
A

t
s
p
t
w
v
r
©

K

1

o
e
i
l
n
m
fl
s
a
[
e
t
P
b

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 153 (2008) 269–275

Optimizing the operating parameters of corona electrostatic
separation for recycling waste scraped printed circuit

boards by computer simulation of electric field

Jia Li, Hongzhou Lu, Shushu Liu, Zhenming Xu ∗
School of Environmental Science and Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road,

Shanghai 200240, People’s Republic of China

Received 20 May 2007; received in revised form 18 August 2007; accepted 20 August 2007
Available online 22 August 2007

bstract

The printed circuit board (PCB) has a metal content of nearly 28% metal, including an abundance of nonferrous metals such as copper, lead, and
in. The purity of precious metals in PCBs is more than 10 times that of rich-content minerals. Therefore, the recycling of PCBs is an important
ubject, not only from the viewpoint of waste treatment, but also with respect to the recovery of valuable materials. Compared with traditional
rocess the corona electrostatic separation (CES) had no waste water or gas during the process and it had high productivity with a low-energy cost. In

his paper, the roll-type corona electrostatic separator was used to separate metals and nonmetals from scraped waste PCBs. The software MATLAB
as used to simulate the distribution of electric field in separating space. It was found that, the variations of parameters of electrodes and applied
oltages directly influenced the distribution of electric field. Through the correlation of simulated and experimental results, the good separation
esults were got under the optimized operating parameter: U = 20–30 kV, L = L1 = L2 = 0.21 m, R1 = 0.114, R2 = 0.019 m, θ1 = 20◦ and θ2 = 60◦.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The production of printed circuit boards (PCB) is the basis
f the electronic industry as it is the essential part of almost all
lectrical and electronic equipments (EEE). New technological
nnovation continues to accelerate the replacement of equipment
eading to a significant increase of waste PCBs that includes a
ew environmental challenge. In normal PCBs, plenty of toxic
aterials including heavy metal, PVC plastic and brominated
ame retardants can be easily found. However, just like the two-
ided coin, the scrap PCBs contain many kinds of metals, which
re a rich mine of wealth. The PCBs contain nearly 28% metals
1] which have abundant nonferrous metals such as Cu, Pb, Sn,
tc. [2], and the purity of precious metals which is about more

han 10 times of rich-content mineral. Therefore, recycling of
CB is an important subject not only from the treatment of waste
ut also from the recovery of valuable materials.
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ostatic separation

The hydrometallurgy and pyrometallurgical method for treat-
ng waste PCBs could generate heavy environmental pollution
3–5]. Because the mechanical method was easy to industrializa-
ion and without secondary pollution, it was the most promising

ethod to recycling resources from waste PCBs. The mechani-
al process was: (1) the waste PCBs were scraped to the mixture
f particles of metals and nonmetals by crushers; (2) separated
he mixture with the separator. The key of the process was sep-
ration. The metals were completely stripped from nonmetal
ase plates when the waste PCBs were scraped to the small
articles with the size below 0.6 mm [6]. The corona electro-
tatic separation (CES) was the effective method for separating
mall particles at this size range. The CES had no wastewater
r gas during the process and it had high productivity with a
ow-energy cost, as shown in Table 1. The structural represen-
ation of laboratory corona electrostatic separator was shown
n Fig. 1. The electric vibratory feeder ensures a monolayer of

ranular material on the surface of the rotating roll. The high-
oltage electrostatic field is generated by corona electrode and
lectrostatic electrode. Metal and nonmetal particles entering
his field is mainly subjected to electrostatic induction and “ion
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Table 1
Comparison of three kinds of PCBs mechanical treatment methods

Process Environment implication Power
(kW)

Productivity
(t/h)

Air-current separation Releasing dust 4 0.1–0.5
Fluid bed separation Causing waste water

including toxic heavy
metals

1.1 0.5–0.8

Corona electrostatic None 0.2 0.5–1.0
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center of rotating roll and the point. In Fig. 3(a), the electric field
strength on the surface of rotating roll was Gaussian distribution
and the maximum value was at the link of center of rotating roll
and corona electrode. In Fig. 3(b), the construction of composite
separation

ource: http://www.machinery.com.cn.

ombardment” (corona charge), respectively. The metal parti-
les discharge rapidly to the earthed electrode, while the charged
onmetal particles are “pinned” by the electric image force to the
otating roll, and move with it, finally fall in the hold tanks. The
lectric field forces act differently on the two kind of particles,
hich achieves the separation goal.
The differences of forces exerting on the materials caused

ifferent trajectories of particles. The electric field was one of
ain factors which affected the forces. The strength of electric
eld was decided by the operating parameters of electric poles
nd applied voltage. Because the characteristic of waste PCB
craps is different from the minerals, during the separation the
perating parameters of separators are more complex. Conse-
uently, the computer simulation method is a vital tool for the
esearch and development of recycling process of CES. And
here was no study about using computer simulation to optimize
he operating parameters of CES in recycling waste PCBs. So,
he numerical simulating software MATLAB was used to opti-

ize the separating efficiency of corona electrostatic separator
n this paper. The distributions of electric field of CES were sim-
lated by MATLAB. The influence of operating parameters to
he distributions of electric field and separating results were the-
retically analyzed. A series experiments were used to verify the
heoretical analyze results. On the basis of theoretical analyze
nd experimental results, the operating parameters of positions

f electric electrodes and applied voltage were defined, which
ffered the theoretical basis for separating metals and nonmetals
rom waste PCBs by CES.

ig. 1. The structural representational of laboratory roll-type corona electro-
tatic separator.
aterials 153 (2008) 269–275

. Methodology

The software of MATLAB is a high-level technical com-
uting language and interactive environment for algorithm
evelopment, data visualization, data analysis, and numerical
omputation. The partial differential equation (PDE) tool box
as a convenient and fast tool to simulate electrostatic field in
ES which provides a powerful and flexible environment for

he study and solution of partial differential equations in two
pace dimensions and time in MATLAB 7.0. According to differ-
nt geometric models and boundary conditions, corresponding
lectric potential and electric-field strength distributions were
lotted as a two or three dimension diagram. Because the lengths
f electric poles were much bigger than their diameters, we
onsidered the electrostatic field had no variation along the
xial direction. The electrostatic field could be treated as a two-
imension problem. Fig. 2 shows the geometric model used in
lectrostatic field simulation.

In order to simulate the electric field it is assumed that: (1)
he influence of space charges to electric field was neglected; (2)
he particles’ self electric fields were neglected; (3) the interac-
ivity of particles was neglected. In the process of simulation,
he radius of rotating roll was 0.114 m and the radius of corona
ire was 0.3 mm. The difference between two adjacent electric
eld lines was set to 5000 V/m.

.1. Constructions of electrodes

As shown in Fig. 3(a and b), the lines of electric field
trength between electrodes in CES were plotted by PDE tools
n MATLAB. In Fig. 3(c), the vertical axis indicated the electric
eld strength on the surface of rotating roll; the horizontal axis

ndicated the included angles of horizontal line and link of
Fig. 2. The geometric model used in electrostatic field simulation.

http://www.machinery.com.cn/
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Fig. 3. Electric-field strength distributions on the rotating roll of different electrodes; (a) single electrode; (b) multi-electrodes; (c) curve of distributions. The
parameters of simulation were: applied voltage U = 20 kV, the center distances L = L1 = L2 = 0.21 m, the radius of static electrode R2 = 0.019 m, the angle of static
electrode θ1 = 30◦, the angle of corona electrode θ2 = 60◦.
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Fig. 6. Electric-field strength distributions on the rotating roll under different
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the total distribution of electric field was not changed. But
ig. 4. Electric-field strength distributions on the rotating roll of ellipse elec-
rode and circle electrode. The parameters of simulation were: U = 20 kV,
= L1 = L2 = 0.21 m, R2 = 0.019 m, θ1 = 30◦, θ2 = 60◦.

lectrode has much bigger electric strength than single electrode
nd the position of maximum value leans to the direction of
tatic electrode. Because the electric field strength of static
lectrode was much stronger than corona electrode’s, the static
lectrode has main influence to the distribution of electric
eld.

.2. Shapes of static electrodes

The cross-section shapes of static electrodes were circle and
llipse. As shown in Fig. 4, the distributions of electric field
trength were almost same when the cross sections of two shapes
ere close.

.3. Applied voltages

The applied voltages were 20, 25, 30, 35 kV separately.
As shown in Fig. 5, the maximum value of the electric field

trength increased with the applied voltage was increased and

ts position still leans to the direction of static electrode. But
xcessive applied voltage could lead to spark discharge which
roke the process of separation.

ig. 5. Electric-field strength distributions on the rotating roll under differ-
nt applied voltages. The parameters of simulation were: L = L1 = L2 = 0.21 m,

2 = 0.019 m, θ1 = 30◦, θ2 = 60◦.

t
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enter distances. The parameters of simulation were: U = 20 kV, R2 = 0.019 m,

1 = 30◦, θ2 = 60◦.

.4. Center distances

The center distances of electrode center and rotating roll cen-
er were 0.21 and 0.31 m. The center distances have a great
nfluence to the distribution of electric field strength. As shown
n Fig. 6, the distributions of electric field strength have great dif-
erences under different center distances. The maximum value
f electric field strength was sharp increased when the cen-
er distance was reduced. So the small center distance was
ood for separation. In fact, too small center distance was not
ood for the separation for the spark discharge was easily cre-
ted.

.5. Sizes of static electrodes

The radiuses of static electrodes were 0.01, 0.019, 0.03 and
.04 m separately. As shown in Fig. 7, the electric field strength
ncreased with the radius of static electrodes increased and
oo large static electrode could impact the corona electrode’s
ork.

ig. 7. Electric-field strength distributions on the rotating roll under differ-
nt static electrodes radius. The parameters of simulation were: U = 20 kV,
= L1 = L2 = 0.21 m, θ1 = 30◦, θ2 = 60◦.
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ig. 8. Electric-field strength distributions on the rotating roll under different an
c) θ1 and θ2 were changed. The parameters of simulation were: U = 20 kV, L =

.6. Positions of electrodes

1) The angles of θ1 were 45◦, 30◦ and 15◦ separately.
As shown in Fig. 8a, when the angle of static electrode

was reduced, the maximum value of electric field strength
decreased and its position followed the static electrode.

2) The angles of θ2 were 75◦, 60◦ and 45◦ separately.
As shown in Fig. 8b, although the angle of corona elec-

trode was changed much, the distribution of electric field
strength was nearly not changed. The position of corona
electrode has little influence to the distribution of electric
field.

3) The angles of θ2 and θ1 were (75◦, 45◦), (60◦, 30◦) and (45◦,
15◦) separately.

As shown in Fig. 8(c), the distribution of electric field
only rotated with the angles of electrodes.

The variation of operating parameters of electrodes and
pplied voltages indirectly influenced the distribution of electric
eld, as shown above. The separating results would be improved
y increasing the applied voltage and reducing the center dis-
ance. But too high applied voltage and too small center distance

ould lead to spark discharge which broke the process of sep-

ration. The angles of electrodes also had large influence to the
istribution of electric field. From the view of charging [7], the
arameter of large angle of corona electrode and low angle of

(

f electrodes: (a) θ1 was changed and θ2 = 60◦; (b) θ1 = 30◦ and θ2 was changed;

2 = 0.21 m, R2 = 0.019 m.

tatic electrode is good for particles’ charging. But too large
ngle of corona electrode lead to unsaturated charging. The
ptimal parameters of angles of electrodes need further study.

. Experiments and discussion

According to the results of computer simulation, experi-
ents were carried out toward the two major influencing factors

applied voltage and positions of electrodes). The materials used
n this study were scraped waste PCBs [8].

.1. Different applied voltages

The size of mixture particles of metals and nonmetals was
0.6 + 0.8 mm.
As shown in Fig. 9, it was found that:

1) When U = 15 kV, the weight contents of five holding tanks
have obvious variations and the nonmetal particles were
found to adhere on the surface of rotating electrode which
was the characteristic of corona discharge.
2) The content of holding tank II sharp decreased when
U = 17.5 kV and hold on a value about 20% from U = 20 kV
to 30 kV. Then the applied voltage of 20 kV was good for
separating nonmetal particles on the size of 0.6–0.8 mm.
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Fig. 9. weight content of particles in holding tanks under different applied volt-
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Fig. 10. Results of particles under different angle of electrodes: (a) θ1 was
c
T
R

t

ges, I was metals, V was nonmetals, II, III and IV were middling. The operating
arameters of experiment were: L = L1 = L2 = 0.21 m, R1 = 0.114, R2 = 0.019 m,

1 = 30◦ and θ2 = 60◦.

3) When U > 15 kV, the content of holding tank V increased
with the applied voltage increased. Increasing the applied
voltage increased the eliminated ratio of nonmetal particles
and the purity of metal particles, which improved the sep-
arating results and had a good agreement with simulation
results.

The discharge inception electric field strength of corona elec-
rode was computed by the Peek’s law:

0 = k1(1 + k2/r1/2) (1)

here E0 was the discharge inception electric field strength
f corona electrode, r was the radius of corona wire. The k1
nd k2 were related with construction of electrode, polarity of

pplied voltage, environmental atmosphere P and temperature
. When used parallel negative corona electrode, T = 298 K and
= 101,325 Pa, k1 = 30.1 × 105 V/m, k2 = 0.0301 m1/2. When
= 0.00015 m, the E0 was computed to 104.074 × 105 V/m and

V

T
I

Fig. 11. Results of separating waste PCBs: U = 20–30 kV, L = L1 =
hanged and θ2 was constant; (b) θ1 was constant and θ2 was changed.
he operating parameters of experiment were: U = 25 kV, L = L1 = L2 = 0.21 m,

1 = 0.114, R2 = 0.019 m.

he discharge inception voltage was:
0 = E0r ln(2L/r), L � r (2)

hen the V0 was computed to 12.31 kV by the equation (2).
n theoretical aspect, when the applied voltage was 12.31 kV,

L2 = 0.21 m, R1 = 0.114, R2 = 0.019 m, θ1 = 20◦ and θ2 = 60◦.
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he corona discharge occur, which has a good agreement with
xperimental result.

.2. Different positions of electrodes

As shown in Fig. 10(a), the contents of the middlings (II,
II and IV) were reduced with the angle of static electrode
ecreased. As shown in Fig. 10(b), the contents of middlings
ere reduced with the increase of corona electrode angle. Then

he large angle of corona electrode and small angle of static
lectrode was good for separating results, which has a good
greement with simulated results.

From the experimental results it was found that, the changes
f parameters of electrodes and applied voltages influenced the
istribution of electric field. The variation of distribution of
lectric field indirectly influenced the separating results. So the
imulation of electric field could clearly and profoundly realize
he process of separation and analyze the influences of operating
arameters. The good separating results were shown in Fig. 11
nder the optimized operating parameters.

. Conclusions

In this paper, the computer simulation of electric field was
sed for optimizing the process of recycling waste PCBs by
ES, it was found that: the way of increasing the applied
oltage, radius of static electrode, angle of corona electrode
nd decreasing center distance, angle of static electrode were

ood for the separation. Through the correlation of simulated
nd experimental results, the good separation results were
ot under the optimized operating parameter: U = 20–30 kV,
= L1 = L2 = 0.21 m, R1 = 0.114, R2 = 0.019 m, θ1 = 20◦ and

[

[

aterials 153 (2008) 269–275 275

2 = 60◦. The method of computer simulation was successfully
sed for optimizing the operating parameters of CES in recycling
aste PCBs.
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