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Abstract We studied the tetrabromobisphenol A (TBBPA)
and bisphenol A (BPA) patterns and their sources and trans-
port in different land-use soils from Longtang, South China, a
typical electronic waste recycling center. We also studied the
reductive debromination of TBBPA in paddy soils. TBBPA
and BPA concentrations (on a dry weight basis) were unde-
tected—220 and 0.50-325 ng/g, respectively, and both in-
creased, by similar factors, in the following order: pond sed-
iments<paddy soils=vegetable soils<wasteland<disman-
tling sites<former open buming sites. BPA concentrations
were higher than TBBPA concentrations in all six land-use
soils, and they correlated significantly. TBBPA and BPA were
transported through the soil profiles, being found at relatively
high concentrations in soil 0—40 cm deep, but only at low
concentrations in soil 40-80 cm deep. The surface soil con-
centrations appear to have been strongly affected by crude
recycling activities, and former open burning and dismantling
sites were the main point sources. The areas surrounding the
open burning sites and dismantling sites have been contami-
nated not only by the dumping of waste residues but also by
fly ash deposition, even though the agricultural soils are far
from the point pollution sources. Some BPA in the soils is
likely to be the reductive debromination product of TBBPA
because the long rainy season promotes TBBPA transforma-
tion and because BPA can persist for a long time. Incubation
experiments confirmed that TBBPA could be transformed into
BPA and that BPA could accumulate in waterlogged paddy
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soils, and this may be why BPA concentrations were higher
than TBBPA concentrations in the Longtang area.
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Transport - Debromination - Electronic waste - South China

Introduction

More electronic waste (e-waste) recycling is currently per-
formed in China than in any other part of the world. It is
estimated that approximately 90 % of the global e-waste
imported into Asia is legally or illegally imported into China
(Chen et al. 2009). Low labor costs and weak environmental
regulations and enforcement led to primitive e-waste recycling
techniques, including manual dismantling, open incineration,
and acid dipping, being widely used from the 1990s to the
early 2000s, and these processes led to the release of large
quantities of toxic metals and organic pollutants into the
surrounding environment (Luo et al. 2011; Wang et al.
2011). For example, Cd, Pb, Cu, polychlorinated biphenyls
(PCBs), and polybrominated diphenyl ethers (PBDEs) have
been detected in abiotic and biotic samples around e-waste
recycling sites in the provinces of Guangdong and Zhejiang,
the two main e-waste recycling areas in China (Luo et al.
2011; Wong et al. 2007; Zhao et al. 2009).

It is well known that PBDEs and tetrabromobisphenol A
(TBBPA) are widely used in electronic products, and they
have been used for more than three decades as brominated
flame retardants (BFRs). PBDEs can be released into soil and
the ambient environment from uncontrolled e-waste recycling
activities and threaten local ecosystems and the health of
recycling workers and local residents (Qu et al. 2007; Wang
et al. 2011). There has been an increasing amount of research
into PBDEs in e-waste recycling areas in China (Leung et al.
2007; Liu et al. 2008; Luo et al. 2007; Wong et al. 2007; Wu
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etal. 2008). However, there has been little research on TBBPA
concentrations in soils in these areas, and in particular, there
has been little research on its natural degradation in agricul-
tural soils. Bisphenol A (BPA), the final reductive
debromination product of TBBPA, is known to show estro-
genic activity (Huang et al. 2012; Renner 1997), and its fate in
agricultural soils remains to be elucidated.

According to previous reports, the reductive
dehalogenation of highly halogenated compounds is a key
step in their degradation in the environment. For example,
TBBPA (Arbeli and Ronen 2003; Ronen and Abeliovich
2000) and PCBs (Wiegel and Wu 2000) have been found to
be reductively dehalogenated and then further degraded by
microorganisms. Likewise, the microbial degradation rates of
polychlorinated benzenes and phenols can be enhanced if the
chlorine atoms are first anaerobically removed from the aro-
matic ring (Suflita and Townsend 1995). Biogeochemical
process and remediation research has only recently started to
be conducted on BFRs in soil in China (Liu et al. 2013),
despite the fact that BFRs have been released into the envi-
ronment from e-waste recycling activities for more than 20
years (Chen et al. 2009; Luo et al. 2009; Wang et al. 2011;
Wong et al. 2007).

South China is one of the main acid deposition regions in
China (Huang et al. 2009), and it has a subtropical
monsoon climate with a rainy season from March to
October. The agricultural fields in South China are often
covered with water, and the soils are predominantly red
soil, containing abundant iron and manganese oxides,
which are considered to be important sources of reduc-
tants for the reduction of halogenated hydrocarbons (Lin
et al. 2009).

This study was carried out in the Longtang area (23° 34’ N,
113° 0" E), in northern Guangdong Province, southern China,
which has an area of approximately 150 km? and approxi-
mately 100,000 residents, approximately half of whom are
engaged in dismantling e-waste. e-waste recycling in
Longtang and its surrounding area can be traced back to the
1980s, and Longtang is now one of the largest e-waste
recycling centers in China, with more than 1,000 workshops
processing approximately one million tonnes of e-waste per
year (Luo et al. 2011; Ni and Zeng 2009). However, tradition-
al agricultural activities, such as rice and vegetable cultivation,
fish farming, and poultry rearing, are still practiced in this
area. Unfortunately, most of the e-waste recycling methods
have remained primitive, and there are many former open e-
waste burning sites and current e-waste dismantling work-
shops dispersed in or close to agricultural fields. The objec-
tives of the study presented here were to (1) study TBBPA and
BPA contamination, released from primitive e-waste recycling
activities, in the surrounding soils and (2) investigate whether
TBBPA could be naturally transformed into BPA in water-
logged paddy soils. The results of the study will be helpful in

planning management measures and in evaluating potential
health risks to the workers and local residents in e-waste
recycling areas.

Materials and methods
Standards and reagents

A mixture of N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and trimethylchlorosilane (TMCS) (99:1, v/v),
TBBPA, and BPA (all with purity >98 %) were purchased
from AccuStandard (New Haven, CT, USA). '°C,,-labeled
TBBPA and '°C ,-labeled BPA (both with purity >99 %) were
provided by Cambridge Isotope Laboratories (Andover, MA,
USA). All other chemicals were purchased from Guangzhou
Chemical Reagent Factory (Guangzhou, China). Acetone,
ethyl acetate, and n-hexane were of HPLC grade, and other
chemicals were of analytical grade.

Soil sampling

The sampling locations are shown in Fig. 1 and were mainly
concentrated in nine villages (BC, BHT, DA, DG, JL, NY, SB,
XB, and YMY). The sites were classified into six land-use
groups: former open burning sites, dismantling sites (includ-
ing open air sites and workshops), paddy fields, vegetable
fields, wasteland, and pond sediments. Seven soil profiles
1(100 cm long x50 cm widex 80 cm deep) were collected
from a large former open burning site (BC village, n=2),
three paddy fields (BC village, SB village, and YMY
village; n=3), and two wasteland sites (BHT village,
n=2). The number of collected surface samples and soil
profiles in different villages is shown in Table 1. Soil and
its associated water were collected for the anaerobic
incubation experiments from a waterlogged paddy field
in YMY village.

All samples were collected in January 2011, which is in the
dry season. Topsoil (0—20 cm) samples were collected from
the sites using a stainless steel scoop, including pond areas,
waterlogged paddy fields, and dismantling sites. Soil profile
samples were collected from the top layer to the bottom layer
(020, 20-40, 40-60, and 60-80 cm). Each sample was a
composite of five subsamples taken from an approximately
square area with each subsample site being about 15 m from
the central subsample site. The samples were wrapped in
aluminum foil, put in polythene bags, and transported to the
laboratory, where they were freeze-dried, ground in an agate
mortar, passed through a 2.0-mm sieve, and stored at —18 °C.
Water from a waterlogged paddy field was collected in a glass
bottle with a lid.
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Fig. 1 Map of the villages in the Longtang area where soil samples were taken

Soil incubation

Anoxic incubation experiments were performed using
200-mL serum bottles. To avoid the effects of background
TBBPA and BPA in the original soil, a paddy soil collected in
YMY village, containing only trace concentrations of TBBPA
(2.34+0.23 ng/g) and BPA (4.32+0.27 ng/g), was chosen for
the incubation experiments. The soils in the Longtang area are
Ferric Acrisols. The properties of the paddy soil used in the
incubation study are given in Table 2. The mean pH value was
approximately 6.0, and the total organic matter content was
approximately 3.0 %. The active Fe,O; and Mn species
reached approximately 3.0 % and 240 ug/g, respectively.
The H,0 content was approximately 70 %.

An aliquot of dry soil (5 g) was spiked with TBBPA
(1.05 mL, 500 pg/mL, dissolved in acetone), placed under a
fume hood for 2 h to allow the solvent to evaporate, and then
mixed thoroughly. The spiked soil sample was mixed with

100 g of unspiked soil, to bring the final TBBPA concentra-
tion in the soil to 5 pg/g. Each soil aliquot (10 g) was then
incubated in a serum bottle with 100 mL of sterilized medium,
and three replicates were performed in the batch samples. The
medium was the water collected from the waterlogged paddy
field, to which had been added 3 g of NaCl, 0.15 g of
K,HPO,, 0.06 g of MgSQOy,, 0.05 g of peptone, 0.05 g of
tryptone, 0.1 g of glucose, and 0.1 g of yeast extract. The
pH was adjusted to 6.1 with 2 N NaOH,,). Each bottle was
flushed with N, gas for 10 min and then sealed, to simulate the
anoxic environment in a waterlogged paddy field. The bottles
were incubated at 25 °C in the dark and without shaking. After
incubation, the samples in the bottles were freeze-dried,
ground in an agate mortar, and stored at —18 °C. Samples
sterilized in an autoclave were used as control samples. For
further comparison, three aliquots (5 g) of the soil spiked with
TBBPA were kept dry. The incubated samples were analyzed
after incubation for 18 and 30 days, respectively, and the

Table 1 Number of surface soil
samples and soil profiles taken
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from the villages in the study area
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Table 2 Properties of the waterlogged paddy soils used in the
study (n=3)

Property Value SD
pH (H,0) 6.10 0.12
Total N (%, dry soil) 0.15 0.04
Total P (%, dry soil) 0.03 0.01
Total K (%, dry soil) 0.83 0.14
Total organic matter (%, dry soil) 3.01 032
Fe,05 (%, dry soil) 3.13 0.48
Total Mn (pg/g, dry soil ) 243 25
H,O content (%) 72 2

SD standard deviation

sterilized and dry samples were analyzed at the end of the
experiments.

Sample preparation

Briefly, 10 g of each freeze-dried soil sample was extracted
with 150 mL of ethyl acetate in a Soxhlet apparatus for 48 h,
with activated copper added to remove sulfur. Each soil ex-
tract was concentrated to about 1 mL using a rotary evaporator
(Laborota 4000 efficient, Heidolph, Germany) and then
cleaned by passing it through a multilayer silica gel/alumina
column (i.d. 1 cm) containing, from the top to the bottom,
anhydrous Na,SO,4 (2 cm), neutral silica (12 cm), neutral
alumina (6 cm), and anhydrous Na,SOy4 (2 cm). TBBPA and
BPA were eluted with 20 mL ethyl acetate. Each extract was
concentrated using a rotary evaporator and then reduced to
200 pL under a gentle stream of purified nitrogen. Known
amounts of '>C;,-labeled TBBPA and '’C;,-labeled BPA
were then added to each sample, to act as internal standards.
Two microliters of 2 pg/mL '*C;,-labeled TBBPA and 1 pL
of 2 pg/mL '3C,-labeled BPA (less BPA relative to TBBPA
was used because BPA gives a higher detector response) were
added to the environmental (survey) samples, and 10 uL of
13C,,-labeled TBBPA and 5 pL of '*C;,-labeled BPA (both at
4 ng/mL) were added to the incubated samples.

Derivatization

Derivatization is necessary to enhance the chromatographic
peaks of the highly polar TBBPA and BPA. An aliquot
(100 pL) of each standard or extract solution was transferred
into a 2-mL reaction vial, and 50 uL of BSTFA containing
1 % TMCS was added. The vial was then filled with N,,
closed, and left for 30 min at 60 °C. Finally, an aliquot
(1 pL) of the solution was analyzed by gas chromatography-
mass spectrometry (GC-MS).

Instrumental analysis

GC-MS (Agilent 6890 GC coupled to an Agilent 5973 N mass
selective detector; Agilent Technologies Inc., Santa Clara,
CA, USA) was used to determine TBBPA and BPA in the
extracts, with separation achieved using a DB5-MS capillary
column (length 30 m, i.d. 0.25 mm, and film thickness
0.25 mm; J&W Scientific, Inc., Folsom, NM, USA). The
operating conditions were similar to those described else-
where (Sanchez-Brunete et al. 2009). Briefly, the injector port
temperature was 280 °C, helium (purity 99.995 %) was used as
the carrier gas, and splitless mode was used. The column tem-
perature was 75 °C for 1 min; then, it was increased at 20 °©
C/min to 310 °C, which was held for 5 min. The ion source
temperature was 300 °C, and the quadrupole temperature was
150 °C. The limit of quantification (LOQ) is defined as the
concentration of a standard that gives a peak with a signal/
noise ratio of 10. The TBBPA and BPA LOQs were 0.30 and
0.10 ng/g, respectively. For the analysis of the environmental
(survey) samples, a series of 12 calibration standards were
prepared, with a concentration range of 2-350 ng/mL, each
containing 20 ng/mL of the *C;,-labeled TBBPA and 10 ng/
mL of the '*C,,-labeled BPA. For the analysis of the incubat-
ed samples, a series of six calibration standards were prepared,
with a concentration range of 1-6 pg/mL, each containing
200 ng/mL of the '*C,-labeled TBBPA and 100 ng/mL of the
13C12—1abeled BPA. The standard solutions were derivatized
with BSTFA before GC injection.

Quality assurance and quality control

The quality assurance and quality control (QA/QC) measures
used included analyzing a duplicate sample, a laboratory
blank (solvent), and a laboratory spiked sample in each
set of 15 samples. A laboratory blank and a duplicate
sample were run with each set of samples to assess the
potential for sample contamination and the repeatability
of the analysis. No TBBPA or BPA was detected in the
laboratory blanks.

We performed analyte recovery studies, in which laborato-
ry soil samples (n=8) were spiked with '*C,-labeled internal
standards (equivalent to 10 ng/g of each analyte in the
soil) and left at room temperature in a fume hood for 2 h
to allow the solvent to evaporate. The internal standards in
these samples were determined using the external stan-
dards method, and their recoveries ranged from 92.8 to
108.5 % for '’Cjy-labeled TBBPA and from 91.6 to
106.0 % for '’C;,-labeled BPA. Their relative standard
deviations were 6.3 and 5.8 %, respectively. The analyte
concentrations were not corrected for the surrogate recov-
eries, and all of the data are expressed on a dry weight
basis (nanograms per gram dw).
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Statistical analyses

Statistical analyses, including variance analysis and Pearson’s
correlations, were carried out using the statistical package
SPSS 13.0 for Windows (SPSS, Inc., Chicago, IL, USA).
When the average concentration in a surface soil or soil profile
sample was lower than the LOQ, it was considered
undetected.

Results

Concentrations and distributions of TBBPA and BPA
in surface soils

The TBBPA and BPA concentrations found in the Longtang
soils (020 cm deep, excluding the soil profile samples) are
given in Table 3. The TBBPA concentrations ranged from
undetected, in an SB village pond sediment, to 219.99 ng/g, in
soil from the largest former open burning site in BC village.
The BPA concentrations ranged from 0.50 ng/g, also from a
pond sediment in SB village, and 324.56 ng/g, also from the
largest former open burning site in BC village. It is clear from
Table 3 that former open burning sites and dismantling sites
contained high TBBPA and BPA concentrations, and waste-
lands, paddy soils, vegetable soils, and pond sediments
contained relatively low concentrations in all villages. TBBPA
and BPA concentrations were approximately 2 orders of mag-
nitude higher at burning sites than in agricultural fields. Both

TBBPA and BPA concentrations found in the different land-
use soils decreased in the following order: former open burn-
ing site>dismantling site>wasteland>paddy field=vegetable
filed>pond sediment. The BPA concentrations were generally
higher than the TBBPA concentrations at all of the sampling
sites.

Both the TBBPA and BPA concentrations were higher in
most of the soil samples from BC village than in the soil
samples from the other villages. The TBBPA and BPA con-
centrations were also relatively high in the soil samples from
YMY and BHT villages. The TBBPA and BPA concentrations
in soil samples from the other villages (e.g., DG and JL
villages) far from BC village were relatively low. There was
a general trend that the farther from the open burning and
dismantling sites and the farther from BC village the soils
samples were taken, the lower the TBBPA and BPA concen-
trations were.

TBBPA and BPA distributions in soil profiles

As is shown in Fig. 2, both TBBPA and BPA could be
detected at 0—40-cm-deep soil samples in each of the soil
profiles. However, TBBPA and BPA could be detected in only
a few of the 40-80-cm-deep soil samples. The TBBPA and
BPA concentrations decreased sharply from top to bottom in
each soil profile. TBBPA and BPA were mainly found in the
0—40-cm-deep soils, which accounted for more than 95 % of
the total in each profile, and their concentrations in the 40-80-
cm-deep soils were very low (<1.00 ng/g), accounting for less

Table 3 Mean TBBPA and BPA

concentrations (+standard devia- Village Former open Dismantling ~ Wasteland  Paddy Vegetable  Pond
tions) in soils from the different burning sites sites fields fields sediments
sampling site types (nanograms
per gram, dry weight basis) BC TBBPA  144.09£65.68  21.19+7.20 3.87£239 223+1.78 2.19+1.71  0.65+0.13
BPA 182.04+84.35  34.10+11.53  7.92+3.19 5.60+3.37 5.9242.75 1.74+0.46
YMY TBBPA  87.58 14.44+5.45 3.59+2.13  1.84+1.49 2.08+1.22 0.50
BPA 120.61 25.27+£9.51 7.05£2.93 5124273 4914251 093
BHT TBBPA 2627 16.50+3.59 3.15£1.29 1.7840.80  1.55+091 0.48
BPA 45.20 25.25+6.96 5.58+2.73 4.60+1.68 4.53+1.56 124
DA TBBPA 12.55 1.63 1.25+0.70  1.80
BPA 22.23 3.86 395149 4.16
NY TBBPA 2229 13.29 1.39 1.11+£0.53  1.32
BPA 38.02 18.53 2.35 2.08+1.03 248
XB TBBPA  40.16 12.30 2.30 0.85+0.46  1.18
BPA 61.34 18.33 432 2.61+0.79  2.93
SB TBBPA  21.19 11.00 1.30 1.33£0.96  0.66 nd
BPA 46.60 17.57 3.12 237+1.13 224 1.02
DG TBBPA 8.71 1.59 0.85+0.15 096
nd concentration lower than the BPA 11.34 2.54 1.98+0.82  2.02
limit of quantification (LOQ) L TBBPA 9.46 1.32 093+023  0.73
LOQ of TBBPA, 0.30 ng/g; LOQ BPA 12.90 1.89 1.44+042 170

of BPA, 0.10 ng/g
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Fig. 2 Mean concentrations of TBBPA (a) and BPA (b) in the different
soil profiles: former e-waste open burning site (n=2), wasteland (n=2),
and paddy field (n=3)

than 5 % of the total. The TBBPA and BPA concentrations in
most of the 60—80-cm-deep soil samples were lower than the
instrument LOQs. In general, as in the surface soils, the BPA
concentrations were higher than the TBBPA concentrations in
the 20-40-cm-deep soils in each soil profile.

Correlation between TBBPA and BPA

There were significant correlations between TBBPA and BPA
concentrations in the soil samples. The Pearson correlation
coefficient between the TBBPA and BPA concentrations was
0.91, which was significant at the 0.01 level (two-tailed).

Debromination of TBBPA in anoxic waterlogged paddy soil

As is shown in Fig. 3, although there were no significant
differences in concentrations between dry and sterilized ex-
periments, or between 18 and 30 days of incubation, we can
compare their average values. The spiked TBBPA and initial
BPA concentrations in the control samples showed almost no
change after incubation. However, incubation in serum bottles
for 18 days caused the TBBPA concentration to decrease by
approximately 8 %, from 5.01+0.24 pg/g before incubation to
4.62+0.24 ug/g after 18 days of incubation. The BPA con-
centration increased from 4.32+0.27 ng/g before incubation to
0.11+£0.03 pg/g after 18 days of incubation. Incubation for 30

Log(Concentrations of TBBPA and BPA)(ng/g)

18d 30d

Dry Sterilized 18d 30d
TBBPA BPA

Fig. 3 Reductive debromination of TBBPA in simulated waterlogged
paddy soil. Average values (+standard deviations, n=3) that have the
same lowercase letters are not significantly different at P>0.05. Dry, dry
soils with no water; Sterilized, autoclaved mixture of dry soils and water
from the paddy field

Dry Sterilized

days caused the TBBPA concentration to decrease further to
4.14+0.23 ng/g and the BPA concentration to increase further
to 0.23+£0.04 ng/g.

Discussion

Sources and transport of TBBPA and BPA in the Longtang
surface soils

As is shown in Table 3, the highest TBBPA and BPA concen-
trations were only detected in soils from former open burning
sites, and the next highest concentrations were found at dis-
mantling sites. However, relatively low TBBPA and BPA
concentrations were also detected in soils of other land-use
type which are still used for traditional agriculture. The dis-
mantling sites are important point pollution sources. There are
more than 1,000 workshops in the Longtang area, and large
amounts of e-waste have been dismantled each day at the
dismantling sites since the end of the 1980s. Valuable com-
ponents were previously reclaimed using acid dipping and
coal-fire baking, to melt circuit boards, and some plastic waste
was burned in and around some of the recycling workshops.
TBBPA and BPA can be released during dismantling activi-
ties, and the ash, dust, and e-waste residues produced have
caused the high TBBPA and BPA concentrations found in the
dismantling site soil samples. The former open burning sites
are the other important point pollution sources. In the past,
especially at the end of the last century, piles of e-waste were
burned at the open burning sites, without any treatment of the
fumes or residues. The thick smoke released and the ash
residues produced at the open burning sites will be the reason
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why the highest TBBPA and BPA concentrations were found
in the open burning site soil samples. It is clear that the former
open burning sites and dismantling sites are still point pollu-
tion sources, even though the open burning of e-waste and
acid dipping and coal-fire baking of circuit boards have been
forbidden for more than 10 years.

It is clear that the TBBPA and BPA released from disman-
tling and open burning activities had diffused and been
transported from the point pollution sources. The soils sur-
rounding the open burning and dismantling sites usually had
relatively high TBBP and BPA concentrations, but in the
paddy and vegetable fields, relatively far from the point pol-
Iution sources, the TBBPA and BPA concentrations were
relatively low. It is interesting that the farther the samples
were taken from BC village, the lower the TBBPA and BPA
concentrations in the agricultural soils were. BC village was
the main point pollution source in the Longtang area, and this
is where e-waste recycling activities began earlier than else-
where in the area and where former open burning sites,
including the largest open incineration plant, were mainly
situated. The areas surrounding the open burning sites and
dismantling sites are expected to have been contaminated not
only by the dumping of waste residues but also by fly ash
deposition.

Brominated flame retardants (including PBDEs),
PCDD/Fs, and PBDD/Fs have previously been detected in
air and in deposition around e-waste dismantling areas (Chen
et al. 2009; Li et al. 2007; Tian et al. 2011, 2012). It is
reasonable to suggest that TBBPA and BPA could also be
deposited onto agricultural land by short- and long-range
atmospheric transport from former open burning sites and
dismantling sites, even though TBBPA and BPA have low
volatilities. Fly ash and other suspended particulates contain-
ing TBBPA and BPA, generated at open burning sites and
dismantling sites, may have led to their detectable concentra-
tions in the paddy and vegetable soils, and even in the pond
sediment samples, through transport and deposition. The
mean TBBPA and BPA concentrations were lower in the pond
sediments (outside the villages) than in the paddy and vege-
table soils, possibly because of the ponds being drained and
the sediments being dug out during the dry season. However,
the mean TBBPA and BPA concentrations were higher in the
wasteland soils than in the paddy and vegetable soils, which
may have been caused by the dumping of waste residues at
many wasteland sites.

It is well known that TBBPA can be debrominated into
BPA under anoxic condition, while BPA is not biodegraded
and can persist in anaerobic sediments (Ronen and Abeliovich
2000; Voordeckers et al. 2002). The Longtang area has a
typical subtropical monsoon climate, with a rainy season from
March to October, a mean annual temperature of approximate-
ly 21 °C, and an annual rainfall of approximately 1,700 mm.
Soils in the area are often wet and anoxic. Paddy and
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vegetable soils are often wet or waterlogged for most of the
rainy season. These conditions may promote the anaerobic
reductive debromination of TBBPA. It is clear that the mean
BPA concentrations were higher than the mean TBBPA con-
centrations in all of the land-use soils (Table 3). This may have
been caused by the transformation of TBBPA in the soils.
TBBPA and BPA have been widely used in electronic
equipment, and both can be released during primitive
dismantling activities. e-waste has been recycled in the
Longtang area for more than 20 years. Some of the
TBBPA may have been transformed into BPA by reduc-
tive debromination in soils. It is, therefore, possible that
BPA has been accumulating in the Longtang soils, and
it degrades more slowly than TBBPA, especially in
waterlogged soils. This may be an important reason
why the BPA concentrations were higher than the
TBBPA concentrations in all of the land-use soils. In
addition, according to the Pearson correlation test, the
TBBPA and BPA concentrations correlated significantly.
This also implies that some of the TBBPA had been
degraded after its release during the e-waste recycling
processes.

Transport of TBBPA and BPA in the Longtang soil profiles

The Longtang area not only has a subtropical climate, with
abundant rainfall, but also has obvious alternating dry and
rainy seasons, and these factors may help to explain TBBPA
and BPA transport through soil profiles. As ionizable com-
pounds, a part of TBBPA and BPA can be desorbed from soils
at a pH of approximately 6.0 (Han et al. 2013; Sun et al. 2008)
and then leached with water along the soil profiles. In addi-
tion, e-waste recycling activities have been carried out in the
Longtang area for many years, and it is clear that the soils in
the area have been greatly affected by the pollutants released
during e-waste recycling. In terms of groundwater pollution,
as can be seen from Fig. 2, TBBPA and BPA were mainly
found in soils less than 40 cm deep (and were mostly found in
the surface soils, <20 cm deep), and their concentrations in the
40-80-cm-deep soils were low (<1.00 ng/g). These results
indicate that most of the TBBPA and BPA were sorbed to
the soil particles but that they could be gradually transported
from the surface soil to deeper soils. Plowing is a basic
agricultural activity in paddy and vegetable fields in the
Longtang area, and this could have enhanced the degradation
of BPA because plowing can increase soil porosity, and BPA
can be oxidized in aerobic environments (Ronen and
Abeliovich 2000). These results imply that the effects of
TBBPA and BPA on groundwater are likely to be very low.
To summarize, the diffusion of TBBPA and BPA farther from
the point pollution sources could be controlled if it is possible
to manage the former open burning sites and dismantling sites
well in the future.
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Degradation of TBBPA in the waterlogged paddy soils

As can be seen from Fig. 3, the TBBPA concentrations in the
spiked sterilized and dry soils showed almost no change
during incubation, even though there were abundant iron
and manganese oxides which can be used as sources of
chemical reductants in the soils. There may be reducing ma-
terials, such as Fe(Il) and reduced humic substances, in the
sterilized soils, but they may have no effect on the degradation
of TBBPA without microbial activity which is the driving
force for the recycling of these redox species. In addition,
the lack of TBBPA degradation in the dry soils indicated that
water content can be a key factor governing the degradation of
TBBPA in the anoxic environment in our study.

Previous studies using anoxic environments have shown
that ferric respiration and humus respiration are two important
types of microorganism metabolism (Coates et al. 2002;
Lovley et al. 1996; Straub et al. 2001; Van Trump et al.
2006), and the electrons produced during metabolism can be
finally transferred to a high valency metal or halogenated
organic compound, such as Fe(Ill), Cr(VI), U(VI), Pb(Il),
2,4-dichlorophenoxyacetic acid, or a member of the dichloro-
diphenyltrichloroethane group of compounds (Li et al. 2009,
2010; Lovley et al. 2004; Wang et al. 2009). However, it is
clear that the main driving force for these processes is the
metabolic activity of microorganisms.

The TBBPA concentration gradually decreased in the test
soils during the incubation period. In addition, as can be seen
from Fig. 3, BPA was produced, and its concentration clearly
increased after 18 days, further increasing up to the end of the
experiment. This indicates that TBBPA in the Longtang soils
could be transformed into BPA under anoxic conditions and
confirms that some of the BPA found in the soils was likely to
be the debromination product of TBBPA. TBBPA degradation
and BPA accumulation have also been found in an anaerobic
sediment slurry from a wet ephemeral desert stream bed in
Israel (Ronen and Abeliovich 2000), and, according to that
report, TBBPA was completely debrominated in the anaerobic
slurry after 45 days, and BPA persisted and was not degraded
further even after 3 months of incubation. Other studies have
shown that TBBPA can be reductively debrominated, and
BPA has been found to accumulate in estuarine sediments
(Voordeckers et al. 2002). The degradation of TBBPA in
anaerobic environments has also been shown to be enhanced
by adding certain substrates, such as an enrichment culture
(Arbeli and Ronen 2003), humic acid, zerovalent Fe, and
vitamin B, (Chang et al. 2012).

Fe, Mn, and organic matter are ubiquitous and abundant in
Longtang agricultural soils (Table 2) and are usually consid-
ered to be redox-reactive compounds (Kappler and Haderlein
2003; Lin et al. 2009; Lovley et al. 2004), which could provide
important substrate conditions for reductive debromination.
Paddy fields are usually drained, plowed, and aired in the

winter in South China, which would promote the degradation
of BPA by creating an aerobic environment (Ronen and
Abeliovich 2000). Therefore, if the pollution point sources
can be controlled, and suitable management procedures can
be implemented, the TBBPA and BPA contamination in the
Longtang agricultural soils could be gradually ameliorated.

Conclusions
In this study, the following conclusions have been made:

1. Soils in the Longtang area have been contaminated be-
cause of crude e-waste recycling activities in the area, and
TBBPA and BPA were detected not only in former open
burning and dismantling sites but also in agricultural
fields and pond sediments. The TBBPA and BPA concen-
trations increased in the following order: pond sediments
<paddy soils=vegetable soils<wasteland<dismantling
sites<former open burning sites. TBBPA and BPA have
been transported through the soil profiles at each of the
study sites, including in agricultural fields.

2. TBBPA and BPA found in the soils were mainly derived
from the previous incomplete combustion of e-waste in
open burning and dismantling sites, which were their
main point sources. It is highly likely that some of the
BPA was derived from the reductive debromination of
TBBPA in the soils and that BPA can persist for longer
than TBBPA in anoxic soils. This may be the main reason
for the BPA concentrations being higher than the TBBPA
concentrations in soils from all six sampling site types in
the Longtang area.
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