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Standard Free Energies for Forvmation of Iron Oxides
and Other Metal Oxides.

' (Study on oxygen concentration cells at high temperature—IXII)

Synopsis:

Kazuhiro GoTo and Yukio MATSUSHITA

The standard free energies for formation of several metal oxides were determined by ele-
ctromotive force measurements of reversible oxygen concentration cells. - Zircorria, stabilized
with calcium oxide, was used as the electrolyte, which performed as a pure anion conductor
due fo the movement of oxygen lattice defects at high temperature above 500°C.

- The measurement has been carried out extensively on many different structures of the

cells, including the cells with four electrodes.

The obtained results are as follows:
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# & M 25 50 4 (1964) B H
(1) Fe(a)+1/205(G) =FeO(s)
4G $=57,610414*13T (°C) 4300 Cal
(500°C~up to transformation point of a— 7y iron)
(2) 3Fe(a)+20:(G) =FesOu(s)
' 4G3=—236,600+63"33T (°C) £ 1000 Cal
. (500°C~up to transformation point of a— 7 iron)
(3) Pb(l)+1/20:(G)=PbO(S. or 1)
{ 4G %=—45,710+23*47T(°C) £100 Cal (500°C~M.P. of PbO)
4G $=—40,840+17-82T (°C) 100 Cal (M.P. of PbO~1150°C)
(4) Sn(l)+1/20,(G)=Sn0(s) .
: 4G$=—61,000+23°72T(°C) £50 Cal (500°C~1100°C)
(5) Cu(s)-+1/20,(G)=CaO(s)
4G3=33,640+23"66T (°C) £300 Cal (500°C~900°C)
(6) 2Cu(s)+1/20:(G)=Cuy0(s) | ~
. 4G$=—35,360+16"98T(°C) £100 Cal (500°C~M.P. of Cu)
(7) 2Ta(s)+5/20:(G)=Tay0s(s)

4G4=—413, 800-+70°66T (°C) £300 Cal

(800°C~1200°C) .

The accuracy of the above data was discussed in comparison with the previous data.
Also, the revers1b1hty, and polarization effects of the cells were discussed.
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BAREM 2 A SIS OERIII LD TRA LD
1t Kroxgora and WaeNErD(1957) D X5 TH5H. ¥
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Cu and Ti chip Furnace t700~800°C)

@rgaﬂ 08 gylinger

L72bDTH 5.
BB O HE IR B SR

i Sinter Al,O, U K2 —100mesh
® Ni 35108 NiO BKIEA %K%
NA4 v E—glLaar7L, £OHIC
SHE 8mm, £X100mm D ZrOz-CaO

| —BRBAE 2 A, £ OHICRE U L —100

Si€ heati nent
Potentiometer . ¢0 ing\| element furmace.

For EMF measurement %
. X Thermocouple for = -
automatic aoncrolling

Fig. 1.

T U L H AYE 700°~800°C 1 U= Cu 3 X 0F Fi
DOIFTHBEL X 5 550°C ik L7 Mg O T
BER LTz,

IREERIEI: Pt-Pt 13% Rh ?‘@%%Fﬁv\k

. ,
(1) Pt-Ni-NiO | ZrOz-CaO | Pb-PbO-Pt
(2) Pt-Ni-NiO | Zr0;-CaO | Sn-SnO-Pt
(3) Pt-Ni-NiO | ZrO;-CaO | Fe-FeO-Pt
(4) Pt-Ni-NiO | ZrO;-CaO | Pt-FeO-FesO4
(5) Pt-Ni-NiO | ZrO,-CaO | Pt-Cuy0-Cu
(6) Pt-Ni-NiO | ZrO;-CaO | Pt-Cu0-CuO
(7) Pt-Ni-NiO | ZrO;-CaO | Ta-Tay0;5-Pt
.(8) Ni-Pt(1)-NiO | ZrO,-CaO | Mo (O) -
Pt(1) | ZrO;-CaO | Mn-MnO-Pt(X) |
' Zr0,-CaO | FeO-Pt(NV)-FesO, (4 {E M)
(9) Pt(1)-NiO-Ni| ZrOz-CaO | Mn-Pt(I)-
MnO | ZrO;-CaO | Fe-Pt(ll)-FeO | ZrO, -
CaO | Cu-Pt(V)-CuO (4HEEM)
i L7 Zr0s-Ca0 357 /v~ bl J:U‘@ﬁ]:
Eu®o—wmAEEZ A v BE OV Si0.-0°83%,
' TiO; 0°025%, CaO 3+85%, ZrO;

X 48, BYZEEEIY 2-0Kcal/mhr °C, ZEAREAEREIE
9:77X1079/°C TH%. HWOT &< ZrO(NOy): &

CaCOs X DEBLL ikl ZrO;-CaO  (CaO; 0°15
mole) LHEROD D EHEKT S L, LOBREEE, K
B LWRELSD, P X 3ETRENEIESh
TP 3 ER D ZrOs-CaO —wmPA% 2 v . ik

% O TR B O L DEAER O 70k EHEL

Haste gas | o
Conc . Hz804

Schematlc diagram of experlmental apparatus.
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ZIXF TR O CEBR L CrBER L.
Fig. 2 I PR
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E
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e o
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DA272Zr0,-Cal v @ T i~ 4005 stamping
—pEEsE st A p ‘ S L
SREARDSS LIRA wding 4 Mo (9) powder

TH5H. B4R
Wz —ErilEEh
5 ERE NIz e o
Th D ERENMO
Rtk L 0, £BRCRTEMESENDPS. £

FeOFe 20 mixture

Fig. 2. Structure of cell
with four electrodes.

 EBEROMEREZ B THDERLEL, £BWES,

B HITITIE 100 mesh IF Db 0T, {L¥RE
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0°*0019%, Cl trace, SO; trace, Si trace, Ignition loss
0°199, Tax0s 99°50% THD7z.
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2 T—1%, FRERAJEERE, P> OBEMITHER LN
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B & W 50 4 (194) HaH

| BHNCE ML T % Pt-Pt 139% Rh BERC XD
IREEE PRS-

ERERSLOER

L. SRSt ORBEARE R A V¥~
STROC L SHMERYEBEMRLE 2 5.
Ma-M,O0 | ZrO;-CaO | Mg-MzO
EMF

IIT1.

I OB ER ORI 31 5 FERESTEITRD

TEELERERIC X ) —BRE TR RO ELR R T

' - Ma+1/20;=MA0 (DB BT
MBI Mp+1/20;=Mp0  (I)fEicis\C
@21ch L Ma, Ms, MaO, MsO DR 1 TH

5O, HEWEREE N EIRROXTELZBNS.

RT PYE(1¥®)

log
T pgam

E=

2ZT, Fid7 7257« —18, »nl3EM, RIH A
W, TIHSHEECTHS. D2 ii—FDMRic kT 5
ROERDLIDTEIUE, thFOBOBESEIZELT
ERETH LR VFAEShS. Tbb MaO-Ma
MROBMBEHEL BB UDHDTOWIIEE & TREET

5T X kb MO OEUEAREHT I VY~ 4Go="

RTlog P} (L) 2S5t SN 5.

AERIC IRV TIE Ni-NiO 2 B EERRICERE L 7.
Ni-NiO 2R ERICH W7 EHIE (1) NiO ofEded:
RER=T X V¥~ Fe-FeO iz fiFic LT EMF X
DRkDD LEERDEPE L —FKT 5. () FifoTE

Table 1. EMF and standard free energy for formation of metal oxides.

Temp. } EMF 4Ggis;, |4G3 |Temp. | EMF 4Gy 4G3 Temp. | EMF | 4Gy, | 4G%
o - k o . ° , 111
c mV ol cal (Cal/mol] © @V | cal | calymol| © | mV Cal | Cal/mol
AG? PbO* »AF? of SnO (Continued) AF? of CuO
‘ ,
530 | 146°07 6,740 —33,220| 673 | 182°44 | 8,403 |— 45,386 754 | 572°74 | 26,518 | —15,808
610 | 152°07 7,010 —31,3100 591 | 187°76 | 8,647 |— 47,279 659 | 555°24 | 25,574 | —18,030
705 | 153°80 | 7,070 '—29,270) 749 | 17814 | 8,205 |— 43,660 845 | 597+28 | 27,511 | —13,637
708  155°20 | 7,160 —29,140 869 | 170°04 | 7,832 |— 40,875 629 | 519+93 | 23,947 | —18,470
714 1 157°22 . 7,250 i—28,930 699 | 556°83 | 25,647 | —17,240
762 | 161°40 | 7,450 —27,740 AF$% of FeO 758 | 57345 | 26,412 | —15,580
785 | 162°87.. 7,510 |—27,210 : ‘
808 | 161°85 | 7,470 —26,770, 599 | 224°66 | 10,348 |— 48,818 4F % of CuzO
823 | 161°34 | 7,440 —26,390| 689 | 250°45 | 11,536 |— 48,197
850 | '166°58 | 7,680 —25,700| 783 | 260°85 | 12,014 |— 46,665 782 | 271°45 | 12,503 | —34,792
878 | 167796 | 7,750 —25,050| 852 | 260°15 | 11,983 {— 45,368 841 | 266°48 | 12,2741 —33,606
__Melting point of PbO | 942 [ 262°15 | 12,074 |~ 43,650 933 | 258°91 | 11925 | —31.757
215 16484 | 7,600 |—24,440 1043 | 243°62 | 11,211 | —29,546
947 159°08 7,340 |—23,120 4F$% of FesO, 700 | 274+93 | 12,663 | —23,777
988 | 15956 | 7,360 |—24,020 668 | 278°09 | 12,809 | —24,254
1030 | 154°35 | 7,120 |—22,550| 857 | 25484 | 11,738 |—181,460 592 | 28586 | 13,167 | —25,444
1112 | 149°36 | 6,890 |—21,1000 912 .| 28114 | 12,949 (—179, 380 757 | 271°98 | 12,527 | —22,747
- 1018 | 316716 | 14,562 |—173,670 599 | 302°12 | 13,916 | —24,554
4F % of SnO (Continued) 739 | 265°357| 12,222 |—189, 380 688 | 317°22 | 14,611 | —22,050
640 | 263°76 | 12,148 |—195,500 780 | 279°18 | 12,858 | —21,974
1009 | 158°75 | 7,310 {—37,540 782 | 282°65 | 13,019 | —21,773
922 | 165°05 | 7°603 |—39,581 4F% of CuO 857 | 281°65 | 12,973 | —20,511
840 | 171°26 | 7,887 —41,513 : - 943 . | 276*35 | 12,730 | —18,837.
763 | 17655, 8,132 |—43,305 588 } 538°08 Ii 24,783 }_ 19,734 |
O S g iy N — >
Temp. EMF AF s, AR <O PEHEEOEE M SN T35 CO-CO; # AfR%
°«¢C | mV. Cal Cal/mol FEFIC NiO OAREBR T 2 V¥ —ZBEIET 5 LiEkD
4G¢% of Taz0s E®EXL<—FHT5H. (3) Ni £FDd NiO ¥R AIHR
DT &Y BEREEEIRR T Zr0,-Ca0 BIFE IO T
869 81372 70,523 —352,620 DT L BRI oo R -
958 824°05 69,210 — 346,050 WTHRIEBL LD, LARAED LAV, (4) Ni #HEK
1065 838°26 67,713 — 338,560 o s X . R
1022 83259 68,318 — 341,590 b, NiO BARDEECTRETS Y, MBED I-HE

* Most of data on PbO were obtained by
Yukio Matsusuita, Kazushiro Goto and
Yu Cuine Wu.

LUTAFERSMETH S, 5 EOHAHL L DTHS.

L UTEIEL 7o, SFEREREE 3 JOREERE

B Fov ¥ —~flERIRZ Table 1, Fig. 3~8, kX
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Fig. 3 XV Fig. 9 OfEmIErEARER= v
—Td DEMVIRE (°C) TH 5.

- , l
-32 \\ . —
s AGE=—451/0+2347 TCC)x100 cal
(500~M.P)
or aGf =-40840+1782T(C) %100 cal
S (M.P~1150C)
i " '
N
&
< "26L
A
-2t 8
20 X . .
500 60 7w 7 oo 1000 "
Temperature (°C) '
Fig. 3. Standard free energy for formation
of PbO. . ‘ '
48+ \ { ,
3w AN | |
g Noo @G =~6L000+23.27T(°C)+ 50 cal
§ \ (500°C~1100°C)
X #r .
N Ne,
$ N
Sy
N .
N\
[
Ll NN
T o3
| \\ ‘
H - : : :
7 7N 800 w0 1000 110
Temperature (°C)
Fig. 4. Standard free energy for formation

of SnO.

i

AGE =~ 576/0 +/4.13T(C) £300cal

ﬁ (500~ trans point of W=¥ iron) -
N
w ~
3 41 .
X \ X~y iron
E oL (Trans point)
s . e
& Tl
o4
)
Y et
1
0
L7/ 277 7% 800 777, 1000
Temperature (°C)
Fig. 5. Standard free energy for formation

of FeO.
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S T I
o | -
' ,-‘7“*§3
‘.\\\\ 2 Gf ==236,600+63.33T = /000 cal
% a0 \\\ o (800°Cvupto trans point of W=riron) |
] ’ T~
S /w \\0 L
< S~
& ~ e
YRZ4 N
7 T~
160
600 w0 a0 w0 w00
Jemperatare (°CJ
. Fig. 6. Standard free energy for formation
of Fe304.
T T T
20 S 4G R0 BETT) |
RN 2300 cal (500°C~ 900 °C)
80+ \‘\\. |
%60 == \.; !
0
KOt \{'\
120 t T
7 77 0w & w0

Temperature (°C) .
Fig. 7. Standard free energy for formation

of CuO.
2 T | :
- I

- 26} ~d
. |
N N G =35,360 +15.68T(CIE [00cal  —|
3 : f
< . (500%C~ap to mp. of Cu)
T 2! ) - : ‘
Q’: 20 \ I
S [ )
o5 ~J7 .
§ 8t 1 \E\\
t t

& &0 0 a0 w00 o 1100

Temperatvre °C)
Fig. 8. Standard free energy for formation
of CUZO.
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s} ]
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S e .
s \\
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I

- | I |
3 b 00 7000 7100
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Fig. 9. Standard free energy for formation

of Taz0:s.
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INOOFBR LD EBEBRLMOZREREREH = %
VF 2 IREOBRMRK & L TR L FROCE KB
(1) Fe(a)+1/20:(G)=FeO(S) _
4G =—57,610414*13T (°C) £:300 cal
(500°C~up to transformation point
of a—7 iron)
(2) 3Fe(a)-+20,(G)=Fe;0.(S)
4G =—236,600-+63°33T (°C ) £ 1000 Cal
(500°C~up to transformation point
of a— 7 iron)
(3) Pb(l)+1/20:(G)=PbO(S. or I)
4G$ =—45,710+23"47T (°C) £100 Cal
(500~M.P. of PbO)
4G9 =40,840+17°82T (°C ) %100 Cal
(M.P. of PbO~1150°C)
(4)- Sn(1)+1/205(G)=Sn0O(S)
4G9 =—61,000+23°72T (°C ) £50 Cal
(500°C ~1100°C )
(5) Cu(S)+1/20:(G)=Cu0O(S)
4G % =—33,640+2366T (°C ) £300 Cal
: (500°~900°C )
(6) 2Cu(S)+1/20:(G)=Cu0(S)
’ 4G9 = —35,360+16°68T (°C ) £100 Cal
(500°C ~melting point of Cu)
(7). 2Ta(S)+5/205(G)=Tas05(S)
A4Ge =—413,800+70°66T (°C ) £300 Cal
(800°C ~1200°C ) '
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Fig. 8 @ EruiorT and GLeiSER DF — &k Kiuk-
xora and WAGNErRDDEREIEXREMD EMF HIE X D

BETH 5B RER W TIE Kivkkora and

WaGNER L U ZELROBMAZIERL, 0o F—4D
BIEHD S AERBEROSFB I TWETRRVAE
Ezbhb. } ‘

Bt Fig. 9 @ Ta0s O 4G TH 525, AREER
ERTETROZLEETRZEOFEVPH T30 L
Ezbhb.
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Fig. 10. Change of oxygen pressure in Fig. 12. " Relation between applied potential
metallic Mo. and current.
i : | v NL7IcOMBTZDORDEETH 5.
ok 640°C, 761.05mV DX Db Z &1, FRERRQT VI bR
:i PtMo(0)] ngz‘\CaOfM"M'ﬂ'Pt RHEBTHEL Mo (O) &R XV BEFES T VT v HiT
N . A _ . )
N I R HTF2E V5 2L ThB.
N LT T e L — N N 2
£ ol T Fiebb, REBRTHV 27V T L H 2O EEE X+
% o : ' GTHORILERTEVSBELDS.
QS ) . 2, > ~ . N B
5 100 i 200 : s00 Fig. 11 RERRREEMD Cell current 5355 1E{EH
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Fig. 11. Decrease of cell current due to

polarization.

Fig. 10 1i—5OBHEIC Mo &BME DL % A1

AT, MoO; BHIEL TWIRWD 2, FDBIBOELESE
IR IFEOBE XV /N THS. Mo h — TR

ZIRL ThH 5OV L TFTE 600~700°C w515
L, 51T 1000°C DL RichEi L T bE OB IR )
DEHL TV BRHDERECK TS EMF2RIEL 72

ZEBRL

T»5.

BIFHEES LD Mo(0) hOmESFEL

FFRELT =

X5 T R BREMVI SRS H\\ W 2, £ OB F
HHENZEET LB S CRELECEBROKE CHIE
LRFRIER ST E bbb,

Fig. 12 IBRREBEMINRBELF L KBEOE
B TH » FETIERE NI CTRERE LBk
EMBERTREINGS, THIDDBESKESRRS
LHMBERC X DEMRBEFBRTRILD T EBbrb.
LAk Fig. 10~12 CR LB RREER © FE3m
HEMOMA TIIIEHICER L L THDH, KERO
HHI TRV 2 MR EEIL LR, LT TREo &

Table 2.. EMF and cell current of a four electrode oxygen concentration cell.*

® © | ® 0 ® o0  ® 0| ® 06]®. 0.
Tempera-|(Fe;04)-(NiO) | (NiO)-(MnO)| (MnO) — (Mo)| (Fes04)— (Mo) |(Fez0,)-(MnO)| (NiO)-(Mo) =
ture
oC EMF|Current/EM F|Current EM F|Current| EM F |Current|EM F|Current EM F|Current| - E
mV | upA mV 2A mV 2A mV rA mV #A | mV HA ~
599~598 14546 24517, 153°25 527°55 389°36 42312
685~687 |144°92 11 [279°72 42 |312°65 749°98 40 1429°85 31 1591°30 :
735~736 (146°45 94 276746, 640 |386°86 260 | 815.45 720 |421°35 340 (663°04{ 1000
808~810 [169°16 1580 [279+66| 1130 {468°55| 1000 | 922°64] 1550 |456°65 760 |751°16] 2600 5
’ &
857~858 |254°84 540 |286°54] 1000 |526°96] 1020 [1070°46] 1580 [542°16 730 B11°76} 2800 lﬁg
908~912 [281°13 930 [291°26| 1350 [540°85 1460 {1173*76] 2400 [572°76; 1350 [832°14 4200 <.
1017~1018|316* 17, 1800 [294*56| 2160 |555°82| 2300 [1167°46| 5600 |610°84 3500 (852°06| 7000 “E’ a
734~739 |265°36 108 |289°54 140 49647 90 [1054°25 205 [554°56 150 |782°70 210 3 i
638~640 263473 40 [278°98 450 47706 35 |1018°35 75 1540°85 48 |761°04 96

* Cell construction: Ni-Pt(1)-NiO | ZrO;-CaO | Mn-Pt(1)-MnO | ZrO.-CaO | Pt(1)-Mo(O)
' | ZrO3-Ca0 | FeO-Pt(WV) -Fes04.
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Cion = Jion — i (4)
Gion+ag Gion+aCy

CERICT Gion, G0 BENFNAFT LV EBFILLLE
FUZIERE, @ 1 electron DEE Y F 4, Cp BT
ETH5. @=a(T) Thy,
centration TH Y T BIT 06ion/0Po,= 0 TH %)
X5 @(T)=a/o1n & (4) RICRATS L

1
ion 1+a'Cy ( )
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SRS P@&?Flwnm@w)
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?ﬁb%ﬁ%%@%ATmosu%fﬁzm1Méf
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BTkt 5.
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. The Rate of Solution of Sint_ered SiC by Liquid Iron.

Susumu MINOwA and Mineo Kosaka

The rates of solution of the cylindrical sintered silicon carbides by liquid iron that were
melted in various furnaces (Tammann furnace and two high-frequency furnaces of different
cycles) were measured at temperatures from 1400°C to 1600°C.

It was found that the rates of solution of SiC bars in liquid iron were markedly influenced
by the concentration of carbon and silicon in the metal and the stirring action of melts.
~The diffusion process controls the rate of solution of SiC. When the sintered SiC sample
was immersed in carbon saturated liquid iron and Fe-C-Si melt (C=1°5%, Si=3'0%), the

activation energy of solution was as follows,

49~86 Kcal/ mol in carbon saturated liquid‘ iron,

53~72 Kcal/mol in Fe-C-Si melt.
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