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Abstract

Tetrabromobisphenol A (TBBPA) is the most abundant brominated flame retardant and bisphenol A (BPA) is often identified
as the metabolic product of TBBPA. Both of them are highly bioconcentrated and show serious biological toxicity. In this
study, an analytical method was optimized to simultaneously determine TBBPA and BPA in plant samples. Moreover, the
uptake and metabolism of TBBPA in maize were investigated through hydroponic exposure experiment. The whole analysis
procedure included ultrasonic extraction, lipid removal, purification by solid-phase extraction cartridge, derivatization, and
detection by GC/MS. Optimizations were conducted for each pretreatment step above. After improvement, methyl tert-butyl
ether (MTBE) was chosen as the extraction solvent; the lipid removal was conducted by repartition between organic solvent
and alkaline solution. The best suitable pH condition is 2-2.5 for the inorganic solvent before used for further purification by
HLB and silica column with the optimized elute solvent of acetone and mixtures of acetone and hexane (1:1), respectively.
The recoveries of TBBPA and BPA spiked in maize samples were 69+4% and 66+4% with the relative standard deviation
less than 5%, respectively, for the entire treatment procedure. Limits of detections were 4.10 ng/g and 0.13 ng/g for TBBPA
and BPA in plant samples, respectively. In the hydroponic exposure experiment (100 pg/L, 15 d), the concentrations of
TBBPA in maize cultivated in pH 5.8 and pH 7.0 Hoagland solutions were 1.45 and 0.89 pg/g in roots and 8.45 and 6.34
ng/g in stems, while they were all below the detection limit for leaves, respectively. The distribution of TBBPA in different
tissues was as the following order: root>>stem>leaf, illustrating the accumulation in the root and the translocation to the
stem. The uptake variations under different pH conditions were attributed to the change of TBBPA species, now that it shows
greater hydrophobicity at lower pH condition as a kind of ionic organic contaminant. Monobromobisphenol A and dibro-
mobisphenol A were identified as metabolisms products of TBBPA in maize. The efficiency and simplicity of the method
that we proposed characterize its potential application as a screening tool for environmental monitoring and contribute to a
comprehensive study of the environmental behavior of TBBPA.
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Introduction

Tetrabromobisphenol A (TBBPA) is the most abundant bro-
minated flame retardant (BFR) currently used in plastic pol-
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including air, dust, surface water, wastewater, sediment, soil,
sewage sludge, and aquatic organism (Han et al. 2013; Xie
et al. 2020; Pan et al. 2022; Liu et al. 2016b); however, very
few data are available for plant samples, relatively. TBBPA
and BPA, as a kind of typical endocrine disruptors, can pose
potential threat to human and wildlife even in environmental
relevant dosage (Covaci et al. 2009; Pan et al. 2022; Liu
et al. 2016¢c; Wu et al. 2021). They both show toxic effects
on plants by inhibiting the seed germination and causing
lipid peroxidation of plants (Dogan et al. 2010). Moreover,
BPA exhibits more toxic effects than TBBPA as to seed ger-
mination and oxidative stress (Dogan et al. 2010).

Plants exhibit essential roles in the translocation and
transformation of organic compounds. Plant uptake of
organic contaminant is a significant process associated with
its ecology risk, environmental fate, and the potential threat
to the food chain (Collins et al. 2006; Wang et al. 2011a).
The ability of plants to absorb organic pollutants is a central
process in biogeochemical cycling, which increases the risk
of human exposure to them through the food chain (Collins
et al. 2006). Understanding the behaviors of TBBPA and its
derivatives in intact plants will help to elucidate its envi-
ronmental behaviors. The metabolism of persistent organic
pollutants is an important factor in determining their bioac-
cumulation, fate, and potential toxicity (Hakk and Letcher
2003). TBBPA could be reductively dehalogenated to bis-
phenol A (BPA) in slurry of anaerobic sediment (Ronen
and Abeliovich 2000; Arbeli and Ronen 2003). For biotic
experiment, tribromobisphenol A was found in the rat liver
and was excreted into the feces via bile when TBBPA was
administered to adult female Wistar rats (Hakk and Letcher
2003). Dehalogenation was observed in plants for other bro-
minated flame retardants, such as polybrominated diphenyl
ethers (Zhao et al. 2012; Wang et al. 2011b; Huang et al.
2010). Previous studies have reported that uptake of TBBPA
by plant root systems and the resulting translocation to the
aboveground part by active transport through the vascular
network are common in plants (Li et al. 2011). The pre-
vious study presented that derivatives of TBBPA includ-
ing Tri-BBPA, DBBPA, MBBPA, and BPA are more toxic
than TBBPA from the microtox and algal assay (Debenest
et al. 2010). Meanwhile, the effects of molecular species in
different pH conditions on the uptake of TBBPA on plant
are still unknown. Therefore, it is interesting to investigate
metabolism derivatives of TBBPA in plants in different pH
conditions.

There is a lack of information concerning the analysis and
concentration of TBBPA in plant sample relatively, which
need strict extraction and purification procedure due to the
complicate lipid components of the plant sample. There have
been many methods reported to date for determining TBBPA
and its metabolisms in various samples (Covaci et al. 2009;
Okeke et al. 2022, Environmental Research), such as gas

chromatography-mass spectrometry (GC/MS) and liquid
chromatography-electrospray tandem mass spectrometry
LC/MS(/MS) (Tolosa et al. 2021; Sanchez-Brunete et al.
2009; Okeke et al. 2022). Although LC/MS/MS exhibits
higher sensitivity and better detection limits, GC/MS is more
available with lower cost in the analysis laboratory. More-
over, the deficiency could be remedied by optimizing the
cleanup procedures in reducing the matrices effects. There-
fore, the objective of this study was to develop an analytical
method for simultaneous determination of TBBPA and BPA
in plant sample, including the improvement and optimization
for the extraction and cleanup procedures. Then, the new
developed method was applied to investigate the uptake and
the effects of pH on the uptake of TBBPA in maize, which
is regarded as a model plant to investigate the fates of persis-
tent organic compounds because of its extensive cultivation.
Here, hydroponic exposures were adopted to focus on the
plant metabolism of TBBPA without parallel soil micro-
organism interactions. Finally, the possible metabolites of
TBBPA in maize were identified by GC-MS. This study will
be helpful to assess the ecological risk of TBBPA in food
chain, analyze its environmental behaviors, and broaden the
knowledge of its environmental fates comprehensively.

Materials and methods
Chemicals and compounds

The target compounds TBBPA and BPA together with the
derivation reagent (BSTFA: TMCS 99:1) were purchased
from Sigma-Aldrich Inc. (Sigma Inc., St. Louis, MO, USA).
13C-tetrabromobisphenol and *C-PCB-208 were obtained
from Cambridge Isotope Laboratories (CIL, Andover, MA,
USA). The target compounds were dissolved in ethyl ace-
tate and stored at —4°C in dark. The pure water was sup-
plied by the Milli-Q system (Millipore Corporation). The
organic solvents including methane, acetone, hexane, ethyl
acetate, dichloromethane (DCM), and methyl tert-butyl ether
(MTBE) were of chromatography grade and purchased from
Fisher Scientific Inc. (Thermo Fisher, MA, USA).

Hydroponic culture

Maize was selected as a typical model terrestrial plant in
this work (Huang et al. 2010; Wang et al. 2011a). Seeds of
maize were obtained from the Chinese Academy of Agri-
cultural Sciences, Beijing, China. Seeds were sterilized by
soaking in 10% H,0O, for 20 min, followed by thoroughly
washing with de-ionized water and subsequently germinat-
ing on filter paper in dark at 25°C. After sowing for 3 days,
the maize was moved in Hoagland nutrition solution. Then,
they were exposed to TBBPA (100 pg/L) at pH of 5.8 and
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7.0 to investigate effects of pH on its plant uptake. The expo-
sure solution was renewed once for 24 h. The entire exposure
lasted for 15 d. Meanwhile, the blank group with TBBPA
free was set with three replicates. The day/light temperature
regime was 20-25 °C and the relative humidity was main-
tained at 60—70%. The photoperiod was set as 14 h/day at
a light intensity of 132.50W/m?. The plants were harvested
and washed with tap water at least for three times. Then, the
plant samples were freeze-dried for 48 h and chopped finely
before further pretreatment.

Sample extraction and lipid removal

The whole method diagram is illustrated in Fig. 1 and each
step was optimized. Firstly, the collected maize plant sam-
ples were washed by pure water; then, they were freeze-
dried, following which they were cut and grinded homogene-
ously. 0.1 g dried plant sample was weighted and spiked with
60 ng '>*C-TBBPA as a surrogate dissolved in 10 pL meth-
ane. The prepared plant sample was placed in dark condi-
tions for 24 h until all methanol evaporated. Then, the plant

Fig. 1 The whole flow diagram
for the optimized analytical
method
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was extracted with 8—10 mL different organic solvents in
ultrasonic bath for 20 min. Four extracting solvents includ-
ing ethyl acetate, dichloromethane, MTBE, and hexane
which showed different polarities were tested and compared
in this study. After the extraction, the organic solvent was
collected after centrifugation at 3000 rad/min for 20 min.
The above process was conducted for three times.

Lipid removal optimization

In the lipid removal optimization, concentrated sulfuric
acid (Liang et al. 2010), freezing-lipid filtration (Ahn et al.
2007), and alkaline were used. For the freezing-lipid filtra-
tion, the extract was exposed in —20°C conditions for 48
h to observe the separation efficiency of the lipid and sol-
vent. The obtained extract was concentrated to about 5 mL
through nitrogen flow and then 5 mL tested lipid removal
solvents including concentrated sulfuric acid or NaOH (1
M) added individually. After mechanic shaking for 10 min
and centrifugation (3000 rad/min, 10 min), the organic phase
and inorganic solvents were separated. For the alkaline set,
the organic solvent was abandoned while the alkaline solu-
tion was collected, whereas, for concentrated sulfuric acid
set, the organic solvent was collected while the acid solution
was abandoned. The above operations were done twice for
each set, respectively.

pH conditions optimization

The pH of extraction solution containing the target com-
pounds was adjusted to desired value by diluted HCI. The
influence of different pH conditions on the recoveries was
also studied in the range of 2-9.5 through adding the diluted
HCI. Then, it was loaded onto HLB cartridge for cleanup.
TBBPA and BPA (50 ng) were spiked into the unpolluted
plant sample or extract beforehand to test the recovery
for extraction efficiency and the effects of pH in the lipid
removal.

HLB cartridge and silica gel column cleanup

The HLB cartridge (Oasis Corp., 6 cc, 200 mg) was acti-
vated with 10 mL methanol and 10 mL ultrapure water
sequentially before it was used. The extracted sample was
loaded with the flow rate of 1 mL/min. After washed with 10
mL 10% methanol in water (v/v) and 10 mL ultrapure water
in sequence, the column was dried in vacuum condition for
2 h to remove the residual water in the cartridge. Several
organic solvents (10 mL) with different polarities including
dichloromethane, MTBE, ethyl acetate, and acetone were
chosen to test the eluting efficiency.

The obtained eluent was dried in nitrogen flow and dis-
solved in 2 mL hexane. After the silica column (Waters

Corp., 6 cc, 500 mg) was conditioned by 10 mL hexane,
the sample was loaded and dropped naturally by gravity.
Then, it was washed by 10 mL hexane and the sample was
eluted with 10 mL tested organic solvents or mixtures.
The tested six different eluents included dichloromethane,
dichloromethane:hexane (3:1, v:v), dichloromethane:hexane
(1:1, v:v), acetone, acetone:hexane (3:1, v:v), and
acetone:hexane (1:1, v:v). The eluents were dried by the
nitrogen flow and it was dissolved in ethyl acetate ready for
derivation.

TBBPA and BPA (50 ng) were spiked into the unpolluted
extract prior to test the recovery of the HLB cartridge and
the silica column cleanup procedures to optimize the elute
solvents and assure the recovery in the purification.

Derivatization

The standard compounds and purified plant samples dis-
solved in 200 pL ethyl acetate were added with 40 pL deriva-
tion chemical BSTFA:TMCS (99:1, v:v). Then, the reaction
was controlled at 60 °C for an hour in sealed environment.
After the samples were cooled to room temperature, they
were detected immediately. '>*C-PCB-208 was used as an
internal standard prior to instrumental measurement.

Instrumental parameters

The measurement of target compounds was performed by gas
chromatography-mass spectrometry (Agilent 7890A-5975C)
with a DB-XLB column (30 m X 0.25 mm X 0.25 pm). The
gas of helium with the flow rate of 1 mL/min was used. The
volume of injection was 1 pL with the splitless mode. The
temperature program was set as follows: oven temperature
set at 75°C and held for 1 min, then increased to 300°C at
the rate of 20°C/min and held for 10 min. The temperatures
of oven and injection inlet were set as 300°C and 250°C,
respectively. The temperatures of ion source, transfer line,
and quadropole were 230°C, 280°C, and 150°, respectively.
For mass spectrometry information, the characteristic ions of
target compounds, surrogate compound, and internal com-
pound are listed in Table 1. Moreover, the quantification ions
and the retain time for each compound were also included.
The chromatography information of target compounds is
shown in Fig. 6.

Quality assurance and quality control

In order to obtain good quantitative accuracy, stable isotope
techniques have also been introduced to analyze TBBPA.
Here, '*C-TBBPA is applied for the recovery control of
TBBPA and BPA during the total procedure. The sample
analysis and the method optimizations for each step were
set as triplicate. The known dosage of TBBPA and BPA
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Table 1 Retention time and characteristic ions

Compounds Retain Characteristic Quantification
time (min)  ions ions
BPA 11.33 357.2/359.2/372.2 3572
TBBPA 17.23 673/675/688 673
BCTBBPA  17.23 685/687/700 685
13C-PCB-208  13.90 403.9/471.9/475.9 4759
100
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20
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Ethyl acetate Dichloromethane ~ MTBE Hexane

Organic solvents

Fig. 2 Extraction efficiencies of different organic solvents

(50 ng) were added to the unpolluted plant sample, which
then experienced the entire optimized procedure of extrac-
tion, purification, and detection processes (Fig. 1) to test
the recovery.

Data analysis

The software Origin Pro 9.1.1 (Origin, USA) was used to
analyze the data.

Results and discussion
Extraction

Four different hydrophobic solvents were used to extract the
target compounds. The extraction recoveries of different sol-
vents were calculated. As shown in Fig. 2, ethyl acetate,
MTBE, and dichloromethane exhibit excellent recover-
ies (>92%) for both compounds. The recovery of hexane
extraction of BPA was only 55%, whereas the recovery of
TBBPA extraction by hexane could reach more than 92%.
The phenomena maybe attributed to the relative low polarity

@ Springer

of hexane among all selected solvents. BPA show higher
polarity than TBBPA with a pKa of 9.8-10.4, a logKow of
3.4, and a water solubility of 120 mg/L, whereas TBBPA
has a pKa 6.79-7.06, a logKow of 5.9, and a water solubility
of 0.08-4.16 mg/L (Han et al. 2013; Vasiljevic and Harner
2021). Solvents with higher polarity are helpful to recovery
of a larger amount of polar compounds like BPA (Liu et al.
2019). Therefore, hexane was not suitable for simultaneous
extraction of TBBPA and BPA.

During the repartition of target compounds between
organic solvent and alkaline solution, 25% of BPA and
19% of TBBPA were found to dissolve into ethyl acetate
due to its relative higher polarity. In contrast, nontarget
compounds were found in other three solvents suggesting
BPA and TBBPA were all distributed into alkaline solu-
tion. Meanwhile, the lipids in the plant were dissolved into
organic phases. At last, MTBE was selected as the extraction
solvent which was also selected in BPA extraction for animal
meat, sludge, and sediment samples in other studies (Evenset
2009; Chu et al. 2005). Moreover, MTBE showed higher
volatility than the other solvents tested and was benefit for
the concentrated procedure. Therefore, MTBE was chosen
as the extractant for the following analysis.

Lipid removal and comparison with other studies

Purification of the plant sample in the analysis is a key
step and lipid removal is necessary for the pretreatment of
organic contaminants in plant sample. The most common
used lipid removal methods included concentrated sulfu-
ric acid and hexane (Tang et al. 2015; Liang et al. 2010),
freezing-lipid filtration (Ahn et al. 2007) and alkaline for
lipid removal (Evenset 2009). Freezing-lipid filtration was
efficiently to remove lipid in fish sample (Mita et al. 2011;
Ahn et al. 2007). However, it was not practicable for lipid
removal because the extract in acetonitrile cannot precipitate
at —24°C for 2 h in the pre-experiment. Therefore, freezing-
lipid filtration cannot be used in this study. This was possibly
attributed to the differences of lipid components between
plant and meat samples. Similarly, the procedure of freezing-
lipid filtration was far from satisfactory for the purification
of the plant sample (Niu et al. 2011). Plant extracts were
purified with sulfuric acid to remove lipids (Li et al. 2019),
where only TBBPA was analyzed. In another preliminary
experiment here, the lipid was successfully eliminated by
concentrated sulfuric acid followed by the re-extraction in
hexane for target compounds. However, BPA was completely
lost during this process. Although the recovery of TBBPA
after this treatment was 98.8%, it was ignored since TBBPA
and BPA could not be simultaneously obtained. Finally, the
procedure of lipid removal by alkaline was conducted. The
target compounds were dissolved in NaOH solution while
the lipid was distributed into organic phase, and they were
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successfully separated. Therefore, NaOH solution (1M)
was selected used in the lipid removal procedure at last by
comparison. There are many plant species. Most of the pre-
vious studies were about aquatic plants or pumpkins (Hou
et al. 2018; Jiang et al. 2020; Li et al. 2019). Here, maize is
focused on as a kind of typical terrestrial plants. The man-
grove plant samples were only purified and cleaned with
ENVI-Carb SPE cartridges without lipid removal (Hou
et al. 2018). The purification of lipid removal by alkaline
used in this study is more suitable than other methods like
freezing-lipid filtration and concentrated sulfuric acid in
other reports.

Effects of solution pH on the recovery during HLB
cartridge cleanup

The pH condition was optimized before the sample extract
was loaded into the cartridge. In the range of pH 2.2 t0 9.5,
the recoveries of BPA were stable and they were all above
93%; therefore, the pH has little influence on this process
as illustrated in Fig. 3. However, in the range of pH 2.2
to 6.0, the elution recovery of TBBPA decreased from 94
to 69% on average with the increase of pH. Furthermore,
it was completely lost when the pH was higher than 6.0.
A similar behavior was found for ionic pharmaceutical
compounds including ibuprofen, naproxen, and ketoprofen
(Rodriguez et al. 2004). The above results were attributed
to the molecular properties of ionic organic compounds.
The non-dissociated species of organic contaminants can
bind to HLB cartridges more strongly (Liu et al. 2004).
More TBBPA was washed through the aqueous phase dur-
ing the process of hydrophilic-lipophilic balance because

100
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2 3 4 5 6 7 8 9 10
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Fig.3 Effects of pH on the recovery of TBBPA and BPA for HLB
cartridge (the elution solvent is acetone)

the ionic species, in contrast to the molecular form, was
more hydrophilic (Buchholz and Pawliszyn 1994) and was
harder to block by the adsorption materials in the HLB
cartridge. Compared with TBBPA, BPA was less sensi-
tive to pH owing to its higher pKa value (10.2) than the
pKa value of TBBPA (7.5), so the fraction of BPA spe-
cies mainly existed in protonated form in the pH range
studied. Similar results were observed in the extraction
of chlorophenols from aqueous samples; the acid condi-
tion showed greater recovery for phenols with lower pKa
values (Buchholz and Pawliszyn 1994). Therefore, it was
advised to adjust the pH of extraction solution to 2-2.5 in
order to ensure that both recoveries of TBBPA and BPA
were greater than 85% simultaneously in the subsequent
experiment.

Influences of elution solvents on the recovery
for HLB cartridge

The recovery of organic compounds during cartridge
cleanup is highly dependent on the polarity of the elu-
tion solvents. Four different solvents including acetone,
MTBE, dichloromethane, and ethyl acetate were selected
to elute the target compounds for optimization. The results
(Fig. 4) showed that BPA was poorly recovered by dichlo-
romethane due to relatively polar characteristics of BPA.
The recoveries for two compounds were both improved in
the sequence of MTBE, ethyl acetate, and acetone, as the
polarity of tested solvent increased. Consequently, acetone
was chosen as the elution solvent for simultaneously effi-
cient extraction of two target compounds.

100+

Y./ BPA SIS
80 I
R 60-
Eﬁ 1
(]
>
S 40
o
20
0 L

MTBE Ethyl acetate Acetone

Eluent solvents used for HLB cartridge

Dichloromethane

Fig.4 Influence of elution solvents for HLB cartridge on the recovery
(the pH of the extract solution used is 5.5)
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Impact of elution solvents on the recovery for silica
column

The selection of favorable washing solvent is important
for the silica column purification because the weaker polar
solvent cannot elute the target compounds completely,
whereas the stronger polar solvent may elute more unex-
pected co-pollutants in sample analyzed. Dichloromethane
and acetone mixed in hexane with different volume ratios
were used as the eluting solvents for improvement. The
results as shown Fig. 5 indicated that TBBPA could be eas-
ily eluted with excellent recovery by all organic solvents
studied. However, BPA was only eluted completely with an
acetone-hexane mixture and less than 12% was recovered
with a dichloromethane-hexane mixture. This was attributed
to the higher polarity of BPA, which facilitated the adsorp-
tion on the silica gel material in the cartridge, so only strong
polar solvent was effective to elute this compound. Finally, a
mixture of acetone and hexane (1:1, v:v, 10 mL in total) was
selected as the elute solvent. The loss caused by filtration
through the membrane (0.22pm, nylon material) for TBBPA
and BPA was less than 2.5%. Thus, it is an ideal membrane
used before injection into analytical instrument.

Quality control of the method

The results showed that recoveries of BPA and TBBPA
spiked in unpolluted plant sample were 66+4% and 69+4%,
respectively, for the whole treatment procedure as illustrated
in Fig. 1 with the relative standard error less than 5% with
excellent reproducibility. The lowest detection limit of the
measurement instrument was determined according to the
signal-to-noise ratio S/N=3 and they were 1.64 ng/L and
0.05 pg/L for TBBPA and BPA, respectively. The lowest

BPA

100

90
80

70

Recovery (%)

CH2CI2 75%CH2CI250%CH2CI2 Acetone 75%Acetone50%Acetone
Eluent solvents used for silica column

Fig.5 The elution efficiency of different hexanes mixture used for
silica column (dichloromethane and acetone dissolved in hexane)
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detection limit for the plant sample was 4.10 and 0.13 ng/g
for TBBPA and BPA, respectively. For the lowest limit
of quantification, they were 4.92 pg/L and 0.15 pg/L for
TBBPA and BPA, respectively.

The SIM chromatogram, retention time, and characteristic
ions of target compounds are shown in Fig. 6 and Table 1.
The chromatogram showed that the separation effect of the
target compound is very good, and the method exhibited
good selectivity. The linear range of GC/MS for the determi-
nation of BPA and TBBPA was 10-1000 pg/L and 10-500
pg/L with a fixed amount (20 pg/L) of internal standard,
respectively. Table 2 shows the equations fitted by concen-
tration (x) and response abundance ratio of target compound
to that of internal standard (y). The correlation coefficients
2 more than 0.997 with good linearity were also included
as shown in Table 1. The results illustrated the robustness of
this newly developed and optimized analysis method.

Uptake and metabolite of TBBPA in maize

The optimized extraction, purification, and detection method
above was used to analyze the pollutants in the plant of
maize exposed in the TBBPA and BPA solutions in micro-
cosm environment for 2 days. The results show that concen-
tration of TBBPA in all tissues of maize from the control set
with no TBBPA exposure was all below the detection limit.
However, for the exposed samples, the content of TBBPA in
different maize tissues decreased as the following order: root

220000 [-
210000 |-
200000 |-
190000 |-
180000 |-
170000 |-
160000 |-
1500002

BPA

Ly

Abundance

20000

15000 L
TBBPA

L

s s 1 s 1 s J
10 12 14 16 18
Time (min)

10000 L Internal standard

=

0

Fig.6 The SIM chromatogram of target compounds

Table 2 Equations for standard curves

Compounds Equations Concentration 12
(ng/L)

BPA Y=1.1239%X+1.5983 10~500 0.999

TBBPA ¥=0.0326*X40.1069 10~1000 0.997




Environmental Science and Pollution Research (2023) 30:82770-82779

82777

>> stem > leaf. It is similar to the findings of other studies
of PCBs and PBDEs (Zhang et al. 2015), The contaminants
in the solutions may enter the roots and pass up the xylem to
the remainder of the plants (Collins et al. 2006). The concen-
trations of TBBPA in root of maize cultivated in pH 5.8 and
pH 7.0 solutions were 1.45 pg/g and 0.89 pg/g, respectively.
The concentrations of TBBPA in stem were 8.45 and 6.34
ng/g, respectively, while it was below the detection limit for
leaves in both pH conditions. Similarly, the previous studies
also showed higher concentrations of TBBPA accumulate in
roots of radish, cabbage, and mangrove species rather than in
the shoots and other tissues (Li et al. 2011; Sun et al. 2014).
This indicated that a large amount of TBBPA accumulated
in the root and then translocated to stem. Concentration of
TBBPA in maize cultivated at pH 5.8 increased by 63+4%
compared with that at pH 7.0 although the pH had no impact
on the biomass of maize. The phenomena may be caused by
the changes of the contaminant speciation under different
pH conditions. More protonated species of TBBPA were
available at lower pH with higher value of Kow coefficients
and they can be more easily partitioned into the plant than
dissipated species. Similar research results were observed in
aquatic plant to assimilate 2,4,5-trichlorophenol where the
uptake rates positively correlated with molecular fractions
and mass transfer into the plant was linearly dependent on
amount of the protonated species (Tront and Saunders 2006).

Full scan model with the m/z range from 200 to 700 was
used to tentatively identify the possible metabolic products
of TBBPA in maize root. Compared with the control group,
the characteristic ions of monobromobisphenol A and dibro-
mobisphenol derivatives were found for the exposed sam-
ple. However, none of other debrominated products includ-
ing bisphenol A was found. The debromination was also
found in plant exposed in other brominated flame retardants
(BFRs) like HBCD and PBDE (Wang et al. 2011b; Huang
et al. 2010). The nitrate reductase and glutathione S-trans-
ferase in the maize root play the key role in promoting the
debromination (Huang et al. 2013). The debromination pro-
cesses of TBBPA were also found on other organisms, like
microalgae (Peng et al. 2014) and anaerobic microorganisms
in the contaminated soil (Chang et al. 2012). The results
implied that the debromination of TBBPA in maize species
was a significant transformation mechanism.

Although LC/MS/MS exhibits higher sensitivity and bet-
ter detection limits, GC/MS is more available with lower
cost in the analysis laboratory. Moreover, an excellent puri-
fication pretreatment was optimized here. The best lipid
removal method and the excellent elute dosage and con-
ditions were selected by comparisons. For the limitations
and uncertainty, the treatment of extraction and purification
should be simplified in future study. Moreover, this analyti-
cal method should be used to test other plant species except
the maize sample studied in this paper.

Conclusions

A method was developed for simultaneous determination
of TBBPA and BPA in plant samples. MTBE was used dur-
ing the ultrasonic extraction. The lipid in the plant and the
target compounds were successfully separated by NaOH
solution. Two different solid-phase extraction cartridges
(HLB and silica columns) were used for further purifi-
cation and the conditions applied were also improved.
The measurement was conducted by GC/MS followed
by derivation. The recoveries of TBBPA and BPA for the
whole method were 69+4% and 66+4%, with the method
detection limits of 4.10 ng/g and 0.13 ng/g, respectively.
The distribution of TBBPA in different tissues of maize
was followed the order: root>>stem>leaf. The contents
of TBBPA in maize exposed in pH 5.8 Hoagland solu-
tions were higher than those for pH 7.0 because of the
strong partition affinity of molecular species of TBBPA.
The debromination occurred for TBBPA in plant with the
metabolite products of monobromobisphenol A and dibro-
mobisphenol A was identified.
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