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Equilibrium between Sulphur in Molten Iron
and Mixed gas of H, and H. O

Tatsujii Uno

(Received Aug. 31, 1951)

Introduction

In this report, the author will describe the action of mixed gas of H, and H,O
against sulphur in molten iron. FEquilibrium between sulphur in molten iron and
mixed gas of CO and CO, has been previously reported by the author.”

Compared to the action of mixed gas of CO and CO, that of H, and H,O is
less important but can not be neglected in the iron and steel making process.

As the reaction products of sulphur in molten iron and mixed gas of H, and
H,0, H,S, SO, and S, are considered in gas atmosphere. Some molten iron should
be oxidized to FeO (lig), but it is not necessary to consider the higher oxides of Fe.

As H,O content in the mixture increases, oxygen in molten iron also increas-
es and at last it reaches its saturation point and molten FeQO floats on the molten
iron. Equilibrium relation of the formation of FeOQ has been recently determined by
Sanbongi.”

That is,
Fe (lig) + H, O Z FeO (liq) -+ Hyrovvovovreereans (1)
log K, = 10g Pus/Dugo = —2757.52/T + 1.8856 --------- (2)
By this equation, equilibrium gas content can be calculated as follows:
temp. °C i 1500 | 1600 } 1700
log pHa/pig0 0.3304 0.4134 | 0.4880
He % 68.15 72,16 | 75,47
H,0 % 31,85 ' o785 | 26.58

Therefore when H, content at these: temperatures is less than that shown in
the table, molten iron is saturated with oxygen, and molten FeQ floats on molten
iromn. .

When H, content is higher, molten iron dissolves oxygen corresponding to p,,
/Pngn but FeO layer can not exist. Considering the true equilibrium state, as long
as molten iron exists, H, content of mixed gas must be higher than that shown in
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the table. But when mixed gas of higher H, O content acts on molten iron, gas
atmosphere reaches the equilibrium forming molten FeO. Therefore the reaction
Fe (liq) + H. O — FeO (liq) 4 Hyo-ooveeevnmeoeeenns (3) '
must be considered as a way to the equilibrium.
Then the gaseous products in the range of FeO forming are not said to be

the products of true equilibrium.
Tormation of ¥, 8

On the formation of H,S from sulphur in molten iron, the following reactions
are considered :
FeS (in Fe) + H, 22 Fe (lig) + Hy Seevvvrvvrvmrvneneaen (4)
FeS (in Fe) + H,O > FeO (lig) + Hy S --vvevvviennnnn (5)
Reaction (4) has heen determined. by the author as follows.”
log K, = 108 Dug/Drye (S = ~4427/T + 0.113 ... (6)
From this equation, values of log K, at 1500°C, 1600°C and 1700°C are calcﬁ~
lated as follows.

temp. °C 1500 ; w600 | 1700
log Ky s | o-2osl | 2am

As reaction (5) is obtained by combining reaction (4) with (1), from equa-
tions (6) and (2)
log K, = log Pu,s/Pmeo- [ S )= —7184.52/T + 1.9986---(7)
is introduced and values of log K; can be calculated as follows :

temp. °C } 1500 1600 [ S 1700

log K ] -2.054 -Lesr | 643

From (6) and (7), the following equations can be obtained :
10g Pus = 10g K, 4 10g D + 109 (S ] voevvereeens L (08)
" log Drmes = log Ky + 108 Prreo +10g S e (9)
Then if the temperature was constant,' log Puy is determined by log pus or log
Dirp» and log (S 7. ' '

When py, + Puyy = 1, log pues are calculated as follows.
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Hg%}ggtgsygo‘&zo)m!{)ois@izol10]511
HeO% | 1 | 5 | 10 | 20 | s | 0 | w [ e | s | w5 | o
[ S { log ptas
1] -2.388 | -2.406 | -2.480 | <2.481 | -2.580 | -2.365%] -2.900% -2.151%] 2. 100 ~2.076*i -5.058%
G | 0.5 -2.689 | -2,707 | 2,731 | ~2.782 | -2.840 | 2,656 | -2.510 | ~2.452 | -2.401 | -2.877 = -2.350
£ 1 0.1} -3.388 | -3.406 | -3.430 | —3.481 | -3.539 | -3.855 | -8.209 | ~8.151 | -3.100 | ~3.076 | -3.068
10D
~ | 0.05| -3.689 | ~3.707 | -3.751 | -3.782 | -8.840 | -3.656 | ~3.510 | -8.452 | -3.401 | -8.877 -3.359
0.01| —4.388 | ~4.406 | —4.480 | ~4+481 | -4.539 | -4.855 | —4.209 | ~4.151 | ~4.100 | -4.076 | ~4.058
1} -2.265 | -2.278 | -2.297 | -2.848 | -2.861% -2,189% -1.993% -1,935%| ~1.884% -1.860% —1.842%
G | 0.5 | -2.566 | -2.574 | -2.508 | -2.649 | -2.662 | -2.440 | -2.204 | -2,236 | -2.185 | ~2.161  -2.143
S| 0.1 -3.255 | -3.273 | -3.207 ; -3.548 | -3.861 | -8.189 | -2,003 | ~2,085 | -2.884 | -2.860 | ~2.842
%
™ 10.05 | -8.556 | ~3.574 ' -8.5698 | -3.649 | -8,662 | -3.440  -8,204 | -3.236 | -3.185 | -8.161 | -3.143
0.01| -4.255 | ~4.278 -4.207 | ~4.348 | -4.861 | ~4,130 | -3.998 | 3,98 ~3.8841—3.8601—3‘,842
1] -2.135 | 2,158 | -2,177 | -2.928 | -2.166% ~1.944% -1.798% -1,740% 1,680% | ~1.665% -1,647%
G | 0.5]~2.436 | -2.454 | -2.478 | -2.5629 | -2.467 | -2.245 | -2.009 | ~2.041 | -1.990 | ~1,966 | -1.948
2| 0.1]-8.185 | -3.153 | -3.177 | -3.228 | -8,166 | 2,944 | -2.798 | -2,740 | -2,689 | ~2,665 | -2,647
b~ .
10,06 | -8.436 | -B.454 | -3.478 | -8.529 | ~3.467 | -8.245 | -3.009 | 8,041 | -2.,990 | -2.966 | 2,948
0.01] —4.185 | —4,153 | ~4,177 | ~4.928 | 4,166 | ~3.944 _3.79814%.740 -3.689 | -3,665 | -3,647

In this table the mark (*) shows the results in the field in which molten
FeO is produced. ) : ,
From this table, Fig1 ~ Fig 3 can be obtained.

Formation of S0,

On the formation of SO, by the reactions between sulphur in molten iron and

the mixed gas of H, and H, O, two reactions are considered.

FeS (in Fe) + 2H, O 2 Fe (lig) -+~ SO, + 2Hg~/ ----------- (10)
FeS (in Fe) + 3H, O 2 FeO (liq) + SO, + 3H, --------- (11)
Reaction (10) can be introduced by combining the following three equations.
 FeS(in Fe) T Fe(liq) + 1/2S, «vovveveereimninnee. e (12)
1/2 Sy A4 Oy T2 SO0y +oeververereaeeemareocis i (13)
OH, 0 2 2H, 4 Ogevvvveremveneermnmmrninaee i (14)
Reaction (12) has been determined by the author as follows.”
log K, = log pi*/(S) = —9174.3/T + 2.705 .-+ (15)

The equilibrium constant of reaction (13) has been precicely determined by Le-

wis & Randall® and Schenck® gave the following equation :
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log K3 = 108 Puo./DY% Do, = 18215/T ~1.39-log T
4 0.61 x 10T —0.068 x 10-° T2 —0.20-+--eerronnn. (16)

Calculating log K3 between 1400°C ~ 1900°C, the author gave a simple equation
for this reaction. ' o
log Ki; = 108 Dsoy/Di* Doy = 18115.9/T — 3.79 ... -~ (17)
This equation agrees well with equation (16) in this temperature range.
The equilibrium constant of the reaction (14) has been given by Schenck,”
log Kyi = 10g Dey. Phe/Phrgo = —24900/T + 2.335 log T —0.965 x 10 T
4+ 0.137 x 10°T? — 0.665 x 10~ T% 4 0.1907 x 10-1"T% — 2.17..-(18)
In the same way the author simplified this equation and obtained the follow-
ing equation :
log K; == log Doy Dh/Dieo = —~25500/T + 5.675-.... (19)
From (15), (17) and (19), for the reaction (10)
log K, = log Pl Pgos/Pusy = — 16558.4/T + 4.590------ (20)
Is introduced and log K,, can be calculated as follows:

temp. °C ‘ 1500 ; 1600 ) 1700

log Ko 1 4740 ] -4.251 1 3,802

Reaction (11) is obtained by combining reaction (10) with the reaction

Fe (hq) + H. O = FeO (hq) b Heoe (21 )
The equilibrium constant of this reaction (21) has been given by Sanbongi,®
log Ky = log Puy/Du = —2757.52/T + 1.8856.-...--.. (22)

Calculating from (20), and (21) the following equation is obtained :
log K, == log Din, Dgre/Bitgr = —19315.9/T 4+ 6.476 --- (23)
By this equation, log K,, can be calculated as follows:

temp. °C { 1500 ’ 1600 [ 1700

log K | 4418 -3.837 -3.314
|

From above results, following equations can be introduced.

log Dsor = log Ky + 2 (10g Do — l0g Puo) + log [SF-vv-o (24)

108 Dso: = log Ky + 3(10g Piso — log pu) + log [ S ovoo- (25)
Therefore, log pg-. is a function of 10g Pry—10g Puey OF Prso/Pme and (S
When pi., + P = 1, log pge is calculated as follows.
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He, %] 9 9% | %0 | e 0 | s | s | 2 | w0 | s 1
H,0,%| 1 5]10;20 30’50[70]80\90‘95 99
‘S% log psog
1| -8.741 | =7.307 | -6.657 | -5.956 | —5.485 | ~4.418% :5.314% _9.612% ~1.556%| -0.581% 1.570%
O | 0.5]-9.042 | -7.608 | -6.958 | -6.257 | -5.786 | ~4.719 | -3.615 | -2.913 | 1,867 | -0.882 | 1.260
;’% 0.1 -9.741 | -8.307 | ~7.657 | -6.956 | -6.485 | -5.418 | —4.314 | -3.512 | -2.566 | —1.581 | 0.570
T 10.06 -10.042 | -8.608 | ~7.958 | ~7.257 | —6.786 | -5.710 | -4.615 | -3.913 | -2.867 | ~1.882 | 0.269
0.01 |-10.741 | -9.307 | -8.657 | -7.956 | ~7.485 | -6.418 | ~5.314 | ~4.612 | -3.556 | -2.581 | 0.430
1] -8.248 | -6.800 | -6.159 | -6.458 | ~4.087# _3.837% _o.733¢ _2.0314 -0-075% 0.000% 2.151%
o | 0.5|-8.544 | 7,110 | -6.460 | -5.759 | -5.288 | -4.138 | -3.034 | -2.882 | -1.276 | -0.301 | 1.850
& | 0.1]-9.248 | -7.809 | -7.159 | -6.458 | -5.987 | ~4.837 | -3.733 | -3.081 | -1.975 | -1.000 | 1.151
€
= 10,05 | —9.544 | -8,110 | —7.460 | ~6.759 | —6.288 | -5.138 | —4.034 | -3.832 | -.2.276| ~1.301 | 0.850
0.01 -10.243 | -8.£00 | 8.159 | ~7.458 | ~6.987 | -5.837 | ~4.733 | -4.031 | -2.975 | -2.000 | 0.151
1| =7.764 | -6.360 | ~5.810 | -5.006 | —4.418% -3,314% -2,210% ~1.508% -0.452% 0.523% 2.674*
& | 0.5|-8.055 | -6.661 | -6.111 | -5.307 | ~4.719 | -3.615 | -2.511 | -1.809 | -0.753 | 0.222 | 2.373
S| 0.1] -8.754 | -7.360 | ~6.810 | -6.006 | -5.418 | —4.314 | -3.210 | -2.508 | ~1.452 | -0.477 | 1.674
=
™ 10.01] -9.055 | -7.661 | -7.111 | -6.507 | ~5.719 | -4.615 | -3.511 | -2.809 | ~1.758 | -0.778 | 1.373
0.01| -0.754 | -8.360 | -7.810 | -7.006 | 6,418 | -5.314 | -4.210 | -3.508 | ~2.452 | ~1.477 | 0.674

Dissociation Pressure of 8,

Dissociation pressure of sulphur equilibrated with S content at 1500°C, 1600°C

and 1700°C is calculated as follows.

log 1sg
S % | 1s00C 1600C | 1700°C
1 | 4989 -4.38 | -3.800
0.5 | -5.541 -4.988 | -4.492
0.1 6,939 -6.386 }F ~5.890
0.05 -7.541 6.088 | -0
0.01 -8,939 -8.386 | -7.890 -

These values have no relation to the mixing ratio of H, and H,O.

Sulphur content in gas atmosphere

From the above calculations, at given H, % in H.—H, O mixture, gaseous sul-

phide which shows the greatest paratial pressure is tabulated as follows.

Besides

this gas, some gaseous sulphides whose partial pressure is greater than 1/100 of the

greatest are also described here.
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% oo |95 | oo | s | 70 | B0 | 80 B 1
M0z | 1 I [ 0 | ow | 30 w0 | w0 | s | 90 95 99
(57 log pras]log piasliog prsslog pitsslog prsslog pugs %5 By 108 BIaslog Basion Busyo) e,
o 17 *io%‘%!—li% | 2450 | -2.481 } ~2.530 l _z»55;l?ggls(;;lgg&ggﬂgglggg log pe0s| 1.570
B 0 jyi 7 i68() ; =2.707 | -2.781 | -2.782 | ~2.840 | -2.656 ]lg(%g]g‘lg% ‘lﬁgkhi% gggig%ggg 1.269
| (5] log 13”25{10g 1)”25;10g pHsS{Iog szS‘IOg p”zS!IOg D“zs1(3%.3355312%.11)%%12‘@?%.%5551?%.8?§Si10g Pu(:
2%} ;31388 -5.406 | -3.430 'J%ibi—>5%‘) »3.355”’1{%. gifjeglg%‘gigailg%. 35’58[1?% gg% 0.570
Sg) (5] ‘log pHgsf‘Iog pngs“log pngsllog pngsilog pngsl]og pngs‘ki%n];?gs1?%_2853l?%_ﬁgisil?f%_g%s‘log DSOg
i3 (105% ~8.689 | -5.707 —3.73’1 —7/%‘) | ~IS.§4f) -3.656 kﬁ,g?gﬁ,[?%,S]Sggiki%,gg?‘“'|]?%,£§3’ 0.269
(S) |log 131125;10g PU-JS;IOg 13“25!10g PUBSQI_Og 131"25}108r P”ssd(ﬁ_I;JongS‘l(i‘g}_I';fslféik_)%_ligésﬂ(ﬁ_g;és:log PsOg
0.0195] ~4.388 | ~4.406 ~4.4301 ~h.A81 | ~.539 | 4,355 13%1))1? lg%_ g;gsilg%.gggzllgg&gg‘fs -0.430
R iR R R Rl b R pe RS e W Ry B
{S] |log pugs|log 1)”1_55'10g pYgsilog pugsglog pngs}l(_)_%1/111165‘10%g{;}lilg‘%l‘ggb‘ﬁ lggtleigqui%ﬂ)gf%log psod
05770:2506 ~2.574 | ~2.598 | -2.640 | 2,662 1(1%11;‘;2‘13%(1)35:&1(51;;3 log pses 10g oz 1,850
E; [ 3] llog ptieslog pugs‘log pigsilog P“gS‘IOg p“ﬁ!l(i%11);))1(%51(3%1()):)!;51058355|I?%g;438’1c1%%28%10g pso2
B 01% 3353 8,97 w_ﬂw V:B-}s ~3.36]ﬂ 12%55;;]?% %35(3’1% (1));?[1(131 (1)375&10_%88‘6 1.151
(5] flog pugsglog pHgS"]()g 1)[123‘105’; puf,s‘llog pllns‘](i%ljlfasll(_)_gx33;5‘1?{’;Egéglg%lﬁgyl?%qgfbilog PS0g
0.05% —3.(7”?567 -3.574 | -8.598 | -B.649 »3.66'% 1‘1%%);3}1‘1%85? 1‘1%,5;32[‘?%, I;;gllgziga‘l’ 0.850
(S] |log pngs;log pngs;‘log plrgs{]o,g pngs;}og pnpllo'%?g&s;l?%%gg}’lki%%ggglki%gg‘isll(i%ggoﬂblog p.é'ox
C0.0192) <4255 | <208 | 207 | ~1.848 | ~1.36] lg%_ }35?5})"“1(1% ' ggnglg%. gg?tlgg)g;gllg%ggg 0.151
. llog pussilog p”gS!lOg pHgS'10g pHes[0g pHgSjlbgqgffjsrlog pHgS}IOg 1)]128’108‘ pII.-,Sl
(5] -2.185 | 2163 | -2.177 | -2.228 | 2166 150" peo,| ~1.798 | =1.740 | ~1.689 |log s0g log psog
1 T 5.5 M0 8.0 (8. g e 1B BB 5 i 00 | 2o
. | -3.89
9 25 55 28 B2 2 B G 26 15 B BT B hos s e
Z% [S] log prgslog pigsilog pugs log peslog pigs _%12)4; |(i%1;'9825 ?‘%Eﬁég (i%_légg&log psog‘:'log PsOq
= 70.'1% =8.185 | ~8,163 | ~§,177 -3,2251 3,166 Igﬁ.gﬁz'lgg&gi%gs'lg%'gggz lggllfgg 0,477 | 1.674
(5] log p{lgs‘log pngs!]og pugs'log pngsllog pngskz%gffg“ki%8355!12%%ff512’§78§6510g DP8O0g Iog""psf(;;
0057 ~8.436 | -8.454 | -3.478 | -8.529 | ~8.467 loig;glli%g??llg%ggg ki% ?;3 -0.778 | 1,873
(5] log pitstlog prsflog prssiog prxsion pies' %5 B %5 Bt %5 P15 B tog psosfiog psos
0.0194] ~4.185 | ~4.153 | 4,177 | -4.228 | 4,166 lggjpg??‘lgigigs‘lgggggg 1{%_}3;32 ~1.477 | 0.674

Only these gases described in this table have the decisive influence upon sul-

From the fact that both H, S and SO, contain

phur content in the gas atmosphere.
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1430g S per 1 m® and S, contains 2860g S per 1 m? Sg contained in 1 m® of the

equilibrium gas is tabulated as follows,

He % 99]95’90‘80]70‘50]30(20!10\511

H,0 « 1 5]10{20.}3015()*70!80 00105 99

[?JS g/m3| 5.8530] 5.6142 5.3195| 4.7247| 4.1341 6.8149 9.5310 13.5936| 51.0081] 387,244 53128.8

% |log S| 0.7674 0.7493] 0.7253 0.6744) 0.6164) 0.8004 0,9791 1.1334 1.7076 2.5880 4.7253

[05535 g/ms| 2.9258 2.8001 2.6560| 2.3624 2.0764] 3.1575 4.7662 6.7892 25.5541) 193.622| 265694

os | log S| 0.4662 0.4483 0.4244 0.3784] 0,3178| 0.4993] 0.6782| 0.8824] 1.4075| 2.2870, 4.4244

% i
O %51]Sg/m3 0.5853| 0.5614 0.5313| 0.4725| 0.4134) 0.6315 0.9531] 1.3504 5.1008| 387244 5312.88
o] .

S| o |log S |-0.2326 -2.507| -0.2747| -0,3256) ~0,3836] ~0.1996) ~0.0209 0.1334 0.7076 1.5880, 3.7253
Rl

s Sogs g/ms| 0,2026 0.2807 0.2657 0,2362 0.2076| 0.3168 0,4766] 0.6789 2.5654| 19,8692 2656.94

U

o | log S | -0.5388] -0.5517] ~0,5056] ~0,6266| -0,6827| ~0.5007| ~0.3218 -0.1676| 0,4075 ‘1.28701 3,4244

A 86 J/S @ /me| 0.05853) 0.05614 0.03313 0.04725 0°04134 0.06315 0.09631 0.1350 0.5101) 3,8724) 551,288

| % |log S | ~1.2326 -1.2607) -1.2747) -1,8256 ~1.8836) -1.1906) ~1.0200) -0.8066 -0.2924 0.5850, 2.7263

(S)|S g/ms| 8,0066 7.7435 7.3345 6.5387| 6.3449) 10.5906| 17,1743 29,9156 170.170| 145002 202488

1

g5 | log S| 0.0077 0.8BS) 0.8654 0.8162 0.£024 1.0240] 12340 14750 1,130 3.1614 5.3085

%Sgs g/in3 3,9754 3.8188 3.6065 3.2080 3.1145 b5.2967 8.5900% 14,9578 £5.085| 724,867 101244

N !

% |log S| 05994 0.5819 0.5571 0.5004 0.4984 0.7240 0.9340 1.1749 1.9209 2.8003 5.0075
0 [051] S g/ms| 0.7494 0.7626 0.7217 0.6416) 0.6228 1.0501 17174 2.9916] 17.0170 145.002] 20248.8
S| oz [log S | -0,0997 ~0,1177) -0.1416| -0.1927 -0.2057, 0.0249 0.2349 0.4759 1.1809 2.1614| 4.8085
=

E%QSg/ms 0.3975 0.3819] 0.3607 0.3200 0.3115] 0.5207] 0.8590 1.4958 85085 72.4867 10124.4

.06 )

% | log S | -0.4000 -0.4181) -0.4129] -0.4936, -0.5006 ~0.2760) -0.0760 0.1749 0.9209 1.8603 4.0075

05031 S g/m3| 0,07949] 0.07626] 0,07217| 0.06416] 0.06228 010591 0.17174| 0,29916| 1,7017| 14,5002 202488

| v | log S |-1.097| ~1,1177) -1,1416| ~1.1927 ~1,2057| ~0.9751) -0.7651 -0.5241 0.1309 1.1614/ 3.3085

(1S g/ms| 10,8760 10,4233 0.8827 8.8288 10,1258 17.3316| 31,9462 70.7993 534,301 4767,62 675103

t .

s | log S| 1.0366 1010 0.9949 0.0450 1.0054 1.2385 1.00k 1.€500 2.7279 3.6785 5.8204

- | .

[()Srjs g/ms| 5.3310 5.1194 4.8471 4.8215 4.9707, 8.4826, 15.8015, 85.2066 267,124 2383.81| 337480

o7 |log S| 0.7268 0.7092 0.6857 0.6355 0.6964 0.9285 1.1987 1.5466 2.4267 3.3773 5.5282
o [OS_le g/m3d| 1.0479 1.0054 0.9514| 0.8460 0.9740 1.6974] 8.1589 7.0428 53.4391| 476.762| 67510.3
S1'o; |log S| 0.0208 0.0023 -0.0216 -0.0726) -0.0110, 0.2208 0.4995 0.8477| 1.7279 2.6783 4.8294
i

([)SOQSg/ms 0.5280 0.5027, 0.4757, 0.4230 0.4879] 0.8483 1.5802 8.5207| 26.7124) 238,381 33748.0

LU0

v |log S | -0.208 | -0.2987) -0.3227) ~0.8737) -0,3117 -0.0715| 0.1987 0.5466 1.4267 2.8778 4.5282

550%5 g/ms| 0.1048 0.1008] 0.00514 0.08460 0,00749] 0.1607 0.3150| 0.7043 5.3430] 47.6762| 6751.08

% | log S | -0.9792 ~0.9977) ~1.0216 1.0726) ~1.0110, -0.7702) -0.5005| ~0.1528) 0.7279) 1.6783 3.8204
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These relations are shown in Fig. 7 ~ Fig 9. .
According to these results, important gaseous sulphides produced by the reac-
tions between sulphur in molten iron, H, and H, O are I, S and SO.. If the sul-
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phur content of molten iron was high and temperature was also high, sulphur vapor
should be considered. When H, O content in gas atmosphere is rather great, values
of py . reach very high and in these cases calculations done by the assumption that
P> + Pmy = 1 can not be applied in practice. But this shows that in strong oxi-
dizing condition, much sulphur can be contained in gas atmosphere.

Conclusion

On sulphur dissolved in molten iron, the author has carried on the calculations
like those reported in foregoing papers.

In this case, although H, 5, SO, and S, may be considered as sulphides in the
gas atmosphere, H, S and SO, are more important. When iron contains much sul-
phur at high temperature, vapour pressure of S, becomes considerably l;irge.
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