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Abstract

The article is dedicated to the 70-years-old jubilee of a well-known electrochemistry scientist, Doctor of Chemical
Sciences, professor V. F. Vargalyuk. The article reflects the main milestones of his life and career.

More than 50 years of Viktor Fedorovich's life are connected with the chemistry department of the Oles Honchar
Dnipro National University, where he came as a student. He started his scientific activity as a student at the
Department of Physical Chemistry under the guidance of a famous specialist in the field of electrochemistry prof.
Yu. M. Loshkarev. Studying the interactions of surface-active complexing agents in practically important processes,
V. F. Vargalyuk made a significant contribution to the development of the theory of the influence of these substances
on the Kinetics and mechanism of electrochemical reactions. For a long time he was in charge of the research
laboratory of electrodeposition of metals, which is certified by the International Corrosion Council among the world's
leading anti-corrosion research laboratories.

V. F. Vargalyuk's organizational activity as the dean of the chemical faculty of Oles Honchar Dnipro National
University, who he has been for almost a quarter of a century, is revealed. Victor Fedorovich is able to respond to the
challenges of time quickly and adequately and find the most optimal ways to develop the faculty.

The article also mentions the pedagogical achievements of V. F. Vargalyuk. He has developed and implemented in the
educational process more than 20 various general and special courses in almost all sections of chemistry - inorganic,
physical, colloidal, food, computer, and crystal chemistry.

Keywords: V. F. Vargalyuk, electrochemistry, surface-active complexing agents, protection of metals from corrosion, dean of
the chemical faculty of DNU.

YYEHMU, IEJATOT, OPTAHI3ATOP
(o 70-pivust npoecopa B. @. Bapranioka)

Banepiit C. KoBanenko, Hanig B. Crenp

Jninposcokuii nayionanvhuil yuigepcumem imeri Onecs I'onuapa, npocn. I'aeapina, 72, [Jninpo, 49010, Ykpaina

AHoTarniga

Cratra Ao 70-piyHoro M BijIel0 BiJOMOro B4YEHOro-eJIeKTpoXiMika, JoKTopa XiMiyHMX Hayk, npodecopa
B. ®. Bapraaoka. BUCBiT/IEHO OCHOBHI BiXu HOro >KMTTEBOrO i TBOPYOro HUIAXY, NPOAHAJIi30BaHO HaWBaXX/IUBilIi
pe3yJIbTaTH TeOPeTHUYHUX Ta NPHUKIAAHUX JOCHiJ)KeHb B Tajy3i BIUVIMBY IOBepXHeBO-aKTHBHHUX
KOMILJIEKCOYTBOPIOBa4YiB Ha KiHETUKY i MexaHi3M eJleKTpOJHUX peakuii, megaroriyHi 3406yTKu. Poskpurto
opradisauniiiny aisabHicTh B. ®. Bapraioka, 30kpeMa Ha mocaji JekaHa XimiyHoro ¢aky/breTy /JHINpOBCBKOro
HallioHAJILHOTO YHiBepcuTeTy iMeHi Osecsa 'oH4apa, Ha fAKiil BiH nepeGyBa€ Mail>ke YBePThb CTOJIITTA.

Karuosi cnoea: B. @. Bapraniiok, eJeKTpoxiMisi, I0BepXHEBO-aKTUBHI KOMILJIEKCOYTBOPIOBayi, 3aXUCT MeTaJliB BiJj KOpos3il,
JeKaH ximiunoro ¢akyabtety JHY.
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YYEHBIW, IEJIATOT, OPTAHU3ATOP
(x 70-1eTuio npodeccopa B. ®. Bapraaioka)

Banepuii C. KoBanenko, Hagexza B. Crer,

/JlHunposckull HayuoHabHbIl yHusepcumem umeHu Oaecst ['onuapa, npocn. I'azapuHa, 72, flHunpo, 49010, YkpauHa

AHHoTalus

Cratbhsa K 70-/leTHEMY 06MJI€l0 U3BECTHOr0 Y4YEHOro-3JIEKTPOXMMMKA, JOKTOpPAa XMMUYECKUX HAyK, mpodeccopa
B. ®. BapraJnoK. OCBEII.IEHI:I OCHOBHbI€ BEXH €TI0 })KU3HEHHOI0 U TBOPYE€CKOro nyTy, npoaHaJiImn3upoBaHbl Ba)kKHeHIInue
pe3yjabTaTbl TEOPETHUYECKHUX U MNPHUKJ/IAJAHBIX I/lCCJIE/IlOBaHHﬁ B 06JIaCTH BJIMSIHUSA MNOBEPXHOCTHO-AKTUBHbBIX
KOMHJIEKC006p330BaTeJlef/'l Ha KHHETHKY U MEXdHHU3M 3JJIEKTPOAHBIX peaxunifl, nejgarorudyeCcKme aAo0CTHXEHHUA.
PaCKprTO OPraHU3allMOHHYK AeATEe/IbHOCTbh B. ®. BapraJnoK, B YACTHOCTH HaA AOJI2DKHOCTH A€KadHad XUMHYECKOro
(l)aKy.)'ILTETa Z[Henponcxoro HAJUOHAJIBHOTO YHUBEPCUTETA UMEHHU Oanecs I‘ox-mapa, Ha KOTOpOi/'l OH HAXOAUTCA NIOYTH
4YeTBEepPThb BEKaA.

Karuesslie caoea: B. @. Bapraiok, 3/1eKTpOXUMHUs1, TOBEPXHOCTHO-aKTHBHbIE KOMILJIEKCOOGpa3oBaTe Iy, 3aliUTa MeTa/lJIOB
OT KOPPO3UH, JleKaH xuMudeckoro ¢akyabteTa JHY.

Beryn VYV 1967 p. 3akiHUMB CEPEAHIO HIKOJY i3 30J0TOI0
MeAauiio. B mkom  3axoruttoBaBcs  OaratbMa
MpeaIMeTamH, aje HaiOinbIne — ximiero. Bikrop Opas
y4acTh y 0arathox (IIKUIBHUX, palOHHUX, O0JIACHUX,
pecnyOIIiKaHChKHX) OJiMImiagax 3 Ximii. Sk oauH i3

Bocenn 1mporo  poky
BUTIOBHIIIOCH 70 pOKiB Bif
JTHSL HapOJKEHHS BiJIOMOTO

KpalHCBhKOI'O BUECHOI'O . . N ..
YKp ) ’  TIEPEeMOXKIIiB PECIyOIiKaHCHKOI XIMIYHOT ONIMITIaan
3aCIIYKEHOT0 JIisfJa HayKH 1

3.’ A v y“ ozepKaB 3aIPOLLICHHS BCTyNaTH o
TEXHIKHA KpaiHu . .. .
p > JIHIIpOmeTpOBCHKOTO XIMIKO-TE€XHOJIOTIYHOI'O

akageMika Axkanemii Hayk

prmoi  mKomn  Vipaimm, iHcTuTyTy (AXTI), xymu # momaB moxymentu [3].

OpnnHak, HaBYAaHHS B [OMY 3aKJIafli HE TIOBHICTIO

JleKaHa XIMIYHOTO g .
. BJIAIITOBYBAJIO TBOPYOTO FOHAKA, 1 TIC/S 3aKiHUCHHS
(hakynprery JIHITPOBCHKOTO . . R
: . JIPyroro Kypcy BiH TMepeBiBCA Ha  XIMIUHHI
HAIlIOHAJTLHOTO VHiBep- :
o bakynbTeT JIHIMpONeTpOBCHLKOTO
CUTETY iMeHi Onecs

JIepXKyHiBepcUTeTy, sKuil 3akiHumB y 1972 p,
OJICPXKABIIN  CIICIIAIbHICTh  «XiMiKa, BHKJIajada
ximii». 3 ximiyauM ¢axyiasrerom /1Y i mos’s3aHa
BCSI HACTYITHA TPYJI0Ba i TBOpYA IisUTbHICTH BikTopa
®enoposuya.

lonuapa (JHY), wunena pexakonerii Hamoro
KypHaIly, JOKTOpa XIMIYHMX Hayk, mpodecopa
B. ®©. Bapramoka. He3Baxxatoun Ha OararopiuHy Ta
OaraTtorpanuy HAYKOBY, neIaroriyy Ta
opraHizaniiiny aisiapHicTE Bikropa ®emopoBuua,
JTOKJTa THI Iy OTiKaIii Mpo HbOTO MPAKTHYHO BiJCYTHi.
€ nume Kibka KOpOTKUX OiorpadivHuX TOBIJOK Ta
HEBEIIMKWU Hapuc. 3amponoHOBaHA CTATTS MPO
KUTTEBUHN Ta TBOPYMIL LUISIX pod.
B. ®©. Bapramoka, crnogiBaeMoch, xo4a 0 JIESKOIO
MipoI0 3allOBHUTH 110 Tporanuny. [lonan 50 pokis
xuTTs BikTopa ®egopoBrnya NoB’s3aHi 3 XIMIYHAM
(hakynbTeTOM YHIBEPCHUTETY, KYyIH BiH IPHHIIOB
CTyJeHTOM, 1 Bke Ounbine 40 poOKiB BHKIATa€ Ha
HBOMY 3arajibHi i cHemianbHi Kypcu Maibke 3 ycix
PO3ALITIB XiMmii.

OcnogHi Bixu 6iorpadii. Haponuscs 11 BepecHs
1950 p. B cmT. AnnpymiBii JKutoMupcbkoi obnmacti » R ; -
B ciM’ ciyx6Gosuie [1, 2]. Bikrop ®enoposnu The team of participants of the republican olympiad
R s ) - in chemistry of Zhytomyr region. (Dnepropetrovsk,
3aBXAM 3 JIOOOB’I0 1 MOMIAHOIO BiTHOCHBCA [0 1965): first on the left — V. F. Vargalyuk
0aTpKiB, sKi Oynu it HHOTO (OCOONMBO 0AaTHKO) . . L
. B B i o~ 6 Komannaa yuacHukiB pecny6JiikaHcbKoi otiMmianu 3
B3lpueM . Y OKHATTL. « ?‘TBKO’ 3§az[y€ BIH, yB ximii Bix JKutomupcebkoi 06.. (JAuinmponerpoBebk, 1965):
neMoOiTi30BaHMM  00WoBUM  o(illepoM, TOMY S nepmii TiBopyu — B. ®. Bapraiok
3pocTaB B arMoc(epi BUMOTIMBOCTI 1 JUCHUIUTIHU.
Le B >kuTTI MyXKe 3HATOOMIOCH [3].

[MponpanoBaBm  pik  iHXKEHEPOM HAYKOBO-
JIOCHITHOTO CEeKTOPY KadeapH GizuvHOI Ta KOJIOTIHOT



ximii, y 1973 p. BCTynmWB 10 acmipaHTypu ITi€l
kadeapu. TyT i KEpiBHUAIITBOM BiJOMOT'O YIEHOTO-
eJIEKTpOXiMiKka 10. M. JlomkapboBa BUKOHAB
KaHIAMJATCBbKY AHCEPTAIlil0 3 eJeKTPOOCaIKEHHS
METaliB B TPHUCYTHOCTI TOBEPXHEBO-AKTHBHIX
pedoBuH (ITAP), sxy 3axuctmB moctpokoBo. [ami
yopomoBx 1976—1992 pp. mpamroBaB Ha Kadenpi
¢iznuHoi XiMii (HayKoBHH CHiBpOOITHHMK, aCHCTEHT,
noueHt). Y  1981-1982 pp. craxyBaBcs B
Bpuencexomy im. SIna EB. Ilypkine ta Ilpaspkomy
KapmoBomy ymiBepcuterax (YUexocmoBauumHa), B
iHCcTHTYTI momsporpadii  im. . I'efipoBcbkoro
(Ilpara), a B 1988-1989 pp. — B IHCTUTYTI
enexktpoximii AH CPCP im. O. H. ®pymkina
(MockBa). Lle no3Bonmio ioMy oprasizyBatu
BHKOHAHHS BOKIIUBUX TOCIITHUIBKHX pooiT B JJY
Ha  AKICHO HOBOMY DpiBHI.  Y3araabHUBIIN
HAKOTIMYEHUI HAYKOBMH Marepiax 3 Teopii 1
MIPaKTHUKU BUKOPHUCTaHHS MiKpOKiTBKOCTEH
MOBEPXHEBO-AKTUBHUX KOMIIJIEKCOYTBOPIOBAYiB,
B. ©. Bapramok Ha mnowatky 1992 p. 3axuctus
JIOKTOPCHKY JMCEPTALIil0.

Toro x poKy MOJIOJOTO JOKTOpa HAyK OOHParOTh
3aBimyBadeM Kadeapu HEOpTaHIYHOI Ximii, Ha SKii
BigquyBaBcs Opak KaapiB Bumoi kamidikamii. B
1995 p. orpumaB BueHe 3BaHHs Tpodecopa [4; 5].
Hacrtymroro poky Biktopa ®emopoBuda oOuparoTh
JeKaHoM xiMigHoro (akynprery. Ha numx mocamax
npaioBaB 10 2005 p.; KOMHM K CyMIilllEeHHS TTOCaIH
JIeKkaHa 1 3aBimyBada kadenpu Oyio 3a0OpOHEHO,
nocajy 3aBigyBada Kadenpu ITOBEJOCs 3aJUIINTU. 3
IBOTO 4Yacy A0 CHOTOJHI BiH MpAIIOE JEKAaHOM
XIMIYHOTO (PaKyIbTETY.

3a miigHy OaraTopiuHy HayKOBY Ta HeIaroridHy
Mpai B YHIBEPCUTETI 37400YB IOYECHI BiJ3HAKU
3aCITy>KEHOI'0 Jisiya HayKu i TexHiku Ykpainu (1998)
Ta BigMiHHMKa ocBiTH Ykpainu (2003), oOpanwuii
akagemikom AH Bumoi mkomu Ykpainu (2015),
HaropojpKeHui 3HakoM «3a BipHy ciyx0y JHY»
[2; 4].

OcCHOBHI HampsAMKH HAyKOBOi JifIbHOCTI.
ExcriepumMeHnTalibHi jgociipkenHs Bikrop Bapramrok
po3moYaB 1€ B CTYAGHTCHKI pOKHM Ha Kadeapi
¢izmunoi ximii. IlepeBiBmmch micns 3aKiHYEHHS
JIPYTrOro Kypecy 3 XiMiKO-TEXHOJOTIYHOTO THCTUTYTY
Ha XiM(ak yHiBepcHUTETY, BiH 0JIpa3y X 3BEPHYBCS JI0
3aBigyBaua kadenpu FO. M. JlomkaproBa. «Toii
3aiimaBcs, — 3ragye Bikrop ®emopoBuu, -
EJIEKTPOXIMI€I0, THM, 1[0 MEHE HAHOLIIbIIE I[IKaBUIIO
— MOEAHAHHAM XiMil 1 (i3uKu, 1 enekTpuxkm» [4].
0. M. JlomkapboB 3alponoHyBaB HOBOMY YyYHEBI
BUBYATH BIUIMB YTBOPIOBaHHMX B XO[i €JIEKTPOAHUX
peakiii  KOMIUIEKCIB ~ MeTalliB  Ha  IpoIec
enektpoocajkeHns. Lo temarmky — BikTop
MPOIOBXKYBAaB PO3BUBATH 1 IMiJi Yac HaBYaHHA B
acmipaHTypi. «byIo 1ikaBo npaioBaTH, pe3yJibTaTiB
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Haioi mpaui noTpedyBano i BApOOHUITBO» — 3raaye
BiH [3].

VYxe B 1976 p. B.®.Bapramok 3axuctus
KaHIUAATChKY nucepramito «¢dekTsl amcopounn
KOMILJIEKCOB TPH 3JIEKTPOBOCCTAHOBJICHUH HOHOB
METauIOB». Y IUCEpTamiiHii poOOTi BiH HOCTIAWB
MpOIleC  eNEeKTPOBiMHOBIEHHS HoHIB Kympywmy,
Kagmiro i ITmtoMOyMy B IPUCYTHOCTI Pi3HUX JIITaHAIB
(Mogunm-ioHM,  TIOCEUOBHHA,  (PCHUITIOCCYOBUHA,
VHITION Ta 1iH.), SKi CYTT€BO BIUTMBAIOTH HAa
HMIBUIKICTh  €JICKTPOAHMX peakmid 1 MOXYTb
BUKOPUCTOBYBAaTHCh  SIK  CHOBiJIbHIOBadi  abo
MIPUCKOPIOBAYI MPOIIECy €IEKTPOOCAIKEHHS METAJIIB
[6]. Byno BcraHOBIEHO, 30KpeMa, IO B3AEMOZIS
nenonsipuzatopiB 3 [IAP mpuBoauTs 10 3MiHH
NPUPOAN aACcOpPOOBAaHUX 1 pearyrouux YacTHUHOK, i
BHACIIJIOK I[HOTO — JI0 3MIHH KiHETHKH 1 MEXaHi3My
EJIEKTPOJHUX PEaKLiil.

XapakTepHOI OCOOJUBICTIO  EICKTPOXIMIYHOT
mxonu mpod. FO. M. JlomkaproBa Oyiio BpaxyBaHHS
BIUBY [IAP He numie Ha po3psn iOHIB MeTaly, a i

Ha BCi cTamil JOCUTh CKJIAQJHOTO  IIPOIECY
eIeKTPOOC/DKEHHS  —  XiMiuHi,  Jaudy3iiHi,
KpHUCTAaITi3aIiiHI. Hayxosi iHTepecu

B. ®. Bapraimoka 30cepeiKyBajllCh MEPEBAXXHO Ha
BUBYCHHI XIMIYHHMX CTaJlid, SKi MEpEAyIOTh BJacHE
PO3pALy METATIYHUX 10HIB.

BuByaroun y momaiblIioMy MEXaHi3M XiMi4HOI
B3aemogii [IAP 3 ioHamMHu peareHTIB y MpPaKTUYHO
BUIMBHUX ENIEKTPOXIMIYHUX TpOIecax, BiH 3p0oOWB
CYyTTEBHH BHECOK y pO3BUTOK Teopii ix mii Ha
KiHETHKY 1 MEXaHi3M eJICKTPOJHHUX PEaKIlii.

VY nocnigKeHHSX, BUKOHAHUX 31 CBOIMH YUHSIMH
Ta cHiBpoOiTHUKaMHU (B. C. Ianko,
O. A. Ilukensunii, B. A. [lononcekuii, H. B. Crenp
(Xopomaekina),  JI. B. bopmesuu  (OxpHopan),
JI. B. llltemenko, P.B.Mana) [6-11], HEM Ha
YHCJICHHUX MPHKIIAIaX NOKa3aHa BU3HAYaIbHA POJIb
SIBHMI[ XIMIYHOI B3a€EMOJIl pearyw4yux IOHIB 3
JOCIIJUKEHUMH MOBEPXHEBO-AKTUBHUMHU
KOMIUIEKCOYTBOpIOBadYaMu (TaJOTeHi[-iIOHH, aHIOHU
JUKapOOHOBUX KHUCIOT, audocdar-ioHu, cyiabdi-
10HHU Ta 1H.) B epeKTax MPUCKOPEHHs Ta 1HTi0yBaHHS
€JIEKTPOBITHOBJICHHS 1 EJEKTPOOKHCHEHHS WOHIB
Kynpymy, Kaamito, Xpomy.

Ha mincraBi  pe3ynbTaTiB  XpOHOIOTEHIO-
METPUYHUX BUMIPIOBaHb OJIEPKAHO  KUIBKICHY
iHpOpMaLil0 MPO KIHETHKY MEPEAyIOUUX PO3PILY
CTaaiif  yTBOPEHHS IOBEPXHEBHX  KOMILICKCIB
pearytounx ioniB 3 IIAP y mnpomixHuMX cTaHax
peaxiii [9].

B mpomeci BUKOHaHHS IMX  JIOCJIIKEHBb
B. ®. Bapramokom OyJi0 BIOCKOHAJICHO HH3KY
eJNeKTpoXiMiyHuX MeTofiB. Tak, HoMmy Bpamocs
MaTeMaTHYHO OOTpYHTYBaTH MOJKJIUBICTb
BUKOPUCTaHHS JBOCTYIICHEBOI XPOHOKYJIOHOMETPIi
JUTS BU3HAYEHHSI aficopOLii peareHTy Ha amajibramax



116

Journal of Chemistry and Technologies, 2020, 28(2), 113-121

i B momiOHmx cucremax [10]. Po3pobnena HoBa
Moau(ikarlisi BOJOMOMETPUYHOTO METOIY, IO
JI03BOJISIE B aBTOMAaTHYHOMY PEXHMi 32 TOTIOMOTOIO
KOMIT'IOTepa BHMIPIOBAaTH TapLiaJbHUH  CTPYM
CKJIAMHUX  CIIEKTPOXIMIYHHMX  TIPOIECiB,  fKi
CYMPOBOJDKYIOThCS Ta30BUALICHHM [11].

PesynpTatn = TEOpeTHYHO-CKCIEPUMEHTATBHUX
JIOCTTPKeHb, BUKOHAHUX y NpyTii momoBuHi 1970-
x—1980-x pokax, Oynu y3arajJbHeHi B JOKTOPCHKIH
nucepTalii «Posb XUMHYECKUX CTaJuid B POLIECcax
JJIEKTPOBOCCTAHOBICHUS U JJIEKTPOOKHCIICHUS
HOHOB  METAJUIOB B  YCIOBHSIX  aJcopOuuu
MOBEPXHOCTHO-aKTUBHBIX BEIICCTBY.

ITopsn i3 OCHOBHOIO TEMaTHKOIO -
nmocmimkenasmu mii [IAP Ha KiHeTHKy 1 MexaHi3M
CJIEKTPOXIMIYHMX peakwiif, BiH po3BUBaB 1 iHIII
BaYKJIMBI MMMTaHHS XiMil Ta CyMIXHUX 3 Heto Hayk. Lle
CTOCY€TBbCS, HacaMmmepen, eJleKTPOXEMiXPOMHHUX
peakiii moxigHux nunipuauHy [12]. Otrpumani HUM
pe3yJIbTaTH JO3BOJWIH CBIZOMO MiTIHTH 0 BUOOPY
CJIEKTPOAKTUBHUX pEeYOBHH st TaKuX
ONTOETIEKTPOHHUX MPHUCTPOiB, K LIBUIKOMIIOYI
CBITJIOQIIBTPU Ta IHIUKATOPHI €JIEMEHTH 3aco0iB
BimmoOpaskeHHs iH(OpMaIii.

VY 1990-1i poku nianma3zoH HAYKOBUX TOCIIIKEHB
YY4EHOro cTaB Ine mupmuM. [lapanensHo 3
BUBUYEHHSIM BIUIMBY I1AP Ha enmexTposni peakiiii Ta
BUSBIICHHSIM MEXaHI3MIB €JIEeKTPOBIJHOBICHHA Ta
€JIEKTPOOKUCHEHHS [13] BiH 3aiiMaBcst
JIOCHIKEHHAMU BJIACTUBOCTEH JUHAMIYHO
HECTIMKMX  METaJOKCHIHHX  EJIEKTPOXIMIYHHX
cuctem [14], nomydaBcs [0 OCHiDKEHb 3
OioHeopraniyHoi Xximii, 30KpeMa 70 BHBYECHHS
B3aeMO/ii OIOMOJIEKYN 3 BaXKKHUMH MeETajaMH 3
METOI0 3B’sI3yBaHHS OCTaHHIX B 010J10Ti9HO Oe3mneyHi
dopmu [15].

Cepen HAyKOBUX JIOCITIKEHb npod.
B. ®. Bapramoka ocTaHHIX pPOKiB, BHKOHaHHX
cmasHo 3 B. A.Ilomoncekum,  H. B. Crertp,
JI. B. bopmesny, K. A. IInscoBcbkoro,
B. O. Cepemtokom,  O. C. Kpamcekoro  (Crerp),
0. B. Jlemunmuaoro, B. B. [lonTasenp, Big3Ha4uMO
BceOiuHe BHUBUYECHHS BIUIUBY ITAP Ta
KOMIIJICKCOYTBOPIOBAYiB Ha MeXaHi3M
eJeKTpOoBiMHOBIEHHST #oHIB Hikemro, Kymnpywmy,
Kobanbry, Xpomy [16] Ta aHOmHHMX TpoOIECiB Ha
okcunax Cranymy Tta Manrany [17]. JlocsraeHHIO
BUCOKOTO PiBHA LMX POOIT CHPHUSIIO BUKOPHCTAHHS
KOMIT IOTEpHOTO MojenmtoBaHHs [18] Ta KBaHTOBO-
XIMIYHMX pO3paxyHKIiB, 30KpeMa eJIEKTPOHHHUX
MEPEXo/iB B aKBAKOMILJIEKCAX IMEPEXiIHUX METaliB
[19, 20]. BaxxiuBi TeopeTuuHi pe3ynbTaTtu 3100yTO
MiJi 9ac BUBYECHHS CTafii 3apOJKEHHS 1 PO3BUTKY

MOJIISIICPHUX KJIaCTepiB B mporieci
eJleKTpoKpucTamizamii miai [21].
3a JAHUMH BUKOHaHUX JIOCITIPKEHb

B. @®. BaprantokoMm Ha piBHI BUHaXOJliB PO3poO0IIeHi

HOBI  TeXHOJOTil  (HANpUKIAX,  CJICKTPOIITH

MiZHEHHS) Ta eNeKTpogHI MaTepianu (CTilki 10
MacuBallii aHOAM JUIsl BaHH TBEPJOTO XPOMYBAHHS,
aHOJIM TIABHUINEHOI CTIHKOCTI 31 CBHHIIIO Ta HOro
CIUTaBiB JJIs1 BUKOPUCTAHHA B Tiapomeranyprii) [22,
23]. ExoHomiuHMi1 e(deKT BiJl BIPOBAPKECHHS IMX
po3pobok y BHpOOHUIITBO ckiaB y 1983—1990 pp.
6m3pko 300 THC. KapOOBAHITIB.

.

- ! ‘ )
V. F. Vargalyuk will discuss the results of scientific studies

with master students Y. Zamishlyanko (the winner of the
All-Ukrainian competition of student robots from chemistry
and E. Osokin (at the same time — a graduate student of the
department) (2017)

B. ®@. Bapranok 00roBopio€ pe3yJbTaTH HAYKOBHX
JI0CJIiIzKeHb 3i cTyneHTaMu-Maricrpamu $1. 3aMuILUISIEHKO
(mepemokHULA BeeykpaiHChbKOro KOHKYPCY CTYIeHTChKHUX
po0iT 3 ximii Ta €. Ocokinnm (3apa3 — acnipaHT k adeapn)

(2017)

B3arami, opieHTaniss Ha TPaKTHKY € OIHIE i3
BHU3HAYAIbHUX puc HAyKOBOT TUSITBHOCTIL
B. ®. Bapramoka. HaBegemo nuiiie 18a npuKkiaau.

Jo cepemuHM  BOCBMHIECATHX  POKIB Y
Pagsacexkomy Coro3i icHyBasia mpo0iemMa HaHECEHHS
3aXHCHOTO XPOMOBOT'O MTOKPUTTS Ha
BEJIMKOTa0apUTHI MeTajeBi BUPOOH.
MamuHoOyNiBHI  MiANpUEMCTBA KpaiHH 3MYIIEeHI
Oynu 3IifiCHIOBaTH IF0 BaXKIUBY OIEpaIiio 3a
KOPJIOHOM, 1110 TIOTpeOyBasio 3HAYHUX BUTPAT Yacy Ta
BamoTU. Pearnizanii TeXHONOTIi BETHMKOrabapuTHOTO
XPOMYBaHHS Ha BITYM3HSHUX 3aBo/ax
MIEPENIKo/KaIa BiJICYTHICTh aHOJIHUX Marepialis,
AK1 O MOTJIM eKCIUTyaTyBaTHCS B )KOPCTKHX YMOBax i
BUTPUMYBATH BEJHKI MEXaHi4Hi, TeMIepaTypHi Ta
CTpyMOBi HaBaHTaxeHHs. Y 1983 p. 10 po3poOku
TaKUX aHOJIB OyJIM 3alydeHi Ha KOHKYpPCHil OCHOBI
HaykoBIl  JlHimpomeTpoBchka — 3 XiIMIKO-
TEXHOJIOTIYHOTO 1HCTUTYTY Ta AEP KyHiBEpPCHTETY.
I'pyny XTI odointoBaB npodecop, JOKTOp XiMIYHHAX
HayK €. A. KaimHOBCHKHH. KepiBHUIITBO
YHIBEPCUTETCHKOIO TPYNOK JOPYYMWIA MOJIOJIOMY
ACHUCTEHTY B. ®. Bapramtoky. [Ipomuciosi
BUIIPOOYBaHHS JIOBEJIM OE3CYMHIBHY IepeBary
pO3po0KH BUeHUX yHiBepcuTeTy. [lounHarouu 3 1986
p. po3pobineni Bikropom demopoBuuem aHOIU i
ToproBoto Mapkoto ACJI (ix BHrOTOBIAIM Ha



TOCITITHO-eKCIepuMeHTalTbHOMY — 3aBomi  JIJ1Y)
MOCTAB/UINCh HE JIMIIE Ha  MAallMHOOYIiBHI
nignpuemctsa CPCP, a 11 3a kopnon [24].

PoGotn 3 BHBYECHHS KIHETHKH 1 MEXaHi3My
€IIEKTPOOKUCHECHHS KaTiOHiB xpomy(III)
3aBEPILININCH CTBOPEHHSIM eeKTUBHOT 3
€KOJIOT1YHOI 1 €KOHOMIYHOI TOYOK 30py TEXHOJOTii
yTHmi3amii  KOHIIEHTPOBAaHUX  XPOMOBOKHCIIX
po3unHiB [25].

[IpakTH4HO BaXKITMBI HOTO po3poOKH 3axuieHi 14
aBTOPCHKHMHU CBIIOLTBAMH Ta MaTeHTaMu (BCHOTO XK
BiH € aBTOopoM Ta cmiBaBTOpoM moHanm 400
npykoBaHux mpaup). llle 3a paasHCBKHX uYaciB
Biktopa ®emopoBrua HAropoIKEHO MOYECHOIO
BimsHakoro «Bunaxigauk CPCPy». Uac Bix gacy #ioro
BUHAXIIHUIbKA JKWIKA «BUABIAE» cebe. 30BciM
HE/IaBHO, HaNpHUKIa, BiH CKOHCTPYIOBAB
MaJIorabapUTHHI e(heKTUBHUI KOTEN TUTST
00irpiBaHHS TPUMIIIEHb, MPO SKAW [BidUl IHcana
razera «KoMmcoMonbckas mpaBaa B YKpaune» [26].
MonynbHa  eNeKTpOoONalioBalbHA  YCTaHOBKA,
CTBOpEHA Ha OCHOBI €NIEKTPOIHHUX KOTIIIB, Ma€ HU3KY
CYTTEBHX IEpeBar — €KOHOMIYHICTh, KOMIIAKTHICTb,
0e3MeYUHICTh, HAAIMHICTh B €KCILTyaTallii, eKoJI0oTriuHa
guctora. ChOroJHi BOHA MAacOBO BUTOTOBIISIETHCS
TOB «/lyko-TexHik» 1 BcTaHOBIIEHA Ha OaraTrbox
00’ekTax, Hanpukiaa B [lamami miTed 1 roHanTBa
(M. duinpo), CiMeHHUX TyPTOXKHUTKAX
(M. Cimdepomonsp), TOTEThHHUX KOMILTEKCax
(M. Spemue) Toro.

Menaroriuna podora. HaykoBo-nenaroriunuit
ctax B. ®. Bapramroka namiuye monan 40 pokis. 3a
1eit yac Bikrop ®enopoBud po3poOHB i 0CBOIB IMOHAT
20 pi3HOIIAHOBHX 3arajibHHUX 1 CHELiAIbHUX KYPCiB
MaiKe 3 yCix rairy3eit XiMigHOi HayKd: HEOpTraHidHO,
(hi3ugHO1, KOIIO1MHOT, Xap4OBOi, KOMIT IOTEPHOT XiMil,
KpUCTaNIOXiMii (B I[bOMY MajJO XTO 3 BHKIIAJadiB
dakynprery Moxke 3 HHM Tno3Maratucs). Cepen
YHCIIEHHUX CIEIialbHUX KypCiB BiJI3HAYUMO TaKi —

«EnexrpoximiyHa  KiHeTHka» (1le, MaOyTh, HOro
«TOJIOBHMI» CIIEIIKYpPC, SIKMW BiH BHUKJIAZae 3
HEBEJIMKOI  mepepBoro  moHax 30  pokiB),

«EnexTpoximiuHi cuctemm», «Kopozis Ta meromu
3aXUCTy MaTepiaimiB 1  BuUpoOiB», «Meroau
EIEKTPOXIMIYHHX  JTOCIiKeHbY», «Komm roTepHe
MOJIEJIFOBaHHS XIMIYHUX crcTeM». JJomamo 1o 1poro
BaXKJINBUH NpONEAEBTUYHUN KypcC ISt
NepHIOKypCHUKIB «BeTym no daxy», a Takoxk JeKiii
pi3HOI TeMaTHKH AJsl MIMPOKOI ayauTopii, sSKi BiH
MPOTSATOM TPUBAIOTO 4Yacy 4YHTaB B OOJIACHOMY
BiJUIIJICHHI TOBapUCTBa «3HAHHSY.

Bcei, xTto cinyxaB nekuii Bikropa demoposuua,
BiJJ3HAUYAIOTh IX BHCOKHH MpogecioHali3M, IHUPOKY
3arajlbHOHAYKOBY 1 XIMIUHY epyauIilo JeKTopa,
JOCTYIHICTh BUKIATy. XapakTepHOI IX PHCOI0 €
TICHMH 3B’S30K 3 OKHUTITAM — BHPOOHHLTBOM,
TEXHIKOI0, TO0YTOM.
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A special course in
electrochemical kinetics can be
interesting, if you read
prof. V. F. Vargalyuk

Crenkypc 3 eJieKTpoxiMiuHoi
KiHETHKH MOKe O0yTH HiKaBuM,
KOJIM #i0T0 YnTace
npo¢. B. ®. Bapramok

3nauyny yBary B. ®.Bapramok npuminse
HaBYAIBHO-METOANYHIA poOoTi. Bin € cniBaBTOpOM
TPbOX HABYAJIBHUX TMOCIOHMKIB, sIKi 3700ynu TpUd
MOH Vkpaiam: «HerpamumiiHnid MAXix g0
BUBUCHHA XiMmii ememeHtiBy (1995), «Ximia 3
OCHOBaMHU 3arajibHoi XiMii» (2004), «3aranbHa XiMish»
(2010), gotuppox mMoHOTpadiii HAYKOBO-iCTOPUIHOT
TEeMaTHKH.

Opranizaniiina aissibHicTe. Konm  Bikropa
OenopoBrUYa TPU3HAYWIN 3aBilyBadeM Kadeapu
HeopranigHoi ximii (1992 p.), ocranHs nepexuBaia
He Habikpaii yacu. Jlocuts mBuako B. ®. Baprairok
JIOMIrcsi OMOJIOJDKEHHSI KOJIEKTHBY, 3allpOCHB Ha
kadenpy cBoix kommmHiXx yuHiB H. B. Cremp,
JI. B. bopuweBuu, B. A. Ilononcekoro. Iloctynoso
3aBillyBaduy BAAJNOCS TOXBAaBUTH 1 HAYKOBO-
JOCIAHY, 1 HABYAIbHO-METOAMYHY poOoTy Kadempu
[27].

Eneprifinmii 3aBigyBau kadenpu CKOpO CTaB
MOMITHOIO (iryporo Ha XiMiuHOMY (akynbTeTi. | B
1996 p. #ioro obuparoTh nexkaHoMm (akynprery. Ha
i BignoBimanbHii mocani Biktop ®demopouu
MpaIoe 1 ChOTOJHI, JBAAIATH YETBEPTUH PIK
nocriib. JlekaHoMm #oro obupanu ciM pasis, IO €
CBOEPITHIUM PEKOPIOM.

[louaTok #Oro AEeKaHCTBAa NpPWIIAB Ha HEJETKi

yacu, TOB’s3aHi 31 3400yTTSAM  YKpaiHOIO
HesaekHOCTI. HoBOMYy — KepMaHHM4y JIOBEJNOCS
JOKJIaCTUu qumMaJinx 3yCHJIb, I]_[O6 IMPOBECTU

(bakynbTeTChKHI Kopadenb uepe3 yci pudu. [lompu
BCci Herapa3nu, (akynpTeT BHTPUMAaB HEJETrKi
BUNPOOYBaHHS 1 IPOJLOBXKYBAB PO3BUBATHCH.

Konmeniii po3BUTKY OCBITHBOI Tamy3i YacrTo
3MiHIOBanuch, 1 B. ®. Bapramoky aoBoamioch
OIEpaTUBHO 1 aJEKBAaTHO PearyBaTu Ha BCi BUMOTH
yacy. CIiJi KOHCTaTyBaTH y 3B’S3Ky 3 IIHM, IIO Y
MepeBaKHIN OUIBIIOCTI BUNIAJKIB 11e HOMY BIA€ThHCS.
Ilix KepiBHMLTBOM HOBOTO J€KaHa HPOBEACHO
3HA4YHy POOOTY IIOJO TMEepeBeJIeHHS] HABYAJIHHOTO
nporiecy Ha 0araTtocTyleHEeBy CHCTEMY OCBITH
(OakanaBp-cneniansicT-mMarictp), BIIKPUTTS HOBHUX
CrieIlialIbHOCTeH 1 cremiaiizalii, iXx akpeauTarii ta
JIIEH3yBaHHSI.

Ha mowarky XXI cr. B JlHimpomneTpoBChKOMY
PETioHI JOCUTB TOCTPO MOYaia BiquyBaTUCs noTpeda
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y (paxiBIsgx 3 xap4oBHUX BHPOOHHNTB. BpaxoByrouu
3allUTH PErioHy, 3a iHimiaTuBu nexaHa B 2004 p. Ha
¢dakynpTeTi  BIAKpWIM ~ HOBY  CIIELIANbHICTbH
«TexHomorist xapayBaHHs» [28], SKka BHIBHIACH
MIPUBAOTHBOIO TUTS a0iTypieHTIB. Jost
00CITyTOBYBaHHS HOBOI CrielialIbHOCTI Ha paKyIbTeTi
Oyio cTBOpeHo Kadeapy XapIoBUX TEXHOIOTIH.

Dean V. F. Vargalyuk that
head of the Department of
food technologies, Doctor
of the Pedagogical
Sciences T. M. Derkach
control the organization of
laboratory (2005)

Jexan B. ®@. Bapranaok Tta
3aB. Kad)epoI0 XapyoBUX
TEXHOJIOTii, TOKT. me/.
Hayk T. M. Jlepkau

KOHTPOJIIOIOTh
» . - opraxizanio
# = J1a00paTOPHUX 3aHATH
&) (2005)

BikTop ®enopoBud 3aBKau NEPUIOPSAHY POJIb Y
HaBYAJILHOMY TPOIECi BiABOJUTH BHKIamaveBi. «51
3HAIO AUCKYCIHE TBEPIKEHHS, — TOBOPHUTH BiH, — IO
y CydYacHii CHCTeMi OCBITM BUKIaaad Oyae He
noTpiOHwmii... Ha Mili morisim, i3 CHCTEMH OCBITH
nefarora He BHJIYYMTH, HE3BaXKalOUM Ha PO3BUTOK
TexHiku. Hait0inpIma po3Kir — 11e po3Kill JF0CHKOTO
CIUTKYBaHHS, TOMY B CUCTEMi OCBITH BUKHHYTH IO
PO3KIIll — a0COTIOTHO HEMPaBUIIbHO. TeXHika 3aBKau
OyZe 3anuIIaTUCh BCHOTO JIMIIE iHCTPYMEHTOM B
pykax JroauHm» [29].

Barato pokie (3 1998 mo 2015 pp.)
B. ®@. Bapramok OYOJIIOBAB JIEPIKOIOKETHY
HAYKOBO-/IOCIAHY J1a00paTopito eNeKTPOOCaPKEHHS
METajiB, sKa BHECEHa [0 Tepesiky MpOBiIHUX
HayKOBHMX YCTaHOB CBITY 3 mpoOyieM kopo3ii. Huni
BOHA 3MiHMJIA Ha3BY 1 yBIMIIIA 70 CKIIATy HAYKOBO-
JociHOTO [HCTUTYTY XiMii Ta TeoJIorii.

[Min xepiBHunTBoM BikTopa ®emopoBuua ioro
YUHSIMH BHKOHaHO 1 YCHIlIHO 3axumeHo 12
KaHIMIATChKUX AUCEPTaLii.

ChOro/iHi MPOBITHAMHU HAYKOBISIMU (DaKyJIbTETy
32 aKTUBHOI y4YacTi J[eKaHa pO3BHBAETHCA Psj
NEPCHEKTUBHUX HanpsMiB TEOPETUYHO-
EKCHIEPUMEHTAIIbHUX  JIOCTI/KCHb,  TIOB’SI3aHHUX,
30KpeMa, i3 KBaHTOBO-XIMiYHMMH pO3paxyHKaMH.
BukoHyI0TBCS 1 IpUKITaHI PO3POOKH.

Benuky yBary mnpupinse Bikrop ®Denopouu
PO3IMIMPEHHIO MIDXHAPOAHOI CIIBIIPaIll XiMIYHOTO
¢dakynsrery. Pazom 3 mpod. C. 1. OxkoBuTHM HUM
OyJl0  3amoyaTKOBaHO  NPOrpaMy  MiATOTOBKH
JOKTOpiB ¢inocodii B ramy3i ximil cHineHO 3
JlxexcoHcbkuM yHiBepcuteToM CIIIA.

3BepHEMO yBary i Ha Take. /[ekaHOBi CHIBLHO i3
3aBiyBayaMyd Kadeap BAANOCS CTBOPHTH Ha

¢dakynpreTi HEOOXigHI yMOBH 1 CTUMYJIM IS
BUKOHAHHS CHiBPOOITHUKAMH JIOKTOPCHKUX
qucepTraliiHux — poOiT. 3a 4ac  «IpaBIiHHI

B. ®. Bapramoka Ha ximMiuHOMY (akymbTeTi Oyio
3aXMIIEHO 9 MOKTOPCHKUX Aucepramii. lle maibke
CTUTBKM 3K, CKUJTBKM 33 YBECh MOIEPEIHIN mepion
icHyBaHHA (DaKyJIbTETY.

I'pomancbka aktuBHicTh. [IpoTsrom  ycworo
niBBikoBoro mepedyBanus B JIHY B. ®. Bapramok
OpaB aKTHUBHY yd4acTb y TpOMAaJICbKOMY >KHTTI
(hakynpTeTy 1 yHIBEpCHUTETY, a B OCTaHHI POKH 1 B
TPOMAaJChKHX OpraHizamisix B MacmTali micta Ta
KpaiHu. OOupaBcss  4wieHOM 1 TOJOBOIO
npodcminkoBoro  0610po  XiMIiYHOTO  (aKyIbTETY,
romoBoto Panmu mMomoamx ydeHUX (QaKympTeTy 1
uynenoM wmiei Pamu JJIY. B crynentceki poku OyB
KoMcoprom Kypcy [3].

Tpusanuit yac (1998-2016 pp.) BxoauB 10
ckmany HMK 3 ximii, HaykoBo-metoamuHOi Pamn
MOH Vkpainu. ByB uneHoM ekcnepTHOI paau 3
NPUPOAHUYMX Ta MaTeMaTHYHHX HayK IpH
AxpenutaniiiHiii komicii Ykpainu (2012-2015 pp.).
3 2016 p. — wien MixkBioM40i HayKOBO-TEXHIYHOT
pamu 3 mpoOieM Kopo3il Ta MPOTHKOPO3IHHOTO
3axucty Metanis rpu [pesnaii HAH Ykpainu.

3a cyMIIiHHY Ta IUTiIHY HAYKOBO-TIENAroTivyHY i
oprasizaiiiay TSUTBHICTD HEOJTHOPA30BO
HaropoJHKyBaBCsI [Houecunmu rpaMoTamu
aaminictparii JIHY, MinicrepcTBa OCBITH 1 Hayku
Ykpainu (2002), JHinponeTpoBchKoi
obnxepxxanminictparnii (2010), dnHimporeTpoBChKOi
obacHoi paau (2013), [Mogsixkamu pexTopa, MiCbKOTO
rososH (2008) ta [Tpem’ep-minictpa Ykpainu (2013).
3a BaroMuil O0COOMCTHMII BHECOK Y PO3BUTOK
BITYM3HSHOI OcBiTH Bim3Hauenmd y 2018 p.

I'pamoToro BepxoBHOI paau YKpaiHu Ta HarpyJHUM
3HAKOM.

The team of the Club of the cheerful and resourceful of the
Faculty of Chemistry teachers on the stage of the Palace of
Students of the DNU (2018)

Komanna KBK Bukinagavis ximiuHoro pakyabtery Ha
cueni [Tanana crynenris 1HY (2018)

Csoi YHUCIIEHH] TaJaHTH BKYIIi 3
OpraHi3aTOPChbKUMH 3II0HOCTSIMH Ta HEBraMOBHOIO
EHEprielo0 JIeKaH IOPIYHO JIEMOHCTPYE TiJl dYac
oprasizaifii Ta TPOBEACHHSA Tpanuliaux JIHiB
ximMmpaky. Bin yxe derBepTHl HECATOK POKiB



HE3MIHHO BHBOJUTHL Ha CIieHy llamamy cTymeHTiB y
sikocTi KariTana komanay KBK Buknamauis ximbaxy.

3ayBa)kMMO y 3B’SA3Ky 3 IUM, MO BikTop
denopoBuY cepe IHIIMX JICKaHIB BiJ3HAYAETHC,
Ma0yTh,  HaWOUTBIIO  JEMOKPAaTHYHICTIO Y
CTOCYHKaX 31 WIeHaMH KOJEKTHBY (Il0 HOTO pHCY
BiIOOpaK€HO 1 y 3aroJIOBKYy CTaTTi MPO HBOTO Y
FOBUICHHIN 30ipmi HapHCIiB TpoO CHIBPOOITHUKIB
yHiBepcuteTy [24]). Bim  Hamaraetbcs  He
oOMexyBath  (haKyJIbTETChbKE  JKUTTS  JIUIIC
OoQIIIfHIMHE CTOCYHKaMH, a TMparHe <«3OIU3UTH
BHKIIZ[adiB 1 CTYAEHTIB, 3pOOUTH XHUTTA XiM(aky
HACUYCHUM 1 I[iIKaBUM, CTBOPUTH B KOJICKTHBI
JIPYKHIO, TAK OM MOBUTH, pOJAMHHY aTtMocdepy. | me
oMy 3HA4YHOIO Miporo Braerbes. CTyaeHTH B

COIMMEpekax HEPIIKO HAa3MBaIOTh XiM(pak ciMeHHUM
¢dakynbTeToM («MH — SIK OJHa CiM’»). XOUeTbCs
CIIOMIBATUCH, IO OIEl JEeMOKpaTH3M CTOCYHKIB
30epekeThCs 1 32 HACTYITHUX JEeKaHiB, CTaHe JOOPOIo
TpaaHUIIiEr0

¢bakynbTeTy.

%

Chemical family. Photo in memoy of members of the
Student Council of the Faculty of Chemistry (2020)

Chemical family — ximiuHa cim’s1. ®@oTo Ha 3raaky 3i
YJIeHAMH CTyApaau XimiyHoro gakyanrety (2020)

BxaxeMo Ha 11e OJHy IpUTaMaHHy HOMY PUCY —
MOOUTBHICTh, BHYTPINIHIO MOTPedy MO IMOCTIiHOTO
pyxy. He3paxaroun Ha TOCHTh TOBXKHUH BiK, BikTop
®deiopoBUY 3AIUIIAETHCA TAKUM K€ CHEPridHUM 1
M ATATHYTHM, K i B MOJI010CTi. Mloro xurTeBe Kpeno
Oyio BuNMCAaHE BEJIVKUMH JIiTepaMU Ha CTiHI
naboparopii, B sIKiii HampalkOByBaBCsl MaTepiai s
KaHAMOATChKOI, a 3roJoM 1 JUIs JOKTOPCBHKOi
muceptarii — VIA EST VITA! — «pyx — nie xxutta!».

Hacawmkinenps kijbka CIiB TIPO OCOOWCTE >KHUTTS
1oBisipa. 3 Basero, MailOyTHBOIO OPYKMHOIO, BiH
MO3HAMOMUBCSA 1€ HAa CTYACHTCHKIA JlaBl — BOHHU
HaBUaiMcs B OAHIM rpymi. Bixke maibke 50 pokis
Bikrop ®emopoBuu Ta Banentmna MukonaiBHa
KHUBYTb, SIK K&KYTh, Y MUpI Ta 31aroji. Buxopanu
JIBOX JiTed — cuHa JImurpa (3akiHuuB (i3uKo-
TEeXHIYHUH (PaKyJIbTeT YHIBEpCUTETYy, Mpalioe B
coepi [T-rexHonoriit) ta mouky IpunHy (3akiHdmia
JXTI, npaitoe pieaTepoM areHTCTBa HEPYXOMOCTI),
JloueKanuch OHyKiB. IX y HEX yeTBepo.
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Victor Fedorovich and Valentina Nikolaevna Vargalyuk
(2018)

BikTop ®enopoBuy Ta BasenTnna MukoaaisHa Bapramoku
(2018)
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Abstract

A simple glance at FDA databases reveals the structural significance of nitrogen-based heterocycles in the drug
design and engineering of pharmaceuticals, with nearly 60 % of unique small-molecule drugs containing a nitrogen
heterocycle. Many heterocyclic scaffolds can be considered as privilege structures. According to statistics, more
than 85 % of all biologically-active chemical entities contain a heterocycle. The application of anthraquinone
heterocycles provides a useful tool for modification of solubility, lipophilicity, polarity, and hydrogen bonding
capacity of biologically active agents, which results in the optimization of the ADME/Tox properties of drugs or drug
candidates. The review is devoted to the synthesis of heterocyclic compounds, derivatives of anthraquinone,
obtained by reactions of nucleophilic substitution, diazotization, cycloaddition, isomerization and rearrangement,
published over the past 20 years. Aminoanthraquinones and their diazo derivatives were most often used as
starting materials for the production of nitrogen-containing heterocycles based on anthraquinone. The collected
material shows that the the structure dynamics involved in anthraquinone nitrogen-based heterocycles, alongside
with fundamental aspects such as ring size and aromaticity, translates into a vast array of chemical structures by
which their molecular mechanisms of action can vary significantly.

Keywords: triazene; heterocyclization; nucleophilic substitution; condensation; cycloaddition; 9,10-anthraquinones.

CUHTE3 A30TOBMICHUX TETEPOLIMK/ITYHUX ITOXIJHHUX HA OCHOBI 9,10-
AHTPAXIHOHY

Bacuib I. lllynentok, Tetsina M. Tapac, Okcana I1. Cabanax, EBren P. JlyukeBuy,
Mukoua I1. MaTKiBCbKUH

IIpukapnamcobkutl HayioHabHU yHisepcumem im. B. CmegaHnuka, 8ya. lllesuenka, 57, Isano-®pankiscvk, 76018, Ykpaina

AHoTalif

IIpoctnii ornaax 6a3 AaHux FDA mokasye CTPYKTYpHY 3HAQUMMICTh reTepOLMKJIIB Ha OCHOBI a30Ty y cHUHTe3i
JiKapChbKUX MpenapariB, ocKiibKH Maifxke 60 % yHiKaJbHHX Ma/IOMOJIEKY/IIPHUX NpenapaTiB MiCTATb reTeponuKI
a3oTy. 3rifHO CTaTUCTUYHUX JAAHHUX, NOHaA 85 % ycix 6io/sIOriyHO aKTUBHMX XiMiYHUX PEe4YOBUH MIiCTATh
rerepouyka. Orjasaa NpUCBAYEeHMH CHHTe3y TreTepOLMKJIIYHMX CHOJIYK, MNOXiAHMX aHTPaxiHOHY, OTPHMMAaHMX
peaknifiMu HykJeodiJbHOro 3amilieHHs, Jia30TyBaHHfA, LUK/JIONPHEAHAHHs, i3oMepusainii i meperpynyBaHHS,
ony6/liKkoBaHMX B ocTaHHi 20 pokiB. Ik BUXi/iHi pe4OBUHHU AJI1 OTPUMAHHSA a30TOBMiCHUX reTepOLMKJIiB HA OCHOBI
AHTpaxiHOHYy HalYacTille BUKOPUCTOBYBA/IMCh aMiHOAQHTPaXiHOHM, Ta iX Jjia30 moxiAHi.

Kawuoei csn0ea: TpuaseHW; TeTepoOlMKJIi3allis; HyKJeodisbHe 3aMillleHHs; KOHJeHcalli; IUKJoONpUenHaHHS; 9,10-
AHTpPaxiHOHHU.
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CUHTE3 A30TCOJEPKAIIUX TETEPOLIMK/INYECKUX COEAUHEHUA HA OCHOBE
INPON3BOJHbIX 9,10-AHTPAXHHOHA

Bacusuit U. lllynentok, TeTbsaiHa H. Tapac, Okcana I1. Cabagax, EBrenuii P. JlyukeBuy,

Hukonaii [1. MaTKUBCKUH
Ipukapnamckuti HayuoHaabHUl yHusepcumem um. B. Cmeganuka, ya. llleguenka, 57, Heano-®pankosck, 76018, Ykpauna

AHHOTan Mg

AHa/IuTHYeCKU#A 0630p 6a3bl AaHHBIX FDA nmoka3sblBaeT CTPYKTYpPHOe 3HaY€HHE IreTePOIUK/IOB Ha OCHOBE a30Ta B
pa3paGoTKe JieKapcTB U paspa6oTke ¢apmaneBTHYECKHMX NpenapaToB, NPU 3TOM NOYTH 60 % yHHUKaJIbHBIX
HU3KOMOJIEKYJ/ISIPHBIX NPENapaToB COAEPKAT reTepounuK/1 a3oTa. MHOrue reTeponuk/JInYecKue KapKachbl MOKHO
paccMaTpuBaTh KaK NPUBUJIErHpOBaHHbIEe CTPYKTYPHL. 1o craTucTuke, 6oJiee 85 % Bcex GHOJIOTHYECKU AaKTUBHBIX
XUMHYECKHX COeJUHEHUH cojep:KaT rerepounuky. 0630p NOCBAILEH CUHTE3y reTepPOLUKINYECKHX COeJUHEHUH,

NPOMU3BOAHBbIX QAHTPAXWHOHA,

NOJIYY€HHBIX PpeaKUUusAMH HyKJIeO(l)ﬂJII:HOI‘O

3aMeleHus, AWa30TUPOBAHMA,

LOUK/JIONPpUCOCAUHEHHs, H30MepHU3allMM M IeperpynmnupoBokK, OﬂyﬁﬂI/lKOBaHHle 3a nociaeguue 20 ser. Kak
HCXO0JHbIEe BelecTBa AJIA NOJIyYeHHUA a30TcoAepiKalluX reTepouukK/OoB Ha OCHOBE€ aHTpPAaXWHOHA Yalle BCero
HCNOJIb30BaAJ/INCb AMUHOAHTPAXWHOHH, U UX JUA30NIPOU3BOJHbBIE.

Kniouesvie crosa: TpuaseHbl; TeTEPOLMKIM3ALMS; HYKICODHIbHOE 3aMEIeHHe; KOHACHCAUus, UUKIonpucoenuHenue; 9,10-

aHTanI/IHOHBI.
cucteM. 9,10-aHTpaxXUHOHOBBIE CTPYKTYPBLI C
BBeaenue ’ p PYKTYD
reTepoLUKJINIECKUMU KOH/IeHCHUPOBaHHbIMU
H3Haya/ibHO AHTPAXUHOHBI ObLJIM  KOJIbLIAMU BBICTYNAIOT Ba’>XKHBIMH
HWCTOPUYECKU Ba>XKHBIMU HaTypaJbHbIMAU KOMIIOHEHTAMHM MHOIMX IIMICMEHTOB, a TaKXe

KpacuTtessiMU. [lo3ke ObLIO YCTaHOBJIEHO, YTO
TPULMKJINYECKad IJIOCKasd KOJbLieBas CHUCTeMa
AHTPaXUHOHOB MNPOSIBJISIET [OBOJIbHO IIMPOKHUU
CHEKTp BaXHbIX ¢$apMaleBTUYECKUX CBOWCTB
(Puc. 1) [1]. B Hacrosiliee BpeMs OHHU
WHTEHCUBHO H3y4alOTCsd B TepaneBTHUYECKUX
nessax Kak cpegactBo npotuB COVID-19 u HOBBIX
kopoHaBupycoB 3CLpro, PLpro [2; 3].

Anticancer

Antibacterial | ~————— —
F;J“'

—
Anti-diabetic ) «—" \
/ \ Anti-fibrotic

Anti-inflammatory

Fig. 1. Therapeutic use of anthraquinone derivatives
Puc. 1. TepaneBTHYeCKOE NPUMEHEHUE NPOU3BOAHBIX
aHTpaxXWHOHAa

Anti-hepatitis-C
(Anti-HCV)

0630p JiMuTEpaTyphl YKa3blBaeT Ha TO, YTO Ha

base dAHTPAaXHWHOHOBBIX IPOU3BOJHBIX
CUHTE3UPOBAHO MW HCC/I€JOBAHO OIr'paHHUYE€HHOE
KOJIN4eCTBO a30TCcoAepKalIUX

reTepoLUK/JINYeCKHMX IPOU3BOJHbIX. C yyeToM UX
OTHOCHUTEJIbHON [JOCTYIIHOCTU pa3BUTHE 3TOTO
HallpaBJIEHHUA OKa3bIBaeTCA NIEPCIIEKTUBHbIM.
IlonyueHue 2emepoyuk/s108 Ha OCHoge
Npou3800HbIX amuHo-9,10-aHmpaxuHoHa.
AMI/IHoaHTanI/IHOHbl Ba’KHbI KaK
MMpOMEXyTO4YHbIE€ COE€AWMHEHHA [OJiId CHUHTEe3a
HOBBIX a30TCOJepiKallluX TIeTepOLUKINYeCKUX

JUCIEPCHBIX U KyOOBBIX KpacuTesel [4-6].
Peakuus nponsBoJHBIX aMUHOAHTAaxMHOHA 1
C aleTOHOM B ILeJIOYHOM BOJHOM pacTBOpe
MO3BOJISlJIA IOJYYUTh 3aMelleHHble 2-MeTu-7 H-
AunbeH3o[fijlusoxuHoanH-7-0Ha 2 (cxema 1) [7].
Peaknus anerodenoHoB (H, o-, m-, p-Cl, 0-aza) c
AaMMHOAQHTPaXMHOHOM 3 B TNUpUJAUHE B
NPUCYTCTBUU THAPOKCH/A HAaTpUs NMPUBOLUIIA K
006pa3oBaHUI 6-(apUJIKAPOOHU)METUI-2-aPUJI-
7H-nadTo[1,2,3-de]xuH0NMH-7-0HOB 4 [8].
AneTrnnvpoBaHue U JajbHelilllee 3aMbIKaHHUE
KOJIbLla MOXeT ObITb [pPOBEJEHO MyTeM
HarpeBaHuWd aMHHO-9,10-aHTpaxHOHa 3 ¢
alleTaHTMJPUAOM B MPUCYTCTBUM alleTaTOB
1e/s0YHblX MeTasnoB [9]. Ucnoab3oBanue 3,7-
IOHUMETHUI-6-0KTeHasA WU 0-3aMellleHHbIX
CaJIMLUJIOBUX  a/JbJeTUJ0B IpPU  HAJAYUHU
KaTasusaTtopa TpudeHundocpoHuil nepxaoparta
(20% wMosB) UOPUBOAUT K MPOU3BOJHOMY
akpuzauHa 5 (cxema 1) [10].
BHyTpuMoJieKy1ipHas peakuus
npucoeJMHeHUs1 C y4dacTueM  (parmeHra
MOYEBUHBI U OpMO-aJKUHU/IBHBIX TIpyn B
coelMHeHUsIX 6 mpoTekana MyTeM 6-exo-dig
LMKJIMU3alHU C ToJlydeHueM cMecH E- u Z-HadTo-
XWHa30/uHOB 7 (E:Z = 7:2) (cxema 2) [11].

HarpeBanue  1-aMmuHO-2-(3-rUApPOKCHANTKUH-1-
wi)-9,10-aHTpaXxHOHOB 8 ¢ NHUNEPUAMHOM
M103BOJIUJIO POBECTH LMKJIN3aL 110 c

o6pasoBaHueM 2-(1-ruapokcuankui)HadTo|2,3-
glwapon-6,11-nuosoB 9. A  1-amuHo-2-(3-
rUApokcu-3-peHunnponuuui)-9,10-aHTpaxuHOH
10 (xoTopbI¥ MpU HaJuuyue GpeHUJbHOU TPyMIIbl
npeBpaujaetcs B 11) pearupyeT ¢ nepBUYHBIMHU
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)4 BTOPHUYHBIMHA
COOTBETCTBYHOILIHUE

aMHHaMH{, 4YTO  JaeT
1-amuHO-2-(1-aMuHO-2-

LUKJIU3UPYIOT B 4-AWaAJIKWUJI UIN 4-aJIKUJIAaMHUHO-
2-benunHadTo[2,3-h]xuHoauH-7,12-1uoHbl 13

6eH30sBUHWI)-9,10-aHTpaxuHOHbl 12, koTOpble BbIXOJOM 55 - 95% (cxema 2) [12].
0 x
Me,COIOH O‘@ 75-96%
1h, N,
O NH, /N
1
X=H, CO,H, Cl
(0]
O‘O ArCOCH,/OH"
piridine, 20°C, 3 d
O NH,
3
Z =H, p-Cl, m-Cl, 0-Cl, 0-aza
0 NH2 0 HN -
_PPhy*HCIO, ,Me
B 72 0‘
Me
3 5
Scheme 1. Obtaining heterocycles based on aminoanthraquinone
Cxema 1. [losiyyeHHEe reTepOLUKIIOB HA 0OCHOBE aMMHOAHTPAaXNHOHA
O HN

CCCHR
O‘O <)

NIIPh ji

O HN O HN I\/Ph

Ooo“:”m O‘O\
56%
6 R=H,R;=Ph a Tach
R=Ph,R;=H b

O NH, 1) HX O N ‘

” e OC0
O 65-90%
14 X =Cl, Br 15

0
8 9 (58 - 77%)

water
75-80°C,3h

R=H, Pr Ph

0 NH, OH 0 N7
C=C-CHPh
—_————
O‘O + ‘water O‘O
120°C, 1 h

o C ) 56%
10 1
lNHRle R|R, = H, Et, Bu o

O NH, HOH o N7 ‘

¢=C-CHPh
T e e L
170 -200°C, 1 h
O 66-76% 0

12 13 (55 - 95%)

Scheme 2. Obtaining heterocycles by C=C-bond addition
Cxema 2. [losryyeHUe reTepoLUK/IOB NpUcoeAuHeHNAMHU 10 C=C-cBA3U

BbILLIeyrIOMHHy'TbIe peakuuu npeacTaBJIAOT

coboi npUMepbI BHYTPHMOJIEKYJIIPHOTO
HykjaeodusbHOro npucoeguHenuss mno -C=C-
CBA3Y, 4YTO N03BOJISET HOJYYUTh
asoTcojeprKalue reTepOLUKIIbI. Apyrue
Ba)KHbIE BHYTPHMOJIEKYJISIPHbIE

3/1eKTpOPUIbHBIE 3aMeCTUTEJNH BUIMHAJIbHBIX
bYHKIMOHAIM3UPOBAHHBIX 3TUHUJIAPEHOB
(reTrapeHOB) TaK)Xe YacTO HCIOJIb3YIOTCA MJIs
1[eJIeBOT0 CUHTe3a aHHeJUPOBAaHHBIX
reTepolMK/IOB, HEKOTOPblE U3 HUX MPOSABJIAIOT
6uoJioruueckyto akTUBHOCTb [13]. Hampuwmep,

LUKJA3aLusa  Vic-aMHUHOAJIKUHUJIaHTPaXHHOHOB
14 npuBesa K aHHeEJHWPOBAHUIO MUPUAUHOBOTO
KOJIbLia C NoJIyYeHHueM coeiuHeHus 15 (cxema 2)

[14].
'eTepouukiInyeckue cepo- 5
a3oTcojeprKallue [IPOU3BO/HbIE XWHOHOB

IPUBJIEKAIOT BHHMaHUE XUMHUKOB-CUHTETHKOB
M3-32 BO3MOXKHOCTM HUX INpPUMEHEHUs B
pasnnuHbix cdepax. OHM HCHOJB3YIOTCI Kak
KpacuTe M B HOCUTEJISIX JJIs1 3alMCH, XPaHEHUS U
IOBTOPHOTO BOCIpPOU3BeJeHUs1 MHOpMaLUU
[15]. ®oTo1M3 1-apuaTHO-2-a3U/J0AHTPAXUHOHA
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16 B IMCO B npucyTCTBHUM PEHOJIOB MPUBOAUI K
006pa3oBaHUI0 5H-HadTo[2,3-c]peHoTrasun-
8,13-quoHoB 17, B KOTOpBIX aTOM a30Ta
KOBaJIEHTHO CBsI3aH C (EHUIbHUM KOJIbLOM
BBeJeHHOro  ¢eHosa  (cxema  3) [16].

Bu

O S
Nj
LT non
(6]

16

O NH,

R =H, Me, OMe, Bu

THF, SOCIZ
triethylamine

hv
DMSO
rt, 3 - 4h

CUHTE3UpPOBaHHbIN OJHOCTaIMHMHOM
nukau3sanyein  anrtpall,2-c]|[1,2,5]-Tuaguazo.-
6,11-gquoH 19 (c 1,2-quaMuHoaHTpaxuHoHa 18),
MPOSIBJISET MPOTHBOKAHIIEPOTeHHYIO
aKTUBHOCTH [17].

R

=y

seegtd

o 69 -76%
17

0 N/S

20°C, 24h

19

Scheme 3. Obtamlng sulfur and nitrogen-containing heterocycles
CxeMma 3. IlosiyyeHHe cepo- M a30TCO/iepKALMX reTepOLUK/IOB

CvHTe3WpOBaHbl HOBbIEe peLEeNnTopbl Ha
OCHOBE MMM/A30-aHTPAXUHOHOBOW CHCTEMBI,
cozepallei reTepoLUKJIbI THA3013,
(6enszo)dypaHa, ThopeHa U HMHJA30J1a B
MoJIOKeHUU 2. ['eTepolUK/IAYECKUE aJIbJeTru/ibl
u 1,2-puaMuHOaHTpaxMHOH 20 HarpeBasd B
TeyeHHe 12 4 B 3TaHOJIe NPU KUISYEHUU C
WCIOJIb30BaHMEM MYpPaBbUHOW  KHUCJIOTBl B
KayecTBe  KaTa/yd3aTopa JJd  IOJy4eHUs
COOTBETCTBYIOUIMX MMHUHOB. BrnociencTBUM 3TU
MpOMeKYTOUYHbIE COeJUHEHUS [IUKIU3UPOBAJIH B
WMH/a30-aHTPaXMHOHbBI 21 B NpPUCYTCTBUM
TeTpaaueTaTa CBUHLA B YKCYyCHOW KHUCJIOTE an/I

(6] HN/<
R -CHO

1) EtOH/reflux g ‘ O

2) Pb(OAc),/AcOH/rt o

21

Ne N = N
=3 QY

O NH,
JOoN

20

R= 87% 9?% 75% 74%
ﬂ ﬂOMe ﬂ @

S S 0 0
75% 1% 83% 61%

O‘O e

KOMHaTHOM TeMIepaType (cxema 4).
[lepekpucTannnsanus HEOYMILeHHBIX
IPOJAYKTOB U3 AAMITUI0BOrO0 3dupa/xaopopopma
Jasa xopouiue Bbixoabl 61 - 91 % [18].

IlesieBbIE CcoeJIMHEeHUSA 23 ObLIN
CUHTE3UPOBaHbI c IIOMOLLbI0 peakuuu
BHYTPHUMOJIEKYJIIPHON LIMK/IU3ALMM aMU/I0B 22,
obpasywoleiics in situ B YKCYCHOM KHCJIOTe NpPHU
KOMHATHOW TeMIlepaType C Bbixojgamu 63-75 %
(cxema 4). Cnenyet OTMETHUTb, 4YTO
WCI0JIb30BaHUE t-BuONO B KadecTBe
JAUA30TUPYIOLero areHTa B peakuuax npu 20-
65 °C majsia HU3KYI0 KOHBepCHIO aMuzoB 22 [19].

o NTN-R,

23

e <7 -GHTHGO

65% 63% 75% 67% 65%

0 NH,0
NaNO,
AcOH, rt, 12h

22

Scheme 4. Preparation of heterocycles using aldehydes
CxeMma 4. [losnyyeHHe reTepoLMK/IOB C IOMOILIbIO a/1bJETUA0B

CuHme3 zemepoyuk/auyeckKux coeduHeHull
peakyueli duazomuposaHusi. B nutepartype

MpUBEJEHO OTHOCHUTEJIBHO HeboJIblIOE
KOJIM4eCTBO pa6oTt o NOJIy4YEeHHIO
KOH/JIeHCUPOBAHHBIX MPOU3BOAHBIX 9,10-
aHTpPaxMHOHA C HCIOJb30BaHUEM peaKLUi

JIMa30TUpOBaHUsA. B yacTHocTH, onMcaH crnocob
nojydyeHuss  QypaHOBbIX  HPOU3BOJAHBIX B

nojoxeHusasx 1 u 2 - 7-ruapokcudaHTpal2,l-
b]6enso[d]pypaH-8,13-n110HOB 24 C BbIXOJAMU
60-80%  [20]. Cunres  3,5-gubpomo-6H-
a"Tpa[l,9-cd]u3okcazon-6-oHa 25 coBepuieHO C
MOMOIIbI0 peaklUu JUa30TUpoBaHus (cxema 5).
[TosiydeHHBIN NPOAYKT 25 O6bLI1 MOAUPHUIIMPOBAH
pas/JMYHBIMU ~ apOMAaTUYECKUMH  aMHHAaMH,
noJydeHble TPOU3BOAHbIe 26  NPOSBJSIU
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/ \ . /N~
R‘:VO(H; \ 7 CN

R,

0 NH NaNO,/H,S0, By W RINHy, AICL, O— NH
Br NaN, T DCM, 400C, 12h R,
—_— —_—
‘O toluene, 16 h b) R,, acetonitrile, O‘O
80°C, 2h
o Br O Br O NHR,

7N\ N-CH, —\: \lPh fw r\<||<1| -N(CH,CHj),

Scheme 5. Obtaining heterocycles by dlazotlzatlon
CxeMa 5. [TosryyeHHe reTepoOLMK/IOB C HOMOIIBIO AUA30TUPOBaHUA

MPOTHBOPAKOBYIO AKTHBHOCTb [21].
R
R
0 N'X o
(0]
benzene O‘O 60 - 80%
O NHAr rt, 6 O OH
24
X=H,S0,, BF, R=Alk, NO,, Hal
J. ®demeHKO W COABTOPbl  HU3YYUJHU
LMKIU3aIUU BUI[MHAJ/IbHbIX
aJIKUHHWJI3aMellleHHbIX AHa30HHeBUX coJied 9,10-
aHTpaxXWHOHA 27, U Ha OCHOBe

3KCIEepUMEHTAJNbHbIX JaHHbIX U pe3y/bTaTOB
KBaHTOBO-XMMHUYECKHUX pacyeToOB IpeJJoKUIN
MeXaHU3M JIaHHOH reTepoLUKIN3anuu (cxeMa 6)
[22]. Uuknuzauus 2-ankuHUI-9,10-aHTpaxUHOH-
1-nyua3onuil xsopuza 27 He TMNPUBOAUT K
00pa30BaHUI0 LIECTUYJIEHHOr0 LHWKJA, a JaeT

NHAPas3oJbHbBIM LUKJI. B  3aBUCUMOCTH  OT
QJKUHW/IBbHBIX  3aMeCTHUTesNled  NPOAYKTaMH
peakuuu  gaBidoTcad  1,1-puxsnopoankuna-1H-

HadToJ[2,3-gluHaa301-AM0HbI 28 nian auuia-1H-
HadTOos[2,3-g] MHAA30/AMOHBI 29.

O NH, CR(R )

Oll\l\l

28

0 Nycr »4
”

R=H, Bu, CH,0Ph; R'=Ph, COPr, COBu-t, COPh

O NN

( LE ‘O crar
I} EtOH, 60 - 70°C
29

A. CTenaHoB C COTpPYAHUKaMU Pas3BUJIU ITO
HanpaBJeHWe U  HCCIAe[loBa/d  BJIASAHMUE
3aMecCTHTeJel B aJIKNHUJIBHOM U
aHTpPaxUHOHOBOM ¢parMeHTax Ha ob6pa3oBaHUe
NATUYJIeHHUX LUKA0B [23]. B yacTHocTH, uMH
YCTAHOBJIEHO, 4YTO 3/1eKTpOPUIbHBIE
3K30LMKJIM3alMd C 0Opa3oBaHWEM IMpaA30JI0B
32 c BeixojgamMu 74-89 % Hab/0Jam0TCA HpU
KOMOWHALlMK  JOHOPHUX  3aMeCcTUTesJed B
apUJaJIKMHUIBHOM ¢parMeHTe M aleTU/IbHOH
rpyInsl B Mo0KeHUU 4 coenmHeHus 31 (cxema
6). B ciydae 1-amuHO-2-6eH3uJIaHTpaLeHAHOHA
33 npu HarpeBaHHWM B 3TaHOJIe MMeEET MeCTO
obpasoBaHue 3-dpeHus-6,11-gurugpoanrpal2,l-
d]nupazon-6,11-quoHa 34 c¢ BeixogoM 76 %.

o N HSO, O HN—N

oo oo
KOH EtOH
N= r\ ®/RR.

N 32

%

74%

( Ph
‘O o

R=4-MeOPh, —
89%

0 N,"HSO,

Scheme 6. Preparation of heterocycles by diazotization and addition at the C=C bond
CxeMma 6. [lo/ryyeHHe reTeponMK/I0B € IOMOIIbI0 AUA30TUPOBAHUSA M IpUcoeAUHeHHA o C=C-cBA3H

Cunme3 u peakyuu YukK/aonpucoeouHeHus
mpua3senHos. TpuaseHbl Ha ocHoBe 9,10-
aHTpaxXMHOHA BBICTYNAIOT YA00HBIMU
NPOMEXYTOUYHBIMHA NpPOAYKTaMHU [J CUHTe3a
HOBHUX TeTEepOLMKINYECKUX coeuHeHUN. MUx
06BIYHO CUHTE3UPYIOT peakuuaMu
JMa30TUPOBaHUA U N-a3ocoyeTaHus
JINa30MpPOU3BOAHBIX aHTpaxWHOHOB 35-36
aMuHaMHu (cxeMma 7) [24-26].

Xumuga
TEeHJeHLIUIO0

TPHa3€HOB
K

JleMOHCTPUPYET
06pa30BaHUI0 HOBBIX

reTepOLMKJIOB IPH pa3HbIX ycaoBUAX. HecMoTps
Ha TO, 4YTO OHM MHOTJA BBICTYNAIOT KakK
POMEXyTOYHbIe IPOAYKTHI, TpUa3€eHbI
JLOBOJIBHO 4YacTO HCINOJIb3YIOTCA KaK HCXOJHble

MaTepuaabl [JJid TeTepOLUKJIOB, KOTOpbIe
HeJIOCTYyIIHbI [/l CUHTe3a APYTUMHU MeTOJaMHU.
Boiio YCTaHOBJIEHO, 4YTO
MOop$OJIMHOTPUA3EHAHTPAXUHOH 37

B3aUMO/JEUCTBYET C COeJMHEHUSMU C aKTUBHOU
MeTUJIEHOBOU rpynnomn o 3aMelleHreM
aMuMHOQparMeHTa TpHaseHa Ha ocraTok CH-
KkucaoT (cxeMa 8) [27].
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N NX N=N—R
* H,0, CH;CH,0H, 0 - 5°C *

X = CI;°080,0H; BF,;; CuCL? . O NH, O  N=N-R
SO;H NaNOz SO LR ‘O SO;H
@COOH OSOZOH HN ‘O ‘O H,0, ZS”C
) 53% 05°C 0O R
. 50-89% 52-69% !
C> SO.0H  Nuph  -NPh,  _yg,
/ HT\‘I@ 87-93%  8190%  63.95% 7N/\j OCOOH HN@SO OH N\)
90% — —N R, = 30-95% 63% 100%
N(CH,CH,0H), 0-53% -_N 0 HIL{\:/) X (X
2R _/ —LOH -N(CH,CH,0H); -NCH,CH,0OH -NEy, —N_ O
86-95% 89-97% 47-87% —Br 62-80% 95% S267% o4 o6
Scheme 7. Obtaining triazenes
Cxema 7. [losnyyeHre TpUa3eHOB
[Ipu HarpeBaHUU TpUA3EHOB 9,10- uukKJIU3aLUeN B COOTBETCTBYIOLLUE 3-
aHTpaxuHoHa 38 B /JMCO B npucytctBuuM apuiaHTpa[l,2-d|Tpuaszon-6,11-110HEI 40
KapboHaTa KaJus npoucxoaut (cxema 8). AHasloruyHas KapTUHA UMEET MEeCTO U
BHYTPUMOJIEKYJIIPHOE apoMaTuyeckoe s 6uc(apuiatrpuaseno)-9,10-aHTpaxuHoHOB 41
HyKJieopU/IbHOE 3aMellleHHe C oOpasoBaHueM [28].
HYKJ1e0$UIbHOIO VHTepMeAuaTa 39 v
HI‘\IfC(,H‘,R,
0 NN o NNNC6H4R1
98s OO o
DMSO
0 R, 110°C 0 R,

a: AcOH, 30 - 40°C
64-80%

18 K,CO;

|

O N=N

Scheme 8. Reactions of triazenes
Cxema 8. Peaknyu TpuaseHoB

[Ipu
HaHOpa3MepHBIX
aHTPaxWHOHOBOIO

Huccjaeg0BaHUHU

Mopdoaoruu

IJIEHOK TPUA3eHOB
psga  ObLIO  BBISIBJIEHO
rJI0OyJ/IsIpHOE MHUKpOOOpa3oBaHue
reTeponyKJINIeCcKOn aHTPaXMHOHOBOMU
MakpoMoJiekysbl 42 (puc. 2) Kak cjaeAcTBue
00pa3oBaHUs COMPSDKEHUSA C oA 0KKo# Si/Si02
[29].

Cunme3 zemepoyukau4eckux coeduHeHull
peakyueili  HyK/1eo(pu/i1bHO20  3amewjeHusl.
Peakuueid Hyk/jeoQUJIBHOrO 3aMelleHUs OGpoma
B MOJIEKYJly aHTPaXMHOHA MOXHO BBeCTHU
apoMaTH4yecKHe a30Tco/eprKalire reTeporuKJIbL.
KoHpeHcanyein 6poMaMHHOBON KHCJIOTHI 43 C
reTepoapoMaTH4eCKMMHU aMMHaMH, TaKUMH KakK

R; =H, 2-Me, 3-Me, 4-OMe, 4-OEt, 3-Br, 4-Cl \N*C(,I-L,R,
R, = H, Cl, OPh, NHC¢H, |, NHPh, 4-MeC¢H,NH S
0 R,
40
HN R
O N=N O N= N
—_—
N 0O 110°C /©/I\NOR R=H, CH,
/ K,CO4 -
=) 4 TR 70 - 80%
R
2-amuHonupuauH (b), wumupazon (a), 1,2,4-
Tpuazon  (c), mosy4daau — 4-3aMelleHHbIe
[IPOU3BOJHbIE 9,10-aHTpaxvHOHA 44a-c,
KOTOpble JMa30TUpPOBaJIM U  COYeTaIUd C

pPa3IUIHbIMHU Ha(l)TaJIEHOBbIMI/I KHCJ/JIOTAMH.

thickness film

|
O=Si S‘i:O
/

9/51‘—0
O  N-N-N(CH,CH,0OH),

oL

0
Fig. 2. Formation of a heterocyclic compound on
Si/SiO: films.
Puc. 2. 06pa3oBaHue reTeponuKJINYECKOr0
coeVHEeHUs HA IJIeHKax Si/Si0z.

80-90 nm
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Beixoapl mnpoayktoB C-a3zocoyetaHusi 45a-c
coctaBasanu 78-86 % (cxema 9). IlosyyeHHble
KpacuTeJ i MPOSIBJIS/IM POTUBOGAKTEPHUATBHYIO
akTuBHOCTb [30-31]. PaBan (A. Raval) u Yayxan
(B. Chauhan) cuHTe3UpOBa/IM JUCIEPCHBIE
KpacuTeJ Iy - MPOU3BO/IHbIe 8-aMUHOKepaMH/I0HA
46 KoHleHcalMell 6pOMaMHUHOBOM KUCI0ThI 43 ¢
pa3/JIMYHBIMHA apUJaMHHAMH C MOCAeLYIOIIUM
JecynbpuUpoBaHHEM U IMKJIU3alMed B cMecu
KOHI[EHTPUPOBAHHBIX cyJibdaTHOH U
optodochaTHoit kucaoT (cxema 9). [IpoayKThl

(kpacuTesn) NPOSBJASAJIU  CIIOCOGHOCTb K
OKpaI.HI/IBaHI/I}O l'IOJII/IZ-)CTepa [32].
[¢] N?N
O e T im0
H,0, 90 1,090 0-5°C ‘O
O Br O R
44ac 82 -85%
~ N
R: —N_ | a N*\ 5 NN .
=N WA -
o NN O N:=N-R/
*/so3 SO;H
a0 comemiy O X
73 - 86%
0-5°C
pH 7.5 -8.0 O R

45a-c
R’ = Napthalene acid

O NH,

O NH, H,
SO;H
@ mocso YT
0"C Na,CO;
O HN
O [Q
O NH

5
2 \A?ON\/\ [ R
) .
\Q‘JBC
60 - 85% &
. _N
Q 46
R

R = H, CHj;, Cl, NO,, OH
Scheme 9. Preparation of heterocycles by nucleophilic
substitution reaction

Cxema 9. [los1y4eHUe reTepoLMKJIOB peaKnuen
HYKJIeOQUJIBHOI0 3aMelleHusI

JdPeKTUBHBIM
CKOPOCTH peakuuu

MEeTO/JI0M yBeJINYeHUs
HYKJIeOQUIBHOTO
O NH,

SO;Na
QAT e
o
MW, 2 - 20 min

phosphate buffer
100-120°C

O Br

3aMellleHuA ABJIAETCA Cl)OToaMI/IHI/IPOBaHI/Ie. Ho
cileayetrT 3aMeTUTb, 4YTO (l)OToaMI/IHI/IpOBaHI/Ie

OpOMaMHUHOBOM  KHMCJOTbI ~ apOMaTHYeCKHMHU
aMHUHONPOU3BOJHBIMU  HE  MNPUBOJUJIO K
00pa30BaHUI0 OXKHJAeMbIX MpoaykToB [33].
OnucaHHYIO paHee  mnpo6JieMy — CHHTe3a
reTEePOIMKINYECKUX  COEJUHEHHH  y/JaJoCh
peluTh oJsiarogaps WCII0JIb30BaHUIO

MHKpPOBOJIHOBOTO usaydeHus (UW) [34]. B psaze
vccie/JoBaHUM ObLIO TOKa3aHo, YTO 06JiyueHue B
MUKpOBeepe OTMeHseT Heo6X0JUMOCTb B
JUINTEbHOM HarpeBaHUHU U 06BIYHO
yBEeJUYMBAEeT CKOPOCTb XUMHUUYECKOW peaKIuy,
YacTo MOBBIIIAET BBIXOJ OCHOBHOTO NPOJAYKTA
peaknuu. YdeHble 00'BACHUIU 3To
KaTaJUTUYECKUM [EeWCTBUEM MHKPOBOJHOBOTO
H3/y4yeHUss Ha $opMHUpOBaHUE CBsi3ell KapOOH-
KapO6oOH, a TaKKe Kap6oH-reTepoaToM [35].

C WCII0JIb30BaHUEM MHUKpPOBOJIHOBOT'O
nzaydeHus: (UWW) GbLJI CHHTE3UPOBAH IeJIbIA P

NPOU3BOJAHBIX aMHHO0-9,10-aHTpaxuHOHa 47,
KOTOpBIE cojepkat pas3yinyHbIe
UKJI0AJKUIbHbIe (parMeHTbl, THAPOPOOHbIE

3aMeCTUTEJH C TPUPTOPMETUIBHBIMH IPyNIaMu
M TNpou3BOJHble XWHOJMHA (cxema 10) [36].
Crabuiusanus cojd Aua3oHus 48 mpoucxoguT
6Jsarofaps Ha/W4yvilo B 4-M moJjoxkeHuu 9,10-
aHTpPaxXWHOHA JOHOPHBIX 3aMecTtuTesnel (NHAr),
KOTOpBIE 3aMeJJISII0T 3JIEKTPOPUIBHYIO
UKJU3AIHUI0  aJKUHWIBHOIO ¢parMeHTa B
nojioxkeHUn 2. JaHHbIE 3pdeKT aBTOpPHI
HCIOJIb30BaJIM, 4YTOOBI OCYUIECTBUTb 3aMeHY
JAWa30rpynnbl Ha a3ugHywo 49, ¥ B fajbHelleM
HCII0JIb30BaU ee s dopMurpoBaHUs
HM30Kca3oJIbHOro KoJiblla 50 ¢ BbIXogaMu 55-
83 % u coxpaHeHHEM aJKMHUJIBHOTO pparMeHTa
B IoJiokeHuH 2 [23].

O NH,

O HN-R

@ \@;%%W>H DE

8% 06% 39%

40% 49%

joshoohsShoShse

66% 41%

96%

o N, so4

O NHAr

76% 36% O 60%

NaN;
mluen 55-83%

O NHAr

O NHAr

48 49 47-93%

R=Ph, C(Me),OH, 4 -CH;0Ph

Ar = 3-MePh, 4-MePh

Scheme 10. Cyclization of 4-substituted anthraquinones
Cxema 10. luk1u3sanus 4-3aMelleHHbIX aHTPAaXWHOHOB
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/Jlpyzue peakyuu. ®otonus 1l-apuiokcu-2-
a3uI0aHTPaXMHOHOB 51 B 6eH30J/1e MPUBOJUT K
00pa3oBaHUI 1-TUPOKCU-2-apUIaMHUHOAHTpA-
XWUHOHA 52 u AByx 5H-HadTO[2,3-c] PeHoKCca3uH-
8,13-auonoB 53-54 (cxema 11). Tepmouus
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npoaykt 53 (90%) u npumecu 52. C gpyroit
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CTOPOHBI,  TepMOJM3  mpojykta 51 B
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deHokcasuH 54 [37]. B npucyTcTBUU apUJIOKCH-
WY apUJITHO-TPYII B MO3ULMU 4 NPUBOJUIN K
boTOXMMHUYECKOMY TNpeBpalleHUI0 B  COOT-
BETCTBYyOIIIMe PeHOKCAa3uHbI U pEeHOTHA3UHBI 55
[38].
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Scheme 12. Preparation of heterocycles by various methods
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Abstract

The article highlights the problems of identification, fixation and study of handprints of varying degrees of latency by
chemical methods. The modern technical means used for realization of the specified methods are reviewed. The focus
is on the chemicals used to detect latent handprints, namely ninhydrin, alloxan, silver nitrate, cyanoacrylate, lumicy-
ano, curcumin, features of their preparation and application. Recently proposed small particle reagents are consid-
ered, which include a suspension of a sparingly soluble substance such as gray molybdenum disulfide MoS: or for
dark surfaces zinc carbonate ZnCOs3, detergent, fluorescent or intensely colored dyes. These reagents are suitable for
use on various surfaces (metal, paper, plastic, etc.) that are wet or semi-wet, or have been in contact with water for a
long time. The mechanism of using the components of such compositions on handprints includes several types of
interactions, one of which is the hydrophobic interaction of organic dyes or reagents with the lipid component of
handprints, and the second type involves the formation of ion-association complexes between amino groups of amino
acids and anionic organic dyes.

Keywords: handprints; detection methods; chemicals; investigation; criminal offenses.

BUKOPUCTAHHA XIMIYHUX METOAIB 3BUPAHHA TA AOCJIIAXEHHA CJAIAIB PYK
ITPHU PO3C/II1YBAHHI KPUMIHAJIbHUX ITPABOIIOPYIIEHDb

Irop B. Tupir?, Bonogumup M. Teptuinuk?, Osbra JI. CokosneHnko3*, Onekcan/p B. Caukos,
Anppiit b. BumiHikin3

Tninponempo8gcukuli depacasHuli yHisepcumem eHympiwHix cnpas, npocn. I'azapina, 26, /lHinpo, 49005
2Yuieepcumem mummoi cnpasu ma ginaHcis, 8ya. Bepnadcwvkozo, 2/4, [lHinpo, 49000, Ykpaina
3/IninposcbKull HayioHabHull yHigepcumem imeni Osnecsi ['oHuapa, npocn. l'azapiuna, 72, lninpo, 49010, Ykpaina

AHoTarniga

Y cTaTTi BUCBIT/1I0I0ThCA NPOGAeMH BUsABAeHHA, pikcanii Ta JocaiaKeHHs C1iJiB pyK pi3HOT0 CTylleHs JIaTeHTHOCTI
XiMiyHMMU MeTOJaMu. Po3rjisHyTO CyyacHi TexHi4Hi 3ac0o6H, 1110 BUKOPHCTOBYIOThCA JJ1A peasisanii o3Ha4yeHUX Me-
ToAiB. 30cepe KeHO yBary Ha XiMiYHUX pe4yOBHHAX, 0 BUKOPUCTOBYIOThCH [J1Sl BUSAABJIEHHA JIATEHTHHX CAiAiB pyK,
a caMe HiHrigpuHi, asiokcani, aprentym (I) HiTparTi, Hianoakpuiari, ToMiniaHi, KypKymiHi, 0co61MBOCTAX iX miAroTo-
BKM Ta 3aCTOCYBaHHs. Po3r/IIHyTi HOBI, HEelL0JaBHO 3alIPONIOHOBAaHI BOJIOTi NOPOLIKOBI peareHTH, y CKJaj, IKUX BXO-
AATHb CyCNeH3id MaJIOpO3YMHHOI pe4OBUHH, TaKOi AK cipuil Mo1i6aeH agucyabdis MoSz, a60, A1 TEeMHUX IOBEPXOHB,
LUHKY Kap6oHaT ZnCO3, JeTepreHT, ¢payopecuioiydi a6o iHTeHCMBHO 3a6apBJ/ieHi 6apBHUKU. OGroBopeHi MexaHizMu
XiMiYHMX peakiii, 3a paxXyHOK AAKHUX 3a6apBJIeHi peareHTH yTPHUMYIOThCSI peY0BUHAMH, 110 BXOAATH Y CKJIaJ, CAiJiB
PYK (aMiHOKHMCJIOTH, )KMPHi KHCJIOTH).

Karouosi caosa: cnigy pyk; MeToIM BUSIBJIEHHS; XiMiYHI pe4OBMHM; PO3CJ1ilyBaHHSA; KPUMiHa/IbHI NpaBONOpYIIEeHHS.
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HUCITIOJIb3OBAHUE XUMHUYECKUX METO0B COBUPAHUA U UCCJIEAOBAHUA
CJIEAOB PYK ITPHU PACCJIEAJOBAHHUMU YT'OJIOBHBIX IIPABOHAPYIIIEHUH
HUrops B. [Tupor?, Bragumup M. TepreinHuk2, Osbra JI. Cokosenko3*, Anekcanap B. Caukos,

Anjgpei b. BummnHukuH3
1JHunposckuii 2ocydapcmeeHHblll yHUBepcumem eHympeHHuUx des, npocnekm I'azapuHa, 26, [lnenp, 49005, YkpauHa
2YHusepcumem mamoxceHHo20 deaa u puHaHcos, y1. Bepnadckozo, 2/4, lHenp, 49000, YkpauHa
3/THunposckull HayuoHabHbll yHusepcumem umeru Oaecs ['onuapa, npocn. l'azapuna, 72, [jHenp, 49010, YkpauHna

AHHOTanus

B cTaTbe 0CBelal0TCsA NPOGJIEMbI BbIsABJAEHH A, PMKCAaLMU U UCCJIeJOBaHMA CJIe0B PYK pa3HOM CTeNeH! JIATEHTHOCTH
XUMHYECKUMHU MeToJaMU. PaccMoTpeHbl cOBpeMeHHble TEXHUYECKHE CPeJCTBA, MCHOJIb3yeMble JJIsA pealu3aluu
yKa3aHHBIX METO/0B. AKIIEHTUPOBAaHO BHMMAaHU€e Ha XMMUYECKUX BelleCTBaX, UCIO0JIb3yeMbIX AJIs BbISBJIEHHS JIa-
TEHTHBIX CJIe[I0B PYK, a MMEHHO HUHTH/IPHUHE, a/VIOKCAaHe, a30THOKHUCJIOM cepeGpe, IMaHOAKPUJIaTe, JIOMUIIUAHE,
KYPKYMHHE, 0COGEHHOCTAX UX NOJroTOBKHU U NpUMeHeHUs. PaccMOTpeHbI HOBbIE, HEJABHO NpPeA/I0KeHHbIE MOPOoII-
KOBbI€ peareHThl, B COCTaB KOTOPbIX BXOAAT CYyCIIEH3UsI MaJIOPaCTBOPUMOro BellleCTBa, TAKOr0 KaK Cepblil JUCYIb-
ug mon6aeHa MoS: 1y, /1 TEMHBIX IOBEPXHOCTeM, Kap6oHaT uMHKa ZnCO3, AeTepreHT, piyopecuupyomme uiu
WHTEHCHUBHO OKpalleHHble KpacuTeu. 06CyKAeH MeEXaHU3M XUMHUYECKUX PeaKIHii, 3a CYeT KOTOPBIX OKpalIeHHbIe
peareHTh! yAep>KHBaKWTCs BellleCTBAMH, KOTOpPbIe BXOJAAT B COCTAB CJI€/l0B PYK (aMHHOKHCJIOTBI, )KUPHbIE KUCJIOTBI).

Kawuesvie caosa: cjenbl pyK; MeTobl 06Hapy>KEHI/IH; XMMHUYECKHeEe BelleCTBa; paccjieqO0BaHUe; YroJIOBHbIE IIpABOHapYyIle-

HHA.

Bcryn

IlocmaHoska npobsaemu. OHYM 3 OCHOBHHX 3a-
BJlaHb KpPHUMIiHaJIbHOTO MPOBa/»KEeHHs, 3a3Haue-
HUX y cTaTTi 2 KpuMiHa/sbHOTrO Npo1ecyajbHOro
KOJieKCy YKpaiHy, € 3abe3neyeHHs LIBUJKOrO, I10-
BHOT'O Ta HeyIepeIKeHOT0 po3caifyBaHHd. Bupi-
LIeHHS1 UbOr0 3aBJaHHS BUMarae€ BiJi IpaBOOXO-
POHHUX OpraHiB BUKOPHUCTAaHHA He TIJIbKU BJIaC-
HUX HOPUAWYHUX 3HaHb, a U 3aay4yeHHA [0
MpoLieCy po3C/IiyBaHHA ClleLianicTiB, 4Ki BoJIoA;i-
I0Thb CllelliaJIbHUMU KOMIIETEHTHOCTAMM Yy ranysi
IHIIMX HayK, [epll 3a BCe — IPUPOJAHUYMX Ta TeX-
HiYyHUX. O4HUM 3 3aBJlaHb KPUMIHAJIICTUKU € pO3-
po6Ka 3acobiB i MeToAiB MPOTHUZil 3JI0YUHHOCTI,
3aCHOBAHUX Ha CYyYaCHUX JOCATHEHHSIX HAyKH i
TexHikU. JlociipkeHHda B rajysi xiMii 3 ogHOro
60Ky CTOCyIOTbCSl PyHAAMEHTATbHUX TEOPETUY-
HUX JJOCJIiI2KEHb, a 3 IPYTrOro — MaloTh CyTO NPUK-
JlaaHUM XapakTep. Kpuminanictrka BpaxoBye f0-
CAATHEHHSI TaKUX HayK, sIK aHa/liTU4Ha, i3uvHa,
6ios0riuHa, 6ioopraHiuHa, KoJIOilHA, KBAaHTOBA3,
MaTeMaTHW4Ha XiMid, pagioximida, MexaHoxiMig, xe-
MoiHdOopMaTHKa, TeoXiMisi, TOMOXiMisl, HAaHOXiMis,
TepMOeJIeKTPOXiMifl, arpoxiMmis, ekoJI0riyHa, aje-
pHa Ximis.

Cyd4acHi fjocArHeHHA B rajy3i XiMil BUKOPHCTO-
BYIOTbCA /11 BALOCKOHAJIEHHS IPOLLeCy po3ciy-
BaHHf KpUMiHaJIbHUX NpaBonopyueHs. [Iponec
po3cJilyBaHHSA SABJISIE COG0I0 Mi3HABAJbHO-/[0KA-
30BY AiS/IBHICTB, yCHiX sKoi 6araTo B 4OMy 3aJie-
>KUTb BiJl BUSIBJIEHHS], BUIYYEHHS Ta OLAJbLIOT0
JOCJIiPKeHH MaTepiaJIbHUX CA1JIB 3JI0YUHY 3 Me-
TOI0 OTPUMAaHHS J0Ka30Boi iHdopmamii. Cepen
MaTepiaJibHUX CJAiJ[iB 3JI0YUHY 3HaYHE Miclie 3aii-
MalOTh CJAiiM PYK, W0 MicTATh iHopMaljito npo

3JIOYUHLA, AKY MOXJIUBO OTPUMATH AOCJiJXKeH-
HSIM He TiJIbKU NaniJIipHUX Bi3epyHKIB, a ¥ aHaJIi-
30M xiMiko-6iosioriyHOrO CKJagy MOTOXHUPOBOI
pPEYOBHHHY, 1110 YTBOPIOE CAiU. AKTYaJIbHICTD J0-
CJIiKyBaHOI TPo6JIeMU 06YMOBJIIOETHCA THM, 1110,
He3Ba)Kalo4H Ha CTPIMKUH PO3BUTOK XiMii Ta Kpu-
MiHaJIiICTUKM HA Cy4aCHOMY eTali, HayKOBLIAMHU
NPUAIISAETBCA HeLOCTaTHBO yBaru [0 BUKOPUC-
TaHHS JIOCSATHeHb XiMii mpu 36MpaHHi Ta AOCi-
JPKEHHI MaTepiaJIbHUX CJiLIB 3JI0YMHY, 110, Yy
CBOIO 4Yepry, 3HWXKYe epeKTUBHICTb po3Caify-
BaHHA KpHUMiHaJbHUX I[paBonopyleHb. Kpim
TOr0, He3BaXKalo4YW Ha po3po0JIEHICTb CydyacHUX
XiMIYHUX MeTO/IB BUABJIEHHA CJiZiB PYK, NpH IX
3aCTOCYBaHHI BUHUKAIOTh Npo6seMH, OB s13aHi 3i
3MiHaMU NEPBUHHOTO CKJIaly 00’ €KTY Mij Ji€lo Xi-
MIYHUX PEYOBUH, L0 B [10Ja/IbLIOMY YHEMOXKJ/IHB-
JIIDE OT0 JAOCJIKEHHS Ha MOJIEKYJApHO-TeHe-
TUYHOMY piBHI.

Ax i B iHmuMX chepax, y caiguii AisJAbHOCTI 1
PO3KPUTTS i po3ciilyBaHHS 3JI0UMHIB MOCTiMHO
BPaxOBYKOTb HOBITHI JOCATHEHHA HAyKH i Tex-
Hikd [1-8]. MeTa fjlaHoi po60TH noJisira€e y BU3Ha-
YeHHI Cy4acHUX MOXJIMBOCTEN BUKOPUCTAHHS Xi-
MiYHUX METOJAIB NMpH 30MpaHHI Ta AOCJiIKEeHH]
BiAGUTKIB MaJbLiB PyK NpPH PO3CaiAyBaHHI KpU-
MiHaJIbHUX IPOBa/KEHB.

06z080penHs nonepedHix docsidxiceHb ma do-
caidxceHb agmopis. 3 Teopil KpUMiHaMICTUKHU Bi-
JIOMO, 110 CJIiAW PYK YTBOPIOIOTHCA MiCJIg B3aEMO-
Jlii moBepxHi ma/jbIliB pyk abo A0J0HBb 3i cJaifo-
CIpUIMaloy0lo IOBepXHELo, Y pe3yJbTaTi 400 Ha
1[ill moBepxHi Bifo6pakaloThCs CAiAM NamiIsspHUX
BizepyHkiB [9]. BoHu Bijo6paxkaloTb COCKOBUH
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ap BEpXHbOI YaCTUHU JepMu. EnifepMic, Hakpu-
BalOUM MapHUM PsiJi COCOUKIB, KOIIIOE iX i yTBOPIOE
NaniJisspHy JiiHilo, a B Miclgx NOTIM6/JeHb — MiX-
NamiJIIpHi NPOMIXKKH, 10 pa30M CTBOPIOE HEINO-
BTOPHUU Bi3epYyHOK, iIHAWBiAyaJbHUN A/ KOXKHOL
JIIOIUHU. Pe4OBUHY, 1110 YTBOPIOE CJIiJI, Y KPUMiHa-
JIICTULI MNPUUHATO HA3UBATU MOTOXUPOBOIO.
CkJaf i€l pe4OBUHM PisHOMAHITHUH i CKJIaJHUT.
OcHOBHY 1i YaCTUHY CTAaHOBJATH BUJIJIEHHS LIKi-
PHHUX 3a/103, 110 MAlOTbh OpPraHiyHy Ta HeopraHi-
yHy npupoay. Ha noBepxHi WIKipy 3HaXOAAThCSA
MOTOBi i »kHpoBi 3as03u. [I0TOBI 3a/7103U 3HaAXO-
JSATbCs B MiAMKIpHINA »KUPOBIH KJAITKOBUHI, a ix
BUBIJHI IPOTOKY, NPOXOJAYU Yyepes LepMy, 3aKiH-
YYKTBCA y BEPXHbOMY LIapi emifepmicy OTBO-
paMH BOPOHKONOZIOHOI popMH — mopaMu. Kpim
MOTY [10 CKJIaly MOTOXXUPOBOI pEYOBUHU BXOAUTh
WIKIpHUM »KUp, BiAMepJsi KJIITHHHU enifiepMicy,
HeWTpasbHi xupU Ta 3abpyaHeHHs [9; 10; 11-
13].

CkJla, KOMIIOHEHTIB MOTOXHUPOBOI pe4OBUHHU
Ma€ CYTTEBE 3HAYEHHA [1PY BUABJICHHI CIiiB pi3-
HUMH MeTojaMH. JlaTeHTHi BiZOWTKH maJblliB
CKJIQJlal0ThCs 31 CaAifiB Bif cekpeliii mOTOBUX
€KKpPIHHHUX, CaJIbHUX Ta allOKPIHHUX 3a/103, IPUCY-
THiX Ha [J0JIOHSX, Y HOCi Ta Ha roJioBi. [liT MicTUTB
BoJy (>98 %), minepasu (0.5 %) Ta opraHiyHi pe-
yoBUHU (0.5 %). EKKpUHHUH MIT CKJI3JAETHCA 3
[IPOTEIHiB, CECYHOBUHU, aMIHOKUCJIOT, CEYOBOI KUC-
JIOTYU, MOJIOYHOI KHUCJIOTH, LYKPiB, KpeaTHHiHA Ta
XO0JIiHa, B TOH 4Yac 1K CaJIbHUH HiT MiCTUTbD IJIile-
PUAH, KUPHI KUCJIOTH, BOCKOBI eCTepH, CKBaJIeHU
Ta CTepoJibHi ecTepu. Ha XiMiuHUU CKJIa/ JIaTEHT-
HUX CJIiJIiB MaJjbliiB BIJIMBAE BeJHMKa KiJbKIiCTh
dakKTopiB, TaKUX fIK CTaTh, BiK, Ai€TA, THUI 3aXBO-
PIOBaHb, JIiKH, AKI IPUHAMAIOThCS, IPUCYTHICTB Xi-
MiYHUX pPEYOBUH HA IOBEPXHI, AKa AOCJIJKY-
e€Tbcd. XiMIYHUH CKJIaj BiAOWTKIB IaJbliB JaJii
3MIHIOETBCA 3 4YaCOM BHACJIIJOK BUIIAPOBYBAaHHA
JIETKUX KOMIIOHEHTIB, Ail MiKpoopraHi3Mmis, Harpi-
BaHHS, CBiTJIa, BOJIOTH Ta MoBiTp4 [9].

MeTou BUSIBJIEHHA CJIIJIB PYK Y KpUMiHaJic-
THULi IPUHHATO NOJI/NSATH HAa ONTUYHI, pi3nuHi, Xi-
MiyHi Ta ¢isuko-ximiuHi [10]. OnTuU4yHI MeTOAHU
[PYHTYIOTBCS Ha BUABJIEHHI C/IiJIiB PYK 3 BUKOPHU-
CTaHHSIM Pi3HOTO POAY OCBITJIEHHSI B BHUJAUMIH
30HI CIeKkTpy miJf pi3HMMHM KyTaMH 30py Ta Ha
npocBiT. TakoX BHUKOPHUCTOBYETHCA ONPOMiHIO-
BaHH4 yJybTpadioseToBUMU Ta iHPpauyepBOHUMHU
MpPOMEHSIMH, 10 J03BOJISIE BUSBUTU CJIaOKOBU-
JUMi NOTOXKUPOBI caign. PizuyHi MeTOAU IPYHTY-
I0TbCA Ha ajresil — BJaCTUBOCTI OJHUX MaTepia-
JIbHUX TiJ1 IPUINANATH A0 iHIUX. CyTHiCTD $i3uy-
HUX METO/liB CKJajJae o0b6pobka mOBepxHi 3i
CJlijaMM pyK JaKTHUJIOCKONIYHUMM MOPOLUIKAMH,

Pi3HMMU 3a CTPYKTYpOlO, KOJIbOPOM Ta MarHit-
HUMHU BJIacTUBOCTAMHU. [lig yac 06pobku nopoiu-
KaMHU BiJI0yBa€ThCS YaCTKOBA abCcopOILisi TOTOXKU-
POBOi PEYOBHUHU 3 MOKJIMBICTIO 30y/IPKEHHS BJIac-
HOI JitoMiHecleHLii. [Ipy 3acTocyBaHHI ONTUYHUX
Ta Qi3UYHUX MeTO/iB BUSBJIEHHS CJiJliB pYK He
BiZIOyBa€eThCsA XiMiYHUX B3aEMOJAIN MiX peyoBH-
HaMH, TOMy MM He 6yZieMO 3yIUHATHUCS Ha iX po3-
TJIA1, TPUAITMBIIY yBary XiMivHUM Ta Gi3uKo-Xi-
MIYHHUM MEeTO/JlaM.

OCHOBOI0 3aCTOCYBaHHS XiMiYHUX METO/IiB BU-
sIBJIEHHSI HEBUJMMHUX CJIi/IiB PyK € 06po6Ka moBe-
pPXHi XIMIYHUMH CIIOJIyKaMH, 10 B3aEMOJIIOTH 3
MNOTOXXHUPOBOIO PEYOBUHOIO, ¥ pe3yJIbTaTi 4oro Bi-
Z6yBa€TbCA 3a6apBJIEHHS CJIiy.

Haii6isbl po3MnoBCIOIKEHUM XiMiYHUM METO-
JOM BUABJIEHHA CJiJiB pyK Ha CbOTOJHI 3au1la-
€TbCS HiHTiApUuHOBUM MeToA,. Hinrigpun (2,2-au-
rigpokciinaan-1,3-1i0H) € Opra”HiyHOIO CHOJY-
KO0, 1110 BiJHOCUTBCA 10 KJIaCy KeTOHIB, CIUPTIB
Ta KOH/JIEHCOBAaHUX KapOOLMKJIB i fBJsiE c06010
NpU3MaTUYHI KPUCTaIM GiJIOro UM KOBTOTO KO-
JIbOPY, 1110 IIPYA HarpiBaHHi pO3YUHAKTHCA y BOAI
(ximiyna ¢opmysna - CoHeOs4, MossipHa Maca -
178.14 r/monb, ryctrHa - 0.862 r/cm3). Hinria-
pHH 3acTOCOBYIOTH ¥ BUrJIsAi 0.2 %, 0.8 % i 1.2 %-
HUX PO34HMHIB B alleTOHi, eTUJIOBOMY CIIMPTI, Ii-
pUAUHI. BUKOpUCTOBYIOTBHCA A1 BUABJIEHHS CJIi-
JiB pyK HA NIOPUCTHX i IOPCTKYBATUX IIOBEPXHAX,
roJ0OBHMM YMHOM Ha Mamnepi Ta KapToHi, Jepe-
BHHI, rincokapToHi Toio. BiH B3aemojie 3 a-ami-
HOrpyNnaMy aMiHOKHUCJOT, MeNnTUAIB, GiJKiB, 110
BXOJATb [0 CKJaJy MOTOXXHWPOBOI PEYOBUHHU Ta
3ab6apBJIto€ ii y 3aJIeXXHOCTI Bif, KOHLlEHTpalil y
poxxkeBUH abo poxxkeBo-dioseToBUH KoJlip. 3abap-
BJIEHHS1 BUHUKA€E 4yepe3 4-6 rojuH micis o6po-
6ku. [l mpuCKOpeHHs mpolecy 3abapBJieHHs,
1110 0COGJIMBO Ma€ 3HAaYEHHs NP BUSABJIEHH] CJii-
JiB pykK 6e3nocepe/IHbO NPH OTJIAAI Micus noJii, €
JOMYCTUMUM BUKOPHUCTAHHA TENJIOBOTO BIIJIUBY
Ha 006’eKT 3i caifjlamMu. Ajie Ipy LbOMY CJIiJ] O4iKy-
BaTH MOTEeMHIHHS QOHY Ta 3MeHIIEHHS KOHTpac-
THOCTI BUABJIEHOTO CJIiy. BUKOpUCcTaHHA HIHTIA-
PUHY [03BOJIIE BUABJATH AK CBDKI CJIiAH, Tak i
caiu BequKui faBHocTi (Ao 10-15 pokiB).

Jlig migBUIeHHS SKOCTI CJiZiB € MOXXJIUBUM
3aCTOCYyBaHHA PO34YMHIB 3 OKPEMUMH JIOMILIKaMU
pi3HOI0O KOHUeHTpauil. JociaimKkeHHAMH, TpoBe-
JeHUMU aBTOpPAMHU CTaTi, BCTAHOBJIEHO, L0 HaMi-
6is1b11I epEKTUBHUM € HACTYNHUM CKJIaJ, peaKiiii-
Hoi cymiwi: 500 Mr HiHriApUHY, 1 MJ KpHKaHOI
OLITOBOI KUCJIOTH, 3 MJI eTaHoJy i 95 Ma ¢ppeony
(1,1,2-Tpuxnoptpudropera). PpeoH € HalKpa-
MM PO3YMHHUKOM [IJIs1 BUSIBJIEHHS BiJIOWUTKIB
MaJibl[iB, OCKIJIbKY BiH HETOPHOYHM, HETOKCUUHUH,


https://ru.wikipedia.org/wiki/%D0%9A%D0%B5%D1%82%D0%BE%D0%BD%D1%8B
https://ru.wikipedia.org/wiki/%D0%A1%D0%BF%D0%B8%D1%80%D1%82%D1%8B
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Jy>Ke IIBUJKO BHUNAPOBYETHCA | IPHU MOr0 BUKO-
pUCTaHHI YOpHUJIA HAa JOKyMeHTax He PO3IJ1Ba-
I0TbCS. Y TOM Ke 4ac BiH HaJIeXXUTh [0 PEYOBUH,
AKi pyHHYIOTb 030HOBUM 1ap atMmocdepu. Tomy
3aMiCTb HbOTO MOXXHAa BHUKOPHCTOBYBATH JIETKY
dpakiito netpoJieiiHoro edpipy (TeMmnepaTypa Ku-
nigHa 30-50 °C). Ili yac npoBeJeHUX eKCIlepH-
MEHTIB 3aCTOCOBYBaJIM Pi3Hi KOHLEHTpaLil O TO-
BOI KMCJIOTH Ta eTaHoJy. EkciepuMeHTH NpoBo-
AWM Ha Imamnepi pi3HOI IWiJIBHOCTI Ta AKOCTI
[OBEepPXHi y BiJHOLIEeHHI [0 CaifiB pi3HOI JaBHUHU
(Bim 1 mo6u g0 1 poky). Takok eKCIIepUMEHTH I10-
KasaJ/iy, 1o cJaiH1, 06po6JieHi MeHI KOHLEHTPO-
BaHUM po3uuHOM HiHTigpuHY (0.2-0.5 %), nposiB-
JIAIOTbCA JlOBLIe, aJje 30epiraloTbCs 3HA4YHO
Kpalie.

3anponoHoBaHui T. ®. MoiceeBoto ckaj HiH-
rifpuHoBoro peareHTy MictuTb 400 Mr HiHrig-
pPHHY, PO3YUHEHOr0 y 2 MJI MeTaHOoJ1y, 1 MJI OL{TO-
BOI KHCJIOTH, 7 MJI eTUJaleTaTy i neTposeiHUuN
eTep, AKUM J0BOAATb A0 100 My 3arajibHOro
00’emy [12]. ABTOpOM TakoX OyJiO 3aIpPOINOHO-
BaHO BUKOPHUCTOBYBATH JJI1s IOCHUJIEHHA KOHTpa-
CTY BUSIBJIEHUX HIHTiIADUHOM BiOUTKIB MaJbliiB
PYK Mopsij, 3 TPUIICMHOM NPOTeoJiTUYHUUN ep-
MEeHT XiMOTpuIcuH. OCKiibKY 1Ii dpepMeHTH Ma-
I0Th pi3Hy cnenudidHicTh (TPUICHH TipoJii3ye
NeNnTUHI 3B’A3KH, yTBOpeHi KapOOKCHUJIbHUMH
rpynaMy OCHOBHUX aMiHOKHUCJIOT apriHiHy i Ji-
3MHY, a XIMOTPUIICHMH - NMENTHUAHI 3B'A3KH, yTBO-
peHi KapOOKCUJBbHUMHU TpylnaMu TpUNTOaHY,
deHinasaHiHy i THPO3UHY, TO 32 IEBHUX yMOB I10-
CWJIEHHSI 1HTEHCHBHOCTI 3a0apBJIEeHHd CJiay
MOXe JlaBaTH iHdpopMallito Mpo AKicCHUM ckaaf, 6i-
JIKOBUX i NENTUAHUX KOMNOHeHTIB [10].

[Ipy BCiX MO3UTUBHUX BJACTUBOCTAX HIHTif-
pUHY NOTPi6HO 3a3HA4YMTH i oro Hegoiku. Hin-
TiIpUH TIOPIBHAHO JIETKO pPO3KJIaJA€EThCA NpHU
36epiraHHi, i Horo AKicTb HEOOXi/THO MEPIOJUUHO
NnepeBipATH Ha KOHTPOJIBHUX Ciax; CJ1ig1, BUAB-
JIeH] Ha YOPHUX i KOJIbOPOBUX NIOBEPXHAX, IOraHO
NOMITHI; MeTOo/i po3paxOBaHUM Ha BUABJIEHHS He
6inbme 60-80 % caifiB pyk Ha 06’eKTi i He NpHU-
JaTHUH 111 06’€KTiB, AKi 3a3HaJIU 3BOJIOXKEHHS
yepe3 BMMHUBaHHA XJOPUJiB. PepMeHT LIBUJKO
BTpavya€ aKTUBHICTb, TOMy HOT0 HEOOXiITHO 36€epi-
raTu B npoxosiogHomy cyxomy michi [11]. Caigu
PYK Ha JIAKOBAaHOMY, I10JIipoBaHOMY, nodapboBa-
HOMY JepeBi i1 JlacTMaci BUABJIATH HIHTIAPUHOM
He MOXXHa, OCKIJIbKU alleTOH PO34YMHSE JaK i da-
pOy i TUM caMmuM 3HUINYE cigu. TakoX HIHTiApUH
He MO>XHa 3aCTOCOBYBATH, AIKIIL0 B IOBEPXHEBOMY
mapi AO0C/aipKyBaHOTO 06’€KTa MICTATbCS CIO-
JIVKH, 1110 BCTYNAIOTh i3 HIHTIAPUHOM Y KOJIbOPOBY
peakiiito. [Ipy 06po6mi Takux 06’€KTIB HiHTiAPHU-
HOM iHTEHCUBHO 3a6apBJIOETbCA POH MOBEPXHI,

1110 3HMXKYE KOHTPACTHICTh BUSIBJIEHHUX CJIi/IiB, 260
BOHHU 3JIUBalOThCs 3 poHOM [9].

MeTo/ a30THOKHUCJIOTO CpibJia IPYHTYETHCS Ha
B3aemozii 5-10 %-ro po3uuny AgNOs y aucru-
JIbOBAHIi# BOJi 3 XJIOpUaMU MOTOXXHUPOBOI peyo-
BUHU cifiB pyk. Ilic/iga HaHeceHHS PO34YHMHY Ha
MOBEPXHIO CIPAMOBYIOTH J2KepeJsio CBITJa, Micad
4oro cJIiAu nposiBJIAITbCA Ta GoTorpadyroThes,
TOOGTO Mpouec HOCUTb POTOXIMIYHUHI XapaKTep.
3akpinjieHHs 300pakeHHs BiZI0YBa€eThCA B PO3-
yuHi rinocynbdiTy HaTpito. fk i HiHTiApUHOBUH,
MeTOJ, He BHUKOPUCTOBYETbCA [JJI1 OOPOOKU
00’€KTIB, 1110 OyJIK NONepeHbO 3BOJIOXKEHI. Y To-
€/lHaHHi 3 HiHriApHUHOM apreHTyM (I) HiTpaT MoO-
)KHa BHUKOPHCTOBYBATH TiJIbKM IiCJad 3acTOCy-
BaHHSA HIHTIAPUHY. 3a AOMOMOrOI0 [[bOT'0 METOAY
MO>KJIMBO BUSIBJIEHHS CJIiIiB JaBHICTIO KiJIbKa Mi-
cAuiB. MeTon a30THOKHUCJIOTO cpibJia NMPoOXoJUB
anpob6auio y J[HinponeTpoBCbKOMY HayKOBO-Z,0C-
JIIJHOMY eKCIIepTHO-KPUMIiHaJIiICTUYHOMY LeHTpi
npu 6e3nocepeHiil yuyacTti aBTopiB jlaHoi CTATTi.

Ha cvorogHi HiHrifpud Ta aprenTyM (I) HiTpaT
BUPOOJIAIOTD He TIIbKYU Y BUTJIsA/i IOPOLIKY, A U Y
aepo30JibHUX GasioHaX. ['0TOBI po34YMHU HiHTif-
puny Ta apreHTyM (I) HiTpaTy y pisHUX PO34YHUH-
HUKax BUNYCKAIOTh PAJOM 3aKOPAOHHUX NiJNIpU-
eMcTB. @ipma «Sirchie» Bunyckae aepo3oJbHi 6a-
JIOHU 3 BUKOPHUCTAHHAM HiHriapuny: Ninhydrin
Spray 202C - Ha OCHOBI €TaHOJIy Ta KCHUJIEMY,
Ninhydrin Spray / Acetone 201 ACE - Ha ocHOBI
anetony; Ninhydrin Special Formula NSI 609 - na
ocHoBi rigpodTopedipy ('®3-7100), uro Mae Bia-
CTUBICTh He po3MuBaTH 6apBHUKHU [11; 25]. Aepo-
30JIbHI 6a/JIOHW MaloTh pi3Hi Mogudikauii 3ase-
>KHO BiJl KOJIbOPY Ta BJAAaCTUBOCTeH moBepxHi. Ce-
pes BITYM3HAHUX TOPrOBUX MIANPUEMCTB, 110
3aliMalOTbCAd MOCTAa4aHHAM XiMi4HOI NpOAYKIl
JJS1 KPUMIHAJNICTUYHUX AOCHiKEeHb, MOTPi6GHO
3a3HauuTu OGipMu «EkcnepTHi cucteMu» (M.
KuiB), «Imxxen» (M. Hixkus).

[HIIMM XiMIYHUM METOAOM BUSIBJIEHHS CJIi[IiB
PYK € 06poOKa NMoBepxHi pO3YMHOM aJIOKCaHy i
DFO. Lli pe4oBMHM TaK0X B3a€EMOJ{IOThH 3 6iJKO-
BUMM KOMIIOHEHTaM{ NOTOXXHWPOBOI pPEYOBHHHU.
AJlOKCaH BUKOPHUCTOBYIOTbH y BUrAALl 1 %-Boro
pO34YMHY B aLeTOHIi. BuasiseHi anokcaHoM ciaigu
PYK MalThb JOCUTb iIHTEHCHUBHY MaJUHOBY JIIOMi-
HeCLeHLil0 NPU OCBiT/IeHH] B ysibTpadioneToBux
npomeHdax. Ilicisg BUABJIEHHS CJIAIB JOC/IKY-
BaHY NOBEPXHI0 PEKOMEHAYIOTh 06po6uTH 1.5 %-
BUM po3urHOM KynpyM (II) HiTpaTy B anjeToHi ass
HeWTpasisalil 3a/JMIIKIB aJI0KCaHy Ha BiJIbHIN Bij,
caily moBepxHi i HeWTpasniszauii 3abapBjeHHS
dony.

DFO a6o 1,8-giazadyopeHn-9-ox (ximiuHa ¢o-
pmyJia C11HeN20, mosisipHa maca - 182.18 r/mMouib)
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€ XiMIYHOI0 PEYOBHHOI0, 1[0 BUKOPHUCTOBYETHCA
JUIs1 BUSIBJIEHHSI TPUXOBAHUX BiZIOUTKIB MasbliiB
Ha nopucTtux noBepxHsx [13]. [lepeara DFO oco-
0JIMBO NMOMIiTHA IPY BUSBJIEHHI C/TiZ[iB Ma/IbIIiB Ha
6isloMy abo GaraToGapBHOMY Nanepi, MaTOBOMY
Ta NAaKyBaJIbHOMY Iallepi Ta NOJIIMEepHUX MaKe-
Tax. OnpoMiHIOBaHHS 06POGJIEHUX CJIi/[iB CUHbO-
3eJIEHUM CBITJIOM 3 JJOBXXUHO0 XBUJIi 470 HM npu-
3BOAUTDb /10 30y/>KeHHA ¢JiyopecreHLil JOBXHU-
How xBuJi 570 HM. DayopeclieHlio neperJsja-
10Th Ta poTorpadyrTh Yepe3 OpaHIKeBUH, UeEPBO-
HUH GUIBTP 200 OKYJISIPH.

MeToguka BukopuctaniHsa DFO € HacTynHo1O.
50 mr nopoiuky DFO po3unHsOTh B cyMmiti 4 M
MeTaHOJIy i 2 MJI OIITOBOI KHMCJIOTH, a TOTiM po36a-
BasAI0Tb 100 Ms1 dpeony. JocaimpKyBaHUNA 00’ EKT
OMNYCKAITh Y PO34YMH NPUOJIHU3HO Ha 5 CEKYH/, TI0-
TiM BUCYIIYIOTbh Ha MOBITpi i MOBTOPHO 3aHyplO-
I0Tb Y PO34YUH Ha TakKui ke 4yac. Kosu 06’eKT BU-
COXHe, MOro NOMilllaloTh ¥ TePMOCTAT i BUTPUMY-
I0Th npotAroM 10 XBUJIMH OpU TeMIepaTypi
100 °C [12]. [Ipu uboMy JIaTeHTHI c/1ifu pyk 3a6a-
PBJIIOIOTHCA Y YePBOHUH KOJIIp, i B TPOMEHAX JIa-
3epa a6o iHworo mxepesa yabTpadioseToBoro
CBiTJIa CIIOCTEpiraeTbCcd JIKOMiHeCLeHTHe BiJo-
OpakeHHs manijispHUx BizepyHkiB. DFO y Bu-
[Vl TTOPOLIKY MOXe 30epiraTucad HeoOMexeHO
JIOBTHU 4ac, a po60oyril pO34MH PEKOMEHAYETHCS
roTyBaTu Oe3nocepefHbO Iepes BUKOPUCTAH-
HSIM, OCKiJIbKM BiH 36epirae cBoi BJIaCTHMBOCTI
TIJIBKU IPOTATOM OJHOTI'O TUXKHA. Y pasi MOXJIU-
Boi 06po6kH HiHrizpuHoM i DFO, ocTaHHi# noBU-
HeH BUKOPHUCTOBYBATUCS MePIIUM, 60 Ha JesKUX
06’eKTax 3a JAONOMOIOI0 HIHTIAPUHY MOXHa BHU-
SIBUTH CJIiJY, IKI HEMOXXJIMBO BUSIBUTH IIpU 06po-
6ui DFO.

HactynHuii MeToz, 1110 BUKOPHUCTOBYETHCA A/
BUSIBJIEHHS CJIi/IiB PYK, 3alIpOMOHOBAaHUM BifjHO-
CHO HeJlJaBHO - 3 nmo4yaTKy 90-x pokiB. Lleit meTo/,
BUKOPHUCTOBYE SIK peareHT MeTUJI-2-I[iaHOKpUJIaT
CH>=C(CN)COOR [14]. JlaTeHTHi caigy pyK BUsB-
JIAIOTbCA B pe3yJbTaTi B3aEMOJII napiB LiaHoa-
KpuJiaTa 3 aMiHOKUC/JI0TaMH, 110 MiCTATLCA y TO-
TOXUPOBUX BUAIJIEHHAX HEBUJUMUX CJIIJIB PYK.
[Ipu uboMy BifOYBa€THCSA peakliisi moJiMepusariii,
i moBepxHs CaiAiiB Ha JOC/IKYBaHUX 06’€KTax
MOKPUBAETHCSA 6iyBaTUM HAJIbOTOM Y BHUTJSAAI
pesibebHUX MAMJIAPHUX JIiHIN BiIOUTKA, CTIHKUX
Jl0 cJTabKUX MeXaHiYHUX BIJIUBIB i Bosioru. TpHBa-
JIICTb NIOBHOI MoJIiMepu3aLii 3aJeXXKUTh BiJ, 30BHi-
UIHIX YMOB i CKJ/1a/la€ Bif, J€KiJIbKOX XBUJIUH 0 24
roauH. Yac 06po6KHU 3MEHIIYETHCS i Yy TAUBICTD
36iJIbIIYETHCS MPU MiATPUMILI BOJIOTOCTi 6JIM3BKO
80 %. lliaHoaKkpU/1aT 3aCTOCOBYETHLCA [JIs1 BUAB-
JIeHHsI IPUX0BAHUX CIiZiB pyK Ha IJ1aJKuX (Hemo-
pUCTHX) TMOBEPXHSX, TAKUX SIK IJIACTUK, MeTall

(o6pob6usieHnH Ta Heob6pobJieHUH), CKJI0, 06PO6-
JieHe ZiepeBo. He pekoMeHyEThCSA BUKOPUCTOBY-
BaTH Ha GiJIbIIOCTI HOPHUCTHUX MOBEPXOHb a60 Ha
doHi cTapux ciaigis. Iy cTBOpeHHs mapoBoi ¢pasu
BHKOPHUCTOBYIOTH KJiel Ha OCHOBI LliaHaKpUJIOBUX
eTepiB «Super Glue» a6o BiTYU3HAHUX KJeiB «li-
akpuH OC-4» i «lliakpun EO». MeTognka BUAB-
JIEHHA CJiZliB NoJisArae B HacTtynHoMmy. [IpegmeT 3
nepen6ayyBaHUMM OTOXXUPOBUMHU CJ1i/IaMH PO3-
TAlOBYETbCA y BOJIOTIA repMeTUYHIN Kamepi
(cneuianbHi KaMepu ab6o 6aHKa 3 TEPMETUYHOIO
KPHUUIKO, KaMepa 3 MoJlieTU/leHy Ta iH.), Ha JHO
SIKOI HAHOCUTBCA KiJIbKa KpamneJib KJIelo.

[Ipu npaBUJIbLHOMY BUKOPUCTAHHI aHOTO Me-
TOAY CTBOPIOIOTHCA NepeayMOBU AJs SAKICHOTO
BUSBJIEHHS IK CaMHX CJifiiB, Tak i geTrasieil 6y-
JOBU MNalliJISIpHUX Bi3epyHKIB, 1110 Ay>Ke BaXKJIUBO
IIpY BUABJIEHHI IOPOEHKEOCKONIYHUX O3HaK. 3a-
CTOCYBaHHSl HarpiBaJIbHUX €JIeMEHTIB J03BOJISIE
MPUCKOPUTH MpPOLEC BUSABJEHHS HEBUAUMUX CJIi-
ZiB. [ljis1 nprcKopeHoi 06po6KH LjiaHOAKpPHUJIATOM
IIpY BUABJIEHHI HEBUJUMHUX CJIiJIB PYK HA pi3HUX
HEMOPUCTUX MOBEPXHAX (MJIACTHK, MeTaJl, CKJIO,
IJIiBKa, JepeBo, IyMa, LIKipa, KaMiHb TOIO), Y
TOMY YHCJI | HA BEJIMKUX 06’ €KTax (BOrHenabHiN
36poi, moptdensx i T. 1.), po3pobsieHa J1abopaTo-
pHa kamepa CH-315. Kamepa o6JiafjHaHa CUCTe-
MO0 BEHTHWJIALl MOBITpS 3 MiAKJIOYEHHSIM [0
cTalioHapHOi BEHTHJIALINHOI cucTeMH i 06Jsaj-
HaHa BEHTWJSATOPOM HarHiTaHHS MOBITpPA Ta
JABOMAa repMeTUYHO-3aMipHUMU KpaHaMH, CUCTe-
MO0 BHYTPIIIHbOI BEHTUJIALT KaMepH i piBHO-
MIpHOTO poO3NoAily NnapiB LiaHOAKpUJIATA, a Ta-
KO y/JIbTPa3ByKOBUM 3BOJIOXKYBa4€eEM.

Komnania «Foster & Freeman» pospo6usa
KOMIIAKTHY CUCTEMY OKYPIOBaHHS 06’€KTIB Ha Mi-
cui moAil mapaMu miaHOaKpWJaTy (3a Ha3BOMK
«SUPERfume») g BUSIBJEHHS CJIiJ[iB MasblliB
PYK Ha BeJINKUX NOBEPXHAX (MPUMIillleHHS, aBTO-
MO0G6iJib Ta iH.) 3i creliaJlbHUM TEHTOM PO3MipOM
6 x 3 x 2 MeTpH. /latouu MOXKJIMBICTb OKypIOBaTH
YKUTJIOBI KiMHaTH, odicH, rapaxi, ueid Habip go-
3BOJISIE BUSIBAATU Ta QikcyBaTH BiJOMTKHU Masb-
1[iB 6e3mocepeAHbO Ha MicIi moaii. 3HMKae Heoo-
XiZHICTb JO0CTaBASATHU TPOMi3JKi pedi B 1aboparo-
pito [4].

BrockoHasieHMM PIi3HOBUJOM L[iaHOAKPUJIO-
BOI'0O € MeTOJ 3 BHUKOPHUCTAaHHAM JIIOMiLiaHy
(Lumicyano) [15]. MeTo/ i3 BUKOPUCTAHHSM JIIO-
MilliaHy — WBUAIIMWHN, KpalU# i JelieBIIni 3aci6
BHUsIBJIEHHS] MaJIOBUJIUMUX CJIiJIiB PyK, po3pob.ie-
HUH y Laboratoire de Photophysique et
Photochimie Supramoléculaire et
Macromoléculaire (I[lapwxk, @paniis). 3aBasku
dyyopecrieHTHOMY GapBHHUKY, L0 BXOAUTb [0
HOro CKJaZdy, g pe4yoBUHA [J03BOJISIE BHUSABUTHU
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dyyopecuieHTHI BiOMTKH MaJbI[iB Y CTaHJAPT-
HUX JMMOBHX KaMepax Ha HelIOpUCTHUX abo HalliB-
MOPUCTUX NMOBEPXHAX | 3a/IMIIAE CAILA NpUAaT-
HUMH J10 HoAasibinoro gociimkeaHs JHK [15].

Pe4oBHHa, 1110 TAKOXX BUKOPUCTOBYETHLCSA IPH
JAKTUJIOCKOIIYHUX JOCHIKEHHAX - KYpPKYMiH
abo gidepynoinmeran  (XimiuHa ~— dopmysa
C21H2006, MostsipHa Maca 368.38 r/moub). Bin aB-
Jisie C06010 MoJ1ipeHOI, 1[0 MiCTUTBHCS Y KOPEHi Ky-
PKyMH, i mpejcTaBJisie CO60I0 MOMapaHieBO-K0-
BTi KpUCTaJIM, HEPO34YUHHI Y BOJI, ajie JIerKopos-
YUHHI y CIOUPTi, MaJIOPO34YHWHHI Y [ieTUJIOBOMY
etepi. BueHi 3 Sheffield Hallam University (Be-
Jiuka bpuTaHisi) BBaXKaloThb, 10 1Sl peYOBHUHA, BU-
KOpHUCTaHa Iij, yac Mac-ClIeKTPOMEeTPUYHOTO J,0C-
JipKeHHsI, MOXKe AONOMOITH y 3iliCHeHHi aHa-
JIizy  MOJIEKYJIIPHUX  CKJIAJIOBUX  BIiJIGUTKIB
NaJblLiB, 1[0, y CBOIO 4Yepry, MOXe [JOINOMOITH
BCTAHOBUTH TaKi JAaHi, 1K CTaTb 0COOH, 110 3aJIU-
IKJIa BiOMTKY, Ta BUABUTH Ha CJiLy 3a/JULIKH
HapKOTHUYHUX 3ac06iB [16].

PisHomaHniTHI XiMiuHI peakuii, Aki I'pyHTy-
I0TbCS1 Ha B3a€EMOJil 3 BOJOPO3UYMHHOIO (Hampu-
KJIaJl, aMiHOKHUCJIOTH) Ta HEPO3YUMHHOIO (KUPHI
KHCJIOTU) YaCTUHOIO CJiJiB PYK, CAYTYIOTh OJHUM
3 NpoCTUX Ta ePeKTUBHUX NPHUIOMIB Bidyasisali.
Tomy po3yMiHHSA XiMIYHUX peaklili Ta IX MeXaHi3-
MiB MOe JOTIOMOI'TH 3pO3yMITH llepeBary Ta He-
JOJIIKM MeTOAiB Bi3yasi3alil JIaTEHTHUX CJiJiB
pyk. Taki peakuii Mas0 o6roBopeHi y JiTepaTtypi.
Po3ruigHyTi 0 11bOr0 MeTOAY HajleXaTb O Tpa-
JULIAHUX METO/IB, SIKi 3HAWILJIM LIUPOKE BUKO-
pucTaHHA. MiXK TUM, BOHU He 3aB¥/JU ePeKTHBHI
NpY NeBHUX 00CTaBHHAX, HANlpUKJaJ, IpU BUAB-
JieHi cifiiB pyK Ha HemopyBaTHX ab0 BOJIOTUX I0-
BEPXHAX.

[Toynnarouu 3 1994 poky 3anponoHOBaHUU
psi/; BOJIOTHX MOPOIIKOBUX peareHTiB (small par-
ticle reagents, SPR), B cksaj IKUX BXOASATb Cy-
ClIeH3iA MaJIOpO3YMHHOI pe4YOBMHHU HA OCHOBI Ci-
poro mMoJii6eH aucyabdiny MoS; abo, Aiad TeMm-
HUX [IOBEPXOHb, IUHKY Kap6oHaTy ZnCO03 [17] Ta
JeTepreHT. TakoXX BUKOPUCTOBYIOTbCA THUTaH
(IV) okcup TiO2, depywm (II1) okcup Fe,03 Ta iHmi.
Pa3oM i3 6i1MMU MOpOILIKaMH, TAKUMH SIK UHKY
KapboHaT, A/ NiJBUILEHHA KOHTPACTHOCTI ¥y
ckJaa GOpMyJIFOBaHb BXOJSTH OpTaHiuHi GapB-
HukH. Tak, npu BukopucrtadHi ¢pykcuny [18] ui-
TKi, JeTasi30BaHi BiAOGMTKU MNa/bIliB NPOSIBJISA-
I0ThCs1 Ha HENIOPYBATUX NOBepXHAX (MeTaJl, CKJIO0)
HaBiTh micss 45 Ai6 3HaxoKeHHA y BoAi. Jlis Te-
MHHUX 260 Pi3HOKOJIbOPOBUX MOBEPXOHb Y CKJIA[
MOpPOUIKIB BBOJAATHL GJyopeciiloodi 6apBHUKU
(pomamin 6G, popamin B, AiaMaHTOBUM *KOBTUH
40, po30BHUH GEHTAIbCKUH, I[iaHOBUN GJIAKUTHHH,
eo3uH) [19; 20]. BkirouyeHHs poaaminy B B SPR-

KOMIIO3ULiI0 a€ MOXJIUBICTb OTPUMYyBaTH fACK-
paBi, 4iTki i fleTas1i30BaHi BiAGUTKYU MaJbIliB, Ha-
BiTh SIKIIO 00’€KTU 3HAXOJWJMUCS y BOJAi BHpO-
IoBxK 96 roauH [19]. BesimKolo nmepeBarow Takux
KOMIIO3UIIiH € Te, 1[0 iX MOXYTb 3 yCIiXOM BUKO-
pUCTOBYBAaTHU HaBITb HeJOCBifYeHi KpuMiHasi-
cTu. BoHu He moTpebGyOTH crneniajbHOI amapa-
Typu. MeToau, siKi BUKOPHUCTOBYIOTh [JIJisl 06po-
OKM  [OBEpPXOHb, - lle  PO3NUJIBAHHS,
dapbyBaHHA Ta 3aHypeHHs. Hepmosikom 1nboro
nigxony € Te, W0 NPYU TPUBAJIOMY BUKOPUCTAHHI
MoS; a6o TiO, nposABAAITE TOKCUYHICTb IO BiJ-
HOILEHHIO /10 JIIDUHHU.

MexaHi3M yTpUMaHHSI KOMIIOHEHTIB TaKHUX
KOMIIO3UIIil Ha CJifjax pyK BKJIIOYAE JeKijbKa THU-
miB B3aeMoiil. Mosi6eH Aucyabdin Mae ayxe
no6py ajresito Ao JinigHoi ckJIafo0Bol CIifiiB pyK.
OfHUM 3 TUNIB B3a€EMOJIN € YTPUMaHHA 3a paxy-
HOK TiipoQo6HUX CHUJ MiXK 3aTMIIKAaMU KUPHUX
KHUCJIOT, SIKi Y BUTJISIZ TPUTJIiLepUAiB abo XUpiB
BXOJSTbH Y CKJIaJ, NOTOXKUPOBUX CJiJIB, i rizpodo-
OHO10 YyacTUHOI crnelrdiuHUX peareHTiB, y poJi
SIKMX 4YaCTO BUCTYMNalOTh OpraHiuHi 6apBHUKM. [i-
JApodisbHe AP0 OpraHiuHUX peareHTiB, ¥ CBOIO
Yyepry, pearye 3 CoJIIMUA MeTaJliB, yTBOPIOIOYH 3a-
GapBJIEHUU 0Ca/I.

[HIKMI MexaHi3M B3aeMO/Jii I'PYHTYETbCS Ha
peakuii Mi>k aMiHOTpyllaMy aMiHOKHCJIOT Ta aHi-
OHHUMHU OpraHiuHUMU 6apBHUKaMU [21-24]. Ami-
HOTPYIHX 332 YMOBU CTBOPEHHHA LOCTAaTHBO KUC-
Jioro cepefioBuina (pH<4) npoToHyThCs i yTBO-
PIOIOTh IO3UTUBHO 3apaxeHy rpyny R-NHz+, aka
yTBOPIOE 3 aHiOHHUMH ¢opMaMH OapBHUKIB
ioHHO-aconiaTUBHI KoMILUIeKcH. Takui XiMiyHUH
3B’S1I30K Ma€ 3HAYHY CTiUKICTh i 3/laTeH BIPOAOBK
3HA4YHOT0 4Yacy YTPUMYBaTHU MOJIEKYJHU OpraHid-
HUX GapBHUKIB 61/11 aMiHOKHCJIOTHUX FPYTI CiJiB
PyK i yTBoploBaTH crnelrdiuyHe 3abapBJieHHs, abo
- y BUlIaAKy QJIyopecleHTHHX peareHTiB — Cllely-
¢biyHy JIOMiHecLeHLil0 NamiJisipHOro Bi3epyHKY
BiZIOMTKIB IMaJibIIiB.

Hamu 6y pos3r/siHyTi OCHOBHI XiMiuHi Me-
TOZHU Ta CHeljiaJbHi XiMiYHi pe4OBHUHY, L0 3aCTO-
COBYHOTbCA [iJ11 BUABJIEHHA CJiJiB pyK IIpU po3cC-
JIilyBaHHI KpUMiHaJIbHUX NIpaBonopyuieHb. O3Ha-
YyeHi MeTO/iM B 6araTbOX BUIa/IKax peasi3yoThCs
3 BUKOPHUCTAHHSAM CIeLiaJibHOTO 06JIaHAHHS, B
TOMY YHMCJIi aBTOMaTHU30BaHOTO, 1110 3HAYHO CIIPO-
1ye po6oTy crenjaictiB Ha Micii nogii Ta B Jia-
6opaTopHUX yMoBax. Hampuksajg, y npuiaji
«RECOVER», po3po6/ieHOMYy aHIJIIHCbKOI KOM-
naHier «Foster & Freeman», BUKOpUCTOBYETBCA
BUIIApPOBYBaHHSA NIeBHUX JIETKUX Pe4OBUH [JIfl BU-
sIBJIEHHSl BiIOUTKIB MaJjbliB Ha ps/li CKJIaJHUX
MOBEPXOHbB, y TOMY YHCJIi THUX, 1110 MiAAaBaJUCA
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BIUIMBY CWJIbHOTO HarpiBaHHs (Hampuk/iaj, ri-
Jib31 ab0 4YacTHHU CaMOpPOOGHOTO BUOYXOBOTO
MPUCTPOI0) i mpeaMeTiB, sAKi OyJIM BUMUTI BO/IO0
y cripo6i 3anobirtu izeHTudikauii 3a caigamu na-
MiJITPHUX BidepyHKiB [25].

Jis dikcanii Ta BisyasibHOTO AOCTi>KEHHS BU-
ABJIEHUX CJiAIB 3aCTOCOBYETbLCA Bi3yasizaTop
«Scene Score RUVIS 29 MP». Y nepiuy yepry BiH
BUKOPUCTOBYETHCA [JS MOLIYKY HEBUAUMUX Bij-
OUTKIB MaJibI[iB PYK K 6e3nmocepeHbO Ha Micli
no/iii, Tak i B JabopaTOpPHUX yMOBax 6e3 06po6KU
MOpPOUIKAaMM Ta peaKTUBaMHU Ha IJIaIKUX HelopH-
CTUX MOBEPXHSAX, Yy TOMY YHCJIi Pi3HOKOJIbOPOBUX.
Po6oTa npusialy 3acCHoBaHa Ha BUKOPUCTAHHI Te-
XHOJI0Til popMyBaHHS 300paKeHHS 3a BiJOUTUM
yJibTpadiosieTOBUM BUIIPOMiHIOBaHHAM. BiH 31a-
TeH BUOIPKOBO Mi/ICU/IIOBATH KOPOTKOXBUJIbLOBE
(254 M) yabTpadioseToBe BUNPOMiHIOBaHHS Ta
irHOpyBaTH BCi iHUII JOBXXWHU XBUJIb CBIiTJIA. YJIb-
TpadiosieToBe CBIiTJ/IO BiIGMBAETHCS BiJl HOTOXHU-
pPOBOI pe4OBUHHY, 3aJIMIIEHOI TAJbLAMH, iACUIIIO-
€TbCA B JeKiJIbKa TUCAY pa3iB Ta IMepeTBOpPIO-
€TbCS Ha BUJHMeE CBITJIO, L0 3ab6€e3Me4ye BUAUME
300pakeHHsI HE06PO6JIEHOTO BiIOMTKA MasbIis.

[Ipunaz SceneScope RUVIS 29MP Bukopwucro-
BYE€ yJbTpadioseToBe CBITJ/IO 3 JOBXKUHOK XBUJII
254 HM, asie Ha BiAMiHy Bij iHIIMX NpUJIaJiB He
3JaTHUN peecTpyBaTtu dQuayopecueHiio. Harto-
MicTb npUCTpiil popMye 300pakeHHs] HA OCHOBI
pO3CiloBaHHSA CBiTJIa 3 JIOBXKUHOK XBUJi 254 HM
BiJl rpe6eHiB BiAOUTKIB masblliB. CUCTeMa MOXe
BUSIBUTH BiIOUTKU Na/IbIiB Ha OiJBIIOCTI Hemo-
pUCTUX NOBEPXOHb Iepes 06po6Ko abo micias
BUKOPUCTAHHS LiaHoakpuJaTa. [IporpamHe 3a-
6e3nevyeHHs JJa€ MOXKJIUBICTb NPUCKOPUTU PoOO-
YUH NPOIEeC B 3a/IEKHOCTI BiJ 06p06JIeHUX CTi/TiB.
BoHo Mae neBHy crnenudiky B 3a/Ie3KHOCTI Bij 4a-
CTUHM CHEKTPa, Ika BUKOPUCTOBYETHCS MPH MO-
HIYKY, i Ma€ TPU PEKUMHU 3axXONJAEHHS: MOLIYK A5
CKaHyBaHHs; QOKYyC, 1110 J03B0OJISIE 361/IbIIUTH 30-
OpakeHHs [AJis HaJalITyBaHHS KaMepH i 3axor-
JIEeHHS [/ OTPUMMaHHs 300paKeHHS 3 BUCOKOIO
po3/isbHOW 3AaTHicTIO. [Ipuaaj 36iabl1ye MOX-
JINBOCTi BUSIBJIEHHS, POTO3HOMKH Ta 360py pedo-
BMX JIOKa3iB, BKJIIOYAIOYW HEBUMMI BiJOUTKMU Ia-
JIBLIIB | JOJIOHb PYK, YKYCH, CUHbLi, BUABJIEHHS
KpoBi (3a momoMoroio jrMiHoa), CAiJU B3YTTH,
3aJIMIIKY BOTHEMaJbHOTO nocTpiay Tomo. RUVIS
6e3 O6yAb-sk0i 06po6ku (06’exkTa?) Mae 6iablly
YYTJUBICTh, HIXK TpaAulliiiHi MeTOAH, 36i/IblIY-
04U KiJIBKICTh BHUSIBJIEHUX PE4YOBHUX JIOKa3iB Ta
MOKpAIIY4HX SAKICTh cifiiB npu ix oTosromui i
BUJIyYeHHi [26].

BHuCHOBKM

Po3rsisHyTi 0cCHOBHI 3aco6u Ta MeTOJU BUSIB-
JieHHs1, ¢ikcalil Ta A0CaiPKeHHS CJiJIiB pyK pi3-
HOTO CTYIIeHs JIATEHTHOCTI 3a J0IIOMOTI010 Cydac-
HUX XiMiYHUX MeTo/iB. [loTpi6HO 3a3HAYUTH, IO
PO3BUTOK Ta B/IOCKOHA/IeHHS] METO/iB pOo6OTH 3i
clilaMyd pyK i BiANOBIAHUX TeXHIYHUX 3aco0iB
CIIpUS€ BUPILIEHHIO OJHOT0 3 OCHOBHUX 3aBJaHb
KpHUMiHa/IbHOTO MPOBA/KEHHS, a caMe 3abesme-
YeHHI0 WIBUJKOI0, IOBHOTO Ta HeylepeaKeHOro
poscaigyBaHHA. Pe3ysibTaT¥ KpUTUYHOI'O OTJIALY
JiTepaTypyu Ta [JaHi, fKi OTpHMaHi aBTOpaMH
CTaTTi, CBi[4aTh, 1110 HAUGINBIIUMU lEpeBaraMu
BiIpI3HAKTHCA MeTOAH, AKI I'PYHTYIOTbCH Ha 3a-
CTOCYBaHHI BOJIOTUX IIOPOLIKOBUX peareHTiB.
BoHu npupaTHi /11 BUKOPUCTAHHA Ha PI3HOTO
poJly mOBepXHsX (MeTa/ieBUX, TallepOBUX, MJIACT-
MacoBMX Ta iH.), IKi € BOJIOTUMU abo HamiBBOJIO-
rMMH, ab0 OYJIM JOBrMH Yac y KOHTAKTI 3 BOJOI0.
Lli MeTo/11 € TPOCTHUMH, I03BOJISIOTH iIeHTUDIKY-
BaTH CJIiAY PYK MiCJIA JOBIOTO KOHTAKTY 3 BOJ010,
He NOTPeOYIOTh BUKOPUCTAHHS ClelliajJbHOI ana-
paTypH Ta BeJMKoro focBigy. [[po6ieMHuM € Te,
110 He 3aBX/J U CJ1i44i Ta eKCIepTHI nigpo3aiau 3a-
Oe3rnedeHi HEOOXiAHUMU JJIs POBEJAEHHS PO3T-
JIAHYTUX Y CTATTi JOCAiJKeHb MaTepiajlaMU Ta
06s1afiHaHHAM [27]. Po3rasgHyTi XiMi4HI MeToaH
ineHTUdiKaLil caifiB pyK BKa3ylTb Ha HeOOXia-
HICTb BIIPOBA/PKEHHA Y CJIAiA4y NPaKTUKY cydyac-
HUX JJOCAATHEHb NPUPOAHUYUX HAYK Ta iHHOBaLi -
HUX TE€XHOJIOTiH.
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Abstract

Based on the results of studying the synthesized samples by X-ray phase analysis, the isothermal section of the ZrO:-
Ce02-Yb203 system at 1500 °C has been constructed. In this temperature new ordering of intermediate phases was
not confirmed. It was established that in the system there exist fields of solid solutions based on tetragonal (T)
modification ZrOz, cubic (C) modification Yb203 and cubic with fluorite-type structure (F) modifications CeOz (Zr0z),
as well as intermediate phase with orhombohedral structure ZrsYb4012 (8) were determined. The maximal solubility
of ceria in 3- phase is 12 mol. % be along the section Ce02z-(60 mol % Zr02-40 mol % Yb20s3). The refined lattice
parameters of the unit cells for solid solutions of compositions for the systems were determined. In the zirconia-rich
corner, the solid solutions based on tetragonal modification of ZrO: are formed. The solubility of Yb20s3 in the T-ZrO:
is low and amounts to ~0.5 mol %, as evidenced by XRD analysis results. The solid solutions based on tetragonal
modification of zirconia cannot be quenched from high temperatures due to low stability of T-ZrOz under cooling
with furnace conditions. The diffraction patterns recorded at room temperatures included the peaks of monoclinic
phase M-ZrO:. The lattice parameters of the intermediate phase with orhombohedral structure Zr3Yb4012 (8) vary
froma =0.9654 nm, ¢ =0.8935 nm for the composition, containing 59.4 mol % Zr02-1 mol. % Ce02-39.6 mol % Yb203
toa=0.9742 nm, ¢ = 0.9012 mn for the composition (F + §), containing 51 mol % Zr02-15 mol % Ce02-34 mol % Yb203
and to a = 0.9759 nm, ¢ = 0.9028 nm for the composition (F + C + §), containing 48 mol % Zr02-20 mol % CeO2-
32 mol % Yb203. The isothermal section of the Zr0:-Ce02z-Yb203 system at 1500 °C contains one three-phase region
(F+C+3), four single-phase regions (F-CeO02z(Zr02), T-Zr0z, §, C-Yb203) and four two-phase regions (C+F, C+8§, F+§, F+T).
Keywords: phase equilibrium; phase diagram; solid solution; lattice parameter.

®A30BI PIBHOBATH B IOTPIMHIN CUCTEMI HA OCHOBI OKCH/IIB LIUPKOHIIO,
LEPIIO TA ITEPBIIO 3A 1500 °C

Okcana A. KopHieHko, |[OneHa P. AuzapieBcbKa, 'anHa K. bapiieBcbka
[HcTUTYT npo6.JieM MaTepiaso3HaBcTBa iM. .M. ®pannesrnya HAH Ykpainy, Bys1. KpxxkirkanoBcbkoro 3, Kuis, 03680,
YkpaiHa

AHoTaliga

3a pe3ysbTaTaMu peHTreHO(a30BOro aHaai3y AOCAiJKeHUX 3pa3KiB oGy J0BaHO i30TepMiUyHM Nepepi3 noTpiiiHoi
Aiarpamu craHy cucreMmu Zr0Oz-Ce0O2-Yb203 3a Temnepatypu 1500 °C. HoBux ¢a3 npu 3a3HadeHiil TeMneparTypi He
BUABJIeHO. BcTaHOBJ/IEHO, 10 B AOC/Ti)KeHil CUCTeMi yTBOPIOIOTHCA N0J1 TBePAUX PO34YHHIB HA 0CHOBI Ky6i4yHOi (F)
moaudikanii i3 crpykrypolo tTuny ¢awooputy ZrO:z (CeO2z), TerparoHaasHoi (T) moaudikanii ZrOz, ky6iunoi (C)
moaudikanii Yb203, a Takox ynopsigskoBaHoi ¢pasu Zr3Ybs012 (8), mo kpucrasisyeTbcss B poM60e ApMYHiN CTPYKTYPI.
I'paHMYHa PO3YMHHICTh OKCHAY Lepilo B §-dasi ckinagae 12 moa.% 3a nepepizom Ce02-(60 M0.1.% Zr02-40 Mmo1.%
Yb203). [lapaMmeTpu ejieMeHTapHOI KOMipKH ynopsAAKOoBaHoi §-¢pa3u 3MiHWIOThCA Bij a = 0.9654 HM, ¢ = 0.8935 HM
AJis1 ogHOoda3Horo 3paska, o Mictutb 59.4 Moa1.% Zr0:2-1 mos1.% Ce02-39.6 M0s1.% Yb203 g0 a = 0.9742 HM, ¢ =
0.9012 um gasa aBo¢asHoro 3paska (F + §), mo mictuts 51 Mos1.% Zr02-15 mos1.% Ce02 -34 Mmo1.% Yb203 Ta 80 a =
0.9759 HM, ¢ = 0.9028 HM a9 TpudasHoro 3paska (F + C + §), mo mictutb 48 M01.% Zr02-20 Mo1.% Ce02-32 Mm01.%
Yb203. I30oTepMiuHuMii nepepis giarpamu crany cucreMu Zr0z2-Ce02-Yb203 nmpu 1500 °C xapaKTepHU3y€EThCS HAABHICTIO
opHiei TpudasHoi (C + F + §), yorupnox ogHopasHux (F-Ce02(Zr02), T-Zr0z, §, C-Yb203) i yoTupbox ABopasuux (C +
F,C+3§,F + §, F + T) o6s1acreii.

Kawuoegi cnoea: $a3oBi piBHOBary; JliarpaMa cTaHy; TBep/i pO3UYMHY; Nepiojd KPUCTATIUHUX I'PATOK.
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®A30BbIE PABBHOBECHA B TPOMHON CUCTEME HA OCHOBE OKCH/I0OB IIUPKOHHA,
HEPUA U UTTEPBUA ITPU 1500 °C

Oxcana A. Kopnuenko, Enena P. AugpueBckas, AuHa K. bapiieBckasa
HHcmumym npobaem mamepuanogedenus um U. H. @Ppanyesuya HAH YkpauHul, ya. Kpscuscarnosckozo 3, Kues, 03680,
Ykpauna

AHHoTalus

Ilo pe3ysbTaTaM peHTreHo($a30BOro aHa/M3a MCCJeJ0BaHHBIX 0GPa3l0B, NMOCTPOEHO U30TEPMUYECKOe CeYeHHe
TPOMHOM JUarpamMMsel cOCTOSAHHA cucTteMbl Zr0z2-Ce02-Yb203 npu Temneparype 1500 °C. HoBrix ¢a3 npu yKasaHHOMI
TeMIepaType He BbISBJIEHO. YCTaHOBJIEHO, YTO B CHUCTEMe OGpPa3ylOTCA MOJIA TBEPAbIX PAacTBOPOB Ha OCHOBe
Kyoudeckoi (F) moaudukanum co ctpyktypoi tuna ¢pawooputa ZrOz (Ce02), TerparoHaabHoii (T) mogudpukanuu
Zr0z, kyoudeckorn (C) moaudmxanmum Yb203, a Takke ynopsagodeHHoil ¢asbl ZrsYbsO1z (8), Kotopas
KPHCTa/UIU3yeTCcs B pOMGO3ApHuYecKoii cTpyKType. IIpeaeibHas pacTBOPUMOCTb OKCH/A Liepus B 8-dase cocTaBiiseT
12 mon.% BAoab cedeHusa Ce02-(60mMo01.% Zr02-40 mos1.% Yb203). IlapameTpnbl 3/1eMeHTAapHON SA4YeHKH
yHopAA0YEeHHO &-¢Ppa3bl H3MeHAOTCA 0T a = 0.9654 HM, ¢ = 0.8935 HM 411 oaAHOPa3HOrO0 06pasna cogepkamero 59.4
M01.% Zr02z2-1 mo1.% Ce02-39.6 M01.% Yb203 o a = 0.9742 HM, ¢ = 0.9012 HM jgaa aByxdasHoro o6pasna (F + §),
coaepxkamero 51 mos1.% ZrOz- 15 m01.% CeO2z - 34 M0J1.% Yb203 11 10 a = 0.9759 HM, ¢ = 0.9028 HM AJ1s Tpexda3HOro
o6pasua (F + C+§), cogepxkamero 48 mMon.% Zr02-20 mon.% Ce02-32 Mos1.% Yb203. U30oTepMuyeckoe ceyeHHue
JAMarpaMmbl cocTosiHUA cucTteMbl Zr0z-Ce02-Yb203 npu 1500 °C xapakTepusyeTcsa HaJIu4YMeM oAHOM TpexdasHoi (C
+ F + §), yeTnipex ogHodasubix (F-Ce02(Zr0z), T-ZrOz, §, C-Yb203) u yeTbipex AByx¢pa3HbIX (C+F,C+§,F+§,F+T)
oGs1acTei.

Katouesble cno8a: pa3oBble paBHOBECHS; JUAarpaMMa COCTOSIHUS; TBEP/ble PaCTBOPBI; IepUO/bl KPUCTAINYECKUX PELIeTOK

Bcryn ®dazoBi piBHoBaru B cuctemi CeOz-Ybz03
Temnn po3BUTKY Cy4aCHMX TeXHOJOTIH  jpociimpkeHo B [9-12]. EseMeHTH AiarpaMu cTaHy
noTpeGylOTb  CTBOPeHHs  MarepianiB 3  poppiiiHoi cucTeMum HaBeZeHo B [11; 12].
NiZIBUIIEHUMH  XapaKTePUCTHKAaMU. Marepialv  Beranosseno, wo st noaBiiHoi cuctemu CeQz—
Ha  OCHOBI uupkonid  (IV)  okcumy,  yh,0; xapakrepHo YTBOPEHHsI TPaHUYHHUX

CTa61n13013a}¥oro OKCHJaMU Lcrll)203, MOXyThb 6¥TI/I TBEpAMX PO3UHHIB 3 KyGIYHOI CTPYKTYPOIO ABOX
BHUKOPHCTAHI AJis1 CTBOpeHHA PYHKIIOHAJBHOI Ta : -
p A p YHKL tuniB: F-CeO, Ta C-Yb;03, MiXK BKasaHUMH

KOHCTPYKLilHOI KepaMiku. [1-4]. [liarpama cTaHy :
TBEpAUMU pO3UYMHAMHU CrocTepiraeTbcs

cucteMu Zr0;-Ce02-Yb;03 € ¢i3uKo0-XiMiuHOIO N .
OCHOBOIO s CTBOpEHHS Marepianip YTBOPEHH: ABodasHoi obsacti (C + F) [11; 12].

KOHCTPYKLiHHOTO Ta dyHKuUioHa/IbHOrO | PAHMYHA PO3YMHHICTDH Yb20; B F-mogudikanii
npusHadeHHs. Jlani npo Tepmopunamiuny CeOz ckmagae 25 mon% mpu 1500 °C.
CTabinbHICTD TBepAMx po34YMHIB Ha ocHoBi ['eTeporeHHa — 06jacTh  po3TallOBaHA B
OKCHJIB LMPKOHIilO, Iepilo Ta iTTepb6ito y KOHLeHTpauikHoMy iHTepBaai 10-75 mMo.1.% CeO:
JiTepartypi BIZICYTHI, nife] 06ymoBJ0€E  mpu 1500 °C [12].
HeoOXiJIHiCcTb AocaigkeHHs $a30BUX piBHOBAr y ®az0Bi piBHOBaru y mozBiKHiH cuctemi ZrO,-
notpiinii cucremi ZrOz-Ce0z2-Ybz0s. @asoBi  yh,0, gocaimkeno B [13-25]. Jliksigyc cucremu
CHIBBIAHOMICHHA B _06Me>1<y}0tmx MOABIMHUX v ohakTepusyeTbc HAABHICTIO MaKCUMyMy MpH
E;I_ngl]wax 2r02-Yb205 1 Ce02-Yb205 pocizpkeno B 2820 °C ta 25 M0s1.% Yb;03, a Tako MiHIMyMy ITpy
H ' . . 2400 °C ta 85 M01.% Yb,03. Ha nikBigyci 3HaiiaeHO
a OCHOBI NIpOBEJEHOro JIiTepaTypHOTO :
OrSly BCTAHOBJEHO, WO iarpaMmy  CTaHy MEPUTEKTUYHY TO‘{KyStE(OOpAI/IHa.TaMI:I 2460 °C ta
cucreMu Zr02-CeO; gocipkeHo B po6orax [5-8]. 79 mon% Ybz0s, B AKiH CKIaZ piAKol _(1)331’1 6_e)pe
B o6nacti Temneparyp < 1500 °C BkasaHOI y4acTb y NEPUTEKTHIHOMY nepetBopeHi L + F 2 C.
Jna  jaHoi CUCTEMM XapaKTepHO YTBOPEHHS

CUCTEMU YTBOPKOIOTbCS MOJISI TOMOTEHHOCTI Ha 5 . ) i
0cHOBi MOHOKTIHHOT M-ZrO; (0 10 1 Mo.% CeOy) o J]aC'.I‘eI/I TOMOTEHHOCTI TBEpPJHX PO3UUHIB Ha.
ocHOBI M-Zr0,, T- ZrO,, F-ZrO,, a Takox C-Yb20s3 i

npu 1100 °C, terparoHanbHoi T-ZrO, (0 ngo T ——— 5-pas (Zr3YbsO1), 1o

18 Mmos1.% CeO2 ) Ta (2 mo 18 Mmo1.% CeO ) npu « : 6 o oL T
1500 Ta 1100 °C BignoBifHO. YTBOpPeHHH PHCTAJISYETHCA B POt Oiﬂpw{ﬂm CTPYKTYPL TpH
Temneparypi Buule 1630 °C §-dpaza nepexoguTsb y

KyGiYHUX TBEPAUX PO3YHHIB 31 CTPYKTYPOIO TUILY
darooputy F-CeO; CIOCTepiraeThbcs B AeQEKTHY CTPYKTYpY THIly Q.00puTy F-Zr0; [25]
Y panii  po6oTi Bhoepile M0OYAOBaHO

KOHUEHTPaUitHoMy inTepBai 56 Ao 100 Mo.% i3oTepMiuHUI Nepepi3 JiarpaMu CTaHy CUCTEMHU
oC i ni 0

CeOz mpu 1500 °Ci B-lﬂ 73 ,ao_ 100 mon1.% CeO? l'[pP? 710,-Ce0y-Yby05 mpr 1500 °C y Bcbomy

1100 °C. 3a3HayeHi TBepJi pO34YMHU pO3JiJeHIi HTEDBA KOHLEHTDALLMH

Mix co6oto gBodazHumu noasamu (F+T) ta (M+T), pBal KORLEHTPANIH.

BiAnoBigHO [8].
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Pe3ysbTaTH Ta iX 06roBOpeHHs

Ax BuxiAHI pPEYOBUHU BUKOPUCTOBYBAIHU
HiTpatu nupkoHito ZrO(NOs3)2:2H,0 Ta nepirwo
Ce(NO3)3*6H20, a Takox  okcuna  Ybz0s.
[lonepegHbO BUXiHI OKCUAU NPOCYLIYBaJU B
myoeni npu 200 °C (2 roa). JJis npuroTyBaHHs
LIUXT BUKOPUCTOBYBAJU KOHLIEHTPALIMHUU KPOK
1 - 5 Mos1%. CuHTe30BaHi HOPOLIKHU NpecyBa/iu B
TabseTku @ =5 MM, h = 4-5 MM nig Tuckom 10-
30 Mlla. OrTpumaHni 3pa3ku nigzaBadv
JIBOCTYIIeHEeBil TepM0o0o6pOo6IIi: MpoXKaproBaHHS B
neui 3 HarpiBayamMu H23UST (dexpasnb) mpu 1100
°C npoTsroMm 1679 rogj, 1110 Z03BOJISIE MO30YTHCA
3aJIMLIKIB HIiTpaTiB, Ta BiAgmaax y ne4yi 3
HarpiBayamMu 3 ficuiinugy MoJii6aeHy (MoSiz)
npu 1500 °C mpotsarom 150 rojg y moBiTpi, B
pe3yJbTaTi $KOro BiAOyBaeTbcad AUPy3iliHO-
KOHTPOJIbOBaHe BUPIBHIOBaHHS CKJIafy
BIZINIOBIZHO 3 JiarpaMolo CTaHy CUCTEMU. 3pa3Ku
HarpiBaJu Bifi KiMHaTHOI Jl0 mnOTpPi6HOL
TeMIepaTypH i3 wBUKicTI0 3.5 rpaj/xB. Bignan
3paskiB 6yB OGe3nepepBHUM. OX0JI0KEHHS
MPOBOJWJIN Pa30M 3 MiYYIo.

Ha ycranoBui /JIPOH-3 mnpu kiMHaTHIiA
Temnepatypi (CuKo-BunpomiHioBanHs, Ni-
binbTp) nmpoBesieHO peHTreHoPas3oBUU aHaJIi3
(P®A) 3paskiB. Kpok ckaHyBaHHfl CKJaJaB
0.05-0.1 rpag, ekcno3uuis 4 y Aiana3oHi KyTiB
20 Bim 10 pgo 100° [Jasa igeHtudikanii
pesysabTaTtiB P®A BukopucToByBaJu 6a3sy
JaHUux MDKHapoZHOro KOMITETy MOPOLIKOBHUX
craggapriB (JSPSDS International Center for
Diffraction Data 1999).

CkJiagu ass1 gocuipkeHHs1 Gpa30BUX piBHOBAr B
notpiHit  cuctemi  Zr0;-Ce0:-Yb,03 npu
TemnepaTypi 1500 °C po3TaimioBaHi B3JJ0BX II'ITH
nepepiziB:  ZrO.-(50 ™mon% Ce02-50 Mm0s1.%
Yb203), ZrO2-(15 m0a.% Ce02-85 mMo1.% Yb203),
Zr02-(85 m0s1.% Ce02-15 mMon.% Ybz03), CeO,-
(60 mon% Zr02-40 mon.% Yb203), Yb203-(60
M0J1.% Zr0;-40 mos1.% CeO2) Ta i30KOHLEHTpPATH
20mMo1.% ZrO;. ExkcnepuMeHTa/bHI TOYKH
MOKa3aHo Ha puc. 1.

Y norpitiHid cucteMmi Zr0;-Ce02-Yb,03; npu
1500 °C He BCTaHOBJIEHO YTBOpPEHHSI HOBUX da3.
[Ipu mocnimkeHiit Temnepatypi B cucteMi ZrO»-
CeO2-Yb203 yTBOpwOIWOTbBCA MOJS  TBEPAUX
po3yuHiB Ha ocHOBi TeTrparoHasbHOI (T)
Mmoauodikanii ZrOz, ky6iynoi (C) Mogudikarii
Yb,03, ky6iuHOl MoAMpiKkallii 3 CTPYKTYpOO TUITY
¢mrooputy (F) CeO: (ZrO;) Ta ymopsiaskoBaHOI
¢dasu  ZrzYbsO12 (8), W0 KpUCTAT3yeETHCA B
poMOOepUUHiN CTPYKTYPI.

3a oTpuMaHMMU pe3yJbTaTaMH NOOYZ0BaHO
i30TepMiYHUN Nepepi3 JiarpaMu CTaHy CUCTEMH
Zr02-Ce02-Yb,03 mpu 1500 °C (puc. 1). ¥ Tab..
HaBeJjleHOo XiMiuyHUU Ta Ppa30BUl cKJaj 3paskKiB, a
TaKoXX TMapaMeTpd eJIEMEHTAapHUX KOMIipOK
TBEpPAUX PO3YHHIB, L0 YTBOPIOIOTHCA B JAaHii
CHUCTEMI.

3a JOTIOMOT 00 KOHIIeHTpalikHUX
3aJ1e)KHOCTEN napameTpiB eJleMeHTapHUX
KOMipoK (puc. 2-8). Ta JaHuX npo pa30BUH CKJIA[
3paskiB BU3HaYaJH Mexi ob6Jacteit

TOMOT'€HHOCTI.

60 707" 80

% CBOE

Puc. 1. I3oTepmiuHuii nepepis giarpamu crany cucremu Zr0Oz-Ce02-Yb203 npu Tremnepatypi 1500 °C (© - ogHOoda3Hi,
© - Bo¢asHi, ¢ - TpudasHi 3pa3ku)
Fig. 1 Isothermal section at 1500 °C for the system Zr0:-Ce0O2z-Yb20s3 (© - single-phase samples, © - two-phase
samples, o - three-phase samples)

Teepai  posuuHu Ha  ocHoBi  T-ZrO;

YTBOPIOKTLCA B KYTI
KOHIeHTpanito uupkoHiit (IV) okcupay. Bysbke

IL[iaI‘]f)Z:lMI/I 3 BEJIMKOIO po3TamioBaHe B3/10BX

noJjie TBepAUX PO34YMHIB Ha ocHOBI T-ZrO;
rpaHVW4yHOI TMOABIMHOI
cucteMu  Zr0,-CeO;  (0-18 Mmon.%  CeOy).
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Posyunnicte Yb203 B T-ZrO; cTaHOBUTBH
~ 1 Moa.%, 1o niaTBepKeHo JaHUMU PDA. Ilpu
BUKOPUCTAHUX PeEXUMaX OXOJIOJKEHHSI TBepAi
PO34YHMHHU Ha OCHOBI TeTparoHaJbHOI MogudiKarlii
ZrO, He 3arapToBylOTbci. Ha audpakrorpamas,
OTpUMaHUX MpU KIMHATHIA  TeMmIepartypi,
MPUCYTHI JiiHiI, XapakTepHi A/ MOHOKJIiHHOT (M)
Mmoauodikanii nupkonii (IV) okcuay. YactkoBy
crabisiizarito T-pa3u cnoctepiranay 3a nepepisom
Zr0,-(85 m041.% Ce02-15 mMou1.% Yb203) ans pany
CKJajiB, mwo Mictatb 95,90 Ta 80Mo0u.% ZrO:
BiZOBigHO. [ToBHicTIO cTabisizoBaHy
TeTparoHaJibHy Moaudikariro T-Zr0Q; 3HalgeHo Y
nBoda3HuX 3paskax 3a mnepepizom Ybz03-
(60 Mm01.% Zr02-40 mon.% CeO:) y cknajgax, 1o
MictaTe Big 1 go 5 mon% Yb,0s. HasBHicTb
nBodasnoi ob6saacti (F + T) 6ysio BU3HA4YEHO
HaCTYMHUMM CKJIaJlaMu: 3a nepepizom Zr0,-(85
Mo1.% Ce02-15 mMos1.% Yb203) y 3paskax, 110
MicTaTh 65, 70 M0o1.% Zr0Oz-oaHodasHi (F); 75, 95
Mos.% ZrO,- nBodasni (F + T) Ta mepepizom
Yb203-(60 ™omn% Zr0;-40 mon% CeOz) y
3paskax, 1o MictaTb 5 Mos1.% Yb203 - BodazHuit

(F-CeO, + T-ZrOz) i 10 wmon% Yby03 -
oaHodaznuii (F-CeOy), (Tabs.).
B o6sacti 3 Hu3bkuM BMmicToM  ZrO:

YTBOPIOIOTHCS TBEPAi PO3UMHU Ha OCHOBI KyOidHOI
(C) moaudikanii itep6iit (1II) okcuay, ski MawTh
3Ha4yHy NpOTAxKHICTL. [losie TBepANX pO34YMHIB Ha
ocHoBi C-Yb0O3 BurHyto B 6ik 00OMexyrouoi
noABiiiHOI cuctemMu Zr0O,-CeO,. I'paHulsd o6JiacTi
romoreHHocTi C-moudikanii Yb,03 npoxoguts Bif
BiIIOBIAHMX  KOOpPAMHAT Y  OOMEXYIOUHX
noABiiHUX cucrteMax CeO0z-Ybz03 (0-12 mon.%
Ce03) i ZrO2-Yb203 (0-16 M0o1.% ZrO3). 'paHnuHa
po3uuHHicTh C-dpasu 3a mnepepizom Yb,03-(60
Mos1.% Zr0;-40 moJ1.% CeO2) ctaHOBUTDL 24 M0J1.%
Zr0; (puc. 1). [lapameTpu eneMeHTapHOI KOMipKU
Mpy LbOMY 3MiHIOIOThCA Bif, a = 1.0425 HM [
yucroro Yb;0 mo a = 1.0447 uM ajs TpudasHoro
3paska (C + F + §), ujo mictutp 27 mos1.% Zr0,-18
M0s1.% Ce02-55 Mo1.% Ybz03. Po3uuHHIicTh Lepii
(IV) okcupny B C-Yb,03 B3710Bk i30KOHLIeHTpaTH 20
Mo.% ZrO; pocsarae 20 mon% CeO,. Ilapametpu
e/leMEHTApHOI KOMIpKH TBEPAHX PO3YHHIB Ha
ocHoBi C-Yb,03 B310Bx i30koHUIeHTpaTH 20 M01.%
ZrO; 3MiHIO0I0ThCA Bif a = 1.0418 HM J/1a TBepioro
po3uuHy, mwo Mictuth 20 Mon% ZrO-5 mon%
Ce02-75M01.% Yb203 mo a = 1,0447HM an4
JnBodasHoro 3paska (C + F), uo mictuts 20 Mo1.%
Zr0,-20 mos1.% Ce02-60 M01.% Yb,03 (Tab.1.).
[IpoTskHicTe o6Jsiacti romorenHocti C-dasu
BU3HAYE€HO 3a JJaHUMU pEeHTreHorpaM 3pasKiB
HaCTyMHUX CKJAafiB: 3a mnepepizom Zr0z-(15
Mos.% Ce02-85 mon% Yb203) B iHTepBai
KoHIeHTpamid Bix 5 go 20 ™momn% ZrO,-

opHodaszHi (C), 25 Mmon.% Zr0; - fBodazuuii-(C +
0); 3a mepepizoM Yb203-(60 ™ou.% ZrO,-
40 mon.% CeO2) Bim 60 go 65 Mor.% Yb,03-
ogHodasuni  (C), 55 mon.% Yb,03-Tpudasuuit
(C+F+96); B3noBxk isokoHeHTpaTH 20 M0J1.% Zr02-
5 Mo1.% CeOz-onHodazuui (C), 20 mor.% CeO,-
aBodazuuii (C + F).

YTBOpeHHAA TBeEpAUX PO3YMUHIB 3aMillleHHS
CYTIPOBO/KYETbCS  3aps/IOBOI0  KOMIIEHCALli€lo,
OCKiJIbKH i0H Yb3* 3aMilyeTbcs Ha ioHu Cet*(Zr#) i
KOMIIeHcallii 30MTKOBOTO MO3UTUBHOTO 3apsay
BiZIOYBAaEThCA  ILJIAXOM  pO3MillleHHd  iOHiB
OkcureHy B MiXKBY3JIsIX, a60 HIJISIXOM 3aXOIJIEHHS

esqieKTpoHiB. Po3uyunHicTb Ce* Ta Zr* y
KpUCTAIIYHIA  rparii Kyb6iYHOro  TBepAOro
po3unHy C-Tumy TmoOB'si3aHa 31 CTEPUYHUM

baKTopoM fIK JJis1 NOABIMHUX PAHUYHUX CUCTEM,
Tak i A NpeAcCTaBJIEHOI MOTPIMHOI CUCTEMU.
Ockinbku Ce** XapaKTepU3YETbCA  OIIBLINM
iornuM pagiycom (0.090 HM) y mopiBHsHI 3 Zr#t
(0.079 uM) Ta Yb3*+ (0.086), To npu yTBOpeHHI
TBepZloro po34hHy Ha ocHoBi C-Yb;03 mpouec
3amilieHHs ioHiB Yb3* Ha Ce** 3 TepMoAHMHaAMiUHOI
TOYKM 30py MNpOTiKaTUMe Jello CKJIajHille B
nopiBHAHI 3 Zr%. BHacaifjok 1boro rpaHu4Ha
po3uunHicTb CeO2 B Ky6iyHOMY TBEpOMY PO3UHUHI
C-tuny cra"HoBuTh 18 Mos.%, B TOW d4ac £K
MaKCHMaJibHa PO34YMHHICTb ZrO; Aenio Gijiblia Ta
CTaHOBUTH 24 M0J1.% y nmoTpilHIN cucteMi ZrOx-
Ce02-Yb,03 mpu 1500 °C.

Y pociaimxkeHoMy i30TepMiYHOMY Iepepisi
Halb6iapLUly  HPOTSKHICTB Mae 06s1aCcTh
FOMOTEHHOCTI TBEpJOro pO3YUMHY Ha OCHOBI
KybiuHoi Mojuodikanii uepiit (uupkowniit) (IV)
OKCHUJy 3 CTpyKTypoto Tuny ¢utooputy (F). Pasu
F-CeO2 (ZrO;) yTBOpHOIOTH 6Ge3nepepBHUN P
TBepAYX PO34YUHIB Ta iCHYIOTh Y piBHOBAa3i 3 yciMa
¢dasamy, 1o cnocrtepiraoTbcs B cucteMi. [panuni
o6sacti romoreHHocTi F-da3u mnpocrtararTbcs
BiZi BiANMOBIAHMX KOOPAMHAT y OOMEXYHYUX
noABiiiHux cuctemax Ce02-Yb,03 (74-100 mon.%
CeOz), ZI‘Oz—CEOz (0—44 MOJI.% Zl‘Oz) i ZFOZ—Yb203
(75-90 Mmon.% Zr0Oz). Cuip 3a3HAYMTH, 1O B
KOHLleHTpaniiHoMy iHTepBaai Big 20 po 40
M0s.% ZrO; BinOyBaeTbcsd 3BYXeHHA 00J1acTi
rOMOTeHHOCTI Ky6iYHUX TBEPAUX PO3YHHIB THUIY
¢daroopuTy. 3a3HaueHe 3BYXKEHHs, HAINEBHO,
NOB’I3aHO 3 MepexoJ0M BiJl KyOGiUHUX TBepAUX
po3uuHiB Ha ocHOBI F- CeO; no F- Zr0..

KoHueHTpaniiini 3asexxHocTi mapaMeTpiB
eJleMeHTapHUX KOMIpOK TBepJAUX PO34YHMHIB i3
CTPYKTYpOIo TUIYy GJIIOOPUTY IIOKA3aHO HA PUC. 2,
3, 5. [IlapameTpu ejieMeHTapHOi KOMipKH
TBepJioro posuuHy tuny ¢uawoputy F-CeO; 3a
nepepizom Ce0;-(60 ™Mon.% Zr02-40 mon%
Yb,03) smiHwwThCA Big a = 0.5393 HM g
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oaH0$Aa3HOTO 3pasKa, 1o MicTUTh 3 Mo1.% ZrO»-
95 moJ1.% Ce02-2 M041.% Yb203 10 a = 0.5334 HM
Jis aBodasHoro 3paska (C+F), mo wmictuth
18 Mos1.% Zr02-70 mMo1.% Ce02-12 M0s1.% Yb:03
Ta 70 a = 0.5326 HM A TpudasHOro 3paska
(C + F+93), wo Mictuth 21 Moa.% Zr0,-65 Mou1.%
Ce02-14 mo1.% Ybz03 (puc. 5). 3a mepepizom
Zr0,-(85 w™mon% Ce02-15 w™oan% Ybz03)
napameTpu ejeMeHTapHoi KoMmipku F-CeO;
3MiHIOIOTBCA Big a = 0.5366 HM /11 TBEpJOro
pO34MHY, 110 MicTUTh 5 M01.% Zr0,-80.75 Mmon1.%
Ce0,-14.25 mo1.% Yb,03 o a = 0.5356 HM gia
nBodasHoro 3paska (C + F), ujo mictutb 10 Mos1.%
Zr0,-76.5 mon% Ce02-13.5m01.% Yb:0s3, mo
a =0.5323 um ju1a TpudasHoro 3paska (F + C +3),
mo Mictuth 20 M01.% Zr0,-63.75 Mon1.% CeO2-
11.25 mMos1.% Yb,03, a Takox g0 a = 0.5320 um gJig
JnBodaszHoro 3paska (F + §), mo mictutb 25 M01.%
Zr0;-63.75 mon% Ce02-11.25mMo01.% Yb203
(Tabu., puc. 2).

B3goBx i3okoHueHTpatu 20 Mosa. % ZrO;
napaMmeTpu <F-CeO2> 3MiHIOIOTbCA BiJl
a=0.5351HM i TBepAOrOo PO34YHUHY, UIO
Mictutb 80 Moa.% CeOz mo a=0.5325HM aaa
TpudasHoro 3paska (F + C + J), wo mictuts 70
MoJ1.% CeO Ta 10 a = 0,5316 HM AJ19 ABOda3HOTO
3pazka (F + C), mo mictuth 60 M0s1.% CeO> (Tab.1.).
[lapameTpu ejieMeHTapHOI KOMiIpKH TBEPAOTO
po3uuHy TUny ¢urooputy F-ZrO; 3a nepepisom
ZrO;-(15 w™on% Ce0:-85 wm™on.%  Yb203)
3MiHIOI0OTbCA Big a =0.5123 HM AJis1 TPaHUYHOTO
ABodasHoro ckaany (T + F), mo wmictuth
95 mos1.% Zr0O; fo a = 0,5130 HM Js1s TBepAOTro
po3uuny (F -Zr0;), wo mictutb 90 Mmos1.% ZrO; Ta
o a=0.5174 um gna foxdasHoro 3paska (F + 6),
o mMictuthb 65 M01.% Zr0,. 3a nepepizom Zr0;-
(50 m0.1.% Ce02-50 MoJ1.% Yb203) mapameTpu <F-

. wu
0,540 5

0,535
0,530
0,525
0,520

0,515+

Zr0O;> 3MiHioOTBhCA Big a = 0.5142uHM a4
IPaHUYHOTO CKJIaAy TBepaoro po3uuHy (F-Zr0,),
mo Mictuth 85 mMon.% Zr0,-7.5 mon.% CeOz-
75mMon.% Yb0s g0 a=05193um gasa
aBodasHoro 3paska (F + &), mo mictuts 60 Mos1.%
Zr0,-20 mos1.% Ce02-20 mo0s1.% Yb,03 (Tab.1., puc.
3). 3  BHUKOpPUCTAHHSIM  KOHIeHTpaliliHy
3aJIeXKHICTh IapaMeTPIiB eJleMeHTapHUX KOMipOK
F-da3u BcTaHOBJ/IEHO, 10 06J1aCTh TOMOTEHHOCTI
TBEpAYMX  PpO34YMHIB Ha  ocHOBi  F-ZrO;
npoctsAraetbcs Big 64 no 89 Moa% ZrO; 3a

nepepizom  ZrO,-(50 mon1.%  Ce02-50 mon1.%
Yb,03) (puc 3).
®aza 3i cTpykTypow TuNy GAOOPUTY

npucyTHs y aBodasuux (C+ F), (T+ F), (F+ 8) i
TpudasHii (F + C + §) o6acTax.

Y notpikniit cucremi ZrO,-Ce02-Yb;03 npu
TemnepaTtypi 1500 °C npucyTHs ynopsiIKOBaHa
daza pomboejpuyHOi CTpPyKTypd. [paHu4Ha
po34uHHicTb Lepilt (IV) okcuay B 6-¢dasi ckiagae
12 m0.41.% 3a nepepizom Ce0,-(60 mMo01.% Zr0,-40
M0J1.% Yb203). O6s1acTh TOMOTEHHOCTi HA OCHOBI
Zr02y 6-da3uy, Tak came, [K i y o ABiAHIN cucTeMi
Zr0,-Yb;03, BigcyTHA. Pa3oBUM CcKJaj 3pa3KiB
OJTHO3HAYHO iHTepnpeTy€eThCA JaHUMU
peHTreHiBcbkoro asasisy (ta6J.). [lapamerpu
eJleMEHTApHOI KOMipKM ymopsiikoBaHoi §-da3u
3MiHIo0ThCA Big a = 0.9654 uwMm, ¢ = 0.8935 HM J1a
oaHoda3zHOTro 3paska, 1o MicTUTh 59.4 Mour%
Zr02-1 mon.% Ce02-39.6 Mo1.% Yb,03 g0 a =
0.9742 1M, ¢ = 0.9012 uM as151 ABodA3HOI0 3pa3Ka
(F+8), mo mictute 51 mMon.% Zr0:-15 mon%
Ce02-34 mo1.% Yb03 Ta 50 a = 0.9759 uMm, ¢ =
0.9036 M a1 TpudasHoro 3paska (F + C + ), mo
Mmictute 48 wmMon% Zr02-20 ™moa.% CeO:-
32 m0s1.% Yb203 (Tab.1.).

r 0,540
I- 0,535
0,530
- 0,525
I 0,520
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0,510 . ; :
0 Zr0: 10 20 30

T - T
40 50

T : T T 0,510
60 70 80

20
85 CcO2 Mo % ZrO2 100 ZrQz
15 Yb203

Puc. 2 KoHueHTpauiiiHi 3a/1€2KkHOCTi NapaMeTpiB eJleMeHTapHUX KOMipOK TBepAMX po34MHiB Tuny ¢noopury (F) 3a
nepepizom Zr0z-(85 m0.1.% Ce02-15 M0/1.% Yb203) y cucremi ZrOz2-Ce02-Yb20s nicsis Bignany 3paskis npu 1500 °C
Fig. 2 Concentration dependences of lattice parameters for solid solutions based on fluorite-type (F) along the ZrOz-
(85 mol % Ce02-15 mol % Yb203) section in the system Zr0:-Ce0z-Ybz0s3 heat treated at 1500 °C
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50 CeO2 mout. % ZrQ2

50 YbaO3
Puc. 3. KoHueHTpauiliHi 3a/1e2KkHOCTi HapaMeTpiB eJieMeHTapHUX KOMipOK TBepAUX po34uHiB Tuny ¢puoopury (F) 3a
nepepizom Zr02-(50 m01.% Ce02-50 M0.1.% Yb203) y cuctemi ZrOz2-Ce02-Yb20s mic/is Bignasy 3paskis npu 1500 °C

Fig. 3. Concentration dependences of lattice parameters for solid solutions based on fluorite-type (F) along the ZrO:-
(50 mol% CeO 2-50 mol% Yb203) section in the system Zr0z-Ce0:-Yb203 heat treated at 1500 °C
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Puc. 4. - KoHuleHTpaiiiHi 3a/1eXKHOCTi NapamMeTpiB eJleMeHTapHUX KOMipOK TBepAuX po34uHiB Tumy ¢punoopury (F-CeOz, o) 3a
nepepizom Ce02-(60 M01.% Zr02-40 M0.1.% Yb203) y cucremi ZrOz-CeO2-Yb203 nic/ia Bianasy 3paskis npu 1500 °C
Fig. 4. Concentration dependences of lattice parameters for solid solutions based on fluorite-type (F) along the CeO2-
(60 mol% Ce02-40 mol% Yb203) section in the system Zr0z-Ce02-Yb20s heat treated at 1500 °C
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Puc. 5. - KoHnenTpaniifHi 3a71e2kHOCTI napamMeTpiB eJieMeHTapHUX KOMipOK Ky6iuHUX TBepAuX po3umHiB C-Yb20s3, 3a
nepepizom Yb203-(60 Mm01.% Zr02-40 m0.1.% Ce02) nicas Bignany 3paskiB npu 1500 °C
Fig. 5 Concentration dependences of lattice parameters for solid solutions based on C-Yb20s3 along the Yb203-
(60 mol% Zr02-40 mol% Ce0z) section in the system ZrOz-Ce0:-Yb203 heat treated at 1500 °C
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Puc. 6. KoHueHTpaniiiHi 3a/1e2kHOCTi napaMeTpiB eJieMeHTapHUX KOMipOK TBepAuX po34uHiB C-Yb203 3a nepepizom
Zr02-(15 mMo1.% Ce02-85 M0.1.% Yb203) micia Bignasy 3paskis npu 1500 °C
Fig. 6 Concentration dependences of lattice parameters for solid solutions based on C-Yb203 along the Zr0Oz-(15 mol%
Ce02-85 mol% Yb203) section in the system Zr0z-Ce02-Ybz0s3 heat treated at 1500 °C

OTxe, 3 OTpHMaHMUX JaHUX LOAO OYAOBHU
isoTepMiyHOro  mepepidy  JiarpaMu  CTaHy
noTpiiiHol cuctemMu Zr0,-Ce0;-Yb;03 BUNIMBAE,
mo 3a Temnepatypu 1500 °C yTBOpPIOHOTHCA
006J1aCTi TOMOTEHHOCTI TBepAUX PO3YHHIB Ha
OCHOBI BUXITHUX KOMIIOHEHTIB pisHoi
NPOTSKHOCTI, @ TaKoX yrnopsifkoBaHa O-dasa.
Haii6inpuy msomy i3oTepMmiuHOro mnepepisy
3aiiMalOTh TBepAi pPO3YHMHU TUIY (QIIOOPUTY.
O6sacTb TOMOTeHHOCTI  KYGiYHUX TBepAuX
po34yrHiB Ha ocHOBi C-Yb;03 HampaBJsieHa y 6ik
Ky6iYHUX PO34YHMHIB TUMY (GJIIOOPUTY, OCKIJIBKH
BOHHM MawTb NMOJI6GHY CTPYKTYpPY KPHUCTaTIYHUX

rpatok. He3HayHy 1oy  i3oTepMi4yHOrO
nepepisy 3alMaloTb 006J1acTi TOMOTEHHOCTiI Ha
OCHOBI  TBepgoro  po3uuHy T-ZrO, Ta

ynopsiaikoBaHoi ¢pasu ZrzYbsO12 (5).

BHCHOBKH

3a [0NOMOroX MeTOAy PeHTreHopa3oBOIo
aHaJsIi3y BHepiue gocaifxeHo $pa3oBi piBHOBAru B
notpidHid  cucremi  Zr0O,-Ce02-Yb203  Ta

noOyAoBaHO i30TepMiYHHUN mepepi3 3a3HayeHol
Jdiarpamu craHy npu 1500 °C. Baacnigok
TepMOJMHAMI4YHOI CTabiNIbHOCTI yNopsAAKOBaHOI
dasu  ZrsYbsO12 (6) i3oTepMmiuHuH mnepepis
NOTPiHOI AiarpaMu CTaHy NOTpPiIKHOI CUCTEMHU
Zr0,-Ce0,-Yb;03 xapakTepuU3yeETbCS HASBHICTIO
oaHiel Tpudasnoi obsacti (C+ F + §). [paHuuHa
po34yuHHIcTh Lepii (IV) okcuay B 6- dasi ckianae
12 m0.1.% 3a nepepizom Ce0,-(60 mo1.% Zr02-40
M0J1.% Yb203). BcTaHOBJIEHO, 110 i30TepMiuHUN
nepepiz moTpilHOI AiarpaMud CTaHy CUCTEMHU
Zr0,-Ce02-Ybz03 3a 1500 °C xapaKTepHU3yETbCS
yTBOpPEeHHs1  6Ge3NmepepBHOTO  psfly  TBEPAUX
pO34YMHIB Ha OCHOBI a3y TUny QIIOOPUTY.
OTpumati pe3yJbTaTu MOXYTb o6yTH
BUKOPHUCTaHI /i1 BUGOPY ONTHUMAaJbHUX CKJIAJiB
3 METOX OJepXaHHA HOBUX KepaMidyHHUX
MaTepia/iB 3 IOKpalleHWMH BJIACTUBOCTAMU
KOHCTPYKLiHiHOTO Ta dyHKIiOHATBHOTO
NpU3HAYEHHS.

Table

Phase Composition and Lattice Parameters of the Phases in the Zr0:-Ce02-Yb203 System, Annealed at 1500°C for
150 hin Air (X-Ray Diffraction (XRD) Data)

Ta6bauys

XimiuHwuii i pasoBuii cKIaA, napaMeTpH eJleMeHTapHUX KOMipok ¢a3 cuctemu Zr02z-Ce02z-Yb203 micisa Bunaay
3pa3kiB 3a 1500 °C, 150 roa. (3a sganumu PDA)

XiMiyHHMH cKJIa/],

dazoBui cki1az i mapamMeTpH eJleMeHTapHUX KOMIpOK, HM

[TapameTpu esleMeHTapHUX

MoJL. % 3a faHuMHu POA KOMipoK ¢a3, HM
(a£0.0002)
Zr0; Ce02 Yb203 <F> <C>

a a

1 2 3 4 5 6
Iepepis Zr02 - (50 Mos1. % CeO2 - 50 MoJ1. % Yb203)

5 47.5 47.5 <F-Ce02> + <C-Yb203> 0.5317 -
10 45 45 <F-Ce02> + <C-Yb203> 0.5294 -
15 42.5 425 <F-Ce02> + <C-Yb203> 0.5285 -
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[IponoBKeHHs TabJuIi

1 2 3 4 5 6
20 40 40 <F-Ce02> + <C-Yb203> 0.5279 -
25 37.5 37.5 <F-Ce02> + <C-Yb203> + § 0.5265 -
30 35 35 <F-Ce02> + <C-Yb203> + § 0.5265 -
35 32.5 32.5 <F-Ce02> + <C-Yb203> + § 0.5260 -
40 30 30 <F-Ce02> + <C-Yb203> + § 0.5264 -
45 27.5 27.5 <F-Ce02> + 8 0.5236 -
50 25 25 <F-ZrOz> + 6 0.5236 -
55 22.5 22.5 <F-ZrOz> + 6 0.5195 -
60 20 20 <F-ZrOz> + 6 0.5193 -
65 17.5 17.5 <F-Zr02> 0.5184 -
70 15 15 <F-Zr02> 0.5177 -

75 12.5 12.5 <F-Zr02> 0.5164 -
80 10 10 <F-Zr02> 0.5153 -
85 7.5 7.5 <F-Zr02> 0.5142 -
90 5 5 <F-Zr02> + <T-Zr0O2> (a = 0.5120, ¢ = 0.5137) 0.5132 -
95 2.5 2.5 <F-Zr02> | + <T-Zr02>* ocH. 0.5130 -
96 2 2 <T-Zr0z>*11 + < F -Zr0z> | 0.5130 -
97 1.5 1.5 <T-Zr0z>* + <F-Zr02> ca. Ll 0.5128 -
98 1 1 <T-ZrOz>* - -
99 0.5 0.5 <T-ZrOz>* - -
Iepepis Zr0Oz - (15 MoJ1. % CeO2 - 85 MoJ1. % Yb203)

5 14.25 80.45 <C-Yb203> - 1.0457
10 13.5 76.5 <C-Yb203> - 1.0452
15 12.75 72.25 <C-Yb203> - 1.0442
20 12 68 <C-Yb203> - 1.0430
25 11.25 63.75 <C-Yb203> + & - 1.0432
30 10.5 59.5 <C-Yb203> +§ - 1.0430
35 9.75 9.75 <C-Yb203>+ & - 1.0428
40 9 51 <C-Yb203> + & - 1.0425
45 8.25 46.75 <C-Yb203> +§ - 1.0420
50 7.5 42.5 <C-Yb203>+ & - 1.0418
55 6.75 38.25 5 - -

60 6 34 <F-ZrOz2> + § 0.5177 -
65 5.25 29.75 <F-Zr0z> + 8 0.5174 -
70 4.5 25.5 <F-Zr0z> 0.5166 -
75 3.75 21.25 <F-Zr02> 0.5155 -
80 3 17 <F-Zr0z> 0.5145 -
85 2.25 12.75 <F-Zr0z> 0.5135 -
90 8.5 1.5 <F-Zr0z> 0.5130 -
95 0.75 4.25 <F-Zr02> ocH. + <T-Zr0z>* 0.5123 -
Iepepis Zr0z - (85 MoJ1. % CeO2 - 15 MoJ1. % Yb203)

5 80.75 14.25 <F-Ce02> 0.5366 -
10 76.5 13.5 <F-Ce02> 0.5352 -
15 72.5 12.75 <F-Ce02> + <C-Yb203> 0.5356 -
20 68 12 <F-Ce02> + <C-Yb203>+ § 0.5323 -
25 63.75 11.25 <F-Ce02> +§ 0.5323 -
30 59.5 10.5 <F-Ce02> + & 0.5319 -
35 55.25 9.75 <F-Ce02> + 3§ 0.5283 -
40 51 9 <F-Ce02> + 8 0.5272 -
45 46.75 8.25 <F-Ce02> + 3§ 0.5249 -
50 46.75 8.25 <F-Ce02> 0.5246 -
55 38.25 6.75 <F-Ce02> 0.5232 -
60 34 6 <F-Ce02> 0.5223 -
65 29.75 5.25 <F-Ce02> 0.5211 -
70 25.5 4.5 <F-Ce02> 0.5198 -
75 21.25 3.75 <F-Ce02> + <T-Zr0z> (@ = 0.5138,c=0.5178) 0.5188 -
80 17 3 <F-Ce02> + <T-Zr0z> (@ = 0.5136, c = 0.5181) 0.5182 -
85 12.75 2.25 <F-Ce02> + <T-Zr0z2>** (a = 0.5129,¢c=0.5170) 0.5153 -
90 8.5 1.5 <F-Ce02> + <T-Zr0z> ** (a = 0.5129, c= 0.5167) 0.5142 -
95 4.25 0.75 <F-Ce02> + <T-Zr0z2>** (a = 0.5125,¢c=0.5176) 0.5120 -

Tepepis CeO2 - (60 MoJ1. % ZrO2 - 40 MoJ1. % Yb203)
59.4 1 39.6 6 (a=0.9654, c = 0.8935) - -
58.8 2 39.2 6 (a=0.9665, c = 0.8942) - -
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[IpooBKeHHS TabAMIT

1 2 3 4 5 6
58.2 3 38.8 6 (a=0.9664, c = 0.8948) - -
57.6 4 38.4 5 (a=0.9676, c = 0.8956) - -

57 5 38 5 (a=0.9684, c = 0.8966) - -

54 10 36 8 (a=0.9720, c = 0.8994) - -

51 15 34 <F-Ce02>+6 (a=0.9742,¢c=0.9012) 0.5318 -

48 20 32 <F-Ce02>+<C-Yb203>+ § (a = 0.9759, c = 0.9036) 0.5327 -

45 25 30 <F-Ce02>+<C-Yb203>+ § (a = 0.9762, c = 0.9035) 0.5328 -

42 30 28 <F-Ce02>+<C-Yb203>+ § (a = 0.9813, c = 0.9028) 0.5324 -

39 35 26 <F-Ce02> + <C-Yb203> + 6 (a = 0.9629, c = 0.9160) 0.5324 -

36 40 24 <F-Ce02>+<C-Yb203>+ § (a = 0.9672, c = 0.8958) 0.5326 -

33 45 22 <F-Ce02>+<C-Yb203>+ § (a = 0.9694, c = 0.8977) 0.5324 -

30 50 20 <F-Ce02> + <C-Yb203> +§ 0.5325 -

27 55 18 <F-Ce02> + <C-Yb203> + & 0.5328 -

24 60 16 <F-Ce02> + <C-Yb203> + & 0.5322 -

21 65 14 <F-Ce02> + <C-Yb203> + & 0.5326 -

18 70 12 <F-Ce02> + <C-Yb203> 0.5334 -

15 75 10 <F-Ce02> 0.5340 -

12 80 8 <F-Ce02> 0.5355 -

9 85 6 <F-Ce02> 0.5368 -

6 90 4 <F-Ce02> 0.5382 -

3 95 2 <F-Ce02> 0.5393 -

[lepepis Yb20s3 - (60 moJ1. % ZrOz - 40 MoJs1. % Ce02)

60 40 0 <F-Ce02> + <T-Zr02> 0.5299 -
59.4 39.6 1 <F-Ce02> + <T-Zr02> 0.5231 -
58.8 39.2 2 <F-Ce02> + <T-Zr02> 0.5237 -
58.2 38.8 3 <F-Ce02> + <T-Zr02> 0.5238 -
57.6 38.4 4 <F-Ce02> + <T-Zr02> 0.5231 -

57 38 5 <F-Ce02> + <T-Zr02> 0.5229 -

54 36 10 <F-Ce02> 0.5231 -

51 34 15 <F-Ce02> + § ci. 0.5223 -

48 32 20 <F-Ce02>+§ - -

45 30 25 <F-Ce02>+ 61 - -

42 28 30 <F-Ce02> + <C-Yb203> + & - 1.0444

39 26 35 <F-Ce02> + <C-Yb203>+§ - 1.0447

36 24 40 <F-Ce02> + <C-Yb203>+§ - 1.0446

33 22 45 <F-Ce02> + <C-Yb203> + & - 1.0446

30 20 50 <F-Ce02> + <C-Yb203> + & - 1.0444

27 18 55 <F-Ce02> + <C-Yb203> +§ - 1.0447

24 16 60 <C-Yb203> - 1.0445

21 14 65 <C-Yb203> - 1.0442

18 12 70 <C-Yb203> - 1.0441

15 10 75 <C-Yb203> - 1.0436

12 8 80 <C-Yb203> - 1.0437

9 6 85 <C-Yb203> - 1.0431

6 4 90 <C-Yb203> - 1.0430

3 2 95 <C-Yb203> - 1.0427

0 0 100 <C-Yb203> 1.0425

[3okoH1eHTpaTa 20 Mos1. % ZrO2

20 5 75 <C-Yb203> - 1.0418

20 10 70 <C-Yb203> - 1.0433

20 20 60 <C-Yb203> + <F-CeO2> - 1.0447

20 25 55 <C-Yb203> + <F-CeO2> 0.5266 1.0457

20 30 50 <C-Yb203> + <F-CeO2> 0.5269 1.0461

20 35 45 <C-Yb203> + <F-CeO2> 0.5276 1.0466

20 45 35 <C-Yb203> + <F-CeO2> 0.5281 1.0563

20 50 30 <C-Yb203> + <F-CeO2> 0.5284 1.0573
20 55 25 <C-Yb203> + <F-CeO2> 0.5297 -
20 60 20 <C-Yb203> + <F-CeO2> 0.5316 -
20 70 10 <C-Yb203> + <F-Ce02>+d 0.5325 -
20 75 5 <F-Ce02> 0.5340 -
20 80 0 <F-Ce02> 0.5351 -

*3a 3ajaHnx yMmoB (T = 1500 °C, 150 roz., Ha noBiTpi) TeTparoHanbHa (T) Mogudikania ZrO2 He 3arapTOBY€TbCS, 3aMicTb Hei
criocTepirasv yTBopeHHs1 MOHOKIiHHOI (M) Moaudikanii ZrOz;
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** CrnocTepiranu yacTkoBy crabinizanito T-ZrOz. YMoBHI mo3HadeHHs ¢a3: <T> - TBepZi po3YyMHU Ha OCHOBI TeTparoHaJbHOI
Moaudikanii ZrOz; <C> - TBepAi po34nMHU Ha 0cHOBI Ky6iuHOi Moguikanii Yb203; <F> - TBepai po3ynHU Ha OCHOBI Ky6idyHOT
Moaudikanii 3 crpykTyporo tumny ¢urooputy Ce02(Zr02); § - ynopsiskoBaHa dpa3sa ZrzYbsO12 poM6oeJpUIHOI CTPYKTYPH.
Notes: <T> is a solid solution based on the tetragonak modification of ZrO2,; <C> is a solid solution based on the cubic
modification of Yb203,; <F> is a solid solution based on the cubic fluorite-type modification of CeO2(Zr0z); § - intermediate
phase with orhombohedral structure Zr3Yb4O12. *Tetragonal T-ZrOz modification does not quench in conditions in question
(T=1500°C, 150 h in air) and monoclinic M-ZrO: forms instead. ** Partial stabilization of T-phases was observed.
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Abstract

Using the methods of quantum chemical modeling, the interaction of copper atoms with acrylic (HA), maleic (HzM),
and fumaric (HzF) acids in the presence of water has been studied. It was established that water molecules, being
electron-donor ligands, strengthen the (dn-pm)-interaction in n-complexes of Cu? with unsaturated organic acids.
Eight stable structures with molecular forms of ligands (two with HA, three with H:M and H:F) were revealed,
among which the most stable complexes are [Cu?(Hz0)(HA)], [Cu°(H20)z(HzM) and [Cu®(Hz0)z2(HzF)]. Topological
analysis of the electron density distribution at the node Cu(-C=C-) showed that only in one case ([Cu?(Hz0)z(HzF)])
copper atoms form molecular orbitals with both carbon atoms. In all other complexes, one carbon atom is involved
in the formation of a m-bond. In addition, a synergistic effect of m-ligands on the binding energy of water molecules
by copper atoms was found.

Keywords: copper atoms; unsaturated organic acids; m-complexes; quantum-chemical modeling.

YTBOPEHHA nt-KOMILJIEKCIB ATOMIB KYIIPYMY 3 AKPUJ/JIOBOIO, MAJIEIHOBOIO TA
®YMAPOBOIO KUCJIOTAMH Y BOAHOMY CEPEZIOBHIII

BikTop ®. Baprasiok, €eren C. OcokiH, Bosiogumup A. [looHCbKUH

Aninposcvkuil HayioHabHull yHisepcumem imewi Onecsi [onuapa, npocn. I'azapina, 72, [Jninpo, 49010, Ykpaina

AHoTariq

3a AoMOMOro MeTo/iB KBAaHTOBO-XiMiYHOro Mo/eJ/Il0BAaHHA BUBYEHO B3a€EMOAi0 aToMiB Kynpymy 3 akpujioBoio
(HA), masieinoBolo (HzM) Ta pymaposoio (HzF) kucsoTamMu B IpucyTHOCTI BOAU. BcTaHOBJ/IEHO, 1110 MOJIEKYJIH BOJH,
SIK eJIEKTPOHOJAOHOPHi JiiraHau, miacwiomTbh (dn-pn)-B3aeMonil® B T-koMmiekcax Cu® 3 HeHacMYeHUMHU
OpraHiYHMMH KHCJI0TaMU. BUsIB/IeHO BiciM CTiHKUX CTPYKTYp 3 MoJieKyJasapHUMH ¢opmamu JiranaiB (aBi 3 HA, no
Tpu 3 H2M Ta H:F), cepes sakux HaiGiibm cTiikuMu € kommiaekcu [Cul(H20)(HA)], [Cu°(Hz0)2(HzM) Ta
[Cu®(H20)2(HzF)]. TonosoriyHuii aHa/1i3 po3noAisny eJleKTPOHHOI IrycTUHM y By3Ji Cu(-C=C-) nokasas, 10 Ti/IbKU B
oAHOMYy BUNAAKY (kommiaekc [Cu(Hz0):(HzF)]) atomu Kynpymy yTBOpPIOIOTH MOJIEKYJISIDHI op6GiTani 3 oGoma
atomamu KapGoHy. Y Bcix iHIIMX KOMIIJIEKCaX B YTBOPeHHI T-3B’A3Ky 3aAissHMHA oguH atoM KapGony. BusBieHo
CHHepreTU4Hui epeKT BIUIMBY M-JiraH/jiB Ha eHeprilo 3B’s13yBaHHA aToMaMu Kynpymy MoJieKy1 BoJH.

Kawwuosi cnosa: atomu KynpyMy; HeHacu4eHi OpraHiuHi KUCJI0TH; T-KOMIIJIEKCH; KBAaHTOBO-XiMiuHe MO/|e/II0BaHHSI.
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OBPA30BAHME n-KOMIIJIEKCOB ATOMOB MEJY C AKPHJIOBOW, MAJIEUHOBOM U
®YMAPOBOM KUC/JIOTAMH B BOJAHOH CPEJIE

BukTtop @. Baprasiok, EBrenuit C. Ocokus, Baagumup A. [losioHCcKuUiM

JHunposckuli HayuoHabHbIl yHUBepcumem umenu Oaecst onuapa, npocn. 'azapuna, 72, /lHunpo, 49010, Ykpauna

AHoTanusa

C mpuMeHeHHEM MeTOJ0B KBAaHTOBO-XMMHYECKOro MO/e/JUPOBaHHs HU3yYEeHO B3aUMOJEWCTBHE aTOMOB MeAU C
akpwiosou (HA), manennosoii (H:zM) u ¢ymapoBoii (HzF) kucioTaMu B NpPUCYyTCTBHMH BOJbl. YCTaHOBJIEHO, YTO
MOJIEKY/JIbl BOJbI, ABJAACh 3J€KTPOHOAOHOPHBIMM JIMTAaHAAMHM, YCWIHBAWT (dT-pTm)-B3aMMoOAelicTBHe B
T-KoMmeKkcax Cu® ¢ HeHachIIleHHbIMU OPraHM4eCKUMHU KHMCJI0TaMH. BbIsIBJIEHO BOCEMBb YCTOHYMBBIX CTPYKTYp C
MOJIEKYJAAPHbBIMH ¢opMamu JiuraHgoB (ABe ¢ HA, nmo tpu ¢ HzM u HzF), cpean KoTopbix HauGo/iee MPOYHBIMH
ABJAAOTCA KoMmilekcbl [Cu®(HzO0)(HA)], [Cu®(Hz20)2(HzM) wu [Cu°(H20):(HzF)]. TomoJsioruyeckuili aHaaIu3
pacnpejesieHusl 3JIeEKTPOHHOH IUVIOTHOCTH B y3jie Cu(-C=C-) mokasas, 4TO TOJIbKO B OJHOM cjy4ae (KOMILIeKC
[Cu®(H20)2(HzF)]) aTomMbl MeAu 06pa3yl0T MOJIEKYyJAPHble OpGUTaJM C 060MMH aToMaMHu yrjiepoja. Bo Bcex

OCTa/JIBHBIX KOMIIVIEKCaX B 06pa303amm T-CBA3U

3aeiCTBOBAaH OJAHUH aTOM yriiepoaa.

OGHapyxXeH

CHHepI‘ETH‘{ECKﬂﬁ Bq)(l)eKT BJ/IMAAHUA T-/IMTAHA0B HA JHEPIrul0 CBA3bIBAHUA aTOMAaMH MeAHU MOJIEKYJI BOAbI.

MeaH; HeHacCbllleHHbleé OpraHu4ecKkne KHUCJIOThI;

TI-KOMIIJIEKCbI; KBAHTOBO-XHMMHW4Y€CKO€

Karwuesvie csao0ea: aToMbl
MoOJe/IMpOBaHUe.

BBeaenue

Jnd ynpaBiieHUS CTPYKTYPOW U CBOMCTBAaMHU
MeJHBbIX  OC3aJKOB, BbIZeJIAEMBIX  IyTeM
3JIEKTPOXMMHWUYECKOTO0 BOCCTAHOBJieHUs Cu?+-
HOHOB, LIMPOKO VICIIOJIB3YIOT Jl06aBKU
pas3JiMuHbIX OpraHuyeckux BellecTB. 0cobyro

rpynny cpean HUX NpeacTaBJaAOT CO€AHMHEHMHH,

cojiepXkaliye BUHWIBHBIM ¢parMeHT, - Tak
Ha3bIBaeMble 0J1eUHOBbIE COEJIUHEHMS.
Mbl u3y4aqud BJMSIHME HeHACBIIEHHBIX

OpraHUYecKHX KUCI0T (aKpuJIoBasi, MaJIeMHOBAs,
dymapoBasi) M HEKOTOPbIX WX HPOU3BOAHBIX
(aKpUJIOHUTPpUJ,  aKpUJIAMUJ) [1-5] Ha
KWHETHUKY U MexXaHU3M peakuuu Cu?+ + 2e = Cu?,
Bbulo  ycTaHOBJIEHO, 4YTO  ONpejessiolUM
dbakTOpoM [JeMCTBUSI yKAa3aHHBIX BELIECTB Ha
3JIEKTPOIHBIN npouecc ABJIETCA 150:¢
CMOCOGHOCTb 00pPa30BbIBATb T-KOMILJIEKChl €
MOHAMHU NMPOMEXYTOYHON BaJIeHTHOCTH, T. €. — C
voHamu Cu*. B TOXe BpeMs H3BECTHO, YTO
T-JIMTaH/ibl 06Pa3ylT YCTOWYUBbIE KOMILJIEKCHI
He TOJBKO C HOHaMM d-MeTa/yIoB B HHU3LIUX
CTeleHs X OKHUCJIEHHs, HO TakKKe M C
HeUTpaJlbHBIMU aToMaMu [6-14]. OueBUAHO, B

psAjfe c/ay4aeB 3TO OOCTOATEJBCTBO MOXeT
OKasaTbCs JIOMUHUPYIOIIUM, ecsu
paccMaTpuBaThb  pe3yJbTUPYHOIIUMK  3ddeKT

yepe3 MPU3MY CBONUCTB KOHEYHOTO MPOAYKTA, a
MMEHHO - MeJHOro ocazka. Ha mpucyrctBue B
MeJHOM ocajike HeMeTa/LJInYeCKUX
KOMIIOHEHTOB yKa3bIBaJI0Ch B cTaThe [15].

B HacTosmed pa6oTe Mbl NpeANpPUHSINA
MOMNBITKY MNpPOAaHAJU3UPOBATh  BO3MOXHOCTh
o6pasoBaHus T-KoMILIekcoB Cu® ¢ akpuoBoi
(HA), w™aneunoBo#t (H:M) wu d¢ymapoBoi
kuciaotamu (H:F) B mpucyrctBUM  BOABIL.

[locnegHUN KOMIIOHEHT MPUOGJMKAET 00BEKT K
peaibHbIM 3JIEKTPOJIUTAM MeJIHEHUS.

Y4uTbiBasg TO, YTO 3TH COeJHWHEHHUS MOTYT
JIUIIb BXOJAUTh B COCTAaB KaTOAHOTO OC3ajJKa B
KavyecTBe MPUMeECH, HO He MpPeJICTaBAATb COGOM
0Ca/IOK H3-3a OTPOMHOM 3HEpPruu MexKaTOMHBIX
cBs3eit Cu-Cu, CylecTBEHHO MpeBbIIIAOIIEN
3HEPTHI0 MEXMOJIEKYJSIPHOTO B3aUMOJENUCTBUSA
CuL-CuL, ucnosb3oBaHue NpsMbIX PU3NYECKHUX
METOJIOB  3J/leCb  KpaillHe  mpo6JieMaTHYHO.
[Io3TOMy MBI BOCHOJIb30BaJUCh KBaHTOBO-
XUMUYECKUM MOJIeJIMPOBAaHUEM, MO3BOJIAIOIUM
JOCTAaTOYHO HAJIeXXHO OIeHUTb BEPOSTHOCTh
00pa3oBaHUs Tex WJIH WHBIX CTPYKTYp B
33/IaHHBIX YCJIOBUSIX.

METOAOJIOI‘I/IH pac4yeToB

OnTvMHU3anus KOMIIJIEKCOB U JIMTaHJOB
NpoBOAWIACL  C  IOMOLIbIO porpaMMbl
Gaussian 09 [16] ¢ ucnosb3oBaHWEM 6GAa3WCHOTO
Habopa Wachters+f [17] ansa aToMOoB Meau U
6-311G(d, p) Asig aTOMOB yrJiepoja, KUCJI0POAa,
BoJopoJia. Bce pacyeTbl NpPOBOJUJINCH €
nomombo DFT-mMeToma ¢ MCOOJAb30BaHUEM
¢yHkuuonana B3LYP [18-19]. PactBoputenb
YUUTBIBAJICS c MIOMOIIbIO MO/lesH
noJsIpu3aliMOHHOTO KOHTUHYyMa PCM [20; 21]. C
MOMOLIbIO NporpaMMbl AIM2000 [22]
NPOBOJWJICS TOIMOJIOTUYECKUN aHaiu3 QYHKIUN
pacnpejie/ieHHs] 3JIEKTPOHHOW IJIOTHOCTU p(T)
no wMetoay QTAIM [23]. CymecTBoBaHue
MEXbSLEPHOTO B3aHMMO/IeNCTBUSA OBLI0
3adUKCHpPOBAHO MO HAJUYHUI0 KPUTHUYECKOH
Toyku Tuna (3,-1) Mexay LeHTpPaJbHbIM
atoMmoM Cu® W Sp2-rUOPUJHBIMH aTOMaMU
yrjepoja. JHepruu HalJeHHBIX
BHYTPHUMOJIEKYJISIPHBIX KOHTAKTOB PacCYUTaHBI
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no ¢opmysie IcnuHO3b1[24]: E,=0.5-v(r), roe
Ey— 23Heprus MeXxbsJepHOr0 B3aUMO/IeUCTBUSA
(k/lx/Mouib), v(r)- NMJIOTHOCTH MOTEHI[MATbHOU
3HEpPTUM B COOTBETCTBYWOILEH KpPUTUYECKOU

TOYKe. Jas BO3MOXKHOCTU CpaBHEHUs]
KOMIIJIEKCHBIX ~ COeJJMUHEHUNW  MeXJy coboi
MOJIIEP>KUBAJIOCh  OJIMHAKOBOE  KOJIMYECTBO

atoMmoB B cucteMe [Cu®(H20)n(L)](H20)5-n.

Pe3yabTaThl U 06CyKAECHHE

B Tabsn.1 npejcTaB/eHbl  MOJIyYeHHbIE
pe3yJbTaThl pacyeTa O0OLEeH 3JeKTPOHHOU
3Hepruu kJjactepoB [Cuf(H20)n(L)](H20)5-n, a
TaK:Ke pacrnpejiesieHde 3apsja Ha LeHTPaJlbHOM
aToMe U JINTaHJax B KOMILJIEKCAX.

Kak u cieznoBano oxugarb, aTOMbl MeJu
06pa3yl0T oOrpaHMYeHHOe YHUCJIO0 YCTOWYUBBIX
koMIiekcHbIX ¢opm. Tak, cHA 3To Bcero Tpu
CTPYKTYpBl, [iBEé W3 HHUX C MOJIEKYJAPHOH
dopmoit inranaa, ¢ HoM - nITh CTPYKTYp, TPU U3
HUX C MoJIeKyJisipHOU ¢opMol suranja, ¢ HoF -
CeMb CTPYKTYp, TPU M3 HHUX C MOJIEKYJSPHOHU
dopmoit  smra”ga. Jaa cpaBHenus: Cut ¢
yKa3aHHbIMU JIMFaHJAaM{d o6pasyeT [JBaJLaTb
JleBSITb CTPYKTYD [25].

[Cu°(H2M)]

Ha puc.1 npeacraBieHbl XapaKTepHble
reoMeTpuvecKue dbopMbl 06pasyrouiuxcs
KoMIiekcoB. Kak BuAHO U3 puc. 1, MoJsiekyJa
BO/Ibl He U3MeHseT reoMmetpuu Cul-L ¢pparmeHTa.
Bosnukaromasa Cul-OH; cBA3b pacnoJsaraercs
NpaKTU4iecKy nof yrjoMm 180° mo OTHOLIEHUIO K
m-cBsi3u Cul-C.

B kommiaekcax Cu® ¢ MOJIEKYJAPHBIMU
dbopmamu KHUCJIOT BO BHYTPEHHIOIO
KOOPJMHALMOHHYI0 chepy MOXKeT BOUTH JIMOO
TOJBKO OJlHA MOJIEKYJla BOAbl (aKpUJIATHbIE
KOMILIEKCBI), JH60 JBe  (KOMILIEKChI C
JBYXOCHOBHBIMHM KHCJOTaMHu). B koMmIuiekcax c
HOHU3UPOBaHHBIMU dopmamu KHUCJIOT
NPUCYTCTBOBAaTb MOXET TOJIbKO OJHA MOJIEKYJa
BOJIbl BO Bcex ciaydvasx. [Ipu aToMm obGpaiiaeTr Ha
cebda BHUMaHUe TOT dakr, 4TO
3JIEKTPOHOJOHOPHBIX JIUraHj, a uMeHHo — H»0,
He ocjabJsseT, a Haob0OpOT, YNPOYHSAET
T-KOMILJIEKChI aToMapHOH Meau c
HEHACBbIIIEHHbIMU OpPraHU4YeCKUMH KUCJIOTaMH,
KOTOpbIe IO ONpeJile/IeHHUI0 MPU T-CBA3BIBAHUU
SIBJISIIOTCS 3JIEKTPOHOAKLeNTOPHBIMU
JIUTaHJaMHU.

[Cu°(H20)(H:M)]
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Fig. 1. Geometry of some formed complexes
Puc. 1. TeoMeTpUs HEKOTOPBIX 06PA3YIOIIMXCSA KOMIIEKCOB

Tak, coryiacHO pacyeTy Ha OCHOBaHUM JAaHHbIX
Tabs.1 osHepruéli o6pa3oBaHUsI CMeIlAaHHbIX
KOMIIJIEKCOB

[Cu°(L)] + H20 = [Cu®(L)(H20)] + AE:(1),
ux BeaudyuHbl B pagy HA, H:M, HxF umeror
caeaywoie 3HaveHus: -86.25, -88.86 wu
-102.94 k/I>x/M0JIb COOTBETCTBEHHO.

CylieCTBEHHO MEHbIIWN BBIWTPBIL 3HEPTUU
HabJl0[jaeTcsl NPU BXOKAEHUU BO BHYTPEHHIOIO
KOOpAMHALUOHHYI0 cdepy KommuekcoB Cul c
JBYXOCHOBHBIMHM KHCJIOTaMHU BTOPOU MOJIEKYJIBI
Boabl: s HoM AE(2) = -31.58 k/lxx/Mouib, A
H2F AE(2) = -33.72 x/)x/M0JIb.

Table 1

The values of the electronic energy of the cluster (E, Eh) and the values of the charges on the Cu? atoms (q(Cu?), e),
inner-sphere water molecules (q(Hz0), e), and n-ligands (q(L), €)

Tabauya 1

3HauyeHUA 3JIeKTPOHHOI 3HepruM Kiaacrepa (E, XapTpu) v BeJIMYUH 3apa0B Ha atomax Cu? (g(Cu?), e),
BHyTpHUCPepHBIX MoJieKyaax Boabl (q(Hz0), e) u m-iurangax (q(L), e)

Ne m-clusters -E q(Cu?) q(1H20) q(?2H20) q(L)
1 [Cu®(m-HA)](H20)s 2289.80347 0.228 — — -0.229
2 [Cu®(H20)(m-HA)](H20)4 2289.83761 0.129 0.197 — -0.327
3 [Cu°(H20)(m-A-)](H30*)(H20)3 2289.73671 -0.081 0.183 — -1.102
4 [Cu®(m-HzM)](Hz0)s 2478.41986 0.445 — — -0.425
5 [Cu®(H20)(m-H2M)](H20)4 2478.45503 0.273 0.202 — -0.475
6 [Cu(H20)2(m-H2M)](H20)3 2478.46753 0.345 0.173 0.098 -0.617
7 [Cu®(H20)(m-HM-)](H30*)(H20)3 2478.37190 0.201 0.102 — -1.304
8 [Cu%(H20)(m-M2-)](H30*)2(H20)2 2478.27117 -0.365 0.062 — -1.698
9 [Cu®(m-HzF)](Hz0)s 2478.41895 0.473 — — -0.473
10 [Cu®(H20)(m-H2F)](H20)4 2478.45969 0.348 0.204 — -0.551
11 [Cu®(H20)2(m-H2F)](H20)3 2478.47304 0.439 0.153 0.151 -0.744
12 [Cu®(m-HF-)](H30*)(H20)4 2478.33858 0.159 — — -1.158
13 [Cu(H20)(mt-HF-)](H30+)(Hz0)3 2478.37116 0.178 0.192 — -1.371
14 [Cu®(m-F2-)](H30%)2(H20)3 2478.25564 -0.294 — — -1.705
15 [Cu®(H20)(t-F2-)](H30+)2(H20)2 2478.26808 -0.087 0.179 — -2.091

[log BO3AEWCTBHEM BOJbI 3aKOHOMEPHO
yMeHbLIaeTcsl U 3aps]i LeHTpaJbHOro aroma. B
akpujaTHbIX KoMmiiekcax Aq(Cuf)=-0.099e¢, B
MajileMHaTHbIX KoMiiekcax Aq(Cul) =-0.172e, a
B ¢yMapaTHbix koMmIiuiekcax Aq(Cu®) =-0.125e.
CooTBeTCTByMWOLIME M3MeHEeHHUs 3apsza

MPOUCXOAAT U y T-murangoB: Aq(HA) =-0.099 e,
Aq(H:M) = -0.050 e,Aq(H2F) =-0.078 e.
XapakTepHo, 4YTO B  KOMIUIEKCaX C
JIBYXOCHOBHBIMU KHCJIOTaMH, B KOTOPbIX aTOMbI
MeJU MOTYT yAepKHBaTh WU BTOPYH MOJIEKYJY
BOJbI, TOJi €€ BO3JeHUCTBHEM HECKOJIbKO
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BO3pacTaeT 3apsi/ leHTpasbHOTO aToMa. OHaKO
npu 3toM q(Cu®) coxpaHsSieTCd MEHbIIUM
OTHOCHUTEJIbHO HaYaJIbHOT'0 3HAYEeHHS.
OcobGeHHOCTH (dm-pm)-B3aumMoecTBUSA
aTOMOB MeJd C T-JIMTaHJaMH MOXXHO YBHUJETb

Ipy  pacCMOTPEHUH pe3yJbTaTOB  pacyeTa
3HEpPrUi CBSI3U OT/IEJIbHBIX aTOMOB U BEJUYHH
MEXDbsZIEPHbIX PACCTOSIHUH, MpeCTaBJeHHbIX B
Tab.JI. 2.

Table 2

The value of binding energies in Cu®n-complexes (Es, kj/mol) and internuclear distances (rs, A)

Ta6bauya 2

BeJIMYMHBI SHEPruii cBA3eil B T-KoMIIeKkcax Cud (Eb, K/IK/MOJIb) M MeXKbAJePHBIX pacCTOAHUI (1, A)

(Cu°-C1) (Cu%-Cy) (H20-Cu?)
T-complex

Ne -Ebp b -Ep b ~Eb, 1 ~Eb,2

1 [Cu(m-HA)](Hz0)s 174.42 1.993 — 2.674 — —

2 [Cu®(H20)(m-HA)](H20)4 154.12 1.958 — 2511 15894 —

3 [Cu®(H20)(m-A-)](H30+)(H20)3 153.62 1.954 — 2409  146.75 —

4 [Cu®(r-H2M)](H20)s 117.88 2.071 — 2.544 — —

5 [Cu®(H20)(m-HzM)](H20)4 150.39 1.974 — 2432 167.59 —

6 [Cud(H20)2(m-H2M)](H20)3 135.07 2.013 — 2362 14129 7991

7 [Cu®(Hz0)(m-HM-)](H30+)(H20)3 150.51 1.977 — 2395  154.94 —

8 [Cu®(H20)(m-M2-)](H30+)2(Hz0)2 106.73 2.103 — 2252 109.69 —

9 [Cu®(m-H2F)](Hz0)s 137.95 1.994 — 2.603 — —

10 [Cu®(H20)(m-HzF)](H20)4 141.05 2.000 — 2213 170.22 —

11 [Cu®(Hz0)2(m-H2F)](H20)3 124.04 2.067 121.04 2.099 119.16 9045

12 [Cu®(n-HF-)](H30+)(H20)4 120.35 2.018 — 2.620 — —

13 [Cu®(Hz0)(m-HF-)](H30+)(H20)3 147.71 1.973 — 2299  160.33 —

14 [Cu(rt-F2-)](H30+)2(H20)3 89.70 2.224 — 2.226 — —

15 [Cu®(H20)(m-F2-)](H30*)2(H20): 144.27 1.974 — 2271 14175 —

16 [Cu°(H20)] — — — — 105.82 —

17 [Cu®(H20)2] — — — — 7882 7871

Ha ©pwuc.2 npexacraBieHbl u300pakeHuss Tm-cBA3uM ¢ -137.95 go -245.08 k/lx/Mouib.
BBICIIMX  3aHATBIX OpOuUTasell  TUNWYHbBIX MOXHO ObLIO 0XUJAaTb 06pa30BaHUs MOA0OHON
T-KOMILJIEKCOB vccienyemMon Tpynmnbl: CTPYKTYpbl M B MaJleMHAaTHbIX KOMILJIEKCAX,
[Cu’(H20)(HA)] (puc.2a) wu [Cu°(H:0)(H:M)] oaHaKo B CUJIy JIeHCTBUS CTepudeckoro pakTopa
(puc.2b). Kak  okasajsoch, COBMeCTHyK 3TOro He mnpousouio. Kak BHAHO u3 puc. 2d,
MOJIEKYJIIDHYI0 ~ OpOMTajJb  aTOMbl  MeAU BO3HUKHOBeHUIO cBfA3uM C(Cu-C; 34ech MemiaeT

06pasyloT TOJbBKO C OJHUM aTOMOM yrJepoja
BUHMWJIBHOTO ¢parMeHTa. JTO HAxOJUT CBoOe
OTpa)KeHHe B HECMMMETPUYHOCTH PACCTOSIHUH
Cu-Ci wu Cu-C,. Haubosbmuii pgucbasaHc
HabJI0/jaeTcsl B aKpUJIaTHBIX KOMILJIEKCax. 34,eCh
COOTBETCTBYIOIME BeJUYMHBI I'y paBHbI 1.958 A
u 2.511 A. UcksoueHveM fAB/IAeTCA KOMILIEKC
[Cu®(H20)2(H2F)], B koTOpOM peanusyoTcs JBe
CUMMETPUYHbIE  MOJIEKYJISIpHbIE  OpOUTAIU
(puc. 2c), BcaencrBue vero ry cBsized Cu-Cq u Cu-
C, npyUHUMAIOT 6JM3KHE MeXAY cO60M 3HAaUYeHUs
2067 A wm 2099 A B »3Tom kommiekce
HabJ0/jaeTcsl pe3KUA poCT CyMMapHOU 3HEPruu

aKTHUBHOEe B3aHWMOJEHCTBUE aTOMOB KHCJI0pOJa
KapOOKCU/IbHbBIX FPYIIIL

ConocrtaBsieHue 3Heprui cBs3u Cu-OH; B
kommiekcax  [Cu’(Hz0)] wu  [Cu®(H20)(L)]
(nos. 2, 5,10, 16 Tabs. 2) yka3pIlBaeT Ha HaJU4UeE
CMHEepru3Ma BO BJIMSIHUM  HEHACBILEHHBIX
OpraHUYecKHMxX KHUCJOT Ha B3auMoJeHlcTBUe
aTOMOB MeJM C MoJieKyJaMHu Bojbl. Tak, eciu
aHeprus cBg3u Cu-OH, B kommiekce [Cu®(Hz0)]
paBHa -105.82 k/)x/Mo0/ib, TO B KOMILJIEKCAX
[Cu°(H20)(L)] c HA, H:M u HF oHa Bo3pacTtaeT
ao -158.94, -167.59 u -170.22 x/lx/MoJb
COOTBETCTBEHHO.
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C- [Cuo(Hzo)z(HzF)]

b - [Cu0(H,0)(H:M)]

d- [Cuo(Hzo)z(HzM)]

Fig. 2. Highest occupied molecular orbitals of some nt-complexes of the studied group
Puc. 2. Beiciivie 3aHATbIE MOJIeKy/IAPHbIE OPGUTAIM HEKOTOPBIX TI-KOMILJIEKCOB MCCJIeyeMOMH Ipynnbl

BbiBOABI

AHanu3 pe3ysbTaTOB KBaHTOBO-XUMUYECKOTO
MO/IeJIMPOBAHUsI B3aUMOJIEUCTBUSI aTOMOB MeJU
C HEeHACblII€eHHbIMHU OPraHU4Ye€CKUMH KHCJIOTaMHU
B NPUCYTCTBUU MOJIEKYJ BOJAbl TO3BOJIUI
YCTaHOBUTh CJIeAyIOIIEee.

1. Moniekysibl BOZbl yIPOYHAIOT T-KOMILJIEKCHI
aTOMOB MeJM CO BCEMM HCCJIEJ0BAaHHBIMU

HeHacblLleHHbIMU  KucjaoTaMd. OjaHako B
NPUCYTCTBUU HA, a TaKxe BCeX
MOHU3UPOBaHHbIX (GOpPM  T-JIUTraHAOB, BO

BHYTPEHHEN KOOpAWHALMOHHOW cdepe MOXKeET
HaXOAUTbCA TOJBKO OJHa MOJIEKYyJa BOJBI.
JIByXOCHOBHbIE KHCJIOTBI CHOCOGHBI
06pa30BbIBAaTh CTAOWJIbHBIE KOMIJIEKCBI U C
AByMsA MoJieKyJiaMmu H;O.

2. Bcero BbisiBjeHO 15 ycTOWYUBBIX TI-
KOMILJIEKCOB, M3 HHX C MOJIEKYJSIPHBIMHU
¢dopmamu siuranzoB — 8 (aBe ¢ HA u no tpu c
H:M u HF). Haubosiee npoYHbIMU SBJSIOTCA
koMmiiekcel [Cu®(H20)(HA)], [Cu(H20)2(H:M)],
[Cuo(Hzo)z(HzF)].

3. Ha ocHOBaHHHM TOIIOJIOTMYECKOr0 aHaJiu3a
pacnpeesieHrs 3JIeKTPOHHOW MJIOTHOCTHU B y3Je
Cu(-C=C-) ycTaHOBJIEHO, YTO TOJILKO B OJHOM
cnydyae (kommiekc [Cu(H20)2(HzF)]) aTomsr
MeJyd 00pa3ylT MOJIEKYJspHble OpPOUTANU C
060MMM aTOMaMHU yrJiepoja. Bo Bcex ocTaibHbIX
KOMIIJIEKCAaX B TI-CBSI3U 3a/leiCTBOBAH TOJILKO
OJIMH aTOM YTJIEPO/A.

4. BiiMAHWe T-JIUraHZOB Ha JHEPTHUIO
B3aUMOJIEMCTBUSI aTOMOB MeJd C MOJIEKYJIaMH
BOJIbI UMEEeT CHHEPTUYECKUU XapaKTep.
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Abstract

The nutrition is the basis of human life, especially in the process of treatment and rehabilitation. That’s why the usage
of products for enteral nutrition is becoming widespread now. In the presented article materials the protein value of
the developed herodietic product for enteral nutrition, which is based of dry soluble mixtures, was estimated. The
design and creation of its component composition was carried out basing on modern generally accepted data about
the specific metabolic needs of older people. Provided experimental studies were conducted and their results on the
content of proteins, fats, carbohydrates, amino acids composition, score of 8 essential and 2 conditionally essential
amino acids, including the amino acid score difference factor (AASDF) (21.5 %), the protein component’s biological
value (78.5 %) were obtained and presented. Clinical approbation of the developed product’s in ready for
consumption form (in addition to the usual nutrition diet), conducted in State Institution «UKrainian National
Academy of Medical Sciences Institute of Gerontology n.a. D.F. Chebotarev», was done using an information about an
effect on the recovery of protein blood level of people with somatic diseases and injuries, in the postoperative state.
The obtained experimental and analytical data give an opportunity to state the optimal ratio of macronutrients
(proteins, fats, carbohydrates) in the developed product to the needs of older age groups, the balance of amino acid
composition and high biological value of the protein component of the product. Also the obtained results of provided
research make it possible to recommend the developed product’s consumption for people with high physical and
psycho-emotional loads, somatic dysfunctions, diseases and injuries to restore the proper level of protein in blood,
in particular, for the elderly aging groups representatives. The consumption of developed product will significantly
improve the nutritional needs of the target consumers’ category, including with the accelerated metabolism, during
periods of treatment and rehabilitation.

Keywords: enteral nutrition; gerodietetic products; protein component; biological value; amino acids; clinical approbation.

OILIIHKA BIJIKOBOI IIIHHOCTI TEPOIIETUYHOIO MPOAYKTY 1/ EHTEPAJIbHOT'O
XAPYYBAHHA

Amutpo I1. AHTIOIIKO

Kuiscokull HayioHabHuli mopzogesibHO-eKoHOMiYHULl yHigepcumem, 8y4. Kiomo, 19, Kuis, 02156, Ykpaina
Anoraris
IoBHOILiHHE Xap4YyBaHHA € OCHOBOIO >KUTTEAiI/IbHOCTI JIAUHY, 0COGJIMBO NIPU JIiIKyBaHHI Ta pea6iiTanii. Y 3B'a3Ky
3 IIMM 3aCTOCYBaHHS NPOAYKTIB AJiS eHTepPa/IbHOr0 Xap4YyBaHHA 3apa3 CTA€ NOIIMPEHMUM. Y NpeJcTaB/JIeHOMYy MaTe-
piani craTTi NnpoBeAeHO OLiHKY 6iJIKOBOI IIHHOCTi pO3p061€HOro repoAi€TUYHOro NPOAYKTY AJIS1 eHTepaJbHOTro
Xap4yyBaHHs Ha OCHOBIi CyXHX PO3YMHHHUX CyMilllei, NPOEKTYBAaHHA Ta CTBOPEHHA KOMIOHEHTHOro CKJajy sIKOro
3/ilICHIOBA/IOCA Ha OCHOBi Cy4YaCHHUX 3araJibHOBU3HAHUX BigoMocTel npo cuenudiky MeTa601iYHUX NOTPEO J1I0Jel
CcTaplIMX BiKoBuUX rpyn. [IpoBejeHO eKciepuMeHTaJIbHI J0C/IiA)KeHHs Ta Npe3eHTOBAHO iX pe3y/ibTaTH 040 BMicTy
6iJIKiB, XKMpiB, ByI/IeBO/iB, aMiHOKHMC/JIOTHOI0 CKJIaAy Ta CKOPY 8 He3aMiHHUX i 2 yMOBHO He3aMiHHUX aMiHOKMCJIOT,
y T.4. koedinienTy iloro BigminHocTi (KBAC) (21.5 %), 6ios10riyHOi LiHHOCTI 6i/IKOBOI cK/1a0BoOi (78.5 %). 3AilicHeHO
KJ/IiHiYHY anpo6aniio BIUIUBY BiJ BXKMBaHHSA P0O3p06/IeHOr0 BUPOGY Y TOTOBOMY 0 CHOKMBAaHHA PO3YMHEHOMY CTaHi
(mozaTkoBO 40 3BHMYAHHOIO panioHy) Ha BigHOBJIeHHA piBHA 6ilka y KpoBi Jnogeil i3 coMaTMYHUMU
3aXBOPIOBAHHAMM Ta TPaBMaMM, y MicjA onepaniiHoOMy cTaHi, o npoBoauaaca y Y «IHCTUTYT repoHTOJIOri] imM.
[.®. Ye6oTaproBa HAMH Ykpainu». OaeprkaHi eKcnepuMeHTa/IbHI Ta aHAJIITUYHI JaHi A03BOISIIOTh KOHCTaTyBaTU
onTHMaJbHe CHiBBiJHOLIEHHS BMIiCTy MaKpOHYTPi€HTIB y NPOAYKTi mMOTpe6aM HmpejCTaBHHMKIB CTapIIMX BiKOBHUX
rpyn, 36a/J1aHCOBaHiCTh aMiHOKHMCJIOTHOrO CKJaAy Ta BHUCOKY 6ioJioriyHy LiHHICTh 6iJIKOBOI CKJIaJ0BOi BHUPOOGY.
Opep:kaHi pe3y/JbTaTH NPOBEJEHOr0 JOCAi)KeHHA TAK0X JAal0Th 3MOry peKOMeH/JyBaTH MOro CIO>KUBAHHA JHOAAM
i3 BUCOKMMM (i3UYHUMHU Ta NCUX0EMOLiIHHUMH HABaHTA)KEeHHAMH, COMaTUYHUMU AUCPYHKIIAMH, 3aXBOPIOBAHHAMHU
Ta TpaBMaMH /JJifd BiJJHOBJIEHHS HAJIE)KHOrO PiBHA 6ijiKka, 30KpeMa NpejCTaBHUKAMM CTaplIMX BiKOBHMX IpYIL
CnoXMBaHHA PO3pP0G6JIEHOr0 NPOAYKTY [AO03BOJIUTh 3HAYHO NOJINIIUTH 3a6e3nedyeHHs HYTPMTHMBHHMX NOTpes
IiJIbOBOI KaTeropii cno>kuBa4iB ynpoaoBK NepioiB J1iKyBaHHs i peabiiTanii.
Karuosi cnoea: eHTepasibHe XapyyBaHHSA, FepOJAiETUYHI MPOJAYKTH, 61IKOBa CKJIaJI0Ba, 6i0JI0TiYHA iHHICTb, aMiHOKHCJIOTH,
KJIiHIYHa anpo6aris.
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OIIEHKA BEJIKOBOW LIEHHOCTH 'EPOJAUETUYECKOTO ITPOAYKTA JIJIA
JHTEPAJIBHOT O IIMTAHUA

Amutpuit I1. AHTIOIKO
Kueeckull HayuoHabHblll mop2080-3KoHoMuYecKuli yHugepcumem, ya. Kuomo, 19, Kues, 02156, YkpauHa

AHHOTaUMs

IloIHOLleHHOe TIMTaHHe ABJAETCA OCHOBOH )>KU3HeJeATe/JbHOCTH 4Ye/I0OBeKa, OCOGeHHO MNpHU JieYeHHMH U
pea6uauTanuM. B cBA3M ¢ 3TUM NpUMeHeHUe NPOAYKTOB JJIs1 JHTepa/JbHOT0 NUTAHUA ceiiyac CTAHOBUTCS HIHUPOKO
pacnpocTpaHeHHbIM. B nmpejacTaB/JieHHOM MaTepuajie CTaTbUu MNpoBeJeHa OLEeHKa GeJIKOBOH IeHHOCTH
pa3pa60TaHHOIO repojHeTH4ecKoro NpoAyKTa AJs IHTePaJTbHOr0 NMTAHUA HAa OCHOBE CyXHUX PaCTBOPHMBIX cMeceH,
NMpOeKTUpOBaHMe U CO3/laHHe KOMIIOHEHTHOro COCTaBa KOTOPOro OCYIIeCTBJ/ISJIOCh Ha OCHOBAaHMH COBPEMEHHBIX
06LIeNpU3HAHHBIX CBeJeHUull 0 cnenudpuke MeTab0IMIECKUX NOTPEGHOCTEH I0Ael CTapIIuX BO3pPacTHBIX TPyl
IIpoBeeHbl 3KCIEepPUMEHTA/IbHbIE HCC/AEJO0BAaHUA M Npe3eHTOBAaHbl MX pe3yJbTaThl KacaTeJbHO COJep KaHHs
6€eJIKOB, »KUPOB, YIJI€BOAOB, aMMHOKHMC/JIOTHOrO COCTaBa M CKOpa 8 He3aMeHMMBbIX M 2 YCJOBHO He3aMeHMMBbIX
aMHMHOKHCJIOT, B TOM uMcie Ko3dpdunuenta ero otauyua (KOAC), 6uo/IorMYecKOll LeHHOCTH OGeJKOBOM
coctapisomeil. [IpoBefgeHa KJIMHUYeCKasa anpo6anusa BJAUAHUA OT yNOTpeGJieHHs pa3paGOTaHHOTO U3Jeaus B
rOTOBOM K yIOTpeG6JIeHHI0 PACTBOPEHHOM COCTOSIHMHU (AOMOJIHUTEJBbHO K OGbIYHOMY PAllMOHY) Ha BOCCTAaHOBJIEHHE
YPOBHA 6eJIKa B KPOBH JIIOAEiH ¢ COMaTH4YeCKUMH 3260/1eBaHUAMHM M TPAaBMaMHU, B NOCJIe ONepalijuOHHOM COCTO THHMH,
KoTopasa mnpoBogwiach B I'Y «UHcTuUTyT repoHtosiorum uMm. [1.®.Ye6orapésa HAMH Ykpaunbi». IlosryueHHbIE
3KCNepUMeHTa/IbHble U AaHA/IMTHYeCKHe JAaHHble MO3BOJIAIOT KOHCTaTUPOBATh ONTHMAJIbHOCTh COOTHONIEHUS
coJepKaHMsA MAaKpPOHYTPHEHTOB B NPOAYKTe MNOTPEeGHOCTAM MNpeACTaBHTe/Ied CTapIiMX BO3PacTHBIX TIpymm,
Cc6a/IJaHCHPOBAaHHOCTb AMHUHOKHC/IOTHOTO COCTaBa U BbICOKYIO GM0OJIOTMYECKYI0 leHHOCThb GeJIKOBO# COCTaBJIAIOILEH
u3jenus. Pe3yabTaThl NPOBeJEeHHOTO MCC/eA0BAaHUA TaKKe Jal0T BO3MOXKHOCTh peKOMEHA0BaTh €ro NoTpeéjieHue
JI0JSIM C BBICOKMMHM (U3NYECKHUMH, MNCHUXMYECKHMMH H 3MOLMOHAJBHBIMM Harpy3kamMH, COMaTH4eCKHMH
AUCPYHKIMAMH, 3a60/1eBaHMAMU U TPAaBMaMHM JJis1 BOCCTAaHOBJIEHMA HajJie)Kalllero YpoBHs 6esika, B YaCTHOCTHU
NpeACTaBUTENAMH CTAPIIMX BO3pacTHBIX rpyni. [loTpe6ieHne pa3spaGoTaHHOTO NMPOAYKTA NO3BOJIUT 3HAYUTETbHO
yJIy4IIUTh OGecneyeHUe HYTPMTUBHBIX MOTpPeGHOCTel Lie/ieBOM KaTeropuu norpe6uresiedl B Te4eHMH NEePHOAOB
Jle4eHHUs ¥ peaGUINTALUH,

Knaiouegble csn08a: 3HTepasJbHOE NUTAHHE, repojueTHYecKHe INPOAYKTBI, OesKoBasd cCOCTaBJAwoLIas, GHOJOrHYecKass

LHEeHHOCTb, aMUWHOKHCJIOThI, KJIMHHUYeCKasd anpoGauHﬂ.

Introduction

Optimal nutrition, scientifically substantiated
in accordance with the specificity of aging needs,
has a great influence on human organism. It is
especially important to address fully the
nutritional needs for those representatives of
elder aging groups, who have high physiological
and  psycho-emotional loads,  metabolic
dysfunctions, disorders and traumas. That is why
consumption of food products for special medical
purposes - enteral nutrition - became widely used
in modern practice. This nutrition contains
targeted modelled composition of nutritive
components to ensure needs in nutrients and to
correct smitten physiological processes. Great role
in this kind of products is assigned to proteins.
One of the most important characteristics, which
identify the level of protein conformity to special
dietary needs, in particular for older adults, is its
biological value.

The analysis of market’s current state of these
special food products group gives an opportunity
to state its dynamic and rapid development [1-5].
Due to the established relevance of the creation of
new products for enteral nutrition and basing on
analytic data about peculiarities of the older aging
group representatives nutritional needs [6-17]
the specialists of the Kyiv National University of
Trade and Economics (KNUTE) and the State

Institution “Ukrainian National Academy of
Medical Sciences Institute of Gerontology n. a.
D.F. Chebotarev” have developed and patented the
gerodietetic dry soluble product for enteral
nutrition [15]. It is characterised by following
components content: maltodextrin monodisperse
(25.00 g), glucose (21.50 g), protein concentrate,
manufactured from dairy whey WPC-80 (20.00 g),
omega-3 polyunsaturated fatty acids in casein
matrix (the content of omega-3 fatty acids is more
than 90 %) (10.50 g), fructose (10.00 g), dietary
fiber (5.40 g), food starch (4.00 g), I-glutamine
(2.00 g), 1- methionine (0.50 g), 1- tryptophan
(0.30 g), ascorbic acid (0.25 g), ginseng root
extract (0.20 g), I- tyrosine (0.10 g), glucosamine
(0.10 g), creamery calcium (0.07 g), coenzyme Q1o
(37 mg), magnesium hydrophosphate (35 mg),
calciferol (6 mg), B-carotene (5 mg), riboflavin
(2 mg), pyridoxine (2 mg).

It is prescribed, that the preparation of the
developed product for consumption (usage)
should be carried out by dissolving a portion of the
dry mixture (50 g) in 200 cm3 of boiled water at a
temperature of 15-40 °C (an additional increase of
the water amount on 40 cm3 (depending on the
preferences of consumers) is possible). The
consumption of the developed gerodietetic
product is recommended for elderly persons,
especially those, who have high physical loads,
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emotional stresses, different somatic traumas and
injuries.

Purpose and objectives of the research. The
purpose of this study was to estimate protein
component of the developed gerodietetic product
for enteral nutrition biological value effectiveness.
Thus, to achieve this purpose it was necessary to
solve the following tasks: to research the content
of macronutrients in the developed product, their
ratio, to analyse amino acids content, to estimate
biological value of the product’s protein
component, to provide clinical testing of the
developed gerodietetic product’s consumption
functional effectiveness.

Materials and methods

The research object was the developed
gerodietetic dry soluble product for enteral
nutrition [18]. Dry soluble product for enteral
nutrition “Peptamen”, manufactured by Nestle
corporation (Switzerland), was chosen as a
control sample. It has similar recommendations
for usage. It was realized in tin cans with a plastic
lid. The components of this product (mentioned in
its labelling) are maltodextrins, enzymatically
hydrolyzed dairy whey and soy proteins, sucrose,
fructose, medium chain triglycerides, potato
starch, soybean oil, soy lecithin, calcium
carbonate, sodium phosphate, magnesium
chloride, choline bitartrate, flavoring, identities
natural (vanillin), potassium phosphate, sodium
ascorbate, magnesium citrate, carnitine, taurine,
niacin, zinc sulfate, pyridoxine hydrochloride,
retinol acetate, thiamine, riboflavin, folic acid.
Sampling and preparation of dry soluble products
samples for research were carried out by random
sampling in accordance with all necessary norms.

While carrying out experiments following
methods were used: protein content was
determined by the Kjeldahl method, lipids - by the
Soxlet, carbohydrates - by the Bertrand method.
The content of amino acids was identified by the
liquid-column ion-exchange chromatography
method using the automatic analyzer of amino
acids AAA 400 (“Ingos-Laboratory Instruments”,
Czech Republic) [19; 20]. Fractionation of amino
acids into individual ones was made on a
chromatographic column, filled with an ion
exchanging resign Ostion LG FA. The replication of
all experiments was quintuple, of analyzes - triple.

Amino acids score of researched product was
calculated basing on the content of each essential
amino acids residues in relation to its master
sample values, which are developed in accordance
with the recommendations of the FAO/WHO
profile committee specialists [21].

The protein component’s biological value was
assessed by using the amino acid score difference
factor (AASDF). It was calculated basing on the
results of comparing with the content of ideal one
(according the recommendations of FAO/WHO
expert committee specialists [22] and using the
following formula (22-26):

BV =100 - AASDF :lOO—ZARAAS /n
(1)

where BV - the biological value of product
protein component, %;

AASDF - the amino acid score difference
factor, %

»A RAAS - the ratio of each essential amino
acid (EAA) score to the minimal essential amino
acid score, %;

n - the quantity of essential amino acids - 8.

Clinical usage of the functional effectiveness of
the developed gerodietetic product was carried
out at the Department of surgery of the State
Institution “Ukrainian National Academy of
Medical Sciences Institute of Gerontology n. a. D.F.
Chebotarev”. During the study 2 groups per 18
elderly patients (age 65-82 years) with somatic
diseases and injuries were selected. The
representatives of the 1-st group additional to
standard nutrition diet had per 2 portions of the
developed products in liquid state (in the morning
and in the evening) during 10 days. The
representatives of the 2-nd group had only
standard nutritional diet. The study of the clinical
efficacy of the developed product for enteral
nutrition was carried out on a set of indicators,
which included studies of the general, in particular
physical and psycho-emotional, well-being of
patients, total protein level in blood.

Statistical processing of the obtained
experimental data was made in accordance with
the Student's t-test using special computer
programme package SPSS Statistics vs. 20.
Average quantity, standard deviation, standard
deviation error were calculated. The statistically
significant level was considered, its value was less
than 5 %.

Results and their discussion

The main factor that makes it possible to
evaluate the nutritional, especially energy, value
of products for enteral nutrition is the content of
macronutrients. Because of it, the content of
macronutrients was researched also for
establishing the conformity of the researched
products to the needs of the target contingent of
consumers (older adults). The obtained results are
presented in Table 1.
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Table 1
The content of macronutrients in dry soluble products, g/100 g
Macronutrients Control sample Developed product
Proteins 18.49+0.21 18.18+0.26
Lipids 17.79+£0.15 11.82+0.12
Carbohydrates 56.81+0.48 62.08+0.44
The obtained experimental data about the Using the results about the ratio of

content of macronutrients allows concluding that
the developed product for enteral nutrition is
characterized by a high content of protein
component. This is due to the fact that proteins
have the specific metabolic effects, which are
explained by special metabolic activity of these
products on the human body (recovery of protein
losses, provision of plastic material for muscles

macronutrients in the developed gerodietetic
product for enteral nutrition it can be stated that
it meets the analyzed specific needs of the elder
people in the main food substrates [6; 8-16].

The research results of amino acids qualitative
and quantitative composition are presented in
Table 2.

and bones).

The amino acids composition of products for enteral nutrition, mg/g of crude protein

Table 2

Amino acids name Products content, mg/g of crude protein
Control sample Developed product
Essential amino acids
Isoleucine 458+ 2.2 46.8+2.6
Lysine 65.6 +3.1 67.8 £3.2
Leucine 79.4+3.8 724 +3.4
Methionine 22.5%0.9 286+1.7
Threonine 48.1+2.2 51.1+27
Tryptophan 14.4+0.6 169+0.8
Phenylalanine 279+1.2 323+14
Valine 57.3+23 52.5%2.2
Total 361.0+16.3 368.4 +18.2
Conditionally essential amino acids
Cystine 13.5+0.7 10.4+0.5
Tyrosine 25.7+1.1 264 +1.2
Total 39.2+1.8 368+ 1.7
Nonessential amino acids
Alanine 46.1+2.1 474 +1.8
Arginine 39.5+1.38 29.8 0.7
Asparagine acid 107.5+5.1 103.4+4.3
Glycine 21.0+0.9 21.1+0.6
Glutamine 237.1+11,0 261,4+11,8
Histidine 347+1,2 15,7+0,6
Ornithine Traces
Proline 64.0+29 63,8+2,4
Serine 499+128 519+19
Total 599.8 + 26,8 594,5 + 24,1

Basing on the results of conducted study the amino acid score was researched. The obtained data

are presented in Table 3.

Table 3
Amino acids score of the developed product for enteral nutrition
Essential amino acids ~ [FAO/WHO scale Control_sample Developec_i product
mg/g crude protein score, % mg/g crude protein score, %

Isoleucine 40 45.8 114.5 46.8 117.0
Lysine 55 65.6 119.3 67.8 123.3
Leucine 70 79.4 113.4 72.4 103.4
Methionine + cystine 35 36.0 102.9 39.0 1114
Threonine 40 48.1 120.3 51.1 127.8
Tryptophan 10 14.4 144.0 16.9 169.0
Phenylalanine + 60 53.6 89.3 58.7 97.8
tyrosine

Valine 50 57.3 114.6 52.5 105.0

Total - 409.6 - 405.2 -
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The data, presented in Table 3, prove the fact
that the proteins of the developed gerodietetic
product for enteral nutrition are characterized by
high biological value of protein component. It is
explained by balanced essential amino acids
composition. The dominant amino acid of the
developed product is tryptophan (159.0 %);
limited ones - phenylalanine and tyrosine
(97.8 %). For the control sample dominant and
limiting amino acids were also mentioned ones
(144.0 % and 89.3 % relevantly). These core of
amino acids for the gerodietetic product was
higher (on 14.8% and 8.7 % respectively).
Improvement of the amino acid composition can

be explained by the usage of protein-based whey
concentrate WPC-80 of high biological value in the
developed product and the partial usage of plant
origin proteins in the control one.

At the same time, the products proteins amino
acid score calculation doesn’t give a complete
evaluation of their biological value. The human
body requires proteins as a plastic material only in
measures of limiting amino acids, in other case
they are spent to meet energy needs. That is why
for receiving an additional information the
proteins biological value was assessed using the
amino acid score difference factor (AASDF). The
received results are presented in Table 4.

Table 4
The biological value of products for enteral nutrition protein component, %
Index Master sample Control sample Developed product
The amino acid score difference
factor (AASDF) 0 254 215
Biological value 100 74.6 78.5

Basing on the received results it was found
that the developed gerodietetic dry soluble
product’s for enteral nutrition amino acid score
difference factor (AASDF) was 21.5 %. It was on
15.3 % less than the corresponding index of the
control sample. As a result, the biological value of
the developed product’s protein part is on 3.9 %
higher than the corresponding index of the control
sample.

The results of the developed product’s clinical
approbation give an opportunity to state that the
patients consumed it in a ready-to-drink liquid
state with moderate pleasure. Allergies and
undesirable effects were not detected.

Obtained results showed that the patients, who
consumed the product, had quicker normalization
of total protein level in blood than the patients in
the control group (Table 5).

Table 5
The results of clinical usage of the gerodietetic product for enteral nutrition
Control group Developed group
Index the beginning of the end of study the beginning of the end of study
study study
Protein level in blood N* - (20-25 %) N* - (12-14 %) N* - (20-25 %) N* - (8-9 %)

where N* - lower level of total protein level in blood according to the laboratory of State Institution «Ukrainian National
Academy of Medical Sciences Institute of Gerontology n. a. D.F. Chebotarev».

The conducted study of gerodietetic product’s
clinical usage allow to confirm that persons, who
consumed it, in comparison with the
representatives of the control group, had more
pronounced tendencies to the improvement of
physical and psycho-emotional state. In particular,
the total protein level in blood was normalized
faster (on 33.3-35.7 %), the period of staying in
the hospital (on 12-15%), treatment and
rehabilitation were reduced. It is expected that
first of all this fact is substantiated by the
biological value of protein component.

Conclusion

Based on the results of provided assessment of
the developed gerodietetic product for enteral
nutrition  protein’s component (including
comparing with the control sample) its high
nutritional and biological value was determined:

the macronutrients content was in accordance
with the norms, recommended for the
representatives of the older age groups, the amino
acids composition was enough balanced, the
assessed biological value of its protein component
was rather high (78.5 %). Also usage effectiveness
and protein’s component high biological value
were proved by the results of clinical approbation.
Through this process, the developed gerodietetic
product for enteral nutrition can be recommended
for consumption by representatives of the older
age groups with high physiological and psycho-
emotional loads, metabolic dysfunctions,
disorders and injuries.

The further researches prospects are the
evaluation and detailed analysis of the developed
gerodietetic product’s food, especially biological,
value, in particular the content of fatty acids,
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vitamins, mineral elements and their digestibility
by human organism.
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Abstract

The aim of the study is to reduce the technogenic load on the environment from acidic wastes of titanium production
by developing a technology for utilizing iron sulphate to obtain ferum paste (II, III) of oxides-hydroxides and
ammonium sulfate solution as target products. The accumulation of such large-tonnage waste as iron vitriol is one of
the environmental problems in the regions where such enterprises are located.

Iron sulphate is 24 % free sulfuric acid. Thanks to biogeochemical processes, solutions of sulfuric acid, penetrating
through groundwater, reach large areas of land. As a result, the structure of the soil changes. Contamination occurs
with titanium and chromium ions, which are part of the waste. As a result of favorable meteorological conditions, it
spreads in the form of acid rain over long distances and damages ecosystems. This article is devoted to the problem
of formation, accumulation and disposal of chemical waste. A radical solution for the utilization of accumulated iron
sulphate has been proposed. The main physical and chemical processes of the developed technology are revealed.
The processes of ammonolysis, oxidation and formation of a suspension, as well as filtration of the precipitate were
studied. It was found that the resulting precipitate is magnetite. Obtaining this magnetite allows it to be used in the
steel industry.

Key words: environment; iron sulfate; ammonolysis; oxidation; target products.

3HWKEHHA TEXHOTEHHOI HABAHTAYKEHHA HA IOBKLI/I/IAI 3A PAXYHOK
TEXHIYHOTO PIIIEHHA MO YTUJII3ALII 3AJII3HOTO KYIIOPOCY

['anHa B. bapcykoBa, MapuHa 0. CaBuenko-IlepepBa

CymcoKull HayioHabHull azpapHuli yHieepcumem, eya. I'epacuma Kindpamiesa, 160, Cymu, 40021, Yxkpaina

AHoTaliga

MeTo10 JOC/TiAXKEeHHA € 3HHXKEeHHA TEeXHOTeHHOIr0 HaBaHTa)KeHHA Ha HABKOJIMINHE cepeAoBMINE BijJ, KMCJIOTHHUX
Bi/IX0/liB TATAaHOBOr0 BUPOGHMIITBA LIJISIXOM PO3POGKHU TexXHoJIorii yTui3anii 3a/1i3HOro Kynopocy 3 OTpUMaHHSIM B
AKOCTi IiyiboBUX NpoAyKTiB nactu ¢pepym (I1, III) okcuaiB-riApokcUAiB i po3ynHy aMoHil cysibdaTy. HakonnyeHHs
TaKUX 6araTOTOHHAXXHUX BiJX0AiB, K 3a/i3HMI Kynopoc, BiJHOCUTBCA [0 PAAY €KOJIOTIYHUX Npo6JjeM y perioHax,
JAe PO3TalllOBaHi Takoro poAy migmpueMcTBa. 3aji3HUIl Kymopoc Ha 24 % ckJIaJa€TbcAd 3 BiJbHOI cy/bdaTHON
KHMCJIO0TH. 3aBJfKH 6GioreoxiMiyHMM mponecaM pO34YMHHM Cy/ibpaTHOI KHUCJIOTH, NPOHMKAKWYM y NiA3eMHi BoAH,
NMOTPAIJIAIOTh HA BeJIUKI I1omii cymi. BHac/1iA0K 40ro 3MiHIOEThCA CTPYKTYpa I'PYHTIB. Big6yBa€eThcs ix 3a6pyAHeHHA
ionamu TuTtaHy i Xpomy, AKi € YaCTHHOI0 BiAXO0/iB. Y pe3y ibTaTi CIPUATINBUX MeTE€OPOJIOTiYHIX YMOB 3a6py/JHEHHS
NOIIMPIOIOTHCA Y BUIJIAAI KUCJIOTHUX AOLLIB Ha BeJIMKi BiAcTaHi Ta 3aBAalTh WIKOAM exkocucTteMaM. Ila crarrda
NpUCBAYEHA IP06JIeMi yTBOPeHHsI, HAKONIMYeHHs 1 3HeIIKO A )KeHHsA XIMiYHUX BiJX0/iB. 3aponoHOBaHO paAuKaJibHe
pilleHHA JJA yTUaisanii HaKONMMYeHOro 3aJji3Horo Kymopocy. BusHaueHi ocHOBHI ¢isuko-ximiuHi mponecu
po3po6yeHoi TexHoJ0Tii. BUBYeHO mpolecu aMOHOJIi3y, OKUCHEHHA 1 yTBOpeHHA cycneHs3ii, a Takok (inbTpanii
ocaay. BcraHoB/IeHO, 10 OTpPMMaHMU oOcaj ABJS€E€ CO60I0 MarHeTHUT. OTPMMAHHA IbOTO0 MAarHETUTY J03BOJISIE
BUKOPHUCTOBYBAaTH HOro B cTaJjie/IMBapHili mMpoMHUc/I0BOCTi. OTpUMaHUil MarHeTUT MOKe GYTH BUKOPHMCTaHMH Y
cTajie/IMBapHii NPOMHUCI0BOCTI.

Katouosi caoea: [oBKins; cyabdat 3as1i3a; aMOHOJ1i3; OKUCHEHHS; LiJIbOBI MPOAYKTH.
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CHWXXKEHUE TEXHOTEHHOM HATPY3KHU HA OKPY>KAIOIIYIO CPEZY 3A CYET
TEXHUYECKOI'O PEIHIEHHUA 110 YTUJIN3ALIUU XKEJIE3HOT'O KYIIOPOCA

AnHa B. BapcykoBa, MapuHa 10. CaBueHko-IlepepBa
CymcKull HayuoHaabHbll azpapHblil yHugepcumem, yA. I'epacuma Kondpamewesa, 160, Cymbi, 40021, YkpauHa

AHHOTaus

IleJ1bI0 HCC/IEA0BAHUA ABJIAETCA CHIXKEHUE TEXHOTEHHOM Harpy3Ky Ha OKpY»KallIyIo Cpey OT KUC/JIOTHBIX OTX0A0B
TUTAaHOBOTO MPOU3BOJACTBA NMyTEM Pa3paGOTKH TEXHOJOTMH YTH/IU3AIUM KeJIE3HOT0 Kynopoca ¢ NoJiydeHHeM B
KayecTBe LeseBbIX npoaykroB mactbl ¢epym (II, III) oKcuAOB-rUJpPOKCHAOB M pacTBOpa aMMOHHUI cyabdara.
Hakon/ieHue TaKMX MHOTOTOHHR)KHBIX OTXO/0B KaK JKeJIe3HbIA KyIlOPpOC OTHOCUTCSA K PAAY 3KOJIOTHYeCKUX MPo6ieM
B PETMOHAX, I'/le pacnoJioKeHbl TAKOro po/Ja npeAnpUsaTHs.

MesesHblii Kynopoc Ha 24 % COCTOUT U3 CBOGOAHOI cepHOM KUCJ0THL. biarogapsa 6uoreoxuMu4ecKnuM npouneccam
pacTBOpbI CEPHOU KHC/IOThI, IPOHUKAs B NOJA3€MHbIE BOJbI, IONAAAKT Ha GoJIbIINeE IJIOIIAJH CylIU. B pe3yibTaTe
MeHseTCcs CTPYKTypa mo4Bbl IIpoucxoJuT 3arpsi3HEHHE HMOHAMM THUTaHa U XPOMa, KOTOPbIEe ABJISIOTCI YaCThIO
OTXO0J0B. B pe3ysbTaTe 6/1aronpHATHBIX METEOPOJIOTUYECKUX YCJOBUUA 3arps3HeHUs] pacHpOCTPAHAIOTCA B BUJeE
KUCJIOTHBIX J0X/Jeil Ha Go/iblINe PACcCTOSHUA U HAHOCAT ylep6 sKocucTeMaM. ITa CTaThA NMOCBAILLEHA Npo6JieMe
06pa30BaHMs, HAKOIUIEHUS U 06e3BPEKUBAHUSA XMMUYECKUX OTX0A0B. [Ipe10keHO pajuKa/IbHOEe pelleHue AJs
YTH/IM3AalMM HAKOIUIEHHOTO ’KeJIe3HOT0 Kynopoca. BbIsiBJIeHbI OCHOBHble (QHM3UKO-XHMMHYECKHE MNPOLEeCcChl
pa3pa6oTaHHOM TeXHO/IOTHMU. U3y4yeHbl NMponecchl aMMOHOJIM3a, OKHC/IEHUs U 06pa30BaHUsA CyCHeH3HH, a TaKxke
¢uabTpanum ocajgka. YCTaHOBJIEHO, YTO MOJIyYeHHBIN 0CaJoOK NpeacTaB/asdeT co60ii MarHeTHT. [loslyyeHue 3TOro
MarHeTHTa N03BOJISIET UCII0JIb30BATh €ro B CTa/Ie/IUTeHHOM NPOMBbIIIEHHOCTH. [10/lyYeHHbIH MarHeTUT MOXKeT GbITh
KCII0J1Ib30BaH B CTa/Ie/IMTEHHON NPOMBILLIEHHOCTH.

Kaiouesble cn08a: okpyxarolas cpesia; cyibdart xeJjie3a; aMMOHOJIN3; OKHUC/IEHHE; LieJIeBble NPOAYKTBHI.

Bcetyn OCHOBHMM  3aBJAaHHAM  JepaBd  JJId
Cepesi HM3KH €KOJIOTIYHHUX Mpo6seM, sAKi MOKpalleHHs  piBHA  €KOJIOrivyHOI 6e3neKku
MaloTh Miclie B YKpaiHi, 0COGJIMBO rOCTPO CTOITL ~ PErioHiB, e po3TalloBaHi MiJOPUEMCTBA 3

TUTAaHOBOTO BHPOOHULTBA HA CbOTOJHILIHIN
JleHb € OTPUMaHHS 3a/1i30pyAHUX OKAaTUILIB /s
MeTaJypriiHoI NPOMHUCAOBOCTI. BOHU 1,03BOJIATH

npobJema BifixoZiB. OCHOBHHUM /[IKepeJsioM
yTBOpeHHs BiaxoAiB y CyMcbkid ob6saacti €
MiANPUEMCTBO XiMiyHOI mnpomuciaoBocTi [IAT

«Cymuximnpom». [Ipy BUpo6HULTBI TuTaH (VI) CKOPOTUTH  BHAOOYTOK  3ai3HOl  pyau i
oKcuzly GOpPMYy€ETbCA 6araTOTOHHAXKHHMM TBepAUil  MOJIMLIMTH CTaH HaBKOJIMIIHBOTO CEpeOBULIA.
Bigxin Ha ocHoBi ¢epym (II) cyabdaty. Y AHaniz  ocmaHHiX  docaiddceHb  ma
pesyabTaTi TpuBajoi AisabHOCTI uexiB mo NYy6/iKayill. AHaNITUYHWK OrJ/AJ, IaTEHTHO-

BUpoO6HULTBY TUTaH (VI) okcuay B BiaBasi Ha
Teputopil [IAT «CymuxiMmnpom» HaKONUYUJIOCH
61m3bko 1.5 MJH T 3aji3HOro Kymnopocy.
3a3HaueHUWM BifgBaJ, mo CcyTi, Mae MacwTabu
TEeXHOTeHHOr0 pOJOBMILA, IpoTe BiH He
nepepoobJIAETbCA Yepe3 BifCyTHICTb 6Ge3nedyHUx
TexHoJIoTiM. CUTyalis yCKJIaZHIOETBCA THUM, L0

icHye 3HayHa  pi3HUIA MK obGcAraMH
HakoNmW4yeHHA  BiaxoxiB i  obcaramMum  ix
3HELIKO/KEHHA Ta BUKOpUCTaHHA. OTxe,

HaKONMUYEeHHS CyJibaTHOI KUCIOTH € OCHOBHOIO
[IPUYUHOIO NOTiPIIEHHA €KOJIOTIYHUX [TI0KA3HUKIB
periony [1].

3 a”asi3y cuTyalil, L0 CKJaajacs, MOXHa
NpUHATH [0  BUCHOBKY, IO  yTHWJIi3aLis
HaKOIIMYEeHOI0 Bizgxony € po6JsieMoI0
aKTyaJbHOK0. OCHOBOIO JAHOTO JOC/IJPKEeHHH €
3HaXO/PKEHHS TAKOT0 TEXHIYHOTO pillleHHS, siKe 6
paJiMKaIbHO J03BOJIMJIO 3a/IyYUTH BEJIUKi 06CATr
Bigxony fo nepepobku. [l JOCATHEHHS TaKoi
MeTHU Oijbllle WAHCIB y po3pobii TexHoJoril
nepepobKy 3aji3HOr0 Kymopocy Ha cyMim i3
depym (II, III) oxcugis-rigpoxcuai (OI'd) i
pO34HH aMoOHill cyabdaty [2-5].

TeXHIYHOI JiTepaTypu MOKas3ye, L0 BUHHUKJA
HeoOXi/HICTb B p03p0061]i HOBOI TeXHOJIOTI], AKa 6
Jl03BOJIMJIa 6 3a7y4YUTU BeJUKi 06'eMU BiaxoAy i
TUM CaMHUM [OKpaUIATH €KOJIOTIYHHMNA CTaH
periony, 3aCHOBaHa Ha OTpUMaHHI
ToHKogucnepcHux ¢epym (II, III) oxcupis-
rigpokcuaiB (TOI'®). TowykoBa iHdopMauis
COpsIMOBaHa Ha 3HAXO/PKEHHS CHOCo0y, SKUH
3HEIIKOJWTh 3a/i3HUHM KyNnopoc fK UIKiAJUMBUH

KUCJIUN 3abpyAHIOBaY HaBKOJIMLIIHbOTO
cepezoBuuia [6; 7].

JliTepaTypHuit MOLUYK [I0Ka3as., 110
HeWTpasisalis BiJbHOI CcyJAbpaTHOI KHUCIOTH

JlOCATAETbCA B3AEMOJIEI0 3aJi3HOTO KyNOpOCY 3
aMiakoM, 10 NTPU3BOJUTE 10 YTBOPEHHS aMOHIN
cyabdarty i depym (II) okcuay. ¥ 1930-x pokax
KiIIbBKOM  aMepuKaHCbKUM  dipMaM  06yJio
3aNpoONOHOBAaHO NPAKTHUYHO iZleHTHYHI crocobu
OTpUMaHHSI aMOHiN cynbdaty (U0 He MiCTUTH
3amiza) 3 o¢epym (II) cynbdaty 6e3 Horo
nonepejiHbOr0 OKUCHEHHH.

MeToAM I'PYHTYBa/IMCA Ha B3aEMO/il BOAHOI'O
pO34MHYy 3aJi3HOr0 KYIOpocy 3 ra3onofi6HuM
aMiakoM abo aMiayHOI BOJ0I 3 YTBOPEHHAM
aMoHii cynabdaty i pepym (1) rigpokcuay [6;, 8].
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Bigomi ¥ iHmI crmoco6u OTpUMaHHS aAMOHIK
cynbdaTy 3 3ajdi3HOro  Kymopocy, IO
XapaKTepU3yrThCH MOC/ILOBHICTIO cTajin
OKMCHeHHs 1 pail amiaky. Ak mnpaBuio, Jud
3[iMCHEeHHsA cTafil OKHCHEHHSI B TeXHOJIOTril
BUKOPUCTOBYIOTbCA  CIlelia/JibHi OKUCHIOBadi-
peareHTH. [lpyd O6inbll TJIMGO0KOMY BHUBYEHHI
TEXHOJIOTiIA  3'ICOBYETBCS, 10 BiATBOPUTHU
MPOLECIB AaseKo He npocTo. [yxe 4acto s ix
peaJtizanii HeoO6XiIHUM 10CUTD SIKICHUH 3aJ1i3HUU
Kynopoc [9-14].

OpHak yTBOopeHHs ocaay OI'® - ne ckiagHUM
nponec. ToMy Mmoulyk y HaTeHTHIH JiTepaTypi
cnoco6iB yTBopeHHs KpuctaniB OI'®, ski MoxxkHa
JIETKO BiZipiIbTpyBaTH, 3a/IEXKUTD BiJ HACTYITHUX
dakTopiB:

a) mpoluecu oca/pkeHHS dyacTUHOK depym (II)
TiIpPOKCHUAY 3 BHUKOPUCTAHHAM BHCOKOMOJIE-
KyJIpHUX peareHTiB. llpefcTraBieHi pe3yibTaTu
eKCIIepUMEeHTaIbHUX  JOCAipKeHb  KiHETHUKHU
oca/pkeHHs1 yacTuHOK depym (II) rizpokcuny B
INPUCYTHOCTI  NOJIIAaKpUJIaMiJHUX  JOMIILOK.
OnucaHa MeToAWKa NpPOBEJEHHS [JOCJiKEHb
KiHeTUKH oca/ikeHHs [6; 15].

6) BIUIMB 3HauyHOI arperauil MepBUHHO
YTBOPEHHUX €JIEMEHTIB Ha 0Ca/pKeHHH CyCleHsil.

JoBeseHo, 1O  mpouec  iHTEHCUBHOIO
nepeMillyBaHHd  BIUIMBAE Ha  LIBUAKICTb
0oCa/PKeHHA Ta YTBOPEHHA cycneHsil.

ExcnieprMeHTH NPOBOAUIMUCA B J1IaBOPaTOPHOMY
CKJISHOMY pedJIeKTOPHOMY PeaKTOoDi, 110 SBJSE
c06010 LUJIIHAPUYIHY MOCYJUHY, YCepeauHi sKoi
MICTUTBCA KOHYC [JI 3aBaHTAXXEHHS peareHTiB
(po3umnu Fe(S04)3 1 NaOH). PesynbtaTtu
€KCIIepUMEHTIB MIOPiBHIOBAJIUCH i3
pO3paxXyHKOBUMH [JAaHUMH, BHUKOHAaHMUMH Ha
OCHOBI MaTeMaTHU4YHOI MOZeJ1i PoLecy.

B3aeMo3B’sI30k Mixk 06'€MOM yTBOpPEHOTO
ocajly i MBUAKICTIO HOT0 OCaJpKEHHA MOXe 0YTH
nepezn6ayeHU Ha OCHOBI eMITIPUYHOTO PiBHSHHSA
JUI pi3HUX THIIB 3MillyBaHUX cycneH3id. [na
He3MillyBaHUX  cycneHsii  ocagy  Fe(OH)3
CIOCTepiraloTbC aHOMaJIbHO BUCOKI IIBUAKOCTI
0Ca/PKeHHd, fAKIi Ha IMOpAJLOK BHILE, HDXK
HMIBUAKICTb OCaJpKEHHS CyCIleH3il TOro » caMoro
ocajly, 3MilllaHOTroO nepej MO0YaTKOM OCa/KEeHHH.
lle € HacaiAKOM MWBUAKOTO 3MIilIYBaHHA
NepBUHHUX 4YacTHHOK yTBopeHoro Fe(OH)s. ¥V
LbOMY BMIQAKYy BeJUKI CKYNYeHHS IIiJIbHO
3B’I3aHUX YaCTUHOK MalOTh HeNPaBUJIbHY GopMy
I IBUAKO 0CAZPKYIOThCS.

[liz yac mnuaBJIeHHA CIOCTepiraeTbcsd IMOSABA
nepwnx eseMeHTiB. OfHak Lell mpouec
NPU3YNIMHAETBCA TOZI, KOJM IX OCaJpKeHHs
cKiHyusocb. ToMy  CYKyNHICTb  €JIeMeHTIB,
3pyHHOBaHMX MiJ, 4Yac TMepeMillyBaHHH, B

MalOyTHbOMY He BiZJHOBJIIOETBCA. 3HaANJEHO
ONTHUMAaJIbHI apaMeTpHU NMPOIeCy 0CaPKeHHs, sKi
JI03BOJISIIOTh OTPUMYBATH arperaTu arperoBaHux
YaCTHUHOK MaKCHMaJIbHUX PO3MIpiB i, BiANOBiAHO,
36isbIIyBaTH IIBUJKICTb 0Ca/PKeHHH,
BUKOPUCTOBYIOUM MeHIIe 06J1aiHAaHHA [6; 16].

B) BIUIUB YMOB CTapiHHS Ha BMICT BOJU B
rpaHyJ/JIbOBaHUX TiZIPOKCHUJAX MeTasiB. BuB4yeHO
NMOBEAIHKY BOJAM B OKpeMHX | 3MillaHux
riipokcuzax J[edKUX MeTaliB y mnponeci ix
crapiHHs. [lokazaHa posib yMOB 36epiraHHs y
MexaHi3Mi CTapiHHA TiJpOKCUJIB MeTaJiB Ta
BMicT y Hux OH-rpyn i H20 [6; 17].

Y3arasbHeHUN aHasi3 3i6paHoi iHdopMauii
PO OCHOBHI aCHeKTH pPOo3po6JIeHOI TexXHOoJIoril
M0KasaB, 1[0, X04Ya iCHye 4YMMaJio myGJiiKalid 3
npo6JjieMd TIepepo6KU 3ali3HOr0 KyIopocy,
HeMae iHdopmarlii mpo po6oTy i3 3acTapijiumMu
BifiBasiaMU (TEXHOr€HHUMHU POJIOBUILAMHU ).

[IpoBeneHu niTepaTypHUU OT/sAM, [03BOJISIE
3p06UTH BUCHOBOK PO HEOOXiJHICTb pO3po6KU
OpUTriHa/JIbHOIO anaparty, 3aBJaHHsIM SIKOTO OyJe
OTPUMaHHSI  CUNYyYUX UIMaTKiB  3aJji3HOro
Kynopocy. OCHOBHUU NPUHLIUII pOOOTH anapary —
cyxe moApiGHeHHA MIMaTKiB i BigJgiseHHa Ha
CUTax Bif HemoTpibHUX mpeaMeTiB, fIKi Tak 4
iHaKIIe 3abpyHUIU BifBaJI. TakuMu
3a0pyAHEHHSIMHU MOXYThb OYyTU OyJiBesbHe i
no6yToBe CMITTS, KOMO/|03Ha CipKa i BATHSIKOBUH
me6iHb. MeTaneBi KOMIOHEHTH MOXJIUBI Yy
BUIJISAZI AeTasied BiAnpallbOBaHUX MeXaHi3MiB.

JloLiyTbHO OTPUMAaTH CIAGKUN PO3YUH aMOHIM
cyabdaty no BigHomeHH Jo depym (II)
cyabdaty. [paHuni KoHIUeHTpalii TroToBOro
po3uuny epym (II) cynbdaty 0060B’13K0BO
NOBUHHI 6yTH cniBcTaBJIeHH] 3 sKicT0 TBepaoi
¢dasy, Aka 6y/le OTpUMaHa aMOHOJIi30M. 3Ti/iHO 3
3ibpaHoto iHdopmMali€lo, TBepJa ¢asa B My ibmi
painioHaibHO cpOopMOBaHa y BUTJISA/Ii MAaTHETUTY.

[luTaHHA  KIJIBKICHOI  OLiHKK  @pouecy
BiAZiJleHHA TpPOAYKTIB peaknii BigjMHUBaHHA
BOJIOPO3UYMHHHUX CINOJYK BijJ TBepJoi ¢a3u B
JiTepatypi He 3’coBaHo. OfHak e(eKTUBHOI
NPOMHUBKHM BOJOPO3YMHHUX COJIEM JyXKe BaXKKO
JocAarty. Bigomo, 1m0 fKicHe NpoMUBaHHA OcCafy

JOCATAETbCA  TiAbKKM  micig  12-KpaTHoOro
npomuBaHHs [18].
TakuM 4YHMHOM, BHUXOASAYM 3 6GaraTbox

ny6Jsikauiii, Halkpauli yMOBU [Jisi PO3/iJIEHHS
CycrneHsil UIJIIX0M JleKaHTYBaHHsA a6o ¢inbTparii
BCTAaHOBJIIOKWTBCA Yy pasi, KoJu B CychneHsil
YTBOPIOIOTHCS YACTUHKU Maruetuty [19-22].

Mema docaidiceHHs - 3HMKEHHS
TeXHOTeHHOTI'0 HaBaHTa)KeHHSI Ha HaBKOJIMIIIHE
cepefoBuUlle Bif KHUCJOTHUX BiAXO/iB

TUTAHOBOTO BHWPOOHMIITBA IIJIAXOM PO3POOKH



171

Journal of Chemistry and Technologies, 2020, 28(2), 168-176

TEeXHOJIOTIl yTuJi3alil 3aJi3HOro Kynopocy 3
OTPUMaHHAM B AKOCTI L[iJIbOBUX IPOAYKTIB [1aCTU
Or'® i amoHi# cyabdarty.

3aedaHHs docaiddHceHH:

- JIOCJIi/PKEeHHA BIJIMBY 3aJ1i3HOI'O KYyIIOPOCY
Ha JOBKIJLJIS;

- MpOBeJeHHd XIMIYHOrO aHaJi3ly BUXiAHOI
CHPOBUHU (3a/Ti3HUH KyNopoc);

- TpOBeJEHHSI HMU3KUM  JOCJHIAIB  JJiA
3HAXO/[PKEHHSI ONTUMaJIbHUX yMOB IepPepoOKU
3aJ1i3HOr0 KyNopocy Ha aMoHiH cysibdaT Ta nacty
Oro [23];

- BHUBYEHHA [OLIJIBHOCTI BUKOPUCTAHHA
[[IJIbOBUX MPOAYKTIB: aMOHil cyibdaTy Ta nacTu
oro.

Marepiaim u MeTOaM

BakJiuBUM  acCleKTOM T1pd  NpOBeJeHHi
JloCi/pKeHHsT 6YJI0 JOTPUMaHHS BCiX MOJIOKEHb
MEeTOJUKH BilbOopy Npo6 3ali3HOro Kymopocy
[23]. BusHaueHHs CKJIaAy BiiBaJIbHOTO 3aJ1i3HOTO

Kymnopocy, yTBopeHoi mactu Old Tta i
MPOMHUBAHHS MPOBOJMJIOCH aHaJiTUYHUM
uisixoM [23-27].

ByJsi0 BU3Ha4Y€HO BMICT:
- ¢epyMm (3aranbHuit) [28]. 10 cM3 po3yUHY

peTesIbHO IEPEHOCUH [0 peayKTopa />KoHca Ta
noaaBanu 15 cm3 cysnbdaTtHoi kucaotu ta 10 cm3
BojU. Y pepykropi />KoHca HpoxoAuThb Ipouec
BifHOBJMeHHA npoTaroM 10 xBuianH. Yepes 10
XBUJIVH BiIHOBJIEHUH PO3YMH 3JIMBAJU y KOJIOY,
NpOMHUBAIOYU  pefyKTOop /[IKOHCa cHIo4yaTky
cynbdaTHOW KUCJAOTOW, a IMOTIiM BOJOIO.
OtpumMaHuii po3yuH TUTpyBasv 0.1 N po3unHOoM
KMnOs. TuTpyBaHHA 3aKiHYyBaJIOChb NpPH MOABI
C/1abKO-POXKeBOr0 KOJIbOPY PO34YMHY, SIKUHW He
3HukaB nporarom 30 c. Ilicna modBu Takoro
3abapBjieHHsd Ha 6wpeTrii BigMivaaun 006’eM
KMnO4, BUTpauyeHOro Ha TUTPYBaHHA.

- ¢epym (II) xation [28]. 10 cM3 po3uuHy
peTeJIbHO MEePEeHOCHJIH A0 KOHIYHOI KOJIOH AJIs
TUTpyBaHHA eMHicTio 250 cm3. OTpuMaHUM
po34uH tuTpyBaau 0.1 N po3unHoM KMnOa.

- ¢depym (III) kaTioH [28] BU3HaYaU K Pi3HULIIO
Mi>K MaCOBUMH 4YacTKaMU 3arajbHoro ¢pepymy Ta
depywm (II) kaTiony.

- cyabdar (II) anion (3aranpHuii) [29]. 1-2 T
nactu OI'®P 3BaKyBasid 3 MOXHMOKOIO He Oisiblie
0.001 r, nomimwanu y MipHy K016y eMHicTio 250
cM3, npuanBaiad 10 cm3 HNOszyouy, kuI'ATHAN 10—
15 XBUWJIMH, 0X0JIOJKYBaJlH, JOBOLWJIN 0 MITKHY,
nepemillyBaJH. OTpuMaHui pPO34YUH
¢inprpyBasu. 50 cm3  inbrpaTy mnineTkoro
NepeHOCUJIU [0 CTaKaHy, 04aBaJsiy 25 MJI BOJU Ta
HarpiBaJu. [lo HarpiToro po3yuHy fgogabanu 60
Mg rapsdoro BaCl,. OTpumanHuil po34uH
KHUIT'SITUJIM 5 XBUJIMH /10 OTPUMaHHs ocafy 6ijoro

koabopy. OTpuMaHu{ ocaj, BigMHUBaIA Ha
¢inbTpi 200-300 Mo rapsiuoi  Bogu. [Jani
binbTpyBasibHUM  mamip pa3oM i3 ocajoMm
MepeHOCUIM A0 THUTJA, IKAU MOTIM 3BaXKyBaJIU.
Turennb i3 ocaloM CTaBJ/IANM Ha raps4y MJIUTKY Ta
nporpiBasu ocaj 0 NosiBU 30JM. [loTiM Turesb
nepeHoCUIU 0 MydeJito, /e TeMIlepaTypa csrajia
700 °C. Turesb y mnedi nepebyBaB 0JM3bKO 4acy.
[licna 1nporo TuUresb  OXOJOMXKYBaJW  Ta
3BaXKyBaJIU.

- "iTporeny [30]. 1-2 r mactu OI'® 3BakyBa/u 3
noxu6koio He 6isbmie 0.001 r, momimanu y MipHy
Koa10y €eMHicTio 250 cm3, mpuwiauBasin 10 cm3

po3unHy HCl (1:1), kum’'aTuau 5 XBUJIHUH,
0X0JI0JKYBaJly, JOBOJ WU J0 MITKH,
nepeMilyBaJiH. OTpuMaHuii pO34HH
¢inbTpyBasin. 10 cM3 OTpPUMaHOr0 pPO3YUHY
NepeHOCUIM MiNeTKow [0 KOHiYHOI KOJIOU

eMHicTIO 250 cM3, mopaBa/ivM JAeKijJibka KparmeJb
METUJIOPaHXKy [0 IOABU 4YEepPBOHOTO KOJILODY.
Jani gogaBanu 2 cm3 NaOH, 10 cm3 6ydepHoro
pO34YHHY, MepeMilllyloyu Ta MO CTiHKaX KoJIOu
npuauBaiIu 5 cM3 xyuopaMiny. Kosnby 3akpusaiu
Npo6KOl0, NepeMillyBa/iM Ta 3ajJvlIajd Ha 15
XBUJIVH.
[Torim momaBasu 5 cm3 posuuny KCL, 10 cm3
po3uuHy cipyaHoi kucaotu (1:10), 3HOBY K0JIGY
3aKpHUBaJU MPOOKOI Ta 3a/ULIaJd Y TEMHOMY
Mici Ha 5 XBWIMH 1 TUTpPyBaJiM PO3UUHOM
Na;S:03 y mnpucytHocti 0.5 cM3 posuuHy
KpOXMaJilo, IKUU [0JaBaji B KiHLi TUTPyBaHHA
micjsi MOSBM  CJAAGKO—KOBTOrO 3abapBJIeHHS
po3ynHy. TUTpyBaHHA NpPOJOBXKYBaJIu [0
3HebapBJIEHHSA PO3YHHY.
OpHoYacHO NPOBOJUJIU KOHTPOJIBHUU JOC]if 3
JOUCTUJIbOBAHOIO BOJOK 1 3 TIi€ K KIJIBKICTIO
peaKTUBiB.
- Bosiord [31]. /liis BU3HAaYE€HHS MacoOBOI YaCTKHU
BOJIOTM Yy JOCJI[PKYBAaHOMY MpOAYKTI Opaiu
HaBaXKKy MNPUOJU3HO 2-4 T HA aHATITHYHUX
Barax. HaBakky nowmimasnu 10 GHOKCYy Ta 3HOBY
3BaXKyBaJid. [10TiM 610KC 3 HaBaXKKOI0 MOMilljaIn
Jl0 cylinabHOI madu Ha 3 roguHu. Temnepartypa
y nedi - 105 °C. [lic/isg cyuriHHA 610KC BUTSTYBaIU
i3 madu, 0xo10KyBaJIM Ta 3HOBY 3BaXKyBaJIH.
XiMiyHi Ta ¢Qi3uyHi mepeTBOpeHHS 3a/i3HOrO
Kylnopocy TMpOXOAWJH Ha YyCTAHOBLI, fKa
CKJaZajach 3: KoJOHW, IUTAaTUBY, MillalKy,
TEepMOMETpPY Ta eJIeKTPUYHOI IJIUTKHU. [lpoLecu
BigMuBaHHA nactu OI'® Big HagMipHOro BMicTy
cyabdypy BigOyBasMch Ha YCTaHOBLH, fiKa
OCHallleHa HyTY-$ibTpOM «bypeBecTHHUK-
ROCKER300» Ta maHomeTtpoM. /lsisi edeKTUBHOI
dinbTpanii penysibnoBaHoro ocaay OI'® Ha AHO
BOPOHKHM BKJIaZaJM TKaHUHY apT. 56277
JlaMeTpoM 6 CM, Ky BHUKOPHUCTOBYIOTH Ha
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CbOTOJHI B ILeXy JKOBTHUX 3a/i300KMCHUX
nirMeHTiB nignpuemctBa IIAT «CyMuxiMnpom»
[1].

36ismbmeHn# 3pasok nactu OI'® Ta pinbTparty
O6ys0 oTpuMaHO B yMoBax /lepkaBHOro
nignpueMctBa «CyMCBKUMUA HayKOBO-JOCJAILHUN
iHCTUTYT MiHEepa/bHUX JOGPUB Ta MirMeHTiB»
[32]. MaTtemaTuuHi 3aJIeXKHOCTI ONTHUMAaJIbHUX
YMOB TeXHOJIOTi Ta pO3paXyHOK OCHOBHUX
napaMeTpiB  NpPOBOAMBCA  3a  JOMNOMOTOH0
Microsoft Office Excel 2010.

Pe3ysbTaTH Ta iX 06roBOpeHHs

[lepmivM eTanoM CTBOPEHHS HOBOI TEXHOJIOTII
OyJio MpoBeJZieHHs] aHaJli3y BUXiHOI CHPOBHHHU.
3pa3oK BUXiIHOI pPEYOBUHHU [JJs XiMIYHOTO

a”aJjizy OyJio B3ATO 0Oe3mnocepeHbO Ha
nignpueMctBi  [IAT «Cymuximnpom». Ckiapg
3paska 3a/1i3HOTO KyInopocy, AKAHN

BUKOPUCTOBYBAaBCA B XOJAI [JOCJi/PKEHHH, CTaB
6as3010 A/ HOBOI TexHoJoTii [33].

MacoBa yactka: Fesar — 19.2 %, Fe+2 — 19.0 %,
H2S045ar — 56 %, H2SOupinen — 21 %.

Jlng 3pilicCHeHHSI HOBOI TeXHOJIOTil HeobOXifHa
amiauHa Boga [1]. AwmiauHa Boja, sKa
BHUKODHUCTOBYETbCA [JJ1 aMOHi3auil pO34MHIB
3aJ1i3HOr0 Kymnopocy, MicTuTb 23 % NHs.

Y ocHoBi po3po6/OBaHOI TeXHOJOTIl -
orpuMaHHa TOI'® [1]. ¥ mnpoueci cTBOpeHHs
HOBOI TexHoOJIOTii ©yJio MpoBeAeHO LiJUN DAL
TeCTOBHUX A0CJifiB. JlocaiP>KeHHS MOKa3aJly, 110 B
ocHOBi TexHoJsorii mnepepobku ¢epym (II)
cyibdaTy JIEKUTh BiJOMUH MpoIeC aMOHOJIi3y
PO34YHHY 3a/i3HOT0 KyNnOpoCy aMiayHOK BOJOIO.
BusHayeHo, 10 IpoLeCc aMOHOJI3y pO34YUHIB
BuxiiHOro FeSO4 cynipoBOAXKY€ETBCA yTBOPEHHAM
cycnensii Fe(OH);, ujo BaXKO pO3AINAETHCH,
BiZIIOBIZJHO HACTYIIHUM PiBHAHHAM:

2FeS04 + 2NH4OH — Fe;(OH),S04 + (NH4)2S04 (1)
Fe,(OH),SO04 + 2NH,OH —

2Fe(OH)2 + (NH4)2S04 + H20 (2)
OTpumaHa cycneHsigs wmictute ¢epym (II)
rizpokcuy, SAKUH NpeCTaBIISAE 06010

JlparjenofioHUA MpPOAYKT 3eJIeHOT0 KOJIbOpY.
PosuunHicTh Fe(OH)2 - 0.96x10-6T / 1 mpu 20 °C,
ryctuHa 3.4 r / cm3.

Cycnensig, mo Mictutb depym (1) rigpokcuf,
[IOTaHO PO3JIIAETbCA AK MEeTOJAOM JeKaHTalli,
Tak i wM™eromom dinbTpanii. Bigmomo, 1m0
TEXHOJIOTiA NPaKTUYHO HIKOJW He BKJIKYAE
npouecu BuaineHHs Fe(OH); 3 HeliTpasizoBaHoi
cycrneHsil.

BiizHaynMo, 110 peakLida 3riHO 3 PIBHAHHAM
(2) NpOTiKae TMOBIJBHILlE, HDK peakLid,
BigmoBigHa A0 piBHAHHA (1). J/iIs oTpUMaHHA

cycneHsii, fKa NOBWHHA MaTU MNPUAHATHUU
piBeHb inbTparllii y BUPOOGHUITBI MIrMeHTIB,
MPOBOJSATH CTA/lit0 «BU3piBaHHSA» TBepA01 pa3u.

y paHie MPOBEIEHUX po6oTax
0OI'PYHTOBAHO, 1110 AJ1s popMyBaHHA depym (1)
rigzpokcuaiB, ki Jerko QiabTpyOTbCca i
pO3AIIAITHC, AOLIJIBHO BBOAWUTU Y BUXILHUU
po3unH ioHu Fe3* Ta mpu amMoHoOJI3I B ocapg
Bugiiiatu ¢epyMm (III) okcuau mnepeBakHO Y
BurJis/ii maruetuty Fe;0s. BuHukae morpeba B
npolieci OKMUCHEHHs NMOBITpsiM [6; 18].

[Ipouec OKUCHEHHSA NOBITPAM IIPOBOAUIIHN IIPU

IHTEHCUBHOMY nepeMillyBaHHi, MpU4IOMY
OKUCHEHHHA i HeWTpaJsisaliga MOXYTb
3/iACHIOBATHUCS CIiJIBHO abo OKpeMo.

JocnipkeHHSAMM OyJI0 BCTAHOBJIEHO, IO JJIS
OTPUMaHHSI CycleH3ii, gka A0CUTb edeKTUBHO
pO3i/IETHCSA, 30BCiM He 0O60B’A3KOBO, 1106
kizbkocti Fe?r i Fe3* y macti Bignosigaau
CIHIBBIHOLIEHHAM Y MarHeTHTI.

Y xoai mociikeHb OyJiM BU3HAYeHI YMOBU
OTPUMAHHA CYyCIeH3il, AKy MOXHA JIerKo
BiadinbTpyBaTH 3a AomoMorow ¢iabTpiB mif
THUCKOM. 3 MPOBEIEHUX J0Ci/IiB OyJI0 BUSBJIEHO,
110 3a/Ii3HUHM KyMopoc 36arayeHuid JOCTATHHO
KiJIbKiCTIO cy/ibGaTHOI KUCJIOTH, SIKY HeoOXiJHO
OyJio 3HELWIKOAUTH Ta aMOHIi3yBaTH aMOHIH
ripOKCU/I0OM, @ TOTIM B2Ke MPOBOJAUTH HEMOBHUM
aMOHO.JIi3.

H,SO4 + 2NH4OH —» (NH4)2$04 + 2H,0 (3)

2FeS04 + 2NH40H - Fez(OH)st4 + (NH4)2504 (4)

Y oTpumaHil cycneH3sii NpOBOAUTBCA MHOTIM
YaCTKOBE OKMCHEHHS MOBITPAM [JBOBaJIEHTHOTO
3aJliza 10 TPMBAJIEHTHOIO CTaHY.

Fez(OH)st4 + 02 = Fe;03 + H2S04 + H20 (5)
2Fe(OH); + 0,50, — Fe,03 +2H,0 (6)

[lix 4ac OKMCHEHHA KMUCJIOTHICTb CycCleHsil
pisko mazae 3 7.5 no 4. 3a3faneriib BUXiAHUHN
3pa30K 3aJi3HOro Kynopocy O0yJio po3JiJeHo
HaBIliJI. 3 NEepUIO YacTHHOW OyJI0 MPOBEJEHO
3HEIUKO)KEHHSI  CyJbdaTHOI KUCJAOTH, fKa
BXOJUTb [0 CKJaZy BiJX04y, Ta HENOBHUH
aMOHO0JIi3, BHACIiOK YOI'0 YTBOPUJIACH CYyCIIeH3id.
Jlns mokpameHHs1 mnpouecy oinbTpanii Takoi
cycrneHsii 6yJi0 0/JaHO APYTY YaCTUHY BUXIZHOTO
po3uuny [1].

Fe;03 + 3H;S04 — Fez(SO4)3 + 3H20 (7)
Fez(OH)2S04 + H2SO4 — 2FeS04 + 2H20 (8)
[Iponec mnoegHaHHA cycneHsii Ta Jgpyroi

YaCTUHHU NMEPBUHHOI'0 PO3YHUHY AdE MOXKJIMBICTh
3HAaXO/P)KeHHA B OJJHOMY pOS‘JI/IHi ABOX Ta TPbOX
BaJIEHTHOTO 3aJi3a O/IHO4YaCHO.
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Tak¥uM 4YMHOM, YTBOPIOETBCA BTOPUHHUU
pPO34HMH, SKUU 06pO6JISIIOTH aMiadyHOW BO/IOIO.
KHCI0THICTD TAKOTO PO3YMHY 3HUXKYETHCA [0 7-
8. OmHOYacHO BifOYBAETHCS MPOIEC OKHCHEHHS
3a paxyHOK IIPONYCKaHHA Yepe3 PO34YUH MOBITPA.
Y pesysabTaTi yTBOPHOETBCA CycneH3ia  3i
CKJIQJHUM XiMiYHUM ckjaagoM. CycneHsiss Mae
JIOCUTh BUCOKY CTyHiHb ¢isbTpalii, ocag Mae€
MarHiTHI BJaCTUBOCTI.

[Iponec OKMCHEHHS MNOBITPSAM 1 YTBOpPEHHS
TBep/l0i $pa3u € HACTYMTHUM:

6Fe(OH); + 0, — 2Fe304 + 6H20 (9)

Peakuito OKHCHEHHA NpoBOAATbL npu pH
cepegoBulia piBHOw 8 i Temnepatypi 80 °C.
[loBiTpa npu 1boMy 6ap6GOTYyIOTh B PO3UYUH.
MarHeTuT Ma€ YOpHUM KoJlip i rycTuHy 5.2 T / cM3.

[Ipyu pojaBaHHI  KOaryJsiHTy  IIBUJKICThb
0Ca/HKeHHA MarHeTUTy 361/IbIIYEThHCS.
YTBOpeHHs1 MarHeTUTy 3 PO3YMUHIB HeoOXiAHO
posrisggatu Ak B3aemofiro  ¢epym (II, 1)
TiAPOKCHU/IB i OKCUJIIB:

Fe(OH); + 2Fe(OH)s - FeOxFe;0s + 4H,0  (10)

OpHak icHye BipOrifHiCTh TOrO, L0 CIOYATKY
depym (II) rizpokcuj OKUCHIOETbCS A0 depyM
(II1) rizpokcupy. YrBopenuit Fe(OH)3; B3aemogie 3
HeokucHeHuM Fe(OH),. Ane mpu BUPOGHHUITBI
KOBTUX  IIrMEHTIB  1iJy 4Yac  OKHWCHEHHd
YTBOPIOETHCS JIErKOPibTpOBaHUN 0CaJ, FETUTY
(FeOOH) i H*.

lonn H+, Aki BUBIJIBHWUIMCA, 3HWKYIOTb pH
cycneHsii. BifnoBigHO 0 UbOro 3 pO34YKHIB COJEN
TpuUBaJleHTHOro ¢epyMy MNpU HaJJUMLIKOBIN
aMoHizalil Moxe BiAOYTHUCA HeCHpPUATIUBUU
npouec yTBopeHHs cosiell Tuny FeOHSO,,
Fe(OH)2S04, Fe(OH)2(S04)2 [1].

[lossBa B pO34YMHI TaKHUX COJIEW YNOBIJIBHIOE
npouec ¢inprpanii Ta migBuulye BMicT SOszsar B
ocazgi. Hasuicte Cynbdypy mnoripuiye sKicTb
MeTaJIypriiiHOl CMpOBUHU. TOMYy HEBIAMUTHH Bifj,
SOz:ar OCcas, He MOXe OyTH KOPUCHUM JJis
L[iJIbOBOTO BUKOPUCTAHHS.

BHCHOBKM.

1. AkTyaJbHa HayKOBO-TexXHiYHa 3aZadya B
HanpAMKYy peasi3alil OPpUHLMIIB MiJBUILEHHA
piBHSI €KOJIOTiuHOI 06e3MeKH perioHiB, B SIKHUX
po3TallloBaHi MiANPUEMCTBA 3 BUPOOGHULTBA
nirmentHoro TuTtaH (IV) okcupy, BupimeHa
LIJIIXOM PO3pPOO6KHU HOBOI TEXHOJOTI yTujizarii
HaKONMYeHOro 6araTOTOHHAXHOTI'0 BiAX0Ay.

2. XiMiyHMH ck/a1aj 3pa3kiB [pHmIMHCBKOTO
IJIbMEHITOBOrO KOHIIEHTpaTy i BiAXoAy Maibke
OJJHAKOBUH, TOMYy MOHOTIIpaTHUN 3aJi3HUU
KyllopoC MOXXHa BHUKOpPHUCTOBYBAaTHU B AKOCTI

CUPOBUHHU /i1 MeTaJypriiHOi MPOMHCI0BOCTI,
OTPUMYIOYU 3 HbOTO 3aJ1i30pyAHI OKaTUILLI.

3. BcTaHOBJIEHO, 110 NPU NPOCTIN TEXHOJOTII
06pO6KH pO34YMHY 3aJ/1i3HOTO KYIIOPOCY aMiaqyHOI0
BOJIOI0 32 CXeEMOIO0 «OKHCHEHHS — HedTpaJsi3anisa»
abo «HeHWTpasizallis - OKUCHEHHS» HIBUJKICTb
OKUCHIOBAJIbHUX I[IPOLIECIiB HHU3bKa, OTpPUMaHi
cycneHsii moraHo GpiJIbTPyOThHCS.

4. Jna o¢opmyBanHa OI'®, saki Jjerko
binbTpyloThcss 1 po3AiNATBCH,  IOLIJIBHO
BBOJWUTU B BUXIJHUU po34uH ioHU Fe3* i mpu
aMoHoJi31 B ocazi BugiiATH depyMm (III) okcuam
nepeBakHO y BUTIJIAAI MarHeTUTY Fez0i Takum
YUHOM, B pO3po06JIOBaHOI TexHoJorii 6yJa
0o0rpyHTOBaHa NoTpeba B opradiszawnii mpoiecy
oxkucHeHHs Fe?+ no Fe3+ [15].

5. Ockinbku mnpouec «CTapiHHS» JOCUTh
TPUBAJIM{ | MOXXe TPUBATH Bif, LecATH FOLAUH [0
JeKUIbKOX AHIB, Iid ollepallisi € HENPUUHSITHOIO
JAJs1 po3po6JitoBaHoOI TexHoJoril. CaMe B HalluX
JOCJII/PKEHHAX OCHOBHA yBara IHpujinanacs
MMM TAHHIO JOCATHEHHH TEeXHOJIOTIYHOI
NPUUHATHOCTI Ta  €KOHOMIYHOCTI  cTafii
Bigainenusa OI'® Big po3unHy amMmoHi# cyabdaTy.

6. TexHoJiorist yrBopeHHst TOI'® 03BOMUTD
3aMiHUTH Ha NiANPUEMCTBAX YOPHOI MeTaNypril
OEeTOHIT, IKUH BBOAUTbCS B SIKOCTi BOJJOBOUPHOL
J06aBKU B 3a/1i30pyAHUN KOHLEHTPAT Ha CTaAil
arsioMepauii. Lle nosinmuTh eKoJIOTiYHUU CTaH
perioHiB, e po3TalllOBaHi XiMiYHI NiANIPUEMCTRBA,
1110 BUPO6JIsitioTh TUTaH (IV) okcu.
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Abstract

The structure, electrochemical behavior, and corrosion resistance of samples of cast high-entropy alloys systems Fe
- Cr-Cu-Ni-Mn - Siand Fe - Co - Cu - Ni - Mn - Si in a neutral solution of sodium chloride were studied. Selection
of components of the studied alloys was carried out on the basis of the criteria adopted in the literature for the high-
entropy alloys composition based on calculation of the entropy and enthalpy of mixing, valence electron
concentrations as well as the difference between the atomic radii of the components. Using X-ray diffraction analysis,
the phase composition and crystal lattice parameters of the investigated high-entropy alloys were determined. It was
established that the FesCoCuNiMnSi alloy is a solid solution with a face-centered cubic lattice, while the
FesCrCuNiMnSi alloy contains two solid solutions with a face-centered and solid solution with body-centered cubic
lattices. The values of stationary potentials and areas of electrochemical stability of alloys, as well as the density of
corrosion currents, are determined. It has been shown that samples of the FesCrCuNiMnSi alloy behave inertly in
corrosion tests.

Kew words: high-entropy alloys; structure; phase composition; electrochemical properties; corrosion resistance;
microstructure.

CTPYKTYPA TA KOPO3IMHO-EJIEKTPOXIMIYHI BJIACTUBOCTI JIUTUX
BUCOKOEHTPOINIMHUX CIIJIABIB HA OCHOBI 3AJII3A

Bosioaumup A. [losnioHcbkuii, Banepiit ®. baues, Onekcanap l. KyuiHepsoB

/JHinposcbkuli HayioHaabHuli yHieepcumem imeHi Oaecst F'onuapa, JHinpo, Ykpaina

AHoTaliga

JlocigyKeHo CTPYKTYpy, eJIeKTPOXiMiyHy NOBeJiHKy Ta KOPO3iliHy TPUBKIiCTh 3pa3KiB JIUTHX BUCOKOEHTPONMiHHUX
ciiaBiB cucreM Fe-Cr-Cu-Ni-Mn-Si ta Fe-Co-Cu-Ni-Mn-Si y HeliTpa/ibHOMY pO34MHi HaTpiil xsopuay. Iia6ip
KOMIIOHEHTIB A0C/IiJ)KeHUX CIIJIaBiB 3AilICHIOBABCS, BUXO/S4M 3 IPUMHATHX y JIiTepaTypi KpUTepiiB KOMIIOHOBKH Ta
OLiHKM (a30BOro CK/JIaJy BHCOKOEHTPOMIMHMX CIUIaBiB, OCHOBaHMX Ha OGYMC/JEHHI eHTpomii Ta eHTaJbmii
3MillyBaHHsl, KOHIleHTpaLiil Ba/IeHTHMX eJIEKTPOHIiB, a TaK0)X Pi3HULIi aTOMHMX pajiyciB KOMIOHeHTIB. 3a
AONOMOrol peHTreHopa3oBOro aHajaisy BHM3HAaueHMN ¢Ga30BHIl CKJaJ Ta HapaMeTpH KPUCTAJTiYHUX IPaTOK
AOCJIi[)KeHUX BUCOKOEHTPOMiiiHUX ciiaBiB. BctaHoByieHo, mo ciiaB FesCoCuNiMnSi sBjisie co6010 TBepAMii pO34YuH
i3 rpaHeneHTpPOBaHOI0 KyGiYHOIO I'PATKOI0, B TOM 4Yac K B cTPpyKTypi ciaBy FesCrCuNiMnSi npucyTHi ABa TBepAi
PO34YHMHM i3 rpaHelleHTPOBAHOI0 i TBepAMH PO34YMH i3 06’€MHOLIEHTPOBAHOW KyGiYHMMM IrpaTKaMH. BusHaueHi
BeJIMYMHU CTalliOHAapHUX NOTEeHIiaIiB Ta 06/1aCTi eJIeKTPOXiMiYHOI cTa6i/IbHOCTI CIJIaBiB, a TAKOXK I'YCTHHM CTPYMiB
Kopoz3ii. [lokazaHo, mo 3pasku ciiaBy FesCrCuNiMnSi B Kopo3iifHUX BUIPOGYBaHHSX NOBOJSATH ceGe iHepTHO.

Karouosi ca108a: BUCOKOEHTPOTINHI CIIJIaBH; CTPYKTYPa; Ga30BUM CKJIA/I; eJIeKTPOXiMiuHI BJIaCTUBOCTI; KOPO3iiiHA TPUBKICTH;
MIKpPOCTPYKTypa
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CTPYKTYPA U KOPPO3HOHHO-3JIEKTPOXUMUYECKHUE CBOMCTBA JIMTBIX
BBICOKO3HTPOITMMHBIX CIIVIABOB HA OCHOBE KEJIE3A

Bnagumup A. [lonoHckul, Banepuii @. bames, Anekcanp U. Kymnepes

JHunpoeckuil HayuoHa1bHbll yHUsepcumem umeru Oaecs 'onuapa, [JHunpo, YkpauHa

AHHOTa U

HcciegoBaHbl CTPYKTypa, 3JIEKTPOXMMHU4YECKOe MNOBeAeHHMe U KOPPO3MOHHAasA CTOMKOCTh 06Gpa3sloB JIMTBHIX
BbICOKO3HTpPONUIHBIX cl1aBOB cucTeM Fe-Cr-Cu-Ni-Mn-Si u Fe-Co-Cu-Ni-Mn-Si B HeliTpa/IbHOM pacTBOpe HaTPpUH
x10puja. lloaGop KOMINOHEHTOB MCC/IeA0BaHHBIX CIVIABOB OCYIECTBJIAJICH, UCX0Js M3 NPHHATBIX B JIMTEpaType
KpHUTepHeB KOMIOHOBKH U OLleHKH (a30BOro cocTaBa BbICOKOIHTPONMIHBIX CNIJIABOB, OCHOBAHHBIX Ha BBIYHUCJI€HUHU
SHTPONMM M JHTAJBNHMHU CMELIMBAHUSA, KOHLEHTpAUMi Ba/IEeHTHBIX 3JIEKTPOHOB a TaKXKe Pa3sHUIbI aTOMHBIX
PaAuycoB KOMNOHEHTOB. IIpu momMomu peHTreHo¢as3oBOro aHajau3a ompejesieH (pa3oBblii COCTaB U NapaMeTphbl

KPUCTA/UVIMYECKHX PpelIeTOK MCCIeA0BaHHbIX BblCOKOBHTpOl’IHﬂHbIX CIIJIAaBOB.

YcraHoB/ieHO, 4YTO CIUIaB

FesCoCuNiMnSi npepcraBiseTr co60i TBepAblil pacTBOP C IrpaHelleHTPUPOBAHHON Ky6HMYeCKO#l pelleTKOH, B TO
BpeMs KaK B cTpykType ciaBa FesCrCuNiMnSi npucyTcTBYIOT JBa TBep/bIX pacTBOpPa C rpaHelleHTPMPOBAHHON U
TBepPABIH pacTBOP € 06’b€MHOLLEHTPUPOBAHHOM KyOU4YeCKMMM pemieTKaMu. OnpepesieHbl BeJIMUYUHBI CTAlMOHAPHBIX
NMOTEeHIMAJ0B M 06JIaCTH 3JIEKTPOXMMHUYECKOI CTAaGMJIBHOCTH CIUIaBOB, a TaKKe IUIOTHOCTH TOKOB KOPPO3HH.
IlokasaHo, 4To 06pa3npl ciijiaBa FesCrCuNiMnSi B KOppO3HOHHBIX MCHIBITAHUAX BeAYT Ce0651 MHEPTHO.

Kaiouesvle csn06a: BBICOKOIHTPONMMHBIE CIJIABBI;
KOPPO3HOHHAs CTOMKOCTb; MUKPOCTPYKTYpA.

CTPYKTYPa;

(Zl)a3OBbII>‘I COCTaB; 3JJIEKTPOXHMHUYECKUE CBOMCTBa;

Bcryn

Po3BuTOK Teopili 1 TexHosOTi B ranysi
CTBOpEHHS1 HOBUX MarepiajiB MpPHU3BIB [0
30i/bIIEHHs KIiJIbBKOCTI eJleMeHTiB y CcKJafi
6araTOKOMIIOHEHTHUX CIJIaBiB. Y  ocTaHHIi
JeCATUIITTS po3p0o06JIeHO HOBHUM KJlac MeTaleBUX
CHOJIYK - TakKk 3BaHi 6araTOKOMIIOHEHTHI
BUCOKoeHTponikHi cmiaBu (BEC) [1-3]. Taki
CIJIaBM BMIlylOTh y c06i He MeHIle I'SITH
eJIEeMEeHTIB y eKBiaTOMHUX ab0 JOCTaTHbO
O6/IM3BKUX [0 €KBIaTOMHHUX KOHLeHTpauisx
(3asBuuart Bimx 5 pmo 35 ar.%). TlosoBHa
ocobsuBicte BEC mossirae 'y ¢opMyBaHHI
onHOdA3HUX, TEPMOJAUHAMIYHO CTIHKUX TBEPAUX
PO34UHIB 3aMillleHHA 3 Ky6iuHOI0
00’€MHOLIEHTPOBAHOI0 (oK) a6o
rpaHeleHTPOBAHO) (TOK) I'PaTKoOIo.
Crabinizanis TBEpPAOTO pO34UHY npu
KpucTaizanil 3abe3MeyyeThbCs BUCOKOIO
€HTpOIliE0  3MillyBaHHA  KOMIIOHEHTIB Yy
po3miaBi. MakcuMa/sibHe 3HAa4YeHHdA eHTpOoIil
3MillyBaHHfA, BOYEeBU[b, [JOCATAETbCA  IIPHU
€KBIMOJIIpDHUX CHiBBIJHOIIEHHSAX eJIeMeHTIB.

JocnimkenHs BEC mokasasu, 10 AJ8 HUX €
MOJINBUM dbopMyBaHHS HaHOPO3MipHHX
CTpyKTyp 1 HaBiTb aMopdHux ¢a3 [1-4]. Le
BiZOyBa€TbCA 3aBAAKU 3HAYHUM BHUKPUBJIEHHAM
IpaTKH, fKI 3yMOBJIEHI pPI3HULIEHD B aTOMHUX
pajgiycax esieMeHTIB 3amileHHsd. [lpu npomy
TaKOXX 3MEHIUYETbCA MWBUAKICTD AUPY3iHHUX
MpOoLeCiB, 110 3HWXYE WIBUAKICTb 3pOCTaHHA
KpHUCTaJITIB, 10 B CBOIO Yepry NpU3BOJUTH [0
OTPUMaHHS JIPiOHOKPHUCTANIYHOI CTPYKTYPHU.

Y ocTaHHi pOKH, OKpiM TpagULiHHUX
exkBiaToMHUX BEC, iHTEHCMBHO AOC/IIKYOThCS
0araTOKOMIIOHEHTHI  CIJIaBH, KOHIEHTpaIlii

€JIeMEeHTIB y fAKMX CUJIbBHO BiJpIi3HAKTBCA MIiX
coboto (Tak 3BaHi HeekBiaToMHi BEC) [5; 6]. Taki
HEeeKBIaTOMHI CIJIaBU 3HA4YHO pPO3LIKUPIOKTH
MOJIMBOCTI [JJI1 MOJIIIIEHHS XapaKTepUCTHUK
BEC, OCKIJIbKK MOXYTb CKJIAJaTUCH 3 JEKIJIbKOX
da3 i3 NpUHIUNOBO Pi3HUMU BJIACTUBOCTSIMH,
Hanpukaaj, miaactuaHoi I'K-pasu Ta TBepaoi U
KpUXKoi iHTepMeTasiuHOI ¢asu. PevyoBHHH, 110
MOEJHYIOTh ¥ C06i BJIAaCTUBOCTI KiJIbKOX pi3HUX
THUIIIiB MarepiaJis, CTAHOBJISATh 3HAYHUH
HayKoBHM iHTepec [7; 8]. fckpaBUM NpuUKJIaA0M
HeekBiaTOMHOro BEC Moe c/1yryBaTH Tak 3BaHa
BHCOKOEHTpPOIMiHHa CTaJlb abo BUCOKO-
€HTPOMIMHUNA CIJIaB, TOJIOBHOK CKJIaZ0BOIO
SIKOTO € 3aJ1i30 [6].

BnactusocrTi BEC BU3HAYalOTbCA ix
eJIeMEHTHUM CKJAJIOM i CTPYKTYpoOw. 3aBAsKU

CTiKOCTI [0 iOHI3ylOUMX BUIPOMiHIOBaHb,
BUCOKIA TBepAOCTi Ta 3HOCOCTIMKOCTi |,
OJHOYACHO, JAOCTAaTHIM IJIACTUYHOCTI, BOHHU

MOXYTb OYTH NepCHeKTUBHUMU MaTepiajaMu
JlJ1s1 6araTbox ranaysei TexHiku [9-13]. OcobauBo
uiHHMUMUA € BEC, 4Ki No€gHYHOTH MOJIMNIIEH]
MeXaHI4Hi XapaKTepUCTHUKH i3 KOpO3ilMHOMI0
TpUBKicTIO [14-16].

MeTo10 po6oTu cTaJio JOCJIiIPKeHHS
eJIeKTPOXiMiYHOI Ta KOpO3iiiHOI NOBeAiHKU
3pa3KiB HeeKBIaTOMHMX  BUCOKOEHTPOMIMHUX
cr/iaBiB (BUCOKOEHTPOMIMHUX CTajied) cuUcTeM
Fe-Cr-Cu-Ni-Mn-Si Tta Fe-Co-Cu-Ni-Mn-Si y
HeUTpa/IbHOMY PO34MHI HATPil XJ0pULY.

Marepiau i MeTOAM eKCIepUMEHTY

06’exTOM JOCJiPKeHHS oyu
BUCOKOEHTPOIIiIHI CIIJIaBU Ha OCHOBI 3aJi3a, fKi
mictuiu: 50 at.% Fe, 10 aT.% Cr, 10 at.% Cu, 10
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at.% Ni, 10 at.% Mn, 10 aT.% Si (FesCrCuNiMnSi)
Ta 50 aT.% Fe, 10 aT.% Co, 10 aT.% Cu, 10 aT.% Ni,
10 at.% Mn, 10 aT.% Si (FesCoCuNiMnSi).

[lin6ip KoMmoHeHTIB gocaimkeHux BEC
3[liiCHIOBaBCI Ha OCHOBI mapaMeTpiB, fKi
BHU3Ha4yeHi B JiTepatypi AK OCHOBHI
xapaktepuctuku BEC [1;2; 17; 18]. /[lo Takux
BeJIMYMH BiJHOCATb: €HTPOIi 3MilllyBaHHA
KOMIIOHEHTIB ASnix, €HTa/bhilo 3MilllyBaHHA
AHmiy, TEepMOJMHAMIYHUKN napaMmeTp Q,
TONOJIOTYHUM napaMeTp 6, IO XapaKTepuU3ye
PIBHULIO Yy aTOMHHUX pajiycax KOMIIOHEHTIB
CIJIaBy Ta KOHIEHTpAIil0 BaJeHTHUX (s+d)
eJIEKTPOHIB Y po3paxyHKy Ha oJjuH aToM (valence
electron concentration, VEC).

EHTponisg 3MillyBaHHA KOMIIOHEHTIB ASmix
BU3HAYAEThCSA 3a PiBHAHHSAM:

AS,, =—R> ¢ Inc,, (1)
i=1

Jie C, — aTOMHA 4acTKa eJIeMeHTa i3 HoMepoM I; R-

yHiBepca/ibHa ra3oBa cTaJa.
ExnTanpnia 3mimyBaHHd AHpmix BU3HA4Ya€ETHCA
PIBHAHHAM

n
AH, = Z @;CCy (2)
i j=Li%]
Ae ©; = 4AH:§(. AHT/:S( - eHTaJIbllisl 3MilllyBaHHS

s 6iHapHOro cmJaBy esieMeHTiB A Ta B y
piiKoMy CTaHi.
[TapameTp (2 BUBHAYEHUH SIK

Q= m mix (3)

ne T, cepefiHsl TeMIepaTypa IJaBJeHHs

CILJIABY 3 N KOMIIOHEHTIB:
n
Tm :zci (Tm)i ’ (4)
i=1

KoMnoHeHTU cIJlaBy TaKOX He IIOBHUHHI
CWJIBHO BIApI3HATUCA OJUH BiJ OJAHOro 3a
AaTOMHHUMHU paziycamy, 110 MO>KHaA
OXapaKTepUu3yBaTH HACTYIIHUM NlapaMeTpOM:

5-10036 (177 | . )

r=Yer, (6)
i=1

Ae I - aTOMHUM pajiyc eJleMeHTa i3 HOMepOoM L.

KoHleHTpalisi Ba/JIeHTHUX €JIEKTPOHIB ¥
po3paxyHKy Ha oiuH aToM (VEC) BU3Ha4Ya€eThCs 3
dopmyiioro:

VEC = zn:ci (VEC),, 7)

BaJIEHTHHUX

re  (VEC),
eJIEKTPOHIB (3 ypaxyBaHHSAM d-eJIEKTPOHIB) ZJis
eJleMeHTa i3 HoMepoM L.

Jluti 3pasku cmiaBiB OyJM OTpUMaHi 3a
JonoMororw Inedi TamMaHa i3 BUKOpPUCTAaHHAM
MiZHOI BWJIMBHHI (IIBHUAKICTb OXOJIOKEHHS
~102 K/c). [17; 18]. [lna yacTUHU 3pasKiB Gy.Jia
J10/1aTKOBO MpoBe/ieHa TepM006pobKa
(BiznmasnoBaHHsA) mnpu Temnepatypi 1000 °C
npoTsaroM 5 roauH. Taka onepaijis NpusBOAUTH
J10 Gi/IbII PIBHOMIPHOT'O PO3MO/AiNYy KOMIOHEHTIB
y IUTOMY 3pasky [1; 2].

PentreHodaszopuii ananiz (P®A) npoBoguBcs
i3 3actocyBaHHAM audpaktomerpa JPOH-2.0y
MOHOXpOoMaTu30BaHOMY Cu Ka-BUNIPOMiHIOBaHHI.
Jlns  Bu3HaueHHsa  $a3oBOro  CkJaay Ta
napaMeTpiB KPHUCTAJiYHHUX I'PAaTOK pi3HHUX ¢a3
oTpuMaHi JudpakTorpamMu aHazdisyBaaud i3
BUKOPUCTAHHSIM IporpaMHoOro 3abe3nedyeHHs
QualX2 [19]. MikpocTpyKTypy 3pa3KiB CIJaBiB

KOHLIeHTpawid

JOC/II/DKyBaJM 32 [JONOMOTOK  MIiKpOCKOIy
NEOPHOT-21.
Jnsa NIpOBEIeHHA €JIEKTPOXIMIYHUX

JOCJIiPKeHb 0 3pa3KiB MifnaroBa/id KOHTAKT i3
MigHoro pgpory. OpaHy 31 CcTOpiH 3paska
noJiipyBa/iv, i Hajasi II NOBepxXHA CJAyryBaja
po6ouuM esieKTpoJoM. [Hi noBepxHi pa3oMm i3
MicUeM KOHTakKTy i3oustoBanu JakoM XBJI Ta
TepJIOHOBOIO CTPIYKOIO. EsleKTpoXiMiuHi
JOCJiI>KEeHHS BUKOHaHI 3a JOIIOMOT 00
noTteHniocrara [11-50-1 Ta nporpamaTtopa I1P-8 3
BUKOPHUCTAHHAM TpPbOXeJIEKTPOJAHOI KOMIpKHU.
JlonoMi>kHUM  eJIeKTpoJoM OyJia TJIATUHOBA
IJIaCTUHA. EJIeKTpoJioM MOpIiBHAHHA CJIyryBaB
XJOPU/ACPIOHUIM HamiBeseMeHT, 3'€JHAHUU 3
KOMipKolo 4yepe3 kamiisp JlyrriHa, 3anoBHeHUN
po60oYHMM pPO3UYMHOM. YCi NMOTeHI[iasid HaBeJeHi
BiIHOCHO 1bOro esekrpoga. JocaimxkeHHA
npoBeZieHi B 5 % HelTpa/JbHOMY PO34KHi HaTpik
xjaopuzy. Bennuuny pH po3yrHy KOHTpOJIIOBAIN
3a gonomorow ioHomipa EB-74 Ta xopurysaiu
J0/laBaHHAM BiANOBiAHUX JyTy a60 KHCJIOTH.
TeMmepaTypa po34UHY MiJ 4aC eKCIIepUMEHTIB —
20 *2°C. ¥ xoni nosasipusaliiHuX BUMipIOBaHb
pO34YUH He nepemilyBaJsi. MIBupKicTb
po3ropTku noteHuiany - 1 mB/c.

Pe3sysibTaTH
0GroBOpeHHs

3rigHo i3 [20], BUCOKOEHTPOMIMHUMU MOXKYThb
BBa)KaTUCA CIJIaBH, JJA SIKUX 3Ha4YeHHA
ASmix 2 11 JIx/(mosb-K). BigmosigHo go [21], y
ctpyktypi BEC, nng akux Q211 ta §<6.6%,
3aMICThb CKJI3aJHUX IHTepMeTa/iYHUX CIIOJYyK Ta
amMmopdHUX ¢$a3 yTBOPIOKTHCA TBepPAi PO34YUHI

eKCIIepUMeHTy Ta IX
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3aMilmeHHs (mpocTi Ta BhopsakoBadi). [lpu
[[bOMY YTBOpPEHHS HEBIOPS/KOBAaHUX TBEPUX
pO34HMHIB CJiJ O4iKyBaTH, $fAKIIO 3HA4YeHHA
€eHTaJIblil 3MilllyBaHHA JIEXKUTD y Aiana3oHi -
15 k/I>x/Moab < AHmix < 5 K/>x/Mouib a 6 < 4.6 %
[20; 21]. Tun kpucTasigyHoi rpaTKU AJis TBEPUX
pPO34UHIB, 10 YTBOPWIOThbCA B cTpykKTypi BEC
MOB’I3aHUM i3 KOHLEHTpAIL[i€l0 BaJIeHTHUX
eJIeKTPOHiB. 3rigHo i3 [22], npu VEC > 8 y cniaBi
Mae Miciie GopMyBaHHS TBEPJOro PO3YUHY i3
rpatkoro tuny 'K, npu VEC < 6.87 - Tuny OLK, i
npu 6.87 < VEC < 8 ciig odikyBaTu $opMyBaHHS

ABoda3HUX TBepAUX po34nHiB Ha ocHOBI OLIK Ta
'K pewiTok. ¥ Toil camuii yac y [23] HaBezeHi
Jemio iHmi  chiBBifHOWIeHHSA: (QOpPMyBaHHSA
TBepPAOTO0 po34MHy 3 rpatkorw tuny 'K ciig
ouikyBaTu nipu VEC > 8.2; 3 rpaTkoro Tuny OLK -
npu 4.25 < VEC < 7.2; npu 7.2 < VEC < 8.2 cnig,
ouikyBaThu ¢opMyBaHHsS /[BOGA3HUX TBEPUX
po3uuHiB Ha ocHoBi OIK Ta I'IK rpartok. ¥ci
BULE3raZlaHi mnapameTpd [Aad [JOCHIIKeHUX
cmaBiB Fe-Cr-Cu-Ni-Mn-Si Tta Fe-Co-Cu-Ni-
Mn-Si po3paxoBaHi Ha ocHOBI AaHux [24; 25] Ta
HaBeJleHi y TabJ. 1.

Table 1
Values of AHmix, ASmix, §, VEC and Q of casted FesCrCuNiMnSi and FesCoCuNiMnSi high - entropy alloys.
Tabauys 1
3HayeHHA AHmix, ASmix, §, VEC Ta Q a5 BucokoeHnTponiiiHux ciiiaBiB FesCrCuNiMnSi Ta FesCoCuNiMnSi.
Alloy AHmix , k] /mol ASmix, ]/(mol-K) | 8, % | VEC | Q
FesCrCuNiMnSi -10.36 12.45 3.48 7.8 2.11
FesCoCuNiMnSi -10.64 12.45 3.45 8.1 2.01

[x ananis 03BoJIsAE 3pO6UTH PUNYLLEHHS, 1[0
B cmnaBi FesCoCuNiMnSi noBuHHO BiAOyTHCA
dopmyBaHHa TBepgoro po3uuny tuny ['IK, a B
FesCrCuNiMnSi - OIIK +T'IIK.

BuBueHHs audpakTorpam (puc. 1) 103BoJINI0
BCTAaHOBUTH, IO B CTPYKTypi [JOCJ]i[KeHUX
BUCOKOEHTPOIINHUX CIJIaBiB OCHOBY CKJIaZalTh
HeBIIOPAAKOBaHi TBepAi pO34YUHU i3
KpUcTaJiyHUMU I'patkamu tuny 'K, OgHak npu
ToMy, o ciiaB FesCoCuNiMnSi € ogHodazHuM,
dazoBuii ckaan craBy FesCrCuNiMnSi € 6isbi
ckJaaHuM. Bin MictuTh ogHo4acHo ABi ['LIK-dasu

pasom i3 pazoro OLK (Tabs. 2), mo migTBepKye
pe3yJbTaTH  TEOPETUYHOTO  INPOTHO3YBaHHS
dasoBoro ckiaany pocaimkenux BEC. Ockinbku
OLK-¢dasu 3a3BUyail XapaKTepPU3YIOTbCSA BUILOIO
TBEP/ICTIO Ta KPUXKICTIO Yy MOPIBHSAHHI i3 6ijbLI
M'IKHMH Ta  IIJIACTUYHUMHU I'JK-dazamy,
pe3yJbTyo4a  ycepefHeHa  MIKPOTBEPAICThb
criaBy FesCrCuNiMnSi nmoBuHHa 6yTH BHILIOIO,
HIDX y CIJIaBy FesCoCuNiMnSi (o
MiATBEepKYETHCA JOCJIIKEHHSAMHA BEC
nojiibHoro ¢paszosoro ckaaay [18]).

Table 2

Phase composition and crystal lattice parameters of casted FesCrCuNiMnSi and FesCoCuNiMnSi high-entropy alloys.

Tabauys 2

da3o0BMii CK/Ia/, Ta NapaMeTPU KPUCTA/IIYHUX I'PATOK JIUTHX 3pa3KiB BUCOKOEHTPOMiiHUX CIJIaBiB
FesCrCuNiMnSi Ta FesCoCuNiMnSi.

Alloy

Phase composition

FesCoCuNiMnSi
FesCrCuNiMnSi

FCC (a=0.361nm)

FCC1 (a = 0.3607 nm)+ FCC2 (a = 0.3656 nm)+ BCC (a = 0.281 nm)

EjlekTpoxiMiyHI Ta KOpO3iiiHI eKCllepuMeHTH
NpPOBOJAMJIM 3TilHO 3 MeTOAUKaMH, AKi Oy/u
paHilie 3acToCOBaHi HaMu JJid  3pasKiB
KBa3iKpUCTATIYHUX CIIaBiB [26; 27].

BennunHu cranioHapHux noteHuUianiB (Ecr)
crJ1aBiB BU3Hada uch y 5 %-My po3uurHi NaCl 3 pH
= 6.9 - 7.0 Wwi9xoM JOBroTpHUBasIOl peecTparii
E,T-3a/1e2KHOCTI [0 OTPUMAaHHA HE3MIHHOTIO
3HaueHHs noTeHljany. He TepMoobpob/ieHU

craB  FesCoCuNiMnSi mae 6inbm  Big'eMHe
3HayeHHd Eo (-0.52 B), 1mo 1NOBUHHO
3yMOBJIOBATHU rhoro 6isplly  KOpPO3ilHY

aKTUBHICTb. [lic/is TepM006POOKHU 1eil MOKa3HUK
Jle110 3MiIy€eThCs 10 6i/1bII MO3UTUBHUX 3HaY€Hb
(-0.49 B). Binbm iHepTHMM BUSIBUBCH CILJIaB

FesCrCuNiMnSi. ¥V  HeBignaseHoMmy  cTaHi
BesimynHa Ec: pa Hboro popiBHwe -0.47 B, a
nic/is onepauii TepMo06po6KU BOHA 3MiLYEThCS
1o 3HaueHHa -0.41 B. TakuMm 4MHOM, AJi 060X
CIJIaBiB oNepalisi TepMO06POOKU NPU3BOJAUTH [0
[IeBHOIO 3MillleHHSI BeJMYUHU CTalliOHapHOIo
MOTeHIliaNy B 6iK OiJIbII MO3UTUBHUX 3HAYEHD.
[lonsipusaniiHi  AOCHiA)KEHHSI BHKOHAHI 3
MEeTOK BU3HA4YE€HHA 30H  eJIeKTPOXiMiyHOI
iHepTHOCTI JOCaiPKeHUX 3pasKiB CILUIaBiB, 3a
MeXaMH SIKUX y KaTOoAHINA o6sacTi Bii6yBaeTbCs
BiJHOBJIEHHA  JenoJjdpu3aropa, fKUM B
HeUTpaJbHOMY cepe/IoBUIIli € KUCEHb MOBITP4, a B
aHOJHI - OKUCHEHHSl CIJIaBiB Ta OKHCHEHHS
BOJU. BBaXkaeThbcs, 10 iCHYE NnpsAMa KopeJdlid
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Mi>K LIMPUHOIO 30HU eJIEKTPOXiMIYHOI iIHEPTHOCTI
Ta KOpPO3ilHOI0 TPUBKICTIO MaTepiany. Takox Liei

MeTO/| [J03BOJISIE BUSHAYUTH BEJUYHMHU CTPYMIB
KOPO3il (lixop)-

A Fe CrCuNiMnSi ) Fe.CoCuNiMnSi
V—FCCI A-FCC
) A-FCC2 =
5 6-BCC g
I =
E o
Z \ ) h 2 A
- = A
= r\ jg ( A A
o8
Vv o A% o v A j M k M
M
: LT e— W gl Sl v S
20 30 40 50 850 70 80 g0 1 20 30 40 50 60 70 80 90 10(
20 {degrees) 20 (degrees)
a b

Fig. 1. XRD patterns of casted FesCrCuNiMnSi (a) and FesCoCuNiMnSi (b) high-entropy multicomponent alloys.
Puc. 1. ludpakrorpamu JUTHUX 3pa3KiB BUCOKoeHTpomiiiHuX ciiaBiB FesCrCuNiMnSi (a) Ta FesCoCuNiMnSi (b).

20

104

2

i, mA/cm

=104

=204

Fig. 2 Polarization dependences obtained for cast alloys FesCrCuNiMnSi (1) and FesCoCuNiMnSi (2) in a solution
of 5% NaCl.
Puc. 2 llonspu3aniiiHi 3anexxHocri, orpuMaHi s iutux ciiaBiB FesCrCuNiMnSi (1) Ta FesCoCuNiMnSi (2) y
po3uuHi 5 %-ro NaCl.

Ha puc. 2 HaBefeHO BoJibTaMIlepOrpaMH, SAKi
OyJi0 OTPUMAHO Ui [JOCHi/PKEHUX CILIABiB Yy
po3uuHi 5 %-ro NaCl nmpu pH=6.9. Buxogsauu 3
OTPUMaHUX 3aJIeXKHOCTeN MOKHA CTBep/pKyBaTH,
110 JJIsT ciaBy  FesCoCuNiMnSi 30Ha
ejieKTpoxiMidyHOI iHepTHOCTi 6inbm By3bKa i
3HaXoAuThca B Mexax Big -1.0 B go -0.3 B. s
ciaBy FesCrCuNiMnSi 30Ha esiekTpoxiMiyHOL
IHEpTHOCTI 3HaXO0AUThCA B Mexax Bif -1.0 B o -
0.1 B, Tob6bTo B TmOpiBHAHHI 3i cmaBoM
FesCoCuNiMnSi BoHa posuidpujacbk B aHOAHUH
6ik Ha 0.2 B. lle MO)XHa TOSICHUTH 3aMiHOIO B
CKJaJi cIIaBy KOGa/lbTy Ha XpOM, SIKMH MpHU
OKMCHEHHI YTBOPIOE CNIOJIYKH, 3[aTHI NaCUBYBaTH

noBepxHio. [Iponec koposii y HeWTpaibHOMY
COJIbOBOMY  PO34MHI A 060X  CIJIaBiB
BiZIOYBAETHCSA 3 KHCHEBOIO JlenoJispusaliier. Y
TaKHUX YMOBaXx LIBU/IKiCTbBU3HAYAJIbHOIO CTa/li€10
3BHUYalHO € AU DY3is KUCHIO 10 TOBEPXHI CIlJIaBy.

Ha puc. 3 npeAcTaBJIeH] JIJIAHKHA
BOJIbTaMIIepOrpam no6JIM3y 3Ha4YeHb
CTal[ioHapHUX TOTeHlianiB, no0yJ0oBaHi B
HaniBjorapuMiuyHUX KOOpJMHATAX, 3 SKUX
BU3HAYaJIMCb  TYCTMHHU  CTPYyMiB  KOpO3il

Jlorapudm 1iei BesMUMHU BiAnmoBigae Touli
NnepeTUHy AOTUYHUX [0 [ABOX TioK rpadiky.
3’sacyBaJjiock, o Ajs ciaaBy FesCoCuNiMnSi ixop
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nopiBHioe 0.18 MA/cM? i BiH 3HAYHO MEPEBUINYE
iop A1 criaBy FesCrCuNiMnSi (0.07 MA/cm?2).
AHasnoriyHi moJsifipyM3alidHI  BUMIpIOBaHHSA
NpoBeZieHi TakoX 1 [ TepMooGpo6ieHUX
craBiB. OCKiJIBKM pO3MipU 30H eJIEKTPOXiMi4HOL
CTabi/IbHOCTI Ta iX po3TallyBaHHS MPAKTUYHO HE

2,54
2,0
g -1,54
s
<
E 11,01
=
-0,5
0,0 T T T T
-0,525 -0,522 0,519  -0,516
EV
a

3MiHWJIKCh i MaiKe CIiBMasIy 3 rpadikaMu Ha pUC.
3, BOHM He HaBeJeHi y crarTi. Po3paxoBaHi
3Ha4yeHHd CTPYMiB KOpo3il [ BiAnajleHux
CIJIaBiB HACTyHHI: iwop (FesCoCuNiMnSi) = 0.14
MA/cM?, ixop (FesCrCuNiMnSi) = 0.07 MA/cMm2.

2

22,0

lgi, mA/cm

'
—_
[

!
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Fig.3 1g i, E - dependences obtained for cast alloys FesCoCuNiMnSi (a) and
FesCrCuNiMnSi i (b) in a solution of 5% NaCl; pH=6.9; V=1mV /s
Puc.3 lgi, E - 3anexxHocTi, oTrpumaHi aj1s 1utux ciiasiB FesCoCuNiMnSi (a) Ta
FesCrCuNiMnSi (6) y po3uuni 5 %-ro NaCl

KoposiiiHa noBejiiHka 3paskiB crJaBiB GyJia
JOCJiP)KeHa LIJIAXOM IOCTaHOBKU MOJEJbHUX
KOpO3ilHUX BUNIPOOYBaHb ¥ po3uuHi 5 %-ro NaCl
3 pH=6.9. 3Baxaw4u Ha HeBeJUKYy IMOBEPXHIO
3paskKiB, BUIIPOOYBaHHS MPOBOAWJM UIJISAXOM IX
MOBHOro 3aHypeHHsa y po3udH NaCl mpu
Temrneparypi 20 =+ 2°C 3 nmepioAUYHUM

KOHTpOJIeM CTaHy NnoBepxHi yepes 1, 2, 4 Ta 8 f1i6
BiZl mo4aTKy ekcrnepuMmeHTy. Ha 3paskax cmiaBy

FesCoCuNiMnSi Bxe yepe3 106y BUIIpOOYBaHb Ha
MOBEPXHI 3’ABJAITbCA OIJITHKH, BKPUTI
INPOAYKTAaMU KOpO3il y BUIVIALAI IJIAM PYLOTO
koJsibopy. Ha 3paskax cmiaBy FesCrCuNiMnSi i
nocTynoBo GOpPMYyeThCS CylLiJibHA cipa miBka
MPOAYKTIB KOPO3Il.

Pisnuuio B xapakTepi mnepebiry Koposii
JOCJI/PKEHUX CIJIaBiB MOXKJIMBO MPOCTEXUTH Ha
MikpodoTorpadisx puc. 4.

iy EETE Z e 4
{ N 3 3 A )
7 &7 Pl Xz . E_ > . >

Fig.4 Surface condition of samples of FesCrCuNiMnSi (a, b) and FesCoCuNiMnSi (c, d) alloys: in the process of
corrosion tests. x500: a, c - before the tests; b, d - after 8 days of testing
Puc.4 CtaH noBepxHi 3pa3kiB ciuiaBiB FesCrCuNiMnSi (a, 6) Ta FesCoCuNiMnSi (B, r): B nponeci Kopo3iiHux
BUIIPOGYBaHb. X500: a, B - 10 BUIIPOGYBaHb; 6, I - yepe3 8 Ai6 BUNPOGYyBaHb

PesysibTaTn MO/JleJIbHUX KOPO3ilHUX
BUINIPOOYBaHb CBi{4aTh, o criaB FesCoCuNiMnSi
He € KOpo3iiHO TpHUBKUM. Bxe d4epe3 [o6y
BUIIpOOYBaHb  BiH BKPHUBAETHCA apoM
NPOAYKTIB KOpoO3ii, AKI He MalTb 3axUCHUX
BiaactuBocTter. Yepes 8 pni6 BumpobyBaHb
NPOAYKTU KOpoO3ii MOBHICTIO BKPUBAKOTL BCIO
MOBepXHIO0 3pa3ka. 3pa3ku criaBy FesCrCuNiMnSi
NOBOJAThL cebe iHEpPTHO i Ha ix MOBepxHi JiviIe

3'IBJISIIOTHCS TOHKI IMJIiIBKU NPOAYKTIB KOpo3ii y
BUIJIAZI KOJIbOPiB MiHJIMBOCTI.

BHCHOBKM

BcTaHOBJ/IEHO, 110 B CTPYKTYpPi AOC/Ii/pKEeHUX
HeeKBIiaTOMHHUX  BHCOKOEHTPOMINHUX CIlJIaBiB
FesCrCuNiMnSi Ta FesCoCuNiMnSi ocHoBy
CKJIQZIal0Th HEBIOPAJKOBaHI TBepJi PO34YMUHU i3
KpUCTaJiyHUMU TI'paTkamu tuny [LHK. Opnak
dazoBuii ckaag cniaBy FesCrCuNiMnSi € 6isbin
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CKJIJIHUM i MicTUTb omHo4acHo JBi 'IK-dasu

pasom i3 ¢aszoro OLK.
BusHaueHo BEJIUYUHU CTalioHapHUX
MoTeHLialiB CIJIaBiB FesCrCuNiMnSi Ta

FesCoCuNiMnSi y HeliTpasibHOMY 5 %-My pO34HHi
NaCl. 3’acoBaHo, 110 3aMiHa B CKJaZi CIJIaBiB
K06a/JbTy Ha XpOM TMPU3BOJAUTHL [0 3CYBY
BeJIMYMH CTalliOHApHUX IMOTeHUialiB A0 GiJbIl
MO3UTUBHUX 3Ha4yeHb. [TokaszaHo, 110
TepMoO6pO6JIEHI  CIJIaBU ~ MawTh  Oijabil
[IO3UTUBHI CTalllOHAapHI NOTeHLjia/ly, 110 MOXKe
OyTH mOB’sI3aHO 3 IX OUIbII JOCKOHAJIOH
CTPYKTYpPOIO.

3a pe3yJbTaTaMu MOJIIpU3aLiHHUX
BHUMipIOBaHb BU3HaYeHi 06J1aCTi eJIEKTPOXiMidHO1
CTabiJIbHOCTI JOC/TiPKeHHUX 3pasKiB CIviaBiB. Y
HeraTHUBHIM o6JiacTi moTeHLiaJiB [JJd BCix
JOCJIIKEHUX CIJIaBiB BOHU JOCATalTh
BesinuvHU -1.0 B. lle cBiYUTb Npo OJHAKOBUU
XapakKTep KaTOJHOTO TMpolecy, SKUH y
HEWTpaJbHOMY PpO34YMHI  HaTpid  XJOpuULY
NPOXOJUTh 3 KHUCHEBOW [ieNoJisipu3aliern. Y
MO3UTHMBHIN  o6JilacTi  moTeHUiasiB  OiybIl
ctabinibHuil cmiaB FesCrCuNiMnSi. PospaxoBaHni
BEJIMYUHU CTPYMIB KOpO3il AK [0 NpOBeJEeHHA

omnepanii TepMoob6bpobku, Tak 1 micaa Hel
[loka3aHo, 1[0 iX 3Ha4YeHHS OiJbII BHCOKI I
criaBy FesCoCuNiMnSi.

3a pesyJbTaTaMM MOJeJbHUX KOPO3iMHUX
BUINIPOOYBaHb, NPOBEJeHUX y HEUTpaJbHOMY 5 %-
My po3uuHi NaCl npotsirom 1 - 8 gi6 3’sicoBaHo,
mo cmaaB FesCoCuNiMnSi He € KoposiiiHO
TpUBKUM. [IpofyKTH KOpO3ii, 1110 YTBOPIOOTHCA
Ha [Oro IMOBepXHi, He MalTb 3axHCHUX
BaactuBocTel. 3pa3ku cmiaBy FesCrCuNiMnSi y
KOpO3iHHMX BUIPOOYBaHHSX NOBOJSATH cebe
iHepTHO.

Tpeba BiIMIiTHUTH, 110 JOcCJiIKeHi
BUCOKOEHTpOIiHI cmaBu Ha OcHOBI Fe y
NOpiBHAHHI i3 TpaJULiHHUMHU BEC
XapaKTEepPU3YITHCA BiJHOCHO HU3bKUM BMICTOM
Co u Cr. Lli eleMeHTU CHOPUAIOTH MOKpPALlEeHHIO
eKcIyaTaniiHux xapaktepuctuk BEC, ane npu
L(bOMY 3HA4YHO MiABUILYIOTb IX BapTicTb. TakuMm

YMHOM, TIpUHMaKw4u [0 yBaru KOpPO3iliHy
crifikict cnnaBy FesCrCuNiMnSi Ta ¥oro
IIPOTHO30BaHI BUCOKI ¢iznKo-MexaHivyHi

xapakTepucTuky, nputamaHdi BEC, nmpakTnune
3aCTOCYBaHHs LbOTO CIJIaBY Ma€e OyTH
€KOHOMIYHO BUTIJHUM.
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Abstract

With the increasing accessibility of commercial space flight, the environmental impacts of space launches will become
increasingly significant in the coming years. An increasing of space launches has brought the issue of pollution by
chlorine-containing combustion products of modern ammonium-perchlorate-based propellants into focus. Here, a
review is presented of the environmental impact assessment of solid rocket motor exhaust obtained due to main
composite propellants components combustion.

This review highlights the need for further study of the cumulative impacts that frequent space launches have on all
areas of the environment, including global climate, ecosystem toxicity, and human toxicity, and with consideration
given to all commonly used propellants, to ensure that the impacts are well characterized and well understood before
the number of launches greatly increases.

Research and development efforts made in the direction of high energy material technology have brought an array
of new materials into prominence.

The new materials, having minimum emissions and significant improvements of the impulse, are under investigation
for their use in propellants formulations.

The paper is addressed to the discussion of the technical, process and safety concerns arisen from the use of new
ingredients for solid propellant.

Keywords: environmental impact; space launch; ammonium-perchlorate-based propellants; propellants combustion emission;
energetic materials

AHAJII3 BIVIMBY EKOJIOT'TYHOI CK/IAI0BOI HA ETAIII BUBOPY NEPCIIEKTUBHUX
KOMIIOHEHTIB TBEPIOI'O PAKETHOT' O ITAJIMBA

Oustena C. Kocinmna, Mukosia M. /lpous, Bitaniit B. EMenb

/JlHinposcbkull HayioHaabHull yHieepcumem imeni Oaecsi 'onuapa, npocn. I'azapina, 72, [lninpo, 49010, Ykpaina

AHoTarniga

3i 36i/ibIIEHHAM JOCTYNHOCTI KOMepLiHHMX KOCMIYHMX MOJbOTIB BIUIMB KOCMIYHHMX 3alycKiB Ha OToYyl4e
cepeJOBHIe CTaBaTHMe Bce OGijJbll 3HAYHUMM y HaNGAMKYi pOKU. 3pOCTaHHA KiJIbKOCTIi KOCMIiYHUX 3amycCKiB
NMPUBEPHYJIO yBary 0 Npo6/ieMHy 3a6pyAHEeHHS XJIOPOBMiCHMMHM NPOAYKTaMH 3rOPSAHHA Cy4YaCHUX TBepAUX PAKeTHUX
najJuB Ha OCHOBI aMOHiH mepxJjopary. Y AaHii cTtaTTi NpeAcTaBJeHUN OrJIAA Ail NPOAYKTIB 3ropsgsHHs OCHOBHUX
KOMIIOHEHTIB TBEpAOro pakeTHOTo NnajiMBa Ha OTO4Yyld4e cepejoBuile. Y orjisjl MiAKpecJgIETbCA HEOOXiJHiCTh
NMOAAJBIIOr0 AOCAiIAKEeHHS KyMYyJATHBHOTO BILIUBY, AKHIl 4YacTi KOCMiYHi MyCcKM cnpaB/sI0OTh Ha BCi JIISHKH
OTOYYHYOro CepejoBHILA, BKIAWYAIUYHU IJI06a/IbHUH KJAIMAT, TOKCUYHICTh JAJIsI €KOCHCTEeM i TOKCHUYHICTb JJs
JIIOJMHM JJ1A1 6GiJIbII e Ta/IbHOT0 BUBYEHHS IIbOT0 NUTAaHHS, Nepll Hi>k 3HAYHO 3POCTe KiJIbKiCTh KOCMi4YHMX 3aNyCKiB.
HaykoBo-A0C/IiJHi Ta KOHCTPYKTOPCHKi pOGOTH B rajiy3i TEXHOJIOTiii BUCOKOeHepreTUYHUX MaTepiaiiB J03BOJIMIN
NPUBEPHYTH yBary A0 HOBUX MaTepiajiB. HoBi MaTepiaiy, o MaloTh MiHiMa/IbHI BUKM/M Ta NOKpallleHi 3HaYeHHH
NUTOMOTO iMIYyJIbCY TATH, 3HAXOAATHCA Ha CTaAil AOCHi)KEHHs Ha npejMeT iX BUKOPHCTAaHHA Y CKJIaJi paKeTHUX
najMB. /laHHaA CTaTTA NpU3HaYeHa /i1 06GroBOpeHHs TeXHiYHUX, TEXHOJIOTiYHUX Npo6JeM i npo6sieM Ge3neKH, 1m0
BUHUKAIOTh IPY BUKOPUCTAaHHi HOBUX KOMIIOHEHTIB TBEP/0ro0 NajuBa.

Karouosi cnoea: BJIMB Ha OTOYylOYe cepe/lOBUILE; KOCMIUHI 3alyCKy; NaJWBO Ha OCHOBI aMOHIN mepxJjopaTy; NpPOAYyKTH
3ropsiHHS PAKeTHOTO NIAJIMBa; eHeproHachyeHi CIoJIyKHU
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AHAJIA3 BJIMAHUA 3KOJIOTUYECKOMW COCTABJIAIONIEN HA 3TAIE BbIBOPA
INEPCIIEKTHUBHBIX KOMIIOHEHTOB TBEPAOI'0O PAKETHOT O TOIIJIMBA

Enena C. KocunuHa, Hukosnait M. Jlpons, Butanuii B. Emen

JHunposckuli HayuoHabHbIl yHUBepcumem umenu Osecst onuapa, npocn. 'azapuna, 72, lHunpo, 49010, Ykpauna

AHHoTalus

C YBEeJINYEHUEM [JAOCTYIIHOCTH KOMMEPYECKHX KOCMHYECKHX II0JIETOB BOS/I[el‘/'lCTBHe KOCMHUYE€CKHX 3allyCKOB Ha
OKpyXKawlyrw cpeay 6yL[ET CTAHOBHUTLCSA BcCe 00Jiee 3HAYHUTEJIbHBIM B OJIMKaWIIne roabl. YBe/mmyeHnue 4yucia
KOCMHYE€CKHX 3allyCKOB IMNPHUBJIEKJIO BHHMAdHHE K npoﬁﬂeme 3arpsA3HeHUusa XJiopcoAepiKallMMHu IIPpOAYKTaMH
CropaHuss COBpPEMEHHBIX TBepJAblX PpAaKeTHbIX TOIUVIMB HAa OCHOBE IepxsjiopaTa aMMOHMHA. B AaHHOﬁ cTaThbe
npeacraB/JI€H 0630]:) BO3AeﬁCTBﬂH NPOAYKTOB CropaHv OCHOBHbIX KOMIIOHEHTOB TBEPAOro paKkeTHOro TorjinBa Ha
OKpyXamwiyw cpeay. B o63ope mnoguepkuBaeTcsi HeOGX0JMMOCTb JAajibHelllero HM3y4YeHUs: KyMYJSATHBHOIO
BOBAeﬁCTBﬂH, KOTOpoO€e 4YacThbleé KOCMHUYECKHE 3allyCKH OKa3bIBAlOT HAa BCe COCTaBJIAKWIIHE oxpy)xalomeﬁ cpeapbl,
BKJIIOYasA IJ106a/IbHBIA K/IMMAT, TOKCUYHOCTb AJId 3KOCUCTEM U TOKCHUYHOCTDb AJIA YeJiIOBeKa AJiA 60J1€€ A€TaJIbHOTO
HU3y4Y€HMA [JaHHOro BOIIpoca, mnOpexjae dYeM KO/JIMYeCTBO IIyCKOB 3HAYUTE/JIbHO YBEJIHUYUTCAH. Haquo-
HuccjaeaoBaTeJibCKue nu ONBITHO-KOHCTPYKTOPCKHE paGOTbI, npeanpuHATbIE B 06J1acTH TeXHOJIOTHUI
BBICOKOJ3HEpPreTu4eCKux MaTepuasioB, IO3BOJIMJ/IM IPUBJIedYb BHUMAaHHUEe K HOBbBIM MaTepHa/laM. HoBbie MaTepHuaJibl,
HuMewinue MHHUMaJIbHbI€ BBIGpOCBI M yJIy4YllI€eHHbI€ 3HA4Y€HUA yAeJIbHOI0 UMIyJibCa TATrH, HAXO0AATCA HA CTaJUHU
HU3y4YeHMA Ha npeaMeT HUX HMCIO0JIb30BAHHA B COCTAaBAaX pAaKeTHbIX TOILIUB. ﬂaHHail CTaThs NpeJHa3Ha4YeHa AJisA
chy;erHml TeXHU4YEeCKHX, TEeXHOJIOTH4YeCKUuX l'lp06Jl(-EM nu l'lp06J'IEM 5eSOl’laCHOCTH, BO3HUKAKOIIUX IpH
HCNO0JIb30BAHUHU HOBBIX KOMIIOHEHTOB TBEpPA0ro TOIJINBA.

Kawuesvle caoea: BivsiHMe Ha OKDpYyXawlyr cpeay, KOCMHUYeCKHUe 3allyCKH; TOIIJIMBO HA OCHOBE IlepXJjiopaTa aMMOHMHS;
NPOAYKTBI TOPEHHA PAKETHOI'O TOIIJIMBA; SHEProHaChbIl€eHHbIe COeJUHEHHA.

BBegeHue JIBUTaTeNeH, B KadecTBe IIOPOXOBBIX
[Ipo6sieMa 3KoOJIOTMYEeCKOW 6e30macHOCTH C  AKKYyMYJIITOPOB JaBJIEHUA B CHUCTeMax
KaXJbIM TOJOM  CTaHOBUTCH Bce 6Oojiee MMHOMETHOIO CTapTa M T. J. [2; 7; 8].

aKTyaJIbHOU. [Mocnennue JeCATUIIETUS Teepabie pakerneple TomiuBa (TPT), B
YCUJIMBAETCH HeraTHUBHOE BO3/eiicTBHe 3aBHCUMOCTH OT MX XHMMHYECKOro COCTaBa M
4eJIOBEYECKOM JesITeJIbHOCTU Ha OKpyxawulyo pusndeckon CTPYKTYPBHI, 06BbIYHO

cpeay [1]. Habnawopaetca  TeHAeHIUS K KJIaCCUUITUPYIOTCS Ha FOMOTreHHbIe 5
YBEJMYEHHUIO YaCTOThI 3allyCKa pakeT B CBsA3M ¢ reTeporeHHble. IlepBbie cojiep)KaT TOIUIMBO H
pa3BUTUEM KOCMHYECKHUX TeXHOJIOTHUM, OKHCJWUTEJNM, XUMHWYECKUM  CBA3aHHble  Ha
KOMMep4YeCKUM 0CBOEHHEM KOCMOCa, MOJIEKYJAPHOM YpPOBHeE. KoMnoneHTBI
NpOBeJeHUEM KOCMMYECKHX HCCIeJOoBaHUKA B TOMOreHHbIX TPT B OCHOBHOM OTHOCATCA K OJHOU
VCJOBUSIX HEBECOMOCTH Ha MexayHapoJHOW M3 4YeThbIpex KaTeropui: HUTPaMHUHbI (TeKCOreH,

KOCMUYECKOMN CTaHUUU (MKCQC) C OKTOreH, HUTpodopMar TU/pasuHa,
HEO6X0JMMOCTbI0 BBIBEJIEHHs CPEJCTB yBOoJa TIEKCAaHUTPOreKCaa3oW30BIOPLHUTAH), A3M/1bl
KOCMUYEeCKUX 06'beKTOB C HU3KHUX OKOJIO3eMHbIX  (TJIMLHUAMIA3UATIONHNMED, noJnauasujo-
Op6HT JUIS  pelleHUusd aKTyaanof/i l'Ip06JleMbI METHJIOKCETAaH, a3I/IzLOMeTI/IJIM6TI/IJ10KCGTaH),
60pbObI € AHTPONOreHHLIM 3arps3HeHWeM CJIOXHble  HUTPO3(UPbl  (HUTPOIJIMIIEPHH,
KOCMHUYECKOTO MPOCTPaHCTBa [2-6]. HUTPOLEJII0J1033, 1,2,4-6yTaHTPUOJTPUHHUTPAT,

[IpuMeHeHHe paKeTHbIX TEeXHOJIOTUM  TPUMETHUJIONITAHTPUHUTPAT, JU3TUJIEHTJIU-

OKa3bIBaeT BJIMsIHUE HA BCIO 6uochepy MIaHeThl  KOJBJAMHUTPAT) WM HUTPAThl (JUHUTPaAMU/
- MOYBY, BO3AyX, BOJy. AHa/lu3 BO3JeiCTBMA aMMOHHS, HUTPAT aMMOHMA). K rereporeHHbpIM
PaKeTHBbIX TEXHOJIOTUI Ha OKPYKAIOIyI cpejy OTHOCAT  TOIJIMBA, IJIaBHble  KOMIIOHEHTbI

M0Ka3bIBaET, 4TO Takoe BO3/leficTBMe KOTOPBIX — OKUC/IUTEJb U CBA3YHOllee — CMellaHbI

NPOMCXOAMT Ha BCeX JTamax: paspaborke, ¢usnyecku [8-12].

NPOU3BOACTBE, IKCILIyaTallMH U yTUINA3ALMH [1]. BaxHbIM  Kjaccom  reteporeHHbix  TPT
OCHOBHBIM WCTOYHUKOM 3arpsa3HeHuss fABJAKOTCA  CMeceBble  TBepJible  paKeTHbIe

OKpyXamlei cpeabl aBasgerca paketHoe Tomuba (CTPT) Ha ocHoBe nepx/siopaTa aMMOHUSA

TOIIJIUBO. PakeTHbIe tBeppoTonuBHble  (IIXA). TunuyHble KOMIO3MLMHU NPEJCTABAAIT

JIBUTATeJU LIMPOKO HCIOJNb3YITCA B KadyecTBe COOOM cMecH oKHMCIuTesA (B ocHOBHOM [IXA, 60-
MaplleBbIX, a TakKke B KadecTBe apurarteneii 80 %), /AuWcneprupoBaHHOrO0 B MOJMMEPHOM
BCIIOMOTaTe/IbHOT0 Ha3Ha4yeHWs B CUCTeMax CBA3yoleM (HampuMep, MNOJMOyTaJjueH C
pa3fesieHUs1 CTymeHeH, 3amycka >KHAKOCTHbIX KOHLEBBIMH IM/APOKCHJIbHBIMH rpynnamu HTPB,
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10-15 %), K KOTOPOMY MOXXET OBbITh J06aBIEHO
MeTaJ/lJIniecKoe roproyee (Hanmpumep,
amoMuHui, 15-20 %) [12].

B aspokocMuueckod 06J1aCTH HEO06XOAUMbI
coBpemeHHbIe TPT, coueTariue 6e30MacHOCTb B
3KCIJIyaTaluu U 6€30MacCHOCTh 110 OTHOIIEHUIO K
OKpyxatolieit cpesie. JlJist olleHKU 6€30MacHOCTH
TPT npexje Bcero pacCMaTpUBalOT TOKCUYHOCTh
KOMIIOHEHTOB TOINJIMBA W MNPOAYKTOB HUX
TEPMHUYECKOTr0 pa3J/ioKeHUs.

Fopenue TPT BkJitouaeT B cebGsi KOMILJIEKC
CJIOXHBIX  (PU3UKO-XMMUYECKUX  MPOLECCOB,
3aBUCAIIMX OT ero cocraBa. TakuMm o6pas3om,
Ba>KHO U3YYHUTh U OXapaKTepU30BaTh CBONCTBA U

ropeHue OCHOBHBIX KOMIIOHEHTOB, KOTOpbIE
ucnosb3ytorcsa B TPT [10;13;14].
OCHOBHbI€ KOMIIOHEHTBHI TpPaAULMOHHbBIX

TPT u IpoAYyKTHI UX TOpEeHUs

Oxucaurtesnb. B KadyectBe okucautensa TPT
WCNOJB3yIOT KpPUCTA/VIMYEeCKHEe  MaTepualibl,
KOTOpble IpU TEPMHUYECKOM  BO3JEHCTBUHU
pacnajarTca ¢ obpa3oBaHMEM T[a3000pa3HBIX
dparmMeHTOB OKUCAUTENS. OKUCTUTED SIBJSIETCS
OCHOBHBIM KOMIIOHEHTOM, KOTOPBIH IPOU3BOAUT
BBICOKYI0O 3HEprui0 npu cropaHuu. OfHUM U3
HauboJsiee 4YacTO HCHOJb3yEMBIX OKHCIAUTeseN
apaseTca [IXA. OCHOBHBIMHM IPUYMHAMM 4aCTOTO
vcnosib3oBaHusl [IXA sBASIOTCA: a) BbICOKasg U

peryiupyeMas CKOpPOCTb TropeHus, 6) He
TUCPOCKOMUYHOCTb, B) OTCYTCTBHE aTOMOB
MeTa/lyla W HH3Kasgd MoOJIeKyJspHasg Macca
NPOJYKTOB CropaHus, r) BbICOKast

COBMECTHMOCTb C Pa3JIMYHBIMH CBSI3YIOUIUMH, /1)
BBICOKAsi MPOU3BOJAUTEBHOCTD, €) JIOCTYNHOCTh
[2;10;14]. AHasoroB C MOAOGHBIM COYETAHUEM

XapaKTEepPUCTUK Ha [JIaHHbIA MOMEHT He
CylL1ecTBYeT.

Ilepxnopam aMMOHUSA ABJIAETCA
OKUCJUTEJeM C  MHOTOJIETHEHM  UCTOpHUel

HCIOJIb30OBAHHUA B 3allyCKaxXx TBEPAOTOIIJIMBHBIX

pakeT (B TOM qucie B cocTaBe
TBEPAOTOIJIMBHOTO  PAaKETHOTO  YCKOPUTEJSA
Space Shuttle), B 6oemnpumnacax, B

MUPOTEXHUYECKUX cocTaBax. OH mpejcTaBJseT
cobou HeopraHUYecKoe coelMHeHHe c
xumuueckort ¢opmysioin NH4ClOs, u Takxke
HM3BECTEH KaK COJIb XJIOPHOW KMCJIO0ThI M aMMHaKa.

Ouenka TokcuuyHocTu IIXA ocHoBBIBaeTcs
rJIaBHbIM o6pasoM Ha pesyJbTaTax
3KCIIEPHMEHTOB Ha OOBIYHBIX JIAO0PATOPHBIX
)KUBOTHBIX  (MBIIIM, KpPbICBI M  KPOJIUKH).
TokcHUKOJIOTHYECKHe UCCIeJOBaHUS IOKa3aJy,
4yTo Bo3jelcTBUe [IXA MPpUBOAUT K U3MEHEHUIO
YPOBHEN TOPMOHOB IIUTOBUJHOW KeJjie3bl U
6JI0KMpOBaHUI0 TMorJomeHus Hoxa. OJHako

AnuTenbHOe BiMusAHUe [IXA Ha JeATesNbHOCTb
BCEr0 OpraHu3Ma HM3y4YeHO HeJ0CTAaTOYHO.
OCHOBHbBIM MyTeM MPOHUKHOBEHUS MEPXJIOPATOB
B OKPYXXalOLIYI0 CpeAdy fBJSETCS NMPOU3BOACTBO
6oemnpuIlacOB U TBEPAOTOIJIMBHBIX PAKETHBIX
ABurartesjied. IJTU  [JEeWCTBUSA [pPUBEJId K
3arpsI3HeHUI0 MePXJ0pPaTOM MOJ3eMHbIX BOJ, Ha
MHOTUX BOEHHbIX OOBbEKTax U 00beKTax
pakeTtocTpoeHud. /JIpyrMMuM aHTPONOTeHHBIMH
HCTOYHUKAMHU nepxJjopara SBJISIIOTCS
deliepBepKy, B3pbIBHbIE YCTPOMCTBa,
B3pbIBUaThble BEIECTBa, 3JEKTPOXUMHUYECKU
CHHTEe3HWPOBAHHbIE XJIOPHbIE MPOAYKTHI [15].

Topenue IIXA. Topenue IIXA [0BOJIBHO
CJIO’KHOE M IIUPOKO usydeHo [10;14;16-18]. [Ipu
TeMIepaType 513 K KpHUCTa/IJINYeCcKas
CTPYKTypa XA HW3MeHSseTcs OT
opTOopoMOMYecKON K Kybudeckoil. [Ipy HU3KuUX
JaBJIeHUsAX B JUallazoHe TeMIiepaTtyp oT 670 fo
710 K npoucxoaut 6bicTpas cybanuManus [1XA.

[Ipu Me/IJIEHHOM HarpeBaHUU npu
Temnepatype 470 K IIXA passaraerca 1o
cJeyIollel peaKIuu:

4-NH4C104 - 2C12 + 302 + 8H,0 + 2N,0

[lpy Temnepatype okoso 620 K I[IXA
pasjiaraeTcad B COOTBETCTBUHM CO CJeAyIOLlelr
peakiyen:

2NH4ClO4 — Clz + O2 + 4H20 + 2NO

[Ipu fanbHeUIIeM NOBBIIIEHUN TeMIlepaTyphl
KpUCTa/JIn4ecKas pelieTka CTAaHOBHUTCA
HecTabubHOU U m1aBuTCcs npu 830 K. [Ipu 3Toi
TeMIlepaType MNPOUCXOAUT CyOJIuManus U
pasJioxKeHue [TXA C o6pa3oBaHuEM
razoobpasHoro aMMuaka U XJOPHOU KUCJOTHI,
KOTOpbIe BIIOCJIEICTBUU [I0/IBEPraoTCa
NOCJeOBaTe/bHBIM  LeNHbIM  peaknusaM ¢
06pa30oBaHMEM TaKHUX KOHEYHBIX NPOAYKTOB Kak
HCI, Cl;, ClOz Oz Nz, NO u N;O, 6osbluast 4acTb
KOTOPBIX [JeHCTBYIOT B KadyecTBe OCHOBHBIX
oKUCAuTeNed B raszodasHbIX  peaKlusX.
MopenupoBaHue CTPYKTYPbl KOHZIEHCUPOBaHHOU
Y razoBoil ¢as3 I[IXA mpeamnosiaraeT npoTrekaHue
107 peakuuid ¥ Haauuue 32 ra3o000pasHbIX
npoaykTtoB [10; 14; 16; 17].

[Ipy BBICOKOH CKOpPOCTH HarpeBaHHs BecChb

npouecc  pasJioKeHUs MOXHO  ONHUcaThb
caeayrIuM obpasom [14]:
NH4C104 — NH3 + HC104
HClO4 — HCl + 20;
O6pasoBaHHe TOKCUYHOrO ra3006pa3HOro
XJIOPUCTOTO  BOJIOPOJIa H  OKHCJOB  XJopa

ABJIAETCA TJIaBHbIM HeAOCTaTKOM TOIJIUB Ha
ocHoBe [IXA. Hanpumep, TBepAOTOIJIMBHbIE
YCKOpUTEJNH €BPONEeNCKOW paKeTbl-HOCHUTeJIs
Ariane-5 copepxat 476 ToHH CTPT Ha ocHoBe
[IXA, KOTOpBIM NpPU CKUTAaHWM NpeBpallaeTca B
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270 ToHH kKoHUeHTpupoBaHHoW HCl. HU3BecTHO
[2;8], uTo Bo BpeMmsa 3anycka Space Shuttle
BeiJlesnisiiock 580 ToHH HCl. Tasoo6pasHbiit
XJIOPUCTBIA BOAOPO/] CIOCOGCTBYET UCTOILEHHIO
030HOBOTO  CJIOS, a 0Opd  MOTJIOUEHUH
aTMocdepHON Bjard HabJIIOAAeTCs BbINaJleHUE
KUCJOTHbIX Joxaedt [8]. Takum o6pasowm,
MpOAyKThI cropaHus [IXA 6eccriopHo BpeIHBI JJis0
OKpYy>Kalollen cpefibl, B TOM 4Hucje s GpJaopbl U
daynsl [12; 16; 19].

F'oproye-cBasywiee. B kadecTBe roproye-
CBAI3YIOLLETO HCIIOJb3yIOT noJINMepHbIe
MaTepHasbl, KOTOpble YCJOBHO [JeJAT Ha [Ba
THMAa: WHEPTHble U aKTUBHble. [losuMepshl
CBAI3BIBAIOT TBEpAble KOMIIOHEHTBl B OJHY
MaTpuLy, ob6ecrneynBas Heo6X0Mble
MeXaHU4YeCcKue CBOWCTBA, U NPU TepMHUYECKOM
pasJioKeHUH reHepUpyT BbICOKHE
KOHI[EHTpAallMh  Tra3000pa3HbiXx (parMeHTOB
roptoyero. B kayecTBe roproye-cBsI3yIOILEro B
nocjiefHUe oAbl  IIUPOKO  HCIOJIb3yeTcs
N0JM6YTaJUeEH C KOHLEBBIMU I'MJPOKCUIbHBIMHU
rpynnamd (HTPB), Tak Kak OH MO3BOJSIET
MPUMEHSATBH 60Jiee BBICOKOE KOJTMYECTBO TBEPAbIX
KOMIIOHEHTOB (cyMMapHoe cofepkanue [1XA u Al
noBblaetcs Ao 88-90 %) c coxpaHeHUEM
BBICOKUX $U3UKO-MeXaHUYECKUX 5
peosioruueckux cBoucts [10;14;19].

Tepmuyeckoe pazaodxnceHue HTPB. ABTopamu
[10;20-25] coobiiaeTcs, 4YTO pasjoKeHHEe
(muposn3) HTPB cuibHO 3aBUCUT OT CKOPOCTH
HarpeBa. [Ipy HU3KHX CKOPOCTSX Harpesa (MeHee
100 K/MuH) nuposin3 peasusyeTcs B JBe CTAIUU.
[lepBasi cTaAus BKJIOYAET 3HAOTEPMHUUYECKYIO
JlenoJiMMepu3anuio ¢ o6pa3oBaHUEM MOHOMepa
OyTajaueHa, LIMKJIOTIEHTEHA, 1,3-
LUKJIOTeKcaJjueHa U 4-BUHUWILHUKJOrEeKCeHa B
KayeCcTBE OCHOBHbBIX ra3000pa3HbIX MPOAYKTOB.
Pe3ysibTaTbl TEpMOrpaBUMETPUYECKOTO aHAIM3a
(TGA) nokasbeiBalT notepto Beca Ha 10-15 % Ha
3TON cTaguu. Ha BTOpOM cTaZuu OCTaBLIMKICA
0CTaTOK UKJIU3YyeTCs, CIIMBaeTCs U
noJiBepraetcs JajbHellied Jerpajaunuu. llpu
ckopocTax HarpeBa Bbime 100 K/muH
npeo6saajjaeT nepsas cTaaus C
JlenoJMMepu3aneil B KauyeCcTBe OCHOBHOTO
npouecca pasioxenus [21;22].

B kamepe cropaHusi pakeTHOrO JABUTraTeJs
HTPB noJBepraercs BO3/I€ICTBHUIO
3KcTpeMasibHbIX TeMmepaTyp (Bbimie 2000 K),
JaBiaeHud (20-100 aTM) u ckopocTell Harpesa
(mo 106 K/c), moaToMy aJisi 3K30TEPMHYECKOTO
CIIMBAaHUSA U LUKJIHU3ALUU OCTAETCS OYEHb MaJjio
BpeMeHu. (CJiefjoBaTeNbHO, [lenoJiMMepu3anus
CTAaHOBUTCA JOMUHHUPYIOLIUM MPOLECCOM.
ABTOpBI [25] onpesnennau KOHEYHbIE MPOJYKTHI

pa3/ioKeHUs], UCIOJIb3ysd  MeTOJ, Tra30BoOH
xpomatorpaduu (I'X). [Ipu TemnepaType HuxKe
770 K OCHOBHBbIM Tra3006pa3HbIM MNPOJAYKTOM
sIBJsIeTCs OyTa/iveH, TOr/la KaK IMPH MOBBIILIEHUH
TeMIepaTypbl BO3HUKAET 1ieJIbli psAJ NPOLYKTOB.
[Ilpy 1170 K OCHOBHBIM NPOAYKTOM SBJISIETCS
3TWJIEH, a CoJiepKaHHWe OyTaJleHa COCTaBJISIET
Bcero 1-2 %. B cBeTe BbIIENU3JI0KEHHOTO
npezmnoJjaraeTcs, YToO TEpMUIECKOe pa3yioKeHHe
HTPB B pakeTHOM JBuUrartesie MNPOXOJUT
ciaenyrowui nyth [10; 23-25]:
HTPB — C;H4 + nerkue yrineBogopoaHble
YaCTHUILLbI

MeTa/inyecKkoe roprodee. MeTasjibl 4acTo
WCNOJIb3YyIOT B  KadyeCcTBe 3JHepreTUYecKUx
KoMInoHeHTOB TPT. BoJbIIMHCTBO  4acTulj
MmeTta/ioB  (Li, Mg, Al) cMmemuBaeTcs ¢
KOMIIOHEHTaMHU OKHUCJUTEJIsI U FeHepupyeT MpHU
OKHCJIEHUM  OOJblIOe  KOJHUYECTBO  TeIlla.
Jlo6aBneHue MeTaJlJINYeCKOro roproyero
NOBbIIAET TEIJIOTY U TeMIlepaTypy CropaHus,
IJIOTHOCTh  TOIJIMB3, M,  CJeJ0BaTeJbHO,
YAENbHBIA  UMIYJIbC [10;14]. Haubounee
pacnpocTpaHeHHbIM MeTa/sioM B coctaBe TPT
ABJIAETCSA AJTIOMUHUH.

IIpoyeccvl oKucaeHus u 2opeHus vacmuy
aaomuHus. llpu oOKUCAEHHMH Ta3000pa3HbIM
OKHUCJIUTEEM 4acTHULbI QJIIOMUHUSA
MOKpPBIBAIOTCA CJIOEM TBEPJON OKHUCH aJFOMUHUA
Al;0O3, B COOTBETCTBUH C peakiuei:

2Al +3/202 - Al;03
2Al + 3H,0 - Al;03 + 3H;

Tak Kak 3TOT OKMCHBIN CJIOU OKPbIBAET BCIO
MOBEPXHOCTb YacTHUILIbI, TO MOJIEKYJIbI
OKHUCJIUTEJISI He IOJAI0TCS K JiexKalllel Mo/J; CJI0eM
OKHCJIa TIOBEPXHOCTH HenpopearupoBaBIIEro
AJIIOMUHHUSI. Hukakux nocaef0BaTeNbHbIX
peakUUi OKUCAEHUS U TOpeHHS He MOXeT
NPOUCXOAUTh M, CJeJ0BaTeJbHO, UMEET MECTO
HeNoJIHOe CTOpaHMe YacTul altoMuHud. OZHaKo,
€C/IM  HeNpopearupoBaBIIMU aJIOMUHUUA MOJ
cnmoem Al;03 pacnuiaBisieTcs M UcHapsieTcs 3a
cyeT TelJa, nojaBaeMoro 4yepes ciaoil Al,03, To
CJIOM OKHCH a/JIOMMHMSA paspyluaeTcad H3-3a
JaBJeHUs TMapa pacljaBJeHHOTO aJlOMHUHUS.
PacniaBiieHHbIR u/unu napoo6pa3Hblil
QJIOMUHUMKA  3aTeM [pPOTaJKUBaeTCAd 4epe3
paspylleHHbIA CJI0H OKUCHM ajrwMuHuA. [locne
TAaKOr'0 BbITOPAHUSA YACTHIL aJTIOMUHUS OCTAETCs
MHOTO NycThbIX 060s04ek Al,03 [10;14].

Bosbmoe YHCJIO0 YacTHUIL AJIIOMHUHUSA
arjioMmepupyeT, o00pa3ysd KpynHble YacTHLbI
OKHCU aJIIOMHUHUA € AuaMeTpoM nopszaka oT 0.1
Ao 1 mM. Korgja aTv 4acTUlbl pacCeuBalOTCs U3
comeJ BaTMocdepy, 06pasyeTcs MJIOTHBINA 6eJIbIi
JbIM IO CJie/ly ToJieTa pakeThl [14].
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Okcup aJlOMHUHUA BCTpedaeTcs B MPUPOJE B
BU/Ie Pa3/IMYHbIX MUHEPAJIOB, TAKUX KaK OOKCHT,
KOopyHZ, U T.. OH HcCHNOJb3yeTcd B KadyeCcTBe
aficopbeHTa, OCylIUTeJds W KaTajJau3aTopa, a
Takke B TPOU3BOJACTBE 3yOHBIX IIEMEHTOB U
OTHEeYINOpPHBIX MaTepuasioB. COrjlacHO CTaHJAPTY
NFPA704, koTopbI# UCIIOJIb3YETCS AJ151 GBICTPOTO
onpeziejieHUs PHUCKOB, CBA3aHHBIX C PALOM
ONACHBIX MaTepUaJioB, OKCUJ, aJlOMUHUS MOXET
BbI3BaTh pa3/[paKeHUEe CIU3UCTBIX 0060JI0UYEK
JbIXaTeJbHBIX NyTeW, pra U TJjJaz
MHUHHUMaJbHBIMHU OCTATOYHBIMU NOBPEXAEHUAMHU
[26].

T'openue CTPT mHa ocHose IIXA u HTPB.
[Tockosnbky CTPT Ha ocHoBe IIXA saBaATCA
BBICOKOTETEPOTeHHbIMHU 110 CBOEW (HU3UYeCcKOU
CTPYKTYpPE, TO CTPYKTypa BOJIHbI TOPEHUST TAKKeE
reTeporeHHas (HeopzHOpOAHAs), 4YTO
06ycsoBeHO AP PY3UOHHBIM MPOIECCOM MEXKAY
ra3oo6pasHbIM OKUC/AWTEJIEM, 06pa30BaBLIUMCS
3a cyer uactuy [IXA, ¥ roproyumMu rasamy,
06pa30BaBUIMMUCH 33 CYET CBS3YIOLLEro Haj
MMOBEPXHOCTbIO ropeHus [14].

Cxuranve CTPT Ha ocHoBe IIXA u HTPB
BKJIIOYAeT B ce651 MHOXKECTBO CJI0XKHBIX GU3UKO-
XUMUUYECKUX IPOLIECCOB, BKJItoYas caefyolue: 1)
npe/BapUTeJbHBIA HarpeB, pasJioKeHUue U
¢$ba3oBbIN epexo/] B KOH/IEHCUPOBAaHHYIO ¢pasy; 2)
MHOTOCTaIMHbIe peaKI[Mu B razoBo ¢aze [10].

MexanusMm ropenuss CTPT Ha ocHoBe IIXA u
HTPB KOHTPOJINPYeTCs audoysueit
ra3oo6pasHbIX MPOJAYKTOB Pa3JIOKEHUS 4YaCTHIL]

[1XA, oxpyxenHeix HTPB Ha mnoBepxHocTH
ropeHusa. Yacruuel IIXA passnararorca c
obpasoBaHueM xJopHou kucaoTel HCIO4 a
roprodee cBA3ywOlLEe pasJaraeTcsa C

06pa3oBaHUEM YIJIEBOAOPOJHbIX $parMeHTOB U
BozopoAa [14]. 3Tu razoobpasHble NPOAYKTHI
pasJioKeHUs pearupyroT [0 peaKLuu:
NH4ClO4 + CmHn (yriieBogopogHbIH
nosiumep) — CO2 + H20 + N + HCI

B pesysbTaTe 3TOU peakLUH BbljeJsieTcs
3HaYUTeJIbHOE KOJIN4eCTBO TenJja (Ha
MOBEPXHOCTU TOpPeHusT U HaJ HeH) U
razoo06pasHbIX MOJIEKYJI, KOTOpPble 06eClieYnBaloT
BBICOKUU eJUHUYHBIK uMnyJbc Isp. Eciu B CTPT
OPUCYTCTBYIOT  YaCTHULbl  aJIOMUHUS, OHH
OTPBIBAIOTCS OT MOBEPXHOCTU U MPOJOJDKAIOT
pearvpoBaTh B ra3oBoM noTtoke [10;14].

ABTOpamMu [27] ObLIO Hccie/JoBaHO
TepMHUYecKoe pasyiokeHHe cMecu [1XA/HTPB
MeTofaMu TepMmorpaBuMmetpun TG-FTIR wu
CIeKTPOCKONMHA KOMOWHALMOHHOTO paccesiHHUs.
[IpoBeseHHOEe UcCclefj0OBaHMe I[0Kas3ajo, 4YTO
TEPMUUYECKOE PA3JIOKEHHE MOXKHO pa3/ieIMTh Ha
JBe cTraguu. Ha mnepBoil cTaguyd NPOUCXOAUT

Me/lJIeHHOe HU3KOTEeMIIEpaTypHOe pas3JoKeHHe
[IXA u HTPB. Kak TOJIBKO 3akaHYMBaeTCA
HU3KOTEMIIEpATypHOE Pa3J/IoKeHUe, HAaUYWHaAeTCs
BBICOKOTEMIIEPAaTypHOe pasJjiokeHue. BrTopas
CTaAusl OTJN4YaeTcs 6ojiee BBICOKOM CKOPOCTBIO
pasJIoKeHUs KOMIIOHEHTOB. [Tpu 3TOM
BbIJle/IIeTCsl  OOJIbLlIoe KOJWYEeCTBO TeIJa H
o6pasytorca okucastomue rasol (02, HCIO4, HCIO03
U T.1.). OKucasA0IKe ra3bl MOTyT pearupoBaTh C
HTPB u f0omo/JIHUTENbHO BBIJENATH TEIJIO, YTO
MOXKeT elle 0O0Jibllle  YCKOPUTb  MPOIecc
TepMu4deckoro pasJoxenus [IXA u HTPB. [lotepu
Macchbl IPU 3TOM MOTYT cOCTaBJAATh 90 %.

FTIR-kpuBas ra3oBbIX NpOAYKTOB B MpolLecce
TePMHUYECKOTO pasyioKeHus HTPB/IIXA
MOKa3bIBaeT, 4YTO OCHOBHBIMHU MPOAYKTaMHU
TepMUYeCKOro pasJoxeHus apiswTca COz CO,
CH4, C2Ha4, C2H2, C4He, NH3, HCN, HCON, H,0 u HCL
KpoMe ToOro, B rasoBbIX MNpPOAYKTax MOTYT
NPUCYTCTBOBATH Takue HH)paKpacHbIe
HeakTuBHble rasbl, kak Nz, H, u O, Cocras
ra3oBbIX MPOJAYKTOB I[03BOJIUJI aBTopaM [27]
npennosoxuTb, 4yTo HTPB Takxe y4yacTByeT B
peakLUy TepMUYeCKOro pasnoxeHusa. C oJHOHN
CTOPOHBI, 6OJIBIINE YIIEBOAOPOAHBIE MOJIEKYJIbI
pasJjlaraloTcsi Ha MaJleHbKHe YIJIEBOJOPOJHbIE
MoJsiekynbl (Hanpumep, CHs, CzHs, CoHz, CuHe),
KOTOpble MOTYT pearupoBaTb C MPOAYKTaMHU
passoxenus [1XA c o6paszoBanuem CO, CO,, HCN,
HCON wu H;0. IlpogykTel TepMHYECKOIO
pasnoxkeHnuss HTPB/IIXA Takxke coJepaT
HEKOTOpOe KOJUYEeCTBO YTJiepoa.

TakuM 006pa3oM, MOXHO YTBEPXAAThb, YTO

NpPOAYKTbl pasjoxkeHUsA cMeceBblx TPT B
OCHOBHOM He0e30macHbl [JI OKpYyKarollen
cpenpl. CoxpaHsieTcd aKTyaJbHOCTb IOHCKA

HOBBIX MaTePHaJIOB U PAKETHBIX TEXHOJIOTUH.
Hamu panee [28-31] B kayecTBe HOBOH
NepCrneKTUBHOM TEXHOJIOTMM Oblla pacCMOTpeHa
ujies aBTOQaKHBIX pakeT-HocuTesel. [IpuHIun
aBTodaxkHbix PH coctouT B TOM, YTO OHU He
MMeIOT 6aKOB KaK OT/le/IbHbIX KOHCTPYKTUBHBIX
3JIEMEHTOB M MOTYT ObITb peasu30BaHbl NpHU
MCII0JIb30BaHUM YIJIEBOAOPOJAHOr0 TOMaWBa. B
KauyecTBe  IepCHeKTUBHOIO  TOIMJMBA  OBLI
npeJJoXeH CBEPXBbICOKOMOJIEKYJIAPHBIH
MOJIM3TUJIEH BBICOKOH IJIOTHOCTH [32].
ABtopamu [33] O6BLIO TeopeTHUYECKH H
3KCIIEPUMEHTAJIBHO  M3y4eHO  TepMHUYecKoe
pasJioXKeHHe MOJMITUIeHA BBICOKOHW IMJIOTHOCTH.
PacyeTpl MO3BOMMJIM  MPEANOJONKHUTb, YTO
KOHEYHbIMHU NPOAYKTAMH JOJDKHBI ObITh METaH,
BOJIOpOJ, 3TwieH W  aueTwiaeH. OJHako
3KCIepUMeHTa/IbHble JlaHHble II0Ka3aJjd, 4YTO
OCHOBHBIM MPOAYKTOM pPa3JoKeHUs1 SIBJSETCS
atuseH (C:H4). lons saTuneHa yBeJMYHUBAETCS C
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45 % no 70 % npu NOBBILIEHUH TeMIIEPATYPbI OT
1250 K mo 2000 K. [Jlons MeTaHa HpU 3TOM
yMeHblnaetTcss. TakuM o06pa3oM, MOJU3TUIEH
BbICOKOM MmioTHOCTH U HTPB umMeroT nojo6HbIe
MpPOJAYKTbl Pa3JoXKeHWs, a HUMEHHO, 3TUJIeH B
KayecTBe OCHOBHOTO MPOJAYKTA:
[Tonmatunen — C;H4 + nerkue
yrJ1€BOJ0POJHbIE YaCTULbI

MoXHO TNpeANoNOXKUTb, YTO aBTOdaKHbIE
pakeTbl MOTLYT ObITh 060Jiee 3KOJIOTHUYECKU
6e3omacHbIMU, 4eM TpaaunuoHHbie TPT, ogHako
JUIsi 3TOro HeoOXOJMMO HCIIOJIb30BAHUE He
coZiepallluX XJIOp OKHCJAUTeJNed, TaKHhX Kak
JuHuTpamuy, ammonus (AJHA), nutpodopmar
rujipasvHa (HNF), reKCaHUTpPOTreKcaaso-
nsoBropiuTad (CL-20), okranutpoky6an (ONC),
JMaMUHOA30/JUTEeTPA3UH (DAAT) [8-11]
KOTOpble B COYETAaHHU C MOAXOAAIUMU
FOPIOYMMU MOTYT JaBaTh BbICOKO3()PEKTUBHbIE
TPT.

BbIBOAbI

Bbi6G0Op KOMIIOHEHTOB TOIJIMBA HA PAaHHUX
3Tanax MNpPOEKTUPOBAHUS TBEPAOTOIJIMBHBIX
PaKeTHBIX JBUTaTEJIEH Heo0X0AUMO
OCYUIECTBJISATb € y4eTOM 3JHepreTUYecKUx
CBOMCTB JJid obOecrneyeHUsT MaKCHUMaJIbHO
BBICOKOTO yAeJbHOTO HMITyJIbCa TSATH,
3KCIJIyaTallUOHHBIX CBOMCTB B COYETAHHUU C
XapaKTePUCTHUKAMH, o6ecre4yrBaIUMU
06e30MacHOCTh Ha BCeX 3Tamax: pa3paboTKy,
3KCIJIyaTaluy ¥ yTUIU3ALUH.

[lokazaHo, 4YTO [/ OKpYyXallleh cpejbl
He0e30MaCHbIMU SIBJISTIOTCS MPOJIYKThI
Pa3JIOKEHUSI CMeCeBbIX TBEP/bIX pPaKETHbBIX
TOIJIMB, B CBfI3U C 4YeM IeJecoo6pa3Ho
HcciieZjoBaHUE NEepCNeKTUBHBIX  PAKeTHBIX
TOIJIUB HAa  OCHOBE  NOJMOJIEHUHOB U
OKUCJIUTEJIEH, He COoZlepKaLUX XJI0P.
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Abstract

The paper presents the results of quantum-chemical studies of polymer composite materials based on aromatic
polyamide phenylon C1 filled with silica gel. Structural models of initial compounds with indication of charges on
atoms and interatomic distances are offered. The theoretical models of complexes in «polyamide-silica gel» systems
have been constructed, which describe the most probable intermolecular interactions of the polymer matrix with the
filler. The adequacy of the obtained models was confirmed by the results of IR spectroscopy. It has been found that
the chemical interaction of polymer molecules with the filler is carried out mainly due to the formation of strong
hydrogen bonds that occur between oxygen atoms of carbonyl groups in polymer molecules and active hydroxyl
groups on the surface of silica gel particles. The chemical nature for intermolecular interactions of polymer with filler
has also been confirmed with preliminary physico-mechanical and thermophysical studies of polymer composite
materials, as a result of which it was found, that the introduction of fine silica gel particles into the structure of
phenylon C1 contributes to a significant increase of the level of stress at the yield strength, modulus of elasticity in
compression and hardness with a shift of the corresponding values of heat and heat resistance of the obtained
polymer composites in the area of higher temperatures.

Keywords: ab initio calculations; intermolecular interaction; hydrogen bond; stabilization energy; vibrational spectra.

KBAHTOBO-XIMIYHE J0CJXKEHHA MDKMOJIEKYJIAPHUX B3AEMOJIA Y
KOMIIVIEKCHUX CUCTEMAX «I10JIIAMIA-CUJIIKATEJ/Ib»

Aunppiit B. Tokap,! Oser C. KabaT!?

1/THinpoecbkuli depicasHuli azpapHo-ekoHOMiYHUll yHigepcumem, 8y. C. Eppemosa, 25, lHinpo, 49600, Ykpaina
2YkpaiHcokull depicasHull XiMiko-mexHo102iuHUll yHigepcumem, npocn. ['azapiua, 8,
/JlHinpo, 49005, Ykpaina

AHoTarnjiqa

Y po6oTi HaBe JeHO pe3y/iIbTaTU KBAHTOBO-XiMiYHUX A0C/IiA)KeHb N0J1iMepHUX KOMIIO3ULiHHMX MaTepia/iiB Ha OCHOBI
apoMaTH4HOro noJjiamiay ¢enison C1, HanoBHEHOro cuJjiKkaresjieM. 3aIpONOHOBAHO CTPYKTYPHi MoJeJii BUXiJHUX
CIOJIYK i3 3a3Ha4YeHHAM 3apsA/iB Ha aToOMax Ta Mi>kaTOMHMX BiAcTaHeil. [I06y10BaHO TeopeTHYHi MOJeJli KOMILJIEKCIB
y cHCTeMi «moJiiaMij-cujikareib», 0 ONUCYIOThb HaW6iibm iMOBipHI MDXMoJeKy/IsIpHI B3a€eMojii moJsiMmepHoi
MaTpuLi 3 HAaNOBHIOBayeM. AJeKBaTHICTb OTPUMaHMX MoJeJieil miATBepAKeHO pe3yiabTaTaMu IY-cnekTpockomii.
BcTraHoBJIeHO, 10 XiMiYHA B3a€EMOJAiA MOJIeKy 1 NoJliMepy i3 HalOBHIOBa4YeM 3/iliICHIOEThCA NepeBa)KHO 3a PaXyHOK
YTBOpPEHHS MillHUX BOJHEBUX 3B’A3KiB, AKi BUHMKaIOTbh Mk aToMaMu OKcureHy KapGoOHIJIbHUX Ipyn y MoOJIeKyJ1ax
nojiiMepy Ta aKTUBHUMH TiApOKCUJIbHMMH TIpynaMd Ha MNOBepPXHi 4YacTOK cuiikareaw. XimiyHa npupoja
MiKMOJIEKY/JIIpHUX B3a€EMOJii mojiiMepy i3 HallOBHIOBaYeM TaKO0XK 3HAaXOJAMTh MiATBepAKEHHH 3a pe3y/bTaTaMH
npoBeJeHuX paHille ¢pi3uKo-MexaHiYHHUX Ta TelI0Qi3NYHUX AOCAiKeHb 0JIiMepHIX KOMNO3UIiHHUX MaTepiaJiB,
AKi NOKa3aJy, 0 BBeJAeHHsA APiGHOAUCIEPCHUX YACTOK CHJIIKareaw y cTpyktypy ¢enisiony C1 cnpuse 3Ha4YHOMY
NiJBUILEeHHI0O TAKUX NOKA3HMKIB fIK piBeHb HaANPy>KeHHS NPU MeXKi TEKy40CTi, MOAyJIfl IPY>KHOCTi IPHU CTUCKAHHI Ta
TBEPAOCTi 3i 3MillleHHAM BiANOBiJHUX 3HaYeHb TEIJIO- TA TEPMOCTIHKOCTI oJep:KaHMX MOJIiIMEPHUX KOMIIO3UTIB B
06J1acTh 6Gi/1bII BUCOKHMX TEMIIEPATYP.

Karouosi caosa: ab initio po3paxyHKH; MiXKMOJIEKYJIIPHA B3aEMO/lisl; BOAHEBUH 3B’I30K; eHepTis crabiiisallii; KosuBabHi
CIIEKTPH.
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KBAHTOBO-XUMHWYECKOE UCCJIEAOBAHUE MEXMOJIEKYJIAPHBIX
B3AUMOJEUCTBHUH B KOMIIVIEKCHBIX CUCTEMAX «I10OJIMAMU/I-CUJIMKATEJ/Ib»

Anppeit B. Tokaps,! Oster C. KabaT!?

1/THenpoeckuli 2ocydapcmeeHHbll azpapHo-3koHomMuveckull yHusepcumem, ya. C. Efppemosa, 25, lnenp, 49600, YkpauHa
2YKkpauHcKuli 2ocydapcmeeHHbIl XUMUKO-mexHo102u4eckull ynueepcumem, np. 'azapuHa, 8, [Jnenp, 49005, Ykpauna

AHHoTalus

B pa60Te npuBeeHbl pe3y/jbTaTbl KBAHTOBO-XUMHYE€CKHX PICCJIEAOBaHl/Iﬁ NOJIMMEPHBIX KOMIIO3UIIMOHHBIX
MaTe€pHaJIOB HA OCHOBE€ apOMaTH4Y€CKOro moJimamMmuja (l)EHI/lJIOH C1, HANIO/JIHEHHOI'0 CHJIMKareJjieM. HPEAJIO)KEHLI
CTPYKTYPHbIE€ MO €I HCXOAHBIX COEAHHEHHﬁ C YKa3aHHUEM 3apAA0B HA ATOMAX U MEXKMOJIEKYJISAPHBIX paCCTOHHHf/'l.
HOCTpOEHLI TeopeTH4YeCKHue MOJA€/I1 KOMIIVIEKCOB B CUCTEME «IMOJIHAMU/J-CUJIMKAreJ/ib», ONUCbIBAKOIIINE Haub6oJ1ee
BE€POATHBIE MEXKMOJIEKYJIAPHbIE BSaHMOAeﬁCTBPlﬂ HOJIPlMepHOﬁ MaTpunbl C HANDO/JIHUTEJIEM. AAEKBaTHOCTb
NMOJIYy9YeHHbBIX MO/I[EJleﬁ NOATBEPXKAECHA pe3yJbTaTaAMHU HK-CHEKTPOCKOHHH. YCTaHOBJIEHO, yTO0 XHUMHYECKOoe
BBaHMOAeﬁCTBHe MOJIEKYJI IOJIMMEpa C HAIOJIHUTEJIEM OCyLIeCTBJ/IAETCA NIPEUMYLIECTBEHHO 3a CYEeT 06paSOBaHﬂH
NPOYHBIX BOAOPOAHBIX CBH3EI71, BO3HUKAOIIUX MEXAy aTOMaMH KHCJI0poJa Kap60}mm,m>1x rpymnm B MOJIEKYyJIaxX
nmo/inMepa 1 aAKTUBHBIMU 'HAPOKCUWIBHBIMHU IrpynnaMy Ha NOBEPXHOCTHU YaCTUL CUWIMKareJid. Xumuyeckas npupoja
MEXKMOJIEKYJ/IAPHBIX Bsanmo,qeﬁcrnnﬁ NmoJinMepa C HAIOJIHUTEJ/IEeM TAKXKe HAXOAUT NOATBEPXKAEeHHe 10 pe3y/ibTaTaM
NnpoBeJEeHHbIX paHee ¢n3nxo-mexaﬂuqecxnx H TEHJIO(I)H3M‘-IGCKI/IX nccne,u,osaimﬁ NMOJIMMEPHBbIX KOMIO3UIIMOHHBIX
MaTepHuaJioB, KOTOPbIE€ NOKA3aJ/Id, YTO BBeJ€HHe MeJIKOAUCIIePCHBbIX YaCTUL CUWIMKAareJjs B CTPYKTYypy q)emmona C1
Cl'lOCO6CTByeT 3HAYUTE/IbHOMY NOBBINI€HUI0 TAKHUX noka3sareJiei Kak YpPOB€Hb HANIPAXKEHUA NIPU nIpejesie TEKY4eCTH,
MOAYJIA yNIPYTOCTHU IIPHU C)KATHHU U TBEPAOCTH CO CMEIleHHEM COOTBETCTBYIOLIIUX 3HaYeHHUH TeIo- U TepMOCTOﬁKOCTI/l
MOJIy4€HHBIX NOJIMMEPHBbIX KOMIIO3UTOB B 006J1aCcTh 60Jiee BBICOKHX TeMmnepartyp.

Katouesvie caosa: ab initio pac4eTbl; MEXMOJIEKYJIAPDHOE BSaHMOAQP‘ICTBHe; BOAOpOAHAA CBA3b; 3HEPrus CTa6I/IJ'II/ISaLlI/II/I;
KoJieGaTesbHbIe CIIEeKTPbI.

[9]. Ipu nboMy ¢izuyHa B3aEMO/Iisi MOKJIMBA 32
paxyHOK TOro, IO HaloOBHIOBaY Mae€ Jgobpe
po3BUHeHY noBepxHio (10 300 M2/r) i3 BesMKOIO
KIJIBKICTIO 1IOD, AAKi CIpUAITD PpisudHIN agcopoii
MaTpPUYHOTO noJiiMmepy MOBEPXHEID

Bcryn

[lomiMvepn Ta moJiMepHi KOMIO3HULIiMHI
Matepianu (IIKM) Ha ix ocHoBi 3a octanHi 30
POKIiB OTpHMaJd LIMPOKE PO3NOBCIO/KEHHA VY
BCix rajnyssax Hayku i TexHikd [1; 2]. 3aBAsiKH

YHIKaJbHOMY MOEJHAHHIO BJIACTUBOCTEW BOHHU
AKTUBHO BUTICHSAIOTh TpaAuLIiiHI MaTepiaau
KOHCTPYKLiMHOI0 pU3Ha4Y€eHHs], TaKi AK MeTalu
Ta ix cmaaBy, JepeBUHY Touo. Oco6/uBYy
3auiKaBJIEHICTb ABJIAIOTH noJsiimepu
crelnjaJibHOTO NMpU3HavYeHHs [3-6], ki 3a piBHeM
BJIAaCTUBOCTEM HabJIMKaIThCA [0 MeTaJliB, OJHAK
y 3-5 pasiB Jsierii 3a HUX, MAIOTh GiJIbIIT BUCOKUHN
piBEHb 3HOCOCTIMKOCTI Ta XiMiYyHOI CTiMKOCTI,
3J1aTHI BUTPUMYBATHU 3HAKO3MIiHHI
HaBaHTa)keHHd Ta iH. OfHUMU i3 TaKUX NI0JIiMepiB
€ apOMaTH4HI NoJyiaMigy, MiLHICTh AKUX JOCATAE
230 Mlla, a Tenio- Ta TepMocTiiikicTb 2901 350°C
BiAMOBIiAHO.

/10 OCHOBHUX HeJ|0JIiKIB JJaHUX I1OJIIMEPIB CJif,
BifjHecTn 1ix BHCOKYy co6iBapTicTb. [Jua 1i
3MEeHIlIeHHA apoMaTUy4Hi noJjiaMigu
HallOBHIOIOTH /[lelleBUMU HaNOBHIOBAaYyaMH, SKi
3/laTHi MoKpallyBaTH piBeHb IX Qi3UKO-
MeXaHiYHUX, TelIoPi3UUYHUX Ta TPUOOJIOTIUYHUX
BJAaCTUBOCTENM y TMOPIBHAHHI i3 BUXIAHUM
noJiimepoM [7; 8]. OfHMM i3 TaKMX HAIOBHIOBAYiB
€ JIIOKCHUJ, KpEeMHil0 MapKW CHUJIiKaresb, SKUU
3faTHUNA 0 ¢i3uyHOI Ta XiMiuHOI B3aeMoJil 3
MaKpOMOJIEKYJIAMM apOMaTHUYHOTO MoJiaMigy
npu otpumanHi [IKM Ta ix nepepobui y BUpo6u

HamoBHIOBaya. XiMiyHa B3aeMo/is cUJIiKareJsmwo 3
ApPOMaTH4YHUM I10JiaMiIOM MOXJIUBA 33 PaXyHOK
YTBOPEHHA BOJHEBHUX 3B’A3KIB MiX
peaklifHO3JaTHUMHU TiJPOKCUIBHUMHU TpylnaMu
Ha IIOBEpXHI HAINOBHIOBAYa Ta MOJIEKYJAMHU
MaTpu4yHOro mnoJjimepy. Y psazgi po6it [10-13]
onucaHo [IIKM Ha ocHoOBi moJjioJsiediHiB,
dTopnosimMepiB, PpeHOMNAACTIB Ta cUJiKareaw is
nigTBepAKeHHAM ix ¢i3nyHOi abo ximidHOI
B3a€EMO/II, IpUYOMYy OCTAaHHIO paHillle BU3HAYaJH
JIMIlIe ONOoCepeiKOBaHO, TOOGTO BiAITOBXYHOYHCh
Big 3pocTaHHs piBHA ¢i3uKo-MexaHiUHUX Ta
TermIopi3nIHUX BJACTUBOCTENH KOMIIO3HUTIB.

ToMy  aKTyaJlbHOI  3aZjdyerd  HaLoro
JOCJI/PKeHHSA CTaB IIOLIYK TeOpPeTUYHUX Ta
€KCIIepUMEHTAJIbHUX MiATBEP/PKEHb XiMI4HOIL
IIPUPOAY B3AEMOJII CUJIIKareso i3 apoMaTUYHUM
noJjiamifioM. Jlsis ii BupilileHHST HeobxiAHO 6YJ10
JeTaJIbHO BUBYHUTH 0COBJINBOCTI
MDXMOJIEKYIIPHUX B3aEMO/IiH, 1110 BUHUKAIOTh Ha
piBHI OKpeMHX JIQHOK MaKpOMOJIEKyJ i3
3aCTOCYBaHHAM LIMPOKHX MOKJIMBOCTEHN
KBAaHTOBO-XIMIYHUX PO3pPaxyHKOBUX METOZIB, a
TaKOX KOJIUBAJIbHOI CIIEKTPOCKOITII.
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ExcnepuMeHTa/IbHA YaCTHHA

y AKOCTI [oJIiMepHOi MaTpULi
BUKODHUCTOBYBaJIM  apOMaTH4YHHM  moJiaMif
Mapku ¢enision Cl (TY 6-05-221-101-71). ¥
BUXIHOMY CTaHi BiH ABJISE cobormo
Jpi6HOLUCIIEPCHUIM  Mpec-MOPOLIOK  POKeBO-
6is10r0 KOJIbOPY 3 HAaCUIHOI0 LIiyibHicTIO 0.2-0.4
r/cM3 Ta po3smipoM yacTuHOK 40-60 MKM. Y
SIKOCTI HaloBHIOBaya BUKOPUCTOBYBaJIU
CuJliKareJsb, KM OTPUMYBaJH i3 BUCYIIEHOTO,
OPOMUTOrO0 Ta NOAPIOGHEHOro Tesw, 110
YTBOPKETHCA NPU MiLKUCJIEHHI BOAHO-JYKHOT'O
pO34YMHY HaTpid MeTacuaikaTy. Y BUXiZHOMY
CTaHi BiH SIBJISIE€ COOOI APiOHOAMCIIEPCHUM Ipec-
MOPOIIOK 61/I0T0 KOJIbOPY 3 HACUITHOIO IIiJIbHICTIO
0.3-0.6 r/cM3 Ta OCHOBHUM pPO3MipOM YaCTUHOK
5-10 MkM.

[Y cnekTpu iHAUBIAyaJbHHUX IOJIIMepiB Ta
KOMIIO3UL[iIMHUX MaTepialiB Ha IX OCHOBi 6y.Ji0
3anucano Ha npuwiaai  SPECTRUM  ONE
(PerkinElmer). 3pasku pnas 3anucy 6yad
MPUTrOTOBAaHI 3a CTAaHAAPTHO MeToAMKOM0 i3 KBr
[14]. EdexTuBHUN JiaMeTp Tab/JeTOK CTaHOBUB
6/1M3bKO0 12 MM i3 iX TOBILMHOI NPUGIU3HO 1 MM.
Y uboMy BUNAAKYy OYB [AOLIJbHUM BMICT
MOJIIMEPHOTO MOPOLIKY V KiJIbKOCTI He Oinblie 3
Mac.%. KBaHTOBO-XiMiuHi po3paxyHKHU Ha piBHi ab
initio Teopil BUKOHAHO i3 3aCTOCYBaHHAM MaKeTy
nporpaM Gaussian 03, Revision E.01 i3
[OAAJbIIOK  Bi3yasizalielo  pe3yJbTaTiB y
GaussView 3.0 [15]. CTaTucTU4HY 06pOOKY JaHUX
3[iMCHIOBaJIM 3a JONOMOrOI NpPOrpaMHOro
nakety ORIGIN Professional 6.0.

Pe3ysibTaTH Ta iX 06roBOpeHHsA

BiATBOpeHHsT  ocobsuBOCcTed  OyAOBH  Ta
MDXMOJIEKYJISIPHUX B3AEMO/il, 1[0 BUHUKAIOTh Y
JOCJiPKYBaHUX  CUCTEMaX, W  OJHOYACHO
XapaKTepu3yBaJInucs TaKUMHU BaXKJINBUMHU
pUcaMu SK MPOCTOTA Ta 3pY4YHICTb 3 TOUYKU 30py
NpOoBeJleHHSl KBAaHTOBO-XIMIiYHHUX PO3PaxyHKiB. Y
[[bOMY BUIIaJIKy TMepLUIOYeproBUM 3aBJlaHHAM
MOCTA€E CTBOPEHHS TAKUX TEOPETUYHUX MO/ eeH,
ki 6 ypaxoByBaJM HasBHICTb 06a30BUX
CTPYKTYpHUX ¢parMeHTiB MaKpOMOJIEKYJ Ta
XapaKTePUCTUYHUX B3aEMOJIi MixX HUMU 6e3
3Ha4YHOI JeTasisanii BHYTpilIHBOI  6y/0BH
OKpeMHUX  CKJI3JOBHUX  CyNepMOJIEKYJIAPHUX
cucteM. flk cBiuaThb HpoBeJeHI HAaMH paHille
JOCJiKeHHsI OYJIOBU IOJIIMEPHHUX KOMIIO3UTIB
Ha OCHOBI apaMiZHUX B'SDKYYHX Ta HallOBHIOBAYiB
[16; 17], crtpyktypa N-deHinbensaminy (1)
LIJIKOM BIANOBIiJa€ CK/IaZy MOHOMEPHOI JIaHKHU
nosiiMepiB Takoro Tumy (cxema 1). Lo x
CTOCYETbCS HANOBHIOBaua, KUM y MeaX L€l
po6OTH  BUCTyNaB  CHJKarejb,  Kpauiomw
MOJIeJIbHOIO ~ CIOJIYKOKO Y HAWNpOCTIlIOMY
HaOJIMXKeHHI MOXKe CIYTyBaTU CTPYKTYpa CKIaLy
H4[Si4010] (2), mo sAB/sI€E CO60I0 TeTPANUKIIYHUN
Kapkac, nmobyjoBaHu#l i3 arTomiB Cuiiniro Ta
OxcureHy, Ha NOBepxHI fKOIro 30CepeKeHO
YOTUPH i30J1bOBAHI OJHA BiJ, 0IHOI eKBiBaJIeHTHI
rpynu  -OH. Bepyyu pgo yBaru amopdHUI
XapakKTep CUJIKareslo, /I AKOT0 XapaKTepHUMU
€ MPOSIBY JIUIIIE eJIeMEHTIB JIOKaJbHOI CUMeTpii y
neBHUX ¢QparMeHTax CTPYKTypu (KjaacTepax),
Takuk miaxig g0 BuGopy MoaudikoBaHOI
MOJIEKYJIAPHOI MOJeJi, Ha Hauy JOyMKy, €
BUIIpaBAaHUM. 3 IHIIOro OOKYy, KJacTepHUU
MeTo/l € epeKTUBHUM He JIMlle IPY MOJENI0BaHHi

Ha mnouyaTkoBMX  eTamax  J0C/i/DKEHHS JIOKa/Ji30BaHMX CTaHiB, aje W YHMCIEeHHHUX
NPUHLMIOBOTO 3HAYeHHs HabyBae nuTaHHs TOBEPXHEBMX edekTis, aAKi MOXyTh MaTH
BUGOPY THMIOBMX MOJIENbHUX CIONYK, siki G UPMHUMIOBE 3HaYeHHs B yYMOBAX aKTHBHMX
3abeaneyyBajd  MOXJIMBICT  asekBaTHoro MDKMOJIEKYJIADHUX B3aeMoziH [18].

OH
1.618 A—>|
Si
O (-0.613) o7 o 1237)
S~ et HO—g {229
CeHs™ ~ N 5500 i ‘|_\o// 0 (-1.061)
(-0.600) 1.668 A o—Si<g
(+0.390) Cl)H (+0.500)
1 2

Scheme 1. The structures of model compounds with some values of NBO atomic charges as well as bond lengths
Cxema 1. CTpyKTypH MOJeJIbHUX CIOJIYK i3 fesskumu 3HayeHHAMU NBO 3apsa/iB Ha aToMax Ta JOBXXKUHAMM 3B’SI3KiB

Bepyuu [0 yBark yce BHUILe3a3HauyeHe, i3
3aCTOCYBaHHSIM TpUIapaMeTPUYHOI0
riopuaHoro GyHKIiOHAMY T'YCTUHHU Y HAOJIMXKEHHI

B3LYP/6-311++G(d,p) HamMu O6yJsio 3JilicHEHO
ONTHUMI3alilo reoMeTpii MoJeNbHUX cioayK 1 Ta
2 y rasoBiil ¢asi i3 ogHOYACHUM PO3PaxyHKOM
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BiZiMOBifHMX HAGOpIB KOJMBAJbHUX 4YacTOT,
3riZHO 3 AKMMHU JIOKAJIi30BaHi CTaliOHapHI TOYKHU
OyJio O0OXxapaKTepu30BaHO sK MiHIMyMH Ha
NMoBepxHi  moTeHIikHOI  eHeprii. Posmogin
€JIEKTPOHHOI T'YyCTUHHM i3 BU3HA4YE€HHAM 3aps/iB
Ha aToOMax JOCJi/)KYBaHUX CTPYKTYp BHUBYAJIU Y

paMkax Teopil HaTypaJbHUX  3B’SI3yIOYUX
opo6itaseit (NBO) [19; 20].
OpepxkaHi  fJaHi  BUKJMKAKOTb  3HA4YHY

3alliKaBJIEHICTh K 3 TOUKU 30PY 6Y/10BU OKPEMHUX
JJISTHOK — CTPYKTYpPHUX PparMeHTiB nosiMmepHoi
MaTpulli ¢eHiJoOHy, - Tak i iXx B3aemopii i3
CUJIiKaresjieM 3 MOXXJIMBUM YTBOPEHHAM THUIIOBUX

denibensaminy (1) i3 TeTpamuKJIiYHOR
KapKacHoo CTpykTyporo ckaany Ha[SisO10] (2).
Po3pinenHs piBHOBaXKHOI reomeTpii JUMepIB Ha
OKpeMi CKJ/I1a0Bi 3 IX NOJa/IbIIOK ONTUMI3ali€w y
HaOamkeHHi B3LYP/6-311++G(d,p) mpuBOaHJIO
J10 YTBOPEHHS «i30/IbOBAHUX» CTPYKTYP, AKi 6yJ10
oJlep>kaHo paHinle. Po3paxyHOK KOJIMBaJbHUX
YacTOT JJf BCiX MIXKMOJIEKYJIAPHUX KOMILJIEKCIB
CBiIYMB MPO BiACYTHICTb YIBHUX KOJIMBAaHb, 110
JO03BOJIMJIO OXapaKTepUu3yBaTH IX AK MiHIMyMHU Ha
MOBepxHi MoTeHLiNMHOI eHepril. [Ipy ouiHIOBaHHI
eHepreTUYHUX MapaMeTpiB  JIOKaJi30BaHUX
CTPYKTYp /A0 VyBaru MNpUWMaJHUChb CleljiajbHi

BOJHeBUX 3B’da3kiB. CHuparwyuch Ha 1ie TMONpPaBKKM Ha MOXUOKY Cymneprno3ulii 6a3ucHUX
NpUIYIIEeHHs, HaMW OyJI0O 3alpolOHOBAaHO Ha6opiB 3a mpoieaypot boiiza-bepHapai [21].
TeopeTHUYHI MozeJi, 110 BiATBOpIOIOTE Pe3ysibTaTH pO3paxyHKIB IpeACTaBJEHO Ha
6e3nocepe/iHIO B3aEMO/iI0 MOJIEKYJI N-  puc. 1.
(l)H
o7 o S
|o/ | 0.039 e/A3 N@
HO—g;_ @1 7

|~0— " ~0H-+--0=C

O//S|'\O/ 1.705 A
OH Celts
3
:\{1 OH C"’Hf’\
9{’ | 0.011e/A3 Cc=0
3 @ P NN /
® J,{ 0 Q---v-- N
, ‘f | o | 2.338 A \
i . Jf f,, HO\/SH\O//Si\OH CeHs
T S
) OH A

Fig. 1. The structures of molecular complexes in system «polyamide-silica gel»
with some typical hydrogen bonds
Puc. 1. CTpyKTypH MOJIEKYJIIPHUX KOMILJIEKCIiB y CCTeMi «moJjiiaMiz-cuikaresb»
i3 IeAKUMH TUNIOBUMH BOJHEBUMHU 3B’ A3KaAMU

Cnix BiA3HAUYMTH, L0 HAUWOIAbIII BHECKU Y
crabisizarito ctpykTyp 3 Ta 4, nops/ 3i C1abKUMHU
B3aEMOJAIAMHU eJIEKTPOCTaTUYHOr'0 XapaKTepy,
BHOCATb MillHi BOJAHeBi 3B'I3KM, yTBOpeHi 3a
Y4acTH0 MIiCTKOBOI aMiZjHOI Ipynu Ta i poOKCUIy
(~77%), a Takox aToMa OKCHreHY KapKacHOIO
¢dparmenty (~23%), ouineHi y mexxax AIM Teopii
Belinepa [22]. [Ipy uboMy po3paxoBaHi eHeprii
crabinizanii craHoBasTe 32.4 Ta 12.5 k/lxx/Mosb

BigmoBigHO. 3HayHOI yBaru TaKoX 6yJI0
NpUAIJIEHO BU3HA4YE€HHIO 3arajibHUxX
eHepreTUYHUX edekTiB riaparanil

HepeJIaKCOBaHUX TeOMeTpill MIXXMOJIEKYJIAPHUX
KOMILJIEKCIB i3 3aCTOCYBaHHAM MeTony

noJisipusywdoro KoHTUHyymy PCM-B3LYP/6-
311++G(d,p)//B3LYP/6-311++G(d,p) (e=78.4)
6e3 Jgetasnisauii 6yZj0BU OKpPEMHUX COJIbBATHHUX
0060JIOHOK. Y 1IbOMY BUINAJKy pi3HUISA eHeprik
AJs cTpykTyp 3 Ta 4 craHoBuUJa He MeHue 12.0
k/[>k/MOJIb Ha KOPUCTb B3aEMO/Iil EPILIOTO TUY.

JAna  nigTBepaKeHHA  BHUpIWIAZBHOI  poJi
edekTiB BOAHEBOro 3B'3yBaHHS y CTPYKTYpi
[IKM Hamu OyJio 37ilicHEHO JleTaJlbHUU aHaJi3
KOJIUBAJIbHUX CIEKTPiB ONUCAaHUX paHille
isonpoBaHux (1, 2) Ta aumepusoBaHux (3, 4)
$opM 3 MeTO X MOAAJBIIOTO 3iCTaBJAEHHS MiXK
cob6010, a TaKoX i3 eKcnepuMeHTaJbHUMU
AaHuMd. OcTaHHI TeopeTHWYHI MoJesi LiJIKOM
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a/leKBaTHO BiJ0OpaXkaloTh CTPYKTYPHY CUTYalli1o,
3a dKOI B3aeMoOJirodi MoJieKyJu mnopdpn  3i
3B’sI3aHMMH BOJIHEBUM 3B’13K0M rpynamu (>C=0)
Ta (>NH) MicTaTh Takox ix He3B'sI3aHi aHaJ/IOTH.
Ax BigoMoO, po3paxoBaHi MeTOJaMHU KBaHTOBOI
XiMil rapMOHIYHI KOJIMBaJIbHI YaCTOTH 3a3BUYaH €
6i/IbIIMMU 32 aHAJIOTiYHI MapaMeTpH, ojJiep:KaHi

eKCllepUMeHTaJbHUM 1uIgxoM. [lpy oMy
TOJIOBHUM /pKepesJioM T[OMHUJIOK, Ha JAyMKY
aBTopiB [23], € HexTyBaHHA edeKTaMu

AHTapMOHIYHOCTI, @ TaKOX BiJCYTHICTb NOBHOTHU
ONMCaHHS eJIeKTPOHHHUX KOpeJsAaLil y 3B’a3Ky i3

3aCTOCYBaHHSAM OOMEXeHUX HabOopiB 0Ga3HCHUX
byHKIIN. Jnsa MiBUILIEHHA TOYHOCTI
pO3paxyHKOBUX JaHUX y IX BiATBOpeHHI
rOJIOBHUX CIEeKTpaJTbHUX XapaKTepUCTUK
JOCJAII)KYBaHUX CHUCTEM MM CKOPHUCTAJIUCh
JOMOMIKHUMU  3HAYEHHSIMH  MacCHITaOYIOUUX
MHOHMUKIB, 4Ki y BUlIaJKy TpUIlapaMeTPUYHOTO
riopuaHoro ¢yHkuionany B3LYP craHoBuIM
0,9580 Ta 0,9688 pnaa 6GasucHUX HabGOpiB 6-
311+G(d) Ta 6-311+G(d,p), BigmomigHo [23].
OjiepkaHi pe3yJibTaTH NMPeACTaBJAEHO Y Tab/uI,
a TaKOX Ha puc. 2.

Table

Harmonic vibrational frequencies (cm-1) obtained experimentally as well as calculated at DFT-B3LYP/6-

311++G(d,p) level of theory

Tabauys

FapMoHiYHi Ko/IuBa/IbHi YacToTH (cM-1), oAep:kaHi eKciepUMeHTa/JILHUM LLJISIX0M, A TAK0XK PO3paxoBaHi
y Ha6mkeHHi DFT-B3LYP/6-311++G(d,p)

Intensity, C1b SGb C1SG15b C1SG30> Model (3) Model (4) Interpretationc

band shapea

w., wd. 3405 3460 3410 3419 3788 3790 v(on) of cage fragment or

capacity of moisture

3267 - 3345 3345 3507 3459 veviy of amido groups

V. W. 2921 - 2925 3000 3092 3093 v(cH) of benzene rings
2851 - 2914 2897 3084 3086 (the same one)

. 1649 - 1652 1655 1647 1673 v(co) of amido groups

V.S. 1605 - 1609 1611 1586 1588 v(co) of benzene rings with
1526 - 1539 1539 1567 1568 5(NH) of amido groups
1474 - 1486 1486 1517 1520  (the same one)

S. 1412 - 1408 1412 1480 1479 S(cn) of benzene rings
1307 - 1319 1319 1423 1420 (the same one)
1237 - 1250 1224 1305 1294 v(cN) with 8(cny of benzene

rings

v.s., wd. - 1087 1084 1091 1056 1024 v(sio) of cage fragment

w. - 796 782 785 781 767 S(om) of cage fragment
719 - 717 719 697 698 8(cny of benzene rings
684 - 684 686 688 689 (the same one)

V. W. 570 - 568 571 586 624 Svny of amido groups

S. - 452 459 467 341 343 §(sio) of cage fragment

as, - strong; w. — weak; wd. - wide; v. - very; b C1 - pure phenylon; SG - silica gel; C1SG15 and C1SG30 -composites
with 15 and 30 wt% of silica gel; ¢ v - stretching vibrations; § - bending vibrations
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Fig. 2. The IR absorption spectra of pure phenylon C1 (a), silica gel (b)
as well as composites C1SG15 (c) and C1SG30 (d)
Puc. 2. I4 cnekTpu norJinHaHHs yucToro ¢eHisiony C1 (a), cuiikarenw (b),
a Takox komno3uTiB C1SG15 (c) Ta C1SG30 (d)

3a  siTepaTypHUMH  JaHuMU  [24; 25],
CTPYKTypHa imenTudikauisa ampaTUIHUX
noJiiaMiZiiB BKJIIOYA€E PO3TJISAL XapaKTePUCTUIHUX
CMyr TOIJIMHAaHHA i3 HaAiHUM BiJHEeCEHHSM
curHaniB y obusactsix 3280, 2900, 1640, 1550 Ta
1545 cm-l. AHasi3 oep:KaHUX HAMU pPe3yJbTaTiB
(Tabsuis) CBiIYUTDH MPO MPUCYTHICTb IMHUPOKUX
cmyr nipu 3267 a6o 3345 cM-, ski BignoBigawTh
BaJIEHTHUM KoJIUBaHHAM 3B’s13kiB (NH) amigHux
rpyn. B o6sacti ~1650 cM-! 3HaxoAUTbCA
iHTeHCHMBHa cMyra «AMif I», 110 € XapaKTepHO0
JUIsl KapOOHiJy 3i 3HAYHUM BHECKOM BOJHEBOTO
3B’s13yBaHHA. /[lificHO, ¥ BUIa/Ky pPO3paxOBaHHUX
CTpYKTYyp 3 Ta 4 CHOCTepiraeTbCci IOMiTHe
3MilleHHA L€l CMyru NorJuHaHHAa 3 1673 cm!
IS «i30J1bOBaHOI» Tpynu (>C=0) g0 1647 cm-1y
KOMILJIEKCi i3 BOJHEBUM 3B’S3KOM. AHaJOTiuHe
3MillleHHSl CUTHay V(nh) BifioyBaeThes 3 3507 go
3459 cm-l. 3pemrToro, B ob6sacti ~1530 cwm-!
cnocTtepiraeTbcs cMyra «AMiz Il», 1o BianoBsigae
BaJIEHTHUM KOJIMBAaHHSIM KapOOH-KapbOHOBUX
3B’SI3KiB apU/IbHUX PparMeHTiB 3a y4acTi O(nH).
XapakTepucTU4YHa cMyra «AMif [II»
cnoctepiraerbcss  mobsuszy 1237 cm!  Ta
BignmoBigae veny 3a ydacTio Sy OGEH3EHOBUX
Kijielb. 3 1€l TOYKM 30py NPUHLUIOBOIO
3Ha4YeHHs HabyBa€ TaKOX sKicHa imeHTHOIKAIiA
CUTHaJIIB CUJliKareJiro, 110 IpeJcTaBJeHi
IIMPOKOID Ta IHTEHCHMBHOIO CMYTOK y 006JacTi
~1090 cm!, a TakoXK BY3bKHMHU CMyraMu
MOrJIMHAHHA MeHUol iHTeHcuBHOCTI npu 780 Ta
460 cm-l. Ilpuyomy, y meplmiOMy BHUNAJLKY
NMepeBaKalOTb BHECKW BaJIeHTHUX KOJIMBaHb
okpemux 3B’s13kiB (Si-0), a y ApyroMmy - Sony Ta
Osio) B yMoBax e(peKTHUBHOTO BOJHEBOTO

3B’s3yBaHHA. Ciif 3ayBakuTH, 110 BaJIeHTHI
KOJIMBAHHA TiJPOKCUJIBHUX Py TaKOX MOXKYTh
3HAXOJUTU CBOE BifjoOpaKeHHS Ha JIAHII
cnektpy 3405-3419 cm-!, dgxka 3a3BUYall
BiZiOBiZja€ 3a NPUCYTHICTD CAILOBUX KiJIBKOCTEN
BOJAW Yy JOCJI/PKYBaHUX 3pa3kax MoJiMepy Ta
KOMIIO3HTIB.

HaBeneni  Hm4ye  ycepefHeHi  Habopu
XBUJIbOBUX 4YHCeJ, OJiep>KaHi [JId yCbOro pAny
nojiMepHUX cUCTeM, JobOpe KOpeaHITb Mix
cobol0, 110 BKa3ye Ha aJleKBaTHe BiATBOPeHHA
CHEeKTpPaJIbHUX XapaKTEpPUCTHUK JOCIIKYBaHUX
MaTepiasiB y Mexax 06paHOr0 Po3paxyHKOBOTO
HaOJIMKEeHHS:
v,6(ekcm.) = (99.16£25.17) + (0.90£0.01) - v,6(3);

r=0.998; So=54.98; n=17, (1.1)
v,0(ekcmn.) = (94.02+£27.85) + (0.91£0.01) - v,6(4);

r=0.998; S0=60.66; n=17. (1.2)

OpfeprkaHi pe3yJbTaTH LiJIKOM y3r0JKYIOTbhCA
i3 mpoBeZieHUMH paHille ¢pi3uKo-MeXaHIYHUMU Ta
TemwnodiznyHuMu  gocaimpkeHsamu  [IKM  Ha
ocHOBi ¢eHinoHy i3 cuiikaresnem [8]. 3okpeMa,
Taki [OKa3HUKU AK HaNpyXeHHd IpU Mexi
TEKy4O0CTi, MOZYJIb IPYKHOCTI NPYA CTUCKAaHHI Ta
TBepAicTb  36isbwyroTbcsi Ha 9-14% B
3aJIe)KHOCTI  Biff BMIiCTy HallOBHIOBa4Ya y
MOPIBHAHHI 3 BUXiJHUM noJiiMepoM. [Ipu npomy
JiHiliHe TeMIepaTypHe PO3IIMpEHHS 3pas3KiB i3
BMicToM cusikarento 15 ta 30 mac.% cTaHOBUIIO
He MmeHme 354 ta 329-10-7 1/°C BigmoBizgHO.
OkpeMo cJif, BiI3HAYUTHU CYTTEBE 3MillleHHSA
3HaueHb TelJO- Ta TePMOCTIMKOCTI OTpUMaHUX
[TKM B o6J1acTb 6iJIbIIl BUCOKHX TEMIIEPATYP, 1110
CBIAYUTH npo 3Ha4He MOKpalleHHA
TEPMOCTabIJIBHOCTI Ta  MOXe  CJIyryBaTH
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JOJAaTKOBHUM MNiATBEPAKEHHAM XiMi4HOI IPUPOJU
MIi?KMOJIEKYJIIPHUX B3a€EMOJil OKpeMUx
CKJIaIOBUX KOMIIO3HUTIB.

BHCHOBKH

TakuM 4MHOM, HaBeJleHi Y po60Ti pe3yibTaTH
KBaHTOBO-XiMiYHHUX PO3PaxyHKOBUX JOCJi/PKEHD
CBijyaTb  NpO  MNPUHLMIOBY  MOXJIHUBICTb
3aCTOCyBaHHSl MEeTOJIB i NpPUHOMIB KBaHTOBOIL
Ximii AJ19 BUBYEHHSI 0COGJIMBOCTEN BHYTPIIIHbO-
Ta MIDKMOJIEKYJIIPHUX B3a€EMOJiM Ha PpiBHI
OKpeMHUX JAIJNSHOK — CTPYKTYpHUX (parMeHTiB
MaKpOMOJIeKyJI. Pe3ysbTaTu po3paxyHKiB Ao6pe
Y3rOKYIOTBHCA 31 CIEKTPAaJIbHUMU JAHUMU L10/0
Oy/I0BU JIOCJIi/PKyBaHUX MOJIIMEPHUX MaTepiasiB
Ta MOXKYTb MaTH NPUHLUIIOBE 3HAYEHHS 3 TOYKHU
30py nomnepegHbOl  OLHKM  CIOPiJHEHOCTI
OKpeMHUX KOMIIOHEHTIB IIpU CTBOPEHHI HOBUX
KOMIIO3ULiMHMUX MaTepialiB Ha ix OCHOBI.

Moasaxu
Asmopu 8ucs0841010Mb NOOSKY YKpaiHCbKO-

AmepuKkaHcokiii nabopamopii komn’'rtomepHoi ximii

(AHY HTK «lHcmumym moHoKkpucmanie» HAH
Ykpainu, m. Xapkig) 3a cymmegy donomozy y
30iticHeHHI yiei po6omu.
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Abstract

Composite ferrites MFez04+ (M= Co, Mn, Zn) were synthesized by plasma method. X-ray phase analysis, vibration
magnetometry spectroscopic analysis, simplex-lattice planning of the experiment were used to characterize the
obtained samples. The photocatalytic activity of the compounds was studied in the decomposition reaction of 4-
nitrophenol, which was used as a model organic contaminant. It was found that the obtained ferrite nanoparticles
have a spinel structure. The change in the lattice parameter occurs depending on the radius of the substitution cation
and the location of the ions on the sublattices. The minimum values of the lattice parameter and the maximum
saturation magnetization and coercive force correspond to the double compositions of Mn-Co ferrites. The
synthesized nanoferrites have a band gap between 1.55 and 1.9 eV. All Zn1xCoxFe204 ferrites and Zni-xCoxMno.sFe204
(0 <x <1) were found to have high catalytic activity.

Key words: synthesis, ferrites, photocatalysts, magnetic characteristics

CUHTE3, CTPYKTYPHI, MATHITHI TA ®OTOKATA/IMTUYHI BJIACTUBOCT]I
S®EPUTOBUX HAHOYACTHUHOK MFe204 (M = Co, Mn, Zn), OTPUMAHHUX
INJIABSMOXIMIYHUM METOZIOM

Jlinisg A. ®posioBa, TeTsaHa B. puiHeBa

/JIBH3 «YkpaiHcokull depacasHuli XiMiko-mexHoao02iuHull yHieepcumemy, JJHinpo, Ykpaina

AHoTarnjiga

Il1a3MOBUM MeTOJOM CHHTe30BaHi KoMmmnosuniiHi ¢epuru MeFez0s (Me =Co, Mn, Zn). /lnd XapaKTepUCTHUKHU
OTpHMMaHHUX 3pa3KiB 0y/10 BUKOPUCTAHO peHTreHoda30BMil aHaJi3, BiGpaliliHy MarHiToMeTpilo CIEeKTPOCKONMiYHUM
aHaJi3, CMMILUIEKC-pelliTyacTe NIJIAHYBaHHA eKclnepuMeHTy. PoToKaTa/JliTUYHY aKTHMBHICTh CHOJYK BHBYA/IU B
peakuii poskiasaHHA 4-HiTpodeHosy, AKUI BUKOPUCTOBYBAJIM fAK MOJe/bHUI OpraHiyHuil 3a6pyAHIOBadY.
BcTtaHOBJIeHO, 10 OTPUMAaHi HAHOYACTUHKHM (epuUTIiB MalOTh WINiHEJIbHY CTPYKTYpy. 3MiHA NapaMeTpy peLlliTKu
BiGyBa€eThCA B 3a/1€:KHOCTI Bij pajiyca KaTioHa 3aMillfyBaya Ta po3TallyBaHHA ioHiB o migpemiTkaM. MiHiMaabHi
3HaYeHHs MapaMeTpy pelliTKH Ta MaKCHMMaJ/ibHi HAaMarHiyeHicTh HaCHYeHHs Ta KOepPLMTHBHA CUJIA BiANOBiJal0Th
noABiHHUM ck1agaM Mn-Co ¢peputiB. CHHTe30BaHi HAHOpepUTH MalOTh eHeprilo 3a60poHeHOi 30HU Mixk 1.551 1.9 eB.
BcraHoBsieHo, mo0 Bci ZnixCoxFe2z0s4 deputu Ta ZnixCoxMnosFez04 (0<x<1) MawTh BHCOKY KaTaJdiTHYHY
AKTHBHICTB.

Karouosi cnosa: cuuTes, depuTH, GOTOKATAII3, MAaTHITHI XapaKTEePUCTUKU
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CUHTE3, CTPYKTYPHBIE, MATHUTHBIE U ®OTOKATAJIUTHYECKUE CBOMCTBA
®EPPUTHBIX HAHOYACTHI MFe204 (M = Co, Mn, Zn), [IOJIYYEHHBIX
IJIASMOXUMHUYECKUM METOZOM

Jlunus A. ®posioBa, TaTbsaHa B. 'pusHeBa

I'BY3 «YkpauHckuii 20cydapcmeeHHblll XUMUKO-mexHo102u1ecKull yHugepcumemy, /[Hunpo, YkpauHa

AHHoTalus

[l1a3MeHHBIM METOJO0M CHHTE3UPOBaHbI KOMNO3ULMOHHbIe Jepputbli MeFe:04 (Me=Co, Mn, Zn). [lia
XapaKTepUCTUKH MNOJy4YeHHbIX O00pa3sloB ObLJIM MCIOJIb30BaHbl PeHTreHO(Ga3o0BbIA aHA/IWU3, BHOpPALMOHHAsA
MarHMTOMeTpHUsA, CIHEeKTPOCKONMMYEeCKHMA aHa/lu3, CHMIUIEKC-pelieTyaToe IUIAHUPOBaHHME 3KCIlepUMeHTa.
PoToKaTATUTUYECKYI0 aKTUBHOCTh COeAVMHEHHUH HM3y4Ya/Jd Ha peaKnUM pasJoKeHUs 4-HUTpodeHo/1a, KOTOPLIA
HCNO0JIb30BaJM KaK MOJe/bHbIII OpraHMYecKUil 3arpA3HHUTe/ib. YCTAHOBJEHO, YTO MNMOJy4YeHHble HaHOYAaCTHUIbI
¢deppuTOB MMET MINHWHEJTbHOH CTPYKTypy. U3MeHeHHMe mapaMeTpa pelleTKH NPOUCXOAUT B 3aBHCHUMOCTH OT
pajMyca KaTHOHA 3aMeCTHTeJ/Is U PacnoyoKeHUsA MOHOB N0 NojpemeTKkaM. MUHMMaJ/IbHble 3Ha4YeHUsl MapaMeTpa
pelleTKM M MaKCHMaJ/IbHble HaMarHM4YeHHOCTh HAacCBhILeHUs M KO3PUMTHBHAsA CHJIA COOTBETCTBYIOT ABONHBIM
cocrtaBaM Mn-Co-¢peppuToB. CHHTe3UpOBaHHble HAHOQEPPHUTHI UMEIOT IHEPTHUI0 3aNpellleHHOH 30HbI Mexkay 1.55 u
1.9 3B. YcraHoBjieHO, 4TO Bce ZnixCoxFe20: ¢epputbl M ZnixCoxMnosFez04 (0 <x <1) MMewT BBICOKYIO

KaTa/IMTHY€CKY0 aKTUBHOCTb.

Kawuesvle caosa: CHUHTE3, q)eppI/ITbI, q)OTOKaTaJII/IS, MArHuTHbIE XapaKTEPHUCTUKHU

Introduction

Spinel structures have been widely used in
various industries for many years [1-3]. A special
place is occupied by nanodispersed spinel ferrites
MFe,04 (where M is an ion of a divalent transition
metal), for example, Ni, Co, Cu, Mn, Zn are very
interesting magnetic materials and attract the
attention of researchers due to their unique
magnetic, electrical, catalyticc and optical
properties [4-6].

The use of ferrites in ecological technologies for
the decomposition of organic compounds is
promising [7-10]. Researchers have been
searching for a simple, fast and economical
method for the degradation of various phenolic
compounds in aqueous solutions for many years.
Numerous oxidation and reduction methods for
the removal of organic compounds are known,
such as photocatalytic degradation,
electrochemical processes, hydrogenation
reactions, etc. [10-12]. A very common method of
removing 4-NP from industrial wastewater by
reducing it to 4-aminophenol (4-AP) [13-15]. Very
promising are photocatalytic processes of
decomposition of 4-nitrophenol in the presence of
catalysts.

Ferrites, being an important class of magnetic
materials, are also used as catalysts for the
degradation of 4-NP [16-18]. The choice of
ferrites as catalysts is very promising due to the
simplicity and economic feasibility of the
synthesis process, their resistance to strongly
acidic and alkaline reaction medium. High
magnetic properties make it easy to separate them
from the reaction mixture.

In [18-20], the possibility of using magnetic
nanoparticles CoFe;04, ZnFe;04, NiFe;04, CuFe;04
for decomposition and reduction of organic
compounds was studied. The comparative
catalytic efficiency of XFe;04 (X = Mn, Fe, Ni, Co,
and Zn) nanoferrites [21] showed that NiFe;04 is
the best catalyst among all non-doped ferrites. At
present, technologies for the production of
dispersed spinel ferrites, such as ceramic,
mechanical activation, solvothermal,
sonochemical, sol-gel, coprecipitation, have been
developed [22-26]. But the above methods for the
synthesis of ferrites require synthesis at high
temperature or pressure, the use of organic
reagents. In addition, classical technologies are
multi-stage and are often accompanied by
inefficient and cumbersome stages of raw material
preparation and do not allow to obtain complex
single-phase ferrites at low temperatures [24].
The method of coprecipitation allows to realize
such advantages as high product activity, high
specific surface area, cheap raw materials, low
energy consumption, unique physical and
chemical properties compared to consolidated
structures [25]. Previous microscopic studies
have shown the possibility of obtaining
nanodispersed ferrites by plasma treatment of
coprecipitated hydroxides [26-28].

The aim of this work is the synthesis of ferrites
of the general formula MFe;04 (M = Co, Mn, Zn)
and the study of their structural, magnetic and
catalytic properties in the decomposition reaction
of 4-nitrophenol by simplex the lattice method of
experimental design. To compare the catalytic
efficiency and determine the effect of cations on
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the properties, ten samples of ferrites were
synthesized and studied in detail.

Experimental part

For the synthesis of samples (Table 1) iron(II)
sulfate, cobalt sulfate, manganese sulfate, zinc
sulfate, sodium hydroxide of analytical purity
were used.

Ferrites with the general formula MeFe;04
(Me =Co, Mn Zn,) were synthesized using the
plasma method, which is described in more detail
in [26; 29]. Radiographs of the samples were
obtained on the device DRON-2.0 under
monochromatic CoKo radiation. The size of the
crystallites was determined using the Debye-
Scherer formula.

Determination of magnetic characteristics was
performed using a vibrating magnetometer. EPR
spectra were obtained using a Radiopan SE/X-
2543 radio spectrometer. Signal intensity and
resonant frequency were used to characterize the
EPR signals.

UV-VS spectroscopy was used to analyze the
optical properties of powdered ferrites. The
results were used to calculate the energy of the
band gap. The band gap energy was determined
from the diffuse reflection spectra of the samples
using the Kubelka-Munch function.

Studies of the catalytic decomposition of 4-NP
were performed in a glass vessel at 25 °C with
constant shaking. As a radiation source was used
UV lamp DKB 9 with an effective spectral range of
180-275 nm. The intensity of ultraviolet radiation
was about 3 mW/ cm2. The lamp was placed above
the solution at a distance of 10 cm from its surface.
Before adding the catalyst, the maximum
absorption of the model solution was measured
using a UV 5800 PC spectrophotometer. in the
range of 200-900 nm.

The degree of decomposition was calculated by
the formula:

(C, - C,)-100%
C

where: Cy is the initial concentration of 4-NP in
solution, mol/],

C.is the concentration of 4-NP in the solution at
time t, mol/l.

To study the effect of the cationic composition
on the properties of ferrites, a simplex lattice plan
was used, which requires a minimum number of
experiments to study the influence of factors on
the selected reaction functions. The molar
concentrations of cobalt, manganese and zinc,
respectively, were chosen as factors X1, X2, x3. The
plan of the experiment is shown in table 1.

%X = (1)

0

Table 1
Planning matrix of the simplex - lattice method {3,3}

Ne sample Formula Co Mn Zn y
1 CoFe204 1.00 0 0 yi
2 C00.67Mno.33Fe204 0.667 0.33 0 Y122
3 C00.33Mno.67Fe204 0.333 0.667 0 yi12
4 MnFe204 0 1.00 0 y2
5 Mno.67Zno.33Fe204 0 0.667 0.33 Y223
6 Mno.33Zno.67Fe204 0 0.333 0.667 Y233
7 ZnFe204 0 0 1.00 V3
8 C00.33Zno.67Fe204 0.33 0 0.667 Y133
9 Co0.67Zn0.33Fe204 0.667 0 0.333 Yyii3
10 Co0033Zno.33Mno33Fe204 0.333 0.333 0.333 Yiz3

Diagrams of the «properties of the
composition» were constructed using isolines.
The response functions were coercion (Hc), Oe;
saturation magnetization (Ms), Emu/g; a is the
lattice parameter, A; Xap - degree of
decomposition of 4-NP, %, E - gap band energy,
eV.

Results and discussions

Characteristics of ferrite samples. Fig. 1 shows
the radiographs of the powder samples
corresponding to table 2. The radiographs have
indexed peaks (111), (220), (311), (222), (400),
(422), (511) and (440), as shown in the figure 1.
Indexed peaks correspond to the typical spinel
phase. There is a decrease in the intensity and

expansion of the peak with increasing manganese
concentration in the ferrites MnxCoixFe,04 and
MnyZni.<Fe;04 (0 <x <1) (samples 1-4, 4-7). The
most intense peaks correspond to cobalt-zinc
ferrites. With increasing zinc content, the degree
of crystallinity of ferrites increases.

Weak diffuse scattering at a small angle
indicates the presence in the studied materials
along with the crystalline phases of a small
amount of substance in the X-ray amorphous state.
X-ray diffraction patterns also show broad peaks,
indicating the nanodispersed nature and small
crystal size of the samples.

The lattice parameter increases with
increasing zinc concentration in ZnyCoi«Fe;04
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formulations. The minimum values correspond to
double compositions at x> 0.55. A more
pronounced increase in the lattice parameter is
observed for samples 1-4, a small 4-7 and a

decrease of 8-10. This indicates the replacement of
the smaller Co2+ ion (0.72 A) by the larger Mn2 *
ion (0.80 A) and, accordingly, Mnz + (0.80 A) by
Zn2+ (0.74 A) (Fig. 2, Table 2).

Table 2
The results of the experiments
N Co Mn Zn H,, Oe M, Hg, mT | Iga.u a, A E eV | Xane,%
Emu/g

1 1 0 0 1124 105,41 547 2662 8,3516 1,58 87,75
2 0.667 0,333 0 706 69,16 501 3237 8,341 1,72 89,82
3 0.333 0,667 0 370 73,05 444 1000 8,3573 1,82 68,11
4 0 1 0 41 111,79 352 2322 8,3592 1,55 88,58
5 0 0,667 0,333 8 47,7 307 2851 8,3430 1,71 71,08
6 0 0,333 0,667 8 3,75 343 2439 8,366 1,82 88,9

7 0 0 1 19 3.93 342 3044 8.3689 1,9 83,49
8 0.333 0 0.667 1 3.26 382 2537 8.3795 1,75 90,35
9 0.667 0 0.333 70 74.94 501 1137 8.3487 1,63 83,45
10 0.3333 0.3333 0.3333 0 9.72 350 3123 8.36025 1,59 82,26

In complex zinc manganese ferrites, the
replacement of a smaller zinc ion by a larger Mn2+
cation in manganese-zinc ferrite causes a decrease
in the constant lattice. This anomalous behavior
can be explained by the fact that manganese
ferrite is a mixed spinel and a significant
proportion of Mn2 + and Zn2 * occupy octahedral
positions and convert Fe3+ cations into tetrahedral

|l a.u.

(111)
(220)
(311)
(222)

P NN P

(400)

40 50 60

0O 10 20 30 40 50 60 70

regions against their chemical advantages. Since
Fe3+ions have a smaller ionic radius (0.64 A), their
replacement in tetrahedral positions by the
content of larger divalent ions leads to a decrease
in the lattice parameter. This fact may also explain
the change in the magnetic properties of
manganese-zinc ferrites.

(422)
(511)
(440)

70 80 20

. 8

80 9026

Fig. 1 X-ray patterns of ferrites: a - samples 1, 2, 3, 4, 5, b - samples 6,7,8,9,10
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a, A
R-sqr=0,9885; Adj:0,8967
Zn
0,0041,00

Bl > 8,38
Bl <8,38
Bl <8375
B <s8,37
] <8,365
[1<8,36
: [ <8,355
‘ B <8,35
0,00 0,25 0,50 0,75 1,00 B < 8345
Co Mn Bl <8,34

Fig. 2 Dependence of the lattice parameter on the composition of ferrites

Magnetic properties. The saturation magnetizdtiathe content of cobalt cations in ferrites from 0 to 1.0
(Ms) and the coercive force (Hc) derived fromcahees a significant increase in the coercive force from 2-
magnetization curves are shown in Fig.3. The magetic1140 Oe. This fact is confirmed by shifting the values
characteristics of the material are the most impowtfitite lattice parameter d (8.35 A) to the region of smaller
properties, which are determined by recordingvahees (8.32 A), as well as by increasing the bandwidth on
magnetization curves at room temperature. IncreatingEPR spectrum. The highest values of saturation
the cobalt content in the system leads to an increasmdgnetization correspond to MnFe;04 and CoFe;04 (Ms is

coercive force and saturation magnetization. The incr#¢dd4679111.8 Emu/g and 105.41 Emu/g, respectively).
Ms, Emut
R-sqri0,99r2: Edj 0.,9987
Hc, Oe
R-sqr=0,9996; Adj:0,9968

Zn
0,0041,00

1
I > 100 B > 1000
I <100 Bl < 1000
I <80 I <800
: 7 % < Gg ] <600
» ' <4 400
0,00 025 0,50 075 1.00 Bl <20 0,00 0,25 0,50 0,75 1,00 E :200
Co Mn <0 Co Mn B <0
a) b)

Fig. 3 Dependence of magnetic characteristics on the composition of ferrites: a - saturation magnetization,
b - coercive force
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Moreover, the value of the saturation
magnetization depends to a greater extent on the
content of cobalt cations. The highest magnetic
values correspond to the maximum cobalt content.
Thus, magnetic ferrites with high coercive force
correspond to compositions 1, 2, 3, and magnetic
ferrites with low coercive force to compositions
4,5,6,7. The diagrams can be divided into two
equilateral triangles with coordinates of the
vertices A (0,1,0) -B (0.25,0.75,0) -
C (0,0.75,0.25) and B (0,0,1) E (0.25, 0.75, 0)
D (0, 0.75, 0.25) which corresponds to the region
of higher values of saturation magnetization.

Optical characteristics. Diffuse reflection
spectra were obtained to evaluate the optical
properties of ferrites. All 10 samples showed an
intense absorption band in the UV region of the
electromagnetic spectrum. The width of the band

E, eV
R-sqr=0,9994; Adj:0,9948
Zn
0,0091,00

M >19
I <185
[1<175
B <165
M <155

gap in the samples was determined by the
equation
ohv=A (hv-E)y, n=2

where o is the absorption coefficient, v is the
frequency of light, E is the energy of the band gap,
eV, and a is the proportionality constant.

The band gap calculated for CoFe;04, MnFe;0s4,
ZnFe;04was 1.58 eV, 1.59 eV, 2.2 eV, respectively,
and were slightly lower than those reported in
[23; 24].

The energy of the ferrite band gap is shown in
Table 2. It increases with increasing Zn content
(Fig. 2a). A significant change in the values of the
energy of the band gap can be observed due to the
difference in the average size of the crystallites,
constant lattice, phase purity, the concentration of
the charge carrier and the deformation of the
crystal lattice.

I, abs. unit
R-sqr=0,9997; Adj:0,9976

M > 3500
Il < 3300
Il <2800
[1 <2300
[ <1800
I <1300
I <300

Xanp, %
R-sqr=0,997; Adj:0,9733

Zn
0,0041,00

0,25

0,50

)

M >95
Bl <91
I <86
<81
<76
<71
Mn Bl <66

Figure 4. Dependence of the energy of the band gap on the composition (a), the peak intensity on the EPR
spectrum (b), the degree of decomposition of 4-NP on the composition (c)

Comparison of diagrams of the dependences of
the energy of the band gap on the composition and
intensity of the EPR peak of the spectrum makes it

possible to determine which of the above factors
is the most influential (Fig. 4).

The results of processing the spectra of
electronic paramagnetic resonance (EPR) of
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photocatalysts are shown in Fig4b. Two
indicators of the intensity of the EPR peak of the
spectrum and the value of the resonant frequency
were chosen as an evaluation criterion. Zn2?+ ions
with a more filled d orbital do not contribute to the
EPR signal of the spectrum in the case of an excited
state. The dependence of the peak intensity on the
number of electrons in the last orbital can be
clearly seen. For a cobalt atom, the number d of
electrons is 7, zinc 10, manganese 5.

Photocatalytic properties. Studies of the
photocatalytic activity of ferrites showed that the
degree of decomposition of 4-NP in the presence
of ferrite photocatalysts was 70-90 % for 60 min
under UV radiation. The decomposition Kinetics of
4-NP in the presence of ferrites are presented in

Experiments have shown that 4-NP cannot
undergo spontaneous decomposition without UV
irradiation, both in the presence and in the
absence of a catalyst. The destruction of 4-NP
molecules occurs in solutions that are exposed
only to UV radiation, this process is significantly
accelerated in the presence of ferrite catalysts.

From Fig. 4c shows that the photocatalytic
activity is highest for cobalt zinc ferrites and
cobalt zinc manganese ferrites, while the
manganese content should not exceed 0.55. The
results of the reactivity of individual ferrites, much
lower than the double and triple compositions
(Table 2).

Conclusions

For use as photocatalysts, ferrites MFe;04 (M =
Co, Mn, Zn) were synthesized by a combined
method of coprecipitation and subsequent plasma
treatment.

The regularities of changes in the properties of
ferrites are investigated by the simplex-lattice
method of experimental design. The obtained
ferrites were characterized by X-ray phase
analysis, EPR spectroscopy, UV spectroscopy,
vibration magnetometry.

Nanoparticles synthesized by coprecipitation
and plasma treatment have a cubic spinel
structure.

The minimum values of the lattice parameter
and the maximum saturation magnetization and
coercive force correspond to the double
compositions of Mn-Co ferrites. The synthesized
nanoferrites have a band gap of 1.55 to 1.9 eV. It
was found that all ferrites Zni.xCoxFe204 and Zn;.
«CoxMnosFe;04 (0 <x < 1) have high catalytic
activity.

The band gaps for CoFe;0., MnFe;04, ZnFe,04
were 1.58 eV, 1.55 eV, 1.9 eV, respectively. With an

increase in the Zn content, it increases from 1.63
to 1.9 eV.

The role of the cation in the decomposition of
4-NP is established. The most effective catalysts
are composite ferrites containing cobalt-zinc-
manganese, while the manganese content should
not exceed 0.55.
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Abstract

The regularities of adsorption and oxidation of several aromatic and heterocyclic nitrogen- and oxygen-containing
hydrocarbons from their aqueous solutions on lead (IV) oxide have been studied. Methods of chemical and molecular
mechanics, as well as a correlation approach based on the comparison of adsorption equilibrium with the electronic
properties of the adsorbate were used for evaluation. The energies of the occupied orbitals were used as parameters
of the correlation between the electronic and adsorption properties of organic molecules. The marginally controlled
adsorption mechanism is postulated to interpret the observed correlations for the specific adsorption of organic
compounds on low-band PbO-. As a result of the study, it was found that organic compounds adsorbed or oxidized to
lead (IV) oxide are quite selective. The observed effects cannot be explained by differences in chemical composition
or, for example, in the degree of hydrophilicity of the test compound. It is established that the regularities of
adsorption, oxidation and structural transformations of organic surfactants of compounds on lead oxide can be
explained from the same point of view on the basis of orbital interactions of their boundary orbitals. The possibility
of gaining the total energy of a system with complete electron transfer from an organic molecule to a PbO: cluster
model has been studied.

Keywords: adsorption; lead (IV) oxide; heterocyclic hydrocarbons; orbital interactions.

INOBEPXHEBI BJIACTUBOCTI IVIIOMBYM (IV) OKCH/JIA

TeTtsHa B. Jlyk’ssHeHko!", Mukouia B. HikosieHko!?,
Jlapuca B. /ImiTpukoBa?, N'anna C. Macnak?, Osiekcanip b. Besiuenko!

1IBH3 «YKpaincvkutl depacasHull XiMiko-mexHoa02ivHUll yHigepcumem», npoch. ['azapina 8, m. [Jninpo, 49005 Ykpaina
2/13 «/lHinponempoebcka meduuHa akademiay, JHinpo, Ykpaina

AHoTaris

IIpoBeJeHO AOCaAiJKeHHA 3aKOHOMipHOCTeH ajcopouii Ta OKHMCHEHHA PAAY apOMaTH4YHUX i reTeponMKIiYHUX
HITpOreH- i OKCUIeHOBMiCHMX BYIJIEBOAHIB 3 iX BOAHUX Po34MHiB Ha mmoM6ym (IV) okcuai. s owiHku Gyau
BUKOPHUCTaHI MeTOAM XiMiyHOI i MoJIeKyJIIpDHOI MexaHiKH, a TaKOX KopeJANIMHUN miAxiJ, mo 6a3yeTbcd Ha
cniBcTaB/JeHHI ajcopOuiiHOl piBHOBAaru 3 eJIeKTPOHHUMH BJIACTUBOCTAMHU ajcop6aTa. Y fAKocTi mapaMmeTpiB
KopesiAanii MiXk eJIeKTPOHHMMM Ta aJCOPOLifHMMU BJIAaCTUBOCTAMU OPraHiYHUX MOJIeKyJ 6yJIM BUKOPUCTaHI eHeprii
3aiiHATHX opO6iTajeil. [paHMYHO-KOHTPOJIbOBAHUIN aACOpPOLiiHUII MeXaHi3M MNOCTY/JWETbCA AJIA iHTepmpertanii
CIoCTepe)XyBaHUX Kopeasdnii aaa cnenudiyHol ajcop6uii opraHiYyHMX CHOJYK HAa HU3BKO30HHOMY PbO2. ¥
pe3y/bTaTi A0C/iAKeHHs 6yJI0 BCTAHOBJIEHO, 110 OPraHiyHi CIOJIyKHU aJcOpGYIOThCS a60 OKUCHIOIOTHCSA HA IJIIOMGYM
(IV) okcuai gocuth BUGipkoBo. EQekTH, 0 crnocrepiraauch, He MOXKHa MOSCHUTH BiAMIHHOCTAMM B XiMiYHOMY
cKjaji a6o, HAMPUK/IAJ, Y CTyneHi rigpodinbHocTi JocaigxyBaHoi cno/iyku. BcTaHOB/IEHO, 1[0 3aKOHOMipHOCTI
aAcop6uii, OKUCHEHHS i CTPYKTYpPHMX NepeTBOPEeHb OPraHiYHMX NOBEePXHEBO-aKTUBHHUX Pe4YOBHMH Ha IIloMoyMm (1V)
OKCH/i MO>KHA NOSICHUTH 3 0/ Hi€l TOUKHU 30y, AKA 6a3y€EThCS HA OP6GITa/IbHUX B3aEMOAIAX iX rPaHMYHUX Op6iTaieid.
BHBYeHO MOXJIMBICTB BUrpally CyMapHoOi eHeprii cMCTeMHM 3 NOBHOI0 Ilepejayel0 eJIeKTPOHIB Bij, opraHiyHoi
MOJIEKYJIM Ha MOJeibHUH kaactep PbO2.

Karouosi caosa: ancop6uis; maromMoyMm (IV) okcuz; reTeponuKIIiuHi ByTJIeBO/IHI; Op6iTaibHi B3aEMOII.
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MIOBEPXHOCTHBIE CBOHCTBA IMOKCH/IA CBUHIIA

TatbsHa B. JlykbssHeHko!", Hukosait B. HukosaeHnko!l, ,
Jlapuca B. lmutpukoBa?, AuHa C. Macnak? Anekcasgp b. Beanuenko!

II'BY3 «YkpauHckuil 2ocydapcmeeHHblll XUMUKO-mexHoA02u4eckull yHusepcumemy, npocn. I'azapura 8, 2. /[Hunpo, 49005,
Ykpauna
2I'Y «/lnenponemposckas meduyuHckas akademusi», [JHunpo, Ykpaina

AHHoTanus

IIpoBeeHO UccIeA0BaHNE 3aKOHOMEPHOCTEH a,cCOPGIIUM U OKMC/IEHU PAAA apOMaTUYeCKUX U reTepOMK/INYeCKUX
a30T- ¥ KUCJI0PO/CcoeprKaliMX YII€eBOAOPOAOB 13 UX BOAHBIX PAaCTBOPOB Ha AMOKCHUAE CBUHIA. [IIs1 OLeHKH GbIJIN
HCN0JIb30BaHbI METOAbI XUMUYECKOI U MOJIEKY/IIPHOM MeXaHUKH, a TaK)Ke KOPpPeIsIMOHHBINA 0JX0/, 0CHOBAHHbIN
Ha CONOCTaBJIEHNH a/ICOPGLIUOHHOT0 PaBHOBECHS C 3JIEKTPOHHBIMHU CBOIicTBaMU aJcop6aTa. B kauecTBe mapaMeTpoB
KOppeJsAllMd MeXAY 3JeKTPOHHbIMU UM aJCOPOLMOHHBIMH CBOMCTBAMHU OPraHU4YeCKHMX MOJIEKYJ ObLIN
HCNOJIb30BaHbl 3HEPTUM 3aHATHIX op6uTaied. IlpegeslbHO KOHTPOJHUPYEMBIA aJCOPGIUOHHBIA MeXaHHU3M
MOCTYJIUPYETCS AJIsl MHTEPNpeTaluy HaG/II05aeMbIX KOppeasasnui AJis cnequdpuiecKoil aJcop6un opraHunyecKux
CoeiUHEHUI Ha HU3KO030HHOM PbO0:. B pe3syibTaTe HCCIeA0BaHUS OBbLIO YCTAaHOBJIEHO, YTO OpPraHUYecKHe
COeIUHEHUST aJCOPGUPYIOTCA WIM OKHC/ISITCA HAa JUOKCHJE CBUHIA BechbMa u36upaTesibHO. HaGuogaembie
SIBJICHUSI HeJIb351 OG'BbSACHUTh Pa3/IMYMsAMH B XUMUYECKOM COCTaBe WJIH, HAapUMep, B CTeNEeHU TUAPOPUIBLHOCTU
HCC/IeAYEMOT0 COEJAUHEHHUsl. YCTAHOBJIEHO, YTO 3aKOHOMEPHOCTH aJCOpPOLUM, OKHUCJIEHHS U CTPYKTYPHBIX
npeBpaneHNid OpraHu4eCcKNX NOBEPXHOCTHO-aKTUBHBIX BEIeCTB Ha JMOKCH/E CBUHIA MOKHO 06 bACHUTD C € AUHOM
TOYKHU 3pPEeHMSs], OCHOBAaHHOI Ha OpGUTA/ILHBIX B3aUMO/JEUCTBUSIX UX NIpeAe/IbHbIX oOpouTasieil. U3yyeHa BO3MOXKHOCTb
BbIUTpPHIIIA CYMMapPHOW 3HEPrUM CUCTEMbI C MOJIHOW Nepejayeil 3JIEKTPOHOB OT OPraHMYeCKOil MOJIeKyJbl Ha
MoJeJIbHbII Kiaactep PbO:.

Katouesvle ca08a: aficop6iyst; AMOKCUJ CBUHIQ; TeTEPOIMK/IUUYECKHE YTJI€BOJOPO/bl; OpOUTANbHbIE B3AUMO/EHCTBHUS.

Bcryn nepeTBOPeHHAM. TakoX JOC/iPKeHO Tmepebir
Y isuni TBepgoro Tija  iHTeHCMBHO ~XiIMiYHHX peakii AJisd psAJy apoMaTUYHMX aMiHiB,
JOCJIIPKYIOThCSI MOBEpPXHEBI BJIACTUBOCTI CHNUPTIB i KUCJAOT. Y TOM Ke 4ac O6yJio JOBEJEHO,

HaniBnpoBigHUKiB [1-4]. OpHak, sIK NpaBuUJIO,
po3rJfAaloTh Npouecy ajcop6buii 3 razosoi pasu
Ha BaKyyMOBaHHUX 3pasKaxXx aJcopbeHTIB. Y
BOJHUX pO34YMHAaX OyAyTb HACHUYEHUMH BCi
[IOBEPXHEBI CTAaHU HANIBIPOBIAHUKIB, a MeXaHi3M
ajacop6buii MOJIEKYJI ajcop6aTiB MoOXKe
paAuKaIbHO 3MiHUTHUCA. JlocTiKeHHS afcopoil
OpraHiyHMUX CHNOJYK 3 BOJHUX pO34YMHIB Ha
ajicopbeHTax 3 HaniBIpOBIJHUKOBUMU
BJIACTUBOCTSMH, SIKUM € i miaoMoyMm (IV) okcug,
BUKJ/IMKA€E iHTepec y 3B’sI3KY i3 3acTOCyBaHHSAM
BKasaHUMX  MaTepiajiB 4K  KaTajizaTopis
OKHWCHEHHSf], aHOJAHUX MaTepia/iB, y XiMIiYHUX
JhKepeJiax CTpyMy Ta iH. [5-12].

[lnromM6yM (Iv) OKCH[ IIMPOKO
BUKOPHUCTOBYETHCA AK aKTHBHA Maca
Ma/IO3HOUIYBAaHUX  aHOJLiB. Mae  MeTajieBy
€JIeKTPOINPOBiJHICTD i XapaKTepU3yeTbCA
BIJHOCHO = BHCOKOI  eJIeKTPOKaTaJiTUYHOIO
AKTUBHICTIO npu OKHCHEHHI 6araTbox

OpraHiYHUX pe4oBUH. TOMy LiKaBiCTb BUKJIUKAE
caMe [NMUTaHHA ajcopbuili Ta OKHWCHEHHS
HNOJIIPHUX ~ OPraHiYHUX CHOJyK. Ajcop6buis
MOJISPHUX OPraHiuHUX CHOJIyK Ha miaoMoyMm (IV)
OKCHU/JIi paHille BUBYasach aBTopamu [13-15].
Byno BcTaHoBJIeHO, 10 1-HadTinaMin, 6eH3UIH i
0,0’-TMMeTOKCHOEeH3UIiH HeoBOpOTHO i Maibke
NOBHICTIO aJCcopOyIOTbCA 3 BOJHUX PO3YMHIB,
niggaldmuch npu LBOMY XiMiYHUM

mo azacopbuis 6GeH3asnpjeriza i amerodpeHoHa

HaBIIaKH, 3iMCHIOETHCA 6e3 XiMiyHOTrO
poO3KJajaHHd, 060poTHA i BiAHOCHO cJjabka
(HaBiTb y  HacU4YeHHUX PO3YMHAX TIOBHE

3alOBHEHHS OKCUAHOI NOBepXHi He JOCATAETHCS ).
3a pomnomorow aBTopiB [13-14] BcTaHOBJIEHa
MOXJIMBICTb afcopbuii 06e3 OKHWCHEHHA Ha
mwioMbyMm (IV) okcupi mpomaHoJsia, rekcaHosa i
aueraTt-ioHiB. Ha »asb, XapakTep afcopOLiliHUX
neHTpiB maroMbyMm (IV) okcupy 3anviaeTbCsA
HesdACHUM. Takox He 3'dcoBaHi NpPUYUHHU
CeJIEKTUBHOTO OKHUCHEHHS1 Ha HbOMYy THX abo
IHIIMX OpTraHiYHUX CIOJIYK.

[IpritHATO BBaXKaTH, 110 IPOLeC OKUCHEHHS Ha

NOBEPXHi TBepAUX das NOBUHEH
CYNIPOBO/XKYBAaTUCS  OOOB’SI3KOBOIO  CTaJi€r0
ximiyHoi  agcop6uii. I[IpoAyKTH OKHCHEHHS

MOXXYTb 3a/MLIATUCA Ha IOBepXHi OKcHuAy abo
JlecopbyBaTUCAd Yy poO34uH. BubipkoBicTh £K
xiMmiyHoi ajcop6uii, Tak i1 OKHCHIOBAJbHUX
B3a€EMO/Iill y4aCHUKIB reTeporeHHUX MPoILeCiB, Ha
Hally AYMKY, HalOi/bIlll 3py4YHO NepejbayaTH Ha
OCHOBI TIOpPIBHAHHA €JIEKTPOHHOI CTPYKTypH
TBEpPAUX peareHTiB i OKHWCHEHHWX OpraHiYHHUX
cnoayk. OckiJibKM caMe opb6iTasbHa CUMETPi,
CTYyMiHb OpPOITa/JbHOrO MEPEKPUTTS, eHeprid
MOJIEKYJIIPHOI op6iTasii Ta eJleKTpOHHA I'yCTHHA
€ 3araJbHUMM IlapaMeTpaMy, 110 BU3HAYAKOTh
pe3ysbTaT XiMiyHOI B3aeMohil. /Jyisg OLiHKHU
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MOXXYTh OYTH BUKOPHCTaHi MeTOAU XiMidHOI i
MOJIEKYJIIPHOI MeXaHIKH, a TAK0X KOpeasAinHUuM

miaxig, 1mo 6a3yeTbcd  Ha  CHiBCTaBJIeHHI
azcopbnifiHoi piBHOBarh 3 eJIEKTPOHHUMH
BJIACTUBOCTAMHU ajcopbara. MoxHa

BUKOPUCTOBYBATH JBa MiX04U IIPU PO3IJIALaHHI
KOHKpEeTHOI azacopbuiil: azcopbIligd 3 KOHTpoJIeEM
3apsaay, KOJM  B3aEMOJisd  BU3HAYAETHCA
aTOMHUMHU 3apsJilaMu ajicopbaTa i afjcopbeHTy; a
TaKoXK T'PaHUYHO-KOHTPOJIbOBaHA aJicopoIlis,
KOJIM rpaHU4Hi opbiTasnbHi eHepril agcopbaty i
afcopbeHTy OJM3bKI OAWMH [0  OJIHOTO.
Hanpukiag Teopis 36ypeHb 3aCTOCOBYBaJsach
Ui omucy mnuToMmoi afcopbuii Ha TBepAid
MoBepxHi y paAi nocimkens [16-21].

Y Haw 4ac ZoCTOBIpHO BiAOMO, 110 3apsAJ0BO-
KOHTpPOJIbOBAaHA aJicopOIligd XapakTepHa JJis

LIMPOKO30HHUX MOJIIPHUX ajicopbeHTiB.
AJZicopb11isl MOJNISIPHUX OPraHivYHUX CIIOJYK Ha LIUX
ajfcopbeHTax BU3HAYaAEThHCA CTEPUYHOI0
JOCTYMHICTIO 1 BeJMYMHAMH  HaWOIIbIIMX

epeKTUBHUX 3apsiAiB Ha aroMax, 10 O6epyThb
y4acTb Y popMyBaHHI 30BHIillIHIX BOJAHEBUX ab0
KOOpAMHALIiHHUX 3B’qI3KiB. OpbiTasibHO-
KOHTpOJIbOBaHa ajcopObLis XapakTepHa AJs
BY3bKO30HHUX ajcopbeHTiB [16]. Agncopbuis
OpraHiYHHUX CIOJYK Ha TaKUX aJcopbeHTax

KOHTPOJIIOETbCSI NMEepPeKPUBAHHSIM TPaHUYHUX
opbiTasei.
MeTow pgaHoi po6GOTH € JOCHaiAKeHHS

aZicop6buil Ta OKWCHEHHS pAfy apOMaTUYHHUX i
reTepOLUKIIIYHUX HITPOreH- i OKCUT€HOBMiCHUX
BYTJIEBO/JHIB 3 IX BOJHUX PO3YMHIB Ha IJIIOMOYyM
(IV) okcupi 3a cTaTUYHUX YMOB.

ExcnepyuMeHTa/IbHA YaCTUHA

B eKcllepruMeHTax BUKOPHUCTOBYBaJIU
apoOMaTH4Hi Ta reTepouUKJ/iYHI BYIJIEBOAHI 3
pi3HUMU MOJIIPHUMH byHKLiOHaTBHUMUA
rpynaMu. Ix BUGIp K MOJe/JbHHMX ajcopbaTiB
MOACHIOETBCA ~ MOXJIMBICTIO  BUKOPHUCTAHHA
CceKTpopoTOMETPUYHOTO METOLY BU3HAYEHHS 1X
KOHLeHTpauiil. [lepes BUKOpUCTaHHAM OpraHiuHi
CIOJIYKM NijJaBa/d [JOJaTKOBOMY OYHILEHHIO
LIJIAXOM NeperoHKu abo MOBTOPHOI
nepekpucraiizanii. BogHi po3yuHu opraHiyHux
CHOJIYK TOTYBaJIM  LIAXOM  IOCJiJOBHOTO
po3BesieHHA. flk (QOHOBUI esNeKTpOJIT JJd
3abe3neyeHHs MOCTiNHOI ioHHOI CUJIN
3actocoByBasu 0.1 M po3unnu KCl Mapok «u.xg.a.».

Ancopb1ito OpraHiyHHUX CHOJIyK BHBYEHO B
cTaTUYHUX yMoBax. HaBaxkky matomoym (IV)
okcuay B KiibkocTi 1.00 r BBOAMJIU B TOYHO
BuMipsinuii (20.0 M) o6’eM po34uHy Bimomoi
koHUeHTpanii (1.00-10-* ™Mosab/n) opraHiuHOI
CIIOJIYKY, LIIJIbHO 3aKpUBaJU | BUTPUMYBAJIU

IpoTAroM TOAWHM INpU  Ge3nepepBHOMY
cTpyliyBaHHi. [IoTiM po34rMHU BijoKpeMIOBaIU
Bi ocaay ueHTpudyryBaHHsAM i 1o 3MiHi
KOHLIeHTpauil pPO34HHIB pO3paxoByBaJIu
BeJINYUHY aZcopOIIii:

V
G= (c, - cp)g

ne G - BequunHa azacop6mii; Co - movyaTkoBa
KOHLIeHTpaliss azacopbarta; Cp, - piBHOBaXXHaA
KOHLeHTpalis agcopbarta; V - 06’eM po3uuHy; m -
Maca aiIcopoeHTy.

Ancop6uiiiny CTajJly  i30TepMH ['enpi
BUPAaxXOBYyBaJU AK BIJHOWIEHHS BeJU4YHUHH
afcop6b1ii 0 KoHLleHTpallil opra”iuyHoi peyoBUHU
micJist KOHTaKTY 3 IitoM6yM (IV) okcumom.

KonuenTtpanii pO34KHIB BHU3Ha4yaJu
CceKTpopOoTOMETPUUHUM MeTOZ0M 3
BUKOPUCTAHHAM crnekTpodoToMeTpiB CD-46 i
Specord M40 npu [JoBXKHWHAX XBWJb, IO
BiANOBIZAOTE MaKCUMyMy [JOBTOOXBHUJIBOBOI
I0JIOCH TMOIJIMHAHHA. MeToJoM «XOJIOCTOTO
Jocjaigy»  6yJIo  pO3TJASHYTO  MOXJIHUBICTb
BUIIaPOBYBaHHA  JIETKOJIETKUX  OpraHiyHUX
pe4yoBMH 3 BOJHHUX PO3YUHIB y 1poleci
ajcopbuiiHUX BUMipoBaHb. Bci BuMiproBaHHS
BUKOHAaHI 3a KIMHaTHOI TeMnepaTypu 20 £ 2 °C.

BigTBOprOBaHiCTh a/COPOI[iHUX BUMipIOBaHb
oyJia nepesipeHa napaJieJJbHUMH
eKkcriepuMeHTaMu. CTaHJapTHe BiJAXWUJIEHHA [Jid
aJlcopOLiiHMX BUMIpIOBaHb He IepeBUILYBaJIO
0.25 MKMOJIB/T.

KBaHTOBO-XiMiYHI pO3paxyHKHA MPOBOAUJIMUCH
3a [JONOMOIOK  HamiBeMIipUYHUX METOJiB
Modified Neglect of Diatomic Overlap (MNDO),
3aCTOCOBYIOYM TNaKeT KOMII'IOTepPHUX INporpam
Molecular Orbital Package (MOPACQ),
po3pobsieHuit [proapom [22-24].

PeHTreH-poToOe/IeKTPOHHUN CIIEKTP OKCHUZIB
OyB OTpPUMaHHU 3a JONOMOrOK CIEKTpOMeTpa
Physical Electronics ESCA System 5500 3
QIOMIHIEBUM MOHOXPOMAaTH4YHUM [pKepesioM
PEeHTIreHiBCbKOTO BUIIPOMiHIOBaHHA 1486.6 eV.

Jns OL[iHKM  eHepriu MOJIEKYJIIPHUX
opbiTasiell OpraHiyHUX CIOJIYK 3aCTOCOBYBaJIH
BePTHUKaJbHI MOTEeHIiaIn ioHi3aii, AKi
BU3Haya/Ju MeToAoM yJbTpadioneroBoi (YP)-
$oTOoeIeKTPOHHOI CIEKTPOCKOITI.

Pe3ysibTaTH Ta iXx 06roBOpeHHA

Eneprii 3alHATUX opbitanei oysu
BUKOPHCTAHI B AKOCTI mapaMeTpiB KopessaLil Mix
eJIEKTPOHHUMH i a/IcCOPOLiHHUMH BJACTUBOCTSIMHU

OpTraHiYHUX MOJIEKY.I. I'paHnyHO-
KOHTPOJIbOBAaHUM  aAcopOLilHUI  MexaHi3M
IOCTYJIIOETHCA A5 iHTepnpeTauii
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CIIOCTEPEKYBAaHUX KOpesdamii s crnenudivyHoi
ajicop61iii opraHiuHUX COJYK HAa HU3bKO30HHOMY
PbO,.

Metogamu MNDO i PM3 BuBYeHa MOXKJIUBICTh
BUTpallly y 3arajbHiil eHeprii cucTeMu mOpu
[IOBHOMY IlepeHeCeHHi eJIeKTPOHIB 3 OpraHiyHoi
MOJIEKYJIM Ha MoJeJbHUN kjaactep PbO..
[lokaszaHo, 1m0 3aKOHOMipHOCTI azgcop6mii i
OKHCHEHHSI OpraHiYHUX CIOJIYK Ha miroMoyM (IV)
OKCHU/1 MOHa [NOICHUTHU 3 €AUHOI TOUKHU 30py HA
OCHOBI Op6iTa/JbHUX B3aEMOJiIN iX TpaHUYHUX
opbiTaJsei.

B pe3yJbTaTi JOCJIKEHHS oyJi0
BCTAHOBJIEHO, 110 opraHivHi CIIOJIYKHU
acopbyoThbCcsl ab60 OKHCHIOIOTBCSA Ha IIIOMOYM
(IV) okcuami pocutb BHGipKOBO. EdekTH, 1m0

CIIOCTepiraauce, He MO>KHa HNOSICHUTH
BiAiMiHHOCTAMH B XxiMiyHOMy ckJsaZi abo,
HanpuKJIaJ, y CTyIeHi rigzpodisbHOCTI

JOCJIiPKyBaHOI CONYKU. Y 3B’I3KY 3 TinoTe3010
npo op6iTaJbHUM KOHTPOJIb TaKUX MPOLECIB,
OTpUMaHI JAaHi MU NOpPIBHIOBAJIM 3 IEepUIUMHU
BEePTUKaJIbHUMHU NOTEHLiaJaMUd JOC/iKyBaHOI
opraHiuHoi pe4oBHHH (pHucC. 1).

BcranossneHo, mo pedyoBuHHM 3 Iv < 8.8 eB
OKHCHIOBaJMCh  moMbym  (IV)  okcugom.
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[IlpoaykTu poskaagaHHsa 6GeH3oiguHy 1 1-
HadTUIaMiHY He MOTJIMHAIN B
yAbTpadioseTOBUX i BUJUMUX MPOMEHSX, IO
MOXe CBIJYUTU IpO iX IOBHE BUJIYYEHHA 3
po3uuHy. [Jina Takux cnoayk ak  N,N-
AUMeTWIaHiIiH, audeHinamin, M-ToayiguH,
inpou, aHiziH i 1-HadTON cocTepiraoThesa sKicHI
3MIHM €JIEKTPOHHUX CIHEeKTpPiB IOIJIMHAHHA
pPO34YUHIB TicJAsg KOHTaKTy 3 IMiwoMoyMm (IV)
OKCHUJIOM.

Ancopbuis Ha PbO, abo okxucHIOBajsbHA
peakuis JJi opraHiyHuUX cnoJiyk 3 Iv 2 9 eB B

eKCIlepuMeHTaJbHUX yMOBax HaMUu He
BCTaHOBJIEHA.

Crosiyku 3 Iy = 8.2-9 eB agcop6yroThcs Ha PbO;
aHTU6ATHO 3Ha4YeHHSIM ix ioHi3aminHUX
noTeHIja/MiB: aJcopbuiiiHi KoHcTaHTU [eHpi
3aKOHOMIpHO 3MEeHUIYIThCA 3 pocToM
noreHuiany ioHizanil. IlpofoBxeHHA KpHUBOI

3anexxkHocti K(ly) mo mnorenuiany 7 eB mae
3HaueHHs ctaJjoi 'enpi 0.1 AM3/r, wo Bcboro y 4
pasu  Oinbimie, HiXK 3HaWgeHo gadg  2,8-
JiMeTHIOXiHOJiHYy (ClOJIyKHu 3 HaWMeHIIUM
ioHizalilHUM NOTeHLiaJoM, KA aJCOpPOYEThCSA
Ha PbO; 6e3 OKUCHEHHS y  JaHUX
eKCrepuMeHTaJlbHHUX YMOBax).

24-26
27 2829 30

7 8 9

10

11

Fig. 1. Comparison of adsorption values of organic compounds on PbO: with the first vertical ionization
potentials of their molecules: benzidine (1); 1-naphthylamine (2); N, N-diethylaniline (3); diphenylamine (4); m-
toluidine (5); indole (6); aniline (7); a-naphthol (8); 2,8-dimethylquinoline (9); p-cresol (10); anisole (11);
resorcinol (12); quinoline (13); phenol (14); pyrogallol (15); 2,6-lutidine (16); a-picoline (17); benzamide (18);
g-picoline (19); benzoic acid (20); pyridine (21); benzaldehyde (22); nitrobenzene (23); p-nitrobenzoic acid (24);
2,4-dinitrotoluene (25); p-nitrobenzaldehyde (26); 1,3-dinitrobenzene (27); 3,5-dinitrobenzoic acid (28);
acrylonitrile (29); nitromethane (30)

Puc. 1. [lopiBHAHHA 3HaYeHb aACOPOLIHUX KOHCTAHT OPraHiyHUX cnojaykK Ha PbO2 3 nepmiuMu BepTUKaIbHUMU
noTeHujiajgamMu ioHizanii ix mosiekya: 6eHsuauH (1); 1-uadrunamiu (2); N,N-guetnianiniu (3); audpenunamiu (4); m-
TosyigMH (5); ingo (6); aHiniuH (7); a-HadTou (8); 2,8-auMeTninxinoiu (9); n-kpesou (10); a”izon (11); pesopuuH
(12); xinonin (13); penon (14); miporanou (15); 2,6-nyruauH (16); a-nikoJi (17); 6ensamia (18); g-nikosin (19);
6eH30liHa KucaoTa (20); nipuauH (21); 6eHsanbaerif (22); HiTpo6eH3o1 (23); n-HiTpoGeH30iHA KMca0Ta (24); 2,4-
AUHITpOTOJyO0. (25); n-HiTpo6eH3anbaeria (26); 1,3-auniTpo6enson (27); 3,5-auHiTpo6eH30iiHa K1caoTa (28);
akpwioHiTpui (29); nirpomeraH (30)



215

Journal of Chemistry and Technologies, 2020, 28(2), 211-220

[ mosicHeHHs oTpuMaHoi 3anexHocTi K(Iv)
PO3IJISHEMO €JIEKTPOHHY CTPYKTYpy ILIIOMOYM
(IV) okcupa, BUKOPHUCTOBYHOYM JJisl HAOYHOCTI
3arajibHy CcXeMy B3a€EMO/iI opbiTaseit
HeHTpasbHOro aroma [liroM6yMy 3 opbGiTansaMu
OKTaeJIpUYHO  PO3TAllOBAaHHUX  aTOMiB, WIO
npeJicTaBjeHa Ha puc. 2.

2s

Fig. 2. Schematic diagram of electronic levels of lead
dioxide
Puc. 2. [IpyHIMNIOBa cxeMa eJIeKTPOHHMX PiBHIB
mwioM6yM (IV) okcuay

3a 1€l CXeMOWw MOXHa BUJUIATH TpPU
3anoBHeHi 30HU: Pb6p + 02p, Pb6s + 02p, Pbbs +
02s. Xoua ¢popMasibHO aTOM IJIIOMOYMY B CTYIEHi
OKHCHEHHs1 +4 Ma€ opbiTajbHe HaNOBHEHHS
6s%6pY, piBeHb BHUII0I 3alI0BHEHOI MOJIEKYJISPHOI
opb6itani (B3MO) mae nepeBaxxHo Pb6p + 02p
XapakTep i € 5-3B’13KOM Mixk aToMaMH [LiiroMoymy
i Oxkcureny. Hmxue B3MO € O2p- i 02s-30HH,
BEpXHA YacTHUHA AKX npezacTaBJeHa
He3B'si3aHMMHM piBHsAMU O2p(n). Li opb6iTani
XapaKTepHi JJid [OBEpXHEBUX CTaHIB OKCUAY, B
TOM 4ac fK piBHI B3MO € MeHI1UI JOCTYyNHUMHU [J151
ajacop6buiiiHoi B3aemoail (ammiaityga opb6itani
Pb6p + O2Zp Ha moBepxXHEBUX aTOMax OKCUIY
HabaraTto MeHma, Hix y O2p(n)-opbiTaseit).
BakaHTHI eJIeKTpOHHI piBHi, YTBOpKOIOYU B
KkpucTaji PbO; LinpoKy 30HY NPOBiHOCTI, MalOTh
Pb6s,6p,6d-xapakTep 3 HEBEJHWKOI YacCTKOIO
OZp-piBHiB. PiBeHb HWXHBbOI BlJIbHOI
MoJieKyIsipHOi opbiTani (HBMO) npeacraBieHuit
pO3MyLIyI0Uu0l0 G*-0pbiTaswito 3B’a3KiB Pb-0.

Jna  nigTBepJpKeHHA L€l CXeMHM  MH
JOC/iKyBaJ/Iv eJIeKTPOHHY CTPYKTYpPY IJIIOMOYM
(IV) okcuay, mnOpoBiBIIM KBaHTOBO-XiMi4HIi
pPO3paxyHKH MOro MOJIEKYJSpHOI Mojesi 3a
MeTO[0M MNDO. BigmosigHo 0
KpucTasorpadiuHux JaHUX, KOOpJAUHaLilHe
yucio ioHiB maoM6ymy B PbO: mopiBHIOE 6, a
ioHIB okcureHy - 3. fKILo iMiTyBaTH NOBepXHEBI
rpynu =PbOH y dopmi PbOs(OH)7- a6o Pb(OH)e?,

TO KOOpJAMHALilHI 4yucjaa aTOMIB OKCUTeHY He
nepeBUlyl0Th 2. TOMy MH BHUKOPHUCTOBYBaJU
6inbi ckaaaHy mojaenb Pb3(OH)12(H20)2, B akii
[eHTpaJbHUH i0H [1IoMOYMy 0TOYEHHUH IIicThMa
aToMaMu OKCUTreHY 3 KOOPAUHATHUMHU YUCAAMHU 3

(puc. 3).
OH

OH

// \Pb\/é?DQO///\Pb\(Z

|
OH O

Fig. 3. Model Pb3(0H)12(H20)2
Puc. 3. Mogesis Pb3(0OH)12(H20)2

BBesieHHA y KJIacTepHY MO/eJib MOJIEKYJ BOLU
ZI03BOJIMJIO 3HU3UTH 3arajJlbHUM 3apda] CUCTEMH
[0 HyJId, 110 3PY4YHO AJI aHaJli3y 3apAf0BHX |
op6iTaIbHUX B3aeEMO/Iii KJlacTepa 3
«azcopbaTom». Ak peakninHun LeHTp
MOJIEKYJISIPHOI MoZei po3risaaau OH-rpyny, mo
po3TallloBaHi Ha LjeHTpasibHOMY ioHi [L1roM6yMmy.
[licna mnoBHOI onTUMi3alil TreoMeTPUYHUX
po3MipiB kiactepy 3a MetogoM MNDO 3a ymoBHU
MaKCUMaJ/IbHOI CUMeTpii KjacTepa € [JOBXHHA
3B’s13KiB Pb—0 cknasa 0.220 HM (4151 HOPiBHSHHS,
y kiaactepi Pb(OH)e> Rppo = 0.213 HM, y
Pb(OH)4(H20)2- 0.236 HM). O6uuc/ieHi BeIMUUHU
eHeprii  rpaHu4HUX opbiTajsell  KJacTepa
Pb3(OH)12(H20); cknanu -5.67 eB gas HBMO i -
9.91 eB gy11 B3MO.

3rizgHo 3 po3paxyHkamu, epeKTUBHUU 3apsf
aTtoMiB OkcureHy B KJjacTepi AopiBHIOE (y
OJVHUIIAX 3apanay esiekTpoHa) —0.381, a aToma
[lnrom6yMy — 0.925. 3a fjanumu aBTopa [18], axkuit
po3paxyBaB epeKTUBHI 3apsaau atomiB PbO; Ha
OCHOBI eKcliepUMeHTaTbHUX JaHUX NPO XiMiYHUU
3CyB eHeprii 3B’I3Ky B peHTTreHOeJIeKTPOHHOMY
cnekTpi okcujgy, epeKTUBHUN 3aps] aroma
[lnrombyMy popiBHioe 0.93, a aTtoma Okcureny - -
0.46. Ciix BpaxoByBaTH, WO [Ji [NOBEepPXHEBUX
OH-rpyn BesiMuuHa 3apAny aTtoMiB OKcUreHy
3HWXKYETbCA. TaKUM YMHOM, MOXKHa NPUIYCTUTH,
mo mojenab Pbz(OH)i2(H20), moBuHHa JocuThb
Jlo6pe iMiTyBaTH 3apsi/IoBi B3aEMO/Iil Ha MOBEPXHI
oMoy (IV) okcugy.

3 MeTOI eKCIepUMEHTa/JbHOT0 AOCJiIKEHHS
CTPYKTYpPU eJIeKTpOHHOI 6yA0BU miatoMoym (IV)
OKCUZY JOCJIPKEHO Woro pEHTTEeH-
¢doroenektpoHHi cnektpu [18]. Ha puc. 4
npeJjcTaBjeHa BajleHTHa 06sacTb cnekTpa PbOg,
B SIKil crocTepiraloThcs ABi OKpeMi cMyTH eMicil
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eJIEKTPOHIB i3 cepeIHbOI0 eHepri€eto 3B’A3Ky 31 9
eB, Hikue piBHA PepMi okcUAy.

3a po3paxyHKaMU Ieplia CMyra Moxe OYyTH
ONKCaHa fIK pe3yJbTaT BUJaJIeHHS eJIEKTPOHIB 3
Pb6p + 02p u O2p(n)-piBuiB. OueBHUAHO, i
BUpaXKeHe IJieve Ha cMy3i poToeMiciinpu 4 + 5 eB
MiATBEPIKYE nen BUCHOBOK, OCKIiJIbKH

pPO3IJ/ISIHYTI eJeKTPOHHI piBHI MalwTb pi3HUU
nepeTuH poToioHizalii. [llogo BakyyMHOro piBHSA
eHeprii 38’sa3ky Pb6p + 02p u 02p(n)-opbiTanei,
B yMOBax ra3oBoi ¢asu ii 3HaYeHHs CKJaAaloThb
BignmoBigHo 9i 10 =+ 11 eB, Toxi gk, BixmoBigHO 10
[25], pi3HuLs MiX eHeprier 3B’I3Ky B rasi i
TBepain pasi Pb0; € 5,9 eB.

EB,eB

Fig. 4. The valence region of the X-ray photoelectron spectrum of Pb0O:
Puc. 4. BaJieHTHa 06/1aCcTh PEHTTeHiBCbKOT0 (OTOEJIEKTPOHHOTO crieKkTpa PbO2

JocnigpKeHHs eJIeKTPOHHUX CHEeKTpiB, 110
XapaKTepU3ylTb MNOBepxHio mawMoyMm (IV)
OKCHJY TNOKasajM, 10 HaW[oBIla XBHWJA
MOrJIMHAHHSA 3HaXoAuThbcsa nmpu 15000 cmt (~1.9
eB). Tomy ymMoBHa eHepris €'wsmo PbO: ckiazae
NpUBJIU3HO 7 eB. BigHocHO HU3bKe
po3TtauyBaHH4 piBHA HBMO okcupy cnpuse voro
B3aeMozil 3 3aiiHaTUMU MO MoJieky.J1 afcopOaTiB.
[Ipy 1npoMy MoXx/IMBa TIOBHA Ilepejada
€JIEKTPOHIB, 110 NpPU3BOAUTH [0 OKHCHEHHA
aZicop6OBaHUX MOJIEKY.IL.

TakuM 4YMHOM, 3aKOHOMIpPHOCTiI MpoIEeCiB
ajcopbuil NnoBepxXHEeBO-aKTUBHHUX PpEYOBHH Ha

PbO, y po3uumHax pi3HOro CcKJIaAy MOXHa
NOSICHUTH  3TiHO 3  TeOpeTHUYHUMMHU Ta
eKClepyUMeHTaJlbHUMHU JOCIiKEHHAMHU

HAaCTYNHUM YHHOM:
- aacopObIig Ta OKWCHEHHS HA IUIIOMOYM
(IV) okcupai opraHiYHUX NOBEePXHEBO-aKTUBHUX
cnonyk 3 Iy < 9 eB Moxe 6yTu mnoB’sizaHe i3
B3aeMo/ieto ix B3MO 3 ¢"-opb6iTansaiMu oKCUy;

- ajcopbuis  opra”HiyHUX  OBEPXHEBO-
AKTUBHUX MOJIEKYJ LIJIAXOM B3aeMOZAil Ix
HW)XKHbOI BaKaHTHOI MoJIeKyJApHOi opbiTasi

(HBMO) 3 okynnoBaHMMHU eJIEKTPOHHUMHU PiBHAMH
OKCHAY He IpeACTaBJAETbCA MOXJ/IUBOK 4Yepes

HeJOCTYIHICTb  G-0pb6iTajsi  OCTaHHbOro i
BigHOCHO HU3bKe po3TaiyBaHHA 02p(n)-piBHiB.
3 MeTOl TEeOpeTUYHOIo  JOCJiJKeHHHA

MOXJIMBOCTI Op6iTa/sbHOI B3a€EMO/Iii 3 MOBHOMO
nmepejladyeld  eJeKTpoHa Bijg  azcop6GoBaHOl

MOJIEKY/IU [I0 NOBepxHi ajcopbeHTa MeTOoJaMH
MNDO po3spaxoBaHi Mi>kM0OJIEKYIAPHI KOMILJIEKCH
kJaactepy mwiroMbym (IV)okcuay 3 rifjpoxiHoHOM i

HIPOAYKT roro OKHMCHEHHSL. 3a
eKCllepUMEeHTaJIbHUMU  JaHUMU  TiJJpOXiHOH,
MOJIEKYJIN SIKOTO XapaKTEePHU3YIOThCS

ioHizaniiHuMM mnoTeHuiasoM 8.2 €eB, BigHOCHO
IIBUJKO OKUCHIOETBCS MaoMo6yM (IV) okcugom.
MOXKJIUBICTh OKMCHEHHA TiZJpOXiHOHAa B paMKax
Teopil BakaHTHUX MOJIEKYJSIpHUX opbiTaseit
MOXHa NOSAACHUTH BiZjHOCHO 6/1M3bKIM
po3TallyBaHHAIM piBHIB I'paHUYHUX oOpb6iTanei
oro MoJiekyJ i okcuzy. [IoBHUH TeopeTHUYHUU
PO3paxyHOK IpOLieCy NepPeHOCy eJIEKTPOHIB i
[epeTBOPEHH:A CTPYKTYPU MOJIEKYJIU [OCHUThb
TPYAOMICTKMHA 1 BUMara€e BeJIMKOI KiJIbKOCTI
064YMCAOBaIBHUX pobiT. fAk mnpaBuio, Anas
BEJIMKUX CHUCTEM pO3PaxOBYIOThb JHLIe OKpeMi
06J1acTi moBepxHi MOTeHLiNHOI eHeprii XiMiuHOI
peakuii. Mu pospaxyBanu psj KiHLEBUX CTaHIB
cucTeMHu, 6e3 BU3HAUEHHS CTPYKTYPHU epexigHUX
KOMILJIEKCIB 1 eHeprii akTuBaLii OKpeMUX eTaliB
afcopbuii Ta okUCHeHHS. MeTol pO3paxyHKiB
OyJio NmiITBEpP/PKEHHS TiMOTE3U MPO MOXKJIUBICTh
BUTIpallly CyMapHOI eHeprii CUCTEMU 3 IOBHOIO
nepezayero €JIeKTPOHIB BiJ opraHiyHoi
MOJIEKYJIM [0 KjaacTepa. JlocaifpkeHo HaCTYIHI
MOJIEKYJIAPHI KOMIIJIEKCH:

Pb4+3(OH)12-"C6H4(0H)2 (I);
Pb#+3(0H)11-CeH4(OH)O~ (1D,
Pb4+2Pb3+(0H)11"-C6H4(0H)0 (IH),
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Pb4+2Pb2+(OH)10-"C6H402 (IV).

Ha puc. 5 HaBeieHO pe3yJbTaTU PO3PAXYHKY
eHTaJIbIIil YTBOpPEHHA MIXKMOJIEKYJIAPHUX
KOMILJIEKCIB B 3a/J€XHOCTiI Bij BiJAcTaHi Mix
LeHTpaJbHUM aTOMOM KJjacTepa i aTOMOM
OkcureHa B riIpOXiHOHI.

BcraHoBsieHo, mo ioH OH- Haib6iibIl TPUBKO
TPUMAEThCS MOGJMU3Y BiJ KaTioHA MJIIOMOYMY
(IV). Opnak, nOpuUEAHAHHA JO0 HBOrO 10HY
ligporeHy, skuil BiOYBa€eTbCd, HANPUKJIAJ, TPU
npoToHizarii noBepxHeBux PbOH-rpyn y BogHux
pO34YMHaX, pi3Ko 3MiHIOE GOpMy  KpHBOI
MOTeHLiiHOI  eHeprii, OCKiJIbKM yTBOpeHa
MOJIEKYJIa BOJAM TPHUMAEThCS 3HAYHO cCJabKille:
MiHiMasibHa Ha KpuBil AH(R) i ckiazae Tinibku 3
KKkasi/MoJib. fKk Bimomo, Metonq MNDO wMoxke
HEKOPEKTHO ONUCATU CTPYKTYypHU Ta piBHOBAru
KOMILJIEKCIB 3 BOJHEBHUMH 3B’A3KaMHU. Y LbOMY
BUNAJKy PEKOMEHAYETbC BUKOPUCTOBYBATH
Moauodikanii 1boro metoga AM1 i PM3, B akux
3/1iCHIOETbCA HeoOXigHa KOpeKLis
po3paxyHkoBuX ¢popmyJ. [IpoBeieHi po3paxyHKH
MeTtooM PM3 mokasanu, 1o MoJieKyJa BOLHU
TaK0oX JOCHUTb C1a60 B3aEMOJIE 3 KJIAaCTEPOM:
MiHiMym Ha kpuBiii AH(R) ckiaagae 4.5
KKas/MoJib. @aKT HU3bKOI MilIHOCTI 3’€HAHHA
MOJIEKYJIU BOJHW 3 KJIACTEPOM CTA€E 3PO3YyMIJIMM
npHy po3rJsiji opbiTasbHUX B3aeMogind Mix H20 i
KJIaCTEPOM.

EHepria rpaHU4YHUX op6iTasiell MOJIeKyJ BOAU
i Kiaactepa Aye pisHi, 1 TOMy MiLHICTB ix

3’¢lHAHHA BU3HAYAETbCA TIJIBKA  3apAa0oM
34enJIeHHs.
B3aemogia aHioHy riipoXiHOHY i3

LeHTpaJIbHUM i0HOM KJjacTepy - [lirom6yMom
(ctpyktypa (II)) BU3Ha4a€eThCs OiJbII LIMPOKUM
MiHIMyMOM Ha NOTeHLia/IbHINA KpUBiH 2 (puc. 5) i3
npupicrom eHeprii y 11.6 kkan/mosb. Kosu
€JIEKTPOH IepeflaEThC BiJl aHIOHY [0 KJacTepa,
JlBA HeNMapHUX eJIeKTpOHa 3'dABJAKTBCA Ha
rpaHy4Hii opbitani cuctremMu. PopManbHO s
cucteMa Moxe 6yTH onucaHa ctpykryporo (III), B
SIKiM 3'SIBJSAIOTBCS TPUBAJIEHTHI i0HU IIIOMOYMY.
Po3paxyHKu CBifj4aTh NpoO MOXKJIUBICTb BUrpaIly
eHeprii cucteMH y pasi po3napoByBaHHA
eJIeKTpOHiB, ane Ha kKpuBiil 3 (puc. 5) AH(R)
HeMa€E MiHIMyMy, 110 BKa3y€ Ha HeCTabiIbHICTh
crpykrypu (I1I). [lepegaya gpyroro enekTpoHa i
dbopMyBaHHA [JBOBaJjieHTHOro ioHy IlitoM6ymy
OyJsia 3Mo/iesibOBaHa cTpykTypow (IV), B ki
pajuKan TiJpoXiHOHA NepeTBOPHETHCA Ha
MOJIeKyJly XiHOHa. PeopraHisaniqa rizpoxiHoHa B
xiHOH He BHMarae 6araTo eHeprii uepe3s
6JIM3bKICTB iX CTPYKTYyp. BcTaHOB/IEHO, 1110 XiHOH

He MOXKe 3aJIMLIATHCA B KJIacTepi, TOMy 1110 HeMaE
MiHIMyMy Ha NOTeHLiNHIN KpUBii.

aH,
KKan/monb

[

-100

-200

Fig. 5. Dependence of the enthalpy of formation of a
molecular model on the interatomic distance along the Z
axis between the Central Pb atom in the cluster
Pb4+3(0OH)11 and the reacting particle: Pb4+3(OH)11 - OH-
(1); Pb*+3(0H)12 - H20 (2); Pb4+3(0H) 11 CcH4(OH) O~ (3);
Pb*+2Pb3+(OH) 11~ CsH4(OH)O (4); Pb*+2Pb2*(OH)10
CeH402 (5)

Puc. 5. 3as1e:kHicTh eHTa/IbIil yTBOpPEHHS
MOJIEKYJIAPHOI MoJeJi BiJ MI>kaTOMHOI BiACTaHi BAOBXK
oci Z mix neHTpajbHuM aToMoM Pb y kiacrepi
Pb4+3(0H)11 i pearyrwo4oi yactunku: Pb4+3(0OH)11 - OH-
(1); Pb*+3(OH)12 -~ H20 (2); Pb**3(OH)11 - CsH4(OH) O~ (3);
Pb*+2Pb3+(OH) 11~ CeH4(OH)O (4); Pb*+2Pb2*(OH)10
CeH402 (5)

[lpunyckaroyy, 1[0 B peaJbHUX yMOBax
MOJIEKYJIU XiHOHY i pajuKaJbHI TiJpOoXiHOIAHI
YaCTUHKH TAaKOX CJ1ab0o TPMMalOThCA Ha [I0BEPXHI
maoM6yM (IV) okcuay, noBUHHI ciocTepiratucs
npoliecu iX BH/iJIEHHSI B 06’eMi po3uyuHy. llei

BHCHOBOK Jlo6pe BiZnoBizae eKCrepu-
MEHTAJbHUM JIaHUM, 3TiIHO 3 SKUMH IpH
azacopo6iii rizpoxiHOHA B po34uHi

HaKOMUUYYTbhCS NPOAYKTH MOr0 OKHCHEHHS.
Cnix  3a3HayMTH, L0 B pO3paxyHKax He
BpaxOByBa/IM peopraHisainiio KjacTtepa, sKa
NOBUHHA BifidyBaTHCS Yepe3 NOSIBY B HOTO CKJIa/i
ZABoBasieHTHOTrO [Li1toMbymy. Sk BioMo, ionu Pb2+
B okcyjax PbO i Pbz0s MawTh KoopJuHalilHI

yucaa, BignoBigHo, 4 1 3 Ta CTPYKTypHu
TPUTOHAJILHOI 1  TeTparoHajJbHOI  mipamiz.
MopenoBaHHA  3CyBy  LeHTpaJlbHOro  ioHa

[ln1oMbyMy B KjacTepi mo oci Z mokasaso, 10
CUCTeMa IIpY [IbOMY NepeXOoJAUThb Y HOBUH CTaH 3
BUTrpalleM B eHepril. MiHIMyM Ha MOTeHLiWHIN
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KpUBIM A0CATAETHCA NMpHU 3MilneHHi ioHa Pb2+ Ha
0.087 um.

TakuM 4MHOM, MOJie/IbHI pO3paxXyHKHU BKa3aau
Ha MOXJIMBICTb BUTpAlly eHepril y cucTeMi npu
nepexo/i eJIeKTPOHA BiJj OpraHivHOI MOJIEKYJIH 10
moM6yM (IV) okcugy. Llelt BUCHOBOK BiZinoBizae
eKCIepuMeHTa/JIbHUM JJaHUM IIPO OKUCHEHHS IPU
azcop6bnii Ha PbO; cmoayk i3 mnoTeHIiasaMu
ioHizanii meHmMMu 3a 8.2. Ha 3akiHYeHH MU
BiI3HAYUMO, 1110 3 TEPMOLUHAMIYHOI TOYKHU 30py
npupict B eHeprii xiMmiyHoi TpaHcdopmarii B
aJcopOLifiHiA cucTeMi MoXe OYTH NpecTaBIeHa
AK CyMa psy KOMIIOHEHTIB:

AGeKcn: AGiCT - AGpeopr.OB - AGpeopr.PbOZ;

A€ AGexen — €KCIepUMEHTAJBHO CIOCTEepexy-
BaHUU NMpUPIiCT eHeprii XxeMoCOpOIIil;

AGicr «icTUHHa» BiJIbHA eHeprida B3a€EMOJil
aJicopbeHTy 3 aficopbaToOM;

AGpeopr.OB, AGpeopr.PbOZ - eHepFi.l. peopraHisaui'l'
€JIeKTPOHHUX CTPYKTYp, BiAIIOBIIHO OpraHiyHoOl
MoJIeKyJH i oM6ym (IV) okcuay.

Enepria peopraxisanii BHU3HAYa€EThCH
CTPYKTYpPOI MOJIEKYJIH, siKa aAcopOYyeThbCs, Ta
peakUilHUX LeHTpPiB TOBEPXHi aJCOpOEHTY.
Hanpuknaz, npyu BuJa/IeHHI [BOX eJIeKTPOHIB 3
MOJIEKYJIU TiAPOXiHOHY, BiAHOBJIEHHSI 6EH30/Y Y
CKJaAl XiHOIAHOI CTPYKTYpUM He BHMarae
3HaYHOI'O pyXy AaTOMIB MOJIEKYJIM, OCKIJIbKU
JOCTaTHBO BifokpeMuTH IioHU [igporeny i
HEe3HAuYHO 3MIiHUTH MiK'siflepHi BiAcTaHi A9
JOCATHEHHA PIBHOBaXKHOI CTPYKTYPU MOJIEKYJIH
xiHOHY. OKMCHeHHA MOJIeKYyJIM, HaNpUKJIaj,
deHo/ly, HaBmakd, Ma€ BHUMaraTd 3HAYHHUX
€HepreTUYHUX BUTPAT Ha peopradisauiro I
CTPYKTypH, 00 XiHOifHa CTpyKTypa He
dopmyeThcst, a okucHeHHs1 OH-rpynu go -COH
BUMara€ «BU3BOJIEHHA» artoMma KapbGoHy 3
0G€eH30JIbHOT'O KiJIbIIs.

AHasioriyHa cuTyalifl TaKoX CKJaJA€ETbCA i
s aacop6enty. Kationu IliromM6ymy B okcuzi,
Oepydd eJIeKTPOHM | 3MiHIOIOYH CTYMHiHb
OKHCHEHHS, a TakoxX i BJacHi po3Mipu (pagaiyc
Pb4+ cknagae 0.076, a Pbz* - 0.126 HM),
BUKJ/IMKAIOTb 30ypeHHs1 3 60Ky CBOr0 OTOYEHHS,
OCKIZIBKM 'y CBOIM HOBIM CTPYKTypi CTaH
pPIBHOBaru KpUCTaJi4HOI KOMIPKM IOBUHEH
BifpizHsaTUCA. Ockinbku mtoM6yMm (IV) okcu Mae
BiZIHOCHO 0GPy €JIeKTPONPOBIi/IHICTD, eJIEKTPOH
MOKe IepeZiaBaTUCA A0 CYCiHIX KaTiOHiB, 110
pysBeie 40 peopradisanii oKCUAy He B TOYLI
KOHTaKTy 3 MOJIEKYJIOK aZicopbaTa, ajie Ha oro
«nepudepii», e  eHepreTudHa  BapTiCThb
peopradisanii MmeHma. Ha 6araTbox mpuk/iIagax
ajicop61ii MoJieKyJ1 3 ra30Boi pa3u NepeKoHIUBO

JlOoBeJeHOo PEKOHCTPYKILitO ajicop6uiiHoi

IIOBEpXHi yepe3 a/IcCOPOEHTH.

BHCHOBKM

TakuM YMHOM, 3HAYEeHHS eHepril He3aUHATHUX i
3aliHATUX opbiTasied ajacopbaTy Ta aJ[COPOEHTY
KOPHCHI OJ11 MpoTrHO3yBaHHA iX afcopOIiiHOI
31aTHOCTI. Op6iTasbHO-KepOBaHUMI
aficOpOIiiHUIM MeXaHi3M MOSICHIOE BCi Habopu
CIIOCTEPEKYBAHUX KOpeJsiliii 1[0JJ0 OKHCHEHHS
Ta cnenudivHoi afcopOIii opraHiYHUX CIIOJYK Ha
PbO;
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Annotation

In this work, the production of thermal and electrolytic triple alloy Pb-Sn (TiOx) is investigated and some properties
of the obtained material are considered. Conclusions are made on the advantage of the electrolytic method in
comparison with the thermal one. An alkaline tin and lead electrolyte containing potassium metatitanate has been
developed. According to the criteria of the maximum content of titanium, dissipative power and surface quality, its
optimal composition is determined: KOH - 100-150 g/1, SnClz - 16 g/1, (CHsCOO)zPb - 75 g/1, K2TiOs3 - 0.2 g/1, glycerol
- 50-60 g/1. The optimal conditions for electrolysis are a temperature of 20-30 °C, current density ix = 20 mA/cm?;
the ratio of the cathode and anode surfaces is not less than 1 : 2. The passivated coatings photocatalytic activity
research results together with their anti-corrosion tests data and surface morphology analysis confirmed their high
quality. The obtained alloy can be used as a corrosion-resistant coating, as a substrate for photo- and electroactive
electrodes based on valve metal oxides, etc.

Keywords: K2TiO3; Pb-Sn alloy; electrolysis mode; electrodeposition; PbO2; SnOa.

EJIEKTPOOCAI’KEHHA CIIJIABY Pb-Sn(TiOx) 3 JIYAKHOI'O EJIEKTPOJIITY

KartepuHa A. [liisicoebkal, Oner b. T'ipin?, Biktop @. Baprastok!

1Tninpoecvkull HayioHaabHUll yHieepcumem imeni Onecs 'onuapa, JHinpo, Ykpaina
2/IBH3 «Ykpaincokuli depicasHuli XiMiko-mexHo02iuHull yHigepcumemy, /JHinpo, Ykpaina

AHoTarnjiqa

Y paHiit po6oTi JocaigKeHO OTpPUMaHHS TEPMiYHOrO Ta eJIeKTPOJIITHYHOro mortpiitHoro cmiaBy Pb-Sn(TiOx) Ta
pO3IJIAHYTI JesKi BJIaCTUBOCTI OTPUMaHOro mMartepiajy. 3p06/ieHO BUCHOBKM LI0/0 MepeBaru eJeKTpoJiTUHYHOro
MeTOoAYy y NOPiBHAHHI 3 TepMiYHUM. P03p061eHNi JIY)KHUH eJIeKTPOJIIT JIyJ)KeHHA-CBUHLI0BaHHA, 110 MiCTUTDb KaJlilo
MeTaTHUTaHAT. 3a KPHUTepisIMHU MaKCHMaJIbHOTO BMICTy TUTaHy, PO3Cil0OBa/IbHOI 3JaTHOCTI Ta AKOCTi NOBepXHi
BU3Ha4YeHUM Horo ontumaabHuii ckaag: KOH - 100-150 r/J, SnClz - 16 r/a, (CH3CO0)zPb - 75 r/a, K2TiO3 - 0.2 v/,
rjinepos - 50-60 r/in. OnTUMaJLHUMH YMOBaMHU eJIEKTPOJIi3y € Temnepatypa 20-30 °C, ryctuHa cTpyMmy ix = 20
MA/cMZ; cniiBBiAHOLIEHHS IOBEPXOHb KaTOAY Ta aHOAY He MeHIlle 1 : 2. Pe3yibTaTH JoCaAiA)KeHHA POTOKATATITUIHOT
AaKTMBHOCTI NMAacCMBOBAaHUX MNOKPHUTTIB y NMO€AHAHHI 3 JAaHUMHU iX AHTUKOPO3iHMX BHUIPOGYBaHb Ta aHAJI3y
Mopddosiorii moBepxHi migTBepAMJM iX BHCOKY fAKicTh. OTpMMaHHil cIJjlaB MoO)Ke OyTHM BHUKOPHCTaHMH K
KOpO3iiHOCTiliKe MOKPUTTA, AK MiJJ0XKKAa AN (POTO- Ta eJeKTPOAKTHBHHMX €JeKTPOAIiB Ha OCHOBi OKCHJAIB
BEHTHJILHMX METaJIiB TOLLO.

Kaiwouosi caoea: K2TiOs; ciiaB Pb-Sn; pexxuM esieKkTpostisy; enekrpoocaxaeHHs; PbO2; SnOa.
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JJIEKTPOOCAXJEHHE CIIJIABA Pb-Sn(TiOx) U3 IIEJIOYHOTI' O 3JIEKTPOJIMTA

ExaTepuHa A. [lnscoBckas?, Oner B. l'upun?, Buktop @. Bapraniok!

1lHunpoeckuil HayuoHabHbIl yHUsepcumem umernu Oaecsi ['onuapa, npocn. l'azapuna, 72, [JHunpo, 49010, Ykpauna
2I'BY3 «YkpauHckuii 2ocydapcmeeHHblll XUMUKO-mexHo102u1eckull yHugepcumemy, /[Hunpo, YkpauHa

AHHoTalus
B gaHHOM pa6oTe UCC/IEJ0BAaHO TEPMUYECKOE U IJIEKTPOJIMTHYECKOE MoJiyyeHue TpouHoro cimiaBa Pb-Sn(TiOx) u
paccMOTpeHbl HEKOTOpble CBOWCTBA MOJIyYEHHOro Marepuasjia. CaesaHbl BBIBOABI 0 MNpeUMYyLIeCTBe

3/IEKTPOJIMTHYECKOr0 METOJA B CPaBHEHHHU C TepMHYeCKUM. Pa3pa6GoTaH IIe/JI0OYHOH 3JIEKTPOJIMT JIy>KEeHH-
CBUHLIEBaHMs, COJepKallMii MeTaTHTAHAT Kaaus. Ilo KpUTepusM MaKCHUMaJIbHOTO COJAEep>KaHUA TUTaHA,
pacceunBalouieii CNOCOGHOCTH M Ka4eCTBa NOBEPXHOCTH OMNpeJeJsieH ero onTuMajbHblil coctaB: KOH - 100-150 r/x,
SnClz - 16 r/a, (CH3C00)2Pb - 75 r/a, K2TiO3 - 0.2 r/a, raunepud - 50-60 r/i. ONTHUMa/JbHBIMH YCJIOBUAMH
3JIEKTPOJIN3a ABJIAITCA TeMnepartypa 20-30 °C, IJIOTHOCTb TOKA ix = 20 MA/cM2; COOTHOLIIEHH e IOBEPXHOCTEH KaToAa
4 aHoja He MeHbwe 1:2. Pe3ysbTaThl HcCleA0BaHUA (OTOKATATUTHYECKOH AKTHBHOCTH NacCMBHPOBaHHBIX
NMOKPBITUA B COYETAHHMU C JAAHHBIMH KOPPO3HOHHBIX HCNBITAHMH M aHAJIM30M MOpPQOJIOTHM TNOBEPXHOCTH
NOJATBEPAMJIN MX BbICOKOe KadecTBO. IloslydyeHHBIH CIVIaB MoOXeT OBbITh MCHOJIb30BaH B KayecTBe
KOPPO3HOHHOCTOMKOI0 MOKPBITUA, NOAJOXKKU 1A GOTO-U 3/IEKTPOAKTUBHBIX 3JIEKTPOJLOB Ha OCHOBE OKCHJOB

B€HTHUJ/IBHBIX M€TAJIJIOB U T.A.

Karusble caosa: K2TiO3; cruiaB Pb-Sn; pexxuM aieKTpoJin3a; asnektpoocaxgernue; PbOz; Sn02

Introduction

Tin-lead alloy coatings are used in many
industries. For example, as a protective layer
during etching of printed circuit boards, or during
long-term storage of products, etc [1-8]. But it is
also important that a mixture of the oxides of these

metals is widely spread as photo- and
electroactive materials for the production of
anodes used in water purification and
electrochemical synthesis of organic and

inorganic materials, and the best known and most
effective additive to PbO; and PbO is titanium (IV)
oxide [9;10]. As a rule, the deposition of doped
Pb0; and SnO; is carried out by chemical and
electrochemical methods on an inert base (Ti, Pt,
etc.) [11-13]. And one of the current problems
connected with such oxide electrodes is cracking
of the working layer that leads to poor
performance. It is known [14] that when creating
an active oxide layer on the surface of a material
capable of reproducing the working layer during
oxidation, the electrodes get rid of the cracking
problem and their service life is significantly
extended.

Itis logical to use a lead-tin alloy as such a base
material. Both thermal and electrochemical
methods for producing lead-tin alloys are well
known. Electrodeposition of tin-lead alloy
proceeds without complications as these metals
have fairly close standard potentials, furthermore,
they are emitted at the cathode from simple salts
solutions with approximately equal overvoltage.
Therefore, depending on their ion concentration
ratio in the electrolyte, alloys with a wide range of
their content in the coating can be obtained
[8; 15; 16]. The deposition of lead-tin alloys is

mostly carried out from acidic solutions, but
alkaline tin and lead electrolytes are also known.
The incorporation of titanium into tin-lead
coatings is a complex issue. Thermal fusion is
hindered by a large difference in the melting
temperatures of the metals (tm:(Sn)=231.9°C;
tmi(Pb) = 327.4°C;tmie (Ti) = 1665 °C [17]). In our
previous works we showed that a material
containing titanium compounds in matrix tin can
be obtained electrochemically from alkaline
solutions with the addition of potassium
metatitanate [14; 18]. The fusion of this material
with lead under certain conditions made it
possible to obtain a triple alloy Pb-Sn (TiOx), but
the maximum proportion of tin in it was 17 %, in
addition, the fusion process almost did not allow
to influence the obtained material composition in
a controlled manner [19]. From all these aspects,
electrochemical methods have proven to be more
effective. A triple Pb-Sn(TiOy) alloy was obtained
from a combined alkaline tin and lead electrolyte
with the addition of K;TiOs.

In this work, the production of thermal and
electrolytic triple alloy Pb-Sn (TiOy) is investigated
and some properties of the obtained material are
considered.

Materials and methods

For the preparation of the combined tin-lead
electrolyte traditional alkaline electrolytes for
tinning and lead plating were taken as a basis
[15; 18]. We have chosen electrolytes of the
following compositions. Tinning electrolyte:
tin(II) chloride 40 g/1; potassium hydroxide 84 g/1.
Lead plating electrolyte: lead 80 g/1 (in terms of
metal); potassium hydroxide 150 g/l; glycerin
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60 g/1. The alkaline concentrate of potassium
metatitanate was prepared according to the
method [20]. The concentration of titanium
compounds in the electrolyte and the resulting
precipitate = was controlled spectrophoto-
metrically, according to the method [21]. All
working solutions were made of the reagents of a
grade not lower than "chemically clean" on
double-distilled water.

The electrochemical studies were performed in
a standard three-electrode cell using a
potentiostat [I1-50-1, a programmer I1P-8, and a
digital USB oscillograph. The working electrodes
were: a platinum plate with an area of 2 cm?, a
copper plate with an area of 10 cm?, a steel plate
with a working surface of 10 cm2. The auxiliary
electrode was a lead plate with an area of 10 to 30
cm? The reference electrode was a saturated
silver-silver chloride electrode; all the values of
potentials in the article are given in relation to a
silver chloride electrode.

The surface morphology of the coatings was
examined using a scanning electron microscope
PEM-106H, operating in a secondary image
acquisition mode. The maximum residual
pressure in the microscope column (in the gun
area) did not exceed 6.7-10-* Pa, the gun current
was 115 mA.

Results and discussion

Optimization of the combined electrolyte
composition and electrolysis conditions. The
problem with creating a combined electrolyte was
that these electrolytes of tinning and lead plating
contained incompatible anions. Thus, alkaline
tinning electrolytes are usually prepared on the
basis of chlorides or sulphates of tin (II), and the
corresponding lead compounds are insoluble.
Also, the solubility of plumbates is limited, and
dilution can lead to the precipitation of insoluble
precipitates of lead (II) hydroxides [15]. But the
choice of glycerate lead electrolyte provided a

positive result. Glycerate complexes of lead (II)
are stable and can compete with the formation of
hardly soluble chlorides and hydroxides [22].
Also, to avoid the aforementioned dilution
problem, the concentration of alkali and glycerol
in the combined lead-tin electrolyte was increased
to the concentration of alkali in the plumbate
electrolyte.

As a result, the following intervals of
component concentrations in the combined
electrolyte were investigated: KOH - 100-150 g/1,
SnCl; - 8-32 g/l, (CH3CO0).Pb - 25-100 g/],
K;TiO3 - 0.2 g/l, raninepon - 50-60 g/l. The
electrolyte was time-stable in these concentration
ranges. The combined electrolyte retains its
transparency for a long time (more than a week)
at a volume ratio of plumbate and stannate
electrolytes from 1 : 4 to 4 : 1, respectively. The
introduction of potassium metatitanate in
millimolar amounts leads to turbidity of the
solution after a few hours.

Electrodeposition of the alloy was performed at
a current density i = 20 mA / cm? without stirring
the electrolyte. The optimal value of i was
determined during studies of the combined
electrolyte dissipative power (DP) in the Hull
angular cell. At current densities greater than this
value, intensive growth of dendrites was
observed. At a temperature of the electrolyte
above 30 °C, the coating became porous, and at 50
°C the adhesion of the coating to the base became
unsatisfactory both in the case of steel cathodes,
and copper or platinum ones.

DP was also determined in the Herring-Bloom
cell. Alkaline electrolyte coatings were selected for
comparison: tinning, tinning with the addition of
potassium metatitanate, tinning - lead plating,
and, tinning - lead plating with the addition of
potassium metatitanate for the volume ratio of
plumbate and stannate electrolytes 3:2. The
results are given in table 1.

Table 1
Dissipative power values of alkaline electrolytes
Type of coating Sn Sn(TiOx) Sn-Pb Pb-Sn(TiOx)
DP, % 64 73 75 87
As can be seen from Table 1, the addition of shows the dependence of the combined

potassium metatitanate to the electrolyte in all
cases increases the dissipative power of alkaline
electrolytes. For the tinning electrolyte DP
increases by 9 %, for the tinning - lead plating
electrolyte - by 12 %.

In addition, the stability of the electrolyte itself
is significantly affected by temperature. Table 2

electrolyte appearance on temperature for the
volume ratio of plumbate and stannate
electrolytes 3:2, but these patterns were
observed in all the studied volume ratios of lead
plating and tinning electrolytes.
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Table 2
Influence of temperature on the appearance of the combined electrolyte
Type of electrolyte Consistency of the electrolyte at temperature, °C
20 30 40 50 60

Combined, plumbate-stannate transparent transparent transparent slight turbidity =~ black

precipitate
-/- with the addition 0.2 g /1 transparent transparent cloudy light cloudy dark black
K2TiOs precipitate

It is determined that the combined electrolyte
is very sensitive to the ratio of the cathode to
anode area. Satisfactory quality of the coating is
obtained only with a ratio of the cathode to anode
area not less than 1: 2 respectively.

When optimizing the electrolyte composition,
the factor of the titanium content in the coating
also had to be taken into account. The

optimization of the potassium metatitanate
volume concentration in the combined electrolyte
was not performed, as we relied on data from the
previous works [14;18]. After dissolving the
electrolytic precipitate in concentrated nitric acid,
the titanium content was  determined
spectrophotometrically. The results are given in
Table 3.

Table 3

Concentration of titanium (Cs) in coatings Pb-Sn(TiOx), obtained from the combined alkaline electrolytes of
tinning - lead plating. Content of K:TiOs in the electrolyte Cv = 0.2 g/1

Volume ratios of lead plating - 1:4 2:3 3:2 4:1
tinning electrolytes

Correlation Pb : Sn in terms of mol- | 1.00:4.36 1.23:2.00 2.75:2.00 7.35:2.00
€q

Cs, mg/cm? 1.7-102 38.9-102 60.9-10-2 44.6102

As can be seen from Table 3, the maximum
amount of Ti is observed at the ratios of the
electrolytes of lead-plating and tinning 3 : 2
respectively. The amount of titanium in the
electrolyte with a ratio of 1: 4 is close in values to
that in the coating Sn(TiOy) [14].

The analysis of SEM images presented in Fig.
1 gives grounds to assert the fundamental
morphological difference of the coating surfaces
obtained in the combined electrolyte with

25.00kV  x1.00k

formations are clearly displayed.

S0pm WD=12.1mm

different ratio of lead plating and tinning
electrolytes. Thus, the coating surface obtained at
the ratio of these electrolytes of 1: 4 was
characterized by the heterogeneity of grain
aggregates in both size and shape. Against the
background of grain aggregates with an average
size of 3-4 um, much larger grain conglomerates
with an average size of 5-6 um can be seen (see
Fig. 1a), while anisotropic (10x2 um)

v p lk,“\(gv (A
e

Fig. 1. SEM images (x1000) of the electrodeposited alloy Pb-Sn(TiOx) surface,
obtained in the combined electrolyte at i = 20 mA/cm? with the ratio of lead plating and tinning electrolytesa) 1: 4
andb)4:1

In contrast to this structural inhomogeneity,
the coatings obtained in the combined electrolyte
with a ratio of lead plating and tinning electrolytes
4 : 1, had a homogeneous and finer structure with

an average grain aggregate size of 1.5-2 pm (see
Fig. 1b). Such a significant diminution of the grain
aggregates of approximately the same size
indicates an increase in the specific surface area of
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the samples with the increase in the proportion of
lead plating electrolyte in the combined
electrolyte.

On the basis of the received data it is possible
to draw a conclusion that increasing the
proportion of the lead plating electrolyte in the
combined electrolyte leads both to the formation
of a more homogeneous surface structure and to
the reduction in size of the electrolytic sediment
grain conglomerates, that improves the quality of
the obtained alloys.

The diminution of the electrodeposited alloy
structure in the lead-tin system with the increase
of the lead plating electrolyte proportion in the
combined electrolyte can be explained on the
basis of the ideas about the electrochemical phase
formation of metals and alloys through the stage
of supercooled liquid state [23]. According to the
concept [24-26], during electrochemical
deposition of a metal or alloy in an aqueous
medium on a solid cathode, a strongly supercooled
metallic liquid is formed in the form of many liquid
clusters of atoms, which are released avalanche-
like in different places of the cathode.

During the electrochemical deposition of a
lead-tin system alloy with the increased
concentration of lead ions in the combined
electrolyte, the alloy crystallizes in the form of a
solid substitution solution based on lead doped
with tin. The formation of this type of solution is
explained by the fact that in this case the Hume-
Rosery rule is fulfilled, according to which for the
formation of alloys in the form of solid
substitution solutions it is necessary that the
atomic radii of interacting metals differ by no
more than 15%. In this case, the difference
between the radii of Pb atoms (0.1935 nm) and -
Sn (0.1862 nm) is only 4 %.

Since with the increasing degree of
supercooling during electrodeposition of metal /
alloy, its structure becomes finer [27], and the
degree of supercooling of lead exceeds the same
value for tin by 1.5 times, increasing the
concentration of the solvent metal (Pb) in a lead-

tin system alloy will lead to the formation of a finer
structure than at a decreased concentration of it,
as observed experimentally.

Additional diminution of the electrodeposited
alloy Pb (Sn) structure is also possible by means of
its doping with titanium. As shown in [28], when
interacting in the process of electrodeposition of
the elements that differ significantly in valence,
the occurrence of intermetallic compounds in the
alloy structure is likely. Such intermetallics must
be additional centers of the heterogeneous
crystallization of the liquid clusters of the alloy
atoms or their combinations in the supercooled
liquid state.

Within this work some properties of Pb-
Sn(TiOx) coatings were also investigated.

Photocatalytic properties. On the surface of the
triple alloy Pb-Sn (TiOy) in air or as a result of
artificial oxidation, a film of oxides of lead, tin and
titanium should form, mostly in the maximum
oxidation states. According to many studies (for
example, [29; 30]) combinations of these oxides
show significant catalytic, electrocatalytic and
photocatalytic properties. The latter are most
characteristic of the materials containing TiO>, and
are a very popular area of modern research [11-
13].That is why we first tested the photocatalytic
behavior of Pb-Sn (TiOx)-electrodes by the
example of a model reaction of hydrogen peroxide
decomposition. The oxidation of the surface of all
the electrodes took place in air at room
temperature during the day. The
photodegradation was performed in H20;
solution, initial and current concentrations of
which  were set permanganatometrically
according to the method described in [31] at UV
irradiation on oxide catalysts of different nature. .
The initial peroxide concentration values varied in
the range of 0.04-0.05 mol/l. Without UV
irradiation the fraction of decomposed H,0, did
not exceed 2-3% per hour. The fraction of
decomposed H;0; without catalyst, but under UV
irradiation, was 10-12 % per hour, the results in
tables 4, 5 are given less these values.

Table 4
H202 (mass %), decomposed for 1 h under the action of UV radiation on
materials
Material Sn Sn-Ti Sn-Pb
Part of H202 7.2 15.3 8.6
Table 5

H202 (mass %), decomposed for 1 h under the action of UV radiation on Pb-Sn(TiOx)-electrodes obtained at
different volumetric ratios of electrolytes

Volume ratios of plumbate and stannate 1:4 2:3 3:2 4:1
electrolytes
Part of H202 14.0 18.1 23.1 25.6
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As can be seen from Table 4 and 5, the
materials containing oxidized titanium are
naturally more photocatalytically active than
unmodified samples. As for the Pb-Sn (TiOy) alloy,
the decomposed part of H;0; increases gradually
with the increase in the amount of lead in the
combined electrolyte. This can be due to both the
high oxidizing properties of lead (VI) oxide formed
on the surface and the increase in the specific
surface area of the material (see Fig. 1).

Electrochemical properties. The anodic
behavior of a tin electrode in alkaline solutions
with the addition of potassium metatitanate was
studied quite carefully in the works [10-11], but
no data were available on the behavior of a lead
electrode under similar conditions. Based on Fig.
2, we can say that complete passivation of the lead
electrode is not achieved at the anodic potential
scan (Fig. 2, curve 1). The introduction of 1 mmol
/ 1 of potassium metatitanate into the electrolyte
reduces the peak of the anodic dissolution of lead
almost 5 times, which indicates an intensive
interaction between Pb2* and Ti0s2-, possibly with
the formation of a hardly soluble compound that
blocks the electrode surface. But the high
solubility of oxygen-containing compounds of lead
in alkalis does not allow to form a stable passive
film on the surface of the lead electrode, as can be
seen from the comparison of curves 1 and 2 (Fig.
2).
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Fig. 2. Voltamperograms registered on Pb-
electrodes: 1 - in 0.5 mol /1 KOH solution; 2 - in 0.5
mol /1 KOH solution + 1:10-3 mol/1 Kz:Ti03. V=20 mV /s.

The tin-lead thermal alloy also did not show the
ability to passivate in alkaline media, and the
maxima of active dissolution of lead and tin are
maintained at the dissolution potentials of
individual substances. Introduction to this alloy of
titanium compounds changes the nature of
current-voltage dependences. In previous works
of our laboratory with the thermal alloy Pb-Sn-
TiOy, electrochemical studies were performed to
determine the ability of the alloy to form strong
oxide films on the surface. Similar studies were

performed for the electrolytic alloy. In Fig. 3 the
current-voltage curves recorded in a 0.5 molar
solution of KOH on an electrolytic alloy Pb-Sn-TiOy
are shown.
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Fig.3. Voltamperograms registered in 0.5 mol /1 KOH
solution on an electrolytic alloy Pb-Sn(TiOx): 1 -on a
freshly precipitated alloy; 2 - upon re-registration. V =
20mV /s.

In 0.5 mol /1 KOH solution for thermal alloy, a
significant part of passive area and peaks of active
anodic and transpassive oxidation were observed.
As can be seen, the passivation area in the range of
potentials from -0.2 to 0.5 V is also present on the
electrolytic alloy. Curve 2 on Fig. 3 was recorded
on the same surface that has already passed to E =
1.2 V. In this case, the peak of active dissolution is
not observed at all, and the peaks in the
transpassive area are reduced by 3-3.5 times. This
indicates the formation of an insoluble in alkali
oxide film on the surface of the alloy.
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Fig. 4. Voltamperograms registered in 0.5 mol /1
KOH solution on the alloy Pb-Sn-TiOx: 1 - obtained
electrolytically; 2 - obtained thermally. V=20 mV /s

When comparing the cyclic curves obtained on
thermal and electrolytic alloys (Fig. 4), there is a
coincidence of the general shape of the curve and
the location of the main areas. The reason for the
discrepancies can be related to the method of
obtaining the alloy, as well as to the different
quantitative ratio of components in it.

Corrosion tests. To test the ability of the alloy to
form strong oxide films on the surface, corrosion
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tests of a passivated sample Pb-Sn (TiOx) were
performed. The alloy was precipitated from a
combined electrolyte with a ratio of lead plating
and tinning electrolytes 3: 2 respectively, with the
addition of 0.2 g / 1 of potassium metatitanate,
because according to our previous studies, it is
from this solution that a coating is obtained with
the maximum amount of titanium compounds and
with a high quality of sediments, which has a high
adhesion to the base.

The formation of the oxide layer on the coating
took place under standard conditions in air for one
hour. The corrosion test was performed in an
acetic acid medium (boiling solution 31.2 g/l
CH3COOH 1 g/1 NasS, 60 s). This is due to the fact
that similar tests have previously been performed
for passivated samples of Sn (TiOx) obtained by
different methods, and it is possible to compare
the results [14; 18]. For Pb-Sn (TiOx)-electrodes
passivated in the air during the day, the
phenomenon of self-regeneration of oxide surface
after mechanical damage was observed. A similar
phenomenon was observed on the passivated
Sn(TiOx) electrode. It can be assumed that the
addition of potassium metatitanate is the cause of
self-healing of oxide layer mechanical damage in
comgposite materials, probably due to the
formation of the corresponding galvanic couple.

In addition to direct corrosion tests, the

method of self-activation curves practically
grounded in [32] was used to compare the
properties of oxide layers that were
electrochemically formed by anodizing lead-based
alloys in alkaline solutions. Self-activation was
performed according to the method described in
[32]. The method is designed for the express
analysis of oxide layer corrosion resistance and is
generally able to characterize this value for metals
and alloys of different nature. Passivation was
performed in 0.5 mol /1 KOH solution for 60 s at a
potential of 1.2 V, which corresponds to the area
of oxygen evolution on Pb-Sn (TiOy) (Figs. 2, 4).
The results are shown in Fig. 5.
Compared with the undoped Pb-Sn alloy, Pb-Sn
(TiOx) self-activation time increased by 31 %. In
contrast to the thermal alloy, under the same
conditions of passivation [19], the self-activation
time of the electrodeposited alloy increases
sharply. For the thermal alloy it was 50 s, and for
the electrolytic - 950 s. This can be explained by
the higher content of tin in the electrolytic alloy,
which could not be introduced into the thermal
alloy.

0 200 400 600 800 1000 tc
Fig. 5. Self-activation curves registered in B 0.5 mol / 1
KOH solution: 1 - on a Pb-Sn electrode; 2 - on an
electrodeposited Pb-Sn (TiOx) electrode; 3 -ona
thermal alloy Pb-Sn(TiOx)

Conclusions

A combined lead plating and tinning electrolyte
was created on the basis of alkaline electrolytes of
tinning and lead plating with the addition of
potassium metatitanate. According to the criteria
of the maximum content of titanium, dissipative
power and surface quality, its optimal
composition was determined: KOH - 100-150 g/l,
SnCl; - 16 g/1, (CH3COO0)2Pb - 75 g/1, K.TiOs - 0.2
g/, glycerol - 50-60 g/1. The optimal conditions
for electrolysis are a temperature of 20-30 °C,
current density ik = 20 mA/cm?; the ratio of the
cathode and anode surfaces not less than 1 : 2.

The research results of the passivated coatings
photocatalytic activity in combination with their
anti-corrosion tests data and the surface
morphology analysis confirmed their high quality.
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