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LOW-TEMPERATURE PYROLYSIS REDUCTION OF BIO-
MASS TO REALIZE EFFICIENT RECOVERY OF IRON RE-
SOURCES FROM RED MUD

ABSTRACT

Red mud (RM) belongs to the alkaline by-products of the aluminum
industry, and the cumulative global stockpile has exceeded 4 billion tons.
Its composition is complex, and long-term stockpiling not only occupies a
large amount of land, but also easily causes environmental pollution prob-
lems. However, red mud is rich in iron resources, with Fe,Os accounting
for about 30 ~ 60%, which has a high resource value. Efficient and green
recycling of iron in red mud can alleviate the land occupation and environ-
mental risks caused by long-term stockpiling. At the same time, it can
greatly reduce China's dependence on natural iron ore and foreign mineral
resources. The current research on iron extraction from red mud includes
physical and chemical methods (wet and pyrometallurgical). Among them,
the physical iron extraction method has low recycling efficiency, low prod-
uct quality and high impurity content, which makes it difficult to be indus-
trialized. Wet metallurgy in the acid leaching method is more common,
need to consume a large amount of acid, and produce a large number of
acidic waste liquid waste residue, high operating costs, but also not
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conducive to industrialized production. At present, the most researched and
most likely to be industrialized is pyrometallurgy, including “carbothermal
reduction - magnetic separation” and ‘““gas-based reduction - magnetic sep-
aration” two processes. Most of the reductants are made from coal, CO and
other mineral resources, which have high operating costs and carbon emis-
sions, and are not in line with the development concept of low-carbon, en-
ergy-saving and environmental protection. Therefore, it is crucial to ex-

plore energy-saving and environmentally friendly reductants.

China produces about 800 million tons of agricultural waste biomass
every year, and its resource treatment has an important impact on the real-
ization of China's “double carbon” goal. Moreover, biomass can be pyro-
lyzed at low temperatures (200 ~ 700°C) to produce a large amount of re-
ducing gases (CO, H,, CHy4) and reduced biochar. Therefore, if the low-
temperature pyrolysis products of biomass can be used to reduce Fe,O; in
red mud to Fe;O4 or Fe’, and then magnetically select Fe3O4 or Fe?, not
only the resource treatment of red mud and biomass can be realized, but
also the carbon emission in the process of resource utilization can be
greatly reduced. In this regard, this paper selects two kinds of biomass that
can produce reducing gas by pyrolysis (wheat straw WS and rice husk RH)
and two kinds of materials that can produce reducing gas by gasification
(activated carbon AC and graphite powder GP), and comparatively re-

searches the effect of reducing Fe,O; in red mud, the reduction products,
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the reduction law and the mechanism of reduction at low temperature (300
~ 650 °C) and higher temperature (700 ~ 1200 °C), and the main research

The main contents and conclusions are as follows:

(1) Theoretical analysis shows that biomass after pyrolysis produces
CO, H,, CH4 and C (biochar) can reduce Fe,O; in red mud to Fe;O4, FeO,
Fe. And at low temperature, the reaction of CO, H; as reductant is more
easy to carry out than that of C. In addition, FeO formed in the process of
red mud reduction is easy to react with SiO, and Al,Os to form iron olivine
and 1ron aluminum spinel, which can only be reduced to Fe at higher tem-
peratures, which is not conducive to the recovery of iron.

(2) Under low-temperature reduction conditions (300 ~ 650 °C), the
reduction effect of biomass is better than that of activated carbon (AC) and
graphite (GP). Among them, the best results were obtained when wheat
straw (WS) was subjected to non-contact pyrolytic reduction. The best con-
ditions of pyrolytic reduction-magnetic separation: reduction temperature
625 °C, RM:WS mass ratio 1:2.5, temperature increase rate 10 °C/min, re-
duction time 70 min, and the magnetic field strength of 150 mT, at this time,
the grade of the concentrate was 54.8%, and the iron recovery rate was
36.9%.

(3) When contact reduction is carried out in a box furnace under me-
dium and high temperature reduction conditions (700 ~ 1200°C), the re-

duction effect of AC and WS is better than that of GP. The optimal
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reduction conditions are: reduction temperature 1000°C, RM:AC and
RM:WS mass ratio 1:2.5, heating rate 10 °C/min, reduction time 40 min,
magnetic field strength 150 mT, AC:WS mass ratio 1:2.5, the grade was
54.8%, and the iron recovery rate was 36.9%. Magnetic field strength of
150 mT, AC reduction of RM, the grade of iron ore concentrate is 77.4%,
the iron recovery rate is 66.3%, WS reduction of RM, the grade of iron ore
concentrate is 50.2%, the iron recovery rate is 38.6%.

(4) In the middle and high temperature reduction conditions (700 ~
1200 °C) in the box furnace and tube furnace N, atmosphere non-contact
reduction, respectively, AC and WS reduction effect is better than GP. the
best reduction conditions: reduction temperature is 1000 °C, RM: AC and
RM: WS mass ratio of 1:2.5, the rate of temperature increase of 10 °C/min,
the time of 40 min, the magnetic field strength of 150 mT, AC reduction of
RM, the grade of iron ore concentrate is 71.0%, iron recovery is 64.3%,
WS reduction of RM, the grade is 56.4%, iron recovery is 54.7%.

(5) Mechanistic analysis shows that under low-temperature reduction
conditions, the Fe;O,4 peaks are predominant in the reduced samples, and
the intensity of the Fe;O4 peaks in the concentrates is further enhanced with
dispersed and fine Fe;O,4 particles. In contact reduction, iron olivine, quartz,
and biochar particles were present in the concentrate. While in non-contact
reduction, the silicon content in the concentrate is significantly lower and
hardly combined with iron to form ferrosilicon minerals. Under high-
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temperature reduction conditions, the Fe peak in the reduced samples was
the strongest, and the Fe in the concentrate was spherical, highly crystalline,
and largely separated from other elements.

KEY WORDS: Biomass pyrolysis, Red mud, Iron oxide reduction,

Magnetic separation for iron recovery, Physical phase transition
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Figure 1-1 (a) Bauxite mining in China and globally, 2003-2024, (b) Alumina and RM produc-

tion in globally and China, 2003-2024 (c) Hazards of long-term RM stockpiling, (d) Iron ore im-

ports in China
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HABE MRS, Rl F 2T WA NIRRT (Fe03) 8 (o-
FeOOH). #H/KEH" (y-AIOOH). A ¥ (SiO2). A AMEK (TiO) . #AH"
(NasAlsSi301CD FIAE (CaS042H20), DEIS NG RA (CaCO3). KR
£ (CaCr04-H0)+ =JKAEH™ (AI(OH)3) 91, Giit 1 v [ Je tht 5t 3= B4R 4=
HuARUR I A B R 1-1 R, AR I EE RS N Fe20s. Al03. CaO.
TiO2. NaxO 1 SiOz. FIEZJEVHIL. JLA L. RRHNEAE Jo3k B 3 2245 0k 1
[, Fodk FAR R O SRR AR P FE R T B R 56% A 1R, IF H A
TR YEH Fea03 F1 AlOs 2 B 43 il AT =13 60%H11 29% LA, AT 5 B 3 5 B A7
TR B EIEE IR BeAk, R 12 FUEE T AR T AL S — L
#, WK. Ba. Cu. Mn. Zn%DL R/ ERIM LT RE2Y,

#1-1 E WA EEAR L R ) B AL A Ry

Table 1-1 Main chemical compositions of red mud from major domestic and foreign bauxite ore

origins
FEAM AN (Wt.%) =
P
Fe.O3 Al>O3 SiO2 Na.O CaO TiO2 Sk

HHEPE 27.1~55.3 18.6~225 6.3~14.0 1.53~11.3 2.03~158 6.1~7.0 [25?7]
FEILZA 30.8~40.3 22.8~24.1 17.9~363 6.8~88  1.1~1.7 18~7.0 [
hE R 4.9~38.1 23.4~247 17.8~21.0 6.5-121 3.1-202 3.9~44 [3031]
hEEM 9.3~274  57-204 156-19.0 0.6~29 21.1~326 25-~47 [323]
LIPS 24.3-25.7 17.8~20.7 15.1~16.2 59~9.6 10.9-26.4 - [34-35]
e 19.9~70.8 11.6~355 12.7~15.6 0.03~7.4 0.03~46 04~58 [3638
EPEEJEvi  30.3~60.0 15.0~242 5.0~27.0 9.0~160 1.6~11.8 26~50 [94U
JUANIE  28.6~59.6 9.5~23.4 42-127 2090 1.6~122 3690 124
K hn 38.7~51.4 6.1~17.0 1.1~100 3.8~50  4.1~9.0 3.6~9.0 [0l
ENFZ 23.8~46.6 18.1~26.2 86~17.9 4.1-~108 1549 6.1~24.4 [4749]
WAFE 269459 17.8~29.0 13.1~36.0 3.3~51 3.1~235 35~7.3 15051
+HI  302-37.1 14.0~-264 11.7~144 59~94  11-31 58~60 Bz

JIESWN 30.4~37.1 18.7~23.4 8.1~122 6.6~10.2 3.4~133 5.2~6.3 [5456]
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# 12 P REITTRRS (ngkg) 2124

Table 1-2 Trace element composition in red mud (mg/kg) 2!-24]

JLR Sc Ga m Yb Lu Y Dy Mn

& 713~136 60-80 1-2 8-11 1~2 60~120 17~22 85

TR La Ce Pr Nd Sm Eu Tb Ni
4 308~309 604~627 40~57 203~217 29~41  4~6 3~5 31
TR Ho Er Th U Cr Zr \Y Zn
s 3~5 11~14 20~30 50~60 497 1230 730 20

1.3 FRJePERFIR R IR

TRV A B A = e R IO — e SR [ R 7 BT, AT AR E AR R AT
HEsE O 1 Ao, (HZREF RS, FEURAEHEAA 7 b, HRR
SRR MNES T, KIS RIHEAE 298 N R 8 8 1 3R 858 S b R /K BAL, AT
iGN B BRI R, 0P HEAT S A E B OCE L. N T AT IR SR e
AR IR 7 DIFE, AR SCTE Web of Science 1% /U A 82 504 7 HHAG 2% 1] “red
mud”, KOS [E BN 2004-2024 4, KRG H] 5556 FAHISICHER:  [FIRELE B E &0
4 SRR P A 2R OGS ] AR E s RO TR B 2004-2024 4F, R RAFH] 5800
FASRSCHR . ARG SRR R SCIE L, IR AL TR VOsviwer 1 fil 7R e b2
L5 R AT R SR AR o B 1-2(a) R AR HR SO i RILIRAE BT

VT JUAEIZE T O S s B 1-2 (b)) R AH SRR FL I DGl SL I 2%, B i
Ve B FH 1A% 32 LT ] 2% R SRR RL 800 PRI v 3 DAIO1-661 1 S U e Ay
M4 J@ 7o 3 5 5 T 16768

P EHFE M. k. Bl BESEEMERS), EF - RIEHSEZ K

ST, WA BRI 48, AT A DR R (175 G 1), 34 fie 52 B0 92 U
HEEFA, fliEERPIEFMET. SRR R & B, B TE 30% L

ZEULARG B A AEH . 2 B RSO Rk BRI, R ORI BEARF
[ R ERAT M xof [ AN = B DR R AR P, TRI s T e gk [ Y 2 5 . H AT, 758
PEER I E BRI Y EEY TR & (RIZ FL 8k, /K IE IR $24k, s ffidsesl)
MkiEGE GRIR-fhkiE) 3,
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SEEREECHEEEHEREEREREE A vosviewer e
Fi &
K12 (a) 2004-2024 FELL “FR¥e” (“red mud™) NIERE AR X E,
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Figure 1-2 (a) The number of Chinese and foreign articles published with the keyword “red
mud” from 2004 to 2024.
(b) The keyword co-occurrence network of red mud related research from 2004 to 2024.
1.3.1 $EESA B X

PGB AR 7R UE R I I D ER M R 22 57, SRR (0 5 20k k5 Al
Yo 8w SRR . W ERV AL B R VR R B R, iR R, B
R HI5 9/, AR R T 2R U8 KL JBURLASC A, 0K [ AH B A1 SR 0 7 ™ s S5 v, S8
P ITE R R RS, B EIPRET AL A S o Lin xR e i e 73 2%
AR R A e 2 RORL 3 BURS A RIS AR 0 i /R, B2 HH T — PRI LK T i o
(I 1-3 fis). SRR, WRERHEEAHBRIBRSER, T RP-5
um BRI B 2 46.5% R E] 19.2%, LY RZFIE ] 58.7% . /K JTJiE i #8 4} Fe,03
A EREEMER, RITFREMAIE 26.75 wt%IEE 2] 36.0 wt.%, AEkFEIR
Ak 36.6%, (B[R B BB EL IR

PG BRI RERENC iGN, (HPRAR RS AT BUIC. RICBOREE, A
CAE T Tl ek . th T8 5 aufica ) Boa AL e v, Ffe 5
IR TVEAR ARG FL 3 85, — 02 R 1 e o S a2 58 B S 1) AR
BAT B, AR
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Figure 1-3 Schematic diagram of a parabolic cyclonel’

1.3.2 JEEEI
1.3.2.1 B8R EIRE

FRRAATR I RN 1-4 Pos. HAT, PR EZEONEIR . iR, M.

IR RHIR ;s Forh, SERIZEURYE sh AR I FUAE 2 T I BRRVERT 7T o LR,
Zhang S5OV BRIR - HL A7 -4 77 25 B SR h s S [l S Bk A 003,

K 1-4 Fizs. Fe, Al, Ti, Sc, La, Ce, Nd MY KR HIZE 3 5 AT L $] 95.9%,
82.1%, 68.3%, 93.3%, 82.3%, 96.9%, 98.3% 1 95.6%. Verma ZFU"LK B
A (KHC04). PUEFERAR (KHC04 HaCo04)+ HR (HaCo04) =Rl HFR R IR
FIBRIR SRR R AR e 45 . ke BEFERM, 1E C05 KRR 0.5 M I, 2h
FIREELH 90% LA E AR AIER . Yang SEU78I i B AR P ek, FEAEIR Al
M Eh Rk, S5REH, AE T 2:1 mL/g /9 L/S LA 3 mol/L HCI ¥4 1
h 5, REHERIHIENL 17% BEAREIAR] 1%. KT IRe/ BRI
JRE N 3:3:2, L/S b 16:1 mL/g, 95 °C Pz 1.5 h, RIEEPZAKR TR
N 94.15%

25 bRTIR, BRIREIRERI IR 2 H AR IR 2 A &R . (H T 7R 2 5
Bk, RAIBRIZEFRHFECER, 7 KRR, MR R4, A5
T Ak A=
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Figure 1-4 Flow chart of iron and rare earth elements extraction by acid leaching method!”¢!

1.3.2.2 KL [RIZ Tk

TR FRIE JE 105 D e 7 26 A B AR VAR AR 2 R SR 5 L 3%, i Bk AR
B S REVE AT W A AR, SR TS e G Rl FAR BRI R an B 1-5 BT
Wang SEUOR F i K OB J5E",  DASER AR, TEIE K #uvik R —
S s R AR R T AN B Bk SRR TEMTERME K AR A T R T
FRIEJFAR R, o FeOs Ja i A ik J5 £ B Fe[OH]', Fe[OH] Ff5 Fe O3 X
AR FesOas TEREEN 260°C. C/S (F5EELL) 4 3.5+ NaO W N 250 /L W
EERIRIR/W SER = 10, BESHIEFEN 1800 Gs AT, SRR E N 98.46%,
TFe Sl A 65.75 wt.%. Zhou ZEBHFFL [ /KIMEGL JFAL B m Bk AR L2, 45
REW: & 270°C/KMEAILTE, Ha:7"JefE N 0.085mol/20 g, )5 60 min J&,
AEEB AT RIS A3k 95.40%, HRiE A TFe i il &S 55.85 wt.%. Pasechnik
i K BGE R RN e R, I ZKH FeSO4 HITH AT RE H1 AlO3 1™
AL H) 75.4% LA Lo RIS BT B0 B B FeSO4 7= A I E 8L 5 -5 MR I Hh 7Rk
WAL R RS T 2 M AR BAR A, DARAE IR RE A 4046 RM A i
TR JEFEFE AR . P Fe(Il)/TFe FE/RHA 0.17 HIFEBIE L, AREE T RESRE
AL 2L B 52%. Yu 0@ I KB BRI IR H Fe Fl Al 03, SRS 18
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IR KR R 1 Fe(IIDIE 54 Fe(In), FREEAT T 5 55 - A RM HHERELH 90%
PA 1) Fe #1 AL, Fe HI Al FIZERE 53518 95%F1 45% /i 4 o

IKIIEJFIEH FerOs Hefb e REFEIR. LEARAL, HE0 Wik )i id f2 7
TR KRR JE ], HAEIEF R = AR AU, TR 7R B TR R BR AN AR P i 2
I T o 0t 5 SRR AV VLS P 3 R P LE AR RS

iR FR R
| |
y
KL 8
I
v v
ERR AR il 7
Fl 5y 185
I
v v
e Yok

K 1-5 KPR R T2 nAER

Figure 1-5 Hydrothermal reduction process flow diagram

1.3.2.3 WM EBERERER

A PR AR5 M) R AR CE B 2% A T 4 iR Ve Hh I SR R TR e AN, H
firke BNkl 1-6 Fros . MAIHATCHI 28 WR DS [ 7E 110°CH B/ 57 R FH 7%
Je A U R T AT M, ZERERE AL S U P DUE SE HRLAN B AE 12.5 mol/L
NaOH U AR AT T8k iR Ee . 45 R B, EH% LR 1000
A/m? B, PRI AT RE JE SRR, BT A AL RTIE 90 wt.%,  [EICRAUA 20.5%.
H T~ G T A B 0 5 W B iR R AR A R B S AR 5T, R BRI i
REEEAK. KOUTSOUPA S H] 1 rE ik Bl W /R I8, 72 130°CTR, 7Rk
IRIZN 10%, NaOH IKJZHN 50 wi%skh T, VAR B ERILH] 71.58%, (HFIFER
NIRRT O R T AR AT R AN AR B RORL (AR AR RV R
AL ERA. S ZKEA . SHIARIBURE) i, SEIR BRI RS
AR, IR R R 3 S

B R BT 7530 SR AL, AL S SRRV FE T 7 AR R R v, HL AR &)
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Figure 1-6 Red mud electrolysis plant diagram!®3]

133 NEBEIRE

KGR MEAREE R 1-7 fros, @A R Je P Easinid iR (ke
JEFR SRIEJEF S AEMIBUE R, GRipe AT, A RYe PR 5 I AR R AT
I JE RSO R RS AR B < JE ek, AR A P S REIE K 5 (RO e R

R S A
| |
v
R i
v
B
v
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1
v ¥
Rt Bk

1-7 & JF g e —HEIR AR R TR K

Figure 1-7 Flow chart of iron extraction by reduction roasting-magnetic separation method

1.3.3.1 WL R-REIE %

B RGE FVER AR . Ry BT AL AR AR, L iRIE R
SRR AR TR P SR S A YDA R R 1 FesOa BR Fe®, RTINS 7 Hi G 1
PEREEURAE . £ 1-3 B85 7 AGE R LB B R . Jin S5
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BT A A AR e S R RE 6 43 B IR Bk, R ARk Bk N 47.7 wt.%, 1E 550°C k%
B S0 min, ZEREIEVIIT TFe & & 57.3%. BRFEIE 65.2% 8GN, (HILA&MF
RGN TFe dAiURTE T 10.2 wt.%, Ui IR T % B2 A T [RISORE g™ (&
TRl . R, FERARIREE TN, Bl JFEAE TR S AR 17 55 . |k,
P BT A S0 3 B DA IR JE N E . Wan 25O i IR R FE . B JEI 1] . C/Fe
Ju R L RS IR 2 ARSI AL T R R AR e B R 2 R
e, SEEGRAE KR B A 1-8 Frn. 25K, 7£ 1150°C. 150 min. C/Fe &
LEoy 2.0 HISRAETS, B FE S8R BRI FiA 2] 84.07%. i 60%m
BT EEE, &R RIRE R 93.52%. Xiao ZFTIM TFe & &N 31.1 wt%[H)
ARl HE R . IRER L SRR, AAETRINE 20 wt%, FERISINE 25 wt%, 1E
1100°C Fi&J5 45 min, BEW 40 90% < 0.04 mm, 7R 0.24 T 4T,
A 3RS TFe &8N 81.2 wt¥%. RFEIER N 93.0% M BAEH-

A7 e B AT

AR e
v
| B |
v
BT
v
ﬁF%

TS K A i

[P

Bk —  HBHEEE Eh@

| T |

v H,
I JERE b G

Kl 1-8 SRR AL IR 5 AR YR T AR S 2% P 180

Figure 1-8 High manganese iron ore and carbon co-reduction of red mud process and device dia-

gram

AWFRIR, TEAE Uik AR SRR NG R 3h PT 42 s 7R U P 4k (el i R 1881,
Habibi 2R E N 1350°C, K/ ARTRECN 3. 4lill/7RTE Ll 0.2 HIZ% 1 T R5 4%
120 min, WEEREN HEAIRIKCE N 91%, Fe &8N 81%, i K4 90%H] Ti 1
Al UL 80%t] REE R B 7EAERL M7= i o Zinoveev ZEPR T NaxCOs il K2COs
BHTIBJEREHE, 24 NaxCOs I INEN 17.1%- KEBEIRE A 1300°C. K5kt a4 180
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min I, BEGE FEREISTRA 77.3%, BRREH ALY 72.1 wt.%; 24 Ko.COs i In&EA
22.0%, KrbelfEJy 1250°C, KGRI TAY 180 min I, kB ATIL 92.4%,
R0 AL 70.8 wt.%.

PAETF TR, 5 G Hid SR 5 Be AT IR A5 R A 7 i A A0 A 23838 3 5 v
B RHB A B Il JEHTE Rl N AT, AAER = e ke AR DA 5 Ge DRIt — 2822
FALEI 7B INRGE JFE AR, AR RENE DU AR [ Rk Y AR G, A
REAFEAG SR i e PR A5, Agrawal PN AAORAE NIEJEF], £E2) 900°C R
IR 10 min, HREH SHALIE 52 wt.%, [FICER AL 98.7%. SAMOUHOS 1L
M REAE NIEJEFR], AE2 1000°C R MIEGE SR 12 min, FAEH™ S ALIE 35.1 wt.%, &
JEAZRIE 69.3%. EIRBOE R B AR TG R FFARIE S5 72 P R REFE, (H RTS8k,
B LA A, ELT B JE R0 AN I 735 5 B s A Wik e, [ v A
s WOERIRIAE A PR, MDA B TG A=, 45 B AU ik
I, % LK AT 4 R R

1.3.3.2 SEIT[RER-HHEE

FRBRFRIE JE 7k, 32 BT [ AOR SRR TR SR AR S, ORI R K i
JFRCRAR, HRHY BT i . Rk, 308 70 R AR R, @i (6 A
CHa CO. Hy S5 AZSIE S, 38R 538 J5 570 1A e T AR, S AR e Hh 4k
WEE . EROE R . R 1-4 G5 T A FR e A

Liu Z 4R B IR R A be- 35 s T 2R EUm SR e vh ek . 45 1R, 78
IR E 540°C, S AAFE 500 mL/min, CO WK 30%H) 5614 FiEJR 15 min,
EJFARERTE 87.54 KA/m HIRGSA MR IE N AT ISHIE, SFAFHIPHREN WAL N 56.4
wt.%- PRIEERN 88.5%, 1t HH A HE A J5- 55 REE T S I /R U8 Hh g™ 40 i v 2 [l
. Yuan ZE03IEL CO Al Hy NG, R BIRHIALKT R (SMR) [FICE kAR
R, TR T REbE S AR TR TP RE S RN 0.75 % 4 i E 89.91% .
B PR IR [T AT R 40 5909 95.2 wit. % A1 55.5 wt. % , FE iR AE NASH h 15
SNBSS R AR, (RS P 5174E Si. Na. Ti fil Al. Yu Z5POR B 7 Hiefk
e Ja i T2 s ik AR Hh U Bk, AEREBei B 560°C,  SREIE24 15 min,
CO RPN 30%, ESAMRIEN 500 mL/min FI254 FHl&QHRE, BRERIE
£ 89.3%. (HER 7 AR BET T 48N Fe-Al R HH (Fe(Al, Fe)04) HEA

11



i M N Tl e L VAT

YRS, SEPRY MBS ESE, AR TERSEERNA, Hit, REE—P
WHFE LA AIC RS P AR 5 &

PA_EREEE 5 AR e SRR IR SO0 R s ik AR lle , AERIGIRLEE TR AL 5
BEAAT, ABRER AP AIAFAERR A a0 3 . T FARER & &R, B AMRIR S IE R
EBVSCRMARXS 7 o 140 An ZECTRE T T — BB TURALIR CO 38 J5 1 77U = 2K
TSR RAR, fEREAE: B 800°C. CO WKIE 85%. iEJFA] 30 min i,
FALBRIIE JFB T N Fer03—Fe;0s—FeO—Fe, &JEMEN 68.1%, F5H TFe
KAy 44.2 wt.%. R, A A S 70 R AR Bk 7R Je #EAT B P < k38 S5, PILLA
OSSR e S 20 wi% NaOH VB &, P Ho /E NI )RS, 78 600°C Rk J5 120 min,
YA [BICRIE 74.4 %, SN 63.6 wt%. BEAL, HEHISEHE 7R M iR is 5
IR ARYE, LAEEFER TFe fifiz, JOVICEVIC-KLUG 2515 4 % 55 71K 5 7R e
TE VA AT RS AL SR, R EAEE AR 1-9 iR, 7E 1850°C ik
10 min, ¥&0" TFe sl vk 95 wt.%. HHULAT I, X TREk AR, R H LR

7 2 DA SE A 0 = 2K [0, AT 5 51 NS MR IR BSCR: FH el il SR A R DRI Rk 45
W73 8

H
R .‘ " ‘ 'Go Titanomagnetite Hercynite Wiistite
9‘. O .9 N (Fe,, Tii_)g O4 Al,FeO, FeO &-Iron
0 q:b ‘006 \ *e o ° " o ° e
"oo- 2P, W O e
° .\.. o2 5 0P o :
3 Y o Pt & O o Yo, aN
P >« 23
I L
F9203 H O&Fea%,; i > do *s e a °

Mechanism for iron recovery from red mud

1-9 55 B T AL JER e H A A AL o)

Figure 1-9 Chemical mechanism of hydrogen plasma reduction of RMP]
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R 1-3 WIS FRIE SRR AR AL

Table 1-3 Summary of conditions for iron extraction from carbothermally reduced red mud

ARle ek i L I R RS B AR =
W T5 92 W i o EIREE R 2% R
(Wt.%) I JFE AR VNyIlip (%)  (wt.%) (Wt.%)
(°C) (min)
TR HGE 47.7 L s p ata - 550 50 65.2 57.3 10.2 (85]
TR HGE 47.8 T ata - 850 30 70.1 59.8 12 (100]
TR HGE 21.6 I i IVCYR - 900 60 51.5 54.1 32,5 (101]
TR HGE 335 g g C - 1000 50 87 49 15.5 92]
TR HGE 58.5 L s p FEIR - 1600 120 93.6 99.6 41.1 (102)
TRl i s Ji 16.2 B JEEERH C NaF, NasAlFs 800 60 66.9 74.9 58.7 [103]
Bl i e i 35.6 gadm ik BEAEMBRIRS 1100 75 87.5 89 53.4 [104)
Bl i e i 31.1 gadm FER Ca0 1100 45 92.8 81.1 50 (67)
TRl e e i 35.8 T Coal NazSO04 1150 60 90.1 76.7 40.9 (68]
B AR AL R ﬁi}\?\ (,2 7%+ Sp e Bk Ca(OH), 1260 75 90.3 92.0 64.5 [105]
g2 (31.9%)
TRl Al e i 38.7 HOSURN A FEFT IR CaF 1400 20 99.7 93.5 54.8 (25]
TR Rl I i 34 T AR - 900 10 98.7 52 18 (o1]
TR Tl e Ji 335 (el C - 1000 10 88 47 135 (92]
TR Tl e Ji 30.2 TR ey - 1000 12 - 35.1 5.3 (03]

13
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R 1-4 [REEFIRPIRBRFAL DR

Table 1-4 Summary of Iron Extraction Conditions for Gas-Based Reduced Red Mud

\ N 5 %A e 11 1o e
ok O e EEA g e SRR o sy sy S0
°C) (min)
BTG 47.7 FSSEIIEAYI CO, H; - 520 - 95.2 55.5 7.8 (o8]
BRI R 46.9 A A Co - 540 15 88.5 56.4 9.5 [94]
BT IR 46.9 A A Co - 560 15 89.3 55.4 8.5 [96]
B e 27.1 & H. NaOH 600 120 74.4 63.6 36.5 (98]
AR S EEIL R 355 o A Co - 800 30 - 44.2 8.7 [97]
A5 B T AL R 26.9 R ASE TR Ca0 1850 10 63 95 58.1 [o0]

14
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1.4 REHNSERSE

141 ARBENEENX

2%, BRBIRHEEZ, [BRSIREWON SOy 2R g igte, FEHIERR
SRR, I IRERIRE AR Y7 B m o B, R oRle-2E VB KK
FEA PRI AL B RT SILE R A A E EAA F  FOA B s DR O E AR AL
i, FFEIRE PSR SRS . T34, IRV RICRR IR 7 2 AR I R e
E, REREAAE R 2BV R ARIR AT ST 03k SRR Tle R A B, I R
ZYIRAEBHIR AN R ATRBRIIE 7T H i 1 2R LA =

(1) R ARIEAN b i I P AR 25 1 N AR U RGE SRR e ille, SR TT R
AP TR, IR E NIRRT B S SR AR A

(2) JEIEREGE 7y B e 52 S LR PR AN EE AN IS 77 70 3 2% AF

(3) I 2 PRAL AR B A I PR -G LB, LA i 1) B S ik 73
SR XS R BISCR ARG TFe dh DL BN, LARIRIETEINAA . WIAH e A AN o3 Ai i
Olo NIRYETER A SEPRRL IR ZRAR AR . IRBERE 1 B IRAL R T A2

142 IXAE

ARV SC VAL ZR AR FF FR AR TR NI SO B, R FH L 0 TR A SR - R i T
2 WPERBTEEATEI. EEFARNAEW T

COFRVEIRAAE T 5387 AP0 BTl 73 M B o e 38 R4 20t 9 o 3l i XRF
XRD. RLEES BT S pH R I 58 FE B AR e O DAL R BE 43 A S BRRE
S8 ARYE AT RIS Bk 7 B R R AP I A . @I X IR JE AR EAT TG-MS 08T, T
A JE AR FHIR S A% i #ufid = SUE L . FI A HSC Chemistry 6.0 AR
Yol J5 i R A AT e L I PR A S N A B AN [ il B 2 T )P AT AL T

(2) AV FUGIR PR IE SR AR e A BRI AL . AE(RIR (300 ~ 650°C) 2% fF
T AT AR - AR P T 0 Ak S AR A AR SR RS . IR FTIEJFEARE L I8 SR
] GE TR BE . TR ZE . PDRHAC HE A5 S A0 GRS 1™ IS S A RS B 5E
AR Z AL T P e A 00 i 1) R e 2%

(3) A= J50 B BR R e ek v Ul A i i 7 0 S Ak BRI 9« 7 R i (700
~ 1200°C) 2545 N 5 BT AR VB -LE WD TR/AC/GP R f R = A AR SR AR 6
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BRICEBJEA R RS IA] R SRR IR R AR 25 R X RIS (s o s
i S R R B R AL S B
(4) [ Z& A0k ISR B S AT (R S M B 7 o AR I R S IR 25 T, S BRI
JE S AF T IRE SO ATREIE 25, PRATHEIESRSE . B 4l X RS AL R
(5) FRUe IFIE SR -REIE N LERI 7 . 183d XRD+ SEM-EDS. TG-MS. 4:#H &
T 3 AT AR VR AE A 5 23 1 S R b I AR G A8 L TE SR L R W) AT I o

1.4.3 HARFAREL

ST AR A AR AT S S AR B 0 5 2 L 7
< L
R A R L A 3
e T
| RREmARA || EmmsRa | | R ||
_____________________________________________________________________ 1
| R RARIE LR RS ||
5 o ST 5 i
| | I i
; v v v v !
| e || A padh | | e ||
| mEE || s wEEE || mosEs |
5 BT RERT 5 Wt e ||
| T T T 1 T 1T 1 1 !
LR || g ]| Tt & || B || 7 || & !
VA e NI
L || || || | e || | | R
||| | ||| = FRIEINERIE AL A
______________________________________________________________________
e Y e e e
<

TR IMRIE S5 - B EE 5 5
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XRD SEM-EDS TG-MS S A B

1-10 AFFLHEAR LG A

Figure 1-10 Research technology roadmap
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28 FERMR. RERMRAEE

2.1 B R M B
2.1.1 FRRRA R EBUAER

FRRECE AR A R A ], HBRIEEHR, pH 10.4, SERHT 2 B i
FRACEE . BT XRF 23T R0 A o il 2-1 (a) fios. Zanieh £
A O. Fe. Al. Na. Si. Ti. Ca%5®w, HP O mxmadE®RE, 1L 37%, i
TREA 2 A B AN T . HUON Fe 6K, &I 28.7%. 7#7JEH XRD K
W 2-1 (b Frw, MBI, WERARRI R E R, EESH IR
B (Fex03) 4B~ (FeOOHD. A #E (SiO). Ffusa (ALO3) %%,

Ca; 4% /Others;1.2%
S~
(@ Ti;4.1%

(b)

1-Fe,0, 2-FeOOH  3-Fe;0,
5 4-FeO 5-Si0, 6-CaCO,

. 6 8-AlOOH  9-ALO,
Siy7.1% !

Na; 8.5%

|

B 21 () FRUERER TG, (b) FRIERE Y XRD P

Figure 2.1 (a) Elemental distribution of red mud samples, (b) XRD pattern of red mud samples

.I| ]\I“l. H.Hm.l.\. II Loy by R
T T T T

20 30 40 50 60 70
20 (%)

M 100~2000 HEfXSARRBEAT IRy, FRLEZ s Ransk 2-1 Prox, |
K 2-1 WA, ARUEFERIEERAE, Hokif<6.5 pm )5 HIA R 74.6%, IRk
ErERUR, U8 26.0%. B BB AR AR, FORLEE 404 KOk,
FRAEGWE 2-2 Bros, HEREH, SR A R T AT R A
i) ZENPINCR I R M E P NE AT €S ER T T TPl Wi St L v
[FIHE SR, sk T HACKBR 2 . B 2-3 A7RIER) SEM-EDS K45
B, 45 R FRUE T RO — ORI EE B /N, A AE 10 pm LAR, HRZ AL T
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POV, (L POURL PR L. SR AT W0 4 VR A — 2, TR R U

WKL, W SR A AR SUCHIRL . IR Feu Al JCR IR

RiSHHT, KU Fe 5 AUILIERIEL, 40 AL DAY BB A7 46 T4 k0

o, TR BR [ALFeq0JOH (OSx<0.33), MBI HILER 14 BL0),
R 2-1 AR A Bk B

Table 2-1 Particle size distribution and iron content of red mud

sl CHD R d (um) Wt (%) Wrre (%)
< 2000 <6.5 74.6 26.0
1000 ~ 2000 6.5~13 7.6 30.9
500 ~ 1000 13~30 0.6 36.1
200 ~ 500 30~75 8.1 26.0
100 ~ 200 75~ 150 4.3 26.0
>100 > 150 4.8 22.6

>100H 1'90~200Flﬁ =

A

500 ~ 1000 H 1000 ~ 2000 H <2000H

Bl 2-2 JRie R B oA 5ot B A &

Figure 2-2 Particle size distribution of red mud with optical microscopy images

18



i M N Tl e L VAT

10 um':: 10 pm

A0

Kl 2-3 JRARVEN SEM-EDS 4 #14h
Figure 2-3 SEM-EDS analysis results of raw red mud

738 F T RLEE RN, HR HIFR, S J5 J ML A7 LE 52, R H BET
AT T AR LE R T RAANSLBR, 45 Rl 2-4 FroR. JRUEMZ s BET LR
VN, AN 15.4011 m¥/g. HIIE] 2-4 TR, 258 HOWRB B ith 22 s T 28 — 2RI
SRR, BURAX LT, W E T E, dh b, BEAX T AR
i, W bR RGE ETE, (HIGORIE BRI I A B, MR FRJ8 HAEAE — E R A
FUFIRAL, B RARAL I A, oR U MR Bt i 48 b s B B g - &
J&T H3 B[RRI, PO LM . S FBLI 45 M 2, I THT S H 7% Y
L 8] 1) AT 5, A L

100
—@— Adsorption

= —@— Desorption
@ 807 00071 90.727 nm

) ' —8— BJH
E 0.006 4 —@— HK

© 60 4 M@ 0.005 4

g S 0.004

[a)]

§ S 00034

2 409 ° 0.002+

2 0.001 1

=

] 0.000 r r d

3 204 1 10 100

Pore Diameter (nm)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)

Kl 2-4 J57RUE Y BET MR B 45

Figure 2-4 BET adsorption test results of raw red mud
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2.1.2 BIEM R R IR R

AT T BB G G TN AR I R PRI S, UG 6 P o T R AR I
AP . NEREAT (WS) AIFEFE (RH) FIRFhAE AL I8 R AR 3%
P (AC) M4y (GP)o NEREIMETE ™ HILIFEE ST, IEITER AR
SR, sy {RET SR Bra e EA R 100 H M,
FFLE 105 °Cll B2 N 770 1%

N T EVURE JFEA R AT A, 43 BI%E GPL AC. RH. WS 4T #AE 4347 .
DU Id S AR I S A ) B R ] 2-5 (a) B, GP RE &N, HiK
N AC, DUFNEJFEA R R R B ZR AL RN FAK RN : WS (72.1%)>RH (67.3%)>
AC (16.9%) > GP (2.9%). RH F1 WS HI#RE SRS 700 3 Ml e, F—
B BE e E IR 2] 200°C, BB RN LLAEVI IR R ZAK A . B BN 200 ~
400°C, RH MJIREZ 51.8%, WS FREZ 51.1%, 705 b ERERE 77.0%,
70.9%, S AE W BRI I 3 LR BEU00), R AR 5 4 R AR R B BRI N, [
IR KA K 3. 400 ~ 800°CHT, WS AEFET RH, BT RH H LR
LN EREFFHRG, T— B AR/ &R, SR AR R — IR = P ) T K
FfRIT,

B 2-5 (b) AERFEEM R DTG #hk. GP 1 AC f 2k B R A W
Y, T RH A WS 7E 300 ~ 350°CiH & [X 7] 4 7776 e KR B IR ZR, WS R IE
BT RH, HARHEEFKRT RH. ¥R FEBOEE H ISR, 8AGH T YR
Hfigtiosl,

100 +
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[ (b)
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Figure 2-5 Comprehensive thermal analysis of four reductant feedstocks: (a) TG, (b) DTG
curves

20



i M N Tl e L VAT

A 5 AR R 2B R A =R 2 B PR I B A RN ), [ 2-6 & RH
WS AR 3 BE TSR P24 (CO~ Hay CHa) R TR 8 5 5 T v i AR Ak
k. RH AT WS [12E9) S8 T3 I H I 7E 300 ~ 400°C f 550 ~ 650 °C X [A] H
Mo COBEIRHESE: WS>RH, CHs B : RH>WS, Hy B EE: RH> WS,
T Ho. CHas FIBERGEZ L CO 291K 10 ~ 100 £, @ 1HE =k 8 Sk e B
JRC3 P A5 B RO SR A R IR S BE F1 R/ . WS > RH.

(@)

Intensity

2E+6 4 /

6E+4

1.8E+5

CO

1 5E+4
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4E+6 4 / 4E+4 4
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3E+6 4

3E+4 4 \ 1.2E+5 4
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2E+4 4 \ + /\/Ws
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[1.4E+5
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K 2-6 RH. WS [ & AM#E I £E:  (a) CO, (b) Ha, (c) CHa
Figure 2-6 Pyrolysis curves of gaseous products of RH, WS: (a) CO, (b) Ha, (¢) CH4
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Table 2-2 Agents used in the test

EZPnlEY N ¥ i e
R HCI AR I] 24 8 A 23500 PR A ]
iz H2S04 AR 1] 24 B AL 2 A0 PR A )
R H3PO4 AR 1] 24 B AL 2 A0 PR A )
AR HF AR 1] 24 B AL 2 A0 PR A )
BRER A Na,COs3 AR EUERTRL T AR AR B AT PR A
=AMk FeCls AR EUERTRL T AR AR B AT PR A
TR TR N C12H1o0NSOsNa AR bR T AR R A PR AT
R TR K2Cr207 AR iR T AR AR A A BR A
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222 I EREE

e T A A e & 7 5 R 2-3.

%23 RIS B

Table 2-3 Models of instrumentation used in the test

SHAL S Uthss E
A g KSL-1200X-J HIERHR A REARE R A 7
B g MFLGKD206 TE R AT PR A 7]
HL A X Tt A DHG-9076A MRS IR R A R A T
HATIRA DZF-6090 b TERAA A R A
B e — 1AL B BYCXG-1A ATl EL R RBLBR A G A PR 2 7
U TRTATC S ASV0870-3M2500 GO B O 2 A A BR A 7
ST B AEREHL LC-PBM-6L TIREHL
HLF R XB220A A FE
pH it pHSJ-3F bR RIAER
TEH KA TR F4£ SHZ-D (11D T T AT IR DA A 7]
LR AR 5 LR 7 A i ASAP 2460 2 e R H AR S A A PR A
BT SDT Q600 K TA AR AH
JRHEAX Thermo plus EV2 H A P 2%
AR ZEISS Sigma 300 B ER/R ZEm Bt A
RETEAX Oxford Xplore 30 AR R A TR A F]
& AH R DMI 8 R BIMARGR T HA R AT
X FHER AT XRD-6100 H A i
X RO IEAX RIGAKU ZSX Primus H A3 4

2.3 R E

2.3.1 #mEEIE

K FRURANE JEAEIE & 73 0IFE 105°C 48 12h, PARERFRHIK Ty FFHS
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BRE s it 100 H 07 R e 42 4

232 AR RINIE

FE AL 5« AT B A JE AR — i EL A TSN S48 P 5 25 384 T 2 A
LR, RS, BT, DL e MHRAR P AT — R
[0 38 JiR 5 8, i i 5 43 A I I 2% 2 < 300 ~ 650°C A1 il Z4-: 700 ~ 1200°C
PRI IE S PR TR S SLRDEERE i 25 RN B8 TR vh b B s A AL AR A
N L SRR RE A b A T B b R AR B i S FE A0 P 2-7 R

Bl R R

N
=

7]

Ii!
B ST I

KPR HATIE R HERH  AFEAiE R

K 2-7 AU ANIE AR A 20 b BEAT b A A ik 3 B
Figure 2-7 Schematic diagram of contact and non-contact reduction of red mud and reductant

feedstock in a box furnace

BRI N SR FIRSE IR R R R Ve 1 L] 20 25 T ARV &S 1, $00
PN A SE IR S, WSS, @A N2, 20 min j5E3&. HiRR
JEB N R B 700 ~1200°C. IR NG, RREERE R SR, XH N,
1] e FRVEAIANRDE JE A T8 2 b AT AR e il S P 4 B 2-8 s

Rk
oS |

D meme

]
I
I
I
|
I
I
\

______________ AR EFRRM. EWR
FEIIPIHNAR
B T RETIER

K 2-8 ZRYRANEEA R S No shb AT AR it 5o S K
Figure 2-8 Schematic diagram of non-contact reduction of red mud and reductant feedstock in

tube furnace N3
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2.3.3 BEFRLIE S B

W JFEREM A IRENEM S, LA 1 g/100 mL A ELEIIN 2K th#E 75 5 min, 42
FEURE ] 2, SR GBS MR T I, A K R B A TC R I, K R /K HE
P AL, e O PTG PR, sk tHRERT, F b — B E, f31 k
TEW, HIRERS B T S0°CE MR it T Wik 7y BB i A an & 2-9 PR

BRI AbEE P AL P fhik HAEM®T U
K29 (a) AEWB-IRPeARE IR R, (b) BhEHiREK

Figure 2-9 Flow chart of biomass-red mud pyrolysis reduction, (b) Flow chart of magnetic sepa-

ration

2.4 STt A
2.4.1 ME-FRIENHT

fEFHIAE ST (TG, TASDTQ600, FE[E) 454 itk /- #1 (MS, Thermo plus
EV2, HAHY) (TG-MS) WAEVIF#EAT 7 #1500 BV G E T 3L
e, ARG BL 10 °C/min FEEEE M 25°C INFAE] 1200°C. il AV
B AR

242 X Bt

KH X 8287866184 (XRF, RIGAKU ZSX Primus, HAHEZ2) 4347 5 AF
BUEZE RSy o B X BTERATSHMY (XRD, XRD-6100, HASEE) SRS Y3t
ITRAE, MERZEAE: 40kV. 100 mA. 4 °/min. FHIEHE 10°~70°,

2.4.3 WMMER ST

ff i 7 258 (SEM, ZEISS Sigma 300, f#[E) FfERE{Y (EDS,
Oxford Xplore 30, ZE[E ) WLELFE b O 5/ Ak X Te 2R 40 AT o A8 Sl B AsE
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(DMI 8, £kREMARG) SFE SO &5 M 34T 2047 o
244 BREREENE

FH =S EOE 5 FAR TR AT 27 (GB/T 6730.65-2009) Wl 58 16 J5 R Rk 7
AR AR, BRI, A (2-1) Fr. BRI AR (2-2) i,
RGP RS Hh B R B AR T R S R B o

ex(V-Vy)x55.85
=— Y " x] 2-1
@1Fe mx1000 00 2-1)
_ M@ Fe)
g, = L0 (2-2)
Mo@o(rFe)

X 0 NREREE (Wt%); ¢ NEERIRE AR LR E B IRE (mol/L);
V9% 78 1R RHA VBT #6 S TR PR AR R S VAR AR (mLDs Vo N E T H I
VOUTH FE AR PR AT AR UET E T UARN (mL); m MBI R (g); 55.85 AEKH)
BE/R T (g/mol); erre NERIEINR (%); my NEEMERSH HIRE (2): wirrg N
FEH VBRI BT R 73 4 (W% )5 mo NHEIEIRFE TR (2)5 worrg NHIIRIR &)
OSBRI E S E (wt.%).
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£ 35 EYRRERBTEREFENMR

b B TRV IR R P DL OE JEA R T 73 AT, AR B A b A 0 R A
FEAIIE 5 AR U8 H B B AT B0 ) S RSP 2L A3 AT o S E LR R Al B PR AU IR
T (300~650°C), AFIEEME (GP. AC. RH. WS)\ AFIEERGIE (&
RS . BRI R FHEER . PRI, DLRBEE AR (BTN, Wi

D of A8 Ak [ S R

3.1 EBigoHr

3.1.1 P EUKRTIEARNZEMR

TRYEF IIER B LR (Fe03) FIEHERE™ (FeOOH) MBI AFAE . fEK
T 300°CHUIELE T, £FERA R (45 S /KB 25 B, T AR o TEIE R 26
TR AR SR BT AR RIS RIS R4 COL Haw
CHs Jt C CEWIBO). 735 CO NI A E 2R e R AR 1Ak 2 I B 5 R R
(3-1) ~ (3-7). F|H HSC Chemistry 6.0 #4155 _F3d S W FbsE 75 A5 87 H i g
AG SR T HIR R WK 3-1 (a) P,

3Fex03(s) + CO(g) = 2Fe304(s) + COx(g) (3-D
Fe304(s) + CO(g) = 3FeO(s) + COx(g) (3-2)
FeO(s) + CO(g) = Fe(s) + COx(g) (3-3)
FeO(s) + SiOx(s) = FeSiOs(s) (3-4)
FeO(s) + AL20s(s) = FeALOx(s) (3-5)
FeSiOs(s) + CO(g) = Fe(s) + SiOx(s) + COx(g) (3-6)
FeALOu(s) + CO(g) = Fe(s) + AL,O3(s) + COx(g) (3-7)

HE R, &R (3-1) BMAG #HE&/NT 0, HEREREAMHKKR, Wl
Fe O3 FERAR MR NI TS H K M) FesOs etk B (3-2) MAG 5 T A £ fi
MIRKR, MIRE KT 623.07°CH, FesOs A FFUE1H FeO B KRBT, MMM (3-
3) & BRI IT, AG HlERIEMIKGR, YWHHZRNAT Ak
7o B (3-4) A (3-5) KIAG IR /NT 0, BB FeO #5155 SiO2 M1 Al203 Jx
LY RN FIERER AR A . 456 R (3-6) Fl (3-7) MIAG S5iEE 2 EAMH
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KRR, HILRT 0, UiHH CO X LR SHIE IR AN A RIS f A
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Figure 3-1 Thermodynamic analysis results

FRUES Hoy CHg A1 C i FErp 3= BnT Re R A Ak 22 I N T FE N (3-8)
~ (3-22). MUETE AT E HEE AG 5IEE TR AW 3-1 (b). 3-1 (¢) Fl13-1
(d) fizne HE 3-1 (b) A1 3-1 (¢) AJH1, LLHa. CHy M1 C NBJEFIK T,

Fe>O;3 [1] Fes04. FeO %405 CO i

I JFARBL, oS BNEBEAT HIMEE DY Fes0a <FeOo

M C {EIEJEFAIN, FexOs 7] FesOs FIARUGIRE N 293.07°C, HRMHFIAG Ml E
A EL L CO I Ha P, R AT DAHEBTEAIGIR T, COL Ha /R385 1 s B

L C B Gyt AT o,

HeAh, M (3-11). (3-12). (3-16). (3-17). (3-21) A0

(3222 MIAG SRR KR, HEAEBSIRE TAG 4/ 0, TLE] Ha.

CHa4 Al C ARG =R H A fiE
3Fe205(s) + Ha(g) = 2Fe304(s) + HO(g)
Fe304(s) + Ha(g) = 3FeO(s) + H20(g)

i SRR A
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FeO(s) + Ha(g) = Fe(s) + H20(g) (3-10)
FeSiOs + Ha(g) = Fe + SiO, + H20(g) (3-11)
FeAl,O4 + Ha(g) = Fe + AlO3 + H2O(g) (3-12)
12Fe;05(s) + CHa(g) = 8Fe304(s) + 2H0(g) + COx(g) (3-13)
4Fe304(s) + CHa(g) = 12FeO(s) + 2H,0(g) + CO2(g) (3-14)
4Fe0(s) + CHa(g) = 4Fe(s) + 2H20(g) + COx(g) (3-15)
4FeSiO; + CHu(g) = 4Fe + 4Si0, + 2H,0(g) + COA(g) (3-16)

4FeAl,04 + CH4(g) = 4Fe + 4A1,05 + 2 H2O(g) + CO2(g) (3-17)

3Fe>03(s) + C(s) = 2Fe304(s) + CO(g) (3-18)
Fe304(s) + C(s) = 3FeO(s) + CO(g) (3-19)
FeO(s) + C(s) = Fe(s) + CO(g) (3-20)
2FeSiOs(s) + C(s) = 2Fe(s) + 2Si0x(s) + COx(g) (3-21)
2FeALOu(s) + C(s) = 2Fe(s) + 2A1,03(s) + COx(g) (3-22)

3.1.2 TR IE BRI F T EE AR

PR FEBEHATR . AR 4R AR, EBA T CsHi00s £
AEFRIAEFZE COL CO2v Hay CHs Al C CEWIR) %5, IR YI2 7R Hh
FerO3 )5 FesOs—FeO—Fel'o FEARTCH, FRIRICJFIE R A &M T T, &
BRI Fe03 4 0.5 kmol, AW C WILHEA Tkmol. RAMNT
7% 7759 100 kpa, #&FETEHEN 0 ~ 1000°C, H Fe0s 5 C MmN 1:2.
FJH chemical HSC6.0 7] Equilibrium Compositions X} FeO3-A4= Wi Jo B #4758
W, 1% R GAE A R A ] A S AR i A DL an B 3-2 B

3-2 (a) ] LUE HH 7RU8 FeaOs-A= P i #A At Ji ik A v [ 4k A= e 2 B2
Fe304+ FeO il Fe. HAE 0~550°CZ[H] LA Fe203 — FesO04 55745 432 . £ 550-700 °C
Z[A] FesOq #t—HIE RN FeOo BEAIRIZT R, FeO 4kZEiLJRN Fe, Fe &EiE
WG, TR C B R B A I 5 S AT TR R . RIS, ] 3-2 (b) W
H AV TS JR AR FerOs R AE H A U A 24 CO. Hay CO2 LUK
H,O, B RN FERISE I, KRS EBERD Gl TRRE, e RS
IHFER G CO TEMK CO, ff CO & EF i T = o #a T A e

28



i M N Tl e L VAT

(a) 100 \ (b) 100

" 80-\
g g
S 60 3 60 H.0
E E
5 g
£ 401 £ 401 co-
© Co,

20 1 20 /

0 T r T r 0 T T/ T T

0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

K 3-2 ANFEHREE T 78T FeOs-2EM [ B 3 Bl o3 (A2 AL

Fig. 3-2 Changes of main components of Fe;Os-biochar reaction at different temperatures

3.2 ERARRRTIR
3.2.1 BRI R E XA

N T AT GP. AC 5 RH. WS FERAIE [ IS A2 55 FeaOs ik Jif A 2k [
ORISR, RN A 8 WA SR 2 A, TEACIREG R 3R ORIk 3-1 fiw, % 4&
EJFFAZE . PORHECEE L R . THRE AN (] AR R, B ERRE DA K
3, F 16 HIEARIRK: . W IEASSREE Lis (4°) BHATE MM @ TR %=
(R) KA H s BRI AT K H AR T S8 A R (0 [l 224
NFEAHNGE, RIRBTE KA RN 3-2 FoR, IEASEGRZE i 4 R ANk 3-3 i
AN, MZE (RO EAEI, T35 B 55 A S 1 R 3500 Ak S A A 28 R P 5 i sl
Ky RN

* 3-1 IERER R R &K

Table 3-1 Orthogonal test factors and levels

SN

7K

YreHic HE T 2 fi [
o JERRE

(mrm:m) °C) (°C/min) (min)
1 158 1:1 300 5 20
2 TR 1:2 400 10 40
3 5 2:1 500 15 60
4 INEFEFF 31 600 20 80
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* 32 IElin it K ai R

Table 3-2 Experimental design and results

IR PoklECEL R FRRER 151 I gz A
JEARL RS

He5 (mgm:M) °C) (°C/min) (min) (%) (wt.%)
1 ) 1:1 300 15 40 5.8 52.8
2 ORFUEMER 2:1 300 10 80 7.1 52.9
3 e 1:2 300 20 60 12.6 30.5
4 INEFEFT 31 300 5 20 20.0 33.1
5 INEERERT 1:2 400 15 80 43.6 40.1
6 A 2:1 400 5 60 8.5 50.6
7 e 3:1 400 10 40 38.3 478
8  ARFUEMIK 1:1 400 20 20 16.0 27.0
9 RFUEMER 3:1 500 15 60 20.6 27.9
10 ) 1:2 500 10 20 13.1 40.2
11 Fa5% 1:1 500 5 80 54.8 31.3
12 /NERERT 2:1 500 20 40 60.5 36.1
13 Fa5% 2:1 600 15 20 44.2 34.7
14 RJFUEMIR 1:2 600 5 40 43.8 32.1
15 /NEREFF 1:1 600 10 60 44.1 32.8
16 ) 311 600 20 80 20.1 52.3

AR 3-3 Fv i1 R AT DA T H &% D8] 32508 AR e i A B R I e R FE Dy« TR
BURE > MR > HREER R > FHEEE > PPRHECHL 8 JE AR K H
KRN k4 > k3 >k2 >k, PRHECH kA RK/MEICH k1 >k3 > k2> k4, i
FEI) kA KAMEVCA k4 > k3 > k2 > kI, FHEERM k EKMERN k1 > k3 >
k4 > k2, BJERAI k{6 RAMERN K2 > kd > k1 > k3. k K I S2 56 45
ey, YR EAIE N WS, RM:WS FiEk 1:1, EEIEE 600°C,
THEHE 2 5°C/min, PAEILJEIN [E] 40 min.
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#* 3-3 BABIERAFIZKTH K EA R {H

Table 3-3 K and R values for different levels of each factor

AN
R ER JRRHAC LE B TR B 1]
R SYEES
(Mmrm:m) °C) (°C/min) (min)
k1 11.9 30.2 11.4 31.8 23.3
k2 21.9 28.3 26.6 25.7 37.1
k3 37.5 30.1 37.3 28.5 215
k4 42.1 24.8 38.1 27.3 314
R 30.2 5.4 26.7 6.1 15.6
70
—a&— GP
604 —e—AC
—A—RH
504 —w—Wws
<
;40-
S 304
&
20
10 4
0

T T T T T T T
300 350 400 450 500 550 600

Temperature (°C)
B 3-3 Bk [ml i b i B2 AR AL 1 L

Figure 3-3 Variation of iron recovery with temperature

B 3-3 ANIRNEE TR R AR A L, 568 3-3 WA, GP Xk
[T 2 ik, 600°CLA, GP ILJE RM I, RN ARAZENE, 2knfieEe B 2 IS
T s, (BB RN, IX 2 BT AR5 R SN K R WS AL BRI, Tz
TR JF I TE BRI 28], (Rl AT IR I RIAB R 25 B 34T, R SR AR
HHRER SRR MRS E D ORI IE R D . AC R ARRRT, ERENi R
FHm#sE, HEF| 600°CHT, BRI RIGRESR A, J5 N 3 22 H R RE T =,
et AR E AR IR IR, RH WS 78 500°C 2 1iT, Bk [ ic e bt il R g
THE, 500°CEIUS R, 600°CHT [ AR BE Tl AR, PRIk 500°CHE N
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A IR . 27 b, e IEAC I P A N WS, RM:WS & L 1:1,
FHEH ZE 5°C/min, 58] 40 min.

3.22 HEMARTR2EZMMIREHR

FH TE A RS 45 IR0 i 0 S A VIR IR 26 AR & R I8 WS, RM:WS
JRELE 1:1. FHEEZE 5°C/min. 185 B] 40 mine 4 1 & R F0 AR R I8 S5 3L
SRR R R, DA A 7 RNV &, B K& AR, 430
BEAT B R R A

3.2.2.1 iBE XS EIBERA SN
TR BRI FEXT R P SR [ )52, 7E 450°C. 500°C. 550°C. 600°Cif:
FE R o3 B AT S A JER S, HoAth S5 E A MRS EE o RM:WS i LE 1:1,

FHEHEZ 5°C/min. MR R E] 40 min. B RISCERFER TFe b fr 284k
K 3-4 Frw o

66 4 —&— Recovery - 50
—A— [ron grade
60 -40
X

S 541 g
> -30 5
[ ©
g 48+ <
(o]
3 L o0 =4
[0 o

42 4 =

QP @ @ @

30 0
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P 3-4 3 JiR B2 ok [m AL 3 1) S

Figure 3-4 Effect of reduction temperature on iron recovery

MK 3-4 FTLVE I, Bk @ JE AR, 7E 450°C I, BRI IRIUSR 200
45.2%, MO FE R TREEAC, AR FERENS, R AR A etk
0o BEAE IR TS, EUCEREA BTem, £ 550°C I 5l ] 59%, X2 KA
PIIF AR SRERE N SE 4, PR T 2 IR RS, TR T ARG (L S5 . AH R
F51™ TFe dnfiAX 25.4 wt.%, JE K EZRAGE T FesOq &5 gz, JkAEY)
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B NS BRARIED (AL IR 4k ST R 2 600°C i, [RISCRA BT AL,
Al RE B TR I = S G A I IR, TE RS HETE ) FeO BUMESE
“#H (FeaSiOa) 5o A3 3L T FE W AR HE B 70 3R I 45 d AL, (R AR 1 3R
BERIER, BRI 1 BRI SR R A 1T DR R e Ui 2R Ol 3 A
B, WhE SIS N 550°C,

3.2.2.2 YIRIBCEE XY RE SR IR AV S

NER AL P ARFEARE (RM) FNEREFT (WS) ELBIFIS I .. B
BHACLE M RM:WS RELE 1.5:1. 1:1. 1:1.5. 12, fRFFPEICFERE 500°C, F+

AR 5°C/min. #AFIE RIS [A] 40 min. YRHIC LEXS HEERE [BIIRCRFFEH ™ TFe i
A2 4 B 3-5 B
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Figure 3-5 Effect of material ratios on iron recovery

ME AT LA H, RM:WS IR 1.5:1, ZRJ8 P8k FCR AKX
47.1%, JRK RIS R, Rags et A gk, Wik, Rf
/b5 () FeO3 il FeOOH #id J5 G« RM:WS iR oA 1:1 1, JRie k[l
Wi m, N 57.1%, K& TFe fihily 29.3 wt.%. FHE/NERBIFREANREZ,
AT A BE SR SR 2, R0 TR AR, BRI, PiE SR
BRI, 2 RM:WS Ry 1:2 B, BB kSR Ik B i K
57.1%. B, #iE RM:WS i A 1:2.
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3.2.2.3 AR BB T REER A [ Y ER B 2

WEILJFEP E 10 min, 20 min. 30 min. 40 min. HARKFREF: ARIE R
L 500°C, YRy RM:WS IR 1:1, FHEIEZE 12 °C/min. WBEERE R
ARG TFe it 7 B IHHLUTE 3-6 BT,
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Figure 3-6 Effect of pyrolytic reduction time on iron recovery

MR LAE BRI B R I (B8 D iz g in . 3E R 10 min 1,
PRI, N 44.2%. X2 F IR S TR A, AR5 (0 A= ) e A
TRV IR T A e, AR LTI RE R D o Bl SR MR F] AE K %5 40 min
B, FRUEHPER IR R, N 55.8%, R TFe fifiih 30.5 wt.%. iXJ&HTiE
JE SRS FRU8 P R A BREEAT 78 20 1A UL, AR B R AURL 1 SR SRR FEE (4™ K
AR TR R AL DRIk, B S HE A SR 7] 40 min.

3.2.2.4 FHRIRER TR BRI S0

WEFHEE R 5°C/min. 12°C/min. 18 °C/min. 25°C/min. 5 HRIEJFR
& 500°C, PpRHECEL RM:WS gL 1:1, FHEEZR 5°C/min. #ARIE R 40
min. fEEE [FISCR RS TFe fh A1 A& 3-7 fiis.

M 3-7 A&, BT Ak IS b TR 2 5 T IS T & S B A i
#, 5°C/min I, AR 55.8%, X2 T FHEEREARN, A5
RIS R 7RGy AR T (A AL PEARIR B B, S B30I o R B A k™ foe i S I
FE, FAERE AR FIHTR K. STHRERETN 12 °C/min I, 7RYE
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Rk RISCR B, N 66.7%, FEHT TFe fafiN 28.7 wt.%. [ TH i R 4k a4
Tt BREI IR BT PR . R R AR R m s, b T AW ) S s 1],
FEAE IR R SRR D, R AR 1] FesOs IH:1L .
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w
=
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Figure 3-7 Effect of rising temperature rate on iron recovery

gk b BT i e AR IR T B EE B AR SR 2 N . VRIS TR R 550°C .
RM:WS i L 1:2. FHEHEZ 12 °C/min. FEIE ] 40 min. JLE, kAL
FIk 74.9%, KW TFe fifrik 42.4 wt.%.

3.2.2.5 AW YREE X REAERA BRI 20

TRV B0 A AR AT SRR B RIS, U R AT I 5, S Bk 5 ik
ATHEAEAHE DL S . DR, TR BT SR 0 B R S R SR AR A
fro FRURIE SRR 4 5 th 2 €] 3-8 BT

W B AR SRS TR A HIAE BB 40 % CRLFEAE 30 um BAR FIBURL (5 EED Oy
65%- 75%- 85%- 95%5%AF T HHAT N RIS, 133 1) ILER R 100 mT )
FAF TG, BT AH R O i 1 3-9 B
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Figure 3-8 Grinding curve for reduced sample of RM
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B 3-9 JEAT 2 FEEX Al Bk RS 5

Figure 3-9 Effect of grinding fineness on iron recovery from RM

H1 Pl 3-9 FIAN, SR AR IRk IRl e KRGl TFe Sz B — @ s, Bl
BN AH T RORE N, BREISCRE T R B, K& TFe S hDE Bt i o (R FFRR E .
BEN S B 65% T+ 2 95%HF, A&H™ TFe fhii il 44.5 wt.% FFH 5 52.9 wt.%, £kl
SR H 53.3% AR 22 29.0% - U HH BE B 40 5 Y38 G ) T REDm™ B4 it 9 P 384
BT AKER™ TFe ShAr 3N, [RI 350 2 WA b B ik 4, SR SR I
FRKIRIR 7) FE TR e T AT, AT I R IR US 3R A o 27625 R 8 BB 4 5
N T5%, BEEHREN TFe S A 50.2 wt.% AR IR A 31.5 wt.%.

3.2.2.6 WIHREE X HASKE EIWCERAIF M0
NIRRTy 58 EE T FE AR P R AR B s, AR id JRURLE 550°C. 4
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BRI RM:WS &L 1:2. THEER 12 °C/min. HVEIE JRIN (8] 40 min. BEH™4H
FEN-30 um & 75%%% 4N, 43 H7E 125 mT. 150 mT. 175 mT. 200 mT 4544
TN TRGE R, Wik R i 3-10 FR .
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Figure 3-10 Effect of magnetic field strength on iron recovery

Kl 3-10 2o, Wi ERAEH ™ TFe dbAr S8k ISR LM BN .35, F51™ TFe
oo 7 I8 T 7 5 P P 304 BRI IS, TR RIS A e o FE MR HIURAN 125 mT Ft
% 200 mT BT FEF, BRIECER M 35.9%F+ 2 64.1%, 1 TFe dA7 UM 51.0 wt.%
BEZE 37.4 wt.%. HEBEFRFE—FHREREREP TR, 8. S0 WA RN
S55 IS REVE AR AR S A BURMINE A, 53— D TR 5 oA (R AR AR 5 A il
BT RIS RV AR A, [ IR R 0K [ A L 205 B A 2 A R L g e, 1R
SEREATER R RENKED™, W BRSSO BRI, IR TR . %08,
SE R 5EE A 150 mT o BLES, K55 TFe 474 50.6 wt.%, 2k [FI R A 37.8%.

3.3 MR ART R
3.3.1 AE$EMARL R AN 05 IE 3B A 53

HIHT ST, Rl SRR RS AR Je AT BAIE BRI, TS HEH™ TFe dbAZAHXTH
k. Pk, BURHGIR TE S EEG1 WS 5 RM 34T A ERE il A g J5l it
%o DA EMIARIE R 26, 1RSS50 AR SOKP W3R 3-4 Fra, WORHBCEE 5%
TR A RA B TR DY AN R 5 AR BB DY AN KT, 3R it 16 L IEAgtds .
X IEAZSEY: Lis (4%) #EATEM M@ tHERZE (R SR 2 BRI K-
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TaH o R ARe o A B O R R 1 ISR AR N A, ol et Je4h
N3 3-5 flow, IEACWER IR T 45 R Wk 3-6 Pr .

R 3-4 LRI AR KF
Table 3-4 Orthogonal test factors and levels

(IS

o I (°C) RS (min) - RM:WS  FHER#EZ (°C/min)

1 525 20 1:15 8

2 550 30 1:2 12

3 575 40 1:2.5 16

4 600 50 1:3 20

* 35 kBt g R
Table 3-5 Experimental design and results
i B2 A& JI TR] THITL A ElES b i
BRI RS RM:WS
°C) (min) (°C/min) (%) (wt.%)

1 525 20 1:15 8 8.2 58.1
2 550 20 1:2 16 11.2 60.9
3 575 20 1:2.5 20 13.8 54.6
4 600 20 1:3 12 20.5 53.6
5 525 30 1:2 20 141 55.0
6 550 30 1:15 12 25.7 52.2
7 575 30 1:3 8 28.7 52.2
8 600 30 1:25 16 31.7 51.3
9 525 40 1:25 12 28.0 50.6
10 550 40 1:3 20 29.7 51.9
11 575 40 1:15 16 33.9 49.2
12 600 40 1:2 8 34.8 49.9
13 525 50 1:3 16 30.9 51.0
14 550 50 1:25 8 36.7 50.0
15 575 50 1:2 12 33.8 50.1
16 600 50 1:15 20 32.5 50.6
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% 3-6 HAHEEAFK T K AEF R H

Table 3-6 K and R values for different levels of each factor

oM R &
THEER
R (°C) EJEESTE Cmin) RM:WS  FHEHZE (°C/min)
k1 20.3 13.4 25.1 27.1
k2 25.8 25.0 235 27.0
k3 27.6 31.6 27.6 26.9
k4 29.9 335 275 22.5
R 9.6 20.1 4.1 4.6

ARG 3-6 HH I R AR AT LAt 4% DR 3656t 7R e TR A 3 R R S e R P - i
JREF ] > IR > FHEEZE > YIRS L . % B3R AN RSP kBT 23500
TR kKRR k4 > k3 > k2 > k1, I TA] ) k (5 KMEIR N k4 > k3 > k2 >
k1, RM:WS Jii & i k B K/MKICH k3 > k4 >kl >k2, FHEEZERM k (KM
N k1 >Kk2 > k3 > k4, R ALE N 38 IR E 600°C, 3 5N ] 50 min,
FHEE R 8°C/min, RM:WS R 1:2.5, BLEFEH FIRER 33.3%, B frA
51.9 wt.%.

3.3.2 FEHEMRAARRIE R AL IEATIN IR

AR ik P R0 5 2 A A R 45 SR T 6, PRHC b 1 s R AR R e [
b, FEMAGREE 2 h] RM:WS JRE A 1:2.5, BRI E . 385 I [ Al -5 E %
AWK, BARREE =K, ERRE N R LK FnE 3-7 For, Lt
9 HIEAZ IR WP IEAZSLE Lo (33) BHATEM AT @I EHRZE (R kY15
T AR KGR AR U A S8 A Bk A A R A (1 [l Wi A Sy B A i
WIS BT S g R a3k 3-8 Fvw,  IEASIRIGHL 22 43 W 45 Rk 3-9 FioR.
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* 3-7 1A ER N R KoK

Table 3-7 Orthogonal test factors and levels

FEES
KF
TR (°C) I JRI A (mind THiE#EZ (°C/min)
1 600 50 6
2 625 60 8
3 650 70 10
#* 3-8 Wit L g R
Table 3-8 Experimental design and results
[ I J iR I Ji B ] THi 2 EEvES T VA
hac] (°C) (min) (°C/min) (%) (Wt.%)
1 600 50 6 34.7 55.7
2 625 50 8 33.2 55.0
3 650 50 10 36.2 49.9
4 600 60 10 335 51.2
5 625 60 6 325 53.5
6 650 60 8 29.6 58.2
7 600 70 8 321 54.2
8 625 70 10 36.9 54.8
9 650 70 6 36.2 53.2
*® 3-9 FAHIRAFAKH# K AEM R AE
Table 3-9 K and R values for different levels of each factor
FAISES
pE
EJFIREE (°C) ISR TE] Cin) THIRIEZ (°C/min)
k1l 334 34.7 345
k2 34.2 31.9 31.7
k3 34.0 35.1 35.6
R 0.8 3.2 3.9
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ARG 3-9 Hh ) R AR AT LA 4% DR 2656t R Ve TR AL 3 R B s i R Dy T
WREER > R > B\ FHEERARFARTE K AEHT 25008 \ER k EHX
MR K2 > k3 > k1, I kA RAMK O k3> k1 > k2, THIRE AR k {HR
MR K3 >k1 >k2, BIERAEZMHE R AL 625°C, @Il R
6] 70 min, FHEHEZ 10 °C/min, RM:WS JFif Ll 1:2.5, HEAEH FE 36.9%,
BT 54.8 wt.%.

3.4 KREBING

(1) EMFRLTIRGRIG 24 CO Hay CHa S AEWIR C, MBI 5]
FIVUZFE R FRPEH FeaOs 1] FesOan FeO HIFALARTIL. HAEMRIR T, CO. Ha fEiL )5
FIB R C B8 S dkAT . Bk, ZRi8IE IR R I AU FeO #5555 SiO2 Al AlO3
R BRI TR R AR i, B TR IR B T A4 R fi#H Fes

(2) ARIRAE A SIS, AR5 A JF R B T A SRS PR o« AL -1

BEESIE: EEME WS, EIRIEE 550°C, RM:WS figtl 1:2, FHE#EZ
12 °C/min, FAMFIEJEIS ] 40 min, BEEW HEN-30 pm F&E 75%, MR 150
mT. ULIF, FEH TFe fAA7 50.6 wt.%, [FIE 37.8%.

(3) DL WS FFBEAT ARG AR i e S, BRI I -k i d R 5% 11
IE 625°C, RM:WS Jii& L 1:2.5, FHE#EZ 10°C/min, &5 [A] 70 min, BEH"
E-30 pm &5 75%. Widm TR 150 mT. MRS TFe Fh7 54.8 wt.%, Bk
# 36.9%.
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48 EYEPER AR R R

53 XL 1A AR SE IR DAY AR BUIGIR BE R XS AR e  FeOs 18
JEBUR, 3B JE I L FesOa A E, 28 4 TSR THE IR R FesOq iE— 8 5
FE 700 ~ 1200°CHR FEYE A, = R e 08 i R E b 1:2.5, THE®#ER
10°C/min, fHI#IEJEIN 8] 40 min, &JEFE 5 BN 75%, AR A 5 min, #
Wk fE 150mT. /3 Al% %05 (GP). iEMER (AC) PALK/NEFREFE (WS) Xk
Yo F R B TR T A 11 52 g

4.1 FEfRARMEIL

4.1.1 GP B[R 3Tk BT R A 2200

% RM:GP #% 1:2.5 i = LIRS TR Ak i . mdk a5 Rl 4-1 Fross

90 90

Recover
5| N y [ 0
—A— |ron grade

~
o
1

- 70
- 60

o
1

- 50

o
1

L 40

. - 30

. - 20

- T T 0
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GP+RM_Temperature (°C)

K 4-1 A7 5 5 /R Je Al Ik K 4
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S [$2] (2]
o
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Iron grade (wt.%)

=N
o O

o

Figure 4-1 Graphite and red mud contact reduction test results

A1 58 SRR AR S, AR Bk TR AT 3 B iR B A AR S LB T e R B
RGN S EBLZRET K% . 700°CHFEN TFe dh i i =N 64.0 wt.%, {H
BRIFCRAL 5.5%, 4IE L FH% 900°CHT, F&H™ TFe M FREA 52.2 wt.%, {H
PR FFE AT, SRR EICR T2 32.4%. MR T2 1000°CHS, F57” TFe
A LT AR T P2 40.5 wt.%, BRIBIWCR SR 18 T 22 33.7%. il BE 4K ST =y 22 1100°C
I, K50 TFe dhSr 4k 4L 5 22 38.5 wt. %, 11 I3 FF+ 2 50.1% . 2435 N 1200°C
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i), KW TFe Sz /NMEEEHETE 39.7 wt.%, Tk EISCR FFEE 44.6%.

FE 700 ~900°CZ [], FEH TR TS, A sBE < CO, fEitit)fiid
P2 LR AR AR BURL B A A (HBEAE IR RN BT T, #E 1000 ~ 1200°CZ[A]R, 7
U8 P — 5 B A BRI VRS 5 R AURE B JH A SO G &5 71 1300 5 3 ) 55 T ek I
TR, I T BELAS & 860 ) S KA YIRS o SRG 508, A SR ARG HE il J5t i
[P I I JFR E 900°C, IEI, FLGPAEH ML 52.2 wt.%, ZRBIWER 32.4%.

4.1.2 AC & J5 X3 8k B 2 /Y 520

# RM:AC #% 1:2.5 i LRSI TR At i . w5685 Rl 4-2 Frow.

90 90
-Recover
80 4 g - 80
—4A— |ron grade
70 4 - 70
< 601 - 60 O\C:
> B
> 50 -50
3 B
3 401 40 5
o] c
X 30- -30 9
20 4 - 20
104 - 10
0+ -0

700 800 900 1000 1100 1200
AC+RM_Temperature (°C)

K 4-2 iR 5 e B s JR e 45 2R

Figure 4-2 Activated carbon and red mud contact reduction test results

VR 5 IR AL JE T, K5 TFe dh AL ANER [l Wi e B 4k BB T+ i i B A1
% . 700 ~800°C Z [HER BISCRAXSEE, 730N 25.3%F1 22.4%, BEU1ZE
JE DX T30 SO AR IS ELSS « B IREE AN 900°C TH2 1000°C, KA [ 270
A B E RS, FICR N 33.4%F5E R3] 66.3%, i miAE] 77.4 wt.%. BhEEk
[ S P i T 32 B B T v I AR g VA e S PR R TSR] N A 5 S R P
8] 58 Bk (14 LB TR S =0 R) TB) 43 4 B L [RIHRES) 218 e Bk S M IR A8 T S R

IR FE R 1000°C B, 480 TFe i 5r FIER [N R AR 46 R B . JEH M 1100
~1200°C Z 6], ¥5H" TFe fhhLA 66.0 wt.% T F&F 46.3 wt.%, B M 63.6%
NEER] 56.3%. I K T B R ARIE s AT WA Rl 5 00 P A AL R AR ORI R £ DA K%
A RN A S5 R A T i, DA b P SRARTE B A I 2 vl A SE AR 5, AT
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SEER RGN TFe WAL AR . ZE A5, W61 R AN 7R U8 B2 fiads i ) e
W IFEIRE 1000°C, BB, HOEZREN WAL 77.4 wt.%, BREICR 66.3 wt.%.

4.1.3 WS i[5 5k [B1 U 2= O 22 i)

B RM:WS % 1:2.5 MR E LIRSS THEAPIe ., A58 LK 4-3
FrRo

90 90
80 4 e Recovery [ 50
—A— Iron grade I

70 - - 70
+ <
= 60- L 60
g [

> 504 - 50
§ ‘\/\___\ [ §
g 40 -40 S
g s
30 -30 =

20 - - 20

10 4 I - 10

0 r r r r r 0

1 1 1 1 1 1
700 800 900 1000 1100 1200
WS+RM_Temperature (°C)

K 4-3 NERGAT 5 Rie Befhid R g 2 A

Figure 4-3 Wheat straw and red mud contact reduction test results

INEFEFT 5 AR B flIA SR, 7RI 700°C. 800°C. 900°C. 1000°C- 1100°C
A1 1200°C B, REIRE 55104 32.9% 26.2%- 25.4%. 38.6%- 20.5%F1 28.4%.
FH RS S22 5 53.1 wt.%- 50.6 wt.%. 57.4 wt.%. 50.2 wt.%. 50.7 wt.%
A 45.0 wt.%. fE 700 ~ 1200°C HRZVEE N, ¥~ TFe MR EfE 45.0 ~ 57.4
wt.%Z [i], ZREEAE 20.5% ~ 38.6% [« ZIRFERMET, BRES AR AR X
FasE, e 1000°CH, Bk R s HFED™ TFe i o kb TH=7K -

IR EELE 700 ~ 900°CZIHJI , Bk [N AR A 32 22 oy T AR W0 o #A it 2B B o5 i
SRR, [F]I T BB 2 FLAS M, FEAEM B AN FRUE 78 70 VR A B fidids S i 2
53 AR IR ORI S Sy A 78 28 AR R FLTE O USSR R R A A, RIS R T AR
itk 5 A5 7% e ROURL AT AR W) e FIURL AL 485 75 — L T i3S RE A SR A, ik b ke 5 T 2R
TR, MM FEEk R, SiREELE 1100 ~ 1200°CZ [l ZRI8H %
RS 5RO S AR WD R R 25 15, BB JS AT Mk LK Bk 58 A Al B, AT e IR A
TFe fifii. DAL, 25 &/ 22 AT M 7R e e flids B i ) e 8 SR B2 1000°C, i
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N, ROEZFED AL 50.2 wt.%, 2:EEE 38.6 wt.%.
4.2 EFEREARFRITR

HISOB AT 88 1 PR AN /N 22 Rl FT 4% 8 5 LU 76 20 VR & Ja HEAT il )R, 4R
WIER E, SRR TFe ShAZsZmi ok, IR AE — & RERE N 1 Rididk 7 2 FE RS K2
K. W, SR AR S R0, RN EAE S A =0 rp i T 4
fidd JE, HA SRR 4.1 LRFF 5L, 2 Ja 5 EL &3 JE R RN IR JR 4R 7778 A Y
B JER (e WAL R I
4.2.1 GP B[R 3Tk BT ZR A 200

% RM:GP #% 1:2.5 B & b ml 48 2 A g 0 vh i AT JE il i . 1
ARG 45 Rk 4-4 FioRo

90 90 90 90
(a) 80 I Recovery [ 50 (b) I Recovery

—&— |ron grade 809 _a—iron grade 80

70 1 70 70 70
< 60 L 60 § 60 Le0 S
~ D\ R
2 501 F50 & < s0 L 50 jf’
S B & g
E 401 40 ? g 40 Lao £
c
301 F30 2 & 3 30 2

N
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=
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T T T r L [
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[ 44 B EREIEEMERRIA R @ B, ) FR N UR
Figure 4-4 Graphite and red mud non-contact reduction test results: (a) box furnace,

(b) tube furnace N, atmosphere

i 4-4 (a) fow, SRR AR 2 AT IR RN, 800°C 2 i
RBEEISERED, FE R TZIRE R A RSN CO MRS, LUK 754+
JRAH O 5k, SBURRARBAETCEIAE FHATIESR . 7E 900 ~1000°C Z
], RV A BERRETT, KSHT TFe ShAr2 4 67.8 wt.%A 60.5 wt.%, [f]
WA 0.9%H 1.0%, FRH] 900°CIS, FRiITiatfr ALK CO ibJ, {H
R EEAR. IR TSR 1100 ~ 1200°CH, BRI R B3, 25
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L F] 56.5%M 78.4%, TR AL N 2] 37.5 wt.%H 39.9 wt.%. [RIFR1R
AR T R N AR E CO (R T BRI . BAE SR, B AT
BB HI T Fed Pl ik y Fe*, FFTERUBBEPEAE, TSI RER™ TFe Shf.

il 4-4 (b) Fizs, A SRR T 2 7E Ny R EAT SR HE Aok SR T
£ 700 ~800°C I}, WS/ EERFED, K5 TFe ML 4 68.7 wt.%Al 69.4
wt.%, ISR HIH 3.2%F 1.8%, RIEEF RGP PREIEN No M, A
JEH O FERT I L se a4k, B 700°CHS, A 8BS4LHK CO LUK/ &
ERREAYDIE R . IR RS TF R A 900 ~ 1200°CHT, ZRAEIR B, o
AL E] 32.7%. 51.6%F1 75.0%, T8k H) S AL RREE T RES] 51.6 wt.%. 352 wt.%
F33.5 wt.%, il FERIEISCR TS TR TFe @b R RE R AT SC— 8. J
H1 900°CHT, #kmlWieidE H BFEH™ TFe s A4 T 8mK-F

Bk, AR R R g, U 900°CIE JFE I S Rt ik
IR IS 32.7%, FEH™ TFe Sz A 51.6 wt.%.

4.2.2 AC B[R X8k B R RS2

# RM:AC #% 1:2.5 W& te o ) TR =0 An i s mh - T JE el S .
HARIGE5 Rk 4-5 Fios

90 90 90 90
(a) 50 I Recovery [ 50 (b) 80 I Recovery [ 50
—A— [ron grade —A— [ron grade

70 70 70 70
= 60 Leo § 60 60 8
S S E
> 50 F50 > 50 50 T
3 2 5] g
g 40+ k40 £ 3 40+ 40 5
] = < c
& 304 k30 8 T 30+ 30 g

20 20 20 1 20

10 10 104 10

0 -0 0+ -0
700 800 900 1000 1100 1200 700 800 900 1000 1100
AC/RM_Temperature (°C) AC/RM_Temperature (°C)

4-5 WEPER SRR AR ARSI A5 R (@) FHEUP, (b)) B U Ny AUR
Figure 4-5 Results of the non-contact reduction test between activated carbon and RM:

(a) box furnace, (b) tube furnace N, atmosphere

K 4-5 () Fios, iR AR JeE AT SO T BEAT AR AL IR, R5HT TFe
i L AVER SR B I A A AR — B, BAR 2D T A R PRk a2
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700 ~ 1000°CZ[6], BR[FITAR A 27.6% 52T % 64.3%, A5H™ TFe ahfii A 56.5 wt.%
$ETTE 73.9 wt.%, 1000°CH it LM FE FEAR Y 71.0 wt. %, B JLF- AT LA 2 .
IR LT 2 1100 ~ 1200°CH, Bk FSCERA FrFEAR, 703109 53.6%40 54.7%, F
W TFe fhfz FEE A 41.3 wt.% 1 51.8 wt.%. AL F ACHRM AR R 4t
ALK, [FIE R AR S AT P s i 5 AT AP R 25 A R e A AR MO A S5 DT e AR )
TR, LA R AR E BB ok T rp ok DL S A s, AT 3 B0k ETCR RIS TFe &
(A

K 4-5 (b) Fiw, WM RAFRE T8 2 FrE Ny 5 T T IR it 5
I, Ak ECRBER TR T, ST TFe S A7 U L BURHET N % . £ 700
~900°C 2 1], EkEIR_EFHIREER B, M 13.3% T2 50.3%, #55 TFe fhfu
BEAUPEAR, M 64.5 wt.% FFEZ 51.6 wt.%. 4R JETH 2 1000 ~ 1100°CH, k[
SR AR RSB LE 53% A5, AS A TFe dh AL KR T BE M 40.6 wt.% 1 34.5 wt.%.
VL 900°CHY, ¥ 14 R SAIE JF ARV I AR B £, [ I RE CRIFACLT IR UKL 73 B
M SRAT = AR

RO H ISR T AC/RM R 40 Tk RIS L, 5 5E 7E 1000°CH -4 20
Hd SR B, SRR EICR R 64.3%, FEA TFe fiAiN 71.0 wt.%.

4.2.3 WS iR 55k [B1 U 2R O 22 i)

¥ RM:WS 4% 1:2.5 )5t & Lo 43 il T4 2 A b rh i AT Al I .
RIS 45 RN 4-6 Fow.

ik 4-6 () R, NEREFERIFRIBLER 2 b g AT S bt RS, BkImlic
B P S T i JE AR, RS A TFe S A2 2T T B& 5 i A2 7« 7E 700 ~ 1000°C
Z V6], BT iR AR AR e B AR R RO AR, $RTHIE SR A, (R SR AR
PRI, 2RV RIS AR 52T, A 14.6% 42T 2 54.7%, A5 TFe dhfir
AR — R, EIIRRRTE 50 wt.%LA b BN 1100°CH, £k [FIicR Ik B4,
{BELKED™ TFe MATEAR, LN 46.3 wt.%. HiRE4kEETH A 1200°CHT, Zk[FlkL
FRNE NIEE 37.7%, kSN TFe S AR EAERMKT. 7E 1100 ~ 1200°C
Z 0], FEH" TFe ML FRAK, TRt FREN &, (R0 S0 5 RO R 4,
BEAR T BRRE I (Rl

K 4-6 (b) Fw, NEREFFFIZRE T8 2 e Ny W T T IR filod
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JEI, ERIESCR RGN TFe SO SR AR e A — 5. 1E
700 ~900°C[8], ZRIEICRZETHE, M 31.2% ETH % 41.5%, ¥ TFe dtfiiAH
XFFaSE, 900°CHT, A5H™ TFe fhifi A 53.7 wt.%. HJIEFFHZE 1000 ~ 1100°CHY,

BRI TH R R B, TR TFe s LIS BB fS /MR T &, (HIET 50

wt.%.

90 " 90 90
a 88
@) 80 4 I Recovery [ 50 (b) I Recovery
—A— |ron grade 80 —4a— Iron grade 80
701 72 70 L 70
F64 R <
< 604 S — 60- L60
g 56 £ © 50 3
> 50 - < ol [, S
§ L 48 § g 50 50 §
g 40+ L40 5 5 40 L0 5
< L3 S §
30 = 304 L30 =
20 - 24
[ 16 20 20
10 L g 10 L 10
0 -0 04 -0
700 800 900 1000 1100 1200 700 800 900 1000 1100
WS/RM_Temperature (°C) WS/RM_Temperature (°C)

Kl 4-6 /NEREAT SRR ARG JFUATR 25 R () FU, (b B N AR
Fig. 4-6 Results of non-contact reduction test between wheat straw and RM:

(a) box furnace, (b) tube furnace N, atmosphere

XA T WS/RM RS ERBIIE AL, B T8 e ik A BLR SR
AFFEEHE, G RN L R RO ZE TR b Pl i, AT A 42k [l i e B A A
. Bk, HELE 1000°CH TH xR RCR St B BRI Ty 54.7%,
F&H™ TFe iR 56.4 wt.%.

4.2.4 AC FEEEMA 2 R FRIT R 1 RE ST AR

R AT BB 73 i SR 25 R Ue R IBISCR RS TFe dhhrilid TR 4-
Lo HRWRL AC ENIEJEA B, BRIFMSCR iy, WS IRZ, GP XNk Al
WeR el PRI, =R R RHIE IR ACR K I N: AC> WS > GP.

0 M R A R A Ak P Ao S 5 2O BR [TUSE R R 2 mT DL Y, P Ji 5 2K
NERIISCR AR Z RN . (HIEAT IR SRtk 7 B IR, Bl A R i B
i, TS LI TR A H KRR e HoR, IREMAe 26 AF T, 38 SR A4 R LA L]
YT EERA, BRRREIRE SRR Bk, % EYRHIEME 7 DL 2 e 28
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PGSR AR IR, AT FH 7K B 55 AR PR 3R, A U 8 ik 3% AC ARde 48 U gt ATk

PRI, RN e 2 IR I E SR P R EAT 0. IR aE R AN 4-7 Por.

1] 4-7 W0, CREETE R R B 4 I, BRIEISCRARSE TFe dhAzAH
SFE, B S IRGE, BRESCERFAER TFe fALIZH T, 5K £ 22 b ik
RIMEREIE %, TR Sl BRI CO O 3 Hid IR i VI
590 . BEEVETERBIREOE 2, Hid R rEReEERgs, HEEd Lk 10 &
WIRLAIRKAE , K5~ TFe dhALUiAb T, HERE . SIS MR B A &

SR,
# 4-1 R R
Table 4-1 Summary of optimal reduction conditions
K1 TFe S for
YRR R R4 NN ES EJEIR (°C) ZRIESR (%)
(wWt.%)
GP+RM A 2 900 32.4 52.2
AC+RM F =2 1000 66.3 77.4
WS+RM 6 p 1000 38.6 50.2
GP/RM S5 Wal 900 32.7 51.6
AC/RM Ep Wl 1000 64.3 71.0
WS/RM F8 2 1000 54.7 56.4
90 90
804 P Recovery [ 80
—A— |ron grade
70 70
g 60 - L 60 §
> 50 50 S
[} he)
g 404 La0 £
“ 30- 30 S
20 - - 20
104 - 10
0- -0
1 2 3 4 5 6 7 8 9 10

Figure 4-7 AC Repeated non-contact pyrolytic reduction of RM test results

4-7 AC H 2 ARFEMh AL SR /e 06 45 R

Number of times AC was used (times)
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4.2.5 AC FE3E A R B8] AU 520

MR b SCr e i AC AR TAE U gt AT ARt Jit, eAb 2% R IE IR AL
JER N TRD 62K [ R B2 o 45816 RMEAC BT LG 1:2.5, THEIE A 10°C/min, &5 FF
AL 75%, IR S min, #3798 150 mT, 8 FUI JEU [0 2k [
SO, AR A5 R 4-8 iR

90 90
P Recover
80 4 Y - 80
—a&— [ron grade
70 - - 70
< 60- F60 S
> E
§ 50 4 - 50 _;':
2 407 40 5,
() c
X 30- -30 2
20 4 - 20
104 - 10
0+ -0

10 20 30 40 50 60 70
AC/RM_Time (min)

K] 4-8 AC/RM 45 H 4 Jir it (] ) 52 i

Figure 4-8 Effect of restore time in AC/RM system

W 4-8 B, Wl MR AN AR P AE AR 2 P 3R AT AR AL SR I, 10 ~ 20 min A,
BRI R AR AR, 73 5A 40.2%F11 45.4%, K58 TFe ShALAHNIAE 2, 23 BN 63.2
wWt.% 1 61.5 wt.%, IXJ&H T30 SR (AR, IS PR AR R BE 78 4038 S5 AR e
HHEREA7

LIE SRR FF & 2 30 ~ 70 min I, BRFISCR B E T R EARFRE, #5
W TFe S ALtEG FTHEFt, 40 min B, K58 TFe Sk M. UL W, &JE
IF [ 4 488 S Kk [l SR F AR /N e 455 B35 8, T X 40 min A Dy s A540 S b
[ o

43 KRB/

AREH TRV R EM R R 1:2.5, FHEIEZ 10°C/min, {8 R I JF A 40
min. IEJEAE S EENARE 75%, Hi3A5RE 150 mT. XTHOAENRE T, A5, mhE
AN FEFFAE RS 200 A 5 AR AT e AN A el SR, DL RAE R 20 N AR

50



i M N Tl e L VAT

AR S, Bk RO AR . S5

(D AR AR, 75 900°CH 758 T4 2 v i J g 5 45 =
No 770 Pl S BORAR 2 o R R BRRSB A Ar 52.2 wt.%, kIR
N 32.4%. EIYHRGH TFe iz 51.6 wt.%, BRIEIEER 32.7%.

(2) FEMERIEE SRR, EA ik BRI T R, B 5 iR
JE 1000°C. HuEATHAMEJFER, BOEEKEH AL 77.4 wt.%, BRENREE 66.3%.
BT AR ML SR, K5 TFe ShAL 71.0 wt.%, ERECR 64.3%. FFhIE R 72
RORARY, FBAEEAbIE IS, AR T 58k TR, HIGMRATEEMEH. i
T ff 5 P e SR P 4 R T

(3) /NEFEFFE R ARPRRT, 76 1000°CTFFH 2 o Sl R fe i . S,
W TFe fhiz 56.4 wt.%, EkFEIE 54.7%.
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B 5 F EYFRARTIRIRIE-HEN I

3 IR R Hh R SRR IR 2R R VR I SR A Ak 2% 1, 4 AR
ANTRE JE ) B\ R 5 A AR A 7 2URE JR SRR 20 7 e Hh Bk [l Wi e 7 A
oM. N TR ARML, AR FRE XRD. SEM-EDS. <A i Il 8¢
LAJZ MS 3 i 58 ARl i J5 i R RO AR e A, a3 A S o A A2 Ak

5.1 RIEXSTRIEIE IR 20 53 4fr

3 mOERRFME T, EVRMHIC IR R T A5 (GP) FiE ik
K (AC). R, AKITHESNEFREFT (WS) #ffIL R AR T IV B HEAT 208, R
W ARR AR I I R F AR AR . TSR AR DA B W) 49 A 7
5.1.1 XRD 93#f

NTRFURIR T B PR 20 A e S A BR I3 IR 52, AR Ada B o B, %ot 45 [A]
R HEJFEAEREAT XRD 704

5.1.1.1 imE IR PR T RIF

%t 450°C. 500°C. 550°C. 600 °C K H#H L JEFE LT XRD 204, R&R
BN e B S B AR s, 25 SRl 5-1 fire

3 1-Fe,0; 2-FeOOH
3-Fe,0, 4-FeO 3

Red Mud
1 II l Il II Jl " |I 1 I- - il
20 30 40 50 60 70

20 (°)
K] 5-1 WSHRM ASEEEE R el J5AE 5 ) XRD

Figure 5-1 XRD patterns of contact-reduced samples at different temperatures of WS+RM
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HIEIATE H, 450°CHT, FRVe A IR 2 ARk AR I IS AR, BEAE IE
JFIR T, ARV AE SRR, PR AERE R SR 2, IR IR L SR AR
FE, PRIERJERE P AR BTN, B S50°CH, R B RIAT g,
BHIE R ST 58 4o MR RS TH = 28 600°CHT, XRD P o i B 55 F AR AT
S, BRI MR MBS IE RIS, ARSI RAYE FeO, TR AR 1 [l
Y, HXRD g R 55 3 miliess REA I

5.1.1.2 ¥PRHECEE X TR Fp 4B S RSN

Bf RM:WS JREE 1.5:1. 1:1. 1:1.5+ 1:2 (PR 5 RE 4T XRD 4017,
HYZ Ik 5-2 Fioso

3 1-Fe, 04 2-FeOOH 3-Fe;0,
3 3 3
3 RM:WsS=1:2
1 3 3 3
3 RM:WsS=1:1.5
1 3 3 3
1 RM:WsS=1:1
1 3 1 3 3
11 RM:WS=1.5:1
1
»qul., 2 A A
Red Mud
PR I l l I B | A '
T T T T
20 30 40 50 60 70
20 (°)

K 5-2 WSHRM A [FEWRHAD R B2 fduds AR 5 A XRD &1

Figure 5-2 XRD patterns of contact reduction samples with different material ratios of WS+RM

HER A, RM:WS &L 1.5:1 B, AUH D8RS0 e 28 IR Gk
B, X T NERF S R D, K=, RAE TR I8 R R Lk,
BEE N ERAT IR L, EJF R FerOs ATHTIRIZWIRTS, 24 RM:WS &L
1:2 B, SRR AT, SRR O T e 4. SR, ARV g
AR SRR S R T AR I A I S . BRI, PRI TR T AR I Y
i

5.1.1.3 ERATEI ST TRE P 4 T Y5200

FoF A JE A 10 min. 20 mins 30 min. 40 min [3#GEIE JFRE 3R T XRD 43
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i, AR 5-3 Fros.

3 1-Fe,0,  2-FeOOH  3-Fe,0,
3 3 3 3
3 40 min
3 3
1 3 3
3 30 min
3 1 3 3 3,
1 20 min
1
3 1 3 2
1 1 10 min
1
2 1 12
Red Mud
PR I l I I IR | A '
L] L] L] L]
20 30 40 50 60 70
20 (%)

P 5-3 WS+RM A~ [l Jg i 1] T B fhids JZ R i (1) XRD &3

Figure 5-3 XRD patterns of contact-reduced samples at different reduction times for WS+RM

HE A, ARRAEIEIR 10 min I, #ERIEAFERE FeOs T . i IE
JRRF A EK:, FerO3 WGBTS . 40 min i, IEJFEREFHIEA NG Fes04 8. Uil
B S B I TAJRE A, 388 SR PSR 5 AT B S BEAT 78 0 B SO, (R 25 Bk
KL RN 98K, AR TR PR kAL, I XRD 7 #rgs R 55
3 A 5 SR AH EIE

5.1.1.4 FHRRZFX TR F VIR ZHIFM

%F 5 °C/min. 12 °C/min. 18 °C/min. 25 °C/min /5] i3 2 [ # g 10 SRR
aEAT XRD 70t AR I 5-4 Fos .

M 5-4 ATWEER], THEER 5°C/min i, & FEFEH R AEE Fe 05 Al
Fe3Oa fiT 1, Ui W] B I 7R e i S AN 78 73 o 2 THIRE 28T 22 12 ~ 18°C/min I,
FANEEF) Fe03 (AT HIE, FEA AT FesO4 U o B FHEE K4 ST+ 2 25°C/min.
FES T SO FeaO3 W o Ui IR IR AR IREE N I, 5V H ) & Bk 350 A e 5
A RN o ARTHEE 2 EARRBR T AT 785 A, (RBEAS T Rk A i
NI FEIE JF R FE I 2, PEOEJF RIS . AHIR, B 1 FHRE R A T #4
BT, (HEISBOCFE A= AEAR, FHAFERE I B 1AL .
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3 1-Fe,0,  2-FeOOH  3-Fe,0,
3 1 3 3 3
3 25 °C/min
3 3
3 3 2
3 18 °C/min
3 3 3
3 12 °C/min
3 1 3 1 1o
1 4 5 °C/min
2 1 i 12
Red Mud
1 l I 1.1 1 | 'l
L] L] L] L]
20 30 40 50 60 70
20 (°)

K] 5-4 WSH+RM A [F] FHELIE R T Befilud JE A 5 1) XRD &1

Figure 5-4 XRD patterns of contact reduced samples at different heating rates of WS+RM

5.1.1.5 $ZRAFIAEEMIT R F 4 TR IMEE L

PR FUA A A A 42 Ak A3 SR i RO AR B AL AT 73 A DL 5 20 Jall R i
FIAERE R A6 A T BRI SRR il SAB A 2E4T XRD 70, 45 R U1 5-5 ffos

1-FepO3  2-FEOOH  3-Fe304 4-Si0p  5-CaCO3 1-Fep03  2-FeOOH  3-Fe304  4-SiOp
(a) 7-AIOOH  8-Al)O3  9-C (b) 5-CaCO3 7-AIOOH  8-Al,03
3 3
5 3 3
49 J3 g 85 8 452 i 3 3! 4 4 5 8 3 3 3 3 L
9 WS+RM Concentrate 3 W%M Concentrate
4 4 | 3 4t 3
3 sglas s 83 454 3 3 3 4 4 8\ s 5 3 4 3 3 3 4
44 5 14 WS5+RM Reduction Sample 445 4 WS/RM Reduction Sample
4 18 8 5 1 4 18 8 5 7 1
6 266 4bL L2 ord “'L'LLMWMU
Raw RM Raw RM
.|| ]“illll “ulflla:uL ...I‘Ill Ll M -|| ]“illll Il‘llr||lllllla L I‘Ill ol iy
20 30 40 50 70 20 30 40 50 60 70
20 () 20 (%)
- v N / =3 s Wﬁ > A “E]' .
K 5-5 WS Il ik R 7R e I 38 BRFERTRE AT ) XRD &3
(a) A, (b) AEFEEfIE

Figure 5-5 XRD profiles of reduced samples and concentrates from WS low-temperature pyro-

MK 5-5 (a) AlE H R AR

2. ISR BB =y A AT SV R T R OKAR AT

lytic reduction of RM: (a) contact reduction, (b) non-contact reduction

IAh,

B DA AR AR 9 3, BRI AR TR
—KAR A FIAR
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AR SE RIS AT 5 I . WSHRM. % i At i S VOB JR R FeaOs ANET B4
FeOOH FIATHIIETH R, JF HL BB FesOa RUMTHTIE, PRI IR AR IL S AR i 4
RN B E. I FRPEET FeOOH 7 mili N /KSR~ Fe 03, 24
JEAEEJFEFINE N 4R ERIE Y FesOso BEAL,  BOKERA M — /KB K I3 TR 1k
SAACtR . RN A SR B C U, DORJET/NAREAT B K B 0 . el
Ja, KEHHR EZOAMERY R AT BRIRES . AR AT AR K .

L 5-5 (b) WA H WS/RM AR I g it i Ja , 7Rie AR e A 5 1l
ANEAdIE SRS DL HA — 2, HWLBR T A m, AR ok i & BB A, R
B EAYE, BRESAAEAL .

5.1.2 SEM-EDS &4

G3 R H AR AT b AL S5 A T BOAE A 3E4T SEM. 434 L XS Fey S
Al. O F1 C JL& ¥ Mapping $34, &5 R AUE 5-6 Fior.

M 5-6 (a) AT LA B35 Al 7 25 A T Tkid o3 25 H (0 BRRE 1R B2 e 4t B2y A
5], RIRTELER 2 S8, X0 B T30 0060 DA TR R B 46 (1 75 SO E T4k
T BT R o [R5 B 2 SR, — 7 T BT AR SR AR
Hr B R W) S R A R AR SR A A, 53— T3 T pE T R AR
PR TR 22 R A], A A ORI L R R, AT BORE T T R B R . B
b, KGR B D A SR, X TR B R AR R A 1
R IR AR R RSB T R S 380 A 0 0 R 1 e UKL R T , A ROHE [5) A EL o 225 T Fs it P 1]
A o e, AR B AL /AN , W I 1 R R A3 AR i SR T K T 2 L
MECABE KL, AR AR

MEL 5-6 (b) AT LAE BIHEBAE S5 26 1 N Rk 73 25 H (R ok 1™ 075 ol A 42 3
Fe. Al Siv O, C JUMICERIIZAG, 5HEAGE AR R it & B HUK,
H. Si 5 Fe e R B REAL, SR iR 3 2 DA 580 0% 2 Ay
1E, JLTPRE%RE ST REER ).
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10 pm

10 pm

K 5-6 WS (IRIRHViIf A S5 7R JE I K& R K] SEM-EDS 707 45 4.«
(a) ik, (b) E4fiiut J5
Figure 5-6 SEM-EDS analysis results of concentrate during WS low-temperature pyrolysis re-

duction of red mud: (a) contact reduction, (b) non-contact reduction

513 EHEMRESH

KR AR« ARE I A AT AE AR OC A 25AF T B8 SRR S 34T A0 BB 2%,
ZE BN 5-7 s
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E273

EESl

Bl 5-7 FRVBIEJERT G0 PHRATRAE: (a~b) JEFRYE, (c~d) WS+RM BJEFF,
(e ~f) WS/RM Ik JFH¥
Figure 5-7 Mineral embedding characteristics before and after RM reduction: (a ~ b) original RM,

(c ~d) WS+RM reduced sample, (e ~ f) WS/RM reduced sample

MK 5-7 (a~b) FEH, FEARETERITROBIAE SR, Hh DR
N B AR RS BEAN T, AFAE T OhL B b R B A SRBORE , [R5 3 Bk
B WA MEH R R S AEL . NUNERSAT I e R 2 g5, Wl 5-7 (e~
d) Fow, IEJERE i A TSR BIREERA B R LSRR AR R S W e, 83 A2
Yoo R 5 W R A ELRL 45, HREWLER 1] — oo RO I 78 A A WD R FLIR A
H S P AP RE R A A IS 2k (DS R RS T TFe i AL B T EAT AR AR i, 2
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K 5-7 Ce~) B, JEIEAEA 20 & EARXT UK, AR T 5 SERLE ) %
5.2 HPEimX TR RSN oA

4 BOHE T EIRAE T, ADNERAT (WS) FEMER (AC) KL AE
SR A8 (GP)o BL, AT AEN =FH £ i st fh Mg J5R e LB AT
s RS ARV AEIE JFS R AR AR AL, 5 B P R AN /N 22 R AT A4 S 7R e I
HIW WE A AL P a3 A G 0, FFalad 7 = A ik 7 o A Bk I8 SR 5210

5.2.1 XRD 934
5.2.1.1 GP BRI T L

S HI%F 700 ~ 1100°CIRETEE N, GP/RM T8 b s Ropo i i JE R fdies
JFAE AT XRD 4041, 45 R 5-8 AR

(a) 2-Fe 3-Si0, (b) 1-Fe;0, 2-Fe 3-Si0,
GP/RM 4-NaAlSiO, 5-AlL,0, 6-Fe,0. GP/RM_Tube 4-NaAlSi,Oq 5-Al,0, 6-Fe,0,
7-CayyFe, 4510,  8-NagTiyOp  9-Feygs0 8-Ca(AL,Si,05) 9-FeO
8
5
44 443 4, .5 38
54 9, 8 A JAL2
1100°C Reduced RM|
5
4 43, 8 8
£ 0 N\st 95 g 5 79N 2
g 1000°C Reduced RM|
5
34 6 68 6
- 900°C Reduced RM 6 900°C Reduced RM|
A . 07 5083 ,,.j.,,;,_g . JLJ‘ A4 R A AR N
8
374 66 800°C Reduced RM 3 6 6 800°C Reduced RM
M I E____',GL g 16 4 7 4 6 6 5 6
700°C Reduced RM 700°C Reduced RM
AT IV AP TSSO XY PR EUPRT SRRl (R (17 11 1 I Y | RPN X ) PR TR T
20 30 40 50 60 70 20 30 40 50 60 70
20(°) 26(°)

P 5-8 GP/RM FE4filid J5LRE i XRD B (a) TR R, (b) FE R Adid 5
Figure 5-8 XRD patterns of GP/RM non-contact reduced samples:

(a) reduced in a box furnace, (b) reduced in a tube furnace

id 5-8 (a) AIFEH, GP/RM THER il AT R4 flud i s o 7£ 700 ~
900°CT [l P, 34 JE A i gkl 3 BN FerO3 IS F13 43 CaosFer.56Si04, FesOs fT 5
5555, 1000 ~ 1100°CHT, 38 JFAE ) FesOu fiT W4 W 1055, R H DL 138
(] FeosO F Fe W, {HATIfF/E/> 5 FexOs. BEBHTEAA Y iE1T GP/RM JE#Efibid
JERS, FERAMBOARRE, HANFRRERIR, FAm CO & aEA R LK RIE
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Fe:0s 78 70 iE I

Wit 5-8 (b) AIEH, TEXP T GP/RM JEEALISJEI, £ 700 ~
800°CEH A, 34 A it rh ke 5 4 b o R T it 2B AL o 243 B2 T v 22 900°C
I, 3B A A ) FesOa W B35 HOZWE 2, (BAIAEAE RS FeOs AT U6 . IR 2 4k
ZETHEE 1000°CH!, IBJEFER ETN FesOs T4, B4 %558 CasFea(SiOa)s-
FeO f Fe U, [FINA77E/D & Fe 030 IREE 1100°CHS, IBJFEFEH FerOs ATt e
IHR, RGHHIEIELL FesOqn FeO F Fe N

X LG AR b A A 2 P R B 4% ol SR = ) AR e A A L, GP/RML 7E 2
b L R AR S A, (R RIE R R E AR 78 5 . H XRD AR T4 L 4.2.1
Ry SR A —H

5.2.1.2 AC BRTFRIIHET L

%t 700 ~ 1100°CHR EVE I N, AC+HRM T 46 20b d i 42 bk JR A 3k 4T XRD
St SERINE 5-9 Fios. R BIHZ IR FE VG N ) AC/RM 48 20 r Al =X
SR (R AERE AR JERE AT XRD 08T, 45 R E 5-10 A

2-Fe 3-Si0p
AC+RM  4-NaAlSizgOg 5-Al203 6-TiO
7-TigO15 8-CapSiOyg 9-CaAlgSip011

10-NaTigO13 11-Alp(SiOpO 12-NapSipOs5 13-C

7 12 2

44
s 3 1L 610ha 2
7 12 2 1100°C Reduced RM
3 134 g4
ol AN 22 50 42
I 2 1000°C Reduced RM
3 3 11 514 9 2
7 Tt
313 12 900°C Reduced RM
W‘_M
e A e L
; 13 12 800°C Reduced RM
8
s o I S 1
700°C Reduced RM
20 30 40 50 60 70

20(°)
5-9 ACHRM ZEA Ul J5RE L 0 XRD [t

Figure 5-9 XRD patterns of AC+RM contact-reduced samples in a chamber furnace

BT 5-9 TAEH, ACHRM T4 2 p AT 2 fiid 5 it . 7E 700 ~ 800°CE
BN, RS ERIE 2N FesOs, 800°CHT HILELES Fe fiTHTIE. 900°CHT,

FesO4 fiTHHIGE W 2%, #4588 Fe . IRETHE 2 1000 ~ 1100°CH, il JFEFEH) Fe
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W o o [R]INF 70 B B 22 SR A R . REANTE S O R WA S e o i AR AR S0
FREAT ACHRM i JRU s I o S B VR iy AR B, s PR 1
BLRIE JEAE I 1] a3 SR AR FH 3R R it R Je o FeaOs A 8 70 ik Jil . H XRD
ARG 4 FkiR LR 2

(a) 2-Fe 3-5i0y (b) 2-Fe 3-si0,
AC/RM 4-NaAlSiO4 5Al03  6-TiO AC/RM_Tube  4-Nagy(Al,,Sis;0,,) 5ALO,  6Ti305
7 7-(Cag(Alp04)30)  8-CaSipO7 7 7-CaAl,Si,O 8-Fe, 0, 9-FeO
3 10-Nag 5TipO4 11-Al)TiOg 5 3
47 4 2 B
7 A 9 45 952 97l 2 6
5 4 . 9 1100°C Reduced RM
o 34, 4 17 7
1100°C Reduced RM ) l m9 45 lS 2 4 ’6 9 26
102 5 1000°C Reduced RM
5 3 2 5 5 7
2 7 6 1000°C Reduced RM 4 4437
7 1011 10 2 4 N [ A
900°C Reduced RM
o 900°C Reduced RM 8 5
4 ] 2 --uw . A P S, %
! 800°C Reduced RM
3 7 800°C Reduced RM 8 7 q
m‘ X A g A A
IOST \ "
700°C Reduced RM 700°C Reduced RM
I-IIII* IILlnlllllullllllu .ljl aage —u |
20 30 40 50 60 70 20 30 40 50 60 70
20(°) 26(°)

5-10 AC/RM FEHzfl itk JRAE S 1 XRD itk () #xU, () &0 N AR
Figure 5-10 XRD patterns of AC/RM non-contact pyrolytic reduction samples:

(a) box furnace, (b) tube furnace N, atmosphere

K 5-10 () AIEH, TAEUP AT AC/RM R SR IN o 38 J5RE
FERIEAR AL TN ACHRM FE i J5 s AR AH I AR — 8, Horh 1000°CHY, 38 J5FE R )
Fe Wi om, HAEWM S EITE 2 508 BRI fREBNE S5 I AT S i . 1P 7E
R T AC/RM HEEAIE R R, HOE BRBCR BT, H S HAIE R BORAH

Mo YL R AR NIE JE AR, A= AR R JE SO0 AR IR R FeaOs [ IR EZIE
JEtE £ R EH .

LA 5-10 (b) A7F i, T AP T AC/RM FEEARIE JFI . 700°CH,
I R it 2RV = BN FeaO3 Al FesOs FRTHTIE, UBH IR E T R/ Fe03
WL, 800°CHT, IEJRFE S FesOq VeI 38, [RINIEAFTERL TS Fer03 6. 900°C
i), EEFEH FeOs 5242k, 1M FesOs M5BT i FEEIRETHEZE 1000 ~
1100°CH, & JEAE A I FeO Ml Fe U, HATIFTE FesOq AT 1. HOL R EA
R B T S (RO, SN N PRI TG A H 5 11 [R] I PR 1 38 A<
WREE, HLRRAC T S R
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Figure 5-11 XRD patterns of WS+RM contact-reduced samples in a chamber furnace
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Figure 5-12 XRD patterns of WS/RM non-contact pyrolytically reduced samples:

(a) reduced in a box furnace, (b) reduced in a tube furnace
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Figure 5-13 SEM-EDS results of AC/RM reduced samples under optimal conditions
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Figure 5-14 SEM-EDS analysis results of AC/RM concentrate under optimal conditions

HI14 5-14 FTLLE Y, AC/RM ASH (Y Fe & &, BRI A S 17 Bk,
Zifn R, UG R R S R A B S, A RIS AN I SR
i, SRIPGRRIR R . b, FE0 s Al Siv Tiv Ca. Na FEE
oA, LIRS PR D B A e, EALERAR AR, X TR A
WE3HAE R P AR AR AR B AR (R RR A RIORLAH L0 5| 2 il e w1 7, ik
MR BT S B b, SR U 2 5 A 0 2 R R ARSI o BE T 45 RS 26 4
ERPEAE B ¥ N

65



i M N Tl e L VAT

2.5 pm

2.5 pm

[ .
2.5 pm 2.5 pm

K] 5-15 fefES% T~ AC/RM B SEM-EDS 43145

Figure 5-15 SEM-EDS analysis results of AC/RM tailings under optimal conditions
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Figure 5-16 SEM-EDS analysis results of WS/RM reduced samples under optimal conditions
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Figure 5-17 SEM-EDS analysis results of WS/RM concentrate under optimal conditions
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Figure 5-18 SEM-EDS analysis results of WS/RM tailings under optimal conditions
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Figure 5-19 Mechanism of iron mineral morphology change in red mud
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Figure 5-20 MS results in the range 25 ~ 1200°C: (a) CO, (b) Hz, (c¢) CHa, (d) CO>
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Figure 5-21 (a) Illustration of biomass and RM contact reduction, (b) Biomass contact reduction

of iron oxide mechanism
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Figure 5-22 (a) llustration of biomass and RM connected to non-contact reduction,

(b) Mechanism of non-contact reduction of iron oxide by biomass
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Figure 5-23 (a) Illustration of non-contact reduction of biomass and RM under N atmosphere,

(b) Iron Oxide Reduction Mechanism
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Figure 5-24 Schematic diagram of magnetic separation mechanism
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Table 6-1 Analysis of economic benefits of iron recovery from red mud (calculated on the basis of

red mud processing capacity of 1 million tons/year)
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