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Deposit morphology of the zinc recovery by electrodeposition
from the spent Zn–MnO2 batteries
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Abstract

Electrochemical recovery of zinc from spent Zn–MnO2 batteries has been developed. Deposit morphology and charge efficiency depends
on current density. A smooth deposit is formed for a current density equal to 50.0 mA cm−2, while a porous deposit is formed for a current
density equal to 10.0 mA cm−2. It was observed that pore size decreases with the increase in current density. In contrast, charge efficiency
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eaches up to 85.0% for a current density equal to 10.0 mA cm, and decreases with further increase in current density. Potassium, s
nd oxygen are adsorbed onto the zinc deposit. Zinc recovery was analyzed by scanning electron microscopy (SEM) and energ
-ray analysis (EDX).
2004 Elsevier B.V. All rights reserved.
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. Introduction

Secondary alkaline batteries such as Ni–Cd and Ni–MH
re used in applications that require high energy density, long
seful life, and high discharge rates. Lithium batteries present
reat energy density, but they are the most expensive ones[1].
n–MnO2 primary batteries are used in applications that re-
uire low energy density and short useful life[2,3]. In Brazil,
bout 1 billion Zn–MnO2 batteries are used annually[4,5].
ischarged Zn–MnO2 batteries can be discarded with domes-

ic garbage in a municipal landfill[6]. The growing disposal
f spent Zn–MnO2 batteries has become a serious environ-
ental problem. Recycling is a possible solution for this envi-

onmental problem[7]. Hydrometallurgical recycling of zinc
rom spent batteries does not pollute and contributes to the
reservation of natural resources. Recovered zinc electrode-
osited onto steel iron–carbon 1020 serves as a protection
gainst corrosion[8]. Steel galvanization is extensively used
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in metallurgical industries. The efficiency of the zinc dep
in the protection of steel against corrosion depends on
posit morphology, which is related with the composition
the electrodeposition bath and current density. The pr
work reports on the development of electrochemical reco
of zinc from spent Zn–MnO2 batteries. The relation betwe
current density and deposit morphology was analyzed
materials obtained under different electrodeposition co
tions were analyzed by scanning electron microscopy (S
and energy dispersive X-ray analysis (EDX).

2. Experimental

2.1. Mechanical process

A mini-pilot plant for recycling spent Zn–MnO2 batter-
ies was built in the laboratory. The battery recycling pro
requires selective collection conditions, appropriate dism
tling, and a sequence of physical and electrochemical t
formations. In the selective collection, spent batteries
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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sorted out in homogeneous lots. Spent type AA “mercury
free” Zn–MnO2 primary batteries produced by Panasonic
were used in this research. In dismantling, spent batteries are
physically separated into their different parts, anode, cath-
ode material (MnO2 and graphite), and steel (separators and
current collectors). On average, the anode corresponds from
18.0 to 21.0% of the total weight of Zn–MnO2 batteries.

2.2. Preparation of leaching and alkaline bath

Anode dissolution was in the proportion of 1.0 g of an-
ode material to each 100 mL of H2SO4 0.5 mol L−1 solution.
The suspension was maintained under constant stirring at
298 K. Under these conditions, complete dissolution took 7
days. The suspension was filtered after anode leaching. So-
lution pH before and after anode dissolution was equal to
0.737 and 0.883, respectively. The difference in the amount
of H2SO4 (mol) before and after anode dissolution is equiva-
lent to the amount of Zn2+ in the leaching solution. The con-
centration of ionic zinc in the leaching solution was equal to

0.1413 mol L−1. To prepare the alkaline bath, a solution of
KOH 6.0 mol L−1 was added to the leaching solution. Acid
neutralization occurred for pH lower than 6.0. In the pH inter-
val between 6.0 and 7.5, the precipitation of zinc hydroxide
occurred. The precipitated zinc hydroxide is dissolved in pH
higher than 13. The reaction can be written as follows:

Zn2+
(aq)+ 2OH−

(aq)→ Zn(OH)2(s)whitesolid (1)

Zn(OH)2(s)+ 2OH−
(aq)→ [Zn(OH)4]2−solublesalt (2)

2.3. Electrochemical cell

Working electrodes with a geometric area of 0.20 cm2

were made from a rectangular sheet of steel 1020. The
auxiliary electrode with a geometric area of 3.75 cm2 was
made from a platinum sheet. The reference electrode was
Ag/AgCl/NaCl (saturated). Before each electrochemical ex-
periment, the working electrodes were sanded with 600-
grit sandpaper and then rinsed with distilled water. The
Fig. 1. Chronopotentiometric plot for ionic zinc electrodeposition
 in alkaline solution,qapplied= 90.0 C cm−2, 298 K, without stirring.
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Fig. 2. Typical scanning electron microscopy for zinc electrodeposit: (A)i = 10.0 mA cm−2 and 2000×; (B) i = 10.0 mA cm−2 and 10,000×; (C)
i = 50.0 mA cm−2 and 2000×; (D) i = 50.0 mA cm−2 and 10,000×; qapplied= 90.0 C cm−2.

Fig. 3. Charge efficiency in function of the current density for zinc electrode-
position in alkaline solution,qapplied= 90.0 C cm−2, 298 K, without stirring.

Fig. 4. Potential in function of the logarithmic of the current density for zinc
electrodeposition in alkaline solution,qapplied= 90.0 C cm−2, 298 K, without
stirring.
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Fig. 5. Typical energy dispersive analysis of X-ray for zinc electrodeposition,i = 50.0 mA cm−2, qapplied= 90.0 C cm−2, 298 K, without stirring.

galvanostatic experiments were performed with a regulated
power supply built in the laboratory. The work and the aux-
iliary electrodes were connected to the voltmeter and con-
nected to a microcomputer by a RS232 interface. The elec-
trolytic solutions were prepared with reagent p.a. and pure
water. The solutions were changed after each experiment.
All electrochemical experiments were performed at 298 K.

2.4. Characterization techniques

The following techniques were used for material charac-
terization: scanning electron microscopy (SEM), and energy
dispersive X-ray analysis (EDX). SEM and EDX analysis
were carried out with JEOL JXA, model 8900RL, equipped
with an energy dispersive X-ray detector. The samples were
covered with carbon for EDX analysis, and afterwards, cov-
ered with gold for obtaining SEM microphotographs.

3. Results and discussion

The crystallization process of the zinc deposit begins with
the growth of nuclei. The rate and the direction of nucleus
growth depend on current density. Therefore, there is a cor-
relation between current density and coating morphology
[ the
c -
t nsity.
T th of
m dius
g e is
l sity
d glom
e adius
g rger
t ii do
n large
m nc
d

ot
o arge

efficiency. Charge efficiency decreases with the increase in
current density. This happens because hydrogen evolution on
metallic zinc increases when current density increases.

The reaction potential (measured for a constant charge
density) as a function of the logarithmic of the current den-
sity (Fig. 4) demonstrates that zinc electrodeposition ki-
netics mechanism changes. It is activation controlled for
current densities lower than 20.0 mA cm−2, and becomes
mass-transport controlled for current densities higher than
20.0 mA cm−2.

EDX analysis shows that independently from current den-
sity, potassium, sulphur, and oxygen are adsorbed onto the
zinc deposit. Potassium and sulphur are from the solution.
The oxygen detected may either come from the electrolytic
solution or result of the growth of pre-existing film on metal-
lic zinc. Fig. 5 is a typical example of EDX for zinc deposit.

4. Conclusions

There is a correlation between current density and zinc
deposit morphology. Oscillations in the reaction potential in
the chronopotentiometric plot appear as the result of irregular
growth of metallic zinc. Scanning electron microscopy of the
zinc deposit showed that for low current density, the crys-
tal agglomerates show microporosity, while for high current
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9]. Oscillations in the reaction potential can be seen in
hronopotentiometric plot shown inFig. 1. Potential oscilla
ion frequency decreases with the increase in current de
hese oscillations appear as a result of the irregular grow
etallic zinc. For high current densities, the nucleus ra
rowth rate in a direction parallel to the electrode surfac

arger than that in other directions. In this case, microporo
ecreases and the macropore extension between the ag
rates is smaller. For low current densities, the nucleus r
rowth rate perpendicularly to the electrode surface is la

han in other directions. In this case, the nucleus rad
ot overlap, and thus the crystal agglomerates present
icroporosity.Fig. 2 shows SEM micrographs of the zi
eposit.

As can be seen inFig. 3, the current density affects n
nly deposit morphology but also electrodeposition ch
-

ensity, microporosity and the extension of macropore
ween agglomerates are smaller. Current density affec
nly deposit morphology but also electrodeposition ch
fficiency. Parallel reactions such as hydrogen evolutio
uce the charge efficiency of recovery of zinc from a

ine solution. Zinc electrodeposition is activation contro
or current densities lower than 20.0 mA cm−2, and become
ass-transport controlled for current densities higher
0.0 mA cm−2. EDX analysis showed that potassium, s
hur and oxygen are adsorbed onto zinc deposit.
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