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Abstract: The electrodeposition of lead in alkaline solutions containing xylitol (1, 2, 3, 4, 5-pentahydroxypentane) was studied. The
lead electrodeposition and the chemical stability of xylitol in alkaline solutions were investigated by cyclic voltammetry. Apparent
activation energy, apparent transfer coefficient and exchange current density were obtained by linear sweep voltammetry. Initial
stages of lead electrocrystallization were determined by chronoamperometry. Voltammograms of a AISI 316 stainless steel electrode
in xylitol solution exhibit no current in the potential range of —1.3 V to 0.75 V (vs Hg/HgO), implying that xylitol is stable to
oxidation and reduction. The apparent activation energy, apparent transfer coefficient and exchange current density were calculated
to be 35.15 kJ/mol, 1.56 and 9.65x107> A/m’. Analysis of the chronoamperometric responses implies three-dimensional growth of

nuclei, with the type of nucleation depending on overpotential.
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1 Introduction

Lead is refined by both pyrometallurgical and
hydrometallurgical processes. The hydrometallurgical
process is widely applied in industry due to a higher
recovery rate of precious metals and low energy
consumption. The electrolytes in lead electrodeposition
are usually acidic and based on fluorosilicate, chloride
[1], bromide, iodide [2], nitrate [3] and fluoborate [4].
The process for electrorefining of lead most applied
industrially is the Betts process, which uses a
fluorosilicate  electrolyte  containing PbSiFs and
H,SiF¢ [5]. The process ensures effective enrichment of
rare and noble metals in the anode slime and the
deposition of high-purity grade lead. Nevertheless, the
fluorosilicate electrolytes are usually volatile and
decompose to toxic HF and SiF,, which cause air
pollution.

Alkaline electrolytes are assumed to be less harmful
to human heath and more appropriate from an
environment standpoint [6]. However, to our knowledge,
only a few reports have been published in this field.
WONG and ABRANTES [7] used chronoamperometry

to study lead electrodeposition from alkaline solutions,
and found that the lead (II) concentration affected the
type of nucleation. Recently, it was reported that
antimony oxide and lead oxide could be dissolved in
alkaline solutions containing polyhydric organic
compounds [8], such as CsH;;0s and C3HgO5; Such
compounds may offer an alternative for electrowinning
or electrorefining of metals. ZHANG et al [9] reported a
new process and optimization of the process parameters
for separating gold from antimony-gold alloys in alkaline
solution containing xylitol. Publications on alkaline
electrolysis of lead have not been focused on
electrorefining, but on electrowinning from secondary
sources of lead, such as end-of-life lead-acid batteries.
MORACHEVSKII et al [10] first reported the feasibility
of separating lead from exhausted lead-acid batteries in
alkaline glycerol media. CARLOS et al [11] investigated
lead electrodeposition on copper from alkaline glycerol
solutions, and concluded that the lead film on the copper
substrate was strongly adhered and EDS showed the
presence of a lead film on the Cu substrate from the
initial stage of the deposition process. Compared with
acidic medium, alkaline solution electrolysis is a better
alternative because of low corrosion, less toxicity, and
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less volatility. In addition, as a food addictive, the xylitol
is poisonless and harmless [12—13]. The electrowinning
and electrorefining of lead with alkaline solutions
containing xylitol will reduce environment pollution.

However, there are few reports in the literature on
the electrochemical behavior of lead electrodeposition
from alkaline media. The electrodeposition mechanism
and types of nucleation at the initial stages of the lead
deposition process are not well established in reports
related to alkaline media containing xylitol.

In this work, the electrodeposition of lead from
alkaline media containing xylitol was investigated by
cyclic voltammetry (CA), linear sweep voltammetry
(LSV) and chronoamperometry (CA). The mechanism of
lead electrodeposition and types of nucleation were
discussed. The diffusion coefficient of lead was also
determined. The aim of this work is to provide better
understanding of the underlying mechanisms in the lead
electrorefining process.

2 Experimental

A CHI 660C
Instrument) was employed to do the electrochemical

electrochemical analyzer (CH
measurements. A glass three-electrode electrochemical
cell was used with a AISI 316 stainless steel (SS316)
working electrode of 1 cm’, one side of which was
masked with an insulating lacquer made of epoxide resin
and diamine. The counter electrode was a platinum flag
and the reference electrode was a Hg/HgO electrode
(Shanghai Shenyuan Science Instrument Co. Ltd.), with
standard electrode potential of 0.114 V (vs. SHE) at 298
K, against which all electrode potentials are reported in
this work. Before every electrochemical measurement,
the electrodes were polished with metallographic SiC
sand paper. Subsequently, the electrodes were polished
with alumina powders down to 0.05 um in size and then
cleaned with deionized water in an ultrasonic bath. All
the measurements were carried out at 298 K wunless
otherwise specified.

The xylitol used in experiments was of food grade
(purity 99.5%), produced in Dalian Xigang Yikang
Xylitol Food Co. The PbO and the sodium hydroxide
were of analytical reagent grade. All the solutions were
prepared with deionized water. The solution composition
used in this work was obtained from the study on the
dissolving ability of lead oxide in the alkaline solution
containing xylitol. The composition of electrolyte used in
electrochemical stability tests of xylitol in alkaline media
was 2.5mol/L NaOH, 0.6 mol/L CsH;,Os. Solution
components in other experiments were 2.5 mol/L NaOH,
0.5 mol/L Pb(Il) and 0.6 mol/L. CsH;,0s.

3 Results and discussion

3.1 Electrochemical stability of xylitol in alkaline

solutions

During electrolysis, in addition to the
electrodeposition of lead, the organic groups may
undergo some redox reactions which will affect the
stability of the electrolyte composition, current
efficiencies, deposit morphology and electrolysis costs.
Hence, the electrochemical stability of xylitol in alkaline
solutions was studied, in order to identify a potential
range in which xylitol undergoes no redox reactions.

Figure 1 shows the cyclic voltammograms of
stainless steel and lead electrodes which were made of
high pure lead in an alkaline solution containing xylitol
at 298 K and 323 K the initial negative-going potential
scan started from the open circuit potential of ca. —0.8 V
at a sweep rate of 10 mV/s. Figure 1 (a) shows that
currents density increased sharply at potentials <—1.45
V and bubbles appeared on the electrode surface. The
value of the cathodic current density increased rapidly as
the potential shifted towards more negative values, then
reached a maximum and plateau value at £< —1.60 V.
On the subsequent positive-going potential scanning, the
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Fig. 1 Cyclic voltammograms of stainless steel electrode (a)
and lead electrode (b) in alkaline solution containing xylitol
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current density returned to zero at about —1.30V, at
which no hydrogen evolution was evident on the
electrode surface. The magnitude of the current density
remained essentially zero between —1.30 and 0.6V,
indicating that the electrolyte was stable in this potential
range. When E > 0.6 V, oxidation currents began to flow
and bubble, presumably oxygen was observed on the
electrode surface. The anodic current density increased
at more positive potentials and reached its maximum at
0.8 V. Increasing the electrolyte temperature from 298 K
to 323 K had little effect on the potential of hydrogen
evolution.

Comparison of Figs. 1(a) and (b) shows that, as
expected, the overpotential for hydrogen evolution on the
lead electrode was higher than that on the stainless steel
electrode. At 298 K, the hydrogen evolution reaction
occurred at £ <-1.6 V, below which reduction current
density increased rapidly. At potentials <—2.1 V, some
small current density peaks appeared which may indicate
decomposition of xylitol at the cathode, though no
reports have been published about the mechanism of
xylitol reduction reactions at cathodes. The maximum
current density of hydrogen evolution reaction appeared
at about —2.45 V, which was close to that of the stainless
steel electrode. At 323 K, the potential of hydrogen
evolution reaction did not increase for the lead electrode,
but at more negative potentials, the cathodic current
density increased more rapidly, and then reached a
maximum current density at about —2.2 V. Compared
with the limiting current density at 298 K, it shifted by
about 0.25 V to less negative potentials. When £ < —2.0
V, there was also some small current density peaks,
probably associated with the growth and departure of
hydrogen bubbles changing the effective cathode area.

3.2 Cyclic voltammogram of lead deposition

Figure 2 shows a typical cyclic voltammogram of
lead deposition in alkaline solution containing xylitol.
During the negative-going potential scanning, the
cathodic current density increased sharply at
potentials < —0.79 V as a result of lead deposition,
leading to a current density peak at about —0.82 V. On
the positive-going potential sweep, lead dissolution
resulted in the current density peak at —0.6 V. Lead
electrodeposition occurred within the range of —1.30 to
0.5V, in which the xylitol in the electrolyte was
predicted to be stable from the results in the previous
section.

Figure 3 shows the effect of potential sweep rate on
cyclic voltammograms of stainless steel in the solution
containing 2.5 mol/L. NaOH, 0.5 mol/L Pb(II) and 0.6
mol/L xylitol (CsH;,0s). The negative-going potential
sweep was initiated from the open circuit potential of
—0.72 V, resulting in only one reduction peak, at —0.82 V,

assigned to lead electrodeposition, before hydrogen
evolution at more negative potentials. The maximum
current density value increased more sharply with higher
sweep speed while the potential of the peak moved to
more negative values. The shape of all the cyclic
voltammograms remained almost the same with
increasing the sweep speed, and the potential of the peak
shifted towards negative direction.
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Fig. 2 Cyclic voltammogram of AISI 316 stainless steel of 1

cm? in solution containing 2.5 mol/L. NaOH, 0.5 mol/L Pb(II)

and 0.6 mol/L xylitol (CsH,0s) at sweep rate of 10 mV/s
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Fig. 3 Effect of potential sweep rate on cyclic voltammograms
of AISI 316 stainless steel of 1cm?in solution containing 2.5
mol/L NaOH, 0.5 mol/L Pb(ll) and 0.6 mol/L xylitol
(CsH1205)

3.3 Determination of Kkinetic parameters of lead
deposition
3.3.1 Apparent activation energy
The value of the activation energy for an electrode
reaction is an important parameter in the determination
of the reaction mechanism [14]. Figure 4 shows the
cathodic polarization curves of lead electrodeposition in
alkaline solution containing xylitol at different
temperatures. As can be seen from Fig. 4, with
increasing the temperature, the lead deposition potential
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shifted to the positive values gradually, suggesting that
higher temperature could enhance the electrodeposition
velocity of lead. Moreover, as the temperature increased,
the maximum current density value of lead deposition
increased significantly. This phenomenon indicated that
at the same overpotential, there would be a larger
discharge current density at higher temperature. Taking
an overpotential of —0.035 V and the current density at
different temperatures, the relationship between
exchange current density and 7' is shown in Fig. 5. The
linear fitting equation is

lgJ =7.108—1.836x10°T (1)
and the formula for the calculation of apparent activation
energy is

lgJ =B (2)

" 2.303RT

where B is constant; A is apparent activation energy; J is
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Fig. 4 Cathode linear sweep voltammograms of Pb
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Fig. 5 Relationship between exchange current density and 7
in alkaline solution containing xylitol

the current density; 7' is temperature. The calculated
apparent activation energy is 35.15 kJ/mol.
3.3.2 Apparent transfer coefficient

Figure 6 shows the steady-state polarization curves
of lead electrodeposition. The Tafel equation obtained by
the linear fitting, from —0.055V to —0.065V, is as
follows:

7. =0.1527+0.0381g J, 3)

According to the following formula:

2.303RT 2.303RT
T]c == 303 lg JO + 303 lg Jc (4)
ank’ ankF’

where an is the apparent transfer coefficient; F is
Faraday’s constant; 7. is cathode overpotential; .J; is
exchange current density; J, is cathodic current density.

Transforming the cathodic polarization curve
(Fig. 6) into #—lg J, curve (in Figure 7), by linear fitting,
the kinetic parameters an and J, were calculated to be
1.56 and 9.65x10° A/em? respectively. Compared with
the data in other reports [15], the smaller Jj in this work
indicated that lead -electrodeposition required larger
driving forces in this particular alkaline solution.
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Fig. 6 Steady-state polarization curves for lead deposition on
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3.4 Chronoamperometry for nucleation modeling

It is can be seen from Fig. 2, the cathodic current
density appeared at the potential of —0.75 V which was
associated with electrodeposition of lead. At more
negative potentials, the current density increased rapidly,
and there was a clear reduction peak at —0.82 V. During
the reverse sweep, two crossovers between cathodic
current density branches were observed, suggesting the
occurrence of metal electrocrystallization on the cathode.

Figure 8 shows a family of potentiostatic current
transients of lead electrodeposition in alkaline solution
containing xylitol. The current transients consist of an
initial fast current decay attributing to double-layer
charging which is significant for # < 1 s [15]. This is
shown in Fig. 8(a) (near the Y axis), where the transient
current falls from a higher starting current. This is
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Fig. 8 Potentiostatic current transients of lead electrodeposition

Table 1 Formula of nucleation mechanism
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because, in the initial stage of the lead crystallization, the
lead atoms first aggregate to form atom clusters and the
critical nuclei are formed. The transients were
characterized by, firstly, a rapid growth of current up to a
maximum /,, at time #,, and then followed by a slow
decay. The increase of cathodic current was due to the
increase of the electroactive area, which included the
growth of each independent nucleus and the number of
nuclei. The descending current after this stage related to
linear electrode diffusion and the declining current
followed Cottrell’s equation. So, the lead deposition
consisted of nucleation, overlapping of nuclei,
elimination of growth centers and initiation of new
growth centers [16]. It also can be found in Fig. 8 that, as
the potential was set more negative, I, increased and ¢,
decreased, which is usually found for the nucleation of
solid phases produced electrochemically.

It has been reported that potentiostatic transients
could be evaluated through mathematic modeling.
SCHARIFKER and HILLS [16] developed a model for
three-dimensional (3D) multiple nucleation with
diffusion-controlled  growth.  According to the
assumptions of random distribution of the hemisphere-
shaped nuclei, no new nuclei occurred in the growth
region of every existed nucleus. The overlapping of the
growth zones, the expressions of instantaneous and
progressive nucleation with 3D growth are presented in
Table 1. In Table 1, zF is molar charge for the
deposition;, D is diffusion coefficient; ¢ is ion
concentration; N, is nucleation density; A4 is nucleation
rate constant; k and &’ are reaction rate constants.

Figure 9 shows the normalized cathodic transients
from Fig. 8 together with the theoretical curves which
were evaluated from equations in Table 1 for
instantaneous and progressive 3D nucleation and growth.
Curves with different shapes were obtained due to
different nucleation mechanisms. The peak of
instantaneous plots is sharp while the progressive is
relatively gentle. As illustrated in Fig. 9, when
overpotential was relatively small (-0.77 to —0.835 V),
the experimental data followed progressive nucleation.
When E < —0.835V, there was a rise in cathode
overpotential and a tendency towards instantaneous
nucleation was revealed. Progressive nucleation may be

Nucleation type Instantaneous nucleation

Progressive nucleation
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Fig. 9 (I/1,,)* vs t/t, plots of experimental data of potentiostatic
for Pb electrodeposition

due to a smaller Pb nucleus density during a very short
time for double-charging at low overpotential. These
nuclei continued to precipitate in the
electrocrystallization  process. However, at high
overpotential, a large number of nuclei were generated
during the short time for double-charging.
Electrochemical crystallization is mainly the growth of
these nuclei, which followed the
nucleation’.

‘instantaneous

Table 2 Analysis of transients of lead deposition in Fig. 8

According to the equation of maximum transient
current:

1,=zFK' )

where K’ is the crystal growth rate vertical to the crystal
surface, which can be evaluated. The plot of Ig K’ against
imposed potentials is shown in Fig. 10. It can be seen,
when E>—-0.81YV, the plot exhibited a linear
relationship which indicated that potential has a
significant influence on the crystal growth rate, and the
crystal growth rate rose as the applied potential shifted
negatively. When E < —0.81 V, the crystal growth rate
was close to a limiting value on which the applied
potential has little effect.
According to the following equation:
1%t =0.259 8(zFC)*D (6)

m "m

Substituting the Potm value at different potentials
into Eq. (6), the value of diffusion coefficient could be
calculated (illustrated in Table 2). The value of diffusion
coefficient changed little as the applied potential shifted
and the average value D was 3.65x10 ® cm?s.
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Fig. 10 Effect of potential on nucleation growth rate coefficient

Potential/V L/A twls Lt /(A%s) K10 "mol-em s ) 1g[K/(mol-cm %s™")] DA107 cm*s )
-0.77 0.027 113 0.008 5 1.42 —6.85 3.52
-0.78 0.034 7.3 0.008 4 1.77 -6.75 3.51
—0.79 0.047 3.5 0.007 7 2.44 —6.61 3.20
-0.80 0.058 2.9 0.009 8 3.01 —6.52 4.04
-0.81 0.064 22 0.009 1 3.33 —6.48 3.75
-0.825 0.060 2.0 0.009 4 3.55 —6.45 3.89

Average 3.65
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4 Conclusions

1) Cyclic voltammograms indicate that xylitol
exhibits good electrochemical stability in alkaline
solutions and that no chemical reactions occur within the
potential range of —1.30 V to 0.6 V. In the range between
—1.75 and 1.25 V, there is no other chemical reaction but
water electrolysis reactions. While at the potential <—2.0
V, xylitol may be decomposed in the electrode.

2) Cyclic voltammograms in alkaline solution
containing xylitol at different sweep rates show that the
lead electrodeposition process involves nucleation on
AISI316 stainless steel. According to the Tafel plot, the
apparent transfer coefficient and exchange current
density were calculated to be 1.56, and 9.65x10° A/m 2,
respectively.

3) Analysis of the chronoamperometric responses
support the view of a three-dimensional growth and
suggest a substantial influence of overpotential on the
type of nucleation. The electrocrystallization of lead
follows progressive nucleation during the potential
region between —0.77 V and —0.835 V and instantaneous
nucleation when the potential is more negative than
—0.835 V. The average diffusion coefficient of lead was
calculated to be 3.65x10 ® cm?s.
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