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Eddy  current  separation  (ECS)  is  an efficient  method  for separating  aluminum  from  plastic  in crushed
waste  toner  cartridge  (TCs).  However,  in  China,  ECS  quality  of  aluminum  from  plastic  is  rather  low  in
production  practice.  Repeating  separation  even  manual  sorting  is required  in the  production.  Improving
separation  quality  of aluminum  has  been  the pressing  problem  in  the  recovery  of  waste  TCs.  Further-
more,  improving  ECS  quality  can reduce  the secondary-pollution  (furan  and  dioxin)  brought  by  plastic  in
later  smelting  process  for the  purification  of recovered  aluminum.  Thus,  a new  model  of  repulsive  force
aste toner cartridges
odel of repulsive force
etachment angle

containing  impact  factors  (machine:  Br, k,  R, Sm, Bm; material:  Sp, V,  �; and  operation:  ωm, v,  ı)  of  the
separation  process  was  constructed  for guiding  the  ECS  process  of  waste  TCs  recovering  in this  paper.  For
testing whether  the  model  of  repulsive  force  was  suitable  to  guide  the ECS,  calculation  and  experiment
of  detachment  angle  of  aluminum  flake  were  studied.  The  calculation  results  of  the  detachment  angles
were  agreed  with  the  testing  experiment.  It indicates  that the model  is suitable  for  guiding the  ECS  of
waste  TCs  recovering.
. Introduction

Quantities of electronic waste (e-waste) have been generated
long with the technological innovation and the social develop-
ent. People have attached much importance to the spawn of

-waste because of the contained resource and the potential envi-
onmental pollution [1–6]. Lager numbers of waste toner cartridges
TCs) have been generated as the result of the renovation of printers
nd duplicators. Waste TC contains abundant plastic, aluminum,
teel, permanent magnet, and residual toxic toner. Recovery of
aste TC will bring renewable resources coexisting with envi-

onmental risk. An environment-friendly technology of waste TCs
ecovering has been developed [7].  It was comprised of shearing
rocess, toner collecting, magnetic separation, and eddy current
eparation (ECS). ECS was used to separate aluminum from the
lastic of crushed waste TC. ECS has been an effective separation
echnology in resource recycling industries such as recycling light

etals from end-of-life vehicles [8–11]. It is also a good recovery
echnology for e-waste such as discarded PC, end-of-life house-
old appliances, etc. [12,13]. However, in China, ECS quality of

luminum from plastic is rather low in the production practice of
aste TCs recovering. Repeating separation even manual sorting

s required in the production. Improving separation quality of alu-
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minum has been the pressing problem in the recovery of waste TCs.
Furthermore, the final treatment of the aluminum recovered from
waste TC is smelting for purification. Improving separation qual-
ity can reduce the secondary-pollution (dioxin and furan) brought
by plastic in later smelting process for the purification of recov-
ered aluminum. These problems cause us to research the separation
mechanism of ECS. Repulsive force generated between nonferrous
(aluminum, copper, etc.) and eddy current separator is the major
cause of separating nonferrous from nonmetals.

Very valuable information has been reported about the repulsive
force by the researchers such as the groups of P. Rem, P. Bevilacqua,
E. Forssberg, Z. Schlett and M.  lungu. Rem and his group presented
a model of repulsive forces for the motion of particle in ECS for
optimizing separator design and operation. The model not only
describes the magnetic moments of the particle but also regards
the effects of particle size, shape, and conductivity on the particle
trajectory [14]. Later, Maraspin and Bevilacqua improved the model
of the repulsive force and simulated the motion of particle in ECS
by computer software. They found the primary impact factors were
size, conductivity, and initial orientation of particle [15]. Zhang and
Forssberg reformed the model of the repulsive force for processing
small particles by ECS, and found strengthening the magnetic field
intensity and increasing the maximum drum speed could enhance

the performance of eddy current separators [16]. Z. Schlett and M.
Lungu presented the model of repulsive force in a new device of
ECS for separating aluminum from a mixture of millimetric Al–Cu
wires [17].

dx.doi.org/10.1016/j.jhazmat.2011.05.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zmxu@sjtu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.05.025
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Nomenclature

bn Fourier coefficient
Bm magnetic flux density of the magnetic drum surface

(T)
Bp induced magnetic flux density in the particle (T)
Br magnetic flux density of the field (T)
Fr repulsive force between the particle and the magnet

(N)
g acceleration of gravity force (m/s2)
G gravity force of the aluminum flake (N)
J induced eddy current in flakes (A)
k number of pairs of the magnets placed in the mag-

netic drum
l height of the rectangle/triangle flake (m)
L circumference of the triangle flake (m)
r radius distance between the particle and the center

of magnetic drum (m)
r′ radial distance between the particle and the induc-

ing magnet (m)
R radius of the magnetic drum (m)
Sm per magnet side area which facing the flake (m3)
Sp maximal cross area of the flake in horizontal (m2)
t time cost for the magnetic field rotation (s)
T thickness of the flake (m)
v feeding speed of the flake (m/s)
v′ relative linear velocity between the flake and mag-

netic drum (m/s)
V volume of the rectangle/triangle flake (m3)
w width of the rectangle/triangle flake (m)

 ̋ resistance of circular/rectangle/triangle coil
˛0 angle of the coordinate in the cylindrical coordinate

system
� conductivity of the flake (S/m)
ı oriental factor of the flake in eddy current separation
εi induced emf  in the circular/rectangle/triangle coil

(V)
�r relative magnetic permeability of iron (H/m)
�0 magnetic permeability of vacuum (H/m)
ωm rotation velocity of the magnetic drum (rad/s)
˚p induced magnetic flux in the particle (Wb)
˚m magnetic flux of the permanent magnet (Wb)
�  ̊ variation of magnetic flux in the particle (Wb/s)

Fig. 1. Selected aluminum flakes employed to the construc
Fig. 2. The structure of the eddy current separator.

During the process of using these model to guide the ECS of
waste TCs recovering, some unreported factors (such as area of
per magnet that facing the particle and maximal cross area of the
particle in horizontal), which affected the separation quality, were
discovered. Based on the simulation of magnetic field and the anal-
ysis of induced eddy current in aluminum flake, a new model of
repulsive force containing the unreported factors was  constructed
in order to investigate the impact factors of ECS in this paper. For
testing whether the model of repulsive force is suitable to guide the
ECS, calculation and experiment of detachment angle of aluminum
flake from the conveyor belt in ECS are researched in this paper.

2. Materials and method

2.1. Materials

Materials employed to this study were collected from crushed
waste TC. Aluminum components of waste TC were crushed into
flakes by shearing process. The maximal and minimal aluminum
flakes, with the representative shape of circle, rectangle, and trian-
gle, were selected for the construction of the model of repulsive
force and the testing experiment. They were marked as C1, C2,
R1, R2, T1, and T2 (Fig. 1). Physical properties of the selected alu-
minum flakes are given in Fig. 1. Eddy current separator employed
to this study was horizontal drum eddy current separator (Fig. 2).
Magnetic drum is comprised of iron core covered by nine pairs of
NdFeB magnets, placed with N–S–N orientation respectively. Phys-
ical properties of the separator are presented in Fig. 2.

2.2. Calculation process of the repulsive force

In ECS process of recovering aluminum from plastic of crushed

waste TCs, eddy current will be induced in aluminum flake as get-
ting into the magnetic field that provided by eddy current separator.
Immediately, new magnetic flux, with the opposite direction of the
inducing magnetic flux from the magnet, will be generated in alu-

tion of repulsive force model and testing experiment.
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ness T) is supposed to exist in rectangle flake. Then the variation of
ig. 3. Curves of magnetic flux density by simulating and measuring the applied
agnetic field.

inum flake. Aluminum flake can be considered as a new induced
agnetic pole. Then, repulsive force (Fr) will be produced between

he induced magnetic pole and the magnet of the separator. This
epulsive force causes the aluminum flake separated from plas-
ic. The derivation of the model of repulsive force was based on
onsidering the aluminum flake as an induced magnetic pole.

.2.1. Simulation of magnetic flux density and distribution of the
pplied magnetic field

Alternating magnetic field will be produced around the mag-
etic drum by the rotation of eddy current separator. The magnetic
ux density of the field yields to the following formulas in a cylin-
rical coordinate system (r, ˛, z) relative to the drum axis [14]:

r =
∞∑

n=0

bn(r/R)−(2n+1)k−1 sin(2n  + 1)k(  ̨ − ωmt) (1)

˛ =
∞∑

n=0

bn(r/R)−(2n+1)k−1 cos(2n  + 1)k(  ̨ − ωmt) (2)

z = 0 (3)

he values of parameter R and k of the eddy current separator are
.096 m and 9 pair. Since the big gaps of size and rotation speed
etween the particle and the magnetic separator in ECS, alternat-

ng magnetic flux can be supposed as crossing over the aluminum
ake vertically when the flake gets close to magnet. Thus, the value
f (  ̨ − ωmt) can be supposed as 90◦. Fourier coefficient (bn) can
e obtained by measuring the magnetic flux density and the cor-
esponding value of radial distance (r). The values of the Fourier
oefficients b0 and b1 of the applied alternating magnetic field are
.135 and 0.095 respectively. Thus, Eqs. (1)–(3) can be simplified

nto Eq. (4) that presented the magnetic flux density of the applied
lternating field:

r = 0.135(r/R)−10 + 0.095 × (r/R)−28 (4)

he curve of the magnetic flux density of the applied alternating
eld was plotted and given in Fig. 3. Density gradient of the mag-
etic flux was  also measured by teslameter and the result was given
s the red curve in Fig. 3. It can be seen that the simulation result
f the magnetic flux density is agreed with the measure. So for-

ulas (4) are suitable for calculating the magnetic flux density of

he applied alternating field. Furthermore, the distribution of the
agnetic flux of the applied magnetic field was simulated by the
ulti-physics coupling analysis software called Comsol. Magnetic
aterials 192 (2011) 307– 313 309

flux distribution was investigated in two space dimensions and
instantaneous. Simulation imagination is given in Fig. 4 and the
result indicates that the alternating magnetic field is a periodic and
finite field. Magnetic flux density decreases as the distance increas-
ing from magnet surface. Since the weak magnetic permeability of
air, the gradient of magnetic flux density is very great and high-
intensity magnetic flux distributes in a small area near to magnet
surface. The range of magnetic flux density is from 7.2 × 10−11 to
0.429 T.

2.2.2. Calculation of the eddy current in aluminum flake
As aluminum flake moving near to the rotating magnetic drum

in ECS, the relative linear velocity between the flake and magnet
can be expressed as:

v′ = v − ωmR

The applied alternating magnetic flux is supposed to cross the flake
vertically since the big gaps of size and speed between the flake and
the magnetic drum. Therefore, the suffered variation of magnetic
flux of the flake can be given as:

�  ̊ =
∫ ∫

s

BrdSp

Due to the change of magnetic flux, eddy current will be induced in
aluminum flake. According to current skin effect, the current forms
yield to the shape of the maximal cross area of the particle. Eddy
current forms of the aluminum flakes are presented in Fig. 5b.

2.2.2.1. The calculation of eddy current induced in circle aluminum
flake. The induced eddy current in circle aluminum flake is cal-
culated in the following assumption. The radius of the circle
aluminum flake is presented as Rp. Circular coil (radius �; thickness
h) is supposed to exist in the circle flake (Fig. 5b). Then the suffered
variation of magnetic flux of the circular coil can be expressed in:

�  ̊ = Br	�2

According to Faraday induction law, the value of the electromotive
force induced in circular coil is:

εi = −Br	�2k(ωmR − v)
	R

Resistance of the circular coil can be presented in the following
equation:

d  ̋ = 1
�

2	�

Td�

Then, eddy current density in the circular coil is:

dJ = Brk(ωmR − v)�T�d�

2	R

Then the induced eddy current (JC) in circle aluminum flake can be
calculated by the integration of dJ:

JC =
∫

dJ = Brk(ωmR − v)�T

2	R

∫ Rp

0

rdr = Brk(ωmR − v)�T

4	R
R2

p

2.2.2.2. The calculation of eddy current induced in the rectangle alu-
minum flake. The induced eddy current in circle aluminum flake is
calculated in the following assumption. The side length and width
of the rectangle aluminum flake are signed as L and W respectively
(Fig. 5b). Concentric rectangle coil (long (w/W)L; wide w; thick-
magnetic flux crossing the rectangle coil is expressed in:

�  ̊ = Br
w2

W
L
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Fig. 4. The 2D and 3D surface diagram of simulatio

ccording to Faraday induction law, the value of the electromotive
orce induced in rectangle coil is:

i = −Br(w2/W)Lk(ωmR − v)
	R

esistance of the rectangle coil can be expressed as:

 ̋ = 1
�

2w((L/W) + 1)
Td(w/2)

hen, the value of the induced eddy current in rectangle coil is:

J = Brk�(ωmR − v)TLwd(w/2)
2	RW((L/W) + 1)

hen the induced eddy current (JR) in rectangle aluminum flake can
e calculated by the integration of dJ:

R =
∫

dJ = Brk�(ωmR − v)TL

2	RW((L/W) + 1)

∫ W/2

0

wd
w

2
= Brk�(ωmR − v)TLW2

8	RW((L/W) + 1)

.2.2.3. The calculation of eddy current induced in the triangle alu-
inum flake. The induced eddy current in circle aluminum flake is

alculated in the following assumption. The bottom margin, height,

ircumference, and thickness of the triangle aluminum flake are
igned as W,  L, C, and T respectively. Concentric triangle coil with
ottom margin (l/L)W, height l, circumference (l/L)C, and thickness

 is supposed to exist in the triangle aluminum flake (Fig. 5b).

Fig. 5. The analysis of the detachment m
ibution of magnetic flux density with COMSOL 3.4.

Then the variation of magnetic flux crossing the triangle coil can
be expressed as:

�˚  = Br
l2W

2L

According to Faraday induction law, the value of the induced elec-
tromotive force in triangle coil is:

εi = −Brl2Wk(ωmR − v)
2L	R

Resistance of the triangle coil is presented in the following equa-
tion:

d˝ = 1
�

lC

LTd(l/2)

Then the value of induced eddy current in triangle coil is:

dJ = Br�k(ωmR − v)WTld(l/2)
2	RC

In finals, the induced eddy current (JT) in triangle aluminum flake
can be calculated by the integration of dJ:

JT =
∫

dJ =
Br�k(ωmR − v)WT

∫ l/2
0

(l/2)d(l/2)

	RC
= Br�k(ωmR − v)TWL2

8	RC

oment of aluminum flake in ECS.
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.2.3. Calculation of the induced magnetic flux in aluminum flake
Induced magnetic fluxes of the various aluminum flakes in ECS

re calculated based on the theory of Biot-Savart law. In ECS, eddy
urrent is induced in aluminum flake as undergoing the alternating
agnetic field. Immediately, new magnetic flux will be produced

n the flake by the induced eddy current. The induced magnetic flux
nd density is nearly expressed as:

p = �0J, ˚p = BpSp

hus the induced magnetic fluxes of circle, rectangle, and triangle
luminum flake can be expressed as following equations respec-
ively after defining ıR = W/(2(L  + W))  and ıT = L/C.

C = Brk(ωmR − v)�VSp�0

4	2R
(5)

R = Brk�(ωmR − v)VSpıR�0

4	R
(6)

T = Br�k(ωmR − v)VSpıT �0

4	R
(7)

.2.4. Calculation of the repulsive force
New magnetic flux (˚p) is induced in aluminum flake by the

agnetic flux (˚m) provided by the magnet in ECS. The aluminum
ake is supposed as an induced magnetic pole. The tow magnetic
oles have the backward direction. Interaction force between the

nduced magnetic pole and the magnet can be expressed as [18]:

r = ˚p˚m

4�0	h2

here h is the radial distance between aluminum flake and
agnet. The value of this radial distance can be expressed as

 = (R/cos ˛0) − R in ECS (see Fig. 6).
Then the repulsive force between the aluminum and magnet can

e presented as:

r = ˚p˚m

4�0	R2

1

(sec ˛0 − 1)2
(8)

he magnetic flux of the inducing magnet (˚m) is:

m = BmSm (9)

y inserting Eqs. (5) and (9) in Eq. (8),  the repulsive force of circle

ake is:

rC = Brk(ωmR − v)�VSpBmSm

16	3R3

1

(sec ˛0 − 1)2
(10)
Fig. 7. The detachment angles of circle, rectangle, and triangle aluminum flakes in
ECS.

By inserting Eqs. (6) and (9) in Eq. (8),  the repulsive of rectangle
flake can be calculated as:
FrR = Brk�(ωmR − v)VSpBmSmıR

16	2R3

1

(sec ˛0 − 1)2
(11)
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Fig. 8. The photos for investigating the detachment a

y inserting Eqs. (7) and (9) in Eq. (8),  the repulsive forces of triangle
ake is calculated as:

rT = Br�k(ωmR − v)VSpBmSmıT

16	2R3

1

(sec ˛0 − 1)2
(12)

.3. Calculation process of detachment angle of aluminum flake
n ECS

The aim of constructing the model of repulsive force generated
etween aluminum flake and separator is to investigate the impact
actors of ECS. The ultimate purpose is to improve the ECS quality
f aluminum by adjusting the impact factors that contained in the
odel of repulsive force. For testing whether the model of repulsive

orce is suitable to guide the ECS, calculation and experiment of
etachment angle of aluminum flake are studied in the following
ontent.

.3.1. Generation of detachment angle of aluminum flake in ECS
During the process of ECS for separating aluminum from plastic,

epulsive force will be generated between aluminum and magnet
s aluminum flake gets into the magnetic field of the separator.
he direction of repulsive force has been given in Fig. 6, and the
orce will increase as the aluminum moves closer to the magnets
f separator. The repulsive force can be divided into the vertical
omponent and the horizontal component (see Fig. 6). Horizontal
omponent is counteracted with the friction force (f) coming from
he conveyor belt. Vertical component of the repulsive force is bal-
nced out by the gravity force of the aluminum flake. When the
luminum flake arrives at the position of point (x0, y0) given in
ig. 6, due to the increasing of the repulsive force, the vertical com-
onent of repulsive force will be greater than the gravity force (G).
luminum flake will have a vertical-upward acceleration and move
pward. Thus, position of point (x0, y0) is considered as the detach-
ent point of aluminum from separator surface in ECS. Angle ˛0

lotted in Fig. 6 is defined as the detachment angle of aluminum
ake from the conveyor belt in ECS.

.3.2. The calculation of the detachment angle
Repulsive force between aluminum flake and inducing magnet
auses the flake levitated. Seen from the simulation imagination of
he density distribution of the magnetic field (Fig. 4), the strong

agnetic density mainly distributes in the surface of separator.
agnetic flux of the separator can be assumed as crossing over
f aluminum flakes in the testing experience process.

the flake vertically when levitation happens. Thus, horizontal com-
ponent of the repulsive force can be neglected and:

Fr ≈ F⊥

F⊥ is vertical component of the repulsive force. When F⊥ is greater
than the gravity force (G), aluminum flake will detach from the
conveyor belt.

F⊥ ≥ G (13)

The curves of the repulsive forces of aluminum flakes (C1, C2, R1, R2,
T1, and T2) in ECS were plotted under the operation parameters of
feeding speed 0.4 m/s, rotation speed of magnetic field 400 rpm and
800 rpm of the eddy current separator. The results are given in Fig. 7.
Meanwhile, the curves of the gravity forces of various aluminum
flakes were also plotted and given in Fig. 7. The intersection point
of the curves of repulsive force and gravity force is the detachment
angle of aluminum flake from the conveyor belt. It can be seen from
Fig. 6 that range of the angle (˛0) was  from 0◦ to 90◦. Thus, values of
intersection points of the two curves were calculated in this range.
The detachment angles (˛0) of the aluminum flakes (C1, C2, R1, R2,
T1, and T2) in ECS are presented in Fig. 7. The range of detachment
angles of the aluminum flakes is from 7.5◦ to 14.9◦.

2.4. Results of testing experience of detachment angle

In order to test the calculation results of detachment angles,
experiment of ECS was performed in lab. The selected aluminum
flakes (C1, C2, R1, R2, T1, and T2) were fed into ECS. Digital cam-
era was used to catch the detachment angles of aluminum flakes.
The detachment moment of the flake from conveyor belt was  very
short and it was  difficult to be caught by camera timely. Thus, the
separation process was  repeated several times in order to catch
the most accurate detachment angle. Many photos that presented
the detachment moment of aluminum flake enough clearly were
gained in the experiment. Every detachment angle in these photos
was measured by protractor. The photos that presented the mini-
mal  and maximum detachment angles of aluminum flakes from the
conveyor belt of separator were picked out and presented in Fig. 8.

It indicated that the range of the detachment angles of aluminum
flakes (C1, C2, R1, R2, T1, and T2) in testing experiment was  from 8◦

to 15◦. This range was  approximately agreed with the calculation
result.
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.5. Calculation of the detachment angle of aluminum flake (C2)
y other model

In order to show the different between the new model and the
ther model, we calculated the detachment angle of aluminum
ake C2 by the other model [16]. The reason of choosing C2 is that

t had the minimal detachment angle in the calculation of detach-
ent angle of the flakes (C1, C2, R1, R2, T1, and T2). The parameters

f ECS were supposed as feeding speed 0.4 m/s  and rotation speed
f magnetic field 400 rpm in the calculation. Detachment angle of
luminum flake C2 calculated by the other model was 6.9◦. It is
ifferent from the result (7.5◦) calculated by the new model. Com-
ared to the results of the minimal detachment angles (8◦) in testing
xperiment, detachment angle (7.5◦) calculated by the new model
s more approach to the experiment data.

. Conclusion

Based on the conception of supposing the nonferrous particle as
n induced magnetic pole in ECS, a new model of the repulsive force
hat generated between aluminum flake and separator magnet was
onstructed in this paper. The purpose of constructing the model
s to investigate the impact factors of the ECS process of waste TCs
ecovering. Compared to the literatures of the repulsive force, the
odel added some unreported impact factors of ECS such as Sm

area of per magnet that facing the particle) and Sp (maximal cross
rea of the flake in horizontal). Furthermore, the orientation factors
ı) of circle, rectangle, and triangle aluminum flakes in ECS were
etailed expressed. Detachment angles of aluminum flakes from

he conveyor belt were calculated based on the model of repulsive
orce. The calculation results were agreed with the results of testing
xperiment. Therefore, the new model of repulsive force is suitable
o guide the ECS process of waste TCs recovering.
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