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Rate of Reduction of Liquid Iron Oxide
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Fig. 1. Temperature dependence of the apparent
p p PP

reduction rate of pure liquid iron oxide with solid
carbon.

Experimental conditions and the method to determine the rate of reduction of pure liquid iron oxide

Author Ref. Temp. (K) Crucible Reductant Sample (g) Method * Area A (em?)
Ryzenkov 8 1673 Graphite Crucible Fe,0 (0.3) A Pco 19
Kondakov 9 1723~1923 Graphite Crucible Fe,0 (0.3) A Pey 19
Kato 10 1385~1876 Graphite C powder¥ Fe,0 (0.2) A Pgo ?
Takahashi 1 1603~1843 Graphite Crucible Fe;0; (12) ZCo 30
Sasaki 12 1673~1873 Graphite Crucible Fe,0 (10) ZCO 10.4
Tsukihashi 13 1673~1773 Graphite Crucible Fey03 (10) 2Co 4.52
Sato 14 1693~1873 Iron, Al;03 C rod (3~10 mm¢) Fe, 0 (900) Zco 7

* : 4 Pco = mesurement of pressure change by CO evolution,
# : Carbon powder was mixed with Fe,O powder in the molar ratio of 1 : 4.

2

2 CO = measurement of gas volume of CO evolved.
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Fig. 2. Temperature dependence of the apparent
reduction rate of pure liquid iron oxide with Fe-C
melts. The carbon content in liquid iron is from 3
mass% to saturation.

Table 2. Experimental conditions and the method to determine the rate of reduction of pure liquid iron oxide

with Fe-C melts.

Author Ref. Temp. (K) Crucible FXYE ?;) [I?:SEZ'G_ g] Sample ?V:f“(pg]‘)’ Method * 1(\:;32 1)4
Dancy 15 1573~1 883 MgO 50 4.3 Fe, O 0.5 A Pco 1
MacRae 16 1513~1723 Graphite 600 Sat. Fe203 3 4 Peo 3
Shurygin 17 1423~1593 Aly,O3 ? ? Fe, O ? 4 Peo ?
Lloyd 18 1573~1873 AlyO3 200 0.05~4.15 Fex03 0.7 4 Peo 0.44~0.54
Sato 19 1693~1 893 Gﬂggi;e 1500 o 152584 P Zco 26

€203 15 7.3
Tsukihashi 13 1773 Al,O3 100 3 Fes03 10 ZCo 4.91
Sato 14  1693~1893 Al;03 1500 3.0~sat. Fe, O 20~170 ZCO 19.6

% : Keys as in Table 1.
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Fig. 3. Effect of carbon content in liquid iron on
the apparent reduction rate of pure liquid iron ox-
ide with Fe-C melts.
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Table 3. Experimental conditions and the method to determine the rate of reduction of pure liquid iron oxide

with H; or CO.

Author Ref. T(e;(n)p ‘| Crucible Sample (g) Reductant F(l;)/v:'nir:)te Gas coamnl‘)‘losition Method* ?:em%_ ‘)4
Ban-ya 20 [1831  Iron =9 He Ne. Ho-Ar 0.4~28 | Py, =0.002~0.1 AWS 2.45
Kato 21 |1873|  ALO; Fe0 co 0.9~16 | Peo=1 zco 7.1
Tsukihashi | 22 | 1523 |  None® Beed) co 0.7~3.7 | Peo=1 CA. 2% 10758
Nagasaka | 23 |1573 Iron (Fgefg CO-COy-Ar 0.1~3.8 g%oz 70%232-5‘42 " AWS 2.45
Koch 24 | 1823  AlOs Fer0 C0-CO, 0.1~1.7 ? GA. ?

% : AWS = measurement of weight change of the sample, C.A. = chemical analysis of the sample, G.A. = analysis of gas evolved, other keys as in

Table 1.

# : Reduction was made in CO gas conveyed system.

$ : Estimated by the authers. Tsukihashi et al. determined the value of A more exactly.

2 e ————rrr ——
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Fig. 4. Effect of gas flowrate on the apparent re-
duction rate of pure liquid iron oxide with H,
(after Ban-ya et al.2?).
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Fig. 5. Effect of the gas composition on the appa-

rent reduction rate of pure liquid iron oxide with
H, (after Ban-ya et al??).
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Fig. 6. Temperature dependence of the apparent
reduction rate of pure liquid iron oxide with H, or
CO at P”Z’ PC() = (.1MPa.
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Fig. 7. Effect of the gas composition on the appa-
rent reduction rate of pure liquid iron oxide with
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Fig. 8. Comparison of the apparent reduction rate
of pure liquid iron oxide with solid carbon, Fe-C
melts, Hy and CO.
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EMEHICL > TEBRMITRIIL SR TWBES, LD
ERAETEEOMP L —BREIC L TW5,
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AR T ARG IEMS <, #@FE 14 121720738
DBERIHH HHS, FORT TR, EREEIZKE L
B oTws, EFOEERSM% Table 4 IZ/RT.

5:1:1 Fe,0-Si0,, Fe,0-Ca0 2 TTHRA T 7

K2TEHRRAT 7OBEREICLBRITEE L, BE6
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TR L7 Fe,0 XBFBMHETHS. FELAKRLOND
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RCTHEIRLLETHS.

Davies 53913, BICHEE i SiO, IBEM S 25 40
mass% % Tit SiO, B IIKFELET, —ETH 5 L
LTS, S DOFKRIE, Bk L7 Fe,0 OEILH#
EEEBEICLL—HLTWS., ZhiZxt L T Ershov
52 HEEOLP, AR, FHH®IE, wiFhb
Si0, BEORME HICBTHEIEKTTHHEREFT
Wa, 1673K ICBITAEHBHS tEAKLDHEIT X
{—% L Tvwh, Krainer 5304 BITHE X Si0O; B
OEIMEHKITHAT D EHE LTV 5%, BITEEDE
HBREFHLE SN TBL T, HROLBIEITE o7,

Ershov &, ABHbLIE, 27 7ICEMELZRELT
BIERITR > CWAHDS, Fig 9 2R L7227 FHEH
HCit, BITEEGEHEONERIKE L 2 VWELr L,
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LEML, COIWLED Fe,0 O@mTIIE ((4)7)
WTHH LR, TEAKRLIE, SiO, RS 20
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Table 4. Experimental conditions

with solid carbon.

and the method to determine the rate of reduction of Fe,O in liquid slags

Author Ref. Temp. (K) Crucible Reductant Slag system® Sl?i )Wt' C(a\i(z/ wstl())z ( mf;(;’s% ) Method* 1(\2 :’2?
Philbrook | 26 | 1703,1843 | Graphite | Crucible FCSA 65. 100 1.24 0.3~5 CA. 13~56
Kondakov 27 ? Zr0, C rod FCSA ? 0.6~1.4 2~8 AWS ?
Ershov 28 | 1773~2073 Zr0, Crod | FS, FCS, FCSA ? 0.3~1.7 10~60 AWG ?
Shavrin 29 | 1623~1753 Al,03 C sphere FCSAM ? 0.9~1.1 | 5.3~19.6 zco 7.1
Shurygin 17 | 1423~1793 AlLO3 C disk FCSA ? 1.0 1.0~9.1 A Pgo ?
Krainer | 30 | 1373~1773 | Grephite | crgpie | Fs, FCS, FCSA ? 0,1.1 25~70 | AWS ?
Tarby 31 | 1773,1848 | Graphite | Crucible FCSA 100~300 | 6.3,1.25 ? C.A. 57~83
Fun 32 | 1923435 Mg0 C rod FCSAM 1345~2310( 1.2+0.3 14~45 CA. 8.2~14.9

_ FS, FCS, _ _ -
Sugata 33 | 1623~1723 Iron C rod FSA FSM 200,280 | 0.17~0.68 | 22.2~61.0 CA. | 22.4~38.1
Davies 34 | 1673~1773 Grgglt‘ef‘e Crucible FS, FCS 10~120 0.11,0.59 63~97 C.A. 6.8~55.7
Borgianni 35 1273~1723 Graphite Fine coke FC, FCS 100 0.2~2.2 80 AWS ?
Sasaki 12 1 1673~1873 | Graphite | Crucible | FS,FC,FCS |11.1~14.7 | 0.5~2.0 | 70~90 ZCo 25~30
Sato 37 | 1693~1893 | Graphite | Crucible FCSA 40 0.37~1.81 2~30 zco 11.6
Hara 38 | 1573~1673 Al,03 C rod FS, FCS 48~51 0.5,1.0 70, 75 zco ?

# : F=Fe,0, C= Ca0, S = Si0;, A = Al;03, M = MgO.
% : AWG = Measurement of the weight change of graphite rod.
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102 l— o A ——
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g! @‘g O Davies3® (1773K)
& -3 \@ D Davies3s (1673K),
x 10 \ ;36 -
- N A A Sasaki®® (1673K)
(] N\ [m Hara3®  (1573K)
forsn &
L NS —
@ pure Fey O l\ \
-4 |L(Ea(6)
10 X 1 I " i
0 20 40 60

(mass®.S5i0p) or {mass® Ca0)

Fig. 9. Effect of SiO; or CaO on the apparent re-
duction rate of Fe,O in liquid Fe,0-SiO, or
Fe,0-Ca0 binary slags with solid carbon.
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Other keys as in Table 1 and Table 3.
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X, Borgianni®® B UME4 R S3OPPEL TWDLDAT
»H%h. 127201, Borgianni DEETIX, NILFAEFEDF
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ALO; ® MgO 52 EAM A TRU LD R T F 2RI
LTWwa, ZOLKH, 27 7l EZIZL - TR
%B7c®, TITEITRULEDRAS VR % 25 r/hig
B (CaO & SiO, DERH), Fe,O IBERVRE%
MNIRA—FE LT—FERBETL I LICLT.

Fig. 10 12, BIGEE & 2 5 7D Fe,O 5 O B%
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Fig. 10. Relation between the apparent reduction
rate of Fe,O in liquid Fe,0-Ca0-SiO; slags with
solid carbon and mass%Fe,O in the slag. The slags
of Shurygin, Kondakov, Fun, Sato, Philbrook,
Shavrin and Tarby contain Al,Os of 20, 10, 2, 10,
15, 9 and 8.8 mass%, respectively. The slag of Fun
also contains maximum 18.3 mass% of MgO.
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Fig. 11. Effect of the basicity B on the apparent
reduction rate of Fe,O in liquid Fe,0-Ca0O-SiO,
slags with solid carbon. Al,03 and MgO contents in
the slags are the same as in Fig. 10.
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Fig. 12. Temperature dependence of the apparent
reduction rate of Fe,O in liquid Fe,O-CaO-SiO,
slags with solid carbon. Al,O3 content in the slags
is the same as in Fig. 10.

@ Borgianni®® &, A4 KS EFUERYHEL TS

RITOEHfL = AV F— AE &, %S 5% Fe,O
DEFA ATV 240 A5 350 kJ/mol, Shabrin & A% 200
kJ/mol # T B DT L, #4 K5 I1E 68~120
kJ/mol, Ershov % i3 60~ 120 kJ/mol @ /] & 7z {li % #
HLTWwA, &8, Fig. 12 FIZIER L Twvi v,
Krainer 53® & Borgianni i&, # 130kJ/mol ® AE %
BTwdE, oL, HEEICL s TERE» 2D
EBELTWAD
5:2 8@k Fe-C 82ICL 38T (RAR)

5:2:1 BIGHEED Fe,O R

BEA T 7h D Fe,0 DFER Fe-C 54812 K 58T
HE, BR LX), EFRERVEELZHMRBO—D
EEZEZONDN, KRACETLHH%EE, bTFre6
fR2OIDANTAD D LB D B DB TH B, KHTH,
FHWNBITRE D A 5 7 HBARTEN * FA~ R R
L7 5%, FDETH Ca0-Si0,-Al,05-(MgO)-(Fe,0)
FREFRMLE LTS, BEROERSM* Table 5
WIRT.

Fig. 13 &, BXHEE L 2 5 7H D Fe,0 iBE OBE
ERL-bDTHSD., BILEE L Fe,O iBEMETT 5
WP THA L, Fe,O BENH 20 °5 5mass% Di
EHEBTIE 2R, FRUTD Fe,O BTk 1 K0 HH
BRI L CTWA I Edbh s, KRADRICEE DN
E XD TH RV, D Fig. 10 L T 5 & b
A &9, BIUEED Fe,O KA, BEHRLIE
WRLAREWICRIFLTH A LHERSNS.

5:2:2 BICEEOEIEE R OREKREE

KRBT HETEE OEEEKEME, Hacioglu
54 Y 53758 Fe,0-Ca0-Si0,-Al,0; 2 5 /T
WELTWBEDARATHA. Fig. 13 1ZmLoLS 1, #
B D ILRITHEE L Fe,0 IBED 2 RICHHIT AR LS
TwaDT, (IN)REHWT B 2k, 20l
KA % Fig. 14 1[C/R L7z, —75, Hacioglu 5O #l% L
72BITHERE R Fe,O IRED 1 RICHBIL T B 0T,
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oxygen/m?s(mass% Fe,0)) % K& T#DIEIHLEKEN

Table 5. Experimental conditions and the method to determine the rate of reduction of Fe,O in liquid slags

with Fe-C melts.

Temp. . Wt. of C Slag Slag wt. | CaO/SiO, Fe,O * Area A
. Author Ref. (K) Crucible Fe-C (g) [mass% 1 system# (g) in wt. (masfs.y ) Method (em?)
Philbrook 26 1703, 1843 | Graphite 300 sat. FCSA 65, 100 1.24 0.3~4.9 C.A. 18, 36
Tarby 31 1773,1848 | Graphite 400 sat. FCSA 100 1.25 ? C.A. 30
Sommerville 41 Iron + - _
Upadaya 42 1653, 1673 Al0; 30 2.5~ sat. FCSA 30 0.9 0.4~3.2 ZCOo 9.6
Hacioglu 43 1678, 1768 Al,O3 ? 2.3~4.2 FCSAM ? 0.50~1.16 1~8 ZCO+ C.A. ?
Sato 37 |1593~1893 Gﬁg’g;‘e 1500 sat. FCSA 40 | 0.37~1.81 | 2~30 co 23.8

# : Keys as in Table 4. * : Keys as in Table 1 and Table 3.
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Fig. 13. Relation between the apparent reduction
rate of Fe,O in liquid Fe,0-Ca0-Si0, slags with
Fe-C melts and mass%Fe,0 in the slag. The slags
of Philbrook, Tarby, Sato, Sommerville and
Hacioglu contain Al,O3; of 15, 8.8, 10, 20 and 20

mass%, respectively.
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kJ/mol SN TwA. Tarby 5 D EERIBREEEH 135k
WS, # 60 kJ/mol DILEH/NE & AE BSEH T
%.

5-3 HRICLZET (AR

AR T H2HFY O EEBRSM % Table 6 (2R

7.

Table 6. Experimental conditions and the method to determine the rate of reduction of Fe,O in liquid slags
with Hy or CO.

- Slag Slag wt. | CaO/SiO Fe,0 Gas composition x| Area A
Author | Ref. Temp. Crucible system® (2) (in wt. 2 (masts%) Reductant atl‘El Method (em?)
. _ _ =0.01~0.5
Katayama | 44 | 1723,1833 MgO FCSAM 3 1.17 4.45~13.4 | Ho-H,0-Ar H26/H2 2 0.0029 AWS 2.56
Hayashi 45 |1273~1573 Iron Fe-O-S 1 35~70 Hy-Np By, = 0.02~0.3 AWS 2.42
Fine 46 | 1833,1873 MgO FCSM 1.5~2 1.15 67.7 Cco Peo=1 G.A. }17.7~24.9
47 - FS,FC — - —COa Peo =0.003~0.5
Nagasaka | 4o |1593~1723| Iron FCSS 3.5 [0.23~1.87] 33~96 |CO-COy-Ar COZO/CO = 0~0.24 AWS 2.45
. . _ . - CO-CO2- Peo = 0.006~1 .
Kim 49 | 1833,1873 | MgO FCSM 1.5~2 {0.34~1.12| 5~90 Ar-S0; CO, CO ='0.03~0.2 GA. [17.7~24.9
Sasabe 50 | 1623,1723 Iron FCSP 10 0.5,1.0 20, 60 Cco Peo=1 AWS ?

# : Keys as in Table 4.

% : Keys as in Table 3.
$ : Other slag systems investigated were Fe,0-M.0O,

Fe,0-Ca0-CaX, (X : C, F) ternaries and Fe, 0-Ca0-SiOz-P205 quaternary.

(M : Na, Mg, Mn, Al, Ti, P) and Fe,0-FeS binaries, Fe,0-Si02-M, O, (M : Na, Mg, Mn),
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Fig. 15. Temperature dependence of the apparent
reduction rate of Fe,O in liquid Fe,0-CaO-
Si0,-Al,03 slags with Fe-C melts. Al,Os; con-
tents in the slags are the same as in Fig. 13.
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B4 KOONHEL TS, HKSIHEE % 20 mol%
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A7 ¥ 4.5mass% LLF D Fe,0 OREITEE ##lE L
TEY, S ciftFRIcE#HETH B L L, 1723
K CROBEXEZH TS
r=1.45 X 1075 P, *(Ng.,0 — 0.72 Pu,o/ Pu,)
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FRTREAIUOOHRE LB TCEDHMESIIRY.S
B, I Glaws HVIXEK % H v - BALAF S HE
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FICHEEOBE X AATBY, 4%ER ShaHED—

DTH5D.
5:32 COICX2ET
AR L TiE, SHOMERO L 50ATH

. 20O b, Fine 5%, Kim 513, MgO fafl
Fe,0-Ca0-Si0,-Mg0 4 TTH 2 5 7 D & % FFFEx 812
LTWwb, %7, £ 5593 Fe,0-Ca0-Si05-P,0s
4 TCRAT VT CTERLTWAY, DR EHEIAAHETH
H., TN LTERS™MNE, £ nr5 7R RKk
PIEWR 7 7, W ARKEBERATRITEEZREL TV 5.
%3, Fine 6, Kim &, RS ORI, wWIFhbE
TCAMEFEBICIZ L > THREENDFHTOETH 5.
Fig. 16 &, RISV L) I & h7: Fe,0-M,0,
2TEHRATZD COWLABRILEESL, A5 7D
Fe,O BREOHMBEERLZLDTH L. Fig. 16 £ b,
EICHRFE IR LR o & 4w L, R
AL OB L > CHEICHEIMLTWB Z Edbhrb

-1
lo T T T
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Fig. 16. Effect of additive oxides on the rate of
reduction of liquid Fe,O with CO at 1673 K and
Pco = 0.1 MPa.
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FIZB IS Sasaki HPDEFRILER S DR OEER
Fizdhy, Thdb o Cal 12X HBICIEERE A
shb.

Fig. 17 &, E® 5 12 X5 TH#lE & 1 72 Fe,0-
Si0,-Ca0 %2 BT % CO BILHEE DIEILEKFM %
RL72bDTHAD, ELEEIIEEEO L L L 21
m¥azedbrsb. #6512, Fe,0-Si0, %IZ NayO,
MnO, MgO %R L7z 3R AT 22T [EHo
fidm % B L Cvwb, El-Rahaiby 5%, Fe,0-CaO-
Si0; 27 70 COp 12 & HBRALERE W, AR H
LCHEMTA2BEEHREL TS, 37/ Fig. 17 I2BW T,
WEBEIH 1 OW4, BIGHEE Fe,0 BEICH T NIK
Y, BIF—FlEEZRLTA2HEIERNTH S.
El-Rahaiby 5°2%, 1§38 1, Fe,O #EA 80 05 5
mol% D EZMETit, X5 7 Fe,0 ®» CO, IZ & &1t
B3 Fe, O ODBEALRILTH o EWRELTHY,
Fig. 20 \Z/R L2 RBROHEN ¥ BT 5
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Fig. 17. Relation between the rate of reduction of
Fe,O in Fe,0-Ca0-SiO; slags with CO and Fe,O
content as the function of the basicity B =
(mass%Ca0) / (mass%Si0;) at 1673 K and Pco =
0.1 MPa (after Nagasaka et al.*"*®).

BTahw. BRSO, 29 7o Felt/Fe?t Hathk
OEEFEIFELTEETAZLIWCERBL, ADRT
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ELTERLE. 20/KE Fig 18IIRT LI, &
HEELZT Fho Fet & Fe?t offfEltid, Kvxd
GERERLTEBY, M—BINKTH -7 POs &
FHERBVITRTORT VR TOERERLD, ERS
RO RBHFEEXEREL TV S,

r=FK/ NZFeOL5/N3FeO)l/3(PCO - PCOZ/K'C)

2B Py0s WHBWEREEHWHE L L TERT % 29(20)

R POs 28 AT FICRBEHETELVWE LTWS,
HROMEERELCOXETHCTHERL TR K,

LREOMRE Fig 19 1R Y. #AROEBRKRLIZIT
()R TERBE s Tn D,
K,=exp (— 16600/ T — 6.37)(kg-oxygen/m’s- Pa)
............................................................ (21)
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B2 0BEEICSh>22d ), Fe,0 OBEMETHEME
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Fig. 18. Relation between the rate of
I reduction of Fe,O in liquid slags with
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50. 100 CO and ferrous-ferric ratio in the slag
at 1673K and Pco =0.1 MPa (after
Nagasaka et al.*"*®).
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Fig. 19. Temperature dependence of the apparent

reduction rate constant k, defined by Eq. (20)
(after Nagasaka et al#7®).
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............................................................ (22)
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............................................................ (23)
C(s)orC+ COx(g)=2CO0O(g)--eeemerenrees (24)
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