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A Study of Non-isothermal Reduction of Iron Ores

Synopsis:

Akimitsu Oxura

Studies of iron oxide reduction are quite many, and the mechanism and kinetics of reaction have also
been reported. Many of these reports, however, are concerned with the iso—thermal reductions, and only
a few reports on the non-isothermal reduction have been published. Then, the authors investigated the
reduction of non-isothermal type; from room temperature to 1 050°C by simple H, gas and mixed gases
which approximate the distribution of gases in the B.F.

Moreover, a non—isothermal fluidized bed reduction was tried, and an empirical formula (m=r47,
(4F/RT?)dT /dt- 4t was presented and analyses were performed by this formula.

The results are as follows.

@ The non-isothermal reduction in comparison with isothermal case is quick to finish the reduction.
In the reduction by mixed gases of CO, CO,, and H, the effect of reducing temperature is greater

than that of the concentration of CO.

reduced powders.

@
® The non-isothermal fluidized bed reduction is possible up to near 1 000°C without sintering of
@

The rate of non-isothermal reduction can be expressed as 7z =ry-}7r,(4F/RT2)dT /di- 4t¢.
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Table 1. Chemical conponent of used iron ores.
Cemical § 1} ﬂ
$ﬁomponcm T.Fe Fe, Oy FeO ! SiO, I' ALO, | CaO
_iron ore \ | ‘
Zungun ore ] 63-35 84-98 514 3-19 j 2-32 “
Itabila pellet ‘ 6753 97-28 0-54 i 0-68 f 0-83 !
Rarape pellet ] 56-48 53-14 25-08 i 9-68 ! 2-48 {2-18 add 175
Table 2. Relation between the temperature, gas Hand|
distribution in B.F and experimental Chgg‘gwg B
condition. A.C.couple =2
Temperature of !i Gases component Elfecrric - - /Monometer
° ! urnace o
shaft (°C) co co, H, P —ll
.ﬁ° =
500  (500) 24-5 (24'5) 15°5 (15-3) 2 Flowmeter i -
(550) (24°5) (15-5) i
570 24-9 15:0 H,
(600) (25-0) (15-0) - =
(650) (25-1) (14-9) Ne_
700  (700) 56:5 (26-5) 13-5 (13-5)
(750) (27-5) (12-5) Sampling bin
800 (800) 28'5 (28-5) 11:0 (11-0)
850  (850) 33:0 (33:0) 84 (84 Schematic sketch of fluidized bed apparatus
910 (900) 355 (34:0) 54 (6:0) Phototube
940 36'0 4-0 Sources To electric converter
(950) (36 5) ( 3-5) of light Virror
1000 ( 1000) 38-0 (38:0) 2-0 ( 2-0)
1010 ( 1050) 40-0 (40°0) 0 ( 0) (::li i i [::) |
( ) shows experimental condition In tete = T g E,.,/— El:mct;vecmr
AZAHDHD, mET 2), 3) LD TOHAMKDOH P R couple Heone! Electric
fivE, 50°C ZEWFBITER L. ZoOUaREEcE ‘ § ~ magnet &7
s d
T AR | min THot. LBEFFEOBELEL E;ectric =
e rnace
oD # A EIE 400cc/ min ThB. HIFNOMKS T o Weight
Sampl
EE %A% Table 2 1T LT omee T
Nl oy MIA{ETE S~4g, CNEBEEA v 2 Y H&mmiij
. . Out lete
FRANER L RENEZHSETCREL, T4 c : —
Z{td, FIEEILET XY La—# — ik h Schematic sketch of therm balance
5. BARFOKE 00003g THDH. Fig. 1 wkFE% Fig. 1. Schematic sketch of reduction apparatus.
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BEHMZTR2EV » POEREZRIITRT. X
UM X B4R L » b% Green pellet, BEpkEsft:
L v M% Acid pellet, BEigsdE~<Lr » k% Basic pellet
LT 5.

ETHREC X DEEETOGR %L Fig. 2~Fig. 4 i©
3. Fig. 2 13 Green pellet CHNFRREEHEERB
BT THZ Lhbrs. 500°C Trx 98% OBITE
ZBD5DI# 80 min 2 L, 700°C ¢ix 30 min, 1000
°CTiX 15min Z2E LT 5.

Fig. 3 1z Acid pellet OZEBTOER Y L L1-.

4

Green pellet \HE L, - KIGEERED TR E<, 500
°C, 100 min Tix 25%, 700°C, 100 min T 869,
900°C iz R\ Tk 98% DFETLREZEDDIC 55 min %
E55%. 1000°C KB WTHREGET Tz 35 min %
ELTWwW5.

Fig. 4 iz Basic pellet OERZ L L. ZODHEL
1%, Acid pellet W8~ TEIGEERZLAT U EEIIK
FET, REOKER%ZT L7 UL» L Green pellet iz
BRIGEREBEEL DBV LEELATHS.

500°C, 600°C TIIRIGHINIT S W TIZERMNED 5
N5 100 min I BV CHAEDETEL, 1I3ITR—
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Fig. 2. Relation between reduced time and degree Fig. 5. Relation between degree of reduction and

of reduction of green pellet at the iso-ther-
mal reduction with H, gases.
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Fig. 3. Relation between reduced time and degree
of reduction of asid pellet at the isother-
mal reduction with H; gases.
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Fig. 4. Relation between reduced time and degree
of reduction of basic pellet at the isother—
mal reduction with H, gases.

DR ERL, ¥72 700°C, 800°C ERWTHITEA

5

temperature at the point of pass in making
up from room temperature to 1000°C of
each pellets reduced with H, gas.

UETLEOX BED bhitv. T hb OF5RIZ Basic
pellet TDHBENIFERTHO, EEZ WO R
v PO T L <AL RIRFHENRD gDl T0D
EIC OWTHIBICIESR L GO TEREZTRD.

Fig. 5 @ Green pellet DIFFIRBTOFHmREH D &
FeO 4EBRiC R4 HIRE&F D 600°C LIT L, 700°C
~900°C F7cib FeO & Fe ORUSHEE®D 2 Doyt
S5, 400°C ~600°C i L 7 RRFFHEIZZE12~13
min BETH L, B|ILEIC LT 25~29% DFiAZ N L
Dl G R SHSEFT L, 900°C ET 5 & 95~99%
DEFTEATELTWS. 1000°C 02T 5 & bIERRIG
23527 L, REJSEHSIBAMEBIC X > ChEIRS .

Fig. 5 @ Acid pellet OfEREHD & 500°C Tlx
[iﬁﬂl'ibi&/ugégﬂ)ﬁpi’bf, 600°C IZ3E L C{E»HED
LRAERETHLN, T OIREIEHELEREREIT IEH
M., 1000°C ic@¥ 5 & 95~99% DERETTIL
Db,

Fig. 5 @ Basic pellet OfER=2HD &, EHEEOES
i 550°C X W RISHIEE D, BEOLERE & DICRE
R L, 900°CizswnT 959, ~98% DETLRILET
%. Green pellet 2 feZ L, FICBIAREIRE V25 &
ABREXEESENOEME /-2 TwH T LBbrD.
WICRE AT AT X5 EFROBUEREZ LOT. T
£4c Boudard’s Reaction Line E T L 2T H AR
EZ TSP EORRETHS. RELENTNOH
ZHRIFREECEL T LMERECHTZTH 2T
WBDTHT LE Boudard’s Riaction Line [H TO(E
FRLTWIEVA, BIERSMEE UTRELREERW
LEZD.
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Fig. 6. Relation between degree of reduction, the
volume pereent of CO, CO, in total gases
and temperature at the point of pass in ma-
king up from room temperature to 1 000°C,
of basic pellet reduction with mixed gases.
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Fig. 7. Relation between degree of reduction, the

volume percent of CO, CO, in total geses
(same the distribution of gases in the B.F)
and temperature at the point of pass in
making up from room temperature to 1 050
°C, of basic, pellets reduction with mixed
gases.

Fig. 6 I X ORPAITS. [ISHE 2D CE < 700
°C, CO:62%, CO,: 38% D # A HKIC I\ CIBTR
¥ 5%, ZThBlig 800°C, CO :87%, CO,: 13% o #
AR THETLE 13%, 900°C i3\ T 33%, 1000°C
THY 60% &HEDTHEETH 0 BBETELE 2 &8
b,

Fig. 7 RHECOBIF A AH 2540 CO, CO, 2
BHL, 8% LR TH 55, 600°C ~900°C DEFHT
IITERANC RIS BHETT L, 900°C LI W TR T4
BLASBIC S BME R LT WS, 1050°C cB>THK
G 50% BETHS Z Lobhb.

Fig. 8 13, CO, CO,, H, DRAEN A X BEERT,
T H AREEVEEF 2 W H A ST Cra& T~ 2 2 LG

6

500 600 700 800 900 1000

Temperature ot the point of poss in moking
up the temperature (°C)

Fig. 8. Relation between degree of reduction, the
volume percent of CO, CO,, H, in total
gases (same the distribution of gases in the
B.F) and temperature at the point of gases
in making up from room temperature to
1050°C of basic pellets reduction with mix—
ed gases.

= AEROHERIC RIS, 1442 — 2 {FAOE
BOBEBRTHS. Fig. 7 OFER L TEE OERE T
5% 900°C DB K b A & i EAEEERRICT
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31 ARBLUERS® .

A Lcga Ry > b EFREGIHT 28~60mesh o 3
DT, RBEVIAE 0mmeé o SUS 25 o5 L
AHT, ERBOBRITFHAT Imm ¢ Dy 20 @
DI DOTHS. WK% Fig. | wRLAx GEO
AR SRS T SRR R IR R 8 % R CIR M- & 5 =3t
L7eny FIFETHS. ETHENEEET 500°C 1 HiE
L, SERZEAL, SBHEPICHEA LBES 0 RS
EIRBET 8 L 7o S TRE A R i YR A E b i 58 % B
3% MEBBOBEON AHEEIZ20! /min Th 5.
FIRS&MT Fig. 9 IR 4ETHS.

3.2 EBER

Fig. 10 13 Fig. 9 @ 4&4TO ER%T¥. (a)
YT 5 FIREHD b Did 500°C~700°C 078 &
CHRWTHERIR G ERL»TH 0, #EERERTY 10 min
T 60% LLED@ILERETR L. BB 5IC Wik
EIEAB B HEREZRLTYS.

KT (D)L T HRIBEELZL2LDTH B, &
BEAIRD b D & [FROEmT 500°C~700°C ¥y 200
‘C OMITIBTE 79% T bi&T 5.

AEEM (c) CHYTHHERE 25 &, BB
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Fig. 9. The «diagram of making up the temperature.
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Fig. 10. Relation between degree of reduction and
the temperature with diagram of making
up the temperature (-O-: a line with
Fig. 9,-A-b: line with Fig. 9, -O-:
¢ lime with Fig. 9, -(-: d lime with
Fig. 9).

(D) LEVIZ b BT, BVETRERIL

Ve ()ic v TiE(b), (o) LIBIERBROBREZTL

TWw5.

etigE s Fest, Fert, Fe Offixsd Lt
FROMRZ LT ER BGHNCED DT D 2 Lhdh
5. M ks Fig. 11 Rl

s iR SRR OMRE Fig. 12 R Lic. #HiE

FEfAEV (d) OBESRIGETRICET DO KX

<, T ULAREKME(D), F7obb Smin i@, 5min

RIBDBAPE L ELPICEIEPET T LHDP 5.

4. EERHBBRK

HETHLMAN AT EL, SRCETIERN, BRI
BIEEI %< DY, FNFROFIBETRETEATVS.
I CEHBCBET 5 EEROPRTHEMNERER LW

Temperature (°C)

Fig. 11. Relation between the change of each
component by reduction and the temper-
ature

with diagram of making up

temperature.
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Fig. 12. Change of degree of reduction vs. total

time for fluidize reduced iron ores with H,
gas.

R RTEERSY oW TR I IR IR
EROERZ 7.

RESSEE, BEERE - LeRe LTiRitish
TWaREHRHAL, BETEHA2L.

() [l (54547

Z(Ca*Ce) . "o'do (])
D .
k«;mxwrm%@ﬁméé
1]
Lzt 2T (L) A»D
ro-do[} — (1 —=7)13] = (C,—Cc) kt
dr _3(Co—Cok | o e (2
dt  719-de (1= (2)
k»— I 3\ AR R B N TR AR
[1)

Lizps 2T ()R D



2156 & Lt £

% 61 £ (1975) 9=

70
I'65
'60
1"55
1’50
145
I'40
135
1’30
I'25
120
I'1s
"o
I'05
I"00

rwodo [I-01-R)]

Fig. 13. Relation between the (C,—C,)t¢ and ro-dy
[1—(1—r)1/3] at isothermal reduction of
acid pellet at each temperature.
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Fig. [4. Relation between the (Co—Co)t and ryd,
—)2/3
[2 L a r) :I at isothermal reduction

of ac1d pellct at each temperature.

1 1 —r)2/3
73‘%[?“ %_.!2;)]= (Co—C.) Dt
dr _3(Co_CE)D . 1 3
dt — ri.d, (1=r)y-13—] (%)

FRETOFRERAL, RERCEEERE OHE L
ERAEIRBIER D DIBEKRFER 2T/, *O%EHE2
Fig. 13~Fig. 16 {zR L7-.

Acid pellet, Basic pellet & iz ro-do[1— (1—r)173]
& (C—Co)t DBIRIT I VT, ISITESBIEC 5 5.

M} L (Co—Cot DB

1
F 7, To'do[i-é— 9

I"60

I's0

T

I'40

I'30 +

1’20

rody [1-(1-7)"]

10|
I"05 |

1'00 1 1 1 4 1
5 10 15 20 25

(C.—C.)-+t
Fig. 15. Relation between the (Co—C.)¢t and ry-d,
[1—(1—x)1/2] at isothermal reduction of
- Basic pellet at each temperature.

I'0
%500 * 800
2] osl / °©600 4 900
&, 4700 }000
T osl
o A °
i
_ln oal —"
3
$
e o2}
1 L 1 1 1
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(Co=C)2

Fig. 16. Relation between the (Co—Cp)t and r-d,
1 7= (d-nzs . .
[2 3~ 2 :' at isothermal reduction

of Basic pellet at each temperature.
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EIREEEER, Co eX 2AhoiRE, C BRIG
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WHEBOFEST ARE, C 01? TRIGHWED EVEL 003} % Acid peller >(/
FROFH - ///
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ol RT? dR
FTZENTES. (4)13, wd d
7 =qe—EIRT (Cy—Cp)orrervnrneensnnsnnneen(5) Tig. 17. Relation between d? and Z; + d;
ZDFE X FHEETTESIKIEAT % LERICH VT, E \/ dT
dr ' (RTi’-)( dt >‘”‘
re=— —a-e~E/RT (Cp—Coery) -+oeoer (6)
TEbIhD. I TRBEEOLEIRTOLELTH o |
CRat=l 3'5%{]%@3{‘03: \\
. dR _ E ) = 3t
= =ae Hknb+1n?-dq (7)) R
. ‘ T s 2t
At ORFRMIFGEIC & b2 T — VEILT 25, o
. dR ) E /dT 4 5 oy
n =—t—=a.g E/RT0{1+ RTZ(?) . _/jt}, o7 dr X[ QO °C/min
------------------------------ (8) Fig. 18. Relation between 7-ro{(1—(1—r)1/3} and
+hbb, average rate of make up temperature.
. dR E (dT PN e s s o o
= =Tt 0 —dt_) c e (9) s SRR SR TR T L P TE S, Lk
. . »oC dT/dt T T ey RHEE 7
L n. RIEEEE—ETH D B &I, 4 : C ibg %?Jﬁmhgabjgﬁm
B 57 LmEEETH L. Fig. 18 ¢ dT/dt (P HRIEEE)
n =r0+’oﬁ .ﬁ.dt .‘.(]0) &Eﬁ;fiﬁiﬁﬁ Lf:%é‘@%ﬁﬂ@ﬁﬁﬁ:% L L7

o (1) R HEFERE AL, IEFREICORE R
FRTHS.

SHEETI R B EQEIRThTh Ly McXb Z
L 7e 555 Arrhenius o 5 R B3k® 5 &, Acid pellet
B LThE 3-8132kcal/ mol, Basic pellet (8L Tk
1-4556 kcal/ mol ¢ 75 5.

. N E dR
rhrhofExi AL ’o+roﬁ‘ﬁ‘dt & T )|

JWEMBERCD S

HBBOSECIHEMICIEFRETE LTRSS 2 L
PT XV Thoh HI B & BREM S E - OB
L LB EMNDD, HLETHEHETHS. AE
rhic b FISIET L, EiEhc b PMmETLTHnHDT
BN EoSEEg B cRbeE, FHFREER,

9

5. & =

BUTROSRIC KT ERNELZA2D &, Thith
DLy POBRICEI DT LB I L5, FFC
R Ly bOBEEE, BIEEC X O TREILETERD
#ENBENE. £ LT 1000°C Itk WTHRIGE T DR
DHIT T LA 30min 2R L, THLATOIREICE
WTH X DBV ETHL Db 5. Tiibbid
TEROEEKRFEDE N EETLTWVS. LD mER
Ly bz 500°C TH 9 80 min CRIGEFE T LTS,
IHLOERIE SWTIRELX DAL LIRFTE L ST
5. ETRU oy MEBKT2ELHONEE, ThbOR
Fit ko CTEM_ vy POEILE, RGHTHS. £
ALy biE 3t/cm? OEERIC X OTREL,100°C T
WIRFBER LTvw 583, RICERTHE LSS
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T5Ey MERR TFOFR TN L TR E L F
KEZ2L TS, L LIboEER~< L » ki3 Basic, Acid
HICAZTF FRERLTWT, FRAThORFIIH
MTREEINT, LA S THRBEOEFTIERL v b e

TRWTERT I ANEETEELTWS Z b
5.

BREEEDERLINSD L » ORI, E5%
KXot tlsokbniEzohs.

FFROHET D20 TIE Ry FOBENBEE 7t
S. XTT, Ry bEHEORMBE, NEHEER SO
X OCEILT 2% THERTHIE LRy SEic T
BE, £y T, 500°C~750°C % CligkmiaE
EFROERDIREE 255 25°C ¢, FhLERAMEK <, 800°C
BT 10°C, 900°C Ll kit B & iSiEH—iBE I /o
5. INLDOEBHD I MAKIBER COREDE L
e LTEbLNACLDEF I 5N, —F 650°C <&
JTEERY 30% ZRLTCVWDZ &b FeO B E TR
BT TIHEATYVD EWVWED. LicsioT 700°C Ll
900°C DiREHK TE, FeO—Fe DESHXERITH D
ZEDREBINTWVS.

BERRAR Ly MCOWTIIRE & FLOIEEZEME <L
vy MCHBELAEL, 1000°CREEE T 30°C s
D3, TDEREIGREIREEOBRIC AL 5 b
BOERSZLNT, RIF—FFECHGHSETLTWS
eI NG,

Boudard’s Reaction Line & L7-%%57# CO, CO,
DA TER L/ Basic peller @ 500°C~1000°C %
TOFERIZDONWTHB &, 550°C~700°C B FEE i &
800°C~1000°C DD 2 EEMEIChiF SR 5. 1
B> 700°C % T, FeyO4+CO—-3Fe0+CO, s
DXEHITH Y, 8 2 EHED 800°C Lllicik s &,
FeO+CO—Fe+CO; @ R LAED B % Al LT b
HZ b b,

BRI ISRIC X 2 L REDOIT IR H L b I, <UL
y PEHELTR MR I AL CHB. hLihicix
Fe;O, OFEMIED L.

HBREPF 2 AT A 5HD CO, CO, DHDBLEDE
TLEBRICE W T D Boudard’s Reaction Line {z 758
DR L TERROEREZ TR L, 1050°C i 5T
%) 50% OFEILEICTE /.

CO, CO,, H; DIRAEF AL X 5EIFE LN A4
BHOEEDHERELE L, KEOHFMOEENDHE D
Bt Rbhio v, —fFIckEIC X D TC R G V3 AR R 18k
KRB WTXDORRFPKREL, BRI B CE—E{ bk
FORPREVEINTWV B, {KIBIBRIC 31 T D Y

SREESHZLRE V. ZOREOKEIRINTCIETE
P RELELRTLHBROMES NV LETRIBELTVWD &
Wi,

EROBHI RIS W OISR R A I+ 5 & 970
% THLDIH LT, ZOEBRERLITIEVERZTFELTY
5. ZOFEEREVA s VIEOkSST X 0BRSS,
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