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In this experimental work, artificial plastic mixture of two kinds of components (i.e. PET
and PE mixture) is tribo-electrostatically separated. The mixture is charged by friction in
a tribo-cyclone.

After a certain residence time inside the tribo-cyclone, the charged plastic flakes fall
down freely through a horizontal electric field into collection bins. The DC electric
field of up to 333 kV/m is created by using two plate electrodes made of Cu and
having a given cross-section configuration. The plastic flakes of the mixture are drawn
to either positive or negative electrode according to the polarity of the charge and are
separated by falling into different bins. In order to ensure an easy and efficient separa-
tion, the inner wall of the tribo-cyclone is made of a suitable plastic material to improve
the frictional charging of the flakes. Each plastic component is separated with a grade
higher than 95% and recovery higher than 75%.
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1 INTRODUCTION

Plastics are excellent and very useful materials to replace wood,
metals, etc. however, wastes of plastics are difficult to dispose and
most of them are used for landfill [1]. Therefore, one of the weakest
points in the recycling system is the reuse of waste plastics. Waste
plastics amounted to more than 6 million tons and 1.6% of
Japanese industrial waste in 1996. Only about 36/; of these plastics
were reused, a very low percentage when compared to the recovery
percentages for metal, glass and waste paper [2].

There are many kinds of plastics in wide use today including poly-
ethylene (PE), polystyrene (PS), polypropylene (PP), and polyvinyl
chloride (PVC). Another common example is the polyethylene
terephthalate (PET) used in the production of soft-drink bottles.
PET is a useful plastic that can easily be reused as raw material for
other PET products. As the raw mixture usually includes many other
types of plastics, most notably the PE of the bottle caps, this makes
the separation of the plastics an important process.

Recently, plastics recycling technology has made good progress
in developing different separation methods. The flotation [3-7], and
sink-float [8,9] separation techniques are well known wet methods for
plastic separation. Otherwise, electrostatic separation, which has
been mainly developed for the mineral beneficiation [10-16], has
been successfully applied to separate paper from plastic, particularly
PVC [17]. In 1995, Arai et al. used a column-type air separator in the
dry separation of other plastics from PVC containing chlorine that
damages incineration furnace [18]. Moreover, many kinds of plastics
have been electrostatically separated by using friction mixer with
rotary blades [19], fluidized-bed tribo-electrification [20], or by using
a vibrating feeder and electrostatic high voltage generator [21], etc.

Generally, an electrostatic separator consists of feeding, charging
and sorting zones. Higashiyama et al. [22] summarized some
examples of the application of the electrostatic separators, classified
with respect to the charging methods and equipments (Table I).
The aim of the research presented in this paper was to find a suitable

dry process that can obtain a high PET-grade when separating PET
from PET/PE mixtures. Consequently, we have also developed a
laboratory-scale separator employing a tribo-cyclone.
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TABLE The application of electrostatic separation

Charging Method Charging Equipment

Induction

Corona

Tribo-electricity

Rotational Drum
Slide plate
Moving belt
Rotational drum
Moving belt
Cylindrical electrode
Cyclone
Rotating cone
Charging tube
Fluidized bed
Electrostatic sieve
Crusher
Rotating pipe
Vibrating feeder
Unknown

THE PRINCIPLES OF THE TRIBO-ELECTROSTATIC
SEPARATION

The principle of the tribo-electrostatic separation involves [23]"

1. Triboelectric charging of the shredded plastic flakes of a mixture.

2. Conveying the electrified mixture through an electrostatic field,
which separates individual particles according to the magnitude
and polarity of the electric charges, acquired during the tribo-
electrification process.

Therefore, in any tribo-electrostatic separation, it is necessary to have
a process by which the individual flakes are frictionally charged and a

source of electrical potential to generate the electric field between the
electrodes.

2.1 The Principles of the Tribo-electric Charging

A basis for the electrostatic separation of a binary mixture can be cre-

ated if constituents of a mixture acquire charges of opposite polarities.
The measure of the polarity is the tribo-electric charging sequence.
One of the reported tribo-electric charging sequences is [9,17]:

(positive end) ABS-PP-PC-PET-PS-PE-PVC-PTFE (negative end)
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where ABS denotes acrylonitrile-butadiene-styrene, PP polypro-
pylene, PC polycarbonate, and PTFE polytetrafluoroethylene.
When two plastics in this sequence are rubbed against each other, the

plastics on the left-hand-side is charged negatively and the one on the
right-hand-side is charged positively. For instance, when PE is
rubbed against PS, PE is charged negatively and PS positively.
Whereas, when PET is rubbed against PS, PET is Charged positively
and PS negatively.

In addition, the tribo-electrification phenomena stipulate that when
two materials come into contact, an exchange of electric charges can
be observed through the contact area [24-27]. Moreover, it is reported
that an electron charge transfer takes place from the surface with a
smaller work function to a surface with a greater work function
[28]. Therefore, the work function of the contact material is a key
factor in tribo-electrification. Hence, for tribo-electrification of a
binary mixture it will be preferable to use, for contact material, a
material with the work function value between the values of the
work functions of the two materials in the mixture to be separated
[29,30]. Some authors have published the work function of plastics
[28,31]. Table II tabulates some work function values published by
those authors.

2.2 The Principles of the Electrostatic Separation

Let us consider a spherical flake of charge Q and mass m falling as a
result of the gravity between vertical-plate electrodes separated by a
distance d and a potential difference of V volts between them (Fig. 1).
The flake will be deflected towards an electrode if the electro-

static force, F, acting on it will be greater than the gravitational
force, W:

F > W (1)

The gravitational force on the flake is

W m.g [N] (2)

and, the electrostatic force on the flake is

F Q. E [N] (3)
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TABLE II

Material

The estimated average work function

Work Function [eV]

PE
PS
Acrylic
PET

5.24 4- 0.24
4.77 -b 0.20
4.30 4- 0.29
4.254-0.10

V

Electrodes ".-)

FIGURE Forces acting on particle falling in a transverse electric field.

Hence, relation (1) becomes

Q E > m. g (4)

In the case of a uniform electric field, the electric field strength E is

V
E - IV/m] (5)

and the amount of charge acquired by the flake is given by the
following formula

Q 4e0erzrrV [C] (6)

where Vs is the surface potential measured by a non-contacting type
electrostatic voltmeter (i.e. potential difference between the plastic
flake and electrostatic voltmeter), while r is the distance between the
plastic flakes and the instrument (Fig. 2).
On the other hand, the mass of a spherical flake is

m p. (D) [kg] (7)

With the expression for E, Q and m given by Eqs. (5), (6) and (7),
respectively, the relation (4) becomes

(g24oer) (pD3d’\ Vs ,]
v > -r-- iv] (8)
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FIGURE 2 The non-contacting type electrostatic voltmeter.

Knowing that

accelaration due to gravity is:

permittivity of free space is:

dielectric constant or

permittivity ratio of the air is:

g 9.81 [m/s2]
eo 8.854 x 10-12 [C2/Nm2]

1.0059

the voltage that should be applied to the electrodes, given by Eq. (8),
becomes

V > 4.59 x 101lPD3dl/\
\rVs]

[VI (9)

In a generalised form the Eq. (9) is expressed as

E > k. 4.59 x 1010|POmax|/,3

\ rVs ,]
IV] (10)

where Dmax is the maximum diameter of the plastic flake that will be
processed, whereas the coefficient k, found experimentally, is dimen-
sionless and ranges between and 1.8. It represents the error made
during the measurements of the surface potential and, also, takes
into account the assumption that the plastic flake had spherical shape.

Hence, it is found that the electric field strength to the electrodes E
is a function of the surface potential of the plastic flake V, its size

Dmax and density p. In other words, the trajectories of the plastic
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flakes under the influence of the electric field depend on their surface
potential level, polarity and size. Moreover, the minimum magnitude
of the surface potential Vs that a plastic flake must acquire in order
to be electrostatically deflected by the given electric filed strength E,
is calculated by using Eq. (10).

3 EXPERIMENTAL

3.1 An Apparatus and Procedure

In this experimental work tribo-electrostatic system for separation
of shredded plastic mixtures, which employed a tribo-cyclone, is

presented.
The schematic design of the laboratory-scale tribo-electrostatic

separation system, which is installed inside a temperature and humidity
control chamber (ESPEC type TBL-3HAOGAC), is shown in Fig. 3.

FIGURE 3
system.

Rheostat Air out

Blowe Screen

,,oh,r., _./

Collection ins

Schematic design of the laboratory-scale tribo-electrostatic separation
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The separation system consisted of six components: a blower, a
feeder, a tribo-cyclone, a DC power source, a separating electrode
system and five collection bins. The separating electrode system had
two high voltage electrodes made of copper (Cu). The electric field
between the two electrodes was produced by a DC power source.
At first, the plastic feed was dispersed in a current of air provided by

a blower and introduced into the tribo-cyclone through its tangential
entry. The air-flow was regulated by a rheostat (TOSHIBA Volt-
slider Slidac S110) connected to the blower and measured by a flow-
meter (Kanomax Anemomaster Model 24-6131). The air was used to
transport the mixture in cyclone and to charge frictionally the plastic
flakes against inner wall of the cyclone. A 20 mesh (0.84 m/m) screen
was placed at the top of the cyclone to prevent any flakes from
overflowing.

After a certain period of the charging time, the blower was switched
off and the discharge door of the cyclone was opened. As the flakes
dropped due to the gravity in the central area between the electrodes,
they were deflected towards positive electrode or the negative one,
depending upon their surface charge. The amount of the acquired
charge was controlled by regulating the air inlet velocity, the tribo-
charging time, the air relative humidity and temperature. In addition,
the amount of deflection was controlled by the potential applied to
the electrodes.
The separated flakes were collected into five collection bins. The bin

on one side, next to the positive electrode, collected the negatively
charged flakes, while the opposite side bin, collected the positively
charged flakes. Flakes that had insufficient charge for separation
were collected in the central bins.

Figure 4 illustrates the configurations of the tribo-cyclone and the
separating electrode system.
The tribo-cyclone was a device that utilised centrifugal force to

charge the flakes as a result of their acceleration and friction against
the inner wall. The cyclone constructed from acrylic material had a
diameter of 0.075m, a cone height of 0.16m and a 0.04m diameter
vortex finder at a depth of 0.095 m in the cyclone body.
The configuration of the separating electrode system consisted of a

top parallel part (height =0.25 m) and a bottom inclined one. The
electrodes of 0.15m width were disposed 0.06m apart from each
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FIGURE 4 Configurations of the tribo-cyclone and the separating electrode system.

other. The DC power source applied up to + 20 kV to the electrodes,
thus the maximum electric field of 333 kV/m was produced.
The collection bins (length 0.24 m, height 0.14 m) were located

underneath the separating electrode system. The central bins named
"b2", "b3" and "b4" had a width of 0.03 m respectively, whereas the
side bins named "b1" and "b5" each had a width of 0.13 m.

3.2 Measurements of the Flake Surface Potential

A non-contacting type electrostatic-voltmeter (TREK Model 523)
was used to measure the surface potentials, V, of the polymer flakes
(Fig. 2). The instrument was capable of measuring surface potentials
from 0 to 4- 20 kV. It should be noted that, the surface potential meas-
urements were affected by changes in the distance r between the detec-
tor ofthe instrument and the flake’s surface. Therefore, only an average
value of the surface potential from several measurements was reported
in the results. The measurements were performed inside a temperature
and humidity control chamber under controlled conditions.
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3.3 Materials

The experiments were carried out on 50%/50% artificial mixtures
of PET and PE (see Fig. 5). Plastic flakes of irregular shapes and
approximately 1-3.5mm in size were used throughout the experi-
mental work. The difference in colour between plastic types allowed
easy hand-sorting and analysis of the product streams. No special
treatment of the materials, (such as chemical conditioning, etc.) was
done prior to the experiments.
The experiments were performed in a "batch mode" of operation.

During each run fresh samples from the same source were used and a
batch size ofapproximately 3 10-3 kg ofplastic mixture was processed.

3.4 The Density Measurements

The density of each plastic component was measured by pycnometer
and using ethanol (density- 789-791 kg/m3) as the relative substance.
The results of the measurements are tabulated in Table III.

PF,T flakes
1340 kg/m"

l?lake" s size

FIGURE 5 Components of the PET/PE artificial mixture.

TABLE III The density of plastic components of the
PET/PE mixture

Polymer Density,/9sample [kg/m3]
PET 1340
PE 960
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FIGURE 6 The fractional representation of screen analysis.

3.5 The Particle Size Analysis

In Fig. 6 the size distribution of the plastic components of the PET/
PE mixture is depicted. It can be seen that PET and PE exhibited
similar distribution of flake size. Therefore, the characteristics of the
plastics were considered more or less the same in terms of their
mean diameter.

3.6 The Contact Material for Tribo-Electrification

Polystyrene (PS), the value of work function of which lies between the
values of work function of PET and PE (Eq. 11; Table II) was used as
the contact material (i.e. the inner wall of the cyclone for tribo-electri-
ficatio of the PET/PE mixture. However, the acrylic was also tested.

4.25 eV < contact material < PE 5.24 eV (11)

4 RESULTS AND DISCUSSION

4.1 Tribo-Electrification

4.1.1 The Effect of Temperature and Relative Humidity

Subsequently, the variation of the surface potential Vs with the air
relative humidity H and temperature T for PET and PE was studied.
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The tests were performed inside the temperature and humidity
control chamber (ESPEC type TBL-3HAOGAC) with the capability
to vary the relative humidity between 10% and 90% and the tempera-
ture between 5C and 35C.
During each run, the mixture was tribo-charged for 5 min against the

inner wall of the cyclone made of PS material, maintaining the air inlet
velocity at 15.5 m/s. The surface potential of each constituent in the
mixture was measured at varying temperatures and relative humidity.
More than 20 batches were tested, the experimental results were
stored and processed in a computer.
The surface plots and contour maps of the variation in the surface

potential as a function of temperature and relative humidity are
shown in Fig. 7. These are three-dimensional representations of the
experimental data that are displayed with the combination of "tem-
perature", "relative humidity" and "surface potentiar’, values. The
contours define the lines of constant "surface potential" or, in other
words, lines of constant elevation or value, across the extent of
the map.
The observed data were interpolated as a polynomial regression

and the regression coefficients were computed (Eqs. (12) and (13)).

(a) (b)

FIGURE 7 Variation of the surface potential (V) with the air relative humidity (H)
and temperature (T) for PET (a) and PE (b).
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FIGURE 8 A contour map of the surface potential (V) with air relative humidity (H)
and temperature (T) for PET (a) and PE (b).

The reproducibility of the results is excellent, as it was verified by
repeating the measurements many times.

0.32 0.018H + 0.043T

1.35 0.015H + 0.001 T

(12)

(13)

The results plotted in Fig. 8 confirm that the air relative humidity and
the temperature affected the magnitude of the surface potential
acquired by the polymers. Also the directions of the gradient vectors
are plotted in Fig. 8. These are the gradients of the magnitude of
the surface potential for each constituent of the PET/PE mixture.
Moreover, in each contour map, the minimum level of the magnitude
of the surface potential of PET (Fig. 8(a)) and PE (Fig. 8(b)) is shaded.
This is the minimum required for electrostatic deflection of the flakes
by the electric field of 333 kV/m and calculated by using Eq. (10).
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The effect of relative humidity and temperature appeared to be
different for different polymers. It was observed that the polarity and
magnitude of PET surface potential were influenced by the changes
in relative humidity and temperature. Referring to Fig. 8(a), PET
flakes acquired greater surface potential, when the relative humidity
was decreased and the temperature was raised. Furthermore, the
magnitude of the PE surface potential was increased especially when
the relative humidity was decreased, as the variation of the temperature
slightly effected it (Fig. 8(b)). Yet, when the humidity increased the
magnitude of the surface potential of PE decreased but the polarity
did not change.

These results proved that the changes in temperature (79 and particu-
larly in relative humidity (H) have a pronounced influence on the
surface potential of plastic components of this specific mixture.

In Fig. 9 the combined contour maps of constituents of the PET/PE
mixture are plotted. It was found that the flakes should be mostly
tribo-charged at dry ambient conditions in order to acquire a sufficient
magnitude of the surface potential needed for their electrostatic

8o

m 50-"r-

40-

10 20 30

Temperature (oC)

Relative humidity 50% (.H)

Tem.perature 24 C (.T)

FIGURE 9 The combined contour maps of constituents of the PET/PE mixture.
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deflection towards the electrodes. Hence, taking into consideration the
suggestions from the figures, the relative humidity of 50% and tempe-
rature of 24C were selected as the standard levels for all subsequent
experiments.

4.1.2 The Effect of the THbo-Charging Time

The tribo-charging time had a great influence on the surface potential
of the plastic flakes. Consequently, the PET/PE mixture was tribo-
charged for various times using an inner acrylic lined cyclone and
the surface potential of each component was measured. During each
run of the measurement, the air inlet velocity was maintained at
15.5 m/s. The measurements were performed inside the temperature
and humidity control chamber. The temperature and the air relative
humidity were fixed at 24C and 50% respectively.

Figure 10 shows that the polarity of the transferred charge to the
PET flakes changed from negative to positive exhibiting unclear
tribo-charging tendency. This was probably due to the small work
function difference between PET and Acrylic (Table II). However, it

(based on 50% 50% mixture of PET PE)
Contact material. Acrylic. T 24C; H 50%,

Air inlet velocity 15.5 m/s.

0.10

S" 0.00

-0.1o

-0.20

-0.30

Triboocharging time (min)

FIGURE 10 Effect of the tribo-charging time on the surface potential of the plastic
flakes charged, using an acrylic lined cyclone.
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(based on 50% 50% mixture of PET PE)
Contact material. PS. T 24C, H 50%,

Air inlet velocity 15.5 m/s.

1.50

1.00

0.50

o.oo
-0.50

-1.50

-zoo
-2.50

Tribo-charging time (min)

FIGURE 11 The effect of the tribo-charging time on the surface potential of the
plastic flakes charged using a PS lined cyclone.

was clearly apparent that PE flakes manifested an increase of the
magnitude of the surface potential, while the tribo-charging time was
lengthened. Next, the measurements of the surface potential of each
component of the PET/PE mixture were carried out under the same
conditions as previously described with the exception of the fact that
PS was used as a contact material for the frictional charging instead
of acrylic.
The results (Fig. 11) have shown that PET flakes were charged

positively after contacted with the PS medium, whereas PE flakes
were charged negatively. These results were due to the fact that the
work function of PS used as a contact material lies above that of
PET but below that of PE (Eq. (14) Table II). As expected, the sign
of the surface potential acquired by the flakes depended on the relative
magnitude of the work functions of the flake surface and contact
surface, respectively.

PET < tPS K tpE (14)

It was observed that for both components of the mixture, there is
an increase of the magnitude of surface potential while the
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tribo-charging time is lengthened (Fig. 11). This was due to the
increasing probability of friction between the plastic flakes and the
inner wall of the cyclone.

Moreover, using Eq. (10), it was estimated that after 5 min of the
frictional charging the components of the PET/PE mixture acquired
a sufficient surface potential (Fig. 11). Thus a basis for their subsequent
electrostatic separation under the electric field strength of 333 kV/m
was provided.

Hence, taking into account the results of the measurements (Figs. 10
and 11), PS was chosen as a contact material for the tribo-electrifica-
tion of PET/PE mixtures.

4.1.3 The Effect of the Air Inlet Velocity

Mongomery, reported in 1959 that there is an increase of the charge
while the rubbing velocity was raised [32]. However, peaks have also
been found [33]. Subsequently, the surface potential of each compon-
ent of the PET/PE mixture and the plastic mass adhered to the cyclone
were measured for various air inlet velocities. Batches were tribo-
charged separately for 5 min using a PS lined cyclone. The tests were
conducted inside the humidity and temperature control chamber,
while the temperature and the air relative humidity were fixed at
24C and 50%, respectively.

Figure 12 shows that an increase in the air inlet velocity increased the
magnitude of the surface potential acquired by the flakes. This was due
to the fact that the frictional charging between flakes themselves and
the flakes against the cyclone’s inner wall improved. It was evaluated
that, when the air inlet velocity was maintained at 15.5 m/s or greater,
the components of the PET/PE mixture acquired a sufficient charge for
their subsequent electrostatic separation under the electric field
strength of 333 kV/m. However, the upper limit of the air inlet velocity
should be set because of static adhesion. Nevertheless, the mass of the
flakes adhered to the cyclone grew sharply with the increase of the air
inlet velocity (Fig. 13). Up to 5.1% of the feed adhered to the cyclone,
while the air inlet velocity was maintained at 15.5 m/s. Considering the
results (Figs. 12 and 13), the air inlet velocity of 15.5 m/s was selected as
the appropriate level for all subsequent experiments.
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PET
lllli PE

FIGURE 12 The effect of the air inlet velocity on the surface potential of the plastic
flakes.

, 25

0 5 10

Air inlet velocity (m/s)

FIGURE 13 Mass of the material adhered to the cyclone as a function of the air inlet
velocity.

4.1.4 Examination of the Inner Lining Surface of the Cyclone

Some problems were encountered due to collisions between the flakes
and the inner wall of the cyclone. This in turn resulted in alteration
of the inner-lining surface. The tribo-electrostatic charge acquired by
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the flakes depended on the parameter of roughness of the contact
material. Therefore, representative samples of the PS inner lining
were examined using scanning electron microscopy (SEM) and an
instrument for texture measurements. The texture measurements were
conducted by diamond styles (Rank Taylor Hobson, Form Talysurf
Series) of a 2 gm tip radius. The stylus force over the full range and
the sliding velocity were 98.10-4 N and mm-sec-, respectively.
The profiles of the examined samples throughout the assessment

length, parameter of roughness Ra and scanning photographs,
before and after frictional charging are shown in Figs. 14-17. It is
important to note that Ra is the universally recognized, and the
most frequently used, international parameter of roughness. It is

’:’: Ra: 0.2861 gm
Profile: 3.200 mm

* .r.t, *’1.
e "’’" :’:" ::’: ’

,..,.m,,r:.. ..,:. ;, :.. :..; .... ; )..::: ;,., .7. :..., :, ..,.

..2 0

FI6URg 14 A profile of the PS inner lining before tribo-charging.

FIGURE 15 A profile of the PS inner lining after many tribo-charging tests.
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FIGURE 16 SEM photograph of the PS inner lining before tribo-charging.

25 #

FIGURE 17 SEM photograph of the PS inner lining after many tribo-charging tests.



ELECTROSTATIC SEPARATION OF PLASTIC MIXTURES 83

the arithmetic mean of the departures of the profile from the mean
line (Eq. (15)).

if
L

ga Z Iz(x)l& ()

It was clearly apparent that there was a change in the surface rough-
ness after a series of tribo-charging tests. Referring to texture mea-
surements, before tribo-charging process, the parameter of roughness
Ra was 0.29 gm (Fig. 14) and after many tests it became 0.51 gm
(Fig. 15).

Thus, as a result of the friction of plastic flakes against the cyclone’s
wall, the surface of the inner lining was damaged and its roughness
was increased. This in turn caused that after a series of tests the
flakes could not acquire sufficient tribo-charge due to a smaller area
of contact. Hence, the material for the cyclone’s inner wall should be
chosen, also, on the basis of parameter of roughness and resistance
to abrasion.

4.2 Tribo-Electrostatic Separation

Typical Tribo-Electrostatic Collection
and Separation Results

Except where noted otherwise, prior to all subsequent electrostatic
separation tests, PET/PE mixture was tribo-charged for 5 min using
an inner PS lining cyclone, while the air entered in cyclone at velocity
of 15.5 m/s. The air relative humidity and temperature were fixed at
50% and 24C, respectively. Following that, the mixture was passed
through the electrostatic field of 333 kV/m. At the end of each experi-
ment, the individual separated fractions were collected and weighted.
Then, the effectiveness of the separation of the two-component
(A and B) mixture was measured in terms of grade (%), recovery
(%) and mass (wt%). These terms were defined as follows, where
A denoted one of the components of the mixtures.

Mass of material A in the collected fraction
GradeA Total Mass of the collected fraction

100 [%] (16)
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FIGURE 18 Typical grade in five collection bins for 50%150% mixture of PET/PE.

Mass of material A in the collected fraction
RecveryA

Total mass of material A in feed stream
100

Total mass of the collected fraction
wt% 100 [%]

Total mass of batch being processed

[%]

(17)

(18)

Furthermore, a typical collection for PET/PE mixture is presented.
Fig. 18 shows that bin "b5" collected 99.41% PET, whereas bin
"bl" collected 95.15% PE material. In the central bins "b2" and
"b3" the grade of the collected components decreased.
The recoveries ofeach component in the five collection bins as well as

the material adhered to the cyclone due to the frictional charging are
graphically illustrated in Fig. 19. The percentage mass distribution
among the bins is also shown. It can be seen that the percentage
of the mass collected in central bins named "b2" and "b3" is much
smaller than the one collected in the side bins, thus indicating that
the components of the PET/PE mixture exhibited good separations.

It is observed that PE was collected mostly in a bin named "b1" next
to the positive electrode, whereas PET was collected in bins "b4" and
"b5", next to the negative electrode. This was due to the fact that the
charge/mass ratio of PE is greater than the PET. Therefore, PE
flakes exhibited easier deflection towards the negative electrode and
were mostly collected in one bin; conversely, PET flakes, were collected
in two bins, next to the positive electrode.
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PET Recovery (%)
PE Recovery (%)
Mass distribution (wt%)

b2 b3 b4 b5 (-) Adhere
to the

Collection bins cyclone

FIGURE 19 Typical recovery in five collection bins for 50%/50% mixture of PET/PE.

b3
Collection bins

b5 (-)

FIGURE 20 The separation results of PET.

On the other hand results of the typical collection are presented in
terms of cumulative grade and cumulative recovery. Typical curves
of the purification results for each constituent of the PET/PE mixture
are plotted in Figs. 20 and 21.

Figure 20 shows that the choice of using only material collected in
bins "b4" and "b5" gave the PET-grade of 98.32% and a recovery of
78.45%. Conversely, the choice of using only material collected in
bin "bl" gave the grade of 95.15% and a recovery of 75.84% of the
PE component.
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FIGURE 21 The separation results of PE.

4.2.2 The Effect of the Electric Field Strength

Two batches were tested separately. At first, they were tribo-charged
under similar conditions fixing the air relative humidity and tempera-
ture at 50% and 24C, respectively. The air entered the PS lined
cyclone at the velocity of 15.5 m/s and tribo-charged the mixture for
5min. Subsequently, each batch was electrostatically separated
under the electric field of 200 or 333 kV/m.

Considering the results shown in Fig. 22, the PET grade and recovery
improved when the electric field strength increased. Similar figures
were obtained also for PE (Fig. 23). These results were due to easier
deflection that the tribo-charged flakes exhibited in the separating
electrode system under a greater electric field, as the electrostatic
force acting on the flake was increased.

4.2.3 Multi-Stage Processing

In this case, two batches were tested independently from each other.
Each of them was processed in a one-stage or a two-stage tribo-
electrostatic separation. Initially, the batches were tribo-charged for
4 min maintaining the air inlet velocity at 15.5 m/s. Then, the mixtures
were passed separately through an electrostatic field of 333 kV/m.
Temperature and the relative humidity were fixed at 24C and 50%,
respectively.
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FIGURE 22 The effect of the electric field strength on the PET grade and recovery.
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FIGURE 23 The effect of the electric field strength on the PE grade and recovery.

In the second-stage of separation only those fractions that were
collected in the central bins named "b2", "b3" and "b4" are repro-
cessed. As expected by combining some of the fractions from the first
stage of separation and then reprocessing these fractions using the
second-stage of the process, the recovery of each component in the mix-
ture was improved; however, the grade was slightly affected (Figs. 24
and 25).
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Referring to experimental results, the grades of97.65% PET (Fig. 24)
and 91.37% PE (Fig. 25), were obtained in the two-stage process while
recoveries of 78.65% of PET (Fig. 24) and 88.27% of PE material
(Fig. 25) were achieved.
Comparing the experimental results, it was observed that even

though the mixture was tribo-charged for 4 min (rather than 5 min)

100
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60.

50.

30

01

m ,cumulative grade (%) Two-stage separation
E] ,cumulative grade (%) One-stage separation

cumulative recovery (%) Two-stage separation
-=<>-cumulative .recovery (%). One-stage.separation

(+) bl b2 b3 b4 b5 (-)
Collection bins

FIGURE 24 The effect of multi-stage separation on the PET grade and recovery.
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FIGURE 25 The effect of multi-stage separation on the PE grade and recovery.
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in the multi-stage processes, the grades and recoveries were similar
to the case when the mixture was tribo-charged for 5 min and pro-
cessed by single-stage tribo-electrostatic process only (Figs. 20, 21
and Figs. 24, 25). Hence, the results suggest that the multi-stage separa-
tion process can effectively reduce the duration the frictional charging
or improve the recoveries of components of the mixtures.

CONCLUSIONS

1. The experimental study has proved an effective method, which con-
sisted of:
(a) Tribo-electrification of shredded plastic mixture at controlled

air relative humidity and temperature using a cyclone with a
suitable inner wall material.

(b) Passing the electrified mixture between two high voltage
electrodes.

2. The two-component artificial plastic mixtures of PET/PE were
tribo-electrostatically separated in a one-stage process using a
cyclone with inner PS lining. The grade of each plastic component
in the mixture was greater than 95%.

3. Tribo-electrification was strongly dependent on the surface poten-
tial of the components of the mixture. Therefore, controlling air
relative humidity and temperature, the magnitude of the surface
potential acquired by the plastic flakes increased.

4. Moreover, a suitable contact material and also an appropriate
tribo-charging time and air inlet velocity improved frictional
charging. This caused an increase of the transferred charge to the
plastic flakes.

5. At last, the grade and the recovery of each polymer increased, while
the electric field strength was increased and the mixture was
separated in a two-stage process.

LIST OF SYMBOLS

d
D

Distance between two electrodes [m]
Diameter [m]
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Omax
E
F
g
h
H
k
L

m

Ra

Maximum diameter of the flake [m]
Electric field strength between two electrodes [V/m]
Electrostatic force [N]
Acceleration due to gravity, g= 9.81 [m/s2]
Height of electrode [m]
Air relative humidity [%]
Dimensionless coefficient found experimentally [-]
Sampling length. This is the length of the reference line used to
identify the surface roughness [gm]
Mass [kg]
Charge [C]
Distance between plastic flake and electrostatic

voltmeter [m]
Parameter of roughness [lam]
Temperature [C]
Potential difference between two electrodes [V]
Surface potential of the plastic flake [V]
Gravitational force [N]
Space along the surface (X axis) [gm]
Vertical displacement of the profile (Z axis) [gm]
Work function [eV]
Permittivity of free space e0= 8.854 x 10-12 [Ca/N m2]

[C2/N m2]
Relative dielectric constant or permittivity ratio of
the air e= 1.0059 [-]
Density [kg/m]
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