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Abstract -- The aim of study was to evaluate the effectiveness
of anew facility for therecycling of plastics from granular waste
electrical and eectronic equipment. The installation consists of
two sections, the products of a first tribo-aero-electrostatic
separator being subsequently treated in two free-fall electrostatic
separators. The tests were performed on a mixture of
polycarbonate (PC) and polyamide (PA). Analysis of the purity
of the products obtained was performed using a new program of
image processing in MATLAB. Products of very high purity
(over 95% for the PC and almost 100% for PA) wer e obtained at
arecovery rate higher than 70%.

Index Terms-- electrostatic processes, image processing,
triboelectricity, recycling, waste recovery

l. INTRODUCTION

Computers, printers,
appliances have shorter and shorter lifetimes dug to the
very fast progress in electronics and informatiechthology
(IT). They represent an increasingly larger péirthe waste
electrical and electronic equipments (WEEE), thkiwme of
which has reach an alarming level, especially duthe last
twenty years, when the markets have been satunatiediuge
quantities of new products of this type [2], [3]cadrding to
the recent statistics, the quantity of WEEE inceglaBy 25%
in five years, with the proportion of plastics aifip by 30%
in the same period [1], [4 - 6]. This situation fdiawn the
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Mihai Bilici,
Lucian Dascalescu
Fellow, IEEE
Institut P’, CNRS-University of Poitiers-ENSMA,
IUT, 4, avenue de Varsovie, Angouléme 16021, France
lucian.dascalescu@univ-poitiers.fr

Vibratory feeder

Tribo-aero-
electrostatic<
separator

Electrode%

Free-fall
electrostatic<
separator

Collector -

Air blower—— =%

Fig. 1. Schematic representation of the new dostzige
electrostatic separator for mixed granular plastics

Il.  EXPERIMENTAL SET-UP

The installation is composed of two superposediatetble
electrostatic separators, attached to a same akesigpport

attention of both governmental and non-government&ig. 1). The upper section of the set-up is aotagro-
organizations on the necessity of developing effect electrostatic separator that consists in a paegipéed

methods for the recycling of WEEE.

The electrostatic separation methods [7 - 9] halveady
proved to be a very effective solution for the inyg of
insulating materials contained in this kind of veasthis non-

enclosure (height: 500 mm; width: 130 mm; deptt0 iim),

having two transparent walls in order to permit the

visualization of phenomena, and two opaque latesadls that
have aluminum plate electrodes glued on their iater

pollutant technology is characterized by weak epergsurfaces. These electrodes are energized from dyustable

consummation, as well as by reduced costs of dparand
maintenance [10].

The triboelectricity, a physical phenomenon invotyithe
charge transfer between two bodies in contact [16]s the
main charging mechanism employed for the separatio
granular insulating materials in an intense eledigld. The
aim of the present work is to validate a new tridectrostatic
separation process that has been designed forasiogethe
purity of the plastics recovered from WEEE.

DC high voltage supplies of opposite polaritie$0 kV, to
create an electrical field sufficiently strong tontrol the
trajectories of charged granules.

Granule charging is produced by tribo-electric efffi@ the
fluidized bed generated in the interior of this lesare
(Fig.1). The fluidization air is furnished by a iable —speed
blower. The uniformity of the fluidization bed issured by a
custom-designed air diffuser, which is a finelyfpeated
plate situated at the bottom of the upper sectibrthe
installation.



Vibratory feeder

. >
High voltage SUppny‘ﬁ'\‘I'F-'-'.'.‘-;r
gl |

ry_’s

Tribo-aero- '

electrostatic <
separator

Free-fall
electrostatic <
separator

Collector __|

Air blower

Fig. 3. Aspect of the PC — PA granular material.

TABLE 1: CHARACTERISTICS OF THEGRANULES OFPLASTICS
EMPLOYED IN THE EXPERIMENTS

Fig. 2. Photograph of the experimental set-up.

The granules are introduced in the separation sadoby
a funnel supplied by a fully-adjustable vibratorgedler.

Granule PA PC
Colour Blue Orange
Form Cylindrical Cylindrical
Size [mm] B@25x34 @ 3x3.6
Mass [mg] 20 25
Density [kg/m3] ~1100 ~1200

Under the combined action of the gravitational pdgnamic,
and electrical forces, they separate essentiallgnction of
the polarity of their charge and exit the first @egtion stage
through two slots that direct them to the lowertisecof the
experimental set-up (Fig. 2). This section is cosguabof two
free-fall electrostatic separators, the electroofeshich are
aluminum plates (520 mm x 100 mm) glued to founiatng
PMMA boards (650 mm x 110 mm).

The upper edges of these four boards are positiahéte
exit of the tribo-aero-electrostatic separator. The vertical
central plaques are fixed and connected to thé eattile the
two exterior electrodes are connected to high geltsupplies
of opposite polarities and can rotate to form amgknging
from 0° to 45° with respect to the vertical. Thepamted
products are recovered in two identical collectoesch
subdivided in twenty compartments (length: 100 raiath:
30 mm; depth: 85 mm).

The experiments have been carried out with granafes
polycarbonate (PC) and polyamide (PA) (Table 1dusehe
plastics industry. The separation of these granugs
mechanical proceedings is impossible, because e
similar shapes and mass densities. The analygiseoburity
of the separated products is facilitated by the fhat the
granules have different colors. In order to measheemass
of a granule, a set of 100 granules were weightetl the
results was divided by 100.

MATERIALS AND METHOD

The high-voltagdJ; applied to the electrodes of the upper
section was adjusted at various values ranging dmtw24
and 48 kV. The electrodes of the two free-fall glestatic
separators of the lower section were energizeal&gesU,
and U; of opposite polarities and similar absolute valires
the range 24 to 32 kV.

The other variables of systems were maintainedtaats
the speed of the air blower: 13000 rev/min; theatred
humidity of the ailRH = 41+ 1% ; the room temperatufie=
18+ 1°C ; the mass and composition of the granuladypcd
samplesn = 100 g (PC) + 100 g (PA) = 200 g ; the feed-rate:
D =1 g/s. The movable electrodes of the inferionflhave
been inclined atr = 32°, their inferior edges correspond to
the seventh compartment of each collector.

The mass of the granules recovered in each ondeof t
seven first compartments of the two collectors wessured
by using an electronic scale (resolution: 0.01dpe Ppurity of
the products has been evaluated using an imagegsiog
program for analyzing the photos of the granulatemals
collected in one or several compartments (Fig. Bis
program uses the so-called « the k-means » algoréhd
calculates the number of pixels correspondent th ealor,
so that to determine the ratio between the numb&Goand
PA granules. In the example illustrated by figudeand 5,
that correspond to the product obtained in the @tngents 3
to 7 of the collector PA in the sixth experienceaiile 2, the
composition given by this method is: 76% PA and Z24@%



TABLE 2: MASS OFPC GRANULES COLLECTED INBOXES#1TO 7,
(COMPOSITEFACTORIAL EXPERIMENTAL DESIGN)

U Uz Us Box #
kvl [kv] [kv] 1 2 3 4 5 6 7
24 24 -32 819 102 194 158 224 156 126
48 24 32 6.17 954 167 124 214 196 13,0
24 32 -32 866 7.8 123 12,0 203 169 20.2
48 32 -32 953 863 146 115 18.7 186 157
24 24 24 592 74 123 139 203 193 20.2
48 24 24 718 7.89 129 115 182 201 201
24 32 24 746 9.17 133 135 186 16.6 21.2
48 32 -24 11.2 125 16.5 13.2 17.6 16.6 105
24 28 -28 6.39 6.85 103 123 18.7 187 256
Fig. 4. Processed image of a PC-PA granular mextur 48 28 -28 735 962 136 150 182 150 184
showing only the PA granules. 36 24 -28 551 842 148 143 205 182 165
36 32 -28 9.09 7.34 101 105 239 177 20,0
36 28 -32 893 100 133 125 176 168 19.1
36 28 24 9.07 108 145 144 19.0 152 16,0
36 28 -28 6.61 948 145 151 187 174 1438
36 28 -28 11.1 116 16.9 15.6 17.7 13.1 11.8
36 28 -28 803 912 139 154 169 148 171

TABLE 3: MASS OFPA GRANULES COLLECTED INBOXES#1TO 7,
(COMPOSITEFACTORIAL EXPERIMENTAL DESIGN)

Uz U, Us Box #

kvl [kv]  [kvV] 1 2 3 4 5 6 7

24 24 -32 204 138 142 896 159 147 71.77
48 24 -32 411 6.8 803 7.38 172 226 31.7

. . . 24 32 32 141 189 154 101 180 134 923
Fig. 5. Processed image of a PC-PA granular mextur 48 32 32 501 59 951 965 193 241 257

showing only the PC granules.
24 24 -24 337 144 125 112 170 161 691
48 24 -24 534 561 874 996 247 274 180

The experimental modeling of the separation protess 421;1 2; :zj 138 151 142 948 199 155 7.33
been performed using the response surface methmpd{id, o4 28 28 132'84 120; Zfi ig’i zé'; iz': ii';
18], which recommends the use of a composite fadtor,, .o g 11'1 11'9 10‘7 11'2 24‘4 10'2 10'0
experimental design and the adoption of a quadratdel. 5. ,, g 11'4 14'2 13'8 12'0 24'2 15'2 10'5
For the factors considered hereafter, namely the-toltages ;5 35 28 12'1 13'5 12'8 10'1 20'8 18'6 14'9
U;, U, and Uz applied respectively to the upper sectionyg o5 .32 10:4 11:3 11:5 7.61 2020 20:8 15:5
electrodes, and to the two pairs of electrodeshenlower 35 23 .24 141 140 127 966 168 152 167
section of the experimental setup, the mgdef the response 35 23 28 908 157 126 903 174 158 175
(i.e. the massn and in some cases the pumitpf the material 36 28 28 163 137 123 916 180 140 154
collected in the third to the seven compartment),take the 36 28 28 204 138 142 8.96 159 145 7.77
following form:

y=ap+ta Up+aUztagUs+a Uy Uy +a3U; Us +

823Uz Uz + 241 Us® + 8 Up” + 833 U3 1) IV. RESULTS ANDDISCUSSION

The experimental data were analyzed with MODDE 5.0 . .
software (Umetrics, Sweden) [19], which calculatie The rgsults of the seventeen experiments carrlgd ou
coefficients of the mathematical model, draws tesponse according to the composite fa(_:torlal design areortenl in

. o - tables 2 and 3. For each experiment, the overaitypof the
contours and identifies the best adjustments opdrameters

f timizing th M th atcalat granular materials collected in boxes #3 to 7 waalysed
or optimizing he process. ioreover, the progr alesS  with the image processing program previously-desdiand
two statistical criteria: the goodness of fi®, and the

e , the results are given in table 4. The mathematiuadels of
goodness of predictioQ°. The latter is a measure of howipa responseBpc (goodness of fil? =98.3%, goodness of
well the model will predict the responses for newyregictionQ? = 92.6%),Ppa (R= 97.1%,Q°=88.0%),Rec (R
experimental conditions. In the case of a good ematttical =98.6%, Q° = 84.7%) andRes (R? =99.5%, Q° =95.4%),
the criteriaR® andQ? have numerical values close to the unit. computed with MODDE 5.0, were:




TABLE 4: MASS OFPA GRANULES COLLECTED INBOXES#1TO7,
(COMPOSITEFACTORIAL EXPERIMENTAL DESIGN) Purity of PC [%] Recovery of PC [%]

Uz U U Purity Recovery Purity Recovery
VIV T Pou[%  Rea[%]  Ped%]  Red%]
]

24 24 -32  58.33 94.41 62.72 82.39
48 24 -32 81.47 85.55 83.29 84.11
24 32 32 81.34 93.05 89.14 83.23
48 32 -32 83.73 80.94 89.24 81.35
24 24 24 853 94.05 80.95 86.6

48 24 24 76.21 85.81 90.71 84.63
24 32 24 92.22 94.38 85.1 83.37
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48 32 -24 5997 8413 7395 7588 9 S o
24 28 -28  83.81 92.69 86.36 86.63 e x . S : L B
36 24 =28 79.49 86.74 74.02 86.85
36 32 -28  84.63 85.95 76.16 83.36 .

Purity of PA [%] Recovery of PA [%]

36 28 -32 89.01 86.83 93.24 80.72

3 28 24 9104 8338 9516  79.89 ] J
3 28 28 9442 8586  90.65  84.36 o / o
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Ppa= 91.37-2.U;+2.1U,+5.480,* U-8.33J,* U SRR TV | NF
4.3 U3—7.96J12—7.28J22+0.63J32 (3) - % 5 w4 T k| k3 19 45
Roc= 84.58 —1.08;,— 1.74), — 1.14J*U,— High-voltage UL[kV] High-voltage Ul[kV]
2 2
1.18U,"U5-1.28J5*Ust1.6A),°-4.1 U5 4) Fig. 6. MODDE 5.0 predicted equal purity [%] andiabrecovery [%)]
contours for PC and PA products].
RpA: 86.21 — 4.851— 0.8]U2+ 0.59J3—
0.68U,*U,+0.5U,* Ug+1.78U,%+1.19U5° (5)

) ) The best recovery results 86.4% for PC and as hgyh
According to these models, the purity of the sefeala 93,79 for PA are obtained at the lower valuesUef for
materials may be as high as 96% for PC and 93 %for reasons similar to those exposed for the puritije Foltages
(Figs. 6 and 7). The maximal value for the purityRC is U, and U; applied to the electrodes in the lower section of
obtained at highJ; and moderat&,. At higherU,, the purity the installation have lesser impact on the recoeéthe two
of the recovered product would be reduced as aecpsice products. The predictions in Figs. 6 and 7 can &ed for
of the fact that the positively-charged PA granub® adjusting the values of the applied voltages sisctoabtain
deviated by the stronger impacts with the electrade the optimum performances in terms of purity andvecy.
opposite polarity in the lower section of the itistéon In the For instance, according to software MODDE 5.0, the
case of PA the best results are obtained atUgvand high higher purity and recovery of PC and PA are respelgt
Us. The increase of); would intensify the impacts betweenPrc= 94.96%,Ppa= 94.57%,Rec= 84.78% andRex= 94.9%,
the negatively-charged PC granules and the eleztraid which correspond to the following optimal values thie
positive polarity in the upper section of the ifist#on. voltage_s applied to the electrod_@.sl; 24 kv, UZ:Z?'% kv
The lower purities for PA can be explained by thet that and U= - 24.36 KV. An experiment performgd with thgse
the size and mass of each PC granule is smallentta PA values of the high-voltages conducted to the falhgwesults:
. : . Pp= 95.57%,Ppp= 94.88%,Ro= 86.53% andRpp= 94.3 %,
granulg and thus easier for the airflow .to moverrthp the which are very close to the prediction made by MGEDHR0.
collecting zone of PA granules. In spite of ther@ased

voltage applied to the electrodes, gravity and éaramic
forces are stronger that the electrical ones aadjtanules do ) ] ) )
not have sufficient time to move out of that zofkey are The experiments described in this paper prove the
collected and counted as impurity even if chargdith the effectiveness of a novel electrostatic separatimctgss for

opposite polarity that the rest of the granules. the mixed granular plastics:

V. CONCLUSIONS
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UL kY] W2 [kV] U3 [kV]

242730 33 36 39 42 45 48 242526272829 30 3 R 32 31 30 29 -28 27 26 25
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242730 3336 39 42 45 48 U025 26272829 30 3 R 32 31 30 -29 28 -27 26 25 -4
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242730 3336 39 42 45 48 U025 26272829 30 3 R 32 31 30 -29 28 -27 26 25 -4
UL [kV] 0 [kV] U3 [kV]

Fig. 7.MODDE-predicted purity and recovery of PC and PAuaction of the three applied voltages.
The upper and lower curve on each graph indicatdirtits of the 95% confidence level interval
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