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Synopsis: Thermodynamic properties of sodium carbonate-based slags, containing As—, Sn-, or Fe-oxide
were studied at 1423 K to 1523 K by the following experiments: (1)Activity measurements of NaOgs by
EMEF technique, (2)Activity measurements of these oxides by slag/metal equilibrium technique, (3)Solubility
measurements of CO3, (4)Redox equilibrium measurements of these oxides, and (5)Determination of phase
diagrams. Based on the results, the equilibrium distribution ratios of these elements between the slags and
molten copper were estimated as a function of partial pressures of CO2 and O2 and the slag composition.
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1. Introduction

In view of the application of sodium carbonate slag not only to the fire-refining of crude copper but
also to the production of high purity copper, authors have been conducting a series of fundamental studies to
estimate the equilibrium distribution ratio of various impurity elements between sodium carbonate-based
slags and molten copper [1]-[6]. In the present study, the thermodynamic properties of sodium carbonate-
bascd slags containing As—, Sn—, or Fe—oxide were studied to cstimate the distribution behavior of these
impurity elements between the slags and molten copper.

2. Experimental principle

The distribution reaction of impurity element X between the slag and molten copper may be
represented by:

X(in metal) + v/402 = XOyp(in slag) €))

when X predominantly exists as v—valent oxide in the slag. The equilibrium distribution ratio of X, Lx
dcfined by (%X in slag)/[%X in metal], can be derived as:

_(BX) K-(n1)vx
T [%X] T [1]yxow

where K is the equilibrium constant of Eq. (1), [nt] and (n7) the molar amount of 100 g mctal and slag,
respectively, yi Raoultian activity cocfficicnt of component 1, and Po, the oxygen partial pressure at the slag-
metal interface. From this equation, it is known that thermodynamic propertics of slags and mectals are
required to determinc the distribution ratio. Since the thermodynamic properties of molten copper alloys
have been relatively well established, then the ones of the slags such as the values of (nr) and yxov. should be
determined experimentally.

In the present study, following measurcments were conducted to determine the thermodynamic
propertics of sodium carbonatc-based slags, containing the oxidc of various impurity clements (As, Sn, or
Fc) in crude copper, at 1423 K to 1523 K:
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(1) Electrochemical measurements of activity
of NaOos, .
(2) Activity measurements of impurity oxides | (L)Activity of NaOo.5— Gibbs—Duhem | | Activity
by slag/metal equilibrium technique, (2)Activity of XOv/2 Integration | |of XOw/2
3) Solubility measurements of CO,, at N=N;
4) Redox equilibrium measurements of Sla
impurity oxides, (3)Solubility of CO2 c g,t_
(5) Dectermination of phase diagrams. e
Fig.1 shows the flow chart for calculating the
distribution ratio. Combination of the results of (nr) [7 x0012]
(1) and (2) enabled us to calculate the activity of
the impurity oxides from the activity of NaOgs by ILx(T,N,Pc02,P02) ]
the Gibbs—-Duhem integration. The slag

compositions were determined from the solubility
measurements of CO,. The measurements (4) ) . )
were required as the impurity element might Fig.1 Flow chart for calculating the distribution
change the valence depending on the ratio.

experimental conditions. In the case of the slags

containing Sn- or Fe-oxide, there exist stable

solid compounds, Na:SnO3 and NaFeO,, therefore the measurcments (5) were required to establish the ( solid
+ liquid ) two phase regions. Thus, the distribution ratios could be finally estimated as a function of partial
pressures of CO; and Oz and the slag composition N ( = 71N:20/(11Nx20 + Mimpurity oxide), 71: the number of molcs).

3. Activity of NaQgs

Activities of NaOos in the slags were determined by EMF method, using beta"—alumina as a solid
electrolyte, for various partial pressures of CO; at 1423 to 1523 K. The electrochemical cell used in the
present work may be represented as:

Pt, O(g, Po2*) i Na+ i CO2(g, Pcoz), Oa(g, Poz), Pt
NaOos-SiO2-FcO1s ref. melt | beta"-Al20; | Sodium carbonate—based sample melt

The activity of NaOos in the sample melt was evaluated by the following equation [4]:
log anaoosa = —S039E/T + log anaceswy* — (1/4)log(Poz*/Pos) 3
where E is the electromotive force, T the absolute temperature, and the superscript, *, denotes the values for

the reference melt.

The activity of NaOos in the NaOo.s—CO2-AsO2s system at 1523 K is shown in Fig.2. Partial
pressure of CO; has a great influence on the activity.
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Fig.2 Activity of NaOgs in the NaOgs—CO,— Fig.3 Effect of partial pressure of CO; on the
AsOy5 system at 1523 K. activity of NaQgs in the NaOgs—CO2-

FeO15 system.
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The activity of NaOgs in the NaOgs—CO2~FeO1 s system is shown in Fig.3. With decreasing Pcoz the
activity of NaOgs increases, but does not show any dependcnce on the slag composition. The similar results
were also obtained in the NaOgs—CO>-SnO. system. By the X-ray diffraction analysis of the slag
specimens taken after the experiments, NaFcOz and Na2COs, Na:SnOj3 and Na2COs, were identified,
respectively. Thercfore, it was considered that these slags were saturated with NaFeOx(s) or Na:SnOs(s),
respectively. Then the solubility measurements of Na:SnO3 and NaFeO: into sodium carbonate melt were
conducted.

4. Solubility measurement
4.1  Solubility of Na;SnO; and NaFeO; into sodium carbonate melt

A synthesized and sintered Na;SnOs or NaFeO; block was placed in a bottom of an alumina crucible
and fixed by using an alumina tube. Sodium carbonate powder was also charged on the sintered compound.
Then the sample in the crucible was heated at 1523 K. The CO2-O2-(or CO)-Ar gas mixture was
continuously flushed over the sample melt to control the partial pressures of oxygen and CO;. A sample was
withdrawn from the upper melted part by careful
dipping a stainless steel rod at given time intervals.
Obtained samples were subjected to chemical
analyses.

The results of the solubility measurement of
NaFcO- are shown in Fig.4. With dccreasing the
partial pressure of COz the solubility increased, but
the partial pressure of oxygen had no effect. The
experimental points are on the line connecting
sodium carbonate with NasFeOs. This implies that
the dissolution reaction proceeds according to the
following reaction and Fe exists as FeOs3- anion in
the sodium carbonate-based melt.

2Na0gs(1) + NaFeOx(s) = NasFeOs(1) 4)
(3Na+, FeO33-)

Quitc similar results were obtained by the
solubility measurements of Na;SnOs, and it is also  NaOos

presumed that the dissolution reaction proceeds NasFeOs NaFeOz2(s)
according to the following reaction: B e
2Na0gs(1) + NazSnOs(s) = NasSnO«()  (5) Fi ot : ;
g g.4 Solubility of NaFeO;(s) into sodium
(4Na+, SnOq#-) carbonate melt at 1523%(.

4.2  Solubility of CO; into NaOgs—AsO:.s melt [6]

The solubilities of CO, in NaOos—AsO2 5 melts were measured by equilibrating the melts with CO,-
CO-Ar gas mixtures at 1523 K or 1423 K. After the cxperiments, the CO2 as well as other components in
the melts were chemically analyzed. In order to confirm the applicability of Eq. (1), the contents of trivalent
and pentavalent As were also determined by chemical analysis.

The solubility values of CO; were plotted on the NaOps—CO;-AsO- s ternary diagram and it was
found that all the experimental points were distributed along the straight line connecting sodium carbonate
with Na3AsQ; in spite of different partial pressures of oxygen and CO,. This implies that arsenic exists in
the form of pentavalent anion AsO43- in the slags. The trivalent/pentavalent arsenic ratio was very small in
the range of the present experimental conditions. The redox reaction of arsenic had, therefore, almost no
effect on the COz solubility in the melts.

5. Oxide activity of As, Sn and Fe in sodium carbonate—based slags
5.1  Activity of AsOzs
The activity of AsOzs in NaOo.s—CO;-AsO,.s melt was calculated from the activity of NaOg.s by

integrating the Gibbs-Duhem relation. Under the condition of a constant Pcoz, the Gibbs—Duhem relation
for the NaOgs—CO2-AsO2 ;5 system [4] is given as:
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Ndin anaoos + (1 =N)dIn aasozs =0 5 N = nnazo/(Nazo + nas0s) )

In order to calculate the activity of AsOas, the initial valucs of the integration were needed. To determine the
initial values, distribution cquilibrium measurements of As between this slag and molten copper were
conducted. The experimental procedure of the distribution measurements was almost the same as reported in
the previous paper [3]. The thermodynamic data used for the evaluation of the distribution equilibrium are
summarized in Table 1, together with those for Sn and Fe. The calculated activity of AsOas is shown in
Fig.5, together with the experimentally obtained points. In the Gibbs-Duhem calculation, the points at
N=0.85 were uscd as the initial values of the integration. The partial pressure of CO> has great influence on
the activities of the components in the NaOps—CO2-AsOx s system.

. : :
Table 1 Thermodynamic data used for the evaluation -10F 1523 K
of distribution equilibrium at 1523 K. )
Free enrgy change of reaction o -nr \\ “&\ T
As(s) + 5/40,(g) = AsO,5(s): AG° = ~93.9KJ [7] 8 ‘\\.\ i
Sn(l) + O,(g) = SnO,(s): AG° = -260.4 kJ [7] S -12r \‘\\g\\ ]
Fe(s) + 3/40,(g) = FeO,5(s): AG° =-215.7KJ [7] ED -~ :\\.\
Activity coefficient in molten copper alloy -13r Pco/MPa \\‘\’8'
Yo = 025 [8], Yase = 3.6 x 10-3 [9] : ©) — ggg O
Ysnqy = 6.5 x 102 [10], YRe(s) = 31.5 [11] T A A e 001 "N
Interaction parameter in molten copper alloy Ol.8 : ()"9 : ]
€a% azsiy = 10 [12],  &gd" (35935 = 11 [13] DN
egfe = 20 [14], go0 =-7[8], gofs =0 [15] " MN220 + MAsz0s
goSh = -2 [16], gofe = —141 [present authors]

Fig.5 Activity of AsO.s in the NaOos—CO,—
AsOgs system at 1523 K.

52  Activity of FeOqs

The activity of FeOy s in the ( solid + liquid ) two phase region can be calculated from the activity of
NaOog; by using the following equilibrium relation:

NaOos(I) + FeO1.5(s) = NaFeOx(Y) @)

In order to determine the free energy change of this reaction, EMF measurements were conducted by using
the following electrochemical cells:

Pt, COz(g, PCO?*)’ Oz(g, POZ*) i Na+
Reference !
N82CO3(S or 1) : beta"-Al>03

i OxAg, Poy), Pt
i Sample mixture  FcO5(s) + NasFesOo(s)
| or NazFesOy(s) + NaFcOa(y)

and

5/3F001_5(S) + NaOQ,s(S) = 1/3Na3F0509(s):

AG®/J = RTIn anso0s = - 85950 + 2.20T ( 973-1403 K ) (8)
1/2Na3FesOq(s) + NaOos(s) = 5/2NaFeOa(Y):
AG®°/J = RTIn anaoos = — 71300 - 6.887 ( 1293-1423 K ) )

were obtained. Combining above two equations with
NaOos(s) = NaOos(1) : AG®/J = 34940 + 10.337InT - 99.75T [7] (10)

the following free energy values were finally obtained:

—605—



4th International Conference on Molten Slags and Fluxes, 1992, Sendai, ISIJ

NaOo;s(1) + FeO15(s) = NaFcOx(y): AG°/J = - 115000 - 10.337In7T + 98.32T  (7-1)

Distribution equilibrium measurements for Fe were also conducted to determine the activity of FeO1s
in the liquid region. As shown in Fig.6, the activity coefficient of FcO1s in NaOg.s~CO2~FcO1s melts has a
constant value for a constant Pcos, independent of the concentration. The oxide specics were, thercfore,
expressed with mono—nuclear atom base in the present paper. The activity of FeO1s is shown in Fig.7.

3 ' ‘ = e Poos/MPa  g(NaFe02) +L
Pco:/MPa | ] | 0.03
- 0.08 OO% ! l i 0.0
| — a. ‘\
2k o ? | é | o . | .0.003 y \5@
m [ | 5y 5 |a| o.001 L
3 0.03 At 2 |2 = B A-E
& F B S |3 T, LA
=~ d% I bo _2-5 \~\\ \ A
¥ o i l 2 Pcoz/MPa ¥y
=~ 1 01 A < o 0.8 W
A——A o 0.03 LN
i A I | A 001 N
A
} 1523K Vi
0 L l 1 | _3 L Il Il 1 ] 1 i
=4 -3 _2 0 0.5 088 0.90 0.92 0.94 0.9 098
log X FeO1.5 N =—[Na:0
TNa20 + NFe203
Fig.6 Activity coefficient of FeOy.s in NaOos- Fig.7 Activity of FeO1s in the NaOgs—CO»-
CO,-Fe0;5 melts at 1523 K. FeO15 system at 1523 K.
53  Activity of SnO;
_ The activity of SnO; in the ( solid + [ TPoovtPa  svessaomeL
liquid ) two phase region can be also calculated - [0.08
from the activity of NaOos by using the following 0.03 i
equilibrium relation: “2r
oo Y
2Na0os(1) + SnO2(s) = NaxSnOs(s)  (11) g oL 8lo.00s \\‘
g o= Seal '
Some distribution equilibrium measurements for & _:3-9 T T
Sn were also conducted between the saturated =t gl Tl .
slag and molten copper alloy, and from the -4f Y
determined activity of SnOz and that of NaOgs, | | FeeliEm Y
the free energy change of the above reaction was o 0.8 1
determined as AG® = — 163 kJ (1523 K). Then gl |0 008 L \
the activity of SnO for different Pco;, was A G ‘
evaluated. [ | 1523K
The activity of SnO: in the liquid region B I
was also evaluatcd from the distribution 0 05088 080 092 094 086 098
mecasurcments, and it was found that the activity _ nNmo
cocfficient of SnOz in the NaOgs—CO2-SnO; N= o tnsor
systcm had also a constant valuc for a constant ) . .
Pcoz. The activity of SnO2 is shown in Fig.8. Fig.8 Activity of SnO; in the NaOos-CO2-SnO;
system at 1523 K.
6. Estimation of equilibrium distribution ratio

The distribution ratios of As, Sn, and Fe were cstimated by the above mentioned method and are
shown in Fig.9. New value of the interaction parameter of Fe on O in molten copper, shown in Table 1, was
determined from the equilibrium measurements between the NaFcOs saturated slag and molten copper alloy,
and was uscd in the calculation of the distribution ratio of Fe. The details will be presented in a scparate
paper.
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The distribution ratio of As increases with inc
that of Fe and Sn decreases because of the cocxisten
partial pressure and the lower CO,
elements from molten copper. The
presumed that the contents of them in the molten co

high purity copper by using sodium carbonate slag.

reasing the valuc of the slag composition N, whereas
ce of the stable solid compound. The higher oxygen
partial pressure are more preferable for the removal of these impurity
distribution ratios of them have considcrably large values. It is, thercfore,

pper can be casily reduced down to the impurity level of

8 T T T ¥ 5
1523K
- Pco:=0.01 MPa [02/Pa /| '
1 5 P02/Pa=0.5 i Po./Pa=1
6 8 - JAS
0.1
[._ -
2 g , 001 1 e g 3f
S S N
w | & 0 uw
= / =4l Po:/Pa o 9 0.01
; Po,/Pa o 0.018 o 2t Pos/Pa
2t 0 0.8 T O 0.02
/ A 0.0
/ ? 2k | 1523K
| | 1523K  Pc02=0.01 MPa Pco:=0.01MPa
1 1 1 1 1 1 1 1 1 1
I 0.9 1 05 06 07 08 09 1 0.5 06 07 08 09 1
Na20
TlNa20 = NNaz20
= TNNaz20 + NFe20; -
(a) T N220 + 7A8205 (b) * : (C) N= TNa20 + NSn02

Fig.9 Estimated distribution ratios of (a) As, (b) Fe and (c) Sn for Pco, = 0.01 MPa at 1523 K.

7. Conclusion

Experimental study was conducted on the thermodynamics of sodium carbonate-based slags
containing As—, Sn—, or Fe—oxide. Based on the results, the equilibrium distribution ratios of these elements
between the slags and molten copper could be successfully estimatcd as a function of partial pressures of CO;
and O and the slag composition.
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