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GRAPHICAL ABSTRACT

Bisphenols
leach into the
environment

ABSTRACT

Due to its widespread applications and its ubiquitous occurrence in the environment, bisphenol A (BPA)
and its alternatives have gained increasing attention, especially in terms of human safety. Like BPA, al-
ternatives such as bisphenol S (BPS), bisphenol F (BPF), and bisphenol AF (BPAF) have also been identified
to be endocrine-disrupting chemicals (EDCs). Hence, in this study, we reviewed the literature of BPA and
its alternatives mainly published between the period 2018—2020, including their occurrences in the
environment, human exposure, and adverse health effects. The review shows that bisphenols are
prevalent in the environment with BPA, BPS, and BPF being the most ubiquitous in the environment
worldwide, though BPA remains the most abundant bisphenol. However, the levels of BPS and BPF in
different environmental media have been constantly increasing and their fates and health risks are being
evaluated. The studies show that humans and animals are exposed to bisphenols in many different ways
through inhalation and ingestion and the exposure can have serious health effects. Urinary bisphenols
(BPs) levels were frequently reported to be positively associated with different health problems such as
cancer, infertility, cardiovascular diseases, diabetes and neurodegenerative diseases. Our literature study
also shows that BPs generate reactive oxygen species and disrupt various signalling pathways, which
could lead to the development of chronic diseases. Activated carbon-based and chitosan-based sorbents
have been widely utilized in the removal of BPA in aqueous solutions. In addition, enzymes and mi-
croorganisms have also been getting much attention due to their high removal efficiencies.
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1. Introduction

Bisphenols (BPs) are one of the most common phenols in the
environment that are characterized by the presence of two phenols
connected by an alkyl group (Roark, 2020). BPs are one of the main
components of polycarbonate plastics, which are used in consumer
goods and containers that store foods and beverages (Barboza et al.,
2020; Roark, 2020; Rochester and Bolden, 2015). They are also used
in the production of epoxy resin linings of metal-based food and
beverage cans, as well as other consumer products such as thermal
paper, medical equipment, toys, electronics, and water pipes (Chen
et al, 2016; Lehmler et al., 2018; Rosenfeld and Feng, 2011).
Bisphenol A (BPA), the representative of BPs, was first synthesized
in 1981 and has been utilized in the production of plastics since the
1950s (Rubin, 2011; Vogel, 2009). To date, it is the most highly
produced BP globally, with worldwide consumption of about 7.7
million metric tons in 2015 and is expected to increase by 3.1
million metric tons by 2022 (Lehmler et al., 2018). However, since
BPA is one of the building blocks of many plastic products, it could
leach into the environment; hence, it has been identified as an
environmental contaminant, showing its occurrence in environ-
mental compartments such as air, water, soil, sediment, indoor
dust, and human tissues (Hanaoka et al., 2002; Kang et al., 2006;
Roark, 2020). In addition, BPA was also reported as an endocrine
disruptor chemical (EDC) (Krishnan et al., 1993), which is poten-
tially associated with numerous diseases such as breast cancer
(Ayyanan et al., 2011; Betancourt et al., 2010; Kass et al., 2012; Yang
et al., 2009), infertility (Bloom et al., 2011; Caserta et al., 2013;
Ehrlich et al., 2012), cognitive dysfunction (Tian et al, 2010, 2011),
diabetes (Melzer et al., 2010; Shankar and Teppala, 2011; T. Wang
et al., 2012), cardiovascular diseases (Lang et al., 2008; Melzer
et al, 2010; Shankar et al, 2012), and obesity (Carwile and
Michels, 2011; H. Wang et al., 2012). As a response to these con-
cerns, several countries have banned the use of BPA in various
consumer products (Almeida et al., 2018; Jalal et al., 2018). In turn,
the search for safe alternatives has since gained increasing atten-
tion in the research community (Tables 1-6).

Keeping in mind the harmful health effects of BPA, countries like

Japan, Canada, and the European Union have banned the use of BPA
in some consumer products (Adeyemi et al., 2020). In addition,
several companies have also voluntarily taken BPA out of their
plasticware and canned food packaging. However, they generally
replaced it with other BPs such as bisphenol S (BPS), bisphenol P
(BPP), bisphenol Z (BPZ), bisphenol AP (BPAP), bisphenol AF (BPAF),
bisphenol E (BPE), and bisphenol F (BPF). Among the BPA alterna-
tives, BPS and BPF are the most commonly used in commercial and
consumer products. Like BPA, BPF is also used in the production of
epoxy resins and coatings. Few of the consumer products that
utilize epoxy resins made of BPF include varnishes, liners, adhe-
sives, plastic, water pipes, and food packaging (Rochester and
Bolden, 2015). Meanwhile, BPS is widely used for different indus-
trial applications, such as a constituent of phenolic resins and as an
electroplating solvent (Rochester and Bolden, 2015). Both BPS and
BPF have also been detected in various everyday products,
including personal care products (PCPs), thermal paper, and foods
(Rochester and Bolden, 2015). However, since BPS and BPF are
structurally similar to BPA, numerous studies have also identified
them to be EDCs; hence, they might also pose the same toxic effect
as BPA (Rochester and Bolden, 2015).

Another BPA alternative that has been getting more attention
lately is BPAF. It is a fluorinated compound related to bisphenol A in
which the two methyl groups are replaced with trifluoromethyl
groups. It is mostly used as a BPA alternative in industries
manufacturing plastics and epoxy resins. It is also used in the hoses
and linings of food processing machines. However, recent studies
have also identified BPAF as an EDC due to its ability to bind to
estrogen receptors such as ERa, ERB, and GPER (Okazaki et al., 2018;
Q. Zhao et al,, 2019). In addition, it has also been reported that BPAF
might have a more potent estrogenic activity than BPA, especially in
breast cancer cells (Q. Zhao et al., 2019).

In this present paper, we will review the literature on bisphenols
(BPs) mainly published after 2018, including their occurrence and
fate in the environment, human exposure, and health implications.
The review covers the potential sources and levels of bisphenols in
environmental, food matrices and numerous consumer products
across the world. In all these matrices, bisphenols were found to be
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Table 1
Physical and chemical properties of bisphenol analogues.
Compound Chemical name Molecular Molecular Boiling Melting pKa log Structure®
(Abbreviation) formula weight point point Kow
BPA 2,2-bis (4 hydroxyphenyl) propane Cy5H1602 228.29 220 °C 150 10.1 343
HO OH
BPAF 4,4'-(hexafluoro-isopropylidene) C15H10F60 336.23 400 °C 125 9.2 447 FaC CF,
diphenol —126 °C
HO OH
BPAP 4,4'-(1-phenylethylidene) bisphenol CoH180 473 182 9.66—10.27 4.86
—475°C —183°C 0
il
BPB 2,2-bis (4-hydroxyphenyl) butane C16H180 24231 412 138 10.1 413 y—
—414°C  —140°C IA\ /AI
HO™ N X NoH
BPC 4,4'-(2,2-dichloroethene-1,1-diyl) C14H10Cl,0, 405 °C 213 9.86 - oL
diphenol —217 °C |
il
BPE 4,4'-Ethylidenebisphenol C14H140, 214.26 — — — —
ool
BPF 4,4'-dihydroxydiphenyl methane Cy3H1202 200.23 389 128 pKa; =7.55 291
~390°C  —130°C  pKa, = 10.80
HO OH
BPP 4,4’-(1,4-phenylenediisopropylidene) Ca4H260; 346.46 514 199 9.78—10.38 6.25
bisphenol —515°C  —200°C e
CL AL,
BPS 4,4'-sulfonyldiphenol C12H1004S 250.27 240 240.5°C 82 1.65 00
fege!
HO' OH
BPZ 4,4'-cyclohexylidenebisphenol C18H2002 268.35 440 165 9.76—10.37 5.00
—441°C —166°C ‘

@ Structures were drawn using ChemDoodle software (iChemLabs, LLC, Virginia, USA).

prevalent in the world and detected to differing extents. BPs were
found to impact human health and linked to fertility, cancer, car-
diovascular diseases, obesity, allergy diseases, and neurodegener-
ative diseases such as Parkinson’s and Alzheimer’s diseases. The
review identifies which bisphenol is dominantly related to the
particular disease. Furthermore, potential methods using activated
carbon, chitosan, enzymes and microorganisms to remove BPs in
the environment are also discussed. Overall, this review paper aims
to give a thorough distribution of BPs in the environment and un-
derstand the toxicities of BPA and its alternatives.

2. Occurrence and fate of bisphenols

Bisphenols do not occur naturally; however, they have become
ubiquitous in the environment due to their high production, con-
sumption, and consequent introduction into the environment
(Corrales et al., 2015). They are released as fugitive dust from closed
systems during processing, handling, and transportation of plastic
materials (Cousins et al., 2002). The elevated temperature used in
the manufacturing process results in the release of molten BPs into
the environment. In addition, BPs have also been found to leach

into the environment from plastics and thermographic papers
found in landfills, and polyvinyl chloride (PVC) pipelines used for
transporting water (Asakura et al., 2004; Huang et al., 2012). The
occurrences of BPs were frequently reported in indoor dust (Caban
and Stepnowski, 2020a; W. J. Deng et al., 2018), surface water
(Huang et al., 2020; Lalwani et al., 2020), wastewater (Cesen et al.,
2018), sewage sludge (Pang et al, 2019), and sediments
(Mukhopadhyay et al., 2020; Staples et al., 2018).

2.1. Bisphenols in indoor dust

One of the potential sources of human exposure to bisphenols
(BPs) is indoor dust, as people typically spend most of their time
indoors (H. Zhang et al., 2020). BPs can enter the human body
through inhalation and dermal exposure to dust (Corrales et al.,
2015). BPs were found in 33 paired indoor house dust and urine
in Singapore (M. Liu et al., 2019). Among the investigated BPs, BPA
was the most abundant in both house dust and urine samples, with
a geometric means (GMs) of 3420 and 2.61 ng g~ !, respectively. BPS
was also well detected in all dust and urine samples with GMs of
714 and 0.077 ng g !, respectively. Furthermore, BPA
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Table 2
Concentrations (ng g~ ') and detection rate of bisphenols in indoor dust worldwide.
Country Sampling Sites Compound(s) n® Concentration Concentration (mean or DR’ % Reference
Range median)
Singapore houses BPA, BPS 33 BPA: <1972- BPA: 3420 BPA: 93 Liuetal. (2019)
22516 BPS: 714 BPS: 100
BPS: 153-6491
Poland house rooms, chemistry laboratory, changing room BPA 13 561-9504 2726 100 Caban and Stepnowski
of a clothes shop (2020a)
Spain bedrooms, living rooms, cars, offices BPA, BPS, BPF 47 BPA: 3803- - BPA: 100 Duenas-Mas et al.
13486 BPS: 70- (2019)
BPS: 282-736 100
BPF: 57-659 BPF: 73-
100
Spain Public places: museums, public libraries, high BPA 58 32571-48647 — 100 Veldzquez-Gomez et al.
schools (public) (2019)
Private places: cars, houses 350-6001
(private)
Hong kindergartens, primary schools BPA 11 10—200 79 — Deng et al. (2018a,b)
Kong
China university dormitories BPA, BPS, BPF, BPAF, 40 BPA: BPA: 2980 BPA: 80 (H. Zhang et al., 2020)
BPAP, BPZ ND¢ —32500 BPS: 220 BPS: 77
BPS: ND-810 BPF: 150 BPF: 57
BPF: ND-770 BPAF: 10 BPAF: 70
BPAF: ND-30 BPAP: 210 BPAP: 75
BPAP: ND-480 BPZ: 160 BPZ: 70
BPZ: ND-910
China houses BPA 39 <50-5200 610 95 (J. Zhang et al., 2020)
Columbia 45 <50-5100 750 93
Greece 26 2100—22000 5700 100
India 33 <50-7100 310 82
Japan 5 3300—36000 6400 100
Kuwait 18 130—-9000 1300 100
Pakistan 25 <50-3100 260 76
Romania 21 900—12000 2600 100
Saudi 30 570—17000 3900 100
Arabia
South 16 1800—17000 7500 100
Korea
USA 10 950—8200 2800 100
Vietnam 18 <50-13000 770 100
China houses BPA 34 37—-4400 330 100 Wang et al. (2015)
Columbia 42 9.6—2000 120 100
Greece 28 27—4400 1500 100
India 35 20—6200 130 100
Japan 14 250—10000 1700 100
Kuwait 17 39-1200 250 100
Pakistan 22 9.7-710 66 100
Romania 23 18—1700 600 100
Saudi 19 110-3200 650 100
Arabia
South 16 270—3600 720 100
Korea
USA 22 260—32000 1500 100
Vietnam 12 27-1400 230 100

2 n: sample size.

b DR: detection rate.
¢ ND: not detected.

concentrations in dust and urine samples were found to be posi-
tively correlated using Pearson correlation analysis (n = 32;
r=0.491; p < 0.01). In addition, BPA concentration and the elevated
oxidative stress indicated by high levels of 8-OHdG were also found
to have a positive correlation using Spearman correlation analysis
(r = 0.353; p < 0.05). These findings offer evidence of the signifi-
cance of the indoor environment to human exposure and suggest
that BPA induces oxidative stress (M. Liu et al., 2019).

In a study conducted by Caban and Stepnowski (2020), BPA
contamination was assessed in different microenvironments in
Poland. These include a laboratory, office, house, and clothes shop.
Among the samples collected in these microenvironments, the dust
in the laboratory has the highest concentration of BPA
(9504 + 465 ng g~ 1), which is contributed mostly from the floor

made from epoxy resins (Caban and Stepnowski, 2020a). In addi-
tion, the detection rate (DR) of BPA in dust samples from different
microenvironments was reported to be 100%, with concentrations
ranging from 561 to 9504 ng g~ ! in all microenvironments. In a
similar study done by Duenas-Mas et al. (2019), higher concen-
trations of BPA (3803—13486 ng g~ ') were detected in indoor dust
samples taken from private microenvironments (living rooms,
bedrooms, offices, and cars) in Spain (n = 47). In addition, BPS and
BPF, which are common BPA substitutes, were also detected in the
samples with concentrations ranging from 282 to 736 ng g~ and
57—659 ng g~ |, respectively. In a different research in Spain, BPA
was found in multiple communal places such as museums, public
libraries, and high schools (Velazquez-Gomez et al., 2019). Higher
BPA levels (32571-48647 ng g~!) were reported in these public
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Concentrations of bisphenols in wastewater (ng L™1), both influent and effluent, and sewage sludge (ng g~!) worldwide.

Sample Country WWTP Location

Compound(s)

n® Concentration (mean or Reference

median)

wastewater Slovenia Ljubljana, Domzale-Kamnik. Novo mesto, Velenje, BPAF, BPAP, BPB, BPC, BPE, BPF, BPS, 18 BPAF: 16.5 (inf"), 7.74 (eff)

Golnik BPZ

USA Albany area of New York State

China  Dalian
BPZ

15 cities of Henan Province

sludge China

USA Albany area of New York State

BPA, BPS, BPF

BPA, BPS, BPF, BPE, BPB, BPAP, BPAF, — BPA: 412 (inf), 30.0 (eff)

BPA, BPS, BPF, BPAF, BPAP, BPB, BPZ 30 BPA: 43.0

BPA, BPS, BPF

Cesen et al. (2018)
BPAP: 74.9, 491
BPB: 8.46, 0.755
BPC: 5.66, 1.45
BPE: 84.4, 1.94
BPF: 16.4, <0.470
BPS: 21.3, <0.317
BPZ: 151, 44.2
16 BPA: 90.0 (inf), 42.9 (eff)
BPS: 31.2, 23.6
BPF: 90.2, 64.9

Xue and Kannan
(2019)

Sun et al. (2018)
BPS: 109, 11.9
BPF: 66.4, <4.97
BPE: 9.39, ND“
BPB: <6.79, ND
BPAP: 1.16, ND
BPAF: 1.03, 0.48
BPZ: ND, ND
Pang et al. (2019)
BPS: 1.50
BPF: 4.73
BPAF: 0.93
BPAP: 0.51
BPB: 0.25
BPZ: 0.44
28 BPA: 238—961 (GM* range)
BPS: 7.76—15.8
BPF: 140

Xue and Kannan
(2019)

2 n: sample size.

b inf: influent.

¢ eff: effluent.

4 ND: not detected.

€ GM: geometric mean.

places compared to houses, cars, and offices. These values were also
much higher than those from other communal places such as
kindergartens and primary schools in Hong Kong (79 ng g~ ! dw,
mean, n = 11) (W. J. Deng et al., 2018) and Chinese university
dormitories (2980 ng g~ !, median, n = 40) (H. Zhang et al., 2020).

In another study, the occurrence of microplastics containing BPA
was assessed in 286 indoor house dust samples. These samples
were collected from 12 countries (China, Colombia, Greece, India,
Japan, Kuwait, Pakistan, Romania, Saudi Arabia, South Korea, the
USA, and Vietnam) from 2010 to 2014 (J. Zhang et al., 2020). A DR of
100% of free BPA was reported in dust samples from most countries
except for China (95%), Colombia (93%), India (82%), and Pakistan
(76%). The highest BPA concentration in house dust was found in
samples from South Korea (7500 ng g~ !, median), followed by
Japan (6400 ng g !), Greece (5700 ng g~ !), Saudi Arabia
(3900 ng g~ 1), and the USA (2800 ng g~ !) (J. Zhang et al., 2020).
However, these results do not agree with the previous study done
by Wang et al. (2015), where they also did a comparative assess-
ment of human exposure to BPs, including BPA from 2012 to 2014.
The BPA concentration values reported in the 2015 study were
lower. In addition, Wang et al. (2015) have reported the highest BPA
concentration was found in Japan (1700 ng g~ ', median), followed
by Greece (1500 ng g~ '), the US. (1500 ng g~ '), South Korea
(720 ng g 1), and Saudi Arabia (650 ng g~ '). Nevertheless, the re-
sults from both studies have indicated that BPA consumption is
highest in these five countries.

2.2. Bisphenols in wastewater and sludge

Wastewater treatment plants (WWTPs) are one of the most

common pollution controls used globally. Organic pollutants, such
as BPs in wastewaters that are released from homes, businesses,
and many industries, are collected in sewers and are delivered into
WWTPs for removal. However, previous studies have shown that
BPA and other BPs are not completely eradicated from the waste-
water, with removal efficiencies of 62.5—99.6%, before they are
released into the environment (Luo et al., 2014). Hence, WWTPs are
considered as one of the major sources of BPs in the environment.

Cesen et al. (2018) investigated the presence of 8 BPs (BPAF, BPAP,
BPB, BPC, BPE, BPF, BPS, and BPZ) in wastewater (WW) influent and
effluent samples collected from 5 Slovene WWTPs. BPZ was found
to be dominant among the 8 BPs in both influent (151 ng L, mean)
and effluent (442 ng L~!) samples, followed by BPE (inf:
84.4 ng L™, eff: 1.94 ng L") and BPAP (749 ng L™, 491 ng L™1).
Since effluents are discharged after wastewater treatment pro-
cesses, it is expected for the BP concentrations to be considerably
lower. However, these effluents that contain BPs after treatment are
known to be the direct source of BPA contamination in the aquatic
environment. On contrary, instead of BPZ, Xue and Kannan (2019)
have reported BPA (inf: 90.8 ng L), eff: 429 ng L~!, GM, n = 16),
BPF (90.2 ng L', 649 ng L"), and BPS (31.2 ng L™}, 23.6 ng L™ ") to
be the most abundant BPs in influent and effluent samples
collected from WWTPs in New York State, USA. These results were
in accordance with the distribution profiles of BPs observed in in-
door dust (Xue and Kannan, 2019). In a similar study, BPA (inf:
412 ng L7, eff: 30.0 ng L™1), BPS (109 ng L~!,11.9 ng L"), and BPF
(66.4 ng L', <MLOQ) were also found to be dominant in WWTPs in
Dalian, China (Sun et al., 2018).

Sewage sludge was identified as an important reservoir for
nutrition; therefore, a land application was deemed to be an
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Table 4
Concentrations of bisphenols in water (ng L™!) worldwide.
Sample Country  Sampling Site Compound(s) n® Concentration Reference
range
freshwater India Delhi-National Capital Territory, Jammu & Kashmir, Uttar Pradesh, Bihar, West  BPA, BPS, BPF 74 BPA: <16.7 Lalwani et al.
Bengal, Odisha, Andhra Pradesh, Tamil Nadu, Kerala, Maharashtra, Gujarat, —14800 (2020)
Rajasthan, Punjab states BPS: <16.7
—341
BPF: <16.7
—209
China Liuxi River BPA, BPS, BPF 28 BPA: 75.6 Huang et al.
—7480 (2018)
BPS: 19.9
—65600
BPF: ND" - 474
China Donjiang and Zhujiang rivers BPA, BPS, BPF, BPAF, BPE, 26 BPA: 19.0 Huang et al.
BPBP, BPG, BPP, BPPH, BPZ, —2180 (2020)
BPTMC BPS: 0.07—133
BPF: 0.24—-255
BPAF: ND-6.59
BPE: ND-2.69
BPBP: ND-0.43
BPG: ND-2.47
BPP: ND-1.93
BPPH: ND-
1.03
BPZ: ND-1.09
BPTMC: ND-
101
Turkey Danube, Dniepr, and Dniestr rivers BPA 4620—29920 Ozhan and
Kocaman
(2019)
Canada Saint-Zéphirin River BPA — 3.9-17 Goeury et al.
(2019)
Brazil Sinos River Hydrographic Basin BPA — ND-517 Peteffi et al.
(2019)
Philippines Laguna Lake BPA 9 0.71-47.40 Sta. Ana and
Espino (2020)
Malaysia  Langat River BPA 10 1.18-8.34 Wee et al.
(2019)
Czech Elbe River BPAF, BPM, BPP, BPF, BPS — BPAF: <LOQ‘ -
Republic 205
BPM, BPP:
<LOQ-60
BPF: <LOQ-75
BPS: <LOQ-27
Poland Gdansk streams and reservoir BPS 4 <MDL! - 1584 Caban and
Stepnowski
(2020b)
Slovenia  Sava River BPS, BPP, BPZ, BPAP — BPS: 1.68 Marjeta et al.
and —35.2 (2019)
Croatia BPP: 6.45
BPZ: 0.250
—9.11
BPAP: 0.540
—0.903
seawater China Pearl River Estuary BPA, BPS, BPF, BPAF, BPB, 25 BPA: 12.5 Zhao et al.
DHBP, BPP, BPFL —-176 (2019a,b)
BPS: 3.14—-121
BPF: 9.58—399
BPAF: 3.55
—30.6
BPB: 0.36
—-18.1
DHBP: 4.78
—209
BPP: 0.31
—-93.7
BPFL: ND-3.65
Turkey Mediterranean Sea, Black Sea, Sea of Marmara BPA 13800-15340 Ozhan and
Kocaman
(2019)

2 n: sample size.

5 ND: not detected.
¢ LOQ: limit of quantification.
4 MDL: method detection limit.
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Table 5
Concentrations of bisphenols in sediments (ng g~ ') worldwide.
Country Sampling Site Compound(s) n® Concentration range Reference
India Adyar and Cooum rivers BPA 18 10.70—2026 (Adyar) Mukhopadhyay et al. (2020)
7.58—1398 (Cooum)
China  Liuxi River, Guangzhou BPA, BPS, BPF 20 BPA: 0.11-359 Huang et al. (2018)

China  Donjiang and Zhujiang rivers BPA, BPS, BPF, BPAF, BPE, BPBP, BPG, BPP, BPPH, BPZ, BPTMC 26 BPA: 26.6—1860

Croatia Kastela Bay BPA

Norway Lake Mjgsa and Oslo Fjord BPTMC

BPS: 0.06—45.4
BPF: 0.02—36.4
Huang et al. (2020)
BPS: ND¢ —5.60
BPF: 16.0—1390
BPAF: ND-4.40
BPE: ND-2.55
BPBP: ND-0.35
BPG: ND-210
BPP: ND-2.78
BPPH: ND-<1.18
BPZ: ND-2.32
BPTMC: ND-20.95
— 1.84-81.39 (suspended matter) Andeli¢ et al. (2020)
1.05—46.31 (sediment)

— 380-730 Pavel et al. (2021)

b18 samples from each site.
2 n: sample size.
¢ ND: not detected.

effective disposal method (Pang et al., 2019). However, it is also one
of the reservoirs for contaminants. BPs are adsorbed onto the solid
particles or sludge during the removal processes (Sun et al., 2017).
Therefore, sewage sludge is also considered as a potential source of
BPs in the environment. The occurrence of BPs in sewage sludge
from WWTPs in Central China was investigated by Pang et al.
(2019). Thirty sewage sludge samples were collected from
different WWTPs in 15 cities of Henan province. The authors found
that BPA, BPS, BPAF, and BPF were the most frequently found BPs in
sewage sludge with DRs of 96.7—100% while BPB and BPZ were only
found in 11 and 9 sewage samples with low DRs of 33.3% and 30.0%,
respectively. Although BPA was found to be the most efficiently
removed BP during the wastewater treatment process (Sun et al.,
2017), it was still found to be the most abundant among the
seven BPs in sewage sludge with a GM of 43.0 ng g~ ' dw
(10.5-1539 ng g~ ! dw, range), followed by BPF and BPS with GMs of
461 ng g ' dw (nd-39.8 ng g ! dw) and 150 ng g~ ! dw
(0.50—649 ng g~! dw), respectively. Xue and Kannan (2019) have
also evaluated the contamination of BPs in two different WWTPs in
New York State, USA. Compared to the previous study, though at the
same magnitude, the authors found higher concentrations of BPA
(238—961 ng g~ ! dw, GM range) and BPF (140 ng g~ dw, GM for
average concentration).

2.3. Bisphenols in waters and sediments

Water and sediment are also one of the most important reser-
voirs for environmental contaminants; hence, it is also crucial to
monitor BP contaminations to evaluate their effects on the sur-
rounding environment. For the past years, multiple studies have
determined BP concentrations in waters and sediments worldwide.

A recent study done by Lalwani et al. (2020) determined the
levels of eight BPs (BPA, BPS, BPF, BPB, BPP, BPAF, BPZ, and BPAP) in
74 samples of surface waters in Indian waters. For those waters, 43
were collected from river water, 6 were from canal water, 2 were
from lake water, and 2 were from pond water. Among the eight BPs,
only BPA, BPS and BPF were detected in the samples, while the
remaining BPs were not found in any sample. In river water sam-
ples, BPs were detected with concentrations ranging from
<16.7—-14800 ng L~! for BPA, <16.7—341 ng L' for BPS, and
<16.7—-84.8 ng L~ for BPF. Among the river water samples, the

highest concentrations of BPA (14800 ng L™!) and BPF (84.8 ng L™1)
were found in Yamuna River, while the highest BPS (341 ng L™1)
was found in Adyar River. On the other hand, BP concentrations
ranging from <16.7—3450 ng L~! (BPA), <16.7—266 ng L' (BPS),
and <16.7—209 ng L~! (BPF) were reported in canal water samples.
The BPA concentrations in the pond and lake waters ranged from
<16.7 to 289 ng L™, but BPS and BPF were not detected. BPA was
also detected in the riverine sediments of Adyar and Cooum rivers
with concentration range of 10.70—2026 ng g ' and
7.58—1398 ng g, respectively (Mukhopadhyay et al., 2020).

Multiple studies were also conducted to assess the occurrences
of BPs in Chinese waters. In an older study, the BPA, BPS, and BPF
were also detected in urban river water, as well as in sediments in
Guangzhou, South China (Huang et al., 2018). BPA and BPS were
detected in all river water samples, while BPF showed a lower DR of
89%. Among the three BPs, BPA was found to be the most abundant
with a median concentration of 572 ng L™, followed by BPS
(173 ng L™!) and BPF (33.5 ng L™!). All three BPs were also detected
in all sediment samples, but lower concentrations were obtained
for BPA (77 ng g, median), BPF (7.5 ng g~ 1), and BPS (2.42 ng g~ ).
Eleven BPs were also detected in the surface water and sediments
of Dongjiang River and Zhujiang River in the study conducted by
Huang et al. (2020). Like the previous studies, BPA had the highest
level in surface water and sediments among the detected BPs, with
concentrations up to 2180 ng L~! and 1970 ng L™}, respectively. In
another study, the occurrence of BPs was also investigated in
seawater samples collected in 25 sites in the estuary of Pearl River,
the largest river in South China (X. Zhao et al, 2019). BPF
(46.7 ng L~, median) was found to be dominant among the BPs,
followed by BPA (30.8 ng L~!), DHBP (25.0 ng L™'), and BPS
(12.3 ng L~1). However, these values, except for BPF, were lower
than those in river water (freshwater) samples.

Despite the ban of BPA use, it remains to be the most frequently
detected BP in the aquatic environment around the world. In a
study done in Turkey, Ozhan and Kocaman (2019) investigated the
contamination of BPA in both seawater and freshwater samples.
The authors found that BPA concentrations in freshwater
(4620—29920 ng L~ ') has a broader range than in seawater (13800-
15340 ng L~ 1). They also estimated that 223.7 kg of BPA is released
yearly into the rivers in their study. In addition, high concentrations
were observed in the sampling area where WW discharge occurs,



CJ. Catenza, A. Farooq, N.S. Shubear et al.

Table 6
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Concentrations and estimated daily intake/dermal exposure dose of bisphenols in consumer products (ng g '), foods (ng g~!) and beverages (ng L™1).

Sample Country Compound(s) n?

Concentration Reference

range

Estimated daily intake

thermal paper BPA 80

receipts

Nigeria

Spain & UK BPA 17

Brazil BPA, BPS 22

France 47

Spain 43

China BPA, BPS 120

BPA
BPA

infant socks 96
childcare items and
jewelleries

pantyhose

Spain
Israel
China, Japan, South Korea, 74
Portugal, Chile, US

BPA, BPS, BPF, BPB, BPP,
BPZ, BPAF

canned & non- BPA, BPB, BPE 40

canned foods

Spain

meat Egypt BPA

fish

vegetables and fruits
milk

beverages
feed additives

canned foods and
beverages

China BPA, BPS, BPF 151

44.4-3736

1.50x10° - 0.20 pg/day (general population)
3.16x10° 9.89 pg/day (workers)

6.0x10% — -

6.3x107

BPA: <1.7x10° - —

1.69x107

BPS: <3.0x10% -

8.93x10°

BPA: <1.7x10° - —

2.03x107

BPS: <3.0x10% -

1.26x107

BPA: <1.7x10° - —

1.93x107

BPS: <3.0x10% -
1.33x107

BPA:

ND" —1.87x107
BPS: ND-
1.68x107

Adeyemi et al.
(2020)
Castro et al. (2019)

Molina-Molina
et al. (2019)

=BP: 1.77 pg/day Yang et al. (2019)

19.6 pg/kg/day
0.04-9.9 ppm¢ —

Freire et al. (2019)
Negev et al. (2018)

BPA: <1.3—504
BPS: <0.3
—2.19x10°

BPF: <12.5
—1.28x10°

BPB: <1.3—7230
BPP: <1.3—-34.5
BPZ: <0.5

BPAF: <0.1-0.8
BPA: <0.17
—88.66

BPB: <0.17—4.19
BPE: <0.17
—12.35

31.02 -
—724.06 ppb

57.68 -
—168.52 ppb
5.57—233.78 ppb —
30.89 -

Li and Kannan
(2018)

>BP: 0.82—58000 pg/kg bw/day

Gonzdlez et al.
(2020)

BPA: 0.23 pg/kg bw/day (canned), 0.03 pg/
kg bw/day (non-canned)

BPB: 0.004 ng/kg bw/day, 0.005 pg/kg bw/day
BPE: 0.002 ug/kg bw/day, 0.01

Osman et al.
(2018)

—312.08 ppb
13.96

—154.34 ppb
2.87—937.49 ppb
BPA: ND-837

BPA: 28.1-73.4 ng/kg bw/day
BPS: 0.2—0.4 ng/kg bw/day
BPF: 4.3—11.1 ng/kg bw/day

Cao et al. (2020)
BPS: ND-1.6
BPF: ND-75.4

n: sample size.

ND: not detected.
ppm: parts per million.
ppb: parts per billion.

providing evidence that WWTP is one of the major sources of BPA
in the environment (Ozhan and Kocaman, 2019). In a similar study,
the distribution of BPA in sediments and suspended matter in
Croatia was also examined (Andeli¢ et al., 2020). The results ob-
tained showed that BPA concentrations were higher in the sus-
pended matter (1.84-8139 ng g ') than in sediments
(1.05—46.31 ng g~ 1), which could be due to the affinity of BPA for
small organic particles, which are higher in the suspended matter
(Andelic¢ et al., 2020). Similar studies were also conducted in Can-
ada, Brazil, Philippines, and Malaysia to evaluate the concentration
of BPA in freshwaters (Goeury et al., 2019; Peteffi et al., 2019; Sta.
Ana and Espino, 2020; Wee et al., 2019). The highest level of BPA
was found in water samples from Brazil, with concentrations
ranging from not detected (ND) to 517 ng L~! (Peteffi et al., 2019),

followed by the samples from the Philippines (0.71—47.40 ng L™1)
(Sta. Ana and Espino, 2020). However, lower levels of BPA were
detected in Canada and Malaysia, with concentrations ranging from
39to 17 ng L ! and 1.18—8.34 ng L™}, respectively (Goeury et al.,
2019; Wee et al., 2019).

Meanwhile, there were only few studies done to report the oc-
currences of BPA alternatives in the aquatic environment world-
wide. In a study done by Pavel et al. (2021), the occurrences of BPA
alternatives in Norwegian aquatic sediments and Czech surface
waters were investigated. The authors found that only bisphenol
TMC (BPTMC) was detected in Norwegian aquatic sediments, with a
mean concentration of 600 ng g~! dw. On the other hand, Czech
surface waters were found to be contaminated with BPAF
(91 ng L™, mean), BPM and BPP (25 ng L), BPF (21 ng L), and
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BPS (6.2 ng L. The occurrence of BPS in Polish surface waters was
also reported in a recent study done by Caban and Stepnowski
(2020b). The authors have reported BPS concentrations of
122 ng L~ ! and 1584 ng L~! in the samples taken from Oruriski

stream and the outflow from Swietokrzyska I retention tank,
respectively. In a different study, multiple BPA alternatives were
detected in surface water samples from Slovenia and Croatia along
the Sava River (Marjeta et al., 2019). Among the BPA alternatives,
BPS was found to be dominant, with a mean concentration of
9.00 ng L7, followed by BPP (645 ng L~!, mean) and BPZ
(468 ng L7 1)

2.4. Bisphenols in consumer products and foodstuffs

BPs were also detected in different consumer products such as
paper products, baby bottles, and toys. In the study conducted by
Adeyemi et al. (2020), BPA levels ranging from 1.50 to 3.16 mg g~ !
were detected in 80 thermal receipts obtained from different lo-
cations in Nigeria such as banks, gas stations, supermarkets, and
lottery outlets. Likewise, BPA was also found in paper products from
other countries such as Brazil, China, France, Spain, and United
Kingdom (Castro et al., 2019; Molina-Molina et al., 2019; Yang et al.,
2019). The highest BPA concentration in paper products was found
in France (<0.17—20.27 mg g~ !, range) (Molina-Molina et al., 2019).
In addition to BPA, BPS was also detected in paper products with
concentrations ranging from not detected (ND) to 16.8 mg g~ !
(Yang et al.,, 2019). Freire et al. (2019) have also reported the
occurrence of BPA in socks for infants and young children in Spain.
BPA was detected in 90.6% samples, with concentrations ranging
from 4.44 to 3736 ng g~ L. However, 35.6% of the samples have
exceeded the European Union (EU) standards of 0.1 ppm for toys
(Freire et al., 2019). Likewise, Negev et al. (2018) also found traces of
BPA in childcare items and jewelry items purchased in retail chains
in Israel and international low-cost online retailers. Concentrations
ranging from 0.04 ppm to 9.9 ppm were detected in 22% of child-
care item samples, with 17% exceeding the EU migration standard.
In another study, Li and Kannan (2018) have also reported elevated
concentrations of BPs, including BPA, BPS, BPF, BPB, BPP, BPZ, and
BPAF in pantyhose collected from China, Japan, South Korea,
Portugal, Chile, and the U.S. Among the seven BPs, BPS and BPF
were found to be the most abundant with concentration ranges of
<0.3—2190000 ng g~ ' and <12.5-1280000 ng g~ !, respectively,
followed by BPB (<13-7230 ng g ! range) and BPA
(<1.3—504 ng g ). These results suggest that paper products,
socks, childcare items, and pantyhose are noteworthy sources of
BPs, which draws attention to the potential health risk from dermal
exposure to BPs present in these products.

Since epoxy resins are used as inner coatings for food cans and
containers, BPs may leach from these packaging materials,
contaminating specific foods during storage. Hence, numerous
studies have documented the presence of BPs in foods. In addition,
dietary sources have been reported to be the highest contributor to
BP exposure (Chen et al., 2016). In a study conducted by Gonzdlez
et al. (2020), the occurrence of nine BPs in canned and non-
canned foods purchased in Spain was assessed. Among the nine
BPs, BPA, BPE, and BPB were detected in food samples. BPA was
detected in 93% and 36% of canned and non-canned foods,
respectively, with mean concentrations of 22.49 ng g ' and
4.73 ng g~ |, respectively. Meanwhile, BPE was detected in non-
canned mushroom (2.40 ng g, mean) and nuts (12.35 ng g~ 1).
Lastly, BPB was found in canned and non-canned chicken and olive
oil samples. Osman et al. (2018) have also reported BPA contami-
nations in canned foods, feed, beverages, and drinks in baby bottles
from Egyptian Markets. Canned chicken cocktail sausage samples
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were found to have the highest BPA contamination with a mean
concentration of 710.59 ppb. The authors also found that the
leaching of BPA from baby bottles to milk contributes to the highest
contamination (123.53 ppb) compared to other infant drinks.
Similarly, dietary exposures to BPA, BPS, and BPF from canned foods
and beverages in China were also estimated by analyzing 151
canned product samples collected from major Chinese cities (Cao
et al.,, 2020). Among the three BPs, BPA has the highest DR
(92.1%), followed by BPS (49.7%) and BPF (45%). Highest BPA residue
level was found in canned fruit (837 ng g '), canned meat
(300 ng g~ 1), and canned corns and/or beans (275 ng g~!). On the
other hand, canned meat (75.4 ng g~ !), canned mushrooms
(31.8 ng g 1), and canned seafood were found to have the highest
BPF residue level. Lastly, other canned foods (1.6 ng g~ 1), canned
corns and/or beans (1.5 ng g~ 1), and canned meat (1.3 ng g ') have
the highest BPS residue levels.

3. Health implications of bisphenols
3.1. Fertility

Bisphenols are one of the potential factors affecting human
reproductive health. Several prospective cohort studies investi-
gated individuals undergoing in vitro fertilization (IVF) and exam-
ined the associations of urinary BPA concentration with various
reproductive endpoints, such as fertilization success, implantation
success, ovarian response, and embryo quality. Shen et al. (2020)
evaluated the relationship between urinary BPA concentration
and the primary outcomes of IVFE. Single-spot urine samples were
collected from 351 women undergoing IVF treatments on the same
day their oocytes were retrieved. Their results showed inverse re-
lationships between urinary BPA concentration and the number of
retrieved oocytes, clinical pregnancy, and implantation (Shen et al.,
2020). Radwan et al. (2020) also found a significant decrease in the
number of oocytes retrieved and implantation rate in patients with
high urinary BPA concentration (n = 450 women). However, both
studies did not find a correlation between urinary BPA concentra-
tion and embryo quality and fertilization rate (Radwan et al., 2020;
Shen et al., 2020). In a different prospective cohort study with 700
Chinese couples attempting pregnancy, Wang et al. (2018) observed
a decrease in fecundability — the probability of getting pregnant
within one menstrual cycle — and an increase in the chances of
infertility in women with high urinary BPA concentration. In
addition, they also reported that associations of BPA concentration
in urine with fecundability and infertility are more prevalent
among women over 30 years of age (Wang et al., 2018).

The correlation between BPA concentration and male fertility
was also examined in several studies. In their older study, Radwan
et al. (2018) evaluated the relationship between urine BPA level and
semen quality, sperm DNA damage, and sperm aneuploidy —
abnormal number of chromosomes in a haploid set. In this study, a
total of 315 men under 45 years of age were recruited from infer-
tility clinics. High urinary BPA levels were reported to increase the
percentage of immature sperm and sperm chromosome disomy
and decrease the motility of the sperm. These findings provided
evidence that BPA exposure is an essential factor for declining male
semen quality. The associations of urinary BPA levels with semen
quality and reproductive hormone levels were also assessed in a
cross-sectional study with 215 healthy university male students
(Adoamnei et al., 2018). From their results, a significant inverse
correlation was observed between the urinary BPA and sperm
concentrations. In addition, a positive association was observed
between urinary BPA concentration and serum luteinizing hor-
mone, suggesting that BPA has a direct negative effect on the
function of Leydig cell — cells that produce and secrete testosterone
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and androgens, which are hormones that are critical in the devel-
opment of reproductive function in males (Adoamnei et al., 2018).

Animal studies also show the harmful effects of BPA on repro-
duction. Park et al. (2020) identified the adverse effect pubertal
exposure to BPA during the maturation of spermatozoa in the
epididymis and resulting effects on male mice fertility. Following
BPA exposure, pERK 1/2 was found to be significantly increased in
the caput (head) epididymis. Consequently, an increase in luminal
pH was observed, resulting in premature capacitation of sperma-
tozoa. In addition, fertility-related proteins also exhibited abnormal
expression following BPA exposure. As a result of these changes,
male fertility declined in both in vitro and in vivo (Park et al., 2020).
In a different study, BPA exposure was also reported to disrupt
spermatogenesis leading to a decrease in total sperm count
(Rahman et al., 2020). High BPA exposure was also found to reduce
sperm motility by inducing overproduction of reactive oxygen
species (ROS) and decreasing spermatozoa’s intracellular ATP. In
addition, in line with the previously mentioned study, their find-
ings showed that BPA compromised sperm fertility in mice.

3.2. Cancer

Numerous studies have linked BPs to different types of cancer.
Indeed, exposure to BPA was reported to enhance the migration and
invasiveness of ovarian cancer cells and induce the metastasis of
cancer cells by activating the canonical Wnt signalling pathway
(Hui et al., 2018). Consistently, Guo et al. (2020) have discovered
that a low dose of BPA via the same pathway could upregulate the
expression of stem cell-specific markers at mRNA and protein
levels. This upregulation results in the promotion of ovarian cancer
cell differentiation into cancer stem cells, which are cells that in-
crease the probability of tumour survival and invasion to other
tissues (Guo et al., 2020). In a study done by Castillo-Sanchez et al.
(2020), BPA was reported to mediate the migration of human breast
cancer cells by inducing the activation of signal transduction
pathways via G-protein coupled receptor (GPCR) and/or epidermal
growth factor receptor (EGFR) transactivation. Also, BPA activates
integrin B1 to stimulate the migration of triple-negative breast
cancer cells (TNBC) (Jia et al., 2019).

Meanwhile, BPS was indicated to play a role in the development
of breast cancer by changing the DNA methylation level of the
promoter region of breast cancer-related genes such as CDH1, SFN,
TNFRSF10C (Huang et al., 2019). Abnormal methylation of a gene’s
promoter region could lead to gene silencing, which contributes to
the initiation or malignant progression of tumours (Huang et al.,
2019). In addition, low levels of BPS trigger the progression of
TNBC by promoting its migration and invasion (Q. Deng et al., 2018).
In a different study, Song et al. (2019) investigated the effect of BPS
to non-small cell lung cancer (NSCLC). Their results showed that
low concentrations of BPS induce migration of NSCLC cells via
ERK1/2 mediated activation of TGF-B/Smad2/3 signals, which are
involved in the regulation of NSCLC development by promoting cell
mobility, invasiveness, and metastasis (Song et al., 2019). Other BPs
that have been frequently linked to breast cancer are BPF and BPAF.
In the study conducted by Lei et al. (2019, 2018), low levels of BPF
and BPAF were reported to activate GPCR-mediated PI3K/Akt and
Erk signals-facilitates the proliferation of and other biological ef-
fects of breast cancer cells. These BPF- and BPAF-induced activa-
tions stimulate the generation of ROS and elevate intracellular
calcium ion (Ca**) levels, which ultimately led to the increase of
DNA damage and promotion of cell proliferation of human breast
cancer cells. Overall, these studies provide evidence that the po-
tential harm of these BPA derivatives to human health is also of
concern.
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3.3. Diabetes

According to the World Health Organization (WHO), more than
422 million people are diagnosed with diabetes, and, in 2016, more
than 1.6 million deaths were directly caused by diabetes. Over the
years, BPs have also been linked to diabetes, with numerous studies
suggesting that BPs influence glucose metabolism through various
mechanisms (Rezg et al., 2014). Indeed, BPA exposure was reported
to be positively associated with type-2 diabetes mellitus (T2DM)
risk in humans (Hwang et al., 2018). Both urinary and serum BPA
concentrations were found to have a positive association with the
risk of T2DM. Additionally, urinary BPAF and BPS levels were shown
to be significantly positively correlated with T2DM (Duan et al.,
2018). These results are consistent with other studies, which also
suggested that BPs, including BPA, BPS, and BPAF, are positively
associated with T2DM (Duan et al., 2018; Haq et al., 2020).

Furthermore, BPA substitutes, such as BPAF, BPS, and BPF, were
also investigated for their association with gestational diabetes
mellitus (GDM) (Zhang et al., 2019). Among the three substitutes,
BPAF was reported to be correlated with the increased risk of GDM
among pregnant women, while BPS was found to have a disrupting
effect on the plasma glucose levels. However, the authors have also
indicated that the effect of BPS depends on fetal sex. Women car-
rying a male fetus might be less sensitive and vulnerable to BPS
exposure than those with female fetuses (Zhang et al., 2019).

On the contrary, although slightly higher urinary BPA concen-
trations were obtained from children with type-1 diabetes mellitus
(T1DM), no significant correlation was observed between urinary

BPA levels and the risk of TIDM (ince et al., 2018). However, an
inverse relationship was found between urinary BPA levels and

birth weight, which could be due to prenatal exposure (ince et al.,
2018). In a more recent study done by Chang et al. (2020), the
relationship between urinary BPA levels and risk of diabetes among
276 adults in the Cheyenne River Sioux Tribe was investigated.
Similarly, the authors did not find any statistically significant dif-
ferences in BPA levels between cases and controls. In summary, the
results of epidemiological studies reporting the relationships be-
tween BP concentrations and the risk of diabetes have been
inconsistent.

3.4. Cardiovascular diseases

Although BPs were frequently linked to cardiovascular diseases
(CVD), not many studies have been done to investigate the rela-
tionship between BP concentrations and CVD. In addition, most of
the studies done in this area were derived from the United States
National Health and Nutrition Examination Survey (NHANES) data.
Cai et al. (2020) have reported significant correlations between BPA
exposure (indicated by urinary BPA levels) and several CVD out-
comes, including congestive heart failure, angina pectoris,
myocardial infarction, and coronary heart disease. They also ob-
tained a positive correlation between BPA exposure and stroke in
the U.S. population. Furthermore, a gender difference in the asso-
ciation of BPA exposure and CVD outcomes was observed. Their
results have shown that these associations are more prevalent in
males than in females. In a prospective birth cohort study, the
relationship between maternal prenatal BPA exposure and car-
diometabolic risk factors in children at the age of 2 years was also
examined by Ouyang et al. (2020). High prenatal urinary BPA levels
were found to be linked with higher systolic and diastolic blood
pressure in girls, but not in boys. Instead, higher plasma glucose
was obtained in boys with medium maternal prenatal BPA con-
centration. However, no associations were found between child
urinary BPA concentration and cardio-metabolic risk factors. Both
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studies have shown sex-specific findings and positive associations
between BPA exposure and CVD risks and factors; however, more
well-coordinated and prospective studies are needed to confirm
these results.

3.5. Other health implications

BPs were also linked to other health problems such as obesity
and childhood asthma. In a recent study, B. Liu et al. (2019) used the
data from U.S. NHANES 2013 to 2014 to evaluate the associations of
BPA, BPS, and BPF with obesity in children and adolescents. Positive
correlations of BPF and BPA with general and abdominal obesity
were found, especially in boys. However, no correlation was
observed between BPS exposure and obesity. The authors also
suggested that since children and adolescents are rapidly growing,
the adverse effects of BPA and its substitutes might amplify (B. Liu
et al, 2019). Amin et al. (2018) have also reported in their study
with 132 children and adolescents that urinary BPA concentration
is positively associated with increased body mass index (BMI) and
waist circumference (WC). Furthermore, the authors have also
observed that urinary BPA concentration was significantly affected
by age and other demographic parameters such as using cosmetics,
plastic packaging, water and beverage plastic containers and pas-
sive smoking (Amin et al., 2018). BPs were also suggested to disrupt
the immune function and promote the development of allergy-
related diseases, such as asthma (Ma et al., 2019). Mendy et al.
(2020) found that BPA is positively correlated with current
asthma in children aged 6—11 years old. Meanwhile, a positive
correlation between urinary BPF and asthma was mainly observed
in adults, while the association of asthma with BPS was only found
in men (Mendy et al., 2020). In addition, numerous studies have
also reported BPA to be significantly associated with the develop-
ment of neurodegenerative diseases, such as Parkinson’s and Alz-
heimer’s diseases (Di Pietro et al., 2020; Musachio et al., 2020;
Sukjamnong et al., 2020; Wang et al., 2019; Xue et al., 2020).

4. Removal of bisphenols

The concern of BPs as environmental pollutants has triggered
research in finding efficient and environmentally friendly methods
to remove BPs in the environment. Nevertheless, companies are
using “BPA-free” labelling to differentiate their products as envi-
ronmentally friendly when they may be just as harmful or worse.
Several studies have investigated the use of activated carbon (AC),
chitosan, enzymes, and microorganisms for the removal of BPs.

4.1. Activated carbon

The adsorption on AC is one of the most efficient and commonly
used methods for the removal of BPs in aqueous environments. It is
widely used in water treatment to remove organic pollutants. The
efficiency of removal by AC is determined by the octanol/water
partition coefficient (Kow) of the compound. In general, compounds
with log Kow >2 are efficiently removed by adsorption onto AC
(Javed et al., 2018). Since the log Ko of BPs ranges from 1.25 to 7.17,
AC-based materials could be used for their removal. Javed et al.
(2018) synthesized and investigated an ultra-high surface area
asphalt-derived activated carbon (AS) for the removal of BPA in an
aqueous environment. AS was found to be highly efficient for the
adsorption of BPA. In addition, the maximum adsorption capacity of
AS (1113 mg g~ ') was found to be four times higher than the
commercially purchased AC (271 mg g~ 1) (Javed et al., 2018). Zbair
et al. (2018) evaluated the use of an argan nutshell as a precursor for
producing AC. In addition, the efficiency of phosphoric acid (H3POy4)
and sodium hydroxide (NaOH) as chemical activators were also
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investigated. The activated carbon (AC-HP) prepared from an argan
nutshell using H3PO,4 was found to be an effective adsorbent for the
removal of BPA. AC-HP was found to have high adsorption capacity
(1250 mg g~ 1) at 293 K, which is higher than the previous study
(Zbair et al., 2018). In a different paper, Wirasnita et al. (2018)
studied the adsorptive removal of BPA, BPS, and BPF from water
using AC-amended constructed wetlands (AC-CWs). Removal effi-
ciencies of the BPs by AC-CW were found to be between 98% and
100%. The authors also found that the efficient and stable removal
of BPs by AC-CW was a two-step process: initially, BPs are adsorbed
on the AC and are subsequently degraded by bacteria on the AC
(Wirasnita et al.,, 2018). The removal of BPA and BPS from water
using activated carbon clothes (ACCs) was enhanced by the pres-
ence of the bacteria Escherichia coli (Lopez-Ramon et al., 2019). The
presence of bacteria during the adsorption process increases the
surface hydrophobicity of the sorbent, hence, increasing its
adsorption capacity by 33% for BPA and 24% for BPS.

4.2. Chitosan

Chitosan, a natural product derived from natural substances, is
gaining attention as an effective biosorbent due to its high contents
of hydroxyl and amino functional groups on its surface, which helps
it to interact with different chemicals and polymers (Nurunnabi
et al., 2017). A magnetic dodecyl chitosan/silica composite was
synthesized and characterized by Hu et al. (2018) for the enrich-
ment of emerging BPs, including BPS, BPF, BPAF, and BPA from
aqueous solutions. Excellent adsorption was observed for each BPs
on the resulting composite with adsorption rates ranging from 87
to 99% within 15 min. In addition, maximum enrichment effi-
ciencies of 94—99% were also achieved for the four BPs. The authors
have reported that hydrophobic interaction was the principal
mechanism for the adsorption of BPs onto the magnetic dodecyl
chitosan/silica composite. Furthermore, the composite can be easily
recycled by solvent washing and magnetic separation technologies
(Hu et al., 2018). Therefore, the magnetic dodecyl chitosan/silica
composite has the potential to be used as a recyclable sorbent for
the removal of BPs from aqueous solutions. In another study,
aluminum-based metal-organic framework/sodium alginate com-
posite beads with chitosan (Al-MOF/SA-CS) and without chitosan
(AI-MOF/SA) were prepared and applied by Luo et al. (2019) in the
removal of BPA from aqueous solutions. AI-MOF/SA-CS composite
was found to have a maximum adsorption capacity of 139.9 mg g~
at 298 K, which is higher than the maximum adsorption capacity of
Al-MOF/SA (100.8 mg g~ '), suggesting the significance of the
incorporation of chitosan. In addition, AI-MOF/SA-CS have exhibi-
ted good reusability; hence, it can be a promising adsorbent for BPA
removal from wastewaters (Luo et al., 2019).

4.3. Enzyme

Another commonly used method to remove BPs is biological
degradation catalyzed by the enzyme laccase — a lignin-degrading
enzyme mainly used to cause BPA biodegradation (Nejad et al.,
2018a). The major sources of laccases are the white-rot basidio-
mycetes fungi, plants, insects, and bacteria (Nejad et al., 2018b). In
the study done by Nejad et al. (2018a), the use of laccase from the
fungi Phanerochaete chrysosporium in the biocatalytic elimination
of BPA from aqueous solutions was optimized and evaluated. The
maximum elimination of BPA was achieved at a pH value of 8, initial
laccase concentration of 3 U mL~Y, initial BPA concentration of
2 mM, and 180 min of incubation at 40 °C.

However, one of the limitations of using enzymes in the removal
of organic pollutants in wastewaters is the loss of enzyme activity
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during treatment. For example, laccase was reported to be highly
susceptible to loss of enzyme activity when it interacts with BPA
polymerization products (Nejad et al., 2018b). Hence, in order to
preserve the enzyme activity, surface active additives were used to
protect the enzymes from inhibitory components. Alshabib and
Onaizi (2020) assessed the effectiveness of different surfactants,
including rhamnolipid biosurfactant (RL), polyethylene glycol
(PEG), and Triton X-100, in enhancing the removal of BPA by lac-
case. At 1 ppm, RL has displayed the highest removal rate and
removal extent of BPA. It increases the activity of laccase from 46.06
UL~ ! (control, no additive) to 52.08 U L~! (with RL), achieving more
than 13% enhancement of enzyme activity. Furthermore, the
treatment of BPA in the presence of RL for 2 h led to about 23%
enhancement of the removal efficiency of BPA. Likewise, the addi-
tion of 1 ppm PEG and Triton X-100 have also increased the activity
of laccase by 8% and 5%, respectively (Alshabib and Onaizi, 2020). In
an older study, Nejad et al. (2018b) also investigated the effect of
PEG and Triton X-100 on the enzymatic treatment of BPA with
laccase from P. chrysosporium. Like the previously discussed paper,
the addition of PEG and Triton X-100 increased the activity of lac-
case and protecting it from inactivation, with PEG having the
greater effect. However, the authors have observed that despite the
increase of laccase activity, there was no significant increase in the
removal efficiency of BPA (Nejad et al., 2018b).

4.4. Microorganisms

Degrading organisms such as bacteria were also effectively used
to remove BPA from the environment. Many BPA-degrading bac-
teria have been isolated from water, soil, and plants. Louati et al.
(2019) investigated the biodegradation activities of 340 bacterial
strains isolated from the desert and arid soils from southern
Tunisia. Among these strains, ten bacterial strains showed high
potential for removing BPA in mineral salt medium containing
1 mM BPA. They were able to assimilate BPA as a sole carbon source
(Louati et al., 2019). These strains belong to genera Pseudomonas,
Enterobacter, Klebsiella, and Pantoea. The BPA removal rate of these
strains varied from 36 to 97%. Among the ten strains, Pseudomonas
putida showed the highest BPA-degrading ability. P. putida was able
to degrade half of the initial BPA concentration within two days and
remove all BPA within eight days of incubation (Louati et al., 2019).
Six bacterial strains were also isolated from the sediment in the Rio
Grande River and were tested for their BPA-degrading ability
(Sarma et al., 2019). However, only three strains, which are closely
related to Bacillus subtilis, Citrobacter freundii, and Citrobacter sp.,
showed outstanding BPA-degrading ability. The formation of a
bacterial consortium — a combination of all three bacterial strains —
achieved 100% degradation of BPA after 72 h of incubation. The
efficiency of B. subtilis HV-3 coupled with bio-electrochemical
systems in the removal of BPA from contaminated soil was inves-
tigated by Mohan et al. (2020). About 98% bio-electrodegradation
was achieved under optimized conditions (initial BPA concentra-
tion of 100 mg L~'; pH 7; and applied voltage of 1.0 V).

5. Conclusions

In this review, we examined over 100 peer-reviewed articles,
mainly published from 2018 to 2020, to summarize the occurrence
of BPA and its alternatives in various environmental compartments,
such as indoor dust, wastewater, sludge, water, and sediments.
Herein, we found that BPs have now become ubiquitous world-
wide, and although countries have banned the use of BPA, it re-
mains the most abundant among BPs in all environmental media.
At the same time, BPS and BPF have been frequently detected
alongside BPA, and their levels are continuously increasing as
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reflected by the comparable concentrations of BPS, BPF, and BPA in
various environmental compartments. Another aim of this review
was to understand the potential risks of BPs to human health. We
found that BPA and its alternatives, especially BPS, BPAF, and BPF,
can induce the generation of ROS, which could cause infertility and
lead to the onset of cancer. Furthermore, exposure to BPA was also
found to disrupt various signalling pathways and lead to the
development of chronic diseases such as CVD and diabetes. How-
ever, most studies only focused on the adverse effect of BPA and
more studies are needed to investigate the potential risk of BPA
alternatives to human health. Nevertheless, though our findings
might not be considered as definitive proof, the data we collected
from numerous studies is enough to raise concerns on the harmful
effects of BPA and its alternatives to human health. Lastly, possible
methods for the removal of BPA in aqueous solutions were also
discussed in this review. The use of AC- and chitosan-based mate-
rials are still being utilized to this day. However, the use of enzymes
and microorganisms and their incorporation into AC-based
methods are gaining increased attention due to their high/
enhanced removal efficiencies. As a result, methods based on AC
with enzymes and/or microorganisms will likely continue to be
researched, synthesized, and developed.
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