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Abstract Mudsnails and sediments from an electronic

waste recycling region in South China were chosen to

study the polybrominated diphenyl ethers (PBDEs) bio-

availability of mudsnail in different ambient levels.

Significant (p \ 0.05) correlations of biota-sediment

accumulation factor (BSAF) versus the reciprocal of PBDE

concentration in sediment (1/Sed) occurred in all quanti-

tative PBDE congeners except BDE-209, showed that the

BSAFs of PBDEs in mudsnails were increased with reci-

procal increasing ambient levels. The BDE-183 correlation

of mudsnail versus sediment (r = 0.580) was much lower

than the correlation of BDE-209 versus BDE-183 in

mudsnails (r = 0.812), indicated the main source of BDE-

183 in mudsnails was from the debromination of higher

brominated PBDEs.

Keywords Polybrominated diphenyl ethers (PBDEs) �
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Polybrominated diphenyl ethers (PBDEs) are brominated

flame retardants (BFRs) which are widely used as additive

components in a range of consumer products, such as

computers, televisions, textiles, furniture, and other build-

ing materials (Birnbaum and Staskal 2004). They can be

dissolved in materials and then leached into the environ-

ment and entered biota (Strandberg et al. 2001). The

electronic waste (e-waste) recycling especially uncon-

trolled dismantling aggravated the process (Julander et al.

2005). So PBDEs become ubiquitous in the environment

(Ueno et al. 2004). Furthermore, most toxicological studies

have shown that serious health consequences, such as

thyroidogenic, estrogenic, and hepatic effects as well as

neurodevelopmental disorders, could result from prolonged

exposure to PBDEs (Darnerud et al. 2001). Two of the

three commercial PBDE mixtures (‘‘penta-BDE’’ and

‘‘octa-BDE’’) have been banned by the European Union

and several U.S. states. Currently, the ‘‘deca-BDE’’ com-

mercial mixtures are still heavy used, and there is no

regulation for the usage and disposal of deca-BDE.

Because of their ubiquity and potential toxicity, fish

(Johnson and Olson 2001), birds (Voorspoels et al. 2006),

bird eggs (Jonathan et al. 2006), and other biota (Pettersson

et al. 2004) had been used to monitor the distribution of

PBDEs in the environment. It was reported that lower

(tetra- and penta-) PBDEs accumulated and biomagnified

in biota, while the higher congeners (deca-) were prevalent

in aquatic environments and sediments (Martin et al.

2004). And dietary exposure studies revealed that the

bioavailability of deca-BDE had produced a range of

results (Huwe and Smith 2007). However, there are few

studies on the PBDEs bioavailability of biomonitor under

different ambient levels (Sellström et al. 1998). In this

work, we chose mudsnails (Cipangopaludina cahayensis)

and sediments from an e-waste recycling region in South

China to study the PBDEs bioavailability of mudsnail in

different ambient levels. We aimed the bioconcentration,
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congeners distribution and source of PBDEs in mudsnails

and sediments.

Materials and Methods

PBDE analytical standard EPA Method 1614 native PAR

stock solution EO-5278 (unlabeled BDE-28, 47, 99, 100,

153, 154, 183, 209), method 1614 labeled surrogate stock

solution EO-5277 (13C12 labeled BDE-28, 47, 99, 100, 153,

154, 183, 209) and method 1614 labeled injection internal

stock solution EO-5275 (13C12 labeled CB-52, 138) was

purchased from Cambridge Isotope Laboratories, Inc.

(Andover, MA). Hexane and dichloromethane used for the

extraction and cleanup procedures were pesticide grade (J.

T. Baker, USA), and other solvents and reagents were of

analytical grade.

Owing to e-waste imports and multiform recycling

activities, soils, sediments, and fish were highly contami-

nated by PBDEs in e-waste recycling regions in South

China (Luo et al. 2007), such as Guiyu of Guangdong

Province and Taizhou of Zhejiang Province. In this work,

ditches of four sites in Taizhou of Zhejiang Province were

chosen to collect mudsnails and sediments in November of

2006. For each site, mudsnails were selected by them

avoirdupois (over 3 g) and only edible parts (rinsed with

distilled water if necessary) were separated and well

homogenized in a tissue homogenizer, sediments around

mudsnails were collected and mixed as one sediment

sample. After been freeze-dried, each sediment was

ground, sieved to 40 mesh completely. Then they were

preserved frozen at -20�C until analysis.

One gram of dried sediment or dried mudsnail sample

was ground with anhydrous sodium sulfate into free-flow-

ing powder. The samples were extracted with 200 mL of

hexane/dichloromethane (1:1, v/v) in Soxhlet extraction

mode for 24 h. All samples were spiked with eight 13C12

labeled PBDE recovery standards (EO-5277) prior to

extraction and cleanup. Then the concentrated extracts

were cleaned on a 15-mm i.d. column packed, from the

bottom to top, with 1 g activated silica gel, 3 g basic silica

gel (EPA Method 1614, Sect. 7.5.1.3), 1 g activated silica

gel, 4 g acid silica gel (44% concentrated sulfuric acid, w/

w), 4 g acid silica gel (22% concentrated sulfuric acid, w/

w), 1 g activated silica gel and 1 cm anhydrous sodium

sulfate. The elution was 70 mL of hexane: dichlorometh-

ane (1:1). Then another column (8-mm i.d.) containing 2 g

silver nitrate (AgNO3) silica (10%, w/w), 2 g activated

silica gel and 1 cm anhydrous sodium sulfate was used.

PBDEs were separated from PCBs by two fractions: 40 mL

hexane for PCBs and 40 mL hexane/dichloromethane (1:1,

v/v) for PBDEs. The PBDEs fraction was collected and

reduced to 30 lL under a gentle N2 stream. Then, 13C12

labeled injection internal standards, EO-5275, was added

prior to the GC injection. Throughout the extraction,

cleanup and analysis procedure, the analytes were pro-

tected from light by wrapping the containers with

aluminum foil or by using amber glassware. The lipid

content of mudsnail was determined gravimetrically by

evaporating an aliquot of the extract to constant weight,

and the organic matter of sediment was estimated by

weight loss-on-ignition (LOI).

The samples were analyzed on an Agilent 6890 series

gas chromatograph coupled with an Agilent 5973 mass

spectrometer. For the analysis of BDE-28, 47, 99, 100, 153,

154, 183, the mass spectrometer was operated with electron

impact ionization (EI) source in SIM mode and a DB-5MS

(30 m 9 0.25 mm i.d., 0.25 lm film thickness) capillary

column was used. The temperature of the MS ion source

(electron energy 70 eV) and transfer line were kept at 230

and 300�C, respectively. The GC oven temperature pro-

gram was carried out as follows: initial temperature 100�C

held for 1 min, increased to 150�C at 10�C/min held 5 min,

and then to 280�C at 5�C/min, to 290�C at 10�C/min, held

for 15 min. Helium was used as the carrier gas at a flow

rate of 1 mL/min. For the determination of BDE-209, the

mass spectrometer was operated with negative chemical

ionization (NCI) in the selected ion monitoring (SIM)

mode and a DB-5 MS (15 m 9 0.25 mm i.d., 0.25 lm film

thickness) capillary column was used. Methane was used as

a chemical ionization moderating gas and helium as the

carrier gas at a flow rate of 1.5 mL/min. The ion source and

interface temperatures were set to 150 and 300�C,

respectively. The temperature program was from 80�C

(1 min) to 200�C at 10�C/min, and to 300�C (held 15 min)

at 20�C/min. Both experiments were used the splitless

injection mode and injected 1 lL (injector temperature

265�C) with a solvent delay set at 6 min.

Eight PBDE congeners (BDE-28, 47, 99, 100, 153, 154,

183, 209) were quantified using 13C12 isotope dilution

methods. Under the EI-MS conditions, the molecular ions

([M?2]? or [M?4]?) were selected for BDE-28 and BDE-

47, fragment ions resulting from the loss of Br2 ([M–

Br2?2]? or [M–Br2?4]?) for BDE-99, 100, 153, and 154,

and ([M–Br2?4]? or [M–Br2?6]?) for BDE-183. And the

fragment ions ([C6Br5O]-) were monitored for BDE-209

and 13C12 labeled BDE-209 under NCI-MS conditions. The

monitored ions m/z of analyzed PBDE congeners were

listed in Table 1. Quality control was done by regular

analyses of procedural blanks, and regular injection of

solvent blanks and standards. All results of target analysis

reported in the study were means of duplicate analyses, and

the residue concentrations in samples below quantifica-

tional limits were regarded to be equal to zero in

calculation of sum, means and so on. The limit of quanti-

fications (LOQ) defined as the mean procedural blank
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value plus a safety margin of 39 standard deviation (SD)

of the procedural blanks were 0.01–0.1 ng/g dry weight for

BDE-28, 47, 99, 100, 153, 154, and 183 in EI-MS mode,

and 0.1 ng/g dry weight for deca-BDE in NCI-MS mode.

The recovery rates of 13C12 labeled BDE-209 spiked to

sediment and mudsnail samples ranged from 60 to 90%.

For the other 13C12 labeled PBDEs, it were 75–110%.

Results and Discussion

The concentrations of 8 target PBDE congeners and
P

PBDE (sum of the BDE-28, 47, 99, 100, 153, 154, 183,

209) in sediment and mudsnail samples (ng/g dry weight)

of the four sites were given in Table 2. The levels and

patterns of PBDEs in sediments showed significant dif-

ferences with mudsnails. In the sediments, with the

concentrations of
P

PBDE (sum of the BDE-28, 47, 99,

100, 153, 154, 183, 209) ranged from 15.05 to 3526 ng/g

(dry weight), the dominant part of PBDEs was BDE-209

accounted for 80.14–99.55%, which were similar with the

sediments of Pearl River Delta (Mai et al. 2005). But in the

mudsnail samples, BDE-209 had wide range from not

detected in site 1 to 9.50 ng/g (dry weight) in site 4

(36.59%). Consistent with other POPs, the concentrations

of PBDEs in mudsnails were increased with increasing

ambient levels. The biota-sediment accumulation factor

(BSAF), defined as the ratio of the lipid-normalized con-

centration of a chemical in an organism to the organic

carbon (OC) – normalized concentration of the chemical in

sediment, was calculated for individual PBDE congeners

(Table 3). The lowest BSAFs of BDE-209 in all sties

indicated the low bioavailability of this highest brominated

PBDE, and the highest BSAFs of other PBDE congeners

were found in site 1 which was lightest contaminated by

PBDEs in sediment. Significant (p \ 0.05) correlations of

BSAF versus the reciprocal of PBDE concentration in

sediment (1/Sed) occurred in all quantitative PBDE cong-

eners except BDE-209, showed that the BSAFs of PBDEs

in mudsnails were increased with reciprocal increasing

ambient levels in Taizhou e-waste recycling region.

To investigate potential sources and distribution, Pear-

son correlation analyses were performed for PBDE

congeners in sediments and mudsnails (Table 4). For sed-

iments, significant correlations existed among tri-, tetra-,

penta-, and hexa- BDE such as BDE-28, 47, 99, 100, 153,

and 154. Although BDE-183 and 209 showed relatively

lower correlations with the lower brominated PBDE

congeners, the correlation coefficients of BDE-209 versus

BDE-183 and BDE-183 versus BDE-153, 154 were higher

than they versus other lower brominated PBDE congeners.

Moon et al. (2007) suggested this similar pattern due to the

sources of lower-molecular-weight PBDEs differed from

the sources of BDE-209 or BDE-183 and the differences in

the partitioning between the lower brominated PBDE

congeners and the more brominated PBDE congeners in

the aquatic environment. In addition, we suggested this

pattern maybe also imply the different transporting manner

of the lower brominated PBDE congeners from the more

brominated PBDE congeners in the aquatic environment.

In mudsnails, the relatively higher correlation coefficients

were occurred among immediate bromine atom number

substituted congeners such as tri-BDE (BDE-28) versus

Table 1 The monitored ion m/z of unlabeled and 13C12 labeled

PBDE congeners

Name m/z of monitored ion

Unlabeled 13C12 labeled

BDE-28 405.8/407.8 417.8/419.8

BDE-47 483.7/485.7 495.7/497.7

BDE-99 403.8/405.8 415.8/417.8

BDE-100 403.8/405.8 415.8/417.8

BDE-153 481.7/483.7 493.7/495.7

BDE-154 481.7/483.7 493.7/495.7

BDE-183 561.6/563.6 573.6/575.6

BDE-209 484.7/486.7 494.7/496.7

Table 2 The concentrations of

eight target PBDE congeners

and
P

PBDE (sum of the BDE-

28, 47, 99, 100, 153, 154, 183,

209) in sediment and mudsnail

samples (ng/g dry weight) of the

four sites

Sed: sediment; Mud: mudsnail;

ND: not detected

Name Site 1 Site 2 Site 3 Site 4

Sed Mud Sed Mud Sed Mud Sed Mud

BDE-28 0.04 0.49 46.65 19.20 0.76 1.07 0.77 0.80

BDE-47 0.16 6.87 296.49 23.08 3.29 6.75 3.86 5.19

BDE-100 0.01 0.19 50.99 7.16 0.77 2.33 0.45 2.00

BDE-99 0.13 2.27 254.38 13.59 4.53 6.39 4.03 4.27

BDE-154 0.02 0.18 14.47 1.73 1.28 0.95 0.55 0.63

BDE-153 0.03 0.19 52.93 4.01 2.15 1.80 0.74 1.78

BDE-183 0.01 0.06 11.13 1.09 6.19 1.30 5.42 1.79

BDE-209 14.66 ND 2934.36 1.17 895.77 2.51 3510.19 9.50
P

PBDEs 15.05 10.24 3661.39 71.01 914.74 23.11 3526.00 25.96
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tetra-BDE (BDE-47), tetra-BDE (BDE-47) versus penta-

BDE (BDE-99, 100), penta-BDE (BDE-99, 100) versus

hexa-BDE (BDE-153, 154) and hexa-BDE (BDE-153, 154)

versus hepta-BDE (BDE-183). Besides, the correlation of

BDE-209 versus BDE-183 was much higher than that of

BDE-209 versus other lower brominated PBDE congeners.

This result indicated the metabolism and elimination of

PBDEs in mudsnail.

The PBDE congener correlations of mudsnail versus

sediment tended to decrease with increasing bromination

(Table 4). This maybe due to the biota half-lives of PBDEs

decreasing trend with increasing bromination (Huwe and

Smith 2007) and the lower bioavailability of higher bro-

minated PBDEs in biota (Martin et al. 2004). The BDE-

183 correlation of mudsnail versus sediment (r = 0.580)

was much lower than the correlation of BDE-209 versus

BDE-183 in mudsnails (r = 0.812), indicated the main

source of BDE-183 in mudsnails was from the debromin-

ation of higher brominated PBDEs such as BDE-209.
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