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Abstract

The electric and electronic equipment has been developed, applied, and consumed world wide at a very high speed. Subsequently, the ever-
increasing amount of waste electric and electronic equipment (WEEE) has become a common problem facing the world. In view of the deleterious
effects of WEEE on the environment and the valuable materials that can be reused in them, legislations in many countries have focused their
attention on the management of WEEE, and new techniques have been developed for the recovery of WEEE. In China, rapid economic growth,
coupled with urbanization and growing demand for consumer goods, has increased the consumption of EEE in large quantity, thus made the WEEE
manifold rapidly, posing a severe threat to the environment and the sustainable economic growth as well. This article reviewed the implementation
of strategies of WEEE treatment and the recovery technologies of WEEE. It presented the current status of WEEE and corresponding responses
adopted so far in China. The concept and implementation of scientific development is critical to the sector of electronics, one of the important
industrial sectors in China’s economy. To achieve this objective, it is significant to recycle WEEE sufficiently to comply with regulations regarding
WEEE management, and to implement green design and cleaner production concepts within the electronics industry to comply with the upcoming

EU and China legislation in a proactive manner.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

The production of electric and electronic equipment (EEE) is
ne of the fastest growing businesses in the world. In the mean-
ime, both technological innovation and market expansion of
EE are accelerating the replacement of outdated EEE, leading

o a significant increase in waste EEE (WEEE) that induces a
ew environmental challenge. In West Europe, 6 million tonnes
f WEEE were generated in 1998, and the amount of WEEE
as expected to increase by at least 3–5% per annum [1]. In

he USA, it was said that over 315 million computers would
each their date of expiration by 2004 [2]. In Australia, there
re approximately 9 million computers, 5 million printers and 2
illion scanners currently in households and businesses, and all

f them will be replaced, most within the next couple of years
3].

WEEE encompasses a broad and growing range of EEE from
ome appliances to computers at the end of their lives. WEEE
s non-homogeneous and complex in terms of the materials and
omponents. Many of the materials are highly toxic, such as
hlorinated and brominated substances, toxic metals, photoac-
ive and biologically active materials, acids, plastics and plastic
dditives. Major categories of hazardous materials and compo-
ents of WEEE are listed in Table 1 [1].

With these hazardous elements, WEEE can cause serious
nvironmental problems during disposal if not properly pre-
reated. For example, the cadmium from one mobile phone
attery is sufficient to pollute 600,000 l of water [4]. Growing
ttention is being given to the impacts of the hazardous compo-
ents in WEEE on the environment.

However, WEEE also has a high residual value. The Associ-
tion of Plastics Manufactures in Europe released their statistics
f material consumption in EEE in Western Europe in 1995 [5].
elatively the composition was as follows: 38% ferrous, 28%
on-ferrous, 19% plastics, 4% glass, 1% wood, and 10% others.
n general, printed circuit board (PCB) scrap contains approxi-

ately 40% metals, 30% plastics, and 30% ceramics [6–8]. The

ypical metal scrap in PCB consists of copper (20%), iron (8%),
in (4%), nickel (2%), lead (2%), zinc (1%), silver (0.2%), gold
0.1%), and palladium (0.005%) [6]. Polyethylene, polypropy-

m
l
s
l

able 1
ajor hazardous components in waste electric and electronic equipment

aterials and components Description

atteries Heavy metals s
athode ray tubes (CRTs) Lead in the con
ercury containing components Mercury is used

equipment, data
sbestos waste –
oner cartridges, liquid and pasty, as well as color toner –
rinted circuit boards (PCBs) Cadmium occu
olychlorinated biphenyl containing –
apacitors –
iquid crystal displays (LCDs) –
lastics containing halogenated flame During incinera
etardants Halogenated fla
quipment containing CRC HCFC or HFCs HCFC or CFCs
as discharge lamps Mercury is pres
Fig. 1. Generic product’s life cycle.

ene, polyesters, polycarbonates and phenolformaldehyde are
he typical plastic components. These materials are valuable and
ould be recycled by proper technologies. Besides, a significant
mount of disposed equipment might be collected for reuse or
emanufacturing.

With the recognition on the deleterious environmental effects
f dumping WEEE, the decreasing capacity of landfills, and the
alues of the reusable materials, legislation in many countries
as refocused on the management of WEEE [9,10], and many
echnologies are being developed and used for the recovery of

EEE.

. Strategies of WEEE treatment

The life cycle of a product refers to the sequence of interre-
ated steps of a product from the acquisition of raw materials for
anufacturing to the disposal of the used product, i.e. its end-of-
ife. At the end-of-life, the product can be either disposed off, or
till in use to extend its life cycle [11,12] (see Fig. 1). The end-of-
ife of a product in this paper refers to the time point when the

uch as lead, mercury and cadmium are present in batteries
e glass and fluorescent coating cover the inside of panel glass
in thermostats, sensors, relays and switches; it is also used in medical
transmission, telecommunication, and mobile phones

rs in certain components

tion/combustion of the plastics
me retardants can produce toxic components
are present in the foam and the refrigerating circuit
ent in them
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roduct’s functionality no longer satisfies the requirements of
he original purchaser or the first user [9]. End-of-life strategies
escribe the approaches or methods in dealing with the product
t its end-of-life [11]. End-of-life treatment includes the activi-
ies associated with recovering value from the product, through

anual labor and/or machinery [11].
In view of the environmental problems and high residual

alue of WEEE, WEEE management system should be estab-
ished to extend the life cycle of EEE. This management sys-
em comprises collection, classification, pre-treatment, etc., and
ve conventional end-of-life treatment strategies. In accordance
ith the potential economic and environmental efficiency, these

trategies can be categorized as follows [11,13]:

1) reuse: the recovery and trade of used products or their com-
ponents as originally designed;

2) servicing: a strategy aimed at extending the usage stage of
a product by repair or maintenance;

3) remanufacturing: the process of removing specific parts of
the waste product for further reuse in new products;

4) recycling (with or without disassembly): including the treat-
ment, recovery, and reprocessing of materials contained in
the used products or components in order to replace the vir-
gin materials in the production of new goods;

5) disposal: the processes of incineration (with or without
energy recovery) or landfill.

European Union (EU) has established a comprehensive body
f environmental legislation, which has been proven innovative
nd successful in many aspects [14]. The current end-of-life
odel of EEE implemented in EU was established on the basis

f EU Directives on WEEE and Restriction of Hazardous Sub-
tances (RoHS) approved in October, 2002 [15–17].

The EU Directive on WEEE is based on the producer-pays
rinciple. The scope of this Directive includes producers, dis-
ributors, consumers and all parties involved in the treatment of

EEE. Producers are requested to finance the collection, treat-
ent, recovery, and environmentally sound disposal of WEEE.
he directive imposes a high recycling rate for all targeted
roducts. The rate varies from 50% to over 80% depending
n the type of WEEE. The strategy includes collection, sort-
ng, refurbishment, dismantling, shredding, treatment of recy-
lable components/materials, treatment of hazardous compo-
ents/substances, and landfill or incineration (with heat recov-
ry) of remaining wastes [17]. The objective of the Directive is to
educe the amount of such waste going to landfill and to improve
he overall environmental performance of EEE products during
heir life cycle.

The RoHS directive bans the presence of certain hazardous
ubstances in EEE being traded in EU market. RoHS ensures
hat new EEE does not contain mercury, lead, cadmium, hexava-
ent chromium, polybrominated biphenyls, or polybrominated
iphenyl ethers. It aims to control the environmental impact of

EE by implementing clean production.

Japan is the country in Asia where WEEE recovery is
ell performed. In Japan, the Designated House-hold Appli-

nce Recycling Law (DHARL) was enforced in 2001 [17,18].

(
(

t

aterials B136 (2006) 502–512

HARL turns WEEE treatment into an obligatory take-back
ystem that implements a full scale private-sector-based post-
onsumer recycling of WEEE [18,19]. The system entails coor-
inated participation of several stakeholders including manufac-
urers, importers, retailers, consumers, and governmental offices
17,18]. Manufacturers and importers are obliged to take back
heir products at designated collection sites, and to recycle them
ccording to regulations set by the government. Retailers are
equested to take back used home appliances that they sold and to
ransfer them to the corresponding manufacturers or importers.
overnmental offices can also collect discarded appliances to

ransfer them to manufacturers or “independent bodies” for recy-
ling. Consumers are obliged to cooperate in transferring used
ppliances to retailers or municipalities, and to pay the necessary
ees for collection, transportation and recycling [18]. In recy-
ling plants, WEEE are sorted, treated, dismantled and crushed.
aluable materials: glass, aluminum, certain types of plastics,
opper and iron are recovered by electromagnetic, centrifugal
nd gravity separation techniques [20]. Hazardous substances
re recovered and destroyed via thermal or chemical processes.

. Recycling of WEEE

Recycling of WEEE is an important step of the end-of life
trategies for WEEE treatment. The maximization of valuable
aterial recovery and the consequent minimization of disposal

ely on the technologies used in the process. With the steadily
ecreasing of the precious metal contents in EEE, the precious-
etal-oriented recovery techniques, such as hydrometallurgy

nd pyrometallurgy, are facing great challenges [7]. On the other
and, mechanical/physical recycling of WEEE, due to its better
nvironmental property and easier operability, is drawing more
ttention. Compared with hydrometallurgy and pyrometallurgy,
echanical/physical processes can achieve full material recov-

ry including plastics.
Mechanical recycling of WEEE can be broadly divided into

hree major stages [21].

. Disassembly (dismantling): targeting on singling out haz-
ardous or valuable components.

. Upgrading: using mechanical/physical processing to upgrade
desirable materials content, i.e. preparing materials for refin-
ing process.

. Refining: in the last stage, recovered materials return to their
life cycle.

Disassembly and upgrading are two key processes of the
echanical recycling of WEEE.

.1. Disassembly

Disassembly is a systematic process that removes a compo-
ent or a part, or a group of parts or a subassembly from a product

i.e., partial disassembly); or splits a product into all of its parts
i.e., complete disassembly) for a given purpose [22].

In WEEE recycling practice, selective disassembly (disman-
ling) is an indispensable process, since (1) the reuse of com-



W. He et al. / Journal of Hazardous Materials B136 (2006) 502–512 505

by Ra

p
c
h
P
s

a
l
p
t
f
a
t
(
t

i
a
t
h
c
m
s
t

3

p
t
i
u

3

c
g
a

i
f
a
t

r
r
o
f

s
a
s
f
t
t
w
i
1
P
t
l
[

3

t
f
t
c
s
t
t
r
a

f
m
d
m
[

m
a

Fig. 2. Recycling process developed

onents is of the first priority, (2) dismantling the hazardous
omponents is essential, and (3) it is important to dismantle
ighly valuable components and high grade materials such as
CBs, cables, and engineering plastics in order to simplify the
ubsequent recovery of materials [21].

The implementation of disassembly needs highly efficient
nd flexible tools. Several patented disassembly tools were high-
ighted in Ref. [23]. The most attractive research on disassembly
rocess is the use of robots. Unfortunately, full (semi) applica-
ion of automation disassembly for recycling of EEE is full of
rustration [21]. Currently, there are only a few pilot projects for
utomated disassembly of keyboards, monitors and PCBs, and
here is no (semi-) automated solution for the personal computer
PC) itself [24,25]. The manual disassembly aided by tools, due
o its high flexibility, is currently the main dismantling process.

Ragn-Sells Elektronikåtervinning AB in Sweden is a typ-
cal electronics recycling company. Fig. 2 illustrates the dis-
ssembly process utilized in the company [26]. A variety of
ools are involved in the dismantling process for removing
azardous components and recovery of reusable or valuable
omponents and materials. The disassembled cables, PCBs and
etal/plastics mixture, being a mixture of various materials,

hould be further treated to upgrade the materials contents of
hem.

.2. Upgrading

WEEE can be regarded as a resource of metals, such as cop-
er, aluminum and gold, and non-metals. Effective separation of
hem, based on the differences in their physical characteristics,
s another crucial process for recycling of WEEE. The upgrading
sually includes two stages: comminuting and separating.

.2.1. Comminuting
Comminuting is the first step of the physical upgrading pro-

ess. Only when the disassembled WEEE is shredded to a proper
ranularity, can the materials of the WEEE be liberated one
nother, and then be separated effectively.

Basically, the materials present in EEE are attached by fasten-

ng, inserting, welding, binding, wrapping and so forth. There-
ore, it does not need much intensive energy to unlock the
ssociated materials like ceramics, glass, and metals having dis-
inctive mechanical properties [7]. The optimized comminuting

n
s

m

gn-Sells Elektronikåtervinning AB.

esult is that every comminuted particle is made by sole mate-
ial. The influence of granularities of the comminuted particles
n the liberation degree of materials in PCBs was studied care-
ully [7,27,28].

Characterization of PC scrap and PCB scrap showed, after
hredding by a laboratory scale hammer mill, that the main met-
ls present were in the −5 mm fraction for both PC and PCB
crap and showed excellent liberation (ca. 99% [7]). In −3 mm
ractions, the metals achieved approximately complete libera-
ion; in coarser fractions, copper had poorer liberation due to
he presence of copper pins associated with plastics and copper
ire segments encapsulated with plastics; also, the ferromagnet-

cs obtained a good liberation for particles with sizes less than
6 mm, and aluminum in the +7 mm fraction for both PC and
CB scrap accomplished an excellent liberation [27]. Indus-

ry scale tests showed that after two stages comminution, the
iberation of −5 mm fraction was between 96.5% and 99.5%
28].

.2.2. Separation
After liberation of the materials in the disassembled WEEE

hrough comminuting, the separation of them can then be per-
ormed by mechanical/physical methods. The differences on
he physical characteristics of materials in non-homogeneous
ompounds, such as magnetism, electric conductivity and den-
ity, etc., are the bases of the mechanical/physical separation of
hem. Mechanical/physical separation processes include elec-
ronic magnetic separation, electronic-conductivity-based sepa-
ation, density-based separation and so forth. All of them have
pplication instances in the WEEE recycling field.

Magnetic separation is widely used for the recovery of
erromagnetic metals from non-ferrous metals and other non-
agnetic wastes. Over the past decade, the advances in the

esign and operation of high-intensity magnetic separators also
ake it possible to separate copper alloys from the waste matrix

21,29].
Electric conductivity-based separation is used to separate

aterials of different electric conductivity (or resistivity). There
re three typical electric conductivity-based separation tech-

iques: (1) eddy current separation, (2) corona electrostatic
eparation, and (3) triboelectric separation [30–33].

With the marked density difference between metals and non-
etals in WEEE powders, the heavier metal materials can be
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Table 2
Electrical and electronic equipment units sold in China per year (thousands)

Year TV Refrigerator Washing machine Air-condition

1990 – – 9417 99
1991 21250 6920 8846 259
1992 25685 8307 10352 650
1993 28258 9765 7562 1425
1994 28541 9751 9500 1618
1995 33506 13570 15219 2808
1996 28811 11117 8004 3234
1997 32321 11383 10834 4007
1998 40881 10787 10980 4759
1999 44493 12322 13395 5503
2000 44600 11865 12613 7515
2
2
2

o
y
E
t

o
T
f
b
f
m
m
h
i
e

It was estimated that the average life span of domestic elec-
tric equipments is about 7–8 years for TV sets, 8–10 years for
refrigerators and washing machines, and 10–11 years for air-
conditioners [39]. With the acceleration of the replacement of PC

Table 3
PC units sold or to be sold in China per year (thousands)

Year PC End-of-life PC

1992 105
1993 611 –
1994 849 –
1995 750 –
1996 1216 –
1997 1269 –
1998 2890 541
1999 3871 999
2000 7088 989
2001 7550 1396
2002 7882 2267
2003 9600 4476
2004 11500 7311
2005 14000 9809
2006 15960 10731
Fig. 3. PCB upgrading processin NEC company.

ffectively separated from non-metal materials by the density-
ased separation methods.

In the practice of recycling WEEE, according to the require-
ents of the task, some of the above methods can be combined

ogether to fulfil the separation of the materials present in WEEE.
or example, in Germany, the Kamet Recycling Gmbh company
as successfully reclaimed iron, aluminium, precious metals and
lastic from waste PCBs through shredding, gravity separation,
lectronic magnetic separation and eddy current separation [34].
bout 90% of metal and plastic materials can be reclaimed by

hese processes.
Fig. 3 shows the upgrading process of the waste PCBs imple-

ented in the NEC Company [35]. In this process, the disas-
embled PCBs are comminuted to powders with particle sizes
maller than 1 mm by shredding and then milling, which makes
he copper liberated from other materials sufficiently. After
yclone separation, one of the density-based separation methods,
he comminuted PCBs are partitioned to the copper-containing
owder and the fiber/resin powder. Then followed by electro-
tatic separation, a copper concentrate with the purity of 82% is
btained from the copper-containing powder. Over 94% copper
ecovery can be achieved by this process.

. Status of WEEE in China

China is the largest emerging market region in the world
ith both global manufacturing and consuming market. Rapid

conomic growth, coupled with urbanization and growing mid-
le class, is expected to increase the consumption of EEE, thus
ncrease the WEEE rapidly in this region, posing a severe threat
o the environment and sustainable economic growth.
TV sets, refrigerators and washing machines are three kinds
f widely used domestic electric equipments in China. Most of
hem were made in the middle or the latter of the 1980s and
hould have been replaced by new types after 2000 that millions

2
2
2
2

001 48429 19385 13336 9600
002 55731 – – 10350
003 42291 – – 11800

f them would have been entering into the waste stream per
ear. Air-conditioners and PCs are another two kinds of typical
EE and their sales volumes have presented a rapidly increasing

endency since the 1990s.
The numbers of the above five kinds of typical EEE put into

peration per year are shown in Tables 2 and 3. The data in
able 2 and the date from 1992 to 2001 in Table 3 were obtained
rom Ref. [36,37]. In Table 3, the date from 2002 to 2005 were
ased on the investigation of PC market conditions, and the data
rom 2006 to 2010 were based on the future developing program-
ing of the IT industry and the analyses of current computer
arket [38]. Fig. 4 shows the variation of the amounts of them

old by per 100 town families with time [37]. From the figure,
t can be noted that the amounts present a steady growth trend
xcept washing machines.
007 18194 12103
008 20742 14305
009 23645 16968
010 26956 19567



W. He et al. / Journal of Hazardous M

F
C

b
t
p
t
s
i
T
w
c
F
o
i
i

d

l
e
[
[
o
p
9
w
a
m
a
o

E
m
r
b
a
h

5

a
d
t
o
i
r
g
a
i

ig. 4. Amounts of five kinds of typical EEE hold by per 100 town families in
hina.

y new types, the life span of them is getting shorter. In the 1990s,
he life span of computers was about 4–6 years. But, today, com-
uters are often redundant in 2–4 years. Liu et al. [38] estimated
he generation of above five kinds of WEEE per year based on the
ales volume of the corresponding EEE. Their results are shown
n Table 3 and Fig. 5. In the estimation, the average life-spans of
V sets, refrigerators, washing machines and air-conditioners
ere respectively 8, 10, 10 and 11 year. The average life-span of

omputers varied from 5.5 to 3.0 year according the time line.
rom Fig. 5, it can be observed that entering the 21st century,
ver 45 million WEEE units described above had been enter-
ng the waste stream per year and the amounts present marked

ncreasing tendency with time line.

Besides the WEEE generated in China, the increasing
emand for resources, caused by the rapid economic growth,

Fig. 5. Generation of five kinds of WEEE per year.
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eads to the importation of secondary resources (i.e., wastes and
nd-of-life products), which contains a large amount of WEEE
40]. For example, according to the report “Exporting Harm”
41], an important document on the transboundary shipment
f WEEE, millions of pounds of WEEE, from obsolete com-
uters to televisions, was generated annually in the USA, and
0% of them was exported to China. Large amounts of WEEE
ere dismantled manually, then treated in household workshops,

nd assisted by medium and small factories with inappropriate
ethods such as open burning and acid dipping, which cre-

tes serious occupational and environmental hazards and loss
f some reusable materials.

Waste substances are the secondary resource in wrong place.
ffective recovery of them is important not only for environ-
ental development, but also for rational utilization of natural

esources. In view of the serious environmental problems caused
y WEEE and the valuable materials contained in WEEE, great
ttention has been paid to them, and some corresponding projects
ave been put into action in China.

. Response to WEEE in China

In China, the first legal document related to WEEE man-
gement is the List of Wastes Prohibited for Import. This
ocument was constituted in 1996 based on the Basel Conven-
ion. Waste batteries, air-conditioners, refrigerators, microwave
vens, phones, and TV sets, etc. are all on the list. Enter-
ng the 21st century, legislation, management strategies and
ecycling technologies on WEEE arouse great attention of
overnment agencies and researchers. Legislation, research
nd international co-operation on WEEE treatment have been
nitiated.

.1. Legislation

In September 2003, announcement on enhancing the environ-
ental management of WEEE was proclaimed by State Envi-

onmental Protection Administration of China (SEPA). On 29
ecember, 2004, the revised Law of the People’s Republic of
hina on the Prevention and Control of Environmental Pollu-

ion by Solid Waste was approved by National People’s Congress
nd has been put into effect since 1 April, 2005. This legislation
as joined the regulation on dismantling, recycling and disposal
f WEEE. Based on the above announcement and revised state
aw, “the Management Method on Prevention and Cure of Envi-
onmental Pollution in WEEE” was established by SEPA in the
arly of 2005 and are being discussed. The main contents of this
egislation are as follows:

1) information on WEEE generation, transportation, storage,
and disposal should be reported to the local environmental
protection department at or above county level;

2) waste lead/acid batteries, nickel/cadmium batteries, mer-

cury switches and relays, cathode ray tubes, and PCB bear-
ing capacitors, shall be ensured being collected, stored and
disposed. Duplicate forms must be filled for WEEE transfer,
which are designed for the transfer of hazardous wastes, and
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report to the competent administrative department of envi-
ronmental protection;

3) outdated recycling technology for WEEE, that may induce
pollution, is prohibited. Open burning, simple incineration
and rough extraction of metals from WEEE using acid are
banned;

4) enterprises engaged in WEEE collection, storage, disposal
shall apply to the competent administrative department of
environmental protection at or above the provincial level
for the operation license. Any illegal activities will be pun-
ished in accordance with the “Law of the People’s Republic
of China on the Prevention and Control of Environmental
Pollution by Solid Waste”;

5) local EPBs should take measures to encourage clean pro-
duction in EEE manufacturing. Pollutants such as lead, mer-
cury, cadmium, chromium (VI), PBB, PBDE, etc. should be
gradually phased out in EEE manufacturing. Environmental
sound design and package should be employed.

In view of the WEEE strategies successfully performed in
ther countries and the current situation of China, the “Man-
gement Regulation on the Recycling and Treatment of Dis-
osed Appliances and Electronics Products (MRRTDAEP)” was
ointly drafted by six ministries including Ministry of Informa-
ion Industry (MoII), Ministry of Commerce (MoC) and SEPA
n September 2004. The revised version of the Regulation was
ust approved and will soon be promulgated by State Develop-

ent and Reform Commission (SDRC). The new Regulation
overs all types of EEE on the market, regardless of whether
t is produced in, or imported to, China. This Regulation takes
esource recycling and environmental protection as the goal, and
ractices the extended producer responsibility system. Its main
ontents are as follows:

1) local governments shall be responsible for the collection and
treatment of WEEE and should constitute corresponding
detailed implementing rules;

2) multiple collection and centralized treatment of WEEE
should be implemented. WEEE recycling enterprises should
be approved and authorized by SEPA;

3) state should create a special fund for WEEE recycling;
4) WEEE recycling enterprises shall operate according to mar-

ket rules;
5) government promotes and supports WEEE enterprises by

formulating favorable policies and regulations;
6) manufacturers of PCs, TV sets, mobile phones, DVD play-

ers, refrigerators and air-conditioners are required to select
environmentally-friendly raw materials for their products
and to recycle the discarded ones;

7) manufacturers will be severely punished if they do not obey
the new rules. They could either be fined and/or have their
business licenses revoked.
The competition in the business of domestic electric appli-
nces is extremely intense in China. The profit per domestic
lectric equipment is usually trivial. It is hardly performed for
he producers entirely to finance the collection, treatment, recov-
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ry and disposal of WEEE like EU. Although China’s economy
s rapidly growing, most of Chinese are still not rich. It will be a
eavy burden for Consumers to pay the necessary fees for collec-
ion, transportation and recycling of WEEE like Japan. Hereby
tate is very cautious when concerning the fee source for WEEE
anagement. With the reference of the successful experience

n other countries, the rule of the charge for WEEE manage-
ent that suits for current situation of China is being studied by
hinese Household Electrical Appliances Association.

In view of the influence of EU directives of WEEE and RoHS
n the global supply chains (also including China’s electronics
ndustry) and on the basis of the state legislation on “Enhancing
lean Production” and the state law of “Prevention and Cure of
nvironmental Pollution by Solid Waste”, the legal document

itled “Pollution Prevention and Control Method in Electronics
roduction” (in discussion) was also constituted by the MoII

n 2004 with aim to implement green design and clean produc-
ion concepts within the electronics industry to comply with the
pcoming EU and China legislation in a proactive manner.

.2. Recovery of WEEE

After the 20th century, with the aggravation of the environ-
ental impacts induced by WEEE, strategies of WEEE treat-
ent began to arouse wide attention in China. Many articles

ntroduced legislation, management and recycling technologies
f WEEE implemented in developed countries [42–46]. Stud-
es have been made for the recycling of WEEE. In July 2003,

inistry of Science and Technology of China (MoST) initi-
ted National High Tech Research and Development Program
NHTRDP) on WEEE recycling technology with the aim to pro-
ote the research and development on technological aspects of
EEE management.
Duan et al. [47] presented a practical physical process for

ecycling waste PCBs as well as the reusing process for epoxy
esin recovered from PCBs. A special crusher with extra extrud-
ng, impacting and shearing forces was developed. With this
rusher, the glass-enforced PCBs could be readily crushed to
roper granularity. After the powder-making and separation pro-
ess, the liberation degree of metals from non-metals exceeded
5%. A cooling-spray system, multilevel leaching device and
abyrinth-type backwater were used to improve the environmen-
al condition of the crushing and separation processes. The entire
ecycling process was built as a closed loop system and almost
o waste air and water were let out.

In the work by Zhao et al. [48–50], mechanical processes
ere developed to recover copper or metals from waste PCBs.

n their experiments, PCB samples were crushed to particles by
two-stage shredding operation to achieve liberation of metals

rom other components. In order to calculate and analyze the lib-
ration degree, PCBs were divided into PWBs (printed wiring
oards), slots and ICs (integrated cards). Their experimental
esults showed that the metals in PWBs and ICs were difficult to

iberate from non-metals, but metals in the slots (ISA, PCI, AGP,
tc.) of PCBs were easy to disengage from plastics after slightly
rushing. Metals liberation degree of PCBs increased with the
ecreasing in particle size. It was found that the optimal liber-
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Fig. 6. Flowchart of metals recovery

tion particle size for PWBs and ICs was around 0.5 mm. For
aste PCB powders with particle sizes of 0.075–1 mm, about
0% copper was recovered by the combination of electrostatic
eparation and pneumatic separation [48], and metals (mainly
opper and aluminum) recovery reached 80% averagely using
conventional electrostatic separator [49,50]. For PCBs with

article sizes smaller than 0.074 mm, metals can be effectively
ecovered by an enhanced Falcon concentrator and 80.77% inte-
ration efficiency can be achieved [50]. Based on above observa-
ions, an effective mechanical process that combines two-stage
hredding, screening, shape separation, electrostatic separation
nd Falcon centrifugal separation was proposed to recover met-
ls from waste PCBs [50]. Fig. 6 is the flowchart of this process.

Studies on pyrolysis of waste PCBs were carried out by Sun
t al. [51–53] under various conditions with thermogravimetry.
iquid yield of 15–21%, gas yield of 15–20% and solid yield
f about 60% were obtained in the nitrogen atmosphere [51].
he liquid products had high gross calorific values that might
e recycled as fuel oils after simple treatment. CO, CO2 and N2
ere the main constitutes of the gas products. Using combus-

ion method, 7% organic carbon in the solid products could be

emoved. Then the solid products, which contained high purity
berglass and CaCO3, could be reused as filling materials in

he process of SMC (sheet moulding compounds) production.
t was found that the final pyrolysis temperature and particle

p
t
c
e

discards PCBs by physical methods.

ize had marked influences on pyrolysis products, and that the
ield of gas products increased at high temperatures for powder
amples. The dynamic thermogravimetric analysis curve and its
erivative were also analyzed to obtain the information on the
inetic parameters [52,53]. Their experiment results showed that
here were two reaction stages when oxygen was presented, the
eaction would be postponed with increased heating rates, and
hat the two reactions obeyed different mechanisms.

Besides lab investigations of WEEE recovery, recycling prac-
ices of WEEE are also promoted in China. Since December
003, SDRC designated Qingdao City, Zhejiang Province, Bei-
ing City and Tianjin City as the trial demonstration admin-
strations to establish WEEE recycling system and manage-

ent method. The four corresponding enterprises are: Qingdao
aier Group Company, Hangzhou Dadi Environmental Protec-

ion Company, China Huaxing Group Company and Tianjin
atong Copper Industry Company [54]. Zhejiang Province con-

tituted “Temporary Trial Method for Collection and Treatment
f WEEE in Zhejiang Province” which was brought into effect
t the beginning of 2005. This method follows the principle
f fixed-point collection, centralizing treatment and extended

roducer responsibility, proposes to establish a formal collec-
ion network covering entire province for WEEE, and stipulates
orresponding responsibilities of the government, production
nterprises, sellers and consumers. Hangzhou Dadi Environ-
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ental Protection Company has constructed a recycling center
f WEEE and has set up 36 collection spots and 4 collection
hannels. The four collection channels are: (1) dealers, (2) com-
unities, (3) institutions such as government agencies, universi-

ies and colleges, and (4) manufacturers of EEE for collection of
y-products. The collected WEEE is delivered to the recycling
enter, where the products are firstly repaired or maintained for
euse. When reuse is impossible, products are disassembled,
omminuted and then separated for recovery of the valuable
aterials.
Qingdao Haier Group Company, China Huaxing Group Com-

any and Tianjin Datong Copper Industry Company also began
o build workshops for WEEE recycling. Corresponding tech-
ologies are being developed.

Besides the above four trial demonstration models, some
ther WEEE recycling plants are also founded. For example,
n 25 September, 2004, a WEEE processing center invested by
ortune Group was completed and put into action for recovering
recious metals from WEEE. Since 2003, the Tianjin Loyalty
lass Material Company has begun to specialize in recycling
lass materials from CRT by-products provided by the Tian-
in Samsung SDI Company. In 2004, the company along with
ianjin University successfully developed a waste CRT recovery

echnology that includes dismantling, separating and recycling
rocesses. Shanghai WEEE Recycling Center Co., Ltd. has
egun to construct workshops, and along with Tongji Univer-
ity is developing WEEE recycling technologies and setting up
corresponding WEEE collection network system. Guangzhou
ISE-MBA New Plastics Technology Co., Ltd. is a Sino-US

oint-venture established jointly by American MBA Polymers
nc. and Guangzhou Iron and Steel Enterprises Group with total
nvestment exceeding US$ 12 million. The joint-venture contract
as signed in January 2004, the workshop construction and the

quipment installation were completed in March 2005 and in
ugust 2005, respectively, and the company has started opera-

ion from November 2005. By utilizing an entirely mechanical
eparating process, the company recycles mixed scrap plastics
nto high quality ABS, HIPS and PP in an environmentally
afe way. Now, the company mainly imports mixed plastics
or processing, but it aims at enormous quantities of end-of-life
ppliances, cars, plastic-rich consumer goods and WEEE.

.3. International co-operation

Globalization of electronics has been realized on a very high
evel with relations between suppliers from different continents.
onsequently, the ever-increasing WEEE has become a global
roblem. Resolving the problem and thus improving the sus-
ainable development of the electronic industry in China require
xtensively international cooperation not only in technologies,
ut also in management, knowledge exchange, and education,
tc. However, in Asia and the Pacific (including China), despite
he initiatives by some of the countries, agencies with the man-

ate on waste management in the region generally have no
pecific knowledge of the composition of WEEE and their man-
gement; and lack communication, information exchange, and
orresponding cooperation among them. So it is necessary to

t
s
C
d

aterials B136 (2006) 502–512

romote WEEE management in Asia and the Pacific by ini-
iating a regional level activity for knowledge sharing under
he direction of UNEP. The application for setting up “Asia-
acific WEEE Database and Management Center” has just been
pproved by UNEP, and the center will soon be established in
NEP-Tongji Institute of Environment for Sustainable Devel-
pment. Main activities are as follows:

1) collecting information regarding WEEE in Asia and the
Pacific and establishing corresponding database;

2) organizing annual international conference of WEEE to
exchange related information;

3) analyzing the performance and logistic aspects of WEEE
management systems currently implemented in the Euro-
pean Union, the United States, Japan and so forth, and then
investigating regulations, policy and byelaw about WEEE
management fit for the local status to service related office;

4) organizing international forum on recycling technology of
WEEE in order to introduce successfully applied cost-
effective and environmentally friendly technologies to Asia-
Pacific region;

5) inspecting the operation of introduced technologies and
organizing researchers to make innovation with finding
problems.

. Current problems of WEEE recovery in China

As described above, entering the 21st century, with the ever
ncrease of WEEE generated in China and the aggravation of
he corresponding environmental problems, some projects on

EEE management are being performed. However, the sys-
ematic work on WEEE is just beginning. There are still some
roblems that restrict the operation of qualified WEEE recycling
nterprises in China.

The end-of-life domestic electric appliances, such as TV
ets, refrigerators and washing machines, are not wastes, but
erchandises for most of their holders in China. Generally,

he “merchandises” are collected by hucksters. Most of them
re sold to the countryside after simple repair or maintenance.

hat can no longer be reused are dismantled manually, and
hen treated in unqualified household workshops or small fac-
ories for recovery of valuable components and materials. In
hese household workshops or small factories, the recovery pro-
esses are carried out with inappropriate methods, regardless
f the corresponding impact on environment and health of the
perators, so their recycling costs are much low. By contraries,
he qualified recycling plants have advanced recovery technolo-
ies, and proper environmental and healthy protective measures
hat their operation costs are high. Compared with these house-
old workshops or small factories, the fare paid for collection
f the end-of-life domestic electric appliances is a heavy burden
or these qualified recycling plants. Before the enforcement of

he legislations on WEEE, above unqualified household work-
hops or small factories could not be forbidden completely.
onsequently, the competition for collection of the end-of-life
omestic electric appliances can hardly be put to an end.
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Besides, the charges for treating waste domestic electric
appliances are now paid by recycling companies themselves.
As a result, the total charge including the fares for collection
and treatment is usually higher than the income gained from
selling the reusable secondhand products and valuable recov-
ered materials for a qualified WEEE recycling company. For
example, the actual situation of Hangzhou Dadi Environmental
Protection Company shows that the average fare for collection
and treatment of TV sets is about 120 yuan per unit, while the
income gained from selling corresponding valuable reclaimed
materials is about 50 yuan per unit.

Due to the problems above, it is impossible for a quali-
fied WEEE recycling company to operate successfully before
enforcing the legislations and formulating favorable policies and
regulations on WEEE.

7. Conclusions

In view of the environmental impact induced by WEEE and
the high residual value of the materials contained in WEEE, the
recycling of WEEE is attracting wide attention. In China, some
projects on WEEE management are being carried out, but there
are still some problems that restrict the commercial operation of
qualified WEEE recycling enterprises. In order to accelerate the
solution of WEEE in China, it is vital to complete the legisla-
tions on WEEE and formulate corresponding favorable policies
and regulations as soon as possible. Meanwhile, it is impor-
tant to introduce and develop cost-effective and environmentally
friendly WEEE recycling technologies, and to implement green
design and cleaner production concepts within the electronics
industry to comply with the upcoming EU and China legislations
in a proactive manner. Besides, it is also necessary to arouse and
enhance public awareness regarding environmental protection
by publicity, education and so forth, in order to change their tradi-
tional viewpoint on the end-of-life domestic electric appliances.
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