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a b s t r a c t

The recycling of spent alkaline and zinc-carbon batteries aims to minimize the waste, to avoid envi-
ronmental pollution, and to provide valuable secondary raw materials. The paper presents the devel-
opment of a new technology, based on corona-electrostatic separation, for the recovery of zinc and brass
granules from the coarse fraction obtained in the recycling process of alkaline and zinc-carbon batteries.
A free-fall electrostatic separator was equipped with an extended needle-type corona electrode, to
strongly charge by ion bombardment all the components of the granular mixture. The difference in
density between metallic granules (zinc and brass) and other non-metallic components leads to different
trajectories and makes possible their collection as separated fractions. The recovery rate and purity of the
metallic fraction - as high as 99% and 92% respectively, was obtained with a 52% recovery rate the non-
metallic fraction. A new electrode configuration was employed to improve the granule collection effi-
ciency, leading to a significant increase in both the recovery rate of non-metallic fraction, and the purity
of the metallic fraction - 97.6% and 99.2% respectively. The experimental results show that the proposed
corona-electrostatic technology allows the recovery of about 390 kg of zinc and brass with over 99%
purity from 1,000 kg of granular mixture, with an energy consumption of about 48 kWh. The corona-
electrostatic technology represents a competitive alternative for the recovery of zinc and brass gran-
ules from spent alkaline and zinc-carbon batteries.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkaline and zincecarbon (Zn-C) batteries are single use
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portable batteries (primary cells) powering radios, remote controls,
alarm clocks, MP3/CD players, digital cameras, etc. According to
“European Portable Battery Association” (2017) around 225,000 t
(11 � 10^9 units) portable (single use and rechargeable) batteries
have been placed on themarket in the EU in 2016, (52% alkaline and
12% zinc-carbon) with a collection rate of 44% (98,000 t). Seventeen
countries have reached or exceeded a collection rate of 45% in 2016.
With only 26%, Romania has the smallest collection rate (“European
Portable Battery Association”, 2017), while the EU legislation on
waste batteries and accumulators stipulates that themember states
must collect at least 45% and recycle 50% by average weight of
waste batteries (Directive, 2006/66/EC, 2016). European regulations
also emphasize that research and development of new environ-
mentally friendly and cost-effective recycling technologies should
be encouraged.

Batteries contain hazardous, toxic, and corrosive materials and if
they end up in landfills the chemicals cause soil contamination and
water pollution. The incineration of batteries cause air pollution
and battery waste can endanger wildlife and is potentially haz-
ardous to human health.

In accordance with the European Union Directives 2006/66/EC
and 2008/103/EC, after 2008 the placing on the market of the
batteries containing more than 0.0005% mercury and 0.002% cad-
mium is prohibited. Consequently, spent alkaline and Zn-C batte-
ries, who continue to dominate the market, are no longer classified
as hazardous waste, but the EU legislation prohibits the landfilling
or the incineration of all type of batteries. The recycling of spent
batteries is mandatory (European Union Directives, 2006/66/EC),
aiming to minimize the waste and to avoid environmental pollu-
tion. Recycling of spent alkaline and Zn-C batteries preserve pri-
mary raw materials providing valuable secondary raw materials,
specifically zinc (Zn) and manganese (Mn), at less energy con-
sumption and lower production costs in comparison with the
mining industry (Ekberg and Petranikova, 2018).

All the recycling processes of spent batteries contains some
typical operations such as sorting, dismantling/shredding, and
sieving (Fig. 1). The main purpose is to separate the fine fraction
(“black mass”) which is about 57% of the batteries total weight
(Ferella et al., 2008) and contains about 33% Mn and 29% Zn (Ebin
et al., 2016). This product represents the main source for recov-
ered Zn and Mn from spent batteries (Espinosa and Mansur, 2019)
by pyrometallurgical methods using: carbothermic reduction pro-
cess (Yesiltepe et al., 2019), thermal transformation under argon
atmosphere (Farzana et al., 2018) and hydrometallurgical processes
using: acidic and alkaline mediums (Abid Charef, 2017), reducing
agent with H2S04 and H2O2 (Buzatu et al., 2004), H2SO4 and se-
lective precipitation by NaOH at different pH (Chen et al., 2017),
microwave assisted leaching method (Lanoo et al., 2019), treatment
of the battery leachates by a ionic liquid diluted in toluene
(Mahandra et al., 2018), reductive acid leaching (H2SO4 þ C2H2O4)
(Sobianowska-Turek et al., 2016), solvent extraction, electrodepo-
sition and precipitation methods (Tanong et al., 2017).

After a magnetic separation aiming to recover ferrous metals,
the coarse fraction obtained in the pre-treatment process of alka-
line and Zn-C batteries contains Zn granules from the negative
electrode of Zn-C batteries (Fig. 2a), brass granules from the current
collector of alkaline batteries (Fig. 2b), plastics from gaskets and
paper/non-woven fabric/plastic from separators between electro-
lyte and battery electrodes. Different methods are proposed for the
recovery of nonferrous metals (zinc and brass) from the mixture
with non-metallic granules: eddy current separation (Ferella et al.,
2008), pneumatic separation (Ruffino et al., 2011), or gravity sep-
aration (Gasper et al., 2013). All these methods are feasible, but
many factors including the size of the granules strongly influence
their efficiency. Neither the literature nor the recyclers give any
information about the stages of the technology, or the purity and
recovery rate of the non-ferrous metallic fraction.

The aim of this work is to propose a new and highly efficient
method for the recovery of zinc and brass granules from this coarse
fraction, using the corona-electrostatic separation technology.

This clean technology, characterized by zero waste and low
energy consumption, is based on the difference in surface con-
ductivity between the components of the granular mixture (Knoll
and Taylor, 1985) and is well known as capable to separate
conductive and non-conductive granules from waste electrical and
electronic equipment (Samuila et al., 2005).

The rotating roll corona-electrostatic separator is the typical
equipment in this technology, where the granules trajectories
depend on their conductivity (Iuga et al., 2001). The granular
mixture representing the coarse fraction in the recycling process of
alkaline and Zn-C batteries contains non-ferrous metallic granules
(zinc and brass) and non-conductive granules (plastic, paper and
non-woven fabric), but all are covered by a fine powder of “black
mass” characterized by high conductivity because of the graphite
content. As a result, the trajectories of the two type of granules in the
rotating roll corona-electrostatic separator are not differentiated.

This paper presents an innovative solution - a free-fall electro-
static separator equipped with a special corona electrode, to
separate zinc and brass granules from other non-conductive com-
ponents of the coarse fraction of the recycling process of alkaline
and Zn-C batteries.

2. Materials and method

2.1. Materials

The coarse fraction that results in the recycling process of spent
alkaline and Zn-C batteries is a mixture of zinc, brass, graphite,
plastic materials, paper/cardboard, and non-woven fabrics (Fig. 3A).
All the components of the fraction are covered in “black mass”
powder that contains fine granules of Zn, MnO2, KOH, NH4Cl, ZnCl2
and graphite and is characterized by high electrical conductivity.

In order to increase the efficiency of the free-fall corona-elec-
trostatic separation the initial granular mixture was subjected to
two preliminary operations. The first was a grinding operation
aiming to dissociates the granule conglomerates, while the second
was a pneumatic (zig-zag) separation that removed the light frac-
tion, composed of black mass powder, lightweight plastic, paper/
cardboard, and non-woven fabrics (Fig. 3C). This last operation has
reduced the amount of material mixture for the corona-
electrostatic separation by about 42% by weight but was not able
to remove all the non-metallic granules. The heavy fraction (Fig. 3B)
represents 58% of the initial material and contains zinc, brass, and
larger/heavier plastic granules, all of them covered by the high
conductivity black mass powder (Table 1).

3. Method

The separation of zinc and brass granules from the granular
mixture obtained as heavy fraction (Fig. 3B) was achieved by an
innovative solution - a free-fall electrostatic separator equipped
with a special corona electrode that generates an extended corona
charging zone (Fig. 4a). The granular mixture was introduced into
the separator by means of an adjustable inclined plane and left to
fall freely. In the corona discharge zone, all the granules get nega-
tive charge after being subjected to an intense ion bombardment.

The charge accumulated by the granules, especially plastic
granules, in the corona discharge zone decisively influences their
trajectories and consequently the separation results. For this
reason, the efficiency of the charging process by ion bombardment



Fig. 1. Typical operation in the recycling process of the alkaline and Zn-C batteries.

Fig. 2. Components of Zn-C (a) and alkaline (b) batteries (Chemistry, 2016).
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is a key factor for a successful separation. In the case of our device,
where the granules fall freely in the separation zone, an extended
corona discharge zone is necessary to increase the granules’ charge.

The granules entering the separator have an initial velocity v0
and their trajectories in the electrostatic separation zone are pri-
marily determined by the action of the gravity force FG, the elec-
trical force FE exerted by the electric field, and the air drag force FA
(Fig. 4b):
FG ¼mg (1)

FE ¼QE (2)

FA ¼
1
2
CDrASv

2 (3)

wherem is the granule mass, g is the gravitational acceleration, E is



Fig. 3. Zig-zag separation principle, input material A, heavy fraction B, and light fraction C.

Table 1
Weight, density, shape, and size of the heavy fraction components.

Material Average granule weighta (mg) Volumetric mass density (kg/m3) Shape of granule Size range (mm)

small large

brass 394 8,610 cylinder 25 � 1 40 � 2
zinc 192 7,140 crumpled ball, pill 4 � 2 10 � 5
plastic 41 920 O-ring/flat pebble 4 � 5 x 1 18 � 5 x 1

a The average granule weight was calculated as the weight of 100 granules divided by 100.

Fig. 4. The separation principle of metallic and plastic granules in the free-fall corona-electrostatic separator (a) and the forces that act on a granule in the electrostatic separation
zone (b).

L. Calin et al. / Journal of Cleaner Production 278 (2021) 1234774



Fig. 5. Graphical representation of the experimental points of the full factors (3 levels)
quadratic model with angle a and voltage V as input factors of the free-fall corona-
electrostatic separation process.
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the electric field strength and Q is the electric charge acquired by
the granule after being subjected to the ion bombardment, CD is the
drag coefficient, rA is the air density, S is the particle projected
surface on motion direction, and v is the particle velocity.

Due to the difference in the density betweenmetallic and plastic
granules, the displacement of the metallic granules is influenced
predominantly by the gravity force FG, while the electric field force
FE predominantly influenced the displacement of plastic granules.
As a result, the separation trajectories of these two types of gran-
ules are different, which makes possible their collection as sepa-
rated fractions.

The high voltage V of the electrodes (defined as the potential
difference between the separator electrodes V ¼ |Vþ| þ |V�|) and
the angle a of the granules inlet are the main parameters of the
process influencing the separation results.

In order to optimize these parameters, the Design of Experi-
ments (DoE) methodology was employed. Compared to the clas-
sical methodology, DoE has the following advantages: a
considerable reduction of the number of experiments, the possi-
bility of studying the effects of a large number of factors, detecting
the interactions between factors, determining the results with a
good accuracy and the assisted model of the results (Goupy and
Creighton, 2007). The method consists in establishing an experi-
ence plan capable to generate a polynomial model which describes
the dependence between the output function y (response) and the
input variables ui (factors), as follows:

y¼ f ðxiÞ ¼ a0 þ
X

aixi þ
X

ai;jxixj þ
X

ai;ix
2
i (4)

where ai are the coefficients of a quadratic polynomial model and xi
is the normalized centered value for each factor ui:

xi ¼
ðui � ui0Þ

Dui
¼u*i (5)

with

ui0 ¼
uimax þ uimin

2
;Dui ¼

uimax � uimin
2

(6)

ui0 ¼
uimax þ uimin

2
;Dui ¼

uimax � uimin
2

(7)

The coefficients can be calculated using a specialized software -
MODDE (Umetrics, Sweden), that assists the user for interpretation
of the results and prediction of the responses and identifies best
adjustments of the factors for optimizing the process.

Moreover, the program calculates two statistical criteria: the
“goodness of fit”: R2, and the “goodness of prediction”: Q2. The
latter is a measure of howwell the model will predict the responses
for new experimental conditions. A good mathematical model has
criteria R2 and Q2 with the numerical value approaches unity and
preferably not separated by more than 0.2e0.3 (MODDE, 1999).

Before the start of the experiments, it is necessary to set the best
and suitable design that can model the process with the most
possible precision. In this paper, the full factor (3 levels) design,
requesting a total of 12 separation experiments (one in each point
of the experimental matrix and 3 repetitions in the central point)
was adopted (Fig. 5). The input parameters of the separation pro-
cess (factors) were the voltage V and the angle a, while the output
parameters (responses) were the recovery rate and purity for both
metallic and plastic fractions.

The low and the high limit of the supply voltage V and of the
inlet angle a was set as a result of a series of preliminary experi-
ments, as follows: Vmin ¼ 80 kV, Vmax ¼ 88 kV and amin ¼ 27�,
amax ¼ 31�, respectively.
For the factors considered in the present study, the quadratic
model of the responses takes the following form:

yð%Þ¼ a0 þ a1V
* þ a2a

* þ a12V
*a**þ a11V

*2 þ a22a
*2 (8)

were V* and a* are the normalized centered value for each factor V
and a, calculated using formulas (5) and (6).
4. Experimental device

Two novel types of electrodes able to generate the extended
corona discharge zone in the free fall separator were designed and
tested in the laboratory. The first electrode (Fig. 6a) is an assembly
of 24 tungsten wires of 0.2 mm diameter and 200 mm length, fixed
on a copper frame and set apart 20mm from each other. The second
electrode (Fig. 6b) is made as an array of 540 needles of 25 mm
length and 0.8 mm diameter fixed at a distance of 10 mm from each
another on a drilled 170� 290mmprinted circuit board, connected
through a copper layer of the PCB.

The I-V characteristics at three different gaps between the
negative corona electrode and the positive plate electrode highlight
higher discharge currents for the needle array electrode (Fig. 6c).
Turn-on voltages and average current densities are higher for this
type of electrode, while breakdown voltages are lower. For this
reason, the needle array electrode was chosen to generate the
extended corona discharge zone of the free fall separator, but the
electrode gaps used were larger than 250 mm. This way, voltages
between 80 and 88 kV can be used without getting air breakdown.

The separation experiments of zinc and brass granules from
other non-metallic components (mainly plastics) of the heavy
fraction were performed on a free-fall electrostatic separator
(Fig. 7) equipped with the needle array type corona electrode. An
extended corona discharge zone required to charge the granules by
ion bombardment (Dascalescu et al., 1994) was generated by con-
necting the corona electrode to an adjustable high voltage supply
(model Gamma RR100-3R) of negative polarity V�. The same high
voltage supply was used for the negative polarity plate electrode



Fig. 6. Types of corona electrode designed and tested in the laboratory: parallel wires (a) and needle array (b), and corona discharge I-V curves for the electrodes at three different
gaps (c).

Fig. 7. Free fall corona-electrostatic separator equipped with an extended needle array
corona electrode.
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associated with the corona electrode. The other plate electrode of
the free-fall separator was connected to a similar high voltage
supply of positive polarity Vþ, so that the potential difference be-
tween the separator electrodes was V ¼ |Vþ| þ |V�|. The separator
was equipped with three collecting boxes, one for the metal frac-
tion, one for the plastic fraction, and another for the middling
fraction, resulted from the electrostatic separation process. A
vibratory feeder and an inclined plate were employed to introduce
the granular material in the separation zone with a constant feed
rate of 130 g/min. The angle a of the plate represents a very
important parameter allowing to control the granules trajectories
and consequently the separation results.

5. Results and discussion

5.1. Experimental results

A series of 12 corona-electrostatic separation experiments was
carried out on the free fall corona-electrostatic separator with pa-
rameters set according to the DoE full factor (3 levels) quadratic
plan (Fig. 5). A large quantity was used for each sample (800 g) in
order to reduce the errors due to granular material non-
homogeneity. The content analysis of the three separation frac-
tions for each run allowed the calculation of the recovery rate and
purity for both metallic and plastic fractions (Table 2). The sepa-
ration indicators were calculated as follows: recovery rate ¼ ratio of
the recovered material weight to material weight in sample, and
purity¼ ratio of the recoveredmaterial weight to separated fraction
weight. The purity of the plastic fraction was virtually 100% for all
12 experiments and it was excluded from the table.

Processing the experimental results by the MODDE 5.0 software
allowed to calculate the value of the coefficients of the polynomial
model (8) and the uncertainty in their determination. The co-
efficients whose uncertainties were greater than their value are not
statistically significant and were removed from the models. The
contribution of each factor (V and a) on the responses (recovery and
purity) is given by the values of the corresponding coefficients in
the following mathematical models:

Metal recoveryð%Þ¼96:87þ 3:47a* (9)

Metal purityð%Þ¼90:67þ 1:37V* � 2:24a* þ 1:02V*a*

þ 1:33a*2 (10)

Plastic recoveryð%Þ¼48:54þ 5:51V* � 7:29a* þ 2:5a*2 (11)

The polynomial expressions for metal recovery rate (9) and
purity (10) are validated by the excellent values of the diagnostic
parameters R2 ¼ 0.968, Q2 ¼ 0.908 and, R2 ¼ 0.999, Q2 ¼ 0.967



Table 2
Results of 12 separation runs on the free-fall corona-electrostatic separator as part of a design of experiments quadratic model where voltage and input angle a were factors
and metal purity, metal recovery rate, and plastic recovery rate were responses.

Run number Voltage V (kV) Input angle
a (�)

Metal recovery rate (%) Metal purity (%) Plastic recovery rate (%)

1 80 27 94.78 93.71 55.76
2 84 27 92.01 94.2 58.1
3 88 27 93.48 95.06 60.2
4 80 29 98.38 88.96 43.07
5 84 29 97.7 90.71 49.02
6 88 29 98.26 91.15 51.34
7 80 31 99.05 87.19 37.56
8 84 31 98.96 89.72 43.51
9 88 31 99.08 91.93 51.86
10 84 29 96.02 90.75 48.74
11 84 29 93.7 94.39 55.82
12 84 29 93.65 95.82 59.48

Table 3
Charge/mass ratio Q/m experimentally determined from samples of 100 g for each
material, single granule charge Q, gravity force FG, electric field force FE and FE/FG
ratio.

Material Brass Zinc Plastic

Charge/mass ratio Q/m (nC/g) �2.35 �2.87 �11.34
Single granule average charge Q (nC) �0.93 �0.55 �0.46
FG ¼ mg (mN) 3.86 1.88 0.40
FE ¼ QEa (mN) 0.16 0.09 0.08
FE/FG 0.04 0.05 0.2

a The electric field strength was calculated as E ¼ V/d ¼ 1.68$105 V/m (V ¼ 84 kV,
d ¼ 500 mm).
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respectively. It indicates that the most important factor is the angle
a.

In order to obtain a highmetal recovery rate, the angle amust be
increased, and for a greater metallic fraction purity, the angle a

must be decreased. The mathematical model of the plastic recovery
rate has the “goodness of fit” and “goodness of prediction” values
R2 ¼ 0.996 and Q2 ¼ 0.855, respectively. It shows that both factors
have an important effect: high voltage and low angle lead to an
increased recovery rate of plastic fraction.

The combined effects of the two factors is highlighted by the
response surfaces, represented as contour plots in Fig. 8.

The response surfaces show that the angle a is the decisive
factor for the recovery rate of the metallic fraction. Higher input
velocity of the granules is obtained at a ¼ 31� and, as the metallic
granules displacement towards the positive electrode is less influ-
enced by the electric force FE, they are almost completely collected
in the collecting box reserved for the metallic fraction (Fig. 8a). The
supplied voltage, or in other words, the space charge density
generated by the corona discharge and the amount of charge
accumulated by the metallic granules by ion bombardment do not
significantly influence their trajectories because the electric field
force FE has an order of magnitude lower (amounting to about
4e5%) than the gravity force FG (Table 3). At lower angles the input
velocity decreases, the granules are submitted to the ion
bombardment for a longer time, and accumulate a larger amount of
charge, so that their trajectories are more influenced by the electric
field force FE. Therefore, more zinc and brass granules are collected
as middling, even more so as the supply voltage V (the electric field
strength E) is higher. Even under these conditions, metallic gran-
ules do not contaminate the plastic fraction, which explains the
Fig. 8. Predicted contour plots for the recovery rate of metal (a) and pl
100% purity of the plastic fraction in all 12 separation runs.
The highest recovery rate of the plastic fraction is obtained at

the lowest angle a and the maximum supply voltage V. In this case
the input velocity of the granules is low, the charge accumulated by
the plastic granules consequently increases and, at high voltages,
they are strongly deviated by the FE force (representing 20% of the
gravity force, as shown in Table 3) towards the positive electrode,
leading to an increased recovery rate (Fig. 8c). At higher input an-
gles the input velocity of the granules increases, the charge ac-
quired by the plastic granules by ion bombardment decreases, and
many of them get collected as middling or end up with the metallic
fraction, leading to a decrease in the recovery rate of the plastic
fraction.

Using the “Optimizer” function of MODDE, it was possible to
determine the values of the two factors that maximize the recovery
and purity of the metal and plastic. At V ¼ 88 kV and a ¼ 31� the
predicted metal purity and recovery rate are 91.93% and 99.08%
astic (b) fractions, as well as the purity of the metallic fraction (c).



Fig. 9. Matlab simulation of plastic and metal (zinc and brass) granules trajectories for small, medium and large size granules (a) and the new electrode configuration of the free-fall
corona-electrostatic separator (b).

Fig. 10. Separation flow sheet for the new electrode configuration.
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respectively, and the plastic recovery rate is 51.86%.
The purity of the metallic fraction is closely related to the re-

covery rate of the plastic fraction (Fig. 8b). At high voltage values
and low angle values the plastic granules acquire a larger amount of
charge, thus being strongly deviated by the electric field force FE
towards the positive electrode and are collected in their reserved
collecting box without contaminating the metallic fraction. In
contrast, at low voltages and high angles the plastic granules’
charge decreases and their trajectories are less deviated towards
the positive electrode, so they can get collected with the metallic
fraction, lowering its purity.
5.2. Results of the numerical simulation

The 2D numerical simulation of the trajectories of the metallic
and plastic granules in the free fall corona-electrostatic separator
was done using Matlab, based on equations that describe their
movement under the action of the gravity force FG, the electric field
force FE, and the air drag force FA:

8>><
>>:

dx ¼ v0xDt þ
1
2
axDt2

dy ¼ v0yDt þ
1
2
ayDt2

(12)

�
vx ¼ v0x þ a0xDt
vy ¼ v0y þ a0yDt

(13)

8>><
>>:

ax ¼ 1
m

ðqEx þ FAxÞ

ay ¼ 1
m

�
mg þ qEy þ FAy

� (14)

where the termswith x and y indexes represent the projections in a
cartesian x0y system (Fig. 4) of the field strength E, the drag force FA,
the displacement d, velocity v, and acceleration a of a single
granule. The charge acquired by the granules by ion bombardment
in the corona charging zone was experimentally measured using a
Faraday pail connected to a Keithley 6514 electrometer. The voltage
drop between the electrodes was set at 88 kV and the inlet angle at
31�. Four runs were performed for each sample, then the average
charge/mass ratio Q/m was calculated as shown in Table 3. The
single granule average charge was calculated as Q/m multiplied by
the granule average weight from Table 1 and this charge was
further used in the numerical simulation of the granule trajectories.



Table 4
Corona - electrostatic treatment of 1,000 kg of granular material. Assessment of the energy consumption based on laboratory experiments.

Operation Grinding (crushing) Zig-zag separation (pneumatic) Feeding (vibratory feeder) Free-fall separation

Energy consumption (kWh) 20 20 4 4
Total (kWh) 48
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The gravity force FG and the electric field force FE were also calcu-
lated for a single granule in order to compare the ratio FE/FG for the
three granule types.

The results shown in Table 3 explain the different behaviour of
metallic and plastic granules in the electrostatic field zone of the
free-fall separator. After the granules leave the corona discharge
zone their trajectories are primarily influenced by the forces FG and
FE (Fig. 4). The ratio FE/FG is of low value for zinc and brass granules
and (4e5) times greater for plastic granules, allowing their collec-
tion as separated fractions.

The results of the numerical simulation (Fig. 9a) confirm the
feasibility of the corona-electrostatic separation on the free-fall
separator of the granular mixture composed of metallic and plas-
tic granules originating from spent batteries. In the case of plastic
granules, the higher ratio FE/FG shows that their trajectories are
heavily influenced by the electric field force, directly dependent on
the charge acquired in the corona discharge zone. On the contrary,
the FE force has a much lower influence on the of the metallic
granule trajectories for which the ratio FE/FG has a very low value.

On the other hand, the experimental observations are confirmed -
the lightweight plastic granules collide with the positive electrode
andarediverted to themetallic fractionbox,which leads to adecrease
in the recovery rate of the plastic fraction and the purity of the
metallic fraction. For this reason, it was decided to use a new,
reconfigured, positive electrode, in order to allow the collecting of
plastic granulesbyavoiding theircollisionwith theelectrode (Fig. 9b).

The results of the separation test carried out with the new
electrode configuration show a significant increase of the recovery
rate of the plastic granules without diminishing the purity of this
fraction (Fig. 10). For this reason, the new electrode configuration
also leads to an increase of the metallic fraction purity.

The experimental results presented in Fig. 10 show a 39% by
weight metal content of the granular mixture originating from the
recycling process of the alkaline and Zn-C batteries. The valuable
non-ferrous metals, namely zinc and brass, from the spent batteries
can be separated using the free-fall corona-electrostatic technology
with 95.6% recovery rate and 99.2% purity.

The corona-electrostatic separation is a “zero waste” process
because the middling fraction is fed a second time through the
separator. Considering the small amount of plastic in this fraction,
in an industrial process this product could be mixed with the
metallic fraction, this way increasing the metal recovery rate to
100%.

The free-fall corona-electrostatic separation represents a real
alternative to other technologies for the recovery of zinc and brass
granules from the coarse fraction obtained in the recycling process
of alkaline and zinc-carbon batteries. This clean and environmen-
tally friendly technology leads to high purity and high recovery rate
of the non-ferrousmetallic fraction. Furthermore, this technology is
characterized by low energy consumption (Table 4), contributing to
a cost-effective recycling process. In this proposed technology the
most important energy consumers are the grinding process and the
pneumatic separation. To increase the recycling process profit-
ability even more, further experimental research should be done in
finding an operation mode of the free-fall corona-electrostatic
separator allowing it to run without the crushing and pneumatic
separation stages. Additionally, further experiments must be
performed with different material samples, to assess the robust-
ness of this technology.

6. Conclusions

The corona-electrostatic technology represents a competitive
alternative for the recovery of zinc and brass granules from the
coarse fraction obtained in the recycling process of alkaline and Zn-
C batteries. This simple and environmentally friendly technology is
characterized by zero waste and low energy consumption, that
facilitates the profitability of the recycling process.

Some innovative solutions have been employed, for example the
free-fall separator was equipped with a corona electrode. Another
special corona electrode was developed to generate an extended
space charge electric field zone. Additionally, a new configuration
of the positive electrode was used to facilitate the collection of
plastic granules thus avoiding their collision with the electrode. In
the proposed technology a new parameter was introduced, the
inlet angle a which has a decisive influence on the separation
process, improving the separation results.

Recovery rate and purity of the metallic fraction as high as 99%
and 92% respectively, were obtained at 88 kV high voltage level and
31� inlet angle, with about 52% non-metallic fraction recovery rate.
A new electrode configuration was employed to improve the
granule collection efficiency, leading to a significant increase in
both the recovery rate of non-metallic fraction and purity of the
metallic fraction, 97.6% and 99.2%, respectively. The purity of the
plastic fraction was virtually 100%.

The experimental results presented in this paper show that the
free-fall corona-electrostatic separation technology allows the re-
covery of about 390 kg of zinc and brass with over 99% purity, from
1,000 kg of granular mixture obtained as coarse fraction in the
recycling process of spent alkaline and zinc-carbon batteries, with
“zero waste” and an energy consumption of about 48 kWh.

In view of industrial application, further experimental research
should be done to find an operation mode of the free-fall electro-
static separator allowing to simplify the process, giving up the
crushing and pneumatic separation stage and increasing the recy-
cling process profitability. Also, the robustness of the technology
must be assessed by further experiments performed with different
material samples.
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