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The distribution ratio of germanium (Ge), Lg: during equilibrium reactions between
magnesia-saturated FeO,-Ca0O-SiO, (FCS) slag and molten copper has been measured under
oxygen partial pressures from 107" to 1077 atm and at temperatures 1473 to 1623 K (1200 to
1350 °C). It was observed that the Ge distribution ratio increases with increasing oxygen partial
pressure, and with decreasing temperature. It was also observed that the distribution ratio is
strongly dependent on slag basicity. The distribution ratio was observed to increase with
increasing optical basicity. At fixed CaO concentration in the slag, the distribution ratio was
found to increase with increasing Fe/SiO, ratio, tending to a plateau at Lg;" = 0.8. This
behavior is consistent with the assessment of ionic bond fraction carried out in this study, and
suggested the acidic nature of germanium oxide (GeO,) in the slag system studied. The
characterisation results of the quenched slag suggested that Ge is present in the
FeO4-Ca0O-Si0,-MgO slag predominantly as GeO,. At 1573 K (1300 °C) and po, = 108
atm, the activity coefficient of GeO, in the slag was calculated to be in the range of 0.24 to 1.50.
The results from the current study suggested that less-basic slag, high operating temperature,
and low oxygen partial pressure promote a low Ge distribution ratio. These conditions are
desired for maximizing Ge recovery, for example, during pyrometallurgical processing of
Ge-containing e-waste through secondary copper smelting. Overall, the thermodynamics data
generated from this study can be used for process modeling purposes for improving recovery of
Ge in primary and secondary copper smelting processes.
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I. INTRODUCTION

GERMANIUM (Ge) is a lustrous, grayish-white,
brittle, and scarce metalloid with a concentration in the
earth’s crust of about 1.6 ppm.!"* The average concen-
tration of Ge in sphalerite ((Zn,Fe)S) ores is up to
0.3 mass pct. The main route for Ge production is
through refining process of zinc, where Ge is recovered
from zinc residue as a by-product.) This is mostly
carried out in Belgium and Canada. Fly ash and flue
dust produced from the combustion of certain coal can
also be a source for Ge, with the highest concentration
found from Hartley coal ash at Northumberland, U.K.,
i.e., about 1.6 mass pct Ge.”! There are a number of
producers in China which recover Ge from coal fly ash
and zinc ore. Russia has been increasing their Ge
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production from fly ash from Pavlovskoye coal deposit
since the last decade.!!

United State Geological Survey (USGS) estimated the
worldwide end-use of Ge metal and reported that about
85 pct of Ge is used in fiber optics, inferred optics,
polymerisation catalyst application, electronics, and
solar application.’) The primary way of Ge production
only replenishes 70 pct worldwide demand, the rest is
fulfilled by recycling of Ge from alternative resources
including end-of-life (eol) products and electronic waste
(e-waste).l)

E-waste is a heterogeneous mixture of nonmetallic
and metallic materials and it contains ferrous/nonfer-
rous valuable metals and hazardous elements,'®” eg.,
copper (Cu), lead (Pb), iron (Fe), gold (Au), silver (Ag),
tin (Sn), arsenic (As), selenium (Se), tellurium (Te),
germanium (Ge), palladium (Pd), tantalum (Ta), cobalt
(Co), ruthenium (Ru), gallium (Ga), and other metals.
The growing demand of electrical and electronic equip-
ment has resulted in the rapid increase in the generation
rate of e-waste. For example, it has been shown that the
e-waste generation in Australia is about three times than
that of the municipal waste generation, while in Europe
it is higher, i.e., about five times.”®! One of the sustain-
able solution to this problem is through recycling and
reprocessing of e-waste for handling the hazardous
elements and for recovering the valuable metals includ-
ing Ge.>:19!
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In metal recycling industries, the recovery of valuable
metals from e-waste is carried out through a combina-
tion of improved traditional extractive metallurgy pro-
cesses (for example, a combined pyrometallurgy,
electrometallurgy, and hydrometallurgy pro-
cesses).'' 13 The e-waste processing is usually embed-
ded in base metal productions through copper, lead, and
zinc productions. In the case of e-waste processing
through copper production, the pyrometallurgy process
is aimed to recover valuable metals from e-waste and
enrich them into liquid copper (or matte) phase. At a
later stage of the process, the liquid copper is electrore-
fined to produce high-purity copper and a by-product of
copper sludge known as anode slime that contains the
valuable metals. This anode slime is then processed
using hydrometallurgical techniques for the separation
and recovery of the valuable metals. Umicore is one of
the largest recycling companies in the world which
processes different industrial wastes including Ge-con-
taining e-waste, by-products from the nonferrous indus-
tries, spent industrial catalysts, car exhaust catalysts,
and printed circuit boards (PCBs).'*'®) They have
established an integrated approach of smelting and
refining processes for the recovery of precious and other
valuable metals like Ge, Sn, Au, Ag, Pt, Te, and Se 112131

Recently, there has been a growing interest to recycle
and recover trace valuable metals found in e-waste
(including Ge) through a secondary copper processin
route, namely the black copper smelting process.®
This is mainly due to the flexibility of the process in
which different variety of secondary copper resources
(including e-waste) can be inputted into the process.
This process also can be carried out for small- to
large-scale operations. Figure 1 shows the general flow
sheet of the black copper smelting process. The first step
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of processing secondary low-grade copper resources is
carried out in a reduction furnace where the black
copper is produced. From this process, some metals
(mainly Zn) also partition into the gaseous phase as
Zn-rich fume, which can be recovered upon further
processing. The typical operating conditions of this
reduction process are at temperatures of 1523 K
(1250 °C) to 1573 K (1300 °C) and oxygen partial
pressures of 107% to 107® atm. The black copper
produced is then oxidized in an oxidation furnace to
oxidize Zn, Sn, and Pb into oxide fumes. This produces
a higher purity copper, which is then further refined in
an anode furnace (combination of oxidation and reduc-
tion depending on the composition). Alloyed copper
scraps (of higher purity) can be added in the oxidation
furnace or in the subsequent process in the anode
furnace. Further impurities removal occurs during the
process in the anode furnace. The anode copper
produced is then electrorefined to produce ultrahigh-pu-
rity copper and by-product anode slime which is further
processed to recover the valuable metals. The black
copper that contains high impurities can also be treated
using a different process route (shown in the bottom
part of Figure 1). Firstly, it is leached in a leaching bath
containing sulphuric acid, then the leach liquor solution
is subjected to electrowinning to get high-purity copper
cathode. As a by-product, leaching residue from leach-
ing and electrowinning is subsequently processed further
to recover the precious metals.

The existing processes applied in industry for recov-
ering all valuable metals are far from optimized. This is
mainly due to the limited fundamental information on
the behavior of the trace valuable elements during the
smelting processes. For example, it has been shown that

there is a very limited data on the distribution ratio, L};"
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Fig. 1—Simplified flow sheet of the black copper smelter and black copper leaching.
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of valuable elements on the conditions relevant to
primary and secondary copper smelting.l'”! There have
been a number of studies on the distribution behavior of
selected valuable metals in molten copper and sla% under
primary copper smelting processes, such as Au,!'s pt,[”)
Pb,2% Sn [ [n 7211 S 22 Te 222 €024 As,*) and
Bi.”®) However, no information and data are available
in the literature on Ge distribution at conditions
relevant to both primary and secondary copper smelting
process.

There are only two experimental studies found in the
open literature on the investigation of Ge behavior
during })?/rometallurgical processing. Yan and Swin-
bourne?” investigated the Ge distribution at conditions
relevant to zinc-lead smelting process. In this study, Pb
and Ge were equilibrated with CaO-SiO,-FeO-Al,O3
slag in an alumina crucible at oxygen partial pressures of
107"%° to 107'° atm and temperatures of 1423 K to
1523 K (1150 °C to 1250 °C). In these conditions, they
found that Ge is likely to go to the slag phase and
present as GeO (Ge*'). They also reported that
temperature and slag composition have a small effect
on the Ge distribution ratio within the parameters
studied. A highly reducing atmosphere was found to
increase the loss of Ge into the gas phase rather than
increasing the Ge concentration in the metal phase. It
was also concluded in this study that there are little
opportunities to reduce the Ge loss by controlling the
lead smelting conditions.

Another study performed by Henao et al.*® examined
the distribution ratio of Ge in lead bullion and liquid
slag CaO-Si0,-FeO-Fe,03-MgO under oxygen partial
pressures of 107" to 10~ atm at 1473 K (1200 °C).
Henao et al.?® utilized electron probe X-ray microanal-
ysis (EPMA) to analyze the quenched liquid slag. It was
suggested that Ge was present in the slag as GeO,
(Ge*") and that the slag composition enhances the
partitioning of Ge to the lead phase. These discrepancies
with the previous study of Yan and Swinbourne®”! may
be attributed to the different slag system (compositions
and crucible material used in their study. Henao et al.**
also carried out selected experiments at higher temper-
atures. However, due to excessive volatilization, Ge in
the slag and metal was not detected (beyond the
detection limit of EPMA technique).

The present study focuses on the investigation of
distribution ratio and thermodynamics behavior of Ge
in FeO,-Ca0-SiO,-MgO slag and molten copper under
conditions relevant to the black copper smelting. The
distribution ratio data obtained in this study are also
used to calculate the activity coefficient of germanium
oxide and to determine the oxidation state of germa-
nium in the slag.

II. EXPERIMENTAL METHODOLOGY

A. Materials Preparation

Master slags were prepared from SiO, (99.5 pct
purity), CaCO; (99.5 pct purity), Fe,O3; (99.99 pct
purity), and Fe (99.9 pct purity) powder, obtained from
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Alfa Aesar. CaCO;3; was dried to remove moisture at
773 K (500 °C) for 5 hours, followed by heating at
1373 K (1100 °C) for 4 hours in a high-purity alumina
tray inside a muffle furnace to produce CaO. The
appropriate amount of iron, ferric oxide, silicon dioxide,
and calcium oxide (calcined CaCQOs;) targeting selected
Fe/SiO, ratios and CaO contents were weighed and
mixed in a ball mill for 36 hours. The milled powders
were then transferred to a high-density magnesia cru-
cible (OD; 48 mm, ID; 42 mm, HT; 51 mm) for melting
to produce slags.

The melting of the mixtures was carried out in a
vertical tube resistance furnace where the crucibles were
placed in the hot zone suspended using an alumina
(99.8 pct purity) rod. At the beginning, the air inside this
furnace was evacuated using an external vacuum pump
before backfilled with high-purity argon gas. The
mixtures of powders were heated to 1573 K (1300 °C)
with a heating rate of 200 °C/hour and preequilibrated
for 6 hours at 1573 K (1300 °C) under controlled
CO-CO, atmosphere at oxygen partial pressure
po, = 10~® atm. After 6 hours of equilibration time,
the liquid slag was then quenched rapidly in the cool
zone using high-purity argon gas to preserve the
composition. The master slags were then recovered by
carefully crushing the crucibles containing the slags. The
slag samples were analyzed using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) tech-
nique to determine the final equilibrated composition. It
was found that about 6.3 to 8.8 mass pct MgO is present
in the slags due to the dissolution of the crucibles used
for melting.

The master alloy Cu-Ge was prepared from copper
flakes (99.99 pct purity, from Alfa Aesar) and germa-
nium powder (99.99 pct purity, from Sigma-Aldrich). A
mixture of copper flakes with 5 wt pct Ge was equili-
brated for 6 hours in a high-density magnesia crucible
(OD; 48 mm, ID; 42 mm, HT; 51 mm) inside a vertical
tube resistance furnace. At the beginning the furnace
was evacuated using an external vacuum pump before
backfilled with high-purity argon gas. The master alloy
was then heated up to 1573 K (1300 °C) with a heating
rate of 200 °C/hour under high-purity argon gas. The
liquid master alloy was then cooled inside the furnace
using the same cooling rate. The composition of master
alloy was confirmed using ICP-AES technique. It was
found that approximately 1 mass pct of Ge was
volatilized during the melting procedure. A trace
amount of magnesium (< 0.005 mass pct) from the
crucible was found in the master alloy.

B. Experimental Apparatus, Procedure, and Conditions

The equilibration experimental works were conducted
in a vertical tube resistance furnace (Nabertherm,
model: RHTV 120-300/18) which have six MoSi,
heating elements and a Eurotherm automatic tempera-
ture controller was used to control the furnace temper-
ature. The furnace was fitted with water-cooled stainless
steel flanges at both ends of the tube and connected to
gas lines. Prior to experiments, the temperature profile
measurement and calibration were carried out using an
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R-type (Pt/Pt-13 wt pct Rh) standard calibration ther-
mocouple, to determine the hot zone and the actual
temperature at locations along the length of the tube
inside the furnace. The temperature was found to be
accurate within £2 K (£271 °C). The appropriate gas
mixture was flown into the furnace through an inlet gas
line at the bottom flange and exited through the outlet
line at the top flange. Figure 2 shows the schematic
diagram of the experimental apparatus used in the
current study.

Two types of experiments were carried out in the
current study, i.e., equilibration experiment approaching
from reduced and oxidized conditions, respectively.
Samples with approximately 3.5 g of master slag, 2.8 g
of copper, and 0.7 g of master alloy (Cu-3.9 mass pct
Ge) were used for experiments approaching equilibrium
from reduced condition. For experiments approaching
from oxidized condition, samples with 3.5 g of copper,
3.45 g of master slag, and 0.05 g of GeO, (99.999 pct,
purity from Alfa Aesar) were used. These mixtures were
placed in high-density magnesia crucibles (OD 18 mm,
ID 14 mm, HT 30 mm). It was expected that some Ge
and its associated compounds volatilized during equili-
bration experiments. There are not many data available
on the vapor pressure of Ge and Ge oxides. Hultgren
et al.®” reported a vapor pressure of Ge (g) over Ge (zso)
of 1.02 x 107* Pa at 1200 K (927 °C). Swamy et al.,*"
interpolated data from Davydov,”!" and reported a
vapor pressure of GeO, (g) over GeO, (s) of 1 x 10° Pa
at 1473 K (1200 °C).

To reduce the Ge or GeO, losses, the crucible
containing the sample was placed on top of a bed of
alumina powder and covered with a bigger high-purity
alumina crucible in an upside-down position, as shown
in Figure 2. This technique to reduce volatilization has
been successfully demonstrated by Louey e al.**! This

Alumina crucible cover <
Magnesia crucible <[] <
Slag <
Metal <
Alumina powder <

assembly was then placed in the hot zone inside the
furnace and supported with a high-purity alumina
pedestal rod. For the equilibration experiments, initially
the furnace chamber was evacuated using a vacuum
pump at room temperature before backfilled with
high-purity argon gas. The furnace then heated up to
the desired temperature before CO,-CO gas mixture was
flown into the furnace chamber. The desired oxygen
partial pressure in the furnace at a particular temper-
ature was achieved by flowing appropriate ratio of
CO-CO, gas mixture consideriné Eq. [1] which was
reported by Yazawa and Takeda.’ The individual gas
flow of CO, and CO was regulated using a digital mass
flow controller (DFC; Aalborg, USA) which was pre-
calibrated with a manual gas flow meter. The purity of
CO, and CO gases used in the experiment was
99.995 pct and 99.5 pct, respectively. The gas mixture
was introduced from the bottom of the furnace to
minimize the effect of thermal segregation, and oxygen
back diffusion from the air into the furnace was
prevented using a gas bubbler before release to the exit
line.

CO, 29,510
log po, = 2log o) T

The overall flow rate of gas used in each experiment
was 400 mL/min. To confirm the oxygen partial pres-
sure, a SIRO, C700+ zirconia ceramic electrolyte
oxygen sensor (Ceramic Oxide Fabricators, Australia)
was used to measure the actual oxygen partial pressure
in the furnace as shown in Table 1. After the equilibrium
time was achieved, the experiment was terminated by
purging a high-purity argon gas for 5 minutes and the
crucible system was immediately quenched by lowering
it to the cool zone at the bottom of the furnace. Once

H ! DFC 2 DFC1

+9.05. 1]

Argongas CO2gas CO gas

Fig. 2—Schematic of the experimental apparatus: tube furnace and gas arrangement used in the experiment: (1) gas outlet, (2) silicone O-ring,
(3) MoSi, eating element, (4) alumina tube, (5) mullite tube, (6) magnesia crucible, (7) alumina pedestal, (8) water cooled flange, (9) gas inlet.
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Table I. Experimental Conditions Studied

Temperature (K) (°C)

1473 (1200), 1523 (1250), 1573 (1300), 1623 (1350)

Slag Composition (mass pct) Fetotal Si0, CaO MgO
37.3 353 5.59 6.3
27.4 33.9 9.72 6.78
32.8 33.1 9.88 6.49
37.9 328 9.80 6.51
41.8 31.9 9.95 6.35
33.4 33.6 145 7.52
31.1 32.6 14.5 7.83
30.7 31.3 19.4 8.78

Oxygen Partial Pressure (atm) Target po, Temperature [K (°C)] Measured pof
1078 1473 (1200) 9.64 x 107°
1078 1523 (1250) 1.03 x 1078
1078 1573 (1300) 9.47 x 107°
1078 1623 (1350) 9.85 x 107°
1077 1573 (1300) 9.46 x 1078
107° 1573 (1300) 9.34 x 10710
10710 1573 (1300) 9.48 x 107"

¥ Measured EMF using SIRO, sensor.

cooled down, the crucible system was collected and it
was carefully crushed and the copper and slag were
separated by physical means. In the current study, the
effect of temperature, oxygen partial pressure, and the
different slag composition were investigated. Table I
shows the experimental conditions studied.

C. Chemical Analysis and Characterization

After the slag and the metal samples were separated,
they were fused using sodium peroxide and dissolved in
hydrochloric and nitric acids. The solutions were then
analyzed using ICP-AES (inductively coupled plas-
ma—atomic emission spectrometry) technique (Varian
730 ES: ICP-AES) to determine the bulk chemical
compositions. The slag samples were also characterized
using XRD (X-ray diffraction) technique (AXS-DS,
Bruker) equipped with Cu Ko (4 = 1.5406 A) radiation
target. The diffraction patterns were collected over a 20
range from 10 to 80 deg at a step size of 0.02 deg.
Raman spectrometry analyses were also carried out on
selected slag samples using a Raman spectroscope
(inVia, Renishaw, U.K.) equipped with a Leica micro-
scope. The Raman spectra measurements were carried
out using an excitation wavelength of 785 nm from an
argon-ion laser.

III. RESULTS AND DISCUSSION

A. Checking of Equilibrium and Determination of
Minimum Equilibration Time

The attainment of equilibrium and the time to reach
this condition were investigated by carrying out equili-
bration experiments approaching from an opposite
direction, i.e., approaching from oxidized and reduced
conditions. A slag having Fe/SiO, ratio (in weight) of
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0.99 and CaO concentration of 14.5 mass pct was
equilibrated with copper at oxygen partial pressure of
10~ atm at 1573 K (1300 °C). It has been mentioned
that some of the MgO from the crucible entered into the
slag. It was predicted by FactSage thermochemical
software calculation that this condition is in the liquid
region of the FeO,-CaO-SiO,-MgO (FCS) slag system.
A number of equilibration experiments were carried out
with reaction time from 4 to 20 hours from both
directions (approaching from oxidized and reduced
conditions) to investigate the time required to reach
equilibrium. Germanium is volatile in the conditions
studied; to investigate the Ge loss by volatilization, mass
balance coupled with bulk chemical analyses of copper
and slag phase were carried out at different reaction time
and the results are presented in Table II. To avoid
excessive Ge volatilization and reshifting of equlibrium,
it was necessary to determine the earliest time to reach
equilibrium.

The data in Table Il are plotted and presented in
Figure 3. It can be seen that at po, = 10~® atm there are
no significant differences in the distribution ratio of Ge
in slag and metal after 6 hours of equilibration
approaching from both the oxidized and reduced
conditions. It was also observed that with the increase
of reaction time, more Ge is volatilized. Depending on
the reaction time, about 20-55 mass pct Ge was found in
copper metal, 21-49 mass pct in the slag, and 2-60 mass
pct volatilized.

To investigate further the appropriate minimum
equilibration time, four additional experiments at dif-
ferent oxygen partial pressure were carried out. One set
of experiments was carried out at 1573 K (1300 °C) and
p0210*‘° atm for 6 hours equilibrium time and another
set at 1573 K (1300 °C) and p0210—9 atm for 10 hours
from both directions. It can be seen from Figure 3 that
at the indicated equilibration times, it was sufficient for
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Table II.  Distribution of Ge Among Slag, Metal, Gas as a Function of Equilibrium Time at 1573 K (1300 °C) and po, = 10~%
atm with a Slag Composition of Fe/SiO, = 0.96 and Mass Pct CaO = 14.5

Slag Metal
Gas ' '
Equilibrium Time (h) Ge Mass Pct Distribution Pct Ge Mass Pct Distribution Pct Loss Pct Lé‘;g/ metal
Approaching from Reduced Condition
4 0.33 42.31 0.43 55.13 2.56 0.77
6 0.37 47.44 0.35 44.87 7.69 1.06
8 0.34 43.59 0.33 42.31 14.10 1.03
16 0.27 34.62 0.25 32.05 33.33 1.08
20 0.24 30.77 0.22 28.21 41.03 1.09
Approaching from Oxidized Condition
4 0.55 49.19 0.44 39.36 11.45 1.25
4 0.53 47.41 0.41 36.67 15.92 1.29
8 0.49 43.83 0.43 38.46 17.71 1.14
16 0.39 34.88 0.35 31.31 33.81 1.11
20 0.23 20.57 0.22 19.68 59.75 1.05
2.0 2.5
A o Approach?ng from re(;lL{ced condi.ti‘on \ ©® Approaching from reduced condition
A Approaching from oxidized condition ‘?_ N X Approaching from oxidized condition
15 p0.= 10 atm @ 20| \\ po,= 10° atm, Temp. = 1573 K
-, g 5
.. Temperahg =1573 K é B e \\
B P A U i M ~ o
3 10+ o e X
Q% @ / % I 59_.,.:.~—§~ & %
s O 0 o B
i / c e
7 »
05| 3
p0,=10"" atm . g 1
Time = 6 hours, Temp = 1573 K J\ poz =10" atm 8— o
0.0 JAN Time = 10 hours, Temp = 1573 K &)
2 4 6 8 10 12 14 16 18 20 22 05 p ry 12 6 20

Equilibration Time (hours)

Fig. 3—Germanium distribution in FeO,-Ca0O-Si0,-MgO slag and
copper metal as function of equilibration time at 1573 K (1300 °C).

the system to reach the equilibrium state at the two
oxygen partial pressures. The data in Table II also show
that the Ge loss to the slag phase was smaller when the
equilibrium is approached from oxidized condition. In
this situation, Ge was added in the form of GeO, to the
slag mixture at the beginning. This suggests that the Ge
volatilization rate is higher when Ge is initially present
in the copper phase compared to when it was present as
GeO, or within the slag phase.

In addition to the Ge content, the Cu loss to the slag
was also measured and tracked with time. Figure 4
shows the associated Cu loss to the slag as a function of
time at temperature of 1573 K (1300 °C) and po, of 10°%
atm. It was found that the loss of Cu to the slag is less
than 2 mass pct in all experiments and levels at 1.6 mass
pct at equilibrium. This finding is in agreement with
Yazawa et al.** > which reported the copper content in
FCS slags to be in the range of 2 to 3 mass pct.

All the above results indicated that an equilibration
time of 6 hours was sufficient for achieving equilibrium
condition with minimum Ge loss to the gas phase.
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Fig. 4—Copper loss in FeO,-Ca0-SiO,-MgO slag as a function of
reaction time at 1573 K (1300 °C).

Therefore, further experiments were carried out using an
equilibration time of 6 hours, unless otherwise stated.

B. Effect of Oxygen Partial Pressure on the Germanium
Distribution

The effect of oxygen partial pressure on the distribu-

tion ratio of Ge, LSC{?, was investigated in the current

study. The slag composition for this series of experi-
ments was fixed at Fe/SiO, ratio of 0.96, and concen-
trations of CaO and MgO of 14.5 mass pct and 7.8 mass
pct, respectively. At high oxygen partial pressure,
magnetite formation becomes easier. To avoid the
magnetite formation, the experiments were performed
in the range of oxygen partial pressure between 10~ and
107" atm at 1573 K (1300 °C).

The results from the experiments are given in
Table III and are also plotted against oxygen partial
pressure in a logarithmic form in Figure 5. For com-
parison, the previous published data of Ge distribution
in lead smelting systems’?® and the prediction
distribution calculated using the FactSage™ 6.4
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Table III.

Distribution of Ge in Slag, Metal, Gas at 1573 K (1300 °C) with a Slag Composition of Fe/Si0,=0.96, CaO = 14.5

Mass Pct and MgO = 7.8 Mass Pct and Equilibrated for 6 h

Slag Metal
Gas v _
log po, Ge Mass Pct Distribution Pct Ge Mass Pct Distribution Pct Loss Pct Lg;” LogL“G/;”
—7 0.65 83.33 0.105 13.46 3.21 6.19 0.79
—8 0.37 47.44 0.35 44 .87 7.69 1.06 0.02
-9 0.08 10.26 0.63 80.77 8.97 0.13 -0.90
—-10 0.014 1.79 0.73 93.58 4.63 0.02 -1.69
6 Consider a general reaction for oxidation of metal as
X Present study in Copper Smelting Condition : : ; T .
+ EquilibtriLllm calculazsn with }:Iacthage 6.21 under Copper Smelting Condition descrlbed m the fOHOWIHg equatlon'
4 _O Yan and Swinbourne”””' in Lead Smelting Condition o y
& Extrapolated from Yan and Swinbourne®” —~‘$ ———————— M + — 02 = MOV' [3]
<> Henao et al.” in Lead Smelting Condition _’%if:':':;( 2
2r _ Takeda er al.’® described that the oxide in the slag
. can be indicated in a monocation form (e.g., MOy s
“Pol rather than M»0), and thus the distribution ratio can be
g expressed as
21 v/2
Ls/m o K(nT) [Vﬁ/l]l’oz 4
M =TT (4]
4l [n7](ymo,)
where K is the equilibrium for Reaction in Eq. [3], nr
! . . . . . . is the total number of moles in constituents in the rele-
13 12 -1 -10 9 8 7

log pO, (atm)

Fig. 5—Germanium distribution ratio in FeO4-CaO-SiO,-MgO slag
and metal (copper and lead) as a function of oxygen partial pressure
at 1573 K (1300 °C).

(CRCT—Thermofact and GTT Technology, Canada)
for similar types of slag and alloy composition at
1573 K (1300 °C) are also presented in Figure 5.
FactSage™ 6.4 is a commercial thermochemical soft-
ware commonly used for multiphase gas—slag-metal
equilibria calculations in both ferrous and nonferrous
systems.*® It should be noted that the slag oxide
database FToxid in FactSage 6.4 and 7.0 (latest version)
is not yet optimized for GeO,-containing slags. Only the
Ge0,-Si0, system has been evaluated over the entire
composition range®®” using the data selected by Swamy
et alP% for Ge-Si-O-CI-H system. Therefore, the pre-
dicted results from FactSage shown in Figure 5 should
be taken as indicative.

The distribution ratio of Ge (L") in slag and metal
can be expressed through Eq. [2] below:

(mass pctGe),

Ls/m _
Ge ™ [mass pctGe],,’

2]
where the subscript ‘s’ denotes value in the slag and
‘m’ denotes value in the metal. The distribution ratio
can be presented in a different form which can provide
information about the nature of the species in the slag;
an approach which has been used by Takeda er all**
As a first step to investigate the nature of Ge in the
slag ﬁe.?., its oxidation state), the approach of Takeda
et al.®® was adopted in the current study as described
in the following paragraph.
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vant phases, y\; is the activity coefficient of M in the
metal, yyo, is the activity coefficient of metal oxide
MO, in the slag, and po, is the oxygen partial pres-
sure. The activity coefficient of metal and oxide can be
assumed to be constant if their relative concentration
is very small. Therefore, the Eq. [4] can be reformu-
lated as
v

log L‘;\ﬁm =logB+ (2) log po,. 5]

From the slope of the linear relationship between

log Lf\f[m and log po,, the degree of oxidation of solute
element 3 in the slag can be determined. Therefore, a
slope of one may indicate that the metal M is present in
the slag as tetravalent M*" (MO,), while a slope of 0.5
indicates the metal present as divalent M** (MO).

Figure 5 shows that the oxygen partial pressure has a
significant effect on the Ge distribution ratio. It can be
seen that the distribution ratio increases with increasing
oxygen partial pressure. Thus, more Ge is reported to
the slag as the oxygen partial pressure is increased. The
experimental data from the current study can be fitted
into a single straight line. The slope was found to be
close to 1, i.e., 0.93. Similar line trend and gradient were
observed from the FactSage prediction as shown in
Figure 5. However, FactSage underpredicted the Ge
distribution ratio by a factor of 10.

For comparison, previous studies on Ge distribution
in a lead smelting system were also analyzed. Yan and
Swinbourne!?” studied the Ge distribution ratio in a lead
(Pb)-slag (FeO-Ca0-SiO,-Al,03) system at much lower
oxygen partial pressure (107'° to 107'*°). Their data
were also plotted in Figure 5 and it can be seen that they
can also be fitted in a straight line but with a smaller
value of slope, i.e., 0.57. They suggested in their study
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that Ge was present in the slag rather as divalent Ge> "

(GeO). Henao et al.® reported a similar trend of the
distribution ratio of Ge (with a slope of 0.61) but
suggested the tetravalent oxidation state of Ge in the
slag. This conclusion was based on the EPMA mea-
surement result of Ge-containing phase in the slag
carried out in their study. It should be noted that in the
lead- sld]g systems and the conditions studied by Henao
et al and Yan and Swinbourne®®”!, the Ge concen-
tration in the metal phase was very small which is likely
to have contributed to the scatter of the reported data.

To reconfirm further the oxidation nature of Ge in the
slag used in the current study, further characterization that
comprises of XRD and Raman spectrometry analyses were
carried out on the quenched slag samples. The authors were
aware that analyzing the quenched slag at room temperature
is not an ideal approach, but believe that it can provide some
insights on the possible nature of the slags at high
temperature. The result of the XRD analysis of selected
quenched slag sample is presented in Figure 6. It can be seen
that there were a number of crystallized phases present in the
quenched slag, namely forsterite—(Mg; gFe(»)(SiOy), fay-
alite—(Mgg 26Fe1.74)(S104), diopside—Cag.99(Mgo s4F€0.34)
(Si; ¢Feg.42)06, andradite—CasFe,(SiOy)3, copper oxide—
Cu,0, and germanium oxide-GeO,. The same slag sample
was also analyzed using a Raman spectrometry to evaluate
the molecular vibration of the compounds present. Table IV
shows the typical Raman vibration frequenc ?f Values of the
phases identified using the XRD techniquel®’**! while the
result of the Raman spectrometry analysis of the quenched
slag is presented in Figure 7. It can be seen in Figure 7 that
Raman shift spectrum confirms the presence of the
forsterite, fayalite, diopside, andradite, Cu,O, as well as
GeO,. These results further support the idea that Ge is
present in the slag as tetravalent Ge** (or GeO,).

The copper loss to the slag was also tracked in the
current study. Figure 8 shows the copper loss to the slag
at temperature 1573 K (1300 °C) as a function of
oxygen partial pressure. The average copper content of
the slag at high po, as shown in Figure 8, is less than 2

FO -Forsterite [(MgI ,SOSFCO, ]95)(8104)]
A -Fayalite [(M30726F51V74)(S|O4)]

D -Diopside [Ca, )(Si, Fe )6]

0.991M80.6417%0.34211 670 417
A- Andradite [Ca,Fe,(SiO,),]

FO G-Germanium Oxide [GeO,]

FA C- Copper Oxide [Cu,0]
D

Intensity

20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Fig. 6—XRD spectrum of a quenched FeO,-CaO-SiO,-MgO slag
containing GeO, equilibrated at 1573 K (1300 °C) and po, = 107°
atm for 6 h.
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mass pct, while at low po,, about 1 mass pct copper is
lost to the slag. Yazawa and Takeda™ developed the
followmg Equation'® to estimate the copper losses to
iron-silicate and calcium-silicate slags as a function of
temperature and oxygen partial pressure:

Table IV. Raman Vibration Frequencies of Phases Present in
the Slag After Equilibrium Reaction

Phase Vibration Frequency (cm™') References
Cu,O 220, 661 40
GeO, 503,593,701,973 41
Fayalite 284, 815, 841 42
Andradite 452, 576, 995 42
Forsterite 437, 610 42
Diopside 182, 392, 560 42
! * Cu,0
* * GeO,
+ Fayalite
- ° Andradite
’é % Forsterite
g a Diopside
C
(]
1S
©
4
1 1 1 1 1 1 1 1 I

200 300 400 500 600 700 800 900 1000
Raman Shift (cm™)

Fig. 7—Raman shift spectrum of a quenched FeO,-CaO-SiO,-MgO
slag containing GeQO, equilibrated at 1573 K (1300 °C) and
=10"% atm for 6 h.
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Fig. 8—Copper loss to FeO,-CaO-Si0,-MgO slag as a function of
oxygen partial pressure at 1573 K (1300 °C).
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24
log(mass pctCu) = 0.221 log po, + % +0.455.  [6]

The current results were found to follow a similar
trend to those reported by Yazawa and Takedal as
can be seen in Table V. The copper loss at high oxygen
partial pressure (po, = 10~7atm) obtained in the cur-
rent study, however, was much lower compared to the
value predicted using Eq. [6]. It may be that different
slag composition used in this study (containing MgO)
contributed to the difference in the copper losses.

C. Effect of Temperature

The temperature dependence of Ge distribution ratio
in the FeO,-CaO-Si0,-MgO slag system (7 mass pct
MgO) and copper is shown in Figure 9. This slag
contained 9.8 mass pct of CaO with Fe/SiO, ratio of
0.99. It can be seen that the Ge distribution ratio
decreases with increasing temperature over the range
1473-1623 K (1200 °C to 1350 °C) under an oxygen
potential of 10~% atm. Consider a reaction in Eq. [7], a
similar reaction to Eq. [3]

Ge(l) + OZ(g) = GCOQ(I) AG®° = —562,000 + 180 T (J/mol)

[7]

Table V. Comparison of Copper Loss to the Slag Between
the Current Study and those from Yazawa and Takeda'® at
1573 K (1300 °C)

Mass Mass Percentage
Percentage Cu in Cu in Slag in the

0, Slag from Eq. [6] Current Study
-10 0.7 0.97
-9 1.1 1.2
-8 1.9 1.6
-7 3.1 1.8

1.0

pOo= 10-8 atm
0.5

log LY™ = 13108/T - 8.53

s/m
Ge

log L,

-05 - ]

The standard Gibbs free energy equation shown in
Eq. [7] was reported by Sreedharan ez al.*Y The value of
equilibrium constant calculated using the above equa-
tion is very close to that of calculated using Factsage 6.4
thermochemical software. For example, the value of
equilibrium constants of reaction in Eq. [7] at 1473 K
(1200 °C), 1523 K (1250 °C), 1573 K (1300 °C), and
1623 K (1350 °C) are  33.8 x 10%,  7.46 x 10
1.82 x 10*, and 4.83 x 10°, respectively, as calculated
using the “Reaction” module of FactSage 6.4. It can be
seen here that the equilibrium constant value changes
drastically with temperature. Therefore the distribution
ratio would also change significantly, as expressed in
Eq. [4]. It can also be seen from Figure 9 that higher
amount of Ge reports to copper at higher temperatures.
Moreover, the slag viscosity also decreases with increas-
ing temperature that is also beneficial for slag separation
during smelting. However, an opposite effect was
observed for copper loss to the slag as shown in
Figure 10. At fixed oxygen partial pressure, copper loss
to the slag increases from 0.5 to 2.1 mass pct with
increasing temperature. The percentage of copper loss to
the FeO,-Ca0O-Si0,-MgO slag was found to be compa-
rable to those reported in the previous studies.*>*!

D. Effect of Slag Composition

The effect of slag composition, represented by the
variation in the (CaO +MgO)/SiO, and Fe/SiO, ratios,
on the Ge distribution ratio was evaluated. Basicity
and acidity of a slag can be represented by the ratio of
acid and basic components of the slag. In this study,
the effect of the (CaO + Mg0O)/SiO, ratio (in mass pct),
which represents the slag “basicity,” on the Ge
distribution ratio in FeO4-SiO,-CaO-MgO slag and
copper is shown in Figure 11. The partitioning of Ge
into the copper metal (inverse of LSC{Z was found to
decrease with increasing addition of lime to the
FeO4-Si0,-Ca0-MgO slag. The Lg:’ was observed to
increase up to 5 times when more CaO is added to the
slag within the composition range studied. It appeared

0.30

0.25 |- pO,=10-8 atm

o
)
s}
T
7]

0.15 -

0.05 -

log (mass pct Cu)
o
=
T

o

o

S
T

-0.05 |-

5.8

6.0

6.2

6.4

6.6

6.8

7.0

1/T x 10° (K™

Fig. 9—The effect of temperature on the Ge distribution ratio in
FeO,-Ca0-Si0,-MgO slag and copper at pp, = 107 atm equili-
brated for 6 h (Fe/SiO, = 0.99, CaO = 9.8 mass pct).
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Fig. 10—Copper loss in FeO,-CaO-SiO,-MgO slag as a function of
temperature at pp, = 10% atm.
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that the GeO, behaves as acidic oxide, as the lime
content in the slag was increased resulting in a more
basic slag, more Ge report into the slag. The copper
loss to the FeO,-SiO,-CaO-MgO slag, however,
appeared to not change with the variation of
(CaO+MgO)/SiO, ratio at a fixed ratio of Fe/SiO,
~1, as shown in Figure 12. It was found that the oxide
of copper behaves as a neutral oxide in the present
FCS slag system. The maximum copper concentration
in the slag was found to be about 1.6 mass pct, which
is in good agreement with the results of Yazawa and
Takeda.® They reported a copper concentration of
less than 2 mass pct in calcium ferrite slag at
po, = 107® atm and 1573 K (1300 °C). Therefore,
within the range of the conditions studied, the copper
loss to the slag appeared to be a function of oxygen
partial pressure and temperature only.

3.0

25

20+

05 -

0.0 1 | I 1 1 ! 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

(CaO+MgO)/SiO,

Fig. 11—The effect of (CaO+MgO)/SiO, ratio on the Ge distribu-
tion ratio in FeO,-CaO-SiO,-MgO slag and copper at 1573 K
(1300 °C) and po, = 107° atm.
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1.0F

Cu in slag (mass pct)
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0.5
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Fig. 12—The effect of (CaO + MgO)/SiO, ratio on the copper loss to
FeO,-Ca0-Si0,-MgO slag at 1573 K (1300 °C) and po, = 1078
atm.
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The Fe/SiO, ratio with fixed lime content represents
the effect of slag acidity on the Ge distribution ratio, and
this is shown in Figure 13. The parameter of Fe/SiO,
ratio is also useful from the perspective of process
control in industrial practice, i.e., it can provide insights
for balancing the appropriate amount of SiO» required
for economical fluxing practice with low FeO activity
required to avoid the formation of magnetite in the slag.
The results show that the Ge distribution ratio increases
with increasing Fe/SiO, ratio from 0.81 to 1.16. Beyond
1.16, no further increase in the Ge distribution ratio was
observed. It appeared that high silica content (i.e., low
Fe/SiO, ratio) was required to keep Ge in copper. This is
also in line with the observation of the effect of
(CaO + Mg0O)/SiO, on the partitioning in Figure 12.

E. Effect of Lime Activity on the Germanium
Distribution Coefficient

The influence of the slag “‘basicity’” may be explained
in terms of free oxygen ion. As the activity of free
oxygen ion cannot be measured experimentally, it was
assumed that O®~ ion activity can be replaced by activity
of CaO at fixed temperature and oxygen partial pres-
sure, i.e., activity of CaO is proportional to O*~ ion. The
activity of CaO in the different slag compositions
studied was estimated using the FactSage 6.4 package.
Figure 14 shows the linear relationship between the log
of Ge distribution ratio and the log ac.o. Some
experimental scatter was found in the present work. It
was found that as the activity of CaO in slag decreases,
the Ge distribution ratio is also decreasing. Therefore, it
can be suggested that, the less the O® ion present in the
slag, the more likely the Ge to report to metal phase.

F. Activity Coefficient of GeO; in the Slag

The activity coefficient of GeO, in the slag can be
calculated using Eq. [4] utilizing the information on the

1.00 -

0.75 -

0.25

0.00 I 1 1
0.75 1.00 1.25 1.50

Fe/SiO,

Fig. 13—The effect of Fe/SiO, ratio on the Ge distribution ratio in
FeO,-Ca0-Si0,-MgO slag and copper at 1573 K (1300 °C) and
po, = 10~% atm (CaO = 9.8 mass pct).
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Ge distribution ratio obtained in this study. Upon
rearranging Eq. [4], the following Eq. [8] can be derived:

K(nr) [34lpd)
MO, T T (8]
[n7] Ly

Considering the reaction in Eq. [7], the value of
equlibrium constant K can be calculated to be
1.82 x 10* at 1573 K (1300 °C). The value of [n4] is
1.57 for 100 g of copper and (n7) is between 1.94 to 2 for
100 g of slag. The exponent “v/2”” has a value of 1 for
GeO, as shown in Figure 5. The value of limiting
activity coefficients of Ge in copper obtained from
different investigators are listed in Table VI. The values
presented in the table were either taken from graph or
calculated from the expressed relationship provided by
the investigators.

Sodeck er al™ investigated the activity of Ge in
copper in the temperature range between 1540 K
(1267 °C) and 1820 K (1547 °C) using a Knudsen
effusion cell and mass spectroscopy. Hager ez al.*% also
used a Knudsen effusion cell and mass spectroscopy
technique to determine the activities of Ge in Cu-Ge
alloy and found a good agreement with the results of
Sodeck et al* Sigworth and Elliott™*”! reported a very
small value of limiting activity coefficient of Ge as minor
impurities in Cu alloy, but no detailed information had
been provided. Azakami and Yazawal*®! extrapolated
the result of Alcock er al*” to 1473 K (1200 °C) using
the following relation 7T'ny°® = constant. Recently,

04} -

02f
Eg e
= oof B
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S

P
0.2
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5.0 45 4.0 -35 -3.0
log dcao

Fig. 14—Dependency of CaO activity in FeO,-Ca0-SiO,-MgO slag
on the Ge distribution ratio in slag and copper at 1573 K (1300 °C)
and po, = 107% atm.

Wang et al.®” assessed the Cu-Ge binary system using
CALPHAD method through the Thermocalc® software
and very good agreement was found between the
calculated and the experimental data. There is no other
information on the Ge activity coefficient and the effect
of temperature, particularly at 1573 K (1300 °C). The
value of Ge activity coefficient used in the present stud
was interpolated from the finding of Hager er al*®
using the extra]polation relationship used by Azakami
and Yazawa.[*®! The calculated Ge activity coefficient in
copper and its variation with temperature, extrapolated
from data in Table VI, is presented in Figure 15. It can
be seen from Figure 15 that the activity coefficient of Ge
in copper increases with increasing temperature.

The activity coefficients of GeO, in the slag were then
calculated by substituting all the relevant values to the
Eq. [8], and the results are listed in Table VII for
different slag compositions. The effect of temperature
and slag composition (represented using the
(CaO +MgO)/Si0O, ratio) on the GeO, activity coeffi-
cient are presented in Figures 16 and 17, respectively. It
can be seen from Figure 16 that the activity coefficient
GeO, in the FeO,-CaO-SiO,-MgO was found to
decrease with increasing temperature. The reason
behind the downward trend also relates to the Gibbs
free energy and equilibrium constant values of reaction
in Eq. [7]. Both values decrease with increasing temper-
ature due to instability of GeO, at high temperature.
The activity coefficient of GeO, in the FeO,-SiO,-CaO
was also found to decrease with increasing
(CaO+MgO)/SiO, ratio at fixed Fe/SiO, as shown in

0.035
0.030
o
< ©0.025+ X
>

0.020

0.015 1 L 1 1 1 1 1
6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8

1/T x 10*(K™)

Fig. 15—Activity of Ge in copper and its variation with tempera-
ture.

Table VI.  Activity Coefficient of Ge y(;, Copper

Temperature [K (°C)] Sodeck et al.**

Hager et al.l*®

Sigworth and Elliott™”] Azakami and Yazawa!®!

1798 K (1525 °C) 0.03% 0.03
1473 K (1200 °C) 0.022} —

0.009* 0.02*

*Estimated from previous experimental data.
1 Obtained at 1820 K (1547 °C) and 1538 K (1265 °C).
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Table VII.

Calculated Activity Coefficient of GeO; in Slag and Distribution Ratio of Ge in FeQ,-Si0,-CaO-MgO Slag and

Copper at 1573 K (1300 °C) and po, = 1078 atm

Slag Composition (Mass Pct)

Lx/m

(CaO + Mg0)/SiO, Ferotal SiO, CaO MgO nr Ge YGe0,
0.34 37.3 353 5.59 6.30 2.00 0.39 1.50
0.49 37.9 32.8 9.80 6.51 1.97 0.75 0.80
0.65 334 33.6 14.5 7.52 1.95 1.03 0.55
0.68 31.1 32.6 14.5 7.83 1.99 1.06 0.55
0.68 31.1 32.6 14.5 7.83 1.99 1.08 0.54
0.89 30.7 31.3 194 8.78 1.94 2.41 0.24
4
1.50 - s
0,=108 at
p&2 am 1251
3 -
1.00
j; oL L0751 RN
050 F @@
r 025} T >
000 1 1 1 1 1 1 1
o . . . . . . | 02 03 04 05 06 07 08 09 10
6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 (CaO+MgO)/SiO,

1T x 104(K™)

Fig. 16—The effect of temperature on the activity coefficient of
GeO, in FeO,-Ca0-Si0,-MgO slag and copper at po, = 107° atm
(Fe/SiO,= 0.99, CaO = 9.8 mass pct).

Figure 17. This also, again, suggests about the acidic
nature of GeO, in the slag.

G. Effect of Optical Basicity

In the discussion in the preceding paragraphs, the
effect of slag composition on the behavior of Ge (or
Ge0,) was represented using the (CaO+ Mg0O)/SiO,
ratio. Another approach using an optical basicity to
represent the variation of slag composition is adopted in
this section. Optical basicity is a property of slag which
was first suggested by Duffy and Ingram to understand
the effect of metallurgical slag composition on its
thermochemical properties.”' %! The theoretical optical
basicity values for pure oxides are given in Table VIII.

The optical basicity of each molten slag used in the
present study as listed in Table I, was then calculated
using Eq. [9]

A _ ST xiniA;
melt Z X )

where n; x;, and *; are the number of oxygen in the
oxide, the mole fraction, and the theoretical optical
basicity of component i, respectively. The slags used in
the present study contain Fe in the form of FeO and

]
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Fig. 17—The effect of (CaO + Mg0O)/SiO, ratio on the activity coef-
ficient of GeO, in FeO,-Ca0-Si0,-MgO slag and copper at 1573 K
(1300 °C) and po, = 107% atm.

Table VIII. Theoretical Optical Basicity Value for Pure

Oxides

Oxide Component Theoretical Optical Basicity

CaO 1

FeO 0.93
F6203 0.77
SiO, 0.48
MgO 0.78
GeO, 0.61

Fe,05. A special wet chemical analysis to determine
the ratio of percentage of FeO and Fe,O; was not car-
ried out, rather the slags’ chemistry was only deter-
mined and analyzed using ICP technique. Therefore,
the equilibrium compositions of the slags (including
the FeO and Fe,O; concentrations) were determined
by equilibrium recalculation using FactSage 6.4 con-
sidering the compositions in Table VII. The results on
the recalculated equilibrium slag composition and the
associated optical basicity are presented in Table IX.
The data in Table IX were plotted and presented in
Figure 18. It can be seen that the distribution ratio of
Ge decreases with decreasing optical basicity of the slag.
It can also be seen from Figure 18 that the calculated
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Table IX. Equilibrium Slag Compositions Recalculated Using FactSage 6.4, Associated Optical Basicity, Distribution Ratio of Ge,
and Activity Coefficient of GeO, at 1573 K (1300 °C) and po, = 10~® atm

Recalculated Equilibrium Slag Composition, Mass Pct

FeO F6203 S102 MgO

CaO Amelt LOg LSG/;” LOg VGeOz

40.5 10.43 36.7 6.55
36.32 13.16 33.07 6.56
31.75 12.53 33.65 7.53
30.65 12.2 33.92 8.14
30.65 12.2 33.92 8.14
25.98 14.81 31.15 8.73

5.81 0.654 -0.408 0.17
9.96 0.657 -0.125 —0.11
14.52 0.659 0.012 —0.26
15.08 0.657 0.025 —0.26
15.08 0.657 0.033 —0.27
19.31 0.664 0.382 —0.63
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Fig. 18—The effect of optical basicity on the Ge distribution ratio
and activity coefficient of GeO, in FeO,-CaO-SiO,-MgO slag at
1573 K (1300 °C) and po, = 107° atm.

activity coefficient of GeO, decreases with the increase
of optical basicity. These observations are in line with
the discussion on the effect of (CaO + MgO)/SiO; ratio
on the Ge behavior in the preceding Sections.

H. Nature of GeO, According to lonic Theory

The results from the current study suggest that the
nature of GeO, in the slag system studied is acidic. To
clarify this notion, a calculation of ionic bond fraction
of GeO, according to the ionic theory was carried out.
The ionic theory suggests that a basic slag has free O*~

METALLURGICAL AND MATERIALS TRANSACTIONS B

ion. This free O* ion can easily attack an acidic oxide
which means that if the nature of the minor elements
oxide is acidic then the elements will tend to report to
the slag. In an acid slag, there are no free O~ ions but it
has high capacity to incorporate basic oxide to make a
more complex structure. Gilchrist er al.®¥ categorized
the acidic—basic nature of metal oxide through the ratio
z/a’. Here, z is the charge of the metal ion and « is the
sum of ionic radii of two i0ons (Feation T Fanion)- Lhey
proposed the range 0.1 to 0.35 for basic oxide, 0.39 to
0.90 for intermediate oxide, and greater than 1 for acidic
oxide, The ionic radii of Ge*" and 0% are 0.53 and
1.40 A, respectively, and thus the value of z/a’ for GeO,
is 1.07 which is in the range of acidic oxide.> Pauling
et al® also provided a relationship of ionic bond
fraction (IBF) as shown in Eq. [10] where he related the
acidic—basic nature of oxide using the electronegativity
of cation (x;) and anion (x,) of metal oxide.

Ionic Bond Fraction (IBF) =1 — exp’o'zs(x“’xh)2 [10]

The values of x, and x;, for GeO, are 3.44 and 2.01,
respectively. Thus, the value of IBF for GeO, bond is
calculated to be 0.40 which is close to Si-O bond
indicated by Gilchrist ez al.® All of these reconfirm the
nature of GeO, as an acidic oxide.

IV. CONCLUSIONS

The distribution ratio and thermodynamic behavior
of Ge in magnesia saturated FeO,-CaO-SiO, slag and
molten copper have been investigated under the condi-
tions relevant to the copper smelting processes. The
following conclusions can be drawn from the present
study:

1. The Ge distribution ratio, L‘g;”in FeO,-CaO-
Si0,-MgO slag and molten copper was found to
decrease with decreasing oxygen partial pressure at
temperature 1573 K (1300 °C) for a fixed slag com-
position.

2. Temperature was found to have a significant effect on
the Ge distribution ratio at fixed oxygen potential. At
higher temperature, significant amount of Ge re-
ported to the copper, however, copper loss to the slag
was also increased.

3. At 1573 K (1300 °C) andpo, = 107 atm, the Ge
distribution ratio was found to be affected by the
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(CaO + MgO)/SiO, ratio or optical basicity. The Fe/
SiO; ratio was also found to affect the Ge distribu-
tion ratio but beyond 1.16 the effect is negligible.
The activity coefficient of GeO, in FeO,-CaO-
Si0,-MgO slag was calculated and found to be in the
range of 0.24 to 1.50.

. Ge was suggested to be present in the FeO,-CaO-

Si0,-MgO slag predominately as tetravalent Ge*™,
(GeO,).

GeO, is acidic, therefore a less-basic slag (or high
SiO, content) and higher temperature with a reducing
atmosphere are recommended to decrease the Ge
deportment to the slag. Higher temperature also
means lower slag viscosity which promotes slag sep-
aration. Therefore, high silica content FeO,-CaO-
Si0,-MgO slags can be used for high Ge recovery in
the copper.
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