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Disposal of spent batteries constituted a serious environmental problem in terms of heavy metals content
when these devices are disposed off in inadequate way.

Alkaline and zinc-carbon batteries represent about 80 % of the market. In particular, alkaline batteries
have an average content of manganese dioxide (MnO3) of 37 %, while zinc content is of 16 %. The high
Mn and Zn content justifies the interest to recover the metals.

The present experimental work involves the application of innovative processes, such as the utilisation of
the physical-chemical method (electrolysis) and biological-chemical (bioleaching) method for Mn—Zn
recovery from spent alkaline batteries. Results have demonstrated the technical feasibility of the
processes.

1. Introduction

One group of waste which amount continuously increases is the group of electrical and electro-technical
waste including spent batteries. Battery is a collection of two or more electrochemical cells which represent
a source of direct current. In an alkaline battery, the anode is made of zinc powder (which allows more
surface area for increased rate of reaction therefore increased electron flow) and the cathode is composed
of carbon and manganese dioxide (MnOy). Acquisition of electric energy is based on chemical reaction
between zinc and carbon in the presence of alkaline electrolyte (potassium hydroxide) (Xara et al., 2009).
Electrochemical reactions are the following (Almeida et al., 2006):

Aanodic: Zn + 20H — ZnO + H,0 + 2¢’ (1)
Ccathodic: 2MnO; + H,O + 2e” — Mn,03 + 2 OH’ 2)

Alkaline batteries are mostly used as energy source for clocks, portable car equipment, toys, cameras etc.
After exhausting of chemical energy batteries become hazardous waste which contains many useful parts,
including metals. The spent zinc-carbon batteries contain Zn, MnO,, as well as ZnO and Mn;O3 produced
from discharging reaction (Shin et al., 2009).

Alkaline and zinc-carbon batteries represent about 80 % of the market. They have an average content of
manganese dioxide (MnOy) of 37 %, while zinc content is of 16 % (EPBA, 2008). The high Mn and Zn
content justifies the interest to recover the metals.

General ways of the alkaline batteries treatment can be divided into three groups: physical,
pyrometallurgical and hydrometallurgical treatment. In physical treatment the same methods are used as
are commonly used in mineral and ore processing with the aim to separate interesting metals or to create
fractions rich in metals. Usually it is first step also in pyrometallurgical or electrolytic treatment. But
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pyrometallurgical processes need a lot of energy because the temperature during treatment is often more
than 800 — 1,000 °C (Sayilgan et al., 2009). When hydrometallurgical processes are used, metals are
leached into solution and then recovered by precipitation or electrolysis. Zinc as amphoteric element may
be leached in sulphuric acid but also in sodium hydroxide. The advantage of acidic leaching is relatively
high efficiency; but part of the manganese is also leached. When hydroxide is used efficiency of Zn
leaching is lower, only up to 40 %, but other metals stay insoluble. So it is possible to remove Zn
selectively (SkorSepa et al., 1997). Very interesting possibility although not very studied in present time is
the possibility offered by biohydrometallurgical processes using living bacteria to recover metals (Ubaldini
etal., 1995).

The present experimental work involves the utilisation of the physical-chemical and biological-chemical
methods for Mn—Zn recovery from spent alkaline batteries. The main aims of the research were: - to
develop the preliminary experimental work to recover selectively MnO, and Zn from bioleaching solutions
containing Mn and Zn by electrolysis, with the scope to apply electrochemical technologies for Zn and Mn
recovery from spent batteries; - to verify the possibility of spent batteries processing by bioleaching with
Acidithiobacillus ferrooxidans together with the molasses coming, as waste materials, from agro-food
industry.

2. Materials and methods

2.1 Physical preparation and characterization

Manual dismantling products of spent alkaline batteries, such as plastic films, ferrous scraps and paper
pieces were discharged and mixture of the cathodic (manganese oxides) and the anodic (zinc oxides and
electrolytic solution) materials in form of powder was extracted (Veglio et al., 2003). The powder was dried
ground, using a ball mill, sieved and analyzed by X-ray diffraction (XRD), utilizing an automatic
diffractometer Bruker mod. D8 Advance (data not shown here). Quantitative chemical analysis was
conducted by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Average content of Zn in alkaline
batteries was 21.54 % and although we made it as homogenous as possible the zinc content was in the
range 20.05 — 24.15 %. In the case of manganese, average Mn content was similar - 21.36 % but the
content variance was bigger from 16.72 to 26.3 %. Average content in K was 4.9 %, while Ni 0.65 % and
Fe 0.6 %.

Iron represents the major impurity when Zn and MnO; are deposited in the electrowinning step, so it has
been precipitated by an alkaline reagent, while potassium has been removed by washing with distilled
water.

2.2 Bioleaching

A pure bacterial culture of A. ferrooxidans originated from acid mine drainage coming from Smolnik,
Central Slovakia, has been utilised (Luptakova et al., 2012a). 30 mL of inoculum was filtered and added to
600 mL of growth medium. The acidithiobacilli were cultured at initial pH 1.5 in 9 K medium and incubated
at t = 22 °C. Composition of 9 K medium was following (in g/L): KCI (0.1); (NH4)2S0O4 (3.0); K:HPO4 (0.5);
MgS04.7H,0 (0.5); Ca(NO3)2.4H,0 (0.014); FeS04.7H,0 (44.2); H,SO4 (1-5mL). Bacteria adaptation to
the powder of alkaline batteries was done by adding 5 g powder per 1 L of 9 K medium. Adaptation
process took one month at t = 30 °C. Before the start of the bioleaching experiments, the adapted bacteria
were transferred into the fresh 9 K medium and cultivated for 3 days, after that 10 g/L powder of alkaline
batteries was added. Then 5 g/L molasses were added as reducing agents (Veglid et al., 1998). The
bioleaching experiments were carried out at two different temperatures, 22 °C and 35 °C The pH values
were measured throughout the experimental period. The samples for analysis were withdrawn after 1, 3, 7,
10, 21 and 29 days of bioleaching process (Luptakova et al., 2012b). The Zn and Mn concentration in each
sample was determined by Atomic Absorption Spectrometry (Varian AA20+).

2.3 Electrowinning

With the aim to develop the electrowinning study, synthetic solutions, constituted from a manganese and
zinc sulphate, together with the other dissolved metals presents in the real solutions from bioleaching,
have been prepared, by reagents of high analytical degree of purity (Ubaldini et al., 2006).

A cylindrical glass laboratory cell of 200 mL in volume has been used. The cell was equipped by a
thermostatic water jacket connected with thermostatic bath, magnetic system for stirring and three
electrodes (Ubaldini et al., 2000).

The cell was connected to a potentiostat-galvanostat (AMEL mod. 555B), equipped with an instrument
system to automatically control the process parameters at constant potential conditions. By analysing the
residual solution with ICP-MS, the purity of the MnO, and Zn deposition was monitored, while the deposit
was analysed by XRD.
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Electrowinning experiments were carried out in potentiostatic operations at constant anodic potential and
stirring conditions. The kinetics of MnO; and Zn deposition were studied by selected voltages (Luptakova
etal., 2012).

In this way, the voltage between working and reference electrodes was automatically monitored. The
corresponding voltages (V) between working and counter electrodes (cell voltages) was measured with
differential electrometer.

Average experimental cell voltages were utilised to calculate the energy consumption during the tests. The
current flowing through the electrolytic cell was automatically integrated. To calculate the current efficiency
and the average energy consumption, experimental data were utilised (Ubaldini et al., 1994).

3. Results and discussion

3.1 Bioleaching

The bioleaching experiment was carried out to study the influence of temperature and molasses on Mn
and Zn dissolution (Veglio et al., 1998). Zinc concentration in the solution increased in the first 14 days of
bioleaching when the highest amount of Zn was dissolved. In general, a higher metal leaching efficiency
by A. ferrooxidans is reached in the 35 — 38 °C temperature range (Barrett et al., 1993). However, based
on our results (Figures 1-2, Tablel) a higher Zn bioleaching efficiency was reached at a lower temperature
(room temperature). Similar results were observed by Turocziova (2009) in zinc bioleaching from computer
motherboards. The addition of molasses as a reducing agent did not enhance Zn dissolution.
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Figure 1: Influence of reducing agent on Zn bioleaching by Acidithiobacillus ferrooxidans at temperature of
22 °C

The Mn bioleaching process rates were the similar to those in Zn bioleaching. Manganese dissolution was
the highest during the first 14 days of bioleaching. Mn bioleaching efficiency at a low temperature (22 °C,
room temperature) and in the absence of molasses was found to be 30 %. The addition of molasses did
not increased Mn bioleaching efficiency significantly (Figure 3, Table 1).

Based on the results (Figure 4, Table 1) it may be assumed that a higher temperature can slightly enhance
Mn dissolution from spent alkaline batteries.

Table 1: Efficiency of alkaline batteries bioleaching on day 14

Conditions Zn [%] Mn [%]
22 °C 63 45

22 °C + reducing agent 45 41
35°C 53 51.5

35 °C + reducing agent 45 41
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Figure 2: Influence of reducing agent on Zn bioleaching by Acidithiobacillus ferrooxidans at temperature of
35°C
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Figure 3: Influence of reducing agent on Mn bioleaching by Acidithiobacillus ferrooxidans at temperature of
22 °C
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Figure 4: Influence of the reducing agent on Mn bioleaching by Acidithiobacillus ferrooxidans at
temperature of 35 °C
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3.2 Electrowinning

Main observations consequent to the experimental texts for electrolytic selective recovery of MnO; from

synthetic solution containing Zn, have been the following:

e On the basis of data achieved during the preliminary electrodeposition texts, the experiments should be
conducted at temperature of 95 °C, at constant potential, at fixed value of 1.8 V (Anode - SCE) and
corresponding cell potential (anode - cathode) of 2.6-2.8 V.

e After 120 min of electrolysis 97.55 % of MnO; has been recovered, with average faradic yield of about
49 %, while the energetic consumption was of 3.48 kWh/kg of MnO, recovered.

e Zinc remains quantitatively in solution, after MnO2 anodic deposition.

e By Zn electrolysis of a solution containing only Zn sulphate, conducted at temperature of 40 °C,
constant potential, fixed value of 1.4 V (cathode - SCE) and corresponding cell potential (anode -
cathode) of 3.6 V, about 99 % of metallic cathodic deposition of Zn was achieved, with a faradic current
efficiency of 72.89 %, in 2 hours of electrolysis and an energetic consumption 4.08 kWh/kg of Zn
recovered.

e Selective recovery of MnO, and Zn from synthetic solution containing Mn e Zn, both in concentration of
10 g dm™ has been achieved. Best electrowinning results of the experiments have been shown in
Table 2. MnO, and Zn deposit at high grade of purity has been attained; this fact was demonstrated
from the results of the analyses conducted by diffractometric techniques.

Table 2: Main electrowinning results of the solution containing Mn and Zn

Species Recovery (%) N (%) E (kWh/kg)
Zn 98.90 72.89 4.08
MnO, 97.55 48.98 3.48

n = faradic current yield - E= energetic consumption

4. Conclusions

Results have demonstrated the technical feasibility of the application of bio-hydrometallurgical processes —
integrated by electrochemical technologies - for Zn and Mn recovery from exhaust batteries.

Bioleaching of spent batteries is one of the possibilities how in economical and environmentally friendly
way recover metals from batteries. As there is only very little knowledge about alkaline batteries
bioleaching our aim was to verify the possibility to use bacteria in this process. In according to our results,
bioleaching - integrated by electrochemical technologies - can be successfully used in the process of spent
alkaline batteries treatment. Influence of temperature on Zn and Mn bioleaching can help in selective
recovery of mentioned metals from batteries.

A quantitative recovery (about 98 %) of purified manganese (MnO,) and zinc dissolved in solution has
been achieved at the end of the electrodeposition step.

These results are very encouraging, considering that it is an innovative process. The further work,
including the optimization of parameters and operating conditions and the subsequent scale-up in
continuous applications, will permit to increase the process yields and to determine the economical
sustainability of the application.
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