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Amnoranisa. JJocmigpKeHo yMOBU IeT€pOBaJ€HTHOTO 3aMillleHHA B KaTiOHHMX Ta aHIiOH-
Hux nosutiax cucremn xK  Bi) MoO, - (1-x)BiVO, y mexax x=0,1-0,9 i3 popmyBanHaM
TBEPANX po34nHiB 3aranpHoro ckmagy Ko, Bi (. (Mo V| )O,, 0 MaloTh CTPYKTYpPHMIA TUIT
nreeniTy. Bei mpencTaBHMKYN pARy Ofep>KaHO METOIOM TBeppodasHoi B3aemopii. Metogom
IY- crexTpockomii Ta peHTreHorpadii mopomky rnokasaHo, o MOmiOmeH Ta BaHAJi 3a-
JIMAIOTb OHY KpUCTajorpadiuHy MO3uUIilo 3i CTAaTUCTUYHUM PO3IOAIIOM IO Hiif B MeXax
saMimeHHda X = 0,1-0,9 Tta 3 IOHIDKEHHAM CUMeETPIil KapKacy Bifj TeTpParoHa/JbHOI 4O MO-
HOKJIIHHOI IIpM 3pOCTaHHi BMicTy Monibaeny. Kommencanisa 3apsapgy peanisyerbcs 3aBaKu
TNPOTIOPIiIHOMY 3aMillleHHI0 B nontieapi 6icMyTy Ha smimani (K/Bi)O, noniefpu. 3a nann-
MU CHEKTPOCKOIIiI AYYy3HOTrO BifOUTTA [TOKAa3aHO, 110 IIPU 3POCTAHHI BeIMYMHY 3aMillleH-
HA X TaKOX BifIOYBA€TbCs MPOIOPLiliHe 30i/1bIIeHHs IMPUHY 3a60pOHeHOI 30HM Bif 2,33
o 2,72 eB mns ofepikaHuX HamiBIpOBigHMKIB. BracHy doromominecueniito spaskis cepii
CIIOCTEPIralTh 32 HU3bKNX TeMIIEPATypP, OFHAK BOHA BiICYTHA 3a KIMHATHOI TeMIIepaTypu.
IHTerpanbHa iHTeHCUBHICTD BUMMOI JIIOMiHecIeHIIii 3pocTae mpy 36i1bIIeHH] BMicTy MO-
nibpeny B Bepaux posunnax K Bi (. (Mo V| )O,. Ciextpu porontominecreH1ii AB/1A10TH
co0010 IIMPOKY ABOKOMIIOHEHTHY CMYTY 3 MakcuMmyMamy npu 620 Ta 705 HM BiflloOBifHO.
Ha ocHoBi anHani3y niTepaTypHUX JAaHMX Ta 3aJIEKHOCTI iHTEHCMBHOCTI IOMiHECI€HIIIT Bif
BMicTy MonibfieHy Ta 0iCMyTy BCTaHOBJIEHO, IO Oi/IbIII KOPOTKOXBM/IbOBA KOMIIOHEHTA
IIOB’s13aHa 3 IIEHTPaMIU Ha OCHOBi MONMIOJAaTHUX IpyIl. [JOBroXBM/IbOBAa KOMIIOHEHTA JIIOMi-
HecCl[eHIlii TOB’sI3aHa 3 BaHAaTHUMM IpynaMi. B ciekrpax 30ymkeHHs B1acHOi POTOIOMi-
HecIeHIil HasABHi mupoki cMyry npu 375 ta 410 HM, AKi IOB’A3aHi 3 NOIIMHAIBHIMIY Tie-
pexoziaMy B MO/TiOaTHUX Ta BaHAJaTHUX MOJIEKY/LIPHMX aHiOHaX BipmosigHo. [JocmimxeHi
TBep/i PO3YMHM MOXKHA BUKOPVCTATH SIK MAaTPULI J/Is1 TIOMiHECIIeHTHMX 10HiB a0 Jy1s pos-
pobnenHs ¢orTokaTanizaTopis.

Kimrouosi croBa: nreenit, MonibaeH, BaHaziit, 6icMyT, TBepAVil PO34MH.
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BCTYIl. CxknafHOOKCUMJHI CIHOJTYKM MO-
nibpeny i 6icMyTy 3i CTPYKTYypoOw ILI€enmiTy
(CaWO,) sHaxozATh IMPOKE 3aCTOCYBAHHA B
CY4acHill TeXHilli Ta €/IeKTPOHilli 3aBISAKY CBO-
iM isMKO-XiMIYHMM B/IACTUBOCTSIM, @ TAKOX
MOXX/IMBOCTi BapilOBaHHA CK/Iajy Ta CTPYK-
Typy LIIAXOM 3aMillleHHsA B KaTiOHHIN ITO31-
uii. 3okpema, cnonyku M'Bi(MoO,) :M™ , ne
M!- jyxumit enement, M™ - pinkicHo3emernb-
HIU €IEMEHT, AKi aKTMBHO NOCI/DKYIOTh sK
nepcreKkTuBHi moMiHodopu [1-4]. 3aBasakn
HasABHOCTI B Momi6faTax OiCMyTy IMIMpPOKMX
CMYT IIOIJIMHAHHSA CBiT/Ia B yIbTpadioneToBo-
My Ta (ioneToBOMY CHEKTPAJbHMX MAianaso-
Hax (250-400 HM), sIKi IIOB’s13aHi 3 €lE€KTPO-
HHVIMM IIepeXOofiaMy B MOJTiOaTHNX TPyIax Ta
B ioHax Bi’*, 1i cronmyku € mepcreKTMBHUMMU
VIS 3aCTOCYBaHHS Ipy (POTOKATANTITUIHOMY
posknaganHi Bogu [5, 6]. Cepen Haibinbur
eeKTVBHMX MiAXO/iB /IO MMOKpAIleHHs KaTa-
JMITUYHUX BIACTUBOCTEN TAKMX MOIiOmaTiB
€ KOHTpOjlbOBaHa Mopudikalis KaTiOHHOI
IiZIPaTKyM 332 IPUHLMIIAMHA i30- Ta TeTepoBa-
JIEHTHOTO 3aMilleHHA. BogHovyac focuthb Mano
DOCIIJIP)KEHDb MPUCBAYEHO BIUIVBY 3aMillleHHA
B QHIOHHIV MiArpaTLi Ha JIIOMiHECLEHTHI Ta
KaTaJIiTV4YHi BIacTMBOCTI MomnibmaTiB Gicmy-
Ty. JInie 14 KiZIbKOX IpecTaBHUKIB POSVIHA
IeETITONOIOHNX MOTiIOaTiB BUBYEHO IPO-
1ecy 3aMillleHHs B aHIOHHII Mo3uIiii Mosibe-
Hy(VI) na Bonbgppam (VI) [7] abo Banagiit(V)
[8-10]. ¥V umx poborax 6yno IpogeMOHCTpPO-
BaHO, 1110 I0/laBaHHA BaHaJil0 3MEHIIy€E LIN-
pUHY 3a00pOHEHOI 30HMU, 1O, CBOEIO YEProlo,
36i/pIIye MpUBAabMMBICTD TAaKMX CKIafHO3a-
MillleHUX CTIOMYK i3 TMorAxy GpoToKaTamiTIy-
HJIX Ta JIIOMiHECLIEHTHMX 3aCTOCYBaHb.

MeToo 1bOTO [JOCHIIXKEeHHS € aHaji3
KPUCTATOXIMIYHIX OCOONMBOCTEI Offep)KaH-
HA i30MOp(HUX TBEPAVX PO3UMHIB y cucTeMi

KBi(MoO,)-BiVO, Ta BcTaHOB/IEHHS 3aKOHO-
MipHOCTEN 3MiHM CTPYKTYPU OJEP)KaHUX Ke-
paMiK, IXHBOI IIMPUHU 3a00POHEHOI 30HU Ta
JIOMiHECIJ€HTHUX BIACTUBOCTEI.

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3VJIPTATIB. I BUXifiHi peareHT! BUKOPUCTO-
ByBanu: Bi, O,(x.u.), MoO, (x.4.), V,O (4. 1. a.)
Ta K,.CO, (X. u.) 6€3 HonepesHbOro OYMIeH-
HA. Buxigni cyminn roTyBanmucs 3i BKasaHUX
KOMIIOHEHTIB BiJITIOBITHO O HaBeeHOl CXeMI
TBepHo¢da3HOI B3aEMOJI:

x/2K,CO, + (2-x)Bi, O, + 2xMoO,+2(1-x)V,0,=
=2K,, Bi,,, (Mo V, )O, + x/2CO,,

1-0,5x
me x = 0,1 - 0,9. Ogepxany cymill y KOXHO-
My BUIIQJKy PeTeIbHO IepeTupanu 3 Jofja-
BAHHAM KPAIlUIi €TUI0BOIO CIMPTY Y araToBin
crynui. Ha nepiomMy etani npoBoaum more-
penHe HarpiBaHHA cyMimli peareHTiB 1o 650K
3a 1 rop 114 3abe31e4eHHs PO3K/IaJaHHA Kap-
6onary. Ha HacTynmHOMYy eTami 3filicHIOBanm
IIOCTajjiiiHe CIiKaHHA 3a TemnepaTypu Bij 700
1o 975K i3 xpokom 50 rpaf, BUTPUMKOIO 8 TO-
IVH Ta PETENTbHOI NEPEMNXTOBKOI Ha KOX-
Hil crapil. [Iporecn pasoyTBOpeHHS KOHTPO-
nMoBanu 3a pornomororo Y- crekrpockomii Ta
peHTreHoda30BOro aHaisy.

Iudpaxrorpamm sanucyBamm 3a JOIOMO-
rOI0 aBTOMATMYHOTO IIOPOIIKOBOrO AMQpaK-
tomerpa «Shimadzu XRD 6000» y pexumi
BinOuTTA Bif mnockux 3paskiB (CuKa Bunpo-
MiHOBaHHS 3 \ =1,54178 A; meTon 20 6esme-
pepBHOTO CKaHyBaHHA 3i mBMUAKicTIO 1,2° 20
Ha XBWINHY; [Iialla30H KYTiB 260 Big 5,0 go
65,0% rpadiToBUiI MOHOXPOMATOp IEpex Je-
TekTopoM). IY-crekTpu 3ammcano Ha mpuazi
«Perkin Elmer Spectrum BX» y rabnerkax KBr
I fianasoHy 4yactoT Bif 400 mo 4000 cm.
EneKTpoHHI CHeKTpM 3amMCaHO Ha Ipuiaafi
«Thermo Scientific Evolution 600», y piama-

ISSN 2708-129X. YKp. xim. XypH., 2020
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30HI 190-600HM i3 pO3JIIbHOIO 3JATHICTIO
0,2uM. JIroMiHeCI|eHTHi XapaKTepuCcTUKy 6y1o
OfIep>KaHO 3 BUKOPUCTAHHAM IIO[BIIHOIO MO-
HoxpoMmatopa [JOC-12. Ik mxeperno 30ymKeH-
HA IIPY 3aIIICY CIIEKTPiB (oTOMIOMiHeCIeHIii
Ta ii 30ymXKeHHA Oy/lI0 BMKOPUCTAHO KCEHO-
HOBY namny JIKc39JI-1000, BunpomiHoBaHHA
AKOI IIPOXOANIO Yepe3 IMPU3MOBIUIT MOHOXPO-
Marop JIMP-4.

Y IY-cnektpax (puc. 1) oTpuMaHux TBep-
VX PO3YMHIB CIOCTEPIraloTh HIMPOKY CMYTY
B obmacti 500-900 cm. [lo Haitbinbir indop-
MaTMBHOI 00/1aCTi y IpeficCTaBJIeHNX CIIeKTpax
Ha/IeXXUTH mianasoH Bix 400 go 1500 cm . I3 ii-
Teparypu Bifomo [11], 1110 BaseHTHI KONMBaH-
HA K MOJIOFATHOI, Tak i BaHafaTHOI Tpymnn
PO3TaIIOBYIOTbCS NMPUOINM3HO B OfHINT 0bOmac-
Ti Ta y BUIAJKy T€TPAaeAPUYHOTO OTOYEHHS
3HAXORATHCA Y Aiamas3oHi Bix 750 mo 950 cv'.
B ycix [ocmiKeHnX CIomyKax ClIOCTEPIiraloTh
MIMPOKY CMYTY 6e3 BUPaKEHOTO PO3Ji/IeHHS
Ha CK/IaZlOBi KOMIIOHEHTH, IIIO BKa3y€ Ha Te,
o i BaHajgaTHMIT, i MOiOmaTHUIT TeTpaenp
CTaTUCTUYHO PO3YIOPANKOBaHI 3a OHIEIO 110-
suniero. OgHaK py 3pOCTaHHI BMIiCTy MOJi6-
maty Big x = 0,5 o 0,9 (puc. 1) BinbyBaerbcs
nosBa Iteda 6m3pKo 870 cM’ Ta HU3BKOIH-
TEHCUBHOI cMyTy 67m3bko 937 cm'!, iHTeHCHB-
HIiCTh SKOI 3pOoCTa€ mpy 30iMbIIeHHI BMICTY
BaHajary. [loxgi6bHy CMTyaHiIO Oyro BigMideHO
st TBepayx posunHis Li Bi (Mo V, )O,,
VI AKUX 32 CTYIIEHA 3aMilleHHA X = 0.7 Ta-
KOX 3 'SIBJIAIOTHCS IBi OaTKOBi KOMIIOHEHTH,
AKI BIJIIOBiflAIOTh 3POCTAHHIO PO/ BaJIEHT-
HIUX KOJMBaHb, IO NEMOHCTPYE BKJIAJ, CaMe
i€l rpymm y Habip cMyr BaJeHTHUX KOMNU-
Banb VO .

MarnoinTeHcuBHI fedpopMaliliHi KOMMBaH-
HS CIIOCTEPIraloTh B YCiX TBEPAMUX PO3YMHAX
6m3pKo 440 cm™.

https://ucj.org.ua
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Puc. 1. IY-cmextpm K  Bi . (MoV )O,
x = 0,1 (xkpuBa 1), x = 0,2 (KpI/IBa 2), x = 0,3

(xpmBa 3),x = 0,5 (kpuBa 4), x = 0,7 (kpuBa 5), x =
0,8 (xpuBa 6), x = 0,9 (kpuBa 7)

AHaniz xpucranorpagiyHuX GaHUX OO
KapKaciB, CIIOPiJHEHNX JI0 LIEETITY Ha OCHO-
Bi reTepoBasieHTHOI mapu V°* — Mo®" mokasye
CHiBiCHYBaHHS [BOX MOXXIUBUX Mopaudika-
1[iil: TETPAarOHaIbHOI, KA € i30CTPYKTYPHOIO
o ocHoBomonoxHuka pagy, CaWoO,, [9, 11,
12] Ta MOHOK/IIHHOI fiedopMariii, fika Xapak-
TepHa [yIi TETEPOBAJIEHTHOIO 3aMillleHHA

2Ca* - M' + M| ne M'- ny>kHMiT e/leMeHT,
ta M" - pinkicHo3eMenbHMIT eneMeHT. Tak, y
Bunagky M' — Li, Na nepexip i3 MOHOKTiHHOI

o TeTparoHanbHOI Mopudikamii cnocrepira-
I0Tb an x—O 1 pna TBEpAMX pO3YMHIB CKila-
ny M' | B (Mo V, )O, [11, 12]. Y Bumagky

105
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DOCIIJP)KEHUX CUCTEM CIIOCTEpIraloTh CKaf-
Hillly 3a7exHicTb. Tak, i3 peHTreHOrpam cepii
K, 5B, o5 (Mo V|, )O, o sHavenns x = 01,-0,3
30epira€rbcsi TeTparoHasbHa Mopudikaiis,
OCKinmbkM B 067macTi kyTiB 20 = 19 Ta 35 BuAB-
JIEHO TI0 OJJHOMY IIiKY, 1110 Bi[IIIOBiJalOTh IIiKY,
AKun iHpgexcyerpcs Ak (101) ta (200) Bigmo-
BifHO. IIoHVDKEHHA cUMeTpii O MOHOK/IIHHOL
BigbyBaeTbca npu x = 0,5-0,9 (puc. 2), ae ko-
>KeH i3 HaBeeH X ITiKiB momBoeThcs Ha (101)
ta (011) mpu 19 2@ Tta (200) posminserbcs Ha
(200) Ta (020) mpm 35 20.

/-\ | N D N 6
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Puc. 2. PenTreHorpaMm TBepauX PpO34YMHIB
K,.Bi . (MoV, )O, ne x = 0,1(xpusa 1); 0,2

0,5x" 71-0,5x

(xpmBa 2); 0,3 (xpuBa 3); 0,5 (kpuBa 4); 0,7 (kpuBa
5); 0,8 (kpuBa 6); 0,9 (kpusa 7)

Taky oco6nmmBicTh MOBEiHKY MOXKHa PO3-
IJIAANATH 3a [eTaJIbHOTO BUBYEHHA CTPYKTYP-
HUX 3MiH, IO TIpU LBOMY BifOyBarmOTbCSA y
Kapkaci meenity. OCHOBOIIOJIOKHMK POAVHI,
CaWO,, Kpucranisyerbcs B TeTparoHa/lIbHil
CUHIOHil TaKuUM YMHOM, IO KpUCTa/TiuyHMIA

KapKac CK/IA/Ia€ThCA 3 KBA/IPATHUX aHTUIIPU3M
CaO, Ta MPaKTUYIHO MPABUIBHUX TETPAENPiB
WO ,*. [eTepoBaneHTHe 3aMillleHHA AK Y KaTi-
OHHIll, TaK i y aHiOHHIil ITO3MIIil IPU3BOANUTD
II0 PO3YNOPANKYBAaHHSA BifIIIOBIIHUX 3aMic-
HukiB 3a nosuniamu (K/Bi)O, ta (Mo/V)O,,
npudomy y Tetpaenpi (Mo/V)O, Bci oBxunm
3B’13KiB Mo/V — O sajimmaroTbcsa OJHAKOBM-
mu. IIpu mocATHEHHI MaKCMMaabHOI HaIpy-
JKEHOCTI KapKacy CIIOCTEpIraroTb pO3JineHHs
BifIMOBifHUX IPyN 3B’A3KiB Ha Hapy, 10 3HU-
KY€ CUMETPIiI0 AK JIOKaJIbHUX KOOPAMHALIil-
HUX II0JIiefIpiB, TaK i KapKacy 3aranom. Ilosdsa
JaCTKOBOTO YINOPAAKYBAaHHA 3a IO3ULIAMU
K/Bi € 6inpu IMOBipHOIO, HDK IS TIO3MILii
Na/Bi 11 Li/Bi, ockinbku KoopayuHaliifine oTo-
YEeHHs Y Kasiil-3aMillleHNX IPeCTaBHUKIB €
Hait6mwkuuM fio mnodarkosoi dasu CaWoO,,
10 MIMOBIpPHO, i BigNOBifae 3a 30epeXXeHHs
TeTparoHajabHol Mopudikanii y mmpuomy
JiaIra3oHi.

OuiHky mMpuHYU 3a00POHEHOI 30HM [JIA
TBepaux posunuis K Bi (Mo V, )O, 6yno
NIPOBEJIEHO Ha OCHOBI €KCIIepMMEHTaIbHUX
criekTpiB mndysHoOro BimOMBaHHA, sAKi 6yI0
IIepepaxoBaHO B CIEKTPY IOIVIMHAHHA 3TifTHO
neperBopenHs Kyb6enku — Mynka. Ha puc. 3
HaBefeHo 3anexHocti (ahv)Y'=f(hv), me a -
MMOKA3HMK ITOTIMHAHHSA, a I' — KOHCTAaHTa, SKa
3aJIeKUTD Bifl XapaKTePUCTUK ITOITIMHAIBHOTO
HepexoAy Ta eNeKTPOHHOI OyHOBM KpucTa-
na, hv — eHepris ¢oToHa, 1[0 MOIIMHAETHC.
Bigomo, mo cmonyka BiVO, € mpsamosoH-
HJMMJ HAIiBIPOBIJHUKOM i3 JO3BOJIEHUMH
nornuHanbuuMu  nepexopamu  [13]. Illomo
IHIIIOI KpailHbOI TOYKM 3 KOHILIEHTpalil Ba-
Hapio, KBi(MoO,),, To Hapasi BifcyTHi faHi
LIOZI0 XapaKTepy 30HM Ta CTaHIiB €/I€MEHTIB,
SAKUMU CHOPMOBAHO CTEII0 BaJICHTHOI 30HU
Ta JHO 30HM HpoBigHOCTI. OfHaK O6/M3bKi 3a

ISSN 2708-129X. YKp. xim. XypH., 2020
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ximiyaum cxmagom pedosunn (NaBi(MoO,),
ta K.Bi(M0O,),) € mpAMO3OHHMMM [iiefeK-
TPUKaMy 3 TIOIJIMHAJbHUMU IlepexofaMu B
ioHax 6icMyTy Ta B MOJEKY/ISApHUX aHiOHax
MoO,*[14, 15]. MoxxHa TPUITYCTUTH, IO ¥
KBi(MoO,), 6yzie mpAMO3OHHUM ieleKTpPH-
KOM i3 I03BOJIEeHMMM IIepexofjaMy, TOMY B I10-
6ynosi Tayua (puc. 3) BUKOPUCTAHO 3HAYEHHS
r=0,5. SIk BUAHO i3 puc. 3, 30i1bLIeHHS BMICTY
M0}1i6,ueHy B CHICTEMI IIPU3BOAUTD 1O 3POCTAH-
HJ IIVPVHY 3a00pOHEHOI 30HN. 3HaYeHHS Be-
JINYUHUI Eg I BCIX TOCTIPKYBaHUX 3Pa3KiB:
2,33 eB (x = 0,1), 2,38 eB (x = 0,2), 2,40 eB
(x =0,3), 2,40 eB (x = 0,5), 2,57 eB (x = 0,7),
2,63 eB (x=0,8),2,72 eB (x=0,9).

k., HM
500 450

600

550 400

2.6

hv, eB
Puc. 3. ITobynosa Tayna i 3paskiB K, ,Bi

(Mo, V,_)O, msix = 0,1 (1), 0,5 (2) 1a 0,9 (3)

2.8

1-0,5x-

Hnsa 3paskiB He/leroBaHMUX CIOMYK cepil
K, 5Bi, o5 (Mo V|, )O, He cmocrepiraemo ¢o-
tomtoMidectennio (PJI) 3a KiMHATHOI TeM-
neparypy Ipu 30y/PKeHHI B CIEKTPaJbHOMY
miamasoni 250-580 um. lle moB’s3aHO 3 TUM,
0 K I MOMOmaTiB, Tak i [yIg BaHAaTiB
XapaKTepHUM € CHUIbHe TeMIlepaTypHe Ta-
cinaa Bmacuoi @JI, To6TO Takoi, AKa OB -

https://ucj.org.ua

[HTEHCHBHICTB, V.0.
(=}
w
1

3aHa 3 /MOMiHecueHnjiero Mmarpuii [14, 16].
Hocutp intencusny ®JI 6yno 3apeectpo-
BaHO 3a Temmeparypu pigkoro asory (T =
77 K) pmns 3paska K, ,sBi ;Mo VO, mus
BUIA/IKY 30ymxkenb Ha A = 380 HM Ta 340 HM
(puc. 4). O6unsa 36ymxenns OJI mpumaza-
I0Th Ha 00/1acTb eHepriit GOTOHIB, sKa Oinblia
3a LIMPUHY 3a00pOHEHOI 30HU i€l CIIOMYKK
(hv,, = 3,26 eB Ta 3,64 eB BignosinHo). OTxe,
Mae Miclie TakK 3BaHe 30HA-30HHe NOZIUHAHHA,
TOOTO Iepexif eIeKTPOHa 3 BaJIEHTHOI 30HU B
30HY IIPOBIHOCTI.

E,eB

1,6

1,01

>

0,0

500 600 700 800
A, HM

Puc. 4. Cnextpu doTonomiHeceH1ii 3paskiB
K, ,Bi, ;Mo V O, (1,2)1aK Bi Mo .V O,(3)

0,457 70,55 0,9 " 0,1 0,257 70,75 0,5 05 4
onepxxani mpu 36ymienHi A = 380 um (1) Ta

340 um (2,3)3a T =77 K

Ak BugHO 3 puc. 4, npu 30ymXKeHHI AK Ha
340 M TaK i Ha 380 HM crocTepiraemMo Iu-
POKy ABOKOMIIOHeHTHY cmyry DJI i3 makcu-
mymamy ripu 620 ta 705 Hm. Cmyra ¢doTtoso-
MiHecleHIlil Ha 620 HM NpuUTaMaHHA Pi3HUM
Bi-BmicHuM MomnibnaTtaMm, i OB si3aHa 3 BUTIPO-
MiHIOBaJIbHUMM ILIeHTpaMu, siKi chopmoBaHi
Ha OCHOBi MOJIeKy/nApHUX anioHiB MoO,* abo
ionis Bi** [15]. Cmyra Ha 705 HM MOXe OyTH
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IIOB’sI3aHa SK i3 MOJIOaTHUMU Ipynamy, 1[0
MICTATD leeKTH, TaK i 3 BAHAATHNMI MOJIe-
Kynsapaumy anionamu VO, *. BifHocHa inTeH-
CUBHICTb IIIX CMYT CYTTEBO 3aJIEKUTb Bifi JOB-
KVMHY XBWI 30Y/>KYI040T0 BUITPOMiHIOBaHHA.
[Ipn npoMy 30inblIeHHs KOHIleHTpamii Ba-
Haflif0 MPU3BOJUTD /IO 3arajJibHOrO 3MEHIIEH-
HA iHTeHCMBHOCTI QoromomiHecenuii. [Tpn
30ymxeHHI Ha 340 HM CIIOCTepiralTh JINIIe
LIMPOKY CMYIy 3 MaKCUMyMOM Ha 725 HM,
sKa npoctaraerbea Bif 600 go 800 HM. Came
111 cMyTra MOXKe OyTH IOB’sI3aHa 13 IJeHTpaMu
noMiHectieHIii Ha ocHoBi VO,> Monexynsp-
HUX aHiOHIB. 3rigHo poboTn [17] y cucremax
uy M,V,0, (M: Mg, Ca, Sr, Ba, and Zn)
CIIOCTEPIraloTh MOAiOHY JOBIOXBUIBOBY JIIO-
MiHECLIEHIIiI0 3 MAaKCUMYMOM Iipu 670 HM, AKa
1noB’A3aHa i3 nepexogamu *T > 'A y TeTparo-
HanbHMX rpynax VO,. i nepexonu € 3abopo-
HEHUMH 3i CIIIHOM, IX CIIOCTEPIraroTh JIAILIE
3a paxyHOK CHiH-opOiTa/nbHOI B3aeMofil mpu
IIOHVDKEHH] CMeTpii BAaHaZLlaTHOI O TeTpaefpa.
3rifHO maHMX peHTreHO(]a3o0BOro aHai3Yy,
1py 361/IbILIIEHH] BaHA/IiI0 B TBEPANX PO3YMHAX
K, 5Bi, (Mo V| )O, mae wmicue spocTanHs
cuMeTpil cucreMu B LiloMy, BifOyBaerbcA
3MEHIIEHHA IHTEHCUBHOCTI BUIIPOMIHIOBaH-
Ha nepexony °T > 'A| BHACTiIOK 3pOCTaHHSA
cumetpii Terpaenpie VO,. Tomy iHTeHCHB-
HICTb CMYTU JIIOMiHECLIeHIIil Ha 725 HM 3a/n-
IIAE€TbCA JOCUTDh HEBMCOKOIO, HE3BAXKAIOYM Ha
3pocTaHHA KinbkocTi rpyn VO,.

Cnextpn 36ymxenHa @JI HaBefeHO Ha
puc. 5. JIK BUJJHO 3 PMCYHKa, Ha CIEKTpab-
Hil1 ginanni 260-450 HM MOXHA BULUITUTY TPU
cMyru 3 MakcumyMmamu npu 320 HM, 375 HM
Ta 410 HM BifnoBifHO. fKIIO MOpiBHIOBATH
3 BEMMYMHOI IIVPUHU 3a00POHEHOI 30HU
(mnsa spaska K ,Bi ..Mo V O, Benmunna

0,457 70,55 0,9 0,1
Eg = 2,72 eB), To MOXXHa TOBOPUTH, IO BCi

cmyru 30ymkenHs OJI (450 HM Bipmosigae
2,76 €B) monagaoTb B 06/1aCTb 30Ha-30HHOTO
MOT/IMHAHHS.

E, eB
44 4,0 3.6 32 2,8
1 n 1 1 1 " 1
<
>
8
=
2
=
2]
=
Q
o=}
0]
=
==}
= 4
W\‘
050 T T T T T
300 350 400 450
A, HM
Puc. 5. Cnekrpn 36ymxenHs OJI 3paskis
K, ,sBi ;Mo VO, (1-3) Ta K ,Bi Mo .V O,

(4, 5) opepxani mna peectpanii ®JI wa A =
570 um (3), 600 (1,4) i 660 um (2,5) mpu T =
77 K. CrieKTpyu po3HeCeHO IO BepTMKasli, TOHKIi
IITPUXOBi JIiHii IIOKAa3yIOTh PiBEHb HYIbOBOTO
CUTHAJTy /1 CIEeKTpiB 1-4.

[ HamibinbII  KOPOTKOXBMIBOBOI  pe-
ectpanii (A = 570 HM) 6auuMo, 10 cMyTa Ha
320 uM nominye. BogHowac sk 1 HatOimbI
nosroxsunboBoi ®JI (A = 660 HM) cMyru B
CIleKTpax 30ymKeHHA Ha 320 HM Ta 375 HM Ma-
10Tb TTOAi6HY iHTeHCcUBHIcTD. [1pu 36inbInenHi
KOHILIEHTpaliil BaHaJil0 Ta BICMYTY iHT€HCUB-
HicTb cMyru 36ymkeHHA Ha 320 HM CYTTEBO
3MEHUIYETHCA, IO MOXKE CBIUMTU IIPO Ha-
JIEXKHICTb KOPOTKOXBUJIBOBOI JTIOMiHECII€HIIII
(3 MakcMMyMoOM Ha 620 HM) [10 IIeHTpiB Ha Oc-
HOBi M0oO,*, a He Ha ocHOBi ioniB Bi*". Cmyra
B CIIeKTpax 30y/pkeHH: Ha 375 HM Moxe OyTu
OB s3aHa 3 JepeKTHIMM MOJIiOfaTHYIMU IPy-
rmamy, a cMyra Ha 410 HM - i3 BaHaJJaTHUMU
aHIOHaMI.
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TakuMm dYMHOM 30iNBLIEHHS BMICTy MoO-
nibneHy B cepil TBepAuX pO3UMHIB Ko 5Bl o5
(Mo V, )O, npussoguth f0 36inbleHHs iH-
TEHCUBHOCTI BJIaCHOI ~ OTONMOMiHECIeHITi1,
AKa IOB’sI3aHAa 3 MOJICKY/IAPHVMMU aHiOHaMM
MoO,*. BincyTnictp BnacHoi ®JI y 3paskax
3a KIMHaTHOI TeMIlepaTypyu /IMILIE BKasye Ha
HasBHICTb KaHa/liB 0e3BUIIPOMiHIOBA/IbHOI
penakcariii eHeprii 30y/)KeHHS B HeIeTOBaHMX
3paskax. OfHaK eHepris CBiT/a, AKe MOIINHA-
€TbCA MONEKyNApHUMM aHioHamy MoO,* Ta
VO 43', MOXXe TIepefaBaTUCA O JIIOMiHECLIeHT-
HO-aKTUBHUX JOMIIIOK y TaKuMX MaTpPULAX,
ToMy 6araTo Momi6mariB 3 ioHamu pigkose-
MebHMX e/IeMEHTIB JJOCTIIKYITh 5K edek-
TuBHi moMiHodopu. Kpim nporo, nornmiuyTa
eHeprii MoXKe CIpUYMHIOBaTH (POTOKaTaIi-
TUYHY JIiI0.

BVICHOBKIJI. TetepoBajieHTHe 3aMillleHHA
B cucremi K, Bi . (Mo V| )O, Banagiio mo-
nibgeHoM Ta 6icMyTy Kaji€eM IpU3BOANUTD JIO
IIOHVDKEHHA CUMETPIl CTPYKTypM Bif TeTpa-
TOHa/IbHOI JO MOHOK/IiHHOI. [Ipy npomy mae
Miclle pO3yIIOPALKYBaHHA BiJIIOBIJHMX 3aMic-
HukiB 3a nosuniamu (K/Bi)O, ta (Mo/V)O,.
3HaueHHs MMPUHU 3aO0POHEHOI 30HU 3PO-
cTtae Binm 2,33 eB mna x = 0,1 go 2,72 eB pgnsa
x = 0,9. ®oronomiHecHeH1il0 3pa3KiB cuc-
TEMM CIOCTEPIraloTh JIMIIE 32 HU3BKUX TEM-
neparyp, o € XapaKTepHUM IS MOJIiOfaTiB
Ta BaHajariB OicMyTy. 30imblIeHHA BMic-
Ty MonibeHy B TBepaux posumHax K Bi
05(Mo V| )O, mpusBomuthb .10 30iMbLIEHHS
IHTEHCMBHOCTI BUAVMMOI TIOMiHECLEHIi, AKa
IIOB’s13aHa 3 MOJIOAaTHMMY Ta BaHAZATHUMMU
MOJIEKY/IAPHUMM  aHioHamu. [locmimKyBaHi
B po6oTi Marepianu MOXKHa 3aCTOCYBAaT! SIK
MaTpUIli JI/Is TIOMiHECIIeHTHUX iOHIB a0 s
po3pobenHs poTOKaTaIi3aTOPIB.

https://ucj.org.ua

=\, JlocnipKenHsA poBoaN/IN B paMKax Ha-

=) yKoBO-foOCIifHUX pobiT Ne 185D051-01
Ta Ne 195d037-01 Kuischbkoro HaijioHaabHO-
ro yHiBepcutery iMmeHi Tapaca IlleBuenka Ta
Ne 110/14-mp-2019 HanjionanbHOro yHiBep-
cureTy biopecypciB i mpupogOKOPUCTYBaHHA
Ykpainn.

SYNTHESIS AND LUMINESCENCE PROPERTIES
(MoV, )0, SOLID SOLUTIONS

OF K, Bi

1-0,5x

K. V. Terebilenko”, S. G. Nedilko',
O. V. Petrenko', M. S. Slobodyanik’,
V. P. Chornii?

"Taras Shevchenko National University of Kyiv,
64/13 Volodymyrska st., Kyiv 01601, Ukraine
’National University of Life and Environmental
Sciences of Ukraine, 15 Geroiv Oborony st., Kyiv,
03041, Ukraine

‘e-mail: kterebilenko@gmail.com

Abstract. The conditions of heterovalent
substitution in cationic and anionic positions
of xK .Bi; MoO, - (1-x)BiVO, system within
range of x = 0.1-0.9 with forming of K | Bi
(Mo V, )O, solid solutions, those possess
scheelite-like type structure have been studied.
All the samples of series were obtained by solid
state technique. It was shown by IR spectros-
copy and X-ray diffraction studies that molyb-
denum and vanadium occupying one crystal-
lographic position with statistical distribution
in x = 0.1-0.9 range of substitution. As result
a lowering of lattice symmetry from tetrago-
nal to monoclinic take place with increasing of
molybdenum content. Charge compensation
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in system is realized through proportional sub-
stitution of bismuth by potassium in (K/Bi)O,
polyhedra. The data on diffuse reflectance in-
dicate that increasing of substitution degree,
X, lead to proportional increasing of band gap
values from 2.33 to 2.72 eV for the semicon-
ductors obtained. Intrinsic photoluminescence
of the samples has been observed at low tem-
peratures but is absent at room temperature.
Total intensity of visible luminescence in-
creases with increasing of molybdenum con-
tent in K , Bi, .. (Mo V, )O, solid solutions.
Spectra of photoluminescence consist of wide
two-component band with maxima at 620 and
705 nm, respectively. Simultaneous analysis of
literature data and dependences of lumines-
cence intensity on molybdenum content allow
assumption that short-wavelength component
related with centers, those formed on molyb-
date groups. Long-wavelength component re-
lated with vanadate groups. The wide bands
at 375 and 410 nm in the photoluminescence
excitation spectra were ascribed to absorption
transitions in molybdate and vanadate oxyan-
ions, respectively. The solid solutions studied
can be used as hosts for luminescent ions or in
elaboration of photocatalysts.

Keywords: scheelite, molybdenum, vanadi-
um, bismuth, solid solution.
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SYNTHESIS AND DIELECTRIC PROPERTIES

OF La, LiTi, ALO, (0.15<x<0.3) CERAMICS

T. O. Plutenko, O. 1. V’yunov *, B. S. Khomenko, A. G. Belous

V. I. Vernadsky Institute of General and Inorganic Chemistry, Akademik Palladin Avenue 32/34,
Kyiv 03142 Ukraine
E-mail: vyunov@ionc.kiev.ua

ABSTRACT. Solid solutions of Al-doped lithium lanthanum titanates La, Li Ti, Al O,
system (where 0.15 < x < 0.3) have been synthesized by solid-state reaction technique.
Light optical microscopy has shown that the grain size of La Li Ti Al O, ceramics in-
significantly increases with an increase in lithium/aluminum concentration. The materials
La, Li Ti, Al O, show very high dielectric permittivity £'> 10* over a relatively wide fre-
quency range (10°< f < 10* Hz) with no apparent dependence on the x. The impedance spec-
troscopy study indicates three semicircles on Cole-Cole diagram that can be attributed to

electrically different areas of ceramic’s grain.

Key words: solid solution, lithium-lanthanum titanate-aluminate, complex impedance,

dielectric properties.

INTRODUCTION. Materials with per-
ovskite-related structure (ABO,) are inter-
esting candidates for a great variety of appli-
cations [1, 2]. The compounds of general for-
mula La,, Li, TiO, the material substrate for
making good ionic conductors [3, 4] and, in
particular, lithium has been shown to move
in some perovskite systems faster than in any
other materials [5, 6]. A large amount of re-
search has been focused on the Ti cation sub-
stitution in the La,; Li, TiO, system (in par-
ticular, at x=1/6, La Li . TiO,) by other me-
tal ions with less tendency toward reduction
against Li metal. Simultaneous lithium addi-
tion and titanium substitution by aluminum

in the system La, Li Ti Al O, has been in-

vestigated in work [7-10]. Crystal structure of
high temperature La, Li Ti, Al O, phase with
0.06 < x < 0.2 annealed and quenched from
1273 K was determined [11-13]. Depending
on the cooling conditions, the structure can be
a perovskite-related orthorhombic or rhombo-
hedral. In the case of an orthorhombic struc-
ture, the formation of a superstructure of the
basic perovskite is due to two mechanisms: the
tilting of octahedra (Ti/Al)O, and the ordering
of La’* and Li*. The lithium ions are not located
at the interstitial A positions of the perovskite
structure and their coordination polyhedra is
a square pyramid with lithium ion at the apex.
Therefore, there is a large amount of non-oc-
cupied interstitial positions of this kind for the
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lithium ions to move to, and this is likely to be
the reason for the very high ionic conductivity
of these kinds of materials (~ 8-:10° S/cm for the
oxide with x =0.25) [12]. In the case of a rhom-
bohedral structure [11, 14] twisting of TiO, oc-
tahedra is observed in the structure in order
to optimize the distances between oxygen and
lanthanum ions. Lithium ions are bonded to
four oxygen atoms in a square configuration.
This environment for Li is different from the
tetrahedral-like coordination.

Another interesting property of the La, Li
Ti, ALO, oxides is their dielectric beha-
vior. The authors recently reported a “giant”
barrier layer capacitance effect in La _Li

0.67"770.25

Ti,.Al ,.O, [9]. It has been demonstrated
that the origin of the high dielectric constant
(e =2:-10° tg 6=0.5 for La _Li ,Ti Al O, and

0.67 0273

e =5-10° tg 8=0.5 for La  Li . Ti .Al ,.O, at
10 < f< 10° Hz) can be attributed to a barrier
layer capacitor associated with grain boundary
effects in the ion-conducting material [8].

However, dielectric behavior was investigat-
ed only for an orthorhombic structure sintered
with subsequent quenching. While for the
practically important case, when the material
is obtained by slow cooling and has a rhombo-
hedral structure, dielectric behavior remains
unexplored.

Therefore, in this work for the first time die-
lectric properties of partially substituted com-
plex low-temperature phase La  Li Ti, Al O,
(where 0.15 < x < 0.3) solid solutions with
rhombohedral crystal structure have been in-
vestigated. For this, impedance spectroscopy
data, recorded at room temperature, have been
analyzed. Light optical microscopy has been
finally used to analyze the influence of lithi-
um/aluminum concentration on the micro-
structure of these perovskites. For comparison,
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La  Li TiO, sample, which has a larger num-
ber of lithium ions in the structure was inves-
tigated.

EXPERIMENTAL SECTION. Samples
were obtained from stoichiometric amounts
of dried Li,CO, (Merck), AlO, (Merck), La,O,
(Aldrich 99.99%), and TiO, (Aldrich 99 %)
by solid-state reaction technique. Li,CO, was
dried at 300 °C, La,O, at 800 °C and AL O,,
TiO, at 600 °C. The mixtures were ground in
an agate mortar with acetone, and calcined in
air for 6 h at 1200 °C. The rate of temperature
increase was 200 °C/hour. The phases were
characterized by X-ray powder diffractometry
(XRPD) using DRON-4-07 diffractometer (Cu
Ka radiation, \ = 1.54178 A; 40 kV, 20 mA).
The unit cell parameters of the samples were
determined using FullProf software by the
whole-pattern profile-matching Le Bail proce-
dure [15]. The calcined powders were ground
and pressed into pellets with a diameter of
8 mm and a thickness of 2 mm under a pres-
sure of 500 kg/cm?* (50MPa). The pellets were
sintered at 1270-1300 °C depending on Li/Al
content (6 h) and were cooled to air tempera-
ture with a cooling rate 200 °C/h. Finally, sam-
ples with 1 mm thickness were cut out from
prepared raw ceramic.

Grain sizes of ceramic samples of La  Li_
Ti, Al O, (0.15 < x < 0.3) system were deter-
mined using an optical microscope LOMO
MBS-10. Using a semi-automatic computer pro-
gram image]J [16] the area of the grain was meas-
ured, mathematically found the nominal diam-
eter, equating the resulting area to the area of the
circle. The average value of the measured nom-
inal grain diameters was considered the nomi-
nal diameter of the characteristic grain. At least
50 grains were measured from three different
areas [17]. Sintered cylindrical pellets 8 mm in

ISSN 2708-129X. YKp. xim. XypH., 2020



T. 0. Plutenko, O. I. V’yunov, B. S. Khomenko, A. G. Belous

UCJ Ne 11 / Vol. 86

diameter and 2 mm thick, with evaporated me-
tal electrodes, were used for electrical measure-
ments. Impedance spectroscopy measurements

RESULTS AND DISCUSSION. It has been
shown that single-phase solid solutions
La, LiTi, Al O, (where 0.15 < x < 0.3) are

0.67

were conducted using a 1260 Impedance / formed at temperatures above 1200 °C using

Gain phase Analyzer (Solartron Analytical).
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The wunit cell parameters were deter-
mined from the XRPD patterns using a rapid
whole-pattern profile-matching Le Bail proce-
dure (Fig. 1). La  Li Ti, Al O, solid solutions
(where 0.15 < x < 0.3) materials have a rhom-
bohedral perovskite-related structure (space
group R3c, Ne 167). In XRPD spectra addi-
tional lines of small amount La  Li Ti Al O,
with tetragonal phase symmetry (space group
P4/mmm, Ne 123) are observed. The phases
observed do not differ in chemical composi-
tion. The main difference between these phases
is in the crystal structure. Unit cell parameters
depend on Li/Al concentration (Fig. 2).

Fig. 2 shows the dependence of the unit cell
volume of the samples La  Li Ti Al O, sys-
tem sintered at 1300 °C for 2 h. For the sam-
ple x = 0 the data given in [18] was used. The
dependence is linear and obeys Vegard’s law,

https://ucj.org.ua

which indicates the formation of a continuous
series of solid solutions in La  LiTi Al O,
(0.15 < x < 0.3). Unit cell volume decreases
with an increase in x, due to the difference in
ionic radii of aluminum and titanium.

V, A3
350

348+

346

344

0.0 0.1 0.2 03 Xx
Fig. 2. Unit cell volume of La  LiTi Al O,
solid solutions sintered at 1300 °C for 2 h.
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Amount of particles (%)
N
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The ceramics size and morphology of
Li Ti, Al O, were studied by light optical

La

mi()é6r70$copy (Fig. 3). It has been shown in Fig. 3
that with an increase in x, the average grain
size slightly increases from 6.1 pm (x=0.15) to
7.7 um (x=0.3). This fact can be attributed to an

increase in sintering temperature with an in-
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Fig. 3. Optical microscope imag-
es of La0.67LixTil_xAle3 ceramics,

where x=0.15 (a), 0.2 (b), 0.25 (c),
0.3 (d).

crease in Li/Al content. The boundary between
one grain and another is a defect in the crystal
structure and so it is associated with a certain
amount of energy [19]. As a result, there is a
thermodynamic driving force for the total area
of boundary to be reduced. With sintering tem-
perature growth in La  Li Ti Al O, grain size
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increases accompanied by a reduction in the
number of grains, therefore the total area of the
grain boundary is reduced.
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Fig. 4. Complex impedance diagram of La_ L
Ti, Al ,O, (a) and La Li TiO, (b) at room tem-

0273
perature

The results of the frequency investigation
of La  Li Ti, Al O, ceramics can be analyzed
as four types of dependencies: complex impe-
dance (Z*), complex admittance (Y*), com-
plex permittivity (e*), and complex electric
modulus (M*) [20-22]. These complex quan-
tities are interrelated: M* = 1/¢* = jwCoZ* =
jwCo(1/Y*), where w is the angular frequency
and Co is the capacitance of empty cell (where
j = -1). Initially, the results of the frequency in-

https://ucj.org.ua

vestigation of PTCR materials were obtained as
Z”=f(Z’)relations (Fig.4a). Therearethree sem-
icircles on the complex impedance diagram at
room temperature for La, _Li ,Ti (Al O, solid
solution.

For comparison, we present impedance dia-
grams of La .Li .TiO,. Fig. 4b shows the com-
plex impedance diagram at room temperature
for the La Li . TiO,. One semicircle depressed
below the real axis, part of a second semicir-
cle, and a spike at the lowest frequencies are
observed. The arc at the highest frequencies is
presented in the inset of Fig. 4b.

The appearance of three semicircles in the
Cole-Cole plots indicates that there are three
relaxation mechanisms, which may be due to
grain, grain boundary, and electrode polar-
ization. Generally, the arc at high frequen-
cy refers to bulk, at low frequency refers to
electrode polarization, and middle-frequency
area - to grain boundary. The good separa-
tion of these semicircles in La  Li Ti, Al O,
is ascribed to the small pore size. If the pore
size is greater than 1 pum, it would lead to the
overlapping of the semicircles like in La  Li .
TiO, [8].

The dielectric constant was calculated from
an impedance measurement. Fig. 5 shows di-
electric constant (Fig. 5a) and dielectric loss
(Fig. 5b) versus frequency at room tempe-
rature. All La _LiTi Al O, samples have
a high dielectric constant value ¢ > 10° at
low frequencies (f < 10 Hz). These values are
close for ones of the samples of the orthor-
hombic high- temperature phases La _Li
Ti Al O, and La Li Ti_Al_ O, [9, 10].
Whereas 1t has been shown that La  Li TiO,
sample has a high &' > 10* at low frequencies
(f< 10 Hz).
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Fig. 5. Dielectric constant (a) and dielectric
loss tangent (b) of La _Li Ti, Al O,at x=0.15 (1),
0.20 (2), 0.25 (3), 0.3 (4) and La_Li_ TiO, (5).

Transport of Liions in La Li ,TiO, occurs
via vacancies in the A-site of the perovskite
ABO, structure. Lithium ions are believed to
move transport through the so-called struc-
tural conduction channels, i.e. “bottlenecks”
formed by oxygen ions. Li ions are located at
the center of the square planar windows con-
necting contiguous oxygen sites (Fig. 6). [14].
The high value of the dielectric constant for
the La, _Li Ti, Al O, is attributed to the mo-
tion of charge carriers (Li ions) both inside

and between unit cells. It should be noted
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that lithium ion’s movement can contribute
to both ionic conductivity and polarization.
When lithium ions move from one electrode
to another, such motion contributes to ionic
conductivity. At the same time, if the motion
of lithium ions in structural channels is limit-
ed, for example by lanthanum ions, then such
displacements of lithium ions contribute to
polarization.

In complex perovskites, the A-sites are
shared by ions of very different sizes such as
La** and Li* and vacancies whereas the B-sites
are also shared by ions of different charges and
sizes (Fig. 6).

W La
@ Li
@Vacancy :
‘(Ti/AI)OG

Fig. 6. Schematic representation of the dif-
ference in the rhombohedral and orthorhombic
La 67LixTi1XAIXO , structure.

<>

rhombohedral

orthorombic

La ions occupy A sites, while Li ions are lo-
cated at the A-cage faces of the perovskite. The
Li* ions present a distorted square planar coor-
dination and are located in interstitial positions
of the structure, which could explain the very
high ionic conductivity of this type of material
[11]. The very high dielectric constant of this
type of material seems to be related to the loca-
tion of the lithium atoms within the interstitial
positions, providing a great number of sites for
the atoms to move through. Compared with
the La  Li  TiO,, compositions of the La Li
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Ti, Al O, system have a lower number of Li*
and a bigger number of structural vacancies.
These conditions cause a lower possibility for
Li* - V. interactions and enhanced opportu-
nities for Li* movement. That is why materials
synthesized have a higher dielectric constant
than the conventional La Li TiO,.

It should be noted that the d1electr1c con-
stant and dielectric loss tangent slightly de-
pends on the content of lithium and aluminum
inLa  _LiTi, Al O, system.

CONCLUSIONS. It has been shown that
single-phase solid solutions La, LiTi, Al O,
(0.15 < x < 0.3) synthesized by sohd state re-
action technique are formed at temperatures
higher than 1200 °C. The dielectric properties
of ceramic materials have been studied by im-
pedance spectroscopy. Using light optical mi-
croscopy shown that the grain size of ceramics
in La Li Ti, Al O, system slightly increases
from 6.1 pm (X 0.15) to 7.7 um (x=0.3). Ma-
terials exhibit high dielectric constant values
(e ~4-10° at 1 Hz) in all ceramic samples that
can be explained by the high ionic conduc-
tivity of this material. The materials synthe-
sized in La, _Li Ti Al O, system have a high-
er dielectric constant than the conventional
La .Li . TiO,. The dielectric losses increase
with increasing lithium concentration that
can be attributed to the fact that the size of the
structural domains decreases with increasing

the annealing temperature.
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CUHTE3 TA JIENEKTPU4HI BNACTUBOCTI

KEPAMIKY La, , Li.Ti, ALO,
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[TokasaHo, 1mo ogHodasHi TBepHi po3unHU
B cucremi La  Li Ti) AL O, B KOHIleHTpaili-
HoMYy iHTepBari 0, 15 < x < 0,3, cuHTe30BaHi
MeTOJOM TBepAodasHUX peaxiiiit, yTBOpIO-
I0TbCA 3a Temnepatyp Buiie 1200 °C. Tseppi
PO3UMHMA Lao)67LixTil_xA1xO3 (me 0,15 <x<0,3)
MalTb POMOOEPUYHY CTPYKTYPY HEPOBCKi-
Ty. IlapameTpu enemMeHTapHOI KOMipKM 3ase-
XKaTb Bif KoHIeHTpanii Li/AlL

I3 pocToM KOHIIeHTpaIllil X 00’eM efreMeH-
TapHOI KOMIPKM JIiHITHO 3MEHIIYETbCA Yepes
pisHMILIO B IOHHMX pajjiycax a/JOMiHil0 Ta
tutany. Ll 3a/1eXHICTh MiAIOPATKOBYETD-
ca 3akoHy Berappa, mo BKasye Ha yTBOpPEH-
HA HENEPEPBHOTO PANY TBEPAUX PO3YMHIB
La  LiTi AlO, (me0,15<x<0,3).

MeTO,[[OM OIITMYHOI CIeKTpOcKomii 6yo
[I0Ka3aHO, 11O PpO3Mip 3epeH KepaMiKu
La, LiTi Al O, nesnauno spocrae 3i 36i1b-
LIEHHSM KOH]_[eHTpaI_Iﬁ niTiro/amominiro. Lleii
(daKT MOXXHa IOACHUTH MiIBUIIEHHAM TeM-
nepaTypu ClikaHHA 3i 36inbIeHHAM. 3i 3poc-
TaHHSIM TeMIlepaTypu crikauus B La) (Li Ti |
Al O, 36inpiryeTbcss posMip 3epeH, IO cy—
IIPOBOJKY€ETbCA 3MEHIIEHHAM KibKOCTI 3e-
peH, OTXXe, 3arajbHa IUIOIIA I'PAHUIIL 3€peH
3MEHIIYETbCA. JIOCTIIPKEHHA 3a JIOIIOMOTOIO
METOJY KOMIIJIEKCHOTO iMIT€JaHCy IPOJIEMOH-

CTpyBa/mM Tpu IHiBKoma Ha piarpami Koym -
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Koyna, AKi MO)XHa BifHECTM IO €1eKTPUYHO
HEOJHOPIZHNX 32 BIACTMBOCTAMM Ai/IAHOK 3€-
peH kepaMiku. IlosABa TpbOX HaliBKil Ha Jia-
rpamax Koyn — Koyna Bkasye Ha Te, 1110 icHye
TpM MeXaHi3Mu penakcanii. HamiBkono 3a Bu-
COKOI YaCTOTY HAJIEKUTD [0 00’€MHOI YaCTUHMI
3€pHa, Ha HM3bKIill 4acCTOTI — O MOJApuU3aLil
e/IeKTPOJIiB, @ 00/1aCTh CepefHbOi YacTOTU —
[0 BIACTUBOCTEN TpaHuLi 3epeH. [lienekTpuy-
Hy IPOHMKHICTb PO3paxoByBalIM 3a JaHVMMU
BUMIPIOBAaHb KOMIIIEKCHOTO iMmengaHcy. Ilo-
Ka3aHo, 1o 3pasku cucremn La, (Li Ti| Al O,
MalOThb BEIMKE 3HAYEHHA JIieIeKTPUYHOI
IIPOHVMKHOCTI €> 10° Ha HM3BKMX YACTOTAX
(f< 10 Hz). Bogrouac spasok La  Li  [TiO, mae
BJMICOKMII 3HAa4Y€HHA [ieIeKTPUYHOI NPOHMUK-
HOCTi £ > 10*Ha HM3bkMX yacrorax (f < 10 I),
0 MOXKHA TIOACHUTY BJMCOKOK0 i10HHOIO IIPO-
BifHiCTIO IbOro MaTepiany. CMHTE30BaHi MaTe-
pianu, nerosani amowminiem La  (LiTi Al O,
MAOThb BUINY [ieIEKTPUYHY HIPOHMKHICTD,
ubk La  Li TiO,. Jlienekrpuyni BTparn 3po-
CTAIOTh 3i 301/IbIIIEHHAM KOHIJeHTpaIllii /1iTito y
Lao, 67LixTil-xAlx03’ [[0 MOKHA MOSACHUTY 3MEH-
LIEHHAM PO3MipiB CTPYKTYPHMX [JOMEHIB 3i
30i/IbIIIEHHAM TeMIIepaTypu Bigmary.

KnrodoBi cmoBa: TBepauii po3dmH, THUTa-

HaT-a/IIOMIHAT JITiIO-JTaHTaHY, KOMIUIEKCHMUIA
iMIIefjaHc, lie/IeKTPUYHI BIaCTUBOCTI.
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B3AEMOAIA AIOKCUAY TUTAHY 3 EBTEKTUYHWUM PO3MJIABOM

NaCl - CaCl,

Omenvuyk A. O., Ilaenenxo T. B., Ieanenxo O. I1., Ilozopenxo 0. B., Ckpunmyn I. M.

Incmumym 3azanvroi ma Heopeaniumoi ximii im. B. I. Beprnadcvkoeo HAH Ykpainu, Kuis 142,

np. Ilannadina, 32/34
e-mail: omelchuk@ionc.kiev.ua

PE3IOME. HaBefieHO pe3ynbTaTil SOCTIIKeHb B3a€EMOJII JiOKCUY TUTAHY 3 €BTEKTUY-
Hum posmnasoM (0,48)NaCl - (0,52)CaCl, (mon.) y remnepaTypHomy inteppani 823-1073 K.
ITokasaHo, mo 3a Temneparyp, Bumux 923 K, y 3asHadeHiil cucTeMi yTBOPIOETbCA TUTAHAT
KaJIblIIil0, BiffHOCHA Ki/IbKIiCTD SIKOTO 3pOCTaE 31 361/IbIIeHHAM TeMIepaTypu. 3a TeMIIeparyp,
HIDK4YMX 923 K, TMTaHaT Ka/IbLIil0 Y IPOAYKTAaX B3a€MO/Iil He BUABJIEHO, OHAK Y pO3IIaB/ie-
HilT conmboBilt $asi ifeHTNdIKyITh PO3YMHHI CHOMTYKM TUTAHY, KOHI[EHTpallid AKUX 3POCTAE

31 301/IbLIIEHHAM TeMIIePaTyPH.

KnrodoBi cmoBa: fiokcuj TUTaHy, XJIOpUAM KaJIbllilo, HaTPil0, €BTEKTUYHUII PO3IIAB,

B3aEMOTif.

BCTYII. 3aBpsaxu yHikanbHUM (¢isnKo-Xi-
MIiYHMM B/IaCTUBOCTSM (BMCOKAa KOpO3iitHa
CTiMIKiCTh, BMCOKa MIIIHICTh Ta 3HOCOCTIll-
KiCTb B €KCTpeMaJbHUX YMOBAaX, HEBMCOKa
IITOMA Maca TOIIO) TUTAaH OTPUMAB LIMPOKe
3aCTOCYBaHHA B HaJMpI3HOMAHITHIIIMX Tajy-
34X Cy4acHOI HayKu Ta TexHiky (y MeTamyprii,
MallHO- Ta CyAHOOYAyBaHHi, aBiaKOCMivHii
TeXHilli Ta XiMi4yHi}I mpomMmcioBocTi, HioMe-
ouUIuHi) i 3aBOJIOBYE HOBi CIIOXWMBYI PUHKU
[1-4]. HemapemHOo HaykoBa jiTepaTypa Ha-
3uBae XXI cTomTTA cTOMTTAM TUTaHY [5, 6].
[TonuT Ha TUTAaH HEBIIMHHO 3POCTAE 3aBIAKM,
HacaMIlepefl, CTPIMKOMY 3pOCTAHHIO TEMIIiB
Oy#iBHMIITBA INVPOKO(DIO3E/DKHUX JITAKIB.
Ha cporopHi Ham6inbll MOIIMpPEHUM MeTO-
JIOM CBiTOBOrO BMPOOHMIITBA TUTAHy € Me-
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top;, Kporta [7], B OCHOBY SIKOrO IIOK/TafieHO
BiJTHOB/ICHHS TeTPaxX/IOPU/ly TUTAHY MarHieMm
Ta HACTYIIHE €JIeKTPOAYTrOBe IeperIaBIeHHs
oTpuMaHoro rybuacroro tutany. Lei nmporec
XapaKTepU3yeTbC HEBUCOKOK IPORYKTUB-
HiCTIO, TOTpebye BMCOKMX NMUTOMMX BUTPAT
eHeprii Ta peareHTiB. Tak, HAIPUKIIA[, A1 OT-
pumanHA 100 Kr ry64acToro TMTaHy HeoOXif-
Ho moHaz, 100 kr marwiro ta 380 kr TiCl, [8].
Cepep anbTepHATMBHNX METOJIB OTPUMaH-
HA TUTaHY NEePCIEeKTUBHYM BBAXXAIOTb €/1€KT-
pONiTMYHE BiHOB/IEHHA B pPO3IUIABICHNX
enektpomitax [9-15]. Bigomi Texnivni pimen-
HA TPOIOHYIOTb OTPUMYBATM TUTAH i3 poO3-
IIJIaBJIEHMX €/IEKTPOJIITIB, 0 MICTATb Y CBOE-
MY CKJIafii PO3YVHHI CIIO/TyKV TUTAHY, HAIIPUK-
nafi, y BurnsAfi anionnoi gpopmu [TiF J* [15].
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IIpy BigHOB/IEHHI TaKMM METONOM Ha KaTOfi
OTPUMYIOTb CyMilll APiOHOAMCIIEPCHOTO TH-
TaHy Ta IHKOPIIOPOBAHOIO NPy KpUCTaai3alii
CONbOBOTO po3iiaBy. Hespaxkaroum Ha BuUCO-
Kt BuXif 3a ctpymoM (mo 90 % [15]), Taxmii
METOJl Ma€ HU3KY HEMOMiKiB, AKi TaJIbMYIOTh
JI0r0 IMpaKTU4YHe BUKOpUCTaHHA. [lo HUX, 30-
KpeMa, HajleXXaTb HeOOXiIHICTh IoIepeiHbO-
IO CMHTE3y PO3YMHHMUX Y PO3IUIaBaX CIOTYK
TUTAHY Ta KOHTPOJIIO 3a 100 BMICTOM Y BH;-
Xi[IHiJ1 €JIeKTPOJITHIN CyMillli, TPYJOEMHICTDb
BiIOKpeMJ/IEHHA BiJHOBJIEHOTO ,upi6H0zmcnep—
CHOTO TUTAHY BiJj 3a/JMIIKIB €IeKTPOIITHOI
cymimi. Hapemri, ¢TOopuaHO-Tanorexnigxi
pO3IUIaBU — Lie YK€ arpecuBHi CepeOBUIIA,
10 IOTPeOYIOTh MifIBUIEHNX 3aX0fiB OesIe-
Kyt Ipu po6OTi 3 HMMM; KPiM 1IbOTO, MOOIYH]
IPOAYKTY BigHOB/IeHHS (aHOAHI rasm) Mic-
TATb CIIONTYKY (TOPY.

Binbm mpuBabMMBUM € METOJ IPSIMOTO
€JIEKTPOXIMIYHOIO BiTHOBJIEHHA TiOz, 110
MICTUTBCA y PYTWIOBMX Ta iJIbMEHITOBMX
KOHLIeHTpaTax pyn [9]. o Takux Meropis
Hanexatb FFC-npoyec (i3 posmmay CaCl,
3a remmeparyp, Bumux 1173 K); Os-npouyec
(xanmpLifiTepMiyHe BiTHOBIEHHS TiO2 y pos-
masi CaCl,-CaO 3a 1173 K); Okabe-npoyec
(y posnnasi CaCl, i3 BUKOpUCTaHHAM CIUIaBY
Ca+18 mac. % Ni sk BimHOBHMKA) ToIf0 [10-
14]. Y Bcix BumajgKax Jijisi BiTHOBJIEHHS PeKO-
MEH/IOBAHO BMKOPUCTOBYBAaTH pO3IIABJIEH]
€JIEKTPOJIITHI CyMillli Ha OCHOBI CIIOTYK Kajlb-
nito (xopupy abo 1oro cymii 3 OKCUOM).
Ockinpky X/I0Opuj, Kajbllilo 3[JaTHUI 3HAY-
HOI0O MipOI0 PO3UYMHIOBATM BJIACHUII OKCUJ, Ta
YTBOPIOBATM 3 HUM Y IIMPOKOMY iHTepBaii
KOHI|€HTpallill OJHOPIZHI TOMOTEHHI po3IIa-
Bu [16], He BUK/IIOYEHO, IO TaKy 3[aTHICTbH
BiH IIPOABIATUME 1 11O BIJHOIIEHHIO O IHIINX
okcupiB. [Hdopmaris mpo B3aEMOfi0 OKCu-
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Iy TUTaHy 3 pO3Il/IaBaMI Ha OCHOBI XJIOpUAY
Ka/Ibllil0 € BKpait obmexeHomw. Bigomo [17],
[0 Pe3y/IbTaTOM TaKOi B3aEMOZIi Moxe OyTu
TUTAHAT KaJbLiI0 Ta OKCOXJIOPUJ TUTaHY.
Brumme ckmany posmiaBy Ta TeMIepaTypu Ha
CKJIaJi IPOAYKTiB, IKi IPY LIbOMY YTBOPIOIOTh-
Cs, He MOCTIPKEHO.

Bsaemopia xyopuay KajnbLilo 3 JiIOKCUIOM
TUTaHy MO)XXe OyTU IPUYMHOK 3MeHIIEeHHS
CTyNeHA BWIY4YEHHSA TUTAHy METOJOM IIpsA-
MOI'O €/IEKTPOXiMiYHOIO BifIHOBJIEHHS 3TifIHO
FFC-mporecy [10, 11], a mpomykTu, fKi mpn
LIbOMY YTBOPIOIOTbCSA, BIUIMBATI HA MEXaHi3M
Ta KiHETUKY €/IeKTPOXiMi4HOrO BiJHOB/IEHHA.
Y 3B’3KYy 3 IIUM i JOC/TiI>)KEeHHsI Ma€ He JIuIie
IIPUKIIA/IHE, ajIe 11 HAYKOBE 3HAYE€HHA.

Y 1pboMy IOBiZOM/IEHHI HaBeE€HO pe-
3Y/IbTaTU JOCIIPKEHHA B3a€EMOJil JiOKCUIY
TUTaHy 3 eBTeKTMYHUM posmrasoM (0,48)
NaCl - (0,52)CaCl, (mon.) (tm. =773 K [16])
B inTepBani temneparyp 823-1073 K. Panime
Oyno nmokasaHo [18], mo CTYIiHb BYIYy4eHHS
LUVPKOHII0 IIpM BiJHOBJIEHHI [IOKCUMZY LMP-
KOHiI0 MeTonoM FFC-npouecy 3aneXutb Bif
CKJIaZly elIeKTpoIiTHOIL cyminni. Harikpaui mo-
Ka3HUKM 3a0e3Ieyye posIUIaB Ha OCHOBI CIIO-
JIYK KaJIBLIiI0 Ta XJIOPUAY HaTpiro. Buxopsaun 3
LMX MipKyBaHb, [/I1 BUSHAaYEHHS YMOB €/IeK-
TPOXiMiYHOTO BiIHOBJIEHHA JiOKCUY TUTAHY
TOCTIIPKYBa/M 10TO B3AEMOJII0 3 PO3IIABOM
3a3HAYEHOTO BUIIE CKIALY.

EKCIIEPVIMEHT I ObI'OBOPEHHA PE-
3YJIPTATIB. EBTeKTUYHY CyMilll TOTyBaIu 3
PeTeNbHO BUCYLIEHNX Ta IPOKaPEHNX XJIOPU-
IiB KaJIbI[if0 Ta HATPIiIO MapKM ,,X.4.” IS BULA-
JIeHHA KpMUCTasisalinHoi Bopu. Pospaxosani
HaBa)KK!l KOMIIOHEHTIB PO3IIIaBy y CyXOMY
OOKCi 3aBaHT@XyBa/M y IUIATMHOBY dauly i
IepenIaB/Aan y nedi 3a temneparypu 1073 K
YIPOJOBX 2 TOfi 10 IIOBHOI rTOMOTeHi3allii pos-
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®I3UYHA XIMIA

B3AEMOAIS AIOKCUAY TUTAHY 3 EBTEKTUHM PO3MJIABOM NaCl - CaCl,

n1aBy. Posnias BuiMBanyu y BUIMBHULIO, I1e-
peHOCIN Y CyXuit O0KC Ta 36epiram B eKCHKa-
Topax Hapi P O, iy 3ano6iranHs NOTIMHAHHSA
BOJIOTY PO3IIABOM. Y KOXKHOMY JOC/Ii/Ii TOYHO
3Ba)KeHi HaBaXXKM (3 TouHicTIO Mo 0,001 1) BI-
XiTHMX KOMITOHEHTIB (5 I eBTeKTUYHOI cymini
Ta 0,5 I JioOKCUAYy TUTAaHY IIrMEHTHOTO MapKu
“SUMTITAN R-204” (TIAT “Cymuximnpom”)
i3 MacoBOIO YaCTKOI pyTMUIOBOi a3y He MeH-
e 98 %, puc. 1) 3aBaHTaXyBa/lu y IIATUHO-
BUII TUT€/Ib, AKNIT IOMILAN y MyQenbHy Hid
SNOL 7,2/1100 i BuTpuMyBanu 3a 3aJaHoOl
TeMIlepaTypu BIpofoBX 5 rop. Ilicia nporo
TUTE/Ib BUVIMANU 3 II€4i, OXOJIOKYBalu [0
KiMHATHOI TeMIIEPATypy Ta 3BaXKyBa/In. BmicT
turna posunHsaan B 1 % posunui HCL. Ocap,
AKUII He PO3YMHMBCA, BifiinbTpoByBany Ha
narnepoBoMy inbTpi ,CUHS CTpidKa” Ta BUCY-
mrysasu 3a 378 K. MetomoM peHTreH0da3oBo-
IO aHa/li3y BCTAHOB/IIOBA/IM CK/IaJ, OTPUMaHO-
ro ocapy.

- pyTHI
* - anara3s

10 20 30 40 50 60 70 80
26, rpan
Puc. 1. PenrreniBcpka mm¢paxTorpama mi-
okcyupy TutaHy nirmeHTHoro mapku “SUMTITAN
R-204” (TIAT “Cymuximnpom”)

Pentrenodasosuit ananis (P®A) Bukony-
Ba/u Ha audpakromerpi JPOH-3M is CuK -
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BUIIPOMiHIOBAaHHAM METO/IOM IIOPONIKYy Ta
3 KOMIT IOTEPHOI0 PEECTpPAIi€l0 pPEHTIeHO-
rpaM. Posnmdposky oTpumaHux gudpaxTo-
rpaM HPOBOAWIN 33 HOIOMOIOI IpOrpamyu
Match! [19].

[ BCTAaHOBNIEHHA KiZIbBKOCTI TUTaHy y
¢inpTpari micna BigmineHHA TBepmoro 3a-
JIMIIKY BMKOPUCTOBYBAIM (POTOKOTIOpUME-
TpuuHuil Metop, [20]. B ocHOBY mboro Me-
TOAY TIOK/IAfleHO BU3HAUYEHHA 3a/IeXKHOCTI
ONTUYHOI T'YCTUHM PO3UMHY Bifi KOHIIEHTpa-
il TOC/TIPKYBAHOTO KOMIIJIEKCY IOHY TUTaHY
(+4) i3 mepoKcuIOM BOJHIO, 3a0apBIEHOTO Y
KOBTUI Kojip. ONTUYHY TYCTMHY pPO34H-
HiB BM3HA4Ya/aM 3a JTOIIOMOTOI0 (POTOKOIOpPU-
Merpy KOK-2MII. CepegnbokBajipaTuyHa
noxnbKa BM3HAYEHHS KOHI[eHTpaIlil TUTAHY
y posumHi ckmagama 0,3 %. Kami6bposouny
3aJIOKHICTb BMicTy TuTaHy (I/Mja) y posdn-
Hi (y mepepaxynky Ha TiO,) Bim omTuuHOi
TyCTVHM PO3YMHY HaBe[eHO Ha puc. 2. BoHa
3aJIOBIIPHO  alIpOKCUMYETbCA  PIBHAHHAM
m(TiO,) = -9,20694-10° + 0,01071-D, ne D -
OINITMYHA I'yCTUHA.

0,006 .
0,005 - e

0,004

0,003 g

mr/ma TiO,
\

0,002
0,001 e

0,000

T T T T T T T T T T T T T
00 01 02 03 04 05 06
OIITUYHA I'yCTHHA
Puc. 2. KanibpoBoyHa 3a/leXHICTb BMICTY
TUTaHy (I/MJ y IlepepaxyHKy Ha eKBiBa/JleHTHY
kinpkictp TiO,) y posumHi Bif onTu4HOI rycTHHNI
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[ xipKicHOI oLiHKY BMicTY a3 y TBep-
[IOMY 3a/IMIIKY, IO YTBOPU/INCA IIPU B3aEMO-
I JIOKCUTY TUTAHY 3 PO3IIJIaBOM, 3aCTOCOBY-
Banm MeTop PiTBenbaa Ta mporpamy Jana 2006
[21]. Hna po3paxyHKiB BUKOPUCTOBYBAJIN
pentreHorpadivni gani ana cnonyk TiO, (py-
T, IPOCTOPOBa rpyna P42/mnm, kpucrano-
rpadiuni mapamerpu: a = 4,59 A, c= 2,96 A) Ta
CaTiO, (mpocTopogsa rpymna Pcmn, xpucraro-
rpadiuni mapamerpu: a = 5,367 A, b = 7,6438
A, ¢ = 54439 A) [22]. TToxnbka PO3paxyHKiB
He niepeBuiyBana 4%.

BBaxkarotb [23, 24], 1110 B3aEMOJIis OKCH/IIB
METAJIB i3 PO3IIAB/IEHNMM COMbOBUMU CyMi-
IIaMJ peayi3yerbcs SK 3a PisuvyHMM, Tax i 3a
xiMiYHMM MexaHi3MoM. 3a (isMIHNM MeXaHi3-
MOM MOJIEKY/IV OKCUJYy METAly IPOHMKAIOTD Yy
Bi/IbHI ycTOTH (TaK 3BaHi «[ipK1») pO3IIaBY,
pO3Mip Ta KOHIIEHTPallis AKMX BU3HAYAIOThCA
i1oro BibHMM 00’ emoM [25]. XimiuHmit Mexa-
Hi3M € pe3y/IbTaToM i0HOOOMIiHHMX ab0 OKMIC-
HO-BiJHOBHIX B3a€EMOJIIIA.

B igeanbHMX po3uMHax piBHOBAra M pos-
YMHEHOKI Ta TBEPMIOI0 PEYOBMHOIO 3a/I0Bi/Ib-
HO onucyerbcsa piBHAHHAM Illpemepa - Jle
[MTatenbe [26].

A[—[m.TiOZ (T AT;ULTI'OZ )

Inx = ,
RTTm.TiOZ
me R - yHiBepcasbHa rasoBa IIOCTiliHa;
AHnn.Ti02: 67,0 xII>x/monb (pytun) [27] — mo-
NSIpHA TENJIOTa IUIABJIEHHA JNiOKCUAY TUTAHY;
Tn;z.TiOZ: 2143 K - 1ioro temmeparypa IJIaB/IeH-
Hia [27].

Otpumani pesynpratu (tabm. 1, puc. 3)
CBij4aTh, 1O B3AEMOJIA JIOKCUIY TUTAHY 3
PpO3IIIaBOM XJIOPU/IiB HATPilO Ta KaJIbI[il0 CYII-
POBOIXYETbCA YTBOPEHHAM y CONMbOBiN (asi
CIIONIYK TUTaHY, po3unmHHuX B 1,0 % posuuni
xnopugHol kKucnoru (Tabn. 1), a y TBepromy

https://ucj.org.ua

3a/IMIIKY PEECTPYETbCA TUTAHAT KaJblIio,
IPUYOMY Ki/IbKICTh YTBOPEHMUX IIPOAYKTIB B
000x ¢asax CyTTEBO 3a/IKUTH Bifl TeMIepa-
Typu (puc. 3).

Hait6inpmia KinbKicTh RIOKCUAY TUTAHY
IIepeXOANTDb B CONMbOBY a3y B iHTepBasi TeM-
neparyp 823+923 K. IIpu npomy y TBEppo-
My 3a/MIIKy TUTAHAT KaJbLil0 HE BUABJIEHO.
3a Temmnepatyp, Bumux 923 K, piBHOBa)kHa
Ki/IbKICTh TIOKCUY TUTAHY Yy pO3IJIaBi 3MeH-
IIYeTbCA 31 30i/IbIIEHHAM TeMIlepaTypy, a y
TBEPAOMY 3a/MIIKY ineHTuQiKyoTh pasy Tu-
TaHATy Kajbliito (puc. 3), KiIbKicThb AKOI 3po-
CTa€ 3i 30i1blLIEHHAM TeMIrepaTypu (Tab. 2).

Tabmuus 1.
Bmict miokcupy TMTaHy B po3maBi 3a
Ppi3HUX TeMIIepaTyp

BmicT TuTanyy | PosumHHicTH
Temneparypa,| combosiit pasi |miokcupy TuTany
K (3 po3paxyHKy | 3a piBHAHHAM
Ha TiO,), mac.% |IlIpenepa, mac. %
823 0,157 0,22
873 0,591 0,39
923 0,410 0,65
973 0,088 1,01
1023 0,010 1,52
1073 0,007 2,19

Beaxatorp [17], mjo Haibinbur Biporif-
HOIO IIPUYMHOI B3a€EMOJII JIOKCUY TUTAHY 3
KoMIoHeHTamMu 6inapHoi cymimi CaO-CaCl,
€ B3a€EMO[Iif, Y pe3y/IbTaTi AKOI yTBOPIOETHCA
OKCOXJIOPW/J] TUTAHY:

CaCl, + 2TiO, «» CaTiO, + TiOCL, (1)
OCKI/IbKM TeTpaX/JIOpUJi TUTaHY, 110 BiAIOBi-
Jlae peakuil

2CaCl, + 3TiO, «» 2CaTiO, + TiCl,,

€KCIIEPMMEHTA/IbHO HE BUABUIIN.

(2)

27




®I3UYHA XIMIA

B3AEMOAIS AIOKCUAY TUTAHY 3 EBTEKTUHM PO3MJIABOM NaCl - CaCl,

Y upoMmy BHMIAIKy pO3IUIaBJ€HAa CyMill

3aMICTh OKCUJY Ka/bl|il0 MICTUTh XJIOPUJ,
HATpil0, TOMY MIOKCHUJ TUTaHY MOXKe Oparu

* TiOz-aHaTaz
A CaTiO3

y4acThb Y HU31i TAKMX [1I€PETBOPEHD:

2NaCl + 2TiO, <> Na,TiO, + TIOCL ~ (3)
2NaCl + 3TiO, <> Na Ti O, + TIOCL,  (4)
2NaCl + 4TiO, <> Na Ti,O. + TiOCL,  (5)
4NaCl + 3TiO, <> 2Na TiO, + TiCl, ~ (6)
4NaCl + 5TiO, <> 2Na Ti O, + TiCl,  (7)
4NaCl + 7TiO, <> 2Na Ti,O_ + TiCl, ~ (8)
CaCl, + TiO, <> CaO + TiOCL 9)
2CaCl + TiO, <> 2Ca0 + TiCl, (10)

Tabmmus 2.
Ckiraj, TBeporo 3alMMIIKy 3a PisHUX

TeMIIEPATyP, PO3PAaXOBAHOTO 32 METOOM
PiTBenbpma
Bwmict ¢as y TBeppomy 3annuiky,
Temmneparypa, Mac. YacTKa
TiO, CaTiO,

923 0,94 0,062

973 0,93 0,07

1023 0,91 0,091

1073 0,45 0,55

TepmopyuHaMiyHi po3paxyHKM Ha OCHOBI
OOBIJHMKOBUX JaHuX [28] mokasamm, 10 B
TemneparypHoMy iHtepsani 300-1300 K 3mi-
Ha i300apHO-i3oTepmiuHOro norenuiany (AG)
peakiiit 06miny (1)-(10) Mae mosuTUBHI 3Ha-
YeHHs, TOMY CaMOYMHHUIA Hepe6ir X € Ma-
noriMoBipHuM (puc. 4). HavimeHi 3HauyeHHs
3MiHM BiIbHOI eHeprii [i66ca BigmOBiZaTH
peakuii (2). Tpoxu Bmii 3HayeHHs i306ap-
HO-i30TEpMiYHOIO IOTEHIia/lly XapaKTepusy-
10Th B3aemopii (1, 9 ta 10) (puc. 4).
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20, rpan

Puc. 3. PentreniBcobki gudpakrorpamm TBepaoi
¢dasy micaA BUTPUMKM €BTEKTUYHOTO PO3IUIABY
XJIOPU/IiB HATPilO Ta KaJIbLIiI0 3 IIOKCUZOM TUTAHY
3a pisHMX TeMmmeparyp: 1-823; 2-873; 3-923;
4-973; 5-1023; 6-1073 K.
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Puc. 4. Eneprisa'i66ca peaxuiit 1-10 B inTepBani
temnepaTyp 300+1300 K

BigcyTHicTh TMTaHaTy Ka/lbllil0 B TBEpJO-
MY 3a/IMIIKY IIiC/IA TPUBAJIOTO i30TEPMiYHOTrO
kontakty TiO, 3 posmmasom NaCl - CaCl, B
intepBani temmeparyp 823+923 K moxxe 6yTn
3yMOBJIEHA TUM, IO 3a TaKUX TeMIIepaTyp
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PO3UMHEHHs JiOKCUJY TUTaHYy BigOyBa€TbCs
3a (isuyHMM MexaHi3MOM abo0 3a 3MilllaHUM
¢bi3MKo-XiMIiYHUM MeXaHi3MOM 3a y4acTIo
npotecis (9) ta (10). Ha xopucTp 11p0ro cBif-
YyaTb pe3y/lbTaTy PO3PaXyHKIB 3a PIBHAHHAM
[Ipenepa — Jle Illatenbe (Tabm. 1), sike He Bpa-
XOBY€E IIPUPOAY PO3YMHHMKA Ta BIUIMB XiMi4-
HOI B3a€MOJil MDK HUM 1 CIIONTYKOIO, 110 PO3-
YMHIOITb. Y 3a3HAYE€HOMY iHTepBaJi TeMIle-
paTyp KOHIIEHTPAIlis CIIONYK TUTAHY 3i 30i/1b-
LIEHHAM TeMIIepaTypyU 3pOCTaE.

ITounnaroun 3 Temmeparypm 923 K, xa-
paKTep B3aEMOJIl MDK JiOKCUMIOM TUTaHy Ta
pO3IUIaBOM 3MIiHIOETbCA. BoueBnap 3a Takux
Temneparyp (923+1073 K) gominyoounm crae
BHECOK XiMiuHOI B3aEMOfii Mi>k KOMIIOHEHTa-
MI, IPMYOMY B3a€EMOJ i BiL[6YBa€TbCH 3a ofI-
Hielo 3i cxeM peaxiiiit (1-2), AKi CyIpoBOmXKYy-
I0TbCSA YTBOPEHHSAM METATUTAHATY Ka/bliifo
Ta JIETKMX CIIONYK TUTaHy. KibKicHUIT BMicT
¢dasmy, AKy 3a CKIAZIOM y TBEPAOMY 3a/INILIKY
inenTudikyrors sk CaTiO,, spocrae (tabmn. 2),
a KiJIBKICTb CITOZTYK TUTaHY Y COMboBiit ¢asi (y
pospaxynky Ha TiO,) smenmyerbcs (tabm. 1).
IIboMy 3HAYHOK MIpOKX CHpUAE Te, IO AK
TiCl,, tak i TiOCl, y 3asnaueHomy inTepBari
TeMIIepaTyp iCHYIOTb JIMIIe B Ia30IOfi0HOMY
crani [17, 28], a po3uMHHICTh ra30noOmiOHUX
CIIOTTYK HE3a/IEXKHO Bifl IPMPOJY PO3YMHHIKA
3a 30i/IbIIIEHHS TeMIlepaTypy 3MEHIIYEThCS.
TuTaHat Kasbliilo, 1[0 YTBOPIOETbCA HA MeXi
pospiny ¢as posmnas / TiO,, Takox € ofHiero
3 IPMYVH 3MEHIIEHHS PiBHOBa)KHOI KOHIIEHT-
pallil CIO/IyK TUTaHY Y POS3IIaBi, OCKIIbKN
CTae Ha 3aBaji 0e3nocepeHbOMY KOHTAKTY
KOMIIOHEHTIB peaKIiiHOI CyMilli.

BVICHOBK/. Bsaemopia MiXK TiOKCHUIOM
TUTAHy Ta €BTEKTUYHUM PO3IIABOM XJIOPU-
IiB HATpil0 Ta KaJbIil0 CYIPOBOIKYETHCA
YTBOPEHHAM TUTAHATY KaJblil0, IPUUOMY

https://ucj.org.ua

jioro ifeHTNIKyIOTDh y peakiiiiHiil cymimi 3a
temneparyp, sumux 923 K. Kinbkictp THTa-
HATy KaJIbIif0 y TBepAiil (pasi 36inburyernbes 3i
36i7bIIIEHHAM TeMIepaTypy, BOJHOYAC Ki/lb-
KiCTb CHONIYK TUTaHy y CONbOBill ¢asi 3meH-
myerbcs. Hait6impimmit piBHOBaXHUI BMICT
CIIONTYK TUTAHY y CONMbOBill (asi peecTpyroThb
y TeMIepaTypHoMy iHTepBaji 823+923 K 3a
Bi[[CYTHOCTI TUTAHATy Kajbllil0 y TBEPAOMY
3a/IMIIKY 1 BiH HACTIZIbKY K BUIIMIL, HACKi/Ib-
K1 BUIIIA TEMIIEPATYpa.

E Po6oTy BUKOHaHO B paMKax IPOEKTY
=4 Ne 0116U002889 1inpoBoi mporpamu
HayKoBux pocnimpkenb HAH Ykpainu «Mine-
palbHO-CUPOBMHHA 6a3a YkpaiHu K OCHOBa
Oe3IeKn iepKaBu».
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N
INTERACTION OF TITANIUM DIOXIDE WITH

EUTECTIC MELT NaCl - CaCl,

Omelchuk A. O.%, Pavlenko T.V.,
Ivanenko O. P., Pohorenko Yu.V.,
Skryptun 1. M.

V. I. Vernadsky Institute of General and Inor-
ganic Chemistry of the NAS of Ukraine, Kyiv
142, Palladin Ave., 32/34

e-mail: omelchuk@ionc.kiev.ua

RESUME. The results of studies of the in-
teraction of titanium dioxide with the eutectic
melt of (0.48) NaCl-(0.52) CaCl, (mol.) in the
temperature range of 823-1073 K are shown.
It is established that the interaction of titanium
dioxide with the melt of sodium chlorides and
calcium is accompanied by the formation in
the salt phase of titanium compounds soluble
in 1.0% solution of hydrochloric acid, and in
the solid residue is recorded calcium titanate,
and the number of products formed in both
phases substantially. At temperatures above
923 K is formed calcium titanate, the relative
amount of which increases with increasing
temperature by reducing the equilibrium con-
tent of titanium compounds in the salt phase.
At temperatures below 923 K, calcium titanate
was not detected in the interaction products,
and the content of titanium compounds in the
salt phase was higher than at higher tempera-
tures.

The absence of calcium titanate in the solid
residue after prolonged isothermal contact of
TiO, with the NaCl-CaCl, melt in the temper-
ature range 823-923 K may be due to the fact
that at such temperatures, the dissolution of ti-

30

tanium dioxide occurs by physical mechanism
or by a mixed physicochemical mechanism.
The results of the calculations by the Schroe-
der-Le Chatelier equation support this. In the
specified temperature range, the concentration
of titanium compounds increases with tempe-
rature. Starting from 923 K the nature of the
interaction between titanium dioxide and the
melt changes. Apparently at such temperatures
(923-1073 K), the contribution of the chemical
interaction between the components accom-
panied by the formation of calcium metatanate
and volatile titanium compounds is dominant.
The quantitative content of the phase, which in
composition in the solid residue is identified as
CaTiO,, increases, and the number of titanium
compounds in the salt phase (based on TiO,)
decreases.

The change of isobaric isothermal potential
(AG) in the temperature range of 300-1300 K
of the exchange reactions between sodium
chloride and calcium and titanium oxide is
positive, so self-directed course is unlikely. The
lowest Gibbs free energy values correspond to
the reaction of the interaction of calcium chlo-
ride with titanium dioxide to form titanate or
calcium oxide and tetrachloride or titanium
oxochloride.

Key words: titanium dioxide, calcium chlo-
ride, sodium chloride, eutectic melt, interac-
tion.
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TEPMOAWHAMIYHI BNACTUBOCTI CPIBJIOBMICHUX CMOJIYK

CUCTEMMW Ag-Fe-Sn-S, OTPUMAHUX HU3bKOTEMNEPATYPHUM
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Anomauis. Metogom EPC BcTaHOB/IEHO iCHYBaHHA B PiBHOBa)KHOMY KOHIIEHTpAlilfHOMY IIpO-
cropi cucremu Ag-Fe-S ciomyk AgFeS, Ta Ag FeS, sa T<600 K. [l mocmipkeHb BUKOPUCTOBYBasn
enekrpoximiyni komipku (EXK) crpykrypu (=) C | Ag | SE | R(Ag") | PE | C (+), ne C - iHepTHMit
enexktpop (rpadit), Ag — HeraruBHuit (iBuit) enexkrpon, SE — tBepauit enexrponit, PE — mosntusHMit
(mpaBwmit) enektpon, R(Ag") — obnactb auysii ionis Ag* B PE. Ik SE BuKopucToByBamm cKiIo Ag,GeS..
3a yJacTi TPUKOMIIOHEHTHMX CIOTYK copmoBaHo $asoBy obmactb SnS -FeS -Ag FeS, (A) cucremn
Ag-Fe-Sn-S. Tlonin (A) spiiicHroorp nepepism AgFeS,-Ag FeSnS,, AgFeS -Ag FeSn.S Ta AgFeS -
SnS,. IIpocropose monoxenns nsodasuux FeS -AgFeS, AgFeS -Ag FeS Ta tpudasnux AgFeS -
Ag FeSn S —SnS,, AgFeS —Ag FeSnS —Ag FeSn.S_ ninanok (A) BifHOCHO TOuKM cpibnia BUKOPUCTAHO
IJIA 3aIMCy PIBHAHD CYMapHMX ITOTEHIia/I-BU3HAYaIbHMUX peaKlill. Peakiil sfIiliCHEHO B IIO3UTUBHIX
enektpopax EXK. ITo3uTHBHI eleKTpopy BUTOTOBIEHO 3 f0Ope IepeMilllaHUX [piOHOAMCIIEPCHMX
(posmip yacTok <5 MkM) cymimeii conyk Ag S, FeS, FeS, ta Ag S, FeS, FeS , SnS, s so- Ta tpudas-
HVIX [I/I1HOK (A) BigmosigHo. CHiBBigHOIIEHHA CIIONYK Y Ho3nTUBHYUX efekTpopax EXK BcraHOB/IEHO
Ha OCHOBI PiBHfIHb CYMapHUX HOTeHIlia/I-BU3HAYQJIbHMX peaklill y BifnoBigHux ¢azoBux obmactsx.
Posmay MeTacTabiNbHOI CYKYIHOCTI JBOKOMIIOHEHTHMX CIIOTTYK Ta CMHTe3 PiBHOBa)KHOTO Habopy ¢a3
37IiJICHEHO B HAHOPO3MipHiil fi/AHLi nosnTuBHOTrO enekrpona EXK, mo konrakrye 3 SE, To610 B 06-
nacti R(Ag"). Ionn cpibna, 1mo 3MicTimcs 3 1iBOro JJ0 IPaBoro eIeKTPofia 3TiflHO TepMOANHAMIYHIX
BMIMOT, BUKOHYIOTb POJIb IIEHTPiB 3apOKEeHH: piBHOBaKHMX cIToNyK. 3a 580 K TpuBamicTh cuHTE3y He
nepesuiye 72 rop. Jlininni 3anexxHocti EPC KoMipoK i3 TOSUTUBHMMIY eIeKTPOAAaMI 1BO- Ta Tpudas-
HUX obacTeil oTpuMaHo B iHTepBanax (455-519) K ta (450-514) K Bignosigxo. Ha ocHoBi oTpuma-
HUX JIaHUX PO3PAaX0OBaHO TepMopHaMiuHi pyHkuil comyk AgFeS, Ag FeS,, Ag FeSnS, Ta Ag FeSn.S,
y CTaHZapTHOMY CTaHi. [JOCTOBIpHICTh BCTAHOB/ICHNX PiBHOBaXKHMX HaOOpiB (a3, 0 3a0e3IedyroTh
IoTeHLlia/I-BU3HavYa/bHi peakuii B EXK, migTsepikeHo cniBnaiiHAAM pO3paxoBaHMX Ta TiTepaTypHUX
sHaueHb eneprii [166ca Gopmysanns cniomyk Ag,FeSnS, ta Ag FeSn.S,.

KirouoBi coBa: cpi6/10BMicHI CIIONTYKY, TepMOAMHAMIYHI BTacTUBOCTI, (ha30Bi piBHOBAry, MeTa-
crabinpamit cran, metor EPC.
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BCTYII. PiBroBa>kxHMi1 T—x mpoOCTip HEOP-
raHiyHux cucreM 3a 1<600 K moxxe HabyBatu
B/IaCTUBOCTeNl MeTacTabimpHOro. ITprymHoro
€ HelOCTaTH:A eHeprisd KONMMBHOTO PYXY aTOMiB
(rpyn aromiB) miA posmagy MeTacTabiIbHMX
CIONMYK Ta yTBOPEHHA LIEHTPIiB 3apOjyKeH-
HA HOBMX piBHOBaXHUX ¢as. Y miteparypi €
HOPUKIAIN CUCTEM, Y KOTPUX MeTacTabi/IbHIIA
Habip (a3 OXOIUII0E MPaKTUYHO yBeChb CYO-
COMigycHUI1 iHTepBasn TeMIepaTyp. 30Kpema,
cucrema Ag-Fe-S y vactuni Ag-Ag S-FeS -
FeS xapakrepusyerbcs MeTacTabilIbHUM Ha-
6opom (a3 i3 3a3HaUeHMX CIIONYK Ta cpibia
3a T<565 K [1]. Hocnimxenusam T-x nmpocTo-
py cucremn Ag-Fe-S y temmnepaTypHOMY iH-
tepBasi 450-1000 K He BcTaHOB/IEHO popMy-
BaHHA NOTpilHMX crionyk [1]. IIporte cuctema
XapaKTepU3yeTbCs MiHepamaMy GOPMYTbHIX
cknanis AgFe S, AgFeS Ta AglFeS, mo
posmagaroorbes 3a 1>450 K. YV mpawsx [2-5]
HNOCIIPKEHO TEpPMOAMHAMIYHI BJIACTUBOCTL
JTBOKOMIIOHEHTHMX MiHepasiB cucremMm Ag-
Fe-S i3 BUKOpUCTaHHAM METOAY €eKTPOPY-
mrirtaoi cumm (EPC).

IcnyBaHHA [BOX NOTPIMHMX HPOMDKHUX
conyk AgFeSe, Ta Ag FeSe, y piBHOBaXXHO-
My KOHIIEHTpaL[illHOMy IpPOCTOpPi CHUCTeMU
Ag-Fe-Se 3a T<600 K BcTaHOB/IEHO B po60-
i [6]. Cromyky oTpuMaHO 6e3aKTUBAILiTHOI
nepeOymoBOI0 MeTacTabi/IbHNX CIIABiB IO3M-
TUBHUX €IEKTPOJIB €lIeKTPOXiMIYHMX KOMi-
pox (EXK). LlenTpamu 3apojpKeHHs CIIONyK
ciIyryBamy ioHn Ag', mo 3MicTunncA 3 miBoro
B npaBuii enektpon EXK 3 npuumHu BigMiH-
HOCTell XiMiYHUX moTeHIlianiB. He Bukioya-
I0Tb iCHyBaHHA TPUKOMIIOHEHTHUX CIIONYK,
CMHTeTUYHUX CpiONOBMiCHUX aHAJIOTiB MiHe-
pany XanabKOIIpUTY TaKOX i B HM3bKOTEMIIE-
paTypHill findgnni piBHoBaxkHOro T-x mpo-
cropy cucrem Ag-X-S (X: Fe, Co, Ni, Mn).

https://ucj.org.ua

Cucrema Ag-Fe-Sn-§ xapaxrepusyersn-
csl IBOMA YOTMPUKOMIIOHEHTHUMMM CIOTyKa-
mu Ag FeSnS, ta Ag FeSn,S, [7-10]. Cromy-
KI IIJIAB/IATbCA iIHKOHTPYeHTHO 3a 922 K ra
1031 K BinnoBigHo, 3 yTBOpeHHAM pifikoi dpasu
Ta TBepfioro posunHy e-FeS. Ag FeSn.S, e da-
3010 3MiHHOTO cKmagy [11]. 3miHa KpucTamiv-
HOi cTpyKkTypu Ag FeSn,S, 3i croponn e-FeS
Ta 'Ag Sn.S’ BinbOyBaerbcsa 3a 818 K ra 831 K
BiZIMOBiZHO. 3a y4acTi YOTMPUKOMIIOHEHT-
HUX CIIONYyK cpopMmoBaHO (Ha3oBy 00/1acTb
FeS-Ag FeSnS,-SnS-Sn S, [12]. [Toxin sasHa-
4yeHoi 067acTi Ha okpeMi YoTupudasHi finsgH-
KU, IXHE MOJ0XXEeHHS BiTHOCHO TOYKU Cpi6na
BUKOPUCTAHO [I BCTAHOBJIEHHA CyMapHUX
IIOTEHIIia/I-BU3HAYa/IbHUX pPeaKI(iil 3a yJacTi
YOTUPUKOMIIOHEHTHHMX CIIO/IYK Ta MOJja/IbIINX
PO3paxyHKiB TepMOAMHAMiYHMX BJIaCTMBOC-
Teit Ag FeSn S, Ta Ag FeSnS, [11,12].

Y 3a3HaveHiit poOOTi apryMeHTYeThCA:

a) popMyBaHHA B piBHOBRXHOMY KOHIIEH-
TpaniiiHoMmy npocropi cucremu Ag-Fe-S npox
noTpiiiHnii cionyk AgFeS, ta Ag FeS ;

0) TOpiM YOTMPUKOMIIOHEHTHOTO KOHILIEH-
TpauiiiHoro npocropy cucremu Ag-Fe-Sn-S
y dasosiit o6macri SnS -FeS,-Ag FeS, Ha ok-
pemi tpudasHi finaHku sa ydacri Ag FeSn,S,
Ta Ag FeSnS ;

B) IOCTOBipHICTb BMKOHAHNX PO3PaXyHKiB
TEepPMOJIMHAMIUYHMX BIaCTUBOCTEN TPU- TA YO-
TUPUKOMIIOHEHTHUX CIIONYK.

EKCIIEPUMEHTAJIDPHA YACTHHA.
CMHTE3 KOMIIOHEHTIB EJIEKTPOXI-
MIYHMX KOMIPOK. Jina cuHTe3y 3pasKib
BMKOPUCTOBYBa/IM XiMiuHi enemeHTn Ag, Ge,
Sn, S uncrorn >99,99 mac. % ta Fe yncrorn
>99,5 mac. %.

[TosutmsHi enekrpogu EXK Burorosnsamm
3 IpibHOAUCIIEpCHUX (PO3Mip YaCTOK <5 MKM)
cymimeit cronyk: AgS, FeS, FeS, ta SnS,.
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Cnonyku Ag S Ta FeS orpumano BakyyMHUM
TBepHo(da3HNM CUHTe30M JoOpe Iepemilra-
HOI JipiOHOAMCIIEpCHOT CyMillli eJleMeHTiB 3a
900 K ynponosx 5 rop. Peakuii S + FeS > Fe§,
Ta S + SnS > Sn§, 3[iiiCHEHO y BaKyyMoBa-
HUX KBapIIOBUX aMITy/ax i3 joOpe mepemimnra-
HUX Cipku, MOHOCYnbdifiB 3amisa Ta ooBa 3a
950 K ympogmosx 2 1i6. Cronyky SnS orpuma-
HO OXOJIOJ[KEHHAM BaKyyMOBAaHOTO pO3IIaBy
cymimi Sn ra S Bizg 1200 K.

@aszoBuil CK/IaL CUHTE30BAaHMX CIIONYK
KOHTPOJIIOBA/IM METOJOM PEHTIE€HiBChKOTO
¢dasoBoro anamisy (P®A): pudpakromerp
STOE STADI P, reomeTpist Ha IPOXOAKEHH,
Cu Ko, -BUTIPOMiHIOBaHHS, YBIrHYTUII MOHO-
xpomaTop Ge (111) Ha MepBMHHOMY ITPOMEH,
20/w cxkanyBanHa. [Ina POA Bukopucrosysa-
mu maketu mporpaM STOE WinXPOW [13] Ta
PowderCell [14], a Takox 6asu ganux [15,16].
Kpucraniyay crpykTypy ¢as yTO4HIOBaIN
MeTofioM PiTBenbfia 3 BUKOPUCTAHHAM (PyHK-
uii mpodinto pseudoVoigt 3a KOoIoOMoroxo mpo-
rpamu FullProf.2k [17] i3 makera mporpam
FullProf Suite [18].

Ckno Ag,GeS, [19-22] orpumaHo rapry-
BaHHAM pOS3IUIAaBy BIJIIOBIJHUX €/IEMEHTIB
Big 1200 K y mponsiny Bony. IpyHTyIOUMCh Ha
BMCOKIJl YMCTOTi IOYAaTKOBUX €/IEMEHTIB Ta
mobpoMy crhiBHajiHHI 3HaueHb TeMIepaTyp
CK/IyBaHHA Ta KpMCTaji3alil CKla, OTpUMa-
HOT'O B HAIIMX JOCTiMKeHHAX [22] i3 maHuMM
aBTOpiB [19], 3po6/IeHO BUCHOBOK, WO YM-
CTOTAa CMHTE30BAaHOTO MaTepially CTaHOBUTD
=299 mac.%.

BVMIPKOBAHHA EPC EJIEKTPOXIMIY-
HIUX KOMIPOK. [na 3mpificHeHHS TOTEHITi-
a/-BU3HAYa/JIbHUX peaklliil Ta BUMIpPIOBaHb
EPC Burorosnanu EXK crpykrypn:

(-)C|Ag|SE|R(Ag") |PE|C(+), (B)

36

e C - inepTHuMit enekTpog (rpadir), Ag — He-
ratuBHUN (niBuit) enekrpon, SE — TBepmuit
enektponit, PE - moswtuBHUII (mpaBuii)
enekTpon, R(Ag") — obmacte audysii ionis
Ag* B PE.

HeratuBHUM €eKTpOJOM C/IyTyBajo IIO-
poukomnozni6ue cpibno. Sx SE Bukopucrosy-
Bamu ckno Ag GeS,, siKe € CyTO iOHHUM IPO-
BiTHMKOM IO KaTioHax cpibma [19,23]. Ilo-
sautuBHi enekrpopu EXK rorysamm 3 pobpe
nepemilraHux apibHopgucrepcHUX (posMip
4acToK <5 MKM) cymimeii cnonyk Ag,S, FeS,
FeS, ta Ag S, FeS, FeS,, SnS, nna mocnimpxenp
TeMIepaTypHux 3anexHocteir EPC xomipok
IBO- Ta TpuGa3HUX PiBHOBOKHUX MAiTSHOK
BignosigHo. CHiBBiJHOLIEHHA CIONYK IIO-
suTUBHMX enekTpopiB EXK BcTaHOBIEHO Ha
OCHOBi PpIBHAHb CyMapHUX IIOTEHIIia/l-BN-
3HAUa/JIbHMX peakuii. PiBHOBaxHMIT Habip
¢da3 y HAaHOPO3MipHill JiIISHII TO3UTUBHOTO
enexrpona EXK, 1o xonrtaxTye 3 SE (06mactsp
R(Ag")), popmyBaBcs B TeMIIepaTypHOMY iH-
teppati 530-580 K 3a yac <72 rog. Ik i B po-
60Ti [6] BMOKpeMUTHU piBHOBaXXHMIT HAbip da3
3 R(Ag") obnacri EXK pns POA HemoxxmuBo
y 3B’A3Ky 3 He3HAYHOIO JI0ro KinbkicTio. PiB-
HoBary B EXK BBakamm [JOCATHYTOIO, KON
sHayeHHA EPC Oymmu mocriftHuMu abo ixHi
3minn (<0,2 MB) ocriutroBamy HaBKOJIO cepefi-
HbOTO 3HAY€HHs BIPOJOBX Ki/IbKOX TOAVH.
3a IOCTiIHOI TeMIlepaTypy BiMIiHHOCTI Yy
sHayeHHAX EPC, oTpuMaHux mij yac Harpisy
Ta OXO/NO/KeHHd, He mepeBuinyBamm 0,5 %.
BesaktuBaniitHuit posmag MeTacTabinbHOIL
CYKYITHOCTi JJBOKOMIIOHETHUX CIIO/IYK Ta CUH-
Te3 piBHOBAXHOTO Habopy ¢a3 3abesnevyyroTb
ionu Ag', 0 3MicTUINCA 3 JIIBOTO JJO IPaBOTO
€JIEKTPOJa 3 TEPMOAVHAMIYHIX IpUYNH. JoHNK
cpiba BUKOHYIOTb POJIb LIEHTPiB 3apO/KeHH
PiBHOB)XHMX CITONTYK [24].
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[Topourkononi6ui komnonentn EXK 3am-
pecoByBanu mig TrickoMm P = (1,1 £0,1)-10° ITa
B OTBOpM JiamMeTpoM 2 MM, BUTOTOBIIE-
Hi y ¢ropommacToBili OCHOBi, 1O T'yCTMHU
p = (0,93 £ 0,02)-p,, me p, — €KCIepuMeH-
TaJIbHO BU3HAu€Ha TYCTMHA JUTUX CIUIa-
BiB. 3HayeHHaA EPC KoMipok BuMiproBanmmu
nudposuM BonpTMeTpoM U7-9 i3 BXigHUM
omopoM >10" OM, MeTOAOM TeMIepaTyp-
Horo TutpysaHHsa [25]. 3i6pany EXK pa-
30M 3 a/JIOMiHIEBUMM €KpaHOM IIOMIllJa/Ii B
KBapIOBY TPYOKy 3 maTpyOKaMu JIsl BXOAY
Ta Buxopny rasy. BumipioBanua EPC Buxo-
HyBaJyM B IIOTOL CyXOro aproHy 4YMCTOTOIO
99,9 mac.% 3i mBugkicTio 1 cm>xB~!. TToTik
rasy CIpsIMOBYBa/M BiJi HETaTMBHOTO [0 IIO-
sutuBHoro enekrpopis EXK. binbm geranb-
HO ycTaHOBKY Jyi EPC BuMiproBaHb onmcano
B po6oTi [6].

PE3YJIbTATV TA OBI'OBOPEHHA. TEP-
MOIMHAMIYHI BJIACTMBOCTI CIIO-
JIVK AgFeS, TA Ag FeS, Ha puc. 1 HaBeneHO
Ha3BM MiHepasiB, IXHINl XiMiYHMI CKIaj Ta
IIOJIOKEHHA B KOHIIEHTPALiIHOMY IIPOCTOPi
cucremn Ag-Fe-S [1].

S

marcasite
pyrite (FeS,)
SICigite (Fe;S,)

frieseite smythite

(Ag,FesSq) / mono. po (Fe,Sq)
argyropyrite ‘o ~_hex.po (Fe,_S))“pyrrhotite”
(AgsFe;S,) o —troilite  (FeS)

sternbergite mackinawite (FegSg)
“argentite” argentopyrite
ac%mhite (Ag,S), (AgFe,S;)

Ag Fe
Puc. 1. Minepamu cucremn Ag-Fe-S [1].

3rigHo maHuUX poboru [1], piBHOBaru a3y
ninanni Ag-Ag S-FeS -FeS cucremn Ag-Fe-S

https://ucj.org.ua

3a T<521 K He Oyma pgocsarayro. dasoBmit
ckmap crmaBy Ag.  Fe, S, 1o sHaxoanThCA
Ha nepeTuHi nepepisis Ag-FeS ta Ag S-Fe S,
(puc. 2), € pi3HMM 3a/Ie)KHO Bij IIOYaTKOBOTO
Habopy ¢as, TeMueparypu Ta 4acy isorepmiu-

HOTO BifjIIay.

marcasite
Dyeite (FeS,)

mono. po (Fe,S,)

~__hex.po (Fe,,S)
—troilite  (FeS)

“argentite”
acanthite (Ag,S)y

Ag - Fe

Puc. 2. HepiBHOBaXkHa 06/1acTh a3oyTBOpPEeHb
Ag-Ag S-FeS -Fe S, Ag-Fe-§ 3a
T<521 K [1]

CUCTEMMU

Ax iy BUnagxy JOCIii)KeHb piBHOBa)XHO-
ro ¢asoyrBopenHa B cuctemi Ag-Fe-Se [6],
HaMM IIPOAHA/Ii30BAaHO MOXK/IUBICTb iCHY-
BaHHA B PIBHOBa)XKHOMY KOHI€HTPALIITHOMY
npocropi cucremu Ag-Fe-S cromyk AgFeS,
ta Ag FeS . Ckmagyu 3a3Ha4eHMX CHOMYK 3HA-
XOIATbCSA Ha IepeTyHi IepepisiB AgS’-FeS,
Ag-FeS, Ta Ag S-FeS, Ag-FeS,, ‘AgS’-Fe Bip-
NoBiHO. 3TifHO TaHMX [26], TPUKOMIIOHEHTHI
crionyky GOpMYIOThCS Ha IepeTHHI IepepisiB
MDX IOZBIIHMMM CIIOJIYKaM¥ YM TIOABITHUMMA
CIIOTTyKaMM Ta €/IEMEHTAMI.

Ha puc. 3 306pakeHO TOAin piBHOBaX-
HOTO KOHLIEHTPALiIHOIO IPOCTOPY CUCTEMMU
Ag-Fe-S B wactuni Ag-Ag S-FeS,, minrsep-
IPKEHMII HaCTYIHVMM €KCIIePMMEHTAIbHYMU
TIOCIIIKeHHAMI.

37




®I3UYHA XIMIA

TEPMOAWHAMIYHI BMACTUBOCTI CPIBJIOBMICHMX CMOJTYK CUCTEMU Ag-Fe-Sn-S,

OTPUMAHNX HU3bKOTEMNEPATYPHUM TBEPO®A3HUM CUHTE30M

marcasite
pyrite (FeS,)

mono. po (Fe7SX)
~_hex.po (Fe, S)|“pyrrhotite”
= N\—troilite (FeS)

“argentite”
:::‘ganﬂlite (Ag,S)s

A
%I/IC. 3. PiBHOBaxHe (pa3oyTBOpeHHA cuCTeMM
Ag-Fe-Syuactuni Ag-Ag S-FeS, 3a T<600 K. [lna
nBox mBodasHMX Ta ABOX TpudasHux obmacreit
BKaszaHo 3HaueHHs EPC (MB) xomipox 3a T=460 K.

3alpONOHOBAHMII MOJIN [inAHKM Ag-
Ag S-FeS, na oxpewmi ¢asosi obnacti FeS, -
AgFeS, (I), AgFeS —Ag FeS_ (II), Ag S-FeS -
AgFeS, (III) ta AgS-AgFeS -Ag FeS (IV)
BUKOPUCTAHO [ BCTAaHOBJIEHHA CKJIafliB
nosutuBHux enekrpofis EXK. IlosutusHi
e/IeKTPOAY BUTOTOB/IANN Y BUIAAL Api6-
HOZIMCIIEPCHOI, Hobpe mepemimaHoi CyMi-
mi cnonyk Ag,S, FeS ta FeS.. Jlna dasosoi
obmacti (I) cniBBigHOIIEHHA CTAaHOBUIIO
AgS: FeS:Fe§ =1:1:3, mo Bignosigae
eKBIMOJIAPHIN cymimti cnonyk FeS, ra AgFeS..
Ins dasosoi obmacri (II) cniBBigHOIIEHHS
cTa”HoBM/IO 3 : 3 : 1, 1m0 BifNnoBifae cymimri
cnonyk AgFeS ta Ag FeS . [Ina dasoBux 06-
nacren (III) Ta (IV) cniBBigHOIIEHHS CTaHO-
Bumm 3 :1:3T1a5:3: 1, mo0 BiAmOBigawTh
tpudasnum cymimam crnonyk AgS, FeS,,
AgFeS, ta AgS, AgFeS,, Ag FeS , Binmosin-
Ho. Ha puc. 3 yepBoHMMU KO/aMy 3a3Hade-
HO CKJIaJyl TIO3UTUBHUX eJIeKTPOAiB Pa3oBux
o6macreit (I)-(IV). PiBHoBaxxne ¢aszoyro-
penns B yactuni Ag FeS -FeS ~FeS ne nocsr-
HyTO. VIMOBipHOIO IPUYMHOW € POPMYBaHHA
KIZTbKOX TPMKOMIIOHEHTHUX CITONYK Y LM Ji-
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JISIHII KOHIIEHTPaL|ifiHOTO IpocTopy, daso-
BUII CK/TAJl IKUX HEBITOMUI.

[TpaBuabHICTD 300paXkeHOTO Ha puUC. 3 piB-
HOB@)XHOTO KOHIIEHTPALiIHOTO IIPOCTOPY
HiATBEPKEHO TaKVMU ITOTOKEHHAMM:

a) EXK i3 mosutuBHuMu enexrpopamu da-
30BUX OO/acTeil XapaKTepU3YITbCA pi3HMU-
mu 3HadeHHAMHU EPC 3a T=const B iHTepBai
T=(455-520) K, tabm. 1 Ta puc. 4;

0) 6inbuI BifmaneHa Bij Touku cpibna daso-
Ba 00/1aCTb XapaKTepU3y€eThCs BULIVIM 3HaUeH-
M EPC [27], puc. 3. 3o6pakennit Ha puc. 3
IIOA/I KOHLEHTPALIIMIHOTO IIPOCTOPY CUCTEMU
Ag-Fe-S y wactuni Ag-Ag S-FeS, nae mox-
nuBicTh Bukopucratu merton EPC [27] mus
PO3paxyHKy TepMOAVHAMIiYHUX BIacCTUBOC-
Teii cionyk AgFeS, ta Ag FeS,.

Tabnuus 1

Bumipsni 3Hauenns remuneparypu (1) Ta
EPC (E) enexTpoxiMiyHNMX KOMipoOK i3 mo3u-
TUBHUMM eneKTpomamu (a3oBux obmacreit
(H)-aAVv)

®dasoBa 00acTb

T/K (I) (IT) (I11) (Iv)

E/mB E/MB E/MB E/mB
455,1 202,01 183,07 203,78 185,27
460,0 202,89 184,14 204,83 186,33
465,0 203,93 185,22 205,9 187,39
469,9 204,84 186,28 206,95 188,54
474,8 205,76 187,25 208,16 189,61
479,7 206,65 188,14 209,18 190,68
484,7 207,72 189,15 210,34 191,83
489,6 208,58 190,02 211,27 192,86
494,5 209,53 190,95 212,42 193,92
499,4 210,48 192,05 213,47 195,01
504,3 211,33 193,05 214,55 196,08
509,2 212,18 194,00 215,56 197,25
514,1 213,22 195,14 216,74 198,16
519,0 214,09 196,23 217,92 199,44
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CymapHi noTeH1jiaI-BU3Hava/IbHi peakllii 3a
y4acTi JOCTIPKYyBaHUX CIIOTYK MAIOTh BUITLAL;
Ag + FeS = AgFeS , (R1)

Ag + AgFeS, = Ag FeS.. (R2)

Peaxuii (R1) Ta (R2) 3giiicHeHO B MO3UTHUB-

3a TeMrepaTypu 715 n — YUCIO Map €KCIepu-

MEHTa/NMbHMX TOUOK E, Ta T)).
Koedinientn b Ta a pospaxoByBamm 3a
piBHsHHAMU (2) Ta (3):

Hux enekrpopax EXK runy (B) y pasoBux 06- _ Z[(El B E)(]: B T)] > (2)
nactax (I) Ta (II) BigmoBimHO. Z(]: _T)z
2201 a=E-bT. 3)
Craructuysi gucnepcii okpeMux BUMipIo-
210} Baub EPC £ (ué ), KoediuieHtis b (u,f) Ta
a (u}), a Takox PO3paxXOBAaHUX 32 PIBHSH-
200l HaM (1) sHayen» EPC E (ué) BM3HAYa/IM 3a
E dbopmymnamn: 2
E —E,
190 L = 1 ué = M , (4)
e 2 n-2
o 3
° ¢ u? (T)= i (5)
A 480 500 520 ’ Z(T -T )2 ’
T/K b
Puc. 4. TemnieparypHi 3anexxsocti EPC xomipok _ ué uzT g 6
i3 mo3uTMBHUMY eneKTpomamu (Ha3oBKX obIacTeil: a ( ) T -7V ’ (6)
() -1, -2, (1) -3 ra (IV) - 4 Z( i )
2
u —\2
3 aHayi3y gaHuX puc. 4 caifye, 1o Temre- up (T)= 7E+uf (7: —T) _ (7)

parypHi 3anexxHocti EPC xomipok y ¢aso-
Bux obmactax (I) ra (II) e ninitaumu. OTxe,
pesynbratu EPC BuMmiproBaHb, onpalnboBaHi
METOZIOM HalIMEeHIIVX KBajipariB [28], Mo)kHa
HaJlaTy y BUITIAL]L PIBHAHHA:

E=a+bT=E+b(T-T), (1)

DY
fe E=4=—, T =%=— (E, - EPC komipkn
n n

Tabnuisa 2

Ha ocHOBi oTpuMaHuX 3HaYeHb JUCIIEPCiit
po3paxoByBamy HeBU3HadeHOCTi (A;) Bigmo-
BiIHUX B€/IMYVH 32 PIBHAHHAM:

A, =kgu,, (8)
me kg, - xoedinient Criomenra, U; — CTaH-
mapTHa pucnepcid. [Ipm gosipuyomy iHTepBai
95% ta n =14 , xoedinient CriofeHTa TOPiB-
Hioe kg, =2.145 [29].

_ Koeddiuientu 3anexxnocrti E(T) komipku 3 TO3UTUBHIM eneKTporoM ¢pa3oBoi oomacri (I),
T - cepenHe 3HauYeHHs1 TeMueparypu, E - po3paxoBaHi 3a piBuanusaMm (1) 3suavyenns EPC

KOMipKHK
— —\2 ~ ~ ~ \2
]; Ei (];_T) (];_T) Ei (Ez_Ei) (El_Ei)
K MB K K2 MB MB MB?
455,1 202,01 -31,99 1023,54 202,03 -0,02 0,00
460,0 202,89 -27,09 734,02 202,96 -0,07 0,00
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TEPMOAWHAMIYHI BMACTUBOCTI CPIBJIOBMICHMX CMOJTYK CUCTEMU Ag-Fe-Sn-S,
OTPUMAHNX HU3bKOTEMNEPATYPHUM TBEPO®A3HUM CUHTE30M

[TponmoBxeHHs Tabmuiyi 2

465,0 203,93 -22,09 488,09 203,90 0,03 0,00
469,9 204,84 -17,19 295,59 204,83 0,01 0,00
474.,8 205,76 -12,29 151,11 205,76 0,00 0,00
479,7 206,65 -7,39 54,65 206,69 -0,04 0,00
484,7 207,72 -2,39 5,73 207,63 0,09 0,01
489,6 208,58 2,51 6,29 208,56 0,02 0,00
4945 209,53 7,41 54,87 209,49 0,04 0,00
499.,4 210,48 12,31 151,47 210,42 0,06 0,00
504,3 211,33 17,21 296,09 211,34 -0,01 0,00
509,2 212,18 22,11 488,73 212,27 -0,09 0,01
514,1 213,22 27,01 729,39 213,20 0,02 0,00
519,0 214,09 31,91 1018,07 214,13 -0,04 0,00
—\2 ~\2
=487,09 =208,09 — 549763 =0,03
Tabmmusa 3

3anexnocri E(T) EXK tumny (B) y ¢pasoBux ob6nacrsax (I) ta (II) cuctemu Ag-Fe-S B inTep-
Bani T=(455-519) K. 3nauenHns koedinieHTiB 4 Ta b po3paxoBaHO MeTOTOM HAIIMEHIINX
KBaJipaTiB Ha OCHOBi BuMipAHux 3HadyeHb EPC Ta Temneparypu, # — 41cC/IO IIap eKCIepu-
MEHTA/IbHUX TOYOK, K¢, — Koedinient CriogeHTa 3a 95% moBipyoro iHTepBay.

2
®asoBa - Ye _2(r 7Y
0071acThb E=a+bT 1k (n +“b( i T) )
-3
() E=115,87+189,32-107°T +2,145 [M+4,70-107(2—487,09)2j
-2
(ID) E =91,23+201,99-107T +2,145 (M+l,90~10‘6(7;—487,09)2J

3rifHO pexoMeHpawiil, HaBefeHUX y [30-
32], niniitui 3anexxuocti E(T) xomipok, a Ta-
KOXX CTaTUCTUYHI JUCIEePCil BeIMYNH 3auCy-
I0Tb Y BUITIANIL PiBHAHHA:

2
E=a+bT *k, [”—ij(Ti—T)zj . (9)
n

Amnarnoriuno no ¢asooi obmacti (I) pos-
paxoBaHo Koedinientn 3anexxHocti E(T) da-
30Boi obmacti (II). Pesynbratn po3paxyHKiB
HaBeeHo B TaoI. 3.

Eneprito [i66ca, eHTanpmio Ta eHTpoOIIi0
peakuiit (R1) Ta (R2) pospaxoBysasnu 3a ¢op-
MyJIaMI:

- pirientis pi AG=-z-F-E, (10)
pUK/Ia[ pO3paxyHKy Koedili€HTiB piB- _

usaHHA (9) i pasosoi obmacti (I) HaBemeHo AH = _Z'F'[E_(dE/dT)'T] , (1)
B TaOnL. 2. AS=z-F-(dE/dT), (12)
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e z = 1 — KiZIbKIiCTDb €/1eKTPOHiB, 10 6epyTh
y4dactp y peakuiax (R1) ta (R2), F - umcno
®apapes, E - EPC efneKTpoxiMiYHUX KOMipOK.

BpaxoByloun piBHaHHA (10)-(12), pos-
paxoBaHi TepMopgvHaMiuHi QYHKIIl peaxiiit
(R1) ta (R2) y crangapTHOMYy cTaHi (7T=298 K
Ta p=10° I1a) HaBeneHO B TaOL. 4.

Tabmuisg 4
3HaYeHHs CTAHJAPTHUX TEPMOAMHAMIid-
Hux pyHkuii peaknii (R1) ra (R2)

—ArGO —ArHO ArSO
Peaxiiis
kJI>K-Momb ! Ix-(monb-K) !
(R1) 16,62+0,03 11,18 £0,07 18,27 +0,14
(R2) 14,61 +£0,05 8,80 +£0,14 19,49 + 0,29

Enepria Tli66ca, eHTanpmiss Ta eHTpomis
peaxuii (R1) mos’si3aHi 3 eHeprieto ['i66ca, eH-
TaJIbIIE0 Ta eHTpomiero cnionyku FeS) ta ene-
MEHTOM Ag CIiBBiJHOIEHHAMM:

Ar(Rl)GO = AfG/(x)gFes2 _AfG?es2 , (13)

Ar(Rl)Ho = Ale(\)gFeSZ - AlegeSZ , (14)

Ar(Rl)SO = SggFes2 _Sf\)g _SFisz . (15)
3 piBusaHb (13)-(15) oTprmMaemo:

AfG/(\)gFeSZ = AfGFCZ:s2 + Ar(Rl)GO )
AnggFeSZ = Alegzsz + Ar(Rl)HO , (17)

Sheres, = Sne + Srus, T AruyS” (18)

Amnanoriuno piBHsAHHAM (16)-(18) 3ammca-

HO peaklil I BU3HAYEHHsA TE€PMOJAMHAMIid-
Hux QyHkiiit cnomyku Ag FeS,.

Bepyun mo yBaru piBusaHHA (16)-(18), gani
PO TEpMOAVIHAMIYHI BIACTUBOCTI €/IeMEHTIB
Ag, Fe, S [33] Ta cnonyku FeS, [33], pospaxo-
BAaHO 3HAYeHHs TePMOAMHAMIYHUX (DYHKIIil
cnonyk AgFeS, Ta Ag FeS y dasosux obmac-
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1sx (I) Ta (II) BigmoBigHo. OTpuMaHi 3HaYeH-
Hs HaBefleHO B Ta0II. 5.

Tabnuunsg 5
CraHpapTHi TepMOAVMHAMIYHi BIacTUBO-
cTi cnonyk cucremu Ag-Fe-S

-AG° | =AH° ©
Pa3za f f S Jlit-pa
KJIK-MOTTb ! k- (momp-K) !
Ag 0 0 w677 13
Fe 0 0 27280 1]

S 0 0 32056 33
FeS, 160,076 171,544 5208 33
AgFeS, 1767+27 182731 1139+  Loul

maHi
AgFeS 1913+3,1 191,535 1760+  oul
oaHi

BpaxoByroun orpumani paHi, TeMIiepa-
TYpHi 3anexxHOCTi eHepriit [166ca yrBopeHHA
cnonyk AgFeS, ta Ag FeS B inTepBami (455-
519) K onucyrooTb piBHAHHA:

AcGrgpes, | [xnoms! ) =—(182,7+3,1)+
+3,1)+(20,2£0,4)-10°T /K, (19)
AGyy s, | [Torevons ) =—(191,5£3,5) +
+(0,71£0,01)-10°T /K . (20)

TEPMO/JIMHAMIYHI  B/JIACTMBOCTI
CIIOJIYK Ag FeSn S, TA Ag FeSnS,. Ha puc. 5
Y KOHIIEHTPALIITHOMY IIPOCTOpi cuctemMn Ag—
Fe-Sn-S asosa ob6mactp FeS-Ag FeSnS -
SnS-Sn,S, Ta Bupinena obmacth SnS, -FeS -
Ag FeS MiCTATD y CBOEMY CKJIafli Y0TUPUKOM-
noHeHTHi crionyku Ag FeSnS, ta Ag FeSn S.
Y mpangx [11,12] 3piiicHeHO HOAIN KOHIIEH-
TpauiitHoro mpocropy FeS-Ag FeSnS -SnS-
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TEPMOAWHAMIYHI BMACTUBOCTI CPIBJIOBMICHMX CMOJTYK CUCTEMU Ag-Fe-Sn-S,

OTPUMAHNX HU3bKOTEMNEPATYPHUM TBEPO®A3HUM CUHTE30M

Sn_S, Ha okpemi yoTMpudasHi f[iAHKM, 3TiIHO
KOTPOTO HAaIJICaHO IIOTE€HIjia/l-BU3Ha4Ya/lIbHi
peakiuil Ta po3paxoBaHO TEPMOAVMHAMIYHI
dyHKLIT YOTMPUKOMIOHEHTHUX CIIOTYK.

Puc. 5. ®asosi piBHOBaru cucremu Ag-Fe-Sn-S
y qactuni SnS ~FeS ~Ag FeS, 3a T<600 K. Cxmagu
HO3UTUBHUX eleKTPofiB y pasoBux obmactsax (V)
ta (VI) mo3HayeHO YepBOHMMU KOJIAMI.

®asoBy obmactb SnS -FeS -Ag FeS moni-
neHo fiHiAMMU nBoGasHuX piBHOBar AgFeS, -
Ag FeSnS,, AgFeS —~Ag FeSn.S, Ta AgFeS -Sn§,
Ha yorupyu Tpudasui minauku AgFeS -FeS -
SnS, AgFeS -SnS -Ag FeSn. S, (V), AgFeS -
Ag FeSn S —-Ag FeSnS, (VI) Ta AgFeS -
Ag FeSnS —Ag FeS.. Ilonoxennsa d¢asosux
obmacreit (V) Ta (VI) BigHOCHO TOUKM Cpibia
BUKOPUCTAHO I po3paxyHKy meTomoM EPC
TePMOJVHAMIYHUX  BJIACTUBOCTENl  CIIONTYK
Ag FeSn S, ta Ag FeSnS, CymapHi norenii-
a/-BU3HAYa/IbHiI peakiii 3a y4acTi 4OTUPU-

KOMIIOHEHTHMX CIIONTYK MAalOTh BUTJISAJ:
Ag + AgFeS +35nS = Ag FeSn,S, (R3)

2Ag+2AgFeS +Ag FeSn,S = 3Ag FeSnS,. (R4)

42

Peakuii (R3) ta (R4) 3piiicHEHO B IIO3UTUB-
nux enexkrpopax EXK tuny (B) y pazoux 06-
nactax (V) Ta (VI) BignosigHo.

CkJaiy TO3UTUBHUX €7IeKTPOZiB (Ha3oBuUX
o6nacrei (V) ta (VI) BusHayanmm TakuM CIIiB-
BifHOIEHHAM crionyK Ag S : FeS : FeS_ : Sn§,
ak3:3:1:12T1a5:5:1:6BignosigHoO.

Temnepartypsi 3anexxnocti EPC xomipok
tuny (B) i3 mosuTuBHUMU enekTpomamu da-
3oBux obmacreit (V) ta (VI) 306paxeHo Ha
puc. 6, a BiAIIOBiJjHI YMC/IOBI 3HAY€HHs HaBe-
IIeHO B TaoII. 6.

280
260
m
=
5§ s 1
240 )
220 + @M
1 1 ]

1
460 480 500 520

T/K
Puc. 6. Temmeparypni 3anexsnocti EPC xo-
MipoK i3 HMO3UTMBHUMM efleKTpopaMu (a3oBUX
o6nacreit (V) — 1 ta (VI) -2

Tabnuns 6

Bumipsani sHauenns remneparypu (T) ta
EPC (E) enmexTpoxiMiyHMX KOMipoOK i3 mo3u-
TUBHUMH eleKTpopaMu ¢(asoBux oOmacreii

(V) ra (VI)
dasoBa 06macTb dasoBa 06macTpb
T/K | (V) (V) | T/K (V) (VD)
E/mMB | E/MB E/mMB | E/MB
450,1 263,18 211,12 484,7 273,61 221,22
455,1 264,72 212,56 489,6 275,04 222,67
460,0 266,16 214,08 494,5 276,63 224,31
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ITpopoBskeHHs Tabmu1i 6
465,0 267,75
469,9 269,09
474,8 270,74

215,62
216,91
218,37

499,4 278,08 225,76

504,3 279,67 227,24

509,2 281,11 228,68

479,7 272,22 219,95 514,1 282,59 230,13

Tabnuns 7

Jliniviai 3anexxnocrti E(T) xoMipok, a Ta-
KOX CTaTUCTUYHI [JUCIEpPCil BeIMYMH HaBe-
IeHo B Tabm. 7. BpaxoByroun piBHsHHA (10)-
(12), pospaxoBaHO TepMOpVHaMiYHi QyHKIil
peakuiit (R3) ta (R4) y cranmapTHOMY cTaHi
(T=298 K Ta p=10° Ila). PesynpraTu pospa-
XYHKiB HaBefIeHO B Tab. 8.

3anexxunocri E(T) EXK tuny (B) y pasoBux o6mactax (V) ta (VI) cuctemn Ag-Fe-Sn-S B
intepBani T=(450-514) K. 3nauyenHns KoedinieHTiB ¢ Ta b po3paxOBaHO METOTOM HalIMEH-
IIMX KBaJpaTiB Ha OCHOBi BUMipsAHux 3HadyeHb EPC Ta TeMneparypu, 1 — 410 map eKcie-
PMMEHTAa/IbHNUX TOYOK, K¢, — Koedinient CriogenTa 3a 95% moBipyoro intepBaiy.

®da3oBa
061acThb

2
E=a+bTikSt\/[u—E+u,f( i_T)ZJ
n

3
V) E= 126,78+3o3,04-10-3Ti2,145\/(%+ 6,72107 (T _482,17)2]

-3
(V) E-= 77,4O+297,02-103Ti2,145\/[%+1,17-106 (T, —482,17)2j

Tabnunsa 8
3HavYeHHsI CTAHJAPTHUX TEPMOIMHAMIY-
Hux pyHkuii peakuii (R3) ra (R4)

~AG° | —-AH°

A.S°

Peak-
ois

Ix-(monb-K) ™!
(R3) 20,95+0,03 12,23 +0,08 29,24 +0,17
(R4) 32,02+0,08 14,94 +0,22 57,32 +0,45

KJ>K-Momp 7!

Eneprii I'i66ca, entanbmii Ta enTpomii cro-
nmyk Ag FeSn.S Ta Ag FeSnS, pospaxoBaHo Ha
ocHoBi peakiiiit (R3) Ta (R4), aHanoriyHo 1o
OIIMICAHOTO B II. 3.1 L€l CTaTTi aIrOpUTMYy 1A
crionyku AgFeS . Pesynbratu pospaxyHKiB Ha-
BeJeHO B TabIIL. 9.

BpaxoByroun orpmmani fani, TeMIepa-
TYpHi 3aexHOCTi eHepriit [i66ca yrBopeHHA

https://ucj.org.ua

conyk Ag FeSn,S, Ta Ag FeSnS, B inTepBari
(450-514) K onucyroTb piBHAHHA:

AcG g pesns, ! [<Ixmoms ') =—(655,6+23,7) +
+(74,5+2,6)-10°T /K, (21)
A(Gog pesns, ! (Tbenions ') =—(345,3+15,4) +
+(19,240,7)-107°T /K. (22)

PospaxoBaHi Ta jiTepaTypHi 3HauyeHHA
enepriii [166ca yrBopenns cnionyk Ag FeSn,S,
Ta Ag FeSnS, criBmajialoTh y MexxaX MoXuoxm
eKCIIepUMeHTY (BiTHOCHA Pi3HMIIS CTAHOBUTD
~2,3% Ta 2,9% BignmosigHo). He3HauHi pos-
ODKHOCTI IOB’A3aHi 3 HaABHICTIO 06MACTI ro-
moreHHocTi B Ag FeSn.S, Ak dasu sminnoro
cxmapy [11].
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Tabmuna 9
CranpgapTHi TepMoaMHAMivHi BTacTUBOCTI cionyk cucremun Ag-Fe-Sn-$

TEPMOAWHAMIYHI BMACTUBOCTI CPIBJIOBMICHMX CMOJTYK CUCTEMU Ag-Fe-Sn-S,
OTPUMAHNX HU3bKOTEMNEPATYPHUM TBEPO®A3HUM CUHTE30M

—AfGO —AfHO S©
Dasa JliT-pa
kJIK-Momp ! k- (monp-K) ™!
Sn 0 0 51,195 (33]
Sn§, 145,246 153,553 87,446 [33]
Ag FeSn S, 647,9 £+ 28,1 694,4 + 24,4 678,9 + 47,8 [12]
Ag FeSn S, 640,4 +12,1 665,8 + 12,8 437,6 + 14,1 [11]
AgZFGSn3S8 633,4 + 18,2 655,6 + 23,7 448,1 + 15,5 Harmmi mani
Ag FeSnS, 332,1+ 14,1 330,2 £ 12,2 285,5 £ 24,0 [12]
Ag FeSnS, 330,1 £ 6,6 322,1+7,4 319,0 £ 11,3 [11]
Ag FeSnS§, 339,6 £ 10,5 345,3 £ 15,4 272,8 £ 10,1 Harmmi pani

BVICHOBK/M. IpyHTyr04nch Ha KOHIIEH-
TpaliiHUX 3MiHaX €JIeKTPOPYLIVIHUX CUII
eIeKTPOXIMIYHMX KOMIPOK Ag | TBepamit enex-
Tporit | Ag y crmaBax 3a T=const (iHTepBa
(455-519) K), 3piiicHeHO IOZi/ KOHLEHTpa-
ifiHoro npocropy cucremu Ag-Fe-S y gactu-
Hi Ag-Ag,S-FeS, na oxpemi ¢asosi obmacri.
Bcranosneno icHyBanHs Ha niepepisi Ag-FeS,
crionyk AgFeS ta Ag FeS. . I3 Bukopucranusam
Metony EPC pospaxoBaHO 3HaueHHs eHeprii
[i66ca, eHTanbmii Ta EHTPOMii TPUKOMIIO-
HEHTHMX CIIONYK Yy CTaH/[aPTHOMY CTaHi.

KoHuenTpaniiumit npoctip cucremn Ag-
Fe-Sn-S xapakrepusyerbcs ¢azoBoro obmac-
10 SnS -FeS ~Ag FeS, mo BKIoOYae Takox
conyku AgFeS,, Ag FeSnS, ta AgFeSnS,.
Tepmopunamiuni  QyHKIil 4YOTMPUKOMIIO-
HEHTHMX CIIONYK PO3PaxOBaHO Ha OCHOBI Jia-
HIUX IIPO TEPMOAMHAMIYHI ITapaMeTpu CIONy-
ku AgFeS. CmiBnajinua B Mexax IMOXMOKM
eKCIIEPUMEHTY eKCIIePMMEHTANbHUX Ta Jli-
TepaTypHMX 3Ha4YeHb eHepriit [166ca cromyk
Ag FeSnS, ta Ag FeSn,S, minTBepmxye mpa-

44

BWIbHICTD IIOAIi/Iy KOHIIEHTPALiIHOTO IIpO-
cropy cucremn Ag-Fe-Sy vactuni Ag-Ag S-
Fe§, Ta cuctemn Ag-Fe-Sn-S y yactuni SnS -
FeS,-Ag FeS..

E Po60oTy BuMKOHAaHO B MeXax JAepxkOio-
= mxeTHOI Temu “CuHres, $i3nKo-XimMiuHi
Ta TEpMOAMHAMi4Hi BJIaCTMBOCTI HAaHOpO3-
MIpHMX Ta HaHOCTPYKTYPOBaHMX MaTepiajliB
JUISL €leKTPOXIMIYHMX CHCTeM, Jiep KaBHUIA
peectpauinuuit HoMmep: 0120U102184.
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THERMODYNAMIC PROPERTIES OF SILVER-
CONTAINING COMPOUNDS OF THE Ag-Fe-Sn-S

SYSTEM OBTAINED BY LOW-TEMPERATURE
SOLID-STATE SYNTHESIS
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The existence of the AgFeS and Ag FeS com-
pounds in the equilibrium concentration space
of the Ag-Fe-S system was established by the
EMF method. Investigations were performed in
the electrochemical cells (ECCs) of the type (-)
C|Ag|SE|R(Ag") | PE | C (+), where Cis the in-
ert electrode (graphite), Ag is the negative (left)
electrode, SE is the solid electrolyte, PE is the
positive (right) electrode, R(Ag*) is the region of
Ag* diffusion into PE. Ag,GeS, glass was used as
the solid-state electrolyte with purely Ag* ionic
conductivity. The SnS —FeS —Ag FeS, (A) phase
region of the Ag-Fe-Sn-S system is formed
with the participation of three-component com-
pounds. The cross-sections AgFeS —Ag FeSnS,
AgFeS -Ag FeSn.S,, and AgFeS -SnS, car-
ry out the division of (A). Spatial position of
the two-phases FeS -AgFeS,, AgFeS -Ag FeS,
and three-phases AgFeS -Ag FeSn. S -SnS ,
AgFeS -Ag FeSnS,-Ag FeSn, S, regions of (A)
regarding the point of silver was used to write

https://ucj.org.ua

the equations of the overall potential-forming
reactions. Reactions were realized in the posi-
tive electrodes of ECCs. PE at the stage of the
cell preparation is a well-mixed composition of
finely ground (particle size ~5 pm) of the com-
pounds AgS, FeS, FeS, and AgS, FeS, FeS,
SnS, in two- and three-phases regions of (A),
respectively. The ratios of compounds in PE of
ECCs were determined from the equations of
the overall potential-forming reactions in re-
spective phase regions. The decomposition of
the metastable set of binary compounds and the
synthesis of the equilibrium set of phases were
carried out in the nanoscale region of the PE of
ECCin contact with SE, i.e. in the R(Ag") region.
The Ag' ions displaced from the left electrode
to the right one for thermodynamic reasons act
as nucleation centers for the equilibrium com-
pounds. The process of forming the equilibrium
set of phases in the R(Ag") region for the parti-
cle size of the metastable phase mixture ~5 pm
and T=580 K took less than 72 h. The linear
dependencies of EMF vs T of ECCs with PE of
two- and three-phases regions were established
in the ranges of (455-519) K and (450-514) K,
respectively. Based on these dependencies, the
standard thermodynamic quantities of the
AgFeS, AgFeS, AgFeSnS, and AgFeSn.S,
compounds were experimentally determined
for the first time. The reliability of the estab-
lished equilibrium sets of phases that provide
the potential-forming reactions in ECCs was
confirmed by the coincidence of the calculated
and literature values of the Gibbs energy of the
Ag FeSnS, and Ag FeSn,S, compounds.

Keywords: Ag-containing compounds,

Thermodynamic properties, Phase equilibria,
Metastable state EMF method.
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The pH and conductometric study of the electrochemical properties of aqueous solutions
(1-10* + 9-10° M) YNHCH,SO,Na (Y = H, CH,, HOCH,CH,, (CH,),C and C _H,CH,) was car-
ried out. The values of the limiting electrical conductivity were calculated by extrapolation ac-
cording to Shidlovsky. The activation parameters of the electrical conductivity of the systems
“sodium aminomethanesulfonate - H,O” at 293-313 K were obtained.

Key words: aminomethanesulfonic acids, aqueous solutions, hydrolysis, conductivity.

INTRODUCTION. The theoretical inte-
rest in aminomethanesulfonic acid and its
N-alkylated derivatives is be explained by their
specific physicochemical properties and a wide
spectrum of biological activity [1-5]. Under
physiological conditions (pH = 6.8 - 7.8), the
degree of dissociation of the sulfo group, in
contrast to a-aminocarboxylic acids, is 100%,
and the pK_ values of the amino group are in
the range of physiological pH values [6-9]. The
sulfo group can act as an anionic fragment and
a hydrogen bond acceptor when interacting
with a potential biological target [10].

Solubility and permeability are two bio-
pharmaceutical parameters responsible for
effective bioavailability and good correlation
between in vitro and in vivo studies [11]. The
improvment of solubility and dissolution rate,

as well as bioavailability of amino acids, con-
tinues to be a challenge for pharmaceutical
technologists. The hydrotropic action of sul-
fonates and amino acids is considered as one
of the important methods of solubilization [12,
13]. Conductometric studies of aminometh-
anesulfonates at a definite and infinite dilution
in a solvent system provide valuable informa-
tion about ion-ion (complexation, association)
and ion-solvent (solvation) interactions.
Therefore, the determination of the tem-
perature and concentration dependences of
the molar electrical conductivity of aqueous
solutions of sodium aminomethanesulfonates
and monoethanolammonium is, of course,
an actual task. To determine the factors af-
fecting the electrical conductivity of aqueous
solutions of sodium aminomethanesulfonates,
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a pH and conductometric study of their be-
havior was carried out in the temperature
range of 293-313 K.

EXPERIMENTAL PART. The studies used
AMSA, its N-methyl (MeAMSA), N-(2-
hydroxyethyl) (HEAMSA), N-tert-butyl
(t-BuAMSA) and N-benzyl (BzZAMSA) de-
rivatives synthesized according to original
methods [3, 14]. Aqueous solutions of sodi-
um salts YNHCH,SO,Na (Y = H (AMSNa),
CH, (MeAMSNa), HOCH,CH, (HEAMSNa),
(CH,),C (+-BuAMSNa) and CH.CH,
(BzAMSNa)) were prepared by NaOH react-
ing with the corresponding acids in equimolar
amounts.

Potentiometric measurements were carried
out using a universal 9B-74 ionomer and a
pH-meter of the pH-150M type. The pH measu-
rement accuracy was + 0.05 units (9B-74) and +
0.02 units (pH-150M), and for the redox poten-
tial £ 1 mV (9B-74). Conductometric measu-
rements were performed on an Expert-002 con-
ductometer (the relative error was < 0.5%).

Electrochemical properties of aqueous solu-
tions of sodium aminomethanesulfonates

Fig. 1-5 show the results of pH and conduc-
tometric studies of aqueous solutions (1-10*
+ 1-10° M) AMSNa, MeAMSNa, HEAMSNa,
t-BuAMSNa and BZAMSNa in the temperature
range 293 + 313 K. Judging by the results of
conductometric study of the systems AMSNa —
H,O (Fig. 1b) and YAMSNa - H,O (Fig. 2b -
5b), an increase in temperature from 293 to
313 K is accompanied by an increase in the
electrical conductivity of the systems (similar
to aqueous solutions of AMSA [15], YAMSA
[16] and glycine [11]) due to an increase in the
degree of dissociation of electrolytes and (or)
the mobility of the resulting ions. In this case,
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for all the systems under study, acidic proper-
ties decrease with an increase in temperature
from 293 to 308 K (Fig. la - 5a).
Aminosulfonic acids, like amino-carboxylic
acids, belong to the class of organic ampholy-
tes and in solution can be in several ionic forms.
The qualitative and quantitative composition of
amino acid forms depends on the type of amino
acid and the pH of the solution [6, 10, 11, 15].

pH
8.0
7.8
7.6

74 A

0 1 1 1 1
0 2 4 6 8
C-10° mol .1
Fig. 1. pH (a) and molar conductivity (b) of
aqueous solutions of AMSNa. T (K): 293-1; 298-2;
303-3; 308-4; 313-5.

Even in the simplest case of an aqueous

solution of an individual amino acid, a com-
plex mixture is formed, consisting of zwitter-
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ions, amino acid cations and anions, protons,
and hydroxyl anions. The mutual influence of
all components of the system on each other
determines the complexity in the study of the
electrochemical behavior of solutions of amino
acids and their salts.

pH
9.0

8.0
7.0

6.0
5.0
4.0

0 1 1 1 1
0 2 4 6 8
C-10° mol.1
Fig. 2. pH (a) and molar conductivity (b) of
aqueous solutions of MeAMSNa. T (K): 293-1;
298-2; 303-3; 308-4; 313-5.

In aqueous solutions of YAMSNa pH > 7.0
is due to hydrolysis of aminomethanesulfonate
ions (reaction 1) with the formation of zwitte-
rions:

https://ucj.org.ua

YNHCH,SO; + H,0 _

. (1)
2 YN H,CH,S0; + OH,
« _ [YNH,CH,80,0'].[OH] ,
h [YNHCH,SO,0'] (2)
pH
8.0
7.0
6.0
5.0
4'0 =Lt I L o 1S J
0 2 4 _6 8 10
C-10° mol 1™
250
==
<200 2
g 3
& 150 ‘:‘4
100
)
< 50 b
O 1 1 1 1
0o 2 6 8

4
C-10° mol1*
Fig. 3. pH (a) and molar conductivity (b) of
aqueous solutions of HeAMSNa. T (K): 293-1;
298-2; 303-3; 308-4; 313-5.

With equations (1), (3), we have a system
of equations that take into account the law
of effective masses (2), material balance ac-
cording to YAMSA (4) and the condition of
electroneutrality (5).
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HO  H*+ OH" (3)

Quamsa =

- [YNH,CH,S0;] + [YNHCH,$O;] )

[YNHCH,SO; ] + [OH ] =
= [H'] + [Na']

(5)

4.0 ‘ : ' ' '
C-10° mol 1

140

120

0 Il 1 L 1

0 2. 4, 6 8
C-10° mol-1™

Fig. 4. pH (a) and molar conductivity (b) of
aqueous solutions of t-BuAMSNa. T (K): 293-1;
298-2; 303-3; 308-4; 313-5.

N-alkylation of aminomethanesulfonate
anions promotes hydrolytic decomposi-
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tion by reaction (6) [17]. At pH < 7.0, in
aqueous solutions of YAMSNa (Y - CH,,
HOCH,CH,, (CH,),C and CH.CH,), un-
like AMSNa, hydrolytic decomposition of
N-alkylaminomethanesulfonate ions occurs
with the formation of alkylaminomethanol
and hydrosulfite ions:

YNHCH,SO; + H,0 _

6
2 YNHCH,OH + HSO;. (©

(o]
o

S~
o

2, Ohm™-sm’-mol!
(o)}
o

[S¥]
o
T

o

C-10° mol -1

Fig. 5. pH (a) and molar conductivity (b) of

aqueous solutions of BzAMSNa. T (K): 293-1;
298-2; 303-3; 308-4; 313- 5.
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Along with this, dissociation (7) of HSOj
occurs, as well as protonation (8) and (9) at
the nitrogen atoms of N-alkylaminomethane-
sulfonate ions and alkyl-aminomethanol, re-
spectively:

HSO; ” H*+SO;, (7)

YNHCH,SO; +H' 2 YNH,CHSO;, (8)

YNHCH,0H + H* 2 YNHCH,OH.  (9)

In this case, the material balance according
to YAMSNa takes the form (10), and the con-
dition of electroneutrality - (11). In addition,
equation (12) must be taken into account.

=[YNHCH,SO; ] +

QYAMSA
+ [YNHCH,OH] + [Y NH,CH,SO; ]+ (10)
+ [Y NHCH,OH]

[YNHCH,SO; ]+ [OH] +[HSO ]+ |,

+

+2[SO3 ] =[H'] + [Na'[+[Y NHCH,OH]

[YNHCH,OH] + [Y N HCH,OH] =
=[HSO;]+[SO3 ]

Due to the lack of data on equilibrium (9),
we calculated, similarly to [6, 8], the ion-mo-
lecular composition of aqueous solutions
of YAMSNa only at pH > 7.0 on the basis of
pH-metric data (Fig. 1a-5a).

The ionic strength of sodium aminometh-
ane sulfonate solutions at pH > 7.0 is deter-
mined by the following expression:

(12)

u= % ([YNHCH,SO; -1y’ +
+[OH]-(-1)* + [H']-(-1)* + [Na']-(-1)* +
+ [Y NH,CH,S0; 121

(13)

https://ucj.org.ua

Due to the fact that the degree of hydro-
lysis of aminomethanesulfonate anions and
N-alkylaminomethanesulfonate anions by
reaction (1) does not exceed 2.0 %, then u is
practically equal to C,, . for all studied so-
dium aminomethanesulfonates in the region
C,avsne = (2.0 + 10-107 mol-1" in the investiga-
ted temperature range.

Using the obtained data, the constants
of hydrolysis (2) of aminomethanesulfonate
and N-alkylaminomethanesulfonate anions

were calculated.
pK, =-1g K, (14)
Dependences of pK, = f (u) are described

by the equation (15), coefficients of which are
in the Table 1.

pK,=4,+ B; \/; +Cou

Analyzing the data in the table. 1, it should
be noted that for the studied acids the constants
of equation (15) are related to each other by di-
rectly proportional dependences (16) - (19).

(15)

B, =-731.2+157.6:A, - (16)
—8.148-(AAMS)2; R2=0.9985
CAMS =4902 + 1039-A, |, + (17)
+53.66-(A,, )% R*=0.9980
By s =-1653+4531-A, - (18)
—2.550-(AB2AMS)2; R?=0.9879
Copns = 1129 +292.5:A, |+ (19)
+ 16.60-(A )% R?=0.9846

BzAMS

According to the definition [18], the coeffi-
cient A, in equation (15) is the negative decimal
logarithm of the thermodynamic hydrolysis
constant K. The pK, = f (T) dependences are
shown in Fig. 6.
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The observed straight-line dependen- by the equation (20), the parameters of which
ces (Fig. 7) of the thermodynamic constants are given in the Table 2, and testify to the simi-
of hydrolysis of N-methyl, N-fert-butyl and larity in these processes.
N-benzyl-aminomethanesulfonate anions on

T ) =
the thermodynamic constants of hydrolysis of pK," (YNHCH,S05) (20)
aminomethanesulfonate anions are described =A.+ B pK (NH,CH,SO")
Table 1
The values of the coefficients in equation (15) for aqueous solutions of YAMSNa.
Camsna = (0.1 +10.0)-10° mol-1'; n =9
T, K A B, C R?
NH,CH,SO;
293 10.63 23.06 -76.68 0.9999
298 10.31 27.03 -102.4 0.9997
303 10.04 29.59 -119.1 0.9992
308 9.87 30.18 -122.8 0.9991
313 9.71 30.49 -124.6 0.9991
H,CNHCH,SO;
298 10.72 16.66 -39.07 0.9992
303 10.52 17.35 -42.37 0.9999
308 10.27 19.63 -56.03 0.9998
313 10.15 19.10 -52.63 0.9997
HOCH,CH,NHCH,SO;
293 10.74 20.05 -57.10 0.9998
298 10.40 24.28 -83.49 0.9999
303 10.20 24.97 -87.45 0.9997
308 10.38 17.04 -40.03 0.9999
313 10.14 19.16 -51.87 0.9999
(CH,),CNHCH_SO;
298 10.19 29.48 -116.9 0.9992
303 10.15 26.04 -94.36 0.9999
308 9.91 28.34 -109.6 0.9996
313 9.75 28.63 -111.5 0.9993
C,H,CH NHCH,SO;

293 10.36 29.78 -119.5 0.9994
298 10.13 31.45 -130.9 0.9995
303 9.94 32.25 -136.3 0.9995
308 9.74 33.73 -147.1 0.9992
313 9.58 33.99 -148.6 0.9991
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Thus, the molar electrical conductivity of
aqueous solutions of sodium aminometh-
anesulfonates is determined by the equation
(21):

—a0 . o .
A= ;”Na* aNa*+ XOH' Aoy *

+.0 . (21)

YNHCH,SO;3 aYNHCHZSO;

+1°. “a

. .
YNH,CH,SO; Y NH,CH,S0;

KT 2 3
106
104 | 4
102
100 |
9.8 |
96

9.4 —
3.15 320 3.25 3.30 335 3.40
1000/T, 1000/K

1 1 1

Fig. 6. Temperature dependence of thermody-
namic hydrolysis constants of YNHCH_SO 5 .

Data on the electrical conductivity of aque-
ous solutions of sodium aminomethanesul-
fonates given in the Table 3, represent the result
of a correlation analysis of the dependence of A
(Ohm*-sm>mol!) on the molar concentration
of YAMSNa in a four-parameter dependence
according to Shidlovsky (22), which describes
the behavior of solutions of weak 1:1 electrolytes
at a concentrations more than 10~ mol-I" [19].

A=B,+B-C+B.C+B.C"  (22)
pK}: 2 3
106 |
104 | 3

4
102 }
100 + 2
2 [ )
98 I
96 |
9_4 1 1 1 1 1
96 9.8 10.0 102 104 10.6
pK, (NH,CH,S03)

Fig. 7. Mutual dependences of thermodynamic
hydrolysis constants of YNHCH,SO 5 .

Y - H (1), CH,(2), HOCH,CH, (3), (CH,) C (4) and C,H,CH, (5).

Table 2
Coefficient values in the equation (20)
Y A B R?
CH, 0.5854 0.9847 0.9804
(CH,),C | 26621 | 07332 | 0.9571
C6H5CH2 1.4430 0.8413 0.9883

R-squared values (R* > 0.98) indicate a satis-
factory nature of the correlation according to
equation (22), and the values of the limiting
electrical conductivity (A)) are numerically
equal to the coefficients B. Thus, the experi-
mental values of the limiting molar electrical

https://ucj.org.ua

conductivity of aqueous solutions of sodium
aminomethanesulfonates obtained by extrapo-
lation according to Shidlovsky, like A of aque-
ous solutions of N-derivatives of amino-meth-
anesulfonic acid [16], increase with increasing
temperature.

According to Kohlrausch’s law for weak elec-
trolytes [20], the limiting electrical conductivity
of aqueous solutions of sodium aminometha-
nesulfonates is determined by expression (23).

A OYNHCstozNa =\ ;g +h°( OOH- +
. (23)
Y NH,CH,SO0;3

) (1R

YNHCH,SO;5 ’
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where h° - the degree of hydrolysis of ami-

nomethanesulfonate ions at infinite dilution.

Then the limiting molar electrical conduc-

tivity of sodium aminomethanesulfonates is:

In infinitely dilute solutions of hydrolyzed . . JK. .
YNHCH,SO,Na, hydrolysis occurs at the ani- A yaucnsona = M ygyr T ———= (Ao T
on (1). The degree of hydrolysis will be deter- Ki+JK,
mined, like [20], by the following equation: +A0. )+ (25)

\/Ki Y NH,CH,S0;
— (24)
K}T +\/K7w +( '%) OYNHCstog ’
h w
Table 3
Parameters of Shidlovsky equation (22) for aqueous solutions
YAMSNa.C,, . = (1.0 +10.0)-10° mol-I'; n = 15
T, K B, | -B, | B:10° | -B,10° R?
AMSNa
293 1364 54663 7.8136 40.00 0.9789
298 1384 54526 7.7048 40.00 0.9814
303 1447 56444 7.9312 40.00 0.9841
308 1546 60086 8.4271 40.00 0.9841
313 1759 70660 100.00 50.00 0.9805
MeAMSNa
298 131.5 1757 0.2402 1.160 0.9783
303 174.7 2021 0.1345 0.160 0.9912
308 296.5 8141 1.1200 5.110 0.9965
313 295.4 7788 1.0800 5.010 0.9936
HEAMSNa
293 183.5 2524 0.0826 0.517 0.9802
298 235.0 4356 0.3286 0.606 0.9874
303 242.5 4991 0.2946 0.445 0.9879
308 264.2 4595 0.4183 1.440 0.994
313 309.4 5860 0.5500 1.730 0.9937
t-BuAMSNa
298 105.5 1410 0.0200 1.000 0.9393
303 136.4 2602 0.3833 1.890 0.9798
308 171.9 3859 0.5636 2.770 0.9940
313 201.3 4456 0.5930 2.650 0.9740
BzAMSNa
293 112.1 2192 0.2724 1.220 0.9947
298 125.0 2443 0.2951 1.310 0.9951
303 123.9 2232 0.2709 1.220 0.9918
308 149.2 3154 0.3921 1.750 0.9907
313 147.3 2696 0.0309 1.330 0.9910
58 ISSN 2708-129X. VKp. Xim. XypH., 2020
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The observed linear dependences (Fig. 8)
of the limiting molar electrical conductivity
of aqueous solutions of N-methyl, N-2-hydro-
xyethyl, N-tert-butyl and N-benzyl-amino-
methanesodium sulfonates on the limiting
molar conductivity of aqueous solutions of
sodium aminomethanesulfonate are described
by equation (26), the parameters of which are
given in the Table 4, and testify to the simila-
rity in these processes.

}\’(\)(NHZCHZSO3Na =4,+B; }\’(I)\IH2CHZSO3Na (26)

Judging by the data in the Table 3, N-alky-
lation of sodium aminomethanesulfonate leads
to a decrease in the values of the limiting molar
electrical conductivity of its aqueous solutions.
This fact is indicated by negative values of the
coefficient A, in equation (26) (Table 4).

Considering the fact that the limiting mo-
bility of hydroxide ions and Na* at 298 K are
respectively equal to 199.2 Ohm™-sm?*mol
land 50.1 Ohm*-sm?mol! [21], then

A(AMSNa) > \°(HEMSNa) > \%(OH") >
> \°(MeAMSNa) = \°(BzZAMSNa) >
> N(tBuAMSNa) > A\°(Na*) and
A°(AMSNa) > \°(OH") + \°(Na*) >
> \°(HEMSNa) > \°(MeAMSNa) ~
~ \'(BzAMSNa) > \°(tBuAMSNa).

The latter, obviously, indicates a decrease in
the mobility of hydroxide ions in solutions of
MeAMSNa, HEAMSNa, t-BuAMSNa, BzAM-
SNa, compared with the value of mobility
during the transfer along the chains of water
H-bonds. A similar situation occurs with the
mobility of hydroxonium ions in aqueous solu-
tions of MeAMSA, HEAMSA, t-BuAMSNa
[16] and aspartic acid [22], as well as with the
mobility of hydroxyl ions in HEAMSA solu-
tions [16].

https://ucj.org.ua
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Fig. 8. Mutual dependences of the limiting mo-
lar electrical conductivity of aqueous solutions
YNHCH,SO,Na. Y - CH,(2), HOCH,CH, (3),
(CH,),C (4) and C.H,CH, (5).

Table 4
Coefficient values in the equation (26)
Y A B R2
CH, -48.623 | 7.3949 | 0.9964
HOCH,CH, | -3.0572 | 1.1761 | 0.9948
(CH,)),C -26.707 | 4.3399 | 0.9798
C.H.CH, -9.4619 | 1.9683 | 0.8684

Activation parameters of electrical conduc-
tivity of aqueous solutions of sodium ami-
nomethane sulfonates

The dependences of In\ on 1/T are li-
near, which makes it possible to determine
the effective activation energies of electrical
conductivity [19] (Table 5). Transferring the
analogy between the Arrhenius equations
(27) and Eyring (28) from kinetics to elec-
trical conductivity, we calculated the activa-
tion enthalpy of electrical conductivity using
equation (29) and the activation entropy us-
ing equation (30) [19], the values of which are
given in the Table 5.
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E

k=A. e_ﬁ (27)
A=A e‘% (28)
AH* =E - RT (29)

AS =-2058+19.151g\/T +E/T  (30)
The processes of formation of activated
complexes 0.001 < Q,, ., < 0.009 M are en-
dothermic (Table 5). Negative values of AS*
indicate that atoms in activated complexes are
located more “compactly” than in initial sys-
tems [23], that is, during the formation of acti-
vated complexes, the number of rotational and
vibrational degrees of freedom decreases. For
the reactions of association and dimerization,

the activation entropies have large numerical

electrical conductivity of aqueous solutions of
N-alkylaminomethanesulfonic acids [16].

The entropic and enthalpy components of
the studied processes mutually compensate
each other (Table 5). The compensatory effect
is expressed by equation (31), the parameters
of which are given in the Table 6, which corre-
sponds to the presence of a compensation ef-
fect similar to the usual kinetic effect with the
temperature T, similar to the isokinetic one.

AH* = a + T,-AS* (31)

In the case of the parameters of equation
(30), a compensation effect is also observed
[25] (Table 5), expressed by equation (32), the
parameters of which are given in the Table 7.

values [24]. The same is observed for the molar In(A) =a +E /(RT,) (32)
Table 5
Activation parameters of electrical conductivity of YAMSNa water
solutions according to Eyring. T=298 K
C, AMSNa-10‘3, M| E, kJ-mol™! In(A) R? AH?, kJ-mol* | AS?, J-mol .K!
AMSNa
0.5 10.6 10.52 0.9647 8.14 -170
0.6 9.82 10.05 0.9918 7.34 -173
0.7 9.60 9.84 0.9939 7.13 -173
0.8 9.73 9.78 0.9760 7.26 -173
0.9 9.89 9.77 0.9996 7.41 -172
1.0 9.14 9.58 0.9954 6.67 -175
2.0 10.9 9.56 0.9701 8.43 -169
3.0 11.0 9.36 0.9846 8.54 -169
4.0 10.2 8.87 0.998 7.74 -171
5.0 10.5 8.87 0.9919 8.03 -170
6.0 10.6 8.83 0.9929 8.09 -170
7.0 10.0 8.53 0.9897 7.51 -172
8.0 9.67 8.34 0.9939 7.19 -173
9.0 10.0 8.43 0.9279 7.55 -172
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MeAMSNa
2.0 13.2 9.85 0.9973 10.7 -161
3.0 10.3 8.67 0.9990 7.85 -171
4.0 12.1 9.34 0.9996 9.66 -165
5.0 12.7 9.59 0.9919 10.2 -163
6.0 124 9.44 0.9975 9.88 -164
7.0 11.7 8.53 0.9897 9.23 -166
8.0 12.5 9.45 0.9995 10.0 -164
9.0 11.3 8.96 0.9916 8.78 -168

HEAMSNa
1.0 13.8 10.5 0.9947 11.4 -159
2.0 19.9 12.6 0.9702 17.4 -139
3.0 20.1 12.6 0.9502 17.6 -138
4.0 21.6 13.1 0.9617 19.2 -133
5.0 20.0 12.4 0.9513 17.5 -139
6.0 23.1 13.6 0.9534 20.6 -128
7.0 17.8 11.4 0.9365 15.3 -146
8.0 20.0 12.3 0.9528 17.5 -139
9.0 21.6 12.9 0.9325 19.1 -133

t-BuAMSNa
1.0 17.2 11.3 0.9716 14.8 -148
2.0 12.1 9.21 0.9904 9.66 -165
3.0 20.1 12.6 0.9502 9.69 -165
4.0 12.3 9.24 0.9933 9.84 -164
5.0 12.9 9.44 0.9973 10.4 -163
6.0 12.7 9.36 0.9934 10.2 -163
7.0 13.0 9.50 0.9974 10.6 -162
8.0 12.8 9.39 0.9815 10.4 -163
9.0 12.9 9.40 0.9691 10.4 -162

BzAMSNa
1.0 10.2 8.36 0.9894 7.73 -171
2.0 114 8.74 0.9955 8.88 -168
4.0 9.71 7.94 0.9954 7.23 -173
5.0 8.90 7.58 0.9876 6.43 -176
6.0 9.68 7.86 0.9826 7.20 -173
7.0 8.29 7.26 0.9790 5.81 -178
8.0 8.49 7.32 0.9934 6.01 -177
9.0 8.68 7.37 0.9755 6.21 -177
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Table 6

Values of parameters of equation (31) and physicochemical properties
of sodium aminomethanesulfonates

Acid o, kJ-mol’! T, R? MR, A[7] | 1gP  [7] V, A3 [7]

MeMSNa 58.81 298.0 0.999 24.15 -0.27 506.8(3)
HEAMSNa 58.85 298.0 0.999 30.44 -0.71 637.32(8)

t-BuAMSNa | 58.81 298.0 0.999 37.95 0.57 825.9(5)
BzAMSNa 58.88 298.0 0.999 48.76 1.51 946.93(17)

Keys: R* — approximation confidence value; MR — molar refractions; P - partition coeffi-
cient in the octanol - water system; V — molar volume.

Table 7
Values of parameters of equation (32)
Salt a, k]-mol™| T, R?
MeAMSNa -1.444 310.9 0.999
HEAMSNa -1.860 343.0 | 0.974
t-BuAMSNa -1.177 288.4 0.999
BzAMSNa -0.750 2422 | 0.998

Thus, by processing the data of conducto-
metric studies, the activation parameters of the
electrical conductivity of the systems “sodium
aminomethanesulfonate — water” at 293-313 K
were obtained. The obtained data on the ac-
id-base and electrochemical properties of the
YAMSNa - H, O systems are recommended for
use in chemical analysis, microbiological and
biochemical studies, as well as in the simula-
tion of chemisorption processes of capturing

acid gases (CO, and SO,).
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3piiicHeHo pH- i KOHgyKTOMETpMYHE [I0-
CIJDKEHHA  €IeKTPOXIMIYHMX  BIACTUBOC-
Telt BogHMX posumHiB (1-10* + 9-10° M)
YNHCH,SO,Na (Y = H (AMSNa), CH,
(MeAMSNa), HOCH,CH, (HEAMSNa),
(CH,)),C  (+BuAMSNa) u CH.CH,
(BzZAMSNa)) B o6macti Temmeparyp 293-
313 K. 3a pesymbraTamMy KOHAYKTOMETPUY-
Horo jocmimkenns cucrem YNHCH SO Na -
H, O 36inpuienHs Temmepatypu Bif 293 fi0
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313 K cynpoBOmXYeTbCA HifABUIIEHHAM MO-
JIAPHOI  €IEKTPOIIPOBIJHOCTI CUCTEM BHAC-
JIOK 3POCTaHHA CTYIEHSA AMCOLialiil e/lek-
TPOJITIB i/a60 pyX/MBOCTI yTBOpeHUX iOHiB.
ITpy mboMy mIA BCIX BOCHIPKYBaHMX CUCTEM
KMCJIOTHI BIACTUBOCTI 3 POCTOM TeMIlepaTy-
pu Big 293 mo 308 K sHmkyroTbca. OnineHo
KOHI|€HTpalliliHI Ta TeMIIepaTYpHi 3a/Ie)KHO-
CTi KOHCTAHT Tifposidy aMiHOMeTaHCYIbdo-
Hary Ta N-ajkizaMiHOMeTaHCYIbQOHATIB
(ankim: metwn, 2-rigpoxcmerwi, mpem-0y-
i i 6eHswn). CHnocTepexyBaHi IpsAMOTi-
HiJ{HI 3a/IE)KHOCTI TEPMOJAMHAMIYHUX KOH-
craHT Tigponisy N-mertun, N-mpem-0yTun
i N-6enswn-amiHOMeTaHCY/Ib(OHAT aHIOHIB
BiJl TEpMOAVHAMiYHMX KOHCTAHT Tifipomi3y
aMiHOMeTaHCYIb(OHAT aHIOHIB CBiIYaTh IPO
nofibHicTP B 3a3HayeHMX Imporecax. Pos-
paxoBaHO 3HAYE€HHA TPaHMYHOI MOJAPHOI
€JIEKTPOIIPOBIJHOCT] IIJIAXOM €KCTPAIOJIALIL
3a [llnpnoBcbKkuM. 3 ypaxyBaHHAM JliTepaTyp-
HIUX JJaHUX BCTAHOBJIEHO, IO TPaHMYHI pyX-
JIMBOCTi 3MeHIIYI0ThcA B psajax: A(AMSNa) >
N (HEMSNa) > A(OH") > A(MeAMSNa) =
A°(BzZAMSNa) > A(tBuAMSNa) > \°(Na‘)
ta A'(AMSNa) > A(OH") + A°(Na*) >
A (HEMSNa) > \°(MeAMSNa) =~ \°(BzZAMSNa)
> A(t--BuAMSNa). BigsHaueHo BifHOCHE 3HU-
JKEHHS PYX/IMBOCTI iOHIB BOJHIO B PO3YMHAX
MeAMSNa, HEMS, t-BuAMSNa ta BZAMSNa
IIOPiBHAHO 3 BEMMYMHOK PYXIMBOCTI IpH
nepeHeceHHi 1o naHiorax H-3B’s3kiB Bomu.
BusBneHo KoMIeHcaniliHi epeKTy B aKTMBa-
LifHUX TIapaMeTpax MOJIAPHOL €IeKTPOIpPO-
BiIHOCTI cyucTeMy aMiHOMeTaHCy/Ib(OHAT Ha-
Tpito — Boga B obmacti remneparyp 293-313 K.

KmouoBi cmoBa: amMiHOMeTaHCYIbpOKMC-

JIOTY, BOAHI PO3YMHH, TiIpONi3, €eKTPOIpPO-
BITHICTb.
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