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Thermodynamics of Impurities in Pure Iron Obtained by Hydrogen Reduction

Yoshiaki K asuiwaya and Masakatsu HASEGAWA

Synopsis

: Hydrogen itself is not a primary energy and needs an energy for its production, which means that CO, will be exhausted during the production

process, more or less. However, when a Green Hydrogen can be produced, it is a best way to use the hydrogen instead of carbon.

In this study, two kinds of iron ore were reduced and melted both under hydrogen and carbon atmosphere. The obtained iron metal under hy-

drogen atmosphere was quite pure one. The impurities in the metal were chemically and thermodynamically analyzed. The characteristics and

benefits of hydrogen reduction were discussed in comparison with the carbon reduction.

The content of silicon in the metal under hydrogen atmosphere was one tenth to the iron obtained by carbon reduction. Manganese was about

one third to one tenth against the carbon reduction. However, phosphorus in the hydrogen reduction was almost the same level to the carbon

reduction. Sulfur content became half in the hydrogen reduction. Moreover, the content of hydrogen in the metal was the same level between

the hydrogen reduction and the carbon reduction. It was found that the rate of hydrogen evolution from a molten metal during solidification

was fast significantly. The activities of elements in the metal were calculated through the thermochemical data, and the relationships among

those elements were elucidated.

From the thermodynamic analysis, a high oxygen activity in the metal obtained under hydrogen atmosphere caused to a low content of impu-

rities and high activity of oxides related.

Key words : hydrogen reduction; clean steel; thermodynamic study of inclusion; activity; direct steelmaking.
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Fig. 1. Schematics of experimental apparatus.
(Online version in color.)

195

KEE T K> TSN 7=k O RSO #T%

Tdh 5, AERIGEL, ZOMmMEIZ 7L I =y A8k
WXy v T THAY =L ENT WD, £72, AV -
i, TIAhIZvaFyy SO TFSN0-0 VoIS
KoTuIh T3, giiailrhE, ZHETLIF LY
A CTEIL, BRI d, 2OV Y RiE, MEO=00
B SR —L LT 7774 PLYRORIZANS
NTWB, IS, 2055774 PLyRiE, Kbk
ENH A XD, WMBAFHOLIVET LI F LY RIZARDS
T3, LA 2, WEET LI FET V2 (6mm ¢
0.D., 4mm ¢ L.D. ¥ & UF600mmL) {2 & - TIL Y A ALK
M oz, ilBE RIS KB 2 2Hi$ 72912, 7V
2 DFeE, LY R DK Smm DT £ THiA &4 7~ (Fig.1

(a))o BB A A (Ar+24%H,, Ar+24%CO) D i &3,
500Nce/min Td 1), #HE 1L, 66cm/sTH 5., T HITWE
MEIROEE = M LR 25 TH 5,

akEHE, EITH (1173K-1373K) I2B W TRAEIDETT S h
21k, T FHO T Y ZEFigl (b) ISR I N &5 Iz
BED LGl EiFeh b, 2 LT, BiLEhzilkhd
BT 5 72 DI (1873K) IS# X h 5,

Fig 2 lZAREERO L — b)S4 =V Z/RL TS, Kb — |
XA — 0, BIUH S K CERI O — O OIS 5 k5 T
W5, RICH &R O FERE, OB ALY R S HLD Y
TS, HHEL TITObNE ZENEETH S, ZDH
foe L 723800 s mfig, Babo k5 kB To# ¥
WaREE52 %,

EICHNZ W, SBHE 1NIB3K T2l RBETC & h, 20
%, 133K CTRAEIZEILT 5720307 MRS, Th
5 OBBIXIARINC B W TORHE FeO I X B LY RDIRE %
i< 7=t EBETH 572, b — b 3% — VY DETORERET
FHEE IE, 25K/min TH 0, BREEE L, 473K I LD S
i35 ¢ 50K/min, KR I% T 1% 40K/min A* 5 20K/min T & -
720 SEAITEIC N7z BHE, 1873K TVAME & 41, 30min

RfF &Nz, Z D%, BEBIFOEE,?IED 5h, Tl

Reduction Beriod 1 Melting period

1
1
'1873 K,
1 30min
1373 K, .
0 30min
o '
St 1
2 1
E 1
g 1173 K, 2h 25K/min
E !
= d
1
25K/min '
'
1
_—
Time

Fig. 2. Temperature profile of the reduction and melting experi-
ment.
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Table 1. Chemical compositions of iron ore used (mass%).

TFe FeO Fe0, CaO SiO, ALO, MgO MnO S P

Sinter 60.57 8.68 76.82 842 492 176 0.99 022 <0.01 0.06
MBR 67.66 0.08 96.66 028 136 0.62 0.06 0.13 0.004 0.03

Table 2. Weight of samples used and metal obtained.

Weight of Metal

Sample Name sample (g) obtained (g) [%C],, Yield of metal
Sinter-H 61.63 35.45 0.004 95.0%
MBR-H 42.93 28.39 0.002 97.7%
Sinter-C 61.16 38.10 5.15 97.6%
MBR-C 48.67 34.52 4.6 99.9%
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Fig. 3. Outlooks of iron buttons obtained.
(Online version in color.)

Fig. 4. Inclusions in the metals obtained under hydrogen at-
mosphere for Sinter-H and MBR-H. (Sinter-H: d=n/
(400%60)>x100=0.121%, MBR-H: d=0.017%)
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Fig. 5. EDS mapping of inclusion in Sinter-H. (Online version in color.)
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Fig. 6. EDS mapping of inclusion in MBR-H. (Online version in color.)
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Table 3. Chemical composition in metal obtained.

mass% ppm

Sample

C Si Mn P Al O Ca S Mg H
Name

Sinter-H| 0.004 0.02  0.05 0.071 <0.001 0.0139 <3 20 <3 1.0
MBR-H | 0.002 <0.01 <0.01 0.044 0.028 0.0245
Sinter-C| 5.15 0.09 0.17 0.089 0.005 0.0075
MBR-C| 468 021 0.09 0.047 0.009 0.0029| 5 40 <3 14

U A (Ca) v R YA (Mg DEHEICEL T,
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WFEITEE, BB KU X 9 R T a2 TELSEDT
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RS BMEE ZE T 2B ER N b5,
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b R
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Elements in metal obtained

Fig. 8. Comparison of contents of impurities between hydrogen
reduction and carbon reduction (C, Si, Mn, P, Al and O).

Fig. 7. Microstructure of iron with high carbon content (Sinter-C: 5.15%, MBR-C: 4.68%).
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Fig. 9. Comparison of contents of impurities between hydrogen
reduction and carbon reduction (S, Ca, Mg, H).
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1074 TH 72,

—JF, REETLOHZED T ) 2 ViR (aq, X (13)) 13,
Sinter-C ¥ & O'MBR-CIZ %} U T, ar =384 & Py, =0.24
ERWTEHE I N2, ANV ) —HHED REIE (ac=38)
i, A (14) & (15) ZFWT, 1600CIZHWTEEIL 72,

Cpy=Cs AG’ =5913-104 T oo (14)1419

a(,(Henw):exp(_igoj (15)

—7J5, Table SI1Z/R & N5 & H 12, EERTHL N2 REWN
& (a0) 13, Sinter-C & MBR-CIZXf L C, ZhZHh93.6&
66.9TH -7, ThoDfEix, X (14) & (15 »6H6hH
BAICYIMETH B,

Sinter-C & MBR-CIZxt9 %, ¥V 2 v ifif (logas) (3,
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Table 4. Interaction parameters used in the present study.
(e/: most values are from JSPS').

ii Al C H Mn 0 P S Si
Al 0043 0091 024 0 2198 0.033 0035  0.056
C 0043 0243 067 -00084 -032 0051 0044 0.078
H 0013 006 0 -0.002 005 0015 0017 0027
Mn -0.012 -004 -034 0 -0.083  -0.06 -0.048 -0.0173
O  -1.17 -0.158% 073 -0.021 -0.174 007 -0.133 -0.066
P 0037 0126 033 -0032 013 0054 0034 0.099
S 0041 0111 041 -0.026 -027  0.035 -0.046 0.075
Si 0058 018 064 -0.0146 -0.119 0.09  0.066 0.103

*Y.Kashiwaya, et al.; Steel research International, vol.81, 2010, No.4.

Table 5. Henrian activity and activity coefficient of elements in metal obtained.

Sinter-H MBR-H Sinter-C MBR-C

[%i] log f; ai log ai [%i] log f; ai log a: [%i] log f; ai log ai [%i] log f; ai log ai
Al 0.001 |-0.02356 |9.47E-04| -3.024 | 0.028 |-0.04504|2.52E-02| -1.598 | 0.005 | 0.462161 |1.45E-02| -1.839 | 0.009 | 0.43401 |2.44E-02| -1.612
C 0.004 | 0.00148 |4.01E-03| -2.396 | 0.002 |-0.00307|1.99E-03| -2.702 5.15 1.259652 | 93.6 1.971 4.68 |1.15499 | 669 1.852
H 0.0001 | 0.00249 |1.01E-04| -3.998 | 0.00014 | 0.00264 [1.41E-04| -3.851 | 0.00012 | 0.31293 |2.47E-04| -3.608 | 0.00014 |0.287325|2.71E-04 | -3.567
Mn 0.05  [-0.00606 |4.93E-02| -1.307 0.01  [-0.00536|9.88E-03| -2.005 0.17 0.21381 |1.04E-01{ -0.983 0.09 [-0.19424|5.57E-02 | -1.240
O | 0.0139 |-0.00181 |1.38E-02| -1.859 | 0.0245 |-0.03516|2.26E-02| -1.646 | 0.0075 |-0.824579 |1.12E-03| -2.950 | 0.0029 |-0.76336|5.00E-04 | -3.301
P 0.071 | 0.00666 |7.21E-02| -1.142 | 0.044 | 0.00760 |4.48E-02| -1.349 | 0.089 | 0.658512 |4.05E-01| -0.392 | 0.047 | 0.61102 | .92E-01| -0.717

0.002 |-0.00063 |2.00E-03| -2.700 | 0.001 |-0.00320|9.93E-04| -3.003 | 0.004 | 0.575140 {1.50E-02| -1.823 | 0.004 [0.533994| 1.37E-02| -1.864
Si 0.02 | 0.00704 |2.03E-02| -1.692 0.01 | 0.00407 |1.01E-02| -1.996 0.09 | 0.941536 |7.87E-01| -0.104 0.21 |0.867477|1.55E+00| 0.190

199

307 I



B 308 Sk

Tetsu-to-Hagané Vol. 100 (2014) No. 2

1.5
o & Sinter-H _ »
1.0 -—E'W SlOz+2C—Sl+2CO(g) | @50,~8.0x10
0.5 o Jv;lllzle{rc Peo=024 - PP =1 a,~1.6x10"5
_ 00 =38 :f{ e
s -05 F e
210 et
15 p--o Pyy20=1.9x10
20 :_’___,,—/:’/ Pjp0=2.7x10
25 m=& +2H,0,
30 B PO L
1673 1773 1873 1973
Temperature (K)

Fig. 10. Variations of silicon activity for SiO, reductions by hy-
drogen and carbon.
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Fig. 11. Relationship of activity between Mn and O in the mol-
ten iron (Hydrogen reduction: ay;,,=0.01, Carbon reduc-
tion: a,,0=0.0005).

=Al, AG* /cal =-10300—-7.71-T

— Sy =S, AG’/cal =-31520+527-T
2 g

2Al(,>+ 2 O, ,=AL0; AG°/cal=—401500+76.91-T --- (22) 16)

2 =CaS,,,, AG“lcal=~132100425.91-T - (23)"¢

1
Ca(,>+ E S (s)°

CaO.

\oys AG?/cal=—152850+25.78-T --

1 )
Ca )+ 3 Oy~ (24)'°

Ca0+§ﬂ+§= CaS+§AIZO3, AG’lcal==T4696+25.64-T - (25)

Fig.1243, X (19) % H W T 5 117z logas & loga, D B
RESRL TW5B, Figl21213, SEBRTHOALEE Th

Fho~—2~ (B :sinter-H, 0 : MBR-H, ® : sinter-C, O :
MBR-C) T/REN T3, KFERIC & IRFRITICH L T,

WAL KRR FIEP & T Zh, 2X 10 azx 1012 R E
L 7z, Fig 12 1R § KD ISEHRICK > TR S5 b logas &
loga, DB IERE & 3T 5 Z &G0 57z,

Sinter-H & MBR-HIZ &3 % ay & ag DA IS, Sinter-C &
MBR-C Dfi & /N X vy, ZOFEROFEANE, Z OBERE T
HIRE Tl Ay, KREICICH T 2 @m0 ERTEE (a) (2
BIfRLTWaBgDEEZLNS,

Fig.1313 8 (25) # W TE B & N7z, logay & logas D
Bt AR L T35, CaO & CaSDIHRD I (acolacs) %,
AREBICERFIETTISHLTERTH, 20& LIZIRE L,
ALO; DI EANIFIZR LT 1 ERE L 72854, BHRERIE
FEREIZ 3T 5, ZORERL 6 KR ITOMENA A 73k
HT OB R ISR T 2 @S0 CaO T RIZFIKI T 5 &
DEEIZLEND,

414 P,0;

R (26) TEINBZAKEIZL S P,0,DBICKIEIE, FHA

12X () ERIUCTH DA, ERIO Y v OIRKED
ISR OB THE %, R (26) O AG DI DI RATE
13, HEHONES T — 2 x— 2 Offi & HEICEFL -8



0
H,S(g)=2H+S
4 2 (g) - B Sinter-H
OMBR-H
= -5 @ Sinter-C
2 Pms 2x10 OMBR.C
S
m)—3
=
4 /Nﬂ\
-5 ? PH25=2X10_8
6 L e
-5 -4 -3 2 -1 0
log dg

Fig. 12. Relationship of activity between S and H in the molten
iron (Hydrogen reduction: P,,c=2x107%, Carbon reduc-
tion: Py,s=2x107). (Online version in color.)
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Fig. 13. Relationship of activity between Al and S in the molten
iron (Hydrogen reduction: ac,o/ac,s=20, Carbon reduc-
tion: ac,o/ac,s=1). (Online version in color.)
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Fig. 14. Relationship of activity between H and P in the case
of hydrogen reduction: ap,0s=1x1072° or 5x10°15,
P11,0=2.5x10"*. (Online version in color.)
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Fig. 15. Temperature dependence of activity of P in the case of
carbon reduction: ap,os=1.3%x107* or 3x1073, P¢,=0.24,
a-=38. (Online version in color.)
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Fig. 16. Comparison of AG° and AG of reduction reactions of
SiO, by hydrogen and carbon. (Online version in color.)
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Fig. 17. Comparison of AG® and AG of reduction reactions of
MnO by hydrogen and carbon. (Online version in color.)
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Fig. 18. Comparison of AG® and AG of reduction reactions of
P,0; by hydrogen and carbon. (Online version in color.)
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