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Abstract

Background, aim and scope This study is the first to
investigate PBDE body burden with regard to the concur-
rent analyses of multiple human matrices, namely milk,
placenta, and hair, collected from a group of childbearing-
aged women at an electronic waste (e-waste) recycling site
to determine the partitioning of PBDEs in these different
human matrices and the possible health risks imposed to
infants at the e-waste recycling site.

Methods and methods Five sets of milk, placenta, and hair
samples were collected from an e-waste site (Taizhou,
Zhejiang Province) and a reference site (Lin’an city, Zhejiang
Province; 245 km away from Taizhou) in China. The
concentrations of total PBDEs in different human tissues
were analyzed according to US EPA standard methods.
Results PBDE body burdens of women from the e-waste site
(milk 117+£191, 8.89-457 ng/g fat, placenta 19.5+29.9, 1.28—
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72.1 ng/g fat, hair 110+210, 8.47-486 ng/g dry wt.) showed
significantly higher levels than those from the reference site
(milk 2.06+0.94, 1.0-3.56 ng/g fat, placenta 1.02+0.36,
0.59-1.42 ng/g fat, hair 3.574£2.03, 1.56-5.61 ng/g dry wt.)
and were higher than those reported in other studies, due to
e-waste recycling operations, especially open burning. On a
dry-weight basis, the following trend was found for PBDE
among the samples from Taizhou: hairsmilk>placenta.
Among the donors, the body burden of an e-waste worker
ranked second. Higher brominated BDEs (hepta-BDEs)
contributed a significantly greater proportion to total PBDEs
in hair of the Taizhou women (20%) than that in milk (2.9%)
and in placenta (2.6%). The estimated intake of PBDEs of
6-month-old breastfed infants living at the e-waste site was
572+839 ng/kg body wt/day, which was 57 times higher than
that of infants from the reference site (10.1+£4.60 ng/kg
body wt/day). Moreover, the maximum calculated value
(2,240 ng/kg body wt/day) exceeded the chronic oral
reference dose for penta-BDE (2,000 ng/kg/day) of US EPA.
Discussion BDE-47 was the dominant congener accounting
for 20-30% in all the individual samples, while higher-
brominated congeners, for example, BDE-183 and BDE-190,
contributed between 2% and 20%. The presence of hepta-
BDE congeners (BDE-181, BDE-190) in hair of the women
in Taizhou suggest that thermal degradation of Deca-BDE
from the open burning of e-waste may have been their source
because these congeners are not found in either Penta-BDE or
Octa-BDE technical products. Of the three types of samples
analyzed, it was also suspected that hair may be more
favorable to higher-brominated compounds which might
explain why the hair samples contained the highest total
PBDE concentrations and the highest proportion of higher-
brominated BDEs (hepta-BDEs).

Conclusion This study provides evidence that primitive
e-waste recycling in China leads to high PBDE body burdens
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in local residents and can potentially threaten the health of
infants.

Recommendations and perspectives Control measures
should be imposed to minimize the level of pollutants
resulting from e-waste processing operations to the environ-
ment and to humans. In-depth investigations on epidemio-
logical studies of health impacts caused by e-waste recycling
operations should be conducted. It is recommended that
further measurements of PBDE levels in local food (e.g., fish,
shellfish, dairy products, meat, fruits, and vegetables), dust,
air, water, and human specimens be collected from a larger
sample size at the e-waste processing site for the determina-
tion of human exposure pathways to PBDEs.

Keywords Human milk - Placenta - Hair- PBDEs -
Dietary intake - Infants

1 Introduction

PBDEs are brominated flame retardants (BFR) which have
the ability to chemically reduce and retard the development
of fire. The three major commercial mixtures of PBDEs are
Penta-, Octa-, and Deca-BDE which had been widely
applied to furniture, textiles, electronic appliances (partic-
ularly computers and television sets), and building materi-
als (Darnerud et al. 2001). Penta-BDE and Octa-BDE were
banned in the EU in 2004, and in May 2009, they were
added to the Stockholm Convention on Persistent Organic
Pollutants for elimination (UNEP 2005, 2009a). DecaBDE
is still being used worldwide; however principal manufac-
turers in the USA have recently announced an end to
production, importation, and sales by 31 December 2012
(USEPA 2009D).

The global market demand in 2002 for PBDEs was
estimated at 67,490 metric tons, of which 37% was used in
Asia (Bromine Science and Environmental Forum 2003).
Rapid development of the electronic industry has caused an
increasing demand for BFRs at 8%/year in China (Xian et al.
2008) with an annual domestic production of BFRs at
approximately 10,000 metric tons/year (Zou et al. 2007).
BFR production factories in China are mainly located in
Shandong and Jiangsu Provinces (Xian et al. 2008). There
are also imports of BFR from three of the largest BFR
manufacturers in the world (i.e., Great Lakes Chemical,
Indianapolis, IN; Albemarle Chemical, Richmond, VA; and
Dead Sea Chemical, Beer-Sheva, Israel) (Mai et al. 2005).
Moreover, in the southern part of China (Pearl River Delta
region), there are enormous numbers of electronic, furniture,
and appliance manufacturing plants which consume signifi-
cant amounts of PBDEs (Tanabe 2008). The input of PBDEs
from riverine runoff from the Delta to the coastal ocean has
been estimated to be 2,140 kg/year (Guan et al. 2007).

Approximately 20 to 50 million tonnes of e-waste are
generated globally (UNEP 2005) with 70% sent to China
for “recycling” (Xinhua Online 2007). The amount of
PBDEs imported to China in the form of e-waste was
estimated at 35,000 metric tons/year. Therefore, inflows of
e-waste have been an important source of PBDEs contam-
ination to the environment of China (Guan et al. 2007).

E-waste recycling in China is conducted using primitive
methods whereby workers burn piles of wires in open air for
the recovery of metals, melt circuit boards over coal grills to
extract valuable chips, and burn leftover useless plastics (Yu et
al. 2006). Heating of these waste are expected to mobilize
BFRs in electronic components into the environment (Deng
et al. 2007). Soil and sediment could be seriously contam-
inated by e-waste processing. Our previous studies in Guiyu
(a notable e-waste recycling site) revealed that soil at an open
burning site (2,906-44,473 ng/g dry wt.) (Wong et al. 2007)
and river sediment in Guiyu (4,434 to 16,088 ng/g dry wt.)
(Luo et al. 2007) were heavily contaminated by PBDEs.
Combusted residues and ash from the open buming of
e-waste contained high levels of PBDEs (33,000-97,400 ng/g
dry wt.) (Leung et al. 2007).

Recently, PBDEs have been widely detected in the
environment of China: sediment (Mai et al. 2005), soil (Zou
et al. 2007), air (Chen et al. 2008), water (Guan et al. 2007),
birds (Chen et al. 2007), and fish (Xian et al. 2008). The
extensive use of PBDEs in China over the last 20-30 years
can be reflected by vertical profiles of PBDEs in sediment
cores from the Pearl River Estuary (Mai et al. 2005). Levels
of PBDEs in finless porpoises from the South China Sea
were six times higher in 2001 than in 1990 (Ramu et al.
2006). Furthermore, PBDEs can be bioaccumulated in biota
and thus may pose a potential threat to human health
through dietary intake. House dust may also be another
major source of exposure pathway for PBDEs (Jones-Otazo
et al. 2005).

Although there have been few studies conducted on human
PBDE body burdens in China (in particular at e-waste sites),
PBDESs have been detected in several human matrices. These
include maternal and fetal blood, and milk from the general
population in South China (Bi et al. 2006), blood serum from
e-waste workers in South China (Qu et al. 2007), and hair of
residents living at an e-waste site in Southeast Zhejiang
Province (Zhao et al. 2008); PBDE levels were found to be
significantly higher than those from reference sites. Hair
serves as a noninvasive matrix for the biomonitoring of
pollutants (Smolders et al. 2009), and breast milk provides
information on exposure levels of both the mother and her
child (Esteban & Castafio 2009). To date, there are very
limited studies of PBDE body burden with regard to the
concurrent analyses of multiple human matrices.

The major objectives of this study were to (1) investigate
the body burdens of PBDEs of local residents at an e-waste
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recycling site, compared with a reference site in eastern
China, by analyzing three matrices (milk, placenta, hair);
(2) elucidate the partitioning of PBDEs in these different
human matrices; and to (3) determine the possible health
risks imposed on infants at the e-waste recycling site.

2 Materials and methods
2.1 Description of sampling sites

Taizhou region (TZ) (28° N latitude and 122° E longitude)
is located in Zhejiang Province, Eastern China. E-waste
recycling activities are mainly carried out in Luqiao City
situated in the southern part of Taizhou, with a total area of
274 km? and a population of 400,000. Since the late 1970s,
e-waste recycling activities in Taizhou involved the
handling of e-waste generated in China (Taizhou Economic
Committee, China 2007), especially imports of PCB-
containing capacitors from other provinces. In the 1980s,
dismantling capacitors became an important industry in
Taizhou, where more than 1,300 U capacitors were stored
(The World Bank 2005). The city began processing
imported e-waste in the early 1990s, mainly from Japan,
the USA, and western European countries (Ma et al. 2008),
and mainly receives scrap metals, obsolete electric capaci-
tors, household appliances, electric generators, and cable
wires. It is the largest center for the dismantling of obsolete
transformers and capacitors in China (Zhao et al. 2008),
with 40,000 people working in the e-waste recycling sector.
Most of the recycling operations involve open-air burning,
acid leaching, and physical dismantling by hammer, chisel,
screw driver, and bare hands. The reference site, Lin’an city
(HZ) (30° N latitude and 118° E longitude) (Fig. 1), is
situated inland in the northern part of Hangzhou prefecture,
Zhejiang Province, about 245 km away from Taizhou.

2.2 Study population and data collection

The details of the study population are described in Chan et
al. (2007) as the same two groups of women were studied.
Briefly, milk, placenta, and hair samples were collected from
women in 2005 by the officials of the local Centers for
Disease Control and Prevention. Five women from Taizhou
and Lin’an were randomly selected to participate in this
study, and each agreed to donate the three types of samples.

Socio-demographic data and food consumption habits of
the study populations were obtained via interviews during
which the donors answered questions modified from the
second round of the WHO PCDDs, PCDFs, and PCBs
exposure study (Liem et al. 1996). The response rate was
100%. To our knowledge, this was the first total diet study to
estimate the dietary intakes of PBDEs for people living at an
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e-waste site, in China. Dietary change over the course of
pregnancy was ignored. Epidemiological data for adults
living in Taizhou (from year 2004 to 2006) was also
obtained from the local Centers for Disease Control and
Prevention.

Of the five donors (TZ1-TZ5) from Taizhou, only one
donor (TZ5) handled e-waste. Although the details of her
work were not specified, she indicated in the questionnaire
that she had direct dermal contact with e-waste and was
exposed to e-waste via the inhalation pathway. Donor TZS
had only one child resulting from a sole pregnancy, while
TZ1 and TZ3 were primipara and TZ2 and TZ4 were
multiparous mothers (two children each). All of the mothers
except for TZ5 have had at least one miscarriage.

2.3 Sample collection

Placenta samples were collected on the day of childbirth,
and hair samples were collected 1 day after. Milk was
sampled when the infant was 4 to 5 days old. Before the
collection of specimens, donors completed a written
informed consent. Placenta samples (portion) were individ-
ually placed in clean glass containers. Hair samples were
collected near the scalp and from the nape of the neck with
stainless steel scissors and stored in sealable polyethylene
bags, while milk was manually expressed and stored in
hexane-rinsed reagent bottles with Teflon-lined caps. All
samples were frozen immediately after collection and stored
at —20°C until chemical analyses.

2.4 Laboratory analysis

Chemical analyses were conducted by The State Key
Laboratory for Freshwater Ecology and Biotechnology,
Institute of Hydrobiology, Chinese Academy of Sciences,
China. Milk and placenta samples were freeze-dried and then
homogenized. Hair was washed with commercial detergent
(1%) for 5 min, followed by distilled water to remove on-
surface impurities (Covaci et al. 2002). It was then oven-dried
at 70°C. The samples (placenta, 5 g; milk, 3 g; hair, 2 g)
were individually Soxhlet-extracted (3540C, US EPA 1996a)
for 24 h with 250 mL of r-hexane/dichloromethane (1:1,
v/v). Prior to the extraction, each sample was spiked with
13C-labeled BDE surrogate (US EPA 1614 LCS, EO-5100)
containing the congeners BDE-3, BDE-15, BDE-28, BDE-
47, BDE-99, BDE-100, BDE-118, BDE-123, and BDE-183
(purchased from Cambridge Isotope Laboratories Inc). The
lipid contents of milk and placenta samples were gravimet-
rically determined from an aliquot of the extract.

The cleanup process involved two types of column
chromatography. The first one consisted of, from top to the
bottom, 5 g of anhydrous sodium sulfate, 10 g of 3%
deactivated alumina, 5 g of anhydrous sodium sulfate, 2 g
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Fig. 1 Sampling locations at
Zhejiang Province, China
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of deactivated silica gel (3.3% reagent water, w/w), 10 g of
acidified silica gel (44% concentrated sulfuric acid, w/w),
and finally, 4 g of deactivated silica gel (US EPA 1996b).
The eluting solvent was 150 ml n-hexane/dichloromethane
(9:1, v/v). The eluate was then concentrated and purified by
a second column which consisted of 2 g of anhydrous
sodium sulfate and 2 g of 10% AgNO;s-silica gel (US EPA
1996¢). It was eluted with 120 ml n-hexane followed by
60 ml of 50% n-hexane/dichloromethane (1:1, v/v). The
cluate was evaporated to dryness under a gentle stream of
nitrogen and redissolved in 10 uL of n-nonane containing
10 pL of internal standard (EO-5101; Cambridge Isotope
Laboratories Inc.).

The detection and quantification were done using HRGC/
HRMS based on US EPA Draft Method 1614 (US EPA 2003).
The analyses were performed on Agilent 589011 gas
chromatograph (Agilent Technologies, USA) coupled to a
Finnigan MAT 95s mass spectrometer (Thermo Electron,
USA) equipped with a CTC A200S autosampler (CTC,
Switzerland) at a resolution of 10,000. A RTX-DIOXIN2
capillary column (60 mx0.25 mm i.d.x0.25 um ft., Restek
Co.) was used for the compound separation. The temperature
of the transfer line was set at 300°C. The oven temperature
program was 100°C for 2 min followed by an increase to
240°C at 20°C/min. The temperature was then elevated to
280°C at 2.5°C/min and to 310°C at 10°C/min and held for
62 min. The compounds were identified by the mass

spectrometer in the EI and multiple ion detection mode, by
tracing two reference masses with the strongest peaks and
the most intensive ions of the isotope cluster. The ion source
was set at 280°C. The congeners targeted for determination
were: di-BDE (BDE-7, 8, 10, 11, 12, 13, 15), tri-BDE (BDE-
17, 25, 28, 30, 32, 33, 35, 37), tetra-BDE (BDE-47, 49, 66,
71, 75, 77), penta-BDE (BDE-85, 99, 100, 116, 118, 119,
126), hexa-BDE (BDE-138, 153, 154, 155, 166), and hepta-
BDE (BDE-181, 183, 190). BDE-209, although an important
congener because of its widespread use, was not analyzed
due to analytical constraints.

2.5 Data expression

The body burdens were expressed as nanogram PBDEs per
gram dry weight for hair and nanogram PBDEs per gram of
fat for both milk and placenta. They were also expressed as
nanogram PBDE per gram dry weight when comparisons
were made among hair, milk, and placenta. Values below
the detection limit were indicated as not detected.

2.6 Data analysis
The Statistical Package for Social Sciences (SPSS 11.0 for
Windows; SPSS Inc., Chicago, IL, USA) was used for the

quantitative data analysis. The differences among groups were
assessed by chi-square tests, analysis of variance (ANOVA),
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t test, or Mann—Whitney U test. Spearman correlation
coefficients were calculated to assess the relationship among
the concentrations of different congeners as well as that
between body burdens and characteristics at different sites.
All p values were two-tailed, and an association with a
p value <0.05 was considered statistically significant. Data
are presented as mean £ SD.

3 Results and discussion
3.1 Difference in levels between TZ and HZ samples

The average and range of PBDE concentrations in hair,
milk, and placenta collected from the two sites are shown in
Table 1. PBDE levels of TZ specimens were much higher
than those of HZ samples, particularly in hair and milk
(both p<0.05). The >3,PBDE concentrations of TZ milk
(average 117+191, range 8.89-457 ng/g fat), TZ placenta
(19.5+£29.9, 1.28-72.1 ng/g fat), and TZ hair (110.+210,
8.47-486 ng/g dry wt.) exceeded the values of HZ milk
(2.06+0.94, 1.00-3.56 ng/g fat), HZ placenta (1.02+0.36,
0.59-1.42 ng/g fat), and HZ hair (3.57+2.03, 1.56-5.61 ng/g
dry wt.) by over 57, 19, and 31 times, respectively.
Among the donors, TZ3 had the highest total PBDE
concentrations for all of the three matrices (hair 486 ng/g;
milk 457 ng/g fat; placenta 72.0 ng/g fat), and TZ5
(e-waste worker) ranked second. The concentrations of
TZ3 were 18.5-, 7.2-, and 4.7-fold higher than TZ5 for
hair, milk and placenta, respectively (see Table 2), and the
concentrations of TZ5 were 1.5-, 1.6-, and 2.4-fold higher
than the next highest concentration for hair, milk, and
placenta, respectively. Donor TZ3 and donor TZ5 lived in
Taizhou for 2 and 5 years, respectively.

The present results confirmed that residents living at the
e-waste recycling site had higher body burdens of PBDEs
than the reference group, due to consistent exposure via intake
of contaminated food and water, inhalation of contaminated
air, and dermal contact with contaminated substances (e.g.,
soil, dust). Previous studies have shown that diet contributes
about 95% of the total intake of PBDEs, with fish and
shellfish contributing the greatest proportion (one third)
(Schecter et al. 2004). Our parallel study of PCDD/Fs at
the same site showed that the same group of people living at
Taizhou consumed more food of animal origin including fish
and shellfish than the women living at Lin’an (Chan et al.
2007). Donor TZ3, who had the highest body PBDE burden,
indicated in our questionnaire that her seafood diet consisted
of one serving of marine fish per week before and during her
pregnancy, and six servings of shrimps and one serving of
other types of seafood (such as clams, mussels, cuttlefish)
per month before and during her pregnancy. Donor TZ5 did
not consume any fish before or during her pregnancy and ate
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only one serving of clams, mussels, and other small shellfish
per month. Fish collected from the rivers of Taizhou showed
extremely high concentrations of PBDEs (up to 13,209 ng/g
fat) (Chan 2008), revealing serious local food contamination.
Therefore, the elevated body burden of PBDEs of donor TZ3
may be attributed to consumption of contaminated local fish.
Our previous study indicated that the mean PBDE concen-
trations in the abdominal muscle of bighead carp from rivers
at Guiyu, China (another e-waste recycling site) was 1,088
ng/g wet wt., which was the highest among published values
(Luo et al. 2007). Higher intakes of food of animal origin
(especially fish and shellfish) led to greater body burdens of
PBDEs in TZ mothers (#>0.88, p<0.05).

PBDEs can evaporate from disposed e-waste into the air
and can also leach into soil during warm weather or during
heating/open burning of e-waste (Leung et al. 2007). PBDE
concentrations in air (PM, s and TSP) collected from Guiyu
(16.6 and 21.5 ng m >, respectively) were at least 100 times
higher than other published data (Deng et al. 2007).
Elevated levels of PBDEs were also found in indoor air at
an electronics recycling plant in Sweden; therefore, inhala-
tion of particulate-bound PBDEs could be an important
exposure pathway of PBDEs (Sjodin et al. 2001).

3.2 Congener profiles of PBDEs

Of the di- to hepta-PBDE congeners analyzed in the present
study, milk, placenta, and hair samples were dominated by di-
to hexa-BDEs which accounted for more than 80% of the total
concentrations. BDE-47 was the dominant congener account-
ing for 20-30% in all the individual samples, while higher-
brominated congeners, for example, BDE-183 and BDE-190
contributed between 2% and 20%. Previous studies related to
human body burdens also revealed BDE-47 as the major
congener even though the global use and production of Penta-
BDE have been greatly reduced since 2004 (She et al. 2007).
On a congener basis, the concentrations of BDE-28, BDE-
47, BDE-100, BDE-99, BDE-154, BDE-153, and BDE-183
were found to be highest in donor TZ3 whereby ¥,PBDE
made up 77%, 68%, and 60% of the total PBDE
concentration for hair, placenta, and milk, respectively (see
Table 2). Concentrations of BDE-190 were also elevated in
hair ranging from 0.132-2.69 ng/g dry wt. In donor TZ1, it
accounted for 31.8% of the total PBDE concentration and
may have stemmed from the debromination of Deca-BDE.
In Taizhou, the e-waste process stem largely from products
manufactured prior to 2004; therefore, Penta- and Octa-BDE
are expected to be relevant PBDEs at the site. People were
directly exposed to sources of lower-brominated groups, i.c.,
commercial Penta-BDE, which may leach out from e-waste
into the environment when heated (Leung et al. 2007). Our
previous study (Deng et al. 2007) at Guiyu, China also
indicated that BDE-47 contributed the greatest proportion
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(30%) to the total concentration (BDE-209 excluded) in air.
Lower brominated BDEs have longer half-lives (years) and
could be formed via the debromination of higher-brominated
groups (Thomsen et al. 2001). They are also more
bioavailable, leading to preferable bioaccumulation in biota
when compared to highly brominated congeners. Dietary
intake is an important exposure route, especially for BDE-47
as it is the major congener accumulated in biota (Sjodin et al.
1999), and exposure may occur through the consumption of
PBDE-contaminated fish (Sjodin et al. 2003). As mentioned
previously, it is possible that the higher intake of food of
animal origin (especially fish and shellfish) led to greater
body burdens in TZ mothers (>0.88, p<0.05). This
relationship was in accordance with the results obtained by
Jakobsson et al. (2002) regarding levels of PBDEs in serum
of computer technicians. Fish caught from rivers and fish
ponds in Taizhou were dominated by BDE-47 (more than
50%) (Chan 2008). This result also agreed with our early
study analyzing PBDE levels in fish from a river in Guiyu
(Luo et al. 2007).

The concentrations of higher-brominated congeners
(hepta-BDEs) in Taizhou donor specimens were 3—11 times
higher than those in the reference group. Hepta-BDEs (i.e.,
BDE-183, which is characteristic of technical Octa-BDE)
were found in all samples and may have implications for
inhalation exposure as this congener was the most abundant
congener in the air of a Swedish electronics dismantling
plant (Sjodin et al. 1999).

Although BDE-209 was not analyzed in the present study,
it is known that e-waste processed in Taizhou mostly originate
from European countries, Japan, USA, and Russia where
there is increasing use of the Deca-BDE technical mixture due
to the ban on the use of Penta-BDE (Nakao et al. 2005).
Future studies should include the investigation of the full
range of BDE congeners. Some of the hepta-BDE congeners
(BDE-181, BDE-190) detected in the hair of the women in
Taizhou may have resulted from the thermal degradation of
Deca-BDE during the open burning of e-waste because these
congeners are not found in Penta-BDE and Octa-BDE
technical products. Deca-BDE is the predominant BFR used
in China, amounting to 30,000 metric tons in 2005 (Zou et
al. 2007). Other studies have confirmed the presence of
BDE-209 in the human body, e.g., serum (Qu et al. 2007)
and hair samples (Zhao et al. 2008) from e-waste workers in
China and placenta and milk samples from the general
population of Spain (Gomara et al. 2007)

3.3 Correlations among the three types of human specimens

Studies on the relationships between concentrations of
PBDEs in human hair and internal tissues are, to our
knowledge, not available. Significant positive correlations
were found only among the three types of TZ samples,
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Table 2 Selected PBDE concentrations in individual human matrices of donors from e-waste and reference sites

Matrix Congener Lugiao, Taizhou (TZ) Lin'an, Hangzhou (HZ) (Reference)

Donor
TZ1 TZ2 TZ3 TZ4 TZ5 HZ1 HZ2 HZ3 HZ4 HZ5

Hair (ng/g, dry wt.) BDE-28 0.424 0.713 334 1.08 1.16 NA 0.415 0.297 NA 0.402
BDE-47 1.46 2.70 188 2.98 5.73 NA 0.956 0.343 NA 1.068
BDE-100 0.119 0.364 5.07 0.282 0.659 NA 0.078 0.028 NA 0.118
BDE-99 0.781 2.09 76.4 1.57 5.59 NA 0.415 0.151 NA 0.437
BDE-154 0.086 0.408 8.54 0.190 0.474 NA 0.104 0.015 NA 0.042
BDE-153 0.254 0.904 60.6 0.619 1.43 NA 0.410 0.044 NA 0.088
BDE-183 0.652 3.97 3.23 0.881 2.06 NA 1.648 0.077 NA 0.178
>,PBDE 3.77 11.2 375 7.61 17.1 NA 4.03 0.955 NA 2.33
313sPBDE 8.47 17.2 486 12.5 26.3 NA 5.61 1.56 NA 3.56

Milk (ng/g fat) BDE-28 2.09 0.713 44.0 3.70 6.45 0.235 0.208 0.193 0.237 0.131
BDE-47 3.03 1.99 109 9.31 14.1 0.348 0.348 0.302 0.391 0.160
BDE-100 0.247 0.161 5.64 1.06 0.848 0.039 0.030 0.031 0.033 0.007
BDE-99 0.846 0.781 45.6 3.06 3.78 0.064 0.049 0.042 0.074 0.015
BDE-154 0.176 0.101 3.90 0.503 0.437 0.012 0.014 0.004 0.016 0.002
BDE-153 2.19 0.974 60.8 9.96 10.6 1.59 0.587 0.506 0.341 0.161
BDE-183 0.399 0.263 441 1.69 0.571 0.423 0.109 0.123 0.317 0.007
>,PBDE 8.98 4.99 273 293 36.8 2.71 1.35 1.20 1.41 0.483
336PBDE 15.6 8.89 457 38.8 63.4 3.56 2.15 1.92 1.70 0.997

Placenta (ng/g fat) BDE-28 0.320 0.133 8.04 0.613 1.80 0.106 0.081 0.153 0.161 0.065
BDE-47 0.891 0.490 18.5 1.55 3.56 0.284 0.186 0.186 0.380 0.198
BDE-100 0.007 0.007 0.858 0.097 0.101 0.025 0.016 0.019 0.019 0.017
BDE-99 0.084 0.110 7.44 0.353 0.712 0.026 0.019 0.022 0.018 0.012
BDE-154 0.016 0.008 0.761 0.014 0.022 0.015 0.010 0.018 0.007 0.008
BDE-153 0.485 0.149 12.2 1.270 2.68 0.270 0.093 0.011 0.077 0.014
BDE-183 0.077 0.015 1.15 0.135 0.028 0.048 0.031 0.022 0.019 0.012
>,PBDE 1.88 0.911 48.9 4.03 8.89 0.774 0.436 0.430 0.681 0.326
33;sPBDE 2.27 1.28 72.0 6.42 15.4 1.37 0.802 0.907 1.42 0.593

NA not applicable
>,PBDE: sum of BDE-28, 47, 100, 99, 154, 153 and 183

%3PBDE: sum of BDE-7, 8, 10, 11, 12, 13, 15, 17, 25, 28, 30, 32, 33, 35, 37, 47, 49, 66, 71, 75, 77, 85, 99, 100, 116, 118, 119, 126, 138, 153,

154, 155, 166, 181, 183 and 190

regarding concentrations of total PBDEs and lower-BDEs
(di- to hexa-BDEs) (r=0.998 and p<0.0001 for hair and
milk; 7=0.995 and p<0.0001 for hair and placenta; r=
0.999 and p<0.0001 for milk and placenta). No statistical
correlations were found among different types of HZ
samples (p>0.05). In addition, there were no significant
correlations in the concentrations of the higher-brominated
group (i.e., hepta-BDEs) among the human samples. In
terms of nanogram per gram dry weight, hepta-BDEs
contributed a significantly greater proportion to total
PBDEs in TZ hair (20%) than that in TZ milk (2.9%) and
in TZ placenta (2.6%). The highest hepta-BDE concentra-
tion was found in TZ hair (6.69 ng/g dry wt.; donor TZ2;

ANOVA, p=0.001), followed by TZ milk (0.083 ng/g dry
wt.; donor TZ3), and TZ placenta (0.092 ng/g dry wt.;
donor TZ3). Hair may be a good bioindicator of human
body burdens in highly contaminated sites as exemplified
by our earlier study using the same sets of samples, which
showed that significant positive correlations were observed
in TZ samples and not in HZ samples, with regard to
PCDD/Fs concentrations (Chan et al. 2007).

The congener profiles for milk and placenta from TZ
were similar, with BDE-47 (22% in milk, 30% in placenta),
BDE-153 (16% in milk, 17% in placenta), and BDE-28
(10% in milk, 11% in placenta) being the predominant
congeners. Regarding TZ hair, although BDE-47 was the

@ Springer
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dominant congener (23%), higher-brominated congeners
(BDE-99—14%, BDE-183—9%, BDE-190—9%) tended
to dominate the congener profiles (Table 1).

The total concentrations in TZ hair were significantly
higher than TZ milk and TZ placenta compared on a
nanogram per gram dry weight basis. This trend (hair>
milk>placenta) and the homolog profile pattern (TZ hair
showed a different profile from the others) were also
observed for the same set of samples regarding PCDD/Fs
levels (Chan et al. 2007). The partitioning and accumula-
tion patterns of PBDEs in the human body are not clearly
known. However, studies have shown that hair can be used
for reflecting the atmospheric concentrations of DDTs,
PCBs, and PCDD/Fs (Nakao et al. 2005). These com-
pounds penetrate into hair via atmospheric particle deposi-
tion and then adsorb into hair fat (Schramm et al. 1992).
Due to the structural similarities of PBDEs to PCBs, this
may also have occurred for PBDE in hair. Systemic
absorption may be another pathway attributing to the high
levels of PBDEs in hair compared with in milk or placenta.
Previous studies showed that air at e-waste processing sites
consisted of higher-brominated BDEs (Sjodin et al. 1999,
2001). Compared with other types of human tissues, it is

suspected that hair may be more favorable to higher-
brominated compounds. At the same time, it is more
difficult for higher-brominated BDEs to pass through
placenta than for lower-brominated BDEs (Bi et al. 2000).
These might explain why the hair samples contained the
highest total PBDE concentrations and the highest propor-
tion of higher-brominated BDEs (hepta-BDEs). Further
investigations should be carried out to elucidate the
partitioning of PBDEs in different human tissues.

The ratios of concentrations for all three human matrices
were also investigated for seven PBDE congeners (Table 3).
For milk/placenta, the ratios were similar among the donors
for BDE-28 and BDE-47 (ranging from 3.40 to 6.52);
however, there were large variations for BDE-100, BDE-
154, and BDE-183 (ranging from 3.82 to 36.5). The
relatively smaller difference in concentrations with regard
for BDE-28 and BDE-47 may be due to the longer half-
lives of these congeners compared with the penta- and
hexa-BDE congeners (Thomsen et al. 2001). Therefore,
BDE-28 and BDE-47 are more stable in the human body. It
is recommended that further investigations be conducted to
determine whether the concentrations of BDE-28 and BDE-
47 in milk could serve as a bioindicator for concentrations

Table 3 Ratio of BDE concentrations of various matrices of selected BDE congeners

Matrix ratio Congener  Lugqiao, Taizhou (TZ) Lin'an, Hangzhou (HZ) (Reference)
Donor
TZ1 TZ2 TZ3 TZ4 TZ5 HZ1 HZ2 HZ3 HZ4 HZ5
Milk (ng/g fat) / Placenta (ng/g fat) BDE-28 6.52 5.35 5.48 6.03 359 221 2.57 1.26 1.48 2.01
BDE-47 3.40 4.07 5.90 6.00 396 123 1.87 1.63 1.03 0.81
BDE-100  36.5 23.6 6.57 109 839 158 1.90 1.60 1.68 0.41
BDE-99 10.1 7.10 6.13 8.67 532 247 2.52 1.95 422 1.22
BDE-154 11.3 13.3 513 348 19.4 0.78 1.40 0.21 2.28 0.23
BDE-153 4.52 6.53 4.99 7.85 396 5.89 632  46.8 441 119
BDE-183 5.18 18.0 3.82 125 20.5 8.74 3.49 569 163 0.60
Hair (ng/g dry wt.) / Milk (ng/g fat) =~ BDE-28 0.20 1.00 0.76 0.29 0.18 - 2.00 1.53 - 3.06
BDE-47 0.48 1.35 1.72 0.32 041 - 2.74 1.14 - 6.69
BDE-100 0.48 227 0.90 0.27 0.78 - 2.58 0.91 - 17.2
BDE-99 0.92 2.68 1.67 0.51 148 - 8.49 3.57 - 30.1
BDE-154 0.49 4.03 2.19 0.38 1.08 - 7.64 4.06 - 23.2
BDE-153 0.12 0.93 1.00 0.06 0.13 - 0.70 0.09 - 0.55
BDE-183 1.63 15.1 0.73 0.52 361 - 15.1 0.63 - 247
Hair (ng/g dry wt.) / Placenta (ng/g fat)y ~BDE-28 1.33 5.35 4.15 1.76 0.64 - 5.12 1.93 - 6.14
BDE-47 1.63 551 102 1.92 161 - 5.14 1.85 - 5.38
BDE-100 17.6 53.5 591 291 652 - 491 1.46 - 7.14
BDE-99 9.33 19.0 10.3 4.46 786 — 214 6.98 - 36.7
BDE-154 5.52 53.7 11.2 13.2 21.1 - 10.7 0.87 - 5.25
BDE-153 0.52 6.06 4.97 0.49 053 - 4.42 4.06 - 6.52
BDE-183 8.46 2709 2.80 6.52 74.1 - 52.6 3.58 - 14.9

@ Springer
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in the placenta (i.e., for BDE-28 and for BDE-47, the
concentrations in milk was between 3.6 and 6.5 and 4-6
times higher than in placenta, respectively, for the women
in TZ). The milk/placenta ratios for BDE-28, BDE-47, and
BDE-100 were also, respectively, similar. For the hair/milk
and hair/placenta ratios, the calculations were conducted
using the concentration of hair (ng/g, dry wt), milk (ng/g,
fat), and placenta (ng/g, fat). The hair/milk ratios varied
from 0.20 to 2.68 for the lower-brominated congeners
(BDE-28, BDE-47, BDE-100, BDE-99) and were 1.3-10.2
for hair/placenta (BDE-28, BDE-47). The hair/milk ratio
for BDE-183 and the hair/placenta ratios for BDE-100,
BDE-154, and BDE-183 for donor TZ2 were considerably
much higher compared with those of the other donors of
Taizhou indicating a difference in the partitioning of
PBDEs in the human matrices.

3.4 Comparison with international and national PBDE
levels

There is a large database for human milk while studies dealing
with placenta and hair are rather scarce. Thus, only compar-
isons of PBDE concentrations in human milk from other
studies (largely from the general population) have been made,
as shown in Table 4. The total concentrations in milk of the
individuals from Taizhou were the highest among all the
investigations; slightly higher than North America (Canada
and USA) which has half of the annual global consumption
of PBDEs (de Wit 2002) and more than 90% of the global
application of Penta-BDE (She et al. 2007). European and
Asian areas showed similar levels, ranging from 0.96 to
7.2 ng/g fat. These levels were much lower (at least by 16-
fold) than the concentrations from Taizhou. In general, BDE-
47 was the most abundant congener in human milk. BDE-47
was also reported to be abundant in placenta samples (Main
et al. 2007; Strandam et al. 2000).

When compared with other regions (Guangzhou, Shan-
dong, and Taiwan) in China (Bi et al. 2006; Chao et al. 2007;
Jin et al. 2009), the Taizhou residents had higher body
burdens in milk due to e-waste recycling activities. The
values for Guangzhou and Taiwan were similar to that of the
reference site, reflecting body burdens in the general Chinese
population who are not exposed to uncontrolled e-waste
processing operations. However, the average body burdens of
BDE-100, BDE-154, and BDE-153 of residents living in the
south coast area of Laizhou Bay, Shandong Province, China,
where there are several deca-BDE and TBBPA production
plants, were higher (Jin et al. 2009). In comparison to a study
by Zhao et al. (2008) with regard to PBDE levels in hair of
44 workers working in primitive recycling operations in
disassembly sites of four towns near Lugiao, the concentra-
tion ranges of BDE-28, BDE-47, BDE-154, and BDE-153 in
our study were higher with the exception of BDE-183.

3.5 Health risk assessment for infants

Infants are exposed to PBDEs via prenatal and postnatal
contamination. In this study, comparatively high levels of
PBDEs were found in placenta, confirming that PBDEs can
cross the placenta (Gomara et al. 2007). The estimated daily
intakes (EDI) of PBDEs by infants via breastfeeding were
determined, as follows:

EDI of PBDEs by a breastfed infant
within 6 months = daily milk consumption

x PBDEs in human milk /infant weight

EDI was calculated based on the assumption that an
infant ingests 700 ml milk per day, and the weight of an
infant is 5 kg (Hooper et al. 1997).

The EDI was dominated by penta-BDE. TZ infants
consumed 572+839 ng/kg body wt/day, with a maximum
of 2,240 ng/kg body wt/day. The average value was 57
times higher than that of HZ infants (10.1+4.60 ng/kg body
wt/day, with the highest being 17.4 ng/kg body wt/day) and
that reported by Meng et al. (2007) (6.87 and 7.37 ng/kg
body wt/day) who calculated the values for infants of the
general population in Guangzhou, South China. Further-
more, it exceeded the chronic oral reference doses for
penta-BDE (2000 ng/kg/day) of the US EPA (Jones-Otazo
et al. 2005). However, this reference value was based on
toxicological effects toward the liver, excluding develop-
mental and reproductive effects on embryo, fetus, infant,
and child which are the most sensitive groups. Lower
brominated congeners (e.g., penta-BDEs) are more carci-
nogenic and mutagenic than the higher ones (Costa and
Giordano 2007; Darnerud et al. 2001). The recently
proposed reference dose value for BDE-47 by US EPA,
based on developmental neurotoxicity, was 100 ng/kg/day.
The maximum values of EDI for BDE-47 and BDE-99 by
TZ infants were 534 and 224 ng/kg body wt/day,
respectively, in which the value for BDE-47 greatly
exceeded the US EPA reference dose. A study conducted
in Taiwan investigating the general population showed that
elevated PBDE levels in human milk correlated with
decreased birth outcome, particularly with regard to birth
weight and length, chest circumference, and Quetelet's
(body mass) index of infants (Chao et al. 2007). The EDI of
PBDEs for a breastfed infant in Taiwan was 20.6 ng/kg/day,
which was far below the estimated exposure levels in
Taizhou.

The epidemiological data for adults obtained from the
Centers for Disease Control and Prevention in Taizhou
showed an obvious increase in morbidity from 2004 to
2006 due to incidences of malignant tumor and trauma,
disorders in digestive, cardiovascular, respiratory, endocrine
systems, gynecological, and surgical disease, and ophthal-
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mologic and otolaryngological disorder (p<0.05) from year
2004 to 2006 (p<0.05). Moreover, the rate of incidence of
cardiovascular disease was significantly higher than all
others (79%o0, p<0.001), followed by respiratory (53%o0)
and digestive system (48%oo0) disorders. The causes of
these diseases in Taizhou are not clearly known; however,
they may be attributed to chronic exposure to a wide range
of pollutants (such as PBDEs, PCDD/Fs, PAHs, heavy
metals) (Wong et al. 2007) released into the environment
during e-waste disassembly and recycling activities which
have been occurring in Taizhou for the past 30 years.
Adults are adversely affected by the pollution; however,
fetuses and infants are the most vulnerable population
because they can suffer neurological and developmental
problems due to their early developmental stage. The high
EDI implies a potential health risks for breastfed infants
and warrants immediate action to prevent further releases of
PBDEs and other pollutants into the environment.

4 Conclusion

This is the first study to determine PBDEs levels in milk,
placenta, and hair collected from mothers at an intense e-
waste recycling site and a reference site in China. Although
a limited number of samples was analyzed, the results
clearly indicated that e-waste recycling operations released
significant levels of PBDEs to the environment resulting in
increased body burdens of PBDEs in women of
childbearing-age residing at the e-waste processing area.
The PBDE body burdens in these women ranked among the
highest in the world. Dietary intake and indoor dust were
suspected to be the most important exposure routes to
PBDEs. High levels in the body of the residents raise
concerns on the physiological effects and potential health
risks of PBDEs, particularly in relation to children. Control
measures should be imposed in order to minimize the level
of pollutants resulting from e-waste processing operations,
to the environment and to humans. In-depth investigations
on epidemiological studies of health impacts caused by
e-waste recycling operations should be conducted. Further
measurements of PBDE levels in local food (e.g., fish,
shellfish, dairy products, meat, fruits, and vegetables), dust,
air, water, and human specimens collected from a larger
sample size at the e-waste processing sites should also be
carried out for the determination of human exposure
pathways to PBDEs.
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