
Citation: Zhao, L.; Zhou, F.; Wang, S.;

Yang, Y.; Chen, H.; Ma, X.; Liu, X.

Bisphenol Chemicals in Surface Soil

from E-Waste Dismantling Facilities

and the Surrounding Areas: Spatial

Distribution and Health Risk. Toxics

2024, 12, 379. https://doi.org/

10.3390/toxics12060379

Academic Editor: Maria João Rocha

Received: 23 April 2024

Revised: 15 May 2024

Accepted: 21 May 2024

Published: 23 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxics

Article

Bisphenol Chemicals in Surface Soil from E-Waste Dismantling
Facilities and the Surrounding Areas: Spatial Distribution and
Health Risk
Lei Zhao 1, Fengli Zhou 1, Shuyue Wang 1, Yan Yang 2,3,4 , Haojia Chen 2,3,4, Xufang Ma 1 and Xiaotu Liu 1,*

1 Guangdong Key Laboratory of Environmental Pollution and Health, College of Environment and Climate,
Jinan University, Guangzhou 510632, China; lei_zhao1998@163.com (L.Z.);
zhoufengli@stu2020.jnu.edu.cn (F.Z.); wangshuyue@stu2022.jnu.edu.cn (S.W.);
xufang_ma2002@163.com (X.M.)

2 School of Environmental Science and Engineering, Institute of Environmental Health and Pollution Control,
Guangdong University of Technology, Guangzhou 510006, China; yangyan1209@gdut.edu.cn (Y.Y.);
chenhaojia_gdut@163.com (H.C.)

3 Synergy Innovation Institute of Guangdong University of Technology, Shantou 515041, China
4 Chemistry and Chemical Engineering Guangdong Laboratory, Shantou 515041, China
* Correspondence: liuxiaotu@jnu.edu.cn

Abstract: Electronic waste (e-waste) dismantling facilities are well-known bisphenol chemical (BP)
sources. In this study, non-targeted screening combined with targeted analysis of BPs in surface soil
from e-waste dismantling facilities and their surroundings revealed their presence, distribution, and
exposure risk. A total of 14 BPs were identified including bisphenol A (BPA) and its novel structural
analogs and halogenated BPs. The total concentrations of BPs ranged from 963 to 47,160 ng/g (median:
6970 ng/g) in e-waste soil, higher than those measured in surface soil from surrounding areas, i.e.,
10–7750 ng/g (median 197 ng/g). BPA, tetrabromobisphenol A (TBBPA), and bisphenol F (BPF) were
the dominant ones from the two areas. Concentrations of TBBPA and its debromination product from
the surrounding area significantly decreased with increasing distances from the e-waste dismantling
facilities. Estimation of daily intake via oral ingestion of soil suggests that current contamination
scenarios are unlikely to pose health risks for e-waste dismantling workers and adults and toddlers
living in the surrounding areas, with their intakes generally well below the tolerable daily intakes
proposed for several BPs. However, the BPA intakes of workers exceeded the more strict tolerable
daily intake for BPA established recently, which merits continuous environmental surveillance.

Keywords: bisphenol chemicals; e-waste dismantling facilities; surface soil; daily intake

1. Introduction

Bisphenol chemicals (BPs) refer generically to compounds that possess two phenol
groups in their structure [1]. Among the BPs documented for use in industrial applications,
bisphenol A (BPA) stands out as one of the most recognized compounds globally [2]. BPA is
widely used in the synthesis of epoxy resin and polycarbonate plastic as an organic synthetic
additive, as well as in plastic items including toys and drinking containers [3]. Increasing
demand for plastic materials has resulted in ubiquitous environmental distributions of
BPA [4]. Increasing evidence suggests that BPA could potentially have harmful effects on
humans, ranging from endocrine disruption and developmental toxicity to carcinogenicity,
obesity, and reproductive toxicity [5–7]. Therefore, the use of BPA is restricted in many
countries due to concerns about health and ecological risks from exposure [1,7].

The regulation of BPA has led to the use of an increasing number of alternatives. Over
200 bisphenol alternatives with structural similarities to BPA have been documented [8].
Due to structural similarities, some of those alternatives, such as bisphenol F (BPF) and
bisphenol S (BPS), have also been found to have endocrine-disrupting effects [9]. This
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sparked concerns regarding the possible environmental exposures and health risks of the
diverse range of these alternatives. In addition, halogenated BPs, such as tetrabromobisphe-
nol A (TBBPA), are also an important class of BPs and have raised concerns recently [10].
Although there have been studies focusing on the environmental presence and human
exposure to bisphenols other than BPA [1], due to the complexity of BPs, there might be a
large number of unknown BPs that have not yet been identified.

Electronic waste (e-waste) disassembly is a significant source of many additive-based
substances [11]. E-waste contains up to 30% plastic materials and epoxy resins (by weight),
which are the main uses of BPs [12]. The e-waste dismantling process might result in
the uncontrolled release of large quantities of these substances into the environment [13].
Previous studies have found high levels of BPA and its analog alternatives and halogenated
derivatives of BPA in various environmental matrices around e-waste dismantling ar-
eas [14–16]. However, no study has systematically screened BPs in e-waste dismantling
areas, and information remains limited other than BPA and TBBPA. In addition, as a signifi-
cant source, the influences of e-waste disassembly activities on the concentrations of BPs in
the surrounding environment have rarely been studied.

Recently, we have developed a non-targeted screening strategy D-ISF for the identifi-
cation of BPs based on dansyl chloride (DnsCl) derivatization and positive electrospray
ionization high-resolution mass spectrometry (HRMS) in-source fragmentation [17]. The
strategy largely enhanced the detection sensitivities and accuracy by introducing easily
ionizable functional groups to BPs and generating characteristic fragments. In light of
D-ISF, this study aims to (1) screen BPs in surface soil samples collected from two typical
e-waste dismantling sites in South China in a non-targeted manner; (2) characterize the
concentrations and spatial distribution of all identified BPs in surface soil from e-waste
dismantling facilities and the surrounding areas; and (3) estimate the exposure risks of BPs
for occupation workers and residents living around the dismantling sites.

2. Materials and Methods
2.1. Sample Collection

Two typical large-scale e-waste dismantling parks in Qingyuan and Shantou, South
China, were selected, and a total of 24 surface soil samples were gathered from various
locations within the two industrial parks, including e-waste storage areas, dismantling
operation zones, internal roadways, etc. Surface soil samples from the surroundings
(including residential areas, commercial areas, schools, etc.) within a radius of 8 km of the
e-waste dismantling park of Shantou were also collected (n = 34). Detailed information
on sampling sites is listed in Table S1 and Figure S1 of Supplementary Materials. At
each sampling site, soil was collected using precleaned brushes and wrapped with clean
aluminum foil on consistently sunny days in 2021. Soil samples were sieved by passage
through a 125 µm stainless sieve (Hogentogler & Co., Inc., Columbia, MD, USA) to remove
some large stones and kept at −20 ◦C until analysis at the analytical laboratory.

2.2. Chemicals and Sample Preparation

All the standards and reagents in this study were purchased commercially, of which the
purity of the standards was above 95% and the reagents were of high-performance liquid
chromatography purity (details are provided in the Supplementary Materials). A previously
established method for deriving dansyl chloride was applied for sample preparation.
Approximately 50 mg of the soil sample was weighted and then spiked with 10 µL surrogate
standards and vortexed (L600, Hunan Xiangyi Laboratory Instrument Development Co.,
Ltd., Changsha, China). Then, 3 mL of acetonitrile (ACN) was added for extraction.
After sonication for 15 min (EFAA-DC24, ANPEL Laboratory Technologies Shanghai Inc.,
Shanghai, China), the extract was centrifuged at 2500 rpm for 5 min. After being repeated
twice, the combined extract was concentrated to about 100 µL. The concentrated extract
was then derivatized with DnsCl using the procedures described previously [17].
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2.3. Instrumental Analysis

The screening of derivatized BPs in pooled e-waste soil using the D-ISF strategy
was carried out on an ultra-performance liquid chromatography (UPLC)-HRMS device
(Vanquish Flex, Thermo Fisher Scientific, Pleasanton, CA, USA) equipped with an Orbitrap
Exploris 240 (Thermo Fisher Scientific, CA, USA). Detailed information was provided in
our previous study [17]. The determination of identified derivatized BPs was performed
on an Agilent 1290 Infinity LC coupled to a 6470 triple quadrupole MS equipped with
Jet Stream Technology Ion Source electrospray ionization (AJS-ESI) (Agilent Technologies,
Santa Clara, CA, USA). The conditions in the LC section, including column and mobile
phases as well as the gradients, were as the same as those in the UPLC-Orbitrap Exploris
240 MS [17]. Derivatized BPs were detected under positive AJS-ESI in the multiple reaction
monitoring (MRM) mode. The settings of the AJS-ESI source were as follows: the nozzle
and capillary voltage were 1500 and 3000 V, respectively, and the sheath gas flow rate and
temperature were 11 L/min and 250 ◦C, respectively.

2.4. Quality Assurance and Quality Control (QA/QC)

The performance of the DnSCl derivatization methods was evaluated with satisfactory
results. For example, the derivatization efficiencies of target BPs ranged from 91.8% to
99.8% in solvents [17]. In this study, BPA, BPF, BPS, bisphenol E (BPE), bisphenol B (BPB),
bisphenol G (BPG), and bisphenol Z (BPZ) were used as target chemicals for QA/QC. The
matrix effects of derivatized BPs in soil samples ranged from 65.4 ± 5.6% to 114 ± 3.8%.
The method recoveries were measured by spiking 20 ng of each of the target BPs into
pooled soil samples collected from the university campus and processed in five replicates.
The recoveries of the spiked BPs ranged from 65.6 ± 3.1% to 85.6 ± 3.6% after subtracting
the original concentrations measured in soil. Two blanks were processed along with every
ten soil samples. No target bisphenol compounds were detected in the procedural blanks.
The calibration curves for the derivatized bisphenol standards exhibited linear regression
coefficients > 0.99 with a range of 10 to 200 ng/mL. Additionally, the limits of detection
(LODs), defined as a response 3 times the standard deviation of the noise, and the limits of
quantification (LOQs), defined as a response 10 times the standard deviation, are provided
in Table S2.

2.5. Exposure Assessment

The estimated daily intake of BPs (EDI, ng/kg BW/day) via oral ingestion of soil was
calculated using the following equation [18]:

EDI =
C × DIR × EF

BW

where C (ng/g) is the concentration of BPs in the soil, DIR represents the ingestion rate
(g/day), EF indicates the exposure fraction (unitless, hours spent outdoors over a day), and
BW stands for body weight (kg). The values of these parameters used for the assessment of
e-waste dismantling workers and residents (adults and toddlers) living in the surrounding
area are summarized in Table S3.

The hazard quotient (HQ) approach was used to estimate the potential health risk of
exposure to BPs via oral ingestion:

HQ =
EDI

tolerable daily intakes

A value of 4 µg/kg bw/day for the tolerable daily intake (TDI) of BPA was used in the
study [19]. The TDI values for BPS, BPF, and TBBPA were 4.4, 3.5, and 1000 µg/kg bw/day,
respectively [20,21], while TDIs for other BPs are not available.
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2.6. Data Analysis

For BPs with a detection frequency exceeding 60%, if their measured values are below
the LOQs, a value of LOQ/

√
2 will be assigned for statistical analysis. We used Spearman’s

correlation analysis (two-tailed) to determine the associations between the concentrations
of individual BPs and between the concentrations and the distances from the e-waste
dismantling facilities to the sampling sites (PASW Statistics 18.0, IBM Inc., Armonk, NY,
USA). Additionally, for the comparisons of concentrations of BPs between soil samples from
the dismantling area and the surrounding area, the Mann–Whitney U test was utilized.

3. Results and Discussion
3.1. Screening of Bisphenol Chemicals in E-Waste Soil

A total of 24 potential BP candidates were screened out of the pooled samples of e-
waste soil. After manually checking and confirming MS/MS spectra, 14 BPs were identified
(Table S2). Among these, BPA, BPE, BPF, BPB, BPG, BPS, BPZ, bisphenol TMC (BP-TMC),
3-monobromobisphenol A (monoBBPA), and TBBPA were confirmed and quantified using
reference standards. The other four BPs whose commercial standards are not available,
including monochlorobisphenol A (monoClBPA), dibromobisphenol A (DiBBPA), tetram-
ethyl bisphenol A (TMBPA), and 3,3’,5-Tribromobisphenol A (TriBBPA), were identified
as follows: their measured MS spectrum matched with the theoretical isotopologue dis-
tributions and some characteristic fragments were observed in their MS/MS spectrum
(Figures S2–S5). The identified BPs were analyzed in individual samples using MRM mode
in LC-MS. A pseudo-MRM method was developed for the four BPs without standards and
they were semi-quantified using standards of other compounds (Table S4) [22].

3.2. Concentrations and Profiles of Bisphenol Chemicals in Surface Soil

The concentrations and detection frequencies (DFs) of BPs in soil samples from e-
waste dismantling facilities and the surrounding areas are shown in Table 1. A total of
nine BPs had DFs of 100% in e-waste samples, including BPA, BPF, BPB, TMBPA, TBBPA,
monoClBPA, monoBBPA, DiBBPA, and TriBBPA, while only BPA and BPF were detected in
all samples from surrounding areas. The total concentrations of all identified BPs (referred
to as ΣBPs) ranged from 962 to 47,165 ng/g with a median of 6968 ng/g in e-waste soil.
These were significantly elevated compared to those detected in soil samples from the
surroundings, i.e., 10.3–7751 ng/g (median: 197 ng/g) (p < 0.001). The data suggest that BPs
are widely present in the e-waste dismantling environment and that e-waste dismantling
activities may be an important source of bisphenols.

BPA dominated over other BPs present in both e-waste soil and surrounding area
surface soil, accounting for 53 ± 9.0% and 54 ± 10.5% of ΣBPs, respectively (Figure S6),
indicating that BPA remains the most widely used bisphenol in China. The concentrations
of BPA in e-waste soil ranged from 531 to 167,00 ng/g, with a median of 3350 ng/g, which
were significantly higher than those observed in surrounding area samples, i.e., a median of
43 ng/g (p < 0.001). Our BPA concentrations were also much higher compared to previous
studies which reported the concentrations in dust or soil from e-waste dismantling areas.
For example, the mean concentration was 4.59 ng/g in soil samples from Taizhou [16],
49 ng/g from Xian [23], and 140 ng/g from India [14]. However, our concentration was com-
parable to those in indoor dust, also collected from South China (mean, 19,200 ng/g) [15].
This difference may be related to the type of waste handled by the e-waste dismantling
workshop. In comparison with studies conducted in non-electronic-waste dismantling
areas, the detection frequencies and concentrations in our studies were much higher. For
example, our concentrations in the surrounding area soil far exceed those in soil sam-
ples collected from 21 provinces in China [24]. The notably high BPA concentrations in
e-waste soil might be attributed to the burning of BPA-containing computer-printed circuit
boards [25].



Toxics 2024, 12, 379 5 of 11

Table 1. Concentrations and detection frequencies (DF, %) of bisphenol chemicals in surface soil
(ng/g) from e-waste dismantling facilities and surrounding areas in South China.

BPs
E-Waste Dismantling Facilities (n = 24) Surrounding Areas (n = 34)

p Value 3
DF Mean Median Range DF Mean Median Range

BPA 100 4760 3350 532–16,740 100 460 84.1 7.20–4050 <0.001
BPF 100 1170 920 30.3–4580 100 26.4 12.3 2.17–238 <0.001
BPS 75 11.9 9.86 <0.062–25.0 9 0.75 <0.062 <0.062–14.3 — 4

BP-TMC 79 0.83 0.59 <0.058–2.54 21 0.20 <0.058 <0.058–4.79 —
BPG 75 0.84 0.40 <0.0031–3.29 62 0.021 0.005 <0.0031–0.30 <0.001
BPE 67 194 42.5 <0.055–1060 21 0.99 <0.055 <0.055–13.7 —
BPB 100 89.8 11.9 1.05–655 59 1.08 0.17 <0.0045–12.0 —
BPZ 75 20.3 3.75 <0.064–83.4 65 0.66 0.21 <0.064–9.24 0.005

TMBPA 1 100 12.8 2.96 0.2–92.5 21 <0.0087 <0.0087 <0.0087–4.06 —
TBBPA 100 2250 1850 268–6390 82 420 55.9 <0.48–3850 <0.001

monoClBPA 2 100 136 13.7 0.52–991 12 0.43 <0.48 <0.48–7.77 —
monoBBPA 100 2620 129 12.2–17,140 74 28.7 3.74 <0.48–320 <0.001
DiBBPA 2 100 181 6.85 1.11–1020 35 2.96 <0.48 <0.48–49.2 —
TriBBPA 2 100 65.6 8.21 0.71–387 38 4.61 <0.48 <0.48–80.4 —

1 semi-quantified using a reference standard of BPA; 2 semi-quantified using a reference standard of TBBPA;
3 comparison between samples from the dismantling facilities and the surrounding area; 4 detection rate below
60% without statistical analysis.

Seven structural analogs of BPA were widely detected, including BPF, BPE, BPB, BPS,
BPZ, BP-TMC, and BPG. Among these, BPF was the dominant one with the highest concen-
trations (median, 920 ng/g and 12.3 ng/g for e-waste and surrounding area, respectively).
In contrast, BPS was only detected in 75% of e-waste samples and 9% of surrounding area
samples. The concentrations of BPS in e-waste soil (median, 9.86 ng/g) were much lower
than those in household dust collected from Guangzhou (median, 320 ng/g) [26]. The low
concentrations and detection rates of BPS in the e-waste dismantling areas were in line
with previous studies [15]. A biomonitoring study showed that people living near e-waste
recycling facilities contained significantly higher levels of BPF in their urine than those
living in rural areas, but there was no such trend for BPS [13]. The high concentration of
BPF in e-waste soil could be ascribed to the utilization of BPF as the primary alternative
to BPA for epoxy resin and plastic synthesis [1]. By contrast, BPS is used in a wider range
of consumer products, including paper and personal care products [27]. In addition to
BPF and BPS, BP-TMC, BPG, BPE, BPB, and BPZ were rarely detected in previous studies.
Their widespread detection suggests that they are also widely used in products related
to e-waste.

As a structurally similar substance to BPA, TMBPA is primarily used as an interme-
diate in synthesizing polycarbonate resin [28]. A series of studies have compared the
toxicity of BPA and TMBPA. TMBPA has been reported to be more potent than BPA in
inducing lipid deposition in HepG2 cells [29], and similar to BPA in inducing estrogenic
activity in human breast cancer cells [28]. However, to date, no study has investigated
the environmental occurrence of TMBPA. Our data showed that TMBPA was detected in
all e-waste samples with semi-quantitative concentrations of 0.2–92.5 ng/g and in 21%
of samples from surrounding areas (<0.0087–4.06 ng/g). The concentrations of TMBPA
exceeded those of the commonly used BPA alternatives, such as BPG and BPZ, suggesting
that this emerging BP merits continuous environmental surveillance.

E-waste dismantling facilities were one of the main emission sources of halogenated
BPs [30]. TBBPA and other four halogenated BPs (monoClBPA, monoBBPA, DiBBPA,
TriBBPA) were 100% detected in e-waste soil. TBBPA and monoBBPA also had detection
rates higher than 80% from the surrounding area. The concentrations of TBBPA in e-waste
soil in our study (mean, 2250 ng/g) were comparable with those detected in e-waste
outdoor dust from Taizhou (mean, 1998 ng/g) [31]. Although the median concentrations
of TBBPA were higher than those of its debromination products, including monoBBPA,
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DiBBPA, and TriBBPA, they exhibited extremely high concentrations in some e-waste
samples. For example, the concentration of monoBBPA (17,100 ng/g) collected from a
sampling site in the dismantling operation area was approximately three times higher than
that of TBBPA (6390 ng/g). This may be due to the fact that debromination is likely to
occur during the disposal of e-waste by processes such as heating [10]. However, in the
surrounding area, the concentrations of TBBPA in surface soil were consistently higher
than those of monoBBPA.

3.3. Spatial Distribution of BPs around E-Waste Dismantling Area and Source Implications

Spatial distributions of BPs with detection frequencies higher than 60% were analyzed
to investigate the influences of e-waste dismantling activities on the BPs in the surrounding
environment. Samples from the surroundings were divided into two groups according to
the distances between the e-waste dismantling facilities: one was ≤3.5 km and the other
was >3.5 km. Except for BPF and BPG, all BPs showed lower concentrations at sampling
points with distances > 3.5 km (Figure 1a). However, only the results of monoBBPA were
significant. Further, correlations between the concentrations of individual BPs and the
distances were conducted. Concentrations of TBBPA and monoBBPA show significantly
negative correlations with the distances, and the Spearman coefficients (rs) were −0.363
(p = 0.035) and −0.384 (p = 0.025), respectively (Figure 1b). Although not significant, the
concentrations of BPA and BPZ also decreased as the distance between the sampling sites
and e-waste dismantling parks increased. Similar distribution trends with decreasing
concentrations and increasing distances have also been observed for halogenated flame
retardants in samples from the same e-waste recycling areas [32]. These findings further
illustrate the importance of e-waste dismantling activities for the emission of BPs to the
environment. Following emissions from e-waste dismantling, these BPs may enter the
atmosphere and be deposited in the surrounding area through dry and wet deposition of
atmospheric particulate matter. The absence of such trends for some bisphenols may be
attributed to the fact that they have more diversified sources in the surrounding areas, such
as consumer products.
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To further explore the potential sources of BPs in the e-waste dismantling facilities
and the surrounding areas, correlations between individual chemicals in soil from two
regions were determined. There were significant positive correlations among all identified
BPs in e-waste soil except for BPZ, with the correlation coefficient ranging from 0.44 to
0.95 (Figure S7). These findings suggest common applications of a diverse array of BPs in
the materials of e-waste. The results of a recent study validate this speculation. The study
showed the simultaneous detection of high concentrations of nine BP analogs in e-waste
samples [33]. The absence of correlations for BPZ suggests that it has other unique sources
that merit further attention. There were also significant correlations between all chemicals
including BPZ in the surrounding area samples (Figure S8), suggesting they had similar
sources. As the previous results show, the emissions from e-waste dismantling facilities
might be the important ones.

3.4. Risk Assessment and Health Implications

The EDIs of BPs for e-waste dismantling workers and residents (adults and toddlers)
via oral ingestions of soil were estimated (Figure 2, Table S5). Occupational workers have
the highest exposure, far more than general toddlers and adults living in the surrounding
areas. Taking BPA as an example, the median EDI was 2.09 ng/kg bw/day for workers, and
it was almost 200 times the EDI of the adult residents (0.01 ng/kg bw/day) and 20 times the
EDI of toddler residents (0.14 ng/kg bw/day). BPA and TBBPA contributed the majority
of the total EDIs for the three populations. Notably, in the highest exposure scenarios,
monoBBPA surpassed BPA and TBBPA as the largest contributor to the total exposure of
workers, accounting for approximately 36.7% of total EDIs. However, currently, no studies
have indicated the toxicity of monoBBPA, which warrants attention for future research.

In both the average and highest exposure scenarios, the EDIs of BPA were far lower
than the temporary TDI (4 µg/kg·bw/day). The HQs of other BPs with available TDIs were
also thousands of times lower than one (Table 2). Therefore, no considerable health risks
are expected from the exposure to BPs via soil ingestion both for workers and residents.
However, the EFSA recently proposed a draft TDI for BPA of 0.2 ng/kg bw/day [34]. Even
in the lowest exposure scenarios, the EDI of workers (0.3 ng/kg bw/day) exceeded this
draft TDI. The median EDI of toddlers (0.13 ng/kg bw/day) was also close to the new TDI,
indicating potential health concerns.
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Figure 2. Estimated daily intake (EDI; ng/kg bw/day) of BPs via oral ingestion for (a) e-waste
dismantling workers, and (b) toddlers and adults living in the surrounding areas.

Table 2. The hazard quotients of BPs via oral ingestion for e-waste dismantling workers and toddlers
and adults living in the surrounding areas.

E-Waste Dismantling Workers Adults Toddlers

Min Median Max Min Median Max Min Median Max

BPF 5.4 × 10−6 1.6 × 10−4 8.2 × 10−4 8.3 × 10−8 4.7 × 10−7 9.1 × 10−6 1.0 × 10−6 5.7 × 10−6 1.1 × 10−4

BPA 8.3 × 10−5 5.2 × 10−4 2.6 × 10−3 2.4 × 10−7 2.8 × 10−6 1.4 × 10−4 2.9 × 10−6 3.4 × 10−5 1.6 × 10−3

TBBPA 1.7 × 10−7 1.2 × 10−6 4.0 × 10−6 2.2 × 10−10 7.5 × 10−9 5.1 × 10−7 2.7 × 10−9 9.0 × 10−8 6.2 × 10−6

BPS 6.0 × 10−9 7.4 × 10−7 3.6 × 10−6

The risk of exposure to BPs estimated in this study may be much lower than the
actual situation. Firstly, other exposure sources besides soil ingestion, such as inhalation,
dermal absorption, and diet, were found to contribute more to internal exposure to BPs [35].
Secondly, due to the lack of corresponding reference doses for most BPs identified in this
study, neglecting their contribution to risk may result in underestimation. Furthermore,
the mixed toxic effects of exposure to multiple BPs may differ significantly from those of
individual BPs. For example, BPA exposure along with seven other estrogenic chemicals
exhibited significant estrogenic activity while each chemical was at a concentration below
its effect threshold [36]. Therefore, future research should be more focused on improving
the accuracy of risk evaluations and the continued regulation of occupational exposure
to BPs.

4. Conclusions

In the present study, we performed suspect screening of BPs in e-waste soil, and a
total of 14 BPs were identified. Our results demonstrated broad occurrences of BPs in
surface soil from the e-waste dismantling facilities and the surrounding areas, suggesting
their wide applications. Among all identified BPs, BPA was still the dominant one. The
concentrations of TBBPA were also among the highest, and its debromination product,
monoBBPA, exhibited extremely high concentrations in some e-waste samples. An emerg-
ing alternative of BPA, TMBPA, was identified and showed wide distribution. The spatial
distributions of BPs showed that the e-waste dismantling facilities were important sources
to the surrounding areas, especially for TBBPA and monoBBPA. The estimation of daily
intake via oral ingestion suggests that current contamination scenarios are unlikely to
produce considerable exposure risks for e-waste dismantlers and residents. However, the
health risk of dismantling workers should not be overlooked given the additional exposure
routes and possible mixed exposure effects from co-existing BPs.
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