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Abstract: A novel molten salt extraction process consisting of chlorination roasting and molten salt electrolysis was
proposed to develop a more efficient and environmental friendly technology for recovering lead from spent lead acid
batteries (LABs). The feasibility of this process was firstly assessed based on thermodynamics fundamentals. The
electrochemical behavior of Pb(II) on a tungsten electrode in the eutectic NaCI-KCIl melts at 700 °C was then
investigated in detail by transient electrochemical techniques. The results indicated that the reduction reaction of Pb(Il)
in NaCl-KCI melts was a one-step process exchanging two electrons, and it was determined to be a quasi-reversible
diffusion-controlled process. Finally, potentiostatic electrolysis was carried out at —0.6 V (vs Ag/AgCl) in the
NaCl-KCI-PbCl, melts, and the obtained cathodic product was identified as pure Pb by X-ray diffraction analysis. This
investigation demonstrated that it is practically feasible to produce pure Pb metal by electrochemical reduction of PbCl,
in eutectic NaCl-KCl melts, and has provided important fundamental for the further study on lead recovery from spent
LABSs via molten salt extraction process.
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The resources for lead production could be
classified into two types: the primary and the
secondary. In fact, the global primary lead

1 Introduction

Lead is now widely used in industrial batteries,
automotive and nuclear shielding materials, and
plays a broad and strategically important role in the
industrial development and global economy [1,2].
Among its many applications, the lead acid
batteries (LABs) used in automobiles and power
back-ups have consumed 70% of global lead
produced annually [3]. Due to the sharp increasing
demand for LABs worldwide, the lead production
and consumption have kept increasing continuously
in recent decades.

production has been kept almost static from 1970,
and secondary lead production from recycling
process has become the major source of lead and
gradually dominated the global lead market [4]. In
the future, the growth of global lead production will
be continuously contributed by secondary lead.
Currently, spent LABs are the main resource of
secondary lead and account for more than 85% of
total secondary lead production [1]. On the other
hand, spent LABs should be disposed properly from
an environmental point of view, due to the high
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toxicity of lead [5]. Therefore, efficient and
sustainable recycling of spent LABs is particularly
critical for the sustainable development of lead
industry and environmental protection.

Two types of lead-containing materials in the
LABs, lead grid and paste, can be separated out
from spent batteries. Lead grid, in metallic form,
can be readily recovered by low temperature
smelting due to its relatively stable compositions
and low melting temperature, while the battery
paste is composed of PbSO, (~60 wt.%), PbO,

(~28 wt.%), PbO (~9 wt.%) and Pb (~3 wt.%) [5-7].

The battery paste is traditionally treated with
pyrometallurgical technology at a high temperature
above 1000 °C, either direct smelting or indirect
smelting [1,5]. Although the smelting process has
gained great progress in environmental protection
and energy efficiency [8], the uncontrolled
emission of lead-containing particulates and SO,
gas still poses huge threat to the human and
environment [9]. Compared with pyrometallurgical
route, electro-hydrometallurgical technology is
considered as an eco-friendly alternative due to its
low operation temperature, less fine dust emission
and high flexibility. However, it is less
economically competitive with both significant
capital investment and relatively high operating
cost [4]. Additionally, the toxicity and severe
corrosivity of HBF, and H,SiF¢ used in dissolution
and electrowinning processes are more likely to
cause health risks and equipment corrosion.
Consequently, developing a more efficient and

environmentally-friendly technology for spent
LABs recycling appears to be particularly
important.

Chlorination metallurgy is a fairly effective
and highly selective technique for nonferrous
metals extraction by taking advantages of the low
melting point and high volatility of metal chlorides,
and the distinct differences in the formation of
various metal chlorides [10—13]. The Pb-bearing
phases in spent LABs can be readily converted to
PbCl, by chlorination roasting at a relatively low
temperature [1,14]. Subsequently, the separated
PbCl, can be directly processed by electrolysis for
metallic lead production, as molten salt electrolysis
is an effective approach regarding the extraction of
both base metals and reactive metals [15—17]. This
molten salt extraction process is considered to be

quite promising for metal values recovery due to its
environmental friendliness [15,18]. To practically
facilitate the development of the proposed recycling
technology, the electrochemical extraction of lead
from molten salts should be studied first. Although
the electrolysis of lead and its alloys in LiCl-KCl
melts has been intensively investigated [2,19-21],
the electrochemical reduction of Pb(Il) in molten
NaCl—-KCI eutectic has not been fully clarified yet.
In the present work, a systematic investigation on
the electrochemical behavior of Pb(Il) in eutectic
NaCl-KCI melts was carried out using a series of
transient electrochemical techniques. The results are
of great importance to expand the fundamental
knowledge of lead electrochemistry and lead
recovery from spent LABs.

2 Experimental

NaCl and KCI (50.6:49.4, molar ratio) were
selected as the supporting electrolyte in this work
due to their good electrical conductivity, high
thermal stability [22,23], and also commonly used
industrial chlorinating regents [24]. NaCl (>99.5%
purity) and KCI (>99.5% purity) were firstly dried
at 200 °C for more than 48 h and then melted in an
alumina crucible in an electric furnace at 700 °C.
Metallic impurities in the eutectic melts were
removed by pre-electrolysis at —2.0 V (vs Ag/AgCl)
for 3 h. Anhydrous PbCl, (analytical grade) was
directly introduced into the melts as the resource of
Pb(II).

Cyclic voltammetry, square wave voltammetry,
linear sweep voltammogram, chronopotentiometry
and potentiostatic electrolysis were performed
in a three-electrode cell using PARSTAT 2273
potentiostat (Ametek Group Co., American) with
Powersuite software. A tungsten wire (99.99%
purity) of 1.0 mm in diameter was used as the
working electrode, and a spectral pure graphite rod
of 6.0 mm in diameter was employed as the counter
electrode. The reference electrode was a mullite
tube containing a silver wire (99.99% purity) of
1.0 mm in diameter immersed in NaCl-KCIl-AgCl
(1 wt.%) melts. All potentials were referred to this
Ag/AgCl couple in this study. All the experiments
were conducted in a high-purity argon atmosphere.
The metallic lead was produced by potentiostatic
electrolysis at 700 °C. After electrolysis, the
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cathodic products were mechanically separated
from the melts, and then immersed in deionized
water to remove the residual salts and further
ultrasonically cleaned in ethanol (99.5% purity).
The crystal structures of the sample were identified
by X-ray diffraction (XRD, D8 Advance, Bruker
Corporation) using a Cu K, monochrome target.

3 Results and discussion

3.1 Process fundamentals

The proposed molten salt extraction process
includes two consecutive steps, viz, (1) chlorination
of the Pb-bearing substances in spent LABs by
roasting with chlorides, and (2) electrolysis in the
melts containing PbCl, to produce Pb metal. As
previously discussed, spent LAB is the primary
source for lead recovery at present and even in the
future for a long period of time. During the
chlorination roasting, solid chlorinating agents such
as CaCl,, NaCl, KCI and NH,ClI are more favorable
in application instead of Cl, or HCI in view of their
severe corrosion to production facilities [24]. But
importantly, the addition of NaCl, KCI or CaCl, is
conducive for improving the physicochemical
properties of the electrolyte, for example, increasing
the conductivity, lowering the melting temperature
and viscosity [25,26], and thus being beneficial for
the subsequent electrolysis. For chlorination
roasting, CaCl, is generally preferred in industrial
application due to its low cost and relatively strong
chlorinating ability [27]. The Gibbs free energy
changes for potential chemical reactions of the
Pb-bearing phases including PbSO,, PbO,, PbO and
Pb, chlorinated by CaCl, in the temperature range
of 400—800 °C are given in Fig. 1. The changes in
standard Gibbs free energy of the reactions,
calculated by using the thermodynamic software
HSC Chemistry 6, are fairly negative, indicating
that all the Pb-bearing phases in spent LABs are
easy to be chlorinated by roasting with CaCl,. It is
also worth noting that the practical feasibility has
also been verified by LIU et al [28]. Similarly, the
main component of the spent lead paste can also be
chlorinated to PbCl, by roasting with NaCl, as
seen in Fig. 1. However, it is obvious that the
chlorinating ability of NaCl is much weaker than
that of CaCl,. Herein, CaCl, is chosen for the
chlorination roasting. Subsequently, high-purity
PbCl, can be separated out via chloridizing

volatilization because of the low boiling point and
high vapor pressure [28], and thus can be processed
by molten salt electrolysis for Pb production.
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Fig. 1 Gibbs free energy changes of reactions between
Pb-bearing phases and chlorinating regents (CaCl, and
NaCl) at 400—800 °C by using HSC Chemistry 6.0

Secondly, the deposition of Pb metal on the
cathode should be favored electrochemically, and
conversely, the reduction of other metal cations
must be less prevalent for the electrowinning in the
multicomponent melts. This is another prerequisite
for the successful implementation of the molten salt
extraction process. Thus, it is necessary to identify
the decomposition voltages of several commonly
used chlorides from the viewpoint of lead recovery.
The theoretical decomposition voltages U (as
presented in Fig. 2) for various metal chlorides
were calculated by the following thermodynamic
equation:

AG®=—nFU (D)
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Fig. 2 Relationship between theoretical decomposition
voltage of several metal chlorides and temperature
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where AG® is the standard Gibbs free energy change
of reaction (kJ/mol), n represents the number of
transferred electrons for a given amount of reactant
(mol), and F is Faraday constant (96485 C/mol).
The data used for calculation are also obtained from
HSC Chemistry 6 software. It is obvious that PbCl,
has the lowest decomposition voltage compared
with the other metal chlorides, which ensures the
preferential selective deposition of Pb metal during
the electrochemical process.

This novel salt extraction process based on
chlorination roasting followed by molten salt
electrolysis, for recycling lead from spent batteries
is theoretically feasible and shows attractive
environment-friendly features as follows: (1) no
SO, emission because the elemental sulfur in
PbSO, phase still exists in the form of sulfate after
chlorination roasting, while the Cl, generated
during electrolysis process can be absorbed by
limewater to produce CaCly; (2) no adoption of
corrosive and toxic materials such as HBF, and
H,SiFs which are required for lead dissolution and
electrowinning in the electrochemical hydro-
metallurgical process. Moreover, molten salt
electrolysis is an economically potential method for
the recovery of metal values due to its high current
density and productivity, and without limitation
regarding H, evolution [15,29,30].

3.2 Electrochemical behavior of Pb(II)

To make direct electrodeposition of metal lead
from molten salts practically feasible, the
electrochemical behavior and electrolysis of Pb in
eutectic NaCI-KCl melts were then investigated
through a series of experiments. Figure 3 represents
the cyclic voltammograms measured on a tungsten
electrode in the NaCl-KCl eutectic melts before
and after the addition of 0.65 wt.% PbCl, at 700 °C.
The dotted curve in Fig. 3 presents the typical
voltammogram of NaCl-KCI melts in the absence
of PbCl,. The cathodic peak C1 appearing at
approximately —2.0 V (vs Ag/AgCl) is attributed to
the deposition of Na, and its corresponding anodic
peak Al in the reverse scan direction is associated
with the dissolution of metallic Na. There are
no additional reaction signals detected in the
electrochemical window except for the redox peaks
A1/C1, identifying the applicability of the melts for
the investigation. The solid line displays the
voltammogram after the addition of PbCl,. A new

cathodic peak C2 is observed, as clearly seen in the
inset in Fig. 3, which should be ascribed to the one
step reduction of Pb(II) to Pb(0) by Eq. (2):

Pb**+2e=Pb (2)

In the positive-going scanning, the anodic
signal A2 corresponds to the subsequent oxidation
process of Pb(0) to Pb(Il). In addition, the initial
reduction potential of C2 is around —0.38 V (vs
Ag/AgCl), which approximates to that detected by
ZHANG et al [2] and HAN et al [21] in the
electrochemical fabrication of Li—Pb alloys in
LiCI-KCl melts. Noteworthily, apart from the
signal couples C1/A1 and C2/A2, no other
additional redox peaks present in cyclic
voltammograms, and thus, it is highly probable that
pure Pb metal can be deposited by direct
electrochemical reduction of Pb(Il) in NaCl-KCl
melts.
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Fig. 3 Cyclic voltammograms of NaCl-KCl eutectic
melts before (dotted line) and after (solid line) addition
of 0.65 wt.% PbCl, on tungsten electrode with area of
0.322 cm” at 700 °C and scan rate of 0.1 V/s

Subsequently, square wave voltammetry was
conducted to determine the number of exchange
electrons in the cathodic process of Pb(Il). Figure 4
displays the square wave voltammograms acquired
on a tungsten electrode in molten NaCl-KCI-PbCl,
at 700 °C and frequency of 30 Hz. There is an
asymmetrical Gaussian peak observed at around
—0.38 V, which is in a good agreement with the
result of cyclic voltammogram test in Fig. 3. The
asymmetry could be resulted from the overpotential
caused by the reduction of Pb(Il) to the liquid Pb
metal. Resultantly, the increase of the current is
delayed, and thus the increasing part of the current
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is sharper than the decreasing one. A similar
phenomenon has also been reported in
electrochemical deposition of liquid metal tin in
eutectic LiCI-KCl melts [31]. Accordingly, the
disturbance of the signal due to the formation of
liquid metal could be resolved by only taking the
decreasing part of the peak into account for the
measurement of the width of the half peak (W,).
Based on this methodology, the value of Wy, is
0.16 V, as depicted by the red dotted curve in Fig. 4.
In the case of a reversible system, the number of
exchanged electrons n in the electrochemical
process can then be determined according to
Eq. (3) [32]. The value of n is calculated to be 1.85,
close to 2.0. This reveals that the reduction of Pb(II)
to Pb metal proceeds through a single step with two
electrons exchanged. The result is consistent with
that investigated by cyclic voltammogram.

 3.52RT
1/2 nF

where R is the mole gas constant (8.314 J/(mol-K)),
and 7 is the thermodynamic temperature (K).
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Fig. 4 Square wave voltammgram of Pb(Il) measured on
tungsten electrode in NaCl-KCl melts at 700 °C and
frequency of 30 Hz

The reversibility of the redox reaction of
Pb(11)/Pb(0) was then investigated over a wide scan
rate range. As shown in Fig. 5, with the scan rate
increasing from 0.10 to 0.70 V/s, the cathodic peak
shifts towards negative potential while the anodic
peak shifts towards positive potential slightly,
indicating that the reduction reaction of Pb(Il) to
metallic Pb(0) is a quasi-reversible process.
Meanwhile, it is indicated that the cathodic/anodic
peak currents increase as the scan rate increases.

The correlation of the cathodic peak current (Z,)
with the square root of scan rate was plotted and
presented in Fig. 6. It exhibits good linear
relationship, and suggests that the electrochemical
reduction of Pb(Il) in NaCl-KCl melts is a
diffusion-controlled process. For a reversible
soluble/insoluble system, the diffusion coefficient
can be quantitatively determined by the Berzins—
Delahay equation [33]:

1,=—0.61SCo(nF)*D"*v'"*(RT) " 4)

where S is the electrode surface area (cm?), C,
denotes the solute concentration (mol/cm’), D is the
diffusion coefficient (cm?/s), and v designates the
potential scan rate (V/s). According to the slope of
the straight line in Fig. 6, the diffusion coefficient
of Pb(Il) ions in NaCl-KCIl melts at 700 °C is
calculated to be 1.7x107° cm?/s by assuming that
n=2.
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Fig. 5 Cyclic voltammograms of reduction of Pb(II) on
tungsten electrode in NaCl-KCI-PbCl, melts at different
scan rates
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It is worth mentioning that the CV curves at a
scan rate from 0.10 to 0.30 V/s in Fig. 5 show a
small anodic peak, which is insignificant compared
with the main oxidation peak. Similar phenomena
have also been observed by XIAO et al [29] and
VANDARKUZHALI et al [34]. It was reported that
this small peak could be attributed to the monolayer
dissolution of the deposited product, and it was
highly specific with respect to the -electrode
surface [34]. After serving for several cyclic
voltammetry tests at low scan rates, the surface of
the tungsten working electrode was probably
affected by the deposited product. Therefore, the
subsequent cyclic voltammograms at a scan rate
from 0.40 to 0.70 V/s in Fig. 5 do not show any
monolayer dissolution peak.

To further investigate the electrochemical
behavior of Pb(Il), linear sweep voltammograms
were also recorded on tungsten working electrode
in NaCIl-KCl melts with PbCl,
concentrations. As shown in Fig. 7, the cathodic
peak current increases distinctly with the increase
of the PbCl, concentration, suggesting that more
electricity is consumed and subsequently thicker
deposit generated in the melts with higher
concentration of the reactant, which is in
conformity to fact that the cathodic peak current
linearly depends on solute concentration according
to the Berzins—Delahay equation [33,35].
Furthermore, the relationship between the electrode
potential (p) of the Pb**/Pb redox reaction and
PbCl, concentration can also be estimated
according to the Nernst equation [32], as shown as
follows:

various

(pz(pO_;_ Eln(M) — ¢0Jr Eln( 7 b2+ CPb() )
nk py n VpbCrb

)
where goo is the standard redox potential (V), apym
and op, are the activities of Pb(Il) and Pb, ypy
and ypy are the activity coefficients of Pb(II) and Pb,
and cpyay and cp, are the concentrations of Pb(II)
and Pb, respectively. Pb is insoluble in the molten
system, and thus its activity can be regarded as the
constant of 1. Therefore, the initial reduction
potential shifts positively as the concentration of
PbCl, increases, as demonstrated in Fig. 7. The
initial reduction potential of Pb provides a
theoretical basis for selecting an appropriate cell
voltage during lead electrolysis.
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Fig. 7 Linear sweep voltammograms of Pb(Il) on
tungsten electrode in eutectic NaCl-KCl melts with
different contents of PbCl, at 700 °C and scan rate of
0.10 V/s

Chronopotentiometry was also executed to
further verify the electrochemical reduction process
of Pb(Il). Figure 8 presents the chronopotentiogram
curves of Pb(Il) obtained on tungsten electrode in
NaCIl-KCI-PbCl, melts with the applied current
from —10 to —30 mA. The potential-time curves
show two potential plateaus at around —0.4 and
-2.0V (vs Ag/AgCl), corresponding to the
reduction of Pb(Il) to Pb(0) and Na(I) to Na(0),
respectively. These two plateaus are in the same
potential range as that observed in cyclic
voltammogram and square wave voltammogram. It
can be seen that the negative shift of Plateau I is not
evident and nearly independent of the applied
current, further confirming that the reduction of
Pb(Il) to Pb(0) is controlled by the diffusion
process. Herein, transition time (z) stands for the
necessary time to observe the complete depletion of
Pb(Il), originating from the layer of electrolyte
around the electrode surface through diffusion, and
it consequentially decreases as the applied current
increases. The transition time was measured
according to the method introduced in Ref. [36].
Additionally, the current shows a linear relationship
with the reciprocal of the square root of the
transition time, as shown in Fig. 9. Therefore, the
following Sand equation is valid to estimate the
diffusion coefficient of Pb(Il):

I7'%=0.5nFSCyn'*D"* (6)

It is also assumed that two electrons are
transferred and the diffusion coefficient of Pb(II) in
eutectic NaCl-KCl at 700 °C is 1.9x107° cm?*/s
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according to the slope of the straight line, which
is very close to that acquired by the cyclic
voltammogram.

o(vs Ag/AgCl/V

l

™

=
.

t/s

Fig. 8 Chronopotentiogram curves of Pb(II) on tungsten
electrode (5=0.322 cm?) in NaClI-KCl-1.15wt.%PbCl,
melts at 700 °C and different currents
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3.3 Electrochemical extraction and XRD pattern

of lead metal

To verify the feasibility of electrochemically
extracting lead metals, potentiostatic electrolysis
was carried out at —0.6 V (vs Ag/AgCl) in molten
NaCl-KCI-PbCl, at 700°C on the tungsten
electrode, according to the results obtained by
cyclic voltammetry, linear sweep voltammetry,
square wave voltammetry and chronopotentiometry.
After electrolysis for 10 h, the bulk metal (see inset
in Fig. 10) was obtained in the bottom of the melts
beneath the tungsten cathode. Owing to the fairly
low melting temperature, the metal generated on
cathode during electrolysis would gradually grow
into liquid droplets and then fall down to the bottom

of the crucible, and eventually solidify to spheroidic
granules during shutting down and cooling of the
system. Figure 10 shows the XRD pattern of the
cathodic product, and the observed characteristic
peaks are identified as lead, definitely confirming
that pure lead metal can be obtained through direct
electrolysis of PbCl, in eutectic NaCI-KCl melts.
Therefore, the mixture of NaCl-KCl salt with the
eutectic composition is considered as a suitable
supporting electrolyte for the electrochemical
reduction of Pb(Il) and for direct electrodeposition
of Pb metal. This investigation lays a foundation
to further study the efficient extraction of lead
from spent LABs via the proposed salt extraction
process. Of course, more technical and economical
assessment of the process should still be further
conducted in the future work to optimize the
proposed route for achieving efficient recovery of
lead from spent LABs.
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Fig. 10 XRD pattern of cathodic product (inset photo)
obtained by potentiostatic electrolysis at —0.6 V (vs
Ag/AgCl) in NaCl-KCI-PbCl, melts at 700 °C

4 Conclusions

(1) The thermodynamic calculation results
indicate that the Pb-bearing phases of PbSO,4, PbO,,
PbO and Pb in the spent LABs could be converted
to PbCl, by chlorination roasting, while PbCl,
would be preferentially reduced to Pb metal due to
its fairly low decomposition voltage via molten salt
electrolysis. This confirms that the salt extraction
process is an alternative and feasible route for the
effective recovery of Pb from spent LABs.

(2) The electrochemical behavior of Pb(Il)
on a tungsten electrode was investigated in
eutectic NaCl-KCl melts at 700 °C using cyclic
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voltammetry, linear sweep voltammetry, square
wave voltammetry and chronopotentiometry. Pb(II)
can be directly reduced to Pb metal in NaCI-KCl
melts through a single step with two electrons
exchanged, and the initial reduction potential is
approximately —0.38 V (vs Ag/AgCl). Meanwhile,
the reduction process is quasi-reversible and
controlled by diffusion, and the diffusion coefficient
of Pb(1II) in the melts was determined to be 1.7x107°
and 1.9x10°° cm?/s according to the results of cyclic
voltammetry and chronopotentiometry using the
Berzins—Delahay equation and the Sand equation,
respectively.

(3) Potentiostatic electrolysis was performed at
—0.6 V (vs Ag/AgCl) in NaCl-KCI-PbCl, melts at
700 °C and spheroidic bulk metals were obtained.
The cathodic products were confirmed to be pure
Pb by XRD analysis. The results of this work
demonstrate that pure lead metal can be produced
by direct electrolysis of PbCl, in eutectic
NaCl-KCI melts at 700 °C, and the feasibility of
recycling lead from spent LABs via salt extraction
process is further verified.
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