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Abslract-This study covers the triboelectrostatic separation of polyvinylchloride (PVC) materials from mLxed plastics 
such as polyethylene terephthalate (PET), polyethylene (PE), polypropylene (PP), and polystyrene (PS). The PVC 
material generates hazardous hydrogen dtloz'ide gas resulting from the combustion in the indneratoz~. The laboratory 
scale triboelectrostatic separation system consists of a fluidized-bed h-ibocha~er, a separation chamber, a collection 
chamber and a controller Negative and positive sttfface charges can be imparted to the PVC and PET particles, respec- 
tively, due to the difference of triboelectnc charging series between the particles in the fluldized-bed tnbochmgei: They 
can be separated by passing ttia-ough an external electric field. A ttigttly concentrated PVC (91.9%) can be recovered 
with a yield of about 96.1% from the mix , re  of PVC and PET materials in a single stage of  processing. For the 
removal of PVC from the two-compone1~t mixed plastics such as PVC/PET, PVC/PP, PVC/PE or PVC/PS, separa- 
tion results show the recovery of 96-99% ruth the pure extract content m excess of 90%. The triboelectrostatic separa- 
tion system using the fluidized-bed t~ibocharger shows the potential to be an effective method for remo~dng PVC from 
mixed plastics for waste plastic recycling. 
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INTRODUCTION 

Ivlore than 3 million tens of waste plas~cs was produced in Korea 
in 1996, so it is importalt to develop an economically satisfactory 
separation process to hnprove the recycling rate of industrial waste. 
Such waste causes serious envimnmei~l problems due to the dis- 
posal by landfill or incineration. In particulai; PVC material in the 
con~bustion of the incinerators generates hazardous hy&ogen chlo- 
iide gas, polychiom~ated dibenzo-p-dioxins, and so on, which lead 
to air pollution and shorten the life of incinerators [ivlatsushita et 
al., 1999]. Because of its large volume fraction, a significant part of 
the landfill cost is attributed to plastics. Plastics as Ianc~fli also 
raises e,:a~irorraental concern since the material degrades very slowly. 
These concems create a significant public pressure to recycle waste 
plastics. In ordea- to reuse them, it is necessary to effectively separate 
waste plastics according to their qualifies. Most commercial sepa- 
ratois such as an ah- classifiei; a cent~ifilgai separator, and flotation 
system are based on the specific gravity. So, plastics of similar spec- 
ific gravity such as PVC and PET are difficult to selmrate by this 
process. 

Recently, a dry ttiboelectrostatic process has been considered to 
apply to recycle waste plastics. This process is useful to separate 
PVC fi-om the mixed plastics, which is based on the diffeaence in 
the surface charge of various components of the powder mixtare 
by the particle-to-particle ff'npact and the particle-to-wall impact. 
Some of the mechanisms proposed for electrostatic contact chmg- 
ing are eleclron transitiom between the materials coming into con- 
tact [Davies, 1967; Harper, 1967; C~-eason and Inculet, 1975] and 
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ion exchange [Briick, 1981]. In a practical application of triboelec- 
trification for plastic recycling, many researchers have been study- 
mg the separation experiments of vario~ts plastics by ~tsmg a tri- 
boct~m-ger such as a cyclone [Pem~e, 1978; Ya:~m; 1995], a rotary 
blade [Ivlatsushita et aI., 1999], and a rotating tube [Inculet, 1994]. 
Also, Kang et al. [1999], Lu et al. [1999], Takeshita et al. [1999], 
Kim et al. [2000], and Lee et al. [2001] have been it:a~estigating the 
particle flow behavior and the stability of operation of a perforated 
plate type suspension bed in tl~ee-phase fluidized beds, respec- 
tively. 

This paper investigates the technical feasibility of a dry tribcelec- 
trostatic process to separate PVC mateiials flora mixed plastics into 
economica~y valuable products. The laboratory-scale electrostatic 
separation system consists o fa  flttidized bed tribccharger, a separa- 
tion chamber, a collection chambei; and a controller. 

TRIBOELECTROSTATIC SEPARATION 

Electrostatic selmration is a broadly applicable dry processing 
tectmique in the recycling plastic wastes, mineral processing indus- 
try, and coal beneficiation [Gupta et al., 1993]. This process sepa- 
rates materials based on one or more of their electrical properties 
such as work function or tritmelectric charging series. When two 
materials are m contact, eleclrons move until the energy of elec- 
trons in each mateaial at the interface is equalized The material with 
a higher affinity for electrons ga~s electrons and charges nega- 
tively, while the material with the lower afi~-tity loses electrons and 
charges positively. A measure of the relative aff'mity for electrons 
is called the work function. Table 1 shows the values of work func- 
tion and specific gravity for various plastics. The work function of 
PVC and PET mateiiaIs is 4.58 and 4.25 eV, respectively. When 
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Table 1. The values of work hmction mid specific gravity for var- 
ious plas~cs 

Work function (eV) 
Polymer Specific gravity 

Davies [1969] Stellra [1970] 

PVC" 4.85+0.20 5.13 1.30-1.40 
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 
PP~ N/A N/A 0.907-0.93 

oPVC: Polyvinylchl oride 
OPET. Polyethylene terephthalate 
~PS: Polystyrene 
~PE: Polyethylene 
*PP: Polypropylene 
q',T/A: Not available 
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Fi~ 1. ~a~oelectric dmrgtng series of various plastics [Brandrup 
et al., 1996]. 

PVC and PET paticles come into contact with one anotha; the PVC 
becomes negative and file PET positive. The specific gravity for 
PVC materials is shnilar to thet of PET mataials. Therefore, PVC 
separation fi'onl the mixed of  PVC and PET maeaials by density 
separation processes is difficult. 

Fig. 1 shows the tfibodectric charging sequence ofvm-ious plas- 
tics [Bmndmp et al,, 1996]. In principle, all the plastics listed may 
be separated fi~m each other, regardless of their density. The quali- 
taive rept~entafion should be interpreted as follows: ",~al two plas- 
tics come into contact the left one becomes negatively chmged whaile 
the fight one positively. The father apart, the easier the selective 
chm-ge exchmlige between two particles takes place. For example, 
i fPVC is put into contact ~vJth PET, the PVC becomes negative 
and the PET positive. On the oilier hand, if PET is put into contact 
with PS, the PET becomes negative and the PS positive. Accord- 
ingly, this process should ideally be used to sepa~e binary mix- 
tures If  amixtum has more than two plastics, it is very difficult to 
control the charging behaviour However, PVC is an exception for 
this. As PVC is almost akvays neg~ively charged in relation to other 
plastics, it cmli usually be sepmated out fi'onl the m ~ s  of  any 
number of  plastics. 

Fig. 2 sho~vs the principle of electrostatic separation for sepat~- 
hag PVC particles fixan the mixed plastics It consists of the ln'bo- 
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Fig. 2. Schematic ~ l  of Ole experhnental system for dectro- 
statically sepm'aling PVC from mixed plastics. 

charger to hnpait the chage on the particles and a separation chanl- 
ber to collect the separate pmticles. Ttae triboelectric charging on 
the patides can be c~ried out using file txIoodmrger such as aflu- 
idized bed, a rotating tube, or a pneumatic conveyor. The selectiv- 
ity and intensity of the chage can be ina'eased considerflgly by set- 
ting env~otmlental conditions, such as moisture content, tempera- 
tree, and adding conditioning agents Such positively or negatively 
charged particles are so highly chmged that they can be deflected 
towards file appropriate counter-eleclrode in sepm'ation chamber 
through ahigh voltage electrical field, and thus be sepm'ated from 
one another. When PVC and PET pmticles come into contact with 
one another in the fluidized bed lfibocharger, the PVC becomes neg- 
ative and the PET positive�9 And both PVC and PET partides can 
be separated by passing them through an external field in the dec- 
trostatic sepm'ation plates. 

EXPERIMENTAL 

1. Triboeleetrostafic Separation System 
Fig. 3 shows the schanatic dia~'anl of the labot~oty scale tri- 

boeleclros*atic sepa~ion system to separme PVC materials fi~n 
mixed plastics. It consists of the fluidized-bed falboctmrger, the sepa- 
ration chanber (650•215 nnn 3) with two plate electrodes 
(450•215 ram3), file collector (600•215 3) and the 
high voltage power supply. The separation chmnber contains two 
inclined aluminum plates which me applied ahigh voltage and dis- 
posed 100 nmli apmt Eom both sides of the separatienl chamber The 
indined plate electrodes a~e maintained at potentials of up to • 
kV, thus producing a maximum potential difference of 60 kV be- 
tween the electrodes. The collector containing five collection bins 
is placed at the bottom of  the sepm'ation chmnber to catch any en- 
trained plastic pattides. Plastic particles ate fluidized and charged 
inside the fluidized-bed tribocharger. The charged particles are en- 

March, 2002 



Tfibodcc~a'ostatic Separation of PVC Materials fi~om Mixed Plastics for %Vastc Plastic Rccyding 269 

.~ t= ( !  .1.1 ; : l i l t '  

I I m m t r . ~  

I ~ ,  ~ Inidl.. :d -!ell 

I': - : , lh . ' l  

I . : t  :f, ,de  

D I I,", ' , l l lu:: l 

r l l  ~. i.I 

i 

I ' '  I - I  

::.ltlli< '*,IF 

I ' , , . t , : i  h l l l~Pl ' ,  .! 
I I : 

Fig. 3. Sd~mlalic diagram oi" deO~rostatics separation system using 
the fluidized bed tribocharger. 

trained in the separation chmnber As the pmticles fall through the 
chmnber, they are deflected forward one electrode ox" the othc% de- 
pending upon their charge. The particles v&ich are chmged posi- 
tively during the fluidization process are deflected toward the neg- 
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Fig, 4. Schematic diagram of the fluidized b ed tribochm'ger for 
charging mixed plastic pal'tides. 

ative electrode while the negatively charged patticles toward the 
positive dectrode. 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 chat:ged material Materials 
having inaxtiicient charge for separation are collected in the cen~al 
area. After sepat'ation tests, the eflqciency of the electrostatic sepa- 
ration can be obtained by measuring the mass of collected particles 
in each bin ~v~h an eleclfical digital balance (OHAUS-GT 4100). 

Fig. 4 shows the schematic diagram of the fluidized-bed Iribo- 
charger to impart the chatge on test particles The discharge fi'om 
the fluidized bed is accomplished by means of a cenlral pipe in the 
fluidized bed which is gradually moved downwards allowing the 
fluidized material to flow through the pipe while retaining its ac- 
quired chozges. The fluidized bed consists of a acrylic and copper 
vessel (~P50, 250 nnn length) with a circle a'oss section. The bed 
is supported on a coppa" plate used as an air di~a~outox" with an op- 
ening size ot"1.5 mm. To minimize charge leakages by conduction, 
the fluidization cohann is insulated fix)m the supports by means of 
a thick laya" ofsilicctle rabbet: Plastic patticles are fluidized by a 
conlpressed air inside the fluidized bed, mid chmged by particle- 
pmticle and pmticle-wall fi'ictional contact The mechanian by which 
charges segregate when two materials are ~'ought into contact has 
beal explained in t ams  of electron exchange The number and di- 
reaion of the eleclrons that la'ansfer between two materials depend 
on numerous vmiables such as the bulk chanical conlposition of  
materials, an'face moisture and mugtmess, pa.,ticle size and shatp- 
ness, tnbochager type, orientation ofmataials  during contact, area 
mid duration of contact mid relative velocity of  materials. 
2. Test Material  and Conditions 

Six types of  plastics such as polyethylaie tdephtalate (PET), poly- 
vinylchlofide (PVC), polyethylene (PE), v)ly~jmne (PS), aid poly- 
propylene (pP) are used in this study. Experirnents ~ cmlied out 
With particles in granular foxm, of haegular shatpe, mid of the size 
iarige of 1.4-2 ram. Since triboelectric charging depends not only 
on the chemical cctlst~tion of the particles to be sepm~ed, but also 
on theh" surface coxidition, particles are washed out with water and 
dried to remove the charge mid enan~e a shnilar surface state of par- 
ticles before each experhnent. 

Table 2 shows the experhnental conditions fox" the triboeleclro- 
static sepa'ation ofPVC patticles fi~om two-enmponent mixed pla~- 
tics in this study. The pmticle feeding i~e and the electric field ~e  
10 ghnin and 6 kV/an, respectively. All expainents are cataied 
out at room tempa'ature mid ambiaa relative humidity (43-54 P,.I-P/o). 
The fluidizing ah" is dried in a tower packed with silica-gel before 
an inlet to the appat'atus. 

Table 2. Experhn ental conditions for ~ o d e c t r o s t a l i c  separalion 
test 

Pat'ameters Specificali on 

Pat'tide size 1.4-2 mm 
Electric field s~'englh 6 kV/an 
Air flow rate 110 Hmin 
Pat'tide feeding rate 10 g/rain 
Rel ative humidity 43-54% 
Air temperature 13-16 ~ 
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Fig, 5. Nomenclature used for the analysis of the remt~ and the 
equations for the calculation of the y i d d  mad the extract 
content.  

RESULTS _AND DISCUSSION 

The quality and effectiveness of  the decWostatic separation Wo- 
cess can be desaibed in terms of the extract content and the yield 
defined below: 

Ex~'act content=Mass of the sought component in abe 
extracted fiaction(s)/Mass of the extracted fraction(s) (1) 

Yield=Mass of  the sottght component in file 

ex-traeted frar oflh+ processed mixlut'r (2) 

Fig. 5 illustt~es rite nanenclmm~e fa ' the data analysis of the sep- 
amion test. For two component ,nixed plastics of PVC aid PET, 
most of  the PVC pa't ides (the left one ofttiboseries) m'e collected 
in bins #1 aid  #2, while PET particles (the fight one ofttibosedes) 
are collected in bins ~ and #5. In the cenlral bin #3, PVC andPET 
wonldrequire a second stage of processing. PVC yield in bin #1 is 
dema~oed by file ratio of PVC mass collected in bin #1 by PVC m~cs 
collected in bins #1-5. By weighing the mass collected in each of 
bins and taking into account the respective exla~act contents, the ex- 
tract content and yield for each component can be calculated. 

Fig. 6 ~lows the fi~_ctional extract contatt and yield of  PVC and 
PET materials anlong the free collection bins placed at the bottom 
of the sepea-ating chamber. The sepm'ator is operated in this case 
with a 50/50% mixm~ by mass of PVC and PET at 6 kVhn elec- 
tric field s~'ength and 10 g/min pa t i de  feeding rate. For the extt'act 
contera sho~m in Fig. 6(a), bin #1 collects 91.9~ pure PVC where- 
as bin #5 collects 99.2% pure PET. For the yield of PVC and PET 
as sho~wa in Fig. 6(b), b i n # l  collects 96.1% fi'om the mass of  PVC 
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Fig. 6. Fraaional  y i d d  and ex~act  contents in five collection bins 
for P V C  aitd PET. 
(a) yield, (to) extract content 

mpplied ~hereas the rest of bins #2-5 collects 3.9%. In case of  PET, 
bin #5 collects 75.2% fi'ont the ma,~ of PET mpplied. Most PVC 
particles (the left me oflfibosaies) become negatively charged and 
are collected in bins #1 and #2, while PET p~n'ticles (the right one 
of lffoosefies) become positively charged and are collected in bins 
#4 and #5 as shovm in Fig. 6(b). A highly concenlmed PVC (91.9%) 
with ayield of  about 96.1% fi'om the mixture of PVC and PET ma- 
terial is obt~ted in bin #1. In the cenlral bin #3, the extract content 
of PVC is Iowa" and would require a second stage oftxocessing. 

Fig. 7 shows the sepm~ion remits of  the cumulative exla~act con- 
tent and yield for a mixture of  50% PVC and 50% PET pmticles 
measured in each of  the individual collection bins #1 to #5. For cla'- 
ity, as shown ha Fig. 7(a), the cumulative yield of PVC in bin #2 
can be obtained fi~om rite ratio of  PVC mass in two bins #1 and #2 
dixdded by the supplied PVC total mass, while the cumulative ex- 
lmct content of PVC in bin #2 can be obta~ted f i~n the ratio of  PVC 
mass in two bins #1 and #2 divided by rite mass of two bins #1 and 
#2 collected. PVC material can be recovered 96.1% at the extract 
content of 91.2% in bin #1, 98.2% at the extract content of  90% in 
two bius #1 and #2, 99% at the exlmct content o f  86.5% in flaee 
bins #1-#3, 99.3% a the exlmct content 79.2% in the fourbins #1- 
#4, and 100% at the extract content 50% iu the five bius #1-#5. The 
nuntber of collection bius for PVC recovery can be designed fi'om 
the resadts of  the cumul~ve yield and extract content The higher 
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Fig. 8. The sepa'alion i~l f l ts  of the cmmtlmive extract content m d  
y i d d  for a mixture of  50% PVC and 50% PS particles. 
(a) PVC, Co) PS 

the extract content of PVC gets, the lower yMd that is produced. 
In Fig. 7Co), the oamulative extract content mad yield of PET can 
be calculated fi~om the starting bin #5 of the negative electrode which 
collects most PET particles. PET material can be recovered 75.2% 
at the ex~act content of 99.1% in bin #5, 85.3% at the extract con- 
tent o f  98.9% ha two bins #5 mid #4, and 100% at the extract con- 
tent 50% in the five bins #1-#5. ha stunm~y, for a single stage of  
processing mad by combining the contents of  the two bins closest 
to the each eleclrode, it is possible to recover 98.2% of  the PVC at 
the extract content of  90% and 85.3% of  the PET with the extract 
content of  98.9%. 

Fig. 8 sho~vs file separation results of  the cnnlulative extract con- 
tent mad yield for amixture of 50% PVC mad 50~ PS pa'ticles meas- 
ured ha each of  the individual collection bin #1 to #5. Tnboelectric 
charging series between PVC aid PS particles is much farther apmt 
than that of  other mixed pla~dc~ In Fig. 8(a), PVC materkd can be 
recovered 91.'?}/o at the exlract content of 99.3% in bin #1, 96.3% 
at the exlmct content of 99.2% in two bins #1 and #2, and 100O/O at 
the extract content 39.1% ha the five bins #1-#5. In Fig. 8(b), PS 

maedal  can be recovered 94.7"/o a file ex~act content of 99.3% in 
bin #5, 99.2% at file extract content of  98.5% in two bins #5 and 

Table 3. Experimental  results of the dectrost-atic separation 
for PVC removal  in two component  mixed plas~cs 

Test run Mixture Mixing ratio Extract content Yield (%) 
(%) (%) 

# 1 PVC 50 90.0 98.2 

PET 50 98.9 85.3 

#2  PVC 50 98.3 98.7 

PP 50 99.2 96.6 

# 3 PVC 50 96.0 99.0 

PE 50 99.9 96.3 

# 4 PVC 50 99.2 96.3 

PS 50 98.5 99.2 

Note: Extract content andyield of  PVC material are based on the 
mass collected in bins #1 and #2, wkile those of  PET, PP, PE and 
PS are based on bins #4 and #5 as shown in Fig. 5. 
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#4. For a single stage of processing and by combining the contents 
of the two bins closest to the each electrode, it is possible to re- 
cover 96.3% of the PVC at an extract content of 99.2% and 99.2% 
of the PS with the extract content of 98.5%. The separation result 
for the mix~-e of PVC and PS shows much better the extract con- 
tent and the yield than that of PVC and PET. It means that the farther 
apart two plastics are in the tfiboelectric charging series, the more 
easily charges can move between them and these materials can be 
separated easily. 

Table 3 su~mna~'izes the separation results can-ied out by using 
the fluidized bed and several binary mixktres of plastics. When PVC 
and other particles come into contact With one another in the flu- 
idized-bed tribocharger, the PVC pafacles (the left one of tribe- 
series) show a tendency to become negatively chaged and most of 
particles are collected in bir~ #1 and #2, while other particles (the 
right one of triboseries) becomes positively charged and are col- 
lected in bins #4 and #5. Thus for a single stage of processing and 
by combining the contents of two b~s closest to each electrode, 
the extract content and yield of PVC material are kased on the mass 
collected in bins #1 and #2, while those of PET, PP, PE or PS are 
based on bins #4 and #5. Separation restilts show the extract con- 
tent of 90-99% and the yield of 85-99%. In particular, the separa- 
tion expez~nent to remove PVC which generates hazardous hydro- 
gen chloride gas in case of the cornb~tstion shows excellent tnbo- 
eIectntication for eli of the above plastics leading to essentially pure 
extract content (9?~ or more) combined with several yields in ex- 
cess of 96%. This result shows that segaration efficiency between 
different polyme:~ depends on the h-ibose:-ies and is nea-ly propor- 
tional to the tribosenes separation of each material. Also, it implies 
that electrical characteristics of materials play an important role in 
h-iboelectrification. 

CONCLUSIONS 

A tribcelectrostatic selzarator using the fluidized-bed tribocharger 
is designed and evaluated to remove PVC materials from mixed 
binary plastics which PVC generates hazardous hydrogen chloride 
and dioxin gas in case of combustioll A highly concentrated PVC 
(91.9%) can be recovered with a yield of about 96.1% fi-om the mLx- 
tLtre of PVC and PET material for a single stage of processing. For 
the removal of PVC fi-om the two-component mixed plastics such 
as PVC/PET, PVC/PP, PVC/PE or PVC/PS, sel:aration results show 
a recovery of 96-99~ with the pure extract content in excess of 90~ 
The triboelectrostatic separation system using the fluldized-bed tri- 
bocharger shows the potential to be an effective methcd for remov- 
ing PVC from mixed plastics for waste plastic recycling. 
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