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This work is focused on the study of the electrodeposition stage of a combined polymer-supported
ultrafiltration (PSU)—electrodeposition process for the recovery and selective separation of Cu/Zn
mixtures. With this aim, the electrodeposition of Cu/Zn mixtures was evaluated in the presence of
ethoxylated polyethylenimine, a polymer that has exhibited good performance in PSU processes in
previous studies and whose performance has been fully characterised in the literature. It was determined
that at pH values equal to or less than 4, macromolecular complexes formed with both Cu and Zn are
weak and electrodeposition can take place very efficiently, with the deposition of copper being strongly
favoured. For values of the applied electrical charge equal or greater than 0.1 A h dm~>, the purity of the
copper deposit is greater than 99% for the range of Cu/Zn molar ratios between 1 and infinity. Next, long-
term experiments in continuous mode showed that the average deposition rate was close to the
maximum rate achieved when operating in discontinuous mode and that the electrodeposition process
does not negatively affect the performance of the polymer in the PSU processes.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of heavy metal ions in aqueous effluents repre-
sents at least two challenges. Due to their toxicity, it is imperative to
remediate aqueous effluents containing heavy metal ions to
prevent environmental degradation and human exposure. More-
over, the recovery and selective separation of multicomponent
heavy metal ion mixtures may represent an economic opportunity
because the price of pure metals has experienced a marked increase
during the recent years (Llanos et al., 2010; Sgarlata et al., 2008).

Many techniques can be applied to recover and selectively
separate heavy metal ions from multicomponent mixtures.
Amongst them, membrane processes are regarded as highly effec-
tive, selective techniques for application in such separations. More
specifically, polymer-supported ultrafiltration (PSU) has been
applied to remove (Aliane et al., 2001; Geckeler and Volchek, 1996;
Roach and Zapien, 2009; Uludag et al., 1997) and recover (Cafiizares
et al., 2008; Llanos et al., 2008; Zeng et al., 2012) a wide variety of
heavy metal ions. Moreover, water-soluble polymers exhibit
a different binding affinity towards different metal ions, so this
technique has been widely applied to the selective separation of
metal ion mixtures (Camarillo et al., 2010; Kadioglu et al., 2010;
Rivas et al., 2004).
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Another technology used to achieve the selective separation of
heavy metal ions is electrodeposition (Chen, 2004; Pilla et al., 2000;
Yang, 2003). The differences in the reduction potentials of different
metal ions make possible to preferentially remove the ions that
have higher positive reduction potential values. Moreover, elec-
trodeposition can be used to recover the metal ion and regenerate
the polymer that has been previously used in a PSU process
(Barron-Zambrano et al., 2004; Llanos et al., 2009). Once the metal
ion from concentrated solution from the PSU stage is electro-
deposited, the polymer can be subsequently used in several more
retention cycles.

Taking into account the characteristics of both techniques, it is
possible to establish an integrated process of enhanced selectivity
by using a first step with PSU and a second step with electrode-
position (graphical abstract). In previous studies, the selectivity of
the PSU technique to separate Cu/Zn mixtures was demonstrated
by performing tests with two metal ions containing mixtures
(Llanos et al., 2010). Moreover, the feasibility of the polymer
regeneration and metal recovery with single metal ion (copper ion)
containing solutions was evaluated in discontinuous mode (Llanos
et al.,, 2009).

Thus, the goals of this work can be summarised into two key
points. First, this work aims at testing the selectivity of the elec-
trodeposition technique in the selective separation of Cu/Zn
mixtures and its ability to remove Zn?* ions. These results, taken
together with previously obtained data on the selective separation
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of these ions with the PSU technique, can be applied to the design
of an integrated process PSU—electrodeposition of enhanced
selectivity (as shown in the graphical abstract). Moreover, within
the present work, experiments with monometallic Cu®>* solutions
will be performed in continuous mode (this would be the firs step
in a scale-up study). With these tests, the long-term performance of
the polymer regeneration stage is evaluated.

2. Material and methods
2.1. Analytical techniques

The polymer used was 80% ethoxylated polyethylenimine (Mw
50,000) in aqueous solution (37% w/w) supplied by Aldrich. The
polymer concentration was measured with a total organic carbon
(TOC) analyser Shimadzu 5050A. The metallic salts used were
copper sulphate 5-hydrate and zinc sulphate 7-hydrate, both of
analytical grade from Panreac. Ionic strength was fixed by adding
sodium sulphate 10-hydrate of analytical grade from Panreac.
Copper and zinc concentrations were measured with atomic
absorption spectrophotometry (Varian, SpectrAA 220). All solutions
were prepared with ultrapure water.

2.2. Experimental setup

The cell (schematically included as Supplementary material)
consists of a single-compartment glass reactor (inner diameter =
105 mm; height = 150 mm; working volume: 0.6 L) that operates in
batch mode. The working electrode (cathode) is a rotating porous
graphite with a square prism shape (side = 60 mm; width =
10 mm) from PocoFoam. It acts as the working electrode and as
a stirrer simultaneously, and its main characteristics are presented
as Supplementary material. The working electrode stirring rate is
set and measured by a Heidolph R7R 2021 stirrer. The counter-
electrode (anode) is a cylindrical porous graphite electrode from
Sofitel (inner diameter = 80 mm; outer diameter = 100 mm;
height = 120 mm). Its cylindrical shape was selected to assure
a good distribution of current lines. The electrical current was
applied using a Delta ES030-05 Power Supply, and the working
electrode potential was measured vs. an Ag/AgCl reference elec-
trode using a Keithley 2000 Digital Multimeter.

3. Results and discussion
3.1. Cu—Zn selective separation

As it has been previously reported, the electrochemical regen-
eration method is not only a feasible way to perform polymer
regeneration but it is also an alternative for designing a global PSU—
electrodeposition process of enhanced selectivity, as both methods
may present a high selectivity in the separation of heavy metal
mixtures (Jiittner et al., 2000; Mayén-Mondragén et al., 2008;
Molinari et al., 2007). To evaluate the performance of this tech-
nique, the influence of both the pH and Cu/Zn ratio was studied.

3.1.1. Influence of pH on Cu—Zn separation in discontinuous mode
Among all process parameters, the pH most significantly affects
the equilibria between ionic species in the system (Rivas et al.,
2003). To evaluate the influence of this variable, discontinuous
tests with equimolar Cu/Zn solutions were performed at increasing
pH values. Polymer and metal ion concentrations were fixed by
maintaining the same total polymer/metal ion ratio, which was
optimised in previous works (Llanos et al., 2008). Figs. 1—3 show
the changes in the concentration and selectivity with the applied
electrical charge at pH values ranging from 2 to 6. In these figures,
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Fig. 1. Normalised metal concentration and selectivity for discontinuous electrode-
position of Cu®*/Zn** mixtures. [Zn**]y = [Cu?**]p = 1.57 mM; temperature 25 °C;
polymer concentration, 0.096% w/w; current density, 42 mA dm>; stirring rate,
200 rpm; supporting media, 0.15 M Na,SO4 solution; initial pH 2.

the value of the electrodeposition selectivity (agp) is obtained
according to Eq. (1), where [Me?**]p and [Me®*]; are the Me**
concentration initially and at time ¢, respectively.

CU2+}0 — [Cu2+]t (l)

[Zn* ] — [z0*7],

QED =

The first observation that can be noticed from these figures is
that copper deposition is clearly favoured with respect to zinc
electrodeposition. This observation can be explained in terms of the
differences in the reduction potential of both metal ions. As an
indication, standard reduction potentials are +0.12V and —0.98V
(vs. the Ag/AgCl reference electrode) for Cu** and Zn** reduction,
respectively, although the actual value will depend on the
concentration, according to the well-known Nernst equation. This
difference means that Cu®>* reduction to metallic copper is ther-
modynamically favoured compared to Zn?>* reduction. Although
the better deposition of Cu** ions with respect to Zn?* is not
surprising, the fact that a high selectivity is maintained in the
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Fig. 2. Normalised metal ion concentration and selectivity for discontinuous electro-
deposition of Cu?*/Zn?* mixtures. [Zn**]y = [Cu®>*]o = 1.57 mM; temperature 25 °C;
polymer concentration 0.096% w/w; current density 42 mA dm~>; stirring rate
200 rpm; supporting media 0.15 M Na,SO4 solution; initial pH 4.
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Fig. 3. Normalised metal ion concentration and selectivity for discontinuous electro-

deposition of Cu?*/Zn?* mixtures. [Zn?>*]y = [Cu®*]y = 1.57 mM; temperature 25 °C;

polymer concentration 0.096% wjw; current density 42 mA dm>; stirring rate

200 rpm; supporting media 0.15 M Na,SO4 solution; initial pH 6.

presence of the polymer at moderately acidic pH values (pH = 4)
represents one of the most important contributions of this work.

At pH 6, the copper electrodeposition rate diminishes, and the
Zn** removal rate increases. This result causes a decrease in the
electrodeposition selectivity by a factor of 100, with respect to
lower pH values. This behaviour can be explained on the basis of
the equilibrium that is reached in the system: the polymer (L) can
bind not only metal ions but also other cations as protons, and the
complex formation constant of the selected polymer with Cu®* ions
is two orders of magnitude higher than with Zn?* (Llanos et al,,
2010). At pH values of 2 and 4, macromolecular complexes
formed with both Cu?* and Zn?* are weakened, and electrodepo-
sition can take place without mass transfer limitations. Conversely,
at pH 6, the macromolecular complex L—Cu®* is stronger, so the
mass transfer of Cu>* free ions to the cathode surface, as well as
their reduction on the cathode surface, are hindered.

The lower selectivity obtained at pH 6 plays a negative role on
the purity of the copper deposit, as is shown in Fig. 4, which shows
the evolution of copper deposition and its purity with pH and the
applied electrical charge.
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Fig. 4. Quantification of the copper mass that is deposited and purity of the copper
deposit as a function of initial pH (pHo) and applied electrical charge.
[Zn?*]o = [Cu®*]o = 1.57 mM; temperature 25 °C; polymer concentration 0.096% w/w;
current density 4.2 mA dm~>; stirring rate 200 rpm; supporting media 0.15 M Na,SO,

solution.

The purity of the Cu deposit is close to 100% for pH values equal
to or lower than 4. This result is directly related to the high selec-
tivity of Cu deposition over Zn, and it implies that a selective
separation of both metals can be performed within this range of pH.
In a previous study of selective separation with the PSU technique
(Llanos et al., 2010), the maximum selectivity coefficient in the
separation of Cu?*/Zn®* bimetallic solutions was achieved at pH 4
and 6. These results imply that it is possible to design an integrated
PSU—electrodeposition process of enhanced selectivity that would
work at pH 4 in both stages, without the need for changing the pH
value between stages. This pH was selected to perform the
remainder of the experiments in the present work.

Regarding electrodeposition, the only stage that should be
tested to certify the technical viability of the technique is the final
electrodeposition of Zn?* once Cu®* has been deposited (ED stage 2
of graphical abstract). To study (preliminarily) this stage, three
electrodeposition tests with monometallic Zn®* solutions were
performed at increasing current densities, maintaining the same
polymer concentration (Fig. 5). As shown in the figure, it is possible
to perform the electrochemical deposition of Zn at a current density
of 9.7 mA dm~3 (per unit of volume of electrode), obtaining
a solution that is almost free of Zn?* ions. In this case, the efficiency
of Zn?* electrodeposition increases with current density. This result
is related to the higher voltage required to perform the electrode-
position at higher current densities. Nevertheless, the average
current efficiency (24.1%) observed during the process at a current
density of 9.7 mA dm~3 is less than that observed for copper, due to
the more negative reduction potential value for Zn.

3.1.2. Influence of Cu/Zn ion ratio on Cu—Zn separation

For an efficient metal recovery, the electrodeposition stage
should be placed after a retention step in the PSU technique. In this
process, the retentate stream from the PSU step will be the target of
the electrodeposition stage. Because the Cu®* rejection coefficient
is clearly higher than that of Zn®**, the Cu?>* concentration of this
retentate stream should be much higher than the Zn?>* concen-
tration. For this reason, it is important to evaluate the influence of
the Cu/Zn ion ratio on the process performance by evaluating
a range of molar ratios from 1 to infinity (Cu?* ion containing
solution). Thus, Fig. 6 represents the changes in the copper purity
with respect to the applied electrical charge for increasing Cu/Zn
ion ratios at a constant initial pH value of 4.
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Fig. 5. Influence of the current density on the normalised Zn?* concentration for
discontinuous electrodeposition of Zn>* monometallic solutions. [Zn?>*]y = 1.57 mM;
temperature 25 °C; polymer concentration 0.096% w/w; current density 4.2 mA dm~3;

stirring rate 200 rpm; supporting media 0.15 M Na,SO4 solution; initial pH 4.
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Fig. 6. Purity of the copper deposit as a function of the initial Cu?*/Zn?* molar ionic
ratio and applied electrical charge. pHy = 4; temperature 25 °C; polymer concentration
0.096% w/w; current density 4.2 mA dm~>; stirring rate 200 rpm; supporting media
0.15 M Na,SOy4 solution.

As expected, when the Cu?*/Zn®* ion ratio increases, the Cu
purity slightly increases because the concentration of Zn>* avail-
able in the reactor is lower and zinc deposition is further hindered.
Nevertheless, for values of the applied electrical charge equal or
higher than 0.1 A h dm~3, the copper deposit purity is higher than
99% for the entire range of Cu?*/Zn** molar ratios. This result again
proves the selectivity of the electrodeposition technique and the
potential selectivity of a combined PSU—electrodeposition process.

3.2. Tests at continuous mode

Apart from the selectivity of the process, another key point is its
performance in a long-term operation and the possibility of using
the process in continuous mode rather than operating it in batch,
especially considering that electrodeposition is a technique in
which the properties of working electrode are clearly affected by
the continuous deposition of metals. Thus, it is important to eval-
uate the efficiency of the process while working in continuous
mode. With this in mind, two sets of experiments were performed
to study the influence of the working flow rate and the cumulative
deposition of copper on the working electrode. We also evaluated
the effect of the electrodeposition stage on the performance of the
polymer in the PSU processes.

3.2.1. Influence of influent flow-rate

To study the influence of the working flow rate, four experi-
ments were performed by feeding the system with a copper
concentration of 500 ppm and an ethoxylated polyethylenimine
concentration of 0.24% (the feed polymer/metal ratio was main-
tained with respect to the experiments performed at discontinuous
mode). Fig. 7 presents the changes in the copper ion concentration
in the reactor outlet, [Cu]oy, with the applied electrical charge.
Moreover, the average copper deposition rate (rp, mg Cu min~!) is
also shown as a function of the influent flow rate.

As expected, the final copper ion concentration in the reactor
outlet decreases with increasing residence times (lower influent
flow rates), taking into account the mass balance of this continuous
reaction system. Moreover, the copper ion concentration profile is
similar in all cases. The average copper deposition rate can be
compared with the maximum rate achievable in discontinuous
mode, which according to a previous work (Llanos et al., 2009) is
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Fig. 7. Cu?* concentration in the reactor outlet, [Cu]oy, With respect to the inlet flow
rate and the applied electrical charge for tests in continuous mode for an increasing
feed flow rate. Cu?* deposition rate, rp, with respect to the inlet flow rate is also

included. Residence time is shown in brackets. pHo = 4; temperature 25 °C; polymer

concentration 0.24% w/w; current density 4.2 mA dm~3; stirring rate 200 rpm; sup-

porting media 0.15 M Na,SO4 solution.

equal to 2.87 mg Cu min~ . Considering that the values obtained in
continuous tests include the first transitory stage of lower effi-
ciency, it can be concluded that the average deposition rate ob-
tained is very close to the maximum rate achievable in
discontinuous mode. Furthermore, the copper deposition rate does
not depend on the influent flow rate because the differences ob-
tained between the different tests are negligible.

These results imply that the system efficiency is close to the
maximum theoretical achievable value, which means that current
efficiencies are close to 90%; this value is clearly higher than that in
previous research on polymer regeneration in PSU processes
(Barron-Zambrano et al., 2004; Baticle et al., 2000; Issabayeva et al.,
2006). Moreover, this maximum efficiency can be maintained
within a broad range of feed flow rates. Consequently, within
a broad range of final copper ion concentrations, this characteristic
increases the versatility of the system.

3.2.2. Electrode stability

Finally, the technical viability of the process in terms of its long-
term performance was also evaluated. To perform this study, four
cycles of 10 h (in which the process was operated in continuous
mode up to the steady state) were performed consecutively,
without removing the copper previously deposited upon the elec-
trode surface. In every cycle, the influent was a copper ion solution
with a concentration of 500 ppm. After each operation cycle, the
entire volume of the reactor was substituted by the initial solution
(500 ppm Cu®*) to compare the electrode performance beginning
from the same initial conditions. Fig. 8 shows the results of these
experiments in terms of the concentration evolution in the reactor
outlet and the Cu?* removal rate, D.

The cumulative deposition of copper on the electrode surface
does not negatively affect the rate of Cu>* removal. Conversely, the
deposition positively impacts the removal rate, as this rate
increases for cycles 3 and 4 with respect to the two first cycles. This
increase in the Cu** reduction rate is primarily due to the lower
extent of the initial stage of lower efficiency in cycles 3 and 4. These
results correlate with the experiments in discontinuous mode
(Llanos et al., 2009), in which it was observed that copper deposi-
tion on the electrode surface enhances the efficiency of the process.

Finally, it was necessary to determine if the electrodeposition
process negatively impacts the ability of the polymer to bind Cu®*
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Fig. 8. Cu>* concentration in the reactor outlet, [Cu]qy, for the successive cycles with
respect to the accumulated applied electrical charge. The average Cu?* deposition rate,
rp, is also included. Qo = 0.39 L h™'; pHy = 4; temperature 25 °C; polymer concen-
tration 0.24% w/w; current density 4.2 mA dm~>; stirring rate 200 rpm; supporting
media 0.15 M Na,SO,4 solution.

jons in the PSU processes. With this aim, the optimal Cu?* loading
ratio of the polymer for a PSU process was calculated for the
regenerated polymer, following the procedure described elsewhere
(Llanos et al., 2008). This procedure consists of performing PSU
tests in total recirculation mode with the same polymer concen-
tration but with an increasing metal concentration. The optimal
loading ratio was defined as the loading ratio (mg metal ion/mg
polymer) that would not lead to copper rejection below 0.97 at
4 bar of transmembrane pressure. In that work, the Cu?* loading
ratio was determined to be 208 mg Cu/g PEIPE for a fresh polymer
solution. In the present work, the optimal loading ratio for Cu®*
retention was calculated as 198 Cu/g PEIPE for the polymer that
was previously used in the long-term electrodeposition tests.
This result means that the polymer does not suffer a severe deac-
tivation process and that it can be used in several consecutive
ultrafiltration—electrodeposition processes.

4. Conclusions
From this work, the following conclusions can be drawn:

1) Electrodeposition with a rotating-electrode electrochemical
cell can be efficiently used to carry out a selective Cu/Zn
separation process. If this technique is coupled to a previous
PSU process, electrodeposition can be used for both polymer
regeneration and metal ions selective separation.

2) The electrodeposition stage can be performed at pH 4 (the
optimum level for Cu/Zn separation in a PSU process) without
affecting system selectivity. This high selectivity is also main-
tained for increasing Cu/Zn molar ionic ratios within the range
of 1 to infinity. Moreover, it is possible to remove Zn?* ions in
a second electrodeposition stage, also at pH 4.

3) The performance of the electrodeposition technique in the
long-term operation is considered in the present work. It is
possible to work within a broad range of influent flow rates and
throughout successive cycles of copper deposition without
negatively affecting the process efficiency. Moreover, the
polymer is not negatively affected by the electrodeposition
process, so it could be applied in several consecutive
ultrafiltration—electrodeposition processes.
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