DMSO = DMAA < PC = DO < Ac < THF < AN < NM. Two things stand out here.
First, based on the trends in AaH,° in Table 2, two cyclic esters, DO and PC, "drop out" from the
series in question. Low positive IE values in A¢H>° in the above solvents, given the peculiarities
of their structure and properties (see Fig. 1 and Table 1), can be explained by the greater avail-
ability of electron-donor centers in the molecular cycle for the formation of hydrogen bonds
with water isotope molecules. On the contrary, steric effects contribute to the attenuation of
H,O and especially D,O solvation in the predominantly electron acceptor NM due to the
formed conformation with an antiparallel arrangement of H-O-H and O-N-O bonds similar in
geometry [5, 61]. In general, this predetermines the "purely dipolar” nature of the interaction
between the solution components. Secondly, quite unusual in Table 4 is the fact that the exo-
thermicity of dissolution of water at deuterating its molecules in DMSO, DMFA, and DMAA
environments seems to decrease, which contradicts the "classical” ideas about the differentiating
influence of H/D-isotope substitution on enthalpy effects in solutions [46, 48, 56, 59-65]. In
particular, if a donor-acceptor compound such as water dissolves with an exo-effect, the IE
value 6AqH>°(H,O->D,0) should be negative, as in the case of the formation of a water solvato-
complex in HMFTA (see Table 4). Obviously, the observed inversion of the sign §AsH>° in the
series of aprotonic protophilic solvents from the third group in Table 4 is also related to the
different ability of H,O and D,O molecules to incorporate into the initial structural matrix of
the solvating medium. However, these differences are rather insignificant, given that the IE un-
der consideration is either generally comparable with the error of its determination (in DMFA)
or exceeds the latter in absolute value only by no more than two times (in DMSO and HMFTA).

The trends of §AsH,° in Table 4 are directly related to the nature of the evolution of en-
thalpine-isotope effects of water solvation, which, as mentioned above, carry more complete
information on the energy changes in the structure of the aprotonic dipolar solvent under the
influence of H,O and D,O molecules. First of all, it should be noted that the absolute values of
0AH,*(H,0->D-0) increase in the direction directly opposite to the above series of IE in A H.°,
with a maximum for the system (HMFTA + water). Attempts to correlate 6AH,° with the do-
nor, acceptor, or other properties of solvents of all three groups under consideration in general
(see Table 1) did not yield a satisfactory result. At the same time, analyzing the data in Table 4,
one can conclude that there is a functional correspondence between the IE in A;H,° and the
value of Eyq,.1, characterizing the strength of heterocomponent hydrogen (H- or D-) bonds in
the solvato-complex of water. The possibility of constructing such a correlation, despite the
subjectivity of estimating some of the Eya..1 values in Table 4, is illustrated in Fig. 2.

135



.k&ROM CHEMISTRY TOWARDS TECHNOLOGY 1l :1ee114%

In the analytical form, the one shown
in Fig. 2 the correlation dependence can be
expressed in the form of the first order equa-
tion (indicated by the dashed line):

Eyas1/(KDj-mol™) = -5.6(0.8) +
+8.9(+0.7)-0AH; 7> = 0.94. (3)

It follows from (3) that in the aprotonic
dipolar solvent medium with zero enthalpy
isotope (H,O->D,0)-effect of water solva-
tion, the Eyq2.1 value would be less than 6 KkJ-
mol™ in absolute terms. In turn, in the case of
the hypothetical state of a standard water so-
lution without specific interactions, i.e.,
when Insert a tag E.q21 = 0 in equation (3),
the IE in AJH>° would be positive (= 0.6 kJ-
mol™). Another important feature of the one

A HY(1L,0-D,0) / kJ-mol
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Fig. 2. Correlation relationship between hydrogen
bonding energy of water - aprotonic dipolar solvent
and H/D-isotope effect in the standard molar enthalpy
of solvation of aqueous component: 1 - NM, 2 - NA, 3
- THF, 4 - Ac,5-DO, 6 - PC,7 - DMF, 8 - DMSO, 9
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shown in Fig. 2 correlation is the presence of  _ )14 19 - HMETA (T =298.15 K)
two distinct regions separating the solvents

under study by their ability to interact with water molecules {dotted lines correspond to the
values of Eyqz2 and 0Ea22(H.O->D,0)}. When Eyaz1 > Ewdzo, the value of §AH,° exceeds in
absolute value the IE in hydrogen bonding energy of water-water. These include DMSO,
DMFA, DMAA and HMFTA, which are predominantly electron-donating solvents with DN,
>> DN, (see Table 1). Conversely, a "family” of solvating media with Evaz-1 < Ewdz-2 and |0Ewaz-)|
> |0AH,°| form the solvents of the first two groups in Tables 1-4 (cf. Fig. 2). In other words, the
general regularities in the change in the energy characteristics of the interaction of water isotope
molecules with the solvate environment that we found confirm the assumptions available in the
literature that HM, AH, THF, Ac, DO, and PC form less strong bonds with H,O and D,O than
those existing in the aqueous environment.

As noted above, we were not able to establish a correlation (physically based) between the
enthalpy-isotope effects of water solvation and the individual donor (DN,) and acceptor (AN:)
characteristics of the aprotonic dipolar solvents from the sample presented in Tables 1 and 4.
At the same time it is known that the change of many properties of solutions of non-electrolytes
(and ionic compounds) when varying the structural nature of the solvent correlates well with
the half-sum of the donor and acceptor numbers of the solvating medium: 0.5(DN; + AN) [72,
73]. Considering the fact that the donor and acceptor properties of water as a dissolved sub-
stance change during deuterosubstitution in its molecules [11, 56], we plotted the correlation
dependence 6AH,°(H,O->D,0) on 0.5(DN; + AN;) (see Tables 1 and 4), which is shown in Fig.
3.
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As can be observed in Fig. 3, the 0,5 (AN + DN)
behavior of most of the non-electrolyte sys- 12 14 16 18 20 22 24
L 1 L 1 L | :

tems discussed here is quite consistent with ol =
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Fig. 3. Correlation between the H/D-isotope effect in
the standard molar enthalpy of water solvation and the

a monoester molecule (THF) to form a sym-
metrical molecule of a six-membered cyclic
diester (1,4-DO) causes a noticeable reduc- half-sum of the donor and acceptor numbers of the
tion in the endothermicity of water dissolu-  aprotonic dipolar solvent: 1 - NM, 2 - DO, 3 - THF,
tion during deuteration of its molecules (see 4 - Ac, 5 - AN, 6 - PC, 7 - DMAA, 8 - DMFA,
Tables 2 1 4). The situation that has arisen is 9 - PMSO, 10 - HMFTA (T = 298.15 K)

related to the mutual influence of two para-coordinated oxygen atoms, which causes the weak-
ening of configuration effects in the transition to a standard solution of D,O in DO [5]. This is
crucial for moderately donor solvents of the first group (THF, DO, Ac) in the case of their in-
teraction with the more electron acceptor D-isotope of water [1, 11, 14, 15, 22, 28, 60]. It is also
worth noting the rather large values of §AH,°(H,O->D,0), which are generally close to the IE
in Ea2 (see Table 4), in the aprotonic dipolar media of this group, indicating their ability to
form very strong hydrogen bonds with dissolved molecules of H,O and D,O.

The same can be said for standard solutions of H/D-isotopologues of water in predomi-
nantly electron-accepting PC (see Tables 1 and 4). In this case, the value §AH,® = -1.04 k]-mol
!is in good agreement with the findings from NMR and IR spectroscopic measurements [74]
that the molar enthalpy of water dimerization is only ~15% higher than the molar enthalpy of
association of water and PC molecules. In turn, the other two solvents from the second group
(HM and AN in Table 4), which "fell out" of the one presented in Fig. 3 correlations, isodielectric
in structure (by virtue of identity of their values y; and ¢, in the Table. 1). However, in contrast
to the AayHz°data in NM, the enthalpy effects of dissolution and solvation of H,O and D,O in
AN are even comparable to those in PC (see Tables 2 and 3), since the DN, and AN; values of
these solvents differ only slightly (see Table 1). As we mentioned above, the main reason for
such significant differences in 6AH,°(H.O->D-0) here is also the configuration factor that de-
termines the measure of availability of donor-acceptor centers of HM, AN and PC molecules
for their interaction with H,O or D,O molecules. In the most pronounced form, the steric effects
should manifest themselves in the dissolution of H/D-isotopes of water in NM [75]. According
to Bonner and Choi [5], because of the similarity of the geometry of the bonds H-O-H and
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O-N-O, the water molecule occupies a position in which the three oppositely charged atoms of
each of the H,O and CH;NO, molecules are adjacent to each other in the form of two overlap-
ping "V". Hence, the formation of a heterocomponent H- or D-bond is problematic and the
interaction between NM and water isotopologues is almost dipolar in nature.

The situation is somewhat different when comparing the §AH,°(H,O->D,0) values in
DMSO and N,N-dimethylsubstituted amides (the third group of solvents in Table 1). On the
one hand, the unexpectedly large difference in A;H>° for DMFA and DMAA (see Table 3) may
be due to the fact that the methyl group attached to >C=0 is more polarized and stabilizes the
resonant form “O-C=N* to a greater extent than the formyl hydrogen atom in the DMFA mol-
ecule [27, 62, 76]. At the same time, being a stronger proton donor (see Table 1), the DMFA
medium promotes the formation of C—H---O bonds (via the methyl group) with H/D isotopes
of water, thus giving an additional negative contribution to §AH,°, compared to that in the case
of H,O or D,O solvation in DMAA (see Table 4). Since the donor-acceptor numbers of an apro-
tonic dipolar solvent are the main components of its structurization parameter S, (see Table 1),
it can hardly be considered surprising that this parameter, like the value of 0.5(DN; + AN,) in
Fig. 3, is in good correlation with §AH,°(H,O->D,0) in the amides of the series under consid-
eration (Fig. 4). Note that a similar relationship is not found when analyzing dA;H>° and S, val-
ues for solvents from other groups where DN, < DN (except for THF).

Observed in Fig. 3 and 4 deviations of Sp
the data for DMSO from the "amide line" 0 2 4 6 8 10 12 14 16
are primarily due to the presence of the sul- AN
foxide group (>$=0) in the molecules of - 1 19
this solvent. The influence of the latter on g 1,254 4./,/
the electronic configuration of the DMSO '_3 1304 7
molecule causes an increase in both the ba- 2 | /,"2
sicity and the acidity of the solvating me- é 1354
dium, compared to the values (DN;) and '
(AN,) for DMAA and DMFA (see Table 1). 1 _1 40 o
Moreover, DMSO and HMFTA have essen- T :
tially comparable values of 0.5(DN; + AN)) §‘j -1,45 -
(see Fig. 3), indicating a high variability of & 13,7
the >S=0O-group in specific contacts with -1,50 “.

dissolved water isotope molecules [77].
Moreover, according to [26], the structure
of H,O or DO solvatocomplex in DMSO is
more densely packed than in the solutions
of the compared amides. Hence, it can be as-

Fig. 4. Correlation between the isotopic effect in
the standard molar enthalpy of water solvation and

the "structurization parameter" [40, 66] of the aprotonic
dipolar solvent: 1 - DMAA, 2 - DMFA, 3 - HMFTA,

4 - DMSO

sumed that the discussed non-ordinary behavior of H/D-isotopes of water in DMSO medium

is largely due to the relative reduction of energy expenditure for the creation of the solvate cavity

in this solvent.
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Conclusions

Summarizing the above considerations, it should be noted that a systematic study of the
enthalpy characteristics of water solutions in aprotonic dipolar or other proton acceptor media
is a necessary step in understanding not only the structural-energetic effects in the solvent, but
also the thermodynamic state of the dissolved component, devoid of the unique three-dimen-
sional H-bond network present in liquid water. The results of the discussion of the problem
raised in the review led us to the conclusion that the combined use of (micro)dissolution calo-
rimetry and H,O/D,0O-isotope substitution methods in water molecules appears to be one of
the most informative thermodynamic approaches based on minimal "perturbation” of the sol-
vent (solution) structure.

Perhaps the most important result of our study is the conclusion about the determining
role of donor-acceptor interactions, including the effects of heterocomponent hydrogen bond-
ing, in the process of water solvation in the compared aprotonic dipolar media. On this basis,
three groups of solvents that differ in the nature of specific interaction with H/D-isotopes of
water were identified. The first group is moderately electron-donor para-dioxane, tetrahydro-
furan and acetone, which form hydrogen bonds with dissolved water and the energy of which
is slightly less (by 2 + 3 kJ-mol) than that between H,O or D,O molecules. The eftects of the
formation of heterocomponent H(D)-bonds in mainly electron acceptor solvents of the second
group - nitromethane (NM), acetonitrile (AN) and propylene carbonate (PC) - are largely de-
termined by the measure of availability of their donor-acceptor centers for interaction with
molecules of H- or D-isotope water. While PC in this sense is more consistent with solvents of
the first group, steric inconsistencies in the interaction of AN and, especially, HM with H,O or
D,O molecules markedly reduce the share of hydrogen bonds in the total enthalpy effect of
water solvatocomplex formation. The process of solvation of H,O or D,O molecules in the sol-
vents of the third group - N,N-dimethylformamide, N,N-dimethylacetamide, hexa-
methylphosphotriamide and dimethylsulfoxide (DMSO), with a higher electron-donating ca-
pacity than that of water isotope, is accompanied by the formation of more energy stable heter-
ocomponent H- or D-bonds as compared to those existing in "unary" aqueous medium. The
presence of a sulfoxide group in the DMSO molecule accounts for the unusual behavior of H/D-
isotopes of water in DMSO medium compared to their standard solutions in amides.

The D,O-H,O-isotope effects (IEs) in the standard molar enthalpy of water solvation have
been found to correlate quite correctly with the hydrogen bonding energy of H,O - aprotonic
dipolar solvent. The indicated enthalpy-isotope effects of solvation generally correlate also with
the half-sum of the donor and acceptor numbers (according to Gutmann [39]) for the compared
aprotonic dipolar media. In addition, there is a functional relationship between the IE in the
enthalpy of water solvation in amides and the "solvent structuring” parameter proposed by
Otaki [66].
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It was found that for K-B"Fe;Os the maximum probability of realization of the active
Keywords: centers representing a cluster consisting of potassium ions, iron 3+ and 2+, and oxy-
potassium polyferrite, gen. The ability to self-reproduction and self-regulation in the reaction medium is an
hematite, promoted iron  integral attribute of K-B"Fe,O; as the main catalytically active component. This type
oxide catalyst, ferrite sys-  of catalyst can be called a "catalyst with a permanently migrating promoter”.

tem, phase diagram Polyferrite serves as a conductor of the alkaline promoter. The monoferrite concen-

trated in the depth of the catalyst granules, for example, on the inner surface of closed
pores can be a source of potassium. Polyferrites are solid electrolytes with a cationic
type of conductivity and provide not only the delivery of the promoter to a required
location through channels embedded in the crystal structure, but also its regular place-
ment in the composition of active clusters.

K-B"Fe;0s is able to place the alloying additives in its structure. Only in this case,
extremely small amounts of injected agent can greatly change the properties of the
system. The rearrangement is not chaotic, if the K-f"Fe;Os surface is chemically dis-
persed in the reaction medium to form a catalytically active short-lived substance - a
nanoheterogeneous mixture of monoferrite and magnetite.

Introduction

Every stage of synthesis of the promoted iron-oxide catalyst for ethylbenzene dehydro-
genation leads to changing of its chemical and phase composition, structure and properties.
Most of the research in this field focused on either a freshly prepared contact or an already spent
catalyst. In each case, the composition of the catalyst will not match the condition of the contact
in service. This explains the lack of reliable data on the structure of catalysts in the reaction
medium and the distribution of introduced components between the contact phases.

The series of publications of scientists from Germany is devoted to clarifying the nature
of the active state of the catalyst. The evolution of the researchers' views is interesting. In earlier
articles the authors point out the identity of the active centers for promoted and non-promoted
iron oxide catalysts prepared in the form of films. According to [1], samples FesO,4 (111) showed
little catalytic activity in the dehydrogenation reaction because of the low Fe** content. There
was an increase of the yield of styrene on Fe,O; (0001) and the concentration of surface defects
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was also higher [1]. The authors define surface atomic defects as catalytically active centers. The
active centers on the surface of KFeO, phase, the active phase of the industrial catalyst, should
have similar properties as the atomic defects on the Fe,O; (0001).

The catalyst is deactivated by the formation of carbon polymers and part of the catalyst
surface is excluded from catalyst operation. Probably, the initial carbon deposits form on ex-
tended defects that do not coincide with the atomic defects on which styrene forms [1].

As the same authors stated later [2], potassium increases the activity of iron-oxide cata-
lysts, although the dehydrogenation activation energy values are close for potassium-promoted
and non - promoted catalysts. The increasing of activity is probably depending on potassium
increasing the number of active centers [2].

Researchers [3] point to the distribution of potassium deep into the grain at elevated tem-
peratures. It forms a non-stoichiometric structure consisting of K;O/K,Fe»0s4/Fe;O4 (111) with
gradually decreasing of potassium content as move deeper into the grain.

A comparative study of potassium-promoted and non-promoted catalysts [4] showed
that the initial rate of the dehydrogenation reaction decreases and the active work time of the
catalyst increases with increasing of potassium content. The authors [4] consider that introduc-
tion of potassium prevents catalyst deactivation and coking but at the same time blocks the
active surface centers and reduces their concentration. As the potassium content increases, the
surface is increasingly coated with KFeO,, which is not a catalytically active phase. However, its
presence can slow down deactivation.

The initial conversion values on potassium-promoted and non-promoted catalysts have
similar values. On non-promoted Fe,Os deactivation is rapid, and is caused by the reduction of
Fe;O; to Fe;O, and coking. The water added to the reagent is responsible for gasification of the
carbon deposits and limits their amount. In addition, it limits the reduction of Fe,Os to Fe;O4
and prevents further reduction to metallic iron [4].

During the reaction there is a continuous loss of potassium, probably it is removed in the
form of KOH. According to researchers [4], the loss of potassium occurs faster if the gas mixture
contains only water without ethyl benzene. It is assumed that ethyl benzene, styrene and their
decomposition products react with potassium to form potassium carbonate. We should avoid
the catalyst steaming-out [4].

The authors [5-10] guess that the potassium monoferrite KFeO, is an active component
of this class of contacts. As the catalyst in the active state, an equilibrium between the catalyst
phases of K;Fe;;0s4 and KFeO; is established. Hydrogen, formed as one of the products of the
dehydrogenation reaction, reduces the contact activity and leads to the formation of KOH and
magnetite Fe;O4 [5].

K:Fe;; 054 act as the generator of potassium ions, supplying into Fe;Osto form an active
phase [6]. This requires a certain degree of matrix lattice imperfection, which depends on the
method of preparation and the addition of promoters, which has effect on the iron oxide lattice
more than the surface chemistry. The identification of KFeO, as the active phase was confirmed
by independent synthesis of this phase and comparison of its activity with that of the commer-
cial catalyst [6].

The real condition studies of the epitaxially grown catalyst model of the dehydrogenation
reaction [11] showed that:
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- the most active ions of Fe** are in Fe,O; or KFe,O,;

- Fe;0O, is less active, probably about the strong reaction with ethyl benzene and styrene;

- deactivation of non - promoted catalysts occurs during the reduction of Fe,Osto Fe;O,4
and during the formation of coke. Consequently, deactivation can be prevented by supplying a
small amount of oxygen;

- potassium is not active but suppresses reduction and catalyzes removal of carbon de-
posits;

- stable phases are K;Fe»Os4 and especially KFeO,, they are also a reservoir for potassium;

- coke has notable catalytic activity;

- steaming-out (reaction in water vapor without ethylbenzene) significantly accelerates
the loss of potassium [11].

The surface structure and composition of the potassium-promoted iron oxide catalyst
prepared as epitaxial films of Fe;O, (111) on Ru (0001), were investigated by X-ray photoelec-
tron spectroscopy (XPS) combined with thermal desorption spectroscopy (TDS) and thermo-
dynamic measurements, as well as by scanning tunneling microscopy (STM), low energy elec-
tron diffraction (LEED) and Auger electron spectroscopy (AES) [12].

At 700 K, the KFeO, phase was identified, which at higher temperatures was converted to
K.Fe»0s4 (0,67 < x < 4). The formation of the monocrystalline layer of KFe»Os4 (x = 0,67),
bounded by a submonolayer of potassium, occurs at 970 K. This surface forms as a well - or-
dered phase with a superstructure for defining of a certain potassium content (2x2). Research-
ers point KFeO; as an active phase of the catalyst, while K;Fe»Os4 is only the reservoir for po-
tassium storage. They argue that the structure of KFeO; is also formed on the film surface at
normal calcination temperatures, corresponding to the mode of preparation of industrial cata-
lyst samples. Treatment with water causes a loss of potassium from the surface of the sample
even at reduced pressure. The deactivation, associated with the formation of Fe;O, and KOH,
is obvious. But the process is slow. By authors' opinions [12], carbon deposits on the contact
surface serve as a protection against potassium loss.

The authors [13] showed that the atmosphere, in which the catalyst is formed and func-
tions, has a great influence on the formation of the phase composition of the catalyst. KFeO,
KFeO?2 films were obtained in a vacuum and in an oxygen atmosphere at 870 K. Potassium loss
and transformation to K.Fe»Os, (0001) was observed in vacuum, in an oxygen atmosphere
KFeO, remained stable. The authors highlight that the stability ranges of ferrites depend on the
partial pressure of oxygen.

Researchers [13] found that instead of large KFeOxcrystallites on the surface of K.Fe;;Os4
(0001) the KFeO,thin films are forming. This confirms the assumption made by the XPS data
that film thinning goes simultaneously with a decrease of potassium content in the volume,
while the surface remains rich in potassium. There are both phases on the sample surface. These
films simulate the catalytically active phase quite well. The data obtained are agree with the
results of a study of an industrial catalyst consisting of KFeO, scales formed around of
KyFexnOasycore.

The proposed model is supported by Polish researchers [14, 15], who report that the main
phases of catalysts for dehydrogenation of ethyl benzene to styrene are Fe;O4, Fe;Osand potas-
sium ferrites KFeO,, K;Fe»Os4. For each of the phases the activation energies of K and K*
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desorption at the dehydrogenation temperature were determined. It was shown that the active
state of the catalyst as K;Fe;; O3, is responsible for the high potassium losses. The assumed op-
timal catalyst granules morphology consists of a K;Fe;;,Osscore, surrounded by a thin KFeO,
scale, while the core and cracked shell model has been applied to calculate data on potassium
desorption from the surface of real catalysts [14].

There is no doubt that the study of hematite or magnetite thin films oriented to the chosen
crystallographic direction is one of the most promising ways to study the state of the catalyst in
the reaction medium. The appending of alkali metal compounds into the film and subsequent
treatment in hydrocarbon medium leads to the formation of metastable compounds corre-
sponding to the composition of the catalyst surface in-service. We believe, the surface cannot
be considered autonomously, in isolation from the internal contact structure, for this class of
catalysts. This leads to an oversimplification of the approach. The resulting surface compounds
or intermediates are unstable and short-lived. Continuous renewal of the surface layers, which
is necessary to ensure the long-term functioning of the catalyst, maintaining the desired con-
centration of active centers, is only possible by using the resources of the deep layers or the
entire volume of the granules.

We think, the model of the active center created by Chinese scientists, rarely mentioned
in the literature, deserves special attention. In [16] the active center was modeled, and the reac-
tion mechanism of ethylbenzene dehydrogenation to styrene on potassium-promoted iron ox-
ide was considered in terms of these positions. The active center is a cluster consisting of one
potassium atom (K;), two iron atoms (Fe,s and Fey), and one oxygen atom (O23), as shown in
Fig. 1.

Fig. 1 Atomic cluster for the active phase on the 110 plane [16]

According to Chinese researchers [16], ethyl benzene forms 6- - a coordination complex
with Fe?*, Fe’+ ions with subsequent elimination of the ahydrogen atom of adsorbed ethyl ben-
zene and formation of the benzene - phenol radical and OH-group by superconjugation. Then
B the hydrogen atom attaches to the neighboring iron ion to form adsorbed styrene. In our
opinion, it is quite remarkable that the active cluster includes differently charged iron. Potas-
sium lowers the acidity of the catalyst, inhibiting side reactions. Moreover, the presence of po-
tassium stabilizes the active phase and increases the number of active centers [16].

Questions of the mechanism of the catalytic process, the mechanism of formation of the
active state of the catalyst, the nature of the catalytically active component, the phase and chem-
ical composition of the contact in the dehydrogenation reaction, the mutual arrangement and
interaction of the phases composing the catalytically active system, that is, the phase structure
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of the catalyst, the methods of transport of the alkaline promoter and its sources (reservoirs)
remain a subject of discussion. At the same time, the answers to these questions are necessary
for the correct formulation of the list of characteristics the desired product of solid-phase syn-
thesis, the catalyst, should have.

Thus, the problems of modeling the phase and chemical state of the catalyst in an atmos-
phere with reduced oxygen partial pressure and quantitative interpretation of interactions in a
complex heterogeneous ferritic composition remain highly relevant.

Experimental methods

The initial mixtures of potassium monoferrite, hematite, and metallic iron obtained by the
carbonyl method were prepared by thorough grinding in an agate mortar under a layer of diethyl
ether in a box filled with dried air. The resulting mixtures, without being taken out of the box,
were tabulated using a laboratory press. The initial monoferrite was prepared by annealing a
mixture of potassium carbonate with iron oxide in an equimolar ratio at 970 K for 4 hours.
Initial substances for the preparation of tablets were taken in the proportions shown in Table 1.

Table 1. Quantity of substance (mol) in the initial mixtures (Fe;O; + Fe + KFeO,)

Sample N Fe;O; Fe KFeO, u t
1 0.793 0.023 0.230 0.230 0.070
2 0.760 0.040 0.280 0.280 0.120
3 0.740 0.060 0.320 0.320 0.180
4 0.720 0.080 0.360 0.360 0.240
5 0.640 0.110 0.470 0.470 0.330
6 0.607 0.127 0.520 0.520 0.380
7 0.560 0.140 0.580 0.580 0.420
8 0.583 0.033 0.450 0.450 0.100
9 0.333 0.033 0.700 0.700 0.100
10 0.467 0.067 0.600 0.600 0.200
11 0.500 0.100 0.600 0.600 0.300
12 0.833 0.033 0.200 0.200 0.100
13 0.867 0.067 0.200 0.200 0.200
14 0.900 0.100 0.200 0.200 0.300
15 0.833 0.133 0.300 0.300 0.400
16 0.633 0.133 0.500 0.500 0.400
17 0.767 0.167 0.400 0.400 0.500
18 0.900 0.200 0.300 0.300 0.600
19 1.000 0.200 0.200 0.200 0.600
20 1.100 0.200 0.100 0.100 0.600
21 0.910 0.010 0.100 0.100 0.030
22 0.967 0.167 0.200 0.200 0.500
23 0.933 0.133 0.200 0.200 0.400

Note: u and t - formula subscripts K,Fe**Fe**;.,0s..,

The tablet mixtures were placed in quartz ampoules with an inner diameter of 12 mm.
Ampoules with samples were evacuated using a laboratory vacuum station (pressure 1-10° Pa)
and sealed. The sample ampoules were annealed at 870 K for 36 hours. After annealing, the
samples were quenched by quickly transferring the ampoule with tablets from the muffle
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furnace into water. The ampoules were opened in a sealed box filled with dried nitrogen. After
opening the ampoule, the tablets were transferred to an agate mortar, carefully rubbed with
vaselene, and X-ray-phase analysis was performed. To prevent the sample from coming into
contact with oxygen and air moisture the rubbing with vaselene was used.

X-ray analysis of polyferrite samples was performed by DRON-UM1; Coxa radiation (A =
0.17902 nm).

The catalytic activity of the model ferritic systems in ethyl benzene to styrene
dehydrogenation reaction was tested in a laboratory flow reactor at atmospheric pressure and
600 °C. Volumetric feed rate of ethyl benzene (@) was 1 h', mass ratio ethyl benzene: water
vapor is 1:3 [17].

Results and discussion

The formation of potassium polyferrite with a 3”- alumina type structure (K-f"Fe,Os)
during the reduction of the promoted iron oxide catalyst in an atmosphere of ethyl benzene and
water vapor was first detected by X-ray diffraction method and Moessbauer spectroscopy [18].
It has been suggested that K-f3"Fe,Osacts as the main catalytically active component. Treatment
of the ferritic system in an atmosphere of hydrocarbon vapor and water causes non-uniformity
of the phase composition of the catalyst over the volume of the granules and accompanied by
deposition of coke on the surface. These effects are the real problems for quantitative descrip-
tion of the phase composition of the catalyst.

The need to develop a new approach to modeling the phase composition of the catalyst
in an atmosphere with low partial pressure of oxygen has become apparent. This method should
overcome the above limitations, bring the recovery conditions closer to the equilibrium condi-
tions, eliminate the influence of foreign impurities and provide an opportunity to operate the
results, the reliability of which is not in doubt, i.e. to conduct X-ray measurements in air.

To achieve this goal, we first proposed a methodology involving the introduction of an
internal restorer into the system [19]. Ultradispersed metallic iron obtained by carbonyl tech-
nique was used in this capacity. This component acts into the ferrite system organically. It is
not a contaminant, is evenly distributed over the volume of the sample. During the heat treat-
ment it interacts with hematite to form magnetite, simulating a reducing atmosphere. The an-
nealing in conditions preventing the entering of oxygen system from the outside allows to set
the content of double-charged iron in the system, which strictly corresponds to the amount of
introduced metal.

The possibility of direct control of the composition, the ratio of the initial components,
the analysis of the products of solid-phase interaction conducted in equilibrium conditions
makes this method of modeling quite adequate for using.

The proposed approach was tested in a series of experiments carried out to obtain indi-
vidual polyferrite with B"-type structure of alumina and to construct a phase diagram of the
potassium - iron - oxygen system.

The X-ray data of K-f"Fe,Os are the compounds obtained under conditions differ from
those for the catalyst synthesis. B"-Polyferrites are produced by solid-phase synthesis at temper-
atures above 1400 K or grown from melt [20]. We faced the problem of synthesizing K-f"Fe,Os
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at temperatures below 1000 K, which corresponds to the conditions of synthesis and use of the
catalyst. It is necessary to determine the crystallographic X-ray parameters. They allow to iden-
tify the structure of future experiments more confident, to determine the composition of the
individual phase and the area of its stability and chemical properties.

At the early stages of the experiment, tablet mixtures were annealed in vacuum sealed
quartz ampoules. It is complicated the process and required the use of reagents, the interaction
of which prevented the release of gaseous substances. In this regard, for the synthesis not alkali
metal carbonate, but previously obtained monoferrite was used. A mixture of monoferrite,
hematite, and metallic iron of a defined composition was calcined in an ampoule for time re-
quired to reach equilibrium. Subsequently, it was found that there was no need to use ampoules.
The tablets were calcined in the same composition as the samples. This calcination was in the
inert gas atmosphere.

The methodology based on a desired change in the composition of the studied samples
makes it possible to find out the chemical composition and homogeneity area of the metastable
component and to determine the optimal conditions for its synthesis. In this case, the main
method of analysis is XRP analysis, which is guided by the principle: "X-ray phase analysis is
not accurate enough to quantify the component of the multiphase system, but sensitive enough
to make sure that the component is not in the system".

The phase diagram of the potassium - iron - oxygen system we constructed gives an an-
swer to the question about the stability range of potassium polyferrites in an atmosphere with
reduced partial oxygen pressure.

The interaction process in the potassium - iron - oxygen system can be represented by the
following scheme:

K2C03 + F6203 = 2KF€Oz + COz (I)
XKF602+ (1 - .X')F€203 = KxFez.xO3.x (II)
Thermal dissociation of sample composition K.Fe,..Os., is described by equation
o o 3 Y
K Fe, O, —502 =K Fel'Fe;' O, ,, rmed = > (ITT)

Thus, the product of the thermal dissociation of the system KFeO, - Fe,O; can be shown
as KiFe?",Fe**;..,Os.cy2. To determine the value of 5, we usually use the heating of the studied
substance in a gas stream with a fixed partial pressure of oxygen for the time required to reach
equilibrium. The experiment is completed by quenching the samples, followed by phase and
chemical analyses. However, this method requires a complex equipment design. In this regard,
the following technique was used for the study of the composition of the potassium - iron -
oxygen system: dissociation of the mixture K,Fe,..Os.. was modeled by introducing a certain
amount of metallic iron into the initial samples, which interacted with hematite during anneal-
ing of the mixture in a sealed, evacuated ampoule:

4Fe;0; + Fe = 3Fe;0, (Iv)
Consequently, the composition of the initial mixtures can be described as

uKFeO, + tFe;0s+ (1 - u - t) Fe,0; =K Fe’'Fel’ O, (V)
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Transition to a formula that takes into account dissociation in the system of KFeO, —
Fe,O; is done by using the relations

_ 2u
Y=o (1)
2
Y ot (2)

Fig. 2 shows an isothermal projection of the phase diagram of the system Fe,O; — Fe;04 —
KFeO, (T = 870 K).

Feo, KFeO,
Fig. 2. Isothermal (T = 870 K) phase diagram section of the system Fe,O; - Fe;O, - KFeO,

Point A A corresponds to the ideal composition of potassium polyferrite K-BFe,Os, i.e.
KFe;;017; point B almost corresponds to the ideal composition of K-B"Fe,Os, K;O-FeO-5Fe,0s.
The segment connecting points A and B A u B characterizes the polyferrite system K-
(B+PB")Fe,0s. Points A and B define the boundaries of the homogeneity region of the K-(B+p")
Fe,O; system in an atmosphere with reduced oxygen partial pressure at 870 K. Due to the fact
that the structure of polyferrites is characterized by layer-by-layer alternation of syntactically
fused blocks B- and B”-phase, the general composition of polyferrite system samples can be
described by the formula K,..Fe**.Fe’*;;.O1;. As can be seen from Figure 2, the phase diagram
contains 4 fields.

1. Hematite + magnetite + p-polyferrite; the ratio of the components is calculated by the
formula

K Fel'Fe;’ O =(1-6x-15y)Fe;0; + yFe;04 + xKFen Oy (VD)

2—x-y 3ge

2. B-Polyferrite + magnetite + B"-polyferrite

K FeFel' O | =2-5Y-3) KFe,;Op+ 27120411 Fe0,+ 12X+3V72 K Fe*'Fe;,0,, (VID)
' sy 7 14 14

3. Magnetite + B"- polyferrite + monoferrite

K FeXFel' O  =2%+9y-2 Fe,0,+ 2-2x=3y K,Fe’'Fej 0, + X +3¥ -2 KFe0, (VIII)
’ ’ 3

s 6 6
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4. B-Polyferrite + B"-polyferrite + monoferrite

KxFej+Fe;jHo3 ,=(0,2-0,2x-0,99)KFe; 1017+ y K, Fe* Fej O, + (1,2 x -1,1y - 0,2)KFeO, (IX)

It should be noted that temperature changes between 870 and 920 K had no appreciable
effect on the phase composition of the ferrite-forming products.

Potassium polyferrite with a f”-alumina type structure of the ideal composition was ob-
tained with the following molar ratio of the initial components: 0.65 mole of hematite, 0.05
mole of metallic iron, and 0.30 mole of potassium monoferrite.

The K-B"Fe,O; elementary cell contains three spinel-like blocks of the composition
{Fe' Fe" 0016}, connected by a third-order helical axis. It would be more correct to describe the
composition of K-f"Fe,Os by the formula K¢Fe";Fe''5,05,, but we will stick to the designation
K Fe'"Fe™,40,7, which describes the simplest composition. Each block is formed by four densely
packed layers of oxygen ions. The part of the tetrahedral and octahedral voids in the block are
occupied by Fe’* ions. The Fe**ions are located in octahedral cavities adjacent directly to the
planes separating the blocks. According to Mossbauer spectroscopy, there is an intense elec-
tronic exchange between Fe’* and Fe** ions located near the potassium ions.

The planes separating the blocks are not densely packed and are filled with K* ions only
70% and oxygen ions 82% of the available positions. This small filling of the plane, as well as the
large width of the interblock space is the reason for the extremely high mobility of K*ions in
the direction perpendicular to the symmetry axis.

The diagram of the Fe,Os - Fe;0, — KFeO, system provides almost complete information
about the phase and chemical composition of the catalyst in conditions of reaction medium. It
is sufficient to analyze the selected contact sample for the content of alkali metal and divalent
iron, determine the coefficients «x» and «y» in formula K.Fe*",Fe*"..,Os..ynand calculate the
ratio of compounds in the active ferrite system based on the data obtained. This allows to dis-
tinguish the content of potassium and divalent iron from the whole set of parameters as repre-
sentative ones, on the basis of which the phase composition control scheme of the catalyst is
built. The optimal modes of the catalytic process are selected by correlating representative pa-
rameters with dehydrogenation parameters.

The phase composition monitoring makes it possible to respond quickly to changes in the
state of the catalyst and to control the technological parameters of the dehydrogenation process
by changing the temperature, dilution with water vapor, varying the hydrocarbon feed rate.
Moreover, monitoring of changes in phase and chemical composition makes it possible to avoid
irreversible phase transformations, to prevent the formation of low-active catalyst components
[21], to maintain an optimal concentration of dehydrogenation and coke annealing centers, to
minimize the concentration of cracking and coke formation centers [22], to predict the deacti-
vation dynamics and to calculate the catalyst service life.

We analyze the equation determining the ratio of components for field 3. In our opinion,
this particular field describes the state of the catalyst in the reaction medium:

Magnetite + B"- polyferrite + monoferrite
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K Fel'Fe;’, O = 2X19Y72 Fe;O,+ 222X73V K R Fel 0, + 323V =2 KFeO;
- 6 3

3 x—’E 6
(VIII)

1) If there is a loss of alkali metal in the system, for example, due to leaching of K - $"Fe,O;,
this leads to a decrease in the parameter "x". In this case, the ferrite system begins to produce
B"- phase from magnetite and monoferrite, which content will decrease. Thus, monoferrite not
only prevents coke formation. KFeO; is a kind of buffer, a source of potassium that maintains a
constant alkali metal content in the main catalytically active component.

2) Increasing the partial pressure of oxygen in the reaction medium will cause oxidation
of the catalyst under quasi-equilibrium conditions, which will be accompanied by decrease in
the parameter "y". The content of magnetite and monoferrite will decrease, but in a different
proportion than in the first case. The main component will be practically unaffected; it will not
change the most important ratios of K, Fe?* and Fe**providing the catalytically active state.

3) Decrease of partial pressure of oxygen will lead to catalyst recovery, i.e. to increase of
parameter "y". Magnetite will recover 3 times faster than the p"-phase will decrease. If the change
in the reductive properties of the reaction medium is small, the catalyst will slightly decrease
the activity, but the decomposition of the active phase will not occur.

Magnetite acts as a getter, a solid oxide maintaining the chemical potential of oxygen in
the system. It should be noted that magnetite has a wide area of homogeneity Fe;sO4, where §
takes a maximum value of 0.175. It can chemisorb oxygen or thermally dissociate with release
of O.independently, without disturbing the ratio of other solid-phase components. Usually
there are other stabilizers in the composition of catalyst. For example, chromium compounds,
which valence state changes in a wide range from +3 to +6. Probably, additives of molybdenum
oxides have a similar effect.

The catalyst and the reaction medium establish a relationship in the process of activation
development. When reaching the stationary operation mode, the temperature, feed rate of
crude hydrocarbons, ratio of hydrocarbon and water vapor, which provides a certain partial
pressure of oxygen, reach the set values. The catalyst and the reaction medium, the properties
of which are determined by the dehydrogenation mode, should reach a complete "mutual un-
derstanding” by this period. Only in this case the effective functioning of the system is possible.
This indicates that the iron - potassium oxide catalyst is a self-developing and self-regulating
system capable of withstanding adverse external influences and confirms our assumption that
the main active component of the considered class of catalysts is potassium polyferrite of "-
alumina type.

So, for the first time we experimentally proved that for the formation of K-B"Fe,Osin a
reducing atmosphere the temperature of 870 K, which corresponds to the temperature condi-
tions of activation development and functioning of the catalyst, is sufficient. Later this fact was
experimentally confirmed by German scientists [13]. It should be noted that the formula
K;Fe1sO2 often attributed to potassium polyferrite actually reflects the composition of the
polyferrite system in which there is a layer-by-layer alternation of - and p"-phase blocks.

K—(B+B")Fe203: K;Fe»0s4+ KsFesFes0Os = KgFessOss (compare K2F€14022).
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The individual phases were synthesized and their catalytic characteristics were deter-
mined (Table 2) to know the contribution of the components to the activity of the ferritic sys-
tem.

Table 2. Styrene production rate and selectivity on individual compounds

Phase W-10%, monp-M2-c’! Selectivity, mol. %
KFeO, 254 93
KFe;,017 (K-BFe;05) 34.2 67
Fe;O, 32.5 48
K;Fe™Fe™;,017(K-p"Fe;03) 86.8 95.6

Single - phase B-polyferrite obtained at 1200 K showed a specific dehydrogenation rate
lower than that of f"-alumina-type polyferrite. Magnetite catalyzes the dehydrogenation reac-
tion with low selectivity, but its activity drops rapidly due to intense carbonization. Remarkably,
the model mixture of monoferrite and magnetite showed a sufficient specific rate of styrene
formation with high selectivity. The catalytic activity of individual monoferrite is low. It is note-
worthy that he high selectivity of monoferrite and K-p"Fe,O:s. In this case, polyferrite type p"-
alumina (K-B"Fe,O:s) has the greatest activity in the dehydrogenation reaction.

Based on the results of our studies and an analysis of data, we can conclude that for K-
B"Fe,Os the probability of realization of active centers representing a cluster consisting of K,
Fe’* and Fe?*, O [16] ions is maximum. A nanoheterogeneous mixture of potassium monofer-
rite and magnetite has a much smaller, but sufficient ability to form such clusters. Another in-
herent attribute of K-B"Fe,Osas the main catalytically active component is the ability to self-
reproduction and self-regulation in the reaction medium. The type of catalyst under consider-
ation can be called a "catalyst with a permanently migrating promoter". The speed of the pro-
moter (transport) migration can be controlled [23, 24].

We believe that polyferrite can be neither a generator [6] nor a storage reservoir for po-
tassium ions [13] (simple stoichiometric calculations refute this thesis), but it can be a conduc-
tor of the alkaline promoter [23, 24]. The monoferrite concentrated in the depth of the catalyst
granules can be the source of potassium, for example, on the inner surface of closed pores [25].
Of course, diffusion of potassium from the volume to the surface can occur at interblock bound-
aries, but polyferrites are inherently solid electrolytes with a cationic type of conductivity. The
assumption that B- and B"-type polyferrites serve as potassium conductors and ensure not only
the delivery of the promoter to desired site via channels embedded in the crystal structure, but
also its regular placement in the active clusters looks quite appropriate.

K-B"Fe;Os is capable to place alloying additives in its structure. Only in this case, ex-
tremely small amounts of injected agent can greatly change the properties of the system. Addi-
tives forming an independent phase during catalyst synthesis are useless in terms of purpose-
fully changing the characteristics of the doped system.

The rearrangement does not proceed chaotically, if the K-p"Fe,Os surface is chemically
dispersed in the reaction medium to form a catalytically active short-lived substance, a nano-
heterogeneous mixture of monoferrite and magnetite ("cracked nutshell"). The initial matrix
structure promotes the regular placement of nanoscale components that make up the
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catalytically active substance, which allows a high concentration of active centers to be main-
tained while the phase composition changes locally.
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Keywords:
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cyclization, quantum chemi- o state is calculated. The directions of acylation of amidoxime are considered.

cal modeling

Introduction

Substituted 1,2,4-oxadiazoles are used as biologically active substances. There are several
known methods for the synthesis of 3,5-disubstitued 1,2,4-oxadiazoles based on amidoximes
[1-9]. We have studied the reaction of formation of 1,2,4-oxadiazoles during the interaction of
N-hydroxybenzamidine (N-HBA) with carboxylic acid chlorides [10, 11].

There are data in the literature on quantum-chemical modeling of 3,5-diaryl-substituted
1,2,4-oxadiazoles. Calculations were performed using the PM3, AM1, and HF / 6-31G methods
(gas-phase approximation) [12]. The obtained parameters of the geometry of molecules corre-
spond to the experimental values determined using X-ray diffraction analysis.

Main part

To test the assumptions made about the mechanism of formation of 1,2,4-oxadiazoles, we
carried out a quantum-chemical study of the reaction of the interaction of N-HBA with acetyl
chloride (ACh). Our calculations were performed using the AMSOL software package by the
AM1 / SM2.1 method (AMSOL 7.1 in the liquid-phase approximation: SM5.42, pyridine sol-
vent) [13, 14]. A complete optimization of the geometry of all calculated molecules and com-
plexes has been performed. Transient states were found using a standard technique - minimi-
zation of the norm of the energy gradient with the subsequent solution of the oscillatory prob-
lem for the resulting structure (test for one pseudo-oscillation with a negative force constant).
In most cases, the approximation of the restricted Hartree-Fock (RHF) method was used, but
in some cases, for comparison, calculations were performed using the unrestricted Hartree-
Fock (UHF) methods.

Enthalpy of formation AH; = AH + AG.., where AH’ - is the calculated standard en-
thalpy of formation, AG., is the calculated free energy of solvation. The error in predicting the
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heats of solvation of neutral molecules is on average 1.7 kJ/mol, for ions - 17.6 kJ/mol [13-15].

We have considered the following possible path of the reaction (Fig. 1).
N/OH L \f

B *'Q—/( Y —
NH H,
m

I
0

CH; o
N7 N-—
| Y o | />7C11;,
— AN V N
i \H -H20
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Fig. 1. A possible path of the reaction

The enthalpies of formation of the initial and final products, as well as intermediate com-
plexes lying on the path of their formation, are shown in Table 1.

Table 1. Enthalpies of formation of compounds and complexes

AHp, kJ/mol
I 57,27
II -151,05
III -87,36
v 16,57
\% -54,82
VI 254,50

ACh in the N-HBA (I) molecule can attack a nitrogen or oxygen atom (Fig. 2).
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Fig. 2. Scheme of the formation of compounds III and VIII

Zwitterion II is a product of the interaction between N-HBA and AX (Fig. 3). The
change in the energy of a supermolecule (N-HBA and AX) during the formation of II is shown
in Table 2.

158



A&ROM CHEMISTRY TOWARDS TECHNOLOGY | :1ee11dy VOL. 2, Issue 1, 2021

"
N—0 ClI*
/ 2C—
/] C1)H3
HN O

Fig. 3. Scheme of the supermolecule (N-HBA and ACh)

Table 2. Change in the energy of a supermolecule from a distance O(3)-C(2)

10(3)-C(2), A AHp, kJ/mol 10(3)-C(2), A AHj, kJ/mol

3 -151,05 2,2 -116,69
2,9 -149,00 2,1 -104,42
2,8 -146,61 2 -89,29
2,7 -146,86 1,9 71,57
2,6 -143,59 1,8 -53,00
2,5 -139,40 1,7 -37,50
2,4 -133,79 1,6 -48,06
2,3 -126,37

It was found that the maximum value of AH; corresponds to the distance O(3)-C(2) =
1,64 A. The parameters of the transient state are shown in Table 3.

Table 3. Transient state parameters

Bondin Bondin
Bonding | Bonding | lous). s &
log)-cey| AHp  |le@-ciw, structure structure

o o qC1(4) q0(3) qO(S) structure structure H(18)» qH(lg)
A kJ/mol A ] 0@3)- C(2)-
C(2)=0(5) |C(2)-0(3 A

(2)=0(5) [C(2)-0(3) H(6) Cl(4)

1,64 | -32,14 | 2,15 |-0,718|-0,274|-0,510 1,87 0,50 0,96 0,89 0,423 0,352

It can be seen from the data obtained that the C(2)-Cl(4) bond was broken, and the order
of the formed C(2)-O(3) bond was 0.5. The charge on the Cl(4) atom increases to —0.718 e, and
the C(2)-Cl(4) distance increases to 2.15 A. The transition state is characterized by a force con-
stant k = -45.82 n/m, the enthalpy of formation of the transition state (relative to the initial
reagents) AAH]T = 128,51 kJ/mol. The O(3) - H(6) remained almost unchanged.

The calculated enthalpies of formation of compounds III and VIII (see Fig. 2) were —
163.95 and -145.81 kJ/mol, which indicates a high stability of intermediate III, which can be
formed during O-acylation of N-HBA. This has been confirmed experimentally. We isolated an
intermediate with the structure of an ester (III), which was confirmed by IR data (presence of
an ester band vc-o = 1723 cm™') and PMR spectroscopy.

Conclusions

The transformation of compound III into product VI proceeds according to the scheme
shown in Fig. 1, through intramolecular nucleophilic substitution during the transfer of a
carbonyl carbon atom followed by a proton and the formation of 5-methyl-3-phenyl-4,5-
dihydro-1,2,4-oxadiazol-5-ol (V), losing water, passes the product is 5-methyl-3-phenyl-1,2,4-
oxadiazole. The transfer of a proton to I'V and the formation of V occurs practically without an
activation barrier (see Fig. 1).
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Based on the analysis of the literature data, it is determined that as a result of
the expanding directions of application of the magnetic fluid, more and more
magnetite is required to obtain it. The most common method of obtaining mag-
netite by chemical condensation makes magnetic fluid very expensive, one liter
of which is sold for more than 500 USD. To reduce its cost, the paper proposes
the methods of high-temperature reduction of iron-containing wastes to magnet-
ite, which are metallurgical dust caught by electrofilters. As a reducing agent the
waste activated carbon and carbon black (soot) are used the codes of which are
included in the Federal classification catalog of waste (FKKO) and reflect a sig-
Keywords: nificant amount of their formation. After mixing iron-containing waste, acti-
vated carbon waste and carbon black, they are gradually heated to a tempera-
ture of 900 °C. These conditions create the possibility of the appearance of ferrous
iron ions, which, occupying vacant places in the crystal lattice of iron oxide (1I1),

magnetite, metallurgical dust,
waste of carbon black, sedi-
ment of water de-Ironing sta-
tion, magnetic liquid contribute to the formation of magnetite. The magnetite was identified by X-ray
technique and evaluated by the indicator of saturation magnetization in com-
parison with the natural magnetite appeared to be almost identical. The result-
ing magnetites were dissolved in hydrochloric acid and precipitated with ammo-
nium hydroxide. Repeated determination of saturation magnetization did not
show any difference in its level. In the suspension of magnetite, a dispersant in
the form of oleic acid and a dispersion medium - kerosene was introduced during
heating and stirring. The saturation magnetization and stability of the obtained
magnetic fluid satisfied its application for water purification from oil and oil
products spill.

Introduction

The potential need for magnetic fluid (MF), and hence magnetite, is primarily related to
its effectiveness in removing oil and petroleum products from the surface of increasingly pol-
luted water bodies [1-6]. It is quite productive to use magnetic fluid to separate a mixture of
materials with different densities, since MF increases its density when the strength of the exter-
nal magnetic field increases [7, 8]. MF is used in shock absorbers in the automotive industry;
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replacement of conventional oils with oil-based magnetic fluid provides a more comfortable
ride if there are any bumps on the road by reducing the amplitude of wheel movement in the
vertical plane [9, 10]. Magnetofluid seals are widespread and are the most common technical
device paired with MF, which is held within the strong magnetic field and forms a liquid plug,
separating two volumes with different media or pressures. Most often, magnetofluid seals are
used to separate gas media or gas medium and vacuum [11, 12]. In order to save the used
magnetic fluid, there were attempts to regenerate it [13], but this required the creation of strong
magnetic fields and was associated with technological difficulties which are sometimes
impossible to overcome. Therefore, for example, captured magnetized petroleum products are
now used as a complex ingredient of rubber blends [14, 15]. Magnetite is also used in the prep-
aration of magnetic fluids based on therapeutic substances such as dextran, penicillin solution
and some others in order to deliver them under the action of a permanent magnet to the affected
area [16, 17].

Such wide possibilities of magnetic fluid application are limited by its high cost (about
500 USD per 1 dm?). It seems quite important to find a cheap source raw material for obtaining
magnetite, which is the basis of the cost of magnetic fluid [18].

This paper proposes one of the variants for its solution by replacing the method of ob-
taining magnetite by chemical condensation of salts of divalent and trivalent iron with thermal
reduction with carbon of trivalent iron oxide contained in the wastes.

Experimental methods

A composite is prepared in a bead mill to produce magnetite: metallurgical dust
from electrostatic precipitators (Table 1), reducing agent and sodium carbonate in the ratio of
1:0.5:0.3.

Table 1. Composition of metallurgical dust

Name of Result of Relative
No. Measurement method
component measurement error at P=0.95

1 Total iron, % 56.000 +22.000 PNDF 16.3.24-2000

2 Wt % of moisture 0.630 +0.120 PNDF 16.1:2.2:2.3:3:52-08
3 Copper, % 0.123 +0.040 PNDF 16.3.24-2000

4 Petroleum products, % 0.080 +0.170 PNDF 16.1:2.2:2.3:3:64-10
5 pH 11.30 +0.100 PNDF 16.2:2.2:2.3:3:33-02
6 Chrome, % 0.110 +0.020 PNDF 16.3.24-2000

7 Zinc, % 18.800 +4.100 PNDF 16.3.24-2000

8 Sieving on a 63 um sieve, % 1.500 +0.200 -

Reducer - activated carbon waste and carbon black waste from FWCC - Federal Waste
Classification Catalogue. Sodium carbonate creates an inert environment in the form of carbon
dioxide during subsequent calcination. Stirring time is 20 minutes. The resulting composite is
loaded into a rotary three-zone hardening furnace: Zone 1 - heating to at least 900 °C; Zone 2
- soaking at the reached temperature for at least one hour; Zone 3 - cooling.
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Trivalent iron oxide Fe,Os retains its crystalline structure up to 1565 °C, which is 26°
above the melting point of iron (1539 °C). It can act as a solvent in the formation of solid em-
bedding solutions. In this case, the atoms of the dissolved substance (in this case, carbon) can
be located inside the crystal lattice (volume diffusion), along the crystal faces (from the inner
side), and along the crystal faces from the outer side (surface diffusion).

The small atomic radii of the metalloid (0.077 nm for carbon) compared to the atomic
radii of iron (0.126 nm) and the shortest distance between the nuclei of neighboring atoms of
0.249 nm with ionic type of chemical bonds allow the formation of a solid solution.

Fe,O;, which makes the main part of the metallurgical dust, has a gamma-modification,
crystallizes in a cubic lattice with the parameter a=0.832 nm, and has ferromagnetic properties.
Heating the composite and having a reducing environment, it is possible to form magnetite
Fe;04 (Fe,O5-FeO), which also forms solid solutions with Fe,Os.

Results and discussion

Supposedly, the diffusion of the carbon atoms into the Fe,Os crystal lattice with a dense
face-centered packing of negative oxygen ions with the octahedral and tetrahedral spaces be-
tween them creates favorable conditions for the following reactions to take place:

oxidation:

C+ 02: COz; 2Fe + Oz = ZFQO; 4FeQ + 02 = 2F€203,
reduction:
CO, + C=2CO; FeO +C=CO + Fe; 3Fe;0s + CO = CO; + 2Fe;04;
Fe;04 + CO = CO; + 3FeO; FeO + CO = CO, + Fe
The presented reactions show that the redox processes make way for procuring magnetite.
The obtained samples were subjected to X-ray diffraction studies using a Bruker DZ
Phaser benchtop powder diffractometer with a cobalt anode. The results of magnetite identifi-

cation obtained by calcination of metallurgical dust and activated carbon with sodium car-
bonate are presented in Table 2.

Table 2. Results of diffraction analysis of calcined mixture of metallurgical dust and activated carbon

No. X axds de- Substance Chemical formula Relative height of radio-
gree graph peaks
1 32.400 Hematite a- Fe;O; 11.29
2 35.410 Magnetite, hematite Fe;O4 a-Fe,0; 30.98
3 41.656 Magnetite, hematite Fe;Oy a-Fe, O3 100.00
4 50.700 Magnetite, hematite Fe;Oy a-Fe, O3 19.41
5 63.720 Magnetite, hematite Fe;O4 a-Fe,0; 14.13
6 67.820 Magnetite, hematite Fe;O4 a-Fe,0; 15.78
7 74.800 Magnetite, hematite Fe;Oy a-Fe,Os 25.09

Table 2 shows the reduction of iron oxide to magnetite and there is some part of the non-
ferromagnetic phase a-Fe,Os. However, the saturation magnetization data presented in Table 3
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showed this parameter to be only slightly lower than that of natural magnetite, indicating a

significant predominance of the Fe;O4 phase.

Table 3. Saturation magnetization of a sample obtained by reduction of metallurgical dust with activated carbon

Types of samples
for testing

Sample
of natural mag-

Samples from one batch

of magnetite-containing composition

netite 1 2 3 4 5
Saturation
.. 406.80 396.50 398.20 386.40 389.30 392.20
magnetization, kA/m

The results of diffraction analysis of the sample obtained by calcination of a mixture of

metallurgical dust and waste carbon black with sodium carbonate, given in Table 4, show the

presence of FesO, phase only.

Table 4. Results of diffraction analysis of calcined mixture of metallurgical dust and waste carbon black

No. X axis Substance Chemical formula Relative height of radiograph
degree
1 17.962 Magnetite Fe;O4
2 29.579 Magnetite Fe;O4
3 34.842 Magnetite Fe;0,
4 36.452 Magnetite Fe;0,
5 42.321 Magnetite Fe;O4
6 52.500 Magnetite Fe;0,
7 55.958 Magnetite Fe;0,
8 61.442 Magnetite Fe;O4
9 72.650 Magnetite Fe;O4

The Mossbauer spectrum was also taken. Iron nuclei in the octahedral position corre-

spond to a sextet with effective magnetic field parameters of 36.8 kA/m, isomeric shift 0.64

mm/s; in the tetrahedral - 39.2 kA/m and 0.32 mm/s. Accordingly, the isomeric shift reflects

the valence of iron, from which it follows that the octahedral position contains Fe’* and Fe**

ions

The greater completeness of trivalent iron oxide reduction to magnetite in this case is

obviously related to the contact of nanometric particles of metallurgical dust with nanometric

particles of technical carbon, providing a large interaction surface. The results in Table 5 show

that in this case the saturation magnetization is even slightly higher than that for natural mag-

netite.

Table 5. Saturation magnetization of a sample obtained by reduction of metallurgical dust by waste carbon black

Types of samples Samples taken from one batch of magnetite-containing mixture
for testing 1 2 3 4 5
Saturation
L. 400.20 401.13 405.20 407.10 402.30
magnetization, kA/m

Magnetite samples of both types were used to prepare magnetic fluid. For this purpose,

they were dissolved in hydrochloric acid with some insoluble precipitate filtered out and re-

salted with ammonia water. The suspension was watered down to pH=8-9 and mixed at 95 °C

164



FROM CHEMISTRY TOWARDS TECHNOLOGY Ee1Ia::168] 143 VOL. 2, Issue 1, 2021

with oleic acid and a carrier fluid, which in this case was kerosene (Fig. 1). Table 6 provides the
parameters of the obtained magnetic fluid.

| magnetite |
stabilizer l carrier fluid
v v

MF synthesis
t=95°C, constant
stirring for 2

hours
Fig. 1 Flowchart of magnetic fluid synthesis |
Table 6. MF parameters
Sample N Reducing agent Liquid carrier MairzZt;)VOI- magni?:;;?::r?flkA /m
MEF-1 Activated carbon Kerosene 5.10 15.6
ME-2 Car;/;’ zsgack kerosene 6.00 16.81

Magnetic liquids with such magnetization saturation are quite suitable for cleaning water
surface from oil and oil products contamination.
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The paper presents a mathematical model of a pulsation crystallizer, which includes
heat and hydraulic calculations. Heat calculation is reduced to determining the re-
frigerant flow rate (cooled solvent and filtrate of the second stage) for each section
of the unit. The minimum volume of the section based on the experimentally deter-

Keywords: mined preliminary sectional temperature profile and cooling rate of the raw mate-

rial flow, the specified flow rate of raw material and refrigerant, as well as their

mathematical model, flow iy itial temperature [1]. The calculation is carried out bearing in mind the correction

structure, pulsation crys- of the preadopted number of crystallizer sections. Heat calculation of the crystallizer

tallizer, heat calculation, is carried out after determining the technological parameters of the dewaxing pro-

hydraulic calculation cess. Moreover, the thermal calculation carried out according to the described
method is preliminary, because it does not take into account the reverse flow in the
apparatus during pulsation. As a result, the hydraulic calculation determines: vol-
ume, frequency of pulsating flow, necessary mass of liquid, nozzle size, speed of crude

mixture in the nozzles, pulsation frequency and the ratio of pulse and purge exhaust.

Introduction

The process of production of base oils and paraffins is a sequence of mass - exchange
processes of removal of hydrocarbon groups and compounds, the presence of which in the oil
is undesirable (resin - asphaltene compounds, polycyclic aromatic hydrocarbons with low
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viscosity index, solid paraffin hydrocarbons) [2]. The most important stage is the extraction of
solid hydrocarbons (paraffin and ceresin), which can also serve as commercial products after
proper purification.

The technology of dewaxing and de-oilification of gatches carried out on standard instal-
lations, but this process has not changed for the past 30-40 years. The long-term industrial
operation of these facilities has revealed a number of deficiencies of the technology and equip-
ment used.

Only catalytic dewaxing can compete with classical dewaxing based on crystallization fol-
lowed by filtration. However, it has worked well only for synthetic oils but their production has
not yet reached the desired level of development in our country.

Crystallization equipment (regenerative and evaporative scrubber crystallizers) used in
refining and degassing processes and the corresponding technology for the production of par-
affin suspensions contributes to the formation of a highly dispersed crystalline structure of the
emitting solid phase. The filtration characteristics of such suspensions are determined by the
deparaffinized oil reduced product slate and the increased oil content of paraffins and ceresines.
Thus, the need to increase the ratio of solvent to the raw material in order to achieve the desired
targets leads to the increase of the energy cost for its regeneration.

Application of vacuum filters during dewaxing and de - oiling does not allow intensifica-
tion of this stage of these processes. The quality and speed of liquid phase separation are fully
determined by the filtration characteristics of the suspension, which depends on the previous
stage of the crystallization. The attempts to modernize this equipment, to optimize the filtration
mode and new filtering materials did not lead to a significant increase in the selection of
dewaxed oil and improve the quality of paraffins (ceresins). Besides, the currently used crystal-
lization and filtering equipment is complex in design so as quite expensive to operate, maintain
and repair.

The development of crystallization equipment with reduced refrigerant consumption and
a simple design, which would allow to form easily extractable crystals in suspension, should be
considered as a promising direction [3-5]. It was logical to avoid the use of complex scraper
rolls and focus on vertical vessels.

For example, some of the first columns, in the working space of which there are sieve
plates of dip type (without overflow pipes). Additional energy is given to moving liquid flows
due to the use of pulsation devices or air mixing [6]. It is important to determine what effect is
achieved in comparison with a tray-pulsation column of similar design, but without the use of
additional energy when assessing the effectiveness of using one or another method of intensi-
fying the interaction process in tray-pulsation column [7]. Therefore, it is necessary to consider
the phenomena of hydrodynamics and mass exchange in a column with sieve plates of dip type.
Should be mentioned that value of forces of inertia crushing liquid drops is determined mainly
by difference of specific weights of liquids [8].

The modern technology of production of pure substances without highly solidifying com-
ponents is mainly based on such type of apparatuses as pulsation crystallization columns. Since
the demand for pure substances is increasing so as the demand for the pulsation column appa-
ratuses. However, there is a fairly widespread prejudice against columns based on some doubts
about the efficiency of industrial-scale apparatus. The reason is the difference between
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hydrodynamics of large-diameter columns and hydrodynamics of laboratory installations. This
only raises the interest to modeling processes in pulsation apparatuses with the help of compu-
tational software. It can be defined as the main reliable tool of numerical analysis.

The pulsation crystallizer is a gas-liquid column, the mathematical model of which is
based on balance equations.

The heat calculation of the mixing crystallizer is determined by refrigerant flow rate
(cooled solvent and filtrate of the second stage) for each section of the unit and the minimum
volume of the section based on the experimentally determined preliminary sectional tempera-
ture profile and cooling rate of the raw material flow, the given flow rate of raw materials and
refrigerant, as well as their initial temperature [1].

The calculation is carried out in terms of the correcting of the pre-adopted number of
crystallizer sections, if necessary.

Experiment

The specific heat capacity of a raw mixture is a function of two variables: concentration
of raw material in solution and temperature. The nature of this dependence is the same for all
wax-bearing crude, but the specific values depend on the content of paraffins in the raw mate-
rial, its distillation volume and use of solvent. So, the necessary set of data for calculating the
heat capacity of the crude mixture is determined experimentally in each case.

The diagram of the crystallizer section with the principal flow identifications is shown in
Fig. 1. The heat balance of section i is recorded as

Gi_q- C(x, T)x:xi—l "Ti—q + Gx,i Cx Ty =G - C(x, T)x:xi - T;, (1)

where G;_;G; is the crude mixture flow at the input and output of the 7 section, kg/s;

C(x,T)x=xi—1> C(x, T)x—y; is the specific heat capacity of the crude mixture at the input
and output of thei section at the respective raw material concentration and temperature,
J/(kg-°C);

T;_1,T; is the section i input and output temperature, °C;

Gy ; - flow rate of the refrigerant (solvent or filtrate of the second stage for section i, kg/s;

C, - heat capacity of the refrigerant, J/(kg-°C);

T, - the temperature of refrigerant, °C.

The concentrations of crude oil in the mixture at the input and output of the i section are

equal:
Xio1 = Go/(Ge + X127 G )., 2)
(i =1,2,3, ...,M)
j=123,..,i
x; = G/ (G + j:ll Gx,j)a (3)

G. is the raw material flow rate, kg/s;
M is the number of sections in the crystallizer.
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The heat capacity of the crude mixture at different temperatures and concentrations is
represented as a two-dimensional array. The sectional flow rate of the solvent is determined by
follows: the concentrationx;, the corresponding value of heat capacity is determined from the
specified array by interpolation using equation (3) as a preliminary accepted value of the refrig-
erant G, j flow rate; the values G, ; are substituted into equation (1). The further calculation is
carried out by the method of successive approximations until the specified divergence between
the left and right parts of equation (1) is reached.

Gi = Gj—q + Gy j C(x,T)x=xi- 4)
e o N N
i+1 }
G,
<
| Gxi
i =
Gi, L
CTi-l
i-1 }

Fig. 1 Diagram of the pulsation displacement crystallizer section with defining of the main flows

The heat calculation of the crystallizer is carried out after determining the technological
parameters of the dewaxing process. Thus, the heat calculation carried out according to the
described method is preliminary, because it does not take into account the reverse flow in the
apparatus during pulsation. The flow of crude mixture in the sections G; is assumed unidirec-
tional. Correction of the temperature profile in the crystallizer, taking into account the effect of
reciprocating motion caused by pulsation of the medium in the apparatus, is carried out after a
hydraulic calculation, as a result of which the volume and frequency of the pulsating flow are
determined. In the process of hydraulic calculation, the necessary mass of the fluid making os-
cillating motions in the pulsation chamber, the nozzle size and the speed of the crude mixture
in the nozzles are also determined based on the given raw material flow rate and the calculated
sectional solvent flow rate, pulsation frequency and the ratio of pulse and purge exhaust.

The speed of the mixture in the nozzles and the productivity of the pulsation system
should provide the required intensity of mixing in the crystallizer sections.

A diagram of the apparatus for hydraulic calculation with the designation of the corre-
sponding flows is shown in Fig. 2.
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In order to create a reciprocating motion in the noz-
zles, the mass of the raw mixture, emitting at a pulse from
the M section, must be such that the oscillation scale at the
top of the apparatus corresponds to the sum of the suspen-
sion masses emitted through the drain of the crystallizer,
equal to the total input of raw material and solvent into the
column over the full cycle of pulsation t, + ¢, (t,, t; pulse
and purge exhaust respectively)

(GC + 2%1 Gx,i)(tn + tB)’ (5)

and some minimum value Gy iy (KT), greater than
the specified mass of the solvent entering the M section
during the purge exhaust time G, ;= t;. These two condi-
tions provide that during the pulse time there is an output
from the crystallizer of the amount of suspension corre-
sponding to the capacity of the apparatus for a full pulsa-
tion cycle. But during the purge exhaust period there is a
backflow of liquid in the upper nozzle, a specified number
of times greater than the mass of solvent (the largest of all
sections) coming into this nozzle. The second condition is
chosen taking into account the fact that the mass of the
fluid flowing through the nozzles grows downward from
section to section, and the amount of solvent supplied to
these sections decreases (this will be shown in the results of
the heat calculation below).

Thus

GB,min =k 'Gx,izM'tBa

will obtain

VOL. 2, Issue 1, 2021

G, M G, =Mt,

o KGﬁfM G, ~M-1t,
= “G. M1,

( :
G =M-1 G_=M-2t

=M-2 : G, A,

Gx.izzrﬂ

G, =2,

i=2

G =,
G =1,

xi

Fig. 2. Flow diagram in the pulsation
mixing crystallizer for hydraulic calcu-
lation (symbols in the text)

(6)

Gn,i:M ' GB,min + (Gc + Zgl Gx,i)(tn + tB)’ (7)

Gy i=m is the mass of the slurry coming out at the pulse from the M section, kg.

This way the necessary mass of liquid displaced from the pulsation chamber at the im-

pulse, satisfying the above conditions (taking into account that the mass of the slurry flowing

through the nozzles grows from bottom to top from section to section), kg, is equal to

Gn,n = Gn,i:M - (Gc + Z{\il Gx,i)tn- (8)

Corresponding volume of liquid, making oscillations in the pulsation chamber, m3:

VI/I,H = Gn,n/pa

)

p is the average density of the crude mixture in the apparatus, kg/m3.

The mass of the slurry flowing through the nozzles in the i section, kg, is equal to
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Gn,i = GH,H + (GC + Z;l':l Gx,j)tn- (10)

At the purge exhaust, the mass of the slurry flowing through the nozzles in the section i
is equal to

GB,L’ = GB,min+Z§'=M Gx,j L. (11)
Mass of liquid entering the pulsation chamber during the purge exhaust, kg:
GB,]'[ = GB,i=1 + GC * Ly (12)

Implementation of condition G, ;=G is a confirmation of the fairness of the calcula-
tions. As the greatest mass of the mixture flowing in the nozzle falls on the M section at the
momentum, the cross-sectional area of the nozzle is calculated by the formula

F. = Gn,i:M/(tn P Whax)- (13)

F, is the nozzle aream?;
Wiax - limit top speed flow velocity in the nozzles, m/s.
Then the radius of the nozzle, m, is

R. =0,5(F./0,39). (14)

The speed of the crude mixture in the i nozzle at impulse and purge exhaust is
Wi = Gui/ (Fe - p - ty). (15)
Wy = Gy /(Fe - p - to). (16)

The pulsation mixer should provide the specified mixing intensity. In the case of sec-
tioned apparatus, the intensity of mixing, ¢, can be assessed by the fluid flow rate in the nozzle
and the ratio of the section volume to the capacity of the pulsation mixer:

I=Vo/ Vi ), (17)

where fis the frequency of pulsation (level fluctuations in the pulsation chamber), 1/s;

V, - the volume of the apparatus section, M.

If the condition of a given mixing intensity is not met, the volume V; ; is corrected with
subsequent calculation by formulas (6)-(16). The values of pulsation frequency f and the ratio
of pulse and purge exhaust ¢, t, are taken according to the recommendations for pulsating
mixing in column apparatuses. The value of k (in formula (6)), the maximum speed of the mix-
ture in the nozzles W, and the mixing intensity criterion I are determined experimentally.

Flow rates in the section are taken according to the heat calculations. The hydraulic cal-
culation includes the calculation of the pulsation system of the crystallizer. The scheme for cal-
culating the pulsation system is shown in Fig. 3. To ensure the required mode of fluid oscillation
in the system (pulsation chamber, connecting pipeline, crystallizer), the difference of levels in
the apparatus and the pulsation chamber must ensure the movement of the crude mixture
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during the purge exhaust time t,. The corresponding equations are the sources of the formula
for determining the magnitude of the level difference:

Her = XL G,/ (2gMp?e,®) [1/ (g - 0)* + 1/ (1n - 0)?]1 + W2/ (2g) (1 + A L/d +
2P, (18)

where y, u |, is the nozzle and overflow flow coefficient;

Wy, U Wy - is the nozzle and overflow area, respectively, M?;

W - velocity of liquid movement (during purge exhaust) in the pipeline connecting the
pulsation chamber with the crystallizer, m/s;

g - gravity acceleration, m*/c;

\ is the friction coefficient; ] d
L - length of the pipeline from the pulsation chamber

to the crystallizer, m;

d - pipeline diameter, m; ~ |dus ]
2. @ - the sum of the coefficients of local resistances i
in the pipeline. 45
plpe lne . . . . . :E:
The other designations are given earlier. That is, the - 7]

loss of head when moving the mixture from the crystallizer » H
to the pulsation chamber during the purge exhaust is the —]
sum of the loss of head for flow through the nozzles and

"holes in the flat wall" - overflows in the baffles and the loss
of head in the pipeline connecting the pulsation chamber d
with the crystallizer.
It should be noted that the liquid pressure in the crys- B

tallizer and the pressure in the purge exhaust line are taken
equal to atmospheric. The pressure of inert gas to move the
crude mixture upwards through the crystallizer (during the

pulse) should not be less than the pressure of the liquid col-

umn due to the level difference in the body and the pulsa-

tion chamber and the loss of head to overcome the hydrau-
lic resistances of the system. N J
The pressure for overcome the resistance of the pipe- Fig. 3. Diagram of the pulsation mixing

crystallizer to calculate the pulsation
system

line and the body is calculated by analogy with the determi-
nation of this value during the purge exhaust:

Po=p g{ZiL1Gui® /(27 g M- p?  t) [1/ (i 0,)% + 1/ (y » )] +

W2/(2g) (1 +AL/d + 3 0). 4
This way, the pulse pressure must be at least
Fi=F +pg " He (20)
The total gas flow rate (kg/h) for the pulsation will be determined by the formula
Qn = 36000y " f [Virp (Pmax/100 = 1) + Vi * Pmax/100], 21
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py is the gas density under normal conditions, kg/m> (for inert gas of the dewaxing and de-
oilizing plants, including mostly nitrogen and carbon dioxide, the calculated density is 1.4
kg/m®);

Virp - volume of the pulsation path, m3;

Vi - pulse volume in the pulsation chamber, m3;

Prax - absolute pulsation pressure, kPa.

Prax can be found as the sum of atmospheric pressure (in kPa) and the pressure F,, de-
termined by the formula (20):

Prnax= Bathy. (22)
The volume of the pulse is equal (see Fig. 2):
VI/IMI‘I = 05785AD1'%K > (23)

where A is an amplitude of vibrations of the media in the pulsation chamber, m;

Dy - diameter of the pulsation chamber, m.

The volume of the pulsation tube can be defined as the sum of the volume of the pulsation
pipe (the tube that connects the pulsator to the pulsation chamber) and the free volume of the
pulsation chamber that is not filled with liquid:

VH.Tp= 0,785 (Lyy - dﬁl‘[ + Hy - Dr%}c > (24)

Lyn,dyy are length and diameter of the pulse line, m;

H, - height of the unfilled part of the pulsation chamber, m.

Thus, the calculation of the pulsation system, which is the part of the hydraulic calcula-
tion, is performed to determine the inert gas pressure required to implement the pulsation and
the installation height of the pulsation chamber (in relation to the level of the slurry in the crys-
tallizer).

Based on the consumed amount of inert gas Q;, the gas pressure per pulsation P, and the
pulsation frequency f, the pulsator parameters are calculated. To assess the energy consumption
for pulsation, the specific energy consumption for gas compression and the calculated power
for injection are determined.

The specific energy consumption for isentropic compression [4], J/kg, is

Loy =K (k-1) -RT, l(ﬁ—:)T - 1], 25)

k = Cp,/C,, for nitrogen k = 1,4;

R is the universal gas constant, for nitrogen R =297 J/(kg-K);

T, - gas temperature, K;

P,, P;is the absolute pressure at the compressor output and input, respectively, kPa.
Then the calculated power for gas injection, kW:

N=Qy-Lyy/ (3600-1000-), (26)

where 1 is the compressor efficiency.
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As described above, after the hydraulic calculation, the temperature profile in the crystal-
lizer is refined, taking into account the media pulsation in the crystallizer. The temperature in
the section i is determined according to its heat balance equation for certain period ¢ (the equa-
tion is obtained after some simplifications):

T; =(Gpis1 " Tiv1 [+ Guica " Tica " f+ Gy " Tei)/ [f (Gui + Gpi)l, (27)

T, i is the temperature of the refrigerant supplied to this section.
The other designations are given above and in Figs. 2 and 3. For the first section i=1 the
temperature is determined by the formula

Ti=1 = (GCTC + GB,nTizzf)/(Gn,n f)a (28)

where T, is the temperature of the raw material.

The calculation is carried out from section i=M, where the temperature does not depend
on the flow pulsation and is determined only by the final quantity of refrigerant and its temper-
ature, to section i =1. Using the method of successive approximations, the temperature calcula-
tion from section to section is repeated until the difference between successively determined
temperature values in the 1st section is reduced to a specified value.

According to the given methods of heat and hydraulic calculation of the crystallizer, based
on the developed mathematical models of the corresponding processes, the optimum sizes of
sections of the apparatus and their number, the modes of refrigerant supply to the unit and
pulsation, providing a given rate of cooling of raw material flow and intensity of mixing in the
sections are determined.
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