Thermodynamics of Indium Dissolution in Molten CaO-based Slags
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Abstract: The solubility of indium in the CaO-SiO2-Al2O3 slag was measured by a thermochemical equilibration
technique. The dissolution mechanism of indium into the CaO-SiO2-Al2O3 slag at 1773 K under reducing atmosphere
was elucidated. The indium solubility increases in calcium silicate based flux and decreases in calcium aluminate based
flux with increasing oxygen partial pressure. Also, it decreases by increasing the basicity of slag, followed by an
increase with increasing basicity of slag, indicating that indium dissolution mechanism changes according to the
basicity of slag. Therefore, a dissolution mechanism of indium can be constructed as following equation;
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The enthalpy change of indium dissolution reaction is negative, indicating that the dissolution is an exothermic reaction.
The solubility of indium is strongly dependent on the content of silica. The activity coefficient, and thus the excess free
energy of In2O linearly decreases with increasing silica content, indicating that the In2O is believed to behave as a weak
basic oxide in high silica region. Therefore, it is recommended to use suitable flux which corresponds to the
CaO-Al2O3-20wt% SiO2 in order to minimize the indium loss during pyrometallurgical processing of In-containing
materials.
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1. Introduction
Indium is usually produced as a minor by-product of lead and zinc smelting and refining processes, and is used in
flat panel display (Indium-Tin-Oxide, ITO) and thin film solar cell (CuInSe2, CuInGaSe2), etc. Recently, the
pyrometallurgical recycling of indium-containing electric parts and dental materials has been issued in terms of “Urban
Mining” due to very high cost and scarceness of indium.[1,2] However, the dissolution mechanism of indium into the
slag phase has not been fully understood yet.
The literature contains only two experimental studies on the distribution of indium between lead and slags. One of
them was carried out on the distribution of indium between molten lead and the SiO2-CaO-MgO-FeO-PbO-Al2O3 slags
by Johnson et al.[3] The experiments were conducted at 1473 K and oxygen partial pressure of p(O2)=10-12 atm using a
CO-CO2 gas mixture. They found that the indium distribution ratio between metal and slag, i.e. [wt% In]metal / (wt%
In)slag, was about 50, and it increased as the basicity, expressed as (CaO+MgO)/SiO2, increased for the FeO/SiO2 values

from 1.3 to 1.8. In addition, it was independent of the FeO/SiO2 ratio in the basicity ranges from 0.4 to 0.8.
Nevertheless, this was not certain because the scatter in the data was substantial.[3] The other was performed by Hoang
and Swinbourne between molten lead and the FeO-CaO-SiO2-8wt% Al2O3 slag system under p(O2)=10-12~10-10 atm.[4] It
was found that the indium distribution ratio between metal and slag was a function of the FeO/SiO2 ratio and was
independent of the CaO/SiO2 ratio, and the highest values of the indium distribution ratio were for the most FeO rich
slag. Besides, indium has been shown to exist in the FeO-CaO-SiO2-Al2O3 slag as “InO”, i.e. indium was divalent.[4]
Dissolution mechanism of indium, however, was not established in their experiments.
In the present work, therefore, the solubility of indium in the CaO-SiO2-Al2O3 slag was measured at 1773 K and
under highly reducing atmosphere over a wide range of composition within the liquid area in the slag system in order to
elucidate the dissolution mechanism of indium in the metallurgical slags under reducing conditions.

2. Experimental
2.1

Sample preparation
The slag samples were prepared using reagent-grade Al2O3, SiO2, and CaO calcined from CaCO3 at 1273 K for 10

hours. The slag (3.0g) and indium (1.00.2g) were held in graphite crucibles under a CO atmosphere for equilibration.
For measuring the effect of oxygen partial pressure on the indium solubility, CO was diluted by Ar, which was purified
using not only silica gel but also Mg turnings at 723 K. The oxygen partial pressure can be calculated according to the
following reaction;[5]

1
C(s)  O 2 (g)  CO(g), ΔG o  114,445  85.8T (J/mol)
2

[1]

where aC = 1 because a graphite crucible was used in this study. As the CO/(CO+Ar) ratio varied from 1.0 to 0.3, the
oxygen partial pressure changed from p(O2)=1.9610-16 to 1.7610-17 atm at 1773 K. CO gas was passed through the
Drierite®, Mg(ClO4)2, silica gel, and soda lime for eliminating moisture and impurities. The time for equilibration was
preliminarily determined.

2.2

Measurement
A super-kanthal electric furnace was used for an equilibration of the CaO-SiO2-Al2O3 slag and pure (99.99% purity)

indium metal. The temperature was controlled within 2 K using a B-type (Pt-30wt% Rh/Pt-6wt% Rh) thermocouple
and a PID controller. The schematic diagram of experimental apparatus is shown in Figure 1.

Fig.1 Schematic diagram of the experimental apparatus.

After equilibrating for 12 hours, the samples were quenched by dipping the crucible into brine and crushed for
chemical analysis. The indium content in the slag samples was determined using ICP-AES (iCAP6500, Thermo
Scientific, Waltham, MA) and the equilibrium composition of slag was determined using XRF spectroscopy (S4
Explorer, Bruker AXS Inc., Madison, WI).

3. Results and Discussion
3.1 Dependence of the solubility of Indium on the oxygen partial pressure
The general formula of the indium dissolution reaction into the slag can be described by the following equation:
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where K[2] , ai , f i and pO 2 are the equilibrium constant of Eq. [2], the activity and the activity coefficient of

component i, and the oxygen partial pressure, respectively. As the standard state of indium is taken as the pure solid
indium, the activity of indium is unity. Thus,
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From Eq. [4], the solubility of indium is expected to have a linear relationship with the oxygen partial pressure at a
fixed temperature and slag composition in logarithmic form.
In Figure 2, the solubility of indium in the 31wt% CaO-56wt% SiO2-13wt% Al2O3 system and that in the 48wt%
CaO-11wt% SiO2-41wt% Al2O3 system at 1773 K are shown as a function of oxygen partial pressure. In high silica
region, indium solubility, log (wt% In), linearly increases with increasing oxygen potential, log pO 2 , with the slope of
0.27, which is close to 0.25, indicating that the stoichiometric coefficient of “m” in Eqs. [2] and [4] would be 1/4. In
low silica region, the solubility of indium follows different mechanism. The solubility of indium at low silica region
decreases with increasing oxygen potential. The slope of -0.28, which is close to -0.25, indicating that the
stoichiometric coefficient of “m” in Eqs. [2] and [4] would be -1/4. The dependence of indium solubility on the oxygen
partial pressure is very similar to that of silver in the 55mol% CaO-45mol% B2O3 flux at 1773 K and that of copper
(Cu+) in the CaO-Al2O3-MgO slag at 1873 K.[5,6]

Fig. 2 Dependence of indium solubility in the CaO-SiO2-Al2O3 system on the oxygen partial pressure at 1773K

3.2 Relationship between the solubility of Indium and the activity of basic oxide
The effect of basicity on the dissolution behavior of indium can be estimated by considering the relationship
between log (wt% In) and log aCaO from Eq. [4], assuming that the activity of CaO is in proportion with that of O2- ions
at a given oxygen partial pressure.[7-11] In Figure 3, the solubility of indium is plotted against the activity of CaO in the
entire slag at 1773 K. The indium solubility, log (wt% In), linearly decreases by increasing the activity of CaO at high
silica region. The slope closes to -1/2, although some experimental scatters are observed. From this experimental
finding, it is suggested that the stoichiometric coefficient “n” in Eqs. [2] and [4] is -1/2. In low silica region, the indium
solubility linearly increases by increasing the activity of CaO. The slope closes to 1/2, indicating that the stoichiometric
coefficient “n” in Eqs. [2] and [4] is 1/2. Here, the activity of CaO in the CaO-SiO2-Al2O3 slag at 1773 K was calculated
by FactSageTM6.2 (ESM Software, Hamilton, OH), which is a commercial thermochemical computing program.[12,13]
This software has been successfully applied in metallurgical slag systems.[14-18]

Fig. 3 Dependence of indium solubility on the activity of CaO in the CaO-SiO2-Al2O3 slag at 1773K

Consequently, Eq. [2] can be rewritten as follows;
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3.3 Correlation between the Indium capacity and the sulfide capacity
From a dissolution reaction of indium which is given in Eqs. [5] and [6], the indium capacity can be defined using
an equilibrium constant of Eqs. [5] and [6] as follows.
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Alternatively, the dissolution of sulfur into molten slag is expressed by Eq. [9] and thus the sulfide capacity is
defined as Eq. [10];[19,20]
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Eliminating the aO 2 term in Eqs. [7] and [8] and [10], the relationship between indium and sulfide capacities in the
high and low silica region is derived, respectively, as follows:
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Thus, the indium capacity is expected to have a linear relationship with the sulfide capacity at a fixed temperature in
logarithmic form assuming that the composition dependence of the second term in the right-hand side would not be
significant.

Figure 4 shows the relationship between the indium capacity and the sulfide capacity, which was measured by
Kalyanram et al.,[21] in logarithmic form in the CaO-SiO2-Al2O3 slag at 1773 K. The indium capacity at high silica
region decreases linearly with increasing sulfide capacity at a fixed temperature in logarithmic form. The slope of the
line obtained from least square regression is about -0.64, which is close to -1/2. In the low silica region, indium capacity
increases linearly with increasing sulfide capacity. The slope is 0.45, which is close to 0.5. Therefore, Eqs. [5] and [6]
are comparatively reasonable from the viewpoint of slag basicity.

Fig.4 Relationship between the sulfide capacity and the indium capacity of the CaO-SiO2-Al2O3 slag at 1773K

3.4 Dependence of the solubility of Indium on temperature

Dependence of the solubility of indium in the CaO-SiO2-Al2O3 system on temperature is shown in Figure 5. The
solubility of indium, log (wt% In) linearly decreases with increasing temperature. The enthalpy changes for dissolution
of solid indium in the 70wt% SiO2 and 33wt% SiO2 melts (CaO/Al2O3=1.0) are calculated from the slopes of the lines
based on the van’t Hoff equation which is given in Eq. [13].[22]
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The enthalpy changes calculated from Figure 5 and Eq. [13] for each system are -139.0 and -90.0 kJ/mol,

respectively, indicating that the dissolution is an exothermic reaction.

Fig. 5 Effect of temperature on the solubility of indium in the CaO-SiO2-Al2O3 melts.

Hoang and Swinbourne reported that indium exists as ‘InO’ in the FeO-SiO2-CaO-8wt% Al2O3 slag under
relatively oxidizing atmosphere, p(O2)=10-12~10-10 atm.[4] However, indium oxide in the present work is expected to
exist as ‘In2O’ in the CaO-SiO2-Al2O3 (SiO2 > 20wt%) slag under highly reducing atmosphere. Based on this finding,
the indium dissolution reaction in a molecular form may be written as follows;[5,23]
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The value of H do is estimated to be about -105.8 and -56.8 kJ/mol, respectively, for the very high (70wt%) silica and
the moderate (33wt%) silica concentration. Thus, it is believed that metallic indium potentially oxidizes into the
gaseous In2O, followed by dissolution into the slag as In+ ionic form in high silica region as likely as silver, Ag+.[6] From
the present experimental results of the temperature dependency of the indium solubility, indium oxide as a reaction
product is more stable in the highly polymerized melts than in the depolymerized melts. The more quantitative
thermodynamic consideration will be given in Section 3.5.

3.5 Effect of slag composition on the solubility of Indium

In Figure 6, the solubility of indium in the CaO-SiO2-Al2O3 slag at 1773 K under condition of p(O2)=10-16 atm is
plotted against the content of silica. As can be seen in Figure 6, the indium solubility decreases by increasing the
content of silica and shows a minimum solubility, followed by an increase with increasing contents of silica. The system
has a minimum point, suggesting that the indium ion in the melts has a different form on either side of the minimum
point, i.e., In+ in the high silica region and In- in the low silica region.

Fig. 6 Dependence of In solubility on content of SiO2 in the CaO-SiO2-Al2O3 system at 1773K

Figure 7 shows the iso-indium solubility contours in the CaO-SiO2-Al2O3 ternary system at 1773 K under a
reducing atmosphere. The solubility of indium predominantly increases by increasing the content of silica at high silica
region, i.e. SiO2 > 20wt%, whereas it increases with increasing lime content at low silica region, i.e. SiO2 < 20wt%,
respectively. Therefore, it is recommended to use suitable flux which corresponds to the CaO-Al2O3-20wt% SiO2
system in order to minimize the indium loss during pyrometallurgical processing of In-containing materials.

Fig. 7 Iso-indium solubility contours in the CaO-SiO2-Al2O3 system at 1773K

4. Conclusions

The solubility of indium in molten CaO-SiO2-Al2O3 system was measured at 1773 K in order to establish the
dissolution mechanism of indium under highly reducing atmosphere. The results of this study can be summarized as
follows.
1) The solubility of indium in a molten CaO-SiO2-Al2O3 system was measured at 1773 K. The indium solubility
increases in calcium silicate based flux and decreases in calcium aluminate based flux with increasing oxygen partial
pressure. Also, it decreases by increasing the basicity of slag, followed by an increase with increasing basicity of
slag. Therefore, a dissolution mechanism of indium was established as follows:
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2) The relationship between indium and sulfide capacity in the CaO-SiO2-Al2O3 slag at 1773 K showed a good
correlation consistent with the theoretical expectation.

3) The enthalpy change of the indium dissolution reaction is negative, which indicates that the dissolution is an
exothermic reaction.
4) The careful design of flux system is required to enhance indium recovery during pyrometallurgical flux treatment.
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