
lable at ScienceDirect

Journal of Electrostatics 86 (2017) 18e23
Contents lists avai
Journal of Electrostatics

journal homepage: www.elsevier .com/locate/elstat
Triboelectrification of granular insulating materials as affected by
dielectric barrier discharge (DBD) treatment

Abdelkader Nadjem a, b, Miloud Kachi a, *, Fethi Bekkara b, Thami Zeghloul b,
Lucian Dascalescu b

a Electrical Engineering Laboratory, 8 May 1945 University, 24000 Guelma, Algeria
b PPRIME Institute, UPR 3346, CNRS - University of Poitiers - ENSMA, 4 Varsovie Avenue, 16021 Angoulême, France
a r t i c l e i n f o

Article history:
Received 8 September 2016
Received in revised form
18 November 2016
Accepted 7 December 2016

Keywords:
Triboelectricity
Dielectric barrier discharge (DBD)
Granular material
Electric charge
Electrostatic separation
* Corresponding author.
E-mail address: miloud.kachi@gmail.com (M. Kach

http://dx.doi.org/10.1016/j.elstat.2016.12.017
0304-3886/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t

The aim of this paper is to point out the influence of dielectric barrier discharge treatment on tri-
bocharging of granular insulating materials. Particles of Polyvinyl Chloride (PVC) and Polypropylene (PP)
were subjected to an AC dielectric barrier discharge (DBD) plasma treatment in ambient airprior to
tribocharging in a vibratory device. The charge to mass ratio was measured for treated and untreated
materials. Electrostatic separation of a mixture of granular materials (PVC and PP) to measure the
effectiveness of DBD treatment was evaluated by processing treated and untreated PVC/PP granular
mixtures in a free-fall electrostatic separator. The obtained results clearly indicate that DBD has the
capability to influence surface charging proprieties of polymer granular materials. In case of short
treatment time, typically less than 3 s, a marked increase in the charge to mass ratios was observed for
both PVC (about 35%) and PP (roughly 45%). In the same way, the quantity of DBD-treated materials,
recovered after electrostatic separation, was increased by about 104% and 30% for PVC and PP, respec-
tively, as compared to untreated case. The DBD treatment time is a key factor to increase the tribo electric
effect.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Triboelectricity is one of the earliest observed, but also less
understood electrostatic phenomena [1e3]. Until recently, tribo-
electrification of insulating materials was perceived mainly as a
source of electrostatic hazard [4e6]. Nowadays, the triboelectric
effect is more and more employed as a charging mechanism in
several electrostatic applications, such as: separation of polymer
materials [7e9], energy harvesting [10,11], triboelectric based
sensors [12,13]…etc. In such applications, the charge acquired by
the materials has a major influence on the outcome of the process.
Therefore, it is very important to enhance the tribocharging capa-
bility of the processed materials.

Tribocharging occurs when two different materials are sepa-
rated after having exchanged electric charges during their contact
[14]. In the process, one material acquires positive and the other
negative charges. Despite the important number of studies devoted
i).
to triboelectricity, the mechanism of charging by contact (and
friction) between insulators seems to be still unclear. Indeed,
several issues are still poorly understood, like the nature of the
charge carriers exchanged during contact, the role of friction, of
contact pressure, of ambient conditions and so on. In this day, tri-
boelectrification of insulators is tentatively explained by three
mechanisms: electron transfer [15], ion transfer [16] and transfer of
charged material between the bodies in contact [17]. Understand-
ing these mechanisms would help to improve, or inversely elimi-
nate, the triboelectric effect.

The electrostatic separation of granular insulating mixtures is
the result of the combined action of mechanical and electric forces
[18]. Therefore, the triboelectric charge carried by the granules
should be as high as possible so that the electric Coulomb force
could overcome the mechanical and gravitational forces and
consequently better separate the constituents of the mixture. Pre-
vious carried studies on electrostatic separators have already tried
to improve the tribocharging devices and optimize their operation.
One solution, for instance, is to increase the charging time and air
speed in the case of fluidized bed devices [19e23]. However, the
possibilities offered by the adjustment of such parameters are
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Fig. 2. Dielectric barrier discharge plasma system.
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Fig. 3. Vibratory tribocharging device.
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limited: a too long charging time would reduce the hourly quan-
tities of treated material and a too high air speed would increase
the energy consumption at levels unacceptable for industry
application.

Several research groups have used plasmas to modify the tri-
bocharging properties of polymers [24,25]. Most plasma systems
require a pump and a specific gas to operate. DBD might be a better
option, as it can be conveniently generated in atmospheric air, using
very simple electrode geometries.

The present paper is aimed at evaluating the influence that
exposure of granular insulating materials to a dielectric barrier
discharge (DBD) might have on the triboelectric charging process.
Thus, two granular polymers, PVC and PP, were submitted to an AC
DBD before being tribocharged in a vibratory device. The tribo-
charged materials were later introduced in a free fall electrostatic
separator to evaluate the effect of DBD treatment on the selective
sorting of the two constituents of the granular mixture.

2. Experimental procedure

2.1. Materials

The experiments were performed on two granular insulators,
Polyvinyl Chloride (PVC) and Polypropylene (PP). The materials
used in this study were provided by RECYMAP, a French company
specialized in plastic recycling. The aspect of the used PVC and PP
granular materials is shown in Fig. 1. The mixture used in the
separation experiments was composed of 50% PVC and 50% PP.

2.2. Dielectric barrier discharge-DBD plasma system

Surface treatment using a dielectric barrier discharge was car-
ried out in a plasma reactor composed of two circular aluminum
plate electrodes (diameter: 70mm, thickness: 12mm) each of them
covered by 3-mm thick glass plate (150 mm� 150 mm); the air gap
between the two glass plates: 5 mm. The samples were placed on
the lower glass plate. The electrode configuration is supplied by a
high voltage amplifier (model Trek 30/20A) (Fig. 2).

2.3. Vertically-vibrated bed device

The charging of untreated and treated insulating particles was
carried out in a stainless-steel box connected to the vibratory de-
vice (Fig. 3). The amplitude of the vertical oscillations was 1 mm, at
a frequency of 50 Hz. In the metallic box, charge transfer is due to
Fig. 1. Aspect of PVC and
particle-particle and particle-wall collisions.

2.4. Free-fall electrostatic separator

The charged binary mixtures (either untreated or treated PVC
and PP particles) were processed in a standard free-fall electrostatic
separator under the action of the high intensity electric field
generated by two vertical aluminum plate electrodes of opposite
polarities connected at ± 30 kV, as shown in Fig. 4. The products
were collected in three boxes placed at the lower end of the
separator: two, adjacent to the electrodes, for recovering PVC and
PP products, and one in the center, for middling.
PP plastic particles.



Fig. 4. Schematic representation of the free-fall electrostatic separator.
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2.5. Methods

In a first set of experiments, 10 g samples of PVC and PP granules
were charged separately in the vibratory device, for 4 min. The
same amounts of PVC and PP granules were also separately treated
in the DBD reactor, at 30 kV and 800 Hz, for several durations: 1s,
3s, 5s, 10s, 2min and 5min. The frequency was chosen such that to
generate a homogeneous discharge and avoid the filamentary
regime that becomes predominant beyond 800 Hz. At higher fre-
quencies (tens of kHz), the plasma is likely to be too energetic for
this particular application.

After treatment, the samples were then charged for 4min in the
vibratory device. The charge of treated particles was measured
before and after tribocharging with a Faraday pail, connected to an
electrometer (model 6415, Keithley Instruments). In this way, it was
possible to compare the charge generated by triboelectric effect
with and without DBD plasma treatment.

The second set of experiments was carried out on a binary
mixture composed of 30 g of PVC and 30 g of PP. Samples of this
granular mixture were treated by DBD using the same AC high-
voltage and frequency as before, and were maintained in the
vibratory tribocharging device for the same duration (4 min). The
charged granularmixtures were then introduced in a standard free-
fall electrostatic separator. When separationwas over, themass and
the electric charge of the two products recovered in the PVC and PP
collecting boxes were measured. The charge acquired by the
granules and the recovery rate of the two plastics were measured
for both treated and untreated mixtures.

All the experiments were performed in ambient air (tempera-
ture: 21 �Ce23 �C and relative humidity: 29%e32%) and triplicated.
The electric charge of the samples was estimated by a Faraday pail
connected to an electrometer (Keithley Instruments, model 6514),
while the mass of the particles was measured with an electronic
balance (resolution: 0.01 g).
3. Results and discussion

3.1. Triboelectrification of DBD-treated samples

The results of the tribocharging experiments are shown on
Fig. 5.a and b, for PVC and PP granules respectively. In all but two of
the experiments the range of the measured values was less than
10%. In those two particular cases, two additional experiments were
performed and the average of five values is represented on the
figure.

In all experiments, both PVC and PP particles acquire a negative
charge when contacting the stainless-steel box walls. DBD treat-
ment alone does not charge the granules significantly, whatever is
the treatment time. This can be attributed to the alternating nature
of the DBD; the charge communicated in half cycle is eliminated by
the opposite charge in the next half cycle and so on. It can be
concluded that AC-DBD plasma treatment does not have a direct
influence on the surface charge.

Conversely, the triboelectric charge was enhanced as a result of
DBD exposure. This suggests that DBD plasma produced a modifi-
cation in particles surface properties. The results in Fig. 5 show that
the DBD treatment time significantly influences the charge ac-
quired by triboelectric effect. Indeed, in the case of 1s exposure to
DBD, the charge of PVC granules increased from �64.44 nC for the
untreated sample, to �76.31 nC after treatment, which represents
an increase of more than 18%. As for the PP granules, the charge was
increased from �18.19 nC for the untreated sample, to �42.79 nC
after treatment, i.e. a charge increase bymore than 135%. In the case
of 5 min treatment time, the effect of the DBD is reversed; the
charge of PVC decreases from �64, 44 nC for the untreated sample
to the �5.5 nC. For PP, the charge decreases from �18.19 nC for the
untreated sample to �10.28 nC.

From the results of Fig. 5, it can be concluded that the effect of
DBD treatment is dependent on material but also on the treatment
time. The increase of the treatment time has not a beneficial effect
on the triboelectric charge. According to [26,27], granules exposure
to DBD plasma at atmospheric pressure causes surface etching, as
result of the breaking of some bonds and removal of molecular
fragments from polymer surface. The etching effect is related to the
density of the electric power transferred in the discharge and to the
treatment time; it leads to the increase of surface roughness and
H2Omolecules adsorbed at polymer surface, phenomenawhich are
accompanied by increased wettability. The relative humidity seems
to strongly affect triboelectrification mechanism of polymers
[16,28]. Almost no contact electrification occurs at RH ¼ 0%, it at-
tains the maximum at about 30% and most often decreases at
values beyond 40% [16]. Thus, modification of surface properties
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Fig. 5. Triboelectric charge of untreated and DBD treated particles: (a) PVC; (b) PP.
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Fig. 6. Triboelectric charge variation rates of DBD plasma treated particles.
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Fig. 7. Charge to mass ratio of products at different treatment times.
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may facilitate material humidification at long time DBD treatment;
under these circumstances the charge acquired by triboelectric
mechanism may decrease, explaining the results given in Fig. 5.

The relative charge increase due to DBD treatment was
computed as follows:

DQt % ¼ (Qt (treated)�Q0 (untreated))*100/Q0 (untreated) (1)

where Q0 is the triboelectric charge of untreated particles and Qt

the triboelectric charge after plasma exposure to a duration t. The
Fig. 6 shows the variation of the charge increase as a function of
DBD treatment time for the two materials PVC and PP.

The time parameter influences to a different degree the changes
in surface properties observed for the two polymers. For both
polymers, the relative triboelectric charge increase tends to
diminish with increasing the duration of DBD treatment, and be-
comes negative for larger values of t. The positive values of DQt

correspond to the situations in which the DBD enhances the
triboelectric charge. When DQt ¼ 0, it means that the DBD effect is
null, the negative values of DQt correspond to the reversal of the
DBD effect, i.e. the triboelectric charge is lower for the granules that
were longer exposed to the plasma. The relative triboelectric charge
increase of PP particles is higher than that of the PVC, for all DBD-
treatment times. The time where the variation rate is zero corre-
sponds to the maximum duration of the DBD exposure that causes
positive effects. At longer exposure times, the surface modifications
are accompanied by humidification that has an adverse effect on
tribocharging. This critical value of DBD exposure time is about 4 s
for the PVC and beyond 2 min for the PP granules. The difference
between the DBD effects on the two materials is due to their
different chemical structure, shape and surface roughness.
3.2. Electrostatic separation of DBD-treated mixture samples

The charge to mass ratios recorded for the two products
recovered in the collector of a free fall separator after processing
DBD-treated and triboelectricaly charged PVC/PP granular mixtures
are shown in Fig. 7. The separation results as a function of DBD
treatment duration are represented in Fig. 8.

When separately charged, the two materials, PVC and PP, are
negatively charged. But, in the mixture the PVC has a negative
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Table 1
Purity (%) of the two recovered materials (PVC and PP).

Untreated 1 s 3 s 5 s 10 s 2 min 5 min

PVC 79.12 79.63 78.95 81.75 80.71 81.31 82.3
PP 76.41 73.9 71.48 72.16 79.97 81.15 83.08

10mm 

14mm
PVC PP

Fig. 10. Shape and size of PVC and PP plastic particles.
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charge and the PP a positive charge, because of contact between
them. The separation results (Fig. 7) show that the effect of DBD
treatment on the separation process is strongly related to the
exposure duration. The maximum charge and best separation re-
sults were obtained at 3 s, a DBD treatment duration for which the
recovered quantity was enhanced by more than 104% for the PVC
and 30% for the PP, comparing to untreated case. However, at longer
exposures, the influence of the DBD becomes less important, its
effect on the tribocharging and separation may be even reversed
(Fig. 8).

The composition of the middling product obtained in experi-
ments with granular mixture at different treatment times is pre-
sented on Fig. 9. The purity was calculated as the ratio of the mass
of purematerialmpc and the total mass of the productmtc collected
in a given box:

Pur (%) ¼ (mpc/mtc) * 100 (2)
Untreated 1 s 3 s 5 s 10 s 2 min 5 min
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

Treatment time

M
as

s (
g)

PVC
 PP

Fig. 9. Composition of the middling products (PVC and PP content) obtained after
electrostatic separation from untreated and DBD treated particles mixtures.
In the interval 3 s-10 s, the PP forms the most part of the
middling product as it does not acquire higher charges, as the PVC
(Fig. 7). However, outside this interval the quantities of the two
materials in the middling become similar. This observation points
out that the influence of the DBD is different from one material to
the other and depends on the exposure time. The purity of the
recovered products is not significantly modified by the exposure
time (Table 1).

The difference between charging capability observed for the two
materials (PVC and PP) can be attributed to their properties (con-
ductivity, permittivity), chemical structure but also to their shape.
Indeed, the particles characterized by different shapes and sizes
have different contact areas with the plasma generated by the DBD,
so they charge differently (Fig. 10).

No matter what the shape and size of the granules, their
exposure to a DBD prior to triboelectric charging can improve the
acquired charge and consequently the separation results if the
exposure duration is appropriately selected. The obtained results
indicate that a few seconds (less than 10) are sufficient to enhance
the triboelectric effect.

4. Conclusions

DBD treatment of granular PVC and PP originating from indus-
trial wastes influences the triboelectric charging and the electro-
static separation of the two polymers. Thus:

- Exposure of PVC and PP granules to a DBD prior to their charging
by friction can strongly enhance the triboelectric effect.

- The duration of the DBD treatment plays a crucial role in the
process. The best tribocharging effects and electrostatic sepa-
ration results are obtained for relatively short exposures to DBD
(typically 3 s).

- For treatment durations longer than 10 s, the effect of the DBD is
reversed and the triboelectric effect is poorer.

- Under optimal operating conditions, the quantities of PVC and
PP obtained from a DBD-treated granular mixture in a free fall
electrostatic separator can be increased respectively by 104%
and 30%, as compared with the untreated case.

- The effect of DBD treatment on the triboelectric charge varies
from one material to the other.
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