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Abstract The disposal, recycling, and part salvaging of dis-
carded electronic devices such as computers, printers, tele-
visions, and toys are now creating a new set of waste
problems. This study is aimed at identifying the sources and
quantifying the pollution levels generated from electronic
waste (e-waste) activities at Guiyu, Guangdong Province,
China, and their potential impacts on the environment and
human health. The preliminary results indicate that total
polycyclic aromatic hydrocarbons (PAHs) in soil obtained
from a printer roller dump site was 593µg/kg dry weight
(dry wt.) and in sediment from a duck pond, the PAH 
concentration was 514µg/kg (dry wt.). Sediment from the
Lianjiang River was found to be contaminated by 
polychlorinated biphenyls (743µg/kg) at a level approach-
ing three times the Canadian Environmental Quality
Guidelines probable effect level of 277µg/kg. Total mono-
to hepta-brominated diphenyl ether homologue concentra-
tions (1140 and 1169µg/kg dry wt.) in soils near dumping
sites were approximately 10–60 times those reported for
other polybrominated diphenyl ether-contaminated loca-
tions in the world. In-house study on the open burning of
cable wires showed extremely high levels of polychlorinated
dibenzo-p-dioxins and dibenzofurans resulting in 12419ng
toxic equivalents (TEQ)/kg of waste input and 15610ng
TEQ/kg for two separate tests, respectively, which were
about three orders of magnitude higher than those for the
open burning of household waste. High levels of Cu (712,

528, and 496mg/kg), exceeding the new Dutch list action
value, were determined for soil near the printer roller
dumping area, sediment from Lianjiang River, and soil from
a plastic burn site, respectively. A more thorough study is
underway to elucidate the extent of contamination of toxic
pollutants in different ecological compartments to establish
whether these pollutants are bioaccumulated and biomag-
nified through food chains. Assessments of human health
impacts from oral intake, inhalation, and dermal contact will
be subsequently investigated.

Introduction

Problems of electronic-waste recycling

Activities concerning electronic waste (e-waste) are emerg-
ing as a global concern as they can contribute to the release
of persistent toxic substances (PTSs) into our environment
and thus into the food web. E-waste includes end-of-life
electronic products such as computers, printers, photocopy
machines, television sets, mobile phones, and toys that are
made up of sophisticated blends of plastics, metals, and
other materials. With today’s technologically advancing
societies and the demand for newer, more efficient, and
effective technology, older and outdated electronic items
are becoming obsolete and are being discarded in signifi-
cant amounts in various parts of the world. In the United
States, it was estimated that over 315 million computers
would become obsolete between 1997 and 2004 and that an
additional 185 million computers will become obsolete
between 2004 and 2007.1 To deal with the generation of 
e-waste, effective management practices must be imple-
mented throughout the entire life-cycle of the product –
from the design stage (cradle) to the end-of-life stage
(grave) – adopting solutions that are environmentally
friendly, including practicing reuse or recycling. Currently,
the problem existing with unwanted electronic items is that
the e-waste generated from richer developed countries is
being exported to poorer developing/undeveloped coun-
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tries for recycling; one of the reasons being that the labor
cost for recycling in these countries is minimal compared to
recycling or disposing of the e-waste domestically. It has
been reported that 50%–80% of the e-waste collected for
recycling in industrialized countries, such as the US, ends 
up in recycling centers in Asia.3 However, the recycling
industries in these countries, which include China, India,
Pakistan, Vietnam, and the Philippines, are often crude and
do not have the appropriate facilities to safeguard environ-
mental and human health. The stripping of metals in open-
pit acid baths, the removal of electronic components from
printed circuit boards by heating over a grill, chipping and
melting plastics without proper ventilation, and recovering
metals by burning cables and parts are common practices.
Unsalvageable materials are disposed of either by dumping
in fields and rivers or by open burning.

Guiyu: a case study for e-waste processing centers

Guiyu is made up of several villages located in the Chaozhou
region of Guangdong Province, 250km northeast of Hong
Kong. Since 1995, the traditionally rice-growing community
has become an e-waste recycling center for e-waste arriving
from the United States, Hong Kong, and from other coun-
tries. In Guiyu, recycling operations consist of toner sweep-
ing, dismantling electronic equipment, selling computer
monitor yokes to copper recovery operations, plastic chip-
ping and melting, burning wires to recover copper, heating
circuit boards over honeycombed coal blocks, and using acid
chemical strippers to recover gold and other metals.3 Not all
activities are related to recovery; some include open burning
of unwanted e-waste and their open dumping. Operations
for the recovery of copper wires through the burning of
polyvinyl chloride and flame retardant-protected cables
(i.e., polybrominated diphenyl ethers, PBDEs) can release
toxic polychlorinated dibenzo-p-dioxins and polybromi-
nated dibenzo-p-dioxins (PCDDs/PBDDs) and furans
(PCDFs/PBDFs), and the open burning of computer casings
and circuit boards stripped of metal parts can produce toxic
fumes and ashes containing polycyclic aromatic hydrocar-
bons (PAHs). Polychlorinated biphenyls (PCBs), which
have been widely used as plasticizers, as coolants and lubri-
cants in transformers and capacitors, and as hydraulic and
heat exchange fluids, may also be present in the e-waste
stream. E-waste activities are undertaken by men, women,
and children with little or no consideration to protection of
health and the environment.Although those working in this
industry may be aware of the threats to their health result-
ing from these crude practices, they may often ignore these
dangers for the benefit of earning an income.4 These e-waste
activities cause severe damage to the environment and
expose the workers and local residents to toxic chemicals
through inhalation, dermal exposure, and oral intake (of
contaminated food). Once taken into the body, toxic organic
chemicals are stored in fatty tissues, bioaccumulate, and
increase the body burden of persistent toxic substances.

Studies have indicated that the environment in south
China has been grossly polluted by heavy metals as well as

by persistent toxic substances such as organochlorine pesti-
cides, PCBs, and mercury.5–9 The uptake of contaminants
appeared to relate to the feeding modes of fish, with car-
nivorous fish species taking up the highest concentrations
of organic contaminants.6–8 In a recent study, organochlo-
rines were found in human milk of both Guangzhou 
and Hong Kong residents, and concentrations of
dichlorodiphenyltrichloroethanes (DDTs) and PCBs in the
milk samples were significantly correlated to the frequency
of fish consumption of the donors.10 With the above back-
ground in mind, the major objective of this paper is to inves-
tigate the sources, fates, and environmental and health
effects of toxic pollutants as a result of e-waste recycling in
China, citing examples from Guiyu, located in southeast
Guangdong Province, China.

Materials and methods

Sampling sites

A preliminary survey of contaminant levels in Guiyu,
located in Guangdong Province, China, was conducted in
August 2003. Sediment samples were collected from two
duck ponds and at three different places along the Lianjiang
River, namely at a residential area, near open fields, and in
Heping town, located about 16km downstream from Guiyu.
The source of the river is located near Guiyu and flows east-
ward into the Haimen Gulf to the South China Sea. Soil was
collected from a burnt plastic dump site and from a printer
roller dump site. A reservoir located in the northern part of
Guiyu, approximately 6km from the central e-waste pro-
cessing region where impacts from e-waste were expected to
be smaller, served as a control site. Both soil and sediment
were collected from this site. A description of the sampling
sites is shown in Table 1.The location of the sampling sites in
addition to e-waste activity sites (such as open burning and
the heating of printed circuit boards) are shown in Fig. 1.

Sample collection and preparation

Samples were collected from each study site at a depth of
0–10cm using a stainless steel shovel. All samples were
stored in clean polyethylene bags (Ziploc) to minimize
sample contamination and were kept in ice-filled coolers 
at approximately 4°C for transport to the laboratory,
where they were transferred and wrapped in aluminum 
foil and stored at −20°C. Soil and sediment samples were
freeze dried; sieved (<1mm) to remove stones, roots, and
coarse materials; and then stored in a desiccator prior to
analysis.

Sample analyses

The soil and sediment samples were analyzed for PAHs,
PCBs, PBDEs, and heavy metals.
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Table 1. Description of sampling sites

Sampling site Location no. Sample Description

Duck pond A 1 Sediment Located on the south side of a nearby narrow two-lane road and surrounded by rice fields 
and open grass fields

More than 200 adult ducks were observed 
Duck pond B 2 Sediment Smaller duck pond located on the north side of a nearby narrow two-lane road and 

surrounded by rice fields and open grass fields
Pond used for the rearing of ducklings

River-1 3 Sediment Tributary of the Lianjiang River that flows slowly alongside a residential area
Women and young girls were observed washing clothes in the river
Near printed circuit board heating workshops

River-2 4 Sediment Another tributary of the Lianjiang River approximately 27m wide, surrounded by open fields
E-waste was observed on the banks of the river

River-3 Not shown Sediment Lianjiang River at Heping town, located approximately 16km downstream of Guiyu
Burnt plastic 5 Soil Several large piles of melted and burnt plastic located beside a road

dump site Area surrounded by open fields
Printer roller 6 Soil Several hundred rubber printer rollers discarded in the Nanyang district of Guiyu

dump site Site served as a storage or dump site for other e-waste, including metal computer hardware,
plastic printer casings, and computer fans

About five e-waste workshops around the site
Collected soil was black

Reservoir 7 Sediment Located in the hills in the northern part of Guiyu, approximately 6km away from the e-waste 
and soil center 

A water supply plant is currently being constructed to supply tap water from reservoir to 
resident of certain districts of Guiyu

Sampling site 

Dumping and open 
burning of e-waste 

Acid leaching of 
printed circuit boards 

Heating of printed 
circuit boards 

Drying of plastic 
chips 

Fig. 1. Map of Guiyu and sam-
pling sites. See Table 1 for a
description of sample sites 1–7



Polycyclic aromatic hydrocarbons

Each sample was precisely weighed (5g) in a thimble and
extracted by the Soxhlet method (Method 3450C)11 with a
90-ml solvent mixture of acetone and dichloromethane
(DCM) (1 :1, v/v) for 18h at 65°C. Anhydrous sodium sul-
phate (3g) was used to remove moisture. The extract was
then concentrated in a Büchi rotary evaporator to approx-
imately 2ml. Hexane (10ml) was added to the round
bottom flask and then rotary evaporated to 2ml. Acid-
washed copper granules (1g) were added for sulphur
removal (Method 3660B).12 The concentrated extract was
then cleaned up using two glass chromatography columns
placed in series, each packed with 1g of florisil and a top
layer of anhydrous sodium sulfate (Method 3620B).13 The
columns were subsequently eluted with 16ml of a solvent
mixture of hexane and dichloromethane (7 :3, v/v), further
concentrated to 1ml, and then made up to 2ml with hexane.
All solvents were pesticide grade. Internal standard (10µl)
consisting of deuterated PAHs (naphthalene-d8, acenaph-
thene-d10, phenanthrene-d10, chrysene d12 and perylene-d12)
was added to the extract prior to gas chromatography/mass
spectrometry GC/MS analysis. The concentrations of 16
United States Environmental Protection Agency (USEPA)
priority PAHs were measured by GC/MS (Hewlett Packard
Model HP6890 Series, DB5ms capillary column; HP5973
Mass Selective Detector, Palo Alto, CA, USA) (Method
8270C).14 For quality control, method blanks and a certified
reference material (CRM 105-100, BNA/pesticide soil;
Resource Technology Corporation, WY, USA) were used.
The recovery obtained for individual PAHs ranged from
88% to 124%.

Polychlorinated biphenyls

Following the Soxhlet procedure as described above, the
concentrated extract was cleaned up by eluting with 16ml
of a solvent mixture of hexane and DCM (3 :7, v/v).The con-
centrations of 66 PCB congeners, which included three
dioxin-like PCBs (PCB-105, -118, -157) and seven indicator
PCBs (PCB-28, -52, -101, -118, -138, -153, -180), were mea-
sured by GC/MS (Hewlett Packard Model HP6890 Series,
DB5ms capilliary column; HP5973 Mass Selective Detec-
tor).14 The internal standards used were acenaphthene-d10,
phenanthrene-d10, chrysene-d12, and perylene-d12. A certi-
fied reference material (HS-2 marine sediments, National
Research Council of Canada) was used and the recovery
obtained for individual PCB congeners ranged from 80% to
114%.

Polybrominated diphenyl ethers

PBDE analyses were conducted on soil collected from the
burnt plastic dump site and the printer roller dump site and
also on sediment collected from the Lianjiang River (river-
2) using a gas chromatography/ion trap mass spectrometry
method described by Wang et al.15,16 Briefly, the extracts by

Soxhlet extraction (hexane and acetone, 1 :1 v/v 18h) were
firstly cleaned up using a glass chromatography column
packed with acidic silica gel (6g) and eluted with 20ml
hexane and secondly further cleaned up using a column
packed with 6g of activated neutral alumina and eluted with
20ml hexane and DCM (3 :2 v/v). The sample extracts 
were analyzed by GC/MS-MS on a ThermoQuest Trace
GC/PolarisQ ion trap spectrometer (Austin, TX, USA).

Polychlorinated dibenzo-p-dioxins and dibenzofurans

Preliminary studies were conducted by USEPA to investi-
gate toxic air emissions from open burning of e-waste con-
sisting of circuit boards and wires using an open burning 
test facility (OBTF) burn hut (Lee CW, USEPA, North 
Carolina, Personal Communication, 2004).

Heavy metals

The samples were finely ground and 0.250g of each sample
was used for the determination of heavy metal (Cd, Cr, Cu,
Ni, Pb, and Zn) concentrations by microwave digestion
(Method 3051),17 concentrated nitric acid (69%), and mea-
surement by inductively coupled plasma-optical emission
spectroscopy (ICP-OES: Perkin Elmer Optima 3000DV,
Boston, MA, USA). Glassware and plasticware were soaked
overnight in a 10% nitric acid solution and rinsed thor-
oughly with Milli-Q processed water before use. For quality
control, reagent blanks, replicates, and standard reference
materials (NIST SRM 2711 Montana soil) were used. There
were no indications of contamination. The recovery rates of
the heavy metals of the standard reference materials were
within the certificate values.

Results and discussion

Polycyclic aromatic hydrocarbons

The total concentration and individual concentrations of
the 16 USEPA priority PAHs in the sediment and soil
samples are shown in Tables 2 and 3, respectively.

Sediment. Total PAH concentrations in the sediment ranged
from 98.2 to 514µg/kg.The highest concentration was at duck
pond A.Both duck ponds A and B are located approximately
20m from a road; therefore, the elevated PAHs of these sed-
iment samples may be partly attributed to PAH emissions
from vehicular traffic in addition to the open burning of e-
waste in the surrounding fields. Interestingly, the concentra-
tion of the sediment at the reservoir was higher than at the
residential site (river-1). A possible explanation for the
higher concentration at the reservoir may be the burning of
incense and paper offerings, which is a Chinese custom for
paying respect to ancestors. Many graves were seen on the
hills surrounding the reservoir and below the water level; the
area became a reservoir only a few years ago. It appears that

24



the background levels of PAHs from the reservoir were fairly
high compared to other areas in China. For example, the
Shenzhen Reservoir, which receives and stores raw water
from Shek Ma stream, a tributary of the East River
(Dongjiang), contained an average PAH concentration of

approximately 11µg/kg,whereas the three storage reservoirs
in Hong Kong (Plover Cove Reservoir, Shing Mun Reser-
voir, and Shek Pik Reservoir) did not contain any detectable
PAHs.18 Since a water supply plant is currently being con-
structed at the reservoir to supply water to certain districts of
Guiyu, it is recommended that the water quality be routinely
monitored for PAHs. The total PAH concentration of sedi-
ment collected from river-2, located in Guiyu, was approxi-
mately four times that of the sediment collected from within
the residential area (river-1) and approximately twice the
concentration of the sediment collected from the Lianjiang
River in the town of Heping, approximately 16km down-
stream. For comparison, the level was within the range
reported for the Pearl River Estuary (208–887µg/kg dry
wt.).19 Three- and four-ring compounds dominated the con-
centration profile at all the sites, as shown in Figure 2.
Phenanthrene, fluoranthene, and pyrene were the most
prevalent among the three- and four-ring compounds.

The concentrations of the seven USEPA carcinogenic
PAHs in the sediments ranged from 13.2 (reservoir) to 122
µg/kg (duck pond A) and accounted for 6% (reservoir) to
32% (river-2) of the total PAH concentrations. With 
the exception of the reservoir, the percentage of carcino-
genic PAHs were similar (23.7%–31.5%). Benzo(a)pyrene
accounted for 16%, 14%, 12%, and 5% of the total car-
cinogenic compounds for river-2, duck pond B, duck pond
A, and river-1, respectively. It was not detected in river-3 or
the reservoir.

Soil. The soil PAH concentrations were highest at the
printer roller dump site and were dominated by two- and
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Table 2. Concentration of PAHs in sediment collected from Guiyu and Heping (µg/kg dry wt)

USEPA PAHs Duck Duck River-1 River-2 River-3 Reservoir
pond A pond B

Two-ring
Naphthalene 27.3 18.5 18.1 25.8 13.7 23.2

Three-ring
Acenaphthylene ND ND ND ND ND ND
Acenaphthene 75.4 ND 1.9 6.4 9.2 46.9
Fluorene 35.8 13.3 2.2 16.6 ND 12.6
Phenanthrene 110 67.9 25.5 67.3 35.5 55.3
Anthracene 22.0 ND 1.7 5.9 4.6 10.9

Four-ring
Fluoranthene 65.4 57.2 12.1 48.4 41.0 45.1
Pyrene 41.0 35.0 8.6 43.0 32.1 32.4
Benzo(a)anthracene 15.2 18.7 3.8 23.6 13.3 5.6
Chrysene 34.4 43.5 11.3 46.1 30.6 7.6

Five-ring
Benzo(b + k)fluoranthene 42.2 ND 11.3 ND ND ND
Benzo(a)pyrene 14.4 12.8 1.5 17.5 ND ND
Dibenz(a,h)anthracene ND ND ND ND ND ND

Six-ring
Indeno(1,2,3-c,d)pyrene 15.7 18.7 ND 24.1 ND ND
Benzo(g,h,i)perylene 15.6 22.1 ND 26.7 ND ND

Σ 16 PAHs 514 308 98.2 352 180 240 
Σ7 Carcinogenic PAHsa 122 93.8 28.0 111 43.8 13.2
% Carcinogenic PAHs 23.7 30.5 28.5 31.7 24.4 5.5

PAH, polycyclic aromatic hydrocarbons
ND, not detected under method detection limit
a USEPA, United States Environmental Protection Agency B2 classification: chrysene,
benzo(a)anthracene, benzo(k)fluoranthene, benzo(b)fluoranthene, benzo(a)pyrene, indeno(1,2,3-
c,d)pyrene, dibenz(a,h)anthracene

Table 3. Concentrations of PAHs in soil collected from Guiyu (µg/kg
dry wt)

USEPA PAHs Burnt plastic Printer roller Reservoir
dump site dump site

Two-ring
Naphthalene 45.4 294 27.3

Three-ring
Acenaphthylene ND 14.2 0.7
Acenaphthene 6.6 64.6 7.5
Fluorene 9.7 36.5 4.0
Phenanthrene 58.8 131 23.1
Anthracene 8.0 9.7 2.1

Four-ring
Fluoranthene 39.1 16.4 9.6
Pyrene 41.0 27.3 8.5
Benzo(a)anthracene 23.7 ND 1.6
Chrysene 48.3 ND 4.3

Five-ring
Benzo(b + k) 56.5 ND 4.9

fluoranthene
Benzo(a)pyrene 22.7 ND ND
Dibenz(a,h)anthracene 4.5 ND ND

Six-ring
Indeno(1,2,3-c,d)pyrene 29.1 ND ND
Benzo(g,h,i)perylene 34.5 ND ND

Σ 16 PAHs 428 593 93.7
Σ7 Carcinogenic PAHsa 185 ND 10.8
% Carcinogenic PAHs 43.2 ND 11.6



three-ring compounds, as shown in Fig. 3. Naphthalene
accounted for 50% of the total PAHs and the three-ring com-
pounds accounted for 43%. Of the three-ring compounds,
phenanthrene had the highest concentration. Five- and six-
ring compounds were not detected in the printer roller dump
site soil.The concentration profile for the soil collected from
the burnt plastic dump site differed from the printer roller
dump site. Four-ring compounds accounted for 36% of the
total PAH concentration, while the concentrations of the
three-, five-, and six-ring compounds were similar.

Soil at the burnt plastic dump site contained almost all
of the USEPA priority PAHs except for acenaphthylene.
PAHs generated from a petrogenic source generally have
lower molecular weights with an absence of higher molec-
ular weight compounds, whereas pyrogenic sources are
abundant in higher molecular weight PAHs.20 The rubber
material of printer rollers are fuel based, and this may have
accounted for the predominance of low molecular weight
(two- to three-ring) PAHs found in the soil. The total PAH
concentration at the reservoir was low compared to the
other sites. Of the sediment and soil samples, soil from the
burnt plastic dump site was the most toxic because the con-
centration of carcinogenic compounds contributed to 43%
of the total concentration. Approximately 5.3% of the total
PAH concentration was attributed to benzo(a)pyrene.

As China does not have any soil standards for PAHs,
standards developed in other countries were used to deter-
mine the extent of PAH contamination. According to the

new Dutch list,21 soil should not exceed the optimum value
of 1000µg/kg when the concentrations of ten VROM 
PAHs [naphthalene, anthracene, phenanthrene, fluoran-
thene, benzo(a)anthracene, chrysene, benzo(a)pyrene,
benzo(g,h,i)perylene, benzo(k)fluoranthene, indeno(1,2,3-
c,d)pyrene] are summed together. The PAH concentration
of the samples collected for this initial survey did not exceed
this value. The concentration of carcinogenic PAHs also did
not exceed the limit of 300µg/kg for sensitive land use.22 The
target set by the Dutch government for unpolluted soil is
20–50µg/kg.23 Therefore, as all of the soils sampled were
above 50µg/kg, the soils were considered to be polluted by
PAHs. As there are many open e-waste burning sites in
Guiyu, it is postulated that PAHs would be transported
atmospherically by wind and subsequently deposited on
land.

Polychlorinated biphenyls

Table 4 lists some of the most toxic and environmentally
prevalent PCB congeners found in the sediment and soil
samples. The samples were analysed for a total of 66 PCB
congeners, which included three dioxin-like PCBs (PCB-
105, -118, and -157) and all seven indicator PCBs (PCB-28,
-52, -101, -118, -138, -153, -180). The indicator PCBs are
known to be persistent in the environment and also to
bioaccumulate in the food chain.24
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Table 4. Concentrations of PCBs in sediment and soil collected from Guiyu (µg/kg dry wt)

PCB congener Sediment Soil
IUPAC number

Duck Duck River-1 River-2 Burnt plastic Printer roller
pond A pond B dump site dump site

PCB-1 ND ND ND ND ND ND
PCB-2 ND ND ND ND ND ND
PCB-3 ND ND ND 2.39 ND ND
Total mono-PCBs ND ND ND 2.39 ND ND
PCB-4 ND ND ND 33.6 ND ND
PCB-6 ND ND ND 10.1 ND ND
PCB-8 ND ND ND 66.6 ND ND
PCB-9 ND ND ND 4.52 ND ND
PCB-15 ND ND ND 23.5 ND ND
Total di-PCBs ND ND ND 122 ND ND
PCB-16 0.22 ND ND 47.7 ND 7.00
PCB-18 ND ND ND 40.3 ND 8.27
PCB-19 ND ND ND 10.1 ND 0.84
PCB-20 ND ND ND 39.2 ND 14.4
PCB-22 ND ND ND 18.8 ND 3.25
PCB-25 ND ND ND 5.28 ND ND
PCB-27 ND ND ND 7.09 ND ND
PCB-28 ND ND ND 115 ND 22.5
PCB-29 ND ND ND 0.98 ND ND
PCB-34 ND ND ND 0.53 ND ND
Total tri-PCB 0.41 ND ND 294 ND 55.1
PCB-40 ND 0.24 0.33 31.3 0.48 5.33
PCB-42 ND ND ND 14.7 ND 2.06
PCB-44 0.28 0.24 0.33 31.3 0.48 5.33
PCB-47 ND 0.23 0.21 27.1 ND 3.79
PCB-52 0.29 0.27 0.42 33.5 0.87 5.79
PCB-56 0.10 0.17 0.46 2.25 0.34 ND
PCB-66 0.31 0.22 0.79 8.57 0.50 2.01
PCB-67 ND ND ND 0.94 ND ND
PCB-69 ND ND ND ND ND ND
PCB-71 ND ND ND 13.0 ND ND
PCB-74 ND 0.11 0.27 6.46 0.35 1.41
Total tetra-PCBs 1.91 2.69 5.11 258 5.99 38.0
PCB-82 ND 0.06 ND 0.70 0.29 ND
PCB-87 0.15 0.11 0.42 2.40 0.60 0.46
PCB-92 ND ND ND 1.34 0.31 ND
PCB-93 ND ND ND 8.16 0.90 1.08
PCB-99 0.18 0.11 0.30 3.22 0.63 0.39
PCB-101 0.28 ND 0.90 6.74 1.31 0.84
PCB-105 ND ND ND 2.41 0.51 0.76
PCB-110 ND 0.06 ND 0.70 0.29 0.30
PCB-118 0.33 0.20 1.06 6.29 1.01 0.92
PCB-119 ND ND ND 0.17 ND ND
Total penta-PCBs 1.66 1.14 4.92 43.9 8.14 5.87
PCB-128 ND ND 0.37 1.43 0.41 0.23
PCB-134 ND ND ND 0.32 ND ND
PCB-136 ND ND 0.13 0.59 0.20 ND
PCB-138 0.48 0.21 1.09 5.68 1.50 0.82
PCB-144 ND ND 0.14 0.81 ND ND
PCB-146 ND ND ND 0.72 0.41 ND
PCB-147 ND ND ND 0.19 ND ND
PCB-151 ND ND 0.14 0.72 ND ND
PCB-153 0.32 0.15 0.87 4.56 0.91 0.40
PCB-157 ND ND ND 0.44 ND ND
PCB-158 ND ND ND 0.65 0.21 ND
Total hexa-PCBs 1.34 0.67 4.04 15.9 6.32 2.96
PCB-173 ND ND ND ND ND ND
PCB-174 ND ND ND 0.46 0.12 ND
PCB-177 ND ND ND 0.27 ND ND
PCB-179 ND ND ND 0.17 ND ND
PCB-180 ND 0.14 0.24 1.15 0.43 0.21
PCB-187 ND ND ND 0.42 0.25 ND
PCB-190 ND ND ND 0.73 0.51 ND
PCB-191 ND ND ND ND ND ND
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Sediment. The total PCB concentration of duck pond A was
comparable to that of duck pond B, and both were below
the Canadian interim sediment quality guideline of 34.1
µg/kg,25 whereas there was a large variation between the
sediment collected from the two different locations of the
Lianjiang River. River-2, in the vicinity of e-waste dumping
and open burning, was highly contaminated by PCBs, with
levels 53 times those at river-1, located near a residential
area. Sediment from river-2 consisted of congeners ranging
from mono-PCBs to hepta-PCBs and contained relatively
high concentrations of di- to penta-chlorinated substituted
homologues. It appears that the PCBs may have originated
from Aroclor 1242 because of the larger presence of lower
chlorinated biphenyl congeners; however, further investiga-
tion should be undertaken. In the past, Aroclor 1242 was
widely used as the dielectric medium in transformers and
capacitors.The concentrations of the dioxin-like PCBs were
2.41 (PCB-105), 6.29 (PCB-118), and 0.44µg/kg (PCB-157).
PCBs were not detected in the sediments from the reser-
voir and river-3, located approximately 16km downstream
of Guiyu in the town of Heping. In China, there is no envi-
ronmental standard for the concentration of PCBs in sedi-
ment; however, based on the guidelines of Long et al.26 for
PCBs in the environment, the concentration at river-2
exceeded the effects range low (ERL) standard and the
effects range median (ERM) standard of 22.7 and 180µg/kg,
respectively, by 33 and 4 times. It also exceeded the 
Canadian probable effect level guideline25 of 277µg/kg by
2.7 times and Connell et al.’s27 suggested target sediment
concentration (6.4µg/kg, wet wt. or 10.7µg/kg, dry wt.,
assuming that wet sediment contains 40% pore water) 
calculated based on the lowest maximum water concentra-
tion guideline value for natural ecosystems. In comparison
to average PCB levels in sediments at various sites in China
as collated by Xing et al.,28 the PCB concentration in 

river-2 was comparable to the average concentrations found
at Site 1 (a PCB-polluted area on the southeast coast of
China),29 Baoding (pollution by a paper mill),30 site 2 (a
river near a PCB equipment storage location),30 and Ya-Er
Lake in Wuhan, Hubei Province (polluted by a chemical
factory).31 In a 1996 and a 1997 survey, the PCB levels in 
the Pearl Estuary were reported to range from 0.31 to 
1.68µg/kg.19 From 1999–2004, the highest PCB concentra-
tion in Hong Kong’s typhoon shelters was reported to be 
293µg/kg wet wt. in the Kwun Tong typhoon shelter and was
related to the use of PCB transformers and capacitors which
now have been largely phased out, and also derived from
discharges from printed circuit board, electroplating and
electronic industries in the Kwun Tong industrial area
between the 1960s and 1980s. Comparatively, marine sedi-
ment in Hong Kong ranged from 18–45µg/kg (EPD, 2004;
2005).

Soil. The soil at the waste printer roller dumpsite also
exhibited a notable presence of PCBs (102µg/kg); however,
it was below the highest concentration (788µg/kg) detected
by Chu et al.29 in soil in the vicinity of a site of illegal trading
and dismantling of PCB-containing equipment on the
southeast coast of China. Nevertheless, the concentration
was almost twice the allowable level of 60µg/kg for PCBs
in ambient soil stipulated by the former USSR Ministry of
Health in 1991.34 No PCBs were detectable in the reservoir
soil. The PCB concentration of the soils did not exceed the
less stringent Dutch action value of 1000µg/kg for PCBs,21

the Australian and New Zealand ecological investigation
level of 1000µg/kg,35 or the Canadian soil guideline for res-
idential areas (1300µg/kg).25

The indicator PCBs accounted for 21%–33% of the total
PCB concentration for sediments and soils. For the duck
ponds, river-1, and the burnt plastic dump site, the dominant
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Table 4. (Continued)

PCB congener Sediment Soil
IUPAC number

Duck Duck River-1 River-2 Burnt plastic Printer roller
pond A pond B dump site dump site

Total hepta-PCBs ND 0.14 0.32 5.20 2.04 0.21
PCB-194 ND ND ND ND ND ND
PCB-195 ND ND ND ND ND ND
PCB-199 ND ND ND ND ND ND
PCB-203 ND ND ND ND 0.18 ND
Total octa-PCBs ND ND ND ND 0.18 ND
PCB-206 ND ND ND ND ND ND
PCB-207 ND ND ND ND ND ND
PCB-208 ND ND ND ND ND ND
Total nona-PCBs ND ND ND ND ND ND
PCB-209 ND ND ND ND ND ND
Total deca-PCBs ND ND ND ND ND ND
Total PCBs 5.3 4.7 14.1 743 22.7 102
Total indicator 1.7 1.0 4.6 173 6.0 31

PCBsa

PCB WHO-TEQb 3.27E-05 2.04E-05 1.06E-04 1.09E-03 1.52E-04 1.69E-04

PCB, polychlorinated biphenyls; IUPAC, International Union of Pure and Applied Chemistry;
WHO-TEQ, World Health Organization/toxic equivalent
a Total indicator PCBs = sum of concentrations of PCB-28, -52, -101, -118, -138, -153, -180
b PCB WHO-TEQ = sum of WHO-TEQ concentrations of PCB-105, -118, -157



indicator PCBs were PCB-101, -118, and -138, whereas for
river-2 and the printer roller dumpsite, PCB-28 and -52 
were dominant. Based on the World Health Organization
(WHO) toxic equivalent factors of the three dioxin-like
congeners measured, the trend of the concentrations [PCB
(WHO-TEQ)/kg dry wt.] was as follows: river-2 (1.1) >
printer roller dump site (1.7) > burnt plastic dump site (1.5)
> river-1 (1.1) > duck pond A (3.3) > duck pond B.The trend
was also the same for the total PCB concentration.

Polybrominated diphenyl ethers

A gas chromatography/ion trap mass spectrometry method
was used to determine the levels of polybrominated
diphenyl ethers (PBDEs) in soil collected from the burnt
plastic dump site and from the printer roller dump site and
sediment collected from river-2. A total of 43 mono- to
hepta-brominated substituted congeners were detected.The
results are shown in Table 5. The analyses indicated that
individual PBDE mono- to hepta-brominated congeners in
soil and sediment had concentrations ranging from 0.26 to
824µg/kg dry wt. The major PBDE congeners detected in
both soil and sediment were BDE-71, -47, -66, -99, -100,
-154, -153, -139, -138, and -183; BDE-47, -99, -100, -153, -154,
and -183 were the dominant congeners. The concentrations
of the highly lipophilic BDE-47, -99, -100, and -153 con-
geners in the soil samples ranged from 2.70 to 615µg/kg and
were generally higher than the levels in the sediment col-
lected from the Lianjiang River. The total mono- to hepta-
brominated substituted PBDE concentrations of the soils
were 1140 and 1169µg/kg dry wt., and were higher than the
sediment taken from the Lianjiang River (32.3µg/kg).
The congener patterns between the two soil samples were
different. Soil from the burnt plastic site had a BDE-183
concentration that was almost 70 times that of soil from 
the printer roller dump site. The concentration ratio of the
predominant hexa-BDE and hepta-BDE homologues 
was similar to that reported in an octa-PBDE-based flame
retardant. The printer roller dump site contained predomi-
nantly tetra-, penta-, and hexa-BDEs, similar to a commer-
cial penta-BDE formulation. BDE-209 was also detected in
the soil collected from the printer roller dump site with a
concentration of 1026µg/kg.Worldwide, there is a large data
gap regarding information on PBDE concentrations in soil,
whereas there is increasing literature concerning concen-
trations in sediment,36–38 air,39 biota,40 and human samples.41

The BDE-209 concentration at the printer roller dump site
was three to four times that at an industrial area in Taiwan,41

and the total PBDE concentration was higher than the
PBDE concentration near a foam manufacturing plant 
(76µg/kg)43 and an urban area (9.6µg/kg).44 PBDE concen-
trations in the soil at the dumping sites of Guiyu were
approximately 10–60 times those reported elsewhere.15,16

Although the data were limited, it appears that the river
sediment was contaminated by e-waste activities such as
dumping, dismantling, and open burning.

Correlation analyses

Analysis by Pearson’s correlation (SPSS for Windows,
Release 11.0.0) resulted in a weak correlation between con-
centrations of PCBs and PAHs (r = 0.171), a strong nega-
tive correlation between PCBs and PBDEs (r = −0.992), and
a moderately strong correlation between PAHs and PBDEs
(r = 0.757). However, further in-depth investigation is
required because of the limited data.

Polychlorinated dibenzo-p-dioxins and dibenzofurans as a
result of open burning

Preliminary studies were conducted to investigate the levels
of dioxins released from the open burning of circuit boards
and wires using an open burning test facility (OBTF) burn
hut. Results for two separate circuit board tests were 31ng
TEQ/kg waste input and 155ng TEQ/kg waste input,
whereas two separate wire tests showed extremely high
PCDD/Fs (12419ng TEQ/kg waste input and 15610ng
TEQ/kg. The wire results were about three orders of mag-
nitude higher than those for the open burning of household
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Table 5. Concentrations of PBDEs in sediment and soil collected from
Guiyu (µg/kg dry wt)

PBDE congeners Sediment Soil

River-2 Burnt plastic Printer roller
dump site dump site

BDE-3 1.01 ND 0.34
Total mono-BDE 1.01 ND 0.34
BDE-7 0.26 0.43 0.4
BDE-15 0.4 0.34 0.52
Total di-BDE 2.73 2.86 2.35
BDE-17 1.09 0.34 5.15
BDE-28 1.05 0.78 5.15
Total tri-BDE 2.51 2.71 11.2
BDE-71 2.27 1.93 16.1
BDE-49 ND ND ND
BDE-47 3.94 5.89 244
BDE-66 0.8 0.96 10.7
BDE-77 ND ND ND
Total tetra-BDE 8.41 14.9 280
BDE-85 ND ND ND
BDE-100 0.89 2.7 89.4
BDE-99 6.87 13.3 615
BDE-119 ND ND ND
BDE-126 ND ND ND
Total penta-BDE 8.52 18.4 725
BDE-154 1.23 32 48.9
BDE-153 3.36 210 44.1
BDE-139 ND 3.56 39.9
BDE-138 ND 9.91 2.35
Total hexa-BDE 5.27 277 139
BDE-183 3.81 824 12.3
Total hepta-BDE 3.81 824 12.3
Total mono–hepta PBDEs 32.3 1140 1169

Total results were the sum of concentrations from both identified and
unidentified PBDE congeners
The concentrations of the unidentified PBDEs were estimated because
corresponding authentic standards were not available
PBDE, polybrominated diphenyl ether



waste. It is suspected that PBDD/F levels may be even
higher than the PCDD/F levels and the total TEQ may also
be twice that of PCDD/Fs. These preliminary results show
that open burning of e-waste could be a major component
of the global dioxin inventory (Lee CW, USEPA, North
Carolina, Personal Communication, 2004).

Previous sampling by Luksemburg et al., showed that
PCDD/PCDF concentrations in sediment samples collected
from Guiyu in 2002 were noticeably higher than
PCDD/PCDF concentrations in sediment collected 20–50
km downstream from Guiyu.45 Three sediment samples
from Guiyu had PCDD/F concentrations of 32600, 2690,
and 21.2pg WHO-TEQ/g dry wt., in which the most highly
contaminated sample was collected from a riverbank where
ash had been dumped and the lower values represented
samples collected from residential areas adjacent to the site.
For the riverbank sample, the concentration of 2,3,7,8-
TCDD was 364pg WHO-TEQ/g dry wt. The sediment
samples collected downstream had PCDD/Fs ranging from
1.69 to 3.49pg WHO-TEQ/g dry wt. Ash samples consisting
of burnt and melted plastic had PCDD/F concentrations
ranging from 155 to 14400pg WHO-TEQ/g dry wt.45 For all
the samples, the octa-congeners were the most prevalent of
the dioxin congeners. With regard to PBDE, levels were
highest for one of the sediment samples taken near the recy-
cling operation; the total tetra-BDE level was 41600ng/g
dry wt.

In addition, elevated levels of PCDD/PCDFs (25.6 and
16.4pg WHO-TEQ/g dry wt.) were revealed in hair samples
collected from two barber shops in Guiyu near areas where
salvaging took place.45 These levels were higher than the 
1pg WHO-TEQ/g reported by Tirler et al.46

Heavy metals

The heavy metal concentrations measured in sediment and
soil are shown in Table 6 together with some soil quality
standards. Cu, Pb, and Zn were the most abundant metals
among the environmental samples. Cu concentrations at the
printer roller dump site (712mg/kg), river-2 (528mg/kg),
and the burnt plastic dump site (496mg/kg) exceeded the
new Dutch list action value of 190mg/kg. E-waste, such as
printed circuit boards dumped along the bank of Lianjiang
River, may be responsible for the high Cu concentration at
river-2.There were no other values that exceeded the Dutch
action level with regard to the other heavy metals, however,
the Cd, Cu, Ni, Pb, and Zn concentrations for river-2, the
burnt plastic dump site, and the printer roller dump site
exceeded the respective Dutch optimum values.The Cu, Pb,
and Ni concentrations of the Lianjiang River were higher
than those measured in river and coastal sediments in
Guangzhou, Deep Bay, Shenzhen, and Hong Kong as
described by Cheung et al.49 Between 61.2 and 100.6mg/kg
and between 8.7 and 140.0mg/kg Cu were reported in the
Shenzhen river and in Hong Kong, respectively.

For the reservoir soil, the heavy metal concentrations
were below or close to the limits for the natural background
as defined by the Chinese Environmental Quality Stan-
dards. The concentrations of heavy metals at duck pond A
and duck pond B were very similar, however, Cr at duck
pond B was twice that of duck pond A. The Pb contents of
the duck ponds were slightly higher than the Pb content of
the reservoir sediment.

Of the study sites, the most seriously polluted were river-
2 and the burnt plastic and printer roller dump sites. In com-
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Table 6. Acid-leachable heavy metal concentrations of sediment and soil samples collected from
Guiyu and Heping (mg/kg dry wt)

Sampling site Heavy metals

Cd Cr Cu Ni Pb Zn

Sediment
Duck pond-A ND 21.2 32.2 20.6 57.7 79.6
Duck pond-B 0.3 43.5 30.9 20.8 53.1 84.5
River-1 0.1 17.6 113 10.1 316 86.8
River-2 0.9 29.2 528 120 94.3 249 
River-3 0.5 27.3 20.1 12.6 118 175 
Reservoir 0.1 3.4 6.3 11.3 39.4 45.2

Soil
Burnt plastic dump site 1.7 28.6 496 155 104 258 
Printer roller dump site 3.1 74.9 712 87.4 190 –
Reservoir ND 3.4 9.2 8.4 55.4 78.0

Soil quality standards
Dutcha

Optimum value 0.8 100 36 35 85 140
Action value 12 380 190 210 530 720

Chinab

Grade I (natural background) 0.2 90 35 40 35 100
Grade II (agricultural and related use) 0.3 200 100 50 300 250
Grade III (industrial activity) 1 300 400 200 500 500

Hong Kongc 1.5 80 65 40 75 200
a From VROM20

b From SEPA46

c From Lau Wong et al.47



parison to the heavy metal results reported by BAN,3 the
concentrations measured for this study were lower because
of the differences in sampling sites and the nature of the
land use. Most of the open burning and dumping of e-waste
took place along the riverbank and was responsible for the
high heavy metal content. In general, from the preliminary
survey, heavy metal concentrations were highly variable
among the sediments and soils.

The earliest preliminary investigation showed that a
water sample taken adjacent to a location where circuit
boards had been processed and burned in the past had Pb
levels that were 2400 times the level stipulated in the WHO
Drinking Water Guidelines.50 The report that raised inter-
national awareness of the e-waste issues in Guiyu was the
investigation led by The Basel Action Network (BAN) and
the Silicon Valley Toxics Coalition (SVTC) in February
2002.3 The investigative team collected and analyzed spot
environmental samples including water, sediment, and soil
in an area along the Lianjiang River where charred circuit
boards had been treated with acid and then burned fol-
lowed by dumping along the riverbank. The samples were
analyzed for 18 different heavy metals and were found to
be highly contaminated, especially by Cu, Zn, Cr, and Pb.
One sediment sample had a Pb concentration that was 
212 times what would be considered hazardous by the
Netherlands Uniform Quality Criteria.3 As a result of inter-
national awareness of the e-waste activities and environ-
mental and human health impacts, the Chinese government
attempted to stop the import of e-waste into Guiyu and the
open dumping of e-waste. Although open dumping of 
e-waste has been discontinued in some areas, new areas are
emerging and it is still prevalent in Guiyu.

E-waste and its environmental and health consequences

The toxic effects of heavy metals on wildlife and humans
are well known and consist of neurological problems,
mental retardation, kidney damage, or even death. World-
wide attention has been drawn toward the adverse effects
of persistent toxic substances (PTSs) on the health of
humans, animals, and on the environment. PTSs include
twelve persistent organic pollutants (POPs) that have
gained international focus as a result of the Stockholm Con-
vention held on May 22–23, 2001. The Convention, which
came into force on May 17, 2004, is an international legally
binding treaty restricting or banning the use, production,
import, and export of twelve of the world’s “most danger-
ous chemicals.” These chemicals include pesticides such as
DDT, industrial chemicals (PCBs), and unintended byprod-
ucts (PCDD/Fs).51 These chemicals were recently assessed
in the global UNEP/GEF project Regionally Based Assess-
ment of Persistent Toxic Substances.52 Furthermore, the
Convention has provisions for the consideration of addi-
tional POPs.

PTSs are characterized by four properties, namely, their
high toxicity, persistence, bioaccumulation in lipids, and
their ability to transport over long distances across inter-
national boundaries through atmospheric, aquatic, or bio-

logical media. Many of the PTSs are endocrine disrupters,
posing adverse health effects such as reproductive disor-
ders, developmental deformities, and cancer in both humans
and wildlife. Because of these properties, PTSs are a major
concern at the local, national, regional, and global level.

Oral intake of POPs via food accounts for more than
90% of exposure.53 The situation is somewhat different here
at our study site, because toxic chemicals including POPs
and heavy metals can coat particulate matter (PM) in the
ambient air upon emission. PM with mean aerodynamic
diameter below 2.5µm can be breathed deep into the lungs
where the toxins can be absorbed into the blood. Therefore,
it is possible that inhalation may be an important route for
human exposure in addition to ingestion of contaminated
food and skin exposure at our study site.

Residents of Guiyu have reported their children suffer-
ing from medical problems such as breathing ailments, skin
infections, and stomach diseases.There has also been a surge
in cases of leukemia. Local surface water contaminated with
ash has been reported to be used for cooking and bathing,
and fish from fish ponds may still be used as a food source.
Drinking water has also been contaminated and is now
being trucked in from a town located 30km away.3 There is
no doubt that e-waste has evolved into a complex social and
global problem with deep-rooted causes.

E-waste is regulated by the Basel Convention on the
Control of Transboundary Movements of Hazardous
Wastes and Their Disposal, adopted in 1989. Currently,
there are several significant factors that have weakened the
management of e-waste, one being that the United States, a
substantial producer of e-waste, is a signatory to the Basel
Convention but has not ratified it.54 Much of the e-waste
from the United States is still being exported to China and
other developing countries. Another factor is that some
recycling industries in Asian countries have been illegally
importing e-waste for “recycling.” Recycling industries in
countries such as China, which is a party to the Basel 
Convention, continue to illegally import e-waste because
income can be earned from the refurbishment of used PCs
and the disassembling of obsolete PCs, monitors, and circuit
boards to recover aluminum, gold, copper, platinum, and
other metals. Therefore, in addition to the illegal cross-
boundary movement of e-waste, the recycling of e-waste can
release emissions of PTSs and toxic heavy metals into the
environment, causing environmental and human exposure
to PTSs and heavy metals if recycling is not conducted in a
safe and appropriate manner.

Conclusion

From the results of the spot samples gathered for the above
studies, there is a better awareness of the hazardous impli-
cations of e-waste recycling on the environment and human
health; however, data are very limited and much more still
needs to be learned about the extent and long-term effects
of these particular e-waste activities on environmental and
human health. Based on the data obtained so far, it is 
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suspected that the analyses of environmental and human
samples collected from the area will show significant cont-
amination by various PTSs resulting directly from crude and
inappropriate e-waste recycling practices. Breast milk sam-
pling and noninvasive hair sampling will serve as good
bioindicators of the pollution affecting the local residents.
The adverse effects from e-waste recycling not only impact
the environment and the people working or living in Guiyu,
but may also impact the environment and the people
located downstream or downwind of Guiyu. It is also
expected that the contamination of biota through bioaccu-
mulation and biomagnification as a result of past input and
future input of pollution is still a significant concern. The
use of modeling tools will provide valuable information to
predict transboundary transport of PTSs in the area and
further afield. It is envisioned that the information learned
from the situation at Guiyu will be an important reference
for similar e-waste “recycling” centers. It is also hoped that
the information obtained will underline the severity of
current e-waste issues such that efficient and effective poli-
cies can be put in place to protect the health of the envi-
ronment and its people.
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