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ARTICLE INFO ABSTRACT
Keywords: With the growing demand for silver, the recycling of this precious metal from secondary sources has become
Electrodialysis imperative. However, the presence of copper impurities poses a significant challenge. This study aims to explore

Monovalent selectivity
Concentration polarization
Limiting current density
Ion-exchange membranes

electrodialysis for selectively recovering silver ions from copper-contaminated effluents, elucidating the effect of
low pH on the process performance. Electrodialysis of 10 mM equimolar solutions of silver nitrate and copper
nitrate was performed at various pH levels, using nitric acid for pH adjustment. Adjusting the operational current
to the limiting current resulted in similar silver fluxes and copper leakages at pH 1, 2, and 4.5. The energy
requirement was governed by proton abundance, competing with silver ions for charge transport in the elec-
trodialysis cell. The specific energy consumption for silver removal decreased from 751 kJ/mol at pH 1 to 36 kJ/
mol at pH 4.5, with the energy efficiency rising from 2 % at pH 1 to 37 % at pH 4.5. Copper leakage was
approximately 20 % in all cases, yielding silver-copper separation efficiencies of 55 % at pH 1 and 80 % at pH 2
and 4.5. This study highlights electrodialysis as a promising technique for purifying hydrometallurgical effluents,
emphasizing the need for case-specific assessment depending on feed water properties. Notably, the limitations
associated with low pH suggest potential advantages of adjusting the pH of the solution.
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1. Introduction

Precious and noble metals, such as silver, gold, and the platinum
group metals, are rare elements that possess high economic value due to
their scarcity and exceptional chemical properties, including resistance
to oxidation and corrosion [1]. Among these metals, silver stands out as
the most versatile, renowned for its excellent electrical and thermal
conductivity, durability, and biocompatibility. Consequently, silver
finds applications in various industries, including catalysts, electronic
devices, jewelry fabrication, and medical purposes [2]. However, with
the advancements of the industrialized world, the high demand for silver
and its limited availability lead to a deficit in silver supply, necessitating
efforts to explore new sources and emphasize recycling [3]. Extraction
and recovery of silver have been extensively investigated through hy-
drometallurgical and biometallurgical approaches [5]. In the hydro-
metallurgical route, leaching serves as the initial step, followed by the
recovery of silver using various techniques such as cementation,
chemical precipitation, adsorption, biosorption, electrocoagulation,
electrowinning, ion exchange, and solvent extraction [1,3,6]. These
techniques play a crucial role in achieving cost-effective silver recovery
and extraction from diverse secondary sources. The wide range of ori-
gins and composition of silver-containing materials pose significant
challenges during their processing [3]. Processes like electrorefining
yield silver products of high purity despite the presence of various im-
purities in secondary silver sources. However, achieving a high-quality
product requires meticulous process control, the addition of chem-
icals, and/or frequent replenishment of process solutions, consequently
resulting in the generation of substantial waste streams that need sub-
sequent treatment [6]. Copper is a prevalent impurity in the electro-
refining of silver due to its frequent occurrence in silver alloys [7].
During the electrorefining, the anode plates made of secondary silver
sources are progressively consumed, resulting in the dissolution of metal
ions. A suitable voltage is applied across the cell to cause oxidation of
silver metal at the anode and reduction of Ag™ to form silver metal at the
cathode. Less noble metals than silver, with a lower reduction potential,
dissolve at the anode but do not plate at the cathode. While silver metal
is electroplated onto the cathode and collected by scraping, copper ions
accumulate in the solution. With increasing copper concentration, the
likelihood of copper deposition rises. Consequently, to uphold a high
purity level of the silver product, it becomes necessary to frequently
renew the nitric acid solution, leading to significant acid consumption
and the generation of substantial waste streams.
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An electrodialysis setup in parallel to the silver electrorefining bath
presents a possible solution to the copper accumulation. Using mono-
valent selective cation exchange membranes (mCEMs) enables the sep-
aration of silver ions from divalent impurities. By alternating normal-
grade anion-exchange membranes (AEMs) and mCEMs between elec-
trodes and applying an electric potential across the cell, anions and
monovalent cations are transported across the AEMs and mCEMs,
respectively. These ions are accumulated in one compartment, while
copper is retained. This process is schematized in Fig. 1 with one cell
pair, comprising one AEM, one silver-depleted compartment, one
mCEM, and one silver-enriched compartment. Typically, industrial size
electrodialysis stacks employ around 100 cell pairs [8,9]. The contin-
uous electrodialysis step facilitates the recycling of a silver-enriched
stream back into the electrorefining bath while simultaneously gener-
ating a silver-depleted waste stream. The incorporation of electrodial-
ysis offers the advantage of continuous replacement of the nitric acid
solution, eliminating the need to frequently halt the electrorefining
process and completely replace the bath. Furthermore, this technique
ensures a more consistent and stable process, maintaining constant
concentrations of silver and copper, thus enabling production with a
sustained level of purity. The resultant waste stream facilitates the
recycling of other metals, such as copper.

Commercial monovalent-selective membranes, such as Neosepta
CXP-S used in this study, are typically fabricated by coating a thin
polymer layer on top of normal-grade membranes, which have the same
charge as the counter-ion. The charged layer exerts a repelling effect that
allows the passage of monovalent counter-ions but significantly restricts
the passage of counter-ions of higher valence [10-12]. Apart from the
electrostatic barrier effect, selectivity for monovalent over multivalent
ions can be enhanced by size-exclusion. A sieving effect can be achieved
by creating a dense membrane matrix with narrow pores, or by coating a
dense layer on an IEM [11]. Counter-ion selectivity can also be modified
by adjusting the ion hydrophobicity, as ions have been shown to carry an
ion-specific and membrane-dependent hydration shell through the
membranes [13-16]. Additionally, determining the limiting current
density is crucial for optimizing counter-ion selectivity, as the ratio of
applied current to limiting current dictates the mass transport regime
[11,17,18]. A loss of selectivity has been reported for monovalent-
selective IEMs when operating close to or above the limiting current
density [12,19-22]. Neosepta CXP-S is a homogeneous mCEM with high
mechanical strength. The styrene based copolymer is functionalized
with negatively charged sulfonated groups that facilitate the transport of
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Fig. 1. Schematic description of an electrodialysis cell for the separation of Cu** and Ag* with a single cell pair consisting of an AEM, a silver-depleted compartment,
a mCEM, and a silver-enriched compartment. Silver migrates through the mCEMs into the silver-enriched compartment, while copper is retained to a large extent.

Protons may also transport through the mCEMs.
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cations while repelling anions [23]. Several groups have studied the
separation of monovalent from divalent cations using Neosepta mCEMSs
[12,19,20,24-27] and other commercially available mCEMs
[19,21,28-30]1, as well as layer-by-layer modified membranes [31-39].
The overwhelming majority of the available literature on selective
separation of monovalent from divalent metals with electrodialysis ex-
plores the separation of alkali metals (specifically Li*, Na®, and K*)
from alkaline earth metals (specifically Mg?* and Ca?"). These include
the prevalent cationic species found in sea water and other natural water
sources, while studies on selective removal of heavy, transition and
precious metals with electrodialysis are scarce [1,40,41]. In the hydro-
metallurgical sector, electrodialysis offers significant benefits to con-
ventional treatments such as precipitation, adsorption, coagulation-
flocculation, and solvent extraction. For the recovery of valuable com-
ponents, the high selectivity offered by functionalized membranes is of
major importance. For the removal of impurities from process streams,
electrodialysis excels with its chemical-free operation and the absence of
solid waste or sludge generation containing hazardous or unstable
components that require disposal [15,42,43]. In general, electrodialysis
can be employed for treating large volumes of effluents containing low
concentrations of specific ions within a short period of time [44]. Salt
concentrations between 0.01 and 0.5 M are considered most suitable for
the economical operation of electrodialysis, although depending on the
individual nature of the process and components [9]. In terms of se-
lective heavy metal removal from industrial process streams, electro-
dialysis has been employed to separate arsenic from copper and zinc in
acidic metallurgical process streams [46] and to separate Cr>* from Na™
in solutions mimicking wastewaters from lather tanning processes [47].
Vallois et al. [48] studied the separation of Cu®* from H+ for acid re-
covery. They restricted the passage of Cu?" by coating a commercial
Nafion CEM with a thin layer of the positively-charged polymer poly-
ethylene imine (PEI). The membrane modification resulted in a reduc-
tion of the copper transport number by up to 74 %. Regarding the
selective recovery of precious metals from multi-ionic solutions, elec-
trodialysis has been studied in combination with liquid membranes to
separate palladium and platinum [49] and iron and platinum [50]. In
liquid membranes, carriers in an organic solvent facilitate the transport
of ions from one solution to the other [49]. Recently, Rezaei et al. [51]
proposed electrodialysis to recovery gold from electroplating baths,
where gold can be separated from other metals because it forms stable
anionic complexes with Cl™.

Similarly, for selective separation of Ag® from Zn?* and Cu?* using
electrodialysis, the literature presents two relevant studies which are
both employing chelating agents to form negatively charged species
with the divalent cations [52,53]. Due to the opposite charge signs,
silver ions were accumulated on the cathodic side, while the chelated
divalent cations were obtained at the anodic side of the membrane stack.
Cherif et al. [52] studied the separation of 10 mM mixtures of Ag+ and
Zn?" in nitric acid solution at pH 2.45, using Neosepta mCEMs. A low
current efficiency of 10 % for silver recovery was ascribed to the
abundance of HT, which exhibits a high mobility in the CEM. The
diffusion coefficients for 50 mM silver, hydrogen, and zinc, each pre-
pared from the nitrate salt, in Neosepta C.M.S. membranes, were
determined as Dy, = 3.47-1077cm?:s™!, D2 = 0.46-107cm?s7!, and
Dy+ = 17.81-1077cm?-s™1. On the other hand, Giiveng et al. [45]
investigated the electrodialytic recovery of 1 mM silver ions under
different applied pH levels, and found that the pH had a negligible
impact on the removal rate and energy consumption. The pH was
adjusted with nitric acid, and the values tested were 2.5, 5, and 7.8.

While chelation-assisted electrodialysis has shown promise in
selectively separating silver from metal impurities of higher valence, its
efficacy faces limitations due to factors such as the restricted mobility of
metal complexes, limited complexation capacities, and the pH-
dependent nature of complete chelation [52]. Accordingly, the
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primary objective of this study is to assess the potential for selectively
separating silver from copper ions using electrodialysis with mCEMs
while avoiding the need for chelation. To evaluate how the availability
of H" ions impacts separation performance and energy efficiency,
electrodialysis is performed in nitric acid solutions spanning pH levels
from 1 to 4.5. The limiting current density for AgNO3 at various pH
levels is approximated experimentally and informs the choice of oper-
ating current for promoting Ag™" selectivity. Additionally, the extent of
membrane scaling and fouling is analyzed by conducting mass balance
calculations.

2. Materials and methods
2.1. Materials

Neosepta ASE (standard grade AEM) and CXP-S (monovalent-selec-
tive mCEM) ion-exchange membranes were utilized for all experiments
(Eurodia Industries SAS, France). According to the technical specifica-
tions, the electrical resistances and thicknesses of the wet membranes
are 2.0 cm? and 0.10 mm for the CEM, and 2.6 cm? and 0.15 mm for the
AEM. The electric resistance was measured on alternative current after
equilibration with a 0.5 N NaCl solution at 25 °C. The membranes are
recommended for use within the whole range of pH (pH 0 to 14) [54].
The active surface area per membrane was 36 cm?. The membranes were
stored in 10 mM silver nitrate solution. Woven silicone/polyester
spacers with integrated gaskets were supplied by FumaTech (Germany),
with a thickness of 470 ym, a mesh size of 800 ym, and a shadow effect
of 0.33, according to supplier information. Solutions were prepared
using distilled water and technical grade sodium sulfate (NazSO4) pro-
vided by Honeywell International Inc., copper nitrate trihydrate (Cu
(NO3)2:3H20) and silver nitrate (AgNOs3) provided by Sigma Aldrich.
Shenchen V6-6L peristaltic pumps (Baoding Shenchen Precision pump
Co., Ltd., China) recirculated the solutions. Concentrated nitric acid
(HNO3) provided by Sigma Aldrich, was utilized for lowering the solu-
tion pH. Silver and copper concentrations were measured using micro-
wave plasma atomic emission spectrometry (MP-AES). Standards for the
MP-AES analyses were prepared using milli-Q water and inductively
coupled plasma (ICP) multi-element standard solution, provided by
Merck. As a power supply and for electrochemical measurements, the
Gamry Interface 5000E potentiostat/galvanostat and respective Gamry
software were used (Gamry Instruments, USA). Methylene blue was used
for staining experiments.

2.2. Experimental setup

A customized cross-flow electrodialysis stack with an electrode area
measuring 9 x 4 cm? was utilized. For each experiment, four cell pairs
consisting of an AEM, a silver-depleted compartment, a mCEM, and a
silver-enriched compartment were arranged between the electrodes. An
additional AEM was placed neighboring the cathode to prevent silver
from leaking into the rinse solution. Spacers were inserted between the
membranes to facilitate solution flow and mixing. End spacers were
placed between the electrodes and the neighboring AEMs to create a
closed circuit for rinsing the electrodes. A 500 mL batch of 0.2 M NaySO4
solution served as the rinse solution for each electrode, circulating
through the electrode compartments at a flow rate of 100 mL/min. The
cell operated in batch mode with 250 mL of feed solution of the same
initial composition recirculated trough both compartments. Upon
drawing a current, silver gradually transported from the silver-depleted
to the silver-enriched batch. Each batch was stirred using a magnetic
stirrer. To measure the current-voltage characteristics, a four-electrode
configuration was employed, with the working sense and counter
sense connected to the stack electrodes. Reference electrodes (Gamry-
supplied mercury-sulfate electrodes) were placed in the rinse solutions.
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2.2.1. Limiting current density

Limiting current density experiments were performed using the
boundary-layer method [55]. Feed solutions of 10 mM, 20 mM, and 30
mM silver nitrate were used without pH adjustment, resulting in a pH of
4.5, and with acidifying the solutions to pH levels of 1, 2, and 3. The
solutions were circulated through the electrodialysis stack at a flow rate
of 100 mL/min, resulting in a surface velocity of 2.2 cm/s. Amperody-
namic sweeps were performed, starting from zero current (open circuit
potential). The current was increased in 2-3 mA steps for the solution at
pH 4.5, in 5-10 mA steps for the solutions at pH 2 and 3, and in 15-30
mA steps for the solutions at pH 1, until the current reached a maximum
value. Each current value was held for 30 s, and measurements of cur-
rent and voltage were recorded every 0.25 s.

After three-quarters of each current step (once the voltage value had
stabilized), the voltage value was plotted against the respective current
to obtain the current-voltage characteristics from the experimental data.
At low current densities, i.e., in the ohmic region, the current-voltage
curves follow a linear trend. However, with increasing current den-
sities, the current-voltage-curve starts to deviate from linearity due to
the rise of concentration polarization, which has a detrimental effect on
the stack resistance. The deviation between the measured potential,
AE®!, and the linear extrapolation of the curve in the ohmic regime
provides an estimate for the concentration polarization overpotential,
AECP. The difference in ion activity at the membrane surface and in the
bulk solution, which is a consequence of concentration polarization, can
be approximated from AE? by applying the Nernst equation:

RT a§urf
P __ i
AEF = nwln (Fk) €Y}

where z; is the charge number of ionic species i as an absolute value (i.e.,
z = 1 for silver), F (C-mol 1) is the Faraday constant, n is the number of
membranes used in the stack, R (J-K *-mol~!) is the universal gas con-
stant, T (K) is the solution temperature, @' and @' (mol~'-L) are the
surface and bulk activities of species i, respectively. The activity is
defined as a; = y;c;, where y; and c; are the activity coefficient and
concentration of species i, respectively.

After determining AE from the deviation between the linear
contribution to the cell potential and the measured electric potential, Eq.
(1) can be solved for the activity ratio between the solution at the

. . . gt
membrane surface and in the bulk. The obtained ratio i represents an
;

average for all nine diffusion boundary layers facing the silver-depleted
side. The limiting current density value was defined as the point where

surf

Tax < 0.01.

2.2.2. Desalination experiments

Electrodialysis was performed with mixtures of 10 mM silver nitrate
and 10 mM copper nitrate, following the research done on electrodia-
lytic separation of silver and zinc described in the introduction [52]. The
initial pH was adjusted with nitric acid. The current density (j) was set to
20 % of the limiting current density determined for silver nitrate and
was held constant throughout the experiment. The relatively low current
was chosen because the current was not dynamically adjusted during the
experiments to match the decreasing concentration in the silver-
depleted compartment, leading to an increasing ratio of drawn current
to limiting current during the experiment. Desalination experiments
were run for 2 h or until reaching an electric potential that exceeded the
maximum potential of around 6 V sustained by the Gamry potentiostat.
5 mL samples were taken regularly from the silver-enriched and silver-
depleted compartments to determine the silver and copper concentra-
tions. In addition, the current density and voltage were recorded when
taking a sample.

The silver and copper fluxes were calculated based on their con-
centration change per time step [56]:
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_ V(n) ei(n) —ei(n = 1)
Ji(n) = A t(n) —t(n,—1) @

where V (L) is the solution volume on the silver-depleted side, A (m?) is
the active area of the membranes, c; is the concentration of species i
(mol-L71), n, is the time step, and t is the time (s). The volume change
due to sample taking was considered in the flux calculation. However,
the water drag from the silver-depleted to the silver-enriched compart-
ments was neglected.

The specific energy consumption, or work input, per mol of silver
removed from the silver-depleted batch, Wffg“, was calculated as follows:

AE“! (n)[t(n,) — t(n, — 1)]

[ertme) — cxlm — D)V ®

WL (n) =

where AE®! is the electric potential across the electrodialysis stack (V)
and I is the electric current (A).

The energy efficiency based on the second law of thermodynamics is
assessed by relating the Gibbs free energy corresponding to the
measured change in chemical potential of silver, AGyg, to the spent
energy in the system, W, according to [57]:

- |AGAJ<|
n=" 100 “

el

where W,; = fé AE°ell[dt. AGyg is defined as:

akl
AGy, = RTVCIn aTi (5)

Ag
Given the low concentrations of silver, the activity coefficients are taken
to be unity, and therefore a; = c;.
To quantify the relative difference in transport rate between the

competing counter-ions, the separation efficiency, S4, as introduced by
van der Bruggen et al. [30], is used:

|: cculm) :| _ |: cag(nr) :|

ccu(ni—1) cag(m—1)

SE(n,) = ) ©)
ccu(n) Ccag(ne

{1 - r(:(l1,—1):| + {1 - (:Aufn171>}

where c¢, and cy, are the concentration of silver and copper ions in the

silver-depleted compartment, respectively. Séﬁ ranges from —1 (com-
plete selectivity for copper) to 1 (complete selectivity for silver).

The increasing ion concentration in the concentrate compartment of
an electrodialysis stack, combined with concentration polarization at
the membrane-solution interface and the generation of hydroxide ions at
the cathode and membrane surface due to water splitting, can lead to
scaling of metal ions during the electrodialysis process [59]. This phe-
nomenon poses a significant drawback in maintaining continuous and
smooth operation of electrodialysis. The precipitation of minerals inside
the electrodialysis unit, specifically at the membrane surfaces, has
detrimental effects on the process performance, causing a substantial
and often irreversible increase in the stack's electrical and hydraulic
resistance [9]. To quantify the loss of silver and copper in the solutions
due to scaling, mass balances were assessed by weighing the silver-
depleted and silver-enriched containers before and after desalination
to determine the change in the amount of substance according to the
measured concentrations. The amount of silver and copper taken out for
sampling was considered in these calculations. The solution density was
assumed to be 1 g/L. The concentrations of silver and copper in the rinse
solutions before and after the experiments were also determined, to
ensure that no significant amount of silver and copper was dragged into
the electrode compartments during the experiments. To determine the
possible silver and copper species present in the feed solution, a speci-
ation model was prepared using Visual MINTEQ software [62]. The
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Davies model [63] was utilized to calculate activities within the
electrolyte.

3. Results and discussion
3.1. Limiting current density

Fig. 2 shows the plots of the current-voltage characteristics, over-
potential, and activity ratio at the membrane surface and in the bulk
solution for silver nitrate solutions of 10 mM, 20 mM, and 30 mM at pH
1. Respective plots for the pH levels 2, 3, and 4.5 can be found in Ap-
pendix A. Each experiment was repeated once, and the full and hollow
symbols represent repetitions at the same conditions. Results for limiting
current densities at different silver nitrate concentrations and pH levels
are presented in Fig. 3 with respective error estimates.

Fig. 3 demonstrates a direct relationship between the silver nitrate
concentration and the limiting current density within the tested con-
centration range, evident across the applied pH levels. Generally, as pH
decreases, the limiting current density tends to rise. Moreover, the
overall behavior of the current-voltage characteristics and overpotential
remains consistent across the entire pH range. Nonetheless, the data in
Fig. 3 indicates that the rate of increase in limiting current density per
concentration increment is more pronounced at pH levels 1 and 2
compared to pH levels 3 and 4.5. This phenomenon can be attributed to
the prevalence of hydrogen and nitrate ions in the acidified solutions,
contributing significantly to charge transfer within the electrodialysis
cell. Due to the logarithmic nature of the pH scale, there exists an order
of magnitude difference in proton concentration between pH 1 and 2, as
well as between pH 2 and 3 [64]. At pH 1, the proton concentration
approximates 100 mM, exceeding the silver concentration by a factor of
10. Additionally, the mobility of hydrogen ions within the CEM matrix
surpasses that of silver ions. Okada et al. [13,65] measured the mem-
brane transport number of hydrogen versus other cations in Nafion 117
and found that the current was preferentially transported by hydrogen in
a manner that is nonlinear in terms of the hydrogen fraction compared to
other cations inside the membrane.

The extrapolations drawn from the plots displayed in Fig. 3 reveal
that the intersection points with the y-axis occur at the origin for silver
nitrate solutions without pH adjustment and at pH 2. In contrast, for
nitric acid solutions at pH 1, the curve intersects the y-axis at 115 A/m?2.

250
200 I;?tieax:)olation
°E 150 -’ PH
< >
0O 100 3
9 + 45
50
T _+—-”+—_~—_%
ofp——~
0 10 20 30
””” AgNO3 (mM)

Fig. 2. Figures for determining the limiting current density using the boundary-
layer method for three levels of silver nitrate concentration at pH 1: the electric
potential is plotted as a function of the current density (a), the overpotential
AEP is determined as the current-voltage characteristic's deviation from line-
arity (b), and finally, the ratio of membrane surface activity to bulk activity is
determined by inserting AE? into the Nernst equation (Eq. (1)). The limiting

surf
i

current density is reached by definition once :!,u,k < 0.01. Full and hollow

symbols of the same color represent repetitions at identical experi-
mental conditions.
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These intersection points mirror the variations in hydrogen concentra-
tion. When the silver nitrate concentration approaches zero, the solution
lacks ions that facilitate charge transportation across the cell under
neutral pH conditions. However, when the solution is acidified, protons
become accessible for conveying charge across the cell, even without the
presence of silver nitrate. At pH level 3, the intersection point suggests a
limiting current density of 23.85 A/m? for a silver nitrate concentration
of 0 mM. This contradicts the expectation that the limiting current
density should be lower for pH 3 than for pH 2, given the heightened
availability of protons and nitrate at the lower pH. The results for the
linear extrapolation at pH 3 indicate that a linear relationship between
the silver nitrate concentration and the limiting current density might
not apply to silver nitrate concentrations between zero and 10 mM.
However, experiments at 0 mM silver nitrate have not been carried out,
as they hold no utility for the experiments performed in this study. For
the desalination experiments, mixtures of 10 mM silver nitrate and 10
mM copper nitrate were prepared. As depicted in Fig. 3, the limiting
current densities at pH 2 and 3 exhibit striking proximity for the 10 mM
silver nitrate concentration. However, the increase in limiting current
density demonstrates a steeper trajectory at pH 2 as the silver nitrate
concentration rises. Consequently, despite the heightened availability of
hydrogen and nitrate ions at the lower pH level - implying a greater
portion of the current is allocated to the transport of these ions - com-
parable operational currents were employed for the desalination ex-
periments conducted at pH 2 and 3. To comprehend the impact of the
nitric acid addition on the competitive transport between silver and
hydrogen, it is essential to conduct a more comprehensive examination
of ion transport through both the CEM and AEM. Replicating the ex-
periments while using different types of acids to modify the pH could
give insight into the contribution of the anion transport to the limiting
current density.

3.2. Desalination

Fig. 4 shows the silver removal, copper leakage, and electric poten-
tial during the electrodialysis process using equimolar mixtures of silver
nitrate and copper nitrate at varying pH levels. The experiments were
conducted for a duration of two hours or until the potentiostat's
maximum electric potential limit was exceeded. Fig. 4c illustrates that,
for pH levels between 1 and 3, the experiments were terminated before
the full two-hour mark. The rapid rise in electric potential can be
attributed to the depletion of ions, resulting in an increased resistance
within the electrolyte. At pH 4.5, the electric potential exceeded 4 V.

Remarkably, at pH 3, the voltage exhibited an almost 4 V surge
within the initial 10 min of treatment, compelling the halt of the
experiment after 30 min, with 70 % of silver ions depleted from the
silver-depleted compartment. The swift elevation in electric potential,
despite a substantial presence of silver ions left in the silver-depleted
compartment, implies that at the drawn current, the rate of transport
across the cell limited the pace of charge transfer. Fig. 5a supports this
by unveiling a notably higher transport rate at pH 3 compared to the
other pH levels. At pH levels 1 and 2, silver removal was around 90 %
after 104 and 70 min, respectively. A 96 % silver removal was achieved
at pH 4.5 after 120 min. The copper leakage, illustrated in Fig. 4b, was
approximately 20 % for pH levels 1, 2, and 4.5, with the lowest copper
leakage of 13 % occurring at pH 3. This behavior corresponds well with
the simultaneously reduced silver recovery at pH 3 and the relatively
short duration of the experiment. Generally, higher copper leakage can
be anticipated at increased current densities, as a greater number of
copper ions could breach the charge barrier of the mCEMs. This obser-
vation aligns with findings from multiple studies highlighting the in-
fluence of current density on the selectivity between monovalent and
divalent cations [17-22].

Interestingly, the plots in Fig. 4 do not follow a clear trend as func-
tions of pH. The desalination experiments lasted longest at pH 4.5 and 1,
followed by pH 2 and 3. It is hypothesized that this is caused by the



P. Zimmermann et al.

Desalination 572 (2024) 117108

0 50 100 150 200 250

i (A/m?)

(a) current density-voltage curves

(b) overpotential

A e TN 1.00 A ongh
AA%%SJA AA&AAK“ ézfimﬁriAzf
i 27 B
-_DD ot 0.75 n!‘ N
= s = o hwa
'.D A % 0 50 -.ﬂ AézA
o A “‘5” j:qj AA
. 0.25 '-fDD 22
. 0.00 L - EYN
0 50 100 150 200 250 0 50 100 150 200 250
i (A/m?) i (A/m?)

(¢) activity ratio

Fig. 3. Limiting current density (LCD) versus silver nitrate concentration at pH 1, 2, 3, and 4.5. Values at 0 mM silver nitrate concentration are found by linear

extrapolation.

1.0 *\‘4« pﬂ1,28A/A/m2 1ols s
Vs 2,9 A/m2 -
0.8{ « *. oSHs,aA/mz "': +‘\ %
> " % epH453AmM2 0.8 P
~ 0.6 v Mk —_
5 .\ *\ 8 0 6
504 \ N 3
S . ¥ °
0.2 .~ 30.4
' T e o pH 1, 28 A/m2
00 0z bz ane
: « pH 3 8 Aim
0 3 60 90 120 0.0  pH 45, 3 A/m2
t (min) 0 30 60 90 120
(a) silver removal t (min)
(b) copper leakage
6 x
7
n
/
—a4 ;7 < pH1,28 Am2
> 7 R pH 2, 9 A/m2
) 1 7 <+ pH 3,8 A/m2
! © pH4.5,3 A/m2
2 L
1 ,
1 L ’Jr/
i” + = = T
0
0 30 60 120
t (min)

(c) electric potential

Fig. 4. Silver removal (a), copper leakage (b), and electric potential (c), as functions of time during electrodialysis of 10 mM equimolar mixtures of silver nitrate and
copper nitrate at different pH levels. The current density was set to 20 % of the limiting current density.

contribution of the added nitric acid to the limiting current density. As
described above, the mobility of hydrogen in the CEM is larger than that
of the other available cations. Furthermore, the availability of nitrate
increases with the addition of acid. Therefore, the limiting current
density increases compared to the solutions at pH 4.5, where no nitric
acid was added. The limiting current density experiments lasted rela-
tively short, and it can be assumed that no ionic species were depleted in
either batch during the testing. However, when performing desalination
experiments, the hydrogen, which contributes significantly to the charge
transfer, might be depleted during the first minutes of desalination at
pH 3. The mobility of the remaining silver and copper cations might be
too low to maintain the same rate of charge transfer, leading to a surge in
electric potential. Hence, the silver removal and increase in electric
potential over time follow the hydrogen and nitrate availability for the
acidified solutions. At pH 4.5, there is no influence of additional

hydrogen and nitrate in the limiting current density measurement, and
the desalination can proceed until close to the complete depletion of
silver. The initial ratio of drawn current to limiting current could be
preserved by implementing dynamic regulation of the current. Contin-
uous or multi-stage operation of the electrodialysis cell would have a
similar effect [66].

For the purpose of evaluating performance, key metrics were
computed as averages over the treatment duration. These metrics
include the ionic flux of silver, the separation efficiency for silver over
copper, the specific energy consumption per mol of silver removed from
the silver-depleted compartment, and the energy efficiency. The out-
comes are depicted in Fig. 5. Due to adjusting the operating current
density to the limiting current density for silver in each respective so-
lution, similar silver fluxes were expected across the different pH levels.
This is true for pH levels 1, 2, and 4.5 with fluxes between 2.02 and 2.5
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Fig. 5. The ionic flux of silver (a), separation efficiency for silver over copper (b), specific energy consumption per mol of silver removed from the silver-depleted
batch (c), and energy efficiency (d), for electrodialysis of 10 mM equimolar mixtures of silver nitrate and copper nitrate at different pH levels, were calculated as

average over the treatment time.

mol-m~2.s~1. However, the desalination experiment conducted at pH 3
displays a significantly elevated flux of 5.6 mol-m~2.s7!. The elevated
silver flux at pH 3 can be attributed to the observation detailed in Sec-
tion 3.1, where it was noted that the limiting current densities at pH
levels 2 and 3 exhibit close similarity, despite a significant order of
magnitude difference in proton concentration. In consequence, the
desalination experiments at pH 2 and 3 were carried out with compa-
rable current levels, despite the presence of a significantly higher con-
centration of nitrate and hydrogen ions in the solution at pH 2,
contributing to charge transport. Therefore, at pH 3 a greater amount of
charge is devoted to facilitating the transportation of silver, resulting in
a heightened ionic flux. Notably, the data for pH 3 do not conform to the
trend of decreasing specific energy consumption for silver removal with
rising pH (as shown in Fig. 5c), nor to the trend of increased energy
efficiency with higher pH (as illustrated in Fig. 5d). The separation ef-
ficiency, depicted in Fig. 5b, exhibits the lowest value at pH 1 (55 %),
followed by pH 3 (69 %), pH 4.5 (78 %), and pH 2 (80 %). While the
experiments conducted at pH 2 and 4.5 exhibit a similar silver flux and
separation efficiency, experiments at pH 4.5 excel in terms of energy
consumption, as evidenced by Fig. 5c and d. At pH 1, a total energy input
of 751 kJ was required per mol of silver removed from the silver-
depleted compartment. This requirement decreased to 161 kJ/mol at
pH 2 and further down to 36 kJ/mol at pH 4.5. The energy efficiency
showed an increase from values ranging between 2 % and 8 % at pH
levels 1 to 3, to a notable 37 % at pH 4.5. The diminished energy effi-
ciency observed in pH-adjusted solutions can be attributed to the pres-
ence and enhanced mobility of hydrogen. Energy efficiency is defined as
the change in the chemical potential of silver across the membranes
divided by the expended energy, as outlined in Eq. (4). Both copper

leakage and hydrogen transport contribute negatively to energy effi-
ciency. The analysis of energy consumption across the four pH levels
suggests a significant advantage in raising the pH of acidic feed solutions
in the context of electrodialysis.

Performing mass balance calculations for both silver and copper
between the silver-depleted and silver-enriched batches highlighted a
consistent phenomenon: a portion of the metals extracted from the
silver-depleted solution did not make their way to the silver-enriched
solution in each experiment. The proportions of silver and copper that
were withdrawn from the silver-depleted solution but could not be
traced in the silver-enriched solution are illustrated in Fig. 6. While the
metal concentrations identified in the rinse solutions were negligible, it
is anticipated that the primary share of the unaccounted substances has
either formed precipitates in the solution, been deposited onto the sur-
faces of the membranes, or adsorbed within the matrices of the mem-
branes themselves. Visual examination revealed the presence of
precipitates on the membranes, with a notably more pronounced
occurrence on the surfaces of the AEMs. Furthermore, the AEMs posi-
tioned closest to the electrodes exhibited the most significant impact,
which could stem from the sulfate contained in the rinse solutions. The
formation of sulfate salts can be mitigated by replacing the rinse solu-
tion. A substantial portion of the precipitate could be removed through
scrubbing. Fig. 7a presents an overview of the silver and copper salts
that could form within the studied system, and their solubility as a
function of the solution pH. Evidently, solubility is constant over the
whole pH range for nitrate salts and increases with decreasing pH for
other salts. Yet, at pH levels 1 and 3, as much as 17 % and 16 % of silver,
and 9 % and 15 % of copper, respectively, were missing from the silver-
enriched compartment. For experiments conducted at pH 2 and 4.5, the



P. Zimmermann et al.

20

17 B Ag
16
15 15 [l Cu
10 9
5 5,
g ] |
0

S N S
¢ &

%100 (%)

(1-m?/m;

Q Q
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missing quantities were notably lower: 2 % and 5 % for silver, and 5 %
and 4 % for copper, respectively. The outcomes of the species distribu-
tion simulation are presented in Fig. 7b. The assessment indicates that
silver and copper are predominantly present as Ag* and Cu?* across the
tested pH range.

At pH 1, approximately 5.5 % of the silver is likely to exist in the form
of AgNO3, which is more than twice the proportion observed at higher
pH levels. A similar pattern emerges for copper, where roughly 12 % is
expected to form CuNO3 at pH 1, gradually decreasing to approximately
5 % at pH 2 and above. When the pH is raised to 4.5, there may be a
minimal initiation of copper hydroxide species, each accounting for less
than 0.1 %. The elevated presence of nitrate salts at pH 1 can be
attributed to the nitrate abundance at this condition. The deviation from
the mass balance of dissolved species observed at pH 1 (see Fig. 6) can
thus be linked to the increased prevalence of nitrate species. Further-
more, the formation of CuNO3 may offer an explanation for the reduced
separation efficiency observed at pH 1 (see Fig. 5b). CuNOj is a
monovalent cation and can, therefore, migrate through the mCEM.
However, due to size exclusion, the transport rate of CuNO¥ is expected
to be significantly slower compared to Ag* [11]. This slower transport
rate can lead to the accumulation of CuNO3 within the membrane. In
evaluating the long-term stability of the membranes in this procedure, it
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is imperative to explore the degree to which cations, trapped within or
on the membranes, undergo adsorption into the membrane matrix or
precipitate. While adsorption is a dynamic process with a saturation
point, precipitation can continually rise, resulting in elevated resistance
and reduced permeability.

The significant deviation from the mass balance of dissolved species
observed at pH 3 suggests that pH is not the sole influencing factor on
the extent of precipitation. To explore whether alterations in the solu-
tion's pH influenced the surface charge of the CXP-S membrane and,
consequently, the interaction between the membrane surface and metal
ions, dye staining experiments were carried out. The detailed procedure
is outlined in Appendix B. In Fig. B.1, the color intensity of the CXP-S
membrane following exposure to methylene blue dye at various pH
levels is displayed. Consistent color intensity values were observed for
the stained CXP-S membrane across the pH range, suggesting resembling
absorption of dye molecules. Evidently, the membrane maintained a
stable surface charge over a range of pH environments, indicating that
the membrane's functional groups were capable of dissociating effec-
tively. It can be concluded that the electrostatic interactions between the
membrane surface and metal ions remained constant under varying feed
pH conditions. Therefore, it is reasonable to assume that the discrep-
ancies in silver and copper removal and recovery at different pH levels
were primarily driven by process conditions rather than structural
changes in the membrane. As previously discussed, the estimated
limiting current density for pH 3 may only remain valid as long as there
are sufficient H" and NO7 ions in the solution for charge transport. Once
these ions are depleted, the transport rate of the remaining ions may be
insufficient to balance the rate of charge transfer at the electrodes. When
the limiting current is exceeded, secondary reactions, such as water
splitting, can result in notable fluctuations in species concentrations and
solution pH levels at the surfaces of the membranes, particularly at
AEMs [71]. Elevated pH levels at the membrane surfaces can potentially
induce the formation and precipitation of hydroxide species. Hydroxide
ions can also stem from water electrolysis taking place within the elec-
trode compartments. Additionally, uneven distribution of electric po-
tential and locally elevated current densities can trigger water splitting
at the membrane surfaces [72-76]. Factors such as membrane surface
undulations, membrane clogging, and even scaling itself can contribute
to such uneven potentials [77]. A comprehensive investigation of these
phenomena by monitoring pH changes at the membrane surfaces during
the experiment and analyzing the composition of the copper and silver
species retained within the membrane is a relevant direction for future
work. To facilitate the upscaling of the technology, it becomes crucial to
investigate the long-term stability of the membranes and viable cleaning
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Fig. 7. (a) Solubility chart for the salts that may precipitate within the studied system. The solubility is represented as logarithmic values. Solubility product
constants (Ks,) and acid dissociation constants (K,) to generate the solubility plots were taken from [67-69]. (b) Speciation distribution for silver and copper in the
feed solution at different pH levels. The copper hydroxide species were only present at pH level 4.5 and to a very small extent which makes them difficult to identify
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procedures. Applying a pulsed electric field may help mitigate mem-
brane scaling and preserve high selectivity at elevated current densities
[17,78]. Moreover, tailored membrane materials and designs could
alleviate the extent of scaling. The combined optimization of both the
membrane and the process holds the promise of rendering this process
viable for solution purification in the hydrometallurgical industry.

4. Conclusions

In this study, the use of electrodialysis with monovalent-selective
cation exchange membranes (mCEMs) was explored for the treatment
of copper-contaminated effluent from silver recovery processes. The
primary focus was on investigating how pH influenced the process
performance. Hydrometallurgical solutions are typically characterized
by low pH levels. Due to their high mobility within CEMs, hydrogen ions
bear a significant portion of the charge and therefore elevate the energy
requirements in electrodialysis. Correspondingly, the limiting current
density was more elevated for solutions with lower pH. The desalination
experiments involved treating equimolar solutions of 10 mM silver ni-
trate and copper nitrate at four distinct pH levels spanning from 1 to 4.5.
The experiment at pH 3 was stopped at 30 % silver removal due to
excessive electric potential. By configuring the operational current in
relation to the limiting current, comparable outcomes were attained for
the silver flux, copper leakage, and separation efficiency at pH 1, 2, and
4.5. This emphasizes the pivotal role of limiting current density as a
controlling parameter in the electrodialysis process. The pH exerted a
significant impact on the energy demand for silver removal, dropping
from 751 kJ/mol at pH 1 to 36 kJ/mol at pH 4.5. Concurrently, the
energy efficiency improved from 2 % at pH 1 to 37 % at pH 4.5. Elec-
trodialysis with mCEMs for the recovery of silver from copper-
contaminated effluents achieved up to 80 % silver separation effi-
ciency with an energy efficiency of 37 %. These results reveal a large
potential for electrodialysis as a technology to refine such effluents,
though case-specific assessment is crucial. In particular, low pH has a
negative influence on the energy efficiency, suggesting potential bene-
fits of adjusting the solution pH prior to electrodialysis treatment.

Appendix A. Limiting current density

Figs. A.1 to A.3 plot the current-voltage characteristics, overpotential,
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However, membrane scaling poses a challenge that should be further
addressed in future work.
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and activity ratio at the membrane surface and in the bulk solution for silver

nitrate solutions of 10 mM, 20 mM, and 30 mM at pH 2, 3, and 4.5. Each experiment was repeated once, and the full and hollow symbols represent

repetitions at the same conditions. The data were used to estimate the
centrations.

limiting current densities for the specific pH levels and silver nitrate con-
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Fig. A.1. Determination of the limiting current density for three levels of silver nitrate concentration at pH 2.
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Appendix B. Color intensity
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Fig. A.2. Determination of the limiting current density for three levels of silver nitrate concentration at pH 3.
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Fig. A.3. Determination of the limiting current density for three levels of silver nitrate concentration at pH 4.5.
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The surface charge of an ion-exchange membrane plays a crucial role in determining its ion flux, as it exerts electrostatic forces on the ions and
influences the distribution of ions adjacent to the membrane. Variations in the pH of the surrounding solution can induce shifts in the surface charge of
such membranes. To investigate whether adjustments in the solution's pH impacted the surface charge of the CXP-S membrane and, consequently, the
interplay between the membrane surface and metal ions, dye staining experiments were conducted using methylene blue dye, following the procedure
described in [60]. The membranes were submerged in 10 mM methylene blue solutions at pH levels of 4.5, 3, 2, or 1 for a duration of 15 min.
Methylene blue exhibits an isoelectric point at approximately pH 8, and in solutions with pH levels lower than 8, it assumes a positively charged state
[61]. Following the staining process, the membranes were thoroughly rinsed with deionized water until the rinse water exhibited no further color-
ation, thereby ensuring the removal of loosely adhered dye molecules from the membrane's surface. Quantification of the color intensity was

accomplished using a spectrometer in conjunction with AvaSoft software. Fig. B.1 shows the color intensity of the CXP-S membrane after exposure to
methylene blue dye at different pH levels. The reference membrane, which was not subjected to the dye solution, exhibited a color intensity of 19 +
0.8. Staining with methylene blue at various pH levels led to reduced color intensities, implying dye attachment to the membrane surface. Consistent
color intensity measurements were noted for the stained CXP-S membrane at various pH levels, suggesting a uniform absorption of dye molecules.

10



P. Zimmermann et al.

color intensity
s o 3

o

0

Desalination 572 (2024) 117108

/]

)

N N
)

& <

VIR IR
F &g

Fig. B.1. Color intensity values of CXP-S CEMs following exposure to methylene blue at various pH values. Lower color intensity corresponds to a greater methylene
blue dye adsorption.
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