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Abstract. The production of precious metals from Cu-rich sources such as ore products or secondary
sources is slow and complex largely due to limited solubility in aqueous electrolytes. This results in
sequential processing with various electrolytes and chemistries, where first Cu is electrorefined, followed
by Ag, followed by Au and the platinum group metals. These are separate processes, often conducted
in separate electrorefining and electrowinning facilities. The chemical properties of molten sulfides, and
their ability to operate at a temperature where liquid metal cathodes are used, suggest the possibil-
ity of an alternative, streamlined processing route for Cu and precious metals. Unfortunately, little
thermodynamic or electrochemical information is available regarding the behavior of Cu and precious
metal sulfides in molten sulfide electrolytes. Herein, the relative activity of the CusS-Ag,S pseudobi-
nary dissolved in a BaS-LasSs supporting electrolyte is measured at 1523 K. It was found that the
supporting electrolyte favors mixing with Ag,S over CusS. Molten sulfide electrolysis of Cu and Ag
was conducted, with results in good agreement with the thermodynamic model. It is found that the
Ag-Cu cathode chemistry will influence the electrochemical selectivity in the Ag-Cu-Ba-La-S system.
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1. Introduction

The solubility limitations of aqueous electrolytes pose a challenge for sustainable
processing of precious metals (such as Ag, Au and platinum group metals) from Cu-rich
sources. Traditionally, these high value metals must first go through the Cu pipeline
until they are recovered as by-products during electrorefining. Ag and other high value
metals are insoluble in the CuSOy-based electrolyte, and collect at the bottom of the
Cu refining cells as slimes. The refining cells must be cleaned periodically to collect
these slimes, which primarily take the form of selenides (which contain the precious
metals) and sulfates (containing base metals, elements such as lead and arsenic, as
well as some residual copper) [1, 2, 3, 4, 5, 6]. There are many differing techniques for
treating slimes, extensively discussed in literature |1, 7, 8, 9]. These methods often utilize
a combination of pyro- and hydro- metallurgical techniques to successfully produce a
metallic phase ready for further electrorefining, and are generally optimized for the
typical slime composition at each refinery. However, in all cases, this process can only
be done in series, using multiple facilities and separate streams for each metal, beginning
with Cu, followed by Ag, then Au, then the platinum group metals. As a result, platinum
group metals recovered from Cu ores are tied to the processes of at least three different
metals (Cu, Ag, and Au), and thus must undergo slime treatment at least three times.

The challenges with extracting precious metals from Cu-rich sources exist regardless
of the initial material’s status as a primary ore or a secondary recycled waste, because
the process streams are merged at the smelter and a Cu anode with mixed primary and
recycled origins undergoes electrorefining. These Cu anodes can contain valuable metals
such as Ag, Au, Pd, and Pt. 10.5 wt% Ag and 1.8 wt% Au were reported in slimes at
Sumitomo Metal Mining Co. Ltd. [10], and some slimes can contain up to 50wt% Cu
due to dendrite break-off [1], highlighting some of the inefficiencies of this process.

Higher temperature, non-aqueous electrolytes operating with liquid cathodes should
not produce such slimes, and there can be no dendrite break-off from a liquid cathode
pool at the bottom of a high temperature refining cell, which is the most common design
for such cells. Molten sulfides have already shown promise as a stable high temperature
electrolyte with sufficient ionic conductivity to support electrolysis. They have been a
successful media for electrolytic decomposition of the sulfides of copper, molybdenum,
and rhenium [11, 12]. Furthermore, Cu, Au, Ag, Pt, and Pd have all been found in nature
as sulfides [13, 14, 15, 16|, supporting the likelihood that they could all be solvated
in a molten sulfide electrolyte. It is the present lack of an available solvent capable
of dissolving multiple precious elements together that necessitates their sequential
processing and increased environmental burden [1, 2, 7, 8, 10, 9, 17|. Preliminary tests
of precious metal solubility in molten sulfides have been reported in [18].

In order to investigate molten sulfides as possible electrolytes for extracting precious
metals from Cu-rich sources, an electrowinning study of the behavior of Cu and Ag
sulfides was carried out. On the electrochemical series plotted for several sulfides
in Figure 1, the standard state decomposition potentials of Cu from Cu,S and Ag
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from Ag,S are 0.257 V apart, greater than the 0.2 V threshold commonly used to
assess electrochemical separation feasibility [19, 20|. However, this metric assumes that
all species are behaving as if they were pure, or at their stoichiometric composition
(i.e. in their standard state), which is not a realistic assumption for true electrolysis,
wherein the electroactive species are dissolved in a supporting electrolyte. In reality,
the supporting electrolyte will chemically interact with the electroactive species, shifting
their thermodynamic activities and, as a result, their decomposition potentials. If an
alloy cathode is used instead of a pure cathode, the metallic species will also deviate
from standard state. Recent work in studying electrochemical separation has shown
that equilibrium electrochemical synthesis diagrams (EESD) are a more accurate metric
to predict the electrolyzed product. EESD’s link the equilibrium composition of the
alloy deposited at the cathode to the real (non-standard state) decomposition potential
difference of electrolyte species |21, 22]. This allows for the electrochemist to model
co-deposition of two competing species in the reduction reaction.

In the case of Ag-Cu, the equilibrium electrochemical synthesis diagram predicts
considerable drive for alloying at 1523K. Starting with the standard state decomposition
potential difference of 0.257 V, Figure 2 predicts 0.062 molar fraction Cu to deposit
on an Ag cathode, suggesting that the energetics of mixing Ag and Cu metal will
play a signifiant role in electrodeposition. However, liquid sulfides have been shown
previously to exhibit behavior that depart from standard state or ideal behavior |23, 24].
Therefore, the assumption that the actual decomposition potential difference in a
supporting electrolyte remains at 0.257 V is likely invalid. In order to understand the
true thermodynamic nature of the electrolyte, it is necessary to measure the activities
of CuyS and Ag,S in a molten sulfide supporting electrolyte. An electrolyte consisting
of BaS-LayS3 has previously shown to be a good candidate for supporting stable and
successful electrolysis of Cu from CusS [12|. Therefore, BaS-LayS; was chosen as the
supporting electrolyte for the CusS-Ag,S system.

The ability of molten sulfides to solubilize many different materials make traditional
electrochemical activity measurements challenging. Metal references are contaminated
by exchange interactions and metallothermic reduction, which cause the reference to
gradually change composition over the course of the experiment, creating a shift in
electrochemical measurements. Attempts to use an ion-selective 5"-Al,O3 membrane
were unsuccessful due to exchange interactions between aluminum and barium. The
possibility of making a reference electrode inspired by aqueous capillary reference
electrodes was explored, but again unsuccessful due to electrolyte reaction with the
chosen refractory materials (alumina tubes and alumina paste). Because of this, an
approach using relative activity measurements was used instead. In a relative activity
measurement, an EESD is used to measure the decomposition potential difference of two
electrolyte species, in this case E4, and E¢,,. This potential difference can be linked to
the activities aag,s and acy,s with the equation:
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The standard state electrochemical potentials E}, and E¢, are known, and the
actual difference in potential Exs — Ec, can be measured by plotting the cathode
composition after equilibration on an EESD. The original derivation of this equation,
given for a binary ideal solution, can be found in [21|. A re-derivation and expansion of
this equation in order to apply to generalized solutions outside their standard state is
not shown here, but is given by the authors in [22|. The entire equation may then be

solved for a ratio of the activities:

P (2)
ACu,S
Although the activities of Ag,S and CuyS cannot be measured independently, a
relative reference state can still probe the thermodynamic behavior of Ag,S and CuyS
in the supporting electrolyte. The ratios of two activities in a solution remain constant
regardless of which thermodynamic reference state is used [25]. Therefore a relative
reference state such as the Wagner-Allanore reference state can be linked to a traditional
Raoultian reference state by[18]:
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The Wagner-Allanore reference state is given by:

@?/ A= PiXi (4)

Where p; is the Wagner-Allanore activity coefficient of i, and y; is the relative
composition of 7 along a pseudobinary. p of the more electropositive species is set
to unity, such that pag,s=1 and af’¢ is measured relative to aff{;fs. When activity is
framed this way, the relative activity coefficient pcy, s is in fact the ratio of the Raoultian
activity coefficients vy, and y44,s:

YCu2S
PCusS = (5)

VAgoS

This framework is useful for understanding if the system will favor codeposition,
reducing both elements, or purification, leaving one element in the electrolyte. Although
the activities of the supporting BaS-LayS3 electrolyte are not measured, their effect on
the thermodynamics of Ag,S and CuyS are captured in pcy,s. For example, if the
supporting electrolyte favors mixing with Ag,S (y44s < 1), while phase separating
with CusS (Youes > 1), then You,s > Yags and peu,s > 1. A full mathematical
derivation of the Wagner-Allanore reference state as well as a demonstration of its
utility in electrochemical analysis is given in [22].

As this approach is focused on cathode chemistries and their relation to the
electrolyte, the study herein focuses on the simplest case of selectively electrowinning
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Ag and Cu from their respective sulfides, with an inert graphite anode. Thus, there are
two competing reduction reactions at the cathode:

Agt+e— Ag (6)

Cu" +e— Cu (7)

and just one single oxidation reaction at the anode:

S*™ — S, +4e (8)

In this paper, this approach is used for a methodical study of the relative
thermodynamics of Ag,S and CusS in a BaS-LayS; supporting electrolyte. This is
carried out via equilibration experiments with a Cu metal reference and differing
concentrations of Ag,S and CuyS. The results of this equilibration study are evaluated
with EESD’s to predict which concentrations favor electrochemical separation and which
concentrations favor co-deposition. A series of electro-winning experiments to test this
model are presented and used for further evaluation of the sulfides’ thermodynamics.
The comparative discussion of findings from two studies further evaluates the role
of non-standard state thermodynamics, the possible utility of the modeling method
for investigation of unknown electrolytes, and the feasibility of sulfide-based Ag-Cu
separation.

2. Experimental Methods

2.1. Sample Preparation

Barium sulfide (BaS, Alfa Aesar, 99.7% metals basis), lanthanum sulfide (LasS3, Strem
Chemicals, 99.9% metals basis), copper sulfide (CusS, Strem Chemicals, 99.5% metals
basis), and silver sulfide (Ag,S, Alfa Aesar, 99.9% metals basis) were used to prepare
the electrolyte. The BaS-LayS3 supporting electrolyte was fixed at 90wt% of the total
electrolyte. The remaining 10% consisted of CuyS-Ag,S.

It was observed that a homogenous sulfide melt could not be obtained if BaS,
LasS3, CusS, and Ag,S were mixed as powders in a crucible and melted together at
high temperature. However, BaS, LayS3, and CusS could be melted easily. Therefore,
a two-step melting process was devised. A large batch of 90% BaS-LaySs, 10% CusyS
"master mix" was first melted at 1523 K in an argon atmosphere (Ar, Airgas, Ultra
High Purity). The resulting sulfide was then crushed back into powder form in an argon
glovebox (Ar, Airgas, Ultra High Purity), and the necessary amount of Ag,S to reach
the desired final concentration was measured. Additional amounts of BaS-LayS; were
also added in order to maintain the supporting electrolyte at 90%. This new mix was
then melted a second time in argon atmosphere. Thus, all electrolytes tested herein had
an electroactive content of 10% (Ag,S and CuyS).
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For all melts, the sulfides were contained in a crucible machined from graphite (C,
The Graphite Store, Grade EC-16) and fitted with a graphite cap that fit tightly into
the crucible in order to limit possible sulfide volatilization. The experimental setup is
shown in Figure 3. The graphite crucible was loaded into an alumina tube and placed
into a vertical tube furnace (Lindberg/Blue M™ Mini-Mite™). Inside the tube, an
alumina rod containing either a sheathed “Type R" or “Type C" thermocouple served
as a stage to both measure the temperature of the crucible as well as hold the crucible
in the furnace hot zone.

2.2. Activity Measurements

Pure silver (Ag, Alfa Aesar, 99.999% metals basis) was used as the metal for equilibration
experiments to measure relative activity. Silver containing small quantities of oxygen
is known to violently expel oxygen upon solidification, and with it, small amounts of
silver [26]. This phenomenon was observed to occur in silver samples during sulfide
equilibration, hindering efforts to fully analyze the metal post-equilibrium. Therefore,
the silver was de-oxygenated prior to experimentation. Approximately 0.1 g of Ag
was melted in an arc melter (Compact Arc Melter MAM-1, Edmund Buhler) under Ar
atmosphere in the presence of a zirconium oxygen getter (Zr, Alfa Aesar, 99.5% metals
basis (excluding Hf), Hf 3%).

The de-oxygenated silver was then combined with the pre-melted sulfide in a
graphite crucible and after evacuating and purging with Ar three times, was allowed
to equilibrate at 1523K for 24 hours. At this time, the sample was lowered from the
hot zone into the cooling zone (Figure 3). As the cooling zone was near the Ar inlet,
the flow of Ar was increased to allow for an even more rapid cool. Once fully cool, the
metal was mounted in epoxy, polished, and examined by scanning electron microscopy
energy dispersive X-ray spectroscopy (SEM-EDS) to determine the Cu-Ag ratio. The
sulfide was analyzed by an inductively coupled plasma atomic emission spectrometer
(ICP-AES) in order to measure the change in content of Ba, La, S, Cu, and Ag.

2.3. FElectrochemistry

A schematic of the electrochemical cell used for all experiments is shown in Figure 4.
A two-electrode setup was used for the electrolysis experiments, with a liquid metal
cathode consisting of either Ag or a Ag-Cu alloy (Ag, Alfa Aesar, 99.9985% metals
basis), (Cu, Alfa Aesar, 99.999% metals basis), and a graphite anode (C, Alfa Aesar,
99.9995% metals basis). 5g of a BaS-LayS3-CuyS-Ag,S electrolyte was prepared using
both the materials and the two-step pre-melting process described above. The Ag-Cu
alloy was prepared by melting approximately 5g of metal inside the arc melter 3 times,
flipping the solidified metal piece in between melts in order to ensure homogeneity.
Both the metal and sulfide were then loaded into a graphite crucible with its
sides sheathed by an alumina tube. A molybdenum wire (Mo, Ed Fagan Inc., ASTM
B387 Type 361, 99.95% pure) was threaded into the bottom of the graphite crucible
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and secured with graphite paste (PELCO High Temperature Carbon Paste, Ted Pella,
Inc.) to provide electrical contact to the cathode. This Mo wire was protected by an
alumina tube that provided mechanical support to the setup and also contained a type
C thermocouple used to monitor the cell’s temperature.

A second Mo rod was threaded into the graphite anode, which, after being secured
with graphite paste, was positioned just above the electrolyte, and the entire setup was
loaded into a vertical tube furnace (Lindberg/Blue M™ Mini-Mite™) and heated to
1523 K after being evacuated and purged with argon (Ar, Airgas, Ultra High Purity)
three times. The Ag or Ag-Cu cathode had a diameter of 1.25 cm, while the C anode
had a diameter of 0.305 cm.

Once the electrolyte was fully molten, the anode was lowered into the melt and
galvanostatic electrolysis was run immediately to minimize any equilibrium exchange.
At the end of the experiment, the electrochemical cell was immediately quenched by
lowering the crucible out of the hot zone, the center of the furnace where the heat is
concentrated, to the bottom of the furnace tube where cold Ar flows in. As in the quench
methodology described above, the flow of Ar into the tube was increased in order to
facilitate a more rapid quench.

Electrolysis experiments were run using a Gamry Potentiostat /Galvanostat (Gamry
Instruments, Reference 3000), and temperature was monitored using an Omega
data aquisition system (Omega Engineering, Model QMB-DAQ-55). All electrolysis
experiments were run at a low cathode current density to minimize kinetic effects:
12mA/cm?.

Post-experiment, the metal cathode was separated from the sulfide electrolyte and
was mounted in epoxy, polished, and examined using a scanning electron microscope’s
energy dispersive X-ray spectroscopy (SEM-EDS) to measure compositional changes
from the initial Cu-Ag alloy.

3. Results

3.1. Activity Measurements

Upon examining the equilibrated metal, it was found that some exchange had taken
place between Ag and Cu. Figure ba shows the amounts of Cu measured in the Ag
metal post-experiment. Cu content varied from as low as 0.03 to 0.21 (molar fraction).

Generally, as the concentration of CuyS increased along the Ag,S-CuyS pseudobinary,
ICUQS

—22—— = (.4, there was a
TCu,StTTAg,S

the more Cu was found in the metal. However, when

notable increase of Cu concentration in Ag metal.

The Ag-Cu equilibrium electrochemical synthesis diagram from Figure 2 was used
to determine the equilibrium difference in reduction potentials of Ag,S and Cu,S. This
potential difference was used to compute the relative activity acy,s. Figure 5b shows
the Wagner-Allanore activity coefficient pcy,s as a function of CuyS concentration.

On the CuyS-rich half of the Ag,S-CusS pseudobinary, pcy,s =~ 1. This indicates
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that Ag,S and CuyS are behaving ideally with respect to one another in the BaS-LayS3
supporting electrolyte. Although the absolute activities of Ag,S and CuyS are still
unknown, this result means that both species interact with the supporting electrolyte
in a similar way: if the absolute activity of Ag,S is found to deviate positively from
ideality, then CuyS will also deviate positively by approximately the same amount.

Pcusrs begins to increase on the Ag,S-rich half of the pseudobinary. At xc:s% =
0.4, there is a sharp increase in pcy,s, before decreasing as Ag,S content continues
to increase. However, pcy,s does not approach 1, as it did in the CuyS-rich region.
Instead, when CuyS content is less than 0.2, poy,s starts to increase again with Ag,S
content. At very low concentrations of CusS, pou,s ~ 14. Table Al summarizes the
experimental results of equilibration across the entire pseudobinary, and Figure Al
shows the variation of the natural logarithm of the Wagner-Allanore activity coefficient,
In pou,s as a function of CuyS concentration.

In order to understand why pcy,s increased suddenly at xcujsc+igzs = 04,
further experimentation was necessary. A mix of BaS-LasS-CusS-Ag,S electrolyte whose
electroactive portion contained relative fractions of 0.4 CusS and 0.6 Ag,S was melted
in a narrow, thin, cylindrical graphite crucible and allowed to equilibrate for 24 hours.
At this time, the crucible was dropped from the furnace hot zone into a small pool of
liquid gallium for a more aggressive quench. The sample was then removed from the
crucible and sectioned lengthwise before being analyzed by SEM-EDS.

As shown in Figure 6, upon solidification, two main phases were observed to form:
a primary phase, and a secondary intergrain phase. Examination of each phase under
SEM-EDS showed a similar segregation of Ag and Cu between the two phases as that
observed when looking at the overall segregation of Cu and Ag as a function of height in
the crucible. The Ag-Cu content in the first phase to form, the primary phase, contained
0.65 Ag on average, while the secondary phase contained only 0.52. In certain areas of
the crucible, a tertiary phase was occasionally observed to form. There was no significant
Cu-Ag segregation observed in this phase.

Figures 7a and 7b show the variation in Cu and Ag content in the electrolyte
as a function of height inside the crucible. Figure 7a shows that there was a higher
concentration of Ag sulfides at the bottom of the crucible, while the electrolyte near the
top was enriched in Cu sulfide. The average Ag-Cu content in the bottom half of the
crucible was 0.66 Ag, while the average Ag-Cu content in the top half of the crucible
was only 0.57 Ag. The average overall Ag-Cu content was 0.62 Ag.

3.2. Electrochemistry

Figure 8 shows the total cell voltage measured during a series of 12mA/cm? galvanostatic
experiments in a BaS-LayS3-CusS-Ag,S electrolyte containing 10% (CusS + Ag,S). The
electroactive (non-supporting) portion of this electrolyte was chosen to contain 0.5CusS-
0.5Ag,S, as the activity study revealed CusS as Ag,S behave ideally with respect to one
another at this concentration. Additionally, production of Ag during electrolysis would
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Table 1: Cu content in cathode measured before and after electrolysis at 12mA/cm?.

initial Cu 0 0 0.045 0.06 0.1
final Cu 0.008 0.0114 0.04 .053 0.073
A Cu 0.008 0.0114 -0.005 -0.007 -0.027
electrolysis

duration 1 3.5 1 1 1
(hr)

deplete the electrolyte further in Ag,S, keeping the molten sulfide in an ideal regime
while avoiding the complex phase relations noted to occur at 0.6Ag,S-0.4CusS.

In order to investigate possible refining effects, the starting cathode composition
contained varying amounts of Cu, from 0 to 0.1 mole fraction. The measured cell
voltage gradually increased in magnitude over the time of the experiment, rather than
stabilizing around one value. The electrochemical signals displayed regular oscillations,
likely a result of heating element and thermocouple interference, but were overall very
stable throughout electrolysis.

Table 1 shows the change in cathode composition after electrolysis, and Figure 9
compares the measured composition change to the equilibrium cathode Cu content.
Depending on the starting cathode composition, either Ag or Cu was reduced from the
electrolyte to the metal. It can be seen that when starting with a cathode of pure Ag,
Cu is deposited on the cathode. When electrolysis was only run for 1 hour, the cathode
was found to contain 0.008 Cu. However, when electrolysis was run for a longer amount
of time, 3.5 hours, further enrichment of the cathode was observed: the final measured
composition was 0.0114 Cu.

If the starting cathode composition contained Cu, the cathode was enriched in Ag
instead. In these cases, the shift in cathode composition appeared to be proportional
to how far the composition was from equilibrium (Figure 9). An Ag enrichment by a
mole fraction of 0.027 was observed to take place when the starting alloy contained 0.1
Cu, while smaller shifts of 0.007 and 0.005 were found when the starting alloy contained
0.06 Cu and 0.045 Cu, respectively.

4. Discussion

4.1. Activity Measurements

Despite a 0.257 V decomposition potential difference between Ag,S and Cu,S, significant
exchange between CuyS and Ag metal was observed to occur spontaneously, forming Cu
metal and Ag,S. The extent of this exchange was greatly influenced by the electrolyte
composition, in particular by the relative amounts of Ag,S and CuyS. On the CusS-
rich side, pcu,s =~ 1 and the observed Cu content in the metal was consistent with
ideal-solution predictions from the electrochemical synthesis diagrams. When Ag,S and
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CusS behave ideally relative to one another, they are interacting with the supporting
electrolyte in a similar way and the electrolyte thermodynamics do not contribute to co-
deposition. This result indicates that, when the electrolyte is rich in CusS, the observed
alloying of Ag and Cu comes from the thermodynamic drive for mixing the two metals.

In contrast, when the electrolyte contains more Ag,S, the electrolyte begins to
deviate from ideality. More Cu is alloyed into the Ag than would be predicted from an
EESD using an ideal-solution assumption. The activity coefficient pcy,s was found to
deviate positively from ideality in this concentration range. Additionally, there was a

X .
—CwS () 4. This corresponded
TCu,StTAg,S

to a larger amount of Cu alloying in the Ag metal.

sharp increase in the activity coefficient when the

Pouys > 1 signifies that CusS has a higher activity coefficient in the electrolyte than
Ag,S. Relative to Ag,S, CusS has a more positive deviation from ideality. A positive
deviation from ideality signifies an increase in Gibbs energy upon mixing, or a relative
repulsion between phases in the electrolyte, while a negative deviation from ideality
signifies an increased energetic drive for mixing. Therefore, pcu,s > 1 indicates that
the BaS-LayS3 electrolyte favors energetic bonds with Ag,S over CuysS. Such behavior
is supported by the observation that a BaS-LasS;-Ag,S electrolyte required a higher

temperature to melt.

TCusS
TCu,StTAg,S
bonds between Ag,S and the supporting BaS-LasS;3 electrolyte at this composition.

The sudden increase in pey,s at = 0.4 suggests similar preference for

One possible explanation for this phenomenon could be the formation of a compound
near this composition. This would result in short-range ordering between Ag,S and
the BaS-LayS3 supporting electrolyte in the liquid after this compound melted. Since
Pouss 1S a relative value, however, it only signifies that there is a strong preference
for the supporting electrolyte to interact with Ag,S instead of CuyS. Therefore, while
short-range ordering between Ag,S and the supporting electrolyte is possible, it is also
possible that there is phase separation between CusS and the rest of the supporting
electrolyte.

4.2. Gallium Quench Erperiment

During the gallium quenching experiment, it was found that there was an increased

concentration of Ag,S towards the bottom of the crucible, while the top of the crucible

was richer in CuyS (Figure 7a). Furthermore, while the overall concentration of the
“CuS __in the bottom

TCu,STTAg,S

half of the crucible differed by 0.1 from the top half. This result points to evidence of

sulfide remained near the original concentration, the ratio of

possible phase separation between CuyS-rich electrolyte and Ag,S-rich electrolyte in the
liquid phase, with the denser Ag,S-rich liquid sinking to the bottom of the crucible.
Additionally, the first two phases to nucleate upon solidification also displayed
similar segregation of CuyS and Ag,S (Figure 7b). The primary phase was Ag,S-rich,
with an average composition near that of the average composition of the Ag,S-rich
bottom half of the crucible. That the Ag,S-rich phase was the first to nucleate supports
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the hypothesis that there is favorable bonding between Ag,S and the supporting
electrolyte, and is consistent with observations of higher melting points for Ag,S-rich
electrolytes. The second phase to form contained higher amounts of Cu,S, similar to
the top half of the crucible.

The results for both micro- and macro- scale segregation suggest there are very
different energetic interactions between Ag,S and the supporting electrolyte, and
between CuyS and the supporting electrolyte. These results are also consistent with
increase in pcy,s at this concentration. Although pe.,s is a relative activity, it retains
important information about electrolyte interactions. Deviations from ideality that
suggest certain phase phenomena, such as phase separation or compound formation, are
still measured. In the case of a BaS-LayS-CusS-Ag,S electrolyte, these phenomena could
be confirmed by microscopy (Figure 6), which revealed that Ag,S and Cu,S interact
differently with BaS-LasS.

4.83. Electrolysis

It can be seen that when starting with a cathode of pure Ag, there is a strong drive
for Cu deposition in order to reach this equilibrium composition. This drive causes
preferential reduction of Cu instead of Ag, even though the measured difference in
reduction potential between CusS and Ag,S for this electrolyte composition should be
265mV, with Ag being the more cathodic, or noble, species. In order to affirm that Cu
deposition was an electrochemical phenomena, the dependence of concentration shift on
electrolysis time was measured. It was found that the longer an experiment was run,
the more Cu was alloyed into the cathode (Figure 9).

When the cathode contains 0.1 Cu, both the electrolyte and the cathode favor
Ag deposition. With an equilibrium concentration of 0.058 Cu, increasing Ag content
through deposition will lower the Cu concentration of the cathode and thus lower its
Gibbs energy. When the cathode contained moderate amounts of Cu, such as 0.045
or 0.06, the cathode was closer to its equilibrium composition and there was less of a
drive for Ag deposition as a result. The cathode was observed to increase in Ag content
through both experiments.

When the cathode contained 0.045 Cu, one might expect that Cu be deposited on
the cathode instead of Ag in order to reach the equilibrium concentration. However,
Ag was deposited instead. There are several reasons why this may occur. First, it has
been shown that the kinetic and transport effects at play during electrolysis cannot
be neglected entirely when using an equilibrium electrochemical synthesis diagram to
analyze electrochemical data [22|. It is also possible that local concentration variations
in the vicinity of the cathode caused the equilibrium concentration to shift, favoring Ag
deposition instead. In order to allow for the anode to be lowered into the melt right
at the start of electrolysis, the electrochemical cell was open at the top. The absence
of a cap may have allowed for certain elements to volatilize during the experiment,
which could also shift the electrolyte concentration and in turn effect the equilibrium
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Cu concentration in the cathode.

4.4. Perspectives on Synthesis Diagrams and Thermodynamic Modeling

The results of this CuyS and Ag,S study give an important insight into the role
of equilibrium electrochemical synthesis diagrams on thermodynamic modeling and
experiment prediction. The ability to integrate the mixing chemistry of the metallic
species with electrochemical behavior allows for more accurate prediction of the reduced
species than can not be gained by standard-state analysis alone. When the composition
of the cathode after equilibration is measured experimentally, the thermodynamic
properties of the electrolyte can be indirectly measured. Since this method lacks a true
thermodynamic reference, it is not possible to measure the activities of the supporting
electrolytes independently. However, the ratio of activities of the electroactive species
can be measured, and this data can be used to gain further important insights on the
electrochemical system.

As shown above, this approach, while unorthodox, allowed for a rapid analysis of
the BaS-LasS3-CusS-Ag,S electrolyte. Figures 5 and 7 demonstrate how relative activity
can indicate true thermodynamic phenomena, without the need for a full-scale activity
study. In systems like molten sulfides, where finding a stable thermodynamic reference
is challenging, this method is particularly attractive. Additionally, Figure 9 applies the
thermodynamic information gained from the relative activity study to electrochemical
behavior during electrolysis. Although further work is necessary to understand the
non-equilibrium effects, the agreement between the thermodynamic predictions and the
observed results are very promising.

It is hypothesized that this method of precious metal refining can be expanded
beyond Ag to Au and PGM. In preliminary experiments, gold showed promising
solubility in molten sulfide media [18]. Given the demonstrated ability of BaS-LaySo-
CuyS to act as a supporting electrolyte, this system should be a first choice for future
research in this direction. However, the interactions between gold, platinum, or iridium
sulfides and the electrolyte are not known. It is possible these interactions will not
support separation, and the electrolyte composition will need to be revisited. In such
case, the modeling approach demonstrated above would prove useful for a quick screen
of optimal electrolyte systems.

5. Conclusions

The unique solubility properties of molten sulfides suggest that they may be used to
develop an alternative, streamlined method of processing precious metals such as Ag
from Cu-rich sources. Through relative activity measurements of a BaS-LaySs-CusS-
Ag,S electrolyte containing 10% CuyS-Ag,S, it was found that CusS and Ag,S behaved
ideally with respect to one another when the electrolyte was richer in CusS, and started
to deviate from ideality, with an energetic penalty to mixing, when the electrolyte was
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richer in Ag,S. In particular, there was a large positive deviation from ideality when
LCuyS

TCu,STTAg,S

Ag,S, which was later confirmed with aggressive quench experiments.

= 0.4. This result suggested a strong tendency away from mixing CuyS and

Electrolysis experiments showed that at low current densities, the thermodynamics
of the BaS-LayS,-CusS-Ag,S electrolyte influenced the final composition of the cathode.
It was found that the cathode composition tended to approach the previously measured
equilibrium concentration, enriching either in Cu or in Ag during electrolysis, when the
starting cathode composition was far from the equilibrium point. When the starting
cathode composition was closer to the equilibrium point, the cathode was consistently
enriched in Ag, suggesting contribution of other phenomena. Further experimentation
should be done in order to understand these contributions, including study of Cu and Ag
deposition at various current densities and with other ratios of CusS-Ag,S. Additionally,
it is recommended that future endeavors focus on electrorefining from a Cu-Ag alloy, in
order to understand the effect anode chemistries can have on system efficacy.

The experiments and results demonstrated highlight the utility of a relative
activity framework. When an electrolyte is particularly reactive and traditional activity
measurements are challenging, or when fast screening of possible electrolytes for a new
technology is desired, relative activity alongside equilibrium electrochemical synthesis
diagrams can be used to predict electrorefining behavior from minimal information on
cathode and electrolyte chemistry. This information is valuable to the electrochemist
looking to design new processes or optimize old ones.
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8. Figures

E"vs. (Cu/Cu,S)/V

0.75 +
O Au/Au,S
0.5—4= Pd/PdS
Pt/PtS

Figure 1: Standard-state electrochemical series for sulfides at 1523K, plotted vs.
Cu/CusS. The standard state of CusS is defined as pure liquid CuyS at 1523K, 1
atm. reference [27, 16].
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Figure 2: Electrochemical synthesis diagram for for the Ag — Cu/Ag,S — CusS system
at 1523K with: O: predicted concentration of Cu in Ag based on E}, — ¢, = 0.257 V.
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Figure 3: Left) furnace setup used for sulfide melts and equilibrium experiments. Right)

schematic of setup showing hot zone and cooling zone.
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Figure 4: Left) schematic of electrochemical cell used for Cu-Ag electrolysis experiments.
Right) cathode and electrolyte after electrolysis experiment
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Figure 5: a) measured Cu content in Ag metal after equilibration with molten BaS-
LayS3-CusS-Ag,S at 1523K for 24 hours. b) calculated relative activity coefficient pcoy,s
in BaS-LayS-CuyS-Ag,S after equilibration with Ag metal at 1523K for 24 hours.
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Figure 6: SEM image of typical microstructure of Ga-quenched BaS-LayS-CuyS-Ag,S
electrolyte with an electroactive content of 0.4 CuyS and 0.6 Ag,S. The “primary phase"
had an average Ag content of 0.65 relative to Cu, while the “secondary phase" contained
an average of 0.52. No significant segregation trend was observed in the tertiary phase.
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ratio in a BaS-LayS-CuyS-Ag,S electrolyte with an

electroactive content of 0.4 CusS and 0.6 Ag,S, as a function of height inside the crucible.

b) measured Ag content relative to Cu in the primary and secondary phases of a BaS-
LasS-CuyS-Ag,S electrolyte with an electroactive content of 0.4 CusS and 0.6 Ag,S, as

a function of height inside the crucible.
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Figure 8: Galvanostatic measurements in a BaS-LasS3-CuyS-Ag,S electrolyte for
cathodes containing varying starting amounts of Cu in Ag (0 Cu, 0.045 Cu, 0.06 Cu,
0.1 Cu). Cathode current density: 12mA/cm?. Temperature: 1523 K.
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Figure 9: Equilibrium electrochemical synthesis diagram showing cathode compositions
before and after electrolysis for a BaS-LasS3-CuyS-Ag,S electrolyte containing equimolar
proportions of CusS and Ag,S. O: equilibrium Cu content in Ag cathode for this
electrolyte in absence of electrolysis. —: direction of composition change during
electrolysis
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Appendix A.

Table A1l: Cu content in Ag and measured pcy,s after equilibration with Ag,S and CuyS
in a BaS-LayS; supporting electrolyte.

Cu,S Cu
Cu,S+Ag.S CutAg PCuzs
0.02 2.9 13.4
0.03 4.2 14.9
0.12 2.9 1.7
0.203 6.7 4.6
0.217 5.0 2.4
0.241 5.9 2.9
0.393 15.3 8.53
0.534 6.6 0.9
0.589 5.0 0.5
0.729 13.1 1.5
0.801 10.7 0.7
0.918 20.6 0.9

0.973 17.4 0.2
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Figure Al: Natural logarithm of calculated activity coefficient In pc,,s in BaS-LasS-
CuyS-Ag,S after equilibration with Ag metal at 1523K for 24 hours.
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