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ARTICLE INFO ABSTRACT

Keywords: Parabens are used as preservatives in personal care products and many other products of daily use. Their removal

Disinfection by-products in wastewater treatment plants (WWTP) is inefficient, allowing their spread into the environment. A great di-

iuitoxlat)f versity of biological and chemical transformations occurs in these water systems leading to the formation of
alogenation

parabens transformation products (PTP). The presence and persistence of PTP in water sources are primarily
affected by the type of tertiary wastewater treatment employed and the extent to which paraben-containing
products are used. Despite laboratory evidence of PTP formation, their detection in real-world water systems
remains limited. Few reports described their presence in real WWTP, rivers, swimming pools, and even drinking
water (DW), occasionally at concentrations surpassing their parent counterparts. Among them, para-hydrox-
ybenzoic acid (PHBA) is the most frequently detected, reaching concentrations up to 200 pg/L in WWTP in-
fluents, followed by hydroxylated parabens (1 pg/L), as well as chlorinated and brominated parabens (<0.1 pg/
L). The toxicological implications of these PTP raise concerns, considering the health risks associated with
parabens such as their potential endocrine disruption and toxicity. This study provides a comprehensive analysis
of PTP formation during water treatment processes and its prevalence in water sources in real and laboratory
conditions. Their environmental and public health impacts are also addressed, highlighting the need to invest in
the monitoring of PTP in water systems using integrated water management approaches and promote community
education to reduce the use of these compounds, safeguarding environmental and human health.

Parabens transformation products
Water treatment

water sources [8]. The presence of parabens has been reported world-
wide including in Africa [9], America [10], European Union [11], Asia
[12], and Oceania [13].

These compounds have been found in wastewater treatment plants

1. Introduction

The detection of more than 700 disinfection by-products (DBP) in
treated water has raised awareness of their threat to the environment
and public health [1-3]. DBP, formed during water disinfection pro-
cesses, result from the interaction of disinfectants with organic matter,
anthropogenic contaminants, bromide, or iodide [1]. Among various
anthropogenic contaminants, parabens are commonly used as pre-
servatives in personal care products — PCP (488 to 8200 pg/g) [4],
pharmaceuticals (2689 pg/g) [5], and in food products (1113 pg/g) [6].
The most common parabens include methylparaben (MP), ethylparaben
(EP), propylparaben (PP), iso-propylparaben (iPP), butylparaben (BP),
iso-butylparaben, and benzylparaben (BzP) [7]. Parabens, due to their
wide use, are constantly released into the environment, especially into
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(WWTP) and surface water at concentrations exceeding 100 pg/L, and
even in drinking water (DW) at concentrations up to 6 ug/L [8].

To ensure low environmental impact and a safe release into the
environment, wastewater undergoes different treatment stages in a
WWTP (initially, a primary treatment followed by a biological treat-
ment/secondary treatment and, eventually a tertiary treatment). The
tertiary treatment can include additional biological processes for
nutrient removal and/or disinfection to treat recalcitrant chemicals or
inactivate biological contaminants [3]. A disinfection step can be per-
formed through chlorination, chloramination, ozonation, or ultraviolet
(UV) irradiation [3]. However, these conventional strategies are
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Nomenclature

2,4,5-triOH-MP tri-hydroxylated methylparaben
2-OH-3,5-diCl-PP mono-hydroxylated-di-chlorinated
propylparaben
3,5-diBr-BzP di-brominated benzylparaben
3,5-diBr-BP di-brominated butylparaben
3,5-diBr-EP di-brominated ethylparaben
3,5-diBr-iBP di-brominated iso-butylparaben
3,5-diBr-iPP di-brominated iso-propylparaben
3,5-diBr-MP di-brominated methylparaben
3,5-diBr-MP di-brominated methylparaben
3,5-diBr-PP di-brominated propylparaben
3,5-diCl-BP di-chlorinated butylparaben
3,5-diCl-BzP di-chlorinated benzylparaben
3,5-diCl-EP di-chlorinated ethylparaben
3,5-diCI-MP di-chlorinated methylparaben
3,5-diCl-PP di-chlorinated propylparaben
3,5-diOH-MP di-hydroxylated methylparaben
3-Br-BP  mono-brominated butylparaben
3-Br-EP mono-brominated ethylparaben
3-Br-iBP  mono-brominated iso-butylparaben
3-Br-MP mono-brominated methylparaben
3-Br-PP  mono-brominated propylparaben
3-CI-BP  mono-chlorinated butylparaben
3-Cl-BzP mono-chlorinated benzylparaben
3-CI-EP  mono-chlorinated ethylparaben
3-Cl-iBP mono-chlorinated iso-butylparaben
3-CI-MP mono-chlorinated methylparaben
3-ClI-PP mono-chlorinated propylparaben
3-OH-EP mono-hydroxylated Ethylparaben
3-OH-MP mono-hydroxylated methylparaben
AhR Aryl hydrocarbon receptors

AOPs Advanced oxidative processes
ARG antibiotic resistance genes
BA Benzoic acid

BP Butylparaben

BzP Benzylparaben

C-DBP  Carbonaceous DBP

Chv Chronic toxicity value

DBP Disinfection by-products

DHBA  di-hydroxybenzoic acid

DW Drinking water

DWDS  Drinking water distribution systems

DWTP  Drinking water treatment plants

ECso Effective concentration to inhibit 50 % of the population
ECOSARs ecological structure — activity relationships

EP Ethylparaben

EPA Environmental Protection Agency

EPS Extracellular polymeric substances

ERax Human estrogen receptor o

FDA Food and Drug Administration

GR Glucocorticoid receptor

GRAS Generally recognized as safe

HAA Haloacetic acids
HAN Haloacetonitrile
HEK Human embryonic kidney

HPLC High-performance liquid chromatography

HQ Hazard quotient

iBP iso-butylparaben

ICso Half maximal inhibitory concentration

iPP iso-propylparaben

Kapp Apparent second-order rate constant

LC Liquid chromatography

LCso Lethal concentration to kill 50 % of the population

LOEC Lowest-observed-effect concentration

MEC Measured environmental concentrations

MP Methylparaben

MS Mass spectrometry

N-DBP  Nitrogenous DBP

NOEC  No-observed-effect concentration

PCP Personal care products

PHBA  para-hydroxybenzoic acid

PhP Phenylparaben

PNECs Predicted no-effect concentrations

PP Propylparaben

PTP Parabens transformation products

PtP Pentylparaben

RECys5 Concentration of the compound needed to achieve 25 % of
the maximal response to p-naphthoflavon

RECgo Concentration of the compound needed to achieve 60 % of

the maximum inhibitory activity of 4-hydroxytamoxifen
THM Trihalomethanes

TR Thyroid receptors

us United States

uv Ultraviolet irradiation
WHO World Health Organization

WWTP  Wastewater treatment plants

inefficient for removing parabens [14], making the formation of para-
bens transformation products (PTP) unavoidable [15]. The formation of
PTP across a WWTP begins in the pretreatment step where the trans-
formations that occur are expected to be the same as those in the envi-
ronment: photodegradation, potentially biodegradation, and even
hydrolysis with low probability [16]. During biological treatments,
microorganisms can biotransform parabens into a diversity of metabo-
lites [3]. An additional disinfection step, where chlorine is typically
used, causes electrophilic aromatic substitution and the consequent
formation of halogenated parabens [17]. At this stage, the formation of
other DBP resulting from the interaction with organic and inorganic
precursors in water may also occur, leading to further interaction be-
tween DBP and PTP [3]. It is important to consider that DBP are a broad
category of compounds formed during the water treatment process, and
PTP are specific by-products that arise from the transformation of par-
abens during the water treatment process.

Nevertheless, the conversion of parabens into other transformation
products can emerge in household drains, owing to the widespread use

of PCP-containing parabens [18] or during swimming pool water
disinfection, facilitating their entrance into WWTP [19]. In WWTP,
wastewater suffers diverse treatments to remove the presence of these
contaminants. However, these treatments do not remove 100 % of PTP
or their parent parabens, and WWTP effluents often contain residual
concentrations of these contaminants [20]. Consequently, when these
WWTP effluents are discharged into surface waters (rivers, lakes), PTP
and their parent parabens contaminate these water sources [21].
Furthermore, the presence of PTP in surface waters may also be due to
human discharges, such as sewage overflows, industrial wastewater,
runoff from agricultural areas or natural parabens photolysis and mi-
crobial degradation [21]. Additionally, PTP have already been detected
in human fluids due to parabens metabolization in the human body or
due to direct exposure to PTP, resulting in the excretion of these com-
pounds through the urine with consequent discharge into sewage [22].

Consequently, these compounds can enter groundwater through
percolation from surface waters or agricultural activities [23].
Contaminated water does enter drinking water treatment plants (DWTP)
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to be effectively treated and safely delivered to DW consumers. Even
after water treatment in WWTP further disinfection treatment of treated
effluent water in DWTP occurs and favours the interaction between the
remaining parabens and disinfectants, contributing to the formation of
additional PTP, and/or even further transformation of the existing ones
[11.

Some researchers have studied the formation of chlorinated,
brominated, and hydroxylated parabens in aquatic environments [2,3].
However, using controlled laboratory conditions, without considering
the complexity of environmental samples and ecological interactions
[2]. Indeed, research is mostly focused on the presence of parabens in
water sources, ignoring that parabens can undergo natural or induced
chemical transformations during water treatment, leading to the for-
mation of PTP [21].

The highest environmental concentrations of PTP have been re-
ported in WWTP influent. For example, in the United States (US), some
authors found concentrations of PHBA up to 293000 ng/L in a specific
WWTP, being the average of the determination of this compound in the
referred WWTP of 5280 ng/L [24]. Hydroxylated and chlorinated par-
abens are typically present at lower levels in these systems and their
concentrations vary across regions. In India, the maximum concentra-
tion of mono-hydroxylated MP (3-OH-MP) found in WWTP influents was
1050 ng/L [25], while in Spain, di-chlorinated MP (3,5-diCIl-MP)
reached a maximum concentration of 90 ng/L [26]. Surface waters also
exhibit varying concentrations of chlorinated and brominated parabens.
A Malaysian river contained a maximum concentration of 13400 ng/L of
chlorinated parabens [12], while a Japanese river contained 110 ng/L of
brominated parabens [27]. Moreover, the presence of chlorinated par-
abens is frequently reported in swimming pool waters ranging between
0.64 and 1122 ng/L, due to common swimming pool disinfection
practices and the introduction of parabens by swimmers [19]. Regarding
the presence of PTP in DW, there is only one study reporting the pres-
ence of di-chlorinated parabens (3,5-diCl-MP and 3,5-diCl-EP) and
PHBA in Texas, at concentrations ranging from 62 to 711 ng/L [21].

The generation of these transformation products and their presence
along various water sources may impact the ecosystems as these prod-
ucts are known to be toxic to aquatic organisms including green algae,
fish, and Daphnia [28]. Although there are no consensual opinions, PTP
(in particular halogenated parabens) may have a higher potential risk to
humans than the corresponding parent parabens, due to their higher
toxicity [29]. Seeing these impacts and considering the interconnection
between different water cycles and treatment stages, it is important to
adopt a One-Water approach to manage water resources and prioritize
the presence of both parabens and their transformation products,
avoiding potential risks resulting from their inefficient management
[30].

This review is pioneer in providing a comprehensive analysis of the
scientific evidence of the presence of PTP in real water systems, aiming
to understand the primary exposure pathways and anticipate their
possible chemical transformations. By exploring the occurrence and fate
of these products in water sources along with recent findings on their
human toxicity and ecotoxicity, this review highlights potential envi-
ronmental and health risks that have been underrepresented in previous
research. Understanding the mechanisms involved in PTP synthesis,
their recalcitrance, and their environmental and public health threats is
of relevance for informed decision- and policy-making, and improved
risk assessment in the context of water quality protection.

2. Water treatment and formation of PTP

Research on PTP began in 2006, revealing that even free chlorine
levels in tap water (0.5 mg/L) can rapidly generate chlorinated PTP
within a few minutes [31]. Indeed, parabens can be converted into a
high number of transformation products along WWTP, depending on the
type of water disinfection treatments employed [16]. Furthermore, due
to the widespread use of disinfectants in daily routine, the natural
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presence of DBP in aquatic environments is also increasing, and para-
bens can also react with existing DBP, generating new PTP [32].

The initial stage of wastewater treatment generally involves the use
of clarifiers to remove suspended particles and solids from water (e.g.
coagulation, sedimentation) [3]. Although these water treatment pro-
cesses are not designed to remove emerging contaminants (including
parabens) from water, the removal of hydrophobic parabens may occur
with efficiencies of up to 30 % [14]. During this stage, the trans-
formation products that are expected to form are those typically
generated in the environment through natural degradation pathways
such as photodegradation (exposure to natural light), hydrolysis under
basic conditions or microbial interactions [3].

Fig. 1 illustrates the potential transformation products of parabens
occurring along a typical WWTP. Photodegradation involves the addi-
tion of hydroxyl radicals (OH®) to the aromatic ring of parabens, and the
removal of hydrogens, resulting in the transformation of parabens into
hydroxylated compounds (Fig. 2A) [33]. These hydroxyl radicals (OH®)
are previously generated from the photolysis (when exposed to ultra-
violet irradiation or other forms of high-energy radiation) of molecules
commonly present in water such as hydrogen peroxide (Eq. (1)), nitrate
(Eq. (2)), and nitrite ions (Eq. (3)) [34]:

H; Oy — 20H* 1)
NO3 — NO, + 0°% O°® + H, 0—2 OH* 2)
NO; — NO+0°% O°* + H, O—-20OH * 3)

On the other hand, biodegradation plays a crucial role in converting
parabens into PHBA and the corresponding alcohol through the hydro-
lysis of the ester bond by esterases, with further transformation into
phenol via decarboxylases (with the removal of the carboxyl group from
PHBA) (Fig. 2B and C) [35]. Although PHBA is considered the major
degradation product shared by original parabens, other degradation
products of parabens (in particular of MP), such as oxalic, propanedioic,
and fumaric acids can also occur during this first stage of water treat-
ment [36].

During secondary water treatment, the remaining parabens and
PHBA may undergo hydroxylation due to biotransformation, in the
aerobic process [16]. This transformation depends on the presence of
microorganisms and environmental factors like temperature, pH, and
dissolved oxygen levels. In aerobic conditions, the transformation of
parabens is potentiated by bacteria. In this case, parabens are trans-
formed into PHBA via esterase activity (Fig. 2B) and subsequently can be
converted to phenol (Fig. 2C) or benzoic acid (Fig. 2D) via decarbox-
ylase or dehydroxylase, respectively. However, these PTP do not occur
under anaerobic conditions [37].

The most common tertiary water treatment is disinfection including
chlorination, bromination, ozonation, ultrafiltration, and/or UV irradi-
ation, which lead to the formation of chlorinated, brominated, and hy-
droxylated parabens [3]. However, the formation of PTP during
ultrafiltration is relatively uncommon [16]. The process of formation of
these compounds for each disinfection treatment will be described in
sections 3.1 to 3.4.

Considering the wide range of PTP formed within WWTP, it becomes
necessary to identify which of these transformation products are being
formed at specific stages of the water treatment. The identification of
these PTP comprises the use of the analytical methods used for the
original parabens, with high-performance liquid chromatography
(HPLC) being the most commonly applied for the identification of
chlorinated [38] and hydroxylated parabens [25]. In general, higher
retention times are expected for halogenated parabens since more hy-
drophobic compounds often correspond to longer retention times [38].
On the other hand, lower retention times are expected for PHBA, di-
hydroxybenzoic acid (DHBA), and mono-hydroxylated parabens in
relation to the parent parabens [39].

Techniques for PTP identification and quantification are presented in
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Fig. 1. Predictive formation of parabens transformation products (PTP) along WWTP using different water disinfection treatments. Legend: 3,5-diBr — di-
brominated; 3,5-diCl — di-chlorinated; 3,5-diOH — di-hydroxylated; 3-Br — mono-brominated; 3-Cl — mono-chlorinated; 3-OH — mono-hydroxylated; BA — ben-
zoic acid; BP — butylparaben; BzP — benzylparaben; DHBA — dihydroxybenzoic acid; EP — ethylparaben; MP — methylparaben; PHBA — para-hydroxybenzoic acid;

PP — propylparaben. Created with BioRender.com.

Table S1 and Fig. S1 (Supplemental Information A). These analytical
methods can provide accurate measurements and expand our compre-
hension of paraben degradation pathways under realistic conditions,
helping to correctly identify PTP.

2.1. Chlorination and bromination

Chlorination is the most commonly used disinfection strategy in
WWTP and typically involves the addition of 1-15 mg/L of chlorine for
30 min [3]. Therefore, the most commonly detected PTP in these water
systems are chlorinated parabens which are mainly promoted by the
facile reaction between the phenolic hydroxyl group of parabens and
hypochlorous acid (HOCI) present in water [40]. In addition, chlorina-
tion of parabens can also occur naturally in rivers contaminated with
residual concentrations of chlorine [41].

The primary chlorination mechanism of parabens involves the
addition of chlorine to the aromatic ring through electrophilic aromatic
substitution (replacement of a hydrogen atom on the benzene ring by
chlorine cation at the positions ortho or para to the hydroxyl group),
with the possibility of a second addition, and, in exceptional cases, even
a third addition [42]. This results in the formation of mono- and di-
chlorinated parabens, and mono- and di-chlorinated forms of PHBA
(Fig. 1). The chemical reactions illustrating this phenomenon are pre-
sented in Fig. 2E and F.

The chlorination of parabens appears to follow an apparent second-
order rate constant (kapp) with values of 9.65 x 1073 M’0'614-s’1, 1.77
x 1072 M~ 101971 298 x 10 — 2 M %%1s71 and 1.76 x 1072
M~0-860.5~1 for MP, EP, PP, and BP, respectively, at pH 7.0 [41]. How-
ever, this process is also influenced by the pH and temperature, being
less favourable for higher pH levels but more favourable with increasing
temperatures [41]. Moreover, chlorination of parabens is also slower in
the presence of ammonium and humic acids [41].

In the natural environment, chlorinated parabens exhibit signifi-
cantly longer half-lives, exceeding a week [26], compared to the few
hours observed by the original parabens, which readily biodegrade
under aerobic conditions [7]. Indeed, PTP, such as PHBA, and di-

chlorinated parabens tend not to degrade further in the absence of
biological activity, thus increasing their presence in water sources [3].
This may make their removal from water difficult in comparison to their
parent parabens, highlighting their increased persistence.

On the other hand, bromine, existing naturally in water as bromide
ions (Br’), can be introduced into water from anthropogenic sources or
may be used as a disinfectant. Consequently, the formation of hypo-
bromous acid (HOBr) from free bromide (Eq. (4)) leads to the bromi-
nation of parabens and PHBA also through electrophilic aromatic
substitution as in the chlorination mechanism (Fig. 2E and F) [3].

Br~ + HOCIl — HOBr + Cl~ (@)

Brominated parabens may undergo further reactions, including ipso
substitution, which involves the exchange of Br* with CI* [43]. During
ipso substitution, a chlorine cation can replace a bromine cation,
resulting in a chlorinated paraben and a bromonium ion. Psoras et al.
[43] reported that chlorination of mono-brominated EP (3-Br-EP) yiel-
ded 3,5-diCl-EP and di-brominated EP (3,5-diBr-EP) in just 2 min. These
authors also reported for the first time the formation of polybrominated
trihalomethanes (THM) resulting from the ipso substitution of chlorine
in (mono)brominated aromatic compounds (such as brominated PTP)
and further incorporation of bromine in THM precursors present in
water (Supplemental Information B - Fig. S2). By definition, THM
are chemical compounds in which three of the four hydrogen atoms
of methane (CH4) are replaced by halogen atoms. This is of utmost
concern since THM have been linked to health diseases such as bladder
and colon cancer, asthma, and reproductive dysfunction [43].

2.2. Ogonation and PTP

Ozonation has a great effect on the removal of parabens as ozone
(O3) is one of the most highly reactive oxidants [44]. During ozonation,
parabens transform by direct hydroxylation of the aromatic ring or alkyl
chain, leading to the formation of hydroxylated parabens (Fig. 3A) [33].
Direct oxidation by O3 primarily adds hydroxyl groups to the aromatic
ring as this process requires double bonds. In contrast, oxidation by OH*
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Fig. 2. Parabens and PHBA transformation occurring along typical WWTP through photodegradation (A), biodegradation (B, C, and D), chlorination, and bromi-
nation (E and F).
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Fig. 3. Parabens transformation occurring during ozonation and UV disinfection (A — direct hydroxylation of the aromatic ring or alkyl chain [33]; B — acid and base
hydrolysis [45]; C — de-esterification, radical hydroxylation, and decomposition [51]).

can introduce functional groups into the side chains of parabens [3]
(Fig. 3A). Furthermore, parabens can undergo both acid and base hy-
drolysis during this process (Fig. 3B). Acid hydrolysis occurs at pH
values below 4, while basic hydrolysis occurs at pH values above 10
[45]. Additionally, O3 can also react with water and form hydrogen

peroxide (H203), which subsequently decomposes into OH®, further
interacting with parabens [46]. The reaction rates of oxidation of par-
abens by OH® are higher than those for oxidation by O3 [47].

Tay et al. [47] reported the detection of mono-, di-, and tri-
hydroxylated parabens, and major breakdown products of parabens
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such as hydroquinone (which is a harmful by-product consisting of a
benzene ring with two hydroxyl groups attached to the 1 and 4 posi-
tions) and PHBA, during ozonation under laboratory conditions. In
another study, Gomes et al. [48] examined the use of volcanic rocks to
enhance the removal of parabens by ozonation, resulting in the total
degradation of parabens and the formation of PHBA, DHBA, and hy-
droquinone as paraben transformation products. The ozonation of par-
abens is affected by the physicochemical characteristics of the aqueous
matrix since it affects O3 decomposition and consequently the formation
of OH® [49]. Michael-Kordatou et al. [49] assessed the ozonation of EP
in different aqueous matrices (ultrapure water, bottled water, synthetic
humic acid solution, and a secondary wastewater effluent) at laboratory
conditions. They reported the degradation rates for EP in different
matrices in descending order: ultrapure water > bottled water >
wastewater effluent > humic acid solution [49]. This occurs because
aqueous matrices richer in carbonate species inhibit O3 decay to OH®,
hence promoting ozonation through direct oxidation [49]. However,
while EP hydroxylated transformation products showed preservation of
the aromatic ring of the original paraben, structural changes in the ester
chain were observed [49].

During ozonation, it is also important to consider the possible for-
mation of bromate (BrOg3), particularly in the presence of water con-
taining naturally residual concentrations of bromide as described in the
previous section. This can lead to the subsequent formation of bromi-
nated parabens, potentially impacting water safety [49]. Due to the
frequency of this phenomenon, the US Environmental Protection Agency
(US EPA) has already established the maximum value of 10 pg/L allowed
for BrO3 in DW [50].

2.3. UV disinfection and PTP

UV disinfection generally uses UVC irradiation (200 to 280 nm) that
encompasses the absorption wavelength of parabens (254 nm), allowing
their direct excitation, which is a key factor for their degradation [3]. UV
disinfection generates OH®, which can either oxidize parabens, often
leading to the addition of an OH group or hydrolyze them to form PHBA
(as represented in Fig. 3A and B) [47]. A recent study examined the
degradation process of parabens (MP, EP, and BP) with UV irradiation
and identified three main mechanisms: de-esterification, radical hy-
droxylation, and decomposition [51]. The chemical reactions illus-
trating this transformation are presented in Fig. 3C [51].

UV disinfection also facilitates the photodegradation of parabens
that can be potentiated in the presence of chlorine [52] or even NH,Cl
[3]. Moreover, this disinfection strategy is often combined with ultra-
filtration or the use of catalysts in advanced oxidation processes (AOPs),
to promote OH* formation and subsequently, the formation of hydrox-
ylated parabens [53].

2.4. Advanced oxidation processes and PTP

AOPs are highly effective water treatment methods used to remove
persistent organic pollutants, such as parabens. AOPs utilize powerful
oxidizing agents, such as OH® radicals to break down these complex
chemical structures into harmless by-products [54]. Therefore, these
processes may also lead to the formation of PTP [55]. In general, AOPs
for parabens removal include can include the following methods:
photolysis; photocatalysis; ozone-based technologies; Fenton oxidation;
persulfate, peroxymonosulfate and H;0» oxidation; electrochemical,
and ultrasound technologies [54]. Lincho et al [54] have recently
explained these technologies in detail. In this section, some examples of
PTP formation resulting from AOPs in water treatment are presented.

The degradation of MP by UV/persulfate treatment led to the pro-
duction of seven PTP: 3-OH-MP; 2,5-diOH-MP; 2,4,5-triOH-MP, PHBA,
DHBA, BA, and phenol [55]. This process relies on the formation of
reactive species, namely hydroxyl (OH®) and sulfate (SOf) radicals
resulting in the hydroxylation of the aromatic ring of MP or the
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hydrolysis of ester chain (as described for ozonation — section 2.2) [55].
The SO radicals are more selective and can react easily with the aro-
matic ring through electron transfer reactions [55], whereas non-
selective OH® radicals can react with the aromatic ring or the aliphatic
chain via either hydrogen abstraction or addition reactions [28,33]. The
degradation of PP throughout activated persulfate was also studied,
indicating that the hydroxylation of the aromatic ring of PP mainly takes
place in the ortho position relative to the phenolic OH group [56].

Similar findings were also observed by researchers during the pho-
todegradation of parabens (MP, EP, PP, and BP) using Fe(Ill)-citrate
complexes [57] and during EP photodegradation using simulated solar
irradiation and AgsPOy4, as photocatalyst [58].

Another study reported the degradation of a parabens mixture (EP,
MP, PP) in ultrapure water and wastewater, at laboratory conditions,
using UV-C/peroxymonosulfate[59]. The first pathway reported
included hydroxylation and dealkylation reactions. Hydroxylation lead
to the formation of dihydroxybenzoic acid esters from all parabens
through the electrophilic attack of OH® and direct electron transfer from
parabens molecules to SO3 with subsequent hydrolysis of parabens [59].
Further hydroxylation formed tri- and tetra-hydroxybenzoic acid esters,
whereas dealkylation resulted in PHBA, DHBA, and BA [59]. Then,
dimerization reactions may occur with an electron transfer that lead to
the formation of radicals which can react via C-C coupling. Subsequent
prolonged OH® and/or SO% oxidation leading to the cleavage of the
aromatic rings of PTP may also result in the formation of other PTP.
Therefore, the pathways of parabens degradation through UV-C/
peroxymonosulfate is know so far to include hydroxylation and deal-
kylation, radical coupling, and cleavage of the aromatic rings [59]. A
similar EP degradation route was also reported using heat-activated
persulfate oxidation [60]. Circa of 13 PTP from EP were identified
suggesting that EP degradation occurred through: i) hydroxylation; ii)
dealkylation, and; iii) oligomerization reactions. In this case, EP
degradation was lower in the secondary treated wastewater due to the
presence of natural organic matter and inorganic salts that compete with
EP for the reactive oxygen species [60].

The degradation of MP in aqueous solutions using heterogeneous
photocatalysis with TiO, and Hy02 was found to be mainly attributed to
OH° electrophilic attack, leading to the formation of hydroxylated MP
[61]. Simulated solar radiation in the presence of N-doped TiO; catalysts
for EP degradation also revealed the formation of PTP, with OH® re-
actions appearing to prevail during the initial steps, as evidenced by the
rapid formation of hydroxylated and dealkylated intermediates (3-OH-
MP, PHBA, DHBA, phenol) [62]. Organic acids such as formic, oxalic,
acetic, malonic, and succinic acids were also formed from EP degrada-
tion [62].

The electrochemical oxidation over a boron-doped diamond anode of
EP was also evaluated involving hydroxylation and demethylation re-
actions, suggesting the role of electrogenerated OH® in the process [63].
The oxidation of EP using this technique with NaySO4 as the supporting
electrolyte resulted in the formation of 21 PTP, including chlorinated
and non-chlorinated dimers and trimers [63]. Interestingly, degradation
in wastewater was faster than in ultrapure water, which may be
explained by the presence of inorganic ions (e.g. CI,, SO3) that may lead
to the indirect formation of reactive species [63].

3. Occurrence and quantification of PTP in real water sources

The occurrence and persistence of parabens and their transformation
products in aquatic environments strongly depend on the degree of use
of these products by the population [12]. Policies governing their use
and strategies employed for wastewater management are also factors
influencing the persistence of these products [12]. Most studies report-
ing removal rates of parabens and quantification of transformation
products have been conducted in laboratory settings, often under spe-
cific and controlled environmental conditions. However, these
controlled conditions do not fully represent the variable environmental
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factors found in nature, such as temperature fluctuations, pH variations,
microbial activity, and the presence of other chemicals. Nonetheless,
there are few studies monitoring the presence of PTP along real water
sources, which may be explained by the associated limitations of sam-
pling and analytical procedures in these real-world conditions as well as
the challenges imposed by the dynamic and complexity of natural eco-
systems [2].

Studies assessing the presence of PTP along real WWTP, in surface
water and DW are discussed in the next section, as well as the presence of
these pollutants in swimming pools, highlighting their potential health
risks for swimmers.
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3.1. Occurrence of PTP in WWTP

In WWTP, often considered the major reservoir of parabens, the
occurrence of PTP is expected to be more pronounced in relation to other
water sources [12]. However, to date, only eight studies have reported
the formation of PTP along real WWTP. These studies involved waste-
water facilities located in New York (US) [16,24], Texas (US) [21],
Persian Gulf [64], China [65], Taiwan [12], India [25], and Spain [26].
The identification and respective concentrations of these PTP are pre-
sented in Table 1.

The most widely found PTP was PHBA [64]. This is already expected
since PHBA is the most common degradation product of general para-
bens and is also present naturally in the environment [64]. This product

Table 1
Concentrations of parabens transformation products (PTP) found in WWTP influents and effluents.
Location PTP Concentration (WWTP influent) Concentration (WWTP effluent) Units Reference
Plant A, New York, US PHBA 1460-41100 555-5530 ng/L [24]
DHBA 220-1960 202-3170
3-OH-MP 12.7-346 21.90-478.0
3-OH-EP 0.36-340 0.3600-156.0
Plant B, New York, US PHBA 3890-293000 633.0-4040
DHBA 43.8-2270 107.0-427.0
3-OH-MP 28.7-102 9.010-84.50
3-OH-EP 0.36-176 0.3600-39.60
Sludge, New York, US PHBA 1450-3820 N ng/g dry wt
DHBA 72.3-294
3-OH-MP 5.55-20.0
3-OH-EP 0.36-0.55
Plant 1, Texas, US PHBA Cave = 27.9 Cave = 26.2 ng/L [21]
DHBA Cave = 7.10 Cave = 16.9
3-OH-MP Cave = 91.0 Cave = 46.3
3-OH-EP Cave = 1.15 Cave = 0.20
3-Cl-MP Cave = 0.110 Cave = 0.0600
3-Cl-EP Cave = 0.260 Cave = 0.160
3,5-diCl-MP Cave = 0.660 Cave = 14.5
3,5-diCl-EP Cave = 0.260 Cave = 5.70
Plant 2, Texas, US PHBA Cave = 26.2 Cave = 16.6
DHBA Cave = 18.8 Cave = 13.6
3-OH-MP Cave = 64.8 Cave = 23.1
3-OH-EP Cave = 0.770 Cave = 0.320
3-Cl-MP Cave = 0.104 Cave = 0.0650
3-Cl-EP Cave = 0.138 Cave = 0.0760
3,5-diCl-MP Cave = 0.375 Cave = 1.19
3,5-diCI-EP Cave = 0.404 Cave = 1.51
Hospital and municipal, Persian Gulf BA Cave = 10.000 Cave = 10.000 [64]
PHBA 4443-58193 2121-55673
Taiwan 3,5-diCl-MP Cpax = 152 N [12]
3-Cl-MP Cnax = 5.40 N
3,5-diCl-PP Cpnax = 161 Cunax = 10.1
3-Cl-PP Cmax = 0.400 N
3,5-diCl-MP Chax = 152 N
3-Cl-BP Cpnax = 1.88 N
China BA Cmax = 32000 44.4 mg/d/1000 people [65]
DHBA Cmax = 3190.0 12.9
3-OH-MP Cmax = 37.000 0.320
3-OH-EP Cnax = 32.600 0.420
PHBA Cave = 590.00 Cave = 123 ng/L [16]
3,5-diCl-MP Cave = 22.900 Cave = 11.7
3,5-diCl-EP Cave = 30.000 Cave = 19.3
India BA 487-2360.0 N [25]
PHBA 92-31500 N
3-OH-MP 3.1-1050.0 N
3-OH-EP 1.4-392.00 N
Spain 3-Cl-MP Cpax = 61 Chmax = 6.9 [26]
3,5-diCl-MP Chnax = 90 Chax = 12

3,5-diCl-EP — di-chlorinated ethylparaben; 3,5-diCI-MP — di-chlorinated methylparaben; 3,5-diCl-PP — di-chlorinated propylparaben; 3-Cl-BP — mono-chlorinated
butylparaben; 3-CI-EP — mono-chlorinated ethylparaben; 3-CI-MP — mono-chlorinated methylparaben; 3-CI-PP — mono-chlorinated propylparaben; 3-OH-EP —
mono-hydroxylated ethylparaben; 3-OH-MP — mono-hydroxylated methylparaben; BA — benzoic acid; DHBA — di-hydroxybenzoic acid; PHBA — para-hydroxybenzoic
acid; C,ye — average concentration; Cpyax — maximum concentration; N — not quantified; PTP — parabens transformation products; WWTP — wastewater treatment

plant.

Note: The data selection was obtained through an advanced search in PubMed and SCOPUS databases, by searching articles using specific keywords “Parabens
transformation products AND Occurrence AND Wastewater”. The output results were 13 and 9 papers in SCOPUS and PubMed, respectively. Duplicated papers were
not considered for analysis and for real water sources only 8 papers were considered for PTP occurrence in WWTP.
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has reached maximum concentrations of 293000 ng/L (median con-
centration of 5280 ng/L) followed by DHBA with 2270 ng/L (median
concentration of 720 ng/L), both found in a WWTP influent in New York
[24]. Another study found that while the concentration of PHBA
decreased downstream of a WWTP effluent, the concentration of DHBA
remained stable [10]. This stability in DHBA concentrations may be
attributed to the oxidation of PHBA to DHBA, which can help to explain
the decrease in PHBA levels [10]. However, no consistent trend is
observed in the most commonly detected halogenated paraben [66].
Besides that, among the different hydroxylated PTP, 3-OH-MP appears
to be the most frequently detected and, in many cases, occurs at the
highest concentrations, followed by 3,5-diCl-MP. For example, 3-OH-MP
was detected at the highest concentration of 1050 ng/L in an Indian
influent WWTP [25] and 3,5-diCl-MP was found at the maximum con-
centration of 152 ng/L in an influent of WWTP in Taiwan [12]. This is
not surprising as MP is the most widely used paraben in the world [20].

Most of the studies analyzing the presence of PTP in WWTP refer to
the US (Table 1), where significantly elevated concentrations have been
detected. However, the study of the presence of these compounds is still
geographically limited. Besides that, when comparing the concentra-
tions of transformation products found in both WWTP influents and
effluents, an overall decrease in their concentration from influents to
effluents was observed, suggesting the removal of these compounds
along WWTP processes. For instance, Gonzalez-Marino et al. [26] re-
ported a 10-fold decrease of mono-chlorinated MP (3-Cl-MP) and 3,5-
diCl-MP from the influent to the effluent of a Spanish WWTP. Howev-
er, Wang and Kannan (2016) found an exception, with an increase in 3-
OH-MP concentration from 346 to 478 ng/L, from WWTP influent to
effluent. This may be explained by the hydroxylation of MP expressed by
a higher concentration of 3-OH-MP compared to MP [24]. Similar trends
were observed for mono-hydroxylated EP (3-OH-EP) and its respective
parent paraben (EP) [24].

Penrose and Cobb [21] studied PTP formation along a municipal
WWTP in Texas using different water disinfection treatments (ie.,
chlorination and UV disinfection). Although different treatments were
used, the concentrations of PTP detected in both plants were similar
[21]. As expected, PHBA was the most detected transformation product
(ranging from 16.5 to 27.9 ng/L), followed by DHBA (ranging from 7.1
to 18.5 ng/L). Mono-hydroxylated species, namely 3-OH-MP and 3-OH-
EP, were detected in more than 50 % of samples from both plants, with
concentrations ranging from 0.2 to 1.2 ng/L (Table 1) [21]. However,
the formation of 3-CI-MP was favoured over mono-chlorinated EP (3-CI-
EP), being the first detected in more than 80 % of the effluent samples
while the second one was only detected in 20 % of the effluent samples
[21]. These results may be indicative of the higher MP pollution
compared to EP. Furthermore, di-chlorinated parabens (3,5-diCl-MP and
3,5-diCl-EP) were found at higher concentrations than their respective
mono-chlorinated parabens (3-Cl-MP and 3-Cl-EP), indicating succes-
sive chlorination of parabens [21]. That study also analyzed the impact
of seasons on PTP concentrations, suggesting increased use of products-
containing parabens during summer and spring, resulting in higher
concentrations of sourced and transformation products detected [21].

In general, PTP and their intermediates are detected in WWTP in-
fluents and effluents at higher concentrations than their respective
parent parabens [24,25,65]. Wang and Kannan [24] evaluated the
presence of both parent parabens and PTP along two different WWTP
located in New York. They found a higher concentration of PTP (5460 —
10000 ng/L) than those reported for original parabens (73 — 158 ng/L)
in WWTP influents [24]. This tendency was also reported by Ma et al.
[65] in China, with average concentrations of PTP of 6130 mg/d/1000
people and average concentrations of 283 mg/d/1000 people for orig-
inal parabens in wastewater influents. In India, the same occurred with
higher values reported for the sum of PTP (4110 — 34600 ng/L) than for
original parabens (131 — 920 ng/L) in WWTP influents [25]. This reflects
the high occurrence of PTP in wastewater samples originating from
homes and industries, indicating the wide use of products containing
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parabens and their natural hydrolysis, photodegradation and biodeg-
radation. Moreover, these products may also be excreted by humans and
some of them, such as PHBA and DHBA, may also occur naturally in the
environment [22]. For instance, PHBA can be found in plants, green tea,
grape, and berry plants [65] and DHBA can be detected in onions and
garlic [67].

In WWTP effluents, the higher concentrations of PTP found
compared to parent parabens are explained by the fast biodegradation of
parabens in aquatic environments due to their short environmental half-
lives (10 to 35 h) [25]. Moreover, along WWTP treatments, parabens are
transformed into PTP (as described in section 3), explaining the decrease
of parabens concentration in these systems. The subsequent removal
and/or degradation of PTP is more difficult to occur leading to their
presence in WWTP effluents. This is also translated into higher removal
efficiencies for parabens (89.6-99.9 %) than those for their trans-
formation products (25.9 — 90.6 %) [24]. However, the “removal” of
parabens is mainly a transformation of these compounds into their
transformation products. Wang and Kannan [24] reported concentra-
tions ranging from 1.96 to 5.57 ng/L for parent parabens and 2060 to
2550 ng/L for PTP in final WWTP effluents. Another study reported
lower removal rates (33.9 — 40.7 %) for di-chlorinated-parabens (3,5-
diCl-MP and 3,5-diCl-EP) compared to parent parabens — MP and EP
(99.8 %) when using ultrafiltration and ozonation disinfection [16].
Karthikraj et al. [25] also reported lower removal efficiencies (28-76 %)
for PHBA, DHBA, 3-OH-MP, and 3-OH-EP than that reported for the
parent parabens (80-100 %) in five different WWTP. Consequently, in
these five WWTP effluents, the total concentration of all PTP detected
was much higher (2560 — 3800 ng/L) than that reported for their parent
parabens (16 — 67 ng/L) [25]. Different chlorinated parabens such as 3-
Cl-MP, mono-chlorinated PP (3-CI-PP), mono-chlorinated BP (3-Cl-BP),
3,5-diCl-MP, and di-chlorinated PP (3,5-diCI-PP) were detected at con-
centrations of 152, 5.4, 161, 0.4, 1.88 ng/L, respectively, in a WWTP
influent near Taichung River [12]. However, in the respective WWTP
effluent, only 3,5-diCI-PP at 10.1 ng/L was detected [12]. Indeed, the
relative concentration of 3,5-diCl-PP in water after chlorination was
1.49 times higher than that before chlorination [12]. Therefore, chlo-
rination increased the concentration of 3,5-diCl-PP. The other PTP seem
to be removed along the treatments applied in this WWTP [12].

In the European Union, the presence of three halogenated-MP (3-Cl-
MP, 3,5-diCl-MP, and di-brominated MP — 3,5-diBr-MP) was only
studied in Spain, and only 3-CI-MP and 3,5-diCl-MP were detected at
concentrations ranging from 0.01 to 0.1 mg/L [26]. Considering this,
more studies evaluating the presence of these products along WWTP will
be beneficial to deeply study the pathways of parabens transformation
and to mitigate their presence.

3.2. Occurrence of PTP in surface waters

PTP can be released into surface waters through the direct discharge
of WWTP effluents containing these pollutants and may be potentiated
by the interaction between these pollutants and the residual concen-
trations of chlorine present in surface waters [10]. Exemplifying,
although Chen et al. [12] only detected 3,5-diCl-PP on a WWTP effluent
at10.1 ng/L, an increase in the concentration of 3,5-diCl-PP to 11.7 ng/L
and the generation of 3,5-diCl-MP and 3-CI-MP at 1.80 and 0.90 ng/L,
respectively, were observed in the Taichung River [12]. This corrobo-
rates the direct discharge of parabens or chlorinated parabens from
WWTP effluents or other untreated sources into rivers, which subse-
quently react with residual concentrations of chlorine present in the
river, forming chlorinated parabens [10].

To our knowledge, only seven studies are reporting the presence of
PTP in surface waters, including rivers and seawater (Table 2). These
studies were performed in the Brazos River (Texas — US) [3], Persian
Gulf [64], Taichung River (Taiwan) and Malaysia [12], Beijing (China)
[68], Mudun River (China) [66], Kitakami River (Japan) [27], and
Shizuoka River (Japan) [18]. Among different PTP, PHBA remains the
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Table 2
Concentrations of parabens transformation products (PTP) found in surface and
tap water.

Location PTP Concentration  Units  Reference
Surface Brazos 3-Cl-MP Cnax = 0.818 ng/L [21]
water River, 3-CI-EP Cmax = 0.780
Texas, US 3,5-diCl- Cmax = 1.53
MP
3,5-diC-EP  Cpax = 0.510
PHBA Crmax = 10.3
DHBA Crax = 7.96
Persian PHBA 68.2-104.8 [64]
Gulf, Asia
Taichung 3,5-diCl- Cmax = 1.800 [12]
River, MP
Taiwan 3-CI-MP Cmax = 0.9000
3,5-diCl-PP Cpax = 11.70
Kota 3,5-diCl- Cmax = 13400
Kinabalu, MP
Malaysia 3-CI-MP Cmax = 267.00
3,5-diCl-PP  Cpax = 1430.0
3-Cl-PP Cmax = 2480.0
3-Cl-BP Cmax = 1380.0
3,5-diCl-BP  Cpax = 67.200
Beijing, PHBA Cave = 239.0 [68]
China Cmax = 1625
3-Cl-MP Cmax = 5.050
3,5-diCl- Cave = 13.00
MP Cmax = 80.00
3-CI-EP Cave = 0.2000
Cmax = 18.40
3,5-diCLEP  Cuye = 31.00
Cmax = 128.0
Mudun > PHBA, 20200-29700 [66]
River, DHBA, 3-
China OH-MP, 3-
Road OH-EP, Cmax = 4710.0
runoff, and BA
China
Kitakami 3-Br-MP Cmax = 19.0 [27]
River, 3-Br-EP Cmax = 33.0
Japan 3,5-diBr- Chax = 52.0
MP
3,5-diBr- Cax = 11.0
EP
3,5-diBr- Cmax = 50.0
PP
3,5-diBr- Cinax = 110
BP
3,5-diBr- Crmax = 49.0
BzP
Shizuoka 3,5-diCl- Cmax = 6.10 [18]
River, MP
Japan 3,5-diCl-PP  14.0-28.0
Tap Texas, US PHBA Cave = 0.399 [21]
water 3,5-diCl- Cave = 0.171
MP
3,5-diCLEP  Cuye = 0.0676

3,5-diBr-BP — di-brominated butylparaben; 3,5-diBr-BzP — di-brominated ben-
zylparaben; 3,5-diBr-EP — di-brominated ethylparaben; 3,5-diBr-MP — di-
brominated methylparaben; 3,5-diBr-PP — di-brominated propylparaben; 3,5-
diCl-BP — di-chlorinated butylparaben; 3,5-diClI-EP — di-chlorinated ethyl-
paraben; 3,5-diCI-MP — di-chlorinated methylparaben; 3,5-diCl-PP — di-
chlorinated propylparaben; 3-Br-EP — mono-brominated ethylparaben; 3-Br-
MP — mono-brominated methylparaben; 3-CI-BP — mono-chlorinated butyl-
paraben; 3-CI-EP — mono-chlorinated ethylparaben; 3-CI-MP — mono-
chlorinated methylparaben; 3-CI-PP — mono-chlorinated propylparaben; 3-
OH-EP — mono-hydroxylated ethylparaben; 3-OH-MP — mono-hydroxylated
methylparaben; BA — benzoic acid; C,ye — average concentration; Cpax —
maximum concentration; DHBA — di-hydroxybenzoic acid; PHBA — para-
hydroxybenzoic acid; PTP — parabens transformation products.

Note: The data selection was obtained through an advanced search in PubMed
and SCOPUS databases, by searching articles using specific keywords “Parabens
transformation products AND Occurrence AND Surface Water”. The output re-
sults were 6 and 3 papers in SCOPUS and PubMed, respectively. With the specific
keywords “Parabens transformation products AND Occurrence AND Drinking
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Water”, the output results were 1 and 0 papers in SCOPUS and PubMed,
respectively. Duplicated papers were not considered for analysis and for real
water sources only 7 and 1 papers were considered for PTP occurrence in surface
water and DW, respectively.

most detected in surface waters worldwide, with maximum values of
1625 ng/L in the Beijing River [68], followed by 104.8 ng/L in the
seawater of the Persian Gulf [64].

The presence of chlorinated parabens in rivers was first detected in
2012 in the Shizuoka River in Japan [18]. They found that 3,5-diCl-MP
was present at a maximum concentration of 6.1 ng/L, while 3,5-diCl-PP
reached 28 ng/L [18]. In general, 3,5-diCl-MP was observed at higher
concentrations than 3-CI-MP (Table 2), indicating its greater stability
and resistance to environmental degradation [10]. This trend was also
observed in the case of chlorinated-EP, with 3-CI-EP and 3,5-diCl-EP
reaching maximum concentrations of 18.4 and 128 ng/L, respectively
[68]. Interestingly, Chen et al. [12] reported lower concentrations of
3,5-diCl-PP and di-chlorinated BP (3,5-diCl-BP) than their respective
mono-chlorinated parabens in surface water in Kota Kinabalu, Malaysia
(Table 2). In Chinese surface waters, mono and di-chlorinated parabens
were commonly detected, with 3,5-diCl-EP reaching maximum con-
centrations of 128 ng/L in Beijing [68], and total transformation prod-
ucts reaching 100 times higher concentrations (29700 ng/L) in the
Mudun river [66].

Among the studies evaluating the presence of PTP in surface waters,
Gouukon et al. [27] was the only one reporting the presence of bromi-
nated parabens in the Kitakami River in Japan. These PTP includes
mono-brominated MP (3-Br-MP), 3-Br-EP, di-brominated MP (3,5-diBr-
MP), 3,5-diBr-EP, di-brominated PP (3,5-diBr-PP), di-brominated BP
(3,5-diBr-BP), and di-brominated BzP (3,5-diBr-BzP) [27]. The PTP were
detected in more than 25 % of the samples analyzed, with concentra-
tions ranging from 11 to 110 ng/L for 3,5-diBr-EP and 3,5-diBr-BP,
respectively (Table 2) [27]. Besides brominated parabens are gener-
ally detected at higher concentrations than their parent parabens in
surface waters [27], chlorinated parabens and other PTP are commonly
found at lower concentrations than their respective parent parabens in
the rivers [10].

It is important to consider that the photodegradation of parabens in
real environmental surface waters is greatly influenced by environ-
mental characteristics such as the presence of organic matter, the
presence of salts and ions, and turbidity [57]. Exemplifying, in deionized
water the MP degradation in the presence of Fe (III)-citrate complexes
resulted in the formation of diverse PTP such as hydroquinone, non-
anedioic acid, succinic acid, glutaric acid, adipic acid, malonic acid, and
heptanedioic acid. However, in real environmental surface waters
(Liangzi and Donghu lakes, Changjiang river, and seawater), the MP
photodegradation was significantly hindered.

The photodegradation of MP was inhibited in the seawater and river
water, followed by the lake waters due to the coexisting ions (Mg and
Ca®" and dissolved organic matter that scavenge OH® radicals [57].
Moreover, the halide ions (C1~, Br~, and I ") were found to scavenge OH®
radicals inhibiting the degradation of MP [57].

Besides that, the intensity of sunlight and the respective light
adsorption of natural waters also influence the photodegradation and
photolysis of parabens [57]. Clearer water may lead to higher light
absorption, facilitating parabens photodegradation and, consequently
the formation of hydroxylated parabens.

3.3. Occurrence of PTP in DW

As discussed in section 2.1, the persistence of PTP from water chlo-
rination appears to be higher when compared to other forms of para-
bens. However, limited data are available concerning the presence and
fate of these compounds in DW, including tap water. There is only one
recent study in Texas reporting the occurrence of chlorinated parabens
in tap water (Table 2). In that study, 3,5-diCl-MP and 3,5-diCl-EP were
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quantified at 0.17 and 0.07 ng/L, respectively. Additionally, PHBA was
detected at 0.4 ng/L [21]. Previous studies assessed the occurrence of
PTP in tap water under controlled laboratory conditions. Canosa et al.
[31] were the first to demonstrate that even low concentrations of free
chlorine (0.5 mg/L) in tap water can transform parabens into chlori-
nated by-products. Similarly, Terasaki et al. [18] reported the formation
of chlorinated derivatives from parabens in tap water, with a notable
increase in the concentration of 3-Cl-PP during the first 2.5 min of the
experiment, followed by a rapid decrease, resulting in the presence of
3,5-diCl-PP due to further chlorination. Furthermore, Alvarez-Rivera et
al [52] reported the presence of mono and di-brominated parabens in
tap water samples. The presence of these products in tap water supports
the hypothesis that chlorinated parabens may arise in DWTPs and along
chlorinated drinking water distribution systems (DWDS) when trace
concentrations of parabens react with residual concentrations of chlo-
rine, leading in some cases, to the presence of chlorinated PTP in treated
water. The scarcity of studies investigating the presence of PTP in DW
underscores the underexplored nature of this research topic. However,
considering that these transformation products can potentially pose
risks to human health and significantly impact environmental ecosys-
tems to a greater extent than the original parabens, it is relevant to
prioritize and further investigate their occurrence, routes, and (eco)
toxicological effects.

3.4. Occurrence of PTP in swimming pools

Current practices for the disinfection of swimming pool water are
crucial to prevent the spread of infectious microorganisms. This
emphasis on microbial safety is essential, due to the high demand for
swimming activities, whether for leisure or sports. Unlike DW, which
relies primarily on natural organic matter as the main organic precursor
of DBP, swimming pool water introduces human-sourced organic com-
pounds. These can include body fluids and parabens-containing PCP,
such as sunscreen. Their presence is known to favours the formation of
PTP in swimming pool waters (Table 3) [69].

The presence of chlorinated parabens and their parent parabens in
swimming pools was first reported by Terasaki and Makino [70] in
Japan. Notably, di-chlorinated-iPP (3,5-diCl-iPP) was found at a
maximum concentration of 25 ng/L, while 3,5-diCl-MP and mono-

Table 3
Concentrations (ng/L) of parabens transformation products (PTP) found in
swimming pools.

Location PTP Concentration Reference
Beijing, China 3-Cl-MP Cave = 1.490 [19]
Cpnax = 7.490
3,5-diCl-MP Cave = 4.870
Conax = 36.20
3-CI-EP Cave = 0.02000
Cax = 0.6400
3,5-diCl-EP Cave = 11.10
Conax = 24.20
PHBA Cave = 261.0
Cpnax = 1122
Japan 3,5-diCl-iPP <LOD - 25.00 [70]

Cave — average concentration; PHBA — para-hydroxybenzoic acid; 3-CI-MP —
mono-chlorinated methylparaben; 3-Cl-EP — mono-chlorinated ethylparaben;
Cmax — Maximum concentration; <LOD — below the limit of detection; 3,5-diCl-
EP — di-chlorinated ethylparaben; 3,5-diCl-MP — di-chlorinated methylparaben;
3,5-diCl-iPP — di-chlorinated iso-propylparaben; PTP — parabens transformation
products.

Note: The data selection was obtained through an advanced search in PubMed
and SCOPUS databases, by searching articles using specific keywords “Parabens
transformation products AND Occurrence AND Swimming pools”. The output
results were 2 and 0 papers in SCOPUS and PubMed, respectively. Duplicated
papers were not considered for analysis and for real water sources only 2 papers
were considered for PTP occurrence in swimming pools water.
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chlorinated-BzP (3-Cl-BzP) at concentrations below the limit of quanti-
fication [70]. In China, chlorinated parabens were detected in swim-
ming pools, with di-chlorinated parabens (3,5-diCl-MP and 3,5-diCI-EP)
showing higher concentrations than mono-chlorinated variants (3-CI-
MP and 3-Cl-EP) [19]. Specifically, 3,5-diCl-MP and 3,5-diCI-EP were
measured at 36.2 and 24.2 ng/L, while 3-Cl-MP and 3-CI-EP were found
at 7.49 and 0.64 ng/L, respectively [19].

Unfortunately, many countries lack specific regulatory limits for DBP
in swimming pool waters, especially for PTP. Regulatory agencies have
traditionally focused on regulating DBP such as THM, haloacetic acids
(HAA), and haloacetonitrile (HAN) in swimming pools [69]. Among
them, only THM has been regulated in European countries, with Ger-
many setting a maximum limit of 20 pg/L and Belgium, France, the
United Kingdom, and Finland specifying a maximum limit of 100 pg/L,
in swimming pool waters [71].

4. Techniques to mitigate PTP formation during water treatment

Although several techniques have been adopted for the removal of
parabens present in wastewater, the complete removal of these pollut-
ants from water sources is still challenging, making it even more difficult
to optimize the removal of their metabolites and respective PTP. Phys-
ical removal technologies including adsorption with activated carbon
and membrane filtration are not efficient, and AOPs emerged as the most
efficient leading to the degradation of parabens, even resulting in the
formation of PTP as described in section 2.4 [72]. However, these PTP
are thought to be less harmful to human health and the environment
[59,73].

There are few studies evaluating the removal of PTP along water
treatment plants. Indeed, the research community is more interested in
removing parent parabens along water treatment. Some studies reported
comparisons of removal efficiencies between parabens and their PTP (as
presented in section 3.1) along conventional water treatment and sug-
gested low removal efficiency regarding PTP [24]. However, with AOPs,
this % of PTP removal can increase as described by Li et al. [16] who
reported that chlorinated parabens were removed from 33.9 to 40.7 %
and 59.2 to 82.8 % through conventional and advanced treatment
processes (ultrafiltration and ozonation), respectively [16]. In the same
study, ultrafiltration membranes were able to remove 9.9 and 3.1 % of
3,5-diCI-MP and 3,5-diCl-EP, respectively [16]. Due to the small pore
size of ultrafiltration membranes (<100 nm), they can effectively
exclude PTP, which are expected to be larger than those of parent par-
abens. Following this, PTP generated during ozonation of parabens were
partially removed (PHBA — 92.4 %; 3,5-diCl-MP — 82.8 %; and 3,5-diCl-
EP — 59.2 %) [16]. This may be explained by the fact that the by-
products generated during the ozonation are more resistant to further
ozone oxidation or cleavage of the aromatic ring than the parent com-
pounds [16]. Di-chlorinated PTP also revealed strong sorption onto
sludge particles, which decreased the efficiency of the process for O3
oxidation [16]. This reinforces that the presence of organic matter
reduced the degradation of parabens and PTP.

More recently, Huo et al. [74] studied the effect of pH on UV/H20,
treatment halogenated parabens removal from water. Briefly explaining
this method, when H»Os is irradiated by UV it absorbs energy to break
the O-O bond and produce OH®. At the same time, H,O5 is also formed
again, reacting with OH® to form HO3. Subsequently, HO3 reacts with
H,0,, OH®, and HO3 to form Hy0 and O; [74]. They verified that the
removal of mixed species was more difficult than single species [74].
Moreover, they found that di-halogenated parabens are more easily
removed than mono-halogenated parabens and consequently parent
parabens at neutral and weakly alkaline pH using this technique [74].

The combination of ozonation and UV/H30, treatments was also
proven to be effective in removing parabens and reducing the formation
of oxidized transformation products in DW by other studies [15,75,76].
Indeed, the presence of HyO5 reduced the time required for the total
degradation of parabens [15]. However, the degradation reaction of the
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mixture of parabens (commonly presented in natural water sources) was
found to be slower in comparison to the degradation of individual par-
abens [15].

Lee et al. [75] reported the complete elimination of MP and its
chlorinated and brominated PTP (3-CI-MP, 3,5-diCI-MP, 3-Br-MP, 3,5-
diBr-MP, and 3-Br-5-Cl-MP) from a wastewater effluent by applying
ozonation (with a specific dose of > 0.26 gO3/gDOC) and UV354/H205.
However, UVas4/chlorine treatment is a more cost-effective and feasible
option compared to UVgs4/H205, discouraging the use of the second
option [76].

The photodegradation of PTP through ultraviolet absorption using
simulated sunlight was also considered a great strategy to degrade PTP
in water [77] resulting in photoproducts with negligible estrogenic ac-
tivity. Chlorinated (3-Cl-MP, 3,5-diCl-MP, 3-Cl-EP, 3,5-diCl-EP) and
brominated (3-Br-MP, 3,5-diBr-MP, and 3-Br-EP) parabens were
exposed to this treatment and the results suggested that brominated
parabens exhibited higher degradation efficiency than chlorinated par-
abens, and mono-halogenated parabens had higher degradation than
these di-halogenated [77]. Recently, Antonopoulou [73] found that the
combination of UV-C with the strong oxidant persulfate (PS), namely the
UV-C/PS process was effective for the simultaneous degradation of MP,
PP, and PHBA in different aqueous matrices (wastewater, surface water,
and drinking water). More interesting, was the fact that the PTP formed
during this process did not show significant ecotoxicity in relation to
microalgae species (Scenedesmus rubescens and Dunaliella tertiolecta). The
same author also reported the UV-C/peroxymonosulfate process (UV-C/
PMS) as an efficient strategy to degrade parabens mixtures reducing the
toxicity from the wastewater [59]. These results, highlight UV-C/PS and
UV-C/PMS as good strategies to eliminate parabens from wastewater
and avoid the formation of harmful PTP [59,73].

Curiously, periphyton, a microbial aggregate mainly composed of
microalgae and bacteria, has shown efficient removal (80 %) of chlori-
nated parabens (3-CI-MP and 3,5-diCl-MP) and from 20 to 100 % for
original parabens [38]. Previous studies have already reported the
removal of parent parabens using microalgae achieving removal effi-
ciencies greater than 30 % [78]. These biological and natural treatments
may hold promise in mitigating the presence of these compounds in
water [38].

5. Toxicological implications of PTP

Parabens have been associated with health concerns, such as endo-
crine disruption, breast tumours, and DNA damage, increasing aware-
ness about the use and consumption of products containing these
compounds [51]. Lincho et al. [79] have compiled studies reporting the
endocrine-disrupting effects of parabens, mimicking estrogen activity
but also antiandrogenic and antagonist activity. Pereira et al. [8] also
reviewed the impact of parabens on human health suggesting other
health complications such as reproductive disorders, transgenerational
effects, perturbation of the central nervous system, among others.

Like parabens that have been found in human tissues and fluids [80],
PTP such as PHBA, DHBA, OH-MP, and OH-EP have also been detected
in human blood and urine [22,65]. These PTP were detected at median
concentrations of 167, 115, 11.3, and 0.24 ng/L, respectively, in urine
samples of Chinese university students [22]. Median concentrations of
2.88, 1.67, 1.06, and 0.19 ng/L were also detected in blood samples for
PHBA, DHBA, OH-MP, and OH-EP, respectively [22]. Moreover, PHBA
was also detected at 29.9 ng/L in blood samples of adult Indian females
[81]. The higher concentrations of PHBA and DHBA compared to other
PTP are related to their metabolization not only from parabens but also
from other precursors and natural sources [22].

In general, DBP are known to be hazardous compounds that have
adverse effects on both animal and human health [1]. However, scien-
tific data on the toxicity of PTP is scarce [82]. Therefore, considering the
health concerns associated with parabens, their transformation products
are also expected to threaten human and animal health [8]. The toxicity
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of parabens increases with their lipophilicity, and chain length [83].
Indeed, the halogenation of parabens appears to increase endocrine-
disruptive activity [29]. Therefore, chlorinated and brominated para-
bens may be more toxic than their parent and hydroxylated counter-
parts. This makes sense since more hydrophobic compounds
(halogenated parabens) tend to have higher bioaccumulation potential,
whereas hydroxylated parabens are more hydrophilic and more easily
metabolized [3]. Consequently, chlorination and bromination of water
will result in the formation of more harmful PTP in comparison to the
use of UV irradiation, ozonation, and other AOPs.

The increase in endocrine-disruptive activity from parabens and PTP
exposure may be explained by the increased activation of thyroid re-
ceptors (TR) and aryl hydrocarbon receptors (AhR) reflected by the
higher affinity to these receptors [82]. This may lead to hormonal dys-
regulation, changes in gene expression, and metabolic disturbances.
Therefore, these compounds can have multiple impacts on hormonal
and regulatory systems [82]. Studies revealing the endocrine disruptive
activity of PTP are listed in Supplemental Information C (Table S2).
Alvarez et al. [51] conducted a cytotoxicity study of MP, EP, and BP
transformation products by evaluating their effects on a cultured human
embryonic kidney cell line (HEK-293) and found no cytotoxicity.
However, a recent study reported that halogenated parabens led to
higher toxicity with the addition of a second chlorine both in relation to
human and fish cell lines. Moreover, PHBA was shown to be more toxic
to fish hepatocytes than human hepatocytes by 100-fold. These dis-
crepancies in cytotoxicity suggest tissue-dependency of halogenated
parabens [84]. A recent study by Weiss et al. [85] evaluating the impact
of halogenated parabens and their respective parent parabens on AhR
using in vitro studies reported neither the parent (PP and BzP) nor the
synthesized chlorinated parabens (3-Cl-PP and 3-Cl-BzP) AhR activity.
In the same study, only 3-Br-PP and 3-Br-BzP slightly increased the AhR
activity by 1.5-fold and 1.4-fold, respectively, while 3,5-diBr-PP and 3,5-
diBr-BzP were devoid of agonistic activity (Table S2) [85]. On the other
hand, both chlorination and bromination enhanced the antagonistic
activities of BzP, as evidenced by the decrease in half maximal inhibitory
concentrations (ICsg) from 41.66 uM (BzP) to 17.49 uM (3-Cl-BzP) and
8.90 uM (3-Br-BzP) [85]. The same trend was reported for PP (IC5¢ = 57
pM) and their halogenated compounds (3-Cl-PP and 3-Br-PP) with ICsq
of 21 and 16 uM, respectively [85].

Another study suggested that halogenated compounds cause AhR
activation in relation to their parent parabens due to the presence of a
halogen being mandatory for AhR activation [86]. Indeed, Gouukon
et al. [27] have reported the highest activity on AhR (agonistic activity)
for 3-Br-BP with an ECsy of 3.9 nM in relation to the parent paraben
(BP). Most studies (Table S2) suggest that brominated parabens surpass
the AhR binding affinities of their chlorinated counterparts, increasing
their endocrine disruptive activity. This corroborates Jakopin [29] who
used in silico predictions (Endocrine Disruptome software and Virtual-
ToxLab™) and found mono-brominated PP (3-Br-PP) and mono-
brominated BP (3-Br-BP) as the most potent endocrine disruptors with
calculated affinities for AhR of 428 nM and 254 nM, respectively
(Table S2) [29]. Interestingly, although mono-halogenated parabens
exhibit higher AhR affinity compared to the parent parabens, this af-
finity decreases for di-halogenated (Table S2). This is explained since the
hydrolysis of the ester group eliminates the AhR activities [82].

Regarding the impact of halogenated parabens on glucocorticoid
receptors (GR), Jakopin [29] also identified di-brominated-BzP (3,5-
diBr-BzP) as the most potent endocrine disruptor, with an ICsg of 331 nM
for glucocorticoid receptor (GR) revealing stronger affinities of bromi-
nated parabens for GR than chlorinated ones (Table S2) [29]. Further-
more, di-halogenated products from iPP (3,5-diCl-iPP, IC5q 2.56 pM; 3,5-
diBr-iPP, ICsq 6.29 pmM), iBP (3,5-diCl-iBP, ICsq 3.78 pM; 3,5-diBr-iBP,
ICso 5.15 pM) and BzP (3,5-diCl-BzP, ICsp 1.94 uM; 3,5-diBr-BzP, ICsq
331 nM) are predicted to have stronger affinities for the GR than their
mono-halogenated counterparts (Table S2) [29].

On the other hand, mono-halogenated parabens appear to have a
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higher affinity towards TRa than their di-halogenated counterparts,
with the opposite trend observed for TRp [29]. Overall, mono-
chlorinated BzP (3-Cl-BzP) was proposed as the most potent agonist
on TRa and TR, with calculated ICsg values of 424 nM and 342 nM,
respectively [29].

In yeast two-hybrid assays using Saccharomyces cerevisiae that
incorporated human ERa, Terasaki et al. [87] found that chlorinated
parabens exhibited less estrogen agonistic activity compared to parent
parabens. Chlorination masked the apparent estrogen agonistic activity
of most parabens, leading to an increase in their antagonistic activity
[88]. This neutralization of estrogen agonistic activity of halogenated
parabens can be attributed to the halogen atoms at the ortho position of
phenolic rings, which inhibit the interaction of the phenolic OH group
with the estrogen receptor [88].

The estrogenic activity of PTP was also assessed using a yeast two-
hybrid assay (as described previously) by Wan et al. [77] who re-
ported negligible estrogenic activities for the photoproducts of both
chlorinated and brominated parabens. The estrogenic activities and
ECso were 253.0, 553.8, 58.7, and 204.6 mM for 3-Cl-MP, 3-Br-MP, 3-Cl-
EP, and 3-Br-EP, respectively [77]. Comparing these values, the chlori-
nated derivatives exhibited greater estrogenic activity than the corre-
sponding brominated derivatives [77].

Using a similar two-hybrid assay, it was further determined that
brominated alkyl parabens (3,5-diBr-MP, 3-Br-EP, 3,5-diBr-EP, 3-Br-PP,
3,5-diBr-PP, di-brominated iPP — 3,5-diBr-iPP, 3-Br-BP, 3,5-diBr-BP,
mono-brominated iBP — 3-Br-iBP, di-brominated iBP — 3,5-diBr-iBP),
exhibited antagonistic activity towards human ERa (Table S2) [89].
The intensity of this antagonistic activity increases as the number of
bromine substituents increases [89]. The antagonistic activity was
evaluated based on RECgg, which represents the concentration of the
compound needed to achieve 60 % of the maximum inhibitory activity
of 4-hydroxytamoxifen (commonly used as a positive control for
antagonist activity) [89]. In that study, RECgo values for brominated
parabens ranged from 430 to 10000 nM, with 3,5-diBr-BP demon-
strating the most significant antagonistic activity [89].

Niu et al. [90] also found through computational simulation that a
hydroxylated PTP from EP through photolysis has higher potential
health risks than the parent compound, affecting many body systems,
including the blood, cardiovascular and gastrointestinal systems as well
as kidney, and liver. PTP can create more hydrogen bonds with lower
energy binding with human estrogen receptor o (ERa) concerning the
parent EP, suggesting increased estrogenic activity [90]. Indeed, a
recent study reported increased estrogenic activity for two BzP trans-
formation products (BzP-o-phenol and BzP-m-phenol) resulting from
photodegradation concerning the parent paraben (BzP) [91]. This was
explained by their lower ICs values of 0.26 and 0.50 uM, respectively,
in comparison to BzP (6.42 pM) [91]. These PTP also showed lower free
energies with the parent paraben demonstrating higher binding affin-
ities toward Era [91]. Gao et al. [92] used computational analysis
through the Advanced Chemistry Development platform and observed
negative impacts on the gastrointestinal system and liver from the
exposure to 3-OH-MP.

The photodegradation of EP in water led to the formation of PHBA, 3-
OH-EP, and an EP oligomer [93]. Although PHBA was an inactive
endocrine disruptor, the EP oligomer revealed increased estrogenic ac-
tivity and decreased ECsg values in comparison to the parent EP [93].
Conversely, 3-OH-EP showed reduced estrogenic activity (ECso = 2.32
x 10* M) relative to the parent EP (ECsy = 1.35 x 10 M) [93].
Additionally, some PTP resulting from parabens hydrolysis, such as
PHBA, phenols, and hydroquinone, were found to reduce anti-
androgenic activity when tested using rat liver enzymes [94].

Although there is still a large knowledge gap about the toxicity and
health effects of PTP, the negative impact from the ingestion of polluted
water with these compounds should not be disregarded.
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6. Ecotoxicology of PTP

PTP are usually less biodegradable than their parent compounds
[10], which leads to their higher environmental stability, and thus
increased bioaccumulation potential [78]. By definition, the bio-
accumulation factor (BAF) of an environmental contaminant is defined
by the ratio between the chemical concentration in a given organism
(ng/kg) and the total chemical concentration in the water phase (ng/L)
[95]. Among the different PTP, OH-MP and OH-EP have an effective
bioaccumulation effect in marine organisms (log BAF>3.7), whereas
PHBA is considered to have bioaccumulated potential (3.3 < log
BAF<3.7) [95]. Conversely, the parent parabens (i.e., MP, EP, PP, BP,
and BzP) showed no potential for bioaccumulation (log BAF<3.3). This
makes sense since more polar compounds may have a higher ability to
interact with biological tissues and aqueous solutions. Moreover, the
bioaccumulated potential of PHBA may also be influenced by the fact
that original parabens could be degraded by organisms leading to PHBA
as a product [3]. However, another study focused on subtropical marine
food web suggested higher bioaccumulation of MP in comparison to
PHBA, based on the metabolization of PHBA along the food web [96].

The power of PTP bioaccumulation may cause potential risks to
exposed organisms [28].

The hazard quotient (HQ) is commonly assessed to understand the
ecological risks posed by these environmental pollutants [16]. HQ is
defined as the ratio between the measured environmental concentra-
tions (MEC) of these compounds on organisms and the predicted no-
effect concentrations (PNEC) [16]. A HQ value of less than 1 indicates
low risk to the environment. However, other parameters can also be
used, particularly the acute toxicity commonly expressed by effective
concentration (ECsg) or lethal concentration (LCsg) [97]. Moreover,
chronic toxicity values are described by no-observed-effect concentra-
tion (NOEC) and lowest-observed-effect concentration (LOEC) [97].
ChV-defined chronic toxicity values will also be used in this section to
characterize the ecotoxicity of PTP [28]. Studies evaluating the eco-
toxicity of PTP towards aquatic organisms are presented in Table 4.

Overall, halogenated parabens are more toxic to aquatic microor-
ganisms than their parent parabens. For example, the expected PNEC for
MP against aquatic invertebrates was reported to be 18700 ng/L,
whereas for 3,5-diCl-MP was 16000 ng/L [16]. Terasaki et al. [87] also
demonstrated that the toxicity values of 3,5-diCl-MP and 3,5-diCl-EP for
Daphnia magna increased 3.9- and 2.8-fold, respectively, in comparison
to their parent compounds, accounting for lower ECsy values of PTP
(Table 4). Contradictory results were observed against Ceriodaphnia
dubia by Terasaki et al. [98]. In their research, the mortality rate and
reproduction inhibition of C. dubia increased with increasing hydro-
phobicity of parabens and decreased with the degree of parabens chlo-
rination [98]. Acute toxicity values for BzP and 3,5-diCl-BzP were 0.30
and 3.1 mg/L, respectively [98].

Hydroxylated parabens have shown varied levels of toxicity to
different organisms [28]. The Environmental Protection Agency (EPA)
defines compounds as very toxic, toxic, harmful, and non-harmful for
LCs or ECsg values < 1; between 1 and 10; 10 and 100; and > 100 mg/L,
respectively [99]. For ChV values < 0.1; between 0.1 and 1; 1 and 10;
and > 10 mg/L, compounds were also defined as very toxic, toxic,
harmful, and non-harmful, respectively [99]. Considering both ChV and
ECsg values, 3,5-diOH-MP was considered non-harmful for green algae
(ChV and ECsp > 100.0 mg/L), toxic to Daphnia (LCso = 1.17 mg/L,
ChV=0.23 mg/L) and harmful to fish (LCsp = 10.91 mg/L, ChV=2.69
mg/L) [28]. However, 3-OH-MP was found to be toxic to green algae
(ECs0 = 8.51 mg/L, ChV=0.96 mg/L); harmful to fish (LCso = 42.56 mg/
L, Chv=9.83 mg/L) and non-harmful for Daphnia (ChV and ECsoy >
100.0 mg/L) [28]. Different results were obtained by Gao et al. [33],
who observed increasing toxicity for hydroxylated parabens to green
algae but less toxicity to Daphnia and fish when using ecological struc-
ture — activity relationships (ECOSARs) described by EPA [100]. Spe-
cifically, 3-OH-EP showed 1.4 and 3 times higher acute and chronic
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Table 4
Ecotoxicity of parabens transformation products (PTP) towards aquatic
organisms.

PTP Ecotoxicity Reference

3,5-diCl-MP Acute toxicity: [87]
— V. fisheri: ECso = 3 ng/L

— D. magna: ECso = 16 ng/L

— Bacteria: HQ=1.9-6.4 x 10

— Invertebrate: HQ=1.2-3.5 x 10

Chronic toxicity:

— C. dubia: ECso = 10 ng/L

Acute toxicity:

— V. fisheri: ECsg = 3.6 ng/L

— D. magna: ECso = 13 ng/L

— Bacteria: HQ=1.9-6.4 x 10

— Invertebrate: HQ=1.2-3.5 x 10

— C. dubia: NOEC<0.63 mg/L; ECso = 3.1 mg/L

— Green algae: ECsg = 2069.34 mg/L, ChV=140.74
mg/L

— Daphnia: LCsg = 1.17 mg/L, ChV=0.23 mg/L

— Fish: LCs0 = 10.91 mg/L, ChV=2.69 mg/L

— Green algae: ECso = 8.51 mg/L, ChV=0.96 mg/L
— Daphnia: LCso = 241.80 mg/L, ChV=209.48 mg/L
— Fish: LCso = 42.56 mg/L, ChV=9.83 mg/L

— Green algae: ECsg = 6.29 mg/L, ChV=0.77 mg/L
— Daphnia: LCso = 128.41 mg/L, ChV=92.41 mg/L
— Fish: LCso = 23.51 mg/L, ChV=4.96 mg/L

— Green algae: ECsg = 4.62 mg/L, ChV=0.61 mg/L
— Daphnia: LCso = 67.79 mg/L, ChV=40.52 mg/L
— Fish: LCso = 12.91 mg/L, ChV=2.49 mg/L

[16]
[98]

3,5-diCl-EP [87]

[16]

3,5-diCl-BzP
3,5-diOH-
MP

[98]
[28]

3-OH-MP
3-OH-EP [33]

3-OH-PP

3,5-diCl-BzP — di-chlorinated benzylparaben; 3,5-diCl-EP — di-chlorinated
ethylparaben; 3,5-diCl-MP — di-chlorinated methylparaben; 3,5-diOH-MP —
di-hydroxylated methylparaben; 3-OH-EP — mono-hydroxylated ethylparaben;
3-OH-MP — mono-hydroxylated methylparaben; 3-OH-PP — mono-hydroxylated
propylparaben; C. dubia — Ceriodaphnia dubia; ChV — chronic toxicity value;
D. magna — Daphnia magna; ECs, — effective concentration to inhibit 50% of the
population; HQ — risk quotient; LCso — Lethal concentration to kill 50% of the
population; NOEC — no-observed-effect concentration; PTP — parabens trans-
formation products; V. fisheri — Vibrio fisheri.

toxicity than EP, respectively [33]. Similar results were obtained by Qiu
et al. [44] through the assessment of the ecotoxicity of parabens and
their transformation products from ozonation using ECOSAR. Curiously,
in that study, after multiple Os-addition reactions, the acute toxicity of
PTP decreased compared to the original compounds (MP and EP) [44].
Besides that, it is important to note that wastewater ozonation can lead
to the formation of persistent oxidation products, which have been
shown to significantly affect the root and shoot growth of plant species
[101]. Li et al. [102] studied the oxidation of MP and PHBA by man-
ganese dioxide (MnO,) and iodine (I3) and found that both aromatic
transformation products were more toxic than the parent MP and PHBA.
This increase in toxicity may be attributed to the reduction in the hy-
drophilicity of polymeric and iodinated products concerning MP [102].

7. Research needs and opportunities

In the context of mitigating the environmental formation of PTP and
monitoring their presence along water management plants, it is imper-
ative to align these strategies with the overarching principles of the One
Water approach [30]. Recognizing that all water has value, regardless of
its source, emphasizes the interconnected nature of water systems and
the need for comprehensive management practices [30]. It is important
to note that water management is cyclic: water is used, enters WWTP,
returns to the environment (surface water), undergoes treatment again
for DW, and then returns to the sewage system to re-enter WWTP.

Due to the existence of few techniques able to remove PTP, partic-
ularly AOPs, allied to the higher difficulty in removing these compounds
in comparison to their original parabens [24], it is crucial to sensitize the
community to the need to reduce the use of products containing recal-
citrant contaminants. This will reduce their load in sewage and WWTP,
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emphasizing the importance of source control and minimizing the
introduction of these contaminants into the water cycle.

Moreover, the prioritization of water disinfection treatments should
be carefully planned to minimize the formation of harmful PTP.
Therefore, ozonation and UV-based disinfection combined with other
AOPs should be integrated into water treatment plants, avoiding
halogen-based disinfection such as chlorination and bromination [16].
The use of AOPs must be prioritized since the PTP generated are less
harmful than those resulting from halogenated-based disinfection stra-
tegies [54].

Another issue that should be addressed is the optimization of tech-
niques to monitor and identify the presence of these PTP in real time
along water treatment plants. Nowadays, the analytical methods for
identifying and quantifying PTP are the same as those used for original
parabens and may not be specific to the different types of PTP [25,38].
This will allow a realistic perception of the most PTP targets to be
eliminated and further provide the study of specific toxicity, eliminating
the research gap about toxicities and health effects that may prevent
potential public health issues. Mitigation strategies to avoid PTP for-
mation in water should consider the entire water cycle, developing in-
tegrated solutions that prioritize sustainability, efficiency, and
protection of water resources for current and future generations. This
involves a careful balance between pathogen control and PTP
prevention.

8. Conclusions

The presence of PTP along WWTP is unavoidable, being the most
often detected PHBA and hydroxylated, chlorinated, and brominated
parabens. Furthermore, PTP have been found in surface waters,
groundwater, and treated water from DWTP. Studies reporting the
presence of these products in real water treatment plants are very scarce
and were mostly performed in the US and China. Moreover, the presence
of these pollutants of concern has been emphasized in swimming pools,
where the simultaneous presence of parabens and chlorine is constant,
leading to their interaction and generation of PTP. In general, PTP are
found in water systems at higher concentrations than their respective
parent parabens, increasing their persistence in the environment. In
addition, PTP appear to have critical ecotoxicological and toxicological
effects, revealing potential risks for aquatic organisms (i.e. bacteria,
algae, fish, plants, etc.). Overall, addressing the challenges posed by PTP
requires ongoing research considering the One Water approach, pro-
moting community awareness, and integrating sustainable and efficient
mitigation strategies to avoid their presence.
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