
energies

Article

Tribo-Electrostatic Separation Analysis of a Beneficial Solution
in the Recycling of Mixed Poly(Ethylene Terephthalate) and
High-Density Polyethylene

Wieslaw Lyskawinski 1, Mariusz Baranski 1,* , Cezary Jedryczka 1 , Jacek Mikolajewicz 1, Roman Regulski 2 ,
Dariusz Sedziak 2, Krzysztof Netter 2 , Dominik Rybarczyk 2 , Dorota Czarnecka-Komorowska 3

and Mateusz Barczewski 3

����������
�������

Citation: Lyskawinski, W.;

Baranski, M.; Jedryczka, C.;

Mikolajewicz, J.; Regulski, R.;

Sedziak, D.; Netter, K.; Rybarczyk, D.;

Czarnecka-Komorowska, D.;

Barczewski, M. Tribo-Electrostatic

Separation Analysis of a Beneficial

Solution in the Recycling of Mixed

Poly(Ethylene Terephthalate) and

High-Density Polyethylene. Energies

2021, 14, 1755. https://doi.org/

10.3390/en14061755

Academic Editor: Mario Marchesoni

Received: 27 February 2021

Accepted: 19 March 2021

Published: 22 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Control, Robotics and Electrical Engineering, Institute of Electrical Engineering and Electronics,
Poznan University of Technology, 60-965 Poznan, Poland; wieslaw.lyskawinski@put.poznan.pl (W.L.);
cezary.jedryczka@put.poznan.pl (C.J.); jacek.mikolajewicz@put.poznan.pl (J.M.)

2 Faculty of Mechanical Engineering, Institute of Mechanical Technology, Poznan University of Technology,
60-965 Poznan, Poland; roman.regulski@put.poznan.pl (R.R.); dariusz.sedziak@put.poznan.pl (D.S.);
krzysztof.netter@put.poznan.pl (K.N.); dominik.rybarczyk@put.poznan.pl (D.R.)

3 Faculty of Mechanical Engineering, Institute of Materials Technology, Poznan University of Technology,
60-965 Poznan, Poland; Dorota.Czarnecka-Komorowska@put.poznan.pl (D.C.-K.);
Mateusz.Barczewski@put.poznan.pl (M.B.)

* Correspondence: mariusz.baranski@put.poznan.pl

Abstract: The aim of this study was to investigate and analyze the impact of selected parameters
during the tribocharging process of shredded poly(ethylene terephthalate) (PET) and high-density
polyethylene (PE-HD) plastics on accumulated electric charge and electrostatic separation effec-
tiveness. The accumulation of electric charge on surfaces of polymer particles as a result of their
circular motion forced by the airflow cyclone container was investigated. The impact of the container
material, time of tribocharging and the airflow intensity were experimentally examined. A container
in which the particles of the considered polymers are electrified with opposite charges was selected.
A high ability to accumulate surface charge on small particles of both polymers was demonstrated.
The electrified mixed PET/PE-HD was subjected to a separation process. An electrostatic separator
designed and constructed by the authors was used for to the separation. In turn, to assess the
effectiveness of this separation, a dedicated vision system was used. Based on the result of the carried
out tests, it has been assumed that the proposed approach’s effectiveness has been demonstrated by
means of empirical validation.

Keywords: electric field; PET; PE-HD; tribocharging; electrostatic separation; vision system

1. Introduction

The increased mass consumerism observed in recent years has led to many serious
problems related to the environmental pollution of our planet [1–4]. One of the most
crucial problems is the drastic increase in the generation of polymer waste. Inappropriate
waste management, including low recovery rates, can have serious environmental effects.
Landfills occupy large areas and can cause air, water and soil pollution. Waste incineration,
on the other hand, can result in the emission of pollutants into the atmosphere. For these
reasons, efforts are undertaken to reduce the impact of waste on the environment and
human health by effectively recycling it for reuse. Post-consumer waste processing is a
difficult task for organizational and technical reasons and necessitates a need to develop
new solutions in mechanical recycling technologies [5].

Today, plastics are widely used in various industries, which, compared to metals, are
characterized by low density and resistance to corrosion. These materials have excellent
insulating properties, both electrical and thermal. The easy formation of complex shapes
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by the use of fillers, dyes or foaming agents allows the combination of materials with
different properties. For these reasons plastics are widely used in all areas of the economy,
to some extent replacing metal, glass, wood or ceramics [6–8]. Unfortunately, the resulting
wastes are characterized by a different chemical composition and, consequently, different
properties. Therefore, wastes require the use of different recycling technologies. In order
to obtain a pure material from the waste material suitable for further use in the recycling
process, it is necessary to perform a number of operations such as: accumulation, cleaning,
sorting, shredding, separation, washing, drying [9]. Undoubtedly, the most troublesome
and significant stage is separation. Separation is a process of separating a heterogeneous
system, e.g., mixed polymer fractions on the basis of differences in certain physical proper-
ties, e.g., specific density, hardness, particle size, wettability [10]. In recycling polymeric
waste, electrostatic separation, i.e., separation using an electric field is used [11–15]. It is
an environmentally friendly technique that uses electric field forces exerted on electrified
plastic particles.

1.1. Electrostatic Separation Method

Electrostatic separation is a well-known and increasingly used method for dry sorting of
mixed polymers, which has become a focus of scientific and industrial communities [16–18].
It consists of three stages. In the first stage, the polymer waste is shredded into fractions
with dimensions not exceeding a few millimeters. The second stage consists of electrifying
particles of plastics by the corona discharge or in cylindrical mixers, shaking conveyors
or fluidized beds using the contact-friction method, resulting in the creation of electric
charges on the surface of the mixture components. The formation of electric charges
is a consequence of the contact between surfaces of two solids and occurs due to their
mutual friction by sliding, rolling, impact, vibration or deformation. The process is called
tribo-electric charging or simply tribocharging [19–22]. As a result of the electrification
of particles of mixed plastics in the contact-friction process, positive and negative electric
charges accumulate on the surface of the plastics. This method takes advantage of the
phenomenon of different electrical permeability of separated plastics, which is an indirect
measure of the ability of a given plastic to accumulate electrostatic charge on its surface as a
result of friction with another plastic. This method of electrification creates the possibility of
application of electrostatic separation for a wide range of materials, including poly(ethylene
terephthalate) (PET), polychloride vinyl (PVC) and high-density polyethylene (PE-HD) [23–26].
In the third stage, the mixture is separated in a strong electrostatic field depending on the
size and polarity of the electrostatic charge accumulated on the surface of the separated
polymer material [27].

1.2. Triboelectrification Process

The process of triboelectrification takes advantage of differences in the triboelectric
properties of polymers, i.e., the ability to accumulate electrostatic charge on their surface
due to rubbing against another material. Several particle electrification methods can be dis-
tinguished: mechanical triboelectrification, fluidization triboelectrification, electrification in
a stream of electrons and ions created by the corona discharge, electrification by induction,
or electrification occurring in an electrostatic field [28]. The most common method is me-
chanical triboelectrification, in which two different polymers obtain negative and positive
charges as a result of mutual rubbing. Such electrified material undergoes a separation
process. Mixtures are separated in an electrostatic field between two electrodes, e.g., a high
voltage electrode and a grounded electrode. Separating devices called separators are used
for this purpose.

1.3. Types of Electrostatic Separators

Two groups of separators are most commonly used: free-fall separators (see Figure 1)
or separators with rotating cylindrical electrodes (see Figure 2) [27].
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Figure 2. The scheme of a high voltage roll separator.

The free-fall electrostatic separator is characterized by the fact that electrified material
particles fall freely in the electrostatic field of the separation system. Most often in the
construction of the free-fall separator there are two positive and negative electrodes, which
generate a strong electrostatic field. [21,28,29].

The charged particles are then introduced into an electric field generated between
the plate electrodes by various means of transport (gravity, pneumatics, vibration). In
electric field, the charged particles move towards the oppositely charged electrodes and
are collected in the corresponding boxes. The fraction containing a mixture of particles
of both polymers may or may not be collected, depending on the configuration of the
separation device.

Spinning electrode separators are high voltage drum (roller) or belt separators. They
are the most common separator designs reported in the literature [30–32]. Particle charging
mechanisms take place primarily using triboelectricity or corona charging.
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High voltage electrostatic drum (roller) separators are used in many industries. Many
variations and geometries are used in high voltage roller systems, but they generally
operate on similar principles.

Particles of different conductivities electrify in the relief field and fall onto the drum,
which is electrically grounded. The well-conducting particles give up their charge, are
pulled away from the drum surface, and are placed in collection boxes in the zone furthest
from the drum. In contrast, the poorly conductive particles retain their charge and are held
on the drum surface. Eventually the electrical charge on the poorly conductive particles
dissipates or the particles are brushed off the drum after the drum is rotated. These particles
are deposited in the collection boxes closest to the drum.

Forces acting on particles placed in an electric field [33] can be described by the
following equation:

Fe = 2πR3ε1
ε2 − ε1

ε2 − 2ε1
∇E2 + QE (1)

where: Fe is the electric force (N), R is the radius of the particle, ε1 is the relative permittivity
of the particle, ε2 is the relative permittivity of the medium, E is the electric field intensity
(Vm−1), Q is the electric charge of the particle (C).

The first component of Equation (1) describes the diaphoresis force appearing only
in inhomogeneous fields, while the second component of this equation describes the
electrophoresis force acting on the charged particle. The diaphoresis force occurs in non-
uniform fields. Using it for separation purposes is problematic because it requires a large
electric field gradient, which creates many technical difficulties. The second component
of Equation (1) determines the electrophoresis force, which is the force of an electric field
acting on a previously charged particle [33].

The main subject of the study was the analysis of the influence of selected parameters
of the mechanical tribocharging process on the polarization and value of electric charge
accumulated on the particle surface. The focus of the conducted research was paid on
searching conditions allowing to obtain the highest possible electrostatic charge. The
influence of blower air flow rate, size and mass of the particles subjected to the tribocharging
process and the material of the containers were studied. Effectiveness of the electrostatic
separation of mixture of waste materials, i.e., PET and PE-HD was tested using a proprietary
computerized vision system described in [27]. A detailed analysis of the obtained results
of tribocharging of the tested materials were presented and discussed.

2. Materials and Methods
2.1. Materials and Samples Preparation

The success of material recycling of plastic waste is determined by an effective pro-
cess of obtaining as many thermoplastics as possible, preferably without changing their
structure and properties, so that they can be reused in the production of the same or new
products [17,26]. The most crucial aspect in recycling materials is their proper prepara-
tion, i.e., shredding, sorting, and identifying specific types to obtain the highest possible
purity of the separated materials. The study investigated mixed post-consumer waste of
poly(ethylene terephthalate) (PET) and high-density polyethylene (PE-HD), two different
polymers which, from the point of view of the physico-chemistry of polymers, are immis-
cible under processing conditions. A Shini SG 1411 CE X X (Shini Plastics Technologies
Inc. Taiwan) slow-speed mill was used to grind the investigated plastics (Figure 3). The
granulator is designed for grinding polymer waste materials. It is characterized by easy,
quiet operation, high durability, efficiency, and low dustiness of the final grounded product.
Small crushing blades and milling modules (Figure 3a) made of high-quality steel with high
hardness ensure obtaining particles of small size. The granulator is driven by a 0.37 kW
geared motor.
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Figure 3. The granulator (a) with crushing blades and milling modules (b) for grinding the mixed plastic waste.

As a result of comminution, polymer fractions with different particle sizes were
obtained and subjected to sieve analysis using sieves with nominal dimensions (d) is
4 mm, 2.8 mm and 1.8 mm, as vibratory sieve shaker ANALYSETTE 3 (FRITSCH GmbH,
Idar-Oberstein, Germany)(see Figure 4)., four fractions with different particle sizes (smaller
than 1.8 mm, between 1.8 and 2.8 mm, between 2.8 and 4 mm and larger than 4 mm) were
obtained as a result of the separation (Figure 5). The percentages of the particular fractions
of the investigated PET and PE-HD polymers are summarized in Table 1.
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Table 1. The percentage share of each fraction in the total mass of polymers investigated after
grinding and sieving.

Samples <1.8 mm 1.8–2.8 mm 2.8–4 mm >4 mm

PET ~30% ~40% ~24% ~6%
PE-HD ~17% ~37% ~28% ~18%

2.2. Electrification of Polymer Fractions

Next, studies related to the electrification ability of the obtained fractions of both mate-
rials (PET and PE-HD) were carried out. A humidity of 29% and a temperature of 22 ◦C of
the polymer particles were kept constant during the tests. These parameters corresponded
to the ambient humidity and temperature. Each fraction of both polymers was tribocharged
by circulation in one of several containers (Figure 6) made of different materials.
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The dimensions of the containers were comparable (see Figure 7a). The circula-
tory (swirling) air movement inside the containers (see Figure 7b) was obtained using
an OK-1680 type blower with a power of 1400 W that adjusted airflow in the range of
1.27–2.19 m3/min cubic meters per minute, (cpm) generating a suction of 21 kPa. In the
containers shown in Figure 6 the air is introduced tangentially to their center and circu-
lated in a cyclone manner. The blower drew the air from the containers through an outlet
opening in the suction head (Figure 6e), which caused the particles placed in the container
to whirl due to the cyclone effect. A cylindrical filter (Figure 6b) with a diameter of 70 mm
and a length of 100 mm was placed at the outlet head. As a result, the usable volume of the
containers used in the tribocharging process is about 0.7 L. The filter attached to the outlet
head protects the plastic particles from being sucked out by the blower. In the tribocharging
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process of both polymers, containers made of poly(ethylene terephthalate) glycol-modified
(PET-G), acrylic-styrene-acrylonitrile copolymer (ASA) polypropylene copolymer (PP),
acrylonitrile-butadiene-styrene (ABS), and polylactic acid (PLA) were used.
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After tribocharging, the electrified particles of both plastics were poured into a Faraday
pail connected to the Charge Measuring Unit JCI 178X (Chilworth Technology Ltd. PHI
House, Southampton Science Park, UK) and the charge accumulated in these particles was
measured (see Figure 8). A container made of such material was sought in order to make
PET and PE-HD particles electrified with electric charges of opposite polarity and to obtain
the highest possible charge density (Q/m (nC/g)).
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Figure 8. A system for measuring the accumulated charge on particles of (a) PET and (b) PE-HD polymers.

In the last stage of the study, separation tests were carried out for both materials mixed
in equal amounts. Such a mixture of PET/PE-HD particles was tribocharged in several
containers and separated using a prototype electrostatic separator (see Figure 9a) designed
and built by the authors and described in detail in previous work [27]. The quality of the
separation was evaluated using a vision system to assess the effectiveness of the separation.
The advantages of the applied vision system (Figure. 9b) developed by the authors are
discussed in detail in [27].
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3. Results and Discussion

Preliminary studies have shown that PET particles electrify negatively in a polypropylene
(PP) container and PE-HD electrify positively in a poly(ethylene terephthalate) (PET-G) con-
tainer. Figures 10 and 11 show the result of the electrification of PET and PE-HD particles of
the two different fractions, that appeared in the most significant number (Table 1). Tribocharg-
ing was carried out at a constant airflow of about 1.6 cpm and varying tribocharging time.
Based on the results, it can be concluded that electrified PET particles with negative charge
appear much more often than PE-HD particles with positive charge. One can also observe
a significantly greater increase in charge during short tribocharging than during long
tribocharging. A smaller number of polymer particles subjected to tribocharging electrify
more strongly because they rub against both the walls and the bottom of the containers,
thus having a larger friction area.
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Figure 10. Charge density per mass as a function of time t of tribocharging in a container for PET with fractions (a) 1.8–
2.8 mm and (b) 2.8–4 mm at airflow V = 1.6 cpm.



Energies 2021, 14, 1755 9 of 13

Energies 2021, 14, x FOR PEER REVIEW 9 of 14 
 

 

  
(a) (b) 

Figure 10. Charge density per mass as a function of time t of tribocharging in a container for PET with fractions (a) 1.8–2.8 
mm and (b) 2.8–4 mm at airflow V = 1.6 cpm. 

  
(a) (b) 

Figure 11. Charge density per mass as a function of time t tribocharging in a PET-G container for PE-HD with fraction (a) 
1.8–2.8 mm and (b) 2.8–4 mm at airflow V = 1.6 cpm. 

In further experiments, the impact of different airflows while maintaining a constant 
tribocharging time of t = 30 s was examined. Selected results of the charging of particles in 
both materials for four fractions are summarized in Figure 12. Based on the analysis of 
the obtained results it can be concluded that the increase in the airflow during a tribo-
charging process causes greater electrification of particles of both materials. Out of the 
fractions studied, particles with small dimensions (fraction 1.8–2.8 mm and <1.8 mm) are 
the most electrified ones. On the other hand, particles with larger dimensions (fraction 
above 4 mm) are quite difficult to electrify in both materials. Both increasing the time and 
increasing the airflow for tribocharging results in very uneven electrification of the par-
ticles of both materials. Most of the particles are relatively weakly electrified 1–2 nC/g, 
however with a high airflow and long tribocharging time, a small number of particles 
become strongly electrified even above 50 nC/g. It was found that with a short time and 
lower airflow from the blower, the electrification of PET and PE-HD particles is quite 
uniform.   

-35

-28

-21

-14

-7

0
0 60 120 180 240

t (s)Q/m (nC/g)

10g
5g -21

-14

-7

0
0 60 120 180 240

t (s)Q/m (nC/g)

10g
5g

0

7

14

21

28

35

0 50 100 150 200 250

Q/m 
(nC/g)

t (s)
5g
10g 0

7

14

21

28

35

0 50 100 150 200 250

Q/m 
(nC/g)

t (s)
5g
10g

Figure 11. Charge density per mass as a function of time t tribocharging in a PET-G container for PE-HD with fraction
(a) 1.8–2.8 mm and (b) 2.8–4 mm at airflow V = 1.6 cpm.

In further experiments, the impact of different airflows while maintaining a constant
tribocharging time of t = 30 s was examined. Selected results of the charging of particles in
both materials for four fractions are summarized in Figure 12. Based on the analysis of the
obtained results it can be concluded that the increase in the airflow during a tribocharging
process causes greater electrification of particles of both materials. Out of the fractions
studied, particles with small dimensions (fraction 1.8–2.8 mm and <1.8 mm) are the most
electrified ones. On the other hand, particles with larger dimensions (fraction above 4 mm)
are quite difficult to electrify in both materials. Both increasing the time and increasing
the airflow for tribocharging results in very uneven electrification of the particles of both
materials. Most of the particles are relatively weakly electrified 1–2 nC/g, however with
a high airflow and long tribocharging time, a small number of particles become strongly
electrified even above 50 nC/g. It was found that with a short time and lower airflow from
the blower, the electrification of PET and PE-HD particles is quite uniform.
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Figure 12. Charge density per mass as a function of airflow for tribocharging process of (a) PET in the container made of PP;
(b) PE-HD in the container made of PET-G for a constant time of the charging process t = 30 s for fraction mass 10 g.

Studies of the electrification of the two materials in containers made of selected materials
were also performed. It was tested in which of the containers both polymers would electrify
with opposite charges—Figure 13. In addition to poly(ethylene terephthalate) glycol-modified
(PET-G and polypropylene copolymer (PP) containers, containers made of acrylonitrile-
butadiene-styrene terpolymer (ABS), acrylonitrile-styrene-acrylate terpolymer (ASA) and
polylactide (PLA) were used. PET particles were not able to electrify in the PET-G container.
Hence, the tests were conducted in the other four containers. The highest electrification of
these particles was obtained using a container made of ASA and a PLA. Due to the similar
level of electrification of PE-HD particles in these two containers, the results obtained for the
ABS, ASA, PET-G and PP containers are summarized in Figure 13b. From the results shown
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in Figure 13, it can be seen that PET particles obtain a negative charge and PE-HD particles
obtain a positive charge only in a PP container.
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Figure 13. Charge density per mass as a function of airflow for tribocharging process of (a) PET, size of material 1.8–2.8 mm
in the container made of PP, ABS, ASA, PLA; (b) PE-HD, size of material 1.8–2.8 mm, in the container made of PET-G, ABS,
ASA and PP for a constant time of the charging process t = 30 s for fraction mass 10 g.

In further investigations, several separation tests were performed on a physical mix-
ture of the two polymers with a particle size of 1.8–2.8 mm, with a weight share of 50%
each. Such a particle size of the polymers can be electrified very well. First, the separation
ability of such a 100 g mixture (50 g PET + 50 g PE-HD) was tested without a tribocharging
process. In 17 boxes of material collectors, the separated particles accumulated mainly in
one place with a small number of PET particles deflected towards the positive electrode of
the separator (Figure 14a). Due to similar electrification effects of both polymers in ASA,
PLA, PET-G, and ABS tribocharging containers, further separation tests of the mixture
for both polymers were performed in PET-G, ASA and PP tribocharging containers. The
tribocharging time was 60 s and the airflow was 2.19 cpm. The results of these trials
are summarized in Figure 14b–c, while the evaluation of the separation efficiency of the
particles for both plastics using the vision system developed by the authors is shown in
Figure 15a–c. During the separation of both polymers on the separator (Figure 9a), constant
settings of the corona electrode voltage of 27.4 kV, the distance between the electrodes
d = 90 mm, and the feeder and the drum speed were assumed experimentally.
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The degree of separation of the tested material was determined based on a dedicated
vision system. The image was filtered using the HSV color space model (Figure 15). The
HSV model parameters were selected experimentally and separately for each material.
Next, the image was divided into segments (ROI—Region of Interest). For each segment,
the percentage ratio of pixels of one material to the other was determined. The results are
shown in Figure 15.

As can be observed, the developed vision system allows one, among others, to estimate
quite precisely the percentage of one material over another in each box of a collector, i.e., to
illustrate the dominance of one material over another (Figure 15—Sec. II). The results
seem quite similar. However, the assessment of the content of a given polymer in each box
(Figure 15—Sec.III) indicates that the most well-separated particles of both polymers were
obtained when using a PP container for tribocharging. In this case, most particles of both
materials were separated in extremely distant boxes. It means that during the tribocharging
process in this container, more PET particles obtained a large negative charge and deviated
towards the positive electrode. A high number of PE-HD particles obtained a large positive
charge and deviated towards the negative electrode (remaining with the separator roller
connected to the ground).

4. Conclusions

The presented research confirms the necessity to conduct works on increasing the
effectivity and benefits of plastics recycling. The paper proposes and verifies the improve-
ment of the electrostatic separation process of mixed polymer waste. The analysis covers
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the influence of time and air expenditure in the tribocharging process of ground plastic
particles, i.e., poly(ethylene terephthalate) (PET) and high-density polyethylene (PE-HD)
on the electric charge accumulated on their surfaces. For tribocharging, containers made of
several polymeric materials were used, i.e., PET-G, ABS, ASA, PP with different electrifying
properties. In PET-G, ABS and PP containers, the efficiency of the separation of the particles
of both materials was assessed with the use of a vision system developed by the authors.
The research showed that the high electrifying capacity of the particles of both tested
polymers was obtained after crushing them into fractions of 1.8–2.8 mm. It has been found
that in a tribocharching process, it is important to select an appropriate type of material
the container is made of, ensuring high electrification of separated polymers with oppo-
site charges. The results of the experimental tests showed that during tribocharging in a
polypropylene container, PET particles are well charged with negative charges and PE-HD
with positive charges, which ensures the effective separation of the mixed PET / PE-HD.

Authors would like to highlight that the environmental problem of the low level of
waste management (approx. 23%) in Poland in practice translates into the collection of
high amount of the waste on landfills, which, as is known, causes a high impact on the
environment, such as methane and CO2 emissions. To increase the level of recovery, the
approach proposed by the authors can be valuable. The improvement of the electrostatic
separation technique will increase the degree of separation of mixed polymer waste, and
thus the production of re-granulates.

Authors of this paper are currently working on automating the mechanical tribocharg-
ing process, which will allow to analyze not only the tribocharging process itself, but also
enable the research on electrostatic separation of different types of materials.
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