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Abstract—This study covers the triboelectrostatic separation of polyvinylchloride (PVC) materials from mixed plastics
such as polyethylene terephthalate (PET), polyethylene (PE), polypropylene (PP), and polystyrene (PS). The PVC
material generates hazardous hydrogen chloride gas resulting from the combustion in the incinerators. The laboratory
scale triboelectrostatic separation system consists of a fluidized-bed tribocharger, a separation chamber, a collection
chamber and a controller. Negative and positive surface charges can be imparted to the PVC and PET particles, respec-
tively, due to the difference of triboelectric charging series between the particles in the fluidized-bed tribocharger. They
can be separated by passing through an external electric field. A highly concentrated PVC (91.9%) can be recovered
with a yield of about 96.1% from the mixture of PVC and PET materials in a single stage of processing. For the
removal of PVC from the two-component mixed plastics such as PVC/PET, PVC/PP, PVC/PE or PVC/PS, separa-
tion results show the recovery of 96-99% with the pure extract content in excess of 90%. The triboelectrostatic separa-
tion system using the fluidized-bed tribocharger shows the potential to be an effective method for removing PVC from
mixed plastics for waste plastic recycling.
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INTRODUCTION ion exchange [Briick, 1981]. In a practical application of triboelec-
trification for plastic recycling, many researchers have been study-

More than 3 million tons of waste plastics was produced in Koreaing the separation experiments of various plastics by using a tri-
in 1996, so it is important to develop an economically satisfactorybocharger such as a cyclone [Pearse, 1978; Yanar, 1995], a rotary
separation process to improve the recycling rate of industrial wastélade [Matsushita et al., 1999], and a rotating tube [Inculet, 1994].
Such waste causes serious environmental problems due to the dislso, Kang et al. [1999], Lu et al. [1999], Takeshita et al. [1999],
posal by landfill or incineration. In particular, PVC material in the Kim et al. [2000], and Lee et al. [2001] have been investigating the
combustion of the incinerators generates hazardous hydrogen chiparticle flow behavior and the stability of operation of a perforated
ride gas, polychlorinated dibenzo-p-dioxins, and so on, which leagblate type suspension bed in three-phase fluidized beds, respec-
to air pollution and shorten the life of incinerators [Matsushita ettively.
al., 1999]. Because of its large volume fraction, a significant part of This paper investigates the technical feasibility of a dry triboelec-
the landfill cost is attributed to plastics. Plastics as landfill alsotrostatic process to separate PVC materials from mixed plastics into
raises environmental concern since the material degrades very slowlyconomically valuable products. The laboratory-scale electrostatic
These concerns create a significant public pressure to recycle wasteparation system consists of a fluidized bed tribocharger, a separa-
plastics. In order to reuse them, it is necessary to effectively separation chamber, a collection chamber, and a controller.
waste plastics according to their qualities. Most commercial sepa-
rators such as an air classifier, a centrifugal separator, and flotation TRIBOELECTROSTATIC SEPARATION
system are based on the specific gravity. So, plastics of similar spec-
ific gravity such as PVC and PET are difficult to separate by this Electrostatic separation is a broadly applicable dry processing
process. technique in the recycling plastic wastes, mineral processing indus-

Recently, a dry triboelectrostatic process has been considered toy, and coal beneficiation [Gupta et al., 1993]. This process sepa-
apply to recycle waste plastics. This process is useful to separatates materials based on one or more of their electrical properties
PVC from the mixed plastics, which is based on the difference insuch as work function or triboelectric charging series. When two
the surface charge of various components of the powder mixturenaterials are in contact, electrons move until the energy of elec-
by the particle-to-particle impact and the particle-to-wall impact. trons in each material at the interface is equalized. The material with
Some of the mechanisms proposed for electrostatic contact charge higher affinity for electrons gains electrons and charges nega-
ing are electron transitions between the materials coming into cortively, while the material with the lower affinity loses electrons and
tact [Davies, 1967; Harper, 1967; Greason and Inculet, 1975] andharges positively. A measure of the relative affinity for electrons

is called the work function. Table 1 shows the values of work func-

To whom correspondence should be addressed. tion and specific gravity for various plastics. The work function of
E-mail: jklee@hyowon.pusan.ac.kr PVC and PET materials is 4.58 and 4.25 eV, respectively. When
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Table 1. The values of work function and specific gravity for var- 3 P Coeclo
ious plastics " FET E."EE”S Mined Plastics
Work function (eV) . )
Polymer - Specific gravity 1L
Davies [1969] Stellra [1970] = ¥
PvC 4.85+0.20 5.13 1.30-1.40 Finid s Fied T ribocharser
PET 4.25+0.10 N/A 1.38-1.41
PS 4.22+0.07 4.90 1.05-1.06 ]
PE N/A 4.90 0.91-0.97 i -
PP N/A N/A 0.907-0.9% o 820 Charged
- - LI ™ Farticles
?PVC: Polyvinylchloride Ll =]
°PET: Polyethylene terephthalate 1 l
°PS: Polystyrene b e !
YPE: Polyethylene at o Electrustatis
°PP: Polypropylene |; . o S e
'N/A: Not available Hegath ol Pusitive =T
Electroade &+ L O Elecirede
_— ) . o 1
" = chargimg | posiison) I 29 i : iaterial
P, " | - SEparnian
e @ I :
FET | 1 ' [ Fig. 2. Schematic diagram of the experimental system for electro-
PP | Vi i [ [ statically separating PVC from mixed plastics.
I -:'_2-
s [ [ i | T charger to impart the charge on the particles and a separation cham-
e R R — Al e ber to collect the separate particles. The triboelectric charging on
B () : - | [ the particles can be carried out using the tribocharger such as a flu-
(e [ [ | = idized bed, a rotating tube, or a pneumatic conveyor. The selectiv-
PRAMAS | ' E , T T L E:‘; ] ity and intensity of the charge can be increased considerably by set-

ting environmental conditions, such as moisture content, tempera-

Fig. 1. Triboelectric charging series of various plastics [Brandrup fure, and addjng conditionihg agents. Such positively or negatively
et al., 1996]. charged particles are so highly charged tha'F they Can'be deflected
towards the appropriate counter-electrode in separation chamber

through a high voltage electrical field, and thus be separated from

PVC and PET particles come into contact with one another, the PV®ne another. When PVC and PET particles come into contact with
becomes negative and the PET positive. The specific gravity foone another in the fluidized bed tribocharger, the PVC becomes neg-
PVC materials is similar to that of PET materials. Therefore, PVCative and the PET positive. And both PVC and PET particles can
separation from the mixed of PVC and PET materials by densitybe separated by passing them through an external field in the elec-

separation processes is difficult. trostatic separation plates.
Fig. 1 shows the triboelectric charging sequence of various plas-
tics [Brandrup et al., 1996]. In principle, all the plastics listed may EXPERIMENTAL

be separated from each other, regardless of their density. The quali-

tative representation should be interpreted as follows: when two plagt. Triboelectrostatic Separation System

tics come into contact the left one becomes negatively charged while Fig. 3 shows the schematic diagram of the laboratory scale tri-

the right one positively. The farther apart, the easier the selectivboelectrostatic separation system to separate PVC materials from

charge exchange between two particles takes place. For examplaixed plastics. It consists of the fluidized-bed tribocharger, the sepa-

if PVC is put into contact with PET, the PVC becomes negativeration chamber (650x470x1,000 Minwith two plate electrodes

and the PET positive. On the other hand, if PET is put into contac{450x1,000x5 mr), the collector (600x450x240 njmand the

with PS, the PET becomes negative and the PS positive. Accordiigh voltage power supply. The separation chamber contains two

ingly, this process should ideally be used to separate binary mixinclined aluminum plates which are applied a high voltage and dis-

tures. If a mixture has more than two plastics, it is very difficult to posed 100 mm apart from both sides of the separation chamber. The

control the charging behaviour. However, PVC is an exception forinclined plate electrodes are maintained at potentials of up to +30

this. As PVC is aimost always negatively charged in relation to othekV, thus producing a maximum potential difference of 60 kV be-

plastics, it can usually be separated out from the mixtures of anyween the electrodes. The collector containing five collection bins

number of plastics. is placed at the bottom of the separation chamber to catch any en-
Fig. 2 shows the principle of electrostatic separation for separattrained plastic particles. Plastic particles are fluidized and charged

ing PVC particles from the mixed plastics. It consists of the tribo-inside the fluidized-bed tribocharger. The charged particles are en-
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ative electrode while the negatively charged particles toward the
positive electrode. The bins closely located to the positive high volt-
age electrode collect the negatively charged material, while the op-
posite side bins collect the positively charged material. Materials
having insufficient charge for separation are collected in the central
area. After separation tests, the efficiency of the electrostatic sepa-
ration can be obtained by measuring the mass of collected particles
in each bin with an electrical digital balance (OHAUS-GT 4100).
Fig. 4 shows the schematic diagram of the fluidized-bed tribo-
charger to impart the charge on test particles. The discharge from
the fluidized bed is accomplished by means of a central pipe in the
fluidized bed which is gradually moved downwards allowing the
fluidized material to flow through the pipe while retaining its ac-
quired charges. The fluidized bed consists of a acrylic and copper
vessel P50, 250 mm length) with a circle cross section. The bed
is supported on a copper plate used as an air distributor with an op-
ening size of 1.5 mm. To minimize charge leakages by conduction,
the fluidization column is insulated from the supports by means of
a thick layer of silicone rubber. Plastic particles are fluidized by a
compressed air inside the fluidized bed, and charged by particle-
particle and particle-wall frictional contact. The mechanism by which
charges segregate when two materials are brought into contact has

trained in the separation chamber. As the particles fall through théeen explained in terms of electron exchange. The number and di-
chamber, they are deflected forward one electrode or the other, deection of the electrons that transfer between two materials depend
pending upon their charge. The particles which are charged posen numerous variables such as the bulk chemical composition of

tively during the fluidization process are deflected toward the neg-materials, surface moisture and roughness, particle size and sharp-
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Fig. 4. Schematic diagram of the fluidized bed tribocharger for
charging mixed plastic particles.

ness, tribochager type, orientation of materials during contact, area
and duration of contact and relative velocity of materials.
2. Test Material and Conditions

Six types of plastics such as polyethylene telephtalate (PET), poly-
vinylchloride (PVC), polyethylene (PE), polystyrene (PS), and poly-
propylene (PP) are used in this study. Experiments are carried out
with particles in granular form, of irregular sharpe, and of the size
range of 1.4-2 mm. Since triboelectric charging depends not only
on the chemical constitution of the particles to be separated, but also
on their surface condition, particles are washed out with water and
dried to remove the charge and ensure a similar surface state of par-
ticles before each experiment.

Table 2 shows the experimental conditions for the triboelectro-
static separation of PVC particles from two-component mixed plas-
tics in this study. The particle feeding rate and the electric field are
10g/min and 6 kV/cm, respectively. All experiments are carried
out at room temperature and ambient relative humidity (43-54 RH%).
The fluidizing air is dried in a tower packed with silica-gel before
an inlet to the apparatus.

Table 2. Experimental conditions for triboelectrostatic separation

test

Parameters Specification
Particle size 1.4-2 mm
Electric field strength 6 kV/icm
Air flow rate 110l/min
Particle feeding rate 10 g/min
Relative humidity 43-54%
Air temperature 13-16C
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Fig. 6. Fractional yield and extract contents in five collection bins
The quality and effectiveness of the electrostatic separation pro- for PVC and PET.

cess can be described in terms of the extract content and the yield (&) yield, (b) extract content
defined below:
) supplied whereas the rest of bins #2-5 collects 3.9%. In case of PET,
Extract content=Mass of the sought component in the bin #5 collects 75.2% from the mass of PET supplied. Most PVC
extracted fraction(s)Mass of the extracted fraction(s) (1) particles (the left one of triboseries) become negatively charged and
are collected in bins #1 and #2, while PET particles (the right one
?) of triboseries) become positively charged and are collected in bins
#4 and #5 as shown in Fig. 6(b). A highly concentrated PVC (91.9%)
Fig. 5 illustrates the nomenclature for the data analysis of the sepwith a yield of about 96.1% from the mixture of PVC and PET ma-
aration test. For two component mixed plastics of PVC and PETterial is obtained in bin #1. In the central bin #3, the extract content
most of the PVC particles (the left one of triboseries) are collectecbf PVC is lower and would require a second stage of processing.
in bins #1 and #2, while PET particles (the right one of triboseries) Fig. 7 shows the separation results of the cumulative extract con-
are collected in bins #4 and #5. In the central bin #3, PVC and PETent and yield for a mixture of 50% PVC and 50% PET particles
would require a second stage of processing. PVC yield in bin #1 isneasured in each of the individual collection bins #1 to #5. For clar-
described by the ratio of PVC mass collected in bin #1 by PVC mas#y, as shown in Fig. 7(a), the cumulative yield of PVC in bin #2
collected in bins #1-5. By weighing the mass collected in each otan be obtained from the ratio of PVC mass in two bins #1 and #2
bins and taking into account the respective extract contents, the exlivided by the supplied PVC total mass, while the cumulative ex-
tract content and yield for each component can be calculated. tract content of PVC in bin #2 can be obtained from the ratio of PVC
Fig. 6 shows the fractional extract content and yield of PVC andmass in two bins #1 and #2 divided by the mass of two bins #1 and
PET materials among the five collection bins placed at the botton#2 collected. PVC material can be recovered 96.1% at the extract
of the separating chamber. The separator is operated in this casentent of 91.2% in bin #1, 98.2% at the extract content of 90% in
with a 50/50% mixture by mass of PVC and PET at 6 kV/m elec-two bins #1 and #2, 99% at the extract content of 86.5% in three
tric field strength and 10 g/min particle feeding rate. For the extracbins #1-#3, 99.3% at the extract content 79.2% in the four bins #1-
content shown in Fig. 6(a), bin #1 collects 91.9% pure PVC where#4, and 100% at the extract content 50% in the five bins #1-#5. The
as hin #5 collects 99.2% pure PET. For the yield of PVC and PEThumber of collection bins for PVC recovery can be designed from
as shown in Fig. 6(b), bin #1 collects 96.1% from the mass of PVGhe results of the cumulative yield and extract content. The higher

Yield=Mass of the sought component in the
extracted fraction(s)/Mass of the processed mixture
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Fig. 7. The separation results of the cumulative extract contentand  Fig. 8. The separation results of the cumulative extract content and
yield for a mixture of 50% PVC and 50% PET particles. yield for a mixture of 50% PVC and 50% PS patrticles.
(a) PVC, (b) PET (a) PVC, (b) PS

the extract content of PVC gets, the lower yield that is producedmaterial can be recovered 94.7% at the extract content of 99.3% in
In Fig. 7(b), the cumulative extract content and yield of PET canbin #5, 99.2% at the extract content of 98.5% in two bins #5 and
be calculated from the starting bin #5 of the negative electrode which

collects most PET particles. PET material can be recovered 75.29able 3. Experimental results of the electrostatic separation

at the extract content of 99.1% in bin #5, 85.3% at the extract con- for PVC removal in two component mixed plastics
tent of 98.9% in two bins #5 and #4, and 100% at the extract con-_I_ ‘ Mixt Mixing ratio Extract content Vield (%
tent 50% in the five bins #1-#5. In summary, for a single stage of ' >t MU MIXIUre (%) (%) leld (%)
processing and by complnmg t.he contents of the two hins closest 1 PVC 50 900 98 2
to the each electrode, it is possible to recover 98.2% of the PVC at PET 50 98.9 85.3
the extract content of 90% and 85.3% of the PET with the extract | ’
content of 98.9%. #2 PVC 50 98.3 98.7
Fig. 8 shows the separation results of the cumulative extract con- lIDDl\D/C :g gzg ggg
tent and yield for a mixture of 50% PVC and 50% PS particles meas- : :
ured in each of the individual collection bin #1 to #5. Triboelectric PE o0 99.9 96.3
charging series between PVC and PS patrticles is much farther apart #4 PVC S0 ggé ggg

than that of other mixed plastics. In Fig. 8(a), PVC material can be PS 50
recovered 91.7% at the extract content of 99.3% in bin #1, 96.3%\ote: Extract content and yield of PVC material are based on the
at the extract content of 99.2% in two bins #1 and #2, and 100% athass collected in bins #1 and #2, while those of PET, PP, PE and
the extract content 39.1% in the five bins #1-#5. In Fig. 8(b), PSPS are based on bins #4 and #5 as shown in Fig. 5.
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