Selective Acidic Leaching of Spent Zinc-
Carbon Batteries Followed by Zinc
Electrowinning

Hossein Shalchian, Ali Rafsanjani-
Abbasi, Jalil Vahdati-Khaki & Abolfazl
Babakhani

Metallurgical and Materials
Transactions B ——— ]

ISSN 1073-5615 | B |

Process Metallurgy and Materials Processing science

Metall and Materi Trans B

DOI 10.1007/s11663-014-0216-7 METALLURGIC AL AN D
MATERIALS TRANSACTIONS

Volume458=Number5
October 2014

@ Springer



Your article is protected by copyright

and all rights are held exclusively by The
Minerals, Metals & Materials Society and ASM
International. This e-offprint is for personal
use only and shall not be self-archived in
electronic repositories. If you wish to self-
archive your article, please use the accepted
manuscript version for posting on your own
website. You may further deposit the accepted
manuscript version in any repository,
provided it is only made publicly available 12
months after official publication or later and
provided acknowledgement is given to the
original source of publication and a link is
inserted to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.

@ Springer



Selective Acidic Leaching of Spent Zinc-Carbon Batteries

Followed by Zinc Electrowinning

HOSSEIN SHALCHIAN, ALI RAFSANJANI-ABBASI, JALIL VAHDATI-KHAKI,

and ABOLFAZL BABAKHANI

In this work, a selective acidic leaching procedure was employed for recycling zinc from spent
zinc-carbon batteries. Leaching experiments were carried out in order to maximize zinc recovery
and minimize manganese recovery in diluted sulfuric acid media. Response surface methodology
and analysis of variance were employed for experimental design, data analysis, and leaching
optimization. The experimental design has 28 experiments that include 24 main runs and four
replicate in center point. The optimal conditions obtained from the selective acidic leaching
experiments, were sulfuric acid concentration of 1 pct v/v, leaching temperature of 343 K
(70 °C), pulp density of 8 pct w/v, and stirring speed of 300 rpm. The results show that the zinc
and manganese recoveries after staged selective leaching are about 92 and 15 pct, respectively.
Finally, metallic zinc with purity of 99.9 pct and electrolytic manganese dioxide were obtained

by electrowinning.
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I. INTRODUCTION

INn developing countries like Iran, almost all of the
used household batteries are discarded in municipal
solid waste (MSW) without any special recycling pro-
gram.'!' MnO,-Zn cell batteries represent a major
amount among the spent batteries waste.”) The MnO,-
Zn battery importation in Iran has rapidly increased
since 2000, and its market share reached about 30 pct in
2004. Demand for MnO,-Zn battery consumption is
expected to increase in following years due to their high
performance, long shelf life, and suitable price. On the
other hand, the limitation of natural sources and the
tremendous demand for using of household batteries has
stimulated efforts to recycle valuable components from
spent batteries.!'

At present, many researchers have studied how to
recycle the zinc-carbon and alkaline batteries. The
overall discharge reaction of MnO,-Zn batteries could
be expressed as:

Zn + 2MnO, — Mn,03 + ZnO, [1]

This is the most probable reaction, but sometimes the
products may chan%e depending on the battery dis-
charging conditions," thus, recycling processes were
performed on final Mn-Zn oxide mixtures.

In most hydrometallurgical recycling processes,
reductive acidic leaching with various reducing agents
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has been employed to bring both zinc and manganese to
leach liquor. Hydrogen peroxide!>® and organic reduc-
tants such as %lucose, lactose, oxalic acid, ascorbic acid,
and citric acid”"*! have been used as chemical reductants
in previous studies. Selective separation of zinc and
manganese from leach liquors also has been conducted
by liquid-liquid extraction'>'” and chemical precipita-
tion methods.>” Although these combined methods
appear to be technically effective to recycle spent
alkaline and zinc-carbon batteries, cost issues should
also be evaluated especially due to the use of various
chemical reagents and their considerable prices that can
increase the final cost, such as some solvent extractants.
They are very expensive and consequently might result
in too high treatment costs when scaled up in industry
practice.P:'!!

Selective separation of zinc and manganese from leach
liquors is necessary before zinc electrowinning. The
behavior of Manganese during zinc electrodeposition
was studied by many researchers. MacKinnon and
Brannen!'? mentioned that too much Mn?" (>4 g/L)
create an anode sludge disposal problem and increase
the frequency of anode cleaning. Mn?" ions oxidize to
Mn*" resulting in MnO, formation in electrowinning
cell. Presence of high concentrations of MnO, up to
10 g/L in electrolyte resulted in progressive decrease in
current efficiency. Furthermore, high concentrations of
MnO, cause the quality of zinc deposits to deterio-
rate.!!

The present study focuses on zinc recovery from spent
zinc-carbon batteries. Direct separation of zinc from
manganese could be possible by employing selective
acidic leaching on black paste of spent batteries. Zinc
oxide could be fully dissolved by sulfuric acid solutions
whereas the dissolution of Mn,O3; and Mn;0,4 oxides is
partial.’® Metallic zinc and electrolytic manganese



dioxide could be obtained from resulting leach liquor by prr T T
electrowinning. In comparison with reductive acidic
leaching, the recovery of zinc could be more reasonable
because the leaching and separation procedures conduct o0 [
simultaneously without any reducing agent. The most
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Fig. 1—XRD pattern of dried powder from zinc-carbon batteries.

Table II. Independent Variables and Their Levels Used in the Experimental Design

Variable levels

Variables X variable —o -1 0 +1 +o
Temperature K (°C) A 298 (25) 313 (40) 328 (55) 343 (70) 358 (85)
Sulfuric acid concentration(pct v/v) B 0.25 0.5 0.75 1 1.25
Pulp density (pct w/v) C 2 4 6 8 10
Stirring speed (rpm) D 100 200 300 400 500

Table III. Experimental Design and Metal Recoveries

Sulfuric
Temperature Acid Concentration Pulp Density Stirring Zn Recovery Mn Recovery

Run [K (°O)] (pct v/v) (pct w/v) Speed (rpm) (pct) (pct)
1 298 (25) 0.75 6 300 36.58 7.84
2 343 (70) 1 8 400 54.4 8.69
3 343 (70) 0.5 8 200 26.07 3.56
4 328 (55) 0.75 6 300 40.86 9.18
5 343 (70) 1 4 400 68.82 21.37
6 328 (55) 0.75 6 300 38.55 9.51
7 343 (70) 1 8 200 52.23 7.74
8 313 (40) 0.5 8 400 23.59 2.73
9 328 (595) 0.25 6 300 20.82 2.3
10 313 (40) 0.5 4 200 353 7.3
11 358 (89) 0.75 6 300 48.82 7.56
12 328 (55) 0.75 6 300 39.02 9.45
13 313 (40) 1 4 200 53.11 17.98
14 328 (55) 0.75 6 300 34.25 6.95
15 328 (55) 1.25 6 300 51.66 17
16 328 (55) 0.75 2 300 81.03 28.7
17 328 (595) 0.75 10 300 25.11 3.88
18 328 (55) 0.75 6 100 34.17 7.45
19 343 (70) 0.5 4 400 36.94 7.45
20 313 (40) 1 8 400 41.55 7.3
21 313 (40) 1 4 400 59.8 22.22
22 313 (40) 1 8 200 38.01 8.84
23 343 (70) 0.5 8 400 33.42 3.39
24 343 (70) 1 4 200 65.21 234
25 313 (40) 0.5 4 400 33.75 7.05
26 328 (55) 0.75 6 500 36.28 7.32
27 343 (70) 0.5 4 200 36.78 8.25
28 313 (40) 0.5 8 200 23.72 3.52
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recoveries including sulfuric acid concentration, leach-
ing temperature, pulp density, and stirring speed were
studied. In selective acidic leaching experiments, the
response surface methodology (RSM) was applied for
optimization of desirable responses which are maximum
value of zinc recovery and minimum value of manganese
recovery. The RSM is a combination of mathematical
and statistical techniques that are useful for designing
experiments, modeling, evaluating the effects of vari-
ables, and optimization of problems in which a response
of interest is influenced by several variables.['¥

II. MATERIALS AND METHODS

A. Pretreatment of Zinc-Carbon Batteries

Discharged zinc-carbon batteries (size AA) from the
same manufacturer were used in this research. Spent
batteries were manually dismantled, and both plastic
and steel shells were removed using saw and screwdriver.

—0— Mn| |
—O—Zn| ]

Recovery (%)

120 180 240
Time (min)

Fig. 2—Manganese and zinc recoveries as a function of time (tem-
perature, sulfuric acid concentration, pulp density, and stirring speed
were kept constant at 328 K (55 °C), 0.75 pct v/v, 6 pct w/v, and
300 rpm, respectively).

All battery components were separated and weighted.
The weight percentages of battery components are listed
in Table I. The black paste was dried for 24 hours at
378 K (105 °C). To obtain a homogenous fine powder,
dried paste was milled for 10 minutes using planetary
ball mill at room temperature and rotation speed of
260 rpm. The ball to powder weight ratio was 2:1. This
homogenous powder was screened in a sieve with 75 um
openings (—200 mesh) and subjected for subsequent
leaching tests.

B. Characterization of Battery Powder

Phase detection and chemical analysis of the original
powder were done using X-ray diffraction (XRD)
analyzer (Philips PW1800) and X-ray fluorescence
(XRF) spectroscopy (Philips PW1480). The XRD
pattern including the major phase present in the sample
is shown in Figure 1. The XRF semi-quantitative results
showed that the original homogenous powder contained
29.24 pct Mn, 17.54 pct Zn, 6.24 pct Cl, 0.17 pct Mg,
0.16 pct S, 0.05 pct P, 0.03 pct Ca, 0.03 pct K,O, and
0.02 pct Cu. An atomic absorption spectrophotometer
(AAS, PG 990) was used to determine the accurate
contents of manganese and zinc in washed powder after
neutral leaching.

C. Experimental Design

The RSM used in the present study was a central
composite design (CCD), involving four factors at three
levels. These four independent variables were sulfuric
acid concentration, temperature, pulp density, and
stirring speed. Table II gives the range of used variables
in this study. The experimental design which included 24
experiments is shown in Table III. In addition, to detect
the quadratic effects of factors, four center point runs
were considered in the design. In order to minimize the
effect of systematic errors, the experiments were carried
out in random. Finally, a verification experiment was
done according to the optimal condition.

Table IV. Analysis of Variance for the Responses of Zinc and Manganese Recoveries

Zn Mn

Source df Mean Square p value Significance Mean square p value Significance
Model 14 376.09 <0.0001 significant 87.94 <0.0001 significant
A (temperature) 1 333.91 0.0098 significant 1.68 0.4830 —

B (acid concentration) 1 2505.94 <0.0001 significant 447.98 <0.0001 significant
C (pulp density) 1 1812.39 <0.0001 significant 588.95 <0.0001 significant
D (stirring speed) 1 28.3 0.3948 — 0.018 0.9422 —

AB 1 61.39 0.2175 — 0.49 0.7019 —

AC 1 11.32 0.5872 — 1.52 0.5044 —

AD 1 1.4 0.8476 — 0.86 0.6140 —

BC 1 38.38 0.3241 — 78.99 0.0003 significant
BD 1 6.48 0.6806 — 0.82 0.6216 —

CD 1 1.01 0.8705 — 0.46 0.7119 —

A? 1 39.07 0.32 — 2.2 0.4238 —

B 1 2.76 0.7877 — 0.82 0.6223 —

c? 1 359.14 0.0079 significant 81.69 0.0002 significant
D? 1 8.44 0.6389 — 3.49 0.3169 —

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 3—Graphical representations for response surfaces of zinc recovery.

The independent variables used in this study were
coded according to Eq. [2]:

Xi — Xo
X=——
Ax
where X is the dimensionless value of a variable, x; the
actual value of a variable, x, the value of X at the center
point, and Ax is the step change.!'”

In general, the response for the quadratic polynomials
is described in Eq. [3]:

i=1,2,....k 2]

k -1 k
ﬁiiX% + Z ﬁg,‘Xin +e, [3]
i=1 i=1 j=2

k
Y =B+ Zﬁ[Xi +
i=1
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where Y is the predicted response, X; and X are the input
variables, f3, is the intercept term, f3;is the linear effects, f;;
is the squared effect, and f;; is the interaction term.

D. Leaching

Leaching experiments were performed in two sequen-
tial steps. At first, neutral leaching was carried out
according to the procedure described in previous publi-
cation to remove zinc chloride electrolyte.."This step is
carried out three times just by using distilled water at
room temperature for 1 hour and resulted in 14 pct
weight loss. Neutral leaching was efficient in recovery of

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 4—Graphical representations for response surfaces of manganese recovery.

33 pct of total zinc. Then, selective acidic leaching in
diluted sulfuric acid was done in a 250 mL glass reactor
(solution volume 100 mL) immersed in a controlled
temperature bath equipped with a glass mechanical
stirrer. A plastic cap was used at the reactor opening to
reduce the loss of water by evaporation.

The raw acid used to produce the leaching solution
was 98 pct (18 M) analytical grade (Merck).

In this stage the following reactions may occur during
the dissolution process™:

ZnO + H,;S04 — ZnSO4 + H,0 4]

Mn,0; + H,SO4 — MnSO4 + MnO, + H,O [5]

METALLURGICAL AND MATERIALS TRANSACTIONS B

Mn3O4 + 2stO4 — 2MHSO4 + MHOQ + 2H20 [6]

Zinc oxide can be fully dissolved by sulfuric acid
solutions according to Eq. [4], but the dissolution of
Mn oxides is partial because resulting MnO, (Egs. [9]
and [6]) is insoluble.!

After each leaching test, the leaching liquor was
filtered and the solid residue remained on the paper. The
filtrate was analyzed for manganese and zinc by atomic
absorption spectrometry.

To determine an appropriate leaching time, some
experiments were done using four independent variables
at their zero levels. Results are shown in Figure 2. This
figure indicates that zinc and manganese recoveries did not
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Fig. 5—The graphical plots of actual vs predicted values for: (a) zinc
recovery and (b) manganese recovery.

significantly increase after 20 minutes. Consequently,
20 minutes is considered as a reasonable time for leaching
experiments.

E. Electrowinning

In this step, the recovery of metallic zinc and electro-
lytic manganese dioxide from leach liquor by electrowin-
ning was evaluated. Simultaneous electrowinning of these
two materials is described elsewhere.!' In this case, zinc
and manganese dioxide are deposited on the cathode and
anode by the following reactions, respectively!'”:

Cathode : Zn*" +2¢~ — Zn E° = —0.763V vs SHE
[7]

Anode : MnSOy4 + 2H,0 — MnO; + H,SO4 + 2H™
+2¢ E’=—1.23V vs SHE [8]

The cathode and anode in the electrowinning cell were
made bg an aluminum 1050 sheet with the geometric areca
of 4 cm~, and a lead/silver alloy with the geometric area of
2.8 cm?, respectively. A 20 mm distance was kept con-
stant between the electrodes. Current was supplied by a
D.C. power supply. A magnetic stirrer provided solution
homogenization during electrowinning tests. The mass of
deposited zinc was calculated by weight difference of dried
cathode before and after the experiment. The obtained
pulp after each test was filtered, and solid residues were
dried. All experiments were carried out in a 500 mL
beaker (250 mL fresh liquor) for 1 hour. The cell voltage
was measured by a digital voltammeter. Finally, a sample
of deposited Zn was fully dissolved in acidic solution, and
zinc content and other probable impure elements in
solution like Mn and Pb were measured by atomic
absorption spectrophotometer.

III. RESULTS AND DISCUSSION
A. Data Analysis

The data obtained from the selective acidic leaching
experiments were analyzed using Design-Expert Version
8.0.0 trial software. Analysis of variance (ANOVA) was
employed to determine the statistical significance of
main variable effects as well as the interaction effects.
The significance level employed in the analysis evaluated
by p-values is less than 0.05 (Table IV). In addition, the
graphical representations for response surfaces of leach-
ing tests are drawn in Figures 3 and 4. The desired
responses were zinc and manganese recoveries.

Based on ANOVA calculations two polynomial
equations for zinc and manganese recoveries were
proposed as follows:

Zn recovery(pct) = 38.51 + 3.73(4) + 10.22(B)—8.69(C)
+3.81(C)* [9]

Mn recovery(pct) = 8.27 + 4.32(B)—4.95(C)—2.22(BC)
+1.93(C)* [10]

In these equations, A4 is temperature, B is sulfuric acid
concentration, and C is pulp density (S/L).

The R* for zinc and manganese recoveries are 0.880
and 0.957, respectively. These values indicate a reason-
able agreement between actual and predicted values in
the range of the studied experimental variables. The
graphical plots of these comparisons are shown in
Figure 5. In addition, the normal probability plot of the
studentized residuals is another tool for judging the
adequacy of the fitted model, as the data points follow a
straight line.'® Figure 6 illustrates these plots for zinc
and manganese recoveries. As it can be seen, both plots
satisfy the normal distribution of data points.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 6—The normal probability plots of the studentized residuals
for: (a) zinc recovery and (b) manganese recovery.

Perturbation plots (Figure 7) show a comparison
between coded model variables and their effects on
desired responses. The recovery percentages were plot-
ted by changing only one factor over its range, while the
other factors were held at their zero levels. These plots
show that sulfuric acid concentration had a positive
effect on zinc and manganese recoveries, while pulp
density had an expected negative effect. Zinc recovery
was increased by increasing the temperature, while
manganese recovery showed insensitivity to this factor.
Perturbation plots showed that there was no effect of
stirring speed on metal recoveries.
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Fig. 7—Perturbation plots showing the effect of independent coded
variables on: (a) zinc recovery and (b) manganese recovery (A: tem-
perature, B: acid concentration, C: pulp density).

B. Optimization and Validation

To optimize the selective acidic leaching of zinc,
manganese recovery was minimized and zinc recovery
was maximized using the optimization tool of design-
expert 8.0.0 trial. The optimum condition is shown in
Table V. Model-predicted and validation experimental
results with 95 pct confidence interval values at the
optimum condition are given in Table VI. Since valida-
tion experimental results are within this interval, these
experiments can be taken as the confirmation of the



Table V. The Optimum Conditions for Selective Acidic Leaching of Zinc

Temperature K (°C)

Sulfuric Acid Concentration (pct v/v)

Pulp Density (pct w/v) Stirring Speed (rpm)

343 (70) 1

8 300

Table VI. Model-Predicted and Validation Experimental Results at the Optimum Conditions

Response Prediction Low Value (95 pct Confidence Interval) High Value (95 pct Confidence Interval) Validation
Zn recovery (pct) 47.58 43.03 52.13 50.23
Mn recovery (pct) 7.35 5.98 8.71 7.21
100 , 7
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Fig. 8 —The effect of current density on current efficiency for zinc
electrodeposition in sulfuric acid solution.
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Fig. 9—Cell potentials for zinc electrodeposition in sulfuric acid
solution.

desirability of the proposed model for predictive pur-
poses.|

Finally, to increase the zinc recovery to an acceptable
amount, a staged selective acidic leaching was per-
formed. In each stage, the acid concentration decreased
by half due to decrease of about 50 pct of zinc content in
previous leaching stage. After three stages of leaching
operation, about 92 pct of zinc and 15 pct of manganese
were withdrawn to the leach liquor from primary

Potential (V)

ot

N

0 10 20 30 40 50 60 70
Current density (mA/cmz)

Fig. 10—The cell potential as a function of current density for zinc
electrodeposition in sulfuric acid solution.

washed powder. In fact, the aim of selective leaching
of zinc was achieved by this simple method.

C. Electrowinning

The electrowinning experiments of zinc were carried
out at room temperature using the sulfate solution
containing 8.4 g/L zinc and 2.2 g/L manganese provided
from one-stage selective acidic leaching test. In these
experiments, the effect of current density on current
emCienCy (’1 = Qdeposited melal/Qapplied) for zinc electro-
deposition was evaluated. The results are shown in
Figure 8. In addition, the cell potential was measured in
each test (Figure 9). The cell potential as a function of
current density is plotted in Figure 10. As it can be seen,
cell potential increases with increasing current density.

Figure 8 depicts that the maximum current efficiency
is equal to 96.0 pct at current density of about 30 mA/
cm?. The current efficiency decreases with increase in
potential at higher densities up to 60 mA/cm?.

Photographs of zinc deposited layers under various
current densities are shown in Figure 11. It seems that
zinc deposition tends to dendritic growth by increasing
current density. Dendritic growth and hydrogen evolu-
tion at the cathode surface cause to change in current
efficiency. During deposition process, some of zinc
branches detached from substrate (especially in higher
current densities) and settled down at bottom of the cell

METALLURGICAL AND MATERIALS TRANSACTIONS B



Fig. 11-—Photographs of zinc deposited layers under various current densities in sulfuric acid solution: (a) 10 mA/cm2, (b) 20 mA/em?, (¢)

30 mA/cm?, (d) 40 mA/em?, (e) 50 mA/em?, (f) 60 mA/cm?.

decreases current efficiency. Zinc purity was 99.9 pct,
and manganese and lead were the main contaminants.

Some manganese is advantageous for electrolysis.
About 1.5t0 3 g/L Mn?" is required in the electrolyte to
minimize lead anode corrosion.!'? It seems that ade-
quate manganese content of sulfate solution (2.2 g/L

METALLURGICAL AND MATERIALS TRANSACTIONS B

Mn?") resulted from optimized selective leaching has
been helpful in 99.9 pct zinc purity.

Finally, filtered and dried pulp (residues of electro-
winning cell) was analyzed by XRD technique. Fig-
ure 12 shows XRD spectrum of dried pulp in maximum
current efficiency (96 pct) which results in minimum zinc
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Fig. 12—XRD pattern of filtered and dried residues of electrowin-
ning cell.

loss in cell bottom precipitations. It can be seen from the
figure that the by-product of electrowinning cell is
MnO,. This electrolgltic MnO, forms on the anode, due
to oxidation of Mn”" ions.

IV. CONCLUSIONS

Based on ANOVA calculations in RSM, sulfuric acid
concentration had a positive effect on zinc and manga-
nese recoveries, while pulp density had an expected
negative effect. Zinc recovery was increased by increas-
ing the temperature, while manganese recovery showed
insensitivity to this factor. Stirring speed had no effect
on metal recoveries.

A maximum zinc recovery of 50.23 pct and minimum
manganese recovery of 7.21 pct were obtained in one-stage
selective acidic leaching under following optimum condi-
tion: 1 pct (v/v pct) sulfuric acid at 343 K (70 °C) with
pulp density of 8 pct (w/v pct) agitated at 300 rpm. In
addition, after three stages of leaching operation, about
92 pct of zinc and 15 pct of manganese were withdrawn to
the leach liquor from primary washed powder.

In electrowinning experiments, the maximum current
efficiency of 96.0 pct at current density of about 30 mA/

cm? was obtained. The current efficiency decreases with
increase in potential at higher densities up to 60 mA /cm?
and zinc purity was 99.9 pct.
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