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CKNTAQHOOKCWUAHI CNOJIYKW TAQONMIHIKO(1T), OAEPXAHI

3 MONIBAATHO-®0CPATHUX PO3INJIABIB

K. B. Tepe6inenxo'*, B. O. 303yns’, I. I. Tokmenxo?®, M. C. Cno600anux’
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Hocnimxeno ocobmusocti Bupourysanns Monokpuctanis K Gd(PO,)(MoO,) i3 xom-
6inoBanux pocdarno-monibmaTHMX posnasis. Bcranosneno obnacri yrsopenna GdPO,,
KGd(MoO,), Ta ixni Mexi cniBKpucTanisailii 3i 3MilIaHO-aHIOHHOIO CIIONYKOIO Ka/lilo-rajio-
ninito. Metogom [Y-criekTpockornii mokasaHo, 1o B ycix cromykax Monibzes ta pocgop 3Ha-
XOISTHCS B TeTPaeAPUIHOMY OTOYEHHI, a (pa3oBuMil CKIaj MifTBEP/PKEHO peHTreHorpadieo
nopoky. Kpucranisaniro ninbosoi cnonyku K,Gd(PO,)(MoO,) crioctepiraemo y ricepo6i-
HapHoMy pospisi K Mo, O_-KPO,. 3anpononosani kpucranoximiuni kputepii GpopmyBanHs
IIapyBaTMX KapKaciB 3MillIaHO-aHIOHHOTO TUITY, OCTPIBLIEBUX CTPYKTYP i TPUBUMIPHUX Kap-
KaciB Ha OCHOBI 3MilaHux pocdaTHO-MOMIOAATHUX CUCTEM i PiIKiCHO3eMeTbHUX e/IeMEeHTIB.

KniouoBi cmoBa: rajoniniit, MonioneH, docdar, posmnas, mone KpucTasmisarii.

BCTYII. BcTaHOBNEHHA 3aKOHOMipHOCTEN
CUHTE3Y OKCUIHUX CIIOJIYK B yMOBaX KpUCTaIi-
3a1ii 3 po34MHiB y po3iasi Ta TBepaodasHii
B3a€MOJII JO3BO/IAE HE TiIIbKM ONTUMIi3yBaTh
YMOBM Ofiep>KaHH: (PyHKIIIOHa/IbHUX MaTepia-
7B, a 11 KepoBaHO MopudiKyBaTy IXHi BIacTn-
BocTi [1]. SIckpaBMMM IpeIcTaBHUKAMU Ta-
KX MarepiajiiB € 3MilllaHO- aHIOHHI CIIOTYKM
K,Ln(PO,_)(MO,) (Ln = La-Lu, Y; M - Mo,W),
I AKMX II0Ka3aHO MOXX/IMBICTH KEPOBAHOTO
BIUIMBY Ha JIOMiHecleHTHI [2—3] Ta doro-
KaTajaiTu4Hi [4] BIaCTUBOCTI HUIAXOM i30- Ta
reTEPOBAJIEHTHOIO 3aMillleHHA B KaTiOHHIN
a0 aHIOHHIN miArpaTHi MIAPYBaTOTO KapKacy.

BusHayeHHA yMOB YTBOPEHHS TBEPAMX PO3-
YIHIB Y TaKMX KapKacax Mae sAK pyHpaMeH-
TaJIbHE, TAK i IPAKTMYHE 3HAYEHHA JI/I pO3PO-
O/1eHHs Cy4acHUX oMiHodopiB. I3 kpucTamo-
ximiuHoi Touku 30py kapkac K Ln(PO,)(MO,)
CKIaJa€EThCS 3 JAHIIIOKKIB LnOS, AKi 3B’513y—
I0TbCSL Y MEPEeXUBHI CiTkM 3aBAsaku ¢ocdat-
HVIM TPyIIaM, a MOliO6#aTHi a60 BonbppaMartHi
TeTpaefpy pas3oM i3 KaTiOHaMM KaJlilo 3Ha-
XO[ATbCA Yy MbKIIapoBoMy mpocTtopi [5—6].
Taknit XapakTep po3MillleHHA TeTpaefpuy-
HUX TPyN BiIKpUBA€ IEPCIEKTUBM KOHTPO-
JIbOBAHOI'O BIUIMBY Ha Bi[[CTaHb MK CiTKaMu
[LnPO,], To6T0 posmip MO,(M - Mo, W)
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BiiIMOBijaTMMe 3a MOX/IMBMIT IepeHOC 30y-
JDKEHHS MDK HalO/MVDKIMMI LIeHTPaMy JTIOMi-
HecueHjii. KpiM 1jporo, cepes yxe BUBYEHUX
JIIOMiHECLIEHTHMX CUCTEM HaBENEHOTO CKIaly
IIOKa3aHO i30Ba/IeHTHUI MeXaHi3M 3aMillleH-
HA 'y pasi JieryBaHHA pifiKiCHO3eMe/TbHUMM Ka-
TioHamu [7—8].

Cepep HatibinbI epeKTUBHUX ITIIXO/IB 1O
MOKpallleHHA TIOMiHEeCLIEHTHIX BJIaCTUBOCTEN
TaKMX 3MilllaHO-aHIOHHUX CIIONYK € KOHTPO-
JTbOBaHe 3aMillleHHA Ha pifgKiCHO3eMebHi
JIOHU, fIKe Peai3yIoTh K TBepHOo(}a3HOI0, TaK
1 pO3YMH-PO3IIZIABHOI B3aEMOJIEI0 OKCH/[I-
HIJX KOMIIOHEHTIB. [I/1 yCIiIHOTrO JIeryBaHHA
TaKMX CK/IaJJHO-OKCUJHUX CIIONYK JIIOMiHecC-
LEeHTHMMM JOMIIIKaMM i3 po3IIaBiB HeoOXif-
HO BM3HAYMTH 00/IaCTi IXHbOI KpUCTamisanii y
YYCTOMY BUIJIAZAL Ta ONTUMIi3yBaTy TeMIlepa-
TypHUII iHTepBasI IXHBOTO (POPMYyBaHHS.

MeTo0 11bOTO IOCTIPKEHHSA € BCTAHOBJIEH -
HA obmacti kpuctanisanii K,Gd(PO,)(MoO,)
i3 koM6iHOBaHUX comboBUX posmaBiB K-Gd-
Mo-P-O, BusHayeHHA KpUCTAIOXIMIYHUX ITe-
penyMoB (OpMYBaHHS TaKMX CIIONYK Ta ITOJLA
KpUCTaisanii CyMDKHUX CIIOTYK.

EKCIIEPMIMEHT I OB OBOPEHHA PE3Y-
JIBTATIB. fIK BUXifHi peareHT! BUKOPUCTOBY-
Bam: Gd,0, (x.1.), MoO, (x.u.), K,CO, (x.4.)
ta KH,PO, (x.4.) 6€3 1omnepeqHboro O4nieH-
HA. Buxigni cymimi rorysBanmu i3 BKasaHUX
KOMIIOHEHTIB BiJIIOBiJHO IO 3aIlCY IICEBJO-
norpiitioi  cucremn  xK O-yP,0.-zMoO,,
o mictuth 5 % mon. Gd,O,. Cymim kap6o-
HaTy Kajilo, ¢pocdaTiB Kajilo Ta OKCULY MO-
ni6aeny(VI), mo BignmoBimae neBHiit TOYIi
posmnaBy xK O-yP O.-zMoO,, nomimann B
IJTATVMHOBMI TUTE/Ib Ta IIOCTYIIOBO HarpiBaim
mo 1100 °C. 3a niei TeMnepaTypu B ofeprKa-
HUJI PO3IIaB BHOCWUIVM PO3PAaXOBaHY Kijlb-
KiCTb OKCUZY TafIONiHiI0 IIpYU IepeMilllyBaHHi.
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Ockinbky 70ro po3uyMHEHHA € JIIMITYI0UOI0
CTafJi€l0 TOMOTeHi3allil, TO 3a/Ie)KHO BiJ] CKJIa-
Iy BUXIJHOIO pO3IUIaBy J1Or0 BUTPUMYBa-
m 1-2 rog 3a 1100 °C. OTpuMaHnii po34nH
y posmmaBi oxonomkysamm 5o 550-650 °C 3i
mBuakictio 70-80°/rox. Ha ¢inanbHiit crapii
3a/IMIIKM PO3IIJIaBy JIEKAaHTYBA/IM Ha MigHUIA
JIUCT, a OTPUMAaHI KpUCTaAu BIiJMMUBaIMU Bif
IJIaBY y Taps4iil Bofii abo posunHi poszbasiie-
HOI Cy/b(aTHOI KUC/IOTH.

Kpucramiuamii 3a1MIloK AOCTiIKyBalIn
[Y-criexTpockomielo Ta peHTreHoda3oBUM
aHaJi30M.

Judpaxrorpamm 3sammucyBamm 3a JIOIO-
MOTOI0 aBTOMATVYHOTO IOPOIIKOBOTO Au-
paktomerpa Shimadzu XRD 6000 y pexumi
BifIOMTTS Bif peTe/bHO IepeTepTHX Ta 3aIpe-
COBAHUX Y A/IIOMiHIEBY KIOBETY IIOMIKPUCTA-
MiYHUX 3paskiB (BumpominooBaHHA CuKa 3
A =1,54178 A; meton 20 6esmepepBHOTO CKa-
HyBaHHA 3i mBuakictio 1,2° 20/xB; piamason
KyTiB 20 Big 5,0 mo 60,0°% rpadiToBuit MOHO-
XpoMaTop mepep gaeTekTopoM). [Y-crextpn
3anmcano Ha npuiaaji Perkin Elmer Spectrum
BX 'y tabnerkax KBr myis gianazony 4acTor Bif
400 go 1200 cm.

3akoHOMipHOCTI (OpMyBaHHA KpUCTa-
nivanx as A 6inapuux pospisie KPO,—
K2M0207 Ta K4PZO7— K2M0207, 0 MIiCTUIN
Gd203> HaMM IOCTIi/I)KEHO B iHTepBasi TemIe-
paryp 1100—550°C. Ilonepenubo 6yno BcTa-
HOBJIEHO, 1110 PO3YMHHICTb OKCUJY rafo/iHi0
JOCUTDb HM3bKA i TOTpeOye 3HAUHOTO Yacy I
Ipo1ecy TOMOreHisanii. Baxnmso BigmiTn-
TY, IO V AVIMOMIOZAaTHUX CUCTEMaxX IPOLeCcH
dbopMyBaHHs TOMOT€HHOTO CKJIa BifOyBamucs
3HayHo mBuame (1o 1 rox).

Y pesynbrati IpoBefeHHsA IpOLECiB II0-
BI/IbHOIO OXOJIOIPKEHHs 3 PO3YMHIB Yy PO3-
1aBi 3a¢ikcoBaHO POpPMYBaHHSA CIIONYK YO-
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tuppox tumis: GdPO,, K Gd(PO,)(MoO,),
K,Gd(PO,), Ta KGd(MoO,), (puc. 1).

GdPO, xpucranisyerbca y Burasami 6es-
6apBHYUX NIPU3MATUYHUX KPUCTAJIIB pO3MipoM
mo 0,1 mm 3a makcumanbHoro Bmicty KPO,
y PO3IUIaBi, a TaKOX IIpU CIiBBiJHOIIEHHI
K/P =0,20—0,50 Ta mpn K/(Mo+P) = 0,25-0,33.
Kpuctanu He po3unHHi y BOJi, ajie rapHO pO3-
YMHAIOTHCSA B PO3UMHAX PO36aB/IeHNX KICTOT
i posunni ENTA. [Y-cnexTp, cm™: 1067 (c.),
1001 (rwr), 967 (mm.), 622 (c.), 584 (mm.),
540 (c.). Cnomyka KpHUCTaTi3yeTbCsA B MOHO-
K/1iHHi cunroHii, mp. rp. P2 /c,a = 6,921(1) A,
B = 6,388(1) A, c = 8,070(1) A, B = 98,04(3)°,
V =289,167(1) A3

KGd(MoO,), dopmyerbca y Burnazi 6es-
OapBHMX JIYCOYOK i3 XapaKTepHMMIU Haciyka-
MU HeNpaBuIbHOI ¢opMy 3a MiHIMaTbHOTO
BMicTy pocdarnoi komnonentu P,O, mo 25 %
Moin. Kpucranmm pos3TpickyoTbesa mpy Kuir ' s-
TiHHI Y BOJIi i MYTHIIOTb, JIETKO PO3YMHAIOTh-
ca B kucnorax (pos6asneni HCI, H,PO,)).
IY-ciexktp, cm™: 860 (c.), 754(c.), 660 (c.),
516 (c.), 505 (cn.) Cromyka KpuUCTami3yeTbcs
B MOHOKJIiHHIil cuHroHil, np. rp. C2/c, Z = 2,
a=7,554(4) A,b=7,554(3) A, c=7,8961(3) A,
B =88,237°.

K,Gd(MoO,)(PO,) kpucranisyroTbcs y BU-
I7IAJ1 IPO30PUX IIJIACTUHOK, AKi He PO3YMHHI
y BOJi, ajie PO3YMHHI Y KUC/IOTaX IpU Harpi-
BaHHi. [Y-crextp, cm™: 1100 (c.), 1080 (c.),
966 (c.), 622 (cn.), 572 (c.), 531 (cn.) Cnony-
Ka KpPUCTaNi3yeTbCsl B OPTOPOMOiUHIiN CUH-
ronii, mp. rp. Ibca, Z = 8, a = 19,694(4) A,
b =12,260(3) A, c = 6,961(3) A.

K,Gd(PO,), kpucranisyerbcsa y BUITIAMI
6e30apBHMX NIPU3MATUYHUX KPUCTAJIB, AKi
PO3YMHHI B KMCIOTAaX IIpY HarpiBaHHi. YMOBU
ofepKaHHA: criBBigHOomeHHA K/P = 1,7-3,3,
1[0 TIPAKTUIHO BifmoBigae pospisy K MoO, -

https://ucj.org.ua

K,P,O.. [9-cnextp, cm™: 1100 (c.), 1080 (c.),
982 (c.), 674 (cm.), 512 (c.), 531 (cn.) Cno-
JyKa KPUCTaIi3yeTbCd B MOHOK/IIHHIN CHUH-
rowii, mp. rp. P2 /m, Z = 2, a = 5,6206(4) A,
b =9,4450(3) A, c = 7,4132(3) A, B = 90,727°.

K.Gd(PO,)(MoO,)

RS
B xcaomo,),

K,Gd(PO,), 0,25 075

GdPO,

1,00
—3- 0,00
1,00 (MOOa)z

0,75

025

P,0; 0,60

Pyc. 1. O6nacti kpucTanisanii conyk y cucremi
K- Gd - Mo - P - O, HaneceHi Ha fiiarpamy ckmagy
BUXiJTHUX PO3II/IaBiB

HeTanpHmii posrisay 0coOMMBOCTEN B3ae-
Mopii y xoMbiHOBaHUX (ocdaTHO-MOmibHaT-
HUX PO3IUIaBax, 0 MiCTATb OKcuan abo ¢ro-
puau pifKiCHO3eMeIbHUX KaTiOHiB, BUABUB
nons Kpucramisauii rakmx cnonyk: GdPO,
K,Gd(PO,),, K,Gd(PO,)(MoO,) Ta mogsiitao-
ro momnibpary (puc.1).

Sk 6yno nmpomemoHcTpOBaHO y [9], Momni6-
JaTHI pO3IUIaBM AK PO3YMHHUKM BOJIOIIOTH
HU3KOI IlepeBar s BUPOLJYBAaHHA MOHO-
KPUCTa/IiB pi3HOI IpUPOAN: IMPOKUII Jiarma-
30H MOXX/JIMBUX CIHiBBiTHOIIIEeHb, HU3bKi TeM-
IepaTypy IUIaBJIEHHA Ta BMUCOKA 3[JaTHICTD JI0
PO34YMHEHHA TYTOIUIABKMX OKCUAiB. [l Bupo-
I[yBaHHs MOHOKPMCTA/IB MofBiitHOro gocda-
Ty YCHILTHO BUMKOPUCTOBYIOTb KOMOiHOBaHMII
posunH-posmwias y pospisi K MoO, - K.P.O,,
IO SKOTO BHOCATb PO3PaxOBaHY Ki/lbKiCTb
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Gd,O,. Peak1is mpoxouth 3a CXEMOIO B MTPU-
cytHocTi K MoO,;:

3K,P,0. + Gd,0, = 2K,Gd(PO,), + 2K,PO,

[llapysara crpykrypa K,Gd(PO,) yTBO-
peHa LUIAXOM IO€JHAHHA 13071bOBAaHMUX IOJi-
enpis GdO,, reomeTpis AKMX 671U3bKa /10 OfI-

> .

HOIIAIIKOBOTO OKTA€eflpa 3B A3aHNUX CIUIbHUMMA
BeplIMHaMy i pebpamn 3 isonboBanumu oc-
daraumy rpynamu. HajimeHIma BifcTaHb Mix
cycimuivu Gd-Gd cranosuts 4,9 A. B cTpyxk-
Typi BupineHo nBa Ty QocdarHUX TeTpa-
e[lpiB: OIVH TUII MA€ CIIi/IbHI KMICHEB1 BEPILIVHNA
3 opuum noniefipom GAO,, popmyroun crinbHe
pebpo, a 3 inmmmu cycigaimu GdO, rpynamum
TiIBKY criinbHMMY BepinHamy [10].

PosrnsHeMo feTanpHine ponb MOiOAaTHOT
KOMIIOHEHT) y TaKUX pO3IlIaBaX, a came: sIK
craiBBigHomenHsa K/P ta K/Mo BiinBaoTh Ha
CKJ/Iafl OTPMMAHOI KpUCTaIiuHOi (asu Ta xa-
paKTep 3MiHM TOIIO/IOTII YTBOPEHOTO KapKacy.

[ Bcix maHTaHOIRIB y posmiaBax GiHap-
Horo pospisy KPO,—K Mo,O, yrBoproroTbcs
mume oprodocdatn LnPO,, saki Hanmexarb
[0 OHOTO 3 JBOX CTPYKTYPHMX TUIIIB: MO-
HanuroBuit (La—Gd, MOHOK/IIMHHA CUMHTOHIS,
np. rp. P2 /n) Ta kcemorumoBuii (Terparo-
Ha/IbHA CUHTOHisA, 1p. rp. 14 /amd). Baxxnuso
BigMiTHTH, 1[0 MOJTIOAAT He BIUIMBAE HA CKIAf,
Ta CUMeTpilo orpumanux docdaris i Bucry-
IIa€ B POJli iHEPTHOTO pO3YMHHMKA. AKIO y
pospisi KPO,—K Mo,O, Kpucramisyorbcs
oprodocdary MOHALUTOBOTO Ta KCEHOTHU-
MOBOIO pAAY, TO IpU IEepexofi Jo pospisy
KPO,—K,Mo,0, (puc. 1) Xapakrep Kpucra-
JIOYTBOPEHHA 3HAYHO 3MIiHIOETbCA. [I1d /Man-
taHoiniB psAny La—Nd 36epiraerbcs TeHeH-
uis mo yrBopenHs LnPO, (MoHALIMTOBMIA
CTPYKTYPHMIL TUII), OffHAK B)XXe Y BUITAJKY Ca-
Mapiio JJOZATKOBO 3’ABJIAETHCSA HOBA KPUCTa-
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niyHa dasa K,Sm(PO,)(MoO,) [11].Y cucremi
K-Gd-Mo-P-O Taky B3aemopiio Bigobpakae
cxema:
K,Mo,0, + Gd,0, + 2KPO, =
= K,Gd(PO,)(MoO,).

[IpoananisyBaBIIM 3aKOHOMIPHOCTI YTBO-
peHHA  3MIIIAHO-aHIOHHMX  CIIONIYK  TUILY
K Ln(PO,)(MoO,), cnin BifsHaumTu, mo ixHe
dopMyBaHHA CIOCTepiraloTh I IEBHO-
ro iHTepBaly IOHHMX pajiyCiB TpUBaIEHT-
Hux enemeHtiB i3 KY= 8. Tak, y papy Bifj
La(R_ =0,117 am) o Lu (R =0,100 uMm) iioH-
HUI pafiiyc TIOCTYIIOBO 3MeHINyeTbcsA. [losaBa
3MillIaHO- aHIOHHMX CHONYK B YMOBaX KpMCTa-
nisanil 3 po34YMHiB-pO3IIABIB [/IA Kalill-BMic-
HUX CHUCTEM BifOyBaeTbcs mmie g psfy
Sm—Tm, mo Bignosigae R = 0,110-0,102 um,
a CHiBBigHOLIEHHS papiyciB karioHiB R(K')/
R(Ln) = 1,40—1,52 (puc. 2).

CrmissiaHomenns K/Mo y noyarkoBoMy posrviasi

All 05-1.1 1.2-15 1.6-3.0
La [

(P: .\I"P(),‘ K}AIII{ PO, ),
Nd 4

Sm K, A"(PO,)(MoO,) +AMPO,

| K,AI(PO,)(MoO,)

Gd | AmpQ, . s e

Tb

Dy \

Ho /

Er L .

Tm K,AT(PO, )(MoO,) +ATPO,

Yo | '

1 AIPO,

Puc. 2. Cxema smiHM nosiiB Kpucrasisanii y pos-
4MH-PO3IIaBaxX, 1o MicTATh ¢ocdar i Momibaar
KaJIio

Takuil BUCHOBOK MiATBepmXye ¢opmy-

BaHHS 3a aHAJIOT{YHUX YMOB CMHTE3y TaKOX
K Y(PO,)(MoO,) [10] (R_ ana Y cTaHOBUTD
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0,102 1M, a CIiBBiIHOIIEHHA IOHHUX pafiiycCiB
R(K*)/R(Ln) = 1,48).

Takum 4mHOM, nepexin no gudocdarHoro
pospisy K P O.—K Mo, O, symoBnwe nosasy
nomimkosux ¢as K Ln(PO,)(MoO,) (puc. 2)
i mia inmmx naHTa”igie Ln= Ho—Tm. OTxe,
npu nepexopi Bigmetadocdarnoro pospisy o
nudocdaTHOrO y BUIAAKY MOMIOTaTHUX PO3-
IUIaBiB CIIOCTEPIraloTh MOCTYIIOBY 3MiHY TUITY
aHiOHa KPUCTAIIYHOI MaTpUIi 32 IPUHLUIIOM:
LnPO, - K Ln(PO,)(MoO,) - KLn(MoO,)..
OTpumaHi 3aKOHOMIPHOCTi  pO3IIMPIOIOTDH
YABJIEHHS NIPO 3aKOHOMIpPHOCTi popMyBaHHS
CKJIQJJHO-OKCUJHMX CIIONYK y KOMOiHOBaHUX
pO3YMHax y po3IljIaBi.

BJICHOBKJ. BcranoBneHO 06/1acTh Kpuc-
tanisanii K,Gd(PO,)(MoO,) B ymoBax Kpuc-
Tanisauii 3 po3unHiB y posmmasax. Kirouo-
BUM (PaKTOpPOM YTBOPEHHA CKJIAJ[HO-OKCUJ-
HUX CIIOJIYK PiKiCHO3eMe/IbHIX €/IEMEHTIB 13
KOMOiHOBaHUX MOibmaTHO-PochaTHUX PO3-
wIaBiB € criBBigHOmeHHA K/Mo y BuxigHo-
My posumHi-posmnasi: 1) mpu K/Mo = 0,5-1,1
dopmyroTbcsi oprodocharn LnPO,, mo xa-
PaKTepU3yI0TbCAd KapKaCHOW CTPYKTYPOIO 3
MepeXXUBHIUX CiTOK Ha OCHOBI KOHJJeHCOBaHUX
y TpuBUMipHMIi Kapkac nonieapis LnO_/LnOg;
npu K/Mo = 1,2-1,5 ¢dopmyroTbcsa 3Mmimra-
Ho-aHioHHi cmonmyku ckmagy K Ln(PO,)
(MoO,) (Ln - Gd- Tb) i3 mrapysaroro 6yfoBoto,
ne LnO, yTBOpOIOTH 3UrsaromnoibHi smaH-
mioxky; 3) npy K/Mo = 1,6-3,0 yrBOproroThcs
nozsilini opropocdarn ckmagy K,Ln(PO,), 3
OCTPIBLIEBOIO CTPYKTYPOIO.

o  [locnigyKeHHA NpOBOAWIN B paMKax
g/r HayKOBO-IOCTITHUX POOGIT aepxk6I0-
mxeTHOI Temu Ne21b®037-01 Kuis-
CbKOT'0 HAIliOHATbHOTO YHiBepcUTeTy
imeni Tapaca IlleBuenka.
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"Taras Shevchenko National University of Kyiv,
64/13 Volodymyrska str., 01601 Kyiv, Ukraine
’National Medical University O.O. Bogomolets,
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Abstract. The peculiarities of K Gd(PO,)
(MoO,) single crystal growth from combined
phosphate-molybdate melts have been in-
vestigated. The formation regions of GdPO,,
KGd(MoO,), and their cocrystallization
fields with the mixed anionic compound
potassium - gadolinium have been estab-
lished. IR spectroscopy showed that in all
compounds molybdenum and phosphorus
are in a tetrahedral environment, and the
phase composition was confirmed by X-ray
powder. Crystallization of the target com-
pound K ,Gd(PO,)(MoO,) is observed in
the pseudobinary section K Mo, O -KPO,
orthiorombic system, space group Ibca, Z = 8,
a=19,694(4) A,b=12,260(3) A, c=6,961(3) A.
Double phosphate K,Gd(PO,), crystallizes in
the form of colorless prismatic crystals from
the melts with the initial ratio K/P = 1.7-3.3,
which practically corresponds to the section
K, MoO, - K,P,O.. Phosphate GdPO, crystal-
lizes in the form of colorless prismatic crystals
up to 0.1 mm in size at the maximum KPO,
content in the melt, which corresponds to K/P
ratio = 0.20-0.50 and K/(Mo+P) = 0.25-0.33.
Crystal-chemical criteria for the formation of
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mixed-anion-type layered frameworks, island
structures, and three-dimensional frameworks
based on mixed phosphate-molybdate systems
and rare earth elements are proposed. The
key factor in the formation of complex oxide
compounds of rare earth elements from com-
bined molybdate-phosphate melts is the ratio
of K/Mo in the initial solution - melt: 1) at
K/Mo = 0.5-1.1, LnPO, orthophosphates
are formed, which are characterized by a 3D
framework on the basis of LnO./LnO, poly-
hedra condensed into a three-dimensional
framework; at K/Mo = 1.2-1.5, mixed anion-
ic compounds of the composition K,Ln(PO,)
(MoO,) (Ln - Gd- Tb) with a layered structure
are formed, where LnO, forms zigzag chains;
3) at K/Mo = 1.6-3.0, double orthophosphates
of the composition K,Ln(PO,), with an island
structure are formed.

Keywords: gadolinium, molybdenum, phos-
phate, melt, crystallization field.
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BMJINB CKJIAAY NPEKYPCOPY HA 0COBJINBOCTI ®OPMYBAHHS

TUTAHATY BbAPIHO

O. A. Kosanenkxo

Kagedpa gpisuxu, ximii ma mexHonoeii HAHOCMPYKMYpPHOT Kepamiki ma HAHOKOMNOZUMHUX MA-
mepianie, Incmumym npobnem mamepianosnascmea imeri Ppanuyesuua HAH Ykpainu,

8yn. Kpacusxcarnoscokoeo 3, Kuis 03142, Ykpaina

e-mail: olgiuskovalenko@gmail.com

Y mpoueci oTprMaHHi TMTaHATy 6apito MeTogoM IleuiHi BcTaHOBIEHO 3B’ 130K MiXK YMO-
BaMI OCA/KEHHA KOMIUIEKCIB Ta XapaKTepOM IiXHbOTO TEPMiYHOro posknapgy. PenrtreHo-
¢das3oBuil aHaTi3 TepMiYHO PO3K/Ia[IeHNX IMPEKYPCOpiB MOKa3aB, IO YTBOPEHHS OffHOda3-
HOI CUCTeMM Ha OCHOBi TUTaHaTy 6apir0 MOXKHa JNOCATHYTU B Jialla3oHi CIiBBIJHOIIEHHSA
Ba/Ti0.96-1.01 3a ymoBu Bucokoi C peareHTiB Ta Hu3bkoro pH posunHy B mporjeci ocazpkeH-
Hs npekypcopy. Ha ocHOBi TepMorpaBiMeTpu4HOro aHamidy 3po0/eHO IPUIYLIeHHS I0J0
MOXX/IMBOTO M€XaHi3My pO3K/IaZy IIPEeKypcopy Ta 1ioro cknazny. IlokasaHo, 110 KiZIbKIiCTb Tifi-
POKCUIBHUX TPYIl Y CTPYKTYPi BIVIMBA€E Ha MEXaHi3M KpUCTaisaliil, 3arajJibHy BTpaTy Macu
Ta KiJIBKICTh a/IcOpOOBAHOI Ha MTOBepXHi BoAM. 30KpeMa, 3pa3Ku, OTpUMaHi 3a Husbkoro pH
PO34YMHY, MAalOTh MiHIMa/IbHY KiZIbKiCTb TifpOKCUIBHNX I'PYII i PO3K/Iaflal0ThCA 3a TUIIOBUM
JOTMPUCTYIIIHYACTUM MEXaHi3MOM TEepPMIYHOIO PO3K/IaJy TUTaHIZOKCanaTy Oapiro. IHmmi
3pasKy MiCTATb Tiffpo- Ta kKap6o- Tpymy, 0 MPU3BOAUTD IO MiABUIEHHS KiHIIeBOI TeMIle-
parypu poskiaany moHay 770 °C Ta 6aratocTafjiliHOCTI poljecy po3KIafy depe3 pisHUII0
B eHeprii akTuBallil 3apOIKOYTBOpeHH: pisHuUX ¢as. e, cBo€l0 yeprow, Mo>xe 3yMOBTIOBa-
TU JOMiHYBaHHA IIPOLECY 3apOAKOYTBOPEHHA HaJl pOCTOM Ta 3apOJ KeHHAM KPUCTaliTiB
MEHIIIOT0 pO3Mipy MOPiBHAHO 3 MPOAYKTOM PO3K/IAZly YMCTOTO OKCATATy. 3 OfHOro OOKY,
BJMCOKIII BMICT XJIOpU/I-i0HIB IIpy HalHIDKYOMY pH posumny cnpuse Kpucrasmisalii mpo-
AYKTY Ta YTBOPEHHIO TOJATKOBMX LIEHTPIB 3apO/pKeHHA 3 a3y aMOpPQHOro JiOKCURY TH-
TaHy. 3 iHIoOro 60Ky, yTBOpeHHs 6i/bII ApiOHMX KPUCTAIITIB BiOyBa€eThCs Yepes BifiCyT-
HICThb 3HAYHUX 3iTKHEHb YaCTMHOK B YMOBaX HM3bKOI KOHIIEHTpAllil peareHTiB y pPO34YMHi.
Ha ocHoBi TepMOrpaBiMeTpMYHOrO aHasIi3y MOKa3aHo, 10 3a BCOKOI KOHI[€HTpallii peareH-
TiB TUTaHiMOKCaMaT 6apilo PO3KIAAAETHCS IIEPEBAYKHO 32 MEXaHi3MOM YTBOPEHHS IIPOMiXK-
HJX OKCMKapOOHaTiB, a He KapOOHaTy 6apilo Ta IMOKCUAY TUTaHY. TakuM 4MHOM, ONTNMi3a-
11is MapaMeTpiB OCafKeHHs IPEKYPCOPy Ta JOCTiI>KeHHS MeXaHi3My GOpMyBaHHS TUTAHAT
6apito JO3BOJIAIOTH Kpallle Pery/IIoBaTy CKIaj] Ta PO3Mipy KiHIIeBOTO IPOJYKTY.

Knro4oBi cmoBa: TutaHat 6apito, OKCaIaTHUI METOJ, CTEXiOMeTpist, HAHOYaCTUHKI.
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BCTYII. Tutanar 6apito, AKuil Mae yHi-
KajJlbHI CErHeTOeNeKTPUYHI Ta [ieIeKTpud-
Hi BJIaCTMBOCTI, IIMPOKO BUKOPUCTOBYIOTDH Y
KOHJeHcaTopax [1]. 3acTocyBaHHA HaHOPO3-
MipHIX YaCTMHOK TuTaHaTy 6apito (BaTiO,)
NO3BOJIAE OTPUMATH KepaMiKy BYCOKOI LIi/Ib-
HOCTI, a OT)Ke, IOKpallly€e BIaCTMBOCTI Ipo-
Aykry. KpiM 1p0Oro, 3MeHIIEHHA po3Mipy
gactuHoK BaTiO, y monimepromy komMmosuTi
JI03BOJIsIE€ 301IBIINTY 3HAYEHHS Mie/IeKTpud-
Hol mpoHmkHocTi [1]. Takox mns orpmman-
HA TOHKOTO KE€pPaMiuyHOTrO IApy JieleKTpUKa
BaTiO, € HeobxigHOK BMCOKa CTexiomeTpis
(cuiBBigHomenus Ba/Ti B mexxax 0.99-1.01),
KPUCTaM4HICTh 1 JMCIIEpCHI XapaKTepUCTH-
K1 B cycrensii [2]. TakuM 4MHOM, KOHTPONIb
PO3BUTKY Ta CK/IaJy KPUCTAJITiB, AKi yTBO-
proroTh HaHOYacTuHKM BaTiO,, ABnsae coboro
ocobnyBe I0JIe A JOCTIIKEeHDb i MoTpebye
nif6opy BiANOBiHOrO MeTONy CMHTE3Y, a Ta-
KO>X PETEJIbHOTO Ha/lAlITyBaHHA IIapaMeTpiB
CUHTES3Y.

Cepep Takux iCHYIOUMX METOZIB OTPUMAaH-
Hs HaHOYaCTUHOK BaTiO, sk BucokoTemrepa-
TypHUIT TBeppodasHuii [3], 3omp-rens [4-6],
rifporepManbHuit [7, 8] HaybinbI 3py4HUM
XiMiYHMM METOZIOM i3 TOYKM 30py BMCOKOTO
BUXOZly Ta HU3bKMX BUTPAT Ha BUPOOHUIITBO
CTEXiOMETPMYHOTO HAHONOPOIIKY 3 BY3bKUM
pO3IoAizoM 3a po3MipaMu, MiHiMi3alli€0 BTO-
PUMHHUX (pa3, MOXXIVBICTIO Offep>KaHH: LINPO-
KOrO Pi3HOMAHITTSA HAHOIOPOUIKiB 3a CTaH-
JApTHYUX YMOB € OKCa/JaTHUII MeTox (abo Me-
top Ileuini) [9-12], sKMi1 BK/IIOYA€E eTam oca-
JDKEHHA OPraHiYHOTO KOMIUIEKCY Ha OCHOBI
MeTany 3 KOJOIJHUX PO34YMHIB i3 HACTYIIHUM
TEPMIYHMM PO3K/IaJJOM OTPUMAaHOTO IPeEKyp-
COPY [0 KiHIIEBOTO IIPOJYKTY.

HaHi miteparypm mono BBy pH peak-
LilfHOTO cepefoBuIa Ha (azy OCa/PKEHOro

https://ucj.org.ua

peKypcopy € cynepewmmBumu. Hespakaroun
Ha MOXJIMBICTb IIOBHOTO OCa/KEHHA MeTa-
JiB 3 YTBOPEHHAM CTEXiOMETPUYHOI CIIONY-
KI 31 CTPYKTYpPOIO IEpOBCBKIT npu pH Buie
5-7 [13], okcanaTamit MeTop iepenbadae ocaz-
JKE€HHS OKCa/IaTHOTO KOMIUIEKCY IIPY HIDKYOMY
pH, mwo e 6inbin nprBabMMBYM 3 TOYKY 30Dy
BJMICOKOTO BMXOJYy Ta IIPOCTINIOL peasisaril
npouecy. BinlmoBigHO 10 pO3paxyHKy KOHCTaHT
piBHOBaryu Ta f0OYTKy pO34MHHOCTI [14], ontu-
MajibHe 3HadyeHH:A pH mpu KoHLeHTpalii pea-
reHTiB moHan 0.02M [j19 MOBHOTO OCaI KEHHS
CTabiIbHOTO TUTAHINTOKCanaTy Oapilo cTaHO-
BUTDb 4-5 3a PaXyHOK YTBOPEHH: CTa0iIbHOTO
KOMIUIeKCy ioHiB Ba** 3 okcanar-itoHamy mpu
pH Bume 4, toxi sx xommnexkc TiO(C,0,)*
yTBOpIo€eThcs B iHTepBani pH 1-5 [14]. Op-
Hak JaHi mopo fiamasoHy pH s 3abesme-
YEeHHA BMCOKOI CTexioMeTpii momepemHuKa
3MiH0I0TBhCA Big pH =2.5 [15] no pH Bumie 3
[14]. Komu pH Himxue 1, To ocafXyeTbcs Cy-
Milll OKcasaTiB MeTaiiB, a Takox ionu TiO*Ta
TiO(C,0,),”. Cnonyka TiO(OH), mpomosxye
ocamxysarucs npu pH Buie 3 [16], a 3a Hag-
JIMIIKY OKCaJIaT-i0HiB OCAJKYIOTbCA CIOTYKH
TiOH(C,0,) i TiOH(OH),. Ilpn nigBuuen-
i pH nonax 5 BaTiO(C,0,), crae Hecra-
6inbHuM, ocamxyiorbes cronyku TiO(OH),,
Ti(OH),, TiO(C,0,),(OH),, TiO,, BaCO,, a
Takox >xenenofi6uuit BaTiO(OH),C,0,H,0,
AKWIT 1oTpebye BMINOI TeMIlepaTypu pos-
K1any. 3a Takoro Bycokoro pH BigOyBaeTsb-
cA BUIYroByBaHHA ioHiB Ba** Ta dopmyBaH-
Hsl KOMIUIEKCY, 30aradeHoro Ha Ti-ionm [14,
16]. Ha miarpami cTaHy IIOKa3aHO OCaJKEHH:
TiOC,0,, TiO(C,0,),* i TiO(OH), npu miz-
suiieHHi pH Big 1 go 3-4 i nmoHap 5, Bifmno-
BinHo [17]. BaTiO,, orpumanmit 3a gomomo-
ror0 MOAVU(iKOBAaHOTO OKCA/aTHOTO MeETORY
3 koHtponeM pH i motoky O,, mokasye, 1o
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HAaHOIIOPOIUOK, oTpuMaHuyit npm pH 3 3a-
MiCTh 1, NpU3BOAUTD O OCA[KEHHA CyMi-
mi KapOOHATiB i OKcajaTiB 3aMiCTh YMCTOTO
OKCAJIAaTHOTO KOMIIIEKCY 1 JI03BONIAE OTPMU-
Maty MoHO(asHy cucteMy Ha ocHoBi BaTiO,
BXXe 3a 650-720 °C [18]. TunmoBmit MexaHi3m
poskmamy ocamkenoro BaTiO(C0,),nH O
ONMCAaHMI B HMU3LI Ipalb, fe IPOMDKHUMHU
nponykramu BBaxxaioth BaTiO(C,0,)CO,, cy-
mim BaO ra TiOC 0O, [19], BaTiO,(CO), [20].
TakyM 4MHOM, IMTaHHA CK/IaJy OCA/I)XEHOTO
KOMIIZIEKCY 3a YMOB pisHoro pH posumny Ta
KOHIJeHTpallil peraHTiB, a TAKOXX 10TO BIUIVBY
Ha XapaKTep TePMi4HOIO pO3K/Iajly Ta Xapak-
TEPUCTUKY KiHIIEBOTO IPOAYKTY MOTPeOYIOTh
NOJa/IbIINX NOCTIKEHD.

EKCIIEPVIMEHT I OBI'OBOPEHHA PE-
3Y/IBTATIB. Hanonopomutok BaTiO, 6ymno or-
PYMaHO LUIAXOM T€PMI4HOTO PO3K/Iafy IOIe-
PeIHbO OCaJIP>KEHOTO OKCA/TATHOTO KOMILIEKCY
Ha OCHOBI JioHiB Ba** ta Ti*". fIk BuxigHi pe-
areHTV BMKOPUCTOBYBalIM TETPAXIOPUL TU-
tany (TiCl,), xnopun 6apito (BaCl,), posunn
amiaky (NH,OH, 25%), miaBneBy Kucnory
(H,C,0,), nuctunbosany sopy (H,O), eranon
(C,H,OH).

[Ipouec mpoBoannn B Aiana3oHi KOHLEH-
Tpanin pearentis 0.1-1.5 M i pH posyuny
1-6 3a cTaHJapTHUX YMOB IIPU IIOCTIIHOMY
nepeMinrypaHHi. CII09aTKy roTyBaiu po3unH
IIaB/IEBOI KMUCAOTU B eTaHom. [lo posumny
11aBJIeBOI KMUC/IOTH Yy CHMPTI IpYU IOCTINTHO-
My IepeMilllyBaHHI Ha MAarHiTHill Milnaii
RCT basic (IKA) 3i mBuakictio 200 06/xB mo-
JaBa/y 10 KpaIUIAX BOGHUI PO3YMH TiOClZ,
B PE3y/IbTaTi 4OrO YTBOPIOBABCA KOMIIJIEKC
TiO(C,0,),. lns ocapyKeHHA TUTAHINTOKCAIaT-
Horo kommekcy 6apito BaTiO(C,0,),-4H 0
10 Kpamax gofasamu posund BaCl. Ins sa-
no6iraHHs po3uMHEeHHs ocafny 3a Hu3bKux pH
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1 MATPUMKM IIOBHOTO OCaJ)KEHHs KOMIITIEKCY
BaTiO(C,0,),-4H,0 pH posuuny migTpumy-
Ba/IM B Jiarta3oHi 4-6 IIISIXOM JOJaBaHHS IO
Kpamax posuuny amiaky NH ,OH. Kinuey
CyCIIeH3iI0 mepeminryBany npoTaroMm 1 ropgm-
HJ 3a KIMHAaTHOI TeMIIepaTypy 3 HACTYIHUM
BUTPUMYBaHHAM YHpOAoBX 20 XBUIMH JJIA
nentusanii. OTpuMaHnii ocaj HeKaHTyBaIu
3a JIOIOMOroxo iriku broxnepa, mpomusanm
XJIOPUIHUM PO3YMHOM i, HapellTi, IpOMuIBa-
M €TAHOJIOM JI/IA 3HEBOJIHEHH: IIPEKYpCopy i
SHIDKEHHA CTYIIeHA arnoMepanii. OTpuManuin
ocap Bucyurysanu 3a 100 °C nporarom 12 rogp,
OXOJIOIKYBAJ/IM B €KCMKATOPi Ta pO3TUpa/N B
araroBiil CTYIIL O OJHOPIHOIO CTaHY.

BusnayenHa crexioMmerpil IpeKypcopy
IIPOBOJV/IN 3a JJOIIOMOTOK PEHTIEHiBCbKOTO
(dIyopecileHTHOrO aHami3y 3 BUKOPUCTAH-
HAM pEeHTTeHIBCbKOro crekTpomerpa Rigaku
Primini. Iudepennianpunii TepMiyHuil aHa-
ni3 (ITA) npekypcopiB OKcasnatiB IpOBOANIN
3a mBuAKocTi HarpiBaHHA 10 °C/XB Ha MOBi-
Tpi 3a gonomororo pepuBatorpada (Q-1000).
Pentrenodasosnit ananis (P®A) mposopgmmn
Ha nudpaxromerpi «TPOH-3M» y CuKa-Bu-
IIPOMiHIOBaHHI 3 HikeneBuM ¢inbrpom. Pos-
Mip KpPUCTAJIiTiB OLJIHIOBA/IM 33 CTAH/IAPTHOIO
dopmynoro llleppepa ma pospaxyHKy obmac-
Ti KOTEPEHTHOT'O PO3CiI0BaHHA 3 BUKOPVICTAH-
HAM JaHUX PEHTTeHOCTPYKTYPHOTO aHaji3y
s pedrexcy (101). Ximivni ¢popmynu crmo-
YK IPUIIYIIEHO HAa OCHOBI CIiBBiJJHECEHH:A
MOXXTMBMX XIMIYHMX peakliiil po3Kaajy Ipe-
KypCcOpy [10 BTpaTy Bary Ha NPOMDKHUX CTa-
IifX TepPMIYHOTO PO3KIIaJy IIPEKYPCOpPY, AKUIA
BJM3HAYAIOTh HACTYIIHUM YMHOM:

Wt:ZWi:ZMi'Ni'ni,

ne Wt - saranpHa Bara; W — BTpaTa Baru KOM-
IIOHEHTA 1, 110 BUAIAETbCA Mifi 4ac TepMo-
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o6pobnenns (H,0, CO, CO,). M, N i n, Biz-
IIOBiIHO, MOJIIpHA Maca, Ki/IbKiCTb MOJIEKYT ¥
CTPYKTYPi KOMIIZIEKCY Ta Ki/IbKiCTh pEYOBUHM 1.

Crexiomerpnyny crnonyky (Ba/Ti = 1.00)
0y/10 OTPMMAHO 3a YMOB HAlBMIIOI KOHIIEH-
Tparii pearentiB (1.5 M) ta HaitHmx4oro pH
posunny (1) (puc. 1, Tabmmus 1). CrissigHo-
meHHA Ba/Ti 3pocrae mpm 36inpmenHi pH
posunny (3a ymosu C = 0.5 M), a KOHI|eHTpa-
i peareHtiB 3MmeHmyerbcsa (puc. 1). Tomy
ontumanbHi pH posunny ta C peareHTiB a1
orpuMaHHs crexiomerpuunoro BaTiO, cra-
HOBATHh 4.3 i 1.2 M, BigmosigHo. Bigxunen-
HA Bifj cTexioMeTpii 3a HM3bKOI KOHI[€HTPaLlil
peareHTiB Ta BUCOKOro pH posumHy MoxHa

MOACHUTHY 3HIDKEHHAM cTabinisanii ionis Ti**
ioHamu x710py, ToAi AK rigposnis ionis Ba Ta Ti
IIOJIETIIYETHCA, 1[0 IPUSBOAUTD 10 3Milll€eHHSA
piBHOBaru 1o ocajpKeHHsA rigpokcuy ionis Ti
i Ba, a He okcamatHOro xommuaexcy. lle mpu-
3BOZIUTD JIO YTBOPEHHS BTOPMHHOI dasu Ta
IIPEKYPCOpPIB 31 CKIaIoM, 1O BiXMIAETHCA
Big popmymu BaTiO(C,0,),. Tomy npu pH 4.5
301/IbIIIEHHsI KOHIIEHTpAIlil peareHTy Bif
0.25M po 1.5 M 3aKOHOMipHO IPU3BOAUTD [0
3MilleHHs XiMiqHOI piBHOBaryu B 6ik yTBOpeH-
HA 6apiil-TUTaHI/IOKCa/IaTHOTO KOMIUIEKCY,
1110, CBOEI0 YEPTOI0, 3yMOBJIIOE BUCOKY CTEXiO-
METPII0 OCA/IKEHNX CIIONYK.

Tab6m. 1.

YMOBU OCayKeHHA Ta XapaKTepUCTNKA OTPMMAHNUX IPOXYKTiB

Table 1

Deposition conditions and characteristics of the obtained products.

. Kinnesa Posmip .
pH C,M Ba/Ti TeMnepaTyFa KpuCTAiTIB, HM ®asoBuii cknag
posknapgy, °C

1 0.5 0.83 740 22 BaTiO +TiO, am

4 0.5 0,96 720 24 BaTiO +TiO,am

1 1.5 1,00 720 34 BaTiO,

1 1.5 1,00 720 22 BaTiO,

4.5 1 1,01 770 32 BaTiO,

5 0.25 1,03 26 BaTiO, + BaCO,
4.5 0,5 1,04 970 26 BaTiO, + BaCO,
4.5 1,5 1.05 890 33 BaTiO,

6 0,5 1,05 - BaTiO, + BaCO,
4,5 0,75 1,05 25 BaTiO, + BaCO,

5 0,5 1,06 >1000 26 BaTiO, + BaCO,
4,5 0,25 1,07 22 BaTiO, + BaCO,

https://ucj.org.ua

69




HEOPTAHIYHA XIMIfi

BNJINB CKNARY NPEKYPCOPY HA 0COBJINBOCTI ®OPMYBAHHA TUTAHATY BAPIH)

Ba/Ti
1.08

C=0.5 pH=4.5
1.06 |
1.04 4
1.02 4 » .
4 JITH1A CTeXIOMeTpll
100
0.98 -

L L L B B B B
02 04 06 08 1.0 1.2 14 1.6
C,M

0.96
0.94
0.92
0.90 -
0.88
0.86
0.84

082

pH

Puc. 1. 3anexsnictp cniBBigHowmenH: Ba/Ti Big pH posunHy Ta KOHIIEHTpallii peareHTiB po34nHy
Fig. 1. Dependence of the Ba/Ti ratio on solution pH and reagent concentration.
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Fig. 2. X-ray diffractogram of BaTiO, nanopowder. The Miller indices correspond to the cubic phase

of BaTiOi
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PenTreHOCTpyKTypHMIT aHa/li3 TepMidYHO
PpO3KIaZieHuX IPeKypCcopiB 3a MIBMUAKOCTI Ha-
rpiBanHA 10 °C/XB mokasas, 110 YTBOPEHH:A
opHodasHoi cucremn Ha ocHOBi BaTiO, Mox-
Ha JIOCATHYTM B [ialla3oHi CIiBBiJHOLIEHHHA
Ba/Ti 0.96-1.01 (puc. 2) 3a BUCOKOI KOHI|eH-
Tpaljii peareHTiB Ta Husbkoro pH posumny.
BigxuneHns Bij LIbOro Aialla3oHY NPU3BOAUTD
no yrBopenHs ¢asu BaCO, abo amopdnoro
TiO,.

Kpusi Brpatu macu 3paskis 1-1.5, 1-0.5 i
4-0.5 (puc. 3) 3 4 4iTkKMMM JiTTHKaMuU Bifgmo-

Bi/IafoTh TUIIOBMM CTafiAM PO3KIaZy TUTaHI-
nokcanary 6apito. Kpusi TT y Bcbomy giama-
30Hi TemnepaTyp, a TakoxX Kpusi JITA 3a Tem-
neparyp noHap 400 °C 14 srajjaHuX 3pa3KiB
HOAi6Hi, 1[0 CBIYNTD IPO OCAIPKEHHS KOMII-
JIEKCY 3i CXOKOI0 CTPYKTYPOIO Ta MEXaHi3MOM
poskmany. IHmn 3pasku pos3KaafaloTbeA 3a
6inpm Bucokux temmeparyp (monapg 770 °C),

IIpUYOMY IIPOLEC PO3KIAZy BK/IYAE IOHAT
4 cTapii, 1O CBIIYNTD IIPO CKIAJHICTD Mpolie-
CiB pO3KJIa[y CCTEMU Yepe3 HasABHICTD Tifpo-
Ta KapOOTpYIL

ITA, C/ AT, mr/xB
oy 25

T 0

-5

451
10——45-15
115
——1-0.5
405
—— 4505
——5.05

-15

-25

T T T
400 500

T T T
200 300

T T T T T T
600 700 800 900

-5 1230

Temmneparypa, °C

Puc. 3. Kpusi TT/OTA/ITT 3paskis. lllTpuxosi niHii H03Ha4al0Th eTaly PO3KIALY.
Fig. 3. TG/DTA/DTG curves of the samples. The dashed lines indicate the decomposition stages.

3a temmeparypu 100-200 °C BigOyBaeTh-
cA mpouec gmerifiparanii mpexypcopy (eHpo-
TepmiuHui mik 3a 150 °C, puc. 3), mo cynpo-
BO/DKYETbCA BTpaToo Macu 8-11 % (puc. 3,
Ta6s. 2). Ha HactynHiit crapii (zianason rem-
neparyp 200-400 °C, puc. 3) 3amexXHO Bif

https://ucj.org.ua

CKJIaJly ocajy BifOyBaeTbcs pyilHYBaHHs Op-
raHivHOro KoMIIeKcy 3 Bujinennam H O (en-
pmotepMmiunmit mik 3a 300-380 °C, puc. 3), CO
ta CO, (exksorepmiuni miku 3a 330 i 350 °C,
puc. 3). Brpara macu 1jporo mporecy Bapito-
€TbCsI B MeXax 13-21 % (tabn. 2). Brpara Barn
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5 % o6pe ysromxyerbcs 3 Kinbkictio CO,, 1110
BUIIAETHCA IiJ] YacC CTYIIIHYACTOIO PO3KIaLy
BaTiO(C,0,), uepes yTBOpeHHsA MPOMiXXHOTO
okcukapbonary [21][22][23]. Ha nacTtymHo-

MYy eTalli BiffoyBaloThCs €K30TepMidHi peakiiil
kpucranisanii Ba,Ti,0,CO,, a Takox mecop6-
uii CO, 3 MOBepxXHi 3 IMOAA/BIIOK BTPATOIO
Bary Ha 8-11 %.

Ta6. 2.
BrpaTta Mmacu B mpo1eci TepMOrpaBiMeTpMYHOrO aHATi3y
Table 2
Mass loss in the process of thermogravimetric analysis.
Hianason Temneparypu, °C 5-0.5 |4.5-0.5| 4.5-1 |4.5-1.5| 4-0.5 1-1.5 | 1-0.5
100-200 9 12 12 12 11 11 13
200-400 13 14 18 16 21 21 20
400-600 9 9 10 11 10 8 7
600-1000 2 3 4 4 4 6 6
2 2 1 2 - - -
3arasibHa BTpara Macu, % 36 40 45 45 46 46 46
KinpkicTs Bogu 1.9 2.5 2.8 2.8 25 2.5 3.2
Kinuesa TeMneparypa posknazy, °C | >1000 970 770 890 720 720 740

Kinuesow cranieo € yrsopenusa BaTiO,,
noumHaw4u 3 temneparypu 600 °C sa pa-
XyYHOK €HJIJOTepMIYHNX peakiiil KapOoHary
6apifo 3 TIOKCHIOM TUTAHY, @ TAKOX PO3KJIa-
ny BaZTiZOSCO3, Ie BTpaTa Macu CTaHOBUTH
4-6 % (Tabn. 2). ITonapn 720-740 °C pns 3pas-
kiB 1-1.5, 1-0.5 i 4-0.5 xopHi edextu abo
BTPAaTy Bary He CIIOCTEPIraloTh, 110 BKa3ye Ha
IIOBHOTY KpMCTasTi3alii BaTiO3 IJ14 LUX 3pas-
KiB. BogHO4ac [/14 3aBepIllIeHHA KpUCTaTi3amil
BaTiO, inmux 3paskis norpioHa remneparypa
noHap 770 °C. 3arajibHa BTpaTa Macu KO>KHOTO
3paska B iHTepBasi Temneparyp 100-1000 °C
CTaHOBUTD 36-46 %.

3pasKiu, ocapKeHi 32 YMOB HaliBUIIIOI KOH-
HeHTpalii peareHtiB, T06T0 1.5 M (1-1.5 i
4.5-1.5), IIOKA3yI0Tb CUIbHUI OBVHWUYHUI
ex3oTepMiyHmMii nik 3a 350 °C, 1m0 cTocyeTbcA
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suBinbHenHa CO i CO, (CO>CO,), a Takox
okucnenns CO o CO,. Pagom i3 Bucoknm 3Ha-
YEeHHAM BTpaTy Macl Iie MOXKe CBiJ4UTU IIPO
NIPIOPUTETHICTh POS3KIAAy TUTAHINIOKCANIATY
Oapito 4epe3 YTBOpEHHs IIPOMDKHUX OKCHU-
KapOoHaTiB (2 He OKMC/IEHHS IIOIepeHMKa
no BaCO, i TiO,) [22]. binbur Bucokmii ek30-
TepMIiUHMI MiK rifpokcokomIiekcy (4.5-1.5,
4.5-1, 4.5-0.5, 5-0.5) nOpiBHAHO 3 HU3BKUM
IIOPOrOM OKCAJIATHOTO  KOMIITIEKCY (1-1.5,
1-0.514-0.5) 3a 450 °C 03Ha4a€ NOJOBXKEHHS
IIpoLeCy BUJII/IEHHA Ta3y.

Komu koH1eHTpalia peareHTiB Hipkua 1 M
(3pasok 4.5-0.5, 4.5-1), To ofMHMYIHMIT TiK 3a
350 °C pospinAerbces Ha 2 €K30TepMiyHi ik 3a
330 °C i 380 °C, BogHOYAC i3 TOABOIO €HAOTEP-
MmigHOro miky 3a 300-380 °C, 1m0 BKasye Ha yT-
BOPEHHA Ti/[POKCOOKCAIATHOTO KOMIIIEKCY 3 Xi-
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miunow ¢popmynorw BaC 0, Ti(OH) (CO,), ,
a6o BaC 0,TiO (OH),, . Ananis JTT gemon-
CTpy€e BUAIeHHA O1bIIOT KiNbKOCTI OKCamaTy
B 3pasKy, oTpumaHoMy npu pH posumny 4,
TOMi AK Oinblie TiIpOKCUAY B CyMillli KOMII-
nexciB € npu pH posunny 4.5-5. Komn pH
pos3unHy pmocsrae 3HadeHHA 5 (C peareHTiB
0.5 M), HasgBHMIT nMMIIe €HZOTEPMIiYHMI ITiK
3a 300-350 °C, mo o3Ha4Yae yTBOPEHHA Tifi-
pokcupanoro kommnekcy BaC O, TiO (OH), , .

TakuM 4YMHOM, 3pasKyM MICTATb Pi3HY Ki/lb-
KICTb TiIpOKCUIBHUX TPyNl Y CTPYKTYpi, 1110,
CBOEIO Yeproro, BU3HAYa€ MeXaHi3M KpUCTaJli-
3aiil, 3araJibHy BTpaTy Macu Ta Ki/IbKiCTb aji-
copboBaHoi Ha noBepxHi Bogu (Tabm. 3). Ta-
kuM umHoMm, TT-, OTT-, IT-anamisu cBiguathb
IIPO Pi3HY CTPYKTYPY OCA[KEHOTO KOMILIEKCY
(tabm. 3-4) Ta pi3Hi cxeMM PO3KIaay 3paskKis,
OTPUMAHMX 32 Pi3HUX YMOB cuHTe3y (Tabm. 3).

Tabn. 3.
MexaHi3M po3KIagy NpeKypcopy Pi3HOI CTPYKTypu
Table 3
The mechanism of decomposition of a precursor of different structure.
Teoperuyna 3aranpHa
Haspa BTpaTa Macu 3a pisHoI
CTPYK- MoxxnuBuit MexaHi3M po3KIamy KinpkocTi Boxu, %
Typu
1 2 3 4
A BaTiO(C,0,),nH,0 — BaTiO, + nH,0 + 2CO +2CO, 41.00 | 43.57 | 45.93 | 48.10
B | BaTi(OH),(C,0,),nH,0 = BaTiO, + (n + 1)H,0 + 2CO +2CO, | 43.57 | 45.93 | 48.10 | 50.10
C BaTiO(OH),C,0,nH,0 - BaTiO, + (n + 1)H,0 + CO +CO, |31.66 |35.09 | 38.19 | 41.01
D BaC,0,Ti(OH),nH,0 - BaTiO, + (n + 2)H,0 + CO +CO,  |35.09 | 38.19 | 41.01 | 43.58
Tabm. 4.
Ximiuna popmyna ciomyk
Table 4
Chemical formula of compounds.
3pasox Crpyxrypa Posmip KIE\I/;[CTa}IlTy,
1-0.5/1-1.5 A BaTiO(C,0,),nH,0 22/29
4-0.5 B BaTiO (OH),  (C,0,),nH O (x=0-1) 24
4.5-0.5 C BaTiO (OH), , C,0,nH O (x=0-1) 26
45-1/45-15 D BaTi(OH) (C,0,), ,nH,0 (x=2-4) 32/33
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Komn Bmict OH y cTpykTypi 36inbpI1y€eTh-
¢, TO KpUcTatisanisa BalTiO3 MOYMHAETHCA 3a
HIDKYOI TeMIepaTypy, aje OilbIn posmupe-
Ha B 4aci MOPiBHAHO 3 YMCTUM OKCaJTaTHUM
KOMIUIEKCOM, 1[0 NPU3BOAUTD 10 6aratocry-
MiHYacTOro Ipolecy KpucTalisalii, BUKIN-
KaHOTO Pi3HOKI TEMIIEPATypOI0 PO3KIajy Ta
€Hepriclo aKTMBallil 3apOAKOyTBOPEHHA Ppis-
Hux as. Ile, cBO€0 Yepro, NpU3BOANUTD [0
HIDKYOI TeMnieparypu KpucTanmisanii BaTiO, 3
6araTodasHoI crcTeMN Ta YTBOPEHH: KPUCTa-
JITIB MEHIIOIO PO3Mipy 4epe3 KOHKYPEHIIiIo
MDX 3apO/pKeHHAM pi3HMX (a3 Ta IMpUrHiveH-
HAM POCTY KPUCTAJIiB.

Posmip kpucranitis BaTiO, memoncrpye
npsAMy 3anexHicTb Bif Ba/Ti Ta Temmepary-
pu poskmany. Komi KoHIeHTpallis peareHTiB
Hok4ya 1 M nipu pH posunny 4.5, TO CTpyKTy-
pa KOMIIJIEKCY BiIXMIAETbCA Bifj cTexioMerpil
(Ba/Ti Bue 1), 110 IpU3BOANTB IO YTBOPEHHS
BaCO, sx BTOpMHHOI (asu. Y 1[boMy BUTIaJI-
Ky pO3Mip KpUCTaJIiTy BUSHAYAIOTh IIEPEBAXKHO
KOHKYPEHIi€l0 MDK 3apOAKOYTBOPEHHAM Ta
pocToM y 6araTodasHiii cucremi, a He TeMIepa-
Typoro posknapny. 3okpema, yrsopernii BaCO,
npurhivye pict BaTiO,, a cepenniii posmip
kpucranitiB BaTiO, cranoButb 26 HM.

Taxum 4ymHOM, HaiApiOHIm KpucTamitu
BaTiO, oTpuMaHO 3 OKCa/aTHOTO KOMIIIEKCY
(Tabm. 4). 3 ogHOro 6OKY, BUCOKMIT BMICT iO-
HiB Cl npu naitHmwxyomy pH (1) monermrye
KpUCTali3amilo MpOAYKTy Ta QOpMyBaHH:A
IOAATKOBUX IIEHTPIB 3apO/PKEeHHA 3 aMopd-
Hoi ¢dasu TiO,. 3 inmoro 60Ky, bopmyBaHHs
ApiOHIMMX YaCTMHOK 3yMOB/IEHO BifICYTHICTIO
3HAYHMX 3iTKHEHb YAaCTMHOK 32 YMOB HU3bKOI
KOHILIeHTpallil peareHTiB y po3unHi (0.5 M).
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BMCHOBK/. llokaszaHo, 1[0 cTexioMe-
tpuanmit BaTiO, (Ba/Ti =1) moxHna oTpuma-
TU IpU KOHLeHTpauii pearenris 1.5 M i pH
po3uuHy 1 i3 4MCTOro OKcanary. Y TBOpPEHHA
OararodasHol cucTeMY, OCOONMBO 32 YMOBU
Ba/Ti<1, npu3BOAUTb IO YTBOPEHH: KpUCTa-
MiTIB MEHIIOTO pO3Mipy IOPiBHAHO 3i CIIO-
mykamu MoHo(asHoi cucremu. Temmeparypa
poskany 3paskis i3 Ba/Ti<1 cranoBuTb 720-
740 °C, Topi sIK 3pasKu TiffpoKcupy ta Kap6o-
HaTy 3 Ba/Ti>1 posknafaroTbcs 3a TeMIlepary-
pu noHap 770 °C. 3a HalBUIO1 KOHLJEHTpaIlil
pearenTiB (1.5 M) poskiaj TUTaHiNTOKcanaTy
Oapito BimOYBa€eTbCs Yepe3 YTBOPEHHs IIPO-
MDKHMX OKCMKapOOHATIB, a He Yepe3 OKIC/IeH-
Hs ipekypcopy o BaCO, i TiO.,.

>  Bucnosmoemo nopsaxky Paryri A. B. 3
=) Imcrutyry mpo6reMm MaTepiano3HaB-

ctBa im. ®pannesuya (IIIM) HAH

Ykpainn 3a 3arajqbHy KOHCYIbTaIlilo,

Konecnivenky B. I. 3 IIIM 3a KoH-
CynbTaLii IO/I0 IPOBEeHH TepMOrpaBime-
TPUYHOTO Ta PEHITeH-(IyOoPecIeHTHOTO
ananmisy, lllmpoxosy O. B. 3 ITIIM 3a pani
P®A Ta nokpaieHHs TEKCTY.

Po6oTy BHKOHAaHO B MeXax pepK0io-
mxeTHOI TeMu «KiHeTn4yHi 3aKoHOMipHOCTI
YUIiIbHEHHA i CTPYKTYpPOYTBOPDEHHS aH-
caMO/TiB HAHOYACTIHOK Yy IpoLecax Konoig-
HOro (popMyBaHHA Mif BININBOM 30BHIIIHIiX
NOTiB», lep>KaBHUI peeCTpaLiliHIiI HOMep:
0115U002109.
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THE INFLUENCE OF THE PRECURSOR COMPO-

SITION ON THE PECULIARITIES OF THE BARI-
UM TITANATE FORMATION

Olha A. Kovalenko

Department of Physics, Chemistry and Techno-
logy of Nanostructured Ceramics and Nano-
composite Materials, Frantsevich Institute for
Problems of Materials Science of National Aca-
demy of Sciences of Ukraine,

3 Krzhizhanovsky str., 03142 Kyiv, Ukraine
E-mail: olgiuskovalenko@gmail.com

In the process of obtaining barium titanate
by the Pechini method, a connection between
the conditions of complexes precipitation and
the nature of their thermal decomposition was
established. X-ray phase analysis of thermally
decomposed precursors showed that the for-
mation of a single-phase system based on bari-
um titanate can be achieved in the range of Ba/
Ti ratio 0.96-1.01 at high reagent concentra-
tion and low solution pH during the precur-
sor deposition process. On the basis of ther-
mogravimetric analysis, a possible mechanism
of precursor decomposition and its composi-
tion is assumed. It is shown that the number
of hydroxide groups in the structure affects the
crystallization mechanism, total mass loss, and
the amount of water adsorbed on the surface.
In particular, samples obtained at low solution
pH have a minimal amount of hydroxyl groups
and decompose according to a typical four-
step mechanism of thermal decomposition of
barium titanyl oxalate. Other samples contain
hydro and carbo groups, which leads to an in-
crease in the final decomposition temperature
above 770 °C and a multistage decomposition

https://ucj.org.ua

process due to the difference in the activation
energy of the nucleation of different phases.
This, in turn, may determine the dominance
of the nucleation process over the growth and
nucleation of smaller crystallites, compared to
the product of pure oxalate decomposition. On
the one hand, the high content of chloride ions
at the lowest pH promotes the crystallization
of the product and the formation of addition-
al nucleation centers from the phase of amor-
phous titanium dioxide. On the other hand,
the formation of smaller crystallites occurs due
to the absence of significant particle collisions
in conditions of low concentration of the solu-
tion. On the basis of thermogravimetric analy-
sis, it is shown that at high concentration, bar-
ium titanyl oxalate decomposes mainly by the
mechanism of formation of intermediate oxy-
carbonates, rather than barium carbonate and
titanium dioxide. Thus, the optimization of
the precursor precipitation parameters and the
study of the barium titanate formation mecha-
nism allow for better regulation of the compo-
sition and crystallite size of the final product.

Key words: barium titanate, oxalate me-
thod, stoichiometry, nanoparticles.
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Pospo6neHo HOBuII MeTop, fudepeHLiiiHOI itn-MeTpii /I TOYHOTO BU3HAYEHHS 4MCes
IepeHeceHHs iOHIB y MaTepiaax 3 iOHOOOMIHHMMM BIaCTMBOCTSAMY — iOHOOOMiIHHUX MeMO-
paHax, pifnHHOMa3HMX I0HOOOMIHHMKAX Ta IOHHMX PifMHAX, TPOMUCIOBUX iI0HOOOMIHHIX
cMos1aXx. MeTop BUKOPUCTAHO I HaflaHHA a/IbT€PHATUBHOL CIIPOILEHOI OLIIHKN (byHKuio—
Ha/IbHUX BIaCTUBOCTE iI0HOOOMIHHMX CMOJI, SIKi BUKOPUCTOBYIOTh ¥ IIPOMMC/IOBMX TE€XHO-
JIOTiAX BOMOOYMIIEHHS, BOJOIIATOTOBKY, €KCTPaKIil Ha IMiJIPUEMCTBAX PI3HUX Taaysei
poMuciIoBocTi. Taky TouHy iHdopMalito ofep)KyIoTh y creljiabHuX 1ab0paTopisx Ha mHifi-
IPUEMCTBAX JOBIOTPUBAINMI i 3aTpaTHUMU (isyKo-XiMiuHMMM MeTofamu. Yncia nepeHe-
CEHHsI IAI0Th HENIPsIMY OL[iHKY SIKOCTi ioHOOOMIHHUKIB, ase MeTop AudepeHIitHo] itn-MeT-
pii fae pesynpraT y 30-XBUIMHHOMY eKCIIepUMeHTi 3 efleKTponidy posunHy NaOH a6o NaCl
y TPMKaMepHOMY peaKTopi-eneKTpoisepi 3 060’eMoM enekTpoity o 40 cm?’. CepeHio KaMe-
PY peakTopa, oOMexxeHy BoMa HeibTpylounmy MeMOpaHaMu 3 1ieno¢aHy, 3alI0BHIOBAIN
JOCTIKYBaHUM i0HOOOMiHHVKOM.

[TepBUHHMM Pe3y/IbTaTOM KOXKHOTO €KCIIePUMEHTY Oynu QYHKIIiT AMHAMIK/ KOHILIEHTpa-
1ii enektpomnity C(T) y KaTOfHil Ta aHOIHII KaMepax peaKTopa-e/eKTposidepa, ie B Iporeci
eIeKTpOIi3y QikcyBa/m AMHAMIKY ITOKa3iB po3po6IeHOro HaMu IIPOTOYHOIO PEe3VCTOMET-
puaHoro cercopa (kOM). EdexTuBHe 4mcio nepeHeceHHs itn* BU3HAYaay MaTeMaTMYHNM
00pOOIeHHAM JJaHMX 3a JIOIIOMOTOI0 CHCTEMI allPOKCUMAIITHUX (PYHKILiIL.

Knio4oBi cnoBa: 4ucio nepeHeceHHs, eIeKTPOIi3, aIpOKCUMAllisi, ioHOOOMIHHIK, i0HO-
obmiHHa MeMOpaHa.
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BCTYII. Memoo ougpepenuiiinoi itn-mem-
pii. loHoOOMiHHI MaTepiamy B Cy4acHMX TeX-
HOJIOTiSIX IIMPOKO PO3MOBCIO/KEHI B popmax
IpoMUCIoBUX MeMOpaH [1-4], mmucneprosa-
HUX CMON i OOpOOJeHHSA IPOMMCIIOBUX
CUCTEeM BOJOIITOTOBKM i eKcTpakuii [5-6] i
HaBiThb pigMHHO(}A3ZHUX CHUCTeM — iOHHUX pi-
muH (Ionic Liquids) [7-9]. OpHa 3 IXHiX Bax-
NMBUX XapaKTEPUCTUK — 1€ YMC/Ia IepeHeCeH-
Hs ioniB (YII). SxicTe pucneproBaHmx ioHO-
OOMIHHMX CMOJI Y BOZIOOYVICHUX CUCTEMax Ha
pi3HMX eTamax 0OpOO/IeHHA OLIHIOITD LUIA-
XOM TPUBA/IMX CTAHJAPTU30BAHUX IIPOLERYD,
AK1 3[I1/ICHIOIOTD y 3aBOACHKMX XiMIYHMX J1a-
6oparopisix Ha OCHOBI MeTOMiB aHA/MiTUYHOI
ximii [9,10]. Habararo mpocrimmm BapiaH-
TOM OLIiHIOBaHHA BJIACTMBOCTEN JUCIIEPCHUX
ioHOOOMiHHUX cMOn 6yn0 6 BUKOPVMCTaHHSA
pO3po06IeHOro HaMy MeTOfy AudepeHiiHOI
itn-metpii (ionic transfer number) [11]. MeTop,
3BOJIUTBCA JIO €NEKTPOJIi3y pPO3UMHY IIPOCTO-
ro 6iHApPHOTO eJIEKTPOJIITY YIPOROBXK JIeAKO-
ro vacy T,,,,<30 XBWINH, i Ja€ HENPsAMY, ajie
BOX/IVIBY XapaKTE€PUCTHUKY iOHITY — YMCIIO Te-
pEHECEHHS PYXOMOTO ioHa.

EnexTponis 3miliCHIOEMO B IIPOCTOMY peak-
TOpi-eeKTpoi3epi 3 BifokpeMIeHMMM i0HO00-
MiHHOI0 MEMOpPaHOI KaTOHOM (-) i aHOIHOH0
(+) xamepamu. B mporjeci enekTposisy KOHIeH-
Tpallifl eeKTPOJTY B KaMepax Oe3lepepBHO
3MIHIOETbCS Bifl TI0YaTKOBOTrO 3HaueHHs C 1o
sHayenHs C. Tomy pesynbrarom eKcriepuMeH-
Ty € He YMC/IO NepeHeCeHHs KaTioHa n', a /Bl
dYHKIIT 3a/I©)KHOCT] 4MCIa IepeHeceHHA Bif
vacy. i gBi ¢pyHKIIil 3acHOBaHO Ha HAIIPOCTi-
IIOMY aHaJIi3i mpoleciB MacooOMiHy B kKamepax

peaKkTopa-eNneKTponisepa — elIeKTpoMirpariil
iOHIB Ta €7IEKTPOJHUX PEAKIIiAX:
_(G-C)T

n () =

((I-7)/26,8) > (1)

80

_(CT_CO )
C

T

a6o n(r) =1 , (2)
fie V_— 00’eM eneKTpOiTy B KaMepi, 1110 MOXKe
3MiHIOBaTUCA mpotAroM pocriny, (I-1) - mo-
CTYIIOBO 3pPOCTal0¥a KiJIbKiCTb IPOMYIEHOTO
IpOTATOM e/1eKTpori3y 3apagy. Popmyna (1)
BPaxOBYe MOX/IUBY €KCIIepMMEHTAJIbHO IIO-
MiTHY 3MiHy 00’eMy posunHy B Kamepi V(1),
¢dopmyna (2) BipmoBimae yMOBi He3MiHHOTO
06’emy dV/dt =0.

B excnepumeHTi QikCyIOTh HM3KY 3Ha4eHb
HEepPBVHHOIO CUTHAIy CEHCOpa — OIOpY po3-
unHy R_(10-15 To4oK) i sHa4eHHA cTpyMy I.
3BopoTHe 3HaYeHHA 1/R, TIepEPaxoByIOTh Y
4IUCTI0, SIKe O3HAYA€ INUTOMY eIeKTPOIIPOBif-
HicTb po3unHy (A- MOJIApHA €IeKTPOIIPOBif-
HICTbD): !

R

T

=1-C. (3)

TakyM 4YMHOM MO>XHA OTPUMATHU JJI KOXK-
HOI 3 KaMep AVICKPETHUN PAJl TOYHUX 3HAYE€Hb
qJIC/Ia IepeHeceHHs n=f(T1).

Ileit pap TouyHO BimoOpaXkae pes3yabraT
KOHKPETHOTO eKCIIepMMEeHTY, 3adikcoBaHO-
ro B MOMEHTM BUMIpIOIOBaHHA. AJle AL, Ma€
IOCUTD 3HauHi rykTyalii sHauenb R Ta I.
@nyKryalii BUHMKAIOTh Yepe3 KO/MBaHHA I10-
Ka3iB ceHCopiB R_i mommnku dikcailii MoMeH-
TiB BUMIipIOBaHHA. 3MiHHUII JUCKPETHUI PAJ,
He JJa€ MOXX/IMBOCTI BU3HAYUTHU €IMHE YMCIIO
n*=itn*, sike 6 MOITIO XapaKTepu3yBaTu JJOCTi-
IKyBaHMI MaTepiall.

[lTo6 HiBemoBaryu fito QayKTyaniit, B Me-
Tofii audepenuiiHol itn-mMeTpii mepBUHHI
puckpeTHi GyHkiiii R_Ta I 3aMiHIOIOTbCA iX-
HIMJ MaTeMaTUYHUM MOJENAMU Y BUITALL
ampoKcUManinHnx QyHKLin y ¢opmi mormi-
HOMiB 2-TO MOPAAKY Tumy y=a +a x+ax’. i
IPOCTi piBHAHHA HE MAKOThb JKOJHUX IeoMe-
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TPUYHUX 0COONMMBOCTEN (pO3pUBIB, CTPUOKIB
TOI[0), TOMY IXHE BMKOPUCTAHHS [03BOJISIE
HepeiTy BiJj IUCKPETHUX PSAKIB o Oesie-
pepBHUX QYHKIIIL, 3 AKMX MOXKHA [TOOYAyBaTH
crenianpry ‘¥ -pynkiito audepeniiany umc-
J1a TIepeHeCeHHS:

(4)

V., = itn*-(Aim*j

AT

Ha puc.l HaBemeHO mpuxiaj ImoOynoBu
bynkuiit W_ a4 npocTux roMoreHHuX MeMo6-
pan y posunni NaOH. Exctpanomnania ¢pysk-
uii ¥ Ha moyarkoBy Touky T=0 i ja€ To4He
3HAUeHHs €MHOTO eeKTVBHOTO YNC/Ia Iepe-
HeCeHHA itn*, ke BitoOpakae yHiKa/lbHi Bia-
CTMBOCTI 3a3HA4YE€HOI'0 iOHITY B YMOBaX eKcIle-
PUMEHTY.

Hani 6ygeMo 3a HEOOXiTHOCTI BUKOPUCTO-
ByBaTK (popMy mosHaueHHA n *=itn*=0,0157.

BoHo 03Hauae, 1[0 B 1IbOMY KOHTEKCTi OKpe-
MUJ CUMBOJI (1) € NIIIe TO3HAYKOIO BapiaTuB-
HOTO YJIC/Ia TIepeHeCeHHs, KOHKPeTHe 3HaueH-
Hs SIKOTO 3a/IOKNUTD Bif 6aratbox, He 3aBXAK
BiIOMMX YMHHUKIB 1 Heé MICTUTb KOPUCHOI
inpopmanii. Tomy B 1IbOMy KOHTEKCTi 3amic
n™* =0,0157 6yB O6U HEKOpPEeKTHUM, 60 BCTYIIaB
61 y mpoTupivys 3 BapiaTMBHICTIO 3HaYeHb 1™
y 4aci.

Ons mem6pann MA-40 3HaiigeHo 3Ha-
yeHHsA eQeKTVBHOTO 4YNCIa IepeHeCeHHs
KatioHa n"*=itn*=0,0157, sAke Onu3bke 10O
nacropraoro[12]. Ha mem6pani 3 wnemoda-
HY, npocodeHoro posunHoMm NaOH, snaiipe-
HO n™M=itn*=0,1901, mo0 TOYHO 36iraerbcsa 3
HOBigKOBMMM HaHMMM [13] [ eleKTpomiTy
NaOH. Ysromxyerbcs 3 liTepaTypHUMM Ja-
HuMM [14] Takox 3HaueHHs nN=itn*=0,96 mis
MeMOpaHu 3 HaioHy.

0 2 4 6 8 10 12 T. XBUIMH 1 ; . . .
0.185 HacpioH 0,018 = 0,9
= 0.8 o
= 0.167 =P 40016 35 08 Hadbion
s 014 £0.014 ﬁ 0.7 1 -
3 0,12 10.012 :/_1/ 0.2 7
;= 0.104 . {0010+ 0.5
= 0,081 N 10,008 = 0.4
W_ 0,06 4 . . 10.006 ':|"|_l'_, 0.2' LenochaH
B—T 0,04 4 LlenﬂchaH \J/ 10,004 -~ 0,2 1{
0.1 Fepe—i—,._, MA-40
0,021 10,002 - I SR e
0 Y 0 0 \ I I I ‘_“‘—h-l_o
0 s 10 15 20 25 30 T, XBANWH 0 5 10 15 20 T. xBAnWH
a 5]

Puc.1. ¥ -bynxkuii qudepenmniany yncia nepenecenss itn* y manomy (a) i Benmukomy (6) macimrabax
I TOMOTeHHUX MeMOpaH i3 unenogany, MA-40 i Hadiony. Ha puc. 5a 1A 3pydHOCTi BUKOPUCTAHO
KTy 3 MaKcuManbHuM sHavenHam (1-¥ )=0,2. [11].

Fig.1. 'V -functions of the transfer number differential itn* in small (a) and large (b) scales for homo-
geneous membranes made of cellophane, MA-40, and Nafion. In Fig. 5a, for convenience, the scale with

the maximum value is used (1-W¥1)=0,2. [11]
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Takum 4yuHOM, 1 cupoieHnx ymos (6i-
HApHMII €/IeKTPOJIIT, TOMOreHHa MeMOpaHa)
Metop mudepeHwLiiHOl itn-MeTpii KO3BOISE
TOYHO BM3HA4YaTy YMCIIO IepeHeCeHH . Takum
yMOBaM BiJIIOBiJalOTh iOHHI pifyiHM, /1A BU-
BYEHHS SKMX METOH i po3po6sim.

AJle HeMa€ HIAKMX INPOTUIIOKA3aHb I
TOrO, 106 Ijelf METOX BMKOPUCTATH TaKOX Y
CKIAJHINX YMOBAX I IHIINX 06’eKTiB, Ha-
IPUKIIAJ, /s JUCIIeProBaHNX i0HOOOMIHHMX
CMOJL.

Excnepumenmu 6 mpuxkamepHomy peaxmo-
pi-enexkmponizepi. EXcCIiepMMeHTa/IbHY yCTa-
HOBKY (puc. 2, 3) CKOHCTPYIIOBaHO SIK TpPMU-
KaMEpHMII pPeaKTOop-e/leKTponisep. Buxopu-
CTAaHO €JIEKTPOAM 3 IUIATMHOBAHOI TUTAHOBOI
CITKM, pO3TalllOBaHI B KpaliHIX KaTOJHIN Ta
aHOJHIN KaMepaXx. KoxxHy 3 Kamep 3allOBHIO-
Ba/I PO3YMHOM B 00’emi 19-23 cm® BignoBiz-
HO J10 IIaHy jocniiny. TpeTio kamepy 3i 3MiH-

HOIO TOBIIMHOW Bif 0,5 70 2 MM po3TaloBa-
HO BCepefiuHi MiX fABOMa He(iIbTPyHOUYMMM
MeMb6paHamu 3 1ienodaHy.

[Tpn po3pob1ii peakTopa BaXIMBO 6paTu
[0 yBary, 0 CTPYKTYpa €IEKTPUYHOTO IO
B pobounx KaMepax peakTopa-eeKTposizepa
3a/IKUTh Bifl KOHCTPYKLii cucremu. Iomos-
HOIO B/IMOTOIO [JO KOHCTPYKIJii € OMHOPiAHICTD
€IeKTPUYHOTO TI0/IA, 10 Ha 300pakeHHi 1oy
Ha puc. 2 Masio 6 BUIJISJ [IOJISI B TeOMeTPUYHI
dopMmi npsAMMX ropusoHTanbHMX iHili. Lle
03Hayasno0 0 PiBHOMIpPHMII PO3NOZIN TyCTUMHU
CTpyMy 0 po6oyiit rromyi peakropa 2x5 cM?>.
Tomy 3 Merolo 3abe3leyeHHs OFHOPIZHOCTI
€JIEKTPUYHOTO TI0/IA B KOHCTPYKIII peakTo-
pa-enexTponizepa (puc. 3) 6y70 BUKOPUCTAHO
obuyBa enektponyu 3,8 i3 TUTAHOBOI IIATUHO-
BaHOI CiTKM i 3 TabapuUTHUM PO3MipOM, AKUI
IOpiBHIOE pobOUill MJIOIIi KamMep y IUTOIIVHI,
NEepIIEHIVIKY/IAPHIN [0 iHI CTPYMY.

Puc. 2. Cxema HeiHIHOTO eIeKTPUYHOTO MOJIA B TPUKaMEPHOMY peaKTopi-efleKTponisepi, ke BU-
HIKa€ IIpU HEBINIOBITHOCTI pO3MipiB €/IeKTPOAIB Ta eNeKTPOJHMX Kamep: 1 — KaTox; 2 — aHOf; 3 — ce-
penHsa poboda Kamepa [IA JOCTIKYBaHOTO i0HOOOMiHHVIKA; 4 — HedibTpyrOUi IenodaHoBi ITiBKI;

5 - nepdopoBaHi HiKeNbOBI ITACTHHY

Fig. 2. Scheme of the nonlinear electric field in a three-chamber electrolyzer reactor, which occurs
when the sizes of electrodes and electrode chambers do not match: 1 — cathode; 2 — anode; 3 — the middle
working chamber for the investigated ion exchanger; 4 — non-filtering cellophane films; 5 - perforated

nickel plates.
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Texnika excnepumenmy. Y LbOMY JOCIi-
JDKEHHI BHYTPILIHIO KaMepy 6 IIi/IbHO 3aII0B-
HIOBa/IJ YaCTVHKaMU i0HOOOMiHHOI cMonu, B
OKpeMUX Hociifiax aHioHiToM purolite A-400
a6o kationitom KY-2-8. Taxi marepiamu mu-
POKO BMKOPUCTOBYIOTH Y IIpoliecax JieioHisa-
1ii, Teopilo SAKMX PO3POOIEHO Ha BUCOKOMY
piBHi [15]. [l 3anobiranHA pyXoMoOCTi mapy
YaCTOK CMOJIM KaMepy CTUCKaau MK JBOMa
nepdOpOBaHNMI HiKe/TeBYIMM ITACTVHAMMA 5.

Bci enneMeHTM KOHCTPYKIii peaKTOpa-eneK-

Kopnyc peakTopa

TpOJli3epa yTBOPIOBA/IM IAKET, AKUI IepMe-
TUYHO CTUCKA/IM HA YOTUPHOX OOJITAX.

Y mporeci enexTponisy creniaabHUM IIPO-
TOYHMM Pe3UCTOMETPUYHUX CEHCOPOM 3 iH-
TepBasoM 1-3 XBWIVHY BUMIpIOBa/IV 3HAYEH-
HA IMTOMOI €JIEKTPOIIPOBiTHOCTI €/IEKTPOTITY
B KaTOAHI 1 aHOAHIN KaMepaX peaKTopa-
enekTponisepa. KoM 'ootepHum 006po6eH-
HAM IMX IaHUX Ofiep>KyBamy QyHKIIi 4acoBoi
mAvHaMiky KoHUeHTpauiit C(t) y xaTopHii Ta
aHOJIHIN KaMepax.

ampa{ﬂa‘ ’(—Kamepa(-] 4,‘

Kopnyc peakTopa

Puc. 3. EnemenTu OyoBu 3-KaMepHOTO peakTopa-eleKTportidepa: 1, 2 — KaTofHa Ta aHOJHA YaCTVHA
KOPIIYCy peaKkTopa 3 MoTiMeTHIMeTaKpuIaTy (OpraHiqyHoro ckia); 3 — karop; 4 — HedinbTpytoui Leso-
q)aHOBi mniBky 100 MxMm; 5 — nepq)opm;aHi HiKeJIeBi IJIACTVHY TOBIIMHOI 50 MKM; 6 — cepefiHA po6oqa
KaMmepa [y JOC/TiI>KyBaHOTO iI0HOOOMIHHIIKa; 7 — €leKTPOIiT; 8 — aHOf; 9 — I'yMOBI TrepMeTH3yIoui po-

kmagku 0,5 MM

Fig. 3. Structural elements of a 3-chamber reactor - electrolyzer: 1, 2 — cathode and anode parts of the
reactor body made of polymethyl methacrylate (organic glass); 3 — cathode; 4 — non-filtering cellophane
films 100 um; 5 — perforated nickel plates with a thickness of 50 um; 6 — the middle working chamber for
the investigated ion exchanger; 7 - electrolyte; 8 — anode; 9 — rubber sealing gaskets 0.5 mm.

https://ucj.org.ua
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B excnepuMmeHnTax tpusanicTio 30 XBUIMH
(mo 15 XBWIMH JyIs BUMIpIOBaHb y KOXKHIl
Kamepi) /i 0O6poOIeHHs MepBUHHUX HTaHUX
BUKOPJCTOBYBA/IM METOJ], KOMII I0TepHOI pe-
suctoMetpii [16]. CnermianbHe MaTeMaTuy-
He 00pOOIeHHs pe3ynbTaTiB MacoOOMiHHMX
IIpOLIECiB, AKi 3MAiMICHIOBaAM B KATOHHIN Ta
aHOMHIN KaMmepax peaKTopa-e/lIeKTpoiisepa,
BMKOHYBa/lM 33 IPOrpaMaMM aIpOKCUMalil
nojiHoMaMu 2-3 CTyIeHiB. Pesynbprarom ma-
TEMAaTUYHOTO 06po6/IeHHA 6Yy/0 BU3HAYEHHA
4lIC/Ia IIEPEHeCEeHH A i0Ha, KOHLIEHTPALIilo KO-
ro (ikCyBay B €KCIIEPUMEHTI.

Mexanizm 06miny 8 ymosax pieHosazu. Pos-
IJIAHEMO JJIA TIOYATKY IPOCTIiNly 3a/jady BCTa-
HOBJICHHs i0HOOOMIHHOI piBHOBaru B TBepAiit
¢asi xarionity KY-2-8, Hacuyeniit mcns pere-

Hepalii posyrHoM NaOH. ExciepumMeHnTanbHO
piBHOBary MO>XHa BCTAaHOB/IIOBATH B OKPEMiil
€MHOCTI, KyI¥ 3aBaHTa)XYIOTh CyMilll 3Ba)KE€HOI
KiZbKoCTi cMomu i Bopgy. CyMilll py OCTilTHO-
My IlepeMilllyBaHHiI BUTPUMYIOTh JEAKUI 4Yac,
BUMIPIOIOYM 3MiHY KOHIIEHTpallil iOHa, AKMii
IIEpeXONTh y po3unH. BogHovac y posuuH i3
CMOJI TIEPEXONATD TAKOXK IIPOTUIOHM.

Hamr TeopeTuynmii a"amis nposefeMo Ha
OpUKIafi ofHiel YacTMHKM 10HOOOMiHHOI
CMO/N 3 T€IeBOI0 HENOPUCTOI CTPYKTYPOIO,
Jie MiCTATbCA pyxoMmi mpotuionu (Na*) i xi-
Mi4HO 3B’s3aHi 3 Marpuue (ikcoBaHi i0HU
(OH"),,. Came Taky CTpyKTypy Mae€ Bifjoma
IpoMMCIIOBa KaTioHooOMiHHa cmoma KY-2-8
[12] y pobouiit Na*-¢popmi i moBHOIO 0OMiH-
HOIO0 €EMHICTIO 1,9 MMOJIB/T.

N “ . Cmax
| IR o
Ccp
Na* OH™ AN
. CCP
N |
' i
|
o
't 1
L i
X2 X1 h, emrm T, XBUAVH
Ta T1 | a 5]
0 —> X
o &——T—0

Puc 4. Konnentpaniitui npodini ionis y ¢asi ioHitTy B okpemi mocnigoBHi MOMeHTH Yacy (a) i auHami-
Ka 3MiHV CepefHbOI KOHIIeHTpaIil CCp (b). ITpu T—> o 3aeXHICTh CCp (T) acCMMIITOTMYHO HAO/IM>KAEThCA
10 MeXi Ccpmax. 3enena fjiaroHanb Ha puC. 4 a — AMHAMIiKa YacOBOI 3MiHM CepefiHbOI KOHIIeHTpaIlil B IIpo-
1eci Hacu4yeHHs ab0 pereHepalil (He/iHilHa 1IKaIa 4acy)

Fig. 4. Concentration profiles of ions in the ionite phase at separate consecutive moments of time (a)
and the dynamics of changes in the average concentration C_ (6). At t— . Dependence C_ (1) asymp-
totically approaches the limit . C_™*. The green diagonal in Fig. 4a is the dynamics of the time change of
the average concentration in the process of saturation or regeneration (non-linear time scale).
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YaBUMO MOJeNb 4acTUMHKY Y ¢opMi Irac-
TvHM (puc. 4 a), IKa KOHTAKTYE 3 i7leaIbHO Iie-
pemimyBanum posumHoM NaOH. [Ina cnpo-
IIeHHs aHali3y OymeMo BBaKaTy, LIO XiMid-
HMI CKJIaJ] YaCTMHKM B IIPOLIeCi BCTAHOBJIEH-
Hs1 OOMIHHOI piBHOBAaru 3 4acoM 3MiHIOEThCS,
AK II0OKa3aHO Ha PUCYHKY, ajie IIPM IIbOMY caMa
YaCTMHKA 3a/IMIIAETHCA ONHOPIIHOIO 3 cepef-
HbOIO KOHI[EHTPALIi€0 Ccp. [e HabmKeHHS He
BIIMBA€E Ha Pe3y/IbTaTy MOJA/bIIOr0 AKiCHO-
IO aHaJIi3y, ajie MoNepe>Kye HACTyIIHE BMHUK-
HEHHA MaTeMaTUYHNX YCK/IAJHEHD.

3BepHeMO yBary Ha Te, 1110 Ha puc. 4, 6 siKic-
Hui rpadix Ccp(’l?) MAa€ TUIIOBY eKCIIOHEHLI/IHY
MOHOTOHHY (opMy 6e3 XapaKTepHUX TOYOK
Ha rpadiky:

C,=C"- [1 - exp(—‘r)] .

AJle 1el IOTIYHO KOPEKTHUI BUpa3 HeIIpu-
JQTHMIT 11 KOPUCTYBaHH:A, 60 apryMeHTOM
TPAHCUEHJIEHTHOI €eKCIIOHEHT € pO3MipHe
41crIo T. Bupas MoxkHa 3po6uUTH 3pydHIMINM,
AKIO B HBOTO BBeCTM (OPMAIBHMII Xapak-
TEpHMII 9ac IpOLeCy T*, TaKMii, 3a AKOTO apry-
MEHTOM €KCIIOHeHT! Oyze Oe3po3MipHe uuc-
710, a 3HAYEHHA BUpPa3y B KBaJIpaTHUX TY>KKaX
C/C, "= (I-e')=0,631,

max T
C,=C, -[l—eXP(—;)} )

IToxigna Big (5)
¢, =—exp-5)
Ma€ Bix eMHe 3HaueHHs. Le BimoOpakae 3po-
3YMi/Ty 3aKOHOMIPHICTb — Y IIpOLjeCi HaCM4eH-
Hs a00 pereHepaii ioHiTY IIBUAKICTD IpoIe-
Cy IIOCTYIIOBO 3MEHIIYETHCA Yepes OIIip cepe-
noBuia AuQysilfHOMY NOTOKY, a mapaMeTp T
AKpa3 1 XapaKTepusye 110 MBUKICTb.
TyT mouinbHO Haragary, o KOHLEHTpalis
NaOH y nHacuveHomy ioniti KVY-2-8 cknagae

(6)

https://ucj.org.ua

0,0265 Monb-cM ™, TOfIi SIK Y BOGTHOMY PO34MHi
BOHA Ha 3 MOpAJKM MeHIIa, i Ha puc. 4 BOHa
IPAaKTUYHO 30ira€TbCcs 3 HYIbOBUM 3HAuYeH-
HAM OPJIMHATH.

Y pexumi BCTaHOBJIEHHA 10HOOOMiHHOI
piBHOBarm y asi cMo/u pyxaroThcs 1Ba OTO-
KJ iOHIB OJHAKOBUX 3apAMiB i3 MPOTHUIEKHNA-
MM 3HaKamu — ioHu Na* ta iorun OH~. O6ugsa
i0OHHI IOTOKM PYXalOTbCA 3 OTHAKOBOIO IBUJI-
KiCTIO ITapajie/IbHO B OJHOMY HAIIPAMKY, 60 B
aKTi ioHHOTO OOMiHY OfIMH i0H HOIIMHAETHCA,
a i10H IPOTWIEXHOTO 3HaKa IpU IbOMY BMU-
HIIKAE:

R-Na* <> R-OH™ + Na". (7)

Y upomy piBHAHHI cumMBOnI R-Na* 03-
Haya€ OfMH €/IeMeHT BMCOKOMOJIEKY/IAP-
Hol cTpykTypu cmomum R (C8H8+C10HIO,
M = 104,15*0,5+130,20%0,5 r/M0/b), XiMI4HO
3B’s13aHuI1 3 ioHoM Na*, a 3HaK <> 03Havae piB-
HOBAry IIpoliecy i0HHOro oOMiHy.

Y TBeppiit ¢asi cMonm 3a paxyHok #ii me-
xaHi3MiB ioHHOTO 06MiHY B mpoleci pyxy
Y30OBX KOOPAMHATH X O[HI iOHM IIOI/IMHA-
I0ThCA 1 TOMY IXHsA KOHIIEHTpallid IOCTYIIOBO
3MEHIIYETHCA JO MiHIMa/JIbHOIO 3HAYEeHHs Ha
BUXOZi. AHAJIOTiYHO iI0HY POTU/IEKHOTO 3Ha-
Ka IIepeXOATh Y PO3YMH Y TaKill )Ke KiIbKOCTI,
a IXHA KOHLEHTPallid B CMOJIi TaKOXX 3MEHIIY-
€TBCA.

YcepenuHi TBepnoi ¢pasy HeMae KOHBEKIIiI,
TOMY B IIpolleci 0OOMiHy TaM BCTaHOBJIIOIOTD-
cs neBHi npodini koHnenrtpanin C(x) ta Big-
HOBifiHI TpajlieHTN KOHLeHTpalii 060X ioHiB.
IIpu npomy obmasa rpagientn, (dC/dx)™ i
(dC/dx)®, 3MiHIOIOTbCA TaKOX OJHAKOBO, B
OJJHOMY HAIIPAMKY.

i MipKyBaHHA [el0 CIPOILEHi 1A Kpa-
10ro po3yMinHA ABuia. Hacrpasji Ha Mexi
MDK po3umHOM i TBeppow (asow B 060X
¢daszax BUHUKAOTh AndysiitHi Mmapy, B AKUX
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YTBOPIOIOTHCA CBOI PIBHOBATM, IO/BiVIH] €/IeK-
TpuuHi Ta AndysirHi mapu ta npodin koH-
nenrtpaniin C(x). Ame Ha BKasaHi BMIIe Xa-
paKTepHi 0COOMMBOCTI iIOHHOTO TPAHCIIOPTY B
cMoJTi BIUIMB AVQy3iltHMX mapis B 060X pasax
€ KinbkicHO HecyTTeBUM [17].

OmmcaHi sBUIIA IOHHOrO OOMiHY B MHa-
Milli € pe3y/IbTaTOM TEOPETUYHUX MIPKYBaHb.
Y ¢isu4HOMY eKCIlepMMeHTi MO>KHA BU3HAYN-
TU IIOYATKOBUI 1 KIHIIEBMUII CTaH CMOJIN, BUMi-
prorouy 3MiHy KOHIIeHTpalil po3unHy. Tpusa-
JCTD Bocmimy Tox i3 IOCTIVTHUM IIepeMilllyBaH-
HAM TPUBAE Ki/IbKa FOVH.

I3 yacoM cMoTa BUCHa)XY€ETHCS, TOOTO KOH-
LeHTpaliitHi npodini Ha puc. 4 He € crarjio-
HapHMMU i MalOTh 3MiHIOBaTHUCA 3 4aCOM. AJie
B HAllMX JOC/TIJPKEHHAX Y BiTHOCHO KOPOTKO-
MY eKCIIepMMEHTi 3MiHa CcTaHy i0HOOOMiHHOI
CMOJIM € HEICTOTHOIO MOPIiBHAHO 3 JOBIOTPH-
Ba/lMIMM LIMK/JIaMIM HaCU4YE€HHA — pereHepariil.
Tomy mokasani Ha puc. 4 KoHLEHTpaliliHi
npodini ioHIB MOXXHa BBaXKaTy HPAKTUYHO
CTalliOHapHMMM, A Ofiep>KaHi 3a IXHbOT'O aHA-
7i3y BUCHOBKY — KOPEKTHUMMU.

Y posunHi B gudysiriHOMy mapi A Bemu-
KOl TOBUIVIHM, IO Ha IOPANKK IEPEBUILYE
TOBUIVHY O AMdy3HOI YacTMHU MOJBITHOTO
€IeKTPUYHOrO Mmapy (A>>0), BCTAaHOBIIIOETb-
cs pesike edeKTUBHe 3HauYeHHS KoediljieHTa
nudysii D, Ta OfHAKOBI MIBUAKOCTI i HAIPAMU

pyxy ioHis, g°% = g

2DNa 'DOH
o @
dCoH
g™ =-D, — 9)
cha
g¥ =-D, — (10)
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IwnysiitHnit noTeHIian BUHUKAE B CEpelo-
BUIIL, Jie iCHy€e I'paJlieHT KOHLIEHTpaLil e/leK-
TPOJIiTY, a PYX/IMBOCTI iOHIB BiJJpi3HAIOTHCA.
Bunukae BiH i Ha Mexi posginy ¢as — Ha mo-
BepXHi ioHiTy. Bignosigxo fo piBusAnHA [Inan-
Ka — lenpepcona [18, c.152], Ha Mexi po3ziny
$a3 BCTAaHOBIIOIOTH BifIIOBiHE 3HAYEHHS
nudysitHOro MoTeHIliany, sKe B IEepIIOMY
HaOMDKeHHi (3a yMOBM He3a/leXHOCTI 4ycen
HepeHeCeHHs Bifl KOHI[eHTpallil eJIeKTPOIiTy)
€ TiHITHOI QYHKII€I0 Pi3HMIII YMCeN IepeHe-
CEHH: 10HIB:

DN — D" RT C
Enr =—a o In| =
DM iD" F (¢

lng

HOH).E
C‘1

=(n"™" - , (11)
me C, i C, - KOHIeHTpallii B KOHTAKTYIOUUX
dazax.

PiBHiCTh IOTOKIB 000X iOHIB 4epe3 Mexy
PO34MH — iOHOOOMIHHUK 3a0€311eYyI0Th eJeK-
TPWUYHI I0JIA, 110 BUHMKAIOTH B 060X (pa3ax Ha
MeXIi IXHbOTO IOfIi/Ty i aBTOMaTUYHO MifATpU-
MYIOTb HeOOXifHi /15 11boro mpodii KOHIleH-
tpauiit C°(x) = C™*(x) B 060x dasax.

Aximo pospaxyBaTy IBUAKOCTI KOXKHOTO
3 ioHiB, Bukopucrasmu gopmyny Hepucra -
Ertnmrerina:

D=v°-(£) ; (12)
zF
e v’ — pyxuBicTb ioHa (mpu C—0), mis npo-
CTOTO OJfHOKOMIIOHEHTHOTO eJIeKTPOJITY 3a
yMOBU V_ = V_, AKa Jii€ 32 HaABHOCTI Audysiii-
HOTO HOTEHIIiaTy, TO OTPUMAEMO BUpasyU s
OKpeMUX I0HHUX ITOTOKIB:
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dC_ , dE
==y f— —+V7'— . (14)

dx

IJi moTOKM 3TiIHO 3aKOHY e€NeKTPOHENT-
PanbHOCTI MalOTh OJHAKOBI YMC/IOBI 3HA4YeH-
HA. B ymMoBax piBHOBaru ogHakoBUMU OYAyTbh
TaKOX I'Pafli€eHTV KOHILIEHTPaI[ii 060X iOHiB.

[HTerpyBaHHAM cuctemu piBHsAHD (13,14)
3HAXOATh BEIMYMHY e(PeKTUBHOrO Koedii-
enta gudysii D, srigHo (8) Ta mmudysiiHoro
norenuiany E, = dE/dx 3rinno (11).

OcobnuBictio cucremn piBHAHB [Imanka —
Tenpepcona (13,14) € e, mo gudysiitanit mo-
TeHIlia/1 HabyBae TaKOro 3HAYEeHH:I, KO/ IIPO-
TUJISKHO HallpaBJieHi audysiitHa i mirpariiza
CK/IafioBa (TepLmii i APYIuit JOJAHKU B KOXK-
HOMY piBHSHHI) 3piBHIOIOTBCS MK c00010.

Y pimenHi piBHAHD (13,14) y3moBX Koop-
AVHATK X Ha puUC. 4 a 3MIHIOIOTbCA 3HAYE€HHA
qycenl mepeHeceHHs o06ox ioniB. Ha mpasii
MeXi (eIeKTPOJIIT) 4McIa MepeHeceHHs TaKi
X, AK y BinbHOMY posunHi NaOH : n"*=0,38,
n°"=0,62. Y tBeppiit ¢asi ioniry y Hampsami
MexXi x=0 BOHM 3MIiHIOIOTbCA — JIIsI PyXOMOTO
iona n™* 3pocrae, a mas dikcoBanoro n° -
3MEHIIYEThCA. B ifeani npyu T—> 00 KOHILIEHTpa-
LiltHUI Tpodinb Mae cTaTy JHITHNM, a Yuc-
J1a IepeHeceHHA npy x=0 MaroTh cTatn =1,
n°"=0. PeaqpHO TpUBAMiCTP BCTAHOBJICHHSA
piBHOBaru oOMiHy B HOCTIi/jaX € BifHOCHO He-
3HAYHOIO i B IepIIoMy HaO/MbKeHHI mpodini
MOYKHA BB)KATH CTAal[iOHAPHUMIU. [XHE BUKO-
PUCTaHHA /1A aHaji3y piBHAHD (12-14) € mo-
ITyCTAMVM.

Enexmponiz i3 cenapamopom KVY-2-8 6
enekmponimi NaOH . Posrnsanemo mapame-
TpU NPOLECIB Ha IPUK/IAZl €IeKTPOIi3y po3-
YNMHY 31 II/IbHUM H1apoM KatioHity KVY-2-8 y
KaMepi 6 peakTopa-enekrponisepa. O6'em Ka-

https://ucj.org.ua

TopHOI Kamepu (-) 20 cM® Ta aHOIHOI Kamepu
(+) 22,85 cm’. Te, mo enexrpornit NaOH e 6i-
HapHUM, 3a06e31e4ye MOXX/IMBICTh TOYHUX 00-
PaxyHKIB eKCIIepMMeHTa/IbHIX JJaHNX 1 ofiep-
>KaHHSA HaTiMHNX OGHO3HAYHMX BUICHOBKIB.

B ekcniepumMeHnTax rabaputHuit 06’eM nop-
uii cMomu B Kamepi 6 Tomuuow 0,16 cM mo-
piBHIOBaB 0,16*10 = 1,6 cM’ . fIK110 IpUitHATH
JacTKy 00’€My IpOCTOPY MDK YacTMHKaAMU
npy ILiibHINA KoHirypanil cdep 3a ¢op-
mynomo layca gk 26%, To 06’eM cmonu Gyze
1,6*(1-0,26) =1,184 cm’. 3a TycTMHM CMOMN
1,06 r/cm’ Maca mopuii 6yme 1,184*1,06=1,255T.
IIpm uboMy TeopeTHYHe 3HAUYEHHs IOBHOI
craruyHoi o6minHoi emHuocrti (ITCOE€) pmo-
crimpkyBanoi nopuii KY-2-8 mae 3HaueHHA
1,255 1 * 0,0265 Monb-cM~>= 0,03138 Mo1b.

3amuieMo Ha OCHOBI 3akoHy ®apayest Bu-
pasu jy1g ionHux notokiB Na*® i OH™ y mponeci
€/IeKTPOJIi3y B YaCTMHIIi I0HOOOMIHHOI cMOH,
mpocoyeHirn posunHom NaOH:

I . qNa
Na Na
MIGR = no,
T
[ . qOH
OH OH
8micr = no, (15)

me n™, n°"=1-n™* - gyycna nepeHeceHHs iOHIB,
AKi B mpoctomy enekrponiti NaOH Bigomi 3
noBimHMKOBUX Tabmunp — n°"=0,62, nN*=0,38
[13,19]. Ina moTOKiB B eeKTPOAHiN peaxiii
Brpasn (15) He MICTATD YMCeN IepeHeCeHH .
[Tapamerpu g™*= 0,858 i ¢g°"'= 0,634 r/A-rop -
€JIEKTPOXiMiYHi €eKBiBaJIEHTU i0HIB.

I3 pospaxyHkoM 3a piBHAHHAM (15) omep-
JKMMO 3HA4Ye€HHA 3MiHM Mac iOHIB y Kamepi
(-) ympogmosx exkcriepuMeHTy (1=15 XBUINH)
y mpouecax ioHHoi Mirpanii i peakuii (HyKHI

iHEeKCH | oo s AC) :
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Yucna nepeHeceHHs AyiA GiHApHOTO eleK-

m=(1)-q, (16) tponity NaOH pospaxoByBamm 3a mpocTumu
mEZI‘GR =1,12-10°, mEI;GR =-1,83-10"%, dopmynamuy, AKi yTBOpeHi 3 piBHAHD 6amaHCy
(1)i(2) xamepm (-):
Myge =2,95-10°5, mhzs . =-2,95.10" Monb. (C,—C)-V.

n (1) =

((I-1)/26,8))

AHAJIOTiYHMII PE3yNbTAT OIEP>KMMO 10 Ka-

mepi (+): "
1-C,)
- =, Miyper = - 1y (1) = 1 =0, (17)
mM?GR =-1,30-107, M6 = 2,12-107, 2( Co1

nie V_— 06’eM enexTponity B Kamepi (-).

OH H20
m =-3,41-10>, m =4,27-10"° . X
REAC 3 0 REAC 07° momb PesynbraTy pospaxyHKiB HaBe[IeHO B Taom. 1.

Tabmuns 1.
ITapameTpu mponecy enexkrponisy posunny NaOH
Table 1.
Parameters of the process of electrolysis of NaOH solution.
Enement npouecy KVY-2-8 NaOH A400 NaCl
1 CymapHwuit 6aaHc Mac, Kamepa (-), MoJIb 9,03 -1077
Cymapuwuit 6amaHc mMac, kamepa (+), MOJIb -2,17 107
) %Ti%%%gr EI(;);(;{la_;zaquHa 06MiHHA EMHICTD MOJIb/CM? 0.0020 ...0,0040 0,0013
Iopuia cmomu 1,255 r - 0,03138Monb
3 | O6’em mopuii 7,845 cm’ 0,02190
[ICOE€ nopuii monmb/cm? 0,0020 ...0,0040
Excnepumenm,
4 kamepa (-), npubyrox NaOH, monp 0,0000382
Kamepa (+), Brpara NaOH, monp 0,0000366
Hunamixa KoHuenmpauyii 6 kamepax
5 Kamepa (-), MONb-IM ™ 0,0200....0,0181
KaMepa (+), MOJIb- M 0,0200....0,0173
p itn*(Na*) , po3paxyHOK 110 Kamepi (-) 0,924
itn*(Na') , po3paxyHOK 11o kamepi (+) 0,910
; Y(t—0, Na*), pospaxyHok 1o xamepi (-) 1,002
Y(t—0, Na*), pospaxyHok 1o Kamepi (+) -0,999

itn*— eKCcTpalnonbOBaHe Ha ITOYATOK AOCIify T—>0 3HaYeHHA nmbepeﬂuiany ‘P-q;yHKui'i, sKe
BimoOpa)kae He3ajieXKHe Bifi yMOB e(eKTUBHe 4IIC/IO IlepeHeceHHs KaTioHa (puc. 5).

88 ISSN 2708-129X. VKp. XiM. XypH., 2022




M. 1. Kowens, C. A. Kowenb, C. B. Kopnay

YXX Ne 8 / TOM 88

40°5 1

340 _ 1 o1
L -5
3 2410 b 1,751075 A400 it
3 5| -
a 100y . i -3
S N 0.25-10 S Kkvas 5
i ul:l [+ ’/, %
o 5 7 o - & E
I —14075 ¢ -5 — " & L0.99 S
= 5.1,251107° o o
E 9 -5 I
=T 10 | =]
x
> -3405 1 0.98
=2 4 5 6 7 8 9 10 11 12 13 xBun KY-2-8

0 2 4 6 8 10 12 xeun A 400

Puc. 5. Ipadik ynkuii kationa ama cmom KY-2-8
Fig. 5. Graph of cation function ¥'_for KU-2-8 resin.

Enexmponiz posuuny NaCl. Posrnsnemo Te-
Iep CKIAJHIIly CUTYalilo 3 iHTepIpeTaliero
pesynbrariB enextponisy pozunny NaCl 3 ani-
oHitoM puroliteA-400. Y mpoueci enexTpomnizy
B pe3y/IbTaTi KaTOZHOI peaKiyii

HO+e—1/2H,+ OH" (18)
yTBOpIooThcA ionn OH™, ToMy B nepeHeceHHi
3apAny 6epyTb y4acTb Tpu Bupu ionis — Na',
OH iCl.

YcKkmagHIO0YMM YMHHUKOM € Te, 110 BUMi-
psAHEe 3HAYE€HHA IUTOMOI €1eKTPOIPOBIFHOCTI
K Y CUCTeMIi 3 TpbOMa iOHaMM € HEOJHO3HAY-
HIUM 1 BIIIIOBiZa€ MBOM MOXK/IMBNMM 3HadeH-
HAM KOHLeHTpanil. 1o Te3y mnoscHoe puc. 6,
e HaBe#leHO rpadiky KambOpyBaHHsA CeHcopa
KCH-23 y poszunnax NaOH+NacCl i3 Buxopuc-
TaHHAM BYCOKOTOYHUX JIOBiIHMKOBMX JAHMX 3
€/IeKTPOIPOBiIHOCTI i0HiB. JlOBifHMKOBI HaHi
aIIPOKCMMOBaHi oJIiHOMaMu 2-TO TIOPATKY.

3 puc. 6 a MO>KHa OAUNTH, 110 3HAYEHHS IV -
TOMOI €JIEKTPONPOBIJHOCTI po3unHy k=0,007
Om'-cm! ciocTepiraroTh 3a ABOX KOHIIEHTpa-
uin - 0,039 i 0,05 monp-gMm~°. S0 mpose-
CTHU JIiHIIO 110 OpAMHATI K — 3a KOHI[eHTpaLlil

https://ucj.org.ua

0,045 MoOmb-IM ™ MOXKHa Ofjep)KaTu [iBa 3Ha-
yeHHs K — 0,006 10,0078 Om'-cm™ .

HeopHo3Ha4yHICTD pO3paxOBaHMX KOHILEH-
Tpaliil a€ CBiil HAC/TIIOK — HEOJHO3HAYHICTh
3MICTY 4Mcen nepeHeceHHs. BusHaummo ix Ta-
KJM YJHOM.

Ha puc. 7 HaBefleHO pO3paxoBaHi 3a 3aKO-
HoM Dapages 3 eKCIepMMEHTAJIbHUX JJAHUX
d(I-t)= f(t) nuckpetHi (1o 8 Toyok) rpadiku
OVHaMIKM 1OHHMX KOHIJEHTpalill B Kamepi
(-). Y xaropniit peakuii (11) ion Cl™ He 6epe
y4acTi, ajzie Mirpye B e1eKTpUYHOMY 110711 1 Jjae
BHECOK y BU3HAY€HHA YCel IepEHECEeHH .

PospaxoBaHa 110 eKCIiepyMeHTaIbHUX TOY-
kax I(t) xoHueHTpanis iona OH™ HeniHiitHO
3pocTae Bif HyA. Po3bir po3paxoBaHux 3Ha-
YeHb KOHILIEHTpalliil BEIMKNI, TOMY allpOKCH-
Maniianit rpadik nomrinoma Ha puc. 7

CoM"=1-10°%+9-107-t - 2:107-12,
CNe= COH 4+ 4
ITOYMHAETDCA HE 3 HYJIA.

PesynpraTy po3paxyHKiB mapaMeTpiB Ipo-
1iecy B KaMepi () HaBeIeHO B TabmmIIi 2.

(19)
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Puc. 6. Kani6pysanbhi rpagiku cencopa KCH-23 (a) i AxicHnit TpuBuMipHuit aHaor rpadikis (6).
a=CNaCl/C NeOH _ ginnommeHHs KOHIeHTpawiit B po3unHi Naon +NaCl

Fig. 6. Calibration graphs of the KSN-23 sensor (a) and a high-quality three-dimensional analogue of
the graphs (b). a = CN*“//C NOH _ ratio of concentrations in NaOH +NaCl solution.
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Puc. 7. PospaxoBani rpadiku guHamMiku
KoHueHTpaniit ionis Na*, OH~ i Cl~ 3a janumn
eKCIIepYIMEHTY B KaMepi (—) peakTopa-eneKTpo-
nizepa. ExcrnepuMeHTanbHi TOYKYM alpOKCUMO-
BaHi nominoMoM (19) apyroro nopspxy.

Fig. 7. Calculated graphs of the dynamics
of ion concentrations Na*, OH™ i Cl” according
to experimental data in the chamber (-) of the
electrolyzer reactor. Experimental points are
approximated by polynomial (19) of the second
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order.

Tabnuns 2.

XapakTepucTuku ioHiB npu enexrponisi pos3unny NaCl 3a gannmu BumiproBann
KOHIIEeHTpaIliil B KaTOJHi Kamepi

Table 2.

Characteristics of ions during the electrolysis of NaCl solution according
to the data of concentration measurements in the cathode chamber.

Yacrka koHueHTpauii C, Monmb-aM™ A, OM'Monp'cM? k=C-A, Cm-cm™ n? (411)
Na* 0,217609 42 0,013593 0,111463
Cl 0,564782 63,5 0,05334 0,437379
OH- 0,217609 170 0,05502 0,451158
1 cyma 0,121954 1
90

ISSN 2708-129X. VKp. Xim. XypH., 2022



M. 1. Kowens, C. A. Kowenb, C. B. Kopnay

YXX Ne 8 / TOM 88

Y tabmuui 2 HaBeJEeHO YMCiIa IepeHeceH-
HA, TifipaxoBaHi HAMIIPOCTIMNM CIOCOOOM SIK
YacTKa MUTOMOI €7IEKTPOIIPOBITHOCTI KOXKHO-
ro ioHa:

z
Z K

=7
2

1
I CTOCYIOTbCA BOHM JMIIEe PO3YMHY 1OHIB
Na*+OH +Cl" i3 cymapHOI KOHIIEHTpaLi€l0
Menme 0,2 Monb-gM~>. OTKe, 00UIBA aHIOHMK
MAIOTh BEIVKi 3HAYEHHS YMCell IIEpEHECEHHH,
ion Cl” - 3aBfsIKM BMCOKIVI KOHLIEHTpallil, a i0H
OH™ - yepes BenuKy aHOMA/NbHY PYXOMiCTb.
BimHOCHa cyMa 4mcen nepeHeceHH: aHiOHIB
mocsrae maike 89%, Tofi sIK yacTka ioHa Na*

€ MiHimManbHOMW — 11%.

3ayBakIMO, 1O €KCIEPUMMEHT BMKOHYBa-
M 3 MUIBHUM HIapoM chepUYHMX YaCTUHOK
ionity B mpomixHiit kamepi (3) peakropa. Ta-
KU CKIQJIHUII MaKpOIIOPUCTUIL «CerapaTop»

, zeNa",OH ,Cl", (20)

YAaCTKOBO IIPOITYCKAE CTPYM Yepe3 eNeKTPOJIIT
y IPOHMKHUX II0paX, Jie IOKa/IbHi 41C/Ia 1epe-
HeCeHHs O/M3bKi 0 TEOPETUYHUX TaHUX Tab-
i 2. A Iap 4acTOK iOHITy CIyrye SK Iapa-
JIe7IbHA JIiHiA IPOTIKaHHA CTPYMY Yepes TBEPAY
¢asy, i TaM 4McIa epeHeceHHs MOBYHHI MaTh
inmi sHaveHHA. Li MipKyBaHHSA TOKa3yIOTh, 1[0
IiJpaxoBaHi 3 JOCTIGHUX JaHUX 3HAYEHHA YM-
CeN TlepeHeceHHs 10HIB n” OyayTb Bifobpaxa-
T He BJIACTMBOCTI CaMOro MaTepiay ioHiTy, a
BUITA[IKOB1 BJIaCTMBOCTI IIapy CMO/IN, AKi 3aj1e-
JKaTh Bifl TOBILVHMY LIAPY, UIiIIbBHOCTI YIIaKOBKI
YACTMHOK 1 pIBHOMIPHOCTI IXHBOI'O PO3IOAITY
IO IUIOIi, HOPMA/JbHOI O HANPAMY CTPYMY.
ITpoTte He3Ba)Kar04M Ha [eAKY HEBUM3HAYEHICTD,
Ofiep>KaHi 3HaYeHHsI 1“ HeCyTb KOPUCHY iHdop-
Mallil0 K KpUTepii i NOPIBHAHHA BIaCTH-
BOCTell Pi3HMX 10HOOOMIHHMKIB, ab0 JIs1 MO-
HITOPMHIY JMHaMiKM poOOTM CTalliOHApHUX
IIPOMMC/IOBUX iOHOOOMIHHUX CUCTEM.
PospaxyHkoBi gaHi HaBefieHO B TabmuIi 3.

Tabnung 3.
ITapameTpu npouecy enekrponisy posunny NaCl y kamepax
Table 3.
Parameters of the solution electrolysis process NaCl in cells.
IICOE. IToBHa cTaTn4Ha 0O6MiHHA EMHICTH MOJIb/CM>
ITo TOCT 20301-74 0,0020 ...0,0040 0,0013
Iopuisa cmonu 1,255 r - 0,03138Momb
O6’em nopuiii 7,845 cm? 0,02190
IICOE nopuiii monb/cm? 0,0020 ...0,0040
EJIEMEHT ITPOLIECY KVY-2-8 NaCl A400 NaCl
1 Cymapuwuit 6amaHc Mac, kamepa (-), MOIb 2,7-107°
Cymaphuit 6amanc Mac, kamepa (+), MO/Ib 5,710
) IICOE . IloBHa cTaTM4YHa OOMiHHA €MHICTh MOJIb/cM? 0.0013
ITo TOCT 20301-74 0,00196 ?
[Topuisa cmonu 1,255 r - 0,03138Monb
3 |O6’em nopuii 7,845 cm? 0,00219
[1ICOE nopuii mons/cm? 0,00371

https://ucj.org.ua
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Tabmuus 3.
Table 3.
kamepa (-), npubyrok NaOH, morb 5,361-10~7
kamepa (+), Brpara NaOH, monp -5,36110~7
4 kamepa (-), npubyrok NaCl, morb 3,740-10°
kamepa (+), Brpara NaCl, monp 5,361-107
Hunamika konyenmpayiti
kamepa (-), mpubyrok NaOH, monb 0....6,3810°
kamepa (+), Brpara NaOH, monp 0...536107
> kamepa (-), mpu6yrok NaCl, monb 40 '.1(‘);:;'3’740
4,0-107 ... 4,457-
kamepa (+), Brpara NaCl, monp 10°5
Itn*(Cl") , xamepa (-) / kamepa (+) 0,952 /1,081
Y(t—0, Cl"), kamepa (-) / kamepa (+) 0,991 /1,00015
1-¥(t—0, CI), kamepa (-) / kamepa (+) /1:2’52;01’815 0.25-10-

Amnanisywoun JaHi po3paxyHKiB, HaBeeHUX
y Tabmuisix 1-3, Mo>kHa 64Ty, 1110 3HaYeHHs
eeKTUBHUX YMCeN NepeHeceHHs itn*, mimpa-
XOBaHi /11 060X KaMep peakTopa-eneKTpoti-
3epa, € JOCUTD ONIM3bKUMM 10 XapaKTePUCTUK
BiJOMNX IIPOMMC/IOBUX aHAJIOTIB fAK aHIOHI-
TiB, TaK i KaTiOHITiB, Ofjep>KaHi AK y IPOCTO-
My 6iHapHOMY posurHi NaOH, Tak i B 6inbin
cknmagoMmy posurmHi NaCl. Ile moxkasye, mjo
MeTox fudepeHLiiHoI itn-MeTpil HpumaTHMI
He TUIbKM IJIA ileani30OBaHMX YMOB IOMOI€H-
HVX 10HOOOMIHHUVKIB, ajle 3 JesAKMMM 3ayBa-
JKEHHAMM 3 IHTepIipeTaliil BUCHOBKIB — 1 i1
CK/IfiHImMX 6araTodasHIX CUCTEM.

BVCHOBK/. 3anponoHOBaHO HOBUII Me-
Tof udepeHLiiHOI itn-MeTpil BU3HAYeHHS
eeKTUMBHNUX YNUCeNl IepeHeceHHs B i0HOO00-

92

MIiHHUX CHCTeMaX — pigMHHOQA3HUX, TOMO-
TeHHVX TBep/iopasHuX i AycreproBannx 6ara-
ToasHUX.

Komrr'toTepanM 06po6/IeHHAM TaHUX e/leK-
Tponisy po3unHiB NaOH i NaCl y tpuxamep-
HOMY peaKTOpi-elIeKTpOoJIisepi METONOM [I-
depeniruoi itn-meTpil ogep>xyBanmm QyHKIii
4acoBol fMHaMiky KoHueHTpauin C(t) y Ka-
TOJIHiJ1 Ta aHOJHIiN1 kaMepax. CreljiaipHe Ma-
TeMaTu4He 0OpOOJIEHHA NepBUHHNX pe3y/ib-
TaTiB JOC/I>KeHHs MacOOOMIHHMX IPOILeCiB
(3mauenp ¢ynknin C(tr)” Ta C(1)" y kamepax)
BUKOHYBaJI/ 3 IIPOrpaMaMM allpOKCUMAllil 110-
niHoOMamu 2-3 MOPAJKIB.

Meromom pudepeHLiiHOI itn-MeTpii mo-
CJIifI>KEHO TPAaHCIOPTHI BIACTUBOCTi TOMOT€H-
HUX MeMOpaH - nenodany, MA-40, Hadiony,

ISSN 2708-129X. VKp. Xim. XypH., 2022
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JVICIIEPTOBAHUX IIPOMICIOBUX 10HOOOMIHHM-
kiB KV-2-8 ta purolite A 400.

[TigpaxoBaHi edeKTUBHI YMCIa IepeHeceH-
H: KaTioHa B cmorti KY-2-8 n™=0,924...0,910,
B aHioHiTi MA-40 n°" = 0,952...1,081, A 400
n¥ = 0,95...1,08 BigmoBimarTbh BIACTUBOC-
TAM LIUX CMOJ K CUIbHUX 10HOOOMIHHMKIB,
IO MifATBEPIKYE KOPEKTHICTb MeTony aude-
PEHLINHOI itn-MeTpii /1A BUSHAYeHHA TPaHC-
IIOPTHUX BJIACTUBOCTEN AUCIIEPTOBAHNX 10HO-
OOMIiHHMX CMOJL.

MoxxHa 3pOOUTM BUICHOBOK, IIJO BUKOPMU-
CTaHHA MeTony pmudepeHuiitHol itn-meTpii
Oyze eeKTMBHUM IS iHIINX CMOTI i3 aMdo-
TEPHMMM BIACTUBOCTAMN. BuKopucranua me-
ToRy AudepeHLiiiHOi ifn-MeTpii MO>KHA BUKO-
pucTaty B pob0Tax 3 JOCTIIKEHH LIMPOKOTO
KO/la TIpo6JeM eKOJIOTiYHOTO MOHITOPMHIY
Ta YIPaBIiHHA €KOJOTiYHUMMM IIPOEKTaMMU
[21-23].

Po60Ty BUKOHAaHO B MeXax JepiK-
OromxeTHol Temu «IIpomecun mepe-
TBOPEHH:A Ta NEPEHOCY PEYOBUHN B
€/IeKTPOXiMiYHNIX CUCTeMaX i mpupo-
NOOXOPOHHMX TEXHONOTiAX», [epKaBHMI
peecrpaniitanit  Homep: 0116U001715 Ta
«Di3uKo-XiMiYHi OCHOBU HOBUX METO/iB
oJlep>KaHHS HEOPTaHIYHUX Ta TiOpUIHUX Ma-
TepiatiB, OYNIEHH CTIYHUX BOJ i mepepoo6-
JMeHHsA NPOMUCIOBMX BigxopiB». [lepxas-
HUI peecTpaniiinnit Homep: 0121U111492.
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e
METHOD OF EVALUATION OF TRANSFER NUM-

BERS IN ION-EXCHANGE MATERIALS

M.D. Koshel“, S.A. Koshel“, S.V. Korpach®

“Ukrainian State University of Chemical Tech-
nology,

8 Gagarin ave., 49000 Dnipro;

*Institute of Transport Systems and Technologies
of National Academy of Sciences of Ukraine,

5 Pisarzhevsky Street, Dnipro.

*e-mail: kkknd@ua.fm

A new method of differential itn-metry has
been developed for accurate determination of
ion transfer numbers in materials with ion-ex-
change properties. Such materials include ion
exchange membranes, liquid phase ion ex-
changers and ionic liquids, industrial ion ex-
change resins. The method is intended as an
alternative simplified assessment of the func-
tional properties of ion-exchange resins used
in industrial technologies of water purifica-
tion, water treatment, and extraction at enter-
prises of various industries. Such accurate in-
formation is obtained in special laboratories at
enterprises by long-term and expensive physi-
cal and chemical methods. Transfer numbers
give an indirect assessment of the quality of
ion exchangers, but the method of differential
itn-metry gives a result in a short 30-minute
experiment on the electrolysis of a NaOH or
NaCl solution in a three-chamber electrolyzer
reactor. The electrolyzer-reactor contains an
electrolyte volume of up to 40 cm’. The mid-
dle chamber of the electrolyzer-reactor has a
variable width from 0.05 to 0.2 cm and an area
of 10 cm? perpendicular to the direction of the
electric current.

93




®I3UYHA XIMIS

METOJ OLIHHOBAHHA YUCEN NEPEHECEHHA B IOHOOBMIHHNX MATEPIAJIAX

The primary result of each experiment was
the functions of the electrolyte concentration
dynamics C(t) in the extreme cathode and
anode chambers of the electrolyzer- reactor,
where the dynamics of the readings of the flow
resistometric sensor developed by us were re-
corded during the electrolysis process. The ef-
fective transfer number itn* was determined
by mathematical data processing using a sys-
tem of approximation functions.

The method of differential itn-metry will
be effective for other resins with amphoteric
properties. The use of such a method could be
used in works for the study of a wide range of
problems in environmental monitoring and
management of environmental projects.

Key words: transfer number, electrolysis,
approximation, ion exchanger, ion exchange
membrane.
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The surface structure and nature of the capacitance formation of RuO_/Ti and TiO /Ti
films are discussed. The factors affecting the reversibility of the adsorption-desorption pro-
cesses of oxygen on the surface of RuO,/Ti and TiO, /Ti films are described. The influence of
the geometry of the pore, ruthenium content, thickness of the films, and the capacitance value
of oxide films was studied using electron microscopy and electrochemical impedance spect-
roscopy. The changes in pore content and their geometry depending on Ru concentration are
fixed by electron microscopy. The changing capacitance and capacitance dispersion in a wide
frequency range was used to obtain 3D images of the film's surface. A scheme of the adsorp-
tion-absorption ratio changing in relation to the pore’s structure of the films was proposed.

Keywords: ruthenium, titanium, surface film, pore geometry, capacitance, sensitivity.

INTRODUCTION. The increasing concern
in the detection of combustion gases calls for
the development of highly sensitive sensor de-
vices as well as for the understanding and de-
termination of simplified models of such sen-
sor operation mechanisms. For many years the
main interest has been focused on wide band-
gap semiconducting metal oxides such as SnO,,
Zn0O, and TiO,, which suffer changes in con-
ductance when oxidizing or reducing species
in the air, which have the ability to chemisorb-
ing onto the oxide particle or film surface [1, 2].
However, sensors based on TiO2 systems re-
quire more effort in order to improve the se-

lectivity, stability, and response times at high
temperatures (300 °C-600 °C) [3, ]. One of the
suggested methods for improving the perfor-
mance of such sensors is doping TiO -based
systems with variable valence elements such as
Pt, Ru, Cr, etc. [5-7] or semi-conductive oxi-
des [8—10]. The simplicity and high sensitivity
of these devices are based on the high surface
area, high porosity, and effective surface modu-
lation of the oxides [11]. In the presence of the
stoichiometric RuO, (110) surface is terminat-
ed by bridge-coordinated oxygen atoms (O,)
and by coordinatively unsaturated Ru (Ru_ )

cus

atoms. The exposure to gaseous O, leads to the
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formation of two additional surface species: a
molecularly chemisorbed state (O_) bridging
two neighboring Ru_ atoms and weakly held
O atoms (O.) in a terminal position above the
Ru_ atoms [12—14]. Based on such properties
anew thick film oxygen potentiometric sensors
have been developed. Moreover, TiO,-coated
RuO, electrodes showed a linear response as
a function of the logarithm of the dissolved
oxygen concentration in the 0.5-8 ppm range
(log [O,], —4.82 to —3.60; concentration of O,
in mol dm™). The electrode displays a Nern-
stian slope of 59.4 mV per decade at 25 °C.
The value of this slope suggests the presence
of a reaction involving one electron per oxygen
molecule which was tentatively attributed to
the formation of super-oxide ions at the elec-
trode surface [15]. So, it has many questions
about the formation of sensitive properties of
TiO,/ RuO, films. But there is no systematic
study of the correlation between surface pore
configuration and electrochemical behavior of
the films. The present study focuses on under-
standing the role of the thickness and compo-
nent composition of TiO,/ RuO, films in the
electrochemical behavior of sensors.

EXPERIMENT AND DISCUSSIONS OF
THE RESULTS. Synthesis of Undoped and
Doped TiO, films was realized by three various
methods: pyrolysis, spray - pyrolysis and sol-
gel precipitation.

Pyrolysis. Catalytically active titanium
based coatings were obtained by thermal de-
composition of the corresponding metal salts.
To do this, a calculated amount of metal salt
was dissolved in water, added to the titanium
powder and dried under a lamp reflector in a
porcelain bowl, after which the composition
was subject to calcination in a muffle furnace
in a titanium crucible at a certain temperature.

98

In order to avoid catalyst losses, decomposi-
tion was carried out in a muffle furnace in the
presence of porous ceramic soaked in water.
All powders were stored in closed containers.

The reaction of the pyrolysis in the presence
of water ends with the formation of oxide:

RuOHCI, + H,0 = RuO, +3HCI 1
TiCl, + 2 H,O - TiO, +4HCl T.

Spray- pyrolysis: the production of TiO,
films is based on the thermal decomposition of
aerosol salt solutions on hot substrates. Aerosol
phase was obtained by pneumatic method. The
experimental setup consisted of elements such
as a compressor, an atomizer, a substrate hold-
er, a reaction chamber, an oven, a measuring
tank for spray. The furnace used for pyrolysis
was of a cylindrical type: 0.1 m in diameter and
0.2 meter in length. The sprayer had an outlet
with a diameter of ~ 2.5x10* m. The gas was
purified air under a pressure of 1.3—2.5 atm.
A water-alcohol solution of titanium chloride
was used as a precursor. The initial concentra-
tion of the solution was 0.2 M. This concentra-
tion is optimal for the deposition time of the
film, which affects the cooling of the substrate
during the deposition process and the ability
to control the thickness and growth rate of the
TiO, film. The solution was sprayed onto heat-
ed titanium substrates. The substrate tempera-
ture was in the range of T = 400—450 ° C (the
optimum temperature range for the manufac-
ture of gas sensors). Films deposited at the in-
dicated temperatures have maximum porosity.
The flow rate of the solution during deposition
was ~ 0.1 ml/s.

Sol-Gel: The method included several main
technological phases. Initially, water or orga-
nic solutions of the initial substances were ob-
tained. To obtain a sol we used hydrolysis of
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salts of weak bases or alcohols. After that the
sol was transformed into a gel by removing a
part of water from it using heating and subse-
quent extraction with the appropriate solvent.
Obtained gel was used directly for the manu-
facturing of films and monolithic products.
Aerogels or xerogels (fragile microporous
powder) were obtained after drying of the gel.
Such powders were used for catalytically ac-
tive indicator electrode formation. Samples of
TiO,, RuO, were made by the sol-gel method
with drying at T = 320 °C for 50—60 minutes
and further temperature processing at T = 400-
450 °C during 20 minutes.

The surface morphology of TiO, and TiO,/
RuO, films was analyzed by SEM (JEOL JSM-
6060 LA) operated at 30 kV. A scanning elec-
tron microscope (SEM) (Ultra 55 from ZEISS)
equipped with an Energy Dispersive X-ray
(EDX) analyzer was employed for the investi-
gation of the obtained morphology including
the diameter and length of the nano-tubular
layer and changes in morphology, which may
occur in the case of doping and/or heat treat-
ment. A detailed investigation of the morpho-
logy and composition of the doped layers was
carried out by transmission electron micros-

copy (TEM). In addition, TEM investigations
by means of bright/dark field were employed
to determine the phase conditions of Ru doped
TiO.,.

Impedance spectra were recorded from
0.001 to 1 MHz with no bias and limited volt-
age (10 mV) as air was contacting with sensor
samples. The impedance spectra were taken in
a two-electrode cell using an Autolab30 elec-
trochemical modular block (PGSTAT302N
Metrohm Autolab) equipped with a FRA
(Frequency Response Analyzer) assembly
unit within the range from 10-2 to 106 Hz.
The modular block was controlled by Autolab
4.9 according to the standard procedure. The
spectral analysis, the equivalent circuit (EC)
and the simulation of the EC were done with
the software ZView 2,0 of Scribner Assoc.

According to elemental analyses of samples,
the growth of the thickness of RuO, surface
films increased the Ru amount in the coating
by linear law (tab.1). So, it could be assumed
that Ru plays the main role in the formation of
the surface properties of obtained films. And
the subsequent electrochemical studies of such
systems showed the impact of film thickness
on their electrochemical properties.

Table 1. Elemental composition and thickness of the surface films.

Ne Ti, mass % Ru, mass % Thickness of films, nm
1 100 0 -

2 99,97 0,017 0,5

3 99,89 0,098 5

4 99,15 0,836 95

The simulation of the film’s EIS spectrum
determined that pure TiO, had another equi-
valent circuit than TiO_/RuO, systems. Such
circuits are typical of the systems with sepa-

https://ucj.org.ua

rate bulk layers present between Ti/TiO, In
such case a double electrical layer (DEL) on
the TiO, surface is formed by the adsorption
of oxygen, and the presence of oxygen created
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an additional inductance element in the equi-
valent circuit [16, 17]. So, the presence of pa-
ramagnetic properties of adsorbed oxygen mo-
lecules formed an image of spectra (all spectra
occurred in the positive part of the Nyquist

plot) (fig. 1).
Calculation of capacitance demonstrated

Z", Ohm

1.0 1
0.5 A

0.0

linear dependence between the capacitance
and thickness of RuO, coatings. The maximum
value of capacitance is exhibited by the sample
with minimal thickness of the RuO, film. Dur-
ing growth of thickness, capacitance decreas-
es. Minimum value was demonstrated by pure
TiO, film (table 2).

Fi LF

V2 !

Kl L2

7', Ohm

v
4 1o
X B
P al clﬁg
0.2 04 0.6

0 0.8
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Fig. 1 EIS spectra in Nyquist plots and equivalent circuits of the electrode samples: 1 - TiO,, 2—4 -
TiO,/RuO, with different thickness of coatings: 2 — 0,5 nm, 3 — 5 nm, 4 — 95 nm.

Table 2 Relationship between the capacitance and thickness of RuO, coatings

Ne Thickness of films, nm Capacitance (C ), F
1 - 1,21
2 0,5 6,58
3 5 4,65
4 95 3,89

It is well known that equivalent circuit for
the adsorption control of hydrogen in solu-
tions [18] consists of CD- double-layer capaci-

tance R H, C H- resistance and capacitance
of hydrogen adsorption Re-solution resistance

(Fig. 2).

cD

AV
Fe

FadH

CadH
I_

Fig. 2. Equivalent circuit for adsorption control [18].
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The same equivalent circuit was obtained
for Ti/TiO, sample. But for Ti/TiO, and TiO,/
RuO,, samples in the presence of oxygen
equivalent circuit transformed into another
circuit with inductance and without second
capacitance (figl). The appearance of in-
ductance in the equivalent circuits could be
connected with adsorption of paramagnetic
species, such as O,. So, the large frequency

range of inductance indicates a big amount of
adsorbed oxygen and large area of the elec-
trode surface, which takes part in adsorption.
Such behavior could be realized only in the
presence of sufficient quantity of pores on the
electrode surface. Moreover, the images of
impedance spectrum according to [19] like
images of porous electrodes with V-shaped
pores (fig. 3).
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Fig. 3. Modes of porous electrode impedance spectrum with various forms of porous after Kaiser et

al. [19].

It is well known that porous electrode is not
ideal polarized electrode and has a tendency to
dispersion of capacitance [20].

C(w) = ([(Zw) = Z(w = ©)]w) (1)

Such dispersion is the main characteristic
of the surface morphology of an electrode. On
the another hand, capacitance according to
Kirchhoft’s circuit laws [19, 21] is the function
of the currents in the electrical circuit nodes:

https://ucj.org.ua

% = %(—iz +ti+)) = %(_Z_j"‘ i +])
(2)
So, the capacitance at fixed frequency could
be used as second parameter for recognizing
pore image.
Moreover, by changing the frequency of
alternating electric current it would be pos-
sible to obtain 3D fiber form of surface films

(fig. 4—7).
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a ' b

WD'lSlmm 20.00sV__ x100

a b
Fig. 7. SEM and EIS images for TiO,/RuO, (95 nm): a — SEM images; b — EIS images.

102 ISSN 2708-129X. VKp. XiM. XypH., 2022




0. Linucheva, K. Pershina

UCJ Nz 8 / Vol. 88

The obtained images (fig. 4—7) showed that
Ti/TiO, sample has rectangular-shaped pores
with small amount of V-shaped pores on the
top piece of surface (fig. 4 b). On the another
hand, all the TiO,/RuQO, samples have the dif-
ferent levels of surface volume (fig. 5—7,b). The
number of V-shaped pores on the top piece of
surface increases during growth of RuO, film
thickness and has a maximum at maximum
thickness and Ru concentration (fig 7.b).

Matching the value of capacitance and the
presence of rectangular-shaped and V-shaped
pores on the boundary of titanium base and
oxide film the following dependence of ca-
pacitance decrease was shown: large V-shaped
pores on the boundary of titanium base and
oxide film and on the surface of film > small
V-shaped pores on the boundary of titanium

A. Absorption of the
oxygen in the rectangular-

shaped pore

D. Adsorption of the oxygen in the V-shaped pore at

B. Adsorption of the oxygen
in the V-shaped pore

base and oxide film, and large pores on the sur-
face of film > rectangular-shaped pores on the
boundary of titanium base and oxide film and
small V-shaped pores on the surface of film.
So, the decrease in of capacitance would be
connected with increase in the absorption of
oxygen due to the presence of various types of
pores and their organization and a decrease in
adsorption (fig. 8). In this case, reversible ad-
sorption-absorption processes on the surface
are retarded the electrode could lose sensitivity
and considerably increase the time of sensor
relaxation. Thus by selection of the film’s con-
tent, it could be possible to regulate the tech-
nical data of sensors by changing properties of
the adsorption component (properly sensor)
[1] and absorption component (microgenera-
tor) [22].

C. Absorption and adsorption
of the oxygen in the mixed-
shaped pore

vanous levels

Fig. 8. Scheme of the adsorption - absorption ratio changing in relation to the film pore’s structure.
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CONCLUSIONS. The study of the compo-
sition, morphological structure and electro-
chemical behaviour of RuO,/Ti and TiO, /Ti
films determined the impact of the pore shape
of surface films on the adsorption-absorption
ratio of oxygen, which regulated technical data
of sensors. By changing the capacitance and
capacitance dispersion in a wide frequency
range, it was proposed to obtain 3D images of
the surface. It was found that decrease of DEL
capacitance has following relationships: large
V-shaped pores on the boundary of titanium
base and oxide film and on the surface of film
> small V-shaped pores on the boundary of ti-
tanium base and oxide film, and large pores on
the surface of film > rectangular-shaped pores
on the boundary of titanium base and oxide
film and small V-shaped pores on the surface
of film. The formation of the pore geometry
and surface structure is dependent on the ra-
tion of ruthenium and the thickness of films.
So, it is possible to change the morphological
and electrochemical properties of sensors by
the regulation of ruthenium content.
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3D-300pa>keHb MOBEpXHi IIiBKI. 3aIIPOIIOHO-
BaHO CXEMY 3MiHM CIiBBiJHOLIEHHS azicop6-
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