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Distributions of As, Pb, Sn and Zn as minor
elements between iron silicate slag and copper in
equilibrium with tridymite in the Cu–Fe–O–Si
system

The distributions of arsenic, lead, tin and zinc between iron
silicate slag and copper in equilibrium with tridymite in the
Cu–Fe–O–Si system have been experimentally determined
at selected oxygen partial pressures (P(O2)) at temperatures
of 1 523 K and 1 573 K. The experimental technique in-
volved high temperature equilibration in a sealed silica am-
poule to minimize the vaporization of minor elements, ra-
pid quenching of the condensed phases, and the direct
composition measurements of the condensed phases using
microanalysis techniques. The effective P(O2)s of the sam-
ples were determined based on the measured Cu2O concen-
trations in slag. The new experimental data resolve discre-
pancies found in previous studies and have been used in
the development of a new thermodynamic database of the
Cu–Fe–O–Si system containing minor elements.

Keywords: Copper smelting; Slag; Minor elements; Equi-
librium; Pyrometallurgy

1. Introduction

The distribution of minor elements between gas, slag, matte,
metal and solid phases is one of the important parameters in
the high temperature production of copper. From a proces-
sing perspective it is desirable to preferentially recover valu-
able minor elements in the matte or metal products and to
discard undesirable minor elements through slagging or vo-
latilization. Arsenic, lead, tin and zinc elements are com-
monly part of the latter group.

There are a number of studies that have been carried out to
experimentally investigate the distributions of As, Pb, Sn and
Zn between liquid iron silicate slag and copper. Nagamori
et al. [1] investigated the distributions of Pb and As between
slag and copper at T = 1473 K and 1573 K. Pure fayalite
slags (5 g) having initial Fe/SiO2 ratios between 1.51 and
1.97 were equilibrated with metallic copper (4–8 g) contain-
ing less than 0.5–0.6 wt.% of combined minor elements.
Equilibrations were carried out for 10–20 h under CO/CO2
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atmosphere in alumina crucibles (20 mm-internal diame-
ter · 33 mm-height) resulting in the Al2O3 dissolution of
2.7–26.3 wt.% in the slag. Each equilibration was followed
by air cooling of the sample and manual separation of the slag
and copper phases. Arsenic in both phases was measured titri-
metrically, while lead in both phases was measured by atomic
absorption. Using a similar approach, Nagamori et al. [2] also
investigated the distribution of Sn between slag and copper.

In their study on the equilibria between liquid copper and
calcium ferrite slag, Takeda et al. [3] also reported experi-
mental data of the distributions of As, Pb, Sn and Zn between
liquid copper and iron silicate slag. The equilibrations be-
tween the copper and iron silicate slag were conducted in a
silica crucible at T = 1 523 K under CO/CO2/N2 atmosphere
for 24 –30 h. The concentrations of minor elements in the
copper and slag phases were chemically analyzed by the
atomic absorption method.

Lynch [4] experimentally studied the distribution of As
between iron silicate slag and copper. A silica crucible
(22 mm-internal diameter · 76 mm-height) was used to
contain 60 g of slag and 40 g of copper alloy containing
3 – 5 wt.% arsenic. The mixture was equilibrated at tem-
peratures between 1 473 K and 1 536 K and P(O2) = 10–10

atm for 2 – 24 h. The copper and slag phases were collected
using silica tube and iron tube, respectively. The atomic ab-
sorption method was used to analyze these phases.

Jimbo et al. [5] equilibrated 30 g of Cu–As alloy and 25 g
of pre-melted iron silicate slag in a silica crucible (25 mm-
internal diameter · 50 mm-height). The equilibrations were
carried out at T = 1 473 K and 1 523 K for 48 h in CO/CO2
atmospheres corresponding to P(O2) between 10–7.2 atm
and 10–10.7 atm. At the end of the equilibrations, the sam-
ples were quenched in water and the copper and slag phases
were physically separated. Arsenic levels in copper and in
slag were determined by atomic absorption spectrometry
and colorimetry, respectively. The experimental results
were reported in the form of %Asð Þ=aAs versus P(O2),
where %Asð Þ and aAs are the mass percent and activity of
As minor element in copper, respectively.

Surapunt et al. [6] equilibrated 5 g iron silicate slag and
10 g Cu–Zn–Fe alloy in an iron crucible at T = 1 523 K. The
iron crucible (10 mm-internal diameter · 70 mm-height)
was placed in a vacuum-sealed quartz ampoule. After 3 h of
equilibration, the ampoule was cooled in water. Based on
FactSage predictions using the latest optimized database
from PYROSEARCH [7 –11], the reported compositions
correspond to P(O2) between 10–11.1 atm and 10–11.4 atm.

Kim and Sohn [12] equilibrated 9 g of Cu, 25 mg of min-
or element (Pb, As) and 6 g of pre-melted slag with initial
Fe/SiO2 ratio of 1.37 in a silica crucible at T = 1 523 K and
P(O2) between 10–6.3 atm and 10–12 atm for 24 h. Each sam-
ple was solidified by combination of cooling under flowing
nitrogen and quenching in water. Slag and copper phases
were then physically separated. The Pb and As concentra-
tions in both phases were determined using direct-current
plasma spectroscopy.

Kaur et al. [13] investigated the distribution of Pb between
ferrous calcium silicate slag and copper at T = 1 573 K and

P(O2) = 10–6 atm. Equilibrations were performed using 5 g
of slag and 7 g of copper mixtures in magnesia crucibles for
4– 16 h. The slag and copper compositions were analyzed
using an inductively coupled plasma atomic emission spec-
troscopy technique.

The distribution behavior of Pb between iron silicate slag
and copper was studied by Heo et al. [14]. A magnesia cru-
cible was used to equilibrate 5 g of slag and 8 g of metal at
1 473 K and P(O2) = 10–10 atm. After 6 h of equilibration,
each sample was cooled using Ar gas and dipped into brine
solution. The compositions of metal and slag phase were
analyzed using an inductively coupled plasma spectrometry.
The resulting slag was found to contain around 0.7 wt.%
MgO.

Tin distribution between CaO-containing silicate slag and
copper was experimentally measured by Anindya et al. [15].
MgO crucibles (5 ml) were used to equilibrate 5 g of slag and
5 g of copper at 1573 K and P(O2) between 10–6 and 10–8.5

atm for 16 h. The Sn in the slag or copper was kept at concen-
tration of 1 wt.%. Each sample was cooled naturally and phys-
ical separation of slag and copper phases in each sample was
carried out manually. Both phases were analyzed by using in-
ductively coupled plasma atomic emission spectrometry.

Avarmaa et al. [16] equilibrated 250 mg of slag and
250 mg master alloy containing 1 wt.% Sn in an alumina
crucible at T = 1 573 K and P(O2) between 10–5 and 10–10

atm for 16 h. After equilibration, the samples were rapidly
quenched into an ice–water mixture. Electron probe X-ray
microanalysis (EPMA) was used to determine the composi-
tions of copper and slag phases. The concentration of Al2O3
in the slag phase was reported to be around 16 wt.%.

Van den Bulck et al. [17] investigated the distribution of
tin between copper and CaO-containing slag. Experiments
were carried out by placing 50 mg oxide powders and
60 mg alloy in vacuum sealed SiO2 ampoules. In every
equilibration run, pre-melting of the sample was carried
out at 1 623 K for 30 min followed by equilibration of the
sample at 1 573 K for 12 h. After each equilibration, the
sample was quenched into water. The compositions of
the condensed phases were analyzed using EPMA. Based
on FactSage predictions using the PYROSEARCH data-
base [7– 11], the reported condensed phase compositions
correspond to P(O2) between 10–5.4 atm and 10–5.65 atm.

Klemmettinen et al. [18] investigated the behavior of tin
distribution between copper and Al2O3-containing slag. A
similar experimental technique to that used by Avarmaa
et al. [16] was employed in this study.

In general, all of these studies can be divided into two
different groups, i. e.: (1) Experimental studies involving
manual separation of phases followed by bulk chemical
analysis technique [1 –6, 12– 15]; and (2) Experimental
studies involving direct measurement of phases composi-
tions using microanalysis [16 – 18].

There are several limitations attributed to the first group
of studies, such as: (1) The use of large sample size (10 to
100 g) may lead to slow equilibration; (2) the slow solidifi-
cation process employed to cool down the samples after
equilibration may alter the composition of the phases; and
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(3) complete manual separation of equilibrium phases may
not be achieved leading to uncertainties in the measured
composition of the phases. Moreover, the bulk chemical
analysis does not allow evaluation of internal concentration
gradients in the phases.

In the second group of studies, the use of small samples
in equilibration experiments, rapid quenching and microa-
nalysis resolve the aforementioned issues. Most of the pre-
vious studies on minor element distribution between liquid
copper and slag were performed with slags containing
Al2O3 [16, 18] or CaO [17]. There is no experimental study
in this group dedicated to the measurement of the distribu-
tion of As, Pb, Sn and Zn between liquid copper and \pure"
iron silicate slag.

In the present study, a systematic experimental investiga-
tion has been performed to determine the distributions of
As, Pb, Sn and Zn between liquid copper and iron silicate
slag at T = 1 523 K and 1 573 K. The present study has been
carried out to support the development of a thermodynamic
database that can be used for the evaluation and simulation
of the high-temperature pyrometallurgical production, re-
fining and recycling of copper.

2. Experimental procedure

In general, the experimental technique used in the present
study is based on the general approach developed by the
authors [19, 20] involving high temperature equilibration,
rapid quenching and direct composition measurement of
the condensed phases using microanalysis. The equilibrium
achievement was confirmed based on a 4-points test ap-
proach [20], which includes: (1) Evaluation of the effect of
equilibration time; (2) Assessment of the homogeneity of
the equilibrium phases; (3) Tests of the effects of direction
of approach toward the equilibrium point; and (4) Systema-
tic analysis of reactions specific to the system.

Starting materials used in the experiments were analyti-
cally pure oxide and metal powders (purity above
99.5 wt.%) which were thoroughly mixed using an agate
mortar and pestle. The mixtures were then pelletized under
pressure. The initial mixtures were selected to obtain sam-
ples with a final phase assemblage of slag, copper and tridy-

mite phases. Each pellet weighed approximately 0.5 g and
contained 30 % of metallic powder and 70 % of oxide pow-
ders. The concentration of Zn minor element in the mixture
was less than 4 wt.%, while the concentrations of As, Pb
and Sn were each less than 1 wt.%. The Cu2O concentra-
tions in the initial mixture were varied to achieve different
Cu2O concentrations in the final slag.

Each pellet was placed in a closed-end tube made of
quartz. The residual air within the tube was flushed using ar-
gon gas. The tube was then evacuated using a vacuum pump
and was sealed using an oxy–hydrogen hand torch. The mix-
ture in the sealed tube/ampoule was equilibrated in a vertical
impervious alumina ceramic tube in an electrically heated re-
sistance furnace. The temperature inside the alumina tube
was controlled within ±1 K by an alumina-shielded B-type
working thermocouple placed immediately adjacent to the
sample. The working thermocouple was periodically cali-
brated against a standard thermocouple. The overall tem-
perature accuracy is estimated to be within 5 K or better.

The use of a sealed quartz ampoule greatly reduces the vo-
latilizations of As, Pb, Sn and Zn into the atmosphere. How-
ever, micro-cracks may be present in the ampoule either
from defects in the initial quartz material, from thermal stress
occurring during ampoule heating, from partial crystalliza-
tion of the ampoule material into tridymite, or from partial
dissolution of the ampoule material by the molten slag. The
presence of the micro-cracks means that the system was not
strictly gas-tight. Mixtures of 5 vol.% CO–Ar, 20 vol.%
CO–Ar and CO2 gases (supplied by Coregas Pty Ltd, Yen-
nora, Australia) were used as a precaution to protect the sam-
ple from oxidation by oxygen which may enter into the am-
poule through the micro-cracks. The relative gas flow rates
of the CO–Ar and CO2 were set to be as close as possible to
the target P(O2) of the closed system. The required propor-
tions of gases (shown in Table 1) were determined using
FactSage thermodynamic software [21] and were regulated
by U-tube capillary flow-meters.

After the equilibration process, each sample was rapidly
quenched by dropping the sample into a bucket of cold
water. Good quenching was achieved by placing a steel
block inside the quenching bucket in order to break the am-
poule and hence releasing the sample into the quenching

Table 1. Gas mixtures used in the equilibration experiments of the Cu–Fe–O–Si–(As–Pb–Sn–Zn) system.

No Temp (K) Target Log10 [P(O2), atm] Proportion (vol.%) (total pressure 1 atm)

5 vol.%CO–Ar 20 vol.%CO–Ar CO2

1 1 523 –7.0 0.298 – 0.702
2 1 523 –8.0 0.573 – 0.427
3 1 523 –9.0 – 0.515 0.485
4 1 523 –10.0 – 0.771 0.229
5 1 573 –5.0 0.079 – 0.921
6 1 573 –6.0 0.214 – 0.786
7 1 573 –7.0 0.462 – 0.538
8 1 573 –8.0 – 0.404 0.596
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medium. The quenched sample was dried, mounted in
epoxy resin, and polished using SiC paper and diamond
paste using an automatic polisher TegraPol-31 (Struers,
Denmark). The polished sample was then washed, dried
and carbon coated using QT150TES carbon coater (Quor-
um Technologies, UK).

A JEOL JXA 8200L (trademark of Japan Electron Optics
Ltd., Tokyo) electron probe X-ray microanalyzer (EPMA)
with wavelength dispersive detectors (WDD) and Dun-
cumb–Philibert ZAF correction procedure was used to mea-
sure the concentrations of major and minor components in
different phases that were above the detection limit of the
EPMA measurement. The detection limits of the EPMA
measurement for As, Pb, Sn and Zn were estimated to be be-
tween 185 and 318 ppm [22]. The EPMA was operated at an
acceleration voltage of 15 kV and a probe current of 15 nA.
Pure metals, pure oxides and pure silicates in Charles M.
Taylor block and other purchased reference materials from
Structure Probe, Inc. (Pennsylvania, USA) were used as stan-
dards. The EPMA does not provide information on the pro-
portions of the same element having different oxidation
states. Hence, the concentration of major components in the
slag and solid oxide phases were recalculated to selected oxi-
dation states for convenience of presentation and to unam-
biguously report the composition of phases, i. e. the Cu, Fe
and Si are expressed as Cu2O, FeO and SiO2.

Laser ablation inductively coupled plasma mass spectro-
metry (LAICPMS), which consists of an NWR193 Laser
Ablation System (Electro Scientific Industries Inc, Port-
land, USA) and an Agilent 8800 ICP–MS (Agilent Tech-
nologies, Santa Clara, USA), was used to measure the ar-
senic concentration in the slag because it was below the
detection limit of the EPMA. Two certified synthetic glass
NIST610 and NIST612 reference materials were used as
standards. The detection limit of the LAICPMS measure-
ment for As was estimated to be 0.11 ppm [22]. The detec-
tion limit, reproducibility and accuracy of the LAICPMS
measurement were improved through procedures described
in a previous article by the authors [22].

High-resolution microstructural analysis of the copper and
slag phases in a few samples revealed the presence of micro-
heterogeneity formed during the quenching process [23]. In
the presence of micro-heterogeneity, representative compo-
sition of the condensed phases was obtained by performing
micro-analysis with a relatively large take-off area between
5 and 50 lm. Each phase composition was obtained from
EPMA measurements at selected locations, i. e. in areas
where all phases co-existed, which was repeated at least
5 times. The As concentration in each sample was also ac-
quired from LAICPMS measurements at the same locations
and with the same number of repetitions. The concentrations
of major components in the slag phase have the highest un-
certainties compared to the concentration of components in
the metal and tridymite phases. The standard deviations of
the measured major components in the slag phase are pro-
vided in bracket next to their concentrations in Table 2.

The effective oxygen partial pressures (P(O2)) in equilib-
rium with the condensed phases within the closed system

were derived from the measured Cu2O concentrations in
the slag phase based on the following reaction:

4Cu liquidð Þ þ O2 gasð Þ ¼ 2Cu2O liquidð Þ ð1Þ

The activity of Cu in the metal phase was close to unity and
the activity coefficient of Cu2O in the slag relative to pure
liquid standard state was obtained from FactSage with the
PYROSEARCH database [7– 11]. Based on the activity
values of Cu in the metal phases and Cu2O in the slag phase,
the P(O2) of the samples were determined as follows:

PO2 ¼ a2
Cu2O= Keqa4

Cu

� �
ð2Þ

where Keq is the equilibrium constant for reaction (1),
which is equal to 6 675.2 at T = 1 523 K and 3 570.4 at
T = 1 573 K [7– 11]. The derived effective oxygen partial
pressure (P(O2)) for each sample in logarithmic scale is
shown in Table 2.

3. Results

An example of the microstructure of the quenched slag/copper/
tridymite sample in the Cu–Fe–O–Si–(As–Pb–Sn–Zn) system
taken using a scanning electron microscope (SEM) in back-
scattered electron (BSE) mode is provided in Fig. 1. The mea-
sured compositions of the slag, copper and tridymite phases
from the equilibration experiments are provided in Table 2.

In the investigated conditions, the As dissolved prefer-
entially into the copper phase rather than into the slag
phase. The copper phase dissolved between 0.35 wt.%
and 1.18 wt.% As, while the slag phase dissolved between
1.5 ppm and 637 ppm As.

The Pb distributed preferentially into the slag phase at
P(O2) above 10–9 atm. The maximum concentrations of
Pb in the copper and slag phases were 0.58 wt.% and
0.80 wt.%, respectively.

The Sn was found to distribute preferentially into the cop-
per phase rather than into the slag phase at P(O2) below 10–7

atm. More Sn was found in the slag phase at more oxidizing
condition. The concentration of Sn in the copper phase was
between 0.13 wt.% and 1.14 wt.%, while the concentration of
Sn in the slag phase was between 0.052 wt.% and 1.32 wt.%.

At P(O2) above 10–9 atm, the concentration of Zn in the
slag phase was higher than that in the copper phase. The
copper phase contained between 0.08 wt.% – 0.13 wt.%
Zn, while the concentration of zinc in the slag phase was be-
tween 0.12 wt.% –1.50 wt.%.

4. Discussion

4.1. Major components equilibria

Figure 2a and b shows the comparison of the concentrations
of FeO in the tridymite-saturated slag calculated using Fact-
Sage with the PYROSEARCH database [7– 11] and experi-
mental data for the system without and with As, Pb, Sn and
Zn minor elements [23– 25] at T = 1 523 K and 1573 K.
The composition of the tridymite-saturated slag moved to-
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wards lower FeO or higher SiO2 concentrations in the pre-
sence of Pb and Zn as can be seen in Fig. 2a. The relatively
preferential dissolution of Pb and Zn in slag increased the
stability of the slag phase relative to the solid tridymite
phase. The presence of As and Sn minor elements in the
system did not significantly affect the composition of slag
at tridymite saturation as shown in Fig. 2b; this is due to
the low solubility of As and Sn in the slag.

4.2. Distribution of arsenic as a minor element between
iron silicate slag and copper

The distribution of a minor element (Me) between slag and
copper is determined by the following equilibrium:

Me liquid metalð Þ þ v=2 O2 gasð Þ ¼ MeOv liquid slagð Þ ð3Þ

where the valence of Me in the slag is 2v and the oxide is
expressed in mono cation form (MeOv). The equilibrium
constant of reaction (3) is expressed as:

K ¼ aMeOv= aMePv=2
O2

n o
¼ cMeOvð Þ %Með Þ nT½ �=

cMe½ � %Me½ � nTð ÞPv=2
O2

n o
ð4Þ

where a is the activity of a component in each phase, c is the
activity coefficient of a component in each phase. nTð Þ and
nT½ � are the total mole number of components in 100 g of slag

and 100 g of copper, respectively. %Með Þ and %Me½ � are
weight percents of Me in slag and metal, respectively.

The relationship between the distribution ratio of Me be-
tween slag and copper as a function oxygen partial pressure
is obtained by rearranging Eq. (4) as follows:

Lslag=copper
Me ¼ %Með Þ= %Me½ � ¼K cMe½ � nTð ÞPv=2

O2
=

cMeOvð Þ nT½ �f g

ð5Þ

The valence of Me (2v) in the slag can be derived from the
slope of the logarithmic value of LMe

slag/copper versus loga-
rithmic value of P(O2) provided the activity coefficients of
the species do not change in the investigated composition
range.

The logarithmic values of LAs
slag/copper versus Log10[P(O2),

atm] from the present and previous studies [1, 3 –5] are pro-
vided in Fig. 3. The present experimental results show
increasing LAs

slag/copper with increasing P(O2). The present
data show a clear trend of decreasing LAs

slag/copper with in-
creasing temperature. The slope of Log10[LAs

slag/copper] versus
Log10[P(O2), atm] of approximately 0.75 indicates that As
dissolves in the slag predominantly in the form of As3+.

Fig. 2. Concentrations of \FeO" in the slag phase in the gas/slag/copper/tridymite equilibria of the Cu–Fe–O–Si–(As–Pb–Sn–Zn) system at a
range of P(O2) at: (a) T = 1523 K; and (b) T = 1573 K. Previous experimental data are from [23 –25]. Calculated lines are from FactSage using
the PYROSEARCH database [7–11].

Fig. 1. Back-scattered electron image of quenched slag/copper/tridy-
mite sample after equilibration at T = 1523 K.
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A majority of experimental data show increasing oxidation
of As into the slag phase with increasing oxygen partial pres-
sure, except those from Nagamori et al. [1]. The experimental
data from Nagamori et al. [1] do not show a clear trend and
the Log10[LAs

slag/copper] fluctuates between –1.5 and –3.0.
The trend of Log10[LAs

slag/copper] versus Log10[P(O2),
atm] reported by Takeda et al. [3] is in agreement with the
present study. The absolute values of LAs

slag/copper at
T = 1 573 K reported by Takeda et al. [3] are higher by ap-
proximately 1 Logarithmic unit scale than those obtained
in the present study for the same temperature.

There is no information on the influence of oxygen
partial pressure on the [LAs

slag/copper] from Lynch and
Schwartze [4] since the experiments were carried out only
at P(O2) = 10–10 atm. Lynch and Schwartze [4] shows an
increase of LAs

slag/copper with increasing temperature which
is the opposite to that observed in the present study.

Jimbo et al. [5] reported the %Asð Þ=aAs as a function of
P(O2) at low As concentrations in copper. The LAs

slag/copper

was recalculated from the %Asð Þ=aAs as follow:

Lslag=copper
As ¼ %Asð Þ= %As½ � ¼ %Asð Þ=aAs �

cAsMCu=100MAs½ �

ð6Þ

where cAs is the coefficient activity of As at infinite dilute
condition, which is constant and not affected by change in
As concentration in the copper phase, MCu and MAs are atom-
ic mass of Cu and As, respectively. The cAs values were tak-
en from latest optimization of the Cu–As system [8], i. e.
2.01 · 10–3 at T = 1 473 K and 2.34 · 10–3 at T = 1523 K.
The LAs

slag/copper values calculated from the data reported by
Jimbo et al. [5] are of the same order of magnitude with those
obtained in the present study. Although the data reported by
Jimbo et al. [5] are scattered, a similar trend to that of the
present study is observed, which is increasing LAs

slag/copper

with increasing P(O2) and decreasing temperature.

The present experimental data have been used in the op-
timization of the PYROSEARCH database [7 – 11]. It can
be seen that the lines calculated by FactSage using the
PYROSEARCH database [7 – 11] reproduce the relation-
ships between LAs

slag/copper with P(O2) and temperature ob-
tained by the present study.

4.3. Distribution of lead as a minor element between iron
silicate slag and copper

Figure 4 shows the logarithmic of LPb
slag/copper as a function

of Log10[P(O2), atm]. The line from the present study gives
a similar slope to those of Takeda et al. [3] and FactSage pre-
dicted lines [7 –11]. The slope between Log10[LPb

slag/copper]
versus Log10[P(O2), atm] of approximately 0.4 indicates that
Pb in the slag presents predominantly in the form of PbO.

The Pb distribution to the slag phase increases with in-
creasing oxygen partial pressure; this is in agreement with
the trends from previous studies by Nagamori et al. [1], Take-
da et al. [3] and Kim and Sohn [12]. The LPb

slag/copper from the
present study at T = 1523 K is of the same order of magnitude
as those from Nagamori et al. [1] at T = 1473 K and Kim and
Sohn [12] at T = 1523 K. The LPb

slag/copper from Heo et al. [14]
at T = 1473 K is slightly higher than that of the present study,
while LPb

slag/copper from Takeda et al. [3] and Kaur et al. [13] at
T = 1523 K is significantly lower than that of the present
study. The FactSage predicted line using the PYROSEARCH
database [7–11] describes the present experimental data.

4.4. Distribution of tin as a minor element between iron
silicate slag and copper

The logarithmic values of LSn
slag/copper versus Log10[P(O2),

atm] from the present and previous studies [2, 3, 15– 18]
are provided in Fig. 5. All experimental data show increas-
ing Sn distribution to the slag phase with increasing oxy-

Fig. 3. Logarithmic value of distribution ratio of As as a minor element between iron silicate slag and copper as a function of Log10[P(O2), atm] at
the gas/slag/copper/tridymite equilibria in the Cu–Fe–O–Si–(As) system. Previous experimental data are from [1, 3–5]. Calculated lines are from
FactSage using the PYROSEARCH database [7–11].
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gen partial pressure. Most of the studies show similar
slope of Log10[LSn

slag/copper] versus Log10[P(O2), atm] be-
tween 0.5 and 0.6, which indicates that Sn dissolves in
the slag predominantly in the form of SnO in this range of
oxygen pressures. The present study shows a decrease in
LSn

slag/copper with increasing temperature; the present trend
is in agreement with the trend obtained by Nagamori and
Mackey [2].

At T = 1 523 K, the LSn
slag/copper reported by Takeda et al.

[3] is in good agreement with the present experimental data.
At T = 1 573 K, the LSn

slag/copper reported by Nagamori and
Mackey [2], Anindya et al. [15], Avarmaa et al. [16], Van
den Bulck et al. [17] and Klemettinen et al. [18] are in the
same order of magnitude with that from the present study;
it appears that addition of up to 20 wt.% Al2O3 or
13.8 wt.% CaO into the slag did not significantly affect the
LSn

slag/copper. Difference in LSn
slag/copper is only observed in

the experimental data reported by Anindya et al. [15] for

slag phase containing 21.9 wt.% CaO. The PYROSEARCH
database [7– 11] describes the relationships between LSn

slag/

copper with P(O2) and temperature obtained by the present
study.

4.5. Distribution of zinc as a minor element between iron
silicate slag and copper

Figure 6 shows the logarithmic value of LZn
slag/copper as a

function of Log10[P(O2), atm]. The slope of the line from
present study is similar to those of Takeda et al. [3] and
FactSage predicted lines. The slope of Log10[LZn

slag/copper]
versus Log10[P(O2), atm] indicates that Zn in the slag pre-
dominantly exists in the form of ZnO.

The present experimental data and previous data from
Takeda et al. [3] show the Zn distribution to the slag phase
increases with increasing oxygen partial pressure. The
LZn

slag/copper at T = 1523 K from Takeda et al. [3] is consis-

Fig. 5. Logarithmic value of distribution ratio of Sn as a minor element between iron silicate slag and copper as a function of Log10[P(O2), atm] at
the gas/slag/copper/tridymite equilibria in the Cu–Fe–O–Si–(Sn) system. Previous experimental data are from [2, 3, 15–18]. Calculated lines are

Fig. 4. Logarithmic value of distribution ratio of Pb as a minor element between iron silicate slag and copper as a function of Log10[P(O2), atm] at
the gas/slag/copper/tridymite equilibria in the Cu–Fe–O–Si–(Pb) system. Previous experimental data are from [1, 3, 12–14]. Calculated line is
from FactSage using the PYROSEARCH database [7–11].
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tently higher than the present study by approximately 0.75
logarithmic scale. The experimental data by Surapunt et al.
[6] at T = 1 473 K is at the lowest possible P(O2) where iron
is presence and gives the lowest LZn

slag/copper. The LZn
slag/copper

calculated using FactSage with the PYROSEARCH database
[7 –11] is similar to the LZn

slag/copper experimentally deter-
mined by Takeda et al. [3].

Under the investigated conditions, most of the Zn was
dissolved in the slag phase and significantly lower Zn
was dissolved in the copper phase. It was desired to mea-
sure this low concentration of Zn in the copper phase using
the LAICPMS. However, due to the absence of an appro-
priate matrix matching standard for the LAICPMS, the
Zn concentration in the copper phase was measured using
the EPMA. The measurement results obtained from
EPMA of the present study may contain higher uncertain-
ties due to the low concentration level of Zn in the copper
phase.

The improved experimental technique has been used in
the present study to investigate the distribution behavior
of minor elements between iron silicate slag and copper.
The present experimental data show clear trends of the ef-
fect of oxygen partial pressure on the distributions of As,
Pb, Sn and Zn between slag and copper, as well as the ef-
fect of temperature on the distributions of As and Sn be-
tween slag and copper. However, accurate determination
of the distribution of Zn between iron silicate slag and cop-
per requires further investigation. The present experimen-
tal data have been used in the development a new thermo-
dynamic database of the Cu–Fe–O–Si system containing
minor elements.

5. Conclusions

The distribution coefficients of As, Pb, Sn and Zn as minor
elements between iron silicate slag and copper in equilibri-
um with tridymite in the Cu–Fe–O–Si system have been ex-
perimentally determined at 1 523 K and 1 573 K. A closed

system equilibration was employed to minimize the vapori-
zation of the minor elements. The effective P(O2)s of the
samples were derived based on the activity of Cu in the
metal and Cu2O in the slag of the closed-system. Under
the investigated conditions, the arsenic was found to prefer-
entially dissolve into the copper phase rather than into the
slag phase. The As distribution towards the slag phase in-
creases with increasing oxygen partial pressure and de-
creasing temperature.

Higher concentrations of Pb and Zn were found in the
slag than in the copper phase. More Pb and Zn distributed
into the slag with increasing P(O2). Tin was found to prefer-
entially dissolve into the copper phase at P(O2) below 10–7

atm and preferentially dissolve into the slag phase at P(O2)
above 10–7 atm. With increasing temperature, more Sn dis-
tributed into the copper than into the slag.

The new data for the As, Pb and Sn from the present
study resolve the discrepancies found in previous studies
and have been used in the revision of the copper-containing
thermodynamic database. However, further investigation is
required to accurately determine the distribution of Zn be-
tween iron silicate slag and copper. The present study is a
part of a larger integrated experimental and thermodynamic
modeling research program to revise the thermo-chemistry
of complex copper smelting multicomponent metal/matte/
slag systems.
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Fig. 6. Logarithmic value of distribution ratio of Zn as a minor element between iron silicate slag and copper as a function of Log10[P(O2), atm] at
the gas/slag/copper/tridymite equilibria in the Cu–Fe–O–Si–(Zn) system. Previous experimental data are from [3, 6]. Calculated line is from Fact-
Sage using the PYROSEARCH database [7–11].
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