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Abstract

Copper is the major impurity dissolved in silver electrorefining which potentially accumulates in the
electrolyte during the process and co-deposits onto the cathode .-rface, decreasing the product
quality. The study investigated the dissolution kinetics of copper ir silv 'r electrorefining as a function
of Wt%q, in the industrial electrolyte ranges of 40 — 100 g/dm’ /Ag"7, 5 — 15 g/dm’ [HNO;] and 20 —
60 g/dm’ [Cu’*] at 25 — 45°C. The results showed that Cu d; solved at a higher rate in comparison to
silver and that the two kinetic models developed have gcod a ‘curacy and validity. From the models,
optimal electrolyte circulation parameters were simul.ted .0 avoid /Cu’’] accumulation in the
electrolyte. As a conclusion, processing 1% Cu ano '~s ¢ ¢ the critical /Cu’']/[Ag"] ratio of 0.8 in the
electrolyte requires an inlet of /Ag"] of 2.3 — 5.7 an tolerates /Cu’"] of 0.14 — 0.47 times that of the
[Ag"] and [Cu’"] in the bulk electrolyte, re. sectively. Furthermore, electrolyte with higher [Ag’]
provides the benefit of reduced electrolytc ~irculation flowrate and increased tolerance of wt%c, in the
silver anodes.

Keywords: copper dissolution, mods (-b.<ed process design, silver electrorefining.

1. Introduction

Copper (Cu) is a common « 1se metal impurity in the anodes of the silver (Ag) electrorefining process,
either from primary sources [Habashi, 1997; Marsden and House, 2006] or various secondary sources
[Balde et al. 2017]. Classic silver electrorefining uses a Moebius cell in AgNO; electrolyte with a
silver concentration, [Ag '], of 30 to 200 g/dm’, free acid concentration, /HNO;/, of 0 to 10 g/dm’ and
operating temperature of 25 — 55°C [Mantell, 1940; Leigh, 1973; Cornelius, 1982; Pletcher and
Walsh, 1990; Renner et al., 1993; Jaskula and Kammel, 1997; Pophanken and Friedrich, 2017]. The
main silver anode compositions consist of silver, gold and copper with typical contents as shown in
Table 1 [Mantell, 1940; Leigh, 1973; Cornelius, 1982; Pletcher and Walsh, 1990; Jaskula and
Kammel, 1997; Pophanken and Friedrich, 2017].

Copper dissolution in a low concentration of nitric acid solution follows the reactions outlined in

Egs. (1-6) [Martinez et al. 1993; Ozmetin et al. 1998]. The overall reaction presented in Eq. (7) is



based on a revised version published previously [Demir et al. 2004] and subsequently recalculated

with HSC Chem 8.0 from Outotec.

Table 1. Typical Doré compositions.

Anode | [Mantell, | [Cornelius, | [Leigh, 1973; [Jaskula and [Pophanken and
content 1940] 1982] Pletcher and | Kammel, 1997] Friedrich, 2017]
Walsh, 1990]

Ag (%) 85-99 98 86 —92 99.3 96.5

Au (%) | 0.01-15 0.5 8-9 0.04-0.07 0.01

Cu (%) 0.5-1 1 0.5-1 04-0.6 3
6Cu + 12HNO3; <> 3Cu(NO3), + 3Cu(NO,), + 6H,0 D
3Cu(NO3), + 6HNO3 <> 3Cu(NO3), + 6HNO, 2
6Cu + 6HNO; + 6HNO, <> 6Cu(NO,), + 6H,0 3)
12HNO, + 12HNO; <» 24NO, + 12H,0 (5)
24N0, + 8H,0 <> 16HNO; + 8NO (6)
3Cu+ 12HNO;3 <> 3Cu(NO3), + 4HNO; + 2NO + (H,0 @)

Kinetic models of copper dissolution rele .cu to 2 effect of f[HNO;] and temperature proposed by
Berg [Travnicek and Weber, 1960] are showr. n Eq. (8-9) and a more recent model is detailed in Eq.
(10) as derived from the results of Khodar, ~t al. [Khodari et al., 2001].

T'Berg 1(g/em? - s1) = 141- [FNC 1-(1-a) )
Terg2(g/cm?-s') =1.33-7-[HNO3] - (1 — a) - exp(—8860/RT) 9)

Tihodari et at, (225 5% at 25°C) = 0.0056 - [HNO5] — 0.7035 (10)

The increase of /Cu’"/ provides a benefit in the form of increased conductivity of the silver
electrolyte [Aji et al. 2016]. Furthermore, with the lower standard potential of reduction, theoretically
the presence of Cu should not affect the deposition process. Nevertheless, studies have found that Cu
is co-deposited - which results in impurities within the Ag crystal product - at a certain level of /Cu’']
in the electrolyte, and therefore the level of /Cu’*] in the electrolyte needs to be limited [Leigh, 1973;
Hunter, 1975; Pophanken and Friedrich, 2017; Pophanken and Friedrich, 2015]. While there are
suggestions that co-deposition is either caused by the electrochemical deposition or mechanical
inclusion of Cu salt into the Ag crystal product [Eger, 1924; Hunter, 1975; Prior, 1986; Renner et al.,
1993; Haranczyk and Sedzimir, 1995;], several studies have concluded that to avoid Cu co-deposition,
both the /Cu’"] should be lower than that of /4Ag"] in the electrolyte (see Table 2) [Johnson, 1967;
Leigh, 1973; Hunter, 1975; Pophanken and Friedrich, 2017;].



Table 2. [Ag"], [HNO;] and maximum /Cu’"] in silver electrolytes

Concentrations [Johnson, [Leigh, [Hunter, [Pophanken and Friedrich,
1967] 1973] 1975] 2017]

[Ag’] 40 150 60 — 160 65 -120 > 60

[HNO;/ 0* 2-6.2% 0.2 2% 1-10

[Cu’"] 35 max 45 60 max 50 — 100 max 50-80

[Cu’ ]/[Ag"] 0.875 0.3 0.5-1 0.77-0.83 0.8-1.3

* calculated from pH

The established concentration limitation of /Cu’"] < [Ag’] resw.~ in the critical [Cu’"]/[Ag"]
ratios primarily within the range of 0.8 — 1. In this paper, we have stucied the dissolution kinetics of
pure copper in silver electrolyte by electrochemical methocs. With the development knowledge
related to Cu dissolution within the more complex parau.~ters of silver electrorefining, /Cu’’]
accumulation in the electrolyte and the quality of the prod 'ct ¢ in be maintained even at higher current
density operation. The objectives of this study are tn uevelop a Cu dissolution kinetic model and
design the optimal electrolyte circulation requirse o control the accumulation of /Cu’’] in the

electrolyte.

2. Materials and Methods

Synthetic silver electrolyte paramc ~rs were selected in such a way as to simulate industrial silver
electrorefining process conditicns. 4g’/] range of 40 to 100 g/dm’, [HNO;] between 5 to 15 g/dm’
and a temperature range of 2= — 45°C (Table 3). The chemicals used were silver nitrate (AgNOs,
99.8%, VWR Chemice's), ~opr er nitrate (Cu(NO3),:3H,0, 99%, VWR) and nitric acid (HNO;, 65%,
Merck).

Table 3. Experimental parameters and electrolyte concentrations investigated.

Factors Levels Unit
[Ag'] 40; 70; 100 g/dm’
[Cu’"] 20; 40; 60 g/dm’
[HNO;] 5;10; 15 g/dm’
Temperature 25; 35; 45 °C

Copper electrodes of 99.99% grade were prepared by coating with an inert resin (Struers Aps,
Denmark) and polished, so that only the cross-section of the electrode was exposed to the electrolyte

bath. This freshly polished copper was then immersed into a 10% HNO; solution until the surface was



covered with a layer of evolved gas bubbles, before being subjected to cyclic voltammetry in order to
ensure an oxide-free surface.

Voltammetry measurements were conducted with a Gill AC 1516 potentiostat (ACM
Instruments, UK), with an Ag/AgCl (Mettler Toledo, USA) reference electrode and a platinum
(99.999%, Kultakeskus Oy, Himeenlinna, Finland) counter electrode with temperature control using a
thermostatic MGW Lauda MT/M3 circulating water bath. Voltammetry measurements were
conducted in reverse from 1000 to -100 mV vs. E,,,. at a sweep rate of 50 mV/min and the design and

analysis of experiments were conducted using Modde 8.0 (Umetrics, Sweden).

3. Theoretical Background

According to the phase diagram of Ag-Cu shown in Fig. 1, wh.'= s (ver and copper form a solid
solution at high temperature, both metals tend to segregate at & »pro <imately 300°C in a slow cooling
process. This segregation of Ag and Cu can result in the f~rm. *ion of copper or a copper-rich zones

within silver anodes, which is the basic assumption of this  ar_r.

1300 . —P FactSage
1100
liquid
900
= FCC Al
— e |
O
< 700
= FCC Al +FCCAL#
500 Pure s0.. 7 sn. 2r is Pure solid copper is
formc ? throv gh slow formed ﬂll'l(_)“gh slow
| = cooling
coullag
100 L L . .
0 0.2 0.4 0.6 0.8 1

Cu/(Ag + Cu) (mol/mol)

Fig. 1. Ag — Cu phase diagram showing that the pure metal phases are formed below 300°C
[FactSage: SGnobl — SGTE noble metal alloy database 2010].

3.1. Kinetics modelling

Due to the presence of copper or copper-rich formations within silver anodes, the anodic current
applied is used for the dissolution of both copper and silver. In contrast, the reaction on the cathode
remains as silver reduction only, with reported current efficiencies > 92% [Mantell, 1940].

Consequently, these reactions result in the modification of /4g"] and /Cu’*] during the electrorefining

4



process as Cu is accumulated while Ag is depleted at specific rates determined by the partial current
for Cu dissolution (fCu). From the Faraday equation, for a cell volume (V,.;), the rate of /i C’ ] and

[Ag"] can be expressed as follows in Egs. (11-12):

d[Cu?*] g N _ _ (M¢ I

/dt Grs) = FTeuz] = ( Y2y ) Ve an
d[Ag™] g \_ _ — MAg/ .fc

/dt (dm3s) B r[Ag+]g/dm3s N ZpgF y Veeu 12)

where +7¢,2+) and — 1, g+jare the accumulation and depletion «a'> of Cu and Ag in g/dm’; M. g
and M, are the molecular mass of related metal; and z¢, and z,, ar * the valences of copper and silver,
respectively. From both equations, the correlation of +7¢,2+) and - 1744+ can be written as in Eq.

(13), which shows that the depletion rate of silver is more than .-iple that of the Cu dissolution rate:
- r[Ag*’] = 3.39. r[CuZ“L] (13)

To correlate Eq. (11) with current de wsity, a modification was conducted through the
introduction of the Cu phase surface ar.~ (A,) and anode surface area (4,), as shown in Eq. (14).
The form of Eq. (15) is taken as the kiae '~ model of Cu dissolution, with 4,/V,. being the effective
surface volume ratio of the total ..~ac surface per litre of electrolyte. Moreover, although jc,
modelling was conducted through a scies of measurements, the A, and 4,/V,. values were based on

industrial conditions.

T[Cuz"'] — MCu/(Zcu ) . iCu ACu . (ACu/Aa) . (Aa/VeC) (14)

Tlcu?*] = Mcu/(ZCu - F) Jeu Acu - (Aa/V ) (15)

ec
3.2. Current density modelling

The empirical modelling of Cu dissolution current density was based on several models developed in
a previous study [Khodari et al. 2001] and the logarithmic correlation [Aji et al. 2018] of each

parameter. The proposed empirical models are outlined in Egs. (16 — 19):

e Linear model (A)



Jjeu = C +myy[Ag*] + mey [Cu®*] + myyo, [HNO3] + myT (16)
e Power model (B)

logjcy = C + myy[Ag*] + mey [Cu®F] + myyo, [HNO3] + myT 17)
e Concentration logarithmic (C)

logjcy = C 4+ myg4loglAg*] + meylog[Cu*] + myyo,log[HNOs] + meT  (18)
e Full logarithmic (D)

logjcy = C 4+ myg4loglAg*] + meylog[Cu®*] + myyo,log[HNO3] + mrlog T (19)

3.3. Copper surface fraction in the silver anode (4.,

With the assumption that particles are in the form of spheres, the ra.. s after polishing (r.,,) has the
Pythagoras relation with the initial radius (r) and height of cut (4., ) ex wessed by Eq. (20), where 7.,
is the radius of the exposed surface of the particle,  is the r-.diu. and 4., is the height of the cut.

Accordingly, the average r.,, of the sphere is shown by Eq. (Z').

Arbitrary cutting pomt

Fig. 2. Schen.. tic of surface area partition of a spherical particle.

Teut = rZ— hxz:ut (20)
— 1 1
Teut = ;Z?zl Teut = l__f_rr (2\/ r? — hgut) dh (21)

The average surface area can therefore be calculated based on the specific atom radius as in Eq.

(22). Throughout the radius (- to r), the average surface area for an i particle at any given section of

the sphere is shown by Eq. (23).

- =2 1
Ayt =T Teye =T ;J'_Tr(rz - hgut)dh (22)

|

2
cut,i — 57‘[ : riz (23)



As the major constituents of silver anodes are Ag-Au-Cu, as shown in Table 1, the total electrode
surface can be assumed to be the sum of these metal surface fractions, see Eq. (24). With the known
radius and molecular weight of the metals, the Cu surface fraction (A.,,) can be calculated using Eq.

(25):

A. = Acy = Ngy ACu/
Acy /Atotal (Nag - Aag + N+ Agyy + Ny - Ay (24)

Agy, = Vt%cu (25)
cu (0.74 - wt% g + 0.41 - wt% gy, + Wt%ey,)

3.4. Active surface per volume of electrolyte (Aa/V )
ec

For the variable of 4,/V.,., values were determined from differe 1t in. 'ustrial silver anode sizes and cell
geometries as shown in Table 4, with the ratios of anode acti. » surface to volume of electrolyte in the
range of 0.003 — 0.005 m*/dm’.

Table 4. Geometrical data of Moebius Cells tur the calculation of 4,/V,.

Parametors ~ "Mentell, 1940]
USA 1 Cunada Germany USA 2
Aunode (M) 1.13 -~ 1.05 0.80 1.08
Ve (dm®) 207 357 250 239
A, / 0.005 0.003 0.003 0.004
Vec |

4. Results and Discussion

The current density operatio» o. ~.lver electrorefining can be divided into a moderate current density
of 200-600 A/m” and i.*eh ~ur_ent density of 600—1000 A/m* [Aji et al. 2018]. High current density
operation is ideally at 200— 00 mV vs. E,,, 4, or in the range of 625-725 mV vs. Ag/AgCl [Aji et al.
2018]. In addition, the presence of gold suggests that the optimal potential range is between 700—720
mV vs. Ag/AgCl [Aji et al. 2019]. Currently, high current density silver electrorefining is the
industrial standard utilized for modern silver electrorefining, with at least 11 units installed by 2014
[Maliarik, 2014]. As a result, a series of anode polarization curves were measured (some examples are
displayed in Fig. 3) and the related average current density values, at the selected range of 700720
mV vs. Ag/AgCl, are shown in Table 5.
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Fig. 3. Potentiodynamic measurements of Cu and Ag ‘mder various electrolyte conditions.

Table 5. Current density within the range of 700 - - 720 mV vs. Ag/AgCl for Cu

[Ag"] [Cu’*] | [HNO;] | Temperature Average current density
(gdm’) | (g/dm’) | (g/dm’) (°C) at 700 - 720 mV vs Ag/AgCl (A/m’)

40 20 5 20 5859 + 59
40 40 10 XD 6786 + 142
40 60 15 15 7698 + 47
70 20 10 45 7270 + 45

70 40 15 25 6916 + 59
70 60 5 I35 7745 £ 60
100 20 5] 35 8306 + 100
100 40 5 45 8682 + 75

100 60 1 25 6995 + 39
70 40 £ 10 35 7966 + 90
70 40 10 35 8110 +2

70 40 10 35 7998 + 87

4.1. Kinetic modelling of copper dissolution

The current density values from Table 5 were plotted with the calculated values from models A —
D as shown in Egs. (16 — 19). With the requirements defined for a good model as R* and Q* > 0.5,
validity > 0.25 and reproducibility close to 1 [Eriksen et al. 2008], it was found that model C was
clearly the best model, whereas model B failed due to the low validity value (Fig. 4).
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Fig. 4. Predicted and measured values of « urrcuc density from models A, B, C and D.

The concentration logarithmic model € is - (so in agreement with the Ag dissolution model of a
previous study [Aji et al. 2018]. Nevertheless, as "Cu’ '] is absent in the fresh electrolyte, therefore the
model is only valid throughout the rang~ o1 ~oncentration of this study. On the other hand, although
the linear model has lower validity, the n orel still qualifies as a good model under the set criteria and
therefore can be used for zero va'u.~ of /Cu’']. In contrast, the full logarithmic model (model D) —
which contains the additional te. mpe ature function in comparison to model C - was determined to be
slightly inferior to the concenu ~ton logarithmic model (model C). Based on the modelling results,
linear and concentratic» I« @ar’shmic models are suggested with the proviso that the concentration
logarithmic model (A) is or 'y valid for /Cu’*] in a range between 20 — 60 g/dm’. Further analysis of
the related scaled and centred coefficient value parameters for the models — as shown in Fig. 5 — both

models can be expressed as in Egs. (26 and 27).
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Fig. 5. Scaled and centred coefficic... 7ai. = parameters of models A, B, C and D.

l0gjcy = 3.07 + 0.27log[Ag*] + 0.1.'0g[Cu*] + 0.08log[HNO;] + 0.0014T  (26)
jcu = 2971 + 30.38[Ag*] + 24.7¢ [(u ] + 62.26[HNO] + 27.43T (27)

As can be seen from Fig. 6, ~t the investigated elevated potential applied, the previous model
outlined by Berg (see Eq. 9) ‘< un.ole to accurately calculate the related kinetics when compared to
the new models in this st (dy. While the overpotential was the obvious reason for the Berg model

inaccuracy, the additional . ~riables utilized like /4g"] and /Cu’"] also had a substantial impact.
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Fig 6. Comparison of Concentration Lr g, sithmic, Linear and Berg models

4.2. Electrolyte circulation and treatr .ent

Electrolyte circulation is conducted to r~in.~in a constant level of [Ag'/, [HNO;] and T in the bulk

electrolyte. A certain flowrate of the el¢ st olyte is circulated through a discharge (outflow) and the

introduction of make-up electroly*c ‘inflow), as shown in Fig. 7. The discharged electrolyte goes to

[Cu’'] removal and is then nixel with fresh AgNO; to improve the /Ag’] level before being

circulated back to the process |.' n*ahamian, 2016; Virolainen, 2019].

Electrolyte out
g, [4g'], [C']

Silver electrolysis cells
V, [Ag'], [Cu"']

.

Fig 7. Schematic of closed-loop electrolyte circulation in a silver electrorefining process.

Electrolyte in
q, [Ag"Jin [CW”" ]

Electrolyte .| Electrolyte
purification "| make-up
Cu(NOs), AgNO;
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Through purification and mixing, the inlet electrolyte composition has a certain composition of
remaining /Cu’'] and high [Ag"]. The ratio of /Cu’"] and [Ag'] of the inlet electrolyte to the bulk
electrolyte can be written according to the general form of Eq. (28) where M is Ag or Cu. With
constant values of [Ag '], [HNO;] and T due to the electrolyte circulation, the models in Egs. (26 — 27)
can be simplified to Eq. (30) for the concentration logarithmic (model C) and Eq. (31) for the linear
model (model A). Consequently, the models are defined as functions of /4g"] and /Cu’"/Ag] in the
electrolyte with o and f as the constants from the effect of other variables. Therefore, the calculated
accumulation rate of [Cu’’] (rc,, g/dm’hour) in the electrolyte at different levels of /Ag’] and

[Cu’*/Ag"] can be determined as shown in Fig. 8.

MTL+ i
&M = [ ]m/[Mn+] (28)
2+
logjcy = a+0.12 - log [Cu ]/[Ag+] + 0.12 - log[Ag™ (29)
S + [Cu2+]/
Jeu =B +24.78[Ag"] [Ag*] (30)
100 100
Linear model A 157 Conc logarithmic model C I
\ \ 0.54
90+ S L 90
051 034 -
. 80 0.51 - 80
“ 0.48 &
£ §
2707 048 e
;010 N 4y b ::0
= 0 041 044 g0 =
50 - 041 5o
038 4 0.38
40 T T T T T T T T T T T T 40
0.2 04 0.6 0.8 0.2 04 0.6 0.8
[C*"]/[Ag™] [T ]/[Ag™]

Fig. 8. Contour map of r,,+ (g/dm’-hour) of models A and C for an anode containing 1% Cu and

5% Au as a function of /Cu’"/[Ag"] and [Ag"].

Recently published purification methods are copper hydrolysis [Aprahamian, 2016] and ion
exchange [Virolainen, 2019]. The first-mentioned process has claimed a 53 — 86% removal rate of Cu
content from the bleed electrolyte. This process was run with an initial electrolyte of 81 g/dm’ of

[Ag"] and 66.4 g/dm’® of [Cu’] [Aprahamian, 2016]. Meanwhile, the second process was able to

12



remove 78% of Cu from electrolyte containing 84 g/dm’ [4g’] and 41 g/dm’ /Cu’'] and produces a
final solution with /Cu’"] of 10 g/dm’ [Virolainen, 2019]. With these Cu removal rates, in a closed-
loop system, the inlet to bulk ratio of /Cu’"] as defined by Eq. (28) has a value within the range of
0.14-0.47.

4.3. Effect of [Ag"] and [Cu’'] in electrolyte circulation

By using a mixed flow reactor assumption [Levenspiel, 1999] and constant /Ag '/, the balance of
[Ag'] due to the electrolyte circulation can be determined via Eq. (31). Further combination of Eq.
(31) with the definitions of r[Ag+] in Eq. (14) and gy in Eq. (29) resrlts in Eq. (32), which allows the
required flowrate (¢/V) to maintain /4g "/ to be calculated.

0 =rpgn + Uy 149 m — Uy - [Ag™] 31)

q/V = 3.39- T'[Cu2+] . 1/[Ag+] . 1/(5Ag _ 1) (32)

Similarly, the balance of Cu can be writter as Bq. (34) for a constant /Cu’"] in the electrolyte. By
substituting the value of ¢/V from Eq. (32}, th- equation can be written into Eq. (34). The equation
gives information on the quality of the i-let elecwrolyte (&4, and &¢,) based on the concentration ratio

of [Cu’']/[Ag"] of the electrolyte to avr 10 ~apper accumulation.

0 = riges) + Uy - [Cu?*] vy - 1) (33)

2+
(eag — 1) = 3.39 - [CU 1,/£“g+] (1= &) (34

At a critical /Cu’"]/[Ag"] ratio of 0.8, Eq. 34 can be further simplified to Eq. (35):
gAg = 37 - 27 . Scu (35)

With the &, values of 0.14 — 0.47 from the purification process [Virolainen, 2019], according to Eq.
(35) the suggested [Ag ], is in the range of 2.4 — 3.3 times that of the /4g '/ in the bulk electrolyte. As
an example, the [Ag"];, for 100 g/dm’ [Ag"] bulk electrolyte ranges from 240 — 330 g/dm’. When the
concentrations of inlet electrolyte in terms of &c, (0.14 — 0.47) and &5, (2.4 — 3.3) are known,
calculation of the flowrate as the final parameter of electrolyte circulation was simulated by using the

linear current density model. The models established in this study were utilized in the design of an
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ideal electrolyte circulation for different electrolyte conditions. Following the process schematic
shown in Fig. 7, the contour diagrams of the calculated circulation flowrates per 100 dm’ bulk volume
based on anodes with 1% Cu and 5% Au content, 5 g/dm’ [HNO;] and a temperature of 35°C for
different types of electrolytes are shown in Fig. 9.

100 T T T \ \ 100
| (@) [Cu""/4g"] =08 ) [ Cu’*/4g"7=10.8
£e=0.14 £c,=0.47
N1 ¢ =33 £ag= 24 - 90
%owt,, = 5% Yowt 4, = 5%
80 [HNO ] = 5 g/dm® [HNO,] =5 g/dm® L80
i = 35° T=35°C i
:% /T 35°C _g
=11] =1V]
= 70 / / 70 =
X1 | 25 %
I : N
60 33 - 60
1 4.1
504 4.9 3 50
5.7 2.
] 6.5
40 T T T T T T T 40

1 2 3 4 5 5

Cu content in anode (% Cu content in anode (%)

Fig. 9. Electrolyte circulation flowratc = ¢ 100 dm’ bulk electrolyte for 1% Cu content in the

anode at critical /Cu’";,"Ag"] ratios as a function of %wtc, and [Ag"].

Fig. 9 shows the optimal desigr u. ~uculation flowrate, with figure 9 (a) showing the flowrate for
low &, while the right-hand fige e shows the circulation for high &¢,. As can be seen, the lower &,
condition resulted in lower flow: *e circulation. In addition, higher /Ag'] content electrolyte also
resulted in a lower flowrat: to replenish the /4g'/ in the bulk electrolyte. This study shows that the
accumulation of /Cu’'] 1. tne electrolyte due to the dissolution of the Cu in the silver anode can be
avoided by optimizing the clectrolyte circulation. Nevertheless, although further economic assessment
is required, optimization of electrolyte circulation can provide the process with a higher tolerance to

anode impurity.
5. Conclusions

The presence of copper in silver anodes as the major dissolved impurity in silver electrorefining poses
a challenge due to the co-deposition of Cu in the silver crystal product, thus reducing the product
quality. While copper is easily and rapidly dissolved, the large difference in reduction potential
between copper and silver allows operation even at a /Cu’"]/[Ag"] ratio as high as 0.8 without the co-

deposition of copper on the cathode. Furthermore, /Cu’’] improves electrolyte conductivity thus

14



providing an economic benefit in the lower cell potential of the operation. From simulations of several
electrolyte conditions, it is now known that only a small volume of electrolyte circulation is required
in a closed loop process to maintain the level of /Ag '] and /Cu’"] in the electrolyte. Consequently, the
economic refining of high Cu content silver anodes to produce a high purity final product is
theoretically possible.
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Highlights

Valid and accurate models for Cu dissolution kinetics in Ag ER were built

Optimal electrolyte circulation parameters were simulated to avoid Cu accumulation
Inlet optimum: /Ag "] 2.3 — 3.3 and /Cu’ "] 0.14-0.47 times of the bulk concentration
Low flowrate, app. 10 dm’/h, is required for every 100 dm” bulk electrolyte volume.
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