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Abstract 37 PBDE congeners were analyzed at six dif-

ferent depths in two soil cores taken from a typical elec-

tronic waste polluted area in South China. The PBDEs

were congregated in the surface layer (0–5 cm) of soil

cores and were 29 times in MK and 18 times in NW higher

than the second lower layers (5–10 cm). As a whole, the

concentrations of PBDEs were decreased with the soil

depth increased in two cores. Lower brominated PBDE had

higher penetrability than the deca-BDE in soil. The deca-

BDE could be detected in deeper soil layers (15–20 cm in

MK and 20–30 cm in NW) and the percentage of deca-

BDE decreased with the increase of depth.
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Polybrominated diphenyl ethers (PBDEs) are a group of

additive brominated flame retardants (BFRs) that have

been used widely in commercial and household products

for decades (Alaee et al. 2003; Watanabe and Sakai 2003).

PBDEs have been manufactured as three commercial for-

mulations: PentaBDE composed mainly of tri- to hexa-

BDEs, OctaBDE composed mainly of hexa- to octa-BDEs,

and DecaBDE composed mainly of BDE-209. Due to their

ubiquitous presence and persistence in the environment and

potential toxicities such as thyroid hormone disrupting,

neurotoxic, and developmental effects to wildlife and

humans (Darnerud et al. 2001), two of the three commer-

cial PBDE formulations (pentaBDE and octaBDE) have

been banned by the European Union and by several U.S.

states. DecaBDE remains in use and had a market demand

of 56,100 metric tons in 2001 (Law et al. 2006). The

estimated domestic production of predominant commercial

deca-BDE mixture in China increased by 200% between

2000 and 2005, from 10,000 to about 30,000 tonnes (Chen

et al. 2006). And due to lower labor cost and less stringent

environmental regulations, China appears to be a large

dumping site of e-wastes imported from overseas legally

and illegally in recent years (Wang et al. 2005).

PBDEs are very hydrophobic (logKow 5-10) and resis-

tant to environmental degradation processes. The temporal

trends of the occurrence of PBDEs in the environment can

also be derived from undisturbed and well-dated sediments

in seas or lakes (Zegers et al. 2003). Soils represent an

important reservoir for persistent organic pollutants (POPs)

in the terrestrial environment and thus the fate of con-

taminants deposited to the surface soils is important to

understand. Although describing the mass transport of

chemicals in soils is important for understanding the

overall environmental fate of multimedia contaminants,

there are only a limited number of studies that have actu-

ally measured the vertical distribution of persistent organic

pollutants (Armitage et al. 2006). In the present work, 37

PBDE congeners were analyzed at six different depths in

two soil cores taken from a typical electronic waste
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polluted area in South China. The purpose of this study was

to contribute to the available data in the scientific literature

regarding the vertical distribution of PBDEs in soil profiles.

Materials and Methods

An EPA method 1614 standard solution of 39 PBDE

congeners from Accustandard (New Haven, CT) was used

for the quantification of the mono- through hepta-bromi-

nated BDEs which contained the following PBDE cong-

eners: mono-BDEs 1, 2, and 3; di-BDEs 7, 8, 10, 11, 12,

13, and 15; tri-BDEs 17, 25, 28, 30, 32, 33, 35, and 37;

tetra-BDEs 47, 49, 66, 71, 75, and 77; penta-BDEs 85, 99,

100, 116, 118, 119, and 126; hexa-BDEs 138, 153, 154,

155, and 166; and hepta-BDEs 181, 183, and 190. And

another PBDE analytical standard EO- 5278 was purchased

from Cambridge Isotope Laboratories, Inc. (MA). EO-5278

was used for quantitative analysis of BDE-209 which

contained BDE-28, 47, 99, 100, 153, 154, 183 and 209. The

internal surrogate standards used were decachlorobiphenyl

(CB-209) from Supelco (Bellfonte, USA). Hexane,

dichloromethane used for the extraction and cleanup pro-

cedures were pesticide grade (J. T. Baker, USA), and other

solvents and reagents were of analytical grade.

In November 2006, two soil cores were collected at the

undisturbed non-agricultural sites near an e-waste recy-

cling village in Zhejiang province, China, which named

MK and NW, respectively. Every soil core was collected

by gently excavating a pit at the site location and then

collecting soil at various depths from the side using a

solvent-rinsed stainless steel spatula. Loose decaying litter

was not included in the depth profile. Soil depths were

carefully measured from the soil surface using a ruler. This

sampling technique was preferred over taking soil cores as

in previous studies (Cousins et al. 1999). Six different

depth soil samples were collected in every soil core: 0–5,

5–10, 10–15, 15–20, 20–30 and 30–50 cm. The samples

were transferred directly into pre-cleaned aluminium foil

envelopes. After been freeze-dried, the soil samples were

ground and sieved to 40 mesh, respectively. Then they

were preserved frozen at -20�C until analysis.

Approximately 8 g of soil was ground with anhydrous

sodium sulfate into free-flowing powder. The samples were

extracted with 200 mL of hexane/dichloromethane (1:1, v/

v) in Soxhlet extraction mode for 24 h. Before extraction,

1 mL of PCB209 solution at a concentration of 10 lg/L

was added as a surrogate standard. Then the concentrated

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

from the bottom to top, with 2 g silver nitrate (AgNO3)

silica (10%, w/w), 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 PBDE mixture were eluted with 70 mL of

hexane: dichloromethane (1:1), and the final elutes volume

were reduced to 1 mL for 0–5 cm soil samples and to

50 lL for other samples under gentle N2 stream.

Throughout the extraction, cleanup and analysis procedure,

the analytes were protected from light by wrapping the

containers with aluminum foil or by using amber glass-

ware. And the organic carbon (OC) of soil was estimated

by weight loss-on-ignition (LOI).

The samples were analyzed on an Agilent 6890 series

gas chromatograph coupled to an Agilent 5973 mass

spectrometer using negative chemical ionization (NCI) in

the selected ion monitoring (SIM) mode. A DB-5MS

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

column was used for the determination of PBDE congeners

except for BDE-209. Methane was used as a chemical

ionization moderating gas and helium as the carrier gas at a

flow rate of 1 mL/min. The ion source and interface tem-

peratures were set to 150 and 300�C, respectively. The GC

oven temperature program 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. For the

determination of BDE-209, a DB-5 MS (15 m 9 0.25 mm

i.d., 0.25 lm film thickness) capillary column was used and

the carrier gas at a flow rate of 1 mL/min. 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 during 1 min and

injected 1 lL (injector temperature 265�C). The com-

pounds were monitored at m/z 79 and 81 (for PBDE

congeners), and m/z 486.7 and 488.7 (for BDE-209 only).

The PCB CB-209 was detected at m/z 496 and 498.

Identifications of all compounds were confirmed, and

concentrations were measured using an external quantifi-

cation standard consisting of known amounts of all the

target compounds. Three quality control criteria were used

to ensure the correct identification of the target compounds:

(a) the GC retention times matched those of the standard

compounds within ±0.05 min; (b) the signal-to-noise ratio

was greater than 3:1; (c) the isotopic ratios between the

quantitative and confirmation ions were within ±15% of

the theoretical values. For every set of 6 samples, a pro-

cedural blank were run in parallel to check the interference

and cross-contamination. For the poor spiked recoveries

(\50%) and low responded of mono-BDEs in NCI mode in

this study, we did not analyze those compounds in the

samples. All results of target analysis reported in the study

were means of duplicate analyses, and the residue con-

centrations in samples below detection limits were regar-

ded to be equal to zero in calculation of sum, means and so
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on. The detection limits, defined as a signal of three times

the noise level, were in the range of 0.001 ng/g dry weight

to 0.01 ng/g dry weight for di- to hepta-BDE, and 0.05 ng/

g dry weight for deca-BDE. The matrix spike recoveries of

the 37 PBDE congeners analyzed (the di- to hepta-BDEs of

the 39 PBDE congeners standard solution and the BDE209)

were between 75% and 115%. The recoveries of internal

surrogate (CB209) in all samples tested were between 85%

and 110%.

Results and Discussion

As these sites were near an e-waste recycling village, the

concentrations of
P

PBDEs (sum of the detected 37 PBDE

congeners) in surface layers of two soil cores were much

higher (284.5 ng/g dry weight in MK site and 2017.1 ng/g

dry weight in NW site). Significantly different with PCBs

vertical distribution in soil (Armitage et al. 2006; Gao et al.

2005), the PBDEs were congregated in the surface layer

(0–5 cm) of soil cores and were 29 times in MK and 18

times in NW higher than the second lower layers (5–10 cm,

Fig. 1). The dominate part of
P

PBDEs (sum of the

detected 37 PBDE congeners) in surface layer of soil were

deca-BDE, which indicated the main pollution source of

DecaBDE commercial formulation in this area. As a whole,

the concentrations of PBDEs were decreased with the soil

depth increased in two cores. At the depth of 30–50 cm, the
P

PBDEs were 0.10 and 0.24 ng/g dry weight in MK and

NW, respectively, and the deca-BDE was not detected in

the soil of this layer in both cores.

There were two significant phenomena in PBDE per-

centage distribution in different depths of MK and NW soil

cores (Fig. 2): (1) the deca-BDE could be detected in

deeper soil layers (15–20 cm in MK and 20–30 cm in NW)

and the percentage of deca-BDE decreased with the

increase of depth; (2) the dramatic increase of the per-

centage of
P

di-BDE in the deepest layers of the two cores.

Based on the halogenation of the phenyl rings, PBDE

congeners are vary widely in physical–chemical properties

such as octanol–water partition coefficients (logKow 5–

10). On the basis of the physical–chemical properties of

deca-BDE209 (e.g., a log subcooled liquid vapor pressure,

VP, of -8.68 and an octanol–water partition coefficient,

Kow, of 9.97), it was expected to be partitioned entirely to

the particle phase in both air and rain (Tittlemier and Tomy

2001; Watanabe and Tatsukawa 1989). The higher bro-

minated substitutes are less mobile in the environment,

possibly because of their low volatility, water solubility

and strong adsorption on solid samples (Watanabe and

Sakai 2003). But recent studies (Gouin et al. 2006) implied

that BDE-209 also have the same potential for long range

transport if sorbed to aerosol particles. As the soil, Schrick

et al. (2004) reported that nanoparticles could transport

through some distance in soil by elution with water. So we

could infer that the deca-BDE appeared in deeper layers of

soil cores were mainly caused by the transport of suspen-

sion particles and the dissolvable organic matter in the soil

eluted by rain water. The deca-BDE residue concentrations

were below the detection limit under the depth of 20 cm in

MK soil core and 30 cm in NW soil core. But there were

detected di- to hepta-BDEs remained in the deepest layers

of both cores, especially, the percentage of
P

di-BDE in

the deepest layers of the two cores increased dramatically,

which indicated the higher penetrability of lower bromi-

nated PBDE than the deca-BDE in soil. And it might

contribute to the earlier appearance of lower brominated

PBDE in sediment cores (Zegers et al. 2003).

In both the soil cores, there was a same unexpected

phenomenon of higher concentrations of PBDEs in 15–

20 cm layer than the immediately upper layer (10–15 cm).

We estimated the organic carbon (OC) of soil by weight

loss-on-ignition (LOI) and calculated organic carbon per-

centage (OC%) distribution in different depths of MK and

NW soil cores (Fig. 3). There was no significant difference

of OC% distribution occurred in both soil cores, and the

Fig. 1 PBDE concentration (ng/g dry weight) in different depths of

MK and NW soil cores.
P

di-BDE: sum of di-BDEs 7, 8, 10, 11, 12,

13, and 15;
P

tri-BDE: sum of tri-BDEs 17, 25, 28, 30, 32, 33, 35,

and 37;
P

tetra-BDE: sum of tetra-BDEs 47, 49, 66, 71, 75, and 77;P
penta-BDE: sum of penta-BDEs 85, 99, 100, 116, 118, 119, and

126;
P

hexa-BDE: sum of hexa-BDEs 138, 153, 154, 155, and 166;

and
P

hepta-BDE: sum of hepta-BDEs 181, 183, and 190
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further studies are needed to describing the mass transport

of PBDEs in soils.
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