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Abstract—Spent Zn-Mn button cells are one of the fastest-growing battery waste streams containing considerable
amounts of Zn (12-28% (w/w)) and Mn (26-45% (w/w)) that could be considered as a potential industrially demanded
source of Mn and Zn. However, due to the very toxic, stable, and refractory nature of the button cell batteries, applying
microbial leaching for metal extraction from spent batteries is limited. In this regard, this study focused on detoxicate,
enriching, and mobilizing major elements through thermal treatment assisted by acidic bioleaching. It was witnessed
after thermal pretreatment of BCBs powder at 600 °C, the A. ferrooxidans could tolerate up to 20 g/L BCBs containing
a high concentration of Mn and Zn by serial step-wise adaptation process. The use of thermal pretreatment increased
by 76% and 75% extraction yields of Mn and Zn compared with the results obtained using un-thermally pretreated
BCBs powder. The result indicated that 95% of zinc and 91% manganese were efficiently extracted from thermally pre-
treated BCBs. A. ferrooxidans and Fe* play an important role to improve Mn and Zn extraction efficiency. The struc-
tural and morphological analyses showed that the proposed approach could successfully overcome spent button cell
batteries complexities and extract most of the major metals.
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INTRODUCTION

Button cells as tiny round transportable batteries are widely used
in various devices such as hearing aids and wristwatches, thanks to
their long operation life, small size, and high energy capacity. But-
ton cells as primary non-rechargeable batteries are divided into
different types, such as alkaline, lithium, and silver-oxide, all con-
taining a considerable amount of valuable and heavy metals [1].

Zinc and manganese batteries contain a large percentage of Zn
(12-28% (w/w)) and Mn (26-45% (w/w)) can be considered as sec-
ondary source of these metals. Mn is the twelfth most abundant
element in the Earth’s crust, with an average concentration of 1,000
ng/g. Global demand for Mn is projected to reach 28.2 million
tons by 2022, while Mn production will fall to 19.1 million tons in
the same year. This deep gap between supply and demand for Mn
metal will lead to an increase in the price of this metal over the
next few years. Therefore, in order to supply Mn in the future, the
use of secondary resources must be considered. In fact, spent Zn-
Mn batteries can act as artificial mines and Mn can be extracted
from them [2].

Heavy metals are dangerous pollutants, as they are not decom-
posed or perished in the environment [1]. Zn-Mn batteries as alka-
line batteries are widely used in different devices. These batteries
are estimated to be sold much more extensively than any other type
of batteries due to their lower prices. The residue of these batteries
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contains Zn, Mn, and Hg, which are highly toxic to humans and the
environment if disposed unsafely [3]. Although several legislations
prohibit the use of heavy metals in devices and control their dump-
ing, heavy metals are used to some extent in batteries. Furthermore,
the production and use of batteries have risen significantly in recent
years, causing uncontrolled disposal of batteries. One report shows
that almost 88% of dumped button cells were not considered as dan-
gerous wastes and mixed with safe ones [4]. Thus, recycling of these
batteries is essential. The disposal of BCBs in landfills results in loss
of valuable metals and serious environmental contamination [4,5].

Traditional methods such as hydrometallurgy and pyrometal-
lurgy are being used as recycling methods [6,7]. They use energy
and chemical agents to recover heavy metals from wastes, respec-
tively. There have been different studies on the recovery of heavy
metals from alkaline batteries through hydrometallurgy process
[8-10]. Leaching with sulfuric acid is the most common hydrome-
tallurgical process for recovery of Mn and Zn from alkaline batteries,
allowing achieving high zinc dissolution, but manganese recovery
is always between 10-43% [11]. Recent publications indicate that
manganese recovery from alkaline batteries is always small [12].
Also, acid leaching is expensive and makes secondary pollution in
the air and water [3].

Thus, an environmental and effective method of recycling is re-
quired for recycling solid wastes [13,14]. Bio-hydrometallurgical pro-
cess (known as bioleaching) is an growing technology with a remark-
able potential that uses bacteria or fungi for metal dissolution from
solid waste [15]. Bioleaching is an eco-friendly, cost-efficient, and
simple way of recycling in comparison with other conventional
methods [16,17]. In general, there are a very limited number of re-
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ports on the bioleaching of valuable metals from Zn-Mn batteries,
and more research is needed on this topic. The bacterial and fun-
gal bioleaching of spent batteries mostly harvests 20-90% of extraction
yield for Mn [18,19].

In the spent medium bioleaching method, organic acids pro-
duced by Aspergillus niger were used to dissolve Ni, Co, Mn, Li, Cu
and Al from spent lithium-ion batteries (LIBs) [20]. As reported
in our previous study, we have examined the potential for extract-
ing zinc and manganese from spent ‘button-cell’ batteries by using
a culture supernatant of Acidithiobacillus ferrooxidans acidophilic
bacteria. The maximum recoveries for manganese and zinc were
99% and 53%, respectively;, using 10 g/L spent button-cells [21].
The majority of the studies suggest non-contact bioleaching or two-
step bioleaching approaches to decrease the negative effect of tox-
icity of spent batteries on microbial activity. In the current work,
we propose the use of thermal pretreatment to improve bioleach-
ing efficiency at high pulp density during one-step bioleaching. In
this regard, thermal pretreatment is an interesting option, which
has proven to be successful in the minimization of toxicity of the
waste at high pulp density in bioleaching process.

There have been different studies using thermal pretreatment in
bioleaching as a way to improve the extraction efficiency of heavy
metals [22-24]. For example, thermal pretreatment of brake pad
waste changed the mode of Cu in the waste from insoluble form to
soluble form, which significantly increased the bioleaching of cop-
per [25]. The process of low-temperature treatment is a simple and
effective method of removing organic matter and transforming
metals to promote bioleaching of heavy metals-containing wastes.

The past works did not consider thermal pretreatment as a means
of reducing toxicity of batteries waste for bacteria activity at high
content of battery waste. In many cases, manganese was not effec-
tively released from high concentrations of spent Zn-Mn batteries
through bioleaching. Up to now; there is no report on using a ther-
mal pretreatment for spent button cell batteries (BCBs) to increase
pulp density and manganese recovery in bioleaching process. This
study was done to propose a competent and efficient bioleaching
process for high extraction of Zn and Mn from spent Zn-Mn
button cells at high pulp density. The first aim of the current study
is to analyze the reasons for the increase of bioleaching efficiency
of Mn and Zn by thermal pretreatment at high pulp density. Ac-
cordingly, through this paper, the bioleaching mechanism of ther-
mally treated BCBs was studied in detail to determine reference
conditions for bioleaching of Mn and Zn from spent button cell
batteries.

MATERIALS AND METHODS

1. Spent BCBs Powder Preparation

Almost 1kg spent button cells batteries (BCBs) were obtained
from various watch stores in Tehran, Iran. BCBs were different in
sizes and compositions (based on different manufacturers). Button
cells were dismantled manually into different parts, such as anode,
cathode caps, plastic separator of anode and cathode, and powder.
The powder was dried in an oven at 100 °C (to eliminate the elec-
trolytes) and was then crushed and mixed using a home blender
(Moulinex, AR1044, 180 W). It was sieved with a #200 mesh to

obtain a mixed analogous black powder with a particle size of less
than 70 pm.
2. Characterization of BCBs Powder

The amount of metal content in BCBs was specified after alka-
line digestion using an inductively coupled plasma optical emission
spectrometer (ICP-OES) (Vista-pro, Varian, Australia). In alkaline
digestion, 0.25 g of the un-pretreated and thermal pretreated BCBs
powder was placed in a platinum crucible and mixed with sodium-
potassium carbonate plus boric acid and heated up to 950°C in a
furnace. The crucible content was cooled and dissolved in HCl
(Sigma-Aldrich; >99.99%) in ratio of 1 to 1. Then, 5 mL mixture
of HNO; (Sigma-Aldrich; >299.0%) and HCl in a ratio of 1: 3 was
added to the solution and heated for 30 min [26]. After cooling, the
solution was filtered and volume was adjusted to 100 mL with dis-
tilled water. The concentration of major elements in the solution
was determined by inductively coupled plasma optical emission spec-
trometer (ICP-OES) (Vista-pro, Varian, Australia). The ICP-OES
technique extracts elemental information from samples by measur-
ing their emission spectra in order to estimate and identify their con-
centrations. Plasma is used to desolate, ionize, and excitably excite
samples. An element can be identified by its emission lines, and quan-
tified by the intensity of those lines. The wavelengths (nm) used were:
Zn: 213.857; Mn: 257.610; Cu: 324.754; Ni: 231.604; Ag: 328.068;
Al 396.152; Pb: 220.353; Cd: 228.802. Before analysis, samples were
diluted to reduce matrix interferences. The dilutions performed
were 1:10 and 1:25, depending on the concentration level. The
calibration was performed by using a graph of external calibration
prepared in the extracting reagent for ICP-OES measurements.
3. Thermal Pretreatment of BCBs Powder

Thermal pretreatment was applied on BCBs powder using a
thermal gravimetric analyzer-differential thermal analyzer (TGA-
DTA; Mettler Toledo, Switzerland) to find the best temperature for
thermal pretreatment. TGA analysis is a remarkable method for
interpreting the thermal treatment behavior of the powder. It shows
the mass loss and rate of mass loss against time and temperature
[27]. TG (%) indicates the conventional mass loss of the sample
during the pyrolysis process. DTG (%/min) is the mass loss rate of
the sample, which is obtained from the first derivative of TG (%)
versus time (min). Specifically, 15 mg+1.0 mg powder was placed
in Alumina 70 pl sample holder which was used for TGA analy-
sis. Air was used as a carrier gas with a flow rate of 50 mL/min.
The sample was heated from room temperature to 1,200 °C with a
heating rate of 10 °C/min. To prepare thermally pretreated BCBs
powder, BCBs powder was put in a crucible and placed in an elec-
trical furnace (Wisetherm FP, DAIHAN Scientific, South Korea)
for 4 h with specific temperature 200 °C and 600 °C based on TGA
analysis result.
4. Bacteria Inoculum Preparation and Growth Medium

Acithiobacillus ferrooxidans (PTCC 1664) as an iron-oxidizing
bacterium was used for bioleaching the spent BCBs powder. It was
purchased from Iranian Research Organization for Science and
Technology (IROST), Tehran, Iran. The medium used for this bac-
teria was 9 K, which contains 44.48 g FeSO,-7H,O (Sigma-Aldrich;
299.5%), 3.00g (NH,),SO, (Sigma-Aldrich; >99.0%), 0.1g KCl
(Sigma-Aldrich; >99.0-100%), 0.50 g MgSO,-7H,O (Sigma-Aldrich;
299.5%), and 0.01g Ca(NO;), (Sigma-Aldrich; >299.0%) [28] in

Korean J. Chem. Eng.(Vol. 39, No. 9)



2446 F. Pourhossein et al.

1,000 mL deionized water. The pH of the medium for the growth
of the bacteria was adjusted to 2 by sulfuric acid 98% solution.
Growth curves of bacteria were obtained by directly contacting
them in liquid solution. Samples for bacterial counting were put on
a Neubauer chamber (with a depth of 0.1 mm and an area of 0.0025
mm’) under a phase-contrast microscope (ABS 120-4 Zeiss, Ger-
many) with 400X magnification. Using the number of cells in the
chamber, the concentration or density of the cells in the mixture
that contains the sample can be calculated. Counting cells in a high
cell concentration requires diluting the suspension to a level low
enough for the density to be low enough. In that case, the final
count must be multiplied by the dilution factor.

5. A. ferrooxidans Adaptation Process

Adaptation of bacteria was done via serial sub-culturing method
for both pretreated and un-pretreated BCBs powders [29]. First,
adaptation was started with 0.1% (w/v) of pretreated and un-pre-
treated BCBs powder in a 250 mL Erlenmeyer flask containing 9K
medium with 10% (v/v) active A. ferrooxidans culture with a cell
density of >1x10’ cells/mL. The adaptation process was performed
in eight steps: 1, 2.5, 5, 7.5, 10, 15, 20 and 25 (g/L) BCBs-600 °C.
In each step, when the bacterial cell density reached 5x10 cell/
mL, the flasks were put aside for 1h to separate adapted bacteria
cells from BCBs-600°C powder and used as inoculum for the
next step with more concentration of BCBs-600 °C powder. At the
end of the adaptation process, the flask containing a high concen-
tration of BCBs-600 °C was centrifuged for separating the adapted
free bacteria cells from solid powder. Then, 10 mL of supernatant
was added to 90 mL of 9K media for preparing a pure culture of
adapted A. ferrooxidans for all bioleaching experiments. All flasks
were placed in a shaker incubator (WIS-20R WiseCube, South
Korea) at 140 rpm and 30 °C for 21 days.

6. Bioleaching Experiments

Two different bioleaching methods based on the presence of
bacteria were used for zinc and manganese extraction from BCBs-
600 °C powder.

6-1. One-step Bioleaching

In the one-step bioleaching method, 2% (w/v) of BCBs-600 °C
powder was added to 90 mL 9K medium, after which the pH of
the medium was adjusted to 2.0 by 98% sulfuric acid [30]. Next,
inoculation was performed by adding 10% (v/v) adapted A. ferroo-
xidans. The flask was placed in a shaker incubator at 140 rpm and
30°C for 21 days.

6-2. Spent Medium Bioleaching

In the spent medium bioleaching method, first 10% (v/v) of
adapted A. ferrooxidans was added to 9K medium and cultured
until logarithmic phase (5" day) when the ferric ion concentration
as the main metabolite produced by A. ferrooxidans reached 6 g/L.
Biogenic metabolites generated by bacteria were separated from A.
ferrooxidans cells through centrifugation at 12,000 g for 15 min at
4°C. Then, 20 g/L BCBs-600 °C powder was added to bio-metab-
olite and was placed in a rotary shaker with 140 rpm and 30 °C for
21 days [31].

During the bioleaching process, every two days, biochemical
parameters including pH, Eh, Fe™* concentration, and cell density
were measured to have a better understanding of bioleaching pro-
cedure. To determine the concentration of metals in the bioleach-
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ing solution over time, 5mL of bioleaching solution sample was
taken from each flask and centrifuged at 3,000 g for 2 min and passed
throughout Millipore filter to remove solid particle for ICP-MS
(Vistapro, Varian, Australia) analysis. All experiments were run in
triplicate with mean values considered. During the bioleaching
period, water evaporation was compensated with injecting distilled
water in to all flasks.

7. Leaching by Chemical Ferric

Ferric iron is the main metabolite generated by A. ferrooxidans
in the logarithmic phase through ferrous sulfate oxidation. To investi-
gate the role of biological ferric ion in metal extraction during bio-
leaching of metals from BCBs-600 °C, leaching through chemical
ferric sulfate (Fe,(SO,);) (Sigma-Aldrich; 299.5%) was done. In
leaching by chemical ferric sulfate experiment, 24.39 g Fe,(SO,);
(6.83 g/L ferric ion) was added to 1,000 mL of distilled water and
mixed for 1h. 20 g/L BCBs-600 °C powder was added to a afore-
mentioned solution [32]. The flask was put in a shaker incubator
at 140 rpm and 30 °C for 21 days. At the end of this period, sam-
ples were taken for ICP-MS analysis to examine the extraction of
selected metals, and further compared with metal recovery effi-
ciency via the bioleaching process.

8. Analytical Procedure

pH variation of each flask was measured by a digital pH meter
(CP-500L, ISTEK, South Korea) during bioleaching. The oxida-
tion and reduction changes were also monitored by an Eh meter
(691 Metrohm, Switzerland). Ferric ion concentration was mea-
sured by 5-Sulfosalicylicacid (SSA) colorimetric method [33]. The
standard line was prepared by chemical ferric sulfate in distilled
water within the range of 1 to 10 g/L with absorbance measured at
500 nm.

Different analyses including XRD (X'Pert MPD, Philips, Neth-
erland) and SEM-EDX (CamScan MV2300, Czech Republic) were
performed on thermally pretreated and un-pretreated BCBs pow-
der before bioleaching to indicate the effect of thermal pretreatment
and bioleaching BCBs powder structure.

RESULTS AND DISCUSSION

1. Thermal Pretreatment
1-1. TGA Analysis of BCBs Powder

Fig. 1 displays the thermal behavior of BCBs powder under TGA
analysis. As can be seen, the percentage of weight loss was mea-
sured within 200-1,200 °C. The thermal treatment process of BCBs
powder could be divided into three stages. It was shown that the
powder has a greater reaction within this range of temperature
where decomposition and weight loss occur faster. The first weight
loss of around 1% was observed between 25 °C and 100 °C, which
is attributed to evaporation of physically absorbed water in the
powder [34]. The second loss of weight of about 3% from 236 °C
to 330 °C, with a sharp peak at 200 °C probably due to C was burnt
[35]. The weight-loss region is between 250 °C and 600 °C, which
is ascribed to the complete ignition of organic matters (acetylene
black and PVdF) in the powder and decomposition of ZnMn,O,
and ZnO causing almost 13% weight loss [36]. It is noteworthy
that ZnO that exist in BCBs powder can be reduced to metallic
zinc according to the following reactions [22,37]:
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Fig. 1. (a) Derivative Thermogravimetry; (b) thermogravimetric analysis of BCBs powder, (c) the mass loss during 200-600 °C.

ZnO+C—Zn+CO (1
7Zn0+CO—Zn+CO, )
C+0,—CO0O, 3)

Eq. (1) occurs in an inert atmosphere, which means that car-
bon is needed for the reduction of ZnO. Carbon can be provided
from the graphite of batteries. To avoid the simultaneous reaction
of the carbon with the oxygen of air, the reaction has to be carried
out in inert atmosphere. On the other hand, Eq. (2) occurs in the
presence of air or CO,. At high temperatures, oxygen reacts with
carbon and produces carbon dioxide (Eq. (3)), which reacts with
carbon and produces carbon monoxide (CO,+C—2CO) that
reduces the zinc present in the zinc-bearing phases to metallic zinc
[38]. Also, there is a small loss of weight between 600 °C and 1,200 °C
that is due to the complete combustion of organic matter in BCBs
powder. A total weight loss of 16% was observed in the entire range
of temperature that was attributed to the evaporation of oxygen
from the BCBs powder. Based on the weight loss rate graph of
BCBs original powder, two temperatures of 200 °C and 600 °C were
chosen for thermal pretreatment as the best calcination temperature.
1-2. BCBs Powder Composition

Table 1 reports the ICP-MS results of digested BCBs powders
before and after thermal pretreatment at two temperatures. The
original BCBs powder contains approximately 26.5% Mn, 16.5%
Zn, 49% K, and a low concentration of Ni, Ca, Cu, Cr, Al, and
Mg (£0.02%). The carbon content was approximately 9.37% (w/w).
After thermal pretreatment at 200 °C and 600 °C, 0.52g and 2.18 g
total mass of BCBs powder decreased. The metal concentrations
increased to 54% (w/w) and 56% (w/w), at 200 °C and 600 °C,
respectively. The metals Zn and Mn were identified as major ele-
ments in un-pretreated BCBs powder with 26.5% and 16.5% (w/w).

Table 1. The metal content of BCBs powders before and after ther-

mal pretreatment
Metals Original BCBs ~ BCBs-200°C BCBs-600 °C
(%w/w) (%w/w) (%w/w)

Mn 26.5 28.7 29.2
Zn 16.5 18.46 19.21
K 49 53 5.7
Cd 0.68 0.72 0.78
Ag 0.42 0.48 0.5
Na 0.26 0.29 0.35
Cu 0.1 0.15 0.21
Fe 0.09 0.1 0.12
Ni 0.19 0.08 0.1
Ca 0.03 0.03 0.03
Al 0.02 0.01 0.02
Mg 0.02 0.02 0.02

It can be seen that Mn and Zn weight percentage rose to 29% and
19% (w/w) through raising the thermal pretreatment temperature
from 200 °C to 600 °C due to the combustion of the volatile frac-
tion of the BCBs powder such as black carbon. Also, the changes
in the color of BCBs powder from black to dark brown at 600 °C
were probably cleared that the carbon in the spent Zn-Mn battery
was totally burned out at temperatures above 200 °C.
1-3. XRD, SEM and Mapping Analysis of BCBs Before and After
Thermal Pretreatment

XRD analysis was employed to investigate the changes in the
mineralogy of samples before and after thermal pretreatment at
200 °C and 600 °C based on TGA analysis (Fig. 1). According to
the results (Fig. 2), the original spent BCBs powder contained dif-
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Fig. 2. XRD pattern of (a) original BCBs; (b) BCBs-200 °C; (c) BCBs-600 °C; SEM-Mapping images of (d) original BCBs; (e) BCBs-200 °C; (f)

BCBs-600 °C.

ferent main phases of graphite (C), zinc oxide (ZnO), and hetaero-
lite (ZnMn,O,) [39,40], where a large amount of non-metal com-
pound complicates the efficient release of metals during bioleach-
ing process. After thermal pretreatment, the diffraction peak of car-
bon totally disappeared with an increase in temperature. The absence
of a carbon peak confirms its conversion to carbon dioxide (Eq.
(3)) [24]. At 200°C, the phase composition of the BCB powder
was not changed, while the low temperature thermal pretreatment
might cause quantitative changes in the phase compositions [24].

At 600°C, the phase composition of the thermally pretreated
sample changed, and the main phases identified in this sample
(ZnMn,O,, ZnMn,0,, ZnO) are shown in Fig. 2(c). The charac-
teristic peaks suggest that ZnMn,O, structure will decompose to
ZnO and ZnMn,0,-3H,0 (soluble form) by increasing thermal
pretreatment from 200 °C to 600 °C. As mentioned, at higher tem-
peratures, the C decomposition leads to a reduction process for
ZnO [22]. Therefore, this reduction led to more reachability of Zn
in bioleaching process.

The effect of thermal pretreatment on the surface morphology
of the original BCBs powder was observed via SEM and mapping
analysis, Fig. 2. As shown, unpretreated BCBs powder has a smooth
surface without any significant pores (Fig. 2(d)). The SEM pictures
of the pretreated powders at 200 °C and 600 °C (Fig. 2(d) and (f))
show microstructural changes in the surface of BCBs powder due

September, 2022

to thermal pretreatment. The thermal pretreatment has a signifi-
cant effect on BCBs powder surface structure and particle size. The
roughness and porosity of the surface of the original BCBs pow-
der increased by raising the thermal pretreatment temperature
from 200 °C to 600 °C. The 600 °C-thermal treatment altered the
morphology and components of BCBs more than the 200 °C-heat
treatment. A more needle-like or rod-like matter representing Mn/
Zn oxides appears in the surface of BCBs powder when organic
matter surrounding the batteries has been removed. Therefore, more
reactive and fresh surfaces will be accessible for microorganisms
and lead to better metal mobilization during the bioleaching pro-
cess. Fig. 2(f) depicts that the particle size of BCBs powder dimin-
ished after thermal pretreatment at 600 °C. The mapping analysis
shows that by increasing the pretreatment temperature from 200 °C
to 600 °C, the carbon content significantly decreased, while the
amount of Mn and Zn increased as shown clearly by the color
green and yellow.
2. Effect of Thermal Pretreatment on the Extraction of Zn and
Mn from BCBs Powder

Based on Fig. 3, A. ferrooxidans cannot grow in the presence of
un-pretreated BCBs powder and pretreated BCBs powder at 200 °C,
but they could grow in the presence of pretreated BCBs powder at
600 °C. The effect of thermal pretreatment on bacterial growth
and activity was investigated at 1 g/L of un-pretreated, pretreated-
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200 °C, and pretreated-600 °C BCBs powder (Fig. 3(b)-(c)). As com-
pared to A. ferrooxidans ability in presence of un-pretreated BCBs
and BCBs-200 °C, A. ferrooxidans has more tolerance for BCBs-
600 °C. The results related to the ferric concentration and oxida-
tion-reduction potential indicated that A. ferrooxidans cell does
not have any activity in the presence of unpretreated BCBs and
BCBs-200 °C powder; it was most probably because of the hazard-
ous nature of carbon in unpretreated BCBs for bacterial growth
and activity [41,42]. After thermal pretreatment at a suitable tem-
perature (600 °C), carbon completely is removed in BCBs powder
and also changes the powder structure and composition to a solu-
ble form. Thus, A. ferrooxidans could grow after a long lag phase
(12 days). Metabolic processes such as ferrous sulfate bio-oxida-
tion in A. ferrooxidans cause the production of main metabolites
such as ferrous sulfate and protons (Egs. (4)-(7)) [43]. The produc-
tion of these metabolites increases Eh values. A sharp increase in
Eh means the bacteria entrance into the logarithmic phase [44].

4Fe* +0,+4H'—>4Fe* +2H,0 )
©)

(6)

Fe’*+H,0—Fe(OH)*'+H"

Fe**+2H,0—>Fe(OH); +2H"

Fe’*+3H,0—Fe(OH),+3H" )

To achieve a high concentration of BCBs powder, the adapta-
tion process of A. ferrooxidans was done from 1 g/L to 25 g/L BCBs-
600°C powder using serial subculture method [45]. The time
required for the adaptation of A. ferrooxidans to BCBs-600 °C is
shown in Fig. 3(a). The longest required time (12 days) for bacte-
rial adaptation was at 1 g/L with the adaptation time decreasing by
increasing the solid concentration until 10 g/L. This is because A.
ferrooxindans cells under stress change the synthesis of particular
proteins, making the bacteria immune to a toxic environment where
the bacterial tolerance to the high concentration of heavy metals
grows constantly [46]. In the presence of 20 g/L BCBs-600 °C, the
adaptation time decreased to five days since the biochemical resis-
tance mechanism of bacteria against heavy metals improved during
the adaptation process. The highest solid concentration tolerable
by bacteria was 20 g/L beyond which (25 g/L), A. ferrooxidans could
not grow. This is because, the toxic metal concentration of BCBs-
600 °C powder was more than the bacteria tolerance level and the
high concentration of heavy metals harming the bacteria cell mem-
brane [47]. So, it is reasonable to conclude that the perfect cooper-
ation between thermal pretreatment at a suitable temperature and

Korean J. Chem. Eng.(Vol. 39, No. 9)



2450 F. Pourhossein et al.

adaptation process is absolutely promising to achieve a strain with
resistance to a high concentration of BCBs powder.

The effect of thermal pretreatment on Zn and Mn bioleaching
was studied using unpretreated BCBs and BCBs- 600 °C samples.
According to Fig. 3(d), in comparison to bioleaching with un-pre-
treated BCBs, bioleaching with BCBs-600 °C exhibited good per-
formance on the extraction of metals from BCBs powder. The Zn
and Mn extraction efficiency through bioleaching with unpretreated
BCBs powder was 21% and 16%, respectively. The waste contains
various components, causing a negative effect on bacterial growth
during the bioleaching process. The lack of bacterial activity in
presence of unpretreated BCBs led to low leaching yields of met-
als. In bioleaching with unpretreated BCBs powder, the results show
that the abiotic H,SO, has a slight effect on the bioleaching of Zn
and Mn through a chemical reaction. The main reason for the low
recovery rate of Mn, and Zn was insoluble Mn and Zn in spent
BCB matrix in a high percentage, which brought about the toxic
and alkaline medium for acidophilic bacteria and decreased the
activity. The result suggested that for the conversion of insoluble
MnO, to Mn*, a strong reducing agent, namely ferrous ion, is vital.
In bioleaching with thermally pretreated BCBs powder, the reac-
tion between H' and Fe™" as leaching agents with a metal compo-
nent results in high extraction of metals from BCBs powder [39,
44,48]. Here, thermal pretreatment improved the bioleaching per-
formance by changing the refractory form of Zn and Mn into a
tractable form [25]. After thermal pretreatment, ZnMn;O, was
formed and the leachability of Mn was improved. The strong trans-
formation of Mn/Zn oxides resulted in a large amount of track-
able ZnO and ZnMn,0O,, which could be effectively extracted by
autotrophic bioleaching for the maximum mobilization of both
Mn and Zn [49]. ZnMn,O, is composed of soluble ZnO, MnO
and insoluble MnO,. Mn and Zn in ZnO and MnO are easily
released via acidolysis by biogenic H', and Mn"" in MnO, is ex-
tracted through reduction by bio-derived Fe** and acidolysis by
biogenic H' [3,12,21]. As a result of the 600 °C thermal treatment,
the refractory Mn/Zn carbonates are transformed into trackable
MnO and ZnO, and the carbon organic matter surrounding the
BCB is removed, facilitating acidolysis and reduction reactions. The
600 °C-heat treatment enhanced the formation of ZnMn,O, and
ZnO due to stronger oxidation at higher temperatures, which pos-
itivity affected the bioleaching capability of Mn and Zn. Accord-
ingly, the highest temperature of 600 °C caused the BCB structure
to collapse, leading to a rapid and successful bioleaching of both
Mn and Zn from the BCB at 600 °C.

Additionally, siderophores are organic ligands in a large number
of bacteria and fungi in iron deficiency conditions. Most sidero-
phores have several functional groups, such as hydroxamates, cate-
cholamines, and carboxylates for metal bonding. Siderophores can
solubilize Mn; the Mn-siderophores can reduce the toxicity of this
metal for microorganisms when there is a high concentration of
this metal [50].

As can be seen in SEM images, the particle size of BCBs pow-
der decreased after thermal pretreatment where generally small
particles facilitate Mn and Zn extraction because of increased mass
transfer [42]. Thermal pretreatment increases the active surface
area by decreasing the BCBs particle size for leaching agent pene-
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tration into the particle. Also, the thermal pretreatment causes ero-
sion on the original BCBs sample surface, thus increasing porosity
and surface roughness. The surface roughness and smaller parti-
cle size must be taken into consideration for a successful bioleach-
ing process.

3. Extraction of Zn and Mn from Thermal Pretreated BCBs
by Different Methods

According to Fig. 4, in comparison to chemical leaching and
spent medium bioleaching, one step bioleaching exhibited a good
performance on the extraction of metals from BCBs powder. At
20 g/L of BCBs-600 °C, 95% of Zn and 91% of Mn were extracted
in 21 days by one-step bioleaching process. The oxides ZnMn,O,,
ZnMn;0;, ZnO were observed in the samples after thermal pretreat-
ment at 600 °C. Under acidic conditions, ZnMn,O, and ZnMn,O,
decompose and ZnO, MnO, and MnO, are released in the solu-
tion (Eq. (8)-(9)). As mentioned, in the bioleaching process, there
are two intermediate metabolites, (H') and (Fe™), used for metal
extraction [51] . Fe™* as an oxidizing agent attacked the BCBs-600 °C
matrix, reacted with Zn and Mn compounds, and were converted
to Fe’" ions. Then Fe’* ions were oxidized to Fe** by the bacteria
for gaining energy. Zn and Mn solubilization occur through a cyce
between Fe’* and Fe’*. Furthermore, the reaction of Zn and Mn
extraction from BCBs-600 °C powder occurred through reduc-
tion of ZnO, MnO, and MnO, via H" produced by bacteria in
bioleaching solution (Eq. (10)-(14)) [52,53]. The oxygen atoms in
this metal-oxide are attacked by H', and the protonated atoms of
oxygen hydrolyzed and the metals (Zn and Mn) detached from
the BCBs-600 °C matrix.

In the BCBs-600 °C powder, Mn is present in different forms
(Mn™", Mn") [12,54]. The Eh-pH diagram of the Mn-H,0 and
Zn-H,0 systems indicated that Mn’* and Zn’" can be dissolved in
the acidic region. But Mn"" will need a strong acidic condition to
form Mn** [36]. Fig. 4(b) and (c) display pH and Eh variations
during bioleaching of BCBs-600 °C powder. The rise in the pH of
the sample in the first days of one-step bioleaching is owing to the
alkaline nature of the BCBs. This means that the H" produced by
the bacteria (according to Egs. (5)-(7)) were consumed by acid-con-
suming components; thus, the metals present in the BCBs-600 °C
powder were released. Also, an increase in pH can be attributed to
the oxidation of Fe’* to Fe’". ZnO and MnO present in BCBs-
600 °C powder rapidly used the H" of the medium and increased
the pH of the bioleaching solution (Eq. (8)-(10)). Note that for
conversion of insoluble Mn" to soluble Mn*, a strong reducing
agent namely Fe™" is required (Eq. (14)) [55]. On the other hand,
the Fe’* from oxidation of Fe* in Eq. (14) caused a series of chemi-
cal reactions to produce Fe**. Metals solubilization can occur through
this cycle between Fe**/Fe’* [56].

ZnMn,0,—MnQ,+ZnO+MnO )]
ZnMn,0,—3MnO,+Zn0O ©
MnO+2H'—Mn** +H,0 (10)
ZnO+2H'—Zn*+H,0 (e8Y)
MnO,+2H'—>Mn**+H,0+0, (12)
ZnMn,0,+2Fe’ +4H"'—2Fe* +Zn** +2Mn**+0,+2H,0 (13)
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Fig. 4. (a) Metals leaching efficiency, changes (b) pH; (c) Eh; (d) cell count and Fe* over time by different bioleaching and leaching methods.

MnO,+2Fe"' +4H'—»2Fe +Mn* +2H,0  AG/=-18.17 (14)

The extraction yields of Zn and Mn through the bioleaching by
spent medium are less than the values of one-step bioleaching at
the same time. This can be related to the lack of bacterial activity
in spent medium bioleaching. Since spent medium bioleaching,
bacteria separated from bio-metabolite, so Fe* and H" cannot be
reproduced as a reagent for extraction of metals. Thus, during one-
step bioleaching, there is a far greater leaching agent to dissolve both
Zn and Mn than spent medium bioleaching. Therefore, A. ferroo-
xidans and Fe’" play an important role; in this process the bacte-
ria accelerated the proton and electron transfer.

Mn reducing microorganisms require direct contact with the
residue to reduce manganese. There is the Mn reductase enzyme
in the cell membrane of microorganisms. Mn plays an important
role as a catalyst and cofactor in the microorganism and also par-
ticipates in several reduction-oxidation processes. MnO, was used
in direct contact with microorganisms instead of oxygen as the
final receptor for electrons in the respiratory chain (Eq. (15)).

MnO,+H,0—Mn*'+20H" (15)

On other hand, in one-step bioleaching process, the presence of
the EPS layer on the cell surface is an important factor in the attach-
ment of bacteria to solid surfaces [57,58]. The EPS causes the ad-

hesion of the cells to sample and the highly concentrated Fe**/Fe’*
cycle causes the reduction of insoluble Mn. Also, EPS can help to
dissolve insoluble metals [59,60]. For better understanding, there
are many OH and COOH groups in EPS so that when these com-
pounds react with Fe** which release H' into the environment and
the acidity of the environment increases according to Eq. (16) [33]

Fe’"+3 EPS-H—>Fe (EPS),+3H" (16)

In the spent medium bioleaching and chemical leaching, there
are no bacteria for the reproduction of H" and Fe*, so the pH of
bioleaching solution increased constantly over time. At the begin-
ning of the spent medium bioleaching process, the Eh of the bio-
leaching solution decreased to 450 mV and Fe™ concentration
dropped from 6.7 g/L to less than 4 g/L. It can be attributed to two
reasons: (1) ferric ion attacks the metallic elements and metals mobi-
lized into the bioleaching solution (Egs. (13)); and (2) Fe** makes a
complex with the medium component (Eq. (17)) and forms jarosite,
which is an insoluble component. Note that the jarosite formation
reaction during bioleaching process usually happens at higher pH
values (>2.2) [61,62]. According to Fig. 4(c) after two days, the Eh
of the leach suspension rapidly increased, which is related to the
reaction between ferric ion and ZnMn,O, oxygen produced [63].
In the one-step bioleaching, the presence of bacteria led to the
consumption of oxygen and the value of Eh is lower than spent
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Fig. 5. Extraction of (a) Zn and (b) Mn over time in one-step bioleaching.

medium bioleaching.
3Fe” +K'+250; +6H,0—KFey(SO,),(OH)+6H" 17)

The Zn and Mn extraction efficiency through leaching by chemi-
cal ferric was 65% and 55%, respectively. In bioleaching, metal
leach yields were greater than those obtained through chemical
leaching, demonstrating the advantage of bioleaching in metal ex-
traction from BCBs. In the one-step bioleaching, the Fe'* and H"
were constantly generated in a green way by a series of biochemi-
cal reactions (Eq. (2)). Also, the better performance of bioleaching
is related to other metabolites such as amino acids and organic
compounds, which may be produced by bacteria during the bio-
leaching process [32].

As can be seen in Fig. 5(a) and (b), more than 50% of the recover
for Zn and Mn occurred on the first day of bioleaching due to the
high concentration of the leaching agent (H"). In the following
days, the Fe’* concentration increased with the growth of the bac-
teria (Fig. 4(c)) while pH dropped slightly. The increase in Fe™*
concentration led to enhanced metal recovery over time. Fig. 5
indicates that on early days, zinc and Mn were dissolved by H" as
a leaching agent, and then the metals were leached by the pro-
duced Fe™. After 10 days, The Fe’* concentration decreased from
7g/L to 1g/L at metal leach yields increased and reached the
highest metal extraction efficiency at the end of the 21" day. Also,
the reduction in Fe™* concentration can be related to the forma-
tion of the jarosite passive layer (Eq. (17)) on the BCBs-600°C pow-
der surface [64]. There is no significant increase in metal leach
yields after 15 days, which may be due to the jarosite layer covered
BCBs-600 °C surface inhibiting the diffusion of leaching agent to
the inside of solid powder.

4. Bioleaching Mechanism Exploration of the BCBs Battery
Powder by SEM-EDX and XRD Analysis

The effect of the bioleaching process on BCBs-600 °C powder
was characterized by structural analysis by SEM-EDX and XRD
after one-step bioleaching. The surface of the BCBs-600 °C pow-
der before bioleaching is non-porous and it turns into a porous
surface in response to bioleaching (Fig. 6(a)). Also, the cubic struc-
ture on the surface of bioleached BCBs-600 °C powder is related
to K-jarosite [61].

Fig. 6(b) reveals the mapping images of BCBs-600 °C after bio-
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leaching. Most of Mn and Zn was dissolved by a one-step bioleach-
ing process. The results of EDX analysis of BCBs-600 °C after bio-
leaching are shown in Fig. 6(c) and (d). Also, the amount of Zn
and Mn significantly diminished after one-step bioleaching, sug-
gesting the high extraction efficiency of Zn and Mn from BCBs
powder. Finally, the EDX analysis of bioleached BCBs indicated
jarosite layer formation on BCBs powder surface The XRD pattern
of the bioleached BCBs-600 °C (Fig. 6(e)) shows that sharp peaks
could be attributed to K-jarosite, formed as the passivation layer
on the BCBs-600 °C surface during one-step bioleaching by A. fer-
rooxidans and due to inhibition of complete metal dissolution [65].
Also, according to characteristic peaks after bioleaching, the peaks
related to ZnO and Zn Mn;O, completely disappeared and peaks
related to ZnMn,O, significantly decreased, because of high Mn
and Zn extraction during the one-step bioleaching process. The
ZnMn,O, was still identified in the bioleached residue, indicating
that bioleaching is ineffective for this solid phase.

CONCLUSION

The present work studied the enhancement of Zn and Mn bio-
leaching from spent button cell batteries via a temperature ther-
mal pretreatment. In the first step (thermal treatment), the ther-
mal analysis of the waste powder indicated that the suitable tem-
perature for thermal treatment of spent BCBs is 600 °C. Charac-
terization of thermal treated spent BCBs (BCBs-200 °C, BCBs-
600 °C) in terms of its structural and morphological using differ-
ent analyses indicated how the thermal treatment affects and pro-
motes the waste properties. In the second step (acidic bioleaching),
the thermal treatment affects the bacterial performance in the
bioleaching process by detoxicating and change of the spent BCBs
powder composition from a very stable and insoluble to a soluble
form. After thermal pretreatment, the A. ferrooxidans could toler-
ate up to 20 g/L spent BCBs containing high concentrations of Mn
and Zn by serial adaptation process. Under thermal pretreatment,
the acid-insoluble ZnMn,O, changes into an acid-soluble form,
thereby promoting the bioleaching performance of Mn and Zn.
Also, it was found that the extraction yields of Zn and Mn through
the bioleaching by spent medium are less than the values of one-step
bioleaching at the same time. At 20 g/L BCBs-600 °C, bioleaching
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Fig. 6. (a) SEM image; (b) mapping image; (c) and (d) EDX pattern; (¢) XRD pattern of bioleached BCBs-600 °C powder.

efficiencies of Zn and Mn improved to 95% and 91%, respec-
tively, using adapted A. ferrooxidans. Also, this study proved that
bioleaching is more efficient than chemical leaching for extraction
of Zn and Mn from BCBs-600 °C powder, with 33% for Zn and
31% for Mn. It was concluded that A. ferrooxidans and Fe™* play
an important role in this process; actually, the bacteria accelerated
the proton and electron transfer.
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