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0. M. KPACHOITOJIbCBKHH, J. M. ITHJIHITEHKO, I'. C. TPUTOP’ €BA

HAHOME/JUIIUHA Y TPOTUITY XJIMHHIN TEPAIII

BukopucTanss JinocoManbHUX HaHOYACTHHOK sk drug delivery system chOroziHi € MepCHEKTHBHUM HAIPSIMKOM CydYacHOI HaHO-
(dhapmakosorii, 30kpemMa y po3poOIli MPOTHITYXJIMHHUAX JIKapChbKUX MpenapatiB. JlimocomanbHi GopMH MPOTHITYXJIMHHUX aKTHBHHX
(apMaleBTHYHUX IHIPEIIEHTIB XapaKTePU3yIOThCs 3HIKEHHSIM TOKCUYHOCTI, 3a0e3MeueHHsIM CTabiIbHOCTI Ta MiABHIIEHHSM MPOTHU-
My XJINHHOI aKTMBHOCTI 1HKAIICYJIbBAaHOTO Y HAHOYACTHHKU MPOTUITYXJIMHHOTO areHTy, IPOJIOHrOBaHicTIo Aii mpenapary. IIpencras-
JIeHI Ha PUHKY JIIIOCOMaJbHI MPOTHITYXJIMHHI 32ac00H € MpenapaTramMy i3 MaCHBHUM HaLUTIOBAHHSM, SKi HAKOMHUYYIOThCA Y KIITHHAX
nusixoMm nacuBHOI audy3ii myxnmHu 3aBasku EPR-edexty cyamHHOI cuctemMu. Y maHOMY OISl MPENCTaBICHI JaHI BHBUYCHHS
MPOTHITYXJIMHHOI aKTHBHOCTI JIIOCOMAJBHUX IpenapariB, MPOBEICHHX YKPAIHCHKUMU BYCHUMH HPOTATOM OCTAaHHIX JECSTHIIITh.
CroronHi J0Be/leHA MPOTHIYXJIMHHA aKTUBHICTH JIMOCOMAJIBHUX (hOPM TEPANEeBTHYHUX areHTiB Pi3HOI IMPHPOIU: aHTPALMKIIIHOBI
aHTUOIOTHKY, MpenapaTH IUIATUHHW, HANiBCHHTETHYHI HOXIJHI ajKaJoiAiB, MPUPOJHI MOJNi()eHONbHI aHTHOKCUIAHTH, TOmO. Tak,
IHKAIICYJIALisS TOKCOPYOILMHY TiPOXJIOPULY Y JIIHMOCOMH JJO3BOJMIO 3HM3UTH MOr0 KapAiOTOKCHUYHICTh Ta iHIII MOOiYHI e(eKTH,
3a0e3[eYUTH MOXKIIUBICTD JIKyBaHHs PE3UCTEHTHUX 10 AOKCOPYOiLuHy myxiuH. JlimocomanbHi (GOpMU KOMIUICKCHUX CHONYK IUIATH-
HH, 30KpeMa LUCIUIATHHY, Y MOPIBHSAHHI i3 BUIbHUMHU (OpMaMH HUTOCTATHKIB MOKa3aiu OlIbiny epeKTHBHICTh IIPH JIIKYBaHHI pe3uc-
TEHTHOTO /I0 HUCIUTATHHY PaKy S€YHHUKIB. 3aCTOCYBaHHS MOMi()EHONBHUX aHTHOKCHIAHTIB, KBEPLUETHHY Ta KypKyMiH, Y KOMIUICKCHIN
Teparnii 103BOJIsIE HE JIMILIE TOCHIMTH MPOTHILYXIMHHHUIT eeKT, ane it BUABIIAIO NPOTEKTUBHUIN e(EeKT Ha 30pPOBi TKAHHMHH Ta OPTaHH.
KniouoBi cjoBa: ninocomanbHi Tpenapary; NPOTUIYXJIMHHI IIperapaTd; aHTHOKCHJAHTH; AaHTUPAIMKIIHOBI aHTHOIOTHKHY,
JIOLICTAKCET; IPerapaTy IUIATHHH; IPHUHOTEKaH; KBEPLETHH; KYPKYMiH.

0. M. KPACHOITO/JIbCKHH, /1. M. THJTHITEHKO, A. C. TPUTOPBEBA
HAHOME/IUIIUHA B TPOTUBOONYXOJIEBOM TEPATIUM

Vcnonb30BaHue JIMIIOCOMANIBHEIX HaHo4acTull kak drug delivery system cerofHs siBJsieTCs IEPCIEKTHBHBIM HAIlPaBJICHUEM COBpE-
MEHHOH HaHO(apMaKOJIOTHH, B YACTHOCTH, B pa3pabOTKe NPOTUBOOITYXOJIEBbIX JICKAPCTBEHHBIX MpenaparoB. JlunocomansHele Gop-
MbI IPOTUBOOITYXOJIEBBIX AKTHBHBIX (h)apMalleBTHYECKUX MHIPEUCHTOB XapaKTePU3YIOTCs CHIDKEHHEM TOKCHYHOCTH, 00ecIiedeHHEeM
CTaOMIBHOCTH ¥ HOBBILICHUEM IIPOTHBOOIYXOJICBOH aKTHBHOCTH HHKAIICYJMPOBAaHHOTO B HAHOYACTHIIBI IPOTHBOOITYXOJICBOTO areH-
Ta, HPOJIOHTMPOBAHOCTBIO ACHCTBUS Npemnapara. IIpeAcTaBIeHHbIC HAa PHIHKE JIMIIOCOMANBHBIC TIPOTHBOOITYXOJIEBBIC CPE/ICTBA SBIIS-
I0TCS TIpenapaTaMy ¢ IaCCHBHBIM HAIlEIMBaHUEM, KOTOPbIe HAKAIUIMBAIOTCS B KJIETKaX IyTeM IacCHMBHON anuddy3un omyxonu 6ia-
ropapst EPR-a3¢dexry cocynuctoii cuctemsl. B rannom 0630pe npe/craBieHs! JaHHBIE 10 H3yUSHUIO IPOTHBOOITYXOJIE€BON aKTHBHO-
CTH JIMIIOCOMAJIBHBIX IIPENapaToB, MPOBEJCHHBIX YKPAUHCKUMHU YYEHBIMH Ha MPOTSDKCHUH MOCIEAHNX necatuiernid. CeroaHs oka-
3aHa IPOTHBOOIYXOJIEBAas AKTHBHOCTH JIMIIOCOMAIBHBIX ()OPM TEeparieBTUUECKUX AreHTOB PA3HOM NPHUPOXBI: aHTPALMKIMHOBBIS
AQHTMOMOTHKH, TIpeNapaTsl IIATHHBI, TIOJYCUHTETHYECKUE IPOU3BOJHBIC ATKAJIONI0B, IPUPOJHBIC MONU(EHOIbHbIE aHTHOKCHIAHTBI
U T.4. Tak, HHKanCyJIsAuus TUAPOXJIOPHAA TOKCOPYOHMIMHA B JIMIIOCOMBI II03BOJIMJIA CHU3MTH €r0 KapAHOTOKCHMYHOCTb U ApYyTHe
1mo0oyHbIe dPPEKTHI, 00eCIeYnTh BO3MOKHOCTh JICUEHHS PE3UCTCHTHBIX K IOKCOPYOHMIMHY omyxoueil. JlunocomansHbie (Gopmbl
KOMIUJIGKCHBIX COCAMHEHHUH TUIATHHBI, B YACTHOCTH LIUCILUIATHHA, 110 CPABHEHHIO CO CBOOOIHBIMH (HOpPMaMU LIUTOCTATHKOB ITOKA3aJIN
Oombirylo  3(QQEeKTHBHOCT IpU JIEYEHHM pPE3UCTEHTHOTO K IUCIUIATUHY paka SUYHUKOB. [IpuMeHeHuMe mnoau¢eHOIBHBIX
AQHTHOKCHIAHTOB, KBEPIIETHHA U KyPKyMUHA, B KOMIUICKCHOH TEparuy M03BOJISIET HE TOJIBKO YCHINTH MPOTHBOOITYXOJIEBBII (B deKT,
HO M OKa3bIBaTh IPOTEKTHUBHBIH 3()(EKT Ha 310POBbIC TKAHU U OPTaHEI.

KnioueBble cJI0Ba: JIMIIOCOMQJIBHBIE MpenapaThl; MPOTHBOOIyXOJEBBIE IPEHapaThl; AHTHOKCHUIAHTHI, aHTPALMKIMHOBBIC
AQHTMOMOTHKH; JIOLIETAKCE; IPenapaThl IIIATHHbI; HPUHOTEKAH; KBEPLETHH; KypPKyMHH.

YU. KRASNOPOLSKY, D. PYLYPENKO, G. GRIGORYEVA
NANOMEDICINE IN ANTICANCER THERAPY

The use of liposomal nanoparticles as a drug delivery system today is a promising area of modern nanopharmacology, in particular in
the development of antitumor drugs. Liposomal forms of antitumor active pharmaceutical ingredients are characterized by reduced
toxicity, stability, and increased antitumor activity of nanoparticle-encapsulated antitumor agent, prolonged action of the drug. Com-
mercially available liposomal anticancer drugs are passively targeted drugs that accumulate in cells by passive diffusion in tumor
cells due to the EPR effect of the vascular system. This review presents data from the study of antitumor activity of liposomal drugs
conducted by Ukrainian scientists in recent decades. Today, the antitumor activity of liposomal forms of therapeutic agents of various
natures has been proven, among them are anthracycline antibiotics, platinum drugs, semisynthetic alkaloid derivatives, natural poly-
phenolic antioxidants, etc. Thus, the encapsulation of doxorubicin hydrochloride in liposomes has reduced its cardiotoxicity and
other side effects, provided an opportunity to treat doxorubicin-resistant tumors. Liposomal forms of complex platinum compounds,
in particular cisplatin, have been shown to be more effective than free forms of cytostatics in the treatment of cisplatin-resistant
ovarian cancer. The use of polyphenolic antioxidants, quercetin and curcumin, in complex therapy can not only enhance the
antitumor effect, but also have a protective effect on healthy tissues and organs.

Keywords: liposomal drugs; anticancer drugs; antioxidants; anthracycline antibiotics; docetaxel; platinum drugs; irinotecan;
quercetin; curcumin.
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Bcemyn. TaTepec 10 HAHOTIPOIYKTIB, 30KpeMa 10 JIi-
nocomanbHux npenapatiB (Ls-drug) ceorogHi migxom
3pO3YMIJIMH — 111 3aCO0M, MalO4y IUPOKUH CHIEKTp [ii, BU-
KOPUCTOBYIOTECSI SIK CHCTEMa JOCTaBKM JiKiB — «Drug
Delivery System» [1, 2]. CtBopenns Ls-drug € omamMm i3
TIEPCIIEKTUBHAX HAINpPSIMKIB Cy4acHOi HaHO(apMaKoIorii
[2-5]. Ha cBiToBOMY (hapManeBTHYHOMY PHUHKY TpEICTa-
BieHo Omm3pko 50-tm Ls-drug. 3 HUX B OHKOJIOTiUHIN
MIPAKTHIII 3aCTOCOBYIOTH Oimpbmre 10-tm Ls-drug 3 macus-
HUM HAI[UTIOBaHHM, SIKI MICTSTh MPOTUIYXJIMHHI (hapMa-
eBTHYHO akTuBHI iHrpemientu (API) [6-8]. Psx API (an-
TPalMKIIIHOBI aHTHOIOTUKY, LIMTapaliH, ipHHOTEKaHy Til-
poxnopun (Iri), BiHkpucTHH, mpenapaTu IaTuHu (Pt),
MypaMuI-TPUIIENTUAY Ta 1H.) JIEMOHCTPYIOTH BHCOKY
e(EeKTUBHICTb TPH JIIKyBaHHI XBOPHX 3 MyXJIMHHUMH 3aX-
BOPIOBaHHSMH pi3HOi JoKamizauii. Buxopucranus Ls-
drug mpwm JikyBaHHI paky 0a3yeTbcsi HA MOXIIMBOCTI ITO-
KpameHHs epekTHBHOCTI Bimomux API 3a paxyHOK 3MiHI
iX (apMaKOKIHETHKH, IO TMPHU3BOTUTH MO ITiABUIICHHSI
TPOTHITYXJIHMHHOI aKTHBHOCTI Ta 3HIKEHHS TOKCHYHOCTI.
[osineHe BuBinbHeHHS API 3 Ls-drug 3abe3mnedye mposo-
HTOBaHICTh Iii Ta mepeHeceHHs HecTaOuUTbHHX API, Ha-
MpUKIaa, mpenaparis Pt abo aHTpaIMKIIHOBHX aHTH-
6ioTukiB [7].

IMpu po3po6bui Ls-drug Benuki Hail MOKIaAalOThCs
Ha BIJMIHHOCTI y (i3ioyiorii cyIuH HOPMalbHUX Ta IyX-
JVHHUX TKaHWH, 10 3yMOBJIOIOTH IiJBHIIEHUN piBEHBb
MIOTJIMHAHHS MyXJIMHHUMH TKaHMHam# Ls-drug, ski mic-
TsTh API. InTepec no Ls oOymoBieHuii Hagieo Ha iHTEH-
cuBHime HakormmdeHHA APl y myxiwmHHIA TKaHWHI, sSKe
00yMOBJICHE IBUAKAM POCTOM IYXJIMHH, 1 IPU IIbOMY He
BiZI0YBAETHCS TIOBHOI[IHHOTO PO3BUTKY €H/IOTEINII0 CTIHOK
KPOBOHOCHUX CyIuH IyxJuH [9]. ¥ KpOBOHOCHUX CyIu-
HaX MYyXJHH yTBOPIOIOThCs nopu po3mipom 0,3-0,4 Mkm.
Kpim TOro, BeauyMHa MDKKIITHHHOTO IHTEpBAIy B ITyX-
JIMHHIM TKaHWHI OlIbIla, HIK y 3I0POBUX TKaHWHAX. BHa-
CIiIOK 11bOT0 Ls 3 po3mipom meniie 200-250 HM MOKYTh
NPOHUKATH Ta HAKONMYYBATHCS y MyXJIMHHIN TKaHWHI,
10 3MEHIIY€ IX HAKONMMYEHHS y 3J0POBHX TKaHHHAX Op-
rarizmy. et mpomec BimoMuil sk e(eKT miIBHIICHOT
npoHUKHOCTI Ta HakommdeHHI — EPR-edexr (Enhanced
Permeability and Retention). 3a 10omomMororw macHBHOTO
HaOUTIOBaHHS LS MOXYTh KOHIIGHTPYBAaTHCS B ITyXJIHHI
3a3Buuail yepe3 2448 roauH 3aBasku eeKTy CyIaMHHOL
cucremu (EPR). Psin aBTOpiB minTBEpIKyeE MOXIHUBICTH
noctaBku Ls-drug no myxmnmH 3a gonomoroo EPR-edek-
Ty 1 BKa3ylOTh Ha MOJIMIIEHHS CTaHy MaiieHTiB. [Hmi aB-
TOPH BBaXKaloTh, 10 y KimiHil EPR-edexT y moannu miza-
TBEPIKYETHCS MEHIIOK MIpOI0 Ha BiIMIHY BiJ JIOCITi-
JUKEHb Ha TBapHHax (LIypH, MUIII), y SKHUX [eil edexT ak-
TUBHO BHsBIAeThCsA. EPR-edexT HabaraTo Ginbin Bupaske-
HU{A U MyXJIMH TPU3YHIB, HDK U MyXJIHHH JTIOAWHH,
TOMY LIO ITYXJIMHH Y TPU3YHIB POCTYTh Ha0araTo MIBHALIE
3a paxyHOK IIBHAKOIO POCTY CYIHMH MyXiHHH. IIpn 1p0-
MY YTBOPIOEThCS eheKTHa CyAUHHA CTPYKTYpa IIyXJIHHH,
yepe3 AKy Jierie npoHukaiots Ls. Kimacuunum npukia-
JIOM IyXJIMHHU JIIOIUHH € capkoma Karomri, ska xapakre-
PU3YETHCS Oe3I1iU4YI0 KPOBOHOCHUX CYJIUH 1 100pe miyiae-
ThCs JIIKYBaHHIO 3a qoromororo Ls-drug [10, 11].

3a MUHYJII POKH ITPOBEJEHO HU3KY JOCIIDKEHb 3 Me-
TOI0 CTBOPEHHSI HOBHX (popM 100pe BIZOMHX MPOTHITYX-
muHHUX API, iHkancynpoBaHux y Ls, siki XapakTepH3yro-
THCSI BHIIOIO TEPANIEBTUYHOIO €(PEKTUBHICTIO Ta 3HIDKE-
HOIO TOKCHYHICTIO TTOPiBHSHO 3 BiTbHUMH popmamu API.
Ls-drug € Haii0iIbpII BUBYEHOIO CHCTEMOIO HAHOTEXHOJIO-
riff, mo o0yMoBIIeHO iX Oiomerpamarieio, BUCOKOIO TIPO-
TUIYXJINHHOIO €(EKTUBHICTIO, 3HMKEHHSAM TOKCHYHOI il
API na 3nm0poBi kiitHHA. Bennkuii o0csT AOCTIKEHB 0~
B’s3aHU# 13 BIJHOCHO MPOCTHMMH METOJAMH OTPHUMAaHHS
Ls Ta HasBHICTIO BHCOKOS()EKTHBHOI'O TEXHOJOTIYHOTO
obnamuanns [1-3, 8]. Y manoMy orysimi HaBEICHO ITOCITi-
JUKEHHSI yKpaiHcbkux BueHux (1991-2021 pp.), cnpsimo-
BaHi Ha cTBOpeHHs Ls-drug ajst BUKOpHCTaHHS Y TIPOTH-
MyXJIMHHIH Tepartii.

Ls-drug amwmpayukninosux anmubiomuxie. J1ok-
copyOinuay rinpoxnopus (Dox) — onuH 3 Halle()eKTHBHI-
IIMX IUTOCTAaTHKIB, IO BUKOPHUCTOBYIOTHCSA B KITIHIUHIN
MPaKTUIl IJIs JIKyBaHHSA XBOPHX i3 3JIOSKICHUMH HOBO-
YTBOPEHHSAMH JiM(OIiqHOI Ta KPOBOTBOPHOI TKAHWHH,
emiTeNniaNnbHIX Ta CIOJyYHHX PAaKOBUX YTBOPEHb Pi3HOI
sokamizamii. OCHOBHHM HEIOJIIKOM aHTHPAIMKIIHOBHX
aHTUOIOTUKIB € KapJIOTOKCHUYHICTh. [0SICHEHHSM 1bOMY
Moxe OyTu Tol (hakT, IO cepleBa TKaHMHA 30arayeHa
MITOXOHJPISIMH, SIKI MICTSITh BUCOKHI PiBEHb aHiOHHOT'O
dhochominminy nudocharuamIrminepuny, sIKAi B3aeMOJIiE
3 TIO3UTHBHO 3apspkeHnM Dox. lle Moxe mpuBectH 10
MePeKHCHOTO OKMCHEHHS JIMiIB y cepleBiil TKaHuHI. Y
JITaHWH Yac MPOBEJCHO BUBUCHHS MexaHi3my il Dox Ha
pakoBi kmiTuHU [12], fiKa MOYWHAETHCS 3 HOTO MACHBHOI
mudysii gepes ¢ocdomimigny OimapoBy MemOpaHy
3MI0SIKICHUX KIIITHH Y IUTOILIa3My, ae Dox mepeTBoproe-
THCSI HA CEMIXIHOH 1 TeHepy€e akKTUBHI (JOPMH KHUCHIO, BUK-
JIMKAlO4YH YTBOPEHHS BUIBHUX PaJMKaliB Ta OKCHIATHB-
HUH cTpec. Y mmro3oni Dox moTparmsisie B MiTOXOHIPIT,
Bukinkaroun nomkomkeHHs JHK Ta enepretuununit
CTpec, B pe3yjbTaTi YOro MITOXOHPIi BHUBUIBHSIIOTH
IIUTOXPOM, 3aIlyCKarouM KacKaJl Kacmas, IO MPHU3BOJIUTH
Jo 3aruOeni KiThH. [3 nuro3omro Dox mpoHUKae B spo,
Jle BiH IHTEpPKAIIOE MDK CIIpaliiMH JIBOJIAHITFOKKOBOT
JHK Ta iaribye dhepmentn Tomoizomepasu I i II. Orpuma-
He momkomkeHas JTHK npu3BoauTh 10 YTBOpEHHS BiJib-
HUX paJHKaliB, alKiTyBaHHSA Ta aKTHUBalil OULAXY p53,
iHTi0yI0uM Tposidepalio KIITHH Ta BUKIMKAIOYU arloll-
T03. DOX Takox MOXe rinepakTHBYBaTu siACpHUl dep-
MeHT moJi-AJ[d-puboso-nonimepasy (RARP)-1, npusso-
JISTIM 710 BUCHAXKCHHS CHEpTii Ta ayTodarii.

B Vkpaini 3 1992 poky po3mnouaTo poOOTH 3i CTBO-
penns Ls ¢popmu Dox, npoBeaeHo nokminivni [13—15] Ta
KITiHIYHI Tochimkeras [16, 17], ski 3aBeprmucs y 1998
POl peecTparii€ro Mmpemnapary Imij Ha3Bok «Jlimomokcey
[18-21]. 3 1998 poky po3nouato BuKopHcTaHHs «Jlimo-
JIOKCY» B KIiHiMi [22—-26]. KninivHi qOCTiKeHHS TiATBe-
pAWIM BIZHOCHO HU3BKHN piBEeHb TOKCHYHOCTI Ls-Dox,
IO ZI03BOJIMJIO 3aCTOCOBYBaTH «JIimoIOKC» XBOPUMHU Ha
(hoHI BUpaXkeHOT 3arajibHOT IHTOKCHKAIIIT K MYXJIHHHOTO
reHe3y, Tak 1 MoB’si3aHo0i 3 CynyTHIMHU narojorismu. Cry-
MiHb TPOSIBY KapJIOTOKCHMYHOCTI Ta Mi€esocyrpecii mpu
BUKopHcTaHHi «Jlimonokcy» OyB MeHI BupaxeHuit. Jloc-
JIHAKA TIAILTH BUCHOBKY, IO 32 eheKTUBHICTIO «Jlimo-
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JIOKC» TepeBepIye BUTbHUN DoX, 30kpeMa npH JIiKyBaHHi
PE3MCTEHTHHX Ta arpeCMBHUX (GopM 3JI0SKICHUX JIiMPOM,
a TaKoX INpH ICTHHHHUX PELUAWBaX, IO PO3BHHYJIHCS Y
30HI BHpaXeHUX (HiOPO3HUX 3MiH. 3HIKEHHS MOOIYHUX
edekTiB (Mierocynpecii, TeMaToJOTiYHOI TOKCHYHOCTI,
KapJIiOTOKCUYHOCTI) MpU BUKOpHCTaHHI «Jlimogokcy» mo-
3BOJIMJIO PEKOMEHIYBATH IIpenapar y CXeMH JIKyBaHHS
XBOpHX Ha JIiM(pOTpaHylIeMaro3 Ta HEXOKKIHCHKI JIiM-
¢bomu. «Jlimomokc» mobpe 3apekoMeHIyBaB cebe y XBO-
pHX TIOXWJIOTO BiKYy i3 MOPYIIEHHSIMH CEpLEBOi JiSUTBHO-
cTi. 3a paxyHok HeBenukoro miametpy (150440 um) Ls
«Jlimomokcy», WHMOBIpHO, MOXYThb IPOHHMKAaTH Yepe3
CTIHKM KaIllIsIpiB, IO JKUBISTH IyXJIMHY, MPOHUKHICTH
sKkuX migBuiieHa. [licns npoHukHeHHs Ls y myxiauHy Bin-
OyBaeThbcs pyliHYBaHHS MeMOpanu Ls 1 BuBiapHeHHS DoX.
[Ipn mopiBHAHHI epeKTUBHOCTI Ta OE3MEYHOCTI BUKOPH-
craHHs BimbHOT ¢opmu Dox Tta «Jlimomokcy» BcTaHO-
BIIEHO, IO «JIimOJOKC» 3a psAIOM mapamerTpiB mepeBep-
[Iye TpenapaT MopiBHAHHSA. Tak, mpu OLTBII IPOJIOHTOBA-
Hifl Oii piBeHB TemaTo- Ta HepPOTOKCHIHOCTI «Jlimomox-
Cy» € HIDKYHM, 1[0 03BOJISI€ 3SMEHIIHUTH CIIEKTP MPOTHIIO-
Ka3aHb J10 oro BUKOpucTanHs [22-26]. [IpoBeneHo Jiky-
BaHHSI MAIIEHTOK 13 pe3UCTeHTHUMH 10 Dox (hopmamu pa-
Ky MOJIOYHOT 3ano3u [23, 24]. V Bcix BUnagkax crocrepi-
rajd TO3WTHBHY JMHaMiKy. Y XBOPHX J1arHOCTYBaJIH
YCYHEHHS IUIEBPUTY, CTaOiIi3alilo acUuTy, 3MEHIICHHS
KIJIBKOCTI MeTacTa3 y jiMpaTuynux Bysnax. ImoBipHO Ls
¢dopma Dox 1103BosIsiE MPOHUKATH MOJIEKYJIaM TIperapaTy
6e3nocepeHbO B MyxiuHy. [loBibHe BuBiLIbHEHHS Dox 3
Ls no3Bossic YHUKHYTH BHHUKHEHHS MIKOBOI KOHIIGHTpa-
mii mpemapaTy B IUIa3Mi, IO CIPHATINBO ITO3HAYAETHCS
Ha npodini 6e3nexu. [IpoBeneHo BuBUeHHs BIUMBY «Jli-
MMOJIOKCY» Ha eheKT MPOMEHEBOI MepeaonepaIiiitHoi Tepa-
mii, sika rmpoBoamIacs uepes 21 meHs micis 3akiHdeHHs 4
KypcCiB HE0a I0BaHTHOI XiMioTeparii y JBOX rpymnax xi-
HOK, XBOPHX Ha MiCIIEBO-TTOLIMPEHUH PaK MOJIOYHOI 3aJ10-
3u. IlpoBeneHi AOCITIIKEHHS MPOAEMOHCTPYBaIH MOJIH-
¢ikyrounii BIUIMB Heoa IoBaHTHOI ximiorepamii Ls-Dox
IPY MiCIIEBO-TTOLIIMPEHOMY PaKy MOJIOYHOI 3aJI03H.

[IpoBeneHo KIiHIYHI TOCTIMIKEHHS XBOPUX Ha JIiM-
(orparynemMaro3 Ta HEXOKKIHCEKI Jimpomu [18]. Cxe-
MH TIOJIiXiMioTeparii XBOPHX OCHOBHOI TPYITH BKIFOYAJIH
«Jlinomokc», a XBOPUM KOHTPOJIBHOT IPYITH BBOIMIM Bi-
npHy (opMy Dox. 3acrocyBanns «Jlimomokcy» 3abesre-
4yyBaJio Oe3MepepBHy CTiKYy TO3UTHBHY JMHAMIKY perpe-
cil mMQaTHYHUX BY3JIB Ta JO3BOJMJIO IOCSITH peMicii
HaBiTh 3a pedpakrepHux Qopm. [Ipu JiKyBaHHI XBOPHX
Ha paK MOJIOYHOI 3aJI03HM IOKa3aHO IMOKPAICHHS CTaHy
XBOPHUX Ta 3HW)KEHHS TOKCUYHOCTI IpH JiKyBaHHI «Jlimo-
JoKkcoM». TakoK IMoKa3aHO MOIIMBICTB TIOIOJIAHHS PE3H-
cTeHTHOCTI 0 BisHOTO Dox [23-27]. TlpoBeneni moci-
JUKEHHSI TIPOJIEMOHCTPYBaIN MOAM(DIKYIOUMi BIUIUB HEO-
a1 ’10BaHTHOI XiMioTeparrii Ls-Dox mpu MicrieBo-miommupe-
HOMY PaKy MOJIOYHO] 3aJ103H.

KuiniuHi qocmimKkeHHsT miaTBepamin e(heKTUBHICTD
npenapary «JIinomoke» y nopiBHsHHI 3 BUTbHOIO (OpMOIO
Dox, mo nposiBIs€TbCS y 3HIKEHHI TOKCHYHOCTI Ta, IO
0CO0JIMBO BaXKIIUBO, «JIiMOOKCY 03BOJISE 3 TIO3UTHBHOIO
JMHAMIKOIO TIPOBOJUTH XIMIOTEpaIlito XBOPHX 3 Pi3HUMHU
(dhopMamu paKy 3 pe3UCTCHTHICTIO 10 Dox.

Ls-drug komnaexcnux cnoayk nnamunu. Ilpenapa-
TH KOMIUIEKCHHX CHONYK Pt BITHOCATBCS LUTOCTATHYHUX
3ac00iB, SIKi IIMPOKO 3aCTOCOBYIOTHCS MPHU 3JIOSKICHUX
HOBOYTBOpeHHsX. B manmit wac moximaumu Pt, sxi Haii-
O1ITBII IIMPOKO 3aCTOCOBYIOTHCS B KIIHIUHIM MpakTHI, €
mucriatuH (CPt), kapOoriatuH 1 okcamirutatud (OPt).
[ToxazanHAMYU 0 3aCTOCYBaHHS Mpenapartis Pt € meTacra-
THUYHI MyXJWHU S€YKa, TOMMPEHNI paK S€YHHKIB, CEJO-
BOTO MiXypa, INDIOCKOKIITHHHANA paK TOJIOBH Ta Wi, pak
HIMAKHA MaTKH, METACTaTHYHA KapLIMHOMA MOJIOYHOI 3aJ10-
3H, paK JIeTeHb. Pe3UCTEHTHICTh 10 mpemapariB Pt mpus-
BOJIUTH 10 3HIDKEHHS BHYTPIIIHBOKJIITHHHOTO HaKOIHYe-
HHSI [IUTOCTATHKA, 110 3YMOBJIOE BEJIMKY KUIbKICTH He-
B4 y KJIiHIUHIA npaktui. [Ipu npomMy 301IbIIeHHS 1031
Pt HemMuHydYe NPHU3BOAWTH 10 30UIBLHICHHS TOKCHYHUX
e(exTiB (HePPOTOKCHUYHICTh, HEHPOTOKCHYHICTh, HYIOTA
Ta OnroBaHHs). CaMe PE3UCTEHTHICTh Ta BUCOKA TOKCHY-
HICTP KOMIUIEKCHHX CIIOJNyK Pt MpH3BeNnH 10 YMCICHHUX
cipo6 crBopeHHs Ls ¢opm cnomyk Pt Ta ix BukopucTan-
HS B €KCIIEpUMEHTI Ta KriHini [28-30].

B Vxkpaini y 2000-2007 pokax mpoBeIeHO AOCIIi-
JOKCHHST 31 CTBOpPEeHHs TexHouorii orpumanas Ls-CPt
(«Jlimomutat»). Bxirouenust CPt B Ls cTaHOBIIO IIOHA#-
menuie 60 %, a micis BunaneHHs ButbHoro CPt ynbrpadi-
JbTpali€ro — moHaimenie 87 %, po3Mip HAHOYACTHHOK
3HaxouBcsa y Mexax o 180 um [31]. IIpoBeneHo mokii-
HivHI Ta KiaiHiYHI gociimkenas Ls-CPt. Busnauenns ma-
pameTpiB rocrpoi TokcuuHocTi Ls-CPt mpoBoammm mpu
BHYTPIIIHFOYEPEBHOMY BBE/ICHHI MHIIaM. J{J1s1 BUBUCHHS
MPOTUITYXJIMHHOI aKTUBHOCTI BUKOPHCTOBYBAJIH IBI MO-
JIeITi IyXJIMHHOTO pocTy: capkomy 180 i capkomy 45. 3ri-
JHO 3 OTPUMaHMMH JaHUMHU MaKCHMaibHa J103a, IPU SAKiH
yCi MHII 3aJMIIAI0ThCS JKUBHMH, Ul Iperapary Io-
piusuns («E6eBe») craHoBuma 7,5 mr/kr ta mis «Jlimo-
wiaty» — 10 mMr/kr. MiHimanpHa 103a, 10 BUKJIMKaia 3a-
rubens 60% muinei ans npenapary «E6ese» — 10 Mr/kr
ta 40% mumeit g «Jlinommary» — 20 mr/kr; 100 % 3a-
rubens TBapUH BUKJIMKaNA o03a 30 MI/KT Ajst mpemnapary
nopiBHAHHEA Ta 50 Mr/kr s «Jlimomnary». PospaxyHox
JIso cramoBuB 29,91 wr/kr s «Jlimommaty» Ta
13,62 mr/xr ms npenapaty dipmu «E6eBey». Takox Oyimo
MIPOBEJICHO BHMBYEHHS MacH Tijla, KIIHIYHUX O3HAK TOK-
CHYHOCTI, MaCH BHYTPIIIHIX OPraHiB Ta iX MIKPOCKOIIIYHE
BUBYEHHA. [Ipy BUBYEHHI NPOTHUITYXJIMHHOI aKTUBHOCTI
BCTAHOBJICHO, 110 MOKa3HUKH 3HMKEHHS POCTY IMyXJIMHU
Npu BUKOpUCTaHHI «Jlinomnary» Ta npemnaparty HopiBHSH-
HS iIeHTHYHI JUI mTaMy capkomu 45. Ha criiikomy no
noxigaux Pt mrami capkomu 180 Big3miueHO MPOTHITYX-
JTMHHY eeKTHUBHICTb NBOX (hopM npenapatiB Pt, npudomy
y «Jlinomnaray BoHa Oyna Buma (39,6 %), HiX y mpena-
para nopiasHHSA (13,5 %). BpaxoBytoun, mo mpu 6au3b-
Kill TPOTHUIYXJIMHHIM aKTHBHOCTI, «JlinoruiaT» Mae mpak-
TUYHO BIBiYi MEHIIYy TOKCHYHICTh Yy TTOPIBHSIHHI 3 Ipera-
paToM MOpiBHAHHS, OyIIN TPOBEICH] KITiHIYHI BUIIPOOYBa-
uus Ls-CPt — npemnapaty «Jlinortat». IIpoBeneHo BHB-
YeHHs NOAOJaHHA pesucteHTHOcTi n0 CPt Ha mypax 3
HNEepPBUHHUM MimmTamMoM, pesucTeHTHUM po CPt, kap-
nmuHoMu ['epena. [lokaszana OunbIn paHHS Ta cTaOUIbHA
e(peKTUBHICTh TpH 3acTocyBaHHi «Jlimoraty» BUpOOHH-
urBa 3AT «biomik». JlocmigHUKaMH IMOKa3aHa MOXKIIH-

Bicnuk Hayionanornozo mexuiunozo ynieepcumemy «X111»
Cepis: Ximisi, ximiuna mexuonozis ma exonozis, Ne 1(7)' 2022



ISSN 2079-0821 (print)

BICTb Moj0aHHs pe3ucTenTHocTi 10 CPty Ls dopmi npu
3apaXeHHI LIypiB NEPBHHHUM MiIIITAMOM (KapIIMHOMOIO
I'epena), pesucrentaum no CPt. KiiniuHi BUIIpoOyBaHHS
npenapary «Jlimomnar» Oynm nposeneHi Ha 30 XBOpHX Ha
pak sieunukiB [II-V cranii abo penmauB y MopiBHSHHI 3
npenaparoM CPt («Mili Healthcare») y BinpHIH dopmi.
JlikyBaHHS TIPOBOAMJIM 32 3aTraJbHONPUIHITOI0 KOMOIHO-
BaHOIO cxeMoro (mpemapatu Pt Ta muknodocdany). Bera-
HOBIICHO JTOCHUTH BHUCOKY eekTuBHICTH Jlimormara y noc-
JDKyBaHil Tpymi XBopux: y 46,6 % noBHa abo 4acTKoBa
pemicis, y 43,4 % crabinizamnis HMyXJIMHHOTO IpOLECY,
Bchoro 90 % mopiBHsHO 3 edektuBHicTi0O CPt (y rpymi
CPt 40,0 %, 30,0 % i 70 % Biamosiguo). [IpuBepTae yBa-
Ty BelIMKa PI3HHIL NPOrPEeCyBaHHS 3aXBOPIOBAHHS Y JI0-
CIIUKYBaHHX TpyNax: NpH BUKOPHCTaHHI «JlimommaTy» —
y TpbOX XBOpHX, IO cTaHOBUTH 10 %, a mpu BUKOpH-
CTaHHI Ipenapary MOpiBHAHHI — Yy 9 XBOpHX, IO CTaHO-
BuTh — 30 %. Y XBOPHX KOHTPOJIFHOI I'PYITH 3 IPOTrpecy-
FOYUM IIPOIIECOM Fepe3 2 MICHIIl Micisl MPOBEICHHS KypCy
CPt 6ymno mpoBeneHo nikyBaHHS «JlimomaTom» B aHAIIO-
TiuHIi 71031 Ta pexuMi. BusBiIeHo 4acTKOBY peMmicito y 6
XBOpHUX, CTaOLII3alil0 y 2 XBOPHUX, MMOJAJIBIIE TPOrpecy-
BaHHA Iporecy y 1 XBOporo 3 Meracra3aMH B IEYiHKY.
Heo0xinHO 3a3Ha4MTH, 0 TEPMiH MO3UTHBHOI AWHAMIKA
MYXJIMHHOTO TIpolecy Micis JiKyBaHHs «Jlimommarom» y
IUX XBOPHX OYyB y Mexkax Bif 2 10 8 MicsIIiB (B CEpeaHbO-
My 4,5+1,88 micsuis). IToBropruit kypc mikyBanus CPt
(mo 2 kypcu) y 2 XBOpPHX HicCIsl OTPUMAaHHS YacTKOBOI
pewmicii 1o «JlinoruiaTa» 3HOBY HPHU3BIB IO MPOTPECyBaH-
Hs XxBopoOu. [ToBTOpHE NPOBENECHHS HA IIbOMY HETaTHB-
HOMY (poHi 2-x KypciB «JlimomnaTa» 3abe3nedyBaB cTali-
mi3alilo MyXJIMHHOTO TIpolecy. TakuM 4YHHOM, IIpH
MIPOBEJICHH] KITIHIYHUX BUIPOOYBaHb OyJIO BCTAHOBIICHO,
110 TIPU PE3UCTEHTHOCTI A0 BiIbHOI popmu CPt BuKOpH-
crans Ls-CPt Mo)xe IpU3BOJHUTH /10 TIO3UTUBHOTO edek-
Ty [32, 33]. Caix 3a3Haunty, mo micas 2008 poky B Vk-
paiHi nmpunuHeHO poOOTH B IbOMY HampsMKy. EdekTus-
HicTh Ls-CPt minTBepmkeHo Ta iHmmMu aBTopaMu [34].

OnrovacHo 3i ctBopeHHsM Ls-CPt mpoBoauThCS po-
3pobka Ls-drug Ha ocnoBi Opt [35-38]. ITokazaHo, mo
Ls-ORt npurHidye picT myXiauHU OBl €PEeKTHUBHO, HIXK
BumeHHIA Opt. ¥ 2011-2017 pokax HaMH MPOBEACHO HOC-
JHKeHAS po3poOKu TexHomorii omepxkanHs Ls-Opt [8,
39-42], a takox mOKIiHIuHI mocmimkeHHs Ls-drug, mo
Mmictate OPt. BcraHOBIEHO 3HMKEHHSA TOKCHYHOCTI Ls-
ORt y mopiBHsHHI 3 BiabHEM OPt.

Ls-drug douemaxceny (Doc). Doc, nino¢ineHa Ha-
MIBCHUHTETHYHA CHOJyKa TPYNH TaKCOiNiB, OTpUMaHa 3
Giomacu roJyok THca. Doc 3acTOCOBY€EThCS MPU MICLIEBO-
IporpecyodomMy abo METacTa3ylouoMy pakKy MOJIOYHOI
3aJI03H, JIETeHb Ta MeTacTa3ylodili KapIWHOMi SE€YHHKIB.
[To6iuni edexTn: HeHTpoOmEHis, TPOMOOIMTONEHIS, CTO-
MaTHT, OJIFOBaHHS, HYAOTa, AJNOIMELis, Aiapes, apTepiaib-
HAa TIepPTeH3id, 3aTPUMKa PiIWHU B OpraHi3Mi, HaOPIKH.
Bucoka TokcuuHicTh Doc mpusBena 10 crpod CTBOPEHHS
Ls-Doc Ta 1#0oro BUKOPUCTaHHS B CKCIIEPUMEHTI Ta KIIiHi-
ui. B manuii yac npoBoasThcs pisHi ha3u KIHIYHUX TOC-
mixens Ls-Doc.

B Vxkpaini y 2002—2007 pokax mpoBOIMWIHACA po0o-
TH 13 cTBopeHHs Ls ¢opmu Doc. I[IpoBeneHo BUBUEHHs

3anexHocTi BKIroueHHs Doc y Ls pisHoro ckiany [2, 8].
VY mepuriii rpymni exkcriepuMeHTiB Oyiau orpumani Ls 3
MeMOpPaHOYTBOPIOIOYHX JiMiAiB sieqHoro (ocharnani-
xominy (EPC) ta xapaiomnininy, KpionpoTeKTOp — JIaKTO3a.
CriBigHomeHHst  «docdomimian : Doc»  craHOBMIO
1: 10, npu upomy B Oimap Ls Oymno BximoueHo 80-87 %
Doc (mpemapar «Jlinmorakcy). IIpoBeneno mocmimkeHHS
3pa3kiB Ls-Doc Ha 0a3i iHCTUTYTy E€KCHEpHMEHTAIBHOI
maToJoTii, OHKOJOril Ta pamionorii iM. P.€. KaBernpkoro
HAH VYxpainu. Sk npenapatu NopiBHSHHS BUKOPHCTOBY-
Bau BUTeHY ¢opmy Doc: «Takcorep» BupOOHHUIITBa
«Aventis Pharma S. A» Ta «Takcomk» BUPOOHHUIITBA
3AT «bionik». docmimkeHHs Oynu NpoBeAeH] Ha JIiHIH-
Hux mumax C57Bl, DBA 3 nepeBUTHMH MiXKHAPOJAHUMHU
mTamMaMi IyXJIHH: MeTacTaszyrodya KapruHoMma Jlploica,
comimuuii pak Epmixa ta mim¢oneiikos L1210. Beranos-
JIeHO, IO Tpemnapatd BibHHOTO Doc y TepameBTHUYHIN
J031 IPUTHIYYBAIN 3pOCTaHHA OCHOBHOI ITyXJIMHH KapLlU-
Homu JIbroica Ha 42—44 %, Toni sk «JlimoTakc» MpHTHI-
YyBaB 3pOCTaHHS MyXJIHHHU Ha 56 %. Pi3HuLi B aHTHMETa-
CTHYHIN aKTHBHOCTI «JlimoTakcy» MOpIBHSHO 31 BUILHUM
Doc He BHSIBIIEHO — cepe/Hiil 00’ eM MeTacTa3iB ITij] BILIU-
BOM BCIX IpernapariB 3HWKYBaBCsI OJJHAKOBO Ha 79—77 %.
lanpMyBaHHS POCTY CONITHOI KapuuHOoMu Eprmixa min
BIuBoM «Takcorepay» craHoBuiio 85%, «Takcomiky» —
80 %, «Jlimorakcy» — 89 %. TpuBajicTh KHUTTS MHIIEH
niHii DBA 3 nim¢oneiiko3om L1210 mix BrmBom «Jlimo-
Takcy» Oyna Haibinbmioo (79 %) y MOpiBHSHHI 3 BiJIb-
Hoto dopmoto Doc (67-58 %). Jlocmigaukn Qi BUc-
HOBKY, 10 «JlimoTakc» Mae OUIBIITY CTATUCTHYHO JOCTO-
BipHY HPOTHITYXJIMHHY aKTUBHICTh. Bimomo, mo Tokcwud-
HiCTB, sika Jimitye no3y Doc, e mienocympecieto. Ilpu
BUBYCHHI TOKCHKOJIOTIYHMX MOKa3HUKIB pe3yjbTaT OyB
iHIMiA: «Jlimotakc» 3HMKYBAaB KUNBKICTh JICHKOIWTIB Y
MOPIBHSIHHI 3 KOHTPOJIEM y Muleii 3 karuaomMoro Jlproica
Ha 75 %, «Takconik» — Ha 67 %, «Takcorep» — Ha 58 %.
VY wmume#t 3 kapuuHomoro Eprixa «Jlimorakc» 3HMKYBaB
KUIBKICTh JekonuTiB Ha 83,6 %, «Takcomik» — Ha 52 %,
«Takcotep» — Ha 23,5 %. Tinpku y Mumen 3 JeHko3oM
L1210 «JlimoTakcy» Tpoxu MeHIIe BIIMBAB Ha JiMQoIoes
y TOpiBHAHHI 3 pedepeHTHUMH mpemapataMu. Tak, Iif
BIUTHBOM «JIilTOTaKCy» KiJIbKICTh JICHWKOITUTIB 3MEHIIIyBa-
macst Ha 87,3 %, «Takcomiky» — Ha 92,3%, «Takcorep» —
Ha 90,7 % [43].

YV 20112014 pokax HaMH 3aMPOTIOHOBAHO TEXHOJIO-
riro orpumanns Ls-Doc npu crieigaomenni EPC : Doc
— 18 : 1. Ls mio¢inizyBanu 3 1akT03010, IpH LLOMY B Oi-
miap Ls Oymo Bkimoueno 96-98 % Doc [44, 46]. IIposene-
Hi JIOCII/DKEHHS! BUSIBHIIM MEHII BHUPaKEHUH TOKCUYHHN
BIUIUB Ha opraHisM Ls-Doc 3a ¢dizionoriuanmu, Gioximid-
HUMH, TeMATOJIOTIYHUMHE 1 TaTOMOP(OIOTIYHIMHU TTOKAa3-
HUKaMH y TIOPiBHSHHI 3 BijbHOIO opmoto Doc. Hampuk-
7, KUTBKICTh JTEWKOIUTIB TIPH BUKOPUCTAHHI IpenapaTiB
BimbHOTO Doc 3HMXKyBamacs Ha 67-65 %, Ls-Doc — Ha
15-35 %; KUIBKICTb €pUTPOLMTIB 3HWKEHO TPH BUKOPH-
cranui BinbHOrO Doc Ha 10-20 %, Ls-Doc — Ha 5-15 %;
3HWKEHHs remMorio0iny Ha 10-15 % npu BuKOpHCTaHHI
BinbHOTO Doc Ta 3—13 % must Ls-Doc. 3meHmenHs maco-
BUX KOe(]iLi€HTIB NPU BUKOPUCTAaHHI BiIbHOT hopmu Doc
cnoctepiraiocss y TuMyci Ha 35-40 % Ta cenesiHii Ha
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33-35 %, a npu BukopucranHi Ls-Doc — y tTumyci Ha 25—
30 %, cenesinni Ha 20-23 % mNOpPIBHSHO 3 IHTAKTHOIO
rpymoro TBapuH [46].

Ls-drug ipunomexany. Iri, Takox Bizomuii sik CPT-
11, sBnuse co0OO BOMOPO3YMHHHUNA HAITiBCHHTCTHIHHUN
QHAJIOT TIPHPOTHOTO ajKaioiga KaMmnToTelwHa. BiH 3a-
mobirae po3kpydyBaHHIo Ta pearutikamnii JIHK 3a paxyHok
iHTi0yBaHHS TOMOI30Mepasu-1. B maHwmit 9ac B OHKOJIOTIU-
Hiff pakTumi 3acTocoByeTbes Ls-Iri — «Onivyde», cxBa-
nennit FDA s jikyBaHHST METacCTaTUYHOI aJIeHOKapIH-
HOMH MIIUTYHKOBOI 31031 Y TIOEJHAHHI 3 5-(hpopyparu-
oM. 3actocyBaHHSI Ls-Iri 30imblnyeTh 0i0JOCTYIHICTD
Iri, mokpariye (hapMakOKiHETHYHI TapaMeTpH XiMmioTepa-
mii, He TPU3BOIATH /0 CEpHO3HUX MOOIYHUX edeKTiB
(naitgacrinn — HynoTa, OMIOBaHHS, Jiapest).

VY 2011-2017 pokax mpoBeneHo podoTy 3i CTBOpEH-
Hs B YkpaiHi Ls-Iri. 3anmpornoHoBaHO TEXHOJIOTiI0 OTpH-
MaHHA JiodinizoBaHoro Ls-Iri 3 BUKOPHUCTaHHSIM METOLY
rpagienta [40, 47-52]. IlpoBemeHO MOKIIHIYHI IOCIIi-
okeHHs Ls-Iri: ¢papmakokiHeTHKa, TPOTHITYXIMHHA aKTH-
BHICTb, 3arajibHa Ta IMyHOTOKCHYHICTb, aJieprizyroua ak-
THUBHICTH Ta iH. OTPUMAHO 03B Ha MPOBEACHHS KITiHIY-
HUX JocTimpkens Ls-Iri.

Ls-drug xeepuemuny (Quer). Quer € ogHUM 3 Haii-
BIJIOMIIIINX MPUPOJHUX AaHTHOKCHIAHTIB, IO Ma€ MPOTH-
3anajybHy, HPOTHUPAKOBY Ta AaHTHAJEPridHy aKTHUBHICTh
[53-64].

BcranoBneHo, mo NpoTHOYXJIMHHUKA edekT Quer
MOYKe OyTH TOB’SI3aHUH i3 3MIHOIO PO3BHUTKY KIITHHHOTO
UKy, IHTIOyBaHHIM Tpoidepamnii KIITHH, CTUMYJISIIE0
aTonTo3y, IHTiI0yBaHHSAM aHTiOTeHEe3y; OOMEKEHHIM TIpO-
IpecyBaHHS METAacTa30yTBOPEHHS, BIUIMBOM Ha ayToda-
riro. BaxnuBy posib y MexaHi3Max MPOTUIYXJIMHHOI Iii
Quer rpae iHridyBanHs npomideparii MyXJIMHHUX KITITHH,
IO TepenyciM TOB’sA3aHO 3 IHTiOyBaHHSAM OIOXIMIYHUX
peakuii, sKi 3yMOBIIOIOTH PICT KITHH 1 CTHUMYJISLIO
arnonTo3y. HeoOxilHO BpaXxoByBaTH, 1110 allONTO3 € KOMII-
JIEKCHUM 3aIlpOrpaMOBaHUM IPOLIECOM, IIIO0 BKJIIOYAE /1Ba
OCHOBHI MEXaHi3MH: 30BHIIIHIH (perenTop-3aeXHuit) i
BHYTPILIHIN (MITOXOHIpiabHUI) CUTHAJIBHI IUIIXH. 30B-
HIMMHIA TUIAX 3a0€3MedyeThes JIiraHgaMu Ta TpaHCMEM-
OpaHHMMH pEIenTOPaMH CMEPTi, SKi Yepe3 CTHMYIIAIII0
BHYTPIIIHFOKIIITHHHAX aJaNTepHUX OIKIB 3yYMOBIIOIOTH
aKTHBAIIIO IHILIATOPHHUX Kacma3, JOPMYIOUYH CUTHAIIbHHUN
Komrutekc. EkcriepuMenTH in Vivo Ta in Vitro mokasyroTs,
mo Quer Mae HUTOTOKCHYHI BJIACTUBOCTI Ha PaKOBi
KJIITHHHM sI€YHHKIB [59, 61], MonouHOi 3a5031 [56], nerens
[58], xosopekTanbpHOrO paky [61] Ta iHIIMX BUAIB MyXJIHH
[57, 60, 64]. OmHiero 3 BaXKIUBUX 0CcOOIMBOCTEH Quer €
BIUTUB HA MEXaHI3MH 3aMallbHOTO MPOLECY, a caMe Ha Bif-
TIOBI/THI 3anajbHi (PEpPMEHTH: IUKIOOKCUTE€HA3H, JIITIOKCH-
reHasy, gki iHri0yroTecs Quer, a TakoX iHIN MeaiaTopu
3alaJeHHs1, BKIIOYAIOYM HPOCTANIAHIMHU Ta JICHKOTpie-
HU. Quer CTUMYJIOE B OpraHi3Mi MiIBUIIEHHS IpOTH3aIIa-
JIbHUX (GYHKIIA. JIOKITIHIYHI JOCTIIKESHHS MOKa3ajIH, 110
Quer MO)xe 3HAYHO 3HW)KYBATH PiBEHb 3allajieHHs, BKIIO-
yaroun NO-cuHTa3zy. Y Quer BUsBICHI MpOTUIH(EKIIIHI,
AHTUpEIUTIKaLiiHI BIaCTHBOCTI, y TOMY YHCII W IPOTHBI-
pycHi. [lo BipyciB, ski 3a3Bu4ail pearyloTh Ha (pJaBoHOI-
JIM, BITHOCATBCS aJCHOBIPYCH, BIpyC IMPOCTOrO Teprecy,

BipyC SAIMOHCHKOTO eHIe(aliTy, a TaKOX pPEeCHipaTOpHO-
CHHLMTIaNbHI Bipycu. HeoOXimHO BiJ3HAUUTH BHCOKY
npoTuanepriyny giro Quer 3a paxyHOK IHTiIOyBaHHS
BUBUIBHEHHS TiCTaMiHy 3 TYYHHX KJIITHH Pa3oM 3 IHIIUMH
aJNeprivHMU pedoBHHAMH. Quer rpae pojb IMPHPOIHOTO
aHTUTicTaMiHHOTO 3ac0o0y. Y Quer € MoTeHIiall IpH JIKY-
BaHHI Ta IPOQITAKTHUII aCTMH Ta OPOHXITY.

Quer 3maTHHH TOCTAOIIOBATH CIPHUYMHEHY aH-
TpauuKIiHAMH KapAioTokcuuHicTh. Kpim Toro, kombina-
i 00poOku Quer Ta ONPOMIHEHHS MOMITHO MPHUTHIYYE
pICT MyXJIMHK 3 TOAATBLION IHAYKIE pS3.

BpaxoByloun Bci BHIEBKa3aHi BJIACTUBOCTI, Quer
MOXe OYTH NMEepCHEKTUBHUM KaHIUAATOM JUIS JIKYBaHHS
paKy, 0coOJIMBO y MOETHAHHI 3 IHITUMH XiMiOTEpareBTU-
YHHMH TIperapaTaMy, yepe3 Horo MOTeHIiHI CHHEpreTH-
YHi BJIacTHBOCTI. BogHouac 3acTocyBanHs Quer sk Jtikap-
CBKOT'O TIpernapary oOMeKeHO JNiNo(pIbHICTIO MOJIEKYIH 1
HU3BKOIO 010ZJ0CTYITHICTIO, HABITh IIPY BBEICHHI BETUKUX
7103 Per 0s.

Hespaxkaroun Ha 3HAYHYy KiIBKICTh JOKTIHIYHHUX Ja-
HUX Tpo edekTuBHiCTh Ls-Quer y pi3HHX HampsMKax
(hapmaxororii: OHKoJIOT{, Bipycoorii, kapaioorii Ta iH.,
Ha CbOTOMHIIIHIN JE€Hb 3aIPONOHOBAHO €TUHUIA JTIIIEH30-
Banuii Ls-drug, sxuit mictuts Quer — «Jlimogaon» [65,
66], sikuii 3apeecTpoBaHui B YKpaiHi Ta BUKOPUCTOBYIO-
ThCSI IPOTATOM 15 pOKiB y Kapuiojorii, oHkounorii, odra-
JBMOJIOTIT Ta IHIIMX HampsMKax MeIuUuHH. [Ipemapart,
PO3pOOICHUI yKpaiHCBKUMH BYEHHMH, MPOWIIOB JIOKJIi-
HivHI [67-72] Ta kiiHiYHI qochimkenns [71-73]. B oHko-
Jiorii «JlimogmaBoH» BUKOPHUCTOBYETHCS SIK KapAiOTpOTe-
KTOp TpHU KapioMiomarii, [0 BHHUKAE BHACIIIOK 3aCTO-
cyBaHHS DoX, 3 METOIO IONepePKeHHS PO3BUTKY Kapio-
JOTIYHMX YCKJIaJHEHb y XBOPUX Ha onepabelbHUH pak
MOJIOYHOI 3aJI03H, SIKi OTPUMYBAIX JIIKYBaHHS aHTpaIld-
KJIIHOBUMH aHTHOIOTHKamMu [71-73].

Ls-drug xypkyminy (Cur). IuTepec BUKIHKA€E MpH-
POAHUIT aHTHOKCUIAHTOM MOJi(EHOIBHOTO ITOXOPKEHHS
— Cur. Ilporupakosa mis Cur mpogeMOHCTpOBaHA MPOTH
0araTbOX BHAAX PaKy: MOJOYHOI 3aJI03M, MEYiHKH, MpO-
crati Ta iH. [74]. IlepBunnuii mexanizm aii Cur mpotn
paKoBHX KIITHH TIONsATae y OJOKYBaHHI TPaHCIAMIL
OinkiB, Takux sk Dcl-x1, Ta perymsmii amonro3y, BITHBa-
I0YM Ha MpOLEC, KOHTPOJIIOIYN BHBUILHEHHS aKTHBHUX
($OpM KHCHIO Ta LUTOXPOMY, PEryJIIOIOYH MOJICKYISpPHI
(hakTopu, Taki SK IUKIIH, Ta BIUVIMBAIOYM HAa KIITHHHUI
UK. 3 iHmoro 6oky, Cur MoXe MOUIKOKYBATH SACPHY
Ta MiToXOoHIpiankHy cTpykTypy JHK pakoBux kiituH me-
YiHK{, THM CaMUM TOPYLIYIOUH iXHIO (QYHKIII0. Y MOpiB-
HsaHHI 3 BUTbHUM Cur, 3actocyBanHs Ls-Cur mokpariye
(hapmakokineTuky Ta hapmaxoaminamiky Cur, 3HIKYIOUH
J103y, HEOOXiIHy /JJIs BIUIMBY Ha ITyXJIMHWA. Bukopucran-
H Ls-Cur 1onizbHO MY IPUHOMI TPOTUIYXJIMHHUX TIpe-
mapaTiB SK aHTHOKCHIAaHTa Ui cTabimizamii MemOpaH
KapmiomionuTie. Hamm 3ampomoHOBaHWI KOMIUIEKCHUI
Ls-drug, sxuit mictuts Quer ta Cur. Moro BukopucTaHHs
B €KCIIEpHMEHTI Ha MOJEINI 1eMi4HOi XBOpPOOU ceplst y
IIypiB MPOJAEMOHCTPYBAJIO CHHEPriTHYHY aHTHOKCHIAHT-
Hy Ta MeMOpaHornpoTekTopHy nito Ls-Cur/Quer [75, 76].
BpaxoBytoun oTpuMaHi JaHi, MM TOKJIaIaeMO Halil0 Ha
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BUKOPHCTAaHHS KOMIUIEKCHOTO TIperapaTy Ipu MpOTUITyX-
JIMHHIH Tepartii.

Bucnogku. Y KIHIYHHX JOCTIDKEHHIX HAKOIMYEH]
JIaHi, M0 MiATBEP/UKYIOTh €(EKTUBHICTH 3aCTOCYBaHHSI
nporunyxiauHHUX Ls-drug: Dox, Pt, Iri, Doc, BiHkpuc-
TUHY Ta iH. Ls-drug, sxi mictsate nporumyxiuaai AP, 3a-
0e3meuyoTh HU3KY IepeBar: 3aXUIIaloTh HOpMabHI KTi-
TUHH OPTaHi3My BiJ TOKCHYHOI dii JKapChKHUX 3aco0iB;
JO3BOJISIIOTH 3MEHIIUTH MHOKHHHY JIIKAPCHKY PE3UCTEHT-
HicTh; Ls-drug MeHII TOKCHYHI, HIXX PO3YHHH JIIKIB Ta Ma-
FOTh Kpaiili (hapMaKOKIHETHYHI MapamMeTpH; T03BOJISIOTH
cTBOpUTH TiapodinsHy dopmy ninodinsuux API, minsu-
HIYFOYHM THM CaMHUM iX 01010CTYITHICTh Ta €()EeKTHBHICTB.

HeoOxinHO Bif3HAYMTH, IO BCi BHUKOPHUCTOBYBaHI
cvoronni Ls-drug manexxats o 1-ro mokominHsa Ls-drug,
SIKi MPOHHUKAIOTH y MyXJIMHY 33 PaXyHOK MACUBHOTO HaIli-
moBaHHs. Jlo Ls ¢ macMBHMM HAaIUTIOBaHHSM MOXHA
BimHectn Ls per se [77]. Cepen minen3oBanux Ls-drug
BIJICYTHI IpemapaTy 3 aKkTHBHAM HaIiTIOBAHHSIM.

IcHye nBa OCHOBHMX NpUHUMIU CTBOpeHHS Ls 3
AKTUBHHUM HalliroBaHHsM [78-80]:

1) HaTIOBaHHA HAa PELENTOPH MyXJIMHHHUX KIITHH
Ta PAaKOBUX TKAaHHMH — [I€ METOJ, 3aCHOBAaHUH Ha KOH I0TY-
BaHHI BU3HAYEHUX MOJIEKYJ 3 MOBEPXHEI0 MeMOpaHu Ls,
0 J03BOJILE iM 3B’s3yBaTHcs 31 crienudiyHUM peuern-
TOpPaMH PaKOBUX KIIITHH;

2) BUKOPHCTaHHS MIKPOOTOUYCHHS MyXJHHHU SIK Mi-
IIeH] — 3MiHeHa OBEpXHs Ls 103BOIIsIE BIJIMBATH HA CHT-
HaJIbHI menTuand abo iHIII perenTopd B MIKpPOOTOUYCHHI
pakoBux KiiTwH. Lleil akTHBHMI MeXaHi3M HAIliTIOBaHHS
MOJKe MPUTHIYYBATH PICT MyXJIMHHUX KJIITHH Ta MeTacTa-
3iB, 3amo0iraT reHOTHIIOBUM 1 ()CHOTHIIOBHM BapiallisiM
y HEOBacKyJIPHUX €HAOTeNiAIbHUX KIITHHAX Ta KOHTPO-
JIIOBATH JIIKAPCHKY pe3UCTeHTHICTh [79]. Jleski pemento-
P B MIKPOOTOYEHHI MyXJIMHH, TaKi siK (PaKTOp pOCTY €H-
JOTENII0 CYAWH, OUIOK aaresii, MaTPUKCHI METaJOIpo-
Tea3| Ta IHTErPUHU € MILICHSIMH JJIsl [BOTO MEXaHi3My.

Ha croromnimmHiii neHp Ha ApyTid ¢a3i KIiHIYHUX
BUNIPOOYBaHb NepeOyBalOTh JABa MpenapaTH 3 aKTHBHUM
HarurroBaHHAM — 11e Ls-OPt 3 HaIirFoBaHHSAM 32 JTOTTOMO-
roI0 TpaHc(hepHHY, PeLenTOpH SKOTO eKCIPECyIOThCs Ha
MMOBEpXHI pakoBuX KiiTHH, i Ls-Dox — aatu-HER2. Jlo
mepmoi a3y KIiHIYHUX BUIPOOYBaHb MiTIHNUIA IIe JBa
Ls-drug, nauineni Ha perentop TpaHchepuHy, siKi HpH-
3Ha4YeH1 JUIg TeHHOI Teparmii paky: KaTioHHi Ls 3 aHTHTI-
JOM 10 peuentopa TpaHchepHuHy, IO HECyTb T'eH pS53
(mpemapar SGT-53) i Ls 3 mmasmiznoro JTHK RB94
(SGT-94) [81].

IIpu po3podui Ls-drug HeoOXimTHO TaKOXK BPaxoBY-
BaTH MOXKJIMBICTH B3aeMoail Ls 4acTUHOK 3 O10JIOTIYHUMU
pimuHamMu in Vivo Ta in Vitro, mo npu3BoAMTh 10 aacopo-
1ii O1IKIB, SKi 3MIHIOIOTH XIMI4HI Ta Qi3U4YHI XapaKTepuc-
THKH YaCTHHOK, Ta IOSBI MOBEPXHEBOIO MOKPHTTS, SIKE B
oOiacTi HAaHOMEIWIIMHH HAa3MBAIOTh «OLITKOBOIO KOPO-
Hoto» [82]. Ha nymKy aBTOpIB, «O1JIKOBa KOPOHa» MOXKeE
NIPEJICTABIIATH CKIaJHy IPOoOIeMy U CIPSIMOBAHOI BHY-
TPILIHBOCYIMHHOI JOCTaBKU TeparneBTHYHuX Ls-drug, Ha-
NPUKIAA, A0 MyXJIMHHHUX KIITHH, TOMy 1o Ls mBuako
NOKPHUBAIOThCSl OINCOHIHAMHM, BKIIOYAIOYH KOMILIEMEHT,

10 TPU3BOJUTH 0 TOTJIMHAHHA (aroluTapHUMHU KIli-
TUHAMH.

B nmanmii yac mpoBOIUTHCS PO3poOKa Ta BJOCKOHA-
nenHs Ls-drug. Tak, numre 3a ocTaHHI POKH 3aIlpOIIOHO-
BaHi opuriHanbHi mpoxykru: «Doxolipad» — mernnpoBana
Ls ¢opma Dox (TLC Biopharmaceuticals B.V., Hizepna-
Hm), «Lipusu» — mepma minen3oBaHa Ls ¢opma makdi-
takcery (Nanjing Luye Pharmaceutical Co.Ltd, Kuraif),
Ls-Cpr, Ls-Doc Ta in. [83-85].

Bukopucranns Drug Delivery Systems B oHKoJOTiI{
mizBuiye epekTuBHicTh Bitomux API 3a paxyHOK 3MiHH
iXHBOI (hapMAKOKIHETHKH, IO MPH3BOIUTH IO BHCOKOI
MPOTUIYXJIMHHOT aKTUBHOCTI Ta 3HW)KEHHS TOKCHYHOCTI.
HeoOxinHO BiA3HAYNTH TMOBIJIbHE BUBUILHEHHS JIiKapCh-
Koro 3aco0y 3 Ls, mo cnpusie npononrysansio aii APL.
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M. T. MAJIADAEB, O. O.TAIIOHOBA, T.B. IIIKOJIbHIKOBA

IOPIBHAHHS TEMIIEPATYPHHUX 3AJIEXKHOCTEN EHEPTTIA AKTUBAIII JIJISI TEUIT TA
JAUDY3IT Y HUCTIA BOAI

Po3srisaaoTecs npobiieMy po3paxyHKIB Ta IPUPOAN CHII MDKMOJIEKYJIIPHHUX B3a€MOJIN y pinuHax, sK iXHbOI eHeprii akTUBalii, y MIPOKOMY iHTepBa-
JIi TEMIEpaTyp iCHyBaHHS pifikol a3y Ha MpUKIaAi YUCTOi BOAU. [ 0JOBHOIO METOANYHOI NPOOIEMOI0 y CTaHIAPTHUX PO3paxyHKax eHeprii akThBa-
il € BiCYTHICTH 30epexkeHHsI Y¥ciIa MOJICKYJ y CHCTEMI ITiJl Yac 3MIiHM TeMIepaTypy Ta THUCKy. [IpoGiema BUPINIyeThCs 3aIIMCOM CITiBBiIHOLICHHS
ApeHiyca Ta po3paxyHKOM eHeprii akTUBaLil Yepe3 KIHeMaTHIHY B'S3KICTb, IS KOI YHCIIO MOJIEKYJ Y cucteMi 36epiraethest. [Ipu po3paxyHkax eHep-
rii akTuBanii /st npouecy Anudysii 3ampONOHOBAHO ANBTEPHATUBHHUI METOX PO3PAaXyHKY 3a JaHUMH IIPO B'S3KICTh JQHOI PiAMHM, 5SIKa BU3HAYAETHCS
3HAYHO TOYHiIe, HiX audy3is. [IpoBeaeHo po3paxyHKH BETHYMH SHEPriif akTHBaLil y YMCTii BOAI Ha JIiHIT HACHYEHHS /TS IpoLeciB Tedil Ta qudys3ii
y obnacti icHyBaHHS ii pinkoi a3y — Bif TOYKH IJIABJICHHS 10 KPUTUYHOI Temneparypu. OTpUMaHO AJIsl HUX arnpoKcuMylodi GopmyiiH, 10 MIiCTATh
CTYIICHEBI Ta eKCIIOHEHTHI BKJai. CIOCTEpIraeThCsi rapHa 3rojia alpoKcuMaliii 3 pospaxynkamu s remrneparyp Big 0 °C no 230 °C. TToka3aHo, 1o
PI3HMILA MIXK €HeprisiMU akTUBALlil MPOIeciB 00yMOBJIEHA BiIMIHHOCTAMH iX (i3MYHMX MexaHi3MiB. BennunHa eneprii aktuBauii a1 npouecy audysii
OinbIlIa 3a BEJIMYMHOKO 1 MOBUIBHIIIE 3MEHIIYETHCS 3 HarpiBaHHAM, HIK IS IIPOLIECY Teuil, OCKUIbKU At qudy3il BCl 3B'I3KM MOJIEKYJI TPUBHMIpHI Ta
i3oTpomnHi y npocropi. [Iporiec Tedii 3yMOBIICHO 30BHIIIHIME CHIaMH, IO CTUMYJIIOIOTH PO3PUBH MIXKMOJICKYJSIPHUX 3B'SI3KiB MK LIapaMu Tedil piau-
HU, 1 i B3aeMOJIl CTalOTh KBa3iIBOBUMIpHUMH. B pe3ynbTaTi eHepris aktuBauii [uist npouecy audysii 3MeHIIyeTbest y 0iK KPUTHYHOI TEMIIepaTypu
MOBIIBHIIIE, SIK KOPiHb PYroro CTYIEHs, TOMI sIK Ul Tedii — JiHiitHo. [y 000X eHepriil akTuBanii nodmm3y Touku miasieHHs (0...90 °C) cnocrepi-
raloThCs SKCIIOHEHTHI BKJIaau. BoHM 3yMOBIIeHI pyiiHyBaHHSAM 3aJMIIKIB KPUCTANIYHOI CTPYKTYPH JIbOY Y BOJII y BUTJISII BOJHHUX KiacTtepiB. J{ms
HUX 1 B pizkiii (a3i Boau 30epiratoThCs CHIBHIIII 1 CTIMKIIIT MDKMOJICKYJISIPHI 3B'SI3KH MOJIEKYJI, IO CIIOCTEPIraroThCs Y 3aMKHYTUX I'eKCarOHaJIbHUX
KUIBLIIX CTPYKTYPH BOJIH, Ta SKi €KCIIOHCHTHE PYIHYIOTBCS 3 HArPiBOM.
KuouoBi ciioBa: Teuis, qudysis, eHepris akTUBaLil, TeMIepaTypHi 3aJIeKHOCTI, KIHEeMaTH4Ha B'SI3KiCTh, aIPOKCUMALLisl, BOJAHI KJIaCTepH

H. T. MAJIA®AEB, EAT'AIIOHOBA, T.B. IIIKOJIBHUKOBA

CPABHEHHUE TEMIIEPATYPHBIX 3ABUCUMOCTEM SHEPT U1 AKTUBALIMM JIJI1 TEUEHUS U
JUODPY3NUN B YNCTOU BOJE

PaccMaTpuBaloTcs IpoOIeMBbl PacueTOB M IPHPOJIBI CHIT MEKMOJIEKYIIIPHBIX B3aUMOACHCTBUI B XKUIKOCTSX, KaK HX SHEPTHU aKTHBAIUH, B ITHPOKOM
HHTEpBaJle TEMIIEPaTyp CYLIECTBOBAHUS XHUAKOU (ha3bl Ha NpUMEpe YHCTOH BOABL [JTaBHON MeTOIMYEcKOH MpoOIeMOH B CTaHAAPTHBIX pacdeTax
SHEPrUH aKTHBAILMH SIBISIETCS] OTCYTCTBHE COXPAHCHHS YHCIIAa MOJICKYI B CHCTEME MPH H3MEHEHHUSX TeMIepaTypsl U AaBiacHus. [IpoGiema peraetcs
3aIHMCHI0 COOTHOIICHHSI APPEHIyca H PacueTOM PHEPrHU aKTHBAIUH Yepe3 KHHEMAaTUIEeCKyIO BI3KOCTh, JUISI KOTOPOH YHCIIO MOJICKYI B CHCTEME CO-
xpansercs. [Ipu pacuerax sHepruy akTHBaLMu JUts pouecca AndGy3uHu NPEIoKeH allbTePHATUBHBIA METOJ] pacyeTa Mo JaHHBIM O BA3KOCTH JAHHOMH
KUIKOCTH, KOTOpasi ONPEICISIETCs 3HAUUTENBHO TouHee, 4eM auddy3us. [IpoBeeHbI pacyeTh! BEIMYMH SHEPrHil aKTHBALMH B YUCTON BOJE HA JIMHUK
HACBIIIEHHS UL IPOLIECCOB TeueHHs U TU((dy3un B 06JaCTH CYIECTBOBAHUS €€ JKHIKOH (a3bl — OT TOUKH IUIABICHUS 0 KPUTUYECKOH TeMITepaTyphl.
IMosy4eHs! 11 HUX aNIpoKCHMUPYIoliie GOPMYIIBI, COAEpIKAIME CTEICHHbIC H SKCIOHCHIHANbHbIE BKIaabl. HabmoaeTcs xopouee coriacue ar-
IpoKcHManuii ¢ pacuyeramu uist temneparyp ot 0 °C mo 230 °C. Iloka3aHo, YTO pa3jyue MEXIy SHEpIHsAMU aKTHBALMU IIPOLECCOB 00YCIOBIEHO
OTIIMYMAMU X (HU3UYECKUX MEXaHM3MOB. BennuuHa sHepruu aktuBanuu Juist npouecca auddysuu Oonblie 1Mo BeIMYMHE M MeJICHHee yObIBaeT ¢
HArpeBoM, 4eM UL [POLEcca TEYCHHUSI, TOCKOIBKY [Tt AU (y3un Be CBSI3M MOJIEKYJ TPEXMEPHbIE M H30TPOIHEL B MPOCTpaHCTBe. IIporecce TedeHus
00yCIIOBJICH BHEIIHUMH CHIIAMH, CTHMYJIMPYIOIIUMH Pa3pbIBbl MEKMOJICKYJIAPHBIX CBA3€H MEXKITy CIOAMH TEUCHHS KUJKOCTH, M STU B3aUMOJICHCTBUS
CTaHOBSITCS KBa3UBYMEPHBIMH. B pe3ysbraTe sHEprust akTHBALMK 1T Tporiecca Auddys3nun yObIBacT K KPUTHUECKOH Temmeparype 0ojee MeUICHHO,
KaK KOPCHb BTOPO# CTEIICHH, TOTIa KaK ISl TSUCHUsI — MHeHo. [y 00eunx sHepruii aktuBauuu BoIu3u Touky 1wiasieHus (0...90 °C) nabmonaroTcs
SKCIIOHEHIMAIbHbIC BKIabl. OHKM 00YyCIOBICHBI Pa3pyIICHHEM OCTATKOB KPUCTAIUIMYECKOH CTPYKTYpBI JIbJia B BOJC B BH/E BOJHBIX KiIacTepoB. Jus
HHX ¥ B XKHIKOH (ase BOJbI COXPAHSIOTCS 00JIee CHIIbHBIC M yCTONYMBbBIC BO BPEMEHH MEKXMOJICKYIIPHBIC CBSI3U MOJICKYJI, HAOJII01aeMbIC B 3aMKHY-
TBIX F€KCArOHAJIbHBIX KOJIBLAX CTPYKTYpPbI BOJBI, H KOTOPBIC SKCHOHEHIHAIBHO Pa3pyLIAIOTCSA C POCTOM TEMIIEPATYPBI.

KioueBble ciioBa: teueHue, quddysus, SHEPrHs aKTHBALMHK, TEMIICPATyPHbIE 3aBUCHMOCTH, KMHEMATHYECKash BS3KOCTb, arllIPOKCHMAIIHS,
BOJIHBIE KJIACTEPhI

N. T. MALAFAEV, 0.0. GAPONOVA, T.V SHKOLNIKOVA

COMPARISON OF TEMPERATURE DEPENDENCES OF ACTIVATION ENERGIES FOR FLOW AND
DIFFUSION IN PURE WATER

The problems of calculations and the nature of intermolecular interactions forces in liquids, as their activation energies, in a wide range of tem-
peratures of the existence of the liquid phase are considered by example of pure water. The main methodological problem in standard calculations of
the activation energy is the lack of conservation of the number of molecules in the system where temperature and pressure changes. The problem is
solved by writing down the Arrhenius correlation and calculating the activation energy through the kinematic viscosity, for which the number of mole-
cules in the system is conserved. When calculating the activation energy for the diffusion process, an alternative calculation method is proposed. It’s
based on the viscosity of a given liquid, which is determined much more accurately than diffusion. The calculations of the activation energies in pure
water are carried out on the saturation line for the processes of flow and diffusion in the region of existence of its liquid phase, from the melting point
till the critical temperature. Approximating formulas containing power and exponential contributions are obtained for them. Good correlation of the
approximations with the calculations for temperatures from 0 ° C to 230 ° C is observed. It is shown that the difference between the activation energies
of the processes is due to the differences in their physical mechanisms. The activation energy for the diffusion process is larger and decreases more
slowly with heating than for the flow process, since all the bonds of molecules for diffusion are three-dimensional and isotropic in space. The flow
process is caused by external forces that stimulate the rupture of intermolecular bonds between the layers of the fluid flow, and these interactions be-
come quasi-two-dimensional. As a result, the activation energy for the diffusion process decreases to the critical temperature more slowly, like a root
of the second degree, while for a flow it decreases linearly. For both activation energies, exponential contributions are observed near the melting point
(0 ... 90 ° C). They are caused by the destruction of the remains of the crystal structure of ice in water in the form of water clusters. In the liquid phase
of water, stronger and more stable in time intermolecular bonds of molecules, observed in closed hexagonal rings of water structure, which exponen-
tially decay with increasing temperature, are retained for them.

Key words: flow, diffusion, activation energy, temperature dependence, kinematic viscosity, approximation, water clusters
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Beryn. MiXMONEKyISApHI CHIIM BU3HAYAIOTh PyXJIH-
BICTb MOJIEKYJ Y piiuHi. PyXiuBicTh MoNleKyJ BU3HA4a-
€THCS SIK TUIMHHICTH (B'AI3KICTh) IUIsl MpoLiecy iX Tedii Ta
K audy3is MOJEKYJT Al HPOLECiB iX NepeMilleHHS B
IHIIUX BUMAAKax. Tedis piIuHM A €0 30BHIMIHIX CHII
fizie oUIapoBo, pyX MOJIEKYJ € KOJEeKTHBi3oBaHUM. [lu-
¢y3is #ine U1 KOXKHOI MOJIEKYJT OKpEMO, TOMY CJiJl 4ye-
KaTH, 10 BEJMYMHH MIXMOJEKYJIAPHUX CHJI Y IHX MPO-
1ecax MOXyTb OyTH pi3HUMH.

[Ipobnema BHW3HAYEHHS BENUYWH CHI MiDKMOJCKY-
JSPHUX B3a€EMOJIN y piIMHAX Ta PO3YMHAX 3ATHIIAETHCS
3aB)KIM aKTYAIBHOKO I IXHBOTO B3a€EMHOTO IOPIBHSHHS.
TeopeTHYHO 11i CHJIM BU3HAYAIOTHCS SIK €HEPris aKTUBALii
Tedii 3a TEeMIEepaTypHOI 3aJIEKHICTIO B'SI3KOCTI 13 CHIB-
BigHOMIEeHHs ApeHiyca — Eiipinra — ®penkens [1, 2]. On-
HaK Ha MPaKTHUIl TPU [bOMY CIOCTEPIraeTbCs YUMAJIO
npobaem. Ilig gac po3paxyHKIiB, 0COOIMBO Yy HNIMPOKOMY
iHTEepBaJi TeMIepaTyp, BUHHUKAE TOJOBHA METOAWYHA
npoOiiema — BiICYTHOCTI 30€peKeHHS YHCIIa MOJIEKYJT it
Yac 3MiH TeMIeparypH i THCKy. OCKUIBKM €Heprist aKTH-
Ballii BU3HAYAETHCS MU(PEPEHIIFOBAHHAM, MOXUOKH pPO3-
paxyHKy Il BeTHYWHH 3HAYHO 3POCTAIOTHh YHACIHIJOK IO-
XUOOK BU3HAYEHHS BUXIJTHUX BEJIMYHH B'I3KOCTI Ta TEM-
nepartypu.

Haii0iabI MOBHO CHIIM MIKMOJICKYJIIPHUX B3a€MO-
Il y piAMHax NpOSIBISIFOTHCS i yac anudy3ii, Kouu Bifi-
cyTHI 30BHImHI cwid. OCKUTBKM B 0araTbOX XIMIYHHX
npolecax 3BUYAHHO mpamoe audysis, BU3HAYECHHS Il
eHeprii akTuBamii TeX Mae BEJIMKUN IPaKTUYHUH iHTEpec.
Ha sxanp, mudys3ist eKCepruMEHTATbHO BU3HAYAETHCS TS
OKpeMHUX TEeMIIepaTyp Ta 31 3HaYHOIO ITOXHOKOIO0, 110, Ma-
OyTb, 3BUYalfHO BUKJIIOYA€E ii €HEprio akThBamii 3 po3r-
asny. Tomy IUIsl MiABUINEHHS TOYHOCTI i BH3HAYEHHS
Oa)kaHO 3ICTaBHUTH il 3 B'I3KICTIO, IO BHU3HAYAETHCS 13
3HAYHO BHIIOK TOYHICTIO. Ile MO3BONMTH OiIBII TOYHO
BU3HAYUTH BeNMUYMHY Mudy3ii Ta NOpiBHATH ii eHeprito
aKTHBaIl 3 EHEePri€ro aKTHBALIT IS MPOIiecy Tedil.

Cuim 3B'si3KiB MoJieky y Boai. Bona e ans Hac
HAMOLIBII BAXIIMBOKO 1 MOCTIIKEeHOI piguHoo [3]. s
NPaKTHYHO YHCTOI Ta 3HETaKEHOI BOIM, IO 3aCTOCOBY-
€TBCSl B TEIUIOGHEPTETHIl, TOCUTH Ko0pe BUBUEHI ii Tem-
no¢izuuHi BaacTUBOCTI [4], SKi MOXXHA PO3IIISIATH SIK
"ineanbH1", TIOPIBHIOIOYH iX i3 peabHOIO BOAOIO abo i1
po3umHamu. Lli y3romkeni MibKHAPOIHI 1aHi PO BIACTH-
BocTi Boau [4] (moxubka menmre 0,1 % Bemmauam) 103BO-
JSAIOTh SIKHAWTOYHIIIE PO3paxyBaTH Ta IPOAHANi3yBaTH
Juist Hel BeNnW4MHM 11 eHeprii MKMOJIEKYJISIPHUX B3a€EMO-
.

MoJieKyau peYOBUHHU B PiAKiil (a3l 3HAXOIATHCS B
KOHJICHCOBAHOMY CTaHi 1 YUCJIO HAWOIMKYMX CYCITIB IS
HUX aHaJoriyHe iX TBepAil (asi 0 MmiaBiIeHHs, Xo4a CH-
M MDKMOJIEKYJSIPHUX 3B'S3KIB  ocnabieHi. Mouekynu
3IIICHIOIOTH IIMPOKHUI CIIEKTP PI3HUX KOJUBAHb MOOIH3Y
THMYacOBHX IIOJIO)KCHb piBHOBard. BIUMB KoJIHBaHB
aTOMIB 1 MOJIEKYJI Ha iXHIO PYXJIHMBICTh 1 (a3oBuil cTaH
PEeYOBHH po3TIsiHacThes y Teopii edekry Axa- Temepa
[5]. V =il i3 Xa0Cy BCiX KOJMBAaHb BUIIIAIOTE Ti KOJCKTH-
Bi30BaHi Moy (THITH) KOJIMBaHb, MOSBA SKUX BiJIIIOBiAae
3a IIepexo/id PEUOBHHU Y HOBUH (a30BHii CTaH, IKUU CY-

MPOBOUKYETHCSA 3MIHOKO BCIX CHJI MIKMOJCKYJISIPHUX
B3a€EMOIIH.

VY po6orTi [6] moka3zaHo, 110 HAHOLIBII BaXKIUBUMHU 3
MO/ KOJIMBAaHb JIJIsL BOJY il 4ac IJIaBJICHHS JIbOAY 1 Te-
pexony WOro B PIAKUI cTaH € 00epTaIbHi MOJIU KOJUBAaHb
MoJieKys1 (iOpamiiiHi, «3aMOpoXeHi obepTaHH» [3]).
Bonu npu3BogaTh 10 mosiBM B pifkiil ¢asi Boau He3ary-
XaloYMX KOJEKTHBI30BaHMX O0OEpTAIFHHX KOJIHMBAaHb MO-
JIEKYJI, HasBHICTh SIKUX 3yMOBIIIOE MOSIBY JHHAMIUHO BH-
THYTHX BOIHEBHX 3B'M3KiB. SIKIIo paHime [7] BBaxkajocs,
[0 BUTUHH BOJHEBUX 3B'SI3KIB Y BOJI € BUMAJIKOBUMH, TO
B [6] moka3aHo, 10 IIe pe3yJIbTaT MOSBU B Hiif HOBHX KO-
JICKTUBI30BaHUX OOEPTAIbHUX KOJIMBAHb MOJIEKYJd. Y
JbO/II Il MOJTY KOJIMBaHb HE € KOJIEKTHBI30BAHUMH — BOHH
OLIbII BHCOKOYACTOTHI 1 IIBHUAKO 3aracaroTh. HasgBHICTH
BEJIMKOI KIJIBKOCTI MOJI KOJIMBaHb MOJICKYJ Y Bomi (i Bif-
MOBIZIHUX CTYIIEHIB CBOOOM MOJIEKYJ), BKIFOUAIOUH HOBI
niOpauiiiHi, cipusie iX BUCOKil PyXJIMBOCTI Ta aHOMaJIbHO
BHCOKOI TEIIOEMHOCTI BoaH [3, 4, 6]. HasBHICTE nuHAMI-
YHHUX BHUTHMHIB BOJHEBUX 3B'S3KiB, 3pOCTAHHs BHUIHHIB 3
HarpiBaHHSM, Bele A0 30JMIDKEHHS CYCIMHIX MOJEKYJ,
3pOCTaHHS TYCTHHH BOJY TOPIBHSHO 3 JIbOJOM Ta MOSBI
MaKCUMyMy TyCcTHHH Boxu 1ipu 4 °C.

VY ¢isnunux nporecax tedii Ta qudysii, Ha BiAMIHY
BiJl XIMIYHHUX, JIIOTh OUIbII CTa0KI CHUIIM MIKMOJIEKYJISP-
HUX B32€MOJiH, TOMYy iX 3MEHIIEHHS 3 HarpiBoM OUIbII
3HayHe. [lig yac 3MileHHS MOJIEKYJ y HOBI HOJIOKEHHS
iM Tpeba MO0NAaTH MOTEHIAIbHI 0ap’epH, 10 YTBOPEHI
[IUMH CHJIaMU. Y KPUTHYHIN TOYIlI PiAUHH, KOJIH MOJICKY-
T CTAlOTh BUIBHUMH, NOTEHLIaNbHI Oap’epu IS pyxy
MOJIEKYJI TIOBHHHI 3MEHIIUTHCS 10 HyisL. Lle BinOyBaeTh-
csl SIK 3a PaXyHOK POCTY TEIUIOBOI €Heprii MOJIeKyJI, TaK i
3a paxyHOK TEIUIOBOTO PO3LIMPEHHS, SKE BEAe 10 3MEH-
IICHHS CWJI 3B’SI3KiB. 3HAYHWI BKJIAJ] y I 3MCHIICHHS
Ol TOYKM TUIABIIEHHS Y BOZI BimOyBaeThCS BHACIHIIOK
3pOCTaHHS BUTHMHIB BOJHCBHX 3B'SI3KiB. 3a3HAYMMO, IO
JUIsl eHepriid akTuBaiii Tedii piguau abo audysii Mojeky
He MOTpiOHO PO3pUBATH BCIX 3B'SI3KIB MOJIEKYJ, 1 TOMY
BOHa MEHIIA BiJ| TOBHOI €HEprii 3B'A3KIB MOJIEKYJ, IO
JIOPIBHIOE TEIJIOTI MapOyTBOPEHHS [6].

3HauHi MOXMUOKM PO3paxyHKIB, CIIOCTEpPIraHHs 3pOC-
TaHHS eHeprii akTUBalii, a He HOro 3MEHIIEHHs 3 Harpi-
BaHHSM, IIPU3BEIH 10 TOTO IO, IO €HEepris akTUBaLii He
BBXKAETHCS HAMIMHOIO, a JIUIIE SIKICHOIO XapaKTepHUCTH-
KOIO PimuHH. SIKIIO MOXWOKM BHMIpiB MOYKHA 3MECHIITUTH
i3 JOIOMOTOI0 MaTeMaTHYHOi OOpOOKH, TO METOAWYHi
npoOyieMH pO3paxyHKIB HeoOXimHo obroBoputh. byio
3aIlPOIIOHOBAHO Psi/i OUIBII CKIAJHIMINX MOJENeH OMHCY
eHepril akTuBaiii B's3k0cTi [8, 9]. OnHaK BOHU HE A03BO-
JIMJIM BUPIIIUTH MPOOJIeMy po3paxyHKIB 1€l eHeprii, ska
y pi3HHX piIMHAX TakoX OOYMOBJIEHA B3aEMOIISMH Pi3-
HOi (i3nuHOi npupoay Ta ix BenuuuHamu. Ha xanb, ma-
Hy€ IyMKa, IO CHEpris aKTUBAIlil B piauHaX ofHa (3a
B'SI3KICTIO), TTOCTiliHA 1 He 3aJIeKUTh Bix Temueparypu [10,
11]. Tomy Ha3pina HEOOXIAHICTH PO3IIISAY Ta BUPIIICHHS
HasIBHUX MPOOJeM 3 BU3HAUCHHSIM BEIIUYWH CHEpriil ak-
THBAI] Ta X TeMIepaTypHUX 3aJIe)KHOCTEH IS MPOIIECiB
Teuii Ta qudy3ii y piguHAaX Ha MPUKIAIi BOIH, MaHI I
SIKOT HaMOLIBII TOYHIIII cepen piauH [4].
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Meta Ta 3aBAaHHA J0CJHiTKeHHs. MeToro podoTn
€ BUpIMIeHHS pobieMu (Pi3MIHO HECYNEPEUTUBOTO PO3-
paxyHKy €Heprii akTHBaIlii JUII IpoIeciB Tedil pimuHH i
nudy3it il Monekys Ta X B3a€MHe TIOPiBHSIHHSI.

Jnst pocsrHeHHs 1iel MeTH OylM MOCTaBJIeH] Taki
3aBIaHHS:

— aHaJIi3 Ta BUPIMIEHHS METOAMYHUX MPOOJIEM 3 po-
3paxyHKiB €Hepriii akTuBauii y piiuHax Ha MPUKIaIl BO-
Au;

— pO3paxyHOK CHepTiil aKTUBAIIil JJIs MPOIIECiB Tewil
Ta 1udy3ii y BoAl y BCbOMY IHTEepBalli TeMIIEpaTyp iCHY-
BaHH 11 piaKoi ¢a3u (Ha JiHil HACHYEHHS);

— MOPIBHSHHS CHEPTiil aKTUBAIII JJIs TIPOLECiB Tedii
Ta nudysii, BiTMIHHOCTEH Ta O0cOONMBOCTEH iX MexaHi3-
MiB.

OcHoBHa yacTuHa. Po3paxyHok eHeprii akTHBa-
uii ans Teuii. Po3unHeH! y piAMHM PEYOBHHH MOXYTh
3MIITHIOBATH YH OCIA0IIOBATU i CTPYKTYPY, HOCHIIIOIO-
YH YU TOCJIa0IIOI0YH CepeHi eHeprii 3B'sI3KiB MK MoJie-
kynamu. Lli eHeprii MoOB'S3ylOTh 3 BEIMYMHOIO EHEPTii
akTuBauii £, piquau (eHeprii po3puBy 3B'SI3KiB MOJIEKYJIN
JUTA TIepeMIlIeHHs 11 B CYCiJIHIO BUTBHY To3HIit0). Bemu-
YHHY CEPeAHBOI JUIS JaHOI PiIMHN MOJBHOI eHeprii akTH-
Barii £, B'I3K01 Tedil MOXXHA BU3HAYHUTHU 3 TeMIEpaTypHOI
3aJIeKHOCTI JUHAMIYHOI B'S3KOCTI piAMHM 7], SIK aKTHUBa-
LifHOTO TIpoIlecy, i3 cmiBBimHOIIEHH AppeHiyca — Eifpi-
Hra — ®penkens [1, 2]:

L ()
RT

ne T — abcomoTrHa Temmneparypa, R — yHiBepcasbHa (MO-
JIbHA) Ta30Ba CTana.

Opnak mana (opMmyia CIIOYaTKy Mae€ METOIMYHI
MpoOJIeMH: CHEeprisl aKTUBAIlil B Hiif MOJIbHA, a TUHAMIYHA
B'I3KICTh - 00'emMHa. OCKUNBKHM B'S3KICTH TPOTOpIiiHA
YHCITy B3aEMOJIIFOYMX MOJIEKYJI Y CHCTeMI, Tpeba mam'sra-
TH Ta BpaxoBYBATH, O y 1 M° iX KiIbKicTh He mocTiiina, a
3aJIeXKHTh SIK BiJl TEMIIEPATypPH, TaK i BiJ THCKY.

Xoua koedinieHT 4 B (1) Mae pi3HUH BUMIAN y pi3-
HUX MOJEJSIX, OyJIO TOKa3aHo, IO BiH MPOMOPIIAHUI
ryctuHi p [1, 2]. Ane tineku B [6] 3anponoHoBaHe (Gop-
Myay (1) nepenucary mpomnopIiifHOI0 KIHEMaTH4HOT B'sI3-
kocti v =1 [p. lle y3romkyeTbest 3 (Qi3HUHAM 3MiCTOM
KiHEeMaTHYHOI B'sI3K0CTi: 3 dopmynu [lyaseitnsa s mpo-
LeCy BUTIKAHHS PIJAMHU Yepe3 Kamiisp BUILTUBAE, IO
BUTIKaHHS OIUHMUII ii 00’ €My 00€pHEHO TPOIIOPIIIHHO 110
JUHAMIYHOI B'S3KOCTI 7], @ OJJUHHUIII MaCH — KIHEeMaTHIHOT
v. TakuM YMHOM, JIMHAMIYHA B'S3KICTH OIKCYE B'SI3KIiCThH
U MOIeKy1 B 06’emi (1 M°), a KiHeMaTH4HA — B'S3KiCTH
Uit 1 KT piguHA, TOOTO 07151 HOCMINIHO20 YUCIA MONEKY
maHoro posumHy. Lle y3romkyerscs 3a Qi3sMUHHUM 3Mic-
TOM, 31 30epekeHHIM YHCIIa MOJIEKYT B PiIUHI Y TIpoIiecy
Tedil Ta 3 il eHeprieto aktuBanii £, (MonpHOI). [Ipo Hemo-
PO3yMiHHS 1€l POOJIeMU CBIMYUTH 1 Te, MO B JOBIIKO-
BUX TAOJMIIAX, BKIOYAIOYN 1 MDKHAPOIHI AaHl IS BOAM
[4], HaituacTimie He HABOOATHCS OKPEMO BEIMYMHU KiHE-
MaTHYHOI B'SI3KOCTi PiMHU 1 TOMY ii Tpeba po3paxoByBa-
TH.

n=Aexp

TakuM 4MHOM, 32 YMOBU 30€pEKEHHSI MOCTIHHOTO
YHCiIa MOJIEKYJT Y PIIMHI P 3MiHAX TEMIIEpaTypH i THC-

KY B Hilf, I IPOBEICHHS PO3PaXyHKIB €HEpril akTUBAIil
Teuii HeoOXigHO TpoBeNeHHS Moaudikamii popmymn Ap-
peniyca — Eiipiara — ®penkens (1), 3anucaBmmu ii gepe3
KiHEMaTH4HY B's3KiCTh [6]:

v=n/p=~A exp E, (1,a)

RT

3BiJICH PO3PAXOBYEMO CEePEHIO e()EeKTHBHY EHEPTilo
3B'I3KY (@KTHBALlil) MOJEKYJ 32 (POPMYJIOIO JAUCKPETHOTO
JTU(epeHITFOBaHHS ISl JBOX OJU3bKUX aOCONIOTHHX Te-
MIepaTyp Tj Ta BiAMOBIIHUX BEIMYMH IX KIHEMAaTUYHUX
B's3KOCTE# Vi (32 ymMoBH A’ = Alp = const):

dlny ~R Inv, —Inv, @)
dlls) -k
2 1
AGCOMIOTHO TPAaBWIBHO TPOBOAMTH PO3PAXYHOK
eHeprii akTHBallii 32 MOJIBHOIO B'A3KICTIO 77, = (v (A u —
MOJIEKYJISIpHA Maca), KOJIM KUIBKICTh MOJIEKYJ PO3YHHY,
IO BUTIKA€E, JOPiBHIOE Yucity ABoranapo. OmHak pospa-
XYHOK €Heprii akTuBalii Tedii MO>KHa BECTH 1 3a KiHeMa-
THUYHOIO B'SI3KICTIO (2), OCKIJBKH JUIS JBOX TEMIIEpaTyp T
BIZIHOIIICHHS BEJIMYMH iX B'A3KOCTEl — MOJIbHMX Ta KiHe-
MAaTHYHUX: 7),2/17,4= Vol vi ciiBIazae.
PesynbpraTi po3paxyHKy BEIWYMHH €HEprii akTHBa-
mii Tedii £, 32 HaHOUIBII TOYHUMHU CTAHIAPTHUMHU TaHU-
MH IUIS B'I3KOCTI BOIM Ha JiHII HACHYEHHS BiJ TOYKH
IaBieHHs 10 KputudHoi [4] (kpok Temmeparyp AT =
10 °C) npencrarieni Ha puc. 1, kpusa 1 [6]. Ha manomy
rpadiky IpOCTEXYETbCS NOCHTh JIiHIHHE 3MEHILICHHS
eneprii £, B obnacri 80...250 °C y Gik KpuTHYHOT TeMIe-
parypu, a no0Jau3y TOYKH IUIaBJICHHS! — HasIBHICTh CYTTE-
BOI €KCITOHEHTHOI noOaBku. [IpoBeACHO ampOKCUMAIIi0
eHeprii akTuBaii £, y NpUIyIIeHH], 10 EHEepTisl akTHUBa-
1ii NiHiHHO NMparyHe 10 HyJs y KPUTUYHIHN Toulli BoaH t,, =
374 °C, aHaJOriYHO NOBEPXHEBOMY HATATY B piguHax [4]
Ta iCHy€e eKCIIOHEHTHA TeMIlepaTypHa nobaBka. [lyis iHTe-
pBaiy Temmeparyp 0...200 °C orpuMaHa anpokcuMyrooda
3aJIEKHICTb:

E, =R

E.o (v)=15,36 (1 —t/374) + 6,16 exp (-t/ 25,4)
[k Ix/Momb], 3)

ne t — remneparypa Boau [°C]. CepenHbOKBaJpaTUUHE
BIAXMJIEHHS TaHOI ninii anpoxcumanii (3) Bix po3paxyHKo-
BUX TOYOK Ha iHTepBami Temmeparyp mo 200 °C crano-
BuTh MeHme 0,6 % Big po3paxoBaHMX 3HA4YEHb €HEPTil
axtuBarii E,, mo Bka3ye Ha HamiifHICTh OTPUMAHOTO pe-
3yJIbTATY.

PospaxyHnok eneprii aktuBaii Teuii E, (77) 3a nuHa-
MIYHOIO B'SI3KICTIO 77 Belle IO 3POCTAHHSI il BEMYNHU BU-
me temnepatypu 250 °C (Puc. 1, xpusa 3). Lle moB’s13an0
3 THM, IO KUTBKICTH B3a€MOJIIFOYMX MOJIEKYI B 331aHOMY
00’eMi, Ta MPOMOPIIiiHI IM I'yCTHHA i IMHAMIYHA B'S3KICTh
PIIUHHM, TIOYMHAIOTH 3MEHIIYBATUCS MPU HAOJIMKEHHI 110
KPUTUYHOI TemrneparypH. Lle mpu3BoauTh 10 MOMUIKOBO-
0 BHCHOBKY IpO 3pOCTaHHS €HEprii akThBamii Tedil
E. (7). Leii dakr cynepeuntsh Hi3WUHUM YSBICHHSIM PO
3MEHILEHHS CepeIHIX CHI MIKMOJIEKYJISIPHUX 3B'SI3KIB 110
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HYJISL A71s1 KpUTHYHOT Temriepatypu. KiHemaTudHa xe B's-
3KIiCTh IIPH IFOMY MOHOTOHHO 3MEHIIYEThCS 3 HarpiBaH-
HSIM JIO TIOCTiHHO{ BETIMYUHM, a pO3paxoBaHa Io Hill eHep-
ris akruBaiii E, (v) — 1o manux 3uayenp. Cradka 3aiex-
HICTh eHepris aktuBamii E, (77) B iHTepBani TemmepaTyp
50...300 °C (Puc. 1, kpuBa 3) crpusie MOMHUIKOBOI TyMIIi,
0 eHEepris aKTUBAIl B piIMHAX HE 3aJICKUTh BiI TeMIIe-
patypu. LlboMy MOXe COpHUATH ¥ MOXHOKH IiJi 4ac BH-
3HAYCHHS B'A3KOCTI 1 TEMIIepaTyp y BUMIpax.

E., x/moub
25000

15000 =7

10000

5000 - ‘

< B

0 50 100 150 200 250 300 350 t,°C
Puc. 1. TemmepaTypHi 3aJ€KHOCTI €HEpril akTHBAIlii Tedii BOaAU
Ha JiHii HacH4yeHHs: KpuBa | — eweprist akruBauii E, (v), 2 —
JiHis anmpoKcuMauil JTiHIHUM YjIeHOM, 3 — eHepris akTHBaIil

E. () 3a muHAMIYHOKO B'S3KICTIO 77 .

VY [6] BkazyBanocs, mo eKCIoHeHTHHH ("'eHTpomiii-
Huil") wreH B eHeprii axtmBamii (3), 3TigHO 3 Teopicro
epexty Ana-Temepa (AT) [5], € oOymoBIeHUM pyHHY-
BaHHSM 3aJIMIIKIB KPUCTAIIYHOI I'€KCaroHaJIbHOI CTPYK-
TypH JIbOJY, Y BHUIJISIII BOXHHMX KiactepiB. HaitOuibiu
CHJIbHI 3B'SI3KH Y JIbOJIy MalOTh KUIBIS 3 IIICTHOX MOJIe-
KyJl BOJH 31 CTPYKTYPOIO THITY «KPICIIO» Yy TeKcaroHallb-
HUX 1apax [3]. V piakii ¢a3i Boan nobau3y TOUKHY IUIaB-
JICHHS I 3aMKHEHI TeKCarOHANBHI KUTBIS 3 MOJCKYJ Ta-
KOX 30epiratoTh OUTBII CHIIBHINII 3B'SI3KH, HIX IHIII MO-
JIEKYJIH, 1 yTBOPIOIOTH OUTBII CTIiMKImIi 3a YacoM icCHyBaH-
HS KOMIUTEKCH — BOAHI Kiactepu [3, 12]. ¥V mporeci 3a-
Mep3aHHSA IIi KJIacTepu OyOyTh MIBUAKO 3pOCTATH i TOMY,
MOYKHA YEKaTH, 1[0 BOHU € OCHOBOIO TIOSIBH T€KCAroHab-
HOI, @ He KyOI4HOI CTPYKTYPH Y JIbOIY.

AJIbTEpHATHBHHUI PO3PaxyHOK eHeprii akTuBamii
s qudy3sii. J{ns 6aratbox XiMIYHHX MPOIECIB iX aKTHUB-
HICTh 3aJICKUTh BN BeNW4MHHU Koedirienta audysii D
MoJiekyJ Boxu. [list po3paxyHKy eHeprii aktuBauii audy-
3ii £Ep Ta MOpIBHSHHS CWJI 3BSI3KIB y PI3HHX piJHHAX Ta
po3unHax Tpeba 3acTocyBaTu (GOpMyiy, IIO aHAJIOTiYHA
criBBigHOIIEHHIO AppeHiyca — Eifpunra — ®penkens s
B's3KocTi [1, 2]:

D = A exp —E—_[I)_ (1,6)

Ane a1 MiIBUIIECHHS TOYHOCTI BU3HAYCHHS CHEPTIi
aktuBamii Au¢ysii Ep 6axaHo 3icTaBUTH ITUQY3it0 3 B'sI3-
KICTIO, sIKa BH3HAYAETHCS HA OJMH-IBA MOPSAKY TOYHIIIE

Ta MOCHIDKCHA Y 3HAYHO OUTBIIOMY iHTEpBalli Temmepa-
Typ. Takuii anbTepHATHBHUN PO3PaxXyHOK CHEPTii aKTH-
Bamii 3a TaHUMH B'SI3KOCTI JO3BOJINTH TAKOK BU3HAYUTH 3
KPaIlo0 TOYHICTIO BEJIMYMHU CEPEIHBOT CHEPrii 3B'I3KIiB
MDK MOJIEKYJIaMH BOJHM SIK iX €Hepriro akTusauii audysii.
Jnsi BusHaueHHs koedimieHta audy3ii BUKOPHCTAEMO
3B'130K AuQy3ii 3 B'I3KICTIO B piguHax 3a (OPMYJIO0
Crokca-EitHinreitna:

p= KT -k (T 4)

6rnr 671 n

ne k — crana Bompumana, I — cepenHiil paniyc (po3mip)
MOJICKYJIH.

I3 cmiBBimHOmICHH (4) OaumMo, IO TeMIIepaTypHa
3aNeXHICTh A audys3ii mporopriiitHa temmepaTypi i
o0epHEHO TpomopHiiHa B'SI3KOCTi, TOOTO, BiTHOIICHHIO
T/y. B [3] 3a3Hauaernes, mo Beanunta 1o0yTky Day/T mis
BOJM 3aIMINAETHCS NPAKTUYHO IIOCTiHHOIO B 3HAYHOMY
IHTEpBaJi TeMIeparyp, IO y3ro/PKYEThCs 3 UM BHCHOB-
KOM.

OpnHaxk, sk 1y ¢popmynax (1,a) 1 (2) mis 30epeskeHHs
MOCTIHHOTO YKCIa MOJIEKYJ y PiZIMHI MiJ 4ac 3MiH THUCKY
Ta TEMIEpaTypH B Hil, TAKOK HEOOXiTHO 3aMiCTh AWHA-
MI4HOI B'SI3KOCTI BUKOPHUCTATH KiHEMAaTH4YHY B'SI3KICTH V.
Opnak st nudysii € # iHm npuarHaN 11 soro. Koedi-
mieaT mugysii D srigHO i3 3akoHOM Dika MpencTaBisie
BiTHOIIICHHS MIOTOKY MAacH 3a CeKyHAy IO TpaIi€HTa KOH-
nentpaii. OCKiJIbkH PO3MIPHOCTI KOHIEHTpalii Ta ryc-
THUHU OJTHAKOBI, TO HASIBHICTh KOHIEHTpAIII] BeJie 10 KOM-
neHcanii BIUIMBY TYCTHHHM Ha MEpeHOC MacH Ta Koedii-
ent audysii. B pesynprati Maemo, mo po3MipHOCTI Koe-
¢iienTiB qudysii D Ta kKiHeMaTHYHOT B'I3KOCTI V TAKOXK €
OJHAKOBHMH — [M7/c].

Jlnist po3paxyHKy eHeprii aktuBaii nudysii Ep BU-
KOPUCTaHO TEMIIEpaTypHY 3aJISKHICTh 3BE/IEHOI KiHeMa-
TUYHOI B's3kocTi (V/T) Aist BOAM HA JTiHIT HACHYCHHS 3a
naaumu [4]. 3a dopmyioro (2) Ta 3anexuictio (V/T), mia-
CTaBIICHOI Yy Hel 3aMicTh B'S3KOCTI v, OyJI0 po3paxoBaHO
e(peKTHBHY BeNMYUHY eHeprii akruBamii mudysii Ep
(puc.2, kpusa 1) [13].

Ep, x/Monb

25000

20000 | .
15000 -
10000

5000

0 50 100 150 200 250 300 35 t°C

Puc 2. TemneparypHi 3ae:KHOCTI eHeprii akTuBanii audysii y
BOJI HA JIiHIi HACHYECHHS: KpHuBa | — pO3paxyHOK €Heprii akTu-
Bauii Ep (V/T), 2 — miHis anpokcumariii eHeprii aktuBauii st
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mudysii (5), 3 — minig anpokcuMaii eHeprii akTuBamii s Tedii
Q).

Baunmo, mo Tak camo, sk i IS eHeprii akThBarlil
B'S3KOCTI, BHUIIE 3a TOYKY IUIABJICHHS CIOCTEPITaeThCs
CKCIIOHCHTHUH BHECOK, a 3arajbHa TeMIICpaTypHA 3aJICK-
HICTh CTaJia HENiHIHHO i OJIM3bKa IO KOPEHS KBaJpaTHO-
ro. ATIpoKCcHMAIlis JaHUX PO3PaxyHKY IUTS TOTO K€ iHTe-
pBamy Ttemmepatyp 0...200°C pama croiBBiIHOIICHHS
[13]:

Epo (T, 1) = 16,50 (1 —t/374)>° + 7,20 exp (-t / 32,0)
[k Ix/Momnb) (%)

Benuuuna noxubku anpokcumanii Mix (5) Ta naHu-
MH PO3paxyHKy 1o [4] y JaHOMY iHTepBalli TeMIlepaTyp
anpokcuMarii gae menme 0,3 % Bix BemuumHu Ep, 10
BJIBIYi MEHIIIE, HIX criocTepiranocs i Tedii (3).

Po3paxynok eneprii aktusarii qudysii Ep (77 /7) 3a
JMHAMIYHOIO B'SI3KICTIO 77, aHAJIOTIYHO 3a5eXHOCTI E, (77)
s tedii (puc. 1, kpuBa 3), TakOX Bele J0 NIBHIKOTO
3pocranHs ii Bennmuuny Bunie 250 °C, mo BKa3ye Ha Me-
TOJWYHY TIOMHJIKY TaKOTO po3paxyHKy. Ha kpusiii 3 puc.
2 HaBeJIEHO, AJIs TIOPIBHSHHS, JiHIsS allpOKCUMAIIii eHepril
akTuBarii as mporecy tedii (3), AKka 3aBKIM MEHIIA Ta
IIBHUJIIE 3MEHIIYETHCS 38 BEIMYNHOIO 10 HYJA y KPHUTH-
YHIN TOYIll BOJH.

Oo6roBopeHHsI pe3yabTaTiB. Y Ta0suii 1 HaBeaecHO
BEJIMUMHM 3MIH MapaMeTpiB arnpoKCHMAIli eHeprii aKkTH-
Baii 1udy3ii (5) MOpIBHSHO 3 EHEPri€lo aKTHBAIII] B'I3KO1
teuii (3) A7 mapaMeTpiB ampokcuMmanii B 3aralibHOMY
BUTJISL:

E, =A(L—t/t,)" +Bexp (—t/ty). (6)
Ta6muus 1 — BinHocHa 3MmiHa (B %) BEIWYMH MapaMeTpiB anpo-

kenmarii (6) eneprii aktuBanii Audys3ii (5) NOPIBHAHO 3 TEUi€0

3).

[Mapamerp | A te n B tar A+B

3miHa, % | 7,2% | 0,0% 16,8 % | 26,3 % [ 10,0 %

50,0 %

OcHOBHa BiIMIiHHICTE BenmmuuH BKIATB y (3) 1 (5)
MOJIATAaE Y TOKA3HUKY N TPH OCHOBHOMY CTYIICHEBOMY
YIIeHi, IO MPHU3BOAUTE O BIAHOCHO IOBUIBHIIIOTO 3Me-
HIIICHHS €Hepril akTuBaIil qudysii 3 TeMmepaTyporo, Hix
JUTA B'sI3KOCTI (puc.2, kpuBi 2 1 3). 3a3Ha4unMo, Mo po3pa-
XYHKH 33 KCIIEPHMEHTATbHUMH JaHUMH MalOTh XOPOILY
sroxmy i 00ox ampokcuMartiit (3) i (5) enepriit akTuBa-
wii. [{e MOke CBIAYUTH TPO CTAJICTh BETMYUHH KOCilli-
enra A' B MmogudikoBaniii popmyni (1,a) mis gaHoro iH-
TepBally TeMIeparyp A Tewil i nudysii Ta mpo Hamii-
HICTb OTPUMAaHHX PE3YJIbTaTiB.

HaiiGinpiry BennunHy 30UTBIICHHS Cepel] ImapaMeT-
piB mis mudysii mMae Temmeparypa tgr €KCIIOHEHTHOTO
uireHa (Ha 26,3 %, tabmn. 1). Lle 30imbIIeHHS CBITIATE TIPO
OinbIITy CHITY Ta CTAOIIBHICTh MIXKMOJICKYJIIPHUX 3B'SI3KIB
MOJIEKYJl B BOJHHX KJIacTepax, skl y mporieci Tewii moc-
TiHO PBYTHCA 30BHIMHIMEU cuiamu [1, 2]. [Ipu mpomy
TeYis piIuHM iiie He TIIPKU BUMYIIEHO, a i 1Mo Haiicimab-

UM 3B'S3KaM 1 [MapaMm piIuHY, 10 BUHUKAIOTh BHACITI-
JIOK SIK TIpOIiecy Tedil, TaK i TEIUIOBOTO PyXy MOJEKYII.

EKCTIOHEHTHUIT YJIeH CBIAYHMTH PO HAsBHICTDH 1012~
TKOBO{ eHeprii 3B'A3Ky B BOAHHX Kiactepax. JlaHuil wieH
€ BUINOBIZHMM 3a aHOMAJIBHO IIBHAKE 3MEHIICHHSI
B’S3KOCTI Y BOAI MOOMM3y TeMIepaTypH IIIaBICHHS.
OCKIJIBKH €HEpris aKTHBaIlll ycepeaHeHa 3a BCiMa MoJie-
KyJlaMH, [Ied BHECOK U MOJIEKYJ Y BOJHHUX KilacTepax
Moxe OyTu mie OumpiiuM. Maja Benu4yrHa BHECKY BHIIE
100 °C cBiguuTh Npo TEpMivyHE PyHHYBaHHS BOJHUX Kia-
cTepiB. MOKHA IPUITYCTHTH, 10 Y BOJHHUX PO3YMHAX, JI€
CTPYKTypa OUIBII CKJIaJHIIIa 1 HEBHOPSJKOBAaHA, BHECOK
[IbOTO WiIeHa Oy/ie 3MEHIITyBaTHCS.

Crig 3a3Ha9YMTH, IO BOAA, SIK OCOOIUBUI yHiBEepca-
JHHUNA PO3YMHHUK i3 TIIBUIICHOI PO3YMHHICTIO Pi3HHUX
PEYOBHH, 3aCTOCOBYETHCS B XiMii Ta TEXHOJOTII O TeM-
mepatyp 60-70 °C. Came Ha 11i€i MeXi BHECOK €KCITOHEH-
THOT'O 4ICHA I11I€ BEIMKUM, X04a W 3MEHUIYEThCS Mailke
Ha MOpARoK. ToMy MOKHA BBa)KaTH IIPO BaKIUBICTb IO~
ro €KCIIOHEHTHOTO BHECKY U1 BJIaCTHBOCTEH BOIM SIK
YHIBEpCAILHOrO PO3YHHHMKA. MIMOBIpHO, 1O Lel epexT
3B’s13aHUI SIK HAsSBHICTIO JIOKAJIBHUX 3apsiiB il MOJIEKYJ,
TaK i 3 CIIEKTPOM JiOpaIifHUX KOJIMBaHb MOJIEKYJI Y BOJ-
HUX KJIacTepax.

Po3paxyHKkn 1mokasyroTb, 10 3HAYHUI BIUIMB Ha Be-
JWYMHY eHeprii akTuBamii y 6aratbox piluHax Ta y BOI
Bute 230 °C Hagae He TUTHKH IXHS TYCTHHA, a W IX CTHC-
JUBICTD 1 3aJ€XKHICTH B’A3KOCTI Bil THUCKY. Pomp mmx
BKJIQ/IiB 3pPOCTa€ K 3 HArpPiBaHHAM, TaK i 3 OAHOYACHUM
MIBUAKUM 3POCTaHHSAM IIPU [IbOMY TUCKY HacuueHHs. Lle
HE JI03BOJIsIE BU3HAYUTH iX CHEPrito akTBalii 3a Gopmy-
7010 (2) 3 MOCTAaTHBOK TOYHICTIO. Y BOJIHM CTHUCIIUBICTH
HaliMeHIIIa cepe]] PiIMH 1 MOMITHE 3pOCTaHHS eHeprii ak-
THUBallii, sIKa HaM 3JIa€ThCS, CIIOCTEPIracThCs JIUIIE BUILE
temrepatypu 230 °C (puc. 1-2, xpusi 1). Tomy MoxHa
BBA)XAaTH, IO HAIMHUHA IHTEpBa] TeMIlepaTyp, y SKOMY
JI00pe y3roJUKYIOTBCSl Pe3yJIbTaTH PO3PaxyHKIB eHeprii
akTUBaIii y Boai Ta ix anpokcumarii (3) i (5), cknagae 1o
230 °C (m0 0,6 t,,).

[opiBHsIEMO TemIIepaTypHi XOAH €HEepriil aKTHBALIii.
Kpusa 1 Ha puc. 3 nokasye y CKUIbKH pa3iB €HEepris aKTH-
Batii st npouecy audysii Oibina 3a eHeprilo akTUBaLii
Tedii 3a 0IHAKOBUX TEMIEPaTyp Uil pO3paxOBaHUX TOYOK
uux eHepriii ¢ = Ep / E,, a kpuBa 2 — BiIHOIICHHS alpOK-
cumariiii (3) i (5) nux enepriii &, = Epo / E,o = "(3)"/"(5)".
Bauumo, mo BenuumHa eHeprii akTuBanii nudysii 3pocia
nopiBHsHO 3 Tediero — npu 0 °C y 1,1 pasu (A+B, tabm.
1), a Bume 270 °C — Oinbie HiX y 2 pasu (puc. 3). B iH-
tepBani temmepatyp 120...345°C s BenWYHMH BigHO-
IIEHb [TUX eHEeprii MaeMo & < &,. [Tobmm3y i Bumie 345 °C
BEJIMYIHA BiJIHOMICHHS CHEPTil & MOYNHAE MBUAKO 3POC-
TaTH (puc. 3, kpuBa 1) i BiTHOIICHHS AJIS [IUX TapaMeTpiB
Butie 345 °C 3MIHIOETHCS Ha TIPOTUIICKHE: & > &,.

BiaMiHHiCcTh MiXK pyXoM KpuBHX 1 12 Ha puc. 3 Mo-
JKHa TIOSICHUTH Tak. HacmpaBni mpu npoBeIEeHHI anmpok-
cHMalliif BeJIMYMHY KPUTUYHOI TeMIepaTypu BojaH t,, =
374 °C mu 3amanm noctiHoro. Ile moB's3aHo 3 TUM, IO
TIPU TIPOBENICHHI ampOKCHMAIll 32 YMOBH MiHiMalbHOT
3arajgbHoi OXMOKH MM OTPUMAEMO, WO A Teuii ty* >
374 °C, a s mudysii t,p* < 374 °C. 3MeHIIEHHs BelH-
YHHH TeMNepaTypu t,p* MOXHA MOACHUTH THM, IO 3i
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3POCTaHHIM TEMIEPATypH Ta BIANOBIIHOTO THUCKY HacH-
YEeHHS BOJHEBI 3B'SI3KH Y BOZI OYyAyTh BCe OLTBIIIE BUKPH-
Bisatucs. Lle Bexme 10 NOAAaTKOBOTO 3MEHIIEHHS CHEprii
3BI3KY A qudysii, a [UId mporecy anpoKcuMarii — 110
3MEHILEHHS BEJIMYHHN TEMIEPATypH t,,p*.

£, &
3.5

3, ,,,,,

2,5 1

0 100 200 300 t, °Cy

Puc 3. TemnepaTypHi 3aJIe)KHOCTI BiZIHOIICHb CHEPTil aKTHBAIT
nudysii Ta Teuil Ha JiHIT HACMYCHHS BOAM: KpuBa 1 — BimHO-
ICHHs PO3PaxXyHKOBUX eHepriit akrusauii ¢ = Ep / E,, 2 — Big-
HOILCHHS 1X anpoKCUMalliii &, = Epg / E .

[Tix wac Teuii HarpsAMU 3B'I3KiB MOJIEKYJ MOCTIHHO
3MIHIOIOTBCSI, BOHH TIOCTIHHO PBYThCS Ta 3HOB BiHOB-
ToI0ThCs. Po3ipBaHi 3B'SI3KM MOXYTH IOTPAILUIATH B T10-
poXxHedi CTpYKTypH (Y BOII IIi IOPOKHUHY CKIIAAIOTh JI0
40...50 % 06’ emy — Tak mig VII npeacrasmnse nBi BKkIame-
Hi 31 3MIIIeHHAM CTpYKTypH nbony l.). Lle Oyne mpuzBo-
IUTH 10 OiIbIIoro 30JMKEeHHS MOJEKYH Mil 4ac Tedil i,
BIANOBITHO, M0 OUIBII CHJIBHIIIO! B3a€MOZIl MOJEKYI
BoaM. Po3ranryBaHHs po3ipBaHKX 3B'A3KIB y TOpOXKHEYaX
CTPYKTYPH € HEBUTIJIHUM, i BOHU NParHyTHMYTh IIBUJIKO-
'O MEPEKITIOYSHHS Ha HOB1 MOJIEKYJIH, CIIPHSIIOYH TIPOLIECY
Tedii. Mo)KHa 4ekaTH, 1110 e 30IMKEHHS MOJIEKYIT i TpH-
3BOJIMTHME JI0 3POCTaHHS PO3PAaXyHKOBOI €Heprii akTuBa-
ii Teuii, a Ay anpoKCUMAIIl — 10 3pOCTAHHS BEIHIUHH
KPUTUYHOI TEMIEPATypH ™.

Jns remnepatyp Bume 100 °C, xonu BKIagaMu ex-
crioHeHTHHX WieHiB y (3) 1 (5) MOKHA 3HEXTYBaTH, OTPH-
MaeMO alpOKCHMYI04y (GopMyily Ul BiXHOIIEHHS eHep-
riif akTuBalii Teuii Ta Tudysii &,

Ep

£ =00 £ 1072 - (t/ to ) : )

°E, 1- it/tkpv" )

3MEHILIeHHs BiJIHOLICHHS €Heprii akTuBauii ¢ B iH-
TepBaii Temneparyp Buie 120 °C MOpIiBHSHO 3 anpoKCHU-
Mauiero (7) mis €, Ha puc. 3, KpuBa 2 IOB’s3aHe SIK 13
3MEHIIEHHAM TeMmIeparypH t.,p*, Tak i i3 3pocTaHHAIM
t,v. AJle TOYHICTb PO3PaXyHKIB €Heprii akTHBaLii BUIIE
230 °C cTae HEZOCTaTHBOIO LTSI OOTOBOPEHHS MOJAITBIIIO-
T X0y IIUX KPUBHX.

PosrnsaemMo ¢i3uvHy BiIMIHHICT €HEPTild aKTHBa-
uii s mpoueciB mudysii Ta B's3koi Tedii (puc. 2). Jns

nporecy audys3ii Bei 3B'I3KH Y BCiX HAMPSIMKAaX MPOCTOPY
130TpOITHI, OJJTHAKOBO CHIIBHI i TOIATKOBO HE TMOCIa0IIO-
1oTbcs. Tedis mapiB piAnHU #ie B3IOBX IUIOMIKH Tedil Ta
3B'A3KM, M0 NEPNEHAMKYJSIPHI 10 HHUX, JIETKO PBYTHCS
(JloKanbHUM MOAYNL 3CYBY 3aBXKAW MEHIIMH MOy
MPY’KHOCTi, THM OiJpIIIe, IO CepeHid MOIYJh 3CYBY B
pinnHax HynboBii). [lopiBHSIHO Malie 3MEHIIEHHS eHepril
akTuBamii B's13k01 Teuil momo audysii modausy 0 °C mo-
JKHa 3B'SI3aTH 13 TIOCHJICHHSIM CHJI 3B'I3KIB YCEpEIUHI I1a-
piB mijg Yac Tedyii, 30KpeMa, 3 MOXJIHMBHM BKJIAIOM BiJ
BOJHHMX KJIACTepiB, IO MAaIOTh CTPYKTYypy MOIIOHY [0
JMBOY 3 OLTBIN MIITHUMH 3B’SI3KaMH, Ta 3 MOXKJIHBOIO Opi-
€HTAII€I0 1X IUIONIMH Y Iapax IUIOMIMH Tedii BOIM.

JliniitHe 3MCHIICHAS eHeprii akTUBAIii B'I3K0i Tedii
JI0 KpUTHYHOI TeMIepaTypH CBITYHUTH PO Te, IO MiJ Yac
Teyil MmapiB piAMHU OiI0¥i CHJIM B Hill 3a CTPYKTYpPOIO
OmK4ye 0 CHJI MOBEPXHEBOTO HATATY, SKI TEX JIIHIAHO
3MEHIIYIOThCSL 10 KpUTUYHOI TemmepaTypu [4]. ns mo-
BEPXHEBOI'O HATATY BIJICYTHI 3B'SI3KM 3 OJHOTO OOKY ITO-
BEPXHI PIAMHHU, a IS Tedii CHOCTEPIraloThCS MOCTIHHI
PO3pUBH 3B'A3KIB 13 IBOX CTOPiH IIOAO IUIONIMHU TEdil.
OCKiNTbKH y TIpolieci Tedii YUCII0 PO3PHBIB 3B'SI3KiB BEJIH-
Ke, MOXKJIMBa YacTKOBa ITiepefaya MpYXKHOi eHeprii Mix
MOJIEKYJIaMH TIPH PO3pUBax 1 BiAHOBIEHHX 3B's3KiB. Lle,
MaOyTh, MOXe OyTH MPUYIMHOIO 3MEHIIEHHS 10 HyJIS MO-
IyJsl 3CYyBY y PiMHaX, 3MEHIIEHHS pellakCalliifHuX BTpaT
eHeprii 3B'SI3KiB IiJ] 9ac Tedii, 0 He Bee N0 JOAATKOBUX
BTpAT €HEpriid 3B s3KiB MOJEKYI, ajie BeAe IO 3MEHIIIEHHS
CepeAHbO] BETMUMHH €Heprii MIKMOJIEKYIIPHUX B3a€MO-
i i gyac Tewii MOpiBHSHO 3 Tudy3i€ero.

J1J1s1 OCHOBHOTO CTYIEHEBOTO TEMIIEPATypHOT'O HJie-
Ha anpoKCcUMaIlii eHeprii aKTUBaii Js mporecy nudysil
(5) maemo crymiae N = 0,5. Tomy HampomryeTbcs HoOro
MOPIBHSAHHS 3 TEMIIEPATYPHUM XOJIOM TEIUIOTH Iapo-
yTBOpeHHs Boxu. OmHaK i Hel ampoKcHMalist TeMiepa-
TYPHOI 3aJIe)KHOCTI a€ MEHIIy BEJMYHHY CTYTEHsS — N, =
1/3, a mig BHYTpIIHBOI TEIUIOTH TapoyTBOpeHHs (0e3
pobotu po3mupenHs mapu) — N, = 0,4. TobTO, eHepris
aktuBamii audy3ii 3MIHIOETBCSA 3 TEMIIEPaTypor0 OUIBII
mBUAKO. JlaHa BiIMIHHICTE CTYNEHS y €Heprii 3B'SI3Ky
MDK Mosiekylamu npu andysii Moxke OyTH TMOB'sA3aHa 3
THM, 110 10 Hei BHOCSTH BKJIQAW SK TPAHCIAIIIHI 3CYBH,
Tak i obepranpHi. [1in yac nepeMilieHHs MOJIEKYJIH BOIM
B CYCIJHIO TO3MIII0 BOHA MOBEPTAETHCS OO0 MOYATKO-
BOT'O TIOJIOKEHHS Ta CYCi/liB Ha KyT OJIM3BbKHIA 10 TeTpae-
npuaroro 6 =~ 109,5°, mo, BunuMo, moTpedye 101aTKOBOT
JIoKanbHOI obepranbHOi eHeprii. [1ix yac BumapoByBaHHA
MOJIEKYJI 13 30BHIIIHBOI TOBEPXHI PIAMHU TaKol JOAATKO-
BOi obepTanbHOi eHeprii He moTpiObHo. Cuin 3B'I3KiB Ha
MTOBEpPXHI PiAMHU OYOYTh BiTHOCHO CIAOKIMIUMHU, HIX B 11
00’eMi mns mporecy nudysii Ta, BIIMOBITHO, IS HUX
CTymiHb Oyae OinbmIor0. MOKIIMBIM BHECKOM y CTYIIIHB N
Moke OyTH 3MiHa po3mipy Mouieky’d 'y dopmym (4),
SIKUM MU 3HEXTYBaJIM. AJle OIliHKa Horo BKJIaly y CTYIIHb
3 TemneparypHoro xoxy ryctuau (N, =~ 0,2) mis eHeprii
aktuBanii augysii mMabyTe He mnepesumye An= n, /3
~0,07. ToMy € MOXJIUBUM BapiaHT, mo N,, = N — AN =
0,4.

[TocTae muTaHHS: YoMy AJISI TEIUIOTH MApOyTBOPEH-
HS MM He 0a4MMO eKCIIOHEeHTHoro BHecky? Hacmpasni, 3
maux [4] BiH €, ame mocuth Mamuid (6mm3pko 0,5%).
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[pmuamnOIO 1IFOTO, MaOyTh, € TE, M0 MOJCKYIH Ha MEXi
30BHINIHBOI TIOBEPXHI BOAW MAalOTh PO3ipBaHi 3B'SI3KH 3
OIHOTO OOKY 1 TOMY MAalOTh OiJIBIIy CEPEIHIO TEILUIOBY
€Heprito, a 0TXKe, 1 OUIBII BUCOKY e(DEeKTHBHY TeMIepary-
py, HDK MoIlleKynu B 00’emi. ToMy CTpyKTypa MOBEpXHi
BOJIM OIUTBII CHIIPHO TEPMIYHO XAOTH30BaHa 1 Ha Hi
MIPaKTHYHO HE 3aJIMIIAETHCS 3aMKHEHHUX I'€KCaroHaJIbHUX
KiJIeI[b BOJHUX KJIACTEPiB.

[Toka3HuK cTymeHeBOro wieHa B (5) BiAmoBigae
CTYyTIEHIO JUIs apaMeTpa nopsaky (N = 0,5) ¢penomenoo-
rigHOi Teopil (pa30BUX MEPEXOojiB APYroro poay Momaemi
Jlanmay [14]. Poxp mapameTpa mopsaKy y JAHOMY BHTIA-
Ky Tpa€ EHepris MDKMOIIEKYIISIPHUX B3aEMOJIN — EHeprist
aktuBamii audysii. TakuM gmHOM, TOOMM3Y KPUTHIHOL
TOYKM BOJM TOBEIIHKa CHJI 3B'A3KiB st audysil goope
y3TrOJDKy€eThes 3 Teopieto Jlanpay. Ile Moxe roBopuTH SIK
PO MOXITUBICTH 3aCTOCYBaHHSI Teopii (a3oBUX Mepexo-
JIB IpyToro poay A0 (a30BOro mepeTBOpeHHs pinkol ¢a-
3M BOJY B ra3ornofiOHy B KPUTHYHIHM ToYlli, Tak i mpo ii
MOJKJIMBY 3aCTOCOBHICTB JI0 TporieciB audys3ii y BoIi uis
BUCOKHX TEMIIEpaTyp.

BucHoBkH. AHaii3 npobieMu po3paxyHKiB eHeprii
aKTHBAIi] y BOJIi I03BOJISIE 3pOOUTH HACTYITHI BUCHOBKH:

— T 9ac po3paxyHKIiB €Hepril akTUBaIil y pianHax
HEOOXiTHO CTEeKUTH 3a 30€peKCHHSAM UYHCIAa MOJCKYI
(Mmacm) y cuctemi. e Bene mo HeoOxigHOCTI Moanikamii
¢dbopmynu Apeniyca — Eilipinra — @peHkens ta po3paxyH-
KiB eHepril akTuBaIlil Jyisi mpoueciB Teuil ta audysii 3a
MOJIBHOIO a00 KiHEMAaTHYHOIO B'SI3KICTIO, a HE 3a JUHAMI-
YHOI0;

— 3aMpoNOHOBAHO albTEPHATUBHY METOAWKY pO3pa-
XYHKY eHeprii aktuBamii qudysii Boan 3a OUIBII TOYHH-
MU JaHHMH TIpo ii B's3KicTh. Po3paxoBaHo TemmeparypHi
3aJICKHOCTI BEJIMYMH EHEpril akTWBaIii JUIA MPOIECiB
mudy3ii Ta Tedii Ha NiHI] HACHYEHHS y BOJi, BU3HAYCHO
mapaMeTpu ix ampokcmMariii. CroctepiraeTbcst moOpa
3rojia pPO3paxyHKiB Ta allpOKCUMAIil eHeprii akTuBarii y
Bozi 1o Temneparypu 230 °C (10 0,6 t,,);

— TOJIOBHOIO BIIMIHHICTIO mporieciB audy3ii 1 Teuii
CTaHOBUTbH Te, MIO miJ Yac qudy3ii B3aeMoJil MOJIEKYJ €
00'éMHUMHU — TPUBHUMIPHUMH, TOJI SAK MiJ Yac Tedii moc-
TIHHO PBYTHCS 3B'SI3KM MIX IIapaMy PiIMHM Ta B3aeMOMIl
CTalOTh KBa31IBOBUMIPHUMH 1 TOMY OULIBII CIaOKIIIUMU.
TakuM YHHOM, CHJIM MIKMOJICKYJISIPHHX B3a€MOJIH TIif
yac nudysii OLTBII 32 BEIMYMHOIO 1 3MEHIIYIOThCS 31
3POCTaHH;IM TEMIIEpaTypu y OiK KPUTHYHOI TOYKH BOAU
MOBUTBHIIIE — SK KOPiHb JAPYTOTO CTYNEHS, TOAI SK Mif
yac Teyii — JIHIHHO;

— HasBHICTb €KCIIOHEHTHUX WICHIB B €HEPTisX aKTH-
Balil CBIIYUTH MPO HASBHICTh Ta PYHHYBAaHHS 3aJIMIIKIB
KPHUCTAJIIYHOI TeKCarOHaNbHOI CTPYKTYPH JIbOLY y BHIJI-
Jl BOIHHX KJAcTepiB, IO 30epiraroTh OLIBII CHIIBHIII
MDKMOJIEKYJISIPHI 3B'SI3KM Yy 3aMKHYTHUX TI'€KCaroHaJIbHUX
KUJIBLISIX HaBITh y piakii ¢asi Bomu (1o 90 °C);

— 3aCTOCYBaHHS IIEPEMIlIyBaHHs B XIMIYHHUX IpOLe-
cax JI03BOJISI€ HE TLIBKH 301IBIINTH HMOBIPHICTH 3yCTpidi
MOJIEKYJ, & ¥ 3MCHIIUTH TPH [[OMY BEMYMHY CHEprii
aKTUBaIii — 3 mporecy audys3ii Ha mporec Tedii, IpuIoMy
3 HATpiBaHHSM BUTPAIl Y SHEPTii aKTUBAIIi{ 3pocTa€.

OCKiJIBKH BOZA € aHOMAJBHOIO PiTUHOIO, TOMY, Ma-
OyTb, HE BCi 11l BUCHOBKM MOXXHa 3aCTOCYBATH IO 1HIIUX

piouH. BiporigHo, Mo aHOManbHICTh BIACTHBOCTEH BOIU
3HAYHOIO MIpOIO OB’ 3aHa 3 HASIBHICTIO B CIIEKTPY KOJIH-
BaHb 1 MOJIEKYJI BUCOKOYACTOTHHX JIIOpAIIHIX MOJI.
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HABUIb ABJIEJIb CATEP A. b. 'PUI' OPOB

JIEJEKTPOMETPUYHHUIA KOHTPO.JIb CTYHNEHS IMIITOTOBJIEHHOCTI HA®TOBOI CHPOBUHHU

B cTaTTi pO3MIISHYTO MOXKIIUBICTh 3MiHEHHS CYKYITHOCTI ITOKa3HHKIB SKOCTI, SIKi ChOTO/IHI BUKOPHCTOBYIOTb JIJIsl BU3HAYCHHS CTYIEHS MiJr0TO-
BJIeHOCTI HaTOBOI cHpoBHHY (HadTH 260 ra30BOro KOHACHCATY Ha IHTETrPAIbHIUN ITOKA3HUK BiTHOCHOI JIieJIeKTPHYHOT IPOHUKHOCTI (€), IO XapaKTe-
pU3Y€E eNeKTPUYHI BIaCTHBOCTI HATOBOT CUPOBUHM Ta MPOIYKTIB i mepepoOku. BukoprcTaHHs 1bOr0 MOKa3HUKA JO3BOJIUTH 3[IHCHIOBATH OIEpaTH-
BHHUI KOHTPOJIb 32 POGOTO YCTaHOBOK ITIATOTOBKM HA()TOBOI CHPOBUHH, SIKI MAIOTh KJIFOYOBE 3HAYCHHS B JIAHIIFO31 TEXHOJIOITYHUX OIEpaLliil, crpsi-
MOBAHHX Ha OTPUMaHHS TOBAPHUX HA(TOIPOIYKTIB.

ExcrniepuMeHTanbHO BCTAHOBJICHO, 110 HA 30UIBIICHHS BEIMYMHU ITOKAa3HUKA (€) ICTOTHO BIUIMBAE HASIBHICTH B HA(TOBIi CHPOBHHI IIACTOBOT
BOJIH, 3 PO3UMHECHUMH B Hiif XJIOPUCTUMHU COJIIMU Ta HAIIBIPOBIIHI MEXaHIYHI JOMILIKH, 1[0 IpeacTaBlieHi yactoukamu Fe,O; — mpoaykraMu Kopo3sii
TEXHOJIOTYHOTrO 00aaHaHHs. | HaBMaKky, HAasBHICTh B HA(TOBIN CHPOBUHI JiEIEKTPUUYHHX MEXaHIYHUX HOMIIIOK nopoau (SiO,) crpHse 3HWKEHHIO
BEJIMYMHM MOKa3HHUKA (€). A 1€, y CBOIO 4epry, HeoOXiJHO BPaxOBYBAaTH IIiJ{ 4aC BCTAHOBJECHHS CyMapHOIO BIUIMBY 3a0pYyIHIOIOYMX JOMILIOK Ha
NOKa3HUK (€)Ha(hTOBOI CHPOBUHHL.

Peanizarist 3apONOHOBAHOIO MiAX0/y CIHPAETHCS HA BUKOPUCTAHHS JBOXCEKI[IHHUX EMHICHUX JAaTYHKIB, IKI MOHTYIOTHCS Ha TPYOOIPOBOI 3
OCHOBHHM MatepiaJbHUM II0TOKOM yCTQHOBKH — 3HECOJICHOIO Ta 3HEBOJHECHOI HA()TOBOK CHPOBHHOI0, 32 JOMOMOTOI0 Bi/IBIJHUX MaTpyOKiB Ta My (-
TOBUX 3’€/IHaHb.

Ha mincraBi npoBegeHUX 1a00paTOPHUX TOCIIHKEHb 3 BAKOPUCTAHHSIM MOJEIbHUX CEPEOBHIL, OYJI0 OTPUMAHO PiBHAHHS MHOXXHWHHOT JIHIl-
HOI perpecii, 3a IKUMH, B 3aJISKHOCTI BiJI BMICTy MiHepalli30BaHOT BOM Ta MEXaHIYHUX JOMILIOK (HAIiBIIPOBITHUKOBOI Ta Ji€IEKTPUUHOT IPHUPOIN)
B Ha(Ti a00 ra30BOMy KOHJICHCATI, PO3pPaXOBY€EThCs BEJIMYMHA OKA3HUKA (€) 3 cepeIHbOI0 MOXHOKor0 A Ha piBHi 1,39 % i 2,06 %, BiANOBiAHO.

Kirouosi cioBa: HadyTa, ra30BUil KOHAEHCAT, CTYIiHb HiATOTOBJICHOCTI, BOJA, MEXaHI4HI JOMIIIKH, AieICKTPUYHA HPOHUKHICTb, ONIEPATUBHUI
KOHTPOJIb, JATYHUK

HABHJIb AB/TEJIb CATEP A.b. TPHT OPOB

JIADJIEKTPOMETPUYECKHW KOHTPOJIb CTENEHM ITOATOTOBJIEHHOCTHA HE®TSHOI'O ChIPhS

B cratbe paccMOTpeHa BO3MOXKHOCTH 3aMEHBI COBOKYITHOCTH ITOKa3aTelield KauecTBa, HCIOIb3yeMbIX CETrOHs JUIS OIPEACNICHNs CTEIIeHH
MOJIrOTOBJICHHOCTH HE(TSHOTO ChIPbs (HE()TH HJIM Ta30BOr0 KOH/CHCATa) Ha MHTErPaJIbHBII MOKAa3aTeIb OTHOCUTEIBHON AUINEKTPUYECKOH MPOHHU-
L[AEMOCTH (€), XapaKTEePHU3YIOILIMIA ICKTPUIECKUE CBONCTBA HE(TAHOIO CHIPbsSI M HPOAYKTOB €ro mnepepadorku. Mcmons30BaHHE 3TOrO MOKa3aTes
MI03BOJIUT OCYIIECTBIATH OICPATHBHBIM KOHTPOJb 32 PabOTOH YCTAHOBOK IIOATOTOBKH HE(TSHOTO CHIPbs, HMEIOIUX KIIOYEBOE 3HAUCHHE B IIEIH
TEXHOJIOTMYECKHX ONEPALii, HAIIPABICHHBIX Ha IIOTy4YCHHE TOBAPHBIX HE(TEIIPOLYKTOB.

DKCIIepHMEHTAIBHO YCTAHOBIICHO, YTO Ha YBEIUUCHHUE BEIIMYMHBI I0Ka3aTels (€) OKa3pIBaeT CYNIECTBEHHOE BIUSHUE HaIW4ue B He(Ts-
HOM CBIpb€ ILTACTOBOM BOJBI, C PACTBOPSHHBIMH B HEil XJIOPHCTBIMH COJISIMH U MEXaHHYECKHE HPHMECH, IPEACTABICHHbIE ITOTyIPOBOIHHKOBEIMH
yacTuukamu Fe;O; — mpoykTaMu KOPpO3HH TEXHOIOTHYEcKoro obopyaoBanus. 1 HanpoTuBs, Haim4ue B HETAHOM ChIPbE AUIICKTPUUECKUX MeXa-
HHYeCKHX Ipumeceil mopoas! (SiO,) crocoOCcTByeT MOHIKEHUIO BEIMYUHEI II0Ka3aTens (€). A 9T0, B CBOIO odepesb, HEOOXOAUMO YUUTHIBATH P
YCTaHOBJICHHN CYMMapHOTO BO3/EICTBUS 3arps3HAIONINX IPUMecei Ha 1oka3arels (€) HedTSHOTO CHIPbSI.

Peanuzanus npeuiaraeMoro 1oaxoja olUpaeTcsi Ha UCIIONIb30BAHHE JIBYXCEKIIMOHHBIX €eMKOCTHBIX JIATYMKOB, KOTOPbIE MOHTHPYIOTCS Ha
TpyOOIPOBOAE C OCHOBHBIM MaTEPHAIBHBIM ITOTOKOM YCTAHOBKH — OOECCOJICHHBIM M O0E3BOXKEHHBIM HE(DTSHBIM CBHIPHEM C MOMOIIBIO OTBOIHBIX
naTpyOKoB ¥ My()TOBBIX COSIMHEHHI.

Ha ocHoBaHMHM HPOBEJCHHBIX 1a00PATOPHBIX HCCIIENOBAHUH C MCIIOIb30BAHHEM MOJIEIBHBIX CpPEJl, ObLIM MOJIy4YEHbl YPABHEHHS MHOXeE-
CTBEHHOII JIMHEHHOW PErpecch, M0 KOTOPBIM, B 3aBUCHMOCTH OT COZICP)KaHHUS MUHEPAIH30BAaHHON BOIBI M MEXaHUYECKUX IpUMecei (IOIympoBO/-
HHUKOBOW M JIMJICKTPUYECKOI IPHPObI) B HE(TH WIH Ta30BOM KOHJEHCATe, PACCUUTHIBACTCS BEIMUYMHA IOKa3aTels (€) ¢ cpenHel ommoOKkoil A Ha
ypoBHe 1,39% 1 2,06% COOTBETCTBEHHO.

Kirouesble ciioBa: He)Th, ra30BbI KOHACHCAT, CTEHEHD [OATOTOBICHHOCTH, BOJA, MEXaHHYECKHIE IPUMECH, AMIICKTPUYECKas MPOHULA-
€MOCTb, OIIePaTHBHBIH KOHTPOJIb, TaTIUK

NABIL ABDEL SATER ANDRIY BORYSOVYCH GRIGOROV

DIELECTROMETRIC CONTROL OF THE DEGREE OF PREPAREDNESS CRUDE OIL

The article considers the possibility of changing the set of quality indicators that are currently used to determine the degree of readiness of
crude oil (oil or gas condensate for the integrated relative dielectric constant) (g), which characterizes the electrical properties of crude oil and refined
products. Control over the operation of crude oil treatment plants, which are of key importance in the chain of technological operations aimed at ob-
taining marketable petroleum products.

It has been experimentally established that the increase in the value of (¢) is significantly influenced by the presence of formation water in the
crude oil, with dissolved chloride salts and semiconductor mechanical impurities, represented by Fe,O; particles - corrosion products of process
equipment. Conversely, the presence of dielectric mechanical impurities in the crude oil (SiO,) reduces the value of the indicator (g). This, in turn,
must be taken into account when establishing the total impact of pollutants on the indicator (¢) of crude oil.

The implementation of the proposed approach is based on the use of two-section capacitive sensors, which are installed on the pipeline with the
main material flow of the installation - desalinated and dehydrated crude oil, using outlets and couplings.

Based on laboratory studies using model media, a multiple linear regression equation was obtained, which, depending on the content of miner-
alized water and mechanical impurities (semiconductor and dielectric nature) in oil or gas condensate, calculates the value (¢) with the average slope
at the level of 1.39% and 2.06%, respectively.

Keywords: oil, gas condensate, degree of readiness, water, mechanical impurities, dielectric constant, operational control, sensor
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Beryn

Crazis miaAroToBKH HA()TOBOI CHPOBHHH JI0 TIEpEPO-
OKM € MepIIolo i KIIOYOBOIO CTAIIE0 JIAHIIOTa TEXHOIO-
riYHUX orepaiil, copsIMOBaHUX HA OTPUMAHHS TOBAPHUX
HadTonpoaykTiB. BoHa BIUIMBae Ha CKIJIAJHICTD 1 TpUBa-
JICTh TEXHOJIOTIYHUX OIepalliid, MOB’A3aHUX 3 Mepepoo-
Koo Ha()TOBOI CHPOBUHM, 3 3a0€3NEUeHHSIM HaIIHHOT
eKCIUTyaTallii TeXHOJOTIYHOro O0JaJHAHHS, & TAKOX Ha
SKICTh OTpUMaHuX HadronponykrtiB. TakuM 4HWHOM, po-
00TH, 1[0 MOB’s3aHI 3 MiJBUIICHHSIM CTYICHS MiATOTOB-
neHocTi HadTOBOT CHPOBUHU JI0 NIEPEPOOKH Ta OTIEPaTUB-
HUM 0r0 MOHITOPHHIOM BiIpI3HSIOTHCSI CBOEIO aKTyallb-
HICTIO.

IMocranoBka npodJaemu

Ha croroaHimmHii AeHb, B YKpaiHi Jli€ MiXKHAPOTHHIHA
cranzaapr [1], 3a skum HadTa 32 cTyrneHeM CBOET MiAroTo-
BJIeHOCTI noautsteTbest Ha 3 rpynu: I, I ta I11. Lei momin
BiOyBaeThCS 3a 3HAYEHHSIM IIOKAa3HWKIB BMICTY BOAH
(Xson, %), xmopuctux cosieit (Xyuc, %) Ta MEXaHIYHUX
JOMIIIOK (X, %). 3HaYeHHS LUX [OKAa3HUKIB OTPHMY-
I0Th 3a pe3yJibTaTaMu JIA0OPaTOPHOIO JOCIIKCHHS CIIe-
LiaJIbHO BiNiOpaHWX 3 Ail0Y0i YCTaHOBKM MPOO HadTOBOI
cupoBuHH. [Ipu mpoMy, Hi JOCHIDKEHHS HOTPeOYyIOTh
HasBHICTb CIICUIaIBbHOTO JIaOOpaTOpHOro 00JaHAHHS,
XIMIYHUX PeaKTUBIB, MTATy KBaNli()iKOBAHOTO TEPCOHAITY
Ta XapaKTepH3yIOThCS 3HAYHUMH BUTpaTaMH 4acy (IIOHa
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5,00 ~
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w 4,00
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3 romuH) Ha cBOO peamizamiro [2-4]. [Touryk anbrepHaTH-
BHOT'O MOKA3HMKA, BUKOPHCTAHHS SKOTO JO3BOJIIO M03-
OaBHUTHCS yCiX MepepaxOBaHUX HENOJNIKIB HAa NAaHWHA dac,
3aJIUIIAETHCS BIIKPUTHM ITUTAHHSIM.

AHaJti3 oCTaHHIX JKepesa

[Toka3HuK, SKUH aIeKkBaTHO XapaKTepu3yBaB Ou
CTYMiHb MiZATOTOBJICHOCTI HA(TOBOI CHPOBUHM. HA HAILy
JYMKY, CIIifi BUOMpATH 3 OMNIALY Ha ii mpupomay, To0TO y
BiJIMIOBITHOCTI JI0 11 SJICKTPUYHHX BJIIACTHUBOCTEH. Bimomo,
o Hadra Ta MPOAYKTH 11 TEXHOJIOTIUHOI epepoOKu Bif-
HOCSITBCSL JI0 KJIacy HEHOJIAPHUX JIEJIEKTPHUKIB, a OCHOB-
HOIO XapaKTEPUCTUKOIO X €JIEKTPUYHUX BIACTHBOCTEH €
BiTHOCHA JieJeKTpHUYHa NpPOHHKHICTH (&) [5, 6]. Came
TOMY, OCTaHHIM HacoMm, Ha 0a3i IIbOTO TOKa3HWKA s
BHU3HAYCHHS SKOCTI HaTH Ta TMPOAYKTIB ii mepepoOKu
po3pobaeHo psi Metoais [7-13].

MeTo10 po6oTH €: TOCITIPKEHHS! MOXIIUBOCTI BUKO-
pHCTaHHS TIOKa3HUKa (€) Ui MOHITOPHHIY CTYIEHS Mifl-
TOTOBJICHOCTI HA)TOBOT CHPOBHUHH B yMOBaxX HadTomepe-
po6Horo 3asoxy (HII3).

BukJjag ocHOBHOro MaTtepiaiy

JlociimKeHHs BIUIMBY Pi3HUX BHIIB 3a0pYIHIOIOUYHX
JIOMIIIIOK Ha BEJIMYMHY TOKa3HHUKA (€) BCTAHOBIIOBAIOCS
HaMH{ B JJaOOPaTOPHUX yMOBAX 3 BHKOPUCTAHHSM MOJIe-
JBHUX CepeloBHI (IUB. puc. 1).
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Puc. 1. 3anexnicts BenmunHY nokaszHuka (€) Big BMicty (W, % ta X,%) 3a0pyAHIOIOYHMX JOMIIIOK:
a) Boga: 1- Hadra, 2 — ra3oBuil KOHJeHcaT, 6) MexaHiuHi qomimku: 1— Hadra +Fe,0s,
2 —nadra +Si0,, 3 - razoswuii kounencar +Fe,0;, 4 — rasoswuii koHnencar +Si0,

OnHi cepefoBUINA MPEACTABIBLIIN COO0K0 eMYITh-
cii, mo ckiamammcs 3 HagTu abo ra30BOTO KOHICHCATY 3
JUCTIEProBaHol B HUX BoAu. [HmI mpobu — me cycnensii,
10 TMpejcTaBiieHi HadTOw abo ra3oBUM KOHJCHCATOM 3
JUCTIEPTOBAHUMH B 1X 00’€Mi MEXaHIYHUMH JOMIIIKaAMH:
yactoukamu Fe,0; i SiO,. Jucneprariist 1omiimok B HadTi i
ra3oBOMy KOHJICHCATi BifOyBajiacsi 3a JTOTIOMOI'OI0 VJIbT-
pasBykoBoro aucrepraropa Mapku Y3J1-22/44 npotsirom
60 xB. mpu yactoti 44 kI

AHani3yloun 3aJIe)KHOCTI, HaBeleHI Ha puc. 1,
3pO3yMLI0, IO Ha 30UTBIICHHS BEJIMYMHU MOKAa3HUKA (g)
HapTH ab0 ra30BOTO KOHJICHCATY B OUTBIIOMY CTYICHI
BIUTMBA€E BMICT BOJH, B MEHIIOMY Fe,O3; — mpoxayKT Koposii
TEXHOJIOT1YHOTO 00JIaHAHHS, SKiif BIIHOCUTBCS IO KJIacy Harli-

BrpoBigHukiB [14]. Taka MexaHiuHa JOMIIIKa SIK YAaCTOYKH I10-
poau, npezacrasieHi yacroukamu SiO; , € gienektpukom [15] Ta
CIIPUAE TIOJIIIIICHHIO MICJIEKTPUYHUX BJIACTUBOCTEU CEPEHOBU-
@, y AKOMy 3HaxXonuThes. JeIIo HK4i 3HAYCHHS BEIHYU-
HU TIOKa3HWKa (&) aisg mpoO 3 Ta30BUM KOHICHCATOM B
MOPIBHSHHI 3 MpoOamMu HaTH MOSICHIOIOTHCS MEHIINM
3HAYCHHSAM B’S3KOCTI CHCTEMH, 5IKa CIIPHUSIE OUTBII IIBHUI-
KOMY OCaPKEHHIO 3a0pYIHIOIOUMX TOMIIIOK i X BUBOJY 3
00’ eMy po0OwH, SKa JOCIIIKY€ETHCS.

Po3paxoBaHi piBHSIHHSI perpecii, 110 ONHCYIOTh
eKCIICpUMEHTAIbHO OTPHMAaHI 3aJIe)KHOCTI IMOKa3HUKA (&)
BiJl BMICTY Pi3HHX BHUJiB 3a0pYIHIOIOUNX TOMIIIOK, ITPE/I-
craBJieHi B Ta0u. 1.
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Tabmuus 1 — PiBHSHHS perpecii At OTpUMaHHX 3aJISKHOCTEH

Ne Ckitag cymini PiBHsIHHS perpecii 1J1sl OTpUMaHHX 3aJISKHOCTEH R’

/0 mpu p=0,95
1 Hadta + Boza € =0,0584xW? + 0,2372xW + 2,6918 0,9974
2 I'azoBuii kongEHCAT + BOJA g= 0,033»9XW2 +0,2446xW + 22207 0,9948
3 Hadra + Fe,0; £=0,1241xX +2,7279 0,9931
4 TazoBuii kougencar + Fe,0; € =0,0983xX +2,2089 0,9527
5 Hadra + SiO, €=-0,2328xX +2,7324 0,9545
6 T"azoBnit kougencar + SiO, £=-0,1xX+2212 0,9864

BukopucranHs okasHuKa (€) U1 MOHITOPHHTY
CTYIEHS MiATOTOBJIEHOCTI Ha)TOBOI CHPOBHHH Iependa-
Yyae BUKOPUCTAHHS JATYUKIB €EMHICHOTO THITY, CXeMa MO-
HTYBaHHS SIKMX MPEJCTaBlIcHa Ha puC. 2, a.

JUts migBUIEHHST TOYHOCTI BUMIPIOBaHHS ITOKa-
3HHUKA (€) HEOOXIJHO 3armodiraTi YTBOPEHHIO TYpOYJIeHT-
Horo pexumy pyxy (Re>2300) HadbToBOi CHUpPOBHUHH Kpi3b
nar4uk (5). st poro natyuk (5) MOHTYEThCS Ha BiABiM-

HOMY natpyOky (3), Ha SIKOMy pO3TalloBaHa 3aIlipHa ap-
Marypa — BEeHTWIII (2), 3a JIOTIOMOTOIO SIKMX PETYIIOETHCS
IIBUIIKICT TOTOKY Ha()TOBOI CHPOBHUHH Kpi3h JaTUHK.
Brnacue matumk (5) 3akpimieHnid Ha BiIBITHOMY TaTpyOKy
(3) 3a nomomororo ¢ranuneBux 3’enHaHb (4). [lepenanpa-
BJICHHS TIOTOKY Ha()TOBOi CHPOBHHHU 3 OCHOBHOTO TPYy0O-
npoBoy (1) 3IiICHIOETHCS 3a I0IIOMOTOI0 3aCyBKH (6).
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Puc. 2. Cxema MOHTYBaHHS (a) Ta KOHCTPYKIIisS EMHICHOTO AaTyuKy (6): a) 1- Tpybonposiz,
2 — BEeHTWJIb, 3 — BiABIIHUI aTpyOoOK, 4 — (uaHneBe 3’ €qHaHHs, 5 — AaTYMK; 0) 1— BUXiqHUIT naTpyOoOK, 2 — KpuUIlKa, 3 — TepMorapa,
4 — i3omsuiitna mydra, 5 — nepdoposana niagparma, 6 — kopiyc (30BHILIHIN elNeKTPox), 7 — BHYTPILIHIH (BUMIpIOBaNIbHUIN) SIIEKT-
poxa, 8 — BXigHuit natpy6oK

Jns BuUMiproBaHHS TOKa3HHKA (€) B MOTOI HadTO-
BOI CHPOBHHH BHKOPHCTOBYETHCS JABOXCEKIIHHUA €MHIiC-
HUH JaT4WK CIeriaNbHOi KOHCTPYKIii (ouB. puc. 2, 0).
[ligrororineHa Had)ToOBa CUPOBHHA 3aXOIMTh IO BXIIHOTO
narpyOka (8) Ta mocTymnae 10 BUMIpIOBaIBHOI CEKIiT 1aT-
yhKa. B milf cekiii po3TamoBaHo aBa eIEKTPOaa — 30BHi-
mHil enektpon (6), U0 MpeacTaBIeHUH METaJeBUM KOp-
IyCOM JJaT4MKa, Ta BHYTPIIIHIM — BUMIpIOBAILHUM €JIeK-
tponoM (7), sikuii Mae mmminapudHy (opmy. CupoBuHa
3aIlOBHIOE MIXKEJIEKTPOAHHUM MPOCTip (BiICTaHb MiX €JIeK-
TpOJaMH NMOBHHHA OyTH HE MEHIIE HIK 2 MM) Ta HOCTY-
mae Kpi3pb nepdoposany miapparmy (5) mo mpyroi cexmil
matguka. B mift cekmii natumka po3TamioBaHa TEpMOIIapa
(3) mst BEUMipIOBaHHS TEMIIEPATYPH PITUHH Ta 130JIAIIIH-

Ha Mmydra (4) msa i3ommsamii kpimieHHs enekrpony (7) mo
kpumkn (2). JlaHa cexrmis BimoKpemIieHa Bill BUMipIOBa-
TBHOI cexii mepdopoBanoio miagparmoro (5), mo 3pod-
JICHO 3 METO0 IIJBMIICHHS TOYHOCTI BuUMiproBaHHs. Lle
BiZIOYBa€ThCs 32 paxyHOK MiHiMi3alii BILUIMBY Ha €JIEKT-
pHYHE IT0JIE, 1[0 BCTAHOBIIOETHCS MK BUMIPIOBAJIBHUM 1
30BHIIIHIM €JICKTPOJIOM, MOOIYHUX EIEKTPUYHKX SIBHII,
SIKi MOKYTh BUHHKATH MPU BUKOPHUCTaHHI TepmonapH (3),
200 MiX KpIIJICHHSAM BUMIPIOBAJIBHOTO EJICKTPOY 1 KOp-
IyCOM JlaTYMKa — 30BHIMIHIM enekTpomoM. Ilicis mporo
piAMHA HATXOAWTH A0 BUXITHOTO marpyOka (1) i mami mo
TpyOOIIPOBOAY HAa 3MIIIyBaHHS 3 OCHOBHHM IIOTOKOM
HapTOBOI cHpOBUHU. /[ 3pydHOCTI BHKOPUCTAHHS Ta
MPOBEACHHS NPOQIIAKTHIHOTO 0OCIYTOBYBAHHS 1 PEMOH-
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TiB TaTYUK Mae po30ipHY KOHCTPYKIIifO, a Horo KopIryc, 3
METO0 3armo0iraHHs Kopo3ii, BUKOHAHO 3 Hep)KaBirouol
crani mapku AISI 309. V sikocTi i3omsuiitHoro Matepiany
y KOHCTPYKLil JaTYMKa BHUKOPHUCTOBYETHCS (hropormmact
«30».

BpaxoByroun Toil (akT, 110 BETHYMHA MapameTpy
(e) 3anexuTh Bin TeMmmneparypu BuMiptoBaHHs [16], TO
mpu 11 BiIXWJICHHI BiJI CTAHAAPTHOTO 3HAYeHHs (I¢ 3Ha-
YEeHHS BCTAHOBIIIOETHCSI OKPEMO JJIsI KOXKHOTO MaTepiaiib-

HOTO TTOTOKY BHUKJIFOYHO Y BIIOBITHOCTI 10 TeMITEpaTyp-
HOTO PEXHMY TEXHOJOTIYHOTO TpOIecy) BiIOyBaeThCs
KOPEKIIisl BEIMYMHH (€) 32 TEMIIEPATYPOIO.

Ha mpakruiii, 3 METOIO MOHITOPHHTY CTYIIEHS MI/Aro-
TOBJIEHOCTI Ha(TOBOI CHPOBHHH MOYKHa BHKOPHCTOBYBa-
TH PIBHSIHHS MHOXXHMHHOI JIiHIHHOT perpecii (nuB. Tabm. 2),
SKi oTpuMaHi Ha 0a3i MPOBEAECHHX EKCIIEPUMEHTAIBHUX
JOCIIKEHb 3 BUKOPUCTAHHSIM MOJIEIIbHUX CEPEeOBHILL.

Tabuuus 2 — PiBHIHHS MHOXKHMHHOI JTiHi#HOT perpecii

Ne HaiimenyBanHs ce- PiBHSHHS MHOKHHHOI perpecii Ui MporHo3yBaHHs MOKa3- R’ RS A, %
/o penoBumIa Huka (g) mpu p=0,95
1 Hadra €= 2,73-0,3497xW(H,0)-0,7857% X (Fe,0;) +5,6086xX(Si0,) | 0,9954 | 2,869 | 1,39
2 T"a3oBuii koHACHCAT €=2,18+ 0,012xW(H,0) + 0,1 xX(Fe,0;) + 2,06xX(Si0,) 0,9878 2,931 | 2,06

OTpuMaHi piBHSHHS BPaxoBYIOTb CYMICHMH BIUINB
Ha 3HAYEHHS BeIHYHHU (€) HA(TOBOI CHPOBHHH TaKUX
LIKIIJIMBUX JOMIIIOK, SIK BOJA Ta MEXaHIUuHI JOMIIIKH,
[0 TIPEICTAaBIICH] JieNeKTPUKAMH Ta HAIiBIPOBiTHUKA-
MU. BIUIMB XJIOPUCTHX COJIeH B IIbOMY PiBHSIHHI, 3 OTJISIY
Ha iX MOBHY PO3YHMHHICTH B BOJi, BPaXOBYETHCS B BEIH-
yuHi (W, %). OTpuMaHi piBHSHHS JO3BOJISIIOTH aJ1€KBaT-
HO, 3 cepeaHboro moxuokorw A (1,39 % i1 2,06 %), Bu3Ha-
YUTH BEJIMYUHY MOKa3HHKA (€), PO IO CBIMYaTh BHUCOKI
3HaueHHs koe(ilienTy aeTepminanii R*(0,9878 i 0,9954).

BucHoBku

[IpoBeneHi ekcriepUMEHTaNbHI JOCHTIHKEHHS IMOKa-
3aJI1 TIPUHIUIIOBY MOJKITUBICTh BUKOPUCTAHHS MOKa3HHUKA
(8) A BU3HAYCHHS CTYIEHS MiATOTOBICHOCTI Ha(TOBOL
CHPOBHHH JI0 TEXHOJIOTiYHOI mepepoOKku. BcTaHoBIEHO,
o 31 30UIBIIEHHSM BMICTY 3a0pYAHIOIOYHX JIOMILIOK
(BoaH 1 MEXaHIYHUX JOMIIIOK, MPEACTABICHUX HAIIBIIPO-
BiZIHUKaMHM) BiJI0YBA€ThCs 301IbLICHHS BEIMYUHU MOKA3-
HUKa (g), a 30UIbIIEHHS BMICTY MeXaHIYHHMX IOMIIIOK,
NPE/ICTABIICHNX JIeNeKTPUKAMH, TPH3BOAUTH A0 3MEH-
HICHHS IIbOTO e(DEKTY.

3arpornoHoBaHO KOHCTPYKIIIO ABOXCEKIIHHOTO AaT-
YUKy JUIS BUMIPIOBaHHS BEJIMYMHHU (€) Ta CXeMy HOTo
MOHTYBaHHS Ha BiIBiIHMX MaTpyOKax, BUKOPUCTOBYHOYH
MyTOBi 3’€qHaHHA. [laHa KOHCTPYKIliS NATIHUKy JO3BO-
7€ OTPUMYBAaTH CTaOUTBHUI pe3yNbTaT BUMipIOBAaHHSI
TTOKa3HMKa (€) HaQTOBOI CHPOBHHU B ITOTOII.

3acTocyBaBIIM METOOM CTATUCTUYHOIO aHAi3y IO
eKCIIepIMEHTAJIbHUX JJaHUX, OYyJlO0 OTPHMAaHO pIBHSAHHA
MHOKHHHOI JIiHIHHOI perpecii, siki T03BOJSIOTh 3 Cepe-
HbOI0 Toxuokoro A (1,39 % i 2,06 %) BU3HAYUTH BEJIH-
YUHY TIOKa3HHKa (€) Ta MOXYTh BHKOPHCTOBYBATHUCS Y
CHCTEMI MOHITOPHHTY pOOOTH YCTaHOBOK IMiATOTOBKH
Ha(TOBOT CUPOBHHU JI0 TEXHOJIOTIYHOI IEPEPOOKH.
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K. €. PY/JHEBA

BU3HAYEHHSI MEXAHI3MY B3AEMOJII Cu*', Pb* METOJIOM I4-CIIEKTPOCKOMIi ¥
CEPE/JTHIN OBJIACTI

OO6’€KTOM HOCIIKEHHSI € BU3HAUYCHHSI B3a€MOJIi 10HIB Mifli Ta CBUHIIO B BOAHHX CIIA0OKUCINX PO3YHMHAX. SIK MOKa3ye aHali3 Cy4acHHX
HAyKOBHX POOIT, OCTAaHHIM 4aCOM HE JOCTaTHHO MPHUALIAETHCS YBArU JOCIIPKEHHIO COPOLIHUX BIaCTHBOCTEH IyMaTiB MiC/Isl pereHepaii, ToMmy AJs
MOJaJIbLIOr0 BUKOPUCTAHHS TYMIHOBHX KHCIJIOT SIK COPOSHTIB Y TOMY YMCIIi PEreHEpOBAHMX MA€ 3HAUCHHS OTPUMAHHS JaHUX PO CTEXiOMETPIYHY
B3a€MOJIII0 I'YMIHOBHX KHCJIOT 3 Pi3HUMH MeTajdaMd. B maniit po60Ti T'yMIiHOBI KHCJIOTH BHALIUINCS 3 KOMEPLIHHOTO IyMaTy Kajlil0o BHPOOHUIITBA
Kuraii. Ilpu npoBezieHHI I0CTiIKeHb BHKOPUCTOBYBAIHMCS MOJENIbHI po3unnu cyinbdaty Miai (II) ta aueraty cBunuio (I1I). Tounuii BMICT Mimi Ta
CBHHIIIO [UISL KIHIIEBUX PO3YMHIB, IPUTOTOBICHUX 3 MOJICIBHHUX 3 MOAJBIIOK PEreHePallielo KOMILIEKCIB IyMaT-MeTall BU3HA4YaBCsl METOZAOM aTOMHO-
eMiCiifHOI crekTpockomii 3 iHAyKTHBHO-3B's13aHOI0 1U1a3Moro (ICP-AES). Perenepauis 37ilicHIOBanack 3a paxXyHOK 3HW)KCHHS KHCJIOTHOCTI IUIIXOM
nonasaHHs | H HiTpaTHOI Kucnotu. Peectpauis criekTpiB npoBoauiaacs merogoM IY-crekTpockomnii B cepenniii obmacti. IHTeprpuraris criekTpis
BHXIJJHUX TYMIHOBHX KHCJIOT, 'YMaTiB KaJil0, a TAKOK T'YMAaTiB Mifli Ta CBHHIIIO 3J1iCHIOBAIACS KOPUTYIOUUCH JIITEPaTypHUMHU JaHUMH. J{OCIiIKEeHHs
CTPYKTYpH I'yMIHOBHX KHCJIOT Ta IyMaTiB METaJliB TaKUM METOJOM II0Ka3ajlo aKTHUBHE 3aJIy4eHHs KapOOKCHIBHHX TIPYIl JO YTBOPEHHS 3B’S3KiB
rymar-mMetai. ['yMiHOBI KHMCIOTH Hicis pereHepauii (BiIHOBIEHHsS) MICTATh KapOOKCHJIBHI IPYNH B JUMEPH30BAHOMY CTaHi, Ha BiAMiHY BiJ
CBDKOIIPUTOTOBJICHUX TyMIHOBHX KHCJIOT. B rymarax CBHHIIO NOBTOPIOETHCS BMIIEHABEACHMH /A T'YMAaTiB Mill 3arajlbHUH XapakTep 3MiHH
CIIEKTPAIbHOI KapTHHU BiJ T'YMIHOBHX KHCIIOT 10 TIyMaTiB CBHHII, L0 MOKIMBO IOSICHHTH B paMKax 3arajubHoi Tteopii IY-crekrpockorii
301/IBIIEHHAM MPUBEICHOT MacH TIPYyIH aTOMiB, IO HPHUIMAIOTh Y4acTh B KOJMBAHHSAX, 32 PAXyHOK CYTTEBO OLIBIIOI aTOMHOI MacH CBHHIIO, Y
MopiBHAHHI 3 Mijr0. Takoxk OyJI0 BCTAHOBJIEHO, LIO COPOLis BiIOYBAETHCS B PE3YNIbTATI CTEXIOMETPUYHOI Peakllii, 3a PaXyHOK SKOi YTBOPIOIOTHCS
XeJIaTHI KOMIUIEKCH MiJli Ta CBUHIIIO LIISIXOM B3a€MOJII 3 aTOMaMM KHCHIO B KapOOKCUIBHUX IPyNax MOJIEKYJI I'yMaTiB.

KumrouoBi ciioBa: [Y-crieKTpocKoIis, ryMaTi JIy)KHHX MeTalliB, IyMiHOBI KHCJIOTH, COpOLis METaliB, pereHepallis ryMaTiB, BHIIJICHHSI
Mifi.

K. E. PY/IHEBA

ONPEJIEJTEHME MEXAHU3MA B3AEMOJIEICTBHS Cu®', Pb** METO/IOM MK-
CINEKTPOCKOITMH B CPEJHEM OBJIACTH

OOBEKTOM HCCIe0BaHUs SBICTCS ONpe/eleHHe B3aUMOJECTBUS MOHOB MEAU M CBHHIA B BOJHBIX CIA0OKHCIBIX pacTBopax. Kax
NI0Ka3bIBAaeT aHAJIM3 COBPEMEHHBIX HAyYHBIX padoT, B IOCIIEHEE BPeMsl HEOCTATOUHO YeISeTCsl BHUMAHUS UCCIISIOBAHHIO COPOIIMOHHBIX CBOMCTB
TyMaTOB HOCJE pPereHepaIiy, I03TOMY IS JalbHEeHIIero HCIoIb30BaHNs TYMUHOBBIX KHCIOT B KAUYeCTBE COPOCHTOB B TOM UHCIIE PEreHEepPUPYEMBIX
HMeeT 3Ha4yeHHE IIONyYeHHE IAaHHBIX O CTEXHOMETPHYECKOM B3aHMOJCHCTBHM I'yMHHOBBIX KHCIOT C PasHBIMH MeTa/ulaMH. B maHHOU pabote
TYMHMHOBBIE KHCJIOTBI BBLIEIISUIUCH M3 KOMMEPUECKOro rymara Kanus npousBojctBa Kurtail. Ilpu mpoBeleHMM HCCIENOBaHUN HMCIOJIB30BAINCH
MozenbHbIe pacTBOpI cynbdara menu (1) u anerata cBunna (II). TouHoe comepikuMoe MeM U CBHHIA UL KOHEUHBIX PACTBOPOB, IPUTOTOBICHHBIX
U3 MOJENBHBIX C JalbHeHIIell pereHepanuell KOMIUIEKCOB TIyMaT-METaI ONpeNesICs METOJOM AaTOMHO-IMHCCHOHHOU CIIEKTPOCKOIHH C
HHIYKTUBHO-cBsi3aHHOU 11azmoil (ICP-AES). PereHepanust ocymiecTBIsUIach 3a CYET CHIDKEHUSI KHCIOTHOCTH ITyTeM JoOaBieHHsl | H HHTpaTHOH
KUCHOTHL. Perucrpamus cmextpoB mpomsBogmnack merogom MK- cmekTpockomnu B cpemHedl oOmactH. MHTepHpuTamus CIEKTPOB HCXOJHBIX
TYMUHOBBIX KHCJIOT, TyMaTOB Kalus, a TaKkKe T'yMaTOB MeJH U CBHHIA OCYNIECTBIIUIACH, ONMpAasCh Ha JHUTEpaTypHble NaHHBIE. lccienoBanue
CTPYKTYpPbI T'YMHHOBBIX KHCJIOT ¥ TyMaTOB METAJUIOB MEIN TaKHM METOJOM II0Ka3aJl0 aKTUBHOE BOBJIEUCHUE KapOOKCHIBHBIX IPYII K 00pa30BaHUIO
cBs3ell rymar-Meraml. ['yMHHOBBIE KHCIOTHI HOCTE pereHepaluH (BOCCTAHOBJICHHUS) COAEPXKAaT KapOOKCHIbHBIE TIPYNIBI B AUMEPH30BAHOM
COCTOSIHHY, B OTJIMYHU OT CBEXEIPUTOTOBICHHBIX T'YMHUHOBBIX KHCIOT. B rymMaTax CBHHIA HOBTOPSETCS BHINICIIPUBEICHHBIN I TyMaTOB MEIH
o0IMil XapakTep W3MEHEHHs CIIEKTPaJbHOH KapTHHBI OT I'YMHUHOBBIX KHCJIOT K I'yMaTraM CBHHIQ, YTO IOSICHSETCSl B paMkax oOmed Teopun VK-
CIIEKTPOCKOIIHY yBEJIMYCHHEM IIPUBEICHHON MACChl TPYIIBI aTOMOB, KOTOPbIe IPHHAMAIO YYacTHEe B KOJIeOAHHAX, 3a CUET CYLIECTBEHHO OOJbIIeH
aTOMHOM MacChl CBHHIIA, [I0 CPAaBHEHUIO C MeJbI0. Takoke ObLIO yCTAaHOBIECHO, YTO COPOLUS IPOUCXOAUT B Pe3yIbTaTe CTeXHOMETPHIECKOH PeaKIuy,
3a cYeT KOTOPOi 00pa3yloTCsl XeldaTHble KOMIUIEKCHI MEIM M CBHHIIA ITyT€M B3aUMOJEHCTBHS C aTOMaMM KHCIOpoJa B KapOOKCHIIBHBIX IpyIIax
MOJIEKYJI TyMaTOB.

KmoueBsle cnoBa: MK-crekTpockomusi, TyMaTsl MIEIOYHBIX METAIOB, T'yMUHOBBIC KHCIIOTHI, COPOIUS METAIIOB, PereHepalus IyMaToB,
BBIJICJIEHUE MEJIU.

K. E. RUDNIEVA

DETERMINATION OF THE MECHANISM OF INTERACTION OF Cu2 +, Pb2 + METHOD OF
FTIR SPECTROSCOPY IN THE MIDDLE REGION

The object of the study is to determine the interaction of copper and lead ions in aqueous weakly acidic solutions. According to the
analysis of modern scientific works, recently not enough attention is paid to the study of sorption properties of humates after regeneration, so for
further use of humic acids as sorbents, including regenerated, it is important to obtain data on stoichiometric interaction of humic acids with various
metals. In this work, humic acids were isolated from commercial potassium humate produced in China. Model solutions of copper (II) sulfate and lead
(IT) acetate were used in the research. The exact content of copper and lead for the final solutions prepared from model with subsequent regeneration
of humate-metal complexes was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Regeneration was carried out
by reducing the acidity by adding 1 n nitric acid. The spectra were recorded by FTIR spectroscopy in the middle region. Interpretation of the spectra
of the starting humic acids, potassium humates, as well as copper and lead humates was carried out by adjusting the literature data.

Studies of the structure of humic acids and humates of metals and by this method have shown the active involvement of carboxyl
groups in the formation of humate-metal bonds. Humic acids after regeneration (reduction) contain carboxyl groups in the dimerized state, in contrast
to freshly prepared humic acids. In lead humates, the above general nature of changes in the spectral pattern from humic acids to lead humates is
repeated for copper humates, which can be explained in the general theory of FTIR spectroscopy by increasing the reduced mass of a group of atoms
involved in oscillations due to significantly higher atomic mass of pigs. compared to copper.

It was also found that sorption occurs as a result of stoichiometric reaction, due to which chelate complexes of copper and lead are
formed by interaction with oxygen atoms in the carboxyl groups of humate molecules.

Key words: FTIR-spectroscopy, alkali metal humates, humic acids, metal sorption, humate regeneration, copper release
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Beryn. Ilposenenns OoffoBux 1iif Ha cxonmi Ta
TiB/HI Vkpainu CIIPUYUHWIO BeJIMKOMAIITabHi
3a0pyZHEHHS  HABKOJMIIHBEOTO  CEpelOBHUINA,  SIKi
MONEKYAW MEXYHTh 3 TOTAJbHOK  CKOJOTIYHOO
katacTpodoro.  3pyiHHOBaHI  TEXHOJOTiuHI  0O0'€KTH
(3aBoaM, CKJIaaH, TOMIO) MICTSTHh B CBOEMY CKJIaJli BUCOKI
KkoHeHTpamii Baxknx MeraniB (Cu, Zn, Cd, Pb, Fe, Ni,
Co, Be, As).

B3aemoqiss BaXKMX MeTalliB, fIKi HOTPAIUISIOTH B
OTOUyIOUE CEpelOBHINE 3 HPHUPOJHHMH  BOJAMH
(atmMocheprrMHI ortajiamMH, ITOBEPXHEBUMH Ta
MiI3€MHUMH TOTOKaMH) MPHU3BOAWTH 1O BHHUKHCHHS
BHCOKOMIHEpATi30BaHUX TEXHOTCHHHX  PO3YUHIB 3
BHCOKMMH KOHIICHTPALiIMH BaXXKHMX METAJIB, Y TOMY
quCIi meprioro kiacy Heoesneku As, Hg, Pb, Zn, ¢poHoBI
3HAYCHHS SKHX I[EPEBUIIYIOTh TPAHUYHO JOIMYCTHUMI
KOHLIEHTpaLii.

I'yminoBi peuounu (I'P) 3maBHa Bimomi SIK XiMidHO
aKTUBHI, OIOMOCTYNHI  OpPraHiYHi  CIONYKH, IO
dbopMmyroThCs 'y IpyHTaX, OypoMy Byrium, Topdi B
pe3yabTaTi MiKpOOiOJOTIYHOTO PO3KIAJAaHHS POCIMHHUX
sanmmikiB [1]. T'yminosi kuciotu (I'K), mo BxomsaTe Ao
CKIIay TYMIHOBHX pPEYOBWH, € JOCHUTh BiJIOMUM
MIPUPOTHUM COpPOSHTOM BaXXKMX MeTamiB [2]. YkpaiHa
BOJIOJIi€ BEJIMKHMHU 3aracamMu OypoOBOTO BYTLUIA SIK
JUKepenia TyMiHOBHX KucioT. OIHaK JaHi Opo MOBTOpPHE
3aCTOCYBaHHA TyMiHOBUX KHCIOT SIK COpOCHTIB Yy
JiTepaTypi MPaKTHYIHO BiACYTHI. Baknwmse 3Ha4eHHSA npH
BUKOPHCTaHHI TYMIHOBHX KHCJIOT SIK COpPOCHTIB Mae
OTpUMAaHHSA JaHUX TPO CTEXIOMETPIYHY B3aEMOJII0
TYMIHOBHX KHUCJIOT 3 Pi3HUMH MeTajJaMH.

Jns  3a0e3redyeHHS ~ €KOJOTIYHO  OE3MEeYHOro
MaiOyTHHOTO BaXKJIMBUW TIOMIYK HOBUX NUIAXIiB, Ta
BIIOCKOHAJICHHS Cy4YacHUX METOIB 3HIKCHHS
HETaTHBHOTO BIUTMBY BaXXKUX MeTaliB, siki O Oymu
€KOHOMIYHO JTOIIJIBHUMHU B yMOBaX TEIEPEIIHbOTO Jacy.

AHaJli3 OCHOBHMX JOCATHeHb i Jjireparypu. Ha
TENEpIlIHIi Yac BHKOPHCTOBYIOTHCSI 0araTo TEXHOJIOTIH,
mo0 BUpIIUTH TpobiieMy 3a0pyAHEHHS BaXKUMHU
MeTajlaMH HaBKOJIMIIHBOTO CEpPENOBHINA, HAIPHUKIAL,
Taki SK XIMIYHE OCAJKCHHS, 10HHUN OOMIiH, XIMIYHE
OKHUCJICHHS 200 BiJTHOBJICHHSI, €KCTPAKI[iSl PO3YHMHHUKOM,
3BOPOTHHH  OCMOC,  CICKTPOJITHYHA  BiJHOBIICHHS,
KoaryJsitis, ancop6uisi tomo. Bubip meromy meroau
3aJICKUTH BiJl KOHIIEHTPAIIil BiIXOAIB i BApTOCTi 0OPOOKH.

B cywacHMX HayKOBHX JDKepesiax 3HA4HO 3pocia
yBara 10 BUKOPHCTAaHHS TYMIHOBHX PCUOBHH B SIKOCTI
MIPUPOJTHUX COPOCHTIB.

I'yminoBi pe4YoBHHU SIBIISIFOTh coboro
MO TUCTIEPCHI, TONI()YHKIIIOHAIBHI  MOJIECICKTPOIIITH,
SIKI KITacH(PiKYIOTBCS HA OCHOBI iX PO3YMHHOCTI Y BOJI Ha
TPU OKpeMi Tpynu mpH pizHoMy pH: ¢ynbBokucaoTH
(po3unHHI B JIyrax Ta KHCIIOTaX), TyMiHOBI KHCJIOTH
(po3urHHI B Jyrax i HEPO3YMHHI B KHCIIOTaX), i TyMiH
(Hepo3unHHMIA y BchoMy miana3oni pH). 11i kommoHeHTH
€ HaWOIIBIIMMH CKJIAQIOBHUMU IPYHTIB 1 € 3HAYHOIO
YAaCTHHOIO BYTJICLIEBOTO pe3epBy IIaHeTH [3].

I'yMiHOBI KHCTIOTH € OJHOIO 13 CKJIaIOBUX L€l TpymH
Ta SBIAIOTH CO0O0I0 TeMHO3abapBIICHI CKJIagHI OpraHidHi
CHOJYKH $IKI BIJIYYarOThCS CIaOKHMH pPO3YHHAMH JIYTiB
Ta BHIAJAOTh Y OCag TMpH JOJABaHHI HHU3BKO
KOHILIEHTPOBAHUX MiHEPaIbHUX KHCIIOT.

I'yMiHOBI KHCIIOTH 3aBISKH CBOiH CTPYKTypi 3
BEJIMKOI0 MOJICKYJSIPHOIO MAacOl0 MOXYTh JIOTOMOTTH
MEPEHECCHHIO  IOKUBHUX  PCYOBHH  POCIHHAM i
30UIBIICHHIO YTPUMaHHS BOAM B IpyHTi. KpiMm TOro, BOHK
TaKOXK MAalOTh IHII IPOMHCIOBI 3aCTOCYBaHHSA, TaKi SIK
J00aBKM JUII KOHTPONIO IIBHIKOCTI OCimaHHSA OeToHy,
OapBHUKY JIJIs1 OOPOOKH WIKipH, 3acO00H B JIepeBO0OpOOHI i
MPOMHUCIOBOCTI, MOOABKU Il 30UIBIICHHS MEXaHIdHOT
MILIHOCTI KepaMiKH, a TaKoXX MeJUYHE Ta EKOJIOTiuHe
3actocyBaHHs. OfHAaK OJHIEIO 3 HAWOLIBIIMX MIHHUX
BnactuBocteii 'K € 3matHicTE 10 3B’A3yBaHHSA 3
KaTioHaMHd  METaJiB 3  YTBOPCHHAM  CTaOIIbHHUX
KOMIUTEKCiB. B ocranHiii 4ac Oyno mpoBeneHo Oararto
BITYM3HSHUX T4 MUPOBHX JIOCIIHKEHb TYMIHOBUX KHCJIOT
OUUTI0O  AKUX OyJI0  CTBOpeHHSI €(QEeKTHBHHX Ta
€KOHOMIYHHX COpPOCHTIB-TIOTJIMHAYIB, sIKIi 0 HaJaBaJn
3MOTY OYMILYBaTH CTi4Hi BOJIM BiJ BaXXKHUX METaiB,
HapTONPOAYKTIB, OapBHMUKIB Ta IHMHX IIKIJUIMBUX
nomimrok [4-5].

B3aemomiss i0HIB MeTalliB 3 TymMaraMH HE Ma€
€IMHOTO  YITKOTO  MexaHisMy. lLlpoMy  CHpHSIOTBH
CKJIQJHICTh Ta Pi3HOMAaHITHICTH cTpykTypu 'K, a Takox
pi3HI YMOBH TNpOTIKaHHS peakmii B JabopaTOpHHX Ta
npupogHux ymoBax. [locmimkenHs crpyktypu 'K Ta
TyMaTiB METaJIiB, Mifi Tomio, MmetogoM [U-ciiekTpomeTpii
MOKA3aJI0 aKTUBHE 3aJIy4YCHHS KapOOKCHWIBHUX TPYI 10
YTBOpeHHs1 3B’s3KiB rymar-metan (I'-Me) [6-8]. Tak, B
3a3HaYeHUX POOOTAaX AKIEHTYEThCA yBara Ha 3HIDKEHHI
IHTCGHCUBHOCTI (IO 3HHWKHEHHS) CMYTH IIOTJIMHAHHS
6mmsbko 1720 em™', crenmbivnoi ams  KapGOKCHIBHUX
rpyn —COOH mnpu morjauHaHHI MeTalliB Ta 301IbIICHHI
inTeHcuBHOCTI cMyru npu 1640 o™, cneuudiunoi s
rpynu —COO™.

ITigBuIeHHS €PEKTUBHOCTI COpPOIIii Py 301IbIIICHH]
koHneHTpauii ['K  moB’s3yrore 31 30inbLIEHHSM
KOHIIGHTpAlii (YHKIIIOHAIPHUX TpyI, MO HPUIHMArOTh
yJacTh B YTBOPCHHI 3aB'sI3KiB 3 ioHaMu MetaniB [9-10]. B
ik poOOTI TOSCHIOETbCS 30UTBbIICHHS e()EeKTHBHOCTI
copOuii mpu BUCOKMX 3HadeHHsX pH — mpu mepexoni Bix
KHCIIOTO JI0 JIY)XHOTO  CEpeloOBHUINAa  BigOYyBaeThCs
JIeIIPOTOHYBaHH: (yHKIIOHATTEHUX rpyn, 10
BiJIMIOBITAIOTH 32 YTBOPEHHS 3B'SI3KIB 3 METAJIAMH.

JocmiKeHHsT CTPYKTYPH Ta BIACTHBOCTCH T'yMarTiB
3MIACHIOETHCA PI3HUMH METOJaMH, Yy TOMY YHCHi
MOJICKYJIIPHUMH 30KpemMa MeTomoM [Y-cmekrpockormii.
Crnix 3a3HaYUTH, IO €IUHOTO TIOTJISAY CTOCOBHO
ebexkruBHOCTI  [Y-cmexktpoMeTpil Ui AOCHTIIKEHHS
rymatie Hemae. B pobGori [11] moka3aHO CKENTHYHE
BIJTHOILICHHS 11010 3aCTOCYBaHHS METOy 14-
CHEKTPOCKOIT TPH JOCHPKCHHI TYMIHOBHX PEYOBHH
4yepe3  CKIAOHICTh  PO3MIM(POBKH  CHEKTPIB, Xoua
BiIMiY€HO, 110 B JEAKUX BHUIAAKaX TaKi CIIEKTPU MOXYTh
MaTH LiHHICTb. Ase B po6oTi [12] 3 Buxkopucranuam Y-
CIIEKTPOMETPIii B cepeHil 00acTi MPUBEICHO MOSCHEHHS
MEXaHi3My B3aeMOJii Ta 3MIHU CTPYKTYypU T'YMaTiB MpH
nornuHanHi ionis Pb>.

MeTo10 po00OTH € TIepeBipKa Ta OL[iHKA 3MiH CKJIaay
Ta (abo) crpykrypm I'K (rymariB) Ha pi3HHX eTamax
OUKITIB  copOmii ¥ mecopOmii mo pesyiabraram  [Y-
CIIEKTPOMETPIi B CepeIHiil 00JacTi.

B paniii poGOTi 3B's3yBaHHA 1OHIB MeETaliB
IPOBOIWIOCS TPH MAaKCHUMaNbHIN COpOLilHIA €MKOCTi
rymariB. Jjisi 1IbOr0 BHKOPHUCTOBYBAIWCSI PO3YHMHH, SIKi
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MICTHJIM 3aBiJOMO OUIBIIY KUIBKICTh METAJIB, HiJK 3/1aTHA
MOMJIMHYTHA B3iTa HaBicka rymartiB. lle HeoOXximHO miis
BCTaHOBJICHHS (DaKTUYHOI COPOIIIiHOT EMKOCTI T'yMaTiB.

MeTtoau jgociaimxkeHHs. Bubip wMeranmiB s
3B's3yBaHHA. B gaHid  poOOTI Juisi  JIOCHIHKEHHS
BHKOPHCTOBYBAJIMCS KOMILICKCH FyMaT-MeTall JJIs Milli Ta
CBUHIIO, 10HU SIKMUX YTBOPIOIOTH HaMOinbII CTaOiIbHI
CIIOJTyKH 3 TyMaTami [13-14]

ExcniepumenTanbpHa yacTUHA.

Ilpuzomyeannsn moodenvnux cymiuieil.

[Ipn mocmimkeHHI BUKOPUCTOBYBAJHCS MOJEIbHI
po3unau cynwsdaty migi (II) ta aneraty cunmo (II) 3
PO3paxyHKOBOIO KOHIIEHTPAIII€I0 B MEPEPaxyHKy Ha Miab
Ta cBuHelh Omm3bko 400 Ta 1000 Mr/am’ BigmoBimHO.
PozumH amerary CBHHIO TepeA  BUKOPHCTAHHIM
¢ineTpyBaBcsa. TouHmi BMICT Mimi Ta  CBHHIIO
BHU3HAYABCSI METOJOM aTOMHO-EMICIHHOI CIIEKTPOCKOMIl 3
iHayKTHBHO-3B"s13aHOI0 Tiasmoro (ICP-AES) [15] mns
KIHIIEBUX PO3YHMHIB, IPUTOTOBICHHX 3 MOIEIBHUX.

Ilpuzomyeannn cymamis.

BunineHHss TyMiHOBUX KHCJIOT 3 CHPOBHHHOTO
MaTepiany (KOMepHifHMM Tymar Kajilo BHPOOHHIITBA
Kwuraif) 3aificHioBasiocst 3ritHo 3 podotamu [16-19].

Hapickn rymaty kamito 50 Mr KuTafCBKOTO
BUPOOHHITBA (B MEepepaxyHKy Ha OPraHIYHy CKJIAJOBY)
PO3YMHSUTHCS B 2 CM~ I€10HI30BaHOT BOJTH.

Busnauennsn eéonozocmi ma 301bHOCmi 2yMiHOGUX
kucnom. Jlns nocmijpkeHHs BuUKopuctoByBamm 'K,
BUJIIJIEHI 3 KOMEpIIHHOTO rymary Kaiiro. BpaxoByroun
JIesiKi BIMIHHOCTI B yMOBaX IOCTI/UKCHb B 3a3HAYCHHUX
poboTtax, B maHiit poOOTi BOJIOTICTh BU3HAYANIACS BATOBUM
MetonoM npu 105 °C Ha mpots3i 6 ToauH (X0 MOCTIHHOT
MacH), 30J1bHICTh — IIJIIXOM BUTPUMYBaHHS B My(ebHii
rredi ipu 800 °C mpoTsiroM 2 ToauH (0 MOCTiHHOT MacH).
B  mopmasemmx — po3paxyHKaX — BHKOPHCTOBYBAJIHCS
3Ha4YeHHs Macu opraHiyHoi yactuHu ['K Tta Tymarie
KaJIilo.

Memooonozia oocnioricenns.

[IpoBeneHHs EKCIICpUMEHTY
ITOCTAIHO:

1. ITo 50 cM® MOZIENBHUX PO3UHMHIB IIEPEHOCHIIOCS B
kou6u Ha 250 cm’, moGasmsuocs 150 cM® neionizoBamoi
BOJH, TOTIM JOOABISIMCS PO3YMHU TyMaTiB (IUB.
HIK4YE), 00'€eM PO3YMHY TOBOJMBCS BOJOIO O MITKH M
nepeminryBaBcs. 3HadeHHs pH po3umHy cynbdary Mini
(mo monmaBaHHs rymartiB) ckianaino 4,40, aneraTy CBHHIIIO
— 5,94. 3nauenHs pH micnst momaBaHHS TyMaTiB [0
po3uuHy cyiabbaty Migi ckimagano  4,5-4,6, micis
JIOJIaBaHHS JI0 PO3YMHY aleTaTy CBUHI0 — 6,0-6,18.

2. OTpuMaHi cyMilll BUTPUMYBAJIUCA MPOTATOM 5
TOJIMH, TOTIM BiAQiIBTPOBYBAINCA IPH aTMOCHEPHOMY
THCKY 4epe3 Maneposi GiIbTpH 3 po3MipoM mop 3-5 MKM.

3. TymiHOBi 3anuiIku Ha QiIBTpax MNPOMHBAINCS
JICI0HI30BAHOK BOJOK Ta 3MHUBAJIMCS B CKISIHUN CTaKaH
06'eMoM ~ 200 cM’, KHMCIOTHICTH 3HMKANACS MLIIXOM
nonaBanHg 1 H HNO; mo 3mauenns pH=2,1-2,2. O6'em
pO34YMHY NOBOAMBCS ACIOHI30BAHOIO BOJOIO 10 00'eMy
250 cM°, PO3YMH BUTPHUMYBABCS 5 TOIMH, IICIOS 9OrO
BiAdinbTpOBYBaBCA 3riJHO HABEACHOI BUILE METOOJIOTII.
3 ¢inerparis BigOupamocs mo 50 cM’ s BH3HAYCHHS
BmicTy Buminennx Cu®’, Pb®". 3ammmox 3 dinerpy
KITBKICHO TIepEeHOCUBCA [UIsl TPOBEACHHS HACTYIHOIO
LUKy copOuii-gecopOuii.

301HCHIOBAJIOCS

Hageneni eranu 1-3 ckiianaroTh OJMH LUK COPOLil
Ta pereHepaiii. Bcboro mnpoBOAMIIOCS TPH LMKIY.
Buxinni koHueHTpanii poO0YnX pO3UrHIB CKIIAJANIH: Ccu®
-84 MF/L[Ms, Pb*" — 216 mr/mv’.

IY-cnexTpomeTpisi B cepenHiii ods1acti

Peectpamisi  cnektpiB B cepenniii  [U-oGnacTi
Buxiguux 'K, rymariB kaiiro, a TakoxX I'yMmMaTiB MiAi Ta
CBUHI[IO TOKa3aJlo, KOPUTYIOYHCh 3 JiTepaTypHUMH
JIaHUMH, HaCTYITHE:

- OCHOBHI 3MiHHM B CIIEKTpax T'yMiHOBHX KHCIIOT i
TyMaTiB KaJlifo CIOCTEpIirajucsl y MAiamna3oHi XBHJIbOBUX
amcen 1750-1500 em™ (em. puc. 1);

- Y CHOEKTPi BUXiTHUX T'yMIHOBHX KHCJIOT MPHUCYTHS
IHTEHCHBHA cMyTa (TyT ¥ Jalli — CMyTa MOTJIMHAHHS) MIPH
1720-1730 e, mo xapakTepusye BibHY KapOOKCHIbHY
Ipymy, a TaKOX iHTEHCHBHA cMyra mpu 1600-1610 cm™
(3a paxyHOK HasIBHOCTi apOMAaTHYHUX CIIOJIyK, IPUCYTHIX
B pe3ynbTaTi Oioferpaaliii TyMiHOBUX PEYOBHH);

- y CHeKTpax TyMaTiB HaTpilo NpUCYTHS cialka
cMyra y Buram mwieda npu 1730 cM™', sika cBimuuTh Mpo
HasIBHICTH 3ATUIITKOBUX KOHIICHTPAIIIi BIIIBHUX
KapOOKCIIIBHHX Tpym abo IX TOABy B pe3yJbTaTi

rigpomizy, a TaKoXX THX, IO 3JUIIIUIACSA ITCIA
BHIIAPOBYBAaHHS (BCi CIIEKTPH PEECTPYBAIMCSA IiCIA
BHCYIIyBaHHS pedoBHH (cymimed) mpum 60 °C).

BpaxoByrloun JyXHE CEpelOBHINE BOJHHX PO3UHHIB
TyMaTiB, HaHOUIBII HMOBIPHOIO YSBIISETHCSA MOSABA ITi€l
CMyTH B pe3yJibTaTi riapomizy. B cmektpi Takox
MPUCYTHSA IHTEHCWBHAa CMyTa IOTIHHAHHSA 1pu 1550-
1560 cm™', sika BimHOCHTBCS 10 KapGOKCHI-aHIOHY, IO

yTBopuBcs. CMyru — moriuHaHHs —npu 1660 cm™
(xapakTepHo s Kapbokcuia-aniony) i 1600-1610 cm™
(apoMaTH4YHI CHOJMYKH) BiACYTHI (200 MAacCKyIOThCS

IHTEHCUBHOIO cMyroto Tmpu 1550-

1570 cm™ ). HasBHicTs cmyru ipu 1550-1570 cm™' B
CIIeKTpaX TyMaTiB METaJiB  BIANOBiAae  XeJaTHIN
KoopauHaIli nmpu yTBopeHHi 3B's13ky —COOMe (ne Me —
10H MeTay), B IKU OJIMH 10H MeTaly 3B's3aHHil ¢ 0OoMa
aTOMaMH KHCHIO, III0 BXOJATH J0 OIHIi€i KapOOKCHIBHOT
rpynu

- [Y-cnekTpu rymaTiB Kaiito B aianaszoni 1750-1500
cM' MaroTh 1B CnabKi CMyrum y BUIVIAII «ILI€Yay MpH
1730 Ta 1700 cm™' (BimbHi Ta AMMepU30BaHi 3a PaxyHOK
BOJHEBHUX 3B'SI3KiB KapOOKCHIIbHI TPYITH, BIAMOBITHO);

- B rymarax Migi B miamasomi 1750-1500 cm’
CIIOCTEpiraeThes HAsBHICTH c1abkoi cMyru pu 1700 cm™,
XapakTepHOI JJIsi TUMEPHU30BAHUX KapOOKCHIIBHHX TpPYTI,
a TaKoXX IHTCHCHUBHOI IIMPOKOi CMYTH TIOTJMHAHHS 3
MakcuMyMoM mpu  1570-1550 cm™, mo moBTOpioe
CIIEKTpaJIbHy KapTHHY, XapaKTepHYy U1 T'yMaTiB HATpilo,
[0 3HAXOJATHCA B XEJATHIA KOOPJWHALII 3 YTBOPCHHSIM
3B'SI3KIB 3 aTOMaMU KUCHIO OJHi€i KapOOKCHIIBHOI TpyIu
(puc. 3); - B TyMarax CBHUHLIO [OBTOPIOETHCS
BUILIEHABEACHUN NJIs1 TYMaTiB Miai 3arajJlbHUN XapakTep
3MiHHM CHEKTPaJIbHOT KapTUHHU BiJ TYMIHOBUX KHCJIOT JO
rymatiB cBuHms. 3cyB cMmyrm 1550-1570 cm™ o 1530-
1540 cM™' MOXJIHBO MOSICHUTH B PaMKaX 3arajibHOi Teopii
IY-cnexTpockomii  30iMbLICHHSIM  MPHUBEACHOI  Macu
(reduced mass) rpynu aromiB, 10 NPUHMAIOTh Y4acTb B
KOJIMBaHHSX, 32 PaXyHOK CYTT€BO OiIbIIOI aTOMHOI Macu
CBHHLIIO, y TIOPiBHSHHI 3 MiAI0;
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- B CIIEKTPax T'yMIiHOBHX KHCJIOT, BHUIEHUX IIiCIIs
MPOBEACHHSA  LHKIy  copOuii-gecopOuii, MOpPUCYTHI
inTencuBHa cMyra Gimssko 1700 cM™', xapakrepHa uis
TUMEpPU30BaHNX KapOokcwimpHHX Tpyn. I[lomoca mpu
1720-1730 cm™ He crmocrepiramacs (MOXe MacKyBaTHCS
yepe3 He3HAUHY iHTEHCHBHICTH cMyroro 1700 em™).

Pezomyrouu  pesynomamu  I4-cnexmpomempif,
MOJCIUBO ~ 3ANPONOHYSAMU — HACMYNHUL — OCHOBHUL
MexaHizm 63aemMo0ii eymamie pi3H020 NOXOOJICEHHS 3
ionamu mioi (I) it ceunyro (II) ma cmpyxmypy cnoayx:

- BHUXiZHI TYMHUHOBiI KHCIIOTH MICTSITh IEPEBAKHO
BUTBHI KapOOKCHUITBHI TPYIIH;

- 'K micns perenepamii (BiIHOBJICHHS) MiCTATb
KapOOKCWJIBHI TpynmH B JUMEPU30BAaHOMY CTaHi, Ha
BiMiHY Bif cBikOMpuroToBieHnx ['K;

- npu niepexofi Big ['K 1o ryMatiB nyHHX MeTaliB
B BOJHOMY CepelOBHINI (ICJII BHUIIAPOBYBAHHSA IIPHU

65 °C) BinOyBaeThcs YTBOPEHHs XeMaTHUX 3B's3kiB Cu’’,
Pb>" 3 aTomamu KuCHIO KapGokcumbHOI Tpymu. Ilpu
BOMY B CyMIIlli, IO YTBOPHJIACS, PUCYTHS 3aJHIIKOBA
KUTIBKICTh BITBHUX KapOOKCHIBHHUX Tpym. B rymarax
Kallilo  TPUCYTHS  TaKOX  3alMIIKOBA  KiJIBKICTh
JMMEPHU30BaHUX KapOOKCHIBHUX TPYII;

- BHACJIIIOK COPOIli MiZli Ta CBHUHIIO YTBOPIOIOTHCS
xenatHi komrmuiekcn Ty —COOMe, a 3aiHIIKOBi
KapOOKCHIIBHI TPYIIM IPUCYTHI B AUMEPH30BaHill dopmi.
BpaxoByroun, o copOuis BifOyBaeTbcs B CIa00KHCIOMY
CepeloBUIlll, 30epeeHHS CIEKTPaIbHOI KapTUHU MpHU
Mepexo/Ii BiJ Jy>)KHUX PO3YHHIB T'yMaTiB HaTpito (Kajito)
JI0 c1abOKHCIX TyMaTiB Mifli (CBUHITIO) CBITYUTH TIPO Te,
0 THUN CHOIYKH, fKa YTBOPHJIAcS, HE € HaCIiIKOM
nepBicHOi peakuii 'K 3 gyrom, a € KiHIEBUM IPOAYKTOM
cop6uii Cu®’, Pb*';
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- micns Bupanenus iomiB Cu®’, Pb®" 3a paxymok
MOJAIBIIOTO  3HWKEHHA pH  XemaTHi  KOMIDIEKCH
pyiiHyOTBCsI, a yTBOproThcss [K 3 nuMepHumu
tdopmamu kapOoxcunpHEX rpyn —COOH. B pesymsrarti
pyliHYBaHHs KOMIUTEKCiB B [U-criekTpi 3'IBIsS€TBCSA cMyTa
mpu  1600-1610 cM™',  sika  pamime  MackyBamacs
IHTEHCUBHOIO CMYTOIO XEJIATHOTO KOMILJIEKCY .

BucnoBkn. [IpoBeneHi HOCiIKEHHsI TOKA3alH, 10
3aIponoHOBaHmil MexaHism copbmii Cu®’, Pb*" rymaramn
BKIIIOYA€, AK MIHIMyM, BIITBOPEHHS CTE€XiOMETPHUYHOI
xiMiyHOi peakiii, B pe3yJbTaTi SKOi YTBOPIOETHCA
xenatHuii komruieke tuny —COOMe (e Me — Cu®’,
Pb*"), B sKOMy KaTiOH 3B'sS3aHHII 3 JBOMA aTOMaMH
KHCHIO, 0 MICTSITBCS B CKJIaJli KApOOKCHIBHOTO aHiOHY.
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A.B. JUKEHIOK, M J]. CAXHEHKO, I' B. KAPAKYPK4I, O.B. T'1/IAK,
CM IH/JHKOB., I' III. AP-MYXAME/]OBA

®I3UKO-XIMIYHE MIATPYHTS IHHOBAIIMHUX TEXHOJIOTTA B TAPUHI ®OTOKATAJII3Y

[poananizoBaHo (i3uKO-XiMiUHE MiArPYHTS CHHTE3Y (POTOKATAIITHYHMX MaTepiasliB Ha MeTaJleBUX IUIaTdopMax B TepMiHaxX
nepeOyI0BH MPOMKCIOBOTO BUPOOHUIITBA KpaiHU 3TifHO /10 HOBOI mapaaurmu [HaycTpii 4.0. BusHaueHO iMOBIpHI IUISAXH ITiJBH-
eHHsT QYHKIIOHAIBHUX BIACTHBOCTEH TaKUX MaTepiasliB Ha MPHKJIAJl TIOKCHIY THTaHy, K HaiOLIbII eeKTHBHOTO i JOCTYITHOTO
Marepiajia Jjs CTBOPeHHs (OTOKATaNi3aTOPiB, MIISIXOM JOIyBaHHs CIIOJyKaMH HEMETalliB i MeTaliB abo CTBOPEHHS KOMIIO3MTIB i
HECTEeXiOMETPUYHUX OKCH[IB. 3allpONOHOBAHO BapiaTUBHUI LIISIX CTBOPEHHS I€TEPOOKCHAHMX KOMIIO3MTIB LIUISIXOM iHBepcii ene-
MEHTIB CTPYKTYpPOTBIpHUX MaTpHLb 1 3MIIHIOBaIbHOI (a3u. HaBeneHo rpyHTOBHUI aHami3 mpoOiieM, sKi BAHUKAIOTh IIPH ITOBEPXHE-
Bii 00poOLi BHCOKOJNErOBaHMX CIUIABIB BEHTHJIBHHX METANIB 33 EJICKTPOXIMIYHUMH TEXHOJOTISIMH, Ta BH3HAYCHO HAIMPAMKHU
PO3B’s13aHHs TaKUX MpoOJIeM 3a paXyHOK FOMOTEHi3allil MOBEPXHEBUX MIapiB 0OpOoOIIOBaHUX MaTepialliB. 3allpOIIOHOBAHO TEXHOJIO-
TiYHy CXeMy peaji3amii Takoi METOMOJIOTI] 32 BapiaTHBHUMHE CIICHAPiSIMH 13 3aCTOCYBaHHSM IIa3MO-EJICKTPOIITHOTO OKCHTyBaHHS.
BcTaHoBIEHO BigMIHHICTD €IEKTPOXIMIYHHX XapaKTEPHCTHK T'€TEPOOKCHIHUX KOMITO3HTIB 3aJIEXKHO BiJl IPUPOIH JIOITyBAIBHUX eJe-
MEHTIB, 10 IIJIKOM Y3TOKYEThCS 3 IPUPOJIOI0 OIIAHTIB.

Kiwu4oBi ciioBa: BHCOKOJCTOBaHI CIJIaBH, BEHTHJIbHI METalM, TETEPOOKCHIHI KOMIO3WUTH, IOKCHI THTaHy, IUIa3MO-
CJIEKTPOJIITHE OKCHAYBaHHS, (i3nKO-XIMiYHI BIACTHBOCTI, (hOoTOKATAIII3

A.B. JUKEHIOK, H/]. CAXHEHKO, A.B. KAPAKYPKYHU, A.B. T'AJIAK,
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®U3UKO-XUMHUYECKHUE OCHOBbI MHHOBAIIMOHHBIX TEXHOJIOTHUH B OBJACTH ®OTO-
KATAJIU3A

IpuseneH aHamu3 GU3NKO-XUMHUYCCKUX OCHOB CHHTE3a (DOTOKATATUTHUCCKMX MATEPHUATIOB HA METAJLUTHUCCKHX ILIATPopMax B
TEPMUHAX NEPECTPOIKH MPOMBIIIICHHOT'O MIPOM3BOACTBA CTPAHBI COTJIACHO HOBoHU mapaaurme Uumycrpun 4.0. OnpeneneHs! BO3MO-
JKHBIC ITyTH NOBBIIICHUS (QYHKIIMOHAJIBHBIX CBOMCTB TaKMX MAaTEPUAIOB HAa MpUMeEpe NMOKCHAA TUTaHa, Kak Hanbojee 3(eKTUBHOTO
M JIOCTYIHOTO MaTepuaia s Co3JlaHus (OTOKATATU3ATOPOB MyTEM JOMHMPOBAHHS COCJAMHCHUSMH HEMETAJUIOB U METAJUIOB WA
CO3/IaHHS KOMIIO3UTOB M HECTEXHOMETPUIECKUX OKCHIOB. [IpeiosxkeH BapHaTUBHBINA ITyTh CO3AaHUS T€TEPOOKCHIHBIX KOMIIO3UTOB
IyTEeM MHBEPCHH 3JIEMEHOB CTPYKTYpooOpa3yIoIIUX MaTPHIl U yrpouHiomei ¢a3sl. [IpuBenen netanbHbIN aHAN3 MPO0OIeM, BO3HHU-
KAIOUIMX TPU ITOBEPXHOCTHOW 00pabOTKE BHICOKOJICTHPOBAHHBIX CIUIABOB BEHTWJILHIX METAJUIOB C MCIIOIB30BAHUEM JJIEKTPOXUMHU-
YEeCKUX TEXHOJIOTHH, OIpeeIeHbl HANpaBiIeHUs PEIICHNS TaKUX MPOOJIeM 3a CUeT TOMOT€HHU3alMU TOBEPXHOCTHBIX cJI0eB 0oOpaba-
THIBAEMBIX MaTepuaiioB. [IpeaoxeHa TeXHOJIOrHYECKasi CXeMa peaju3alii TaKoi METOO0JIOTH 110 BApUATUBHBIM CLIEHAPUSIM C ITPH-
MEHEHHEM IIa3MO-3JIEKTPOIMTHOTO OKCUAMPOBAHMSA. Y CTAHOBJICHO Pa3iMYHe 3JICKTPOXUMHUYECKHX XaPAKTEPUCTHK T€TEPOPE3UCTH-
BHBIX KOMIIO3UTOB B 3aBUCHMOCTH OT IIPUPOJIbI OMAHTOB, YTO ITOJHOCTBIO COITIACYETCS ¢ IPUPOJIOH MOCIEIHUX.

KioueBble cjioBa: BBICOKOJICTHPOBAHHBIC CIUIABBI, BEHTHJIBHBIE METAIUIBI, TE€TEPOOKCHIHBIE KOMIIO3UTHI, TUOKCU/ THUTAHA,
1a3MO-3JICKTPOIIUTHOE OKCHIMPOBaHIE, PU3UKO-XHUMUYCKHE CBOMCTBA, (hOTOKATAIN3,

A.V. DJENYUK, M.D. SAKHNENKO, A.V. KARAKURKCHI,
AV. GALAK, S.M. INDYKOV., G.Sh. YAR-MUKHAMEDOVA

PHYSICO-CHEMICAL FOUNDATIONS OF INNOVATIVE TECHNOLOGIES IN THE FIELD OF
PHOTOCATALYSIS

An analysis of the physical and chemical foundations of the synthesis of photocatalytic materials on metal platforms was
carried out in terms of the restructuring of the country's industrial production according to the new Industry 4.0 paradigm. Possible
ways to improve the functional properties of such materials are determined using titanium dioxide as the most effective and
accessible material for creating photocatalysts by doping with non-metal and metal compounds or creating composites and non-
stoichiometric oxides as an example. A variant way of creating heterooxide composites by inversion of the elements of the structure-
forming matrices and the strengthening phase is proposed. A detailed analysis of the problems arising during the surface treatment of
high-alloy valve metal alloys by electrochemical technologies is given, and directions for solving such problems due to the
homogenization of the surface layers of the processed materials are determined. A technological scheme for the implementation of
such a methodology for variable scenarios using plasma-electrolyte oxidation is proposed. The difference in the electrochemical
characteristics of heterooxide composites depending on the nature of the dopants was established, which is fully consistent with the
nature of the latter.

Key words: high-alloyed alloys, valve metals, heterooxide composites, titanium dioxide, plasma-electrolyte oxidation,
physical-chemical properties, photocatalysis
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Beryn. [lo aktyanbHHX MpoOJeM ChOTOZICHHS Hay-
KOBOIO CITIJIBHOTOIO BiJJHECEHO IMPOOJIEMY CTBOPEHHS BH-
COKOC(CKTHUBHUX IHHOBAI[IHHUX TEXHOJIOTIH, sIKa € CBIiTO-
BUM TpPEHJIOM Ta HapiKHUM KaMEHEM eJIEKTPOXIMIYHOTO
Marepiaio3HaBcTBa 1 Halyna OCOOJMBOrO 3HAYEHHS B
HaCJIJIOK IEKLIBKOX oOcTaBuH. Jliist Hamroi KpaiHK roJoB-
HUM YUHHUKOM, SIKMI CIIOHYKae 70 PO3poOKH 1 BIIPOBa-
JUKEHHS BICOKOE€(DEKTUBHUX TEXHOJIOTIH B PI3HOMaHITHAX
rajgy3sX MPOMHCIOBOCTI, CTaB BOEHHHMH CTaH B YKpaiHi,
3YMOBIICHHH POCIHCHKOIO HABajOK0. 3 OMISALY HAa TUMYa-
COBO OOMEKEeH1 eHepropecypcu KpaiHu Ta HeoOXiqHICTh B
MOJIANIBIIIOMY TIEPEXOIUTH Ha CHEPrOOIIaHI TEXHOJIOT1I,
0COOJIMBY aKTyaJIbHICTh HaOyBae came TaKuWil HampsIMOK
TpaHncopmaitist ekoHoMmiku. [To-gpyre, nmepebyaoBa mpo-
MHCJIOBOTO BUPOOHHUIITBA MA€ 3IHICHIOBATUCH BIATIOBIIHO
1o BuMor [HaycTpii 4.0, SIK CBITOBOTO TPEHY CY4aCHOCTI.
[{inkoM icTOTHO, IO CTBOPEHHSI HOBITHIX eHeproedeKTu-
BHUX TEXHOJIOTIH 3yMOBIIIOE 3aydeHHS (yHIaMEHTAIIb-
HUX 3HaHb JI0 OOIPYyHTYBaHHS IUIAXiB BUPIIICHHS CIICKT-
Py B3a€MONOB’SI3aHUX 3aBJaHb, 10 TOCTAIOTH MEPE PO3-
poOHMKaMH, 3HAYHA KIMBKICTh SKUX ITO3UI[IOHYETHCS B
HapuHi MpodsieM XiMiKO-TEXHOIOTIYHOTO CIPSIMYBaHHS 1
norpedye (Hi3uKO-XiMIYHOTO MIAIPYHTS. 3 OISy Ha BU-
[ICHABEJICHE MPO0JieMa PO3pOOIICHHS IHHOBAI[IHHUX TeX-
HOJIOT'i{, 30KpeMa €HEepro- Ta PecypcoollaHOro CIpsIMYy-
BaHHsI, HaOyJla B MOTOYHHUI Yac aKTyaJbHOCTI Ta Mae Oy-
TH TIOCTaBJICHA B PSAJ] IPIOPUTETHHUX SK FOJIOBHE 3aBJIaHHSA
CY4acHOTO eJIEKTPOXIMIYHOTO MaTepialo3HaBCTBA.

TeopeTuune miArpyHTs.

B TenepimHiit gac peaunii mepeOymoBu eKOHOMIK Oa-
raTboX KpaiH BiIOMBArOTH TOH (hakT, IO 3a ydacTi Kibep-
(bI3UYHIX CHCTEM CTBOPIOIOTHCS BipTyanbHi Komil (izny-
HUX 00’€KTiB, 3MIHCHIOETECA KOHTPOJIb mepediry mporie-
CiB 1 MpHIMAaIOTEC JIEIICHTPaJIi30BaHi pimeHHs. Taki cuc-
TEeMH 37aTHI 00’ €ZJHyBaTUCh B OJIHY MEPEXY, B3AEMOJIISITH
B PEKHMi peajbHOr0 4Yacy, CaMOHAJIAIITOBYBATHCh 1 ca-
MOHABYATHCh. 32 TAKOI'0 MiAXOAY BAXIUBY POJIb Biir-
paroTh IHTEPHET-TEXHOJIOTI], AKi 3a0e3MeuyloTh KOMYHi-
KaIlilo MK IIEpCOHANIOM IIiIIPUEMCTB 1 pOOOTH30BaHUMU
BUPOOHMYMMH KOMILIEKCaMH, 110 JI03BOJISIE BUTOTOBIISITH
MPOAYKIIIFO BiIOBITHO JO BIMOT iHAMBITyaJbHHUX 3aMO-
BHUKIB 1 THYYKO 1epe0y/IOBYBaTH Ta OINTHUMIi3yBaTH CO0i-
Bapricte BupoOHmITBa [1]. Came Ha 3acamax [Hmyctpii
4.0 mMae TPyHTYBATHCh 1 CIIEKTpP CYYaCHUX €IEKTPOXiMiu-
HUX TEXHOJIOTIH 13 3aUTydeHHsIM BeNUKUX 0a3 MTaHWX, XMa-
PHHX Ta iHTEPHET-TEXHOJIOTiH, 3aC00iB MITYYHOTO 1HTENe-
KTy Ta IHIIMX Cy4acHHMX 3acO00iB Oprasizamii eJeKkTpoxi-
MIYHUX CHCTEM i IPOMHCIOBOTO BUPOOHMITBA. MeTom0-
JIOTIYHE MIAIPYHTSI TAKOTO HAINPSIMKY €BOJIIOLIT €JIeKTpo-
XIMIYHHUX TEXHOJIOTiH IPYHTY€EThCS Ha 3400yTKax HayKo-
BUX IIKIJ KpaiHH, 30KpeMa 1 XapKiBCbKUX IOJIITEXHIKIB B
LIApUHI EeHepro-, Marepiajlo- Ta pecypco3aollaKEeHHS,
cepel SKAX TalbBAaHOXIMis 0araTOKOMITOHCHTHHX 1 CHHe-
PreTHYHUX CIUIaBiB Ta HAHOPO3MIPHUX KOMIIO3UTIB 3 Me-
TaJEBOIO 1 OKCHIHOIO MAaTPHUILIMH Ta iH. [2—6]. B Toi xe
yac moTpeOyroTh MOJANBIION0 BAOCKOHAICHHS TEXHOJIOT 1]
TeTePOOKCHIHUX MOKPHUBIB 3 IIMPOKHM CIIEKTPOM (YHK-
LIOHAJIBHHUX BJIACTHBOCTEH PI3HOMAHITHOTO IPU3HAYCHHS,
SKI MOXYThb CKJIACTH HIAIPYHTS IO BUPIMICHHS YHCIICH-
HUX TPOOJIeM, 1110 3yMOBIIOIOTh €KOJIOT1UHY, EHepreTHY-

HY 1 EKOHOMIYHY O€3IeKy JepiKaBHU. 30CEpPeIUMO yBary
JMIIEe Ha JESIKMX B3a€MOIIOB’S3aHUX aCIEKTaX eJIeKTPO-
XIMIYHOTO MaTepialo3HaBCTBa, aKTYaJIbHUMH B IIOTOYHHUI
yac.

[Ipu cTBOpEeHHI HayKOEMHOI MpOxyKwii, 10 SKOi 3a
CHUCTEMOTBIpHHMH O3HAKaMH WiANMAJal0Th 1 IHHOBAIliHHI
TEXHOJIOTi1 eNEKTPOXIMIYHOTO CHHTE3y MaTepialiB i MOK-
PUBIB, IPIOPUTET BiNAAOTH (PYHKI[IOHATEHUM BIaCTHBOC-
TSAM OCTaHHIX, Cepell SKUX eNeKTpo- 1 (oTokaTamiTH4HI,
MPOTUKOPO3iiHi, TpuOOIOTriuHi, MarHiTHI Ta iH. HeobXxiz-
HO 3BEpTaTH yBary i Ha Crocodu KepyBaHHs Tororpadiero
0CaJliB ISl CTBOPEHHS Halepe/i3aJjaHoro CTYIIEHs PO3BH-
HEHHS MTOBEPXHI 1 PIBHSA KPUCTAIIYHOCTI, TEKCTYpPY, MOp-
(oiorito, MOPYBATICTh Ta IHII BaXJIMBI NapaMeTpH, L0
caMme i 3yMOBJIOIOTh iHHOBAIIHHICTh TEXHOJOT1H.

Sk 3a3Havasioch, 3HaYHY yBary IpUBEPTAIOTh IeTe-
POOKCHIHI OKPHBH, SKi B 0araTbox BHUIMaAKax 3a (QyHK-
[IOHAJIBHUMH BJIACTUBOCTSIMU HE TOCTYNAIOThCS MaTepi-
ajlaM Ha OCHOBI KOIITOBHMX METAJIiB, ajie TIEPEBEPIIYIOTh
iX 32 BapTICHUMH IOKa3HUKaMH, HAsSBHICTIO B YKpaiHi
CHUPOBUHHOI 0a3M Ta IHIIMMH TEXHIKO-€KOHOMIYHUMU
MOKa3HUKaMu. SIKk mpuknaan cdep 3acToCyBaHHS TaKUX
MarepianiB MOXKHA BiI3HAUnTH QOTOBOJBTAIKY [7], cepen
YHCIIEHHUX Tally3el sIKOi eHeproreHepyBajibHI arperary,
a OTXKe 1 IIUIAX 10 BUPILIEHHS MPOOJIeMH O/IepXKaHHS BOA-
HIO, (OTOKATa i3, 3acTOCYBaHHS SKOTO  J[O3BOJISIE
PO3B’sI3yBaTH YHMCJICHHI EKOJOTI4HI MPOOIeMH, CEHCOpH-
Ka 1 MOHITOPHHT JI0BKULIA, Ta O6araTo Joro iHmoro. Cepen
BiZIOMHX (DOTOKATAJITHYHUX MATPHLb 3HAYHY yBary IpH-
BEPTAlOTh MaTepiald HAa OCHOBI FE€TEPOOKCUIHHX CIIONYK,
30kpema Ha ocHoBi TuTaH(IV) okcuay, TOMy € ceHe Tpo-
aHaJi3yBaTH NEPCHEKTUBY IXHBOTO YJOCKOHAJICHHS [UIS
po3B’si3aHHs OTPed (oTokaranizy.

3a3Buyail 3aCTOCYBaHHS (POTOKATATITUYHUX PEaKIii
JUIsl 3HELIKOJPKEHHS! TOKCHKaHTIB a00 OJIOpaHTiB IPYHTY-
€ThCS Ha ONMPOMIHIOBAHHI PEaKTaHTa CBITJIIOM 3 JOBXKH-
HOFO XBWJII A Ta HOT0 MOTJIMHAHHI. 32 IPUCYTHOCTI (HOTO-
KaTaji3aropa, 30okpemMa TiO,, NpW MOIJMMHAHHI KBaHTa
CcBiTNIa BiZIOYBA€ETHCSl YTBOPEHHS BUIBHHUX €JIEKTPOHIB (€)
i enexTponHux BakaHciit — aipok (h), ki MOXYTh peko-
MOiHyBaTH B 00’€Mi HaIiBIpOBigHWKAa ab0 MIrpyBaTH,
YaCTKOBO JIOKATI3YIOUHCh Ha CTPYKTYPHHX Je(eKTHHX
HEHTpax HOro KpUCTalivyHol I'paTKH.

TiO, + hv — TiO, (¢ +h") (1)

Bigomo [8], uro TiO, siBisie coboro edexTrBHUIA (o-
TOKATaJi3aTOpP JJIS BOAM 1 OUMIIEHHS IMOBITPS, € OJHUM 3
HalKpalmux MarepiajiiB Iyl PO3KJIaJaHHS OpraHiYHUX
pedoBuH. Jliokcuay TUTaHy IPUTaMaHHI BIJIHOCHO BHCOKa
peakiiiiHa 31aTHICTh 1 XiMiuHa CTAOLIBHICTD MpH Iil yiIb-
TpacgioneroBoro cBiTiaa (A <385 HM), eHepris SKOTro nepe-
BUIIly€ MIMPUHY WHHA 3,3 eB B kpucTaniuniii ¢asi aHa-
Ta3y. 3a3HayuMo, 110 iHTEpBa]I MK 30HAMH HPOBIJHOCTI
(CB) Ta BasienTHOIO 30HOIO (VB) cTaHOBUTH JUI aHaTa3a
3,2 eB, ms pyruna 3,02 eB, a gns 6pykita 2,96 eB, Tomy
CBITJIO 3 JOBXHUHOIO XBHWJIi A <385 HM 30yIKy€e €IeKTPOH
3 BaJICHTHOI 30HU B 30HY ITPOBITHOCTI 3 YTBOPEHHSAM HapH
@JIeKTPOH — Aipka (pwuc.1).
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B mopanmeiromy 1i HOCIT 3apsity, B CBOIO dYepry,
CIPHUAIOTh YTBOPCHHIO PEaKI[ifHO-aKTUBHUX YaCTHHOK —
pamuKaniB, cepen SKHX "0, 110 YTBOPIOETHCS 33 PEaKili-
€10

e+ 02 — .02_ (2)

ta ‘OH, 10 yTBOPIOETHCS 38 PEAKIIE0
MOn(h+) + Han()c_ - MOn + .OHadc. + H+ (3)

e M — MeTanu i3 3MiHHUM CTYIIEHEM OKHCHEHHS, Ta
in. (puc.1).

e H 0,
-0.5V
HzOz <— 02_
OH’
OH

+2.7

Pucynox 1 — Mexani3m ¢oTokaTamiTHaHOT il 110K-
CHJly THTaHy MPU OIPOMIHEHHI yJIbTpadioleTOBUM CBIT-
soM: hv, — menerosanuii TiO,; hv, — qonosanuii Merana-

Mu; hv; — TomoBaHuil HEMETATAMH.

IcHye nekinmbpka migXoAiB A0 MiJBHIIEHHS €QEeKTUB-
HocTi doTokaramizy Ha TiO, musixom iforo moxudikamii
i3 3acrocyBaHHAM mnepexigaux MetainiB (Cu, Co, Ni, Cr,
Mn, Mo, V, Fe, Au, Ag, Pt), cTBOpeHHS HecTeXiOMEeTpHY-
Hux okcuaiB TiOx ta neryBanus TiO, aemeranamu (N, S,
C, B, P) a6o 3acrocyBannsa kommno3uriB TiO, 3 HamiBIpo-
BimHUKamu [9]. AHami3 ¢i3uKO-XiMiTHOTO MIATPYHTS BHU-
HICHABEACHUX CIOCO0IB MiABHICHHS e(eKkTuBHOCTI (ho-
Tokataiizy Ha TiO, 1 3yMOBHB CEHC Ta JOILIBHICTh JaHOT
pobotu.

MeToauka eKcliepMMeHTY.

[Tpn BHKOHAHHI JOCITIHKEHb OyJI0 BUKOPUCTAHO CY-
yacHi ¢i3uyHi Ta (Hi3uKo-XiMi4HI MeTOIH. 3pa3Ku IPOMH-
CJIOBUX CIUIABIB alIFOMIHIIO 1 THTaHy aHOJHO OKCHIYBaJH
B Pi3HMX 32 CKJIQJIOM PO3YHHAX €JIEKTPOIITIB. 3aCTOCOBY-
Baymm  kucni  (H,SOy4), nmyxni (KOH) 1 mudocdarni
(K4P,07) po3unnn BapiiioBanoi koHmeHTparii. [lonepen-
Hs 00poOKa 3pa3KkiB BKIFOYajda MeXaHI4HE OUYHIICHHS Bif
TEXHOJIOTIYHUX 3a0pyaHeHb, 3Hexkupens B 0.2-0.3 M
po3unnax NaOH, tpaBnmenHs B cymimn kucior 0.1—
0.3 M HF 1 0.3-0.9 M HNOs3, npoMHBaHHSA B JHCTHIBO-
BaHi{ Bomi. Po3YMHM JJIs MONEpeqHbOi MirOTOBKH T0-
BEPXHi Ta €JIEKTPOJITH OKCHIYyBaHHS TOTOBWIN 3 CEPTH-
(ikoBaHNX peakTHBIB Mapok "x4" 1 "4yma" Ha IUCTHIIBO-
BaHill BOMI.

OxcuyBaHHS TPOBOAMIN SK B KIIACHYHOMY BapiaH-
Ti JOICKpoBOTO (hapaaeiBChKOTO aHOAYBaHHS, TakK i B pe-
KUMI  IUTa3Mo-esekTpomitHoro  okcuayBanHa (ITEO).

I[MNEO mnpoBOguIXd B TEPMOCTATOBAHIM €ICKTPOXiMIYHIH
KOMIpIIi NMPH TaJibBAHOCTATHYHIN MOJISpHU3aLii I'YCTHHOIO
ctpymy  500...2000 A/M’, 10 MaKCHManbHOI HAIPYTH
300 B 3 BukopuctanHaM qxepena ctpymy b5-50. Oxcu-
JIyBaHHSI 3JIHCHIOBAIM 13 3aCTOCYBaHHSM IPUMYCOBOTO
OXOJIOJKEHHS JI0 TeMIeparypu pododoro pozunHy 20 —
25 °C. MakcuMmalibHa TPUBaIiCTh OOPOOKH CIIIaBiB CKJla-
naina 30-60 xB.

[onspu3aniiHi AOCITIIKEHHS POBOAMIN i3 3aCTO-
cyBanHsaM notenniocraty VersaSTAT 4 (Princeton Ap-
plied Rsearch). IIBuakicTe ckaHyBaHHS IMOTEHIliaTy Ba-
pitoBamu B Mexax s = 10> — 107 B/c. 3 ananisy BonbTa-
MOTpaM BH3HAYaJI TOJIOBHI KIHETHYHI TapaMeTpH EIEeKT-
poxHux peakuiid. JlocmimkeHHs (YHKIIOHaJbHUX BIIAC-
TUBOCTEH IOKPHBIB TPOBOJMIIA METOIOM IMIIEIaHCHOT
CHEKTPOCKOMIT TaKoXX 3 BHUKOPHCTAHHSIM HOTECHIIOCTATY
VersaSTAT 4 B aianasoni wacror 0.10-1-10° T'y B 0.1 M
pozunHi NaCl 3 BUKOPHCTaHHSM y pOJIi IPOTHEIEKTPOIiB
KoIlTaHapHUX M1acTuH 3i ctam X18H10T.

[ToBepxHIO 3pa3KiB JOCIIIKYBaJId CKaHIBHUM €JIeK-
TpoHHUM MikpockonoM ZEISS EVO 40XVP. 306paxen-
HS TIOBEpXHI 3pa3KiB OTPUMYBAJIM 32 JOTIOMOTOI0 PEECT-
panii BropuHHHX enekTpoHiB (BSE) nursixom ckaHyBaHHS
€JIEKTPOHHOTO ITydka Mo MoBepxHi. CBITIMHH MOBEPXHI
orpumyBanu tipu 30impmenaax 100...2000, ans o6poOku
300paXeHb BUKOPHCTOBYBAIM MPOTPaMHE CEPEIOBHUINE
Smart SEM. XiMiuauii ckiiaa MOBEPXHI AOCITIIKYBaIH 3a
XapaKTEPUCTUYHUM PEHTICHIBCHBKMM CHEKTPOM, SIKHIA
PEECTPYBIM  €HEPro-AMCHEPCIMHIM  CIIEKTPOMETPOM
INCA Energy 350. 30ymkeHHsT peHTI€HIBCHKOTO BHIIPO-
MIHIOBaHHSI 31HCHIOBAIH OMPOMIHECHHSIM 3Pa3KiB ITyYKOM
CJICKTPOHIB 3 cHepriero 15 keB. EnemMenTHHil ckiiag mok-
pHBIB BH3HAYaJM TaKOX PEHITCHIBCHKUM (DIyopecIeHT-
HUM METOJIOM i3 3aCTOCYBAaHHSM IIOPTATHBHOTO PEHTTE-
HIBCBKOTO yHIBepcabHOTO criekTpomerpa "Copyt" 3 Bin-
HOCHUM CTaHJAPTHUM BiIXHJICHHAM 1021072

Mopdoomnoriro moBepxHi MOKPHBIB OLIHIOBATH KOH-
TaKTHAM METOJIOM 3 BUKOPHCTAHHSIM CKaHIBHOTO 30HO-
Boro mikpockorry ACM NT-206 (Microtestmashine Co).
3pasku ckanysaiu 30Ha0M CSC-37 (kanTuniBep B, nare-
pailbHa pO3JiTbHA 3JATHICTH 3 HM) HE MEHIIe, HiX Y
TPHOX TOYKaxX MOBEPXHI 3 YCEPEAHEHHSIM Pe3yJbTaTiB. 3a
2D- i 3D-kapTaMu TOBEpXHi OIHIOBATH PO3MIp 3EpCH
KPHUCTANIITIB Ta piBEHb MIOPCTKOCTI MOBEPXHI TTOKPHBIB.

®opmyBaHHSI reTEPOOKCHTHUX CHCTEM

BumenaBenieni BapiaHTH IMiIBUIICHHS (OTOKATANIi-
TUYHOI aKTUBHOCTI MaTepianiB Ha ocHOBI TiO, BigkpuBa-
IOTh ITUPOKE TOJIE B €NEKTPOXIMIYHOMY MaTepialo3HaBC-
TBi JUIA BHpIIEHHS O3HaUeHOro 3aBHaHHA. [Ipoanamizye-
MO ToJIoBHI. MOKHa BUOKPEMHUTH CYKYIHICTh TaJlbBaHO-
XIMIYHHUX METOIB — KAaTOJAHE OCaPKEHHS, aHOIHE OKCH-
JIyBaHHs, 30KpeMa 1 T1a3MO-eJIeKTPOJIITHE, elleKTpodope3
Ta iH., BI3UTIBKOIO AKHX € OJHOCTAIIHHICTh, MOXJIHBICTh
peamizariii Ha cepiifHOMY OOJIaJHAaHHI, BHCOKUI piBEHBb
ajanTamii 10 aBTOMaTH3alii Ta POOOTOTEXHIKH, THY4YKe
KepyBaHHS IepediroM Iporecy, BUCOKa MPOAYKTHBHICTD
Ta iHII, He MEHINI 3HAYYIIi €JIEMEHTH, SIKi POOIATh TaKi
TEXHOJIOTii Maibke Oe3ampTepHaTHBHUMH. Taki pucH,
MpUTAMaHHI IePETiYeHUM EJIEKTPOXiMITHUM TEXHOIOT 1M,
MTOBHOIO MipOIo BiAmoBimatoTs BumMoram [Hmyctpii 4.0, mo
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CYTTEBO TIOJIETTIYE 1X aJanTallito A0 MOTped Takoi TeXHi-
4yHOI peBotolii. Bin3Haunmo me ofHy, Maike He pealri-
30BaHy MOJXKJIMBICTh TaKHX TEXHOJOTIH, — 3MaTHICTH 110
iHTerpanii B 0THOMY TEXHOJOTIYHOMY IMKJI pi3HHX Tra-
JIbBAHOXIMIYHHX CHOCO0IB cuHTE3y. SIK NpHKiaj, HaBe-
JIEeMO peajli3oBaHWi HAaMH NP CTBOPEHHI MAarHiTOEJIEKT-
PUYHUX HAHOJAMIHATIB TEXHOJOTIYHHN JIAHITIOT, MO
CKJIa[ly SIKOTO BXOAWJIM OKcHAyBaHHs B pexxumi [IEO Tta
enekrpodopetnyHe ocamkeHus [10].

HageneHi Te3m € eneMeHTaMH JIOTIYHOTO KOPTEXY,
[0 CKJIAZa€ MiAIPYHTS IO HOBOI IMapagurMU €JIeKTPOXi-
MIYHOTO MaTepiajlo3HaBCTBA B I[APUHI CTBOPECHHS smart-
MarepiayiiB — 1HBepCisl IPUPOAHN CTPYKTYPHUX EIEMEHTIB
METAIOKCHIHUX KOMIIO3MTIB 32 paXyHOK Bapialii TeXHO-
moriuanx 3acax [11]. Tak, mis momudikamii i3 3acTOCy-
BaHHAM nepexigaux meratis (Cu, Co, Ni, Cr, Mn, Mo, V,
Fe, Au, Ag, Pt) ninkom npuposHiM BOaYaeThCs 3amporio-
HOBaHMN HaMU CTIOCiO hOpMyBaHHS KOMITO3UTIB 32 y9acTi
THTaHy, K NPEICTaBHUKA POJMHU BEHTHJILHHX METAIB,
i3 3aCTOCYBaHHSIM MeTonoJoTii iHBepcii MaTpuip. Sk
MPUKIIAZ MOXKHA PO3TIAAATH Taki cuctemd, sk Ni-TiO,,
Ni-Al,O;, Fe-ZrO, Ta in. [12], B AKUX CTPYKTYpHI eJeme-
HTH «MATpHUILD» 1 «apyra (asza» MoKHa iHBEpTYBaTH 3a
paxyHOK 3MiHEHHSI PeXKHMIB i TapaMeTpiB eNeKTPOIi3y Ta
KOMITOHEHTHOTO CKJIaay ejekTpouiTiB. CaMe Ha Takux
3acajgax MOXHa JOKOPIHHO 3MIiHIOBATH BMICT Ta CITiBBiJI-
HOULIEHHs oKpeMuX (a3, GopMyBaTH Hamepe] 3a/aHy re-
OMETpilo MOBEPXHI — BiJl Maibke N3epKaIbHO ONMCKYYOl
JI0 PIBHOMIPHO MOPYBAaTOi a00 3 BUCOKO MHTOMOIO III0-
meto. CucTeMHe OCHTIIPKEHHS iHBepCii CTPYKTypH MeTa-
JIOKCHIHUX KOMIIO3HTIB JI03BOJIUTH OJEP>KATH HOBI 3HAH-
Hs [0/I0 YMHHUKIB BIUIUBY Ha TOHKY CTPYKTYpy Marepia-
JiB, BUSBUTH KBAaHTOBI e()eKTH B HAaHOPO3MIPHHX MIapax
mokpuBiB [13, 14], 3xilficHIOBaTH J€TyBaHHS TaKHX CTPYK-

Typ B LIMPOKUX MeKaX BapilOBaHHsS KOMIIOHEHTIB, a Ta-
KOXX MPOBOJWTH UUILOBUI MOIIYK BHUCOKOE()EKTHBHUX
MarepiaiiB 1 CTPYKTyp Juis moTped OaraTtbox raiysei
MIPOMHCIIOBOTO KOMILIEKCY.

Ha nam normsin y3aranesHeHy cxeMy iHBepcii aBo-
KoMItoHeHTHOi OimeraneBoi (M1 i M2) cucremu mMoxHa
HaJgaTH Opi€eHTOBaHMM rpadoM, [0 JO3BOJSAE HAOYHO
BiTOOpa3UTH MPUPOAY MEPETBOPEHD i BCTAHOBUTH KiJIBKi-
CHI mMapaMeTpH AWHAMIKN O3HAYEeHUX MpoIleciB (1HTEHCH-
BHOCTI IIEPEXOAiB MK OKpeMUMH cTaHamu cuctemu) [11].
3 ypaxyBaHHSIM BHKJIQJIEHOTO, BY3IH rpady CTaHiB CKIa-
JIyTh HACTYIHI CTPYKTYPHI €JIEMEHTH:

M1), (M2), M1M2), (M10x), (M20y), (M10x-M20y),
(4

JI0 SIKNX BIJTHECEHO sK iHauBigyasHi Metamu (M1) i
(M2) Ta ix cnnas (inTepmeranin) (M1M2), Tak i MOHOOK-
cumu (M10x) i (M20y), Ta rerepookcua (M10x-M20y).

BoueBunp, BiOmoBinHI JaHKH Tpada, mo BigoOpa-
JKAIOTh AWHAMIKY TEpeXOMdiB MK HOTO CTPYKTYPHUMH
eneMeHTaMu (4), TO3BOJAIOTE chOpMyBaTH TBOBUMIPHUIA
rpagiuanii o6pa3 B ¢opmi muxiIigHOl dirypu. Y TOH xKe
YJac Ha3WBaTH i1 rpad)oM MEBHOIO MipOIO HE 30BCIM KOPEK-
THO, OCKUIBKH B 2D ¢opmati rpadiunnii o6pa3 matume
pebpa, sIKi IepeTHHAIOTHCS, TOJI K 3a MMPaBUIIAMH TO0Y-
JoBH rpadiB Taka Mpoleaypa € HenpumycTumor. OaHak
Lel acrleKT 3ampolOHOBAaHOI CXEMH caMme 1 BijoOpaxkae
TOJIOBHY i/1e10 — iHBepcito cTpykTypHuX Marpunb KEII, a
BPaxOBYIOUH MOJXKJIMBICTH BBEJIEHHS Il OJHOTO YHiBEp-
CaJIHOTO eNeMeHTa rpada — inrepmeniata Im, skuit Bin-
MOBiJIa€ CYKYITHOCTI MPOMDKHUX CTaHIB Ha BCIX eTamax
TpaHchopMmanii METATOKCHIHOI CHCTEMH (CIIAaBOTBOPEH-
HS, (pOopMyBaHHS KOMITO3UTHOTO EIEKTPOXiMiyHOTO abo
TeTePOOKCHIHOTO TOKPHBY 1 T.i.), y3arajJpbHEHa cxema
HaOyBa€ 3aBEPIICHOr0 BUTTIALY

e
@
<

Pucynox 2 —I'pad crani 6iMeTaneBoi METAIOKCHIHOI CHCTEMHU

[HTEeHCHBHOCTI TEpexoiB MiX OKPEeMHMH BEpIIIH-
Hamu rpada Ha puc. 2 — 1ie caMe eJIeKTPOXIMIuHI peakuiii,
HIBUJKOCTI SIKUX OOYMOBIIOIOTBCS 3HAYHOI KUIBKICTIO
YHUHHUKIB, CEPe[l AKUX MPUPONA, CKIA] 1 CIIBBIIHOIICHHS
KOMITOHEHTIB eJIEKTPOJITIB, pHUpoia mojsipu3sanii (aHo-
Ha, KaTo/lHa, PEeBEPCHBHA), PEXHUM €JIEeKTpoIizy (cramio-
HapHUH, HECTAalliOHApHWUH, IMITYJIbCHHH 1 T.II.), @ TaKOX

fforo ammutiTyaHi 1 yacosi mapamertpu [15]. Came cykyn-
HICTb MEpeNiYeHnX Ta 3Ha4Ha KUIbKICTh 1HIINX YNHHUKIB
B IJCYMKY BHM3HAQuUalOTh HE TUJIbKH CKJIaJ KOHCOJIiZOBa-
HOro Marepiany abo MOKPHBY, aje 1 HOro CTPYKTypy Ta
MopdoJtorito, CTyHiHb JoKamizamii okpemMux ¢as, ix pos-
TIOJIUJT TIO TOBIIMHI MaTepiaily, Ta BPEUITi PEIlT BIaCTHBO-
CTi 1 Tay3l IPaKTUYHOTO 3aCTOCYBaHHA. 3pO3yMilo, 10
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st popmartizaiii HomiMeTaNeBUX TEPHAPHUX CUCTEM, SIK
y [16]. Bizyanizauito B 03Ha4e€HHH crOCciO 3poOuTH CKiIaj-
HO, TyT B HAaro/ii CTaHe HayKOBHH JI0pOOOK (hi3UUHOT XiMmil
3 TOMOJIOTIYHOTO OMUCY OaraTOKOMIOHEHTHHX CHIIIKAT-
HUX cucteM. HaBenena Ha puc. 2 cxema Mae i TITHOOKUH
¢dirocodchbkuil MITEKCT, OCKUIBKU SBJSIE COOOI0 JESKY
(hi3UKO-XIMIUHY «aBaTapy», sIK BTUICHHS B3a€MO3B'A3KY i
B32€MO3YMOBIICHOCT] TPOIECIB 3 X BHYTPIMIHIM 3MiCTOM
1 Kpacoro 30BHIIIHBOTO TIPOSIBY.

3a pesynbTaTaMy HaMIUX HONEPEIHIX OCHIIKEHb
BOaUyaeThCs HIJIKOM OOTPYHTOBAHOIO TilOTE3a PO CHHTE3
TeTePOOKCHIHHUX TOKPUBIB Ha CIUIaBax METaliB BEHTHIIb-
HOi TPYIH 3a TEXHOJOTIEI0 IIa3MO-EJIEKTPOIITHOTO OK-
cunyBanns. [lificio, cunate3 TiO, B ymoBax [IEO moBu-
HEH, To-Tieplle, 3aBIsIKH BUCOKIH TeMIepaTypi B KaHanax
po0O0I0 OKCHIHOI IUIIBKH CIIPHUSATH YTBOPEHHIO OKCHIY
came B (opMi aHaTa3y; IO-APYre, CTBOPEHHS Te€TEPOOK-
CHUIHUX KOMITO3WIINA 3 TEPeXiTHUMH MeTalaMH TaKOX
3HaXOAUTHCS B MEXax IIJIbOBOrO BIUIMBY Ha CKiaj GpoTo-
KaTaTITHIHOTO MaTepiany; no-tpete, mpu [TEO mpomecax
10 CKJIay IIOKPUBY IHKOPIOPYIOTBCS NEPEIUIaBH KOMIIO-
HEHTIB €JIEKTPOJIITY — TOJIOBHUM 4YMHOM HemeTtaniB S, C,
P, mo Takox Mo)ke CIpPUSATH IO3UTHBHOMY BIUIMBY Ha
SKICTh Marepiaiy; Ta, HO-4eTBepTe, IJIKOM IMOBIPHHM
BUIIIAJa€ YTBOPEHHS HeCTeXioMeTpu4HUX okcuaiB TiOy
BHACJIJIOK peajri3amii nmporecy 3 BUCOKOIO IIBHIKICTIO Y
BHCOKOEHEPTeTHYHUX TOJISX.

Ane TIEO-00poOka moBepXHI BHCOKOKOJIETOBAaHHX
CIUIaBiB, ska Mae 3abe3ledyBaTH BiAMOBiIHY Mopdoiro-
Ti0 HOCISIM KaTaJliTHYHUX MOKPHBIB a00 1HKOPIIOpAIliio B
MTOBEpXHEBI OKCHHI IapW JIETYBAIbHUX KOMIIOHEHTIB
JUIS CTBOPEHHS €JEKTPO- 1 (HOTOKATATITHYHHX CHCTEM,
CTHKA€ETHCSA 3 IMPOOJEMOI0 BHCOKOTO XIMIYHOTO OIOPY

03HAUCHHMX MaTepialiB i FeTePOPE3UCTUBHICTIO 00POOITIO-
BaHOi moBepxHi. Lle# (akT CyTTEBO YCKIATHIOE 3aCTOCY-
BaHHS €JIEKTPOXIMIYHUX TEXHOJIOTIH, SIK HaWMEHII BapTi-
CHUX, JUTS PO3B’sI3aHHS 3aBaHb iHxeHepii moBepxHi. Ox-
HUM 3 Halle()eKTUBHIMMX MUISXIB HOMOJIAHHS IIepeiive-
HHUX TIEPEIIKO/l MM BBa)Ka€EMO T'OMOTEHi3alilo 00pobIIro-
BaHUX MOBEPXOHB 1 CYTTEBE 3HIDKCHHS X reTepope3ncTH-
BHOCTI 32 paXyHOK 3a0€3IeUeHHS YMOB LIS TapajieabHoO-
ro Tepediry aHOJAHUX PEaKIliii pO3UYMHEHHS JEeTYBaIbHUX
€JIEMEHTIB 3 MMOBEPXHEBUX ILIAPIB 3 OJHOYACHUM OKCHUILY-
BaHHAM cCIDIaBy. Jlomamo, 1[0 roMoOreHi3alis MoBepXHe-
BUX IIapiB HOCIiB KaTaJIITUYHOrO MaTepiayly Ie He € OC-
TaTOYHHUM KiHI[CBUM Pe3yJIbTaTOM, OCKIIBKH TOTpeOye
3aBepIIANBHOI cTajii — a0 MPOCOYEHHS MOPYBaTOi MaT-
pHLi CHONTYyKAMH BHU3HAYECHHX CJIEMEHTIB 3 HACTYIHHM
(dopMyBaHHSIM (HOTOKATATITUYHOTO LIApy, 30KpeMa Tep-
M000OpoOKor0, 200 32 IHIIMM CIIeHapieM — IHKOPIIOpaIio
JIOTIAHTIB 70 CKIIaAy MaTpui 3 Oe3mocepemHiM moandi-
KyBaHHSM IIOBEpXHI 1 CTBOpPEHHsAM (hOoTOKaTajizaTopa
6e3nocepennro B mporieci [TIEO. IctoTHO, 06uaBa migxo-
JIA MOXKHA pPeajTi3yBaT 3aJIe)KHO BiJ] KOHKPETHUX 3aBIaHb,
TOMY, SK TPHKJIAJA, PO3IJITHEMO IIOBEPXHEBY OOpPOOKY
BHCOKOJIETOBaHOTO criaBy J[16 3 MeToro 3MeEHIIeHHS
TeTepOPO3UCTUBHOCTI 0OPOOIIOBAHOT MOBEPXHI.

Tak, mpu aHOAHIA OOpPOOI O3HAYEHOTO CIUIABY B
pexxumi I[TEO i3 3acTocyBanHsAM mudochaTHOTO eIeKTPO-
JiTy BCTAQHOBIICHO, IO B MPOAOBXK mepiux 10 XBUIUH
BiIOYBAa€ThCSI Maike IMOBHE BWIYYCHHS JIETYBaJbHUX
€JIEMEHTIB 3 IoBepxHeBoro mapy (puc. 3). Lle € cBiguen-
HAM (QOpMyBaHHS Ha MOBEPXHi BUPOOIB Maike FOBECHIIb-
HOi Matpumi AlLO;, mpumaTHOI A MOJANBIIOT 00pOOKH
3aJIeKHO BiJ] IOCTABJICHUX 3aBAaHb.

30

{, XB

Pucynox 3 — XpoHOTpamMu TUTOMOTO BMICTY KOMITOHEHTIB Y TIOBEPXHEBOMY
mapi craBy /116 npu [IEO y audocdarinoMy enexTpostiTi.

3 ypaxyBaHHIM OJlep)KaHHX pe3yJbTaTiB (opmalri-
30BaHUI ONKC MOBEpXHEBOI 0OpPOOKHU CILIABIB, IO BHKO-
PHUCTOBYIOTECSL B pouti mathopM st GoMyBaHHs (HOTO-
KaTaJITHYHOI'O TOKPHBY, MOXXHAa HAJaTH CTPYKTYpHOIO
CXEMOIO TEXHOJIOTIUHOTo mpouecy (puc. 4), sKuil peai-
3YIOTh 200 KEPOBAaHOK XIMIYHOIO B3a€MOJIEI0 BHUXiTHOTO

Marepiaiy Sp 3 KOMIOHEHTAMH PO3YHHIB eNeKTPOoiTiB L(t)
nusxoM camopo3unHeHHsM (AG < (), abo mix giero 30B-
HiHBOI ToNsipu3alii j(t) B posunHax exextpomitie (AG >
0) 3 oTprMaHHSM KiHIIEBOTO MpPOXYKTy S,. BapiatuBHy
YacTHHY TEXHOJIOTI CKJIaNaroTh MapaMeTpU4Hi BEKTOPH
Al...A4, mo BinOWBaIOTH BHECOK CKIIQAY 1 CITiBBiTHO-
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IIEHHS KOMIIOHEHTIB po3unHy (Al), enekTpu4Hi i 4acoBi
napaMeTpy 30BHIIIHBOT mossipu3anii (A2), mapamerpu
TIOBEPXHEBOI 0OPOOKH — TUTOMY IUIOIY TOMOT€HI30BaHOT

noBepxHi O, Ta 1 rpannuHmil piBeHs Ky (A3), a Taxox
XIMIYHY IPUPOIY METaTy abo CKIaJ criaBy (A4).

S

v

A4| AG>0

Al

Sy

Pucynox 4 — CTpykTypHa cxema IOBepXHEBOI 0OPOOKH MeTalleBUX HOCIIB ()OTOKATATITHYHIX MaTepialiB

BBenennst no ckiaay audocdaTHoro enexTpoiitTy
OKCHJyBaHHS CIIOJYK JIOTIAHTIB 3 METOIO OJICp)KaHHS Ie-
TEPOOKCHHUX TIOKPUBIB, IO BUSBIISIOThH EIEKTPO-, FeTe-
po- abo ¢oToKaTaNITUYHY AKTUBHICTb, CYTTEBO HE 3Mi-
HIOE Tepedir mporecy, ajie J03BOJIsIE peati3yBaTu Apyrui
3 BHUIIeHaBeIeHuX crieHapiie [IEO — iHkopmopaitito gorma-
HTIB JI0 CKJIaly MaTpHIl 3 Oe3nmocepeHiM MOauQiKyBaH-
HSIM TIOBEPXHI 1 CTBOpEHHsM (poToKaramizaTtopa 6esmoce-

penubo B mpoteci I[TEO yieroBaHux mapis Hamepen 3aaa-
HOT'O CKJIaJy.

Tak, mpu QopMyBaHHI T'€TEPOOKCHIHOTO Iapy
ckiany TiOyMnOx B audochaTHOMY eNEKTpONiTI 3a
npucytHocti KMnO,4 BapilioBaHOT KOHLEHTpalii Hamu
Oyno BcraHoBiieHO [17], M0 XpOHOTpaMH HANPYTH IPU
I[EO cruraBiB TUTaHY TaKOX MAarOTh KIACHYHHWHA BUTIIS

(puc. 5).

160

120

2

0 30
N t,xe

Pucynox 5 — Xponorpamu Hanpyru okcumyBaHHs cioiaBy BT1-0 B nudocdarHOMy eneKTpodiTi 32 mpHUCYTHOCTI
KMnO,, koHIIEHTpaIli€t0, MOJIB/ M 1,3-0,1;2,4-0,3; rycTiHa CTpyMYy MOJISIpH3ALii, Alam*: 1,2-2;3,4-4

Yac 1m0 mouaTKy ICKpiHHS Yy BCIX JOCIHIIKYBaHHX
eNIeKTpoiTaX ckiagae |—2 XBUIMHHU 3a TYCTHH CTPyMY
2,0-5,0 A/am*. Oxcuzni ik, cdopmoBani B mudocha-
THHX €JIEKTPOJIiTaX B JAOICKPOBii 00JacTi, MalOTh CBITIIO-

cipe 3abapBiieHHs, puTamManHe okcuny Tutany (IV). Ha-

npyra iCKpiHHS 3HaXOJMThCS B Mexkax 55-65 B, a crabii-

3anis nporecy [TEO BinOyBaetbes 3a Hanpyr 120-140 B.
ITpu mepexoni B 06macth ickpinnas U(t) - 3anexHicTh
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BTpayac JIHIHHUN XapakTep, 3pOCTaHHs HAIpyIrd 3HAYHO
CTIOBUILHIOETBCS, IMOBIPHO, BHACTIJOK BKIIOYEHHS [0
CKJIaZly TOKPHBIB KOMIIOHEHTIB eleKTpoiiTy. OcobimBo
[le MOMITHO Npu (pOpMyBaHHI ITOKPUTTIB B MaHTaHBMIC-
HUX PO3YMHAX, KOJU Ha aHOJI 3'IBJIAIOTHCS AUISHKH 4Op-
HOTO KOJIbOPY IOBLIBHOI ()OpPMH, IO BUHHKAIOTh, B TEp-
Iy 4epry, Ha TOCTPUX TPaHAX 1 AepeKTHUX MicIsIX MOoBe-
pxHi. Buxonsauu 3 konipHoi ramu MnOy , MOXHa 3 yIes-
HEHICTIO CTBEpIKYBaTH, IO TEMHI MUITHKH YTBOpEHi
OKCHJIaMH MaHTaHy Pi3HOTO CTYNEHIO OKMCHEHHS.

200

Y pexuMi MIKpOAYT KUIBKICTh BKJIFOYEHb 3pOCTaE, i
MOCTYIIOBO BOHHM BKPHBAIOTh BCIO TIOBEPXHIO €JIEKTPOJa,
IIPY BOMY Hampyra Mpolecy NPaKTUYHO HE 3MIHIOETHCS,
npore Ha Bcix U(t)-3aJIe)KHOCTAX CHOCTEPIraroThCsl He-
3HAYHI OCIWJIALII, 10, IMOBIPHO TOB'SA3aHO 3 PI3HUM ITH-
TOMUM EJIEKTPUYHHM OINOPOM 3MIIIAHUX OKCHIB, IO
YTBOPIOIOTBCS Ha TOBEpXHi. Ha minTBepI KeHHS IHOTO
(akTy MOXHA HaBeCTH (pHc. 6) Togorpadu eIeKTPOTHOTO
iMIIeTaHCY TeTePOOKCHAHNX IIOKPHUBIB HA OCHOBI THTaHY 1
nepexiguux metaiis [18].

Xs, kKOm
150¢

100¢

0 50

150
Rs, kOm

100 200

Pucynok 6 — 'ogorpadu imnenancy rerepookcuHux mokpusis :1 - TiOX-WOY,
2 - TiOX-MoOy, 3 - TiOX-VOY, 4 - TiOx-ZrO,.

lomorpagu  immemancy mokpuBiB  TiOX-WOy,
TiOx-MoOy, siki MiCTATh OKCHIY METAJIB B IPOMDKHOMY
CTyIICHI OKHCHEeHHs (puc. 5, 3ajexHocTi 1, 2), ckiana-
FOTBCSA 3 JIBOX IUISTHOK — (hparMeHTa HaIiBKoOJA 1 Bifpi3Kka
MPSIMO1 3 KyTOM HaXWiIy, ONMM3BKUM 10 45°, MO CBIAYUTH
po 3MemmaHnid AuQy3iiHO-KiHeTHIHAN KOHTPOIJIb (apa-
NEIBCHKUX TpOIIeciB. B Toil ke yac I reTepoOKCHIHIX
nokpuBiB cucteM TiOX-VOYy, TiOx-ZrO2 (puc. 5, 3aex-
HocTi 3, 4) romorpadu € HaMiBKOJIOBHMH, IO BigOHBa€e
KIHETHYHHUI KOHTPOJIb (hapaaeiBChbKUX MPOIIECIB.

HageneHi 3a1eXHOCTI, ITONPH BiAMIHHICTb y TOBEIi-
HIIl OKpPEMHUX TE€TEPOOKCUIHUX CHCTEM, BiIOMBAIOTH TOU
BaxiMBUi Qakt, mo B pexumi [TEO moxxHa dopmyBarn
Ha rat¢opMax 3 BEHTIIFHUX METAJiB MIITHO aJre30BaHi
TeTEePOOKCH/IHI CHCTEMH, SKi SIBISIOTH COOOI0 MEPCIIEKTH-
BHI Marepiaim Il CTBOPEHHS (POTOKATANITHYHHUX TPH-
CTpOIB Pi3HOMAaHITHOTO MPU3HAYEHHS 1 CIIPSIMYBaHHS.

TakuMm 9uHOM, IHHOBAMIiWHI PIOICHHSA IIOAO CTBO-
PCHHS TEXHOJIOTIYHMX 3acaj] BUPOOHHUIITBA (hOTOKATAIi-
TUYHHUX MaTepiaiiB Ha Iarhopmax 3 BEHTHIBHUX MeTa-
JIB MaloTh Pealli3oBYBaTUCh 13 3aCTOCYBAHHSIM KOMILICK-
Cy HampaIfoBaHb €JICKTPOXIMIYHOI iHXKEeHepil BiAMOBIIHO
no Bumor [uaycrpii 4.0.

Jocnmimkenss 0yio IpoBeeHo 3a MiATPUMKH MiHi-
CTepCTBa OCBITH 1 HAyKH YKpaiHM B paMKax Hpoekty JIP
Ne 0121U109542.

BucHoBkmu.

1. Tpoemeno anamiz (Hi3UKO-XIMIYHHAX TiJCTaB
CTBOpEHHS (POTOKATATITHYHHX MaTepialiB Ha METAIEBUX
mwratopMax 3 BEHTWIBHHX METaJliB BiIIOBITHO IO 3a-
BIIaHb Iepe0yI0BH MPOMHUCIOBOCTI 32 HOBITHBOIO Mapa-
nmurmoro [amycrpii 4.0.

2. Ha mpuximami OiOKCHAy THTaHy, SK HaHOUIBII
e(heKTUBHOTO 1 JOCTYIIHOTO MaTepiajia il CTBOPCHHS
(doTokaTaIi3aTOPiB, BU3HAYCHO IMOBIPHI NUIAXH IIiIABH-
HIeHHs (YHKIIOHAIBHUX BIACTHBOCTEH TaKHUX MaTepialiB
JIONYBaHHSM HeMeTalaMH 1 CIHOJyKaMd MeTaliB abo
CTBOPCHHSM KOMITO3HUTIB 1 HECTEXIOMETPUYHUX OKCH/IIB.

3. 3amporoHOBaHO BapiaTHBHUI ajJrOPUTM CTBO-
PEHHSI TETEPOOKCHIHMX KOMIIO3UTIB IIIAXOM iHBepcii
€JIEMEHTIB CTPYKTYPOTBIPHUX MaTpHLb 1 3MIIIHIOBAIBHOI
¢a3u. HaBeneHo rpyHTOBHMI aHami3 mMpobieM iHXeHepil
MTOBEPXHI MPH 00poOIIi BUCOKOJIETOBAHNX CIIABiB BEHTH-
JBHUX METATIB 32 eJICKTPOXIMIYHUMH TEXHOIOTISIMH, Ta
BH3HAYECHO HANpPSIMKH PO3B’SI3aHHS TaKUX MpoOJieM 3a
paxyHOK T'OMOT'€Hi3allil TOBEPXHEBHUX IIIAPiB MaTepiaiB.

4. 3anpornoHOBaHO TEXHOJIOTIYHY CXeMy peaizaril
Takoi METOMOJIOTII 3a BapiaTWUBHHMH CIIEHapisiMH i3 3a-
CTOCYBaHHSIM  IUIa3MO-€JIEKTPOJIITHOTO  OKCHJIyBaHHS.
BcraHOBICHO BiIMIHHICTE €IEKTPOXIMIYHUX XapaKTEpPHUC-
THK T'€TEPOOKCHIHMX KOMIIO3UTIB 3aJIeKHO Bifl IIPHPOAN
JIONYBAIBHUX €JEMEHTIB, HI0 LIUIKOM Y3TOJDKYEThCS 3
MIPUPOJIOIO JTOTIAHTIB.
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A.B. TPOIIEHKO, A.5. TPUT OPOB

JNOCJIPKEHHS AHTUKOPO3IMHUX BJIACTUBOCTEN JM3EJBLHOI ®PAKIII, IO MICTUTH
1,3-TM®EHAJITPUAZEH

B crarTi po3mIsIHYTO MOXJIMBICTh PO3IIMPEHHS HOMEHKIIATYPH XIMIYHAX PEYOBHH, SIKi IPOSBILSIFOTH CBOT BUCOKI aHTHKOPO3iiiHi BIACTHBOCTI B
BYIJIEBOJAHEBOMY CEPEIOBHUINI 1 MOXYTh BHMKOPHCTOBYBATHUCS Yy SIKOCTI HPHCAAOK JO0 MOTOPHUX MAJIMB, 32 PAaXyHOK BUKOPHUCTaHHA 1,3-
mudennnTpuaseny. JlaHa pedoBHHA BiJHOCUTBHCS IO KJIACy Aia30CHONYK a ii aHTHUKOPO3iiHI BIACTHBOCTI BH3HAYAOTHCS aJCOPOLIMHOI 31aTHICTIO
IIPY KOHTAKTI 3 METAJIICBOIO IIOBEPXHEIO, [0 3yMOBJICHA HAsBHICTIO B MOJIEKYJIi a30TOBMICHUX aKTHBHHX TPYII, SIKi YTBOPIOIOTh 3 METaJICBOIO ITOBEPX-
HEIO JOHOPHO-aKLENTOPHUH (KOOpAUHAIIHHNMIT) 3B’ SI30K.

JlocutipKEeHHsT aHTHKOPO3IHHUX BIACTUBOCTEH IIPOBOAMIINCS HA METAICBUX IUIACTHHAX (Mijb Ta CTalb, MAapKH 3), 10 PO3TAIIOBYBAINCS B MO-
JISIIBHOMY CEepEJIOBHIIIC, SIKE CKJIAIANIOCs 3 MPSMOTOHHOI u3eibHoil ppakii (240-350 °C), oTpuMaHoi 3 ra30BOro KOHJCHCATy 3 JoJaBaHHsaM | % mac.
1,3-qudennnrpuaseny B sxy BBoaunu 0,1 % mac. posunny 97% ourosoi kuciaotu ado 0,5 % mac. BogHoro po3uuy 10% NaCl. AnTuKOpO3iiiHi Bla-
CTHBOCTi 03HAaUCHOTO MOJENIBHOTO CEPEIOBUINA TOCTIIKYBANIUCA SIK B CTaTHYHHX (M’AKUX) yMoBax npu 20 °C, mepiognyHOMY IepeMillyBaHHI 3i
mBukictio 100 06./xB. B mpogosxk 90 1i6, Tak i B IMHaMIYHUX (KOPCTKHX) ymoBax 1pu 50 °C, Ge3nepepBHOMY HepeMillyBaHHi 31 mBuakictio 500
00./xB., aepaii 1,5 M’/xB. B nponosx 120 roaus.

BcraHOBIIEHO, 110 B THX Ipobax e 3Haxoxuscs 1 % mac. 1,3-audeHmnTpruaseH Ha MOBEPXHI METaIEBUX IUIACTUH YTBOPIOBAIACS 3aXUCHA ILTi-
BKa, IIPO 110 CBITYMTH i 3MiHA KOJIbOPY METAJIeBOI INIACTHHH, i BIICYTHICTh Ha IIOBEPXHI 03HAK KOPO3ii, a TaKoXX He3HAYHUH NpuUpicT ii Macu (B Mexax
0,0002+0,0003 ). B npobax ne OyB BiacytHiil 1,3-mudenunrpuasen mBuakictb koposii (Ky), 11 M’akux yMoB gociipkeHHs ckianana 0,94x10°
4+5,16x10™ r/(M*xrox), Juis JKOPCTKHX yMOB 10CTimkerHs — 0,56x 107 +1,07x 107 r/(M*xrom).

3anporoHOBaHUI aBTOPAMH IIIX1J, [0 BPAXOBY€E KOMIUIEKCHY Mii IEKIIBKOX (haKTOpIB (TeMIepaTypy, HepeMillyBaHHs;, aepamilo Ta HassBHICTh
y CepeloBuIlle KOPO3iHHO-arpeCUBHOIO areHTy), J103BOJISIE a/IeKBATHO, HAOJIMIKEHO 110 YMOB, SIKI MOXYTbh BHHUKAaTH INPU peajibHiil eKcruryararii
00’€KTIB, OL[IHUTH €()EKTUBHICTH 3aCTOCYBaHHSI Ti€i, YH 1HIIOT XIMIYHOT PEYOBHHH JJIsl 3aXUCTY BiJl KOPO3ii METAJIEBUX TIOBEPXOHb.

KirouoBi ciioBa: au3enbHa Qpakiis, Hiazocrnonyku, 1,3-mudeHnnrpuaseH, npucazika, aacopoiris, MerajaeBa loBepXHs, KOpo3isl.

A.B. TPOIIEHKO, A.5. TPUTOPOB

UCCJIEJJOBAHUE AHTUKOPO3UOHHBIX CBOWCTB JM3EJBLHOI ®PAKINU, COAEPKAIIEN
1,3-TMOEHUITPUASEH

B cTaThe paccMOTpeHa BO3MOXHOCTH PACHIMPEHHS HOMEHKIATYpPhl XUMUUECKHX BEIIECTB, KOTOPbIE IPOSBIAIOT CBOH BBHICOKHE aHTHKOPPO3H-
OHHBIE CBOWCTBA B YIJICBOJOPOIHOI Cpefie M MOTYT HCIOJIB30BAaThCS B Ka4eCTBE NPHCAJOK K MOTOPHBIM TOILUIMBAM 3a CUET HCHONb30BaHMSA 1,3-
nuennITpraseHa. JlaHHOe BEIECTBO OTHOCUTCS K KJIACCY JHA30CCOSIAMHEHHH, a ero aHTHKOPPO3HOHHBIE CBONCTBA ONPEEIISIOTCS aACOPOLHOHHOM
CIOCOOHOCTBIO IIPH KOHTAKTE C METALINYECKOIl TOBEPXHOCTHIO, UTO 0OYCIIOBICHO HATUYHEM B MOJIEKYJIE a30TCOAEPIKAIIMX aKTUBHBIX IPYIII, KOTO-
pBle 00pa3yIoT ¢ METAUINYECKO HOBEPXHOCTHIO JOHOPHO-aKIENTOPHYIO (KOOPIHMHAIOHHYIO) CBSI3b.

HccnenoBanust aHTUKOPPO3HOHHBIX CBOMCTB ITPOBOMIINCH HA METAJUIMYECKUX TUIACTUHAX (ME[b U CTallb, MapKu 3), KOTOpPbIE Pa3MELIAINCh B
MOJIETIBHOHU CpeJie, COCTOAIIEH U3 NPSMOrOHHOM qu3enbHoi dpakiun (240-350 °C), momy4eHHO U3 ra30BOro KoHjaeHcara ¢ qodasneHuem 1 % macc.
1,3-qudenmnrpuasena, B koropyro BBoaumn 0,1% macc. pactBopa 97% yxcycHolt xucnotsl win 0,5% macc. Bogaoro pactsopa 10% NaCl. Artukop-
PO3HMOHHBIE CBOWCTBA YKAa3aHHOW MOJIEJIBHOM CPe/ibl UCCIEOBANIMCH KAaK B CTATUYECKUX (MATKUX) ycioBusx npu 20 °C, nepuouyeckoM nepeMenu-
BaHHUHU €O cKopocThio 100 06/MuH. B Teuenue 90 CyTOK, Tak ¥ B IUHAMHYECKUX (3KECTKHUX) ycaoBusx npu 50 °C, HenpepbIBHOM NEpEeMEIIMBAHIH CO
ckopocTbio 500 06/MuH, adpanuu 1,5 am3/MuH. B Teuenue 120 gacos.

VYceraHOBIIEHO, 4TO B TeX mpobax, rae Haxomwicst 1 % macc. 1,3-audeHnnTpraseH Ha MOBEPXHOCTH METAUIMYECKHX IUIACTHH 00Opa3oBaiach
3aI[UTHAs IUICHKA, O YeM CBHICTENbCTBYET H3MEHEHHE IBeTa METAIMUECKOH MIACTHHBL, H OTCYTCTBHE HAa MOBEPXHOCTH NPU3HAKOB KOPPO3HUH, a
TaK)Ke He3HaYUTEIbHBIN NpHpoCT ee Maccsl (B npenenax 0,0002+0,0003 r). B npobax, rae orcyrcTBoBan 1,3-1udeHunTpraset, CKOpoCTh KOPpPO3HU
(Kin), 1t Markux ycnoBuit uccienoBanus coctaBisiia 0,94x10-4+5,16x10-4 r/(M*x4ac), I JKECTKHX ycnoBuid uccnenoBanus. — 0,56x10-
2+1,07x10-2 r/(M*xuac).

IpennosxeHHbIH aBTOpaMU MOAXO0], YIUTHIBAIOIINH KOMIUIEKCHOE JeiicTBHEe HECKONBKHX (PaKTOPOB (TeMIepaTypy, HepeMelINBaHue, adPaIHIo
1 HaJIN4¥e B Cpelie KOPPO3HOHHO-arPECCHBHOTO areHTa), MO3BOJISET aIeKBAaTHO, IIPUOIIVDKEHHO K YCIOBHSAM, KOTOPBIE MOT'YT BO3HHUKATh IIPH peallb-
HOH 3KCILTyaTaliy 00BEKTOB, OLEHUTH 3G ()EKTUBHOCTH IPUMEHEHHUSI TOTO MM HHOTO XHMHYECKOTO BEIIECTBA IS 3aIUTH OT KOPPO3UHU MeTajIuye-
CKHUX HOBEPXHOCTEH

KiroueBble ciioBa: au3einbHast (pakuus, JuazocoeanHeHns, 1,3-nudennntpuaser, npucaaka, aicoponus, MeTauIdecKkas IOBEpXHOCTb, KOp-
po3HsL.

ALEKSANDER VOLODYMYROVYCH TROTSENKO ANDRIY BORYSOVYCH GRIGOROV

INVESTIGATION OF ANTI-CORROSION PROPERTIES OF DIESEL FRACTION, CONTAINING 1,3-
DIPHENYLTRIAZENE

The article considers the possibility of expanding the range of chemicals that exhibit their high anti-corrosion properties in hydrocarbons
and can be used as additives to motor fuels through the use of 1,3-diphenyltriazene. This substance belongs to the class of diazocompounds and its
anticorrosive properties are determined by the adsorption capacity in contact with the metal surface, due to the presence in the molecule of nitrogen-
containing active groups that form a donor-acceptor (coordination) bond with the metal surface.

Studies of anticorrosive properties were performed on metal plates (copper and steel, grade 3), located in the model environment, which
consisted of straight-run diesel fraction (240-350 ° C) obtained from gas condensate with the addition of 1% of the mass. 1,3-diphenyltriazene in
which was injected 0.1% of the mass. a solution of 97% acetic acid or 0.5% of the mass. aqueous solution of 10% NaCl. The anticorrosive properties
of the specified model environment were studied both in static (soft) conditions at 20 ° C, periodic stirring at a speed of 100 rpm. for 90 days, and in
dynamic (hard) conditions at 50 ° C, continuous stirring at a speed of 500 rpm, aeration 1.5 dm®/ min for 120 hours.
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It was found that in those samples where there was 1% of the mass. 1,3-diphenyltriazene on the surface of metal plates formed a protective
film, as evidenced by the change in color of the metal plate, and the absence of signs of corrosion on the surface, as well as a slight increase in its
mass (within 0.0002 + 0.0003 g). In samples where there was no 1,3-diphenyltriazene corrosion rate (Km), for mild study conditions was 0.94 x 10
+5.16 x 10* g/ (m* x h), for harsh study conditions - 0.56 x 102+ 1.07 x 102 g / (m* x year).

The approach proposed by the authors, which takes into account the complex action of several factors (temperature, mixing, aeration and
the presence of corrosive agents), allows to adequately, close to the conditions that may arise during the actual operation of facilities, to assess the
effectiveness of one or another chemical to protect against corrosion of metal surfaces.

Key words: diesel fraction, diazocompounds, 1,3-diphenyltriazene, additive, adsorption, metal surface, corrosion.

IMocranoBka npo6Jaemu

AHTHKOPO3IMHAH 3aXUCT TPEACTABIAE COO0I0 KOM-
TLIEKC 3aCO0IB 3aXHCTY MOBEPXOHb METAIEBUX BUPOOIB Ta
CIOpYJl BiJi KOpO3ii, KU peani3yeThCcsl Ha BCIX CTaisix
MIPOCKTYBAHHsI, BUPOOHMIITBA, 30€piraHHs, TPAHCIOPTY-
BaHHS, MOHTaXy Ta eKCIUIyaralii MeTaJeBHX BHpPOOIB.
Kopoz3ist MeTaseBux MoBEpXOHb MPHU3BOANUTH HE TUIBKH JI0
Heper4acHoro BUXOMY 3 JiaJy JOPOTHX Ta BiINOBiAab-
HUX BUPOOIB Ta CHOPY, a 1 10 MOPYIICHb TEXHOIOTIYHUX
MIPOIIECiB, MPOCTOIB 00JIaJHAHHS Ta BUHUKHEHHS HeOe3-
MIEYHNX aBapiiHWX CHUTyalliil. 3Bakaloun Ha e, PO3IIH-
pEeHHS HOMEHKJIATYpPH XiIMIYHHX PEYOBHH, SKi 3/aTHI 3a-
XHIIATH METAIEBi MOBEPXHI B MIMPOKOMY CIEKTpi il pi3-
HOMAHITHHX IIKIAIMBUX (DAKTOPIB, HA TEMEPILIHIN Yac €
JOCUTDH aKTyaJIbHUM 3aBIaHHSM.

AHaJi3 0CTaHHIX J:Kepes

AHani3 TeXHIYHOT JTiTepaTypH, NPUCBSUEHIN 3aXUCTY
BiZl KOpO3ii MOBEPXOHb METANIEBUX KOHCTPYKIH Ta arpe-
rariB, CBITYUTH MPO Te, 110 KOPO3iiiHEe pyHHYBaHHS IOBeE-
PXOHb B OUIBIIOCTI BWIIA/IKIB BUKINKAHE CYKYIHICTIO
neBHUX  QakropiB  [1-3]:  HasgBHICTH  KOpPO3iiiHO-
arpecHBHUX CIIEMEHTIB (KHCJIOT, JIYTiB, COJICH, CIIUPTIB);
BOJM; PO3YMHEHOIO KHCHIO; IiJBHIICHA TeMIIepaTypa,
IHTCHCHUBHE ITEPEMIITyBaHHS CEPEIOBHUIIIA.

HasBHICTD B CKITaji maquB KHUCIOT, JIYTiB, COJEH I10-
SICHIOETBCSI, Ha BIJIMIHY BiJI CIIUPTIB, SIKI BAKOPUCTOBYIOTh
Mpy BUPOOHUIITBI Oiomanus [4, 5], € BUMAAKOBHUM 1 TOsC-
HIOETBCS MOPYLIEHHAM TEXHOJOIIYHOTO PEXUMY BHUPOO-
HUIITBA, BUHUKHEHHSIM aBapifHUX CHUTYyalil, TpaHCIOp-
TyBaHHAM Ta 30epiraHHsM y 3a0pynHeHidl Tapi. Bona,
110 3HAXOJHUTHCS B MAJMBI, 3HAYHO MiJABUIIYE aKTUBHICTh
KOPO3ifHO-arpecUBHUX C€IIEMEHTIB [6], a 11 HasBHICTH MO-
e OyTH 3yMOBJICHA 5K TIrPOCKOIIYHICTIO auB [7], Tak i
MOTPAIUISTHHAM JI0 NAJIMBa IPH MOPYIIEHHI repPMETHYIHOC-
Ti pe3epByapiB, eMKOCTeH, ApiOHOT Tapu. Biamitmo, mo
KOpO3ilfHa CTIMKICTh cTaneil B MPUCYTHOCTI Boi 6e3 moc-
TYIly KHCHIO IIOBITPS IOSCHIOETHCS YTBOPEHHSAM Mao-
PO3YHMHHOTO TipaTy 3aKKkcy 3ajii3a a Jaji MpH MOriuo-
JIEHHI IUX MPOILECIB, BHACIIZOK B3a€MOJIi 3 KUCHEM Y
NPUCYTHOCTI BOJM, YTBOPIOIOTHCS CKIAIHI TigpaToBaHi
OKCHAM 3aiiza — ipxka. [Ipudomy, MBHIKICTE KOpo3ii 3a-
JISKUTD BiJl BMICTY KHCHIO, KOHLIEHTpALlil BOJHEBUX 10HIB
ORIl BHCOKA KOHIICHTPAIlisl KACHIO Ta BOJHCBUX 1OHIB
crpusie MOocHWiIeHHIO Kopo3ii [8]. Takum umHOM, aeparis
MaJiiBa, sIKa CIIOCTEPIraeTbesl IMpH BHKOHAHHI 3JIMBO-
HAJIMBHUX POOIT IpH aKTUBHOMY IIepEeMillTyBaHHI NaJINBa,
Crpusie pO3BUHEHHIO TporieciB koposii. [lixBumiena tem-
meparypa cepeloBHINa TaKOXK CHpHse 30UThIICHHIO IIIBU-
JIKOCTI KOpo3iiHuX mporieciB [9]. [HTeHCHBHE nepeMilry-
BaHHS CEpeIOBHINA, OKPIM CTBOpPeHHS e(dekTy aeparii,

© A.B. Tponenxko, A.b. I'puropos, 2022

CIpHsi€ OMHBAHHIO METAJIEBOI MMOBEPXHI HOBUMH IOPITisi-
MU T1aJIFBa 3 BMiCTOM KOpPO3iifHO-arpeCHBHUX arcHTIB.

Posrismatoun XiMiuHI PEYOBUHH, SIKi ChOTOIHI BH-
KOPUCTOBYIOTBCSI Ul 3aXUCTy MOBEPXOHb METalIeBUX
KOHCTPYKIIIH, CJiJi BUIUIMTH a30TOBMICHI cnonyku [10-
12]: anmidatnyni aminu Ta iX cosi, aMiHOCITUPTH, aMiHO-
KHCJIOTH, a30METHHH, aHUTIHH, TIAPa3UIM, IMiTH, aKPUJIO-
HITPWIH, iMiHH, A30TOBMICHI S-ujieHi (OeH31MimT0301H,
iMifazoniny, OeH30Tpia3onu TomO) Ta 6-wieHi (mipuau-
HU, XIHOJIHH, MIITEPUIIHA TOIIO) TEeTEPOITUKIIH.

Psin o3HaYeHHX BUIE CMOJYK, HA HAIy JAYMKY, [O-
BUHEH OyTH [IONOBHEHWH TaKOI0 PEYOBHHOIO sK 1,3-
IUGEHUITPUA3EeH, 0 BiTHOCHTHCS A0 KITacy 1a30CTIOyK
Ta MPH HOro JA0AaBaHHI 10 MOTOPHUX IAJUB B SIKOCTI I10-
TMQYHKIIOHATIBHOT PUCAIKH, Oy/ie TPOSBIISATH MO3UTHBHI
BJIACTHUBOCTI MPUTaMaHHI a30CII0yKaM, 30KpeMa aHTHKO-
PpO3iiiHi.

EdekrusHicTh QHTHUKOPO3i1HHOT pivil 1,3-
TUuGeHUNTPUA3eH Oyle BU3HAYAETHCA WOTO aacopOIii-
HOIO 3/IaTHICTIO MPU KOHTAKTi 3 MOBEPXHEI0 MeTaly, L0
3YMOBJICHA HASBHICTIO B MOJICKYIIi aTOMiB a30Ty, sIKi 3]1a-
THI YTBOPIOBATH 3 METAJCBOK IMOBEPXHEK JOHOPHO-
aKIenTOpHUH (KoopAnuHaIiiHM) 3B’ 130K [10].

Juis mocmimpkeHHs aHTHKOPO3iWMHUX BIIACTHBOCTEH
mu3enbHOl (paknii 3 po3umHeHomy B HiH 1% mac. 1,3-
JdeHUITpra3eHy, Ha Hally AyMKY, HeOOXIJIHO CTBOPUTH
HaIKOPCTKIII YMOBH, MPU SIKUX OyJie TPOSBIATUCS KOM-
IUTEKCHA IIist (hakTOpiB, 1110 HaBeaeHI Buile. CIHParOYUCh
Ha poOoTy [13] B sKiif OOIpyHTOBAaHO BUKOPUCTAHHS BO-
qu, onroBoi kuciotu (CH;COOH), xiopuny (MeCl) Ta
kucHio (O,) a1 TOCTiPKEHHS KOpo3il BYIUICIICBOT CTalli B
MmozensHoMy nanuBi (SFGE), Hamu Oyio 3anpornoHoBaHO
JOCIITUTH MOXKJIMBICTh 3aCTOCYBaHHS 1,3-
TUGEHUNTPUA3CHY B SKOCTI MPOTHKOPO3IHHOI MpHCaIKU
JI0 MOTOPHUX ITaJINB, BUKOPHUCTOBYIOUN CaMe IIi KOpO3ili-
HO-aKTUBHI areHTH.

MeTo10 po60TH €: BU3HAYEHHsI KOPO3IMHOTO BILIH-
By Ha MeETaJieBl IUIACTWMHM, 31 Miai Ta craii, Mapku 3,
MPSIMOTOHHOT Am3enbHOi (pakiii (240-350 °C), orpuma-
HOT 3 Ta30BOT'0 KOHJICHCATY 3 PO3YMHEHOMY B Hill 1% Mac.
1,3-nudennnrpruaseHy mpu KOMIUIEKCHIH i KOpO3iifHO-
arpecHBHHX AareHTiB, MiJBHUIICHOI TEMIEPATypH, aKTHB-
HOTO MepeMIIlyBaHHs Ta aeparii.

Buxksiax ocHOBHOTo MaTepiauay

JociipkeHHsT KOpO3iHHOTO BIUIUBY, IO YHHSTH MO-
TOpHI MAJIMBa HA METAJN 3[iICHIOBAJIOCS Y JTabopaTopHiit
YCTaHOBIII KOHCTPYKINS SKOI, TpEeACTaBICHO Ha pucC. 1.
JlaHa ycTaHOBKa T03BOJISIE€ BU3HAYUTH KOPO3IHHAN BILIHB
Ha METalli MOTOPHHX IaJMB, BPaXxOBYIOUi SK OJWHOYHY,
TaKk 1 CyMICHY Mil0 JEKUIbKOX (aKkTopiB, IO ICTOTHO
BIUIMBAIOTh Ha IHTCHCH(DIKALII0 KOPO3iiHUX mporiecis. J[o
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yucia 1MuX (akTopiB MOXKHA BiTHECTH HACTYIIHI: TEMIIe-
paTypa TanMBa; HAsSBHICTP B TMaJWBI  KOPO3iHHO-
arpecUBHUX areHTiB (JOMIIIOK); aepallisi najuBa, 10 BH-
HUKa€ Tigac Horo mepekadyBaHHs ab0 TpaHCIIOPTYBaH-
HAL

MeTonuka IOCHTIPKEHHS KOPO3IMHOTO BIUIMBY Ha
Metanu (Migb abo cTaib, Mapku 3) moiirana B TOMY, IO
CIeiaJbHO MATOTOBIICHA (CyXa Ta 3HEXKHUPEHA) METaJeBa
mractuHa (5), AKa 3akpimwieHa Ha kpummi (3), po3Tario-
ByBaJach B TEPMOCTIHKOMY CKJSIHOMY cTakaHi (7), 3armo-
BHeHOMY 1,0 am® BuXigHNM a6o 3 BMmicToM 1% wmac. 1,3-
mudenmiTpuasena naauBoM. CkistHuid crakad (7), pos-
TaIIOBYBaBCs y cepenuni Tepmoctarty (9). Jlani y mamuso
Beoawn 0,1% Bomuoro posumny 97% CH3;COOH a6o
10% Bomnmit po3unn NaCl, B kinmbkocti 0,5% mac. [pu
bOMY, 3/iHCHIOBaNOCS Oe3lepepBHE IepeMilTyBaHHS
JOCIIKYBaHOI MPOOH 3a JOIMOMOTOK MEXaHIgHOTO ITe-

peminryrouoro nmpucTporo (6), JomareBoro Tuimy. [IpuBifg
IILOTO MPUCTPOIO 3JIiHCHIOBABCS Bifl €JIEKTPUYHOTO JBH-
ryHa (2), 3akpiruieHoro Ha mratusi (1) a MIBHIKICTH Te-
peMinryBaHHs, sika ckiagana 500-550 o6/xB. peryioBa-
nacst 3a nonomororo 6moky kepysanHS (10). IMocrtiiiny
TeMIepaTypy AOCITIPKYBAaHOTO 3pa3Ka MalliBa MiATPH-
MYIOTP 3a JTOTIOMOTOI0 TepMocTaty (9) a peecTpartisi TeM-
nepatypu 3IiiiCHIOBanacs 3a JOIOMOTOK TEPMOMETPY
(4), 3akpimnenoro Ha mTatusi (1). Ilicms Tepmocrarmii
BifOyBajacs BUTPHMKa METAJICBOI IJIACTHHHU Y JOCTIKY-
BaHOMY TMaJMBI NP 3aJaHiil TeMmeparypi IOCIiKEHHS
MIPOTSTrOM BCTaHOBJIEHOTo yacy. Lleil uac cknagas 180 xB.
TPH KOPCTKUX YMOBAxX JOCIIDKEHHSX (HArpiBaHHS, aK-
TUBHE TIepeMilllyBaHHs Ta aepaiis) ta 90 ni0d mpu mocii-
JDKCHHSIX B M’SIKMX YMOBaXx, JIMLIC IiJi BIUIMBOM aTMOC-
(hepHUX YNHHUKIB.

1 2 3 45 6 7

11

12 13

Tositps

Puc. 1. JJabopaTtopHa ycTaHOBKA [UII BU3HAYCHHS KOPO31HHOTO BIUIMBY HA METANH: |- IITaTUB;
2 — eNeKTPUYHHUI OBUTYH; 3 — KPUIIKA; 4 — TEPMOMETP; 5 — METaJIeBa IIIACTHHKA; 6 — MePEMILIYIOYHI TPUCTPIl;
7 — crakaH; 8§ — MaTO4YHUK; 9 — TepMocTar; 10 — 6JI0K KepyBaHHS HepeMillylounM NpucTpoeM; 11 — poramerp;
12 — marpy06ok; 13 — perymoBanbHuil BEeHTHIb; 14 - KoMIpecop

[Ticns 11bOTO MIACTHHY BUUMANHU 3 CTaKaHy, MPOMH-
BAJIM PO3YMHHHUKOM (TeTposieHuM edipom abo Toiyo-
JIOM), IPOTUPAIIU 3HE30JIEHUM (UIBTPOM, 32 HEoOXiaHic-
TIO 3YMINAIM 3 TOBEPXHI IUIACTUHH, MPOMYKTH KOPO3ii.
Ominka KOpO3ifHOTO BIUTMBY HAa METalH 3IiHCHIOBaacs
a0o0 Bi3yallbHO, 3a HASBHICTIO Ha TUTACTHHI ITOTM SHIHHS,
ocepenKiB Kopo3ii, ad0 TpaBIMETPUYIHAM METOIOM, SKHIA
peai3yeTbesi 3a JOMOMOTOK 3BaKYBaHHS IUIACTHH Ha
AHATITAYHUX Barax.

Ha puc. 2 npencraBiieHO 3HIMKH METaJIEeBUX IJIACTH
J0 Ta michs ix mepeOyBaHHS (IPU MOCTIHOMY TepeMmi-
uryBauns mpu 500 06/xB. Ta aepauii 1,5 aM/xB. ) mpoTs-

rom 180 xB. mpu Temneparypi 50 °C B nu3enbHii dpakuii
(240-350 °C), sixa mictuna arpecusHi arenru (0,1% Bon-
Huil pozunn 97% CH;COOH a6o 0,5% BomHuil po34yuH
10% NaCl) Ta 1% mac. 1,3-mudeHmnTpua3seHy.
AHani3yloun TpencTaBieHi 3HIMKM OYEBHIHO, IO
SIK Ha MIJIHIH, TaK 1 Ha CTaJeBill IDIACTUHI BiIOyBa€THCS
ancopOyBanHs 1,3-mudeHnnTpraseHy, mo y CBOI 4epry,
CTBOPIOE 3aXUCHY ILTIBKY Ha METAIEBUX MOBEPXHSX (IIHB.
puc. 2 B, €, ), SIKa 32 CBOIM KOJILOPOM BiZIPi3HAETHCS Bif
BHUXITHMX MeTajJeBUX ILIacTHH. LI mumiBka 3amobirae ix
KOpO3iHOMY pyHHYBaHHIO HaBiTh y TaKUX >KOPCTKUX
YMOBax, 10 Oyl CTBOPEHHI mpu gociimkerHi. [ToBepxHi
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MeTaJeBUX IUIACTHH, 10 3HAXOMINCh CepeJoBHUINax 0e3
nonaBanHs 1,3-mudenunnrpuazeny (aue. puc. 2, 0, 1, €)
XapaKTepU3yIOTHCS HAsIBHICTIO KOPO31HHOTO Ypa)keHHSI.
Jai, Kopo3iifHi JOCIiKEeHHs TPOBOIMIN 33 JJOMO-
MOTOK0 TPaBIMETPHYHOTO METOIY, KU TMOJATa€E y BU-
3HAUYCHHI BTPATH MacH MeTaJIeBUX 3pa3KiB 3a yac ix mepe-
OyBaHHS y BHIIPOOyBaHOMY cepemoBuli [ 14], Hamu Oymu
OTpHMaHIi 3aJIeKHOCTI, IO MPECTaBleH] Ha puc. 3-4.
[IpencraBneri 3aneXHOCTI, HE 3BaYKAlOYA HA YMOBH
JIOCITIIKEeHb, CBIT4aTh PO BTPATy MACH METaJIeBUX ILIAC-
THH B THX IIPo0ax e 10 MPsIMOTOHHOI AM3eIbHOI (paKiiil
JI0O/IaBaBCs JIMIIIE AarpecHBHUN areHT i HABIMakd, B THUX
mpobax, ge MictuBcs 1% wmac. 1,3-audenuntpuazeny
CIIOCTEpIirajocsi He3Ha4yHe IiJABUIICHHS MacH MeTaJeBUX

IUIacTUH (Ha PiBHI YyTJIHMBOCTI BariB, B Mexax 0,0002+
0,0003 1), 32 paXyHOK CTBOPCHHS 3aXHMCHOI IUTIBKH Ha iX
MOBEPXHI. XapakTep 3MIHEHHS MacH IUIACTUHH B 3aJICXK-
HOCTI Bifl 9acy JOCIHIDKEHb SIK B M’SKHX, TaK 1 B )KOpPCT-
KHX YMOBaX € iICHTUYHUM, aje B )KOPCTKUX YMOBAaxX BiJ-
OyBaeThcs OLTBIN 3HAYHA BTPAaTa MAcH IUTACTHHU 3a 3HAY-
HO MEHIINHA TepMiH JOCITIHKEHHS, 0 CBIIYHATH MPO CYT-
T€BI KOPO3iifHI TporecH, Mo BiIOYBaIOTHCS HA TOBEPXHIi
METaIeBUX MJIACTHH. TaKkoX, MPU BUKOPUCTAHHI B SKOCTI
arpecuBHOro arenty BonHui pozunH 10% NaCl na aHi
CKJIIHOTO cTakaHy (auB. puc. 1) oOpaxoByBaBcsi ocal
Oyporo KoJIbopy, XapaKTepHUH JJIs1 KOPO3iHHUX MPOIIECiB
cTaui.

a) 0) B) r) ) e) ©) )

Puc. 2. 3HiMKH MeTaneBHUX IUTACTHH: a) BUXiJHA MiJHA TJIACTHHKA; 0) MiIHA IUTACTHHKA Micyst epeOyBaHHI B JU3ETIbHIN Qpak-
uii + 0,1% Bomnoro 97% CH;COOH; B) MiiHa m1acTHHKa Micis nepeOyBaHHI B qu3enbHil ¢ppakuii + 0,1% BoxHoro 97%
CH;COOH +1% 1,3-mudennntpuasen; r) BUXiJHa cTajeBa IUIACTHHKA; 1) CTAJICBA INIACTHHKA Micist nepeOyBaHHI B JU3eIbHIH ppa-
kuii + 0,1% Boxuoro 97% CH;COOH; e) craneBa miacTuHKa micis nepeOyBaHHI B IU3eNbHIN (pakiil
+0,1% Boxuoro 97 % CH;COOH +1% 1,3-mudenunrpuasen; €) cranesa IIaCTHHKA Micist nepeOyBaHHI B TU3eIbHIi
¢pakuii + 0,5% Boanoro 10% NacCl; x) craneBa ruiacTHHKA icis nepeOyBaHHI B IU3eNbHIl (pakiil
0,5% BomHoro 10% NaCl +1% 1,3-audenunrpuasen
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Puc. 3. 3anexHicts m Bix T i M’skux (@) Ta xopetkux (6) ymos: 1 - mis Jd+0,1% CH3COOH +
1% 1,3-gudennnrtpuasen; 2 — g JJd+0,1% CH3COOH; 3- s Jd+0,5% NaCl,
4 - mia 1d+0,5% NaCl +1% 1,3-audenuntpuazen
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Po3paxoBaHi piBHSHHS perpecii, KoedillieHTH moc-
ToBipHOCTI anpoxcumanii (R?) Ta MBUAKICTH KOPO3ii, 110
PO3PAaXOBYEThCS 33 MACOBMM MOKa3HUKOM (K, r/(M*xrom))
JUISL 3QJIC)KHOCTEH, OTPUMAHUX TPU JTOCTIUKCHHIX B M’SIKHX
ymosax (t=20 °C, mepioguune mnepemimypanss mpu 100

34,4 -
342

33’2 T T T T T T T T
0 10 20 30 40 50 60 70 8C

?, mib

a)

00/XB.) npexcrapieni B Tabi. 1, a 1y 3aeKHOCTEH, OTpUMa-
HUX TPH JOCIIDKEHHAX B x)opcTkux ymosax (t=50 °C, moc-
TiliHe nepemimryBanHs npu 500 00/xB., aepamis 1,5
JIM°/XB.), IpeiCTaBleHi B Ta6u. 2.
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Puc. 4. 3anexuicte m Bizg T st M’sikux (@) Ta xopetkux (6) ymos: 1 - ms JJD+0,5% NaCl +
1% 1,3-gudennnrtpuasen; 2 - gt Jd+0,5% NaCl

[Ipencrasmneni B Tabn. 1-2 piBHSAHHA perpecii, B BiAMOBIA-
HOCTI 10 3Ha4eHb KOEQIII€HTIB TOCTOBIPHOCTI ampoKCHUMALii
(R? =0,8000+0,9894) aneKBaTHO ONMHCYIOTb 3MiHy MACH JOCIi-
JDKYBaHHMX METalIeBUX IUIACTHH BiJl Yacy iX nepeOyBaHHS y MO-
JeIIbHOMY CEpEJIOBUIIIE.

[IBuaKicTh KOPO3ii, 110 PO3PAXOBYETHCS 32 Maco-
BUM MOKa3HUKOM (K,,) mixrBepmkye, 10 CyMiCHHMIE BILIMB
JEKITBKOX (paKTOpiB, MPU3BOAUTE 0 OLIBII CYTTEBHX KOPO3iii-
HUX YypaXeHb IOBEpXOHb MeTaneBux Mmiaactud (0,56x10°

%+1,07%107 r/(M*<rox)), B TOPIBHAHHI 3 TOCIiKCHHSAMH, TPO-
BeCHHMH B M’SKHX yMoBax (0,94x10%+5,16x10™* r/(M*xrox)),
HATIpUKJIA] JIUIIE ITiJ] BIUIMBOM arpecHUBHOTO arcHTy,
SKAA 3HAXOOUTHCS B MOJCIbHOMY cepemoBummi. Lle
OB ’s13aHO, HAacaMIIepe, 3 THM, IO HaKJIaIeHHS ICKiTb-
KOX (haKTOpiB OMH HA OJHHIA, IPU3BOANUTE JI0 TIOCHIICHHS
KOPO3IHKX MPOILECIB B CHCTEMI, 1[0 HEOAMIHHO, Tpeba
BPaxOBYBaTH NPH Ja00PATOPHUX JTOCITIHKEHHSX.

Ta6muus 1 — PiBHAHHS perpecii st 3a1eXHOCTeH, OTPUMaHUX B CTATHYHUX yMOBaX

Cepenosurie PiBusinus perpecii npu p=0,95 R’ Ko,
r/(M*xro)
MiHa mjiacTHHKA

Jd+0,1% CH;COOH m = -1E-05x1 + 37,442 0,9675 | 5,16x10™

Jd+0,1% CH;COOH +1% 1,3-nudennntpuasex m =2E-06xt + 36,736 0,9000 -

CrajieBa MjacTHHKA

J®+0,1% CH;COOH m = -3E-06x1 + 34,278 0,8000 | 0,94x10™

JD+0,1% CH3;COOH +1% 1,3-nudennntpuazex m = 3E-06xt + 35,162 0,8526 -
JI®d+0,5% NaCl m = -8E-06x1 + 34,279 0,8727 | 3,28x10™

JD+0,5% NaCl +1% 1,3-nudennnrpuazeH m = 1E-06xt + 33,332 0,8000 -

Tabumuus 2 — PiBHSAHHS perpecii Aust 3a/1e)KHOCTeH, OTPUMaHUX B ANHAMIYHUX YMOBaxX
CepenoBuiie PiBusinus perpecii npu p=0,95 R* Ko,
F/(MZXFOI[)
MinHa rmiacTuHKa

J®d+0,1% CH;COOH m = -1E-05x1 + 37,44 0,9811 | 1,07x107

Jd+0,1% CH;COOH +1% 1,3-nudennnrpuasex m = 2E-06xt + 36,736 0,8963 -

CraseBa IjacTHHKa

J®d+0,1% CH;COOH m = -5E-06x1 + 34,278 0,8762 | 0,56x107

JD+0,1% CH3;COOH +1% 1,3-qudennntpuazex m = 1E-06xt + 35,162 0,8600 -
J®d+0,5% NaCl m = -1E-05x1 + 34,278 0,9894 | 0,96x107

JAD+0,5% NaCl +1% 1,3-mudenunrpuasex m = 1E-06xt + 35,162 0,8000 -
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BucnoBku

[TpoBeneHi HaMU JOCIHIIPKEHHS CBiYaTh PO BUCOKY
3aXUCHY 3JaTHICTbh Bifl KOpO3ii MeTajeBHX IOBEPXOHBb
(Migp Ta cramb, Mapkd 3) TaKOro NpeICTaBHUKA KIacy
Jia30CmoNyK, K 1,3-mudenuntpuasen. JlonaBanus 10 ause-
nmpHOT ¢pakmii 1 % mac. miel pedoBHHH CIpHs€ YTBOPCHHIO Ha
MeTaJIeBii TTOBEpXHi aJcopOOBaHOI 3aXMCHOI IUIBKH, sSIKa IIepe-
IIKOZKa€ KOHTAKTy NOBEPXH1 3 KOpOSlﬁHO-ar‘peCI/IBHHMI/I arcH-
tamu (Boxuuit pozuns 10% NaCl Tta posunn 97% CH;COOH ).
VTBOpeHHsI 3aXMCHOT IUTIBKH BiJOYBa€ThCS HaBITh HPH >KOPCT-
KHUX YMOBax JOCIIKEHBb, PO LIO CBIAYUTH K 3MI1HA KOJILOPY
METAJIEBO1 IUIACTUHHU, BIACYTHICTH Ha IOBEPXH1 O3HAK KOPO3ll,
Tak i He3Haunwmii mpupict ii Macu (B Mexax 0,0002+ 0,0003
I).

BcraHoBieHno, mo KOMIUIEKCHA il JOCIIIKEHHX
(akTopiB crpuse BHHUKHEHHIO OLTBIN TIHOOKHX KOPO-
31ifHAX TIPOIIECIB, TTOPO SKi MOXKHA CYAWTH, CIIUPAIOYUCH
Ha 3HAYCHHS IMBHIKOCTI KOpo3il (K,,), Aka 3HaXomuThCs B
Mexax 0,56x1072 +1,07x107 r/(m2xrox), B HOPIBHAHHI 3 JOCIi-
JDKEHHSIMH, TIPOBEICHUMHU B CTaTMYHMX, M’AKHX yMoBax ae K,
=0,94x10"+5,16x 10 r/(M**rog).

3anponoHoBaHUK aBTOpaMH MIiIXill, IO BPaXxOBYE
KOMIUTEKCHY Hii JAeKiTbKOX (akTopiB (TeMmepaTypy, Iie-
peMilTyBaHHs, acpallifo Ta HasBHICTb Y CEpeIOBHUIIE KO-
PO3iHHO-arpecuBHOTO areHTy), JO3BOJISIE aJIeKBaTHO, Ha-
OJIIDKEHO JI0 YMOB, SIKI MOXYTh BUHHKATH TIPH peajibHii
eKcIuTyartamii 00 €KTiB, OLIHUTH e(PEeKTUBHICTh 3aCTOCY-
BaHHI Ti€l, 4M 1HIIOT XIMIYHOT PEYOBUHH IS 3aXHCTY Bij
KOpO3ii MeTalIeBUX MTOBEPXOHb.
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0.V. SAVVOVA, V.D. TYMOFIEIEV, H.K. VORONQV, O.I. FESENKO

DEVELOPMENT OF UNIVERSAL HIGH-STRENGTH MAGNESIUM ALUMINOSILICATE
GLASS-CERAMIC MATERIALS FOR ARMOR PROTECTION

The necessity of creating innovative protective structures for armoring machinery and equipment is analyzed. A comparative analysis of high-
strength materials used for local and individual body armor has been carried out. The relevance of the development of domestic universal armored
materials that combine high strength properties and radio transparency based on lightweight technological magnesium aluminosilicate glass-ceramic
materials with high performance properties at the level of world analogues has been determined. Were formulated the purpose and tasks of the work,
which consist in: analysis of the current state of development of glass-ceramic materials for armor protection; development of magnesium-
aluminosilicate glass-ceramic materials with high armor resistance, impact resistance and radio transparency; investigation of the operational proper-
ties of the developed glass-ceramic materials and their armor resistance; assessment of the competitiveness of the developed glass-ceramic materials. A
set of requirements for a glass matrix for obtaining protective glass-ceramic materials has been formulated. Compositions and technological parame-
ters for the production of glass-ceramic materials under the conditions of two-stage low-temperature heat treatment have been developed. The study of
the electrical properties of experimental glass-ceramic materials made it possible to establish the possibility of effective functioning of on-board wire-
less communication systems when using the developed materials as elements of armor protection. It was found that the developed glass-ceramic mate-
rials are characterized by high operational properties (KCU = 5.8 kJ/m?* HV = 10.4 GPa; K1C = 8.5 MPa-m"?) and armor resistance STANAG 4569
(level 2). The competitiveness of the developed glass-ceramic materials based on mullite is analyzed. It has been established that a significant increase
in fracture toughness and a decrease in the density of the developed material when comparing properties with a similar armor element (corundum-
based plate) will significantly reduce the weight of the armor elements by ~1.4 times and its cost by five times, while maintaining its protective proper-
ties.

Key words: armor plate, glass-ceramic material, mullite, competitive ability.

O.B. CABBOBA, B./]. THMO®E€E€B, I' K. BOPOHOB, 0.1. ®ECEHKO

PO3POEKA YHIBEPCAJIbHUX BUCOKOMIITHUX MATHIHAJTIOMIHOCIIIKATHUX CKJIOKE-
PAMIYHUM MATEPIAJIIB JUIS1 BPOHE3AXUCTY

IIpoananizoBaHO HEOOXiTHICTH CTBOPEHHS IHHOBALIHHNX 3aXMCHUX CTPYKTYp JUI OpPOHIOBaHHS TEXHIKH 1 00anHaHHs. [IpoBeeHO MOPiBHSIb-
HHI aHaji3 BUCOKOMIIIHMX MaTtepiais, sKi 3aCTOCOBYIOTHCS U1l JIOKAJILHOIO Ta IHAMBIAyaIbHOr0 OpOHE3axHuCTy. Bu3Ha4ueHO akTyalbHICTh PO3pOOKU
BITUM3HAHUX YHIBEpCaJIbHUX OpOHEMaTepialliB 0 NOEJHYIOTh BUCOKI MIIIHOCHI BJIACTUBOCTI Ta XapaKTEPHCTHKU PagioNpo30pOCTi HA OCHOBI MOJIEr-
IICHUX TEXHOJIOTIYHUX MarHiffallOMOCHIIKaTHHX CKJIOKPUCTATIYHUX MaTepialiB 3 BUCOKMMHM €KCIUTyaTallifHUMHU BJIaCTHBOCTSMH Ha PiBHI CBITOBHX
anaioriB. C(hopoMyJIbOBaHO METy Ta 3aBIaHHSI POOOTH, SIKi MOJATAIOTh Y aHAI31 Cy4aCHOr0 CTaHy pO3pOOOK CKIIOKepaMiuyHMX MaTepiaiiB s OpoHe-
3aXUCTY; pO3p0oOLi MarHiHaIFOMOCHITIKATHUX CKJIOKPUCTAIIYHUX MaTepialliB 3 BUCOKOK OPOHECTIMKICTIO, YAapOCTIMKICTIO Ta palionpo30picTio; J0C-
JIDKEHHI eKCIUTyaTalifHUX BIACTUBOCTEH PO3POOICHNX CKIOKPUCTATIYHUX MaTepialliB Ta X OPOHECTIMKOCTI; OLiHII KOHKYPEHTHOI 31aTHOCTI po3-
pobeHNX CcKIoKpHCTamiyHuX MaTepianiB. CHopMyIbOBaHO KOMIUIEKCY BUMOT 0 CKJIOMATPHLI ISl OJCPIKAHHS 3aXUCHHUX CKIOKPUCTATIYHUX MaTepi-
aniB. Po3po0iieHo CKi1aay Ta TEXHOJOTIYHI ITapaMeTpu OACPKaHHS CKIOKEPaMIiYHUX MaTepialiB B YMOBaxX JBOCTAIHOI HU3bKOTEMIIEPATyHOI TePMid-
HOT 00poOKH. J[OCIiPKEHHS eTeKTPHYHHUX BIACTHBOCTEH JOCIIIHAX CKIOKPHCTAIIYHAX MaTepiaiiB JO3BOIMIO BCTAHOBUTH MOXIIMBICT €)EKTUBHOTO
(yHKUIIOHYBaHHS GOPTOBHX OE3MPOBITHIX CUCTEM 3B’SI3KY MPH 3aCTOCYBaHHI PO3POOIIECHIX MaTepialliB K eleMeHTIB OpoHe3axucTy. BeraHoBneHo, 1o po3-
poGIieHi CKIOKPUCTATIUH] MaTepiali XapaKTepu3yIOThCsl BUCOKHME eKcIutyatanitinnmu BractuoctTamu (KCU = 5,8x[lx/m*; HV = 10,4 TTa; Ky =
8,5 MITa-m"?) Ta 6pomecriiikictio STANAG 4569 (2 piens). [IpoananizoBaHo KOHKYPEHTO3IATHICTh PO3POGIIEHNX CKIOKEpaMidHHX MaTepiaiis Ha
OCHOBI MYJIITY Ta BCTAHOBIICHO, 1[0 BAarOMe ITiIBHUILCHHS B’ I3KOCTI PyHHYBAHH Ta 3HIKEHHS LIIJIBHOCTI pO3p00IeHOro MaTepiaay MpH MOPIBHSIHHI 3
AHAJIOTIYHOIO TUIACTUHOI HA OCHOBI KOPYH/Y J03BOJIUTH CYTTE€BO 3HU3UTH Bary OpoHeeneMeHTiB y = 1,4 pa3u Ta Horo BapTicTh y 5 pa3iB npu 30epe-
JKEHHI HOT0 3aXHCHHX BJIACTHBOCTEH. BH3HaueHO ekOHOMIUHHMIT e(eKT BiJ] BIPOBA/PKEHHS BITUM3HIHUX CKIOKEpaMidHHX MaTepiaiB Juisi OpoHe3axu-
cTy.

Ki1104oBi cjioBa: OpoHeeIeMeHT, CKIIOKepaMiuHUI MaTepia, MyJIT, KOHKYPEHTHA 31aTHICTb.

O.B. CABBOBA, B.J]. THMO®EEB, I' K. BOPOHOB, A.H. ®ECEHKO

PA3PABOTKA YHUBEPCAJIbHBIX BBICOKOITPOUHBIX MAT HUMAJTIOMUHOCUJIUKATHBIX
CTEKIIOKEPAMMYECKHUX MATEPHUAJIOB JIUIS1 BPOHE3AIIINTHI

IIpoananu3upoBaHa HEOOXOIMMOCTh CO3/IAHHS HHHOBAL[MOHHBIX 3aIUTHBIX CTPYKTYp A/l OPOHMPOBAHMS TEXHUKH U 00opyaoBanus. [IposeneH
CPaBHHUTEIIBHBII aHAIH3 BBICOKOINPOYHBIX MATEpPHAOB, IMPUMEHSIEMBIX I JIOKAJbHOIO M MHAMBUIYalbHOH OpoHesammThl. OnpeneineHa akTyasb-
HOCTb pa3pabOTKH OTEUECTBEHHBIX YHHUBEPCAIBHEIX OpOHEMAaTEPHAIOB KOTOPBIC 0OBEIUHSIOT BBICOKHE IPOYHOCTHBIE CBOMCTBA U PaANOIPO3PATHOCTh
Ha OCHOBE OOJICrYCHHBIX TEXHOJIOTHMYECKHX MarHHHAIIOMOCHIIMKATHUX CTEKIOKEPAMUYECKHX MATEPHAJIOB C BBICOKUMH 3KCILTYaTAallMOHHBIMU CBOM-
CTBAMH Ha ypOBHE MHPOBBIX aHanoros. C(hopoMyIHpoOBaHO LEb U 3a4a4d PaGOThI, KOTOPHIC 3aKIFOYAIOTCS B: aHAJIN3€ COBPEMEHHOIO COCTOSHUS
pa3paboTOK CTEKIOKEPAMUUECKNX MaTePHANIOB I OPOHE3AIMTHI; pa3paboTKe MAarHMHAIIOMOCHINKATHIX CTEKIOKEPAMIYECKIX MaTEPHAIIOB C BBICO-
KOt OpPOHECTONKOCTBIO, YIapOIPOYHOCTBIO U PAJHOIPO3PAUYHOCTBIO; NCCICAOBAHUH SKCILTYaTAllMOHHBIX CBOMCTB Pa3pabOTaHHBIX CTEKIOKEpaMHUye-
CKMX MaTEpPHAJIOB U UX OPOHECTOWKOCTH; OL[EHKA KOHKYPEHTHOM CIIOCOOHOCTH Pa3pabdOTaHHBIX CTEKJIOKEpaMUYeCKHX MaTepuanoB. ChopmMynupoBaHo
KOMIUIEKCa TpeOOBaHMIT K CTEKIIOMATpPHLE JUIS ITOJIYyYSHNS 3al[UTHBIX CTEKJIOKEPAMHYECKNX MaTepuaioB. Pa3paboTaHbl COCTaBBI M TEXHOJIOTHIECKHE
rapaMeTpbl NOJIyYEHUs] CTEKJIOKEPAMHUYECKUX MaTEePUaiOB B YCIOBHSAX JIBYXCTaJMHHON HU3KOTEMIIEpaTypHO TepMuueckoii oopadotku. Vcenenosa-
HHE SJIEKTPUYECKUX CBOMCTB ONBITHBIX CTCKIOKEPAMUYECKUX MATEPUAIIOB ITO3BOJIHIIO YCTAHOBUTH BO3MOKHOCTD 3()(EKTUBHOrO (PyHKIIMOHUPOBAHNUS
60pTOBBIX OECIPOBOHBIX CUCTEM CBSI3H IIPU IPHMEHEHHU pa3pabOTaHHBIX MAaTEPHANIOB KaK dJIEMEHTOB OpOHE3aIUTHL. Y CTaHOBJICHO, YTO pa3pado-
TaHHBIE CTEKIOKEPAMHUECKHE MAaTepHabl XapaKTEPU3YIOTCs BHICOKHMH SKCILTyaTalMoHHbMK cBoiicteamu (KCU = 5.8 k[lx/m*; HV = 10,4 T'a; K¢
= 8,5 MIIa-m"?) u Gpouecroiixoctsio STANAG 4569 (2 yposens). [IpoaHann3upoBaHa KOHKYPEHTOCIOCOBHOCTh Pa3pabOTAHHBIX CTEKIOKepaMUe-
CKHX MaTepHalioB Ha OCHOBE MYJUIHTA M YCTAHOBJICHO, YTO 3HAYUTEIFHOE MOBBIICHHE BA3KOCTH Pa3pyLICHHUS M CHIKCHHS IUIOTHOCTH pa3paboTaHHO-
ro Marepuasa Mpu CPaBHEHUM CBOWCTB C aHAJIOIMYHBIM OpPOHE3NIEMEHTOM (IUIACTUHOW Ha OCHOBE KOPYHJA) MO3BOJIUT CYLIECTBEHHO CHHU3UTh BEC
OpoHe31eMeHTOB B ~ 1,4 pa3a U ero CTOMMOCTb B 5 pa3 IIPHU COXPAHEHUH €ro 3alUTHBIX CBOMCTB. OnpeenaeH 5KOHOMUYeCKui 3 et oT BHeApeHUs
OTEYECTBEHHBIX CTEKJIOKEPAMUYECKIX MATEPUAIIOB 1711 OPOHE3AIUTHI.

KuirodeBble cjioBa: OPOHE3IEMEHT, CTEKIOKEPAMHUYECKUIT MaTepua, MyJUIUT, KOHKYPEHTHas CIIOCOOHOCTb.
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Introduction.

For Ukraine, the importance of the urgent problem
of creating new protective materials has significantly in-
creased recently in connection with the conduct of hostili-
ties in the ATO zone. Currently, to protect special equip-
ment and technology, there are no reliable shock-resistant
armor elements of domestic production with a reduced
cost, density and high manufacturability compared to ex-
isting foreign ceramic armor materials. The existing com-
posite armor elements based on ceramic, polymer materi-
als and metal alloys are an effective means of individual
and local protection (transport, engineering structures,
equipment) from high-speed dynamic load (debris, ball).
However, the use of armor elements based on corundum
(ALLO3) and functionally-graded ceramic materials based
on composites «steel-corundum-steel» or Al,O3, which is
hardened by ZrO,, is limited by their high density and
weight [1-4], and ceramics based on B,C, B,Ti, SiC —
high cost and complexity of the production process [5].
An effective solution to this problem is the replacement of
a destructive layer based on ceramics in the composition
of composite armor elements with a destructive and ener-
gy-absorbing layer based on glass-ceramic materials,
which are distinguished by a reduced cost and high opera-
tional properties. In addition, these glass-ceramic materi-
als can have unique properties — they can be radio- and
optically transparent, which allows them to be used as
independent protective elements for special machinery
and equipment. All this determines the relevance of creat-
ing a new type of universal domestic armored elements,
characterized by a combination of high armor resistance
and radio transparency. This will ensure reliable protec-
tion of military and civilian personnel and the operation
of military equipment and technology, especially in com-
bat conditions.

Literary review.

The widespread use of composite armor elements
based on glass-ceramic materials (magnesium (MAS) and
lithium aluminum silicate (LAS) systems) as replaceable
elements with a high degree of optical and radio transpar-
ency is limited by high production temperatures, the cost
of raw materials (LAS) and the complexity of the techno-
logical mode (MAS) [6-9]. Promising for the protection
of optical devices of small arms is the use of domestic
glass-ceramic materials based on lithium disilicate (LS,),
which are distinguished by the simultaneous combination
of high mechanical strength to ensure resistance to the
action of energy-destroying components and the ability to
absorb and dissipate shock loads [10]. Also known is a
high-strength glass-ceramic material for personal protec-
tion based on B-spodumene of the following composition,
wt. % SiO, 60,0; AL,O; 15.0 — 18.0; Li,0 7.0 — 10.0; CaO
0.0 —2.0; MgO 1.0 — 3.0; TiO, 0.0 — 2.0; ZrO, 0.0 — 1.0;
Zn0 3.0 — 4.0; SnO, 0.0 — 1.0; P,0s 3.0; B,O3 1.5 — 2.0;
Ce0, 0.5; MnO, 0.0 — 2.5 [11]. The developed material,
due to the structural features, is characterized by low den-
sity indices p = 2.7 kg m® and temperature coefficient of
linear expansion o-10" = 21.34. However, insufficiently
high indicators E = 95.6 GPa, K,c = 3.4 MPa-m'?, HV =
8680 MPa do not allow the use of this material as high-

strength for elements of soft-skinned armored vehicles. A
significant obstacle to the use of lithium-containing glass-
ceramic materials as armor elements is their increased
cost due to the significant content of lithium oxide. Most
foreign developments for this system refer to transparent
or translucent sitalls, which have low mechanical proper-
ties [12].

The efficiency of using cordierite glass-ceramic
materials as protective elements is determined by their
extremely high mechanical and thermal properties. There
is a composition of glass-ceramic composite for armor
protection, which contains alumina and glass-ceramic
material, which is obtained by the method of liquid-phase
sintering [4]. This glass-ceramic was obtained on the ba-
sis of the MgO—A1,05-Si0, system and had a composi-
tion (in wt. %): ALO; — 29.07; Na,O — 0.17; Fe,O; —
0.20; MgO — 15.83; SiO, — 43.25; CaO - 0.69; K,O —
0.19, characterized by the presence of
a-cordierite after firing. The use of glass-ceramics in the
composition of the composite in an amount of 7 or 14 wt.
% allows one to reduce the time and temperature of com-
posite sintering from 1670 °C for 5 h to 1570 °C for 0.5 h
and obtain a composite with a density of p = 2.7 kg/m’,
hardness HV = 10.8 GPa and modulus of elasticity E =
310-343 GPa. However, the fracture toughness of the
composite (K;c = 2.50-3.85 MPa'm'?) is not enough to
ensure reliable survivability of armor during shelling and
operational survivability.

The use of transparent glass-ceramic materials
based on the MgO-Al,0;-SiO, system as transparent
protective structures is widely known. Transparent glass-
ceramic material containing, by wt. %: SiO, — 48.41;
ALO; — 26.15; MgO — 9.74; TiO, — 8.00; ZrO, — 0.89;
B,0; — 1.52; Sb,O; — 5.29 is obtained by a two-stage heat
treatment mode: the first stage (I st.) at a temperature (T)
of 727 °C, during (t) 5 hours; the second stage (Il st.) at T
=900 °C for t = 3 h. Long exposure at the stages of nu-
cleation of quartz (I st) and spinel (II st) allows to provide
high values of HV = 9880 MPa. However, they have in-
sufficiently high indicators of mechanical properties E =
105 GPa, Kic = 3.0 MPa-m"?*[8].

Therefore, the urgent task of increasing the reliabil-
ity of the protection of special equipment and equipment,
which is operated under conditions of high temperatures
and mechanical loads, is the development of domestic
universal armor materials that combine high strength
properties and radio penetration, based on lightweight
technological magnesium aluminum silicate glass-ceramic
materials with high operational properties at the level
world analogues.

The aim of work

The aim of this work is to develop universal high-
strength magnesium aluminosilicate glass-ceramic materi-
als for armor protection.

To achieve it, the following tasks were set:

— analysis of the current state of development of
glass-ceramic materials for armor protection;

— development of magnesium aluminosilicate
glass-ceramic materials with high armor resistance, im-
pact resistance and radio transparency;

Bicnuk Hayionanornozo mexuiunozo ynieepcumemy «X111»
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— research of operational properties of the devel-
oped glass-ceramic materials and their bullet-resistant pro-
tection;

— assessment of the developed glass-ceramic
products competitiveness.

The results of the experiment and their discus-
sion.

To obtain protective glass-ceramic materials, the
glass matrix must be in conformity with following set of
requirements: the ability to finely dispersed bulk crystalli-
zation with the formation of high-strength crystalline
phases (a-cordierite, spinel, mullite) in a two-stage ther-
mal treatment; density below 3.0 g/cm’; high heat and fire
resistance.

To establish the area of existence of the initial glass-
es, the system was chosen K,O-RO-RO,—P,05—R,03—
Si0,. It was limited to the following concentration limits,
wt. %: K,0 2.0 — 7.0; MgO 9.0 — 14.0; CaO 2.0 — 5.5;
Zn0 2.0 — 2.5; SrO 2.0 — 4.0; TiO, 2.0 — 8.0; ZrO, 2.0 —
2.5; Ce0O, 0.0 — 0.5; Al,0; 20.0 — 30.0; B,0; 0.0 — 5.0;
P,05 0.0 —3.0; Si0, 45.0 — 53.0.

In laboratory conditions, 10 compositions of magne-
sium-aluminosilicate glasses with the KGC marking were
made, which were proposed for obtaining a glass-ceramic
material. A comparative assessment of the properties of

the developed glass-ceramic materials (table 1) and well-
known ceramic and glass-ceramic materials, which are
widely used as armor elements, has been carried out [12].
All experimental glasses were melting under the same
conditions at a melting temperature (T,,) of 1550-1600
°C in corundum crucibles, followed by cooling on a metal
sheet. The marking of glass-ceramic materials corre-
sponds to the marking of the glasses on the basis of which
they were obtained. Glass-ceramic materials based on
glasses were obtained by ceramic technology with a two-
stage heat treatment mode: heat treatment temperature
(Tt) stage I — 780-850 °C, for 1 hour, stage II — 1050—
1150 °C, for 1 hour. When designing the compositions of
research glasses for obtaining armored elements, one of
the main factors is to ensure the ability to form at the
stage of nucleation (I st), by the mechanism of phase sep-
aration, nanostructures under conditions of low-
temperature processing for a short period. Subsequent
heat treatment of such samples (I st) should ensure the
occurrence of crystallization with the presence of an in-
terconnected structure, which determines the high opera-
tional properties of glass-ceramic materials and the possi-
bility of their use under conditions of significant mechan-
ical and thermal loads.

Table 1 — Properties of the developed glass-ceramic materials and known [12] ceramic and glass-ceramic materials for
armor protection

Properties
Marking of materials H, HV, Kic, E, KCU, | a10, P, tg5-10*| &
GPa | GPa |MPam'| GPa |kim’| °C' g/em’
Corundum ceramics AD-995
Industrial Ceramic Materials B 18.00 14.00-5.00 370 B B 3.90 - B
Boron carbide - 28.00 |3.70-4.30| 475 — — 2.40-2.52 — -
Silicon carbide - 20.00 (2.90-3.50| 330-370 - — 3.00 - —
Spinel glass-ceramics — 9.88 3.00 105 — — 2.43 — —
CGC-1 9.20 9.40 3.50 120.6 5.0 48.9 2.63 70 7.5
CGC-2 9.20 9.30 3.30 110.5 4.0 43.8 247 72 7.6
CGC-3 9.50 9.55 3.50 140.7 5.0 31.8 2.50 5 5.5
CGC-4 9.35 9.40 3.40 130.4 4.2 45.7 2.49 10 6.0
Developed CGC-5 9.40 9.45 3.40 138.9 4.8 37.2 2.48 8 6.0
materials CGC-6 9.20 9.30 3.30 115.7 4.7 44.8 247 58 6.5
CGC-7 9.20 9.40 3.30 120.9 4.6 36.8 247 22 6.8
CGC-8 9.50 9.60 3.40 300.2 52 38.7 2.74 55 4.0
CGC-9 9.60 9.80 3.50 340.8 5.3 44.8 2.76 55 4.0
CGC-10 9.60 9.80 3.50 350.6 5.5 57.7 2.80 50 3.9
CGC-10-ZD-5 10.00 | 10.40 8.52 360.2 5.8 56.5 2.82 46 4.0

Investigation of the electrical properties of experi-
mental glass-ceramic materials of the CGC series made it
possible to establish the following features. At frequencies
of 10" Hz for test materials, fixing the dielectric loss tan-
gent index tgd = 0.0003-0.0050 (Tab. 1) indicates a de-
crease in relaxation processes (dielectric losses with pro-
nounced relaxation polarization sharply decrease when
going from 107 to 10'° Hz). This is especially important
for glass-ceramic dielectrics based on mullite or cordier-
ite, the crystalline phase of which consists of substances

that are characterized by a structure with loose packing of
ions and have increased dielectric losses caused by relaxa-
tion polarization.

Low tgd values at a current frequency of 10'° Hz
associated with the satalization of the structure of experi-
mental materials, which consists in the formation of a sig-
nificant number of fine crystals and their mutual penetra-
tion, which is accompanied by the leveling of the gradient
of properties at the phase boundaries, a decrease in the
contact area and the boundaries of surface polarization.
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Thus, the smallest tgd value is observed for the CGC-3
material, and the highest for the CGC-1, CGC-2 and
CGC-4 materials, which is associated with a decrease in
the content of the crystalline phase of a-cordierite in them.
The tgd = 0.005 value for glass-ceramic materials CGC-8,
CGC-9, CGC-10 will ensure the effective functioning of
on-board wireless communication systems (lack of inter-
action in the infrared, ultraviolet and visible ranges). En-
suring the radio transparency of the experimental materi-
als CGC-8, CGC-9, CGC-10 at the level of € =~ 4.0 will
increase the thickness of the armor element to increase the
ballistic resistance of the equipment. The stability under
the action of an open flame for test materials is determined
by their high heat resistance. The value of the thermal co-
efficient of linear expansion (TCLE) for glass-ceramic
materials is determined by the content: for samples with
CGC-1 to CGC-7 — oa-cordierite and is the lowest for
CGC-3 material with a content of the indicated crystalline
phase of 75 vol. %; for glass- ceramic materials CGC-10,
CGC-9 and CGC-8 — mullite content. The presence of
aluminum-magnesium spinel, characterized by a high
TCLE (80-97 - 10" °C"), leads to the appearance of
stresses at the interfaces and increases the TCLE value of
the CGC-1 material.

For experimental glass-ceramic materials CGC-1,
CGC-2, CGC-3, CGC-4, CGC-5, CGC-6 and CGC-7, the
strength properties are in direct proportion to the content
of the crystalline phase of a-cordierite (HV = 8.2 MPa,
Kic = 2.3 MPa-m"?, E = 139 GPa). Thus, the highest val-
ues of Vickers hardness (HV) and fracture toughness (K;c)
are observed for the CGC-3 composition with a high con-
tent of oa-cordierite, and the lowest values are for the
CGC-2 and CGC-6 warehouses, respectively, with a low
content of a-cordierite. For samples CGC-8, CGC-9 and
CGC-10, which are characterized by a significant content

of mullite (HV = 11.0 MPa, K;c = 2.6 MPa-m'?, E = 220
GPa), a significant increase in HV, Kj;c and impact
strength (Kcy) (tab.1). For the density indicator, a similar
trend is also observed, however, a slight increase in p is
not a determining factor for ensuring the mobility of ar-
mored vehicles. It is extremely important to solve the
problem of decreasing the tendency to fracture at “criti-
cal” loads. To create a material structure that would in-
clude elements that prevent crack propagation, change its
trajectory, or blunt (block) the crack tip, thereby reducing
the stress concentration, 5 wt. % yttrium-stabilized zirco-
nia was introduced into the composition of composite ma-
terials. The developed glass-ceramic material CGC-10-
ZD-5 is distinguished by high performance characteristics.
The carried out ballistic tests showed that the developed
glass-ceramic material CGC-10-ZD-5 withstood shelling
according to the requirements of STANAG 4569 (level 2).

Comparative evaluation of the developed glass-
ceramic material KSK-10-DC-5 and well-known repre-
sentatives of ceramic armor materials made it possible to
establish that the developed material is somewhat inferior
to ceramic armor elements in terms of elasticity and hard-
ness (tab. 2). However, a significant increase in fracture
toughness and a decrease in the density of the developed
material when compared with a corundum-based plate of a
similar thickness will significantly reduce the weight of
the armor element by ~1.4 times and its cost by 5 times
while maintaining its protective properties. An important
aspect of the effective implementation of the developed
element is its reduced cost due to the use of cheaper raw
materials and simplified technology. The introduction of
the developed high-strength glass-ceramic materials will
increase the competitiveness of domestic armored materi-
als and provide indicators of their properties at the level of
world analogues.

Table 2 — Comparative characteristics of the density and cost of known ceramic and glass-ceramic armored materials
and the developed glass-ceramic material

Material Density, | Cost raw materi- | The cost of the
(basic system, manufacturer or developer, country of origin) g/cm? als, product,
USD/kg USD/kg
Boron carbide
(CarSIK-B,C, by Schunk Group, Germany) 2.50 26-30 300-1000
Silicon carbide
(SiC, Hexoloy® by Saint-Gobain, USA) 3.20 10-20 300
Corundum
(Alumina ballistic armour, Morgan Advanced Materials, England) 3.90 8-10 130
Spinel Transparent Armor
(Aluminum-magnesium spinel, CeraNova Corporation, USA) 6.50 10-12 40
Aluminum oxynitride
(ALON Transparent Armor, Surmet Corporation, USA) 7.00 20-25 60
Glass-ceramics
(LAS glass ceramics, Elan Technology, USA) 2.35 5 30
Glass-ceramics CGC-10-ZD-5
(MAS glass ceramics, XHYMI im. O.M. BeketoBa, UA) 2.80 0.5-1.0 28

Conclusions.

The prospects for creating domestic armor ele-
ments based on high-strength glass-ceramic materials
have been determined. The main provisions of the tech-

nology for obtaining protective glass-ceramic materials
are formulated and the compositions of composite materi-
als based on glass-ceramic magnesium-aluminosilicate
materials and a filler — zirconium dioxide under conditions
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of two-stage low-temperature heat treatment are devel-
oped. It was found that the developed glass-ceramic mate-
rials are characterized by high operational properties (Kcy
= 5.8 kI/m*; HV = 10.4 GPa; K'® = 8.5 MPa'm'?) and
armor resistance (level 2) and can be used as a basis when
developing a composite element of body armor. The in-
troduction of the developed materials as protective struc-
tures in the armoring of machinery and equipment will
make it possible to solve the strategically important prob-
lem of providing the defense industry with reliable com-
petitive domestic materials.
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€. B. IIHPOKEHKO, B. B. CEEKO, B. I'. 3/JOPEHKO, BM. BABEHKO, H A. 3ABIAKA

BU3HAYEHHS ®I3UKO-XIMIYHUX XAPAKTEPUCTUK MATHITHOI PIZIMHU ITPA PEAJI3ALIT
METOJAY HA OCHOBI EJIEKTPOMATHITHOI'O TIEPETBOPIOBAYA

3anpornoHOBaHO OE3KOHTAKTHUI TPUIAPAMETPOBHUIT €EKTPOMArHITHHI METO CYyMICHOTO BU3HAUCHHsI MAarHITHOT CIIPUIHATINBOCTI K, THTOMOI
€JIEKTPUYHOT MPOBITHOCTI Y Ta TeMIepaTypH t 3pa3ka MarHiTHOI piAnHU. PO3rIsSHYTO TEOPETHYHI MONOXKEHHS POOOTH iHIYKTUBHOTO MapaMETPHYHOTO
enekTpoMarHitHoro nepersoproBada (IITEIT) 3 mpoGoro MarHiTHOI piguHu. B pesynbrati JocimipKeHHs yHiBepcalbHUX (yHKIii nepersopenns II1EII 3
nmpo0OI0 MarHiTHOI PiIMHMU, OTPUMANN MOAATBLINI PO3BUTOK TeOpeTHYHI nojoxeHHs: podotu ITIEIT cTOCOBHO MOXKIMBOCTI OI[IHIOBAaHHS CTATHYHHUX
rapaMeTpiB MarHiTHUX pinuH. OCKINBKY ypaXyBaHHS BIUIUBY BUXPOBHX CTPYMiB IIPH3BOJHUTH 10 HEOOXiJHOCTI BU3HAYEHHS TPHOX IIapaMeTpiB MarHi-
THHX pimuH Tinbku oguuM IITEIL, noBeaeHa HEOOXiAHICTh BUKOPUCTAHHS cXeMH BKIodeHHs iHaykTuBHOro IITEIT 3 mpoGoro MarHiTHOI pinuHH, ska
nependavyae KOMIICHCAIII0 3aBa)Kar040l 30BHIIIHBOT 1HIYKTHBHOCTI L 32 ONIOMOror KOMIIEHCYHOUOi €éMHOCTI P567 3amis miABUIIEHHS TOYHOCTI
BUMIpIOBaHb (Di3MKO-XIMIYHHX NapaMeTpiB MarHiTHUX pinuH. PoGoTy cxemH, 3acHOBaHO Ha ToMy, 1o BuxpoBa EPC 30ymiye MarHiTHHIl MOTIK y
3pa3Ky JOCIIKYyBaHOT MAarHITHOI PiJMHU, KOTPUIl CKIaJaeThCsi TEOMETPUYHO 31 30y/UKYFOYMM MAarHiTHUM MOTOKOM BiJl 30BHILIIHBOTO JKEpEa, CTBO-
PIOIOUH PE3YNbTYIOUNI MarHiTHHI MOTIK Oy y ZOCTIIKYyBaHOMY 3pa3Ky MarHiTHOI PiIVHY, IIPH IIEOMY Pe3yJIbTYIOUHI MarHiTHUH ITOTIK 3MCHIIY€Th-
sl 32 BEJIMYHMHOIO 1 3CyBaeTheCst 32 (Pa30BHUM KyTOM IO BiHOLICHHIO 10 30Y/DKYIOUOrO MarHiTHOTO IOTOKY, a BCE 1€ B CBOKO 4epry, MPU3BOAUTH J10
3MiHeHHs koMmmoHeHTiB curHamiB II1ETI, a came: iHgyKTuUBHOCTI Lit Ta omopy €y, sixi moB’si3aHi 3 (i3HKO-XIMIYHHMH IapaMeTpaMH k, ) 1 t 3paska
MArHiTHOI piquHH. Y MOAANBIIMX AOCTI/UKCHHIX, 3aU1s1 [TiABUIIEHHS e(eKTUBHOCTI OYMIICHHS CTIYHMX BOJ MiHi-ITHBOBapHi, PEKOMEHIYETHCS 3aCTO-
CyBaHHSI MarHiTHOI PiIMHM y KOMIUIEKCHUX METOJaX OYMIIEHHS, 5K Mepen0avyaroTh 3aCTOCYBaHH MArHITHUX PiAMH Y (QiabTpax JOOYMIIEHHS CTiu-
HHX BOJ XapyOBHX BUPOOHUIITB KHCIIOTO Ta JIY)KHOTO CKIIay.

Kuro4oBi ciioBa: MeToM OYMIICHHS, MarHiTHa pilMHA, MarHiTHA CIIPUHHATIUBICTD, TUTOMA EJIEKTPHUYHA NPOBIAHICTH, TEMIIEPATYpPa, CyMICHI
BUMIpPIOBAaHHS, TPHIIAPAMETPOBUI MeTO I, HYHKIII] IepeTBOPEHHS, MiHi-IIMBOBAPHS, CTiYHI BOJH, GLIBTP JOOUUIICHHS.

E. B. TIHPOXEHKO, B. B. CEBKO, B.I". 3/JOPEHKO, B. M. BABEHKO, H.A. 3ABHAKA

ONPEJIEJIEHUE ®U3NKO-XUMHUUYECKHUX XAPAKTEPUCTUK MATHUTHOM KUJKOCTH ITPU
PEAJIM3ALINU METOJA HA OCHOBE QJIEKTPOMATHUTHOI'O TIPEOBPA3OBATEJIS

[pennokeH GECKOHTAKTHBIN TPEXMAPaMETPOBBIA 3JIEKTPOMArHUTHBIA METOJl M3MEPEHUH MarHUTHON BOCHPHUHMMYHUBOCTHU K, YICIbHOW 3JEK-
TPOIPOBOAHOCTH § U TeMIIepaTyps! t 00pasiia MarHUTHOM KUAKOCTH. PacCMOTpEHBI TeOpeTHUeCKUe MOJI0KEHUS padOThl HHIYKTHBHOTO IapaMeTpH-
YECKOro IEKTpOMarHuTHOro npeodpasosaress (UIIDI1) ¢ mpoboit MarHUTHOI XUAKOCTH. B pesynprare nccieoBaHHN YHUBEPCATBHBIX (YHKIHI
npeobpazoBanus UIIDII ¢ mpoOoit MarHUTHOM XUIKOCTH, MOJTYYHIIM JalbHEillee pa3BUTHE TeopeTuueckue nonoxenus padorel UIIDI, koTopsie
CBSI3aHBI ¢ BO3MOXKHOCTBIO OIICHKH CTATHYECKUX IapaMeTPOB MArHUTHOHM XHUAKOCTH. IT0CKONBKY, ydeT BO3IEHCTBHS BUXPEBEIX TOKOB IPHBOIHT K
HEOOXOANMOCTH ONpE/ENCHHs TPEX MapaMeTPOB MAarHUTHBIX >KMAKOCTEH Toiabko oauuMm MIIDII, nokazaHa HEOOXOJUMOCTh HCIOIB30BAHUS CXEMBI
BKIIOUeHUS HHAYKTHBHOro WUIIOII ¢ mpoboil MarHUTHOM JKUAKOCTH, KOTOpas IIpeyCMaTpUBacT KOMIICHCAIUIO MEIIAloNel BHEIIHell HHIyKTHBHO-
ctd L ¢ moMoIpio KoMIeHcHpyoliei eMkocTi P567 1/isi MOBBILICHHS TOYHOCTH U3MEPEHHN (H3MKO-XUMUUYECKHIX apaMeTPOB MarHUTHBIN JKH/IKO-
creil. PaboTy cxeMbl 0CHOBaHO Ha TOM, 4T BuxpeBas D/IC B0o30ysk1aeT MarHUTHEIN IOTOK B 00pasIie HCCcIeayeMo MarHUTHOM XKUAKOCTH, KOTOPBIH
CKJIAJIBIBACTCSI TEOMETPHYECKH C BO30Y)KIaeMbIM MarHHTHBEIM ITOTOKOM OT BHEIIIHETO HCTOYHHUKA, CO3JaBast Pe3yIbTUPYIOIHI MarHUTHBIA MOTOK Dy
B HCCIIETyeMOM 00pa3lie MarHUTHOH >KHIKOCTH, IPH 3TOM Pe3yJIbTHPYIOMIUH MarHUTHBIA MOTOK YMEHBIIAETCS 110 BEJIMYMHE U cMemaercs Ha daso-
BBII yrOJI [0 OTHOIIEGHHIO K BO30YK/JaeMOMY MarHHTHOMY IIOTOKY, BCE 9TO IPHBOJUT K H3MEHEHHIO KOMIOHEHTOB curaainoB UIIOII, To ecTh: HHIYK-
TUBHOCTH L U conpoTuBnenus Qy, KOTOPBIE CBsI3aHbI ¢ PUMKO-XHUMHIECCKUMH MapaMeTpaMu k, ¥ 1 t oOpa3iia MarHUTHON JKUAKOCTH. B mampHeHImx
HCCIIeIOBAHUSX, JJISI HOBBIMICHUS 3 (HEKTHBHOCTH OYUCTKH CTOYHBIX BOJ MUHH-ITHBOBAPHHU, PEKOMEH/IyeTCsl HCIIOIb30BaHHE MATHUTHOM KUIKOCTH B
KOMIUIEKCHBIX METO/IaX OYHCTKH, KOTOPbIE IIPEAyCMaTPHBAIOT IIPUMEHEHHE MAarHUTHBIX JKHIKOCTEH B (DMIBTpaX TOOYHCTKU CTOYHBIX BOJ| ITUIIEBBIX
MPOM3BOJICTB KMCIIOTO U IETOYHOT0 COCTABA.

KiioueBble ¢10Ba: METObI OYMCTKH, MATHUTHAS XKUAKOCTh, MATHUTHAS! BOCHPHUMYHBOCTb, YACIbHAS JIEKTPHUYECKask IIPOBOJUMOCTb, TEMIIE-
paTypa, COBMECTHbIE H3MEPEHUs], TPEXTTAPaMETPOBBIi METO/, (PyHKIHN NPeoOpa3oBaHus, MUHU-TIHBOBAPHS, CTOYHbIC BOJIBI, (PUIBTP JOOUHCTKH.

E. V. PIROZHENKGO, V. V. SEBKO, V. G. ZDORENKO, V. M. BABENKO, N.A. ZABIIAKA

DETERMINATION OF THE PHYSICO-CHEMICAL CHARACTERISTICS OF A MAGNETIC LIQUID
IN THE IMPLEMENTATION OF THE METHOD BASED ON AN ELECTROMAGNETIC CONVERTER

A non-contact three-parameter electromagnetic method for measuring magnetic susceptibility «, electrical conductivity y, and temperature t of
a ferrofluid sample is proposed. Theoretical principles of the operation of the inductive parametric electromagnetic transducer (IPET) with a sample
of ferro-fluid are considered. As a result of studies of the universal functions of transformation of the IPET with a sample of the ferro-fluid, the theo-
retical provisions of the work of the IPET were further developed, which are related to the possibility of estimating the static parameters of the mag-
netic fluid. Because record of the effect of eddy currents leads to the need to determine three parameters of magnetic fluids with only one IPET, the
necessity of using an inductive IPET switching circuit with a ferro-fluid sample, which provides for compensation of interfering external inductance
L, using a compensating capacitance P567 to improve the accuracy of measurements of the physical and chemical parameters of magnetic fluids, has
been proved. The operation of the circuit is based on the fact that the eddy EMF excites a magnetic flux in the sample of the magnetic fluid under
study, which is added geometrically with the excited magnetic flux from an external source, creating the resulting magnetic flux @, in the sample of
the magnetic fluid under study, while the resulting magnetic flux decreases in magnitude and shifts by the phase angle in relation to the excited mag-
netic flux, all this leads to a change in the components of the signals of the IPET, that is: inductance L;; and resistance ,, which are associated with
the physicochemical parameters «, y and t of the magnetic fluid sample.

In further studies, in order to increase the efficiency of wastewater treatment of a mini-brewery, it is recommended to use a magnetic fluid in
complex cleaning methods that involve the use of magnetic fluids in filters for post-treatment of wastewater from food production of acidic and alka-
line composition.

Keywords: cleaning methods, magnetic fluid, magnetic susceptibility, electrical conductivity, temperature, joint measurements, three-
parameter method, conversion functions, microbrewery, wastewater, post-treatment filter.
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Beryn

Ha choromHi, 0co0vBe 3HAUYEHHS y 3B 3Ky 3 HElle-
PEPBHHM 3pOCTaHHSM BHITYCKY IMpPOAYKIii XapyoBoi Ta
XiMi4HOI Taiy3ei, HaOyBae 3aCTOCYBaHHSI MarHiTHUX pi-
quH. [Ipy 11p0My, TOCHTH MIMPOKO PO3IOBCIODKEH] Mar-
HITHI PiIUHH, SIKI 32CTOCOBYIOTh B €KOJIOTIYHHUX araparax
JUTA OYHWIICHHS BOIM Bil HAPTONPOMYKTIB, a TAKOXK Mar-
HITHI piIWHMY, SIKi BAKOPUCTOBYIOTh B CelapaTropax HeMa-
rHiTHHX MatepianiB [1-3]. Cnig BU3HAYHTH, IO O TeTre-
PILIHBOrO Yacy MarHiTHi PiAMHHU MPaKTHYHO HE 3aCTOCO-
BYBaJM JJIsl OYMIIECHHS CTIYHMX BOJ Xap4yOBUX BHPOO-
HUUTB. Ha TemepimHiii yac, 10 HaiOUIBII pPO3BHHYTHX
rajy3eil BITYU3HIHOI Xap4OBOi MPOMHUCIIOBOCTI CIiJ| Bif-
HECTH Tralty3i, sIKi ITOB’513aHO 3 BUPOOHHULITBOM 0€3aJIKOro-
JBHUX Ta CIa00ATKOTOJILHUX HAIMOIB, PU [IbOMY 3HAYHUX
TEMIIB JOCsrae came MPOAYKLis MHBOBApiHHSA. 3HAYHHN
piBeHb CHIOKMBAHHS BOJM y MHBOBApHOI Taiy3i 00yMOB-
JIFO€ BENTUKUI OOCST YTBOPEHHS CTIYHHX BOI, SIKi MArOTh
BHCOKY CTYIIiHb 3a0pYyIHEHOCTI i CTaHOBIATH Hebe3IeKy
JUIS HABKOJIMIIIHBOTO CEPEOBUIA, CaMe TOMY 3aBJIaHHSI,
SIKi TIOB’S13aHO 3 PO3POOKOI0 Ta yNOCKOHAIEHHSM CIIOCO-
0B OYHMINEHHS Ta JOOYMIICHHS CTIYHUX BOJ Xap4YOBHX
BUPOOHHMITB € akTyanbHUMHU [2]. Ciil BH3HAYUTH, L0
3a0pyAHEHHS, SIKi MICTATh JyXHiI Ta KHCJI CTiYHI BOJH
NMBOBapHUX BUPOOHMLTB, MOTPAILISIOYH Y TPUPOAHI Ta
NITyYHI BOJOWMH BHKJIMKAIOTH 3MIHCHHS XiMIYHOTO
CKJIaIy BOJM Ta SK HACNIJOK MPU3BOAATH O 3MiHEHHS
YMOB iCHYBaHHS )KMBUX OPTaHi3MiB Ta HaBiTb 10 3aruOei
y miJioMy Bcboro OiomeHo3y [2]. Came ToMmy, IUIsL MiHi-
MMUBOBAPHI, Y 3B’SI3Ky 3 MPAKTHYHO BIiICYTHIM KOHTPOJIEM
CKJIa[y CTIYHUX BOJ, yIOCKOHAIIEHHS BiIOMHX 1 po3poOka
HOBHX CIIOCOOIB OYHIICHHS CTIYHHMX BOJ MEPEI CKHUIOM
CTOKIB 0e3MocepeJHb0 y MIChKY KaHaJi3alilo, € BaxIIH-
BUM 1 aKTyaJbHUM 3aBIaHHsIM. Bci 1i 0OCTaBuHH, CTaB-
JISTh B PsA HAaWOLIBII aKTyalbHUX MUTAHHS PO3POOKH i
OINTHMIi3alil METOJIB Ta MPUCTPOIB BUMIPIOBaHb (i3UKO-
XIMIYHUX MapaMeTpiB MarHiTHUX PiIUH, 0COOJIMBO B MPO-
Ieci eKCIuTyaTarii MarHiTHUX PiTUH B CKOJIOTIYHUX arla-
parax Ta OPUCTPOSIX JJIsi OYMIIECHHS BOJOMM Ta CTIYHUX
Boa. [Tpuyomy, BiqHOBIIHI TOCTiKSHHS HEOOX1THO 31TiH-
CHIOBaTH HE TUTBKH B TIPOIECi BUTOTOBJICHHS MAarHITHUX
pinuH y npodinbHAX TabopaTopisx Ta MigNpHEMCTBAX, a
i B mporeci eKCIuTyaTamil piguH, HAIpHUKIAl, i Yac
BTPATH MACIOPTHUX JaHWX a0o i 4ac TPUBAJIOro 30epi-
raHHs (BJACTHBOCTI PIIMHH MOXYTh 3MIHIOBATHCSl yHAC-
JIIZIOK BIUTMBY 30BHIIIHIX (aKTOPiB).

OI1iHIOBaHHS SKOCTI MATHITHUX PiIUH 3MIHCHIOETHCS
32 OCHOBHHMMH CTaTHYHHMH XapaKTEPUCTUKAMM: MarHiT-
HOIO CHPUIHATIIMBICTIO kK, TMTOMOIO €JIEKTPUYHOIO HPO-
BIZIHICTIO } Ta TEeMOEPaTypor I, TAKUM YHHOM, 3HAKOYH
napameTpu k, x i t € MOXJIMBUM 3HAUTH ONTUMANIbHI [TPO-
mopuii MOMDK  pIAMHHOIO OCHOBOIO, ITOBEPXHEBO-
aktuBHOIO pedonHOIO (ITAP) Ta KoHIIEHTparlifo MarHiT-
HOI IyApH TiJl Yac BUTOTOBJICHHA MarHiTHOi pimmauU [1].
Came ToMy, BUHHKA€ HEOOXIHICTh Y po3poOIli baraTomna-
paMeTpPOBUX METOJIB Ta MPHUCTPOIB HAa OCHOBI SKUX 31ii-
CHIOETHCS peatizallis CyMICHOTO BH3HAUCHHsI MapaMeTpiB
K,y 1 t MarHiTHUX PiIuH, SIKi 3aCTOCOBYIOTBHCS IUIS OYH-
IIEHHS CTIYHUX BOJI.

[Tpu peanizauii iCHyIOYMX €JIEKTPOMArHITHUX METO-

JiB Ha 0a3l IHIYKTHBHUX MapaMeTPUYHHUX €JICKTPOMAarHiT-
Hux neperBoptoBauiB (I[1EII), Bu3HawaloTh mnapamerpu
MWIHAPUYHAX Ta TUIOCKHX BHPOOIB JeTanei, BY3JiB Ta
KOHCTPYKIiH oONamHaHHA MamuHOOymyBaHHS [4—14],
OJTHAK Ha TEMEpIlHIA 9ac He OyJo PO3MIITHYTO PoOOTYy
ITIEIT cTocoBHO CyMiCHMX BHMIpIOBaHb ITapaMeTpiB Mar-
HiTHEX piguH. [ITEIl MicTuTh 10 cebe ofHy yHIBEpCalIbHy
IHOYKTUBHY OOMOTKY, siKa cyMmimye (yHKIii CTBOPEHHS
MAarHITHOTO TIOTOKY, BUMIipIOBaHHS iH()OpMATHBHUX TMa-
paMeTpiB KOTYIIKH Ta HarpiBaHHs 3pa3Kka B MPOIECi BHU-
MiproBasb [5]. Ciix BH3HAYUTH, IO peati3ailis METOIB
OararornapamMeTpoBOro BUMIPIOBAJILHOTO KOHTPOJIIO JeTa-
JIeH, BY3JiB Ta KOHCTPYKIIH, a TAaKOXK 3pPa3KiB PiIUHHUX
Ta ra3onoAiOHMX cepenoBUIl Ha 0a3i mapaMeTpUYHUX
€JIEKTPOMArHITHUX TPHUCTPOIB, ITOB’s3aHa 31 CKJIAIHICTIO
YHiBepcalbHUX (DYHKIIH MEepeTBOPEHHS Ta BIUIMBOM Ha
pe3ysbTaTH BHMIpIOBaHb 00’ €KTIB, IO KOHTPOJIOIOTHCS,
TeMIepaTypHOI MOXUOKH, TOOTO TaKoi MOXMOKH, SKa BU-
HUKa€ 3a PaxyHOK 3MIiHEHHS OMNOPY HaMarHi4yBabHOI
00MOTKH TTapaMeTPUIHUX MepeTBOpIoBadiB [4—14].

Ha cporonHi, HeMae JaHUX MO0 OCOOJIHMBOCTI PO-
6otu tertopux ITTEIT 3 mpobamu pinuH 3 pi3HOK KOHIIE-
HTpAlli€l0 MarHiTHOI MyJIpH, He BiZloMi yHiBepcaybHi dy-
HKuii neperBopenns IIIEIT 3 mpobGamu MarHiTHUX piguH
pi3HOi KOHIEHTpalii MarHiTHOI MyJApH, a TaKoX IMpOCTi
ANTOPUTMH BUMIPIOBAJIBHUX Ta PO3PAXyHKOBHX ITPOLIEAYD
BU3HAYCHHS (I3UMKO-XIMIYHMX NapaMeTpiB MarHiTHHX
pimuH 32 momomoroto ITTEIT.

ToMy BHHHKae BaKJIMBa HayKOBO-IIPAKTHYHA MPO-
OiremMa, CyTh SIKOI TIOJISITA€ Y PO3B’A3aHHI KOMIUIEKCY 3a-
BJIaHb, TIOB’SI3aHMX 31 CTBOPEHHSIM OaratomapameTpOBUX
EJIEKTPOMArHITHUX METOJIB CyMICHHX BHUMIpIOBaHb (hi3u-
KO-XIMIYHHX IMapaMeTpiB Mpo0 MarHiTHUX PiAMH Ha OC-
Hosi ITTETL.

MeTor0 1aHOi CTaTTi € JOCHIHKeHHS OaraTomnapame-
TPOBOTO €JIEKTPOMAarHiTHOrO METOJla BUMIPIOBaHb MarHi-
THOI CHPUIHATIMBOCTI kK, TUTOMOI €JIEKTPUYHOI HPOBiJ-
HOCTI ¥ Ta TeMIepaTypH t 3pa3ka MarHiTHOI PiIUHH, SKY
3aCTOCOBYIOTH I OUYHWIIECHHS CTiYHWX BOX MiHi-
MTUBOBApHi.

Juis mocsTHEHHS MeTH HEeoOXigHO pOo3B’s3aTH Ha-
CTYITHI 3aBIaHH:

1) nocnigutu TeopetnyHi nonoxenHs podoru ITTEIT
31 3pa3KOM MarHiTHOI PiAWHHU Ha BOIHI OCHOBI;

2) Ha 0a3i aNrOpUTMIB BUMIPIOBAIBHUX Ta PO3paxy-
HKOBHX TPOLENYp OTPUMATH OCHOBHI CHIBBIIHOIICHHS,
SKI ONMHUCYIOTh peasli3allilo eJNeKTPOMAarHiTHOr0 MeTOAa
BUMIpPIOBaHb MarHiTHOi CIPUUHSTIMBOCTI K, MHTOMOI
€JIEKTPUYHOI MPOBIIHOCTI ¥ Ta TemrepaTypu t 3paska ma-
THITHOI pignHK 3a goroMoroto Terurosoro ITTEIT.

Teopist poOOTH €TEeKTPOMAarHiTHUX MEPETBOPIOBAUIB
3aCHOBaHa Ha BBEJCHHI CIE[iaJbHUX HOPMOBAaHUX Mapa-
METpIiB Ta BCTAaHOBIICHHI YHiBepcalbHUX (YHKIINA mepeT-
BOpEHHS, SIKi TIOB’S3yIOTH (Pi3MKO-XIMiUHI TapameTpu
PIAMHHUX CEPEIOBHII 3 KOMIIOHEHTAMU CHUTHAIB CJICKT-
POMarHiTHUX MEPEeTBOPIOBAYIB (aMILTITyIHHUMHU Ta (azo-
BHUMH CKJIQIOBUMHU 0araTOKOMIIOHEHTHOI'O CHTHAILy Iiepe-
TBOPIOBAYa, YacTOTOIO eNleKTpoMarHitHoro mouns f, oro-
pamu Q Ta IHIYKTHBHOCTSIMH L OOMOTKH TeIUIOBHX ma-
paMeTpUYHHUX eNeKTPOMAarHiTHUX MepeTBOpIOBadiB) [4—
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14]. YV sxocti Takux mapamerpiB s ITTEIT 3 mpoGotro
MarHiTHOi piZIMHY, 3aCTOCOBYIOTH MapameTpu G Ta ¢ s
HOPMOBaHUX O€3pO3MIPHUX aMIUTITYIHUX Ta (a3oBUX
KOMITOHEHTIB CUTHAJIIB, a TaKOX rapamerp 4 — y3arajb-
HEHMH TmapaMeTp i3 MAarHiTHOIO CKJIQJIOBOIO, SIKHH
IOB’5I3y€ KOMITOHEHTH CUTHAJIIB €JIeKTPOMAarHiTHOTO Tie-
peTBOproBada 3 (Pi3UKO-XIMIYHIMH XapaKTePHCTUKaMHU

2
!

@, -2

3pa3KiB PiAMH: MarHITHO CIPHUHHSATIUBICTIO K, TUTOMOO
SJICKTPUYHOI TPOBIIHICTIO )} Ta TemmepaTyporo t. dop-
MYJHU JJI8 BU3HAYEHHS aMILTITYZHHX Ta (ha30BHX CKIAIO0-
BUX KOMIIOHEHTIB CHTHAJIIB €JIEKTPOMAarHiTHUX II€PEeTBO-
pIoBadiB, 3 ypaxyBaHHSM pe3yJbTaTiB pooiT [4—14], MatoTh
HACTYITHUI BUTIISIL:

2 [ber?x+bei’x

G, = - =
Yy -at-(1+4x) A | berix+beilx (1)
__ bei, x(ber, x+bei,x) +ber, x(ber, x—bei, x)
bei, x(ber, x —bei,x) —ber; x(ber, X +bei,x) )
A=anuy- 27 f
, €)

ne G — ammiityga 30HAYHOYOTO 3pa3Ka  piAMHH
MarHiTHOTO TOTOKY 31 3pa3KoM cTiuHMX Bom; D, —
ONOpHUK MarHiTHUHA moTiK; Py — MarHiTHHH NOTIK Yy
3pa3Ky piauHH; tgp — TaHreHc (a30BOro KyTa 3CyBY
IMOMDK OIOPHMM MATHITHUM IIOTOKOM Ta MAaTrHITHUM
MIOTOKOM Y 3pa3Ky piAMHH; @, — Pajiyc CKISTHOI TPyOKH 3i
3pa3KoM, IO KOHTPOJIOETHCS; & — pajiyc 3pa3ka piIvHHM;
ber,—, bei—, bery—, beiy—, ber,— i bei;— dpyukuii Kemppina
N-oro, HyJIHOBOTO Ta MEPIIOTO MOPAKyY [5—14]; iHgekc t —
CBIIUHUTBH, IO JOCIIKyBaHAa BEIMYMHA 3aJCKUTH Bif
TeMIIepaTypH; Lo — MarHiTHA CTajia.

I[Ipu bOMy, BUKOPHUCTOBYIOUH HpencTaBaeHHs (yH-
ki KenpBiHa y BUIJSIOI cTemeHeBuX psimiB [5—8], Bcra-
HOBJIIOIOTH yHiBepcanbHi (yHKIT meperBoperns G = f(A)

i g =f(A).

TpunapamerpoBuii MeToa cyMicCHMX BUMipIOBaHb
MATHITHOI CHPUIHATIUBOCTI K, MUTOMOI eJIeKTPUYHOT
NPOBiTHOCTI  Ta TeMmepaTypu t 3pa3ka MarHiTHoOI
pinuHu.

CyTHICTH METOIy NOJATAE Y aHaNi31 B3aeMOii 30B-
HIITHBOTO OJHOPIAHOTO MATHITHOTO TOJS 3 MarHiTHHM
MOJIEM BHUXPOBHUX CTPYMIB y 3pa3Ky MarHiTHOI piIWHH.
[Ipuyomy MaraiTHUI TOTIK y piguHi @y, iIHAYKTUBHICTH L
Ta eJICKTPUYHUIN Omip (o 3pa3ka — MOB’SA3aHi 3 MUTOMOIO
EJIEKTPUYHOIO MPOBITHICTIO Y, MATHITHOIO CIIPUUHSITINBI-
CTIO K, palliycoM @, MpoOHHUII 31 3pa3koM (a, = a), A0B-
’KUHOIO TEIIOBOTO TepeTBoproBaya |, a Takox 3 Temre-
patyporo t 3pa3ka [4]. 3amwist TOCTIIHKEHHS TEOPETHUHUX
ocHoB pobotu II1EII 3i 3pa3komM MartiTHOI piAWHH, CIIO-
YaTKy BBOAATH IIMTOMI HOPMOBAHI XapaKTEPHCTUKH TeIl-
nosoro ITIEIl: HOpMOBaHy BHYTpIIIHIO iHZYKTHBHICTBH
Ly, TUTOMUIA eNeKTpuyHUiA omip €2, Ta y3araJbHCHUH
mapameTp A; [4, 5], ki MicTATh iHPOpPMAIIiFO OO0 MarHi-
THOI CHPUHHSTINBOCTI K, TIUTOMOI €IEKTPUYHOI TPOBi-
HOCTI y 1 TemriepaTypH t 3pa3ka piJuHu.

Ha puc.1, 3 ypaxyBaHHsIM pe3yibTatiB podit [4—14],
HaBEICHO CXeMY BKJIIOUEHHS iHAYKTHBHOTO IapaMeTpud-
HOTO eJIeKTpoMarHiTHoro nepersoproBava (IITEIT) 3i 3pa-
3KOM CTIYHHX BOJ (3pa30K PO3TallOBaHO B CKIISAHIM TpyO-

1i). Cxema Mictuth n0 cede ITIEIT 3i 3pa3koM CTIYHHX
Box (cxemarmyno ITTEIT mpescTaBieHO y BUIJIAII OMOPY
R Ta imgyktuBHOCTI L), HarpiBad — H mist 3MiHEHHST TeM-
nepaTrypu 3paska CTIYHHX BOJ, aMIlepMETp B JIAHIIO3i
HarpiBaua — A, BoibTMeTp — B, ocmmtorpad — OC (st
KOHTpOIO0 (OpMH BHXiIHOI HampyrH), reHepatop — I,
BAMIpIOBad YacTOTH HAMarHidyBaJbHOTO cTpymy — BY,
Oaperep — b s crabimizamii crpymy, camommcens — C
(s xouTpodr0 Gopmu ctpymy B odmoti ITTEIT), omip
camornucis — R, BumiproBau (azoBoro kyra 3cyBy — BO.
Cxema mependavyae KOMIICHCAII0 3aBayKarovol 3O0BHIIII-
HBOI IHAYKTHBHOCTI L; 3a JOMOMOror KOMIEHCYIOYOi
emHocti P567. 3a nonomororo ITTEIT 3xilicHIOIOTE OIHO-
YacHO HaMarHiuyBaJlbHI Ta BUMiploBanbHI QyHKLii, a Ta-
KOX HarpiBaHHs 3pa3ka MarHiTHOI PiMHH, 32 PaxyHOK
nepen6adenoro y koHctpykuii IITEIT narpisaua — H.

HanamrryBanust cxemu Ha puc.l, moysirae y HacTyn-
HOMY: CIIOYaTKy IPH BHMKHYTOMY HarpiBadi H, BcTaHOB-
JIOIOTH po00dy TOYKY Ha 3aJIEKHOCTI HOPMOBAHOI BHYT-
pimHBOI IHOYKTUBHOCTI L;; Bi y3araapHEHOTO apameTpa
A, 10610 Ly = F(4y). IIpn npomy, Ko 3HaueHHS 4 3Ha-
XOmuThcs y miamasoHi 1,42<A4<33, ne dYyTIUBICTH
ITIEIT € HalOIABIION, 3aJMINAIOT, HE3MIHHMM 3HAYEHHS
BcTaHoBieHO! yactotu f marmitaoro mosst ITTEIL. V Bu-
nanuky sKkuo 4 He NOTparvisie y 3aJaHuid Aiana3oH, BCTa-
HOBJIIOIOTH 1HITY YacTOTY Ta 31HCHIOIOTH IOBTOPHI BHMi-
proBanHs KommoHeHTiB curHaniB ITIEIl, momoku moku
3HaueHHI A =A;, He TOTpamuTh [0 Jiana3oHy
1,42 £ 4 <3,3. Jlani 3a JOMOMOTOK HarpiBada 3MiHIOKOTh
TemriepaTypy t 3paska pianHu B Aianaszoni Bix 15 mo 30°C
(3 kpokoMm t = 2°C) Ta BUMIpIOIOTH KOMIIOHCHTH CHUTHAIIIB
ITTEIT: maniaas Hanpyru U Ha 3pa3ky, (pa3oBHii KyT 3CYBY
¢ moMix ctpyMoM | Ta mieto x Hanpyroio U, BHYTpilIHIO
IHAYKTUBHICTD Ly 3paska. [Ipmaomy, HaMarHideHicTh 3pa-
3Ka MarHiTHOI pimmam J nopiBHioe, J =12 kA/M, mpu
00’eMHIll KOHIEHTpalii MarHiTHOI ¢asu C,.=2,5 %, Ha-
npyKeHicTh MarditHoro moJs ckiagae H =300 A/m. Ciig
BM3HAYUTH, IO CTIifiKIi Mar”iTHi KOJOIIH € MOKJIMBHM
OTPUMYBaTH, 3aCTOCOBYIOUH Yy SKOCTI CTa01Ii3aTOpiB OJe-
at Hatpiro (NaCsH3;0,) [15-17].
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Pucynoxk 1 — Cxema Bxmouernst IITEIT 31 3pa3komM MarHiTHOT pituHA

Hocnimxysana moxens "IIIEIT — marHiTHA piguHa",
BHpa’Ke€Ha CUCTEMOIO PiBHSIHb:

LiH = fl(a’ K‘,;{,t)
N )
Xt =X ‘[1+a-(t—t0)]

Jie a — paniyc 3paska; ¥y — MUTOMa eJIEeKTPUYHA IPOBil-
HICTH 3pa3ka MarHiTHOI PiJMHHU TIpH ITOYaTKOBiil Temrie-
parypi ty; o — TemmepaTypHuil KoedilieHT onopy, SKHi
3HAXOJITh EKCIIEPUMEHTAIBHAM IUIIXOM; t) — moyaTkoBa
TeMIrepaTypa 3pasKa.

B Tab1n.1, HaBemeHO po3paxoBaHi 3HAYEHHS YHIBEp-
campHUX  QyHKOiH  mepetBopeHHs Ly =F(4) i
Lix = F(Qu21), AKi TIOB’A3YIOTH TTApaMETPH 3pa3Ka MarHiT-
HOI piguHu 3 KoMroHenTamu curHaiis ITTEIT. Anroputm
CYMICHUX  TpHUIapaMeTpOBHX BHMIpIOBaHb  (i3UKO-
XIMIYHHX MapaMeTpiB 3pa3ka MarHiTHOI PiJJMHU, MOJATae
y HaCTYITHOMY: 3 ypaxyBaHHSIM KOMIIEHCallii YacTHHU
CyMapHOi IHAYKTHBHOCTI Ly, sIKy OOYMOBIEHO IpOXO-
JUKEHHSIM TIapa3uTHOTO MarHiTHOTO MOToKy @) 30BHI 3pa-
3Ka, BUMIpIOIOTh Harpyry U Ha cTpyMomiIBoJax CKISHOT
TpyOKn (sIKi po3ramoBaHo 3 il TOpIiB) Ta (a3oBHH KyT
3cyBy @. Jlami 3a TOTIOMOTOI0 CXeMH Ha pHc.l, BHUMipio-
I0Th BHYTPILIHIO IHAYKTUBHICTH L;; Ta 3HaI0UM 1HIYKTHB-
HicTb Ly Ta omip 3paska {2y Ha IOCTIHHOMY CTpyMi, 3Ha-
XOIATh OIip 3pa3ka MAarHiTHOI pIgUHH Ha 3MIHHOMY
ctpywmi | [18].

U
QZt =|—-c05(pt )]

3uraroun omip ,, 3HAXOAATH mMapameTp Qo [18].

(6)

Ham 3a 3amexHicTio Ly = F(Quo) (muB. Tadm.1),
3HAXOISITh HOPMOBaHY BHYTPIIIHIO iHIYKTHBHICTH L
MarHiTHY CHPUHHATINBICTH 3pa3Ka MAarHiTHOI piIWHH,
3HAXOIATh 332 (HOPMYJIOIO:

L8

= -1
LiH “Ho- I
JIJis 3HAXO/KCHHS TapameTpa j; HEoOXiIHO 3acTo-
cyBaHHs iHIIOI QyHKLIT nepeTBopeHHs, To0To Ly, = F(4y),
CIIOYaTKy 3a LIEI0 3aJISKHICTIO HEOOXiMHO 3HATH mapa-
metp Ai. [Ipudomy, aHaNTITHYHUN BUpa3 A1 BU3HAUCHHS
napameTpa A, Ma€ HaCTYIHUH BUTIISI:

L_l

At: I-iH'LO

“Ho X @, (®

JIe [Lp — MarHiTHa cTajia; o — IUKJIiYHa YacToTa.
[Mutomy eJeKTpUYHYy MPOBITHICTH 3pa3ka MarHiTHOT
pinuHH ¥, BU3HAYAIOTH 33 (POPMYJIOLO:

2
AL, L
a’ Ly -y

Xt )

Temmneparypy t 3pa3ka MarHiTHOI piAMHU 3HAXOIATh:

2
LA )

(10)
a -8’ Lo 1
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Ta6muus 1 — Pesynbratu BUMiptoBaHb (hi3NKO-XiMiYHUX
napaMeTpiB MarHiTHOI pinuHu x, 1 t.
a=10 mv; f=25 xT'; 0= 7,41-107 1/°C; H =300 Alwv;
o =4m - 107 Tu/m; t =120 ... 30 °C]

Lix Quat A K x-10* t
0,989 | 1,021 | 1,423 | 339 [ 0286 | 15,09
0,977 | 1,046 | 1,747 | 37,05 | 0351 | 17,19
0,958 | 1,084 | 2,031 | 41,52 [ 0,406 | 18,11
0,929 | 1,144 | 2,360 | 45,66 | 0,475 | 20,98
0,891 | 1,222 | 2,681 | 50,33 | 0,538 | 24,02
0,848 | 1,312 | 298 | 5498 [ 0,579 | 26,96
0,804 | 1,406 | 326 | 57,11 [ 0,602 | 30,01

Cii BU3HAYUTH, [0 HABITHL HE3HAYHI 3MIHEHHS Ma-
THITHOT CHOPUNHSTIUBOCTI K, TUTOMOI CJICKTPUYHOI Mpo-
BIZIHOCTI y Ta Temmeparypu t 3pa3ka MarHiTHOI piIuHH,
MPHU3BOIATH 10 3MiHCHHs KOMITOHEHTIB curnaiis IITEIL:
MarHiTHUX MOTOKiB @, mMoTOKO34YeIUIeHs ¥, OmopiB Q Ta
IHAYKTUBHOCTEH 00OMOTOK L 1 sIk HACHiIOK y3arajibHEHUX
HOpMoOBaHuUX napametpis A ta G.

BucHoBxku

TakuMm 4WHOM, y JaHii poOOTI BHU3HAYCHO MNUIIXH
PO3B’sI3aHHS Ta ITOCTABJICHI OCHOBHI 3aBJaHHSA Ba)KIHBOI
HAYKOBO-TIPAKTHYHOI TPOOIEMH, CYTh SKOI TOJNATaE y
BUPIIICHHI KOMIUIEKCY 3aB/iaHb, MOB’SI3aHUX 31 CTBOPEH-
HSM OaraTrornapaMeTpoBHX €JIEKTPOMArHiTHUX METOJIB
CYMICHUX BHUMIpIOBaHb ()i3UKO-XIMIYHUX HapaMeTpiB
npo6 MarHiTHUX piauH Ha ocHoBi IITEII. B pamkax posr-
JISy TIMTaHb, TI0B’A3aHUX 3 LI€0 TPOOIEMOI0, TOCIiIKe-
HO TPHIApPaMETPOBHH €JIEKTPOMAarHiTHUH METoJ| CyMic-
HHUX BHMIpIOBaHb MarHiTHO! COPHUHSATIMBOCTI K, TATOMOT
eNeKTPUYHOI IPOBIIHOCTI y Ta TeMIepaTypH t 3pa3ka ma-
THITHOI piinHYU Ha OcHOBI Boau. OTpUMaHO HOBI YHiBep-
canpHi ¢yHKUii meperBoperns IITEIT 3i 3pazkom marHiT-
HOI piAWHY, SKi BHPaXKaroThb cOOOI0 3aJIe)KHOCTI HOPMO-
BaHOI BHYTPIIIHBOI iHAYKTUBHOCTI L;; Bi y3araapHEHOTO
napametrpa A, T00TO Lj) = F(4;), a Takoxk HOpMOBaHOT
BHYTPIIIHBOI 1HIYKTUBHOCTI L BiJi HOpDMOBAHOTO OIOPY
Q.ot, T00TO Liyt = F(Qyp1). Ha ocHOBI po3pobiieHoro airo-
pPUTMY HaBe/JICHO OCHOBHI CITIBBIJIHOLIEHHS, SKi OIHCY-
10Th OC3KOHTAKTHUH TpUIIAPAMETPOBUIl €IEKTPOMArHiT-
HUM METOJ CyMICHHX BUMIpIOBaHb HapameTpiB k, y 1 t
3pa3Ka MarHiTHOi piguHu. HaykoBOH HOBH3HOIO CTAaTTI €
Te, M0 OTpUMANa MMOJAJbLIMI PO3BUTOK TEOpis poOOTH
OE3KOHTAaKTHOTO TEIUIOBOTO EJeKTPOMArHiTHOTO MepeT-
Boproaya IITEIl cToCOBHO KOHTPOIIO (Hi3MKO-XIMIYHHX
mmapaMeTpiB 3pa3kiB MarHiTHUX piguH. [IpakTnyanM 3Ha-
YEeHHSIM pOOOTH SIBIISIOTHCS OTPUMaHI YHiBepcaibHi QyH-
KUii NMepeTBOPEHHs, BUKOPUCTAHHS SKMX HANAE 3MOTY
I[0JI0 HEMPSAMOIO OLIHIOBAHHS SIKOCTI MarHiTHOI PiHHH 3
METOI0 TOAAIBIIOTO 3aCTOCOBYBAaHHS MAarHiTHOI PiVHU B
(GUIbTpax JOOYHMINEHHS CTIYHMX BOJ XapuyoOBHX BHPOO-
HUIITB.

[TepcnekTHBH MOJATBLINX MOCHIIKEHb, IOJSTalTh
B YIOCKOHAJICHHI MPOLECY OYMIICHHS KUCIHX Ta JIyKHUX
CTIYHUX BOJ NMHMBOBapHOI raiy3i 3a paxyHOK 3aCTOCOBY-
BaHHS QINBTPY AOOYMINCHHS, SKAN Tepemdadae crieria-
JMBHY 30HY IS BBEACHHS MAarHITHOI piAMHW Ha BOIHIN

OCHOBI 1 B pe3yJbTaTi B3a€EMOJIil MarHiTHOI piivuHHU 3 J0C-
JIJDKYBaHUM 3pa3KoM, MarHiTHa piJiMiHa IepeTBOPIOETHCS
B ca0OMarHiTHy Ta HaNpHKIHLI MPOLECY OYMIIEHHS 3a
JOIIOMOTOI0 CerapaTtopa BUIAIIETHCS (paKiisi, sika Mic-
TUTH 3a0pyAHIOBAYI.
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10. B.JIA3€EBHA, I. I". 3E3EKAJIO, B. 1. IJMUTPEHKO

NEPCIEKTUBH TOWYKIB TA IPOBJEMATUKA PO3POBKM TA3Y VIILIBHEHHX
KOJIEKTOPIB JTHITPOBCHKO-JTOHELBKOI 3AIAIMHU

V crarTi po3rSIHYTO aKkTyalbHYy IpoOiieMy ByIJIeBoIHeBOI 6a3u Ykpainu. [IpoaHanizoBaHo MaTepiany, sKi MOXKYTh OyTH HepeIyMOBaMH pO3-
BIJIKM Ta B MOJAJIBLIOMY PO3pOOKH Ta3y YIJIbHEHHX KOJEKTOpIiB Ha Teputopii JHimpoBcbko-JloHenbkoro aBnakoreny. Po3risHyTo oCHOBHI mapame-
TpH, SIKI BKa3ylOTh Ha HAsBHICTb Ta3y B yLIUIbHEHUX KojekTopax. JlaHi MicTaTh iH(OpMAIi0 PO 0COOIMBOCTI 0CAOBOr0O PO3pi3y Maneo30iChKOro
KOMILIEKCY, a caMe, Te0JIOTiYHy OyZI0BY NEPCIEKTHBHAX TEPHTOPIif, CTYIIIHb KaTareHe3y ra30BMINIYI0YHX TiPCHKUX MOPIiJ, BMICT OPraHiqHOTO ByTJIe-
L0 B MAaTEPHHCHKHUX MOPOJAX, KOJIEKTOPCHKI BIACTHBOCTI, @ TAKOXK IJIMOMHH 3a/sIFaHHS ra30MepCHeKTHBHUX iHTepBaiiB. [lepepaxoBaHi BizomocTi,
B3SITI 13 pe3ynbTaTiB OypiHHS YMCICHHUX CBEP/IOBHH Ta PI3HOMAHITHHX JIITEPATYPHUX JDKEPE, CBII4aTh PO BUCOKY IMOBIPHICTb YCIHIIIHUX TTOLIY-
KOBO-PO3BilyBalIbHUX POOIT HA EHTPATbHO-0aCeHOBHH ra3 y Mexax IIPpHOCchoBOi 30HU JIHIIpoBchKo-JoHenbkol 3amaauay. OCKiIbKY Taki HOKJIa H
€ BOKXKOBHIOOYBHIMH, 32 PaXyHOK CKJIa/JHOI re0Jori4HO1 OYZ0BU MEPCIEeKTUBHUX TEPUTOPIi, IIHPOKOro Jiana3oHy TIHOHH 3aJsraHHs Ta, B HEpIIy
Yyepry, HU3bKUX KOJIEKTOPCHKUX BJIACTUBOCTEH TipChKOI MOPOJIM, IO BMIILIYE ra3, po3poOKa LUX IOKJIaAiB HEMOXJIMBA 0€3 3aCTOCYBaHHS METOIB
inTeHcudikauii. ICHyIOTh Pi3HOMaHITHI XiMi4Hi, TEIUIOBi, MEXaHIUHiI TEXHOJIOTil BUKIMKY NPHUIUIUBY (IIOILY, cepell SIKHX BEIUKOrO MOLIMPEHHS
HaOyB rigpaBniuHuil po3puB miacta. CydacHi MeToau iHTeHcUdikalii JOCUTh pe3yabTaTHBHI, aje 3alIUIIAIOThCS BCE K HEIOCKOHAJIUMHU Ta 3yMOB-
JIOIOTH IMEBHI YCKIAAHEHHS NpU po3poOui. JIis BUKIMKY NPUILIUBY BYIJIEBOAHIB i3 YIIIIPHEHHMX KOJEKTOPIB 3a3HAYEHO MiHHMII pO3pUB IIacTa,
3aCTOCYBAHHSI SIKOTO Ha yMKY aBTOPIB € JOLUIBHUM JUIsl PO3POOKH ITOK/IA/iB TAKOro TUITY. Y CTAaTTi TAKOXK HABEACHO MEPeBark BUKOPHUCTAHHS ITIHHOT
CHCTEMH MOPIBHSIHO 31 3BUYaHUM TiAPOPO3PHBOM ILIACTA TAa HEOOXITHICTh MOKPAIEHHS JSSIKUX MOKA3HHKIB MIHHOI CHCTEMH 3 METOIO MOAAIBLIOTO 11
BUKOPUCTAHHS UL YIIIbHEHUX TEPUIeHHNX KOJIEKTOPiB JIHIMPOBCHKO-J/I0HEIKOTO aBIaKOreHy.

Knrouosi cnosa: HuzbkonpoHUKHI NOPOOU; YeHMPaIbHO-0ACeliHO8UIl 2a3; 2I0PAGITYHUL PO3PUS; NIHHA cucmeMd.

10 B.JIA3EBHA, H.I". 3E3EKAJIO, B. . IMUTPEHKO

HEPCIEKTUBbI IOMCKOB Y MPOBJIEMATHKN PASPABOTKH T'A3A VIIOTHEHUI KOJI-
JEKTOPOB JHENPOBCKO-JOHELKOI BIIAJIMHBI

B crarthe paccMOTPEHO aKTyalbHYIO HPOOIeMy YIiIeBOROpoJHOW 6a3bl YkpauHbl. IIpoaHannm3upoBaHbl MaTepuaibl, KOTOPblE MOTYT OBITH
MPEANOCHUIKAMH Pa3BEAKU M B JAJIbHEHIIEM pa3pabOTKH ra3a YIUIOTHEHHBIX KOJUIEKTOPOB Ha Tepputopuu J[HempoBcko-JloHenkoil Bnagunsl. B
CTaTbe KPATKO PACCMOTPEHBI OCHOBHBIC IapaMeTpPhl, KOTOPHIE YKa3bIBAaIOT Ha HAJIWYUE Ia3a B YIUIOTHEHHBIX KOJUIEKTOpax. [laHHBIE cOpepikaT HH-
(dopmarHio 06 0COOEHHOCTAX OCaZOYHOIO pa3pesa MaJe030HCKOro KOMIUIEKCa, @ UMEHHO, F€0JIOTHYeCKOe CTPOCHHUE IEePCIEeKTUBHBIX TePPUTOPUIA,
CTeeHb KaTareHe3a ra3ocoepiKalliX TOpHbIX MOPOJ, COAep KaHHe OPTaHMIeCKOro yriaepoaa B MaTePUHCKHUX MOPOJax, KOIEKTOPCKUE CBOICTBA, a
TaKKe ITyOUHBI 3aJleTaHus Fa30IePCIEeKTUBHBIX HHTEPBAIOB. [lepedncieHHble CBeICHHs, B3sAThIC H3 Pe3yIbTaTOB OypEeHHs MHOTOUYHCIICHHBIX CKBa-
JKHH, CBUJETEIBCTBYIOT O BBICOKOH BEPOSTHOCTH YCIICIIHEIX IIONCKOBO-Pa3BENOYHBIX Pa0oT Ha LEHTPAIbHO-0aCCEHOBBIH ra3 B mpejenax mproce-
BOi1 30HBI J[HenpoBcko-JloHerkoi Brnaaunbl. [TocKoNIbKy Takue 3alexu TPYAHO pa3pabaThiBacMble, 32 CUET CIIOKHOTO I'€OJIOTHYECKOr0 CTPOCHHS
MePCHEKTHBHBIX TEPPUTOPHUIA, IIMPOKOTO JHANa3oHa ITyOHH 3aleraHus H, B IEPBYIO Ouepeqb, HU3KUX KOJUIEKTOPCKUX CBOWCTB TOPHOM IIOPOJIBL,
KOTOpAasi COAEPIKUT Ta3, pa3paboTKa STHX 3aJiexeil HeBO3MOXKHA 0e3 IPUMEHEHHU] MeTO0B NHTeHcHupuKkanyu. CyIecTByeT MHOXKECTBO XUMUUECKHX,
TEIUIOBBIX, MEXaHUYECKUX TEXHOJIOTHI BBI30Ba IPUTOKA (UIFOMJIA U3 ILIACTA, CPEAN KOTOPBIX OOJIBIIOE PACIPOCTPAHEHHE MOIYYHI IHAPABIHYECKUH
pa3peiB macTa. CoBpeMEHHbIE METOBI HHTCHCH(HUKAIUK JOCTATOYHO Pe3yJIbTaTUBHBI, HO OCTAIOTCS BCE XK€ HECOBEPIICHHBIMU U BBI3BIBAIOT OIIpe-
JIeJICHHBIE CIOXKHOCTH IPU pa3paboTke 3aiexu. Jlisi BHI30Ba IPUTOKA YIJICBOJOPOJOB HM3 YIUIOTHEHHBIX KOJUIEKTOPOB YKa3aHO IICHHBIH pa3pbiB
1acTa, IPUMEHEHNE KOTOPOro 110 MHEHUIO aBTOPOB 11€1€CO00Pa3HO I pa3pabOTKH 3ajiexkei Takoro Tuna. B craTee Takke yka3aHO IpeUMYyIIECTBa
HCTIONB30BAHNS [IEHHON CHCTEMBI 110 CPAaBHEHHIO C OOBIYHBIM THAPOPA3PHIBOM IUIACTA M HEOOXOAUMOCTD yTydIIeHHs] HEKOTOPBIX MOKa3aTeNnel MmeH-
HOI CHCTEMBI C LIeJIBIO JAJIBHEHINEero €€ MCI0JIb30BaHUs I YIUIOTHEHHBIX TEPPUTeHHBIX KOJUIEKTOPOB J[HenpoBcko-J[oHeIKkoro aBakoreHa.

Kniouegwie cnosa:. nuskonponuyaemvie nopoosl; YyeHmpanbHo-0accelHoeblil 2a3; 2UOPAGIULECKUl pA3pble; NEHHAs CUCEMA.

Yu. V. LAZIEBNA, I. G. ZEZEKALO, B. I. DMITRENKO

PROSPECTS OF SEARCHES AND PROBLEMS OF GAS DEVELOPMENT OF SEALED COLLEC-
TORS OF THE DNIPRO-DONETSK DEPRESSION

The article considers the current problem of the hydrocarbon base of Ukraine. Materials that can serve as prerequisites for exploration and fur-
ther development of gas from compacted reservoirs on the territory of the Dnieper-Donetsk graben are analyzed. In this article, the main parameters,
that indicate the presence of gas in compacted reservoirs, are briefly considered. The data contain information about the features of the sedimentary
section of the Paleozoic complex, namely, the geological structure of promising areas, the degree of catagenesis of gas-bearing rocks, the content of
organic carbon in parent rocks, reservoir properties, and depths of gas-promising intervals. These data, taken from the results of drilling numerous
wells, indicate a high probability of successful exploration for central basin gas within the axial zone of the Dnieper-Donetsk basin. As such deposits
are difficult to extract, due to the complex geological structure of promising areas, a wide range of depths and, above all, poor reservoir properties of
rocks containing gas, its development is impossible without the use of intensification methods. There are many chemical, thermal, mechanical tech-
nologies to cause the inflow of fluid from the reservoir, among which the hydraulic fracturing of the reservoir has become widespread. Modern meth-
ods of intensification are quite effective, but still remain imperfect, and therefore, there are some defects that cause certain complications in the devel-
opment of the deposit. To cause the inflow of hydrocarbons from the compacted reservoirs, a foam gap of the formation is indicated, the use of which,
in the opinion of the authors, is appropriate for deposits of this type. The article also points out the advantages of using a foam system compared to
conventional fracturing and the need to improve some indicators of the foam system to its further use for compacted terrigenous reservoirs of the
Dnieper-Donetsk avlakogen.

Key words: low-permeability rocks; central basin gas; hydraulic gap; foam system.
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Beryn. [Ipobnemu eHepreTHkH 3 KOXKHHUM POKOM
MOCTAalOTh yce TOoCTpille, a/PKe pO3BiJaHI TPaaWIiiHI
JIeHb POOBHII € BUCHO)KCHUMHU i 3HAXOAATHCSA Ha 3aBe-
puranbHii cramii po3poOku. Ilpu 1BOMY CIOKHBaHHS
BYTJICBOJHIB HaBMAKH 3pocTae. CaMe TOMY 3aIHIIAIOTHCS
aKTyaJIbHUMH POOOTH 31 30UIBIICHHS BYTJIEBOAHEBHX
pecypciB Ta 3amaciB, yIOCKOHAJICHHS MEPBHHHUX 1 BTO-
PUHHUX METO/IB PO3KPHUTTS IUIACTA, OCBOEHHS IEPCIEK-
TUBHUX TOPU30HTIB [1, 2].

Sk y cBiTi, Tak 1 B MeXax Haloi Aep)KaBH OKpIM
(TPAIUIIMHAX», € BENHKI PECypCH 1 «HETpamuIiitHUX)
moKTafiB rasy [3, 4]. 3riHO 3araJbHOI'CONOTIYHHUX YSIB-
JICHp Ta AHAIOTIH i3 TEOJIOTIYHHMH XapaKTePHCTUKAMH
BIJJOMHX POJOBUIL HeTpaauuiiHux moknanie y CHIA ta
Kanani [5, 6, 7], ne ra3 yIiIpHEeHHX KOJIEKTOPIB po3po0-
JISIETBCSI B IPOMUCIIOBUX Maciitabax [8], moBeaeHa oOwiH-
Ka MPOTHO3HUX pecypciB rady 3a kareropieio D, y Mox-
JUBHX  HETPaguLidHMX  MNokiIagax  JIHImpoBchKO—
JoHenpKoro HaTOTa30HOCHOTO PETiOHY: Ta3 IICHTPallb-
HO-0aceiiHOBOTrO TUIy (ra3 YIIIJIbHEHHX KOJIEKTOPIB), Ta3
BYTUIBHUX TOBIL, «CJIAHIIEBUH ra3». 3araibHa OIHKa X
pecypci 3a JaHHMH cknagae MiiMym 19 tpmH M° [9].
Po3Binka Takux HeTpaIUIIHHUX CKYIUYEHb ra3y Ta riimoo-
KO3AJTal0uuX IIOKJIAgiB MOXE 3a0e3[eYuTH CYTTEBE
30ibIIeHHS pecypcHOi 0a3u ByrieBoaHiB Ykpainu [7, 9
,10]. Came TOMy aKTyaJbHHUMH € yIOCKOHAJIEHHS Cydac-
HUX METOJIB OCBOEHHS LIUIBHUX KOJICKTOPIB y MeXKax
BIJOMHX POJOBHIN IEPCICKTUBHUX Ha HETPATUIIIAHI
MOKJIaM ra3y, a TaKOX MiABHUIIEHHS HPOJYKTHBHOCTI
BUJIOOYBHUX CBEPAIOBHHH.

lonmoBHOIO 3amadero JaHUX AOCHIKEHb € IIPOBeE-
JICHHS aHaJIi3y XapaKTEePUCTHK OCAaIOBOI TOBIII MIPUOCHO-
Boi yacTMHM JIHIPOBCHKO-J{OHEIIBKOTO aBJIAKOTEHY Ta
BUSABJICHHA  IPIOPUTETHUX 30H [UI1  IIOLIYKOBO-
PO3BiAyBAIEHUX POOIT HA Ta3 MEHTPATBHO-0aceHOBOTO
THITY 1 METOIB iX PO3POOKH.

Kpurepii nomykiB rasy ymiJisHeHuX K0J1eKTOPiB.
HenTpanpHo-0aceifHOBUI ra3 — e CKYITYeHHS HEKOHBEK-
[IfHOrO Ta3zy B YHIUIBHEHHX IOPOJax-KOJIEKTOpax, sKi
3HAXOIATHCS B IIEHTPaIbHIN 3aHypeHiil YacTuHi HadTOTa-
30HOCHOTO Oaceiiny. Taki MOKJaay 3a3BUYail MalOTh pe-
TiOHANbHE PO3TAlIlyBaHHS i HE IMOB’s3aHI 3 JIOKAIEHUMH
JITOJIOTIYHUMH,  CTpaTHUrpadiuHUMH,  CTPYKTYPHUMH
MMACTKAMH 9 TaCTKaMU KOMOIHOBaHOTO THUILY, Ha BiAMIHY
Bia Tpaauuiitnux moknanis [11]. PesepByapu ckymyeHHs
TaKOTr'o razy IepeBa)KHO IUIACTOBOTO THIY abo Ie MOTYX-
HI TOBHII mepemapyBaHHs npomapkiB [12], sxi wacto
CKJIa[ieHl YUIITPHEHUMH IIICKOBUKAMH 3 MOPHUCTICTIO
<10 % ra mponuknictio < 0,1 M/l, mo yTpyaHioe nepe-
MIIIeHHS QoI .

Heo0xinHo 3a3HaunTH, MO (QIFOITOTPUB TaKUX MOK-
JaniB HE 3aBXKIU MPEICTABICHUH JIITOJOTIYHUM THIIOM.
Ha BigmiHy Bif TpamumiiHUX MacToK, y OUIBIIOCTI BHIa-
JIKiB IF0 (DYHKIIIFO BUKOHYE Misl KaIiJAPHUX CHII, SIKi BHU-
HHUKAaIOTh y caMoMy Koiekrtopi. Lle mae miacraBu roBopu-
TH TIPO Te, IO PErioHaNbHUMHU (QIIIOIIOTPUBAMH € 30HU
aHoMaibHO BHCOKHX (ABIIT) abo HaBiTHP aHOMAILHO
Hu3bkux THckiB (AHIIT) [11, 13]. Came 3a momiero
ABIIT un AHIIT amepuKkaHCBKi T'€OJOTH BH3HAYAIOTH
HASBHICTh TA30HOCHUX YIIUTBHEHUX KOJCKTOPIB [14].

Takok Ba)XKJTMBIMH KPUTEPIsIMH BHIUICHHS 30H I10-
LIMPEHHs Ta3y YIIUIBHEHUX KOJEKTOPIB € BMICT OpraHid-

BYIJICBOJHEBI 3amacd Ha TEpUTOpPil YKpaiHK BHUEPITY-
IOTbCS 1 OUIBIIICTG BIIOMHX HAa  CHOTOJHIMIHIN
Horo Byryienio Cop [12, 15] Ta cTymiHb TepManbHOT 3pino-
cti ripcbkoi mopoau R° (abo crymiHp KarareHesy).
Hampuknan, b.Jloy pexkoMeHIye BHKOPUCTOBYBATU
KaTareHeTHYHUH KpuTepid. BiH yBaxae, 1m0 HpH piBHI
TepManbHoi 3pitocti 0,80,9 R® y mopomax i3 HU3BKOIO
npoHukHicTIoO i BMmicToM  Cgy.  Omusbko 1,5 %
crocTepiraeTsCs 30ir MOKPIBIIi Ta30BOTO CKYIMYCHHA 3
nosepxHero  ABIIT, ToMy BYeHuil  pekoMeHAye
BUKOPHCTOBYBATH B TaKHX BHIAJKaxX MOBEPXHIO IIOPif,
nepeTBopeHux 10 cranii kararenesy R°0,850,9 [4, 16],
o Biamosinae 30Hi MK, [5]. 3a meskuMu iHIIUMU JHKe-
penaMu, 3a/I0BIJIbBHUM CTYIIEHEM KaTareHe3y BBaXKaeThbCs
mianmason Bim 0,7 1> 1,3 R°[10, 11, 16].

Ieosioriune o0rpyHTYBaHHSI PO3BiTyBaJbLHHX PO-
0iT Ha HeHTpaJbHO-0aceiiHOBHIi ra3 y mexax JI/I3. B
VYkpaiHi HaOUIBII MEPCIICKTUBHIMH Ha HETPAIUIIHHUIMA
ra3 € 3axigHui perioH - Teputopis BomuHo-Ilomimis Ta
cXimHuit - Tepuropisn JHINMPOBChKO-/[OHEIBKOT 3ama uHu
[4, 9]. [IpoBoANTH MOUIYKH Ta PO3BIAKY ra3y YIILTbHEHNX
KOJIGKTOPIB OLTBII ITOMIIBHO B Mexkax CxigHoro Hadrora-
30HOCHOTO PErioHy, OCKUJIBKHM IOTEHIIHHO NMPOXYKTHBHI
TOBILI MAIOTh TOCHTh BEJIMKI IMOTY)KHOCTI, OLIBINY ITOPHUC-
TiCTh, HIXK KOJICKTOPH IMiBICHHO-3aXiTHOI YaCTHHU 3aIla-
JIUHY, & TAKOX BIAMOBIAHUI CTYMIHb TEPMAIbHOI 3PIIOCTI
ra30BMIMIyI040i TipchKoi mopo [3, 13].

IIporHo3Hi cKym4eHHs ra3y HEHTPAIbHO - OaceHO-
BOTO THITy TPHYpPOYEHi IO 3aHypeHOI IPHOCHOBOI 30HU
Huinposcbko-Jlonenpkol 3amaauuu. llei perioH xapak-
TEPU3Y€EThCS JIOCUTH CKJIAJHOI0 T'€0JIOTiYHOI0 OyI0BOIO,
OCKUIBKH 3amajfHa sBJsi€ co00i0 rpadeH po30uTHil uuc-
JICHHUMU po3ioMamu Ha 6moku [17, 18, 19] i 3amoBHEeHUI
JHCIOKOBAaHMMH OCaJ0BO-BYJIKAHOTCHHHUMH TipCHKUMH
MIOPO/IaMH, a TAaKOX YCKJIQIHEHHH COJITHUMH IITOKaMH.
Po3pi3 ckimageHuil BigkIagamMu, KOTPi MarOTh CTpaTUIpa-
(biuHy NpUHAJIEKHICTh B CEpelHbOTO JIEBOHY, SIKI He-
Y3TOKEHO 3aJBTal0Th Ha TOPOAAX KPUCTAIIYHOTO (yH-
JTAMEHTY 10 KalfHO30MCBhKUX YTBOpPEHD [4].

[lepcrieKTHBHI TPOXYKTHBHI TOPU3OHTH TIEPEBAKHO
npuypoueHi 10 (opMmyBaHb najeo30lchkoro Biky. Lle
opoan CEepeTHBOTO i BEPXHBOTO JICBOHY,
KaM SIHOBYT1IbHOI CHCTEMH Ta acCeNbChKi 1 cakMapchKi
BiIKJIaau HIOKHBOI miepMi [20]. 3aniraroTb BOHH Yy IIHPO-
KOMY Jiama3oHi riauouH Big 2600 M y MiBHIYHO-3aXiqHIH
gactuHi 10 45005000 M — y miBmeHHO — cXimHii [12, 17].
[Mpore, nanpukmax, y IliBHiuHIN Amepuii 3aisraHss
Takux mopix Ha rmomHax 10 4500 M € eKOHOMIYHO 00-
IpyHTOBaHUM [9, 15].

Jlitonoro-nerporadivanii cKiag po3pizy MPHOCHO-
Boi yactuHu JIHINPOBCHKO-J[OHEILKOT 3amajuHu Tpe/-
CTaBJICHUH YUIUTbHEHNMH TICKOBHKAMH 3 AJIEBPUTAMH Ta
npomapkamu apriitis. CepeHs NOPUCTICTh LUX KOJIEK-
TOpIB CTAHOBUTH ONM3BKO 5%, TPOHUKHICTH NPH SAKiH
KOJMBAETHC B miamasoni Big 1,0 ;o 0,001 m/I.

CrymniHb TepMaJIbHOI 3pUIOCTI BiAIIOBia€ MOKa3HU-
KaM, KOTpi € XapaKTepHUMH IS YIIUTBHEHUX IOopif 3i
CTPYKTYpOIO IOPOBOTO IPOCTOPY, CIPHATIUBOIO JUIs
aKyMyJIIOBaHHS Ta 30€peXEHHs IPUPOJHBOTO rasy

(puc.1).
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Puc.1. Kapra rincomerpii 3ansranss nopia i3 pisaem tepMainbHoi 3pisocti R°= 0,8 [12]

Ha rtepuropii JHinpoBchko—/{0HEEKOTO aBIaKoOTe-
HY BHIUICHO 6 MEPCIEKTUBHUX 30H JJIS MOIIYKiB MOKJa-
IiB Tra3y VIIIIbHEHHX KoJeKTopis: KammuHimiBcbko-
Kpem’ankiBcbka, 3adenmimiBcbko-KpeMeHiBChKka, 3axif-
HOCOJIOXiBCBKO-MartsiiBcbka, HoBorpuropisceko- bmms-
HIOKIBCbKa, BecenmiBcbko-ApremiBebka, Kam’siHCbKO-
AptemiBchka (Tabm. 1).

Ha npuknazai aHux po3KpUTTS po3pi3y HEepCIeKTH-
BHUX 30H JICSIKUMH CBEpIJIOBHHAMH IPOBEICHO aHaJi3
XapaKTEePUCTUK YMIIIyIOYUX TOpiA. YCTaHOBIICHO, MLIO
MIPOXYKTUBHI TOPU3OHTH IEHTPAILHOI NPHOCHOBOI Hac-
TuHM JIHITpOoBcbKO—/lOHEIBKOI 3anmaiiHy CKIIaJeHI mepe-
B2)XHO YUIUIPHEHMMH ITICKOBHKAMHU Ta aJeBpOJIiTAMH 3
IIpomapKamMHy apTiliTiB.

AHani3yo4un MaTepiand 3a MOXJIMBUMH 30HAMH Ta-
30HOCHOCTI, BUSBJICHO, II0 HAiMEHII NEPCHEKTUBHUMHU
JUTSL TIOIIYKiB Ta3y YIIUTPHEHWX KOJEKTOPIB € BiIKIamu
MEPMCBKOTO BIKY, OCKIJIBKH BOHH XapaKTCPU3YHOThCS
MaJlUM yMICTOM
Copr — Bin 0,5 10 0,005 % Ta HU3BKUM CTYIEHEM TepMa-
apHOT 3pinocti — R° < 0,5 (npu HEOOXiAHHX 3HAYCHHSIX
Bix 0,7 i Bumme) [12, 16].

Ha BigMmiHy Bim mepMchKOi CHCTEMH, JOCHTH HEIO-
TaHUMH TIOKa3HWKaMH XapaKTepU3YIOThCI TOPH30HTH
KapOoHOBOTO BiKy. Tak, ra30BMIlIyI04i TOPOIHN BEPXHBO-
ro kapboHy po3kputi cBepanoBuHamu Ne 1-ApTemiBcbka
ta Ne 10-CBsTOTipChKa, MAaOTh CTYHIHb KaTareHesy [0
1,5, BmicT Cop0,32,5 % Ta mponuknicts 0,510 Ml mmpu
rMONHAX 3ajsraHHs MPOAYKTHBHUX ToBIN Bix 3020 mo
3625 m.

CepenHiii kapOOH PO3KPUTHH YHUCICHHHUMH CBEP/-
noBuHamu, cepen skux Ne 677-TepuiBcbka, Ne 1-
ApreMmiBchbKa, Ne 300-6ic BeceniBcbka, Ne 31-
CniBakiBcbka Ta iH. IIpoayKTHBHI TOBIII XapakTepH3y-
IOTBCSL BMICTOM opraHigHoro Byriemro Big 0,9 mo 1,5 %,
cTyreHeM kararenesy R° 1,82, Xoua 3ycTpiuaroTeCst 30HH
3 TOKPAIICHUMH KOJIEKTOPCBKUMH BIIACTHBOCTSIMH, JI€

MPOHUKHICTE iHOAI csarae mo 290 m/l, mpoTte y minomy
BoHa Jocuth Hu3bka — 0,0050,01 m/] npu MeHIIUX TiU-
ounax 3ansrants — 26003760 m [4].

Komnekropn HMXHBOKaM’ SHOBYTUTFHOTO BiKy PO3K-
puTi, HanpukiIaa, cBepIoBUHAMU Ne 129-OmimHsAHCHKa,
Ne 106-3axigHoconoxiBcbka Ta Ne 623-KarepuHiBcbka Ha
rmbuHax 29974374 m. IlepcrieKTHBHI Ha ra3 HOPOIH
XapaKTepU3yIOThCSI Je0 KPalluMH MOKa3HUKaMHU: BMICT
Copr Bl 0,3 % 110 3,5 %, MicClsIMM 3HAUEHHS CATAIOTh 10
7 %; R°= 0,52,6; MpOHUKHICTH KOJIEKTOPIB y CEPEIHBOMY
B Mexax 0,011,5 m/], arme B MicIsIX TPIIIUHYBAaTOCTI MOXKE
csaratu 10 10 i HaBiTh 100 M/I.

JIeBOHCBKI BiAKIAIN PO3KPUTI cBepaoBuHaMu Ne 1-
JluBercpka, Ne 2-Bosipceka, Ne 413-KomnaifmuHIiBCEKa B
iHTepBasiax ruouH 44652760 M. Poskputi Bimkiamu
MaloTh CTYHIHb TepMaibHOI 3pimocti — 0,51,55, BMmict
opraniuHoro Byraento 0,13,5 %, a mMpOHMKHICTH HepeBa-
xHO < 0,2 M/J] [16, 21, 12, 15].

Buxonsguu 3 BHIIEBKAa3aHOTO, MOXKHa 3POOWUTH BH-
CHOBOK IIPO MOXKJIMBY HasiBHICTh CKYIUYEHb LEHTPAIbHO-
OaceifHOBOro ra3y Ha INTMOMHAX, JOCTYITHUX SIK i3 TEXHIU-
HOT'O, TaK 1 3 EKOHOMIYHOT0 HOrisiay. PexoMen1oBaHuMuU
JUTSL TIONITYKOBO - PO3BiAYBAIBHUX POOIT € Bi3eHChKI BiIK-
nmam HoBorpuropiBcbko-bin3HIOKIBCBKOI Ta TOPHU30HTH
cepenHboro kapbony BecenmiBcbko-ApTeMiBcbKOi Tepc-
MIEKTUBHUX 30H.

Jo ceoronHi Ha TepuTOpil YKpaiHu IiIecIpsIMOBaHi
poOOTH 3 TOMIYKy Ta3y LEHTPAIbHO-0aCEHHOBOTO THITY
(ra3y yIIITbHEHHX TEPUTeHHUX KOJEKTOPiB) HE MPOBOIHM-
JIUCh 1 BIAMOBIMHO Taki MOKJIAAW II€ HE PO3POOJISLIHC.
Ane naHi pO3KPHTTS IESKHMH CBEpIJIOBHHAMHU ITOTCH-
MIHHUX Ta30HaCHYCHUX TOBIN JIHIMPOBCHKO-/lOHEIbKOT
3amaJiiHy Ta MPOTHO3HI PECypCH MOXYTh CBIIYUTH IIPO
MOTEHIIHI NEepPCIEKTHBH  IOIIYKOBO-PO3BilyBalbHUX
po0iIT y Mexax JAaHOTO PEerioHy MO0 MPOMHUCIOBUX ITOK-
JIaJTiB BaKKOBHJOOYBHUX Ta3iB.
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Tabnuis 1 - KopoTka xapaktepucTtrka 30H JIHImpoBChKko-J{0OHEIBKOT 3aMaliHHU IEPCIICKTUBHUX HA ra3 [eHTPaIbHO-
OaceiinoBoro Tuny [4, 12]
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IIpo6iaemaTka BHKOPHUCTAHHSA TEXHOJIOTII BHUJIY-
YeHHsl ra3y i3 HH3bKONPOHMKHHUX KoJieKTopiB. Jlis
BWJTyYEeHHS! BYTJICBOJHIB i3 HHM3BKOIPOHWKHUX MOpiJ Ha-
KOIMYEHUH JOCBiJ] BUKOPHUCTAHHS YHCICHHUX METOIB
BIUIMBY Ha IoiacT. Haiibinpmoro mommpeHHs HaOyH
KHUCJIOTHI, COJITHOKHCIIOTHI, TEPMOKHCIOTHI 00poOKH,
TiApaBIiYHUNA PO3PHB IUTACTA, TOPIIEAYBAaHHSI CBEPIJIOBHU-
HH, aKycTH4Ha o0poOka tacra i T.m. [10, 22]. V pe3yinsb-
TaTi B TIPCBKiIM MOPOJI YTBOPIOEThCS TiAPOAMHAMIYHA
cUcTeMa TPILMH 1 BiAMOBIAHO 30UIBLIYETHCS 00’€M cro-
Jy4eHHX ITyCTOT, 10 CIPHSE TTOKpPaIleHHIo ra3oBinaayi [1,
2,22].

Ha choromHimHii 1eHp HaWOUIbII e(hEeKTHBHUM Me-
TOJIOM BUKJIMKY INPUILUIUBY BYTJIEBOJHIB 13 HU3BKOIPOHH-
KHUX KOJICKTOPIB € TiApaBIIiYHUN po3puB Iwiacta [7, 22].
Bcim Binmoma texnosoris I'PII momnsirae y 3akadyBaHHI B
CBEPUIOBUHY IIiJi BUCOKAM THCKOM PiIMHU PO3PHBY (SKa
Moyke OyTH IpeAcTaBIeHa pO3YNHOM Ha BOAHIN, HAQTOBIH,
CITUPTOBIA OCHOBI) 3 JOJaBaHHIM IOBEPXHEBO-aKTHBHUX
PEUYOBHH Ta MPOMNAHTy. Takuil TWN BIUIMBY HA IOTaHO
MIPOHHUKHI 30HH A€ MOIIUBICTh 30UIBIIMTH IPUTOKH B 23
pasm [1,9, 23, 24].

I'eomoriuna 6ymoBa /IHimpoBcbko-/{oHEIIBKOTO aBia-
KOreHy yCKJIaJHeHA YUCICHHUMH PO3PHBHHMH ITOPYILICH-
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HIMH Ta JUCIIOKOBAHUMM 0OCaJ0BO-BYJIKaHOT€HHUMHU
YTBOPEHHSIMH, @ JITOJIOTIYHHUIA CKJaj MPOJYKTUBHHUX TO-
PHM30HTIB TNPE/ICTABICHUI MepelapyBaHHsIM TEPUTCHHUX
ripcekux noping [4, 18,1 9]. BimnoeigHO s BHUKIHMKY
NPUILTMBY HEOOXi/JHA TEXHOJIOTIS, MAaKCUMAIbHO IPHCTO-
COBaHa JI0 TAKUX YMOB.

BukopucTaHHS TipaBIiqHOrO PO3PHUBY IUTacTa B Ta-
KOX TOKJaJax dYacTo CYNPOBOKYETHCS ITOTIIMHAHHAIM
piAMHE pO3pHBY B 30HHM, NMPWIATAIOY] 10 HOBOYTBOPEHUX
TPIIIUH; 3aKyIOPKOI0 IyCTOT PO3YMHOM Ta HaOyXaHHIM
TIIMHACTHX MiHepamiB. lle mpusBOAMTH A0 yTPyIHEHHS
MEPEMIIIIEHHS] BYIJICBOAHIB [0 CBEPIIOBUHM;, IPOOIEM
NpY BUJAJICHH] PIJUHU PO3PHUBY; CIIPUYMHSE BUXI] 13 J1aay
obnaHaHHA, 0 CYTTEBO YCKIIATHIOE PO3POOKY X IMOK-
nafiB.

st po3poOKH MPOAYKTUBHUX TOBII YIIUILHEHUX KO-
JICKTOPIB, KOTpi y Mexax JI/I3 mpencraBicHi yIIiIbHCHU-
MH HU3BKOIIPOHWKHUMHU ITICKOBHKAMH 3 aJIeBpUTAMH Ta
MpoIapKaMy aprijiTiB, MPONOHYETbCS BUKOPHCTaHHS
TEXHOJIOTIi MiHHOTO TiAPOPO3pHUBY ILTAacTa. BiaMiHHICTH
mporo mMeroxny Bix 3BuuaiiHoro I'PII momsrae y BUKOpHC-
TaHHI B AKOCTI PiAMHU PO3PUBY IMIHHOI CUCTEMH, IO MicC-
tath 10 5075 % razy, 2444 % mnoBepXHEBO-aKTHBHUX
peuosuH, 1 % KCl i pemrra - Boga [1, 23, 25, 26]. [TepeBa-
I'M pO3pHMBY IUIacTa 3 BHUKOPHCTaHHSM MIHHOI CHUCTEMH
MOJIATAlOTh Y BUCOKIM CTIMKOCTI MiHHOT PEYOBUHHU; MOXK-
JIMBOCTI PETYJIIOBATH LIUIBHICTH MIHU Y JOCHTH IIUPOKOMY
Jliarma3oHi; Ha BIJIMiHY BiJI pCUOBHH Ha BOJIHIN OCHOBI MiHA
XapaKTepu3y€eThCs KpallMMH MOKa3HUKaMU TPH B3a€EMOJIT
3 TIMHUCTUMH Ta TIMHOBMIIIYIOUMMH IIOPOJAMH, SAKi €
YYTJIIMBHMH JI0 BOJIM; 32 PaXyHOK BHUBUIBHEHOTO ra3y 3Me-
HIIYETHCS TEPMiH OCBOEHHS CBEPIUIOBUHH, OCKITBKH BiH €
(hakTOpOM OYMIICHHS TPIMIMH i CBEPAJIOBUHH BiJ| HIIaAMy
Ta BUHECCHHS TEXHIYHOI PiTHN HA TIOBEPXHIO; 3 €KOJIOTi-
YHOT TOYKH 30py MIHHUK PO3PUB IIacTa OLIbLI Oe3MeYHu
3Ba)KAIOYM Ha MEHIIY KUIBKICTh PEYOBHHM 3aKayaHol y
TIacT Ta OUIBII MPUPOTHHUN CKIIQA XIMIYHUX CHONYK [24,
27,26, 28, 29, 30, 31].

[Tinanit po3puB miacra Brepiie OyB BHKOPUCTaHHHA
e B 1970-x pokax Jyisi CTUMYJIIOBAaHHSI PO3POOKH BYTJIE-
BOJIHIB 13 HM3BKOINPOHHKHMX KOJIEKTOPIB 200 TMOKIAMIB i3
HHU3BKHMH TJIACTOBUMHM THCKaMmHu, a B 1980 poui 1abopato-
PHHUMH Ta MOJBOBUMH poboTamu Oyia oBeaeHa epeKTHB-
HICTh JaHoro Meromy [32]. SIk mpuKiIax BUKOPHUCTAHHS
niggoro PI'TI, e IliBmenno — IIpmoGcpke HadTOBE poIIO-
Bumie. Y 2007 pomi kommaniero Schlumberger Oyma pos-
pobJieHa TEXHOJIOTIS MIHHOTO PO3PHBY, IO BiAMOBimaIa
yMOBAaM caMe JaHOrO pPOJOBHINA. MOro mpomykTHBHHii
PO3pi3 3HAXOAUTHCSA Ha riuOuHax Omm3bko 2500 M, ckia-
JICHUI TepelapyBaHHsIM IINAHO-TJIMHUCTHX TIPCBKUX
MOpiJ i3 HU3BKOIO NMPOHMKHICTIO, MOTYXHICTIO BiA 2 /10
40 M. Y pe3ynbTaTi BUKOPUCTAHHS TaKOi TEXHOJIOTIT iHTe-
Hengikarii ne0iT CBEepANIOBUH, Y SIKMX 3aCTOCYBAJIN ITiH-
uuit ['PI1, mepepummB nediT cycimuix maiixe Ha 50 % [27,
33]. Taki moka3HWKHK 3a0e3MeveHi CKIIAJOM 1 BiJlIOBIIHO
BIIACTHBOCTSIMH PEYOBHHHU PO3PHBY.

TexHOMOTIsI MHHOTO PO3PHBY ILIAcTa YCIIIIHO 3a-
CTOCOBYETBCSl 1 IHIIMMHM KpaiHaMH Uil PI3HOMaHITHHX
THUITB KoOJeKTopiB, Hanpuknaa, y CximHomy Kentyki Ta
[MTiBHoiuHO-3axigHiii BipmkuHii 11 HU3BKONMPOHUKHUX

MICKOBHUKIB Ta CIIAHI[B YyTJIMBHX 10 BOIH, IO 3aJIATaI0Th
B YMOBaxX HM3bKHX TUCKIB, [JIs ciiaHIleBuX nopin y Kanani,
mirrano-rauHueTuX mopix Pocidicbkoi Deneparnii [26]. Y
JITepaTypHUX JDKepenax He 3HaljeHo iHdopmauii mpo
BUKOPHCTAaHHS MIHHOT'O PO3PUBY IUIACTA JyIsl iHTeHCHDiKa-
1ii po3poOKH Ta3zy YIIUIBHEHWX TEPUTEHHHUX KOJIEKTOPIB
JuinpoBcbko-J{oHenpkoi 3amaguHu. Y 3B'SA3Ky 3 UM €
norpeda po3poOUTH KOHKPETHY pelenTypy IiHHOI cucTe-
MU Ta TEXHOJIOTiI0, fIKa O 3a/I0BOJILHAJIA I'€OJIOTIYHI YMOBH
came PHOCKOBOI 30HH JIHIMPOBCEKO-/{OHEIIBKOTO aBIaKo-
TeHy. 3 Mi€I0 METOI0 HEOOXigHO BIOCKOHAIUTH iCHYIOUI
CKJIaJIM MIHHOT PEYOBHHU PO3PUBY, & TAKOK BUKOHATHU P[]
J1a00paTOPHUX JOCHTIIIB IS MiATBEPHKEHHS e(heKTHBHOC-
Ti 3aCTOCYBaHHS TaKOi TEXHOJIOTIT PO3PHBY ILIACTA.

BucHoskn:

1. BcTaHOBJIEHO, 110 MEPCIEKTUBHUMH Ha IOLIYKH
rasy HeHTpaJlbHO-0aceifHOBOTO THITYy Y Mexax JIHIpoBCh-
Ko-JoHenpKOi 3amagHu € Bi3eWCHKiI aJeBPUTO-IIMIaHI
Bimkiaamgu HoBorpuropiBchbko-biIM3HIOKIBCHKOI 30HU Ta
cepeHbOKaM STHOBYTUIBHI TOBIII MiCKOBHKIB 13 Iporiap-
KaMH aJIeBpOJITIB Ta aprimiTiB BecemiBcbko-ApTeMiBCHKOT
30HM. Lle migTBEpMKYy€eThCS TOCTATHIM BMICTOM OpraHid-
Horo Byryento (Copy Bin 0,9 10 3,5) Ta cTynenem Tepmais-
HOI 3plIOCTI MAaTEepUHCHKUX TIPCBKHX IOPij, II0 BiIMNOBI-
nae razoBomy BikHy (MK, 3);

2. Jlnst po3poOKM MEPCIeKTHBHUX MOKJIAIB IEHTpa-
JIbHO-0aCefHOBOTO ra3y MPUOChOBOI YacTHHH JIHIIPOBCH-
Ko-JloHeupKoi 3amajvHi 3 BHKOPUCTaHHSAM TEXHOJIOTIT
MHHOTO PO3PHBY IUIaCTa HEOOXiJHE YJOCKOHAJICHHS ic-
HYIOUHX PELENTyp Ta po3poOKa HOBUX i3 IOKpPAIICHUMH
(i3UKO-XIMIYHUMH BIACTUBOCTSAMH, SKi O 3aTOBOIBHSIIN
YMOBH caMe JaHOTO PETiOHY;

3. BukopucraHHS TEXHOJOTI] MIHHOTO PO3PHUBY ILIa-
CTa MOXXE CIyTyBaTH CTapTOBOI TOYKOIO JUIS AKTUBHOI
PO3pOOKH BaKKOBHIOOYBHHMX 3allaciB rasy YIIUIbHEHHX
KOJIEKTOPIB, 30KpeMa, 3 KOJEKTOPIB IIEHTpaibHOOACEHHO-
Boro tumy. JlaHuit Meto] 3a0e3meduye 10ro BUKOPUCTaHHS
JUISl LIMPOKOT'O CHEKTPY TJIMOWH 13 BUCOKUMH IUTACTOBHUMH
TEMIIEpaTypamMH, BiH Ma€ 33/I0BUIbHI TIOKa3HUKH NPHU BH-
KOPUCTaHHI JUIl TOBII, CKJIAJCHUX TJIMHOBMIIIAIOYHNMHU
TipCBKMMH TTOPOAAMH, MiHA XapaKTEPH3YETHCS BHCOKOIO
HECY4OI0 3aTHICTIO, OCKUIBKM BOHA € BHCOKOIILIBHOIO.
Takox HEOOXiZHO 3a3HAYMTH, IO 3aCTOCYBAHHS IIHHHUX
cucteM 3a0e3nedye BUKOPHUCTAHHS MEHIIO KiTBKOCTI
MaTepialbHUX 3aTpat, a OTXxe, 1 (PiHAHCOBUX, a CAMOOYH-
IIEHHS Ta30M CBEPUIOBHHH J1a€ MOXKJIMBICTH 3HHU3HTH
KUJIbKICTh HEOOXIJHUX oOrmepaiid Ta TepMiHH OCBOEHH:
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EKCHEPUMEHTAJIBHE BUBYEHHSA ITPOLHECY 3BOPOTHOI'O TPOCOYEHHA ITPU ITA ITHHI
TUCKY B IIOKJIAAI

Anomauin. B mipy 6i060py 2azy 6 x00i po3pobKu nokiadie nadae niacmosuil MUcK i ROYUHAEMbCA NIOHoM 800U, Mobmo i06yeaemvcs Npo-
COYeHHsl KOJleKmopa nidouwosHo0 800010. AKujo npoyec sumicHeHHa 600U 3 KOAEKMOPY 6U8UeHUll 00CUMb 000pe, Mo npoyec NOTUHAHHS 800U abo
8y211e600He8020 PI0idy KoNeKmopom euguenuil docums ciabo. Crabo pospobiena i Memoouyna b6aza 01 makux 00Caiodcens. 3HauHOI0 MIpolo ye
00YMOGIEHO BENUKOIO MPUBANICMIO HEOOXIOHUX eKCNepUMEHMI8, Wo CMAHO8UIA 8 HAWoMy 6unaoky 0o 6 micayis. Y daniti pobomi pospobnsiacs
MemoouKa OOHACUYEHHs 3pAa3Ka 8y2nes00He8UM PNIOTOOM Npu 3HUNCEHHI NIACIOB020 MUCKY 3 MEMOI0 MOOETIO8AHHs NPOYecis, sIKi 6i00y6aombcs 6
noknaoi, wo pospobnwioms. B pesynemami pobomu, Ha 0cHO8i MemMooy HAni6NPOHUKHOI MeMOPAHU, WO 3ACMOCO8YEMbCA 8 PeXcUMi "OpeHy8aHHs-
npocoveHHs", Ha 3paskax nopio-Koiekmopie npodykmuerozo opuzoumy I-7-10 Binecvko2o podosuya 0osedero gakmuune iCHY8aAHHs 360POMHO20
NPOCOYEHHS 3pA3Ka 8Y2/1eBOOHAMU 3 NAOTHHAM MUCKY BUMICHEHHS, 8upiueni MemoouyHi NUMAaHHA, NO6'A3aHI 3 0COOIUBOCAMU NPOCOYEHHS came
8y2ne800HesUM (P0I00M, 8UsABNIEHI OCHOBHI 0COOIUBOCMI NPOYecy | CMAHOGIIEHT 020 OCHOBHI 3aKOHOMIPHOCTI. 3 Memow 3MeHUeHHs. MpUeanocmi
yacy 00cniodcenHs peKOMeHO08aHa 3aMiHa HA emani OpeHy8aHHs, Memoody HanienpoHUKHOT Mem6panu Ha memoo yenmpugyeysanns. Hasedeno
BUXIOHI MeopemuyHi ys6/eHH s, KOPOMKO ONUCAHA MEIOOUKA OOCTIOHCeHb MA 6UKOPUCMAHUL KepHOBUTI Mamepial, HageoeHo epaghiku, wo inocmpy-
10Mb NPOmMiKanHs npoyecie OpeHy8anis i NPOCOUeHHs 8 Yaci, 36'A30K NOMOYHOT B00OHACUYEHOCMI 3pa3Ka 3 MUCKOM GUIMICHEHHS | NOPOBOIO Xapakme-
PUCIUKOIO 3pa3Ka, KOPOMKO chopMynbosani euchosku. Pesynsmamu nposedenoi pobomu 3Hatidyms 3aCmocy8ants npu GUeHeHHi npoyecie eumic-
HeHHsL 2a3y Haghmolo 3 HAGMOBUX OONAMIEOK, BUMICHEHHS HAGMU YU 2a3y 600010, BUMICHEHHS HAPMO2A30601 CyMiuti Npu cauKknine-npoyeci ma i.
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3KCHEPUMEHTAJIbHOE U3YUEHHUE ITPOIECCA OBPATHOM NPONMTKM IPU ITAJIEHUM
JABJIEHUA B 3AJIEXKHA

Anunomauyusn. B xooe paspabomxu sanexcu, no mepe omoopa 2asd, nadaem niacmogoe 0asieHue U HauuHaemcs No0EM 600bl, Mo eChb NpPo-
ucxooum o6pamHas NPONUMKA KOLNEKMopa NOOOuEeHHOU 6000i. Eciu npoyecc vlmechenuss 600bl U3 KOLIEKMOPA uzyueH 00801bHO XOPOULO, Mo
npoyecc no2noweHUst 600bl UL Y2ne6000POOH020 (iouda KOLIeKMOpoM usyieH cpasHumenvho ciaoo. Cnabo npopabomana u memoouyeckas 6aza
05t makux uccaredoganuil. B snauumenvhoti cmenenu 3mo 06ycioeneno 60abuto OnumenrbHoCmvpio HeoOX0OUMbIX IKCNEPUMEHMOS, COCMABTAGUIET 8
Hawem ciyuae 0o 6 mecayes. B oannoil pabome pazpabamvieanace Memoouka o6pammol nponumku 06pasya yeneeo000poOHbIM ioudom npu no-
HUJICeHUU OaGIeHUsl GbIMECHEHUSL C Yelbl0 MOOEIUPOBAHUsl NPOYECCOs8, NPOUCXO0AWUX 6 pazpadbampiéaemMoll 3anedcu. B pesynomame pabomul, Ha
0CHOBEe MEmoda NOIYNPOHUYACMOT MEMOPAHbL, NPUMEHACMO20 8 PedicuMe KOPEHUPOSAHUe-NPORUMKA», HA 00pa3yax nopoo-KoAIeKmopos nPpooyK-
muerno2o copuzonma I'-7-10 benbckoeo mecmoposcoenus: 00Kazano pakmuyeckoe cyuecmsosanue 00pamnoil nPORNUMKU 00pasya y2neeooopooamu ¢
naoenuem 0aeieHus: 6bIMECHEHUs!, PEUeHbl MeMOOUYECKUe GONPOCH, CéA3AHHbBIE ¢ OCOOEHHOCAMU NPONUMKU UMEHHO Y2Ne6000POOHbIM ioudoM,
8bIS16/IEHbI OCHOGHBIE 0COOEHHOCIU NPOYECCd U KAYeCMEEeHHO YCMAHOBIeHbl €20 0CHO8HbIe 3akoHomepHocmu. C yenvio yMeHbueHUs nPOOOIICUMENb-
HOCIU 8PEeMEHU UCCIe008AHUS PEKOMEHOOBAHA 3aMeHa Ha smane OPEeHUPOSanUsi Memooa NOLYNPOHUYAeMOU MeMOPanvl Ha Memod yeHmpugyupo-
sanus. [Ipusedennvl ucxoonvie meopemuyeckue nPeoCmagienus, Kpamko OnUCana MemoouKa uccaedo8anuil U UCNOIb308AHHbII KEPHOBYIL MAMeEPUa,
npugedenvl epagpuKu, ULIIOCMpUpyIOwue NPOmeKanue npoyeccos8 OpeHuposanus. U NPONUMKU 60 6PeMeHU, C8A3b MeKyujeil 8000HACLIWEeHHOCIU
obpazya ¢ 0agieHuem blmecHeHUs: U NOPOBOT XapAKMEPUCMUKOU 00pasya, Kpamko cihopmynuposansl 6b1600bl. Pezynsmamor nposedennoii pabomoi
Hailoym npumMenenue npu u3y4eHuU npoyeccos GbIMECHEHUs. 2a3a HeQhmbio U3 HeQhPMAHBIX OMOPOUEK, BbIMECHEHUs. Hedmu Ul 2a3a 000, 6blmecHe-
HUsL Heghme2az080il cMecu npu cailkaune-npoyecce u op.
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EXPERIMENTAL STUDY OF THE REVERSE IMPREGNATION PROCESS WHEN THE PRESSURE
DROPS IN THE DEPOSIT

Annotation. During the development of the deposit, as the gas is extracted, the reservoir pressure drops and water rise begins, that is, the res-
ervoir is impregnated in reverse with bottom water .If the process of water displacing from the reservoir is well understood, then the process of water
or hydrocarbon fluid absorbing by the reservoir is relatively poorly studied. The methodological basis for such studiesis also e laborated poorly. This
is largely caused by the long duration of the necessary experiments, which in our case amounted to 6 months. In this work, a methodology of sample
reverse impregnation with a hydrocarbon fluid was developed at a displacement pressured drop in order to simulate the processes occurring in the
developed deposit. As a result of the work, on the basis of the semi-permeable membrane method used in the “drainage-impregnation” mode, the
actual existence of the reverse impregnation of a sample by hydrocarbons at a displacement pressured drop is proved on rock collectors samples of
the Belsky field productive horizon G-7-10, methodological issues related to the specifics of impregnation with specifically hydrocarbon fluid have
been solved, main features of the process have been recognized and its main regularities have been determinate qualitatively. In order to reduce the
duration of the study, it is recommended to substitute the semi-permeable membrane method with the centrifugation method at the stage of drainage.
The parent theoretical ideas are given, the method of research and the used core material are described briefly, graphs illustrating the conduct of
drainage and impregnation processes over time are given, the correlation of the current sample water saturation with the displacement pressure and
pore characteristic of the sample, the inferences are enunciated briefly. The results of the carried out work will be used in the study of the processes
of gas displacement by oil from oil rims, oil or gas displacement by water, oil and gas mixture displacement during the cycling process, etc.

Descriptors: drowning; gas-water contact rise; gas-water contact zone; reservoir transition zone; laboratoria petrophysics; core examination;
reservoir rock; semi-permeable membrane; capillarimeter; reverse impregnation; resaturation.
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Introduction. During the development of deposits,
as a measure of gas extraction, the formation pressure
drops and the water rise begins, that is, the reservoir
reverse impregnation with bottom water occurs. If the
process of displacing water from the reservoir is studied
fairly well, then the process of re-absorption of water or
hydrocarbon fluid by the reservoir is studied poorly. In
the complex of laboratory works on the physics of oil and
gas reservoirs, capillary displacement of the reservoir
water model by air is usually carried out in order to model
the conditions for the formation of gas and oil deposits.
Concurrently, a capillary pressure curve (CPC) is plotted
and important for counting reserves and designing the
development of deposits parameters are determined. The-
se are the residual water saturation, the structure of the
pore space, the distribution of water saturation in the
transition zone near the gas-water contact (GWC) or gas-
oil contact (GOC). This information is important
primarily at the search and exploration stages, although it
is also used at the development stage. However, the
conditions and results of these works show the state of the
deposit at the maximum at the beginning of development.
During development, the formation pressure drops gradu-
ally and instead of displacing the formation water from
the reservoir, it is absorbed. Approximately the same hap-
pens on GOC. The previously published work [1] was
devoted to the development of a semi-permeable mem-
brane method for use in the "drainage - impregnation"
mode of the water-gas system, that is, regarding the con-
ditions of the gas field. The procedure of investigation
with hydrocarbon (HC) resaturation has its own specifici-
ty, and this work is devoted to its development.

The purpose of the work is to develop a method of
a semi-permeable membrane in the "drainage-
impregnation" mode for the gas-water-HC system using it
in modeling the processes that take place in the HC

deposits at the development stage, in conditions of
decreasing formation pressure. Conducting test studies of
reverse impregnation with liquid HCs, finding of the
general nature of the process.

Theoretical ideas. What does the process look if
you proceed from the model of ideal pores (Fig. 1), on the
basis of which practical porometry works? During
preparation, the sample was primarily saturated with
water. In the process of achieving residual water
saturation, under the influence of a growing displacement
pressure, water is removed first from large and then from
massively smaller pores. Samples used for the experiment
have hydrophilic or mainly hydrophilic properties: index
"M" [2] with a coefficient of 0.77 - 0.96. A thin water
film remains along the walls of the capillaries when the
water recedes. According to modern views, this film is
not continuous, interrupted, sections of hydrophilic
surface are covered with it, and sections of hydrophobic
surface are free from water [3]. This does not conflict
with the values of the indicator "M". As the displacement
pressure decreases, the moment comes when this pressure
becomes less than the lifting force that influences the
water in the capillary, and the water begins to rise in
reverse order - first in thinner, then in larger capillaries. A
water film that remains on the walls of the pores is
promotive of it.

As previously carried out experiments [1] showed,
water rise is slower than its displacement, and water
saturation under experimental conditions does not reach
initial values by 5-8% with a total duration of experiment
up to 4 months. The reason for this is structural
complications in the form of variable intersection pores
and the presence of sorbed and clamped air in large pores
cleaned of water. Whether air can penetrate through a film
of water is a debatable issue. However, there are water-
free hydrophobic centers at which air is sorbed.

+ Capillaries of large section with a
film of water on the walls
Gas inlet that -
displaces liquid \
3 | Device cup.
Capillaries of small section The sample.
filled with liquid.
Capillar dilation.
Membrane.

-Water in submembrane space

Outlet of displaced
water to the measuring tank

Fig. 1 - Draining stage experiment diagram

In the case of a reverse impregnation experiment
with a hydrocarbon fluid modelled on kerosene, after the
residual water saturation has been achieved and the
drainage has been completed, the cylinder is placed into a

prepared cup filled with kerosene and the displacement
pressure is set to match the displacement pressure of
kerosene from the smallest pores previously purified from
water. During the experience, we gradually reduce this
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pressure. In large pores released from water, the surface is
covered with a thin water film. For resaturation of the
sample with kerosene, this film serves as an obstacle,
since capillary lifting requires contact of kerosene with a
solid surface. Two options are possible: displacement of
water by kerosene from hydrophilic surfaces and the use
of kerosene for capillary lifting of hydrophobic areas.
Long experience in determining wettability according to
the method of M. Yu. Nesterenko [4, 5] shows that in the
typical case, our rocks are equally well wetted with water
and kerosene, but with water a little better. In this case,
most likely, spontaneous displacement of water by
kerosene is difficult. Indeed, in the course of experiments,
the water displacement with kerosene was not noticed
and, therefore, the process is not carried out as displ-
?cement, but as resaturation. Kerosene performs capillary
lifting using hydrophobic areas not wetted with water.
Following the theory of bunch-like adsorption [3], the
molecules of the outer layers of the clusters, distant from
the surface of the pores, merge, forming an "arched
ceiling" over the hydrophilic areas, and a central pore
space free of water is filled with kerosene completely. In
this case, the filling of the pore space free of residual
water also does not happen completely, taking into
account the actions of the same factors: variable-section
pores and clamped and sorbed air.

Method of operation. The test is carried out on a
capillarimeter, the membranes of which are designed for a
maximum pressure of 1.5 kgf/em’. In general, the
experiment consists of four stages: 1) preparatory, during
which the samples are saturated with a model of produced
water (NaCl solution); 2) displacement of water by gas
(which is air) until residual water saturation is obtained;
3) reverse impregnation of the sample with oil (the role of
which is kerosene), which occurs until the maximum
possible saturation is obtained, against the background of
a gradual decrease in displacement pressure; 4) exposure
on the saturated kerosene membrane outside the cup of
the device. The latter is done just to release the device, the
exposure conditions are the same [1]. The preparation and
saturation of the samples with the produced water model
were carried out according to [6.7], the displacement of
water by air, and the construction of the CPC - according
to conventional methods of working on a capillarimeter,
which, unfortunately, were never standardized. At this
(1.5 kgf/em®) pressure, water is displaced from the pores
with a radius of 1 pm and more, that is, almost all
capillary water is removed. Water that remains in the
sample is characterized as physically strong- and friable-

linked [8]. Reverse impregnation was carried out
according to the original methodology developed during
these researches. The maximum pressure that can be
applied to kerosene at the beginning of the experiment
was calculated using the Laplace formula with the
substitution of the kerosene surface tension value. If for
water it is 1103.4 mm Hg, then for kerosene it is 363.7
mmHg. If the same pressure is applied to membranes
designed for a breakthrough pressure of 1.5 kgf/cm® (for
water), but saturated with kerosene, the membrane will be
broken because the surface tension of kerosene is three
times less. After exposure at the maximum pressure,
which in time is twice as much against as the interval
exposure during drainage [1], the pressure was decreased
gradually, in stages, to atmospheric, with the deter-
?ination of the sample mass at each stage. At zero
pressure, the sample exposed in the cup of the device for
several more hourly intervals, after which it was moved to
the membrane in hermetic dishes outside the cup and
exposed for several more hourly intervals, with weighing
at the end of each.

Used core material. In our work, we used samples
from the wells No. 171 and No. 403 of the Bilske field,
taken from the horizon I'-7-10 gas-productive deposits of
the araucarite formation of the Upper Carbonic at
intervals of 2317-2324 and 2286-2294 m. Prepared
samples [6] were preliminary used to carry out an
expanded set of researches [9], which includes deter-
?ination of carbonate content, density, porosity,
permeability [7,10,11], residual water saturation [12] and
porometry (capillarimeter). After that, the samples were
saturated with a model of produced water, and the actual
experience was carried out on them, which includes the
displacement of water with air and further reverse
impregnation with kerosene. Please note that the
experiments conducted are quite long: up to 5 months
(taking into account preparatory operations). With such
duration, experiments cannot be any mass either in the
sense of the number of experiments, or in the sense of the
number of experimenters who can afford it. This
circumstance forces attention to the results for each
sample. The basic input data for the samples are shown in
Table 1. As can be seen from this table, the samples are
class IV and III collectors according to [13]. The
lithological feature of these collectors is the significant
content of finely-spotted carbonate cement, which
nevertheless allows to maintain the sufficiently good
collector properties of the samples that ensure their
productivity.

Table 1. Main characteristics of used samples

Sample No. Grain iﬁii?}; Cper, mD Cpor, %0 Me (um) Mo (um) Crv, %
28172 c/3 10,6 63,42 18,1 4,2 5 32,3
28169 K-C/3 16,6 60,25 17,2 2,4 4 35,0
27820 c-ap/3 23,0 12,23 14,5 2,7 5 394
27830 c/3 22,5 16,5 2,24 5,3 10 23,0
28181 C-K/3 9,4 190,9 18,8 5,1 5;21 26,8

Note: Me - median diameter of the sample pores, Mo - modal diameter, both are measured by porometry diagrams.

70

Bicnux Hayionanvrnoeo mexuiunoeo ynigepcumemy « XI11»

Cepis: Ximis, ximiuna mexuonozis ma exonozis, Ne 1(7)' 2022




ISSN 2708-5252 (Online)

Results of test researches. Limited space of this ar-
ticle does not allow us to give results for all the studied
samples, that is why we will choose one, the most
indicative sample and, using this example, we will show
how the process of reverse impregnation or resaturation of
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‘Water saturation

the sample proceeds. As the most representative, we will
choose the sample No. 27830. The main characteristics of
the sample are given above in Table 1, hereunder, for
completeness of the pattern, its CPC (Fig. 2) and
porometry diagram (Fig. 3) are given.
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Fig. 2 - Capillary pressure curve of the sample No. 27830
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Fig. 3 — Porometry diagram of the sample No. 27830

The CPC of the sample is taken at 8 points, has a
typical shape, an inlet pressure of about 20 mm Hg (max
diameter - 109 pm), residual water saturation - 23.0%.
The porometry diagram consists of three curves: red - a
cumulative curve with which Me is determined, blue - a
differential curve that shows the content of pore groups of
different diameters and with which Mo is determined,
green dotted - a curve that shows the percentage
contribution of each pore group to the permeability of the
sample. For this sample, Me = 5.9 um, Mo = 10 um. The
Trask homogeneity coefficient is 2.138, that is, the
homogeneity of the pore space is between medium and

little [14]. The maximum contribution to permeability is
made by pores of the prevailing diameter in this sample -
10 pm, less - pores of about 30 pm and even less - pores
of about 80 pum. The small contribution of the largest
pores, which usually determine permeability, is due to
their little amount.

Now let's look at the progress of the process over
time. The directly measured value that characterizes the
process over time is the mass of the water and kerosene
saturated cylinder. Let's see how the mass of the cylinder
changes over time during the experiment (Fig. 4).
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Fig. 4 - Change in mass of sample No. 27830 over time, impregnation with kerosene

In Fig. 4, we see a blue drainage curve that corre-
sponds to the CPC, an orange resaturation curve inside the
cup, first under pressure that slowly decreases, then with-
out excessive pressure and, at the end, a gray curve that
corresponds to exposition in a hermetic vessel outside the
cup. The capillary impregnation curve (CIC) is not uni-
form completely, saturation breaks and jerks (the transi-
tion to zero pressure) are noted in the resaturation, most
likely due to the poor capillary contact of the sample with
the membrane, but perhaps the features of the structure of
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the pore space also play a role. On the CPC of this sam-
ple, these defects are small, on others they can be ex-
pressed much more strongly (No. 28169). The maximum
mass of the sample (45.5 g) was reached on the sample,
which was in the cup under zero pressure, then there is a
gradual decrease in mass, which is explained by losses
during periodic weighing, but, possibly, there is a slow
displacement of water with kerosene. Compare the change
in mass during the water reverse impregnation test with
sample No. 28185 taken from the same horizon (Fig. 5).

Reverse impregnation.

COntside the cop.

&0 BO 100 120

Duration of experiment, day.

Fig. 5 - Change in mass of sample No. 28185 over time, impregnation with water

From the comparison of Fig. 4 to Fig. 5, it can be
concluded that the process proceeds approximately the
same, approximately for the same time. The difference is
that during water impregnation, after transfer to the mem-
brane outside the cup, water saturation continues to in-
crease. In this case, it reaches 93.8%, occurs up to 94.4%,
however, there is a suspicion that, if you continue the
experience, over time it can reach 100%, which can hard-
ly be expected for kerosene. A possible reason is the hy-
drophilicity of the samples.

Now let's see how saturation with both phases
depends on displacement pressure and capillary pressure

(Fig. 6). The blue curve is the CPC of the water drainage
stage, the red — kerosene one. We see that at first, when
the displacement pressure decreases, impregnation does
not occur, but after the displacement pressure drops below
200 mm Hg the process of reverse impregnation begins. It
is especially accelerated in the last section, when the
displacement pressure drops below 50 mm Hg. The
process continues at zero displacement pressure,
concurrently the maximum saturation with kerosene
reaches 89.7% (we have in mind the saturation of the pore
space, free from residual water, with kerosene).
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Fig. 6 - Saturation of sample No. 27830 with water and kerosene depending on displacement pressure

Let’s compare to how the reverse impregnation with water takes place using the example of the same sample No.

28185 (Fig. 7).
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Fig. 7 - Drainage and reverse impregnation with water of sample No. 28185

The general pattern of curves is the same. The main
difference is in the pressure at which we begin reverse
impregnation. For water it equals the maximum drainage
pressure, for kerosene it is much less - about 400 mm Hg.
The reason is explained above. A characteristic feature of
the "water" diagrams is the delay in the start of reverse
impregnation by the time the pressure drops to about 400-
300 mm Hg. Only after this impregnation is more or less
intensive, reaching a maximum at a pressure of less than

50 mm Hg. The same delay is observed on the "kerosene"
diagram, but the pressure of the impregnation start is even
lower - 200 mm. Hg. Considering the “kerosene”
diagram, it can be assumed that if we could create an
initial kerosene impregnation pressure equal to that for
water, the impregnation would also start at 200 mm Hg,
that is, reverse impregnation with kerosene begins at
lower displacement pressures or, to start it a greater
pressure drop in the deposit is needed.

Consider how water and kerosene saturation relate to pore size (Fig. 8).
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Fig. 8 - Change in saturation with water and kerosene of the sample No. 27830 depending on pore size

The blue line refers to drainage, the red line refers to
reverse impregnation. At the drainage stage, when
cleaning pores with a diameter of up to 12-13 um, water
saturation practically does not decrease, that is, there are
almost no (see sample porometry diagram). Most rapidly,
water saturation drops when cleaning pores with a
diameter of 3.5-12 pm, which corresponds to the most
widespread pores. Then, with the pore less than 3.5 um
number decreasing, the amount of displaced water also
drops. In the impregnation stage, before filling the pores
with a diameter of 2.5 pum, reverse impregnation does not
occur, it occurs quite vigorously when filling the pores

120

with a diameter of 3.5-10 pm, then it slows down until
filling the pores with a diameter of 40 um, after which its
speed again increases. Interestingly, impregnation of the
largest pores causes a significant change in kerosene
saturation, which contradicts the small number of these
large pores. Probably, filling the pore space does not
happen as linearly as the ideal pore model provides.

Compare how water saturation during drainage (blue
curve) and impregnation (red dotted curve) is related to
the pore size of sample No. 28185 (Fig. 9).
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Fig. 9 - Change in water saturation of the sample No. 28185 depending on pore sizes during drainage (blue curve) and impreg-
nation (red dotted curve)

This sample is characterized by a fairly steady de-
crease in water saturation during drainage, which is ex-
plained by its porometry diagram (Fig. 10). A relatively
large number of large pores causes a sharp drop in water
saturation during their cleaning, further displacement oc-
curs evenly, until residual water is obtained. Approxi-
mately the same pattern with reverse impregnation: a slow

steady increase in water saturation from residual to that
corresponding to filling pores with a diameter of about 60
pm, and if you look at the porometry diagram, then it
seems corresponding to filling pores with a diameter of
about 80 pum, after which the process is sharply accelerat-
ed at large pores.
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Fig. 10 — Porometry diagram of the sample No. 28185.

Thus, as a result of the carried out work, the main
methodological features of the experimental work on re-
verse impregnation modelling with both water and hydro-
carbon fluid become clear. The test researches afford the
opportunity to qualitatively evaluate the main characteris-
tics of the reverse impregnation process with hydrocar-
bons under conditions of displacement pressure decreas-
ing. It should be noted that the work was carried out using
hydrophilic samples. It can be assumed that on hydropho-
bic samples, or even on samples with neutral wettability,
the process will proceed differently. In addition, on test
experiments, it is not possible to define a more or less
stable relationship between the characteristics of reverse
impregnation and the capacitive filtration properties of
rocks. There is reason to believe that the most significant
influence on the process has the nature of the pore space
surface wetting. This means that while the process of re-
search it is necessary to determine, at a minimum, the
integral wettability of the samples, by which these re-
searches are carried out, according to the methods [2] or
[4].

It has been noted above that the duration of the time
experiments is very long, so the possibility of reducing
the research time by substitute the semipermeable mem-
brane method with a centrifugation method in the drain-
age stage is theoretically considered. The process of water
displacement during centrifugation differs slightly from
the process of capillary displacement on the capillarimeter
and, therefore, centrifugation is not recommended by
some authors for the plotting of a CPC [15]. However,
laboratory practice shows that CPC, plotted on the base of
the centrifugation method results and CPC, plotted on the
base of the semipermeable membrane method ones, are
quite close to each other. In addition, two options for the
use of centrifugation are possible: both with and without
the plotting of CPC. In both cases, centrifugation should
be carried out until residual water saturation is obtained,
but if there is a goal to plot a CPC, we work according to
[12], and if there isn’t this goal, we work according to
[16]. Centrifugation with the plotting of the CPC will take

1 day, without the plotting of the CPC - 1 hour. In any
case, the use of centrifugation will reduce the test time by
about 4-6 weeks, depending on the characteristics of the
sample. Thus, centrifugation can be recommended to sub-
stitute the semipermeable membrane method in the drain-
age stage.

Conclusions.

1. Reverse impregnation of the sample drained to
residual water with both water and kerosene actually takes
place, which confirms the existence of this process and in
conditions of the deposit with decreasing pressure and
selective watering.

2. Reverse impregnation with water and kerosene is
fundamentally the same, with slight differences.

3. Both cases are characterized by a delay in the start
of impregnation until the displacement pressure is below
the capillary pressure. The delay is due to surface tension
and more during impregnation with kerosene (under ex-
perimental conditions, impregnation with water begins
when the displacement pressure drops to 300-450 mm Hg,
and impregnation with kerosene - to 200 mm Hg). Under
the conditions of the deposit, oil lifting will require a
greater drop in formation pressure than water lifting.

4. Experiments show that the reverse impregnation
in the time limits of the experiment is precisely as
impregnation, and not as displacement. But, at large
hourly intervals, the possibility of displacing water from
hydrophilic areas or those that have neutral wettability is
not excluded.

5. As a minimum, the integral mean wettability must
be determined on the samples on which the researches are
carried out.

6. Since all processes are associated with surface
phenomena, with wettability, in experiments it is better to
use not models, but combinations of specific, coexisting
formation fluids, that is, formation gas, water and oil of
this particular deposit.

7. The method of operation by the semipermeable
membrane method in the "drainage-impregnation" mode
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is sufficiently developed for both reverse impregnation
with water and for impregnation with kerosene, it opens
up the possibility of switching from test studies to main
researches.
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Cainourso npo aepxkaBHy peectpauito KB Ne23780-13620P Bin 14.02.2019

[iamn. no npyxy 20.07.2022. ®opmar 6080 1/8. Tlanip odpcerHuid.
Jpyk odcetnuii. I'apHiTypa Times. YMoB. apyk. apk. 6,17. O6mik.-Buz. apk. 8,88
Tupax 100 npum. 3am. Ne59 . Ilina norosipHa.

Hpyx @OIT lletinina O.B., m. Xapkis, Bya. [InexaniBcbka, 16
CBionTBO PO BHECEHHS CY0 €KTa BUIABHUYOI CIIpaBU
10 JlepkaBHOTO PeeCTpy BUAABIIIB, BUTOTOBHHKIB Ta PO3IOBCIOAKYBAYiB
BuaaBHUYOi npoaykuii JAK Ne 2779 Bin 28.02.2007p.



