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Modeling of the Electrostatic Separation Process in a Novel
Turntable Installation for the Plastic Waste Recycling Process

Abstract. This paper investigates particle electrostatic separation inside a new conical rotary installation using the discrete element method to
understand particle behavior related to multiple variables such as the applied high-voltage, particle charge, and mass. The model offers the ability to
monitor and control all significant parameters at particle level. The results have been analyzed using the response surface methodology to further
understand the relationships between variables. These findings could serve as a blueprint for the manufacturing of an efficient industrial device.

Streszczenie. Artykut ten bada separacje elektrostatyczng czgstek wewngtrz nowej stozkowej instalacji obrotowej przy uzyciu metody elementéw
dyskretnych, aby zrozumiec¢ zachowanie czgstek zwigzane z wieloma zmiennymi, takimi jak przytozone wysokie napigcie, tadunek czgstek i masa.
Model oferuje mozliwo$¢ monitorowania i kontrolowania wszystkich istotnych parametréw na poziomie czgstek. Wyniki zostaty przeanalizowane przy
uzyciu metodologii powierzchni odpowiedzi, aby lepiej zrozumie¢ zalezno$ci miedzy zmiennymi. Odkrycia te mogq postuzyc jako plan produkcji
wydajnego urzgdzenia przemystowego (Modelowanie procesu separacji elektrostatycznej w nowatorskiej instalacji ze stotem obrotowym do

procesu recyklingu odpadéw z tworzyw sztucznych)
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Introduction

To The past decades have seen a revolution within the
recycling industry, with advanced and efficient processes
that rely on the environmentally friendly electrostatic
separation method [1-3]. Not only environmental and
material consumption growth problems are highlighted [4],
but also the rise in oil and gas prices in the past few years
worldwide for political reasons is pushing the need for
investments in technologies that can preserve resources
from that ilk [5-7]. In an attempt to handle granular plastic
wastes generated from electric and electronic equipment
(WEEE), which can remain undecomposed for decades,
avoiding landfilling, burning, or acid washing [8].

The basic notion of electrostatic separation is the
deliberate categorization of charged or polarized materials
inside an electric field [9-10]. For an effective selection,
materials are pulverized into small granular particles and
charged by ion bombardment, induction, or contact
electrification, then introduced to the electric field
responsible for the attraction or repulsion of particles
depending on their charge (positive or negative) [11-15].

On one hand, the random shape and nature of the
granular materials impose more often than not restraints
related to the contact between particles or walls, cohesion,
coulombic effect, gravitational force, and so on, which are
difficult to prevail over. On the other hand, most classical
installations require considerable space, which is not
optimal in a crowded environment. Moreover, the middling
products and their need for further processing, which
decays the separation quality, pose more problems on an
industrial scale [16-19].

If an industrial installation is to be manufactured, an in-
depth study must be conducted to foresee and estimate the
potential, characteristics, and dimensions of any new
design. Mathematical models can help reduce the time
required and narrow down the number of prototypes
needed for an industrial build. In an effort to enhance the
effectiveness of electrostatic separation, this study presents
a modern methodology combining the Discrete Element
Method (DEM) and Response Surface Methodology (RSM)
simulations to maximize the efficiency of the process.

DEM proved to be a very accurate and efficient method
for predicting discrete particulate behavior in environments
where data acquisition can be difficult or impossible across

several industries, such as powder, mining, pharmaceutical,
chemical, food, recycling, and mineral industries. While
RSM was utilized to analyze and optimize the separation
process by finding the relationship and impact of the
different variables to identify the input variable combination
that maximizes the separation efficiency (response) [20-22].

The new unconventional installation shown in Figure 1
was built using two parallel conical electrodes (radi = 120
mm; © = 200); the lower (earthed) electrode is linked to the
upper electrode (connected to a DC source) via adjustable
bars that allow controlling the inter-electrode distance. The
gap in the upper electrode serves as an insertion point for
the materials to be sorted. The assembly is deposited on a
vertical motor responsible for the rotation of the coupled
cones [23-24].

The blend intended for separation is introduced at a
given speed and travels through an electric field generated
between the two electrodes. The positively charged
particles slide for a brief moment on the surface of the lower
electrode, then get elevated and thrown towards the outer
collector cell with the help of the electrostatic and
centrifugal forces that also prevent particles from sticking to
the surface of the electrodes, while the negatively charged
particles slide downwards to the inner collector cell directly.
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Fig.1. Representation of the conical rotary electrostatic separator
with a cross-section view (A) and full view (B)
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Methodology

The computations were performed with the help of the
reputed open-source software LIGGGHTS 3.8.0 mainly
using a range of millimetric plastic granular particles in a
closed simulation domain containing the geometry as well.
By integrating Newton's second law of motion, the total
forces exerted on each particle were computed, which gave
the particle positions and trajectories. The general
translational and rolling motion [25-28] of particles were
computed as follows:

1) ma=XF
do
(2) IW—ZT

Where m, a, F, |, w, T are particle mass, acceleration, total
force, inertia, angular velocity and total torque. The main
forces involved in particle motion are the gravitational force
Fg, the electrostatic force Fel, contact force Ff and
centrifugal force Fc mathematically expressed as:

(3) F, =m.g

4) F,=qE

(5) F,=F +F
V2

6 F.=m—

(6) c R

Where g, q, E, v, R, Fn, Ft are gravitational constant,
particle charge, electric field, velocity, radius, normal and
tangential components of the contact force. The external
electric field [29] is proportional to the inter-electrodes
distance d, and the high-voltage applied V can be given as:

@) V=dE

The sample used is a blend of spherical particles
composed of 50% ABS and 50% PE typically from WEEE
with masses ranging from 10-28 mg. A total of 27 runs have
been performed to evaluate the three distinguished factors:
the high voltage applied, particle charge, and inter-electrode
distance deemed most relevant for an optimum electrostatic
separation procedure. The speed of the electrodes was
kept constant at 60 RPM during the simulations. The post-
processing of particle positioning and visualization was
done using ParaView 5.10.1 to optimize the results [30].

The particle properties and characteristics used for the
DEM simulations are summarized in Table 1. The contact
model employed for this study was the Hertz and Mindling
model without cohesion. The time-step size was under 10%
of the Rayleigh and Hertz critical time steps [31-36].
Additional simulations were performed to assess the effect
of the deformation parameters, which did not affect the
separation aspect considerably

Table 1. Simulation material properties of particles

Properties Value

Young’s modulus [Pa] 5.e6
Poisson’s ratio [-] 0.35
Coefficient of restitution [-] 0.45
Coefficient of static friction [-] 0.4
Coefficient of rolling friction [-] 0.01
Particle density [kg/m3] 1250

Mass [mg] 10-28

Radius [mm] 1.25-1.75

Mass rate [kg/s] 0,014
Constant insertion velocity [m/s] 0.5

RSM was employed to analyze the relation between the

response (recovery of the collected product) and the
multiple independent factors investigated [37-40] in this
study by DEM considered most influential for the
electrostatic separation process. Table 2 summarizes the
factors evaluated using RSM and their variation domains.
Since there was no prior information regarding the
relationship between the response and the factors
mentioned above, the model can be represented by the
second-order nonlinear quadratic polynomial [41-43] as
follows:

k k
(8) Y=A+D AZ+DAZI+D Y AZZ +¢

i=1 i=1 i j
Where Y, k, €, A0, Ai, Aii, Aij are the predicted response,
number of variables, random error, constant, the
coefficients of linear, quadric, and interaction parameters,

respectively. For the three variables used [44-45] in the
second-order generalized model RSM response becomes:

9) \(:A()Jrzk:Azi +_Zk:AiZf+Z ZA,—ZiZ,-M

Table 2. Factors and variation domain

Factor Min Max
U 20 60
Q 0.1 0.5
d 5 15
Table 3. DEM Electrostatic separation results
Run U [kV] Q [nC] d [cm] Rec ABS
[%]
1 20 0,4 5 18,74
2 30 0,4 5 68,05
3 40 0,4 5 94,74
4 50 0,4 5 100
5 60 0,4 5 100
6 20 0,4 10 0,22
7 30 0,4 10 4,83
8 40 0,4 10 17,09
9 50 0,4 10 32,51
10 60 0,4 10 60,33
11 20 0,4 15 0,1
12 30 0,4 15 0,22
13 40 0,4 15 3,67
14 50 0,4 15 8,16
15 60 0,4 15 16,81
16 40 0,1 5 0,32
17 40 0,2 5 35,55
18 40 0,3 5 81,11
19 40 0,5 5 97,04
20 40 0,1 10 0
21 40 0,2 10 0,32
22 40 0,3 10 8,25
23 40 0,5 10 18,91
24 40 0,1 15 0
25 40 0,2 15 0
26 40 0,3 15 0,22
27 40 0,5 15 5,76

The variables from Table 3 were used to calculate the
coefficients of quadratic equation and the ABS recovery
results (Recags) from DEM computations used as
responses.

Results and discussion
The final positions of ABS (red) and PE (blue) particles
distinguished by their charges inside the collector cells after
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the electrostatic separation process are displayed in Figure
2 in the simulation environment. The best results were
obtained with the shortest inter-electrode distance (d = 5
cm) with up to 95% recovery for U = 40 kV. However, poor
recovery results were noted for the other cases, especially
for d = 15 cm shown in (c) and (f), respectively, which is not
recommended for medium or large particles due to the
electrostatic force being divided by three and therefore the
gravitational force dominating the process. The outer box
had only ABS particles, which suggests that the coulomb
force was not significant for the sample used, as a
consequence the purity remained immaculate.

The collected mass of the binary mixture of ABS and PE
products as a function of the applied high-voltage Figure 3
and particle charge Figure 4 respectively, summarizes the
impact of both variables for the three inter-electrode
distances on the electrostatic separation. A drastic increase
of 77 % in ABS mass collection at U = 40 kV between d =5
and 10 cm occurred. Likewise, the mass difference for Q =
0,3 between d = 5 and 10 cm went up by 73%, which

(a) (b)

highlights the impact of the electrostatic force and the

electrode distance.
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Fig.2. Snapshots of particle distribution in the collector cell for U =
20 kV; Q=04 nCandd =5, 10, and 15 cm in (a), (b), and (c),
respectively; and for U = 40 kV; Q = 0,4 nC and d = 5, 10, and 15
cm in (d), (e), and (f), respectively
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Fig.3. Variation of the collected mass of ABS and PE in the collectors for a constant charge Q = 0,4 nC and inter-electrode distance d = 5,

10, and 15 cm in (a), (b), and (c) respectively vs high-voltage (U)
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Fig.4. Variation of the collected mass of ABS and PE in the collectors for a constant high-voltage U = 40 kV and inter-electrode distance d =

5,10, and 15 cm in (a), (b), and (c) respectively vs the charge (Q)

The Pareto chart in Figure 6 serves to define the
relevance and magnitude of each term on the response [46-
47]. The bars display the values of the impacts from highest
to lowest. The red line at 2.09 is used as a reference to
identify the statistically significant factors; in this study, only
the relevant factors that exceeded the reference line are
kept, and the most influential factor would be factor B,
which represents the inter-electrode distance, which should
be prioritized to optimize the results, then the high-voltage
and the charge come afterwards.

Regression RMS response equation for Recags by
eliminating the insignificant terms as a function of variables
is given by:

ReC,gs =— 64,4+2,810 U —8,42d +310,4 Q

(10) +0,768 d* —0,1531 U xd —20,44 d xQ
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Fig.6. Contour plots (a, b, c) and surface plots (d, e, f) for ABS particle recovery using different independent variables

RSM contour plots (2D) and surface plots (3D) shown in
Figure 5 provide a graphical illustration of the regions of
interactions amongst the different variables and their impact
on ABS particle recovery in the outer collector. They allow
the monitoring of changes in the response if one or more
input variables vary. Visually examining the plots gives
insights into the nature and importance of these
associations. These relationships help pinpoint the
combination of variables that yields the desired response.
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Fig.7. Particle trajectories on the Y axis vs. time for m = 10 mg (a),
(a’); 17 mg (b), (b"); 28 mg (c), (c'), respectively, for different high-
voltage values

The Individual particle trajectories on the Oy axis for d =
5 and 10 cm have been computed to analyze the particle
take-off based on the particle sizes used. As predicted, the
results indicate that the variation of the electrostatic field
intensity Figure 7 and particle charge Figure 8 had a direct
correlation  with  particle lifting dynamics. Several

characteristics play a role in particle height and suspension
time. Larger or heavier particles have slower ascension
time and height compared to smaller or lighter particles due
to gravity, size, mass, insertion velocity.

For d = 5 cm a high-voltage of 30 kV and charge of 0,2
nC were enough for small-sized particles rapid take-off, but
higher voltage and charge values are needed to lift
medium-sized and large-sized particles. When it comes to d
=10 cm, at least 50 kV and 0,4 nC are needed for small-
sized particles, whereas no taking-off took place for the rest
of the particles, indicating the dominance of gravitational
forces. The outcomes for d = 15 cm were unsatisfactory,
with no significant lift-off taking place using the same
conditions, and therefore ignored.
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Fig.8. Particle trajectories on the Y axis vs. time for m = 10 mg (a),
(a’); 17 mg (b), (b"); 28 mg (c), (¢'), respectively, for different particle
charge values
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Conclusions

The novel installation for the electrostatic separation of
granular particles has been modeled and analyzed in this
paper. The working conditions and the feasibility of the
process have been studied using DEM simulations and
analyzed using RSM. Within the simulation domain, the
recovered particle mass relies heavily on the electric field
intensity, particle charge, and inter-electrode distance. The
simulations show the role of the gravitational force that
dominates the process for large particles and show that
increasing the high-voltage or electric charge does not
necessarily lead to better separation results. These findings
underscore the importance of considering particle size
when studying particle take-off phenomena. Overall, the
varying results from simulations gave emphasis to the
influence of different parameters or factors on the
electrostatic separation. It is worth mentioning that different
factors could impact the outcomes, such as the presence of
an aerodynamic or cohesive force; also, particle
agglomeration could have an impact, which needs further
investigation. Nevertheless, the outcomes of this study
provide valuable insights that could help in the
manufacturing and optimization of a future industrial
installation.
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