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A B S T R A C T

Electrostatic separation is a technique that uses electric field forces exerted on charged or polarized bodies for 
sorting the constituents of granular mixtures in various domains: minerals beneficiation, food processing, waste 
recycling, etc. In the case of the specific electrostatic separator that is the subject of this study, the electric field is 
generated between a rotating-roll electrode, connected to the ground, and a static electrode with inverted S 
profile connected to a high voltage (HV) supply. This paper is aimed at evaluating the effect of two factors: the 
high voltage applied between the two electrodes and the distance between them. A high-speed video camera was 
used to record the trajectories of mm-sized aluminum and copper particles. The visualization of these trajectories 
provided a better understanding of the dynamics of particles movement in the electric field of the separator. It 
enabled to adjust the applied high voltage and the inter-electrode distance to avoid the impacts between the fine 
aluminum particles and the static electrode, while driving the two types of metallic particles into different 
collecting compartments. The conclusions of the study will be implemented on a pilot-plant roll-type electrostatic 
separator integrated to the production line of an industrial recycler.

1. Introduction

Waste electrical and electronic equipment (WEEE) are rich in heavy 
metals (mercury, zinc, chromium, cadmium, lead, etc.) and halogens 
(bromine, chlorine, etc.) as well as precious metals (Ag, Pd, Au, etc.). 
Some of these materials represent a danger to the environment and 
human health due to their persistent toxic nature [1,2]. Their stable 
supply is crucial for the transition to a sustainable and circular economy. 
The characterization, treatment and recovery of the materials contained 
in this waste stream are of great environmental and economic impor
tance, which justifies the research efforts for developing effective recy
cling processes.

The electrostatic separation technique used in mineral processing is 
likely to be a solution for extracting the metallic particles present in 
finely-ground WEEE. This technique is based on two physical mecha
nisms for imparting electric charges to particles of millimeter and sub- 
millimeter sizes: corona discharge and electrostatic induction. In a 
roll-type electrostatic separator, which is the most widely used in in
dustry, the sorting of differently charged particles is achieved by the 
Coulomb forces which attract on them in the intense electric field 
created between a static electrode connected to high voltage and a 

rotating roll electrode connected to the ground [3]. Other electrostatic 
separation devices have been successfully developed, particularly when 
it consists of separating fine insulating particles of different types [4–7].

To broaden the range of particles to be recovered and improve the 
separation performance, different types of electrodes [8–10] or even two 
rotating cylindrical electrodes arranged in cascade [11,12] have been 
proposed to equip the electrostatic separators. The trajectories of the 
particles in these separators are the result of the combined action of 
three major forces: Coulomb force, gravitational force and centrifugal 
force [13–18].

The air drag force is usually neglected, as it is particularly influential 
only when separating particles of very small dimensions (sub-milli
meter). The electric image force should be considered in the study of 
separation processes involving insulating particles [3].

The most relevant influencing parameters on the quality of the sep
aration are the splitter position [9,19], the roll speed [9,19,20], the 
applied voltage [15,21,22] as well as the relative position of the elec
trodes [19,20,22].

The electrostatic separators employed for WEEE recycling must 
process particles of different sizes and shapes, depending on the mate
rials involved. Copper and aluminum represent, besides steel, the major 
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metals in WEEE [23–25]. The size distribution of Cu particles is mainly 
below 1 mm, those of Al are above 2 mm [23], while the largest 
dimension of photo-voltaic panels particles is less than 0.5 mm [20]. The 
wide distribution of particle sizes represents a major difficulty for their 
appropriate electrostatic processing. There are already calls for stan
dardization of particle sizes to optimize the separation processes [26].

Visualizing the trajectory of particles using a high-speed camera has 
already been used to evaluate the influence of electrode configuration 
on the efficiency of an electrostatic separator [10,27]. The aim of the 
present work is triple: 

(i) demonstrate the effectiveness of the electrostatic drum separator 
as a sorting tool of copper/aluminum granular mixtures from 
WEEE;

(ii) (ii) deepen the study of the effects of two factors that should be 
controlled for optimizing the separation process: the high voltage 
applied between the electrodes and the distance between them;

(iii) (iii) prepare the conditions for implementing a pilot electrostatic 
separator integrated into the production line of an industrial 
WEEE recycler.

2. Materials and method

The aluminum and copper particles studied in this work (diameter 
from 0.5 mm to 1 mm; length <10 mm) were picked up from a fraction 
obtained after a series of operations specific to the processing of WEEE at 
Environment Recycling Company, France: manual depollution, crush
ing, shredding, electromagnetic separation, optical sorting and classi
fying (Fig. 1).

A roll-type electrostatic separator (Carpco Inc, Jacksonville, FL) was 
used for this study (Figs. 2 and 3).

The analysis of the electric field distribution between the inverted S- 
shaped static electrode connected to a HV supply and the rotating roll 
electrode connected to the ground point out the presence of four distinct 
zones (Fig. 4): 

Zone 1, where the particles lift off the surface of the rotating roll 
under the double effect of the centrifuge force Fc and Coulomb force 
Fe generated by the relatively high electric field at the upper edge of 
the static electrode.
Zone 2, characterized by a local intensification of the electric field, 
which will increase the effect of the Coulomb force that attracts the 
particle to the static electrode.
Zone 3, where the intensity of the electric field progressively de
creases, and the effect of the Coulomb force decreases.
Zone 4, characterized by an almost null electric field, so that the 
particle is only submitted to the gravitational force.

For the relatively heavy particles of millimetric dimensions consid
ered in this study and moving in air of relatively low velocity, the drag 
force can be neglected with regard to the electrical, gravitational and 
centrifugal forces.

The first series of experiments were carried out with a group of three 
aluminum particles and then with a group of three copper particles of 
different sizes (diameter from 0.5 mm to 1 mm; length <10 mm). Based 
on the results of preliminary experiments, the operating conditions were 
established as follows: diameter of rotating cylindrical roll electrode: D 
= 36 cm, distance between the rotating roll electrode and the edge of the 
static electrode: d1 = 6 cm, distance between the rotating roll electrode 
and the static electrode: d2 = 4 cm, angular position of the upper edge of 
the electrode: α1 = 10◦, angular position of the static electrode support: 
α2 = 45◦, rotation speed of the roll electrode: n = 70 rpm, frequency of 
the vibratory feeder: f = 100 Hz. The applied high voltage was varied 
from U = - 13 kV to U = - 21 kV with a step of - 4 kV. The voltage was not 
increased over - 21 kV to avoid the collisions between the small particles 
and the static electrode.

The experiments were conducted at constant ambient conditions: 
temperature: T = 19 ◦C ± 1 ◦C and relative humidity: RH = 71 % ± 1.5 
%, which had no influence on the purely electrostatic induction charging 
of the metallic particles that made the object of the study.

The two same groups of aluminum and copper particles were used in 
the second series of experiments carried out by varying the distance d2 
between the inverted S-shaped static electrode and the rotating roll 
electrode. The goal was to find a position that was close enough to the 
rotating roll electrode to generate an intense electric field but avoiding 
collisions of the particles with the HV electrode. Therefore, the HV static 
electrode was brought closer to the rotating roll electrode from d2 = 5 
cm to d2 = 3 cm, with a 1 cm step. This distance was not increased over 
d2 = 5 cm because the electric field becomes too weak to attract and 
separate the particles. Likewise, the distance was not less than 3 cm to 
avoid electric arcs triggering between the electrodes, a phenomenon 
that would influence the particles trajectories.

For this series of experiments, a DC voltage U = − 17 kV was applied 
on the inverted S-shaped electrode, the upper edge of which was varied 
from d1 = 7 cm to d1 = 5 cm to be correlated with the values of d2. The 
other operating conditions were as for the first series of experiments: D 
= 36 cm; n = 70 rpm; α1 = 10◦; α2 = 45◦; f = 100 Hz. The relative 
humidity of the ambient air was RH = 58 % ± 1 % and the temperature 
T = 16 ◦C ± 1 ◦C.

Finally, an electrostatic separation experiment was carried out with a 
set composed of two copper particles and two aluminum particles, like 
the ones described before. The operating parameters for this experiment 
were fixed as follows: D = 36 cm; d1 = 5 cm; d2 = 3 cm; α1 = 10◦; α2 =

45◦; U = - 17 kV; n = 70 rpm; f = 100 Hz. The ambient conditions were 
RH = 45 % ± 1.5 % and T = 17 ◦C ± 1.5 ◦C. Particle trajectories were 
visualized by using a high-speed Phantom VEO 340 L video camera 
controlled by Dynamics Studio 6.6 software (Fig. 3). After several pre
liminary tests, the parameters of the camera were fixed as follows: 
number of images: 160; frequency: 200 Hz; time interval between im
ages: 5 ms; image size: 2560 × 1600 pixels; ray depth: 12 bits/pixel; 
exposure time: 100 μs and pulse width: 90 μs.

3. Results and discussions

Visualization of particles trajectories during electrostatic induction 
separation experiments has enabled us to assess the effects of high 
voltage and inter-electrode distance on aluminum and copper particles 
trajectories, and to determine the zones where each metal is recovered. 
The choice of particle size was made after a series of preliminary ex
periments. Indeed, with particles of sizes beyond a certain threshold (1 
mm in diameter, 10 mm in length) the gravitational forces surpass the 
Coulomb forces that are no longer able to drive them to the static 
electrode. Nevertheless, particles of 10 mm in length are very rare in 
actual mixtures to be separated. In the case of very fine particles (smaller 

Fig. 1. Cu and Al particles picked up from the WEEE processing at Environ
mental Recycling Company, France.
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than 0.5 mm), preliminary tests were also carried out by varying the 
speed of the rotating roll electrode and the position of the static elec
trode to provide an appropriate centrifugal force and a sufficient electric 
field without excessively increasing the applied voltage.

3.1. Influence of the applied high voltage on aluminum particles trajectory

Fig. 5 shows the trajectories of the aluminum particles recorded as a 
function of the applied voltage. The best particle attraction without 

impact with the static electrode was obtained at a voltage of 17 kV 
(negative polarity). Indeed, by increasing the voltage (in absolute value) 
from 13 kV to 17 kV, the electric field becomes more intense, the par
ticles get better charged and are subjected to stronger Coulomb forces 
that drive them towards the static electrode. The separation of the 
particles observed in this figure could be explained by their mass dif
ferences where the particle of lower mass is subject to less gravitational 
force. As a result, the acceleration of lighter particles is greater, leading 
them to be attracted more strongly towards the high-voltage electrode 
and to settle in the right-hand area of the collector. By increasing the 
voltage to 21 kV, the effect of electric forces overpasses that of the 
gravitational forces, and the smaller particles are strongly attracted to 
the static electrode, collide with it and their trajectories do no longer end 
in the appropriate collecting compartment. A similar result was reported 
in Ref. [10]. These impacts with the static electrode should be avoided 
for better trajectory control. Particle movement between detachment 
from the rotating cylindrical electrode and landing in the appropriate 
compartment takes place via different mechanisms, depending on the 

Fig. 2. Schematic diagram of the roll-type electrostatic separator: (1) vibratory feeder, (2) inverted S-shaped static electrode connected to the high-voltage supply U, 
(3) brush, (4) rotating roll electrode connected to the ground, (5) collecting compartments.

Fig. 3. Photo showing the position of the high-speed video camera facing the 
roll-type electrostatic separator: (1) vibratory feeder, (2) high voltage 
connector, (3) inverted S-shaped static electrode connected to the high-voltage 
supply, (4) rotating roll electrode connected to the ground, (5) collecting 
compartments, (6) Phantom VEO 340 L high-speed video camera.

Fig. 4. Zones of electric field influence on the trajectory of metallic particles 
between the inverted S-shaped static electrode and the rotating roll electrode; 
Fe: electric field force (Coulomb force); Fc: centrifugal force; Fg: gravitational 
force; Fd: air drag force.
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ratio of the forces involved, particularly when the particles are cylin
drical in shape. At lower electric field strengths, the particles tend to 
plunge at a slight angle towards the high-field zone. At higher electric 
fields, above 13 kV, the particles are drawn towards the static electrode 
with the tip oriented perpendicular to its surface. The particles seem to 
rotate around themselves when sufficiently light as they pass through 
the strong-field zone corresponding to the second curvature of the in
verse S-shaped electrode.

3.2. Influence of the inter-electrode distance on aluminum particles 
trajectory

The particles trajectory recorded for three pairs of inter-electrode 
distances d1 and d2 are shown on Fig. 6. As expected, the smallest par
ticle was attracted more than the others by the electrical force towards 
the static electrode. The decrease in inter-electrode distances d1 and d2 
was accompanied by a greater deflection of the particles towards the 
static electrode, due to the increase of particle charge and the intensi
fication of the electric field in the active zone of the separator. Indeed, 
the higher these two latter parameters are, the stronger the electrical 
force governing the trajectory of the particle will be.

3.3. Influence of the inter-electrode distance and applied voltage on 
copper particles trajectory

Fig. 7 shows that, despite the use of the same operation conditions as 
for the aluminum particles, small differences could be noted between the 
trajectories of the three copper particles of different sizes. Since the 
gravitational force depends on particle mass, and that copper particles 
have a relatively high mass density, their trajectories are more governed 
by this force, which surpasses the electrical force.

3.4. Separation of copper and aluminum particles

The separation trajectories of copper and aluminum particles are 

shown on Fig. 8. These particles follow different trajectories, in spite of 
the fact that the electrostatic charge acquired by electrostatic induction 
is similar for copper and aluminum particles that have similar sizes. The 
electrostatic forces have the same order of magnitude for the two classes 
of particles, but they have a stronger effect on the aluminum particles, 
which have a lower mass (density). As a result, the gravitational forces 
prevail on the electrical forces in the case of copper particles, which will 
be less deviated in the electric field and be collected in the left 
compartment A. The lighter aluminum particles will be strongly devi
ated to the static electrode and land in the right compartment B. Thus, 
the copper and aluminum particles can be successfully separated.

Based on the results presented above, 4 modes of particle trajectory 
dynamics have been identified, depending on the predominance of 
electrical, centrifugal and gravitational forces: 

Fig. 5. High-speed camera recordings of aluminum particles trajectory as a function of the applied voltage U, for d1 = 6 cm, d2 = 4 cm, α1 = 10◦, α2 = 45◦, n = 70 
rpm and f = 100 Hz.

Fig. 6. Fast camera recording of aluminum particles trajectory as a function of the inter-electrode distance d2, for U = - 17 kV, α1 = 10◦, α2 = 45◦, n = 70 rpm and f =
100 Hz.

Fig. 7. High-speed camera recordings of the trajectory of copper particles for U 
= - 17 kV, d1 = 7 cm, d2 = 4 cm, α1 = 10◦, α2 = 45◦, n = 70 rpm and f = 100 Hz.
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Mode 1: The electric and centrifugal forces are too small compared to 
the gravitational force. As a result, the trajectory of the particle is less 
affected by the electric field and centrifugal force; it remains close to 
the rotating roll electrode. The particle lands into the left 
compartment.
Mode 2: The electrical forces dominate the gravitational forces. In 
the zone 1 defined on Fig. 4, while in contact with the grounded roll 
electrode, the particle gets positively charged by electrostatic in
duction. It detaches from the surface of the electrode under the ac
tion of the centrifugal and electrical forces. When the particle enters 
the zone 2, it gets oriented along the electric field lines, with its tips 
directed towards the electrodes. As the electric field decreases in 
zone 3, the particle rotates around itself, under the effect of the 
gravitational force, and plunges into the middle compartment.
Mode 3: The electric field is even stronger than in mode 2. Under the 
action of the corresponding electrical forces, the particle is strongly 
attracted at the entrance of zone 1. In this zone, the electrical forces 
largely surpass the gravitational forces. Consequently, the trajec
tories of the smaller (and lighter) particles skim the maximum-field 
point of the static electrode and reach the far-right compartment 
after turning around more than once.
Mode 4: As effect of further increase of the electric field (by 
increasing the applied high-voltage or decreasing the inter-electrode 
distance), the smaller particles, subjected to the action of Coulomb 
forces, will collide the static electrode. In contact with this electrode, 
the particles will change the sign of their charge, will be attracted to 
the roll electrode and collected in the left-hand compartment.

4. Conclusions

The present work points out that controlling the trajectories of metal 
particles may improve the efficiency of roll-type electrostatic separators 
currently employed for the processing of granular WEEE. 

(1) Considering the relative similarity of the electrical conductivities 
of the metals, their electrostatic separation cannot be achieved 
without a fine adjustment of each influential factor. Nevertheless, 
the results reported in this paper demonstrate the effectiveness of 
the electrostatic drum separator as a sorting tool of copper/ 
aluminum granular mixtures from WEEE.

(2) High-speed video camera visualization of the trajectories of 
copper and aluminum particles employed in this study 

(aluminum and copper wire segments, diameters 0.5 mm–1 mm, 
lengths <10 mm) proved to be an effective tool for evaluating the 
effects of these factors. This experimental technique contributed 
to a better understanding of the dynamics of particles movement 
in the electric field of the separator; it enabled the determination 
of the applied high voltage (-17 kV) and the distance between 
electrodes (4 cm) which can provide rigorously distinct trajec
tories for the two metals, while avoiding the collisions between 
light aluminum particles and the HV static electrode.

(3) The observations reported in the paper have also pointed out the 
need for improving the crushing operation of the waste, to reduce 
the dispersion of particle sizes in the mixture subjected to elec
trostatic separation.

(4) Work is in progress to implement the conclusions of the study on 
a pilot-plant roll-type electrostatic separator integrated to the 
production line of an industrial recycler of waste electrical and 
electronic equipment.
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characterization of spent printed circuit boards from mobile phones and 
computers, Waste Manag. 31 (2011) 2553–2558.

[25] L. Zhang, Z. Xu, A review of current progress of recycling technologies for metals 
from waste electrical and electronic equipment, J. Clean. Prod. 127 (2016) 19–36.

[26] F. Maisela, P. Chancerela, G. Dimitrovab, J. Emmericha, N.F. Nissenb, 
M. Schneider-Ramelowa, Preparing WEEE plastics for recycling – how optimal 
particle sizes in preprocessing can improve the separation efficiency of high-quality 
plastics, Resour. Conserv. Recycl. 154 (2020) 104619.

[27] M. Maammar, T. Zeghloul, W. Aksa, S. Touhami, I. Achouri, L. Dascalescu, Factors 
that influence the trajectories of charged insulating particles in roll-type 
electrostatic separators, J. Electrost. 115 (2022) 103672.

H. Moulai et al.                                                                                                                                                                                                                                 Journal of Electrostatics 133 (2025) 104014 

6 

http://refhub.elsevier.com/S0304-3886(24)00121-9/sref13
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref13
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref13
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref14
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref14
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref15
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref15
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref15
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref16
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref16
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref16
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref17
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref17
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref17
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref18
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref18
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref19
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref19
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref19
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref20
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref20
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref21
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref21
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref21
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref22
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref22
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref22
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref23
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref23
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref24
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref24
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref24
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref25
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref25
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref26
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref26
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref26
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref26
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref27
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref27
http://refhub.elsevier.com/S0304-3886(24)00121-9/sref27

	Effect of high voltage and electrode configuration on the trajectories of metallic particles in roll-type electrostatic sep ...
	1 Introduction
	2 Materials and method
	3 Results and discussions
	3.1 Influence of the applied high voltage on aluminum particles trajectory
	3.2 Influence of the inter-electrode distance on aluminum particles trajectory
	3.3 Influence of the inter-electrode distance and applied voltage on copper particles trajectory
	3.4 Separation of copper and aluminum particles

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


