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CTPYKTYPA, ONTU4HI BIACTUBOCTI TA ®OTOKATANITU4HA

AKTUBHICTb HAHOKOMMO3WTIB Zn0, IETOBAHUX La,0,

O. B. Uyoinosuu"?, /1. A. Muponrox’, JI. B. Muponiox', O. 1. Onipan’, I. M. [lanunenxo’

Tnemumym npobnem mamepianosnascmea im. I. M. panyesuua HAH Ykpainu,
eyn. Omenana Ilpiyaxa, 3, Kuie 03142, Yxpaina;

’HayioHanvHuti mexHiunuii yHieepcumem Ykpainu

“Kuiscokuti nonimexuiunuti incmumym imeni leops Cikopcokozo”,
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‘Incmumym ¢izuku Hanienposionuxis im. B. €. Jlawkapvosa HAH Yxpainu,
npocn. Hayxu, 45, Kuie 02000,

*E-mail: chudinovych_olia@ukr.net

Hanokomnosutu ZnO, nerosani La’, i3 pisuum Bmictom La,O, (1-5 %) orpumano me-
toptoM IlediHi 3 HiTpaTHUX po3umHiB. Po3unuy HiTparis Zn** ta La** momepenHbo oTpnma-
M PO3YMHEHHAM OKCUJIB IMHKY Ta JTAHTAaHY 31 BMICTOM OCHOBHOTO KOMIIOHEHTa 99,99 %
B a30THIi KUCIOTI. JJOC/Ti/I)KeHO BIUIMB JIETYBaHHA OKCUIOM JIAHTAaHY Ha MiIKPOCTPYKTYPY,
MOpoIOTilo, ONITUYHI BIACTUBOCTI Ta (OTOKATATIYHY aKTUBHICTb HaHOMOPOWIKiB ZnO.
BrracTuBOCTi HAHOMOPOIIKIB JOCIIKYBaIM METOAMI PEHTIeHO(a30BOro aHaIi3y, CKaHy-
1040i enekTpoHHOI Mikpockomii (PEM), eHepropucriepciiiHOI peHTTeHiBCbKOI CIIeKTPOCKO-
nii. Pentrenodasosnit ananis nposopnau Ha gudpakromerpi « JPOH-3» (CuKo-Bunpomi-
HIOBAaHHsA) 3a KiMHaTHOI TeMrepaTypu. Ha gudpakrorpamax orpumaHux nopouikis ZnO,
neropanux La O,, npucyTHs B oCHOBHOMY ofiHa ¢asa. 3a pesynbratamu CEM moporku
MaJjii KOHIJIOMepaTHY CTPYKTypy. Henerosanmit ZnO mae cepenHil po3Mip 4acTMHOK 43 HM,
TOAIi K cepepHilt posmip yacTuHOK ZnO, nmeroBanmit La*, komuBaeTbea Big 64 1o 80 HM.
BcTaHOBIEHO, 110 MOPQOIOTis YaCTMHOK IMOPOIIKY IIEPIIO YeProi 3aJeXXNUTh Bifi BMiCTy
B Marepiani La’*. Ha crektpax doromomineciennii HaHonopomkiB ZnO mpu 36i1bieHHi
koHueHTpanii La O, ciocrepiraemo cmyru npu 400 HM, 3yMOBJIEH] MIOABOIO IOMIIIIOK, SIKi
BUK/IMKAIOTh AedeKTy MDKBY3TOBOTO I[MHKY Ta IITHKOBMX BAaKaHCIll, a TAKOXX IXHE pO3IIN-
PEHH: 3i 3CYBOM y OBTOXBIU/IBOBY 06/1acTh. POTOKATAMITMYHI BIACTMBOCTI HAHOIOPOLIKIB
Zn0, neropaHNX OKCUJOM JIAHTaHY, MOCIIPKYBany 3 BUKOPMCTAaHHAM METUIOBOTO OpaH-
YKEeBOTO SIK MOJIe/IbHOTO 6apBHMKA 3 OIpoMiHeHHAM aMio Osram Ultra-Vitalux (300 Br).
Pesynpraty focnifi>keHb BKa3ylTh Ha Te, 110 OTPMMaHi MOPOUIKY) € MOTEHIiTHNMY KaHV-
[aTaMM JyIs HPaKTUYHOTO 3aCTOCYBaHHSA y GOTOKATaIi3i.

Kiro4oBi cmoBa: HaHOIIOPOLIKY, OKCHT, IIVHKY, OKCIJ, TaHTaHy, pOTOKaTamis.
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BCTYII. B ocranHi poky 00'eKTaMy iHTeH-
CUBHMX JOC/IIJ)KEHb CTa/I/ HOBI pi3HOMAaHITHI
dotokaraniTnyni marepiamu. Porokaraniza-
TOPU Ha OCHOBI OKCUJIB BUJIIAITBCA Cepeq
iHIMX MarepiasiB CBO€K BUCOKOK CTabilb-
HICTIO, XIMIiYHOIO CTIMKICTIO I MeXaHIYHOIO
MminHicTio. ToMy po3po6eHHS HOBUX OKCUJ-
HUX (POTOKATANITUYHUX MaTepialiB € aKTy-
aJIbHOIO NTPO6/IeMOIO.

QoToKaTa/MiTUYHMII PpO3MAJ, OpPTaHiYHMX
PEYOBNH BifIOyBa€ThCs 3a TICHOTO KOHTAKTY 1X
i3 ¢poroakTuBHMMM Marepianamu. Tomy mio-
la KOHTAKTy € Jy>Ke BaXK/IMBOIO [ IIPOXO-
IKeHHA edeKTuBHOTO QoToKaramisy. Lle Bu-
3Hava€ 3HAYHMIT BIUIMB Mopdojorii mMarepi-
a/miB Ha ixHIO (OTOKATAMTUYHY aKTMBHICTD.
Tak, 6y/10 BCTaHOBJIEHO, 110 GOTOKATATIITUYIHA
aKTUBHICTD YK€ 3pOCTa€ 3 AMUCIIEPTyBaHHAM
MarepianiB. ¥ 6ararbox po6oTax came OKCUJ-
Hi mopomky Oymyu 06'€eKTaMy FOCTiKEeHHs
dboTokaramiTnyHMX BracTuBocteit [1-17].

3arajapbHOBIZIOMO, 11J0 MaTepiaay Ha OCHOBI
ZnO [eMOHCTPYIOTb BUCOKi pOTOKATaTITUYH]
BJIACTUBOCT. BOHM € mepCcrneKTMBHMMM KaH-
DUJATaMU [i1d NPAaKTUYHOTO 3aCTOCYBaHHA.
[lepeBaramn BukopuctanHa ZnO sk ¢oro-
KaTajisaTopa Ilepef; iHIIMMM € JIOrO BMCOKa
KBaHTOBa e(peKTUBHICTb, OKMCHO-Bi[[HOBHUI
HOTeHIlias, BifiMiHHA XiMiuHa i ¢isuyna cTa-
Oi/IbHICTD, HETOKCUYHICTD Ta JlellIeBU3HA TeX-
HOJIOTil Jioro oTpumanHs [18]. Bcranosneno,
o ¢poToKaTAMITIYHI i 6akTepuuMaHi B1acTn-
BOCTi MarepiasiB Ha ocHOBi ZnO 3anexarb Bif
ixHpOI MOpdoorii i MOXyTb 6yTV MmoCuIeHi
fofaBaHHAM Jieskux Marepianis (CdS, CeO,,
TiO,, $n0O,,In,0,, Ag,) [18].

PigkicHO3eMeNbHI OKCHMIM BUKOPUCTOBY-
I0Tb SAK JOIAHTH 10 (POTOKATAITUYHUX MaTe-
pianmis [1-22]. [logaBaHHsA pifKiCHO3eMeTbHIX
€IeMEHTIB MOCIINIO (OTOAKTUBHI B/IACTU-
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BOCTi OKCMIHUX MarepianiB Ha ocHOBI TiO, i
ZnO [18].

Cepeq, pigKicHO3eMeNbHUX €/IeMEHTiB JIaH-
taH (La) € nmeryoodoro mo6aBkolo, sika IOKpa-
11y€ BIACTUBOCTI HaIliBIIPOBiTHMKOBMX MaTe-
piamiB, TaKuX AK JielIeKTpM4YHaA IIPOHUKHICTb
1 KaTa/JiTM4YHAa aKTUBHICTb, a TAKOX CIIPUAE
Oi1bIII KOHTPOJIBOBAHOMY POCTY SIKiCHUX TOH-
kux 1riBok ZnO. Ili ToHKi mIiBKM peKoMeH-
AYIOTD I 3aCTOCYBAHHSA B MarHiTHUX JIaT4YM-
KaXx Tra3y, COHAYHUX €JIeMEHTaX, INpuaajfiax
CIIHTPOHIKM, KOHIEHCATOPiB Ta B MEAUIVHI.
ZnO, neroanmit La O, mnpomeMoHCTPyBaB
aHTMOaKTepiaIbHy AKTUBHICTH HPOTH BCiX
IPOTECTOBAHMX IITaMiB 6akTepiii, aje Ginbur
BUpaKeHy MpoTy 30y[HMKA ITHEBMOHIl -
Klebsiella pneumonia. Jlerypanua ZnO maH-
TAQaHOM IIPU3BOAUTDH JIO YTBOPEHHs OinbIroi
KiZbKOCTI IOBepXHeBUX [ieeKTiB, fKi mepe-
IIKO/KAIOTh pekoMbiHaii ¢pororeHepoBaHmx
€JIEKTPOHHO-/IIPKOBMX TIap, IO, BiAIOBifHO,
HoKpalrye poToKaTamiTMIHy aKTUBHICTD [19].

KomnosutHnuit  ¢orokaramizarop ZnO/
La O,, meroBanuii Ty>KHUM METANOM — Kasli-
€M, OYy/IO CMHTE30BAaHO 30JIb-T€/Ib-METOHOM.
Kanili BUKOPMCTOBYIOTb AK aKTMUBATOp /A
MigBUIEHHSA aKTUBHOCTI, CEIEKTUBHOCTI abo
CTabiIPHOCTI B KaTamiTMYHMX peakiisx. Pe-
3y/IbTATV ITOKA3aJIM, 1O Ha BiIMiHY BiJj YMCTO-
ro ZnO, K-neryBa"Hs sHa4HO 3MiHIJIO MiKpO-
CTPYKTYpy, Mop¢osorio, ONTWYHi BIaCTH-
BOCTI Ta (POTOKATAIITUYHI XapaKTepUCTUKU
xommnosuty ZnO/La O,. byno Bussneno, mo
BMICT Kaniro 10 M01.% € onTuManbHUM s
orpumanHa komnosuty ZnO/La O, 3 HaiiBu-
1010 (bOTOKaTaHiquHom akTuBHicTIO. DOTO-
KaTaJiTyHa e(deKTUBHICTb paerpajamii ge-
Homy K-nerosaunm ZnO/La,O, xommosutom
cranoBuna 98,5% micnsa 2,5 TofuH OIpOMiHEH-
HA BUAUMUM cBiToM. OKcup MaHTaHy 6yno
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BU3HAHO e(QeKTVBHMM JIs HMOKpAIIeHHsS aK-
TUBHOCTI Ta cTabi/bHOCTI KaTtamizaropa ZnO
[20]. MeTomoM criBOCafpKeHHsI CMHTE30BaHO
HaHo4yacTMHKM ZnO, nerosani La [21]. Bcra-
HOBJICHO, IIJO CTPYKTYPHi, onTN4Hi Ta ¢oro-
KaTaJIiTUYHi BIACTUBOCTI 3HAYHOIO MipoOIO 3a-
JIeXKaTh BiJl BKIIOYEHHS i0HIB La’* go pemriTkn
ZnO. ZnO 3 mopdornorieo y dpopmi chepuy-
HIUX HaHOKPUCTAIiB NPOJAEMOHCTPYBAB BUILY
doTokaTamiTMYHy aKTMBHICTH, HDK ZnO 3
iHmoo Mopdorori€o, 3aBAAKN MaJIOMy PO3-
IIO/Ii/Ty PO3MipiB KpMCTasIiB, BUCOKIV IUTOMIil
IO ITOBEPXHI Ta BENIMKIN KIIBKOCTI KIMC-
HEBUX BaKaHCill. ABTOpM CTaTTi AiMIIIN BUC-
HOBKY, III0 OTpyMaHa MOpQOJIOris 3 MeHIINM
pO3MipOM YaCTMHOK, BMCOKOK KPUCTaJIiuHi-
CTIO Ta HASIBHUMMU NTOBepXHEBUMM fieeKTaMm
3HauHO MiABUIye (POTOKATANITUYHY aKTUB-
HiCTb HaHOYACTUHOK ZnO, neroanux La.

Ha mincraBi HaBegeHMX [aHMX MOXKHA
CKaszaTy, L0 JOCTiKeHHs mnopomkiB ZnO,
JIETOBAaHMX PIAKICHO3EMETbHUMI OKCUIAMIU,
TAKOXX MOXKe MaTM K HayKOBMUII iHTepec, Tak
i mpakTMYHe 3HaYeHH:A. Y 3a3HadeHiil poboTi
OTPMMAHO Ta BMBYEHO BJIACTMBOCTI HaHOIIO-
POLIKiB HAa OCHOBi OKCUIY IIMHKY, JIETOBAHOTO
OKCUJIOM JIaHTaHY.

EKCIIEPMUMEHT TA OBI'OBOPEHHA
PE3YJIBTATIB. Hanonopowmku ZnO, nerosa-
HOTO OKCHJIOM JIaHTAaHY, OTPMMaHO METOLOM
Iledini. CyTb MeTORYy MONATA€ B JNOCATHEHHI
BUICOKOIO CTYIIEHA 3MIilIyBaHHsA KaTiOHIB Yy
pO3YMHi, KOHTPO/JIbOBAHOMY II€peXOfii pO3-
YVHY B IOJIMEPHUII Ielb, BUAATEHHI IOJIi-
MEpPHOI MaTpulli 3 yTBOPEHHAM OKCHUJJHOTO
IIPEKypcopy Ta 30epeXeHHi BUCOKOTO CTy-
IIeHA OJHOPifHOCTI. (K BUXigHI PEYOBUHMU
BUKOPUCTOBYBA/IM pO3YMHM HiTpariB Zn*'
ta La’*, AKi oTpuMyBanyu posunMHEHHAM Y Hi-
TPaTHIil KMUCIOTI OKCUAY LMHKY Ta JIAHTaHY

https://ucj.org.ua

31 BMICTOM OCHOBHOTO KOMIIOHEHTY 99,99 %.
Ilepen mpuroTyBaHHAM BUXIHUX PO3YMHIB
OKCHJV HOIepeSHbO IPOCYLIyBamm y Myde-
ni 3a 300 °C mpotsarom 2 roguH. I3 posunHis
HITpaTiB rOTYBaaM CYMIilll i3 pi3HUM BMiCTOM
La**. OrpumaHmit IpeKypcop BUCYLIyBaIu 3a
150 °C mpotArom 24 ropuH, a MOTIM MifiaBa-
nu TepmMoo6pobenHio 3a 800 °C.

PenrtrenodasoBnmit aHami3 3paskiB BUKO-
HaHO Ha ycraHoBLi «/IPOH-3M» 3a kimHar-
Hoi Temneparypu (CuKo-BunmpomiHoBaHH).
Hamnpyra Ha peHTreHiBCbKiil TpyOLi cK1agana
30 kB, cua ctpymy - 20 MA, KpOK CKaHYBaH-
HA - 0,05-0,1 rpag, ekcriosuis 4 ¢ y fianasoHi
kyTiB 20 Big 15 mo 80°. IlapameTpn enemeH-
TapHMX KOMIpOK pO3paxOBaHO 33 METO[OM
HalIMEHIINX KBaJpaTiB, BUKOPUCTOBYIOUM
nporpamy LATTIC (o £ 0.0002). Ina imen-
tudikanii ¢pas BUKOpUCTOBYBam 6asy JaHNUX
Mi>KHapOZHOTO KOMITeTy IIOPOLIKOBMX CTaH-
maptiB (JSPDS, Mixnapoguuit meHtp gud-
PakUifHNX gaHux 1999).

O6’eM eneMeHTapHOI KOMIpKM BM3HAYa/IN
3a JIOTIOMOTOI0 JIaHMX PO3PaxXyHKy Iapame-
TpiB KOMIPKM, OTPUMMAHUX PEHTIeHIBCHKUM
MeTonom [22, 23]:

e Ky6iuna cumerpis: V, =a’

e MoHOKIiHHacumerpis: V,, =a-b-c-sinff

e TekcaroHambHa cuMerpis: V, =0.866-a’ -b

e pom6iuHa cumerpis: V, =a-b-c

[InToMy IMOBEpPXHIO 3pa3KiB BUMipIOBaIN
XxpoMaTorpagiyHMM MeTOHNOM HU3bKOTeMIIe-
parypHoi ajicop6uii aprony 3sa -196 °C (oxHo-
toukoBuit metosi BET). CyTb MeTony monsArae
B TOMY, 110 JOC/Ii/I)XYBaHi 3pa3Ky aHAJIi3YIOTh B
IIEHTUYHNX YMOBaX 3i CTAaH/JAPTHMUM 3PasKOM
i3 BifoMo10 i cTabiNbHOI0 IPOTSTOM TPUBAJIOTO
9acy IMTOMOIO TIOBEPXHEI. Y IIbOMY BUIIAJIKY
AK €TaJIOH BUKOPVCTOBYBA/IM KpeMHe3eM (Iiy-
ToxpoM C-80) i3 muTomoro nosepxHero 80 M?/T.
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lasoBa cymim mictina 5 06.% Ar (ras agcop-
6aT) Ta 95 06. % He (ras-Hocii).

CkaHylouy  €IeKTPOHHY  MiKpPOCKOIIil0
(CEM) 3acTocoBYBa/mM I OLiHKV OfHOpIif-
HOCTI Nopo1KiB. Hanonopomky HaHOCH/IN Ha
KJIeI0uy HifikaKy (rpadiToBuii TEpMOCKOTY).
3pasku focripKyBany 6e3 HaluIeHHs.

CroexkTpy KOMOIHAIiTHOTO pO3CiloBaHHS
cBiTma Ta QoromoMiHecHeHIii peecTpyBanmm
3a pornomoroio cnekrpomerpa Horiba Jobin-
Yvon T64000, ocHamtenoro CCD-nmerexTo-
POM, 3a KIMHATHOI TeMIIepaTypyu B reoMeTpil
obepHeHOTro po3ciloBaHH:A. BunpominooBaHHA
TBepAOTiIbHOrO Masepa (532 um) tra HeCd-na-
3epa (325 HM) QoKycyBanu Ha 3pasok 3a Jo-
nomoroio Mikpockona Olympus BX 41 i Bu-
KOPUCTOBYBAIN I HNOCIIKEHHS KOMOiHa-
LilHOTO pO3Cil0BaHHA B HEPE30OHAHCHUX Ta
ymoBax 30ymxenus OJI. IIpu npomy piamerp
aHaJIi30BaHOI IJIAMMU CKaajgaB 1 MKM, a CIIEKT-
pasibHa po3/i/NbHA 34aTHICTD 1 cM ™.

QoToKaTaMiTUYHy aKTUBHICTb ITOPOLIKiB
OKCHJly LIMHKY, JIETOBAHMX OKCUJIOM JIAHTaHY,
TOCTIKyBay 3a pO3K/IalaHHAM METUIOBOTO
opamwxkeBoro (MO), sAKuil BUKOPUCTOBYBA/IN
SIK MOJieTIbHMI 3a06pyHIoBay. Ilopomky Here-
TOBaHOTO OKCUJTY I[MHKY Ta jieroBanoro La O,
(1-5%) mucmepryBanyu y BOZHOMY pO3UMHI
MO 3 no4aTKOBOW0 KOHLeHTpanien 10 mr/i.
OrpuMaHi cycneHsii nepeminrysaam 3a f0IO0-
MOTI'OI0 MarHiTHOI Mimanky nporsarom 30 XB 'y
TeMPSIBi IO HOCATHEHHs aJicCOpOLiiiHO-Tecop-
OLiiiHOI piBHOBaryM Mi>X METMJIOBMM OpPaHXKe-
BJM i IOBEPXHEI0 KaTajizaTopa. BmicT nmopo-
IIKy Karajizaropa B po3unmHi MO cTaHOBUB
2 r/n. 3pasku onpoMiHoBanM mamnorw Osram
Ultra-Vitalux nory>sictio 300 B ynpomosx
30, 60, 90 i 120 xBunuH BignoBigHO. Yepes 3a-
3Ha4YeHi MPOMDKKY Yacy 5 M1 cycrieHsii ¢inb-
TPYBa/IM i1 BUja/leHHs POTOKaTaxisaropa Ta

72

BMIMipIOBa/M CIIEKTPY POITyCKaHHA Ha Cy4ac-
HOMY [BOIpoMeHeBOMYy Y®-crekTpodoro-
Mmetpi Shimadzu UV2600i. fIk cranpmapt Bu-
KOPMUCTOBYBaJIM JAMCTUIBbOBaHy Bopy. MO
Mae [Ba NiKM IOIIMHAHHA B [UCTUIbOBA-
Hil1 Bopi pu 270 HM i 465 HM BifIIOBifHO.
Konnentpauito MO 6apBHUKa KOHTPOJIOBA-
M 1IUIAXOM BMMIpIOBaHHA NPOITyCKaHHA BU-
IVIMOTO IIOIJIVHAHHA IpU 465 HM Ha KOXHIil
crapii poronerpazanii. BinmosigHo no 3aKOHY
Bepa - Jlambepra, koHuenTpanis MO miHiit-
HO IPONOPpIIilfHA 3HaYeHHIo mporryckanHs: (T)
npu 465 uM [24]. Konnentpanito MO B gocri-
IPKYBaHMX PO34YMHAX BU3HA4Ya/IN IJIAXOM BU-
MipioBaHHA KoedillieHTa IPONyCKaHHA IpU
465 HM.

Edexrunicts perpamauii (DE) pospaxo-
BYBaJIU 3TifjHO 3 piBHAHHAM (1):
CO -C

DE = -100,

(1)

%

e C, — BuXizHa KOHI[EHTpaIlisa 6apBHuKa, C -

KOHILIEHTpalis mic/isg GOTOONpPOMiHeHHS.
Kinetuky perpapanii 6apsanka MO omm-

CaHO MOJIE/UII0 peaKIiil ICeBOIEPIIOro II0-

panky (2):

C
ln(CO)— k-t, (2)
ne C, i C - xonnenTpanii MO 6apsHuKa y BOJi-
HOMY PO34lMHi B MOMEHT 4acy t = 0 i meBHMII
qac t, BigmosigHo, k — KOHCTaHTa MIBUIKOCTI
ferpajanii IceBjoIepIIoro mopsAnaky [25].
[ToxnbKka BUMipIOBaHHsS KOHILeHTpanii 6aps-
HIUKa CTaHOBMIA He Oisbiire 0,1 mr/I.

Cmpykmypni eénacmueéocmi nopouiKis
ZnO0, nezosanux La 0,

Ha puc. 1 npepcraBreno pudpakrorpamu
nopomkis ZnO, nerosanux La,O, Ha puc. 1
BUJHO, IOy 3pasKax i3 BMICTOM OKCH/Y JIaH-
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Tany 1, 2, 3, 5 % npucyTHA muie ogHa ¢asa;
IPUCYTHOCTI IHIIMX ITiKiB, 1O BiJiIIOBiJalOTh
La, La,O, a6o 6yap-AKuM iHIIMM JONATKO-
BuUM (asam, He crioctepiraemo. lle cBigunTb
PO HeOOME>KeHy PO3UMHHICTD i OTHOPIZHICTD
ioniB La* y pemitni ZnO. Bci 3pasku MaroTh
MONIIKPUCTAIIYHY CTPYKTYPY, IO BifIIOBiga€
rekcaroHanpHiil ¢asi Blopuury ZnO. [Ond-
pakTorpaMu npoinjekcopaHo kaprkorw ICDD

5500 S
5000 ]
4500
4000

o
o
=4

3500
3000

[HTEHCHBHICTS, Y. 0.
N
(2]
o
o
e )

Ne 01-036-1451 (a = 0,3250 um, ¢ = 0,5206 HM).
OcHoBHI miku HanexaTb mwiomwmHam (100),
(002), (101), (102), (110), (103), (200), (112),
(201), (004) i (202). 36inbIIIEHHS KiTBKOCTI i0-
HiB La" B OKCH/i IMHKY IpU3BOANTD O 3MiHI,
a caMe 30inblIeHHA Iepiopy rpatku (Tabmn. 1,
puc. 2). Take 30inblieHHS MOXXHa MOSCHU-
T po3MipHUM akTopoM — papiyc ionis La*?
(0,103 uMm) 6inprmmit 3a pagiyc Zn**(0,074 HM).

7n0-5 % La,0,

A UEnzo-a %La,0,
i n0-2 % La,0,

ZnO-1%La 0,

3

ZnO

20

Puc. 1 - Mudpaxrorpamu mopoukis urcroro ZnO Tta nerosanoro 1, 2,3,4,5 % La203
Fig. 1 - XRD patterns of ZnO and La,O,-doped ZnO nanocomposites.

Tabmunsa 1

CrpykrypHi BractuBocti mopomkis ZnO, neropanux La O,

Table 1.

Structural properties of La,O,-doped ZnO nanocomposites.

[Tapamerpu enemenTapHOl
3pasok xomipkn 0 + 0.0002, um c/a O6’em xomipku V. HM®
a
ZnO 0.3248 0.5200 1.601 0.0475
Zn0O-1 % La,O, 0.3247 0.5200 1.601 0.0475
Zn0O-2 % La,0, 0.3244 0.5201 1.603 0.0474
Zn0-3 % La O, 0.3246 0.5201 1.602 0.0475
Zn0-4 % La O, 0.3249 0.5202 1.601 0.0476
Zn0O-5% La, 0, 0.3247 0.5204 1.604 0.0475
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0.5208

S 05206
=
2
05204 -
N |
Q
05202 - Puc. 2 - 3anexHicte mnapamerpa
. €JIEMEHTAPHOI KOMIPKM ¢ OKCUIY LIMHKY
Bijg BMicTy La,O
0.5200 4 . .
Fig. 2 — Dependence of the unit cell
= = 1 1 X 2 parameter c of zinc oxide on the La O,
% La O, content.
Adcopbuiiino-cmpykmypHi 00ci0ONHeHHS Tabmuis 2
[TnToMy IOBEpXHIO 3pasKiB BUMIipOBaIn IInTomMa TOBEpPXHA HAHOKOMIIO3NTIB
XpoMaTorpadiuHuM MeTO[OM HM3bKOTEMIIe- ZnO, nerosannx La 0, Table 2
able 2.

parypHoi apgcopbuii aprony 3a -196 °C (me-
ton, BET B opuiit Toumi). 3HayeHHsS MUTOMOI
HIOBEPXHi JOCTITHOrO 3pa3Ka 004MCII0BaNN 3a

dbopmyrnorwo:

_Sc, F,om,

F-m
me S iSc - mUTOMA MOBEPXHs 3paska Ta
CTaHjapTy BignosigHo, M*/t; F i F_ - mmoma
niKy fecop61ii aprony JOCTiKyBaHOTO 3pas-
Ka Ta CTAaHZAPTY BifmoBigHO (Xpomarorpacgiv-
Hi laHi); m i m_- Maca 3paska Ta CTaHJ]APTy
BimmoBigHO, I. BcraHoBneHo, mo 3i 30i1b-
IIEHHAM BMICTY OKCHU/IY JIAHTQHY IIMTOMa I10-
BEPXHs OTPMMaHMX HAHOIOPOIIKIB 3pOCTaE
(Tabm. 2).

Hocniomennss mopdonozii i ximiunozo
cknady nopowxie ZnO, nezoéanux oxcuoom
nanmany

BigmoBigno mo CEM, cuHTe30BaHi IIO-
POLIKM MalTb KOHIJIOMEPATHY CTPYKTYPY.
Y camoMy KOHITIOMEpATi CIIOCTEpiraEMo Jac-
TUHKY, po3Mip AKuX He nepesuinye 100 HM,
puc. 3.

num b

74

Specific surface area of La,O,-doped ZnO
nanocomposites.

3pasox [Intoma moBepxHs, M*/T
ZnO 3,8
ZnO-1 % La O, 7,5
Zn0O-2 % La,0, 7,7
Zn0-3 % La O, 7,8
Zn0O-4 % LazO3 7,8
Zn0-5 % La O, 11,8

Mopdornorisi 4acTMHOK IOPOIIKiB HepIIO0
4epro 3ajeXuThb Bif BMmicTy La’* y marepia-
7. Y 4ncTOMY OKCHUJIi IMHKY YaCTUHKYM MalOTh
npaBuIbHY popmy po3mipom Bif 20 o 50 HM,
i3 cepefiHiM po3MipoM 43 HM; TaKOX CIIOCTe-
piraroTh IOOAVHOKI YaCTMHKM PO3MIpOM 5 HM.
BBepenns La’ mpusBerno 1o xapakTepHOI 3Mi-
HU Mopdororii YacTMHOK Ta iXHiX po3MmipiB.
YacTHKYM Movamy HaOyBaTU IIACTMHYACTY
dopmy, a ixHi cepenHi IUTaHapHi po3Mipu
3pocin 10 64 HM.
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Puc. 3 - [Topoiky OKCUMAY LIMHKY, JI€TOBAHOTO OKCUJOM JaHTaHy (a, 6, B) 1 % La3+, (5 o, e) 2 %
La3+, (e, %, 3) 3 % La3+, (1,1,1) 4 % La3+, (i1, x, 1) 5 % La3+

Fig. 3 — Powders of pure zinc oxide (a, b, ¢) and doped with 1 % La’* (d, e, f), 2 % La’* (g, h, 1), 3 % La’**
(j, k, 1), 4 % La** (m, n, 0), 5 % La** (p, q, 1).
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Cnexmpockoniss kom6inauiiinozo po3cito-
8aHHA céima

[l1a mocnmifkeHHA BIUIMBY JleryBaHHA La’*
Ha CTPYKTYPHI Ta BibpaliliHi B1acTMBOCTI I0O-
powkiB ZnO 0y10 IpoBefeHO BUMipIOBaHH:A
KOMOiHAI[ilfHOTO po3citoBaHHA. BinmosigHO
mo Teopii rpyn, ZnO 3i CTPYKTYpOIO BIOPLIUTY
HaJIEKUTB JI0 IPOCTOpoBoi rpymmn C', 3 nBoma
(GOpMYyIbHMMI OFVHUIIAMU Ha €JIeMEHTapHY
KoMipky. Enemenrapna komipka ZnO cknaja-
€TbCA 3 YOTUPDHOX aTOMIB, KOXKEH 3 AKUX 3a-
timae mosuuito C_ , mo Bege 0 12 boHOHHMX
TIIOK (JIeB’ATM ONTMYHMX 1 TPhOX aKyCTU4-
Hux). HesBigHuit Bupas onTnyHux QoHOHIB
oJarTh K I Opt=A1+ZBI+E1+2E2. Momn A, i
E, € nonsspuyMu i IX MOXXHA MOIIIUTU HA O-
nepeuyHo-ontnyHi (TO) i mo3goBxHi onTnyHi
(LO) pononn, Tozi sk Mmonu B, € pamaHiBChKu-
MU HEAaKTUBHUMU [26]. IHTEHCUBHICTD IUX
CMYT 3aJeXUTb BiJl Ilepepisy pO3CiI0OBaHHA
uux mop. Hemonsipui mozn E, € pamaHiBCbKH-

hys = 442 HM EDen
1.5F ——2Zn0-5%La,0,
~——2Zn0-4 % La,0,
E;"  Zn0-3%La,0, ALO
——2Zn0-2 % La,0, i
1,0 ——2zn0-1%La,0,

HenerosaHui ZnO ATO
1

high_r=low
E,"-E,

IHTEHCMBHICTb, BigH. 0.

300 400 500 600

3MilLlerHs, cm”

0’0 1 1
100 200

MU aKTMBHVMM 1 MAlOTb Ba XBU/IbOBI 4uCna,
a HattHokde — E Vi Bucoxe - E "¢, mop'asani
3 PyXoM HiArparox nuHKy (Zn) i xucuwo (O)
BIJITIOBiTHO.

Ha puc. 4 mokasaHo cmekTpu KombiHarii-
itHoro posciroBanHs cBitma (KPC) mnsa He-
JIETOBAHUX Ta JIETOBAHMX OKCUJOM JIAHTAHY
HAHOIIOPOIIKiB OKCUAY LIVMHKY. Y 3pa3Kax BU-
ABJIEHO TUIOBI YiTKi cMyru KoMOiHaIiffHOTO
posciroBanna E "¢ i E %, ciocTepiraemo cmy-
rn A0, A 'O

BcranoBneno, 1o  /TaHTaH-iHAYKOBaHI
cMyru 3Mimeno — 105, 191, 411 cm™ (puc. 4).
Y 3paskax 3 OKCHJOM JIaHTaHy 3i 36i/bIIeH-
HAM KOHIEHTPALIil CIIOCTEPiraeMo yInpeHHs
i smimenna cmyru E " y HusbKoyacTOTHY
o6nacTp. [TomiTHe 30i/1bIlIEHHA IHTEHCUBHOCTI
KOMIIOHeHTU A '° 1pu 36imblueHHi KOHIEH-
Tpaliil OKCUAY IaHTaHy B Iopomkax. Ile mif-
TBepIKye, o ionu La**samimiyioTs mosuiii
Zn*"y ctpykTypi ZnO.

1400 + Elzow % =532 Hm
1200 | E;‘Q"
g
1000 |
g WK
a nos'sisani 3 La cmyru ZRAOH:16128,0 /p1
& 800 ; Zn0-4 % La,0, p2
& 411cm
2 }
0 500+ 191 cm
S i W
3 s
£ 400} 2TA2E™ | AI° 10, low  ALO
= oM 17452 1 Ej°+E; A,
200 EJ
| e

300 400 500 600
3MiweHHs, cm

10 200

Puc. 4 - Criextpy KOMOiHaIiiTHOTO PO3CilOBaHHA CBiT/Ia HOPOIIKIB OKCU/Y LIMHKY, JIeroBaHoro La**
Fig. 4 - Raman scattering spectra of ZnO powders doped with La**

Hocnioxnenns pomontominecyeHuii
Y cnekrpax ¢oTonoMiHecueHnii 1mopo-
mkiB ZnO cnocrepirany BUIPOMiHIOBaHHA

76

Ha Kpaio 3a60poHeHoi 30HU 6/1M3bKO 389 HM i
6OKe BUITPOMiHIOBAHHS, TIOB sI3aHe 3 Iepe-
xopamu Bi medektiB Ha 560 HM [27]. BigHoc-
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HO BY3bKIJT MaKCMMyM B Y®D-o0671acTi 6113bK0
385 HM y 3pa3Kax BiITIOBila€ BUIIPOMiHIOBaH-
HIO IIifi 9ac peKoMOiHaIlil BiTbHUX eKCUTOHIB
[28]. 3i s6inbmenHam konueHTpanii La O,
cnocrepiraemo cmyru mpu 400 HM, 3yMOB/IEH
HOSIBOIO JIOMIIIIOK, fKi BUK/INKAIOTh JeeKTH
MDKBY3/IOBOTO I[MHKY Ta LIMHKOBUX BaKaHCil
Ta IXHE PO3IUVPEHHA 31 3CYBOM Yy JIOBIOXBU-
NbOBY 0671acTh (puc. 5).

Aexc=325 nm

Zn0-5 % La,0,

Zn0-4% La,0,

2 Zn0-3% La,0,

Zn0-2% La,0,

ZnO 1% La,0,

ZnO

500 600
JloB:KHHA XBHJIi, HM

460 700
Puc. 5 - Cnexrpn ¢)OToaniHecueHuﬁ HaHO-
nopomikis ZnO ta ZnO nerosanoro La O, (1-5%)

Fig. 5 - Photoluminescence spectra of ZnO and
La-doped ZnO (1-5%) nanopowders.

Hocniowenns @omoxamanimuunoi ax-
MueHoCIi NOPOWKIE 0KCUOY UUHKY, Te206a-
HO020 0KCUOOM IAHMAHY

HocnimxeHo GOTOKATATITUYHY AKTUBHICTD
HeleroBaHmMxX Ta JieroBaHUX 1-5 % OKCcUAOM
nmantany HaHonopoukis (HII) ZnO nuraxom
PO3K/IaJJaHHA BOZHOIO pO3YMHY OapBHMKA
MeTunoBoro opamxenoro (MQO). MeTtunosuit
OpaH)KeBUI HAJIEXUTh [O TPYIN OPraHivYHUX
a300apBHIUKIB, fAKi IIMPOKO BUKOPUCTOBYIOTH
y mosnirpadiuHili, TeKCTWIbHIN Ta iHmMX ra-
JTY3SIX TPOMMCIOBOCTI. VIOr0 MOTpaIIAHHA B

https://ucj.org.ua

HaBKOJIMIIHE CEPENOBUILE MAE TOKCUYHY Jil0
Ha >KVMB1 OpraHismu i, 30Kpema, KaHIJepOTeHHY
nmito Ha mopuHy [29]. [Ina gocnimkeHHA doTo-
karanituyHoi aktTuBHOCTI HY ZnO, nerosa-
Hux La O,, mopoukoBuii KaTaaisatop gucnep-
ryBajim y BogHoMy posurai MO (10 mr/m) Ta
onpoumiHtoBayy namno Osram Ultra-Vitalux
notyxHicTio 300 Bt ynpogosx 30, 60 ¢, 90 i
120 xB.

Ha puc. 6 npepcraieno kiHeTuky gorope-
rpajanii 6apsauka MO HIT ZnO Ta nerosa-
Hux La O,.

10

(-]

—&— Methyl Orange
—e—27Zn0

—a—7Zn0-La203 (1% wt.
—¥—2Zn0-La203 (2% wt.
—0—2Zn0-La203 (3% wt.
—4—Zn0-La203 (4% wt.
~»—2Zn0-La203 (5% wt.)

0 1 1 1
0 30 60 20

Yac, xB

C(Methyl Orange)’ mgl L
»

N
T
—

120

Puc. 6 - Kineruxa ¢oroperpazarii MeTuioBoro
opanxeBoro mnopomkamyu ZnO, JerOBaHUMM OK-
cupmoM maHTaHy (1-5 %)

Fig. 6 - Kinetics of MO dye photodegradation
by undoped and La,O,-doped ZnO nanocompo-
sites (1-5 %).

Orpumani pesynbraty noxkasanu, mo HY
ZnO, nerosani La*', sanmexxHo Bim KinbkocTi
OKCHJly TaHTaHY MAIOTh HVDKYY i By QoTo-
KaTa/liTUYHY aKTUBHICTh IIOPIBHAHO 3 Hee-
roauuMy HY ZnO. ®oTokaTaniTnyHa edek-
TUBHICTh IOPOHIKIB YMCTOTO OKCHUY LIVIHKY
cranoButh 70 % micna 120 XB onpoMiHEHHS.
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Bopnoyac ®KA 1nopomKiB OKcUAYy LMHKY,
JIETOBAaHMX OKCUJOM J/aHTaHy 3 i 5 mac.%,
cTaHOBUTD ~83 1 8 % BigmosigHoO. 14 opo-
IIKiB OKCH/Y IMHKY 3 MEHIIIM BMiCTOM OKCH-
ny naHtaHy (1-4 mac.%) 1eil MOKa3HMK 3HU-
3uBcs 1o ~50 % (puc. 7).

100

Il 2O
Il Zn0-La203 (1% wt.)

Il Zn0-La203 (2% wt.)
[ ZnO-La203 (3% wt.)
I ZnO-La203 (4% wt.)
Il Zn0O-La203 (5% wt.)

40

20

30 60 90 120
Yac, xB

Puc. 7 - EdexrusHictp nerpapauii (%) meTno-
BOro oparkeporo nopomkamu ZnO T1a ZnO-La O,
(1-5%)

Fig. 7 - Degradation efficiency (%) of Methyl
Orange by ZnO and ZnO-La O, (1-5 %).

[IpuunHOIO 3HVOKEHHS (POTOKATAITUYIHOTL
aKTMBHOCTI HaHomopouikis ZnO, neroBaHuUx
La*, nopiBHsAHO 3 uynctuM ZnO Moxe OyTH
30inplIeHHsT PO3Mipy 4YacTMHOK ZnO micns
JIETYBAaHHA OKCUZIOM JIaHTaHy. 3 OTPUMMAHMX
pe3y/IbTaTiB MO>KHa 3pOOUTV BMCHOBOK, IO
OIITMMaJIbHAa KOHIIEHTpallis jeryodoi fo6aB-
ku La** craHOBuTB He Ginbine 3-5 % mac. Tomy
BUOip yMOB oTpuMaHHA (croci6 i KoHIeHTpa-
11if) JIETOBAaHUX IOPOIIKIB OKCUAY LVHKY Bi-
Jirpae Ba)K/IMBY po/ib Y CTBOPEHHI MaTepiany
3 HeoOXifHMMY POTOKATATITUYHVMM BIaCTH-
BOCTAMU. Y IIbOMY BUIIAJKy 3HJDKEHHA ¢o-
TOKATaAITUYHUX BIACTUBOCTEN TAKOX MOXKe

78

MaTy paKTU4He 3HaYeHH:A. [I/11 yIoBiIbHeH-
Hs pO3KJIa[JaHHA IIrMeHTIB mif fiero YO-Bu-
IIPOMiHIOBAaHHA IEPCIEKTUBHUM € BUKOPU-
CTaHHA MaTepiajliB Ha OCHOBI OKCUJY IIMHKY 3i
3HIDKEHOI0 POTOKATAITUIHOIO aKTUBHICTIO.
Kinetuky peakuii pyiiHyBaHHsA OapBHMKa
MO moxHa ommcaTy MOAENII0 IICeBOIEp-
LIOTO IOPAJAKY IJIA HU3bKUX KOHIEHTpallil

C

6apBHUKa ln(F) =—k-t, e C,i C - KoHI|eH-
0

Tpauii MO B MomeHT 4acy {=0 i meBHMII Yac

t, k — KOHCTaHTa MIBU/IKOCTi TICEBIONEPIIOTO

C
nopanky. IlobymoBano 3anexsicte In(—)

0
Bifl 4acy OmpoMiHeHH:, 3 HaXWIy siKoi Oyno

PO3paxOBaHO KOHCTAaHTY IIBUAKOCTI Jerpa-

. c . .
mauii K. 3anexHicts In( R ) Bifi yacy ompomi-
0
HEeHHsI JJ03BOJIsIE OL[iHUTY UIBUAKICTD (oTOfIE-

rpagauii 6apsayka MO, Ky IpefcTaBIeHO y
BUIJIAAL fiarpaMu Ha puc. 8.

0.016

k=0.0145
k=0.0136

0.014 |-
0.012 |-
0.010 | k=0.0098
0.008
0.006 k=0.0052
0.004

0.002

0.000

. 3+
Bmicr La™ , %

Puc. 8 - KoncranTta mBuakocti moporkis ZnO,
JIeTOBAHMMM OKCUJIOM TaHTaHy (1-5 %)

Fig. 8 - Degradation rate constant (k) versus
La** content in ZnO nanopowders.
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3anexxHocTi OynmM JMHITHUMU Yy BCbOMY
yacoBOoMYy fiamaszoni 30-120 xB, a o64mcreHi
3HAYeHHA KOHCTAHTU LIBUAKOCTI Jerpapgaliii
K pnsa neroBaHMX OKCHOM JIaHTaHY 3pasKiB
MaloThb 3HaueHHA B Mexax 0,0046-0,0145 xB7,
mia HeneroBauux — 0,0098 xs!. 36inbleHHA
¢dborokaramiTMYHOI AKTMBHOCTI JIETOBAaHUX
OKCHJIOM JIaHTaHy IIOPOIIKiB 3yMOBJIEHO B
IIbOMY BUIIAJJKy 3MEHILIEHHAM pO3MipiB HaHO-
JaCTVMHOK IIOPOILKY i, CBOEIO 4eproio, — 30i/1b-
HIEHHAM IIMTOMOI IIOBEPXHI.

@doToKaTamTUYHI peaklili NMPOTIKAITh 3a
porniomoroto pagukanis OHe i O*, chopmo-
BaHux Ha nosepxi HC ZnO, nerosannx La’*
[30]. ITig wac poTokaTanisy ion La** mornmuuae
€JIEKTPOH 1 INPUTHIYYE €NeKTPOHHO-[ipKOBY
pexoMOiHaliio, CIpUAIYY HACTYIIHUM OKC-
HO-BiJHOBHUM peaKIjiAM:

La** + hv - e (Y**) + h*( La*")
Zn?* + hy = é (Zn*) + h*(Zn**)
La** + OH - La** + OH

OH + Memunosuii Opanxcesuil —

IIpooykmu ¢pomodezpadauii

La**+¢é - La*t
La*t +0, - La*t+ O,

O, + Memunosuii Oparscesutl —

IIpodykmu ¢pomodezpadauii

Cynepokcup-ionn O BUKIMKAIOTh peak-
L[if0 pO3K/IaJlaHHA, AK 3a3HadeHo Bume. Po-
TOHHOMY norMHa"HIo MO cripuse HasABHICTDb
ioniB La®*, ockinmbkmu I11i 10HM 3aXOIIIOIOTh
€JIEKTPOHM Ta IIPUTHIYYIOTh €IeKTPOHHO-/ip-
KOBY pekoMb6iHaiifo. 36i1bplieHHs eHepril 3a-
OOpOHEHOI 30HU ITO3UTVBHO BIUIVBA€E Ha aK-
TUBHICTb (OTOKATAsIi3y Yepe3 BUIIMI OKIC-
HO-BiTHOBHUII IOTeHLian (OTOIHZYKOBAHMX

https://ucj.org.ua

€/IeKTPOHHO-[IipKOBIUX Iap. TakuM YMHOM,
eHeprist 3a00poHeHOI 30HU Ta eeKTHi CTaHM
€ BU3HaYa/IbHNM (PaKTOPOM MOKpaleHHs do-
TOKATa/IiTUYHOI aKTUBHOCTI.

BMCHOBK/. TlokasaHo, IO HaHOKOM-
nosut ZnO, JeroBaHi OKCUAOM JIAHTaHY
(1-5 %) xapaKTepHi BIOPLNUTHOIO CTPYKTYPOIO
KPUCTATIYHOI penriTky. 30i/MbIIeHHs KiTbKO-
cTi La’* B okcnpi MHKY IpU3BOANUTD O 361/1b-
LIEHHA Nepiofly pelliTKu. 3a JaHMMM CKaHY-
10401 €/IEKTPOHHOI MiKPOCKOIIii, CMHTe30BaHi
IIOPOUIK) MAaOTh KOHIZIOMEPATHY CTPYKTYPY.
BcranoBeHo, 1m0 MOp¢o/Ioria YaCTMHOK II0-
POLIKY, IIEPIIOI0 YEPTOI0, 3a/IEXKUTh BiJ] BMiC-
Ty B Marepiani La**. 3i 36inpiennsam Bmicty
OKCUJY JIaHTQHY YaCTVMHKM ITOYaIy HabyBaTu
I1acTUHYacToi popmu, a IxHi cepenHi po3mi-
pu 3pociu 1o 79 HM. 36ibIIeHHS KiMbKOCTI
La** B OKcMAi LMHKY IPU3BORUTH JIO 30i1b-
IIeHHs MUTOMOI oBepxHi (3 3,8 no 11,8 M?/r).
Y Hammx JOCIiKEHHAX OYy/I0 MOKa3aHOo, 10
neryBaHHA ZnO okcupoM maHTaHy (1-5 %)
NPU3BOANUTD fAK [JO 3HVDKEHHs, TAK 1 0 MiiBU-
meHHs (GOTOKATAITIYHOI aKTUBHOCTI OTpM-
MaHIX HaHOKOMIIO3UTiB. Pesymbraramm po-
CIipKeHb KOMOiHALIHOTO PO3CilOBaHHS Ta
dboTonmroMiHecteH1ii MiTBEPIKEHO, 1[0 3HU-
KeHHA (OTOKATaMIiTMYHOI aKTUBHOCTI HaHO-
nopouikis ZnO, 1eropaHNX OKCUJOM JIAHTAHY,
MO>Ke OYTU II0B’I3aHO 3 IOSIBOIO BEIVKOI Kilb-
KocTi ledekTiB y cTpyKTypi ZnO.

E Po6oTy BuKkoHaHO 3a ¢iHaHCOBOI Iif-

f Tpumkn HAH Vkpaiam nHaykoBoro
npoekry 0122U002149 «CrBOopeHH:A
NepCNeKTUBHIX MaTepialiB HA OCHOBI
ZnO, nerosanux P3E n1a 3acrocyBaH-
HA IX y KaTaxisi».
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La-doped ZnO nanocomposites with diffe-
rent content of La,O, (1-5%) were obtained
by the Pechini method from their nitrate solu-
tions. The solutions of Zn** and La’" nitrates
were preliminary obtained by dissolving of
zinc and lanthanum oxides with a content of
the main component of 99.99% in nitric acid.

The influence of lanthanum doping the on
the microstructure, morphology, optical pro-
perties and photocatalytic activity of the ZnO
nanopowders were examined. The proper-
ties of the nanopowders were studied by us-
ing X-ray phase analysis, scanning electron
microscopy (SEM), energy dispersive X-ray
spectroscopy. The samples were subjected to
X-ray powder diffraction using a DRON-3
diffractometer (Cu-Koa radiation) at room
temperature. The scan angle was 0.05-0.1 °
in the range 26 = 15-90 °. X-ray phase ana-
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lysis confirms the formation of single phase of
La,O,-doped ZnO powders on diffractograms.
Raman light scattering and photolumines-
cence spectra were recorded using a Horiba
Jobin-Yvon T64000 spectrometer equipped
with a CCD detector at room temperature in
the inverse scattering geometry.

According to SEM results, the powders
characterized a conglomerate structure. The
undoped ZnO has an average particle size of
43 nm, while the average particle size of La’*-
doped ZnO ranges from 64 to 80 nm. It was
established that the morphology of powder
particles primarily depends on the content of
La’" in the material. An increase in the amount
of La3+ in zinc oxide leads to an increase in the
specific surface area (from 3.8 to 11.8 m?/g). In
the photoluminescence spectra of ZnO pow-
ders, with increasing La,O, concentration,
bands at 400 nm are observed due to the ap-
pearance of impurities that cause of interstitial
zinc and zinc vacancy defects and their broade-
ning with a shift to the long-wave region.

Photocatalytic properties of ZnO powders
doped with lanthanum oxide were investigated
using Methyl Orange as a model dye under Os-
ram Ultra-Vitalux lamp (300 W) irradiation.
A present result indicates that the obtained
powders are potential candidate for the practi-
cal application in photocatalysis.

Keywords: ZnO-La,O, nanopowders, zinc
oxide, lanthanum oxide, photocatalysis, degra-
dation.
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COMPLEXES OF Nd(lll) AND 3d-METALS BASED

ON ETHYLENEDIAMINEDISUCCINIC ACID
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Neodymium heterometallic complexes [(NdM"EDDS)(H,O) ]-n2H,0 (M"=Zn, Co;
n = 3;2) were synthesized by the «block» synthesis method using protonated ethylenediamine-
disuccinate of the 3-d metal and Nd™ nitrate. The complexes were characterized by spectro-
scopic methods (UV-VIS electronic absorption spectroscopy and FT-IR) and elemental ana-
lysis. It is shown that the f-d-complexes belong to the «folded» type complexes, in which the
ligand-EDDS realizes the maximum dentateness to Nd", and the coordination sphere of the
3-d cation is formed by chain carboxyl groups of EDDS and intraspherical water molecules.
At the same time, the cations of 3d metals are in a distorted octahedral environment, and the
coordination polyhedron of the neodymium ion corresponds to a square antiprism (C, ) with
the coordination number Nd™ = 8. In solutions and in the solid state, the complexes have the
same type of structure. The sensitivity of various morphological forms of Candida albicans in
Spider and Saburo media to neodymium complexes Nd" with ethylene diamine disuccinate:
NdEDDS (I), NdEDDSZn (II) NdEDDSCo (III) in the range of concentrations of the studied
compounds 1; 10 and 100 uM was studied. It is shown that the antifungal properties of the
complexes vary in the range NAEDDSCo> NdEDDSZn > NdEDDS. The inhibition index of
C. albicans in the composition of the biofilm in the Saburo medium under the action of the
complexes was 20-25% of the control value, and in the Spider medium the complexes led to
95% of cell death.

Keywords: ethylenediaminedisuccinates complexes, neodymium, cobalt (II), zinc (II),
antifungal properties.
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INTRODUCTION. In recent decades, stu-
dies of lanthanide (Ln) complexes have shown
that they play an important role in several bio-
chemical reactions [1, 2], and are widely used
in medical diagnostics as fluorescent labels for
biomolecular sensing, for the diagnosis and
therapy of cancer, and also as biosensors [3-7].
Cerium group lanthanides (La, Ce, Pr, Nd),
primarily used in biology, perform chemical
actions similar to other biologically useful met-
als and do so more efficiently due to their high-
er Lewis acidity. Ln have a high coordination
ability, allowing selective absorption, transport
and incorporation into enzymes similar to bio-
genic metals, especially Ca" and Fe™ [8].

Luminescent ions of some lanthanides are
used as labels that help to study the distribu-
tion of drugs and metabolites in vivo [9]. Al-
though lanthanides are not classified as bi-
metals, having great similarity with calcium,
they can replace it in biological systems. For
example, on the basis of Ln complexes, drugs
are created that regulate calcium metabolism
in the body, for example, blood anticoagulants
[10, 11]. Also, based on Ln, preparations have
already been developed that can affect calcium
metabolism in the body and inhibit the deve-
lopment of tumor cells. The ionic radii of lan-
thanides are close to the ionic radius of Ca?,
but due to their higher charge (Ln’*), lantha-
nide ions are characterized by a high affinity
for Ca** sites in biological molecules, which
determines their ability to block the corres-
ponding channels. Thus, although Ln’* ions
alone cannot penetrate cell membranes, they
can block the outer side of the calcium channel
[12, 13]. Complex compounds of polyamino-
carboxylic acids with lanthanides and iron can
be used in the therapy of oncological diseases,
immunodeficiencies and blood diseases. Nit-
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rates [LnL(NO,),(H,0),](NO,), (Ln = La, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Er) with polydentate
Schiff bases (L = N,N-bis(2-hydroxy-1-naph-
thylidene)-1,6-hexadimine), as well as hyd-
razine complexes of 3,3'-thiodipropanoates
[M(N,H,)(tdp),] (M = La, Ce, Sm, Pr, Nd) by
in vitro evaluation demonstrated high antimi-
crobial activity against six bacteria (Bacillus
cereus, Staphylococcus aureus, Proteus vulgaris,
Pseudomonas aeruginosa, Escherichia coli, Ser-
ratia species) and four fungi (Candida albicans,
Aspergillus niger, Aspergillus fumigatus, Penici-
llium variance) [14-16].

The review [17] analyzed a large number of
studies devoted to the antimicrobial activity of
Ln™ complexes. A fairly wide range of free or-
ganic ligands were found to be inactive against
various types of bacteria (except E. coli), while
complexes La™, Pr'™, Sm", Tb"and Yb"™"
showed some inhibitory activity against them.
It was concluded that the increase in the acti-
vity of the complexes compared to free ligands
can be due to the effect of metal ions on the cell.
Moreover, most Ln complexes are more effec-
tive against gram-positive microorganisms, in
particular Staphylococcus aureus, than against
gram-negative ones, primarily Escherichia coli.
Comparing the effect on gram-positive micro-
organisms of free ligands and corresponding
complexes with lanthanides, it was determined
that the activity of the latter is 15-27% higher.
Based on the analysis, the authors concluded
that Ln complexes represent a possible alter-
native to antimicrobial agents currently used.
The use of nanomaterials based on lanthanides
in biomedicine has increased the likelihood of
their use in vivo [18].

Biocoordination compounds of metals as
medical and biological agents form the basis
of modern socially and technologically sig-
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nificant innovative developments. Combining
metal ions with an organic compound enables
the production of supramolecular associates,
which are inherently close to the endogenous
coordination compounds that exist in the li-
ving organism and in general in biosystems.
They are less toxic than their constituents and
usually have a wide range of biological activity.
The most promising chelating ligands are ami-
nopolycarboxylic acids containing carboxyl
(-C(O)O-) and amino (NH-) groups, which
makes it possible to obtain metal-containing
compounds in which metal ions are bound to
polydentate ligands using electron-donating
atoms (oxygen and nitrogen) with the forma-
tion of heterocyclic rings (metal chelate rings).
Among the wide variety of aminopolycarbo-
xylic acids, a special place is occupied by ethy-
lenediamine-N, N-disuccinic acid (EDDS),
which contains fragments of aspartic and suc-
cinic acids in the molecule, known as adapto-
gens. In a living organism, it performs not only
the function of delivering microelements but
also carries a biologically active load. Under
the action of enzymes in a living organism,
the organic part of the metal complex MEDDS
breaks down into essential amino acids (argi-
nine, leucine, isoleucine, valine, histidine, as-
paragine, alanine), which are components of
the metabolic chain [19].

For example, complexes of metals with
ethylenediaminedisuccinic acid has antimicro-
bial activity against fungi and bacteria [20] and
antiviral activity against cytomegalovirus [21].
In vitro ethylenediaminedisuccinic acid inhibi-
ted viral replication in mice (EC,; 8.6 mg/ml)
and reduced their mortality. The introduction
of EDDS may be an important immunopatho-
logical factor in terms of modulating the re-
sponse to cytomegalovirus infections. Ethyle-
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nediaminesuccinic acid is one of the effective
zincophores because it has a relatively high
affinity for removing zinc ions. Zincophores
are distinct from ionophores that transport
zinc across the membrane, such as pyrithione,
which forms a neutral ZnL, complex. Zinco-
phores are commonly found in bacteria that
need to acquire Zn** in environments with low
zinc concentrations or high competition for
zinc [22.] A promising group of antimicrobial
compounds are metal pharmaceuticals based
on aminocarboxylate complexes of 3-d metals,
which are included in biomolecules (amino
acids, proteins, oligonucleotides or DNA) and
can interact with them [23]. Recently, interest
in cobalt coordination complexes has increased
due to their antimicrobial and antitumor pro-
perties [24].

Thus, taking into account that complexes
of metals with ethylenediaminedisuccinic acid
have antimicrobial activity against fungi and
bacteria [19], the aim of this study was the syn-
thesis of new homo- and heterometallic ethy-
lenediaminedisuccinate complexes of Nd" and
3-d metals (Co", Zn") and the study of their
antimicrobial activity by in relation to bacterial
strains of Candida albicans cultures.

EXPERIMENT AND DISCUSSION
THE RESULTS.

Neodymium nitrates Nd(NO,),-6H,O and
zinc Zn(NO,),-6H O or cobalt Co(NO,),-6H,0
were used as starting compounds for the syn-
thesis of homo- and heterometallic complex-
es of Nd™ with ethylenediaminesuccinic acid.
Ethylenediaminediasuccinic acid was obtained
by the condensation reaction of maleic acid
with ethylenediamine [25]. All reagents were
of analytical grade and were used without fur-
ther purification. The strain Candida albicans
ATCC 18804 was obtained from the Museum

OF
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of Cultures of Microorganisms, Department
of Microbiology, Virology and Biotechno-
logy, Odesa National University named after
I.I. Mechnikov (Ukraine). Solutions of salts
and H EDDS of the required concentration
(0.01 mol/dm™) were obtained by dissolving
the appropriate samples of reagents in bidis-
tilled water. Solutions were prepared imme-
diately before synthesis. The concentration
of metals in the solutions was determined by
complexometric titration with the indicators
murexide (for 3-d metal ions) and arsenazo 1
(for Nd** ions).

Neodymium ethylenediaminedisuccinate
homonuclear complex was obtained according
to the method [26]. The synthesis of heterome-
tallic complexes (HMC) in the Nd™-M"EDDS
(M"=Zn, Co) systems was carried out by the
«block» method, which consists in sequential
complexation first with one and then with the
second metal. Homonuclear complexes of 3-d

metals obtained by the interaction of aqueous
solutions of EDDS and d-metal salts in an aci-
dic medium were used as a «building block».
Heterometallic complexes were obtained with-
out separating the «building block» from the
solution [26, 27].

The study of complexes in aqueous solu-
tions was carried out by the methods of UV-
VIS electronic absorption spectroscopy (EAS)
at an equimolar ratio of components and
C,, =110”mol/dm™. Electronic spectra were
recorded on a spectrophotometer Specord
M-40 in the range of 50,000-10,000 cm™. The
pH value was monitored using a pH meter
pH - 150 MA.

In fig. 1, as an example, the UV-VIS spectra
of hono- and heterometallic ethylenediami-
nedisuccinate complexes of Nd" is given, and
in Table. 1 position of the main absorption
bands of the Nd™ ion in the spectra of the
complexes.

4 Qr
0.015 + I9/2 [L'SY] 4F ,2
4 4 512 o
D; . Dy N
2 4 528, . F
I ) . 32° 7
e S K. . G
0.010 2 132292
1) L 4G
2 92’
3 4 32
s Gy
4.005
<
0.000

T T
30000 25000

T T 1
20000 _ 15000 10000

v,cm

Fig. 1. - UV-VIS spectra of homo- (1) and heterometallic (2) complexes of Nd™

and Zn"with H LEDDS (pH 7; Cu
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The UV-VIS spectra of heterometallic com-
plexes of Nd" with H EDDS contain a set of
bands corresponding to f-f transitions of the
Nd’* ion from the ground state ‘I, , to multiplets
of excited levels [L'ST] (Table 1). The absorption
band maxima of HMC are shifted to longer
wavelengths compared to the monometallic
complex (Av_ =~ 90-250 cm™ for NdZnEDDS
and = 60-190 cm! for NdCoEDDS). In this
case, the absorption intensity increases signi-
ficantly. This indicates both the formation of
heterometallic metal complexes and a different
coordination environment of complex-form-
ing ions (in particular, 3-d metal ions) in a

heteronuclear complex compared to mononu-
clear ones. In this case, the absorption intensity
increases significantly. This indicates both the
formation of heterometallic metal complex-
es and a different coordination environment
of complex-forming ions (in particular, 3-d
metal ions) in a heteronuclear complex com-
pared to mononuclear ones. For both hetero-
nuclear neodymium complexes, the positions
of the supersensitive transitions ‘I, , - °P  and
‘1, = “G,, *G, ,are in a lower frequency range
compared to the corresponding bands in the
spectrum of the NAEDDS complex.

Table 1.

Transition energies (cm™) in UV-VIS spectra of Nd"™ and M" (M"=Co, Zn) complexes with

ethylenediaminedisuccinic acid.

Transition NdZnEDDS Ve~ Vaazal NdEDDS NdCoEDDS VotV dcol.

i, P 23254 216 23470 23358 112

L, G, 19502 186 19688 19537 151
‘I,,~'G,, 19017 247 19264 19113 151

L, —>'G,, 17196 255 17451 17261 190

‘L, ~>'E,, 14621 91 14781 14712 69

'L, —~F 13388 242 13630 13440 190

'L, —~>'F,, 12475 268 12743 12588 155

'L, —~F,, 11567 159 11726 11549 177

The ‘I, ,—*P , transition is a singlet, which The absorption bands of the Nd™ ion at

indicates the existence of one type of con-
nection. However, the bathochromic shift of
the maximum of this band in the spectrum
of HMC (Fig. 2) relative to the monometallic
CompleX (AdeZnEDDS = 216 Cmil’ AVNdCoZnEDDS =
112 cm™) indicates a decrease in the coordina-
tion number of Nd™ in hetero-complexes.

The general pattern of shifts of the main ma-
xima of the f-f-transitions of the Nd** ion in the
synthesized heterometallic complexes compa-
red to monometallic ones is as follows (Fig. 2).

https://ucj.org.ua

~.17200 cm™ and 191200 cm™ belong to the
transitions ‘I, = *G,, *G,,, respectively, and
from their shape and position one can determine
the symmetry of the coordination environment
of the central atom. In the absorption spectra of
NdAM"EDDS, the half-width of the supersensi-
tive transitions band ‘I, , = ‘G, , °G,, is +172
(+174) cm’, and the band itself does not un-
dergo splitting, which is typical for compounds
with low symmetry [28, 29]. Since ethylenedi-

aminedisuccinic acid is a fairly bulky ligand,
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no significant splitting of the spectral lines is
observed. It should be noted that the position
of the absorption bands of the f-f transitions of
the Nd** ion, as well as the shape of the spectra,

B NdL- NdZnL
I NdL- NdCoL

247

indicate the formation of an eight-coordinated
complex of C, symmetry, and the Nd" coor-
dination polyhedron corresponds to a square
antiprism.

268

2P1/2 4G9/2 4G7/2 4G5/2 4F9/2 4F7/2 4F5/2 4F3/2
Transition

Fig. 2 - Diagram of shifts (cm™) in the UV-VIS spectra of heterometallic complexes Nd™
with ethylenediaminedisuccinic acid compared to NdEDDS.

In both heterometallic complexes, the Nd**
ion coordinates two nitrogen atoms, three oxy-
gen atoms of the EDDS molecule and three
water molecules. The 3-d metal ions have
a distorted octahedral M"O, environment
formed by three oxygen atoms of the bridging
-carboxyl groups of EDDS and three water
molecules. That is, the NAM"EDDS complex
is a «folded» type complex, in which 3d-me-
tal complexes play the role of exo-coordinated
ligands during the formation of heterometallic
complexes. It should be noted that the larger
bathochromic shift of the f-f transition maxi-
ma in the NdZnEDDS complex compared to
the NdCoEDDS complex is associated with
less distortion of the octahedron due to the
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filled 3d" zinc shell, which determines its re-
sistance to various deformations.

The synthesized NAM"EDDS heterometallic
complexes were isolated from solutions using
the isothermal method (salting out with etha-
nol from aqueous solutions) at pH 7.5, which
corresponds to the maximum accumulation of
deprotonated complexes according to the dis-
tribution diagrams [26, 27]. Identification and
purity of HMC was established by elemental
analysis and IR spectroscopy. The elemental
analyzes for Carbon, Hydrogen and Nitrogen
were obtained on microanalyses Perkins - El-
mer 2400. FT-IR spectra were recorded on a
spectrophotometer Specord M-80 in the region
of 4000-400 cm™ in tablets with KBr.
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NdZnEDDS:  NO,[NdZn(C N,OH )
6H,0]-3H,0, found/calculated (%): Nd -
19,84/19,86; Zn - 8,95/8,96; C - 16,57/16,55;
N-5,81/5,79; H-4,18/4,14. FT-IR (KBr,cm™):
1635 [v_(COO0)]; 1410, 1339, 1321 [v (COO)];
2952 [v(C-H)J; 3264, 3424 [v(H,0)]; 680, 612,
557, 500 [v(MO)], 460[v(MN)].

NdCoEDDS:  NO,[NdCo(C, N,OH )
6H,0]-2H,0, found/calculated (%): Nd -
19,84/19,86; Co - 8,95/8,96; C - 16,57/16,55;
N - 581/5,79; H - 4,18/4,14. FT-IR (KBr,
cm™):1636,1620, 1548 [v_(COO0)]; 1410, 1329,
1312 [v (COO)]J; 2943. 2362 [v(C-H)]; 3242,
3454 [v(H,0)]; 687, 620, 576, 510 [v(MO)],
456[v(MN)].

The analysis of the given data proves that
the neodymium complexes have the same type
of structure in solutions and in the solid state.

Preliminary preparation and cultivation of
Candida albicans ATCC 18804 strain to test the
antifungal properties of synthesized neodymi-
um ethylene diamine disuccinate complexes
was carried out using Sabouraud dextrose agar
according to the standard method according
to [30]. The concentration range of the studied

compounds was 1, 10 and 100 uM. The starting
solutions were prepared using a water-ethanol
mixture (2-4% ethanol), after which they were
autoclaved at 0.5 atm.

To obtain a suspension of microorganisms,
they were washed with a sterile physiological
solution and standardized to 0.5 units accord-
ing to the McFarland standard [31]. To stim-
ulate changes in morphogenesis and the for-
mation of specific cell forms of C. albisaps, in
particular hyphae, in parallel with the liquid
version of Sabouraud's medium, Spider medi-
um containing mannitol was used. Sabouraud
liquid nutrient medium contained peptone
10 g/1, glucose 40 g/l, yeast extract 5 g/l. The
composition of the Spider medium with the
addition of mannitol corresponded to the fol-
lowing: meat-peptone broth 20 g, mannitol
20 g, K HPO, 4 g, distilled water 1 1.

0.05 ml of the culture of the microorganism
was introduced into the wells of a sterile tab-
let containing 1.0 ml each of Saburo and Spy-
der liquid nutrient mediums, as well as corre-
sponding solutions of the studied compounds

(Fig. 3).

b

Fig. 3 - General view of the tablet in which Candida albicans was cultivated (Sabureau or Spider
medium): a - polystyrene tablet; b — schematic arrangement of cells during cultivation.

https://ucj.org.ua

91

UCJ N2 10 / Vol. 89




INORGANIC CHEMISTRY

COMPLEXES OF Nd(lll) AND 3d-METALS BASED ON ETHYLENEDIAMINEDISUCCINIC ACID

AS POTENTIAL ANTIFUNGAL AGENTS.

Microorganisms were cultivated for 24-
48 hours at a temperature of 37°C, after which
the culture liquid containing the «suspension»
culture of C. albicans was carefully removed
from the wells. Determination of the number
of cells in the liquid medium was carried out
using a spectrophotometer «uQuant» BioTek at
a wavelength of 540 nm, calculating the value
of the optical density in CFU/ml (CFU - colo-
ny-forming units)) using the appropriate ca-
libration curve. Cultures of the microorga-
nism under study, grown in similar conditions
with the addition of H EDDS of the appro-
priate concentration, served as controls Af-
ter that, the wells of the tablets were washed
with physiological solution and filled with 96%
ethyl alcohol, which fixed the biofilm formed
by S. albisaps. After 10 minutes, the alcohol
was removed and the tablet was left to dry in
the air. An aqueous solution of crystal violet
(0.1%) was used to stain the cells that make up
the biofilm, which was poured into the wells of
the tablet and left for 10-20 minutes. For the
quantitative analysis of the intensity of biofilm
formation, a dye was isolated that absorbed the
cells, and the optical density of the resulting
solution was determined. An aqueous solu-
tion containing dodecyl sulfate and sodium
hydroxide was used for cell lysis. Cell lysis was
performed for 60 min. The results were record-
ed using a BioTek pQuant spectrophotometer
at a wavelength of 592 nm. To obtain relia-
ble results, all experiments were performed
in 5 repetitions. The Student's t-test [32] was
used in the comparative analysis of research
results. A difference of p<0.05 was considered
significant.

The sensitivity of various morphologi-
cal forms of Candida albicans to neodymium
complexes with ethylenediaminedisuccinate:
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NdEDDS (I), NdEDDSZn (IT) NdEDDSCo (III)
was studied. The development of Candida al-
bicans in vivo can take place in the form of
several morphological forms: in the form of
budding yeast, pseudohyphae, and true hy-
phae [30]. The switch between the yeast-like
form and hyphae depends on various factors,
but primarily on the composition of the nu-
trient medium. Despite the fact that recent
studies have shown that the «yeast-hyphae»
transition does not always occur during the
development of systemic candidiasis, such di-
morphism is still considered as one of the fac-
tors of pathogenicity of C. albicans [33]. In ad-
dition, the formation of hyphae is necessary for
C. albicans to avoid phagocytosis, penetration
into body tissues, and also to colonize medical
devices by forming a biofilm [34]. The search
for new compounds, as well as elucidation of
the mechanisms of resistance development of
S. albicans during biofilm formation, is one of
the most urgent areas of research that will sig-
nificantly increase the success of antibacterial
therapy [35].

At the first stage of the work, the antifungal
activity of the studied compounds was deter-
mined in relation to the planktonic culture of
C. albicans, which contains cells of the same
size and physiological state (Fig. 4, 5). Com-
paring the inhibitory effect of the «Control»
(C=H,EDDS) and neodymium complexes
based on it, it was established that the latter
were more effective against C. albicans cells at
all stages of cultivation in Saburo nutrient me-
dium (Fig. 4).

Neodymium-cobalt heterometallic complex
(III) at a concentration of 1 uM was the most
active, inhibiting the growth of C. albicans cells
in suspension culture by four times compared
to the control value. Lower concentrations of
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this complex had a less pronounced antimy-
cotic effect. Complexes I and II were char-
acterized by an antifungal effect, which was
about 50-55% compared to the Control. When
the term of cultivation of the microorganism
was extended, the degree of inhibitory activi-
ty of all studied complexes decreased slightly,
accompanied by an increase in the number of
C. albicans cells in the suspension.

In the Spider nutrient medium, which
stimulated the formation of the hyphal form
of a yeast-like fungus, the effect of com-
plex compounds was also quite pronounced
(Fig. 5). At the same time, for complexes I and
II, the level of antifungal activity turned out
to be higher, by approximately 9-23%, com-
pared to the corresponding values in the Sa-
buro medium.

0,01 0,01 ‘

O 24 hour

0.1 ‘ 1
o m
O 48 hour

number of cells in suspension, 1x10° CFU/ml

Fig. 4 — Activity of Nd" complexes with H EDDS against the planktonic culture
of Candida albicans cultivated in Saburo nutrient medium.

0 -
0,01 ‘ 0,1 ‘ 1 0,01 ‘ 0,1 ‘ 1 0,01 ‘ 0,1 ‘ 1
C I I m
O 24 hour 048 hour
number of cells in suspension, 1x10° CFU/ml
Fig. 5 — Activity of Nd™ complexes against the planktonic culture
of Candida albicans cultivated in the Spider nutrient medium.
https://ucj.org.ua 93
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With the continuation of cultivation of
C. albicans in the Spider medium for up to
48 hours, the activity of the studied complex-
es practically did not change. For complex III,
on the contrary, it increased: on average, it was
about 35-50% of the control value. It was also
recorded that complexes II and III at 48 hours
of cultivation of C. albicans were more active at
the lowest concentration of 0.01 pM.

Therefore, in the course of the research, it
was found that the sensitivity of the cells, which
are part of the suspension culture, is quite pro-
nounced and turns out to be greater to the
minimum concentrations of the compounds.
Obviously, this is due to the nature of the inter-
action of complexonate molecules with C. al-
bicans cells. It was also determined that the
variant of the environment and, accordingly,
the predominant form of development of the
microorganism do not have a significant effect
on the effectiveness of the studied compounds.

According to numerous studies, C. albicans
as part of a biofilm is a less sensitive microor-
ganism to the action of antimycotic drugs com-
pared to plankton culture cells. In the work at
the second stage, the sensitivity of the cells of
the biofilm, which was formed in the Saburo
and Spyder media, to the action of the studied
complexes was determined (Fig. 6, a, b).

As for ethylenediaminedisuccinic acid, i.e.
Control, this compound practically did not
show fungicidal activity in any version of bio-
film cultivation.

In the medium of Sabouro cells, the biofilm
consisted mainly of yeast-like cells, the part of
hyphal elements did not exceed 15-20% of the
total mass of the formation. In the experiment,
it was established that the studied complexes
practically did not affect the development of
this version of the biofilm. In this case, the re-
duction of microorganisms in the composition
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of the association did not exceed 20-25% of
the control value. Another feature of the action
of the studied complexes was the preservation
of the level of antifungal activity, or its increase
on the second day of biofilm cultivation.

The biofilm that was formed in Saburo nu-
trient medium contained mostly cells in the
form of hyphae: almost 80% of the total num-
ber of structural elements (Fig. 6, b).

In contrast to the variant of the biofilm in
the Saburo environment, as well as the Control,
the studied synthetic complexes in the Spider
environment led to 95% of the cell death in the
biofilm composition. At the same time, com-
pounds II and III turned out to be the most
active: at lower concentrations, the inhibitory
activity against the C. albicansass ociation was
higher. It was also determined that in most
concentrations the exposure level of the com-
pounds was maintained for 48 hours.

Compound I was less effective: the level of
its antifungal activity was approximately 50%
compared to the control. Only in the case of
0.1 uM and 1 uM during 24 h of cultivation, a
more pronounced inhibition of biofilm forma-
tion in the Spider medium was noted.

In general, the investigated complexes were
characterized by a significantly greater effect
on the cells of the biofilm formed in the Spi-
der nutrient medium, that is, on the hyphal
form of C. albicans development. Therefore,
the hyphal elements were more sensitive to
the action of the studied compounds than the
yeast-like elements of C. albicans. When using
almost all complexes, both in the early stages
of association cultivation and later stages, in-
hibition of the biofilm formation process was
observed. As for yeast-like elements, more
pronounced antifungal activity of the studi-
ed compounds was observed at later stages of
biofilm formation.
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number of cells in the composition of the biofilm, % of the control value
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number of cells in the composition of the biofilm, % of the control value

Fig. 6 — Activity of Nd"' complexes with H EDDS against Candida albicans cells, which are part
of the biofilm, during cultivation in Saburo (a) and Spider (b) media.

CONCLUSIONS.

1. f-d-Heteronuclear ethylenediaminedisu-
ccinate complexes of Nd™ with Co" and Zn"
were obtained by the «block synthesis» me-
thod. The complexes belong to the «closed»
type complexes, in which the ligand-complex-
on realizes the maximum dentateness to Nd',
and the octahedral coordination sphere of the
3-d cation is formed by the carboxyl groups of
EDDS and intraspherical water molecules. The
coordination polyhedron of Nd™ corresponds
to a square antiprism (C, ) with a Ln™ coordi-
nation number of 8. In solutions and in the solid

https://ucj.org.ua

state, the complexants have a similar structure.

2. Experiments were conducted to detect the
antifungal activity of heterometallic complexes
of neodymium and 3-d metals against phyto-
pathogenic strains of myxomycetes Candida
albicans. It was shown that, regardless of the
environment (Spider or Saburo), the complex-
es show a significantly greater inhibitory effect
than ethylenediaminediansuccinic acid, which
served as a control. It was established that in Sa-
buro nutrient medium, all investigated complex-
es are more effective against C. albicans cells at
all stages of cultivation than in Spider medium.
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3. The yeast-like form of the C. albicans cell
was characterized by sensitivity to complexes,
the level of which was 4-6 times higher than
the sensitivity to pure complexone. Hyphal ele-
ments turned out to be more sensitive to the
action of the studied compounds than yeast-
like cells of C. albicans. Regarding yeast-like
elements, the antifungal activity of the studied
compounds was observed at the beginning of
biofilm formation, in contrast to hyphal forms,
which were more sensitive in the composition
of associations.

4. The most active was the heterometallic
complex NdEDDSCo with a concentration of
1 uM, which inhibited the growth of C. albi-
cans cells in suspension culture by 4 times
compared to the control value. Lower concen-
trations of this complex had a less pronounced
antimycotic effect. Other studied complexes
(NdEDDS and NdEDDSZn) were charac-
terized by an antifungal effect that was about
50-55% compared to the control (EDDS). The
variant of the environment and, accordingly,
the predominant form of development of the
microorganism do not have a significant effect
on the effectiveness of the studied compounds.

5. The complexes were characterized by a
significantly greater effect on the cells of the
biofilm formed in the Spider nutrient medi-
um, that is, on the hyphal form of microcete
development. Therefore, hyphal elements were
more sensitive to the action of complexes than
yeast-like elements of C. albicans. When using
almost all complexes, both in the early stages
of association cultivation and later stages, in-
hibition of the biofilm formation process was
observed. As for yeast-like elements, more
pronounced antifungal activity of the studied
compounds was observed at later stages of bio-
film formation.
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MeTtonoM «67IOKOBOTO CUHTE3y» OTPMMAHO
f-d-reteposimepHi eTMIeHVAMIHANCYKCUHAT-
Hi kommaexcu Nd™ 3 Co" Ta Zn". Kommiexcn
Ha/IeKaTh [0 KOMIUIEKCIB «3aKPUTOTO» THILY,
B SIKMX JITaHJ-KOMIUIEKCOH peajli3ye MaKCu-
MajbHY feHTaTHICTH Ho Nd", a okTaempmyna
KoopauHaniitHa cdepa 3d-karioHy yTBOpeHa
Kap6okcyipHyMy rpynamyt EDDS ta BHy Tpim-
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Hboc(epHNMI Mortekynamy Bopu. KoopauHa-
uirtanit momienp Nd™ Bixmosimae kBagpatHii
anTunpusmi (C, ) i3 KOOPAMHALTHNM YMCIOM
Ln™ 8. ¥ posumHax i TBepAOMy CTaHi KOMII-
JIeKCAaHTU MaloTh 6/13bKy 6ymoBy. [IpoBeneno
NOCTiPKeHHA YyTIMBOCTI pisHMX Mopdoro-
riunux ¢opm Candida albicans 1o xomIuiek-
CiB HeoguMYy 3 eTWICHAVAMiHAVCYKIIIHATOM:
NdEDDS(I), NdEDDSZn(1I) NdEDDSCo(III)
y cepenoBumax Cabypo Ta Cnaitpep. Ilram
Candida albicans ATCC 18804 orpumaHO 3
My3el0 KYIbTYyp MiKpOOpraHismiB Kadempn
Mikpobiororii, Bipyconorii Ta 6ioTexHomorii
OHY im. 1. I. Meuynukona. IlokasaHo, 1o He-
3aJIEXXHO BiJl CEpeIOBUIIA KOMIUIEKCY BUABIIA-
I0Tb 3HAYHO OIbIIMII IPUTHIYyI0UMil eQexT,
HDK eTI/I}IeHIH/IaMiH,[[I/I6ypI_HTI/IHOBa KICIIOTA,
dgKa CIyryBajla sIK KOHTPO/b. BcTaHOB/IEHO,
IO Y MOXXVBHOMY cepegnouini Cabypo Bci fio-
CIipKeHI KOMIUIEKCH € OUIbIN i€EBUMMM ILOLO
knitiH C. albicans Ha BCiX cTafiAX KyIbTUBY-
BaHHA, HDX y cepepgoBuii Craiigep. I pixmxo-
noptibHa gopma xmituan C. albicans BusABIsAIa
YYTIUBICTDb 10 KOMIUIEKCIB, piBeHb AKOI Y 4-6
pasiB OyB BUILIVIM, HDK YYT/IMBICTD O YUCTOTO
KOMIUTEKCOHY. ['idpanbHi eeMeHTN BUABUINCA
6i1bII YYTAMBAMM JIO JIii JOC/TIPKYyBaHUX CIIO-
TyK, HbK gpixmKononioHi kiaitunu C. albicans.
omo ApLXHKOMOIOHNX eleMeHTiB, TO aHTH-
(dyHraspHy akTMBHICTb HOCTIIPKYBaHUX CIIO-
JIyK CIOCTepirany Ha IOYaTKy (OpMYBaHHA
6iorutiBKM Ha BiMiHy Bif ridbanbHuX dpopm, sKi
BUABIINCA OUIBII YyT/IMBYMU Y CK/IJIi aCOIli-
aniit. Hait6ip11 ak TMBHMM BUSIBUBCSI T€TEPO-
MeTaniyanit komiuiekc NdEDDSCo 3 koHILieH-
Tpaniero 1 MKM, KU1 IpUTHIYYBaB y 4 pasu
pict xnitnn C. albicans y cycrieHsiiiHiil Kyib-
Typi HIOPiBHAHO 3 KOHTPOJIbHUM 3HAaY€HHSAM.
MeH1i KOHIJEHTpaLil LIbOTO KOMIUIEKCY MaJi
MEHII BUPaXeHY aHTUMIKOTUYHY Airo. IHImm

https://ucj.org.ua

pocmimKyBanuM komivtekcam (NAEDDS  ra
NdEDDSZn) mnpuramanHuii aHTUQYHraIb-
HWIT eeKT, AKMil CTaHOBUB O/M3bKo 50-55 %
nopiBHAHO 3 KoHTponeM (EDDS). BapianT ce-
pemoBMIia Ta BiAMIOBiAHO IMepeBakHa (opma
PO3BUTKY MIKpPOOPraHi3My He MAalTb CYTTe-
BOTO BIUIMBY Ha e(eKTVMBHICTb AOCIMKyBa-
HUX cronyK. KoMIiekcu 34iiCHIOIOTb CYyTTEBO
OiIPIIMIT BIVIMB Ha KJITMHM OIOIUIIBKM, SKa
YTBOPIOBAnacsA Yy IIOKMBHOMY CepefOBUILI
Cnaitnep, T06T0 Ha ridpanbHy GOpMy PO3BUTKY
mikpouetiB. OTxe, rihanbHi e1eMeHTV BUABM-
JIACS OUIBII 9y T/IMBYIMMY JIO Iii KOMIUIEKCIiB, HDK
npbxmxonopi6bni enementu C. albicans. Ilpn
BYKOPMCTaHHI IIPAKTUYHO BCIX KOMIIIEKCIB, AK
Ha PaHHIX CTafliAX Ky/IbTMBYBAaHHA acoljiallil,
Tax i1 Ha Oi/bILI Mi3HIX, CIiocTepiraay rajbmy-
BaHHA Ipolecy yTrBopeHH: GiommiBku. Ilomo
IPLKHKONOIOHNX e/leMeHTiB, TO Oibll Bupa-
JKEHY aHTUQYHIIbHY aKTMBHICTb JJOCTI/KY-
BaHIX CHOJNYK CIOCTepirasm Ha Oibmn misHix
crafiisx popMyBaHH: OiOIUIIBKIL.

KmouoBi crmoBa: eTnmieHfuaMiHVCYKIIN-
HaTHi KOMIUIEKCH, HeomuM, Kob6anbr(1I), mak
(II), anTHdyHrambHi BIaCTUBOCTI.
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I
COPBEHTH HA OCHOBI Ni, Fe-LLIAPYBATWX NOBINHUX
rIAPOKCUAIB TA IXHIX MATHITHUX HAHOKOMMO3WTIB

ANA QE3AKTUBALII | KOHLIEHTPYBAHHS IOHIB Cs(l)
1a Sr(ll) 3 BOAHWUX PO341HIB

T. C. Iy6euvxa, B. 4. [lemuenxo, H. I. Kobunincoka*

Incmumym konoionoi ximii ma ximii 60ou im. A. B. [Jymancvkoeo HAH Ykpainu,
npocn. Axad. Bepnaocvkoeo, 42, Kuie 03142, Ykpaina,
e-mail: kobilinskaya@univ.kiev.ua

IIposedero curmes ma nopieHANLHY OUiHKY adcopOuitinoi 30amuocmi 8ioHocHo ioHie Sr(1l)
ma Cs(I) kap6onamnoi ¢popmu Ni(1l)/Fe(1ll) - wapysamux noosiiinux ziopoxcudie (NiFe-LDH)
ma ixHix 6iHapHux Hanokomnozumie. JJocnioxeHo 6nnue Pisuko-ximiuHux napamempie cumme-
308aHUX COpOeHMiB HA eheKMUBHICMb MAZHIMHOT MeepO0Pa3HoT ekcmpakuyii 3a3HaveHux paodio-
HYK71i0i6 i3 600HUX po3uuHie. OyineHo ixHio edpexmusHicmv npu eunyuenni ionie Sr(1l) ma Cs(I) 3i
3minoto pH 600H020 cepedosuuya, a maxoim ompumano isomepmu copouii Ha ooepianux copben-
max npu pH, 4,5-5,0 ma nposedero ixwiil ananiz ma o6po6nenHs 0718 6CMAHOBNIEHHS MEXAHIIMY
COpOUitiHO20 BUNYHEHHS 3A BCiX CIMYNEHI6 3aNn08HeHHS copOUitinoz0 wapy ananimamu. IIpoanani-
308aHO NPUOAMHICb MAMEMAMUUHUX MOOeseli O OUIHKU KiHemUUHUX 3aKoHOMipHOCmell cop-
6uii padionyknidie na NiFe-LDH ma ixHix maeHimnux Hanokomnozumax. Ilokazaro adexeam-
Hicmb dugysitinux modeneti boiida ma Moppica — Bebepa na nouamkositi dinsinuyi (0o F = 0,4-0,6)
KiHemuuHUux Kpueux. 3pocmanus epekmusHux KoegivieHmie ougysii i KoHcmanm weuokocmi
adcopbuii kKinemuunux modeneti cnocmepicacmucs 6 paoy: Fe O <NiFe-LDH<Fe,O @NiFe-LDH,
a HatimouHiuie 6i006paxcae 3aKoHOMIpHOCMI cOpOuil Uux paodioHyknioie KiHemuuHa moOesnb
1ce8000py2020 NopsAOKy. 3a60AKU 8UCOKITI COPOUiLiHiL epexmuUBHOCMT Ma MeXHON02iMHOCMI 00ep-
HAaHi copOeHmu € nepcnekmMuUHUMU 05 OUUUEHHS 800 8i0 pAdioaKMuUBHUX 3a6pyOHI08AUi8.

KnrouoBi cnoBa: copbeHTy, pajjioHyKIiiu, MarHiTHa TBepogasHa eKCTpaKIis, TipoTanb-
KiT, MaTHETHUT.

BCTYII. AKTVBHICTb pifKMX pajjioakTUB- >XOPCTKOrO (- i y-BUIPOMIHIOBaHHA 1 J1Or0O

HUX BigxoniB i 06'eKTiB HaBKOIMIIHBOIO Ce-
pefoBMIIa 3HAYHOIO MIipOI0 BM3HAYAETHCA
BMicToM pagionykmigis '*’Cs ta *Sr, AKi npus-
HOCATb HAMOinbmmMii NpoOIeMHNMIT BHECOK
y MifiBUIIEHY pajioaKTUBHICTb IIPOAYKTiB
spepHoro nopiny [1]. Amke “’Cs € mxepenom

100

nepioj HamiBposmnaay craHoBuTh 30,17 pokis.
CBoe€ro 4eproto, *Sr € Bupa>keH!M [-BUIIPOMi-
HIOBayeM i J10ro 1epiofi HaIliBpO3IMaay AOPiB-
HIO€ 28,8 pOKiB. Ba)X/1MBMM MOMEHTOM TYT €
i Te, O MOTPAIUIAYM B OPTaHi3M JIIOAVIHA 3
DKEIo 4M BOJO10, I1i pafiOHYK/IiV CTBOPIOIOTH
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peasibHy 3arpo3y 340pOB'f0 JIIOANHY Ta iHIINX
JKUBMX ICTOT, OCKinbKM € isiomoriynnmnm
aHaJIOTaMI >KUTTEBO HEOOXiHMX MaKpoee-
MeHTiB K* i Ca?', a 1je BU3Ha4ya€ iXHE HAKOIIN-
yeHHs B M'a30Biit cucreMi (**’Cs) Ta B KicTKO-
Bilt TkaumHi (*°Sr).

Ynpopowx 6aratbox poKiB Iic/ist aBapii Ha
Yopuobunbcokint AEC BogHi cucTeMy HaBKO-
JI0O Hel iHT€HCHBHO BMBYAIM IJIA KOHTPOJIIO
HepeHeceHHs Ta Oi0HAKOMYeHHS HallBaXK/IM-
BilIMX JIOBTOCTPOKOBUX 3abpynHIOBauiB *Sr
ta '¥Cs [2]. Ha cporopni HaranpHa moTpeba B
TaK/X peTeNbHUX JOCIIPKEHHAX BiJIIana, ofi-
HaK icHye nmorpeba B IOCTiITHOMY, aje Oilbor
00Me)XeHOMY MOHITOPMHTY BOJHUX PecypciB
y JeAKMX KOHKPETHUX K/IIYOBMX JIOKAIIifAX:
BopHa cucteMa [Ipur’ars — JIHinpo, BKIova-
109M IIiZI3eMHi BOJIM, @ TAKOXX OKpeMi pidkM Ta
03epa B HailOIIbII MOCTPAXKAAMNX PailOHaX i
3axigHiit €spomni [3].

IIpuitHATO BBaXKaTy, WO 3 MifA3EMHUX
Bop ioHu Sr(II) maibxe CTOBiICOTKOBO BUITY-
YaOTbCA 32 PAXyHOK cOpOLil NmpupogHuMM
DIVMHUCTYMM MaTepiamaMy (MOHTMOPWIOHIT,
KAOJIiHIT), IPUPOJHUMIY II€OJIiTaMU Ta IPYH-
tamu [1]. [Ipupopni anromocuiikaTy, Maro4dn
3HAYHY KilbKiCTh BUCOKOAKTMBHUX COPOIIiii-
HUX IIeHTPiB, € eeKTUBHUMY KaTiOHOOOMiH-
HIUIKaMJy, 3aBJIAKM YOMY i KOHTPO/IOIOTh IIPO-
TiKaHHA MIrpaliiiHNX IPOLECIB €/IEMEHTIB Y
noBKi/ti [4]. OgHak ymcTi nmpuponHi MiHepa-
JIVL He MAIOTh BUCOKOI CIIOPiIHEHOCTI 3 ioHaMM
Sr(II) [4]. Buxopstuu 3 HEOOXiTHOCTI CTBOpEH-
H: 6ap’epiB Ha NUIAXY pafiiOHYKITiAiB, BaXK/In-
BUM € CTBOPEHHS MarepiasiB, sKi 6 MOeRHY-
Ba/IM BUCOKY e(DeKTUBHICTh CUHTETUYHNX He-
opraHiuHuX cop6eHTiB i 6ap’epHi BIacTMBOCTI
JelleBUX IIMHNUCTUX MaTepiaiiB, 10 MILHO
GbiKCyI0Th paiOHYKIIV 1 BUK/TIOYAIOTh MOX-
NUBICTD IXHBOI lecopOIii.

https://ucj.org.ua

[apysari mopsirui rigpoxcuan (IIIIT)
a00 CMHTeTUYHI IIMHY — Ije IIapyBaTi MaTepi-
amy i3 3arajpHOIO popMmyoro [6]:

[M?*, M* (OH),]*"[(A™),, mH,0],

me M?" i M’ - xaTioHM MeTasiB, IO PO3Ta-
HIOBYIOTbCS B OKTAeIpPMYHUX IMO3ULIAX Tif-
POKCUIHMX HIapiB, A" — MDKIIapOBi aHiOHN.
CTpykTypa TiipOTaJIbKiTONORIOHNX CIIONMYK
€ moxifgHoto crpykTypu 6pycury (Mg(OH),).
IsomopodHne 3amimenHs yactury ioniB Mg(II)
y crpykrypi 6pycury va M(III) npusBogutsh
1o GOpMYBaHHs HaUIMIIKOBOTO 3apsmy, L0
KOMITeHCYeThbcs aHioHamy. Hait6inbi BuBye-
H/M € TPUPOJHMII Ta CUHTETUYHMI MiHe-
pan rigporanpkit - Mg Al (OH) CO,-4H,O.
Bigomo 6e3niu iHmIMX IpMpomHMX MiHepasiB
Ta CMHTETUYHUX CIONYK, AKi MAalOTb CTPYKTY-
PY TiIpOTa/NbKiTy Ta XapaKTepuU3yoTbcA Pis-
HOI0 CT€XiOMeTpi€l0, MICTATH Ki/llbKa aHIOHIB
a60 moHay gBa Karionu [7].

JleTanbHUIT aHaMi3 IiTepaTypHUX IpyKepen
JO3BOJIAE KOHCTATYBaTM, IO 3HAYHY Kislb-
KiCTh pOOIT NpPUCBAYEHO BUIYYEHHIO iOHIB
Cs(I) Ta U(VI) [8], Tomi Ax acopTUMEHT cop-
6enTiB g BunydenHs iouis Sr(II) e sHauHo
ByX4rM [5]. ¥V mitepaTypi ocTaHHBOTO fecs-
TUpiY4Ys yBary BYEHUX IIPUKYTO O HIapyBa-
TUX TOABITHUX Timpokcupis [9] sk copbeH-
TiB 1 BuwrydeHHs ioHis Sr(II), sgebinbiroro
3aB[sAKM poOOTaM SMOHCHKUX IOCTiHUKIB
Komepa ta cmiBaBropiB [10, 11, 12, 13, 14],
AKI CHHTE30BaHO Ha OCHOBI TifpOKCH[IB
Zn(II) Ta AI(IIT) (Zn,Al-LDH), Li(I) Ta Al(III)
(Li,AI-LDH). Tlokasauno [10], mo Zn,Al-LDH,
IHTepKa/IbOBaHMII TpUETWIEHTeTPaMiHIeKca-
OLITOBOI0 KVIC/IOTOI0, MOXKe e(eKTMBHO IIO-
[JIVMHATY 10HYM PiJKO3eMe/IbHUX MeTaJliB i3 Cy-
mimri ioniB Nd(III) (0,078 mmons/r) Ta Sr(II)
(0,007 MMOB/T), IO MOXKe OYTV BUKOPMCTA-
HO A IXHBOTO e(eKTMBHOTO pPO3[ileHHs.
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BopgHouac iHTepKanALisa XenaTOyTBOPIOIYMX
rpyn etwneHauaMinterpaanerary (EJJTA) go
MDKIIAPOBOIO IPOCTOPY Ti€l XK MaTPUIIi IIpo-
SIBJII€ MEHIIY cropifHeHicTh o ioniB Nd(III)
i Moxxe OyTM BUKOpMCTaHa I COPOLiTHOTO
BuTydeHH: ioHiB Sr(II) Ha piBHI 3 iHmMMU
nepexigHuMM Metanmamu [15], mo mosBosie
OJHO3HAYHO CTBEPIKYBaTU IIPO KOMILIEK-
COYTBOPIOIOYMII MeXaHi3M IXHbOI B3a€MOJII
3 EJTA-rpynamu y Mi>KIIapoBOMY IIPOCTOpi
Li,Al-LDH [11, 12]. BogHo4ac BUSBIEHO, IO
cop6uiitHa 3maTHicTh 3paska Li,Al-LDH/E/[TA
nocrymnaerbes Li, Al-LDH, inTepkanboBaHUM y
TPUETHUIEHTETPAMiHI€KCAOTOBY KICIOTY IIpyU
BwrydeHHi iowiB Sr(II) y BomHOMY po3umHi
[13]. Ionu Li(I) posramoBani B OKTaegpu4HO
BibHMX TpocTopax y mapax AI(OH), y Li,Al-
LDH, TakuM 4MHOM CIPUAIOYN IOABI MO3K-
TYBHO 3aps/PKEHNX MiCllb y OpyCUTONORIOHMX
mapax [16, 17]. 3arajom kio4oBa BUMOTa 710
MOIIMHAHHS KaTiOHHUX 10HiB MeTasliB i3 BOJ-
HUX PO3YMHIB IIO/IATAa€ B TOMY, 110 LIapyBarTi
noABiViHI rigpokcuan MopudikoBaHi xemaro-
YTBOPIOIOYMMM TPYIIaMy, fAKi OTpUMMaHi Ipu
CIIiBocaji>KeHHiI 10HIB MeTasiB, He MOBMHHI
MICTUTU KOMIUIEKCOYTBOPIOIOYI iOHM MeTaliB
IO XenaTy, AKUI iHTepKa/lTbOBAHMII Y IIPOMIX-
Huit mwap [13]. [nsa BubipkoBOro BWITyYeHHA
ioniB Sr(II) 3ampomoHOBaHO BMKOPMCTOBY-
Batu Li,Al-LDH 3 iHTepkamboBaHOW 1-rif-
pokcieraH-1,1-11$ochoHOBOI0 KICIOTOW 5K
XeaTyo4uMM JIirangoM. TakyM UYMHOM, HaBiTh
y BuUIAAKy MopugiKyBaHHS XelTaTOyTBOPIO-
I0YVMMM JliraHJaMM CKIaJIHOTO CKIafy LIapy-
BaTi MOJABINHI TiJPOKCUAM XapaKTepU3YyHOTh-
Cs HEBUCOKUMM COPOLiiTHO-CeNTeKTVBHUMMU
B/IACTUBOCTSAMM BifHOCHO ioHiB Sr(II).
3Ha4YHO Oi/BIIOrO MOIIMpPEHHA IS O4Yu-
mwenHs Bop Bixg Sr(II) smobymm xommosuTHi
COpOEeHTN Ha OCHOBi MIapyBaTHX MOABITHMX
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MarepiasiB, Hanpukiaj, Mg,Al-mapysari no-
ABiViHI Tifpokcuay Ta KapOOHOBI HAHOTOYKY
(Mg, Al-LDH/C-dot) [18] ab6o rpadeH okcup
(Mg AI-LDH/GO) [19]. Y pob6oti Koitnpamx
Ta cmiBaBTopiB [18] mokasaHo, mo amcop6-
nifiHa eeKTUBHICTb CUHTe30BaHOro Mg Al-
LDH/C-dot 36inburyerbcs 3 0,007 MMOTIB/T 0
0,031 MMoOb/T 31 36inbIIEHHAM 3 5% 10 20%
BMICTy BYIJIELLEBOTO KOMIIOHEHTY Y CKIafi
KOMIIO3UTY BifnoBigHo. Toxi Ak BuXigHi Kap-
OOHOBi HAHOTOYKY MAIOTh 3HAYHO BUIILY COP-
ouirtHy emuicTh (0,157 MMOMIB/T), 1O MOXe
OyTM TOSCHEHO KOOPAVHALIIHMM 3B’513y-
BAaHHAM LITbOBOTO PafiOHYKIiAY (yHKIiO-
HapHMMU rpynamu (tTakumn sk —COOH Tta
-NH,), mo Bxoguth fio cknagy Kap6oHOBMX
HAHOTOYOK. AfcopO6iiiiHa 3[aTHICTD ByIJIE-
1eBMx HaHOKoMo3uTiB mopo Sr(II) smauno
3pOCTa€e IpYU BKIIOYEHHI [0 JIOTO CK/IaZy Tpa-
den oxcupy [19]. Crip BigmiTiTH, 110 MOTII-
IIeHHS aficOpOLifHNX XapakTepucTuk Mg, Al-
LDH/GO 3 iHKamncCynbOBaHMM aJIbTiHATOM,
IS SIKOTO BEIMYMHU T'PAHMYHOL cOpOLii Bin-
HocHo Sr(II), € sHauno BumumMu (2,28 MMOJIB/T
abo 200,64 Mr/r) TOpPIiBHAHO 3 BUXiHUM
Mg Al-LDH/GO (1,68 mmonb/T a60 147,84 mr/t).

KomIo3nuTyt 3 MarHiTHMMM BIACTUBOCTIMU
Ha OCHOBI IIapyBaTUX IOABIMHMUX Ti[pOKCHU-
IiB O3BOMAITb 3MEHIIUTH €KCIUIyaTaliiiHi
BUTpPAaTM Ha Bi[ii/IeHHA BifNpaIbOBaHOTO
copbeHTy Bif BOpHOI ¢asy Ta MiABUIINATH
TEXHOJIOTIYHICTh IpoIieciB copOuii 3a paxy-
HOK MAarHiTHOI TBepiodasHOi eKCTpakuii mif
qac po6OTY 3 pafjioaKTUBHO 3a0pyZHEHVMU
BOJHUMU cepefoBuilaMyu. ToMy OTpUMMaHHA
TaKMX MarHiTHMX HaHOKOMITO3UTIB Ta IXHE
3aCTOCYBaHHA JI/IA OYMIEHHA BOJHOIO cepe-
[OBUIIA Bifl pafiOHYKIIifiB, 0co6/MMBO i0HIB
mozno Sr(Il), € akTyaqbHUM I CBOEYACHUM
3aBIAHHSIM.
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Meroto 1iel pobotm Oyno opepKaHHS
MY/IBTUKOMIIOHEHTHMX MaTepialiB Ha OCHOBI
KapOOHaTHMX (OpM IIApPyBAaTUX IOABITHMX
TiIpPOKCUZIB, a TaKOXX IXHIX MAarHiTHUX Ha-
HOKOMIIO3UTIB i3 MarHETUTOM [JIsl OUMIIEH-
HA BOJHUX CEpeNoOBUIL Bil pafiOHYKIIiJiB
Ha npukiazi ioniB Cs(I) Ta Sr(II). BuByenns
ocobnmmBocTeil Ga3oyTBOPEHHS Ta CTPYKTYPU
BuxigHux Ni,Fe-mapyBatux mnopsiitHux rif-
POKCHJIB Ta MarHeTUTY, a TaKOXX MarHiTHMUX
HAaHOKOMIIO3UTIB Ha IXHiil OCHOBI y mIporeci
iXHBOTO CHMHTE3Y, BPAXOBYIOUM IIEPCIEKTUBY
BUKOPUCTAHHS iX SIK COPOEHTIB /I BUTy4YeH-
HA PafliOHYKJIiJiB i3 BONHUX PO3YMHIB IIpK-
POJHOTO Ta TEXHOT€HHOIO TIOXO/KEHHH.

EKCIIEPMUMEHT TA OBI'OBOPEHHA
PE3YJIBTATIB

2.1. Ooepycanus copOuitinux mamepianie

2.1.1. Memoouka cunme3sy wapyeamux
nooeitinux 2iopoxcudie. Onep>xaHHs KapOo-
HaTHUX ¢popm Ni,Fe-mapyBatux mnopsitHMX
rinpokcupis (NiFe-LDH) npoBopmau MeTo-
IoM criBocajykeHHs [6]. PosunH cosneit mera-
nie Ni(NO,),-4H,O ra FeCl,-6H,O 3 xoH1eH-
Tpaniero 100 r/n smimyBany y CliBBiHOIIEH-
Hi 3 : 1 Ta HarpiBaimu o 50 °C mpu nepemi-
IIyBaHHI Ha MarHiTHIN Millanaui nporaroM 15
XB Y Tpuropnosomy peakropi (500 mi) 3i 3Bo-
poTHUM XonmoaunbHNKOM. IToTiM y peakTop i3
PEeaKLifHOK CYMIIIII0 IIiff Yac IOCTiIHOTO
HepeMilllyBaHHs Ta IIOCTYIIOBOTO 301/IbLIIEHHS
temneparypu go 80 °C 1o Kpamisax gopaBaan
(2mn/xB) posunH cymimi 2 M NaOH (2 monb)
Ta 1 M Na CO,(1 MOJIb) IO BCTaHOBJIEHHS
pH na piBHi ~ 9.3 + 0.3. Opep>xaHy cycreH-
3110 TIPOJOBXXYBaIyM IEepeMilllyBaTy NpU Ha-
rpiBaHHi nporArom 18 ropguH. Ilani peakTop
3 yrBopeHum ocajgom IIIII' y mMarpmyHomMy
pO34YMHiI repMEeTUYHO 3aKpUBaIM i BUTPUMY-
Ba/IM YIPOAOBX 96 rof y cymmnbHil madi 3a
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~ 80°C. OTpumaHuMit NPOAYKT BigMMUBanu Jo
pH ~ 7 npoMuBHUX BOJ, Ta CyHIVIN IO CTAJIOL\
noCTiriHOI Baru 3a Temneparypu 120°C.

2.1.2. Memoodukxa cuHme3y mazHemumy.
linporepmanbumit cunres marnetuty (Fe O,)
IpOBOAVIIN 32 MOAM(pIKOBAHOI METORNKOIO
[20]. TTo 2,7 r FeCl-6H,O moveproso mnpu
nepeMinyBaHHi fogaBany 60 M eTU/IEHII-
Koo, 3,6 r NaOAc Ta 2,0 T momieTnieHrmiko-
10 3 MOJNIEKYIApHOI0 Macor 11500. ITposopy
peakuiiiHy CyMilll TepMETUYHO 3aKpUBA/IN B
Te(/IOHOBY BCTAaBKY aBTOK/IaBa 3 HeprKaBilo-
voi ctazi (200 mi). IToTiM aBTOK/IaB BUTPUMY-
Bajy npoTArom 12 rop 3a 180 °C. OpeprxaHuit
PO3YMH JIEKaHTYBa/Ii MarHiTHOIO Celapalli€ro
3a pgonomororo NdFeB marnity. Bimginenmit
ocay; npomyBany 70% eTaHo/IOM Ta 36epiramm
Yy BOJIHO-€TaHO/IbHOMY PO3UMHi Ji/I IOAAJIb-
IIOTO CUHTE3y HAaHOKOMIO3WTIiB. [l ¢ism-
KO-XIMIYHUX [JOCTi/DKEHb YacTUHY OfieprKa-
HOTro MarHeTuty Bucymysamm 3a 70 °C ympo-
TIIOBXX 3—4 TOgVH.

2.1.3. Memoouxa cunme3y mMazHimHozo
HAHOKOMNO3umy. MarHiTHUII HaHOKOMIIO-
sur (Fe,O,@NiFe-LDH) oTpumyBamu 3 BU-
KOPUCTaHHAM paHillle CUHTE€30BaHOTO Mar-
HeTUTy. Jlo AucreproBaHOro 3a HOIOMOTOI0
YAbTPa3BYKy MAarHeTUTY JOAABaIM PO3YMH
Ni(NO,), 6H,0 ta Fe(NO,),- 9H,0 3 monbHuM
cruiBBigHomenHsaM Ni(IT)/Fe(IIl), mo mopis-
HIO€E 3, a TakoX cedoBuHy (0,04 Monb) y TBeEp-
miit dopmi. Hapani orpumany cycriensito 3Ho-
By nucrepryBamu. Bmict Fe O, y peaxuiitHii
cymimn ckmagas 30 mac.%. Peakuiiiny cymim
IepeHOCWIN B Te(JIOHOBY BCTABKY aBTOKJIA-
Ba 3 Heip)KaBHOI cTasli. [epMeTnuHO 3aKpuTHIA
aBTOK/IaB BuUTpuMyBaau 3a 180 °C ynpoposx
24 ropymH. OTpuMaHi 3paskyM BiJOKpeMIIIO-
Ba/¥ HIOAMMOBMM MAarHiTOM Ta IIPOMMBA-
i 6e3BOHMM EeTAHOJIOM i JVICTU/IbOBAHOIO
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BOJIOI0 J10 HeliTpanbHOro pH npoMmBHMX BOZ.
OrpuMaHi Mar"iTHi HAHOKOMIIO3UTY CYLIVIN
3a 30 °C mpotarom 12 roguH.

2.2. Memoou O0cniOneHHA 00epHaHUX
copbenmie

HocnimkenHi cTpykTypu Ta pasu cuHTe30-
BaHUX 3pasKiB NPOBOAWIM 3a [JOIIOMO-
rOl0 METOZly PeHTTreHOo(a30BOro aHam3y i3
3actocyBaHHAM judpakTomerpa PANalyti-
calX'PertPro (CuK BumpominioBanus, A, =
1,54184 A) B miamasoHi kyTiB 260 = 5-80 y pe-
KMMi HOKpOKOBOI‘O CKaHyBaHHA 110 20 0,02°.
Pasom i3 Tmm 6yn0 BUKOPMCTAHO KaTasor
ICSD (International Centre for Diffraction
Data Sample, USA) pmna inpentudikanii das
OTpMMaHMX 3pasKiB. [I1g gociKeHHA XiMid-
HOI CTPYKTYpM OTPMMaHUX 3pas3KiB BUKOPM-
cramu [Y-@yp'e-ciexkrpomerp Nicolett 470
Nexus (Thermo Scientific GmbH) i3 Tabnery-
BaHHAM 3pa3KiB i3 KBr y flianasoHi XBuaboBux
gyicen 4000-400 cm™ i3 pO3/iNbHOIO 3aTHICTIO
4,0 cm'. CkaHyBa/IbHUI €eKTPOHHUI MiKpO-
ckon JSM-6100 JEOL i3 pgeTekTopoM Xapak-
TE€PUCTUYHOTO PEHTT€HiBCbKOTO BUIIPOMIHIO-
BaHH 3 JjUCIiepciero eHepril GoToHiB (eHepro-
AVCIepCiitHuM aHatisaTopoM — Microanalysis
INCA Energy 200) 3a po6o4oi Harpyru 20 kB
3aCTOCOBYBA/IN 1A JOCTIPKEHHA mMopdororii
OJlep>KaHIX 3pasKiB.

MarniTHi  BIaCTMBOCTI  MAarHETOBMIiCHMX
3pa3KiB BM3HAual@M 3a JAHMMM OTPUMAHMX
i3 BibpanirHoro Mmarnitomerpa (EV9 VSM,
MicroSense) 3a KiMHaTHOI TeMIIepaTypT Ta
cumu mons Bif -20 kA/m mo 20 kA/m. Fe O,
(98 %) BupobHMuTBa QipMy AlfaAesar (Ther-
mo Fisher Scientific) Bukopucramm sk cras-
INApTHUIL MaTepial.

Mopdornorito 3paskiB aHamizyBanm 3a Jo-
IIOMOTOX0 IIPOCBi4yBa/IbHOTO €/1eKTPOHHOTO
Mmikpockomna JEM-1400 Plus (JEOL, Snownisn)
3a IpUCKoproBaabHOI Hanpyru 200 kB.
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XiMiYHMII CK/Ta/l OTPMMAHUX 3Pa3KiB BCTa-
HOBJIIOBAJIM 32 JOIOMOTOK aTOMHO-abcop6-
nirtHoro ananisy (C-115-M1). 0,1000 r 3paska
posunmusamu B 20 mn HNO, (1 : 1) i3 Hactyn-
HIUM po3BefeHHAM amikBoTy (10 M) y 50 mn
OimucTIIPOBAHOI BOJIA.

2.3. [ocniosmcenns copbuiiinux enacmu-
8ocmeil o0eprcanux mamepianie

Copb6uiifHi B/IaCTMBOCTI Ofiep)KaHUX Ma-
TepiasiB pisHOro (pasoBOro ckaagy BiTHOCHO
ionis Cs(I) ta Sr (II) gocmimxyBanu B cTaTny-
Hux ymoBax. Posuunn HNO, i NaOH Buxo-
pucToByBanu 1A cTBopeHHA pH cycnensiit.
Konrponb pH posunnis fo (pH,) Ta micns (pH)
cop6buii mposopyu ionomipom pX-150 MU i3
KOMOIHOBaHVIM CK/ISTHUM €IeKTPOJIOM.

[T BU3HaUYeHHS OCHOBHMX COPOLilTHUX
IIapaMeTpiB Ta BCTAaB/IEHHA MEXaHi3My BUITY-
YEHHSA TOKCUMKAHTIB €KCIIEPYMEHTA/IBHO OTPU-
MyBa/IM i30TepMu copOIii.

2.3.1. I3omepmu cop6uii. I1pu focnimxen-
Hi COpOLIHMX BIACTUBOCTENl Marepiasis
oA0 0OpaHMX pafioOHYKIiAiB 3a i3oTepmid-
HVIX YMOB Y IIeHTpUQY>KHI IpO6ipKM EMHICTIO
50 My momimany cepilo HaBaXOK COPOEHTY
(0,1000 r) Ta momaBamm 1o 30 MJI MOJE/IbHO-
IO BOJHOIO PO3YMHY LIi/IbOBOTO aHAJITY 3 Ji-
anma3oHoM KoHneHTtpauin 0,05-1,00 mmonb/n
Ta ONTKUMA/IbHUM 3HadeHHAM pH. Otpnmany
CYCIIEH3il0 IepeMilllyBaay BIIPOAOBX 4acy,
HeOoOXi/THOTO /i1 BCTAHOBJIEHHS COPOLiiTHOI
piBHoBaru. Ilicnsa cop6buii BogHy ¢dasy Bimo-
KpemmoBamy 3a gornomororo NdFeB marnity
Ta IPOBOAVIIV aHa/Ii3 CyllepHAaTaHTy Ha BMICT
L[i/IbOBOTO aHAJIITY.

2.3.2. Bu3nauenna KoHueHmpauii ioHie
Sr(II), Ni(II), ma Fe(ILIII) 6 po3uuti. ATom-
HO-abcopO1iiiHe BU3HAYEHHs KOHIEHTpaIii
iOHIB MeTajiB y BOJHMX pO3YMHAX IIPOBO-
anm Ha criektpodorometpi «C-115-M1» 3a
BifmoBigHMX MOBXMUH XBub: 460,7 HM (Sr),
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232,0 um (Ni) ta 248,3 um (Fe). Ina monym’s
BYKOPMCTOBYBA/IM CyMillli rasiB IOBIiTps/alle-
TijIeH abo aneTmieH/okcup asory (I) sanexHo
BiJl TOC/Ti/IP)XYBaHOTO i0HA MeTay.

Insa  pospaxyHKy CTyIlleHsA BUIyYeHHS
(R, %) Ta BemuauHM cop6buii (g, MMOTb/T 260
MT/T) iOHiB MeTasiB 3aCTOCOBYBa/IM HACTYIIHI
dbopmynn:

Co — C,

C.

v
ge = (Co — Ce) e

ne C, ta C - movaTrkoBa Ta piBHOB&)XHa KOH-
LeHTpalid iOHiB PaJjiOHYKIIifiB y pO34MHI,
BifmoBigHO, MMOIB/1 (ab60 mr/m); V — 00’em
NOCTIPKYBaHOTO PO3YMHY, JI; M — HaBa)KKa
COpOeHTY, I.

2.3. Kinemuuni oocnioycenns. JJocmimKeH-
Hs KiHeTHKM cop6uii ioHiB MeTatiB IpoBOANK-
IV, BUXOSIYNM 3 OTPMMAHMX 3HA4Y€Hb BE/INYMH
cop6uii gocipKyBaHuX afcopbeHTiB 0 i0HiB
panioHyK/Iify, 06 B YMOBaX €KCIEPUMEHTY
B TIpolieci copOuii 3abe3neunTy MOBHe HACK-
4YeHHs1 COpOEHTIB 1jiboBUM aHamiToM. [loci-
IV IPOBOAVI/IN B CTATMYHUX YMOBAX LIIAXOM
KOHTAaKTy cepil 3paskiB copOeHTiB Macow
0,1000 r 3 amiKBOTOW BUXIJHOTO PO3YUHY
o6'emoMm 30 M. Pigky a3y Bigbupanm gepes
Pi3Hi MPOMDKKM 4acy Ta aHaji3yBaay BMICT
ioniB Sr(IT) Ta Ni(II) — atomHO-ab6copb1iTiHUM
MeTOfoM aHaimi3y. KiHeTWuHi eKcliepuMeHTH
IIPOZIOBXKYBaJIU JJO BCTAHOBJICHHS aZicOpO11iii-
HOI piBHOBAaru B CHUCTeMi, TOOTO 1O TOBHOTO
HaCVYeHHA COpPOEHTY aHaIITOM.

3.1. Xapaxmepu3auisi o0eprcanHux mame-
pianie

Kpucraniuny  CTpPYKTypy  Ofep>KaHOTO
Fe O, mingTBepmKyBamm JaHUMU TTOPOIIKOBOT
PeHTreHiBCcbKOI audpakiil y fiamasoHi KyTiB
20 Big 5 mo 80° (puc. la).

R = 100
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Puc. 1. JludpakrorpamMu ofep>kaHOrO MarHe-
TUTY Ta BilIOBiHNX CTaHJAPTHUX 3paskiB: Fe O,
(ICSD Ne 250540) Ta y-Fe,O,(ICSD Ne 40142)

Fig. 1. Powder XRD patterns of the obtained
magnetite and corresponding standard sam-
ples: Fe,O, (ICSD Ne 250540) Ta y-Fe O, (ICSD
No 40142).

SIx BupHO 3 puc. 1a, 3a IONOXKEHHAM OCHOB-
HUX pedriekciB y pmbpakrorpamax mpm Ky-
Tax BigburTa 20 = 21,5; 35,0; 41,5; 50,5; 63,4;
67,5 yrBopeHa (pasa Bipmoimae ¢aszoBomy
cxmapy marHetuty ICSD Ne 250540 (mpocro-
poBa rpyma Fd-3m O2, xy6iuHa cuHroHis,
napametpu rpatku a = 0,8397 um). Pednexcn
XapakTepHi I/ JOMIIIKOBOI MarHiTHOI dasu
marremity (y-Fe,0,, ICSD Ne40142), npu aHa-
nisi gudpakrorpam opepxkanoro Fe, O, He Bu-
asneHo. Ha ocHOBI faHux peHTreHoda3oBoro
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aHa/lidy pO3paxOBaHO 3HAYEHHA CEPESHbOTO
pO3Mipy KpUCTalTiB, AKe JOPiBHIOE ~16 HM;
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3HaueHH:A po3paxoBaHO 3a piBHAHHAM lllep-
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Puc. 2. ITopomuikosi sudpakrorpamu NiFe-LDH (a) Ta MaraiTHOro HaHokommosury (6)
Fig. 2. Powder XRD patterns of theNiFe-LDH (a) andcorresponding magnetic nanocomposite (b).

Amnajis gudpakrorpam ofep>kaHuX 3pasKiB
NiFe-LDHra Fe,O @NiFe-LDH (puc. 2) noka-
3aB HAsABHICTb XapaKTepHUX JyIA LIApyBaTUX
CrlonyK Habip pedriekciB y mopsKy 3poCcTaH-
Hi KyTa gudpaxuii (20), saxi Bignosigatots 6a-
3aJIbHUM BifjoOpakeHHAM niHin (003), (006),
(012), (015), (018), (110), (113) ta (116). 3a-
Ta/IbHMI BUIJISAJ, PEHTI€HIBChKOI AU paKiiiii-
HOI KapTMHM BKasdye Ha GopMyBaHHs JoOpe
KPUCTATi30BaHNUX  Tif[pOTaNbKITOMOIOHMX
apyBaTUX IOABIHMX TiZPOKCUJHUX Ma-
TepiajiB, a MOMOXeHHA pedIieKciB BifImoBi-
Jla€ TeKcaroHasbHii (fie a = b # ¢) cTpyKTypi
Ni ..Fe ,.(CO,),,,,(OH), - 0.38H,0 (JCPDS
No 40-0215).

Jns mocmimkeHux 3paskiB 0yn1o BCTaHOB-
JIEHO TIapaMeTpy IXHIiX KpUCTaMiYHUX I'PATOK
3a MOJIOKeHHAM andpaxuinHux niHin (003)
i (110), BM3HaUYeHO MiXIIAPOBi BifgcTaHi Jyis
6asanbHUX BinbutTis d,, Ta d,, BignosigHO

0.125

3
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(tabm. 1). [TapameTp pelriTku g, IKMit Bifjmo-
Biflae MiHiMa/IbHiil BifICTaHi KaTiOH — KaTiOH y
OpyCcUTOBOMY LIapi, KOPEJIIOE 3 IOMIOKEHHAM
niky nnomunn (110) (a=2-d,,,). 3amina iBo-
BasieHTHOrO KatioHa Ni(II) Ha meHmmit Tpu-
BajienTHU Kation Fe(IIl) B pemritii nmpusso-
ANUTD [0 3MEHIIeHH: 00'eMy KOMIpKIL, a, OTXe,
mapaMeTp d KOMipKM 3MeHINYETbCs 3i 30i/b-
meHHAM BMicTy ioHiB Fe(III). PospaxoBanmii
TlapaMeTp ¢ eJleMeHTapHoi Komipku (¢=3-d, )
B ~7 pasiB IepeBMINYE BifIIOBigHMII Iapa-
MeTp a. BomHowyac posmip KpucTamiTis, pos-
paxoBaHmii 3rifHO 3 piBHAHHAM Illeppepa
[21] i3 BukopucTanuam niky (003), cTaHOBUTD
100-150 HM, a 3 BUKOpUCTAaHHAM Ky (110) —
150-250 M. Ile BKasye Ha Te, 1O KpUCTa-
JTU TOHKi B HAIIPAMKY OCi € 1 TOBIIi B II/IO-
WMHi a-b BiANOBIZHO 1O 3arajJbHOIPUITHA-
TOi MOpQOIOrii YacTMHOK i3 IIapyBaTOIo
CTpyKTypOIO [6, 8].
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Tabmuns 1

ITapameTpu KpUCTanivHOI IPATKV CMHTE30BaHNX 3pa3KiB 3a JAHMMY IOPOIIKOBOI PEHT-

reHiBcbKoOI gudpakmii

Table 1.
Crystallattice parameters of synthesized samples according to XRD data.
Maruetutr lgpoTanbkiT
3pasox X X o - ]
d(m), A d(m), A ¢ A dmo), A a=b, A
Fe,0, 16 - - - -
NiFe-LDH - 7,755 23,26 1,550 3,100
Fe O @NiFe-LDH 17 7,852 23,57 1,549 3,098

ITpn ananmisi gudpakrorpam 3paskiB mar-
HITHOTO HAHOKOMIIO3UTY Ha 0CHOBI NiFe-LDH
BUABJIEHO pedriekcy, 1o BifnmoBizaoTh ¢asi
marHeTuty (puc. 2 6). 3rifHO HaHUX peHTTe-
HiBChKOI Audpakiiii, B MarHiTHMX HAaHOKOM-
NO3UTaX yci iHTeHCUBHI AudpaxuiiHi mkn
B jianma3oHi 40-60° xapakTepHi Jid KpucTa-
niyoi ¢asu marHermry. Ciip 3a3HaunTHy,
mo mudpaxuinHi miHil JoCTiKeHNX 3pasKiB
micns TifporepManbHOrO OOPOOTIEHHS CTa-
M BY>KYMMU 1 30imbIIMIacs iXHs iHTEHCUB-
HICTb, 10 CBiTYUTH NPO 30i/IbIIIEHHS CTYIEHS
KPUCTATIYHOCTi 3pasKiB, aje Ipu LboMy 30e-
piraerbcs iXHs HamiBHIMPUHA, TOOTO pO3Mip
KPUCTAJIB 3a/IMIIAE€TbCA HE3MIHHUM IO YIIO-
PALKYBaHHA CTPYKTYpPM MDKIIAPOBMX IIPO-
MIDXKKIB.

3 oTpuMaHuxXx AMQPaKTOrpaM BU3HAYE-
HO MDKIIApoBi BifcTaHi (Tabn. 1) BigmoBifHO
fio mepuioro 6asanbHoro BigourTa (d ;) mAnsa
NiFe-LDH Ta MarHiTHOro HaHOKOMIIO3UTY,
110 CTaHOBUTH 7,755 Ai7,852 A BiIIOBiTHO.
Bopnowyac cyTreBMX 3MiH HAIIBIUMPUHU Y
HaOibII iHTeHCUBHYX AMQPaKLiiHUX MiKiB,
Hanpuknag, (311) ama marnetury (puc. 2 6)

https://ucj.org.ua

IiC/IA TigpoTepMaTbHOTO 0OPOOTIEHHA He BU-
ABJIEHO, 1110 CBIYNTH PO HE3MIHHICTh pO3Mi-
py kpucraniry dasu Fe,O, npu cuHTe3i HaHO-
KOMIIO3MTIB.

Pesynbraru TepmMorpaBiMeTpUYHUX [JOCITI-
IKeHb BUXifgHUX 3paskiB NiFe-LDH y mupo-
KOMY iHTepBajli TeMIlepaTyp IIOKasaiu, L0
OCHOBHA BTpaTa Macy 3pas3KiB BijOyBa€eTbcs B
intepsani Temneparyp 180-350 °C, mo Mmo>xHa
CIIBCTAaBUTU 3 BUJAJIEHHAM TIiIpOKCUNBHUX
rpyn Ta (isMYHO 3B’A3aHUX MOJIEKY/ BOAM
[22]. Tlopanpina, BifHOCHO HeBelMMKa BTpaTa
Macy npu 36inbieHHi Temneparypu fo 550 °C
3YyMOBJIEHAa, BOYEBN/b, ITOBHVM PO3K/IaflaH-
HSM 3pasKiB i3 BUJIi/IEHHAM cyMili rasis (me-
pesaxxkno CO,, xoya HasBHiCTb NO, Takox
iiMoBipHa). BopHouac, 3a maHuMu peHreHo-
basoBux HOCiKeHD, TP 00PO6IEHH] 3pas-
KiB 10 180 °C miapyBaTa CTpPyKTypa He 3a3Ha€
Oynb-sKMX 3HAYHUX 3MiH, IIPO IIO CBigYaTh
IPaKTMYHO He3MiHHI BUJ| Ta 3HaUYeHHA -
PaKLiiHUX KyTiB Ha gudpaKTorpamax BUXif-
HOTO i KaJIbIJTHOBAHOTO 3pa3KiB. Brpara Macn
npu 1pomy ckmanma 14,3 %, mo Bipmosigae
1,2 monexyn kpucranisauiiinoi H O.
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[Toganpme mifABMIIEHHA TeMIEpaTypu
IPU3BOAUTH [O IIOCTYIIOBOTO PYJHYBaHHA
HIapyBaTOl CTPYKTYPU, PO 11O CBiYMUTH I10-
CTYIIOBe 3MEHIIEHHS iHTEHCUBHOCTI Habo-
py pedrekciB, XapakTepHUX IJIA LIapyBaTOl
CTPYKTYPH, Ta I0osABa pedIeKciB, AKi MOXYTb
6yTu BimHeceni o NiFe, O, cTpykTypn mimi-
Heni (ICSD Ne73676). [leske ixHe 3MillleHHsA
y Oik 3MeHIIeHHs MDKIUIOI[MHHUX BifcTa-
Heil MOXKe OYTH IOB's3aHO 3i CIIOTBOPEHHAM
KPUCTANIYHOI CTPYKTYpM Qepury Hikemro
npu pisanui y cisBigromenHi Ni(II)/Fe(III)
y CKJIafii IapyBaTUX IipPOKCUIB, 1110 I03BO-
JISI€ IPUITYCTUTY YTBOPEHHS (PePUTHMX LIIIi-
He/MiB 3MIIIAHOIO CKIajy, IO IiJTBEPXY-
€TbCS JAHVMU PEHTreHiBCcbKol audpakuii
(puc. 1). B inTepBani remmnepatyp 500-800°C
IIpoLleC TEPMOJECTPYKILii IPOTiKa€e BiTHOCHO
HIBUJIKO 1 He3a/eXXHO Bifi TeMmIlepaTypu 3a-
BEPILIYETHCS NMPOTATOM He Oinbie 1 roguuy,

Ipu IboMy 3a Iepuri 30 XB TepM0o06po6IIeH-
HA CTYHNiHb PO3K/IaJJaHHA 3pas3KiB HocArae
noHan 90%.

IIpn pmopaBaHHI JO Ka/bIIMHOBAHUX 3pas-
kiB 0,1 a6o 1,0 M po3uuHiB NaHCO, cnocre-
piraerbcs BiJHOB/IEHHS IIApyBaTOl CTPYKTY-
p¥ 3TifHO HaHUX peHTreHiBcbKOl amdpaxiii.
[TokasaHo, mo B nepuii 30 XB, HE3a/IEXKHO Bif
BJJy BiTHOB/IIOBA/IbHOTO CEPEJOBUINA, CTPYK-
Typa 3pas3KiB He 3a3Ha€ Oyfb-AKMX 3HAYHUX
3MiH. Pedexcu, xapakrTepHi mia mapyBaTol
CTPYKTYpPM, 3'ABIAIOTbCA 32 TPUBAIOCTI Bifi-
HOBJIEHHA 2 TOAVHM, 2 OCTaTOYHe POpMyBaH-
HA IIAPYBaTOl CTPYKTYPU JOCATAETHCA 32 [OB-
oi TpUBaIOCTi mpouecy (6 ToayH).

Cnip BigMiTUTH, 110 BIUIUB TEPMiYHOTO 00-
po6bnenns Ha Fe,O, Ta NiFe-LDH, a Takox ix-
HbOTO HAaHOKOMIIO3UTY B 6araTrbox BUIAJKax
€ IPUYNHOI MOP(}OIOTivYHNX 3MiH HAHOPO3-
MipHUX yacTok (puc. 3).

Puc. 3. Mikpodotorpadii ckanysanbHoi enekTponnoi mikpockorii Fe,O, (a), NiFe-LDH (6)
ta Fe,O,@NiFe-LDH(B) micna Bucymrypanns sa 120°C npotarom 2 rof
Fig. 3. SEM images of obtained samples: Fe,O, (a), NiFe-LDH (b) and Fe,O,@NiFe-LDH (c)
samples after drying at 120°C during 2 hours.

Is puc. 3 BuAHO, IO HE3a/lIEeXHO Bif IpH-
poaM Ta YMOB OCaJ)KE€HHS 3pasKiB IIC/IA BU-
CYIIYBaHHS BiffOyBa€Tbcs YTBOPEHHS [JyXKe
BEJIVKVIX arjioMepaTisB pisHoi popmu 3 po3mi-
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pamu Big 0,1 o 2 pM, AKi CKIafalOThCA 3 4Ya-
CTOYOK BUKJIIOUHO HAHOMETPOBOTO Jlialla30Hy
y CyCIIeHIIOBAaHOMY CTaHi (puc. 4).
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Puc. 4. Mikpodororpadii mpocBiuyBaibHOI eIeKTPOHHOI MiKPOCKOIIil OfepyKaHNX
spaskis: Fe O, (a), NiFe-LDH (6) ta Fe,O,@NiFe-LDH(z)
Fig. 4. TEM images of obtained samples: Fe O, (a), NiFe-LDH (b) and Fe,O,@NiFe-LDH (c).

AHaji3 JaHUX €JIEeKTPOHHOI MiKpOCKOMil
(puc. 4 a) mokasas, 1[0 MaTHETUT CKJIaJJA€ThCS
3 9acToK 20-25 HM, 110 MaIOTh cheponofioHy
¢dopmy. Le Topi, six g NiFe-LDH nepeBaxa-
I0Th IUIACTVHYACTI YTBOPEHHA PO3MIpOM Bif
50,0 mo 120,0 um (puc. 4 6). Ha mikpodoro-
rpadiax nanokommosury Fe O,@NiFe-LDH
(puc. 4 B) 4iTKO Bi3ya/mi3ylOTbCA HAHOYACTIH-
xu Fe,O, (20-80 um), sIKi 10B’13aHi MiX c06010
¢dasor0 mIapyBaTUX MNOABIHUX TifpOKCUAiB,
mo chopMoBaHa Ha ixHilt ocHOBi (50-110 HM).
TakuM 4MHOM, 3a JAHMMM NPOCBiYyBanabHOI
€/IEKTPOHHOI MiKpOCKOIIiI BCi OTpMMaHi MaTe-
piany € HaHOPO3MipHMMM, ajie MAaIOTh 3HAYHI
BifMiHHOCTi y MOportoTil.

Ins inenTndikariii OCHOBHMX KOMITOHEHTIB
HAHOKOMIIO3UTIB 6yy10 BuKopuctaHo Y- crek-
TPOCKOIiYHi focmimKeHHs (puc. 5). Ha migcrasi
feTasnbHOro aHanisy I'Y-cnexrpis spaskis NiFe-
LDH Ta Fe,O,@NiFe-LDH inentndikoBaHo xa-
PaKTEPUCTUYHI CMYTH IIOIIMHAHHA IIaPYBaTUX
MOJIBIIHUX TiZPOKCUJIB Y CKIa/li HAHOKOMIIO-
3UTy Ta MDKIIAPOBMX aHIiOHIB [23]: mmpoxa
cMyra, po3ramoBana Mk 3750 i 2700 cm™!, 1m0
BiITIOBila€ BaJICHTHVM KOJIVBAaHHAM BOJIHEBO-
3B sA3aHMX Tigpokcunis (Me-OH--H O) i mix-
mapoBol Bofu. Ii BMICT 3anmiaeTbcsa HE3MiH-
HIJM HE3aJIeKHO Bifl CK/IaZly HAaHOKOMIIO3UTIB;

https://ucj.org.ua

Apyra iHT€HCMBHA CMyTa IIOITIHAHHA, pO3Ta-
moBaHa mpu 1438 cm’!, IoB’s13aHa 3 HasIBHICTIO
HITpaT-aHiOHIB y MDKIIAPOBOMY IIPOMDKKY
[24], B pesymbraTi yTBOpEHHA HAHOKOMIIO-
3UTY CUMETPisd BKa3aHOIO aHiOHY IIOCTYIIOBO
sMeHuIyerbcss 3 D, mo C, mpu mepexopi Bin
IABOBAJIEHTHOTO [0 TPUBAJIEHTHOTO MeTajy
BIJITIOBI/THO 1 CITIOCTEpIraeTbcs 3MillleHHA CMY-
T HOIVIVHAHHA B KOPOTKOXBWIBOBY 00/1acTh
(1370 cm™); Habip cMyr pi3HOI iHTEHCMBHOCTI
B iHTepBarti Bix 1000 go 400 cm™ BigHeceHO 1O
BAJICHTHMX KONMMBaHb Me-O, 110 migTBepmKye
YTBOpPEHH: OPYCUTONOAIOHNX LIAPiB y CTPYK-
Typi MarHiTHOro HaHoxkomnosuty. HasashicTb
B IY-criekTpi iHTEHCMBHOI CMYTU IOIIMHAHHSA
(Vio) ipu 570 cM™' TATBEPIPKYE MarHETUTHY
CKJIaJIOBY [22] B HAHOKOMIIO3UTI.

KinpkicHmii ckmaj, OTpMMaHMX Marepia-
JIiB BCTAHOBJIIOBA/IM Ha IifICTaBi pe3ynbrariB
aTOMHO-a0COpOILIITHOTO aHasIi3y 3a MOTbHUM
BmictoM ioniB Ni(II)ta Fe(II, III), a Takox
CIIBBiJHOIIEHHAM KOMIIOHEHTIB y peaKliiii-
Hiit cymimm mig yac iXHbBOrO CMHTe3y, TOOTO
dopmynu marepianis Ni.Fe(OH),]CO,-1,2H,0
ta Fe,O,@([Ni Fe(OH),]CO,-1,4H,0), mo fio-
Ope Y3rOKYETbCA 3 TEOPETUYHNMM BMiCTOM
Bi[IITOBiJHO 10 CK/IaZly peaKLiiiHOl cyminii mif
Yac iXHbOT'O CHHTE3Y.
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Puc. 5. I9-cnektpu spaskis NiFe-LDH ra Fe,O,@NiFe-LDH
Fig. 5. FTIR spectra of theNiFe-LDH ra Fe,O,@NiFe-LDH samples.

AHaji3 3a71eXKHOCTI MMTOMOI HAMarHi4eHo-
CTi BijJj HampPy>XKEHOCTi MATHITHOTO IO/ [
3pasKiB BUXIJHOIO MarHeTUTY II0OKa3aB, IO
omepxanmit Fe O, € cyneprnapamMardHeTukom
[25], sskmit ONMCYIOTD Oe3ricTepe3nuCHO Kpu-
BOIO 3a/Ie5KHOCTI IMTOMOI HaMarHi4eHOCTI Bif
CWIVM MATHITHOTO MONA i, OTXe, HY/IbOBUMMU
3HAYEHHAMM KOEPUUTUBHOI CUIU (HC) i 3a-
JIMIIKOBOI HAaMarHideHOCTi HacUYeHHS: (Mr).
IToxasaHo, 1O MarHETUT XapaKTEPU3YETbCA
3HAaYeHHSAM IMTOMOI HaMarHi4YeHOCTi Hacu-
genna (M) 57,2 Tc-cm®/r. MarHiTHi BrmacTu-
BocTi Fe,O,@NiFe-LDH xapakrepusyoTbcs
BY3bKMMM METISAMU TiCTepe3NCy, TUIIOBMMU
I11 HAHOKPUCTAIIYHNMX MaTepiasniB [32]: 3Ha-
yenHa M_cranoButh 28,9 Ic-cM’/T, a koepiu-
THBHA cuna - 3,9 KA/m. IIpu oMy 3Ha4eHHA
nuToMoi HamarHivenocti Fe,O,@NiFe-LDH e
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I[I/IKOM JIOCTAaTHIM /11 e(eKTUMBHOI MarHiT-
HOI cemapalil Iif Ji€r0 IMOCTIMHOIO MAarHiTy.
To6ro, BMicT mrapyBaroi ¢asm Ha NOBEpXHIi
HAaHOYACTOK MarHeTUTY B CKIafli MarHiTHUX
HaHOKOMIIO3UTIB € CYTTEBUM BHECKOM Y IXHi
MAarHiTHI BTaCTUBOCTI.

CuHresoBaHi nonidyHKI[ioHaIbHI MaTepia-
mm 6y/10 IPOTECTOBAHO 1A COpOLiTHOrO BuU-
Ty4eHHA paJlioHYKIIi/IiB i3 BOZHUX PO3YMHIB.

3.2. Copbuiiini enacmusocmi o0epicanux
mamepianie w000 ionie Sr(1l) ma Cs(I)

3.2.1. Bnnue pH cepedosuusa. byno Bu-
BYeHO copb6iiito ioHiB Sr(Il) Ha cMHTe30BaHMX
Marepiajlax Ha OCHOBi kapOoHaTHUX QopMm
NiFe-LDH y cTaTM4HMX YMOBAX, a TAKOX IXHIX
HAaHOKOMIIO3UTIB B iHTepBai pH0 Bim 3 go 10.
OTpumaHi 3a/eXHOCTI CTyIeHS BUIYy4YEHHS
ionis Sr(II) Bin pH, Ta pH HaBefieHo Ha puc. 6.
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Puc. 6. Bimus pH na cop61ito ionis Sr(II) Ha spaskax Fe,O,(a), NiFe-LDH (6) Ta Fe,O,@NiFe-LDH(s)
(Ymosu: C (Sr(1)) = 0,1 mmonb/n, m = 0,050 1, V = 25 mi, t = 12 rog,
3a KiMHaTHOI Temneparypu (25°C))
Fig. 6. The effect of pH on the sorption of Sr(II) ions on Fe,O, (a), NiFe-LDH (b)
and Fe,O,@NiFe-LDH (c) samples (Conditions: C (Sr(II)) 0,1 mmol/L, weight 0,050 g,
V 25 mL, t = 12 h, at room temperature (25°C)).

Sk BugHO 3 puc. 6, copbuiiiHi MaTepianu,
AaKi Mictath NiFe-LDH, BUABIAIOTD BUCOKY
epexTUBHICTD mofo BwIydeHHA ioHiB Sr(II)
3 po3uMHiB y mmmpimomy aiamasoni pH (3,5-
9,0), Hix HeMopudikoBaumit MarHeTuT. Cry-
neHi ByTydeHH jyiA ioHiB Sr(II) spocTaroTs 3i
36inbmennam pH s ycix copbenTis Ta fo-
CATAIOTh MaKCMMAJIbHNX 3Ha4eHb pu pH 5-9
misa NiFe-LDH (~99,50 %), npu pH 6-8 mna

https://ucj.org.ua

Fe,O,@NiFe-LDH (~ 46,24 %) Ta npu pH 4-9
ma Fe O, (~24,3 %).

Bapro 3aznaunty, o npu pH < 7,5 cocre-
piraerbcs He3HauHe 36aradyeHHs BOJHOTO PO3-
yyHy ionamu Ni(II)) micisa KoHTaKTy 3 ofjeprka-
HuMI Marepianamu. IIpn npoMmy sHadenni pH
PpO3UYMHY aHaJIT 3HAXOHATHCA Y BUITIAN ABO3a-
PAJHOTO KaTiOHY B IIMPOKOMY KOHIJEHTpPALii-
HoMy iHTepBati (0,02-1,00 Mmmorns/n) (puc. 7).
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3rigHo pe3ynbTaTiB COPOLITHOrO BUTyYeH-
ua Sr(1l) 3 BogHux posumuis Ha Fe,O, 6yno
II0Ka3aHo, 110 Liell cOpOeHT € 30BciM Heedek-
TUBHUM JIl 3a3HAYEHOTO aHAJITy Y BCbOMY
miamasoHi gocnigxkenux pH posunHis.

Puc.7. [iarpamu posnoginy ¢opm 3Ha-
xomkenHs: ioHiB Sr(II) y BogHOMY po3umHi npn
C,(SrCl)) = 0,50 Mmonb/n

Fig. 7. Diagrams of the forms distribution of
Sr(II) ions in an aqueous solution at C (SrCl,) =
0.50 mmol/L.

3.2.2. I3omepmu copbuii ionie Sr(Il) na
ooepyucanux copbenmax. Pesynbratu focCmi-
JDKEHHsSI COPOLIHOI 3aTHOCTI Offep)KaHMX
copOuiitHux MarepianiB BigHocHO ioHiB Sr(II)
ta Cs(I) HaBezieno Ha puc. 8 mpu pH = 6,5.

6,
0.4- : : : : (a) ()
0.4

0.3 1
) T 0.3
- |2 -
] o
2 021 2 02
e 1 = l
o o

0.11 —6— NiFe-LDH ] 0.1 —o— Fe,0,@NiFe-LDH|

—o— Fe,0, —o— NiFe-LDH
00 —o— Fe,0,@NiFe-LDH 00 ——Fe;0,
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
C. (Mmone/n) C. (Mmonb/n)
Puc. 8. Isorepmu cop6uii ionis Sr(II)(a) Ta Cs(I)(6) i3 BogHUX pO3YNHIB Ha MarHiTHUX
copbeHTax Ta MapyBaTuX HOABITHMX rifpokcuaax (Ymosu: C, = 0,05-1,00 mmonb/n,
yac 12 rog, m = 0,0100 , V = 30 mi1, t = 25 °C)
Fig. 8. Sorption isotherms of Sr(II) (a) and Cs(I) (b) ions from aqueous solutions
on magnetic sorbents and layered double hydroxides (Conditions:
C,=0,05-1.00 mmol/L, time 12 h, weight = 0,0100 g, V = 30 mL, t = 25°C).
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Sk BupgHO 3 puc. 8, i3orepmm copoOuii
ioniB Sr(II) Ta Cs(I) ma NiFe-LDH Ta iioro
HaHOKOMITO3MTaX MOXKHA BimHecTu g0 L-Tm-
ny [26], o CBigYMTD PO BUCOKY CIOpifiHe-
HicTb copOeHTy i ajcopbary Ta BinmoBimae
XeMOCOpOLiiTHOMy MeXaHi3My B3aemopil. Be-
MMYMHU copOLii ofiep>kaHuX COpOEHTIB Bifi-
HOcHO ioHiB Sr(II) BcTaHOB/IEHO 3 TOPU3OH-
TaJIBHOI UIAHKY i30TepMu amcop6uii (puc. 8)
i cranoBnaTh 0,19 Mmonb/T ab6o 21,6 Mr/T 114

Fe,0,, 0,37 mmonb/t a6o 32,41 mr/t ga Fe,O,@
NiFe-LDH, 0,38 MmMonb/T a6o 33,29 mr/r mig
NiFe-LDH.

IIpoBemeHO MaTeMaTuM4YHE MOJENIOBaHHA
eKCIIepMMEHTA/IbHO Olep>KaHNX i30TepM copo-
uii 3a piBHAHHAMM JleHrMiopa i OperiHpixa.
PospaxoBaHi mapamerpu i3otepm copb6iii io-
HiB Sr(II) Ha omepkaHuUX ajfcopbeHTax y Me-
Kax mopeneit @pertHptixa Ta Jlearmopa ysa-

ra/IbHeHO Y ma6n. 2.

Ta6mmigs 2

ITapameTpu nineapusoBaHux ¢opm isorepm cop6uii ionis Sr(II) Ha ogep>kaHux agcop-
OeHTax Ta IXHiX HAHOKOMIIO3UTAX y paMKax mMoperneit @peitnaixa ta Jlenrmiopa

Table2.
Fitting of the Langmuir and Freundlich models to adsorption isotherms of obtained
samples.
PiBusanua Opeitagtixa Pipuanns JlenrMopa
K
CopbeHnt H K,
P LI [FVSHARTE 1/n R? K, e R?
1Un/p 1/MMOTb | MMOJB/T
Fe,0, 7,0 0,32 0,35 0,9246 45,61 0,19 0,9995
NiFe-LDH 7,0 0,87 0,49 0,9069 36,49 0,41 0,9979
Fe,0,@NifeLDH | 7 0,99 051 | 08674 | 3871 | 041 | 09965

Ipumimxa: K,1a K, - xoncrautu @peitapnixa Ta JlearmMiopa, BifmosigHo: g, - eMHicTb MOHOIIApY; R — koedi-

Li€EHT KOPEJIALII.

Sk BuAHO 3 Tab1. 2, BUKOPUCTAHHS MOJETi
Jlenrmiopa Kpallle ONNCY€E eKCIIepMMEHTa/IbHi
faHi y BCill 06/macTi JOCTiIKyBaHUX KOHIL[eH-
TpaLii JOCHPKYBaHOTO aHAITY, a BEJIMKI KO-
edinieHTV KopenAlii BKa3yloTh Ha IIPUITHATHY
MaTeMaTV4YHy BigmoBigHicTb (R?>0,9965), mo
CBifYaTh PO y4yacTh y normHaHHi ioHiB Sr(II)
PIBHOLIIHHMX COpOLiiiHMX LeHTpiB (eHepre-
TUYHO €KBiBaJIeHTHMUX 1 He3aJeXXHIUX), TOOTO
MIOBEPXHsI COPOEHTIB € O/IM3BKOIO 10 TOMOTEH-
HOI, fIKa IPU3BOAUTH 10 MOHOMOJIEKYIAPHOL
cop6uii. OgHaK peasbHa MOBEPXHS COPOEHTY

https://ucj.org.ua

K TBeppol ¢asu ckopilie HeogHOPIKHA, i 3a-
JIEXXHICTD eHeprii B3a€MO/il Bifi CTyIIeHA 3allo-
BHEHHS IIOBEPXHi aHAJIITOM 1 3a3BUYall ABJIAE
co6010 He3HayHO, ajie Clajjaldy (QyHKIio.
Baaemopist >k aficopOOBaHMX iOHIB pafiOHYKTi-
Iy MK co60t0 icHye Ha Oyzib-sKill IOBepXHi i
cTa€ Oi/lbII NMOMITHOWI 3i 30ibLIEHHAM CTY-
MeHs 3aloBHeHHs. BHecok 1iel B3aemMoii B
ayicopO1iito moBMHeH 36ib1IyBaTICs 31 3611b-
LIEHHAM CTyIeHsA 3anoBHeHHA. i mpoTumiex-
Hi edexTy B 0araTboxX BUIIAJKaX KOMIIEHCY-
I0Tb OJJMH OJJHOTO, TaK IO CIIOCTEPEXYBaHi
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3HA4YeHHs BeMMYMH cOpOLii B IIMPOKOMY iH-
TepBajli CTYIIEHIB 3allOBHEHHA IOBEPXHi IIa-
pyBaTuX IOABIMHMUX TiZPOKCUJIIB MOXYThb
3aIMIIATUCA IPAKTUYHO TOCTIIHMMM, LIO
BifloOpa)KeHO B 3HAYEHHSX IapaMeTpiB Ofiep-
>KaHMX 3a Mofieo Jlenrmiopa. Kpim toro, pe-
aJIbHa 3MiHa BeMYMH COPOIii MOXKe KOMIIeH-
CyBaTuCA 3MIiHOIO €HTPOIil B cucTeMi. AHali3
3Ha4YeHb €MHOCTE) MOHOLIAPY HOCTiIKEHNUX
COpOeHTiB, pO3paxOBaHMX 3a JOIOMOTO MO-
merni JleHrMIopa moKasas, 10 IXHs copOIiiiHa
3garHicTh mopo ionis Sr(II) spocrtae B pamy
Fe,O,<Fe O @NiFe-LDH~NiFe-LDH, 1o ys-
TOJI)KY€ETHCA 3 EKCIIEPUMEHTA/IbHYMMY JAHVMI.

AHaji3 3Ha4eHb IapaMeTpiB eMIIipUYHO-
ro piBHsaHHsA PpeitHtixa nmokasas (Tadm. 2),
o /i OiMBIIOCTI 3 Offep)KaHUX COPOEHTIB
11 MOJie/Tb 3aJI0BIIBHO ONMCYE cOpOlLilo pa-
HiOHYK/Mify /muire B 06macTi cepemHiX KOH-
LIeHTpalliif, a Hailbi/IbII BUCOKI 3HAUYeHHS KF
oTpuMaHi i cop6uii ioniB Sr(II) Ha moBepx-
i Fe,O,@NiFe-LDH, ocKiibKu MOfieNib aficop-
6uii @peitHaixa 3HAYHOIO MipOI0 BPaXOBYE
HEOTHOPI/IHICTD TOBepXHi COpOEHTy, TOOTO
oflep>KaHi JlaHl pO3paXyHKIB MOXYTb CBIJ4YM-
TU IIPO HasABHICTb KI/IBKOX TUIIIB eHEPTETUYHO
HEpIBHOL[IHHMX AaKTUBHUX LIEHTPIB y CKIafi
Mar"iTHOrO HaHOKOMIIO3UTY.

3.2.3. Kinemuxka cop6uii ionié Sr(II) na
odeprcanux copbenmax. [JocmimKeHHs KiHe-
TUKN copouii ionie Sr(II) mokasanu, mo pis-
HOBara B CUCTeMi JOCATA€ThC 3a 20 XBUANH
(puc. 9). IIpn iboMy MaKCMMaTbHA Be/IMYMHA
cop6uii Kopemoe 3 pesynbTaTaMu, Ofiep>ka-
HUMIU 3 eKCIIEPUMEHTAJIbHUX i30TepM copOIIil
(puc. 8). [ToyaTkoBa cTafisg XapaKTepU3yEThCS
BJMICOKOIO IIBUJKICTIO BWJIY4E€HHA 3 IIOfAJIb-
LIVIM 3HVDKEHHAM 110 Mipi 3MEHIIEeHHA Ki/IbKO-
CTi BiIbHUX IIeHTPIB afcopOILii Ta JOCSATHEeH-
HSAM HaCUYeHHS.
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Puc. 9. Kinernuni xpusi cop6uii ionis Sr(II)
3 BOJHMX PO3YMHIB Ha OJepXKaHUX cOpOeHTax
Ha OCHOBI LIAPYBAaTUX IIOABIMIHUX TigpPOKCUNIB
(YmoBm: m = 0,01 1, C, = 1,0 mmonb/m, T =25 °C)

Fig. 9. Kinetic plots for Sr(II) ions on obtained
sorbents from aqueous solution (Conditions:
weight = 0,0100g, C, = 1,0 mmol/L, T = 25 °C).

[lI1 TOBHOTO ONINCY KiHETMKM IIPOLeCy
cop6uii ioniB Sr(II) Ha omepxaHmx copbeH-
Tax, sIKUI1 6a3yerbcs Ha BU3HAYEHHI OCHOB-
HOTO MeXaHi3My BU/IyYE€HHS aHaiTy, i Ho3-
BOJIAE BM3HAYUTU JIiMiTyrouy crajito. [lnda
MOJIe/TIOBaHHSI LIbOTO IIPOLIeCy BUKOPVCTOBY-
Bajt 11py3iiiHi Mozesni BHY TPillIHbOIIOPYCTOL
mngysii (mopeni Moppica — Bebepa [27]) Ta
3oBHimHbONOpuUcToi mndysii (mopmens boit-
na [28]), Mopmeni ICEBRONIEPLIOrO IMOPSAKY
Jlareprpena [29] Ta ICeBROAPYroro MOpPAAKY
Xo Ta Makkes [30]. BigHeceHHS KiHeTMYHMX
KPMBMX IO OJHOTO 3 TUIIB KiHETVMKM [03BO-
JIsI€ PO3PaxOBYBATH 3a €KCIIEPUMEHTAIbHYIMU
KpuBUMM edeKTuBHi koediumientn mudysii,
IO SABJISIOTH CO000I0 KiHeTnuHi KoedilieHTn,
AKi BpaxoBYIOTb sAK AudysiiiHi ocobmmBocTi
TPAHCIOPTY MOJIEKY/T y cOpOLiiiHiil cucTeMi,
TaK i Mpouecy, 110 IPOTIKAITD ITapase/IbHO Y
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¢dasi copbeHTy, HaNpuUKIaz, MPOTOIi3y, COMb-
BaTallii TOIIO.

Iudysirtny mMomenp boiima HOLiNbHO BU-
KOPUCTOBYBaTH [Isl ONKCYy BUIIAJKIB BHY-
TpiltHbOANY3ilfHOrO MiMiTyBaHHA KiHETUKM
cop6buii Ta po3paxyHKy edekTMBHUX Koedi-
nienTiB gndysii [35]. Takum unHOM, Koedii-
eHTV mudysii MO>KHa pO3paxyBaTy 3a TAKOIO
dbopmyroro:

6 1 ,
F=1 —PZ Eexp(—Btn )
n=1 R

fe F — cTyniHb HaOMVDKEHHS BEMMYVMHU COP-
6uii o pisHOBaryu, F = q_/q; q_— BenuuMHa
copOr1ii Ha MOMEHT Jacy ¢, MMOTIb/T; g — BENN-
YHa afcopOLii mpy KOCATHEHHI cOpOLiTHOI
piBHOBary, MMOb/T; B — KiHeTn4HuMit koedi-
nient, B = D nz/rz, ¢!, ¢’y D - epexrupHmit
0

xoedinienT nudysii, M*/c; r, - cepenniit paiyc
3epHa COPOEHTY, CM; ¢ — 9ac KOHTAKTY COpOeH-
Ty 3 PO3YMHOM aficopOaTy, XB; 1 — I uncna
1,2,3...

PospaxyHok edekTUBHMX KoedillieHTiB
nnysii TpoBOANIV 3 BUKOPUCTAHHSM 3a/I€X-
HocTi F Bif t2[31] 3a ¢popmyrnoro:

VA
D_s

Tz 2
—tga’.

PiBHsanHA Mopeni Moppica — Bebepa [34],
IO ONNCY€E BHYTPIIHBONOPUCTY Audy3iko,
Ma€ TaKuI BUIJIA:

Qe = kig -Vt +C,

me K, - KOHCTaHTa MIBUJIKOCTI nndysii,
MMonb T xB% C - mapamerp, IIOB'A3aHMII 3
TOBLVHOIO IIPUTPAHNYHOrO 1Iapy, MMOJIb/T.
PiBHAnHA niceBponeporo nopAnxy Jlarep-
I'PeHa IIMPOKO BUKOPUCTOBYIOTH IS OINCY

IIBUAKOCTI aficop6buii 3abpypHioBayiB i3 Boa-

https://ucj.org.ua

HVX po3uuHiB [36]. Y niniitHilt popmi e pis-
HSHHS BUITISJIA€ TaK:

In(qe — q.) = Inq, — kq - t,

fie k, — KOHCTaHTa IMBUJIKOCTi IICEB/IONEPIIOTO
HOPSAZAKY, XB ™.

Ile piBHAHHA OINMCYE BMUIIAJKM IUIIBKOBOI
nudysii, sika KOHTPOTIOE LIBUIKICTD afcopo-
1[il MPOTATOM KiZTbKOX IEePIINX XBUINH B €KC-
IIEPUMEHTAX i3 TepeMilllyBaHH M.

PiBHAHHA mceBoOApyroro nopAgky Xo Ta
Makkes [37] mIMPOKO BMKOPMCTOBYIOTb AJIA
OINCY KIHETUYHMX 3aKOHOMipHOCTEN aficop-
6uil. B nineapusoBaniit ¢popmi 1e piBHAHHA
MO>KHa 300pasuTy HACTYITHMM YVHOM:

t 1 t

de k243  qe

7

e k2 — KOHCTaHTAa MIBUKOCTI COpOI1ii ceBo-
[PYToro mOpsiIKY, T-MMOIb ' XB /2.

IIpypaTHICTD BUKOPUCTAaHHA KiHETUMYHMX
MoOfie/Iell BU3HAYa/ly METOMOM JliHeapu3allil
JAaHUX Y KOOpAMHATaxX IiXHIiX iHTerpajbHMUX
PiBHAHD Ta CTATUMCTUMYHOIO aHa/i3y 3 BMU3Ha-
yeHHAM KoedinienTiB kopensanii (R?).

Y pamkax gudysiitHux mozernert Moppica —
Be6epa Ta bBoiifa BUKOPUCTOBYIOTH KilbKic-
HUI MigXiJ 11 TEPBUHHOIO PO3MEXYBaHHA
30BHILIHBO- Ta BHYTPIiLIHbOAM]Y3iltHOTrO JIi-
MITyBaHHA afcopO1il, o nepepb6avyae aHami3
KiHEeTMYHUX JaHuX y KooppuHarax F = f(*) ta
-In(1-F) = f(t) BinnosigHo.

Jlineapusania J[aHUX Yy KOOpAMHATaX -
In(1-F) Bip t 3 R*> 0,9 (puc. 10 a) Mo>xe BKa-
3yBaTU Ha 30BHIMIHbOAMDYSIIHUIT MeXaHi3M
aycop6uii. [ly1s Beix HOCTIKYBaHUX PEYOBUH
Ha II0YaTKOBII A/IAHII KPMBOI CIIOCTEPIraeTh-
Cs1 HeJTiHilTHA 3a/IeKHICTh 3MiHNU afcopOIil Bif
4acy, 110 CBIJYUTD IIPO BIUIMB IUIIBKOBOIL 11~
¢ysii Ha mpomuec copOwii.
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Puc. 10. Kinetnysni 3anexxnocti cop6uii copbentamu ionis Sr(II) 3 Bognux posunuis 3 pH 6,5
y KooppamHarax piBHAHHA boitza (a) Ta Moppica — Bebepa (6)
Fig. 10. Kinetic plotsSr(II) ions on sorbents from aqueous solutions at pH of 6.5 according
to coordinates of the Boyd (a) and Morris — Weber (b) models.

3anexHnocri F Big 7 B KoopanHaTax pis-
HsAHHsT Moppica - Bebepa (puc. 10 6) aist cop-
6uii ionis Sr(II) Ha omep>kaHuX cOpOeHTax He €
TiHITHUMY, 10 CBiTYUTD PO 3MilIAHO-AUPY-
31iHMIT MeXaHi3M KiHeTMKM afcopoOuii, Koau
IpoLec He MO)K€ OIHO3HAYHO JIIMIiTyBaTuCA
30BHILIIHBOI a00 BHYTpILIHBbOW Andysiero.
Lle noBoguTh, mo audysis ionis Sr(II) o cop-
OLi/IHMX LIeHTPIiB LIapyBaTUX HMOABIHNX Tifi-
POKCUJIB Ma€ CKIafiHui Xxapakrep. [lepma gi-
JIAHKA KPUBOI BiINOBija€ MIBUKiI 30BHIIIHIN
nudysii aHaTiTy 3 pO34MHY IO 30BHILTHBOI IIO-
BepxHi copbeHTa. [Ipyra #insHKa KpMUBOI ONM-
cye nudysio copbara i3 30BHIIIHBOI TOBEPXHIi
copbeHTa B 00’eM 11 Biobpaxae O1MMU3bKY [0
PiBHOBa)XHOI CTafifo copOmuii y cucreMi, s
SIKOI XapaKTEePHUM € YIIOBI/IbHEHHA BHYTpIlI-
HbOYACTMHKOBOI I1(ysii BHAC/TiZOK 3aI0BHe-
HHS COpPOLiTHNX LIEHTPiB Ta 3MEHIIIEHHs KOH-
LIeHTpallil i0HiB paZiOHYK/Iiy Y PO34MHi.

EdextuBHi xoedinientn mudysii ta immi
KiHeTMYHi mapameTpu 6y/I0 pO3paxoBaHO s
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IOCIi>KeHnX BUMAAKiB cop6buii ioniB Sr(II)
Ha Ofiep)KaHUX copOeHTax 3rigHo 3 mudysiit-
Humu Mopensmu Moppica — Bebepa ta boiina
(Tabm. 3).

Cepen opiepxaHuxX 3paskiB copOeHTiB
koedinienTr mudysii 3pocraroTh Y pAARY
Fe O <NiFe-LDH<Fe O ,@NiFe-LDH, a, oTxe,
11 mBUAKicTh Audys3ii ioHiB MalTh Taky 3aKo-
HOMIpHICTb, AKa BiffoOpa’kae BiIMiHHOCTI y
Be/IMYMHAX COPOILii, a TAKOXX ITOPUCTOCTI 3pas-
KiB. Tak/IM YHOM, aHaJ1i3 KIHeTUYHUX KPUBUX
CBIJYUTD IIPO Te, L0 MIBUIKOCTI MACOIIEPEHO-
CY Ha IT0YATKOBIIl Ta KiHI[eBill cTafisax copouii
ioniB Sr(II) cyrreBo BifpisHswThCA. lopibHi
pesynbraty 0y/I0 OTPUMAHO B TOCTIPKEHHSAX,
AKI BUKOPUCTOBYBA/IU TiIpOTANIbKITH K COP-
6entu g Cr(VI) [32], SO, ta PO,> [33], a
TAKOX iHIIi HeopraHiuyHi COpPOEHTN 3 HU3KOIO
ionis Cu(II), Zn(II), Cr(III), Pb(II) i T. 1. [34].
HOyxe Huspkuit koediumient audysii Bkasye
Ha Te, 110 KaTiOHM IIOBIZIbHO IIEPEHOCATHCA
yepes pifiKy IUIBKY, [0 OTOYY€ YaCTUHKY, a,
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OTXKe, Ile Ma€ BIUIMBATH Ha IIPoLeC aficopOIil.
IToni6HuM 4mMHOM 6y/I0 BUABJIEHO, 1O COPO-
nis Cd(II) i Pb(II) Ha akTMBOBaHOMY OKCH-
ni amoMminilo [35] mae koedimienT audysii
1,906-1071° i 1,39-107'° m?/c BimmosigHo. Mo-
Jle/IIOBaHHS aficopOLii € BaxmmBuM s Qe-
HOMEHOJIOTIYHOI XapaKTepUCTUKN IPOLieCy Ta
IPOTHO3YBaHHs MOBENIHKM afcopOIii B 6e3-
IepepBHUX peaKTopax i cucremMax Oinbuioro

MacItady, CpysI04Yy po3po6bIeHHI0 IpolLecy
Ta J10r0 MacmTabyBaHHIO.

[TpoBeneHo 0OpOONIEHHS OTPUMAHUX €KC-
MEpUMEHTAIbHUX JIAHUX 3TiHO MOJenen Ki-
HEeTHKM COpOLii ICEeBIOMEPLIOro Ta IICEBJO-
IPYTOro MOPAMKiB, 3HAYEHHs KOHCTAHT Kk, Kk,
Ta qe"“’ (Tabn. 4) mia KiHeTMYHMX JAHUX BU-
nydenHs ioHiB Sr(II) Ha cuHTe3oBaHMX cop-

OeHTax.
Tabmmsa 3

KineTnuni mapamerpu cop6uii ionis Sr(II) Ha ogep>kaHux cop6eHTaxX po3paxoBaHi 3 BU-
KOPUCTAaHHAM KiHeTHYHNX Moperneit Moppica — Be6epa Ta Boiiga

Table 3.

Kinetic parameters for Sr(II) ions on sorbents from aqueous solutions according to the

Boyd (a) and Morris - Weber (b) models.

Mogens Moppica — Bebepa Mogens boiiga
3pasox C K
id 2 2 -1
(MMonb/r) | (MMOnbI'cY?) R D, em’/c B¢

0,0106 0,0213 0.9985

Fe O 5.76 10" 2,27-107
i 0,8021 0,0019 0.999
i 0,0196 0,0189 0,8989

NiFe-LDH 2.16 10 1,52-107
0,869 0,0012 0,9755
) 0,0237 0,0205 0,9789

Fe O @NiFe-LDH 5.15-10°® 2,59-107
e 0,867 0.0020 0,9909

Tabmus 4

Kinernuni mapamerpu cop6uii ioniB Sr(II) Ha cuHTe30BaHMX COpOeHTaxX IS MOpeni
IICEBOTIEPIIOTO Ta MCEBAOAPYToro nopsiaky npu pH = 7,0

Table 4.

Kinetic parameters of sorption of Sr(II) ions on synthesized sorbents for the pseudo-first

and pseudo-second order models at pHO = 7.0.

Mopenb nceBRONEpIIOro Mopenb nceBoOgpPyroro
HOPAAKY HopARKY
3pasok
qeexp qecal kl qecul kz
(Mmonb/r) | (MMonb/T) | (xB7!) R? | (mMonb/T) | (r-MMonb! xB712) R?
Fe O, 0,19 0,10 0,0309 | 0,8666 0,16 0,1997 0,9927
NiFe-LDH 0,38 0,26 0,0253 |0,8618 0,43 0,182 0,9777
Fe O, ,@NiFe-LDH 0,37 0,27 0,014 |0,7633 0,44 0,352 0,9963

https://ucj.org.ua
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PiBHAHHA IICEeBAONEPLIOro NOPANKY afeK-
BAaTHO BM3HAYa€ 3aKOHOMIPHOCTI cop6iii Ha
II0YaTKOBMX eTamnax (7o 10 XB) agcopbuiitHOro
npomecy (Tabsn. 4.), Kony 3HaAYHMIT BIUIVB Ha
IIpoLieC Ma€ ABUILE IIIBKOBOL ;[M(by:-;i'l'. Boue-
BUIb, 30inbIIeHHs KOHIeHTpawii ioniB Sr(II)
0insg mMoBepxHi Ta B MDKIIAPOBOMY IIPOCTO-
pi copOeHTIB y 1OYaTKOBI MOMEHTM HpOIeCy
(F < 0,5) 3a HeBUCOKMX CTYIEHIB 3aIIOBHEHHS
COpOLiIHUX LIeHTPiB MaTepiaiB amcopOIiii-
HUJI TIPOCTip NPOBOKYye [udy3ilo MOMeKy
ajicopbary BCepefuHYy MDKIIapOBOIO IIpoO-
CTOpPY COPOEHTY IIijj BIVIMBOM Ipajii€HTa KOH-
LeHTpalil aHaJliTy y BofHOMY po3unHi. Kpim
TOTO, PO3paXOBaHI 3HAYE€HHA BEINYUH qe““l,
BJM3Ha4YeHi 3a piBHAHHAM JlareprpeHa, cyTre-
BO BIJPi3HAIOTHCA Bifi BINIIOBIIHUX €KCIIEpU-
MeHTabHUX BennuuH (q.°7) (Tabm. 4).

byno BcraHOBNEHO, O BCi eKcIepUMeEH-
TaJIbHI JaHl B KOOPAMHATaX PIBHAHHA IICEBJO-
APYTOro MOPAJKY MPOTATOM BCbOTO €KCIIEpPH-
MEHTY OINMCAHO 3 BUCOKOI TOYHicTIO. Takum
YMHOM, KiHeTMYHa MOJe/Nb IICEBJOJPYrOro
HOPAAKY Kpale onycye cop6ouito Sr(Il) cunre-
30BaHMMU COpOEHTaMy, HDK MOJIe/b IICEBI0-
IEPILIOTO NOPANKY.

BVICHOBKHM. MeTtogoM cCIiBOCaI>KEeHHS
KOMIIOHEHTIB 3a TifpOTepMa/lIbHUX YMOB CUH-
TE€30BaHO Cepilo MapyBaTUX NOABIHUX Tif-
POKCUJIIB PARY TiPOTA/IbKITY, IO MICTATb Y
MIO3UILIIAX ABO- Ta TPU3apALHI I0HM MeTasliB y
CTPYKTYpi OpycuTomnofiOHMx mapiB KaTioHM
Ni(IT) ta Fe(III) BigmoBigHO, a TaKOXX HaHO-
KOMIIO3UTH Ha ixHill ocHOBi. Opeprkani cop-
OeHTM BMKOPUCTAHO MJIs BUBYEHHs copoOLil
Sr(II) Ta Cs(I) i3 BOEHMX PO3UMHIB 3a/IeXKHO

BiJl IXHBOI BUXiJJHOI KOHIeHTpauii, pH cepe-
JOBUILA Ta TPUBAJIOCTi KOHTAKTy (pa3. Bcra-
HOBJIEHO, IO Haitbimbl edekTuBHA COpO-
nia iowis Sr(II) BinbyBaerbcsa mpu pH 5-9
mnsa NiFe-LDH (~99,50 %), mpu pH 6-8 mua
Fe,O,@NiFe-LDH (~ 46, 24 %) ta npu pH 4-9
nna Fe O, (~24,3 %). AHanis KiHeTUYHMX KPU-
BUIX i3 BUKOPUCTaHHAM Mojesneit Jlareprpena,
Xo ta MaxkKes, Boitna Ta Bebepa — Moppica
[I0Ka3as, 1o npouec cop6buii Sr(II) na omep-
JKaHMX IIAPyBaTMX IIOABIMHMUX TifpOKCUAAX
Ta IXHIX HAaHOKOMIIO3MTaX ONNCYIOTh KiHe-
TUYHOK MOJE/UII0 IICEBNOLPYIOrOo IOPAL-
Ky. 3a mopenAamu Jlenrmropa ta @peitHtixa
pO3paxoBaHO IapaMeTpy PIBHOBAXKHOI COP-
6uii Sr(Il) Ha ycix cMHTe30BaHMX COpOEHTax.
Busueno copb6uito ioniB Sr(II) 3 ixHix ingm-
BigyanbHux posumHiB npum pH 6.5-7.0. Ta-
K/M 4YMHOM, BUKOPUCTAHHS I[UX COPOEHTIB €
nepcreKTUBHMUM Jyist gesaktuBanii Big Cs(I)
ta Sr(II) Benmkux o6CATIB pagioaKTUBHO 3a-
6py,IIHeHI/IX BOJl Ha BiIMiHY BiJl TpaguLIiiHUX
NIPUPOJHUX A/TFOMOCUTIKATIB.

> JlocnigKkeHHs npoBefeHo 3a ¢iHaH-
COBOI MIiATPUMKU [eprKOOMKeTHOT
temu «Ilonigpynkuionanvni copbenmu
ma ixHi Komno3umu OnSA 6UOANEHHS
padionyknidie ma éaxkux memanie i3
pi3HOMAHIMHUX B00HUX cepPedosUUs»
(p/u 0118U003018) Ta rpanty MiHic-
TEPCTBAa €KOHOMiKM Ta KOHKYPEHTO-
cnpomokHocTi  Icmanii  MINECO
(MCI-21-PID2020-113558RB-C41).

Kongnixm inmepecie. Kondrikr inTepecis
BiICYy THIIA.
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SORBENTS BASED ON THE NiFe-LAYERED
DOUBLE HYDROXIDES AND ITS MAGNETIC

NANOCOMPOSITES FOR DEACTIVATION AND
PRECONCENTRATION OF Cs(l) AND Sr(ll) IONS
FROM AQUEOUS SOLUTIONS.

T.S. Hubetska, V.Ya. Demchenko,
N.G. Kobylinska*

A.V. Dumansky Institute of Colloid and Wa-
ter Chemistry, National Academy of Science of
Ukraine,

42 Akad. Vernadsky Blvd, Kyiv, 03142,

Ukraine,

e-mail: kobilinskaya@univ.kiev.ua

The synthesis and comparative evaluation
of the adsorption capacity in relation to Sr(II)
and Cs(I) ions of the carbonate form of Ni(II)/
Fe(IlI)-layered double hydroxides (NiFe-
LDH) and their nanocomposites was carried
out. At first, Fe O, nanoparticles having a
crystallite size of 20-50 nm were obtained by
Fe(IIl) precursors. In the second step, Fe,O,
nanoparticles were embedded in NiFe-LDH
matrix by the co-precipitation at hydrother-
mal conditions and subsequent condensation
of the basic solution containing Fe,O,nano-
particles. The influence of the physicochemical
parameters of the synthesized sorbents on the
efficiency of magnetic solid phase extraction
of these radionuclides from aqueous solutions
was investigated. Their effectiveness in extract-
ing Sr(II) and Cs(I) ions with a change in the
pH of the aqueous medium was evaluated, as
well as sorption isotherms on the obtained sor-
bents at pH, 4.5-5.0 were obtained, and their
analysis and processing were carried out to
establish the mechanism of sorption extrac-

https://ucj.org.ua

tion at all levels of filling of the sorption lay-
er with analytes. Equilibrium adsorption data
were analyzed using Freundlich and Langmuir
isotherm models. Of the models tested, Lang-
muir isotherm expressions were found to give
better fit to the experimental data compared
to the Freundlich model. The applicability of
mathematical models for estimating the ki-
netic patterns of sorption of radionuclides on
NiFe-LDH and their magnetic nanocompos-
ites was analyzed. The adequacy of the Boyd
and Morris — Weber diffusion models in the
initial section (up to F = 0.4-0.6) of the ki-
netic curves is shown. Kinetically, the growth
of effective diffusion coeflicients and adsorp-
tion rate constants is observed in the series:
Fe O, <NiFe-LDH<Fe,O ,@NiFe-LDH, and the
pseudo-second-order kinetic model most ac-
curately reflects the patterns of sorption of
these radionuclides. Due to high sorption ef-
ficiency and manufacturability, the obtained
sorbents are promising for water purification
from radioactive pollutants.

Key words: sorbents, radionuclides, magnetic
solid phase extraction, hydrotalcite, magnetite.

JIITEPATYPA
1. Gudkov D.I, Kuzmenko M.I., Kaglyan A.E.,
Klenus V.G., Kireev S.I.,, Nazarov A.B., Zub
L.N. Peculiarities of radionuclides distribution
in the main components of aquatic ecosystems
within the Chernobyl accident exclusion zone.
Aquatic Ecosystem Research Trends. 2009.
P. 383.
2. Abhamdach N. Strontium-90 Migration to
Groundwater from Radioactive Waste Dump
Site “Red Forest”, Problems of Chernobyl Ex-
clusion Zone. 2001.7. P. 20-31.
3. Konoplev A., Golosov V., Laptev G., Nanba K.,
Onda Y., Takase T., Wakiyama Y., Yoshimura K.

119




®I3UYHA XIMIS

10.

11.

120

COPBEHTU HA OCHOBI Ni, Fe-LLIAPYBATUX HOII!.}II?IHVIX TIAPOKCUAIB TA IXHIX MATHITHUX HAHOKOMIO3UTIB
ANA AESAKTUBALII | KOHLIEHTPYBAHHSA IOHIB Cs(l) Ta Sr(ll) 3 BOAHNX PO34UHIB

Behavior of accidentally released radiocesium
in soil-water environment: Looking at Fuku-
shima from a Chernobyl perspective. J. Envi-
ron. Radioact., 2016. 151(Part 3). pp. 568-578.
https://doi.org/10.1016/j.jenvrad.2015.06.019
Filguerias A.V., Lavilla I., Bendicho C. Chemi-
cal sequential extraction for metal partitioning
in environmental solid samples. Environ Mo-
nitor. 2002. 4. pp. 823-857.

Zhang X., Gu P, LiuY. Decontamination of
radioactive wastewater: State of the art and-
challenges forward. Chemosphere. 2019. 215.
pp. 543-553.
https://doi.org/10.1016/j.chemosphere.2018.
10.029

Handbook of Layered Materials. Ed. by S.M.
Auerbach, K.A. Carrado, PK. Dutta. - New
York: Marcel Dekker Inc., 2004.

Layered Double Hydroxides (LDHs): Synthe-
sis, Characterization and Applications. Ed.
bySherman I.T. Nova Science Publishers, New
York, 2015. P. 115.

Tachi Y., Sato T., Takeda Ch., Ishidera T., Fu-
jiwara K., ITijima K. Key factors controlling
radiocesium sorption and fixation in river
sediments around the Fukushima Daiichi Nu-
clear Power Plant. Part 2: Sorption and fixa-
tion behaviors and their relationship to sedi-
ment properties. Sci. Total Environ. 2020. 724.
P. 138097.
https://doi.org/10.1016/j.scitotenv.2020. 138097
Kobylinska N.G., Puzyrnaya L.M., Pshinko
G.M. Layered Double Hydroxides as Promis-
ing Adsorbents for Purification of Radioactive
Polluted Water: A Review. Theor. Exp. Chem.
2022. 58(4). pp. 221-239.
https://doi.org/10.1007/s11237-022-09739-0.
Kameda T., Shimmyo T., Yoshioka T. Prepara-
tion of Zn-Al layered double hydroxide inter-
calated with triethylenetetramine-hexaacetic
acid by coprecipitation: Uptake of rare-earth
metal ions from aqueous solutions. RSC Adw.
2014. Vol 4. pp. 45995-46001.

Kameda T., Shinmyou T., Yoshioka T. Uptake
of Nd** and Sr** by Li-Al layered double hydro-
xide intercalated with triethylenetetramine-

12.

13.

14.

15.

16.

17.

18.

hexaacetic acid: kinetic and equilibrium stud-
ies. RSC Adv. 2015. 5. pp. 79447-79455.
https://doi.org/10.1039/C5RA12807B
Kameda T., ShinmyouT., Yoshioka T. Uptake
of Nd** and Sr** by LiAl layered double hyd-
roxides intercalated with ethylenediamine-
tetraacetate. Mater. Chem. Phys. 2016. 177.
pp- 8-11.
https://doi.org/10.1016/j.matchemphys.2016.
04.015.

Kameda T., ShinmyouT., Yoshioka T. Synthesis
of Li-Al layered double hydroxide intercalated
with amino tris-(methylene phosphonic acid)
and kinetic and equilibrium studies of the up-
take of Nd** and Sr** ions. Appl. Surf. Sci, 2016.
366. pp. 523-536.
https://doi.org/10.1016/j.apsusc.2016.01.064
Kameda T., ShinmyouT., Yoshioka T. Kinetic
and equilibrium studies on the uptake of Nd**
and Sr** by Li-Al layered double hydroxide in-
tercalated with 1-hydroxyethane-1,1-diphos-
phonic acid. J. Industrial. Eng. Chem. 2016. 36.
pp- 96-101.
https://doi.org/10.1016/j.jiec.2016.01.023
Chen L., Tu Q., Yang X., Hu X,, Sun X,, Li H.
MgAl Layered Double Hydroxides Intercalat-
ed with EDTA: Cu(II) Recovery and Mech-
anism Chemistry, Mater. Sci. 2020. 5(36).
pp. 11299-11304/
https://doi.org/10.1002/s1ct.202003011
Besserguenev V., Fogg A.M., Francis R.]., Price
S.J., O’Hare D., Isupov V.P, Tolochko B.P. Syn-
thesis and structure of the Gibbsite Intercala-
tion Compounds [LiAL(OH) JX {X = Cl, Br,
NO,} and [LiAlL(OH), ] CI-H,O using synchro-
tron X-ray and neutron powder diffraction.
Chem. Mater. 1997. 9. pp. 241-247.

Chen J., Yuan H., Yu J. Regulating lithium ex-
traction based on intercalated SO~ in Li/Al-
LDHs J. Col. Interf. Sci. 2023. 649. pp. 694-702.
https://doi.org/10.1016/j.jcis.2023.06.165
Koilraj P,, Kamura Y., Sasaki K. Carbon-Dot-
Decorated Layered Double Hydroxide Nano-
composites as a Multifunctional Environmen-
tal Material for Co-immobilization of SeO,*
and Sr** from Aqueous Solutions. ACS Sust.

ISSN 2708-129X. YKp. xim. XypH., 2023



T. C.Ty6eubka, B. . lemyenko, H. . Ko6unincbka

YXX Ne 10/ TOM 89

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Chem. Eng. 2017. 5(10). pp. 9053-9064.
https://doi.org/10.1021/acssuschemeng.7b01979
Guo B., Kamura Y., Koilraj P, etal. Co-sorp-
tion of Sr** and SeO,* as the surrogate of ra-
dionuclide by alginate-encapsulated graphene
oxide-layered double hydroxide beads. Envi-
ron. Res. 2020. 187. P. 109712.
https://doi.org/10.1016/j.envres.2020.109712.
Chen J., Wang F, Huang K., Liu Y., Liu S.
Preparation of Fe O, nanoparticles with ad-
justable morphology. J. Alloys Compd. 2009.
475 (1-2). pp. 898-902.
https://doi.org/10.1016/j.jallcom.2008.08.064
Patterson A. The Scherrer Formula for X-Ray
Particle Size Determination. Phys. Rev. 1939.
56(10). pp. 978-982.
https://doi.org/10.1103/PhysRev.56.978.

Yung S.K., Pinnavaia T.J. Water content and
particle texture of synthetic hydrotalcite-like
layered double hydroxides. Chem. Mater.
1995. 7(2). pp. 348-354.

Hernandez-Moreno J.M., Ulibarri M.A., Ren-
don J.L., Serna C.J. IR characteristics of hydro-
talcite-like compounds, Phys. Chem. Miner.
1985. 12. pp. 34-38

Nakamoto K. Infrared and Raman Spectro-
scopy of Inorganic and Coordination Com-
pounds, John Wiley, New York. 1978. pp. 283-
380.

Jeong U., Teng X., Wang Y., et al. Superpara-
magnetic colloids: controlled synthesis and
niche applications. Adv. Mater. 2007. 19(1).
pp- 33-60.
https://doi.org/10.1002/adma.200600674
Giles C.H., Mac Ewan T.H., Nakhwa S.N.,,
Smith D. Studies in adsorption, Part XI: a sys-
tem of classification of solution adsorption
isotherms and its use in diagnosis of adsorp-
tion mechanisms and in measurement of spe-
cific surface areas of solids J. Chem. Soc. 1960.
pp. 3973-3993.

Weber W.J., Morris J.C. Kinetics of adsorption
on carbon from solution. J. Sanit. Eng. Div.,
1963. 89(2). pp. 31-60.

Boyd G.E., Adamson A.W., Myers L.S. The ex-
change adsorption of ions from aqueous solu-

https://ucj.org.ua

29.

30.

31.

32.

33.

34,

35.

tions by organic zeolites, II, Kinetics. J. Am.
Chem. Soc., 1947. 69(11). pp. 2836-2848
https://doi.org/10.1021/ja01203a066.
Lagergren S. About the theory of so-called ad-
sorption of soluble substance. Kungliga Sven-
ska Vetenskapsakademiens. Handlingar. 1898.
21. pp. 1-39.

Ho YS., McKay G. Pseudo-Second Order
Model for Sorption Processes. Process Bio-
chem. 1999. 34(5). pp. 451-46.
https://doi.org/10.1016/50032-9592(98)00112-5.
Reichenberg D. Properties of ion-exchange
resins in relation to their structure. Kinetics of
Exchange. J. Am. Chem. Soc. 1953.75. pp. 589-
597.

Zhang Z., Liao M., Zeng H.-Y., Xu S, Liu X,
Du J., Zhu P,, Huang Q. Temperature effect on
chromium(VI) removalby Mg/Al mixed metal
oxides as adsorbents. Appl. Clay Sci. 2014. 102.
pp- 246-253.

Iftekhar S., Kucuk M.E., Srivastava V., Repo E.,
Sillanpaa M. Application of zinc-aluminium
layered double hydroxides foradsorptive re-
moval of phosphate and sulfate: Equilibrium,
kinetic and thermodynamic. Chemosphere.
2018. 209. pp. 470-479.

Gupta S. S., Bhattacharyya K.G. Kinetics of ad-
sorption of metal ions on inorganic materials:
A review. Adv. Colloid. Interface Sci. 2011. 162.
pp. 39-58.

d0i:10.1016/j.¢is.2010.12.004

Naiya T.K., Bhattacharya A.K., Das S.K. Ad-
sorption of Cd(II) and Pb(II)from Aqueous
solution on Activated Alumina. J. Colloid In-
terface Sci. 2009. 333. pp. 14-28.

REFERENCES
Gudkov D.I., Kuzmenko M.I., Kaglyan A.E.,
Klenus V.G., Kireev S.I.,, Nazarov A.B., Zub
L.N. Peculiarities of radionuclides distribution
in the main components of aquatic ecosystems
within the Chernobyl accident exclusion zone.
Aquatic Ecosystem Research Trends. 2009. 383.
Ahamdach N. Strontium-90 Migration to
Groundwater from Radioactive Waste Dump

121




®I3UYHA XIMIS

10.

122

COPBEHTU HA OCHOBI Ni, Fe-LLIAPYBATUX HOII!.}II?IHVIX TIAPOKCUAIB TA IXHIX MATHITHUX HAHOKOMIO3UTIB
ANA AESAKTUBALII | KOHLIEHTPYBAHHSA IOHIB Cs(l) Ta Sr(ll) 3 BOAHNX PO34UHIB

Site “Red Forest”. Problems of Chernobyl Exclu-
sion Zone. 2001. 7: 20-31.

Konoplev A., Golosov V., Laptev G., Nanba K.,
Onda Y., Takase T., Wakiyama Y., Yoshimu-
ra K. Behavior of accidentally released radi-
ocesium in soil-water environment: Looking
at Fukushima from a Chernobyl perspective.
J. Environ. Radioact. 2016. 151(3): 568-578.
https://doi.org/10.1016/j.jenvrad.2015.06.019
Filguerias A.V.,, Lavilla I., Bendicho C. Chemi-
cal sequential extraction for metal partitioning
in environmental solid samples. Environ Mo-
nitor. 2002. 4: 823-857.

Zhang X., Gu P, Liu Y. Decontamination of
radioactive wastewater: State of the art and
challenges forward. Chemosphere. 2019. 215:
543-553
https://doi.org/10.1016/j.chemosphere.2018.
10.029

Handbook of Layered Materials. Ed. by S.M.
Auerbach K.A. Carrado PK. Dutta. - New
York: Marcel Dekker Inc., 2004.

Layered Double Hydroxides (LDHs): Synthe-
sis, Characterization and Applications. Ed. By
Sherman I.T. Nova Science Publishers: New
York. 2015. 115.

Tachi Y., Sato T., Takeda Ch., Ishidera T., Fu-
jiwara K., Iijima K. Key factors controlling ra-
diocesium sorption and fixation in river sedi-
ments around the Fukushima Daiichi Nuclear
Power Plant. Part 2: Sorption and fixation be-
haviors and their relationship to sediment prop-
erties. Sci. Total Environ. 2020. 724: 138097.
https://doi.org/10.1016/j.scitotenv.2020.138097
Kobylinska N.G., Puzyrnaya L.M., Pshinko
G.M. Layered Double Hydroxides as Promis-
ing Adsorbents for Purification of Radioactive
Polluted Water: A Review. Theor. Exp. Chem.
2022.58(4): 221-239.
https://doi.org/10.1007/s11237-022-09739-0.
Kameda T., Shimmyo T., Yoshioka T. Prepara-
tion of Zn-Al layered double hydroxide inter-
calated with triethylenetetramine-hexaacetic
acid by coprecipitation: Uptake of rare-earth
metal ions from aqueous solutions. RSC Adv.
2014. 4: 45995-46001.

11.

12.

13.

14.

15.

16.

17.

18.

Kameda T., Shinmyou T., Yoshioka T. Up-
take of Nd** and Sr** by Li-Al layered double
hydroxide intercalated with triethylenete-
traminehexaacetic acid: kinetic and equilibri-
um studies. RSC Adv. 2015. 5: 79447-79455.
https://doi.org/10.1039/C5RA12807B

Kameda T., Shinmyou T., Yoshioka T. Uptake of
Nd’* and Sr** by LiAl layered double hydroxides
intercalated with ethylenediaminetetraacetate.
Mater. Chem. Phys. 2016. 177: 8-11.
https://doi.org/10.1016/j.matchemphys.2016.
04.015..

Kameda T., ShinmyouT., Yoshioka T. Synthesis
of Li-Al layered double hydroxide intercalated
with amino tris-(methylene phosphonic acid)
and kinetic and equilibrium studies of the up-
take of Nd** and Sr** ions. Appl. Surf. Sci. 2016.
366: 523-536.
https://doi.org/10.1016/j.apsusc.2016.01.064
Kameda T., Shinmyou T., Yoshioka T. Kinetic
and equilibrium studies on the uptake of Nd**
and Sr** by Li-Al layered double hydroxide in-
tercalated with 1-hydroxyethane-1,1-diphos-
phonic acid. J. Industrial. Eng. Chem. 2016. 36:
96-101.
https://doi.org/10.1016/j.jiec.2016.01.023
Chen L., Tu Q, Yang X., Hu X, Sun X,, Li H.
Mg-Al Layered Double Hydroxides Interca-
lated with EDTA: Cu(II) Recovery and Mech-
anism Chemistry. Mater. Sci. 2020. 5(36):
11299-11304.
https://doi.org/10.1002/slct.202003011
Besserguenev V., Fogg A.M., Francis R.]., Price
S.J., O'Hare D., Isupov V.P, Tolochko B.P. Syn-
thesis and structure of the Gibbsite Intercala-
tion Compounds [LiAL(OH) JX {X = CI, Br,
NO,} and [LiAL(OH), ] CI-H,O using synchro-
tron X-ray and neutron powder diffraction.
Chem. Mater. 1997. 9: 241-247.

Chen J., Yuan H., Yu J. Regulating lithium ex-
traction based on intercalated SO, in Li/Al-
LDHs J. Col. Interf. Sci. 2023. 649: 694-702.
https://doi.org/10.1016/j.jcis.2023.06.165
Koilraj P,, Kamura Y., Sasaki K. Carbon-Dot-
Decorated Layered Double Hydroxide Nano-
composites as a Multifunctional Environmental

ISSN 2708-129X. YKp. xim. XypH., 2023



T. C.Ty6eubka, B. . lemyenko, H. . Ko6unincbka

YXX Ne 10/ TOM 89

19.

20.

21.

22.

23.

24.

25.

26.

Material for Co-immobilization of SeO,*” and
Sr** from Aqueous Solutions. ACS Sust. Chem.
Eng. 2017.5(10): 9053-9064.
https://doi.org/10.1021/acssuschemeng.7b01979
Guo B., Kamura Y., Koilraj P, etal. Co-sorp-
tion of Sr** and SeO,* as the surrogate of ra-
dionuclide by alginate-encapsulated graphene
oxide-layered double hydroxide beads. Envi-
ron. Res. 2020. 187:109712.
https://doi.org/10.1016/j.envres.2020.109712.
Chen J., Wang F, Huang K,, Liu Y., Liu S.
Preparation of Fe,O, nanoparticles with ad-
justable morphology. J. Alloys Compd. 2009.
475(1-2): 898-902.
https://doi.org/10.1016/j.jallcom.2008.08.064
Patterson A. The Scherrer Formula for X-Ray
Particle Size Determination. Phys. Rev. 1939.
56(10): 978-982.
https://doi.org/10.1103/PhysRev.56.978.

Yung S.K., Pinnavaia T.J. Water content and
particle texture of synthetic hydrotalcite-like
layered double hydroxides. Chem. Mater.
1995. 7(2): 348-354.

Hernandez-Moreno J.M., Ulibarri M.A., Ren-
don J.L., Serna C.J. IR characteristics of hydro-
talcite-like compounds. Phys. Chem. Miner.
1985. 12: 34-38.

Nakamoto K. Infrared and Raman Spectros-
copy of Inorganic and Coordination Com-
pounds, John Wiley. New York. 1978. 283-380.
Jeong U., Teng X., Wang Y., et al. Superparamag-
netic colloids: controlled synthesis and niche
applications. Adv Mater. 2007. 19(1): 33-60.
https://doi.org/10.1002/adma.200600674
Giles C.H., Mac Ewan T.H., Nakhwa S.N.,,
Smith D. Studies in adsorption, Part XI: a sys-
tem of classification of solution adsorption
isotherms and its use in diagnosis of adsorp-
tion mechanisms and in measurement of spe-
cific surface areas of solids. J. Chem. Soc. 1960.

https://ucj.org.ua

27.

28.

29.

30.

31.

32.

33.

34,

35.

3973-3993.

Weber W.J., Morris ].C. Kinetics of adsorption
on carbon from solution. J. Sanit. Eng. Div.
1963. 89(2): 31-60.

Boyd G.E., Adamson A.W,, Myers L.S. The ex-
change adsorption of ions from aqueous solu-
tions by organic zeolites, II, Kinetics. J. Am.
Chem. Soc. 1947. 69(11): 2836-2848.
https://doi.org/10.1021/ja01203a066.
Lagergren S. About the theory of so-called ad-
sorption of soluble substance. Kungliga Sven-
ska Vetenskapsakademiens. Handlingar. 1898.
21:1-39.

Ho YS., McKay G. Pseudo-Second Order
Model for Sorption Processes. Process Bio-
chem. 1999. 34(5): 451-46.
https://doi.org/10.1016/50032-9592(98)00112-5.
Reichenberg D. Properties of ion-exchange re-
sins in relation to their structure. Kinetics of
Exchange. J. Am. Chem. Soc. 1953. 75: 589-597.
Zhang Z., Liao M., Zeng H.-Y,, Xu S., Liu X,,
Du J., Zhu P,, Huang Q. Temperature effect on
chromium(VI) removalby Mg/Al mixed metal
oxides as adsorbents. Appl. Clay Sci. 2014. 102:
246-253.

Iftekhar S., Kucuk M.E., Srivastava V., Repo E.,
Sillanpaa M. Application of zinc-aluminium
layered double hydroxides for adsorptive re-
moval of phosphate and sulfate: Equilibrium,
kinetic and thermodynamic. Chemosphere.
2018. 209: 470-479.

Gupta S. S., Bhattacharyya K.G. Kinetics of ad-
sorption of metal ions on inorganic materials:
A review. Adv. Colloid. Interface Sci. 2011. 162:
39-58.

d0i:10.1016/j.¢is.2010.12.004

Naiya T.K., Bhattacharya A.K., Das S.K. Ad-
sorption of Cd(II) and Pb(II)from Aqueous
solution on Activated Alumina. J. Colloid In-
terface Sci. 2009. 333:14-28.

CrarTa Hapgiimora 10.11.2023

123




UDC 541.183:661.183.2  doi: 10.33609/2708-129X.89.10.2023.124-144

IMPREGNATED ACTIVATED CARBON MATERIALS

FOR RESPIRATORY PURPOSE.
CHEMISORPTION OF SULFUR DIOXIDE.

R. E. Khoma'?, S. V. Vodzinskii*? D. G. Klimov"3

'Physico-Chemical Institute of Environmental and Human Protection of the MES of Ukraine
and NAS of Ukraine, 3 vul. Preobrazhenska, 65082 Odesa, Ukraine;

? L.I. Mechnikov National University of Odesa, 2 vul. Dvoryanska, 65082 Odesa, Ukraine;
*Dnipro University of Technology, 18 ave Dmytra Yavornytskoho, 49005 Dnipro, Ukraine
‘e-mail: rek@onu.edu.ua

The review is devoted to the use of impregnated activated carbon materials as chemisorbents of
sulfur (IV) oxide. General methods for obtaining ordinary activated carbon, preparation of raw ma-
terials, their chemical activation with alkalis and acids followed by heat treatment (carbonization) in
an inert environment or in the presence of a gaseous oxidizer, the role of acid-base and redox catalysts
in this process are considered. The influence of the chemical composition of the activated carbon
surface, the presence of functional groups, and their acid-base properties, as well as the products of
surface reactions on the peculiarities of sulfur (IV) oxide adsorption is analyzed from the point of
view of SO, removal efficiency and the possibility of SO, regeneration. An important role in these
processes is played by the pore size, the possibility of co-adsorption of water, and the presence of an
oxidant. The nature of adsorbent-adsorbate interactions on the surface of activated carbon, their ener-
gy, in particular, the contribution of so-called "physical" adsorption, van der Waals forces, hydrogen
bonding, and the influence of surface functional groups are discussed. The activation of carbon raw
materials with nitrogen-containing compounds leads to the N-doping of the surface, which increases
the efficiency of SO, adsorption, facilitating not only van der Waals and electrostatic interactions, but
also SN binding. The influence of oxygen and oxygen-containing functional groups on SO, adsorp-
tion is also discussed.

To obtain impregnated activated carbon for SO, absorption, the original activated carbon of the
required quality is impregnated with solutions of inorganic and organic compounds that remain on
the inner surface of the activated carbon after drying. Impregnation blocks partly the porosity of ac-
tivated carbon, but makes it more capable of chemical adsorption. Chemisorption, in which certain
chemical bonds are formed between the surface of the activated carbon and the compound being ad-
sorbed, is more selective than physical adsorption, where the size of molecules is critical for an effec-
tive capture process. It can be noted that unlike inorganic alkalis, which spoil the porous structure of
activated carbon, treatment with a solution of ammonia or organic N-containing bases promotes SO,
absorption. A special place in gas purification is occupied by activated carbon impregnated with ionic
liquids, non-aqueous solvents being used for impregnation. A separate issue of the chemisorption of
sulfur (IV) oxide by samples of impregnated activated carbon based on d-metals will be discussed in
detail below.

Key words: impregnated activated carbon materials, sulfur dioxide, physical adsorption, chemi-
sorption.
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INTRODUCTION. The increase in the level
of environmental danger in the conditions of
war is associated with the destruction or da-
mage, as a result of hostilities, of enterprises
that are the largest (real or potential) polluters
of the environment in peacetime [1]. Sulfur
(IV) oxide, ammonia and aromatic hydrocar-
bons are among the main emergency emissions
into the atmosphere by coke and by-product
production enterprises [2-4]. One of the tasks
of occupational health and safety departments
at the enterprises of by-product coke indust-
ry is to provide workers and engineering and
technical personnel with means of personal
respiratory protection (MPRP) equipped with
gas filter cartridges (GFCs), which are capa-
ble of absorbing toxic acid (in particular, SO,)
or/and basic (in particular, NH,) gases, as well
as vapors of organic compounds (in particular,
CH,and CH ), etc. [3].

In addition, to ensure the protection of the
respiratory organs of workers and engineer-
ing and technical personnel of enterprises,
civilians and military personnel in emergen-
cy situations, when the nature of the toxicant
present in the air is unknown, it is desirable to
have a gas filter of wide range of action.

The high porosity, large inner surface area,
non-polarity, cheapness, chemical stability
compared to other porous materials (zeolite,
silica, alumina, etc.) of activated carbon (AC)
make it suitable for removing toxic and irritat-
ing gases and vapors from the air [1-4]. The
impregnation of a porous medium (in par-
ticular, AC) with carefully selected chemical
compounds can significantly increase its ab-
sorption capacity for certain gases/vapors, as
well as provide absorption capacity for gases/
vapors that cannot be captured (detoxified) by
non-impregnated AC [5-12]. This method has
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been used for many years in the production of
gas filters and respiratory cartridges [13]. AC is
widely used for the production of impreg-
nated activated carbon materials (IACMs) -
chemisorbents of chemically hazardous sub-
stances of inhalation action and acidic (SO,,
HCI, HE, Cl, F2, H S, CO,, HCN, etc.), basic
(NH,, organic amines, etc.) and neutral (Hg,
etc.) nature, as well as for the decontamination
of volatile warfare agents from the air flow in
the case of radioactive, biological and chemical
contamination [5-9, 11, 14].

Methods of carbon activation.

To obtain ACs, which are used as adsor-
bents and catalyst carriers, methods of physi-
cal or chemical activation are usually used [5,
15-22]. Obtaining AC using physical activa-
tion includes the following stages: preparation
of raw materials (separation, crushing, drying,
etc.); pyrolysis (heat treatment in absence of
oxidant at a temperature of 550-1000 °C; ac-
tivation (heat treatment in the presence of an
oxidant, CO, or water vapor at 700-1000 °C).
The production of AC by the method of ther-
mochemical activation is based on the intro-
duction of chemical additives into the starting
material followed by carbonization in an inert
environment or in the presence of a gaseous
oxidant. The transformation of raw materials
into AC is carried out under the action of ac-
id-base or redox catalysts (ZnCl,, FeCl,, ALO;
HNO,,H,SO,,H,PO,, (NH,),HPO,; carbonates,
acetates or hydroxides of alkali metals, etc.) [5,
15-22]. Catalysts activate the transformation of
aliphatic fragments, practically without touch-
ing aryl C-C bonds, remove oxygen, hydrogen
and other heteroatoms with simultaneous car-
bonization and activation at temperatures gen-
erally below 700 °C. As a result, ACs with a de-
veloped porous structure are obtained.
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According to the results of the physico-
chemical study of the products of alkaline ac-
tivation of various raw materials, the specific
surface area, the pore volume and size, the size
distribution of pores depend on the nature
of the raw material itself and the alkali used
(LiOH, NaOH and KOH), as well as its content
in the original mixture; the activating ability
of hydroxides decreases in the order KOH >
NaOH > LiOH [18]. Phosphoric acid leads to
the expansion of micro- and mesopores in ac-
tivated carbon [19, 20, 21, 23].

Asarule, acid treatment leads to an increase
in the number of acid groups, removes mineral
elements and improves the hydrophilicity of
the surface, which will have greater access to
the aqueous phase [24, 25].

Adsorption of SO, on the surface of activated
carbon.

When studying SO, adsorption by AC, the
researchers took into account such parameters
as porosity, chemical composition of the sur-
face, acid-base properties and ash content; the
products of surface reactions were analyzed
from the point of view of removal efficiency
and the possibility of regeneration [26-31].

There is an optimal pore size (approxima-
tely 7 A) at which the adsorption of SO, [32]
and its oxidation to SO, [33] are favorable.
Although in such pores, the absorption po-
tential is not maximal (6SO, = 4.29 E [34]),
a high capacity is achieved due to the ad-
sorption of SO, and SO, with the subsequent
formation of H SO, [31]. In such pores, SO,
together with H O can statistically cover the
walls of pores, forming a monolayer. This
makes oxidation and reaction with co-ad-
sorbed water molecules possible. It should be
noted that H SO, at 25 °C has a higher density
(pH,SO, = 1.83 g/cm’) than liquid SO, (pSO, =
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1.27 g/cm’), but a lower density than that of
SO, (pSO, =1, 93 g/cm?). In addition, its boil-
ing point is about 330 °C, which is much high-
er than that of SO, (-10 °C) and SO, (45 °C)
[35]. Given the above, the amount of H,SO,
physically adsorbed from the vapor phase
should be greater than the amount of SO, and/
or SO, under the same conditions (pressure
and temperature). It follows that the order
of decreasing physical adsorption "capacity”
should be as follows: H,SO, > SO, > SO,. If the
pore size is too small, water molecules cannot
be co-adsorbed near SO,, preventing the for-
mation of sulfuric acid. Apparently, as in the
case of hydrogen sulfide adsorption [36], the
uniform distribution of micropores affects the
dispersion of active sites, where SO, can be
oxidized to SO,, which is then converted to
H,SO,, which is adsorbed until all pores are
filled. Increasing the pore size decreases the
degree of SO, — SO, conversion and thus the
total amount of SO, retained by the AC sam-
ple. According to [37], the adsorption capacity
of AC fibers for SO, is inversely proportional to
the size and volume of pores.
Adsorbent-adsorbate interactions on the
AC surface are very complex, as they include
a wide range of physical and chemical prop-
erties of the adsorbent, and sometimes there
are significant uncertainties regarding individ-
ual adsorption mechanisms [38]. Sulfur (IV)
oxide is absorbed by AC with two adsorption
energies: ~50 kJ/mol, ~80 kJ/mol; according
to [27, 33, 39-43], the first is associated with
the interaction of SO, and free sites on the sur-
face due to "van der Waals forces" and corre-
sponds to weak "physical” adsorption, and the
second corresponds to chemisorption, which
is enhanced in the presence of oxygen. How-
ever, the energy of formation of van der Waals
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complexes is 20-40 kJ/mol [44]. The first ener-
gy can also correspond to the energy of for-
mation of an "average" hydrogen bond (AH =
17-63 kJ/mol [45, 46]); directionality, not
energy, is the defining feature of a hydrogen
bond, which is one type of chemical interac-
tion [47]. In addition to porosity, the acid-base
properties of the surface are also an important
factor that increases SO, adsorption [26-28,
30, 39, 40]. Surface functional groups play the
role of active centers and predominate in SO,
chemisorption [26, 27, 43]. Functional groups
have a great influence on SO, adsorption and
oxidation [40, 48, 49]. Currently, the experi-
mental study of this effect was carried out by
impregnating AC or raw materials for its pro-
duction with aqueous solutions of HNO, [27,
29, 50-53], H,PO, [53, 54], KOH [29, 33, 54-
57], NaOH [39, 51, 58]); modification or acti-
vation by high-temperature gas or steam: CO,
33, 54], H,0O [33], etc.

Effect of chemical activator on AC proper-
ties.

Surface groups of pyrone and pyrone-like
nature or centers having Lewis basicity are
responsible for the adsorption of sulfur (IV)
oxide with an energy of ~50 kJ/mol [39, 48].
Increasing the basic nature of carbon through
the inclusion of basic forms of nitrogen turned
out to be a positive factor affecting the absorp-
tion of SO, and its oxidation to sulfuric acid
[31, 59-64]. Obviously, the above-mentioned
first adsorption energy (~50 kJ/mol) in this
case is determined not only by van der Waals
interactions (dipole-dipole interactions and
dispersion forces), but also by n-dative SN
or SO bonding (AHS<N = 20-90kJ/mol;
AHS<O = 10-55 kJ/mol [65]) with the forma-
tion of charge transfer complexes with Lewis
bases and H-bonding, similarly to [65].
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In the process of obtaining AC, the authors
of [62, 66] carried out N-doping of various
carbon raw materials (sub-bituminous coal,
lignite; AC fabric based on viscose) by activa-
tion with steam enriched with ammonia or its
derivatives ((NH,),CO,, H.NNH,, NH,OH,
H,NC (O)NH,; this leads to the formation of
various N-containing groups (amides, imides,
lactams, nitriles, pyrroles, pyridines, etc.) -
Lewis basic centers, which favors S«<O and
SN bonding, similarly to [65]. AC with a
high N content was obtained [31] by the car-
bonization of macroporous vinyl pyridine po-
lymers, which are themselves chemisorbents of
acid gases, in particular SO, [67].

The authors of [43] indicate an increase
in SO, adsorption efficiency as a result of the
N-doping of the carbon surface due to in-
creased physical adsorption. For a pristine
carbon surface after N-doping, SO, physical
adsorption mainly occurs on the basal plane
through van der Waals (similarly to [68, 69])
or mt-dative interactions (similarly to [65, 70]).
N-doping redistributes electrons on carbon
surfaces, thereby changing not only the in-
tensity but also the types of interactions in-
volved; quaternary N atoms contribute to SO,
adsorption, mainly due to the enhancement of
"van der Waals" interactions between the ba-
sal plane and SO, [43]. The improvement of
SO, adsorption by pyridine and pyrrole com-
pounds corresponds to enhanced electrostatic
interactions in the edge regions. These results
show that N-doping can increase SO, adsorp-
tion efficiency by facilitating not only van der
Waals and electrostatic interactions [43], but
also mainly SN bonding.

The oxygen-containing functional groups
on the AC surface include carboxyl, phenolic,
quinone, lactone, carboxyanhydride groups,
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cyclic peroxide, etc. [71]. According to the data
of X-ray photoelectron spectroscopy [72], when
sulfur (IV) oxide is absorbed, the relative con-
tent of the carbonyl (C=0) group, which exists
mainly in the form of quinone and chromene
on the AC surface [73], decreases, and that of
the C-O (hydroxyl and ether [74]) group in-
creases. The effect of ketone C=0O groups on
desulfurization activity was confirmed by pas-
sivation with phenylhydrazide [75]; they are
the internal active centers of the desulfuriza-
tion reaction on carbon materials. The centers
of "physical" sorption can also be carboxyl or
hydroxyl groups [31]. A small part of SO, can
also react with OH groups to form hydrosulfite
anions (as a chemisorption form) [42]; when
SO, interacts with the C=C bond, 1,3,2-diox-
athiolane and/or 1,2-oxathiethene-2-oxide are
formed, which decompose with the formation
of CO, and an intermediate episulfide [76].
There are data [30, 39] that oxygen present in
the system can negatively affect the amount of
adsorbed SO,. This is due to its ability to react
with the carbon matrix, its oxidation and, as
a result, the reduction of the surface area [37,
77]. On the other hand, during SO, adsorp-
tion in the absence of water, oxygen functional
groups significantly improve adsorption char-
acteristics, which, according to [37], is due to
surface reactions of quinones with SO, and wa-
ter with the formation of diol and sulfuric acid.
According to [33], removing oxygen from the
surface forms new high-energy SO, adsorp-
tion/oxidation centers. Surface acid groups are
a catalyst for SO, oxidation [27]; the adsorp-
tion capacity of AC for SO, is inversely pro-
portional to the amount of O, adsorbed on its
surface [29].

The reactivity of AC depends on the balance
between the content and type of oxygen func-
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tional groups and the surface area [78]. The
authors of [31, 33] found that pyridine func-
tional groups, which are located at the edges
of graphene layers, significantly increase the
amount of SO, adsorbed and converted into
sulfuric acid, especially when the groups are
located in pores with a size of 7-8 E. The only
negative point of this mechanism is a strong
adsorption of H,SO, and, as a result, difficul-
ties in the regeneration of adsorbents [27].

The chemical nature of the activated car-
bon surface can be changed by oxidation treat-
ment. After treatment with nitric acid, the total
concentration of surface oxygen increases, the
concentration of basic surface groups decreas-
es significantly, and the content of acid groups
significantly increases, which improves both
the extraction of the formed sulfuric acid and
the adsorption capacity for SO, and its oxida-
tion [27].

The oxidation of SO, to H,SO, (sulfates)
on catalysts takes place via the Eli-Riedil (ER)
[79-81], Langmuir-Hinshelwood (LH) [81,
82] or Mars-van Krevelen (MvK) [81] mecha-
nisms: the LH and ER mechanisms account for
the oxidation of SO, (adsorbed or from the gas
phase) through surface-activated molecular
oxygen, while the MvK mechanism is close-
ly related to surface O lattices that generate
atomic oxygen vacancies during the forma-
tion of SO, and H,SO,. Since the co-adsorp-
tion of SO, and O, on carbon catalysts has a
large adsorption energy (-1.03 eV) compared
to the individual adsorption of SO, (-0.45 V)
or O,, then, according to [75], the oxidation
of SO, on carbon materials is more likely to
occur by the LH mechanism, compared to the
ER mechanism. According to the data given in
the review [83], when SO, is absorbed from a
gas mixture (SO, : O, = 2: 1), the catalytic ac-
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tivity of adsorbents decreases in the following
order:

AB >V 0, > rpadit > Cr,0,> Fe,O,.

The acidic and alkaline modifications of
AC (by impregnating it with 1 M solutions of
HNO, and KOH, respectively, at 70 °C) affect
the concentration of functional groups on the
surface of AC: they reduce the relative content
of C-H, but increase the share of the functional
groups C-0O, C= O and O=C-0O; and the for-
mer modification has a stronger effect than the
latter one [84]. The BET specific surface area
and the total pore volume of acid-modified AC
were decreased, and those of alkali-modified
AC were increased.

In the presence of air moisture, sulfur (IV)
oxide on the AC surface forms a hydrate (reac-
tion 1), which subsequently dissociates (reac-
tion 2), which contributes to an increase in the
acidity of the AC surface:

SO, + H,0 2 SO,-H,0, (1)

SO,-H,0+ H,O0 2 HSO; +H,0* (2)

Methods of obtaining IACM.

For the preparation of IACM, activated car-
bon of the required quality for a specific ap-
plication is impregnated with solutions of in-
organic and organic compounds (acids, bases,
salts, etc.; see the table ), which after drying or
other stages of further treatment remain on
the inner surface of activated carbon [3, 85,
86]. AC impregnation is carried out by soaking
[14, 87-90], spraying [6], sublimation using a
fluidized bed adsorption column [13, 14]. Im-
pregnation is carried out:

- with some volume of the impregnating
solution, which occupies a certain portion of the
total volume of AC pores (foHy/VHOP) (91, 92];
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- by the initial moisture content method
(capillary impregnation, dry impregnation) —
limiting the volume of the solution only to fill
the volume of pores (it is determined at what
volume of the solution for the impregnation of
a water-soluble compound, AC particles be-
gin to adhere to each other or to the walls of
the vessel for impregnation even after several
minutes of mixing after adding the solution)
[12-14, 87, 93-98];

- by the method of ultrasonic impregnation
[36, 55, 99, 100];

- by the method of mechanical mixing [87,
100];

— by the spraying method [5] (AC is sprayed
in a rotating chamber or in a fluidized bed un-
der certain conditions);

- by the high- pressure impregnation me-
thod [100];

- by the hydrothermal sol-gel method [34].

In some cases, impregnated reagents are
present in the form of hydroxides, carbonates,
chromates or nitrates, which are subjected to
heat treatment at higher temperatures (150-
400 °C) to decompose the above anions. An
even impregnation distribution on the inner
surface of AC is important. Blocking of micro-
and mesopores (responsible for physical ad-
sorption) should be avoided in order that the
impregnating chemical reagent remains acces-
sible for adsorbates [5, 6].

AC impregnation partially blocks the po-
rosity, but in turn makes AC more capable of
chemisorption, which is necessary to captu-
re some low-molecular-weight volatile pollu-
tants [3]. Chemisorption is more selective than
physical adsorption, where the size of mole-
cules is critical for an eflicient capture process.
During chemisorption, certain chemical bonds
are formed between the surface of activated

129




PHISICAL CHEMISTRY

IMPREGNATED ACTIVATED CARBON MATERIALS FOR RESPIRATORY PURPOSE.

CHEMISORPTION OF SULFUR DIOXIDE.

carbon and the adsorbed compound, so the
choice of impregnating reagents depends on
the field of application. The main technological
requirement to the obtained fibrous IACMs for
respiratory purposes is that after drying they
remain elastic for the construction of filter ele-
ments [101].

Adsorption of SO, on the surface of im-
pregnated activated carbon.

According to the data given in the table,
chemisorbents of SO, can be AC impregnated
with alkaline reagents (NaOH, KOH, K ,CO,,
ammonia, organic amines, etc.); oxidants
(KMnO,, KCIO,); ionic liquids (ILs); salts, oxi-
des and hydroxides of transition metals (V,
Cr, Mn, Cu, Zn, Ag, Mo, etc.). The protective
properties against SO,, such as dynamic acti-
vity (DA, mg of SO_/g), of IACM samples are
affected by the physicochemical characteristics
of the carrier (AC), the nature of the applied
reagents, impregnation and experimental con-
ditions.

Microporous AC obtained by mixing an-
thracite with KOH or NaOH was distinguished
by a large surface area, which makes it a pro-
mising sorbent for SO, capture [55]. In addi-
tion, the products of desulfurization are alkali
metal sulfates (K,SO,, Na,SO,, etc.) applied to
AC, which can be used as soil conditioners or
prolonged fertilizers, eliminating the need for
sorbent regeneration [32].

However, the impregnation of AC based
on coal dust with aqueous NaOH solutions
destroys the strength of the porous structure
and causes its collapse during the adsorption
process, thereby reducing the number of mic-
romesopores and the specific surface area of
the carrier and does not contribute to the ad-
sorption of SO, by AC-NaOH samples [49].
According to X-ray photoelectron spectro-
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scopy [40], pyridine and pyrrole fragments are
present on the surface of AC-NH, samples ob-
tained by impregnating AC fibers with aque-
ous solutions of NH, (for 40 hours) followed
by drying at 100 °C, which causes its increased
alkalinity and enhances catalytic sulfoxidation.
The authors of [102, 103] obtained chemisor-
bents of SO, with prolonged action by impreg-
nating AC with aqueous solutions of potassi-
um iodide. According to the results of expe-
rimental studies by the authors of this review,
the formation of molecular iodine (reaction 3)
was observed on the surface of AC-KI based
on the activated carbon fibers of the "Karbo-
pon- B-Aktiv" material, in contrast to lavsan
fibers [104, 105], which is obviously due to the
presence of acid groups on the surface of the
former:

41" + 4H,0* + O, - 2L, + 6H,0. (3)

Thus, iodine formed on a carbon base has
a promoting effect due to hydrolytic oxidation
(reaction 4), improving protective characteris-
tics, similarly to [105].

L+ HSO,+4H,0 - 2I' + SO,* + 3H,0" (4)

According to [102], increasing the potassi-
um iodide content of AC-KI to 16% improves
its protective properties against SO, (1'Pa (50,))
according to equation (5); then when wKI in-
creases to 22%, this characteristic approaches
an almost horizontal asymptote, after which it
sharply decreases. This indicates that at high
contents, KI (like K CO, [5], 1,8-diazobicy-
clooctane (DABCO) [106], triethanolammo-
nium citrate (1:3) [107]) aggregates and/or
blocks AC pores, which limits the accessibility
of I for SO,. Along with this, increasing the KI
content lowers the sorption capacity of KI with
respect to C H, according to equation (6):
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T (SO,) =-11,787 + 17,739-0,.,

R?=0,9876; n = 12, (5)

t(CH,) = 380,36 - 87,78-w,,,

R*=0,9617;n = 12. (6)

where Tpa(SOz) is the time of the protective ac-
tion against SO, (min) at CSO,= 150 mg/m’,
a relative humidity of the GAM of 90-95%, a
flow rate of the GAM of 2.0 cm/s; Tpa(C6H6)
is the time of protective action against C H,
(min) at C. H = 500 mg/m® a relative humi-
dity of the GAM of 90-95%, a flow rate of the
GAM of 2.0 cm/s); wKI is the mass fraction
of KI, %.

The addition of a water-repellent additive
(polytetrafluoroethylene) to AC-KI leads to
the fact that the formed H_ SO, is continuous-
ly released from the surface of AC-KI [102].
However, AC-KI has disadvantages due to the
carrying away of molecular I, from the surface
with the air flow.

To remove acidic gaseous pollutants, IAC
materials based on impregnating solutions of
N-containing organic bases are used: mono-
ethanolamine (MEA) [108-111], diethanola-
mine (DEA) [109, 110, 112], triethanolamine
(TEA) [113], DABCO [14, 106, 112, 114-116],
N-methyldiethanolamine (MDEA) [118], pi-
perazine [111], etc., similarly to [119, 120].
IACs based on N-containing organic bases are
also widely used for the sanitary removal of
formaldehyde from the air [121]. As is known
[122], ethanolamines and aminoguanidine
are inhibitors of S(IV) »> S(IV) sulfoxidation.
However, no information was found in the li-
terature about the effect of AC impregnation
with the listed compounds on the course of the
above reaction on the AC surface.

During the chemisorption of sulfur (IV) oxi
de by carbamide-impregnated AC in the pre-

https://ucj.org.ua

sence of oxygen and water vapor, the following
reduction reactions are possible:

1,580, + (NH,),CO - 1,55 + N, + CO, + 2 H O;
(7)

H,SO, + (NH,),CO - CO,+ N, + S + 3H20(;
8)

SO, + (NH,),CO - CO, + N, + § + 2H,O.
)

A special place in gas purification is occu-
pied by IACs based on ionic liquids; in this
case, impregnating solutions are prepared us-
ing nonaqueous solvents (methanol, ethanol)
(96, 107, 123].

Based on data from thermogravimet-
ric, IR and 1H NMR spectroscopic studi-
es, it was established [96] that IAC based on
1-ethyl-3-methylimidazolium acetate ([C mim]
[Ac]; EMA) absorbs SO, through physical
and chemical sorption. AC-EMA has a bre-
akthrough absorption capacity for SO, that
is 26 times and more greater than that of
AC samples impregnated with other salts:
1-ethyl-3-methylimidazolium (lactate, methyl
sulfate and hydrosulfate), 1-butyl-3-methyli-
midazolium (hydrosulfate and tetrafluorobo-
rate), 1-hexyl-3-methylimidazolium (bis(tri-
fluoromethylsulfonyl)imide and tris(penta-
fluoroethyl)-trifluorophosphate) and 1-allyl-3-
methylimidazolium (chloride).

The chemisorption of SO, by the ionic li-
quid [C2mim][Ac] on the AC surface occurs
as a result of displacement of acetate anions
by sulfate and sulfite anions [123]. Since hyd-
rosulfate (pK, = 17.0 [128]) and hydrosulfite
(pK, = 12.9 [128]) are weaker bases than the
acetate ion (pK, = 9.24 [128]), in the pre-
sence of two acids (H,SO, and SO,-H,0),
CH,COO- is protonated and replaced by
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HSO,- and H,O,~ anions, which leads to the
formation of CH,COOH, [C2mim][HSO,] and
[C2mim][HSO,]. Chemisorbed forms of SO,
in the AC-[C2mim][Ac] sorbent can be AC-
[C2mim][HSO,], AC-[C2mim][HSO,], H,SO,
and SO _-H,0.

It should be noted that most researchers,
in contrast to [96, 105, 122, 129], do not pay
due attention to the influence of water on the
processes of SO, capture by both AC and IAC.
The authors of [96] found that increasing the
moisture content (from 50 to 80%) of purified
air increases the protective characteristics of
AC-EMA samples against SO,, which indicates
the predominance of chemical sorption over
physical sorption in this case. Impregnation of
the AC surface with IL: with ammonium cit-
rate and triethanolamine lactate (3TEA-H3Cit
and TEA-HLact, respectively) leads to an in-
crease in their SO2 absorption capacity from
3.34and 1.29molSO2/molIL (for [TEAH],[ Cit]
and [TEAH][Lact]) to 6.60 and 1.95 mol
SO,/mol IL (for samples of AC-[TEAH],[Cit]
and AC-[TEAH][Lact]) [107]. When impreg-
nating with IL, thin films are formed on the AC
surface, and the functional centers of AC are
thereby exposed, which increases their reactiv-
ity towards SO,. The issue of the chemisorp-
tion of sulfur (IV) oxide with IAC samples
based on d-metals has been discussed in detail
in research papers [6, 114, 130] and reviews
[131, 132], which deserves special attention.

CONCLUSIONS. ACs are used as adsor-
bents and catalyst carriers to remove toxic and
irritating gases and vapors from the air. In order
to increase the chemisorption capacity of AC
for chemically hazardous substances of inha-
lation action and acidic and basic nature, their
impregnation with various reagents should be
carried out. Chemisorbents of SO, can be ACs
impregnated with alkaline reagents, oxidants,
ILs, as well as salts, oxides and hydroxides of
transition metals. The protective properties of
IACM samples against SO, are influenced by
the physical and chemical characteristics of
the carrier (AC), the chemical nature of the
applied reagents, the impregnation and ex-
perimental conditions. In this regard, IACMs
based on impregnating solutions of N-contain-
ing organic bases are promising, however, due
attention to this issue has not been given by re-
searchers. No data on SO, sulfoxidation on the
surface of the above chemisorbents were found
in the literature. In our opinion, the influence
of moisture on the chemisorption of SO, by
TACM samples has been little investigated.
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Ornapg npucBAYE€HO BUKOPUCTAHHIO iM-
IIPETHOBAHMX aKTMBOBAaHMX BYTiJIbHMX MarTe-
pianiB sk xemocopbeHTiB okcupy cipku (IV).
PosrisgHyTO 3arajnpHi CrocoOu OTpUMaHHA
3BMYAMHOTO aKTMBOBAHOIO BYILIA, IiJro-
TOBKM CUPOBMHH, 11 XiMiYHOI aKTHBAaLlil 1yra-
MM Ta KMC/IOTaMM 3 HACTYITHUM TepMO0Opo6-
neHHAM (kapboHisalli€lo) B iHepTHOMY cepef-
oBumli ab6o 3a IPUCYTHOCTI rasomopibHOro
OKIIC/IIOBAYa, PO/Ib Yy LIbOMY IPOLECi KMCTOT-
HO-OCHOBHIX Ta OKMCHO-BiTHOBHIX KaTaJIi3a-
TOPIB.

Brmms Ha ocobmuBocTi apgcopOuii okcnumy
cipku (IV) ximMiuHOrO CKIany IMOBEpPXHi aKTU-
BOBAHOTO BYTi/IA, IPUCYTHOCTi (PyHKIIiOHAIb-
HIUX TPYIIL, IXHIX KMCIOTHO-OCHOBHMX BJIacTH-
BOCTEI, a TAKOXX IPOAYKTIB IIOBEPXHEBUX pe-
aKIIil MpoaHai30BaHO 3 TOYKY 30Dy e(eKTIB-
HOCTI BUJIaJIeHHsA Ta MOXX/IMBOCTI pereHepartii
SO,. BaxnuBy ponb y nux mpornecax Bifirpa-
I0Tb PO3Mip IOpP, MOX/IMBICTH CIiBaficOpOIii
BOJM, IIPYUCYTHICTb OKucmoBada. O6roBopeHo
IPUPOJY B3aEMOIiT aficopOeHT — aficopbar Ha
IIOBEPXHiI aKTMBOBAHOIO BYTi/IIA, IXHIO €Hep-

https://ucj.org.ua

rifo, 30KpeMa BHECOK TaK 3BaHOI «(i3MyHOI»
aficopO1lii, BaH-[lep-BaabCOBUX CUJ, BOJIHE-
BOTO 3B’A3KY, BIUIMB IIOBEPXHEBUX (YHKIIiO-
Ha/IbHMX TpyIN. AKTUBalid BYTiIbHOI CUPOBMU-
HI A30TOBMICHMMM CIONTYKaMy IIPU3BOIUTH
no N-nmeryBaHHA IOBEPXHi, IO MigBUIIYE
ebexTuBHiCTD azicop6uii SO,, moneruryoun He
JIIe BaH-[IeP-BaalbCoOBi Ta €IeKTPOCTATUYHI
B3a€eMOl, a it S«N 3B’s13yBaHH:A. OOroBOpeHO
TaKOXX BIUIMB Ha aficopOIito SO, KucHIo T2 Knt-
CEeHbBMICHMX (PYHKIIIOHA/TbHUX TPYIL

JIna oTpMMaHHA IMIPETHOBAHOTO aKTUBO-
BaHOTO BYTi/IsA i ornuHanuA SO, BuxinHe
aKTMBOBaHe BYT/IA HOTPiOHOI AKOCTI Ipoco-
YYIOTh PO3YMHAaMM HEOPraHIYHMX Ta OpraHiv-
HUX CIIONYK, AKI IMIC/IA CYLIIHHA 3aNUIIAI0ThCA
Ha BHYTPIllIHi/i IOBEPXHi aKTMBOBAHOIO BY-
ris. IMnpernyBaHHA O7I0Kye 4acTMHY IO-
PUCTOCTi aKTMBOBAHOTO BYTi/ISA, ajie pOOUTDH
jioro 6inmpIr 3gaTHUM 10 XiMiuHOI afcopOii.
XeMocop6uis, 3a AKOI yTBOPIOIOTbCA IEBHI
XiMiuHi 3B’I3KM M>K IIOBEPXHEIO0 aKTVBOBAHO-
TO BYT/UIA i CIIONYKOIO, 1O aficCOpPOYETHCs, €
Oi/IBII CeNIeKTUBHOIO, HDK (i3nyHa agcopouis,
Zie po3Mip MOJIEKYII Ma€ BuUpillajbHe 3HA4YEH-
HA 711 epeKTUBHOTO IIPOLIeCY B/IOBIIOBAHHS.
MoskHa BifMiTNUTH, IO HA BifIMiHY BijJ Heopra-
HIYHUX JIYTiB, AKi ICYIOTh IOPUCTY CTPYKTYpPY
aKTMBOBAHOTO BYTi//IsA, 0OpOOIEHHsS po3un-
HOM aMiaky ab6o opraniuHux N-BMiCHIX OCHOB
cupuse nornmuHanHw SO,. Ocobnuse micie y
rasoO0YMIIEHHI 3aliMa€e aKTUBOBAaHE BYTI/IA,
IMIIperHOBaHe 10OHHMMM PifiiHaMu, Ipy IIPO-
COYYBaHHI AKMMM BUKOPVUCTOBYIOTb HEBOJHI
posunHHuKM. OKpeMe MUTAHHSA XeMOCOpOLii
oxcupy cipku (IV) spaskamu iMIperHoBaHoro
aKTMBOBAHOTO BYTi/UIA Ha OCHOBi d-merarniB
Oyze JeTalbHO PO3IIAHYTO JAJIi.

Knrodosi cmoBa: iMnpersoBaHi akTuBoBa-

Hi ByTiNbHI Matepianm, fiokcuy cipkn, ¢ismd-
Ha a/icopO1is, XeMOCOpOLIisl.
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AENIMAPCbKOro HOPIfi KOCTAHTUHOBUYA
3 HArOAW 120-i PIYHULI BIl AHA HAPODKEHHS

A. O. Omenvuyx, /1. b. Kosanv

Incmumym 3azanvroi ma Heopeaniunoi ximii im. B. I. Bepnadcvkozo HAH Ykpainu,
npocn. Axademixa Ilannadina, 32/34, Kuis 03142, Yxpaina
koval@ionc.kiev.ua

CratTio npucsAdeHo 120-pivuto Bif gHA HapomxkeHHA 10. K. [leniMapcbkoro — akajiemika
AH YPCP, gokxropa ximMiuHUX HayK, Ipodecopa, 3acIy>KeHOTo Aisfya HayKu YKpaiHu, maype-
aTa /lep>xaBHOI IpeMii YKpainu B ranysi Hayku Ta TexHiku, mpemii im. JI. B. ITncapxeBcbkoro
AH YPCP, 3onotoi mepani imeni [l. I. Menpeneesa, mmpoKo BilOMOro HAayKOBOMY 3araiy
BUYEHOTO0, 30KpeMa B rajysi efIeKTpOoXimil iOHHMX PO3IUIABIB i TBEPAYX €/IEKTPOIiTiB, OHOIO
3 TaJIAHOBUTUX IIpe/ICTaBHMUKIB «KMIBCbKOI €/1eKTpOXiMiYyHOI IIKO/N» Ta CIIiBaBTOpa HAyKO-
BOTO BiIKpUTTA «fIBMIlla epeHeceHHA MeTaly 3 KaTofla Ha aHOJ NPy €eKTPOsIi3i iI0HHMX
po3IaBiBy». Y cTarTi BUKIafieHo AeAki paktu biorpadii Jenimapcpkoro, 30KpeMa HaBYaH-
Hs, T1epioJl CTAHOBJIEHHA JIOT0 AK YYE€HOI'0-€e/IEKTPOXiMiKa; JOCATHYTI HUM, JIOTO YYHAMU Ta
HOC/IiJOBHMKaMM HayKoBi 3000yTKM B raiysi eneKTpoximil po3IUIaBIeHNx corei, XiMii Ta
TEXHOJIOTii HeOPraHIYHMX PEYOBMH Ta KOMbOpPOBUX MeTasniB. HaBemeHo ocobucti crioragu
JleniMapchbKoro mpo AisANbHICTh B IHCTUTYTI 3arajibHOI Ta HeopraHiyHoi ximil im. B. I. Bep-
Hazicbkoro HAH Ykpainn.

Knro4osi cnoBa: ennekTpoxiMisi, iOHHI pO3I/IaBy, TEXHOJIOTiSl HEOPTAHIYHUX PEUYOBUH, KO-
TbOPOBMX MeTaJIiB; HAYKOBa IIIKOJIA.

BCTVYII. Opiit KoctautunoBuy [lemimap-
cbkMil — akajgemik AH VYkpainm, moxrop xi-
MiYHUX HayK, Ipodecop, 3acayXeHui aifg
HayKmu YKpaiHu, naypear Jlep>KaBHOI Ipemil
YKkpainu B rajmysi HayKu Ta TeXHIiKM, Ipemil
im. JI. B. IIncapxescbkoro AH YPCP, Buco-
kol Haropogu Akajemii Hayk CPCP - 3oro-
Tol Mepaii imeni II. I. Menpieneesa, fupekTop
IncTuTyTy 3arasbHOi Ta HEOPraHivyHOI XiMmil
AH YPCP (1960-1973 pp.), Bimomuit BuUeHMI1

B Tranysi ¢isuunoi ximil Ta enexTpoximil ioH-
HUX pOS3IUIaBiB 1 TBEPAMX €NeKTPOJITIiB, He-
OpraHivHOI XiMil Ta TEXHOJIOTii HEOPraHiYHMX
MarepiaiiB, OfVH i3 ACKpaBUX NIPEICTaBHUKIB
HAyKOBOI IIKO/MNM B Tramysi ¢ismynoi ximii Ta
e/leKTpoXiMii ioHHUX posmasis. Vioro yuHi i
IIOC/IJOBHNUKM 1 Ha CbOTOAHI IIIHO IIpalfio-
I0Th Y HayKOBMX, HAaBYa/IbHUX, TOCIIOJAPChKUX
Ta IHIINX 3aK/Ia/laX HAIIOI KpalHuL.
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Axagemik AH Ykpainn
IOpiit Koctantunosnu JenimMapcbkuii

Academician of the Academy of Sciences of Ukraine
Yuriy Kostyantynovych Delimarskyi.

Hapopuscsa I0piit Jenimapcbkuii 23 KBiTHA
1904 poky y c. KpacHononka Kam auners-ITo-
IinbcbKoi ry6epHil (HuHI — BiHHnubkoi o6mac-
Ti) B popmHi cinmbcpkoro Buntesns. e go roro,
AK cTaTu cryfgeHToM KuiBcbKoro iHCTUTYTY
Hapo[HOI 0cBiTK B 1924 porli, BiH HaBYaBCA y
peanbHOMY yumwmmii micta bap (1913-1920),
IOTiM Y MeXaHi4Hiil mpoduIKomi; Marbke pik
IpaIioBaB CII0CapeM y 0apcbKMX MexXaHid-
HUX MajiCTePHAX, 3TOJOM II0YaB IIelarOriyny
pisnpHicTh. IIpanioBaB yumrenrem y Tpyno-
BJX IIKOJIaX MicTa bap Ta cena Crenanku Bi-
HHUIIBKOI 00/1aCTi.
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[Ticns 3akinveHHs ¢isnKo-xi-
MiuyHOro BigmineHHs KwuiBcbko-
ro IHCTUTYTy HAapOJHOI OCBiTH
y 1928 poui [lenimapcbknmit 6yB
NpUHATUIL [0  ACHIpaHTypu
npyu KuiBcbkoMy mosiTexHiuHO-
My iHCTUTYTi Ha Kadempy Tex-
HOJIOTiI HEOPraHIYHNUX PEYOBMH.
KepiBHuKOM J10r0 mnepmmx Ha-
YKOBUX KpOKiB OyB mpodecop
H. O. YopHobaes. Ilig yac HaB-
YaHHA B acCIipaHTypi, a IOTIM
po6otn y KIII (1928-1934) [leni-
MapCbKMI1 BUKOHAB JOBOJI 3Ha-
YHMIT 00’€M JIOCTIIKeHb, HpU-
CBSIYEHNX CUHTE3y Ta BUBYEHHIO
GbisnKo-XiMiYHUX B/IACTUBOCTEN
aJIIOMOCWJIIKATiB TUILY LI€OJiTiB,
AKUI CKJIaB OCHOBY JOTO KaH-
BUAATCHKOI Aycepranii. Y 1932-
34 pokax BiH nepebOyBaB Ha IIO-
cajlax acUCTeHTa, JOlleHTa i BU-
Knajada Kadeapu HeopraHiuHOI
ximii KIII, Ay o4omroBas mpo-
decop B. O. Is6ekoB.

3i cnorapiB [lenimapcpKoro:
«Ille 6yoyuu acnipanmom KIII, s
niompumysas ocooucmi KOHMaKmu 3 OesTKUMU
cnispobimuukamu kagedpu ximii, sxa 6yna 0o-
Hi€t0 3i ckna0osux wacmur Incmumymy ximii
Hapxomnpocy, mpoxu nisHiuie nepemeopeHozo
6 Incmumym ximii AH YPCP. Takumu cnis-
pobimnuxamu 6yau C. V. Axy6con, . A. ®i-
anxos, M. C. @opmynamos, B. K. Pasymos,
M. II. 3ocumosuu, O. K. Kyopa, 1. /1. KayHenv-
con, IO. A. Topenbeiin, I. A. Illexa, 3. A. Ankene-
euu (lllexa), I1. C. Ilenvkic, K. A. Kopnes. 320-
dom yci 80HU cmanu KadposUMU NPAyieHUKA-
MU ma nposioHuMU HAyKosuamu IHcmumymy
3azanvroi ma Heopeaniunoi ximii AH YPCP».
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I3 mpodecopom B. O. I36exoBum [Jenimap-
CbKUII IIO3HaOMMBCA 1e y 1928 poui.
Y 1934 p. I36exoB 3anpocus IO0pisa Koctan-
TUHOBMYA IIPaLIOBaTy y HEIIOlaBHO Opra-
Hisopanmit Incrturyr ximii AH YPCP, axui
oyomoBas akageMik B. O. ITnoTtHikos. 3a0i-
rao4yy Hamepeq, 3a3Ha4MMo, 10 3 TOTO Jacy i
IO KiHIIA )KUTTA HayKoBa AisANbHICTD [enimap-
CbKOro Oy/a HepO3pMBHO IOB'sA3aHa 3 AKajie-
miero Hayk YkpaiHcpkoi PCP (mmni - HAH
Ykpainm) i, nepmoro dyeprow, 3 IHcTUTyTOM
3arajbHOI Ta HeopraHiuHoi ximii AH YPCP
(HmHi - [HCTMTYT 3arajpHOI Ta HEOpraHiyHOI
ximii imeni B. I. Bepragcpkoro HAH VYkpainn)
(ckopoueno - I3HX HAHY), 3a BuHATKOM
nepiofy BOEHHUX POKiB, Komu JleniMapchbKuii
npuOIN3HO [Ba 3 IOTOBMHOIO POKU (3 Bepec-
HA 1941 1o 6epesennb 1944) npaipoas y Tam-
KeHTi 3aBifmyBadeM naboparopil MiHepanbHOI
TexHosorii B XiMiuHOMY iHCTHUTYTI Y36e1bKO-
ro ¢imiany AH CPCP.

Y 1934 poui Jemimapcpkuii 6yB 3apaxo-
BaHmit o Iucruryry ximii AH YPCP Ha no-
CaJly CTaplLIOrO HAayKOBOTO CIiBpPOOiTHMKA.
Y 1936 poni BiH YCHIIIHO 3aXMCTUB KaHIV-
JIaTCbKY AMCEPTallilo Ha TeMy «JJocmimpKeHHa
1 CMHTe3yBaHHA a/lIOMOCWUIIIKATIB TUITY 1€O0Ti-
TiB», BUKOHAHY IIifi KePiBHUIITBOM ITpodecopa
B. O. Is6exoBa [1].

3i cmoraniB [lenimapcokoro: «Hatibinvu
ceimni cnoeaou 3anuwus B. O. I36exos, 3Ha-
1lOMCMB0 3 AKUM Yy MeHe MPUsano npomszom
35 pokis, a micHa cnignpaus ynpooosi 32 po-
kie. 306Hi cyxysamuii, B. O. I36exoe 6ys n0ou-
HOI0 8eUKOI OYUli Ma 6UCOKOT WUATXEMHOCHII.
Bin 6ys npasousuti, wytiHuii, NpuHyuUnosui
i beskomnpomicHuil, 6uMoenUButi 0o cebe i 0o
c80ix cnispobimnuxis. I1i0 ennusom tiozo oco-
6ucmocmi K 10OUHU MA B4EH020 S Pi3KO 3Mi-
HUB NPoinb c6020 HAYKOB020 HANPAMY — 6i0

https://ucj.org.ua

MexHO021i HeoOP2aHiUHUX PexoB8UH nepetiuios
0o enekmMpoximii po3nnasneHux coneti».

QaKkTMYHO MiCIAA 3aXUCTy KaHAMGATCHKOI
mucepranii 0. K. JleniMapchkuii posnodas
CUCTEMATUYHI JOCTIPKEHHA 3 e/IeKTPOXiMil Ta
¢isnyHOI XiMii iOHHUX PO3TOIIB, CIPIMOBAHNX
Ha BUABJIEHHA YMOB €/IEKTPOXiMiYHOTO BifI-
HOBJIEHH: PI3HMX METAJIIB 13 LIUX CEpENOBUIL.

3i cnoragiB Jlenimapcbkoro: «Y 1936 poui
MeHi 80A0CS 0pP2aHi3y6amu HeenuKy zpyny
CniBpobIMmHUKi6, AKA 3AUHANACT 00CTiIOHeHHS-
MU 8 2asy3i Ximii posnnaenenux cosneti. Moimu
nepuwiumu nomiunuxamu 6ynu K. C. Mipow-
Huuenxo ma JI. C. Bepenbniom. 3apas Hao
uieto npobnemoro 6 Incmumymi npayroe NoHao
100 cnispobimnukie» (IIpumitka - croragm
Henimapcpkoro 6ymm HammcaHi y 1981 p. mo
50-1 piunnmi sacayBanna I3HX AH YPCP).

Bopgnouac sa cymicaunrsom IOpiii Koc-
TAHTVHOBMY 3ajiMaB IIOCafly JoleHTa (ue 3
1938 poxky), micnA BiitHu — mpogecopa, Kepis-
HuKa Kadenpy HeopraHiuHoi Ximil KuiBcbkoro
Iep>KaBHOTO yHiBepcuteTy (1o 1964 poky), e
noHaz 20 poKiB BUK/Ia/laB KypC HEOPraHigYHOI
XiMiI 1 BUXOBaB JeKi/IbKa MOKO/IiHb BiTYM3HS-
HIX XiMiKiB.

Y 1944 porii itoro 6yno npu3HaYeHoO 3aBify-
BaveM j1aboparopii po3TOIIeHNX coeit (3ro-
[OM IIepeliIMEHOBaHy Y Biifin enexTpoximil
PO3IUIaB/IEHNX COJIeN), @ TAKOXK 3aCTYITHUKOM
pupekropa IHCTUTYTY 3 HaykoBOI POOOTH.
CaMe fK 3aCTYIIHUK JUPEKTOpa 3HAYHy yBary
HeniMapcbKuil IpUIiiAB IIOIIOBHEHHIO HAYKO-
BUX KaJJpiB Ta PO3IUVPEHHIO TEMAaTUKN 1HCTH-
TYTY.

3i coorapiB [lenimapcbkoro: «Y moti (tmic-
JISIBOEHHMIT) uac Incmumym npubnudHo Ha
90 8idcomkis 3aiimMascs 0OCTiONEHHAMU 8 2a-
n1y3i enekmpoximii He800HUX po3uunis. He 3a-
nepeuyouu 6enUK020 HAYKOB020 iHMmepecy 00
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yiei npobnemu, A, AK 3aCMYNHUK OUpeKmopa,
PO3yMi8, W40 NPOMT2OM OCAHHO20 NepPiody uacy
pesynomamu 00CnioHeHv y ill 2anysi 6ai-
Ko 0yde peanizysamu y npakmuui HapooHO20
eocnooapcmea. Tomy, 36uuaiino, He 6e3 mpyo-
HOW4i6 B80an0CA 0p2aHi3y6amu  00CiONeHHS
6 eanmy3i ximii piOKicHux memanie i 3anyuu-
mu 00 yux pobim maxux 6eUKUX yHeHUX, K
B. O. I36exos8 ma 4. A. Qiankos, a nizuiuie 1i
docnioncenns owonue 1. A. Illexa. 13 3a0osonen-
HAM 32a0yto Haue 3Hatiomcmeo (3 1. A. Ille-
Kot — mpum.) y 1932 poui (y cminax KIII), a
maxox 0082i poKu HAwloi cninvHoi pobomu 3
1934 poky 0o yvozo oz cneputy 6 Incmumymi
ximii, a nomim y IBHX AH YPCP. Mei 3a6-
ou 6y7n0 NPUEMHO cnocmepieamu Meow Heeu-
uepnHy eepeiro, iHiUiamusy, npauesoamHicmo
ma eucoky nopsioHicmo» (Hanucaso [lemimap-
cbkyuM y 1987 p. y 3B’a3ky 3 80-piuuaAm ue-
Ha-kopecnoHzieHTa I. A. Illexn).

«B Incmumym 6yno sanpouiero npogecopie
A. K. Babka, M. @. Epmonenxa ma JI. A. Kyno-
cvko020. Byno 3anouamkosano nepuii 36'a3Ku
3 npomucnosicmio, 3'A6UNUCA nepuii 6nposa-
OnceHHA. Y 363Ky 3 yumu 6npo6aoseHHIMU
MmeHi xominocsi 6 3eadamu 000pUM CTOBOM
maxux cniepobimuuxis, ax . A. Diankos,
JI. A. Kynvcoxuti, K. . Mapxesuu, O. T. Huoxc-
nux, K. 1O. Knetinep. Ilosiea maxux e4eHux, K
babko ma Epmonenxo, 3HA4HO NiOHANA HAYKO-
Ul piseHv docnionceHv i 36azamuna memamu-
Ky iHcmumymy».

He 3anummscsa octopons 0. K. Jlenimap-
CbKUI i BiJj MIOHEPCHKUX [JOCIiIKEHb, OB’ 5I-
3aHMX i3 BUKOPMCTAHHAM KMCHEBOTO IYTTS
mna inTeHcnikalii JOMEHHOTO MpoLeCy BU-
pOOHMIITBA YaBYHY Ta CTali, sKi 6y10 posmo-
varo B IncturyTi B nepiog 3 1934 o numneHb
1941 pokiB HeBENMKOIO IPYIIO0 CIiBPOOIiTHN-
KiB mif kepiBHuTBOoM M. I. Mosrosoro.
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31 cnorapiB [lenimapcpkoro: «Akademi-
Ku-memanypeu AK C€0103Hoi Axademii Hayx,
max i yKpaiHcvKoi piutyve BUCIOBUNUCT NPO-
mu uiei idei. Tpeba 8i00amu HanexHe axade-
mixy B. O. IInomnikosy, sxuil, 6cynepeu 0ymui
gidomux (paxisyis-memanypeie, niompumas
i0eto Mo3208020 ma 00380/1U6 tioMY NPaAU6a-
Mu HAO Uil NPoOeMOI0 8 CIIHAX THCUMY-
my. A no2ano po3bupascs y NUmMaHHAX 40pHoi
memanypeii, npome 3a2anvHi 3HAHHS 6 2any-
31 XiMil Ma HAyK08a 7102iKA CNOHYKANU MeHe
cmamu piuy4um NPUXUIbHUKOM UUX 00CIi-
Oxcenv. [lo pobomu edanocs 3anyuumu mema-
nypea H. A. Boponosy, a maxox M. C. Qop-
myHamosa i wie Kinokox enmysiacmis. Ilepuii
docniou, nposeedeHi Ha 3as00i "Asoscmanv”
Hanpuxinyi 1940 i Ha nouamky 1941 poky,
danu documv nosumueni pesynvmamu. OOHaK
nosHa éiocymmicmo 6 Incmumymi Heo0XioHOI
mamepianvHo-mexHiuHoi 6a3u, 00c8i0HeHUx
paxisyis-memanypeie i cmau 300pos’ss Moseo-
8020 He 00360/UNU Ni02OMYBAMU U0 pobomy
0o enposaodsxenns. Ilomim nouanacs eitiHa.
Moszosomy e0anocs nepekoHamu axademixa
I. I. Bapdina opeanizysamu yi pobomu 6inviu
iHmeHcueHo i Ha Oinvu sucokomy pieni 6 HII
YopHoi memanypeii, a makox é3amu Ha cebe
KepisHuUmeo Humu. IIpomszom npubnU3HO
3-x pokie pobomy 6yno 3axiHueHo, a NOMim
6MPOBAODHEHO HA BCIX MEMATLYPiliHUX 30600aX
Paosncvkozo Coro3y. Xoua Hawomy Incmumy-
my He 80aJI0CS NOKUHAMU NTIOOU UUX 0OCHe-
HeHb, 8 ICMOPUUHOMY ACheKmi 1020 3acnyza
6escymnuisra». (Hactkoso crioragm 0. K. [lerni-
MapCbKOTO BUKOPUCTAHO IpY HiATOTOBIIi BU-
JAaHHA, TpUCBAYeHOro 90-piuyyio 3acCHyBaHHA
[HCTUTYTY 3aranbHOI Ta HEOPraHiyHOI XiMil
imeni B. I. Bepuagcokoro HAH VYkpaiun) [2].

[Ticns sakiHvyeHHs BiitHYM 1abopaTopis (Bif-
JIiT) eleKTpoXiMil po3IIIaB/IeHNX COIell TOHO-
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BIIa CBOIO poboty y 1945 poui. Came y moBo-
€HHI pOKM i KepiBHULITBOM [le/liMapCchbKOro
Oy TpoBeneHi MOCTKEHHs eleKTPOSHUX
IIPOLECIB Y PO3IIABJIEHUX COJIAX: BU3HAYEHO
IIOTEHLia/IM PO3KIAAy [eAKNUX OpomiziB Ta
XJIOPUAIB Y PO3IUIABJIEHOMY CTaHi, 3arovar-
KOBaHO KOHIIENI[il0 TajbBaHIYHMUX €JIeMEH-
TiB, posnoyaro nosnsporpadiuHi JOCTiIKeH-
Hs Ta JOCIiJI)KEHHs MPOILeCiB, OB I3aHMX i3
KOMIIJIEKCOYyTBOPEHHAM B i0HHUX PO3IIaBaXx,
PO3pO6IEHO METOAY eNIeKTPOXiMIYHOTO BUTY-
YEHHA JIeAKUX PifKICHUX 1 KOTbOPOBUX MeTa-
niB toio. Ii Ta iHIIi JOCTimKeHHA CTaau Mij-
I'PYHTAM JIOT0 JOKTOPCHKOI AucepTanii.

Y 1949 poui 10. K. Jlenimapcpknii 3axucTus
AVICcepTalliio Ha 300y TTA HaYKOBOTO CTYIEHS
TOKTOpa XiMiYHMX HayK Ha TeMy: «EnekTpon-
Hi IIOTEHLia/y 1 eIeKTPOXiMiYHi pAfM MeTa-
MiB y pOSIUIaBJIEHUX COJAX». Y3araJabHEHHA,
3pobreni y pucepralii, JO3BOMMIM BIepIe
copMymoBaTy HayKOBO OOTPYHTOBaHY KOH-
LIENiI0 IPUPOAY €1eKTPOAHUX ITOTEHIliajliB
METAJIiB Y PO3TOIUIEHMX COJIAX, KA Y3TOIKYE
3a/IEXHICTD IXHbOI BEIMYMHI Bifi IPUPOAM Ta
BJIACTMBOCTEN METAJIB i pO3TOIIZIEHOI COIi 3a
pisHux Temmeparyp [3]. A Bxe y 1950 pomi
JioMy 6y/10 IIPUCBOEHO 3BaHHA Ipodecopa.

¥ 60-x poKax MMHYJIOTO CTOJITTA 3aBIAKA
OJlep)KaHMM HAyKOBMM pe3yabTaTaM IIOIIy-
napHicTh i aBroputer 0. K. [lenimapcbkoro
HMIBYJIKO Mimum Bropy. ¥ 1954 poui jioro Ha-
TOPOJYKEHO OPJIEHOM TPYyHOBOro YepsBoHOro
[Tpanopa; y ciuni 1957 poky — obpaHo aka-
nemikoMm AH YPCP. Bin rigHo npepcraBias
Hallly HayKy 3a KOpPJOHOM, HEOZHOPAa30BO
BIUCTYIAB i3 JONOBIZAMM Ha MDKHAapOZHUX
HayKoBMX (opyMax, YUTaB JIeKIii y BioMux
yHiBepcuTeTax pisHmx kpain. IIpmbmmsHO y
ni poxu B IHcTuTyTi Bigbynacs 3yctpidi [le-
JIMAapChKOrO Ta IHIIMX KOJET 3 jlaypeaTamu
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Ho6eniBcopkoi mpemii Jlaiinycom Ilominrom,
I. T. Ciboprom Ta iHIIMMU 3aKOPZOHHUMMU
ByeHMMH. Y 1957-60-x pokax IO. K. [lemimap-
CbKII1 o4yomoBas bropo Bigainenna xiMidHux
i 6iomoriunnx Hayk AH YPCP.

Y 1960-my poui 1O. K. lenimapcpkoro 6ymo
00paHO AypeKkTopoM IHCTUTYTY 3aranbHOI Ta
HeopraniyHoi ximii AH YPCP, axum Bin mnif-
HO KepyBaB IIOHaZ 13 pokiB, BOgHOYAC 0YO-
JIIOI0YM  BIM/I €/IeKTPOXiMii pO3IUIaBIEHUX
conen ax Jo nucronaga 1987 poky.

HaykoBi 3400yTKK

CucremaTnyHi [OCHPKEHHA 1 HayKoBi
nomyky [O. K. JleniMapcbKoro cCTOCyOTbCA
€/IEKTPOXiMIYHOI IOBEJiHKM MeTaliB y po3-
IUIAaBJIEHUX coax. Haiibinpma dYacTka po-
CIIIJPKEHb CTOCYETbCA €IEeKTPOXiMil iOHHUX
pO3IUIaBiB, a caMe: €JIEeKTPOXiMiYHOI TepMO-
OVIHAMIKM, KIHETUKM €/IeKTPOMHUX IIPOLIECiB,
nonsporpadii, enexrponisy. Jenimapcpknit Ta
JIoro y4Hi po3poOwmim HU3KY OpUTiHaJIbHUX
€KCIIEPMMEHTAIbHUX METOZIB [OC/iKEeHHA
IOHHMX PO3IUIaBiB, cepell AKUX: BOJIbTaMIIe-
poMeTpid Ha IIOCTIIHOMY, IMIIyIbCHOMY Ta
3MiHHOMY CTPYMi, CIEKTPOCKOIIA €l1eKTPOJ-
HOIO IMIIEJaHCY, 3all0YaTKyBaay T€OPETUYHI
OCHOBM KiHETUKU €1eKTPOJHUX IIPOLECIB Ta
TePMOJVHAMIKY, €IeKTpO/lidy 6araTokoM-
IIOHEHTHMUX IOHHUX PO3IUIABIB, BUHMKHEHHA
eIeKTPOIHNX TMOTeHIlianiB Tomo. TBopumi
KOpoOOK BYEHOrO 3HAYHO PO3LIVPUB TeO-
pEeTUYHI Ta eKCIepUMEHTAIbHI MOXX/IMBOCTI
¢bisnyHOl Ximil Ta enekTpoximii, 110, CBOEIO
4Yeprow, Aano MOXX/IMBICTD CTBOPUTHU IIPUH-
LAIIOBO HOBI HAyKOBO-TEXHiYHi PpillleHHA Yy
IPAaKTULl KOJIbOPOBOI MeTanyprii, 30KpeMa
HOBl1 TEXHOJIOTiIYHi IpoLleCM OTPUMAHHA Ta
padinyBaHHA 6araTboX KOIbOPOBMX METAJIB,
cepefl AKMUX PifKICHI Ta pO3CiAHI e1eMeHTM.
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Bcebiuni mocmifpkeHHs IpolieciB, 10 MPOTi-
KalOTb IIPU €IeKTPOXiMiYHOMY BiIHOBJIEHHI
CIONMYK LMX METasliB, CIPUAINA CTBOPEHHIO
HOBMX TE€XHOJIOTIN Oflep>KaHHA BiCMYTY, CBUH-
1110, 1HJ{10, UPKOHIiI0, OEpUIIiI0 TOLIO0 y 1po-
MMC/IOBUX MaciuTadax [4].

Hayxosi imei [emimapcpkoro Oymm Ha-
CTUIBKM IUIITHUMMY, 1O Lie CIIOHYKanao BUJII-
JIUTHU 3 BiffIily, AKUI BiH OYOJIIOBAB, 1le TPU
HOBMX CAMOCTIVIHMX CTPYKTYPHUX IiIpO3i-
m, a caMe: «Bigmin KiHeTUMKM eIeKTPORHUX
npoleciB» (misHile Ha3By 6yn0 3MiHeHO Ha
«Bipgpin enekTpoximii i TeXHOMIOriI HeOpraHiy-
HUX MarepiamiB»), KEpiBHUKOM SKOTO CTaB
tanmaHoBUTUI ydeHb IOpia KocTtanTmHOBMYA
O. B. Topopucpkuii, srogom — akagemik HAH
Ykpainy; «Biggin enekTponisy iOHHMX pO3-
n1aBiB» Ta «Bimmin BucokoTemIepaTypHOTro
€/IEKTPOXIMIYHOIO CHUHTE3Y», AKi OYOIMIN
yuHi Ta nocnigosHuky 0. K. JlenimMapcbko-
ro — O. I. 3apy6unpkuii i B. I. [llanosan. O6u-
ZiBa 3rofoM 6yt 06paHi YWieHaMM-KOpPeCIIOH-
nentamy HAH Ykpainn.

HaykoBuil HanpAM ROCTiIKEHDb — €/IeKT-
pOXimis po3IlIaB/IeHUX COJIEN — CTaB OHUM i3
ocHoBHuX y pisnpHocTi IBHX AH YPCP, a cam
iHCTUTYT — 6a30BOI0 OpraHisaljiel0 HayKoBOI
pagu AH CPCP 3 mpobnemn «PismuHa xi-
Mif Ta eIeKTPOXiMif pO3IIaBJIeHUX COJeN Ta
TBEPAUX eIeKTPONiTiB», AKy odonus IO. K. [le-
mimapcpkmit  (1969-1989 pp.). Komextusom
HayKOBLiB Ha 4oii 3 JleliMapchbKuM BUKOHA-
HO BeJIMKMII LUK/ JOCIIi/KeHb Ta po3pobie-
HO TeOpeTUYHi MON0KeHHsI, TIOB's13aHi 3 Mpo-
1jecaMyl KOMIUIEKCOYTBOPEHHS, €eKTPOJHOL
Io/IApu3allii, BIVIMBY IOBEPXHEBO aKTUBHUX
PEYOBMH, BIJHOBJIEHHA CK/IaJHUX iOHIB y pO3-
I/IaBaX, KUC/IOTHO-OCHOBHMMM pPiBHOBaraMm
Ta iHme. 3aBIAKM pe3ynbTaTaM (QyHITaMeH-
Ta/IbHUX JOC/IKEHb Y Taays3i XiMii Ta TeXHO-
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70Tl pO3IIABIIEHUX €IeKTPOJIITIB TBOPYMIL
KOJIEKTUB [HCTUTYTy HpPOTATOM TPUBAJIOTO
qacy (1960-1990 pp.) 3aitMaB IpOBifHI MO31-
1Iil cepesl HAYKOBMX YCTaHOB KOMMIIHbOTO Pa-
msaHcbKoro Co3y Ta 3aBOIOBAB 3aCTy>KEHMI
aBTOPUTET i BU3HAHHA MDKHApPOJHOTO HAyKO-
BOTO 3arany [5-7].

H0. K. lenimapcbkuii - cniBaBTop BigKPUTTA
fIBMLLA eJIEKTPOJIITUYHOrO NEPEHECEeHHs MeTanis
i3 KaTopa Ha aHoA.

3apeecTpoBaHe B [lep>KaBHOMY peecTpi Bif-
kputtis CPCP nepue B XiMii BiTKpUTTS, 3/iic-
HeHe KOJIEKTYBOM aBTOPIB y CK/Iaji aKajieMika
IO. K. JleniMmapcbKoro, 4ieHa-KOpecloH/IeHTa
O. I 3apybuubkoro Ta IpOBiHOTO iHXKeHe-
pa B. I. bypauxka «fBuie nepenocy merany 3
KaTO[y Ha aHOJ IIpU €IeKTPOJIi3i pO3IIaBiB»
(Junmom Ha HaykoBe BigkpmrTa Nel55 Bif
27.012.1975 p. i3 mpioputeToM Bip 27 TpysHA
1960 p.) 3ar109aTKyBaI0 HOBUIT HAIIPSMOK Hay-
KOBUX JOCTIPKEHb — IipOENIEKTPOMETA/TyPrito
KO/IbOPOBUX MeTasliB. ABTOpaMy BCTAHOBJIEHO
iCHYBaHHA TaKUX €IeKTPOXIMIYHMX CUCTEM Ta
YMOB €JIeKTPOIi3y (CK/Iafi eIeKTPOIITY, PeXXUM
Ho/sApu3alii, Temreparypa TOIIO), 3a AKNX,
BCyIeped 3ara/JlbHONPUIHATUM  YABJIEHHAM
dapajiess mpo MacoOOMiH MiX e/IeKTpOaMu,
MeTajI Ha KaToJi Mifl Ii€l0 IIOCTIITHOTO eJIeK-
TPUYHOTO CTPyMy HaOyBa€ 3TaTHOCTI pO3uu-
HATNCA 1 BUAIIATHACA Ha aHOfi. Bigkpurra mno-
KJ/IaJIeHO B OCHOBY CTBOPEHOI aBTOpaMy TeOPil
iHTepMeTaTigHOrO eneKTpoxiMiyHoro padiny-
BaHHA KO/IbOpOBMX MeTaniB. Ile nossommio
CTBOPUTM IIPUMHIMIIOBO HOBI TEXHOJIOTiYHi
IIPOLIECH, BIIPOBA/KEHI B IIPAKTUKY KOIbOPO-
BoI MeTanyprii Ta QiHIIIHOTO eIeKTPOXiMiYHO-
ro 06po06/IeHHsT MeTaIeBUX TOBEPXOHD [8].

Po6oru [lenimapcbkoro He Oynu cyTo Teo-
PeTUYHUMM, BOHM Majy YiTKy HOPaKTUYHY
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CIIpAAMOBAHICTh Ha IOKPAIlleHHS TEXHIKO-€KO-
HOMIYHMX IIOKa3HMKIB IIPOLIECIB Oflep>KaHHA
Ta padiHyBaHHA 0araTboxX KOJIbOPOBUX Me-
TaliB, 30KpeMa, 3a0e3NeYeHHs BJICOKOI 4M-
CTOTH 3a HEBMCOKMX IMTOMUX BUTPAT €/IEK-
TpoeHeprii Ta peareHTiB. CaMe HOCTi>KeHHA
3 €IeKTPOXiMil HU3KM MeTaJliB IPU3BEIN [0
CTBOPEHHSA HOBMX TEXHOJIOTIN 3 MOXXJ/IMBICTIO
BUKOPMCTAaHHSA IOHHMX PO3IIIaBiB, AKi 3rOf0M
BTi/IEHO y IpoMMcIoBe BUpoOHUNTBO. Enek-
TPOJIi30M 1OHHMX PO3IUIABIB 3aIIPOIIOHOBAHO
OTpUMyBaTy Ta padiHyBaTU HMU3KY KOIBOPO-
BUX MeTatiB (Oepwtiit, iHAiN, repMaHiii, omo-
BO, CBIHEIb, CYPMY, BICMYT, Telyp) Ta HeMe-
tTanmu (kap6oHOBI HaHOo®a3M, KpeMHill, BO-
neHb). Bcebiuni mocmigpKeHHsA BIACTUBOCTEN
1 mponeciB, IpOBeMIEeH] NpU €IeKTPOIi3i LUX
MeTaJIiB, CHPUSIN PO3POOTEHHIO TeXHOJMOTI
OfiepKaHHA LMPKOHi0 i Oepuito y npomuc-
JIOBMX MacIITabax.

Oco6mBocTi MacooOMiHy MiX eneKkTpo-
IaMM, BMCOKa IHTEHCUBHICTb €IeKTPOIHUX
IIPOLECIB Ta CYTTEBE CKOPOYEHHA NUTOMUX
BUTpPAT peareHTiB i Bopu 3abesnedymayn Ho-
BJ/M TEXHOJIOTiAM, 3aCHOBAHMM Ha €JIeKTPO-
M3l IOHHMX POS3IUIABIB, YCINIIHE IIPAKTUY-
He BUKOPUCTaHHA TAaKOX B IHIIMX Taay3sax
Cy4acHOI HayKM Ta TEXHIKU: [i/I1 HaHECEeHH:A
raj/ibBaHiYHNX TIOKPUTTIB (aMIOMiHyBaHHA,
TUTAHYBaHH, MiJHIHHA, CpibneHHs, TyiHHA,
KaJIMyBaHHS TOILIO), A1 OYNIIEHHS IOBEPX-
Hi M€TaJIeBOTO JINTBA, BU/IaJIEHHA IIPUTapy Ta
OKaJ/IMHY, CUHTE3y TBEPAOCIIABHUX iHTEp-
MeTa/TiIHNX CIONYK, KapOOHOBMX HaHO(]a3
tomo. HaykoBo-TexHiuHMiI HOpoOOK y Iiii
rajaysi ysaraJbHEHO Yy 3Ha4Hill Ki/IbKOCTI ITy-
Omikaniil y npoBigHuX $paxoBUX BITUYNSHAHNX
Ta 3apyODKHMX BUJJAaHHAX, aBTOPCHKUX CBifj0-
I[TBAX Ta ITAaTE€HTAX, a TAKOX y 8-MM MOHOTpa-
¢isx, cepep sakux BupaHHA 1960 poky aBTOpiB
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I0. K. lenimapcbkoro Ta O. B. Topogucbkoro
«INEKTPOJIHbIE ITPOLECCHI ¥ METOJbI MCCTIENO-
BaHNA B NOJApOrpadum» yAOCTOEHO IpeMii
IlenTpanbHOro mnpasiiHHA BcecorwsHoro xi-
MmigHOrO TOBapucTBa imeHi [I. I. Menpeneesa,
a MoHorpadiro «EnekrpoxiMis posmiaBneHnx
conei» 0. K. [lenimapcbkoro ta b. @. Mapko-
Ba BjjaHo y Bammurroni (CHIA) [9, 10].

0. K. JlemimapchbKuii Ta 110ro y4Hi BUKOHa-
7V BENMUKY KIIbKICTh HAayKOBUX IOCIIKEHD,
pe3y/IbTaTy AKUX BUKOPUCTAHO JJIs1 CTBOPEH-
Hs HOBJX HaYKOBO-TEXHIYHMX PillleHb Yy rarysi
TEXHOJIOTi] HEOpraHiYHUX PEYOBYH, ITIEpEeBaXK-
Ha O61IBLIICTD SIKMX OTpMMasIa IPaKTUYHe BU-
KOPUCTaHH:A, CepeJl HUX: TEXHOJIOTII OfjepyKaH-
HA Ta/IyHiB 1 KOAry/IAHTIB /11 OYMIIEeHHA IINAT-
HOI BOAM, HAIIOBHIOBAYiB [IJII BUTOTOBJIEHHSA
TEXHIYHOTO IMaIepy 3 KaojiHy, nacTy i ¢pmocn
s XiMiuHOTO 0OPOOIEHHS MeTaIeBUX BUPO-
6iB i IIOBEPXOHb, OJIEP>KAaHHA YNMCTUX HEOp-
TaHIYHMX CIIONYK, a CaMe: JNiOKCUJY TUTAHY,
HOJBIITHNX cojeil GTOPUAY TUTAHY 3 JIY>KHM-
MM MeTa/laMy, XJIOpUAy Oepuiiio TOIio; po3-
pO6IeHO HM3KY METORMK i eleKTpOXiMiYHMX
crioco6iB ofiepkaHHs a00 padiHyBaHHS HeOp-
FaHiYHUX CIOYK, AKi 3aXMIE€H] aBTOPChKUMMU
CBifonTBaMu. Pe3ymbraTit TaKOX y3araJibHEHO
B 6 MOHOrpadisax i HusLi craTeit.

Taka HacmyeHa HayKoBa [ifiIbHICTH KO-
nekTuBy nij kepyBa"HaM I0pisa KoctantuHo-
Bu4ya [lenimapcpkoro sabesmedmia oMy He
TIIBKY IONY/APHICTD, aBTOPUTET 1 BUSHAHHA
HAyKOBOI CIIIZIBHOTHU, a ¥ BU3HAHHA fAK IIPO-
BifHOTO (paxiBIA B ramysi ¢pisnynoi Ximil ioH-
HIJX PO3IUIABIB y Hallliil KpaiHi Ta 3a ii Mexa-
M. Vloro HaykoBuit TOpo6OK CK/Iajla€ MOHAT
800 HaykoBuUX pobiT, cepen skux 21 MoHOrpa-
¢bis, uncnenHi crarTi, migpyuyHukn i okpemi
36ipku, 83 BMHAXOAM, AKi CTOCYIOTbCA Teopii
€/IEKTPOIHUX IIOTEHIIia/liB, €IEeKTPOXiMiYHOI
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KiHeTuky, nomsporpadii posmiasis, isuko-
XiMiYHMX OCHOB €JIEKTPOJIi3y PpO3IUIaBiB I
Ofiep>KaHHA i1 padiHyBaHHA 6araTbox MeTasIiB.

Hupexrop IHCTUTYTY 3araqbHOI Ta HEOPTaHIYHOI
ximiit AH YPCP IO. K. lenimapcbkunii
(1960-1973 pp.)

Director of the Institute of Organic and Inorgan-
ic Chemistry of the Academy of Sciences of the
Ukrainian Socialist Republic YURIY DELIMAR-
SKYI (1960-1973).

MeparoriyHa Ta HayKoBO-OpraHisauiiHa pi-
ANbHICTb

HaykoBy gianphicts 10. K. lenimMapcpkunii
OpraHiYHO IIOENHYBAB 3 IIEJaroriyHo, AKa
po3IoyYanacs 1ie y 1epiofi CTAHOBJIEHHA 10TO
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AK ydeHoro. fIk sragysanocsa sBume, y 1932-
34 pokax BiH IpalfoBaB JOIeHTOM Kadempu
HeopraHiunoi ximil y KIII. [Jami ycrimna gisiib-
HICTb JI0T0 AK I1e[Jarora i IeKTopa npofoB>X yBa-
nacs y KuiBcbKoMy Jiep)KaBHOMY YHiBEPCUTETI
(HmHi — KuiBcbkmil HallioHaIbHMIT YHiBepCcH-
teT iMeHi Tapaca IlleBuenka), ie BiH mpoTArom
6araTbox pokiB (1938-1964 pp.), 3aiimaroun
nocajly poueHTta (y JOBOEHHMi mepion) Ta
npodecopa, o4oioBaB Kadenpy HeopraHiyHOI
ximii Ha XimMidoMy daxynbTeTi, CIpyAB BUXO-
BAHHIO 1 3yCU/UIAM CTY/IEHTIB CTAaTy CIIPABXKHi-
MM HAyKOBLAMM i cnykuty Xiwmii. Ilisnimre, y
1973 poui BiH HanycaB MiAPYYHUK (CHELKYPC)
IS CTY[AEHTIB BUINOI IIKOAM 3 HEOPraHivyHOI
ximil [11], AKuUM ¥ JoTenep KOPUCTYIOTHCA
CTYREHTU-IT ITUKYPCHUKM TIOPYY 3 IHIIMMMU
HaBYA/IbHMMM BUJIAHHAMU. Tpoxm paHille, y
1968 poui IO. K Jenimapcpkuii ta I. B. Hlnnina
MiroTyBaaM KHVDKKOBE BUIAHHA 1 IPUCBATH-
JIX JI0TO OKPEMOMY NUTAHHIO 3ara/IbHOIL XiMil, a
caMe — 3HaMEeHHI JIaTi — CTOPIYYI0 CTBOPEHHA
[Tepiogmunoi Tabmuui II. I. Menpeneesa i nepi-
opmyHOTO 3aKoHYy [12]. [lo pedi, JenimMapcbkumit
TaKOXK CBOTO 4aCy 3aiiMaBCs BUBYEHHAM 3aKO-
HOMIPHOCTEN Ta CUCTEMATH3ALIEI0 JAaHNX IIPO
ximiuHi enemeHTy. I B HBOTO OYB CBill BapiaHT
cripaneBuaHOI opMM IepiognyHOI TabINIi
XimMiuyHMX efremMeHTiB [13].

ITig xepiBHMITBOM [lenmiMapcbKoro mif-
rorosneHo 10 gokropis Ta 55 KaHAUAATIB Xi-
MiuyHux Hayk. Cepepi 7i0ro y4HiB-[IOKTOpaH-
TiB, KpiM 3rajanux Buige O. B. [opopnucpkoro,
O. I. 3apy6umnpkoro ta B. I. llanoBama, 6ymm
M. I. YoBHuk, B. Il. Yanui, A. A. Benikanos,
E. B. [Ianos, H. X. Tymanosa, A. O. Omenb-
qyK, O. O. AHApiiiKo Ta iHIIi.

[ly>ke IHTEHCMBHOIO Ta HAIIpy>KeHOH Oy/a
HayKOBO-OpraHisaniiiza fisnbHicts 10. K. [le-
NiMapCchKOTO, AKil BiH IpupinAB 6araTo yparu
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i vacy. Ak sacrynHuk gupekropa I3HX AH
YPCP, BiH BUKOHYBaB 6€3/1i4 rOCIIOFapChKUX
CIIpaB, IIOB’A3aHMX i3 BiTHOBJIEHHAM 3pyil-
HOBAHOTO BIiMIHOI IHCTUTYTY, IIOIIOBHEHHAM
JIOr0 HOBMMM MOJIOAVMIMU 1 BiIOMMMM HaAyKO-
BMMM KafipaMlM, BiJHOBJIIOIOUM TUM CaMUM
JI0ro HayKOBMI IIOTEHI|ia/l Ta aBTOPUTET.

Y 1957 poui Jenimapcpkoro obpanm axa-
nemikoMm AH YPCP i Ha yotupn poku - lo-
noBoro bropo Bigminennsa ximiyHMx i reoso-
riyaux Hayk AH YPCP. BpaxoByroun HayKoBi
MOCATHEHHSA, 3aC/yTU 1 BEIUKUIL aBTOPUTET
HeniMapcbkoro cepep cliBpoOiTHMKIB Ta Ha-
YKOBIIiB, jIoMy 6y/0 moBipeHO KepyBaTu IHc-
TUTYTOM 3arajIbHOI Ta HeopraHiyHoil ximii AH
YPCP i ob6pano gupexropom. Ha 1iit mocapmi
IOpiit  KoctsauTHOBMY nepebyBaB Marbke
14 pokiB (1960-1973 pp.). 3a ueit nepion iH-
CTUTYT 3HAYHO 301bLIMB KaJpOBUIl IOTEH-
Liajs i po3lINPUB TEMATUKY HAYKOBUX HOCIIi-
JDKEHbD, IepeiXaB y HOBe NPUMillleHHA, IpU-
16aB HOBe YCTaTKyBaHHA, OKPALIVB YMOBU
npali HayKOBUMX CIIBPOOITHUKIB, HOIOMDK-
HIIX CTY>X0 i MajicTepeHb TOLIO.

Baxxko HaBiTh IlepemiumMT BCi OpraHisa-
LiiiHi crpaBy, AkuMu 3aiiMasca FOpiit Koc-
TAHTUHOBNY 3a JJOBTOTPUBAINI IIEPiOJ, CBOTO
HayKOBOro >XUTTA. Bin ovomroBas HaykoBy
pany AH YPCP 3 enexrpoximiyHOi KiHeTH-
KM i TepMOAMHAMIKM €eKTPOJHUX Ipolie-
ciB (1967-1978), HaykoBy pagy AH CPCP i3
¢bisnyHOI Ximil iOHHUX PO3IUIaBiB Ta TBEPAUX
eleKTporiTiB (1968-1989), 6yB WwieHOM iHIINX
HayKOBMX paJi Ta OpraHi3alliliHMX KOMITETiB
6araTbox KoHGepeH1iil, y TOMy YIICiIi i M-
HapOJHNX, Ha SAKUX BJCTYIIAaB 3 HAYKOBMMU
ponosigamu. Y 1966-1978 pp. IO. K. [lenimap-
CbKUIT 0YO/II0OBAB CEKIIII0 BMCOKOTEMIIEpATyP-
HOI XiMii MiKHapOZHOTO €IeKTPOXiMi4HOro
TOBapuCcTBa, y 1970-1983 pp. - 6yB [omosoro
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YKpaiHCBKOTO pecIry6/1iKaHCbKOTO IIpaBJIiH-
HA BcecorosHoro xiMivHOro ToBapucTBa iMeHi
[I. I. Menpeneesa, ynponosx 20 pokis 6yB ro-
JIOBHUM PEAKTOPOM « YKPaIHChKOTO XiMi4HO-
ro XypHamy» (1968-1988).

0. K. [lenimapcbkuit - BU3HAHUA MiXHapop-
HUM HayKOBMM 3aranom BYEHWil B ranysi enekr-
poximii iOHHMX po3nnasiB, OAWH i3 3aCHOBHMKIB
BITYM3HAHOI LLKONKM 3 (Di3M4HOI XiMmil i eneKkTpoxi-
Mii po3nnaBfieHNX Ta TBEPAUX ENEKTPONITIB.

OpuriHanbHMiI HaIpAM HAyKOBUX MOCITi-
IPKEeHb, 3aII09aTKOBAHMII Ha II09aTKy MUHYJIO-
rO CTOMITTA BUIATHUM BYEHMM, aKaJeMiKOM
B. O IInotHikoBuM i BijoMnii HayKOBOMY 3a-
rany AK «KuiBcbKa eeKTpoXxiMiyHa IIKOJIa»
[14] 3aBEAKM HaIONEINMBIM KOIIITKiM Ipari
jioro y4HiB Ta nmociifoBHukiB B. A. I36exoBa
ta [0. K. JleniMmapcbKoro, a TaKO>X OTPMMaHNM
dyH/IaMeHTaIbHUM pe3y/IbTaTaM y IOBOEHHI
POKM 3aBOIOBAB 3aC/Ty>KEHUI1 aBTOPUTET i BU-
3HAHHA MDKHApOJHOTO HAayKOBOTO 3arajay Ta
CTaB IIpeAiTeYel0 BCECBITHDBO BiJOMOI HIKO/N 3
¢isnyHoi Ximil Ta enekTpoximii posiaBIeHuX
Ta TBEPJUX €/IeKTPOJIITIB.

Baromuiit BHecCOK Jio ii HAyKOBOTO HOPOOKY
3pobwmm akagemikn HAH VYkpainu O. B. To-
ponucekuit Ta C. B. Bonkos, 4yneHn-kopec-
noupenty HAH Ykpainu O. I. 3apy6uubkmit,
B. . ITpucsoxunii, B. 1. lanosa, A. O. Omenb-
9yK, [JOKTOpM XiMIiYHMX HayK, IHpodecopn
b. ®. Mapkos, JI. X. Kosin, [I. A. TkaneHko,
H. X. Tymanosa, E. B. ITanos, O. O. Auppiii-
ko, X. b. Kymxos, O. I. Huknaypi, C. O. Ku-
pwios, A. A. Benikanos, K. O. Kaspmob6in,
M. O. IlIBa6 Ta 6araTo iHIMX HAYKOBLiB — y4-
HiB i nocnigosHukiB 0. K. [lenimapcbkoro.

CaMe 3aBJAKM 3a3HAYEHMM BUIIlE HAYKOB-
IAM IIMPOKOTO PO3BUTKY y CEpelVHi MMu-
HY/IOTO CTOpiyuA HaOymu ¢yHAaMeHTalIbHi
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DOCIIJP)KEHHA 3aKOHOMIPHOCTEN  KiHEeTUKM
e/IEKTPOJHMX IIPOLIECiB, MEXaHI3MY €lIeKTPOJI-
HIX peakllill 3a y4acTIO I1O/IiBaZIeHTHNX 10HIB,
TepMOAMHAMIKY Ta OY[OBM IOf|BIifHOTO e/leK-
TPOJHOTO IIapy, eleKTPOJIi3y Ta MacOOOMiHY
MDK efnekTpofamMy, OyjoBM iOHHUX pO3IIIa-
BiB Ta KOMILIEKCOYTBOPEHHS, IipOEIEeKTPO-
MeTanyprii Ta eIeKTPOXiMIiYHOIO CUHTE3Y
CIIONTYK TYTOIUIABKMX MeTasliB, Oflep>KaHHA i1
padinyBaHHA 6araTboxX MeTasiB, POTONEKT-
poxiMmii Tomo. Pesynbrat IMX JOCTiI>KEHb
TNOKOPIHHO 3MIHW/IM YABJIEHHA IIPO IIPUPO-
Iy €TeKTPONHMX IPOIleciB i MacooOMiH Mix
e/IEKTPOJJaMI B €/IEKTPOXIMIYHMX CUCTEMAX i3
posmnaBieHuMu enekrposnitamu. OkpeMi Ha-
IpAMU JOCTIIKEHD 11 loTerep MPOROBXKYIOTh
PO3BUBATHCA, 30KPEMA, B IHCTUTYTI 3arajibHOI
Ta HeOpraHiyHoi XiMii iMeHi B. I. Bepnapcbko-
ro HAH VYkpaian. Hapasi ¢axisni Incturyry
B 00/1aCTi eleKTpoXiMil pO3IUIaBIEHNX eJeK-
tpormitiB (A. O. Omenpuyk, 1. A. HoBocerno-
Ba, C. B. Kynmemos, O. B. Mensexxnucpka,
I. M. CKpuIITyH) IIPaIiO0Th HaJ| BUPIilIEHHAM
npobreMu 6e3MOCepeHbOTO €NeKTPOXiMiu-
HOT'O BiJTHOBJIEHHA OKCH[IB TYTOIIJIABKUX Me-
TaliB, TAKMX SIK LIMPKOHiN, BOMbPpaM TOIIO,
a TaKOX CUMHTE3y iHTepMeTa/iIHMX CIONYK i
KapOiztiB Ha iXHill OCHOBi, KApOOHOBUX HAHO-
das oo [14].

baratorpanna gisnphicTh 0. K. [enimap-
CbKOI'O Halji/ieHa HacaMIlepefl Ha PO3BUTOK
HayKy B HalIiil KpaiHi, BUXOBAHHA MOJIOAVUX
HayKOBUX KaJIpiB, 3aBOIOBAaHHA 1 BM3HAaHHA
MDKHAapOJJHOTO aBTOPUTETY, HE 3a/JMINV/IACA
HEMOMiTHOI0. V0o 3ac/yTyt ik BYEHOTO, Mefla-
rora, TpOMaJICbKOrO Jjisi4a BMCOKO OLIiIHEHO Ha-
YKOBOIO I'POMA/ICBKICTIO Ta ypsAgoM. Bin — nay-
peart npeMii imeHi JI. B. I[IncapxeBcbkoro AH
YPCP (1972 p.). Y 1974 poui itoMy IpucBoe-
HO IIOY€CHE 3BaHHA 3aC/Ty>KEHOr0 fiisfiya HayKN
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Ykpaincpkoi PCP, HaropomkeHo Bifil3HaKOIO
«3o0mora memanb iM. [I. I. Menmgeneesa» (1980),
HV3KOIO YpsA0BUX Haropoy (oppeHoM Kopt-
HeBoi Pesormonii (1984), Tpymosoro YepBoHo-
ro IIpanopa, «3nakom Ilomannm», rpamoTOr0
[Tpesupnii BepxoBuoi Pagn YPCP), 6aratpma
Mepanramu BIIHI. Y 1988 poui [lenimapcbkoro
HaropopxeHo JlepxaBHoro npemiero YPCP y
ranysi Haykn. Ha crini mkomu Ne 4 y m. bap
Binunupkoi o6macti, fe F0piit Jemimapcpkuin
HaByaBcsa y 1913-1922 pokax, BCTaHOBJIEHO
cTeny 3 1ioro 6apenbedom.

[Ipo >xuTTA i AiANbHICTD aKaJileMiKa € HM3Ka
cTareil, ONMyO/NiKOBaHNMX y IEpiOANYHUX BU-
JaHHAX (aKafileMiYHUX i He TiNbKM), yKpaiH-
CbKMX €HLMKJIONENiAX i CIOBHMKAX, OKPEMUX
BUJJAHHAX.

0. K. Ienimapcpknit 6yB JMIOAMHOI [06-
POSUYINBOIO i TAKTOBHOIO, MiTPUMYBaB JIOB-
TOTpUBaJi APY>XHI CTOCYHKM 3 KOJIETaMMU, IIPO
10 CBiguaTh 3rajjaHi BUILle MOro CIOTaguM i
He Tinbku. Viomy 6ynm mputamaHHi scHmii
pPO3yM Ta rapHa IIaM siThb, YiTKICTh y BUK/IAAi
JIOTIOBifiel, /IeKIiftHOro abo iHIIOTo Marepia-
1y, HOTPUMAaHHS CBOIX CJIiB i 06i1IsTHOK, HaBiTH
He3HayHMX. BiH MaB ACKpaBO BUpaKeHi opra-
Hi3aTOPCHKi Ta UIUIOMAaTUYHI 34i06HOCTI, sAKi
IHKO/M JJOTIOMAarajiy BUPIlIyBaTU CK/IAJHi Ha-
YKOBI, CYCIIi/IbHI YM )KUTTEBI MUTaHHA.

3i cnoraziB komumHboi ydenuni H. X. Ty-
MaHOBOI: «/[enimapcoxuil 6y8 yikasorw, Henpo-
CMOK0 TIOOUHOI, 2APHUM NCUXON020M, 000pe
posbupascs 6 n0osx. Bin dyice ysasxHo cmasus-
s 00 €80iX yuHie i acnipanmis, ane npu ubomy
He onikae ix no 0pibHUYUAX, 0a6a6 MONTIUBICIND
BUABTIAMU CAMOCMILIHICMb Y pobomi, aHamisy-
samu camum ompumani pesynomamu. Hanpu-
KIHUi HUMmS HAnucas aucmad, y AKOMy npocus
O. B. Iopooucvkozo He 3anumamu no3a yeazor
c80ix yuHie ma pobomy 8i00iny 3a2anom».
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0. K. Jenimapcpkuii Ta i1oro y4eHs i nocnifosuuk I. M. Illeiiko

srajgyorb Munyme (1985 p.)

Yu. K. Delimarskyi and his scientist and follower I.M. Sheiko

guess the past (1985).

[Ticna cmepri Jenimapcpkoro y 1990 poui
cniBpobiTHuKM it y4yHi - akagemik HAH

Ykpainn C. B. Bonkos,
YJIeH-KOPECHOHEHT
HAH Vxpainn B. I. [Ila-
IIOBAJI, JOKTOP XiMi4HMX
Hayk H. X. TymaHoBa,
KaHaugaTu  XiMivHUX
nayk JI. II. bapuyk Tta
B. I. ®emenko - migro-
TyBa/m iHQopMmamiiiHe
BUJJAHHA IIPO JKUTTE-
BUIL 1 TBOpYMIT HUIAX
aKafeMika y cepil «bio-
6i6bmorpadis  yueHuUx
Yxpaincbkoi PCP/AH
YPCP» «IOpuit Kon-
CTaHTMHOBNY Jlennmap-
CKMiT», sIKe I06a4niIo
cBiT y 1991 poui [15].
IMm'a IOpia Kocran-
TuHOBMYa [leniMapcbkoro Ge3mepedyHo TifjHe
[Ineapu yKpalHCbKMX HAayKOBLiB-HOBATOPIB —
TBOPIIiB HAYKM Ta TEXHIKM HOBOTO IIOKOJIiHHA.

THE LIFE AND CREATIVE PATH OF YURIY DE-

LIMARSKYI (ON THE OCCASION OF THE 120
OF THE BIRTH OF YURIY DELIMARSKY]).

A. O. Omelchuk, L.B. Koval

V. 1. Vernadskyi Institute of General and Inor-
ganic Chemistry of the National Academy of
Sciences of Ukraine,
32/34 Acad. Palladina Ave., Kyiv 03142, Ukraine
koval@ionc.kiev.ua

The article is devoted to the 120th anniver-

sary of the birth of Yu.K. Delimarskyi, Member
of the Academy of Sciences of Ukraine, Doctor

https://ucj.org.ua

of Chemistry, professor, honored scientist of
Ukraine, winner of the State Prize of Ukraine
in science and technology, L.V. Pysarzhevsky
Prize of the Academy of Sciences of the Ukrai-
nian SSR, D.I. Mendeleev Gold Medal, a scien-
tist widely known to the scientific community,
in particular in the field of electrochemistry of
ionic melts and solid electrolytes, one of the
talented representatives of the "Kyiv School
of Electrochemistry" and co-author of the sci-
entific discovery "The phenomenon of metal
transfer from the cathode to the anode during
the electrolysis of ionic melts". The article pre-
sents some facts of Delimarskyi's biography,
in particular his education, the period of his
formation as scientist electrochemist; scientific
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achievements achieved by him, his students
and followers in the field of electrochemistry
of molten salts, chemistry and technology of
inorganic substances and non-ferrous metals.
Delimarskyi's personal memories of his work
at the V.I. Vernadskyi Institute of General and
Inorganic Chemistry of the National Academy
of Sciences of Ukraine are peresented.

Key words: electrochemistry, ionic melts,
technology of inorganic substances, non-fer-
rous metals; scientific school.
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