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Application of Oxygen Concentration Cells to Kinetic Study of

Heterogeneous Reactions at Elevated Temperature

Kazuhiro GOTO, Minoru SASABE, Masahiro KAWARAMI,

Mayumi SOMENO, and Yukio MATSUSHITA

Synopsis: .

An oxygen concentration cell with zirconia and lime electrolyte has two characteristics in its perfor—-
mance at elevated temperature; First, the cell shows good reversibility against the change of oxygen
pressure and temperature at the interface of the solid electrolyte and the electronic-conductor electrode.
Second, the response time of the electromotive force is very short against the change of oxygen pressure
and temperature. ‘

The two characteristics have been applied to kinetic study of heterogeneous reactions at elevated
temperature as follows:

(1) Gas composition profiles in the vicinity of the reaction surface have been continuously mea-
sured during the decarburization of liquid iron by carbon dioxide gas at 1550°C. It was shown that
there is concentration gradient of carbon dioxide in the vicinity of the reaction surface and the gas
phase is in unstable motion under the present experimental condition. '

(2) Intraparticle gas composition of metal oxide powders has been continuously measured during
the reduction by hydrogen gas and carbon monoxide gas. The change of the electromotive force
demonstrated the step-wise change of the intraparticle gas composition in relation to the two inter-
mediate phases equilibria.

(3) The rate of the change of oxygen pressure in the liquid metal and liquid oxide phases has
been measured, when the oxygen pressure in the gas phase is quickly changed. .

The micromechanism of the reactions under consideration was discussed from-both ‘results obtained

by the electromotive force method and by other methods.
(Received Oct. 14, 1968)
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Fig. 1. 'Oxygen concentration cell assembly to measure oxygen
pressure profile at graphite under isothermal condition.
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Fig. 2. Schematic diagram of reaction chamber.
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Fig. 5. Schematic diagram of the cell assembly used for liquid silver .
(a) and for liquid PbO-S8iO, solution (b).
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1550°C, flow rate of 200 cc/ min.
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Fig. 13. Change of ‘oxygen pressure during reduction and. reoxidation.
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Fig. 15. Change of the EMF and the gas compo-
’ sition at the surface of WOy with time at
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Fig. 17. Change of the EMF during the reduction
of CuO at 827°C and at 926°C.
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phase and liquid silver at 1050°C and

at 1105°C.
R
600 |- | | &
|
!
1
1
L}
I .
Lo )
S0 - qos
= 1 o.
E 1 K&‘
1
L N In slag 0‘;
s ] £
by ' .
500 - : In gas phose 115% !
] .
]
1
\
\ ST -~
{ (1) Start of argon gas flow (2) .
450 [ Starj of oxygen gas flow | -1 201

50 100 150
‘ Time  (min) N S )
Fig. 20. Change of the EMF of the cells in gas
phase and liquid PbO at 930°C.

FATLERERCELS L, JAEHR, AR R
ied EOEMFicd E5. -
Fig. 21 ClIE&R->7 VI oHifE>7 V20—l
BEL S REOELE TR 21D EMF ORE
bx 7. ZERHBTHMEALC, BRUDTEHRESELZL
XD EERPE VPO VET E BRI RE
WZLT 5 T Edbhore.

DX S hERIE PbO-10% SiO; WKL DVWTHET
foiz. Thb DERBREBRMNCELDD LRD
TEleB.

— 55 —



1018 % & B

% 55 4 (1969) 122

€00 4 76
500 : 1168
< 400 1260 2
£ ¢
w N 4352 =
S 3001 N\ ! .
w \‘\(—' In gos phose :| \
\
200 | RN I 4 445
\\\ ] '
~~e_ 1
> It | B .
100 (1) Start of argon gos flow (é) 337
(2) Start of oxygen gas flow
O 1 - ]
0 100 200

Time (min)

#Fig. 21. Change of the EMF of the cells in gas
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ABEBREETHDTH A S b
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Wik RIGEFTRIC ST 5 H RBESFslET 2 —F
Fig. 20 0 & SFEEFIC X 2T, SHRESREORRK

ERFERIE Fig. 22~24, 1 X8 Fig. 25 WiRLTH
5.
Fig. 22 & Fig. 24 {3[E{K2R43, Witk Fe-C %, Fe
-C-8 7R, Ni-C %, % XU Co-C RO EEMFE 8-05
cm? YO FEGIcX D CO H R I5 D7 fi bk D grams i

EZTRLTW5S. BIEEER 1550°C T, 4 CO, #x%
200cc/ min OFPHETHEF LY, HIEEERK SO
7o RBREZLOHFIZ Fe-C R Tk 4-419~2-30

I I
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- Fig. 22. Relation between carbon removal and
time at 1550°C.
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Fig. 23. Relation between carbon removal and
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Fig. 24. Relation between weight change and time
for solid graphite.
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Fig. 25. Relation between weight change and time,
when partial pressure of CO; is changed.

%, NiC FTi: 1-84%~0°70%, Co-C HTII1'85%
~0-60% THo7:.
Fig. 23 13 Fe-C e, TR ERMERAITHS S

Table 1. Apparent rate of decarburization of
liquid metals and graphite at 1550°C.

Crucible Reaction rate
Graphite Sintered alumina | 8- 14mg/cm?- min
Ni-C alloy 7 736
Co-C alloy 4 7-38
Fe-C alloy Fused alumina 6-87
Fe-C alloy | Sintered magnesiaf: 6'55
Fe-C-S(1%) 4 | 652

Table 2. Apparent rate of oxidation of graphite for
various Pcg,, and temperature.
(mg/cm2- min)

Pco Pgo, Pco, 1.
T —6-2]| =05|=08| Peo=10
P 1 500cc
; 200 200 100 200 400
/ min
900°C 0-50
1000 1-12
1100 124 2-05 2-30 3-60
1200 5-47
1300 7-09
1550 3-36 4-48 6°84 | 8-22|9-87 {175

ZEFED Fe-C-S ROBKMERREZIILBELTHS.
FUS&i Fig.22 oFntF—TdH 5. Table 1 TR
FOBLD BT ORIGHEE %L mg/cm?: min T/RL T
H5. , ‘ '

Fig. 24 IFJEGEFRE 8'05cm? D4 D 900°C ~
1550°C 12 317 5 R OBRLEE TR L T 5.

Fig. 25 i3 CO-CO; B&H 2D CO% %ZLE L
BHicE ED 1550°C LT 5 EBOB(LEEEZTL T
5.

PLEOEBRFERL Table 2 ICEELDTRLTHS.
EBERAENTHLROTEL LS.

(1) BLTORIGEERRBRECTEALEKEFL
7. (7272 L, %G o#EpEi: 4°3~2:39%C-Fe, 1.84
~0°70% G-Ni, 1°80~0"60% C -Co)

(2) F—EGEHTTREAE Ni-C &, Co-C &,
Fe-C F, B IUVEGKELHOLPTORICEREIIXDHED
KRELFETIL.

(3) A2 OBREEIEmMEERICHD S T
LCh (0°50%, 1'5%8) EZTE ALS T,

(4) BLRAOFBLEENE CO-COp X R DFE & #AK
CRELEHETS.

R BRI OWT .

3 LR SAY, SwisHErR and TURKDOGANZ® D5k

TR LLAEMCET HRSK LD EESNELHRD

TEEERFREZBONLTNEL LRV,
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(1) HRAMERIH—IRT ARESHZRL, KitHE
FBIIRICHR T 2R OYMEE K LTV,

(2) FIE&HRF—K5, Fe-C, Ni-C, Co-C,
solid graphite 7% XD SR WHED FLEIC L D, LhsF
DRIGEEILEBR L LN T X\

(3) SOXH>LKRARBEFHESEHFETIE K
CEBEIREES TS THAS. .

(4)  RIR DB O RIS EEAE R O $k & e xHRE
DI ERBEFREEE LR L v,

SwisHER and TURKDOGANZDT ¥ % &, CO-CO.{EL
H A X5 RIS EE RS Shiz CO; &5T-a57%M:
KAED COn* 2T HIET 5 EEC X > THE SIS
ELTWS.

CO; (adsorbed) = (CO,) * (activated) ------ “-n
(CO) =+ C=2C0O (4_2)
FIGERERIIWRDO T ELRLTCWS.
d
e K'(1— B)Pco, -w-ereereereeneennon (4-3)
dt
g'—n-@ﬁﬁ’_z (g- mol CO, p‘ér sq-cni-cosbtld‘%(.]l z7%
d ¢ d ¢
kT, ,
do,C 1200
dot - fl K'(l—ﬁn)'PCOZ"""""“'(‘}“D‘

LT fRIESOMWE, | IEROES, K iiEiE
RIGiE%%, (1—8,) vi vacant surface sites %4, Pco,
BRICRARARD-CO; 57HE%R, TNFRTFLTW5.

(1) FRARESAOVERRE 2% LIRS ER
D CO, FERIEN T/NXL, poroiffE 15~20
mmiZ 722 C CO; DIREARSFELTVS. EH
Rk { THEREPEIC LD TWS 25 & &3, &
DHARBESTOBPIEFBRIZTTLEEINS.

70, KERBERTH O~ L ERICERE
GEEEE CO-CO; DRI KRELKFELTWS. =0
FEIF CO-CO;, DimEDHEEEFL W (4-4) REF
BLTWS. . _

(2) Fig.26 & Fig.27 3ahFoORGEEL CO,
SEOBMRERL T 5. KIGHEE Peo, ICHHEIT 5
Dhr In(1+Peo,) BT E D0 ES S LA fERTEL
V. UL LA RARESHOERERI VEH LD Peo,
VIIEE /NG D T LR B DT, 49RO Peo, 1Tt
Mo ZAHRD Peo, ZHVH DAL EECASFH LT
WZ e,

(3) &4&OEEFe-C, Ni-C, Co-C, etc) 35 k{8
S DEINC XD THPTF O EEICEE A U,

Harpen and KINGERYI®Js I (M D fffZE £ 20,2930 1
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Fig. 26. Relation between reaction rate, dme/dt’ and
partial pressure of GOz, Pco,.
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=M@k N (dynes/cm), k Y = ol R, (1°38X
10-1¢ dynes- cm/degree) as I~ Y —FUED Wt% S
TR LD SOTERZRT -

d Inag=d In[wt% S1 2HETB L, TbHSD
EEs3E Henry oOEZlR T3 EEETD L,
1570°C CStEF5 & I's 1 7-5%x10¢ sulphur J{ZF/
cm2(0-01% S P ET) L\ 5 EZEE, ThIXHREkRE
@ monolayer coverage M $ 5. TEBEDOT LEL,
S =0-5, or 1°0% % &H T 5HEWTITYUM monolayer
coverage 17t (1—8p)=0 &L7HS OFMT LD B
(4-4) KHBELWETHE, RERERIEEIChE R
L b . Lrl, ERERIZS%HICIDOT
BT ORIGEERIEDLL IR, .

WL OEERREEERCEEEFHEL TS

(4) Fig. 24 TRLAZEE, HBPTORGEE L
BEORGE: 7OV =s—A7By PLTADE, E
wEgm B s ey [BEEOBEWHEE T, BEOCEE
EAEL RS, COBEDS RELF HIGEE LFET
5.

(5) Fig. 28 I3BLAL7HE CO, 5 % UL
X O THEBEINT»EVD T ANT A0 DOFER
FaFRL, HEIM CO: HADM EE AL T 5.+
CO. OFBEFFFEBKICHEBRHE> TS LIEDD,
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Fig. 28. Fraction of reacted CO; gas vs. flow rate
- .of . pure CO;,-

H AR B o D H A ERUEERIC DOV T
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Fohap CO; OIFEIABLREIGORERIE L85 & T
AT TRO T & EERBFREBLITELE.

(1) stagnant layer ®JE X1, HAGEIC K DT
{bL, Lo THEEELE(ETETHSS .

(2) % L, stagnant layer QEZHFECT, it oD
BEHDSELITIE, AE&PREROBIRICIDT, Bk
HERIBESELNTDHHD .

(3) EEEETERLPTORREECEEER X
EERe

(4) &ﬁ=bi®ﬁf@l§f_§5€0)ﬁﬁ(&%@‘Tﬁmﬁpo)éﬁ
VBB RIS TRV

(5) stagannt layer O#DH AMRKIIH—LL DT
55. L, BREGCEROLFICES 6 O stagnant
layer MRS 5 &ThuE, CO: EHWEBIEE,
Jco, BRDZTEL TS
DP dNeo,
RT d«x

Z z T J vk fux/cm?, DREEIEEUIER, Nco, iECO:
= 3E, Pii4E, dNco,/dx X stagnant layer @
BENERTHS-

1%»@002#&f?6a2%W®C0ﬁzmgm
x5 DT, Jeo=—2Jco, L% ThE (-6)RIC
HAL, x20~8THRHZ TS L,

P D 14+ Nco,

Jco,=— + (Jco, +Jco)Neo, ++ (4-6)

Jeor=="pT " 3 T3 Neo,* D
EBITEZEHRD wt%C OZ{LEEETH DT (4-7)
K& d 5O LERICTD &, '
do%C - 1200 D 1 +Pco
= In 2 eriarnas -
2t  FIRTS " 1+Pco* (4-8)

Tfhm*ﬁm%¢@(3&¥ﬁfécoz®%ﬁ
%T‘;‘ Witk Fe-C-0O % & CO-CO:-O HRAFED
T4 i%k;aamC%mozmequm &m*@
JEwAhAELeh, |RATES.

GS)ffT%néﬁréﬁﬁ#%%F%&?Et<
ASHTHEPE,EDTHRFALTAS.

(1) FEBXN-H»dORGEE, EE, stRICX
STz CO; DILERRE (4-7) RICRAT B LB
HEOEX, 5 BNIHEING. H CO: #ADHES
100cc/ min, 200cc/ min, 35 X OF 400cc/ min TESR%E
EBiL LA 0 § OfErchn e 14 0mm, 11'6 mm,
BIXO 6 7Tmm 5.

s O, FEBSKICLDBE LA D THELES.

—F, BERREMC XL ARESE Fig. 10 k
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55 4 (1969) E122

LU Fig. 1l THBH L, LR GEBLES 10~20
mm O COs DREQE S EB I T 5.

(2) D Kp5viz (H-8) Rick 3 &, KB
B, 0MXFLINE, B, A&0BEI»hbY
SREGERIISL BT MER by, AERE 21
COERLIZE-FHLTW5. Fbb, Fig. 22, Fig.
23 WRLTH5HZT &L, Fe-C, Fe-C-S, Ni-C, Co-C
BLUBROTRTDBEFI2WT, REEERZE LY
MUERREE I IIFHELL 2T Vw5,

(3) LR E(2) DR %EE 2 B & H IS
HR—RIELWX S5 TH 5, Fig. 10 w@ice &,
BUS FEGE BE 13 T 7 A DR L C B T .
7 ZVFELARTE & Bk DR AE D R DAL 58 7tk BE CHES)
LTwaZtirbrs.

Fig. LIWR U725 SO RIS (R 1Bi s
B/BDRFELY IS EFTHD) DFEIE Fig. 12 10
AT L5780 COx HRARED “@ 5 &E” [ IFER Xl ds
D7,

BESRS TE DL LI 2 BT ) 0 [ A3 4 L
T &iE,  TTIATIRE THHMER D BT L B0~

RIGEMIC Si0; & TS A CO-CO, # 21E
KV DYEtn THGEEE, B cm/ sec T IR K ISR & 7272
. WRIRZDZre Fig.10 0EREEL Y, %3

Y x— hv{ BV O stagnant layer B L TV 5 & 4% .

T E .

P IITPRK B ISGVE  stagnant layer DR AR L 7=
-7 K (4-8) RTETTHLEXLZDE, Fuvi
BEEPEEREEERL VO THREIIZELL KL .

LA L, BAKER, WARNER and JENKINSZD}I “4-7) =K
HBWVIE (4-8) RITTELWEERLTV 5. o p3EE

Bresy—va bR D CHR OISO SR E

BILTVs. HOOERERPS AN 2D ES
LT CO; oFIHELFE TS L, CODFEREIT L DT
10-2~10-8 LIERIC/INE L 5. Hholfiggze~.ng,
FIFA R 2B OB & OFIF BIZI A — €2 T D
Baker et al2DD{HEIX 1~0'1 ,8— 4 F /X i
DVEHT AR OEMEPR L5720 THAS5. Flf=®
BEINZ &L, FHET I DTRDI 8 DiEp Sl
THHIW, KOEORMTITIIATFFIT /L.

EHAC BIRIERUB 2 E L <z (4-7) 2 (4-8)

RBEERRRER L AR T B2 L0 T, EEOBEL
VBRI BIR A AR THEE SN T W5 &% 2 5 Ok
ETRE. BRREBMEAVRERDF A RES
e COp ED “D5E” OERX Y, BREERTR
LEEB LTS H ZMEHD COy $5 0L COH 2D

BEIBEECLOTWSE E WS T EMREHRIhs. i
L., sE&iElimkiEsr, BRETHd5 L3 b3t
XD EDTH ARG OBERE 2Rt 5 0 E i
THAS.

RGBT RFE D REER I DV T

ARG & RHR AT WIEAVE 18 mm DIES O IEG
FORFOFEFMRIIFTHTESD. LoLiass, &
S ERIEIBD DL EFHL TV 3. W icxhn
B L CCOMMAZFET 5 DRERER S ETW
SBR AT . X0 ERBIAORLRE & $iE
DA & DRLBRE HITITE L v & v S EEBRES 513,
RO C OBBAMEITAE DT Wi & EERLTY
5. . : :
EHI, b LCOHMOERMBPENEC /L5706, FMA
DOFFHCRFREOLINE S, KEBROI L AT
W BRI B V3 A7 X ERATREE 2 47 2 ML IS B R A3 s W i TG
HBH. PRI, REOWHEEHITELIEL LRV T &5
BASHToHhS. ‘
DAEDstima 215 &, BRREEMIC XD H 25
BT AmRo [&5E ] OERR S5 BRI
OALEFEICHGEIXIE L L 7 T & b Dfe. Fic, B
FE A AR ERIC RS E TV A BER L IRE IS
LW EPbrof. KREREOE VSO RIE
REREEEORKELERE LTV 5 H 2 AR08
SEERFC I oTEE SRS T Ebhot.

o F72C D melt ROEHAELGEIC D E VS5 E 2 e
RIELL T Ebioi.

mEB, BISEBOEF I & L 5K CIEHPR, ix
PR R s EAHFEOHEANTH B,
42 SENTRAZEAREBTRSICDNT

CERMESRR L v b, BEVIREKSEEON X T X BEILIT
WHENICOBERRCTHE7 S OWERED 5.
Bk A ARG L T, hDBEKE ¥ ABERT 2K
JEV R SE A EANT b, R bFHC R —Th5
7o, BUCOMHEE ML 5. 72 & 2 1E Fe,O 25
Hy #2LRELT Fe & HoO ®iElt 58 6%% 2
5.

(1) FeOs, FeiO g FprhflliEIE, o & o Tl

BEh, ThXTNnNoii bt 2RGEETED X 5 wE
HEND .

(2) HRIEOERERFHA AMEELIZED X S 7
BREH T3 5. '

(3) LFEREDE, BXUXZETo Hy 2 H,O
DEERED I S Tl >T B,

(4) LERGEHSETHICETEEe v T 1 —OZL
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BRRKBEROSRFH—FIEORERMBTIE~ OIS

1023

Begk 55 o s OARE EOWERRE, AP OET
WECEALEE 5250,

(5) MUK 2P D F ZREZFHALE S LDTnD
A,

25 ORI OWTERINCIHRE S5 X 57T
% OFHEE A L TR T bisid hidis Hisw.
U5 ICGER D ik (a) BEE(LLP A XM RO
Zb & D B A>T ORTTEE L EIZE T2 HE, (b)

PAMEE R X K X S HORIER TS 220 FHEL

PRV T WD,

X577 [(a) B OBEEORIE ] Haelko
BEZ Lo TERTIES B 25, BTG D HENE
R RV H % DRI SL T\

F7z, (b)DMHEDRIEE—

AR E IR SRS, R

HIATIE S L Z AR DS S -
LB, ARG 7z, BERKEhORTE A

TEVEEUS OESTITT S 7E

5% 52276, HEERIT

ERED(1), (DH)FTHLTEHETHELNEPOIER

2525,

Table 31IC 2B DERLEOREZ LTHS.
BT OBRTRICEEBIL, %L OREEZRTHE

TR & EET L R E 2 5 Sh Tn 530

51D,

IS OEERCEH I TRO LS KMESZEA

TW5.

(1) BICAT, HBERIETHREZLA .

(2) FREERREE (a) % 2550, (b)@TLAHSD
pores NOWEBE), (¢)KSREICHT BILERED
W, BB VIRRAEERELT, APT0EER

Table 3. Comparison of the three methods to study
on reduction of oxide powder with gases.

Measurement of degree of
reduction by weight
change of oxides or by
change of composition of
waste gases. ‘

Good for determination of
“average’ degree of reduc-
tion but less information
about the micro-mechan-
ism of reduction.

Determination of oxide
phases during the
reduction by microscope
and X-ray method.

Some information about
the micro-mechanism of
reduction but mostly in-
termittent on ‘“‘quenched”
samples.

Measurement of change
of composition of gas
phase in pores during
reduction by the EMF
method.

Continuous determination
of composition of gas in
pores during reduction

will give some new infor-
mation about the micro-
mechanism but no infor-

| mation about the average

degree of reduction.

ZHLBRIE O X 0BG ICEEZF AL LS &L T
3.
(3) topochemical {TRSASETTL, BISHEI TR -
TNBH ZDORAEEIREAB P LRI T LEE LT
LwWwevy, EHREEIEL TV 5. :

(4) Labyrinth factor % porosity RLWE7FEXNRL &
BEEICANTVED, £ OEENFRCEIBERS
AN

(5) AfkODp1 ORI HRE %6~ O R T
BLES 9550, 7od X NETHIGETHICRT
% porosity OZE{b, ¥ T v 2 DAEREEE, BFREFE
7 — RO H AR s ED X S s i Z b1 %
FAAMH E D I,

DD L 4£BBRILTON 2T X B ETICBT %3
ERDWEILS L b5, BUSHETRICERL TWaHH
M BRRCHT RS AR S TH B0, EROTE
XL BEHFIGEERSRE SN TVWE EFZONS.

AEBTHLN I FHEOH AMEDRRZE(LDOAH X
D FiEo#EERO END, FARRIGEEDESIELY
PERRET B LRARAETHEBROFILFHE XD
iRl il ,

BERNTFCHRINE RV vy PROKET —NOH ZH
BILETERGHEFTHR A & — 25T LA T 5D TR,
ZHREHEICBAR L CRBRIC (LT 5. oA, K
JGh3 topochemical ICHEFTL Td, HHWIELKLTDH
BEEIRICZ LT 5.

LHL, ZDXIBRFE—RIGTEWT [FIGEE] *
[ERSEEER] BEFESNS b &3 uE, Thvbiddk
T RKEKETH HITENE V. £/, 7o& ztopoche-
mical ICFJESETT S L LTE, TOEBEOMIGER
HIEREOMMIC X0 TAE LB LB TH B .

Ft, RB— 5 ALEE LSk Hy gas 2 CO FRiLXk
BT TIAREINLGS L E—F LD, Zhibo 3
DDENN D BT RT — O H ARV R EEE I
B EEZLND.

XBEWFER L EMF o2 b vando &<,
WO; OHKEEITLTIE WO3>WOs.990 & WO3.90—>WOs.70
@D 2 > DEXPEYY topochemical ZHEFTT %A WOg. 10—
WO; & WO,—»W. @ 22D R VL topochemically 12
ERIGHHET LI T &btz

%72, EMF QRBZ(L Y 0BTREO ¥ ORI
BIHR GBS, LS T Ebbhs. b xiE, B
BRETR AT — N H ZRABRIE AR O 7 2 LR T

T — TR ST RS,

Fe:O3 RV v POPERAEBRRCTTILL
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Ha i@ G413 Fe,O5—Fes0y 3 50013 Fe;0,—Fe,O
DB FEEK {2147, Fe,O—Fe O BEEEEIC D
HEWEIEBRLLNS

ZDIZ 21, Fe;03—Fe;04 FeyOy—Fey,O 4 ERE
%5 Fe,O—Fe DEMEICIHELL TIHBICRWC & 2ok
LTn5.

E72, Fe,O-Fe OEEMBEL T, = OREARE
LEDTWD EWSPUBERL VHoHD, Lo,
BIELWEThIE, #£7 O H 2D Fe,O—Fe —
MFEEIGECETS S & v S REBR ORI GO
N BRSREEE TSI B2 TWSB Z EHRLTH
5.

BT OFEER LEICAR L TS BB & 558
RS 5700 | DOERINEEL LT, #£7 —
AH 2 OFRFEA LB SEIRITIOTH A S .

(F)-(C) With&Br XRS5 VRS EORE
Tlbokz

Fig. 19, Fig.20, Fig.2lic R L -igik&BrhEs L Ot
m%&m%¢®&$%i@@ﬁimﬁa®;9rmﬁé
NE5TH5S b

B—ICARRPIC oW T TH B A, O HRLEML
T B ORRDIERGTHE ST onE™.

O (in llquld Ag)= '502 (gas)

[wt% O] 7246
Po,i2 ~ T
LRED O ¥ ADOTCTHMT 5EE AT 1000°C T

9 0°29 wt2e O, 1100°C Ty 0°26 wt, O 755,

DRI, WERPOEEESEE Zr0;-CaO EAE M

HITHERL TV 35 OWKBHCIEFL TV bBESR

KXotk oTES.

KR D Po, 2Z LT 5 LEithed EMF 3k &
ERBTELTS.

=25 HRBL
Ox(gas) == 20* = O (REicE\\T)

A3 @Hu%

Fig. 19 OFFRIZODHBKIRPOIREIZ X >T EMF
PEELEDDEFEELEHI Flg 2 oL ExEE
VEM U CEMF ORI b ABIE L

ARBDOTE LRS! Exb@ﬁ%xﬁxﬁéﬁi
SR BPIEEF IR JOTWmﬁé&ﬁ%?é&ﬁﬁ
DT EL T8 BH5,

€C=C,_, 4% (D¢

log — —1-107

Ci—Cy . mam1 2 n+1
—D(2r+ 12712 Cn+)=x
+ €Xp W « COS 2l i

7<7CL Ci WEREIRE, Co WIXLDORETHS.-

Pt

rr7iTr7

VAL ao,
17

— Ni+NiO

:

Pt

Fig. -29. Cell assembly used  for determination of
diffusion constant of oxygen in liquid -
silver.

LRI DIIEBCHE TS & n =3 T TRIEF
uJ\éﬁfﬁb‘_?‘&é@'C TNLIEOEIIFTE T 2 LEAS
V. .
AR & ‘9%‘Tﬁbf:EMF@ﬁéﬁ%’fbkiiﬁu%%%mg-
30~Fig. 32 LARLTH%H. INLORPTEBDOH —
7i¥, D=10"* cm?/sec, H B\ I D=10-% cm?/sec
DL OTEIC X5 EMF OERZILTHS. 2035
DT F1F B EIEEEE 1090°C £20°C THh h DI
4:5+£0'5x10-4 ecm?/sec 70 %. ZOffiii Mizikar
et al®, ParLEE et al®, AREE, ®KEHEH, BT

SEHESS S DR RER A D O D IREIRR D EiBIEE B 1 13T —

HLTWD. BPIEAMETELNEZEMF OEBZL
WHREIRF OO DIEEF I XDOTRES 2 E 2 CF
ERHEV- 7w,

753, EMFHIZEIT X DR D ODIREGEE 2ElE L
72IFEVE 1966 4RiZ RickERT and STEINER T LD TH
XN TWBD,

Wiz Fig.33 o a%zxo%ﬂ%#%b KA D
Po, DZLE AROB M X DEIEL, HiEBho Po,
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BEBRREROBIBETH —EIC ORERNAR~DOIGHA 1025

o R N N |
R ST ———
SN =10 Cm’/sec
500 \ - ~
DN \sz‘io I
N \4\. */O"
\ ~N Cm,
\ ~, 5_'9
v e, ee
\ Sreg TN
\ I \
N
=)
450 AN .
AYOIN N
N
1 \f‘l" N
(1)
\®
— J A
£ . \
~ \
400 \
i Y
= BN
w \
! \
\
\
\
\
\
350 —+ \\
)
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0 | 2 3 4 S5 6 x10?
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Fig. 30. Change of EMF of the cells in }iquid
silver at 1110°C. )

550 %_c:-——-_—"_ “‘l““;‘
AN O=10" emz -

~
: \*J\\: ec
A
‘ N

500

{mv)

\ At 1070°C

EMF

400

|

il

: \ | \ °
|
|

1 \

‘ N

0 | 2 3 a4 5 6 7 8
’ Time (sec) .

Fig. 31. Change of the EMF of the cells.in liquid
silver at 1070°C.
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o P — T — T
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,/0
- p /l
)
Vi
/1
]
I
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- \ ?7*/ S~ L
=2 \ O '~
E \
~ \
I\
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= \
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Fig. 32. Change of the EMF of the cell in liquid
silver at 1080°C.

D& QOB CRIZE LT AT,

HREAEICE Ni+NiO EAHERE DDIEERT L
Fo. EANIAEC Ag & 2'0cm OB\ ITEMAEL .
EMF 3 ZrO;-CaO PEEL Ag WiikORELHAEKD Po,
DOEEBEO LSBT EELDD, H5 VIS —&
X LABESHOMBICHYT 5 NEO LIRS
DO XDTEELPEFTARDL DI T OEREITRD
7o .

Btk R4 Fig. 34 iR L7z, Kb —GiEREaai
DOEFEMTHRIE LT ZAHRDOEMF ORBE{LZRL T
%. ' -

Sz 2°0cm FEXOWEFOER 1'0cm FI DA
31 5 O DFERZE L X » k7 EMF ORRZAELT,
FEfEE D=2'0x10"%cm/sec ITIFIEL -

DI, TOERPLELDE, EMFIINHEEMR
LEBIEV ZrO,-CaO WHEHAEED O & 5\ Po, IT &
STHRED EELS. WL Fig.22 HD\iE Fig. 23 i
F LTS L D Po, ORFFFZE(LIT ED X 5 ITAEHR
XhBTHHS b BEBRILIFD Po, BEABA
B IO THRELBPAATHDDT, LD T & S
LEHD Po, DFAD X 5 R b L. 72
FTROCEL, ok xiE FeO-Si0: ROGETEME R
b4 A O EREFEC X E LEZXLND-

2Fe?* 4 30:(g)=02"+2Fe3*
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Fig. 33. Cell assembly to check the characteristics
of cell performance in liquid silver.

Tl RERDOITEL, Pbt+ DR EHIEE ICIC
H55ELEEZLNBYEEAETE Pt OiEE L V3 013
FAONDDTTOLHREHMTEESL EEXTH L.

Pb?+ 4+ 40, =02~ 4 Pbt+
rD2ODILERE BB &, REEB LT OMESTE
VR BR L R L TV B A A L BORBE & 02— 4
A DR, TiibbiE EEKX 2DTHRE 237 TH
% .

ZERAPTHELL T, EMF R —EIL/RD74%, argon
IR X IR DKHR LR PbO-SIO;, i EMF %
1tz Fig.35 iTiR¥. Hh—Sgiia&Edo log Po,
DELERL TS, PbO dhic Si0; o478 51
THW LA DTEMF ORISR e kb0 28
b, .

RIT Fig. 36 R Z & SFE A2 -0, BERZEO
EDDDEGD Po, # EMF BRTHE2THITHIE.

500
P‘t
> NG 1
\ ~~d
A \ [ o
450 A ==

(mv)
/
/1
,’
O
i

EMF
P
-
rd
P
-~
0’
&/
S
Q 7
s Q
N
7S
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/
/

.-' ‘ . TG ~ N
400 » \u B
N s N
\
{ \/ob
"\
. At 1080°C
AY
350 A
© 1 2 3 a4 5 & x0o
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Fig. 34. Change of the EMF of the cell in liquid
silver at 1080°C:

eo0

o 4

NS

'\
~ 10% Si0,
500 — s
1

O,
TN
\ \ e 5% SiO: g
e’

550

EMF (mv)
e | D

/

o=~  Pure PbO

o 50 100

Time (min)

Fig. 35. Change of the EMF of the cells in various
molten oxides at 950°C.

HADOBHIIZAETD Po, ZEIET B 72DTHY, &
floVx ZrO,-CaO E Wi PbO-Si0, 2B L CER
Z1EAN, HNBECHIREZT—%ET>, AssrH
SMLTEEDT 7.

W2 ICEMEIZA, B,C, D, EL MY L T545H5.

KR D Po, #HIET B B-CRJ (B-D, B-E
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B IREE O EIE R — KIS0 EE RN~ 0GR 1027

A TC.B CDE
1
l A-C=1
Ar A-D=2
A-E=3
L

yA(TR Ca0

\ :3mm
-
m

3

NI

é %c To—-
m 5 C
T =d "
Slag INi + NiO i

Fig. 36. Cell assembly wnth 5 electrodes.

THREL T &)@EMF%MIL,%OSQLZ7ﬁW
@Hh%ME?ékmA4LJVDaA‘Eﬁ®ﬁ@%”

N EM F % #ls g X,

ELPTMEL, LT TOMHEHET; 960°
CiRBIBMHRENL EMFBEE LI, ER%7
T TR R B DO ERO TN OB O EME

@E&%M%Lk.mg37u%®ﬁ%1@5 ,
ﬁm$®l%humﬁﬁ®;a< #mk$<ﬁT?
5. —5 A-C o & <Pu)$02§ﬁmﬁm$ﬂ@

ﬁéAb&&&lem@ﬁThﬁbﬂ< A E 75—

BEOOLWETTS. o
ui®%%m%lb,EMFuPM}$%viiﬁ&

Zr0;-CaO ORED Po, TEEHLHTHD, &KIT

Fig. 37 @& &AW, MEC—REEWIcEE&iic—

EHiEvy, ZrOp-CaO REEREL T35 PbO-Si0;, 27

D log Po, C XD TREBENNVEEZ X5KE2LN

5. '

PbO-10 M/ Si0, at 960°C
600 Depth»frc?m slag surface
i 3mm
: 2 13mm
\ 3 23mm -
1
|
—~ 550 R
> 1
£ 1
i -
= i
L. AN
) [}
. .
s00 H N~
‘ l N : .
1
; L . ST
R R R
R : . :
A 1 B - - Y [
o\\- ~- 80 © 100 min
N 380- o\; o o )
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Fig. 37. Change of the EMF of- the cell in liquid
oxide at 960°C. ‘

ool
s

R0 SO

SR ﬁmwkmzowﬁﬁﬁﬁ%ﬂmbf,mm

RS Kinetics ORFZEICIGHL 2.

(1) mﬁwmklozﬁkU®&%%mﬁmkﬁ%
BARE S ORISR AT J 0 : .
(2 @ﬁﬁgwﬁf%rwwmﬂﬁ?6@£ﬁ®m

‘ -'ﬁﬁrﬁm# AT

Lwﬁﬁ&%ﬂﬂﬁ'é &,. ’ifpﬁi ZrO;-CaO &

*%®%5ﬁﬁfm%ﬁﬁ LH%L&,QQ%A®£W

FDERHEZRET L ENTE S &6wm,@5

'ﬁ%%@ﬁ%%g¢%(ﬁz¢&éwﬁm%¢)$

%%bZKhCﬂ)@W®%ﬁ%M@§%5 &L;O
TREETT ¢®%E@%mklé&mﬁﬁ®fm%ﬂi
FTHETEMNTED. o :

Fisbb, %6A%é%%?5ﬁﬂ£@%ﬁ¢f7ﬁ
—FIEREFTL TV 55 & OB T 2 577 & B o
BELTEBTEDZDLITHS.

FIFE TRV TIE () IBEROBR RIC T 5 F AR
BESOBIE, (b)BETHOLER/ LN FRImES
ES#HmollzE, (c)iEEsEEs L UHkeEBBEILhoO
EEE S EELOBE L Sl o CHRIEEOZE & lERs
RO & RHRTHI R
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ANRHER L D BRAMCKROEESbiDfe.

51 BBEOBBEAIZEHTZH 24800 CO-CO, B
AITELR

(1) REROZ L ERGEEUTIEA AR FEE
XY 20~30mm DOHFETH 2 RSILEDRLE LT
PR ISHASETF LT 5.

(2) KEEFSEr DELH»THY, EROH 250K
FUREE PO WECHERISAET LT 5.

(3) FERDOC L EREEGTEBRESER R
B 2~ bV EOE X 2 H T 55 RE O
R, ARAMIREERBZ LT 5.

&5z Fe-C, Fe-C-S, Ni-C, Co-C R AT AN
COz0r CO-CO; # 21 X B BEEOEHEEER & |5
DN RREEDAT DBNEE R 2 B AINICEEL, HREE
BERIC 31T B S Bk D I R B IS D HEEERFE Ic >\~ T B
{EZRISEEDOE 2 FEERE N CTH S &\ 5 sk
BB, '

5.2 BILPOE ER{LYN FEH EEORIE

(1) Fe;O03 $5%k% Hp or CO # A THETEF 5 &
7—mﬁzﬁ&m&ﬁ0@ﬁm%ort@%mmm§m
Y, Hy HADY41E Fe-Fe,O —ashts T # <4
Bk, CO #ZD#A1E FeyO-FeyO,, Fe,O-Fe o2 -
DRAITF VM RO 4 B R — i 7 5

(2) WO; $5%% He-Ar {84 5 2T 600°C ~1100
°C®ﬁ§ﬁﬁfﬁié&5&,W%%(mmmeL
WO;.73 (monoclinic) o 3 @ PREE LEEZ R4
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