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The distribution of tin, selenium and tellurium between alumina-containing fayalitic
s lags and metallic copper was measured at 1200 and 1300°C under controlled CO-COs
atmosphere with oxygen partial pressure (/)02) in the range PO2 = 10"~ t o 10-11 atm (1 atm
-- 1.013 × 102 kPa). The solubility of Sn in slag was observed to increase linearly with

• 1/2increasing PO2" It was deduced that Sn is present in the slag in the form of SnO or Sn2+
and the activity coefficient of SnO in the slag was calculated t o be 1.9 at 1200°C and 0.8
at 1300°C. The solubility of Se in the slag decreases with increasing oxygen partial
pressure up to 1)O2 = 4 x 10-s arm, but above this oxygen partial pressure it becomes
practically constant and the r a t i o (pct Se in slag/pct Se in copper) = 0.018 (at 1200°C)
and 0.036 (at 1300°C). The solubility of Te shows a s i m i l a r variation wi!h oxygen partial
pressure and the ratio (pct Te in slag/pct Te in copper) = 0.026 (at 1200 C) and 0.032
(at 1300°C) above I)o2 = 10-8 atm. A concept of molecular dissolution of chalcogen ele-
ments in slag was developed on the b a s i s of thermodynamic properties of slag, and the
observed solubility of Se and Te was explained in t e r m s of the chemical stability of the
molecular cluster FeSe and FeTe i,, the s lag .

C OPPER concentrates usually contain a number of
m i n o r elements, the control of which in copper smelt-
ing processes is often a key to the quality of the
anode copper produced and may also have a b e a r i n g
on the overall economics of the process. Selenium
and tellurium may be important by-products of cop-
per smelting and refining and the process should be
operated in such a way that the highest recovery
possible of these elements is achieved. Tin is not
usually a by-product and efforts are made to elimi-
nate tin during smelting.

Minor elements are eliminated in copper smelting
processes by both slagging and volatilization. Know-
ledge of the thermodynamic properties of the minor
elements in slag is very important in the control of
the slagging reactions, although to date very little is
known regarding these properties.

This study is an extension of previous work1 on the
distribution of Pb, Bi, Sb and As between slag and
metallic copper and was undertaken to investigate
the distribution equilibria of Sn, Se and Te as a
function of temperature and oxygen potential.

E X P E R I M E N T A L

The apparatus, starting materials and experimental
technique used in the study were the same as described
in previous papers.1,2 The only change was that the
charges were doped with s m a l l amounts of reagent
g rade Sn, Se and Te (Table I). Equilibration was car-
ried out for 20 h (1200°C) and 10 h (1300°C). The at-
tainment of equilibrium was based on the previously1,2
established experimental conditions under which the
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equilibration between the melt and CO-CO2 gas was
confirmed. The slag and copper were analyzed for
Sn, Se and Te at the end of each experiment. In addi-
tion, the copper was analyzed for Fe, and the slag
was analyzed for Cu, SiO2, A1203 and Fe203. Selenium
and tellurium in copper and slag were determined
u s i n gX - r a y fluorescence spectrometry after a pre-
concentration step by precipitation with arsenic as
collector. Tin in the copper and slag was analyzed by
polarographic techniques.

RESULTS

Experimental results are summarized in Table I.

DISCUSSION OF RESULTS

Copper Solubility of Slag

It has been well established that copper dissolves
in fayalite slag as CuOo.3 (Refs. 1, 3-5) in the absence
of sulfur. The metallic copper phase in the present
study is practically at unit copper activity, or acu

1.0, in view of the low levels of minor elements
(<1.0 pct). Therefore,

~C02~~,2
acuo0.s= K 2 \ ~ ] [1 ]

where K2 is given in Table 11.6-12
The activity of CuOo.s calculated by Eq. [1] is

plotted against the observed copper concentration in
slag in Fig. 1, which also includes the previous values
by Nagamori, Mackey and Tarassoff.1 No distinction
is made between the experimental data of this investi-
gation and the previous s tudy,1 s i n c e all measurements
were made using the same procedures, and the analy-
t i c a l techniques were the same in each c a s e . Although
the data show considerable scatter in the high CuOo.s
activity r ange , it appears reasonable to approximate
the experimental points from both studies by the tem-
perature-independent relations:
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[Cu]sI = 27 acuo0.5; R = 1.5 l
[2]J[Cu]s l = 35 acuo0.,~; R = 2.0

where [ ] refers to weight pct (see Symbols).
The CO2/CO ratios which correspond to magnetite

saturation in the fayalitic s lags are presumably about
30 and 60 at 1200 and 1300°C respect ively .2 T h e s e
COJCO ratios correspond to aCuO0.5 = 0.10 and 0.21
at 1200 and 1300°C, respect ively . Those experimental
points at 1200°C which are found in the range where
acuO0.,~ > 0.09 (or pct Cu > 2.5) may therefore be con-
s idered to indicate the magnetite saturation, which
i s marked by the almost constant copper concentra-
tion while the activity of copper oxide increases (Fig.
1). Copper contents at magnetite saturation are

about 2.5 pet (or acuo0.5 ~ 0.09, line A in Fig. 1) and
2.9 pct (or acuo0.5 ~ 0.08, line B in Fig. 1) corres-
ponding to R = 1.5 and 2.0, respect ively . The exper i -
mental points at 1300°C which are found all in the
range acuO0.~ < 0.191 do not s e e m to indicate the ef fect
of magnetite saturation.

Eq. [2] may be compared with the data at 1300°C
for alumina-containing s i l i ca-saturated fayalitic s lags
by Toguri and Santander13 expressed by,

[Cu]s1 = 29.7 acuo0.5. [3]

The data for alumina-free s i l i ca-saturated fayalite
s lags by Ruddle, Taylor and Bates ,14 and Altman and
Kellogg 4 at 1200 to 1400°C are given3 by the equation,

[Cu]s1 = 35.9 acuo0.5. [4]

Table I. Experimental Conditions and Results

Reciprocal Distribu tion
Analysis Coefficient

E q u i -
Temperature, Fe CO2 libration p~: Pct Pct Pct Pct Pct S n Se Te t 1 1

Number ° C SiO2 CO Time, h (atm)1/2 Phase* Cu SiO2 A1203 Fe203 Fe ppm ppm ppm L s n Lse LTe

M C - 0 . 2 8 1 8 0 0 1600 1060
16 1 2 0 0 1.5 2 2 0 6.61 × 1 0-6 0 . I 1 0 0 . 0 3 3

SL 0 . 7 0 27.2 9 . 0 2 . 3 - 170 3 5

M C - 0 . 0 9 6 2 1 0 0 1300 9 2 0
17 1200 1.5 5 21 1.65 X 10 "s 0 . 0 2 1 0 . 0 6 5 0 . 0 4 0

SL 1.22 27.5 8.3 3.6 4 4 8 4 3 7

M C 0 . 0 2 7 1500 2 0 8 0 1 0 8 0
18 1200 1.5 10 2 0 3.31 × 1 0-5 0 . 0 3 9 0 . 0 4 0 0 . 0 3 1

SL 2.20 27.5 9.2 11.4 5 8 8 4 3 4

M C 0 . 0 0 8 1920 1 9 6 0 1250
19 1200 1.5 2 0 2 2 6.61 X 1 0"s 0 . 0 7 3 0 . 0 3 2 0 . 0 2 8

SL 2.73 24.2 10.0 ] 2.3 140 6 2 3 4

M C - - 0.01 1800 2 3 0 0 1010
2 0 1200 1.5 4 0 2 3 1.32 × 1 0-4 0 . 1 4 0 0 . 0 2 3 0 . 0 2 8

SL 2.69 7.5 2 5 0 53 3 5

MC - - 0.31 2 4 0 0 1890 1010
21 1 2 0 0 2 . 0 2 2 0 6.61 × 1 0-6 0 . 0 2 4 0 . 1 0 0 0 . 0 3 2

SL 0.85 27.1 7.1 4 . 0 -- 58 1 9 0 3 2

MC 0 . 0 2 9 2 4 0 0 1940 1160
2 2 1 2 0 0 2 . 0 1 0 2 0 3.31 × 10"s 0 . 0 9 2 0 . 0 5 0 0 . 0 2 8

SL 2 . 4 8 2 5 . 0 6 . 4 7 . 7 - 2 2 0 9 7 3 2

MC - -- 1 5 0 0 2 2 3 0 1 3 7 0
25 1 2 0 0 2 . 0 2 0 2 0 6.61 X 10"s 0 . 1 3 0 0 . 0 3 0 0 . 0 2 6

SL 3 . 0 0 2 4 . 8 4 . 5 8.3 2 0 0 6 6 3 6

M C - - 0 . 0 1 3 1 7 0 0 2 0 9 0 1 0 1 0
23 1 2 0 0 2 . 0 4 0 19 1.32 × 10-4 0 . 2 2 0 0 . 0 2 5 0 . 0 2 6

SL 2.81 24.7 5 . 0 9 . 4 3 7 0 5 2 2 6

M C - - 1000 1970 8 4 0

3 0 1300 2.0 2 11 2 . 8 7 X 1 0"s 0 . 0 6 3 0 . 0 3 6
SL 1.31 22.5 15.1 3.4 - 120 3 0

MC - - - 1300 1 9 8 0 1150
31 1300 2 . 0 10 10 1.43 X 1 0-4 0 . 1 4 0 0 . 0 3 9 0 . 0 3 1

SL 3 . 5 0 22.4 10.0 7.8 - 180 7 8 3 6

MC - - 1000 2 0 8 0
3 3 1300 2 . 0 2 0 10 2.87 X 1 0-4 0 . 2 5 0 0 . 0 3 8

SL 6.08 21.6 7 . 4 6 . 6 2 5 0 7 8 4 0

MC - - 1 1 0 0 1910 8 9 0
3 2 1 3 0 0 2 . 0 4 0 10 5.74 X 10-4 0 . 5 7 0 0 . 0 3 7 0 . 0 3 4

SL 5 . 6 0 2 1 . 0 8 . 2 - 6 3 0 7 0 3 0

Charge: 8g slag, 8gCu, 20 mg S n , 3 0 m g Se, 2 0 m g Te.
*MC = metallic copper; SL = slag.
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T a b l e I I . Free E n e r g y Data a n d E q u i l i b r i u m C o n s t a n t s

Ki
Reaction AG°, cal/mole* 1200°C 1300°C Reference

I
2
3
4
5
6
7
8
9

10
11
125.
135"

Cu(O + %02(g)= CuOo.~(/)
Ca(t)+ %CO:¢g) = CuOo.~(O + %CO(g)
Sn(/)+ 1/20:z(g) = SnO(/)
Sn(/)+ 02(g) = SnO2(s)
J/2Se2(g) = Se(g)
%Sedg) + %Odg) = SeO(g)
%Se2fg) + Odg) = SeO2(g)
*/2T%(g) = Te(g)
l/2T%(g) + 1/202(g) = TeO(g)
t/2Te2(g) + O2(g) = TeO2(g)
Fe(7) + 1/~02(g) = FeO(/)
Fe(a) + l/2S%(g) = FeSe(s)
Fe(o0 + l/2Te2(g) = FeTe(s)

17,490+ 7.21 T 1.047 X 10 7.158 1
16,260- 3.16T 1.893× 10"2 2.695X 10.2 1
62,690+ 20.69 T 6.058 × 104 1.551 × 104 6

- 140,180 + 51.52 T 3.503 × 109 1.665 × 108 7
32,780- 13.12 T 1.006 × 10-2 2.051 × 10-2 8, 9
-4,050 - 1.23 T 7.417 6.792 8, 9, 10

--43,110 + 16.10 T 7.573 X 102 2.968 X 102 8, 9, 10
27,160- 12.15 T 4.215 × 10-2 7.606 X 10"~ 11
-2,780 -- 1.48 T 5.449 5.130 11, 12
35,050+ 15.08 T 8.050X 10 3.758 X 10 11, 12
54,890+ 10.55 T 6.947 X l0s 2.107 × l0s 3
35,500+ 19.1 T 1.240 X 10 5.734 7, 11
35,100+ 19.3 T 9.78l 4.561 7, 11

*lcal=4.19J.
tExtrapolated to higher temperatures.

A s p r e v i o u s l y n o t e d~ and e v i d e n t f r o m the a b o v e
c o m p a r i s o n A12Os l o w e r s the o x i d i c c o p p e r so lub i l i ty
in f a y a l i t e s l a g s .

M i n o r E l e m e n t s in Slag

A s d i s c u s s e d p r e v i o u s l y ,~ the i n t e r a c t i o n b e t w e e n
m i n o r e l e m e n t s in the m e t a l l i c c o p p e r p h a s e m a y be
n e g l e c t e d due to t h e i r v e r y low l e v e l s in the p r e s e n t
e x p e r i m e n t s . T h e a c t i v i t y c o e f f i c i e n t of an e l e m e n t X
c a n then be a s s e s s e d b a s e d s o l e l y upon d a t a f o r the b i -
n a r y C u - X s y s t e m .

T h e d i s t r i b u t i o n c o e f f i c i e n t of e l e m e n t X b e t w e e n
m e t a l l i c c o p p e r and s l a g p h a s e s , Lx, w a s p r e v i o u s l y1
d e f i n e d by c o n c e n t r a t i o n of e l e m e n t X in m e t a l l i c cop-
p e r o v e r that in s l a g . N a m e l y ,

L× = [ X l C u [5]

I X ] s 1

w h e r e the c o n c e n t r a t i o n s a r e e x p r e s s e d in t e r m s of
w e i g h t p e r c e n t in the p r e s e n t s t u d y r a t h e r than m o l e
f r a c t i o n in the p r e v i o u s p a p e r ) In th i s p a p e r , the r e -
c i p r o c a l of LX i s mos t o f t e n u s e d and w r i t t e n a s L3(1 .

0.20 : / / /
o e.Oo.~ I / I

o , 5 / 3 , / /

Ocu°°'5o.~o J / V

0.05 ~ F[~,sio2 ] izoooc I ,~oo-c
.Zg I ' o l o ' I []

I I I I , I I
o I z 3 4 5 6

Wt. % Cu IN SLAG, [CU]sI

Fig . 1--Solubi l i ty of c o p p e r in alumina-bearing fayali t ic slag
at 1200 and 1300°C. A and B - e s t i m a t e d magnetite saturat ion
limits at 1200°C for s l a g s wi th R = 1.5 and 2.0, respectively.
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Tin

Tin may d i s s o l v e in f a y a l i t e slag in m o n a t o m i c
( g a s e o u s ) o r o x i d i c f o r m . S i n c e both SnO ( l ) and
SnO2 (s) a r e k n o w n to b e s t a b l e b e t w e e n 1200 and
1300°C ( R e f . 15), t h e s e two o x i d i c f o r m s (or Sn2+
and Sn4÷ i o n s , r e s p e c t i v e l y ) m a y b e a s s u m e d . T h e
t e c h n i q u e f o r d e t e r m i n i n g the f o r m of t in d i s s o l u t i o n
in the p r e s e n t slag i s b a s e d on a s o m e w h a t s i m i l a r
m e t h o d d e v e l o p e d p r e v i o u s l y1 f o r o t h e r m i n o r ele-

-1 ~,1/2m e n t s . In the fol lowing, the d e p e n d e n c y of LSn on cO2
is e x a m i n e d f o r v a r i o u s t y p e s of d i s s o l u t i o n m e c h a -
n i s m s in s l a g .

a) M o n a t o m i c (Sn°). W h e n a n e l e m e n t i s p r e s e n t in
slag in m o n a t o m i c f o r m , the c o n c e n t r a t i o n of the e l e -
ment in the slag i s a s s u m e d to be i n d e p e n d e n t of the
o x y g e n p a r t i a l p r e s s u r e o v e r the s y s t e m . A c c o r d -
i n g l y , i f the slag c o m p o s i t i o n does not v a r y g r e a t l y ,
then at c o n s t a n t t e m p e r a t u r e ,

L ~ = c o n s t a n t . [6]

b) SnO (Stannous , Sn2+). W h e n [ S n ] s l i s g i v e n , the
m o l e f r a c t i o n of SnO c a n be c a l c u l a t e d by ,

[Sn]JWs 
NSn O = ~3([MeO ]s1/WMe O)

= 5 . 6 5 × lO- [Sn]sl . [ 7 ]

In th i s c a s e the slag i s c o n s i d e r e d to be a m o l e c u l a r
m i x t u r e of the FeO-FeOLs-SiO2-A1OI.5-CuOo.~-SnO
s y s t e m and the s u m m a t i o n in the d e n o m i n a t o r i s f o u n d
to be p r a c t i c a l l y c o n s t a n t , b e i n g a b o u t 1.50 (+0.05) f o r
the s l a g s in the p r e s e n t w o r k .

W i t h i n the d i l u t e s o l u t i o n r a n g e w h e r e H e n r y ' s law
p r e v a i l s ,

o
aSh O = YSnONSnO

-3 o= 5.65 × 10 r S n o [ S n ] s l . [8]

T h e c o n c e n t r a t i o n of Sn in the l i q u i d c o p p e r p h a s e i s
c o n v e r t e d to a c t i v i t y by

ash = Y~nNsn

1 - 3 o: 5 . 3 5 X 0 T s n [ S n ] cu [9]
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w h e r e the value of T~n is given in T a b l e III. 16,17 When
the slag and metallic copper phases are in equilibrium
u n d e r a known oxygen potential, insertion of Eq. [9]
into the equilibrium constant relationship for Reaction
[3], Table II, yields

= K ~1/2asno 3Po2 asn

° "/~ [Sn]ca. [10]= 5.35 X 10-3K3YSnPQ

Combining Eqs. [8] and [10], the reciprocal distribu-
tion coefficient for tin is given as,

L~ln - [Sn]s1 -= c ~.1/2 [11]
[Sn]cu le 02

where c~ is a constant at constant temperature and
given as,

0.95 K3Y~n [12]
el ~ 0

YSnO

The activity coefficient o7Sn is given in Table III. Con-
sequently, the activity coefficient of SnO in slag can
be calculated from the slope cx of a l i n e a r plot of L~n

.hl/2v s ~'02" Then,
0

0.95 K3TSn [13]0
TSnO c~

Eq. [11] indicates that if tin dissolves as SnO in the
s lag , the v a l u e of L ~ will be l i n e a r with p ~O t3~"

c) SnO2 (Stannic, Sn4+). When tin dissolves in slag in
the form of SnO2, it can be demonstrated by a proced-
ure s i m i l a r t o the above ease of SnO, that the values

~1/2of L~n should be l i n e a r with PO~ r a t h e r than .~O~ as for
stannous dissolution. That is,

-1
Lsn = c ~ P o~ [14]

w h e r e
0 . 9 5 K o

~YSn
c~ = o [ 1 5 ]

"~SnO2

It is therefore evident that by examining the depend-
ency of the values of L ~ upon p ~ , the form in which
tin dissolves in the slag can be de}ermined. In Fig. 2
these hypothetical ca se s are shown schematically.
Each of the lines in Fig. 2(a) corresponds t o only one
type of dissolution mechanism. It is possible that two
or more dissolution mechanisms can o c c u r s i m u l -
taneously, as shown in Fig. 2(b) corresponding to sim-
ultaneous dissolution in monatomic and oxidic f o r m s .

oxlele FORMAS SnO (Eq.l l )

MONATOMICFORM

-I

Lsn ~ $ n O z (Eq,141

p ' / = p ' / =
Oz 0z

(a) (b)
Fig. 2--Possible forms of Sn dissolution in fayalitie slag.

MONATOMIC A N O ~

MONATOMICFORM

7 ~
J 0.6

Eto
0
t.) 04
z
o

O

, Fe/sI02 I 12OO°C ISO0"C
1.5 O

I I I l I I
I ~ 3 4 5 6

pl/Z
Oz x 1 0 4

I0
--20

2 _J

,7
3 u -

4 Z
0

5 F-

E

Fig. 3--Reciprocal d is t r ibut ion coefficient of t in between
alumina-bearing fayali t ie s l a g s and metallic copper as a
function of oxygen partial p r e s s u r e .

Fig. 3 is a plot of the actual values of L~n against
pile02" A m a r k e d linearity of the data ru l e s out both
monatomic and quadravalent dissolution of tin in the
s lag , and tin apparently dissolves as SnO (Sn2.) in the
slag under the present conditions. Namely,

1n-3 z~l/2 }L~n (R = 1.5, 1200°C) = I.I x ~, yO2

in-3 ~.llZ [16]L-I (R = 2.0, 1200°C)= 1.8x , t'OzSn

-3 1/2L~n (R = 2.0, 1300°C) = 0.96 × 10 p oz

Using the c~ values in Eq. [161, the activity coefficient
of SnO in the slag can be determined from Eq. [13] as,

o (R 1.5, 1200°C) = 2.4 + 0.3 1TSnO =

YSnO° (R 2.0, 1200°C) 1.5 + 0.3 ] • [17]

YSnO° (R 2.0, 1300°C) 0.8 + 0.1

Table III. Raoultian Activity Coefficients of Sn, Seand Te in Molten Copper at Infinite Dilution

3,°

Element Temperature Dependency, (K) 1200°C 1300°C Reference

Sn(l) log7Sn = -1,300 T"1 0.45 4,65 × 10-2 5.29 × 10"2 16
Se(/) log3"Se = -3,770 T"1 + 0.25 4.91 X 10-~ 7.13 X 10"3 17,PW
Te(D o -1log 3,Te = --3,680 T + 1.142 4.40 X lO-2 6.35 X l0"2 17,PW*

PW= present work. The originally reported values17were based on extrapolated vapor pressure data ofpure Se and Te rather than the values measured by Baker.2°4' The
activity datashown here have been recalculated by the present authors usingthe experimental values ofHind e t a l t~ and the vapor pressure dataestablished by Baker. 2°'21

*Predel andPieh126 recently measured thermodynamic properties of Cu-Te alloys.However, their data at 1064°Cpoint to a value of 3,~e ~ 100 which the present authors
consider toohigh.
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Alternatively, neglecting the effect of (Fe/SiO2), a
simplified expression may be obtained,

0logTsnO = 8,800T-~ 5.70 [18]

which gives, o~SnO = 1.88 at 1200°C and 7~nO = 0.78 at
1300°C.

Rankin and Biswas6 reported the value of ( T F e O /

VSnO) to be between 4.5 and 5.5 for FeO-Fe203 - SiO2
- A1203 - SnO slags containing 7 to 43 pct SnO at
1250°C. B a s e d on data for fayalitic s lags2,3,18,~9 one
may a s s e s s the v a l u e of T F e O in the s lags as b e i n g be-
tween 0.63 to 0.73. The data of Rankin and Biswas6
then suggest a TSnO value of 0.14 (~0.02), which is
only one tenth of the present values. The experiments
by Rankin e t a l were c a r r i e d out without controlling
the oxygen potential and this may have prevented
equilibrium conditions from being established. Rankin
e t a l studied the concentrated solution range while the
present work is concerned with the dilute solution
range . It is possible that this difference also contri-
butes t o the variation in VSnO values.

Selenium

As in the case of Sn, the dependence of L~e on oxy-
gen potential is analyzed.

a) Monatomic (Se°). When Se dissolves in slag in
monatomic fo rm, the Se concentration in slag is not
affected by oxygen partial pressure, as discussed for
the monatomic dissolution of tin in s lag , and there-
f o r e ,

L~e = constant. [19]

b) Gaseous SeO. The oxide SeO is a stable gas at
copper smelting temperatures and it is possible that
this molecular form dissolves in s lag . Assuming this
type of dissolution, the dependence of the distribution
coefficient on the oxygen partial pressure is ex-
amined t o determine the dissolution fo rm.

When [Se]cu is known, the selenium activity in the
dilute solution range is given as,

o
ase = ~seNse

= 8.05 x 10-37~e[Se]cu [201

where the value of 7°Se can be calculated from the data
shown in Table III. Also,

pl/2 pO ~1/2
Se2 = ( Se2 ! a s e

,1/2 o rSel [21]= 8.05 x I0-3 (P~e2) TSe[ ]Cu

o
where PSe2 is the partial pressure of Se2 over pure
liquid selenium and has been determined as shown in

Table IV.7,2°,2' Substitution of Eq. [21] into the equili-
b r i u m constant for Reaction [6] gives,

r /" ~ . 1 / 2 ~ . 1 / 2
PSeO = L~ 6/J S e 2 / ~ O 2

= 8.05 × 10-3K6~°Se(P~e2 ~i/2r~.i ~.i/2 [22]! L o ~ J C u F O 2 .

According t o Henry's law, the concentration of gaseous
SeO dissolved in the slag should be proportional t o the
partial pressure of SeO over the slag:

[SeO]sl : hzPseo. [23]

Noting that [Se]s1 = 0.83[SeO]sl, then:

[Se]s1 = 0.83 hzPseo

-3 0 0 1 / 2 1 / 2= 6.68 × 10 h~K6~se(Pse2) [Se]cuPo2. [24]

Thus it is evident that when selenium dissolves in s l a g
as the gaseous molecule SeO, the selenium concentra-

j . 1 IStion in slag should be proportional to [Se]cu and t, O2.
Consequently,

[Se]sl

-- L 1 / 2
c3p02 •

= 6 . 6 8 × 1 0 - 3 h l K 6 Y ~ e (D° ~ 1 / 2 ~ 1 / 2X~Se2 ] P'02

[25]

Eq. [25] indicates that if selenium dissolves in slag
as the gaseous molecule SeO, Lg~e will be proportional

~ 1 / 2
t o ;)02.

c) Gaseous SeO2. A calculation s i m i l a r t o the case
for gaseous SeO l e a d s to the following relation,

K o ipO )1/2,.L-~e = 5.73 x 10-3h2 7]/Se~ Se2 PO2

- c4P02 [26]

where,

[SeO2] Sl : h2Pseo2 " [27]

d) Molecular FeSe. F i r s t consider the equilibrium
of Reaction [11] in Table II.

a FeO [ 2 8 ]
a F e - r , - . ~ 1 / 2 "

l t l l p O 2

For fayalitic s lags studied in the present work, the
FeO concentration in the slag ranges between 50 and
60 pct, which corresponds t o an FeO activity of 0.45
to 0.55 at 1300°C, and 0.43 to 0.50 at 1200°C. Accord-
ingly, as an approximation, it may be assumed that
aFeO = 0.5 (+0.05). Then,

are = 0 . 5 / / ~ P~'-l/eO~• [29]

Table IV. Vapor Pressure ofPure Liquids

P ° ( a t m ) *

E l e m e n t Tempera tu re Dependency ( a t m , K)* 1 2 0 0 ° C 1 3 0 0 ° C Reference

Sn( / ) l o g ~ s n = - 1 5 , 5 0 0 T -1 + 5 . 3 5 6 . 7 2 X 1 0"6 3.13 X 10-s 7

Se(/) l o g ~ s % = - 5 , 5 4 0 T " l + 5.57 6 . 4 4 X 1 0 1.12 X 1 0 : 2 0
Te( / ' ) log/~Te~ = 5 , 9 0 0 T "l + 4 . 6 4 4.31 7.75 2 1

*1 a tm = 1 . 0 1 3 X 102 k P a .
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A s s u m i n g that s e l e n i u m d i s s o l v e s in the slag a s m o l e -
c u l a r F e S e , o r that s e l e n i u m in the s l a g r e s u l t s in
s h o r t - r a n g e o r d e r i n g o r c l u s t e r i n g wi th the i r o n atom
( i o n ) , then f r o m H e n r y ' s law,

[ F e S e ] s1 = 1.71 [Se]s1

= h3a F e S e [30]

o r ,

a F e S e = 1.7 h~ l [ S e ] s I . [31]

F r o m the e q u i l i b r i u m c o n s t a n t f o r R e a c t i o n [12] in
T a b l e II,

- "~/~ [32]aFeSe = / ~ 1 2 ~ F e , U S e 2 •

I n s e r t i n g E q s . [21] a n d [29] in to E q . I 3 2 ] , we h a v e ,

-3 1 0 1 / 2 0 - 1 / 2
a F e S e = 4.0 × 10 //~nKI~(Pse2) ~ s e P o 2 [ S e ] c u " [33]

F r o m E q s . [31] and [ 3 3 ] ,

L~e - [Se]s1
[ S e ] c u

- - C ~-112
5Y02 •

h / / - l * x / ~ 0 \ 1 / 2 0 - - -1 /2
- 2.4 x lO-3n3L~ll/~.12 (~Se2) TSeP02

[34]

The slag is an oxidic mixture primarily of ionic or
molecular nature• However, for fayalitic slags there
is an increase in metallic character (metallicity)
with increasing ferrous oxide as well as decreasing
ferric oxide contents. Eq. [34] implies that oxygen(or
ferric oxide) in the slag tends to render selenium un-
stable in the slag, whereas the metallicity of the slag
tends to stabilize selenium in the slag• In Fig. 4(a),
this hypothetical dissolution of selenium in slag as
molecular FeSe is schematically shown, whereas in
Fig. 4(b) a composite case of the molecular and
monatomie dissolution is demonstrated. The com-
posite dissolution is assumed to be expressed as the
sum of the molecular and monatomic mechanisms,
or namely,

[Se]t~l = [Se]~l/ + [Se]~ln [35]

A c c o r d i n g l y ,

L ~ e ~ - l n [36]= Chp 02 + C6.

The actual experimentaldata for L~e are plotted
i/2against PO2 in Fig. 5 and exhibit the composite dissolu-

tion of Se by the molecular and monatomic mecha-
nisms discussed above. The experimentalpoints at
1300°C more clearly indicate the relationship• The
data may be represented by the equations,

- ILs,

~MOLECULAR ( F I S t ) AND

q. ~ ' )
p J,'z p J,'2
02 02

(a) (b)

F i g . 4- -Poss ib le f o r m s of S e disso lu t ion in fayal i t ic s l a g .

44-VOLUME 8B, MARCH 1977

T ~, 015
,.J

c,)

E
(9 0 1 0

o

m_
c~ 0.05

if:

Fe/SlO2
1.5

2.0

0 I 2

I200°C 1 5 0 0 ° C

0
Q ~7

1300"C

1200°C

3 4 5 6

pl/2 x l O 4
02

J

g
2 0 --

3 0 ~

50 ~
I00

F i g . 5--Reciprocal d is t r ibut ion coefficient of selenium be-
tween alumina-bearing fayal i t ic s l a g s and meta l l ic c o p p e r as
a funct ion of oxygen partial p r e s s u r e .

L-~e ( 1 2 0 0 ° C ) = 8.0 × .,v'"-7 e02"-1/2 + 0 . 0 1 8 ]

L ~ e (1300°C) 6.0 x ,,~-7.-1/2• u PO2 + 0 " 0 3 6
[3v]

M o r e g e n e r a l l y , f o r the t e m p e r a t u r e r a n g e b e t w e e n
1200 a n d 1300°C,

I 0-~ . -1/2L~e = (7.0 + 2•0 t ) × ~O2 + 0 . 0 2 7 + 0 . 0 1 8 t [38]

w h e r e ,

t = 0.01 ( T - 1 5 2 3 ) . [39]

Tellurium

A similar treatment is followed for Te. The dissolu-
tion of gaseous TeO can be formulated in a similar
manner to the case for gaseous SeO. Namely,

0 )I/2al/2
L~e = 4.42 × 10-3h4K9Y°Te(PTe2 eO2

~I/2
=- c7eo2 • [40]

F o r the d i s s o l u t i o n of g a s e o u s T e O 2 ,

L ~ e 3•98 × 10-3 o /pO ~ l n , .= hhKloYTe ~ Te2/ FO2

-- C ¢ o z " [41]

For the molecular or cluster dissolution of FeTe,

1 ~ - 3 - K-IK o (Do ~1/2 ~.-1/2L ~ e = 1 . 7 × u n6 11 13YTe~ZTe2/ F 0 2

-- -1 /2
- c9P02 " [42]

The experimentaldata for L~e are plotted against
pl /202 in F i g . 6 i n d i c a t i n g that t e l l u r i u m e x h i b i t s c o m -
p o s i t e d i s s o l u t i o n by m o l e c u l a r and m o n a t o m i c m e c h a -
n i s m s , a s in t h e c a s e f o r s e l e n i u m . T h e d a t a m a y b e
r e p r e s e n t e d by the e q u a t i o n s ,

~ - 1 / 2 }L ~ e (1200°C) -- 6.0 × 10-8pO2 + 0 . 0 2 6
• [43]

~ - 1 / 2L ~ e (1300°C) 1.0 × 10-7eO2 + 0 . 0 3 2

M o r e g e n e r a l l y , f o r the t e m p e r a t u r e r a n g e of 1200 to
1300°C,

1~--8 ~ - 1 / 2L-~e = (8.0 + 4.0 t ) × . u [ 'O2 + 0 . 0 2 9 + 0 . 0 0 6 t . [44]

METALLURGICALTRANSACT]ONS B



- - eI I.-
. - I

g
V-

U3

0
0

%g
1200°C

0 . 0 2

1300°C

~7

1 3 0 0 ° C V

I I I I I I
I 2 3 4 5 6

I / 2 X I 0 4
Po 2

2 0

3 O

zo
- - 4 0

if)
~oo

J

E
o

Fig. 6--Reciprocal d is t r ibut ion coefficient of te l lur ium be-
tween alumina-bearing fayali t ic s l a g s and meta l l ic copper as
a function of oxygen partial p r e s s u r e .

OVERALL DISCUSSION

The present experimental method of doping the melt
with m i n o r elements under a controlled oxygen poten-
tial has the remarkable advantage of simplifying an
otherwise very difficult and complicated experi-
mental procedure for determining the activity co-
efficient of elements dissolving oxidically in the s lag .
It should, however, be noted that the method theoreti-
cally can produce reliable results only when the ele-
ment has no significant volatile species. In the
present work, volatile species are present and the ef-
fects of volatilization must therefore be discussed.
In the case of tin, SnO is known to be quite volatile
at copper smelting temperatures. As can be d e t e r -
m i n e d from the data in Table I, the f i n a l amount of
tin present in the slag and copper phases at the end
of an experiment indicates that the evaporation of
gaseous species containing tin was quite low at
1200°C, while as much as one third of the tin in the
initial charge volatilized at 1300°C. Reference to
T a b l e I also shows that t h e r e were some losses of Se
and Te, especially Te.

If the doped element volatilizes from the slag sur-
face at a faster rate than the metallic copper phase
can supply the element t o the slag a c r o s s the copper/
slag interface, a situation could o c c u r in which the
minor element concentration in the slag is lower than
the equilibrium value. This could result in a l a rge r
L X value b e i n g observed in the present experiments,
and the real activity coefficient could be slightly lower
than the values presented h e r e . By the same token,
the solubilities of Se and Te in the slag observed in
the present experiments could be lower due t o vola-
tilization of the species SeO and TeO from the s lag .

Clarification of the effect of volatilization from the
slag and the resulting concentration gradients would
require detailed data on kinetic and diffusional trans-
fer in the liquid and gaseous phases.

The effect of magnetite saturation which was ob-
served in the copper solubility (Fig. 1) should be ex-
pected for tin in runs with CO2/CO = 40 at 1200°C.

1 / 2The two runs with pO2 = 1.32 × 10-4 at 1200°C, how-
e v e r , failed to deviate from linearityp r e v a i l i n g . , j in
the lower oxygen pressure range (Po2 < 7 x I0-5). Al-
though a similar deviation may also be expected

in L S e and L T e of the two runs, the experiments
failed to indicate the saturation effect. It might be
that experimental scatter has masked the saturation
effect, which may not be sufficiently large at
C O J C O = 40 anyway.

As pointed out previously,1 industrial s lags contain
entrained copper a n d / o r matte and a correction for
these suspended phases is required t o determine the
apparent distribution coefficient for industrial
s l a g s . The possible volatilization during equilibra-
tion is considered not t o affect the application of the
present data in analyzing the behavior of m i n o r ele-
ments in industrial processes. In some copper smelt-
ing processes such as converting in the P e i r c e -
Smith converter or the Noranda process, 22 the
melt undergoes turbulent contact with injected tuyere
gas. It is t o be noted that the CO-CO2 gas volume per
unit mass of melts in the present experiments is 2 to
4 t i m e s la rge r than the specific air volumes per unit
mass of melts in an industrial converting vessel.
However, the efficiency of minor element volatiliza-
tion into the gas atmosphere in the present study is
considered t o be much lower than that in the indus-
t r i a l processes. This is because in the present ex-
periments, the CO-CO2 gas simply sweeps the melt
surface whereas in the industrial vessels, submerged
jets give rise t o high gas/liquid contacting and tur-
bulence.

Slags are often considered as simple mixtures of
various oxides, where all the constituents are present
as an oxide. The results of the present and previous
studies 1,3 indicate that especially for m i n o r element
dissolution, the slag is far from b e i n g a simple oxidic
mixture. Oxidic dissolution is applicable to m i n o r
elements such as copper,~,3 lead,1'23 cobalt,24 and tin
(present work). However, some portion of the dis-
solved copper in sulfur-containing fayalitic slag
is now considered to be sulfidic in t e r m s of the
molecular theory of s lag .3 Sulfidic dissolution of
lead and tin is possible for a sulfur-containing s lag .
Molecular dissolution is assumed to be true of sul-
fur as well as selenium and tellurium. This follows
since FeSe and FeTe are as stable as FeS (Table II),
while it is known from previous work3'25 that FeS is
stable under copper smelting conditions. The pre-
vious investigationI of sulfur-free silica-unsaturated
s lags at P02 = 10-6 to 10- n a t m indicated that bis-
muth, antimony and a r s e n i c dissolve in the atomic
form. Sulfidic and oxidic dissolution of these ele-
ments might become significant under certain con-
ditions. In the present study it has been shown that
selenium and tellurium dissolve as the selenide and
telluride of iron in slag at low oxygen potential (pO2
< 10-8 atm) in addition t o atomic dissolution.

Thus, in commercial copper smelting processes the
slag is a r a t h e r complex melt, particularly for
minor element dissolution. The various dissolution
concepts discussed here offer an improved basis for
control of commercial smelting process, since it
is the m i n o r elements and almost they alone that de-
t e r m i n e the quality of anode copper.

ai

SYMBOLS

= activity of component i. R e f e r -
ence state indicated in Table II,
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ci = c o n s t a n t at c o n s t a n t t e m p e r a -
t u r e ,

~G ° = G i b b s f r e e e n e r g y of f o r m a t i o n ,
c a b / m o l e (1 c a l = 4 .19 J) ,

h i = H e n r i a n a c t i v i t y c o e f f i c i e n t ,
K i = e q u i l i b r i u m c o n s t a n t of R e a c -

t i o n i ,
L X = dis tr ibut ion c o e f f i c i e n t of c o m -

p o n e n t X b e t w e e n s l a g and cop-
per, s e e E q . [5] ,

L ~ = r e c i p r o c a l d i s t r i b u t i o n c o e f f i c i -
ent = 1 / / L x ,

N i = m o l e f r a c t i o n of c o m p o n e n t i ,
Pi = p a r t i a l p r e s s u r e of c o m p o n e n t i ,

a tm (1 arm = 1 . 0 1 3 × 102 k P a ) ,
pO = p a r t i a l p r e s s u r e of c o m p o n e n t i

over pure e l e m e n t , a r m ,
R = [Fe]Sl / [SiO2 ]S1 ,
t = s e e Eq. [ 3 9 ] ,
T = t e m p e r a t u r e , K,
W i = a t o m i c w e i g h t of c o m p o n e n t i ,
[ X ] c u , [ X ] s l = w e i g h t p e r c e n t of c o m p o n e n t X

i n m e t a l l i c c o p p e r and s l a g
p h a s e s r e s p e c t i v e l y ,

I x ] t ? , mz mn[ X ] s l , [X]s1 = w e i g h t p e r c e n t of c o m p o n e n t X
i n s l a g , s u p e r s c r i p t s t o , m l and
m n r e f e r r i n g to t o t a l , m o l e c u l a r ,
and m o n a t o m i c r e s p e c t i v e l y .

~ i = R o a u l t i a n ac t iv i ty c o e f f i c i e n t of
c o m p o n e n t i ,

y o = R o a u l t i a n a c t i v i t y c o e f f i c i e n t of
c o m p o n e n t i a t i n f i n i t e di lut ion .
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