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Activities of Components in Iron Oxysulphide Melt in Equilibrium with

Solid Iron

Synopsis :

Shoji HaYAsHI and Yoshiaki IcUucHI

Equilibrium between Hy-H,O-HyS mixtures and iron oxysulphide melts in coexistence of solid iron was
accomplished by means of the gas circulating method. The temperature range of measurements was 1 000 to
1 200°C, and the mole fractions of oxygen and sulphur in the melt were No=0~0.35 and Ng=0.18~0.43,
respectively. The oxygen pressure in gas was measured by oxygen galvanic cell using calcia-stabilized
zirconia as a solid electrolyte. The sulphur pressure in gas was determined by chemical analysis.

The activities of oxygen and sulphur in the melt showed slightly positive deviation from the fractional
concentration of each anion i, N/ =N, /(No+ Ns) modified by a solution model.

The partial molar quantities of species in the solution at 1 100°C were calculated from results of the
activities. It was shown that oxygen exothermically dissolves into the solution and has a small inclination of
imperfect mixing at Ny =0.2, whereas sulphur plays nearly an ideal behavior in the solution.

The sulphur potential in equilibrium with iron, wustite and the melt was in close agreement with those in
earlier works.

Key words : thermodynamical property; iron oxysulphide melts; gas circulating method ; activity of oxygen;

activity of sulphur; iron saturation.
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O( in melt) + Ha = H20,

Ko = PHZO/ PH2a0 .............................. ( 1 )
S(in melt) + Hz = H:S,
KS = PHgS / PHzaS .............................. (2)
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HPERD OFRRLBEEE G 5-2 THh~E. FhFhgks
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AG°=—20105+ 3.625 Tlog T
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3-1 ERREE

Fig. 1 CEBOBM L RYT. BERFPERILEZEL R
Bk L 7o, BUDA I3HE ALOs B (41M4% 30, X 24,
E& 600mm) ThA. HEA (£1°C, 3em) WIZ, T
B @ 11 mol% CaO &AL ZrO, BEEEME 1 55 #
EE (SRS, WES, EE 300mm) OENHIHE S
WS IE L HEBRERUME LT (AME 19, N

1: Heating element (SiC) 2: AlO3 tube 3:Pt wire 4:
Stabilized ZrO; tube 5:Iron crucible 6: Specimen 7:Pt
dish 8 : Al;03 brick 9 : Supporting tube (Al303) 10 : Silicone
rubber 11 : Circulating hot water 12:Pt-Pt13% Rh couple
13 : Pt couple for control 14:Recorder 15 :Bleeder 16:
Thermostat 17 : Pump for gas circulating 18 : Gas bottle 19:
Gas flow meter 20: Water bath 21 : Rotary pump 22:HpS
absorbent, direction of gas flow : solid arrows are via a furnace;
broken arrows are via HpS absorbent

Fig. 1. Arrangement of apparatus.
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#£15, 53 12mm, 1LFEHIEE wt% T C:0.003, Si:
0.013, Mn : 0.006, Al:0.018, P :0.003, S:0.002) %
REL. BEBEIASN—Z PR EAECEAL,
1100°C, 5h ZBR B L7z, REERICEICLHHBE
B THIIE LU RERIE A © Pt-Pt 13%Rh 248Xt
YBEE, COHREHO PtRrSHEBREOERE L, £
DI 50 em®/min DZERFF L 2. BB A 2K
ELADER LD - 0EFDOF I RE R = 7 0 L5k
X2 TH 100°C 12272, T LFEQRE OEEE
(£0.05°C IZ1REF) WICIZH Xt H,S EBD/DITH
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Fe O3 L HifbEk 2 @ERA L7, $ke v X 5 14 b Pl
I8k & Fe,03 %, #hEMRLETH T8k LBk %,
TgkE TR A b EBAETHEICIZERE Fe05 & AL
BoOZHMEEENFRENMLT1:1,4:1, RU4:4:
1WCRELE. 2813 1.5~3gChHor.

ZHhODBERABEEAL DD IT T OB I
REL, RN% 150°C, 30 min HESBE A 2 1% H, 238 A
T5 (180 4.2 TRIFBHICK D Ar PHER L FT
L7zhs, ZOBEICIT Ar 8BATS). Ry T THR
BRLO>F2HARTS. BMOUSRE CEERER
EOMRETAH. FolEEE PID fi#icxy £1°C i
Bo7-.
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AT YA PDOFADOBRTLEINHT S92 Hy BEA%D
LALORMICERKREFEALTY R Y A PFLERE
R CTHRLZ. Z L CEMORGREICEER Y A F
D Po, ¥ BIMEICRFFT % 20 O HBHE 2 PTEORE
(51.8~76.5°C) 2 L AR % KESSBMOKEIZT S (=
RICKOTHHED ) b0 Po, ¥ HE). ZORHLD
Mshghe L, BOBRE] (FYP VRV P x—5—
(AJIEHL 1GQ) S TE) LRE LB L oo ER
BIRFEL, T R & BRB UL O Tl 2 ER S ¢ 5.
BOS D RFFEERH I RAB D Fig. 6 2 6 AP OBRE A5
MEAHRIZLT6h B EE L7,

% BFEIRAEIE L BB oOBIC 2 0 FEREN
EDBEHDVIEHEFIICEE mV OBEBREM* <
HRFEEIML Zh 2o -0 5 2~3s TRROFHEHE
KWR2 -2 EXDEROU SRS .

FHPERIT A-T» 7 2HVCTRIEENE Ar 2
WKLABTER S SA0 2P L KBRS T 5.
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L -824t o 4
Z 825} =

L 1
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1

O T
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o

o
Pt &

(Pros P X103

. 1
Gas flowrate , ( | /min)

(a) EIMMF. in equilibrium with iron and wustite at 1200°C
(b) P,/ Py in equilibrium with jron and iron sulphide melt
at 1028°C

Fig. 2. Effect of gas flow rate on the equilibrium
values.
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L) FRHEE Lo TRET B,

BT 2o LA S oREREREIOBILEE %
RLTYTHRVARICENED2II0OIKEAMT. 204
BET7 NI FASCTHE LILEST I L7

ABFoLBIEI O LRI Y Y 2FEEE (JIS, M
8212-1983), L& E XM AEE (JIS, M 8122-1981)
CEDER LA BRERERRE L WOFEOHTH]
Zix £0.5% LATH D7,

Hy-Hy0, Hy-H,S {RA& A R % 4% 5 356 12 1344 3 B B
KL %D, EOTHEOFNZATIGKE DAY A MF
WTOBMDOREN %, RBON AT L BRMILE
D Py,s/ P, BEEEL, Zh6OMHIZFITTRER
MEDEZB 2R/, Fe-O R Tid# 20 min, Fe-S R
TIEH 3h D ERRLTSICEERBIGEL 200
R % Fig. 2 1IRY. Py,s/ Py, EOEFEWD S 2HE
2T 300~400 cm®/min BT R EEE L. 2D
#HPAT 0.2mV OERENEEE0ES.

3-3 FWHRESEORE

W T CTOH A -BEEH RGO F % Po, 13(6)5K
Lo CHEBERD b NBY, T Ps, GLEHHTHES
SROFMECTEE TS,

£C OEBHEFICH D Viem®) DEREEY b2 H AF
BRANDOER S N7/24 H,S B % Vy,s'(em®(STP)) &
Th. BWELE Po, & (3)R&ED Pyo/ Py, HR 5
ZOCTHBAAERETLE(7)~(9)XN&XY V(i
H,, H,0, H,8) #%, (10)&:» 5 Ps, "R S %,

Vips = Vi,s' (273 + )/ 273 P
Pu,o0/ Puy = Vo / Vu,
V = Vu,+ Vu,o + Vs
Vis / Vi, = Puys / Py, = Ks Ps,'/® o (10)
2T P: KRRE (atm), V,: 'C, KRET T { K
GHRZADEHE (em®), Ks: (4)HEOFHERTH 5.
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Temperature, (°C)

1200 1100 1000 900
1] T T R 1
-12}+ « Darkenand Gurry ]
—~ — [tohand Azakami
£
T 13 .
c§—14r .
g
—_— _15 L. -
-6k .
-17 ["—o— This work 7
log Pop =- 27400/ T + 6.64
-18 a 3 1 L
7 8
104/T ,  (KY) S

Fig. 3. Temperature dependence of oxygen pres-
sure in Ho-H,O mixtures in equilibrium with iron
and wustite.

AT/ RS T A D 80°C (HHIRME) & KSRk
BB BURMETHEE (11 MR A R
LTWwad) XN ITHTHE DRETO PuolPu,
Pu,s/ Py, B3 § 5 FCRET O Z W b OEDE N &
Z2h#Fh £0.002%, —0.041~—0.48% TH2 72D T
FREOFETHELZVW b5,

4. X B & R

41 Fe-O BBV Fe-S OER

o254 b FHET B Po, e BMMOEE IS
WE LR E Fig 3 10RT. AFEOFRELE 2 &
e AR BRI X D BE L oG & PR L
18 pgE R R EHEIC KO THEL 2RFLE LT
DaReN & GURRY!? DFERICD L —F LA /2 THK
HEOEMESHErO ORI,

B & WAL ASFHE + % Pu,s/ Py, B WE L 2R T
Fig. 4 \WR¥. AR O R i3 Rosenevist'® % Turk-
pocan 520 Db D L 1 b4 L& WA, Nacamort 62D
(1100°C) & 9 H{Evy. 1200°C Tt Bae & Tocuri®?
DFEFII—F L 7.

Table 1 2% 2 RAROMEMERT. hbMBHE
ERERS OHEBRDEEICH V.

4-2 Fe-0-S ROBER

BREA OBRERALEIAE & Hy 27 A BRSO FH# R
(SO %5|) % Table 2 [Z/RY. ORI, Ar Hgke
FERRALSRIEAE, ok & RIS T (ASO, AS RF1),
Hy, ZRA AR E Y A5 4 b & HEHTH (SOW R51)
DR LR L. SOW RFDBMGHTIR Y X5 1 PR

Temperature, (°C)
12_(rD 1100 1000 900 800
T T I

Eutectic point
of iron and 7
i iron sulphide

log(Puzs ! PHz2)
1

Nagamori etal. ( 45~60) a
Bale &Toguri (150 )
Turkdogan etal. (120)
Rosenqvist (175~440)
This work ( 300~400)

[}
N
o

T

® > & 4 o

-

9
104/ 7, (KM
Parentheses : Flow rate of Ha-H2S mixture (cma/ min)
Fig. 4. Temperature dependence of Py,s/Py, of
H,-H,S mixtures in equilibrium with iron and iron
sulphide.

Table 1. Experimental results in Fe-O and Fe-S
systems.
Reaction temperature (°C)
1000 1100 1200
A 0.678 0.736 0.786
B 5.83%x1073 7.30X107° 8.35%1073
C 1.332 1.166 1.034

A : Pryo/ Py, in equilibrium with iron and wustite, calculated from the
empirical equation and equation (3). Empirical equation, using
13 points of present measurement : log Po,= —27 400/ T+6.64

B : Measured Pyyys/ Py in equilibrium with iron and iron sulphide
melt

C: Byyo/ P, in equilibrium with iren and supercooled liquid
wustite, calculated using the values of A and equation (14)

LRET B OARTEETH D2, T 72 SO RF| A
PR ORIV T IR TEHICKDHES N /ETH
5.

Thbb SO RHOERERARFOLSK LKA ER
LR, S8 LT 5w% BEORIREBHOR
ADSERD &tz BRFEFVEHITE OBE I X hid Z ORIk
EBEEIRIK (B 100pum) X LTH Y, KSHIB
BELTWItEx OB, —F, RENGHECHET
B8%EFFYFIA4 MR (M 10pm) DbDE 2T, 3T
B HOMMRETHS. LELINSHSHICHFEL
TWb 0L REGHEBIB L b0 238 L TER
THrDRBETH D2 M, ASO RVNDEEZ D
BEHREPICEER LA L) ZRIRKBIBLALRDOLN
R0z,

$&2 T Ar FEM OB ATE Z BAROMBIIRA Y
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Table 2. Experimental results (ASO, AS-series : — o Thiswork Hilt}/&
iron oxysulphide melt, iron sulphide melt saturated {Eutectic of abe Crabts
with iron in argon, SO-series : iron oxysulphide ::nos:t?tned) ‘11(1)88 2 23] 4
melt saturated with iron, SOW-series : three 1200/ 0 = = a
phases equilibrium of iron, wustite, and iron at%Fe
oxysulphide melt). Gas phase
yswp ) 2 | F2-H20-HzS
a) 1000°C mixture
Heat Melt composition { mole fraction) Gas composition
Run time PHZO* PHzS 3 70
N N Ns |—— X 10
(h) Fe (] H“lz -PHZ
ASO-2 4 0.537 0.076 0.387 — —
ASO-3 4 0.501 0.185 0.314 — —
ASO-7 4 0.497 0.200 0.303 — —
ASO-11 4 0.517 0.144 0.339 — —
AS-31 5 0.565 0.011 0.424 — —
S0-8 6 0.540 0.074 0.386 { 0.381 5.35
S0-12 6 0.536 0.082 0.383| 0.402 5.16
S0-18 6 0.526 0.110 0.365 | 0.467 5.17
S0-26 6 0.491 0.212 0.297 | 0.563 4.56 20 10
S50-31 19 0.518 0.135 0.348 | 0.473 4.90
S0-32 20 0.510 0.156 0.334 | 0.478 5.08 a: Corrected
S0-43 12 0.558 0.032 0.410 | 0.153 5.49 . ironandiron
S0-49 | 15 | 0485 0232  0.284| 0.505  4.23 oo hree sulphide)
S0-72 16 0.554 0.042 0.404 | 0.243 5.38 phase equilibrium 983°C
SO-73 16 0.515 0.142 0.343 1 0.478 4.96 (iron. wustite and
SOW-2 | 6 | **0.476 **0.264 **0.260 | 0.663  4.03 melt ) 30 °
SOW-8 15 | **0.476 **0.264 **0.260| 0.652 4.27 at%hs
b) 1100°C Fig. 5. Composition of iron oxysulphide melts
- saturated with metallic iron in this work, along
ASO-1 4 0.523 0.159 0.318 — - ith th lts by H d Craprs®
ASO-4 4 0.501 0.218 0.281 — — w1 € results by HILTY an RAFTS™.
ASO-12 4 0.548 0.084 0.368 — -
AS-32 5 0.595 0.000 0.405 — —
S0-3 6 0.568 0.045 0.387 | 0.234 6.95
S0-6 6 8.543 0.111 0.346 0.;123 6.27 0.9 — T — .
SO-9 6 .546 0.106 0.349 ) 0.416 5.97 1100°C
S0-10 6 0.511  0.186  0.304| 0.518  5.72 8 \__‘ . s .
SO-14 6 0.564 0.067 0.370 | 0.384 6.20 c 0.8F ~— .
SO-15 6 0.511 0.190 0.299 | 0.534 5.59 -
S0-27 6 0.519 0.172 0.309 | 0.526 5.93 g N as
S0O-33 19 0.531 0.141 0.328 | 0.455 6.15 0"7_‘ 4
SO-34 19 0.509 0.195 0.296 | 0.534 5.88 " —_— o T
S0-40 13 0.513 0.184 0.303 | 0.485 5.93 ° No'
S0-41 13 0.543 0.097 0.361 ] 0.344 6.15 Q.4 —
S0-42 13 0.566 0.043 0.392 | 0.196 6.85 No'
S0-50 21 0.491 0.246 0.263 | 0.569 5.07 A\M—\S
S0-51 15 0.497 0.229 0.275| 0.569 5.14 “—-5 0.3+ X, < ]
SO-54 6 0.485 0.266 0.249 | 0.587 5.01 g No' [ Gircutating |Gasphase Melt
SO-56 | 20 0.524  0.145  0.330| 0.463 5.91 c gas do Gs |No Approach
SO-75 16 0.561 0.069 0.370 | 0.261 6.41 = 0.2+ - > Oxidatio
SOW-3 6 | ¥**0.473 **0.322 **0.205| 0.741 4.27 o Hz-H:0-H.5(0.397 fadtion
SOW-6 6 | **0.473 **0.322 **0.205| 0.742 4.27 Z 4 | 4 Deaxidation
4 01 - Ar - - o -
) 1200°C o * ) ' % '
¢ time, (h) 0 30
ASO-5 4 0.581 0.056 0.363 — —
ASO-6 4 0.508 0.220 0.272 — — i N N
ASO-13 | 4 0.537 0.150 0.313 — — Fig. 6. Approach to equilibrium at 1 100°C.
AS-33 5 0.623 0.001 0.377 — —
S0-5 6 0.566 0.094 0.341 | 0.351 7.32
SO-7 6 0.543 0.139 0.319 | 0.464 6.89 . . .
S0O-20 6 0.502  0.23¢  0.264| 0.565  6.56 & #ARZE & Hwty & Crarts (252 Ar A COMR
S0-22 6 0.479 0.323 0.198 | 0.671 5.20 . _
S0-28 6 0.480  0.315  0.205| 0.664 5.39 MR ERICLCAROSES S ZELL 2 LIcL il
SO%; 12 0.277 0.346 0.177 | 0.679 4.$4 T N N
SO- 0.497  0.252  0.251| 0.541  5.79 ) able 2 173 2 VA4
2839 13 0.495 0.260 0.245 | 0.572 5.99 L’ € *n%’t‘? Tabl ‘ {&‘*Eq]ﬁkﬁj 0T ﬁj$
-44 12 0.596 0.043 0.361{ 0.262 7.58 A : - o/ = - ] =
SO45 | 12 | 0.589 00000300 0.307 747 N;, Fig. 52 at. %i L LOURLZ (TIREKRESED).
SOW-4 6 0.475 0.386 0.139 | 0.807 3.76 s 5 - =5 s
SOW_10 | 14 | **0.475 **0.386 **0.139| 0.805  3.84 % B SOW R OBRARMM I Lo MMB ok E

* . Calculated from E. M. F. and equation (3),

extrapolated from measured values,

* ¥ . Mole fraction

A5 A b T LR (Fig. 5) ~08FIck > T

(£2.3%), Ng (£1.7%)

HIEIZL7 oMY Fig 5 KBEBDREFTELT
RE. T o Hoty & Crarrs® 10K 2 Ar RO

R (G rBaoits) Kbzt AE—K L .

LLEX D Hy R R &M L 72 BARTRESO wt% i

Error range : Np. (£1.3%), No i%-f.: :@%% Flg. 7~9 (f&fﬁ) t@%%ﬁb:i)%%‘?
L7

72 1100°C TO# A & EME O TFHEENS * Fig.
6 II/RY. RN E—EKBERDEC L TRMAFO P,
P (£0.6%) OEBETICBITHHEMS N (k)
LEMBO as BALER L. BAHOBILHE%S 6h
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C, Ar BT 3h TEBIEL TV A,

5 % =

5-1 BEREORRY

Eifll ao EOKER, ED £0.3mV, @ED +1°C,
R VR0 (14)ROMEE £200 cal 123
T2 +2.2mV #EEOEBFINICH TEID T £7.1%
B, L LEo Fig 7~9 R T X ICENO
% Go D aoC 7o OEERE oo B INXY H/HE
v,

FHEN L S ICBBOEEIA 0.9V AIREKEW
BAETHEAERENBOBFZECIAEERETE S
RS MEBEONERM~ORAFHECEET S
ERbhB,

22T 1140°C T8k 27 4 F 253 % Hy-HoO
B 7 A Po, BBEFIC, SREMNOZERE #Ek
RO Po, &0 b4 LEVEEHIO Po, & b2 CO-CO, iR
EHACESBRGEOFEREENZMELL. £O
R TFHEEENLNL 13nVETTA2RETHO.
I He-HoO BE 7 A DBRERE N RO z0VE
OBEORII S THMEHMD Po, I HHELL
W kR, Bibou b RIFTHO O TRIIBONE
B bL/N S ot Bbns.

5, EB as DIE#ERE o5 bHEBD Fig. 7T~9 12
fiER L 7.

8 5 I HUH R DAL TR A & SR 72 B RLST D
ENSEOBEMHP % Table 2 OTITHRL 2.

5-2 WEPOMBELHROEER
Fig. 5 DMK S OBRE* AL L EREE D No O

. 9 Ns' 05 1
1
1000°C SSC
[
(>N
» | Calculated
o Measured |
05 o a N
8 a .Cl(s) | acf
|
|
Q
0 |
1 05 Ny O

aoC, as® : Calculated each other

Closed symbol : Saturated with iron and wustite

¢; : Standard deviation for measured g;

a: 0.031, og: 0.018
Fig. 7. Activities of oxygen and sulphur in iron
oxysulphide melts at 1 000°C.
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(a) Partial molar enthalpies and partial molar excess Gibbs ener-
gies
(b) Partial molar excess entropies

Fig. 10. Partial molar quantities of iron oxysul-

phide melts at 1 100°C.

Table 3. Gas composition in equilibrium with
iron, wustite and iron oxysulphide melt (this work).

Temp. %&0 %ZEXI():! Po, Ps,
(°C) 2 2
a b c a b d

1000 10.653| 4.12 4 [1.22x10715| 9.57x10~8

1100 |0.708| 4.15 4.43%107 "] 3.50x1077 4.2x1077
(1120°C)28

1200 |0.768) 3.61 3 [1.05%X107!2| 8.02%1077 9.0%x10~7
(1250°C)2"

a and b : From the intersection between ag® curve and asC curve and
the composition of melt saturated with wustite in Fig. 7~9

c:The values obtained from previous experiments by authors®?
d : Earlier works
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