
A
P

D
S

a

A
R
R
A
A

K
C
G
C
S

1

t
v
a
r
d
s
m
H
t
g
s
e
i

i
T
r
p
t
A

0
d

Journal of Hazardous Materials 192 (2011) 1450– 1457

Contents lists available at ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

 model  for  simulating  the  grinding  and  classification  cyclic  system  of  waste
CBs  recycling  production  line

eming  Yang,  Zhenming  Xu ∗

chool of Environmental Science and Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, People’s Republic of China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 19 April 2011
eceived in revised form 3 June 2011
ccepted 23 June 2011
vailable online 29 June 2011

a  b  s  t  r  a  c  t

Crushing  and  separating  technology  is widely  used  in  waste  printed  circuit  boards  (PCBs)  recycling  pro-
cess.  A  set  of automatic  line  without  negative  impact  to environment  for  recycling  waste  PCBs was  applied
in  industry  scale.  Crushed  waste  PCBs  particles  grinding  and  classification  cyclic  system  is  the  most  impor-
tant  part  of  the  automatic  production  line,  and  it decides  the  efficiency  of  the  whole  production  line.  In
eywords:
rushed PCBs particles
rinding and classification
yclic system
imulation model

this  paper,  a model  for computing  the  process  of  the  system  was  established,  and  matrix  analysis  method
was adopted.  The  result  showed  that good  agreement  can be  achieved  between  the  simulation  model
and  the  actual  production  line,  and  the  system  is anti-jamming.  This  model  possibly  provides  a  basis  for
the automatic  process  control  of  waste  PCBs  production  line.  With  this  model,  many  engineering  prob-
lems  can  be  reduced,  such  as  metals  and  nonmetals  insufficient  dissociation,  particles  over-pulverizing,
incomplete  comminuting,  material  plugging  and  equipment  fever.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Waste printed circuit boards (PCBs) are recognized as an impor-
ant part of waste electronic products [1]. PCBs have high recovery
alue which contain a lot of valuable materials, such as copper,
luminum, iron, nickel, lead and tin, zinc, gold, silver, palladium,
hodium and other precious metals [2,3]. Therefore, the recycle and
isposal of waste PCBs have momentous significance from the per-
pective of resources and environment. Chemical and mechanical
ethods are two traditional recycling processes for waste PCBs.
owever, the prospect of chemical methods will be limited since

he secondary pollution brought by the emission of toxic liquid or
as to the environment during the process. Mechanical processes,
uch as shape separation, jigging, density-based separation, and
lectrostatic separation have been widely utilized in the recycling
ndustry.

Xu et al. [4–6] developed a set of automatic line without negative
mpact to environment for recycling waste PCBs in industry-scale.
he whole technology contains four parts: multiple scarping, mate-
ial screening, multiple-roll corona electrostatic separator, and dust

recipitation (Fig. 1). In comparison with other production line,
he production efficiency and copper recovery rate are higher.
lthough many problems in the industrialization of technology

∗ Corresponding author. Tel.: +86 21 54747495; fax: +86 21 54747495.
E-mail address: zmxu@sjtu.edu.cn (Z. Xu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.061
were solved, there are still some problems blocking the integration
of different technologies. If the grinding and classification cyclic
system is not well controlled, the whole process will face problems
such as metals and nonmetals insufficient dissociation, particles
over-pulverizing, incomplete comminuting, material plugging and
equipment fever.

In order to make PCBs particle size meet the requirements,
the hammer grinder-2, cyclone-1 and vibrating screen consti-
tutes closed-circuit circulation in grinding and classification section
as depicted in dashed frame (Fig. 1). Closed-circuit grinding has
two  main purposes: one is making crushed PCBs reach given size
requirement, the other is reducing crushing energy consumption
and reducing over-crushed rate which has a significant impact on
corona electrostatic separation (CES) [7–9]. Because the process of
grinding and classification is complex, and the realization of actual
experiment is difficult, we tried to establish a mathematical model
to analyze the process. With mathematical model and simulation
calculation method, the experimental work can be reduced in the
research and optimization of grinding circuit.

2. Cyclic system structure and theoretical aspects

In order to calculate material balance of waste PCBs grinding

and classification system, grinding and classification cyclic sys-
tem (Fig. 2) for modeling and processing is constructed. Each cycle
is hypothesized to be finished in a unit of time, and the feeding
material weight remains stable in each cycle, so the system chang-

dx.doi.org/10.1016/j.jhazmat.2011.06.061
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.2011.06.061
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Nomenclature

Q0, f0 particle flow and particle size distribution of grinder
new feeding

Q1, f1, p1 material flow through the grinder, particle size dis-
tribution before and after the grinder

Q2, p2 discharging particle flow and size distribution of the
cyclone separator

Q3, p3 feeding particles flow and particle size distribution
of vibrating screen

Q4, p4 product particle flow and particle size distribution
of vibrating screen

Qr, pr backflow particle flow and size distribution
M the grinding matrix which represents grinder work-

ing condition
C1 the classification matrix which represents cyclone

working condition
C2 the classification matrix which represent vibrating

i
p
v
o

⎢ m21 m22 · · · 0 ⎥
screen working condition

ng with time effect can be reflected through cycle times. Other

arameters such as cyclone separation classification matrix and
ibrating screen classification matrix are assumed to be not change
ver time, because the model is established in a steady condition,

Fig. 1. Flow process chart of whole autom

Fig. 2. Material flow model of grinding
aterials 192 (2011) 1450– 1457 1451

which means the working state of all equipments in the system are
assumed to be stable.

2.1. Hammer grinder and operation model

The hammer grinder mentioned here is the last step of multiple
scraping part. The purpose of comminution is to make metal and
nonmetal contained in waste PCBs completely disintegrated, and
a certain range of particle size is pulverized. So the follow-up pro-
cessing will have good efficient in separating disintegrated metal
and nonmetal. Pioneer researchers did several studies, which have
demonstrated that the PCBs material is completely disintegrated
only when the particle size is below 0.6 mm [7].

The hammer grinder mathematical model is used to describe
quantitative relationship between feeding and discharging mate-
rials (Fig. 3). The material is divided into n grades according to the
particle size, so the size distribution of hammer grinder feeding and
discharging material can be expressed as an n × 1 column matrix:

f1 = (f1 f2· · ·fn)T p1 = (p1 p2· · ·pn)T

⎡
m11 0 · · · 0

⎤

M = ⎢⎣ ...
...

. . .
...

mn1 mn2 · · · mnn

⎥⎦

atic line for recycling waste PCBs.

 and classification cyclic system.
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Fig. 3. Schematic of grinding and classific

Here a lower triangular matrix M is used to represent crushing
rocess of each grade particles in the hammer grinder (Fig. 2). The
rushing matrix element mij represents the mass fraction of grade j
aterial becomes grade i material through the effection of hammer

rinder. The hammer grinder operation model can be expressed
s:

1 = Mf1 (1)

According to previous research, it is very complicated to
nvestigate the influence factors of crushing matrix M [10–12].
he matrix M mainly depends on grinder performance, grind-
ng time and feeding material composition. In our simulation,
rushing matrix M was calculated out according to the ham-
er  grinder feeding and discharging particle size distribution

f the practical production line. Under the premise of mate-
ial balance in this simulation, the matrix M was nearly kept
nchanged.

.2. Cyclone separation and operation model

After hammer grinding, waste PCBs particles contain a lot of
onmetal particles which brought negative impact on the electro-
tatic separation [8]. So a cyclone separation process is applied to
eparate out as many of the nonmetal particles (Fig. 3). The con-
inuous particles are delivered to cyclone by high speed air (the
last volume of air is appropriately 3000 Pa) [4].  In the airflow
ovement process, the material flow along the tangential direction

o generate circular motion in the cyclone. Because of centrifugal

orce, metal particles will crash to the wall, slide downward along
he wall and finally collected. In the meantime, fine nonmetal par-
icles move together with air flow and then come into the next
yclone.
cyclic system and the equipment photos.

Cyclone separation process can be expressed with matrix equa-
tion. n × n diagonal matrix is used to express classification matrix,
as below:

C1 =

⎡
⎢⎢⎣

c1 0 · · · 0
0  c2 · · · 0
...

...
. . .

...
0  0 · · · cn

⎤
⎥⎥⎦

The diagonal element ci represents mass fraction of grade i mate-
rial, which can collected from cyclone separation. Based on the
hypothesis that particles have no collision comminution in the pro-
cess, cyclone separation material balance model can be expressed
as follows (Fig. 2):

Q3p3 = C1Q1p1 (2)

The classification matrix mainly depends on material composi-
tion, material quantity and air pressure. In our model, interaction
of different particle grades material was  ignored and C1 was con-
sidered as a constant.

2.3. Vibrating screening and operation model

After cyclone separation, the collected crude particles are deliv-
ered to the vibrating screen. Here a vibration motor is used as
vibration source, which can make the material thrown up on the
screen (Fig. 3). The vibrating screen mesh is made by wire netting,
and the blinding chance from irregular shape of particulate system
is reduced to minimum. The size of the screen holes in the vibrat-

ing screen is 1.2 mm × 1.2 mm.  The screen overflow crude particles
are delivered back to hammer grinder by screw conveyor. Then
the screen underflow fine particles are fed to 6-roll electrostatic
separator for recovering metal and nonmetal particles [4].
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Fig. 4. Material graphs in grind

Vibrating screening process can be expressed with matrix
quation (Fig. 2). An n × n diagonal matrix is used to express clas-
ification matrix, as below:

2 =

⎡
⎢⎢⎣

c1 0 · · · 0
0 c2 · · · 0
...

...
. . .

...
0 0 · · · cn

⎤
⎥⎥⎦

The diagonal element ci represents mass fraction of grade i mate-
ial which can be collected into screen overflow particles. Based on
he hypothesis the particles have no collision comminution, vibrat-
ng screening process material balance model can be expressed as
ollows:

rpr = C2Q3p3 (3)

The classification matrix mainly depends on particle property,
creen net aperture and vibrating frequency. In our model, inter-
ction of different particle grade material was ignored and C2 was
onsidered as a constant.

.4. Material balance equation

According to the material balance principle, the balance equa-
ions as blow were established to reflect particle flow and size
istribution in the system [13]:

0f0 + Qrpr = Q1f1 (4)

1p1 = Q2p2 + Q3p3 (5)

3p3 = Qrpr + Q4p4 (6)

According to the balance relationship of total particle flow in the
ystem, we got the following three equations:

0 + Qr = Q1 (7)

2 + Q3 = Q1 (8)

r + Q4 = Q3 (9)
.5. Calculation formula in stability condition [14,15]

In an ideal state, the entire cyclic system is in a stable condi-
ion if the PCBs particles flow and size distribution (Q0, f0) from
nd classification cyclic system.

the primary grinder keep stable, and the working parameters of
crusher, air separator, and vibrating (M,  C1, C2) are constant. When
the system operates, the backflow particle flow (Qr) increases at
the beginning and finally achieves a stable state. In the production
practice, if the return particles flow (Qr) keeps stable and the parti-
cle feeding flow (Q0) equals with the particle product flow (Q2 + Q4),
we can make the conclusion that the circuit system have achieved
stable state. From formulae (1)–(9),  we  can deduce the flowing:

P1 = 1
Q1

(I − MC2C1)−1MQ0f0 (10)

P3 = 1
Q3

C1(I − MC2C1)−1MQ0f0 (11)

P2 = 1
Q2

(I − C1)(I − MC2C1)−1MQ0f0 (12)

P4 = 1
Q4

(I − C2)C1(I − MC2C1)−1MQ0f0 (13)

Pr = 1
Qr

C2C1(I − MC2C1)−1MQ0f0 (14)

f1 = 1
Q1

[Q0f0 + C2C1(I − MC2C1)−1MQ0f0] (15)

2.6. Static balance point computation

In order to model the material grinding and classification pro-
cess it is assumed that:

(1) The feeding weight of waste PCBs particles and size distribution
keep unchanged in the system, and the weight is no more than
the processing load of hammer grinder, cyclone and vibrating
screen.

(2) In each cycle, the air separator and vibrating screen classifi-
cation matrix remain unchanged, and the grinding matrix M
basically remain stable in consideration of keeping the grinder
feeding and discharging material balanced.
The MATLAB software is used for programming, which can
make calculation speed faster, calculation precision higher and pro-
tracting figure easier. On the basis of formulae (1)–(15) and the
flowchart, a program written by MATLAB language was  used to
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Fig. 5. Flow chart of the program for computing model.

ompute and plot the waste PCBs particles grinding and classifi-
ation cyclic system. Fig. 5 shows the entire process of computing
odel. In the process, from the start of the system to balance, each
aterial flow and particle size distribution can be calculated out.

. Experiment materials and methods

In order to compare with simulation result and collected mod-
ling experience data, 1000 kg of waste PCBs were collected from
ocal PCBs factory (without electronic elements). The weight con-
ent of copper of materials was about 20%. Artificial feeding method
as adopted to keep feeding rate stable.

On the premise of keeping the production line in a stable opera-
ion condition as well as possible, the PCBs particles were collected
rom needed part of the grinding and classification cyclic sys-
em. The sample materials collected from the circuit system were
creened by a laboratory electric shaker. Because the incoming par-
icle size of the cyclic system are smaller than 3.2 mm,  on the basis
f previous researches, the particle grade is divided into seven
evels: 1# (0–0.15 mm),  2# (0.15–0.3 mm),  3# (0.3–0.45 mm),
# (0.45–0.6 mm),  5# (0.6–0.8 mm),  6# (0.8–1.25 mm),  and 7#
1.25–3.2 mm).

Grinding matrix of the grinder, classification matrix of cyclone
nd classification matrix of vibrating screen in the simulation
odel were acquired from experience data of the industrialized

roduction line. These important parameters were applied in the
odel analysis, and the obtained simulation results were compared
ith the actual data collected from the industrialized production

ine. Materials collected from grinding and classification cyclic sys-
em are shown in Fig. 4.

. Results and discussion

.1. Contrast of simulation result and the practical industrial

roduction line

In order to examine the validity of simulation calculation, the
ample of production Q2, Q4, Qr particles in waste PCBs production
aterials 192 (2011) 1450– 1457

line was collected when the system is in stable operation, and par-
ticle size distribution was measured. Material feeding speed of the
production line was  maintained in 100 kg/h and artificial feeding
was  used to guarantee the stability of feeding speed. Fig. 6 shows
the comparative analysis of practical value and simulation value in
key parts.

From Fig. 6a and c, we can find that simulation value and
measured practical value showed a good agreement for the size dis-
tribution of cyclone output material and system backflow material,
although there was  a little positive deviation. But for the under-
flow material of vibrating screen which also can be seem as feeding
material of electrostatic separator, small grade particles (−0.5 mm)
in simulation were more than practical while big grade particles
(+0.5–1.25) were less. As the dotted line depicted (Fig. 6a, c and e),
the cut diameters of simulation and practical were nearly unani-
mously the same, which proved the effectiveness of the model in a
certain extent.

Analysis Q2 of the cyclone separator, for particle size grade 1#
(−0.15 mm), the mass fraction of simulation was 51.6% while prac-
tical was  49.4%. And simulation value and practical value were very
close. Size grade 1# takes half of the Q2 material, so the simulation
result of this grade is critical to the Q2 simulation effect. Meanwhile,
grade 2–7# were analyzed in contrast, mass fraction of every grade
was  about 9% and simulation result was  good.

Analysis Q4 of the vibrating screen, there were two  peaks of sim-
ulation mass fraction which located in grade 1# and grade 5#, and
the peak of practical mass fraction located in grade 1#, 4# and 5#. If
grade 4# and 5# were added, the simulation and practical content
of size +0.45–0.8 mm particles were very close, respectively, 49.5%
and 43.9%.

Analysis Qr, which flows from the screen back to the hammer
grinder (Fig. 6e and f), grade 6# particles accounted for most, and
the mass fraction of simulation and practical were, respectively,
79.3% and 86.7%. Grade 2–4# particles were too few to be mea-
sured. In theory, grade 1# particles should flow into underflow
material of vibrating screen because its particle size is very small,
but here existed about 3%. Two reasons can probably explain this
phenomenon: (1) particle size is too small and become floater, so
some particles flow into backflow material under the effect of air-
flow; and (2) in the process of screw conveying, collision occurs
between particles or between particle and mechanical equipment,
which caused some particles cracked into smaller particles.

From what we have discussed above, we can make the con-
clusion that the model simulation value has a slight difference
with industrial production line. But if instable working condition of
industrial production equipment and complexity of environmental
factors are considered, this model can be considered to be valid. The
model can be used for the analysis of the grinding and classification
cyclic system, and for a further hierarchy it can provides a basis for
the automation process control of waste PCBs production line [16].

4.2. Model applied to analysis the dynamic balance process

Because many variables are difficult to measure in real indus-
trial production process, we  can use the model to simulate the
whole process, and analyze the dynamic process of material from
imbalance to balance.

The feeding material was  100 kg each time, and the backflow
product material increased gradually along with the cycle contin-
uously, but the increasing range reduced gradually and reached a
steady value eventually. 6 cycles were simulated and the results

were recorded to make a change trend chart (Fig. 7). The simula-
tion results showed that a stable equilibrium can be achieved after
3 cycles. Time is very short for 3 cycles, so the system is considered
to be anti-jamming.
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Fig. 6. Contrast of practical value and simulation value in key parts: (a) light output material cumulative distribution in cyclone separator: Q2; (b) mass fraction of different
size  grade in light output material: Q2; (c) underflow material cumulative distribution of vibrating screen: Q4; (d) mass fraction of different size grade in vibrating screen
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nderflow material: Q4; (e) backflow material cumulative distribution of vibratin
aterial: Q4.

As shown in Fig. 7a, grade 1# material is about 20 kg, and other
rades are very little. The volatility of each grade is not big, which
hows cyclone has a very good effect, therefore the load of the
ollowing electrostatic separation process is reduced and the effi-
iency of the production line is improved. As shown in Fig. 7b, grade
# material is the most, and the volatility is the largest. This shows
ibrating screen has a good effect, and the feeding stability of elec-
rostatic separation is assured. Meanwhile, attention should be paid
hat there also exist many grade 1# material. After observing the
ollected materials for production line, we found that the metallic

ontent is relatively larger in grade 1#, which shows that cyclone
as a certain effect on small non-metal and metal particles sepa-
ation. As shown in Fig. 7c, grade 6# particle is about 25 kg and it
s far more than other grades. The volatility of all grades is small,
en: Qr; and (f) mass fraction of different size grade in vibrating screen backflow

the particles which are not fully comminuted backflow in a good
condition, and the excessive crushing rate is in a good control.

4.3. Ratio variation analysis

To discuss material flow relationships in each part, proportional
relationships of main material flow in the system were analyzed.
As the feeding material of the whole system be a benchmark, we
define cyclone discharging ratio R2 = Q2/Q1, vibrating underflow
ratio R4 = Q4/Q1, and backflow ratio R = Qr/Q1. From the simulation

data of 100 kg feeding material each cycle, we drew ratio change
trend as Fig. 8. The cyclone discharging ratio changed from the
beginning of the 0.329 to the stable value of 0.404, and the growth
rate was  22.8%. The vibrating underflow ratio changed from the
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Fig. 8. Material flow ratio in each cycle.
ig. 7. The material weight changing trend in each grade: (a) the cyclone output
aterial: Q2; (b) the vibrating screen underflow material: Q4; and (c) backflow
aterial: Qr .

eginning of the 0.418 to the stable value of 0.595, and the growth
ate was 42.3%. The backflow ratio changed from the beginning of
he 0.251 to the stable value of 0.319, and the growth rate was
7.1%. So when the feeding material is in an unstable situation, the
olatility of vibrating underflow material is big, and relatively the
olatility of cyclone discharging material and backflow material is
mall.
For analysis of material flow relationship with feeding material,
ifferent weight feeding materials were generated into the model,
alue of the material weight in each part was obtained after the sys-
em was in balance. Without doubt, the material flow weight was
Fig. 9. Material weight according to different feeding weight.

not beyond the disposal load of these equipments. We  got material
change values as Fig. 9, and we  can clearly see that Q2, Q4 and Qr is
proportional to the feeding material weight. The cyclone discharg-
ing slope is 0.404, the vibrating underflow slope is 0.595, and the
backflow slope is 0.319. Therefore, the vibrating underflow slope
and the volatility of vibrating underflow are the biggest, which have
a good agreement with the above verdict.

5. Conclusion

(1) A grinding and classification matrix model for waste PCBs
automatic production line was  built. By contrast with actual
production line, the validity of the model was  verified. The
model provides a good foundation for automatic process con-
trol of the production line.

(2) The model was applied for steady-state analysis of the produc-
tion line, it was  found that only 3 cycles are needed for the
equilibrium of the production line, which indicated that the
production line have a strong adaptability.

(3) The model was applied for analysis according to different

weight of feeding materials, material flow in each part pre-
sented a linear relationship with the feeding material.
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