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Abstract The effect of different Mn>" and Pb>" concen-
trations added to the zinc sulfate acid electrolyte during
zinc electrowinning process was investigated. Operating
parameters such as zinc ion concentration, acid concen-
tration, current density, electrolyte agitation, and temper-
ature were investigated in the presence of Mn>" and Pb*™.
Galvanostatic polarization, potentiodynamic polarization,
cyclic voltammetry, and electrochemical impedance spec-
troscopy studies were performed to examine the cathodic
behavior. Scanning electron microscopy (SEM) and X-ray
diffraction (XRD) were employed to characterize the sur-
face of the zinc deposit. The addition of lead ions to the
zinc electrolyte led to an increase in the cathodic potential
and current efficiencies of the zinc deposition. The addition
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of Mn>" to the zinc electrolyte resulted in a decrease in the
cathodic potential and current efficiency of zinc deposition.
An increase in the current density from 45 to 60 mA cm >
and in electrolyte agitation from 60 to 412 rpm resulted in
an increase in the cathodic potential and decrease in current
efficiencies. A temperature increase from 35 to 45 °C led
to a decrease in the cathodic potential. After a short initial
electrodeposition (2-4 h) using a Pb—0.7%Ag anode, the
lead content in the zinc deposit was higher than that
obtained with a Pt anode (0.15 mg L™' Pb*"). A long
deposition period of more than 72 h was also considered,
and Pb content was almost the same in the zinc deposit for
Pb>" quantities (0.15 or 0.2 mg L™").
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1 Introduction

The production of zinc from sulfides is predominantly con-
ducted by a roast-leach-electrowinning process [1]. More
than 80% of the power requirements of a zinc electrolytic
refinery originate from the electrowinning process. It is
important to operate the electrolysis as close as possible to
the optimal operating conditions. Optimum electrolysis
performance occurs when the specific energy consumption
per ton of produced zinc is minimized. The two parameters
that directly control energy consumption are current effi-
ciency (CE) and total cell voltage [2]. The major variables
affecting these two parameters are zinc and sulfuric acid
concentrations, current density, temperature, metallic
impurities, and additives [3]. The influence of electrolysis
duration on deposition in the presence of impurities and
additives is also a significant parameter to consider.

For zinc electrowinning, the overpotential of hydrogen
evolution over zinc is very high in comparison with some
other metals. The effect of impurities is an important
consideration in the electrolysis process. Impurities in the
electrolyte greatly affect the electrowinning process.
Impurities that cause low hydrogen overpotential, such as
antimony and nickel, result in a decrease in current effi-
ciency [4, 5]. The negative role of lead as an impurity in
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reducing the purity and quality of deposited zinc cannot be
neglected as long as lead-based anodes are used in the zinc
electrowinning process [3, 6].

In practice, the anodic potential corresponding to the
applied current density could enable the formation of
H,0,, which diffuses toward the cathode and has detri-
mental effects [7]. The dissolution of lead from the anode
results in the formation of Pb>* ions in solution, which are
co-deposited at the cathode. Mansfeld and Gilman [8]
showed that traces of lead on the cathode were beneficial,
inhibiting dendritic growth of the zinc deposits. Mackinnon
et al. [9] reported that the lead co-deposited with zinc
causes an orientation change of the zinc crystals and
increases cathodic polarization. As the original electrolyte
contains manganese, other anodically formed species may
also influence the cathodic process [10].

A strong correlation among polarization behavior,
current efficiency, and morphology of zinc deposits has
been shown by many research groups [3, 11-13]. Vari-
ous impurities and additives can affect the polarization
behavior of zinc deposition in a characteristic manner. It
is possible to associate a given deposit morphology with
a particular polarization (overpotential) condition [13].
Individual polarization and morphology observations or
their combination may be used to obtain valuable
information on the zinc electrodeposition process for
potential applications to industrial plant practices and
controls.

Scott et al. [14] found that higher cell temperatures
reduced the energy consumption only in the presence of
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additives capable of controlling deposit morphology. Bratt
[15] provided a qualitative description of the major vari-
ables, such as impurities and additives, and considered
them only for modeling. Fosnacht and O’Keefe [16]
reported that increasing the acid concentration enhanced
the hydrogen reduction on the cathode surface and
increased zinc re-dissolution, leading to low current effi-
ciency. Hosny et al. [17] provided limited industrial data on
the effect of current density, with very little information for
other variables.

The zinc deposit morphology and crystallographic ori-
entation are extremely sensitive to lead levels as low as
1 mg L™" in the electrolyte [9]. It is desirable to correlate
the Pb content and the morphology of zinc deposits under
chosen overpotentials and defined conditions of electroly-
sis. Manganese can decrease the negative effects of other
impurities. Mn*" is anodically oxidized to MnO,~. The
latter immediately reacts with Mn?* and produces Mn’"
and then MnO,~ which can adsorb deleterious ions and
affect the current efficiency of zinc deposition [10]. Hence,
not only the impurity in the electrolyte but also the oxi-
dized species produced at the anode characterize the
behavior of zinc deposition.

The aim of this work is divided into two main objec-
tives. The first is to study the effect of chemical compo-
sition of the electrolyte, such as the Mn*>*, Pb*", Zn**, and
acid concentrations, on the zinc electrodeposition process
and zinc deposit quality (Pb content and morphology). The
second objective is to study the effect of operating
parameters such as current density, temperature, and
magnetic agitation on current efficiency, deposit mor-
phology, cathodic polarization, and lead contamination.

2 Experimental
2.1 Reagents and electrolysis

The standard acidic zinc electrolyte was prepared from
60 g L™' Zn>" by adding ZnSO,-7H,O to 170 g L™
H,SO,. The Mn>" and Pb>" cations were added as
MnSO,4-2H,0 and Pb (C,H30,),, respectively. All reagents
were supplied by Laboratories MAT and VWR Canada.
Laboratory-scale galvanostatic electrolysis was per-
formed in 1000 mL of solution in a double-wall beaker
thermostated at the desired working temperature. One plate
of pure Al as the cathode and one plate of Pb-0.7wt.%Ag
alloy or Pt as the anode were used. During the evaluation of
the effect of Pb>" ions in the electrolyte, a plate of Pt was
also used as the anode. All electrode plates were mounted
in polyester resin to obtain an exposed surface area of
1 cm®. The reference electrode was Ag/AgCI/KCl oy
(0.199 V vs SHE). The electrodes were mounted in a three-

cell electrode with an inter-distance of 2 cm. Before elec-
trolysis, both the cathode and anode were manually pol-
ished using several grits of SiC paper, washed with distilled
water and ethanol, and dried before immersion in the
electrolyte. The three-cell electrode was connected to a
potentiostat Gamry PC4/270-USA. All experiments were
performed in duplicate (£5%), and triplicate tests were
also conducted when required.

2.2 Electrochemical measurements

Electrochemical studies were conducted employing cyclic
voltammetry, potentiodynamic polarization, and electro-
chemical impedance techniques. Cyclic voltammetry (CV)
experiments were performed with scanning from an initial
potential of —1.3 V to a potential of —0.7 V at a scan rate
of 10 mV s™'. The potential was scanned from —1.05 to
—1.25 V for the cathodic potentiodynamic polarization
with a constant scan rate of 5mV s~'. The CV and
potentiodynamic tests were performed using the poten-
tiostat Gamry 3000-USA. The electrochemical impedance
measurements were conducted using a Solartron 1255 HF
frequency response analyzer and a Solartron 1286 elec-
trochemical interface over the frequency range from
10 kHz to 0.5 Hz. The amplitude of the sinusoidal signal
was maintained at 10 mV.

2.3 Deposit examination

The surface morphology and crystallographic orientation
were determined using a scanning electron microscope
(SEM, JEOL JSM-840a) and X-ray diffractometer (XRD,
Siemens-D5000). The lead content in the deposit was
measured using inductively coupled plasma (ICP, Optima
8300 ICP-OES).

3 Results and discussion

An initial galvanostatic duration of 2 h was considered for
partial electrolysis (3.1) and zinc deposit characterization
(3.2), whereas a long duration of galvanostatic polarization
simulating industrial operating conditions is examined in
Sect. 3.3.

3.1 Galvanostatic measurements

In the galvanostatic tests, a constant current was applied
between the auxiliary and working electrodes. The poten-
tial of the working electrode was recorded versus time with
respect to the reference electrode. The counter electrode
was a Pb-0.7%Ag or Pt anode. After electrolysis, the
deposit was rinsed, dried, and weighed for current
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efficiency calculations using Faraday’s law. The values of
the cathodic potentials and current efficiencies are given in
Table 1.

3.1.1 Effect of Mn®" concentration

The profile of the cathodic potential was monitored for 2 h
of electrodeposition in standard zinc electrolyte containing

170 g L™! H,SO,4 and 60 g L™ Zn*" at a current density
of 52.5 mA cmfz, 40 °C, and electrolyte agitation of
60 rpm. In this work, Pb—0.7%Ag was used as the anode.
The influence of the Mn>" ion concentration 0, 4, 8, 12,
and 16 g L™") is shown in Fig. 1. Increasing the Mn*" ion
concentration in the zinc electrolyte decreased the over-
potential of the zinc deposit. The measured cathodic
potential without Mn®" addition was —1.128 V and

Table 1 The cathodic potential and current efficiency values after 2 h of electrodeposition for Mn>* and Pb>" ion concentrations employing

Pb—Ag or Pt anodes at various operating conditions

Parameters Pb—Ag anode Pt anode
CE (%) Cathodic potential (V vs Ref.) CE (%) Cathodic Potential (V vs Ref.)
Mn** (g LY
0 (blank) 96.3 —1.128 12 g L™' Mn** was added with Pt anode for all experiments
4 95.6 —1.118
8 95.5 —1.102
12 953 —1.083
16 94.3 —1.072
Pb>* (mg L™
0 (blank) Experiments with the Pb-Ag anode had no added Pb>" 94.2 —1.076
0.1 94.4 —1.079
0.15 94.4 —1.081
0.2 94.7 —1.083
2 95.0 —1.116
2.5 95.6 —1.134
Zn** (g L7V
56 94.6 —1.092 93.7 —1.088
60 95.3 —1.083 94.4 —1.081
65 95.5 —1.076 94.5 —1.075
H,SO, (g Lil)
158 95.7 —1.096 95.5 —1.093
165 95.5 —1.090 95.0 —1.086
170 95.3 —1.083 94.4 —1.081
CD (mA cm™3)
45 94.6 —1.072 93.8 —1.071
50 95.3 —1.081 94.1 —1.078
52.5 95.3 —1.083 94.4 —1.081
60 95.9 —1.089 95.5 —1.088
Agitation (rpm)
60 95.3 —1.083 94.4 —1.081
100 95.1 —1.090 93.8 —1.088
412 94.7 —1.093 93.6 —1.090
Temperature (°C)
35 95.1 —1.096 94.1 —1.093
38 95.2 —1.081 94.2 —1.0825
40 95.3 —1.083 94.4 —1.081
45 95.9 —-1.074 95.1 —1.073
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Fig. 1 Effect of Mn”>" ion concentrations on the cathodic potential
employing a Pb-0.7%Ag anode on the zinc deposit in electrolyte
containing 170 g L™" H,SO,4 and 60 g L' Zn>" at a current density
of 52.5 mA cm™2, 40 °C and agitation of 60 rpm

gradually decreased to less negative values with the addi-
tion of Mn** up to —1.072 V at 16 g L™' (Table 1). This
depolarization of 56 mV might be due to the effect of
MnO,  formation at high concentrations of Mn?*, which
catalyzes the hydrogen evolution reaction (HER) and
reduces its overpotential [10].

Although manganese in the electrolyte is beneficial in
enhancing the anodic reaction and reducing lead-base
anode corrosion [18, 19], its negative effect on the cathodic
current efficiency cannot be neglected. The effect of Mn>™
concentrations on the CE% was examined for Pb-Ag
anodes (Table 1). The current efficiency values were
decreased by 0.75, 0.81, 0.99, and 2.04% with the addition
of4,8,12,and 16 g L~ Mn>™, respectively. The decrease
in CE% was relatively low at concentrations from 4 to
12 g L', with a sharp decrease at the higher concentration
of 16 g L™'. Increasing the concentration of Mn*" in the
electrolyte (up to 16 g L") decreased the CE% by almost
2%. A concentration of 12 g L™' of manganese, which
corresponds to 95.3% CE, was considered for all subse-
quent tests. The decrease in CE% could also be
attributable to the catalytic effect of MnO,~ ions on the
HER, which also causes a decrease in Zn>* reduction as
mentioned by Zhang and Hua [10].

3.1.2 Effect of Pb>" concentration

The effect of 0, 0.1, 0.15, 0.2, 2, and 2.5 mg L™" Pb** ions
when added to the standard zinc sulfate electrolyte con-
taining 12 g¢ L™' Mn*" on the cathodic potential is shown
in Fig. 2. During these experiments, Pt was used as the
anode to study the effect of Pb>" ions alone without the
effect of dissolution of the Pb—Ag anode. As shown in
Fig. 2, the addition of lead to the electrolyte increased the

Pb2*(mg L)

Fig. 2 Effect of Pb>" ion concentrations on the cathodic potential of
the Zn deposit employing a Pt anode in electrolyte containing
170 g L™" H,S0,, 60 g L™" Zn**, and 12 g L™' Mn*" at a current
density of 52.5 mA cm 2, 40 °C, and agitation of 60 rpm

cathodic potential. This potential was —1.076 V in the
absence of lead ions. The observed increase in the zinc
deposition overpotential (more negative) was more for the
initial low quantities of lead ions up to a concentration of
0.2 mg L™'. This value increased slowly by a few milli-
volts with the addition of Pb*" (—1.083 V), reaching
—1.134 V at the maximum addition of 2.5 mg L' Pb*t
(Table 1). This could be due at least partially to the
increase in hydrogen overpotential on the deposited lead
surface.

As shown in Table 1, lead addition increased the CE%.
During the 2 h of electrodeposition, the current efficiencies
increased from 94.2 to 94.7% with the addition of
0.2 mg L™' Pb*". The maximum addition of 25 g L™'
Pb>" increased the CE% up to 95.6%. The effect of a long
duration of electrodeposition in the presence of Pb*" is
discussed in Sect. 3.3.

3.1.3 Effect of Zn*" concentration

Figure 3 shows the evolution of the cathodic potential
during zinc electrodeposition in an electrolyte containing
different concentrations of zinc (56, 60, and 65 g L' of
Zn*"). In this series of experiments, Pb—0.7%Ag or Pt was
used as the anode. The increase in Zn>" ions in the zinc
electrolyte decreased the overpotential of zinc electrode-
position for both anodes (Fig. 3). However, the overpo-
tentials were slightly higher with the Pb-0.7%Ag anode
than with the Pt anode due to the higher Pb*" ion con-
centration with the Pb—0.7%Ag anode during the initial 2 h
of electrolysis.

Increasing the Zn*" concentration from 56 to 60 g L™
increased the CE% by 0.7% (from 94.6 to 95.3%) using
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Fig. 3 Effect of different zinc contents on the cathodic potential
during Zn electrowinning employing a Pb—0.7%Ag anode (M) or Pt
anode (A) with the addition of 0.15 mg Pb>* impurity into zinc
electrolyte containing 170 g L™' H,SO4 and Mn®* 12 g L™" at a
current density of 52.5 mA cm™2, 40 °C, and agitation of 60 rpm

Pb-0.7%Ag as the anode. However, only a 0.2% increase
in CE% was obtained with a further increase in Zn*" ion
up to 65 g L™'. The calculated current efficiencies after
electrolysis using the Pt anode exhibited the same trend
(Table 1). Thus, at higher concentrations (>60 g L™'
Zn*"), the current efficiency is slightly improved by
increasing the Zn”>" ions in the electrolyte. Increasing the
Zn*" concentration increased the difficulty of Pb*" co-
deposition, decreasing the beneficial effect of lead on the
cathodic potential and current efficiency. This is observed
mainly for the range of concentration of zinc from 56 to
60 g L™' region, than that of 60-65 gL~ for both
cathodic overpotential and CE. This behavior could be
related to the solution viscosity and the availability of
active sites on the limited surface. With the Pt anode, the
CE was lower by ~1% for all zinc concentrations com-
pared to the Pb—0.7%Ag anode. The effect of Mn>* on the
cathodic reaction was stronger with the Pt anode due to
cathodic depolarization by MnQO, ", since part of the added
Mn was already consumed as a protective layer for the Pb—
0.7%Ag anode.

3.1.4 Effect of H,SO, concentration

As shown in Fig. 4, the overpotential of the zinc deposit
was decreased by 17 mV (for the Pb—0.7%Ag) and 11 mV
(for the Pt anode) as the sulfuric acid concentration
increased from 158 to 170 g L™'. Increasing the sulfuric
acid in the zinc electrolyte accelerated the HER reaction
due to the increase in H' cations in the double layer. This
depolarization was accompanied by a reduction in the
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Fig. 4 Effect of different sulfuric acid concentrations on the cathodic
potential during Zn electrowinning employing a Pb—0.7%Ag anode
(M) or Pt anode (A) with the addition of 0.15 mg pPb*t+ impurity in
zinc electrolyte containing 60 g L™' Zne and 12 g L™' Mn>™, at a
current density of 52.5 mA cm™2, 40 °C, and agitation of 60 rpm

current efficiencies (Table 1). Considering the lead-base
anode during electrolysis, the CE% decreased from 95.7 to
95.3% as the acid content increased from 158 to
170 g L™, and the reduction of CE% was more significant
in the case of Pt as the anode, very probably due to the
simple reduction of added protons onto the cathode. At
such low potential, high evolution of hydrogen gas at the
cathode could increase electrolyte agitation and hydrogen
jon diffusion and retard the Zn>" reduction process.

3.1.5 Effect of current density

Figure 5 shows that when the current density (CD)
increased from 45 to 60 mA cm_z, the cathodic potential
increased from —1.072 to —1.089 mV using the Pb-—
0.7%Ag anode. The potential of the zinc deposit was more
negative for the Pb—0.7%Ag anode than for the Pt anode
under the same operating conditions. During zinc elec-
trowinning, the concentration of Pb>* ions dissolved in the
zinc electrolyte employing the Pb—0.7%Ag anode at higher
current densities was more than that with the Pt anode,
which increased the overpotential of zinc electrodeposition
(Table 1).

A remarkable influence of the current density on the
cathodic CE was observed. For instance, increasing the CD
from 45 to 60 mA cm ™~ led to an increase in CE% from
94.6 to 95.9% in the case of the Pb—0.7%Ag anode. A
similar trend of increasing current efficiency was also
obtained in the case of the Pt anode. The hydrogen over-
voltage increased at high current densities, resulting in
higher CE and favoring Zn*" reduction.
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40 °C and agitation of 60 rpm

3.1.6 Effect of the electrolyte agitation rate

The effect of agitation rates on the cathodic polarization is
shown in Fig. 6. Increasing the electrolyte agitation rate
from 60 to 100 rpm led to an increase in the cathodic
potential of 7 mV for either anode (Pb-0.7%Ag or Pt
anodes). This higher agitation rate increased the overpo-
tential of the Zn”*" reduction rate and favored the hydrogen
parasitic reaction. At speeds higher than 100 rpm up to
412 rpm, the cathodic potentials were almost stable. The

-1.070
= Pt anode

1075 4 Pb-Ag anode

-1.080

-1.085 . ~-.

-1.090 1

Cathodic potential (V vs Ref.)

-1.095

-1.100

60

180

300

Agitation (rpm)

Fig. 6 Effect of agitation rate on the cathodic potential during Zn
electrowinning employing a Pb—0.7%Ag anode (H) or Pt anode (A)
and addition of 0.15 mg Pb®>" as an impurity in zinc electrolyte
containing 170 g L™' H,S0,, 60 g L™' Zn?*, and 12 g L™' Mn?* at
current density of 52.5 mA cm™2 and 40 °C

current efficiency decreased by 0.2 and 0.6% at 100 and
412 rpm compared to 60 rpm (Table 1). This could be due
to the relative increase in the diffusion and reduction rates
of hydrogen ions compared to zinc ions. Increasing the
agitation speed in this range had a negative influence on
zinc electrowinning, showing more cathodic polarization
and lower current efficiency.

3.1.7 Effect of temperature

Increasing the electrolyte temperature from 35 to 45 °C led
to a decrease of 22 mV in the overpotential of the zinc
deposition (Pb—0.7%Ag anode). The increase in tempera-
ture had a positive effect by decreasing energy consump-
tion during zinc electrowinning. In addition, the cathodic
current efficiency increased at higher temperatures
(Table 1). This increase could be linked to an increase in
the diffusion rate of zinc ions in the electrolyte bath due to
a decrease in electrolyte viscosity and the enhancement of
the reduction reaction rate of zinc ions at the cathode
surface to produce zinc metal (Zn2+ + 2e” — Zng)).
Also, the electrolyte conductivity increases with tempera-
ture, which decreases the cell voltage and the required
energy.

The presence of lead ions in the zinc electrolyte at dif-
ferent temperatures decreased the overpotential of the zinc
deposition (Fig. 7). Both anodes showed the same ten-
dency; however, more negative values were observed in the
case of the Pb—0.7%Ag anode. The influence of tempera-
ture could be a function of several variable factors, such as
depolarization, the diffusion rate, and lead ion content. The
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Fig. 7 Effect of temperature on cathodic potential during Zn
electrowinning employing a Pb—0.7%Ag anode (H) or Pt anode (A)
with the addition of 0.15 mg Pb*" impurity in zinc electrolyte
containing 170 g L™" H,SO4, 60 g L™! Zn>*, 12 g L™' Mn*", and
0.15 mg Pb>* as an impurity at a current density of 52.5 mA cm™>
and agitation at 60 rpm
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CE values increased with increasing temperature regardless
of the anode employed. For example, in the case of the Pb—
0.7%Ag anode, the CE was 95.1% at 35 °C and increased
up to 95.9% at 45 °C. This increase could reflect a smaller
influence on the hydrogen reduction reaction than Zn
deposition and the increased dissolution of lead ions in
solution at higher temperatures.

The effects of Mn>*, Pb*", and different operating
parameters on CE% and cathodic potential in zinc elec-
trowinning process are summarized in Table 2. The CE%
was increased by increasing Pb>" and Zn*" ion concen-
trations in the electrolyte as well as by increasing the
operating temperature. Cathodic depolarization was
observed by increasing the concentrations of Mn*" and
Zn**, acidity, and the temperature of the electrolyte. The
cathodic overpotentials increased with increasing lead ion
concentrations and obviously increased with current
density.

3.2 Deposit examination

The obtained zinc deposits were examined using SEM and
XRD to determine surface morphology and crystallo-
graphic orientations, respectively. SEM photomicrographs
are shown in Fig. 8. The crystallographic orientations and
the lead contamination determined by ICP of the zinc
deposits from the zinc electrolyte containing Pb*" and
Mn?" ions employing different parameters are given in
Table 3.

These findings have revealed that the crystallographic
orientation obtained from the standard electrolyte without
manganese addition was (101) (102) (103), and the pre-
dominant orientation (101) was not affected by the addition
of Mn>" jons when employing the Pb—0.7%Ag anode. A
compact smooth deposit with medium grain size was
obtained at higher concentrations of Mn** (Fig. 8b). The
lead content in the deposit decreased from 5.23 (in the

absence of Mn®") to 1.36 ppm with Mn”>" addition at
16 g L™'. This finding confirms the important beneficial
effect of Mn”>* addition for forming a protective MnO,
layer on the lead-based anode, leading to less soluble lead
in the electrolyte.

The addition of low concentrations (0.1-0.2 mg LY of
Pb>" ions resulted in an orientation of the deposit similar to
that of the standard (101) (102) (103) (Fig. 8c). As the lead
concentration was increased up to 2 mg L', the deposit
became slightly more compact with a completely different
orientation (103), compared to the previous predominant
one (Fig. 8d). The addition of a high concentration of Pb*"
(2.5 mg L") led to an orientation of (002) (103) (101).
Thus, a high concentration of lead in the electrolyte neg-
atively affects the crystallographic orientation and surface
morphology. The addition of soluble lead in the electrolyte
generally increased the lead contamination in the zinc
deposit, and the highest Pb®" ion addition increased the
lead content up to 12.70 ppm. This co-deposition also
resulted in a change in morphology.

The increase in zinc ions in the electrolyte had no effect
on either morphology or crystallographic orientation but
reduced the contamination of the deposit by lead: the
content of lead decreased from 1.67 to 1.17 ppm with the
addition of 65 g L' compared to 56 g L' Zn>" with the
lead-base anode (Table 3). A similar trend was obtained
with the Pt anode. The studied range of sulfuric acid
concentrations (158-170 g L™") did influence the main
crystallographic orientation (101), and at high concentra-
tions, the platelet size of the deposit was larger than that at
low concentrations (Fig. 8e, f). As shown in Table 3, the
lead contamination was reduced by employing both anodes
at high acid content; this could be due to the relative HT
diffusion and the acceleration of the HER.

At low current density (45 mA cm™2), the morphology
of deposit showed large crystals although the orientation
did not change (Fig. 8g). Increasing the current density up

Table 2 Trends of current efficiency (CE%) and overpotential (1) as a function of increasing various operating conditions and parameters of the

cathodic potential

Mn2+ Pb2+ Zn2+

Acid

CD Agitation Temp.

CE%
fincrease

H
lincrease T l T
(more negative)

RN
I
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Fig. 8 Scanning electron microscopy photomicrographs (x1000) of the zinc deposit in the presence of Mn*" and Pb*" ions employing the
different parameters described in Table 3 for the different anodes (a, b, e, f, i, j for the Pb anode and c, d, g, h, k, 1 for the Pt anode)

to 60 mA cm™? improved the grain size (Fig. 8h) and was
accompanied by an increase in overpotential, which led to
more zinc contamination by lead (Table 3). Thus, the
current density is a critical parameter that also influences
the morphology.

The agitation rate did not influence the morphology or
the orientation of the deposit but resulted in an increase in
lead contamination in the zinc deposit. At a low agitation
rate (60 rpm), the lead content in the deposit was 1.40 and
1.35 ppm with the Pb—0.7%Ag and Pt anodes, respectively.
The contamination increased to 1.71 and 1.69 ppm at the
highest speed (412 rpm) with the two anodes, respectively
(Table 3).

At low temperature (35 °C), the crystallographic orien-
tation changed to (002) (103) (101), giving a random
needled deposit (Fig. 8i). Increasing the temperature
restored the standard orientation of the zinc deposit. The

lead content in the deposit decreased as the temperature
increased. Thus, temperature is an important factor in grain
refining, and the optimal working temperature is 38—40 °C.

3.3 Long duration galvanostatic tests
3.3.1 Cathodic potential

Electrolysis tests over a period of 72 h were conducted to
examine the effect of Pb>* ions and the lead-base anode on
zinc deposit contamination. The effect of Pb impurity on
the cathodic potentials during different electrolysis dura-
tions of 1, 2, 4, 24, 48, and 72 h was evaluated by gal-
vanostatic measurements at 52.5 mA cm ™2 employing a
Pb-0.7%Ag or Pt anode. The zinc electrolyte contained
12 g L™ Mn*" at 40 °C, and two different concentrations
of Pb>* ions, 0.15 and 0.2 mg L_l, were added to the zinc
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Table 3 Crystallographic orientation and lead content in the zinc deposits in the presence of Mn>" and Pb?" ions utilizing different working

parameters
Parameters Pb—0.7%Ag anode Pt anode
Crystallographic orientation (hkl) Pb cont. (ppm) Crystallographic orientation (hkl) Pb cont. (ppm)
Mn2* (g L)
0 (101) (102) (103) 5.23 12¢g L~ Mn?* was added with Pt anode for all experiments
4 (101) (102) (103) 2.89
8 (101) (102) (103) 1.57
12 (101) (103) (102) 1.40
16 (101) (103) (102) 1.36
Pb*>" (mg L7
0 Experiments with the Pb—Ag anode had no added Pb** (101) (102) (103) -
0.1 (101) (102) (103) 1.13
0.15 (101) (102) (103) 1.35
0.2 (101) (103) (102) 1.46
2 (103) (101) (102) 8.94
2.5 (002) (103) (101) 12.70
Zn** (g L7V
56 (101) (103) (102) 1.67 (101) (102) (103) 1.65
60 (101) (103) (102) 1.40 (101) (102) (103) 1.35
65 (103) (101) (102) 1.17 (103) (101) (102) 1.21
H»SO, (g Lil)
158 (101) (103) (102) 1.59 (101) (103) (102) 1.50
165 (101) (102) (103) 1.44 (101) (103) (102) 1.41
170 (101) (103) (102) 1.40 (101) (102) (103) 1.35
CD (mA cm™2)
45 (101) (103) (102) 1.29 (101) (102) (103) 1.19
50 (101) (103) (102) 1.37 (101) (102) (103) 1.29
52.5 (101) (103) (102) 1.40 (101) (102) (103) 1.35
60 (101) (102) (103) 1.45 (101) (102) (103) 1.44
Agitation (rpm)
60 (101) (103) (102) 1.40 (101) (102) (103) 1.35
100 (101) (102) (103) 1.67 (101) (102) (103) 1.64
412 (101) (103) (102) 1.71 (101) (103) (102) 1.69
Temperature (°C)
35 (002) (103) (101) 1.62 (103) (101) (102) 1.58
38 (101) (103) (102) 1.46 (101) (102) (103) 1.43
40 (101) (103) (102) 1.40 (101) (102) (103) 1.35
45 (101) (103) (102) 1.28 (101) (102) (103) 1.22

electrolyte with the Pt anode, whereas no Pb®" ions were
added to the zinc electrolyte when the Pb—0.7%Ag anode
was used. The results are shown in Fig. 9.

As shown in Fig. 9, the three curves are close with
similar tendencies. During the initial 10 h, the potential
shifted to less negative values (possibly due to lead depo-
sition) and then shifted slowly to less negative potentials
during 10-24 h. After 24 h, the potential was less negative

@ Springer

at 0.2 mg L™" than for the Pb—0.7%Ag anode, reaching a
plateau that was maintained until the end of the 72 h of
deposition. In the zinc electrolyte containing 0.15 mg L™
Pb”, the cathodic potential was —1.047 V, whereas the
polarization increased to —1.050 V when the lead ion
concentration was increased to 0.2 mg L™'. When Pb—
0.7%Ag was used as the anode, the cathodic potential of
the zinc deposit without external addition of Pb®" ions was
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Fig. 9 Cathodic polarization -1.04
curves of the zinc deposit at
52.5 mA cm™2 and 40 °C in c
zinc electrolyte containing é -1.05
170 g L=" H,S0,, 60 g L™ 2
Zn*", and 12 g L' Mn>* with >
the Pb—0.7%Ag anode and two = -1.06 -
different Pb additions with the £
Pt anodes at different times of §
electrolysis £ -1.07
2
2
< -1.08 —¥-Pb-Ag anode
S —=—Pt anode (0.15Pb)
—4—Pt anode (0.2Pb)
-1.09 T ; ; T ;
0 12 24 36 48 60 72
Time (h)
Table 4 Lead content in the -
zinc deposit and electrolyte after Time (h)  Lead content (ppm)
different electrolysis times of 1, Pb-Ag anode Pt anode (0.15 mg L™' Pb**) Pt anode (0.2 mg L™' Pb>")
2, 4, 24, 48, and 72 h in the
standard zinc electrolyte Electrolyte  Deposit  Electrolyte Deposit Electrolyte Deposit
containing 170 g L™ H,SO,,
60 g L~ Zn**t, 12 g L~ 0.92 1.38 0.88 1.34 0.96 1.45
Mn>*, and various lead ion 2 0.74 1.40 0.85 1.35 0.95 1.46
concentrations using the Pb-Ag 4 0.66 1.44 0.83 1.38 0.93 1.48
or PLanode at 525 mA em *, 0.69 166 071 147 0.88 1.57
40 °C, and agitation of 60 rpm ’ ’ ’ ’ ’ ’
48 0.63 1.73 0.46 1.65 0.64 1.70
72 0.74 1.98 0.17 1.90 0.25 1.94

more negative than the other two curves with Pt but
showed the same tendency. The cathodic potential was
—1.088 V after the first hour and reached —1.052 V after
50 h, becoming stable at 50-72 h. This profile reflects the
higher corrosion rate of the lead-base anode during the
initial few hours. The quantity of soluble lead obtained
from anode corrosion was less than 0.15-0.2 mg L™,
especially during the first few hours. The nucleation of zinc
germs requires more energy than grain size growth [20].
The zinc reduction becomes relatively easier with time as
the first layer of zinc is formed and zinc is subsequently
deposited on zinc rather than on the aluminum substrate.

3.3.2 Lead content in the deposit and electrolyte

The Pb content in the zinc deposit and in the zinc elec-
trolyte was analyzed using ICP. The results are shown in
Table 4 and Fig. 10.

Figure 10a shows that when platinum was used as the
anode, the addition of 0.2 mg L' Pb>* resulted in more
Pb content in the zinc deposit compared to the addition of

0.15 mg L™', and lead contamination slightly increased
with time. Employing the Pb-0.7%Ag anode from 1 to
72 h resulted in a large increase in contamination
(1.38-1.98 ppm) (Table 4).

At the end of 2 h of electrowinning, the Pb content in
the zinc deposit employing the Pb—0.7%Ag anode was
more than that of the Pt anode with the addition of
0.15 mg L~' Pb>" and lower than that of the Pt anode with
the addition of 0.2 mg L~ Pb>*. However, at the end of
72 h of electrowinning, the Pb content in the zinc deposit
using the Pb-0.7%Ag anode (1.98 ppm) was almost the
same as that with Pt anodes (1.90 and 1.94 ppm for the
addition of 0.15-0.2 mg L' Pb2+, respectively). Thus, the
lead contamination originating from the lead anode was
nearly between 0.15 and 0.2 mg L™".

Figure 10b shows the evolution of the Pb content in the
electrolyte as a function of time for the Pb—0.7%Ag anode
and for two different quantities of added lead ions with
the Pt anode. These results can provide a better under-
standing of the remaining non-deposited Pb®>" in the
electrolyte.
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Fig. 10 Pb contamination in the a zinc deposit and b zinc electrolyte
containing 170 g L~ ! H,S0,, 60 g L' Zn?*, and 12 g L~ ! Mn?" at
52.5 mA cm~2, 40 °C and agitation of 60 rpm with the Pb-0.7%Ag
anode and Pt anode at different Pb additions (0.15 and 0.2 mg L™
during different electrolysis time periods of 1, 2, 4, 24, 48, and 72 h

During the first hour, the electrolyte with the Pb-
0.7%Ag anode had more lead than that after 2 h because
the protection of the anode by the MnO, layer was not
complete. A steady value of the lead content in the elec-
trolyte was observed (approximately 0.7 ppm) after 8 h up
to 72 h, revealing an equilibrium between lead dissolution
from the anode covered by the MnO, layer and the Pb*"
deposition rate. In the case of external addition of lead with
the Pt anode, the remaining lead in the examined two

electrolytes decreased to 26-29% during the last 48 h. This
decrease could be due to a less negative electrodeposition
potential which favored lead deposition and a very sensi-
tive decrease in lead ions in the electrolyte.

3.3.3 Current efficiency

The calculated current efficiency values during 72 h of
electrodeposition are given in Table 5. The CE% decreased
with increasing electrodeposition time. In the case of the
Pb-0.7%Ag anode, the CE after 2 h was 95.3% and
decreased to 92.8% after 24 h and 89.5% after 72 h. This
decrease could be partially explained by the decrease in the
lead quantity in the electrolyte from approximately 0.92 to
an average of 0.70 ppm and the effect of this impurity on
the incubation time and current efficiency in zinc elec-
trowinning [21].

The same trend was observed when the platinum anode
was employed with the addition of soluble lead ions to the
electrolyte at the beginning. The initial CE was
94.4-94.5% after adding 0.15-0.2 mg L™' Pb>" ions,
respectively. After 72 h, the CE decreased to 87.2-88.5%.
This sharp drop in CE values with a long duration of gal-
vanostatic polarization can be explained by the reduced
effect of the soluble lead at lower concentrations. Non-
adherent deposits and re-dissolution of the zinc deposit into
the electrolyte could also be considered.

3.4 Electrochemical measurements

Electrochemical measurements based on potentiodynamic
polarization, cyclic voltammetry, and electrochemical
impedance spectroscopy were conducted for zinc deposi-
tion under atmospheric conditions to study the effect of
different temperatures (35, 38, 40, 45 °C) and concentra-
tions of sulfuric acid and zinc sulfate with 0.15 mg L'
Pb*" ions.

3.4.1 Potentiodynamic polarization
Important information about the kinetic parameters, such as

the cathodic Tafel slope and overpotential of zinc reduc-
tion, can be obtained using potentiodynamic polarization.

Table 5 Current efficiency

values after different Time (h) Current efficiency (%)
electrolysis times of 2, 4, 24, 48, Pb—0.7%Ag anode Pt anode (0.15 mg L™' Pb*™) Pt anode (0.2 mg L™' Pb*™)
and 72 h

2 95.3 94.5 94.4

95.1 943 94.1

24 92.8 925 92.4

48 91.4 91.1 90.7

72 89.5 88.5 87.2
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During polarization from —1.35 to —1.05 V at a scan rate
of 5 mV s™', the theoretical cathodic overpotential is cal-
culated as follows:

Eezn = —0.763 + (RT/2F) In[ag,:+ [ azy]
Een, = 0.0+ (RT/F) nfasy:/ ()"

Nzn = Em — (Ee-,Zn + Ee,H2)7

where E, is the equilibrium potential, R is the gas constant,
T is the working temperature in K, F is Faraday’s constant
(equal to 96,500 C mol™"), and E,, is the measured
potential at a specific current density (52.5 mA cm™?) [22].
The cathodic Tafel slope was determined by extrapolat-
ing two selected points on the cathodic curve of log I-E; the
first point was ~50-100 mV from the corrosion potential,
and the other point was further far by one decade of the
current density [23]. The results are shown in Table 6.
Figure 11 shows the effect of different concentrations of
zinc ions on the cathodic behavior. Increasing the zinc ion
concentration from 56 to 65 g L™' in the presence of
manganese alone decreased the cathodic overpotential
from 117 to 107 mV, respectively. The same decreasing
trend was obtained by combining manganese with
0.15 mg L~ Pb>* ions. For all cases, the Tafel slope
values were increased slightly by increasing the zinc con-
centration. However, the values of cathodic Tafel slope
were between 114 and 122 mV decade™'. This indicates

that there were no changes in the mechanisms of the
hydrogen [24] and zinc reduction reactions.

The effect of sulfuric acid concentration on zinc
reduction is shown in Fig. 12. Increasing the concentration
of acid significantly decreased the cathodic overpotential in
the presence and absence of lead. In the absence of lead,
the 1 value decreased from 136 to 113 mV as the acid
concentration increased from 158 to 170 g L™', respec-
tively. This decrease in overpotential was much more
pronounced in the presence of lead, with a decrease from
153 to 114 mV at the same acid concentrations. Increasing
the acid content in the electrolyte resulted in a higher H™
ion concentration in solution which increased hydrogen
evolution and reduced zinc reduction. The addition of lead
(0.15mg L™") to the zinc electrolyte also resulted in
higher overpotential due to the co-deposition of lead with
zinc. The value of b, was also decreased by increasing the
acid concentration but remained within the range of 115 to
123 mV decade™" (Table 6).

Increasing the temperature resulted in a decrease in the
overpotential due to the decrease in viscosity and high
movement of ions in the electrolyte at high temperature.
These changes result in an increase in cations moving
toward the cathode, which obtain more electrons and
decrease the cathodic potential. The increase in the agita-
tion rate from 60 to 412 rpm increased the overpotential
from 113 to 120 mV, respectively, confirming the gal-
vanostatic results. It is significant that this parameter

Table 6 The cathodic

overpotential and Tafel slope Parameters 12 g L™ Mt 12 gL~ Mn®* and 0.15 g L' Pb**"
values at different working —N(s2.5) Tafel slope (—b,) —N(s2.5) Tafel slope (—b,)
parameters with the Pt anode (mV vs (mV decade™) (mV vs SHE) (mV decade™")
SHE)
Zn*t (g L7
56 117 119 116 122
60 113 115 114 119
65 107 114 108 117
H,SO, (g Lil)
158 136 123 153 123
165 120 117 130 122
170 113 115 114 119
Agitation (rpm)
60 113 115 114 119
100 118 122 116 123
412 120 126 118 128
Temperature (°C)
35 124 118 121 123
38 120 117 114 123
40 113 115 114 119
45 109 117 108 117
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Fig. 11 Effect of zinc ion on cathodic polarization during zinc
electrodeposition on an aluminum cathode in zinc electrolyte
containing 170 g L' H,S04, 12 gL~™' Mn>" and 0.15 mgL~!
Pb*": a 12 g L™! Mn*" only, b 12 g L™' Mn*" and 0.15 mg L™
Pb>" at 40 °C with agitation of 60 rpm

increases the hydrogen diffusion more effectively in the
double layer (Table 6). However, none of the mentioned
parameters changed the mechanism of reduction according
to the obtained values of the cathodic Tafel slopes.

3.4.2 Cyclic voltammetry study

Cyclic voltammetry was performed by scanning the
potential from —1.30 to —0.70 V at 10 mV s~ '. This high
scan rate was sufficient to determine the oxidation—reduc-
tion peaks. The voltammograms were initiated at point
(A) (Figs. 13, 14) at a potential of —1.30 V, scanned in the
positive direction, and then reversed at the potential
—0.70 V in the negative direction, crossing over at point
(B). No significant current was observed from point
(C) until the potential reached point (B), corresponding to
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Fig. 12 Effect of sulfuric acid on cathodic polarization during zinc
electrodeposition on an aluminum cathode in zinc electrolyte
containing 170 g L™! H,S04 60 gL™' Zn*", and a 12 gL'
Mn>* only or b 12 g L™" Mn®" and 0.15 mg L™' Pb*" at 40 °C
and 60 rpm of agitation

the reduction of Zn** ions. The nucleation overpotential
(NOP) is the difference between the crossover potential
(B) (the start of the dissolution) and the point at which the
Zn begins to deposit (D). Figure 13 shows the effect of
sulfuric acid concentrations on the cyclic voltammogram of
the aluminum electrode in zinc electrolyte containing
60 g L' Zn®", 12 g L™! Mn®", and 0.15 mg L' Pb**.
The NOP values were 50, 54, and 58 mV for 170, 165, and
158 g L™' H,SO,, respectively. Increasing the sulfuric
acid concentration decreased the NOP of the zinc deposit
on the aluminum electrode.

Figure 14 shows the effect of different temperatures on
the cyclic voltammogram of the aluminum electrode in
zinc electrolyte containing 170 g L™ H,SO4 and 60 g L'
Zn*". The nucleation overpotentials of the zinc deposit on
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Increasing the electrolyte temperature decreased the
nucleation overpotential of the zinc deposit on the alu-
minum electrode.

3.4.3 Electrochemical impedance spectroscopy

The impedance plots obtained at low potentials along the
polarization curves (Fig. 15) resulted mainly in a high-
frequency capacitive loop in the studied frequency domain.

Zre (mohm)

Fig. 15 Effect of concentrations of a sulfuric acid, b temperatures,
and ¢ lead content on Nyquist plots of the polarization resistances of
the zinc deposit during zinc electrodeposition on the aluminum
cathode and zinc cathodes in zinc electrolyte containing 60 g L™
Zn** and 12 g L™' Mn*" at 40 °C and agitation of 60 rpm

This corresponds to the charge transfer resistance R, of
the zinc deposit in parallel with the double-layer capaci-
tance Cyg).

@ Springer



956

J Appl Electrochem (2017) 47:941-958

Rs Cal
VAV

Ret

Fig. 16 Equivalent circuit proposed for fitting the experimental data
of electrochemical impedance measurements for the zinc deposit
reaction on aluminum substrate

Figure 15 shows the effect of sulfuric acid concentra-
tions, temperatures, and lead ions on Nyquist plots of the
zinc deposit during zinc electrodeposition on the aluminum
cathode and zinc cathodes in zinc electrolyte containing
60 g L™' Zn** and 12 g L™! Mn*" at agitation of 60 rpm.

The equivalent circuit is presented in Fig. 16. Ry is the
electrolyte resistance between the electrode surface and the
salt bridge tip, R is the charge transfer resistance of the
zinc deposit in zinc electrolyte, and Cy is the double-layer
capacitance for the zinc deposit.

The solution resistance did not change and was always
approximately 20 mQ cm?® The zinc deposit in the elec-
trolyte containing 158 g L™' H,SO, had the highest charge
transfer resistance (108.2 mQ cmz), followed by that of
165 g L™' (95.6 mQ cm?), and 170 g L™" (93.4 mQ cm?).
As the temperature decreased, the resistance of charge
transfer and Cg4 decreased. R, decreased from 121.7 to
82.3 mQ cm” as the temperature increased from 35 to
45 °C (Table 7). These results indicate that the reduction
reactions are easier at higher temperatures and confirm the
results obtained from potentiodynamic polarization. A high
Cg4 indicates that more electrons were adsorbed on the
surface of the metal, indicating that low temperature
resulted in an increase in overpotential during zinc
deposition.

The values of charge transfer resistance (R.) and dou-
ble-layer capacitance (Cy;) for zinc deposition on the zinc
and aluminum cathodes in the presence of Pb>" are shown
in Table 8. Zinc reduction was easier on the zinc electrode

Table 7 Comparison of the parameters for the equivalent circuit of
the zinc deposit reaction on aluminum cathodes during zinc
electrodeposition

Parameter R, (mQ cm?) R (mQ cm?) Cq (mF cm ™)
H,SO, (g Lil)

158 20.3 108.2 24.3

165 20.5 95.6 26.4

170 21.0 93.4 94.1
Temperature (°C)

35 20.6 121.7 103.8

38 20.5 105.8 98.6

40 21.0 93.4 94.1

45 21.2 82.3 85.3
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2. Addition

than on the Al electrode. R, was 93.4 mQ cm? in the case
of Zn deposition on Zn and increased to 109.4 mQ cm? for
Zn deposition on Al. In addition, Cy; increased from 94.1
(Zn on Zn) to 99.7 mF cm ™2 (Zn on Al cathode). The
addition of Pb>" ions increased R, indicating that zinc
reduction is more difficult in the presence of lead ions. This
is confirmed by the Cy, value, which was 86.7 mF cm 2 for
zinc deposition on the zinc substrate and increased to
90.6 mF cm™? for zinc deposition on the Al substrate.

4 Conclusions

The effect of electrolyte composition and operating con-
ditions of electrolysis on the overall performance of zinc
deposition was evaluated. The following conclusions can
be derived from this study:

1. Lead contamination of zinc deposits from the Pb-
0.7wt.%Ag anode was approximately equivalent to
that of soluble lead ions at a concentration of
0.15-0.2 mg L' Pb*". After 2 h of galvanostatic
polarization employing a Pt anode with addition of
0.1-25 mg L™' Pb*" to the zinc electrolyte, the
cathodic potential increased by 55 mV, and the current
efficiency increased by 1.2%. With an electrolysis
duration of up to 72 h, for both anodes, the cathodic
potential decreased by ~35 mV, and a decrease in the
CE value of ~6.8% was observed.

of different concentrations of Mn*"
(4-16 g L™") to the electrolyte employing the Pb-Ag
anode decreased the CE by 0.7-2% and shifted the
cathodic potential to less negative values by
10-56 mV. In addition, a decrease in the lead content
in the zinc deposit by 2.3-3.8 ppm was observed.
A Mn** concentration of 12 g L™ in the electrolyte
could be considered an optimum level of manganese in
the electrolyte since it gave a CE of 95.3%, with
relatively low overpotential (45 mV), and reduced the
lead contamination in the zinc deposit by 3.8 ppm. The
detrimental effect of manganese ions addition could be
due to the formation of MnO, ™ ions, which accelerate
the HER and decrease the rate of Zn>" reduction.

3. Increasing the Zn>* concentration from 56 to 65 g L™

in the electrolyte increased the CE by ~0.85% after
2h of electrolysis. The cathodic potential was
decreased by 13 mV for Pt and 18 mV for Pb-Ag.
Increasing the acid concentration in the electrolyte
from 158 to 170 g L™ had a negative effect on the CE
due to high hydrogen evolution, which hinders the
reduction of Zn** ions.

4. Changing the current density from 45 to 60 mA cm™>

resulted in an increase in cathodic potential and an
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Table 8 Comparison of the parameters for the equivalent circuit of the zinc deposit reaction on aluminum and zinc substrates in zinc electrolyte
with and without 0.15 mg of Pb>" additive measured by electrochemical impedance

Parameter Zn Zn (0.15 mg L' Pb*") Al Al (0.15 mg L™' Pb*")
R, (mQ cm?) 20.8 21.0 19.5 20.1
R (mQ cm?) 93.4 98.6 109.4 115.7
Ca (mF cm™) 94.1 86.7 99.7 90.6

increase in current efficiency. Electrolyte agitation from
60 to 412 rpm resulted in reduced current efficiency and
more negative overpotentials due to higher hydrogen
mobility and the relatively slow reduction of zinc. The
optimum value was 100 rpm; above this rate, the
cathodic potential was almost stable, and the current
efficiency decreased by only 0.4%.

5. Increasing the electrolyte temperature from 35 to
45 °C resulted in a decrease in the cathodic potential.
The current efficiency was slightly increased by
~0.3% as the temperature increased from 35 to
40 °C and increased sensitively by 0.8% from 40 to
45 °C. Generally, the influence of temperature is too
complex to explain, especially for small changes.
However, this could be due to the relatively more
important effect on overpotential values and diffusion
of Zn*" than on the hydrogen reaction.

6. Electrochemical impedance spectroscopy confirmed
the results of potentiodynamic polarization and cyclic
voltammetry, showing that zinc reduction on the zinc
electrode is easier than that on the aluminum electrode.
R, was 93.4 mQ cm? in the case of Zn deposition on
deposited Zn and increased to 109.4 mQ cm” for Zn
deposition on Al cathode. Cg increased from 94.1 to
99.7 mF cm 2. The addition of Pb*" ions increased
R., indicating that zinc reduction requires more
overpotential in the presence of lead ions.
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