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The paper is focused on the recovery of zinc and manganese from alkaline and zinc-carbon spent batteries. Metals are extracted by
sulphuric acid leaching in the presence of citric acid as reducing agent. Leaching tests are carried out according to a 24 full factorial
design, and empirical equations for Mn and Zn extraction yields are determined from experimental data as a function of pulp
density, sulphuric acid concentration, temperature, and citric acid concentration. The highest values experimentally observed for
extraction yields were 97% of manganese and 100% of zinc, under the following operating conditions: temperature 40◦C, pulp
density 20%, sulphuric acid concentration 1.8 M, and citric acid 40 g L-1. A second series of leaching tests is also performed to derive
other empirical models to predict zinc and manganese extraction. Precipitation tests, aimed both at investigating precipitation of
zinc during leaching and at evaluating recovery options of zinc and manganese, show that a quantitative precipitation of zinc can
be reached but a coprecipitation of nearly 30% of manganese also takes place. The achieved results allow to propose a battery
recycling process based on a countercurrent reducing leaching by citric acid in sulphuric solution.

1. Introduction

The battery market is steadily increasing worldwide: this
behaviour requires a new approach in the management of
these devices once they are exhausted [1]. In many countries
alkaline and zinc-carbon spent batteries were still landfilled
or incinerated up to the end of 2008, instead of being
recycled, recovering valuable secondary raw materials and
avoiding dispersion of heavy metals in the environment.
Several European Countries have autonomously developed
national collection systems and infrastructures to collect
and recycle all kinds of portable batteries, despite the old
Directive 91/157/EEC EEC (and subsequent amending acts
of Directives 93/86/EEC and 98/101/EC) that covered only
batteries and accumulators containing more than 0.0005%
mercury, more than 0.025% cadmium, and more than
0.4% lead (percentages by weight) [2]. These Countries
have arranged a financing system that is able to cover
all costs related to the recycling activities by applying a

surcharge on battery selling price [1]. In 2007 members of
the European Battery Recycling Association (EBRA) recycled
about 31,079 tonnes of portable batteries and accumulators:
compared to the previous year there was a little improvement
(30,865 tonnes in 2006) [3]. In more detail, quantities of
batteries recycled by EBRA’s members were 26,941 tonnes
(∼87%) of primary alkaline, zinc-carbon and zinc-air bat-
teries, 2,688 Ni-Cd, 611 Ni-MH, 764 lithium (primary and
rechargeable), and 75 tonnes button cells [3]. Concerning
the Italian scenario, only batteries and accumulators covered
by Directive 91/157/EEC were collected and recycled, while
the zinc-carbon and alkaline ones were simply landfilled
until 2008; valuable metals such as zinc and manganese
can be recovered through recycling, as well as iron alloys
and nonferrous scraps [4]. The use of recycled metals in
battery production instead of primary resources would have
a positive environmental impact through the reduction of
energy consumption and minimization of pollution [2]. The
purpose of the new European Directive 2006/66/EC is to
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reduce the quantity of spent batteries and accumulators
disposed in an inadequate way, setting European targets
for collection and recycling. The Directive is applied to
all batteries and accumulators from September 2008: the
ultimate disposal of portable, industrial, and automotive
batteries and accumulators by incineration or landfilling is
strictly prohibited. Thus, Member States shall achieve the
following minimum collection rates: 25% by 26 September
2012 and 45% by 26 September 2016. Moreover, recycling
processes shall achieve the following minimum efficiencies
[2]:

(i) recycling of 65% by average weight of lead-acid
batteries and accumulators, including recycling of the
lead content to the highest degree that is technically
feasible while avoiding excessive costs;

(ii) recycling of 75% by average weight of nickel-
cadmium batteries and accumulators, including recy-
cling of the cadmium content to the highest degree
that is technically feasible while avoiding excessive
costs;

(iii) recycling of 50% by average weight of other waste
batteries and accumulators.

Member States shall oblige producers, or third parties
acting on their behalf, to finance any net cost arising from
public information campaigns on the collection, treatment,
and recycling of all waste portable batteries and accumula-
tors.

Several processes for the recycling of batteries were
proposed, mainly in Europe, both pyrometallurgical and
hydrometallurgical [5]. Many patented processes work on
industrial scale; hydrometallurgical processes are usually
characterised by different pretreatment stages, followed by
leaching and separation of different metals by electroly-
sis, liquid-liquid extraction, or selective precipitation. The
Batenus process treats all types of batteries (except for
button cells); copper, nickel, and cadmium are selectively
recovered by ion exchange, whereas zinc and manganese are
separated by liquid-liquid extraction and electrodeposited in
two cells to obtain metallic zinc and manganese dioxide [6].
In the Recupyl process zinc and manganese are recovered
as carbonates or other compounds [7]. Revabat process
treats only zinc-carbon and alkaline batteries; after sorting,
batteries are dismantled and treated by sulphuric acid
solution, from which Mn and Zn are recovered as oxides
or salts [8]. The Batrec process (pyrometallurgical) recycles
every type of battery (except for the Ni-Cd ones). Batteries
are pyrolysed at temperature of 700◦C, and mercury is
recovered by distillation. Metallic components are reduced
and smelted in the induction furnace at 1500◦C: Fe and Mn
remain in the melt and form a ferromanganese alloy, whilst
zinc vaporises and is recovered by condensation [9]. Toro
et al. [10] developed a patented process for the recycling of
alkaline and zinc-carbon spent batteries, where the metals
are leached in acid solution in the presence of carbohydrates
as reducing agents; after purification of solution, metallic
zinc and manganese dioxide are recovered by electrowinning.
Alkaline and zinc-carbon batteries were characterized by

several authors [11–14]. Concerning the selective recycling
of alkaline batteries, Veloso et al. [15] proposed a process
in which metals are leached by H2SO4 and H2O2; after that
manganese and zinc are selectively precipitated by KOH.
De Souza and Tenório [12] described a similar process
performed by an acid leaching, but zinc and manganese are
simultaneously recovered as metallic zinc and manganese
dioxide by electrowinning. Salgado et al. [16] investigated
the separation of zinc and manganese by liquid-liquid
extraction, after a leaching step with H2SO4, as well as Devi et
al. [17]. De Michelis et al. [11] developed a statistical design
in leaching of alkaline and zinc-carbon battery paste by using
sulphuric acid and oxalic acid as reducing agent. Vatistas et
al. [18] studied the recovery of zinc by a selective leaching
of the anodic compartment of alkaline batteries: zinc is
lastly recovered from sulphate solution by electrowinning.
An acid leaching of battery paste was proposed by Ferella et
al. [19]: zinc is recovered by electrolysis, whereas a blend of
manganese oxides was obtained by roasting of the leaching
solid residue. Sayilgan et al. [20] have studied leaching of
battery samples (zinc-carbon, alkaline, and mixture of them)
by sulphuric and hydrochloric acid in the presence of oxalic
acid as reducing agent. Xi et al. [21] proposed a process for
production of Mn-Zn ferrites using spent alkaline batteries:
the powder is leached by H2SO4 and H2O2 as reducing agent,
then NaOH is used to adjust the pH value in the range 3–5.
Mn and Fe salts are added to have the right molar ratio, and
after precipitation with NH4HCO3 in pH range 6.0–9.5 the
precipitate is calcined at 1150◦C to obtain ferrite. The process
of Nan et al. [22] is almost similar, but (NH4)2C2O4is used as
precipitating agent. A very good review of current processes
for treatment of alkaline and zinc-carbon spent batteries was
written by Sayilgan et al. [23].

2. Experimental

The aim of the present work is to recover zinc and manganese
from spent battery internal material by means of sulphuric
acid leaching in presence of citric acid as reducing agent.
Citric acid is a carboxylic acid produced in different ways: in
the most important production route, cultures of Aspergillus
niger are fed into a sucrose or glucose-containing medium.
The source of sugar is usually corn steep liquor, molasses,
hydrolyzed corn starch, or other inexpensive sugary solu-
tions. After the solid matter is filtered out of the resulting
solution, citric acid is isolated by precipitation with lime
to yield calcium citrate salt, from which citric acid is
regenerated by treatment with sulfuric acid [24]. In the
present work citric acid was chosen considering both its
high efficiency in the reductive dissolution of Mn (IV) and
its cost, since it can be produced by fermentation of waste
carbohydrates (for instance coming from processing of sugar
beets). Experimental tests with sulphuric acid and citric
acid were designed according to a full factorial design (four
factors, two levels) [25]. Zinc(II) oxide can be quantitatively
extracted by sulphuric acid, and the chemical reaction is the
following:

ZnO + H2SO4 −→ ZnSO4 + H2O (1)
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Table 1: Experimental conditions of 24 full factorial design.

N. Treat.
A

Sulphuric acid
B

Citric acid
C

Temp.
D

Pulp density
A

(M)
B

(g L−1)
C

(◦C)
D

(g L−1)

1 (1) − − − − 0.9 7 40 100

2 a + − − − 1.4 7 40 100

3 b − + − − 0.9 20 40 100

4 ab + + − − 1.4 20 40 100

5 c − − + − 0.9 7 80 100

6 ac + − + − 1.4 7 80 100

7 bc − + + − 0.9 20 80 100

8 abc + + + − 1.4 20 80 100

9 d − − − + 1.8 14 40 200

10 ad + − − + 2.7 14 40 200

11 bd − + − + 1.8 40 40 200

12 abd + + − + 2.7 40 40 200

13 cd − − + + 1.8 14 80 200

14 acd + − + + 2.7 14 80 200

15 bcd − + + + 1.8 40 80 200

16 abcd + + + + 2.7 40 80 200

17 0 0 0 0 0 1.7 20 60 150

18 0 0 0 0 0 1.7 20 60 150

On the contrary, dissolution of manganese oxides such as
Mn2O3 and Mn3O4 is partial because the produced MnO2

is insoluble, as shown by the following:

Mn2O3 + H2SO4 −→ MnO2 + MnSO4 + H2O

Mn3O4 + 2H2SO4 −→ MnO2 + 2MnSO4 + 2H2O
(2)

Therefore a reducing agent is necessary to leach Mn(IV) [11,
16]; the reaction between manganese dioxide and citric acid
in sulphuric acid solution can be described as follows:

9MnO2 +9H2SO4 +C6H8O7 −→ 9MnSO4 +6CO2 +13H2O
(3)

The aim of the experimental leaching tests was to
maximize the extraction yield of both zinc and manganese
from battery powder. Afterward, several precipitation tests
were carried out in order to evaluate the precipitation rate
of zinc or manganese due to the high concentration of citric
acid: in this approach citric acid can be used as reducing
agent in the leaching stage and then as a precipitating agent
in downstream step. The analysis of variance (ANOVA) was
carried out on extraction yields both of Mn and Zn after
5 h of reaction, and empirical models were derived for both
metals.

3. Materials and Methods

3.1. Battery Dismantling and Pretreatments. Spent alkaline
and zinc-carbon batteries of different size from several
manufacturers were manually dismantled. The black paste

from each battery was extracted and separated from metallic
scraps and plastic/paper films; afterward a sample was
derived by mixing all the different samples, which are a
mixture of the cathodic (manganese oxides and graphite)
and the anodic (zinc oxides and electrolytic solution) mate-
rials. That paste, which was about 55% of the total battery
weight, was dried for 24 h at 105◦C for the determination
of moisture. It was subsequently ground for 30 minutes by
a ball mill and then sieved using a 500 μm standard sieve.
The powder obtained was washed with distilled water in a 1-
liter jacketed stirred reactor tank at 60◦C for 1 h with 20%
pulp density; that temperature was chosen to increase the
solubility of KOH and NH4Cl, which are the electrolytes
of alkaline and Zn-C batteries, respectively. The purpose
of this neutral leaching was the removal of water-soluble
compounds in order to reduce the consumption of sulphuric
acid in the subsequent leaching step making a preliminary
purification. Furthermore, concentrations of ammonium,
chlorides, potassium as well as COD (chemical oxygen
demand) were determined by UV-Vis spectrophotometer
(CADAS 50, Dr Lange) by means of measuring kits by Dr.
Lange. Washed powder was dried for 24 h at 105◦C and
weighted for determination of weight loss. All the leaching
tests shown in this study were carried out with the washed
powder. Original and washed powders were analyzed by X-
ray fluorescence (XRF, Spectro Xepos) and X-ray diffraction
(XRD, Philips X-Pert).

A quantitative analysis was also carried out by atomic
absorption spectrometry (AAS, spectrometer SpectrAA 200,
Varian) in order to evaluate accurate percentages of man-
ganese and zinc in the black powder. Quantitative analysis
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Table 2: Levels of factors investigated in the second series of
leaching tests.

Level

Factor (−α) (−1) (0) (+1) (+α)

A Sulphuric acid 0.5 M 1 M 1.5 M 2 M 2.5 M

B Citric acid 0 M 0.075 M 0.15 M 0.225 M 0.3 M

C Pulp density 10% 15% 20% 25% 30%

D Temperature 30◦C 40◦C 50◦C 60◦C 70◦C

was performed in a microwave acid digestion bomb (Cole-
Parmer AIM 600) where 1 g of washed powder was dissolved
in 25 mL of aqua regia together with 0.4 g of glucose.
Concentrated hydrochloric and nitric acid as well as glucose
of analytical grade were used (Sigma Aldrich). At the end the
pregnant solution was filtered to separate it from undissolved
material and diluted in a 100 mL calibrated flask. Manganese
and zinc were determined by AAS.

3.2. Leaching Tests with Sulphuric Acid and Citric Acid. In the
present work, a 24 full factorial design with a replicated cen-
tral point was chosen for conducting the leaching tests where
factors (low and high levels in parentheses) were sulphuric
acid concentration (stoichiometric ratio, 1.5 stoichiometric
ratio), citric acid concentration (0.5 stoichiometric ratio, 1.5
stoichiometric ratio), temperature (40◦C, 80◦C), and pulp
density (10%, 20%). Stoichiometric ratios for sulphuric acid
and citric acid were calculated according to reactions (1) and
(3), considering zinc all as ZnO and manganese as MnO2.
These levels were chosen to study a wide response surface
area by the analysis of variance (ANOVA). The experimental
conditions of each treatment are given in Table 1.

Tests were numbered in conformity with the Yates’ algo-
rithm. Two central point experiments (17-18) were carried
out to have an independent estimation of the variance
of experimental error and to test the adequacy of the
models [25]. Leaching tests were performed in 250 mL closed
flasks submerged in a thermostatically controlled water bath
equipped with a mechanical stirrer (Dubnoff, ISCO). For
each test the solution mixture was prepared by dissolving
the required amount of analytical grade citric acid (supplied
by Fluka) and washed battery powder in 100 mL of H2SO4

solution, according to the experimental plan. During each
test, 1 mL of leach liquor was withdrawn after 1, 3, and 5 h
to measure the concentration of Mn and Zn by AAS. Each
sample was diluted 1:10 by a solution of nitric acid (pH∼2)
to avoid precipitation of metals. At the end of each reaction
the pH was measured by a digital pH-meter (Mettler Toledo
MP 220). The filtered residue was recovered and weighted by
an analytical balance (Mettler PE 600) after drying at 105◦C
for 24 h.

Zinc and manganese extraction yields at 5 h were worked
out using ANOVA: in particular Yates’ algorithm was used to
evaluate whether effects and interactions among the investi-
gated factors are significant with respect to the experimental
error. The significance of main factors and their interactions
was assessed by F-test method with a confidence level of

Table 3: List of tests of the second leaching campaign.

Test
No.

H2SO4 (M) Citric acid (M) Pulp density (%) T (◦C)

1 1 0.075 15 40

2 2 0.075 15 40

3 1 0.225 15 40

4 2 0.225 15 40

5 1 0.075 25 40

6 2 0.075 25 40

7 1 0.225 25 40

8 2 0.225 25 40

9 1 0.075 15 60

10 2 0.075 15 60

11 1 0.225 15 60

12 2 0.225 15 60

13 1 0.075 25 60

14 2 0.075 25 60

15 1 0.225 25 60

16 2 0.225 25 60

17 0.5 0.150 20 50

18 2.5 0.150 20 50

19 1.5 0.000 20 50

20 1.5 0.300 20 50

21 1.5 0.150 10 50

22 1.5 0.150 30 50

23 1.5 0.150 20 30

24 1.5 0.150 20 70

25 1.5 0.150 20 50

26 1.5 0.150 20 50

27 1.5 0.150 20 50

28 1.5 0.150 20 50

95%. Response surface methodology (RSM) was used for
modelling zinc and manganese extraction yields after 5-hour
reaction [25, 26].

A second series of leaching tests were carried out to test
for quadratic effects and to obtain more accurate models
able to predict the extraction yield of zinc and manganese in
the range of the tested conditions. Parameters of the models
can be estimated by using proper experimental design while
collecting data. The experimental design for fitting the
second-order models was orthogonal and rotatable [25, 26].
Choosing the right value of α, the central composite design
can be rotatable: α = (n)1/4, where n is the number of points
used in the factorial portion of the design, that is, 16. The
central point was replicated four times (tests 25–28) in order
to have a good estimation of the experimental error, and
eight axial tests were also carried out (tests 17–24). Samples
were withdrawn after 3 and 5 h, and the latter data were
analyzed by ANOVA and used for regression analysis. The
experimental plan is given in Table 2, whereas the tests are
listed in Table 3.
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Table 4: Experimental conditions of the first series of precipitation
tests: temperature 80◦C.

Test
Zn Mn C6H8O7 H2SO4

(g L−1) (g L−1) (g L−1) (M)

1 40 0 78 2.7

2 40 40 78 2.7

3 40 80 78 2.7

4 40 0 157 2.7

5 40 40 157 2.7

6 40 80 157 2.7

3.3. Precipitation Tests. Precipitation tests were performed to
evaluate the precipitation rate of zinc and manganese which
could have occurred during some of leaching tests of the
full factorial design. Furthermore, precipitation by citric acid
was investigated because it could also be used as a suitable
way to recover zinc and/or manganese, since roasting of
citrate at 300–450◦C gives the corresponding metal oxide and
nontoxic compounds in the exhausted gas, that is, water and
carbon dioxide [27]:

Zn3C12H10O14 + 9O2 −→ 3ZnO + 12CO2 + 5H2O

Mn3C12H10O14 + 9O2 −→ 3MnO2 + 12CO2 + 5H2O

(4)

Depending on temperature and air flow-rate, formation
of mixed manganese oxides (Mn3O4, Mn2O3) could also
occur. These oxides can be leached by sulphuric acid and
recovered as manganese carbonate by precipitation or even as
metallic compound by electrowinning (cathodic deposition).
This last technique can also be used for recovery of γ-
MnO2 at the anode side from the same sulphate medium by
changing electrolysis parameters. Experimental conditions of
precipitation tests are given in Table 4.

These tests were performed at 80◦C by using aqueous
synthetic solutions. The operating conditions were chosen
as follows: 40 g L−1 of Zn (typical concentrations obtained
by a leaching with 20% pulp density of battery powder)
in a 2.7 M sulphuric acid solution (which is equal to 1.5
stoichiometric ratio with 20% pulp density), temperature
80◦C, and reaction time 3 h. Manganese concentration
ranged from 0 to 80 g L−1. Synthetic solutions were pre-
pared by dissolving the required amount of manganese
sulphate, zinc sulphate, and citric acid and adjusting pH
by a 2 M sulphuric acid solution. Reagents were supplied
by Fluka. Another series of precipitation tests was carried
out at 40◦C by using synthetic solutions as well. Con-
ditions of the whole experimental plan are reported in
Table 5.

In this case no sulphuric acid was added to any flask,
as previously done; in fact, the aim was to simulate some
pregnant solutions in which acid is largely consumed at the
end of leaching reaction.

4. Results and Discussion

4.1. Characterization of Battery Powder. Original powder
showed a moisture content of around 6% w/w, determined
by weight loss after drying at 105◦C. Once that powder
was leached by water for 1 h, pH of pregnant solution
was 11.6, confirming dissolution of KOH. The removal of
chlorides and potassium was 96% and 89%, respectively.
AAS analysis highlighted that no Zn and Mn were leached
by this neutral leaching. After drying at 105◦C the weight
loss of the sample was 9.5%. Concentration of ammonium
in the neutral leaching solution was 105 mg L−1, chlorides
265 mg L−1, potassium 1800 mg L−1, and COD equal to
470 mg L−1. Concentration of NH4

+ seems to be rather low,
but this is probably due to the temperature of washing (60◦C)
which could have promoted evaporation of ammonia: in
fact, free ammonia is predominant in aqueous solution at
alkaline pH. XRF of original, and washed powder is reported
in Table 6.

Data of washed powder show a significant amount of Zn
and Mn, which represent more than 50% of the total mass.
The balance mainly consists of carbon (graphite-containing
cathodes), oxygen, and nitrogen.

XRD spectrum of original sample is not so clear because
the structure of compounds is not crystalline and counts
are very low. The most probable phases identified were
ZnO, Mn2O3, Mn3O4, graphite, KOH, unreacted MnO2,
and one zinc-chlorine compound in the original powder,
and the same phases except for K and Cl complexes in
the washed powder (see Figure 1). Spectrum of washed
powder evidences the probable presence of Fe2O3 that could
be covered by other compounds in the original spectrum.
Results of quantitative analysis by AAS indicated 40.8% and
25.2% w/w of Mn and Zn, respectively.

4.2. Leaching Tests. Experimental results expressed in terms
of manganese and zinc extraction after 5 h are shown below.
Figure 2 reports the results of tests carried out at 40◦C, whilst
Figure 3 shows results of the same tests at 80◦C.

As regards kinetics, at 40◦C both Mn and Zn dissolution
improves with time, although the difference between yields at
1 and 5 h is not so high. At 80◦C, except for a couple of points,
the final Mn and Zn extraction yield is already achieved
after 1 h. It can be noted that the maximum simultaneous
extraction yield for Mn and Zn (100%) was obtained in tests
7 by a stoichiometric amount of sulphuric acid (0.9 M), 1.5
stoichiometric amount of citric acid (20 g L−1) at 80◦C with
10% pulp density. The same simultaneous extraction yield
was reached in test 8, where a greater amount of H2SO4 was
used with respect to tests 7. Similar yield was obtained in
tests 11 and 12 at 40◦C with a double pulp density (20%).
Comparing results of tests 11-12 to those of tests 15-16, it
can be noted that extraction of zinc in the latter two tests
is lower, being around 64–67%: it can be inferred that the
solubility of zinc citrate decreases with temperature. This
phenomenon was already observed in another experimental
campaign carried out on alkaline and zinc-carbon batteries
by using oxalic acid: extraction yields of Zn were always lower
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Figure 1: XRD pattern of original (a) and washed (b) powder.

than 10% by using 50% stoichiometric excess of oxalic acid
as reducing agent [11].

It can also be observed from the data that manganese
contained in batteries needs a certain amount of citric acid:
extraction yields of that metal in tests carried out with the
lowest level of factor B (citric acid concentration) were no
greater than 80% with 20% pulp density. In tests with pulp
density equal to 10%, the extraction of Mn was even 30%.
This can easily be understood since Mn(IV) needs citric acid
to be reduced to Mn(II) becoming soluble in H2SO4 solution.
Replicated tests of central point confirm that manganese
extraction is maximum if citric acid is at least equal to the
required stoichiometric amount.

4.3. ANOVA and Regression Analysis. The ANOVA process-
ing results at 5 h are shown in Figure 4.

Broken lines in Figure 4 represent the value of Mn and Zn
effects which matches 95% significance level: it means that
every effect higher than those lines is significant, according
to F-test utilized. The corresponding lines on the negative
plane are also shown.

As it is possible to note, the most significant effects
affecting Mn extraction are four: citric acid concentration
(factor B) has a strong positive effect on dissolution of
insoluble manganese, as expected, because of the reason
mentioned above. Temperature (factor C) has a positive
effect, thus an increase from 40 to 80◦C results in better
extraction. Pulp density (factor D) has likewise positive
influence on manganese dissolution, taking the other factors
unchanged. Interaction between factor C and D is also signif-
icant, although negative: hence, increasing both temperature
and pulp density, the extraction of manganese is lower.
This fact confirms that the solubility of manganese citrate
decreases with temperature, since with 20% pulp density

the amount of manganese into solution is greater. Sulphuric
acid (factor A) seems not to be significant: it means that
the stoichiometric concentration (0.9 M and 1.8 M if pulp
density is 10% and 20%, resp.) is enough to extract all
manganese.

Concerning zinc extraction, significant factors are four:
pulp density (BD) is negative; this means that increasing at
the same time the two factors zinc extraction yield decreases;
this can be related to the solubility of zinc citrate which
partially precipitates with very high concentration of zinc
and citric acid into solution. Interaction of temperature and
pulp density (CD) is negative, as well as that one among citric
acid concentration, temperature, and pulp density (BCD).
A negative effect of interaction CD can indeed be due to
inverse solubility of zinc citrate, which is greater at lower
temperatures.

ANOVA results were used to derive two empirical models
in order to predict manganese and zinc extraction yields in
a wide range of operating conditions that were not directly
investigated, even though between the limits given in Table 1
for each factor. According to that analysis, the following
equations were then used in order to predict zinc and
manganese extraction yield as a function of sulphuric and
citric acid concentration, temperature, and pulp density:

YZn = 0.823 + 0.091X4 − 0.080X2 X4

− 0.129X3 X4 − 0.055X2 X3 X4,

YMn = 0.763 + 0.148X2 + 0.069X3 + 0.109X4 − 0.063X3 X4.
(5)

Mathematical equations able to fit the experimental leaching
data are then empirical first-order models. The coefficients
of equations were calculated by regression analysis, in which
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Figure 2: Zinc and manganese extraction yields versus time profiles during exhaust battery powder leaching by sulphuric acid solution in
the presence of citric acid as reducing agent (temperature 40◦C). See Table 1 for experimental conditions (continuous lines are related to
treatments with 10% powder, dotted lines to treatments with 20% powder).

factors and interactions with significance lower than 95%
were not considered; X 1, X 2, X 3, X 4 are the dimensionless
coded factors corresponding to the real four tested factors.
Relations between coded and actual values are as follows:

X1 = A− 1.25
0.25

,

X2 = B− 1
0.5

,

X3 = C− 60
20

,

X4 = D− 15
5

,

(6)

where A is sulphuric acid concentration (expressed as
stoichiometric ratio multiples, for instance, 1.5 means +50%

stoichiometric excess), B is citric acid concentration (stoi-
chiometric ratio multiples), C is temperature (◦C), and D is
pulp density (% w/v).

However, the above models did not fit adequately the
experimental data, as the correlation coefficient R2 both for
zinc and manganese is rather low (∼ 0.85).

To obtain appropriate models useful for optimization
purposes, an additional series of experimental tests were
performed; in particular, eight axial and replicated central
point tests were needed to build a second-order polynomial
which could well fit the real response for a relatively small
region of the independent variables.

4.4. Second Series of Leaching Tests: Results and ANOVA
Analysis. Results of the second series of leaching experiments
after 5 h of reaction are given in Table 7, in terms of Zn and
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Figure 3: Zinc and manganese extraction yields versus time profiles during exhaust battery powder leaching by sulphuric acid solution in
the presence of citric acid as reducing agent (temperature 80◦C). See Table 1 for experimental conditions (continuous lines are related to
treatments with 10% powder, dotted lines to treatments with 20% powder).

Mn concentration as well as of extraction yield with respect
to original content of the battery powder.

The best zinc extraction was obtained in test 10 (94.2%)
by using 2 mol L−1 of H2SO4, 0.075 mol L−1 of citric acid at
60◦C with 150 g L−1 of battery powder; the best extraction
of manganese (82.3%) was achieved in test 4 by 2 mol L−1 of
H2SO4, 0.225 mol L−1 of citric acid at 40◦C with 150 g L−1 of
battery powder.

It can be inferred from ANOVA that the main factors and
interactions which mainly influence the final extraction of
zinc (in the range of the investigated variables) are citric acid
concentration, pulp density and temperature, sulphuric acid
concentration-temperature, and pulp density-temperature.
As regards manganese, the most significant factors are
sulphuric acid concentration, citric acid, as expected, and

pulp density, whereas temperature seems not to be significant
if increases from 40 to 60◦C. A regression analysis was carried
out to derive a useful tool able to calculate the final Zn and
Mn extraction yield even for conditions not directly tested:

YZn(%) = 207.5− 49.4X2 − 6.84X3 − 2.27X4

+ 0.36X1X4 + 0.094X3X4,

YMn(%) = 93.1 + 27.6X1 + 53.1X2 − 7.55X3 + 0.132X3
2.
(7)

Comparison between the experimental extraction yields of
manganese and zinc and those obtained by using equations
above is shown in the scatter diagram.
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Figure 5: Scatter diagram of the experimental extraction yields at
5 h versus those calculated by (7).

It can be noted that the experimental data are well fitted
by (7), confirming that the models interpret the experimental
range investigated adequately; correlation coefficient R2 is
around 0.91 both for zinc and manganese.

4.5. Precipitation Tests. To make a hypothesis about precip-
itation mechanism, the solubility of zinc and manganese
citrate has to be considered. Unfortunately, it was not
possible to find neither zinc nor manganese solubility
product. Even producers of chemicals were not able to give
the requested values. Results of the first series of precipitation
tests are given in Figure 6.

Table 5: Experimental conditions of the second series of precipita-
tion tests: temperature 40◦C without sulphuric acid.

Test
C6H8O7 Zn Mn

(g L−1) (g L−1) (g L−1)

1 0 0 0

2 80 0 0

3 160 0 0

4 0 40 0

5 80 40 0

6 160 40 0

7 0 80 0

8 80 80 0

9 160 80 0

10 0 0 20

11 80 0 20

12 160 0 20

13 0 40 20

14 80 40 20

15 160 40 20

16 0 80 20

17 80 80 20

18 160 80 20

19 0 0 40

20 80 0 40

21 160 0 40

22 0 40 40

23 80 40 40

24 160 40 40

25 0 80 40

26 80 80 40

27 160 80 40

Table 6: Semiquantitative analysis of the original and washed
powder.

Element Original powder Washed powder

% (w/w) % (w/w)

Mn 33.59 35.59

Zn 15.46 18.58

Fe 0.50 0.49

Cr 0.19 0.20

Al 0.36 0.19

K 3.26 0.36

Cl 3.38 0.13

Ti 0.27 0.26

Si 0.49 0.42

Balance 42.50 43.78

Looking at Figure 6, it is clear that the maximum
precipitation is already reached after 1 h: concentration of
both Mn and Zn does not change so much within 4 h.
Precipitation of Zn is always lower than 20%; on the
contrary, there is a significant precipitation of Mn which
was not observed in none of the leaching tests. Obviously
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Figure 6: Precipitation trend of Zn and Mn in the first series of precipitation tests.

Table 7: Second series of leaching experiments: concentrations and
extraction yields.

Test
Zn

concentration
(g L−1)

Zn extraction
yield (%)

Mn
concentration

(g L−1)

Mn
extraction
yield (%)

1 35.0 79.1 23.4 41.1

2 42.3 95.6 39.1 68.6

3 36.1 81.5 20.6 36.2

4 39.9 90.2 46.9 82.3

5 38.1 51.6 25.9 27.2

6 50.3 68.2 47.1 49.5

7 32.5 44.1 32.2 33.9

8 43.5 59.0 43.4 45.7

9 28.9 65.3 26.0 45.6

10 41.7 94.2 42.0 73.6

11 30.2 68.3 28.9 50.7

12 38.2 86.4 43.4 76.1

13 42.1 57.1 20.4 21.5

14 55.4 75.2 45.2 47.6

15 42.7 57.8 25.5 26.8

16 55.8 75.6 54.1 56.9

17 27.2 46.1 10.5 13.8

18 49.2 83.4 53.7 70.6

19 52.9 89.7 15.3 20.2

20 33.6 57.1 38.8 51.1

21 26.8 90.9 30.9 81.3

22 42.8 48.3 32.7 28.7

23 37.0 62.7 32.7 43.0

24 43.7 74.1 36.3 47.8

25 37.0 62.8 32.6 42.9

26 39.6 67.1 33.2 43.7

27 40.7 69.0 38.8 51.1

28 39.8 67.5 33.3 43.8
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Figure 7: Solubility diagram of manganese, zinc, and citrate ions
in aqueous solution at different pHs (concentration expressed as
molarity; initial ion concentrations: Mn2+ 730 mM; Zn2+ 610 mM;
C6H5O7

3− 417 mM; SO4
2− 500 mM; temperature 25◦C).

the precipitation rate increases with the amount of Mn
dissolved into solution, and the residual concentration is
always around 15–20 g L−1: these values depend on solubility
of manganese citrate corresponding to certain conditions.
Regarding zinc, the maximum precipitation obtained is 20%,
which corresponds to a concentration around 30 g L−1: that
value is the same measured in leaching solution of tests 3-4
and 15-16, when a precipitation of zinc citrate could have
been present. Since solubility products of Mn and Zn are
available nowhere, a diagram by Medusa software [28] was
obtained (Figure 7), where the temperature is fixed at 25◦C.

It can be inferred from the diagram that zinc citrate
is more soluble than manganese citrate at 25◦C: this is
in accordance with results obtained in the first series of
precipitation tests, even though the temperature was 80◦C.
From this point of view it seems that the ratio between
the two solubilities is still the same even increasing the
temperature. Moreover, the solubility of both salts increases
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Figure 8: Results of the second series of precipitation tests.

with pH, achieving the highest value at around 5. Since the
amount of acid is almost high (2.7 M), the solubility of Mn
and Zn citrates is rather low. Figure 8 shows the precipitation
yields of Mn and Zn in the second series of tests.

The main result is that precipitation of zinc raises if
the amount of initial manganese increases: in fact, the
highest Zn precipitation (nearly 90%) is achieved with
40 g L−1 manganese concentration. At 40◦C manganese is
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quite soluble, as the precipitation was never over 30–35%.
This second set of tests is more representative of real leaching,
as the final concentration of sulphuric acid is low: in fact
it confirms the results obtained in the first full factorial
design. A possible explanation of the trend could be found by
using the predominance area diagrams by Medusa software
(here not reported): in the investigated conditions (typical
leaching experimental concentrations of Zn2+, Mn2+, SO4

2−,
citrate ion), Zn is present as ZnHC12H10O14, while Mn
as MnH2(C12H10O14)+. Looking at Figure 7, it is easy to
highlight how solubility of that zinc salt is lower than that of
the manganese ion, confirming the results of both leaching
and the second series of precipitation tests.

5. Process Analysis

The experimental results obtained by leaching and precipi-
tation tests suggest a possible flow sheet to recover zinc and
manganese from alkaline and Zn-C spent batteries.

Collected batteries are sorted to remove those types
recycled in other plants, such as Ni-Cd, Li-ion, Ni-MH.
Batteries are crushed by a Hazemag impact crusher, and the
resulting products are separated in two different fractions
by means of sieving (1.6–2 mm). The coarse fraction is
composed by magnetic scraps which are first separated by a
magnetic separator, whereas nonferrous scraps are recovered
by an Eddy current separator. Remaining plastic and paper
films, together with unsorted materials (carbon rods), can
be landfilled or incinerated as RDF (Refused Derived Fuels).
The fine fraction that has previously been dried (due to the
heat developed during crushing) is leached by sulphuric acid
and citric acid according to the best conditions found in
the present study; the dissolution of manganese and zinc
can be lead by a countercurrent leaching to save a large
amount of NaOH in the precipitation stage, as reported in
[11]. After that the suspension is filtered by a plate and
frame filter, and iron is precipitated by means of NaOH
at pH 4.8. Thus, the solution undergoes cementation with
zinc powder. The cementation step is required to remove
certain metals more electropositive than zinc, like Cu, Cr,
Cd, and Ni, which could impair the purity of the precipitated
compounds [19, 29]. The purified solution is then ready for
a sequential electrowinning where zinc is recovered at the
cathode and mixed manganese oxides such as Mn2O3 and
Mn3O4 precipitate at the anode side [30]. Spent solution is
recycled back to the leaching reactor, since sulphuric acid is
regenerated during electrolysis.

6. Conclusions

In this paper a reductive-acid leaching was studied for recov-
ery of zinc and manganese from alkaline and zinc-carbon
spent batteries. Optimum technical-economical leaching
conditions able to leach 100% of both zinc and manganese
are the following: 1.8 M H2SO4 concentration, 40 g L−1 citric
acid concentration at 40◦C with 200 g L−1 pulp density.
The use of an organic compound like citric acid is an
environmentally friendly technique which permits to extract

manganese and zinc contained in alkaline and zinc-carbon
batteries. The analysis of variance was carried out using
the Yates’ algorithm on zinc and manganese extraction
yields after 5 h: this analysis showed that the zinc extraction
is positively influenced by pulp density and negatively
by interaction of citric acid concentration-pulp density,
temperature-pulp density, and citric acid-temperature-pulp
density. Manganese extraction is promoted by increase
of citric acid concentration, temperature, and pulp den-
sity whereas is negatively influenced by the contemporary
increase of temperature and pulp density.

Precipitation tests on synthetic solutions were also
performed to study the recovery of Zn and Mn: results
showed that a complete separation is not possible, since the
quantitative precipitation of zinc oxalate is simultaneously
achieved with precipitation of 30% of manganese. Complete
separation of zinc could be achieved by several sequential
precipitations by citric acid: zinc and manganese oxalates can
be calcined for obtaining pure zinc and manganese oxide.
Another recovery process which can be developed involves
the purification of solution after the countercurrent leaching
for removal of iron and other metal impurities from leach
liquor, thus zinc and manganese can be recovered from that
solution by a sequential electrolysis.
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