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Reduction Equilibria at the Final Stage of Reduction of
Quaternary Calcium Ferrite with CO-CQO, Gas Mixtures
Takayuki MAEDA and Yaichi ONO
Synopsis :

Quaternary calcium ferrite was synthesized from chemical reagents of Fe;0,;, CaCOz, SiO,y, and Al,O3
and the reduction equilibria at the final stage of reduction with CO-CO, gas mixtures were studied. The
results obtained are summarized as follows :

1) Dicalcium ferrite, which is produced during the reduction of binary calcium ferrite, is not found in
the reduction of quaternary calcium ferrite. The reduction stage from dicalcium ferrite to iron and CaO is
therefore not existent in the reduction of quaternary calcium ferrite.

2) The reaction at the final stage of carbon monoxide reduction of quaternary calcium ferrite is given by
the following equation.

‘FeO' (s)+CO(g) = Fe(s)+ CO, (g)
where ‘FeQ’ is the wustite which contains CaO, SiO, and Al,O; as solid solutions. The temperature depen-
dence of the apparent equilibrium constant K(= Pcoz/ Pco) of the reaction which is the final stage of
reduction of quaternary calcium ferrite synthesized in this study is given by the following equation.

K=-exp(—2.785+ 2042/T) + 0.003 (1073~1326K)

Key words : quaternary calcium ferrite ; reduction equilibrium ; wustite ; apparent equilibrium constant;
CO-CO, gas mixtures.
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Table 1. Chemical composition of sample as

mixed (mass%).

Fe0O3 CaO Si0; AlO3 Ca0/Si0; Al;03/Si02
65.0 23.3 7.8 3.9 3.0 0.5
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a : Outside of sample . b : Inside of sample
Microstructure of synthesized quater-
nary calcium ferrite sample.

Photo. 1.
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Fig. 1. X-ray diffraction patterns of quaternary
calcium ferrite samples before reduction (a) and
after reduction at 1273K with CO-CO, gas mix-
tures of indicated composition (b~—e).
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Table 2. Chemical composition of synthesized qua-
ternary calcium ferrite sample by EPMA (mass%).

F6203 CaO Si02 AlgOg CaO/Si02 A1203/Si02
cf 71.4 15.1 5.7 7.8 2.6 1.4
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Fig. 2. Reduction curve for step-wise reduction
of quaternary calcium ferrite sample with CO-CO,
gas mixtures.
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M : Magnetite ‘FeQ’: Wustite containing CaO, SiOz and AlzOj3 in solid solution S : Dicalcium silicate Fe : Iron P : Pore
Photo. 2. Microstructure of quaternary calcium ferrite samples after complete reduction (a, b, c,
e) and partial reduction (d) by CO-CO, gas mixtures of indicated composition (1273 K).
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Table 3. Chemical composition of quaternary cal-
cium ferrite sample after reduction at 1273K by
70%CO-30%CO, (by EPMA (mass%)).

FeO CaO SiOg Al,O3
‘FeO’ 78.6 14.0 4.6 2.8
Slag 3.7 59.1 37.2 —

‘FeQ’ : Wustie containing CaO, SiOz and Al2O3 in solid solution

FA PR AT A MM LLOTIEE L, DT
(Ca0, SiO,, AlO;) *REELbOLEZ LRI
FITIDIERHRT A, No. 7 DREHIOW
€ EPMA IS X W EEGH 217272, Z DK% Table
3IRT. TNEVARTRAINY T LT 25714 POR
TTHERT B Y 2% 4 bid, CaO, SiO, Al,0; % &
BELTWB I Edbhrol.

LIAT, 2EOBRAINITT LT T A MR
Ca0+FeO-Fe,0; (CWF), CaO:3 FeO-Fe;03 (CW3F),
2 CaO-Fe, 05 (CoF) 7% & O BARKY % & TERISETT
ENBEVIWMEDEHY, TAEELDE, 4HSR
ANTT LT T4 Mk CF &Y 2% A4 Mo,
SEBICBTENLELTWA, LELEDS, K5
Tid CWF, CW3F, C,F 2otz X HEHHB L
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U EPMA OG5 CREE SN »D7/k. LisoT,
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ERLAESRANT T LT 2574 F OBTLOBRRE
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TEEBRFITOAER, 75% CO % Tid ‘FeO HEET
HDHIEhbhDl FIT, ZOBTOEEEROF
i CO-CO, W AMK % EEHEIC X 2T 1073~
1323 K DimEHH THlE L 7-.

W HAR R, BEXELHY 1273K T 75%
CO-25% CO, REH AB LU 90% CO-10% CO, BE
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(enZzhnikE A, BE45) 2EHL, B (45um
UTF), RELTHEHELL. ZoBORALIIKRIFL T
A:B=1:32%5X320L7. %&b, A APICH
T BRI FeQ L 2527, &8 BHICHETDHH
B 2575 ThAH.

27 7T 3EMSICEG LEVWEEZLRDD
T, i ((1)X) @3RoXHIcRKEND.,

Pt/Fe, FeO'/Zr0y(Y03)/ Air/Pt «eeoeveveeeees (2)
2T, Fe L ¥ 5 ‘FeO DEEEGFIEY Poyre Feory
ZZRDOBEDFIT % Poyam(=2.1226 X 10*Pa) & T 5
L, BREDELZhZPhoBESEOEBRIE(3)XD
kB,

E=—(RT/4 F) 'ln(sz(Fe/‘FeO‘)/POZ(Air)) """ (3)
22T, FE77 77— %8 (96485.3C/mol), R &
#AER (8.3144 J/mol/K), T d#istiRETH 2. =
2T, k0(4), (5)RNOFEEELLE, ThEFho
RICOEERH T AN F—ELE FeO DIEE greo B
LU Peo, Peop Po, DRIZIE(6), (7 )R 0BRD
N3ro.

FeO’(s)+ CO(g)= Fe(s)+ COx(g) =--erreeeeee (4)
Fe(s)+ 1/205(g) =‘FeQ’(g) crereverrrerenaraannnns (5)
AG°=—RTIn(Pco,/(Pco* areo))  “wrereee (6)

AG Fe/Feoy="—RTIn( @reo/ Poyre,reon?) (7))

Table 4. Gas composition in equilibrium with Fe
and ‘FeO’ calculated by eq. (11) using electromotive
force (E) obtained by electromotive force method.

Temp. E Pco/PS | Peo, /P | Peos/ Poo
K) (mV) ) %) )
1079 972.0 0.7090 0.2910 0.4103
1104 963.2 0.7189 0.2811 0.3910
1145 948.4 0.7314 0.2686 0.3672
1185 933.6 0.7424 0.2576 0.3470
1238 914.4 0.7565 0.2435 0.3219
1283 898.4 0.7672 0.2328 0.3034
1310 888.5 0.7730 0.2270 0.2936
1326 882.9 0.7765 0.2235 0.2876

P =1.01325X 10°Pa
E512(6), (T)RXD(8)R2 BSOS,
RTIn(Pco,/ Pco)=— AG'— AG® e Feo)
1/2
+ RTn POz(Fe/‘FeO’) L, ( 8 )
& AT,
CO(g)+ 1/202(g)= COg(g) ........................ ( 9 )

ZAHICOBEEAHT ANV F—EE AGC coscoys B
<&, (4), (5), (9)REWQ0O)RHESNB.
AG 0(00/coz)= AG°+ AG O(Fe/FeO)
22T, (8)R(10)XERATH L (1)K RO 5.
RT]“(PCOZ/ Pco)= *AGO(CO/C()g)

+ RTIn POg(Fe/‘FeO’)l/Z
PoyainSBEHITH A DT, HHRECBILEEN E
FRETAHILICEY, (RLVZ2DREIIBITS
PoyFerreon®KED, SHI(11)RFD AGO(CO/COZ) [
HROMERKRPREDEB L LTEZOATHED
T, ADRXEL Y (4)KoBETKIEOFH CO-CO, # 2
M EROBZENTED. b, 22 TI)RF D
AG%coscoy £ LTIHERSOARS - BIRA ¥ BH L %2
BLZRAEMEHL /.

AGO(CO/c02)= —280000 + 86.54 T+ 100

(1040~1326 K) (J/mol) «+reeererercesenannns (12)

Table 4 (23 EmRE, BENH (AKX I kD72
Fe 8 XU FeQ' & 0¥ CO-CO, # 2 ML U812
Pco/Peo BIRLTHB. ZDREDS Peoy/Peo, ¥
b b (4)RORTIEO R OFHEk K 0RE
KHERERKDOD LE(1)RD LS K% B.

K= exp(—2.785+ 2042/ T)+ 0.003

(1 073~1 326 K) ................................. (13)
SHLIXZORRLY, AR TERLIZABGHRAN D
TAT 274D CO-COz iREH A K BRITLDEM
B D PEIREXEER T 5 L Fig. 30X 510k 5.
ORI ERME, EHRIZA)XNIDRDO/AMETHS.
Fig. 3 ICRZBZEOOMBL Y 25 4 b LEOMHBER
MO B XU CoF & Fe+ CaO OMBERKYY bRLT
HhH INhHX), ARFRINY I LT T4 MDY
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Fig. 3. Equilibrium diagram for the final stage of
reduction of quaternary calcium ferrite by CO-CO,
gas mixtures.
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AT APMTOLIEXLTO77T &2/, Zhid
Table 3 ® EPMA (2 X 5 E Bl HKD 7 FeO' DE
N HE Npeo=0.76 L 3I1IT— L7 oz Lkb,
A& 4 FHIZ Ca0, Si0, Al,O; HEBETH I &I
0 #DiFERE T2, Fig 30X 2#EEHI»HE
bhzbDrEZIOLNS.

Fig. 4 &, E. Scuorvany & % 288t & L T w %
Ca0-Fe,05(CF) @ CO 2 & %3EIC O FHRERIZA
EBROKE (MPEHR) 2705 FLADOT, H@T
¥ CoF + W/C,F + Fe (L-line) O AHBERME L 1312—
HLTW5D, F7-FBICES99KD 7 CF @ CO I
X BT OFEIREER & T 5 &, S EKRD 7R R
B o1x CoF + CW F/CoF + Fe (G-line) & CoF +
W/C,F + Fe (L-line) OMBERKLIZIT—HITLHIL
Mhhor, 8542, Fig. 3 & Fig. 4 »6b25 L)
2, SEER LA BMSRANT T LT 2514 FOBE

Temperature (K)

Fig. 4. Equilibrium diagram for monocalcium
ferrite® as compared with the present result for
the final stage of reduction of quaternary calcium
ferrite.

‘FeQ’ : Wustite containing Ca0, SiOz and Al20j3 in solid solution
S : Dicalcium silicate Fe : Iron

Photo. 3. Microstructure of quaternary calcium
ferrite samples after partial reduction at 1273K
with 80%CO0-20% CO, (a) and after electromotive
force measurement (b).

X, 2SR ANY Y LT 254 bD K-line (ZHH4 T
LR IR ST,

Photo. 3 iZ 80% CO-20% CO, iRAGH A2 K %ETT
rh kT 3 (Photo. 3(a)) & =B HHIE% D HE (Photo. 3
(b)) 2RT. chXmAB LB LIRBED FeO'
WZERD R F A LEEE LT, SOEL



422 & M £ 754 (1989) B 3 &

‘FeQ’ : Wustite containing Ca0, SiO2 and Al;O3 in solid solution
S : Dicalcium silicate Fe : Iron P : Pore

Photo. 4. Microstructure of quaternary calcium
ferrite samples after reduction by 75%CO-25%
CO, at 1073K (a) and 1173K (b).

FARERBIEETE LD LEZORA,
34 ZHRARANITLTISA EDHE

32 B LU 33 THRRAELIE, 4ABFRAINVT T A
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Fig. 38XV Fig. 4 2db &, AMTRAINT T A
7254 VBT TERITLENDD, 2HSRINI T L
7294 MCiE CF #RBBIES N2 W AHK CRITE
BraAro 7z, FEBRIZ 75% CO-25% CO, REV A% H
v, 1073K & 1173K TiT2 7. 1073K 8L U7 1173
K & BIGBITIIIEFICEL, 20720 1073K 04
BRILET76% T, 1173K OBHIZRITE 80% TERILY
L7z, 2 OHREHEOBEMBEEE % Photo. 4 II/R
7.

CF 3BT SN VWH A CTETL T2 T W57
B, bLARTRINI T L7254 FDBILT CF
BERT S L3 HiE, Photo. 4 DBITLER B IZKET

W : Wustite ‘FeQ’: Wustite containing CaO, SiOz and Aly03 in
solid solution CoF : 2Ca0-Fey03
Fe:Iron P : Pore

Photo. 5. Comparison of microstructures after
partial reduction at 1 273 K between binary calcium
100%CO (a:CaO-Fe,0; b:
Ca0-2Fe,03) and quaternary calcium ferrite with
80%CO-20%CO, (c).

S : Dicalcium silicate

ferrites  with

MOBFELTOWRITRE 2%, LALEES
Photo. 4 705, HpE L 726/ 1213 Photo. 2(d), (e)*
Photo. 3 & AIERIC, 2 & ALREBETLYHFEEL TV L
V., ZOTUEDOHARPTRINY T AT T4 FDET
Tit, CoF BER LRV DEEZHLNA.

Photo. 5 IC 2 BRI N T T L7254 M ARG
FHNI T LT 2574 POBRITHK A OBEMEETE L
R%. CF (Photo. 5(a)) XU CF, (Photo. 5(b)) i
1273K T 100% CO # 2% AWV CTET 2 T2 2254
T, ARG ZINVT Y L7254+ (Photo. 5(¢)) &
1273K T 80% CO-20% CO, iREH A HVWTEL%
T2 ATH 5.



CO-CO; BREN AL D AEAFRAINT T 57 274 P OBTLOBRAERE T OETFHE 423

Photo. 5(a), (b)X D, 2EARINI I LT T4
FOBAEIR, REBDOY A F A MHRTEIXKEBO CF
DFETCHE 120 (R ICHIE & KRR TYRE DR AR
Th<, 77, BLUHEBHICRETLDO CF 2IHKE
nTwa. —7, Photo. 5(c)& 0, 4FHRINI Y
L7 254 b OPFEIBRITEE & KETLWE OERHIE
HICHBETHY, F-, BILHKBPITRRA T ISR
KBTEMHSEEL TV AL, TOIErbLd, 4KHR
I LT T4 PORILTIE CoF S LW E
#Fz26NM5A. 7, Photo. 5(c)D 4 TR I NI T A
7154 FORTHABRIIBERIEFOAINI T LT T4
F OBV EFE L THO .

L72Ao T, UL DRERD S, AMFRINT T AT =
FAPDBEEZEARAINI I LT 24 PERED
FOBTOERPT CF AERET, 2RIV Y
L7294 FOBLOBRBEKTHD CF o8k
CaO HHERTABEEIFELEL HV/zY, 3-3 TRDO
HERGESAEARECER LA RAIN T T LT 2T
A FOBTEOBRKRBEKTHD LIHERTE A,

4. # =]

BRSO BIFRIC B AR TEBEHONIITH10
DEBHFIEL LT, RELHVARSTRINI T L
71254 MEEHL, EIZFD CO-CO, BRETAICK
BBITOBRMEFEOFHBHREADUTOL S 2HR %
B,

(L)AEGZAINS I LT 254 FOBILTIE, 2K
BRANVY I LTI POBTTERT S CWF,
CW3F, C,F % L oAy 2 &312, Ca0, SiO,,
ALO; BB Lz~ 4254 b, 9254 FEETHIC
BLEND. Lo T, ABFRAINI T LT 254
FOBEE2HRGRANT I LT 2 T4 FDORTORER
BRTHDH CF 2 58k& CaO HAEKT BB IFE
L7,

(2)ABHFRAINY T 5T 254 b OBITLOBAREEPE
HRATRSINS.

‘FeO'(s)+ CO(g)= Fe(s)+ CO,(g) «-ereeveeee (4)
Z 2T, ‘FeO ik Ca0, SiO, AlLO; ¥*EE L2V X
A MERT. 27, (4)RORBIOPEEHK K(=
Pco,/Pco) DRMERAFERIZ, AFETEBR LA VY
VAT T4 PTRERRDELIICR A,

K= exp(— 2.785 + 2042/ T)+ 0.003

(1 073~1 326 K) ................................. (13)
E 512, OBITLORKEROFH CO-CO, 7 XA
X, WiR Ay AN EEROMBER®REE CO fIF
TBBLAELZDOTVA.

BDOICEEA, AHEXEDDICHTNEREMEL
LTWwE, 510880 EPMA ICXAEETHTZ
L T K 72 & D737 H AR (bR ) B =BT 7E T B 5t
try—ERMEAK FE-RECICHEBENERE
K, $0ERBRICHD L TW i w i M KERE RS
TR CEROBELRLET.
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