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Abstract: At present, copper smelting slag is not effectively recycled and is wasted. Copper smelting
slag contains Fe,O at more than 40 mass%. For the utilization of copper slag as a Fe resource, it is
necessary to separate the Cu in the slag. For copper recycling from slag, FeS-based matte can be
introduced to use sulfurization to concentrate Cu from the slag into the sulfide and finally recover the
copper. In a previous paper, a kinetic model was developed to simulate the coupled reactions between
the multicomponent slag and FeS-based matte by using previously reported thermodynamic data.
Building on this work, we carried out equilibrium experiments to supplement the thermodynamic
data used in the previously developed model. An empirical formula for the CuyO activity coefficient
of CupO-FeOx-CaO-MgO-5i0,-Al, O3 system slag was obtained. In addition, the effect of alumina
content in the slag on the CuyO activity coefficient in the slag was investigated. The model was
also supplemented to account for MgO solubility. By the developed model and the industrial
conditions, we investigated the effect of slag composition on the behavior of Cu between matte and
CuyO-FeOx-CaO-MgO-5i0,-Al, 03 system slag for the copper loss.

Keywords: copper smelting slag; Cu removal; matte; kinetics; coupled reaction model

1. Introduction

Copper is one of the most important basic metals and is used mostly for electrical wire,
electric motors, roofing, and plumbing due to its superior electrical and physical properties.
As an important energy source, copper can play an important role in human development
and sustainable development [1]. Typically, copper is produced by smelting Cu-based
sulfide ores and electrical refining processes. In general, approximately two tons of copper
smelting slag, which includes approximately 2 mass% Cu oxide, is generated for every one
ton of copper produced [2,3]. Moreover, the amount of generated slag increases every year
because of the lack of copper ore with high Cu content [4]. However, no efficient strategy
for the extraction of Cu from copper smelting slag has been established yet, and most of
the slag is landfilled or used as raw material for cement and sandblasting materials [5].

Several possible methods of extracting Cu from copper smelting slag have previously
been proposed, such as carbon reduction, magnetic separation, and sulfurization using
FeS-based sulfides [5-7]. Since copper oxide can be reduced by reacting with the iron in the
slag [8], the Cu-containing Fe resources combined with carbon resources are not appropriate
for steelmaking processes. Magnetic separation of Cu and Fe is difficult because of the large
amounts of fayalite (Fe;SiO4) present in copper slag [5]. By the sulfurization of FeS-based
matte [5,7], Cu in slag can be extracted as sulfide, and the final sulfurized materials can be
used as copper resources. Moreover, iron compounds in slag with very low Cu remaining
can be recovered as iron resources for steel production.
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To investigate the distribution behavior of Cu between matte and slag, we previously
developed a simulation model for the reaction between Cu-containing multicomponent
slag and FeS-based matte using double-film theory [8,9]. This model is well-known as
a coupled reaction model and can be used to simulate the reaction kinetics for ferrous
metallurgy processes such as steelmaking, high-temperature metal pretreatment [10,11],
basic oxygen furnace operation [12], secondary refining [13,14], and the recovery of Mn
from steelmaking slag using the reaction between Mn-containing multicomponent slag
and FeS-based matte [8].

In addjition, in the case of a copper flash smelter, a model of the copper converter was
developed based on the thermodynamic equilibrium by Goto [15]. Activity coefficients
for the main components of FeO-5iO, slag and the activity coefficient equations for FeS,
FeO, and Fe;04 have also been reported [14,15]. Furthermore, Goto et al. provided a
quantitative description of the copper smelting processes by calculating components for the
Cu-Fe-Pb-Zn-O-5-N-C-H system, and a heat balance was added to predict the temperature
variation of the model [16]. Then, a kinetic model was developed to cover the copper flash
furnace [17] and the addition of a calculation of oxygen consumption [18,19]. Noranda’s
continuous-converter model was further developed by Nagamori et al. to calculate the
distribution behaviors of the components between matte and slag [20-23].

Briefly, the thermodynamic data used in the developed model are as follows: the
activity coefficients of FeS, CaS, and Cu,S in the matte were used with the reported activity
coefficient data [24-26]. In the case of the slag, the activity coefficients of CaO, S5iO,, and
FeOx were calculated using the regular solution [27] and interaction parameters [8], al-
though the activity coefficient of Cu,O was assumed to be unity due to its low concentration
in the slag. In the present study, to simulate the precise distribution of Cu between matte
and multicomponent slag, the activity coefficients of Cu,O were measured by the equilib-
rium relationship between molten Ag and slag with varying Al,Os concentrations and high
slag basicity. An empirical formula for the activity coefficient of CuOy 5 was derived based
on regression analysis using the measured compositions of Cu;O-FeOx-CaO-MgO-5i0;-
AlyOs slag. The activity coefficients of CuyO in slag without Al,O3, reported by Takeda and
Henao [26,28,29], were also compared with the empirical formula obtained in this study. In
addition, copper smelting slag generally contains alumina, and previous reports have not
discussed the effect of alumina. Therefore, in this study, the relationship between the Cu
oxide activity coefficient and alumina content was investigated. Furthermore, changes in
the concentration of MgO dissolved in the slag were simulated by modifying the apparent
mass transfer coefficient between the slag and matte during kinetic experiments because
the changes in slag composition are able to affect the activity coefficients of Cu,O. It can
play an important role in exploring the specifics of e-learning [30].

As a result, the obtained thermodynamic data were applied to the model developed
in this study, and the copper solubility in the slag was calculated at the equilibrium state of
the reaction between slag and matte based on the developed model and the results were
compared with reported experimental data. The developed model was expanded to the
scale used in actual industrial processes and used to propose ways to reduce the Cu content
of the slag. Based on one ton of slag, the effect of slag composition on the behavior of Cu
between matte and slag was investigated to determine the overall trends.

2. Materials and Methods

Figure 1 shows the experimental setup used to measure the Cu,O activity coefficient
in multicomponent slag equilibrated with molten pure Ag. Table 1 lists the initial composi-
tions of the slag with various ratios of FeOx /SiO; at 1573 K. CaO was calcined at 1273 K for
2 h. The powders of FeO, Fe; O3, CuyO, 5i0,, Al;,O3, CaO, and MgO were mixed to prepare
the slag samples. Then, 4 g of slag and silver was charged into the MgO crucible (13.67 mm
in inner diameter, 40 mm in height). The holding temperature was kept constant at 1573 K,
and the atmosphere was controlled by flowing 100 mL/min of mixing gas consisting of
CO (12 mL/min) and CO, (88 mL/min) after charging the crucible. The oxygen partial
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pressure was controlled to be 1078 by mixing CO gas and CO, gas using Equations (1)
and (2). After 24 h, the sample was taken out from the furnace and was water quenched
simultaneously with Ar gas injection.

CO(g) +1/20,(g) = CO,(g), AG® = —282580 + 86.015T 1)
Pco 1
PO.S — ( ] ) . (2)
©: Pco ) Ko
Gas Outlet
1
L 4
i Mullite Reaction Tube
Gas Inlet | /
\_‘;
Super Kanthal (MoSi,)
1 // Heating Elements :
Slag —n ) W
N j\ B-type Thermocouple
Ag— T |
N
MgO Crucible
J

Figure 1. Experimental setup.

Table 1. Initial compositions of the slag before the equilibrium experiment.

Composition (mass%)

Experiment Temp (K)

FeO F9203 Cu20 Si02 A1203 CaO MgO
A ) 7 2 33 5 6 5
B 37 6 2 30 5 15 5
C 33 5 2 25 5 25 5
D 38 6 1 30 5 15 5
E 1573 385 6 05 30 5 15 5
F 28 5 2 37 5 18 5
G 35 6 2 28 7 17 5
H 35 6 2 28 13 1 5

The slag and silver were carefully collected and separated from the quenched sample
with the MgO crucible. The obtained samples were finally crushed using a ball mill. The
samples of slag and silver were carefully collected. The amounts of Fe, Cu, Ca, Mg, and
Al in the slag were determined by chemical analysis using ICP-AES. The concentration of
Si0O; in the slag was calculated as the remainder of the sum of the measured concentrations
of oxides. The Cu and Fe content in the silver was also analyzed using the ICP-AES.

3. Results
3.1. Kinetics of MO Solubility in Multicomponent Slag

In our previous study, the kinetic reaction between Cu-containing multicomponent
slag and FeS-based matte was investigated at 1573 K. We also compared the experimental
data with calculated data by using the model developed under the same conditions. The
simulation results for the slag and matte were similar to the experimental results, but in
the case of MgO content, there was no good agreement. The solubility of MgO from the
crucible into the slag should be considered because the reaction area between the refractory
and the slag is relatively large. Therefore, in the present study, the MgO solubility in the
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slag was simulated using measured apparent mass transfer coefficients. The dissolution of
MgO in the slag phase can be described by the following equation.

d(%MgO) Ak

% = T {(%MgO)g,, — (%MgO)} ®)

x=ln {(O/OMgO)Sat — (O/OMgO)Init.} — AkMgOt (4)
{("MgO)ey, — (%oMg0)} — V

In Equation (3), A is the interfacial area between the slag and the refractory material

(m3), kmgo is the mass transfer coefficient of MgO in slag (m/s), and V is the volume
of slag (m%). In addition, (%MgO)syt. and (%MgO)pit. show the saturated and initial
MgO concentrations, respectively. A detailed description of the solubility of MgO is

given in a previously published paper [8]. In Figure 2, the obtained value of Ak/V from
the experiments was 0.00118, and the calculated value of x was plotted with time. The
composition changes in MgO were the result obtained from the previous experiment using
a kinetic reaction between the slag and FeS-based matte [9]. In Figure 2, Exp. ] and K are
represented in Table 2.

16 T T T 8

-- W= % MgO in slag [Exp. J]
e % MpQ in slag [Exp. K]

. S

% MgO in slag

ALV~ 0.00118 o alExp.d] |
A o |Exp. K|

I
0 1200 2400 3600

Time (sec)

Figure 2. MgO content of the slag as a function of time and the calculated Ak/V value.

Table 2. Initial compositions of the slag and matte reported by [8].

Composition (mass%)

No. Temp (K) Slag Matte
FeO Fe,0O;3 Cu,O SiO, Al,O;3 CaO MgO FeS CaS
I 42 - 1 24 6 19 8 100 0
J 1573 45 8 1 27 6 5 8 100 0
K 45 8 1 27 6 5 8 90 10

3.2. CuyO Activity Coefficient Measurement Results
The activity coefficient of Cu,O in the copper-containing multicomponent slag was
calculated as follows:

CuinAg + 1/402(gas) = CuOO.S(liquid) ©)

Kis) = (YCUOO,S X XCUOQS)/ <acuinAg x P Ozl/4> (6)
YCuOys = (K(S) X YCujnag X XCuipag X Po, Y 4) /Xcu0ys 7)
AG’ = —58,800 + 19.55T (8)

In Equation (7), the activity coefficient of Cu in Ag was obtained from previously
reported experimental data [31]. The equilibrium constant was obtained from the liter-
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ature [32]. The oxygen partial pressure during the experiments was kept at 10~8 atm
by flowing a mixing gas of CO/CO,. Table 3 shows the compositions of the slag and
silver after equilibrium experiments. The content of Al,O3 in slag for Samples A to H was
5 mass%, and the Al,O3 content in slag samples G and H was 7 and 13 mass%, respectively.
The CuOQy 5 activity coefficients in the slag were calculated using Equations (5)-(8). As a
result, the CuQOy 5 activity coefficient was calculated, as shown in Table 3.

Table 3. Compositions of the slag and silver after the experiment and the calculated CuOy 5
activity coefficients.

Composition (mass%)

Experiment Temp (K) Slag Silver Ycuo0.5
FeO, Cu,0 SiO, ALO; CaO MgO Cu

A 552 01 24 47 6 10 17 52
B 78 01 227 49 15 97 17 79
C 407 01 202 48 25 96 18 102
D 489 01 212 49 15 101 09 6.6
E 1573 73 01 26 47 15 105 05 7.6
F 342 01 32 48 18 112 2 8.8
G 459 01 209 67 17 98 17 73
H 467 02 206 125 11 92 16 29

Figure 3 shows the effect of the CaO/Al,Oj3 ratio on the activity coefficient of Cu,O in
the slag at 1573 K when the content of MgO, the FeOx /SiO; ratio, and the oxygen partial
pressure were almost constant. The Cu,O activity coefficient in the Cuy O-FeOx-CaO-MgO-
5i0,-Aly 05 slag increased as the CaO/ Al, O3 ratio was increased. On the other hand, when
the Al,Os in the initial slag reaches 13 mass% and the CaO/Al,O; ratio was lower than
1, the CuyO activity coefficient decreased to approximately 3. This means that the copper
in the slag can be removed as the content of Al,Oj3 in the slag decreases and the CaO
content increases.

12 : : . :
L AI:OJ content = 5 mass% 1573 K
3 A 7 mass%
5;; 10 % 13 mass% l 4
o, .
3
< 8r M i
5)
5 or i
8
z "
z
3 ar MgO content =9 ~ 10 mass%
% Fe0,/Si0, = 2.0-2.3, P, = 10°
2 L 1 | i

(=}

2 4 6
Ca0/Al,0, ratio in slag

Figure 3. Effect of the CaO/Al,O; ratio on the activity coefficient of CuyO in the slag at 1573 K. The
content of MgO is 9-10 mass%, the ratio of FeOx /SiO; is 2 to 2.3, and the oxygen partial pressure is
108 atm.

The obtained CuQy 5 activity coefficients in each Slag (A~H) are plotted on the re-
ported Takeda’s phase diagram [26] as shown in Figure 4. The experimental conditions
reported by Takeda include a temperature and oxygen partial pressure of 1573 K and
1078-1079, respectively. The conditions of previously reported experiments are similar
to the conditions used in this study. The results of Takeda’s experiments showed that
most of the (CaO + MgO)/5iO, mass ratios were less than one. In the present study, the
experimental conditions ensured that the (CaO + MgO)/SiO; mass ratio was higher than
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one. Although general copper smelting slag has been reported to contain small amounts of
alumina, Takeda’s slag did not contain Al,O3;. However, it was confirmed that the activity
coefficients calculated for Samples A-F fall almost exactly on Takeda’s CuOy5 activity
coefficient line. In the case of Samples G and H, the calculated activity coefficients were
different from the reported experimental data. This means that if the content of alumina in
the slag is 7 mass% or more, the activity coefficient of the copper oxide is affected. On the
other hand, it was confirmed that 5 mass% Al,Oj3 in the slag does not significantly affect
the activity coefficient of the copper oxide.

Si0,

Present work
Slag A ~ H (1573 K. 107 atm)
FeQ /5i0,= 1.1 ~ 2.5, ALO, = 5 ~ 13 mass%

80%

o/ @ SlygB, O SlgCl 4

§ 40% A S, & Sha 60% e
9 @ ShgF., @ ShaG E_P
~ A Slag | .

o ©

"~.
o\
L_‘E [

Vs s Takeda line (1573 K, 107 aun)|
------ (CalMgOYSIO, (mass ratio)
L

L L o
40% 60% 80%
wi% FeO_

" A A
Ca0iMg0  20%

Figure 4. Activity coefficients obtained by the equilibrium experiment results compared with
Takeda’s experimental data at 1573 K and P, = 1078-107°.

Figure 5 shows the relationship between the measured and empirically calculated
values of the activity coefficients of CuOy 5 using regression analysis based on the obtained
activity coefficients of CuQOg 5 and slag composition for slag Samples A to H. The content
of FeOx in the slag ranges from 10 to 75 mass%, that of SiO, from 17.8 to 51 mass%,
(CaO + MgO) from 3.5 to 40 mass%, and Al,O3 from 0 to 13 mass%. The empirical formula
is as follows:

Yeuo,s = 0-006(%FeOx) + 0.003(%Si0z) + 0.021(%CaO + %MgO) — 0.013(%Al,03) (9)

T T T T T
14 F (%Fe0) — 10 ~ 75 mass% N
(%6510,) = 17.8 ~ 51 mass%
(%Ca0 = %Mg0) = 3.5 ~ 40 mass¥%
L2 7 (%AL0) =0~ 13 mass% .
>
2 1F e
=]
S
=
E 08 F e
961 FeO,/$i0, = 0.5~ 2.5 i
o (CaO+MgOY8i0, = 0.13~ 1.6
04 - R?=0.9259 1
1 N 1 " 1 " 1 L 1 "
04 0.6 0.8 1 1.2 1.4

log(ycy00.5) Cale.

Figure 5. Empirical formula using regression analysis.

In Figure 5, the horizontal axis is the value of log ycy20 calculated from the obtained
empirical formula, and the vertical axis is the measured activity coefficient of CuQOg 5. In
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this figure, the calculated values using the empirical formula showed good agreement with
the measured values.

Figure 6 shows the calculated value of the CuQyq 5 activity coefficient as a function of
the (CaO + MgO)/SiO, ratio with various ratios of FeOx/SiO; in the slag. The activity
coefficients of most copper oxides have been reported when the FeOy /SiO; ratio in the
slag is lower than 1.5. Therefore, in this study, it was considered that the FeOx ratio would
rise due to the decrease in the quality of copper ore. Thus, the FeOx/SiO, ratio was
set to 1.5 or more. As a result, the empirical formula was separated into two ranges of
FeOx/SiO; ratio values, as shown in Figure 6. In the figure, the CuQOy 5 activity coefficient
also increases until the (CaO + MgO)/SiO; ratio reaches approximately 1.5. Then, the
activity coefficient of CuOg 5 became almost constant after the ratio of (CaO + MgO)/SiO,
reached 1.5. The data shown in the figure confirm that when the FeOx/SiO; ratio is
between 0.5 and 1.5, the reported activity coefficients are similar to the empirical formula
line obtained from this study. Additionally, when the ratio of FeOx/SiO; is 1.5-2, the
empirical formula line is similar to the values measured in this study. Therefore, by
applying the empirical formula obtained in this study, the developed model can calculate
reliable results even if the FeOx /SiO; ratio in the initial slag reaches two. The slag systems
studied by Takeda [26] and Henao [29] did not contain Al,O3, but copper smelting slag
generally contains approximately 5 mass% Al,O3 [1]. Therefore, in this study, we carried
out experiments by adding Al,O3. As a result, it was found that even if the amount of
alumina contained in the slag is approximately 5 mass%, the activity coefficient of the
copper oxide is not significantly affected. However, when the Al,O3 content reached
13 mass%, it was confirmed that the activity coefficient of the copper oxide in the slag was
considerably influenced.

16 T T T T

V  Takeda data (FeO,-SiO,-Ca0-MgO-Cu,0)
14 @ Henao data (FeO-$i0,-Ca0-Cu,0)
® Experimental data (FeO,-Si0,-MgO-ALO,-Cu,0)
--------- This study Empirical formular (FeO,/Si0, = 0.5 ~ 2.0)
12k === This study Empirical formular (FeO,/Si0, =2.0 ~ 2.5) N
L
~ 10} o s ]
P =4 P
8 ve r,"’ ol
Z 8t o B
P
e °
6 v o i
./ -
.V 3_/ AlO, =13 mass%
.
4t / PO,=10*atm |
e 1573 K
2 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

Mass ratio of (CaO+Mg0)/SiO,
Figure 6. Comparison of the empirical formula with the reported and obtained Cu,O activity coefficients.

3.3. Simulation of CuyO Contents in the Multicomponent Slag by Reaction with Matte

As a result, the MgO solubility and an empirical formula for Cu,O activity coefficient
were applied to the developed model. In the present study, to increase the reliability at
the laboratory scale by applying the empirical formula obtained from regression analysis,
we compared the kinetic experiments and the simulation results by using the reaction
model. Then, the copper solubility obtained from the developed simulation model and the
currently reported copper solubility were compared with each other.

Figure 7 shows the composition changes in CuyO and MgO in the slag as a function of
time by varying the initial composition of slag and matte at 1573 K. The initial compositions
of the slag and matte are shown in Table 2 and reported in our prior works [9]. Since
the values of the remaining elements, such as composition changes of Fe, Si, and Ca in
matte, hardly differ from the present simulation values, the simulated composition changes
in CupO and MgO in the slag were precisely compared with the previously measured
values. The composition changes in MgO and Cu,O in Figure 7A-C were simulated by the
conditions of I, J, and K in Table 2, respectively. The measured contents of MgO and Cu,O
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in Figure 7A—C were the previously reported results [8]. In Figure 7A, the MgO content in
the slag increased from 8% to approximately 11%, and, in Figure 7B,C, the content of MgO
increased to approximately 13 mass%. In Figure 7, the simulated composition changes of
MgO using the present model had a good agreement with the measured values than the
previous simulation results because of including the dissolution reaction of MgO to the
slag phase as mentioned above. Furthermore, the measured behavior of copper in the slag
was more similar to the present simulated results than the previously calculated results.
Therefore, in this study, by the measurement of Cu,O activity coefficients and the solubility
of MgO in the slag, the simulation results were more precisely obtained even if the initial
slag compositions varied.

T T T
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_ 12 *) 412 _
D= U P A - 2
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Figure 7. Comparison of the composition changes in MgO and Cu,O as a function of time for various
slag composition by reacting with matte at 1573 K. The measured contents of MgO and Cu,O in
(A-C) were the previously reported results [8]. The composition changes in MgO and Cu,O in (A-C)
were simulated by the conditions of I, ], and K in Table 2, respectively.

Figure 8 shows the simulation results plotted on the reported copper solubility line in the
CaO-MgO-5i0,-FeOx slag [26]. This copper solubility value of the equilibrium state is classified
as a function of the content of Cu and Fe in the initial matte. As shown in Figure 8A, the value
of the copper solubility is 50 mass% Cu and 24 mass% Fe in the initial matte. The simulated
results are plotted as dots, and the simulation conditions are presented in Table 4. The
furnace diameter was assumed to be approximately 800 mm, and the reaction time was set
at about 3600 s to ensure that equilibrium was reached. Each simulation condition A (1-5)
is plotted on the solubility value line of 0.3-1 mass% Cu content in the slag. The calculated
data were in good agreement with the reported experimental data. Figure 8B shows the
calculated copper value for reported experimental data when the Cu content in the initial
matte was 79 mass% and that of Fe was 0.3 mass%. The results for simulation condition B
(1-5) were plotted on a 2-5 mass% line of copper solubility in the slag. The figure shows
that the obtained simulation results are almost identical to the reported experimental data
lines. It is thus confirmed that this model can simulate Cu behavior between slag and matte
at 1573 K even if the copper content in the initial matte reaches 79 mass% Cu.
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Figure 8. Comparison of the CaO-MgO-5iO,-FeOx phase diagram with previously reported data [25]
and simulation results for Cu solubility as a function of initial Cu content in the matte at 1573 K.
The matte compositions in (A,B) and are 50 mass% Cu-24 mass% Fe and 79 mass% Cu-0.3 mass%
Fe, respectively.

Table 4. Simulation conditions of the slag and matte as a function of the change in Fe and Cu content
in the matte and slag compositions.

Composition (mass%)

Calculation Temp (K) Slag Matte

FeOy SiO, CaO MgO Fe Cu
A-1 29 31 35 5 24 50
A-2 39 34 22 5 24 50
A-3 50 35 10 5 24 50
A-4 48 24 23 5 24 50
A-5 60 25 10 5 24 50
B-1 1573 25 36 34 5 0.3 79
B-2 36 31 28 6 0.3 79
B-3 40 35 20 5 0.3 79
B-4 59 29 7 5 0.3 79
B-5 67 30 2 1 0.3 79

Figure 9 shows the copper content in the slag obtained by the prior and present
simulations and the reported experimental data as a function of the mass ratio of matte
and slag [33]. The present simulation was conducted with the addition of ycy20 and MgO
solubility using the empirical formulas in Equations (3) and (9). As shown in Table 5, the
slag composition used in the simulation calculations was assumed to be the composition of
a typical copper smelting slag. When the mass ratio of the matte/slag was larger than 0.2,
both simulation results were similar to the reported experimental data. The results were
slightly different for a matte/slag ratio of 0.1, but when the matte/slag ratio was between
0.2 and 0.3, the simulation results were consistent with the reported experimental data. As
a result, it was confirmed that the Cu content of the slag decreased as the input amount of
FeS was increased.
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Figure 9. Simulation results and experimental data comparing the copper content of slag with a FeS
input to matte at 1573 K.

Table 5. Simulation conditions of slag and matte for comparison with reported experimental data.

Slag Matte
Calc. No.  Temp (K) Composition (mass%) Comp. (mass%)
Mass (g) Mass (g)
FeOX CuZO SIOZ A1203 CaO MgO FeS
C 1573 100 50 1 33 5 6 5 100 5-30

4. Discussion

Based on the developed model, the effects of the slag composition on the behavior of
Cu between slag and matte were investigated via the sulfurization of 1000 kg of copper
smelting slag. Figure 10A,B show the Cu content of the slag as a function of the change
in the CaO/SiO; mass ratio in the slag at 1573 K as a function of the FeOx /SiO, ratio.
Table 6 shows the slag and matte compositions used for the simulations. In the graph,
A, B, and C indicate the changes in the FeOx/SiO; (Rg/s) ratio in the slag, respectively.
The matte/slag ratio was set at 2, and the FeOyx/SiO; ratio was set at 1-2. The furnace
diameter was assumed to be approximately 800 mm, and the reaction time was 3600 s.
The mass transfer coefficient of the slag and matte in the reaction model was assumed
to be 0.003 m/s. This value was calculated using the same formula previously used to
calculate the mass transfer coefficient of the slag—metal system [32]. The simulation results
in Figure 10A show that the Cu content decreased as the initial slag CaO/SiO, ratio was
increased. Furthermore, Figure 10B shows that as the CaO/SiO; ratio and the FeOx /SiO,
ratio in the slag were increased, the copper content in the matte increased. The reason for this
is shown in Figure 6. Figure 6 shows the CuQOy 5 activity coefficient applied to the model.
This figure shows that the CuQy 5 activity coefficient increases in the slag as the CaO/SiO,
ratio increases. In other words, the CuQOy 5 activity coefficient was increased on the basis
of Equation (10), indicating that the sulfurization reaction of Cu occurred actively at the
interface. This is because, in Equation (11), as the activity coefficient of Cu oxide increases,
the Cu content in the slag decreases. In addition, the copper content from the initial slag
CaO/SiO; ratio of 1.5 to 2 is almost constant. In the empirical formula in Figure 6, the
activity coefficient of CuQy s is almost constant for CaO/SiO; ratios above 1.5. Therefore,
even if the CaO/SiO; ratio is increased, there is no change in the copper content.

CupO+1/2S; = CupS+1/20, (10)

Koy = (aCuZS X Plo/zz) / (Ycuzo X Xcup,0 X Péf) (11)



Metals 2021, 11, 150

110f 14

0.25 T T T T 1.00 T T T T
-¥= A R~ 1], Ratio of (% FeO, / % Si0,) (A) =%= A[R,= 1], Ratio of (% FeO, / % SiO,) (B)
_ —O0—B[R, - 1.5] o B[R~ 1.5]
) = -
5 020F - CIR, 2] 1 % = CRe= 2]
2 g 095 - = b
£, ¥ = [
E el 2
z OIS o R 1 E g =
g I A 4 =
2 o a 0.90 e .
Z 010F o0 g
s - 8 B A -
B = o P
2& e ! 1 é 0.85 T o 1
o 005 " 1 £ -~
o C -
[ Initial Slag amount = 1 ton ~ v~ Initial Slag amount = 1 ton
Ratio of Matte/Slag = 2, 1573 K Ratio of Maite/Slag = 2, 1573 K
0.00 L L : : 0.80 L L : L
0.5 1.0 1.5 20 0.5 1.0 1.5 2.0

Initial Slag Basicity (% CaQ /% Si0,) Initial Slag Basicity (% Ca0 /% Si0O,)

Figure 10. Simulation results of the copper content of the slag at 1573 K as a function of CaO/SiO,
and FeOy /SiO, ratios at 1573 K. Figures (A) and (B) show Cu content in the slag and that in the
matte, respectively.

Table 6. Simulation conditions of the slag and matte as a function of the changes in the CaO/SiO; ratio and changes in the

CaS/FeS ratio.
Slag Matte
Calc. No. Temp (K) Composition (mass%) Comp. (mass%)
P Weight (kg) P P Weight (kg)
FeOx Cu,O SiO, Al,0O;3 CaO MgO FeS

D-1 53 1 24 5 12 5

D-2 49 1 20 5 20 5

D-3 43 1 18 5 28 5

D-4 40 1 16 5 33 5

B-1 1573 1000 44 1 30 5 15 5 100 2000
E-2 38 1 25 5 26 5

E-3 34 1 22 5 33 5

E-4 29 1 20 5 40 5

Our previous study focused on the possibility of removing copper from slag and
the changes in the Cu concentration using a kinetic model and thermodynamic data. It
was reported in that paper that of the matte the copper in the slag could be removed
and concentrated to the matte through sulfurization, and a Cu,S-enriched matte could be
formed through continuous sulfurization by adding new molten copper slag. This study
focused on the changes in the Cu concentration in slag as a function of changes in slag
composition by combining thermodynamic data with a previously developed model. The
empirical formula for the Cu,O activity coefficients obtained from the experiments in this
study was compared with the reported experimental data. This comparison showed that
the empirical formula produced results almost identical to the reported data. Validated
empirical formulas for Cu,O activity coefficients and empirical formulas for previously
reported MgO solubility were also applied to the model. It was found from comparisons
with experimental data that the model developed in this study is more reliable than the
previously developed model.

5. Conclusions

In order to simulate the behavior of Cu between FeS-CaS-based matte and multicom-
ponent slag, the activity coefficients of CuyO in CuyO-FeOx-CaO-MgO-5iO,-Al, O3 slag
were investigated by equilibrated with a molten Ag phase at 1573 K. Using the developed
kinetic model and the obtained empirical equation for the activity coefficients of Cu,O
in CupO-FeOx-CaO-MgO-5i0;-Al; 03 slag, the influence of slag composition on the Cu
behavior between matte and multicomponent slag was investigated and the obtained
results can be summarized as follows.
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A.  Tosimulate a change in the MgO content of the slag, the apparent dissolution rate
of MgO in the CuyO-FeOx-CaO-MgO-5i0;-Al, O3 slag under MgO saturation con-
ditions was obtained at 1573 K. By assuming equilibrium with Ag at 1573 K, the
activity coefficient of CuyO in the slag was obtained as a function of slag compo-
sition. The activity coefficient of Cu,O in the slag was found to increase with the
increasing CaO/Al, O3 ratio when the FeOx /SiO; ratio in the slag was between 2.0
and 2.3. However, when the content of Al,O3 in the slag was less than approximately
5 mass%, the activity coefficients of Cu,O were almost the same as those in the
Cuy0-FeOx-CaO-MgO-5i0O; slag. The empirical formula for the activity coefficients
of Cuy0O in the CuyO-FeOx-CaO-MgO-5i0;-Al,O3 slag was also obtained using
regression analysis and the equilibrated slag composition. Furthermore, the activity
coefficients of CupO in FeOx-CaO-5i0; slag with/without MgO and Al,O3; were
accurately calculated by the empirical formula for various slag compositions.

B. By the simulation model using the apparent dissolution rate of MgO and the empir-
ical formula for CuyO activity coefficients, the composition changes in Cu,O and
MgO in the CupyO-FeOx-CaO-MgO-5i0,-Al, O3 slag were obtained with the reaction
of FeS-based matte at 1573 K. The simulated composition changes in Cu,O and MgO
in the slag was in good agreement with the measured values. In addition, the copper
solubility in the FeOx-CaO-5i0,-MgO slag calculated by the present model with
varying Cu content in the matte showed good agreement with previous experimen-
tal results. By varying the mass ratio of the slag and the matte, the simulated Cu
content in the typical copper smelting slag agreed more with the measured value
than with the prior simulation results. It was found that the copper content in the
slag decreased as the initial mass of the liquid iron sulfide was increased.

C.  The effect of slag composition on the behavior of Cu between 1 ton of copper-
containing slag and liquid iron sulfide was investigated using the present simula-
tion model. The Cu content in the slag decreased as the ratios of CaO/SiO, and
FeOx /SiO; in the slag were increased due to the increase in the activity coefficient of
Cuy0. On the other hand, the Cu content in the matte increased at least four times
more than it decreased in the slag. To improve the sulfurization of copper in the slag,
it is important to control the CaO content of the Cu-containing slag.

The simulation results produced by the present kinetic model were verified with
previous experimental data obtained with various compositions of slag and matte. How-
ever, the behaviors of the nonmetallic and minor elements, such as S, O, Pb, and As, were
not verified because the kinetics of those elements have not been investigated thoroughly
enough yet. We will conduct further research to simulate the distribution behavior of those
elements between the matte and the slag for industrial-scale processes.
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