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ABSTRACT 
Printed circuit boards (PCBs) are made of several 

materials, including platinum, gold, silver, and rare earth 
elements, which are very valuable from a circular economy 
perspective. The PCB end of life management starts with the 
component removal, then the PCBs are shredded into small 
particles. Eventually, different separation methods are applied to 
the pulverized material to separate metals and non-metals. The 
corona electrostatic separation is one of the methods that can be 
used for this purpose since it is able to separate the conductive 
and non-conductive materials. However, the lack of knowledge 
to set the process parameters may affect the efficiency of the 
corona electrostatic separation process, ultimately resulting in 
the loss of valuable materials. The simulation of particle 
trajectory can be very helpful to identify the effective process 
parameters of the separation process. Thus, in this study, a 
simulation model to predict the particles trajectories in a belt 
type corona electrostatic separator is developed with the help of 
COMSOL Multiphysics and MATLAB software. The model 
simulates the particle behavior taking into account the 
electrostatic, gravitational, centrifugal, electric image, and air 
drag forces. Moreover, the predicted particles trajectories are 
used to analyze the effects of the roll electrode voltage, angular 
velocity of roll electrode, and size of the particles on the 
separation process. 

Keywords: End of Life management, Printed Circuit 
Boards, Corona Electrostatic Separation, Particle Trajectory 
Simulation. 

NOMENCLATURE 
ai Particle acceleration at the ith step 
Cf Friction coefficient 
E  Electrostatic field 

e0 Air dielectric constant 
∑𝐹𝐹 Total force acting on particles 
Fa Air drag force acting on particles 
Fcc Centrifugal force acting on particles (conveyor) 
Fcr Centrifugal force acting on particles (roll electrode) 
Fe Electrostatic force 
Fg Gravitational force acting on particles 
Fi Electric image force acting on particles 
g Gravitational acceleration 
m Particle mass 
mc Conductive particle mass 
mnc Non-conductive particle mass 
n Normal vector to surfaces 
pi Particle position at the ith step 
Qnc Corona charge 
Qc Electrostatic induction 
Rc Conveyor radius  
Rr Roll electrode radius  
r Particle radius  
S Perpendicular surface 
V Voltage of roll electrode 
v Particle velocity  
vr Particles relative velocity 
vi Particle velocity at the ith step 
ρ Air density 
ωc Angular velocity of conveyor 
ωr Angular velocity of roll electrode 

1. INTRODUCTION
Printed circuit boards (PCBs) are rich in base metals, rare

earth elements and non-metal elements, which, in a circular 
economy perspective, could be used as secondary materials. 
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Therefore, an efficient separation is very important. As shown in 
Figure 1, the recycling management of the PCBs starts with the 
removal of mounted components by using a combination of 
mechanical and thermal energy. After the component removal, 
the boards are reduced in size by a commonly used shredding 
procedure. The shredding of PCBs includes the machine and 
hammer mill. Eventually, materials are separated into the 
metallic and non-metallic materials by using different separation 
methods [1]. There are many separation methods, exploiting 
different physical principles, including gravity, magnetic, 
triboelectrostatic, and electrostatic forces. The gravity separation 
method is based on the specific gravity to separate the heavy and 
light material. The magnetic [2], electrostatic [3], and 
triboelectrostatic [4] separation methods are based on the 
magnetic field, electric conductivity, and dielectric constant, 
respectively.  

FIGURE 1: SEPARATION PROCESS OVERVIEW 

The gravity separation is not efficient for treating smaller 
materials. Similarly, the magnetic separators must be regularly 
maintained and wiped down to detach magnetic materials that 
have piled up. Furthermore, the magnetic separation is only 
suitable to separate the magnetic and non-magnetic materials. 

The limitation of the triboelectrostatic separator is that it can be 
used only for extracting the non-conductive materials. 
Conversely, the electrostatic separation method is able to 
separate the conductive and non-conductive particles [5]. PCBs 
consist of a combination of the conductive and non-conductive 
materials and shredded PCB particles have a small size. In order 
to separate this combination of mixed small particles, the 
electrostatic separation is more suitable than the other listed 
separation methods. Additionally, electrostatic separation does 
not have a negative impact on the environment. 

In the past, numerous researchers have developed several 
processes for electrostatic separation based on corona charge and 
electrostatic induction, such as the corona roll type electrostatic 
separation, the belt type corona electrostatic separation, the free 
fall electrostatic separation, and the plate type electrostatic 
separation processes [6,7]. The belt type corona electrostatic 
separation is based on the electrophoresis principle that uses the 
electric charge and electrostatic induction to separate conductive 
and non-conductive materials. When the materials pass through 
an electrical field, the particles acquire and lose their charge 
depending on their own conductivity characteristics and are 
separated. The conductive particles are separated by the 
electrostatic induction while the non-conductive particles are 
separated using the corona charge. 

FIGURE 2: SCHEMATIC REPRESENTATION OF THE BELT 
TYPE CORONA ELECTROSTATIC SEPARATOR  

Figure 2 shows the schematic representation of the belt type 
corona electrostatic separator. The separation is carried out by 
the electric field created between a roll electrode and the 
grounded conveyor electrode, which are both connected to a high 
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voltage supply. The particles to be separated are transferred on 
the belt conveyor by the feeder and charged by the corona 
electrode which is located above the conveyor. The particles 
behaviour changes with respect to their own characteristics, and 
only the non-conductive particles are able to conserve their 
charge. Therefore, the non-conductive particles stick to the 
conveyor because of the image electric force and are stored in 
the non-conductive or middling material collection box 
depending on the values of the gravitational force and image 
electric force. The conductive particles drop their charge through 
the grounded conveyor and when pass through the roll electrode 
area, they gain the electrostatic induction which is created by the 
roll electrode. Due to this fact, the conductive particles are 
attracted towards the roll electrode and stored in the conductive 
material collection box. It should be noted that the electrostatic 
induction does not affect the non-conductive particles. The 
middling box is used to store the mixture of conductive and non-
conductive materials that is not separated due to non-uniform 
electrical field. 

The belt type corona electrostatic separation is very 
promising, but there are still some significant problems to be 
solved, such as the noticeable amount of middling products. This 
problem is mainly due to variations in particle size and mass, 
electrical field, and electrode angular velocity. Moreover, the 
stability of the belt type corona electrostatic separation is 
affected by an incorrect identification of the effective process 
parameters according to the different composition of the particle 
mixture. In the past, several approaches have been used to 
increase the corona electrostatic separation efficiency. Lu et al. 
[8] performed an empirical evaluation of the effects of the
different particle shapes in the separation efficiency. Jiang et al.
[9] used a fractional factorial design approach to assess the
relationship between the effective process parameters (high
voltage, roll velocity, position of the corona electrode and
electrostatic electrode from the moving particles) and the corona
electrostatic separation process efficiency. However, the
fractional factorial approach implied a high number of tests and
resulted in a high time consumption and uneconomical approach.
Furthermore, Lu et al. [10] presented a theoretical analysis to
optimize the parameters of the electrostatic separators for the
spherical shape metal mixtures using a computational algorithm.
Similarly, Li et al. [11] focused on the angular velocity of the roll
electrode to optimize the corona electrostatic separation process
through a quantitative method. Moreover, automation has been
implemented in the corona electrostatic separator to improve the
process productivity [12]. Samuila et al. [13] proposed a new
corona electrostatic separation method to separate copper and
PVC (poly vinyl chloride) mixture from the waste electric and
electronic equipment. The design of experiments approach was
utilized to analyze the parameters of the electrostatic separation
process to increase the separation efficiency. The electrode
voltage and roll electrode velocity were considered as the
variable factors with the mass of the copper considered as output.
Unlike other approaches, the simulation of the particle trajectory
approach enables the clear representation of the output from the
separation process according to particle size, mass, roll electrode

velocity and electrode voltage. Therefore, it could be very 
effective in evaluating the effective parameters to increase the 
corona electrostatic separation process efficiency. However, the 
particle trajectory simulation involves several critical problems 
due to the effects of several types of forces on particles with 
different sizes and materials [14]. Kim et al. [15] developed a 
method of electrostatic separation including the pretreatments 
such as sieving, washing, pyrolysis, and oxidation to separate the 
copper and glass particles from the automobile shredding 
residue. In this study, the electrostatic separation performance 
was evaluated by the particle trajectory analysis, but factors such 
as centrifugal force, corona charge and electric image force 
acting on the particles were not considered.  

In this paper, a model is developed to simulate the corona 
electrostatic separation process. Based on this model, the 
behavior of different particles in the corona electrostatic 
separator is simulated considering the electrostatic, gravitational, 
centrifugal, electric image, and air drag forces. Moreover, the 
simulated particles trajectories are used to investigate the effect 
of the electrode voltage (kV), angular velocity of roll electrode 
(RPM), and size of the particles on the separation process.  

2. MATERIALS AND METHODS
In this work, a simulation model of the corona electrostatic

separator has been developed to predict the particle trajectory 
under the effect of the various effective variables (such as 
electrode voltage, angular velocity of roll electrode, and size of 
particles) and forces.  

The COMSOL Multiphysics software based on the FEM 
(Finite Elements Method) has been used for the evaluation of the 
electrostatic field in the corona electrostatic separation process. 
The particles trajectory and graph results are calculated with the 
help of MATLAB software by the Euler Cromer method [16]  

FIGURE 3: BELT TYPE CORONA ELECTROSTATIC 
SEPARATOR (a) ROLL ELECTRODE, b) HIGH VOLTAGE 
SUPPLY AND MOTOR, c) CORONA ELECTRODE, d) METALLIC 
BELT CONVEYOR, e.1) STORAGE BOX-CONDUCTING 
MATERIAL, e.2) STORAGE BOX-MIDDLING MATERIAL, AND 
e.3) STORAGE BOX- NONCONDUCTING MATERIAL)
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2.1 Geometrical details 
The geometrical model of the corona electrostatic separator 

used in the simulation (Figure 3) includes a metallic belt 
conveyor, a roll electrode, a corona electrode, high voltage 
supply, storage boxes for collecting the materials. 

The crushed powder generated during the shredding process 
of printed circuit boards is transferred on a metallic belt conveyor 
(length and width are 1.2 m and 0.1 m, respectively) through the 
feeder. The roll electrode in the shape of rotating cylinder is 
made of stainless-steel material with radius of 30 mm. Three 
phase motors are used to drive the conveyor and roll electrode 
with VFD (variable frequency drive). The corona electrode is a 
tungsten wire with radius of 3 mm used to create corona 
discharge. A high voltage system (10 kV to 30 kV) is used to 
apply the voltage for the roll electrode and corona electrode. 

2.2 Materials 
In this study copper and glass fiber epoxy particles are 

selected since they represent the highest percentage of 
conductive and non-conductive material, respectively, among 
the waste PCB mixture [17]. 

The density of copper and glass fiber epoxy particles is 
8940 kg/m3 and 2600 kg/m3, respectively. Both the copper and 
glass fiber epoxy particles are assumed to be spherical with a 
radius of 0.2 mm. The particle mass is assumed to be 0.3 mg for 
the copper particles and 0.1 mg for the glass fiber epoxy particles 
for this radius value [18].  

2.3 Model assumptions 
Several assumptions are considered to develop the model of 

the corona electrostatic separator. The collisions between copper 
and glass fiber epoxy are assumed as negligible thus this 
triboelectric effect is not considered. The dielectrophoretic force 
has negligible effects in the considered electrode configuration, 
thus it is neglected during the simulation trials. The adhesion 
force is neglected since it is more effective in the case of 
micrometric particles, but for the particles with a 0.2 mm size it 
is significantly smaller than the electric field and electric image 
forces. The influence of Coulomb forces between copper and 
glass fiber epoxy is neglected as these forces are significantly 
smaller than the electrical field [10, 19, 20].  

2.4 Mathematical models 
To emulate the nature of particles in the corona electrostatic 

separation process the following forces acting on the moving 
particles are considered in the model.  
• The movement equation of each particle can be expressed as:

𝑚𝑚
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �𝐹𝐹 (1) 

where m is the mass of the particle, v is its velocity, and ∑𝐹𝐹 
is the total force acting on particles. 

• Electrostatic field acting on particles:

𝐸𝐸 = −∇𝑉𝑉 (2) 

where E is electrostatic field, and V represents the voltage 
supplied to the roll electrode. 

• Corona charge: when a spherical particle passes through the
conveyor and corona electrode, it is affected by the electric
charge:

𝑄𝑄𝑛𝑛𝑛𝑛 = 12𝜋𝜋𝑒𝑒0𝐸𝐸𝑟𝑟2 (3) 

where Qnc represents the corona charge, e0 is the air dielectric 
constant, E is the ionized electrical field, r is the particle 
radius [19]. 

• Electrostatic induction: when a spherical particle passes
through the conveyor and roll electrode, it is affected by the
electrostatic induction

𝑄𝑄𝑛𝑛 = 2
3
𝜋𝜋3𝑒𝑒0𝐸𝐸𝑟𝑟2 (4) 

where Qc is the electrostatic induction, e0 is the air dielectric 
constant, E is the ionized electrical field, r is the particle 
radius [10]. 

• Gravitational force acting on particles:

𝐹𝐹𝑔𝑔 = 𝑚𝑚𝑚𝑚 (5) 

where Fg is the gravitational force, m is the particle mass, and 
g the gravitational acceleration (9.8 m/s2) [21]. 

• Electrostatic force:

𝐹𝐹𝑒𝑒 = 𝑄𝑄𝐸𝐸 (6) 

where Fe is the electrostatic force, Q is the corona charge Qnc 
for non-conductive materials or the electrostatic induction Qc 
for conductive materials, and E is the electrostatic field [21]. 

• Centrifugal forces acting on particles:

𝐹𝐹𝑛𝑛𝑛𝑛 = 𝑚𝑚𝜔𝜔𝑛𝑛2𝑅𝑅𝑛𝑛𝑛𝑛 (7) 

where Fcc is the centrifugal force generated by the conveyor, 
m is the particle mass, ωc is the angular velocity of the 
conveyor, Rc, is the radius of conveyor, and n is the vector 
normal to the conveyor surface. 

𝐹𝐹𝑛𝑛𝑐𝑐 = 𝑚𝑚𝜔𝜔𝑐𝑐2𝑅𝑅𝑐𝑐𝑛𝑛 (8) 

where Fcr is the centrifugal force generated by the roll 
electrode, m is the particle mass, ωr is the angular velocity of 
the roll electrode , Rr is the radius of the roll electrode, and n 
is the vector normal to the roll electrode surface [21].  

• Electric image force acting on particles:

𝐹𝐹𝑖𝑖 =
𝑄𝑄2𝑛𝑛

4𝜋𝜋𝑒𝑒0(2𝑟𝑟)2
(9) 

where Fi is the electric image force, Q is the corona charge 
Qnc for non-conductive materials or the electrostatic 
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induction Qc for conductive materials, n is the vector normal 
to conveyor surface, and e0 is the air dielectric constant [8]. 

• Air drag force acting on particles:

𝐹𝐹𝑎𝑎 = −
1
2
𝐶𝐶𝑓𝑓𝑆𝑆𝑆𝑆𝑑𝑑𝑐𝑐2 (10) 

where Fa is the air drag force, Cf is the drag coefficient, ρ is 
the air density, S is the frontal area, and vr is the particle 
relative velocity [22]. 

2.5 Particle trajectory calculation 
The copper and glass fiber epoxy are subjected to different 

forces according to their conductivity characteristics and 
locations. The particle movement is obtained by equation (1) 
including all the forces acting on the particles, namely the 
gravitational force (equation (5)), the electrostatic force 
(equation (6)), the centrifugal force (equation (7) and (8)), the 
electric image force (equation (9)), and the air drag force 
(equation (10)). 

The glass fiber epoxy particles are non-conductive, hence 
they are not attracted by the roll electrode, but stick to the 
conveyor. In this case equation (1) can be expressed as: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑎𝑎 =
1 
𝑚𝑚𝑛𝑛𝑛𝑛

�𝑄𝑄𝑛𝑛𝑛𝑛𝐸𝐸 + 𝑚𝑚𝑛𝑛𝑛𝑛𝜔𝜔𝑛𝑛2𝑅𝑅𝑛𝑛𝑛𝑛 +
𝑄𝑄𝑛𝑛𝑛𝑛2𝑛𝑛

4𝜋𝜋𝑒𝑒02𝑟𝑟2
+

−
1
2
𝐶𝐶𝑓𝑓𝑆𝑆𝑆𝑆𝑑𝑑𝑐𝑐2 + 𝑚𝑚𝑛𝑛𝑛𝑛𝑚𝑚� (11)

where the non-conductive particle mass (mnc) is the mass of the 
glass fiber epoxy particle. 

When considering the conductive copper particles that are 
attracted by the roll electrode, equation (1) can be expressed as: 

𝑎𝑎 =
1 
𝑚𝑚𝑛𝑛

�𝑄𝑄𝑛𝑛𝐸𝐸 + 𝑚𝑚𝑛𝑛𝜔𝜔𝑛𝑛2𝑅𝑅𝑛𝑛𝑛𝑛 + 𝑚𝑚𝑛𝑛𝜔𝜔𝑐𝑐2𝑅𝑅𝑐𝑐𝑛𝑛 +
𝑄𝑄𝑛𝑛2𝑛𝑛

4𝜋𝜋𝑒𝑒02𝑟𝑟2
+

−
1
2
𝐶𝐶𝑓𝑓𝑆𝑆𝑆𝑆𝑑𝑑𝑐𝑐2 + 𝑚𝑚𝑛𝑛𝑚𝑚� (12)

where the conductive particle mass (mc) is the mass of the copper 
particle. 

After obtaining the acceleration, the positions of the copper 
and glass fiber epoxy particles during their movement are 
calculated by the Euler Cromer method: 

𝑑𝑑𝑖𝑖+1 = 𝑑𝑑𝑖𝑖 + 𝑎𝑎𝑖𝑖δ𝑑𝑑 (13) 

𝑝𝑝𝑖𝑖+1 = 𝑝𝑝𝑖𝑖 + 𝑑𝑑𝑖𝑖+1δ𝑑𝑑 (14) 

where vi is the particle velocity at the ith iteration step, ai is 
the particle acceleration at the ith step, and pi is the particle 
position at the ith step. 

At each iteration step the acceleration starting value is 
estimated by using the electrostatic field data provided by the 
COMSOL Multiphysics model. For this purpose, the 

electrostatic field values are provided to MATLAB that solves 
equation (11) or (12) according to the particle material. Then, 
based on the calculated acceleration starting value, equations 
(13) and (14) are used by MATLAB to identify the velocity and
position at each time increment.

Figure 4 shows a block diagram that summarizes the 
proposed method. 

FIGURE 4: BLOCK DIAGRAM OF THE PROPOSED 
METHOD  

3. RESULTS AND DISCUSSION
Table 1 lists the parameters that are considered as constant

throughout the simulations. The initial velocity of the particle is 
assumed to be the same as the conveyor velocity, which is 
1 m/min [23].  
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TABLE 1: CONSTANT PARAMETERS FOR THE 
SIMULATIONS 

Initial particle velocity, v 1 m/min 
Drag coefficient, Cf 0.5 [24] 
Air density, ρ 1225 kg/m3 
Gravitational acceleration, g 9.8 m/s2 

Three simulation trials are carried out to identify the effect 
of parameters such as electrode voltage, electrode velocity, size 
and mass of the particles on the separation process. The input 
parameters are different in each simulation trial and their values 
are based on previous studies (Tables 2-4). Input such as 
electrode voltage are given to COMSOL Multiphysics. Inputs 
such as particle size, particle mass, and angular velocity of the 
electrode are given to MATLAB (Figure 4). 

In these different simulation trials, the ideal distance for the 
separation of the copper particles is +0.05 m to +0.1 m    
x-distance after the conveyor, i.e. 0.15 m to 0.2 m on the
reference system of Figures 5-7. Similarly, for glass fiber epoxy
particles -0.05 m to 0 m x-distance after the conveyor is ideal for
the separation, corresponding to 0.05 m to 0.1 m on the reference 
system of Figures 5-7. However, the appropriate distance
depends on the size of the conductive, middling, and non-
conductive collection box but also on the types and relative
quantities of the mixed material, and on the size and mass of the
particles.

Simulation 1 – Particle trajectory at a different value of roll 
electrode angular velocity (ωr). 

The input parameter constant values are listed in Table 2. 

TABLE 2: INPUT PARAMETER CONSTANT VALUES FOR 
SIMULATION 1 

Electrode applied voltage, V 20 kV [25] 
Copper particle size (radius), r 0.2 mm [18] 
Glass fiber epoxy particle size (radius), r 0.2 mm [18] 
Copper particle mass, m 0.3 mg [18] 
Glass fiber epoxy particle mass, m 0.1 mg [18] 

The trajectories of copper and glass fiber epoxy particles at 
an electrode angular velocity of 12, 15 and 30 RPM are depicted 
in Figure 5. At 12 RPM, the glass fiber epoxy particles are 
attached to the conveyor while the copper particles are attracted 
to the electrode roll. Similarly, at 15 RPM, the glass fiber epoxy 
particles partially attached to the conveyor while the copper 
particles are a little attracted towards the roll electrode. At 
30 RPM, the separation is not successful and both particles are 
projected towards one material collection box. 

FIGURE 5: PARTICLE TRAJECTORY AT A DIFFERENT 
VALUE OF ROLL ELECTRODE ANGULAR VELOCITY 
(ωr = 12 RPM, 15 RPM, AND 30 RPM)  

These results point out that an increase in the electrode 
angular velocity results in a reduction in the conductive particle 
attachment to the electrode. Indeed, in this case the separation 
process is mainly affected by the centrifugal force. According to 
equation (7) and (8), increasing the value of electrode velocity, 
ultimately increases the centrifugal force value. At high 
centrifugal force values, the conductive copper particles do not 
stick to the roll electrode, because they are prevented from 
passing through the electrostatic field created by the roll 
electrode and do not get enough electric charge to separate from 
glass fiber epoxy particles.  

Simulation 2 – Particle trajectory at a different value of roll 
electrode voltage (V). 

The input parameter constant values are listed in Table 3. 

TABLE 3: INPUT PARAMETER CONSTANT VALUES FOR 
SIMULATION 2 

Electrode angular velocity, ω 12 RPM [26] 
Copper particle size (radius), r 0.2 mm [18] 
Glass fiber epoxy particle size (radius), r 0.2 mm [18] 
Copper particle mass, m 0.3 mg [18] 
Glass fiber epoxy particle mass, m 0.1 mg [18] 

Figure 6 shows the trajectories of copper and glass fiber 
epoxy particles at an electrode voltage 10, 20 and 30 kV. At 
10 kV, the glass fiber epoxy particles are attached to the 
conveyor, while the copper particles are not completely attracted 
towards the roll electrode. Similarly, at 20 kV, the glass fiber 
epoxy particles and the copper particles are attached to the 
conveyor and roll electrode, respectively. At 30 kV of electrode 
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voltage, the copper particles are strongly attracted towards the 
roll electrode, while the glass fiber epoxy particles are not 
attracted towards the conveyor. Separation is best performed at 
20 kV because both particles have maintained their trajectories 
with a suitable distance both and are projected to the 
corresponding collection box. 

FIGURE 6: PARTICLE TRAJECTORY AT A DIFFERENT 
VALUE OF ROLL ELECTRODE VOLTAGE (V = 10 kV, 
20kV AND 30 kV) 

In this case, the results prove that the force having the 
greatest influence on the separation process is the electrostatic 
force. An increase in the roll electrode voltage results in a higher 
sticking of the conductive particles to the electrode, thus the 
voltage should be carefully adjusted to project the particles 
exactly to the suitable collection box.  

Simulation 3 – Particle trajectory at a different value of 
particle size (r). 

The input parameter constant values are listed in Table 4. In 
this case, the particle mass changes according to the radius. 

TABLE 4: INPUT PARAMETER CONSTANT VALUES FOR 
SIMULATION 3 

Electrode applied voltage, V 20 kV [25] 
Electrode angular velocity, ω 12 RPM [26] 

The trajectories of copper and glass fiber epoxy particles at 
a particle radius of 0.1, 0.2 and 0.4 mm are depicted in Figure 7. 
At 0.1 mm, the sticking of both conductive and non-conductive 
particles is strong. At 0.2 mm, the glass fiber epoxy particles are 
attached to the conveyor and the copper particles are projected 
towards the conductive material box, thus the particle separation 
is successful. At 0.4 mm, the glass fiber epoxy particles are 

partially attached to the conveyor and the copper particles are not 
attracted towards the roll electrode.  

FIGURE 7: PARTICLE TRAJECTORY AT A DIFFERENT 
VALUE OF PARTICLE RADIUS (r = 0.1 mm, 0.2 mm AND 
0.4 mm)  

Under the effect of electric image force, the charged 
particles are attached to the conveyor and roll electrode 
according to the Coulomb attraction between a charge of the 
particle acquired and its image (-Q) located at a distance 2r from 
it. Thus, a higher particle radius causes a decrease in the electric 
image force and in the particle attachment. Also, an increase in 
the radius of the particles results in an increase of their mass and, 
thus, the centrifugal force generated by the conveyor and roll 
electrode, and gravitational forces increase according to r3. 
Therefore, if the particle radius becomes higher, the centrifugal 
and gravitational forces prevail over the electrostatic force. In 
conclusion, when the particle radius increases, the sticking of 
non-conductive particles to the conveyor decreases, while in the 
case of the conductive particles, the sticking to the roll electrode 
decreases, and the electrostatic force becomes weaker compared 
to the other contributing forces.  

4. CONCLUSIONS
In this paper a preliminary simulation model of the corona

electrostatic separator has been developed. Based on this model, 
the effective parameter like electrode voltage (kV), angular 
velocity of roll electrode (RPM), and size of the particles in the 
corona electrostatic separator have been analyzed. The results 
have highlighted that the identification of effective parameters 
according to different particles in the mixture is very important 
in order to improve the efficiency of the corona electrostatic 
separation process. 

The preliminary model is simplified and includes only two 
particles of different materials, namely, copper and fiber glass 
epoxy, whose shape is assumed to be spherical. Moreover, the 
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adhesion force between particles is neglected. In order to 
improve the simulation performance, future works will aim at 
considering several particle materials such as base metals (iron, 
aluminum, nickel, and zinc), rare earth elements (gold, silver and 
platinum), and non-metals (polymer and different glass fiber) 
that can be found in waste printed circuit boards. Similarly, 
different particle structures like spherical, cylindrical, and flake 
shapes will be incorporated in the current simulation model. In 
addition to that, further studies will focus on including the 
interaction between the particles and the adhesion force. 

Further studies will also aim at performing suitable 
experimental campaigns to validate the model by comparing the 
simulation results and experimental results. 

Moreover, based on the simulation model, a suitable virtual 
management system could be developed to control and monitor 
the corona electrostatic separation by an online identification of 
the effective parameters with the help of a real time material 
characterization technique (hyperspectral image analysis) 
providing the information about the materials that are present in 
the waste PCBs.  
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