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Table 1 Application status of hydrogen metallurgy in iron-making
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Fig. 1 Equilibrium diagram of iron oxides reduced by H,, CO!*™'®
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Table 2 Results of kinetic study on reducing of iron oxides by hydrogen'*™"!
Material Reaction temperature/‘C Main result Ref.
Magnetite The reduction rate of magnetite increased with the increasing of
. 900-1100 reaction temperature; the reduction rate was controlled by gas [19]
single crystal ] ]
diffusion.
The reduction degree and reduction rate increased with the
Iron ore increasing of temperature; the reduction rate is controlled by
pellets 760—-1000 chemical reaction and the apparent activation energy is 40.95 [20]
kJ'mol™'; the reaction rate with 75%H,—25%N, was lower than
that under pure hydrogen.
The reduction rate increased with the increasing of temperature
o and gas flow, while was not affected by the absolute pressure;
Fine iron ore 500—900 . 0 . [21]
particles with size of 0.5-4.0 mm showed lower reduction rate
than that with size of 0.125—0.5 mm.
Using pure H, as the reducing agent could reduce the size of
Hematite 3 current industrial furnace using (CO+H,) owed to a faster reaction [22]
pellets rate; the reduction rate increased with the decrease of pellet
diameter.
Magnetite 300-570 The reduction rate of micron magnetite increased with decreasing 23]
concentrates particle size, while it is opposite for nanoscale magnetite.
The Fe,05 was reduced in two stage: Fe,O;— Fe;0,— Fe with the
Precipitated Room activation energy of 89.13 and 70.412 (kJ-mol™") respectively; the [24]
iron oxide temperature—900 reaction Fe,0O;—Fe;0, followed unimolecular model and the
reaction Fe;O,—Fe followed two-dimensional nucleation model.
Both the reduction degree and reduction rate of hematite ore
Hematite increased with the increasing of H, content in mixed gas and
ore fines 700-900 temperature; the reaction showed fitting of first-order model [25]
below850 °C, then shifted to follow diffusion controlled at 900 ‘C
due to the formation of dense iron layer.
In the temperature range of 400—550 C, the two-stage reactions
Fe,0;—Fe;04,Fe;0,—Fe followed chemical reaction and three
dimensional diffusion model respectively; in 600-750 °C, the
Iron ore 400-750 reduction reaction was in three-stage: Fe,0;—Fe;0,—~FeO—Fe, [26]
the reactions followed chemical reaction model, nucleation and
subsequent generation model, and three dimensional diffusion
model.
There was a transition point during the reduction reaction, both
Iron-silica reactions, Fe;0,—FeO and FeO—Fe followed contracting sphere
. model until the transition point, the reaction models were (l—x)m,
magnetically 0 . . .
stabilized 800—1000 ( l—x). respectively; . after  the trans1t1?n point,  the 27]
reactionFe;0,—FeO shifted to followed unimolecular decay
porous model, the reaction model was (1—x), and the reaction FeO—Fe
structure

shifted to followed contracting cylinder model, the reaction model

was (1-x)"".
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(AR o TR DTN H, R AR
FEREAT T VEAR 0T, RIAE/NT 600 C HKIR S
TR, B BRIE R AR IR T A R IR
s SR TR SR (20%~100%) S A RS
(0.15~0.83 mm)Z& 548 . B4 BAL RS A
B, X Ni0.82%- Fe 9.67%-. MgO 31.49%H Tk
BERLLT BT, LEIRFE 600 °C . i85 8] 90 min B¢
Hy WRE(AF H060% 14T, B Bamihs
SN 88%- 46%, A R REAM IR IL IR R
A, et mnd iR, ML 485 e
5 T ek R 08 I B 46 O A B T BE RN A A
(Mg,Si0y), BEH . BE Y, BHAST Niv Fe 1)
BB IE

T Hy IJEER . SENIBN 1%, kighs
2591) R Fe,05-NiO 1A R 1E Hy SR R JFIL AR
NEHLEE B BN G(a) = [~ In(1— a)]' (& NI L5y
), IS FRERT G BENLSAZ I BE G A KA, (4R
H1 Fe,05 Bl s, MRS RS FEH,
NiO #fltseidJ5, Apify Ni mIE A fi b fg it
Fe,O3 it Jii .

A0 R AN R A IR Hy Xt
W R, BV T RIFRIER. LU &0
WHIC T RERENNT S AL Hy B AL R8T PR, 1E
0%~20% FIES IV BB N, 38 I B 40 % o 2 7 428
77 AR AL (U R, Na ™ F1 SO i W i 78 21+ 4
WO, AR ST R BOE R [FRE, R ER A b
H, i J5UE B Fe-S [EAAR, s | 484N SR 1 4% ot
R, (RS BB R R RERK K. B4
HECY N, Rrpe i R B R A T 4 AR
B BREMR, AR TR, L5
Py iR LR 8, IF L Fe-Ni JE AR

23 %ABEE
LI 202708152 1 1, CO IRA A M, WAL REE:
W ERE AT IR R, oM N FE I3 12, R

B IR « V(H,)/ V(CO) ELAI F T8 LA R BR
R NI S SUN e S s o= < E SRS U A 31|
LR 60.78 kI/mol, [ FERIAG M B B
2 S Rz ], R R I B B Ak 2 S B 5 A T G
WEEA R ST FeO 26.25%- TiO; 9.26%- V,0s
0.62%- Cry03 1.48%MIHLERRELN, KRR -8 A
SEEEER-IGmy B T2, T8 K. .
BEEPPEHG R 1200 C. REHEEE 15
min. EJFIEE 1050 C. V(H,)/V(CO)N 2.5, iBJ5
i) 30 min. JARLIEE 1580 C. AL B HHA] 30
min KR, FRAAEE. BR. L. BRIl
HIEE] 97.9%. 89.8%- 96.7%- 97.8%.

SARGEANT 251 IE1T 7 Hy i AR 1 52
WA, SEFEN], ERET IR R R R AE T LR
SRV

FeTiOs+H,(g)=Fe+TiO,+H,0(g) (7

R, Hy WEEXT R 1L i B A B3 5,
1000 C 2644 ik AR, IRSAIARH) 1 h I 1| A,
([0S PRSI RSN SR R S L= iR < S NAL i
WIS Hy KA R FF S W6 4 1018 )7 %
JSL

ZHAGN 2R Hy Sl BhEEHGE R TiO, il %
TEE R AR HTH A B A RRISER ], Mg
ML E AL R TiO,, T s 264~ Ti-H-O [V
FEMEART Ti-O A, Bk, "R Hy AU
58 Mg 5 Ti-O RST8] 77, i id B i —
BEIER, FRREER K.

24 HibBBERAS

AR EHAR BN T8, HE B K1
%o ZHU 2572 B H 4 & s A AL 34738 R
LB AR, F 800 CH&M FibJH 3 h, &
RS W-1%As H AR K. KANG &5t
T H, B JE 4 WOs AT WOs-NiO 14k & (115 112,
LEREKW: Hy Xl WOs B8 R N 3% 1k fig Ok
94.6~117.4 kJ/mol, TMiX} WOs-NiO & Z&H WO;.
NiO ()i J5 s Mg A RE 7 N 87.4 kI/mol. 79.4
kJ/mol; RAEVMER T, KMNMARM Ni aJ{2idt H,
X WO; B R .
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ZHANG 2519LR F] H, 5 MoO, ¥y AR T8 5,
HAS B AN ARAE N A% R, il & 1 9K
IR . Hy X MoO, I8 5 2 1 28 52 R TH AV 2 [ B
FE], iEALEEN 54.89~62.23 kl/mol, {Eif it FE
7 0.1%NaCl, KMNIEREIR M 2 67.05~73.76
kJ/mol, K, &SI NaCl a] BRI 5w A= il
BRI, T A S AN BRL 4k A0,

AR EHAREAR AL 8 G &SR 7T B
b T SE58 =R T B B, i BAE X AT M e
Sl WERSHEARNH T O BmAH 5
A &I RE, INmEE . BN R, R A
ARV BT

3 ZRFFEFAGEEIEEMRER

Hil, SREHARER O 4)E IR SIEF A
S P N AR O SC R AR

5 P U7 SR B — S A 3 R A S R AT 7T
t, BEFCRE: TEICJE I R, i I A A
I J5H e 0 S5 S Hy A I N fg &, COo
Al H, S BARFREE A (CO):V(Hy)=1:2; FERNE R T
PR IR [ R = A0 S B B AR LR ER Y

1) LLH, Al CO A% R IR K

2) Ho A1 COJE IS AR S 29 BB v —< S s

3) M P S A TR

4) FEE-SAEAL, IEJES AR Fes04(Fe™ )ik
J5 B FeO(Fe*" )l H,0;

5) Fe™ [ Py T A% 5

6) B EAI RS, EEARNEE O KA
B, A2 CO F Hyo

THE A RR, AR M Ik-EE 58 E R
RN RN, R AELAE N 58.8 kI/mol Y. @it
I AT IR R A T R R AN R ) A AR S B,
W H, AT VKA SR R 8 T B 4R 1A R 2% 72

EBIN 2L H, i 54 Bh Ui B AR M Zn-C
JR F HLI ) AR AT R [RICEE, 7E 950 °C IR SRk
oA N, BEREISCRIL R 99.8%, @I HTIAA:
RGN R, Hy S H it SR A (3 i e 2 B
JBL,  BRFGE JF A IR B

FHE e USRI A R TR T 2R

BNy A A AR HEAT B, thARAS T IIRCR
ZERARYT, JRWC Hy AT RS BRI R 2t

.
4 ARSUAEBFRRR KD

41 H,IAHE, RERAHIE

TR TR Rels R, ZRRE
AIRETOR, BATEMRAER. MRAHIZER
e, DMNERIA N6, RAZE H, fahid 5k
AR, migkEm i A L 980 m*. L, KR
A B EARIIE Hy BRI AR 4. B4t
JUEAE AR S A AT, Hy BOAJ9 A — R ik ) BE IR
AR R, AE R S0 R B S TR HOe SEI AT
WA AT IR . FAT, LEARDRA I HL K AR
B R RIS S BOR A A B, H
ML GEBEIR, = TRl

W5 % GE R R ok i R H 2 8 Y, 25K R
REFIHT LIS EOR, WLl Jeraf. T =,
CLBORRAZ [/ A M AL OGE, IF IS KRERT
AR, ACAR TN A BOARTATATIE . 3R
8 S Wi 55 7 THDAS AN [ (10 i) S B AR AT W 2k
HTINTA S SR R BH B P FAV e 1) S ik - A R R K
figp i S A SR E AT RFEAE R EOR, B 7 R
KRR R HAR A o

42 H, TFEIIEHEFE
H, BHEGCJES R, DAL 7
3Fe;05+H,(g)==2Fe;04+H,0(g),
AHS =—12.1 kJ/mol (8)
Fe;04+Hy(g)—3FeO+H,0(g), AH 20;8 =164.0 kJ/mol
©)
FeO+Hy(g)=Fe+H,0(g), AH,, =135.6 kJ/mol
(10)
ISYSIOR
Fe,05+ 3H,(g)=—2Fe+3H,0(g),
AHS, =95.8 kJ/mol (11)
HNNIE T R RIS FR R IR ZL B R RIS,
Al H,y i 5k R IE T R A I K T 22 Tl
WA, PRI REANILAD, ZUfF I 5
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IR RE T ) R, DA RS T 1 OB IRFE

R4 5 Hy R ZAR, P TR E SR A8
A e VSR (i A Ph@ s B AT, Bt T IR
gy, BRIGEHR 73 AR N Hy, F BB 13584
SR REAT TR, ATAE Hy AR 45 e /b
22.08%. H, FIFIZRRE 33.43%. Ft, ket
T2, SR Hy i J5 57 0 R A e i el 1 H, b 78 74
&, BEFPRMRETE, IR, FRRE
P2 AR B AT AT J7 1

5 Z5iE

1) 1ERSAGEEF, FEIREE KT 810 CHIZAF
T, Hy MPEE E JF e )58 T CO, H H, ik
Ji e R R ks BT e 1 B 2 MRS B,
Ho A& 30 T R R 71

2) B AR H G SRR AR AL TR
Fasb R R B . Midrex Al HYL-II1T. 252 S8 (1)
BETERESEMEEEERR T2, B, BAIMNG
SR TE R SR T 2B & 1 B3GR AR,
Wk ) ULCOS . i $ 1) HYBRT. H A1
COURSESO it H PA K F& 1) o B 55 . H, J il
I JE IR T 5256 =0 T B .

3) HuAEHARTER. K. 8. HEG SRR
G T RG] FH AU R SRR A2 0%, R
Hurab T s am B, AR — SRR
k.

4) HTERSREAER, Hit, KRrREHEM
R Hy MRFIBL, ARA . ATHRFEEHI /AR . Hy
TP T Tk R N R R LR, 3 2 A e A S 18 )
R, DAAERERRE I R SRR .
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GUO Xue-yi, CHEN Yuan-lin, TIAN Qing-hua, WANG Qin-meng

(School of Metallurgy and Environment, Central South University, Changsha 410083, China)

Abstract: The metallurgy industry is a strong support for economic and a major carbon emission industry in China.
Hydrogen metallurgy is regarded as a vibrant research branch in developing efficient metallurgical technologies
with low-carbon emission at present. Therefore, hydrogen metallurgical technology has been concerned worldwide.
In the present paper, the recent developments of theory researches and applications of hydrogen metallurgical
technology in the fields of extractive metallurgy of ferrous metals and nonferrous metals, and secondary resources
utilization are systematically reviewed. As a gaseous reducing agent, H, possesses a stronger reduction capacity
than CO at the temperature higher than 810 ‘C. And the reduction reaction rate of H, is higher than that of carbon
reducing agent with 1 to 2 orders of magnitude. The direct reduction iron making technology based on hydrogen
metallurgy is in the stage of steady development, its application includes the typical processes Midrex and HYL-III,
and some other new projects, such as Europe’s ULCOS, Sweden's HYBRT, Japan’s COURSES50, and China's
Zhongjin Mining. While the researches of hydrogen metallurgy in the fields of extractive metallurgy of nonferrous
metals and secondary resource utilization are in theoretical study stage, and further technical breakthrough is in
needed. The production of hydrogen with large scale and low cost and the thermal balance in hydrogen metallurgy
process are the key problems to be solved in the future.

Key words: hydrogen metallurgy; extractive metallurgy of ferrous metals; extractive metallurgy of nonferrous

metals; secondary resource utilization; thermodynamics; kinetics
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