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Synopsis: Chemical eguilibrium of copper distribution between FeS flux and carbon satu-
rated liquid iron has been studied to establish the thermodynamic data concerning the
copper removal from steel scrap by sulfide flux. Effect of the addition of alkaline
metal sulfide MSg.5 (MSp.5: LiSg,5, NaSp,5, KSg,5) or alkaline earth metal sulfide MS (Ms:
MgS, CaS, SrS, BaS) to FeS on copper distribution are also studied at 1673K.

The copper distribution ratio defined as Lgy=(mass%Cu)fjyx/[mass%Culpeta]l was only
about 9, and sulfur content in molten iron showed quite high value of about 1.9 massk when
pure FeS was used as the flux. However, the addition of MSp 5, SrS or BaS to FeS in-
creased Loy and lowered the sulfur content in liquid iron markedly. The maximum values of
Loy of about 20 to 30 were obtained in each flux. On the other hand, no apparent effect
of MgS or CaS on Lgy was observed due to their limited solubility in liquid FeS.
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) Intréduction

A widely concerned problem in the recycling of steel scrap is the accumulation of
tramp elements, mainly copper, in the scrap. A practical process for copper removal thus
is to be developed as soon as possible. A number of suggestions have been proposed for
copper removal process [1]. Among them, sulfide flux treatment [2]-[4] is considered to
be most possibly acceptable for the industrial purpose. However, the equilibrium studies
on this process by means of FeS-NaSp 5 flux have recently been reported only by Imai and
Sano [5], and Jimbo et al. [6]. Therefore, the present study focused on the chemical
equilibrium of copper distribution between FeS-based flux and carbon saturated iron melt.

Present work consists of following four parts; 1) copper distribution ketween FeS and
Fe-Cgat. melts, 2) effect of alkaline metal sulfide, MSp, 5, such as K3S, NagS or LigS, and
3) that of alkaline earth metal sulfide, MS, such as MgS, CaS, SrS or BaS on the copper
distribution, and 4) distribution of Sn, Sb, Ni, Cr, Mn and Mo between FeS-NagS flux and
iron melt. Most of the measurements were conducted at 1673K.

2. Thermodynamic background on the copper removal by sulfide flux

Copper removal by sulfide flux is based on the facts that the affinity of Cu for S is
stronger than that of iron, and liquid FeS is immiscible with iron melt in Fe-S5-C ternary

system. Reaction of copper removal from iron melt by sulfide fluxes is given by Eg.(1).
Cu+1/28 =CuSy 5(1)  AG] = 6,966 - 6.74 T [7], [8] (J/mol) (1)
_ 1/2y _ 1/2
Ky = agys,. &/ (Bcuds’®) = 7 cuse. s¥cuso.s” (7 cu *cu a§/?) (2)

Where agy and aguSg.s refer to Raoult’s law, and ag refers to Henry’s law. The sulfides
in the flux is expressed as the monocationic species. Rearrangement of Eq.(2) gives the
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copper distribution ratio between flux and carbon saturated liquid iron as Eq.(3).
Loy = (mass%Cu)flux/[mass%Cu]imn = C Ky aé/z (7 e/ CuSg 5) (3)

Where C is the term to convert the concentration. Since ape is almost constant in the
present work [10], ag is proportional to apeg. Accordingly, Loy can be written as Eq. (6).

Fe(l) + S = FeS(1) Z&Gz = 9665 - 24.06 T [8], [9] (J/mol) (4)
Kq = aFeS/(aFe aS) (5)
LCu = B a%ég (7'Cu/7'CuSo.5) (6)

Since 7 gy in Fe-Cgat, melt does not vary much in this work [11], Lgy mainly depends
on the terms of apeg and 7 (ysqy.s - A higher apeg and smaller 7 (ousg.s would result
in the larger Lgy. However, it is not practical to have a large apeg anyway. Thus the
decrease of 7 CuSgq.s in the flux becomes the key point for this process.

3. Experimental

About 10 g of master alloy and 6 to 10 g of synthetic flux are charged in a graphite
crucible (35mm o.d., 20mm i.d and 40mm in depth), and a graphite 1lid was attached to the
crucible to minimize the evaporation of alkaline metal from flux. Then the sample is
heated and melted in the induction furnace under purified argon flow. The temperature was
manually controlled within +10 K to the aimed with a Pt-Pt13%Rh thermocouple. The hold-
ing time to attain equilibrium was preliminary determined by distributing copper from iron
to flux and vice versa. After the attainment of the equilibrium, the sample quenched
with a helium gas flow and each component in both phases is chemically analyzed.

4. Results and Discussion

4-1. Distribution of copper between molten FeS and Fe-Cgat, melt

Figure 1 shows the variation of 1% | |
Loy between pure FeS flux and Fe- FeS flux
Csat. melt with Xpysg.s in the flux 12 : i —
at 1573, 1673 and 1773XK. It is seen 0. . o
that the effect of CuSp. 5 content on 10—28 —O o m
Loy is very small so that Loy is 3 B— .le'_.'_.—.o—._o g _°— ]
almost constant value at a given _j) e e e® e
temperature. At 1673 K, Loy is (o — o _ ;
about 9. The higher temperature | |
seems to favor the increase of Lgy. 4 — O Jimbo etal. present work —

The sulfur pick-up in iron melt (1673K) 0O 1773 K
might be a problem in this process . l | © 1673 K
of copper removal. It 1is shown 0 g Bk
later in Figs. 3 and 5 that the 0 0.04 0.08 0.12 0.16
sulfur content in Fe-Cgqat, melts is XCUS
a high value of about 1.9 mass%. 0.5

According to above-mentioned Fig. 1. Effect of CuSg s on L, between FeS flux and carbon

results, FeS is capable of removing saturated liquid iron.

copper from iron melt. However, the
Loy is not more than 10 in spite of the high sulfur potential of the system. Therefore,
the effort to increase Lgy has to be focused on the decrease of ¥ 6uBy. &

4-2. Effect of alkaline metal sulfides on copper distribution

The effect of additives on 7 (oyg is examined in the low content range of CuSgp. s,
e.g. XCuSg.5¢0.02 herein after in the View of the practical situation.

Effect of content of KSg 5, NaSg,5 or LiSg 5 in the flux on Lg, is presented in Fig.
2. Figure 2 shows that Lgy increases with increasing any XMgg.s in the flux and reaches a
maximum at about Xgg, 5=0.3, XNaSg.5 =0.4 and X[jgy.5 =0.6. This fact indicates that the
addition of MSp 5 to molten FeS is effective in promote copper removal. However, the
further increase of MSp,5 tends to decrease Lg, slightly. The maximum of Lo, is 20, 24
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and 30 in FeS-KS8p,5, -NaSp,5 and
-LiSg,5 flux, respectively.

Figure 3 shows the relation
between the equilibrium sulfur
content in Fe-Cgat, melt and Xy %
in flux. It is seen that the sulfur
content in Fe-Cgat., melt decreases
markedly with increasing XMgo.s in
FeS-based filux, e.g. [mass%5] de-
creases from about 1.9 at Xyg, ;0 to
about 0.1 at XLiso_5=0.75. .

Based on the above results, it is
concluded that the alkaline metal
sulfides are effective in both
increasing Lgy and suppressing the
sulfur content in Fe-Cgyt, melt.
The main reason for this result is
regarded as that MSp,5 in the flux
reduces the activity coefficient of
CuSg.5 largely. Though Lgy tends to
decrease slightly with greater MSp 5
content after the maximum of Lgy,
this decrease is essentially insig-
nificant. In contrast, Fig. 3 shows
the sulfur content in Fe-Cgjat,
decreases monotonously with increas-
ing XMso.5- Therefore, it is possi-
ble to obtain Loy of 20 to 30 with
[mass% S] in iron below 0.1 if the
flux composition is selected at high
XMSo.S’ e.g. XMSq.5 " 0.7 to 0.8.

4-3. Effect of alkaline earth metal
sulfides on the copper
distribution

Figure 4 shows the relation
between Lg, and Xyqg in fluxes. No
apparent effect of MgS and CaS on
Loy was observed due to their limit-
ed solubility in liquid FeS. Lcu
does, however, obviously increase
with increasing Xgpg or Xpag, the
maximum value being about 22 with
near saturation of SrS. The varia-
tion of Lgy against Xpsg appears
very close to that with FeS-MSy ;5
fluxes. Lgy increases with increas-
ing Xpas when BaS content is low and
becomes maximum of about 19 around
XBag=0.25 until BaS saturation. The
maximums of Lgy with FeS-SrS and
FeS-BaS fluxes are nearly equivalent
to those with FeS-MSp 5 fluxes.

Figure 5 shows the relation
between the sulfur content in Fe-
Cgat. melt and ZXys. The sulfur
content decreases monotonously with
increasing XMg and becomes a certain
value after MS saturation. The
difference in [mass%S] is negligible
at a given XMg for four FeS-MS
fluxes within the homogeneous liquid
range of fluxes. This means that
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Fig. 2. Effect of alkaline metal sulfide, MSqs, on Lg, in
FeS-MS,_ 5 fluxes.
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Fig. 3. Effect of MSq 5 on sulfur content in carbon saturated
liquid iron in FeS-MS, s fluxes.
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Fig. 4. Effect of alkaline earth metal sulfide, MS, on L, in
FeS-MS fluxes.
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the effects of the four sulfides on
afes in the flux are the same.

4-4. Activity coefficient of CuSp_ 5
and activity of FeS in flux

From Eq.(6), the distribution
ratio of copper is mainly dominated
by 7 cuSg.s and apeg which depend

largely on flux composition. There- 4

fore, the effect of the flux compo-
sition on Lgy is described quantita-
tively from the behavior of these
two factors.

The activity coefficient of
CuSp.5 and the activity of FeS in
the flux are related to Eq.(7) from
Eq.(2) and to Eq.(8) from Eq.(4),
respectively.

- 1/2 /y
Y cusg,s = K1 2cu 28" Vous, 5 (1)

apes = Ky ape ag (8)

Since ag, ape and 7y in liquid iron
are known [10], [11], YCuSqg.s and
apes in the flux can be calculated
from the compositions of metal and
flux.

Figure 6 shows the relation of
a}ég to the contents of various
MS9 5 and MS in fluxes. Generally,
a%eg decreases monotonously with
increasing XMgg 5 , i.e. MSg 5 lowers
activity of FeS so that it is able
to suppress the pick-up of sulfur.
KSg,5 among MSgp 5 seems to be the
most effective to decreasing
a%ég, and the effect is followed
by NaSgp, 5. However, no measurable
difference is observed between
a%ég and XMSO among three kinds
of fluxes when "Xygp.5 exceeds 0.5.
The effect of MS on aﬁég is
considered to be equivalent as shown
also in Fig. 5.

Figures 7 and 8 presents the
relation of YCuS, 5 to XMSO 2 and
XMs in fluxes, respectively. "> At a
given Xmg within Xygy.5 of 0.5,
KSp.5 is the most effective to
decreasing Y CuS among the three
kinds of MSp 5. *'But at Xugy.s of
0.5, Y CuSo.s becomes nearly equiva-
lent for three FeS-MSp 5 fluxes and
tends to a constant of about 0.5
with further increasing XMSO g

Topkaya [12] has measured the
activities in NaSp, 5-CuSp.5 binary.
An extrapolation from his data leads
to a value of about 0.6 for 7 Bus, g
in NaSp, 5 melt, which is very close
to the result at high content of
MSg,5 in the present work. It is

1/2
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Fig. 5. Effect of MS on sulfur content in carbon saturated
liquid iron in FeS-MS fluxes.

© FeS-LiSq 5
@ FeS-NaSg 5
O FeS-KSgp 5

n) B O o) Nasos
j =%
O 041 A Fes-Mgs e S 1
A FeS-Cas 05 Neg
0.2f| g Fes-srs \
@ FeS-Ba$s
0 1 r 2 I 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
X or X
MS; 5 MS
Fig. 6. Effect of MS; 5 or MS on a2 in FeS-MS, s fluxes.
3 . . : . T . ; . —
o © FeS-LiSys flux
o~_ o ® FeS-NaSyg flux | |
N FeS-KSye fl
2 F e o 0.5 flux o
o X 0.02
g o\. CuSys <
B | ]
8 o\. 6)
= %
1 Cr X PN -
o —2ps 8
\.9\ )
T=1673 K ®
0 1 1 1 1 1 1 1 1 i
0 0.2 0.4 0.6 0.8 1.0
X
MSO.S
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fluxes.
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thus suggested that 7 (cus 5 might
not be lowered than 0.5 by the 3
addition of MSp, 5 tc molten FeS.

Figure 8 shows that the effect
of MgS and CaS on 7 (uySp.s does not
seem to be significant, though 2
Y CuSg.s tends to decrease slightly.
In the case of FeS-SrS and FeS-BaS
fluxes which have a wider homogene-
ous liquid range, 7 (uSo.s decreases 1
notably with increasing the content
of SrS or BaS in the flux, so that
Loy is increased. However, the
decrease rate of 7 cuSg.s becomes 0 . | . | ) "
lower with the increase of Xgpg and ) 0.1 0.2 0.3 0.4
XBaS» 7 CuSo.s tends to be an cer X
tain value at the composition close MS
to SrS and BaS saturation similar to Fig. 8. Variation of ycys,, With MS content in FeS-MS
the case of FeS-MSp 5 fluxes. This Bies, o
tendency of 7 cuSo.s variation sug-
gests that the increase in the
capacity of copper removal with FeS-based flux by the addition of MSg, 5 and MS is limited.

1
A FeS-MgS flux
A FeS-CaS flux
O FeS-SrS flux| _|
@ FeS-BaS flux

T
CuSy 5

4-5. Limitation of copper removal by FeS-based fluxes

The copper distribution ratio using various fluxes and the corresponding sulfur con-
tent in iron melt are summarized in Fig. 9. In view of practical application, it is
desirable to obtain.a larger Lgy and a lower sulfur content in iron melt. Therefore, the
preferable condition is shown in the upper-left corner of the figure. For this purpose,
FeS-LiSqp,5 system is the most
suitable flux among the fluxes
investigated here. Imai and Sano ES
[5] substituted KSg.5, LiSg.5, CaS s
and BaS for a part of NaSp,5 in FeS-
NaSg,5 flux by  to examine their
effects on Lgy- Their results
indicated that Lgy could not be
raised by these substitutions.
Jimbo et al. [6] reported that there
was no beneficial effect on Lgy by
the addition of PbS, MnS and AlpS3
into FeS-NaSp,5 flux.

Thus, it might be difficult to

T T T T T T

develop a sulfide which can drasti- 00 1 65 A 1 . A ,
cally lower 7 (uSgq.y though informa- : 1.0 1.5 2.0
tion on phase diagrams of sulfides [mass® S]

has not been yet adequate. There-

fore, the Lg by FeS-based fluxes Fig. 9. Relationship between Lc, and sulfur content in
migh{ Be li;ited to be about 30 carbon saturated liquid iron equilibrated with

which can be obtained with LiSg, 5. FeS-MS, s and FeS-MS fluxes.
4-6. Distribution of the other elements between FeS-NaSp 5 flux and Fe-Cgat, melt

It is of significance to know the distribution behavior of the other tramp elements and
some valuable alloying elements for treating iron melt with sulfide fluxes. Figure 10
shows distribution ratios of Sn, Sb; Cr, Ni, Mn and Mo between FeS-NaSg 5 flux and Fe-
Cgat. melt against the content of NaSg,5 in the flux.

The distribution ratios of Sn and Sb between FeS and Fe-Cgat, melts are about 1.1 and
1.6, respectively. The increase of Xja§ in the flux tends to lower Lgy and Lgp, espe-
cially for Lgp. It is known that the chemical affinity of Sn and Sb for sulfur is weaker
than that of iron. Hence it may be concluded that, as expected, the removal of Sn and Sb
with FeS-NaSgp. 5 flux is not effective. Among the alloying elements, the distribution
ratios of Cr, Ni and Mo are about 3, 1.2 and 0.04, respectively. Lgp does not seem to
change so much with increasing XNag, g in the flux, while Lyj and Ly, decrease obviously.
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Thus the loss of these elements is

s e s . s 3.0 : . T . : 1000
regarded to be insignificant in this .——"1F'Mn
process. In contrast, Mn which has i—*“’—————’—-_— {500
strong affinity for sulfur reaches a F
distribution ratio as high as 400 [mass *% Mn]=0.009-0.015 1200
which increases further with in- 2.2
creasing NaSp, 5 in the flux. This
means the loss of Mn during the
treatment is inevitable.

5. Conclusions

Lme

Chemical equilibrium of copper
distribution between FeS-based
sulfide flux and Fe-Cgat, melt were
observed and the following conclu-
sions were made:

(1) Loy was only 9 at 1673K when
pure FeS is used alone despite the
high sulfur content of about 1.9
mass% in iron melt.

(2) The addition of alkaline metal
sulfides, such as K9S, NagS and O
LigS, and alkaline earth metal ) ) . )
sulfides, SrS and BaS, increased 0 0.2 0.4 0-6
Loy, while [mass%S] was suppressed XNuSos

markedly. However, the increase in .
Loy was quite limited. The maximums Fig. 10. Effect of NaS, s content on the distribution ratio of

of Lgy were about 20, 24, 30, 22 and Sn, Sb, Ni, Cr, Mn and Mo between FeS-NaS$, 5 flux
19 for the fluxes of FeS-KgS, -NasS, and carbon saturated liquid iron at 1673 K.
-LigS, -SrS and -BaS, respectively.
The main reason for the increase of Loy was the significant decrease of 7’CuSO g by the
addition of these sulfides. .

(3) An effective removal of Sn and Sb could not be expected during copper removal by
sulfide fluxes. On the other hand, the loss of Cr, Ni and Mo was insignificant but Mn
would be lost almost in all.

01

0.005

Acknowledgements

The authors are indebted to Messrs. J. Hirama and S. Kitagawa, Nisshin Steel Co., Ltd.
and Mr. Y. Ohtaki of Recruit Co. for their assistance. This work has been financially
supported by Grant-in-Aids for Encouragement of Young Scientists in 1988, and for Scien-
tific Research (c) in 1989 and 1990 from The Ministry of Education and Culture.

REFERENCES
1) P.V.Riboud and M.Bourge: Ironmaking Steelmaking, 12(1985), 285
2) F.C.Langenberg and R.W.Lindsay: Trans. AIME, (1954), 967
3) F.C.Langenberg, R.W.Lindsay and D.P.Robertson: Blast Furnace and Steel Plant,
43(1955), 1142

4) H.V. Maker and B.W.Dunning Jr.: J. Metals, 21(1969), 19

5) T.Imai and N.Sano: Trans. Iron Steel Inst. Jpn., 28(1988), 999

6) I.Jimbo, M.S.Sulsky and R.J.Fruehan: Proc. W. O. Philbrook Memorial Symposium, ISS-
AIME, Warrendale, PA, (1988), 133, Iron & Steelmaker, 15(1988), Aug., 20

7) E.T.Turkdogan: Physical Chemistry of High Temperature Technology, (1980), 5
[Academic Press]

8) S.Ban-ya and J.Chipman: Trans. Met. Soc. AIME, 242(1968), 940, 245(1969), 133

9) J.F.Elliott, M.Gleiser and V.Ramakrishna: Thermochemistry for Steelmaking II, (1963),
621. [Addison Wesley Pub. Co.]

10) C.Wang, J.Hirama, T.Nagasaka and S.Ban-ya: ISIJ Int., 31(1991), 1292

11) C.Wang, T.Nagasaka, M.Hino and S.Ban-ya: ISIJ Int., 31(1991), 1300, 1309

12) Y.A.Topkaya: Ph.D. Thesis, McMaster Univ., Hamilton, Ontario, Canada(1974)

— 261 —



