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Abstract

The molten salt electrolysis of CaO dissolved in CaCl, melt was conducted among the decomposition voltages of CaO and CaCl,. It
can serve a strong reducing atmosphere near the cathode, which is used for the solid oxide reduction to the pure metals. Many oxides
were experimentally reduced but some were not recovered as the pure metals probably because they made an alloy with Ca. The
mixed oxides were also reduced to form an alloy powder. The subsequent annealing of the reduced powder could homogenize to the
same level of the commercial alloy. The liquid oxide (for example, V,0s) and gaseous oxide could be reduced. The electrolysis of
CO; needs a non-reactive anode, and the ZrO, solid electrolyte was applied. Fine amorphous or graphite carbon particles were
obtained above the molten salt as well as carbon sheet on the anode surface.

1. #5

R T Fe LV EMNCET A2 ERTHEIEHIIA L LTEBIEMTERT 22 LR 20, Thoos&Brk (e x
EF 2 ) I FE L OB Fe LB, EHICINLEB~DBRBEEMENKEZN, HoT, ZHbDmEm
FE& R B TRAL 0 HIEREDORE L <D 7 DICITMFE LRSI T TN L, & OISR IS 2 mE % bk
= (Bilg) T54ERHY ML THRIEaX MIEL< D, BIETEAEINTWD ZULTEESRE, FlCEomRIT,
EEHETT Tl <HbW7e EERE LB OB T TR B TR, BELLTRERCTEEINDIOT, ZEOBT L
F—HE, Z<OBRERELEFH, AMEEREEZE L, FRELTBD TEMMAHmEL 2> TS,

EEDIIBRALETATHD AN T AR~ I X7 ML - T, B aEFEHT, b BB s CERE, B
FIREDOKWEBHRICIEBE TE 20 LWL, & & #7702 AW 5% EHISE N L TE R0, BlIARY

(7= & 21 Ca0) M Figl@II/RT LB ITEENTEE (2L 21X T) KiTREICHERLS BT 2720, ehihEind
DEJ/RERD ZENTERpoT2 M, Ca0 78 CaCLIZiEfkd 5 Z L #FATHIE, T4 v hOBERECANTHS Z
ERFER D NT X o TR &SI, FZ U R EEERERNSOREEICEMA S 19, HEEDLR 5T, Bmrb o
BICICHILANFRETH Y | FFIZ TIO, 60 Ti ORIGEIZ Y 72 - T Ca BE)FIIC AR IZIZME— DB LA TH D Z
D COBEDIIF SN TND 3, BEM DAV 25385 & il % it CaCl, 1 CRIFEICIThE S Z i k- T, fl
/LR CaO % CaCly IR S8, TRMWE L VOB KL iR Sh>oH 5 1,

Fig.L(b)IZ/Rd~ & D IR ITTHICTH 5 Ca L B4R T 5 Ca0 DS, I CaCh ICHERMT 2 Z L NEETH D, Kk
IREE1Z CaCl, D 1042K LI BT, Ca DFEKENE 1273K FBRE £ T, &R 50, MEOHMKRERTOILRITZ DIRE
BT 0 B, E£72 Cald CaCly & iHR4YEET 5, CaCl, &2 V5 & RUSHE T % OREFEH O KPR FAEE & I
ERES T, K Ca DV WHRERDL Z ENARETH D, T OWmLWAH CaO L 0 BN LE T Ca TIFEIL T
N RS 2 BRTIE, Ca ik FRENICEL £HAeR., AeoEISATRETH D,

AFETHIT, ABERITIRIN LB CH Ca 2 iz CaCl, P TORETCOAAMIZOWT, FLDTHELE ® 0T,
AFETIE, RIS Ca0 725 D Ca DFFEAE % L 7= CaO Efif14(0S 15£) DS 11622 L 2 Db i& T~ DS A FlC
WTCikR 3,

2. 0S IEOHEE

CaBTiETIZEIAET D CaO WEEM E > T LE D Z &5, Ca0 ZFEHIETHI Ca DIRICHAET A Z ENLEEN
%, TD»IZIE Ca0 ZiAfiE L TN DL CaCl, IC#EHE L Ca0 DA Z BRI T 5 ONMHMHETH 5D, T74bb, Fig2i
AT EHIZ, CaO OHEFRSREIL (K 2.6V) 1 CaCl, DE M AAEEL (19 3.2V) LV IEWDT, Zh b DELEDORH T
CaCl, 1 Ca0 DA %#ERMFEL T, &B CazFAZ ENARETH D B2 DD, FHTRFGMZ AV L CaO DR
FHOMREIE A 1.6V I E TR TRETH D, CaCly I Ca0 MIEMEL TV AR R ATE R aco E VO TE TR S > TH5Y
fRFEEIX Fig2 IR L7 L 912 01-02V BRI ORBRETH D, 77205, £ 1.8V LLET, 7> CaCl, # EX DR L 72\
32VU TICEBEAZRETIVUIIWIET TH D, & ZANEEEITIL, B TH T 5 Ca i CaCly 123 mol%iEfiEd 5 DT,
WEOHFZEITIEA Ca DEFEBIICHETI LTV, EEENZ BB Lh s 20 i nid, B cvwbd
W5 metal fog NHEELTNWDHEDZ ETHAH,



Z OREETHTH LI BIC CaCl IcHfig L T LE S Ca ZBBICHN S LI MEMSIC L5 TBALFEIBIEE 2513
kit & U7 LIS T 5 > 2 BT D ISR & RN Y L 100mass ppmO LA &1 5 & i TRk O F & > s
(TR LT ™0, —J, 2o Ca BB B ITIHBE AR T b 2 BLMIRFF O Jiik & [EH L OBIRSEE LV, EH
S Fig.3 ® & 9 IcABMEE R e L TRV, SIREIRNIICE LI R 2 5 = & T, 1173K TR CIesp
0.2%Do-Ti YR AE1HH = LIAThEh L7 1519,

3. Rk

0S 1T Ca BT D HDITHEARD EBEEBWKIETH D, 065 2 2B TN RE T, FMT~HEH S 2 EI4E
) b BN AFAE LR WSTH Y . TL OFEFIRE 40%0> L THIRO AR P F % o L [EFRRE O FRIRE 0.15-0.3%
ETCEIIBBLRETIEN TR EATH D,

OS VEIFTFHEA M 72 7200122 0 LEMBERIZITGEER R ERNLETH D, TiO 2Ly MRIZEBEZED, TOH.LIC
PR 2 1 A LR FZIBIGR & ORI 2V DL EZEINT % 20 1 U THEBIEICHET 5L v FRENSBETNEL S,
HHAA, 27 aRBANSITRIY LS E L IEEED 3 ONHE S BN SBIAEE D B2, BN Ti
DX ICHBEMESBOLGAIXIAUTETRTNDL G, Ry NOANE DB E 72> TR~ BT DTy R
DMESERIC AR L. IO EMILE T SNV TEET 5 2 L0 H 5, U0, B 0% Sio fliiz st ¢ b [RIEEIC MR
Ll B REDMELIICER TR ICER S NS, RENSBIKTEDNTLE > -OISETH Ca DRANMHIES L, £

7o ILREIEY) CaO OHEMH TR, XLy MAERIZ CaTiOo; D L 9 72 CaO & OHEAMILMINTER I D L& 2
Tn5 9,

—J5. BRI & 203 Tio, XM SEEN - BATIc kD &, BRI ESN5 b0, BN SIEE L TL % Ca
PP AMENNTZ 01T Tip03 %2 TiO 72 E ORI L £ TIT LB & ¥, @ CalgE 2 boo, AR CaO »
BEZ K< THZ L, bbb, Kk

O (in M) + Ca (in CaCl,) = CaO (in CaCly,)

TEES Ca0 & CaDIEEDI r = acofac, ZHEK DT/ EL T2 L, B, ARERE M OREEELEEE[%O in M]%
BN FETAR RS = L1272 % 1810 Ca0 AR CaCly H OEBILEBIEI RN & DD TiO, —RAL TR DEE D i £
TIE Ca0 DIENFEHNZ EDRENTWS B, Fhbb, UKL & [RIRRE O BEORL -2 EET 5 L 5 7 BEfs
Ly MME CaO OHEHEN, THFEE r PRELA2OTIEELKRE LTEE LR, TEHIEHERE L CEELY
Z i & EAE L SORSRICHRAT 2 Z ERBILOEEILOBENOEE LN EEB I LND,

BMOBESS, BEOR OB CORELELATHZENHD N, BLOM TITBEREEIIMEDICT S LR X
VIRITCM TS A, BITERH, ﬁ“iﬁ:b% SR GORIEE K DIZITEWEREENMLE L 0D, ZHFAEKRT S
Ca DR LB EMBITHEDND L 212, BT ED CajRE L CaO IREDET LHEALETHDL Z L2 LT
%o BILOHMTIIHEREH %U&E*ﬁﬂ%ﬁaﬁ ijJ’a’LJZ < Cazfitie 22 &M ETH D,

4. BALTF X v DOBITRE

Ffix OF X WS, TiO,, Ti,0;. TiO, CaTiOz, X% AFL, %n%h%ﬁUﬁE@mOnyn’%@L%ﬁ@
WNIZ ANV CEMT 5 & BAERFHIC X o THERT 2B R D, nit*’l'qja)ﬁkﬁ/ﬁ%ﬁ.; . %ﬁ*ﬂmfﬁ_%ﬁmﬁﬁﬁﬁﬁ
WIZ K- TR0, Bl Ee CakEE24A L S ICHELREHRESE Q CHER Q 2 HK{kd 5 Etti)&f?ﬁ‘
5 Z Lo, Figd IRLTIZE ST ﬁﬂ#@@ﬁ@FiQmo;Hbfﬁﬁ_ﬁéﬁéoFQSiﬁié¢®ﬁﬂw
AR B O R R E S R (Fig.4 127 L72) % Ti-Ca-O Z i RS WHEKICEE AN DT, 25 OB TRIKITT
U E Ca L ORISE UTHE(LEFIE T 5 Z Loz, Thbb, X VB kL Ca 25 B2 2k
AR Ca i CREIT S EE2 DL, RTORIMI D OB TBEN EFHPTE 2 9, Ca DFELZEE LRV
CaTi, 0, X° CaTiOs FH DO ARUTFIA S D02\, 228, ZOFKFHOBURIIHIEHE Lz 7 /v H AR TO Ti-Ca-0 =T
FAEERR & BB RAET D,

5. kiEmRAm ORI

i 2 OERIEED OS a2 AT 2 L&/ E TRILSN D, FHH b OER L7275 Tidk. Mg, Cr, Mn, Fe, Co, Ni, Zr, Nb,
In, Hf, Ta, Bi IZZEMtWH LB IL L TEBNEOLND, Fray b DHIFTER UEREZHRE LTS, 2095, In & Bi
WFEMEE CIXRETH Y, =y FROBBATEIL L=, Al, Ga, SnIZEREICHETH LN, % 5L Ca Lbikihesd
ZIR LT T2 ICm it @B &2 BIKTHEINT 2 2 & BHRRh o7, BATHRERO -, 5% 0L DU E D TERICHE
REL 72T 173?673?1/‘73\ Al 72 EOEBRBITES BB b RBISUET 720D LT 5,

V,0s I3 FA 963K CHEMIRE CIIRER{Em Th 5, & V BARICRImZE S 50mm 12725 X 5 ICFElE L



LA, USRE & Bl B R LERITAJR VIS E TEITTTE N, TRERIT CaV,0, 2 RSy & T AEAEMEY . FEEE
AP IEERE L7 V,05 Th 72 39, UBHRE 250 mm RIS % LBk 38 —I0& e S, 1800ppmO D& @/ 3w
DR ERGD Z LR, Fig6 12T OMROIFRED L Lz T 3, $HkD CaV,0, 2SETTOMD T AR L, K
IR ZER LT 5, CaV,0, 1TIRIKDIZETTIZH: 5 M ThH A 728, IR E RERKIFTh D, TN HITE
JE S VIR BRI V RS b D, BEERT D LR VRIS L, IR ORE SIIEEum 04— 4 —%
THIRILT 5, CaO DFEHREIN D Z & LiRIK V,0s Dige, Efb, ITRWBIMRAH D & 5 TH D, Nb X Ta TIdERRD
Ca0 L DBEEAMNZ D E L DEHRDOIFERTEBHRIETEND 2D, FERELTIGE LSS WHRE LR TS &
NHED B9, FEENLWVIFE, ZRENREWVIZEEE LW arF o —HEeBHmRICHR S5 ¥,

T, V-0 & CIEMEHMEEITAEMMOMEIC L ST, Fig. 7TICR LS 10, BBIE—AOERTHA Lz ¥, (&%
b2 ERERCTH V-0 BEVARGER CHIEEOBIMERMZ A5 2 &1, RS OAHRE L B AR - N OB R ILEC
172 < KiFFmN DS CaCl, A ~DERFEOIEE, b LIZZOWD MO Ca DR, NEEARRNFLER-TNDE I E
T, ZOX D RARIEDO RIS IIMOBA IS ORI ELS 72D O TEE LS DO TIE/ARV, CaCl, DRI MR
B Ca mIREHEKZ LR ST LE O HOICKINMEEIC /e > Ty, EAGICIES BICTRBALETH D,

6. BRtiREKROHET - A4t

PR~ IR A R 2 3 2 & IR LI RIRE ISR TE S, 003 C CaCliRIRTFIc b b 53, & lF L3k L
THAIT 5, CaCl, & v 7auy Ca IR ILIBIFRE S OBE A2k A3 T2, BRI 51Z EmETH 575, 0S ik
TR ITL DB LD BN B & s A CRRAL MBI b 2 R CEBISEIL SN D, 2D, 54
BIZRo0H < BEND, TN TH CadhBniBIzb Caly DIRBAN D | BEREL LR T 2R S0 TH 5,

Fig.8 1Z. 3 2 DER{LWIHE TiO,, Al,03, V.05 % Ti-6Al-4V DILIZHETIRA L. atp FESIEREH > TET LS
DT, FRICH TIEBHOARKITHBI T 372003, 15 SRR & RS L7230 CITmilkdh & Rk X BREIFXE 2~ L
TW5 ¥ Fig9 1, BT KX =59 HT EDX &2 EH BT EMEN TIT 72 b O T, BIch OREHT B M
B HULNI 72 0 OFRRFEFRIZ N T Y X %208 LTz, BERS R ITE LN OFALEIFRICEEFR L, HAROIX S DX 1Xfildh & K&
MR, OSIETH LN ERITMH RIS B, WT RO DITHERL SN D DO TH 50 IR LRI DO S)
NELH-OTHELIXZ WD E LI/,

BT RIBSNTAEERMICHR STV D F & 2 A A (TNTZ A4 Ti-Nb-Ta-Zr) TR IR L WIR A R D& It 2 38 2
B ZRNTR TSNV ND & Ta OIETAEIT L. Ti, Zr O ICIE CaTiO; =0 CaZrO; ZfH L CIE TSN 5D TEND
D, BAENCBEM T VST E O ORI E R EONE Z L2 BE L TVD, 4 THTH->TH ) S AEHEREIESD 2
LINFREL R TE I TH D,

7. SRR DETT

MEFRTHRETHRBIFICHEIE L TWiUE CaiEinansd | FHEIE, [UEBIEMIZ LY TUIXELO TRV, &
£z TIRMIRET A DR L BB A~DSIREG 2RI T O, CaCly IJIRFE L CO I EITG U, FHMS B D CO, A kI
T %L, CaO A7 FTlt CaCOs & L THIHI B ATHETH B, Fe KU CO, i Fig.10 IZ/R T & 9 ICHE LT 5 4442,

ET, BBICREZHND EHO CO, HAZELTLE I DTERN L D, BBEWIGH ®OL LTIREENT
W5 ZI0, FaFE A A U EREMEEH WD & Figll O X 5 7 COy fREEE DS A LR35, BITEETOEZ A, &
B R O CO, RIBDET TAE L D RHFIT, IWKFEICEHEL TR Y TEM B2 TS TR WIERE S L7 T
T77A MERTHD, M LT 7 — L o SRV E RIS MR TE TRy, 05, BRI E Lz — b
RWEITRE O IRMEA A DBTTIZE > TELERFZTH D, Vba=THzEAWHEe, S oMEET 2 2 H
HIRIMTHEH L2 iUE 72 B 72003 FEERASREZE TR A BT 2 BB ICIZBIZE L TUvievy, CO, B A DEMD AT 1
T ZABREXNVF—HROEBENEH WL LT, BEELRLONERHTHLOT, RAIZHE LV, CO,
HADIH TR, NOx =R SOx D FRIISIIGHT 5 Z &b F X TEE T\, CaClyid Ca A A v LEEFA A2 DOitihn
BEIT AFHREMERH Y, BT 572 0ICBEA 4 LOBEI LRV E SN 5 LO-LICl ZTHHFHEL TWAB,

8. 8

CaCl &% CaO Z O NI 5 2 L3k, [REWHHE & S5 DERLIZ & - T CaO 1L Ca & CO/CO2 7 AT
BRIRET D, Z DL ZREMGIFFICAR LTz Cald CaCl VEIRICIEMET 5728, FEWGTF B LM M FAET T Z h 28T
+5, HEFETICEL ORI OBETCICERMICHEI L T\ 5, BILWRAEOETITRTLORR BT ALY THET,
BERE A AT 5 & TS & AR, BEERER L O Hde b TR, [ O TTICHER L TV L BRETH 5,
BEFEAE O 728 4R & LR T~ DO BBEREOHEZICE HIC TRAMETH D28, OS EO BN 22 E 0372 v
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(a) Calciothermic reduction (b) Calciothermic

reduction in CaCl,

Fig. 1 Reactions between calcium and a solid oxide particle such as TiO,.



Melting of CaCl2

Melting of Ca
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Fig.2 Decomposition voltages of CaCl, and CaO. The dashed lines show when ac,0=0.01. The electrolysis is

operated within the shaded area



—{ Electrolysis }— —{ Reduction }—
Anode
202 +C=COz2+4e _ _
02 +C=CO+2e 2Ca+TiO2=Ti+2Ca0
Cathode Ca+[O]ri=Ca0
Ca?"+2e=Ca

Fig. 3 Concept of OS Process for TiO, reduction.
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Fig.4 Oxygen concentration in the samples starting from TiO,, TiO and CaTiO3 powders.



CaO

Fig. 5 Identified phases during electrolysis of CaO.

Ca



99% 204% 264%

Q= 32%

CaVv,0, Vv porous V  coarsening

Fig. 6. Scanning electron micrographs (SEM) of the obtained samples[8].
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Fig. 7 Oxygen concentration in the obtained samples. The V-O solid solution can be obtained below 7 mass% at 1173

K according to the phase diagram[19]. This phase boundary corresponded to the XRD phase identification.



After Electrolysis ,

After Anncaling.

Relative Intensity (a.u.)

e Commercial alloy

' ®
® ® o A°®
L i .. 1 A -
30 0 30 50 70 30

Diffracted angle, 2 #/deg (CuK a o)

Fig. 8. X-ray diffraction patterns of the samples after the electrolysis, after the subsequent annealing in Ar gas

atmosphere, and of the commercial alloy.



Ti at 1173K

Y Target comp.

a-Ti
@ Analytical comp.

70 Ti
3oV

(a) after the electrolysis (@ @=517%)

Ti

A Commercial
alloy

70 Ti 70 Ti
30V 30 Al

(b) after annealing at 1400 K for 86.4 ks in Ar

Fig.9 Metallic concentrations analyzed by energy dispersive X-ray (EDX) equipped to SEM. The isothermal phase

equilibria is also shown.
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Fig.10 CO, solubility in the molten CaO-CaCl2 at 1123K.
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Fig. 11 Schematic illustration of CO, decomposer using molten CaCl, melt and ZrO, solid electrolyte.



