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On the Rate of the Reduction of Wustite, Magnetite, and
Hematite Containing ALQs CaO, and MgO

Synopsis:

Yoshiaki IcucHI and Michio INOUYE

The effects of some foreign oxides on the rate limiting step of the reduction of pellets from wustite to metal-
lic iron and the values of rate parameters are studied.

It is confirmed that the reduction behavior of those pellets is represented by an unreacted core model or an
uniform reaction model depending on the kinds of foreign oxides and iron oxides as starting materials. The
mixed rate control equation of mass transfer in the gas phase, intraparticle gas diffusion, and chemical reac—
tion can be applied to any iron oxide containing CaO and hematite and magnetite containing Al,O;. On
the other hand, the reduction rate of the pure iron oxides, wustite containing Al,O; and any iron oxides
containing MgO is controlled by the oxygen diffusion in the metallic iron shell.

These results are suggested by the conclusion of our previous studies that wustite grains are reduced non—
topochemically and pellets are reduced topochemically when those complex oxides consisting of iron oxides
and any foreign oxide precipitate in wustite during reduction.
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Table 1. Kind and quantity of the foreign oxides added to iron oxides and the
sintering condition of the pellets.

Foreign oxide
Iron oxide : Sintering condition
. uantit
I(lnd Qfméll IU/Z) NX/NFe
ALO, 50 | 5.0/95.0 | 1300°C 1h in air+1300°C 5h in air
7.5 7.5/92.5
Hematite 2.5 2.5/195
CaO 5.0 5.0/190
7.5 7.5/185 1200°C 1h in air+1200°C 5h in air
MgO 5.0 5.0/190
ALO, 3.7 2.5/97.5
Magnetite 7.3 5.0/95.0 . ‘
1000°C: 20h in 959, CO,-52;, CO
3.7 2.5/195
Ca0 7.3 5.0/190
1.17 2.5/97.5
ALO, 2.37 | 5.0/95.0
Woustite a0 1.17 2.5/195 1000°C 5h in 509,CO-5024CO,
a 2.37 5.0/190
MgO 2.31 5.0/190

Nx : Number of the cation of foreign oxide
Npe : Number of the cation of iron oxide
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Fig. 5. Graphical analyses of the reduction rate
of hematite containing AlL,O; and CaO
with H, at 795°C and 985°C by the rate
equation of mixed control derived from
the unreacted-core model.
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Fig. 6. Graphical analyses of the reduction rate
of hematite containing MgO and pure
hematite with H, at 795°C and 985°C by
the rate equation of mixed control derived
from the unreacted-core model.
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rate equation of oxygen diffusion control
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EIMTEZE L. (2) 9244 bic ALO,; ZFhnt 5
ZEXXDTry /&%, 3) v x&4 iz MgO
BERIT A2 L0 X2T rg BAXL LS.

—RRENT, BEREORESNI VW E SR, TR E
WFOLILOFEDOENICIIIEMAE LSS 5 L E 25N 5 5
5, Zhid ALO; 2Tz iick>TCUA%4 b
B OKILES DL D, MgO ZRmT 52 &icX
DT RELERD, BILHTOFE O [ILES O HERE
ROLE—FHLTWD. ERTHV2ICR L-BAMEEMBIT
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Table 2. The radius of wustite particles estimated by analysing the reduction rate by
the rate equation of oxygen diffusion control through iron shell.
Temp (°C) Composition B (mol-s-1) 7o (cm)
pure Feg 40,0 2.55x 10-3 2.52x 10—+
795 1.17mol2,AL,O4-Feq 4,,0 5.29%x10-5 1.75x10-4
2.37 4 5.79x 10-5 1.67x10-4
Woustite 2.31molo,MgO-Feg 4,,0 2.09x10-% 2.78x 104
085 pure Feg 9240 1.47x10-4 2.54x10-4
2.31mol2,MgO-Fe, 4,,O 1.01x10-4 3.15x 104
795 pure Fe, O, 1.16x10-4 1.18x10-4
5.0mol2,MgO-Fe,O4 2.18x10-¢ 0.860x 10-+4
Hematite
985 pure Fe,Oq 1.93x10-4 2.28x 104
5.0mol2,MgO-Fe, O, 3.66x10-4 1.66x10-#

HEoNH I RA% A4 MIOKREZLBHIFIEFE-FHL TS

5. & 5

5.1 SEMRABRRILHEER LXK BRICONWTO
ER

RERE e v MCXBTCOVWTI, HEELD
P EMOW® 12 L O THEMCERIN TV 5.

& IBGE NI B IEHSER I X BT T oW, ¥
—EEF U eEEA LA, Thbh, HAHERNWEY
BHEHT, RN A IREGRHIA Y R 2 4 MREEIERK S
N7 BB NI I D ERRR T O IAEHRPLIC g L T
INEWE Lz L ithstofthrid 5.

2T, RIRRENO X ABEURI @R T 5 2 L a8
TEDHEEETS. £5THE, BEDOY A2 4 MO
BIEEEERAL ZHEOET T A TETLINAZ LT
b, FRRCETLXDMECILTR—THHETD
TENTED. ZOXIBRFEEDD LT, FRRFAROH
DT BV DIBICH RBEN OV 7 BEDLERD, =D
RELFETHERCRLL NP ESIPRLD.

BILENSGROT AL A4 PRI TRTCEE R THD.
Hx DT 2&4 MY, BLOBTE LD, YRZA
NOBE L EBROBEDOEDGIZIINHET 525, HE
DIz DHBLENE Ry T, U A& 4 MR AT ZH
HPEEURENY Do T, WINHBILOETIC I D THE
bbF—ELT 5.

S D ERIREBE B E TR RSLT 5.
d2C 2 dC _ 3r(1—e) (9)
dR? "R dR 4zr3D,

TZT, e WEUAZA MHHOWMBAKILE, rikv

284 M UEY72D D, KBTI BDETERETDS.

(9)s%%, R=R, T C=CH,, R=0 T dC/dR=75TR

DEFEHDOD & THL & (10)EnBELh, FENOR

Table 3. The relative concentration of the
reducing gas at the center of the
spherical pellet.

F 795°C 985°C
— Cx- Cx-
1 mots | Eoely | 7 (mol-s-n) | greyf
0.1 1.231x10-14 | 0.360 | 7.67x10-14 —
0.2 5.52x10-15 | 0.713 | 3.44x10-1 —
0.3| 3.26x10-15 | 0.830 | 2.03x10-14 | 0.345
0.4| 2.13x10-15 | 0.889 | 1.33x10-1 | 0.571
0.5| 1.46x10-15 | 0.924 | 9.09x10-1 | 0.707
0.6| 1.01x10-15 | 0.947 | 6.31x10-15 | 0.796
0.7] 6-94x10-1 | 0.964 | 4.33x10-55 | 0.860
0.8| 4.54x10-1% | 0.976 | 2.83x10-15 | 0.909
0.9| 2.58x10-1 | 0.987 | 1.61x10-15 | 0.948
471'R000D0/]‘40
=7 1
(1—F)13  (1—aF)13
795°C 985°C,

& (—) 0.214 0.214

R, (cm) 0.432 0.434

7o (cm) 2.78x10-¢ | 3.15x10-4
D, (cmz2.s-1) 0.457 0.602
Cy,(® (mol-cm-3) 1.14%10-5 | 9.69x10-6
CoDo (g-cm=1-s=1) | 1.07x10-12 | 6.67x10-12

TH A (Hy,) ORECHEROBME LTkdbS.
C:ﬂ_ 7 (1—¢)
cy 873 D.CLY

WE, HBPRTELBETHT IBED KW d.0

(R=0) ToRE®D, FHEEM (R=R) TkiF5 iRE

(b)

Cu, ¥+ 5txAD)xXEi5.
CRr=o _ {1~ &) e RE eeeennenneen (11)

by 3 (b)
C‘HZ) 87rroDeCH2

(R:— R?) crreennenenae (10)

2.31 molo,MgO-Fep 900 D I 2% 4 FeREHITDOW
T, Crey/CH, %EtET5L, Table3 DL 5cics.
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In¥k, FHRICER LB RPCR L. F2 Do 1
De=¢}-Dyy-mp0 X DTEHE L7225, Thix, @
DIRFRET X D2 KRILBOUALEH L CE b, B
OREDORMEE L E LT IR A H R kX
DICRBAHERTES.

ZDXSTHLWEREDD LIt nTh 795°C Tk
FAHEICICE VT, BITR F>0.4 T Cr=o/CH,>
0.9 ThHY, HRIEEHEHSPEETE S L OFEECTHE
LBEWEREZEZCTEWv. TbbBNTOR R
—RIGEFNVEER LIEELORERZY L DOTH
5T Enbhb.

ZZC, BIUIREO BRI S SEBEFRNIKBEER O
MR K E ST OWTERT 5. CDo ODRENT OVE
b= XU FVE, RiEcke 5B LT, agkT 56.5, 7
$#kT 62.0kcal/ mol TH Y, RN AFZhIEEFRELDEL
keal/ mol, {L2:RSEREER D 15~45kcal/ mol X ¥
KEW. ZOXSIRERFREDEZEDID, 985°C Tig
ToL7c & Fiix, HEREC &BEAR N ER BIREURIIS T
DOOITHICLL LTIERTT%. £ LT, ko3 20ik
D5 B TRENT OFEMILT 2V FHB—F/NE v, BT
SRIBN A AYREIE S A S Y = — PR DB X STk
5.

i, BILEEREL AL L LI, &EHRNEE
PREIEHVNE R 5 D C, BEARE T » ML DT
AT CEBEENET o i d. T oM, Bl
ALO; ZiFML7zD X 2 4 MelglicoWwTo Fig. 1, 2
TEWCELNS.

5.2 Ref@ESOv MCKB3BITRRICDOTOER

{E2FSEREERE2 A5 E, (1) ZhEToR{bek,
GREERDP DD Ry O RITTEHE D @ > S B bhic
ke fEX D R&EVWZ E. (2) ERbzALERREVT
D2 HBBHE LTHTFLNS.

AARCEDLN b OFEEz AV FESS L, CaO
REDL<TREA N, VAZA MOERILT AV FIZE
hFh 37, 45kcal/ mol [T/t %. ZhZ MDD
B E g, 7224 b E&BEHA~OBRMEOIRT
HEE DT CB SRS o 28kcal/ mol, EiE S
20.3kcal/ mol ZHEE L THELIKRE V.

v 244 FERBOBRTTIE, EROBTREEZLOE
FHHT D ENTEDLD, BITOBRELN kb,
Do OFEEEE~NT&A b, <732 &4 PRBLIERTX
Wit T THhD. TR bbb T Y A4 MAROE
SED ky OTEME{LT H VA3 45keal/ mol & EE & 7k
Dz LiCHEE Lz,

33 RESHZETNVOERECDNTO RO HAREE
DI

Fe,O3 pB8LE LRV vy b, EARAKSZITLEA
EEERORRBRESEA» LS Lie v v AW E
TLOWIRITI VT, Yaer and ONOD 2% { OHIFE
FHOW 53, AR ORKISHE Fovic kS IBEHED
REEAL, k De BRDTND. 08, BELD
P 7o BRAL SR DT B DFRITIC R SAL & 7 v 3
TET, W—NETTFVCEDSL &BERR N RIS
HABRHEATES LT o/mE—F LR,

AR LR, SBSFBNREBHEE e v b T
EMBRERTEILT - 2 2 BEHEE 0 v ML,
FSFRO 1 DO AE S OIEfTHRE 8D, ToR
RHNE Fig. 1, 2 oo 244 b T uy Meib
5. TNETO Yacr and ONOD 2504 { DIfigE#
MW DIREEE T w v bTH, O SFIROEEITHE
MABHLND. WhE D RRISIZE 7V O A AR
DD, Ny MERKTFOSBEFRNERRBILFIEID
MRULEBRVIEERRLTWS.

5-4 RMBLMHOBEEZTIERNT 5 BL&D B
DOEEE EBTTREORERBEOBER

CaO, ALO;, MgO ZiEmlic~n<&4 b, =%
24+, vAR4 PO SBHOMEBOY X 54 b b
JESRADEXFE DIRTTIHEE DEEEERFE & (A) H 2 AEBNIE
BERRR, Kpyu REE0ERE, RELERGEED 3 >
DR OREEER (B ) SESIRNBR R IRREER O 2
DA ¥ LT Table 4 zRz L7

Tihsbb, GO MLz~ Z4 b, 7% %4
by D2&4 PO BTEERZ VTR (A) TREESD
5. ALO; &~ 44 b, w52 &4 FOBETLEE
W(A) TEESN D, ALOy ZELv X2 X4 DR
WEN(B)cREEShS. MgO &~ ~v 44 b, U
2 %4 FORITGEEIWIND (B)THREEINS.

ARV OFERZ AT TELNL, BTEEORHE
B, BIgkOKILES M, YR &4 MROBETLIEERD

Table 4. The applicable reaction models re-
presented in the relation with the

combination of the foreign oxides
and iron oxides.

Hematite | Magnetite | Wustite
Al,O4 A A B
CaO A A A
MgO B — B
No addition B B B

A : Unreacted-core model type
B : Homogeneous-reaction model type
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IR RS H D, T TRIDTWAERIX
EEHICIIEIDOS D TH D25, WTIND 1 DOBEH»S
BLTWEHDEELLND.
ITNFNORELCH O TENLEFRLTWHHEE L
W3, BEOAFHYD THELLBMHLLL S, I
LB LT WO AR S, £ DERILEDETTIC
PoT, BbikE OBAMILME RO TY X224 MHIT
WHTERESI ] &5 TETHS.

6. 15 ]

ANTEA b, FREETL LT A EA L, UAREA
ForhEhic CaO, ALO; &5k MgO ZifvmL
7ol R B U, B LekoBEuEE I RIS TR
DOEBERBHNCHEL, > Eokmzesk.

(1) B8 EE L iRnER Lo, ERILgk: O
S8t E LTy 224 bR 5 & EiTik, &L
DEGEEFEE AV AN ERE), RITERE NN ZIREL
RE(LERICOREIER CtHD. —F, ZOXSKE
LB ORH O W E IR TOBEBRMET Y 2 4
4 MR OEBCRKR IN BB REBHHRNITET 51
ROPHXZERAETHS.

(2) FMCTRERLE, 9 AZA MOBETIFREDEM
B X DEEERICB VT, v XZA Mgk bR 3
B VICETING & XL, REBEETFT VL HRE
BERNETEATES. by, Y244 VRN FRT A
VRTINS & &L, SEGRRNEREIRAEEN 2
BHATES. Z0X5E, MBEEERLETREDMH
Wi ROMIC—ElERASNS.

(3) CaO ZIFMTHZETEDT, ~"vEA b, =
Tra4 b, VREA POBTWRE TS, vAEA b
5 & BN DR ORBITOEMGREERBEAL,
AT EA b, vFRE4 MT AL, BIRIMLAZEED
{LFEGHEEER X D k& v R, <7244 b, U
2 &4 bz Ca0 ZFhnT 51925 ~Nv 24 hic CaO
EEMTHEDD, LERSEEERZKE TR
MRV, T, Y 2&4 MCEETLEOEMDD
ThH5.
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C, Cit), CH):H, o, #AKkKo, FHio
H, RE ( mol- cm~-3)
Co: &BSHRABLALBEDORE (g- cm-3)
Do: BLGBRO# AEHEEEE  (cm?s™1)
D,: &BECHEE L EBEOIKMMAR  (cm2.s-1)
Dy,-m0 : HyH,O R FHi#sEsE  (cm2s—1)
do: RBHOTRZ A 2D &BB~OEBOR
TOHBTHRERE (g-atom-oxygen- cm~3)

F:ovzx24 ' b8B8%~0BRBoETICOW
CTOBLE (=)

fil—(Q—F)us (-)

K :Fo_ O+H,=(1—»)Fe+H,0 0 FHiEHk

ket FAENBEB R (cm-s-1)
ket HAEBEAYWE SR (cm-s-1)
ke o SR AL 2 RS O EE E K (cm-s—1)
My : $kORTE

Mo : BEORFE

Qr: FISENOBLY AORHEKE (cm3.s-1)
R : el b offs (cm)
Ry: P 0¥ (cm)
ro : REEZBRTHV AL A PRIORE (cm)
T : BTIRE (°K)
Y iUREA N DN F A v R (=)
7 URAAL POETHEE (g-atom-oxygen-s—1)
& BT OKILE C)
g: VAXL PEREBORHOILE (=)
Pre : &EBEHOEKE (g- cm-?)
PFe;_,0° VAK 41 YOEBE (g- cm~3)
0 : BT (s)
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